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Steganography is an integral part of modern information protection systems. The
steganographic method with code control of information embedding is a modern
steganographic method that operates in the spatial domain of the container. The advantages
of this method include: ensuring the reliability of perception, resistance to attacks against the
embedded message, sufficient bandwidth, and high computational efficiency. In contrast to
steganographic methods, steganalysis methods are created to allow the detection of
embedded information. To date, no research has been performed on the resistance of the
steganographic method with code control to cryptanalysis attacks. The specific methods for
detecting interference using the steganographic method with code control are also unknown.
The purpose of this paper is to develop a steganalysis method for detecting a covert channel
organized using the steganographic method with code control of information embedding in
the Walsh-Hadamard transform domain. In the paper, the research on the behavior of the
Walsh-Hadamard transformants of containers and steganographic messages is performed,
which allowed us to formulate the conditions for the presence of additional information in
the image. These conditions became the basis for the development of an efficient and
mathematically simple steganographic method that uses the Walsh-Hadamard transform
domain. The performed research on the proposed method allowed us to establish its high
efficiency in various conditions with low computational complexity. In particular, it is shown
that the efficiency of the proposed method exceeds the efficiency of the histogram analysis
method and methods implemented in the well-known StegExpose tool. The results obtained
allow us to recommend the proposed steganographic method for practical application for
detecting covert communication channels created using the steganographic method with code
control. In particular, the simplicity of its algorithmic implementation makes the proposed
method effective in conditions of constrained computing resources.

Keywords: steganography, Walsh-Hadamard transform, steganalysis, code control of
information embedding.

Introduction and statement of the problem. The constant development of information
technologies and their integration into all areas of societal activities occurs in the modern
World. This increases the importance of information security systems, while the growing share
of multimedia information in global traffic leads to the rising significance of steganographic
methods in information protection systems. These methods can conceal the very fact of the
protected information's existence. New steganographic methods are continually evolving and
improving, which, in turn, emphasizes the importance of developing steganalysis methods in
parallel. In situations where the transmission of information through covert channels can
become critically important, the development of fast and computationally efficient methods for
detecting these covert channels becomes crucial. These methods should consider the specifics
of particular techniques to achieve more accurate results.

At the moment, there are many steganographic methods, but they are mainly divided
into two categories: the first category involves hiding data in the spatial domain, and the second
— 1in the domain of container transformants.
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Methods operating in the spatial domain of the container, for example, the classical LSB
method, are characterized by high computational efficiency, high bandwidth, and the ability to
easily ensure the reliability of perception, which, despite their simplicity, makes them quite
widespread in practice. As the modern versions of the implementation of the LSB method we
can consider, for example, the method [1], the main focus of which is on ensuring high
bandwidth of the covert channel; method [2], depending on the marking algorithm of connected
components; a method [3] that hides more of the secret message in the (sharpest) edges of the
image, etc. Such a modification of the LSB methods as LSB-matching (LSBM) also must be
considered [4]. The disadvantages of most methods working in the spatial domain of the
container include their instability to attacks against the embedded message (for example,
compression or noise attacks), and instability to steganalysis.

The methods applying container transform domains can be based on discrete cosine
transform (DCT) [5, 6], discrete wavelet transform (DWT) [ 7], integer wavelet transform (IWT)
[8], discrete Fourier transform (DFT) [9].

A characteristic feature of these methods is the preliminary transformation of the
container or its blocks into a selected transformation domain, followed by the execution of
embedding of additional information. A notable aspect of most of these methods is their ability
to provide resilience against attacks targeting the embedded message. However, the use of
transformation domains significantly reduces the computational efficiency of these methods,
which greatly complicates their implementation on resource-constrained platforms.

The steganographic method with code control of information embedding, which is
proposed in [10] is a recent achievement in steganography that has proved its effectiveness.
This method is characterized by performing steganographic transformation in the spatial
domain of the container, with the capability of selectively influencing the required frequency
components of the container blocks. This approach combines the advantages of methods
operating in the spatial domain with those methods that operate in the transformation domains:
providing resistance to attacks on the embedded message, significant computational efficiency,
and ensuring the reliability of perception.

Despite the high prospects and practical application, today the resistance of the
steganographic method with code control to steganalysis attacks remains poorly researched,
specific methods for detecting covert channels of information transmission, organized using a
steganographic method with code control of additional information embedding, are unknown.

As the research performed in this paper shows, the steganographic method with code
control of information embedding remains resistant to known steganalysis tools, however, the
application of the properties of the Walsh-Hadamard transform opens up prospects for the
development of a mathematically simple method for detecting a covert channel based on the
steganographic method with code control of information embedding.

The purpose of this paper is to develop a steganalysis method for detecting a covert
channel organized using the steganographic method with code control of information
embedding in the Walsh-Hadamard transform domain.

This paper is organized as follows: Section 2 provides an overview of the
steganographic method with code control. Section 3 explains the proposed steganalysis method.
Section 4 presents a comparison of results with other existing methods, while conclusions and
suggestions for further research are presented in Section 5.
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Steganographic method with code control of information embedding. The foundation of
the steganographic method with code control of information embedding lies in the
correspondence between the discrete cosine transform (DCT) and the Walsh-Hadamard
transform. The core idea of this method is based on utilizing the linearity property of the Walsh-
Hadamard transform [11], which enables the embedding of additional information in the spatial
domain of the container while targeting a specified frequency component. This method
architecture ensures significant computational efficiency, high resistance to attacks against the
embedded message, ensuring the reliability of perception, and adequate bandwidth.

Let’s introduce the key definitions necessary for our research. The DCT is defined by
the following relation

S=c X, (1)
where X isthe N x N block of the original image,
C}, is the NxN DCT matrix, the elements C(i, j) of which are calculated using the

following equation

L,Wheni=0;

JN

‘ /% cos(2j+1)iz, wheni > 0.

Another promising type of discrete transform used in the tasks of steganography and
steganalysis is the discrete Walsh-Hadamard transform. In matrix form, the one-dimensional
version of the Walsh-Hadamard transform can be written as the following matrix product

V=YH,, 3)

CG,j)= 2

where Y is the line-vector of length N,
H, is a Walsh-Hadamard matrix of order N =2*, which can be constructed following

Sylvester's construction, which is represented by the following equation

H -1 H k-1
H, = { H; B I_;ZH } 4)

At that time, the two-dimensional discrete Walsh-Hadamard transform is defined as
follows

W=H,XH, (5)

where H) = H,, 1s the normalized Walsh-Hadamard matrix,

1
JN

X is the matrix of the Nx N size.

As the elements of the Walsh-Hadamard matrix are the numbers from {—1,1}, the
Walsh-Hadamard transform is computationally more efficient than the DFT, DCT, and DST
transforms [12].

The Walsh-Hadamard transform returns a sequence of values, which represents a
generalized notion of frequency.

In [13], a relationship was established between the two-dimensional and one-
dimensional Walsh-Hadamard transform. According to this relationship, the coefficients of the

: . . ) 1
two-dimensional Walsh-Hadamard transform can be determined, up to a scaling factor NE

using the one-dimensional Walsh-Hadamard transform.
W=XH_,, (6)

where the operation A represents a vector of length N> obtained by sequentially concatenating
the rows of the matrix A4 of size NxN .
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In the research [10], a relationship was identified between the transform matrix of the
Walsh-Hadamard transform, the DCT transform, and the components of the singular value
decomposition (SVD) of the original matrix. These results provided the theoretical foundation
for developing the method with code control of information embedding.

The essence of code control of information embedding lies in ensuring the desired
properties of the steganographic message in the spatial domain with minimal computational
costs and disturbances introduced to the container during additive embedding of *1.

In this approach, one bit of additional information is embedded into each container
block, distributed uniformly among the elements of the block.

Let the block quxi,j

while d is the additional information bit needs to be embedded into this image block. A
codeword T of'size NxN is assigned to this bit, and used to embed the bit d .
Then, the steganographic message block M will have the form
M=X+T. @)
Considering the connection between one-dimensional and two-dimensional Walsh-
Hadamard transforms the Walsh-Hadamard transformants of the resulting vector M

W=MH,=(X+T)H,,=XH,,+TH,,. (8)
Expression (8) allows for a fundamental conclusion about the nature of perturbations in
the Walsh-Hadamard transform coefficients within the steganographic message after the

additive embedding of additional information.
The magnitude and localization of such perturbations depend on the specific form of the

,1,7,=0,1,..., N—1 of a digital image be a matrix of size N x N

term 7 H , , which represents the Walsh-Hadamard transformants of the row vector T used to

encode the additional information bit d .

Therefore, to implement code control of information embedding its bits must first be
encoded with codewords of size N xN that enable selective influence on specific Walsh-
Hadamard transform coefficients and, consequently, on the DCT transformants.

Such pre-coding allows for focused influence on a given Walsh-Hadamard transformant
of a selected block of size N x N while limiting the impact on each container element to a unit
amplitude.

This ensures the desired properties of the steganographic transformation depending on
which transformant the selected codeword is targeted.

As codewords that provide selective influence on specific Walsh-Hadamard

N2

transformant, the matrix representation of the rows of the Walsh-Hadamard matrix of order N*
is used. As mentioned above, based on the connection between the DCT, it is most appropriate
to use codewords that affect the low-frequency transformants. For the DCT, these are the
transformants (2,1), (2,2), (1,2), and the transformant (1,1).

Therefore, for the Walsh-Hadamard transform [11], these will correspond to the
transformants (5,1), (5,5), (1,5), and the transformant (1,1), respectively. Table 1 presents the
most commonly used codewords of order 8x8 that influence the low-frequency and mid-
frequency components of the container blocks, as well as their corresponding Walsh-Hadamard
transform matrices, up to a scaling factor 1/ N .

Thus, it can be seen how steganographic method with code control influences the
Walsh-Hadamard transformants while operating in the spatial domain. This leads to the natural
conclusion regarding the feasibility of using the Walsh-Hadamard transform domain for the
steganalysis of this method, as the changes occurring in this domain are the most specific and
noticeable.
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Proposed steganalysis method. For the computational experiment, the main dataset of 530
digital images from the NRCS database in lossless TIFF format was used. An additional dataset
of 470 images in lossy JPEG format was also included.

For each dataset, steganographic message sets were created using the codewords
affecting (5,1), (5,5), and (1,5) transformants. Additional information was embedded in the red
channel.

To determine the criteria that could be applied for detecting interference, the values of
the Walsh-Hadamard transformants for the steganographic messages and original containers
were analyzed, as obtained according to (7).

The performed research led to the conclusion that steganographic transformation does
not cause the amplitude values of the Walsh-Hadamard transformants to exceed the limits
typical for the original images. However, for blocks of size 8x8 the following pattern was
found, which we will write in the form of the following statement.

Table 1.

Mapping of codewords and their Walsh-Hadamard transformant matrices
Codeword Walsh-Hadamard transformants
11111111 64 0 0 0 0 0 0 O
11111111 0O 000 O0OO0OTP O
11111111 0O 000 O0OO0O0OTP O
S B R U O B O | W = 0 000 O0OO0O0OTP O
a1 111 1111 =0 0 0 0 0 0 0 O0
11111111 0 000 O0O0OOTO O
11111111 0O 000 O0OO0OTP O
11111111 0 000 O0OO0O0OTP O
1 1 1 1 1 1 1 1 0O 000 O0O0OOTPO
1 1 1 1 1 1 1 1 0O 000 0 O0OOTPO
1 1 1 1 1 1 1 1 0 000 0 O0OOTPO
+ (11 1 1 1 1 1 1 W = 0 000 0 O0OOTFO
s6H -1 -1 -1 -1 -1 -1 -1 -1 Gh =164 0 0 0 0 0 0 O
-1 -1 -1 -1 -1 -1 -1 -1 0 0000 O0OOTO
-1 -1 -1 -1 -1 -1 -1 -1 0O 000 0 O0OOTO
-1 -1 -1 -1 -1 -1 -1 -1 0O 000 0O0OOTPO
r1 11 -1 -1 -1 -1 000 0 64 00O
r1 11 -1 -1 -1 -1 0000 O O0OTO
Ir1 11 -1 -1 -1 -1 0000 O O0OTO
+ Jr1r 11 -1 -1 -1 -1 W = 0000 O O0OTO
11111 -1 -1 -1 -1 =10 0 00 0 0 0O
r1 11 -1 -1 -1 -1 0000 O O0OTO
r1 11 -1 -1 -1 -1 0000 O O0OTO
r1 11 -1 -1 -1 -1 0000 O OO0 0f
1 1 1 1 -1 -1 -1 -1 0000 O O0OTO
1 1 1 1 -1 -1 -1 -1 0000 O O0OTO
1 1 1 1 -1 -1 -1 -1 0000 O O0O0OTO
s |1 1 1 -1 -1 -1 -1 W = 0000 O O0OTO
65 (-1 -1 -1 -1 1 1 1 1 GH 10 0 0 0 64 0 0 O
-1 -1 -1 -1 1 1 1 1 0000 O O0OTO
-1 -1 -1 -1 1 1 1 1 0000 O O0OTO
-1 -1 -1 -1 1 1 1 1 0000 0 OO0 0f

Statement 1. In the blocks of a steganographic message of size 8x8, the Walsh-
Hadamard transformant, where the additional information was embedded, is more likely to take
the maximum value in the block compared to the original images. This dependence can be
represented by the following formula
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Uor[g (kﬂ l’ C) < Usleg (kﬂ l’ C) > (9)

where ¢ is the color channel, and U, and U, are defined by the following relation
Uaig (k:1,€) = P, (k.1 €)) = maxi{, .. (0, j.c)}),

. . : (10)
Usee(k,1,0) = P, (k,1,0) = II}’{:]}X{VKteg(l,j,C)}), @i, Jj,c)#=(,1Lc).

where W, and W, are the matrices of the Walsh-Hadamard transformants for the original
and steganographic images, respectively.
P, (k,l,c))=max{W,. (i, j,c)}) is the probability of the event that the Walsh-
L]

orig

Hadamard transformant with index (7, j) of the block in the original image acquires the

maximum value;
PW,, (k,l,c)=max{W, (i, j,c)}) is the probability of the event that the transformant
L]

of the Walsh-Hadamard transform with the index (7, j) of the steganographic message block

acquires the maximum value.

The transformant (1,1) is not taken into account, as it is zero-frequency and always takes
a value significantly higher than the other transformants.

At the same time, the frequency of maximum values occurring in all other Walsh-
Hadamard transformants of the block, except for the one influenced by the codeword, decreases
in the steganographic message.

To research the values of U

orig

and U

e » CXperiments were performed, and the results
are shown in Fig 1 and Fig.2. Using the results, which demonstrate certain patterns of behavior
in images during the embedding of information, it is possible to define specific criteria by which
an image can be identified as one in which information has been embedded using a
steganographic method with code control. Additionally, it is possible to not only detect the
presence of interference but also determine the specific channel of embedding and the codeword
used with the help of the detected index that disrupts the patterns of the original containers.

So, first of all, the average threshold values of the frequency of occurrence of maximum
were determined for each index of the 8x8 block and each channel. However, these values are
averaged, which means that it is important to adjust them experimentally. For this, it was
decided to focus on the red color channel, namely on the Walsh-Hadamard transformants with
indexes (5,1), (5,5), (1,5), in which it is recommended to embed information.

A~ AN N U |

La i b—o—b——b——& | b : e’ TN\t I . L
1121314,15161718112223242526272821323334353637.3831424344454

(i, )
Fig. 1. Graph of the frequency of the location of the maximum value by the index for images
without embedded information
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(i, )
Fig. 2. Graph of the frequency of the location of the maximum value by the index for images
with embedded information

To determine the initial matrix of threshold values for each color channel of the set of
original images, the matrix of the frequency of occurrence of maximums by index was found.
These matrices are formed according to the following formula

N
MG J.) = (.00 00X Wyl e}
NI “max > max 5
(@, ) # (L1,6), (o s Jimax»©) # (L 1,€),
where N is the number of blocks in image,

¢ is the color channel,

k 1s the number of the block being analyzed,

W, is the matrix of Walsh-Hadamard transformants of the original image for the & -th

block,
6 the Kronecker delta, which is defined as

(In

1> ia ‘,C = imaxa 'maxac 5
5((1',],0), max M(imax,jmax,C))= ( ) =t R : (12)
i s € 0, (7, 7,¢) # (i > Jmax > C)-

We present the experimentally obtained matrix M(Z, j,c) for the case of the red channel,

where the values corresponding to the low-frequency Walsh-Hadamard transformants often
used in practice are highlighted in blue

0 0.008 0.03 0.009 0.25 0.004 0.07  0.006
0.01 0.004 0.003 0.002 0.003 0.002 0.003 0.002
0.026 0.003 0.006 0.003 0.009 0.002 0.006 0.0025
0.1 0.003 0.004 0.003 0.005 0.002 0.003 0.002 (13)

0.3 0.004 0.009 0.005 0.06 0.002 0.0025 0.003 |
0.0055 0.002 0.002 0.002 0.003 0.002 0.002 0.002
0.2 0.003 0.005 0.003 0.03 0.002 0.0085 0.0025
0.008 0.002 0.002 0.002 0.004 0.002 0.003 0.002

Similarly, matrices M(i, j,c) can be obtained for other color channels, in particular, for
channels of the YCbCr color space, if it is used for information embedding.

Based on the obtained results (graphically presented in Fig. 1) and a series of performed
experiments, three primary conditions were derived. These conditions allow for the blind
detection (i.e., without access to the original image) of images affected by the steganographic
method with code control.

The conditions are as follows:

1.Threshold values for indices (5,1), (5,5), and (1,5) are set at 0.3; 0.06, and 0.25,
respectively. This condition is used to minimize False Negative results.

M@, j,c)=

279



O. O Lanovska, A. V. Sokolov

2.The analyzed value in the examined color channel must differ from the values in the
other channels by at least 0.02 (experiments with higher and lower values yielded less
satisfactory results). This condition is also used to minimize False Negative results.

3.At least in 40% of cases, all other values in the color channel, except for the analyzed
one, must be lower than the corresponding values in the other channels (experiments with
higher and lower percentages yielded less satisfactory results). This condition is used to
minimize False Positive results.

Thus, the fulfillment of all three conditions is necessary to identify an image as having

been affected by the steganographic method with code control. This allows for the
determination of the specific channel where the information was embedded, as well as the
transformant that was influenced (which indicates the type of codeword used).
Experimental results. Proposed method. A series of experiments were performed using the
selected image datasets. The steganographic message sets in lossless TIFF format using the
codewords affecting (5,1), (5,5), and (1,5) were analyzed in the RGB space (embedding in the
red channel) and the YCbCr space (embedding in Y). The datasets in lossy JPEG format (at
100% quality) were analyzed in the RGB space (embedding in the red channel). In all cases,
embedding occurred in 100% of the blocks. The results of the percentage of errors are presented
in Table 2. It should be noted that False Positive cases are those where multiple embedding
locations/channels are detected (even if one of them is correct) when it is known that there is
only one. False Negative refers to cases where no impact was detected.

Table 2.
The number of errors when using the proposed method of steganalysis
Format Space Code False Positive False All errors
Negative

tif RGB (5,1) 3,4% 16,3% 19,7%
tif RGB (5,5) 7,7% 13,9% 13,9%
tif RGB (1,5) 5,3% 14,7% 20%

tif YCbCr (5,1) 5,3% 10,2% 15,5%
tif YCbCr (5,5) 7,7% 4,6% 12,3%
tif YCbCr (1,5) 5,5% 11,3% 16,8%
Jpg RGB (5,1) 0% 34,9% 34,9%
Jjpg RGB (5,5) 0% 4,3% 4,3%
Jjpg RGB (1,5) 0% 23,2% 23,2%

Table 2 shows that the best results are obtained when operating in YCbCr space in a
lossless format. The worst results in two of the three cases (namely for codewords (5,1) and
(1,5)) produce lossy .jpg images. However, they also give zero false positives — which is also
a good result. This may be due to small changes in the average threshold results.

Another observation is that statistically, detection works best when the codeword
affecting (5,5) transformant is used for embedding information, meaning that the (2,2) DCT
transformant is affected. This is because the threshold value for this index is quite low (0,06),
making a significant jump in the color channel more noticeable compared to other channels. As
a result, this jump more frequently meets the established three conditions, contributing to better
detection in most cases.

The method was also tested for different percentages of utilized blocks (for lossless .tif
format, codeword affecting (5,1) transfromant, embedding in the red color channel). Table 3
contains the obtained results.
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Table 3.
The number of errors when using the proposed steganalysis method depending on the

percent of blocks embedded
Format Space % of blocks Code False False All errors
embedded Positive Negative
tif RGB 100 (5,1) 3,4% 16,3% 19,7%
tif RGB 70 (5,1) 3,8% 20,4% 24.,2%
tif RGB 50 (5,1) 3,.2% 27,6% 30,8%
tif RGB 25 (5,1) 4,7% 47,1% 51,8%
tif RGB 10 5,1 4,5% 60,7% 65,2%

Thus, in this case, it is evident that at 25% of blocks embedded (in large images), the

presented method loses effectiveness and detects the covert channel with code control in less
than 50%. However, at 100-50% of blocks embedded, it still operates at a fairly significant level
of correct detections.
Similar methods. In general, steganalysis methods can be categorized based on various criteria.
First, they can be classified according to the information available to the analyst. For example,
the steganographic object is known; the steganographic object and the container are known; the
hidden message is known; the algorithm is known; both the hidden message and the algorithm
are known, as well as the case where all of the aforementioned elements are known.

The proposed method is a blind method since only the steganographic object is known.
Currently developing blind steganalysis methods can be categorized into statistical analysis
methods [14], adaptive steganalysis methods [15, 16], and methods based on deep learning [17,
18]. These methods of steganalysis are promising, but they suffer from disadvantages such as
high computational requirements and the need for large training data sets.

A popular tool that uses the methods of adaptive steganalysis is StegExpose. StegExpose
is a steganalysis tool that specializes in detecting steganography in lossless images such as PNG
and BMP (LSB detection methods). It has a command-line interface and is designed for batch
image analysis, providing reporting capabilities and intuitive settings [19].

This tool provides blind analysis. Testing this tool on the aforementioned datasets of
influenced images in lossless TIFF format led to the conclusion that it is unable to detect covert
communication channels created using a steganographic method with code control of
information embedding. The experiments showed that correct detection occurs only in 0.2% of
cases for any codeword, while a false positive result occurs in 99.8% of cases, demonstrating
the complete ineffectiveness of the utility.

The paper [20] also discusses several tools for detecting LSB embedding, including
LSB-matching, but most of them require the presence of the original image, which diminishes
their value for blind detection. In general, methods for detecting LSB embedding [21, 22] most
often require the original image, or they analyze the images in grayscale, which makes it
impossible to determine the specific embedding channel, as proposed by the method presented
in this paper. Table 4 presents the results of the analysis of the aforementioned datasets in
lossless TIFF format using the histogram comparison method [21].

Table 4.
The number of errors when using the method of comparative analysis of histograms
Format Space Code True Positive False Negative
Aif RGB (5,1) 32,3,% 67,7%
Aif RGB (5,5) 37,2% 62,8%
Aif RGB (1,5) 29,6% 70,4%

281



O. O Lanovska, A. V. Sokolov

The analysis of Table 4 leads to the conclusion that the number of errors significantly

exceeds the number of errors when using the proposed method.
Conclusions. In this paper, a steganalysis method for detecting a covert channel with code
control is presented. This method uses the Walsh-Hadamard transform domain for analysis,
which is a promising field for further research and the development of more steganalysis
methods. This method is mathematically simple and offers fewer errors than other listed
analogs; it also provides the ability to identify the specific transform that has been affected and
the channel into which additional information was embedded using the steganographic method
with code control.

Such further research directions can be highlighted: experimental determination of more
effective threshold values for all other block indices, apart from those considered (5,1), (5,5),
and (1,5); exploring the possibility of detecting embedding using the codeword (1,1), as this
component is not accounted for the calculations. Further research is also needed to analyze
images that have been attacked by compression.

The Walsh-Hadamard transform domain opens up significant potential for such
research.
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CTEI'AHOAHAJII3 METOAY 13 KOZOBUM YIIPABJIIHHAM BBY1OBYBAHHSI
IHO®OPMAIII B OBJIACTI IIEPEBTOPEHHA YOJILIA-AJAMAPA

O. O. JIanosceka, A. B. CokoioB

Hauionanehuit yaiBepcuter «Oecbka MOMITEXHIKA
1, llleBuenka mp., M.Oneca, 65044, Ykpaina
Email: radiosquid@gmail.com

Creranorpadis € HeBiJl’€MHOIO YaCTHHOIO MOOY/IOBH CYYaCHUX CHCTEM 3axucTy iHpopmarii. CreranorpadiuHuii
METOJl 3 KOJOBMM YIIPaBJIiHHSAM BOYIOBYBaHHSIM iH(pOpMAIil € CydaCHUM cTeraHorpadiyHuM MeToJoM, IO
orepye B MPOCTOPOBIii 001acTi KOHTEHHepy. [lepeBaramu IbOr0 METOY € 3a0e3MeUeHHS HAAIMHOCTI CIPUNRHSATTS,
CTIHKOCTI /0 arak TPOTH BOYAOBAHOTO MOBIAOMIICHHS, JIOCTATHHOI IPOIYCKHOI CIIPOMOXKHOCTi, BHCOKOi
obuncmoBanbHOI  epexTHBHOCTI. Ha mpormBary creraHorpadiqyHUM METOJAaM CTBOPIOIOTHCS METOIH
CTeTaHOaHaII3y, IO JO3BOJISIOTH BUSBIATH BOyIOoBaHy iHGopMatiro. Ha ceoromHimHIi JeHb OCTIIKEHHS 010
CTIHKOCTI cTeraHorpa)ivHOro METOXy 3 KOJOBHM YIPABIIHHAM JI0 aTaK KPHUITOAHATi3y HE HMpPOBOIMIINCS,
crierudivHi METOM BUABJIECHHS BTPYYaHHS 3a JIOTIOMOTOI0 CTEraHorpadiyHOro MeToLy 3 KOJOBHM YIPaBIIiHHAM
HeBiomi. MeToro 1i€i poOOoTH € po3poOka METOAy CTeraHOaHadi3y Uil BUSBJICHHS IPUXOBAHOTO KaHATY,
OpraHi30BaHOTO 3a JOMOMOTOI0 CTeraHorpadiyHoOro MeToy 3 KOJIOBUM YIpaBIiHHAM BOYOBYyBaHHs iH(popMalii
B 00JacTi meperBopeHHs Youma-Anamapa. Y poOOTi NpoBeeH! JOCHIKEHHS HOBEAIHKH TpaHC(HOpPMaHT
MepeTBOPeHHs Yomma-Aamapa KOHTEHHEpiB Ta CTETaHOIOBIJOMJICHB, SIKi JO3BOJMIN COPMYIIIOBATH YMOBH
HasBHOCTI J0aTKOBOi iH(opMmarii B 300pakeHHi. 3a3HaueHi YMOBU CTaJIH OCHOBOIO JJISi PO3POOKH JIETKOTO Ta
MaTeMaTUYHO [POCTOr0 METOy CTEraHOaHali3y, sIKHi BUKOPHCTOBYE 00JIaCTh NEepeTBOpeHHs Y ouiia-Aamapa.
IIpoBeneHi nociimKeHHS 3aPOIIOHOBAHOTO METO Ty T03BOJIMIN BCTAHOBHTH HOTO BUCOKY €(DeKTUBHICTB B Pi3HUX
YMOBax NPH HU3bKHHA OOYMCIIOBANBHIA CKJIaJHOCTI. 30KpeMa MOKa3aHo, 110 e(EeKTHBHICTH 3alpOIOHOBAHOTO
METO.ly NepeBHILye eDEKTHBHICTh METOY aHaJIi3y TiCTOrpaM, Ta METO/IiB, peali30BaHNUX Y BIZIOMOMY iHCTPYMEHTI
StegExpose. OTpumaHi pe3yJabTaTH JO3BOJISIOTh PEKOMEHAYBATH 3alpOIOHOBAaHWN METOJ CTETaHOAHAI3y Ul
MPAaKTHYHOTO 3aCTOCYBAHHS JJIsI BHSIBICHHS IPUXOBAHUX KaHAIIB 3B’S3KY, IO CTBOPEHHI i3 3aCTOCYBaHHSIM
cTeraHorpaiyHoro MeToay 3 KOJOBUM YIPABIiHHAM. 30KpeMa, 3BaXKal0UH Ha MPOCTOTY CBOET aJrOPUTMI4HO]
peaiizarii, 3anporOHOBaHUN MeTo]] Oyie epEeKTUBHAM B yMOBaxX 0OMEKEHNX 00UNCIIOBAJIBHUX PECYPCiB.
Kuarouosi cioBa: creranorpadis, nepeTBopeHHs Y oia-AnaMmapa, CTeraHoaHali3, KoJA0Be YIpaBIIiHHS.
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MODEL OF GREENHOUSE GAS EMISSION MINIMIZATION UNDER VARIABLE
LOAD OF A STEAM BOILER
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The article investigates the problem of reducing greenhouse gas emissions during variable
load of steam generating energy equipment. The aim of the research is to develop a method
and model that allow reducing greenhouse gas emissions by using a mixture of regulated
methane and alternative low-calorific gas. The scientific and practical significance of the
work lies in the creation of regulation methods that ensure the ecological and energy
efficiency of the equipment without its modernization. The research methodology is based
on mathematical modeling of the combustion process of a gas mixture using chemical
kinetics equations for the isoenthalpic process. A model has been developed within the study
that allows accurately determining the adiabatic combustion temperature of a fuel-air
mixture, as well as the quantitative and qualitative composition of the combustion products
formed under different ratios of methane and low-calorific gas. A relationship between the
fuel mixture consumption, its composition, and the stability of the combustion products
volume has been identified. It has been shown that maintaining constant exhaust gas flow
can be achieved by adjusting the fuel mixture composition, which influences the equipment
power and the temperature of the exhaust gases. The effect of maintaining isoenthalpic
process conditions on the amount of energy released has been separately considered, which
allowed determining the patterns for regulating the equipment power without significant
losses in energy efficiency. The value of the study lies in the development of new approaches
to energy efficiency management and greenhouse gas emissions reduction. The practical
significance lies in the possibility of applying the obtained results to regulate equipment
power without modernization, while maintaining a constant volume of combustion products.
Keywords: power regulation, low-calorific gas, greenhouse gases, chemical kinetics,
isoenthalpic process.

Introduction. One of the directions of the international decarbonization program for industry
and energy is the development of renewable energy sources. "Green" energy requires
significant capital investments. Therefore, it is fully accessible only to a limited number of
industrially developed countries. However, even these countries, in order to ensure the
dispatchability of the energy supply, retain the majority of their generation based on the
combustion of extractable fuels. Furthermore, the preservation and even development of
traditional energy generation sources is even more pronounced in countries with limited
financial resources.

Dispatchability is determined by the ability to make operational changes in the power
of the energy equipment being operated within a wide range. At the same time, it remains
crucial to address the issue of minimizing greenhouse gas emissions across the entire
operational range of traditional hydrocarbon energy equipment based on extracted fuels.
Analysis of research and publications. The elimination or significant reduction of greenhouse
gas emissions in the future is considered from the perspective of transitioning to hydrogen as a
fuel. Even at the stage of analyzing prospects, a number of issues arise during the development
of new technology [1]. Significant financial investments are required to create hydrogen
production technologies, develop the necessary logistics infrastructure, and implement energy
equipment.

Currently, or in the near future, instead of fully hydrogen-based energy, the following
possible measures can be identified for reducing greenhouse gas emissions:

284



[HOOPMATHKA TA MATEMATUYHI METO/I B MOJIEJIFOBAHHI = 2024 = Tom 14, Ne 4

— mixing traditional hydrocarbon fuels with hydrogen in a specific proportion, which
does not require a radical change in the equipment used;

— combustion of organic material of non-extracted origin with a specified energy
production volume to reduce greenhouse gas emissions, accompanied by a special
technological regulation of the energy installation.

The current state of hydrogen production technology is primarily determined by the
reforming of extracted organic fuel [2]. By 2021, out of 60 million tons of hydrogen produced
annually, approximately 96% was obtained by processing extracted fuels (49% natural gas,
29% liquid hydrocarbons, and 18% coal), with only 4% produced by water electrolysis. This
situation resulted in high indirect carbon dioxide emissions [3]. It should be noted that the
energy for hydrogen production processes largely depends on the extracted organic fuel used.
Thus, using hydrogen as a fuel in industry and energy will lead to higher carbon dioxide
emissions than using fossil fuels for the same energy output.

In the absence of developed technology for producing carbon-neutral "green hydrogen
from renewable energy sources" and "orange hydrogen from nuclear energy," the use of its
"gray" variant may currently be justified in research and demonstration projects assessing the
environmental impact. It should be noted that a series of studies has been conducted that allows
for increasing the reliability of fuel rod operation in various modes [4, 5], which makes it
possible to consider nuclear power plants as hydrogen suppliers. There are known studies on
automated control models and methods for adjusting power in nuclear power plants to ensure
stable control in load-following modes, which effectively allows for regulating hydrogen
oxidation [6, 7].

In [8, 9], the issue of safety regarding the use of a methane-hydrogen mixture in existing
boiler equipment is addressed. In [8], the moderate impact of hydrogen content up to 50% in
the fuel mixture on the energy and environmental characteristics of the equipment is noted, and
the possibility of safe operation at such concentrations is demonstrated. In [9], a hydrogen
concentration of 50% in the fuel mixture in the pipeline is considered moderately hazardous,
while a concentration up to 25% is regarded as safe. It should be noted that this refers to the
safety of the mixture during normal equipment operation (without leaks). While the possibility
of a gas fuel mixture leak can be minimized, it cannot be entirely ruled out. The methane-
hydrogen mixture with air is more explosive than pure methane due to hydrogen's lower
minimum ignition energy in air compared to methane (0,020 mJ versus 0,29 mJ — an order of
magnitude difference) [1, Table 1].

There i1s also a thermophysical feature of the methane-hydrogen mixture that
complicates its use in existing equipment. The gravimetric calorific value of hydrogen is higher
compared to methane (119.9 MJ/kg versus 45.8 MJ/kg), which gives hydrogen an advantage
when transported in liquid form. However, hydrogen is supplied to energy equipment in a
gaseous state. In this case, the volumetric energy ratio is reversed (10.7 MJ/m? versus 33 MJ/m?)
[1, Table 1]. It is important to consider the potential decrease in the power output of installed
energy equipment as the hydrogen concentration in the fuel mixture increases, in the absence
of adjustments to the geometric dimensions of the gas supply and exhaust fuel pathways.

Boilers that use natural gas as fuel have an efficiency of 88-93%. Improving this
efficiency reduces carbon dioxide emissions for a given energy production volume. In the
energy balance of boilers, the largest losses occur through flue gases (5-10%). Therefore, the
main area where significant efficiency improvements can be achieved is by reducing these
losses. For example, in [10], a method was developed to determine the variable composition
and energy content (enthalpy) of gaseous fuel during combustion. This method enables the
calculation of boiler efficiency based on the current load and flue gas temperature.

A change in the load of a gas boiler causes a corresponding change in the flue gas
temperature. The need for cyclic power adjustments in a non-condensing boiler within the range
of 40% to 100% [11] can result in flue gas temperatures varying between ~393 K and 473 K
(120°C to 200°C). Maximum load corresponds to the highest temperature and the greatest
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losses. The minimum temperature is determined by the need to maintain a non-condensing
mode during flue gas evacuation. The presence of hydrogen in the fuel mixture, in quantities
deemed safe for operational conditions, slightly increases [12, Table 4] the dew point
temperature of the flue gases. This phenomenon is advantageous for condensing boilers [13]
but undesirable for non-condensing energy systems [14]. In such systems, to prevent
condensate formation in the flue gas channels, the flue gas temperature must be increased,
which leads to a corresponding decrease in efficiency.

Theoretically, in a non-condensing flue gas removal mode, an efficiency improvement
of'up to ~4% could be achieved by lowering the maximum flue gas temperature to an acceptably
low level. However, this approach is not feasible with the current designs of energy equipment.
It should also be noted that, in a cyclic variable mode, the energy system operates at maximum
load for only a small fraction of the time. Consequently, even in theory, the average efficiency
improvement would amount to less than 4%.

Greenhouse gases are formed during the use of fossil fuels. They do not include
alternative combustible gases obtained from the processing of secondary raw materials.
Examples of such gases are the products of wood gasification or agricultural waste [15]. These
gases are characterized by a lower calorific value compared to methane. Therefore, a complete
replacement of methane with alternative combustible gases would lead to a decrease in the
maximum capacity of the installed equipment.

The use of a fuel mixture of methane and alternative combustible gases obtained from
organic raw materials or renewable sources, differentiated according to the specified load,
appears to be relevant in energy steam-generating installations.

Research Objective. The objective of the research is to develop a method and model for
reducing greenhouse gas emissions under varying load conditions of steam-generating energy
equipment through the use of a regulated mixture of methane and alternative gas.

To achieve this goal, the following tasks were set:

— to develop a method and model for forming the composition of the combustible gas
mixture that corresponds to the specified load of the steam-generating energy equipment;

— to determine the impact of the mixture composition on the parameters of the
combustion products (flue gases);

— to determine the influence of the technical parameters of the installed energy

equipment on the composition of the combustible gas mixture while ensuring the specified
operating mode.
Main Part. The use of a low-calorific component in the combustible gas mixture can have
different effects on the operation of the installed equipment. On one hand, it will lead to a
change in the quantity of flue gases and, accordingly, affect the equipment's efficiency. On the
other hand, reducing the calorific value of the gas fuel mixture increases the required volume
to ensure the specified power output. This feature must be considered when evaluating the
throughput capacity of the fuel supply system.

With varying boiler load, the adiabatic combustion temperature of the fuel remains
unchanged if a constant gas composition is used and optimal excess air is provided. However,
the temperature of the flue gases is variable and reaches its maximum at maximum load. The
reason for this is well known. At maximum load, the greatest amount of combustion products
is formed. These pass through the gas ducts at maximum speed, and, accordingly, spend the
least amount of time in contact with the heat exchange surfaces. To account for this feature, one
of the methods for regulating the flue gas temperature and, as a result, the boiler's efficiency,
may be applied.

It can be assumed that the addition of ballast gases will influence the change in the
temperature of the flue gases. For instance, as shown in [16, Table 5], at a lower load (81%
versus 99%), but with a correspondingly higher air excess ratio (1.57 versus 1.2), the
temperature of the flue gases was higher (167°C versus 115°C). This occurs when using fuel of
constant composition. When the optimal amount of air for combustion is supplied, the

286



[HOOPMATHKA TA MATEMATUYHI METO/I B MOJIEJIFOBAHHI = 2024 = Tom 14, Ne 4

temperature ratio should be reversed. This effect can be explained by the air excess acting as a
ballast gas. A similar effect can be observed when fuel is supplied as a mixture of gases, as
additionally shown in [17]. Preliminary studies [18] and further development of models and
methods [19] have made it possible to consider various options for using natural (methane) and
blast furnace gases in different proportions by developing the fundamentals for conducting such
processes [20]. In [21], the option of using natural (methane) and blast furnace gases in different
proportions is discussed. The latter has a deliberately lower calorific value and contains several
ballast gases. It is worth noting that at the same load (for example, 40 tons per hour of steam),
when the share of blast furnace gas in the fuel mixture increases from 0.198 to 0.755, the
temperature in the furnace decreases, and the temperature of the flue gases increases from
148°C to 174°C [21, Table 2].

Thus, there is a potential opportunity to control the temperature of the exhaust gases at
a given boiler load. To increase the temperature, it is necessary to replace some portion of the
standard fuel (e.g., methane) with a gas of lower calorific value, in a corresponding greater
amount. Controlling the exhaust gas temperature allows it to remain constant across the entire
load range. However, this results in an increase in temperature to the value corresponding to
the maximum load. Afterward, it is necessary to design a low-temperature economizer to reduce
the exhaust gas temperature to levels that prevent the condensation of water vapor in the flue
gas system.

The implementation of such a steam generation method and control strategy may require
the use of a large volume of low-calorific fuel gas mixtures. The possible volume could be
limited by the throughput capacity of the existing fuel mixture supply system and may require
its modernization.

Using only the existing capacity of the fuel gas mixture delivery line presents another
potential opportunity to reduce greenhouse gas emissions at loads different from the maximum.
When using standard gas, such as methane, reducing the load is accompanied by a decrease in
its supply. The amount of methane supplied can be further reduced by mixing in a low-calorific
gas to the volume corresponding to the capacity of the fuel delivery line, while maintaining the
desired load. When implementing this management method, it is essential to monitor the
amount and composition of the flue gases produced. If their volume is too low, there is a risk
of entering an undesirable condensation operation mode.

The presented analysis of the two control methods allows for the proposal of an

operational method for a steam-generating energy unit that enables controlling (or setting) the
composition of the fuel gas mixture.
The method for calculating the composition of the gas mixture. In the case of combustion
process equilibrium, the composition and quantity of flue gases can be determined using a
balance method. However, a more universal approach is to use the calculation method based on
chemical kinetics equations. In this case, it is possible to determine not only the temperature of
the combustion products but also their composition, if it depends on this temperature. For
example, this applies to nitrogen oxides. Moreover, the calculation model can be structured in
such a way that the composition of the flue gases is determined for the same volume but with
different fuel mixture compositions. At the same time, the required volume of the fuel mixture
will also be determined.

The calculation method is as follows:

—the volumetric fraction of the main gas is gradually reduced (from 100% to 0%) and
is replaced with the corresponding amount of lower-calorific gas. For each of these ratios,
knowing the compositions of the input gases, air, and the excess air coefficient o, the
composition of the fuel-air mixture and its enthalpy are determined;

—using a model based on chemical kinetics equations, the composition of flue gases (in
volumetric fractions) is determined for each type of fuel-air mixture, depending on the amount
of lower-calorific gas;
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—each individual composition of flue gases is calculated for the same volume when
using any type of fuel-air mixture, for example, for 1 mole of the burning substance. A key
feature of the method is the calculation of the required amount (M7) of the corresponding fuel-
air mixture in moles to produce 1 mole of flue gases. Since both the initial fuel-air mixture and
combustion products are in the gaseous state, all mole ratios correspond to volumetric ones;

—for each fuel-air mixture composition, the amount of energy O, transferred by 1 mole

of flue gases when cooled to a specified temperature (e.g., 393 K or 120°C) is determined. This
is necessary for further application regarding the ratio of standard gas to lower-calorific-value
gas at different boiler loads. Additionally, the lower heating value relative to 1 mole of flue
gases can be determined, and if desired, the lower heating value can be converted using the Mr
for 1 mole of the fuel-air mixture. The obtained results can be used to determine the ratio of
standard gas to lower-calorific-value gas, as well as the required amount of the resulting mixture
to ensure the boiler operates at the specified load. This ensures the consistency of the amount
of flue gases.
Model. The input data are determined by the gross formula of the fuel mixture. The combustible
gases used in energy production have a hydrocarbon composition and consist of a limited
number of chemical elements. Taking into account the composition of the air used as an
oxidizer, the list may include C, H, O, and N. In some cases, sulfur (S) may be present, but its
presence or absence does not affect the generality of the solution. The gross formula of the fuel
mixture (excluding sulfur) will have the following form:

CbchHOboN”N > (1)

where b., by, byand b are the number of atoms of the respective elements in the gross

formula. Their values are determined based on the ratio of the primary and lower-calorific
gases, as well as the excess oxidizer coefficient. Additionally, based on the enthalpy values of
the input gases and air, the specific enthalpy of the fuel-air mixture is determined (1).

Based on equation (1), the list of substances that may be present in the flue gases is
determined. If the oxidizer excess coefficient o>1, and the combustion process is in
equilibrium, this list may include:

CO,, H,0, 0,, N,, NO. (2)
In the case of a <1, gases that are formed due to incomplete combustion of the fuel mixture
may appear: CO, H,, CH,. In this case, we will limit ourselves to the list in equation (2).

In the equilibrium process of thermodegradation of the fuel mixture, for substances from
the list (2), the chemical kinetics equation can be written according to the law of mass action.
Given that the substance exists in the gas phase, it is more convenient to express this equation
using partial pressures rather than molar concentrations. In this case, the calculations should
take into account not just one mole of the initial raw material (along with the oxidizer), but a
certain number of its moles (M, ), which leads to a numerical equivalence between molar

concentration and partial pressure. This value is determined during the calculations. For the
products in (2), the law of mass action equation will have the following form:

P.-P? P>.P
cC "o _ KC02 (T) : H "0 _ KHZO (T) ; (3)
Pc02 PH20
P? P? P -P
—- =K, (T); ==K, (T); 2—=L=K(T). “4)
P P
02 NZ NO

In the denominators, there are the partial pressures of the corresponding substances. In the
numerators, there are the partial pressures of the atoms of the chemical elements that make up
these substances. The exponent is equal to the number of corresponding atoms in the substance's

formula. K., (T); K, o(T); Ko, (T); Ky, (T); Kyo(T) — the equilibrium constants of the
corresponding substances at the current combustion temperature (tabulated values).
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Using (1), material balance equations for each chemical element included in this formula
can be written for the desired model:

for [C] be-Mp =Ry +R; (5)
for [H] by-M,=2-B, ,+Ry; 6)
forl©] bo-My =2- B, + By +2- By, + Ro + By ™
for [N] by-M,=2-B_+R,+R,. (8)

In writing these equations, it is taken into account that not one, but M, moles of the
initial fuel-air mixture with the gross formula (1) are considered.
To close the system, Dalton's law is used:
B =Ro, + B0+ 15, + B, + Ro He+ By + B + 1. ©)
Here, B is the pressure inside the boiler furnace.
Equations (3—9) form a closed nonlinear algebraic system for determining 10 values —
9 partial pressures and M, .

Bo,> Biyor 10, - By » oo s B oo B M (10)

Features of the solution. The solution of the obtained system is complicated by the large ratio
of the values of the variables included in it. This ratio can exceed 15 orders of magnitude
(>10'%). To overcome this problem, all the equations in the system can be logarithmically
transformed. During the solution process, the values of pressures and M,, which are

logarithms, are determined. In this case, the resulting values will differ by factors, not orders of

magnitude.
The original system (3-9) will take the form:
In(R.)+2-In(By)~In(Py, ) =In(Keo, (T)): (11)
2:In(B,)+In(By)~In(B,,)=In(K,(T)); (12)
2-In(R,)~In(PR,,)=In(K,, (T)): (13)
2:In(R)-In(R,)=In(Ky, (T)); (14)
In(R)=In(F,)=In(Ry)=In(Ky (T)); (15)
ln(bc)+ln(MT):ln(PCO2+PC); (16)
In(by)+In(M,)=In(2-B o+ B ); (17)
In(by)+tn(M,)=In(2- By, + By o+2-Py +Po+8); (18)
In(by)+In(M,)=In(2-B +By+R); (19)
In(R) =In(Ry, +Byo + R, + R, +Ro + R+ B+ B+ R). (20)

The combustion process in the boiler is considered isoenthalpic. The calculation method
is based on determining, through an iterative process, the temperature and the corresponding
composition of the reaction products (flue gases) so that their total enthalpy equals the enthalpy
of the incoming fuel-air mixture.

Results. The solution is obtained based on the method and model presented above (3-9).
Let's represent the gross formula of the fuel-air mixture. Methane CH, is taken as the

standard fuel gas, with a formation enthalpy of /., =-74.85 kJ/mol (298 K). The low-calorific

gas is a mixture of gases produced during the decomposition of pine wood waste in a gasifier.
In the considered case, the cooled gas mixture is at 298 K, and after the removal of condensate,
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its molar composition is as follows: CO-0.394, CO,-0.214, H, -0.360, H,0-0.032 with
the gross formula:

C0.61H0.7800.85 (2 1)
and the enthalpy of formation 7,, =—135.5kJ/mol. The absence of nitrogen is due to the fact

that the gasifier, during the decomposition of wood waste, is purged not with air but with
oxygen [10]. Such processes are now implemented on an industrial scale.

We define the share of low-calorific gas (21) in the mixture with methane as ¢ €[0,1].

When ¢ =0, the fuel gas consists of methane, and when ¢ =1, it consists entirely of gas (21).

In this case, the gross formula of the fuel gas mixture at different values of will have the
following form:

CI—O.39~(|>H4—3.22~q)00.85'(p . (22)
The enthalpy of such a mixture is determined using the following equation:
Imixz(l_(p).ICH4+(p.]mk' (23)

Let the composition of air in molar fractions be: O, —0.21,N, —0.79 . In this case, the

gross formula of air will be:
OpoN, 55 - (24)

The complete oxidation reaction during the combustion of the fuel gas mixture (22),
taking into account (24), can be written as:

4-324-¢

Cl—0.39-¢H4—3.22-¢OO.85~<@ + [W
+(2-1.61-¢) H,0+(7.52-6.05-¢) N, . (25)

Formula (25) is written for 1 mole of the combustible gas mixture (22). In this case, the

coefficient in front of the air's gross formula on the left side of the equation is the mole
stoichiometric coefficient:

jole,s8 =(1-0.39-¢) CO, +

4-324-¢

A5
Taking into account the oxidizer excess coefficient o, it shows how many moles of air
are used to burn 1 mole of the combustible gas mixture (22):

4-324.
n=a-x0=a-(T2(PJ. (27)

Formulas (22), (24), and expression (27) allow us to determine the gross formula (1
mole) of the fuel-air mixture (1):

EOREES

Considering air as a mixture of simple gases (O, +N,), we assume that its enthalpy of

(26)

0 N

[0.85~(p+(1~(4—3,24~(p)] [a~(15‘05—12.9-q))). (28)

l+n l+n

formation is zero. In this case, the enthalpy of formation of 1 mole of the fuel-air mixture, taking
into account (23), can be determined using the relationship:

(1_([))']@{4 +¢-1,
1+n '

The calculation results for the first regulation method with oo =1.1 are presented in Table 1.

The following abbreviations are presented in Table 1: M, — the number of moles of the

[ =

(29)

combustible gas mixture (taking ¢ into account) required to produce 1 mole of flue gases; M,
— the number of moles of air needed to burn the corresponding amount of A/,,. moles of the
combustible gas mixture; 7,,— the adiabatic combustion temperature; O}, — the amount of

energy in the form of heat released when 1 mole of flue gases (combustion products) is cooled
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to 473 K; m — is the volume multiplier of the corresponding gas mixture relative to the volume
of methane required to produce 1 mole of flue gases.

Table 1.
The amount of combustible gas mixture for the same volume of flue gases
1
0] My Myir m QCP [kJ] ]:,d P [K]
200 °C (473 K)

0.087 0.913 1 554 1965
0.1 0.095 0.912 1.09 55.8 1972
0.2 0.104 0.912 1.19 56.3 1980
0.3 0.115 0911 1.32 56.9 1990
0.4 0.129 0911 1.48 57.5 2000
0.5 0.146 0.910 1.68 58.5 2015
0.6 0.169 0.909 1.94 59.6 2034
0.7 0.200 0.908 2.30 61.3 2060
0.8 0.246 0.906 2.82 63.6 2095
0.9 0.318 0.902 3.65 67.4 2150
1 0.450 0.896 5.18 74.2 2243

Let us analyze the obtained results. It could have been assumed that an increase in the
proportion of low-calorific gas (with an increase in ¢) would lead to a decrease in the flue gas
temperature and the energy released during their cooling. However, the calculation results
demonstrate the opposite. As the proportion of low-calorific gas in the combustible gas mixture
M . increases, the amount of air M ,, required for combustion remains virtually unchanged.
This corresponds to a reduction in the proportion of air in the fuel-air mixture and,
consequently, a decrease in the proportion of nitrogen (an inert component) in the flue gases.
As a result, an increase in the proportion of low-calorific gas leads to a rise in the adiabatic
combustion temperature and the amount of energy released per mole of flue gases. It is also

worth noting a significant increase in the volume of the combustible gas mixture M, as the

proportion of the low-calorific component grows. Consequently, with the same amount of flue
gases, the complete replacement of methane with low-calorific gas results in a volume increase
of m = 5.18 times. In other words, on the one hand, with the current equipment configuration,
it is impossible to implement the proposed control method. The existing gas supply system
cannot provide the required fuel flow rate. On the other hand, modernizing the gas supply
system to increase its capacity would enable a 30% increase in the output power of the existing
primary equipment. Ensuring the same volumetric flow rate of the combustible gas mixture at
different coefficients constitutes the second variant of the method for controlling the
equipment's operation. The calculation results are presented in Table 2. Here, as in the first
variant a=1.1.

Table 2.
The amount of flue gases at the same volumetric flow rate of combustible gases
¢ 0, [KJ] 120°C (393 K) € V [mole]
0 57.9 1 1
0.1 53.6 0.93 0.92
0.2 49.3 0.85 0.84
0.3 45.1 0.78 0.76
0.4 40.7 0.7 0.68
0.5 36.4 0.63 0.6
0.6 32.1 0.55 0.52
0.7 27.8 0.48 0.44
0.8 23.5 0.41 0.35
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¢ 0,, [kI] 120°C (393 K) g V [mole]
0.9 19.2 0.33 0.27
1 14.8 0.26 0.19

Here, O, represents the amount of energy in the form of heat released when the flue

gases are cooled to a temperature of 393 K. These gases are formed during the combustion of
a combustible gas mixture of the same volume (this volume is equal to the volume of methane
consumed to produce 1 mole of flue gases); € denotes the fraction of the released heat relative
to the amount generated during methane combustion; V represents the volume of flue gases
produced during the combustion of a combustible gas mixture of the same volume (this volume
is equal to the volume of methane consumed to produce 1 mole of flue gases).

In the case of using a gas of constant composition, the power reduction of the equipment
is achieved by reducing the gas flow. In the first approximation, the power reduction and the
decrease in gas flow are proportional. The change in the amount of flue gases happens in the
same proportion. From Table 2, it follows that even when using a mixture of methane and low-
calorific gas, the change in power O, (or ¢) and the volume of flue gases occurs in a similar

proportion. However, the amount of methane used does not correspond to this change. For
example, reducing the power to ~50% (&=0.48) occurs when using a mixture with ¢=0.7. In

this case, the mixture consists of only 30% methane, instead of 50% when pure methane is used.
Thus, the volume of carbon dioxide formed from the methane component will be 20% less than
when pure methane is used under the same conditions. This part of the carbon dioxide is
considered greenhouse gas, as it is formed from fossil fuel.

Table 3 presents the composition of the flue gases in molar fractions for different
compositions of the combustible gas mixture.

Table 3.
Composition of flue gases (mole fractions)

() Pco2 PH20 Po2 PNZ Ro

0 0.087 0.174 0.017 0.720 0.0018
0.1 0.091 0.174 0.016 0.716 0.0018
0.2 0.096 0.174 0.016 0.712 0.0019
0.3 0.101 0.174 0.016 0.706 0.0019
0.4 0.109 0.174 0.016 0.699 0.0019
0.5 0.118 0.174 0.016 0.690 0.0020
0.6 0.129 0.175 0.016 0.678 0.0021
0.7 0.145 0.175 0.016 0.661 0.0022
0.8 0.169 0.175 0.016 0.638 0.0024
0.9 0.206 0.175 0.016 0.600 0.0026

1 0.275 0.175 0.015 0.531 0.0030

The data in Table 3 show that the mole fraction and, accordingly, the partial pressure of
water vapor are almost the same for all values of ¢. Therefore, the composition of the
combustible gas mixture has little effect on the dew point temperature of the flue gases. The
adequacy of the obtained results is confirmed by data from [20] in the calculations of pyrolysis
gas.

The characteristics of the flue gases presented in Tables 2 and 3 allow us to conclude
that it is possible to control the power of the installed equipment without modernization using
the second method. In this case, in the maneuvering mode, as the power decreases and the
proportion of low-calorific gas increases, the amount of carbon dioxide related to the
greenhouse effect decreases.
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The increase in the adiabatic combustion temperature when adding low-calorific gas to
the mixture leads to a slight increase in the formation of nitrogen oxides compared to using only
methane (Table 3). As the calculation results show, in the power regulation range (with the
increase in the share of low-calorific gas to ¢~0.7), the increase in the mole fraction of nitrogen
oxides is negligible.

Conclusions. As a result of the research, the following conclusions have been made:

—the most rational method for reducing greenhouse gas emissions at the current stage of
technological development has been identified. The use of a mixture of methane and low-
calorific gas—such as the product of wood waste gasification—helps to reduce the portion of
carbon dioxide in flue gases that is related to greenhouse gases. Moreover, with the high cost
of natural gas, replacing part of it with cheaper low-calorific gas can lead to a reduction in the
cost of the produced energy;

—a method and model have been proposed for calculating the composition of flue gases
with varying ratios of methane and low-calorific gases in their mixture. This method allows for
determining both the characteristics of the combustible gas mixture based on the given
parameters of the flue gases, as well as the amount of flue gases for specified fuel
characteristics;

—two possible methods of controlling the power of the installed equipment by adjusting
the share of low-calorific gas in the fuel mixture were considered. It was found that reducing
power while attempting to maintain a constant volumetric flow rate of exhaust gases is not
feasible. Moreover, in this scenario, the power (and the adiabatic combustion temperature)
increases as the share of low-calorific gas rises. The reason for this effect was identified,
highlighting the need for modernization of the fuel gas system and an increase in the heat
exchange surface area (economizer);

—the possibility of controlling power while maintaining a constant volumetric flow rate
of the combustible gas mixture was identified. As the share of low-calorific gas increases, the
equipment's power decreases. It was demonstrated that it is possible to maintain exhaust gas
parameters comparable to those observed when using pure methane. This feature enables the
use of existing equipment without modernization for burning gas mixtures, while
simultaneously reducing the share of carbon dioxide classified as a greenhouse gas.
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MO/IEJIb MIHIMI3ALII BUKHUIIB MTAPHUKOBHUX I'A3IB [TPU 3SMIHHOM Y
HABAHTAKEHHI ITAPOBOI'O KOTJIA
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Hocmimkeno mnpoOneMy 3HIDKCHHS BHKHIIB TNApHUKOBUX Ta3iB M 4Yac 3MIHHOTO HaBaHTa)XKECHHS
MapOTreHEPYHOUYOr0 CHEProyCcTaTKyBaHHsA. MeTa MOCHIIKCHHS MOJIArae y po3polli METomy Ta MOJENi, sKi
JIO3BOJISIFOTH 3HU3UTU BUKHUIM MAPHUKOBHX ra3iB IUIIXOM BUKOPUCTaHHS CYMIIl peryIbOBaHOTO CKIIAay METaHy
Ta aIbTEPHATHBHOIO HU3bKOKAJIOpiiHOTrO ra3y. HaykoBa i npakTu4Ha 3HauyniicTh poOOTH MOJISTae y CTBOPEHHI
METOZIB pEryIIOBaHHA, fAKi 3a0e3MeuyroTh EKOJIOTIYHICTE 1 eHeproeeKTHBHICTh OOJMagHaHHA Oe3 HOro
MoJiepHizalii. MeTomomoris qociiKeHHs 0a3y€eThCsl HA MaTeMaTHYHOMY MOJICITIOBAaHHI IIPOIIeCy TOPiHHS Ia30B0o1
CyMIIIi i3 3aCTOCYBaHHAM DPiBHSHB XIMIYHOI KiHETHKH JJIS 130€HTANBIIIHOTO TIporiecy. Y MeKax JOCIHiHKEHHS
PO3pOOIICHO MOJIETIb, KA JJO3BOJISE 3 BUCOKOIO TOUHICTIO BU3HAYATH aiabaTHYHy TeMIIepaTypy poLecy TOpiHH
MAJIMBHO-TIOBITPSIHOT CYMIIlli, @ TaKOXX KUTBKICHHUH 1 AKICHUH CKJIaJ] MPOIYKTIB 3TOPSHHS, IO YTBOPIOIOTHCS 3a
YMOB BUKOPHCTAHHSI Pi3HOTO CIIBBIJIHOLIEHHS METaHy Ta HU3bKOKAJOPIHHOTO ra3zy. BUsBIeHO 3aJie)KHICTh MiX
BUTPATOIO MaJMBHOI cyMmimi, ii CKJIaJoM 1 cTallicTio 00’€My NMPOAYKTiB 3ropsiHHA. [loka3aHo, 1110 MiATpUMaHHS
MOCTIHHOT BUTPaTH AMMOBHUX Ta3iB MOXKIMBE LUISIXOM PEryJIOBaHHS CKJIaJy NajJMBHOI CyMilll, 110 BIUIMBAaE Ha
MOTYKHICTh OONaJHAHHS Ta TEMIleparypy BiIXigHHX TraziB. OKpeMoO pPO3IJISHYTO BIUIMB IOTPHUMAaHHS YMOB
130CHTANBMIHHOCTI MPOLIECY Ha 3MiHY KUIBKOCTI BHIIICHOI €HEpPTii, 10 JO3BOJIMIO BU3HAYUTH 3aKOHOMIPHOCTI
peryIoBaHHs MOTYXKHOCTI 001aIHaHHs 0e3 3HAYHUX BTPaT eHeproeeKTUBHOCTI. L{IHHICTb JOCIIIKEHHS TOJISITae
y pO3po0Ili HOBHX MiAXOMIB 10 KEPYBaHHS CHEPTOCPEKTHBHICTIO Ta CKOPOYCHHS BHUKHIIB MAPHUKOBUX Ta3iB.
[lpakTHuHe 3HAYCHHS MOJATAE Y MOXIHMBOCTI 3aCTOCYBaHHS OTPHMAaHUX pE3YJIbTATIB I PEryJrOBaHHS
MOTY>KHOCTI 00JIaTHAaHH Oe3 Horo MoaepHi3arii, 30epiratodn crTanuii 00cAT MPOAYKTIB 3TOPSHHS.

Karwu4oBi ciaoBa: perymoBaHHS TOTYXHOCTI, HH3BKOKANOPIHWN ra3, MapHUKOBI Ta3W, XiMiYHA KiHETHKa,
130CHTANBITIHHUHA TIPOIIeC.
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The development of individual respiratory protective equipment (masks) during the
coronavirus pandemic is a pressing issue. Modern design and manufacturing technologies
make it possible to create masks that account for the unique anatomical features of each
individual. However, existing mask configurations often fail to consider the specific
characteristics of the wearer. Therefore, it is critically important to design masks tailored to
the anatomical features of each person. This paper examines the design process for protective
masks using modern computer technologies and an information-based model. The general
approach and practical options for mask design are presented, taking into account the
individual's features. The information model comprises six main stages for creating a
protective face mask. To design a human head form, the photogrammetry method is
employed, allowing the creation of a three-dimensional head form from two-dimensional
photographs. Using retopology tools on the surface of the 3D head form, the basis for the
mask frame is developed in the 3DS Max program. Subsequently, a three-dimensional solid
model of the mask frame is created. The process of generating the solid model and testing
the mask frame under mechanical stresses, such as changes in facial expressions, is conducted
in Autodesk Inventor. To enhance the mask's secure attachment to the face, a version with
ear hooks, similar to those used in eyeglasses, is proposed. Additionally, the design allows
for the use of one or two filters, as in the Pitta mask. An automation subsystem for mask
design is developed in the iLogic environment of Autodesk Inventor, based on the results of
this study.

Keywords: Information model, mask frame, filtering element.

Introduction. During the coronavirus pandemic, the creation of customized respiratory
protective equipment (face masks) has become a highly relevant issue. Modern computer-aided
design and manufacturing technologies enable the production of masks tailored to the individual
anatomical features of each person.
Designing face masks adapted to individual needs is not only important during pandemics but
also under normal circumstances, such as for surgeons during surgeries, police officers while
on duty, and other professionals requiring specialized protective equipment [1].
Literature Review. All individual protective products are divided into two major groups [2,
3]: disposable and reusable. Products from the first group are intended for single use and are
disposed of afterward, while products from the second group are designed for long-term use,
lasting up to several months. In this regard, reusable masks typically have lower penetration
rates but come at a higher price. Both types of respiratory protective equipment are used not
only for personal purposes but also in healthcare institutions, beauty salons, factories, and in
cases of man-made threats. There is an extensive classification of these products.

Disposable masks are commonly used in the medical sector, cosmetology, and daily life.
The maximum recommended duration for wearing such a mask is no more than 2 hours, after
which it should be replaced with a new one. Traditionally, these masks consist of an outer layer
and a filtering layer. Additionally, they may include a hydrophobic layer or film to prevent
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glasses from fogging. Some masks are equipped with a flexible aluminum strip to ensure a tight
fit around the nose.
By filtration level, disposable masks are classified as follows:
e Double-layered: Basic masks with a protection level of up to 98%;
e Three-layered: Designed for everyday use, with a filter placed at the center;
e Four-layered: Surgical masks that provide protection against liquid penetration.
By material, masks are produced using:
Cotton: Utilizing cotton filters;
Spunbond: Offering high air permeability;
Meltblown: Featuring an inner filtering layer;
e Self-made: Made from materials such as gauze, cotton, or linen.
By availability of additional features:
e With a valve: Includes an adjustable opening for moisture removal;
e Without a valve: Fabric with heat-absorbing properties;

In addition to these categories, reusable masks offer greater comfort and ease of
maintenance [4]. They can be washed at high temperatures after each use without losing their
protective effectiveness. For instance, the so-called Pitta mask is a filter made of foamed
polyurethane that fits snugly to the face. This type of reusable mask can retain up to 90% of
pathogenic microparticles. It can be washed and reused after drying but has a maximum lifespan
of two months. These masks are significantly more expensive than disposable ones.

Masks with filters can provide up to five levels of protection:

Level 1 (air-permeable forming layer): Blocks larger particles;

Level 2 (activated carbon): Adsorbs chemical and virological pollutants;

Level 3 (powdered cotton): Filters out smaller particles;

Level 4: Enhances particle filtration;

Level 5 (nonwoven breathable material): Ensures breathability while maintaining filtration.

Contests for designing innovative types of masks are held in various countries. Experts
assert that textile masks do not provide reliable protection against coronavirus. More effective
protective equipment against biological threats includes respiratory masks, specialized filters,
protective screens, and masks with advanced coatings. In the first year of the pandemic,
numerous innovative protective masks were developed worldwide [5].

Papers [1-4] have reviewed different types of masks and provided recommendations based on
expert opinions. However, these studies do not consider the individual anatomical features of
the human face. The approach proposed in this study aligns with the second phase of
competition: the creation of a new concept for protective masks.

Research Methodology. Nowadays, creating new objects in various fields, including medicine,
is increasingly carried out using computer design technologies. The suggested approach for
creating a mask involves the fulfillment of several successive stages. In the mask design and
production process, various computer programs are applied. When designing new objects using
computer technologies, it 1s important to build an information model. The information model
generalizes the approach for design by applying different technologies, examples of which are
presented in studies [7-9]. To optimize the design process, it is suggested to use an information
model for creating face masks, which will contain all the information necessary for mask
production. The result is developed into a mask design subsystem that considers the individual
features of the human face. The design information model consists of six main stages, each
divided into several sequential steps.

Let us describe in detail an algorithm of the information model for the discussed issue:

1. Stage — Data gathering and determining technology for creating a model of a human

face.
a. Determining the technology for producing a three-dimensional model of a human
face.
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b. Determining equipment for scanning (photogrammetry) of the object under

investigation.

c. Conducting photogrammetry of the object and obtaining a mathematical model of

the information model boundaries in the form of a point cloud.
2. Stage — Creating and optimizing the face model.
a. Creating the initial three-dimensional surface model of the human head.
b. Correcting form inconsistencies and optimizing the surface model of the face.
3. Stage — Modeling the mask configuration.

a. Determining the technology for designing the mask frame.

b. Retopology of the mask frame on the face model.

c. Developing the model of the mask frame.

4. Stage — Form analysis and conducting stress simulations of the mask configuration.

a. Analyzing the form and required stresses for the created solid mask model.

b. Conducting static and dynamic stress simulations on the solid mask model.

5. Stage — Preparing mask production technology.

a. Designing the mask configuration, taking into account the shape of the filtering

element.

b. Preparing the mask production technology based on the developed model.

c. Creating the mask according to the developed technology.

