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QUANTUM ECONOPHYSICAL PRECURSORS OF CRYPTOCURRENCY
CRASHES

This article demonstrates the possibility of constructing indicators of critical and crash
phenomena in the volatile market of cryptocurrency.

The possibility of constructing dynamic measures of complexity as quantum econophysical
behaving in a proper way during actual pre-crash periods has been shown. This fact is used to build
predictors of crashes and critical events phenomena on the examples of all the patterns recorded in
the time series of the key cryptocurrency Bitcoin, the effectiveness of the proposed indicators-
precursors of these falls has been identified. From positions, attained by modern theoretical physics
the concept of economic Planck’s constant has been proposed.

The theory on the economic dynamic time series related to the cryptocurrencies market has
been approved. Then, combining the empirical cross-correlation matrix with the Random Matrix
Theory, we mainly examine the statistical properties of cross-correlation coefficient, the evolution of
the distribution of eigenvalues and corresponding eigenvectors of the global cryptocurrency market
using the daily returns of cryptocurrencies price time series all over the world from 2013 to 2018.

The result has indicated that the largest eigenvalue reflects a collective effect of the whole
market, and is very sensitive to the crash phenomena. It has been shown that both the introduced
economic mass and the largest eigenvalue of the matrix of correlations can act like quantum
indicators-predictors of falls in the market of cryptocurrencies.

Keywords: Cryptocurrency, Bitcoin, complex system, measures of complexity, crash, critical
events, complex networks, quantum econophysics, Heisenberg uncertainty principle, Random Matrix
Theory, indicator-precursor.

Introduction

The instability of global financial systems with regard to normal and natural
disturbances of the modern market and the presence of poorly foreseeable financial crashes
indicate, first of all, the crisis of the methodology of modeling, forecasting and interpretation
of modern socio-economic realities. The doctrine of the unity of the scientific method states
that for the study of events in socio-economic systems, the same methods and criteria as those
used in the study of natural phenomena are applicable. Significant success has been achieved
within the framework of interdisciplinary approaches and the theory of self-organization —
synergetics. The modern paradigm of synergetics is a complex paradigm associated with the
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possibility of direct numerical simulation of the processes of complex systems evolution,
most of which have a network structure, or one way or another can be reduced to the network.
The theory of complex networks studies the characteristics of networks, taking into account
not only their topology, but also statistical properties, the distribution of weights of individual
nodes and edges, the effects of dissemination of information, robustness, etc. [1-4].

Complex systems are systems consisting of a plurality of interacting agents possessing
the ability to generate new qualities at the level of macroscopic collective behavior, the
manifestation of which is the spontaneous formation of noticeable temporal, spatial, or
functional structures. As simulation processes, the application of quantitative methods
involves measurement procedures, where importance is given to complexity measures. I.
Prigogine notes that the concepts of simplicity and complexity are relativized in the pluralism
of the descriptions of languages, which also determines the plurality of approaches to the
quantitative description of the complexity phenomenon [5]. Therefore, we will continue to
study Prigogine's manifestations of the system complexity, using the current methods of
quantitative analysis to determine the appropriate measures of complexity.

The key idea here is the hypothesis that the complexity of the system before the crashes
and the actual periods of crashes must change. This should signal the corresponding degree of
complexity if they are able to quantify certain patterns of a complex system. Significant
advantage of the introduced measures is their dynamism, that is, the ability to monitor the
change in time of the chosen measure and compare it with the corresponding dynamics of the
output time series. This allowed us to compare the critical changes in the dynamics of the
system, which is described by the time series, with the characteristic changes of concrete
measures of complexity. It turned out that quantitative measures of complexity respond to
critical changes in the dynamics of a complex system, which allows them to be used in the
diagnostic process and prediction of future changes.

Cryptocurrency market is a complex, self-organized system, which in most cases can be
considered either as a complex network of market agents, or as an integrated output signal of
such a network — a time series, for example, prices of individual cryptocurrency. The research
on cryptocurrency price fluctuations being carried out internationally is made more complex
by the interplay due to many factors — including market supply and demand, the US dollar
exchange rate, stock market state, the influence of crime and the shadow market, and fiat
money regulator pressure — that introduces a high level of noise into the cryptocurrency data.
Moreover, in the cryptocurrency market, to some extent, the blockchain technology is tested
in general. Thus the cryptocurrency prices exhibit such complex volatility characteristics as
nonlinearity and uncertainty, which are difficult to forecast and any results obtained are
uncertain. Therefore, cryptocurrency price prediction remains a huge challenge.

Unfortunately, the existing nowadays classical econometric [6-8] and modern methods
of prediction of crisis phenomena based on machine learning methods [9-16] do not have
sufficient accuracy and reliability of prediction.

Thus, lack of reliable models of prediction of time series for the time being will update
the construction of at least indicators which warn against possible critical phenomena or trade
changes etc. This work is dedicated to the construction of such indicators — precursors based
on the theory of complexity.

In this paper, we consider some of the informative measures of complexity and adapt
them in order to study the critical and crash phenomena of cryptomarket.

The paper is structured as follows. Section 2 describes previous studies in these fields.
Section 3 presents classification of crashes and critical events on the Bitcoin market during
the entire period (16.07.2010 — 08.12.2018). In Section 4, new quantum indicators of critical
and crash phenomena are introduced using the Heisenberg uncertainty principle and the
Random Matrix Theory.
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Analysis of previous studies

Throughout the existence of Bitcoin, its complexity became much larger. Crashes and
critical events that took place on this market as well as the reasons that led to them, did not go
unheeded. We determined that there are a lot of articles and papers on that topic which we
will demonstrate.

Donier and Bouchaud [17] found that the market microstructure on Bitcoin exchanges
can be used to anticipate illiquidity issues in the market, which lead to abrupt crashes. They
investigate Bitcoin liquidity based on order book data and, out of this, accurately predict the
size of price crashes.

F. Bariviera [18] demonstrates the dynamics of the intraday price of 12
cryptocurrencies. By using the complexity-entropy causality plane, authors discriminate three
different dynamics in the data set. Another paper [19] compares the time-varying weak-form
efficiency of Bitcoin prices in terms of US dollars (BTC/USD) and euro (BTC/EUR) at a
high-frequency level by using Permutation Entropy. Their research shows that BTC/USD and
BTC/EUR markets have been demonstrating more information at the intraday level since the
beginning of 2016, and BTC/USD market has been slightly more efficient than BTC/EUR
during the same period. And moreover, their research shows that with the higher frequency
we have less price efficiency.

Some papers like this one [20] demonstrate how recurrence plots and measures of
recurrence quantification analysis can be used to study significant changes in complex
dynamical systems due to a change in control parameters, chaos-order as well as chaos-chaos
transitions. Tiago Santos et al. [21] discuss how to model activity in online collaboration
websites, such as Stock Exchange Question and Answering portals because the success of
these websites critically depends on the content contributed by its users. In this paper, they
represent user activity as time series and perform an initial analysis of these time series to
obtain a better understanding of the underlying mechanisms that govern their creation. For
this purpose nonlinear modeling via recurrence plots was used, which gives more granular
study and deeper understanding of nonlinear dynamics of governing activity of time series
and explaining the activity in online collaboration websites.

Taking to the account studies on network analysis we can notice different papers on this
topic [22-24]. Di Francesco Maesa et al. [22] have performed on the users’ graph inferred
from the Bitcoin blockchain, dumped in December 2015, so after the occurrence of the
exponential explosion in the number of transactions. Researchers first present the analysis
assessing classical graph properties like densification, distance analysis, degree distribution,
clustering coefficient, and several centrality measures. Then, they analyze properties strictly
tied to the nature of Bitcoin, like rich-get-richer property, which measures the concentration
of richness in the network. Alexandre Bovet et al. [23] analyzed the evolution of the network
of Bitcoin transactions among users and built network-based indicators of Bitcoin bubbles.

In this article [24], authors consider the history of Bitcoin and transactions in it. Using
this dataset, they reconstruct the transaction network among users and analyze changes in the
structure of the subgraph induced by the most active users. Their approach is based on the
unsupervised identification of important features of the time variation of the network.
Applying the widely used method of principal component analysis to the matrix constructed
from snapshots of the network at different times, they show how changes in the network
accompany significant changes in the price of Bitcoin.

Separately, it is necessary to highlight the work of Didier Sornette [25, 26], who built a
precursor of crashes based on the generation of so-called log-periodic oscillations by the pre-
crashing market. However, the actual collapse point is still badly predicted.

Thus, construction of indicators — precursors of critical and crash phenomena in the
cryptocurrency market remains relevant.
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Data

Bitcoin, despite its uncertain future, continues to attract investors, crypto-enthusiasts,
and researchers. Being historically proven, popular and widely used cryptocurrency for the
whole existence of cryptocurrencies in general, Bitcoin began to produce a lot of news and
speculation, which began to determine its future life. Similar discussions began to lead to
different kinds of crashes, critical events, and bubbles, which professional investors and
inexperienced users began to fear. Thus, we advanced into action and set the tasks:

(1). Classification of such bubbles, critical events and crashes.

(2). Construction of such indicators that will predict crashes, critical events in order to
give investors and ordinary users the opportunity to work in this market.

At the moment, there are various research works on what crises and crashes are and
how to classify such interruptions in the market of cryptocurrencies. Taking into account the
experience of previous researchers [26-30], we have created our classification of such leaps
and falls, relying on Bitcoin time series during the entire period (16.07.2010 — 08.12.2018) of
verifiable fixed daily values of the Bitcoin price (BTC) (https://finance.yahoo.com/
cryptocurrencies).

For our classification, crashes are short, time-localized drops, with strong losing of price
per each day, which are formed as a result of the bubble. Critical events are those falls that
could go on for a long period of time, and at the same time, they were not caused by a bubble.
The bubble is an increasing in the price of the cryptocurrencies that could be caused by
certain speculative moments. Therefore, according to our classification of the event with
number (1, 3-6, 9-11, 14, 15) are the crashes that are preceded by the bubbles, all the rest -
critical events. More detailed information about crises, crashes and their classification in
accordance with these definitions is given in the Table 1.

Accordingly, during this period in the Bitcoin market, many crashes and critical events
shook it. Thus, considering them, we emphasize 15 periods on Bitcoin time series, whose
falling we predict by our indicators, relying on normalized returns and volatility, where
normalized returns are calculated as

g(t)=In X(t+At)~In X (£)= [ X (e + At)- X ()] X (2). (1)
t+n-1

1
and volatility as V;(#) = " Z |g (¢ ')| . Besides, considering that g(t) should be more than the

+ 30, where sigma is a mean square deviation.

Calculations were carried out within the framework of the algorithm of a moving
window. For this purpose, the part of the time series (window), for which there were
calculated measures of complexity, was selected, then the window was displaced along the
time series in a one-day increment and the procedure repeated until all the studied series had
exhausted. Further, comparing the dynamics of the actual time series and the corresponding
measures of complexity, we can judge the characteristic changes in the dynamics of the
behavior of complexity with changes in the cryptocurrency. If this or that measure of
complexity behaves in a definite way for all periods of crashes, for example, decreases or
increases during the pre-crashes period, then it can serve as an indicator or precursor of such a
crashes phenomenon.

Calculations of measures of complexity were carried out both for the entire time series,
and for a fragment of the time series localizing the crash. In the latter case, fragments of time
series of the same length with fixed points of the onset of crashes or critical events were
selected and the results of calculations of complexity measures were compared to verify the
universality of the indicators.
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Table 1
BTC Historical Corrections. List of Bitcoin major corrections > 20% since June 2011

No Name C(]))rizztign B}?icg}in Bsgf;n De((:)/loine, Decéine,
Price, $ | Price, $

I Vs 4 2960 | 1465 50 15.05
2 1156%1222%1122 33 7.00 427 39 2.73

3 1&'%%3%%’ 4 13.50 8.00 40 5.50

4 015;%122%1133 8 230.00 | 6836 70 | 161.64
5 %‘g%%%% 15 1237.66 | 54097 | 56 | 696.69
6 %55%2222%111 21 00452 | 13577 | 85 | 768.75
7 ﬁ_g&%ﬂ‘g 64 43202 | 16491 | 62 | 267.11
8 1213'_(())78'_22%1155_ 44 310.44 211.42 32 99.02
9 AL 3 38022 | 30470 | 20 75.52
10 o0 me: 4 761.03 | 59055 | 22 | 170.48
3 011%11',22%1177_ 8 113541 | 78542 | 30 | 349.99
12 %1%3322%1177 2 128330 | 93970 | 27 | 343.60
13 11%%6722%1177 36 297344 | 191408 | 36 | 1059.36
14 1262112222%1177 7 1934549 | 1366496 | 29 | 5680.53
15 536'_1111'3%11%' 14 6339.17 | 378459 | 40 | 2554.58

In the Figure 1 output Bitcoin time series, normalized returns g(¢), and volatility 7, (¢)

calculated for the window size 100 are presented.

From Figure 1 we can see that during periods of crashes and critical events normalized
profitability g increases considerably in some cases beyond the limits +3c . This indicates
about deviation from the normal law of distribution, the presence of the “heavy tails” in the
distribution g, characteristic of abnormal phenomena in the market. At the same time
volatility also grows. These characteristics serve as indicators of critical and collapse
phenomena as they react only at the moment of the above mentioned phenomena and don’t
give an opportunity to identify the corresponding abnormal phenomena in advance. In
contrast, the indicators described below respond to critical and collapse phenomena in
advance. It enables them to be used as indicators — precursors of such phenomena and in order
to prevent them.
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Fig. 1. The standardized dynamics, returns g(t), and volatility V., (t) of BTC/USD daily

values. Horizontal dotted lines indicate the 3o borders. The arrows indicate the beginning
of one of the crashes or the critical events

Quantum econophysics indicators

The attempts to create an adequate model of socio-economic critical events, which, as it
has been historically proven, are almost permanent, were, are and will always be made.
Actually, it is a super task impossible to solve. However, the potentially useful solutions, local
in time or other socio-economic logistic coordinates, are possible. In fact, they have to be the
object of interest for a real and effective economic science.

Econophysics is a young interdisciplinary scientific field, which developed and acquired
its name at the end of the last century [31]. Quantum econophysics, a direction distinguished
by the use of mathematical apparatus of quantum mechanics as well as its fundamental
conceptual ideas and relativistic aspects, developed within its boundaries just a couple of
years later, in the first decade of the 21st century [32-36].

According to classical physics, immediate values of physical quantities, which describe
the system status, not only exist, but can also be exactly measured. Although non-relativistic
quantum mechanics doesn’t reject the existence of immediate values of classic physical
quantities, it postulates that not all of them can be measured simultaneously (Heisenberg
uncertainty ratio). Relativistic quantum mechanics denies the existence of immediate values
for all kinds of physical quantities, and, therefore, the notion of system status seizes to be
algoristic.

In this section, we will demonstrate the possibilities of quantum econophysics on the
example of the application of the Heisenberg uncertainty principle and the Random Matrices
Theory to the actual and debatable now market of cryptocurrencies.

Heisenberg uncertainty principle and economic analogues of basic physical
quantities

In our paper [34] we have suggested a new paradigm of complex systems modeling
based on the ideas of quantum as well as relativistic mechanics. It has been revealed that the
use of quantum-mechanical analogies (such as the uncertainty principle, notion of the
operator, and quantum measurement interpretation) can be applied to describing socio-
economic processes. Methodological and philosophical analysis of fundamental physical

8
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notions and constants, such as time, space and spatial coordinates, mass, Planck’s constant,
light velocity from the point of view of modern theoretical physics provides an opportunity to
search of adequate and useful analogues in socio-economic phenomena and processes.

The Heisenberg uncertainty principle is one of the cornerstones of quantum mechanics.
The modern version of the uncertainty principle, deals not with the precision of a
measurement and the disturbance it introduces, but with the intrinsic uncertainty any quantum
state must possess, regardless of what measurement is performed [35, 36]. Recently, the study
of uncertainty relations in general has been a topic of growing interest, specifically in the
setting of quantum information and quantum cryptography, where it is fundamental to the
security of certain protocols [37-39].

To demonstrate it, let us use the known Heisenberg’s uncertainty ratio which is the
fundamental consequence of non-relativistic quantum mechanics axioms and appears to be

(e.g. [40]):

h
Ax-Av>——o) 2
o @
where Ax and Av are mean square deviations of x coordinate and velocity v corresponding
to the particle with (rest) mass m,, i — Planck’s constant. Considering values Ax u Av to be

measurable when their product reaches its minimum, we derive (from (1)):
=, G)
2-Ax-Av
1.e. mass of the particle is conveyed via uncertainties of its coordinate and velocity — time
derivative of the same coordinate.

Economic measurements are fundamentally relative, are local in time, space and other
socio-economic coordinates, and can be carried out via consequent and/or parallel
comparisons “here and now”, “here and there”, “yesterday and today”, “a year ago and now”
etc.

Due to these reasons constant monitoring, analysis, and time series prediction (time
series imply data derived from the dynamics of stock indices, exchange rates,
cryptocurrencies prices, spot prices and other socio-economic indicators) becomes relevant
for evaluation of the state, tendencies, and perspectives of global, regional, and national
economies.

Suppose there is a set of K time series, each of N samples, that correspond to the single
distance 7, with an equal minimal time step Af_. :

X))t =At, nn=0,12...N-1i=12 ...K. 4)
To bring all series to the unified and non-dimensional representation, accurate to the additive
constant, we normalize them, having taken a natural logarithm of each term of the series.
Then consider that every new series x,(¢,) is a one-dimensional trajectory of a certain

min

fictitious or abstract particle numbered i, while its coordinate is registered after every time
span At ., and evaluate mean square deviations of its coordinate and speed in some time

window AT =AN-At . =AN, 1<<AN << N . The «immediate» speed of i particle at the
moment #, is defined by the ratio:
A, ,.,)—x (¢ 1 X.(¢t
Vi(tn)ZXI(n+]) xl(n): In 1(n+])
At At X.(t,)

)

min min

with variance D, and mean square deviation Av;, .

Keeping an analogy with (1) after some transformations we can write an uncertainty

ratio for this trajectory [40]:
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2
1 < 1n2 Xi(tn+1) >n W < ln Xi(tn+1) >n A Ni, (6)
At X.(t,) ~ X.(t,) ~ m,

min 1
where m, —economic “mass” of an i series, & — value which comes as an economic Planck’s

constant.

Since the analogy with physical particle trajectory is merely formal, / value, unlike the
physical Planck’s constant 7, can, generally speaking, depend on the historical period of
time, for which the series are taken, and the length of the averaging interval (e.g. economical
processes are different in the time of crisis and recession), on the series number i etc. Whether
this analogy is correct or not depends on particular series’ properties.

In recent work [40], we tested the economic mass as an indicator of crisis phenomena
on stock index data. In this work we will test the model for the cryptocurrency market on the
example of the Bitcoin [41].

Obviously, there is a dynamic characteristic values m depending on the internal
dynamics of the market. In times of crashes known marked by arrows in the Figures 2(a) and
2(b) mass m is significantly reduced in the pre-crash and pre-critical periods.
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Fig. 2. Dynamics of measure m for local crashes (a) and critical events (b)

Obviously, that the value of m remains a good indicator-precursor even in this case.
Value m 1s considerably reduced before a special market condition. The market becomes
more volatile and prone to changes.

The following method of quantum econophysics is borrowed from nuclear physicists
and is called Random Matrix Theory.

Random Matrix Theory and quantum indicators-predictors

Random Matrix Theory (RMT) developed in this context the energy levels of complex
nuclei, which the existing models failed to explain (Wigner, Dyson, Mehta, and others [44-
46]). Deviations from the universal predictions of RMT identify system specific, nonrandom
properties of the system under consideration, providing clues about the underlying
interactions.

Unlike most physical systems, where one relates correlations between subunits to basic
interactions, the underlying “interactions” for the stock market problem are not known. Here,
we analyze cross correlations between stocks by applying concepts and methods of random
matrix theory, developed in the context of complex quantum systems where the precise nature
of the interactions between subunits are not known.

RMT has been applied extensively in studying multiple financial time series [47-53].

10
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Special databases have been prepared, consisting of cryptocurrency time series for a
certain period of time. The largest number of cryptocurrencies 1047 contained a base of 456
days from 31.12.2017 to 15.09.2018, and the smallest (24 cryptocurrencies) contained a base
of 1567 days, respectively, from 04.08.2013 to 15.09.2018 (https://coinmarketcap.com/
all/views/all/). In order to quantify correlations, we first calculate the logarithmic return (1) of
the i cryptocurrencies price series over a time scale Az =1 day. We calculate the pairwise
cross-correlation coefficients between any two cryptocurrencies returns time series. for the
largest database, a graphical representation of the pair correlation field is shown in the Figure
3a. For comparison, a map of correlations of randomly mixed time series of the same length is

shown in Figure 3b.
! 1000 1
800
05 o 0.5
£ 600
Z
0 S 400
0
200
-0.5

1047

200 400 600 800 1000 200 400 600 800 1000
crypto crypto
a) b)

Fig. 3. Visualization of the field of correlations for the initial (a) and mixed (b) time series

For the correlation matrix C we can calculate its eigenvalues, C=UAU", where U
denotes the eigenvectors, A is the eigenvalues of the correlation matrix, whose density f.(1)

is defined as follows, f %\, dn )‘ / TR 1s the number of eigenvalues of C that are
less than A. In the limit N -0, T'—>o and Q:%zl fixed, the probability density

function f,(4) of eigenvalues A of the random correlation matrix M has a close form:

J( A=)

A (7)
Jo(A) = P
with Ae[A_. A |, where A™ is given by Ao =0 ( +1/Qi21/1/Q) and o’ is equal to

the variance of the elements of matrix M.
We compute the eigenvalues of the correlation matrix C, 4, =4, >4, >..> 4, =4, .

The probability density functions (pdf) of paired correlation coefficients ¢, and eigenvalues

A, for matrices of 132, 312, and 458 cryptocurrencies are presented in Figure 4. From Fig. 4a,

it can be seen that the distribution functions for the paired correlation coefficients of the
selected matrices differ significantly from the distribution function. described by the RMT. It
can be seen that the crypto market has a significantly correlated, self-organized system
(Fig. 4a) and the difference from the RMT of the case, the correlation coefficients exceed the
value of 0.6-0.8 on “thick tails”. The distribution of the eigenvalues of the correlation matrix
also differs markedly from the case of RMT In our case, only one-third of its own values refer
to the RMT region.

11
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Fig. 4 Comparison of distributions of the pair correlation coefficients (a) and eigenvalues of
the correlation matrix (b) with those for RMT

Eigenvectors correspond to the participation ratio PR and its inverse participation ratio
IPR " = zl]\; [ulk ]4 , where u), [=1,...,N are the components of the eigenvector u* (Fig. 5a).

So PR indicates the number of eigenvector components that contribute significantly to that
eigenvector. More specifically, a low IPR indicates that cryptocurrency contribute more
equally. In contrast, a large IPR would imply that the factor is driven by the dynamics of a
small number of cryptocurrencies. The irregularity of the influence of the eigenvalues of the
correlation matrix is determined by the absorption ratio (AR), which is a cumulative risk

measure AR, = ZZ:] A / ZL A, and indicates which part of the overall variation is described

from the total number N of eigenvalues.

In Figure 5, within the framework of the algorithm of a moving window, comparative
calculations of the distribution function of eigenvalues (b), IPR (c) and some measures of
complexity (d) are presented. The difference in dynamics is due to the peculiarities of non-
random correlations between the time series of individual assets. Under the framework of
Random Matrix Theory, if the eigenvalues of the real time series differ from the prediction of
RMT, there must exists hidden economic information in those deviating eigenvalues. For
cryptocurrencies markets, there are several deviating eigenvalues in which the largest
cigenvalue A reflects a collective effect of the whole market. As for PR the differences

from RMT appear at large and small A values and are similar to the Anderson quantum effect
of localization [54]. Under crashes conditions, the states at the edges of the distributions of
eigenvalues are delocalized, thus identifying the beginning of the crash. This is evidenced by
the results presented in Figure 5 (c).

We find that both 4, and PRA , have large values for periods containing the

cryptomarket crashes and critical events. At the same time, their growth begins in the pre-
crashes periods. Means, as well as the economic mass, they are quantum precursors of crashes
and critical events phenomena.

Conclusions

Consequently, in this paper, we have shown that monitoring and prediction of possible
critical changes on cryptocurrency is of paramount importance. As it has been shown by us,
the theory of complex systems has a powerful toolkit of methods and models for creating
effective indicators-precursors of crashes and critical phenomena. In this paper, we have

12
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explored the possibility of using the quantum measures of complexity to detect dynamical
changes in a complex time series. We have shown that the measures that have been used can
indeed be effectively used to detect abnormal phenomena for the time series of Bitcoin.

100
° o 132
. . 312
s 458
107 & :
g "% RMT
‘ q
10
~ g
=
g
2000
&
1000
10° 0 . o
A win time, days
C) d)

Fig. 5. Inverse participation ratio (a) and moving window dynamics of the eigenvalues
distribution (b), IPR for the initial and mixed (or random) matrices (c). (d) quantum measures
of complexity A_.and its participation ratio. The numerics in the figure indicate the numbers

of crashes and critical events in accordance with the table

We have shown that monitoring and prediction of possible critical changes on
cryptocurrency is of paramount importance. As it has been shown by us, the quantum
econophysics has a powerful toolkit of methods and models for creating effective indicators-
precursors of crisis phenomena. In this paper, we have explored the possibility of using the
Heisenberg uncertainty principle and random matrix theory to detect dynamical changes in a
complex time series. We have shown that the economic mass m, and the largest eigenvalue
A may be effectively used to detect crisis phenomena for the cryptocurrencies time series.

We have concluded though by emphasizing that the most attractive features of the m, A_
and PRA_, mnamely its conceptual simplicity and computational efficiency make it an

excellent candidate for a fast, robust, and useful screener and detector of unusual patterns in
complex time series.
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HNEPEJIBICHUKHN  KPAXIB KPUIITOBAJIIOT HA OCHOBI INITOKA3HUKIB
KBAHTYMHOI EKOHO®I3UKHU

Anomauin. Bcmyn. Hecmabinbnicmo 2nobanvHux GiHanco8ux cucmem ma HAs8HICMb NO2AHO
nepeodayy8anux Kpaxié Ha (QIHAHCOBUX PUHKAX CIOMAMb NPO KPU3y Memooon02ii MOOemo6ants,
NPOCHO3VBAHHA Ma [HMepnpemayii Cy4acHux CoOYidibHO-eKOHOMIYHUX peaniti. I 01068H00 NPUUUHOIO
Yb020 € BUCOKA CKIAOHICMb eKOHOMIYHUX CUCMEM, YMBOPEHUX 3 8EeNUKOI KIIbKOCMI 83A€MOOII0YUX
acenmie, 30aMHUX 2eHePY8AmuU HOGL GIACMUBOCIE HA PIGHI MAKPOCKONIYHOL KOJEKMUBHOI NOGEOIHKU,
NposBOM SKOI € MUMOBIIbHE YMBOPEHH NOMIMHUX YACOBUX, NPOCMOPOBUX YU (DYHKYIOHATLHUX
cmpyxkmyp. OOHUM 3 ni0xX00i6 00 KiNbKICHO20 GUMIPIOBAHHS CKIAOHOCME € MEMOOU, W0 ORUPAIOMbCAL
Ha ananiz nposieie ckaaonocmi cucmemu 1. Ilpueooicuna. Kniouosoro ioeeto mym € einomesa npo 3miHy
CKAAOHOCMI cucmemu 00 ma y nepiod KpumuyHozo Aeuwya. PuHox xpunmosamiom — HpUuKkiao
EeKOHOMIYHUX CUCeM, CKAAOHUX O npoenoszyeanus. lLle camoopeanizoéana cucmema, 5Ky y
OLnbUWOCMi BUNAOKIE MOJCHA PO32A0amu ab0 5K CKIAOHY Mepedcy PUHKOBUX daceHmis, abo 5K
iHmezsposanull BUXIOHUL CUSHAL MAKoi Mmepexci — uYacoguil psod, HANPUKIad, yYiHu OKpemoi
Kpunmogamomu. J{oCaioxicenHs: KOIU8anb Yin Ha KPURMOBAIOMY YCKIAOHIOEMbCA 3A80KY HASGHOCHI
0a2amvoX YUHHUKIG — GKAIOUAIOYU PUHKOGI NONUM ma nponosuyiio, oominnut xypc doaapa CLLA,
cmar oHO08020 PUHKY, BNAUE 3NOYUHHOCHI, MIHLOGUL PUHOK TMOWO, SIKI 6HOCAMb GUCOKULL PIBeHb
wymy y oaui. 3a paxyHox yv0eo yiHu HA KPUNMOBATIOMY OEMOHCMPYIOMb MAKi CKIAOHI 8AACKO
nepeodauy8ami XapaKmepucmuKky siK 0JAMUIbHICMb, HEAIHIUHICMb MA HeBUSHAYEHICMb.

Memoro cmammi € po3ensod 0esKux iHGOPMAMUSHUX Mip CKAAOHOCMI ma adanmayis ix 0/
BUBYEHHA KPUMUYHUX MA KPUZ0GUX AU HA PUHKY KPUNIMOBATION.

Ilposedennsn oocniorncennsn. [{nsi 00CHIONCEHHS BUKOPUCTIAHO YAco8ull psio Kypcy bimkoiina,
83amozo 3a nepiod 3 16.07.2010 p. no 08.12.2018 p., a maxodc uacosi psou kypcie 1047
Kpunmosamom, essmux 3a nepioo 3 31.12.2017 p. no 15.09.2018 p. Ha ocnosi uacoeoeo psody
bimkotina oocnioxcysanacy nogediHka NOKA3HUKA eKOHOMIYHOI macu 00 ma nio0 4ac KpumuyHo20
Asuwa Ha kpunmopunxy. Cucmema Kpunmosaiom 00CIioNHCy8aAIACy 3 BUKOPUCTNAHHAM THCIMPYMEHmMig
meopii eunaokosux mampuyv. AHANIZYEANACH AK 0E3NOCEPEOHbO CaMad MAMPUYs KpPoC-Kopersyill
acenmie eKOHOMIYHOL cucmemu, mak i il noxioui, a came — po3nooill GIACHUX 3HAYECHb MA GNACHI
B8EKMOPU MAMPUYi KPoC-KOpesayil.

Pesynomamu ma eucnoexu. Monimopune ma npoeHo3y8anHA MONCIUGUX KPUIMUUHUX 3MIH HA
PUHKY KPUNMOSBANIOMU MAlOMb HEepuioyepeose 3HAYeHHA. Y cmammi 00CHiOHNCeHo MONCAUBICHb
BUKOPUCMAHHS K8AHMOBUX MID CKAAOHOCMI 015 BUABLEHHS OUHAMIYHUX 3MIH Y CKIAOHOMY YACOBOMY
paoi. Tloxazano, wo 3acmocosawi 3ax00u OIUCHO MOXNCYMb OYmu eheKmueHo GUKOPUCAHL O
BUSBNIEHHA AHOMANbHUX ABUWY O1A YACo8UX psAdie Kpunmosanom. Ha ocnosi uacosozo psoy bimkoiina
NOKA3aHO, WO MOHIMOPUHE MA NPOSHO3YEAHHA MOJICIUBUX KPUMUYHUX 3MIH KDPUNMOBAAIOM €
nepuiouepeogum  3a60amHaA  aHanizy. Jlocnioxceno  MOXNCIUGICMb  BUKOPUCMAHHA — NPUHYUNY
Hesusnauenocmi Ielizenbepea ma meopii UNAOKOBUX MAMPUYsb 0N GUAGTIEHH OUHAMIYHUX 3MiH Y
CKNAOHOMY udacosomy psaodi. Illoxkazano, wo exkoHOMIYHA Maca ma HaubOilbule 61AcHe 3HAYEHHS.
Mampuyi Kpoc-KOpenayiil MoJNCymv eeKmueHo UKOPUCO8Y8aMUCs OJi GUABILEHHS KPUSOBUX SAGULY.
Came exonomiuna Mmaca 3a60AKU KOHYENMYANbHIU NPOCMOMI HOHAMMS Mdad 00YUCTIOBANbHI
ehexmuernocmi € GIOMIHHUM KAHOUOAMOM 05l WBUOKO20 MA HAOIUHO20 MOHIMOPUH2Y He36UYAUHOL
NOBEQIHKU eKOHOMIYHOT CUCeEMU.

Knrouosi cnosa: xpunmosanoma, OIimKoiH, CKIAOHA cucmema, Mipu CKIAOHOCHI, asapii,
Kpumuuni nooii, CKIAOHI Mepexcl, KeaHmosa eKoHogizuka, npunyun Hesusnavenocmi I etizenbepea,
meopis BUNA0K080i Mampuyi, iIHOUKAMOP-NONEPEOHUK.
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YHOPOLIEHHBIE MOJEJIM TYPBYJIEHTHOCTHU AJSA PACUETA
TYPBYJIEHTHOI'O TEIIJIO U MACCOIIEPEHOCA

B pabome, na ocnoge modenu mypoyieHmuocmu, paspabomantol aemopom, CmMpoumcs Habop
ynpougenuvix mooenei ASM muna. Ilokazano, umo 60 MHO2UX CAYYASX DMU MOOENU MOANCHO
NPUMEHAMb 6MEeCIO NOJHLIX Moldenel mypoyienmuocmu. Ilonyuenvl ocpanuyenus npUMeHUMOCmu
2mux mooeneu.

Knrwueswvie cnosa: modenuposarue mypoyieHmuoCcmu, dSHepaus mypoyieHmHoCH.

IlocTanoBka 3agaun

Mopnenu TypOYJIEHTHOCTH, COJAEp)Kalllueé YpaBHEHMsI NEpeHOoca BCEeX TYpOyJEHTHBIX
HaIpsDKEHUH M TEIJIOBBIX IOTOKOB HaubOojee yHUBEpCaJbHbl HO COJEPKAT OYEHb MHOIO
nuddepeHnnanbHbIX ypaBHEHUN. B yacTHOCTH, B IByMEpHOM ciy4yae CHUCTEMa ypaBHEHUU
Mojzenu coaepxkuT 10 muddepenumanbHpIx ypaBHeHUU. EcTtecTBeHHO, YTO TOH00HBIE
CUCTEMbl OYEHb HEYAOOHBI B OKCIUTyaTalMu. MeTonbl YHpPOIIEHHs] MOJAOOHBIX CHUCTEM
M3BECTHBI, pe3yibTar ynpolilueHus Ha3biBaeTca ASM monensto. K coxanenuto, ASM moxaenu
MIOCTPOCHHbIE Ha OCHOBE W3BECTHBIX Mojeiel o0janalT OuyeHb ciaadbIMu
BBIYHCIUTEIBHBIMU BO3MOKHOCTSMH.

B pabore paccmaTpuBaroTCsi BO3MOKHBIE YIIPOILIEHUS MOJEIN TYypOYJIEHTHOCTH
npeaioxkeHo apTopom B [1]-[3].

ean craTtbu
[Tonyunte Mozens Tuna ASM, 005aAaONIIyI0 MPUEMIIEMBIMU BBIYUCIUTEIBHBIMU
BO3MOYHOCTSIMU.

Hay4ynasi HoBH3HA
Hayuynas HoBu3Ha pabOTHI COCTOUT B TOM, YTO HajekHble ASM Mojenu B HacTosIee
BpEMsI B JINTEPATypE HEU3BECTHBI.

MeToabl penieHus
3amauy ynpouieHus: Mojesield TypOyJIeHTHOCTA MOYKHO IOCTaBUTh IBYMSI CITOCOOAMH.
Bo nepBpix. Bo MHOTMX TEXHUYECKH BaXXHBIX CIy4asX B TEUCHHH CYIECTBYET IMOI001e

o 2
pacmpeneseHusl TeMIIepaTypbl M CpelHEeil CKopocTH, Ioao0mue nepeHoca ko m ¢, u T.m.

[IpuMepom MOKET CIY)KUTh T€YCHHE B MOTPAHUYHOM CJIO€, TCUCHHE B KaHAJaX M TpyOax u
1.1. Ho Torma, BOCTONb30BaBIIMCH 3TH MOI00MEM, MOYKHO TOTBITATHCSA YIIPOCTUTH OCHOBHBIE
ypaBHEHUS MEPEHOCa, T.C. YAAIUTh U3 yPAaBHCHUHN KaKhe-TMO0O cllaraeMble WM J1aKe CBECTH
YpaBHEHUN K MPOCTHIM alNreOpandeckuM COOTHOIIEHUsIM. OOIHOCTh MOIETBHBIX YPaBHCHUN
MIPYA 3TOM CHHUYKAETCS, HO 3aTO CHIKAIOTCA U TPYJ03aTpaThl HA pPEIIEHUE KOHKPETHBIX 3aJady.
[loHATHO, YTO TPUMEHUMOCTH YIPOIINCHUS [UISl PEUICHUS KaKOW-IMOO 3a7add JOJDKHA
MPEBAPUTEIBHO TPOBEPATHCS.

Bo Bropeix. [IlonydeHHble  YHNpPOILIEHHBIE COOTHOLIEHUS  MOTYT  OKa3aTbCs
HEMPUMEHUMBIMU JIJI1 UCMOJIb30BAHUS B PACUETHOM cucTteMme ypaBHeHuil. Ho, TeM He MeHee,
WX BIIOJIHE MOKHO HCIIOJIB30BATh JJIS TPOBEJACHHS OIEHOYHBIX PACUETOB. 371eCh TpeOOBAHUA,
NpPEIbSABISIEMbIE K COOTHOUIEHHSIM, MEHEE€ CTPOrM, HO BCE€ pPaBHO MPOBEPATh HX
MIPUMEHHUMOCTD XOTsI ObI MPOCTEHIITUMHU pacyeTaMu HEOOX0TUMO.
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1. YnpouenHasi MojieJib epeHoca TermJioBbIX MOTOKOB NMpH yucjaax Pr>1
VYopouienuto Oyner mnoasepratbess mozenb (1)—-(13) — monnas Mmonens mnepeHoca
Typ6y.]'[CHTHBIX HaprI)KCHI/If/'I U TCIIJIOBBIX IIOTOKOB.

Dk, ok,
=foo— L (v+D) 0y gy, ()
X Ox,
Dg, . 10g, €,
—+—(C, f,P-C,e 2
foaxk( C]axk eGP =Cota), 2)
Dul 6; € 2
. fo ( k)a ° +fO(Bi - O( Uy —kojj—gmo, (3)
X, “k, 3
DguiO :f a +& aguio
Dt 7 ox, C, ) ox,
4
& & (= 2 )
+E C. /o Bi_CaE “io_gko —Cy&0 |
Du,gu 0 ou,yu 5, & ——
! = v+ D TP -C uu.,. 5
Dt anxk( k) an fO ij ako i0™ jO ()
k _
D, =Cpy fo g_ougk , (6)
0
ou ou
Py = —ugugy, Ug U > onszpﬁ
k k
Re 0 X
£ :{l—exp(— L ]](1—6)@(—2.4—2]], (7)
’ 5.5 L,
k X k3/2
Reyo_&’ L, = 0o
1% &
D_2 ol
_fOt (OC D )a_+2f0t 2 2(81‘0 +gt0—add)’ (8)
X Xk
D¢ 0,y €0+ €0
Dto = fo, x, ( C::] @Ctko + 0.5% = (CnfO—tPtz _Ct28t0)’ )
Duy,t, V4o ou €0+ Eroratds ——
l)Ok for i( B +Dtk] a;i fO—t uk—t attoT%dduOkto (10)
0.52
D, =C,, —0 ul, 11
th Dzﬁ”fo—t( ,0+3,0_add) 0k ( )
oT oU. - oT
P, =—ugu : _ﬁgit(? , B, = “mtog’

———Uu, ., —
0 0;°0
’6xj 77 ox

J i

Reyo y
Jo=|1-exp| =R, 5 1-exp —2-4L—80 ; (12)
k 0.5:2
R, = °/° . (13)
80 gtO + gto—add

18




Bicnux Yepracwvroeo nayionanvsnozo ynieepcumemy imeni boeoana Xmwenvnuyvkoeo

B ciydae Pr>1 ypasmenms (8) — (9) mpexctapisiomue co6oii Monenb ¢’ —&, THIIA,

JOIYCKAIOT 3HAYHUTEIbHOE yrpomieHue. CMBICI €ro COCTOUT B clieAyronieM. M3BecTHO, 4To
TEeMITepaTypHbIE MYJIbCAIIMHA CO3/AI0TCS B JKHJIKOCTH B PE3y/IbTAaTe 3aXBara TypOYJICHTHBIMH
BUXpsAMH 00Jiee HarpeThiX CJIOCB JKHUIKOCTH M IEPEHOCAa WX B MEHEE HarpeThie CIOU U
Haobopot. Ho, BcimeactBue toro, uro Pr>1, Buxpu, Kak KHHEMAaTHYECKHE OOpa30BaHUA,
JOJDKHBI  pacmaiathCs OBICTpEH, YeM TeMIepaTypHbIe IyJIbCallid OYIyT YCTPaHCHBI
TEIUIONPOBOTHOCTEI0. C TOYKM 3peHHUS MOJCITHPOBAHUS TYpOYJISHTHOCTH €ro MOXHO
TPAKTOBaTh CIEAYIOIIMM 00pa3oM: TypOYyJE€HTHOCTb 3a0HUpaeT y OCPEIHEHHOTO TEUEHUS
TEIUIOBOM SHEpruu OOJIbIIIE, YeM MOXKET JUCCHUIUpPOBATh, WM, JPYTUMH CJIOBaMH, Ha
MOJIEp)KaHNe TyJIbCAIlM HMCIOJIB3YeTCS HE BCSI DHEPIHs, OINMChIBacMas TIeHEepallMOHHBIM
cimaraeMbpIM. OJTa mpoOiema Oblla pa3pelieHa ¢ TOMOIIBI0 BBEJACHUS B  MOJIEIh
JOTIOTHATEITFHOU JUCCHITAIIAHN E1)-add

=&
2
€000 = Max| 0.5t —>—¢,,,0
kO
W3 npuBeAeHHOTO pacCykIAEHUS MOXKHO 3aKJIIOUYWTh, 4TO Npu yuciax Pr>1 mbl Bcerna
OyzaeMm mojay4arb

0-5t§/(8to +8t0—add):k0/80 : (14)
W3 (14) cnenyer, uro B 3TOoM ciiyyae Ry B BblpaxkeHuu (13) paBHO enuHuIe, T.e.
BMecto Qynkuun fo (12) moxkHo wucnonb3oBath ¢GyHkuuio fy (7). Torma BmecTO
ko3¢ punuenta qudpdysuu (11) moxxkHo mcnonszoBath kKoddduuuent (6). B utore Bmecto
ypaBHeHus (10) MOKHO HCIOJIb30BAaTh YpaBHEHUE

Du,,t, 0 (v+a Ouy,t, g ——
IS B +D, |20y P —C St
Dt fO axi 2 k an fO uk—t at ko 0k"0

2
Bonee toro, B cirydae TeueHns: 6e3 MAacCOBBIX CHJI YpaBHEHHS IepeHoca f, U € U3

(15)

MOJCIN MOTYT OBITh YAQJICHBI.

Nu

1.1. O0s1acTh NPUMEHUMOCTH YIPOLLECHUI 1E+005

Mogens (1)-(7), (15) mpoBepsutach pacueramu
Pa3BUTHIX TYpOYJIEHTHBIX TEUEHUH B IMOTPaHUYHOM
cinoe m kaHane npu Pr>1. Ha puc. | npusenenst
pe3ybTaThl PACYETOB TEILIOOOMEHA B TypOyJICHTHOM

1E+004

+ Pr-0.72
O P25
O Pres4

1E+003

MOTPAHUYHOM ClI0€ C Qyy=const 1O yIPOIICHHOMH
mojnenu. ComocraBieHHE pacdyeToB C paboToit
XKykayckaca [120] anmnpokcuManuen

0.5C, /St =0.93+125./0.5C, (Pr**~1) moxassisact

XOpOmyr0 TOYHOCTb IIOJIYYCHHBIX PE3YJIbTATOB.
OTMeTHM TAKXKEC, UTO XOTA MPUBCACHHOC YIIPOUICHUC
B TIOJIHOM MCPE NPUMCHHMMO TOJIBKO K JUalla3ony
Pr>1, pemenne nmna Pr=0.7 Taxkxke oka3piBaeTcs
BIIOJIHE YAOBJICTBOPUTCIILHBIM.

VYopouieHHas  MOJENb  yJIOBJIETBOPUTEIILHO
paccuuThIBa€T HE TOJBKO TEIJIOOOMEH, a u
OCPEIIHEHHbIE ¥  MYJbCAIIMOHHBIE  TMapamMeTphl
TEUCHUS.

O HenpuMmeHMMOCTH ympouieHus. O4eBUaHO,
YTO MOJ00ME IMOJIeH MyJIbCAallMOHHBIX IapaMeTpoB
MOJET CYIIECTBOBaTb TOJBKO B Clydae XOTb

19

B Pr=10

IIIII| T IIIIIII|
Re

1E+006 1E+007
Puc.1. Pacuer TemooOMeHa B IOTPaHUYHOM CIIO€
[IPU BBIHYXK/JICHHON KOHBEKI[MH 110 YIPOIICHHON
Mojenu (CUMBOJIHI - XKykayckac).

2,5E+004
Nu

2,0E+004 —

Gr'/Re*=2.83; 10~ LA L —

1,5E+004 —

1,0E+004 —

5,0E+003 —j

[Monnast Moaens

<& <> VipomieHHast Moielb
0,0E+000 T T T ny
e

0,0E+000 4,0E+006 8,0E+006 1,2E+007 1,6E+007 2,0E+007

Puc. 2. Pacuet cMenIaHHOM KOHBEKIIMY Ha BEPTHU-
KaJIbHOM MOBEPXHOCTH 11O ABYM MOJIETISIM.
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KaKoro-To 1oJio0us moJiel cpeiHux rnapameTpoB. Pacuersl TeueHus 3a 0OpaTHOM CTYNEHbIO
MOKa3bIBAlOT, YTO B 3aCTOMHONM 00JacTH TMOJS CpeAHEH CKOPOCTH M TeMIepaTypbl
OTJIMYAIOTCSl OYEHb 3HAUYMUTEIbHO. Tak B YAaCTHOCTH B 3aCTOMHON 00JIacTU CYyIIECTBYIOT
MaKCHMaJIbHble/MUHUMAJIbHBIE 3HAYEHUsI CKopocTed. B To ke Bpems moJie TemrepaTypbl B
3aCTOMHON 30HE COTJIACHO NMPUHIUIY MAKCUMyMa HE MOYKET UMETh HKCTPEMAJIbHBIX TOYEK.
Pacuersl moka3bpiBalOT, uYTO B O3TOM ciydae Jjaxe npu Pr=1 wmbl Oynem umerh

0.5, / €, <k,/€, , 1.€. cootHOEHNE (14) 316CH HEPUMEHUMO.

2 T ..
2. YnpouieHHbIe COOTHOLICHMUST ISl pacdera f, , u,t, U ugu,; (7))

o 2
CrangapTHas METOJMKA MOJY4YEHHs YIIPOLUICHHBIX COOTHOIIEHUH JUIA pacdeTa ¢ , Ut

v uyu,; (i#) Oasupyercs JubOO Ha OCHOBE MPEINOJIOKEHHS O MPONOPLUHOHAILHOCTH

MIEPeHOCa YKA3aHHBIX KOPPEJSUil MepeHocy sHepruu TypOysieHTHocTu k, 1100 Ha OcHOBE
THIOTE3bl PABHOBECHOCTH. Kak IMmoka3any TECTOBBIE pacdeThl, BRIPAKEHUS, IIOCTPOCHHBIC Ha
OCHOBE THIIOTE3bl PABHOBECHOCTH W THUIOTE3bI MPOTIOPIUOHATIHLHOCTH MEPEHOCA KOPPEIISAIHA
MepeHocy kK, MMET MPUMEpPHO OJMHAKOBBIE CBOWMCTBA, HO BBIPAKEHHs, NOCTPOCHHBIC HA
THIIOTE3€¢ PABHOBECHOCTH, BBITJISIIIST TIPOIIIE.

[IpumeHeHre THUMNOTE3bl PABHOBECHOCTM K YpaBHEHHIO (8) JaeT COOTHOILEHHE
Jo By = (6,0 + &0 dd). B pasgene 1 mnokasano, 4yro mnpu uucinax Pr>1 BemonHsercs

2
cootHomrenue (14) — 0.5¢; / (€10 + €100 ) =Ko /€, - W3 3TOTO COOTHOIIEHHS BHIYHCIAEM

muccunanuo. TaMm ke NoKa3aHO, YTO B 3TOM ciydyae BMecTOo (yHKuuu fo; MOXKHO
MCIIONBK30BaTh PyHKIMIO fy. B uTore monydaem anredpandeckoe COOTHOIICHUE

- k
t(? :2foPtzg_o' (16)

0

CooTHOLICHHS JUISL pacdeTa u,t, " uyu,; (i#]) TaKKe Moiy4yaeM Ha OCHOBE THIIOTE3bI

paBHOBecHOCTH. Tak, B 4aCTHOCTH, [ Uy U, (i#]) HMeeM

f, k
Uyl :C—Og—OR] (17)
0

a

TecToBble pacyeTbl TMOKa3aid, 4TO BbIpaxkeHue (17) MoOXeT MNpUBOIUTH K
HEYCTOMYMBOCTH BBIYUCICHUH. B cBs3u ¢ 3tum cootHomienue (17) ObLIO 3aMeHEHO Ha
00OBbIKHOBEHHOE JU(depeHLInaIbHOE YpaBHEHUE

dugu,, &g —
TJ:foPij_Ca éumuo]' : (18)

AJNTOPUTM pEIICHHUs] 3TOTO YPaBHEHHS TMPOCTEHIIUM METOJOM OWjepa BBITJISAUT

cienyromuM 00pa3om (cM. Beipaxkenue (19))

k k
&, 1

“\k, ) At

K+l Uyl
_ J k
Uyly, = p +fOR'j C

. (19)

[Ipu pacuerax napaOoiM30BaHHBIX TEUEHUN BepxXxHUM uHIekc k B BbeipaxeHuu (19)
03HAy4aeT BEJIMYMHBI, BbIYMCICHHBIE HA k-OM I1are o npoJ0JbHOM KOOpIUHATE.
AHaJOTHYHBIM 00pa30M ToJiydaeM OOBIKHOBEHHOE N depeHInaibHoe ypaBHEHHUE IS

Uty

dug 1, gy ——
— U0 —_fP —C 2u,t,. 20
dt fO it a ko 0i%0 ( )
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2.1. O6s1acTh NPUMEHUMOCTH YIIPOLECHUH
TecToBbIE pacyeTbl NOKa3bIBAlOT, YTO

1E-001 L
popmynst st ugu,; (i#) (18), (19) Bnomue G, = 154003
. ] F Nu
1E-002 L
NMPUMEHUMBI /ISl PACUCTOB PA3BHTBIX TCUCHUI L 12v002
0e3 3aCTOMHBIX 30H, T.K. B 3aCTOMHBIX 30HaX . :
1E- L
— = 1E+001
Ha DPasBUTUE KOPPEISLMH Uyl,; HAINHAET 4 Nu=0.12(GrPr)"® =
’ 1E-004 + C,, - Tcyu-Harano E
BECbMA CYIIECTBEHHO BJIUATh KOHBEKLHUS H & C,- Unspaiit-Fepokumuoric E P00
muddysus. B urore runore3a paBHOBECHOCTH Iolcfhl-lfp:pmmm R
OKa3bIBaeTcsi HempuMeHMMOoM. B uyacTtHOCTH 1B+011 Gr g

5TO OTHOCHTCS K TEUEHHMIO 3a OOpaTHOif Puc. 3. Pacuer CCTCC’I;BCHHOI?‘I TypOyJIEHTHOMK KOHBEK™
MU Ha BEPTUKAJIBHOU MOBEPXHOCTHU MO YIPOIMICHHOU
CTYIICHBIO.

. Mogenu. VIHTerpanpHble IapaMeTpsl

Beipakenue nans uyt, (20) npumMeHUMO
B T€X yCIOBHUAX IIpH unciax Pr>1.

Ha puc. 3 mnokasaHbl pe3yabTaThl
pacuera TemjgooOMeHa MpU  CMENIaHHON
TYpOYJICHTHOW KOHBEKIIMM Ha BEPTHKAIBHOMN
IUIaCTUHE C OTOPOUICHHBIMU YpPaBHEHUSMHU

Tcyn - Harano

2
nepeHoca f, M &, M OOBIKHOBCHHBIMHU

mupdepeHunaibHbIMU  YPAaBHEHUSIMU  JUIS

KOppeJsLun u,v, , vol, U uyt,. Kak Bugno uz

I R 1L I A N B R R

PHCYHKa, pa3HUIA MEKAy pe3yabTaTaMu 1 10 w 0 1000

pacdeTos 1o ynpomeHHof/'I W TIOJIHOM MoaemsaM Puc. 4. Pacder ecTrecTBeHHOH TypOy IeHTHONH KOH

npeneOpexumo mMaia. Puc. 3 u 4 nokaspiBaror, BEKHMH Ha BEPTHKAILHON MOBCPXHOCTH IO yHPO:
> mennoi mopenu. CKOPOCTh ¥ TEMIIEPATYpa.

YTO 3TH COOTHOIICHUS MO>XHO HMCIIOJIL30BaTh

Y MPH pacyeTax €CTEeCTBEHHOW KOHBEKIIMH.

2
3. yl'lpOllIeHHble COOTHOLICHUHA VISl pacueTa u,

PaccmoTtpuMm ypaBHEeHHE niepeHOca E [Ipocrelilee U3 ynpoueHuii 3TOro ypaBHEHHUS
COCTOMT B 3aME€HE JUCCHIIALMHK € ;) OJHUM M3 BHIPOKCHUI
€0 :2/380’ (21)
€uio = 80”51’/k . (22)
JUis TpoBepKHM TNPUMEHUMOCTU COOTHOIIEeHUH (21)-(22) Obwia mpoBeneHa cepus

TECTOBBIX pacyeToB. PacueTsl NPOBOAMINCH TIO MOJETH TepeHoca TypOYJIECHTHBIX
HaIpsDKEHUM, HO BMeCTO TuddepeHInaTbHBIX YPaBHEHUN MEPEHOCa CKOPOCTH JTUCCUTIAIINN

€, HUCIONB30BaNUCh cooTHOmenus (21) wm (22). PesynbTaThl mOKa3amy, 4YTO TaKoe
VIOPOIIEHHE MOJEIU HEMPAaBOMOYHO JaXe IpU PEUIeHUH MPOCTEHIINX 3aJad pacuera

BBIHYXJICHHOW KOHBEKIIMM Ha MJIOCKOM IJITACTUHE M CMEIIAHHOW KOHBEKIIMU HA BEPTUKAIIBHOU
noBepxHocTU. [loguepkHeM, uTo peodpazoBaHue cucTeMbl U depeHInaTIbHbIX YPaBHEHUN

o 2
B HYaCTHBIX IIPOU3BOAHBIX, OIMCBIBANOIICU IICPEHOC U;, U €& B OOBIKHOBCHHOE

ui0
2
muddepeHnanbHOe ypaBHEHHE WIM anreOpandyeckoe COOTHOLICHHME IS U;, BO3MOKHO

TOJIBKO ITPH MCII0JIb30BaHUH KaKoU-1100 almnpoxcuManu et € .

2
B TO ke BpeMs OLIEHOUHOE COOTHOLIEHHE A u;, ASM THIla HECIOXKHO MOIYYUTh U3

2
HOJIHOTO YpaBHEHHUs nepeHoca (3) HMCHoJb3ys Ul pacyeTa &,,, BBIPAKEHHUE &, = U, / ke, n
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rmojaras TEUYEHHWE PABHOBECHBIM, T.€. cuuTas, 4YTo AU(PPY3HOHHBIH TIEPEHOC paBeH
KOHBEKTUBHOMY.

u_=k—#[1° +3Caeo]- 23)
& (CafO +1) 3

3.1. O6s1acTh NPUMEHUMOCTH YIIPOLIECHUH

Kak yxe roBopusioch, HENOCPEJACTBEHHOE HCIOJIb30BaHUE BbIpaxeHuil (21) — (23) B
BBIYMCIICHUSAX BEAET K HEBEPHBIM pe3ysibTaTaM Ja)ke U pelIeHuH NpocTedmux 3a1ad. B o
XKe BpeMs HCIoib3oBaHue (Gopmyn (23) [uisl OLEHOYHBIX PAaCUETOB OKAa3bIBAECTCS BIIOJIHE
YIOBJIETBOPUTENbHBIM. B KauecTBe MOATBEpXKIAEHHS HAa puUC. 5 U 6 MOKa3aHbl pacyeThl
KOMIIOHEHT MYJbCAllMil CKOPOCTH IO IOJHOM M YIPOILIEHHON MOJENsM MpH TEYEHHUSX B
MOTPAHUYHOM CJIOE U 32 00paTHOH CTyNEeHbI0. PacxoxaeHne oka3blBaeTCsl 3aMETHBIM TOJIBKO
B IIPUCTEHHBIX 00JIACTSIX.

w /U | XH=T S S o w /U
0,01 o o v /U%,,
w2, /U? Re=1.0e+7
0 — PR
¢ 00%0000 < < o WU
0,0075 —| o2 o v2,/U2
0 inlet

0,005 —

0,0025 —

1 10 100 1000
. 0 1 2 3
Puc. 5. ConocrasieHue pacieToB MyJbCaLi CKOPOCTH Puc. 6. ConocraBiieHHe pacyeToB MyJIbCAlMi CKOPOCTH
B IIOTPAHUYHOM CJIO€ 110 MOJIENH TIEPEHOCA TyPOYIEH THBIX B TEYCHUU 332 OOPATHOH CTYIEHBIO 110 MO MepeHoca
HanpspKeHUH (CIUIOLIHBIE IMHUM) ¢ pacueTamu 1o ASM TypOYIeHTHBIX HANIPSHKEHUH (CIIONIHBIE IMHHUHU) C pac-
BBIpakeHHI0 (23) (CHMBOJIBI). yeramu 110 ASM BeipaxkeHuto (23) (CHMBOJIBI).

4. Ynpouleaue mojaeau tuna k-g- ' -g

Pesynbrathl mpenpiayniero paszgena IMOKa3blBalOT, YTO IPH pacuyerax TEYEeHUH C
MOJABEMHBIMH CHJIAMH ypaBHEHHUE, OINMCHIBAIOUIEE IMEPEHOC IMYJIbCALUOHHON KOMIIOHEHTHI
CKOPOCTH HOPMAaJIbHOM K HAIpaBJIEHUIO MOJbEMHBIX CHJI B MOJIEIH JOJHKHO NPUCYTCTBOBATH
0e3 kakux-muOo ympomenuit. OTCloma claeayeT, 4TO TEUCHHs] C TMOIBEMHBIMH CHUJIAMU
JOJIKHBI PAaCCUUTHIBATbCS KaK MUHUMYM I10 YIIPOILLEHHOW MOJENn MepeHoca TypOyJIeHTHBIX
TEIUIOBBIX MOTOKOB M HAIPSKEHUN, MOCTPOEHHOM B paszene 1. B To e Bpemsi, TeueHus 0e3

MOJBEMHBIX CHJ BIOJNHE JOCTYIHBI pacueTaM 1o Mojenu Tuma k-g-t'° -g. Ilostomy
paccMOTpHUM, KaK METOJIMKA YIPOIICHUS MOJEJICH MOXKET OBITh IPUMEHEHA K MOJISTH TUTa K-

12
e-1" -&.

B nanno# Moznenu Ui KOPPEIsUMM UV, U V,f, UCIIONb3YIOTCS COOTHOLICHHUS

k2
Vt:CvFv_O’ _uOvO:Vta_Ua
& oy
24
F =1 R 1y 242 .
=|1—exp| ——= || 1 —exp| —2.4—||,
Y P 45 P L,
0.52 —  or
a,=C,Fk,———>—, —vt,=a,— (25)
gtO + gto—add ay

2
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k, | 052

80 gtO + gto—add

Re,
F, =|1—exp| - R, 45} l—exp| 24— ||, R, =

Paccyxas 1o aHajgoruu co CilydaeM MOJEIM IMepeHoca TYpOYJIEHTHBIX TEILUIOBBIX
MOTOKOB, B ciydae umcen Pr>0.7 MoxHO mosoxuth 0.5¢; /(8,0 + €000 ) = Ko /€y - OTcCIONA
CIEIYET, UTO

2 —
at:ClFﬂ._O’ —Volo =&, —
0
(26)
Rey y
F,=|1-exp| — l—exp| —2.4—
45 L

&

Kak BuaHo u3 Belpaxenuil (26) teneps F, momnocteio coBmanaer ¢ F,. Ho, Tak kak

2
ypaBHEHHE TepeHoca #, , a 3HAYUT U ypaBHEHHUE IEepeHOca €y, HEOOXOIMMBI TOJBKO JUIS

acyeTa KOppEIAunu vyt, , TO OTH ABHCHHS BIIOJTHC MOKHO YJAaJIUTh U3 MOJCIIN.
0%0

OtmeTnMm, yTo cooTHoeHus (24) u (26) nokas3bIBaIOT, 4YTO

Cﬂ.
a, =—Vv,. 27)

CV
Breipaxxenune (27) TOMHOCTBIO COOTBETCTBYET THIIOT€3€ O  CYIICCTBOBAHHH
TypOynentHoro uucna [Ipanaris Pr;, HO moJlyueHO OHO Ha OCHOBE MPO3PAYHBIX (PHU3UUECKUX

cooOpakeHUH.

4.1. Ob61acTh NPMMEHNMMOCTH YIIPOIICHU

N3 cnocoba mnoiydeHHs YHOPOIIEHHBIX COOTHOLIEHUN (26) cienyer, 4YTO OHU
NPUMEHUMBI B pacdyerax MapaOOJMYecKuX TEYCHHWH B OTCYTCTBHE MACCOBBIX CHJI U TIPH
HYJICBBIX KPAeBBIX YCIOBHUAX Ha CTEHKAX.

Ha puc. 7 oka3aHbl pe3ynabTaThl PacCdETOB | ,g:gos
TeII000MeHa B TypOyJIE€HTHOM IIOIPAaHUYHOM | . . L pon *
cioe npu BBIHY)KJICHHOH KOHBEKITHH. O o OPre540
CoOTBETCTBHE C IKCIIEPUMEHTAIBHBIMH JTaHHBIMU
OYEHb XOpoLIee.

CumBoslaMu 0003HAYEHBI PaCUYEThl YHCIIA
Hyccenbra 1o anmnpoKCUMaluu %
0.5C, /St =093+125J0.5C, (Pr?*~1), B3aroii e L

4E+006 8E+006 1E+007
B paboTte XKykayckaca [4]. Emie pa3 oTMETUM, UTO Puc. 7. Pacuer TemnooGMeHa B IOTPAHUEHOM CIIOE

)KI/IHKI/IG METaIJIbI B I[aHHOﬁ pa60Te He Ipu BBIHy)I()ICHHOI)‘I KOHBCKIIUH I10 prOH.IeHHOfI MO
nenu (cuMBOJIHI - JKykayckac).

8,0E+004 —

4,0E+004 —

paccMaTpUBAIIUCH.
Ha puc. 8 mnokazan pacyer cpenHei
TEMIIEPATYphl NP TEHECHWH HA HAYATBHOM | : S—r——r o
_— W 0 7
o 2 y
y4acTKe TpyObl 1o moaHOH Mofenu k-g-¢'" -g¢ 1 (45 4
C HCIOJb30BaHueEM ynpouieHus (26). Kak BunHo
05 A" CHMBOJIBI - yNIPOILEHHAs MOJIENb
W3 PHUCYHKA — COOTBETCTBHE NPAKTUYECKHU S 8 Crotomman s - noxman worems  Re=5.0¢+4
Pr=0.72
TOYHOE. s k,/U,2=0.066
0,25 —
L=0.3R
5. 3ak/ounTeIbHbIE PEKOMEHIALMHU 110 O T T T T T T T IR
BbIOOPY HaMMeHee TPY10eMKO MoaeIn 0 02 0.4 0.6 0.8 I
Hpemﬂe, 94eM IEPEXOIUTh K KOHKPETHBIM Puc. 8. Pacqu TEYECHHUS HA Ha‘-IaJ;I;HOM Y4acTK€ B TpYy-
PEKOMEH/IALIUSM, HE06XO0IUMO CKa3aTh 6e 1o monHoN MoAenu Tuna k-g-t#-¢ ¥ Mo ynporueH-

HOH MOJCIH.
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cienyromee. B mpemioxxkenHol B maHHOW pabore Monenu k- Tuma s TEUEHUH B

HOrPaHUYHOM CJIO€ KOPPEALHUA U,V, PACCUNTBIBAETCS 110 BBIPAKEHHIO
— k; oU
0
uyw, =—-CF,——. (27)
g, Oy
[Ipenmnonaras cioif HeHarpeBaeMbIM U comnoctaBisist (27) u (17) 3ameuaem, 4TO U3
9TUX COOTHOIIICHUI CJICOYyCT, YTO

— F
vé = Cvca ;

ko (28)
0
OTMCTI/IM, 4TO 3J1€Ch HC YUTCHA pa3HHlla B KOHCTAHTaXx k-¢ MOJCIIM U MOJCJIN IIECPECHOCA

TypOyJeHTHbIX HamnpsbkeHud. W3 Belpaxkenus (28) cuemyer, uro wojenb k-¢ Tuma
— :
paboTocriocoOHa TOJIBKO IPHU HAIMYUU B TEUEHMM CBSI3M Mexay Vv, U ko, onucaHHoi

cooTHomieHueM (28). Ecnu ke 3Ta CBA3b O KaKUM-IMOO MPUYKMHAM Hapyllaercs, TO
rapaHTHPOBATH AJIEKBATHOCTh peIICHUs Helb3s. [[pHuuHbl HApYIICHUST MOTYT OBITH CAMBIMH
pa3HbIMU, HaIIPUMEp — CI0XKHasi TeoMeTpus 00JacTH, HaJIu4Yue ByBa WIM OTCOCA HA TPaHHUIIE,
HaJIM4Me€ MACCOBBIX CHUJI U T.]I.

Takum oOpa3oM, MBI MMEEM ICIIYIO HEPAPXHUI0 MOjeel TypOyJIeHTHOCTH pa3HOM
cioxHocTd. Ha oCHOBaHMU IPOBENEHHBIX PACCYKICHUI MOKHO MPEUIOKHUTH CIEAYIOIINE
PEKOMEHAALINHY IO UX UCIIOIb30BAHUIO.

Cnyyail BBIHYXJCHHONW KOHBEKIMM O0€3 ydera MaccoBbIX cui. B mobom ciydae
MONBITKY pacuera cjieayeT HaduHaTh C Inpocredmieil moxaenu k-¢ tuma. Ecnm pemienue
MIPOBOJUTCS B KaKOW-1MOO CIIOKHOM 00JacTH WM B 3a/laye€ NPUCYTCTBYIOT HEOOBIYHbBIE
KpaeBble YCIOBHSA, MpPHYEM TIIOJYYCHHBIH pE3yJbTaT 10 KaKUM-JIH0O KpPUTEPUSIM He
YIOBJIETBOPSET HCCIENOBATENs, TO B MOJEIb MOXHO JO0aBUTh CHUCTEMY YpaBHEHHI,

2
OIMCBIBAIOIIYIO IIEPEHOC KOppesiuuu v, . B 3ToM ciydae BMecTo cooTHomeHus (27) s

pacdeta  TypOYJIEHTHOTO TPEHHS WCTONB3YeTCsl  PEUICHHE OOBIKHOBEHHOTO
muddepenunanbHoro ypasuenus (19) win anredpaunueckoe cootHomenue Buaa (17). Eciu
KEC M TCHCPb PACUCTHI IIOJYYAOTCA HCYAOBJICTBOPUTCIBHBIMHA, TO OT YIPOIICHHOI'O

COOTHOUICHUS [UIsl KOPPEILHH UV, CIEAYeT IIEPEXOJUTH K IIOJHOMY ypaBHEHHUIO BUa (5).

Ecmm Teuenne IMPOUCXOJUT B IPUCYTCTBUU MACCOBBIX CHJI, TO ITIOYTHU HABECPHAKA MOJCIIb
AOJDKHAa BKIIIOYAaThb YCTBIPE I[I/I(i)(i)epeHHI/IaHI)HLIX YpaBHCHHA B YaCTHBIX IPOU3BOAHBIX, a

2
VMEHHO YPaBHEHUS MOJEIH K-€ TUIIa IUIIOC ypaBHEHHMS NIEPEHOCA V) U €.

[Ipu pacuere TerooOomena mnst uwcen Pr > 0.72 B mapa®oianM30BaHHBIX TEUEHUAX TIO
BCEM BHAMMOCTH TIOYTH BCEr/Ja MOXKHO HCIMOJB30BaTh JHOO cooTHomenue (20), audo
cootHomieHue (27). BeiOOp COOTHOMIECHUS 3aBUCHUT OT MOJIEIHM pacyeTa KUHEMATHYECKUX
nynbcanuii. Pacipenenenue teMmnepaTypHbIX MyIbCalldid IpU HEOOXOAMMOCTH MOXKHO HaWTH
u3 mpoctoro anredpamdeckoro cooTHoueHus (16). Ilpu pacuerax TedyeHuit B cpemax ¢

MaJbIMH YHcIaMu Pr He06X0MMO B MOJIENb BKIIOUATh YPABHEHHUS TIEPEHOCA 1 -&;.

Pe3yabTaThl HCCIe10BAHUS H BBIBOJbI

Kak yxxe roBopuiioch, npeuioxkeHHass MOJIeib Ul pacdyeTa TypOyJIEHTHBIX TEIJIOBBIX
MIOTOKOB M IOJIHOTO TE€H30pa TypOYJIEHTHBIX HaNpsKEHUH, Kak, BIpoueM, U Jrobas apyras
MOJIENb 3TOTO KJIACCa, OUYEHb CJIOKHA B AKCIUTyaTanuu. 1o 3Toil npuunHe nogo0HbIe MOJENH,
HECMOTps Ha BCE CBOU INOJIOKUTCIIBHBIC Ka4€CTBA, BPAJd JIX MOT'YT OLITH PEKOMCHIOBAHbI K
UCIIOJIb30BAHMI0O B HMH)KEHEPHOW MpakThKe. B CBs3W C 3TUM aBTOPOM OBLIO IPOBEACHO
CUCTEMAaTUYECKOE YIPOIIEHWE HCXOJHOW IIOJHOW MoJenu. Bce BapuaHTHl yIpOIIEHUS
IIPOBEPSUIMNCH TECTOBBIMM PACUYETAMM PEHIAEMBIX [0 IIOJHOM MOJEIM 3a1ad. YIpOUIeHue
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MOJIyYMJIOCh OYEHb 3HAYUTENbHBIM. Tak, B YaCTHOCTH, YIPOULICHHAss BEPCHUS MOJENIU IS
pacuera CMENIaHHOW KOHBEKIMHM HAa BEPTUKAJIBHOUM MOBEPXHOCTH COJEPKUT BCErO YEThIPE
napabonuyeckux auddepeHImaibHbIX YPaBHEHHS U TP OOBIKHOBEHHBIX. PacyeTsl TpeHUs U
TEII000MEHA MOJHOCTHIO COOTBETCTBYIOT pacueraM MO MHOoJHOW Mojenu. OObIKHOBEHHBIE
muddepeHnraibHble ypaBHEHUS B JaHHOM Cllyyae peIIaloTcs IPOCTEHIIMM METOJ0M
JIOMaHbIX U, (DaKTHUYECKU, CBOJATCS K aireOpanyeckKuM COOTHOIIEHUSM. OTMETHM, UTO
MoJIHAsl MoJIeNb coaepKuT 11 nmapabonnueckux nuddepeHnanbHbIX ypaBHEHUH.
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Khmelnytsky National University of Cherkasy
SIMPLIFIED MODELS OF TURBULENCE FOR SIMULATION CALCULATION OF
TURBULENT HEAT AND MASS TRANSFER

Summary. Introduction. The problem of simplifying turbulence models can be put in two ways.
At first. In many technically important cases, there is a similarity in the flow of temperature
distribution and mean velocity, a similarity in the transfer of k0 and etc. An example is the current in
the boundary layer, the flow in channels and pipes, etc. But then, using this similarity, one can try to
simplify the basic transport equations, i.e. remove from the equations some summands or even reduce
the equations to simple algebraic relations. The generality of the model equations is reduced, but the
labor costs for solving specific problems are also reduced. It is clear that the applicability of
simplification for the solution of a problem should be checked beforehand.Second. Obtained simplified
relations may not be applicable for use in the computational system of equations. But, nevertheless,
they can be fully used for making estimates. Here the requirements for the relations are less strict, but
it is still necessary to verify their applicability at least by the simplest calculations.
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Results and conclusion. As already mentioned, the proposed model for calculating turbulent
heat fluxes and the total turbulent stress tensor, as, indeed, any other model of this class, is very
difficult to operate. For this reason, such models, despite all their positive qualities, can hardly be
recommended for use in engineering practice. In connection with this, the author made a systematic
simplification of the original complete model. All variants of simplification were verified by test
calculations of the problems solved by the full model. Simplification was very significant. Thus, in
particular, a simplified version of the model for calculating mixed convection on a vertical surface
contains only four parabolic differential equations and three ordinary ones. Calculations of friction
and heat transfer fully correspond to the calculations for the full model. Ordinary differential
equations in this case are solved by the simplest method of broken lines and, in fact, reduce to
algebraic relations. We note that the complete model contains 11 parabolic differential equations.
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BAI'ATOPOMOBUI AJITOPUTM MULTI-SWARM OPTIMIZATION TA
MOIr0 BUKOPUCTAHHS ITPU PO3B’SI3YBAHHI 3AJJAY BIHAPHOI
KITACU®IKALII

Y pobomi pozensinymo 6acamopotiosuil ancopumm onmumizayii yacmunox (Multi-Swarm
Optimization Algorithm) ona pos3e’sazysanns 3a0ay 2n06anvbHoi onmumizayii, aKutl iOHOCUMbCs 00
MemaespecmuyHux Memooie. Memow oOanoi pobomu € peanizayis ma OOCHONCEHHS OAHO20
aneopummy npu po3e a3yeami 3a0ay Onmumizayii, a maxKoxic 1o2o 3aCMoCy8anHs 00 PO38 sA3Y8AHHSL
saday Ginapnoi knacughixayii. Ilposedeno nopieHANbHUL aAHANI3 MA OOCHIONCEHO eQeKmusHicmb
aneopummy Npu  3HAXOONCEHHI 2N00aIbHO20 MIHIMYMY Oeskux mecmosux @yukyit. Onucano
nocmanoexy 3adawi OiHapHoi niniuHOI Kiacugbikayii. /s minimizayii @yukyionary noxudku npu
no6yooei knacugikamopa sukopucmaro bazamopotiosuti areopumm MSO ma memoo cmoxacmuunozo
2paodieHmMHO20 CHYCKY.