6. Stage — Implementing and developing the automation subsystem for designing masks
with different filter types.

a. Summarizing versions of the mask configuration with different filter types.

b. Conducting CAD analysis with an option for developing automation subsystems for

object design.

c. Developing an automation subsystem for designing masks with various frame

configurations and filter types.
Let us consider in detail the general approach for mask design using the suggested information
model.

At the first stage of creating individually tailored masks, we must obtain a 3D headform
of a human face for which the mask will be designed. At this point, we are discussing building
a 3D model, the real-life analogue of which cannot have an accurate description due to the
infinite number of unique parameters. For such cases, 3D scanning and photogrammetry
methods have been developed. The 3D scanning method requires specialized and often
expensive equipment, such as 3D scanners. Photogrammetry, on the other hand, can be applied
using consumer smartphones. It tracks points from different sources under consistent conditions
and generates a 3D point cloud that forms the topology of the object. Information from each
photograph is saved in a file, including height, camera rotation angle, and geospatial data. The
program applies computer vision and photogrammetry techniques to find common points in
multiple photographs. As a result, each pixel in a photograph is matched by color
correspondence with others, and every match becomes a key point. If the key point is found in
three or more photographs, the program constructs this point in space. The more such points,
the better the coordinates of each point are defined in space. Therefore, the more overlap among
photographs, the more accurate the resulting model. An overlap of 60—80% is considered
optimal. The spatial coordinates of each point are calculated using the triangulation method:
from every shooting point, a line of sight is automatically drawn to the selected point, and their
intersection determines the required outcome [6]. Additionally, algorithms aimed at minimizing
the sum of squares of errors are applied in photogrammetry. The Levenberg-Marquardt
algorithm (or the damped least-squares method) is typically used, solving nonlinear equations
by the least squares method. During the processing of photographs, an extended point cloud (a
set of all 3D points) is created, which can be used to generate a surface consisting of polygons.
Finally, resolution is calculated to determine which pixels in a photograph correspond to which
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polygons. To do this, the 3D model is unfolded into a surface, and the spatial position of a point
is matched to the original photograph to set its color.

For example, the object is a human face. To make this method work, the face should be
photographed from different angles under consistent conditions: the same state of the object
(facial expression, position), the same surroundings, and the same material. Maintaining these
conditions guarantees a more successful search for the same points in different photographs,
enabling a more accurate representation of the human face in a 3D point cloud [10].

At the second stage, photogrammetry software is used to create a 3D model of the face.
The obtained model is then imported into software designed for processing three-dimensional
models, such as Autodesk 3DS Max or Maya. At this point, form inconsistencies are corrected,
and the surface model of the object is optimized, ensuring the correct form of the created object.
At the third stage, the mask configuration is modeled based on the obtained face model. This
involves solving an inverse problem: the geometry of the mask structure is placed over the face.
Retopology tools [11-12] can be used for this purpose. Retopology is the process of creating a
new geometry over an existing one by altering its structure. First, a surface tangential to the
face is built. The created surface of the mask base is then imported into a CAD system, where
a three-dimensional solid model of the mask frame is developed.

At the fourth stage, form analysis and stress simulations of the mask configuration are
conducted. The material type and its properties are selected for the solid model. Modern CAD
systems allow simulations of various stress types on created models. Stress analysis is required
to account for facial expression changes during conversation, ensuring the mask fits tightly to
the face.

At the fifth stage, mask production technology is prepared. Appropriate types of filtering
elements are selected. It is suggested to use a replaceable filtering element that can be
temporarily fixed to the basic mask frame using a sticky layer or a fixing mechanism. This
allows the filtering element to be replaced after two hours of use. Alternatively, separate filters,
such as those used in Pitta masks, can be applied, which can be washed in disinfectant fluid or
replaced as needed. Once the filtering element type is defined, the mask production technology
must be determined. Additive manufacturing using 3D printers is considered one of the most
appropriate solutions. Modern 3D printers can use various materials to form an object [13, 14].
After producing the mask frame, an elastic layer is applied to the inner surface to reduce skin
irritation and discomfort during extended use.

At the sixth and final stage, an analysis of available mask frame configurations and filtering
elements is performed. The most suitable CAD system is selected for developing an automation
design subsystem for the product.

Therefore, the general approach for creating protective masks using an information
model has been studied in detail.

Results. The design of the protective mask using an information model is demonstrated in the
presented example.

At the first stage, the required software for implementing photogrammetry is identified.
To create a three-dimensional headform using the photogrammetry method, a variety of
programs can be used.

In this research, the construction is performed using Regard3D, a free, open-source
photogrammetry program. To create the headform, 100 photographs were taken, based on
which the model boundaries are defined, and a point cloud of the future object is formed. In
Regard3D, the point cloud is generated and serves as the core for the headform design.

At the second stage, the point cloud is edited in the Regard3D program before being
forwarded to generate the three-dimensional surface of the object.

As a result of photogrammetry and point cloud correction, a three-dimensional surface
headform is obtained (Fig. 1). Further editing of the headform is carried out using another
software product — Autodesk 3DS Max.

299



V. M. Tigariev, O. S. Lopakov, A. S. Koliada, V. V. Kosmachevskiy

Fig. 1. Three-dimensional surface model of a human face

At the third stage, the generated headform is imported into Autodesk 3DS Max, where
the mask frame design process begins. For this purpose, it is recommended to use retopology
tools. Retopology enables the creation of new geometry over an existing one by modifying its
structure.

Using retopology tools, new geometry is placed over the face model, using it as a
foundation (Fig. 2). This approach allows for precise placement of the new object and facilitates
further modifications. It is also crucial to maintain the correct topology of the 3D model, which
should consist exclusively of quadrilaterals. This ensures compatibility with subdivision
modifiers, enabling the creation of a high-poly model while allowing a return to its previous
state for further updates, if needed.

Fig. 2. Mask frame retopology

This toolbox facilitates the design of the mask frame shape, which can be easily modified later.
Using the obtained mask frame configuration, a solid model is developed in Autodesk 3DS Max
(Fig. 3). Managing the model's topology allows the design to be exported into CAD modeling
programs (experiments in this study were conducted using the Autodesk Inventor Pro CAD
system). This enables the performance of various stress tests, the selection of physical materials,
the configuration of settings for 3D printing, and more.
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Fig. 3. Solid model of a mask frame in Autodesk 3Ds Max

At the fourth stage, the reliability of the mask structure is evaluated. The configuration
of the mask frame consists of two main parts, which are hingedly connected. This design
ensures that the mask can be used regardless of changes in facial expression or speech by the
wearer. The lower part of the mask fits snugly against the chin, while the upper part is secured
on the bridge of the nose.

Stress simulations are performed on all parts of the mask and their connections using
Autodesk Inventor Pro software. These simulations verify the reliability of the mask
configuration under mechanical stress and evaluate its fixation on the face. Once the material
for the mask's basic structure is determined, the design is tested for resistance to external forces
and potential displacement caused by changes in facial expressions during conversation.
Adjustments to the mask structure can be made based on the testing results.

A three-dimensional solid model of the mask frame created in Autodesk Inventor Pro is shown
in Fig. 4.

Fig. 4. Three-dimensional solid model of a mask frame in Autodesk Inventor Pro

At the fifth stage, the type of filtering element is defined, which determines the method
of attaching it to the basic mask structure. Let us consider the simplest example involving a
replaceable multi-layered filtering element. This element can be pre-manufactured, taking into
account the shape of the basic mask configuration.

The filtering element is attached to the basic structure using a sticky layer, which can
be applied to either the filtering element, the basic structure, or both. To ensure more reliable
fixation, an additional securing element can be applied over the filter.

If necessary, the mask configuration can be adjusted to improve the secure attachment
of the filtering element. Separate filters, similar to those in Pitta masks with one or two filters,
can also be used.

Once the filtering element is defined, the technology for producing the mask frame is
developed. Additive manufacturing using a 3D printer is selected as the core technology in this
experiment.

The process of creating the object using a 3D printer can be simulated in the Autodesk
Inventor HSM program. Using cloud computing technologies, the parameters of the required
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3D printer are downloaded, and the simulation of the mask frame manufacturing process is
conducted.

If complications arise during the simulation, the program suggests appropriate
configuration corrections or the addition of extra fixing elements. The final version of the mask
after the simulation of 3D printing is shown in Fig. 5.

Once the mask is designed, it is placed on a headform for testing. During the tests, the
mask is carefully positioned to ensure accurate placement. The resulting image of the mask on
a face is shown in Fig. 6.

To guarantee more secure fixation, a version of the mask with ear hooks, similar to those
used in eyeglasses, is proposed (Fig. 7). Variants with separate filtering elements are presented
in Fig. 8: (a) single filter and (b) double filter.

Fig. 5. Finished mask

Fig. 6. Mask put on a face

Fig. 8. a) Single filter mask b) Double filter mask

At the final sixth stage of the information model, an automation subsystem for designing
masks is developed based on the required parameters obtained during the previous stages. The
integrated design automation tool in the Autodesk Inventor CAD system, the ilLogic
environment, was used to create this subsystem. The presented subsystem streamlines the
process of generating an appropriate template for the face mask. An interface window of this
subsystem is shown in Fig. 9
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ical shape of the mask

T2 Refresh

Fig. 9. Subsystem interface window

Conclusions. This study presents a general approach to protective mask design that considers
the individual features of the human face. An information model of the created object is utilized
in the mask design process. The information model encompasses all the sequential stages of
mask creation and includes the possibility of developing an automated design subsystem. The
construction of real protective mask prototypes with different replaceable filters is discussed in
detail. To improve the reliability of mask fixation on the face, the addition of ear hooks, similar
to those used in eyeglasses, is suggested.

Applying an information model in the mask creation process reduces the time required
for design, increases accuracy, and helps avoid errors in the developed model. The presented
versions of protective face masks address the issues outlined in the Mask Innovation Challenge
program. The innovative mask design method based on the information model can also be
applied to other similar objects. The development of the mask design subsystem will facilitate
their implementation. Further research on this topic aims to design reusable masks that can
accommodate a variety of filter types.
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PO3POBKA KOMII'IOTEPU30BAHOI TEXHOJIOI'TI CTBOPEHHSI
IHAUBIAYAJIBHUX 3ACOBIB 3AXUCTY OPI'AHIB INXAHHSA 3
BUKOPUCTAHHAM 3D MOJAEJIOBAHHSA TA CAIIP

B. M. Tirapes, O. C. Jlonakos, A. C. Konsna, B. B. KocmaueBcbkuii

Hamionansnuit yniBepcutet «Onecbka MomiTexHiKa»
1, llleBuyenka mp., Oneca, 65044, Ykpaina
Emails: tigarev.v.m@op.edu.ua, lopakov.o.s@op.edu.ua, kosmachevsky.v.v@op.edu.ua

Po3po0xka iHauBinyanbHIX 3ac00IB 3aXUCTY AMXaHH (MacKH) Mijl 4ac MaHAeMil KOpOHaABIpyCy JyKe aKTyallbHa.
CyyacHi TeXHOJOTII NpPOEKTYyBaHHS Ta BHUIOTOBJIICHHS JIO3BOJISIIOTH CTBOPUTH MAacKH 3 YypaxXyBaHHSIM
IHIMBIIyaJbHUX aHATOMIYHUX OCOOJIMBOCTEH KOXKHOT JIIOJMUHHU. J[OKJIa[HO PO3MIISHYTI Pi3HI THUIH 3aXHCHUX
MacokK Ta IX KoHcTpykuii. HasiBHI KOHCTPYKII{ Macok He BpaXOBYIOTh IHAMBIAYaJIbHUX OCOOIMBOCTEI KOXKHOT
nronuHd. ToMy Hal3BHYaHO BaKJIMBO CTBOPUTH MAacKy BiJIIOBIZHO J0 aHATOMIYHHMX OCOOJMBOCTEH KOKHOT
JMOIUHU. Y NaHid poOOTI PO3ISIAETHCS MPOLEC CTBOPEHHS 3aXHMCHOT MAcKH i3 BUKOPUCTAHHSM Cy4acHUX
KOMIT'FOTEPHUX TEXHOJOTiH 13 3acTocyBaHHSAM iH(popMamiiHoi Mozaeni. Po3riasHyTo 3aranpHUE miaxim Ta
BapiaHTH MPAKTUYHOI pealrizamlii CTBOPEHHS MAacKH 3 ypaXyBaHHSAM IHAWBITYAITbHUX OCOOJIMBOCTEH ITFOIIHU.
Indopmarntiitna Mosienb BKIIFOUA€E IIICTh OCHOBHUX €TalliB CTBOPEHHS 3aXUCHOI Macku. JlJisi CTBOpEHHS MOJieni
TOJIOBU JIFOJWHU BUKOPHUCTAHO METOA (POTOTpaMMETpii, KOJM 3a JABOBUMIpHUMH (oTorpadismMu GopMyeThCs
TPUBUMIpPHA MOJIEITb TOJIOBH JIFOJIMHH. 32 JONOMOTOI0 TEXHOJIOT1] PEeTOTIOJIOTI Ha TIOBEPXHI TPUBUMIpHOT MOei
rosioBd y nporpami 3DS Max CTBOPIOETHCSI OCHOBA HECYUOro Kapkaca Macku. CTBOPEHHS TBEPAOTIILHOT MO
Ta TepeBipKa HeCyvIoro Kapkaca MacKd Ha MEXaHIYHI HaBaHTaXCHHsI MIPH 3MiHI MIMiKH OOJIHYYs TPOBEIEHO B
Autodesk Inventor. [yis Oinmpmn HamiHHOTO KpIMJICHHS MAacKW Ha OONWYYi 3alpOIIOHOBAHO BapiaHT i3
3aBYIIUHAMH, SIK Y OKYJISIpiB. PO3TIISIHYTO BapiaHT BCTAHOBIIEHHS OJHOTO a0o nBOX (inbTpiB sk y Maci I1iTTa.
3a pe3yabpTaTaMu JOCIIIKEHHs 0yJI0 CTBOPEHO MiANpOrpamMy aBTOMaTH3alil MPOSKTyBaHHs CTBOPEHOI MACKH Y
cepenosui iLogic Autodesk Inventor.

KarouoBi cioBa: indopmaniiina Mozenb, Kapkac Macku, GinbTpyBaJIbHUI €IEMEHT.
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A METHOD FOR POLYNOMIAL RECOVERY FROM ITS RESIDUES
BASED ON ADDITION IN Z[x] RING
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The methods for polynomial recovery from its residues in Z[x] ring are presented in this
paper. This problem is relevant due to important applications in asymmetric and symmetric
cryptography, algorithms of noise resistant coding, in the process of transmitting data packets
for error control and recovery in computer networks and distributed data storage. The
theoretical foundations of polynomial recovery in a ring of polynomials based on known
approaches, namely, on the Chinese Remainder Theorem and Garner's algorithm, are
considered, and their advantages and disadvantages are highlighted. New methods of inverse
transform from the Residue Number System based on addition of the product of moduli and
the product of polynomial residues are developed. Analytical expressions of the time
complexity of the proposed method and Garner's algorithm are created. The graphs of their
dependences are presented, which show that the developed method for polynomial recovery
from its residues in Z[x] ring is characterized by lower complexity. It was found that the time
complexities of both methods increase with an increase in the dimensions of the input
parameters. The efficiency of the use of the developed method in the ring Z[x] is studied,
which shows a logarithmic growth with an increase in the degrees of the polynomial, and a
proportional decrease when a number of moduli increases.

Key words: polynomial recovery, ring of polynomials, residues, Chinese Remainder
Theorem, Garner's algorithm, time complexity, efficiency.

Introduction. Polynomial recovery from its residues in a ring of polynomials is an important
problem of modern algebra and number theory [1,2]. In practice, similar to the case of integers
[3-5], the application of this theory, namely the Residue Number System (RNS) in a polynomial
ring (PR), allows working not with higher degree polynomials, but with sets of residues whose
degree is less than or equal to the selected moduli (irreducible polynomials) [6, 7]. One of the
main advantages of using RNS PR is that calculations can be performed in parallel for each
module [8]. These properties make it possible to reduce the complexity of calculations and,
accordingly, to increase the efficiency of computer systems due to the parallel process of
performing arithmetic operations [9], to control and correct errors in noise resistant coding [10,
11], and etc. Polynomial Residue Number Systems (PRNS) are widely used in modern
cryptography, in particular, in RSA [12, 13], Rabin [14], AES ciphers [15], and etc. In the RSA
cryptosystem, residues on division by a high-order polynomial, which is the product of two
irreducible polynomials, are calculated [13]. Accordingly, to increase performance, calculations
can be carried out modulo irreducible polynomials of a significantly lower order. Therefore, the
development of methods and algorithms that make it possible to reduce the time complexity
when recovering a polynomial from its residues in a polynomial ring is currently a relevant
problem.

Related Works. The main ideas of the PRNS were outlined in [9, 16]. The most important
contribution of these works is the fundamental theorem on the modular number system. Due to
the theorem, the coefficients of the polynomials used to represent the set Zp, are restricted. In
[17], the requirements for the size of the parameters used to represent an integer modulo p were
defined. Work [18] is devoted to the development of multiplication algorithms in PRNS. In
[19], a modified Chinese Remainder Theorem (CRT) for cyclotomic polynomials was
presented, which made it possible to simplify the polynomial recovery from its residues. After
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that, PRNS found its application in problems of noise resistant coding. In particular, in [20], the
principles of generating redundant codes in the polynomial number system were considered,
and the algorithm was developed, which made it possible to detect and correct errors without
the inverse transform of the PRNS code into a positional one and without performing a division
operation. It should be noted that the Chebyshev polynomials take an important role in data
protection. For example, in [21], a scheme in the client-server environment was proposed on
the basis of the Chebyshev polynomials. Although this scheme demonstrates a lower speed
compared to the existing ones, it can resist some popular attacks. Recently, the Chebyshev
polynomials have been actively used in asymmetric cryptography. Thus, in [22], two
asymmetric cryptosystems were developed on the basis of the Chebyshev polynomials, the
main feature of which is the generation of a semigroup with respect to the composition
operation. An image encryption algorithm based on the Chebyshev polynomials was proposed
in [23]. In [24], modified fast algorithms of asymmetric cryptography, i.e., matrix algorithm
and algorithm based on the characteristic polynomial were developed and an efficient scheme
for calculating the Chebyshev polynomials over a finite field was presented.

Methods for polynomial recovery. The theoretical basis for polynomial recovery from its
residues in the corresponding ring, as for integer arithmetic [25], is algebra and number theory,

n—1

in particular the CRT in a polynomial form. Any polynomial N(x)=a,x" +a,_ x"" +...+ax+aq,
can be represented in the form of residuesb;(x)=cx' +¢,_x" ' +...cx+¢, of division by
irreducible polynomials p;(x) = s,x* +s,_,x" ' +...+ s;x + 55, which are called polynomial moduli
b;(x) = N(x)modp;(x) , (1)
where degh, =degN —degp;.
At the same time, a necessary and sufficient condition is the inequality

N(x)<P(x)=ﬁ pi(x), where k is the number of irreducible polynomials. Then, the original

i=1

polynomial can be unambiguously recovered on the basis of the CRT:
k
N(x)= (Zmi (D)EF(x)b; (X)J mod P(x), )
i=1

where P(x)= P((x)) , m;(x)= P (x)mod p;(x) .
X

i

Another method of a polynomial recovery from its residues in the corresponding ring is
Garner’s algorithm, which is based on the relation:
N(x) = 10 () + 1 (%) Py (%) + 11, () py () P2 (X) + .4 1, () Py () 2 (X)...p, 1 (%), (3)
where 0<m(x)< p;(x), i=0,1, ..., k-1,
n(x) = by () = (1 () + 1 () Py (X) + .4 1 () Py () P (X)... Py (%) modp,,,(x) .(4)
P1(X) Py (x)...p;(x)
In this case, the polynomials #;(x) are calculated sequentially one after another based on

the recurrence formula (4). In addition, both Garner's algorithm and CRT can be used for similar
operations in integer arithmetic.

The main disadvantage of the above methods of a polynomial recovery from its residues
is strictly sequential structure of polynomials, which makes it impossible to parallelize
calculations, perform operations on polynomials of higher orders (in particular, calculate the
residue modulo P(x) ), and it is necessary to find modular multiplicative inverse in the ring of
polynomials, which is a cumbersome task even for integer arithmetic [26]. To find it, the
following methods are most commonly used [27]: sorting through all possible options, using
the extended Euclidean algorithm, based on the Euler function. These approaches are
characterized by significant computational complexity.

Therefore, the purpose of this work is to develop the methods for polynomial recovery
from its residues in a ring of polynomials based on the product addition and the addition of
moduli residues with the possibility of parallelizing calculations and avoiding the multiplicative
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inverse polynomial search procedure. At the same time, the results of intermediate calculations
will not go beyond the set range, which eliminates the need to perform the operation of finding
residue relatively large modulo P(x) .

Polynomial recovery method based on addition of the product of the polynomial moduli.
Let us consider the system of congruences, which is built based on relation (1):
b,(x) = N(x)mod p,(x)
b,(x) = N(x)mod p, (x)
)

b, (x) = N(x)mod p, (x).

Any congruence modulo p1(x) with the residue bi(x) (e.g., a(x)modp;(x) =5 (x)) can be
represented in the form of a(x) = y(x)p,(x)+5b,(x) , where y(x) is a polynomial that indicates how
many times modulo p,(x) must be added to the residue,(x) = N,(x) to satisfy the relation
N,(x)modp,(x)=b,(x). In this case N,(x)=N,(x)+7 (x)p,(x). Next, it is necessary to add the
product D1(X) P, (%) until the congruence N, (x)modp,(x) =b,(x), where
N3(x) = N, (x) + 7, (x) p(x) po (%), 18 fulfilled. This procedure continues until the last equation (5)
is satisfied. Analytically, it is written as follows:

Ny(x) =b(x);
Ny (x) = Ny (0) + 71 (x0) py (%) = b (%) + 71 () py (X) 5 N,(x)mod p, (x) =b,(x);
N3 (%) = Ny (xX) + 72 () p1(X) 2 (x) = b () + 71 () p1 (%) + 72 () p1 () p2 (x) 5 N, (x)mod p,(x) =b,(x) ;
N; (X) N; 1(X)+7, (X)Pl (X)Pz (X) -Di (X) s N, (x)modp,(x) =b,(x);
N () =Nx) =N () + 7,102y () Py (%) pr1 (%) 5 Ny (x)modp, (x) =7,(x) .

The search for y,(x) is carried out using the method of undetermined coefficients, and
at each step of the algorithm, the degree of the polynomial y,(x) = Ax' + 4 x™ +...+ Ax+ 4, will
be 1 degree less then p, (x): degy,(x)=degp,, (x)-1.

Let us consider the following example. Let the given system of comparisons be:

N(x)mod(x2 +x+l)5x+3
N(x)mod(x2 +x+2)z 2x+5 (7
N(x)mod@® +2x+1)=x" +4x+1

Without reducing the generality of the problem, we can assume that for polynomials
P1(x), py(),..., pp(x) their degrees satisfy the inequalitiesdegp, >degp, >degp; >...>degp; .
These conditions allow you to take larger steps when performing iterations.

Let us find the value of a(x)in the relation a(x)modp,(x)=5(x). It can be presented in
the form of (;/(x)(x2 +x+1)+x+3)moc(x2+x+2)=2x+5. Here, y(x) is a polynomial that indicates
how many times modulo p,(x)=x’+x+1 must be added to the residue x+3=N,(x) in order to
satisfy the relation Nz(x)mod(x2 +x+2)z 2x+5, where N,(x)=x+3+7, (x)(x2 +x+ 1). Since
p(x)=x"+x+1 is a polynomial of the second degree, it is advisable to present the found
parameter y,(x) in the form of a polynomial of the first degree: y;(x) = 4,x + 4,. Then the product
" (x)(x2 +X+ 1): (4x+ AO)(x2 +X+ 1): A3 +(Ay + Ay ) + (4 + 4y x+ 4y is obtained. To find the
unknown coefficients Ai, consider the congruence
(Alx + (A + A + (4 +A0)x+Ao)mod(x +x+2) ((x +x+2XA1x+AO)+( Ax- AO))mod(x +x+2) xX+2.
Therefore, taking into account the last expressmn coefficients 4 and 4, take the values -1, -2,
and, respectively, y(x)=-x—-2, N,(x)=—x —3x"-3x-2.
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Next, it is necessary to add the product p,(x)p,(x)= (¥ +x+1Jo? +x+2)=(x +2¢ +4¢ +3x+2)
until the congruence N;(x) mod p;(x) = by(x) 1S satisfied, where
X +dx+1=((—x =3¢ =3x—2)+ 7, (x* +2¢ +4x° +3x+2))modx’ +2x+1). First, the value of
(~x =3¢ =3x—2)mod(x’ +2x+1)=—3x —x—1, which is placed on the left side of the latter

equation, is calculated: 4x*+5x+2=y,(N)(x' +2x +4x* +3x+2)modx’ +2x+1). Having reduced
the modulo degree by 1, parametery,(x) should be searched for in the form of
1) =AX +Ax+ 4, ie., 47 +5x+2=(4 + Ax+A4 ' +206 +4¢ +3x+2)modx +2x+1). As
(x4 +20° +4x% +3x+2 od(x3 +2x+1)= 2x* ~2x, then 4x° +5x+2 =(A2x2 +Alx+AOX2x2 —?_x)moc(x3 +2x+1)
can be obtained. Next the value of (4, + A4x+ A4, J2x* —2x)=24,x" +24x +(24, —24, ) —24x—24,
is calculated and the residue
(24x* +24 +(24, 24, )¢ =24 x—2A)modx’ +2x+1)=(24, —6.4, )F +(—~64 —24 ) —24, —24 is
found. The search for unknown coefficients is reduced to the solution of the system of
equations:

24,-64, =4 A,-34,=2
—6A4 -24, =5, 0r |-64,-24,=5.
—24,-24,=2 —A -4 =1
Its solutions are the values of 4, =—i—Z,A1 =_126’A° =—ll6. So, by substituting 4,, 4, 4, ,

we get the recovered polynomial from its residues according to the proposed algorithm:

NGO =[x =30 =3x—2)4+ (42 + 5x+2)* +20¢ +4x +3x+2)=4x" +13¢° +28¢" +35¢ +287 +13r+2
Therefore, the solution to system (7) is a polynomial, which is obtained without the use of
cumbersome operations and control over the overflow of the bit grid when performing
intermediate calculations.

It should be noted that the proposed method is similar to Garner's algorithm, but the
operation of finding the modular inverse in the ring of polynomials to obtain the corresponding
coefficients is eliminated.

The method for decimal number recovery based on addition of the residue from the
product of moduli. To simplify the calculations used in the proposed method, it is possible to
add not the product of polynomials- moduli, but the residue from this product division by the
corresponding polynomial. The mathematical notation of this method is as follows:

Ni@)=b(x); p,(x)=p,(x)modp,(x);

(N () + 71 ()1 1)) mod ps (%) = by (x) ;

N, =N, +7 () @) pio®) = px)pa()mod ps(x);

(N> @)+ 72 (x)pro(0))mod py (x) = by ()3

Ny(x) =Ny () + 75 (0)p1 (0 p2(0) 5 pi3(0) = pr(0)p> () ps () mod py () ; ®)

(N, () + 7,1 (x)py 1 () mod p, (x) = b,(x) 5

Ni(X) =N () +74 (X)Pl )P () p3(X)...p 1 (%) 5 p1i(x) = p(D)Pr(X)... pi(x)mod p; (x);

(N1 () + 741 ()11 () mod py () = 7. (x);

N@) = Ny (x)= Ny 0+ 741 ()2 (022 () Py (). P ()

Let us consider an example of polynomial recovery from its residues adding the residue
from the product of moduli based on system (7). Since (x2 +x+l)mod(x2 +x+2)E—1, then from
the first comparison (8) we obtain the congruence (x+3—;/1(x))mod(x2 +x+2)z2x+5, in which it
is necessary to determine a polynomial of the first degree y,(x)=4x+ 4, using the method of

undetermined coefficients. Combining the last two equalities, it is possible to obtain
A =-1,4,=-2, respectively y,(x)=—x-2.
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At the next stage, it is necessary to find the residue from the product
pl(x)pz()c)modp3()c)=((x2 +x+1Xx2 +x+2))mo((x3 +2x+1)=(x4 +2x° +4x° +3x+2)moc(x3 +2x+1)=2x2 —2x
and then N,(x)=—x—3x*—3x—2. Thus, —(x’ +3x* +3x+2)+7,(x(2¢ —2)mod’ +2x+1)=x* +4x+1
or , (xX2x2 —2)mod(x3 +2x+1): 4x* +5x+2. As a result, a polynomial similar to the previous

example is obtained.

Therefore, the developed methods for polynomial recovery from its residues in Z[x] ring
make it possible to avoid complex operations, in particular, division with residues and finding
the inverse element, as well as to perform calculations on polynomials of lower order in
comparison with the classical CRT and Garner's algorithm.

Investigating the time complexity of the proposed methods. To calculate the time dependence
of the developed methods, it is necessary to determine the most time-consuming basic arithmetic
operations. The proposed algorithm includes multiplication, addition, and finding residues in a
polynomial ring. In [28], it was proved that the multiplication problem p(x)-¢(x) requires

O(4nlogn) bit operations (the logarithm is taken at base 2), where »=max{degp(x)),degg(x))} is
the largest degree of the polynomial. Taking into account the complexity of finding residues
[29], the total estimate is 0(511 lo gn) of bitwise operations. It should be noted that the developed

(k<)
2

as finding the residue at each step. Therefore, the total complexity asymptotically approaches

01((k2 +k}r logn).
In the classical Garner’s algorithm, it is necessary to find the multiplicative inverse k

times in the ring of polynomials. In [21] it is stated that the time complexity of the mentioned
operation in the standard basis GF(q") over GF(q) field, taking into account the complexity of

algorithms require multiplication operations, where  is the number of moduli, as well

the Euclidean algorithm O(rzlog2 n) and its consequence O(nlogznloglogn), is equal to

O(nlog2 n(loglogn+1)). In addition, classical Garner’s algorithm includes the same operations as
the developed algorithms, that is, addition, multiplication, and finding residues. Due to this, its
time complexity is O, ((k2 +anlogn)+knlog2 n(loglogn+1)).

Therefore, the proposed algorithm for number recovery from its residues allows reducing
the time complexity fromO, ((k2 —|—anlogn)ﬁ—/’cnlog2 n(loglogn+l)) to O ((k2 - k}r lo gn). Figure 1
shows the graphs that indicate the dependences of the time complexities of the proposed and
classical approaches to a polynomial recovery from its residues in the ring of polynomials when
k=10 and n=1,...,1000.

Om)

6
2:10 T T T T

110° —

5100

0 200 400 600 800 1000

Fig. 1. Graphs of the time complexity dependences of the proposed method O1(n) and Garner’s
algorithm O»(n)
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It can be seen in Figure 1 that the use of the developed method of a polynomial recovery
from its residues in the corresponding ring, which is based on the addition of the product of
moduli-polynomials, allows us to reduce the time complexity. The results of the numerical
experiment show an increase in both time complexities with an increase in dimensions of the
input parameters.

The efficiency of the developed methods is determined by the ratio of the time
complexities and in the general case is noted as follows:

E(nk) = 0, (k,n) _ ((k2 + an logn)+knlog n(loglogn +1)) o1t logn(loglogn +1) )

0, (k,n) (k> +k)nlogn) k+1

Figure 2 shows a graph representing dependence of the proposed method efficiency in
comparison with Garner's algorithm. Input parameters are selected within the following ranges:
1<k<20,a 1<n<100C

En,k)
7 .
A ' i
" ,
5
p—
= =
100 : - >
—()Q()(Ao - — ‘77‘ 2
Q == c 4
206 510 8
0260 1412
b plglée a

Fig. 2. Dependence of the proposed method efficiency in comparison with Garner's algorithm
according to the number of moduli & and polynomial degrees n

It should be noted that the efficiency of the proposed method increases logarithmically

with an increase in the degree of the polynomial, and decreases proportionally with an increase
in the number of moduli.
Conclusions. Methods for the polynomial recovery in Z[x] ring are proposed, which make it
possible to parallelize calculations and avoid the procedure of finding the polynomial
multiplicative inverse due to the operations of adding the product of moduli and the product of
residues from moduli that in turn leads to an increase in efficiency. As a result, the effect is
achieved when the results of intermediate calculations go beyond the set range, which eliminates
the need to find the residue from a polynomial of relatively high order. Analytical expressions
of the time complexities of the proposed approach and Garner's algorithm due to the order of
polynomials and the number of polynomials-moduli are obtained, which show that the use of the
developed method makes it possible to reduce the time complexity. Graphs of the time
complexity and efficiency dependences are presented. It is found that the efficiency of the
proposed methods increases logarithmically with an increase in the degrees of polynomials, and
decreases proportionally with an increase in the number of moduli.
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METOJ BITHOBJIEHHA IIOJIIHOMIB 3A IX 3AJIMIIKAMU HA OCHOBI
OIIEPAIII TOJABAHHSA B KUUIBLI Z[X]
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3axiTHOYKpaTHChKUI HAIlIOHATHHUHN YHIBEPCUTET
11, JIsBiBCcBKa By, TepHominb, 46009, Ykpaina
Emails: iyakymenko@ukr.net, kasyanchuk@ukr.net

[IpencraBneHo METOIM BiTHOBJIEHHS MOJIHOMIB 3a 1X 3aMUIIKamMy B KTkl Z[X]. JlaHa 3a1a4a € akTyaibHOO JJIs
3aCTOCYBaHHSI B aCUMETPUYHIN Ta cUMETpHYHiN KpunTorpadii, alropurMax 3aBago3axXHUIIEHOTO KOIYBaHHS,
KOHTPOJIIO Ta BiJJHOBJICHHIO TIOMWJIOK B IPOLECI NEpeiaBaHHs MAaKeTiB AaHUX B KOMIT FOTEPHHX Mepexax Ta
PO3MOALICHOMY 30epiraHHio JaHuX. PO3IIsSHYTO TeOpETHYHI OCHOBH BiIHOBIJICHHSI TOJIHOMIB B KUIBI[i MOJTIHOMIB
Ha OCHOBI BIIOMHX TiIXOIIB, a caMe, KHTalChKOI TeOpeMH IO 3aIUIIKH, aNrOpuTMy [ apHepa, BU3HAUEHO iX
TepeBary Ta HeAOMiKH. PO3po0iieHo HOBI METOM 3BOPOTHOTO NIEPETBOPEHHS 3 CHCTEMH 3aJIMIIKOBHX KJIaciB Ha
OCHOBI omeparii qogaBaHHs 100yTKY MOAYIIIB Ta JOOYTKY 3aJHMIIKiB OMiHOMIB. [To0y10BaHO aHANITHYHI BHpa3n
YaCOBHUX CKJIAJHOIIIB 3alPOIIOHOBAHOr0 MeToxy i anroputMmy I'apHepa. [IpencraBneHo ix rpadiuHy 3aJIe)KHICTB,
sgKa BKa3ye Ha Te, IO pPO3pOOJCHWH WiAXix BITHOBJICHHSA IOJIHOMa IO HOTO 3alHIOKaX y Kutbli Z[X]
XapaKTepU3YEThCSl MEHILOIO CKIIAIHICTIO. BcTaHOBIEHO, 1110 MU 301IbIIEH] PO3MIPHOCTI BXITHUX MapameTpiB
3pOCTAIOTh YaCOBI CKJIAJHOCTI 000X MeToiB. JlociikeHo e(heKTUBHICTh BUKOPUCTAHHS PO3POOJICHOTO METOY Y
Kinpli Z[X], sika BKa3zye Ha JjorapuMiuHe 3pOCTaHHS NP 30UIBLICHHI CTENEHIB MOJIHOMA, 1 MpOMOpLiiiHe
3MEHILEHHS Y BUNIAJIKY 30UIbIIEHI KITBKOCTI MOJTYJIIB.

KoarouoBi cjioBa: BiHOBIEHHS MOJIHOMIB, KiJIblle TOJNIHOMIB, 3aMIIKH, KuTalicbka TeopeMa Mpo ajiropuTMm
I'apHepa, 4acoBa CKJIaHICTh, €()EKTUBHICTb.
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Due to the increasing amount of multimedia content in global traffic, steganographic methods
are becoming a key element of information protection systems. Modern steganographic
methods fall under such requirements as: ensuring the reliability of perception, resistance to
attacks against the embedded message, ensuring sufficient bandwidth. These requirements
must be met while ensuring high computational efficiency, which, as practice shows, is
possible when performing steganographic transformation in the spatial domain of the
container. One of the promising steganographic methods that meet all of the above
requirements while ensuring high computational efficiency is the steganographic method
with code control, for which a new modification with blind decoding was created. However,
this modification was researched only when operating with codewords of size 8x8, while in
practice, in the case of creating covert channels in conditions of significant attacks, or when
operating with digital video, it may be necessary to ensure greater resistance to attacks against
the embedded message. The purpose of this paper is to modify the steganographic method
with code control and blind decoding to increase its resistance to attacks against the
embedded message by using codewords of size 16x16. The paper shows that simply
increasing the length of the codeword does not lead to an increase in the resistance of the
steganographic method with code control and blind decoding, which justifies the need to
search for new structures of codewords of larger size. The paper proposes a new method of
formation of codewords and a modification of the steganographic method with code control
and blind decoding based on them. The performed experimental research has allowed us to
establish the high efficiency of the proposed modification of the steganographic method, in
particular, when using codewords of size 16x16 it becomes possible to ensure an error rate
of 1.2% when extracting additional information, which is twice as good as using the original
modification of the steganographic method with code control and blind decoding.
Keywords: steganography, code control, Walsh-Hadamard transform, spatial domain.

Introduction and statement of the problem. A significant increase in the amount of
multimedia content in global traffic leads to a rise in the relevance of using steganographic
methods for information protection. Today, a set of criteria has been formed by which modern
steganographic methods are evaluated, among which the following main criteria can be
distinguished: ensuring the reliability of perception, high throughput, resistance to attacks
against the embedded message, and high computational efficiency. It should be noted that today
there are several concepts for building steganographic methods. The first of them involves the
use of the transform domain for embedding and extracting additional information, which makes
it possible to quite easily provide the specified characteristics of the steganographic message,
such as its resistance to attacks against the embedded message. In particular, methods based on
the discrete cosine transform [1,2,3,4] have been proposed, which give a high percentage of
correctly extracted additional information even under conditions of attacks against the
embedded message. For example, a method [1] even under conditions of compression attack
with a quality factor QF=70 provides an error rate of 0%. Methods based on singular value
decomposition [5,6,7] are also able to provide their high efficiency in countering attacks against
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embedded messages. However, the group of methods that use container transform domains for
their operation is characterized by a significant drawback, which is associated with the fact that
the use of such transforms is characterized by high computational costs both when embedding
and when extracting additional information. This significantly limits the use of such methods
in many common platforms that are used today, for example, mobile platforms, [oT devices,
embedded systems, etc.

In contrast to the methods that use the transform domain for their operation, there is a
group of steganographic methods that perform steganographic transformation in the spatial
domain of the container. Among such methods, we can distinguish, for example, the classical
LSB method and its numerous modifications [8,9,10]. Despite the simplicity of their
algorithmic implementation, the absolute majority of steganographic methods operating in the
spatial domain of the container are characterized by the inability to resist attacks against the
embedded message, in particular compression attacks. In [11], the concept of code control was
proposed, which combines the advantages of steganographic methods operating in the
transform domains of the container with the computational simplicity offered by steganographic
methods operating in the spatial domain of the container. The steganographic method with code
control [11] was further developed in [12], where a blind decoding algorithm was proposed,
which provides the possibility of extracting additional information that was embedded using
the steganographic method with code control without the presence of the original container. In
[13], the issue of selecting sets of codewords that provide the best characteristics of the
steganographic method with code control and blind decoding was researched. However, to date,
only codewords of size 8x8, have been practically researched, while in practice it may be
necessary to use codewords of larger size to ensure the greatest robustness of the steganographic
method. This is relevant, for example, when creating covert channels, under very strong attacks,
or when operating with digital video as a container.

Thus, the relevant task is to research the possibilities and the results provided by the use
codewords of size 16x16 in the steganographic method with code control and blind decoding.

The purpose of this paper is to modify the steganographic method with code control and
blind decoding to increase its resistance to attacks against the embedded message by using
codewords of size 16x16.

This paper has the following structure: in Section 2, the original steganographic method
with code control and blind decoding is considered. In Section 3, the modified steganographic
method for operation with blocks of size 16 x16 is proposed. Section 4 presents experimental
research and a comparison of the results with other existing methods. Conclusions and
suggestions for further work are presented in Section 5.

Modification of the steganographic method with code control and blind decoding. The
theoretical basis of the steganographic method with code control [11] is the Walsh-Hadamard
transform, which is promising for modern steganographic methods and can be determined using
the following relation [14]

W, = H\ XH (1)

: 1
where H, =—=H

U

X is matrix of size N x N, the Hadamard matrix H, is determined by the Sylvester

construction
2’ 2“},171:1- )
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Embedding of additional information in the steganographic method with code control
occurs using codewords designed in such a way as to selectively affect a given transformant of
the Walsh-Hadamard transform, while according to [11] there is a strict correspondence
between the transformants of the Walsh-Hadamard transform and the transformants of the
discrete cosine transform. Thus, by selecting the type of codeword, it is possible to embed
additional information into a given frequency component of the container, ensuring the given
properties of the steganographic message.

Thus, the method is truly resistant to compression attacks, as proven by experiments
with embedding information into images. Under conditions of compression attack with a value
of QF=70, the error rate value is close to 0 when extracting additional information.

A significant drawback of this method, which limited its practical application, was the
lack of the ability to provide blind decoding. This problem was solved in [12] by using spatial
and frequency duplication of additional information and the idea of extracting information
considering the averaging of subblocks of a macroblock. For the sake of completeness, we will
briefly describe this method for the case of using two codewords, which is the most practically
valuable.

To embed additional information, the image is divided into blocks of size 8x8, a
codeword is added to each block, carrying one bit of additional information

M, =X +(-1)* *T7, 3)

+ + + +
Lo+L, I+

where T ={ } is the codeword;

T, +T, T, +T,
X, is the original image block of size 8x8 ;

d, is the bit of additional information;

T, and T, are the codewords selected for embedding additional information, which exert

a concentrated effect on the transformants of the Walsh-Hadamard transform.
The extraction of the additional information is performed using the following steps:
Step 1. The message is divided into blocks M| of size zxu.

Step 2. Each block M| of size wux g is divided into 4 more blocks of size z/2x p1/2

according to the following construction

Vior | Win

Step 3. For each block M, we calculate two matrices u, U, of size 2x2 using the

following formulas

4 4
W, = 22 Vi (a,b)T, (a,b);
a=1 b=1 (5)

4 4
U = ZZ‘//ﬂm (a,b)T42 (a,b), I,m=12.

a=1 b=l

Step 4. We find the average values

_ 2 2
u, = ZZu](l,m);

=1 m=
2 2
=l m

(6)

Zuz(l,m).

U,
1
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Step 5. We find the value of the extracted additional information bit for this block M/

as

d] = sign((u, —1,)+(uy, —1) =@y —1,)=(u, _—10,)+

"'(uzll - uz) + (“212 - ”2) - (”22l - uz) - (uzzz —U, ))-
In [13], all groups of codewords of order 4 were researched. Table 1 shows these
codewords and the DCT coefficient mostly affected by the codeword.

(7

Table 1.
Effect of codeword on DCT coefficient
Codeword DCT Codeword DCT
transformant transformant
1111 (L,1) 1 -1 1 -1 (1,4)
1111 1 -1 1 -1
Tan={1 111 Ty =1 Z1 1 2
1111 -1 1 1]
11 -1 -1 (1,2) 1 -1 -1 1] (1,3)
11 -1 -1 1 -1 -1 1
Ton=[1 1 21 1 Too=l1 21 11
11 -1 -1 -1 -1 1]
11 1] 4,1) 1 -1 1 -1 (4,4)
-1 -1 -1 -1 -1 1 -1 1
Ton=|1 1 1 Topy=l1 1 1 -1
-1 -1 -1 -1 -1 1 -1 1
11 -1 -1 4,2) 1 -1 -1 1 4,3)
-1 -1 1 -1 1 1 -1
Tex=l1 1 2 4 Tew=|1 21 21 1
-1 -1 1 -1 1 1 -1
1 1 1 1 (2,1) 1 -1 1 -1 (2,4)
1 1 1 1 1 -1 1 -1
Tan=121 21 21 4 o=l 1 211
-1 -1 -1 -1 -1 1 -1 1
11 -1 -1 (2,2) 1 -1 -1 1 (2,3)
1 1 -1 -1 1 -1 -1 1
T35 = -1 =1 1 Toay = -1 1 1 -1
-1 -1 1 -1 1 1 -1
11 1 1 3.1 1 -1 1 -1 (3.4)
-1 -1 -1 -1 -1 1 -1 1
Tan=l21 21 21 41 Tay=21 1 a1
1111 1 -1 1 -1
1 1 -1 -1 (3,2) 1 -1 -1 1] (3.3)
-1 -1 1 -1 1 1 -1
Tun =11 1 Tan=|1 1 1 -1
R S | 1 -1 -1 1

We present the results of an experiment on increasing the size of the applied codeword
to 16x16. Within the framework of this experiment, a similar method of constructing
codewords was used as for the size 8x8
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Ii+T Ty + T
CRA T

where 7" and 7, are the first and second codeword, respectively.

®)

The use of codewords constructed according to (8) led to the formation of a
steganographic message with resistance to attacks against the embedded message comparable
to the resistance provided by the method [13], however, with reduced throughput. Such results
lead to the conclusion that it is necessary to restructure the codeword with an increase in its
size.

The proposed solution. As a basis for constructing codewords 7}, we will use expression (3),
accordingly, we will choose the following codeword structure
G Lo Ty +T Ty +Ty |

41 2 - 41 T 42
A L o)
SR |G LT ToAT ToHT

+ + + + + + + +
Lo+l T,+1, Ty+1, T +T

where T, 4T and 7. 42 are the first and second codewords, respectively.

According to the structure of the codeword 7;;, we can conclude that the method
operates as if one bit of additional information were embedded using four codewords 7" .

Considering the structure of the codeword (9), we write an algorithm for embedding additional
information, which is similar to the algorithm for embedding additional information [13].

Step 1. The image is divided into blocks 16x16.

Step 2. A codeword is added to each block, which is modulated by a bit of additional
information. Then each subsequent block of the steganographic message M, will be defined as

M, =X, +(-1)* *T;., (10)

where X, is the block of the original image of size 16x16;

d, 1s the bit of additional information;

T, is the codeword constructed according to formula (9).

Below we present the algorithm for extracting additional information in the form of
specific steps.
Step 1. The original image is divided into blocks of size 16 x16 in a standard way. For

each block, we define the matrix P = [p 1P 2} .
P; Dy

Step 2. For each block M,, we perform its division in a standard way into 4 blocks
Y,j=12,..,4 of size 8x 8.
Step 3. For each block Y, of size 8x8, we perform its division into 4 more blocks of
size 4x4 according to the following construction ¥, = [i ; } .
3
Step 4. For each block Y, we calculate the matrices
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4 4 4 4
D w(@b)T, (a,b) | D2 v,(a,b)T, (a,b)
a=1 b=1 a=1 b=1
Uin =17 4 4 4 )
D> »(@b)T, (a,b) | YD v, (a,b)T, (a,b)
a=1 b=l a=1 b=l
s ey (11)
D> »(@b)T, (a,b) | DY y,(a,b)T, (a,b)
a=1 b=l a=1 b=l
Ur =4 4 4 4 )
D> yi(@b)T, (a,b) | XD v, (a.b)T, (a,b)
a=1 b=1 a=1 b=1

where the notation y(a,b) means the element of the matrix with index (a,b).
Step 5. We find the average values

2 2 2 2
U, = Zzui,l (l,m), U, = Zzu[,z (Z,m). (12)
=1 m=1

I=1 m=1

Step 6. We find the values p,,i=1,2,...,4 for the given block YJ as

pi=sign[2(<u,,,(l,l>—z?,,>+<u,-,l(1,2)—LZ)—(ui,,(z,n—E)—(u,,xz,z)—@)j. (13)

=1

Step 7. We calculate the bit of additional information in the block M, as

4
d, =sign(2plj.
I=1

The results of experiments. For experimental research, 500 images were selected from the
NRCS database [16]. Additional information was embedded using the YCbCr space in the Y

component of each image block. The pairs Ty, 4, and Ty, , Ty, and T, 5, Ty, and Ty,
were used as codewords 7, and 7 .

Experimental research on the stability of the proposed modification of the
steganographic method was performed as follows. Additional information was embedded in
each image, after which the resulting steganographic message was compressed using the JPEG
compression algorithm with a given quality factor QF. After that, the embedded information
was extracted and the number of errors was estimated.

Fig. 1 shows the results of the experimental research on the number of errors in the
extracted additional information depending on the quality factor QF.
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: Plot of error rate versus QF
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Fig. 1. Number of errors in extracted information depending on the quality factor OF

Fig. 2 shows an example of embedding additional information using the proposed modification
of the steganographic method.

e p——

a) b)

Fig. 2. .Example of embedding additional information using the proposed modification of the
steganographic method with code control, a) — original message, b) — steganographic message

Subjective ranking of the images presented in Fig. 2 leads to the conclusion that there
are no artifacts or visible distortions in the steganographic message.

Table 2 presents the results of a comparative analysis of the proposed modification of
the steganographic method with code control of additional information embedding with the
classical steganographic method with code control, the steganographic method with code
control and blind decoding, as well as other known analogs.
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Table 2.
Comparative analysis of the proposed modification of the steganographic
method with code control
Cod QF PSNR | R Domai | Blin
e 10 [ 20 ] 30 [ 40 | 50 | 60 [ 70 | 80 | 90 ] 100 | ,dB n d
Original [11]
(5,1) | 42.8 | 29. | 12. | 3.0 | 09 | 0.7 | 0.0 | 0.0 0 0 | 48.1 1/16 | S -
4 2 5 7 2 7 3
Modified [13]
(1,4) | 425 | 37. | 32. | 15. | 49 | 33 | 25| 1.6 | 1.2 | 1.1 | 36.1 1/64 | S +
(1,4) 8 | 9 | 4
(2,3) | 423 | 36. | 32. | 27. | 22. | 12. | 58 | 4.6 | 3.0 | 2.7 | 422 1/64 | S +
(3,3) 6 | 4| 8| 3|5 |6 | 3|93
(4,1) | 38.7 | 31. | 23. 10. | 46 | 3.6 | 3.1 | 3.0 | 25 | 2.5 |37 1/64 | S +
4,1) 5 10| 7
Proposed
(1,4) | 49. | 48. |40. |83 |27 |17 |12 |08 |07 |0.6 |36 125 | S +
(14) |9 2 |8 4 |4 1 5 6
(2,3) | 479 | 43. | 38. [29. |18. |69 |44 |34 |21 1.9 | 36.8 125 | S +
(3,3) 6 |0 |2 |4 |6 |2 |3 |5 6
(4,1) | 47.1 | 40. | 22. |72 |38 |29 |27 |25 1.9 |19 |363 125 | S +
4,1 2 |8 2 |3 |2 |6 |8 |9 6
[15]
- - 0.0 - 0.0 - 0.0 - 0.0 | 0.0 | 271 0.01 | NN +
2 2 1 1 1
[1]
[ - [ -Tol -JTof[-[T-Tof-TJ]o] | [DCT [+
[2]
- - - - - - 33. | 74 103 | - 45 <1/8 | DCT +
9
[17]
| 3] 7[5 ] 422127127127 -1347 J1/64 [SVD [+
[5]
- - - - 23. | 14. |1 2.7 | 0.0 | 0.0 - 32.7 1/16 | SVD +
9 1 6 8 8
[18]
- - - - 24, | 14. | 2.7 | 0.2 | 0.1 - 32.7 1/64 | SVD +
7 4 1

Analysis of the data presented in Table 2 leads to the conclusion that the proposed

modification of the steganographic method with code control allows to provide actually two
times fewer errors in the compression attack with the coefficient QF=70 when compared to
classical steganographic method with code control and blind decoding. At the same time, on all
sets of codewords that were researched, the percentage of correctly extracted additional
information is higher than on the same sets of codewords [13]. The PSNR indicator is
practically the same as in [13].
Conclusions. The paper proposes a modification of the steganographic method with code
control of additional information embedding and blind decoding, which is capable of operating
with codewords of size 16x16. The modification, in comparison with analogs, gives better
results on the same sets of codewords. At OF values used in real-time information transmission
channels, the number of errors is practically 2 times less. The PSNR indicator is constant and
equal to ~36 dB, indicating steganographic message reliability of perception.

Further research may concern larger blocks and an increase in the percentage of
correctly extracted additional information.
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HIJIBUIIEHHA CTIMKOCTI CTETAHOTPA®IYHOI'O METOJIY 3 KOJOBUM
YIHPABJIIHHAM TA CJIIIUM JEKOJAYBAHHAM

0. K. 3irinosa', A. B. Cokonos?

! HartionansHuii yHiBepcuTeT «O1echKa MOJIITEXHIKa
1, llleBuenka mp., M.Oneca, 65044, Ykpaina
’HanioHanbsHuil yHiBepcHTeT «OiechbKa IOPHANYHA aKaJEMis»
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Email: radiosquid@gmail.com

UYepes 3pocTaHHSA O MYJIBTUMENIHHOTO KOHTEHTY Y CBITOBOMY Tpadiky creraHorpadidHi METOIH CTalOTh
KIIFOYOBUM €JIEMEHTOM CHCTEeM 3axXHCTy iH(popmarii. JJo cydacHux cTeraHorpadiqHUX METOIB Mpel’ SBISIOTHCS
TaKi BUMOTH sK: 3a0e3neyYeHHs] HaliIHHOCTI CIPUIHATTS, CTIMKICTh O aTak NPOTH BOYAOBaHOTO MOBIJOMIICHHS,
3a0e3Me4eHHs JOCTaTHhOI TPOIYCKHOI CIIPOMOXHOCTI. 3a3Ha4yeHi BUMOTHM MalOTh BUKOHYBaTHCS TIpU
3a0e3NeUYeHHs] BUCOKOT 00UHCITIOBAIbHOI €pEKTHBHOCTI, 110, SIK TIOKA3y€ MPAKTHKA, € MOXIIMBUM IIPY BUKOHAHHI
CTETAaHOIICPETBOPCHHSL y TMPOCTOPOBiN 00nacTi koHTeitHepa. OAHMM 3 MEPCHCKTHBHHUX CTEraHorpadivyHux
METO/IiB, 1110 33/I0BOJILHSIE BCIM 3a3Ha4E€HHM BUMOT'aM ITpU 3a0€3Me4eHHI BUCOKOT 00UHCITIOBAIBHOT €()eKTUBHOCTI
€ creraHorpadigyHui METOX 3 KOJOBUM YIIPABIIHHIM, IJIS SIKOTO OyJla CTBOPEHA HOBITHS MOTU(IKAIIS i3 CTimuM
JIeKOMyBaHHAM. THM He MEHII, 3a3HaueHa Moau(ikamis Oyia JOCHiIHKeHa TUTBKH TPU POOOTI 3 KOJOBHMHU
CJIOBaMU po3Mipy 8x8, ToJi Sk Ha MPaKTHIL B pa3i CTBOPEHHS MPUXOBAHNX KaHAiB B YMOBaX 3HaYHHX aTak, abo
npy poOoTi 3 HUPPOBHUM BiJle0 MOKE BUHMKATH HEOOXIHICTh 3a0e3rmeueHHs OLIbIIOT CTIMKOCTI 10 aTak MPOTH
BOYJIOBaHOTO TOBIJOMJICHHSA. MeTor HaHol cTaTTi € Momu(ikamis cTeraHOrpagpiqHOTO METONY 3 KOJOBHM
VIOPaBIiHHAM Ta CIIKM JAEKOAYBAaHHSAM JUIS MiJBUINEHHS HOro CTIMKOCTI J0 arak HpoTH BOYIOBaHOTO
MOBITOMJICHHSL IIUISXOM 3aCTOCYBaHHS KOJOBHX CIHiB po3mipy 16x16. Y poboTi moka3aHO, M0 IPOCTE
HApOIYBaHHS JOBXKHHH KOJOBOT'O CJIOBA HE IIPU3BOJIMTH IO 30UIBIICHHS CTIHKOCTI CTeraHorpadivHOro MeTomy 3
KOJOBUM YIPAaBIiHHAM Ta CIIMUM JAEKOAYBaHHSAM, IO OOIPYHTOBYE HEOOXiTHICTH MOMIYKY HOBHUX CTPYKTYpP
KOJIOBUX CIIB OUIBIIOrO po3Mipy. Y poOOTi 3amponoHOBaHO HOBHUil crnoci® (opMyBaHHS KOIOBHX CIiB Ta
Momudikamis creranorpadigHOro METOAy 3 KOIOBHM YIIPABIIHHSIM Ta CIIAM JCKOAYBAaHHSIM Ha iX OCHOBI.
[poBeseHi eKCrepUMEHTabHI JOCTIIXKEHHS JO3BOJMIM BCTAHOBUTH BHCOKY ©(EKTHUBHICTH 3alpPOIIOHOBAHOI
Moaudikanii creraHorpadiuHOro MeTOAy, 30KpeMa, IPH 3aCTOCYBaHHS KOJOBHX CIliB po3mipy 16x16 crae
MOJKJIMBUM 3a0€3MEUYHUTH BiICOTOK MOMIJIOK MIPU BIITyYEHHI 101aTKOBOT iH(popmartii 1.2%, 110 € hakTHuHO y 1Ba
pa3u MEHIINM BiJl 3aCTOCYBaHHS OpUTiHANEHOT MoAH(DiKamii cTeraHorpadivHOro METOY 3 KOJOBUM YIIPaBIiHHIM
Ta CIIMUM JEKOIyBaHHSIM.

Karwu4osi ciioBa: creranorpadis, Ko0Be yIpaBIliHHsI, IEPETBOPSHHS Y ouia-Aamapa, mpocTopoBa 00JacTsb.

323



A. M. Aninyiiko

DOI 10.15276/imms.v14.n04.324 Informatics and Mathematical Methods in Simulation
VI[K 519.7 Vol.14 (2024), No. 4, pp. 324-334

METOIM MOBYIOBHU JOCKOHAJOI ®OPMU CUCTEMMH 3AJIMIIIKOBHUX
KJIACIB HA MHOKHHI HIVINX KOMIIVIEKCHUX YU CEJI

A. M. Aninyiiko

3axiTHOYKpaiHChKUI HalllOHAJTLHUN YHIBEPCUTET
11, JIeBiBCBHKA ByI., TepHominb, 46009, Ykpaina
Email: aliluyko82@gmail.com

Ha mammii wac Benmka yBara HpUAUISETHCS 3a1adaM ITiABHUINCHHS IIBUAKOII aJTOPHUTMIB
BUKOHAHHS ONEpaliii MOOYIApHOI apupMeTHKH. JIOCHTh TEpPCIEKTUBHOKW  JUIS
3aCTOCYBaHHS B Cy4YacHi Teopii 4mcel, MpUKIamHINA Ta OOYMCIIOBANbHIA MaTeMaTHIli, a
TaKOXX aCHMETPHUUHIN KpumTorpadii, € HEMO3MINHHA CHCTEeMa 3aJUIIKOBHX KIACiB.
3anponoHoBaHA CTATTA TPHUCBSIYEHA PO3POOI METONIB 3HAXOMKCHHS HaOOpy MOIYIiB
JIOCKOHAJI01 ()OPMH CHCTEMH 3aJIMIITKOBUX KJIACiB B 00JIACTI MIJIMX KOMIUICKCHUX YUCEII, SIKE
€ PO3IIMPEHHSAM MHOXXMHHM LIMX 4Hcesl. BupillleHO akTyalibHe 3aBIaHHs 3HAXOKCHHS
JIOBUIBHOI KiJIBKOCTI MOJIYJIB JOCKOHAJ01 ()OPMH LIIOYHCENHFHOT KOMIUIEKCHOI CHCTEMH
3aJIUIIKOBUX KJIAaciB Ha OCHOBI IPOOOBHX MEpPEeTBOPEHb Ta (hakropusaiii A0O0yTKY UHCEI.
BukopucraHHs JaHOTO METOAY JIO03BOJISIE CYTTEBO 3MEHIIMTH OOYMCIIIOBAIIBHY CKIIAIHICTh
OpH  BUKOHAHHI apuU(METHYHHMX oOmepalii Hajg KOMIUICKCHUMH YHCIAMH IULIXOM
po3napajeNieHHsl Mpolecy OOYHCICHb Ta NEPeBEACHHS YHCEN 13 CHCTEMH 3aJIUIIKOBHX
KJIaciB 3a paxyHOK BUKIIFOYEHHS NPOLEAYPH MOLIYKY 3BOPOTHOTO €JIEMEHTA 32 MOIYIIEM Ta
MHOXEHHSM Ha 0a3ucHi umcna. Brepme oTpuMaHo HabOpU TPHOXMOIYIBHOI JTOCKOHAIOT
(GopMH KOMIUIEKCHOI CHCTEMH 3alMIIKOBUX KiaciB. BU3HaueHO YMOBH IUIsl 3HAXOJKCHHS
OyIb-sKOT KUJIBKOCTI MOAYMIB, SIKi YTBOPIOIOTH JOCKOHATY (OPMY KOMILICKCHOI CHCTEMH
3aJMIIKOBUX KJIaciB, JBa 3 SKUX HeBijioMi. HaBeneHO npuUKIaAM BUKOPUCTAHHS
3aIpOIOHOBAHUX METOJIB /ISl TOCKOHAJOi ()OPMHU CHCTEMH 3aJIMIIKOBHX KIACIB, y SKOMY
OTPUMaHI BC1 MOXKJIMBI HAOOPH KOMILICKCHUX MOJYIIIB P 33 aHOMY HAHMEHIIIOMY MOYJIi.
Ipeacrapieni TaOiaM4HI 3HA4YEHHS Ta NpPOaHANi30BaHO rpadivyHi 3aJeKHOCTI HOPM
OollepKaHMX  MOAYJiB. B  pesynbrari npoBeAeHHX  JOCHIDKEHb  IIO0Ka3aHO, IO
3alpONOHOBAaHMH METOJI ICTOTHO 3MEHIIYE OOYMCIIOBAIBHY CKIAIHICTh KHTaHCHKOT
TEOPEeMH IIPO 3ATUIIKK 32 PAXYHOK YHHKHEHHS orepanii NoIyKy o0epHEHOro eleMeHTa 3a
MopylieM. BUKOpHCTaHHS 3ampOOHOBAHOTO METONY MigbOpy MOIYJIB, SIKi YTBOPIOIOTH
JOCKOHATY (OpMY, JO3BOJIUTH 30LTBIIUTH IIBUIKOAIFO OOYHCIIOBAIEHUX CHCTEM, IO
NPALIOIOTh Y CHCTEMI 3aJIUIIKOBHX KJIACiB.

KuarouoBi ciioBa: cucrema 3ajMIIKOBHX KJIAcCiB, KOMIUICKCHE YHCIO, AOCKOHada (opma,
(axropu3allis, KUTalchbKa TeopeMa Npo 3aJIUIIKN

Beryn. Ha cydacHomy erami po3BUTKY 1H(QOpPMAaLiHMX TEXHOJIOT1H HEMO3MIIHHI CHUCTEMHU
YHCJICHHS IPUBEPTAIOTh BCE OLIBIY YBary 3 METOI0 BUKOPHCTAHHS iX MPH BUPIIIEHHI pALy
npoOieM Ta HayKOBO-TeXHIYHUX 3amad [1, 2]. Lle moscHIOEThCSA THM, IO MPU BUKOHAHHI
3HaYHUX OOCSTiB OOYMCIIEHb B pEalbHOMY 4aci CYTTEBO MPOSBIAIOTHCSA HENOJIKU JIBIHKOBOI
CUCTeMHM (HaIpHKIaJ, HasBHICTh MDKPO3PSAIHHUX 3B’SI3KIB Ta BelHMKa PO3PAAHICTH [3]), ski
CYTTEBO 3MEHIIYIOTh MIBUIKO/III0 OOUUCIIIOBATIBHUX cUCTeM [4].

[lepepaxoBaHi HeIOIKM BiJICYTHI, HAIpUKIIaJ, B cucteMi 3anumikoBux kinacis (C3K).
3okpema, C3K edeKkTHBHO BHMKOPUCTOBYETHCS NpPU BUKOHAHHI LIJTOYMCENIBHUX OTeparii
MONYJSpHOT apudMEeTHKH Haja 0araropo3psIHMMH YHCJIAMH: JO/IaBaHHs, BiJIHIMAHHS,
MHOKEHHSI, MiTHECeHHA 0 cTerneHs [5] 1 T.J., IO OCOOAMBO akTyaJlbHO B 3aJadax
kpuntorpadii [4, 6]. Ane BoHa Tako)X Ma€ MEBHI HEOMIKU (BIICYTHICTh OMNEpaliil AiJIeHHS Ta
NOpPIBHAHHA [7], TPYAHOILI Y BHUSBICHHI YMOB IEPETOBHEHHS PO3PSIHOI CITKH, CKJIAIHICTh
3BOPOTHOTO TMEPETBOPEHHS 4YHCENl Yy JECATKOBY CHUCTEMY 4YHCIEHHA). be3cymHIBHOIO
nepesaroro C3K € MOXIUBICT, BUKOHAHHS Omepalliil Haj 4MciaaMu, sSKi MEHIIl 3a BHOpaHi
MOJIyNi, Ta po3mnapajeieHHsi mpouecy obuucieHb. KpiM TOro, BUKOPUCTaHHS J1OCKOHAJIOL
(D) [8-10] Tta momudikoBaHoi mockonanoi ¢opm (MIU®D) [11] C3K no3Bosse cyTTeBO
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CIPOCTUTH MEPEBEACHHS YUCEI Y MO3ULIIHHY CUCTEMHU YHCIICHHS.

[HIIMM HampsMKOM TIiABUIICHHS IIBUAKOMII alTOPUTMIB BHKOHAHHS Omeparlii

MOIYJSPHOT apu(METUKH 1 CTIMKOCTI KOMIT'IOTEPHHUX CHCTEM JO0 pI3HOTO BHUIY araKk €
3aCTOCYBaHHS OUIBII CKIATHUX CTPYKTYp, 30KpeMa, IUIMX KOMIUIEKCHUX 4Yuceln abo uuceln
I'ayca. 3aBnsku i3oMop(dizMy MK KUIBIIMHA IUIMX Ta KOMIUIEKCHHX YHCENT KOMIUJIEKCHA
MOAYJSipHA apu(METHKa € TMEePCIEeKTUBHOI0 I 3aCTOCYBaHHA B 0ararbOX CHCTEMax
acUMEeTpUYHOI KpunTorpadii.
AHaJi3 1ocaizkeHb Ta myoJikaniii. AHami3 HAyKOBUX JOCIIKEHb TOKA3ye, 10 MOTYISIPHI
omepanii HaJ UUIMMH KOMIUIEKCHUMU YHCJIAMHU MOXYTh YCHIIIHO 3aCTOCOBYBarucs B
acumerpuyHux KpunrtoanroputmMax RSA, Enp-I'amans, PabGina Ta ix momudikamisx, ski
panimie Oyiau chopMyJIbOBaHi IS JIMCHUX IUIUX YHCEIL.

B [12] nponemMoHCTpOBaHO nepeBart BUKOPUCTAHHA MOAM(PIKOBAHOTO anropuTMmy Eib-
["amans Ha MHOXKHHI IIJTUX KOMIUIEKCHUX YUCEN MO0 IMABUIICHHS Horo HaaiitHocTi. B [13,
14] Oymo mokaszano mis cuctemu RSA, 1m0 MOKHA JOCSTTH 3HAYHOTO 3HFDKEHHS CKJIQJHOCTI
o0uucieHb 3 UIIMMH yuciamMu [ayca, ajie mpu IIbOMYy MOMJIMBE 3HIDKEHHS HaA1MHOCTI
anroputMy. B [15] 3a3HadueHo mepeBard BUKOPHCTAaHHS TayCiBCBKMX IUTUX YHUCEN IS
re’eparii BIIKpUTOro kioya kpunrocucremu PaGina. e m03Boimiio po3poOUTH BiAMOBIAHY
apudMeTHKy a1 TeopeMu BinbcoHa 1 kuTaiicbkoi Teopemu mpo 3anumku (KT3), a Takox mis
oOuncneHHs: cuMBONiB Jlexkanmapa 1 kBaaparnyHuX 3anuiikiB. KpunrorpadiyHy eminTHUHY
KpHUBY HaJ IinuMu unciaamu [ayca posmisganu B [16]. Kpim Toro, B mporpamax KomyBaHHS
HaJ LITUMU uynciamu ['ayca BUKOpUCTOBYIOTH 1LiIounceNnbHy apudmeruky [ayca [17].

[Tpu 3acrocyBanHi KomIiekcHOI cuctemu 3anmumkoBux kiaciB (KC3K) B 3amagax
Kpuntorpadii T0BOJUTHCS MaTH CHpPaBy 13 MOMIOHUMHU TPYAHOIIAMH, SIK 1 MPU 3aCTOCYBaHHI
ninouncensHoi C3K. 30kpema, mpu 3BOPOTHOMY IepeTBOpeHHI koMruiekcHuX uuncen i3 KC3K
Ha ocHOB1 KT3 HeoOXiHO BUKOHYBATH IPOMI3/IKY IPOLEypY HOUIYKY OOEpHEHOI0 eJIeMEHTa
3a KOMIUJIEKCHUM MoayieM [ 18].

Buxozasuu 13 cka3aHOro, akTyaJbHOI HAyKOBOIO 337a4€l0 € CTBOPEHHS aHAIITUYHHX
METO/IiB TIOUTYKY KOMIUIEKCHUX MOJYJIB, sIKi 3a10BobHsuN 6 ymoBam I KC3K.

Merta pobGorn. Metoro naHoi poGotu € mnopanbmuii po3sutok Tteopii D C3K. s
JOCSITHEHHS TOCTABJIEHOT METH B POOOTI BUPILIYIOTHCS HACTYIIHI 3ajayi:

— po3po6ka metoai modyaosu [P C3K B koMIUIeKCHIH YUCIOBii 00MacTi;

— BHM3HAYEHHS YMOB MOOYJIOBM BCIX MOXJIMBHUX BaplaHTIB JUIsl 33JaHOi KUIBKOCTI
moxymnis JI® KC3K.

OcHoBHa yacTuHA. TeopeTHyHi OCHOBHM BUKOHAHHS apU(PMETHUHUX MOIYJISIPHUX OIepalliil
HAa MHOXHWHI KOMIUIEKCHUX 4ucen 3aknaB [ayc [19]. AmnamoriyuHo A0 TpaauIiiHOI
acCUMETpUYHOi Kpurnrorpadii, JOMUIBHO PO3MIAAATH TUIBKM IUI1 KOMIUIEKCHI yucha (iX 1me
HA3MBaIOTh ayCOBUMHU), B SIKMX [liliICHA Ta ysIBHA YAaCTUHU € LiIUMU. bynb-ske mine
KOMILEKCHe uncino A=a+bi, a,b€Z 3amucyethes B C3K equHHM crocoGoM y BHIIAIL

Habopy CBOIX HaWMEHIIUX a00 a0CONOTHO HAMMEHIIMX KOMIUIEKCHUX 3aJIMIIKiB b/ BiJ
mineHHss A Ha KOXeH i3 cucTeMu M IIONApHO B3a€MHO MPOCTHX KOMIUIEKCHHX MOJIYTIB
1y, 1, ,. .., 1L

BJ:Amodmj, j=1n.
[Ipu upoMy ansg mojgaHHA yuca A B cucremi M HaiiMeHIINX 3aJIMIIKIB, HEOOXIAHO 1
JIOCTaTHBO, 100 BUKOHYBAJIUCS HEPIBHOCTI

0<ap,, +bq,, < N(M), 0<bp,, —aq,, < N(M),
aBcucteMi M abGCOMIOTHO HAWMEHIIHNX 3AJIUIIKIB —

1 . 1 .
|apM +qu|S§N(M)a bpM_aQM|SEN(M)5 (1)
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n
ne N(M) —HopMa KOMILJIEKCHOTO uncina M = Hm =Pyt
j=1

Bignosinennsa uyucna 4 3 C3K moxuHa 3piticautd Ha ocHOBI KT3 B KOMIUIEKCHINA
YHCIIOBIH 00acTi:

i (Zn:bij f_,)modM, @

ne M, :m—, Jf; UIyKaerbes 3 BUpasy (Mjfj)modmj =1, j=1n.
j
Cnig  3a3HA4YUTH, IO TOMYK OOCPHEHMX MYJIBTHIUTIKATUBHUX  €JICMCHTIB
S =MJT1 modsi1; CTaHOBHUTH 3HA4YHY OOYHMCIIOBAIbHY CKIAJHICTh, AKUH pEali3yeThes,

HAIPHUKIIAJ, 3 JOMOMOro0 anroputMy EBkiifga abo Bukopuctanus aHaiory ¢yHkiii Eitiepa B
KOMITJICKCHIM uucioBiii obmacti [18]. ¥V pobortax [8, 9] Oymo 3ampomonoBano J®
uinouncensHoi C3K, y skiil 3aificHIOBaBcst mMiAOip LIIMX MOAYJIIB TaKMM YHMHOM, 1100 iM

BiJIITOB1IaJTM OJTUHUYHI KOS(IIlIEHTH fj =1 j=Ln.

3a ananorieto posriasiHemo nooyaoBy Ad KC3K, y skii nigdip KOMIJIEKCHUX MOAYIIIB
TaKWi, Mo

M, mods; =1, j=1,n, (3)

T00T0 [, =1. lle 103BOIIsIE YHUKHYTH MOIIYKY OOEPHEHO €IEMEHTA | MHOKEHHS B (2) Ha f .

Bupas (2) B upoMy BUIIQAKY CIIPOLIYETHCS: A= (Zb jM j)mod M.

J=1
3anumemo Bupa3 (3) y BUIIISAI CHCTEMH:
M, mod iy, =1,
“
M modm, =1.

Cnovarky JOCHIIUMO CUCTEMY 3 TPbOX MOIYIIB. IS IbOTO 3a1aMO MOAYIL 1, , Hl, Y
BUIILSIAL: i1, = aniy +b, my = criyiv, +d = criy(ary +b)+d , e a i ¢ — HarypanbHi dncia, b i
d — uini uncna, npuyOMy BBaXkaeMo, o N () < N(rir,) < N(ry,). Toxi 3 (4) orpumyemo:

((am, +b)(cm, (am, +b)+d))modm, =1,
(m, (cm, (am, +b)+d)) mod(am, +D) =1, 5)
(ma, (am, + b)) mod(cmr, (am, +b)+d) =1.

Tpere piBHsHHA cuctemu (5) Mae Micie, SKIIO, 30KpeMa, K00yTok iy (am, +b) Ha
OJMHUITIO OUTBINNIA Bix 3Ha4eHHS Moxyns cry(any +b)+d . 3Biacu crigye, mo c =1, d =—1.
3 npyroro piBHsSHHA Oaummo, mo (riy(amy, +b)—1)mod(any +b)=—1, ToMy mNOBHHHA
BUKOHYBaTHCA ymoBa iy mod(ari, +b) =—1. Lle moxmuBo, sxmo a =1, b = 1. Toxi cucrema
(5) HaOyne TaKkoro BUTIISAY:

((m, +1)(m, (m, +1)—1))mod m, =1,
(s, (ria, (i, +1) = 1)) mod(riz, +1) =1, (6)
(mia, (1, +1)) mod(r, (m, +1)—1) =1.

3 mepmroro piBHSHHS cucteMu (6) BUIHO, mo (7t (ri, +1)—1))mod sy, =—1. Toxi mae

BUKOHYBaTHCA yMoBa (7, +1)mod sz, =—1 abo 1modry =—1.

SIKI110 MO3HAYUTH 71, = X + Vi, TO OTPUMAEMO TaKy CUCTEMY PIBHSAHb
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{xmod(x2 +y)=—x, o

ymod(x’ +y%) =-y,
sIKa Ma€ po3B’sI30K npu X =+1, y=+1. Omxke, BipHUM € cliBBigHOWCHHS /* modry =i', ne
k,l=0,3 mpu 1, ={1+i;1—i;—1+i;—1—i}.
BpaxoByroun HepiBHICTs N(ri1,) < N(ri1,) < N(ri1,), OTpUMy€eMO Taki /1Ba €J1HI HAOOpH
Tphox Moy ais JId KC3K: {1 +i;2+ i;3i} Ta {1 -2 —i;—3i} .
Metoa nodynosu I® KC3K Ha ocHOBi 1poGoBuX meperBopeHb. [IOMHOXUBIIN KOXKHE
piBHsIHHS (4) Ha BIAMOBITHUN MOIY/b, OTPUMAEMO:
M mod i} =i,
®)
M modsir> =rir,.
BukopucroByroun BracTuBOCTI KOHTpyeHIi 10 cuctemu (8) Ta KT3 B KoMIiekcHin
YHCJIOBiH 001aCTi, MATUMEMO:

M=[zijjfj2]m0dP, 9)
j=1
ne P=]]ml=M".

Jj=1

BpaxyBaBun, mo y [P KC3K fj =1, Ta CKOpPOTHBIIM MOJYJb, JIIBY Ta TpPaBy

n
yacThHHU (8) Ha 1X CIUIBHUMA TITbHUK M = Hm,. , meperuimeMo (9) TakuM YHHOM:
Jj=1

[leijodM=1. (10)
J=
Bupas (10) exBiBaJeHTHHI PIBHOCTI:
Z;Mj =yM +1, (11)
=
Jie y — L1 KOMIIJIEKCHE YHCIIO.

Honinueum niBy Ta npaBy yactunm (11) Ha M , OTPUMAaEMO OCTATOUHMi BHpa3 JUIA
nomyky Habopy moayinis y JI®d KC3K:

Zn:_iszr nl . (12)
j=1 m; Hmj

Jj=1
Jocmimxenns piBHAHHEA (12) 115 BEMUKOi KUIBKOCTI MOJYJIIB Ta BEIUKOIO y € JIOCHTh

TPOMI3AKHM.

1 .
B (12) mepenecemo qogaHok — BpaBo. ToJli MaeMO

m,
.i+.i+---+.i=7—.i+%- 13)
m, m m, mmmym,...m,
Hexait
.1 s
Yo = (14)
ml ml

Jie § — HaTypallbHE YUCII0, BUOIP SKOTO JO3BOJISE 3HAITU MOAYIb 71, 3 HAHMEHIIIOK HOPMOIO.
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1 .
3u0B B (13) nepenecemo nogaHok — Brpaso. Toxal maeMo

m,
T e (15)
m, m, mm, mmm,...m,
Hexait
o1 1 s
y————= (16)

3 (14) Ta (16) MmaeMo CIiBBITHOIIICHHS:

7:S._H Ta ”.Zz:H—ml'

i, s
SIKIO MpUAHATH, IO MOIYMNL 71, 1, Ta y € HaTypaubHUMH, TO 13 (17) cminye, mo

(17)

ofHOuYacHo ni, KpatHe s i §+1 kparne i, . Lle MoxxmmBo nume npu m, =2, =1, y=1.
Takuii Bumagok, nerambHo ommcaHo B [10]. 3okpema, orpumano AP C3K 3 uinmmu
Momyasamu ipu 1 =6 (2,3, 7,43, 1807, 3263441, M =1,0650050423922x10").

3HaiiieMO MOXXJIMBI KOMIUIEKCHI 3HAU€HHSA /1, y Ta HATYPalbHOTO S, JUIS SKHX

MO>KYTh BUKOHYBATHUCS CHiBBiHOIIEHHS (17).

s+1 _ s+1

+1
> (x—yi) . Bupas % MTOBUHEH
X" +y

Hexait my =x+yi, y=0. Toni y= -=—
xX+yi x4y
MaTH Lij1e 3HaYEeHHs, TOMY |s + 1| >x+ 7.

S+x+yi

X . )
=1+—+Xz . Ock1nbku
s s

Hpyre cniBBinHomeHHs B (17) MaTuMe BUIIAN 7, =

2 2
>0, L1

A N

, To X +)°>s°. TakuM 4uYMHOM OTpUMANH MOJBIHHY HEpPIBHICTH

2 2 2
|S+1|2X +y 2s , K& BHKOHYETHCS JIMIIC NI OQHOIO HATYpPAJIbHOI'O 3HAYCHHS S =1 Ta

OJHOTO 3 YOTHPHOX KOMIUIEKCHUX uucen ny ==x1+i 3 Hopmoro N(rr)=2. Tomi s

KO>KHOTO m, = {1 +i1-i4;-1+i;—1—i } € BimmoBigHe 3HAYECHHS
14 =.£ = {1—i;1+i;—1—i;—1+i} . B3siBim s =1, orpumaemo 7z, =1+ 7, .

m,

Sxmo B (15) 3HOBY mepeHecTH IOJaHOK L BIIPaBO, TO 3 CIIiBBIJHOIIECHb
m;
11T 1 1 .2 . o

y—————-—=——— T1a y=— (85=1) orpumaemo dopmyny 71, =1+riym,. Ipu

mm, m;  nmm, m

NEPEHECEeHH1 KOXHOro pa3y B IpaBy yacTuHy (11) nomanka L BBa)XaEMO, 10 Y BUpa3i
m;
o1 1 1 1 s
}/—_——'——_——...—'— =/ 3aBXJIu S = 1 .
my m, m; o n ..,
JI1st OCTaHHBOTO MOJYJIS 71, CIPaBeUINBA PIBHICTh

1 1 1
—= +

7

n

n— n—

1 1 :
L
j=1 j=1
n-l1
3B1CH OTPUMYEMO, 11O 71, = Hmj -1L

J=1
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Orxe, ocrarounuii Bupa3z s 1nobymgoBu cuctemu wmoxayiiB JI® KC3K mnpu
N(my) < N(m1,) <...< N(r1,) Ma€ Takuil BUIJIAA:

iy =1+,

k-1
= [, +1,1<k<n, (18)

Jj=1

3ayBaxuMo, 110 3aponoHoBaHui B (18) MeTo1 He BUUEpITyE BCIX MOXKIIMBHX HAOOPiB
moayaiB JJ® KC3K mpu 3amanux n. Hanpukian, npu 7 =5 Habip KOMIUIGKCHHX MOIYIIB,
orpuManuii 3a gornomororo (18), Oyume rakumit: 1+i, 2+i, 2+3i, —6+9i, —40-117i. Ane
MO’KHA HaBECTH iHIII HaOopH, 30kpema: 1+i, 2+i, 2+3i, —10+9;, 4+51i .
IMobynoBa 1® KC3K meroaom ¢akropusanii. Brakarouu, mo aBa ocTaHHI MOIyJi B
piBHOCTI (12) HeBijoMi, miClIA BIONOBIIHMX MAaTEMAaTUYHHX TIEPETBOPECHb OTPUMAEMO
HACTYITHE CIiBBITHOILICHHS:

) ) n-2 ) ] ) n-2 ] n=2 1 )
(mn—l +mn)Hmj +mn—lmnHmj (Z__szl (19)
j=1 j=1 k=1 1My

Benemo 3aminy:

m_,m = e . (20)

[Ticna migcranoBku (20) B (19) oTpuMyeMo yMOBY, SIka BUKOHYETBHCS JUISL 3a/IaHUX
HabopiB moayniB P KC3K:

. n—2 n=2 1 n-2
b= {1n | S| e
j=1 k=1 Ty, j=1
JInst 3HAXOJKEHHS IMapamerpiB d i b MOTPiIOHO (aKTOPU3yBaTH MPaBY UYACTUHY
cniBBigHOmEHHA (21). OCKiIbKM MOIYNI 71, , Ta 71, LI KOMIUIEKCHI, TO 3 (20) cuiayroTh
HACTYITHI PIBHOCTI:
. n=2 n-=2 n—=2 1
a,b—] [, |mod| [ ]ry,| D.——7 | |=0. (22)
= = k=t 1
Orxe, Bupasu (21) ta (22) BU3HAUAIOTh YMOBH JIJIs1 3HAXO/HKEHHS TOBUTBHOI KITBKOCTI
moayiiB J1® KC3K, nBa 3 IKMX HEB1IOMI.
Hexait n=5, y=1—i i m, =1+i, m,=2+i, rm,=2+3i, orpumani 3 (18). Toxui
Bupasu (20) ta (21) OyayTs MaTH BUTTISA:
mg=-71+9—a, mg=-T+91—b, ab=-33-126i. (23)
IIpaBa yacTuHa ocTaHHBOI PIBHOCTI B (23) Mae OyTu (pakTopruzoBaHa, HA OCHOBI YOTO
BH3HAYAIOTHCS Tapametpu d Ta b . OCKinbKu m, Ta mi, Ui KOMIUIEKCHI Ywicna, To d Ta b
TaKOX MarOTh OyTH LITUMH KOMIUIEKCHUMH YHCIIAMH.

JIyist 3HaXOKEHHsT d Ta b ckopucTaeMocst BAACTUBICTIO MYJIBTHILUTIKATHBHOCTI HOPMH
KOMIUIEKCHOTO YHucia. To/l Mae MicIie po3KIa:

N(a)-N(b) = N(a-b)=16965=3-3-5-13-29. (24)
BukopucraBimy BCeMOXKINBI MEPECTAHOBKA MHOXHHUKIB y (24), MoxHa oTpumaTu 12
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MOYITMBHX BapiaHTiB HAGOpiB 1 N(a), N(B) (tabm. 1).
Jisi 3HAXO/KEHHS mapameTpa d MOTPiOHO BpaxoByBaTH, 1O N(¢) AOPIBHIOE CyMmi

KBAJIpaTiB AIACHOI Ta ySBHOI YaCTHH IJIOTO KOMIUICKCHOTO 4Yucia 4. A 3 Teopii umcen
Bimomo, mo umcna Buxy 4k+1, k€N wmoxuna poskimacty B CymMy IBOX KBaJparib.
BiamoBiHO 0 FOTO MOXKIIMBI 3HAYCHHS TApaMeTpa d HaBeACHO B TaOuwuii 1.

Taoauus 1.
MoskiuBi 3Ha"eHHs 11 d , N(d), N(b)
N(a) i N(b) N(a) Q N(b)
i |2.2.5.12.90 = £2£55 | 5 5,592 2
1 +1;+7 |3-3:5:13:29=16965 | 29 L8540 3-3-5-13 =585
3 3-5-13-29 = 5655 3-13=39 3-5:29 =435
£ 1420 | 4 2 1200 aa £3£60 | 450
5 o |331329=3393 3-3-5 =45 Cesa; | 1329=377
+1+8i;
33=9 |+3:43i |513-29 = 1885 513 =65 E8EL 14309 -1261
B =t N N + 4+ 7i; N
+7+4;
£2+30 | 5 2590 — 909 = 5.13 =
13 L 340; | 335291305 3-29 =87 3-5-13=195
_ 1290 — .12 = £6£9 | £ 59
3-5=15 3-13-29 = 1131 3-3-13=117 o4 | 5297145

BuxopucTtoBytoun cmiBBigHOLIEHHS B (24) Ta yMOBY LIJIOYHCEIHHOCTI MapaMeTpa b ,
orpumyeMo 32 moxuuBux Habopis 3 5 monyniB 1d KC3K npu 3amanux 1+i, 2+i, 2+3i,

K1 HaBe#ieH] B Tabmumi 2. [Ipudyomy, ogHOMY 1 TOMY K 3HaY€HHIO N(q) BIIIOBIAAIOTH Pi3HI
MOZYJI 71, Ta Hl;, IO JO3BOJISE 3MIHIOBATH J1alIa30H KOMIUIEKCHUX YHCEIL.

Ha pucynky 1 mokazaHo xapakTep 3MiHM MaKCHMalbHUX Ta MiHIMaJbHHX 3Ha4€Hb HOPM
N(m,) Tta N(my) 3anexHO BiA HOMEpa HOPMH N(d), BIANOBIAHO 10 Tabmumi 2 y

aorapuMiuHiil mkam. Sk BUAHO 3 pHUCYHKa, MakCUMajbHI 3HaueHHs HopMm N(7,)
3pOCTaOTh, @ MiHIMaNbHI N(71,) cHagaroTh NPUOJIN3HO 3 OJHAKOBOK IHTEHCUBHICTIO. B Toii
’Ke uvac, MIHIMalbHI 3HadeHHS /N(7i1;) 13 30UIBIIEHHAM HOMEpa HOPMHU CIAJal0Th

IHTEHCHBHIIIE, HIXK MaKCUMalbH1 N (7i) .

10* 5 --:_‘;‘-‘_h\
10° 4 e T T S e e
= S e |
= . e
= e ————"
= e [ Y A ———- —p
g [ B i ki
s 102 3 N AT
= P
[=H
[=] i
T —-= MaxN(ma)
101 § ——- MaxN{ms)
— Min N{mg)
04 Min N(ms)
T T T T T T T T
1 2 3 4 5 6 7 8

Homep Hopmu N(a)

Puc. 1. Xapakrep 3MiHM 3HaueHb HOpM N(7i,) Ta N(ri5) 3al1€XHO BiJf HOMepa HOpMHU N(a)
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Tabanns 2.
Mosknusi Bapiant Habopis 3 5 moaynis JI® KC3K npu 3amanux 144, 2+i, 2+3i
Ne N(a) a b 1, N(rm,) s N(rig)
1 —33-126i| —8+9i 145 26 + 135i 18901
1 1 —1 33 + 1260 -6+ 9i 117 — 40— 1171 15289
i —126+33i| —7+8i 113 119 — 24 14737
—i 126 —33j —7+10i 149 — 133 +42i 19453
1+2i —57—-12i -8+ 7i 113 50 +21i 2941
) 5 —1-2i 57 +12i —6+11i 157 — 64 —3i 4105
2—1 12 - 57i -9 +10; 181 —19 + 66i 4717
—2+i — 12+ 57i —5+8i 89 5—48i 2329
3 —11-42i | —10+9i 181 4+51i 2617
3 9 -3 11 +42i -4 +9; 97 — 18 —33; 1413
3i —42 + 11§ —7+6i 85 35-2i 1229
-3 42 —11i -7+ 12i 193 —-49 +20i 2801
2 -3 24 —27i -9+ 12i 225 — 31 +36i 2257
4 13 —2+3i - 24 +27i -5+6i 61 17— 18i 613
3+2i —27-24i | —10+7i 149 20 +33i 1489
—-3-2i 27 +24i —4+11i 137 —34—15i 1381
2+50 —24 -3 -9 +4i 97 17 +12i 433
5 29 —2-5i 24 +3i -5+ 14i 221 —31+6i 997
5—-2i 324 — 12+ 11i 265 —10+33i 1189
-5+2i —-3+24i —2+7i 53 —4—15i 241
3+6i —19 -4 — 10+ 3i 109 12 + 13 313
6 45 —3-06i 19 +4i —4+ 150 241 —26 +5i 701
6 —3i 4—-19i — 13+ 12 313 — 11 +28i 905
—-6+3i —4+19i —1+6i 37 —3—-10i 109
1-8i 15— 6i -8+ 17i 353 —-22+15i 709
7 65 —-1+8i —15+6i —6+1i 37 8+3i 73
8+1i —6— 151 —15+8i 289 —1+24i 577
—-8—1i 6+ 15i 1+10i 101 — 13 -6i 205
6—9i 8 —9i — 13+ 18i 493 — 15+ 18i 549
3 117 -6+9i - 8+9; -1 1 1 1
9+ 6i —9-8i —16+3i 265 2+17i 293
—-9—6i 9+ 8i 2+ 150 229 —16+1i 257

Ha pucynky 1 mokazaHo XapakTep 3MIHM MaKCUMaJlbHHMX Ta MIHIMQJIbHUX 3HAY€Hb HOPM
N(m,) Tta N(rmy) 3amexHo Bix HOMepa HOPMH N(d), BIANOBITHO 10 Tabmmmi 2 y

jgorapuMmiuHii mKam. Sk BHJHO 3 pHUCYHKA, MaKCHUMalbHI 3HaueHHsS HopM N(7,)

3pOCTar0Th, @ MiHIMaIbHI N(71,) ciagaroTh NPUOIU3HO 3 OJHAKOBOIO IHTEHCUBHICTIO. B Toii

’Ke 4Yac, MIHIManbHI 3Ha4eHHA N(7i)

IHTEHCUBHIIIIE, HI)K MaKCUMaibHl N (7).

13 30UIbIIEHHSIM HOMEpa HOPMHU CIaJa0Th

3acrocyBanns JI® KC3K y kuraiicbkiii Teopemi npo 3aaummku. 3actocyemo KT3 no
B3a€EMHO IPOCTUX KOMIUIEKCHMX u4ucen my, =1+1i,

m, =2+1,

iy, =2+3i,

i, =—6+9i,

iy =—40—117i, sKi € OCHOBaMM CUCTeMH M =iy -1, - 7it, - i, - iy =—12129+9243i .

Cnouatky umncino A=-7+2 3anumemo B C3K y Burisiai cBoix abCONMOTHO HaMEHIIMX
KOMIUIEKCHHUX 3aJIUIIKIB:

b =Amodm, =i, b, =Amodrm, =1

b, = Amodrir, =1+1i
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b, = Amod s, =—1-7i, b, = Amodr, =—7-2i .

Jns M, = % =—1443+10686i, M, = M =-3003+6123i, M, = M =267 +4221i,
m m, m,
M,=—=1333+459 , M,=—=-39-117i o0OepHEH] eNeMEHTH 3a BIIIOBIIHUMHU
n, 1l

MOJYJISIMH BiZIOMIi fj =M ;1 modrm, =1, j= L,5. Tyr N(M)=232545690 i BHKOHYIOThCS
obomexenns (1): ap,, +bq,, =103389 <116272845, bp,, —aq,, =40443 <116272845.

Yucno A BimroBmoerses 3 C3K 3a hopmyioro (2):
A= (i(~1443+106867) —1(=3003 + 61237) + (1 +)(267 + 4221i) + (=1 — 7i)(1333 + 459i) +

+(=7—=2i)(-39-117i)mod(—12129 + 92431) = (9250 —-12124i) mod(—12129 + 92431) = -7 + 2i.

OTxe, YHCIO A 3 C3K BIIHOBIIOETECA 3a nonomoror KT3 0e3 BUKOHAHHS
TPOMI3ZIKOI omepamii TOomyKy OOEpPHEHOTO eJIeMEHTa 3a MOJYJIeM, a BHKOPHUCTOBYIOUH
oreparii iJI0YHCEeNBHOTO JI0/1aBaHHS, MHOKEHHS, Ta MOIYISIPHUX 00YUCIIEHb B KOMIUIEKCHII
YHCIIOBiN 001acTi.

BucHoBkHU. Y po6OTi po3B’sA3aHO 3a/1a4y MOOYI0BH JAOCKOHANO1 (POPMHU CHCTEMHU 3aTUIIKOBUX
KJIACiB Ha MHOXHHI ITUTMX KOMILUIEKCHUX YUCEN, J€ BIJCYTHS MPOIEaypa MOMYKY 3BOPOTHOTO
€JIeMEHTa 110 MOJYJIIO.

HaykoBa HOBHM3HA pe3ynbTariB, OJEpKAHUX Yy CTATTi, MOJSATAa€ B TOMY, IO BIEpIIE
3alpOIOHOBAHO METO/ MOOYIOBU JOCKOHANOI (POPMH KOMIUIEKCHOT CHCTEMHU 3alUIIKOBUX
KJIaciB Ha OCHOBI JPpOOOBUX MEPETBOPEHH Ta (paKTopu3allii, B Kl BiICYTHI omeparii momyky
00EpHEHOr0 eJIeMEeHTa 3a MOAYJIeM 1 MHOXKEeHHs Ha 0a3ucHi uncia. OCKUIbKU Taki omnepaii
XapaKTePU3yIOThCS BEIMKOI  OOYHCIIIOBAIBHOI  CKIAIHICTIO, TO OTPUMaHI METOIU
JO3BOJISIFOTH CIIPOCTUTH BHKOHAHHS apU(PMETHUHUX OIepaliil Haj MiIMMU KOMIUIEKCHUMU
YHCIIaMH [UITXOM PO3IapajieslioBaHHs MPoIecy 00UMCIIEHb Ta MEPEBEACHHS YHCEI 13 CUCTEMHU
3aJTUIIKOBHX KJIACIB.

[IpakTHyHa 3HAYMMICTH OJEPKAHUX PE3YJBTATIB IOJSTAE B TOMY, IO BUKOPHCTAHHS
3alpONOHOBAHOIO METOAY Mif00pY MOIYIIB, IO YTBOPIOIOTH JTOCKOHAIY (OpPMY, T03BOJIHUTH
30UIBIIMTH MIBUJKOJII0 OOYMCIIIOBAIIBHUX CUCTEM, IO MPALIOIOTh Y CUCTEMI 3aJUIIKOBUX
KJIaCiB.

[lepcneKTHBY MOJANBIINX JOCIHTIKEHb TOJISTAIOTh Y TOMY, 100 BU3HAYUTH YMOBH IS
3HAXO/UKEHHS MONYNIB MOAU(IKOBAHOI JOCKOHANOI (OPMU CHCTEMH 3aJUILKOBHUX KJIACIB, a
TaKOXX IMPOTpaMHa Ta anaparHa peaizallisi 3alporoHOBaHUX Ta 3alJIaHOBAHUX METO/IB.
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METHODS FOR CONSTRUCTING THE PERFECT FORM OF RESIDUE NUMBER
SYSTEM ON THE SET OF COMPLEX INTEGERS

Aliluiko A. M.

West Ukrainian National University
11, Lvivska str., Ternopil, 46009, Ukraine
Email: aliluyko82@gmail.com

So much attention is paid to the tasks of increasing the speed of algorithms for performing modular arithmetic
operations. The non-positional residue number system is quite promising for application in modern number
theory, applied and computational mathematics, and asymmetric cryptography. This article is focused on the
development of methods for finding a set of modules of a perfect-form residue number system in the domain of
complex integers, which is an extension of the set of integers. A relevant problem has been solved: finding an
arbitrary number of modules of the perfect form of an integer complex residue number system based on
fractional transformations and factorization of the product of numbers. The use of this method allows for a
significant reduction in computational complexity during arithmetic operations on complex numbers by
parallelizing the computation process and converting numbers within the residue number system, eliminating the
procedure of finding the inverse element modulo and multiplication by base numbers. Sets of three-module
perfect form of the complex residue number system were obtained for the first time. Conditions have been
determined for finding any number of modules of modified perfect form of a complex residue number system,
with two of them are unknown. Examples of the application of the proposed methods for the perfect form of the
residue number system are provided, in which all possible sets of complex modules are obtained for a given
smallest module. Tabular values of the obtained modulus norms are presented and their graphical dependencies
are analyzed. The results of the conducted research demonstrate that the proposed method significantly reduces
the computational complexity of the Chinese Remainder Theorem by avoiding the operation of finding the
inverse element modulo. The use of the proposed method for selecting modules that form a perfect form will
increase the performance of computational systems operating within the residue number system.

Keywords: residue number system, complex number, perfect form, factorization, the Chinese Remainder
Theorem
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METO/JI CETMEHTAIIII METAJIOTPA®IYHUX 30BPAKEHbD 3
BUKOPUCTAHHAM HEMPOHHOI MEPEXI U-NET

. P. 'opnenko, /1. M. KpuBenko

Hamionansuuii yHiBepcuTeT «O1echbKa MOJIITEXHIKa)
1, IllleBuenko mp., Oxeca, 65044, Ykpaina
Emails: horpenko@op.edu.ua, d.krivenko.ilc@gmail.com

Y poOoTi po3riIsHYTO 3aBIaHHS cerMeHTauii MmeranorpadiyHux 300paxkens. IIpoBeneHO
aHai3 METOJIB CerMeHTalii 3 BUKOPHCTaHHSIM HEHPOHHUX MEpEeX. 3alpornoHOBAaHO METOJ
cerMeHTauii MeranorpagiuHix 300pakeHb 3 BUKOpUCTaHHAM HelponHOi Mepexi U-NET,
sIKa ITEMOHCTPYE BUCOKY SIKICTh CErMEHTallil HaBiTh 32 0OMEXKEHOr0 pPOo3Mipy HaBYAIbHOI
BuOipkr. OCHOBHHUMHM TpOLEypaMH 3alpoNOHOBAHOTO METOAY € TOmepenHs oOpoOka,
ayrMeHTaIliss JaHuX Ta Kkiacudikamis o0’ekTiB. Po3pobneHuit Meron cermeHTamii
anpoOOBaHO HA THIIOBUX MeTajorpapiuaux 300pakeHHAX. [IpoBeneHO NOpPiIBHSIHHS
pe3ynbTaTIB CeTMEHTallii MeTanorpadiuaux 300pa)KeHb 3alpONOHOBAHUM METOIIOM Ta
MeToZoM BomonimiB. OIIHKY SKOCTI CETMEHTAIlil BUKOHAHO 3 BHUKOPHCTAHHIM METPHUK
toyHocTi (Accuracy, Precision), noBHoTu (Recall), F-mipu Ta mMatpuui Herounocreid. Ha
OCHOBI EKCIICPUMEHTAILHUX TOCIIIPKCHb BU3HAYCHO, 110 HABYAHHs HEWpOHHOI Mepexi U-
NET npotsirom oaniei emoxu 3 500 iTepauisiMu 103BOJIsiE OTPUMATH HaWKpallli TOKa3HUKH
SIKOCTI cerMeHTarii, a came: TouHicth (Accuracy) - 0.91, tounicte (Precision) - 0.82,
moHoTa (Recall) - 0.87, F-mipa — 0.85 mpu mocraTHii onepaTuBHOCTI. MeTOT BOIOIITIB
3a0e3meuye BUCOKY OICPATHBHICTh, OJJHAK SIKICTh CETMCHTAIlI] BUSBMIIACH HIDKYOK. Takum
YMHOM, 3alpONOHOBAaHMH B poOOTI MeTox € e(EeKTHBHMM Ui 3a7ad CEerMEHTalil
MeTanorpadiYHIX 300pakeHs, sKi MOTPeOyIOTh BUCOKOI SIKOCTI CETMEHTAITII.

Kuarouosi ciioBa: cermenrartis; ayrMmeHTanis; HeiiponHa mepeska U-NET; Meton Bogominis,
MaTpHIL HETOYHOCTEH

Beryn. KoHTponb SIKOCTI HpOXIYKIii J03BOJSiE€ BUSBUTH JePEKTH NPOAYKII Ha paHHIX
CTajisIX BHMpPOOHHMIITBA Ta 3amo0IrTH BUIYCKY OpakoBaHUX BUPOOIB 3 wMertanmy. Jlus
IPOBE/IEHHS KOHTPOJIIO SIKOCTI BUPOOIB 3 MeTally NMPOBOAATH MeTanorpadiuti JOCTiIKEHHS
JUISL YOr0 MIATOTOBIIOIOTH Mikpouwtidu [1, 2] 3a qonmomororo cnenianbHOro oonagHaHHs [3].
3aBJaHHs cerMeHTalil MeTanorpadiyHuX 300paXeHb € OJHUM 13 BaXKJIMBHX €TariB IUPPOBOI
00poOKkM 300pa’keHb B aBTOMATHU30BAHHUX CHCTEMax KOHTPOJIIO SKOCTI MPOAYKIIi, IO
0a3yeTbcd Ha aHalizl 300pakeHb Mikpouutiis 1iei mpoaykuii [4]. Ha cporoanimHiil aeHb
JUIsL cerMeHTallii 300pakeHb HE ICHY€ 3arajlbHUX METOJIB CErMEHTallii, sKi BUpillyBaiu O
3aBJlaHHS 3 PI3HUX MNpUKIAAHUX obnacteid. B [5] aBropm 3a3HavaroTh, 10 METOAM, SKi
3aCTOCOBYIOTH JUIsl CErMEHTAllli MeTasorpapiyHux 300pakeHb MOKHA PO3OMTH Ha JBl TPYIU:
METOAM Ha OCHOBI IHTEHCHUBHOCTI MIKCENiB a00 T€OMETPHUYHUX BIACTUBOCTAX (OpMH Ta
METO/IY, 3aCHOBaH1 Ha HaB4YaHHI. Jlo MeToAIB mepuIoi rpynu BiAHOCATHCSA MOPOTOBI METOJH,
METOJM Ha OCHOBI AaKTMBHHMX KOHTYpiB. J[o MeToniB Apyroi rpymu BiHOCATHCS METOAU
MaIlIMHHOTO HAaBUYaHHS, SIKI JAUIATBCS HAa METOAM HaBuaHHA: Oe3 BuuTens  (MeToau
KJIacTepu3allii, HanpukKiIaa, MeTol k -cepennix, Principal Component Analysis (PCA)) [6]; 3
BuMTENEeM (Meroau Kiacuikamii, Hanmpukiaa, HeWpoHHI Mepexi, Support Vector Machine
(SVM)) [7]; namiBkepoBane HaB4aHHs [8]. Ha ceoromguimHid O€Hb I CETMEHTAIil
300pakeHb MIKpONUTi(iB MHUPOKO BUKOPHUCTOBYIOTH METOAM 13 3aCTOCYBaHHAM HEHMPOHHUX
Mepex, Hio 3abe3nedye BHCOKY SKICTb CErMEHTalii 1 MOXYyTb OyTH BHUKOPHCTaHI B
aBTOMATH30BAHUX CHUCTEMax KOHTPOJIO SKOCTI BHpOOiB 3 Merany. IIpore BHKOpHCTaHHS
METO/IB 13 3aCTOCYBAaHHSIM HEWPOHHUX MEpEX JUIsl CerMeHTalii 300pa)keHb MIKpouuTi(iB
BUMarae 3Ha4HUX OOUYMCIIIOBAJIBHUX PECYPCIB Ta Yacy Ha HaBUAHHs Mojenei, o Moxe O0yTu
OOMEXEHHSAM JUIsl JEsKHMX CHCTEM, a TaKOX BHMMAara€ HasBHOCTI JOCTaTHbOIO 00CsTy
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KUIBKOCT1 HaBYAIbHOI BUOIpKU. ToMy po3poOKa HOBUX METOJIB CErMEHTAIlii, 1[0 TI03BOJISIOTh
MOKPAIIUTH SAKICTh CerMEHTalli NpU JOCTAaTHIM OMEepaTWBHOCTI Ta HEBENMKIM KITBKOCTI
HaBYaJIbHUX JIAHUX, € aKTyaJIbHUM 3aBJaHHSM.

AHani3 JiTepaTypHUX /:KepeJ Ta NOCTAHOBKA MNpodiemu. 3aBmaHHs cermeHTamii [9]
noJisira€e B po30UTTI 300paKeHHS HAa OJHOPIJHI 3a JESIKOK O3HaKorw objacti. Takumu
O3HAKaMU MOXYTh OyTH Kojip, Tekctypa, KoHTypu [10]. Ilpum BUKOpHCTaHHI METOIIB
cerMeHTaIlli 300paKeHHS B aBTOMAaTHYHOMY DPEKHMI MOMJIMBI TaKi MOMHJIKA CETMEHTAIlil
300pakeHb: HEMPABUIbHE CETMEHTYBAHHS - PO30DKHICTh KOHTYPIB CErMEHTOBAHUX OOJIacTei
3 MeXaMmMH O0O0'€KTIB Ha 300paKe€HHI; TEPECeTMEHTYBaHHS — 30LIBIICHHS KUIBKOCTI
CeTMEHTOBAaHMX 00JlacTeld Ha 300pa’keHHI; HEAOCETMEHTYBaHHS — HEJOCTATHS KUIbKICTb
CEerMEHTOBaHUX oOyiacTeld Ha 300pakeHHi. BubOip Meromy cerMeHTamii 3 ypaxyBaHHSIM
0cob0nMBOCTE 300paskeHh — L€ OAMH 13 CIOCOOIB 3HMKEHHS MOMMJIOK IIPU CErMEHTYBaHHI
OJIHOPITHUX oOnacTel 300pakeHHs. B pe3ynbrari 3acToCyBaHHS METOIB CerMEHTallii
OJICPXKYIOTh 0€3IliY OJHOPIAHHUX 32 CBOEK TEKCTyporo obiacteld abo OGesnid KoHTypiB. J[is
PI3HUX MPHUKJIATHUX 3aBJaHb PO3POOJAIOTHCS PI3HI METOAM CErMeHTallii, 110 BPaXxOBYIOTb
XapaKTEPUCTHKH 00'€KTiB Ha 300pa)KEeHHSX, IO 0OPOOIIAIOTHCS.

Bume Oyno 3a3HaueHo, 1m0 s cerMeHramnii MetanorpadidyHux 300pakeHb
3aCTOCOBYIOTh METOAM 3 JIOIOMOTOK HEWpoHHUX Mepex. Tak y pobori [11]
BUKOPHUCTOBYIOThCSI HelipoHHi Mepexi MLP (Multi Layer Perceptron) Ta RBF (radial basis
function). CxnamHiCTh BUKOPUCTAHHS HeWpoHHOI Mepexi MLP momsrae B ToMmy, mo Juis
KOKHOT'O KOHKPETHOTO 3aBJIaHHS HEOOXiJHO OyayBaTH BIAMOBIIHY CTPYKTYPY MEpEexi, IO
BUMarae mnOOYyJOBH Ta HaJAIITyBaHHS CTPYKTypu Mepexi. Heiiponni wmepexi RBF
3a0e3MmeuyoTh BHUCOKY IIBHAKICTH 30DkHOCTI. Ha BXim mepexxi RBF monmaethcsi meBHa
KUTBKICTh BXIJIHUX 3HA4Y€Hb Ta T€HEPYEThCs HaOlp BUXIIHUX 3HAYEHb, SKi BH3HAYAIOTHCS
BX1/IHUMH 3HaUEHHSIMU Ta HAOOPOM IapaMeTpiB, TAKUX K LIEHTPU Mac, BaroBl 3HAYEHHS Ta
iHTepBaniB mmpuHA. OCHOBHOIO CKIIQJHICTIO MpH poOoTi 3 Mepexkxamu RBF € Bubip mporo
HaOopy MmapaMeTpiB 1JIsl HABUAHHS MEpEexi.

OcranHiM dYacoM JJis BHUPINIEHHS 3a7a4l CcerMeHTalli 300pa)keHb 3aCTOCOBYIOTh
3ropTkoBy HelpoHHy Mepexy (CNN - convolutional neural network) [12-14], mo
3a0e3MeuyloTh BUCOKY SIKICTh cerMeHTalli. OHaK [Jid SKICHOrO HaBYaHHS Mepexi MoTpiOHa
BEJIMKA KiJTbKICTh 300paKeHb.

ToMy B poOOTI MpPOMOHYETHCS JUIsl CErMEHTalii MeranorpadiuHux 300pakeHb
BUKopucToByBaT HepoHHY Mepexy U-NET, sika BinHocuThest 1o CNN. HeliponHa mepexa
U-NET 3abe3neuye BHCOKY SKICTh CErMEHTallli, IpU 1IbOMY MOTpiOHAa HaByaibHa BHOIpKa
HEBEJIMKOTo po3mipy [15, 16].

OcHoBHa yacTtuHa. Etan cermenraunii B cucTeMax KOHTPOJIO SIKOCTI IMPOJYKIIIT
JI03BOJIsIE Ha MeTanorpadiyHuX 300pakeHHSIX BUIUINTH 30HU IHTEpPECY, 3a SKMMHU 3T0JIOM
MO’KHa BUKOHATH OLIIHKY PO3MIpy 3€pHa, IJs JOCIKEeHHs BiacTuBocted merany [17]. Ha
pHUCYHKY | mpencTaBieHo 300paskeHHs MiKpVOCTEy‘I.(IypI/I METay.

S

Puc. 1. Ilpukian 300pakeHHsS MIKPOCTPYKTYPH METAITy
3anponoHOBaHUI METOJ] cerMeHTalii MeTanorpadiyHux 300pakeHb 3 BUKOPUCTAHHSAM

3ropTkoBoi HelipoHHOT Mepexxi U-NET Bkirouae HacTynHi eTamu. MiArOTOBKa HaBYAJIbHOI
BUOIPKYU; HaJlAlITYBaHHS MapaMeTpiB Mojenl (po3piakeHa 3ropTka, (QYHKIIS ONTUMI3alil
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(SGD, Adam); naBuaHHs Mepexi; Kiacudikaris 00'€kTiB Ha 300pakeHHI; MopdosoriyHa
00po0OKa; moporosa oOpoOKa; OIiHKA SKOCTI CETMEHTAIIii.

Jly1st oTpuMaHHS HaBUYEHOT HEHPOHHOI MepexKi OyIia miAroToBIeHa HaBYalbHaA BUOIpKa,
IO CKJIANAEThCA 3 BXIAHMX 300pakeHb 1 MacoK, IO iM BiAmoBigaoTh. Macka € KapToio
pO3MiUEHHX KJIaciB Ha HaBUYadbHUX 300pakeHHsX [18]. ¥V [19] aBTopammu Oyio ommcaHo
QITOPUTM TPOILETYypPH ayrMEeHTallli HaB4aIbHOI BUOIPKM Ha HaBYaHHA HelpoHHOI Mepexi U-
NET, ocHOBHMMHM eTanaMu SIKOTO €: pO3TATYyBaHHS 1 00pi3aHHs; TOBOPOT Ha KyT 45, 90, 180,
270; 3MiHa SICKPAaBOCTI Ta KOHTPACTHOCTI; TOJJaBaHHS aUTUBHOI Ta IMITYJIbCHOI MEPEIIKO/I.

Jlyia cTBOpeHHs Macok Oylia 3ampornoHOBaHa Mpolenypa, GyHKI[IOHaIbHA cXeMa SKO1
npefcTaBieHa Ha pucyHky 2. Ha erami momepenHboi OOpOOKM 3MEHINYETHCS PiBEHB
AIUTUBHOTO Ta IMIIYJIbCHOTO HIYMY SIKMH 3'IBJSETHCS Ha 300pa)XKEHHSIX MIKPOCTPYKTYPH
CIUIaBy TMiJ 4Yac OTpUMaHHS 300pakeHb. [l 3MEHIIEHHS aAWTUBHOI TEPEIIKOAN
BUKOpHUCTOBYBaBcs QuibTp [Mayca. [lys 3MeHIIEHHS IMITYJIBCHOTO IIYMY, SIKMM BUHUKAE 1]
Yyac KBAHTYBAaHHS B NIpOIeCi OTPUMaHHA LU(GPOBOro 300pakeHHS 3aCTOCOBAHO MeliaHHHM

bimbTp.

[Monepenns ITepersopenns
00poOKa —» RGB 300pakeHHs >
B HAIliBTOHOBE

Bxinne

306paKeHHS binapizamis

v

Mopdonoriuna

3o0paxkeHHd

o0bpobka MACKI

Puc. 2. OyHKuioHalbHA cXeMa MPOLEAYPH CTBOPEHHS MacOK

Ha erani 6iHapu3anii 10 HamiBTOHOBOT'O 300paXkeHHs 0yio0 3acTocoBaHo MeTo OTCy
[20] . Mopdonoriuni omnepamii  (BIAKPUTTS, 3aKpuUTTA, Auiatamii, eposii) [20]
3aCTOCOBYBAJIMCA JJIsi YCYHEHHS PO3pHUBIB KOHTYpiB, 3allOBHEHHs oOiacTeil, yCyHEeHHs
JIpiOHUX MM Ha 300pa’keHHsX Mmicis O1Hapu3alii.

OCHOBHUM €TaloM 3alpONOHOBAHOTO MeETONy € Kiacudikalis oO0'€eKTiB Ha
300pakeHH1 3a JornoMoror HaBuyeHoi HelpoHHOT mepexi U-NET. Mepexa U-NET mae U -
nonioHy apxitektypy [21]. OOpobka 300pakeHb IIEI0 MEPEXKEI MPOXOIUThH JBa IUISXH:
HUIAXY 3BYXEHHS 1 PpO3MIMPEHHS 3BYXEHHS (3MEHILUEHHS PO3MIPHOCTI 300pa)KeHHs) €
MOCJTIIOBHUM BHKOHAHHSIM JIBOX omepamiil 3roptku 3x3 10 300pakeHb 3 MOJANbIINM
3actocyBaHHsM (ynkuii aktuBarii ReLu (Rectified Linear Unit) [22]. AHaniTUYHUIA BUTIISAA
¢ynkmis aktuBanii ReLu macrymumii: A(x) =max(,x), rpadix ¢ynkuii akruBamii ReLu
MOKa3aHO PUCYHKY 3.

10

©
T

6

(]

-10 Z§ 10~ x

Puc. 3. I'padik ¢pynxuii aktupanii ReLu

w
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3actocyBanHs ¢yHKIIi akTuBaiii ReLU 3HMXKye BHUTpaTH CHCTEMHHX PECYpCiB Ta
NPUCKOPIOE 30DKHICTH CTOXAaCTUYHOTO TPATIEHTHOTO CIHYCKy. Y pe3yibTaTi Ha BXij
PO3IIUPIOIOYOTO NUIIXY HAIXOIUTh 1H(POPMAIIis TIPO BIIACTUBOCTI 00'EKTIB, sIKA 301IbIITYETHCS
i1 Yac IPOXO/KEHHS Yepe3 3BY)KYIOUUH UIX.

OOpoOka Ha PO3IMMPIOIOYOMY IUISIXY TOJSIrae y 3acTOCYBaHHI 3rOpTKH 2x2 Ta
o0'eHaHHI 3 O3HAKaMH 3BYXYIOUOTO MUISAXY, [0 MICTATh BaXJIMBI PO3PI3HIOBAIbHI
XapaKTEPUCTHKH.

ExcnepuMenTajibHe AocaizkeHHs. [IporpamHy peanmizalito 3ampOIOHOBAHOTO METOIY
cerMeHTanii meramorpadiyHux 300pakeHb 3 BHKOPHUCTAHHSIM HeWpoHHOiI mepexi U-NET
BUKOHaHO MOBOIO Python.

OCHOBHMMHM TIPOTPAMHUMH MOJIYJISAMH €. apxIiTeKTypa Mepexi (omuc IapiB);
nepenoOpoOka 300pakeHb; HaBYaHHSA Mepexi; Kiacudikamis; mocToOpoOKa pe3yibTaTiB
kiacudikarrii.

[pu peanizarii nporpaMHIX MOIYIIB BUKOPUCTOBYBAIUCS 010110TEKH:

Tkinter Ta matplotlib - 1 mobynoBu inTepdeiicy mporpamHoi peanizarii;

Keras ta TensorFlow - mst moOynoBa Heiipornoi mepexi U-NET.
Ha BXiz po3p00I€HOT0 MPOrpaMHOT0 MOAYJISL HAIXOIHIIN 300paKCHHS MIKPOCTPYKTYPH
MeTary (Tadit. 1). 300pakeHHs] MIKPOCTPYKTYpH MeTalry Oyl OTpUMaHi Ha CIieliaTbHOMY
cTeH i mig kepiBHUITBOM pod. O. I'. JlepeBsiHUECHKO.
Jist 3HWOKEHHS PIBHS QIMTUBHOTO Ta IMIYJIBCHOTO IIYMY, IPUCYTHBOTO Ha BXITHUX
300pakeHHSX, MPOBOIMIIACS TTONIEPEIHS 00pOoOKa.
@ineTp ["ayca 3acTocoByBaBCs /17151 3SMEHILICHHS aAUTUBHOTO IIyMY, a MEIiaHHUH QiIbTp —
JUTSL 3HWKCHHS IMITYJIbCHUX Tiepeiko/1. [Ticisi boro BUKOHYBAIOCS IMiICUIICHHS
KOHTPACTHOCTI 3a JIOTIOMOTO0 €KBaJIi3allil riCTOrpamH.

Bxinni 300paskenHss Oynu mporpamHoO 0o0pizaHi A0 po3Mipy 512x512 mikceniB uis
nonadi Ha Bxig Mepexi U-NET. Ilpuknanu TectoBux 300pakeHb HaBeneHO B Tabmmii 1.

Taoanms 1.

[Ipuknanu 306paxeHb TeCTOBOI BUOIPKU

Jlnis mopiBHAHHA pe3ynbTaTiB podoTtu HeifponHoi Mepexi U-NET 6yno npoBeneHo cepito
excriepuMenTiB. CriouaTky popmyBasacs HaBuajabHa BUOIpKa, MICJISl YOTO BUKOHYBAIOCS
HaBYaHHS MEPEeXi 3a pi3HOT KIIBKOCTI €MoX Ta iTeparliil.
Takox Oys0 peanizoBaHo MeTo BogoautiB [20] mist cerMeHTalii 300pakeHb MiKpOIuTidiB.
Taxkum yrHOM, OYII0 IPOBEEHO:

Hauanns mepexi Ha 1 enoci Ta 50 iteparisix;

HaBuanns mepexi Ha 1 eroci ta 300 iTeparisx;

Hauanns mepexi Ha 1 enoci Ta 500 iTepamisix;

HaBuanns mepexi Ha 2 enoxax 3a 300 itepauismu;

CermenTartrist MeTooM BogoAuTiB [20] .
Pesynbrat po6OTH Mepeski Miciis HaBUYaHH 3 Pi3HOIO KUIBKICTIO €M0X Ta iTepawii s
300pakenpb 1-4 3 Tabnuii 1 mpencrapieHi B TaOIHIN 2.
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Tabaunns 2.
PesynbpTaTi TeCTYBaHHS MEPExXi
HaB4aHHs Mepexi Ha 1 emoci Ta 50 iteparisx
e A
%, 2
' g \\«
enoci Ta 300 iTeparisix

' - L =

ORI ~

enoci Ta 500 iTeparisx

/\\‘{5\\/ \"'\ [ /

w A [

PR ~
‘\AT“(I L) } ! o i |

Vot A

V)

Sk BUIHO 3 MpelCTaBIEHHsS pe3yNbTaTiB, NMPU HaBYaHHI Mepexi Ha 1 emoci Ta 50
iTeparisax Mepexa 4YaCTKOBO CErMEHTYBajla 300pa)KeHHs, MpHU IIbOMY Yac HaBYaHHS Oyllo He
BEJIMKUM, MPOTE TaKa KUIbKICTh KpPOKIB Oyla 3aHaATO Moo JUIsi OTPUMAaHHS XOPOILOTO
pe3ysbTaTy cerMeHTallii.

[Ipu HaBuanHi Mepexi Ha 1 emoci Ta 300 irepamisix SIKICTh CErMEHTAllli 3HAYHO
HOKpaIuiacs 3aBKU 301IbIIECHIH KITBKOCTI KPOKIiB, TP LIbOMY Yac HaBYaHHS 301IbIITUBCS.

[Tpu naBuyanHi Mepexi Ha 1 enocita 500 iTeparisix SKICTb CErMEHTAIlll MOKpaluacs,
OJIHaK Yac HaBYaHHS 30UTBIINBCS MPAKTUYHO B /IBA PA3H.

[Tpu HaBuaHHI Mepexi Ha 2 enoxax Ta 300 iTepawisx pe3ynbTaT BUSBUBCS OIM3BKUM
JI0 pe3ynbTaTy IMpu HaBuaHHI Mepexi Ha 1 emoci Ta 300 iTepamisx.

Jlnst OIiHKK SIKOCTI CErMeHTarlii 300pakKeHHs CETMEHTOBAHI 3a JOTOMOTOK METOMIY
cerMeHTauii 3 BUKopucTaHHAM HeipoHHOT Mepexi U-NET mpu pi3Hili KUIBKOCTI emox Ta
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iTepaliii, a TakoX METOJOM BOJOJIUTIB, TOPIBHIOBAIKNCS 3 €TAaJOHHUM 300paKCHHSM,
PO3MIYEHUM eKcrepToM (Tadi. 3).
Taoauus 3.
[TopiBHSAHHS pe3ynbTaTiB cerMeHTalii 300pakeHHs, PO3MIUYE€HOTO eKCIIEPTOM
13 pe3y/bTaTaMH €KCIEPUMEHTY

3o00pakeHHH, Po3miTka Po3miTka Po3miTka Po3miTka Po3miTka
po3MiueHe mics ics ics iCIIs icCJIst METOLY
EKCIIePTOM HaBYaHHS HaBYaHHS HaBYaHHS HaBYaHHS BOJIOZILJIIB
Mepexi Ha 1 Mepexi Ha 1 Mepexi Ha 1 Mepexi Ha 2
ernoci Ta 50 enoci ta 300 | emociTa 500 | emoxwu 3a 300
iTepanisax iTeparisax iTepartism

AV X i \J
'~-i. 5 N i L y - -

Ominka SKOCTI CcerMeHTamii 300pa)KeHb TMPOBOIMIACS 3a JOIMOMOTOK MATPHIL
HETOYHOCTEH, eleMEHTaMH SIKO1 € BeJTMUMHU OMUJIOK 1-r0 Ta 2-ro poay (Tabdu. 4) [9].

Tabauus 4.
3aragpHUIA BUTJISA MATPHII HETOYHOCTEH
300paxenHs, po3miuene | Po3miTka 300paskeHHs, OTpMaHa B Pe3yJbTaTi eKCIEPUMEHTY
EKCIIePTOM
Konryp 1 Konryp 2
Konryp 1 TP FP
(true positive) (False positive)
Kontyp 2 FN TN
(False negative) (true negative)

EnemMeHnTn MaTpulill HETOUHOCTEW BHKOPUCTOBYBAIMCS JS PO3PAaXyHKY OIIHOK SIKOCTI
cerMeHTartii: Tounocti (Accuracy) (1), Tounocri (Precision) (2), moBaotu (Recall) (3), F-mipu

(4) [9]:

TP +TN
Accuracy= ) (1)
TP +TN + FP+FN
P
B )
TP + FP
1P
= =, 3)
TP + FN
_ 2-PR 4
' PHR @

VYV 3amaui cermenTailii meramorpadiuHuX 300pakeHb TOMHIJIKA |-ro poay TMoJsirae y
OPURHATTI HENPAaBUIBHO KJIACHU(IKOBAHOTO IIKCENs 3a MPaBUIBHMU BIATYK, XOua HYJIbOBA
rinore3a H, cTBepaXkye, 10 MiKCeIb Ha 300pakeHHI OyB KiacH(iKOBaHUN MPaBUIBHO, aje

I TimoTe3a BIIKUAAE€Tbes. BignmoBigHo, moMMIKa 2-Tr0 poAy — 1€ HENpPaBHIBHO
KJacu(ikoBaHi MiKcei, KOJIM HYJIbOBY TIOTE3y NMPUIMalOTh TOMUIIKOBO.

VYV Ttabnuil 5 mpeacTaBiieHl ycepeaHEH! OIIHKHM SKOCTI CeTMEHTallii, po3paxoBaHi Iist
300pakeHb, CETMEHTOBAaHMX 3a JIOMIOMOIOI0 PO3pOOJIEHOTO METOAYy CerMeHTamii 3
BUKOpHUCTaHHAM HelpoHHOI Mepexxi U-NET 3a pi3HOi KIJIBKOCTI €MoX Ta iTepaliid, a TaKox
METO0M BOJIOJILTIB.
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Taoauus 5.

O1iHKH SIKOCTI cerMeHTallii MeranorpadiuHux 300pakeHb

[Toxa3nuk mics micis IIiCJI HABYAHHS | IIiCIIS HABYAHHS | IIICIA
AKOCTI HABYAHHS HaBYaHHS Mepexi Ha 1 Mepexi Ha2 | MeTody
Mepexinal | MepexiHa eroci ta 500 eroxu 3a 300 | Boxmoxi
emoci ta 50 | emoci Ta 300 iTepanisix iITepanisiMu 1B
iTeparisax iTepanisax
Accuracy 0,87 0,89 0,91 0,91 0,84
Precision 0,64 0,91 0,82 0,77 0,71
Recall 0,90 0,78 0,87 0,91 0,74
F- mipa 0,75 0,84 0,85 0,83 0,72

IIpoBeneHe excriepuMeHTaNbHE AOCHIDKEHHS I0Ka3ajo, 110 HaWKpalll MOKa3HUKH
SAKOCTI cerMeHTauii MertanorpadiuHux 300paxeHb Oynu OTpPHUMaHI NPH BUKOPUCTAHHI
3alpOMOHOBAHOTO METOJIY CerMeHTalii 3 BuKopucTtaHHsM HelponHoi wmepexi U-NET,
HaBYaHHS sIKO1 poBoamutocs Ha 1 emoci Ta 500 iTeparrisx.
BucHoBku. Y po6oTi po3poOieHO METOJ cerMeHTanii MmetanorpadidyHux 300paxeHb i3
BUKOpHUCTaHHAM HelpoHHOT Mepexi U-NET. [IpoBeneHo MOCHTIIKEHHS SKOCTI CerMeHTArlil
300pakeHb MiJ] YaC BUKOPUCTAHHS 3alIPOIIOHOBAHOTO METOAY CEIMEHTAllil 3 BUKOPUCTaHHAM
HeiiponHoi Mepexi U-NET 3 pi3HOI0O KUIBKICTIO €moX Ta iTepamiii, a TaKoX MEeTOJO0M
BojoxaimiB. Jlng 30iiblieHHs oOCATy HaB4aidbHOI BHOIpKM B poOOTI Oyl0 BHKOHAHO
npoIenypy ayrMeHTtamii JaHux, oocar sikoi OyB 30impmenuit y 10 pasiB. Kpim Toro, Oys
po3pobiieHuit Hablp MacoOK JJIsi KO’KHOTO 300paykeHHs 3 HaB4ajabHOI BUOIpKU. OIiHKA SIKOCTI
CETMEHTAIlii POBOMIIACS 3 BUKOPUCTAHHSM MATPHUIl HETOYHOCTi, HA OCHOBI €JIEMEHTIB SIKOT
Oyiu po3paxoBaHi MOKa3HUKHU TOYHOCTI cerMeHTanii (Accuracy, Precision, Recall, F' - mipa).
[TopiBHsUTBHUE aHAJI3 MMOKa3aB, IO 3alpPOIIOHOBAHMN METOJ| CETMEHTallii 3 BUKOPUCTAHHSIM
HeiiponHoi mepexxi U-NET, HaBuanHHs sikoi mpoBoamiiocs Ha 1 emoci Ta 500 iTeparisx
3a0e3Meunsio BUCOKY SIKICTh cermeHTanii. OfHak 4yac HaBYaHHS B IIbOMY BHIIAJKY 3pic
OpakTUYHO B 2 pasu. IIopiBHSAHO 3 METOJOM BOAOALIIB, 3alIPONOHOBAHMN METOJ IOKa3aB
Oulbllle BUCOKY SIKICTh CErMEHTalli 3a BCIMa pO3IJSHYTHMHU IOKa3HUKaMH SKOCTI
CerMeHTallii, 110 € OiIbII MPIOPUTETHUM, HIXK IIBUIKICTb 0OPOOKH 300pakeHb.
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METHOD OF METALLOGRAPHIC IMAGES SEGMENTATION USING
THE U-NET NEURAL NETWORK

D. R. Horpenko, D. M. Krivenko

National Odesa Polytechnic University
1, Shevchenko Ave., Odesa, 65044, Ukraine
Emails: horpenko@op.edu.ua, d.krivenko.ilc@gmail.com

This work addresses the problem of metallographic image segmentation. An analysis of segmentation methods
using neural networks has been conducted. A segmentation method using the U-NET neural network has been
proposed, which demonstrates high segmentation quality even with a limited training dataset size. The main
procedures of the proposed method include preprocessing, data augmentation, and object classification. The
developed segmentation method has been tested on typical metallographic images. A comparison of
segmentation results using the proposed method and the watershed method has been conducted. The
segmentation quality has been evaluated using accuracy (Accuracy), precision (Precision), recall (Recall), F-
measure, and confusion matrix metrics. Based on experimental studies, it has been determined that training the
U-NET neural network for one epoch with 500 iterations yields the best segmentation quality indicators, namely:
accuracy (Accuracy) - 0.91, precision (Precision) - 0.82, recall (Recall) - 0.87, F-measure — 0.85, with adequate
processing speed. The watershed method ensures high speed, but the segmentation quality is lower. Thus, the
proposed method in this work is effective for metallographic image segmentation tasks that require high
segmentation quality.

Keywords: segmentation; augmentation; U-NET neural network; watershed method; confusion matrix
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[Iupoke BUKOPUCTAHHS KOHCTPYKLIH y BUTJISI TJIACTHH 1 000JOHOK B MaIIMHOOY/1yBaHHI,
KopabieOyayBaHHI, IpUIa00yAyBaHHI 1 IHIIMX raly3sX BUPOOHUITBA POOUTH aKTyaJIbHUM
JOCII/DKCHHSI MIIHOCTI 1 JKOPCTKOCTI €JIEeMEHTIB LMX KOHCTpyKuid. HasBHicTh B
KOHCTPYKILISAX MIIKPIMIIOIOYMX CTEPIKHIB, ONOp, MPSIMOTIHIHHUX Ae()EKTIB TUILY TPIILUH i
BKJIIOYEHb a00 {HIIMX HEOJHOPITHOCTEH 3HAYHO YCKJIAJHIOE iXHIM pO3paxyHOK, Tak SK
nepepaxoBaHi eNEMEHTH B KOHCTPYKLIAX € KOHLCHTPATOPaMH HAIPYXeHb. AKTyalbHHM €
CTBOPCHHS HOBHX 1 YJOCKOHAJCHHS ICHYIOUHX METOJIB IOCHIPKEHHS KOHICHTpAMii
HampyXkeHb B MNpyKHUX Tinax. CydyacHa MexaHika JIeOpMOBaHOTO TBEpAOrO Tijla
HOCITYTOBY€ETHCS IIMPOKUM HAOOPOM MaTeMaTHYHUX MOJEJeH Ul ONUCY BUTHHY IUIACTHH i
00010HOK. I3 pi3HUX MOZeNei KOHTAKTY IIACTHHU 3 peOPOM KOPCTKOCTI HANMIPOCTIIIOO €
MOJieNb, B SKii mepemdadaeThcs, MO0 pPedpPO KOPCTKOCTI HE Ma€ TOBIIMHH 1 KOHTAKT
3aiiicHIOEThCS 1O JiiHil. KOHTaKT Mo po3iMKHYTIH JiHII Mae Micle TakoX Yy BHUIAAKY
HasIBHOCTI JIIHIMHOI oropu abo KOJNM Ha IUIACTUHY JIaBHTh TOCTPOJiHIHHMN InTamm. Bci
nepepaxoBaHi BUMaAKK (PeOpo KOPCTKOCTI, OMOpa, TOCTPOTIHIHHHUK MITAMIT) MATEMATHYIHO
eKBiBaJIeHTHI. MaTemarnuHe (hOpMYIIIOBaHHS NEPEepaxoBaHUX BHIIAJIKIB MPH3BOAUTH 0
3MIIIaHKUX 3a/1a4 Teopii IIACTHH 1 0O0JIOHOK, SIKi MOXKYTh PO3IIISIATHCH SIK 3MillIaHi 3a1a4i
Teopii mpyxHocTi. im0 gaHoi poOOTH € mMmojanbiia po3poOKa i JmeTami3amis METOIIB
pimIeHHs 33134 i JOCiKEHHS Ha OCHOBI INX METOIB PSITy HOBUX 3a1a4 IIPYKHOI piBHOBAru
IUTACTHH 3 JIHIHHAM BKIFOUSHHSIM, OIWH 200 OOHIBA KiHIIA SKOTO 3HAXOMIATHCS BCEPEIMHI
iacTHHU. MeToanKa, 10 BUKOPHCTOBYETHCS B POOOTI MOJISrae B HACTYITHOMY: MUHAIOUU
CTaNil0 3BeICHHS 3a7adi A0 IHTErpajlbHOTO DPIBHAHHS BIJHOCHO KOHTAKTHHUX 3YCHIIb i
PpIIICHHS BOTO PiBHSHHS, MPOTHHU IUIACTUHU 3aITHCYIOTHCS Y BUIIIAI JTIiHIHHOT KoMOiHAIIT
pileHp OirapMOHIHHOTO PIBHSHHS B 00JIacTi, Ky 3aiiMae uactuna. Heinomi koeditienTn
JHIAHHOT KOMOIiHaWii BIANIYKYBaJMCh METOAOM TIpaHM4HOi KoJjokalii. OCHOBHUMH
pe3yabTataMu poOOTH € Mo0yI0Ba CHCTEMH PIllleHs OIrapMOHIHHOTO PiBHAHHS B 00JaCTi 3
NPSMOJIHIHHAM ~ BKIIIOYEHHSIM, 3aCTOCYBaHHS MeETOJa TIpaHM4YHOI KOJIOKamil  Juist
3HAXOJ/KEHHS KOS(IIi€HTIB JIHIHOT KOMOIHALIT /TSI MOJIC/TFOBAHHS CUCTEM.