Knrouoei cnosa: bazamopotiosuil aneopumm onmumizayii yvacmunox, areopumm MSO, 3adaua
onmumizayii, 3a0aya 6inaproi kiacupixayii

ITocranoBka npodsaemu

VY cywyacHMX yMOBax B Haylll 1 TEXHIll ICHye CTiiika TEHJEHIlis, IOB’sA3aHa 3
HEOOXIZHICTIO PO3B’SI3aHHS IIMPOKOIO CIEKTPYy NPAaKTUYHUX 3a7ad B ONTUMI3ALIHHIN
MOCTaHOBINL. J[JIs 1IbOTO 3aCTOCOBYIOTHCS JIOCUTHh PI3HOMAHITHI METOJIM, ajie JajeKo He BCi 3
MOCTABJICHUX 3a7ad MOXYTh OyTH pPO3B’s3aHI 3 BUKOPHCTAHHSM TPAAMLIMHUX MITXOMIIB.
YMOBHO iCHYIOY1 METOJIM PO3B’si3aHHS 3a/1a4 ria00aibHOI ONTUMI3alli MOXKHA PO3AUIMTH Ha
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JNETEPMIHOBAHI Ta CTOXAaCTUYHI, TOOTO TakKi, 0 XapaKTEPU3YIOThCS OPTaHI3aIlI€l0 MOIIYKY 3
BIICYTHICTIO a00 HasSBHICTIO IICEBJAOBUNAAKOBUX eneMeHTIB. OcoOnuBe MicCIe cepen
CTOXaCTMYHUX METOMIB MOCIAal0Th METOIU, SIKI IPYHTYIOTbCS Ha IMITalii HPUPOIHHUX
MPOIIECIB Ta PEAT3yIOTh aAaNTUBHUM BUMAKOBUN MOTIYK.

Meton G6araTopoiioBoi € Bapialiero MeToay ontumizauii poem yactunok (PSO). Ilpu
npomMy MeTo MSO po3HIHproe MOXKIUBOCTI ONTUMI3alll POEM YACTHHOK, BUKOPUCTOBYIOUU
KUIbKa pOIB IMITOBAaHMX YaCTUHOK, a HE oJuH pid. MSO € MeTaeBpUCTUUHUM METOJIOM, 110
O3Hayae, M0 IS METOAMKAa € HaOOpOM MPHUHIMIIB MPOEKTYBAaHHA, SKI MOXYTh OyTH
BUKOPHUCTaH1 JUIsl MOOYJOBU KOHKPETHOTO aIrOpUTMYy Ui PO3B’S3aHHS KOHKPETHOI 3ajadi
ONTHUMI3allii.

BukJiag ocHOBHOI0 MarepiaJy

1. Knacuunuii 6aratopoiioBuii aaropurm onrumizauii MSO

3anaya 0e3yMOBHOI rio0anbHOi onTuMizalii GopMyITrOeTbCs SIK 3ajada MIHIMIZanii
uboBo1 yHKIIT f(x) B mpocTopi momryky D :

f(x) > min, X e D={xe R}, (D)

ne obnacte D — nilicHUi Tinepky® 3 po3MipHICTIO d, X — BEKTOpHUN apryMeHT LUIbOBOi
dynkuii £(x), a i rmo6aneEU MiHIMYM g0oCsTaeThCA y ToUli X .

Y wmeront MSO pili yacTMHOK sIBisie COOOI0 CYKYIHICTh TOYOK-PO3B’A3KIB, fKi
MEepEeMILIAIOTECA Yy TMPOCTOpPI B IMOIIyKax IobanbHOro MiHiMymy. Ilpu nepemimieHHi
YaCTUHKM HaMaraloThCsl TMOKpPALIUTH 3HAWJAEHUNH HHUMH paHillle pPO3B’SI30K 1 MPU LBOMY
O0OMIHIOIOThCA 1H(QOPMAIIEIO 31 CBOIMH CYCIAAMU.

3 pO€M YaCTHHOK TaKOX aCOILIIETHCS MHOKHHA BEKTOPIB X MIBUIKOCTEH

V={v,v,,....,v}, (2)

KirouoBa onepartiis B MSO — oGuuciaeHHsT HOBOi MIBUJIKOCTI AJisi yacTUHKUA. Ha HOBY
HIBUJKICTh JJIS1 aHOI YaCTUHKM BIUIMBA€ MOTOYHA HIBUAKICTH, MOTOYHUI CTaH, HallKkpaile
BIJIOME IOJIOKEHHSI YaCTMHKH, HalKpallle BiIOMe MOJIOKEHHS Oy/1b-SKOi YaCTUHKU B TOMY XK
poOi, 10 1 YaCTUHKA, 1 HalKpalle BIJOME MMOJI0KEHHS Oy/1b-5IKOT YaCTUHKU B OYy/Ib-sIKOMY POI.

vy =wy, +en (=, )+ e (g, -x, ).
, , 3)
X; =X,V
Je v, i X, — HOBi WIBHJKICTH i MOJOXKEHHS i-01 YACTMHKH;, p, — HAWKpAIle MOJOKEHHS,
3HAIICHE III€I0 YaCTUHKOIO paHimie (personal best); s — Halikpaie MOJIOXKEHHS Oyab-IKOi
YaCTHHKH B POI; g — HalKpallle I0JIO’KEHHs, 3HalJieHe BciM poeM (global best); ¢, ,c,,c; —

BIJNIOBITHO KOTHITUBHUI, COLIabHUN Ta riI00albHUM Koe(IlieHTH; 7, 7, ,

7, — PIBHOMIPHO
pO3M0/IUIeH] BUNIaAKOBI yucna 3 HTepBany [0, 1]. ¥V dopmyni (3) nependavaerbes, 1o yac
MDK OHOBJICHHSIMH CTaHY YaCTUHOK post Ar =1.

3HaueHHs1 Koe(dillieHTa W BIJIIIpPa€ BaXJIUBY pPOJb 1 BHU3HAYA€ KOMIPOMIC MIXK
NOCIIKEHHSIM 1 JIOKajli3ali€lo B MpocTtopi momyky. Ilpy w>1 MBHIKICTP YaCTUHKU
30UTBIITYETHCS 1 Pii «pO3X0aUTHCs». [Ipn w <1 YaCTUHKYU CIIOBUILHIOIOTHCS JI0 THUX ITip, TTOKH
HIBUAKICTh HE CTaHE PIBHOIO HYM0. TakuM YMHOM, BEJIUKI 3HAUYE€HHS W CIPHUSIOTh
JOCIIIKEHHIO TIPOCTOPY TOIIYKY, a Majl — JIoKaiizarmii po3B’s3ky. OmHak, 3aHagTO Mai
3HaYeHHS W M030aBJAIOTh Piif 37aTHOCTI JOCHIKYBATU MPOCTIp MOWIYKy. UM MeHiie w,
TUM OUIBIIMH BIUIMB KOTHITUBHOI Ta COI[laJIbHOT KOMIOHEHTH. SIK 1 1HIII MapameTpu,
ONTUMAaJIbHE 3HAUYEHHS W MpPOOJIEMHO-OpPIEHTOBAaHE, TOOTO OOMpaeTbCs ISl KOHKPETHOT
3ajmavl. SIKio B Mpoleci ONTHUMI3alii YacTHHKA BHUXOJUTH 32 MEX1 MPOCTOPY MOILIYKY,
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BIIOYBa€eTbCs OOHYJIEHHSI BIAMOBIIHMX KOMIIOHEHT 1i IIBUAKOCTI, a caMa YacTHUHKa
MTOBEPTAETHCS 10 HAMOIMKUOT IPAHHULIL.
Benuunnu BaroBux koedinieHTIB y (3) oOuparoThCsl HACTYMHI
I<e,c,,c;<2, 4)
10 3a0e3neuye 30 KHICTh METOY.

Jnst miaTpuMaHHs OanmaHCy MDK JIOKQIBHUM 1 TJI00aJbHAM TONIYKOM, YHCEIbHI
3Ha4eHHs KOeQIUIEHTIB ¢, 1 ¢,, AK IPaBWIO, OOUPAIOTHCA PIBHUMU. Y OUIBIIOCTI BUIIAJKIB
HalKpaili pe3yiabTaTH 1 cTabUIbHICTh MOUIYKY OTpUMYIOTh Ipu ¢ =0.5+1In2~1.19. ¥ MSO
MaJIo JOCIIKEHb KOHCTAHTH C;, TOMY 3a3BH4aii BUKOPUCTOBYIOTH 3HaueHHs 0.36.

Piii Bononie mnaM’ATTIO Tpo HalKpamll pO3B’SI3KM, 3HAWJEHI MHOro OKpeMUMHU
YacTUHKaMHM 1 BCIM poeMm B uuioMy. Ilin gac iHimiamizamii moyaTKOBI MO3MIIT YaCTUHOK
BBa)XalOThCsl Haiikpamumu. Ha koxHil HacTynHil itepauii anroputMy MSO iHIuBiyanbH1
Kpamil MHO3uLil KOXHOI YaCTUHKM 1 HaWKpalle IOJO0XEHHS g, 3HailieHe BCIM pOeEM
OHOBJIIOIOTHCSA 3a NPaBUIIAMHU

p; =X, akwo f(x,) < f(p,),

g = p o f(p) < f(g). ®

2. Moaudikanii anaropurmy MSO

Icnye kxinpka crioco0iB 3mMiHM 0azoBoro anroputmy MSO. OnuH 13 MOXKJIMBUX BaplaHTIB
MOJISITaE 'y TOMY, 100 yac BiJl yacy 3HUUIYBATH BUIAJAKOBO BHUOpaHy YaCTUHKY, a IOTIM
Hapo/DKyBaTH HOBY YacTHMHKY 3aMicTh Hei. [l 1bOro Mo’kHa 3reHepyBaTH BHIIaJIKOBE
3HaueHHs Mix 0 1 1, 1 36epertu iioro y ¢. Skmo nane Bunaakose 3HadeHHst menuie 0.005, To
[IOTOYHA YaCTHHKA MOBTOPHO CTBOPIOETHCS, 3HUINYIOYHM MOTOYHY YACTUHKY 1 HApPOJDKYIOUU
HOBY YaCTHUHKY Y BUIaJIKOBOMY MICIII.

[Hmwmii BapianT Moaudikauii MSO — mozenoBaTu iIMMIrpaiiito, nepioAuyHo OepydH /AB1
YaCTUHKH y PI3HUX POsX 1 00MiHIOIOYH iX. OHAa YacTHHKA €PEeKTUBHO MPOHUKAE B MOTOYHHMA
pii, a 1HIIIa YacTKa eMIrpye 3 Poro.

3. Peagizauin Ta nociigpkenus aaropurmy MSO

BararopoiioBwuii anroputm MSO 0yB peanizoBanuii y cepeaosuiri MATLAB R2012b.
[IpoBeneno nocmimpkeHHs OraToporoBoro amroputMy MSO mns poss’sizans 3amadi (1) 3
BUKOPUCTAHHSM PI3HUX 3HaueHb napameTpiB N (KUIbKICTh iTepaniii) 1 k — KUIbKICTh poOiB,
po3MipHicTh mpoctopy momyky d = 2. Ilpu 1ipomMy alirOpuT™M 3aCTOCOBYBABCS /10 KOXKHOL
¢yukuii 10 pa3iB, a oTpuMaHe 3HaYeHHS ycepeHoBanocs. OnepkaHi pe3yabTaTH HaBEIEHO Y
tabdsn. 1.

Bbyno npoBeneHo MOPIBHSHHS KJIACUYHOTO aJITOPUTMY ONTHMI3allil POEM YAaCTHHOK Ta
JOCITIKYBAaHOTO 0araToporoBOr0 arOpuTMy ONTUMI3AIii YacTUHOK. OTpUMaHi pe3yinbTaTH
CB1UaTh, M0 y OUTHIIOCTI BHUITAJAKIB HaWkpaimie MeTtoa MSO BHKOHYE IMOMIYK TJI00ATBHOTO
MIHIMYMY NP BUKOHAHHI BEJMKOI KUIBKOCTI iTepalliid Ta HEBEIUKIM PO3MIPHOCTI MPOCTOPY
nomyky. Metog MSO mnokasaB kpatili pe3yabTaTh sl BCIX TECTOBUX (PYHKIIIH, KpiM (YHKITIH
Pactpirina 1 IlIBedena, OCKUIbKM MOIIYKOBUN alrOpPUTM Ma€ TEHACHIIIO 3acTpsiBaTU B
OJIHOMY 13 JIOKQJbHUX ONTUMYMIB Ta 30iraTucs B HEMpaBUIbHOMY HanpsamKy. [lopiBHsUTbHUI
aHaJli3 pe3ynbTariB poboTH KiacuyHoro airoputmy PSO Ta MSO mnokasas, 10 aliroputm
MSO noxazaB Kpaltili pe3yJbTaTd Ha OUTbIIOCT] PYHKITIH.

4. Po3p’si3anHd 3a1a4i OinapHoi kiacudikanii 3 BUKOpUCTAaHHAM ajaroputmy MSO

Posrnssnemo 3amauy OiHapHOi kiacuikarii, KOJIM MHOXHHA MOXJIUBUX 3HaueHb
BIIMIOBI/IEN CKIIAMAEThCs 3 NBOX eneMeHTiB: Y ={—1,+1}. CykymHICTb 00’€KTiB, SIKI MaIOTh
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OJIHaKOBY BI/AINOBIJIb, Ha3UBalOTh KjIacoM. IloTpiOHO BCTAHOBUTH HAJIEXKHICTH OO0 €KTIB
BHOIPKH JI0 OJTHOTO 3 JIBOX KJIAcCiB, TOOTO Kiacu(ikyBaTH iX.

106 nobyayBatu diHIMHUNA Ki1acu(pIKaTOP HEOOX1THO:

- oOpatu pyHKIIOHAT TOXUOKH, TOOTO 3aaTH CIOCIO BU3HAUEHHS SKOCT1 pOOOTH TOTO
YH HIIOTO AJITOPUTMY Ha HaBYaIbHIM BUOIPILL;

- moOynyBaTu CIMEMCTBO aJITOPUTMIB, TOOTO MHOXXHHY aJITOPUTMIB, 3 SIKOi IOTIM Oy/e
oOupatucs HallKpaliuii 3 TOYKH 30py MEBHOTO (PyHKIIOHATY TOXUOKH;

- 33J1aTU METOJ| HaBYaHHS, TOOTO BHU3HAYUTH CIOCIO BHOOPY KpalIOTO alropuTMy 3
100y/10BaHOTO CIMEWCTBA aIrOPUTMIB.

Ta6mums 1
Pe3ynbratu o6unciaroBaIbHUX €KCIIEPUMEHTIB
TecroBa dyHKIIis, N =50 N =100
TOYHUH PO3B’SI30K k=2 k=3 | k=5 | k=2 k=3 | k=5

1. Cdepuuna QpyHkuis
d
S@) =2 %, f(X)=0
i=1
2. ®yukuis HBedena
2
(& . 1.13e-18(5.50e-21|4.73e-20| 0.0244 |3.54e-06|1.28e-10
f(X)=Z(ij] , f(X)=0
=1 Jj=1

6.79e-18|8.74e-20(3.79¢-20|4.89e-20(8.96¢-21 4.22e-20

3. @®yukuis Po3zenbpoxa
d-1

()= [100(x,,, —x*)* +(1-x,)’] 0.0366 [5.95¢-08|1.45¢-07| 1.5687 | 1.0032 |2.89¢-14
i=1

, (X)) =1

4. ®yukuis Pactpirina

d
f(x)=> [x} —=10cos(27x,)+10], 0 0 0 0.8791 | 0.0257 [3.52¢-04

i=l1
f(X)=0
5. ®ynkmis AnmaitHa

f(x)= i|xl. sinx, +0.1x,
f(XH=0

) 3.49e-10(2.35e-10|5.96e-11| 0.0019 |1.85e-02|3.51e-06

JliniiHi kinacudikaTopu NOBHHHI NOBEpTaTH OiHApHE 3HAYEHHSA, a OTXKE y SKOCTI
pe3ybTaTy MO>KHa OOMpPATH 3HAK HACTYITHOI'O BUPA3y:

d
- J
a(x) = sign(w, +2wjx ), (6)
j=1
ne w, — BUIbHHI KoedimieHT, x’ — o03HaKa 00’€KTa, w, — BaroBUM KOEQIIIIEHT IS

BIAMOBIAHOI O3HAKU, d — KUIBKICTL 00’ €KTIB.
Bupas <w, x> =0 € pIBHAHHAM JESKOi IUIOIMIMHKU y MpocTopi o3Hak. Ilpu npomy s

TOYOK IO OJHY CTOPOHY BiJ III€1 TJIOMIMHU CKAIAPHUNA TOOYTOK <w, x> Oyne nomatHiM, a 3
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IHIIOrO — BII’€MHUM. TakuM 4YMHOM, JIIHIHHUN KiIacu(pIKaTop MNPOBOAUTH IUIOUIMHY Y
MPOCTOP1 O3HAK 1 BUTHOCUTH 00’ €KTH 10 pi3H1 OOKH B1I HET 10 pi3HUX KiaciB (puc. 1).

Jiia 3amadi JiHiIAHOT Kiacu@ikamii OpUPOJHUM CHOCI0 BU3HAYUTU SIKICTH TOTO YU
IHIIIOTO aJNTOPUTMY TIOJIATa€ B OOUYMCIIEHI Uit OO0’€KTIB HABYAIBHOI BHUOIPKHM YaCTKH
HENpaBWIbHUX BIAMOBIJCH:

O(a,x) = %Z[a(m £3]. 7

ne | — KUIbKICTh 00’€KTIB, y, — BIANOBLAB I JAHOTO 00 €KTa.

2

T

Puc. 1 'eomerpuynmii 3MiCT JiHIHHOTO Ki1acudikatopy [4]

Bupas (7) moxxHa mepenucatu i BUIAJKY JIHIHHOT Kiacudikanii y HaCTymHOMY
BUTJISAIL:

Oax) =7 Yl {wi) <01= X [M, <0, ®)

DyHKIIS, IO CTOITH I 3HAKOM CYMH, Ha3UBAETHCSA TTOPOTOBOIO (pyHKIIiEO BTpat [4].
BuxopucTtoByroun Oyab-Ky INIaJKy OLIHKY IOPOTOBOT (PYHKIIII:
[M, <0< L(M,)

MOXHa TOOYIyBaTH OLIHKY Q(a,x) it pyHKIioHana noxudku QO(a, x) :
~ 1&G - .
O(a.x) < O(a.) = > L(M,) > min. )
i=1 a

Y poGoti ans noOynoBu JiHIMHOrO Kiacugikatopa OyleMO BHKOPHUCTOBYBAaTH
JIOTICTUYHY (YHKIIIIO BTpaT:

L(M)=log,(1+exp(-M)). (10)

B uutoMmy icHye nekiibka OCHOBHHMX aJFOPUTMIB ONTHUMI3allii, 10 3aCTOCOBYIOTHCS B
MaIllMHHOMY HaBYaHHI JUIsi MiHIMi3a1ii QyHKI[ioHANMa MOXKUOKU. Y maHiid poOOTI 3aCTOCYEMO
pPO3MISIHYTUH anropuT™ OaratopoiioBoi ontumizamii MSO. ¥ MSO koxHa yacTHHKa Mae
MO3MII0, fKa BIANOBiae HaOOpy 3HAYCHb W-BariB, a pid — 1e HalIp YaCTHUHOK, SIKi
PYXalThCS TaK, K BU3HAUYAE IPYNOBA MOBEAIHKA, HAMPUKIIA, 3rpai ntaxiB. MSO nigrpumye
JEKUTbKa pOiB OJHOYACHO, IO B3a€EMOJIIOTh OJWH 3 OXHUM, Ha BigMmiHy Big PSO, ne
BUKOPHUCTOBYETHCS OJMH Piil.

Jlnig 3anaqi OiHapHOT Kiacu$ikalii BAKOPUCTOBYBAJIM HACTYIHI HA0OpU JaHUX:

— 3agada mpo BKMBaHHS XabepMana. /lana BuOipka MICTUTh pe3yJabTaTH OCITIHKEHHS
PO BW)KMBAHHS TAIIE€HTIB, SKI TEPEHECIN OMNEepalilo 3 BUAAJCHHS IMYXJIUHH MOJIOYHOL
3ano3u. Bona cknagaerscs 3 200 00’ekTiB 3 4 03HaKaMHU: BIK MallieHTa B MOMEHT omepatlii, pik
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MIPOBEJIEHHS Olepallii, KUIbKICTh BUSBJIEHUX NYXJIWH Ta O3HAaKy BIDKMBaHHS (1 : maiieHT
MPOXUB 5 POKIB 1 OLIbIIe, —1 : MALIEHT TOMEpP MPOTATOM 5 POKIB).

— 3amava imeHTudikamii ckma. Jlana BuOipka mictuth 71 00’ext 3 10 o3Hakamu:
MMOKa3HUK 3aJJOMJICHHS, BMICT HAaTPil0, MarHiro, allOMIHII0, KPEMHI0, KaJlilo, KaJbIliio, 0apiro,
3aji3a, Ta O3HaKy TUIy ckja (1 : TepMonosiipoBane ckjio, —1 : He TepMONOJIpOBaHE CKIO).

— 3ajmaya BU3HAuUCHHS BHIY KBITIB ipucy. Jlana BuOipka MicTuTh 98 00’€KTIB 3 5
O3HaKaMU, cepes SKUX JOBXKHMHA Ta IIMPHUHA YalllOJIMCTKA, JOBXKHHA Ta IIMPHUHA MENTIOCTKH, 1
Bu BignmoBimHO1 kBiTKH (1 : ipuc Cero3a, —1 : ipuc Bepcukomop).

Koxen Hallp naHux po30HBaBcs Ha HaBYAJIbHY Ta TECTOBY BUOIPKHM Yy CHIBBITHOILEHHI
75% : 25%. Ha maBuanpHiil BUOOPII 3HAKIEMO BaroBi KOEQIIEHTH W IUISXOM MiHIMi3aIii
¢yHkuii BTpaT. [y HaB4YaHHA KiacudikaTopa 3actocyeMo Meto MSO, sKuil BUKOPHUCTOBYE
10 poiB, koxamit 3 30 uvactuHkamu. [Ipu 1bOMY OTpHMaHO HACTYMHI 3HAYEHHS BaroBUX
Koe]imieHTIB: 3a1a4a BmkuBaHHs Xabepmana w =(-0.5530; -0.0133; 0.0334; -0.0463); 3amaya
inentudikanii ckna w =(-0.8577; -2.2800; -0.4369; 1.1402; -1.8115; 0.0359; -0.6912; 0.7864;
1.9194; -1.2079); 3amaya BuU3HaA4YeHHS BUIy KBITIB ipucy w =(5.0000; -0.5710; 5.0000;
5.0000; -5.0000).

Takox a1 HaByaHHsS OlHApHOTro Kiacu]ikaTopa BUKOPHUCTOBYBAIM KJIACHUYHHUI METOJ
PSO Ta Meronm croXacTHYHOTO TpamieHTHOTO CITycKy. JIisi omiHkM sKocTi Kiacudikaropa
oOpaxoByBallu JIOJIIO MPaBUJIbHUX BIANOBIAEH Ha TecToBid BuOopui. OTpuMaHi pe3yabTaTH
MIpE/ICTaBJICHO y TalI. 2.

Tabmums 2
JloJist mpaBUJIBHUX BIAMOBIZCH HA TECTOBIN BUOOPIIL
Buwxmnsanns InenTudikamis 1
Merton nist HaBYaHHS Xabepmana 8 1 pucu
ckia (10 o3HaK) (5 o3HaK)
(4 o3HaKNM)
1. MSO 72% 62% 98%
2. Knacuunuii PSO 72% 50% 97%
3. CTO)('aCTI/I‘{I:III/II/I 70% 50% 98%
I'PaJIEHTHUN CITYCK

Pesynbratn 00uYMCIIOBANIBHUX EKCIIEPUMEHTIB MIATBEPIKYIOTh €(PEKTHBHICTH Ta
JOLUUIBHICT BUKOpUCTaHHS anroputMy MSO s miHiMizanii QyHKIIoHaTy NOXUOKU NpU
1o0Oy10B1 61HAPHOTO JIHIHHOTO KiIacu(ikaTopa Mo JOTICTUYHIN perpecii.

BucHoBku

Y poGoTi po3risHyTo OaraTOpoWOBH aJITOPUTM OINTHUMI3AIlii YaCTUHOK Ta HOTO
MouGikaiili a7 po3B’sA3yBaHHS 3a7ad TI00anbHOT onmTuMizamii. JlociipKkeHo 3alexHICTh
e(eKTUBHOCTI JAHOTO aJrOPUTMY BiJ KUIBKOCTI IT€pallii, pO3MIpHOCTI IPOCTOPY MOIIYKY Ta
KUIbKOCT1 poiB. [IpoBeaeHo mopiBHsUIbHUN aHali3 OararopoiioBoro amroputMy MSO mpu
3HAXOJKEHHI1 I100aIbHOTO MIHIMYMY TECTOBUX (DYHKIIIH.

PosrnsiHyTHil anropuTM 3acTOCOBAaHO I MiHIMI3amil (yHKIIOHATY MOXHOKUA MpHU
noOynoBi OiHapHOTO JiHIAHOTO Kiacudikatopa. OTpumaHi pe3ylnbTaTd CBLAYATH PO
e(eKTUBHICTh 3aCTOCYBaHHs OaratopoiioBoro anroputmy MSO g ganoi 3agadi. Taxkum
YUHOM, JIOLUIBHO 3acTOCOBYBaTH airoput™ MSO 10 3ajady MallMHHOTO HAaBYaHHS Ta
3I1HCHIOBATH HOTO ITOJAJIbIIE BIOCKOHAICHHS.

CnucoK BUKOPHCTAHOI JiTepaTypu:
1. Tampuenko B. 5. IlomyssIiOHHBIE METadBPUCTHYCCKUE AJTOPUTMBI ONTUMHU3AIUM POEM YAaCTUIL Y4eOHOE
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MULTI-SWARM OPTIMIZATION ALGORITHM AND ITS APPLICATION FOR SOLVING
BINARY CLASSIFICATION

Summary. Introduction. In modern conditions in science and technology, there is a steady
trend associated with the need to solve a wide range of practical problems in an optimization setting.
To do this, there are quite a variety of methods used, but not all of the tasks can be solved using
traditional approaches. Conditionally existing methods for solving global optimization problems can
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be divided into deterministic and stochastic ones, that is, those characterized by an organization of
search with the absence or presence of pseudorandom elements. A special place among stochastic
methods is the methods based on the simulation of natural processes that implement an adaptive
random search.

Multiplayer Optimization (MSO) is a method for evaluating solutions to complex or impossible
numeric tasks. This is a variation of particle swarm optimization. Regular models of particle swarm
optimization, such as in groups of birds and flocks of fish. MSO expands the optimization of the swarm
of particles using several swarms of simulated particles, and not one swarm.

MSO can be applied to several machine learning scenarios, such as estimating the values of
weight and displacement for an artificial neural network, or assessing the weight of weak students in
ensemble classification and prediction. MSO is meta-verbal, which means that this technique is a set
of design principles that can be used to construct a specific algorithm for solving a specific
optimization problem.

Purpose. Comparative analysis of MSO algorithm and its modifications for solving optimization
problems and linear classification problem.

Results. The paper deals with a multi-swarm algorithm for particle optimization and its
modification for solving global optimization problems. The dependence of the efficiency of this
algorithm on the number of iterations, the size of the search space and the number of swarms are
investigated. A comparative analysis of the multi-swarm MSO algorithm has been carried out in
finding the global minimum of test functions.

The presented methods are used to minimize the error functionality when constructing a binary
linear classifier. The obtained results testify to the efficiency of the application of the multi-swarm
MSO algorithm for this task. Therefore, it is advisable to apply the MSO algorithm for machine
learning tasks and to further improve it.

Conclusion. This article examines the multi-swarm particle optimization algorithm and its
modifications for solving global optimization related to metaheuristic methods, and applications for
solving binary linear classification problems is considered. The purpose of this work is to conduct a
comparative analysis of the multi-swarm algorithm of MSO and its modifications for solving
optimization problems. A comparative analysis was carried out and the efficiency of the algorithm was
investigated in finding the global minimum of some test functions. The formulation of the problem of
binary linear classification is described. To minimize the functional error in constructing classifiers, a
multi-swarm MSO algorithm with modifications and stochastic gradient takeoff method was used.

Keywords: multi-swarm optimization algorithm, MSO algorithm, optimization problem, the
problem of binary classification.
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ITocranoBka npodsaemu

B Ham uyac Bce Ouble yBaru NpUIUISETHCS MUTAHHSAM IOB’A3aHUM 13 CYCHUIbHUMU
npouecamu. | 1e He AMBHO, a[pke Takl 3HAHHS JO3BOJIAIOTH IPOTHO3YBAaTH IOAAJBIIMM
PO3BUTOK 1 PEAKI[II0 CYCHUIbCTBA HA TOW uM HIIMUNA QakTop. CKilagHOo 3HAUTH cdepy A Kol
Taka iHpopmMmarrisg He Oyna 0 Baromor. A ajst TOTo, o0 nependadynTH MOJATBIINI PO3BUTOK
MOAIN, crnoyaTKy HEoOXigHO MmoOyAyBaTh MoOJeib, sika O BigoOpakana 1el po3BUTOK. Y
Opyrii moaoBuHI XX CTOJITTSA MOYaIW 3’ SIBISTUCS MOJETI, 3aBAAHHAM SIKUX OyJi0 OMUCATH
CYCIIUIBCTBO YW MPOLIECH Y HbOMY. BUIBIIICTh 3 HUX OMHUCYIOTh B3aEMO3B’SA3KH KOMIIOHEHTIB
abo mojaroTh y ix Bursial aiarpam [1-2]. CyTTeBi KOPEKTUBU y METOU MOJEIIIOBaHHS Oyiau
BHECEHI y 3B’S3Ky 3 PO3BUTKOM KOMII'FOTEpHOI TEXHIKH, L0 JI03BOJSUIO OOpOoOISITH BCe
OourpIl 00’eMu HaHmx. Ha mauuii yac BayKJIMBUM € HE TUIBKH 3HAHHS B3a€MO3B’SI3KIB MDK
KOMIIOHEHTaMH, aje i MOXJIMBICTh PO3paxyHKy iX MOJAJbLIOrO PO3BUTKY, JI€, 3BICHO, HE
oO1fiTHCS 6e3 KOMII'FOTEPHOTO MOJENIOBAHHS, 110 B CBOIO YEpPry O3Ha4yae HEOOXITHICTh
Iepexo/ly BiJ OMHUCOBUX Ta JlarpaMHUX Mojeliedl 10 Outbll popMaabHUX, K1 MOXKYTh OyTH
IepeBeieH1 Ha MOBY aJICOPUTMIB Ta 00OpOOIIEH] 3a JOTIOMOTO0 KOMII I0Tepa.

Jocute BiIOMOIO y cdepl MaTeMaTUYHOTO MOJEIIOBAHHS IIOB’S3aHOTO 3 BIAI0K0 €
Mojenb “Biama-cycninbeTBO” [3] A. Il. MuxaiinoBa, ska, mMalyTh, CTajia KIACHYHOIO 1
oTpuMaia 6araro Bapialliil Ta JOIOBHEHb BiJl pI3HUX aBTOPIB, Hanpukiaz [4-7].

Mopnens “Blafa-cycnuibcTBO” MHpUAUILE OUIbLIE yBard 3MiHI KUIBKOCTI BIagu Y
BEPTHUKAII, @ TAaKOX B3a€MOJIiS 13 IPOMAJIHCHKUM CYCIUIBCTBOM HE € OOMEKEHOI0, TOOTO
HEMae JIIMITY Ha KUIbKICTh BJIJM, sIKa EpeJaeThCsl 10/Bi BIaAHUX CTPYKTyp. Moneni [8-10]
BUKOPHUCTOBYIOTh KJIITUHHHUI aBTOMAT, ajleé BOHU € 3HAYHO OOMEXEHHUMU Yepe3 BUKOPUCTAHHS
KBaJIPaTHOTO IOJISI T NEPIIEHIUKYISIPHOT CITKH.

Mera crarTi
Meroro crarTi € moOymoBa MOJIel MepepO3NOaUTY BN MK MOJITHYHUMHU CHUJIAMHU Y
Cy4aCHOMY CYCHUIBbCTBI MiJl 4ac BUOOPIB, Ta arOpUTMY ii KOMIT IOTEPHOI peaizalii.

Buknan ocHoBHOro marepiany

IcHyBaHHS B CyCHUIBCTBI BHOCUTDH JACSIKI OOMEXKEHHS y JKHUTTS JIOJUHH, 11 TTOBEIIHKY,
peaxuii Ha pI3HI YUHHUKUA. Y CYCHUIbCTB1 KOKEH MOBHUHEH MIANOPSAKOBYBATUCS MpaBUiaM,
SIK1 BCTAHOBJIEH1 y IIbOMY CYCIIUIbCTB1, 00 K HEIMOKOpa OCTaHHIM BUKJIMYE PEAKIIiI0 3 OOKY
CYCHUIbCTBA 1 MOTATHE 3a cO0OI0 HACHIAKU Ui 1HIUBIAA 4u rpynu mojaei. Lle cnpuunneno
THM, LI0 CYCIIUILCTBO MA€ JEAKY BJIaJy HaJl JIOAMHON0. SIKIIO K PO3IJISHYTH JIIOAMHY 1032
CyCHUILCTBOM, BOHAa BUIbHA BiA OyAb SIKUX OOMEXEHb SIKI BHOCHUTH CYCILUIBCTBO, TOOTO
MOBHICTIO BIJAA€THCS CBOiM BOJi. Biama cycniabcTBa yepmnaeThes 3 HOTO WICHIB, TOOTO MpH
CTBOPEHH1 0Yy/Ib-SIKOTO CYCHUIbCTBA KOKEH HOro yJaCHMK Hajla€ YaCTUHY CBOEI BIaJU LIbOMY
CYCHUIbCTBY, @ J€sIKa YaCTHHA BJIaJU 3aJHUIIAETHCA Yy KOXKHOTO IHAMBINA (HE 000B’SI3KOBO
OJIHAKOBA). 3 PO3BUTKOM CYCIUIBCTBA KUIBKICTh BJIQJIH, KOO BOJIOJIE KOXKEH IHIUBII MOXKE
3miHtoBatucs. Llei mporec Moxke OyTH HIIIHOBAHUN SK CAMUMH JIFOJIBMH TaK 1 BIAJHUMHU
CTPYKTypamH, ajié BaXKJIMBOIO OCOOJIMBICTIO IIi€i 3MIHM € T€, [0 BOHA BiAOYBa€ThCS
CTpUOKONOIIOHO TPU CTBOPEHHI CYCIUIbCTBA, BUOOpPAxX, PEBOJIOLISAX, 3MIHI YCTPOIO Ta/4u
3akoHiB. PosrisHemMo mnpukian. Ko BiagHl CTPYKTYpH B CYCHUIBCTBI MPUIMArOTh 1
BIIPOBA/IKYIOTH PIIICHHS SIKI BUKJIMKAIOTh HE33J0BOJICHHS Y 3HaYHOI YaCTMHU CYCIUIbCTBA L€
3HMKY€E JOBIPY CYCHUIbCTBA 1O KEpPYHOUOi YAaCTHUHH, ajieé HE 3MIHIOE PO3MOJULY BJIAJH.
OctanHiil xe B11OyBaeTbcs Ha BUOOpax (1 TOAl WIEHH CYCHUIbCTBA BIAJAIOTh CBOIO BIaay
IHIIA ToMTHYHUA cwtl) abo K CTAaHOBHUINE CTAa€ HACTUIBKA KPUTHYHUM, W0 IIeH
epepo3Moau1 Bi10YyBaEThCS TOCTPOKOBO.

[lig yac mpoBeaeHHs BUOOPIB 10 KOHKPETHOIO 1H/MBIJa MOBEPTAETHCSA HE BCS HOro
BJIa/1a, a JIMIIE 11 yacTHHA (BUOOPU HE MOXKYTh 3MIHUTH YC€ B JIepKaBl: YCTpPiid, 3aKOHH TOILIO),

34



Bicnux Yepracwvroeo nayionanvsnozo ynieepcumemy imeni boeoana Xmwenvnuyvkoeo

SKYy BiH 3HOBY 3000B’si3aHUI BIAJATH Ti yM 1HIIINA nojiTHuHiid cuil. Ha Bubopax, oxpemuii
IHAMBIT HaMaraeTbCs BIAJaTH YaCTHHY CBO€I BIAJAW TOMY JIJEPY YW TMOJITHYHI CHIII, sKa
MIPOTIOHYE TUIAH JIH, 110 HAOUIbIIE 30IraeThCs 3 MOTIIAIAMUA CaMOT0 BHOOPII. SIKIIO TaKux
HE iCHy€, TO a0o0 1HAMBIJ BIIJACTh CBOIO YACTHMHY BIAJHM BUITAJKOBIN MOJITUYHIA cuiti, abo
MPOIrHOPYE caMi BUOOPH 1 TOJI1 HOTO YacTHHA BJIaU Oy/e MPOTOPIIITHO pO3aiieHa MK yciMa
KaaunatamMu. ToOTo ayist Toro mo6 nependaynTH sIKid MOJITHYHIN CHITl HAAacTh CBOIO BIaay
BuOOpeLb HEoOXiHO mepeadauuTu Horo noryaau. [ns moOymaoBu Mojesi NMPONOHYETHCS
BBECTH CHCTEMY IOIJISIIIB JIIOJUHU SIK HaOlp YMCIOBUX 3HAaYeHb B Mexax Bix -1 o 1 (puc. 1),
sIKa B1TOOpa)KaTHME CTABJICHHS 1HIMBIAA 10 CYCIUTHFHO BAKJIMBUX MMUTAHD.