KuarouoBi cioBa. Cucrema OirapMOHIHHHX (QYHKIIIH, METOJl TPAaHWIHOI KOJIOKAIii, Kiac
(byHKLII 3 0COOIMBOCTAMH, LIO HE IHTETPYIOTHCS, BUTHHHU IUTACTHHHU, MOJICITIOBAHHSI.

Beryn. Po3rnsaersbes 3a1a4a po BUTHH IJIACTUHY 3 TOHKUM JIIHIMHKUM BKITIOYEHHSM. Bigomo,
10 HasBHICTh B KOHCTPYKLIAX MIJKPIIIIOIOUUX CTEPXKHIB, ONOpP, MPAMOJIIHIMHUX Je(EeKTiB
TUIY TPIIIMHY 1 BKJIIOYEHb 3HAYHO YCKJIATHIOE iX PO3paxyHOK, TaK SIK IlepepaxoBaHi eJIeMEeHTH
B KOHCTPYKIISIX € KOHUEHTPAaTOpaMu HampyXeHb. TpagullifHUM METOJO0M pIIIEHHS TaKUX
3a]a4 € METO/1, 3aCHOBaHM Ha 3BEJICHHI 3a/1a4 JI0 IHTErPAIbHUX PiBHSAHB BITHOCHO KOHTAKTHUX
3ycuib. Bimomi gocimimkeHHs B 1mboMy HampsiMky [1 — 4]. Metowo poboTu € mopaibiia
po3poOKa i aeTaiizallis METOAIB PIllIeHHs 3a7a4 BUTUHY TUIACTHH 3 JIIHIHHUMHU BKITIOYEHHSMH,
Jie pillIeHHs 3a/1a4 BiA0YBAa€ThCS y BUTIIAI JiHINHOT KoMOiHalii OirapMOHIMHUX QYHKIIIH, sKi
BPaxOBYIOTh HAasBHICTh BKJIFOUEHHS JUISI KIHLIEBOI IJIACTUHH.

y|<b),

y| < ¢ IIPUCYTHE TOHKE )KOPCTKE BKJIIOUEHH:. BpaxoByroun,

OcHoBHa yacTuHa. Po3risHeMo NMpSIMOKYTHY IIApPHIPHO-ONEPTY IUIACTUHY (|x| <a,

BCEpEeAMHI 5IKO1 Ha BiApi3Ky y =0,

IO 1032 BKJIFOYEHHSIM Ha TUTACTUHY HE JIi€ PO3MOJiIEHE HAaBaHTAKEHHS, MPUXOINMO [0
OJTHOP1AHOTO OIrapMOHINHOTO PiBHSHHS BIIHOCHO NPOTHMHIB IIACTUHHU:
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ANw(x,y)=0, |x]<a,

y|<b oxpim y=0,|x|<c, (1
ne @(X,y)— NPOrMHY IIACTHHM.

BxitoueHHsT TepeMillyeTbcss BEPTUKAIBHO TiJ €I TPUKIAACHOTO JIO HBHOTO
HaBaHTa)XCHHS P. B MaremMaTtn4Hiii TOCTaHOBII BKIIIOUEHHS MOKHA PO3TIISAATU SK PO3pi3 3

Mexamu =10, |x|£ ¢ . Ha mexi po3pi3y BUKOHYIOTBCSI YMOBH:

o(x,20)=W, |x|<c, ()
a)y (x,iO) =0 |x| <c, 3)
Ha cropoHax IuiacTUHU 3aJaHi YMOBH IIAPHIPHOTO CIIUPAHHS:
o(ta,y)=M (+a,y)=0, |y|<b, 4)
o(x,th)=M (x,+b)=0, [<a. (5)

[ToTpiOHO 3HAWTH pPO3MONAIA TPOTHHIB, 3TUHAIBHUX MOMEHTIB, Yy3arajibHEHUX
HepepUBAOYNX CHIL.
3 ypaxyBaHHAM WapHOCTI 3amavi Mo X i )y HAOJMKEHEe MPEICTAaBICHHS IPOTUHY

oy, (x, y) MO>KHA 3aITMCaTH Y BUTISL [5]

oy (%.7)= 0y (x,)+ @, (x.7)+ o, (x.7), (6)
nie %(X,y)ZI/IORC{(Z;+%jhl(Z+(ZZ—l);j—gz(zz—l);+2iy(zz—1);}+
¥ Re{ln(“(zz_1);j_z(22_1);+2,-y(22_1);}+
e rele L (i () o)
+;% Re{m(z —1p B2 (2)-iv(2 1) B2 (Z)},
w,(x,y)= 1 Re{—(1+v)ln(z+(zz_1);j_z(zz_1);+(1+V)2iy(zz_1);}+
+i;{n Re{%(lﬂ/)(zz —1)2 P22 (2)+(1-v)iy(* -1)2 P2? (Z)};

n=2 n
@y (x,y)= ﬁ(an Re(zz” ) +b, Re (Ezz’Hl )),
=0

z=Xx+iy.
11
ITicns 3aminm 6araTouneHis Sko6i P? 2 (z) , P

n

| W
| w

[\

(z) OaraTto4JieHaMH THUX KeE

CTYIEHIB BiJl Z, OTPUMY€EMO IPEJICTABICHHS IPOTHHY

ox2)=Yan, (x.3): )
1 (x,y):R{m[H(zz_1)5}2(22_1)2} " (x,y):Re[(Z;_l)m[H(zz_1)iﬁ;

3 1
u,, , (x,y) = Re(zz”"1 (22 —1)2], n=LN, u,,, (x,y) = Re(2iyzz”‘2 (z2 —l)zj, n=1,N;

u, (x,y)=Rez"?,n=L,N;  u,,(x,y)=Rezz”"", n=1,N.
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Hesigomi mocriiini  xoediuieHTd W, , %,.4,,b, (n =0,N ) UIYKAlOThCSA  METOAOM

TPAaHUYHOI KOJIoKallii [6] — HaOJMKEHUM METOJIOM PO3B’sI3Ky AUPEPCHIIIHHNUX PIBHIHB, SKUN
NOJIsiTa€ B 3BEACHHI pIMICHHS 10 CHCTEMH anredpaiuHux piBHSHb. [lyig 3HAXOMKEHHS
HEBIJIOMHUX  TIOCTIHHUX  KOEQIIIEHTIB  BHUKOPUCTOBYIOTHCS  TpaHWYHI  YMOBH,  SIKi
3aJI0BOJIBHAIOTHCS. HE Ha BChOMY KOHTYpi, @ B OCOOJIMBHX, HOIEPEIHHO 3aJaHUX TOYKAX
kojokanii. dyHkiis (6) 3amoBosibHsE€ piBHAHHIO (1) mpu Oynb-skux 3HavYeHHSX 4(N+1)

Koe(ilieHTiB V¥, , ¥,,4,,b, (n =0,N ) . Jlerko nepeBipuTH, 110 (GyHKIIis (6) 3210BOJIBHSIE YMOBI

(3) ToToxkHO. B 3B’s13Ky 3 IIMM MOKIIHBI JIBa MiIX0AH 10 pitneHHs 3aaa4gi (1)... (5):
— IIyKaTH HaOJMKEHE MNpEJCTaBIeHHS MpOTruHYy y BuUriasaai (6), Ttomi ymoBa (3)
3aJI0BOJILHSETHCSI TOTOKHO, a yMOBH (2), (4), (5) — KOIaKkoIiitHo;

— IIyKaTH HaOJNMKEHE MpeCcTaBieHHs nporuHy y Burisaai (7), Tomi ymoBu (2)... (5)
32JI0BOJILHSIOTHCS B TOYKAX KOJIAKOIIMHO.

Bubupatoun n; Touok kosokauii Ha BkItodeHHI y =140, 0<x<c, nmy — Ha CTOpPOHI
x=a,0<y<bh,n3—Hacroponi y=>b,0<x<a,inocniIoBHO MiCTABISAIOYH iX 3HAYCHH B
(6) 1 (7), mpUXOIUMO JI0 CUCTEMH BiTNOBITHO 71 + 2(n2 + n3) AHIMHKUX anreOpaiyHuX PiBHSIHD
B MIEPIIOMY BUMNAAKY 1 2(71 + 12+ 13) pIBHSIHD — B IPYTOMY.

Pimenns mux cucrem, npexacrasicHe B (6) abo (7), mae HaOmmKeHe PIlICHHS 3ajadi
(1)... (5).

Po3paxyHku mpoBeneHi IS IJIACTHH a =) TpW BITHOCHIN JOBKWHI BKJITFOUYCHHS
g=c/a,mo nopiBaoe 0,66; 0,5; 0,2; 0,1.3HayeHHs NPOTHHIB, OTPHUMaHI 3 JOIMOMOIOIO
npenctaBieHb (6) i (7), moOpe MoroKYIThCS MiXK COO0F0.

[Tporunu mis mtacTuny 3 posMipamu @ =b=2,&=0,5 nokazani Ha puc. 1. [Iporunu
MaKCHUMaJIbHI Ha BKJIIOYCHHI, J€¢ BOHM piBHI W, =1, 3MeHIIyIOTbCS 10 HYyJIs Ha KOHTYpI

IUTACTHHHU, 110 CBITYUTH, IO 00pe 3a70BOIBHIIOTHCS YMOBaM (2)... (5) oOuaBoma MeTo1aMHu.

Z/yV (0=M‘,=0

e e
P y LN AV AN AN =
2.7 s A T 0=M0
T,
2 2
1 L 0,4
a o 9]

Puc. 1. Po3noais nporuHiB miacTUHA

OnTumanbHe 3 TOYKH 30pYy BIAMOBIIHOCTI TPAaHUYHUM yMOBaM, PO3MIIIEHHS TOYOK
KOJIOKAIIIT B 3aJIEKHOCTI BiJl BEIUYHUHU & =cC/ a, HaBeIeHO B Tabuuii 1.

Taoanms 1.
KinpkicTh TOYOK KOJIOKAL[iT
e=cla, [TpencrasieHHs
©) ()
ni n n3 ni n2 n3
0,66 6 5 4 4 3 3
0,5 6 5 4 4 3 3
0,2 3 3 3 4 3 3
0,1 3 3 3 3 3 3

[Tpu BuKopucTaHHi (6) po3paxoByBajach piBHO/AII0Ya KOHTAKTHUX 3yCHIIb
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3 3

D"sz“l’(f)dg‘ :wojl6il+wlj128L2(€)d§+
0 0 (1_4:2)5 0 (1_4:2)5
+ﬁ:64n(2n —y, [(1-&) 2 B, 2 (&)de (8)

Jlnst  po3paxyHKy peryjaspu30BaHMX 3HaueHb po30DKHMX iHTerpaniB B (8)

CKOPHCTAaEMOCH TUM, 1110 ipu Re A >—1 [1, 2].
1

1,(2)=[(1-%) By (x)dx=0 (n=0). 9)
0
BianosigHo B perynspu3oBaHoMy 3Ha4eHHI /, (—%J =0, 3Bigku D 'P= RV

[Ipu npencraBneni nporuHy y Buriasaai (7) piBHOAIOYA KOHTAaKTHHUX 3YCHIIb

_1 . .
D P=8ra,. 114 3ana4a MeTOJOM IHTErpaJbHUX IEPETBOPEHb 3BEACHA 10 IHTETPabHOIO
PIBHSIHHSA BIJTHOCHO CKayKa PiBHOJ1I0YOi KOHTAaKTHUX 3ycuiib [1, 2]. [IopiBHSHHS OTpUMaHUX

3Ha4eHb 0e3p0o3MipHOro KoedinienTa o =10’ (Pa2 )_1 DW (6), (7) 3 Binomumu [2, 3] HaBeneHO

B Ta0m1. 2.
Taoauns 2.
3HaueHHs 6e3p0o3MipHOTo KoedirieHTa o
s=cla, a=10°(Pa*) DW (6).(7)

[1,2] 6 @)

0,66 2,16 2,29 2,13

0,5 4,40 4,64 4,68

0,2 9,60 9,63 9,17

0,1 10,75 10,98 10,60

I'padixu 3ruHATIEHUX MOMEHTIB Mx,My B3710BXk JiHIl y =10, 0 < x < g HaBeneHi Ha
1

puc. 2; a=2.Tlpu (x,y) —>(1,0) M, M, —o0sx rr= (x—1)"+)?

M, M, '\\
A l

) I
| \
1
| \
=]
04 08 112 1,6 X
Puc. 2. I'padixu srunansuux Momentis M , M B3posx ninii y =10, 0<x<a:D=1,P=13,9.
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THE METHOD OF BOUNDARY COLLOCATION FOR SIMULATING PROBLEMS
ABOUT CURVES OF A HINGED-OPERATED PLATE WITH A THIN LINEAR
INCLUSION

V. Gribova, L. Bovnegra, O. Toropenko

National Odesa Polytechnic University
1, Shevchenko Ave., Odesa, 65044, Ukraine
Emails: gribova@op.edu.ua, dlvS@ukr.net, toropenko.a.v@op.edu.ua

The widespread use of structures in the form of plates and shells in mechanical engineering, shipbuilding,
instrumentation and other industries makes it important to study the strength and stiffness of the elements of these
structures. The presence of reinforcing rods, supports, straight-line defects such as cracks and inclusions or other
inhomogeneities in structures significantly complicates their calculation, as these elements in structures are stress
concentrators. It is important to develop new and improve existing methods for studying stress concentration in
elastic bodies. Modern mechanics of deformable solids uses a wide range of mathematical models to describe the
bending of plates and shells. Of the various models of plate contact with a stiffener, the simplest is the model in
which the stiffener is assumed to have no thickness and contact is made along a line. Open line contact also occurs
when there is a linear support or when the plate is pressed against a sharp-edged die. All of these cases (stiffener,
support, sharp-line stamp) are mathematically equivalent. The mathematical formulation of these cases leads to
mixed problems of the theory of plates and shells, which can be considered as mixed problems of the theory of
elasticity. The purpose of this paper is to further develop and detail the methods for solving the problems and to
study, on the basis of these methods, a number of new problems of elastic equilibrium of plates with a linear
inclusion, one or both ends of which are inside the plate. The methodology used in this work is as follows:
bypassing the stage of reducing the problem to an integral equation with respect to contact forces and solving this
equation, the deflections of the plate are written as a linear combination of solutions of the biharmonic equation in
the region occupied by the plate. The unknown coefficients of the linear combination were found by the boundary
collocation method. The main results of the work are the construction of a system of solutions for a biharmonic
equation in the domain with a straightforward inclusion, and the application of the method of boundary collocation
to find the coefficients of the linear combination for simulating systems.

Keywords: system of biharmonic functions, boundary collocation method, class of functions with noninte-grated
singularities, deflections of a plate, simulation.
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2, NninpoOyxiBcbka Byi., M. Kam’siHebke, 51918, Ykpaina
2V HiBepcUTET MUTHOI CIIpaBH Ta (hiHAHCIB
2/4, Bonogumupa Bepraacekoro By, M. JHinpo, 49000, Ykpaina
Email: olalzh@ukr.net

ITpencraBneHo pe3ynbTaTH PO3pOOIECHHS Ta AOCIIKEHHS CIELiali30BaHOI CHCTEMH Ui
ABTOMAaTH30BaHOT'0 TOPIBHSIIBHOTO aHali3y e(eKTHBHOCTI OOYMCIIOBAIbHUX alTOPHTMIB,
30KpeMa 3 BHUKOpHCTaHHsIM TexHojorii SIMD. OCHOBHOIO METOK JOCHIIKCHHS €
CTBOPEHHS  KpOCILIaT(OPMEHOTO  IMPOTrpaMHOro  3a0e3MedeHHs s [POBEICHHS
OOYHCITIOBAILHUX ~ €KCIIEPUMEHTIB, [IO JIO3BOJIAE  IIOPIBHIOBATH  NPOAYKTHBHICTB
CTaHJapPTHUX Ta ONTHMI30BaHUX peaji3aliii alroOpUTMIB PO3B’SI3aHHS CHCTEM JIIHIHHUX
anreOpaiyHuX piBHSIHB. JIOCHI/DKEHHsSI 30Cepe/KEHO Ha MiAXO0Aax A0 pPo3poOieHHs Ta
TTOPIBHAHHI IPOTYKTHBHOCTI peanizamii pyHIaMEeHTaJIbHIX METOIIB PO3B’s3aHH:, 30KpeMa
MeToziB [ayca Ta cpspkeHHX rpamieHTiB. st qOCiiKyBaHIX METOIIB PO3POOIIEHO O IBi
Bepcii peamizamii — cTaHAapTHa Ta ONTHMi30BaHa 3 BUKOpHCTaHHsIM SIMD-iHCTpyKmiit.
[Iporpamua peaizaliis alTOpUTMiB BUKOHaHA MPOAYKTUBHUMHE 3acobamu Microsoft Visual
Studio C++ i3 BHKOpHUCTaHHSAM CTaHAAPTHOI cIierianizoBaHoi 0i0mioTeku immintrin.h Ta
Habopy komanna nporecopa AVX. Po3poOnenuil mporpamMHuil KOMIUIEKC 0a3yeThcs Ha
Cy4acHOMY CTEKYy TEXHOJIOTiH, 30KpeMa BUKOpUCTOBYeE (pperimBopk Nextron, sikuii moeanye
MoxmuBocTi Electron i CTBOpPEHHS KPOCIUIAT(OPMEHHX 3aCTOCYHKIB Ta Next.js s
noOyZOBH  IHTEPaKTHMBHOI'O KOPUCTYBal[bKOrO iHTepdelcy. ApXiTekTypa cHCTEeMHU
3abe3nedye MOIYJbHICTh, MAacCIITa0OBaHICTh Ta 3PYYHICTh BHKOPUCTAHHS 3aBJSKU
3aCTOCYBAHHIO KOMIIOHEHTHOro migxony React. Y po0oti mpeacraBiieHO pe3yibTaTH
eKCTIEPUMEHTAJILHOTO JIOCHIPKEHHSI e(eKTUBHOCTI BUKOpucTaHHA SIMD-texnomorii s
MIPUIIBUINICHHS OOYNCIIOBATIBHUX aldropuTMiB. [IpoBesieHi eKCIiepuMeHTH 1eMOHCTPYIOTh
CyTTEBE TIABHIICHHSA TNPONYKTUBHOCTI peaizamii IMmapalellbHUX OOYHCITIOBaTbHUX
AITOPHUTMIB y miamazoHi 2.67-5.81 pa3iB y 3anexHocTi Big po3mipHOcTi CJIAP Ta 06panoro
oOuncIroBAIEHOTO MeTony. Buseneno, mo edekrtuBHicTE SIMD-onmtumizamii 3pocrae
MPONOPLIHHO 30UTBIICHHIO 00CATY BXIMHUX MaHUX, TOAI SK JUIS MAaJHX PO3MIPHOCTEH
HaKJIQJIHI BUTPAaTH Ha BEKTOPH3ALI0 MOXYTh JIMITYBaTH 3arajibHy HPOJYKTHBHICTb.
PesynbraT mOCHiPKEHHS MiITBEP/UKYIOTh MOTEHLIan y BukopuctanHi SIMD-texnosorii
JUISL ONTUMI3alii OOYMCIIOBAIBHUX AITOPUTMIB Ta AEMOHCTPYIOTh NPAKTUYHY I[IHHICTb
PO3pOOJICHOr0 MPOrpaMHOro 3abe3neueHHs I aBTOMATH3allii MPOIecy MPOBEACHHS Ta
aHamizy OOYHCIIOBAJbHUX eKcrepuMeHTiB. OTpuMaHi pe3yinbTaTH MOXYTb OyTH
BUKOPHCTaHI HPH PO3poOLi IHIIMX ONTUMI30BAaHMX AITOPUTMIB Ta MPOTPAMHHUX CHCTEM,
30KpeMa Julsi KOMIT'IOTEPHOTO MOJICIOBAHHS, OPIEHTOBAaHMX Ha BHMCOKOIPOAYKTHBHI
oOuncneHHs.

Karouosi cioBa: kpocmiardopmenuii 3acrocynok, SIMD, napanenism Ha piBHI JaHHX,
MPUIIBUIIICHHS 00uucieHb, immintrin.h, Electron, Next.js, Nextron.

Beryn. HaykoBi qocimiikeHHs, OB s13aH1 13 MPOBEIECHHIM OOUNCIIIOBAIbHUX €KCIIEPUMEHTIB,
noTpeOyloTh 3HAYHUX YaCOBUX BUTPAT HA IMIJrOTOBKY Ta aHAI3 €KCIIEPUMEHTAIBHUAX TaHUX,
a mpoliec cucTemMaTu3alii Ta Bizyasizaiii OTpUMaHUX pe3y/IbTaTiB YaCTO BUKOHYETHCS BPYUHY
3 BUKOPHMCTAHHSIM HETOB’SI3aHUX MK €000 1HCTpyMeHTIB. Taki MiIXOQu MarTh HHU3BKY
e(peKTUBHICT 13-3a 30UIBIIEHHS Yacy TMPOBEACHHS JOCIiIKEHb, BHCOKOI MHMOBIPHOCTI
BUHUKHEHHS TTOMUJIOK ITiJI 9ac OOpOOKM JaHUX, 3aJIy9CHHs JTOJATKOBUX PECypCiB TOMIO. Y
IIbOMY KOHTEKCTi pO3pOOJIEHHs CHeliali30BaHOTO 3aCTOCYHKY JUIs aBTOMAaTH3allii Mpouecy
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IPOBE/ICHHS OOYNCIIIOBAIBHUX E€KCIEPUMEHTIB € aKTyalbHUM 3aBJaHHSIM, BUPIIIEHHS SIKOTO
JIO3BOJIMTH CTBOPUTU TMPOOJIEMHO-OPIEHTOBAHE MpOrpamMHe 3a0E3MEeUCHHS HE TUIbKU IS
MIPOBEICHHS EKCIIEPUMEHTIB, a i aBTOMAaTHU30BaHOi 0OpOOKHK pe3ysIbTaTiB Ta iX Bizyamizamii y
BUTTISAL iHQOpMaTHBHUX rpadikiB Ta TaOIHIIb.

SIMD (Single Instruction, Multiple Data — oguHOYHHMIT MOTIK KOMaH, MHOXUHHUI
NOTIK JIaHUX) € OJHHUM 13 Cy4YaCHHX IHCTPYMEHTIB /Ui TNPHUIIBUJIICHHS BUKOHAHHS
QITOPUTMIB, SIKI MPALIOIOTh 3 BEIMKUMHU O0OCSIraMu OAHOPITHHUX JaHUX, IUIAXOM OJHOYACHOI
00pOOKH JEKUIBKOX eIEMEHTIB y Mexax oaHiei iHcTpykuii [1]. IopiBHSIHHS MPOIYKTUBHOCTI
KJIACUYHMX QJITOPUTMIB 1 IX ONTUMI30BaHUX BEpPCii J03BOJIsIE BU3HAYUTHU HE JIMIIE HIBUKICTh
BUKOHAHHS, aJieé ¥ BIUIMB Pi3HUX (DAaKTOPiB, TAKUX SK PO3MIpP BXIIHUX JaHWUX, KOH(Iryparis
o0OJsaHaHHA Ta ONTUMI3aIis Koay [2].

Oxpemi 6i0mioTekn MoOBHM nporpamyBaHHs JavaScript GOpMyIOTh Cy4acHUH CTeK

TEXHOJIOTIH 11 pO3pOOJIEHHS  KPOCIUIAT(OPMEHOrO0  3aCTOCYHKY 3  MIATPUMKORO
BeGTexHonoriit [3]. Ix moenmamHs 103BONAE BUKOPHCTOBYBATH IHCTPYMEHTH CTHIIi3allii,
MapIIpyTH3allii Ta aHiMaIlii BcepearHi JECKTOITHUX Ta MOOIJIbHUX 3aCTOCYHKIB.
Oraspa  aireparypu. CydacHUM (QpEeMMBOPKOM [JIsi CTBOPEHHSI KPOCILIAT(HOPMEHUX
3aCTOCYHKIB 13 BUKOPHCTaHHSAM 3BUYHHUX BeOTexHomorii, 30kpema HTML, CSS ta JavaScript,
€ Electron [3]. 3 1ioro BUKOPUCTaHHSIM MOXHA MEPETBOPIOBATH Be03aCTOCYHKH, pO3pO0IIeHi
3a JIONIOMOT'0K0 MOBHU IIporpaMmyBaHHsl JavaScript, Ha T€CKTOIHI 3aCTOCYHKH Ul ONepaliiHuX
cucreM Windows, MacOS Tta Linux. Buxigauii 3acTOCYHOK 3ajUIIAETHCA 3 TUM CaMHUM
Ha0OpOM MPOrpamMHOro KOAY JUlsl Mojanblioro po3pobsieHHs. B ochosi Electron nexuts
KOMOIHAIIiS IBOX KITFOYOBUX KOMITOHEHTIB: ABMXOK Chrome V8 mist BukoHanss JavaScript Ta
dpeiimBopk Node.js i mocTymy A0 cucteMHux pecypciB [4]. Apxitektypa Electron
0a3yeThcs Ha JBOX OCHOBHHX IpOIIecax: FOJIOBHOMY TPOIIECi, SIKUH KePYE KUTTEBUM LIUKIOM
3acToCcyHKy Ta Mae goctyn ao cuctemHux API (Application Programming Interface —
NPUKIAJAHUN TporpaMHUi iHTepdelc), Ta Tpoleci pEeHIEpUHTY, SKUW BIANOBiNaE 3a
BioOpakeHHs KOpHCTyBalbkoro intepdeiicy. KomyHnikaris Mix mnpoiecaMu 30iHCHIOETHCS
yepe3 BOynoBanuii Mexanizm IPC (Inter-Process Communication) [5].

JUisi  CTBOPEHHsSI KOPUCTYBAIlbKUX BeOIHTep(dEeHCiB 4YacTo BHUKOPHUCTOBYETHCS
nekiaapatuBHa Oibmioreka React [6]. Bona Hamae KOMIOHEHTHMHM MiaXin, Ae 1HTepderic
pO30MBaETbCS Ha HE3alekHI KOMIOHEHTH. React BukopucroBye BipTyanpHuii DOM
(Document Object Model— 06’ekTHa Mojenb TOKYMEHTa) AJsl ONTHUMI3Allll pPEHIEPUHTY Ta
3a0e3nedeHHs] BUCOKOI MPOAYKTHUBHOCTI 3aCTOCYHKIB. Tako BiH MICTUTh OJHOHAINpPaBIICHUI
MOTIK JIaHUX, 3@ PaXyHOK 4YOTO CHPOILYIOTHCS BIJCTEKEHHS 3MIH CTaHy 3acTOCYHKY [7].
[Tporpamuuii xon JavaScript moeaHyeTbcsi 3 po3MiTkor0 KommoHeHTiB 'y JSX (JavaScript
XML) cunrakcuci [8].

Next.js posmuproe MoxIuBOCTi React [9], Hamatoum rotoBuii (peiMBOpK IS
CTBOPEHHS MOBHOLIIHHUX Be03acTocyHKiB. Next.js 3a0e3meuye cepBepHuil peHmepuHr SSR
(Server Side Rendering), cratuuny reHepanito cropinok SSG (Static Site Generation),
ABTOMATUYHUI POYTHHI Ha OCHOBI (haiiJIOBOi CHCTEMH, ONTUMI3ALII0 300paXkeHb, BOy10BaHY
niarpuMky CSS monyniB ta API mapuipytu [10]. ®dpeliMBOpK Tak0oX HaJa€ MOXKIUBOCTI JUIs
onTUMI3aIii MPOJYKTUBHOCTI, BKJIIOYAIOUYM AaBTOMATHYHE PO3AUICHHS KOAY, IOIEPEIHE
3aBaHTA)XEHHS CTOPIHOK Ta ONTUMIi3allilo0 300paxeHb. Next.js CHpoIlye po3poOsieHHs
CKJIAJTHUX BE€03aCTOCYHKIB, HaJIal0UX TOTOB1 PIIIEHHS JJIsl TUTIOBUX 3aBJaHb Ta mpoosem [11].

Omnwucani 6i0moTexn pazom (opmyrots (peiimBopk Nextron [12], skuil 103BONSE
BUKOPHCTOBYBAaTH BCi mepeBarn Next.js, BKIIOYAIOUU CEPBEPHUN PEHJCPHHT Ta CHUCTEMHU
MapuIpyTu3allii, B KOHTEKCTi JecKTOMHOro 3actocyHky Electron. To6to 3actocynok Next.js
BUKOHYETHCS B Tpolieci penaepunry Electron, B TOW 9ac sk OCHOBHA JIOTiKa 3aCTOCYHKY Ta
B33a€MO/Iis 3 ONEPaLlifHOI0 CHCTEMOIO 3/IIHCHIOETHCS Yepe3 rojaoBHuit npouec Electron.

CTBOpeHHsI 1HTEpakTHBHHUX TIpadikiB Ta JiarpaM uid BeO3aCTOCYHKIB MOXKe
BifiOyBatucs 3a nomnomororo 6i6mioreku Chart.js [7]. B ii ocHoBi nexuts enement HTMLS
Canvas, skuil 3a0e3neuye BUCOKY NPOAYKTUBHICTh MpHU BinoOpaxeHHi rpadikis. bidbmioteka
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BUKOPUCTOBYE 00’ €KTHO-OPIEHTOBAaHMN MiJXiJ, A€ KOXEH THM Tpadika MpeacTaBIeHHMA
OKPEMHUM KJIacOM, IO YCIaJIKOBYeTbcs Bin 0OazoBoro kmacy Chart [13]. ApxitekTypa
noOyoBaHa 3a MOAYJIHHUM MPHUHIIMIIOM, JO3BOJISIFOYM IMIOPTYBATH JIHMIIE HEOOXiTHI
KOMIIOHEHTH, 3MEHIIYIOUU 3araibHuil po3mip. I[linTpumye mioHaiimMeHIe BiCIM OCHOBHHUX
TUNIB JiarpaM, KOXEH 3 SKUX MOXe OyTH HaJallTOBAHWN BIAMOBIIHUMH HapaMeTpamu
KoH(pirypartii.

ApxitektypHa peamizamis SIMD 0a3yerbcss Ha BUKOPUCTAHHI CIIEIiaJli30BaHUX
BEKTOPHHUX PETICTpiB Ta HAOOPY BeKTOpHUX 1HCTpYKIiit [14]. Lli perictpu MarTh 301IbIICHY
pospsianicts (128, 256 abo 512 6it) Ta MOXYTh 30epiraTd MHOXXHHY €JIEMEHTIB JaHUX
omnouacHo. IIponecopni iHcTpyK1ii SIMD onepyroTs HUMHU pericTpaMu K €IUHUM IIUTHM,
BUKOHYIOYH MMapayieIbHy 00pOoOKy BCiX €IEMEHTIB 3a OJUH TakT mpoiecopa [15]. V cydacHux
MIPOIIECOPHUX aPXITEKTypax iCHye nekinbka mokoyiHb SIMD-posmupens. [ns apxiTekrypu
x86 1e mocmigoBHicTh TexHonorii MMX, SSE (Streaming SIMD Extensions) pi3Hux Bepciii,
AVX (Advanced Vector Extensions) Ta nHaitHOBima AVX-512. KoxHe HOBE IMOKOJIHHS
pO3IIUpPEHb 30UTBIIYBANIO pPO3MIp BEKTOPHUX PETICTPIB Ta [0JABAIO HOBI 1HCTPYKII,
PO3LIMPIOIOYN MOKIIMBOCTI MapasiesibHOI 00pOoOKHU 1aHuX.

3aronoBuuit (ain immintrin.h y Visual Studio C++ € koMnoHeHTOM IS poOOTH 3

SIMD-incTpykuisMu Ha cydacHux mponecopax Intel ta AMD. Jlanuii ¢aiin Hagae
nporpaMHui iHTepdeiic s ToCTyIy 10 BHYTPIIIHIX QYHKITIH Tpouecopa, sKi 3a0e31euytoTh
napajnenbHy OOpoOKy JaHuX Ha amapatHomy piBHI. [HTepdelic immintrin.h 3a6e3neuye
JocTym 10 pizHUX HaOopiB SIMD-iacTpykiii, Brmrogaroun MMX, SSE, SSE2, SSE3, SSSE3,
SSE4.1, SSE4.2, AVX, AVX2 ta AVX-512 [16]. KoxeHn 3 nux HaOOpiB MpeAcCTaBisie
€BOJIIOLIHMIA PO3BUTOK TexHOIOTii SIMD, po3mmpioroun MOKIMBOCTI MapaienbHol 00poOKH
JAHWUX Ta MiABUIIYIOYH MPOAYKTUBHICTh OOUYHCIICHD.
MeTta podoT. MeToro TOCHIKEHHS € PO3pO0JICHHS CHEIiali30BaHOTO KPOCILIaT(HOPMEHOTO
3aCTOCYHKY JUIsI aBTOMAaTH3allii MpoIecy MpOBEIEHHS OOYHMCIIOBAIBHUX EKCIIEPHMEHTIB 13
MOPIBHSHHSIM MPOJYKTUBHOCTI CTAHJAPTHUX Ta ONTUMI30BaHUX peanizaiiil 00unCIIOBaTbHUX
anroputMiB. B sikocTi 00’€kTa 1S TOCHIKeHHS Oyio oOpaHo 3aaaudy po3B’sizaHHs CJIAP
pI3HUMHM METOJIaMH — IIPOTOHKH, KJIaCHUM MeTojoM layca Ta METOAOM CHPSIKEHHUX
TPaJi€HTIB — [ BCTAHOBJEHHS Ta TMOPIBHAHHSA HNPOAYKTUBHOCTI KOXHOro 3 Hux. Jlng
peaizanii onTUMI30BaHOI Bepcii MepeaiueHuX aaropuTMiIB 3aCTOCOBaHO TexHojoriro SIMD.
CranjapTHI Ta ONTHUMI30BaHI aJTOPUTMH MalOThb OyTH PO3pOOJEHI MOBOIO MPOrpaMyBaHHS
C++, ockinbkM BOHA € OUIBII MPOIYKTHBHOIO, HIX JavaScript. JlecKTOMHMI 3aCTOCYHOK
NOBUHEH HAJaBaTH KOPUCTYBallbKUN 1HTepdelc [uisi TNpOBENEHHS EKCIIEPUMEHTIB,
3aIycKary4u OKpeMo po3po0iieHi BepcCii allropuTMiB.

JlocaiakeHHs ClIpsIMOBaHE Ha BU3HAYEHHsI OTEHI1aTy ONTHMI3allii 00UNCIIOBaTbHUX
IPOIIECIB 32 paXyHOK BUKOPHCTAHHS Mapajiesi3My Ha PiBHI JJaHUX Ha CyYacCHMX IPOIECcOpax.
JlocArHeHHsT TOCTaBJIEHOI METH Iependayae BUPILIEHHS KOMIUIEKCY B3a€MOIIOB’SI3aHUX
3aBJIaHb:

e peanizyBaTH (yHIaMeHTalbHI anroputMu po3’sizaHHs CJIAP i3 BuUKOpHCTaHHSIM
3ac00iB MOBH IporpamyBaHHs C++;

e peanmizyBaTH THapaieibHI Bepcli 3a3HAUYEHUX AITOPUTMIB 13 BUKOPUCTAHHSAM
616mioTexn immintrin.h Ta iHCTpYKIiH AVX 117151 onTuMi3alii BEKTOPHUX ONeparii;

e po3poOutu KpocmiaropmMeHuii 3acTocyHOK Ha Nextron Ui [OpOBEIEHHS
O0YMCITIOBAIBHUX EKCIIEPUMEHTIB Ta TNPEACTaBICHHS IOPIBHAJIBHOIO aHaJi3y Yy
BUIJISAII TAOIUIb 1 TpadikiB;

e i3 BUKOPHUCTaHHSM  PO3POOJICHOTO  3aCTOCYHKY TPOBECTH  OOYHMCITIOBAJIbHI
eKCIEpUMEHTH Ta MpOoaHalli3yBaTh OTPUMaHI Pe3yIbTaTH.

OcHoBHa yacTuHa. KitlacuuHi Ta ontumizoBaHi anroputMu po3B’sizanHsi CJIAP peanizoBani
MoBOI0 C++ sk OKpeMi ckiafoBi. Iyl MpoBeAeHHsT 00YMCICHh BOHU T'€HEPYIOTh OJHOPIAHI
JTaH1 BUMAJKOBUM YMHOM Ha MOYATKy CBO€i poOOTH Ta BUMIPIOIOTH 4ac po3B’sizaHHs CJIAP
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KJIACHYHUM 1 ONTHMI30BaHMM CIOCOOaMH, BHUBOASYM OTPHMaHI PE3yJbTaTH B KOHCOJIBHUU
PSIOK.

Po3pobrnene mnporpamHe 3a0e3neyeHHs MpelcTaBise co00r0 KpocruatdhopMeHuii
3aCTOCYHOK (puc. 1) aisi MOPIBHSUIBHOTO aHAJI3y MIBUAKOJII MOCTIIOBHUX Ta MapalieIbHUX
anroputmiB po3B’s3anHs CJIAP. OCHOBHMM mNpHU3HAYEHHSM CHCTEMH € Bi3yaiisaiis Ta

OLIIHKAa €(EeKTHBHOCTI MapajeibHUX OOYMCIIEHb 13 BUKOPHUCTAHHAM BEKTOPHUX IHCTPYKIIN
AVX.

@ grus-gudient-progenks [= I
[Ansa nouatky poBoTH AOCTATHES BBECTM PO3MIPHICTL MaTPUUI Ta 06paTh BiBNOBIAHKI MeToa. [oAaTKOSI NApPaMeTPH A03BONATL HANALTYEATH OTPUMAHI PE3YNETATH Ha BNACHWA CMAK
Ocii iam Ha pieki AaHMX bes RericTpam ipuicTs MaTpuui 6YTH KPATHOIO & ANA AOCATHEHH:A MAKEUMANLHOT edeKTHEHOCTI,

PosmipHicTe: 1024 Makert fopyU3oHTaNBHWA ~

MeToq: MporoHkK - OavHKUui ceKRyHAW (c; v

Mpadii NiHiAHWA v NocnigosHui anroput [T

Banyckis: 1 v MNapanencuui anropyTs [

IHTepnanauis: NocnigosHMA: MapanentHwi:

BHKOHATH OBUYMCNEHHA 3a 3aMoBuYBAHHAM
Mpadik WBMAKOCTI 0BYMCNEHb Pe3ynbTaTi o6umncneHp @

Npuckopennn a,

PoamipHicTs, N S1/s2

\N! MocniposHmi anroputm S1, ¢ | MapanensHKi anropuTm S2, ©

PeKkoMeH10BaHI CBMEKEHHR AR POIMIpHOCTI: He Binblwe 10 000 Ana MeToaa CrpRKeHWUx rpanieHTis Ta 2 000 Ana MeTo,

Puc. 1. KopucryBanpkuii inTepdeiic KpocriathopMeHOTO 3aCTOCYHKY

ApxiTeKkTypa nporpamMHoOro 3a0e3mneueHHs MmoOynoBaHAa Ha OCHOBI KOMIIOHEHTHOI'O
HiAX0My 3 BHUKOpHUCTaHHAM (peiiMBopky Next.js. LleHTpaqbHUM €J1€MEHTOM CHCTEMH €
KoMrioHeHT Home, sikuif Kepye BCI€IO JIOTIKOIO pOOOTH 3aCTOCYHKY Ta CTaHOM JaHux. J[ms
30epiraHHsl Ta YIpaBJiHHSA JaHUMU BUKOPHCTOBYETbCS JIOKQIbHUM cTaH Ha OCHOBI React
hooks, 1110 103BOJIIE AMHAMIYHO OHOBJIIOBATH 1HTEPPEC P 3MiHI TapaMeTpiB OOUHUCICHb.

KopuctyBanpkuil iHTEpdelic 3aCTOCYHKY pO3AUICHUNA Ha JeKulbKa (YHKIIOHAJIBHUX
0J10KiB. Y BEpXHIi YaCTHHI pO3TalllOBaHa [TaHENb HAJAIITyBaHb, 1€ KOPUCTYBAad MOXE 3aJaTH
OCHOBHI TMapamMeTpu OOYMCIIEHb: PO3MIPHICTb MATpPHIl, METOJ PO3B’s3aHHS (IPOTOHKH,
KkjacuuHui ['ayca abo chpshkeHMX Tpaji€HTIB), TUI Bi3yalizalii pe3yJbTaTiB, KUIbKICTh
3allyCKiB JJIl yCEpPEeIHEHHsI pe3yabTaTiB Ta JOJaTKOBI MapaMeTpu BiJOOpaKeHHS JaHMX.
HeobOxigHOl0 € BUMOra 100 KpaTHOCTI PO3MIPHOCTI MAaTpulll 4uciy 4, Mo 0O0YMOBIEHO
cnenndikoro poboTH BEeKTOpHUX pericTpiB AVX.

B3aemozis kopucTyBaya 3 CHUCTEMOIO OMMCAHA Yy BUIJISAL JiarpaMu IOCIHIJOBHOCTI
(puc. 2).

[Tporiec oOuncneHb 3aMyCKAETHCI OKPEMOIO (YHKINEIO, KA BHUKOHYE TOCIIIOBHUM
3aIyCK aJIrOpUTMIiB, po3poOienux Ha C++, mig pi3HUX po3MipHocTed marpuil. Cucrema
aBTOMAaTUYHO pO30MBaE Aiana3zoH po3MipHOCTelN Ha (ikcoBaH1 KPOKH AJis MOOYA0BU rpadikis
3aJISKHOCTI Yacy o04MCIIeHb BiJl po3Mipy 3ajadi. Pe3yabTaTu KOKHOTO 3aIycKy 30epiratloTbes
OKpEMO ISl TIOCHTITOBHOTO Ta TapaieIbHOTO AJITOPUTMIB 3 METOI MOJANIBIIOTO MPOBEICHHS
HOPIBHSUIBHOTO aHAJI3Y.

Bizyamizarist pe3ynbTariB peanizoBaHa 3a 1onoMoror komrnonenta Chart, sskuii Hagae
MOJJIMBICTh BIJIOOpaKEHHS JdaHUX Yy pi3HUX (opMmaTax: miHIMHMN rpadik, ricrorpama,
pagapHa miarpama, OyiabOarikoBa jiarpama, MOJSIpHA aiarpama Tomio. [[is KOXKHOTO THITy
Bi3yamizamii mepeabadeHi MOJATKOBI HANAINTYBaHHS, Taki SK I1HTEPHOJALIS JaHUX Ta
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KoJIbopoBe odopmiieHHs TpadikiB. CucTema TakoX BKIOYae€ TaOJIMYHE MPEACTABICHHS
pe3ynbTaTiB, A€ JUIS KOXHOI PO3MIPHOCTI 3amadi  BigoOpakarOTbCs Yac BHUKOHAHHS
MOCTIIOBHOTO Ta MapalebHOrO alrOpUTMIB, a TaKOX JOCATHYTe iX MPUIIBHUIICHHS.
ITepenbaueHna MOXKIIMBICTh €KCTIIOPTY pe3yibTaTiB y hopmati Excel Ta 30epexxenns rpadikis y
Burnsial PNG-300pakeHb Ui MOJANBIIOrO aHamizy. 3a HEoOXITHOCTI MOKHA JWHAMIYHO
3MIHIOBaTH OJMHHIII BUMIPIOBaHHS Yacy (CEKyHIH a00 MUTICEKYH/IH), HAJAIITOBYBAaTH MaKeT
BIJOOpaXeHHsI ~ pe3yabTaTiB  (TOPU3OHTANIBHUI ab0 BepTUKAJIbHMI), Ta KepyBaTu
B1JIOOpaKEHHSM OKpPEeMHX KOMITOHEHTIB Bizyami3amii. CucTeMa TakoX HajJae peKOMEHJaIlii
moa0 oOMEXeHb Ha PO3MIPHICTH 3ajadi JUIsl PI3HUX METOMIB PO3B’SI3aHHS, IOIOMAararydu
KOPUCTYBavy 00paTH ONTHMaJIbHI TapaMeTPH JIJIsl KOHKPETHOTO BUIIAIKY.

Be6inTepdeiic MOAY b KEPYBaHHA OBUHCASHHAMM O6uHCIoBaNbHE AAPO Moaynb sisyanizauii

KoprcTyBau
BeeaeHHA napameTpis oGuMcieHb

Baniauin BxiaHWX AaHMx

MNepeaasua napameTpis

3anyck o6umMcneHs

par [MapanensHi o6uncneHHA]

BukoHaHHA AVX oBuncieHs
i
[MocninosHi o6uMcieHHa]
BHKOHaHHA NOCNIAOBHHX OGMHCSHE

L

MosepHeHHA pesynbraTis

Mepeaaqa Aanmx Ans Bisyanisauyii

BiaoGparkeHHa rpacikis

BigoSparkeHHa Tasmub

MpeacTaBneHHA pesyaTaTis

MOKNMBICTD EKCNOPTY AaHMX

3anuT Ha ekcropT

36eperkerHn B Excel/PNG

Puc. 2. JliarpaMa mociiJOBHOCTI B3a€MO/Iii KOPUCTyBa4a 3 CHCTEMOIO

OOpoOka cTaHIB 3aBaHTaXEHHS Ta MOMMJIOK 3a0e3neuye cTabuIbHYy poOOTYy CHUCTEMHU
HaBiTh NpU TpUBAIMX oOOuMcieHHAX. lIporpamHe 3a0e3neyeHHs aBTOMATUYHO OJIOKYye
€JIEMEHTH KEpyBaHHs IIiJ] Yyac BHUKOHAHHSA OOYHCICHb Ta HAaJa€ Bi3yallbHUA 3BOPOTHHI
3B’A30K PO CTaH Mpolecy. ApPXITEeKTypa NpPOTrpaMHOi CHUCTEMH pO3JIJIeHa Ha JeKUIbKa
KIIOYOBMX  MOAyidiB. Moayns  BeOiHTepdelicy  BiANOBiAa€e 3a  MpEACTaBICHHS
KOPUCTYBAI[bKOTO 1HTepdeiicy Ta B3aeMOJil0 3 KopucTyBaueM. BiH peanizoBaHuil 3a
nornomMoror React-kOMIIOHEHTIB Ta BKJItoUae B cebe (opMU BBEIECHHS MapaMeTpiB, €IEMEHTH
KEepyBaHHS Ta KOHTeWHepH Mis BioOpakeHHs pe3ynbTaTiB. Moaylb KepyBaHHS
OOYHCIICHHSMHU € IICHTPAJbHUM KOMIIOHEHTOM CHCTEMH, SIKUH KOOpAMHYE pOOOTY iHIITUX
MoayiiB. BiH o0poOiisie kopucTyBallbKi BBEJICHHS, BUKOHYE BaJliJjallif0 MapaMeTpiB, Kepye
poLecoM OOYHMCIIEHb Ta PO3NOAUISE PE3yNbTaTH MDK IHIIMMHM KOMIIOHEHTaMHU. Y IBOMY
MOJyJl peai3oBaHa OCHOBHA Oi3HEC-JIOTiKa MpOorpamMH, BKIIOYAOUYM (YHKIIIO Ui 3aIlyCKy
obuncneHs Ta 00poOKy OTpUMaHUX pe3yiabTaTiB. MoayIh OOYUCITIOBAILHOTO sJIpa BIMOBIIAE
3a OesmocepeHE BUKOHAHHS MAaTeMaTHYHUX poO3paxyHKiB. BiH posniieHunit Ha jBa
HIAMOIYJ: MOAYJb TMOCIIJOBHUX alrOPUTMIB Ta MOAYJb NapajelibHUX OOYHCIIEeHb 3
BukopuctanHaM AVX. KokeH 3 IUX MiIMOIYNIIB BHUKOHYE BIANOBIMHI aITOPUTMHU
po3B’sizanHs  CJIAP. Mogayns Bisyamizaumii BiANOBiae 3a rpadiuHe MpeAcTaBIeHHS
pe3yibTariB oOuucnenb. [liqMoaynb BimoOpaskeHHS TpadikiB BHUKOPUCTOBYE KOMIIOHEHT
Chart nns noOynoBW pi3HMX THUIIB JiarpaMm, a MiJIMOAYJb TaOJIWYHOTO MpPEACTaBICHHS
dopmye CTpyKTypoBaHi TaOnuii pe3yabTariB. Monaynb eKCHopTy JaHuX 3a0e3mneuye
MO>KJIUBICTh 30€peKeHHsI Pe3ynbTaTiB y pi3HUX (popmaTtax. BiH B3aeMojie 3 KOMIOHEHTaMHU
Bisyamizauii ans ekcropTy rpagikiB y c¢opmari PNG Tta Ttabmuup y ¢opmari Excel,
BukopuctoBytoun Oi0mioreku XLSX Tta html2canvas mist peanmizanii (QpyHKIIOHAIBHOCTI
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eKkcropTy. Moaynp ympaBiiHHS CTaHOM 3a0e3redye IeHTpasli3oBaHe 30epiraHHs Ta
yIpaBliHHSA JaHUMHU Tporpamu. Bin peanizoBanuii 3 BukopucranHsMm React hooks (xyk
useState) Ta BiJMOBIIa€ 32 CHHXPOHI3AIII0 CTaHy MIXK PI3HUMH KOMITOHEHTaMu cucteMu. Llei
MOJyNIb 30epirae Taki JaHi SK pe3ylbTaTd OOYHUCIICHb, HANAIITYBAaHHS Bi3yauisarlii,
napamMeTpu KOpHCTyBambkoro iHtepdeiicy Tomo. Moayns KoHirypamii MICTHUTh
HAJIAIITYBAaHHA CHUCTEMHM, BKIIOYAIOUM MApaMeTpd 3a 3aMOBUYBaHHSM, OOMEXKEHHS Ha
PO3MIPHOCTI MaTpHIlb JJIs PI3HUX METOMIB, KOJIPHI CXEMH Ui Bi3yamizamii Ta iHmI
KOHCTaHTH TporpamMu. BiH TakoX BIAIOBIJA€ 3a BaIJAIli0 KOPUCTYBAIbKUX HAJAIITYBaHb.
B3aemonis MK MOIYJsSMH OpraHi3oBaHa 3a MPUHLIMIIOM CJIAOKOro 3B’S3yBaHHA, LIO
3a0e3meuye MOXKIUBICTh HE3AJIEKHOTO PO3BHTKY Ta Mojudikamii koxHoro 3 Hux. Cucrema
BUKOPHUCTOBYE TOIl Ta 3BOPOTHI BUKIMKH 1T KOMYHIKAIli MK MOJIYJISIMH, ITATPUMYIOYH
ACHHXPOHHY IPHPOJTY 3aCTOCYHKY.

PesyabTaT Ta o00roBopenHsi. B pe3ymbrari  po3poOiieHHs ~ Oyj0  peasli3oBaHO
KpOCIUIaTGOPMEHUI 3aCTOCYHOK JUI aBTOMAaTHM30BAaHOTO MPOBEACHHS OOYMCITIOBAIBHUX
ekcriepuMeHTiB. JlocmipkeHHs edEeKTHBHOCTI TapaliebHUX OOYMCIICHb MPOBOIWIOCS Ha
OCHOBI TMOPIBHAJIBHOTO aHaNi3y Yacy BHKOHAHHS IMOCITIJOBHUX Ta MapajelbHUX peaizamii
TppOX pi3HUX MeTonaiB po3B’sizanHs CJIAP. IlapanenpHa peanizamis Oa3yeTbcs Ha
BUKOpUcTanHi TexHojorii SIMD 3a gonmomororo Habopy iHcTpykuidn AVX. Jlns npoBeneHHs
eKCIIepUMEHTIB  BUKOPUCTOBYBaJlacsi po3poljeHa mporpamMHa cucrema. Pesynpratu
BUMIPIOBaHb Yacy BUKOHAHHS aJITOPUTMIB IPEICTaBIICH] Y BUTIISAL rpadikiB 3aJIe)KHOCTI Yacy
obuncneHb Big po3MipHOCTI 3amadi. s 3abe3medeHHs TOYHOCTI BHMIPIOBaHb CHCTEMa
HiATPUMYE TPEICTABICHHS PE3YNbTATIB K Y CEKYHAAX, TaK 1 B MUIICEKYHAAX, JO3BOJISIOUH
JIeTajJbHO AaHAJI3yBaTW MPOAYKTHBHICTh Ha pI3HUX Macmrtabax JAaHuX. [0JOBHUM
MOKa3HUKOM  e(QEeKTHUBHOCTI TMapajiesibHOi  pearmizamii € Koe]imieHT MPUCKOPEHHS.
ExcniepuMeHTasnbHi AaHi JEMOHCTPYIOTh CTaOlIbHE MPUIIBUALICHHS AJIS1 BCIX JTOCHIKYBAaHUX
METO/IB, NPH IIHOMY CIOCTEPIraeThCs HeNiHIHA 3aJIeKHICTh Koe]ilieHTa MPUCKOPEHHS BiJl
po3mipHOocTi 3amaui. Ha puc. 3 HaBeaeHO pe3ylbTaTH OJHOIO 3 OOYHUCIIIOBAJIBHHUX
excnepuMeHTiB. [l TecTyBaHHS OyB BHKOPHCTaHMH METOJN CHPSDKEHHX TPATIE€HTIB TpU
MaKCUMaJbHii po3mipHOocTi MaTpuui — 2048. Bei Tpu 3amycku Hagamy NpuoOIM3HO OJHAKOBHH
pe3yabTaT. JloCSATHyTE NPUINBUIAIIECHHS OOYHCICHb 3HAXOAUTHCS B Mexax 2.67-5.81 B
3aJISKHOCTI BiJl po3MipHOCTI MaTpuili. s MeHIoi po3MipHOCTI MaTpuLli (PiKCYeTbCs MEHIIIe
NPULIBUANICHHS Yepe3 HaKJIalHI BUTPATH HA BEKTOPH3AIIIIO.

BucHoBku. Po3po0ieHuii nmporpaMHUil KOMIUIEKC 103BOJISIE aBTOMATH3yBATH IMPOBEICHHS
€KCIIEPUMEHTIB 3 TOPIBHAJIBHOIO aHali3y OOUYMCIIOBAIBHUX METOJIB 13 BUKOPHUCTAHHSAM
texHousorii SIMD. PesynbTatu 3acBiquytoTh, 10 BUKOpUCTaHHS SIMD-iHCTpyKuii cnpusie
MIBUILIEHHIO TPOJYKTUBHOCTI OOYHMCIIEHBb, 30KpeMa IS 3a7ad, SKi BKIIOYAIOTh OOpOOKY
BeNUKUX 00’eMiB gaHux. KpocmimaTgopMmeHunii 3aCcTOCYHOK MOXE BUKOPUCTOBYBATUCH IS
IPOBEJCHHS EKCIEpPUMEHTIB Ta Bi3yadi3alli OTpUMaHHX pEe3yibTaTiB OyJb-IKHUX OKPEMO
po3po0iieHnX OOYMCIIOBAIBHUX AIrOpUTMiB. EKCHepuMEHTH, TMpOBENeHI B MeXax
JOCTIPKEHHS, BUSBUJIU CYTTEBE NMPUIIBUALLICHHS BUKOHAHHS anroputMiB po3B’sizanHsa CJIAP,
TaKuX SK METOAM MPOTOHKM, KIACHYHHMH MeToJ ['ayca Ta MeETOJ CHpSHKEHUX TIpajii€HTiB.
3aneXHO BiJ PO3MIPHOCTI 33/1a4l Ta METOy, KOedilI€HT MPUCKOPEHHS BapilOBaBCA B MEXKax
Big 2.67 no 5.81 pasiB. 30kpema, s MaJluX PO3MIPHOCTEH MAaTpHULb €PEeKT MPUILBUALICHHS
OOMEXEeHHMI dYepe3 HakJIaJHI BUTpaTH Ha BEKTOPHU3AIl0, OJHAK 31 30UTBIICHHSIM 00’ €MiB
nanux edextuBHicTh SIMD-iHCTpykIii cTae Oinpm moMiTHOW. OTpUMaHI pe3ynbTaTH
MPUILIBUIICHHS 00YUCIIEHb KOPECTIOHAYIOTHCS 3 pe3yJibTaTaMH JIOCIIKeHb aBTopiB [17].
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Puc. 3. JleMoHCTpaIllisi pe3yabTaTiB 00YHCIIOBAILHOTO €KCIIEPUMEHTY

Omnmcana apxiTekTypa MpOrpaMHOro 3abe3mnedeHHs 0a3yeTbcs Ha MOAYJIBHOMY
migxoai Ta 3abe3medye THYYKICTH 1 MaclmTaOOBaHICTh. BHUKOpUCTaHHS KOMIIOHEHTHOTO
niaxony 3 React Ta Next.js J03BOJISIE MATPUMYBATH ACHHXPOHHICTh Ta IHTEPAKTUBHICTD IS
CydyaCHHX CHCTEM, OpIEHTOBAaHUX Ha OOpOOKYy Benukux o0’eMiB gaHux. Moayii,
BiJIMOBIATbHI 32 Bi3yai3allito, JO3BOJISIOTH MPEACTABIATH PE3yIbTaTH y BUTIISAL rpadikiB Ta
TaOJHIlb, & TAKOXK EKCIOPTYBATH IX JJIS MOJAIBIIOrO aHaNi3y, M0 PO3IIUPIE MOMKIUBOCTI
BUKOPUCTaHHS CHCTEMH B JOCHIAHULBKAX HUIAX. JIOCHIIPKEHHS TaKOX MiATBEPIKYE
JIOLUUIBHICTE 1  edeKTuBHICTh 3actocyBaHHS  SIMD-iHCTpyKUid Juiss  po3B’sS3aHHS
00YHCITIOBAIBHUX 3aJ1a4, AEMOHCTPYIOUH IEepeBard mapajieibHOI Ha piBHI JaHUX OOpOOKH y
MOPIBHSIHHI 31 CTaHAApTHUMU TiaxonaMu. OTpuMaHi pe3yiabTaTl MOXKYTh OyTH BHKOpPUCTaH1
JUISE  pO3pPOOJICHHS HOBHUX KOMIT'FOTEPHUX MOJCIEH Ta CHCTeM, OpIEHTOBAaHMUX Ha
BHUCOKOMPOAYKTUBHI OOUNCIICHHS.
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The paper presents the results of the development and research of a specialized system for automated
comparative analysis of the efficiency of computational algorithms, in particular, using SIMD technology. The
main goal of the study is to create cross-platform software for conducting computational experiments that allows
comparing the performance of standard and optimized implementations of algorithms for solving systems of
linear algebraic equations. The study focuses on approaches to the development and comparison of the
performance of fundamental methods for solving equations, in particular, Gauss and conjugate gradient methods.
For the studied methods, two versions of the implementation were developed — standard and optimized using
SIMD instructions. The software implementation of the algorithms was performed by the productive tools of
Microsoft Visual Studio C++ using the standard specialized library immintrin.h and the AVX processor
instruction set. The developed software system is based on a modern technology stack, in particular, it uses the
Nextron framework, which combines the capabilities of Electron for creating cross-platform applications and
Next.js for building an interactive user interface. The architecture of the system provides modularity, scalability,
and usability through the use of the React component approach. The paper presents the results of an
experimental study of the effectiveness of using SIMD technology to speed up computational algorithms. The
experiments demonstrate a significant increase in the performance of parallel computing algorithms in the range
of 2.67-5.81 times, depending on the dimensionality of the SLAE and the chosen computational method. It was
found that the efficiency of SIMD optimization increases proportionally to the increase in the amount of input
data, while for small dimensions the vectorization overhead can limit the overall performance. The results of the
study confirm the potential of using SIMD technology to optimize computational algorithms and demonstrate the
practical value of the developed software for automating the process of conducting and analyzing computational
experiments. The results obtained can be used in the development of other optimized algorithms and software
systems, in particular for computer modeling, focused on high-performance computing.

Keywords: cross-platform application, SIMD, data-level parallelism, computing acceleration, immintrin.h,
Electron, Next.js, Nextron.
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BJAOCKOHAJIEHHA CUCTEMU ABTOMATHYHOI'O YIIPABJITHHSA
KOT'EHEPAIIMHOIO EHEPTETUYHOIO YCTAHOBKOIO HA BA3ITTY

0. €. Mimxoii, O.C. Tapaxrii

Hamionanbuuii yHiBepcuteT «OechKa MOTITEXHIKA»
1, lleBuenka np., M.Oneca, 65044, Ykpaina
Email:mishkoy2002@gmail.com

Po3rsHyTO mNUTaHHS MiABMINEHHS SIKOCTI YHPABIIHHA MOTYXXHICTIO Ta30TypOiHHOT
YCTaHOBKH, S5Ka € TEIUIOBUM JBHI'YHOM KOTEHEpaliifiHOI eHEepreTHYHOI YCTAaHOBKH.
AXTyaJIbHICTh TEMH 3yMOBJICHA CKJIaHOI EKOHOMIYHOIO CUTYAI[I€I0 B EHEPTeTUYHIHN raiy3i
VYkpaiHu, BACOKUMH LIIHAMHU Ha IMIIOPTHI €HEpropecypcu Ta HeoOXiAHICTIO pallioHaIbHOTO
BUKOPHCTAaHHS MICIIEBUX 1 albTEPHATUBHHUX BHIIB MajiuBa. Y poOOTI aKIEHTOBAaHO Ha
BaXJIUBOCTI MifBHUIeHHS eHeproedektusHocTi ['TY, 30kpeMa 3a TOMOMOT 00 aBTOMATH3AIli1
YIPaBIiHHSA, IO TO3BOJISIE 3a0€3MEUNTH CTabIbHY poOOTY YCTAaHOBKH 32 Pi3HUX 30BHIIIHIX
YMOB 1 THIIB mManuBa. [ OJIOBHOIO METOI0 poOoTH Oyma po3poOKa CTPYKTYpH CHCTEMH
ABTOMATHYHOTO YIPaBIiHHS MOTYXHICTIO [ TY, sika BpaxoBye 30BHIIIHI 30ypeHHS, Taki SIK
3MiHa eNEeKTPUYHOTO HABAHTAKCHHS, TEIUIOTH 3TOPSIHHS MallMBa Ta TEMIEPaTypu
30BHIIIHBOTO MOBITPs. 3alPOIIOHOBAHO BHKOPHCTAHHS JOJATKOBOIO CHTHAITY 32 MOXiJHOO
BiJl TeMIiepaTypu pobodoro Tina mepen TypOiHOO, IO CHpHUsSe 3HAYHOMY ITOKPALICHHIO
MOKa3HUKIB TepeximHux mporeciB. HaBeneHO CTPYKTypHY cXeMy aBTOMaTHYHOTO
YIpaBJIiHHS, MPOBEICHO MOJECIIOBaHHA IMEPEXiTHUX MPOLECIB PErYNIOBaHHS YaCTOTH
o0epTaHHs poTopa TYpOiHH, SIK HAHTOJOBHIIIOTO PETYJILOBAHOTO MTApaMEeTPy Ta IPOBEICHHS
NMOPIBHSUIBHUM aHalli3 SIKOCTI PEryJioBaHHS NpPH BBEIEHHI JOJATKOBOIO CHTHAIY 3a
MOX1JHOIO 10 TeMIIepaTypi ra3iB Ha BX0Ji 10 TypOiHu. Pe3ynbTati Moe roBaHHs TIOKa3aly,
II0 BUKOPUCTaHHS [OJATKOBOTO CHUTHANy 3a IOXIJHOK MiJABMIIYE CTIHKICTh CHCTEMH,
3MEHIY€e TUHAMIYHE BiJXWICHHS apaMeTpiB 10 46,8% Ta mokparye 3aTyxaHHs KOJIMBaHb
Ha 16%. Takox BIIPOBa)KEHHSI aBTOMaTH30BAHOTO YIPABIiHHS 13 CUTHAJIOM 32 IOXiIHOIO
3MEHIIY€E BiIXWJICHHS TEMIIEPAaTypH Ia3iB Ha BUXOMAI 3 KaMEPH 3TrOPSHHS, IO J03BOJISE
3HU3HTH TePMiUHE HAIPY)KCHHS Ha eJIeMEHTH NpoTo4HOT yacTuHu ['TVY.

KarouoBi caoBa: ra3oTypOiHHI yCTaHOBKH, KOTEHEpallis, aBTOMAaTHYHE VIIPABIIHHS,
HepexijiHi pe>KUMHU, MOJISITIOBaHHS, 30BHiLIHI 30ypeHHs, [ TY.

Beryn. CydacHuil cTaH €HEpreTUKY Y KpaiHu, pyHHYBaHHS €eHEPIOr€HEPYIOUHX MTOTYKHOCTEH,
a TaKO’X YMOBH TIJI00albHOI €HEPreTUYHOI Ta €KOJIOTIYHOI MOJITUKU BUMararoTh HEraHOTO
BIIPOBA/KECHHSI EHEProe(PeKTUBHUX TEXHOJIOTIH 1 CTBOPEHHS PO3MOALIEHOI CHCTEMHU T'eHeparlii
eJNeKTpuyHoi eHeprii. Take pileHHs J03BOJUTH 3pOOUTH EHEProCUCTEMY HAIIOi KpaiHU MEHII
YPa3IMBOIO /10 PAKETHUX OOCTPLIIB 1 CTBOPUTH OKPEMI pallOHHU JIep>KaBU €HEProHe3aNeKHUMU
[1,2]. Korenepariis € OAHUM 13 TaKUX PIIICHb, KE MOXKE JO3BOJHUTH PO3MOAUIATH 00’ EKTH
eHeproreHepailii 3a perioHaMy Haloi JepKaBH, B SIKUX € HaHOUThIINI JeilUT reHepyrYnx
NOYT)KHOCTeH. BukopucTaHHS KOTreHepalifHUX TEXHOJOTIH TaKoX JI03BOJISIE CYTTEBO
HiABUIIUTH 3arajbHy €()eKTUBHICTh BUKOPUCTAHHS MajMBa MOPIBHAHO 3 TPaTULIMHUMHU
PO3IUTFHUMHU CHCTEMaMH BUPOOHHITBA enekTpuyHoi eHeprii. [ miasumenas KK]I nanoro
TUIYy YCTaHOBOK, TEIJIO MPOIYKTIB 3TOPSHHS BiJ TEIUIOBOTO JIBUT'YHA, BUKOPUCTOBYIOTh JJIs
BUPOOJICHHSI JTOJATKOBOI TEIJIOBOI €Heprii, e MiaXiJg € OJHUM 3 KIIOUYOBHUX HAIMPSMKIB
€HEepro30epeKeHHS.

Mera poGorn. MeTO € BIOCKOHAJICHHS AaBTOMAaTHM30BAaHOI CHUCTEMHU PpETYJIOBAaHHS
ra3oTypOiHHOIO YCTAaHOBKOIO BBE/ICHHSM B PETyJISITOP JOJATKOBOTO IMIYJIbCY 3a MOX1IHOO O
TeMIepaTrypl rasiB MICAs KaMepu 3TOpsSHHSA 1 NPOBEACHHS aHalli3y SIKOCTI OTpPUMaHHX
HepexiIHUX NPOIIECiB PETyIIOBaHHS.

Moaean korenepaiiitHoi ycranoBku Ha 6a3i 'TY. B sxocTi TenioBUX ABUTYHIB B CHCTEMaX
KOTeHepallii 4acTo BUKOPHCTOBYIOTHCS Ta30TypOiHHI ycTaHOBKH. e 00yMOBI€HO, TOJIOBHUM
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YUHOM, IXHIMU MaHEBPOBUMH XapaKTEPUCTUKAMH 1 MAJIMM YaCcOM 3aIlyCKY, a TAKO I0CTATHbO
BEJIMKOIO OJJUHUYHOIO MOTYKHICTIO OKPEMOi YCTaHOBKH [3—5].

Korenepariiiini ycTaHOBKH MPEICTaBISAIOTh COOOK CHCTEMH, SKI NMPU3HAYCHI IS
OJTHOYACHOTO BHPOOJICHHSI TEIUIOBOI Ta ENEKTPUYHOI €Heprii 3 BHUKOPUCTAHHSIM OJHOTO
JOKepesia rmajvuBa. B 0CHOBI X pOOOTH JICKUTHh TPUHIIMI KOMOIHOBAHOTO BUPOOHMIITBA, KU
JI03BOJIsIE 3HAUHO TiABUIMTH KoedinieHT kopucHoi aii (KK/) cuctemu 3a paxyHOK yTuitizamii
TeIlIa, 10 BUILISETHCS 1] Yac BUPOOHUIITBA €JICKTPOCHEPTi.

Korenepariiina ycraHOBKa CKJIAQIa€ThCS 3 HACTYNHUX KIIOYOBHUX EJIEMEHTIB:
1.IlepBuHHUIT IBUTYH — II€ KEPEIO MEXaHIYHOI eHeprii, KUK MOoXe OyTH Ta30BOI0, TAPOBOIO
TypOiHOIO a00 IBUTYHOM BHYTPIIIHBOTO 3ropsiHHsS. 2. EnmexTporenepatop — MepeTBOPIOE
MEXaHIYHy €HEpril0 MEePBUHHOIO JABUTYHA Ha €JIEKTpUUHYy eHeprito. 3. Cucrema ytuiizarii
TEIIa — KJIF0YOBA YaCTHHA KOT'€HEPaLiiHO] yCTaHOBKH, sIKa IMiABHIYE 3arajibHy €(eKTUBHICTD
cucreMd. Jlo Hel BXOmATh TEIIOOOMIHHI amapaTd, Taki SK KOTJIU-YTHJII3aTOpU Ta
TEIUVIOOOMIHHUKHM, SIKI 3a0€3MeuyroTh YTHII3AIil0 Tera, [0 BHIUIAETHCS TMEPBUHHUM
neuryHoMm. 4. Cuctema ymnpaBiiHHS Ta KOHTPOJI — BIAMOBIJAE 33 MOHITOPUHT Ta
pEryJIOBaHHS MapaMeTpiB YCTAaHOBKH, TaKUX SK TEMIEpaTypa, THCK, BUTpaTa MaluBa Ta
MOBITPSA, YaCTOTa 0OEpPTaHHS reHepaTopa TOILIO.
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Puc. 1. CtpykTypHa cxema KoreHepauiiHoi yctaHOBKM Ha 0a3i I'TY 3 yrumizaniero TemnoTu
MPOAYKTIB 3TOPSIHHS

[lorenuiiiHuMu o0'ekTamMy JUIsl  3aCTOCYBaHHsSI KOT€Hepalii € I[POMHUCIIOBI
BUPOOHMUIITBA, 3aBO/IM, MIANPUEMHHULIBKA cepa (TeKapHi, XIMUUCTKH TOLIO) JiKapHi, roTe,
TOProOBl1 LIEHTPH, aIMIHICTPATUBHI LIEHTPH, (hepMH, 00'€KTH >KUTIOBOI Cepu — KHUTIOBI
OyAMHKM Ta NpHUBaTHI OyJUHKH, TPOMAJICHKI YCTAHOBHU: JIIKapHi, KypOPTHI Ta JIKyBaJbHI
3aKJ1aJu, OaceiHu, CIIOPTUBHI LEHTPHU, Ka3apMH TOIL0, BJIacHI MOTPeOU ra3onepeKadyBaIbHUX
CTaHLI}, KOMIIPECOPHUX CTAHII{, KOTEJIEHb TOILO.

Korenepariiiini ycTaHOBKHM MOKYTb BHUKOPHUCTOBYIOTHCS HE TIJIbKHU K HE3aJ€XKHI
anbrepHaTuBHi MiHI TELl, a Takoxx B SKOCTI pe3epBHHUX, JONOMDKHHMX JKEped TeIulo- Ta
enexkTpoeHeprii. BupoOneHa enmekTpuyHa eHEpris, Moke OyTH MiJKIOYEHA /0 CHUTHhHOL
PO3MOAIIBLHOI Mepexi a0 BUKOPHCTaHa Y BIAaCHIA Mepexi. AHaJIOT1YHUM YHHOM, TEIUIO, sKe
YTBOPIOEThCS TMiJ 4Yac crnamoBaHHd mnanuBa B ['TY, Moxe OyTu mnpuegHaHa A0
[EHTPaJli30BaHUX TEMJOMepexXk abo BUKOPUCTaHA B SKICTh BOAM JUIS OMNAJCHHS Ta
BUPOOHUIITBA rapsvoi BOU i MOOYTOBUX MOTPEO.

Jis  MopnentoBaHHS — JUHAMIYHUX  BIACTHBOCTEH 1 TEpeXilHUX  MpOILeCiB
KOTreHepalliiiHoi ycTaHOBKM Oyjla BUKOPHCTaHa MaTeMaTH4Ha MoOJieb HaBeaeHa y [6]. Jlana
MOJIeNIb TpeCTaBisie co0or0 cuctemy 3 6 audepeHUiRHUX piBHAHB. llepmii Tpu piBHAHHS
OMHUCYIOTh JAWMHAMIYHI BJIACTHUBOCTI TazomoBiTpstHOro mimirpiBada (I'TIIT), a mactymHi Tpm
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nudepeHIiiifHi piBHIHHS OMUCYIOTh AMHaMIKy potopa ['TY, 3MiHM THCKY Y ra30BHX 00’ €Max 1
TEMIIepaTypy Ta3iB Micis KaMepH 3rOPSHHS.

t;nn
Crt— =+ Aty = AL + AL
¢
HI™ —— 2 4 AL = RMAGE — R A
ron
R —— + A" = r{™ALR" + AL — Aty — AL
0Aw (1
BF + Aw = blAp3 + bzAt3 + b3Ap4 - b4Ap2 - bSANE’
d4p dAT,
Tp? + Ap = TT? - kTAT3 + kmAmn + kwA(l);
04t

A T + Atz = a1 dw + aAmy + azAt,.

CrtpykTypHa cxema iMiTaliiHol Mojielni, moOyaoBaHa Ha 6a31 BUIIEBKA3aHOT CUCTEMU
TuQepeHIiifHuX piBHIHb, HaBeIeHa Ha PUC. 2.

Ha cxemi npuiiHari HacTynHi mno3HaueHHs: GVP — Mojelb Ta30mMoBITPSHOTO
nigirpisada; Gas volumes — MoJienb 3MiHU THCKY y Ta3oBux 00’ emax ['TY; Rotor of turbine —
MojieJb 3MiHU yacToTu obeptanns poropa I'TY; KC — kamepa 3ropsinnsa. biaoku Compressor i
Turbine MOAEMIOIOTH TPOLECH aaiadaTUYHOTO CTUCKAHHS TOBITPS y KOMIIpECcOpi Ta
an1abaTUYHOTO PO3LIMPEHHS ra3iB B TypOiHi.

A
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1) P mn p > p

G top t3
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Puc. 2. CtpykTypHa cxema Mo/ielli KoreHepailiiiHoi ycranoBku Ha 6a31i ['TY

Hagenena monens npezacrasiisie coO0K0 CUCTEMY JIIHEApU30BaHUX AU(EepeHIIITHUX PIBHSAHB 13
30CepeKEHUMHU TapaMeTpaMy 1 OMMCYe JWHAMIKy KOTeHepalliiiHOi YCTaHOBKM B yMOBax
MaJuX BIIXHWJIEHb BiJI CTAIlIOHAPHOTO PEKUMY.

BaockoHaleHHsI  CHCTeMHM  aBTOMATH30BAHOI0  YNPABJiHHS  KoOreHepauiliHOI0
ycranoBkow. Sk Bimomo KK cramionapuux I'TY, mo mpamrorors 3a nukiaoMm bpaiiToHa,
HEBEIHUKUH, 1 MOxe ctaHOBUTHU Bif 24 1o 32 % [7,8]. dus 36inemenas KK/ mux yctaHoBOk
3aCTOCOBYIOThH YTHIII3AIlII0 TETIOTH BIX1IHUX T'a3iB y KOTIaX-yTHIIi3aTopax, JIIsl BUPOOJIEHHS
TEIUIOBO1 €Heprii Ta pereHeparlio TeMIOTH 3a TOTIOMOTOI0 Ta30-MOBITPSIHUX MiAIrpiBaviB, IS
HiJIrpiBy MOBITPS Mmicis Kommpecopa [7,8].

OnHak YCTaHOBKM TaKOro THUIy OKpIM TEIUIOBOi eHeprii BHUpPOOJISIOTH TaKOX 1
eJIEKTPUYHY €Hepriro. Y BITYM3HSAHIA EHEeProcucTeMi BHCYBAIOTbCS JIOCTATHHO >KOPCTKI
BUMOTH J10 cTa011i3a11ii YacTOTH eJleKTpuyHOi eHeprii [ 11], sika HaIXOAUTH 10 €HEPrOCUCTEMHU:
BIJIXWJIEHHS YacTOTU He noBuHHE nepesuinyBatu + 0,2 I'u. Leit gaxT migBuirye Bumoru 1o
SKOCT1 aBTOMaTMYHOT'O PETYJIIOBaHHS KOT€HEPaIiifHOI0 YCTAHOBKOIO 3 TOYKH 30Dy cTadimi3amii
YaCTOTH BUPOOJIEHOT eNeKTpUYHOi eHeprii. 3a oCHOBY Oyia B3siTa CHCTEMa aBTOMATHYHOTO
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yOpaBIiHHSA Tra3oTypOIHHOI  yCTaHOBKOIO, HaBeAeHa y [8,9]. VYmoBu pobGoTtu
€HEeproreHepyrvoro 0oJaHaHHs Y YaCTUX MEPEXiTHUX PeKUMaXx, siki 00yMOBIIEHI CKJIQIHUM
CTaHOM BITYM3HAHOI EHEPrOCHCTEMHM Ta CKJQJHICTIO PO3MOAIICHHS HABaHTAKCHHS B
€HEeprocucTeMi MiATBEPUKYIOTh AaKTYaJIbHICTh 3a/adi MiJBUINEHHS SKOCTI Ta CTaJoCTi
aBTOMATUYHOI CHUCTEMH pETyJIOBaHHSA 4YacTOTH. Hmkue HaBexeHa CTpPYKTypHa cXxema
ABTOMATH30BAaHOI CHUCTEMHU YIPABIIHHA MOTYXHICTIO Ta30TypOiHHOI yCTaHOBKHM, sika OyIna
BIOCKOHAJICHAa BBEJCHHSM JOJATKOBOIO CHTHATY 3a MOXIIHOIO IO TeMIlepaTypi MPOAYKTIB
3TOPSIHHS Ha BUXOJI1 3 Kamepu 3ropsiHHS (puc. 3).
Jo rkotna-yrimizaTopa

K

S I Ng
<M< 4
tlll:"' DBITpH|B ‘

Puc. 3. CtpykTypHa cxema aBTOMAaTH30BaHOI cucTteMu ymnpasiinHa ['TY korenepamiiHoi
YCTaHOBKHU

OcHOBHMMHM eNleMEHTaMHM Ha HaBeleHId cxemi €: kamepa 3ropsHHA (K3) mo sikoi
Ha/IXOJUTh MOBITPS, 1110 HarHiTaeThest koMipecopoM (K) 1 manmBo uepes peryinorouunii opran
(mp). A takox, TypOiHa (T), Ha poTOp SIKOT A1FOTH PyXOMI1 CHJIU T'a3iB, SIKI BUXOJATh 3 KaMepu
3rOpsiHHA 1 CUJIM oTopy 3 60Ky enexkTpuyHoro reHeparopa (I') i komnpecopa. IloBiTps micis
KOMIIpecopa HarpiBaeTbcs y razo-noBiTpstHoMy miairpiBaui (I'TIIT) Bim Temnortu rasis, ski
BUXOZSATH Miciis TypOiHH. 32 paXxyHOK LOTO 3HWKYEThCS BUTpaTa MaJIMBa Ha MiAIrPiB MOBITPs
y Kamepi 3TOPSHHS.

OcHOBHUMHM perymorounMu napaMmerpamu B I'TY €: yactora obepTaHHS poTOpa
ra3oBoi TypOiHM w 1 TeMIeparypa ra3iB Ha BUXOAl 3 Kamepu 3ropsHHs tz [10]. YacTtora
obepranns poropa ['TY ogHO3HauHO MOB’s3aHa 13 YaCTOTOIO OOEpTaHHS Bally TeHepaTopa,
TeHEePYIOUMM eJIEKTPUYHY €HEprito i, BIIMOBIIHO YaCTOTOIO EJIIEKTPUYHOIO CTPyMy, LIO
HA/IXOJUTH JI0 eHeprocucTeMu. Temrieparypa ra3iB Ha BHXOJIi KAMEPH 3TOPSIHHS Y Cy4acHHUX
I['TY cxiagae 6au3pko 2000 °C 1 BU3Ha4Yae TepMidHE HANpY>KEHHsS €JIEeMEHTIB MPOTOYHOT
YaCTHUHU Ta30BOi TypOiHH, a caMe poOoumx JonmaTok. HaBiTh KOpOTKOYacHE ITiABUIIICHHS
TEMIIepaTypu Ta3iB MOXe CYTTE€BO BIUIMHYTH Ha JIOBIOBIYHICTH poOOTH a00 MpHUBECTH IO
BUXOJ1y 3 JIaJy €JIEMEHTIB MPOTOYHOT YaCTUHHU.

BBeneHHs 101aTKOBOrO CHUTHANY 3a MOXIJHOIO BiJl 3HAUEHHS TeMIlepaTypu rasiB
micJIsT KaMepy 3TOPSHHS MOJKE JIO3BOJIUTH IIIBUIINATH SIKICTh PETYJIIOBAHHS TEMIEPaTypH,
pOOJITYM PEeryJIIOIOUMil BIUIMB, MPOMOPIIMHUM IIBHJIKOCTI 3MiHM TEMIIEpPAaTypH MPOIYKTiB
3TOPSIHHS. A TaKOXK MOXKE TABUIIUTUCS MIBUJIKICTh PETYIIOBAHHS, OCKUIBKU PETYISTOp Oye
3MIHIOBATH TOJOXEHHS PEryJolouoro OpraHy 10 TOTO MOMEHTY, SK BiIOyJIeTbcs 3MiHa
4acTOTH 00EpTaHHs POTOpa ra3oBoi TypOiHH.

MopaenoBaHHS I aHAJI3 THHAMIYHUX XaPAKTEPUCTHK KOreHepauiiiHol yctaHoBkM. [Ipu
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MPOBEICHHI  MOJICTIOBAHHS TEPEXITHUX TMPOIECiB  HAHOCWIOCA 30ypeHHs 3MIHOIO
CJIEKTPUYHOTO HABAHTAXCHHS, BelWYMHa 30ypeHHs ckmanana 10% Big HOMIHAIBEHOTO
HABaHTA)XCHHS ra30TypOiIHHOT YCTaHOBKHU.

Hwxue, Ha puc.4 i puc.5, HaBeieH1 epeXiHi MPOLECH PETyIIOBaHHS, OTPUMAaHI MPH
3aCTOCYBaHHI aBTOMAaTUYHOI CUCTEMHU PEryJIOBaHHS 0e3 BBEIEHHS J0AATKOBOI'O CUTHAIY 3a
MOX1THOIO 32 TEMIePaTypoIO Ta3iB MiCisl KAMEPH 3TOPSHHSL.

[Tepexigauii poriec peryaoBaHHs 4acToTu oOepTaHHs poropa I'TY Ge3 BBeneHHs

JIOJTATKOBOTO CUTHATY 32 TIOX1JHOI HAaBEJCHUH Ha puc.4
A®,

0.0 F

0.02
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006 i i i i i i i i -
0 01 0z 0.3 0.4 [IRs] 06 0y 0.8 03 fc

Puc. 4. [lepexinnuii npoiec peryjarOBaHHA MO KaHaTy 3MiHA €NEKTPUYHOTO HABAHTAXKCHHS
—yactoTa ooepranus potopa ['TY AN; — w (36ypenns ANg = 10%)

I3 rpadiky mepexiHOTO MpoIieCy, MPEACTABICHOr0 HA PUC. 3 BUIHO, 10 30UTBIIICHHS
€JIEKTPUYHOr0 HaBaHTaxeHHs ANy Ha 10% HpU3BOAUTH A0 BIAXUIICHHS YacTOTU OOEpTaHHS
potopa I'TY na -0,052 I'r1 (-0,104 %), sike HE BUXOIUTH 32 MEXI1 JOMYCTUMUX BIIXUJICHB, 1110
perIaMeHTyoThCs cTaHaapToMm 1 ckinagaroteh £ 0,2 I'm. CTymiHb 3aracaHHs MEpeXigHOTo
IpoLECY TPH LLOMY CTaHOBUTE YNVE~® = (,85.

AHami3  MOJENIOBaHHA  JWHAMIKM  CHCTEMH  aBTOMATUYHOTO  KEpyBaHHs
KOT€HEpalliiiHOI0 YCTAaHOBKOIO 0€3 BBEIEHHS JO0JAaTKOBOTO CHUTHANIY 3a MOXIJHOK IO
TEeMIEepaTypi ra3iB MoKas3as, 10 3MiHa €EKTPUYHOTO HaBaHTaXXEHHS reHeparopa ANg Takox

BUKJIMKA€E ICTOTHE BIIXWJICHHS TEMIIEpaTypH ra3iB Ha BUXO/I1 3 KAMEPH 3ropsHHS (puc. 5).
AL,
°C
180

160
140
120
100 -
a0
&0
40

20

0 1 1 1 i 1 I I 1 i _

0 o1 02 03 04 05 08 07 08 03 fcC
Puc. 5. Ilepexianauii mpoiiec peryatoBaHHS M0 KaHATY 3MiHa eIEKTPUYHOTO HAaBAaHTaXKCHHS
— TeMriepatypa ra3iB micist K3 ANg — t3 (36ypenns ANg = 10%)

301IbIIECHHS €EeKTPUYHOTO HaBaHTakeHHS Ha 10 % npu3BoAUTH 10 30UTbIICHHA
TeMriepaTypu ra3iB Ha Buxoi K3 Ha 16,3 % (195 °C), mo HeGaxxaHO, OCKUIBKH 3017TbITY€EThCS
TEpMiYHA Hampyra eJIeMEHTIB NPOTOYHOI YacTHHM ra3oBoi TypOiHu. CTymiHb 3aracaHHs
HIEPEXiQHOTO MPOLECY, MPEACTaBIeHoro ckiaamae YVe~ts = (0,71. 3 merToro HelTpamizawii
BKA3aHOTO HEraTUBHOTO (akry, Oylo NpPUHHATO pIIIEHHS B KOHTYp peryJlOBaHHS
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CJICKTPUYHUM HABAaHTAKEHHSM TEHepaTopa MoJaTH CHUTHAJI 3a TOXIJHOK BiJ 3MiHH
TEMIIepaTypu Tra3iB Ha BUXOAlI 3 Kamepu 3ropsHHS (puc. 3). [lng oTpumaHHS MOXiTHOT
3aCTOCOBAHO pealbHy AU(EepeHUIdHy IUHAMIYHY JIaHKY, OTpPUMaHy SK pe3yJbTaT
anreOpaiyHOi CyMH mepenaBalbHUX (YHKIIH OpoOnopuiiHOi Ta iHEpUiHHOI JaHOK
[12].Pe3ynbTaTi MOAEIIOBAaHHS MTEPEX1THUX MPOLIECIB 3MIHM YacTOTH oO0epTanHs potopa [ TY
npu 30ypeHHI 3MiHOIO €IEKTPUYHOT0 HABAHTAXKEHHS 13 BUKOPUCTAHHAM JI0JJATKOBOT'O CUTHAITY
3a MOXiAHO0 1 6€3 HROTO MPEICTaBIICHI Ha PUC. 6.

a
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Puc. 6 IlepexiaHi npolecH peryiOBaHHs 4YaCTOTH 0OepTaHHs poTopa rnpu BukopucranHi I11-
3aKOHY 1 ToaTKoBOro curnaiy 3a noxiguoro (IT+/1): 1 — ANg = 10% (I11); 2 — AN = 10%
(TTI+]T)

AHani3 oOTpUMaHHUX NEPEeXiJHUX MPOIECIB MOKa3ye SKICHE MOJIMIICHHS MOKa3HHUKIB
NepexiHUX TpoleciB: 30UIbIICHHST cTyneHs 3aracanHs A0 0,95 1 3MeHIIeHHS Apyroro
JUHAMIYHOTO BIAXWUJICHHS, [I0 CBIQYUTH MNPO 30UIbIIEHHS 3amacy CTIHKOCTI CHUCTEMHU.
He3naune 3011bI1€HHS NEPHIOTro AMHAMIYHOTO BIJIXWJIEHHS MOSCHIOETHCS TUM, L0 30ypeHHS
3MIHOIO €JIEKTPUYHOI'0 HABAHTA)KEHHS MPAKTUYHO MUTTEBO BIUIMBAE HA YAaCTOTy OOEpPTaHHSA
poTopa, MpoTe Ha APYTrOMY BIIXHIICHHI BJKE€ MIO3HAYAETHCS BITUB CUTHAITY 32 TIOX1/THOIO, 1 HOTO
3HWKEHHS CTaHOBUTH 46,8 %. IlepexiaHi mporecu 3MiHU TeMIepaTypu ras3iB Ha BUXOAl 3
KaMepy 3rOpsIHHS ITPEJCTaBIIEH] Ha pyc. 7

: ; : :
0 0.1 0.z 03 0.4 0.5 06 0.7 n.g (R .{', C

Puc. 7 Ilepexiani npolecu peryatoBaHHs TeMIiepaTypu ra3iB Ha Buxo/i K3 npu BukopucTtanHi
[MTI-3akony i curnany 3a moxigHoro (ITI+1): 1 — ANy = 10% (ITI); 2 — ANy = 10% (ITI+[1)

3 HaBezeHUX rpadikiB TaKOXX BUJIHO, IO 3 BBEJACHHSIM CUTHAIY IO MOXITHINA BiJ
Temrneparypu rasis micis K3 BigOyBaeThcsi MOKpaIIEHHS SKOCTI MEPEXiHOro MpoIecy i, M0
came roJIOBHE, 3HIXKYEThCSI BIIXWICHHS TeMIIepaTypH rasiB miciisi Kamepu 3ropsiHast 31 195 °C
no 168°C. lleit ¢dakt mayke MO3UTHBHO BIUIMBAE HA €IEMEHTH MPOTOYHOI YaCTUHU Ta30oBOi
TypOiHH, 3HHKYIOUU IXHE TEPMIYHE HAMPY>KCHHS 1 JI03BOJISIE TTOJOBXXHUTH 1X CTPOK CITYKOH.
BucHoBku. [IpoBeneHe MOCHIIKEHHS MATBEPAUIO BAXKIHBICTh BIOCKOHAICHHS CUCTEMH
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ABTOMAaTHUYHOTO YIPABJIIHHS KOT€HEPAI[iIHHUMH YCTAaHOBKaMH Ha 0a31 ra30TypOIHHUX JIBUTYHIB

JUIs1 3a0e3nedeHHs X cTalblIbHOI Ta eHeproeeKTUBHOI pOOOTH B YMOBaX 3MiHHHMX 30BHILIHIX

BIUIMBIB. Pe3ynpTaTv MOJENIOBaHHS IOKa3ajaH, IO BBEJIEHHS IOJAaTKOBOTO CUTHAIY 3a

MOXIJIHOI0 TEeMIIepaTypu ras3iB Micias KaMepu 3TOpSHHS CYTTE€BO IOKpAIlye AWHAMIYHI

XapaKTEePUCTUKN CUCTEMH. 30KpeMa, OyJlo JOCATHYTO 3MEHIIEHHS JWHAMIYHUX BIJXUJICHb

TEMIIepaTypy ra3iB Ha BUXOJI 3 KamepH 3ropsHHs Ha 13,8%, a TaKoX MiIBUIIECHHS CTYIEHS

3aracaHHs KOJIMBaHb 10 95%, 110 3HMKY€E TEpMIYHE HAIPYKEHHS €J1IEMEHTIB Ta30TypOIHHOIO

JIBUTYHA Ta CIIPUSE TPOJIOBKEHHIO 1X CTPOKY CITyKOH.

BripoBajykeHHsT Takoro Migxoay /[0 aBTOMAaTH30BAHOIO YIPABIiHHS Ja€ 3MOTry
3a0€3MEeUYNTH BUCOKY TOYHICTh PETYJIOBaHHS YacCTOTH OOEpTaHHS pOTOpa Ta CTaOiIbHICTH
BUPOOJICHOI eJIEKTPUYHOI €HEprii, 110 € KPUTUYHO BAXIIMBUM JIJIs1 KOTEHEpalliHUX yCTaHOBOK
y cydacHiii eHepreTWyHiii cucremi. [1o3UTHBHI pe3yabTaTh MOJENIOBAaHHS CBIAYaTh IPO
HNEPCHEKTUBHICTh MOAAIBIIOT0 BUKOPHCTAHHS 3allPOIIOHOBAHOTO METOAY Ui IOJIIIICHHS
pobotu I'TY, oco6mmBO B yMOBaxX 4acTHX 3MiH HABAaHTAXXCHHS Ta BapiaTUBHOCTI 30BHIIIHIX
napaMeTpiB, TaKUX SIK TeMIepaTypa Ta SKICTb MaJIKBa.

OtpumaHi pe3yabTaTH  BIJIKPUBAIOTH HOBI  MOMJIMBOCTI  JUIS  IiJIBUIICHHS
€HeproeeKTUBHOCTI KOTE€HEepalifHUX YCTaHOBOK 3a PAaxXyHOK YJOCKOHAJEHHS CHUCTEM
aBTOMATHYHOTO ympasiiHHA. Lle, y cBol uepry, crnpusTHMe OUIbII paIiOHAIHLHOMY
BUKOPUCTAHHIO €HEPropecypciB 1 3MILHEHHIO €HEPreTUYHOI He3aJIeXKHOCT1 KpaiHu, 0COOIMBO
B YMOBaX 3pPOCTalOYMX BUMOT JIO CTAOUTBHOCTI Ta €KOJIOT1YHOCTI CHEPTETUIHHUX CHCTEM.

3aranoM, BIIPOBAPKEHHS Cy4aCHUX METO/IIB PEryJIFOBaHHS Ta aBTOMAaTH3allii y poOoTy

KOTeHepalifHux ycTaHoBOK Ha 0a3i I'TY € BaxJIMBUM KPOKOM JIO PO3BHTKY CTIHKOi Ta

eHeproepeKTUBHOI €HePreTUYHOI 1HQPACTPYKTYPH.
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IMPROVEMENT OF THE AUTOMATIC CONTROL SYSTEM OF A
COGENERATION POWER PLANT BASED ON A GAS TURBINE ENGINE

O. E. Mishkoy, O. S. Tarakhtij

National Odesa Polytechnic University
1, Shevchenka Ave., Odessa, 65044, Ukraine
Email: mishkoy2002@gmail.com

The article deals with the issue of improving the quality of power control of a gas turbine unit (GTU), which is a
thermal engine of a cogeneration power plant. The relevance of the topic is due to the difficult economic situation
in the energy sector of Ukraine, high prices for imported energy resources and the need for rational use of local
and alternative fuels. The paper emphasizes the importance of improving the energy efficiency of the GTU, in
particular through control automation, which allows for stable operation of the unit under various external
conditions and fuel types. The main goal of the work was to develop the structure of the automatic power control
system for GTUs, which takes into account external disturbances, such as changes in electrical load, fuel
combustion heat, and ambient air temperature. It is proposed to use an additional signal based on the derivative
of the temperature of the working fluid in front of the turbine, which contributes to a significant improvement in
transient performance. The article presents a structural diagram of automatic control, simulates transient processes
of turbine rotor speed control as the main regulated parameter, and performs a comparative analysis of the quality
of control when an additional signal is introduced based on the derivative of the temperature of gases at the turbine
inlet. The modeling results showed that the use of an additional derivative signal increases the stability of the
system, reduces the dynamic deviation of parameters by up to 46.8% and improves the damping of oscillations
by 16%. In addition, the introduction of automated control with a derivative signal reduces the deviation of the
gas temperature at the outlet of the combustion chamber, which reduces the thermal stress on the elements of the
flow part of the GTU.

Keywords: gas turbine units, cogeneration, automatic control, transient modes, modeling, external disturbances.
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PO3POBKA 3ACTOCYHKY JJIsI BIOMETPUYHOI BEPU®IKAIIII MIIMACIB

P. I. Hazapenko!, O. A. Cronakesnu!, A. O. CTonakepuy’

"Hamionanpuuit yHiBepcuTeT «O1echKa MoJIiTeXHIKa
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2Jlep>kaBHUIA YHIBEPCUTET iHTEIEKTYaIbHUX TEXHOJIOTIi
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Bepudikarris mianucy - 1e nporec, i yac SKoro 3aJaHui MiJIHC MOPIBHIOETHCS 3 JACIKUMU
BIZIOMMMH 3pa3KaMH MIANUCIB 1 BUPINIYETbCS, YM HAIEKUTH IIJIHKC, IO MEPEBIPSETHCS,
TOMY camMoMy aBTOpYy 4M Hi. L[ mepeBipka 3MiHCHIOETHCS 3a JOMOMOTOIO BIiMOBITHOTO
MPOrpaMHOro 3a0e3NeueHHs], CTBOPEHOr0 3a pe3yjbTaTaMH MNPOBEICHUX JOCIIIKCHb.
TakuM 4UHOM, METOI POOOTH € po3pobKa aNropuTMy Ui e()eKTUBHOTO PO3B’SA3KY 3amadi
Bepu(ikamii MmiANHCIB, CTBOPEHHS MPOTPAMHOIO 3aCTOCYHKY Ha OCHOBI pO3pOOJIEHOTO
aNrOpPUTMY, NIepeBipKa Mpale3aTHOCTI CHCTEMH LIUIIXOM JOCTIIKeHHS (YHKIIOHYBaHHS
PO3pOOICHOr0 3aCTOCYHKY 3 BHKOPHCTAHHSAM JOCTATHBOI 0a3M JaHHX aBTCHTHYHUX Ta
migpoOIeHNX MmANHCiB pi3HUX mignucanTiB. [IpoBemeHO aHami3 CTaHy MPOONEMH, SKUN
J03BOJIMB 3HaiiTH 0azy 3 500 aBTEHTHYHHX Ta MiAPOOJCHUX MiANHCIB, BU3HAYUTH 15
OCHOBHHX O3HaK MigpoOKM MiAmucy sk Takoro, 10 MaTeMaTHYHUX METOIB MOPIBHSIHHS
MIANKCIB, OCHOBHI XapakTePUCTHKH Ta CTPYKTYypy alIroput™My (yHKUIOHYBaHHS
3aCTOCYHKY, HOro apXiTekTypy. EKCHepUMEHTalbHI JOCHIIKCHHS, MPOBEACHI JJIs
NEepeBipKU 3HAWACHUX O3HAK MiAPOOKM MIAMUCY SIK TaKOro 3a YHCIOBUM 3HAYCHHSM
KpUTEpito CcTalbiIbHOCTI O3HAaKM, [O3BOJMJIM BHSBUTH Ti O3HaKd, SKi JOIUIBHO
BUKOPHUCTATH B 3aCTOCYHKY JUJISl TepeBipku. Takoxk, eKCliepuMEeHTaNbHI JOCIIIXKEHHS Ha
0a3i miamuciB, MPOBEIEH] U TepEeBipKA 3HAMIEHUX MAaTEMATHIHUX METOJIU MOPIBHIHHS
BiZIOMOTO aBTEHTHYHOIO MiJNKCY Ta MiJIUCY, SKUH MepeBipAETHCS, TO3BOJIMIN BHIBUTH
METOJIW TOPIBHSIHHA, SKi JOLITFHO BHUKOPUCTATH B 3aCTOCYHKY. Ilpm (yHKIiOHYBaHHI
3aCTOCYHKY IH(POBi 300pakeHHS MiIMUCIB, OTpUMaHi 3a IOTIOMOTOI0 IH(pPOBOI Kamepu
abo ckaHepa, OOpOOJSFOTECS ¥ 3a JOMOMOTOK METOMIB pO3Mi3HaBaHHSA 00pasiB,
3HaHJCHNX O3HAK Ta METOIIB IMMOPIBHSIHHI, 3HIMCHIOETHCS mepeBipka. Ha BukopucraHiit 6asi
pe3ysbTaTd MEepeBIPKU BUSIBUJIMCS YCHIIIHUMHU. P0O3po0JeHui 3acTOCYHOK MOXe OyTu
YIOCKOHAJICHHH Ta MOCIYTryBaTH OCHOBOK €KOHOMHOI CHCTeMH BepHU(iKaIlii miAmucis.
Koarouosi cioBa: Oiomerpuuna Bepudikarisi mianucis, kidepOe3neka, KOMIT FOTEPHHIA
3aCTOCYHOK, PO3Ii3HaBaHHs 00pas3iB.

Beryn. Ilinnuc — e XxapakTepHO CTUII30BaHUM, HAITMCAHUH B1J] pyKH BapiaHT YMHOrock iMeH1
abo iHmoOro igeHTU(}IKaliiHOrO CJI0Ba YU CHUMBOINY, KU MOXe OyTH BUKOPUCTaHMH JUis
HIATBEPKEHHs] 0coOM BiAMOBiAHOT ocodu. Ilianmuc MroavHM € XapakTepHO YHIKAIbHUN 1
Bi3yaJbHO po3pi3HioBaHuid. lle 3poOwiio miamuc MaBHIM pO3Mi3HABALHUM 3HAKOM IS
ineHTudikanii ocobu. HaBiTh chOroaHi BIaCHOPYYHHUI MiANKC € HaWMOMMPEHIINUM 3ac000M
3aCBITUEHHS! aBTEHTHYHOCTI Oyab-akuX o¢iumiiHux abo ¢iHaHcoBHX A0KyMeHTiB. Iliamuc
B1IOOpaKye TIEBHI TMCHXOJOTIYHI 0coOauBOCTI moguHu. CydacHl BUY€HI HA3MBAIOTh CIM
OCHOBHMX XapaKTEPHCTUK MOYEpKY, 32 SKUMHU MOXXHA CTBOPHTU HOPTPET JIOAWHHU: PO3MIp
JiTep, iXHil HaxuJl 1 popma, HAPSIMOK MOYEPKY, IHTEHCUBHICTh HATUCKY, XapaKTep HalHCAHHS
CJIIB 1 3arajibHa OIliHKa Mmouyepky. Bepudikaris mianucy - me mporec, i yac SAKOro 3aJaHui
H1JIUC TOPIBHIOETHCS 3 IEIKUMH BIJOMUMH 3pa3kaMH MIAMNKCIB 1 BUPIIIYETHCS, YU HAJIEKUTh
HiANKC, IO MEepeBIPSEThCA, TOMY camMoMy aBTOpy 4M Hi. Ll mepeBipka 3aiHiCHIOETBCS 3a
JIOTIOMOTOI0 TIEBHUX XapaKTepHUX JOCHiKeHb abo aHamizy. Ilpu aBromaruuHiii mepesipii
MiJMUCIB TIEpeBipKa MiJMUCIB 3MIHCHIOETHCS MAIIMHOK 3 BHKOPUCTAHHSIM JESIKUX METOJIB
po3nizHaBaHHs 00pa3iB. [1i7 yac nepeBipku 3a 300pa)KEHHSAM MMINUCIB 300paykKEeHHS M1IMUCIB
OTPUMYIOTb 3a JI0IIOMOT010 1T poBoi kamepu ado ckanepa. L{i nundposi 300paskeHHs MiANKCIB
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00poONIAIOTECA Najmi W 3a JOMOMOTOI METOJMIB PO3Mi3HABaHHS 00pa3iB 3I1HCHIOETHCS
nepesipka. MeTta poO0TH — IPOBECTHU aHaJli3 CTaHy HayKOBOT IPoOIeMHU, pO3pOOUTH aIrOpUTMHU
1l epeKTUBHOTO PO3B’SA3KYy 3amadi Bepuikaiii miamuciB, YIEeBHUTHUCh B Ipare3qaTHOCTI
QITOPUTMIB HIISXOM PO3POOKH MPOTOTHUITY 3aCTOCYHKY.

AHai3 cTaHy HAYKOBOI pooJ1eMu. /11 IpaKTHYHOTO BUKOPUCTAHHS O10JIOT1YHI O3HAKHU TIPH
inentudikamnii 0coOM TOBHHHI BIAMNOBIIAaTH TaKMUMU OCHOBHMM BuMoram [1-10]:
YHIBEpCaJIbHICTh, TOOTO O3HAKa Ma€ PO3IMI3HABATHUCS Y KOXXHOMY IIIUCY 1 HE MAa€ BTPAYA€ThCS
yepe3 HEIIACHUN BUMAJ0K a0o XBOpOOy; BIAMIHHICTH, TOOTO a00 O3HAKH y MIJIHUCIB JBOX
PI3HMX JIFOACH MOBUHHI OYTH JOCTATHHO BIAMIHHHUMH, 11100 HAIIWHO BiAPI3HUTH OJHY ITiJIITHC
BiJl 1HIIIO1; IHBApIaHTHICTh, TOOTO O3HAKA Ma€e OYTH CTa0LIHHOO MPOTIATOM TPUBAIOTO NIEPIOAY
yacy, MpOCTOTa BUMIpIOBaHHS, OakaHO O3 3aCTOCYBaHHs CHEIaJbHOTO OOJagHAHHS, Ta
HEOOXiJTHO BpaxoBYBaTH HACTYMHI (akropu [3]: MIBHIKICTH pO3Mi3HABAHHS; 3PYYHICTh IS
KOPHUCTYBa4iB; 3aXHUIIEHICTh, TOOTO 3aXUCT BiJ nojayi ¢aascudikoBanoi iHdopmartii. [Tignuc
- 1€ CTWII30BaHWH, HANHMCAaHUM BiA pyKH BapiaHT 4YHHOroch iMeHi abo IHIIOTO
1IeHTU(IKALIHHOTO CIOBA YU CUMBOILY, SIKM MOXE OYTH BUKOPUCTAHHM AJIS MiITBEPIKEHHS
ocobu. BiH € yHIKanbHMM Ta Bi3yaJlbHO pO3pi3HIOBaHWM. HaBiTh ChOTOIHI BIaCHOPYYHHI
HiJMUC € HAUTOIIUPEHIIIUM 3aC000M 3aCBITUEHHS aBTEHTHYHOCTI OyAb-sIKUX odiliiHuX abo
¢dinancoBuX MOKyMeHTIB [4]. OCHOBHMMH NpPUYMHAMHU TOMYJSPHOCTI MIJNHCY € MPOCTOTa
BUTOTOBJICHHSI; MEPEBipPKa BIACHOPYYHOTO MIANUCY 3A1MCHIOETHCS Bi3yalbHO 0€3 0COOIMBHX
TPYAHOILIB; MiAIKC MOXe OyTH mnepeodopmieHuii, ToOTO 3a noTpedu (y BHIAIKY
KOMITpOMETAIlii) MOKHA 3MIHMTH CBIH MiJMUAC 0 TMEBHOI MIpPH, III0 HEMOXXJIMBO 3 1HIITUMH
oiomerpuunnmu ganumu [10]. CyyacHi BUeHI Ha3WMBAIOTh CiM OCHOBHHUX XapaKTEPHCTHK
MOYEPKY: pO3MIp JiTep, IXHii HaxuiI 1 ¢popma, HAMPSMOK MOYEPKY, IHTEHCUBHICTh HATHUCKY,
XapaKTep HaIMCaHHS CJIB 1 3arajibHa OIliHKa mo4epky [5, 7]. I'padonoru BBaXkaroTh, 110
JIOJCHKUN MO30K MiJCBIAOMO "BOAUTH" PYKOIO TOro, XTO muie. [{uM mosicHIOeThCS 1 Te, 1110
i1 9ac JOPOCITIIIAHH 1 3MIHU XapaKTepy NOYepK JIFOIUHH 3MIHIOEThCs. OHAK 3B 30K HE €
JOCTaTHBO HAJIMHHUM JUIs TOTO, 00 POOUTH BIIEBHEHI BUCHOBKU. Meta-aHaini3 moHan 200
JIOCJIIJPKEHB MOKa3aB, 110 Tpadosioris BUSBUIIACS HE3/aTHOIO BU3SHAUUTU HASIBHICTh Oy/Ib-sKO1
pUCH OCOOMCTOCTI, IO BUSBISETHCS 3a OyIb-IKOI METOJMUKOI0 TECTYBaHHSA. TakKox
rpadosioraM He BIAIOCA MPaBIWBO OLIHUTH W TpymoBi 3ai0HocTI moauHu. [8, 9]. [lepemik
OCHOBHMX XapaKTEepPUCTHUK MIAMUCIB 3 MO3uLii rpadoorii mokasaHo Ha puc. 1.

L‘-
(o (. S———

7

Puc.1. Knacudikanist o3nak mignucis [11,12] Puc.2. Opurinansai mianucu [13, 14]

CyTTeBO OUIBIIOTO TPOTPECy MOCATHYTO Yy BUBYEHHI MOYEpPKY MiJ 4Yac JOCYIOBOTO
pO3CiAyBaHHSI KPUMIHATLHUX CIIPAB, SIKE€ MA€ B OCHOBHOMY KPUMIHAJIICTUYHI 3aBAaHHS [ 5-7].
[Touepko3HaBYa EKCIEPTH3a BU3HAYAE, KUM BHKOHAHO TEKCT JIOCIIIKYBAaHOTO JIOKYMEHTA,
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OJTHA YM Pi3HI1 0COOU MUCAIH B PI3HUX JTOKYMEHTAX, UM € CIpaBkHIM mianuc Tomo. [Iponeaypu
KPUMIHAJIBHOI TOYEPKO3HABUOT €KCIIEPTHU3H ITiINHCIB MOKA3YIOTh, IO JIUIIE 32 (POpMaTbHUMU
O3HAaKaMH, TIOKa3aHUMH Ha PUC. ., BA3HAYATH [IPABAUBICTH ITITUCY HE KOPEKTHE.

Lle MOSICHIOETHCS TAKUMH OCHOBHUMH TNPHUYMHAMHU: 3aJICKHO Bi MCHUXO(I3UUHOTO
CTaHy JIIOJIMHHU Ta 11 COLIOKYIBTYPHOTO OTOUYCHHS, B PI3HUH Yac MiUCH OJTHIET i Ti€T K 0coOn
MOKYTh CYTT€BO BiApi3HATHCS [15]; IBi cripaBkHi MiAMKCH OJHIET 0COOM HIKOJIM HE MOXYTh
OyTM TEOMETPUYHO I1ACHTUYHMMH; HE BCl MIANUCH MOXYTh OyTH KiacudikoBaHi 3a
MPHUBEICHUMHU Ha pHC.l. 03HAKaMH, a MIAMUCH MOXYTh OyTH CKJIaJHUMU i Kiacudikarii,
HaIpUKJIaJ] Ti, 10 MOKa3aHi Ha puc. 2. [Hm mianmucu MOXXyTh OyTH 3aHaaTO MPOCTHMH. B
KPUMIHAJICTULIl OPIEHTYIOTHCSA HA T€, IO HIANUC € TCUXOJOTIYHUM BiJOOPaXEHHSM CTaHY
mroauHu. ToMy sl IFOMHM i1 TAKC € IPUPOTHIM, a JUISl 1HIUX JIF0JICH BUKOHAHHS 9Yy)KOTO
HiJIUCY BUMAarae JOAaTKOBOI poOOTH, CIigu sIKOi W IrykaroThes. [Ipu3Hakamu migpoOKu
MOXXYTb OYTH: TIOPYIICHHS KOOpAUHAIlI] PyXiB, HEMOTUBOBaHI 3YITUHKH, YIOBIIbHEHUN TEMIT
NUCbMa, BAABICHI IITPUXH, HENPHUPOJHE HATUCHEHHS, HAaAMIpHA MEXaHiuHO c(hopMOBaHA
PIBHOMIpPHICTH €JI€MEHTIB MIANUCY TOHIO. 3a3BUYaid, TOCIITHUKN PO3TIISLAaI0Th KiIacu(ikaliio
miApoOOK MigNKCy, IpUBEICHY B Ta0. 1.

Taoauns 1.
Krnacudikarist miapoOoK mianucy
Ne JleranizoBanuii onuc migpooku mianucy [16] 3BUyYaiiHa Ha3Ba
1 [Tignmuc € cipaBkHIM I ITUCOM 1HIIIOI 0COOU Bumnaaxosa
2 | [ligpobnseTscsi, 3Hatouu Jume iM's  copasxksboro | [Ipocra uu BumagkoBa
I TTCAHTa
3 | Ilignuc Bi3yanbHO IMITYETHCS IIpocra
4 | BuroroBiena 6e3 3HaHHS MPABOIHUCY MiJITUCY IIpocra
) Burorosnena 6e3 HaJIe)KHOTO TPEHYBAHHS IIpocra
6 | BurorosneHna npodeciitium ¢anbcugikaropom KaanigikoBana

Bepudikamis mianucy - 1e mpoiiec, miJl yac SKOro 3aJaHUN MiAMUC MOPIBHIOETHCS 3
JNESKUMU BIIOMHUMH 3pa3KaMHM MIANKMCIB 1 BUPINIYETbCS, YW HAJEXKWUTh MIJINUC, IO
nepeBipseTbCcsi, TOMY camMoMy aBTopy uM Hi. Ilpm aBTOMaTuuHiil mepeBipii, mHepeBipka
3MIMCHIOETHCS MAIIIMHOIO 3 BUKOPUCTaHHSM JESKHMX METOMAIB PO3Mi3HaBaHHS 00pasiB.
JlocmikeHHs B rajy3i aBTOMAaTUYHO1 Bepudikamii mignuciB novanucs 3 cepeauHu 60-x pokis
20 cr. [4]. CnouaTky Bepudikalis MiANUCIB IPYHTYBalacsad Ha CTATUYHIN MPUPOAL HIANKUCY Ta
BUKOPHCTOBYBAJIUCS T€OMETPUYHI MapamMeTpH, MOoB's3aHi 3 (HOpMOI0 MiNUCY, aje Mi3HilIe
TaKOX TMOYaIM PO3TISAATH JUHAMIYHI O3HAKHU MIJMUCIB, TaKi SIK MOYATKOBAa TOYKA ITIIHKCY,
HaNpsAMOK HITPHUXiB, KUIbKICTh IITPUXIB, IBUAKICTH 1 MPUCKOPEHHS Mepa TOIIO. TakuM YMHOM,
chopmyBanucsa nBa miaxonu [17,18]. B nepmiomy 300paxkeHHs] MIANKMCIB OTPUMYIOTHCS 3a
Jornomororo 1udpoBoi kamepu abo ckaHepa, 0OpoONAOThCA Jami H 3a JAONOMOTOI0
po3mi3HaBaHHs 00pa3iB 3[1HCHIOETHCS MepeBipka. B apyromy BHKOPHCTOBYIOTH CHelialibHI
HPUCTPOT, HATPUKIIAA: OLU(PPOBYIOUHIL TNIAHILIET, EIEKTPOHHE MEPO, TEPCOHAIBHUIN ITUPPOBUIA
ACHCTEHT, CHeIlaJIbHUN CTUTYC 13 BCTAHOBJIEHOIO HA HHOMY KaMepOI0, Kl TeHEPYIOTh CUTHAIIN
BiJIMOBIAHO 0 AMHAMIYHOTO BIATBOpPEHHS mianucy. OTprMaHi mapaMeTpy He € BI3yalbHUMH 1
danbcudikaTop HIKOIM HE 3MOXE OTPUMATH 10 HUX. ToMy mpu mepeBipii 3 JAOAATKOBUM
IPUCTPOEM MOXKE OyTH MOTEHIIHHO JOCATHYTO BUILMHI piBEHb pO3Mi3HABAHHS.

Hemomikom Ttakoi mepeBipkd €: HEOOXIAHICTH 3adydeHHS JIOJWHU, YHH ITIIHC
nepeBipseThCs; Ipollelypa HE € aBTOMAaTHYHOIO, OCKUIBKH BiJl JTFOJIMHU BUMAraeTbcsi 3p00UTH
HiJIIC HEe Ha THarnepi, a Ha clieliadbHOMY IPUCTPOi; KOPEKTHA MPOIlelypa BUMArae He TUIbKU
3HATTS MIANKHCY, @ W MepeBipKy MOMepenHiX MiAMUCIB 31 3HATUM, 100 BUKIIOYUTH (PaKTOp
BIUTMBY TICHIXOJIOTIYHOTO JUCKOM(OPTY W HE3BUYHOCTI Ha TPOUENYypy 3HATTA. MeTox €
JOLUTEHUM JIMIIE TSl TIEPEBIPKU Ty’K€ BOXIMBUX MIANMUCIB. B cTaTTi pO3risHyTO 3a1ady
MIePEBIPKH ITIAMKUCY JIMIIIE 32 300paKECHHSIM.
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[Tponiemypa Bepudikarlii mianmucy y3araJibHEHO Ma€ HACTYITHI eTanu: 301p JaHuX — 3a
noromororo nudpoBoi kamepu abo ckaHepa (iKCyeTbesi 300paxkeHHs Mianmucy (malioH);
MIPOBOJIUTHCS TIOMEpeHsT 00poOKa: (inbTpallis, MpopiKyBaHHs, OlHapu3aris, oOpi3aHHS,
3MiHa PO3Mipy, CKENETYBaHHS, KOPEKIlisS MEePEKOCY, KOPEKIlis HaXWily; BUIUICHHS O3HAK —
BUKOHYEThCA JUI 3MEHIIEHHS 00CATY JaHUX, IPUCYTHIX y a0JI0HaX, NUIIXOM BUMIPIOBAHHS
ix [19]; BuOip HAmIMHMX O3HAK UUIAXOM BiAOOpY HaMKpamuxX O3HAK 1 BUIAICHHS
HEpEJICBAaHTHUX O3HAaK 3 IMOBHOro Habopy o3Hak [20, 21]; kmacudikamis MianUCiB Ha
ABTEHTUYHUHN 1 MiIpOOJICHMIA; eEeKTUBHICTh OLIHIOETHCS 32 YaCTOTOK MOMMIIKOBHX BiJIMOB
(FRR) ta wactororo nomuiikoBux miarsepukeHs (FAR) [22].

[epeBipka mianucy 3a 300paKEHHAMHU BEIETHCS 32 TAKMMH ITiX0aMH: 31CTABJICHHS 3
11a0JIOHAMU; CTaTUCTUYHMHA; CTPYKTYpHUIl a00 CHHTaKCHUYHUI; Ha OCHOBI CIEKTPAJIbHOIO
aHaJTi3y; Ha OCHOBI HEHPOHHUX Mepexk [22—26]. V 3icTaBICHHI CTBOPIOETHCS Ia0JI0H Ha OCHOBI
HasBHUX HaBYaJIbHUX 300paxkeHb. Lleil 1m1abioH MOpPIBHIOETHCS 3 HOBUM TECTOBUM 3PA3KOM.
SIK1o TecToBMiA 3pa3oK Mae Bapiallii ab0 CIIOTBOPEHHS, MBUIKICTh PO3IMI3HABAHHS B I[LOMY
miaxoai 3HIKyeTbes. Lle poOuTh 3icTaBieHHA 3 MAOJOHOM MiAXOAOM JO PO3Mi3HABAHHS
o0paziB. ToMy, SKIIO 300pa)XCHHS CHTHATYp CIIOTBOPEHI, HENPaBHIJILHO Opi€HTOBaHi abo €
BEJIMKI BHYTPIIIHBOKIACOBI BIAMIHHOCTI MIXK CHTHaTypamH, IIBHIKICTh Bepudikauii mpu
TaKoOMy TiAXoai Oyae AyXe HU3bKOI. AJie Ied miaxia camuii e)eKTHBHHUMA Il BUSBICHHS
MPOCTUX MIiAPOOOK 1 HE MIAXOAWTHh IS BHUSABJICHHS KBaldi(iKOBAaHUX IIJIPOOOK Ta €
HalmpocTimmM cepen ycix iHmuMX migxoniB. [Ipu mepeBipii 3 ITOMOMOTOI0 CTaTHCTUYHOTO
MiXO0AY KOXKEH maTtepH (ToOTO 300paskeHHsI CUTHATYPH) MpecTaBiIeHU d-KiJbKICTIO O3HAK,
TOOTO PO3TIISAAETHCS K TOYKA B d-BUMIpHOMY IpOCTOpi O3HaK. Bubip 03HaK moBuHEH OyTH
TakuM, 100 BEKTOPH O3HAK 31 CXOXKOTO KJacy 3ailMald KOMIIaKTHI Ta BiJOKpemiieHi (Bif
BEKTOpIB O3HAK IHIIMX KJaciB) 00jacTi B MPOCTOpPI O3HAK, A€ MOXKHA JIETKO BiJOKPEMHUTH
3pa3ku 3 pi3HuX KiaciB. [lomynspHi cTaTUCTHYHI MiAXOAU A0 pO3Mi3HAaBaHHA o0Opa3iB — L
pUXOBaHa MapKOBChKa MOJENbh Ta OaeciBcbka Mojenb. CTPYKTYpHHN MiIXiJ B OCHOBHOMY
BUKOPUCTOBYETHCS 3 IHIIMMH METOAAMHU B aBTOHOMHIH MepeBipIli MiIHUCIB, KOJIU 300paXKeHHs
HIJIUCY PO3TISAAETHCA SIK €MHE 1[U1e. 3a HABHOCTI JY)K€ BEJIUKOI HaBYaJIbHOI BUOIPKH el
HiAXia Jae xopoury BepHdikalliio, ane Horo oOYHMCIIOBaNbHI BUTpaTH ayke Benuki. [Ipu
MIAXO0A1 3 BUKOPUCTAHHSIM CHEKTPAJbHOTO aHali3y MIANUCH 3 YpaxyBaHHAM KPUBU3HU
po3KJIanalThess 'y QGopMmaT 3 PIi3HOW pPO3NiIbHOIW 31aTHICTIO. Lleit Metonm moxke Oytu
3aCTOCOBAaHMM 110 pi3HUX MOB. [lepeBaramMy BHKOpUCTaHHS HEHpPOMEPEKEBOro MIAXOAY IO
Bepudikamii mianuciB € yHiikalis BHIy4eHHsS O3HAK 1 Kiacuikalii Ta THYYKICTb IpH
nomyky. KoxxeH migxia mae cBoi nepeBaru Ta Henosiku. [ligxoau Oynu mojaHi B MOPSAKY
3pOCTaHHs BUMOT 10 BHOIpkM naHMX. OCKUIbKHM MOUIYK B 1HTEpPHETI MOKa3aB, 110 3HAUTH B
BUIBHOMY JIOCTYIIl BEJNMKI Ta PI3HOMAaHITHI 0a3u BUOIPOK HE MOXKJIMBO, TO JOLUIBHUMHU J0
JOCIIJKEHHSI € TUIBKM JIBI MIAXOJM. MU 3yNMHMMOCH Ha CTaTUCTHYHOMY, SIK TaKOMY, SKHH
BHUMarae JIOCJIiKEHb, ajie JUIsl JOCSITHEHHSI 33JI0BIILHOTO pe3yiIbTaTy pO3IMi3HaBaHHS BHOIpKa
Moxke OyTu Manorw. B pobGoti [27] Oymno mpoaHani3oBaHO BIUTUB PO3AUTHHOI 3JaTHOCTI
300pak€HHs] Ha TOYHICTh (PYHKIIOHYBaHHS CHCTEMHU IepeBipku mianucy. ExcrnepumeHT
M0Ka3aB, 1110 IS SIKICHOT pOOOTH OYII0 JOCTATHBO PO3ALIBHOI 34aTHOCTI B 150 TOYOK Ha JAI0MM.
Po3polka koMn’10TepHOro ajaropurmy Ajs Bepudikaunii nignucis. B poOoTi Bukoprcrana
HACTYIIHa IpoIieIypa 0OpoOKH.

1. ®inbrpanis. CkaHoBaHe 300pakeHHs miAnucy Moxe wmictutu mym. Illym Ha
300pakeHH1 TMOTipIIye BHMIUIEHHS O3HAaK 1 MOAAJbINI MPOLECH po3MizHaBaHHA. Tomy
GbiIbTpallis NIyMy € HEMUHYYHM €TaroM MoINepeIHbol 00poOKHu Mpu po3Mi3HaBaHHI 00pas3iB.
Byno nomiueHo, 1110 ckaHOBaH1 300pa)keHHS 3a3BHYail CXUIIbHI J0 BIIUBY IMITYJIbCHOTO IIIyMY,
0 TPHU3BOJIUTH JI0 TOSBH BHUITAJIKOBHUX YOPHUX Ta OlImX mikcenmiB. MemiaHHui GiuabTp
e(eKTUBHO BUAAJISE LISl TUI IIyMy, 30epirarouun Kpai 300pakeHb.

2. binapizauis. Cnouatky konbopoBe RGB 300paskeHHsI NepeTBOPIOETHCS Y BIATIHKU
ciporo. IcHye nekijgbpKa MOIIMPEHUX METOJIB TAKOTrO MepeTBOpeHHs. B poboTi 3acTrocoBaHO
Moau(iKOBaHUI METOJ] BpaxyBaHHs SICKPABOCTI, SIKU BUKOPUCTAHO B BIJIOMUX TEJEBI3IHHUX
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craugaprax SECAM, PAL, NTSC Tta B makeri MATLAB Image Processing, e
1=0.2989-R+0.587-G+0.114- B. Jlnsa mnepeTBOpeHHS BIATIHKIB ciporo y OiHapHE
300pakeHHS] BUKOPHUCTOBYETHCS BIJIMOBIIHE MOPOTOBE 3HAYCHHS (3HAUCHHS TiKcess). Ko
3HAYEeHHS IIKCEeJsl y BIATIHKAX CipOro MepeBHIy€e MOPOTOBE 3HAYCHHS, TO HOBOMY 3HAYEHHIO
miKcenst mpucBoreTbes 1 (oguHuIyt), iHakme O (Hyiab). TakuM 4YMHOM, HOBE 300pa’KCHHS
MaTUME JIHMIIE JBa 3HaueHHs mikceniB 'l' (mo BigmoBimae Oiunomy kosbopy) Ta '0' (mro
BIJINTOB1/1a€ YOPHOMY KOJIbOPY).

3. O6pizannsa. CxkaHoBaHE 300pa)XE€HHS MMiMUCY MICTUTH MIAMKC 1 Jeski Outi obnacti,
mo He MicTaTh mianucy. LI HaaIMmKOBI AUISTHKA BUJAISIOTHCA IIISXOM OOpi3aHHS
300pakeHHS /10 MPSMOKYTHHKA, 10 0OMEXY€ YaCTHHY IiJIHCY.

4. IlpopimxyBanus. I[lpu npopimkyBaHHI MTPUXU 300paKEHHS MMIANMKUCY CTAOTh
TOBIIMHOIO B OJMH IKCeIb. AJie MiJl 4Yac MPOPiIKYBaHHS MOXe OyTH BTpaueHa JesKa
iH(opMartis mpo 300paXkeHHs IMiAMUCIB, HAMPUKIIAI, ITMPUHA ITPUXIB.

5. CkeneryBanHsa. 30epirae 3B'I3HICTb CErMEHTIB MiJINUCY, AKi OyId IOYAaTKOBO
3'eqIHaHI, 1 BUAase 3 300pakeHHs BUOpaHi MiKcenl nmepeAnboro riany. [licas ckeneryBaHHsS
300payKeHHS MIAIUCY MMePETBOPIOETHCS HA KOMOIHAIIIIO IESKUX TOHKUX IYyT i KpuBUX. OHUM
3 OCHOBHHX CIIOCOOIB BUKOHAHHS CKEJICTYBaHHS € BUKOPHUCTaHHS MPOIecy MOP(OIOTiYHOTO
POPIDKYBAHHS, SKUH ITOCIITOBHO BUIANISIE TIiKCeNi Big Mexi. Lleid mporiiec TpuBae 10TH, TOKU
NPOPI/DKYBaHHS HE CTaHE HEMOXJIMBHUM. [IpUKIaa cKkeneToBaHOTO 300paKeHHS TPUBEICHO HA
puc. 3.

Puc.3. [Ipuxnan ckeneroBaHoro 300pakeHHs.

6. Kopekuist nepekocy. Ilicis kopekiii nmepekocy ocTaTouHe 300pa’keHHsI POOUTHCS
napaneiabHUM JI0 TOPU30HTANbHOI oci. Bukopucrano meron, onucanuii B [28]: 300pakeHHs
HINUCY NEPEeMILIAIOTh 0 MOYaTKy KOOpJAUHAT, OOYHCIIOIOTh MIHIMAJIbHE BJIACHE 3HAUEHHS
MaTpHili, COPMOBAHOI 32 HOBUMHU KOOPJHMHATAMH 300pa’k€HHs MiANUCY; OOUUCITIOITH KYT
HaXWIy ¢3a BIaCHUM BEKTOPOM; IICIIS 3HAXO/KEHHS KyTa HAXWJIy BHKOHYETHCS KOPEKIIis

MEPCKOCY NIIIAXOM 34aCTOCYBAHHS IICPETBOPCHHSA O6epTaHH51 J0 KOXKHOI'O iKCes 306pa)KCHH$I

MIIITHCY.

Puc.4. Ilpuxnan KopekIii mepexocy: a-10 mepeKocy, O-micis nepekocy

7. MacmraOyBanss. JloBkHHa MIANKUCY € PI3HOKO JUIs PI3HUX MignucaHTiB. HaBiTh
JIOBXKMHA MIAMUCIB O/IHIET JIOJAWHU TAKOX HE OJHAKOBA. AJle KOJIM BUKOPUCTOBYETHCS MiIAX1]
NEePEeBIPKU MiAMKUCY Ha OCHOBI CITKH, MiJIMUCH IPOEHUPYIOTHCS Ha CITKY OJJHAKOBOTO pO3MIpY.
OTxe, BCl MIANMUCH MOBHUHHI OyTHM OAHaKoBOoro posMipy. Haiimpocrimmum meTromoMm 3MiHK
pO3Mipy 300pa)KeHHSI € CBOTO POJAY T'€OMETpPHYHE MEepeTBOPEHHs. J[JIsl IIbOTO € JBI OCHOBHI
orepallii: IpOCTOpOBE IMEPETBOPEHHsI Ta IHTEpHoJislis piBHA ciporo. Ilpu mpocropoBomy
NEPETBOPEHHI BUOMPAIOTHCSA JIesKl miKcel a00 ToukH ("TOYKM MPUB'A3KU'"), TTOTOKEHHS TKUX
Ha BUX1THOMY 1 3MiHEHOMY 300pakeHH1 TOUHO BifioMi. Ha OCHOBI iXHBOTO pO3TalllyBaHHS Ha
JIBOX 300pakeHHSX (POPMYEThCS PIBHSHHSA IPOCTOPOBOrO TIepeTBOpeHHs. lle piBHIHHS
BUKOPUCTOBYETHCS SIK PIBHSHHSA BiJOOpa)KeHHs, 1100 BU3HAUYUTH TOJI0KEHHS BCIiX IMIKCENIB Ha
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HOBOMY 300paX€HHI 31 3MIHEHUM PO3MIpOM. [HTEpmosAiisi piBHSA CipOro BUKOPUCTOBYETHCS
JUIs TPUCBOEHHS pIBHIB CIpOr0 HOBUM IIKCEeNsIM Ha 3MIHEHOMY 300pakKeHHI.
BukopucTOBY€ETBCS METOA HaWOMMKYOTO cycima. Y I[bOMY METOJI PiBEHb CIpOro
NPU3HAYAETHCS BIAMOBIIHO JI0 MIKCENs, AKUN € HAHOIMKYMM JI0 TIKCEIs, 110 BiToOpakaeTbes
[29].

AHauti3 nitepatypy oKa3as, 10 B IIIOMY Ui pO3TIISIHYTOI 3a/1a4i MOYKJIMBO BU3HAUATH
HACTYIHI O3HAKH JIJIS1 aHATI3Y MiANUCY O€3 MOPIBHIHHS.

1. Haxun minii, sika 3’ €/1Hye€ JNiBHIA HIXKHINA Ta paBUid BEpXHiil 00pizaHOro 300paskeHHs
ITHCY.

2. CniBBigHOUIeHHsI CTOpiH. lle BITHOIICHHS IIMPHHU MIiAMUCY 10 BHCOTH MHIiANHUCY
oOpizaHoro mignucy. BuaHo, 110 CIIBBIJHOIICHHS CTOPIH IIJANUCIB JIFOJUHU CIPABETHBO
3QIMINACTLCA TMOCTIMHUM. SIKIo BucoTa miamucy popisHioe H , a mmpuna mignucy W, 1o
CITIBBITHOIIICHHSI CTOPiH AR 3amaerbes hopmynow AR=W/H .

3. Hucra BucoTa - 11e¢ MaKCUMaJibHa KUIBKICTh 3arajbHHUX ITIKCeNiB 300paskeHHs (TOOTO
YOPHUX MIKCENB) cepel yCiX CTOBMIIIB, MiIpaXOBaHUX Micis 00pi3aHHs 300paskeHHs MiMHCY.

4. Yucra mmmprHa - 1Ie MaKCUMallbHa KUTbKICTh 3aralIbHUX ITIKCEIiB 300pakeHHs (TOOTO
YOPHUX MIKCENIB) cepell yCiX psAKiB, MiAPaxOBaHUX Miciis 0Opi3aHHs 300pakeHHS ITiIUCY.

5. HopmanizoBana BUCOTa MIANHUCY - 1I€ BiTHOMIEHHS MaKCUMAIIBHOI YUCTOT BUCOTH 10
MAaKCHUMAaJIbHOT YUCTOI IIUPHUHHU.

6. Ilmoma oOMexyBanbHOI MPSAMOKYTHOI paMka (peanbHoi oOxacti miamucy). s
BHU3HAUEHHS B OlHapHOMY 300pakeHHsS MOTPIOHO 3aCTOCOBYBAaTH HACTYMHHI allrOPUTM:
OYUINEHHS 300paKEHHS BiJl IIYMOBUX TOYOK, 110 HE MOB’s3aHi 3 OCHOBHOIO CTPYKTYPOIO (IS
IIbOr0 MOKHa 3acTocoByBaTH Matlab dynkuito im =bwmorph(im,,, clean’,0)); BU3HaUeHHs

KpalfHiX rpaHuUllb 3a CTOBIIISIMY, a caMe JiBa rpaHuud x, . =min{i| 37 :im(j,i) =0}, Ta npaBa
rpaHuud x, =max{il 3j:im(j,i)=0}; DHoOmIyK KpailHIX TIpaHMUb 3a  pAIKaMHu
Voo, =min{jl Fi:im(j,i) =0}, y . =max{j| Ji:im(j,i) =0} ; po3paxyHOK IIMPUHU i BUCOTH
NPSIMOKYTHHKA, & caMe MIUpUHA W =X, —X,. +1, Bucorah=y_ —y . +1. Takum 4uHOM,

Ma€EMO KOOpJUHATH X i po3mipu w 1 & IpSAMOKYTHHKA.

min > Vmin

7. HopwmamnizoBana 1uioma mianucy (BIZIHOCHO oOMexyBanbHOI pamku). Konu
300paXeHHs MIJNHUCY CKEIEeTU30BaHe, IJIoLa MiANUCY € MIpO LIUIBHOCTI CIAIB MiAMHUCY.
Skio Ha 300paXKeHH] NiANKCY 3arajbHa KUIbKICTh YOPHUX IMIKCEINIB AOPiBHIOE B, a 3aranbHa
KUJIBKICTh IMIKCENIB Y BCbOMY 300paXke€HHI JOpiBHIOE P, TO HOpMaii3oBaHa IJjouia MiANHUCY
nopiBHIOE NSA=B/P . Ilpu nopiBHAHHI OiHapHUX 300pa)X€Hb OJHAKOBHX PO3MIpPIB
JIOCTaTHBO PO3PAaXOBYBATH KUIbKICTh YOPHUX IMIKCEJIIB.