[Tpu 06MmiHI norasaaMu HEoOX1THO BpaxOBYBATH iX PI3HULIO. SIKIIO OJUH IHAMBLL Mae
JOCUTh CHJIbHE TEPEKOHAHHS IIOAO MESKOTO MHUTAHHS, a IMO3WIlsl 1HIIOr0 OJIM3bKa [0
HEUTPaAIBbHOI, TO, 3 BEJMKOI HWMOBIPHICTIO, MICJS iX B3A€EMOJII CTaBIICHHsS Ipyroro Oyme
CYTTEBO 3MIHEHO B OIK MO3UIIi mepuioro. Y BUNAAKy OOMIHY JTyMKaMU 0 MUTAaHHIO Ha SIKE B
yCIX YYaCHUKIB HEMa€ CUIIBLHO1 MO3UIlii, BIUTUB Oy/ie HE3HAYHUH.

------------------------------------------------------- 1 CwubHa nigTpumka

HeliTpanbHe

0 CTaB/IEHHA

------------------------------------------------------- -1 [yxe npotu

Puc. 1. Ilpuknaa cucremMu NorsiAiB HAWBIAA

JUis BimoOpaxkeHHS CTPYKTypu Ta 1€papxii CyCHUIbCTBA B MOJENI, PO3AUIMMO
CYCHUIbCTBO Ha PIBHI Ta CTPYKTYpHI1 oauHuULI B HuX. [lokimaaemo, 1o CTpyKTypHa OJUHULS
MICTUTh B cO01 Ipyly OJMHHULb HUKYOTO PIBHS (32 BUHATKOM HaWHMKYOI0), Ta MA€ 3B A3KU
AK y CBOId BEpTUKall TaK 1 y TOPHU30HTANl, MPUYOMY 3B’SI3KM MDK PIBHAMH MOXYThb
MIPOXOJIUTH JIMIIIE B paMKax BEpPTHUKaJIl 00 €KTa Ha PIBEHb BHILE Ta HIKYE. AHATI3YIOUU MicLie
Ta 3B’SI3KM 00’€KTa y 3arajbHId CHCTEM1 BUICONMCAHUX PIBHIB MOXHA MOOAYUTH, 110 BOHU
OJIHAaKOBI JIJIsl pI3HUX PIBHIB, TOOTO 3alpolIOHOBaHa MOJIENb € camornoAioHoo (puc. 2). Kpim
TOT0, KOXXKHE CYCHUIbCTBO MOXe INepedyBaTu y 3B’A3Kax 3 IHIIMMHU, MNOAIOHUMHU €001,
CTPYKTYpamH, 1110 BIUCYETHCS B 3arajibHy KapTUHY MOJEIIL.

Puc. 2. CprKTypé MoJeni

35



ISSN 2076-5886 (Print) Cepis «lIpuxiaona mamemamuxa. lnpopmamuray. Bunycxk Ne 1.2019

O3Ha4MMO OCHOBHI YaCTWHHU CTPYKTYPHOI OAMHHUIIL. SIK 3a3Ha4ajocs BHIIE, BOHA Mae
3B’SI3KH 3 cOO1 MOMIOHUMU 1 3 BUIIOK OJWHHMIICIO, a 1€ 3HAYHUTH 10, IPEICTABIISIFOYA HUXKYI
piBHI, BOHA TIPOBOJUTH 30BHIIIHIO TOJITUKY. 3B’S3KH 31 CBOIMH CKIQJIOBHMH € 1i
BHYTPIITHLOIO TOJITHKOI0. He3anexkHo Bin piBHS, KOKHA CTPYKTYpHA OIMHHIIS KEPYETHCS
OJIHMM a0o0 TPYIIO0 IHIAMBIAIB. A 1€ 03HAYa€E, M0 BOHA Ma€ 0COOUCTICHY YacTUHY (puc 3).

BuznaunMo getanbHy CTPYKTYPY KOKHOI 3 ITUX 4acTuH (puc. 4).

OcobucTicHe

BHyTpiwHA
nonitmka

30BHILLHA
nonitTnka

Puc. 3. OCcHOBHI YaCTHHH CTPYKTYPHOI OJTUHUITI

OcobucTicHe CycCninbHO 3Ha4yLe

BHyTpILWHA NoniTuka 30BHILWHA NoNiTUKa

[Hocsin
3HaHHSA
BMiHHS

A Cucrema
nornsiais

Hocaiil Cucrema
nornsiais

3HaHHA
BMiHHSA

3HaHHsA
BMiHHS

O6pobka
iHchopmaLii

Ob6pobka
iHchopmaLlji

O6pobka
iHchopmaLlii

‘INE

l
y
!

PiwweHHs (gji) PilueHHs (gji) PiweHHs (air)

IN308D BH

IOV eHE
amwva aHagaid ey

BhXXWH qHadId eH
Haid A

Bnaga iHaueiga

B
i

Buoopwu

Puc. 4. JleranpHa cxema CTPYKTYPHOT OTMHHUITI

[Tounemo 3 ocobucTicHOi. OYeBUAHO, IO IHIAWBIA HE BIZOKPEMIICHHUH Bijl IHIIUX YICHIB
CyCHUIBCTBA 1 KOMYHIKY€E 3 HUMHU. B mporieci koMyHiKamii iHIUBII cipuiiMae iHGopMaIio 3
KoJia JIpy3iB Ta 3HaHOMUX, a TaKOX 3ac00iB MacoBoi iH(opmarlii, aHai3ye ii Ta BiamoBinae
JICSIKOFO PEaKIli€r0, BUKOPUCTOBYIOUH 3AJIMIIOK CBOET By, THM CAMHUM BILUIMBAIOYHM HA CBOE
oToueHHs. JIJ1s1 11bOr0 BiH BUKOPHUCTOBYE CBOT 3HAHHSI, JTOCBI Ta YMIHHS, a TAKOX KEPYETHCS
CBOEIO cHCTeMOIO ToTJisiiB. Lleit mporec BIuiMBae Ha JOCBiN, 3HAHHS 1 BMIHHS IHAMBiAA, a
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TAaKOX MOK€ 3MIHIOBAaTU ioro cuctemy noryaniB. [logiOHa cutyarlist mpociaiAKOBY€EThCS 1 3
BHYTPIIIHBOIO Ta 30BHIUIHBOIO MOJIITUKOIO. PI3HUIM mosisirae B JoKEpesl CIOPUNHATTSA Ta
HanpsMmKy aii. Tak uis npoBeneHHS BHYTPINIHBOT IOJITHUKU AaHAJII3yIOThCS CHUTHAIHU 3
CKJIQZIOBUX YACTHUH CTPYKTYPHOI OJMHMII, 1 J1ii, B 3araJlbHOMY BHUIIQJIKy, HaIllpaBJeHI B IXHIH
Oik. /{15 30BHIMIHBOT MOJITHKU 1€ TAaKOX CIPaBEMJIUBO, ajie sl CTPYKTYPHHUX OJIUHHUIb
L[bOTO XK PIBHSI B M€XaxX BUIOi CTPYKTYPHOI olMHuUI, Ta 1 camoi. Hampuknan, B pe3ynprari
CTUXIMHOTO JINXa, B CYCIHINA 00JaCTi MOIIKO/KEHO 3HAUHY YaCTUHY JIIHIA eJIeKTporepenad.
VYpaBiliHHS, aHAII3YIOUN CUTYallil0, BUPILUIY€E JOIOMOITH, Ta, BAKOPUCTOBYIOUH CBOIO BJIA.Yy,
i€, BIAMPABIISIIOYN HA JOTIOMOTY TEXHIKY Ta 0COOOBUM CKJIa].

BaxxnuBuMm acrekToM € Te, 1110 BHYTPIUIHIO Ta 30BHILNIHIO MOJITHKY B IMEH1 BCIX
YYaCHUKIB PIBHS IPOBOJIUTH 1HAMB1A a00 Ipyma 1HAWBIIIB, SIK1 MalOTh CBIM JOCB1I, 3HaHHA Ta
BMIHHS BEJICHHSI BHYTPIIIHHOI YM/Ta 30BHIINIHBOI MOJITUKH, @ TAKOK CUCTEMY IOIJIAJIB, SKa
BUKOPUCTOBYETbCS JJIsl MPUNHATTS pillIeHb 1 BUKOpUcTaHHsS Biaaau. Ciij 3a3HAaYMTH, 1O I
CUCTEMHM IMOIJIAJIB Ta JOCBIJ, 3HAHHS 1 BMIHHS, Y 3arajJlbHOMy BHIMAJKy, € PI3HUMH, HE
JUBJISIYMCH HA T€ L0 BOHU MOEJHYIOTHCS B OJHOMY 1HAMBIAL 4M iX rpymi. ToOTo, y BUIbHUI
BiJl poOOTH Yac, 1eil HAUBIA (SIKUM € YNHOBHUKOM) KEPYETHCS CBOEID OCOOMCTOI0 CHUCTEMOIO
MOTJISAIB, a KOJM BIH MpHUIIMAe MOJITUYHI PIIEHHS, TO BUKOPUCTOBYETHCS BXKE 30BCIM 1HILIA
cUCTeMa TMOIJISIAIB, 5Ka, B 3araJbHOMY BHUMAIKy, HE 30iraeTbcs 3 HOTO OCOOMCTUMH
iHTepecamu. Ha mpaktuni Taka po30DKHICT MOXKE CTAaTh MPUYUHOIO KOpYHIii —
BUKOPHUCTAHHS HaJJaHOI CyCIUILCTBOM BJIaJIU B OCOOUCTUX LIUISX Ta IHTEpECcax.

[Tincymyemo:

— CycninecTBO Mae 0araTopiBHEBY CTPYKTYpY.

— bynosa cTpyKTypHOT OJMHUII OJHAKOBA JJIsl BCIX PIBHIB (camMoOMno/i0Ha).

— O0’exTOM HaIMEHILIOro PIBHA € JIIOJIMHA, 0OMEKEHb Ha KUIbKICTh PIBHIB HEMAE.

— CrpykTypHa OJMHHULIS MOKE B3aEMOJISITH 3 IHIIMMHU 00’ €KTaMH Ha CBOEMY PiBHI Ta Ha
+ 1 piBeHb y cBOil mipamisi.

— CrpyKTypHa OJAMHHULS IPOBOJUTH 30BHILIHIO 1 BHYTPIIIHIO HOJITHKY:

— B Mexax 30BHIIIHbO BOHA KOMYHIKY€E 3 OJIMHULISIMU CBOTO PIBHS, K1 HAJE€XaTh JI0
Ti€l camMoi BUIOT CTPYKTYPHOT OJIMHULIL, a TAKOXK 13 HEIO0 CaMoIo.

— B Mmexax BHYTpIIIHBOT OJITUKA KOMYHIKYE 3 CBOIMH CKJIAJJOBUMH.

Bunsitkom € nroauna (nepiinii piBeHb) B K01 BIACYTHS BHYTPIIIHS MOJIITHKA, a TAKOXK

HaWBUIIMK PIBEHb, 30BHINIHS TIOJITHKA SKOTO a00 BIACYTHS (SKIIO CYCHLIBCTBO

13071b0BaHe), 200 3BOJIUTHCS 10 KOMYHIKaIIi 3 co01 MogiOHUMH.

— Brnany mronuH1 He HaIAIOTH BOHA 1i Ha/laHa arpiopi.

— SIkmno iroaMHA € YICHOM CYCHUIBCTBA BOHA BIJIIA€ YACTHHY CBOET BIIAIM CYCIIUIBCTBY
(KepIBHULTBY CYCIUIbCTBA). SIKIIO piBEHb OJIMH — CYCHUILCTBO BIACYTHE 1 Bjlajia
1HAMBI/IA HE BITAETHCS HA PIBEHDb BUIIIE, a 3AJIMIIAETHCS B HHOTO CaMOT0, TOOTO BIH €
OJINHAKOM.

— Ilepepo3nonut Bnaau BiiOyBaeThes MEPIOJIUYHO, CTPUOKOM, Mif] yac nepeBudopiB abo
PEBOJTIONIIH.

— Ilpu Bubopax yacTHHa HaJaHOI BJIaJAU CYCIUILCTBY 1HAMB1IOM IOBEPTAETHCS 3HOBY J10
HBOTO 1 BiH 3000B’s3aHUH ii BiMaTH OAHIN 3 TIOJITUYHUX CHII sIKa OOUpaeThes. Y
BUIIAJIKy ITHOPYBaHHS BUOOPIB HOro Biiajja po3NOAUISIETHCS MPOMOPLIHHO MK yciMa
KaHJIUJaTaMU.

— Bubopens Bijiae cBOO BiIay Tid HOJITHYHINA CHITI, CUCTEMA MOTJISAIB AKO1
HaloOUIbIIe 301raeThest 3 HOro CUCTEMOIO MOTJIAIB, a00 K IrHOPY€e BUOOPH, SIKIIO BCI
MOJIITHYHI CUJTM MAIOTh CUCTEMY TOTJISIAIB JOCUTH PO30LKHY 3 HOTO 0COOUCTOIO.
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— SIKumo mpuCyTHS KOPYIIIis, TO TIPU MPUHHSTTI BIAIHUX PIIIEHb CHCTEMa OCOOUCTUX
MOTJISAIB YNHOBHUKA HAKJIAIa€ThCS HA CYCHUIbHY 3HaUylly CUCTEMY HOTJISAIB
CTPYKTYpPHOT OJTUHUIIL.

Onuc anzopummy mooeni
BBenemo aesiki cripoteHHs:
— Hewmae Hectatky B MaTepianpHOMY MU1aHl. MartepiaabHUX OJlar BUCTaya€e Ha BCIX 1 HA
BCE.
— I'poMansau moociOHO HE MEPEBUIILYIOTh CBOET BIA/IN.
— Bnana npucinyxaerbest 10 1yMKU IPOMaJIsH.
— Kanmaunaty Ha BuO0Opax 4eCHO MPOTOJIONMIYIOTh CBOI IIJIAHU Ta HaMararTbhes 1X
JTOTPUMYBATHUCH.

[Himianizamis mozeni:
— BuzHauuMo CTpYKTypy CyCHUIbCTBA: KUIBKICTh PIBHIB Ta CKJIa/I0BI KOXKHOI'O 3 HUX.
— st KO>KHOT TpyIy, BBEAEMO BicTaHl MK 1i wieHamu. SIk oHE 3 HAUIPOCTIIIMX
HaOJIMKeHb, MOYKHA BUKOPUCTATH MUKIIIYHI 1HIEKCH.
— 3ajaeMo MUTAHHS CUCTEMU TOTJISIB.
— BwusHauaeMo KUIBKICTH MOJITUYHUX CUJ T IX MOTJISIAHN.

B3aemonis Mbk 00’€KTaMu B CyCIUIBCTBI:
— Ertan nepumuii: B3aeMois MK 00’ €KTaMH OJIHAKOBUX PIBHIB.

— TIpoBoAMMO OGMiH HOTNISAAMH MK WICHAMH KOKHOT rpymu. VIMOBipHicTh
B3a€MO/IIT 3aJIEKUTH BiJ] BiICTaH1 MDK 00’ ekTaMu. [l po3paxyHKy MMOBIpHOCTEM
MIPOIMOHYETHCS B3ITU po3noait ["ayca. [Ipuyomy ciouaTky BiiOyBaeThCs
B3a€MOJIiA 3 OJVDKYMMHM 00’ €KTaMH, a MOTIM 13 OUIBII BiJJaJCHUMH.

Axmo K B3aeMolisl BIOYBA€THCsS, TO BOHA MPOXOAWTH B 000X HampsMKax 1
B110YBa€ThCS HACTYITHUM YHHOM:
Axmo oguH 00’€KT i€ HA 1HIIMKM, TO B3aEMOJIS BiIOYBA€THCA MO KUIBKOX
MMUTAHHAX, IKI € HaWOLIbII BaroOMHUMH IS HHOrO, TOOTO MarOTh HaWOUIbIIE
3HaYeHHS Moy nmo monyito. Ilpu B3aemonii Mo KOHKPETHOMY HOTJISIY
BUKOPUCTOBYEMO HACTYIHY (OpPMYIy BILIUBY:
1
influence =§|:tpi —}:p:l-.itt-.!ﬂ (1)
Fae N ,

NN

ne *P: ta Y7: — 3nauenus i-ro norJisy Uit 06’ekta ¥ Ta ¥ BIAMOBIAHO,

cos (rr-ypl_)+ 1 A

X3y 2 , 4 — MakcuManbHO MOKITMBA 3MiHA TIOTJIAY 34
ITepariro.

— IlpoBoaumo B3aeMOAit0 MK 00’ €KTaMH OJITHOTO PIBHS, SIK1 HE 3HAXOIATHCS B OJIHII
rpymi. st 1boro BUMAAKOBUM YMHOM OOMPAEMO JIESKY KUIBKICTh ap 00’ €KTIB, Ta
MIPOBOJMMO B3a€MOJIII0 MK HUMH SIK OyJI0 ONMCAHO BHIIIE.

— Ertan gpyruii: B3aeMo/ist Mk 00’ €KTaMu CYCIHIX PIBHIB.

— CknanoBi 00’ekTa AIFOTh CHCTEMOIO TOTJISIAIB CHOPMOBAHOIO SIK CEPEHE
apudMeTHyHe iX MOTJISAAIB Ha 11el 00’ ekT 3a popmyoro (1).

— Bgzaemogis 13 CKJ1aJOBUMU HUKUOTO PIBHA IIPOBOJUTHCS 3 KOKHUM 00’ €KTOM 0e3
BHUKJIIOUEHHs. BrumiB BinOyBaeTses 3a hopmysnoro (1).

— Eran tperiii: Bru 3MI.
BnnuB BinOyBa€eThCsl 0OTHOCTOPOHHBO.

'i':z':lzf! =
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— JIns K0>KHOT MOJIITUYHOT CUITM BUOMPaeMO 00’ €KT Jpyroro abo BUILIOTO PiBHA 1
JIEMO 3 JIESTKOI0 MMOBIPHICTIO Ha BC1 €JIEMEHTH B CepeH1 BUOPAHOTO 00’ €KTa 32
dbopmymoro (1).
— JIis monITUYHOT CUITH, SIKa 3HaXOIUThCS MU Biajll OepeThcsi HallBUIIMM 00’ €KT.
[Ipouec BuboOpiB:
JUis  KoXHOTO BHOOpIS 3HAXOAMMO HAWOMMXK4Yy MOJITHYHY cuily. Bincranb
PO3paxoByeMO 3a (bopMyJIOIo'

dt, ]_Z[ SQTI(X )"'53”(}#)*0'“:#[ }pll

sgn (x +sgn (}u ) =0, |xa=l 2 }Pll
ne "p — KinbKiCTh 3HAYEHP Y CHCTEMi HOIJIAAIB, S10 — curHyM QyHKIis, “Pi Ta *#i —
3HAYEHHS 1-I0 MOTJIALY AJIsl BUOOPLS Ta MOJITUYHOI CHUIIHM BIAMIOBIIHO.
SIKmo BIJCTaHb HE MEPEBUILYE JIESKOr0 MOPOroBOTO 3HAYEHHS, 3apaxOBYEMO T0JIOC
IIM ITOJITUYHINA CHIL.

BucHoBku

VY crarTi 3anponoHOBaHa iepapXidyHa camomo110Ha MOJIETh CY9acHOTO CYCIUIbCTBA IS
MIPOrHO3YBaHHS MEPEPO3MNOILTY BlaJd Y HBOMY MDK MOJITUYHUMH CHJIAaMU II1J1 4ac BUOOPIB.
Mopnenb Ma€e MOKPOKOBHM ONUC allOPUTMY, IO POOUTH JIOCUTH IMPOCTUM 3aBJAHHSA i
KOMIT'IOTEPHOI peanizalii Ta J03BOJMTHh IMPOBOAUTH YHMCEIbHI €KCHEPUMEHTH 3 HEK 3a
JOTIOMOT'OF0 KOMIIT I0Tepa.

[lobynoBana Mojaenb Moke OyTHM BHUKOpPHCTaHa JUii CHpPOOM IPOrHO3YBaHHS
pe3ynbTaTiB BUOOPIB Y Cyd4aCHOMY CYCHUIBCTBI. BUIBIIICTh BXIHUX NaHUX MOKHA B3ATH 3
CTaTUCTUYHUX JAHUX (CTPYKTYpPY PIBHIB, KUIbKICTh BHUOOPIB) Ta COLIAJIbHUX OMNHUTYBaHb
(TuTaHHsA, K1 HAMOUTBII BaXKIIUBI IS CYCIILIILCTBA).

HaBenena mogmens Oyna po3poOsieHa 3 ypaxyBaHHSM MOXJIMBOCTI KOMIT FOTEPHOTO
MOJICJIIOBAHHS 1 aHaJli3y Pe3yJbTaTiB, 110 POOUTH 1i OUIbII MPUBAOJIMBOIO Ta 3aTPeOyBaHOIO.
Jiig Toro, 1100 Moenb Oyia Ouiblie HabIMKEHO0 JI0 peasibHOCT1 OyJio O 106pe BpaxoByBaTH
Kopymiito. OgHaK KOPYIIis 3e0UThIIIOT0 3yMOBJICHA OaKaHHIM TMOKPAITUTH MaTepialbHUI
CTaH B TOW uM iHmMHI cnoci0. [nsg nporo y MaiOyTHIX AOCHUIKEHHSX MOKHA BBECTH
€KOHOMIYHY CKJIQJIOBY, 1110 CYTTEBO YCKJIAJHUTh MOJIEb.
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MORHUN Mykola,
PhD student, The Bohdan Khmelnytsky National University of Cherkasy
HIERARCHICAL SELF-SIMILAR MODEL OF POWER REDISTRIBUTION IN MODERN
SOCIETY

Summary. Introduction. Nowadays more and more interest is being paid to social processes. In
the second part of XX century some models related to society began to emerge. The most famous are
model of a political system by D. Easton and structural and functional model by G. Almond. With
significant technical progress, computing resources grew significantly and this caused demand to
move from descriptive and diagram style models to more strict and formal to be able to use computer
simulation. One of such models is “power-society” model by A. Mikhailov. That model considers
distribution of power between hierarchical levels of a government branch and between people and
government itself. But one of the very important questions in modern society is distribution of power
between political forces and election result forecasting, on which this article is focusing.

Purpose. The aim of this article is to create a model of power redistribution between political
forces in modern society.

The article discusses the nature of power which a society has over its members and explains
some aspects of its moving.
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In the article is suggested a model of modern society, using which it is possible to simulate
power redistribution via election, i.e. try to predict elections result. The model considers not only
citizens, but also governmental structures, their political position and influence to citizens and vice
versa.

In the article discussed structure of a model unit including its internal blocks and connections
as well as external interactions and political views. With introduced structure of a model unit,
corruption mechanism might be explained. The suggested model unit structure is self-similar that
simplifies the model representation for computer simulation.

The approach used in the model could be used to represent a country or its subpart as well as
relations between different countries, i.e. a world might be simulated using this model.

A more formal description is given to simplify computer implementation of the model.

Conclusions. Model of power redistribution between political forces by election has been
developed. The model is hierarchical and self-similar. Given algorithm of computer implementation of
the model.

Keywords: model, power, elections, society.
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3ACTOCYBAHHA METOAIB MAIIIMHHOI'O HABUYAHHA JJ1A ITIOBYJ10OBU
MOJIEJII PILNIEHHSA 3ATAYI KJIACU®DIKAILLILI

Y pobomi mnasedeno ancopumm nobyoosu mooeni piutenns 3adaui Kiacugixayii uwooo
BUBHAYEHHS HAABHOCMI abO BGIi0CYMHOCMI 3AXB0PIGAHb Cepys y JIOOUHU HA OCHOBI Memodie
Mawunno2o Hasuanus. [lonepedns obpobka ma ananiz 0aHux 0anu MONCIUBICINb GUAGUMU HETTHILIHY
BANEHCHICMb YIIbOBOL 3MIHHOIL, a maxoxc niocomyeamu OaHi Oisl eheKmuUeH020 MOOento8ans. s
nobyoosu moodeni kiacugixamopa 3acmocosanuii. memoo SVM 3 rbf sopom. Onmumizayis
napamempie mooei npogedeHd, BUKOPUCOBYIOUU NOULYK MO Cimyi 3 KpOC-8anioayiero KodHCHOI
KoMOIHayii napamempie.

Knwuoei cnosa: mawunne Hagyamus, Kiacugikayis, Memoo  ONOPHUX — BEKMOPIs,
inmenexkmyanvha 0opooxa oanux, t-SNE eizyanizayis.

ITocranoBka npodaemu

3anaya kiacudikauii - ogHa 3 HAWHOUIBII MOLIMPEHHUX 3aJady B aHali3l JaHuX 1
posmizHaBaHHI 00pa3iB. BoHa mae mupoky o0JacTh MPaKTUYHUX 3aCTOCYBaHb B aBTOMATHII],
yIpaBIiHHI, €KOHOMII1, COIIOJIOT1], MEIUIIMHI, T€0JIOT1l, aCTPOHOMII, SIACPHIN (i13uUIli 1 T. 1.

Knacudikauis — e oauH 13 po3JAUTIB MAIIMHHOTO HAaBYAHHS, IO BUPILIYE HACTYIHY
3a/1auy: HEXall MaeMO MHOXXHHY 00’ €KTIB, IO PO3AUICHI Ha KJIACH 3a JIEAKOK abo psioM
o3Hak. OKpIM 1bOTO, 33/laHa CKiIHYE€HA MHOXKMHA 00’€KTIB, MO0 SKUX BIIOMO, SIKHM came
KJlacaM BOHM HajlexaTb. L[10 MHOKMHY Ha3MBalOTh HaBYaJbHOIO BUOIpKOIO. Jl0 sIKOTrO Kiacy
BIIHOCATBCST permTa 00’eKkTiB — HeBimoMo. HeoOximHo moOyayBaTw anroputm, 1o Oyre
31aTHUN KinacugikyBaTH OyIb-sIKUM 3 00’eKTiB BUXIAHOI MHOXuHH. Ilin kiacugikariiero
00’eKTa po3yMIIOTh BIINOBLIb aJITOPUTMY, 1110 BKa3ye HOMep (abo Ha3By) Kilacy, 10 SIKOTO BIH
BimHOCHUTBCH [1].

Buknan ocHoBHOro marepiany

Posrisinemo HailOUIbII MOMIMPEH] aNTOPUTMHU Kilacuikaiii faHux [2].

[epeBo pimenb. [lpuHuMn AaHOrO METONY MOJIATaE B PEKYPCUBHOMY pPO30OHUTTI
MHOXHHU €JIEMEHTIB Ha MIIMHOXXWHHU, IO MICTITh €JIEMEHTH, AKI HAJIEKATh OJTHOMY KJacy.
Pi3Hi pi3HOBMIM nepeB pillleHb BIAPI3HAIOTHCSA 3HAXO/KECHHSIM IUILOBOI 3MIHHOI Ta ii
aTpuOyTIiB JUIsl TOOYJOBU HOBOTO BY3JIa.

Haii6inpin nommMpeHuM 1 YCHIIIHUM aJrOPUTMOM € airopuT™M, B SIKOMY BHOIp
HACTYMHO1 3MIHHOi Ta il aTpuOyTIB IPYHTYEThCS Ha BHU3HAYEHHI B3a€MO3B'SI3KY MIXK
eHTponielo Ta KiacudikoBaHoi iHQopmaniero. Bubip 3ynuHsAeTbCS Ha e€JlIEMEHTax, 3
MIHIMaJIbHUM 3HAUEHHSM EHTpOMii 1 MaKCHUMaJlbHUM 3HAYE€HHAM 1HQOPMATHUBHOCTI
BIJIOBIAHO.
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BaiiecoBa kiacudikanisa. Anroputm OazyeTbcs Ha TeopeMi baiieca Ta mepemndauae
HE3aJIeKHICTh PO3IJIIHYTUX O3HaK. MeToj] BUKOPHUCTOBYE HMOBIPHOCTI, OTpUMaHi B X0l
HaBYaHHS 3a TECTOBOIO BHOIPKOIO, a came ampiopHi HMOBIPHOCTI HAJIEXKHOCT1 Oy/Ab-SKOIro 3
PO3MISTHYTUX 00'€KTIB JAHOTO KJIACY Ta YMOBHI KMOBIPHOCTI TOTO, IO O0'€KT, KU HAJICKUTH
JI0 JTaHOTO Kjacy, Ma€ JaHuil HaOlp o3Hak. [loTiM BHM3HAYA€THCS WMOBIPHICTH HAJICKHOCTI
JAaHOTO 00'€KTY 3 TECTOBOTO HA0OPY A0 KOKHOTO 3 KiiaciB. BuOupaerhcs 3MiHHA 3 HAHBUIIOIO
HMOBIPHICTIO.

Metoa k naiiéam:kumnx cycigiB. Meron nependayvae, mo 4eproBuii 00'€eKT 3 TECTOBOTO
Ha0Opy HAICKHUTH TOMY KJIAacy, /IO SKOTO HaJeXaTh OUTBIIICTh HOTO HAWOIMKIUX «CYCIIBY 3
HaByasnbHOi BHOIpku. Cycinamu, B JaHOMY BUIAJKYy, Ha3UWBalOTh HaWOUIbII ONM3bKI 10
TECTOBOrO OO'€EKTY CIOCTEpEKEHHs. TakuM 4YMHOM, HOBUH OO'€KT MOMIIIAETHCA B KJac, 11O
MICTUTh HAWOUTBITY KUTHKICTh HaOMMXK401 cxoxocTi. [lapametp k, mo 3amaeTsesi, BU3HA4a€e
KUIBKICTh PO3IJISSHYTUX HaMOMMK4uX CyciliB, TOOTO BHU3HA4Ya€ CKUIbKM CyciniB Oyne
BIUIMBATH Ha Kiacu(ikaiito. bIu3pKicTh BU3HAYAETHCS «BIICTAHHIO» MK 00'€KTaMHu.

Meton onopHux BekTopiB. [lanuii MeTos nependayae BUKOPUCTAHHS TUIEPIIOLIMHI
JUIsl TIOJUTY MPOCTOPY Ha IMIAMPOCTOPH, IO XapaKTEPH3YIOTh OKpemi kiacu. O0'ekTH, sKi
JeXaTh MPU LIbOMY Ha KOPJOHI OCBIYEHHMX oOOnacTed, Ha3WBalOTh OMOPHUMH BEKTOpPaMHU.
MeToa HaMara€eThCsl MPOBECTH JTaHE PO3OUTTSI TAKMM YHHOM, 100 BIICTaHb MDK €JI€MEHTaMHU
pI3HHX KJ1aciB Oyna MakcuMmanbHO0. [I{o10 BUOOpY po3aUIsII0UO0T THIEPILIONINHHY, 1€ O3HAYAE
il MakCUMaJbHE BUIAJICHHS MO0 HAWOMIKYMX TOYOK 000X KiaciB. Y pa3i BUHMKHEHHS
npoOieMHu JIHIHHOT HEPO3IUIbHOCTI, BUKOPUCTOBYETHCS IIEPETBOPEHHS S/1pa.

Mertoro 1aHoi poOOTH € MOKPOKOBHUM BUKJIAJ] Ta 3aCTOCYBAHHS Ha MPAKTUL[l aITOPUTMY
o0y10BU MOJIEN1 ISl BUPILIEHHS 3a/jaul Kjaacugikarii.

Buau craTucTHYHMX JaHUX [3]

CraTUCTHYH1 J1aHI MOXYTb OYyTH TMpEACTaBiI€HI fAK KUIbKICHUMH (YMCIOBUMU
HenepepBHUMHU a00 JUCKPETHUMHM), TaK 1 SKICHUMHU (KaTeropiaJlbHUMHU IMOPSAKOBUMH abo
HOMIHAJIbHUMU ) 3MIHHUMH.

KinbkicHi (uncsioBi) gaHi — 1e gaxi, sKi IpUAMarOTh AesK1 YUCITOB1 3HAaYeHHS. BoHH, B
CBOIO uepry, MOJUIAIOTbCA Ha: JUCKPETH1 JaHl, AKi MOXYTb IpHUMMaTH CTpOro BHU3HAuYEHI
3HAYEHHS, Ta HEMIEPEPBHI, SIKI MOKYTh OyTH MpeACTaBICH] Oy/1b-IKUMH 3HAYEHHSIMU.

KareropianbHi gaHi 3acTOCOBYIOTBCS AJI1 ONUCY CTaHy 00'€KTa LUISIXOM IPUCBOEHHS
oMy HOMepa, BIAMOBIIHOTO A0 KaTeropii, Kyau 1ed o0'eKT HaJlexuTh. BaxinBow yMOBOIO
JUTSI 3aCTOCYBaHHSI KaTErOpialbHUX JaHUX € MPUHAJEKHICTh OJHOTO 00'€KTa TOCITIIKEHHS
TUIBKHU J0 OJIHIET MOKIIMBOI KaTeropii Al OJHOT0 KPUTEPIIO.

SIkicHi HOMIHAJIBHI JaHI BUKOPUCTOBYIOTbCS B TOMY BHMAJKY, SIKIIO KaTeropii He
BHOpsiIKOBaHl. Yucna B JaHOMY BHUMAJKY € JIMILIE TO3HAYEHHSM JJs cTaHy oO'ekTa 1 He
BIIOPSIAKOBYIOTH 1ielt ctan. Hanpukian, no crari: 1 — 4osoBiva, 2 — *iHoyva.

SxicHi mopsiakoBi (paHroBi, OpAMHApPHI) AaH1 — L€ JaHl, Ui AKX KaTeropii MOXyTh
OyTu BHopsakoBaHi. Hampukiaza, Bil MOTaHOTO CaMmMOMOYyTTsl 10 rapHoro: 1 — rapue, 2 —
3aJI0BUIbHE, 3 — ITOraHe.

Omnuc HaOopy naHuX

B skocTi exkcnepuMeHTalbHUX HaHMX JUIS JOCIUDKEHHS BUKOPUCTOBYETbCS HaOIip
naHuX (aracer) 3 cepiueBux 3axBoproBanb Statlog (Heart) 3 pemoszuropiro UCI ML [4]. [ani
MicTaTh 13 aTpubyTiB (Tadmn. 1)1 180 ciocrepekeHs.

3MiHHA JUIsl MPOTHO3YBaHHS y MOKe NpuilMatu aBa 3HadeHHs: 0 — BiACYTHICTh, 1 —
HasIBHICTh CEPLIEBUX 3aXBOPIOBaHb.

JlocnmikeHHsT TIPOBOAMMO 3 BUKOPHUCTAHHSIM O010110T€KM MalTMHHOTO HaBuaHHs Scikit-
Learn, B cepenouii Python 3.
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Ta6mums 1
ATpuOyTH €KCIEpUMEHTAIBPHUX JAHUX 3 CEPIIEBUX 3aXBOPIOBAHb
No Hazpa Onuc
1 | age BIK B pOKax
1 = gonoiua
2 | sex CTaTh -
0 = xiHOYa
3 | chest pain type (4 values) THn 60110 B rpyisix (4 3HaueHHs: 1, 2, 3, 4)
4 | resting blood pressure apTepiaJbHUI THCK Y CITOKOI (MM PT. CT.)
5 | serum cholestoral in mg/dl PIBEHb XOJIECTEPUHY B KPOB1 B MI/JJT
' - — -
6 | fasting blood sugar > 120 mg/dl PiBEHb LyKpY B kpoBi > 120 | 1 Tax
MT/ T 0=mni
7 resting electrocardiographic results eneKTpokapaiorpadiuHi pe3ynbTaTH B CTaHi
(values 0, 1, 2) criokoto (3HauenHs 0, 1, 2)
8 | maximum heart rate achieved MaKCHMaJIbHa YaCTOTa CEPIICBHX CKOPOUCHb
9 | exercise induced angina CTCHOKApPJIA, BUKIMKAHA 1= Te.‘K
(Gi3UYHIMU BIIpaBaMu 0=mi
oldpeak = ST depression induced by VOHIDKCHHA CErMEHTY ST na EKT, .
10 . . BUKJIMKaHEe (BI3MIHUMH BIIPABaMH BiJJHOCHO
exercise relative to rest
CIIOKOIO
. . 1 =3poctae
slope of the peak exercise ST HAXWII MIKOBOTO pocT =
11 2 = (pikcoBaHUit
segment cermenta ST
3 = yOyBae
12 number of major vessels (0-3) KUTbKICTh 0cHOBHUX cyauH (0-3),
colored by fluoroscopy 3a0apBiIeHUX NP GIIFOOpOCKoITii
3 = B MeXax HO
13 thal: 3 = normal; 6 = fixed defect; 7 U fedpexT 6= Z)il\I/IwOB:HIEIﬁpM;I(beKT
= reversable defect A J 1A
7 = 000poTHUH HedeKT

IliaroroBKa Ta aHaJ i3 JAaHUX

3aBaHTa)KyeMO JIaH1 PO 3aXBOPIOBaHHs ceplisl. JlaH1 MalOTh HaCTYMHUM BUTIIAL (TIepIi

5 3amuciB):

In [123]:
Out[123]:

X.head()

slope_of _peak_exercise_st segment

patient_id

Bzedun
ryoo3;j
yitlslx
12xjde
oytdek

resting blood_pressure

patient_id

Bzedun
ryoo3;j
ytlslx
12xjde
oytdek

128
11@
125
152
178

fasting_blood_sugar gt 126 mg_per _dl

patient_id

Bze4un
ryoo3;j
yitlslx
12xjde
oytdek

chest_pain_type

thal

normal
normal
normal
reversible_defect
3 reversible_defect

1
2
1
1

num_major_wessels

o Wb
2 EWE

resting_ekg results \

e E D
| I s I S s R N
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serum_cholesterol mg_per_dl oldpeak_eq_st _depression sex age

patient_id

azedun Jas a.a 1 45

ryoo3;j 214 1.6 e 54

yitlslx 384 a.a 1 77

12xjde 223 a.a 1 4

oytaek 27a 4.2 1 549
max_heart_rate_achieved exercise_induced_angina

patient_id

azadun 17e a

ryoo3;j 158 =]

yitlslx 162 1

12xjde 181 @

oytaek 145 2}

[TepeBipsieMo HaIlli AaHi HA HAIBHICTH MPOIYIIEHUX 3HAUCHb:

In [125]: X.isnull{).sum()
Out[125]:

slope_of _peak_exercise_st_segment
thal

resting_blood_pressure
chest_pain_type

num_major_vessels
fasting_blood sugar_gt_ 128 mg_per_dl
resting_ekg_results
serum_cholesterol_mg_per_dl
oldpeak_eq_st_depression

sex

age

max_heart_rate_achieved
exercise_induced_angina

dtype: inte4

DO 0000000

[IpormyckiB HeMae.