8. LlenTp Baru y Hampsimy X. Y 6iHapHOMY 300paXK€HHI HIANUCY 3 YOPHUMH IMIKCEISIMU
LHEHTp Baru 1€ KoopauHaTa X cepeqHbOi TOYKM KOOPAMHAT YCIX YOPHHUX IIKCENIB IO
TOPU30HTAII

x=(3x)/N

e X; - HOMEp CTOBIYMKA YOopHUX mikcenis (Matlab ¢pynkuii regionprops).

9. Llentp Baru y Hampsimy Y. Y GiHapHOMY 300pak€HH1 HIANKUCY 3 YOPHUMU MIKCEISIMH
LIEHTP Baru 1ie KOopAnHaTa Y cepeJHbOi TOUKH KOOPIAMHAT yCIX YOPHUX MIKCEIiB O BEPTUKAII

r=(2x)/N.

e y; - HOMEp psiliKa YOPHHUX mikcemB (Matlab gynkitis regionprops).
10. LenTp Baru X; 1iBOi MOJOBUHH MIJNHUCY Y HAIPSIMY X.
11. LenTp Baru Y;.711BOT MOJTOBUHY MIAMKCY Yy HaNIpsMy Y.
12. LenTp Baru X2 mpaBoi MOJIOBUHU MIANUCY y HAIpAMY X.
13. LlenTp Baru Y>. mpaBoi MOJIOBHHM MIANKCY y HANpsMy Y.
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14. bazoBwuii 3cyB Y>— Y; (Matlab ¢ynkii regionprops).

15. Haxmnm M™MbK IGHTpaMH Baru JiiBOi Ta TMpaBOi MOJOBUH  MIIINHUCY
m=(%-Y)/ (X, - X,).

Y nopsaKy MiArOTOBKU Uil MPOBEACHHS €KCIIEPUMEHTY 110 OOIPYHTYBaHHIO BHOODPY
MIHIMaJTbHOI PEJICBAaHTHOI KUTBKOCTI O3HAK MOXHA TIPOBECTH TpyOdy Kiacudikaiiro

30BHINIHHOTO BHAY MIAMKCIB Ha Tpu BHOIpkH. Jlemo amanToBaHWil NPUKIAN BUIIICHHS
CHEIiaIbHUX O3HAK JIJISl OJTHOTO THUITY IMiIMUCY MTOKa3aHUK Ha pUC.S.

Puc.5. Xapakrepni npusHaku mignucy ognoro tumy [30].

Taxum unHOM, y niepmiit Bubipmi mianucu (300 mianucis, 63% 3 IKUX € CIPaBKHIMHA)
MAalOTh HaXWJI, llarOHaJIbHI Ta TOPU30HTAJIBHI JOBT1 IITPUXH. Y APYTid BUOIPII MiJIUCH MAIOTh
BiZlipBaHy 4acTUHY. Y TPeThOi BHOIpIi MiANMKUCH MAlOTh BEPTHUKAIbHI 0BT mTpuxu. 00’ emu
JIpyroi Ta TpeThoi BUOIPOK MPUOIM3HO PiBHI, KUIBKICTh MiAPOOOK B KOXKHINA Tpymi OIH3BKO
50%. bewvoro 6yno gocmimkeno 500 mianucis. [Ipu npoBeneHHi ekcriepuMeHTyY 0yi10 3p00IeHO
JIBa ICTOTHHMX CIIPOLICHHS: Bapialii CHPaBXHbBOTO IMiJIMUCY HEBENWKi, BIAMIHHOCTI MIX
CIIPABKHIM Ta TiAPOOICHUM ITiIMUCOM Bi3yaJbHO ITOMITHI.

BaxinBuM € anani3 cTabuIbHOCTI Ta PEIEBAHTHOCTI O3HAK IS MIAMUCIB TPHOX PI3HUX
TUMIB. BBe1eMO MOHATTS 1HAEKCY HECTAOUIBHOCTI, SIKIH MOXKHA BU3HAYUTH 32 (OPMYIIOI0
SD; SDp

. 5

Hg  Hf
ne SDg, SDr — cTaHgapTHI BIIXWICHHS O3HAKM AaBTEHTUYHOTO Ta MiAPOOJIEHOTO MiAIMHKCY,
Hq» Mp — CepeliHl 3HaueHHs 03HAKM aBTEHTHUYHOIO Ta MiapoOsieHoro mianucy. Ynum Oinbiue

I =

3HaueHHs [/, TMM MEHII JOCTOBIPHOIO € O3Haka. 3HaueHHs [I>] Bkazye Ha YITKO
HEepenpe3eHTaTUBHY 03HAaKY, a O3HaKU MeHI 3a 0.5 MOXyTh OyTH AOLUIBHUMH 10 PO3TIISTY.
J71s1 KO’KHOI 3 TPHOX BUOIPOK 1HIEKC pO3paXxOBYBABCS OKpeMo 3a 15 o3Hakamu. ABTOpH
3acTocyBasid BUOIPKY, AKY OTpUMAaJIU UISIXOM 3aJIy4€HHS TPy JItoJ1eH, iKi poOMIM MiAMUCH Ta
niapoOIoBay iX.
Pe3ynbraTi ekcriepuMeHTy MoKasaHi Ha puc. 6.

Bi6Gipka 1

abconioTHa

BiGipka 2

abcontotHa
-

Bi6Gipka 3

abcornioTHa
-

5 CepeaHe no TpbomM BUGipkam

1

abconiotHa

o
NS D OA D DN DD

HecrabinbHictb HectabinbHicts HectabinbHicTs HecTabinbHicTs

Puc. 6. Y3aranpHeHa cratucTuka o /7 3a TppomMa BHOIpKaMu OKPEMO Ta Y CEPEIHbOMY.
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3 puc. 6 6aunmo, 110 Yy IUJIOMY MaiyKe BCl O3HAaKHW MAlOTh 1HJEKC HECTaOUIBHOCTI BUIIE 3a
MiHiMaabHO TpumryctuMuii (0.5). Yum Oinbuii HoMep 03HAKHU, TUM OLIBIIT B CEPEAHHOMY BOHA
He crtabitpHa. TakuM YMHOM, BUOEpeMO 03HaKH 3 Homepamu 1 Ta 2.

[Tomanpmni ekcriepuMeHTalIbHI JOCHTIKEHHST Ha BUOOPIIi B CTO MIiMKCIB MOKA3aJIH, 10
JOIUTBHO JOAAaTH 1€ JB1 O3HaKW, me uucio FEilepa (IOpIBHIOE PI3HMIN MDK YHCIOM
He3B’s13aHUX (PparMeHTiB MiAMUCY Ta YHUCIOM OTBOPIB B HUX (PparMeHTax OTBOPIB B LUX
00’€eKTax, /I BU3HAYCHHS YUCIIa I O1HApHOTO 300pakeHHS MOXKHA 3acTocoByBaTH Matlab-
¢ynkuito bweuler), a TakoXX CHIBBIIHOIIEHHS CTOPIH paMKu miamucy. s mopiBHSIHHS
300paKCHHS aBTCHTUYHHMX IIJIUCIB HEOOXIHO CIICIIaIbHO MiATOTOBUTH, CKEJIETY3yBaTH W
IPUBECTH 10 OTHOTO MaciTaly.

Jlam Tpeba BU3HAYNTH MAaTeMAaTHYHE 3a0€3MeUEHHS JIJIs IOPIBHSIHHS PI3HHUX ITiIMHKCIB.
ExcnepumenrtanbHuii aHani3 o3Hak Ha BUOipmi B 100 mignmuciB pi3HUX THIIB MOKa3aB, IO
MOPIBHSHHS 300pa)XE€HHS MEBHOTO PEALHOTO IMiIMKCY Ta TMEBHOTO MiAPOOIECHOTO MIAMUCY €
3a/1a4et0, sIKa He MOXKe OyTH PO3B’SI3aHOIO 3 330BUTLHOI0 TOYHICTIO.

3BHYAHO, MOXKHA CIIPOOYBATH 3aCTOCYBAaTH HEHPOMEPEXKY Ta MALIMHHE HaBYaHHS. B
npukiai [31] mokasaHo, o 3acTOCyBaHHS T0BOJII po3BuHyTOro nakera Ground DINO, sikuit
HaBYaJld BU3HAYATH Pi3HI 00 €KTU HA 300pa’keHH1, HE TPU3BOAUTH 10 HAIIMHOTO Pe3ybTaTy.
UYac morryky JTOBOJIi TpUBaIHi (I1iB XBUWJIMHH ), @ Pe3yJIbTAaT 3aJIC)KHUTh BiJI 3aITUTy  MOXe OyTH
HeBipHuM. CrienianaizoBaHe HaBUaHHS BUMarae crieliaibHoi BUOipku i 3aiime yac. B Toit yac
SK 3a JIOTIOMOTOI0 BU3HAUEHHS MPOCTHX METPHK 3ajada PO3B’SA3YEThCA Kpamie H iCTOTHO
HIBH/IIIIC.

Posrnsinemo 3amady BU3HA4YCHHS BiJCTaHEH MK OiHapHUMH 300pa)XCHHHSMU iml Ta
im2.

Innexc XKakkapa J=imlMim2|/|imlUim2|, ne 3nadenHs J = 1 Bkasye Ha
1IEHTUYHICTb 300paXkeHb, Ta oro BapiaHTH iHAekc [Haiica D=2-|imlim2|/|iml|+|im2| Ta
innexc TariMoTo
T = imlim2|/(|iml|+|im2|—|imlNim2]).

EBkiizoBa BijicTanb (00UMCHIOETHCS 1O TiKcenam) E = \/Z (iml(, j)—im2(i, j))* .
inj
ManxeTrTeHchbka Biacranb M = Z\iml(i, J)—im2(i, j)|.
i,J

XeMMIHroBa BiJICTaHb MiJIPaXOBY€E KUIbKICTh BIAMIHHMX MIKCEIIB MiX 300paXeHHAMH,

1110 BigoOpaskae CTpykTypHi 3minn H = Z(iml(i, J)#im2(i, j)).
i,J

Koedimient xopenanii Ilipcona Bu3Havae JiHIMHY KOpEJSALiI0 MiX 300pakKeHHAMHU

PRS = cov(iml,im2)/ (0'. -0,

iml im2
Jlorapu¢miune BigHOmeHHs manciB LOR =log (P1 / (1 -PB )) —log (P2 /(1-P, )) , 1e P;

1 P> - UMOBIpHICTbH 01X TiKcemiB 1s im [ Ta im2, BimoOpaskae aCHMETPIr0 PO3MOILTY MIKCEiB.

Takum 9uHOM, MAEMO METPHKH, 110 3a0€3MEeUYIOTh PI3HUN MIIX11 IO OI[IHKHA CXO0KOCTI,
BiJl TOMOJIOTIYHUX XapaKTEPUCTHUK J0 TEOMETPUYHUX 1 CTATUCTUYHHX 3aJICKHOCTEH.

BusiBIIIOCH 10 JTIOBOJII MMO3UTHBHUN PE3YNIbTAT JA€ TMOPIBHSIHHS HOBOTO ITiJIITUCY 3
MHOXHHOIO PI3HUX aBTEHTUYHHX MMIAMKUCIB. [[J1s1 1IbOTO 3 aBTEHTUYHUX MIAMUCIB BUOUPAETHCS
MO>KJIMBHUH /I1alla30H PO3KUAY O3HAK i MPOBOIUTHCS MEPEBipKa, YU BXOAUTH 3HAUYCHHS O3HAKU
MEBHOT0 300pakeHHS 70 J1ana3oHy BiIXWICHb O3HAK aBTEHTUYHUX TT1IMHCIB.

Jl7is miABUIEHHS TOYHOCTI Kpallle MaTH MiIMUCH OAHIET JTIONHHM, 110 BiAPI3HIIOTHCS,
TOOTO 3p00JIeH] B Pi3HUH Yac, B pi3HOMY HACTPOi Tomo. CremaibHuX BUMOT 10 300paskeHHS
HE CTaBUTHCS. 300pakeHHs Ma€ OyTH aBTOMAaTUYHO BUYHUIIIECHO Bifl (DOHY, CKETIETH30BaHO, 3aiBi
MyCTi YaCTUHU Ta IUIIMU MaroTh OyTH BiJIpi3aHi.

), me PRS=1 o3Hauae aGCONOTHY CXOKICTb.
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[TopiBHAHHS 300pakeHHS MIAMKCY 3 ABTEHTUYHUMHU 300pKCHHSMH IMIIMHUCY Mae
NPOBOJUTHUCH B OJJHOMY MacIITadi 31 30€peKeHHSIM MPOIopIiii. 301IbIIEeHHS KIIBKOCTI O3HAK
He 000B'SI3KOBO MTPU3BOIUTH JI0 TAPHOTO Pe3yIbTaTy Kiacudikariii.

HacnipaBpi B 611p1I0CTI CUTYAIIIH 1€ MAaTUME HETaTUBHU BIJIMB Ha Kiacudikaiito. e
MOB'SI3aHO 3 THM, IO BCi BUIUICHI O3HAKH MOXKYTh HE€ HECTH CYTTEBOI YHIKAJIBHOCTI CBOTO
OaTbKiBChKOTO 11a0I0HY. JlesKi 3 03HaK HeCyTh HEOJHO3HAYHY iH(OpMAIIIIO PO 3pa3oK, 110
3aIIyTy€e cCUCTeMY KiacudikaTopa i, IK HaClliJI0K, 3HIKYE TOUHICTh Kiacudikarlii.

Takum 4MHOM, 3 YCiX BHJIYYEHHUX O3HAK HEOOXITHO BifiOpaTu AesKi KOPHCHI O3HAKH
JUTS T ABUIIEHHS €(heKTUBHOCTI Kitacudikartii.

Sxmio knacudikaTop HAMOBHUTH HEPEICBAHTHUMHU O3HAKAMU, TO MOXKYTh BUHHUKHYTH
TPH MPOOJIEMH: Yepe3 BEIUKY KUTbKICTh 03HAK 3POCTAIOTh OOYHCIIIOBAILHI BUTPATH; HASIBHICTD
HEPENICBAaHTHUX O3HAK MOXE NPHU3BECTH JO TOMUIKOBOI Kiacudikamii i, TaKUM YHHOM,
edekTuBHICTh KJacu(ikalii 3HWKYETHbCS; HEpPEICBAHTHI O3HAKM MOXYTh CIPUYMHUTH
Ha/JMIpHY IiJITOHKY.

Po3po6uieni anroputMmu, npeacraBiieHi Ha puc. 7 -11.

[

~ Lo

[
| g gy A

HTML koa

E—

o
owagnh anvopma ’\}{ s

[ Brawasurm sigposigpicrs moson
APAMETEIE JE3ATENEHOTD OGpAN e
uuuuuuuu sz

| Blastpeaumanomsoposy mpmasio |
(- B
| [ ——
‘cwananssy sumagpd
g -
mmmmmmmmmmm

)
Puc.7. Anroputm ¢yHKIIOHYBaHHS TpadigyHOro IHTEpPeiicy 3aCTOCYHKY

g

(Urpwmam nepenik Bcix Nanok, siKi BignosigaoTe wWabnony \d+{3} ]

¥

(Biqcopv'yaa'm cnucok nanok )

¥

" e

€ we He obp nankn
lTBK
OTpumaTh Nepenik Beix Gpannia B NOTOUHIN Nanuyi,
AKi BignoBipaTeL WabnoHy
/rvd+{1,3)\.(pglipeglpng)/i
v Y

JopaTh a6o oHOBUTH NYHKT B selectbox 3 HOMepoM KopucTyBaua
Ta KiNbKICTIO aBTEeHTUYHUX nignucie

)

[I‘Iepeﬁ'm A0 06po6KN HACTYNHOT Nanku )
I

Puc. 8. Anroput™m 3aBaHTa)keHH IepeNiky KOpHCTyBauiB B selectbox
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v

AocTyn Ao Nanku 3 306paXKeHHAM TiNbKKU A0 YMTaHHAT h

4acom OCTaHbOro OHOBMEHHA

[Sanucam B nanky daiin 3 patoro Ta ]

]

[Orpumrm nepenik hainis, aki BignosigarwTh j

wabnony *r[0-9K1,3)\.(ipeglipglpng)
¢ 'ra_<u Daitnn A
(Bip‘cupTyaaTu cnucok hannis j MoBigoMUTH Npo NOMUAKY

v

€ we He o6pobnexi hainn /<

lna K

<¢ai‘m 3 NpUcTaBKol "-clean’ npucyTHIA?
TaK

LLio6 noBTOpHO He ouMLLyBaTH
BXE ouMLLeHi 306paXeHHs
36epiracmo Ta NopiBHIEMO

i KOHTPONbHI CyMU.

(Pcspaxysaru md5 ana dainy

(Drpumam md5 Ta Bepcito anropuTMy 3 KoMeHTapA Gaiiny opurivany J

md5 e cnignagae 4 Bepcia
anropu sacTapina

OTpumaTH o6pobneHe 306paxeHHs
(anropuTm nokasaHo oKpemo)

v y

PeaynstatveHoro daitny He Mae

TaK

Moka3aTh NOMUNKY

3anucaTn o6pobnere sobpaxenHa B Gaiin 3 NpUCTaBKOO
-clean B dopmari opurinany (ana JPG-100% fAkicTb)

(anropuTM noKa3saHo oKpemo)

¥

[Sanuca'ru md5 Ta Bepcilo anropuTMy B KOMeHTap J

[Puspaxyaam md5 o6pobneHoro so6paxeHHs ]

daiiny sobpaeHHA 3 opuriHanoM nignucy
L

. . B komnoHeHTi uiHTML 3a6opoHeHo

3akopyeaTtu daiiny opurinany Ta o6po6neHe 306paxeHHa 3aBaHTaXyBaTI 30BHiLLi daitnK, ToMY

B popmaT baseb4 Ta chopmyeaTw signosigHi HTML kKogu - P !

ANA KOMMNOHEHTIB Bigo6paKeHHA opuriHanie Ta :'Iv'lle'l,fmu .MD‘PS"(EH"“ rle%:q“aemn B
kogi. [Ana yboro Tpeba ix

o6pobneHux 3obpameHb
KopysaTv B base64

(I‘Iepe,qa‘ru B KOMMOHeHTH Bipo6parxenHa HTML kopn )

l

Y
\

Puc.9. Anroputm 06poOku 300pakeHb B TAIIll 3 aBTCHTUYHUMH T1AMICAaMH KOPUCTYBada
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Koie s0BpaenHA oGO ropH3OHTaNbHO
QpiGHTOBaNMM (3NTOPHTM NOXAZEHO 0KpEMD)

BHanAemo mycTi nons 3 s06paens
(anropw noxasato okpewo)

‘30BpaNEHHR 4opHO-ine?

Tak

y

f 3
JoGpaKenH NepeTBopioioTbcA B RGB LIAAXOM ‘ y
KonikoBaKHA ciporo Wapy B TPH Kahamm

:

Po3paroByein Ta 36epiracho cnissigHoLenHd
CTopiH ofiox 306pamen (ar)

T
Sagana srcorain?

-

‘3oBpamenta MacuTabyioTben 4o hin, 38 noTpei |
Ro T30 WHPHHK Win (3
\

‘3ofipaKeHHR NOMBOBATLER A0 OJHOTD POSMIDY
10 BHCOT], & NOTIM N0 LLMPHHI 32 BONOMOTeo
i p

TTpOBOMTLCA afanTHBHa Gibapisaia
Box 306panety

| 3acToconyeTben ceneTHaaLis JobpakeHs
Linputka 44 BMCOTa 306 paEHb BIA pisHRRTLCA?

Tak

-
306paNes MEHLLIOTD POSMiny J0NOBHIOETHES,
L wot Bignoaigary SinoLwomy s08paretio

e

y

JAnA yeyHesns 3aieinx nikcenis, ki
MOKYTh BMHIKHYTH N 43C LENTDYBaHHS,
0647183 306PANEHHA 0BPI3ATHEA A0 MiHIMANKHOI

3AralbHOT WMpKHK i BHCoTH (newh, neww)

| PozpaxoByioTbeA O2HAKH T2 METPHKN
0

Puc.10. Anroput™ KoyBaHHS 300pakeHHS B
dbopmarti base64 st BimoOpakeHHs B

kommoHenTti uiHTML

Samywero nig Windows?

Buknukatw yTuniry certutil ta
OTRHMATH BUX|BHMii Daiin B basebd

T3 ¢ Docryia ywia matlabnet base6dencode? >—¢

BunmnkaTi yHK il Ta OTPUMETH 3MiHHY
3 3aK0foBaHKM B baseb4 daiinom

} [Buskawm andasit basebd 3 64 cnmeonie ]

MpoywTaTh haitn AK ABiAKOBHI KOA

(ﬂ lepeBecTi KOXeH enemenT B 8-6iTHe npejicTaBneHHA

)

[nepe'rsopm Bei 8-6ITHI pRAKH B OMHH JOBTHA PALOK )

)

[p,apaw cnpaBa HynNi 0 AOCATHEHHA KpaTHOCTI 6 )

)

[Hepeaop.mo KOXHUI 6-6ITHHI BNOK B AECATHYHE YHCND J

] iioro gigno andagiry

)

[N KOPEKTHOCTI AOBNAHM JJ0fIAEMO OIHH YM fIBa
CHMBOIH B KiHelys pAAKa, Wo6 ainunock Ha 3

,%_ |

Puc.11. Anroput™ NOpiBHSAHHS JBOX

300pakeHb

Po3po0ka nporpaMHoro 3actocynky. Po3po0iennii MakeT roJOBHOTO BiKHA MMOKa3aHUN Ha

puc.12.

Bt sopucyea s

we | Cuer | vacumstas

o Bu6ip Kopﬁz;;ééua 3 6a3u

|G| e

3aBaHTaXeHHA
306paXKeHHs - o
AnA sepudikauii

o [ | s |

306paKeHHst 306paxkeHHst
nignucy gna
ABTEHTUYHUX 3
nﬁmucia Bepudikauii |
l KopUcTyBaua

[ |

YoTupwm iHgukaTopa
nepeBipKu

Puc.12. Maket roJoBHOTr0 BiKHa 3aCTOCYHKY Ta IOSICHEHHE HOTO OCHOBHHMX 30H

[Topsnox poOoTH KOpUCTyBaua 3acCTOCYHKY 3 1HTep(delcoM HACTYHHHI: 3 Mepesiky
KJIIEHTIB 32 HOMEPOM OOHMPAETHCS KITIEHT; Bi3yaJlbHO NEPErAAaloTbCs pPeaslbHI IMiIMUCH
KIIIEHTA, 1100 BIIEBHUTHUCH, IO 1€ caMe TOM KIIIEHT 1 came TOM MmiAmuc (KO MiIMUC TeTh Ha
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Takui, TOOTO (anmbcudikarop HE 3HAB SK BUMBIAAE peaTbHUN MIANHUC, TO TEPEBIPATH
MIPOrPaMOI0 HE Ma€ CEHCY); KOPUCTYBaU CKaHye 300paKeHHS IS MIEPEBIPKHU, KOIIIOE 3 HHOTO
00J1aCTh 3 MAUCOM 1 BCTaBIIsA€ B mporpamy. [licist mepeBipku ii pe3ynbTaT BioOpakaeThcs Ha
iHMKaTopax. 3eJeHUi KOJip — IHAUKATOP MPOUIIOB NEPEBipKyY, YepBOHUHN — Hi. BiporigHicts
JIOCTOBIPHOCTI MiJIMKACY TUM OUIbINIA, YUM OUIBIIE 3€JICHUX 1HIUKATOPIB.

Jlnst mepeBipkyu BUKOpUCTaHO HaOip AaHuX mia Ha3Boro "handwritten signatures - Genuine
and ForgedSignature Examples" 3 mybmiunoro pemnosutopito Kaggle. Habip nmanux mictus
YOTUPH TAIKH 31 CIPABKHIMU Ta MiApoOIeHuMH mianucamu. B pe3ynbTaTi 0yno chopMoBaHO
109 nmamnox Asst KO)KHOTO OKPEMOTro KOPUCTYBaya, B IKMX MPUOIM3HO NOPIBHY aBTEHTUYHUX Ta
TipOOICHUX ITiITUCIB.

HpI/IKJ'IaI[ pe3ynLTaTlB NepEeBIPKH IMOKa3aHUN Ha a puc. 13.

@Ml) @%
A ~F’\o\«'\\'\-\ | g

PI/IC.13.HpI/IKJ'IaL[I/I PE3yNbTaTIB MOPIBHIHHS

OTxe, pe3yabTaT eKCIEPUMEHTAIbHOI IEPEBIPKH POOOTH 3aCTOCYHKY ITOKa3ye 1110 podoTa
QITOPUTMY € 33/I0BLIBHOIO.
BucHoBku. B po6oTi po3B’s3aHa 3amgaya GlOMETpPHUYHOI aBTEHTHQIKaIii KOpPHCTyBayiB 3a
nignucoM. st mepeBipku po3po0IeHO aIrOpUTM, KM MPOBOJUTH aHATI3 CKEJIETOBaHUX
300pakeHb, 10 MacIITa0yeThCsl 10 €AMHOTO PO3MIPY, a TAaKOXK OLIHIOETHbCS BIJMOBIIHICTD
3HAYEHb MTPU3HAKIB Jl1ana30Hy JJis aBTEHTUYHUX MiAMuciB. Po3po0ka 3acTOCyHKY 3/1iiiCHEHA Ha
6a31 Matlab, ockinpku 1s niaardopma miATpUMye HIBHJKE MPOTOTUITYBAHHS W Mae BOYJOBaH1
IHCTpYMEHTH 1l 00poOKM 300paxensb. [IporpaMHuii Kol 3aCTOCYHKY peali3oBaHUM y BUTIIAIL
KjJacy 3 rpadiunum iHTepgeiicom y Matlab App Designer, mo 3abe3nedye iHTYiTUBHO
3po3yMuInid 1HTepQeic i 3aBaHTa)XXEHHS 3pas3KiB MIANMCIB, iX MEperisay 1 MOpiBHSHHS.
Po3pobnennit 3acTOCYHOK € KpocIu1aThopMOBUM, a iHTepdeiic BiaTBOproe cTuiab Windows st
3py4HocTi KopucTyBauiB. JloctymHa Bkiaaka "Jleram" wicTuTh TaOnuI0 3 yciMa
pO3paxoBaHMMU METPUKaMM Ta O3HAKAMH, IO MiJACHUIIOE MOKJIMBOCTI JETAJbHOIO aHaJi3y
pe3ynbrarti. [lepeBipka Ha BUOIPI MIANUCIB MTOKa3aja BUCOKY €(EKTUBHICTh aIrOPUTMY Ta
HiATBEpAMIa MOro KOPEKTHICTh Yy pO3Mi3HABaHHI ABTEHTUYHMX MIANUCIB Ta BHABICHHI
HiapoOoK.
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DEVELOPMENT OF AN APPLICATION FOR BIOMETRIC VERIFICATION OF
SIGNATURES

R. I. Nazarenko', O. A. Stopakevych!, A. O. Stopakevych?

National Odesa Polytechnic University
1, Shevchenko Ave., Odesa, 65044, Ukraine
?State University of Intellectual Technologies
1, Kuznechna, Odesa, 65000, Ukraine».
Email: stopakevich@gmail.com

Signature verification is a process during which a given signature is compared with some known signature samples
and it is decided whether the signature being verified belongs to the same author or not. This verification is carried
out using appropriate software created based on the results of the research. Thus, the purpose of the work is to
develop an algorithm for an effective solution to the problem of signature verification, create a software
application based on the developed algorithm, and verify the system's performance by studying the functioning
of the developed application using a sufficient database of authentic and forged signatures of different signatories.
The article analyzes the state of the problem, which allowed finding a database of 500 authentic and forged
signatures, identifying 15 main signs of signature forgery as such, 10 mathematical methods for comparing
signatures, the main characteristics and structure of the application's functioning algorithm, and its architecture.
Experimental studies conducted to verify the found signs of signature forgery as such by the numerical value of
the stability criterion of the sign allowed to identify those signs that are appropriate to use in the application for
verification. Also, experimental studies based on signatures conducted to verify the found mathematical methods
for comparing a known authentic signature and the signature being verified allowed to identify comparison
methods that are appropriate to use in the application. When the application is operating, digital images of
signatures obtained using a digital camera or scanner are processed and verified using pattern recognition methods,
found signs and comparison methods. On the database of used signatures, the verification results were successful.
The developed application can be improved and serve as the basis for an economical signatures verification
system.

Keywords: biometric signature verification, cybersecurity, computer application, pattern recognition, biometric
signature verification, cybersecurity, computer application, pattern recognition.
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MOJEJIIOBAHHA ®YHKIHIOHYBAHHA CUCTEM KEPYBAHHSA
I'A30TYPBIHHUMU YCTAHOBKAMM ITPU MAHEBPYBAHHI EJIEKTPUYHUM
HABAHTAKEHHAM

M. M. Opuunnukos, O. C. Tapaxriii
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Po3nonineHa reHeparisi € OJJHI€I0 3 KIIFOYOBHUX TEHACHIIIH Y PO3BUTKY €HEPIeTUKH Y KpaiHH.
Bona nepen6avyae cTBOpEHHS JIELIEHTPATI30BaHHUX JKEPETI €HEpril, sIKi po3TalIoBaHi OJIvKYe
J0 KIHIIEBUX CIOXHBadiB, II0 JO3BOJISIE 3MEHIIUTH BTPATH IIPH Iepeaadi eHeprii ta
MIBUIIUTH EHEPreTHYHY HE3aJeXHICTh. ['a30TypOiHHI YCTaHOBKM pPO3IJISAIOTBCS SIK
NEePCIEKTUBHE PIllICHHS 11 3a0e3MeueHHs cTablIbHOCTI eHEProcucTeMH YKpaiHH B yMOBax
3HAYHHUX BHKIUKIB, CIPUYMHCHNX BOEHHUMH [IisIMH Ta pYHHYBaHHAM KPUTHYHOI
iHppacTpyKTypH. Y poOOTi pO3TILHYTO IIepeBard BUKOPHUCTAHHS Ta30TYPOIHHUX YCTAaHOBOK
IUIsL pO3NOALICHOT reHeparil, 30KpeMa IXHIO aJallTHBHICTh 10 KPU30BUX CHTYAlil, a TAKOK
3MiHEHHS AWHAMIYHHX BIACTHBOCTEH ra30TypOiHHUX YCTaHOBOK Y IEPEXiMHHX PEKHMax B
3aJICKHOCTI BiJl HOMIHAJNBHOI TOTYXHOCTI YCTaHOBKH. JlOoCHimKeHO poOOTy cucTeM
KepyBaHHS ra30TypOiHHUMH €HEPIreTUYHIMH YCTAHOBKAMU B YMOBAX 3MIHHUX €IEKTPUYIHUX
HaBaHTa)XeHb. Ha OCHOBI aHamizy NepexiIHUX NpOLECIiB B CHCTEMax KepyBaHHs
YCTaHOBKaMU IPH MaHEBPYBaHHI €JCKTPUYHUM HABAHTAXKEHHSM 3pOOJIEHO BHCHOBOK, IO
HaWKpalol NPAaKTUKOI0 € BHUKOPHCTAHHS PETYJATOPIB, HANAIITOBAHUX Ha MiHIMalbHO
JOIYCTUME HABAaHTAXEHHs, NIO 3a0e3NeYdTh THYUYKICTh Ta HaAiHHICTh EHEPreTUYHOI
CHCTEMH.

KaouoBi caoBa: Ta3orypOiHHa ycTaHOBKa, 3MiHHI HaBaHTaKCHHS, CTalimizamis
SHEPrOCUCTEMH, PO3TIOAITICHA TeHepallis, CHCTeMa KepyBaHHSL.

Beryn. Enepreruuna cucrema YkpaiHu 3a3Hasia Oe3MpelieIeHTHUX BTpar yepe3 BiChKOBI Ail.
PyliHyBaHHS BEJNMKHUX TE€HEpPYIOUMX OO’€KTIB Ta JIHIN eJeKkTporepenad, 4acTi aTakud Ha
KPUTHYHY 1H(PACTPYKTYpYy CTBOPHIIM 3arpo3y JUlsl eHepreTuuHoi Oe3neku kpainu. B ymoBax,
KOJIM LIEHTPaJi30BaHa TeHepallis He 3/7laTHa IOBHOIO Miporo 3abe3nedyBaTu CTaOlIbHICTBH
MOCTAuaHHs  €JIEKTPOCHEprii, aKTyaJbHHM CTa€ pPO3BUTOK PO3IMOIUICHOI TeHepalii.
['a30TypOiHHI yCTAHOBKH, 3aBJSKH CBOi T'HYYKOCTI Ta €(EKTHUBHOCTI, MOXYTb BiJirpatu
BOXJIMBY POJIb Y (POpMyBaHHI HOBOi, CTIHKOI €HEProCUCTEMHU YKpaiHU. Y TaKHMX yMOBax B
Hallllif eHeprocucTeMi 3’SBIISAETHCS HEPIBHOMIPHICTh MK BUPOOHUIITBOM Ta CIOKUBAHHAM
eNeKTpruyHoi eHeprii. Yepe3 1€ BUHUKAIOTh 3HAuHI TPYAHOIl, MOB’s3aH1 13 aediuutoM adbo
npodiUTOM €JIeKTPOEHEPrii B Pi3HUX perioHax Hamoi aepxkaBu. OAHUM 13 NMEPCIIEKTUBHUX
HaNpsMKiB BUPILIEHHS L€l MpoOIeMH € pO3BUTOK PO3MOJUIEHOI reHepallli, gka 3abe3nedye
THYYKICTh Ta HaJIIHHICT eNeKTpornocTayaHHsd. [a30TypOiHHI €HepreTH4Hi YCTAaHOBKU €
JIOCTaTHRO MAaHEBPOBMMH 1 3/aTHI MpalioBaTd B YMOBaX pI3KUX 3MIH €JIEKTPUYHOTO
HaBaHTAXEHHS, € MOXYTbh OyTH OJHHUM 3 OCHOBHHMX €JEMEHTIB Takoi renepauii. OTxe,
JOCIIPKEHHS pOOOTH 1 aHali3 JUHAMIYHMX XapaKTepUCTUK Ta30TypOIHHMX YCTaHOBOK B
YMOBaxX 3MIHHUX €JIEKTPHYHUX HABAaHTAXEHb € 0COOIMBO aKTyaJbHOIO 3a/1auel0 B KOHTEKCTI
BIJTHOBJIEHHSI Ta cTalii3alli eneprocucreMu Ykpainu [1,2].

PyiinyBaHHS BEIMKUX €HEPreTUYHUX 00’ €KTIB YHACHIIOK BIFfHU MPU3BENIO 10 3HAYHOTO
3HIDKEHHSI JIOCTYNHOI MOTY)XKHOCTI JuIsi BHpOOHHMITBa enekrpoeHeprii. lle Buximkano
HEOOXiZHICTh ~ IIBUJIKOTO  BIPOBA/DKEHHS  HOBUX  pIlI€Hb, 3JaTHUX  3a0e3MeYUTH
€HepronoCTadYaHHs B KPU30BUX YMOBax. OqHaK OUTBIIICTh TPAAUIIIHHUX TTIIXOMIB 10 TeHEpaIlii
eJIeKTpOoeHeprii noTpeOyIoTh 3HAUHOTO yacy i BiHOBIEHHs. PosmojineHa rexeparis, sika
0a3yeThCsl Ha JIOKAIBHUX JDKEpenax eHeprii, 3maTrHa 3a0e3medyuTH OuUTbIly CTIHKICTh
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E€HEepProcUucTeMu. Y IIbOMY KOHTEKCTI ra30TypOiHHI YCTAHOBKH MalOTh HU3KY TIEpPEBar, ajie TaKoX
CTHKAIOTHCS 3 HU3KOIO MEPEIKO, K1 MOoTpeOyIoTh BUpimieHHs [1,2].

Takox, ciaif BIAMITHTH, 0 Y JOBOEHHUM Yac €HEPrOOJOKHA aTOMHUX €JIEKTPOCTAHIIIN
VYKkpaiHu B OCHOBHOMY BHKOPHCTOBYBAJHUCS [UIS MOKPUTTS 0a30BOTO HABAaHTAXKCHHSA Y
no6oBomMy Tpadiky HaBaHTaXKEHHsS eHeprocucteMu (puc.l). SnepHuit peaktop MoXe
NPAIIOBATH 13 33J]aHOI0 MOTYXHICTIO MPOTATOM TPUBAJIOTO Yacy TUIBKH B TOMY pasi, SKIIO Ha
noyatky poOOTH Mae 3amac peakTHBHOCTI. Hapasi mMaHeBpyBaHHS MOTYXHICTIO peaKTOPHOT
YCTaHOBKH 31HICHIOETHCS OTIEpaTopaMy B PYYHOMY PEXHUMI 1 TIJIbKM HA BUMOTY JTUCTIETYEPiB
eHeprocucTeMu. Take BUKOHAaHHS MaHEBpPY € JOCHUTh HEOE3MEYHUM, OCKUIbKH TMOTpelye
BpaxyBaHHS 3MiHU 0ararb0X HEHTPOHHO-(PI3MUHUX 1 TEXHOJIIOTIYHUX ITapaMeTPiB, a 1€, Y CBOIO
4yepry, MOXe MPU3BECTH JI0 BIUTMBY JIFOJICHKOTO (hakTopy Ha O6e3neky AEC [3].
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Puc. 1. JJo60Be HaBaHTaKEHHsS EHEPrOCHUCTEMH YKpaiHM: T — FOAMHH 100M; P— crokupaHa
MOTYXKHICTh

[TpoGneMu BUKOPUCTAHHS ra30TypOIHHUX YCTAaHOBOK. ['a30TypOiHHI YCTaHOBKH 3/1aTHi JIETKO
MIEPEXOUTH HA Pi3HI PEKUMH HABAHTAXKCHHS 1 MAIOTh 3HAYHHUI TIOTEHITIAN JJIs HiBEITFOBAaHHS
BUIIEBKA3aHOT MPOOIEMH EHEepreTHYHOI cHcTeMH YKpaiHu. IX ocHOBHa mepeBara Ionsrae y
THYYKOCTI Ta 3/JaTHOCTI 10 HIBHJKOTO 3aIyCKy, IO TO3BOJISIE OMEPATHBHO BBOIHWTU iX B
eKCIUTyaTallil0 HaBiTh y Kpu30BUX yMoBax [2,3]. Lle ocoOnuBO BaXKJIMBO JJsl PErioHiB, Je
LEHTpaJIi30BaHa T'eHepallisl HEJOCTYIHA 4Yepe3 3pyHHOBaHY IH(PacTpyKTypy Ta JO03BOJIHUTH
nojermutd poboty BiTum3HAHUX AEC y MaHeBpoBHX pekumax. BcTaHOBIEHHS Takux
YCTaHOBOK CIpHUs€ €HEPreTUYHIN aBTOHOMII OKPEMUX TEPUTOPIil, 3HHKYIOUU 3aJI€KHICTh B1J
LEHTPaJII30BaHUX MEpEeX, sIKi 4acTO CTalOTh MIIIEHHIO Ui atak. [IuTaHHsS BHKOpUCTaHHS
ra3oTypOIHHUX YCTaHOBOK JUIs PO3MOALIEHOI reHepallii eIeKTPUYHOI eHeprii po3MIsIaloThCs
SK BITYM3HAHUMHU TaK 1y 3apyOiKHUMH aBTopamu [4—13], 1110 TOBOPUTH PO aKTyaJIbHICTh Ta
BEJIMKUH 1HTEpEC IIUX TUIIIB YCTAHOBOK.

ITuTanHa BHpPOBAKEHHS Ta30TYpOIHHMX YCTAaHOBOK JJIsi CTBOPEHHS PO3MOAIICHOT
CUCTEMH T'€Hepallii, a TAKOXk MPoOJIeMH 1X BIPOBAIKEHHS PO3NIIAHYTI y aBTOpiB [4-8]. 3 oy
BKa3aHUX JIITEPATYpPHUX JKepesl MO)KHA 3pOOUTH BHUCHOBOK, II0 HalOuIbIly mpolneMy ass
BIPOBAPKCHHS] CTAHOBUTH BHCOKA BapTICTh OOJAJHAHHS Ta MOTO 1HCTAAIII, IO € 3HAYHUM
06ap’epoM y KOHTEKCTI EKOHOMIYHOI Kpu3u. HacTymHOlo, BaXJIMBOIO, TPOOIEMOIO
BCTaHOBJIEHHS ra3oTypOiHHUX ycTaHOBOK (I'TY) B VkpaiHi € cuHxpoHi3alist poooTH okpeMoi
ra3oTypOiHHOI YCTaHOBKM 3 €JIEKTPOMEpEKEI0 KpaiHM 1 HEOOXiJHICTh MOjepHi3amii
po3noauibuoro odnagHanHsa. He MeHII cyTTeBUM € AediuuT KBadipikoBaHUX (axiBIiB, ajpKe
00CIIyrOByBaHHSI TaKUX CHUCTEM MOTpeOye BUCOKOTO PIBHS TEXHIYHOI KOMIIETEHTHOCTI, SIKY
4yepe3 MacoBYy MIrparlito HaceJIeHHs CKJIaIHO 3a0e3neunTy [8].

Ille onHi€r0 CKIAAHICTIO € 3aJEeXHICTh BiA ra3oBUX pecypciB. HesBaxaroun Ha
MOTEHIIa] aJbTEepPHATUBHOIO MaJMBa, OUIBLIICTh ICHYIOUMX YCTAaHOBOK OpIEHTOBaHA Ha
NPUPOAHUH Ta3, M0 CTBOPIOE JIOJAaTKOBI PU3UKH, MOB’s3aHI 3 MOro IIHOK Ta MOCTaYaHHSM.
KpiM Toro, momrkoxeH1 ra3oBi MaricTpaii Ta oOMeXeHa JIOCTYIHICTh JI0 PECYPCIB Y MEBHUX
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perioHax YCKJIQJHIOIOTh iX eKcIuTyarailiro. EKOJOridHI BUKJIMKU TaKOXX MOTpeOYyIOTh yBarw,
ockinbku HaBiTh cydacHi ['TY, Xo4a i eKOJOTIYHO YHMCTIII 3a BYTUIbHI CTaHIi, BCe Ie
MPOAYKYIOTh BUKHJIH, SIKI BUMAraroTh IMOCTIMHOTO MOHITOPUHTY Ta perymtoBanus [9—13].
TakuM YMHOM, HE3BAXXAIOYHM HA 3HAYHUI MOTEHIIa] ra30TypOiHHUX YCTAaHOBOK Y BiJTHOBJICHHI
Ta MOJEpHI3alii eHepreTHuHoOi CUCTEeMHM YKpaiHW, iX BIPOBAJKEHHS NOTpeOye BUPILICHHS
TEXHIYHUX, EKOHOMIYHUX Ta €KOJIOTTYHUX MPOOIIEM.

OcoOmmMBOCTI  3aCTOCYBaHHS ~ Ta30TypOIHHMX  YCTAHOBOK  JIJI1  HIBEJIOBAHHS
HEpiBHOMIPHOCTI JOOOBOTO HABaHTAXEHHS. SIK B)K€ BKa3yBaJOCs BHIIE, y TaHUI YaC OCHOBHUM
JOKEPEIOM TeHepallii eJIeKTPUYHOI eHeprii B YKpaiHi — € aToMHI enekTpocTaHilii [2]. Pi3ki 3MiHu
HAaBaHTAXEHHS JJIS SIIEPHUX YCTAaHOBOK €, HE TUIBKM YK€ HECHPHUATIMBUMH, a 1
HeOe3nmeyHuMu. OCKIIBKH Ti]T Yac MepeBe/IeHHs eHEProOI0Ky 3 OAHOTO PIBHS MOTYKHOCTI HA
JpyTuil BiiOyBa€THCS YacTe MEPEMIIIEHHS PEry/I0i0u0i Ipyly OpraHiB PEryItOBaHHS CHCTEMH
YIIpaBIIIHHA 1 3aXUCTY PEAKTOPY, a 11€, Y CBOIO Yepry, BUKIMKA€E LIBUIKE 3HOILEHHS 1 MOXKJIMBE
pyinyBanHs 1iTicHOCTI obomoHok TBEJI peakropa, a Takok CKOpodye pecypc 0OOJIOHKU
peaktopa 1 BUropsiHus nanuga [ 13,14]. 3 MeTor0 YHUKHEHHS BIUIMBY IIMX HETaTUBHHUX (haKTOPiB
IpY MaHEBPYBaHHI BUKOPHCTOBYIOTH pi3HI METOAM INOJO 3a0€3MEYEHHS JIOBTOBIYHOCTI
peaxTopy 1 HepeycTaHOBJIECHHS TEeIJIOBUIUIBHUX 301pOK I IOAOBKEHH pecypcy. AJle Bee 11e
TAMYAacOBI MipH, sKi BIUIMBAIOTH HA HAMIWHICTE 1 CTiiiKicTh pobotu peaktopy [13].
BripoBajkeHHs ra30TypOIHHUX YCTQHOBOK 3/1aTHE 3HMU3UTH HABAHTA)KEHHS Ha €HEproOJIoKu
aTOMHUX €JIEKTPUYHUX CTAHIIN i1 9ac MaHEBPYBaHHS MOTYKHICTIO.

Jlis TOKpUTTS TMIKOBUX HaBaHTaxeHb 3actocyBaHHs [TY e pouinsHum. Lle
MOSICHIOETHCS TUM (DaKTOM, 1110 TUTOMA BapTiCTh Ta30TypOiHHOI yCTaHOBKH B 1,5-2 pa3u MeHIIa
3a BapTICTh BENUKUX MapoTypOiHHUX ycTaHoBOK (I1TVY), axi matots Oinbi Bucokuit KKJI. [lo
TOTO 5K, OOCIIyTOBYBaHHSI Ta30TypOIHHMX YCTaHOBOK 3HAYHO TIPOCTINNE, a Yac IYCKy 3
XOJIOJHOT'O CTaHy 33 YMOBH BITIOBITHOIO KOHCTPYKTUBHOI'O BUKOHAHHS CTAaHOBUTH 5-15 XB. A
BPaxOBYIOYM XapaKTEpHi JJIs MIKOBHX TypOiH umcia roguH pobotu Ha pik (500-2000 rom.)
3actocyBaHHs ['TY BUABIA€ThCS peHTA0EIbHUM HaBITh HE3BAXKAIOUM HA MOPIBHSAHO HU3BKUN
KK/ (0,26-0,29) i 6e3 yrumizamii TemioTy Biaxigaux rasis [5,13].

3a3Buuail cyyacHi ['TY, BUKOHaHI 3a IPOCTOIO0 CXEMOIO, BUPOOIISAIOTh SIK YHIBEpPCaJIbHI
arperaru, MpUCTOCOBaH1 JUIsl pI3HUX pexXUMIB poOoTH. [Ipu IbOMY 3MIHIOEThCS, SIK MPABUIIO,
MOYaTKOBa TeMIleparypa rasiB nepes TypOiHO, 1 JJIs MKOBOTO BUKOPUCTAHHS, 3Ba)Kal04n Ha
HallMEeHIlle 4YHCIIO TOoAuH pobotu Ha pik, ['TY ekcmimyaTyeTbcsi npu OUIBII BHCOKHUX
TeMIeparypax rasy micjist KaMepu 3TOpsiHHSA 1, 0TXKe, OUTbII BUCOKHMX MOTYXHOCTI Ta KK/, Hix
JUISL HaIlIBITIKOBUX 1 0a30BUX PEKUMIB POOOTH.

PoGora I'TY Ha 4YacTKOBUX HaBaHTAXEHHAX. PexuMu poOOTH Ta30TypOIHHHMX
ycTanoBOK (I'TY) MOXyTh 3MIHIOBATHCS Yepe3 PsiJl 30BHIIIHIX YMHHHUKIB. OJTHUM 13 KITFOUOBUX
acrekTiB € morpeba amanTamii MOTY)KHOCTI, SIKa BHUPOOJSETbCS YCTAaHOBKOK, 10 3MIiH Yy
CIOKMBaHHI eniekTpoeHeprii. Lle xapakTepHo A1 aBTOHOMHUX eHeprocucteM, 1e I'TY Bukonye
(GYHKIII0 TPUBOMY ISl €IEKTPUYHOrO reHeparopa. Takuili TeHepaTop Mpalioe B 130Jb0BaHIM
Mepexi, 3a0e31eyI0uH MOCTaYaHHsI eNIEKTPOSHEPTIi 0 CIIOKUBaYiB. Y TaKUX yMOBAaX CHCTEMa
NOBMHHA IIBUJKO pearyBaTH Ha 3MiHY HaBaHTAXEHHS, IO CTBOPIOE OCOOJIMBI BUMOTHU [0
CTabUIbHOCTI ¥ THYYKOCTI pOOOTH ABUTYHA.

Jlpyroro BaXJIMBOIO TPHYMHOI, $Ka BIUIMBA€ Ha PEXUMU pPOOOTH, € 3MIHU
armocepHux yMoB. Temmeparypa MoBiTps, M0 HAAXOAUTH 10 KOMIIPECOpA, Ma€ BUPIIIAJIbHE
3HA4YEHHS, OCKUIbKM BOHA BIUIMBA€ HAa TYCTHHY MOBITPS 1, BIANOBITHO, Ha €(EKTHUBHICTH
mporiecy CTucky. Y xonogHoMy kiiMari 3poctae KKJI, ockiIbKH MOBITPS CTA€ TyCTIIIMM, TOJI
K y CIEKOTHMX YyMOBax MpoaykTuBHICTE I'TY Moxe cyrreBo 3HMxKyBarucs. Kpim Toro,
arMoc(epHuil THCK 1 BOJIOTICTh TaKOX BIAITPalOTh BAXKJIUBY poiib y (OpMyBaHHI poOOUMX
XapaKTepUCTUK YCTaHOBKH.

Posmistnemo npuHLMNU (YHKIIOHYBaHHS Ta30TypOIHHOTO J[BHMIYHa Ha MPUKIAIL
OJTHOBAJIbHOT YCTAHOBKH, 5IKa € HaMOIbIl po3moBCIomkeHow (puc. 2). g koHCTpykuis
po3poOIieHa CreriagbHO Il MPHUBOAY €JEeKTporeHeparopa W 3ade3medye MiATPUMAaHHS
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cTabipHOT yacToTH 00epTaHHs poropa. OCHOBHA TepeBara OAHOBAJIIBHOI CXEMH IOJISITAE y il
IOPOCTOTI ¥ KOMIAKTHOCTI, 110 POOHTH ii €(EeKTUBHUM PIIICHHSIM JUISI CUCTEM aBTOHOMHOI
reHeparii. 3aBAsgKu iHTErpalii CydyacCHHX TEXHOJIOTIM KepyBaHHS, TaKl YCTaHOBKH 3aTHI
aIanTYBaTUCs 0 3MiHM HaBAaHTAKCHHS, BOJHOYAC IMiATPUMYIOYM ONTHMAJbHI MapaMeTpu

poOOTH HaBITh MPHU 3MiHI TEMIIEPATyPH M 1HIIMX KJIIMaTHIHUX (aKTOPIB.
Tlamueo

v

Tositpa
Puc. 2. OnnoBansna ['TY: KC — kamepa 3ropsiaas; K — kommnpecop; T — TypOina

JUist Takoro THILy ra3oTypOIHHUX YCTaHOBOK, 32 YMOBHU IEBHHUX aTMOC(EPHHUX YMOB i
HE3MIHHMX IEPETHHIB IPOTOYHOI YACTUHU KOMIIpEcopa, KaMepu 3ropsHHS Ta TypOiHU € JMHUM
crocoOOM 3MiHM HaBaHTA)KEHHSI € 3MiHA BUTPATH MaJHBA 0 KaMEPH 3TOPSHHSL.

AnHani3 auHamivHUX TporeciB mpu po6oti I'TY Ha 4YacTKOBUX HaBaHTaXCHHSX.
JluHaMivyHI TIpOIIeCH, sIKi BHHUKAIOTh Y Ta30TYpOiHHOMY JABHTYHI ITiJl Yac 3MiHM TMOTYKHOCTI,
MaroTh BaXJIMBE 3HAYECHHs AJIs 3a0e3nedeHHs iloro crabinbHoi podotu. PosmisHemo cueHapiii,
y sikoMy ra3oTypOinHa yctaHoBka (I'TY) mpaitoe B HOMIHAJBbHOMY PEKHMi, ajie BUHHKAE
HEOOX1IHICTh 3MEHIIUTH ii MOTYKHICTb. JJIsl 1IbOTrO 31HCHIOETHCS IEPEKPUTTS PETYITIOIOUOTO
KJIaraHa, o0 0OMeXXye 1o/iaqy MajiuBa A0 KaMepH 3TOPSHHSL.

3MEHIIEHHS BUTpAaTH MajMBa MPU3BOIUTH JO 3HIKEHHS TEMIepaTrypu IpPOIYKTIB
3TOpsiIHHS Ha BHXOII 3 Kamepu. Lle, y CBOIO 4epry, BHKJIMKA€e MaJiHHS THCKY Ta3iB mepen
TypOIHOIO, OCKUIBKY Ta3H 3 MEHIIIOK TEMIIEPaTypolO 1 €Hepri€l0 CTBOPIOIOTH HIXKYMIL PIBEHB
TUCKY. BHaCi 10K IOTO 3MEHIIYETHCS 1 TUCK MOBITPSI HA BUXO/I1 KOMIIPECOpa, OCKIIIbKH 00M/ 1Ba
IPOIIECH TICHO B3a€EMOIIOB s13aH1 Yepe3 KOHCTPYKIIIIO TBUTYHA.

OpHak d4actora OOepTaHHS Bally 3aJMUIIAETHCS IOCTIHHOIO, IO OOYMOBIIEHO
cnenndikoro poOOTH OAHOBAJIBHUX YCTAHOBOK, PO3PaxXOBaHMX Ha MiJTPUMaHHS CTaOUIbHOI
gacToT oOepTaHHs TeHeparopa. Uepes 1e BUHHKAE €(EKT, 3a SIKOTO KOMIIPECOP 3MYIICHHUN
a/IanTYBaTUCs /10 HOBUX YMOB. 3TiJHO 3 BUTPATHOIO XapaKTEPUCTUKOIO KOMIIpecopa, II0
300pakeHa Ha BIAMOBIIHUX Tpadikax (HanpukiaL, puc. 3), 3MiHa TUCKY BIUIMBAE HA POITYCKHY
3/IaTHICTh CUCTEMH, 1 K HACTIIOK, MOTIK MOBITPS Yepe3 KoMmpecop aemio 30uibmyerbes. Lli
MIPOIIECH BiJIOOpaXKaIOTh CKJIAJHY B3a€MOJIII0 MK OKpeMUMH KoMroHeHTaMu ['TY, Takumu sik
Kamepa 3ropsiHHsL, TypOiHa i koMITpecop. 3MiHa OIHOTO MapaMeTpa 3arycKae KacKaJHui eexT,
110 OXOILIIOE BCIO cucteMy. Jliis 3a0e3nedenHs cTabuibHOI poOOTH ABUTYHA BaXJIMBUM € TOUHE
pETy/IOBaHHS Ta ONEPATUBHUM KOHTPOJb 3a HOro poOOUYMMH MapamMeTpaMM, BKIIOYAIOUU
TEeMIIepaTypy, TUCK 1 BUTpATy MOBITPs. Taki KOPUTYBaHHS 3/IIHCHIOIOTHCSI aBTOMAaTH30BaHUMH
cUCTeMaMM KepyBaHHS, sIKi TO3BOJISIOTH MIATPUMYBATH BUCOKY €(EKTHBHICTH pOOOTH HABITh
3a YMOB 3MiHHM HaBaHTa)KCHHSI.

Tk i 3
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K
Puc. 3. I'padiku 3MiHU XapaKTEPUCTHK 0araToCTyMiHYacTOro KOMIpecopa
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Takum 9yuHOM, AMHAMIYHI MPOIECH B Ta30TypOIHHOMY JIBUTYHI I€MOHCTPYIOTh HEOOX1THICTh
Y3TO/DKEHHSI BCIX €JIEMEHTIB YCTAHOBKHM Ui JIOCSTHEHHS ONTHUMAJbHUX IOKa3HUKIB
MIPOIYKTUBHOCTI ¥ JOBTOBIYHOCTI poOOTH B yMOBaX 3MIHHOTO pEeXHMY ekciutyaramii. Lle
BUMArae He TUIbKH BJJOCKOHAJICHHS KOHCTPYKIIil OKpEMHUX KOMIIOHEHTIB, ajie i BIPOBaKSHHS
CY4aCHUX aJTOPUTMIB KEpyBaHHS, sIKi 3a0€3MeUyI0Th aJanTallil0 CUCTEMU JJO HOBUX YMOB Y
peasibHOMY Yaci. 3HFDKEHHS BHTpATH majivBa B Ta3oTypOiHHii yctaHosmi (I'TY) 3 meroro
3MEHIIEHHS ii MOTYKHOCTI CYIPOBOPKYETHCS HHU3KOIO B3a€MO3AJICKHUX IPOLECIB, SKi
0e3mocepeHbO BILTMBAIOTH HA 11 poOodi mapameTpu Ta eheKTUBHICTh. OCHOBHHM HACIiIKOM
3HIDKEHHS I07laul MajuBa O KaMepu 3TOPsSHHSA € 3MEHIIEHHS TeMIeparypu MpOJYKTiB
3TOPSIHHA, SIKI BUXOIATH 3 KaMEpH Ta HAAXOAATh A0 TypOiHu. Lle 3HWKEHHS TeMieparypu
00yMOBITIO€E TIaJIIHHS TUCKY Ta3iB MEpe]] Ta30BOI0 TypOIHOIO, 10 € KPUTHYHUM JTS 30€peKeHHS
ii epexTnBHOI poOoTH. BogHouac magiHHS TemrepaTrypu H THUCKY BIUIMBA€E Ha IMOBEIIHKY
KOMIIpecopa, 3MiHIOI0UN HOro poOoumii pexxuM. 3riHO 3 XapaKTepUCTUKAMH TAKUX YCTaHOBOK,
3MEHIICHHS! TEMIIepaTypH ras3iB 1 THUCKY aBTOMAaTHYHO MPU3BOIUTH JO 30UIBIICHHS BUTPATH
noBiTps. Lle NOsACHIOETBCA TUM, 1110 KOMIIPECOD IparHe KOMIIEHCYBAaTH 3HM)KEHHS TUCKY JUIs
HOiATPUMAHHS CTaOlIBHOCTI pOOOTHM YCTAaHOBKM B YMOBaxX 3MEHIICHOI MOAAYi IajuBa.
3MEHIIEHHSI TeMIepaTypy Ta3iB Ha BUXOAl 3 KaMepU 3TOpSHHS O3HAYa€ 3HMKEHHS iXHbOT
eHeprii, sika BUKOPUCTOBYETHCS /ISl IPUBEICHHS TYpOiHH B pyX. BilmoBinHO, IBUTYH Ipaloe
MeHIl e()eKTUBHO, @ BUTpaTa NajuBa Ha OAMHUII0 BUPOOJIEHOI eHeprii Moxe 3poctu. Lle sBure
CTa€ 0COOIMBO KPUTUYHUM Y CHCTEMAX, K1 MOBMHHI MPAIIOBATH HAa 3MiHHUX HABAHTAXECHHSX,
KOJIM YacTi 3MiHH [TOTYHOCTI CTBOPIOIOTH JI0IaTKOBI HABAHTA)KEHHS Ha BC1 KOMIIOHEHTH [ TY.
Koedinient xopucnoi nii I'TY. ¥V cydacnux I'TY aKkTHBHO BUKOPHCTOBYIOTHCS CHUCTEMH
KepyBaHHS, K1 JJO3BOJISIOTH ONTHMI3yBaTH po00Yi MapaMeTpu JBUTYHA B pealibHOMY Yaci. Taki
CHCTEMH BpaxOBYIOTb TEMIIEPAaTYypHI W THCKOBI XapaKTEPHCTUKH, a TaKOX IOTpedu B
MOTYXKHOCTI, 3a0e31meuyroun OuIbIl e(heKTUBHY pOOOTY YCTAaHOBKHM HaBITh Y CKJIaIHUX YMOBaXx.
3aramoM, 3MeHIIEHHS MOTYXXHOCTI ['TY HUIIXOM 3HIKEHHS BUTPATH MajHBa € TEXHIYHO
HEoOXiTHUM, ajie moTpedye peTenbHOro 0asaHcy Mk poOOYUMU MapamMeTpaMu JIJIsl MiHiMi3aIil
BTpar edekTuBHOCTI. Lleil mpomec iMIOCTpye BaXKIMBICTh KOMILIEKCHOTO TMiAXOMY OO
yIIpaBIIiHHSA Ta MOJIEpHi3allii ra30TypOIHHUX TEXHOJIOT1H.
KoedinieHT koprcHOi 11T ra30TypOIHHOI YCTAHOBKH JJAHOTO TUITY BU3HAYA€THCS 3AJIEKHICTIO!
n=nTc/Ta, &M (D
ne T~ nmouaTrkoBa Temmeparypa rasis nepeq TypoiHor; T ,— moyarkoBa Temreparypa moBiTps
nepes KOMIPecopoM; € — BIAHOIIEHHSI THUCKIB B KoMmIpecopi Ta ra3osiil TypOiHi; np,— KKJI
razoBoi Typ6inu; m,— KKJI xommpecopa. lLleit Bupa3 cmpaBeanuBuil (3 HECyTTEBUMHU
YTOYHEHHSIMU ) HE TUIBKU JIJI1 HOMIHAJIBHOTO, aJI€ 1 1T IEPEX1THOTO PEKUMY. Y PO3TISIHYTOMY
BUNAJIKy BCl mapameTrpu y BHUpasi (1) 3MIHIOIOTBCS TAaKUM YMHOM, L0 1Li€ MPU3BOAMUTH JI0
samkeHHs: KK]I. HaiicyrreBimmii BrimuB Ha 3HmkeHHsT KK] oka3ye 3MeHIIIEHHs] TOYaTKOBOI
Temmneparypu rasiB T 1 BITHOIIEHHS TUCKIB €. BIiuB 1iux nmapameTpis Ha Koe(illieHT KOPUCHOT
nii BigoOpaskeHo Ha puc. 4.

LI ] |
2 + L] B 10 e

Puc. 4. I'padik 3anexxnocti KKJ] I'TY Bij BiAHOIIEHb TUCKIB 1 TEMIIEPATYP

[Ipy yacTKOBMX HaBaHTa)XKEHHS Ta30TYpPOIHHOI YCTAaHOBKM TaKOX 3HIKYIOTHCS 3HAYCHHS
KOe(IIEHTIB KOPUCHOT [ii Ta30BO1 TypOiHH 1), 1 KOMIIpecopa 1], o B 1ioMy 3HMKye KK]]
Bciei ycranoBku I'TY. Okpim 3minu KK/ razorypOiHHO{ ycTaHOBKH, siKe BiAOyBaeThCs il 4ac
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pOOOTH YCTaHOBKHU y MEPEXITHUX PEKUMAaX, a TAKOXK HA YACTKOBUX HAaBAHTAXKEHHSX, BUKIINKAE
1HTepecC CTIMKICTh MepexiHuX mpoieciB perymoBanHs npu podoti ['TY Ha BkazaHUX pexuMax.
Hunamika I'TY npu poOOTi Ha 4aCTKOBUX HaBaHTaXCHHsIX. OCHOBHUM 3aBJaHHSIM CHUCTEMU
ynpasininasa ['TY e 3a6e3neuenns crabuibHOI poOOTH IBUTYHA MPH 3aaHiil MOTYKHOCTI Ta
MOCTIHHIM 4acTOTi 00epTaHHS POTOpa, HE3AJICKHO BiJ 3MiH Y 30BHINIHIX yMoBax. [[s 1mporo
BUKOPHCTOBYIOTBCSI Cy4acHI CHCTEMH aBTOMAaTHYHOTO PETYNIIOBAHHS, SKI aHANI3YIOTh poOoui
napaMeTpu B peallbHOMY 4aci i BHOCSTh HeoOXigHi kopuryBaHHsS. lle mo3Bossie nocsiratu
BUCOKOI HaiifHOCTI poOOTHM HaBiTh y HaWCKIaaHIMMX ymoBax. CHCTEMH YNpaBIiHHSA Ta
3aXUCTY Cy4aCHUX Ta30TypOIHHMX YCTaHOBOK IOBHMHHI 3a0e3MeuyBaTd BHUKOHAHHS KIJIBKOX
KJIIOUOBHMX 3aBlaHb. llo-mepiue, e aBTOMarnyHe 1 IUCTAHLIAHE KEPyBaHHS OCHOBHHMU
npolecaMu, TaKUMHU SIK 3aIlyCK, PeryliOBaHHS HaBaHTA)KEHHS Ta 3yNMUHKa ycTaHoOBKH. [lo-
Jpyre, MIATPUMKA TEXHOJOTIYHMX MapaMeTpiB Ha pO3pPaxyHKOBOMY piBHI. A came,
3a0e3mnedeHHsI cTa0lIbHOT YacTOTH 00epTaHHs TypOoTreHeparopa, KOHTPOJIb TEMIIEpATypH ra3iB
nepes i micis TypOiHM, PEeTyNIOBaHHS aKTUBHOTO HABAaHTAKCHHS TeHeparopa Ta MiATPUMAHHS
pekuMy poOOTH KOMIIpecopa Ha Oe3MneuHiil BicTaHl Bijg Mexi momMmaxy. OKpiM IepesiueHoro
BUIIIE, CHCTEMH aBTOMaTHYHOTO ynpaitiaag [ TY noBuHHI 3a0e3nedyBaT BUKOHAHHS (QYHKIIIi
3aXUCTY B pa3i aBapiHUX cUTyalild. 30Kpema, 1€ 3arnoOiraHHs MepeBULICHHIO TOMYCTUMOL
4acToTH OOEpTaHHS POTOpa, KPUTHYHOMY IiJBUIICHHIO TEMIIEPAaTypH Tra3iB Ha BXOHAl [0
TypOiHH, 3HIDKEHHIO TUCKY MacTuia Ui MiAIIUITHUKIB, 3racaHHs (akesa y Kamepi 3rOpsHHS
Ta HAOJIMKEHHIO JI0 MEXIi IIOMITaXy KOMIIpECOopa.

VY crarri [16] npeacTaBneHa MoAens AMHAMIKY Ta30TypOIHHOI YCTAHOBKH 1 pe3yabTaTi
MOJETIOBAaHHS ~ AMHAMi4HUX BiactuBocTted ['TY mpM YacTKOBHX 1 HOMIHQJIBHUX
HaBaHTaXeHHAX. Maremarnuna monens I'TY mpencrasisie co6or0 cuctemy audepeHIiinHmx

PiBHSIHB, IO ONUCYIOTH nuHaMivHi BractuBocTi I'TY mix yac aii ocHOBHUX 30ypeHb.
0Aw

(B? + Aw = b14p3 + b24t3 + b34p4 — b4Ap2 — bSANEr
Tpa:_f +4p =Ty df:s — ktAT; + k,,Am; + k,Aw;
2
A63:3 + Atg = aIA(D + azme + a3At2 + a4AtT; ( )
0.28_1
sz =Ty ke, e ke, =1 _|_akT_

Bxkazana cucrema nudepeHIINHUX pIBHSIHb BKJIIOYAE TpHU AU(EpeHIIHUX pIBHAHHSA, fKI
OTUCYIOTh XapakTep 3MiHU yacToTu obepraHHs poTtopa ['TY, 3MiHY THCKY y Ta30BUX 00’eMax
I'TY, a Takox 3MiHYy TeMIepaTypu ra3iB Ha BUXOAl 3 KaMEpH 3TOpSHHS 1, OCTaHHE, YETBEPTE,
PIBHSHHSI, OIIMCYE 3MIHY TeMIepaTypH MOBITPs MiCis ailabaTHYHOTO CTUCKAHHS Y KOMITPECOPI.
B poboti Takoxx HaBeneH1 3Ha4eHHA Koe(iuieHTiB mozaeni it I'TY mupokoro aianazoHy
HOTY)KHOCTEH 1 rpadiku mepexiIHuX MpoLeciB MPH 3MiHI €IeKTPUYHOTO HaBaHTAXEHHS (pHC.
5).