[TpoBouMO TEepeBipKy HASIBHOCTI MUCOANaHCy MUTbOBHX KiaciB (PpyHKIis countplot,
puc. 1).

Count of each Target Class

100 4

Count

201

Target Classes

Puc. 1

Kiacu moxxHa BBakatu 30a1ancoBannuMu (00’ ekTiB kimacy «0» - 100, «1» - 80).

PosristHeMo, HaCKUTBKY BIAPI3HSIOTHCS 3HAUCHHS aTpUOYTIB JUTSI IUTBOBHX KIaciB. J{is
I[LOTO MOOYAY€EMO Jiarpamy pO3CIFOBaHHS JIJIS KOJKHOTO 3 aTpUOYTIB 3a TOTIOMOTO0 (hYHKITii
swarmplot, B sKiii TOYKM KOPHUTYIOTHCS Y3IOBXK KaTETOPIMHOI OCi Tak, MO0 BOHU HE
nepekpuBanucs. Lle qae xpanry kapTUHY po3IOALTY 3HAYECHb:
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SIk BUHO 3 Jiarpam, He3Ba)KAKOYM HA MPHUCYTHICTh ICSIKUX BIIMIHHOCTEH B 3HAYCHHSX
aTpuOyTiB y PI3HUX IUTBOBUX T'PYI, MH HE MOXEMO UITKO iX po3MexyBard. lle Bkasye Ha

HEOOX1IHICTh 3aCTOCYBaHHS Kiacudikaropa Jis OOy J0BU MOJICIII.
00poOKy MaHHX:

Buxkonaemo

MIEPETBOPUMO

HOPMAJII3yeEMO yCi YHCIIOBI 10 0JTHOTO miana3ony [0..1].
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def Preprocessing_categorical(X):
import pandas as pd

trainThal = pd.get_dummies(X['thal'])

trainSlope = pd.get dummies(X['slope_of_peak_exercise_st_segment'], prefix="slope')
trainChestPain = pd.get_dummies(X['chest_pain_type'], prefix="chestPain")
trainResting = pd.get_dummies(X[ 'resting_ekg_results'], prefix="restingkkg")
trainnum = pd.get_dummies(X[ 'num_major_vessels'], prefix="num_major_vessels')

X.drop([ "thal’, 'slope_of_peak_exercise_st_segment','chest_pain_type’, 'resting_ekg_results’, 'num_major_vessels'], axis=1, inplace=True)
X = X.join([trainThal, trainSlope, trainChestPain, trainResting, trainnum])

del trainThal, trainSlope, trainChestPain, trainResting, trainnum

return (X)

def Preprocessing_numerical(X):

from sklearn.preprocessing import StandardScaler

col_names = ['resting_blood_pressure', 'serum_cholesterol mg_per_dl', 'oldpeak_eq_st_depression', 'age', "max_heart_rate_achieved']
features = X[col_names]

scaler = StandardScaler().fit(features.values)

X[col_names] = scaler.transform(features.values)

return (X)

[IpoBenemo t-SNE Bizyamizamito 3miaHO1 y. T-Distributed Stochastic Neighbor
Embedding (t-SNE) - ne Meron HENHIMHOIO 3MEHIIEHHS PO3MIPHOCTI, SIKUH J100pe
MIAXOAUTH JUIsl Bizyanizauii OararoBuUMipHUX HaOopiB naHux [5]. Meroa mojentoe KoKeH
00'eKT MPOCTOPY BUCOKOI PO3MIPHOCTI JBO- a00 TPUBHUMIPHOIO TOYKOIO TaKMM YUHOM, 1110
OJM3BKI 32 XapaKTePUCTUKAMH €JIEMEHTH JaHUX B 0araTOBUMIPHOMY MPOCTOPI (HANpHUKIA,
JaTacera 3 BEJIMKUM YHMCIIOM CTOBIIIIB) MPOEKTYIOTHCS B CYCIIHI TOUKH, a PI3HOPIAH1 00'€KTH
3 BEJIMKOIO0 WUMOBIPHICTIO MOJICTIOIOTHCSI TOUKAMHU, SIK1 CTOSTH JTaJIeKO OJIHA BiJl OJHOI.

def t_SNE_visualization(X,y):

from sklearn.manitold import TSNE
import matplotlib.pyplot as plt

model = TSNE(learning_rate=58)

transformed = model.fit_transform(X)

x5 = transtormed[:,@8]

ys = transtormed[:,1]

plt.scatter(xs, ys, c=y, alpha=8.5,cmap="viridis')

return plt.show()

[
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OTtpuMaHi pe3yabTaTH MOKa3yl0Th, [0 MU MA€EMO JIIHIHHO HEPO3JIUIbHY BUOIPKY.
Jliig moGyoBM Mojieni KinacudikaTopa BUKOPUCTAEMO METOJI ONIOPHUX BeKTOpiB (SVM)
c tbf (pamiansHa 6a3oBa QyHKIIisA) sapoM [6, 7.

Ilo6ynoBa Mojesi kiaacudikaropa

Po36uBaemo BubOiIpKy Ha TpeHyBaJIbHY Ta TeCTOBY (75% / 25%):

X train, X test, y train, y test = train_test split(X, y, test size=0.25, random_state=109)

HaBuanns moneni xkiacudikaTopa IpoBeIeMO Ha OCHOBI METOAY OIOPHUX BEKTOPIB.
CrBopumo 00'ekT KiacudikaTopa, BUKOPUCTOBYIOUM MApaMeTpyd 3a 3aMOBYECHHSIM.
[IpoBeneMo HaB4YaHHSA MOJEJI Ha JaHUX TPEHYBaJIbHOI BUOIpKU. BUKOpPUCTOBYIOUM HABUYEHY
MOJI€NIb, BUKOHAEMO IepeadadyeHHs KJIacy AAHUX TECTOBOi BHOIPKM Ta BHU3HAUYMMO 0a3oBY
OIIIHKY SIKOCT1 MOJIeJ1 Ki1acudikaropa:

from sklearn.svm import SVC
clf = SWC(kernel="rbf", probability=True}
clf.fit(X_train, y_train)

print(‘Train Accuracy:', clf.score(X_train, y_train))
print( Test Accuracy:', clf.score(X test, y test))

Mu oTpumanu TOYHICTh Ha TpeHyBajdbHOMY Habopi 0,89 ta 0,8 Ha TectoBomy. Jlis
MIBUILEHHS SIKOCTI MOJIeJI1 HE0OXiTHA ONTUMI3AIlIS TTapaMeTpPiB.
[Tobynyemo KprB1 HaBYaHHS.

Model Development Functions.learning_curves(clf,X_train,y_train)

def Learning_curves(estimator,X train,y_train):

import numpy as np

from sklearn.svm import SVC

from sklearn.model selection import learning_curve
import matplotlib.pyplot as plt

train_sizes, train_scores, test scores = \
learning_curve(estimator=estimator,
X=X_train,
y=y_train,
cv=10,
n_jobs=-1,
train_sizes=np.linspace(0.1, 1.8, 18))

train_scores_mean = np.mean(train_scores, axis=1)

train_scores_std = np.std(train_scores, axis=1)

test _scores_mean = np.mean(test_scores, axis=1)

test _scores_std = np.std(test_scores, axis=1)

plt.plot(train_sizes, train_scores_mean, 'o-', color="r", label="Training score")

plt.fill between(train_sizes, train_scores_mean - train_scores_std,
train_scores_mean + train_scores_std, alpha=0.1,
color="r"}

plt.plot(train_sizes, test scores_mean, 'o-', color="g", label="Cross-validation score™)

plt.fill _between(train_sizes, test scores_mean - test scores_std,
test_scores_mean + test_scores_std, alpha=0.1, color="g")

plt.xlabel('Training examples')
plt.ylabel('Score")
plt.legend(loc="best")
plt.ylim([©.4, 1.8])

plt.grid()

return plt.show()
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—&— Training score
#— Cross-validation score

0.6 —
0.5
0.4 T T T T T J
20 40 60 80 100 120
Training examples
Puc. 4

OTtpuMaHi KpUB1 HaBYaHHS [MOKa3yIOTh, 110 30UIbIIEHHS 00’ €My TPEHYBaJIbHOT BUOIPKHU
MOX€ TTOKPAIIUTH SKICTh MOJIEI.
[Tobynyemo kpuBi Bamiganii juist mapametpy C:

param_name= 'C'
param_range = [6.801, 6.81, 0.1, 8.25, 0.5, 0.75, 1.8, 10.0, 100.0]
Model Development Functions.Validation curves(clf, param_range, param_name, X train, y train)

def Validation_curves(estimator, param_range, param_name, X_train, y_train):

import numpy as np

from sklearn.svm import SWVC

import matplotlib.pyplot as plt

from sklearn.model_selection import walidation_curve

train_scores, test_scores = validation_curve(
estimator=estimator,
X=X_train,
y=y train,
param_name=param_name,
param_range=param_range,
cv=18,
n_jobs=-1)

train_mean = np.mean(train_scores, axis=1)
train_std = np.std(train_scores, axis=1)
test_mean = np.mean(test_scores, axis=1)
test std = np.std(test_scores, axis=1)
plt.plot(param_range, train_mean, ‘o-', color="r", label="Training score")
plt.fill between(param_range, train_mean - train_std,
train_mean + train_std, alpha=0.1,
color="r")
plt.plot(param_range, test_mean, 'o-', color="g", label="Cross-validation score")
plt.fill between(param_range, test_mean - test_std,
test_mean + test std, alpha=0.1, color="g")

plt.xscale('log")
plt.xlabel( 'Parameter
plt.ylabel( 'Score’)
plt.legend(loc="best")
plt.ylim([©.4, 1.8])
plt.grid()

'

+ param_name)

return plt.show()
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1.0 -
-#— Training score
094 #— Cross-validation score
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0.6 —
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Puc. 5

Mpu 6aurMo, 110 TOYHICTh Ha TPEHYBaJIbHIA BHOIPIII 3pocTae 31 30UIbIICHHS apaMeTpa
C, ane Ha TecToBoMy Habopi BoHa noynHae majaatu 3 C = 0,75.
[ToGymyemo kpuBi Bamigarii ais mapamerpy gamma (y) mpu C = 0,75:

clf = svVC(kernel="rbf", probability=True, C=0.75)

param_name= 'gamma’

param_range = np.linspace(@.8001, 18, 180)

Model Development Functions.Validation curves(clf, param range, param_name, X train, y_train)

1.0
-&— Training score
0o #— Cross-validation score
0.8 (
II
© *
E 07 |
1
|
[ ]
0.6 H
0.5
04 T T T T T T T T T
10" 10 10" 107" 10° 10’
Parameter gamma
Puc. 6

Buxonsuu 3 oTpuMaHuX KpUBUX, ONTUMAJILHUM 3Ha4eHHsIM gamma € 0,1.

3a J0MOMOror KpHUBHX Baligamii MM OTpUMajd, B NEpUIOMY HaOJMKEHHI, 00JIacTh
ONTHUMAIBHUX 3HA4YeHb mapametpiB. [ami, mist Bu3HadueHHs Haiikpamoi komOiHamii C 1 vy
BHKOPHUCTAEMO MOIIYyK 1o citii. s uporo 3renepyemo mo 100 3Hauens mapametpiB C 1 7.
Takum ynHOM, Mu oTpumaemo citky 100x100 kom6inaniit C 1y mis Hawmoi moaeni. Koxna
KOMOiHallisl TepeBipsieTbcs 3 BUKOPUCTAHHSM Kpoc-Bajinanii, 1 BUOUpaeTbcs Ta, sKa
nposiBiiia cebe Kpamie 3a Bcix 1HmuUX. PiHanbHa MOJENb, KA BHKOPUCTOBYETHCS s
TECTYBaHHsS Ta Kilacuikalii HOBMX JaHUX, HABYA€ThCA IOTIM Ha BCIA MHOXMHI 3
BUKOPHUCTaHHIM 00paHuX MapaMeTpiB.

param_grid = {"C": np.linspace(®.1, 1, 100), "gamma": np.linspace(©.065, 6.4, 1080)}
best_clf=Model Development_Functions.Grid_Search_CV(clf, param_grid, X_train, y_train, X_test, y_test)
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def Grid_Search_CV(estimator, param_grid, X_train, y_train, X test, y_test):

import time
from sklearn.svm import SVC
from sklearn.model selection import GridSearchCV

searchCV = GridSearchCV(estimator, param_grid, cv=1@, scoring='accuracy’, n_jobs = 3, verbose = @)
start = time.time()

searchCV.fit(X_train, y_train)

end = time.time()

print("Elapsed time: " + str(round((end-start)/60)) + " min.")

print('Examine the best model:")

print('Best Score: ' + str(searchCV.best_score_))
print('Best Parameters: ' + str(searchCV.best params_))
print('Best Estimator: + str(searchCV.best_estimator_))

'

best svm=searchCV.best_estimator_
best _svm.fit(X_train, y_train)

print('Training Accuracy:', best_svm.score(X_train, y_train))
print('Testing Accuracy:', best_svm.score(X_test, y_test))

return best_svm

Pesynbratu ontumizanii:

In [136]: best_clf=Model Development_Functicns.Grid_Search_CV(clf, param_grid, X_train, y_train, X test, y_test)
Elapsed time: 4 min.
Examine the best model:
Best Score: @.8592592592592593
Best Parameters: {'C': @.5272727272727272, 'gamma': @.04898989090909@91}
Best Estimator: SVC(C=8.5272727272727272, cache_size=288, class_weight=MNone, ccef@=8.8,
decision_function_shape="ovr', degree=3, gamma=@.84898989098009091,
kernel="rbf", max_iter=-1, probability=True, random_state=None,
shrinking=True, tol=8.881, wverbose=False)
Training Accuracy: ©.8740748748740741
Testing Accuracy: @.822222232232222222

TakuM 4YMHOM, ONITUMAIbHUMHU 3HauUE€HHSAMU napameTpiB C 1y €:
best clf =SVC(C=0.527, gamma=0.041, kernel="rbf")
[Ipu 1bOMy TOYHICTH MOJIEJI HA TECTOBOMY Habopi 30u1bIIMIach 10 82,2%.

BucHoBku

Jliia moOynoBu MoJeni, HacaMIiepel, HeoOX1IHO IPOBECTU aHalli3 HasgsBHUX JAHUX, 11O
JacTb MOJKJIMBICTh BHM3HAQUUTHU CKJIAQJHICTh IIOCTABJICHOTO 3aBJaHHS Ta 3BY3UThb KOJO
BIIMOBIIHUX METOAIB. Jlasi HEeOOX1THO MPOBECTH YHCTKY 1 00pOOKY TaHUX, TOOTO MIATOTOBKY
1o mojentoBaHHs. [loTiM 3acTocOByeThes 0OpaHa Mo/ieib, B HALIOMY BUIAJKY KiIacuQikarlii,
3 1i mojanpuoro onTuMizauiero. [lpu ninbopi napameTpiB HEOOX1AHO BUKOPUCTOBYBATH KPOC-
BAJIaLllI0 SIK HAa TPEHYBAJIbHIA Ta TECTOBI BHOIpKax, Tak 1 BCEPEUHI TPEHYBAJIbHOIO
Habopy AaHuX. TakuM 4YMHOM MOXHA OTPUMATH BUCOKY TOUHICTh MOJIEN1 NPH 11 poOACTHOCTI.

CnucoK BUKOPHUCTAHOI JiTepaTypu:

1. Knaccudukanus [Enekrponnuit pecypc]. — Pexum goctymy: http://www.machinelearning.ru/wiki/
index.php?title=Knaccuduxarus.
2. Mammanoe o0yuenue (kypc jekimii, K. B. Boponmor) [Enextponnuii pecypc]. — Pexum pocrymy:

http://www.machinelearning.ru/wiki/index.php?title=Mamimnnoe o0yuenune %28kypc nexnmii%2C K.B.Bo
poH110B%29.

3. Manuk [.B. Meroau MalmMHHOTO HaBYaHHS [UIsl CTATHCTHYHOI 00poOkK MenuuHux nanux / 1.B. Manuk, T.B.
Kuirninpka // HaykoBuii BicHHK YepHiBeupKkoro HamioHanbHoro yHiBepcurery. Cepis: Komm’rorephi
cuctemMu Ta kommonentu. — 2017. — Tom 8, Bunyck 2. — C. 77 — 85.
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4. Statlog (Heart) Data Set [Enextponnuii pecypc]. — Pexum moctymy: http://archive.ics.uci.edu/ml/datasets/
statlog+(heart).

5. L.J.P. van der Maaten. Visualizing High-Dimensional Data Using t-SNE / L.J.P. van der Maaten, G.E.
Hinton // Journal of Machine Learning Research. —2008. —Ne 9. — P. 2579 — 2605.

6. Cortes C. Support-vector networks / Cortes C., Vapnik V. // Machine Learning. — 1995. — Ne 20 (3). — P.
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CLASSIFICATION MODEL BUILDING USING MACHINE LEARNING METHODS

Summary. Introduction. Classification is one of the machine learning fields that solves the
following problem: let there be a multitude of objects separated into classes according to one or
several attributes. A finite set of objects is given for which it is known which classes they belong to.
What class the rest of the objects belong to is unknown. It is necessary to build an algorithm capable
of classifying an arbitrary object of the original set.

Let’s consider the most common data classification algorithms.

Decision tree. The principle of this method is to recursively split the set of elements into subsets
containing elements that belong to the same class. Different types of decision trees differ in finding the
target variable and its attributes to build a new node.

Bayesian classification. Bayesian classification belongs to statistical classification methods
that predict an object’s class with the help of the probability theory. The algorithm is based on the
Bayes theorem and assumes the independence of the considered attributes.

K-nearest neighbors. The method assumes that the next object from the test set belongs to the
class to which the majority of its closest “neighbors” from the training set belong. In this case, the
closest observations to the test object defined as neighbors. Thus, the new object is placed in the class
containing the largest number of closest similarities.

Support Vector Machine. This method uses a hyperplane to divide space into subspaces that
characterize individual classes. The objects lying on the border of the formed regions are called
support vectors. In the case of a linear inseparability problem kernel transformation is used.

Purpose. The purpose of this paper is a step-by-step presentation and practical application of
the algorithm for the classification model building.

Results. Application of the provided algorithm for the classification model building to
determine the presence or absence of heart disease based on the real data set made it possible to
achieve high efficiency and robustness of the model.

Conclusion. The paper presents an algorithm for building a model of the classification problem
solving to determine the presence or absence of heart disease based on machine learning methods.
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Data pre-processing and analysis enabled identification of the non-linear dependencies of the target
variable and prepared the data for effective modeling. SVM method with Rbf Kernel was applied for
the classification model building. The model parameters were optimized using a grid search with
cross-validation of each combination of the parameters.

Building a model first of all it is necessary to analyze the available data in order to reveal the
complexity of the given problem and narrow down the range of suitable methods. Next, it is needed to
clean and pre-process the data — prepare it for modeling. Then the selected method should be applied
and optimization of the parameters should be provided. By the parameter selection, it is crucial to use
cross-validation both on the training and test samples, and within the training data set itself. Thus, it
is possible to achieve high accuracy of the model with a good degree of its robustness.

Keywords: machine learning, classification, support vector machine, data mining, t-SNE
visualization.
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3ACTOCYBAHHSA AHCAMBJIIB HEﬂPOHHyIX MEPEXK JJIAA PO3B’AA3AHHSA
3AJAYI KITACUPIKALII 30bPA’KEHD

Y pobomi onucano icuyioui nioxoou 00 no6yoosu ancamonie mooenel y MauuHHOMY HABUAHH.
Haeseodeno natibinow nonyuspui cucmemu 0isi HABUAHHSA HEUPOHHUX Mepedic. Y axocmi 6a3060i mooeni
00pano 08OWUAPOBY HEUPOHY MePeHCy NPIMO20 PO3NOBCIOONCEHHS, WO MAE 0OUH NPUXOBAHULL uLap.
Poszensnymo 0sa nioxoou 00 nob6yoosu ancamoOnio HEUPOHHUX Mepexc, MAaKi sK ycepeOHIoYUil
ancambab ma aHcamoOnb 3 KepieHukom. Bonu Oyau peanizosamni 3a donomoeoro bOibniomex Keras i
TensorFlow. Ilposedeno 00cnioxcenHs eheKkmueHoCmi 3aCmoCy8anHs aHcamoOnie 00 pOo38 S3aHHS
3a0ay knacugixayii s06pasicenv. s mecmysanns oopano nabip danux MNIST ons kracugixayii
pyKkonucHux yugp. Hocriosceno eghpexmusHicms uKopucmants ancamoénie piznoi cmpyxmypu 3 3-9
HeUpPOHHUX MepediC.

Knrouosi cnoea: mawunne nasuanms, 3aoaua Kiacupixayii, HeUpoHHA mepedica, ancamoiv
Modereti.

ITocranoBka npodaemu

OcTaHHIM YacoM MallMHHE HABYaHHS € OJIHIEI0 3 TEPEIOBHX TEXHOJIOTIM Cy4aCHOCTI.
MaivHHe HaBYaHHS K 00J1aCTh IMPAKTHYHOI JISJIBHOCTI, 1 SIK c(pepa HAYKOBUX JOCIIIKEHb
QITOPUTMIB, TOJSAra€ y OTPUMaHI 3HaHb 3 JaHMX MUISXOM BHSBICHHS IPUXOBAHUX
3aKOHOMIpHOCTEHN B HUX. [lepeTBOpeHHs JaHUX Yy 3HAHHS € 0COOJMBO aKTYyaJIbHOIO 1 I[IKaBOIO
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3aJ1a4€t0, OCKUIbKU Hapa3si JI0JACTBOM HAKONMYEHI BEIMKI 00’eMu MUPPOBUX JaHUX. 3aMICTh
TOro, mo0 y pyYHOMY pEXHMIi BHUSBIATH TpaBuja 1 OyayBaT MOJEJl, METOMIOJIOTIA
MalIMHHOTO HABYAHHS MPOIOHYE OUIbII JI€BY albTEPHATUBY — aBTOMAaTH30BaHE MOCTYIIOBE
MOJIIIIEHHS SIKOCTI MPOTHO3HUX MOJIENIEN 3a paxyHOK y3arajJbHEHHS BIIOMHUX MPHUKIAIIB 13
ONpalbOBaHUX HUMHM MacuBiB JaHuX. OKpiM TOTo, IO MAallMHHE HaBYaHHsS HaOyBae Bce
OUTBIIOT BAarOMOCT1 y HAyKOBHUX JIOCII/DKEHHSX B 00JsacTi 1H(QOpPMATUKH, BOHO BiAIrpae Bce
OUIBII 3HAUYUMY POJIb Y MOBCAKACHHOMY >KUTT1. 3aBJISKH alrOPUTMaM MallMHHOTO HABYaHHS
JOCATHYTO 3HAUYHUX YCIIXIB y PO3MI3HABaHHI MOBHM 1 PYKOIHCHOIO TEKCTY, Kiacupikariii
300pakeHb, PO3pOOJEeHO HAAIMHI MNOWTOBI cHnaM-QUIBTPH, SAKICHI MNOIIYKOBI CHUCTEMH,
MporpaMu ISl BUSIBJICHHS MAXPalChKO1 NISUTBHOCTI IO KPEAUTHUM KapTax Ta iH. [1].

Oco061MBUM PO3ALIOM MAITMHHOTO HABUYAHHS € TJIMOOKe HaBuaHHs. Lle iHmumi miaxig 1o
MOIIYKY MPEJICTABIICHHS JaHUX, SKUWA pOOUTH aKIEHT HAa BUBYCHHI MOCIIJIOBHUX IIapiB BCE
OUThII 3HAYYHIUX MmpezcTaBieHb. CydacHe TNTMOOKE HaBYaHHS 4acTO 3ajydae JI0 IMpoLecy
JIECSITKU 1 HaBITh COTHI MOCIAOBHMX HIapiB NMpEACTaBIEHHS JaHUX. THHIOBUM MPUKIAAOM
MoJeNl TIMOOKOro HaByaHHS, 3a JONOMOIOI0 SIKMX BHMBYAIOThCS Taki OaraTolaposi
IIpe/ICTaBJICHHS, € HEHPOHH1 Mepexi [2].

Hapasi icHye Garato THUIIIB HEMPOHHUX MEPEXK, K1 BIUIPIZHSAIOTHCS OJIHA B OJHOT
apXiTEeKTypol0, BUJOM HEHPOHIB, CTPYKTYpOIO 3B’S3KIB, aJlfOpUTMamMu HaByaHHA. J[OCUTh
4acTo OJIHY 1 Ty caMy 3aJlauyy MOJKHa pO3B’sA3aTH 3a JOIIOMOTOI0 PI3HUX HEHPOHHUX MEPEK,
MIPU IbOMY BHOIp Kpaioi 3 HUX HE BU3HAYAETHCS CTPOTUMHU MPaBHIIaMH. SIKICTh PO3B’A3aHHS
KOHKPETHOI MOCTaBJICHOI 3a1a4l MOXe OyTH CYTTEBO IMiJBHUINECHA 3a JOIOMOTOI0 aHCaMOJIIB
HEHPOHHUX MEpeX, B SKUX OJHI 1 TI caMl JaHHI MapajelbHO OIPALbOBYIOTH IEKLIbKa
HEHPOHHUX MEPEXk, BUXIIHI CUTHAIM SKUX JIEIKUM YMHOM KOMOIHYIOTHCS B y3arajbHIOIOUUN
pesynbTat [3].

TakuM yuHOM, 00’€HAHHS CYKYNHOCTI HEHPOHHUX MeEpexX Yy €IUHY MOJEIb €
MEPCIEKTUBHUM HANpsIMOM JOCHUDKEHb Yy TriaubokoMmy HaBuaHHI. [lepenOauaerbcs, 110
HEHpOHHI Mepexi, 00’e1HaHl y aHCamMOiab OyAyTh MaTH Kpally y3araJbHIOYY 3JaTHICTH 1
J03BOJISITH PO3B’SI3yBATH OUTBIIT CKJIA/IHI 3a/1a4l.

butbmricte po6iT, MPUCBAYEHUX BUBYCHHIO BJIACTUBOCTEH 1 MOXKJIMBOCTEH aHCAMOJIEBUX
CTPYKTYp 3 HEHPOHHHX MEpEX, HalpaBJieHI Ha TOCI/PKEHHS] METOIB OTPUMaHHS (reHepariii)
CIUIBHOTO KIHILIEBOTO pe3yapTaTy aHcamOimto. [linxoau 10 00’eHaHHS HEHPOHHUX MEPEX Y
aHcamOi1 po3risiHyTo y [3-4], oco6nuBOCTI 00’ €AHaHHS (CTBOPEHHS aHCaMOIII0) A7 3a/1a4
MIPOTHO3YBaHHSI YacOBUX PsAiB y [5-6], ans 3amaui knacudikaii y [7].

Mertoro cTarTi € AoCHiKEeHHS €(QEeKTUBHOCTI 3aCTOCYBaHHSI aHCaMOJIIB HEHPOHHHX
MepesK JI0 pO3B’si3aHHs 3a]a4 Kiacudikaiii 300pakeHb.

Buknan ocHoBHOro marepiany

1. HeiiponHi Mepe:xi Ta mnporpamsi 3acoom 1 ix peaJizamii

[Ipuknamom Moxeni TAMOOKOr0 HaBYaHHA € HEHpPOHHAa Mepexa MpsSMOro
PO3NOBCIOKEHHS, a00 OararomapoBuil mepuentpoH. bararomapoBuil mepuentpoH — e
MaTeMaTU4Ha (YHKIIIs, 10 BiioOpakae MHOKHUHY BXIJHUX 3HaY€Hb HA MHOXKMHY BUXIJHHX.
s ¢yHkuis sBase co0OK KOMIIO3ULIEID NEKUIBKOX OuIbIl mpocTuX (yHKUiA. Taky
KOMITO3ULII0 (YHKIIA MOKHa MpPEICTaBUTH Yy BUIVISI JIAHLIOTa, JOBXKUHA SIKOro 1 Oyne
BU3HAUaTU INMOMHY HelpoHHOI Mepexi. CydacHl apxXITEKTypu HEHpOHHMX 4acTO MaroTh
JOCUTH CKIIAIHY CTPYKTYPY 1 CKIQAAI0ThCA 3 AECATKIB IIAPIB.

Ha nmouarkoBomy erari peanizaiis NMUOOKUX HEMPOHHUX MEPEX MOTpedyBaia 3HaUHUX
3yCWib BiJ JOCHIJHUKIB, ajle Hapa3l cuTyauis 3MiHuiacs. Ha cborogHi icHye psan 3pydyHUX
MIPOrpaMHUX 3ac00i1B, K1 JO3BOJISIIOTH MOOYAYyBaTH MOJENIb HEHPOHHOT Mepexi, chopMyBaTu
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rpad oGuucieHb 1 BUKOHATH MpPOLIEC HABYAHHS, BUKOPUCTOBYIOUM MpPHU I[bOMY pi3HI PiBHI
abcTpakiii.

Haii6inpn nonynsipHUMHU cucTeMaMu JJis HaBYaHHS HeWpoHHuX Mepex € TensorFlow,
Theano, Caffe, Torch 1 CNTK. bibnioreka TensorFlow po3po6nena y 2015 poii komnaHiero
Google 1 mobynoBana Ha Tpadax omeparnid, sKi OMEPYIOTh 3 TEH30PaMH bl MOTOKOBOIO
0o0poOkoro nanHux Ha rpagi. bidmioreka Theano po3pobiserscs 3 2007 poky, roJIOBHUM
yiHOM, Ipynoro MILA 3 VHuiBepcutery Monpeans. OCHOBHUMH NPUHIUIAMHU €: IHTErpalis 3
numpy, Mpo30pe BUKOPUCTAHHA pi3HUX 00uncmoBainbHuX npuctpoiB (GPU/CPU), nunamiuna
re”epatis ontumizoBaHoro koxy Ha C. Theano, six 1 TensorFlow, BukoprucTtoBye CUMBOIbHUIMA
miaxia 1o odbunciens. bidmioreka Caffe — ogHa 3 HalimepmMX MOMYISPHUX CHCTEM TJIMOOKOTO
HaBYaHHS, ska Oyna po3poliieHa y LIEHTP1 KOMIT I0TepHOro 30py 1 HaB4aHHs y bepkii. Caffe
MIATPUMYE Oarato pi3HUX THUIIB apXITEKTyp INIMOMHHOTO HABYAHHA, OPIEHTOBAHUX B MEpUIY
yepry Ha Kiacuikaiilo Ta CErMEHTYBaHHsS 300paxxeHb. TakoX BOHA MICTUTh HaMOLIbIIY
KUIBKICTh T'OTOBHUX JI0 BUKOPUCTaHHS TOINEpeIHbO HaBueHUX Mojenel. bibmiotexka Torch
po3pobiiena Ha MoBi Lua 1 Hajmae 3pyyHUil BUCOKOpPIBHEBHH 1HTepdelc sl CTBOPEHHS
mporpaM MalIMHHOTO HaByaHHs, aHajoriunuii MATLAB. Bucoka mnpoayKTHUBHICTh
3a0e3neuyeThes, Tak camo sk 1y Theano, 3a paxyHok iHTerpaiii 3 MmoBoto C. bibmioTeka
CNTK (Cognitive Toolkit) po3pobnena kommaniero Microsoft, BoHa OpieHTOBaHa came Ha
po6OTYy 3 pI3BHMMH THUMAMU HEUpOHHUX Mepex. Habip 3aco6iB 0i107T10TEKHM MpencTaBisie
HEHPOHHI Mepexl SIK MOpANOK OOUMCIIOBAIbHUX KpPOKIB depe3 opieHToBaHMM rpad [8].
Oxkpemo BapTo 3a3HauuTH 0i0mioTeky Keras, sika He € CaMOCTIHHOIO CHCTEMOIO, a SIBIISIE
co0oro HanOynoBy Hax Theano, TensorFlow abo CNTK, ta Hanmae 3py4yHuil 1 mpoctuit
iHTepdelic A1 HaBYaHHS TTMO0OKUX HEMPOHHUX MEPEXK.

2. AHca0Ji Mojesiell y MAIIMHHOMY HABYaHHI

binpuiicte Mojenell MallMHHOTO HAaBYaHHA € YYTIMBUMHU JI0 BHOOPY KOHKPETHHX
nmapamMeTpiB Ta rineprnapaMeTpiB MOJENl NMPU HaBYaHHI, TOOTO MAlOTh PI3HI MO TOYHOCTI
pe3ynbraTtd. ToMy JUIsl MiABUILEHHS TOYHOCTI OTPUMAHUX PE3Yy/bTATIB Y TEOpii MAIIMHHOIO
HaBYaHHS IIMPOKO 3aCTOCOBYIOTH aHcaMOul Mojeneil. AHcamOiib SBIsSE COO0I0 CYKYITHICTh
JNEKUTBKOX MOJENIeH, 00’€IHAaHUX THM YH IHIIUM CHOCOOOM, SIKI BUKOPUCTOBYIOTHCS ISt
po3B’si3aHHA OJHIET CHOUIbHOI 3aaaul. TeopeTMuHO OOIPYHTOBAHO, IO BHUKOPHCTAHHS
aHcamMOm0 Mojened € Oulbll eQEeKTUBHUM, Yy TOpPIBHSAHI 3 pe3ylbTaTaMu OKpPEMHUX
camocTiiHuX Mojenel. Ilpu nboMy peKoMeHIyeTbcs CTBOpIOBaTH aHcaMmOII1 Ha 0a31 MpOCTUX
MOJIENIEH, 110 HE KOPETIOITh MK CO00I0.

[caytoTh pi3HI miaxoau A0 00 ’enHaHHSA Mojene y aHcamOui. Skmo y ancamOii
BUKOPUCTOBYIOTh OJIHAKOB1 MOJEJNI, SIKI HaBYAIOThCS MapajieIbHO Ha PI3HUX MIJAMHOXUHAX
TPEHYBAJbHUX JAHUX 3 MMOJAJIBLIINM YCEPEAHEHHSIM Pe3yibTaTy, TO TaKHil MiJXiJl Ha3UBaIOTh
OerriHrom. [HIIMM Ba)JIMBUM KJ1acOM aHCaMOJIeBUX MoJiesiel € OycTiHr. Y MeTonax OyCTIHTY
OJIHAKOB1 MO/JIeJIl HaBYaIOTh MOCIIJOBHO TaKUM YHMHOM, 100 HaBYAaHHS MOJEJl Ha JaHOMY
eTari 3ajexkajo Bl HaBYaHHS MoOJeJell Ha MOINEepelHIX eTanax, TUM CaMHUM IM1ICHUII0I0YN
nonepeaniin pesynbtaT. e onun migxix 1o moOyaoBU aHCcamOIII0O — 1€ CTeKIiHT. B mpomy
BUIIAJIKy TapajelbHO HABYAIOTh PI3HI THIM MOJEJEH, pe3ylbTaTu sIKUX abo ycepeaHIOITh,
ab0 BUKOPHCTOBYIOTH JUIsl HaBYaHHS Yy3arajbHIOOYOi MOJEN1 JUIsl OTPUMAaHHS OCTaTOYHOIO
pe3ybTaTy.

B nutomy ycepenHeHHst Mojenel € MOTY>KHUM 1 JI€EBUM METOJIOM 3MEHIICHHS TOXUOKH.
JlocuTh 4acTo y 3MaraHHsX 3 MalIMHHOTO HABYaHHS IepeMararoTh MOJIeN], K1 3/11HCHIOITh
YCEepEeIHEHHSI 110 JecITKaM MOJeIIeH.

OcTaHHIM 4acoM CIIOCTEPIraeTbCs TEHJEHIIS 10 OUIBIIOr0 MPAaKTUYHOIO 3aCTOCYBAHHS
aHcamOJiB 3 HeHpoHHUX Mepex. He3Bakarounm Ha BHCOKY TOUHICTh pe3yJbTaTiB, aHcaMmOIl
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HEHPOHHUX MEPEX 3aCTOCOBYIOTHCS HE TaK LIMPOKO, K aHCaMOil 3 KIACHMYHUX MoOJenel
MAaIlIMHHOTO HaBYaHHS, OCKUTbKM BUMAaraloTh 3HAYHUX 00YHCITIOBAILHUX pecypciB [7].

AHcamO51 yTBOPIOIOTH 13 CIa0KHX Ta IpocTUX Mojenei. HellpoHHI Mepexi MOXYTh
BB@)KATHUCh TaKUMHU, SIKIIO BUKOPHUCTOBYBATH HEBEIMKY KUIBKICTh €moX HaB4yaHHs. OKpim
TOTO METOJY HaBYaHHSI HEHPOHHUX MepexX rnepeadavyaroTh BUIAAKOBE 0YaTKOBE BU3HAUCHHS
3HAa4YE€Hb BAaroBUX KOe(DIilliEHTIB, TOMY MOJEJI, 1[0 HABYAINCh HA OJHUX 1 THX CaMHX JaHHUX
OyIyTh BIAPIBHATHUCSA. BaXIMBOIO CKIIagaBOI0 aHCAMOIIO0 € METOJ OTPUMAHHS OCTaTOYHOTO
CHUIBHOTO MPOTrHO3Y. JJOCUTh 4acTo y KOCT1 OCTATOYHOI'O PE3ybTaTy OOUPAIOTh YCEepETHEHE
3HAYEHHS MPOTHO3IB BCIX HEHPOHHUX MEPEX, 110 BXOJATh 10 aHcaMmOmto. [laHy i/1er0 MOKHa
ynockoHaymtH. Hampuxman, y poOoTi [5] mpomoHyeThCcs HABYHMTH, 1€ OJHY HEHPOHHY
MEpEeKY, BXIITHUMU JaHUMU JJIs K01 OyAyTh MPOTHO3U BCIX HEHPOHHUX MEpPEX aHCaMOIIto, a
BHUXOJIOM — PE3YyJIbTYIOUUI IPOrHO3 aHCaMOJTIO.

3. IloOynoBa i nocaigxeHHss aHcaMO0JII0 HEHPOHHUX MepeK

VY naniii poOoTi B sIKOCTI 0a30BOi Mojeni 00epeMo JBOIIAPOBY HEUPOHY MEPEXY
MPSIMOTO PO3MOBCIO/IKEHHS, 110 Ma€ OAMH IpuxoBaHui map. g peanizauii HeWpOHHOT
Mepeski BUkopucraemo 016miotexy Keras, a Takoxx TensorFlow y sikocTi oOumcitoBaibHOTO
O0exkenny. OCHOBHUMH IapaMmMeTpaMH Takoi HEHMpPOHHOI Mepexi BHCTYHNAaTUMYTh KUIBKICTb
HEHpPOHI y BXIJHOMY Ta IMPUXOBAHOMY IlIapaX, KUIbKICTh €MOX HaBYaHHS, PO3MIp MiHi-
BHOIPOK, METO] ONITUMI3AILii.
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Puc. 1 /IBomrapoBa HelipoHa Mepeka NPSAMOro PO3NOBCIOHKEHHS

PosrnsiHemo nBa migxoAu a0 moOynoBH aHCaMONI0 HEHPOHHUX Mepex Ui 3anayl
kiacudikanii, KoJu HEOOXIAHO CIPOTHO3YBATH WMOBIPHICTH BIJHECEHHS 300pakKeHHs 10
OJIHOTO 3 KJIaciB:

1) Ycepennworounii ancamOib. OKpeMO HaBYaEMO JEKUTbKa HEUPOHHUX MEpEeXK, a y
SIKOCTI OCTaTOYHOTO PE3yJbTAaTy Takoi Mojeni obupaemo cepenHe apudMeTHdHE
3HaYeHHS UMOBIPHOCTEH, OTPUMAHUX BCIMa HEHPOHHUMU MEpEekKaMHU.

2) Ancamb61b 3 KepiBHUKOM. CIOYaTKy OKpEMO HaBYa€MO JEKLUIbKa HEHPOHHUX MEPEK.
[ToTiM HaBUYaeMO HEMPOHY Mepexy («KepiBHUKA aHCAMOJII0»), BXIIHUMHU JAHOT IS SIKOT
OyIyTh pe3yJabTaTH MPOTHO31B UMOBIPHOCTEH 3aIy4CHUX HEUPOHHUX MEPEXK. Y SKOCTI
OCTAaTOYHOTO PE3YNbTaTy 00MpPaEMO MPOTHO3U HMOBIPHOCTEN «KEpIBHUKA aHCAMOIIION.

Crnouatky moTpiOHO 00paTu 6a30B1 HEHPOHHI Mepex1 I aHcamOIiB. s BCix Mepex

3aJ1laMO KUIbKICTh €M0X HaB4YaHHS — 25, po3mip MiHi-BuOipok — 100 1 y sSsIKOCTI onTuMizaropa —
METO/I CTOXaCTUYHOI'O I'PaJIEHTHOrO cIycKy. [lepeBipumMo BCl BapiaHTH HEHPOHHUX MEPEX,
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KOJIM BXiTHUHM Ta mpuxoBaHui mapu mictats 50, 100, 200, 300, 400, 500, 600, 700 ta 800
apis.

JUis TecTyBaHHsS po3risiHEMO KiacuuHuid HaOip aganux: MNIST (kmacudikaiis
pykonucHux 1udp). Januit Ha6ip mictuth 60 000 300paxkeHs po3mipoM 28%28 miKcemniB AJs
HaByaHHs, 1 10 000 300paxeHns i TecTyBaHHs. TOYHICTH MOJIEl BUHAYAIIU SIK JIOJIIO BIPHO
Kiacu(ikoBaHUX 00’ €KTIB.
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Bximui mani Heiiponni Pesynbratn Kepytoua OcTaToYHHIT
MepeKi (BX1HI /1aHi) HeHpoHHA pe3ynbTart
Mepexa

Puc. 2 Crpykrypa ancamOII10 3 KEPIBHUKOM

Byno obpano HacTymH1 HEHPOHHI MEPEX1, JUIsl KUX 3a3HAYEHO KUIBKICTh HEUPOHIB y
BX1JIHOMY, IPUXOBAHOMY 1 BUX1THOMY LIapi Ta OTPUMaHy TOYHICTb:

1) Heliponna mepexa Nel (NN1): 400x600x10, 97.3%;
2) HeliponHa mepeska No2 (NN2): 400x800%10, 97.5%;
3) neitponna mepexxka Ne3 (NN3): 700x300%10, 97.4%;
4) neitponna mepexa Ned (NN4): 300x600x10, 97.39%;
5) neitponna mepexxka NoS (NNS): 600x200%10, 97.52%.

[ToGymoBaHO 1Ba ycepemHIOIYMX aHcamOJl Ta JBa aHcamMOJIl 3 KEpIBHUKOM, B SKi
YBIMIUIM BinoBiAHO HeWpoHHI Mepexi Nel-3 1 Nel-5. Apxirekrypa kepyrouoi HEMpOHHOI
Mepeski 0yna HactynHoro: 400%600%10.

Pe3ynbratu oTprMaHuX 00UMCIIOBAIbHUX €KCIIEPUMEHTIB HaBeleHo y Tal. 1.

Ta6mums 1
Tounicth knacudikaiii 1y ancamOJ1iB HEHPOHHUX MEPEX
AHcamOb HEHPOHHUX MEPEX OTpuMaHa TOYHICTh
Ycepennrotounii aHcamOI1b 3 3-0X HEUPOHHUX MEPEK 97.90%
VYcepennrotounii aHcaMOIIb 3 5-TH HEHPOHHUX MEPEK 98.08%
AnHcaMOb 3 KEPIBHUKOM 3 3-0X HEMPOHHUX MEPEK 97.42%
AHcamO5b 3 KEpIBHUKOM 3 5-TH HEHPOHHUX MEPEX 97.43%

Sk BUIHO 3 Ppe3yabTaTiB MIPOBENEHUX JIOCHIKEHb, YCEpeIHIOYl aHcamoOIi
JEMOHCTPYIOTh OUIbIY TOYHICTh, Y MOPIBHAHHI 3 aHcaMOysMH 3 KepiBHUKOM. CripoOyemo

57



ISSN 2076-5886 (Print) Cepis «IIpuxnaona mamemamuxa. Ingpopmamuxay. Bunyck Ne 1.2019

30UIBIIUTH KUIBKICTh HEMPOHHUX MEpeX B ycepeaHiorouomy aHcamOui. /lonamo HacTymHi
JIBOILIAPOBI1 Ta TPULIAPOBI MOJIE1 HEUPOHI MEPEX1 Ta OTPUMAHY JJIsl KOXKHOI 3 HUX TOUHICTB!

6) neitponHa mepexxa Ne6 (NN6): 300x200%10, 97.16%;

7) neitponna mepexxa No7 (NN7): 600x600%10, 97.43%;

8) netiponna mepexa Ne8 (NN8): 200x50%40%10, 96.46%;
9) neiiponna mepexa Ne9 (NNO): 200x100x300x%10, 96.69%.

Pe3ynbratu oTprMaHuX 00UMCIIOBAILHUX €KCIIEPUMEHTIB HaBeIeHO Y Tall. 2.

Taomus 2

TounicTh K1acudikamii A1 ycepeaHI0IYNX aHCaMOJ1iB HEHPOHHUX MEpex

Ycepenniorouuii ancamOib HEHPOHHUX MEPEK OTpuMaHa TOYHICTh
Ancam0mb 3 7-mu HelpoHHHX Mepex (NN1-NN7) 98.11%
Ancamb615b 3 7-mu HelipoHHuX Mepexx (NN1-NNS, NN§, NN9) 98.10%
AncaM0mb 3 7-mu HelpoHHHX Mepex (NN3-NN9) 97.98%
Ancam0mb 3 9-u HeitpoHHux Mepex (NN1-NN9) 98.15%

30UIbIIEHHS KUIBKOCTI HEHMPOHUX MEpeXK HPHUBOJIUTH 10 TMOKPAIIECHHS pe3yjbTaTiB
kinacudikamii. Takok BapTo 3a3HAYMTH, 10, OCKUIBKM aHCaMOJI1 CKJIQJarOThCA 3 MPOCTHX
MoJeneH, To 3arajibHui yac iX HaBUYaHHS MEHIINN, HDK Yac HaBYaHHS 3TOPTKOBUX HEHPOHHUX
MEpeK, SKI 4YacTO BHUKOPHCTOBYIOThCS Ui Kiacudikauii 300pakeHb. 3arajibHU 4ac
HaBYaHHs aHcaMOmro 3 7-mMu HeilpoHHUX Mepexx (NNI-NN7) cximamae 14 xB. 24 cek., a
ancam0Ouro 3 9-tu HeitpoHHux Mepek (NN1-NN9) — 16 xB. 32 cek.

PosrnsiHemo uia mpukiany 3roptkoBy HeilipoHHy mepexy (CNN1) 3 nBoma mapamu
3rOpTKM 1 MIABUOIPKM Ta OJHUM IIOBHO3B SI3HUM ILIAPOM, JETalbHY AapXiTEKTypy SKOi
IIpe/ICTaBJICHO Ha puc. 3.

100
32x3x3 32x2x2 64x3x3 64x2%2 10
] | ]
] ‘ | |_ | |
BxiyHi Ilap Illap Iap [Tap OcTtatouHHit
JlaHi 3TOPTKH MIIBHOIPKN 3TOPTKH  TABHOIPKH pe3yibTat

IIoBHO3B 43HHIL
map

Puc. 3 3ropTroBa HelipoHHA Mepexa
Tounicte kiacudikamii 3a AOMOMOTOK 3ropTKOBOi HepoHHOT Mepexi CNNI
cTaHoBUTH 99.02%, npu oMy 4yac HaBuaHHS Mepexi 3 10 enoxamu ckiaB 2 rof. 8 XB. 7 Cek.

OTpumaHi pe3yiabTaTH MPOJEMOHCTPYBATH, 110 HEBEIUKI aHCAMOJI1 3 JBOIIAPOBUX HEHPOHUX
MEpeX HaBUalOTbCA 3HAUHO IIBHJLIE, HDK 3TOPTKOBI HEHpoHHI Mepexi. Kpim Toro, 3
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MPAKTUYHOI TOYKH 30pY MOXE BUSBHUTHCS MPOCTILIE peai3yBaTh aHcaMOJb 13 MPOCTHX
Mozenel, HXK po3poOUTH apXITEKTYpy 3rOPTKOBOI HEHPOHHOT MepexKi.

BucnoBku

VY crarti onucaHo po3poOKy aHcamOJIiB 3 JABOLIAPOBUX HEHPOHHUX MEPEX IMPSMOTO
PO3MOBCIOKEHHS JUI PO3B’si3aHHs 3a/1aul Kiiacudikaiii 300paxens 3 Habopy nanux MNIST.
Byno po3risiHyTO NMBa criocobu moOya0BU aHCAMOIIIO: yCepeaHIOIYN aHcaMOmb 1 aHcaMOIIb
3 kepiBHMKOM. Jlmsi peamizamii omucaHux Mojened BUKOpucTaHo 0i0miotexkn Keras 1
TensorFlow.

Kpamii  pesynpTaTé  NpOAEMOHCTpYBaIM  ycepedHioroui  ancamOmi.  TouHICTh
kjacudikauii Takoro ancaMoino 3 5-9 HeHPOHHUX MEpeX Yy MOPIBHAHHI 3 PE3yJIbTaTH OKPEMOi
HEHpOHHOI Mepexi 30UIbIIyeThbesl B Mexkax 1%. TakuMm 4nMHOM, ycepelHEHHS pe3yJbTaTiB
BUSIBJISIETBCS BUTIHUM, OCKUIBKM WJIEHM aHCaMOJIO JOMYCKAalTh pPI3HI MOMWIKH IpU
kinacudikamii, X049 1 HaBYaJIMCh Ha OJHUM JaHuX. lle OOyMOBJIEHO 1 BHIIAJAKOBOIO
HIIaTi3amier0, 1 BUMAAKOBMM BHOOPOM MIHI-IIAKETIB, Ta 3arajioM pe3yJbTaTaMu
HeZepMIHOBAHOI peastizallii HeHpOHHON MEepexKI.

Bbyno BcraHoBi€HO, 110 3arajdbHUM Yac HaBYaHHS aHCAMOJIB 3 IBOLIAPOBUX HEMPOHHUX
MEpeX 3HAaYHO MEHILIWH, HDK Yac HaBYaHHS 3TOPTKOBUX HEHPOHHUX MEpPEeX, SKI 4acTo
BUKOPHUCTOBYIOThCS JJIs1 Kacu(ikaiii 300pakeHb.

TakuM 4YMHOM MOKEMO 3pOOUTH BHUCHOBOK, IO BUKOPHUCTAHHS YCEPETHIOIOUUX
aHcaMOJIIB 3 TPOCTHX HEHPOHHHX Mepex s Kiacudikamli 300pakeHb € JOCHTh
e(eKTUBHUM, OCKUIbKM BOHM MAalOTh OUIbLIYy IPOTHO3YIOUY 3/IaTHICTh Ta MOPIBHAHO
HEBEJIMKUN Yac HaBYaHHS.

CnucoKk BUKOPHCTAHOI JiTepaTypu:

Pamika C. Python u mammnaHOoe oOy4yenue / Pamka Cebactesa. — M.: IMK Ilpecc, 2017. — 614 c.

2. llomne ®. I'mybokoe obydenue Ha Python / ®@pancya lomne. — CII6.: [Tutep, 2018. —400 c.

3. bomsuackuit E.B. UckyccTBeHHble HEHpPOHHBIE CETH: apXHTEKTYphl, OOy4YeHWe, NpUMEHEHUus /
E.B. bogsuckuii, O.I'. Pynenxo. — Xapekos: TEJIETEX, 2004. — 369 c.

4. TonbueB A.Jl. Heiiponnsie cetu ¢ aHcaMmOiieBoii opranm3anueii / A.Jl. [ombiies. — K.: Haykosa mymka, 2005.
—200c.

5. Kammpuna M.JI. O meromax (HOpMHpPOBaHHS HEWPOCETEBBIX aHCaMOJeH B 3aqavaxX MPOTHO3UPOBAHUS
¢uHaHCcOBBIX BpeMeHHBIX psgoB / W.JI. Kammpuna // BectHnk BopoHEXCKOro ToCyaapCTBEHHOTO
yuauBepcurera. Cepust: CucreMHbIl ananu3 ¥ nHdopmannonusie Texnonoruy, 2009. —Ne 2. — C. 116-119.

6. bproxnoBa B.O. AHcaMOiin HEHPOHHBIX ceTel P MPOTHO3UPOBAHUH 00EMOB MPOAXK B TOProBoi cetn / B.
O. bproxuoBa, H. W. IllykanoBa // BectHuk Ps3aHCKOro TOCYIapCTBEHHOIO paIMOTEXHHYECKOTO
yHuBepcurera, 2018. — Ne66, Yacts 1. — C. 90-98.

7. KpuBoxara A. I'. 3acrocyBaHHS aHCaMOJIeBOro HaBYaHHS B 3aiayax Kiacu(ikaiii aKyCTUYHHX JaHHX /
Kpuroxara A. I'., Kynin O. B., JlaBugorcekuit M. B., Jlicask A. O. // BicHuk 3anopi3skoro HaiioHaJbHOTO
yHiBepcurery. ®@izuko-maremariyHi Hayku, 2018. — Nel. — C. 48-60.

8. CossikuH A.B. O630p MeTo10B 00yueHHs NTyO0OKUX HelpoHHbIX cetei / A.B. Cosbikul / Becthuk IOYpI'Y.
Cepust: BeruucnurensHas MaTematuka u uHopmaruka, 2017. — T. 6. — Ne3. C. 28-59.

—

Bibliography:

1. Raschka S. (2017) Python and machine learning. M .: DMK Press. 614. (in Rus.).

2. Chollet F. (2018) Deep Learning in Python. St. Petersburg: Peter. 400. (in Rus.).

3. Bodyansky E.V., Rudenko O.G. (2004) Artificial neural networks: architectures, training, applications.
Kharkov: TELETEKH. 369. (in Rus.).

4. Goltsev A.D. (2005) Neural networks with ensemble organization. Naukova Dumka. 200. (in Rus.).

5. Kashirina I.L. (2009) About the methods of forming neural network ensembles in the tasks of forecasting
financial time series. Vestnik Voronezhskogo gosudarstvennogo universiteta. Seriya: Sistemnyj analiz i
informacionnye tekhnologii [Bulletin of Voronezh State University. Series: System Analysis and Information
Technologies], 2, 116-119. (in Rus.).

6. Bryukhnova V.O., Tsukanova N.I. (2018) Ensembles of neural networks in predicting sales volumes in a
distribution network. Vestnik Ryazanskogo gosudarstvennogo radiotekhnicheskogo universiteta [Bulletin of
the Ryazan State Radio Engineering University], 66(1), 90-98. (in Rus.).

59



ISSN 2076-5886 (Print) Cepis «IIpuxnaona mamemamuxa. Ingpopmamuxay. Bunyck Ne 1.2019

7. Krivokhata A. G., Kudin O. V., Davidovskiy M. V., Lisnyak A. O. (2018) Application of ensemble training
in problems of classification of acoustic data. Visnik Zaporiz'kogo nacional'nogo universitetu. Fiziko-
matematichni nauki [Bulletin of the Zaporizhzhya National University. Physical and Mathematical Sciences],
1, 48-60. (in Ukr.).

8. Sozykin A.V. (2017) A review of teaching methods of deep neural networks. Vestnik YuUrGU. Seriya:
Vychislitel'naya matematika i informatika [Bulletin of SUSU. Series: Computational Mathematics and
Computer Science], 6(3), 28-59. (in Rus.).

KRASNOSHLYK Nataliya,

PhD, Senior Lecturer, The Bohdan Khmelnytsky National University of Cherkasy

SERDIUK Maryna,

student of applied mathematics speciality, Lviv Polytechnic National University

APPLICATION OF NEURAL NETWORK ENSEMBLES TO SOLVE THE PROBLEM OF
CLASSIFICATION OF IMAGES

Summary. Introduction. Recently, machine learning is one of the leading technologies of today.
Machine learning algorithms have made significant progress in language and handwriting
recognition, image classification, robust email spam filters, high-quality search engines, credit card
fraud detection programs, and more.

A special section of machine learning is deep learning. A typical example of a deep learning
model is neural networks. Currently, there are many types of neural networks that differ in
architecture, type of neurons, communication structure, learning algorithms. Often, the same task can
be solved using different neural networks, and choosing the best one is not determined by strict rules.
The quality of solving a particular task can be significantly enhanced by neural network ensembles.
The ensembles share the same data in parallel with several neural networks, whose output signals are
somehow combined to summarize the result.

Thus, combining a set of neural networks into a single model is a promising area of research in
deep learning. It is anticipated that neural network ensembles will have better generalizability and
enable more complex tasks.

Purpose. The purpose of this paper is to investigate the effectiveness of using neural network
ensembles to solve image classification problems.

Results. The paper describes the development of ensembles of two-layer direct-propagation
neural networks to solve the problem of image classification from the MNIST dataset. Two ways of
constructing an ensemble were considered: averaging ensemble and an ensemble with a leader. The
described models were implemented using the Keras and TensorFlow libraries.

The best results were demonstrated by the averaging ensembles. The classification accuracy of
such an ensemble from 5-9 neural networks in comparison with the results of a single neural network
increases within 1%. Thus, the averaging of the results is advantageous, since the members of the
ensemble make different classification errors, although they have been trained on the same data. This
is due to both the random initialization, and the random selection of mini-packets, and generally the
results of the non-term implementation of the neural network.

It has been found that the total learning time of ensembles from two-layer neural networks is
significantly less than the learning time of convolutional neural networks, which are often used to
classify images.

Conclusion. This paper describes the existing approaches to building model ensembles in
machine learning. The most popular systems for learning neural networks are given. The base model
is a two-layer direct propagation neural network with one hidden layer. Two approaches to building a
neural network ensemble are considered and implemented. The effectiveness of ensembles in solving
image classification problems has been investigated.

We can conclude that the use of averaging ensembles of simple neural networks for image
classification is quite effective, since they have greater predictive power and relatively little training
time.

Keywords: machine learning, classification problem, neural network, ensemble of models.
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OCOBJIMBOCTI 3ACTOCYBAHHS 3rOPTKOBUX HEMPOHHUX MEPEX /1151
3AIAY OBPOBKH 306PA’KEHb

YV cmammi Ooano 6azoee nonammsa ma Xapakmepucmuku 320pMKOGUX HEUPOHHUX
mepedic, ONUCana CmpyKmypa ma Mamemamuyni nioxoou 00 peanizayii HeupoHHOI mepexci
yvoeo muny. Haoanuti onuc ocHOSHUX WaAPI68 320pMKOBUX HEUPOHHUX Mepedic, HaBeoeHi
napamempu, 3a80AKU AKUM MOMCHA 3MIHIOGAMU NpOYec HA8UAHHs Mepedxci. [lemanbHo
PO32NAHYMUL NPOYeC HABUAHHS KONCHO20 3 WAPI8 HelupOoHHOI mepedici. /[Jooamkoso onucaHi
MEeXHIKU, W0 0aromsb MONCIUBICMb 30IIbUUMU HAOIP OAHUX MA NOKPAWUMU NPOYeC HAGYAHHS
mepedxrci 3a 00NOM0o20 KilbKOX nepemeopets

Knrouoei cnosa: onuboke HagyamHs, MawiunHe OAYeHMs, HEUPOHHI Mepedxci,
PO3NIZHABAHHA 00UY, 320PMKOBI HEUPOHHI MepexCi, peyenmueHi nojis, 2auboKe HABUAHHS,
HEUPOHHI Mepedici, 320pMKO8I HeUpOHHI Mepedci, Kiacugixayis, 10Kanizayis, 6usGleHHs,
ceeMeHmayis, GUNPIAMIIEHT NIHIUHI OOUHUYL

IIocranoBka npodsemu
3roprtkoBi HeiiponHi Mepexi (3HM, Convolutional Neural Networks, CNN) — oxHi 3
HaWBIUIMBOBIIIKMX 1HHOBalLi B 00jacTi KOMIT'IOTEpHOro 30py. Bmepuie HelipoHHI Mepexi
npuBepHynu 10 cebe yBary B 2012 poui Ha koHkypci ImageNet. 3a gonomoro 3HM 0Oyio
BCTAHOBJICHO HOBUU PEKOPA MOMUJIOK Ipu Kiacudikamii — 15% (momepenne 3naueHHs 0yiio
26%) [1]. Ha cboroanimHii aeHs riuboke HaBuaHHA (deep learning) BUKOPUCTOBYIOTH 0€3114
BIIOMUX KOMIIaH1:
— Facebook — BukopucToBye 11 anropuTMiB aBTOMAaTHYHOTO BUCTABJICHHS TET1B
— Google — s nourykis no ¢oTtorpadisx
— Amazon — 1 reHepailii pekoMeHaallli ToBapis
Ane xnacuyHUi 1 HaOUIbLI NOMYNISPHUM croci0 3aCTOCYBaHHS HEUPOHHHUX MEPEX Lie
00po0Oka 300paxkens. PosrisHemo sk 3HM BukopuctoByroThes Uisl Kinacudikaiii 300paxeHb.

Buxknan ocHoBHOro marepiany

3amaua wiacudikaiii 300pakeHp — e 00poOka 300pakeHHsI 1 BU3HAYEHHS KJIacy 0
SIKOTO BOHO HAJICXHUTh (aBTOMOOULTH, TBapHWHA 1 T. 1.) a00 Tpynu KJaciB, sIKI HaWKpaiie Horo
XapaKTepPU3YIOTh.

Bxigui i Buxigni nani

Konu xomm’torep oTpumye Ha BXiJ onudpoBaHe 300pa)k€HHS, BIH MPAIIO€ 3 MaCUBOM
MIKCeIiB. 3aJIeKHO BiJl pO3IMIMPEHHS 300pakKeHHs PO3MIPH MAaCUBY MOXYTh OYyTH, HallPUKIIA],
64x64x3 (ne 3 — ue 3HaueHHs KOKHOTO 3 KaHaiiB RGB). Jlns kpaitoro po3ymiHHs ysSBUMO,
10 B HAC € KOJIbOpoBe 300paxenHs B ¢popmari JPG po3mipom 360x360 mikceniB. Bono Oyme
npenacTaBieHo MacuBoM 3 pos3mipamu 360x360x3. KokHe 13 3HaueHb MacuBy HaOyBae
3HaueHHs Bix 0 1o 255, 1m0 onucye IHTEHCHUBHICTb MiKcens. s MIOQUHM 111 3HAYEHHS He
MaroTh CEHCY, alle 1€ €AMHUM Coci0 MpeIcTaBUTH 300pakeHHs B KOMIT foTepl. [es momsrae
B TOMY, 1100 HaJaTu nporpami (aIropuTMy) L0 MaTPULIIO 1 OTPUMATH B Pe3yJIbTaTl 3HAUEHHS
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0 ONKCYIOTh WMOBIPHICTH BIAHONICHHS IBOTO 300pakeHHs 10 meBHoro kimacy (0.8 —
aBTOMOOWIB, 0.15 — TBapuHa, 0.05 - moauHA).

T i L L
G b WA B e

Puc. 1. llo 6aunTk nr0aMHA Ta MO0 «OAYUTHY» KOMIT FOTEP

3B's130K 3 GioJiori€cro

3HM - me mpoToTum 30pOBOi KOPH TOJOBHOTO MO3Ky. 30pOBa KOpa Ma€ HEBEIHKI
JMUISHKY KJIITHH, 00 € YYTJIMBUMH JI0 TIEBHUX oOjactei moiis 3opy. Lo imero meranbHO
PO3MIISTHYJIN 3a JAOTIOMOTOI0 ekcriepuMeHTy ['to6en 1 Bizen B 1962 poril B skoMy mokasainw,
0 OKpeMi HEPBOBI KJIITHHH pearyBalid JIMINE MPHU Bi3yadbHOMY CHPHUHSATTI MEX IMEBHOT
opieHTamii. Hampukman, geski HEWpPOHH AaKTHBYBAJIUCS, KOJW CHPHUMAIN BEPTUKAIbHI
TpaHUIll, a JesSKi — rOpW30HTaJIbHI abo miaroHanbHI. ['foOen 1 Bizenm 3’scyBanmu, mo Bci
HEHPOHW PO3TAIOBaHI B BUJI CTEPKHEBOI apXiTeKTypw 1 pa3oM (GopMyroTh Bi3yalbHE
cupuiHATTA. {10 imero creriamxi3oBaHUX KOMIIOHEHTIB, IO PO3B’SI3YIOTh SKYCh 3aaady i
BHKOPHUCTOBYIOTh MAIIMHH, 1 111 i1ess — ocHoBa 3HM. [7]

CTpykTypa

300pakeHHsT TMPOIYCKAEThCS Yepe3 Cepilo 3rOPTKOBUX, HENIHIHHUX IIapiB, IIapiB
0o0’emHAaHHSA 1 TIOBHO3B’SI3HWMX IIApIB B PE3YJIbTaTi YOTO TI'E€HEPYIOThCS BUXITHI JaHi.
Buxigaumu gaHuMu Moke OyTh Kiac abo WMOBIPHICTH KJaciB, sKi HaHKpalle OMHCYIOTh
300payKeHHSI.

[epumii map — MaTeMaTU4YHA YACTHHA

[Tepmmit map B 3HM 3apxau 3roptkoBuii. Haitnermie 3po3ymiTy, 1Mo Take 3ropTKOBHUI
mrap, JOMOMOJKE MPECTABICHHS MOTO y BHUTJISL JIXTapUKa, KU CBITUTh Ha BEPXHIO JIBY
JacTHHY 300pakeHHs. [IpuIrycTiMo, o CBITJIO 3 JIIXTapuKa MOKPHBAE TUIONTY SX5 MIKCEiB.
B TepmiHax KOMIT'IOTEPHOTO HaBYaHHS €W JIXTapuK — Ie (UIBTP, a 00NacTh Ha Ky BiH
CBITUTh HA3HMBAETHCS PEIENTHBHUM IOJeM. [ mOuHa ¢QuIbTpa MOBHHHA OYTH TAaKOKO XK SK
rmbuHa BXigHOTO 300pakeHHS (5x%5x3). OCKUIBKM (QUIBTP 3IIHCHIOE 3TOPTKY, TOOTO
PYXa€eThCsl MO 300paKCHHIO, BIH IMEPEMHOXKYE 3HAYeHHS (UIbTpa HA BHXIAHI 3HAYCHHS
miKceniB 300pakeHHs (MOeNeMEHTHO). B pe3ynabTari oTpumMyemMo ojaHE 4Yucio. Temnep
HEOOX1THO TTOBTOPUTH IICH Mporiec B KOKHiK no3utlii (HacTymHuit Kpok — 11e mepeMileHHs
¢itpTpa BrpaBo Ha 1 mikcenb). KokHa yHIKaJIbHA TIO3UIIIS 300pakeHHSI TEHEPYE OJIHE YHUCIIO.
[Ticnst mpoxopkeHHsT (UIBTpa MO BCiX MO3MMiAX (s 300pakeHHs 32x32x3) OTpHUMyeEMO
Matpuio 28x28x1, aKy Ha3uBalOTh (PYHKITIEIO aKTUBAIlil a00 KapToro o3HaK. MaTpuis 28x28
OTPUMYETHLCS TOMY, IO € 784 pi3Hi Mo3wmilii, IKi MOXYTh IPOUTH depe3 GutbTp 5x5. L1 784
YHCIIa MEPETBOPIOIOTHCS B MaTpuIlro 28x28. [6]
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input neurons
00000

00000~
00000

00000~

first hidden layer

Puc. 2. Bizyanizanis ¢puibTpa 5x5, 10 CTBOPIOE KapTy aKTUBAIII] 3 BX1IHUX JTAHUX

SIKI0 MM BHKOPHUCTOBYBAaTUMEMO JBa 5X5X3 (QUIBTPU 3aMiCTh OJHOTO, TO OTPUMAEMO
Matpuio 28x28x2.

Iepmmii map

Koxxen ¢puibTp MokHA po3riisiaTu K ineHTudikatop BiactuBocTi. [1ig BIacTuBOCTSIMHU
MaroTbCid Ha yBa3l MpsAMi MEX1, IPOCTI KOJbopu 1 KpuBl. [lpumycTtumo, 1mo Ham nepiiui
bueTp 7X7x3 1 BiH Oyae aeTekropoMm KpuBuX. (1T IpOCTOTH PO3TIITHEMO JIMIE BEPXHI
mapu ¢uibTpa 1 300paxkeHHs). OuUIbTp Mae MIKCEIbHY CTPYKTYPY, Y AKOI1 YUCIIOBI 3HAUEHHS
OUIBIII1 B3JOBXK 00J1aCTI, 1110 BU3HA4a€ (hOpMYy KpUBOI.

0 0 0 0 0 30 0

Puc. 3. [ludpose Ta BizyanpHe peacTaBieHHs (UIBTPA M0 3HAXOAUTh KPHUBI

[ToBepHemocs 10 MareMaTH4HOi Biyanizauii. Kosu B BepXHbOMY JIIBOMY KYT1 BX1IHOTO
300pakeHHs1 € (QUIBTp, BIH 3AIMCHIOE MHOXEHHS 3HaYeHb (UIbTpPA HAa 3HAYEHHS ITIKCENB
obnacti. Posrisinemo mpukiiaj 300pakeHHs, K€ MOTpIOHO Kiacu(iKyBaTH, 1 BCTAHOBHUMO
(GUIBTP B BEPXHBOMY JIIBOMY KYTI.

63



ISSN 2076-5886 (Print) Cepis «IIpuxnaona mamemamuxa. Ingpopmamuxay. Bunyck Ne 1.2019

L3 L™

Puc. 4. Bizyanizamis ¢pinsTpa Ha 300pakeHH1

Bce mo HeoOXigHO 3pOOMTH — L€ MEPEMHOMKUTH 3HA4YeHHS (UIbTpa Ha 3HAYCHHS
KCeIiB 300paKeHHS.

o000 0 (0 |30 o|(o]|0 0 30 |0
0j01|0 50 [ 50 | 50 o(0]0 30 (0 0
0|00 (20500 |O o(0|0D |30 |0 0 0
0|00 |S0)|50)0 (0O * 0|j0|j0)30 (0 0 0
0|00 |50|50 |0 (0O 0o(0)0 |30 |0 0 0
0|00 |50 )|50)|0 (0 0O|0|0 )30 (0 0 0
0|00 |50)|50)|0 (0 o(ojo |0 0 0 0

Puc. 5. 3acrocyBanHs (piIbTpa B BEpXHbOMY JIIBOMY KYT1 300paKeHHS

Multiplication and Summation =
(50x30)+(50x30)+(50%30)+(20x30)+ (50 x 30) = 6600 .
Skmo Ha 300paxxeHH] € ¢popma, 10 CX0Xka Ha KPUBY, AKY MpeAcTaBise QUIbTP, TO BCi
MEPEeMHOXKEH1 1 J0JjaHl 3HAYEHHsI YTBOPIOIOTh 3HAYEHHS Ha KUIbKa MOPSAKIB Oublie 3a 0
(moporoBe 3HAYEHHST BCTAHOBJISIETHCS IPOTPAMICTOM).

0 |0 |0 0 |0 O |O ofofo 0 [30]0

0 (400 [o [o [0 [o oo 1o 3010 lo

400 |[40(0 (O |0 |O olojo|30 (|0 |0 |O

l 40 | 20 0 |0 [0 [0 * ofofof30]0 [0 [0
a 0D |50 0 |0 [0 [O ojofo|30]|o |0 |o
—2> [0 [0 [s0]0 [0 [0 [0 ofofo[30]0 [o [o
i 2s|25[0 [s0]0 [0 [o olololo lo o |o

Puc. 6. 3actocyBanHs (iIbTpa B BEpXHHOMY NIPABOMY KYT1 300pakeHHs
Multiplication and Summation =0

Konu mMu nepemictumo (uibTp, TO OTpUMAaEMO 3HaueHHs Oiu3bke 10 Hyils. [IpuunHoio
€ Te, MO0 B Wi oOyacTi 300paXeHHsI HEMAa€ HIYOro, IO (QUIBTP KPUBOi MIT BUSBHUTH.
[lam’siTalite — pe3yapTaT ILOTO 3rOPTKOBOrO IIAapy — 1€ KapTa BiacTuBocTeil. B
HaWUIpOCTIIIOMY BHIAJKy, MPU HAsABHOCTI OJHOTO (UIbTpa 3rOPTKH, KapTa BIACTUBOCTEH
BUSBUTH OO0JACTi, B SKUX 3 OUIBIIO WMOBIPHICTIO € KpuB1 (KOO (PUIBTp — IETEKTOP
KpuBHX). B 11bOMy nIpuKIIajii 3Ha4e€HHS KapTH BIACTUBOCTEH y BEPXHHOMY JIIBOMY KyTi Oyze
6600. Lle 3HaueHHs MoOKa3ye, 110, MOXJIMBO, IIIOCh CXOKE HA KPUBY € HA 300pakeHHI, 1 Taka
HMOBIpHICTh akTHBYBaJa GUILTP. B mpaBoMy BepXHbOMY KyTi 3HAU€HHS KapTH BJIACTUBOCTEN
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oyne 0, ToMy mo Ha 300pakeHHI He Oysj0 Hi4oro, mo Moryio 6 aktuByBatu GubTp. L1
3HAYEHHS € XapaKTepUCTHKaMU JMle oJHOro (uibTpa, (QuIbTpa IO 3HAXOAUTH KPHUBI 31
3rMHOM Ha30BHI1. MoxyTh OyTH i 1HII1 QuIbTpU. YnM Outble (GuIbTPiB, TUM OLIbINA MIHMOKHA
KapTH BJIacTUBOCTEH 1 OuIblIe 1HPOpMaLli PO 300pakeHHs] MOKHA OTpUMATH. [ 8]

I'im6uie yepes mepexy

3apa3 B TpaAMIiiHINA 3rOPTKOBIA MepexX1 ICHYIOTh 1 1HIIII LIApH, 10 EPEMHOKYIOTHCS 3
sroptkoBuMHU. Knacuuna apxirextypa 3HM maTume HacTynmHU BUTIISA:

Input -> Conv -> ReLU -> Conv -> ReLU -> Pool -> ReLU -> Conv -> ReL U -> Pool -
> Fully Connected

ne Conv — 3roptkoBuii map, ReLU — ¢yukuis aktuBauii, Pool — o0’ ennyrounii map,
Fully Connected — noBHO3B A3HUII 11ap.