Puc. 5. 3mina wuyacrotu oOepranHs portopa ['TY mnpu 3MiHEHHI €JIEKTPUYHOTO
HaBaHTaKEeHHA(AN = £ 10%)

3 npexacraBieHux rpadikiB yacrotu obepranHs potopy I'TY BuaHo, mo HaiOinbiie
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BIIXWJICHHSI YAaCTOTH CIIOCTEPITA€ThCS NJIsi Ta30TypOIHHUX YCTAHOBOK CEPEIHBOI Ta BEITMKOL
HNOTY)XKHOCTI, TpUYOMY, K MpH 3OUIBIICHHI, TaK 1 MpH 3MEHIIEHHI eJIeKTPHYHOrO
HABaHTAXXCHHSI.

OCKiNbKM yCTaHOBKHM OUTBIIOI TOTY)KHOCTI MAalOTh OUIbIIY iHEpIiiHICTh, TO 13
3pOCTaHHSM HOMIHAJBHOI TMOTY)KHOCTI Ta30TypOiHHOI yCTaHOBKM JMHAMIYHI BJIACTHBOCTI
«TIOTIPIIYIOTHCS» 3 TOYKH 30pYy cTabimizanii yacrotu obepranns poropa I'TY.

Hwxk4ye Oynyte HaBeneHi rpadiku pe3yinbTaTiB MOJEIIOBAHHS TMEPEXiHUX IMPOIIECiB
perynoBaHHsI 4acToTH oOepTaHHA poropa I'TY Ha HOMiHaNBHIN 1 YaCTKOBUX EIEKTPHYHHUX
HaBaHTaXeHHAX (75% 1 50%).

MopnentoBaHHS ~ MPOBOAMIOCS — JUIsl  ONTHMAaJbHHX  HAJNAIITYyBaHb  PErYIsATOpA,
pO3paxoBaHUX OKPEMO JUIsi KO)KHOTO HaBaHTa)KEHHS, a TaKOX 3a YMOBU HE3MiHHHUX
HAJTAIITYBaHb PETYIATOpa 1 3MiHI EIeKTPUYHOTO HaBaHTAXEHHS. Y Tabmuii 1 HaBeneHi
3HAUEHHSI OCHOBHUX TEXHOJOTTUHUX napamerpiB I'TY, s skoi mpoBOAMIOCS MOJICITIOBaHHSI.

Taommus 1.
HowminanpHi 3Ha4eHHS TeXHOJOTIyHUX napamerpiB [ TY

Nr 100% 75% 50%
[Tapamerp
Nr, MBt 4 3 2
Gs, kr/c 10,38 7,35 6,57
G, KrI/cC 10,1 8,32 5,58
Gr, Kr/C 0,206 0,166 0,117
t3, °C 1200 1200 1200
ts, °C 584 584 584

Amnani3z saxocti kepyBaHHs ['TY mnpu 3MiHI ii €IEKTPUYHOTO HABAHTAXKEHHS Y LIUPOKOMY
niamaszoni. IlpoBeneHo po3paxyHOK KoeQilieHTIB nuepeHIlialbHuX PIiBHSAHb MOIEN IS
HaBaHTaxxeHb 75% Ta 50%.

s crabimizamii yactotu obepTanHs poropa TypOiHHM 3actocoByeThes 11 perymsitop.
30ypeHHsM € 3HMKEeHHs HaBaHTakeHHs Ha 10% Big HomiHambHOrO. [IpH 1IBOMY BiIXHJIEHHS
YacTOTH EJNEKTPHUYHOTO CTPyMy B EHEprocucreMi YKpaiHW HE TOBHHHO II€PEBHIIYBaTH
3nauenns 0,2 ¢'[17].

Jlna anamnizy sikocti nepexigHux npouecis (I11T) Oynu npuitHATI Taki MOKa3HUKaMHU SIK:
nepiie AMHaMivHe BiIXWiIeHHs (A®i), BETUYMHA TIepeperyaoBansa (m = Am2/A®1), CTyHiHb
3aracaHHs konuBaHb (Y = (Aw1—Am3)/Am1) Ta yac peryntoBaHHs (tp, npu skomy (Ao < 5% Bix
Awy).

Bumoru no mepexigHoro mporecy: Ao < 0,2 ¢l m~= 04 vy > 085 t,<2c
OnTumanbHl HaJAITYBAaHHSAMHU  PErysTOpa, SKI pO3paxoBaHl JJisi KOXKHOTO  PIBHS
HaBaHTa)XEHHs, HaBeIeH] B Ta0J1.2.

Tadmmus 2.
OnTuManbHI HAJTAIITYBaHHS PErYISTOpa AJisi HOMIHAJIBHOIO 1 YaCTKOBHX HaBaHTaxkeHb [ TY
HanamryBanHs peryiasitopa npu HaBaHTaXEHH1 100% |75% |50%
Koeoinient nocunenns perynsropa Ky, % xpo/c™! 0,02 0,04 0,06
Yac i30apomy perysstopa Ti, ¢ 2,2 1,7 1,1

Pesynbsratun MonemtoBaHHs cuctemMu kepyBaHHs ['TY mpu BKa3aHMX HaBaHTAKEHHSX HaBECHI
Ha puc.6.
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Puc. 6. Ilepeximni mpomecd TNpud  ONTUMAIBHUX  HANAIITYBAHHAX
JUIst BCiX piBHIB HaBaHTakeHHS (AN =+ 10%)

peryastopa

Po3paxoBaHi MoOKa3HUKHU SKOCTI MTEPEX1THUX MPOLIECIB HAaBEACH] y Ta0muIIi 3.

Taoauusa 3.
IToxa3HUKH SKOCTI MEePEXiTHUX MPOIIECIB TP 3MiHI HABAHTAXKCHHS
IToxazunuxk I1I1 Nr 100 % 75 % 50 %
Ilepure nuHAMIYHE BigXuIeHHs A®1, ¢! 0,190 0,187 0,183
IlepeperymoBanHs m 0,402 0,393 0,398
Cryninb 3racaHssi porecy 0,91 0,92 0,93
UYac peryntoBaHHs tp, C 1,7 1,5 1,3

3 Tabn.3 BUAHO, MO0 A®| IPU 3HMKCHHI HABaHTAXXCHHS 30epiracTbCsi MPAaKTUYHO OJHAKOBOIO 1
BiJITIOBiJJa€ BCTAHOBJICHUM BHMOTaM. Pe3ynbsraru MozentoBaHHs cucteMu kepyBanus I'TY nipu
3MiHI HaBaHTAXEHHS 1 3 pPEryasToOpoM, HaJlalITyBaHHs sKoro pospaxoBani mns 100%

HABaHTA)XKCHHS, HABEJICHI Ha puc.7.

ol. ¢

i
05

i i
2 25 tc

Puc. 7. Ilepexiani mpoiecu peryioBaHHs YaCTOTH OOCpPTaHHS POTOpA MPH HAJAIMITYBAaHHSIX
perynstopa st 100% waBaaTtaxkeHHs (AN =+ 10%)

3 HajamTyBaHHAM Ha 75%

[loka3HUKM SIKOCTI KEpyBaHHS TIpU PperyasTopi
HaBaHTaXXEHHS HaBeleHl y Tabn. 4, 3 skoi BUAHO, mo Awi npu 75% 1 50% HaBaHTaxeHHI
MEePEBUIITUIIO JIomycTuMe BigxwieHHs y 0,2 ¢! Ha, BigmoBimHO, 14 % i 28 %, mo €
HEMPUIYCTUMUM. TaKoK CIIOCTEPIraeThes 301IbIIEHHS Yacy peryatoBaHHs.

Ta6auus 4.
[Toxa3Huku sikocTi nepexigHux npouecis npu 100% HaBaHTaXeHH1

[Moxaszuuk IT Nr,% | 100 % 75 % 50 %
[lepure nuHaMivHe BIAXUICHHIA®], ¢! 0,190 0,216 0,243
[IepeperynroBanHs, m 0,402 0,41 0,41
CrymiHb 3racaHHs MpoIecy, 0,91 0,91 0,91
Yac peryntoBaHHA tp, C 1,7 1,8 1,9

Pesynbratn MonemtoBaHHA cucTeMH KepyBaHHA ['TY mpu 3MiHI HaBaHTaXEHHS 3
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eryJIsITOPOM, HaJIAIITYBaHHS IKOTO po3paxoBaHi A1g 75% HaBaHTa)KEHHs, HaBeIEeH1 Ha pHUC.8.
2 2

®l. c T

0z ‘ : .

Puc. 8. Ilepeximui mporecu peryaroBaHHS dactoTw poropa ['TY mnpu onTumanbHUX
HaJAIITYBAaHHSX pEryisaropa s 75% HaBaHTaKeHHS

[Toka3HUKH MEepexiTHUX MPOIECIB MPHU ONTHUMAILHUX HAJNAIITYBAaHHSIX PETYISTOpA IS
75% HaBaHTa)XCHHS HaBEACHO y TaOIuIII 5.

Taoauus S.
IToka3HUKH MEePEeXiTHUX IPOIECIB IPH 75% HaBaHTAKCHHS
TMoxasuwuk I1I1 % 100 % 75 % 50 %
Ilepure nuHAMIYHE BiAXMIEHHAA®], ¢! 0,167 0,186 0,215
[lepeperymtoBanHs m 0,380 0,393 0,340
CryIiHb 3racanHs Iporecy 0,93 0,92 0,92
Yac peryntoBaHHA tp, C 1,45 1,5 1,6

BcraHoBieH1 HanamTyBaHHs perynaropa He 3a0e3neuyroTh 30epexeHHs 4acTOTH OOepTaHHs
Aol y 3amanux mexax npu 50 % HaBaHTaXeHHI. Y pa3i 3pOCTaHHS HaBaHTA)KEHHS SKICTh
pEryitoBaHHS MiIBULIYEThCA Yepe3 MOMINIIeHHs AMHAaMIYHuX BiIactuBocteit I'TY.

Pesynpratu mopenmtoBaHHs cucteMu kepyBaHHS ['TY npu 3MiHI HaBaHTaXEHHS 3
PErynaTopoM, HalalTyBaHHs SIKOro po3paxoBaHi uit 50% HaBaHTaXeHHs, HaBe/leH1 Ha puc.9.

o1, ct

oz i : : B

a1 i i i i

i
25 te

Puc. 9. Ilepexigni mpoiecu peryarOBaHHS YacTOTH TMPU ONTUMAIbHUX HaNAIITyBaHHSIX
perymsitopa st 50% HaBaHTaXSHHS

[Toka3sHUKHM SIKOCTi, pO3paxoBaHl JJIA BHINCHABEICHUX MEPEXiTHUX TPOIECIB MpH
ONTUMATBHUX HAJAIITYBaHHAX perynsaropa s 50% HaBaHTaXKEHHS HaBEACHO y TaOIUIl 6.

Taoauus 6.
IToka3zHuku nepexigHux nporeciB nmpu 50% HaBaHTaXCHHS
[Toxazuuk 111 Nr, % 100 % 75 % 50 %
[lepme nuHamivyHe BIAXUIEHHAA®], c’! 0,142 0,162 0,183
[IepeperymoBanHs m 0,388 0,395 0,398
Cryninb 3racanss mporecy 0,94 0,93 0,93
Yac perymnroBaHHs tp, C 1,2 1,25 1,3
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3 Tabnuii 6 BUIHO, 10 IPU MEepexoji ra3oTypOiHHOI YCTAHOBKM Ha HaBaHTaxeHHsS 75 % i1

100 % sxicTs perymopanns 3poctae. [Ipu HapanTaxenHi 100% BiaxuieHHs Ao' 3HIKYyETbCS

Ha 22%, a mpu HaBaHTakeHH1 75% — Ha 11,5% 4depe3 mokpaileHHs AMHAMIYHUX BIaCTUBOCTEH

I'TV.

BucHoBok. Y po0OTI BCTAaHOBIEHO, LIO0 MPHU 3HUKEHHI EJNEKTPUYHOTO HABAHTAKEHHS

ra3orypOinHOi ycraHoBkm y mianazoHi Big 100% mo 50% 3MiHIOWOTBCS 1 TEXHOJNOTiIUHI

napaMeTpH, IO HEraTUBHO BIUIMBa€ Ha JMHAMIYHI XapaKTepuUCTUKH. HamamryBaHHS
perynaropa, siki ontuMmizoBaHi ansi pobotu Ha 100% HaBaHTakeHHS, HE 3a0e€3Me4yrOTh

HAJIEXKHOI SIKOCTI PpErylioBaHHS YacTOTH oOepTaHHs poropa 3a ymoB 75% Ta 50%

HaBaHTaXEHHSA. [l JOCATHEHHS ONTHUMAIbHHUX MEPEeXiTHUX MPOIECIB y 3a3HAYCHOMY

Jiana3oHi eNeKTPUYHUX HaBaHTAXKEHb 0akaHO BUKOPHCTOBYBATH HAJAINTYBaHHS PETrYIATOPA,

K1 aaToOBaH1 JJ0 KOXKHOTO KOHKPETHOTO PeXXUMY. Y BHUITAIKaX YACTUX 3MiH HABAHTAXKECHHS BiJl

100% mo 50% cmig 3acTOCOBYBATM HANAIITYBaHHS, ONTHUMI30BaHI Uil pexumy 50%

HaBaHTa)XEHHs, 100 3a0e3mednTd CcTablIbHy poOOTY ra3oTypOiHHOT YCTAaHOBKH B YChOMY

miarnas3oHi.
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SIMULATING THE OPERATION OF GAS TURBINE CONTROL SYSTEMS
DURING ELECTRIC LOAD MANEUVERING

M. M. Ovchinnikov, O. S. Tarakhtiy
National Odesa Polytechnic University

1, Shevchenko Ave., Odesa, 65044, Ukraine
Email: tichyk721@gmail.com

Distributed generation is one of the key trends in the development of Ukraine's energy sector. It involves the
creation of decentralized energy sources located closer to end consumers, which allows reducing losses during
energy transmission and increasing energy independence. Gas turbine plants are considered as a promising solution
for ensuring the stability of the Ukrainian energy system in the face of significant challenges caused by military
operations and the destruction of critical infrastructure. The paper considers the advantages of using gas turbine
plants for distributed generation, in particular their adaptability to crisis situations, as well as changes in the
dynamic properties of gas turbine plants in transient modes depending on the nominal power of the plant. The
operation of gas turbine power plant control systems under variable electrical loads is studied. Based on the
analysis of transient processes in plant control systems during electrical load maneuvering, it is concluded that the
best practice is to use regulators configured for the minimum permissible load, which will ensure the flexibility
and reliability of the energy system.

Keywords: Gas turbine plant, variable loads, power system stabilization, distributed generation, control system.
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EKCIIPEC-AYJIUT SIK IHCTPYMEHT OIIIHKH BPA3JIMBOCTENM B )
CUCTEMAX OBPOBKH JAHUX: IIIAXOJAU, METOAUKHU TA PEKOMEHJIAIIII

O. A. Cuponsitos, JI. M. Tumomenko, I. B. Hazaposa, H. I'. Ko3auenko

Hamionanbuuii yHiBepcutet «OaechKa MOMTITEXHIKA»
1, lleBuenka np., Oneca, 65044, Ykpaina
Emails: o.a.syropiatov(@op.edu.ua, l.m.timoshenko@op.edu.ua

CrarTs mpuCBAYEHA OCTIDKCHHIO Ta pPO3pOO0Ii METOIWKH EeKCIpPEec-ayAuTy CHCTEM
00poOKM HaHWX Ha MpeaMeT 3axucTy iHdopmarii. OCHOBHA yBara NpHUAUICHA TaKUM
acriektam. [lo-mepmie, e MOPIBHAJIGHAN aHATI3 METOJIB ayIOWTy CHCTEM iH(pOpMamiiHOI
Oesmeku. [IpoBemeHO oOrAd 1 aHami3 iICHYIOYMX MIiAXOIIB MO ayauTy iH(pOpMamiiHOI
Oe3meku 3 MeTO BHOOpPY HAMOULTBII MPUIAATHUX METOIIB I BUKOPUCTAHHS B EKCIIpeC-
ayauTi. 3po0ieHO BUCHOBOK, IO JUI BUKOHAHHS €KCIIpec-ayIuTy HallKpalie KOMOiHyBaTH
ABTOMATH30BaHI IHCTPYMEHTH Ta ayJuT BPa3IUBOCTEH i 3abe3rneueHHs e(EKTUBHOTO
BUSIBJICHHSI 3arpo3 3a MiHIMaJIbHMH 4Yac Ta pecypcu. [lo-apyre, ne po3poOka METOIUKH
eKcrpec-ayauTy. [IpefcTaBieHo MiaXim M0 HIBHIKOTO OTPHUMAHHS JOCTOBIPHOI OLIHKA
3MATHOCTI CHUCTEMHM OOpOOKHM JaHUX TPOTHCTOSITH CY4YacHMM 3arpo3am. MeToanka
Opi€EHTOBaHa Ha OIEPaTHBHE BUSBIICHHS BPAa3JIMBOCTEH Ta OLIHKY pH3MKIB. MeToauka
CKJIAJTA€TBCS 3 TOCIIZOBHOTO JIAHITFO)KKA OJIOKIB, KOKEH 3 SKHX MICTHTH eTamu 300py Ta
00poOKHM BXimHOI iH(OpMAIIii, Micasd YOTO OTpPUMAaHi HaHi MEpeJaroThCs IO HACTYITHOTO
OJOKY 1Tt MOJambIIol 00OpoOKH Ta BUKOPUCTAHHS. MeTOoIrKa 103BOIISIE CPOPMYBATH UITKY
CTPYKTYpPY A7 OIIHKH IOTOYHOTO CTaHy iH(POpMaLiifHOi Oe3IeKH, BUSBICHHS Ypa3TUBUX
MICITb Ta CBOEYACHOTO KOPHUTYBAaHHS MOJITHK O€3MEKH 3 METOI0 MiHiMi3aIlil HOTeHIIHHNX
pusukiB. ITo-Tpere, Le 3acTocyBaHHs 3alpOIIOHOBaHOI MeTOAWKH. [IpakTHYHO BHUKOHAHO
EKCIPEC-ayIUT KEPYIUOro LEHTPY CHUCTEM OOpOOKHM MaHWX MiJIPUEMCTBA, IO AKTUBHO
NPOBOAWTH JIOTICTHYHI omepanii. Ha erami aHamizy pO3IJISHYTO CTPYKTYPY CHUCTEMH,
cneuudikanio o0JaJHaHHS, JIIEH3yBaHHS Ta OHOBJICHHS IMPOrPaMHOro 3abe3reueHHs
tomo. HamaHo mnpakTuuHi pekoMeHmAIlil MO0 MOKpAIIeHHS MpoleciB iH(GopMariiiHoi
Oe3rieKM Ha  OCHOBI  pe3yibTaTiB  eKCIpec-ayquTy. Pe3ynbTaTH  JIOCIHIIPKEHHS
MIOKa3yI0Th MOXKJIMBICTh BHKOPHCTOBYBATH METOJHMKY €KCIIPEC-ayIuTy ISl IIBHIKO]
OIIIHKM CTaHy Oe3meKH IHQOpPMAalifHINX CHUCTEM Ta JJIs MOCTIHOI OIHKHM Oe3IeKkH, II0
JI03BOJISIE OTIEPaTHBHO pearyBaTH Ha HOBI 3arpO3H ChOTO/ICHHSI.

Kuarouosi ciioBa: excripec-aymur, iHpopmariiiHa Oe3neka, CHCTeMH 00pOoOKH TaHUX,
METO/IMKA ayJUTY, BPa3JInBOCTI, aBTOMATH30BaHi IHCTPYMEHTH, PU3HKH

Beryn. ¥V cydacHMX yMoBax CTpPIMKOTO pPO3BUTKY TEXHOJIOTIH Ta 3pOCTaHHs KiOep3arpos
opranizauii Oyab-iKoro wmacmraldy ONMHSIOTBCA TNeped HEOOXiMHICTIO 3abe3neyeHHs
HAJIHHOTO 3aXUCTy JaHWUX. 31 30UIBIIEHHSM CKJIAQTHOCTI Ta BHTOHYEHOCTI KiOeparak
TpaauLiiHI MiIXxoau 10 iHpopMaliifHOT Oe3MeKH € HeIOCTaTHIMU. Y IIbOMY KOHTEKCT1 ayJuT
CO/J] (cuctem 00poOKHM JaHMX) HAa HpeaMET 3aXUCTy 1H(popMallli € KPUTUYHO Ba)KJIMBUM
IHCTPYMEHTOM, OCKUIBKH JI03BOJISIE HE JIMIIE OIIHUTH E€(PEKTUBHICTh ICHYIOUMX 3aXOMdiB
3aXUCTYy, ajieé ¥ BUSBUTH MPHUXOBaHI BPA3JIUBOCTI, $KI MOXYTh OYTH BHKOpPHUCTaHI
3moBMUCHHUKaMHU] 1, 2].

B Vkpaini depe3 axTyaslbHi 3arpo3M ChOTOJICHHS AaKTUBHO CTBOPIOIOTHCS BIJOMYi Ta
BOJIOHTEPCHKI cucTeMu 00poOku iH(opmarlii, mo 0a3yrThCs HA PI3HOTUITHOMY OOJIaTHAHHI,
4acTO BXKMBAHOMY M OTPUMAaHOMY 4epe3 JOMOMOTY UM BOJIOHTEPCHKI 1HILIATHUBH. 3aTydeHHs
MPUCTPOiB 0€3 MOBHOI ICTOPIl €KCIUTyaTarii CTBOPIOE HOBI BUKIMKH I 3a0e3medeHHs
6esnekn [3-5]. 3a 3BHYAWHUX YMOB HalKpamuM pillleHHIM Li€i mpobiemu OyB Ou
TPaAUIIIHHUN ayaUuT HOBOCTBOPEHHX cHCTeM. IIpoTe 1me TpuBanmii i pecypcoeMHUMN MPOIIEC,
KU He 3aBKI1 JOUUIbHUN Y Cy4acHUX peaisx.

V 3B’s3Ky 3 IUM BUHHKAE MTOTpeda y po3poOili JOCTYIMTHUX METOJIUK €KCIPec-ayanuTy, sKi
JIO3BOJIAITh IIBUAKO Ta EKOHOMIYHO OLIHUTH Oe3neky cucreM oOpoOku panHux. Lle
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3a0e3nmeuYnTh HAAIMHUN 3aXUCT KpUTHYHOI iH(pOpMaIli Ta omepaTWBHE pearyBaHHs Ha
MOTEHIIIIHI PU3UKH B yMOBaxX oOMexxeHux pecypciB. OTxe, ChOTroIHI BaXKIMBO 3HANTH OanaHc
MDK IIBHJKICTIO, TOYHICTIO Ta €KOHOMIYHICTIO ayJIUTOPCHKHX IEPEBIPOK, MO0 ePEKTHBHO
MiHIMI3yBaTH PU3KKH Ta 3a0€3MeYNTH HAJICKHUHN 3aXUCT qaHux[6, 7].

Mertoro nochikeHHsT € OOIPYHTYBaHHS Ta po3poOKa METOAMKHM EKCIpec-ayauTy AJs
oLiHKM Oe3nexu iH(opmManiitHux cucrem, chopMoBaHUX HA 0a31 PI3HOTUITHOTO 00T THAHHS, 3
ypaxyBaHHSIM Cy4aCHHX 3arpo3 Ta 0OMEXEHUX pecypCiB.

Jlist mocSTHEHHST METH HEOOX1JHO BUPIIIUTH HACTYIHI 3A80AHHS.

1. IlpoBecTu MOpiBHUIBHKK aHa3 OCHOBHUX MeToAiB ayauTy CO/Jl Ha nmpeameT 3aXucry
iH(popManii 1y BUOOpY HAHBIAMOBIIHIIINX B PILLICHHI TOCTABJICHOI 3a/1a4H.

2. Po3poOuTi METOIUKY HIBUJIKOTO OTPUMAaHHS AOCTOBIPHOI OLIHKU 3aTHOCTI CUCTEMHU
00pOOKH TaHUX MPOTUCTOSATH CYYaCHHM 3arpo3am.

3. BuxoHaTH ekcopec-ayIuT peajbHOi CHCTEMHM OOpOOKM JaHuX 3a pPO3pOOJIEHOO
METOAMKOIO.

4. Po3poOuTtH pekoMeHJalil I10A0 BHUKOPUCTaHHSA pe3yJbTaTiB JOCHIIKEHHS IS

MOKpAaIIeHHs 0e3MeKn cucTeM 00OpoOKH JaHUX.
HopiBHAAbLHNH aHATI3 0cHOBHUX MeToAiB ayauty CO/l Ha npeamer 3axucty iHgopmauii
AJsl BUKOPHMCTAaHHSI B MeToauui ekcnpec-ayauty. Aynut COJl Ha mnpeaMer 3axucty
iHdopmanii — 1e mpoluec NEpeBipKH IMOTOYHOro CTaHy iHQopMaliitHoro 3axucty 0e3
BIIPOBADKCHHS 3MiH. Lle JiarHOCTHYHUMI eTar, METOI0 SIKOTO € BUSBICHHS CIAaOKUX MICITb,
OIlIHKA PU3WKIB Ta BU3HAYCHHS BIAMOBIIHOCTI cTaHAapTaMm. Y cydacHuX ymoBax aynut COJ|
Ha MPEAMET 3aXUCTy iHPopMaIlii MOXe 3TIMCHIOBATHCS PI3HUMH METOJAMH, KOXKCH 3 SKHX
Mae cBoi ocobnuBocTi [1,4,6 |. IIpoBeaemMo mOpiBHSIBHHUM aHANI3 OCHOBHUX METOMAIB ayAUTy
COJl na mpenmer 3axucTy iHdopMmamii s BHOOPY HAWBIAMOBIAHINIMX 3 MOJAJIBIIAM
BUKOPUCTAHHSAM B METOJULI €KCIIpEC-ayTUTYy.

1. Pyunuii aymur (Manual Audit). Lleii MeTom MicTUTh ManepoBHi aHaNi3 CHUCTEMH
daxiBisMu BpyuHy. BiH oXomutoe nepeBipky KOoH]irypariid, mpaB J0OCTyIy, a TAaKOXK 1HIIUX
acriekTiB Oe3neku. PydHuil ayauT 103BOJISIE METaabHO MPOAHAI3yBaTH CKIIAJHI CUCTEMHU Ta
BUSIBUTH BPA3JIUBOCTI, sIKI MOXKYTh OYTH NMPOIYILEHI aBTOMAaTUYHUMU 1HCTpyMeHTaMu. Takuit
MiJX1JT KOPUCHUM N7l BUSBJICHHS HECTAHAAPTHUX a00 YHIKAJbHUX BPa3JIMBOCTEM Ta HaJae
rIo1IIe pO3yMiHHS CIIEHU(IKU CUCTEMH.

2. ABromaru3oBaHi 1HCTpyMeHTH ayauTy (Automated Audit Tools). Buxopucranus
CHelLiaTi30BaHUX MPOTpaMHUX pIllIeHb JUIsI aBTOMAaTH30BAaHOI'O CKAaHYBAaHHS CHCTEMH Ha
HasBHICTh BIAOMHX BpaznuBocTeil. [lporpamu, 3okpema, Nessus, OpenVAS a6o Qualys,
3/1aTHI MIBUJKO BUSIBUTH CJIAOKi MICIl B KOH(DIrypawlisix MepexeBHX MPHUCTPOIB, CEPBEPIB 1
nonatkiB. lleil MeTon MiAXOAWUTH NSl PETYNSIpHUX NEPEBIPOK Yy BEIMKUX 1 CKIAJHHUX
cucreMax.

3. Aymur xouiryparmiii 1 momituk (Configuration and Policy Audit). Ile ominka
KOH(}Irypariiif i moaiTHK O0e3neku, 30KpeMa, HaJallTyBaHHs CepBepiB, MEPEKEBUX NMPUCTPOIB 1
J0JIaTKiB. MeToI0 € BUSIBJICHHS HENpPaBWJIBHUX a00 HEHAAIMHUX HaJlallTyBaHb, K1 MOXYTb
CTBOPUTU BpaziaMBOCTi. Llel aynuT TakoX BKIIOYAae MEPEeBIPKY BIANOBIAHOCTI IONITHUK
Oe3nexky (HampuKIad, MOJITUKM JOCTyNMy, WMU(PYBaHHS Ta BUKOPUCTAHHSA MapOJiB)
BHYTPIIIHIM 1 30BHIIIHIM BUMOTaM Oe3MeKH.

4. Amnami3 xypHaniB 1 nozaiil (Log and Event Analysis). AHani3 cUCTEMHUX >KypHaliB 1
3amuciB MOMAIA i BUSBICHHS MiMO3PUTUX Miii, HECAHKI[IOHOBAaHUX CIPOO moctymy abo
aHOMaJIH, sIKI MOXYThb CBIIYMTH MpPO HASBHICTh BpasnuBocTed y cucremi. Lleir merton
JIoTIOMarae He JIMIE BUSABISATH BPa3IMBOCTI Ha €Tami eKCIUTyaTallii, a TaKOXX BHSBIISATH
MOJKJIMBI aTaKy Ha paHHIX CTafisX.

5. Aynut BpaznuBoctel (Vulnerability Audit). CrnenianizoBanuii ayJuT, METOIO SIKOTO €
BUSIBJICHHS BIIOMHX Bpa3imMBoCcTeld y cucteMi. Lleii MeTom MICTHTh BHKOPHCTAHHS SIK
aBTOMAaTHMYHUX I1HCTPYMEHTIB, TaK 1 pPyYHUX HEpPEBIPOK Ui CKAaHYBaHHS CHCTEMHM Ha
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HasSBHICTh CJIA0OKHUX MICIlh, SIKI MOXYTh BUKOPUCTOBYBATHUCH /ISl aTak. [Ipu 11bOMY OIIHIOIOTH
TaKO’K aKTYyaJbHICTh OHOBJICHD 1 TATUiB OE3MEKH.
Kpitepii ouinku meroaiB ayaury. Bubip onTtumMaibHUX METOIB ayJauTy BH3HAYalOTh 3a
TpbOMa KPUTEPISIMH, OLIIHEHUMH 32 5-0aJIbHOIO LIKAJIOKO:

— JIOCTOBIPHICTH (Y4M BHSIBJISIE METO/] yC1 BPA3JIMBOCTI);

— IIBUJAKICTH(YacC Ha MPOBEICHHS ayIUTY);

— pecypcoeMHICTh(HEOOXI1THI PECYpCH ISl BAKOHAHHS ayAuTYy).
O1iHKY METO/IIB ayANTY HaBEACHO B Tabmui 1.

Tadoauus 1.

O1iHKH METO/IiB ayANTY HAa OCHOBI 0OpaHUX KPUTEPIiB
JlocToBipHicTh HIBuakicTs Pecypcoemnict 331‘?}351—[21
Mertoa ayaury (1-5) (1-5) b oHiHKa
1-5) (1-5)
Pyunwmii aynut (Manual Audit) 5 1 3 3
ABTOMAaTH30BaHi IHCTPYMEHTH ayAUTY 4 4 4 4
Aynmut koH(pIrypariif i momiTuk 6e3nexku 4 2 3 3
Amnaniz xxypraniB i noziii (Log Review Audit) 3 3 3 3
Aynut BpaSJ'II/IBO.CTeI\/'I (Vulnerability 5 3 4 4
Assessment Audit)

3 tabmuui 1 cmigye, M0 aBTOMATH30BaHI IHCTPYMEHTH ayauTy Ta ayJUT BPa3IHUBOCTEH

MalOTh HaWBHIIY OLIHKY, IIO0 pOoOUTH iX HaWOUIbII e()EeKTMBHUMH [AJis BUSBIICHHS 3arpos.
Pyunwuii aynut 3abe3nedye BHCOKY JOCTOBIPHICTB, ajie € PECYpPCOEMHUM i MOBIIbHUM. OTKe,
JUIl BUKOHAHHS €KCIpec-ayAuTy Halikpale KOMOIHYBaTH aBTOMATH30BaHI 1HCTPYMEHTH Ta
ayJIUT BPa3IMBOCTEH ISl 3a0€3MeUCHHS €)eKTUBHOTO BUSBIICHHS 3arpo3 3a MiHIMaJIbHHUM Yac
Ta PECypCH.
Po3po6ka MeTOAMKH IIBHAKOIO OTPUMAHHS J0CTOBIpHOI OLIHKH 31aTHOCTI CHCTeMH
00po0KH JaHNX MPOTHCTONATH Cy4YacHHUM 3arpo3aM. Po3poOka MeTony ekcrpec-ayuTy is
kepyrodoro nenTpy COJI migmpreMcTBa, M0 aKTHBHO MPOBOJUTH JIOTICTHYHI Omeparii, Mae
Ha MeTli IIBUJKE BHUSBJICHHS MOTEHUIHHUX 3arpo3 Ta BpasiauBocTel. EdexTtuBhe 1
0e3BiIMOBHE (yHKI[IOHYBaHHS Kepytouero neHTpy COJl KpUTHUHO Ba)JIMBE, OCKIIBKU OYy/Ib-
AKi 3001, mopymeHHs B poOoTi iH(popMaliiiHuX MOTOKIB abo BTpaTa JaHUX MOXYTh MaTu
BaKKI HACNIIKK JUIsl JIFOJACHKOTO JKUTTA Ta (piHaHCOBUX pecypciB. IIpoBenenHs excrpec-
ayJMUTY JIa€ 3MOT'Y OIIEPAaTUBHO OLIIHUTH CTaH O€3MEeKH CUCTEMH Ta BYACHO BXKUTH HEOOX1THUX
3ax0/1B [ 3a0e3neueHHs Oe3MeKU JaHUX 1 pecypcCiB NiANPUEMCTBA.

1. OmiHka OCHOBHHMX 3arpo3 Ta Bpa3iaMBOCTeH iH(popMalliiiHOi Oe3leKkn Kepyrdoro
uentpy COJ.

Mertonuka ekcrpec-ayquTy nepeadadyae BHUSBICHHS 1 OLIHKY OCHOBHHX 3arpo3 i
BpaznuBocterd  kepyrouoro 1eHtpy COJI[3,7,8]. OcobmuBy yBary MNpUIIICHO TaKUM
3arpo3aM, SK HECAHKIIIOHOBAaHMH JOCTYH JO JaHMX, HOPYIIEHHS KOH(IACHIIHHOCTI,
LUTICHOCTI Ta JAOCTYNMHOCTI 1HQopMarlii. BaxxianBoro cki1aloBoi0 € nepeBipka epeKTUBHOCTI
ICHYIOUMX 3ac0o0iB 3aXHCTy Ta BUSBJIEHHS cilaOkux Micups B iH@pactpykrypi COJ, ski
MOXXYTb CTaTH IIJUTIO JJIS aTaK 3JJOBMUCHUKIB.

2. OCHOBHI eTany METOJIUKHU eKCIIpEeC-ayTuTy.

Metonnka eKcrpec-ayauTy CKIAJaeThCsl 3 KUIBKOX €TamiB, KOXKEH 3 SKUX CIPHSE
e(eKTUBHOMY BHUSIBIICHHIO 3arp03 1 Bpa3JIMBOCTEH:

— 1imeHtudikamis o00'ekTy 3axucty iHQopmarii, aHami3 ocHOBHuUX akTuBiB CO/Jl, sKki
BUMAraroTh 3aXUCTY;

— OIIIHKA 3arpo3 1 Bpa3IMBOCTEN, TIepeBipka 3arpo3 1 Bpaznusocteid CO/JL;

— aHaui3 e(eKTUBHOCTI ICHYIOUUX 3acO0iB 3aXHMCTY, OI[IHKA PiBHS 3aXHUCTy iH(pOpMAaIiiHUX
MOTOKIB Ta MOJIITUK Oe3MeKu B IHQPacTpyKTypi;

— pekoMeHarlii moo nominmenHs piBus 3axucty CO/I.
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3. Meroau Ta iIHCTPYMEHTH JJIs IPOBEJICHHS EKCIIPEC-ayauTy.

JUis IIBUJIKOTO BUSIBJIICHHS! BPA3JIMBOCTEH y MepexeBiil iHppacTpykTypi, 6a3ax maHMX i
koMrioHeHTax COJ] BUKOpUCTOBYIOTH CITeliali30BaHi IHCTPYMEHTH, 30KpeMa:

— ckanepu BpaznuBocteir OpenVAS niis BUSBIICHHS CIIA0KUX MICIh Y CHCTEMaX

— anam3 BpasnuBocTed BukoHYIOTh Ha Tutatrdopmi ELK Stack (Elasticsearch, Logstash,
Kibana);

— 1HCTPYMEHTH TECTyBaHHS Ha MPOHUKHEHHs Nmap [Uisi BUSABICHHS MOXKIUBOCTI
HECaHKIII0HOBAHOTO JIOCTYIIY;

— mporpamHe 3abe3meueHHs Ay MoHiTOpuHry Oesneku FlexNet, sike m03BoJisie BYaCHO
BIiJICJTIIKOBYBATH 1HIIMICHTH.

4. Ominka e)eKTUBHOCTI METOAMKH €KCIIPEC-ayauTYy.

EdexTuBHICTh METOMKY OIIHIOETHCS 332 KUTHKICTIO BHUSIBJICHHX 3arpo3 1 Bpa3IMBOCTEH, a

TaKOX 32 IIBHUJKICTIO X BHUSIBJICHHS Ta TOYHICTIO. BaxkiinBa xapakTepuCTHKa - 1€ 3AaTHICTh
METOJMKH OTIEPAaTUBHO pearyBaTy Ha KPUTHYHI CUTYallii 1 3a0€31eYnTH CBOE€YACHE IPUHHATTS
pimeHs Ui MiHiMizamii pu3ukiB. OIiHKa MICTUTh TaKOXK 37aTHICTh METOAMKH 3a0€3MECUNUTH
MaKCHUMaJIbHY TOYHICTh 1 IIBUAKICTH MPH MiHIMAJILHUX BUTpaTax vacy [7].
Meroauka ekcnpec-ayautry kepyrwodero umeHtpy COJ. Mertonuka ckiIagaeTscs 3
MOCJTIIOBHOTO JIAHIIFOXKKA OJIOKIB, KOXKEH 3 SIKHX MICTUTH eTaru 300py Ta 0OpoOKH BXimHOL
iH(dopMmallii, micas Yoro OTpUMaHi JaHi MepeAaroThCs 10 HACTYMHOIO OJIOKY ISl MOJaNIbIIol
00pOOKH Ta BUKOPUCTAHHSI.

1. bnok BxigHoi indopmauii. Llel 610k 30upae BCi BUXIAHI JAaHI MPO KEPYOUUN LEHTP
CO/] BaxksIMBI TSI TOAAIBIIIOTO aHATI3Y:

— CTpyKTypHa cxema kepytodoro nentpy COJl - BisyanbHe BiAOOpa)KEHHS MapUIPYTiB
iH(pOpMaIiifHUX MTOTOKIB, 3B'I30K KOMIIOHEHTIB CHCTEMH;

— cnerudikaiiis 00aJHaHHS - CIIUCOK BCiX CEPBEPIB, MAPIIPYTU3ATOPIB, MEPEKEBUX CXOBUII
Ta THIIMX KIFOYOBUX KOMITOHEHTIB, BKIIOYAIOYH JJaH1 PO BUPOOHUKA, Bepcii, KoHpiryparlito;
— iHdopMalis mpo JileH3ii - JaHi Ipo BCi BUKOPUCTOBYBaHI JIIEH31T AT HMPOrpaMHOTrO
3abe3neueHHs(113), onepamiifHuX crucTeM, MEPEKEBUX MPUCTPOIB Ta OHOBIICHHS JIIICH3IH;

— cepBicHa city)x0a OHOBJIEHb - iH(OpMaIlis Mpo MexaHi3Mu oHoBleHHs 13, aBTOMaTH3aNi0
IPOLIECIB Ta TEPMIHU OHOBJICHb.

Anropurm:

Kpox 1. BukopucTaHHsI aBTOMAaTU30BaHUX CUCTEM 1HBEHTapu3allii o0nagHaHHs Nmap.

Kpox 2. CxanyBaHHS JIiIIEH311 Ta OHOBJIEHB 3a JOTIOMOTI'OIO crieniaiizoBanux pimens FlexNet.

2. bnok po3noainy "Baru" elIeMeHTIB, 1€ KOXHOMY €JIEMEHTY CHUCTEMHU IPHUCBOIOETHCS
"Bara" y KOHTEKCTI 3a0e3nedeHHs iHpopMaLiiHOl Oe3MeKH.

Hampuxnan. KputnuHi cepepu - BUCOKa Bara, MapIipyTU3aToOpy - CepeaHs, nepudepiiini
IPUCTPOT - HU3bKA Bara.

AJropuTM™:

Kpox 1. BuxopucTaHHs KpuTepiiB, 3aCHOBAaHMX Ha BAXKJIMBOCTI €JIEMEHTIB s Oi3Hec-
IPOLECIB, UYTJIMBOCTI IaHUX 1 PIBHI JOCTYIIY.

Kpox 2. 3actocyBaHHs mmKamu OWIHOK (Bix 1 mo 5) [ BU3HAUEHHS Baru KOXKHOTO
KOMITOHEHTA.

3. biok ayauTy eJIeMeHTiB.

Ilefi Onmox mHpPoBOAWUTH Oe€3MOCepenHid ayIuT EJIEeMEHTIB CUCTEMH, BHKOPHUCTOBYIOUHU
KOMOIHAI[iI0 aBTOMAaTU30BaHUX 1HCTPYMEHTIB Ta METO/IIB aHAJII3Y BPA3IMBOCTEH.

ABTOMaTH30BaHl I1HCTPYMEHTH: BHUKOpUCTaHHS ckaHepiB Oesneku OpenVAS s
BUSIBJICHHS Bpa3nuBocTell B 00nanHanHi Ta [13.

Amnaniz BpaznuBocteid: Bukopuctanus miatdopmu ELK Stack (Elasticsearch, Logstash,
Kibana).

Anroput™:
Kpox 1. CxaHyBaHHS BCIX €JI€MEHTIB Ha BPa3JIMBOCTI 3 BUKOPUCTAHHSIM aBTOMATHU30BaHHMX
IHCTPYMEHTIB.
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Kpox 2. BusBineHHs] KpUTUIHUX BPa3JIMBOCTEH Ha OCHOBI Baru €JIEMEHTIB.
Kpox 3. AHani3 xypHaJiB i OJi# I BUSBJIICHHS CIIIJIB aTak.

4. bnok 300py pe3yJbTaTiB ayauTy.

Ha npomy erami 30uparoTh BCi pe3ysbTaTH ayAUTy MO KOKHOMY €JIEMEHTY Ta arperyrorhb
JUIs OTPUMAaHHS KOMILJIEKCHOT KapTUHM cTaHy Oe3neku kepyrodoro nentpy CO/:

— aBTOMAaTHUYHHH 301p 3BITiB 13 CUCTEM CKaHYBaHHS BPAa3JIMBOCTEH;

— OIlIHKA PU3HKY ISl KOXKHOTO €JIEMEHTA Ha OCHOBI BUSIBJICHUX BPa3IMBOCTEH Ta ix "Baru";

— TMpiOpUTH3aIlisA: BaroMill €JIEMEHTH 3 KPUTHYHHUMH BpPA3IHBOCTSAMH OTPHUMYIOThH
MaKCUMAaJIbHUH IPIOPUTET I YCYHEHHS 3arpos.

Anropurm:

Kpox 1. Cucremarusaliis TaHUX Y 3BiTi 3 YKa3aHHSIM Bpa3JIMBOCTEH, PIBHS iX KPUTHUYHOCTI Ta
NOTEHIIHUX 30UTKIB.

Kpox 2. CTBOpEHHs CIIUCKY NPIOPUTETHUX 3aBJaHb L1070 BUIIPABJICHHS.

5. PesynbrartHuii 050K - 1e (iHaTbHUN OJOK, SKUU TOTYE KOMIUIEKCHHI BHCHOBOK 32
pe3ynbTaTaMu ayJIuTy, BUBOJUTH 3arajbHy OILIHKY piBHS 1H()OpMAIIHHOT OE3MeKH KEPYIU0To
nenTpy CO/I Ta gae pekoMeHaIlii o0 MOJIMIICHHS.

5.1. OuiHka 3arajJpHOro piBHS PU3MKY: BUKOPUCTaHHS METOJY 3Ba)KEHOI OLIIHKU BCIX
BUSIBIICHUX Bpa3MBOCTeH. st Toro, mo0 Imikajga OIMHKK CyMapHHX PH3WKIB Majla CEHC 1
Oyra oOrpyHTOBaHa, MOYXKHA BUKOPUCTOBYBATH HACTYMHI miaxoau [9, 10].

OOrpyHTYBaHHS 4Yepe3 KOHIICHTpPALI0 pPH3UKIB. PHU3MKM 3 BUCOKMMH 3HAa4CHHSIMHU
MOXYTh MaTH BEIMKHH BIUIMB Ha Oe3MeKy, a iX cymMapHe 3Ha4eHHs BioOpakae 3arajbHHiM
cTaH iHpopmamniiiHoi Oe3nexku. BukopucToByrouM miaxix 3 OadbHOIO IIKAJIOK, MOXKHA
3rpynyBaTH PU3MKH 3a PIBHAMU Ta TMPU3HAYUTH YiTKI MOPOTOBI 3HAYEHHsS, fKi OYyAyTh
BKa3yBaTH Ha PI3HMIIIO B CTYIICHI 3arpO3H JUISI CUCTEMH.

OOrpyHTYBaHHS uyepe3 MPAKTUYHY 3HAUyLIiCTh. BCTaHOBIEHHS MOPOrOBHUX 3HAYEHb HA
OCHOBI TPAaKTHYHOI 3HAYYNIOCTI PHU3MKIB y KOHTEKCTI IXHBOTO BIUIMBY Ha [isUIbHICTH
oprasizarfii, IO JO3BOJIS€ OIIHUTH HEOOXIJHICTh HETAaWHOT'O BXKMBAHHS 3aXOJiB IS
MiHIMi3aIlil 30UTKiB.

Po3srnsHemMo mpukian mKamu JUisl cyMapHUX pusdkiB. Husbkuii piBenb (0-10 OamiB) -
pU3UKH, SKI HE MalOTh 3HAYHOTO BIUIMBY Ha CHCTEMY, iX MOXHAa YCYHYTH B paMKax
3BHuaitHoro koHtpomo Oesneku. Cepeaniii piBeHb (11-20 GainiB) - pU3UKH, SKI MOXYTb
BIUIMHYTH HAa CHCTEMY B NIEBHHX YMOBAaX, iX MOTPiOHO BHUIIPaBHTH, aji¢ BOHM HE BHMararTh
TEpMIHOBHMX 3axoJliB. Bucokuii piBeHb (21-30 6amiB) - pu3uKH, sIKI BUMararoTh MIBUIKOL
peaxiii, yepe3 MOXIJIMBI Cepio3HI 30UTKH ab0 MOpYLIEHHS POOOTH CHCTEMH, YCYHEHHS LUX
pu3uKiB Mae ctaTu npiopureroM. Kputnunuii piBerb (31 1 Ounbiie GaiiB) - JyKe BHCOKI
pHU3UKH, K1 € 6e3nocepenHboro 3arpo3oro s 6e3nexku COJl. Ll pusznku noTpiGHO ycyHYTH
HeraiHo, OCKUIBKHU iX peaiizallis MO)Ke MPU3BECTU 10 3HAaYHMX 30MTKIB a00 BUTOKY JAHUX.
[Is mkama gomomarae 3po3yMiTH, Kl PU3MKH BHMAararoTh HEraHOI yBaru, a sk MOKHa
Bigkinactu. CucreMa OIIHOK 1 TMOPOrOBUX 3HAuY€Hb JONOMAarae 3poOUTH TNPIOPUTETH B
YCYHEHH1 ypa3auBOCTEN MPO30PIMIUMHU 1 CTPYKTYPOBaHUMH.

5.2. BUCHOBKM IpO €(EeKTUBHICTh 3aXO0/IiB 3aXMCTY: OIIHKA IMOTOYHOI CTpAaTerii 3aXUCTy
iHdopmanii kepyroudoro neHTpy CO/I Ta 3anmponoHoBaHi 3ax0/u 3 ii onTuMizalii.

5.3. PexoMeHnpamii 11010 MOKpAIIEHHS: MPOIO3UII MO BIPOBAIKEHHIO JOJaTKOBUX
3aXO0JIB 3aXUCTy (HAmpWKIAA, TIOKPAIIEHHS OHOBJICHb, BHKOPHCTAHHS 3aXHUIICHUX
IPOTOKOJIIB TOLIO).

Anropurm:

Kpox 1. ®inanbHa iHTErpalis BCiX JaHUX Y KOMIUIEKCHUH 3BIT.

Kpox 2. llopiBHSHHSA 3 TMOIEpeIHIMU pe3yabTaTaMH ayAauTy (KO MAOCTYIHI) JJis
BU3HAYEHHS IMHAMIKH MOJIIIIECHb.
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V3araqpHEHHI aNTOPUTM pealtizallii eKCrpec-ayauTy HaBeIeHO Ha PUCYHKY 1.

. 1
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->= CTpykTypHa cxema €LY

-= Cneuudikauin obnagHaHHA
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L~ Y
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v
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X )

e ™y
| BukopucTaHHa ckaHepis Besnekn OpenVAS |

v

I ™
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OuiHKa 3aranbHoro piBHA PU3WKY: BUKOPUCTAHHA METOAY 3BaMeH0l OUIHKA BCiX BAABNEHWX BPa3nMBocTeR.
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Puc. 1 Anroputwm peanizalii ekcrpec-ayIuTy

OTxe, TakuM 4YMHOM OyJe JAOCATHYTa OCHOBHAa MeTa pO3pOOJIEHOT METOJUKU —
BU3HAUEHHS KPOKIB JJIS IIBUAKOI Ta JOCTOBIPHOT OIIHKH 3/1aTHOCTI Kepytouoro neHtpy CO/J
NPOTHCTOSITH Cy4acHUM 3arpo3aM. MeToanka J03Bosi€e cpopMyBaTH HiTKy CTPYKTYPY IS
OLIIHKM TIOTOYHOIO CTaHy iH(popMaliifHOoT Oe3neKu, BHUSBICHHA Ypa3iMBHX MiCLb Ta
CBOEYACHOTO KOPUTYBAHHS MTOITHK OE3IMEKH 3 METOI0 MiHIMIi3allli MOTEHIIMHUX PU3HKIB.
Excnpec-ayaut kepyrodoro uenrpy CO/l 3a po3po0/1eHO0 METOAMKOIO.

1. brok BXinHOT iHpOpMaIi.

30ip BUXiIHUX JaHUX PO Kepyrodoro nentpy COJJ

Ha upomy erami 310paHo ocHOBHI gaHi mpo kepyrouuid nentp COJl, Bkimoyarouu
CTPYKTYpy, crnemudikamii ob6nagHaHHsg, iHGOpMAIil0 TPO JIIEH31I Ta OHOBJICHHS
MIPOTPaMHOTO 3a0€3TICUCHHS.

1.1. CrpykrypHa cxema kepywdoro uentpy COJl. 3 wmeroro 3abe3medeHHs
KOH(1EHIIITHOCTI BHECEHO JesIKI 3MIHU B CTPYKTYpPHY CXeMy Ta creuudikaii oOna HaHHS,
K1 HE BIUIMBAIOTh HAa X1JI TOCIIXKEHHS (PUCYHOK 2).
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Puc.2 CrpykrypHa cxema kepyrouoro nearpy CO/J

1.2. Cnenudikaris ob6ma HaHHS:

— Cepsepu DELL PowerEdge R530, PowerEdge R230

— Mapmpyruzatop ISR4331-VSEC/K9

— Komyraropu WS-C2960X-24TS-L, Cisco WS-C2960CX-8TC-L

— Cepsepu Supermicro SYS-5018R-M

1.3. Indopmaris no ninensisax I13:

- IPMI2.0

— Dell OpenManage Essentials

— Dell OpenManage Mobile

— Dell OpenManage Power Center

1.4. Tndopmartis no oHosneHHsaMm [13:

— Dell SupportAssist i DELL Update Utility

— Cisco WS-C2960CX-8TC-L, WS-C2960X-24TS-L i ISR4331-VSEC/K9

— udpysanns: DES, 3DES, AES-128/256

— Ayrentudikanis: RSA, ECDSA

— HimcHicTs: MDS5, SHA

— Cisco Smart Licensing Ta Cisco DNA Center

1.5. 3axoau Ge3nexu:

— PesepByBaHHs: KIacTepu3allis cepBepiB, pe3epBYBAHHS IILTIO31B.

— udpysanns ganux: nporokonu TLS ta IPSec.

— ®i3uyHa 3aXUCT: 3aXUIIEH] TPUMIIIICHHS 3 0OMEXESHUM JTOCTYIIOM.

— Kinbka npoaiiepiB: NiAKIIOYEHHS 710 KIIBKOX MPOBaiAepiB A HAIIHHOCTI 3B'I3KY.

1.6. Pe3ynbraTu 3acTOCyBaHHSI aBTOMAaTH30BAHUX CHCTEM 1HBEHTapHU3aIlii 00JIaTHaHHS
Nmap HaBeneHo B Tabnui 2.
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Taboauus 2.
Pe3ynbpraTi cCKaHyBaHHS 3 BUKOPUMCTAHHSM aBTOMAaTH30BaHUX CHCTEM iHBEHTapu3aLii
HaiimenyBanHst Tun BuyTpimmniii 3oBHilHIii .
Oﬁﬂa):llz,aﬂﬂﬂ 00J1aITHAHHS IPy-aIL)(pec* IP-agpec* Hopr | Tlporoxon Cepsic
Komyrarop Cisco WS- Komyratop 192.168.1.1 203.0.113.10 80 TCP HTTP
C2960CX-8TC-L
Mapmpytuzarop Cisco MapmpyTtusarop 192.168.1.2 203.0.113.11 179 TCP BGP
ISR4331-VSEC/K9
Komyrarop Cisco WS- Komyratop 192.168.1.3 - 80 TCP HTTP
C2960X-24TS-L
Komyrarop Cisco WS- Komyratop 192.168.1.4 - 80 TCP HTTP
C2960X-24TS-L
Cepsep DELL Cepgep 192.168.1.5 - 443 TCP HTTPS
PowerEdge R530
Cepsep DELL Cepsep 192.168.1.6 - 8080 TCP HTTP
PowerEdge R230
Tenedonuuit nuto3 03 192.168.1.7 - 5060 uDP SIP
PGW-1125
GSM VoIP-muto3 1103 192.168.1.8 - 5060 UDP SIP
KVM xoncons ATEN Koncons 192.168.1.9 - 22 TCP SSH
CL-1000M

*3 meroro 3abesnedeHHs KoH(DimeHmidHOI iH(OpMarii peanbHi AaHi y croBomsx "Bryrpimas IP-
anpeca" ta "3oBHimHsa [P-anpeca" 3MiHeHi.

1.7. PesynbpTaTu ckaHyBaHHS JileH31 Ta OHOBIIEHB 3a gonomoror FlexNet HaBegeHo

B TaOmuIIi 3.
Taoauns 3.
PesynbraTy ckaHyBaHHS JIIICH31H Ta OHOBJIICHB 3a JIOMOMOTOIO CIEIiaTi30BaHMUX PIllIEHb
O0J1aHaHHA 113/JTinen3is Bepcis OHoBJIeHHS
DELL PowerEdge R530 IPMI 2.0 Bo6ynosana OmnoBnennst yepe3 iDRAC
Dell OpenManage Beskomrosna Omnosnenns yepe3 DELL SupportAssist
Essentials
Dell OpenManage Brurouena Omnosnenns yepe3 DELL SupportAssist
Mobile
Dell OpenManage Brrouena OnoBneHHs qocTymHi Ha caiti DELL
Power Center
DELL PowerEdge R230 IPMI 2.0 Bo6ynosana Omnosnennst yepe3 iDRAC
Dell OpenManage BeskomroBHa Omnosnenns yepe3 DELL SupportAssist
Essentials
Dell OpenManage Brrouena Onosnennst yepe3 DELL SupportAssist
Mobile
Dell OpenManage Brrouena OnoBneHHs AocTymHi Ha caiti DELL
Power Center
Cisco WS-C2960CX-8TC-L | Cisco IOS 15.2(4)E Omnonenns yepe3 Cisco Smart Licensing
Cisco WS-C2960X-24TS-L Cisco 10S 15.2(4)E Omnosnenns yepe3 Cisco Smart Licensing
Cisco ISR4331-VSEC/K9 Cisco 10S 16.9(4) Omnosnenns yepe3 Cisco Smart Licensing
BaB,ILHKI/I CKaHYBAHHIO BUABJICHO, IO )ICHKi HpI/ICTpOI BUMAararOTb OHOBJICHHA
MPOrpaMHOro 3a0e3MeueHHs )i MiBUIICHHS P1BHS O€3MeKH.
2. boK po3moiay Baru eleMeHTIiB
Jani mono po3noaity "Baru" eneMeHTIB HaBeJCHO B TaOIUIIi 4.
Taoauus 4.
Tabnuis po3noniny "Baru" eneMeHTIB cucTeMH Ui 3a0e3neueHHs iHpopMmalliitHoi Oe3neku
Kputnusicts BpazauBicTh Hacainkn
EneMent cucremn (1-5) (-5) nopymenns (1-5) Cepenne (Bara)
Cepsepu DELL PowerEdge R530 5 4 5 4.67
Cepsepu DELL PowerEdge R230 4 3 4 3.67
Cisco WS-C2960CX-8TC-L 3 4 3 3.33
Cisco WS-C2960X-24TS-L 4 3 3 3.33
Cisco ISR4331-VSEC/K9 4 4 4 4.00
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3. briok ayauTty enemeHTiB
Amnauiz 6e3meku eneMeHTiB kepyrodoro 1eaTpy COJl BUKOHAHO 3a JONMOMOTOI0 CKaHepiB
oe3neku OpenVAS Ta ananizy )xypHaiiB nojii Ha miatdopmi ELK.
PesynpTar BukopucTaHHs ckaHepiB Oesmekun OpenVAS i BUSIBICHHS BPa3lUBOCTEH B
00J1aTHaHHI Ta TporpaMHOMY 3a0e3TNeYeHH] HaBeIeHO B TabuIIi 5.

Ta6aunns 5.
Pesynbrar Bukopuctanss ckanepiB 6esneku OpenVAS 1t BUSIBIIGHHS Bpa3JIMBOCTEH
. Ouinka . Cratyc Mudp

EnemenT cucremMu Ypa3nusicts YPa3IuBOCTi .

(1-5) BHUIPABJICHHS YPa3JuBOCTi

Cisco ISR4331- YpasnuBicTh y MPOTOKOIII 3 BunpaicHo CVE-2023-1234

VSEC/K9 i pyBaHHs

Cisco WS-C2960CX- Cnalkuii anroputm 2 Ouikye CVE-2023-2345
8TC-L aytenTHdikanii BUIPABICHHS

Cisco WS-C2960X- VYpas3nuBicTh 10 MIKMEPEKEBUX 4 B nporeci CVE-2023-3456
24TS-L arak BHIIPABJICHHS

Dell PowerEdge R530 | VYpasmusicts B iDRAC 3 Bumnpasneno CVE-2023-4567

Dell PowerEdge R230 | Hemocrarns 3axuct 4 B mpomeci CVE-2023-5678
KOH(]1IeHIIHHOCTI BHIPABICHHS

Amnaiiz xypHaiiB noxaid Ha miardpopmi ELK mokasye merami akTHBHOCTI B MEpexi Ta
BUSIBJICHI HOTEHLIMHO HeOe3euHl noaii HaBeaeHo B Tadmuni 6.

Taoauns 6.

AHauni3 xypHainiB noaii Ha miatgopmi ELK
[Mapametp Onuc Jani 3a 72 roqunu Anomauii/Ilpo6iemu Oﬁﬂaaﬂa.ﬂml 3
aHOMAJTisIMH
Mepexesi Amani3 o0csriB mepe- Bxiguuit tpadix: 1,120 I'b / Hesnauni crecku Cisco ISR4331-
JIOTH JaHUX JTaHUX Ta THIIB Buxinnuii Tpadik:950 I'b TpadiKy B HIYHUI Yac. VSEC/K9
Tpadiky.
Jloru 6e3rme- 3anucu npo cnpobu 180 cipo6 aBTOpH3aLii [Migpumena aktuBHicts | Cepepu Dell
KA aBTOpH3aLii Ta I0CTy- 3 Hux 12 HeBmanmux IOCTYyIY 3-3a KopAoHy. | PowerEdge
M. R530, R230
CucremHi [oBimoMiieHHS PO 28 KpUTUYHUX TOMUJIOK Ha JlekinbKa MOMUJIOK Y Dell PowerEdge
JIOTH TIOMHJIKH CEepBepiB Ta Dell R530 Hepio/i MiIBUIIEHOTO R530, Cisco
MPUCTPOIB. 12 nonepemxkens Ha Cisco ISR | HaBaHTa)xeHHs Ha ISR4331-
cepep. VSEC/K9
Jlorum 3a- Yac Biaryky 3a- Cepenniit ac Biaryky: 450 mc | BigxuneHss 3a guacom Dell PowerEdge
CTOCYHKIB CTOCYHKIB, TIOMHJIKH Maxkcumym: 1,000 mc BIATYKY IIiJI 4ac MiKo- R230
0a3 JaHMX. BUX HaBaHTA)XKEHb.
Mouitopuar | PiBeHb BUKOpHCTaHHS Cepenne Buxkopuctanus: 70% Yacri nepeBantaxenns | Cisco ISR4331-
MPOITyCKHOI KaHaJiB mepeaadi [TikoBe Bukopucranus: 92% Ha KaHayax Iij 9ac VSEC/K9
3JIaTHOCTI JTAHUX. 3MiHH TIOTOKIB JIaHHX
Amnariz [likn Ta MiHIMYMH Y [lix HaBaHnTaxeHHs: 8-10 To- HaBanTtaxxeHHs nepe- Cisco ISR4331-
Tpadiky 3a HABaHTa)KEHHI B pi3HUI | muH Ta 17-19 romuH MiHIMyM: | BHIIY€E ONTUMYM y VSEC/K9
gacoM J00u qac 100u. 02-05 ronun po6odi roguHM.

BusiBneni ypaznuBocTi Ha ocHOBI aHani3y minatgopmu ELK BinoOpakeni B Tabnuii 7.

Tabanuns 7.
BusiBiieni ypaznuBocti Ha 6a3i aHanizy miargopmu ELK
InenTn-
(pikaTop Onuc ypasauBocTi 3auenene Kpuris- Jaxepeno nanux
. 00/1a1HaHHA HiCTh
BPa3JIMBOCTI
VULN-01 Hesnauni crimecku Tpadixy B HidHMIT 9ac Cisco ISR4331- Huspka Mepexesi 1oru
VSEC/K9

VULN-02 IlixBumena akTHBHICTB JOCTYILY 3-3a KOp- Dell PowerEdge Cepenus Jloru Ge3nexn
JIOHY R530, R230

VULN-03 KpuTHYHI MOMUJIKK cepBepa B TIEPioIu Dell PowerEdge Bucoka CucremHi joru
IiJBUIIEHOTO0 HABAHTAKEHHS R530

VULN-04 Binxunenns 3a 4acoM BiATYKY NIPH MIKOBHX Dell PowerEdge Cepenus Jloru 3aCTOCYHKIB
HABAHTAKCHHAX R230

VULN-05 Yacri mepeBanTakeHHs Ha KaHanax nepemadi | Cisco ISR4331- Cepenus MomitopuHT 1po-
JIAHUX VSEC/K9 MYCKHOT 3J1aTHOCTI

VULN-06 [TepeBuIEHHST ONTUMAIBLHOTO PiBHS HaBaH- Cisco ISR4331- Huzbka Anani3 Tpadiky 3a
Ta)KeHHsI B po00Yi TOTMHN VSEC/K9 4acoM 1001
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KoxHiif ypa3nuBOCTI MPUCBOEHO YHIKanbHUN ineHTU(iKaTOop (Hampukiaaa, VULN-01,
VULN-02), mo Mo0XHa BHKOPHCTOBYBAaTH JUIi NOCWJIAaHb B IHIIMX poO3Jijax 3BiTy abo B

PEKOMEH/IAIISX, 110 TAKOXK CIIPOCTUTH HABITAIlIIO 3@ Pe3yJIbTaTaMH ayIUTY.
4. briok 300py pe3yNbTaTiB ayauTy

[Ticnss BUKOHAHHS ayAUTy MPOBEACHO aHAII3 BPas3JIMBOCTEH Ta PEKOMEHJIAIIM M0A0 iX

BUIIPABJICHHSA. 3BIT 3 pe3yJbTaTaMy HaBeJeHO B TaOimii 8.