Mu posrasHynu QuUIbTpU nepuoro mapy. BoHu BUSBISIOTH BIIaCTUBOCTI 0a30BOro
pIBHS, Takl sIK MexX1 Ta KpuBl. {151 Toro mo6 posni3HaBaTH TUMK 00 €KTIB HA 300pa)KEHHSX,
HaM MOTpiOHa Meperka, 110 3JaTHa PO3Mi3HABaTH 00 €KTH OUIbLI BUCOKOIO PIBHS, HAIPUKIIA]
pyku, nanu abo Byxa. Pesynaprar 00poOku 300paxkeHHs nepmiudM (UIBTPOM Mae po3Mipu
28x28x3 (3a ymoBHU 10 BUKOpHUCTOBYBaBcs (uibTp 5x5x3). Konu 300paxeHHs] MpOXOAUTH
yepe3 OJMH 3TOPTKOBUM IlIap, pe3yJbTaT MEPIIOro IIapy CTa€ BXIAHUMH JAHUMU JIPYroro.
Konu mu onucyBanu nepimiui map, BXIAHUMH JaHUMHU OyJo JIMIIE MOYaTKOBE 300pa)KeHHS.
AJie KOs MU MepeIuIn 10 APYroro mapy, BXIIHUMU 3HaYE€HHSIMU /711 HbOTO cTajia oJHa abo
JeKLIbKa KapT BJIACTUBOCTEHN — pe3ynbTaTr 00poOKu nomnepenHporo mapy. Koxxen Habip qaHux
OTIMCYE TIO3MIIII, /1€ HAa TOYaTKOBOMY 300paKeHH1 3HaXOAAThCs TIEBHI 0a30B1 03HaKU. [ 1]

Tenep, xoium 3acTocOoByeThbCs HaOlp (UIBTPIB MNOBEpX LBOro (300pa’keHHs
MIPOITYCKAETHCS Uepe3 ApYruil 3rOpTKOBUH 1Iap), B pe3ysbTaTi OyayTh akTUBOBaH1 QUILTPH,
SK1 IPEJICTaBIISIIOTh BIACTUBOCTI OUIbII BUCOKOTO PiBHS. TUMaMM IIUX BJIACTUBOCTEN MOXKYThb
Oyt MIBKUIBIL abo KkBagpath. Ywum OulbIle 3rOpTKOBHX IapiB 3aCTOCOBYETHCA [0
300pakeHHs, TUM OUIbII CKJIaJHI XapaKTepUCTUKH MpPOSABIAIOTHCS B KapTax akTuBauii. B
KIHII1 Mepex1 MOXYTh OyTH (PUIBTPH, IO AKTUBYIOTHCS IPU HASBHOCTI PYKOIHCHOTO TEKCTY
Ha 300pakeHH], IPU HASIBHOCTI 3€JIEHUX 00 €KTIB 1 T. 1.

[Ipu pyci B rmuOuny mMepexi, GuUIbTPU MPaLIOIOTh 3 yce OUIbIIMM O0JIEM CIPUMHSTTS, a
3HAYUTh, BOHM B 3MO31 OIpPALbOBYBaTH IH(OpMalil0 3 OUIBIIOI IJIOIIl MOYaTKOBOIO
300pakeHHs1 (BOHM Kpalle aJanTyloThCsl 10 OO0poOKM OuTbIoi 00J1acTi MIKCETBHOTO

MPOCTOPY).

IloBHO3B’s13Hi IapH

Tenep KOIM MOXJIMBO BUSBUTH BUCOKOPIBHEBI BJIACTHBOCTI, MOKHAa IPUKPIIUTH
MOBHO3B’ sI3HUH 11ap BKiHL1 Mepexi. Leit map O6epe BXiaH1 AaH1 1 BUBOAUTH N-MIpHUI BEKTOD,
ne N — 4ucio KiaciB, cepell sIKMX Imporpama oOupae noTpiOHmil. Hampuxman, sKimo Bu
MpaIloeTe HaJl IporpamMoro posmnizHaBanHs 1udp, N Oyzae pisae 10. KoxkHe 3HaueHHS B IbOMY
BEKTOp1 MpeACTaBIATHUME CO000I0 WMOBIPHICTh KOHKpeTHOro kiacy. Hampuknaza, skio
PEe3YNBTYIOUHI BEKTOP Jisi porpamu posmizHaBanHs mudp ue: [0 0.1 0.1 0.75 0 0 0 0 0
0.05], 3naunTh icHye iMOBIpHICTH 10% 110 Ha 300pakeHH] «1», WMoBipHIiCTh 10%, MmO Ha
300paxkeHH1 «2», UMOBIpHICTE 75%, 110 Ha 300paxeHH! «3», 1 UMOBIpHICTh 5%, 10 Ha
300paxkeHH1 «9».

Criocib, 3a [0ONOMOIOI0 SIKOTO MIPAlLIO€ IMOBHO3B’SI3HMM 1ap — 1€ B3aeEMOAIA 3
BUXIIHUMHM JAHUMHM IOINEPEIHbOTO HIapy (SIKUM MOBHMHEH BHUBOJUTH BHUCOKOPIBHEB1 KapTu
BJIACTUBOCTEH) 1 BHU3HAYEHHS BIJIACTUBOCTEH, sIKI OUIbII 3B’A3aHI 3 IIEBHUM KJIACOM.
[ToBHO3B sI3HMI 1ap BUABIAE, 110 (YHKIII BHUCOKOTO PIBHS CHJIBHO 3B’sI3aHI 3 NEBHUM
KJIaCOM 1 MaroTh IEBH1 Koe(dilieHTH Baru, TOOTO, KOJMU BiAOYBA€ETbCSI OOpaxyHOK Baru 3
MONEPEHIM 1IaPOM, OTPUMYIOTHCS MTPaBUIIbHI KMOBIPHOCTI JIJISl PI3HUX KJIACIB.
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HapuyanHs (200 110 3MylIy€ Le NPalBaTH)

Crioci0 3a JOTOMOT010 SIKOTO KOMIT IOTEp 3[aTHUW KOpEeryBaTu 3HauYeHHs PuibTpa (abo
Koe(illieHTIB Baru) — I€ MpOIeC HaBYaHHs, SKUM Ha3UBAETbCS METOJOM 3BOPOTHOIO
PO3MOBCIOPKEHHS TOMUJIKH.

o x HEHpOHHIM MepeKi HeOOX1MHO st poOoTH. JJo MOMEHTY MOOYI0BH MEPEXKi, Baru
abo 3HayeHHs QuUIbTpa BUMNAAKOBL. PUIBTPU HE BMIIOTh IIYKAaTH MeEX1 1 KpuBl. DuibTpU
BEPXHIX IIapiB HE BMIIOTh IIYKAaTU PYKH, JIalu 1 ByXa. [lJig HaBUaHHS MEpeXi 3aCTOCOBYEThCS
MEXaHI3M HaJlaHH$ il 300pa)xeHHs 1 ApJIMKa YM KJacy, 1110 oMy BIAINOBIJIAE.

MeTo1 3BOPOTHOrO PO3MOBCIOPKEHHS IMOMWJIKM MOYXHA PO3AUIMTH Ha 4 OKpeMHX
OJIOKH: TIpsSIME PO3MOBCIOKEHHS, (DYHKIIISI BTPATH, 3BOPOTHE PO3MOBCIOKCHHS 1 OHOBJICHHS
Baru. [lig yac npsIMOro po3noBCIOKEHHS, OepeThCsl TPEHYBaJIbHE 300paykeHHs (1€ MaTpULIs
32x32x3) 1 npomycKaeThCsl Yepe3 BCIO Mepexy. B mepromy npukiazii, OCKUIbKH BC1 Bard abo
3HayeHHs QUIbTPIB Oynu 1HILIHOBaHI BUMAAKOBUM YHMHOM, BUXIIHUM 3HAU€HHSAM Oyne I0Ch
Ha 3pa3ok [0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1], To6TO Take 3HAYCHHS, SIKE HE HAIA€
nepeBary *o/JHOMY 3 HasiBHUX KilaciB. Mepexka 3 TakMMH BJIACTUBOCTSIMU HE 37aTHA 3HANUTHU
BJIACTUBOCTI 0A30BOT0 PIBHS 1 HE 37aTHA apryMEHTOBAaHO BU3HAYMTH Kjac 300paxeHHs. Lle
Bene a0 (yHkii BTpatu. Ha npomy eTamni BUKOPUCTOBYIOTHCS JIaH1 Ui HaBUaHHS. Y TakuX
JNaHUX € 300pakeHHs 1 ApiuK. Skiio mepuie 300pakeHHs JUIsl HaBYaHHS 1€ 1udpa 3, To
sipukom oyzae [0 0 0 1 0 0 0 0 0 0]. dynxuis BTpaTu MOKe OyTH BHpa)Ke€Ha 10 PI3HOMY, ajie
4acTO BUKOPUCTOBYETHCS CEPETHROKBAIpATUYHA TOMUJIKA.

= 31 target ~ oupur) (n

Hexait nie 3nauenns Oyne L. Brpara Oyzae myxe BeIMKOIO ISl IEPIIUX ABOX 300pakeHb.
Jliig Toro 11100 MPOTrHO30BaHUM APIUK OyB TAKUM K€, K SPIUK 300paKeHHs JUIsl HaBUYaHHS,
MOTPIOHO 3BECTH O MIHIMYMY KUIBKICTb BTpaT, Kl B Hac €. Po3risaaroun 110 3agady sk
3a/1a4y ONTHUMI3aIlli 3 MaTeMaTHMYHOTO aHali3y, HEOOXIIHO 3’sCyBaTH, sKI BHUXITHI JaHI
CHPHUSIIU BTpaTaM (IIOMUJIKaM) MEpExi.

OpuH 31 cnocoOiB Bi3yali3yBaTu 1€ MiHiIMi3auii BTpaT — ue 3-D rpadik, ne Baru
HeHpoHHOT Mepexi (iX Oulblle 2-X, aje TyT MPHUKIaJd CIPOIIEHUN) 11e He3aleKHI 3MIHHI, a
3ajie)XHa 3MIHHA — 11€ BTpaTa. 3ajjaya MiHIMI3allii BTpaT — BIAPEry/Il0BaTH Baru TakKUM YMHOM,
mo0 3HU3WTH BTpary. BidyanpbHO HEOOXTHO HAOMU3UTHCS [0 HAWHWKYOI TOYKH
yamono1ionoro o0’exty. 106 3pobutu ne, HeoOXiIHO 3HANTH MOXIAHY BTpaTH (B paMKax
300pakeHOro Tpadika — po3paxyBaTH KyTOBUU KOE(DIIEHT B KOXKHOMY 3 HaINpsIMKIB) 3
BpaxyBaHHSM Bar.

Ile maTtematuunuii exBiBasieHT dL/dW, ne W — Baru oxanoro mapy. Jlanai HeoOXiIHO
BUKOHATH 3BOPOTHE PO3MOBCIOKEHHSI Yepe3 MEPEXKy, SKe BU3HAUa€, sIKI Baru 3I1IHMCHUIU
OUTBIIMM BIUIMB HA BTPaTH, 1 3HAUTH CrIOCOOHU, SIK 1X HajallITyBaTH, 1100 3MEHIIUTH BTPATH.
[Ticnst 3HAXOJKEHHS MOXIIHOI, MEPEeXOAUMO J0 OCTAaHHBOIO €Talmy — OHOBJICHHS Bar.
HeoOxinHo B3sTH BCi Baru (UIBTPIB 1 OHOBUTH X TakK, 11100 BOHU 3MIHIOBAJIHUCS B HANPSMKY
IpaJi€HTY.

w=w, —n—-, (2)
Iie W - Bara, w, - I04aTKOBa Bara, 7 - NIBUJKICTb HABYaHHSI.
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Error

W,

Puc. 7. Bizyanizaist 3agadi MmiHiMi3aIii

HIBuakicTh HaBYAHHSA — L€ MapameTp, SKUM oOupaeTbcsi mporpamictoM. Bucoxa
HIBUJKICTh HABYaHHS 3HaYUTh, 110 B HOBUX KoedilieHTax Baru Oy 3po0ieH1 OUIbIIl KPOKH,
3aBJSKM YOMY MOX€E 3HaJ00UTHCS MEHIIE Yacy, 1100 OTpuMaTH ONTUMaIbHUM HaOip Bar. Ase
3aHAJATO BEJIMKA IIBHJKICTh HAaBYAHHS MOXKE MPUBECTH A0 TYXKE BEIUKUX 1 HE JIOCTaTHbO
TOYHUX CTPUOKIB, SIK1 3aBaJSTh JOCSITHEHHIO ONITUMAIBHUX IMOKA3HUKIB.

[Tpomec mpsMOTO PO3MOBCIOKEHHS, (YHKI[IIO BTPATH, 3BOPOTHE PO3IMOBCIOKEHHS 1
OHOBJICHHS Bar, 3a3BUYail HA3UBAIOTh OJHUM TIEPi0I0M IucKpeTu3allii (abo epoch - emoxoro).
[Iporpama Oyne moBTOprOBaTH LieW Mpouec (IKCOBaHY KUIbKICTh IMEPIOJIB JUIsl KOXKHOTO
TpeHYBaJbHOTO 300paxkeHHs. I[licist Toro, sk OHOBJIEHHS MapaMeTpiB 3aBEPIIUTHCS Ha
OCTaHHbOMY TPEHYBAJILHOMY 3pa3Ky, Mepexa IMOBHHHAa OyTH JIOCTaTHbO J10Ope HaByeHa 1
Baru IapiB MOBUHHI OyTH HaJlAIITOBaH1 IPaBUIIbHO.

TecryBanHs

Hapemwri, mo6 no6auntn, un npamroe 3HM, mu O6epemo iHmui HaOlp 300paxkeHb 1
SPJMKIB 1 IPOITycKaeMoO 300paxkeHHs uepe3 Mepexy. [lopiBHIOEMO pe3yibTaTu 3 pealbHUMHU
JAHUMU 1 IEPEBIPAEMO UM MPALIOE HAIlla MEPEexKa.

Kpoxk i BigcTyn

[Ipu poOoTi 3 3ropTKOBUMH HelpoHHUMHU Mepexamu (3HM) mMu mokeMo 3MmiHIOBaTH 2
napaMmeTpH, Ui TOro, o0 3MIHUTH MOBEIIHKY KOXHOro 3 mapiB. Ilicist oOpaHH1 po3mipy
¢buIbTpa, MU MOXKEMO TaK0XX 00paTu KPOK 1 BiacTym.

Kpox — me mapamerp, 110 KOHTPOJIIOE NIPOLEC 3TOPTKU BXITHOTO 300pa’keHHA 3a
noniomororo ¢uibTpa. Ha Puc. 8 300paxkeHo mpukiag 3rOPTKH BXITHUX JAHUX 31 3MIMICHHIM
Ha OJHY KOMIpPKY 3a pa3. KuIbKicTh KOMIPOK, Ha sIK1 3MIIYeTbCsl (QUIBTP HA KOKHOMY KpOIli,
HazuBaeTbcs kpokoM. Ha Puc. 8 po3mip kpoky — 1. 3a Kpok 3aBxau OepyTh LILI€ YUCIO.

67



ISSN 2076-5886 (Print) Cepis «IIpuxnaona mamemamuxa. Ingpopmamuxay. Bunyck Ne 1.2019

Puc. 8. BxiaHi 1 Buxiani 1adi GuibTpa 3 Kpokom 1

Ha Puc. 9 300paxeHo ¢uibTp 3 KpoKOM 2, BUKOPHUCTAaHHS SKOTO MPU3BOJIUTH JI0
3MEHILEHHS JaHUX Ha BUXOMl. SIK mpaBuio, KpokK (uUIbTpy 30UIBIIYIOTH JUIsI 3MEHILEHHS
MEPEKPUTTS PELIENITUBHUX TOJIIB Ta 3MEHILIEHHS KUIBKOCTI IaHUX Ha BUXOA1 (QUIbTpA.

Puc. 9. BxinHi 1 Buxiasi 1adi GuibTpa 3 KpOKOM 2

Tenep npapaiite mornsHemo Ha Bigctymn. o BigOyaerbes, SIKIIO 3acTOCYBAaTH TPHU
¢ubTpu 5x5x3 50 BXIIHUX JaHuX po3MipoM 32x32x3? Posmip BuxigHux Oyae 28x28x3.
Ockutbku 3HM nobyznoBaHa Ha 3aCTOCYBaHHI ps/ly 3TOPTKOBHUX IIAPIB, TO PO3MIP BUXIIHUX
JAHUX TICIIs 3aCTOCYBAHHS KOXKHOTO 3 HUX 3MEHIITYBATUMETHCS IIBHUIIIC, HDK XOTUI0CA 0. Y
paHHIX IIapax Mepekl MU X04eMO 30eperTH MakCUMajbHYy KUIBKICTh 1H(OpMalii Ipo BXiIHI
naHi. CKaxiMO, MM XO4Y€MO 3aCTOCYBaTH OJIMH 1 TOM K€ 3rOPTKOBUH IIap, aje X04emo, o0
o0cAr BUXIIHUX JaHuX 3anumancs 32x32x3. J[is uboro Mu MOKE€MO 3aCTOCYBATH HYJIbOBHI
BIJICTYIl po3Mipy 2 1o uporo mapy. HynboBuil BiacTyn 30UIbIIye pO3Mip MAaTpULl BXIAHUX
JAHKUX 32 JOTIOMOTOI0 JI0JJaBaHHS HYJIIB «HABKOJIO».

Ha Puc. 10 300paxkeHo BXigHI JaHi, MPEACTaBICHI MaTpUICIO 3 po3MipoMm 32x32x3.
Ao nomaTu HyNl «HABKOJIO», MM OTPHUMAaEMO MaTpuIfo 3 po3mipom 36x36x3. Ilicms
3aCTOCYBAaHHS 3rOPTKOBOTO miapa 3 3-ma ¢puibTpaMu 5x5x3 1 KpokoM 1, OTpUMaeMO BUXIIHY
MaTpPHIIIO BCE TOTO X po3Mipy — 32x32x3. [3]
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Puc. 10. Bxigni gani po3mipom 32x32x3 3 BiaCTYnoMm — 2

k1o po3mip Kpoky — 1 1 po3mip BIACTYITY 3aaTH 32 POPMYIIOIO:

pP==—, 3)

ne K - posmip ¢uibTpy. Po3Mip MaTpuiil BXIAHMX AAHUX 3aBXKAU JOPIBHIOBATH PO3MIPY
MaTpHIll BUXITHUX JTaHUX.

®opmyna a1 00paxyHKy po3MIpiB BUXIIHUX JAHUX IS OYb-SIKOTO 3rOPTKOBOTO LIApy
Ma€ HaCTYITHUM BUTJIAL;

L, 4)

ne O — BuxijHa BUcoTa abo mupuHa, W — BXijiHa BUcoTa abo mupuHa, K — po3mip ¢iasTpa, P
— BIACTYI, S — KPOK.

Buoip napamerpiB HaBYaHHA

SIK BU3HAUUTH, CKUIBKU IIApIB CJ11 BUKOPUCTOBYBATH, CKUIBKH 3rOPTKOBUX IIapiB, SKi
po3Mipu QUIBTPIB Ta 3HAUYEHHA s KpOKy 1 Biactyny? lle He TpuBiajgbHI MUTAaHHS 1 HEMAE
BCTAHOBJICHOTO CTAHJAPTY, KU BUKOPUCTOBYIOTH YC1 NOCHITHUKU. lle mosicHIoeThCs THUM,
10 Mepe)ka 3HAYHOIO MIPOIO 3aJIEKUTh BiJ] THUILY JaHUX, 3 IKUMHU BOHA mpaltoe. JlaHi MOXyThb
BIJIPI3HATHUCS 32 PO3MIPOM, CKIIAQJHICTIO 300pakeHHsI, TUIIOM 3aBJIaHHS 00pOOKH 300pa’keHb
tomo. OnuH 13 cnoco6iB oOpaTu mapameTpu — 1€ 3HAWTH TPaBUIILHY KOMOIHAIlIIO, sKa
CTBOPIOE a0CTpaKIlii 300paKeHHsI Y HAIGKHOMY MacIiTaoi.
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ReLU (Rectified Linear Units) mapu

[Ticnst KOXHOro 3rOpTKOBOTO IIApy MPHUHHATO 3aCTOCOBYBATH HENIHIMHUN map (abo
map akTuBanii). MeTor 11b0oTo 1mapy € BBEIEHHS HENIIHIHHOCTI B CUCTEMY, 5IKa B OCHOBHOMY
pocTo 0OpaxoBye JiHIMHI onepaii mijg yac 3aCTOCYBaHHS 3TOPTKOBHX IIapiB (MHOKEHHS 1
J0JlaBaHHsl €JeMEHTIB). B MuHynoMy 3acrocoByBanucsi HeNiHIMHI (QyHKII, Taki sk tanh 1
sigmoid, ane mocmimuuku 3’scyBaynu 1mo RelLU mapu mpartoroTe 3HA4HO Kpaiie, TO My 10
Mepeka Ma€ 3MOry HaBUaTHCS 3HAUYHO LIBUIIE (Yepe3 OOUMCIIOBANIbHY €(EKTUBHICTH) 0e3
iIcTOTHOT pi3HUINI B TOYHOCTI. lle Tako momomarae MOJErmuTH TPoOJIeMy 3HUKAIOUOTO
rpajii€HTa, MO € MPoOJIEMOI0, KOJM HIDKHI IIapu MEPEXi HaBYAIOTHCA YK€ MOBUILHO, Yepe3
rpalieHT MmO eKcrnoHeHIiitHo 3meHmryethes. [llap ReLU 3acrocoBye  dyHKITiO
f (x): max(O,x) 710 BCIX BXIIHUX 3HaueHb. KOpOTKO KaxKyuu, 11sl PYHKIIISI IPOCTO 3aMIHIOE

Bci HeraTuBH1 3HadeHHs Ha 0. ReLU map 3011bl1y€e HENiHIMHI BIaCTUBOCTI MOJEII Ta MEPEXK1
B 3arajbHOMY, HE BILIMBAIOYM Ha PELIENTUBHI MTOJISI 3STOPTKOBOTO 11apy. [5]

lapu 06’ennanns (Pooling layers)

Iicns nesxux mapis ReLU po3poGHUKH MOKYTh 3aCTOCYBATH Inap 00 exHanHs. Moro
TaKOX Ha3MBaIOTh IIApOM 3MEHLIEHHs. B 1mifl karteropii iCHye TakoX KUIbKa BapiaHTIB,
HaUNOMyJIAPHIIUM € MakcmyliHr (maxpooling, puc. 11). Takuii migxin 3acTocoBye QuUIBTP
(3a3Buyail po3MipoM 2x2) 3 KPOKOM TaKoro x posmipy. OuUIbTp 3aCTOCOBYETHCS 10 BXIIHUX
JAHMX 1 3aJIMILIAE JIMIIE MaKCUMaJIbHE 3HAUYEHHS B KOKHIN 3 00J1aCTel 3ropHyTUX (QUIBTPOM.

[Hmn migxoau 10 06’ €HaHHSA — 1€ cepeHe 3HaUeHHA Ta L2-norm, sika BU3HAYa€ThCs 32
dhopmyroro:

)

SO X T -
N = O O
B O 0O W

v

Y

Puc. 11. Makcnymisr 3 GiabTpoM po3Mipom 2X2 1 KpOKOM 2

Komn mu ni3Haemocs, mo crneurdiyHa XapakTepUCTUKA € y BXITHUX JaHUX (B LiIH
oOnacti Oyne BUCOKE 3HAUEHHs aKTHBallli), ii TOYHE pO3TalllyBaHHS HE TaK BAaXKJIUBE SK
BITHOCHE pO3TallyBaHHS BIAHOCHO IHIIUMX XapakTepuctuk. ReLU map pgyxe mBuiako
3MEHILye po3Mipu (JOBXKHMHY 1 IIMPUHY, ajle He TIIMOMHY) BXIIHUX JaHuX. Taki
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TpaHcopMalii MaroTh 2 OCHOBHI Ll [lepia — 3MeHIIeHHsT KUIbKOCTI apaMeTpiB abo Bar
Ha 75%, 1m0 3MeHNIIye CKIaJHICTh O0OuncieHb. Jlpyra — KOHTpOJIb HepeHasuaHHs
(overfitting). 1le TOHATTS OMHUCY€E TPOIEC MPH SIKOMY MOJIEIh HACTUIBKM HajalllTOBaHA Ha
HaBYaJbHI MPUKIIAIN, 10 HE B 3MO31 y3araJIbHUTH JaH1 JJIs TIEPEBIPKU HA TECTOBUX JIaHMX.
CUMITOMOM T€pEeHaBYaHHS € HasBHICTH Mojeni, ska Bumae 100% abdo 99% pesynpraT Ha
HaBYAJIbHUX JIaHUX, aje jgunie 50% pe3ynbTaT Ha TECTOBUX JaHUX.

Ilapu BinciBanus (Dropout Layers)

[Tapu BifciBaHHS MalOTh AyXe crienu(iuny QyHKLI0 B HEHpOHHUX Mepexkax. Lleit map
«B1/ICIBa€» BUIAJIKOB1 HAOOPH aKTHUBAIliif, BCTAHOBJIIOIOYM iX 3HAYEHHS PIBHUM HYJIO. SIKi K
nepeBaru Takoro MpocToro 1, 37aBajgocs 0, HeMOTpPIOHOTO 1 HEIHTYiTUBHOTO Mpouecy? Takuit
MIAX1T 3MYIIye Mepexy 3abe3nedyBaTd NpaBWIbHY KIacU(IKalil0 pe3yibTary s
KOHKPETHOTO MPUKIIAly, HABITh SKIIO JESAK1 3 akTUBaIlii BinkuHyTi. Lle rapanTye, mo mepexa
HE CTaHE 3aHAATO «IIPUCTOCOBAHOIO» /10 HABYAIBHHUX JaHHUX, & OTXKE, 3HUKYE UMOBIPHICTH
BUHUKHEHHS NpoOjieMu IepeHaBYaHHs (IlepeHacuuyeHHs). BapTto 3a3Hauumtu, nei map
BUKOPHUCTOBYETHCS JIUIIIE IT1]] YaC HaBYaHHsI, ajie He M1 yac TecTyBaHHS. [11]

Ilap mepewxi B Mepe:xi (Network in Network Layers)

[Map mepexi B Mepexi MOCHIAETHCS HA 3rOpTKOBUM map 3 ¢uibTpoMm po3Mmipy 1x1.
Bunukae nuTtaHHs, YoMy LIeH 11ap € KOPUCHUM, OCKUIbKH PELENTUBHI MOJIs 3a3BUYail OUIbIIi
3a mpoCTIp, Ha KU BOHU BigoOpaxaroTbes. OnHaK, 3ropTka po3mipoMm 1x1 oxoritoe neBHy
rNUOMHY, TOMY TaKy 3TOpPTKY HEOOXITHO PO3IIsAaTu sK 3roptky po3mipom 1xI1xN, ne N —
KUIBKICTh (UIBTPIB 3aCTOCOBAaHMX B LboMy Iapi. PaktuyHo 1eil map BukoHye N-D
eJIeMeHTapHe MHOKEHHs, /e N — rimOuHa BXITHUX JaHuX mapy. [10]

Kaacudikauis, 1okagizanisi, BUsIBJIeHHs, cerMeHTalic

Kanacudikanis 300paxess - 11 mporiec OTpUMaHH BXITHOTO 300paKeHHS 1 BUBEICHHS
HOMEpY abo0 Ha3BM Kiacy 3 Habopy Kareropii. Aje misg 3aaadi JokaJgizamii 00’€KTiB
MOTpiOHO HE JIMIIIE BU3HAYUTH KJIAC, a 1 CTBOPUTU OOMEXKYBAJIbHY PAaMKYy, sIKa OTHUCYE, e
00’€KT 3HAXOUTHCS HA 300pakKeHHI.

Takox € 3aBIaHHS BUSIBJIEHHSI 00’€KTIB, Ji¢ JIOKali3allisd ITIOBHHHA 3JIHCHIOBATHCS HAa
BCiX 00’ekTax 300pakeHHs (puc. 12, 13). Takum unHOM 3’SBIISE€THCS KiTbKa 00OMEXYBAIbHIX
TMIOJTIB 1 ICK1IbKA KJIACIB.

Puc. 12. Knacudikaiiist — Bu3HaueHHs 110 300pakeHHs 11e cobaka
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e G

Puc. 13. Jlokanizaiisi — BU3HaU€HHS KJIacy Ta 3HaXO/PKEHHS 00’ €KTa Ha 300pa’KeHH1

Tpancdepne nHaBuanus (TransferLearning)

[lomupena noMwuika y CHUIBHOTI MAalIMHHOIO HaBYaHHS IOJISITa€ B TOMY, IO 0e3
BEIMYE3HUX 00’eMiB HaHux (Takux sk B Google), MU HE MaeEMO MOKJIMBOCTI CTBOPHUTHU
edeKkTHBHI MOJel TIMOOKOro HaBYaHHA. XoOdYa JaHl € BaXJIUBOI YaCTUHOK CTBOPCHHS
Mepexi, imess TpaHCPEpHOro HaBYaHHS JOMOMOIJIA 3MEHIIWTA BUMOTH JO JaHHX.
TpancdepHe HaBUaHHSI — 1€ MpOILIEC B3ATTSA IMONEPEAHbO HABYEHOI Mojeil (Baru Ta
rmapaMeTpyu MeEpexki, sika Oyla HaBY€HA Ha BEIUKIM KUIBKOCTI JaHUX KUMOCH IHIIMM) 1
«TOHKOTO HaJallITyBaHHs» MOJIEN1 3 HalllUM BJIacCHUM HaOOpOM JaHuX. lnes mosisrae B Tomy,
0 s TONEpeJHbO HaBUYE€HA Mojeib OyJe BUCTYNATH B SIKOCTI €KCTpakTopa O3HaK. Mu
BUJIy4a€MO OCTaHHIM 11ap Mepexi 1 3aMIHsA€MO HOro BJIaCHUM Ki1acu(iKaTopoM (3aJIe)KHO Bl
obOnacti 3amaui). Jlami MM 3aMOpOXKyeEMO Baru BCIX IHIIMX [IApIB 1 HABYAEMO MEPEXKY
CTaHJIAPTHUM CIIOCOOOM (3aMOPOKEHHs 03Hayae 3a00pOHY 3MIH Bar Mij 4ac ONTUMI3aLlii).

Puc. 14. Bussiennst 00’€KTiB — JIOKaJIi3al(is KUILKOX 00’ €KTIB

3aBaaHHs cerMeHTallii 00’ €KTiB — 116 BU3HAYCHHS KJIACY Ta KOHTYPY KOKHOTO 00’ €KTa
y BXiTHOMY 300paxkeHHi (puc. 15). [4]
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Puc. 15. CermenTarrist 06’€KTiB — BU3HaUEHHS KJIacy 00’ €KTa Ta HOTO BUIUICHHS Ha
BX1JJHOMY 300pakeHHI1

Posrisinemo, yomy 1ie npaigroe. I[Ipunycrumo, nonepeaHbo MiAroTOBIEHAa MOoieib Oyia
HaBueHa Ha ImageNet (ImageNet — HaOip AaHuX, 10 MICTUTH 14 MUIBHOHIB 300pa)xKeHb 3
ot HK 1000 kmacamm) [2]. Konu Mu roBopuMo mpo HU3BKOPIBHEBI IIApU MEPEXkK1, MU
3HA€MO, 110 BOHM OyAyTh BMSIBIISITH Taki pucH, sk peOpa Ta kpusl. Temep, SKIIO B Hac HE
IyXe YHIKaJIbHUN HpOCTip mpobiieM 1 Hablp JaHUX, MEpexi NOTpIOHO Oyae BUSIBUTH KpPHBI 1
pebpa. 3amicTh TOTO, MO0 HABYATH MEPEXKY uUepe3 IHIIIami3amilo Bar BHUIAJAKOBUMHU
3HAYEHHSMHU, MU MO’KEMO BUKOPHUCTATH Baru B>K€ HaBUEHOT MOJIEN1 1 30CEepeIUTUCS Ha OUIbII
BKJIMBHX JJII HABYAHHS apax. KMo >k Haml Hallp 1aHuX aOCOJFOTHO 1HIIWKM HIK TOU 110 B
ImageNet, Tomi HeOOXimHO 3OUIHPIIMTH KUIBKICTh INAPIB 1 3aMOPO3UTH JIMIIE KUIbKA
HIDKHIX. [9]

Metoau 30i1b1IeHHS JaHUX

Posrnsinemo, sk MOXHA 30UTHPIIMTH ICHYIOUMA HAOIp JaHWX JIHIIE 3a JOMOMOTOIO
KUTBKOX JIETKHX MEPETBOPEHB. SIK BKe 3rajyBajocsl paHilie, KOJU KOMIT IOTep OTPUMYE Ha
BX1J] 300pakeHHsI, BIH OTPUMY€E HOTO y BUJII MAacUBY YHCEN, 10 IMPEACTaBISAIOTH IMIKCEI.
[Ipunyctumo, 1o Bce 300pa)K€HHS 3MIIIYETHCS BIIBO HA OJMH MiKcenb. Ui MOIUHU 1S
3MiHa HenoMmiTHa. OAHAK AJIs KOMII'IOTepa 1ei 3CyB MOxe OyTH JOCUTh 3HAaYHUM, OCKUIbKU
KJIac 300pa)XK€HHS HE 3MIHIOEThCSA, a MacuB MiKceNniB — Tak. [limxomu, mo 3MIHIOIOTH
HaBYaJIbHI JlaHl crnoco®aMu, fAKi MOAM(DIKYIOTh IMOJAaHHS MacuBy, 30epiraroud Kiac
300pakeHHs, BIIOM1 SIK MeTOaM 30lIblIeHHs1 JaHMX. BoHu € crnocoOoM MITy4HOTO
po3MKpeHHs: Habopy AaHuX. Takox NOMyASpHUMH MIAXOAAMH € BUKOPUCTAHHS YOPHO-OLINX
300pakeHb, BUMIAKOB1 00pi3aHHs, 00epTaHHs Ta 6arato HIIOr0. 3aCTOCYBABIIH JIUIIIE KUThKa
LUX [EPETBOPEHb J0 HABYAJIBHUX JIaHUX, MO’KHA JIETKO MOJBOITH a00 MOTPOiTH KUIbKICTh
HaBYAJbHUX TTPUKIIAIIB.

BucnoBku

VY cTarTi po3risiHyTO NOHATTS 3TOPTKOBUX HEMPOHHUX MEPEXK, iX 3B'SI30K 3 010JIOTIEIO Ta
CTpyKTypy. Jami Ounbll AeTanbHO pO3IJITHYTO OCHOBHI miapu, mo € B 3HM, omucano ix
poOoTy 3a gomomororo MareMaTuku. KoskeH 3 miapiB po3rISHYTO OKpEMO Ta y B3aeMOJIl 3
IHIIMMHU IIapaMU HEHPOHHOT Mepexi.

[TokazaHo sik HEWPOHHI MEPEXkKi MPAIIOI0Th, Ta K iX MPaBWJIbHO HaB4YaTHU. Po3risHyTO
KUIbKa MIIXO0/IIB 10 HAaBYaHHS HEHPOHHUX MEpEeX Ta MPOCTI COCOON BUPILICHHS NOIIUPEHUX
nmpoOJsieM, 110 BUHUKAIOTh NPH HAaBYaHHI: 30UIBIICHHS 00’€My NaHUX IJIs HaBYaHHS Ta
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BUKOPHUCTAHHS BXKE€ HAaBUYCHUX MEPEX sIK 0a3u [yl BUPILIEHHS BY3bKOCIHEL1ad130BaHUX 3aay.

HaBeneno napamerpu, 3aBIsSKU KM MO>KHA 3MIHIOBATH IIPOLIEC HABYAHHS MEPEXKI.
PosrnsiHyTOo KiTbKa HaMMOIIMpEHINMX 3ajad, SKi pPO3B’SI3yI0Th 3a JOIOMOTOO

3rOpTKOBUX HEMPOHHMX MEpex: KiIacuQikalis, JJoKati3alisi, BUIBICHHS, CETMEHTAIIIsl.
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KUCHER Oleksandr,
PhD-student, The Bohdan Khmelnytsky National University of Cherkasy
FEATURES OF APPLICATION OF CONVERSIONAL NEURAL NETWORKS FOR IMAGE
PROCESSING PROBLEMS

Summary. Introduction. Convolutional Neural Networks (CNN) are one of the most influential
innovations in the field of computer vision. For the first time neural networks attracted attention in
2012 at the ImageNet competition. With the help of CNN, a new record of classification errors was set
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- 15% (the previous value was 26%). Today, many well-known companies use deep learning. But the
classic and most popular way to use neural networks is through image processing. Consider how
CNNs are used to classify images.

Purpose. The task of image classification is to process the image and determine the class to
which it belongs (car, animal, etc.) or the group of classes that best characterize it.

Results. The article gives the basic concept and characteristics of convolutional neural
networks, describes the structure and mathematical approaches to the implementation of this type of
neural network. Provided description of the main layers of convolutional neural networks, mentioned
parameters that allow changing the process of training the network. The process of training each of
the neural network’s layer is considered in detail. In addition, described techniques that allow you to
increase the data set and improve the training process of the network only by several transformations.

Conclusion. The concept of convolutional neural networks, their connection with biology and
structure has been considered in the article. The main layers that are found in CNN are discussed in
detail, described their work through mathematics. Each of the layers is considered individually and in
conjunction with the other layers of the neural network.

Described how neural networks work and how to train them properly. Several approaches to
learning neural networks are discussed, as well as simple ways to solve common learning problems:
increasing the amount of data you need to train and using already trained networks as a base for
solving specialized tasks. Here are some options for changing your network's learning process.

The article discusses some of the most common tasks that are solved using convolutional neural
networks: classification, localization, detection, and segmentation.

Keywords: deep learning, machine vision, neural networks, face recognition, convolutional
neural networks, receptive fields, deep learning, neural networks, convolutional neural networks,
classification, localization, detection, segmentation, rectified linear units.
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BUKOPUCTHOBYIOMbCS 01 HOULYKY NAa2iamy y NpoSpamMHoMy Kool cmyodenmis. Memoio oanoi pobomu €
BUBHAYEHHS NOHAMMS Nia2iamy, OnucauHs Kiacugixayii ma posensd memoodis i0eHmupikayiiHux
MIMOK, GUPIGHIOBANHSL PAOKIB, HcAIOHO20 pPi0K068020 3amiujenHs ma areopummy Xeckena. Taxooic
PO32NAHYMO NpocpamHe 3a0e3neyenHs ma catumu NOULYKy naaziamy.

Knrouoei cnosa: memoo ioenmupixayiinux mimok, areopumm Xecxena, mMemoo SUpiHIO8AHH S
PAOKIB, Memoo HcadibHO20 PAOK0B020 3AMIULeHH S, 3A0a4a NOWLYKY niaziamy.

ITocranoBKka nmpoodJeMu

Huni npu mBuaKoMy po3BUTKY 1HGOPMAIITHUX TEXHOJOTIH 1HTEIEKTyallbHA BJIACHICTh
CTa€ ILIHHIIIOI, aHDK paHime. bepyun 10 yBaru IBHUIKE 3pOCTaHHS OOCSTIB IILOTO BUAY
BJIACHOCTI, BHHHMKA€ TOTpeda y 3axXUCTI aBTOPCHKHX IIpaB JUIS TICPEBIPKHM aBTOPCTBA Ta
MOIIYKY IuTariaTy. 3ajauda MOLIyKYy Ta BUSBIEHHS (parMEHTIB MPOrpamMHOro KoAay, 1o OyB
3aM03WYCHUN Y THIIOT JIIOJIMHU, 3JIMIIAETHCS OJHIEI0 3 HAWOUTBIN aKTyalbHUX, CKIQJHUX Ta
BAYKJIMBUX MPOOJIEM Ul BUKJIAJayuiB, [0 HABYAIOTh IPOIPaMyBaHHIO.

Skmo JBlI mporpamMd  MarOTh ICTOTHY 3arajlbHy 4YacTMHY (Ha pIBHI MOBH
[IporpaMyBaHHs), TO MOXXHA BBaKaTH, II0 B OJHIA 3 HUX MICTUThCA IUIariaT; MpUYOMY,
iariaTop Mo’Ke€ 3MIHUTH OpHIiHAJIbHY IporpaMy BCTaBKOIO JOJATKOBUX OIEpaTopiB
(cuHOHIMI3allll Ta BUKOHAHHS HECYTTEBUX Jiil), NepeidMEeHyBaHHSM 3MIHHUX, 3MIHOIO
MOPSIIKY BUKOHAHHS HE3AJIEKHUX ONIEPAaTOPIB, PO3OUTTAM AedaKuX (QYHKIIN Ha /1Bl 1 TaK Jalli.

O06’exTOM AOCHIHKEHHS Y pOOOTI BUCTYIIATh AITOPUTMU Ta METOAM IMOIIYKY IjIariary.

Meto10 cTaTTi € po3ryisii METOMIB IeHTU(IKALIMHUX MITOK, BUPIBHIOBAHHS DSIIKIB,
XKaa10HOTO PSAJIKOBOTO 3aMIIIEHHS aJTOPUTM XeCKea.

Buknan ocHoBHOro marepiany

1. [lnariaT Ta kaacudgikauis iioro TuMiB Ta BUAIB.

[Inariat - e NpoTU3aKOHHE BUKOPUCTAHHS POOOTH IHIIOL JTFOAMHU Ta OIPUITIOJHEHHS 11
nig rpudom «BiacHoi» mpaui. [lnariatrop — nroauHa, sika NPUBIACHIOE YYX1 Ipalli, podoTu
a00 4acTHHY POOTH MiJl BJACHUM IMEHEM, ITPUCBOIOIOUHN cOO1 iX aBTOPCTBO.

BiamoBinno no [4], mnariaT — 1me omnpwiIOAHEHHS (OmMyONiKyBaHHS) TMOBHICTIO abo
4aCTKOBO YY)KOT'O TBOPY i/l IMEHEM 0COOH, sIKa HE € aBTOPOM.

Haityacrime miariat 3ycTpiyaeTbesi y HAyKOBUX YU TBOPYUX OKOJIaX, i€ BiOyBa€eThCs
MIPUCBOEHHS YY)KMX HAYKOBHUX, TBOPYHX, XY/I0KHIX TBOPIB TOILO.

Mertor muiariaTy 4M Iulariatopa €, MepeBa)xxHo, OakaHHs CTaTU BIIOMUM Ta/abo
OTpUMAaTH MEBHY I'POILLIOBY BUHArOPOJ1y 3a PaXyHOK IHILOT OCOOU.

3rigHo 3 [7], MeTa miariaTy HayKOBOT'O TBOPY — BUIIPaBAAHHS BUTPAYEHUX OFO/DKETHUX
KOIIITIB 200 KOIITIB 3aMOBHHKA MUISTXOM MPUBJIACHEHHS PE3YJbTATIB UY)KO1 IHTEIEKTYaIbHO1
mparti.

BinnmoBigHO 10 ICTOPUYHMX AAHUX, IUIAriaT JIITEpaTypHUX TBOPIB ICHYBaB IlI€ B JaBHI
YacH.

VY choroseHH1, po3BUBaOYM H(OpMaIliiiH1 TEXHOJIOT1I, JIFOJMHA CTBOPIOE YC1 YMOBH ISl
LIBUJKOTO TOIIYKY IulariaTy. PaHilne aBTopu He Malld MOJIMBOCTI JlI3HATHUCA MpPO TeE, L0
XTOCh BUKOPUCTOBYE iX poOOTY, ajie 3apa3 MPUXOBATU L€ — HEJerka 3ajaya: HalKuCcaBIlU Y
MOIIYKOBOMY PSIKY JIesiKi KJIFOYOB1 ClI0OBa 3 poOOTH, SIKY aBTOP MIJO3PIOE Y 3aIO3UYEHHSX,
MO>KHA 3HAUTH BIAMOBIIHOCTI 31 CBOEIO MPALEI0 Ta BUBHAYUTH CTYIIHb 3a1103UYEHb.

3 po3BUTKOM 1H(GOPMALIHHUX TEXHOJOIIH A0 BI3yaJlbHOIO HOLIYKY IJIariary LUIsIXOM
MOPIBHSIHHS JIBOX TBOPIB JOJAJIMCA MW TEXHIYHI 3acO0M, 110 MOJSATaloTh Yy aBTOMAaTUYHOMY
MOPIBHSIHHI TEKCTY 3 IHIIUMH [7].

Icnye GaraTo pi3HMX TUIIB 1 BUAIB IuiariaTy. HailOuibll mommupeHi 3 HUX HABEJACHO Y
tabmuii 1 (BimmoBimHO 3 [5]).
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2. 3araJIbHOB:KMBaHi AJITOPUTMH NMOLIYKY IJIariaTy
Hapasi icHye pocute OaraTo ajaropuTMiB MOIIYKY IUIariaty, TOMY OIIMCaTH BCl
HeMOxanuBo. OOHAaK, IEKUIbKA 3 HUX HaBEACH] HIDKYE.

Taomums 1

3a HASIBHICTIO YMHCJIY:

Henasmucnuii nnaciam — y pa3i HE3HaHHS
BHMOT, SIKMM TIOBHHHA BIANOBIIATH poOOTAa.

Haemucnuu naaciam.

3a hopMoI0 BiITBOPEHHSI:

Ipamuii  (6iokpumuit) naaciam npsiMe
BIITBOPEHHS (BIIOOPaKEHHS) UYKOTO TBOPY
a0o0 Horo 4acTHUHH I CBOIM IMEHEM.

3asyanvosanuii niaziam — 3a yMOB, SIKIIO
TEKCT TBOpPY 3a3HA€ HECYTTEBUX 3MIH
LUIIXOM 3aMIHM OKpEMHX CJIIB Ta BUPA3iB iX
CHHOHIMIYHUMHU aHanoramu. llpm 1BOMY
(dbopma B IIUIOMY HE 3MIHIOETHCSI.

3a HASABHICTIO

BKa3iBKHM JIKepeJia:

3ano3uuennsa de3 6Kazieku oxncepena:
“npumapnuti  aemop” aBTOp BHJAE
BHKOHAHY IHIIOO JIIOANHOIO POOOTY 3a CBOIO,
HE 3MIHIOIOYH i1 3MICT;

“pomoxkonisn” aBTOpP KOITIOE 3HAYHY
YaCTUHY TEKCTY (aje He BECh TEKCT) 3 OJHOI0
JpKepena, He BHOCSYH JI0 HhOTO 3MiH,;
“wampanue na enyunHuu mamepian”
pobuThcsi  crmpoba  mMpuUXoBaTH  IUIariaT
LUIIXOM KOIIIOBaHHS 3 JEKUIBKOX PI3HUX
JDKEpeT, TEKCT SKUX HE 3MIHIOETBCS, alle
aBTOp IMuUIIe CBOi MepexigHi ¢pasu MK
JaCTUHAMH TECTY;

“nocane mackyeanHs” — 3aJIAIIAETHCA 3MICT
TEKCTY JpKepena, ajie ekl (popmysatoBaHHA
3aMIHIOIOTHCS;

“npays  nini” TPYJOMICTKHIA Tpouec, y
pe3ynpTaTi sSKOoro iH@opmamisi 3 PpI3HHX
JOKepe MIPAaKTHYHO MTOBHICTIO
nepepa3oBy€eTbCs, THIIETECI B OJHOMY
CTHIIL;

“ékpae y cebe” — mependavae 3amo3MYCHHS
TEKCTY 3 BJIACHUX, OUTBIII paHHIX POOIT.

3ano3uuennsa 3 éxaziekoro dxcepena:
“3abyme nocunanua’” ta ‘“Odezinghopmamop”

— [OB’S3aHI 3  HENpaBWIbHUM  abo
MOMMJIKOBHM O(OpPMIICHHSIM TIOCHJIaHb Ha
TDKEPETo;

“3anaomo ideanvne nepegpaszysamnns’ —

SKIIO JOCJTIBHA IMTAaTa HE B35Ta B JIAIKH.
TakuM YuHOM, Yy 4MTaya CTBOPIOETHCA
HEBIpHE Bpa)X€HHS IPO Te, 110 aBTOpP HaBIB
CBOIO OpPUT'IHAIbHY IHTEpPIPETALiIO MOTJISAIB,
BUKJIAJICHUX Y JDKEpEi;

“iOeanvruti znouyun’” BUMHSETHCS, KO
aBTOp MPaBWJIbHO HABOAWUTH JIESAK1 LIUTATH, A
pemty miepedpasye. Y pe3ynabTaTi 4YdTad
MOMWJIKOBO JIyMae, 110 Iepedpa3oBaHUid
TEKCT € aBTOPCHKUM aHAJII30M IUTOBaHUM
AYMOK;

“pacue yumyeanna” abo KomninAyisn
BIIOYBa€ThCSA 3 JIOTPUMAHHSAM YCIX IPaBHII
LUTYBaHHA Ta nepedpasyBaHHs, aie polOoTa
MPaKTUYHO HE  MICTUTh  OPHUTIHAIBHUX
pe3yJbTaTIiB aBTOPCHKOTO JOCIIIKEHHS.

IDicepeno: BIAMOBIIHO 10 [S]

Huxde po3rasiHyTo okpemi, HAMOUIbII MOMIKUPEH], aJITOPUTMH MOILIYKY IjIariary.

MeToa kaai0HOro psiAKOBOIO 3aMillleHHS

Biamosinno mo [3], mpuitmae Ha BXO/Ii
3arajbHUX HEMEePEeCIUHUX MiAPSAAKIB.

JBa PSAAKU, a Ha BUXOJl MoBepTae Habdlp ix

Hexaii P 1 T — ToKeHI30BaHe IPEICTaBICHHS TOPIBHIOBAHUX ITPOrPaM.
[Tepma ¢aza meroxay. [llykaemo makcumalibHi criibHI TiApaaku P 1 T, sKi He BIAMIYEH1
(cmoyatKy anropuTMy BCl €JIEMEHTH HemomidueHi). s 1mporo BHUKOPUCTOBYIOTHCA TpPH

BKJIQJICHUX LMKJIM: TEpPIIui mpodirae 1o
MakcuMalbHuil npedikc B P, 1 7;.

P, npyruii mo 7T, a TpeTii 3HaXOIUTh
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[ToTim BinOyBa€eThCS COPTYBAHHS:

— SKIIO maxmatch MEHIle — BUJAISETHCS 31 CIIUCKY 3arajbHUX MIAPSAKIB matches Bce 1O
LbOTO JOJaHE 1 HOMILAETHCS TYAU 3HalieHuH npedikc;

— KO maxmatch OUIbIIIE — HIYOTO HE 3MIHIOETHCS

— SIKILO piBHI — 10Ja€eThes HalOubmuil npedikc P, 1 7; 1o cnucky matches.

Jlpyra dasa merosy. MuemMo 1o crmcKy, sIKIIO TOTOYHMIT e1eMEHT CIUCKY — HiPsIOK,
KU HE MICTUTh NMOMIYEHHMX €JIEMEHTIB, TO 3alUCYeEMO y KiHIEBUH tiles Ta momiyaemMo Bci
€JIEMEHTHU PO3IJISIHYTOTO pAKa, 0 BXOAATH A0 P 1 7. SIKIIo X AOBXKUHA PSAKIB Y maxmatch
outbiia 3a MinimumMatchLength, To nmoBepTaeMocs 10 nepuioi ¢gasu.

[IceBmokon anroputmMy HaBeaeHo nami [3]:

Greedy-String-Tiling(String P, String T) {
tiles = {};
do {
maxmatch = MinimumMatchLength;
Forall unmarked tokens P, in P {
Forall unmarked tokens Ty in T {
J=0;
while (P,+) == Ti+j) && unmarked(P,+j) && unmarked(T+))
Jt
if (j == maxmatch) {
matches = matches U match(p, t, j);
} else if (j > maxmatch) {
matches = {match(p, t, j)};
maxmatch = j;
}
}
}

Forall match(p, t, maxmatch) € matches {
if (not occluded) {
for j=0...(maxmatch — 1) {
mark(P,+j);
mark(T¢j);
}
tiles = tiles U matches(a, b, maxmatch);
}

}
+ while (maxmatch > MinimumMatchLength);
return tiles;

}

VY nanomy MeTO/1i BUKOPHUCTOBYETHCS K1JIbKa €BPUCTHK:
— JIOBIIl TOCIIJIOBHI 30irW Kparll, HDK Ha0lp MEHIIUX 1 HEMOCTIIOBHUX, HE3aJIEKHO BiJ
CyMH JIOBKMHH OCTaHHBOTO;

— ITHOPYIOThCS 301rH, JOBXHUHHU SKUX MEHIII 3a IEBHE 3HAYEHHS IOPOTYy.

[li eBpHUCTHKH CHPHUSAIOTH BTpPaTi ONTHUMAIHHOTO 3aMIIIEHHS, IPOTE pPE3yabTaTh
BUKOHAHHS pOOOTH METOy Ay*e OJU3bK1 10 HOTO JUIsl BUSIBJICHHS IJIariaTy.
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ACHMIITOTHKA y Hairipmoro Bumaaky — O(n’), ane Ha npakThIi Haitdacrime — O(n’), e
n — NOBXXKUHA PAJKA, Y AKY IIEPEBOIATH MPOrpamMy, BUKOPUCTOBYIOUH TOKEHI30BaHE MOIAaHHS.

Metoa BUpiBHIOBaHHS PSJIKIB

Hexaii € nBa ¢aitin mporpaMHOro Kojay, IPEACTaBICHMX Y BUIVIAAlI TOKEHI30BAHMX
PAAKIB S 1 ¢ BIAMOBITHO (MOXJIMBO, PI3HOI NOBXKHUHM). Temep MOXHA BUKOPUCTATH METO]
JIOKaJIbHOTO BUPIBHIOBAHHS PAJKIB, po3poOsieHuil st Bu3HaueHHa mnonionocti JHK.
BupiBHIOBaHHSI BUKOHY€ETBHCS 32 TOTIOMOI'OI0 BCTaBKU IPOITYCKIB Tak, U[00 JOBXKHUHU PSAKIB
cTanu piBHUMHU. IcHye OaraTto BapiaHTiB BHPIBHIOBaHb ABOX psAAKiB. Hampuxman, 1uist psakis
"masters" 1 "stars" LIKOM JOMyCTHME HACTYIIHE BUPIBHIOBAHHS:

masters masters
sta 1S stars

Temnep Hexaii, s 1 micyig BUPIBHIOBAHHS, BIANOBITHO s 11 . Po3rasiHeMo s; 1 ¢;; BapTICTh
ix 301iry — m, BapTICTh NPOMYCKY — g, BapTICTh pO30LKHOCTI — d, e m, d 1 g — NOBUIbHI YHCIIA.
Ilina BUpIBHIOBAHHS — ILi¢ CyMa BapToCTell ycix map s, i f/, MakCHMajbHE 3HA4YCHHS L€l
nUTh0BOT GYHKIT st BCIX 4, j (I < j < |s’| = |t’|) y paakax s’[i..j] i t’[i.j] — po3mip
BUpIBHIOBaHHS. ko m = [, d =-11g = -2, Toni "rs/rs" Ta "sters/stars" — ¢pparMeHTH psAKIB
3 MakCUMaJbHUM 3HadeHHSIM LUIboBOI (yHkuii. Toxl miHa ix BupiBHIOBaHb -2 1 3. BoHa
BIINIOBI/Ia€ pEMAKIIAHIMA BIACTaHI 1 BUKOPUCTOBYETHCA [UUIi BH3HAYEHHS BIJICTaHI MIK
CXO0KMMHM 00’€KTaMM, a TaKOXX YCIIIIHO BHUKOPHUCTOBYETHCS U BU3HAYEHHS HETOYHOCTI
JIHK y o6uucntoBanbHii 610J10T1ii .

OnTuManbHe BUPIBHIOBAHHS — II€ TaKe MaKCUMalbHE 3HAYCHHS I[UThOBOT QYHKIIIT cepent
yCiX BUPIBHIOBaHb, SIKE MOXKHA 0OpaxyBaTH 3a JOTOMOTOI0 JWHAMIYHOI'O IPOrpaMyBaHHS.
Hexaii s ta t — psaaku, D(i, j) — ontumanbHe BupiBHIOBaHHA s/ 1..i] 1¢/1..j]. HeoOximHO 3HANTH
max <i<s|,1<j<(D(i, j)). Busnaunmo

n,if slil = tlj]

score(sli], tiD = d, else

HacrynHe pexypeHTHE CHIBBIIHOIICHHS T03BOJISIE HAM 3HAWTH HEOOX1HE ONMTHMAJIbHE
BHUPIBHIOBAHHS

D — 1.] — 1) 4 score(sli], t[jD
DG-1.)+yg
DG,j—1)+ g

0

DG, )=

I'pannyni ymoBu 3amatoThesi cuiBBimHOmeHHAMuU D(0, i) = 0 1 D@, 0) = 0. Inmi
eJIeMEeHTH MaTpulil D OOUUCIIOIThCA MPU IPOXOJl 3J1iBa HampaBo 1 3ropu AoHu3y. lle
MOXJIMBO, OCKUIbkU D(i, j) 3anexuts Bin D(i-1, j-1), D(i-1, j) 1 D(i, j-1). Yac oOuucneHus
ontuMansHOro BUpiBHIOBaHHA — O(]s||¢|); Butpatu nmam’ari — O(max(|s|, |t|)), ToMy WO 115
00uMCIIeHHsI HeOOX1/IH1 JIUIIE JBa PSAJIKU.

BuxopuctanHs Meroay BUIUIsIa€ TNPUOIU3HO TakK: OTPUMYEMO TOKEHI30BaHE
MIPEJICTaBJICHHS p; 1 p2 IBOX IpOrpam, AUTUMO JPYTUN PSIIOK p» HA MIAPAJKU, KOXKEH 3 IKHX
[IpeJICTaBiIse€ MOAYJIb BUXITHOT IporpaMu. J[jisi KOXKHOTO migpsiika 1 p; OTPUMY€EMO 3HAUEHHS
ONTUMAJIFHOTO JIOKAJIbHOTO BHpIBHIOBaHHS. lle 103Bojsie MeTOAy KOPEKTHO 0O0poOIsSTH
MepecTaHOBKY MOAYJIIB BUXITHOT IPOTrpamH.

’
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IlepeBaru Ta HexOIKHU

Skmo posrasgatd peanizalilo aaropuTMy, BUKOPHCTOBYBAaHY jAeTekTopoMm SIM, —
HIIKUX TOKpAIleHb MOPIBHSAHO 3 IHIIMMH aIrOpUTMaMU HE OTPUMYEThCS, 30Kpema, Ha 0Oas3i
LbOTO AJITOPUTMY HE MOXHA OpraHi3yBaTH 0a3y JaHUX, sIKA MPUCKOPIOE IMEPEBIPKY 0OUH-
npomu-ecix. OJIHaK, 3aCTOCYBaHHS aJTOPUTMY JI0 TOKEHI3allli IPOrpaMHOTO KOy y HAlIOMY
PO3yMiHHI, MOJKJIMBO, JO3BOJUTh OTPUMATH XOPOIIl pe3yabTaTH, L0 HamMu Oyne
MIPOBOJUTUCH Y MOJAIIBILIOMY.

Meton ineHTH(iKamiHHUX MiTOK

3rigHo [9], mig yac nepeBipkU Ha IuiariaT HeoOX1IHO 3HaWTH KOMii UM (hparMeHTH KOIIii
y TeKCTOBI 0a3i. Y TakoMy BUIIa/IKy Oe310cepe/iHe MOPIBHIAHHS (PailiiB € Hee(hEeKTUBHUM.

Meton igeHTH(IKAIIHHUX MITOK J03BOJISiE TEPETBOPUTH (aill y OUIbII KOPOTKY
MOCIIZOBHICTD: (Paiisl 3icTaBIsieETbCA 3 HA0OM 1IeHTU(DIKALIIHHUX MITOK.

Hexaii naHo nOBUIbHUIN TEKCT:

abracadabra (cxknanaerbes 3 11 cumBoni; m = 11).

Posrisinemo Habip MITOK [uist paiiny Ha JaHOMY NPUKJIIA/IL.
k-rpamMmoM Ha3uBaeTbCs TIpyna Oyab-SKUX Kk CHUMBOJIIB PO3TALIOBAaHUX HIAPALI.
[ToGymyemo k-rpamu ajist IpUKIAAy P, HAPHUKIAL, k = 3:

abr, bra, rak, aka, kad, ada, dab, abr, bra

KinpkicTb k-rpamis, siki MOKHa MOOYAYBaTH AJIsl TEKCTY JOBXKHUHHU 71, IO3HAUYUMO 71:

n=(m-(0o-1))(tyrn=29).

[IpoBenemo xemryBaHHsI ycix A-TpamiB. [[isi maHOro mpuUKIIaMy MOCTIAOBHICTH XEIII-
3Ha4eHb Oyxae takoro: 12, 35, 78, 3, 26, 48, 55, 12, 35.

BukopuctanHs ycix 3HaueHb HepalioHalbHE, TOMY BHUOHMpPAETHCS HEBEIUKA iX
KUIbKicTh. OOpaHi Xell-3Hau€HHs CTaloTh MEHIIMMH (Qaitnamu. OKpiM MITKH 30epiraerbcs
TakoX 1H(opMaIis Npo Te, 10 SIKOro (aiy BoHa HAJIEKUTh. SIKIO Xem-(QyHKIS Aa€ Maly
HMOBIPHICTh KOJII31H, TO OJJHAKOBI MITKH y HaOopax ABOX (pailiiiB cBiIUaTh PO Te, IO Yy HUX
€ CIUIbHUI (parMeHT, a 3a KUIBbKICTIO CIUIBHUX MITOK MOXHa TOBOPUTH IIPO CXOXKICTb
¢aiinis.

IlepeBaru meroay:
— MOJKHa CTBOPUTH 0a3y aHUX JUIsl IEPEBIPKY 0OUH-NPOMU-BCIX;
— IUIIOCHU TOKEHI30BaHOTO MPEICTABIICHHS;
— CHUIbHI NIJPSAJKH, K1 MEHII1 IEBHOTO MOPOTY, ITHOPYIOTHCS;
— METOJ HeUYTJIMBUH 10 MepeMillieHHsT PparMeHTIB KOIy.

Henonixm:
— MOXIJIHBICTh 30I'y TOKEHI30BAaHOTO MPEACTABJICHHS MPOTpPaM, aje BiICYTHICTh 30iry y
MMOYATKOBHX KOJIaX IMPOTPaM.

AJaroputMm XeckeJa

Posrnsinemo anroputwm, onmcanuii y [9].

Hexali maemo n1Ba mporpaMHuX KOJH, SIKI MOJAH1 y BUIVIAMI CHUCKY TOKEHIB a 1 b
BiANOBIAHO. OHUM 3 KpUTEPIiB MOAIOHOCTI BBAXKAETHCS JOBXKUHA HAUOIILULO20 CNINbHO20
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niopsioka. My 3aBXI1 MaeMO 3MOTY 3HAWTH Takuil enemMeHT psaaka a;, mo H3II (naitbuibma
3arajgbHa (CIUIbHA) MIAMOCIIIOBHICTB) PAIKIB Ag=a|qdq -1 ... aia; ... ai; 1 b Oyne MeHIO0
(monaiioutbie — y 2 pasu), anik H3II (a, b) (sxmo H3II (a, b) > 1). lllo6 yHuKHYTH 1IHOTO,
CKOPHUCTAEMOCS aJITOPUTMOM XecKena, KU BUMarae KuUIbKOX NMPOXOAIB MO LHUKIAX 1 MpHU
LIbOMY BUKOHY€EThCS 3a JIHIHHUN Yac. Po3kiagemo a 1 b Ha k-rpamu. 3Haiinemo B a 1 b Ti k-
rpaMy, SIKI 3yCTpI4alOThCS JIMIIE OJMUH pa3. st KoXHOI mapu nepeBipseMO, UYd €IeMEHTU
PAIKIB CXO1 3 TUMH, 110 3HAXOIATHCS J0 HUX; AKIIO TaK, TO MOBTOPIOEMO Ti K Aii /IS HUX 1
TaK Jajli, TOKU HE 3HAWIEThCA PO30LKHICTh. AHAJIOTIYHO AJIA PAIKIB, SK1 JeKaTh Aaimi. Y
pe3yabTaTi, OTPUMYEThCS HAOip CHINBHMX MiAPAAKIB @ 1 b, MO He TepeTHHAIOTHCA. IX
3arajbHa IOBXKHMHA Oy/e IHTepHPETyBaTUCh SIK MOMIOHICTh MTporpam, 110 BIANOBIIAOTh a 1 b.

bepyan no yBarm momane y [2], MOXHA HaBECTH HACTYIHI MPHUKIAIWA TepeBar 1
HEJIOJTIKIB IIbOTO METO/TY.

IlepeBarm:
— JIHIAHA 3aJIeKHICTh pOOOTH METOY Bill Yacy.

Hepnoutikn:
— MOXJIMBICTh 30ir'y TOKEHI30BaHOTO MPEACTABIIEHHS Mporpam, ajie BIICYTHICTb 30Iry Yy
MIOYAaTKOBUX KOJIaX Mporpam;
— MaJla KUIbKICTh YHIKaJIbHUX k-rpaMiB y BEIUKUX (aiinax;
— BCTaBKa B Ojok a00 3MiHa Ha €KBIBaJIEHTHUH oreparop y OUIbLIOCTI BUNAAKIB Oyle
MIPUBOJIUTH /10 MPOIYCKY IIi€] YACTHHH OJIOKY;
— HE MOJKHA CTBOPUTH 0a3y AaHUX Ul NEPEBIPKY 0OUH-NPOMU-BCIX.

3. Orasig nporpamMHoOro 3aée3neyeHHsl Ta CAWTIB MOLIYKY Iuariaty

SKmo po3rasaatv catu, SKI IOpU3HAuYEHI s MOLIYKY IulariaTy, MOKHa BUAUTUTH
HACTYIHI.

Turnitin ~ (http://submit.ac.uk/) — caWT mnepeBipsie poOOTYy HAa  YHIKAJIBHICTH,
BUKOPHUCTOBYIOYM 0a3y JaHMX PI3HUX pOOIT (aBTOPCHKUX, AUIJIOMHHMX TOIIO). SIKIIO K Takoi
pob6oTu He Oyno 3HalaeHo y 6a31, TO cUCTeMa JIOMOBHIOE CBOO 6a3y UM Qaitiom. [5]

AntiPlagiat.ru (http://www.antiplagiat.ru) — 4umoch cxoxuit Ha Turnitinw, aie Ha
IIbOMY pPECypCl 3apeecTpyBaTUCh MOJXKE SIK BUKJIAQJa4, TaK 1 CTyIEHT (IMI00 KOPUCTYBATHCS
BCIMHM MO>KJIMBOCTSIMH, HEOOXITHO KYITUTH TUIATHUM aKKayHT).

Unplag — nomyk miariaTy MOXJIMBUM SIK y peXUMI peajbHOro dacy, Tak 1 1o 0Oasi
JaHUX, Y K1 30epekeHo BEIMKY KUIbKICTh JOKYMEHTIB; npaiitoe 3 Canvas, Sakai, Moodle.

Wwww.miratools.ru — 103BOJIA€ 3[IMCHIOBATH OHJIAWH-NIEPEBIPKY TEKCTY Ha IUlariar.
Cucrema BUKOPUCTOBYE Pe3yJbTaTH BUAAU1 OLTYKOBUX CUCTEM.

WWW.istio.com — 3JI1MCHIOE TEPEBIPKY TEKCTY Ha YHIKAJIbHICTh 3 BUKOPHCTAHHSIM
cucrem Annexkc. XML 1 Yahoo.com.

Plagiatinform — nepeBipsie TEKCTH Ha YHIKAJbHICTh y BlIacHI 6a3i Ta y Intepueri. Caift
MOXK€ 3HAXOJUTH HE YyHIKaJbHI ()parMEeHTU TEKCTY Yy BHUIVIAJI TEKCTIB, JIe «IepeMilllaHi»
(GbparMeHTH TEKCTY KUIbKOX JUKEepe.

Copyscape — n03BOJIsi€ IIyKAaTH KOMIil CalTIB y Mepexi [HTepHeT; moBepTae CHHCOK
CaMTIB, JIe MOXKJIMBHH 30ir; BUKOopucTOBYE cructemu Google 1 Yahoo!

http://plagiarisma.net/ — BeO-caiT, 3a TIOIIOMOTOIO SKOI'O MO€E IMIPOBOJAUTHUCH MEPEBIPKa
TEKCTY KypCOBHUX, KBaji(iKallIHHUX Ta MaricTepchbKux poOiT; BUKopucToBye cuctemu Google
Ta Bing.

Skmo x, OpaTu 10 yBaru MporpaMHe 3a0e3MeUeHHs, NpU3HAueHE JUIsl IMEepPEeBIPKU
TEKCTY Ha YHIKaJbHICTh 1 JOCTYIHE K BUKJaJayaM, TaK 1 CTyJIEHTaM, TO MO)KHa BKa3aTH
HacTymHi [5]:
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Advego Plagiatus (http://advego.ru/plagiatus/);
Etxt Aumunnacuam (http://www.etxt.ru/antiplagiat/);
Anti-Plagiarism (http://ikc2.tup.km.ua/index_ru.shtml).

PosrisinemMo koHY porpamy oKpemo.

1. Advego Plagiatus — nporpama, sika nykae B [HTepHeTi pparmeHTH ab0 MOBHI Kol
TEKCTy; Ma€ 3py4HHUI Ta NMpOoCTUH iHTepdeiic. Pe3yapTar poOOTH — BIICOTOK YHIKAIBHOCTI

TEKCTYy Ta BIICOTOK 30iry Tekcty. Tako)X HaJae CIHCOK JDKepel TEKCTy, e Oyiau B3ATi
¢dparmenTu (puc. 1). [5]

o o e 1100 N =

iwn [paexa Bug Mposepea ywukanewocty  Cnpaeca
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BucHoBxku

VY cTarTi po3riIHYTO OKpPEM1 METOIM Ta aJrOpPUTMHU IMOLIYKY IUIariatry, a came: MEeTO[
11eHTU(]IKAIITHUX MITOK, aJIrOpuTM XecKeda, METOJl BHUPIBHIOBAaHHS pAAKIB, METOJ
XKaa10HOro PsIKOBOTO 3aMinieHHs. [lpeacraBieHo 3arajgbHUi ONMUC KOXKHOIO 3 METOMIB Ta
anroputMmiB. KokeH 3 HUX NOTEHUIITHO MOXe OyTH BUKOPUCTAHUM JUIsl BUSBIICHHS IUIariaty y
nporpaMHoMy kojii. OJHaK, Npyu BUKOPUCTaHHI TOKEHI30BAHOTO MOJAHHS KOJAY IPOrpaMu yci
PO3IJIAHYTI aNrOPUTMH MAlOTh TOJOBHMM HEIOJIK: MOKJIMBI 30IrM  TOKEHI30BAaHOTO
MIpeJICTaBJICHHS POTrpaMm MpH BIICYTHOCTI 301y y MOYaTKOBUX IIporpamax.

Ha ocHOBI mojmaHoro y crarrti Mo)KHa CTBEpKyBaTH, L0 Hapa3l (aKTUYHO HEMae
SIKOTOCh OJHOTO 3arajlbHONMPUIHATOTO YHIBEPCAIBHOTO CIMocoly, sKui MokHa Oyno O
BUKOPUCTOBYBATH JJIsi PO3B’sI3aHHA 3a/adl MOILIYKY IJIariaty y nporpamHoMmy kozi. Tomy y
MOJAJBIIOMY HaMHu OyJie MPOBOAUTUCH poOoTa 1Mo MoAMDIKallil ICHYIOUMX aJITOPUTMIB s

ajanTanii iX 10 po3B’sA3aHHA 3a7adyl aHali3y BUXIAHOIO KOJAY IpOrpaM Ha HasBHICTh
3aIl03UYEHb.
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PECULIARITIES OF WORK OF PLAGIATE SEARCH ALGORITHMS IN SOFTWARE

Summary. Introduction. In recent years, students are increasingly practicing the assignment of
other people's works and giving them for their own. All this is due to the development of computer
technology and the possibility of using the Internet. The student without putting a lot of effort copies
someone else's program code, and brings it to the teacher as his own.

There are quite a few algorithms to detect plagiarism in the works of students.

The most common algorithms and methods that can cope with this task are the methods of
identification labels, string alignment, greedy string substitution, Heskel algorithm. Each of these
algorithms has its advantages and disadvantages. The main advantages of these algorithms are that
they all have a linear dependence of the method on time and work with tokenized representation of the
program code, which makes the task of checking for plagiarism much easier.

Purpose. The purpose of this paper is to define what plagiarism is and its classification, review
existing software and sites that are capable of checking text for uniqueness and review methods of
identification labels, string alignment, greedy string substitution Heskel algorithm

Results. At the beginning of the analysis of the topic of this article, there was a problem, and
all-so what can be considered as plagiarism of software code. Then there are fair questions:

—  how different programs must be for one of them to be considered plagiarism;,
— what can be cited as evidence to be sufficient for plagiarism.

The paper considers various methods and algorithms for plagiarism search in the software

code, namely the method of identification labels, the Heskel algorithm, the method of string alignment,
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the method of greedy string tiling. A general description of each of the methods and algorithms is
presented. Each of them is able to detect plagiarism in the program code, but because of their
tokenized representation, they all have one common disadvantage: the main drawback of all these
methods is that the tokenized representation of programs may match, but there is no coincidence in the
initial codes of programs.

Conclusion. Taking into account what was said above about the algorithms and methods of
plagiarism detection, we can conclude that now there is actually no one universally accepted
universal way that could cope with the task of finding plagiarism in the software code, a way that
would not be subject to time. In the future, we will develop a method for searching for plagiarism in
program code based on tokenization of source programs.

Keywords: identification tag method, line alignment method, greedy string tiling method, the
Heskel algorithm, plagiarism search problem.

Ooepoicano pedakyieio 27.09.2018 p.
Ipuiinamo oo nyonixayii 19.12.2018 p.
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