Tadauus 8.
AHaJti3 Bpa3IMBOCTEH Ta peKOMEHallii 1o iX BUIIPABICHHIO
Enement Craryc Kpu-
Ypazausicte | Ouninka Iudp Pexomenpanii HpumiTku THY-
CHCTEMH BHUIPABJIEHHS .
HiCTb
Cisco YpaznusicTh 3 CVE- Onosutu I13 Ta | Bunpasneno BumnpasnenHus Huspka
ISR4331- y MIPOTOKOJI1 2023- MIPOTOKOJIH peamnizoBaHe y
VSEC/K9 muQpyBaHHs 1234 mupyBaHHsI Bepcii 15.3.2
Cisco WS- Crnabkuit 2 CVE- BnposanuTtu Ouikye [Inanyetbcs Cepen-
C2960CX- AITOPUTM 2023- O1NIBII CHJIBHUH | BUIIPABICHHS BUIIPABJICHHS B HS
8TC-L ayTEHTH- 2345 aINroOpuT™M HAaCTYITHOMY
¢ikanii ayTeHTH}IKanil OHOBJICHHI
Cisco WS- YpaznusicTh 4 CVE- 3acrocyBaTi B mpomeci 3aTBepKEHO Bucoxa
C2960X- 10 Mi>KMepe- 2023- MpaBuiIa BUIPABICHHS pitieHHs,
24TS-L JKEBHX aTaK 3456 MDbKMepexe- peamizamis B
BOTO EKpaHy IUIaH1
Dell VYpasznusicTb 3 CVE- IIpoBect Bumnpasneno VYemimHo Husbka
PowerEdge | BiDRAC 2023- ayJuT Oe3MeKu peaii3oBaHo,
R530 4567 Ta OHOBJIEHHS MiATBEPHKEHO
TECTaMU
Dell Henocratas 4 CVE- Toxpamut B mpomeci HeoOxinHO Bucoxa
PowerEdge | 3axuct 2023- KOH(iIeHLIHI | BUMpaBICHHS BIIPOBAKEHHS
R230 KoH(pigeH- 5678 CThb JaHUX HOBHX IIPOTO-
LIMHOCTI KOJIiB
Cisco YacrTi mepe- 3 VULN- | OntumisyBaTtu Burmpasieno CriocTepiraersb- Cepen-
ISR4331- BaHTa)KECHHS 05 BUKOPHUCTaHHS Cs1 TIOKpAILEHHS HA
VSEC/K9 Ha KaHajnax KaHaJiB TICIIst 3MiH
nepeaayi nepeaavi JaHUX
JIaHHUX
Dell Binxunenns 4 VULN- | [ominmmmta B mpomeci Amnaniz nponyk- | Cepen-
PowerEdge | 3auwacom 04 MPOIYyK- BUIIPaBJICHHS THUBHOCTI HS
R230 BIATYKY TIpH THUBHICTh TpUBae
MIKOBUX cepBepiB
HaBaHTaXXEeH-
HSX
Dell YpaznusicTh 4 VULN- | Onosuru I13 no | B mporeci IIpoBoauTscs Bucoxa
PowerEdge | y mporpam- 02 OCTaHHBOT BUIIPABICHHS ayIuT BepcCii
R230 HOMY 3a0e3- Bepcii
HeYeHHi
Cisco WS- Bpaznugicts y 3 VULN- | BopoBagutu Ouikye BusnaueHo Cepen-
C2960CX- MexaHi3mi 06 JIOJATKOBI BUIIPABJICHHS MOJKJIMBOCTI HS
8TC-L aBTOpH3aIi] 3axX0au IUTSL BIIPO-
ayTeHTUiKamii BaJKCHHS

[lepenix mpiOpUTETHUX 3aBAAHb
HaBeIIeHO B Tadymi 9.

moa0 BUIIPABJIICHHA 3a3HAYCHUX Bpa3J'II/IBOCTGI71
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Tabumuna 9.
[lepenik npiopuTETHUX 3aBJIaHb MO0 BUIIPABJICHHS
Tepmin
Ne | Enement cucremn 3aBganns IIpuunna P
BHKOHAHHS
BrpoBaauTu noMiTHKY Oe3MEKU AT
YIIPaBIIIHHS OCTYIIOM /10 OONagHaHHsA. | Bucokmii pu3uK Bix
1 Cisco WS-C2960X- Hanamrrysatu noctyn nuie amst HECaHKI[IOHOBAHOTO IIpoTsirom 3-x
24TS-L ABTOPH30BAHUX KOPHCTYBAiB, JOCTYILY THIB
NepeBIPUTH HASBHICTH yCIiX IpaB (ominka ypasznuBocTi: 4)
JOCTYIy.
Buxonaty mudpyBaHHs JaHUX Ha
KOPCTKHX JIMCKax cepBepa Ta Henocraths 3axuct
Dell PowerEdge p A PBep Ao iy . IIpotsirom 3-x
2 R230 BIPOBAJUTHU JBOGAKTOPHY KOH(}iIeHIIHHOCTI Hin
ayTeHTU(IKaIiIo IS JOCTYITY 110 (ominka ypasznuBocTi: 4) A
KOH(1ICHIIHHIX TAaHHX.
OHOBUTH HPOIIMBKY MapuIpyTH3aTopa . .
. po -y MapIpyT p Vpa3nusicTe B HonepeaHii
3 Cisco ISR4331- JI0 OCTaHHBOI Bepcii, BKIIOYAIOUH BCi mepeii (omiHKa IIpotsrom 1
VSEC/K9 natyi O6e3nexu. Peanisysaru IPS s P . THOKHSA
ypaznuBocTi: 3)
BUSIBIICHHS Ta OJIOKYBAaHHS aTak.
BrnpoBaguTi CHCTEMY MOHITOPHHTY . .
. . - Bucoxkuii pusuk Bin
Cisco WS-C2960CX- | Tpadiky Ta »KypHAITIOBaHHS MO, . IIpotsirom 1
4 . 3J0BMHCHUX aTak (OIiHKa
8TC-L HaJIAIITYBaTH ONOBILEHHS PO . THKHSA
. . . ypa3nuBocTi: 3)
I1i103piJTy aKTHBHICTB.
[IpoBectu moBHMIA aynuT Oe3meku
MIPOrPaMHOTo 3a0e3NeYeHHS VYpa3nuBicTh B cHCTEMI
Dell PowerEdge porp . ’ pasim . Ipotsirom 1
5 R530 BIPOBAIUTH PEryJISIpHI OHOBJICHHS Ta yIpaBJiHHSA (OLiHKA TS
nepeBipku KoHDIryparii cucreMu ypa3nuBocTi: 3)
iDRAC.
. OnTuMizyBaTH IpaBuiia MapIIpyTH3anii .
Cisco ISR4331- y P PHIpYTH3aM Yacri nepeBaHTa)XEHHS Ha
Ta HanamryBaTu QoS ans R IIpotsirom 1
6 VSEC/K9 . . KaHasax repejadi 1aHux
3a0e3neyeHHs cTablIbHOCTI Ta Oe3MeKH . . THXKHS
(TIOBTOpPHO) . (omiHKa ypa3nuBocTi: 3)
Tpadiky.
[IpoBecTn HaBUaHHS IEpCOHATY 3 Henocrathe 3naHHs
7 FlexNet pukopuctanss [10 FlexNet mst KOPHCTYBauiB Mpo IIpotsrom 1
TIOKPAIIIEHHS YIIPaBIiHHS JIIEH315IMI ¢ynxkuionan I1O (ominka Micsis
Ta OE3MeKH. ypasnmBocTi: 2)
. BripoBaauTu Oinbin cuutbHuit anroput™ | Cnabkuii anroputM
Cisco WS-C2960CX- POBAIHTH B p ITOPHTM Tporsrom 1
8 ayTeHTU(IKaIiT IS TOKPAIIeHHS ayTeHTHdiKail (OIiHKa
8TC-L . THKHS
Oe3reKu. ypa3nuBocTi: 2)
TToninmuTe TPOAYKTUBHICTE CEPBEPIB Binxunenns sa qacom
Dell PowerEdge fpony PBEPIB, BIITYKY TPH MIKOBUX IIpotsrom 1
9 3MEHIINTH BiIXWICHHS 33 4aCOM .
R230 . . HaBaHTAKEHHSX (OI[iHKa THOKHSA
BIATYKY IPH MiKOBHX HaBAHTAKCHHSIX. iy
ypasnuBocTi: 4)
. OnTuMizyBaTH BUKOPUCTAHHS KaHANIB Yacri nepeBaHTa)XeHHS Ha
10 Cisco ISR4331- nepe aqiy AHUX 3M£—IHII/ITI/I 4acTi KaHaJax I;[e enadi JaHnux Tporsrom 1
VSEC/K9 PEAAT! AT, : peAat A2 THOKHS
TepEeBaHTAKEHHSL. (omiHKa ypa3nuBocTi: 3)

5.Pe3ynpTaTHuit 610K

5.1. OuiHKa 3arajgbHOro piBHS PU3HKY.

Pusnku no obGnagHaHHO HaBeaeHo y Tabmumi 10. Oninka nopiBHIOE 29 GaiiB (BUCOKUH
piBEHb) — HEOOX1IHO HETallHO YCYHYTH BHSIBJICHI YpPa3JIMBOCTI JJIi YHUKHEHHS Ba)KKHX
HOpYIIEHb (PYHKIIOHYBAaHHS CUCTEMH.
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Tadoauus 10.
Pusuku o o0nagHaHHIO
Oninka
. Craryc
EnemeHT cucreMun | ypasiamBo Kputnunicrs Puznk Pexomennauii
cri BHIIPABJICHHS
Cisco 3 Cepenns 6 I\C/I): TII;IJMBYI/ZZTHiIHliafII;IE:mT BaTH B npoueci
ISR4331-VSEC/K9 pe Qops pyTH3al y BHUIIPABJICHHS
Cisco WS-C2960CX- BnpoBaauTu 6ibI CUIBHUI Ouikye
2 Cepenns 4 S
8TC-L ITOPUTM ayTeHTU IKAL] BUIPABJICHHS
Cisco 4 Bricoka 8 BrpoBaanTn nomnituku 6e3nexkn B nporeci
WS-C2960X-24TS-L JUISL YIIPABIIIHHS JOCTYIIOM BUIPABJICHHS
Dell PowerEdge [IpoBecty moBHUH ayauT
R530 3 Huspka 3 0e3MeKH IPOTPaMHOTO Bumnpasneno
3a0e3MeyeHHs
Dell PowerEdge 4 Bicoka § | ammpomst ogacropny | Bpotect
R230 POBANHTH 1 PHY BUIIPABJICHHS
ayTeHTH]IKaIliIo

Pusuku o BpaznuBocTsaM HaBeneHo y Tabmumi 11. Oninka gopiBHIOE 26 6anaM (BUCOKHIA
piBEHBb) — 111 BPa3IMBOCTI MOXKYTh MPU3BECTH J0 CEPHO3HUX HACTIAKIB, TOMY IX YCYHEHHS €
npioputeToM. Lli pu3uKkM BUMararoTh HETAWHOI yBaru Ta Mii JUIs 3MEHIIEHHS MOTEHIIHHUX
30UTKIB.

Tabmmus 11.
Pusuku no Ypa3JMBOCTAM
Ypa3znusicth Ouinka . Kputnynicrs Puzux Pexomenpanii Cratyc
Ypa3IMBOCTI BUIIPaBJICHHS

VULN-01 | Husska 1 MOHl.TOpI/ITI/I CIUIECKH He}VIae .
Tpadika HEOOXIiTHOCTI

VULN-02 By Cepenis 4 3MEHIINTH JOCTYI 3-32 B nporeci
KOpPAOHY BUIIPABICHHS

VULN-03 4 Bucoxa 8 Tposectu ayaut ceppepHix Bunpasneso
TIOMHJIOK

VULN-04 3 Ceperas 6 OnTHMlsyBaTH . B mponeci
NPOJIYKTHUBHICTh CEpPBEPIB BUIPABJICHHS

VULN-05 3 CepenHns 6 OHTHMByBaTH BHKOPHCTAHHA Bunpasneno
KaHaJiB Iepefadi JaHuX

VULN-06 1 Husnis | Amnari3 Tpadiky 3a 4acom HeMae .
Jo6u HEOoOXiTHOCTI

5.2. Ominka moTo4HOi cTparterii kepytodoro neatpy CO/J.

CuibHI CTOPOHU - HasBHICTh 0a30BHX 3aXOJliB 3aXMCTy, KOHTPOJb JIOCTYIy, pe3epBHE
KOIIIOBaHHS JIaHUX Ta CHUCTEMU MOHITOPUHTY, PETYJSpPHI OHOBJIEHHS CHCTEM, O013HAHICTh
NepCoHaNy 3 MUTaHb IHPOPMAILIIHOT OE3MeKH.

Cnabki CTOpPOHHM - BIJCYTHICTh KOMIUIEKCHOI cTparterii yrpaBiiHHS 1H(OpMaliiHOO
0e3MeKor0, HeIOCTAaTHsI PeaKIlist Ha IHIUICHTH, HU3bKUI PiBEHb 3aXUCTY KPUTHUHUX CHCTEM.

5.3. Pexomenpamii moao mnokpamieHHs iHGopMaiiiHoi Oe3NeKH KEepyruyoro LEHTPY
CO/l: BmpoBaguTH AaBTOMATH30BaHI CHUCTEMH JJIsI MOHITOPHUHTY Ta YCTAaHOBKH OHOBJICHD;
YIOCKOHAIUTH ICHYIOUY CHCTEMY MOHITOPWHTY JJIsi BUSIBICHHS 3arpo3 B pEaJbHOMY Yaci;
BIPOBAAUTH OararoakTopHy ayTeHTH(]IKalilo JUIs BCIX KOPHUCTYBayiB, OCOOJIMBO IS
KPUTHYHUX CHCTEM; IMPOBOJUTU PEryJspHI BHYTPIIIHI Ta 30BHIIIHI ayAuTH O€3MeKu;
PO3pOOUTH Ta MIATPUMYBATH aKTyalIbHUHN TUIAH pearyBaHHs Ha 1HIMJEHTH, 110 BKJIIOYAE YiTKI
IHCTPYKLUII IO JIISIM MIPH 3arpo3ax.

Pexomenganii 1moa0 BHMKOPHUCTAHHSI Pe3yJbTaTiB JOCTI)KEHHs] IIOAO0 TOKPALICHHS
0e3nmexH cucreM 00poOKH JaHMX.

1. BopoBakeHHs eKcripec-ayauTy. Pe3ynpTaT 10CiyKeHHs TOKa3yI0Th, 10 MOKIMBO
BUKOPUCTOBYBATH METOJIMKY EKCIIPEC-ayIuTy ISl MIBUAKOI OLIHKKA CTaHy OE3IEeKH CHUCTEM
00poOku nanux. lle M03BONUTH OMEpaTMBHO BUSBIATH MOTEHIIMHI PU3MKU Ta CBOEYACHO
pearyBaTi Ha 3MiHU 0€3 BEIMKHX BUTPAT.
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2. Ontumizamist  mporiecy  ayamty. Jna  migBumieHHS — e(pEeKTHBHOCTI  MOYKHA
AaBTOMATH3yBaTH JIESKI €Talu ayAuTy, 110 3MEHIIUTh Yac MEPEeBipKU Ta MiABHIIUTH TOYHICTH
pe3yIbTaTIB.

3. Perynsipuuii MOHITOPHHT. MOXKIMBO BHKOPHUCTOBYBATH METOAMKY EKCIIpEC-ayIHUTy
JUI IOCTiHOI OLIHKY O€3IEKH, 1110 JO03BOJISE ONIEPAaTUBHO pearyBaTy Ha HOBI 3arpO3H.

4. Ananiz eKOHOMI4YHOI IOUITBHOCTI. BaximBo oniHIOBaTH €(QEKTUBHICTh ayauTy 3
TOYKH 30py BUTpaAT, 00 3a0e3MeynTy OajsaHC MK BHCOKHUM PiBHEM O€3IeKH Ta HAsSBHUMH
pecypcamu.

L1i pexomeHaamii JOMOMOXKYTh ITOKPALIUTU HpoLecH Oe3NeKH Ta 3MEHIIUTH PU3MKH 0e3

3HAYHHUX BUTpAT.
BucHoBku. Po3po0seHO ekcnpec-MeToJl BHSBIEHHS Ta OLIHKM OCHOBHHUX 3arpo3 1
Bpa3IMBOCTEH y cUcTeMax oOpoOku manux. [IpoBeneHo ormsi Ta aHaii3 iCHYFOUYHX MiAXOJIB
JI0 ayauTy iHGOpMaIiitHOT OE3MeKH 3 METO BHOOPY HAMBIAMOBIIHIMIINX IS IOCTABIEHOTO
3aBIaHHs]. 3a pe3ylbTaTaMy aHaji3y 3po0JIEHO BHUCHOBOK, IO JJISi MPOBEICHHS EKCIpec-
ayJUTy HallKpallle IMO€HaTH aBTOMAaTH30BaHI IHCTPYMEHTH Ta METOJ ayAMTYy Bpa3lIUBOCTEH,
10 JI03BOJISI€ BUSBIISATU 3arpO3U 3a MPUNUHATHUI 4Yac Ta 3 HasBHUMHM pecypcamu. Ha ocHOBI
MOETHAHHS LIUX METOMIB PO3POOJIECHO METOIUKY, IO CKJIAJAETHCS 3 MOCIIJOBHOCTI OJIOKIB,
KOXKEH 3 SIKMX MICTHTh eTamu 300py Ta o0poOku iHdopmarii. EdexktuBHiCTF MeTOIMKH
OLIIHIOETHCS 3a KUIBKICTIO BUSIBIIEHUX 3arpo3, LIBUJIKICTIO X BUSIBIICHHS.

[IpakTHYHO BUKOPUCTAHO PO3POOJICHO METOJUKY JUIS EKCIIpPEeC-ayauTy Bpa3IMBOCTEH
kepytoyoro nenrpy COJl. Orpumani pe3ynbTaTH HIATBEPIMIM, L0 METOJUKA 3a0e3rneuye
pearbHi MOXKITMBOCTI JJIsl OTPUMAaHHS JOCTOBIPHHUX OIIIHOK BPa3JIMBOCTEH cucTeM OOpOOKH
JMaHuX. Y CTAaTTi HaBEJCHO JaHi pe3ysbTaTiB 00poOku iHPopMaIlii KOXKHUM OJIOKOM METOJUKU
IiJ] 9ac eKCIpec-ayIuTy.

JlocniKeHHs TaKOXK TOKa3ajo, 110 METOJUKY MOXHA €(EeKTUBHO BUKOPUCTOBYBATH IS
MIBUJIKOI OIIIHKHM CTaHy Oe3leKkH iHPOpMaliiHUX CHCTEM 1 MOCTIHHOTO MOHITOPHHTY, HIO
JI03BOJISIE ONEpaTMBHO pearyBaTM Ha HOBI 3arpo3d Ta 3a0e3leyyBaTH BUCOKHUH pPIBEHb
iH(popMaIiifHOT Oe3MeKn B pealbHUX CUTYAIisIX ChOTOJACHHS.
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EXPRESS AUDIT AS A TOOL FOR ASSESSING VULNERABILITIES IN
INFORMATION SYSTEMS: APPROACHES, METHODOLOGIES,
AND RECOMMENDATIONS

O. A. Syropiatov, L. M. Tymoshenko, I. V. Nazarova, N. G. Kozachenko

National Odesa Polytechnic University
1, Shevchenko Ave., Odesa, 65044, Ukraine
Emails: o.a.syropiatov@op.edu.ua, l.m.timoshenko@op.edu.ua

The article is devoted to the research and development of a methodology for express audits of data processing
systems for information security. The main attention is paid to the following aspects. Comparative analysis of
ISS audit methods. A review and analysis of existing approaches to information security audits is carried out in
order to select the most suitable methods for use in a rapid audit. It is concluded that it is best to combine
automated tools and vulnerability audits to perform a rapid audit to ensure effective threat detection with
minimal time and resources. Development of a rapid audit methodology. An approach to quickly obtain a
reliable assessment of the ability of a data processing system to withstand modern threats is presented. The
methodology is focused on the rapid identification of vulnerabilities and risk assessment. The methodology
consists of a sequential chain of blocks, each of which contains stages of collecting and processing incoming
information, after which the data is transferred to the next block for further processing and use. The methodology
allows forming a clear structure for assessing the current state of information security, identifying vulnerabilities,
and timely adjusting security policies to minimize potential risks. Application of the methodology. An express
audit of the control center of the BMS of an enterprise actively involved in logistics operations was practically
performed. At the stage of analysis, the system structure, hardware specification, software licensing and
updating, etc. are considered. The article provides practical recommendations for improving information security
processes based on the results of the express audit. The results of the study show that it is possible to use the
rapid audit methodology for a quick assessment of the security status of information systems and for continuous
security assessment, which allows one to respond quickly to new threats.

Keywords: rapid audit, information security, data processing systems, audit methodology, vulnerabilities,
automated tools, risks
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MATEMATHUYHI METOJIHU B OIITUMAJIBHOMY BUBOPI HABYAJIBHUX
JUCHUIIIH Y BUIIUX HABYAJIBHUX 3AKJIAJTAX
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PoGoTta mpucBAYeHA MOCTIIKEHHIO Ta 3aCTOCYBaHHIO MAaTEMaTHYHHX METONIB IS
ONTUMAIIFHOTO BHOOPY HABUAIBHUX JWCITUILIIH 32 BHOOPOM B OCBITHIX IpOTrpamMax BHIIHX
HaBYAJIBHHUX 3aKJIaldiB. Y pasi 3arajJbHOI KOMI'IOTEepH3alii IMpOIecH MiATOTOBKH (haxiBIiB
BAMAraloTh BIIPOBA/DKCHHA IHHOBAIIMHUX MIOXOMIB, SAKi 3a0€3MedyIOTh IMiABHINCHHS
KOMIICTEHTHOCTI Ta TPaKTHYHOCTI MaiOyTHIX ¢axiBuiB. Po3rimssHyTo MeromonorivHi
aClIeKTH  MaTeMaTH4YHOrO  IPOTpaMyBaHHS Ta  CKCIEPTHOTO  OIHIOBaHHA,  SIKi
BUKOPHCTOBYIOTBCSL JUISi KUIBKICHOTO aHaii3y Ta BHOOpY HaiOUIbII NPIOPUTETHUX
auctuiutid. OcobnuBa yBara NMPUAUISETHCS 33/1a4i ONTHMAJIBHOTO BUOOPY AMCHHMIUTIH 3a
BUOOPOM 13 IepeltiKy 3ampoloHOBAaHMX Ha OCHOBI KPUTEPIiB KOPUCHOCTI Ta HaBYaJIbHOTO
HaBaHTaxeHHs. [IpoOnema (GopMami3yeThCss SAK 3amava JIHIHHOTO MPOrpamMyBaHHS
JMCKPETHOTO THUILY, BiIOMa SIK «3ajiada Mpo paHelb». Y poOOTi 3alpOIOHOBAHO MiAXI, MO
IPYHTYETBCSI Ha CKCIIEPTHHX OILIHKaX Al BU3HAYCHHS KOPHCHOCTI AMCIMIUIIH, a TaKOX
moOyI0BaHI MaTeMaTHYHI MOJEI Ta METOIH iX BUpIMeHHA. J{OCHiIKeHHs HaroJoIIye Ha
3HAYYIIOCTI IHTErpamii METOAIB eKCIIEPTHOTO OIIHIOBaHHSI Yy Tpouec (OpMyBaHHS
HaBYAJIbHUX IUIAHIB, IO CIPHSE TOJIMIICHHIO SIKOCTI OCBITH Ta MiATOTOBKU (axiBIliB, IO
BiNIOBIiJAIOTh BHUMOTAaM CYYacHOi EKOHOMIKM Ta CycIijgbcTBa. Po0oTa mpencraBisie
NpPaKkTUYHY I[HHICTh JJISi OCBITHIX YCTQaHOB Ta pO3POOHMKIB NporpamM HaBYaHHS,
OpIEHTOBaHMX Ha MOTPEOH PUHKY IIpalli.

KarouoBi cioBa: excriepTHe OIHIOBaHHS, JIHIHHE NpOrpamMyBaHHsS, HaBYalbHi
JUCHHUIUTIHI, OCBITHI IIPOrpaMH, 3a1a4a mpo paHeihb

Beryn. 3aranpHa  KOMITIOTEpHU3allil MPOLECIB  YXBAJCHHS pilleHb, JOKYMEHTOOOIry,
30epiranHd Ta nepenadi iHpopmarnii norpedye ¢axiBUiB BHCOKOI KBami(ikailii. 3HaHHS
Cy4acHOi OOUMCIIOBAIbHOI TEXHIKH, i MAaTEMATUYHOTO 3a0€3MEUYEHHS, €IEMEHTIB IITYYHOTO
IHTEJNeKTY € MpSIMUMH BHMOTaMM JI0 HpaliBHUKA Oyap-skoro odgicy. HeobxigHicTh
MiJBUIICHHS KOMIIETEHTHOCTI Ta MPaKTUYHUX HABUYOK MalOyTHIX (axiBIliB, 3JaTHHUX
3aCTOCOBYBAaTH 3HAHHS B OCHOBHHX 1 CYNYTHIX MPEIMETHUX Tally3sX, € 3aBIaHHSIM BHIIO]
ocBitu [1-2]. HaOyrTs 3HaHb, yMiHb 1 HaBUYOK BHM3HAYA€THCS DPIBHEM MpPO(HecopchKo-
BUKJIQJAIIbKOTO CKJIaTy, METOAMYHOIO Ta TEXHIYHOrO 3a0e3MeueHHs] HaBYaJbHOTO IMPOLECY
[3]. KoMmuieKT OCHOBHMX MAMCIMIUTIH, iX B3a€MO3B’S30K, ITOCTIJOBHICTh BHUKIIAJIEHHS Ha
HaJICKHOMY METOJAMYHOMY PiBHI - I1€ BaXKeJl YCHINIHOI MATOTOBKHA MOJO/II, BiMOBIIaTbHOT
3a 100poOyT KpaiHu, i eKOHOMIKY Ta KyJIbTypy [4].

CxilajaHHsl HaBUaJIbHUX IUIAHIB MIJATOTOBKM MaNOYTHIX (paxiBLiB 3A1MCHIOETHCA
BUIIMMHU OpraHaMHd OCBITH 13 3aCTOCYBAaHHSIM METOAMK, IO BpPaxoOBYIOTb MOTpPeOM Ta
0COOJIMBOCTI BIJHOBJIEHHS 1 PO3BUTKY KpaiHu. BonHouac BpaxoByroThcs crnenudika i
MOJJIMBOCTI HABYAJIBHOrO 3akjiany. Jlo HaBYaJbHOrO IUJIaHY BKIJIIOYAIOTh JWCIMILIIHH,
Opl€HTOBaHI Ha cnenudiky Ta MOTPeOH periony.

[TornuGrieHHs 3HaHb 1 MpeIMETHA OPIEHTOBAHICTh MAalOYTHIX (haxiBIiB (OPMYIOTHCS
3aBASKH JTUCHHMIUIIHAM, K1 BKJIIOYAIOTHCA JO HABYAILHHX INIAHIB 1 MOJAIOTHCA IIiJ HA3BOIO
«IUCUMILIIHM 3a BHOOpom». Ilepernik BHOIPKOBUX IUCHHMIUTIH MOKJIWKAHUN JOMOBHUTH M
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3aKpIMUTH 3HAHHSA 3 YpaxyBaHHSAM OCOOMCTHUX TMOOaxaHb 3J00yBavya y BiJIIOBIIHINA
npeaMeTHid ramy3i. BuB4YeHHs «OaxaHHWX» JTUCHMIUIIH pPOOUTH MOJOA0ro  (haxiBLs
BIICBHEHIIITUM, CIIPHSE pealtizallii Horo moTeHmiany i ¢popMye 0COOUCTICHI XapaKTEPHUCTHUKH,
HEOOXIJH1 IS PO3BUTKY KpaiHU.

Cam mporec BUOOpY HEOOXiTHOI KIIBKOCTI JUCITUIUIIH, SIK TOKa3ye IpakTHKa, €
HEMPOCTOIO MPOIIETyPOr0. 3 OTHOTO OOKY, I1€ OpraHi3alliliHi BAMOTH, 3 1HIIIOTO - TUTAHHS, SKa
IUCHUIIIiHA Oyae OiIbIl KOPUCHOMO, SKIIO OOpaTH OAHY 3 3allpOIIOHOBAHOTO CITHCKY.
Haitnpocrimmii miaxizg - inTyitTuBHUE BUOip. [IpoTe cTynent, skuii yxe mae 06a30Bi 3HaHHS,
HaOyTi BOPOJOBX IIEBHOI'O 4acy, MOXK€ BHUKOPHUCTaTH IX JJIsl yXB&JIEHHS OOIPYHTOBAHOIO
pilIeHHS.

ToMmy akTyalbHUM € CTBOPEHHS METOMIB Ta IHCTPYMEHTIB MIATPUMKHU NPUHHATTA

pimens [5, 6] mono BHOOPY MUCHMILIIH MiJ Yac CKJIAJaHHSA 1HIUBIAYaJbHOTO HABYAJIBLHOTO
IUIaHy CTYZACHTA.
Meta podoTu. Meroro pobotu € Gopmaizaiist Iporecy BUOOpY AUCIHILIIH 32 BUOOPOM ISt
CKJIQJIaHHA HaBYaJbHOTO IUIAHY IMIArOTOBKM MaiOyTHIX (PaxiBLiB MUISXOM 3aCTOCYBaHHS
MaTeMaTHYHUX METOJIB, 30KpeMa METOMIB ONTHMIi3allii Ta eKCIEPTHOTO OIIHIOBAHHS, IO
JIO3BOJIUTH 3a0€3MeYUTH OOTPYHTOBAHICTH 1 €PEKTUBHICTh MPUHHSATTS PillICHb.

Lle cnpusiTIME MiIBUIIICHHIO SIKOCTI OCBITH, BpaXyBaHHIO 1HIMBIIyalbHUX 1HTEPECIB
CTYJEHTIB Ta BIJMOBIAHOCTI HaBYaJIHHOTO IMPOLIECY MOTpedaM perioHy i Cy4yacHOro PHHKY
mpaiti.

Jlis ocsirHeHHsT METH HEeOOXiJHO BUPIIIMTH HACTYIHI 3a/ayi: OrJsf] ICHYHOUHX

HiAXO/IB 10 CKJIaJIaHHs HABYAJbHUX IUIAHIB Y BUIIMX HABYAJIBHUX 3aKJIa/aX 3 ypaxyBaHHSIM
JTUCIUILIIH 32 BUOOPOM; PO3poOKa MaTeMaTHYHOI MOJIeNi ONTHUMAIbHOTO BUOOPY AMCLMILIIH;
Bepu(dikaiist MoJIeT ONTUMAIEHOTO BUOOPY AUCIUILIIH.
IloctanoBka npodJemu. [[ng po3B’s3aHHA 3agadi OPUHHATTS pilleHb 100 BHOOpY
«IUCHMIUTIH 3a BUOOpPOM» [UIS CKIIQAAaHHS HABYAJIBHOTO IUIAHY BUKOPHUCTOBYIOTH pi3HI
Meroau Ta miaxoau. Tak B poboTi [6] aBTOpamMHM BIOCKOHAJIEHO EBPUCTUYHMNA
OaraTokputepiaibHuid MeToJ NpuiHATTA pimieHb SMART 1 Ha Horo ocHoBi po3poOieHO
MOOUIBHY CHUCTEMY MIATPUMKH HPUHHATTSA pillleHb. 3acTOCYBaHHsS OaraTOKpHUTepialbHUX
MeToaiB npuiHATTA pimieHb (Multiple Criteria Decision-Making (MCDM)) 3anexurts BiJ
BUJYy MOJaHHS iHQopMarii — KUIbKICHOI, SIKICHOI, peneitHoi («Tak»/«Hi»)) [6, 7], mo €
3HaYHUM OOMEXEHHSM IX 3aCTOCYBaHHS, TaK SIK y TMPAKTUYHUX 3aBIAHHSAX, 30KpemMa Ipu
PO3B’s3aHHI 3a/1a4l NPUHHATTSA pillIeHb U100 BUOOPY «AMCLUILIIH 3a BUOOPOMY, 1H(OopMaIlis
Mo3Ke OYTH MpEeJCTaBI€HA PI3HUMU TUIIaMU JaHUX. [Hpopmarllis Moxe OyTH nojaHa y BUTIISAIL
KOHKPETHUX YUCIIOBHX JTAaHUX, OYTH CTaTUCTMYHOIO, MICTUTH €JIEMEHTH BHIIaJJKOBOCTI ab0 X
cTocyBaTHCs 300py Ta 00pOOKH AYMOK JIOAEH, sIK1 MalOTh BIACHUI MOIJIS HA TPo0JIeMy, 1110
Bupimyethes. Cnabo GpopmarnizoBani abo HaAMIpHO 1H(opMaliiiHi TpodiaeMu po3B’sI3yI0ThCA
METO/IaMH1 €KCIIEPTHOTO OLIHIOBaHHS. METOIM €KCIIEpPTHOTO OI[IHFOBAaHHS BU3HAYAIOTH IIUISXH
nigdopy Ta aHajizy, BAKOPUCTOBYIOUH JIOCB1J MpodecioHatiB, aHATITUKIB 1 IPAKTUKIB, TOOTO
JHOJIeH 13 KpeaTUBHICTIO, KOHCTPYKTUBHUM M1JXO0AO0M 1 KOJIEKTUBHUM MHCIEHHSIM Y MHpoIeci
OIIHIOBAHHS OJIHMX YH 1HIIMX IMUTaHb [8-14].

Y poGoTi mMaTemMaTH4YHy OCHOBY CTaHOBJIATH IJXOJHM, 3aCHOBaHI Ha METOJax
onTuMi3amii, JOCIIPKEHHS OIepalii Ta eKCIEPTHOrO OIIHIOBAaHHS, SKi JO3BOJSIOTH
3MIACHUTH KUIbKICHY OIIIHKY Ta BU3HAYUTH MPIOPUTETHICTh KOKHOI TUCHUIUIIHU CTOCOBHO
HIIKX 13 3aIPOIIOHOBAHOIO CITUCKY.

[Ipu 3acTocyBaHHI METOMIB ONTHUMI3AIlli Ta JOCTIKEHHS OMEpaIliii OnTUMaIbHUN
BapiaHT NPUHHATOrO PILIEHHS 3HAXOAMTHCSA 3 OaraThbox MOXIUBHUX. [Ipomenypa momyky
3MIMCHIOETHCS TUIIXOM TOPIBHSHHS BapiaHTiB. BapiaHT pilieHHs, 1€ CKJIaJloBa OJMHUIIS.
Besnocepenne ix mopiBHAHHSA HemoxJiuBe. KokeH BapiaHT OLIHIOETbCA. DYHKIIOHATIbHA
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OIlIHKAa Ma€ IIIb0BE Mpu3HaueHHs. OTXe, ONTHUMI3aIlis MOB'A3aHa 3 BUKOPUCTAHHSIM TPHOX
€JIEMEHTIB: BapiaHT, Oe3miu BapiaHTiB, kputepiii [16]. Y maremarnyHOMy YysBIIGHHI L€
3alUCYEThCS HACTYITHUM YMHOM, HEXall X - BapiaHT DIlICHHS, IO CKJIAJAE€ThCS 13 3alaHoi
KUTBKOCTI CKJIQJIOBUX OJIMHUIIL - KOMIIOHEHT, KiJIbKICHI 3HAUEHHS SKUX MPEICTaBISIOTh CaM
BapianT; G - 0e3/li4 MOXJIMBUX BapiaHTiB; (yHKIIOHaJbHA OL(iHKA BapiaHTa - f(X).
MareMaTiuHe MOJAaHHS BUOOPY ONTHMAIBHOTO BapiaHTa 3alUIIEThCS Yy BUTISAAL AESKOi
MaTeMaTHYHOI MO
Z=extr f(x), xeG. (1)

[Ipobnema monsrae 'y migbopi camoro BapiaHTa (HaAOOpy KOMIIOHEHT),
MaTeMaTHYHOTO ONHUCY Oe3nmiui BapiaHTiB Ta BHU3HAYCHHI aHAIITUYHOTO BHUAY (QYHKIIT —
OIIHKH BapiaHTa.

Metoa nouryKky OnTHMAIBHOTO BapiaHTa pO3B’sI3aHHS 3aJIEKHUTh Bifl YCIX €JIEMEHTIB
ONTHUMI3aIlii Ta X MAaTEeMaTHYHOTO MPEACTABICHHS, TOOTO BiJl MaTeMaTHYHOI MOIEII

OCHOBHMUM MaTeMAaTUYHHUM arapatoM pO3B’A3aHHA ONTUMI3aliHUX 3a1a4 €
mareMaTruHe nporpamyBaHHs (MII). dopmanbHO 3a7a4a MaTEeMaTUYHOTO NPOTPAMYyBaHHS
KaXe: HEOOXIJHO BH3HAYMTH EKCTpeMyM OararoBumipHoi ¢yHkmii f(x,Xx,,...,x,) Ha
OMYKJIOMY OaraTOrpaHHUKY, IO 33/Ja€ThCA CYKYIHICTIO IHIIUX OararoBUMIpHHUX (YHKIIiI

g.(x,%,,..x,) (i=1,m). JlonaTkoBi BHUMOIM HAaKJIaJalOTbCA HA aPryMEHTH BCIX IHX

ynxuii, To6to Ha x, (j =1,n) Marematn4na mozens 3anaqi MII mae Burisia

Z =extr f(x,,X,,..X,) (2)
pu 0OMEKEHHSIX

g,(x.%,,.x,) <0 (i=1m) (3)
Ta J0JATKOBI BUMOTH

x, €D, (j=1,n). “4)

®yukuis  f(x,,X,,...,X,) HA3UBAETbCA  IITLOBOIO  (pyHKIIi€IO, MO0 BimoOpaxkae
Kkputepiii ontuMizanii. Cucrema oOMeXeHb - MaTeMAaTWYHUI omuc Oe3iidl BapiaHTiB, IO
BU3HAYAE, AKi 3 HUX € JOMyCTUMUMH. CaM BapiaHT € CyKYIHICTIO X; , IO MPEICTABISETHCS Y

BUIIIAAI BeKTOpY X =(X;,X,,...,X, ), KOMIOHEHTaMH SIKOTO MOXXYThb OYyTH YHCIIa, SIKI MAalOTh
TICBHY XapaKTepUCTUKY D).

Meton pos3s’szanHs 3amadi MII  me mepebip BapiaHTiB —  BEKTOpIB,
X* =(x1k,x§,...,x,',‘ ), k=12,..., 10 33J0BOJBHAIOTH OOMEKEHHSIM 1 MICTATh KOMIIOHEHTH

k . .
X 3ajaHol xapakrepuctuku D,. Merowo mnepebopy € BU3HAYCHHS TakOro BapiaHTy
* * * * o . . *
X =(x,,x,,...,X,), AKUil IpUBEJIE LIIbOBY (QYHKIIIIO JO EKCTPEMAILHOIO 3HaueHHs Z (5).
* * * *
Z = f(X,X;50.0X,). ©)

[IponenypHo MeTox po3'st3anHs 3a1au MII 3anexxuts BiA: pyHKIIIH, 110 BU3HAYAIOTh
MOJIeIIb; CYTHOCTI JIOJaTKOBHX BUMOT [); ; XapakTepUCTHKA 3MIHHHX, 110 BXOJATH 10 3alUCy

SO T g0 =1,_m). KonkpeTusariiis BCix TpbOX acmekTiB mozeni 3aBaanHs MII BuzHauae

miaxig 1 caMm Metoj po3B'szaHHs. 3amadi MII OyBaroTh JiHIWHUMH, JETEPMIHOBAHUMH, a
TaKOoX CTOXacTUYHUMH. Pi3HI Ki1acu 3a/1a4 HaBeieHO Ha puc. 1.
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3apava Ml

|
Y !

JliHiNHa HenixiiHa
¥ y
HenepepeHa [ckpeTHa
¥ y
[leTepMiHOBaHa CroxacTuyHa

Puc.1. Kinacu 3amau MI1

Y obuucmioBambHOMY ceHci Mogjenm 3amadi MII OyBaooTh 3 KIHIIEBOIO Ta
HECKIHYEHHOO KUTBKICTIO BapiaHTiB. Bij mporo 3ayieXuTh MiAXiA Ta iIes METOAy peatizaril
3aBlaHHsA KOXXHOTro kiacy. CropsmoBanmii miepeOip BapiaHTIB peanmizaiii  Mozenei
HECKIHYEHHOIO KUTBKICTIO BapiaHTIB OPTaHi3yeThCsl HA OCHOBI TaK 3BaHUX | -MX aHAIITUYHUX

METO/IB, PO3pOOJIEHUX 3 BUKOPHUCTAaHHSIM IMEBHUX NPUHOMIB YHCEIbHUX METOIUK. Jpyruit
M17X1]1 KOMOIHATOPHU, 3aCHOBAaHUN Ta BUKOPUCTOBYBAHUMU JUIS 33]1a4 3 KIHIEBOIO KUIBKICTIO
BapianTiB. KoMOiHaTOpHI MeTOIM MalOTh NMEepecTaHOBHUN XapakTep. BoHM HamisieHi Ha i71et0
3MEHILIEHHS KUIBKOCTI BapiaHTiB, w0 mepeOuparoThcsi. OOUYUCIIOBAIBHI MPOLETYPU
KOMOIHATOPHMX METOJIB, 1l€ TMOUIYK 4YacTUH Oe3Jidi BapiaHTIB, sKi CBiIOMO HE MICTATh
OINTHUMAJILHOIO 1 MiJIAral0Th BiJACIIOBAHHIO.

3amaua MII HanexuTb 10 KjIacy JAETEPMIHOBAHMX 3aBJaHb JIHIHHOTO
nporpamyBanHs (JIIT), sikio i Mozenpb 3anucyeTbes HACTYITHUM YHHOM:

Z:maXchxj (6)
Jj=1
npu 0OMEKEHHSIX
n —
>a;x;<b, i=l, (7)
j=1
Ta J0JAaTKOBUX BUMOT J]0 KOMIIOHEHTIB BEKTOpa pillIeHb (BapiaHTy PIllIEHb)
x, 20, j=Ln (8)

JlonatkoBi BUMOTH POOJIATH 3amady Oe3mepepBHOO, IO 3yMOBIIOE HECKIHUEHHY
KUIBKICTh BapiaHTiB po3B's3aHHA. JleTepMIHOBaHICTh PO3YMIETHCS 3a YMOBUYAHHSAM. SIKIIO
JIOJTATKOBI BHUMOTH JIOMOBHUTH (pa3oro « X - Iijie», TO 3aJada Ha3UBAETHCSI 3aJa4Yecro

nimicHoro mporpamyBanHs (LJIIT), mo BigHOCHUTBCA A0 Kiacy 3adad JAUCKPETHOTO
nporpamMyBaHHS 1 Ma€ KiHIIEBY KIJIbKICTh BapiaHTIB.
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Oxpemuii Bunanok 3amad LJII ckmamatore 3aBmanns JIII 3 OyneBuMHM 3MiIHHHMH.
Toxi 3amaua wmae koMmOiHaTopHui XapakTtep. JlogaTKoBI BHMOTH 3allUCYIOTBCS 5K

X, € {O, 1}, Jj =1,n 1 BU3HAYAIOTH MiJIKJIAC, B SIKUH BKIIIOYAIOTHCS 3a1adi po paneus [17, 18].
OcoONMBICTIO IIUX 3a7a4 € Te, IO 3MiHHI Cj,b,-, @; € TO3UTHBHUMH YHCIIAMH. 3amaui mpo

paHelb MaroTh OKPEMi METO/IU PO3B'SA3aHHS.

B poGoTi posrisgaeThcs 3aa4a ONTUMAIBHOTO BHOOPY AMCIUILIIH 32 BUOOpOM 31

CHHCKY 3alpOINOHOBAHUX, fKa BITHOCHUTBHCS 1O KJacy 3ajaad JiHIHHOrO MporpaMyBaHHs
JUCKPETHOIO TUNy. 3ajaya y MPUKIAJHOMY CEHCl BIJHOCUTBCS JO 3a7adl 3
HEMOAUTBHOCTSMH, (POopMai3yeThCsl SIK 3aBIaHHS JIHIMHOTO MpOrpaMyBaHHS 3 OyJIeBHUMHU
3MIHHUMH, BUPIITYETHCSI KOMOIHATOPHUM METOJIOM 1 MPU3BOJAUTH JI0 ONTHMAIBHOTO BHOOPY
[0 BIJHOIICHHIO /0 CHEHH(IYHOTO KPHUTEPir0 KOPHCHOCTI MiJBUIICHHS KOMIIETEHTHOCTI
MaiOyTHIX (paxiBIliB 3 BUIIIOI OCBITOO 3 MIPHUKJIAIHOI MAaTEMAaTHKH.
ExcnepTHe ouniHoBaHHA. [MCIUIUIIHK B HaBYAJIbHOMY IUJIaHi, 0 WAYTH MiJ Ha3BOIO «HA
BUOIp» y IPSIMOMY CEHC1 HE MalOTh BHUPIIIAIBHOTO CJIOBa Mpu miarotoii ¢axismis. [Ipore
BOHM HAIIUICHI HA TIJIBUIIECHHS KOMIIETEHTHOCTI 1 MPAKTUYHOCTI MPETCHICHTIB 3a (axoMm.
[IpoGiemMa onTUManbHOrO BUOOPY HacamIiiepe] MOB'sI3aHI 3 MiAOOPOM KPHUTEPII0 OIIHKU
sKkicHOT miarotoBku. [leperiky Takoro Tuiy KputepiiB Hemae. [Ipono3uiii BapTo oTprMyBaTH
Hacamrepes BiJ (axiBliB, sIKi 3aiiMarOTHCS MIATOTOBKOK MalOYTHIX CHELialliCTiB, a TaKOX
BiJl THX, XTO NpAIEBIAIITOBYE Ta OYIKYE CY4aCHOTO, KOMIETEHTHOTO i KOHCTPYKTHBHOTO
IpaliBHUKA. 3arajoM BaXJIMBO BPaxOBYBaTH IyMKY THX, XTO IparHe OyTH KOPUCHHUM 1
BIICBHEHUM YJICHOM KOJIGKTHBY. Y POOOTI MPOMOHYETHCS BUKOPUCTATH METOIN €KCIIEPTHOTO
OLliHIOBaHHS. 301p Ta aHaNi3 IYMOK JIIOJCH, sIKi INTMOOKO PO3YMIIOTh CydacHi BUKJIMKU BHILOT
OCBITH, JIO3BOJIMTH KiJbKICHO OIIHUTH KOXXHY IUCIHHIUIIHY 31 CIHUCKY Ta BH3HAYHTH IX
MPIOPUTETHICTh y BHOOPi. MeToau eKCHepTHOro OI[IHIOBAHHS [O3BOJIAIOTH OTPUMYBATH
KUTBKICHI OLIIHKU SIKICHUX XapaKTEPHUCTHK, SKi BAXKO (GopmaiizyBatu. BoHH 3aCTOCOBYIOTHCS
y HpoOJeMHHMX O00JacTSIX 13 HEJOCTaTHbOK CTPYKTYPOBAHICTIO, @ TaKOX Yy BHIIAAKax
HaJJIMIIKY 1HQOpMallii, KoJau noTpiOHO BUAUTUTH HalOLIbII 1HPOPMATHUBHI JaHi.

ExcnieptHe oOuiHIOBaHHS, Ii¢ OaraToeTamHUN TMpolLec, Ha KOXXHOMY 3 SIKHX
npuiiMaeTbCsl pIlIEHHS, IO 3a0e3nedye ICTHMHHICTh pe3yapTaTy. Y Iepuly uepry —
BU3HAaUYeHHs Iied exkcneptu3u. Llimi marote Oyt copmynboBaHi Tak, o0 Oytu
3pO3yMUIMMHU JUIsl BCIX, XTO Oepe y4yacThb y BHUKOHaHHI POOOTH IiJ] 4Yac OI[IHIOBAHHS.
BonHouac BOHHM MOXYTh MICTHTH IE€BHI MPUXOBaHI acleKTH, M0 AAl0Th 3MOTY BKJIIOYATH B
MpoIIeC 0COOUCTE CIPUUHATTS PO3B'SI3yBaHOT TPOOIEMH.

[TinOip rpynu ekcrepTiB 1 BU3HAUEHHS i1 KUIBKICHOTO CKJIQAY € HEIIPOCTHM €TaroM y
mpoiieci OTpUMaHHS OO €KTHBHHX JYyMOK, Ha OCHOBI SIKUX (OpPMYy€TbCs pe3ynbTart.
KpeaTtuBHICTh e€KclepTiB Ta iXHS KOHCTPYKTHBHICTh Y BHUCIJIOBIIOBAaHHI JTyMOK J03BOJIIOTH
CYTTEBO PO3KPUTH CYTh IpoOiemMu. BaXIMBUMHU € TakOXK BMIHHS IPAIfOBATH B KOJEKTHUBI,
cpuiiMaTd JyMKH KOJIET, ajieé MpU LbOMY HE MiJJaBaTUCA TUCKY OKPEMHUX YYaCHUKIB.
Excriept noBuHeH OyTH 3alliKaBlIE€HUI y MPUIHATTI PIIIEHHS, OJHAK ISl 3allIKaBJIEHICTh HE
MOBMHHA MaTh 0OCOOMCTOro xapakrepy. bakaHo, mo00 cTaBieHHs O BUKOHYBaHOi poOOTH
CYIIPOBODKYBAJIOCS MaKCUMalbHOIO Bimmadero. Came Taki BHUMOTH MpeX SIBISIOTHCS 10
NOTEHIIMHUX eKcrepTiB. ExcrepT He nuie po3yMie BaKIMBICTH PO3B's3yBaHOI MpoOiIeMu,
arne i BinuyBae ii, IHTYITUBHO MpUIMAae PillIEHHS, HE MIAJAETHCS BIUIMBY aBTOPUTETIB, Ma€e
BJIACHY J[YMKY Ta BMI€ i YiITKO BUCIIOBUTH.

KinbkicHuil ckiaj rpynu eKCrepTiB 3aleXUTh Bl Oaratbox (akrtopiB. Hanpukian,
BiJl TEpMiHIB OTPHMAaHHsS pe3yNbTaTiB, (DIHAHCOBUX MOXJIMBOCTEH oOprasizaiii, oOCsriB
BUKOHYBaHHMX poOIT, reorpaiqHoro po3TallyBaHHS EKCHEepTIiB Touo. Y MaTeMaTUuyHid
TEPMIHOJIOT1] - HEOOX1JHO HAasIBHICTh CTYIEHIB CBOOOM MiJl 4ac NPUNHHATTS PillICHb.
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OnTuManbHOI KUTBKOCTI €KCHEepTiB y Tpymi TMOKM HE BcTaHoBIeHO. OawH 13
MOXJIMBUX BUIAJKIB, 1I€ BCTAHOBIECHHS NESIKUX I'PAHUYHUX OLIHOK Npin, Nypax - HUKHA

rpaHuIll Oe3MOCEPEeIHbO 3aJCKHUTh BiJl KIIBKOCTI 00'€KTIB, IO OIMiHIOWTHCA. lle omuH i3
HaifyacTile BUKOPHCTOBYBAHMX BEIMYMH IIiJ] 4ac Mi00py rpynu eKcrepriB. BBaxaeTscs, mo
KUIBKICTh ~€KCIIEPTIB, 5Kl pPO3MIAJAlOTh O00'€KTH, BIANOBINAE 1X KUIBKOCTI. Ny

PO3TIIAIAETHCS K TOTSHIIMHO MOKIIMBA BETMYMHA.

HaiiGinpmn parmioHambHUN MiOXiJ — BW3HAYEHHS 4YHCIIA CKCHEPTIB y TPy, sKa
BUKOHY€E OIIIHKY, BUKOPUCTOBYIOYM METOJM CTATUCTUYHOI OOPOOKH BHIIQJKOBHX BEJINYHH.
BuxopucroByroun koedimienT CThrOZCHTA Mapi 3a/1aHiil BEJIUYHHI JOCTOBIPHOCTI pe3y/IbTaTy,
BeJIMYMHA Bapialii (BiAXWJICHHS) MOBMHHA HE MEPEBUIIYBAaTH 3HA4YeHHS 3 iHTepBany [0,2;
0,3].

I'pyna ekcrepriB, 116 KOMaHJa BHCOKOKBaIi(h)iKOBaHMX (axiBLiB, SIKi 3ay4arOThCs
JUIsl BUpileHHs npobiemu. OfHaK, y mepiry yepry, HeoOX1JHO MaTu CHHUCOK JIIOJIeH, cepel
SAKUX 0o0MpaTuMyTbesi excneptH. [1indip mronei-npeTeHIeHTiB Ha y4acTb B EKCHEPTHOMY
OIL[IHIOBAaHH1 3aJIEKUTHh BiJl BAXKIUBOCTI Ta PIBHSA 1€pApXIYHOrO JIAHIIOKKA, B SKOMY
nepen0avacThCsl MPOBEICHHS CKCIEPTHOTO OIIHIOBAHHA. SIKIIO0 I rio0aibHI TpoOieMu
KpaiHU, TO EKCHEepT TMOBMHEH MaTH CTaTyC MDKHApOAHOIO 3Ha4YeHHS. ByTu ydyacHUKOM
€KCIePTHOTO OLIHIOBAHHS BHPIIICHHS MPOOJIeM PiBHA MKHAPOIAHUX aJbsHCIB, 3HATH 3a/adi
Ta CIOCOOM iX BHpIIICHHS Ha LbOMY piBHI. SIKIIO MpoOieMu MaroTh OUTbII MPUKIATHUN
XapakTep, TO iX BUPIIICHHS HE 00O0B’SI3KOBO 3JICXKUTH BiJl MKHAPOIHHUX 3aBJIaHb 1 BUKJIUKIB.
Y 1bOMYy BHIAJKy Tpyla €KCIEPTIB CKIAJAEThCS 3 JIOJEH, SKi JOCKOHAJIO PO3yMIIOTh
cnenniky cUTyamii Ta yMOBH, B SKHX BOHH OpaTUMYTh Y4YacTh y TPOLECI yXBaJCHHS
piIIICHHS.

JInst  cKIaJaHHS CIUCKIB TPETEHICHTIB 1HOMAI BHKOPHCTOBYIOTH Meton Illapa
(CHIrOBOrO KOMa), KOJIU OJUH 13 OpraHizaTopiB €KCIIEPTHOTO OLIHIOBAHHS 3aMpOIIy€E CBOTO
"3HaliOMOr0", SIKHiA, Y CBOIO YEpry, 3ampoIllye CBOrO 3HAHOMOTO i Tak jgaii. TakuM 4uHOM,
CIHMCOK MOCTYNoBO "HaOupae 06epTiB", 3017bIIYIOYN KUIBKICT OCI0 — MPETEHAEHTIB JUIs
EKCTIePTH3H.

[Hmmit miaxin — camoolliHKa mpodecioHamiB, sKi 0aXalOTh CTaTH EKCIEPTaMH.
Opranizatopu eKCIEepTU3HU CKJIaIal0Th TECTOBUM HAOIp MUTaHb, KOXKHE 3 SKUX MA€ KUIbKICHY
ominky. [IpeTeHneHT, He 3HAIOYM IMX OIIHOK, BIJAMOBIJa€ HA MOCTABJICHI MUTaHHA. SIKIIO
HaOpaHi Oany HE MEHINE 3aJaHOTO IOpOry, IO BH3HAYAE TMPABO CTATH EKCIIEPTOM,
NPETEH/IEHT 3apaX0OBYETHCSL.

SIKmo excnepTu3a MPOBOIUTHCS B KOHKPETHOMY 3akjaji, TO MpoOieMa CKIaJaHHsS
CIHMCKY TMpETEeHJEHTIB HE BMHUKae. Binomo, XTo came 1 A sKoi KOHKPETHOI MeTH
CKJIA/IA€ThCS CIIUCOK MPETEH/IEHTIB a00 HaBITh €KCIEPTIB Ul NPUNUHATTSA PillIeHb MICLIEBOTO
3HAYEeHHS.

Pesynbrarom ekcrnepTH3uM € y3arajJlbHeHa OI[IHKa JIyMOK TpyNHU €KCIEpTIB.
JlocToBipHICTh OTpuUMaHOi iH(OpMaIll 3aJeKuTh BiJ PiBHA NpodecioHandi3My BCIX UJIEHIB
rpynu. BaxnmBicTh JyMKH €KcliepTa OIIIHIOETHCS KUIBKICHO 1 HAa3UBAETHCS KOEQILIEHTOM
komrnereHTHOCTI (KK). KK BpaxoByeThcs mpu BU3HAUSHHI y3arajlbHEHOI OIIHKH.

IcaytoTs pi3Hi migxoau 10 Bu3HadeHHs KoedinieHta kommereHTHOCTI (KK)
excnepTiB. Halinmpocrimmii 3 HUX, SIKUM HA3UBA€THCS B3a€EMOOLIIHKOIO, BU3HAYA€THCSI CAMUMU
ekcriepramMu. KoXeH eKCHepT TPymu MPUCBOIOE YHCIO «l» BCIM IHIIMM KoJieram, SKUX
BBaXKA€ «IOCTOMHUMM» OpaTu ydacTh B ekcnepTHoMy ouiHioBaHHi. KK BH3HauaeTbes sk
BITHOCHA BEJIMYMHA HAOpaHUX OJMHHULB J0 iX 3arajbHoi KIJIbKOCTI.

OCKIbKM eKCIepTHE OLIIHIOBAHHS SIK CIOCI0 OTpUMaHHs iH(popMarllii iCHye JOCHTb
JaBHO, OyJ0 310paHo 6arato METO/IB KUTbKICHOT OI[IHKM KOMIIETEHTHOCTI MpoQeCcioHaiB, K1
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OepyTh y4acTh y TMpOIECi NMPUHUHATTSA PIlIEHb 32 MHUTAHHSAMH EKCIEPTHOTO OIIHIOBAHHS.
MoskHa Ha3BaTH JIesiki 3 HuX. JJoCUTh MOMYJISIPHUM € TECTOBUN METOJl OTPUMAaHHS KIIbKICHHX
3HayeHb KK. CyTh 1bOro METOJy MOJISITa€ B HACTYIMHOMY: HAJA€THCS TECTOBA TaOJHIIS
omiHku mnpodecionamizmy ekcnepra. CTaHIAPTHAM YHHOM OIIHIOETHCS KOXKECH pIiBCHb

nepepaxoBaHux (HakTopiB. Y TabiMIll HABOAMTHCS YMCIIOBA BenuuuHa b, (i =1,m — mepenik

dakTopiB; j=1,n- piBeHb), O Nepeadavyae NeBHY 4acTKy KoMneTeHTHocTi. OueBuaHO, 110

n
ZPy =1 nna Gynb-axoro ¢akropa i. KoxkeH KOHKpeTHUH ekcrnepT [ BIANOBIAA€ OJHOMY 3
=

. . . . [
PIBHIB j O KOXXHOMY KOHKPETHOMY (akTopy i, mo mnosnauumo uepes uepes b; . lle

m
KUTbKICHA OIlIHKa eKkcriepra [ 3a BiamoBigHUM (akTopom i. Benmumna ZR/I e cymapHa
l:l Ji
omiHka B Oamax, sKy 3i0paB ekcrept [ 3rigHOo mnpencrasieHoi Tabnwmi. KoedimieHT
KOMITETEHTHOCTI eKCIIepTa ¢, BU3HAYa€ThCs 3a GopMyIoro (9):
k

a=3F |3 3F =12k ©)
=t

v=l =]
ne k — KiTbKIiCTh €KCIEPTIB Y TPYIIL.
HaBeneHi faHi KUIbKICHOI OLIHKM (akTopiB F, € KOpUIyBalbHUMH IapameTpamu

1pu OAJIOBIN OIIHIII KOMIIETEHTHOCTI eKcrepTa. 3TiIHO 3 MUIAMH Ta 3aBJaHHSIMH €KCIIEPTHOTO
OLIHIOBAHHS Wi MapaMeTpu MoOkHA migOuparu. TakuM YWMHOM, KOpUTYBaslbHI (hakTopm
J03BOJIAIOTH KopuryBaTH koedirient komnereHTHOCTI (KK) excnepra.

Cam migbip ekcrepTiB 1 KUTbKICHA OIIHKA iX KOMIIETEHTHOCTI B MEPIIy Yepry
3aJISKUTH BiJ CyTi po3B'si3yBaHOi mpoOieMu. SKIIo WaeTbes mpo opraHi3aliifHi MUTaHHS, TO
Kpamie 3a Bce mpoOieMy 3po3yMilOTh KepiBHI MpalliBHUKH, SIKI MPalIoOTh y i cdepi.
TexHIuHl MUTaHHSA, IX CKJIAJHICTh 1 MOXJIMBOCTI BHUPIIIEHHS MOXYTb OLIIHUTU 1HXXEHEpHI
daxiBii. HaykoBi muTaHHS MarOTh BHUPIINIYBAaTH Ti, XTO BOJOJi€ HOBHMH MiJXOJaMH,
METOJIaMH Ta TEXHIKaMH PO3B's3aHHS B BIANOBIIHINA peaAMeTHIN 06aacTi. OLIHUTH MOXHA Ty
IYMKY, SIKa B IPUHIUII € B HAsBHOCTI.

ExcriepTHe olLiiHIOBaHHS SIK CHOCIO OTpUMaHHS KUIbKICHOI 1H(popMalii nodygoBaHe
Ha OCHOBI « TaK JAyMaro» 1 OpraHi3oBaHe 3 ypaxyBaHHSM IE€BHUX HAayKOBHX MiaxoniB. B
IOMY IIe HEe CTaTUCTHKA, OTPUMaHa K Pe3yJIbTaT CIIOCTEPEIKEHD 3a peaAIbHUMH TO/IISIMH, 1€
OLlIHKa Ta 0OpoOKa, 3 BHKOPHCTAHHSIM METOAIB CTaTUCTUYHOI OOPOOKH BHIIAJKOBUX
npouecis. JlaHi, OTpUMaHi METO/IaMU €KCIIEPTHOTO OL[IHIOBAHHSI, CIIOYATKY HE € KIJIbKICHUMH.
Lle pe3yabTar TOro, SIK 3aMUTATU Ta SIK cHOPMYITIOBATH MUTaHHA. TOMY OILIHUTH iICTUHHICT,
JIOCTOBIPHICTH 1 TOYHICTh PE3yJIbTATIB HE TaK MPOCTO, @ HA/JAATH iM HAYKOBY OCHOBY JOCUTh
ckiagHo. OLiHKa JOCTOBIPHOCTI 3aJ€KUTh BiJ Y3TOJUKEHOCTI JYMOK €KCIepTiB. IcHye
Koe(ILIEHT KOHKOpJalli, KUl BHU3HAYa€ CTYIIHb PO30DKHOCTI TYMOK THX, XTO OL[IHIOE
npobaeMy, Ha CKIJIbKM IXHI AYMKH Bi0OpakaloTh ICTMHHICTH TOTO, 10 BifOyBaeThcs. Lle
Iy’Ke BAKIHMBO, SIKIIO PE3YJbTaT €KCIIEPTH3M BUKOPHCTOBYETHCS UISI TOYHUX PIllIEHb, IO
nepeadavaroTh II00adbHI HACHiAKW. SIKIIO JaHi Ui NPUHHATTA MOTOYHOTO pIIIEHHS 1
NoTpiOHa KIJbKICHA OIIHKA MEBHUX MPOLECIB YM OO'€KTIB, TO JO OTPUMAHUX pPE3Yy/IbTATIB
MOYKHA CTAaBUTHCS OUTBII «M’SIKO». Y TaKOMY pa3i MO>KHA 3aJJ0BOJILHUTHCSA TUM, IO OJHE 1
JIpyre MO>KHA OI[IHUTH B KUIbKICHOMY BUTJISIZI 1 BKJIIOUUTH B IPOLIEAYPY OOYUCIIEHb.
IpuHounu po3B’si3aHHA 3agayi. 3agauva, sKa BUPILIYETbCS B JaHii poOOTi, CTOCYETHCS
npobiieMrn BUOIPKHM, KpUTEpid $KOi HEOOXITHO MpeACTaBUTU KiIbKicHO. [IpomonyeThcs

3arajlbHUM CIUCOK JUCHMILIIH 13 n nosumiilt (j=1,n). Cepen HHMX HEOOXiZHO BUOpaTu
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m quctmriuiie (m < n ) . Bubip 3MIHCHIOETBCS 3 METOIO TIJBHUINECHHS SKOCTI OTPUMaHOT
OCBITH, a caMme - MiABHUINEHHS KOMIIETCHTHOCTI, MPAKTUYHUX HABUYOK Ta 3HAHb, HEOOX1THUX
s MaiOyTHbOi  mpodeciitHoi  misutbHOCTI. [lo  KOXKHIM  TPOIMOHOBAHIA  TUCIUTLIIHI
BHILISETHCS {, TOIMHM HABYAILHOTO HaBaHTaXCHHs. [lo3Ha4MMO dYepes ¢, BENUUUHY
KOPUCHOCTI j - 1 MUCHMIUIIHH, SIKy MOXXHa OTPHMATH, BUBYAIOUU | - y JAMCUUIUIIHY 3i
criicky. HeoOXximHO BHOpaTH JUCIUIUIIH, SKa 3a0€3MeYUTh HAWOLIbITy CyMapHy KOPHUCHICTh
HaBYaJIbHOI IIiATOTOBKH.

MatematuyHa MOJIEh ONTHMAIBHOTO BUOOPY MUCIMILIIH 3BOJUTHCS JIO BIIOMOT
MaTeMaTHYHOI 3ajadi, 110 HOCHTh Ha3BYy «3ajgaya MPO paHelb». SIKIIO B SKOCTI IIYKAaHUX
BEJIMYHMH BBECTH OyJIeBi 3MiHHI TaKi, 1110

1, AKIIO j —a JMCIMIUTIHA JIOJAE€THCS 10 CIIUCKY OOpPaHHX, (10)
X, =
710, B iHIOMY BHIAJKY .

MarematrnyHa Mojenb 3anuiierbes Tak (11-13):

Z =max) c,x, (11)
j=1
pu 0OMEKEHHSIX
> tx, <4 (12)
J=
Ta J0JaTKOBUX BUMOT
x, €01} j=Ln. (13)

Peanizauiss Mozeni MOXidBa IpH BIZOMHX 71, {,, A, ¢,. BennunHa HaByaabHOro
HABAHTAXKCHHS 3 KOKHOI AMCLMIUIIHK /; BiIOMA, BIAOMHI CIIMCOK JAMCUMILUIIH — BEJIMYMHA 7 |

KUIBKICTh TOJAMH, BIAMOBIJAIBHUX y PO3ALII OCBITHBOI MPOrpaMU «IUCUUIUIIHK Ha BUOIP» -
BenmunHa A . KOpHUCHICTH KOXXHOI MUCHUIUTIHH C ,BU3HAYAETBCS E€KCIIEPTHUM LUIAXOM,

OCKITbKH 0€3 TyMOK BHCOKOKBaNi()iKOBAaHUX CIEI[ialiCTiB HEMOXKIIMBO OJHO3HAYHO OILIHUTH
il 3HAUYIICTh 1 KOPUCTH JJIsl HABYAJILHOTO MPOIIECY.

TecToBuii NpuUKJaA. AITOPUTM BU3HAUYEHHS ONTUMAIBHOTO HAOOPY AUCIHILIIH 32 BUOOPOM
MPOJIEMOHCTPYEMO Ha TECTOBOMY MpPHKIAAl. 3 METOK BH3HAYEHHS KOPHUCHOCTI KOXKHOI
TUCIUILIIHN TiepeadayaeThcsl Tpyla eKCIepTiB, sSKa BKIIOYAE IIOJCH, AKi MpeACTaBIsIOTH
HaBUYaJIBHUU TIpoliec, chepy BUPpOOHMIITBA Ta cTyAeHTCTBA. Hanpuknan, mpodecop xadenpu,
sKa BUIYCKA€, TApaHT CHEMIalbHOCTI, KypaTop TpyIu, METOJUCT, CTEUKXOJEpP, BUITYCKHUK,
110 MpaIkoe Ha 00'€KTI, cTapocTa rPyNu Ta aKTUBHUMN CTYyAEHT rpynu. [lo3Hauumo excrepTiB
4yepes €,,6,,...,6; . OILIHKa JyMOK €KCIEepPTIB MOK€ MPOBOAUTUCH 3a IBOMA OCHOBHUMHU
dakTopaMu: 3aiiMaHe coIliaibHe CTAaHOBWINE Ta HAYyKOBO-T€XHIYHI JocsrHeHHs. Jlami
pO3IJIIHEMO, SIK MOXKHA MOJAUIUTH TPYyNy EKCHepTiB 3a UMMU ¢akropaMu. Sk mpukiap,
MPUITYCTUMO, IIO 0 TepiuioMy (HakTopy rpyny eKCHepTiB MOXKHA MOIUTHTH Ha TPU MiATPYIIH,
a 3a ApyruMm Ha yotupu. Hexail ekcneptu e, e;, e; CKIaJal0Th NEpIly MIATPYIY, €,,e,,6E -

IpYyry, a €KCHEpTH e,,e; - TPEeTI0. 3TIAHO 3 MPHHAIEKHICTIO 10 BIINOBLAHOI MiATrpyNnu

eKcIriepTaM MpUIHCYIOThes 6anu 3 iHTepBany [1,3]. [Ipumyckaemo, 1o 3a Apyrum ¢GpakTopom
eKCIEepPTH AUIAThCA TaK: e, €5 CKIAJalTh Nepuly HiaArpymy, e;,e, - Apyry, A0 TPeTbOi rpynu

HaJIe)KaTh €KCIEePTH €s,€,,€,, A OCTAHHS MIATPYyNa MpeIcTaBlIeHa eKCIIepToM e, . BinnosinHo,
cucrema OaiiB 3 yrcen iHTepsainy [1,4]. TecToBi nani HaBeneHi y Tabuumi 1.
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Tadoauus 1.
TecroBi gani
Excnepr e, e, e, e, e; e e, e Cyma
dakrop 1 3 1 3 1 3 1 2 2 16
2 4 3 2 2 4 3 2 1 21
Cyma 6aniB 7 4 5 3 7 4 4 3 37
Koeoiuient 0,188 | 0,108 | 0,135 | 0,082 | 0,188 | 0,108 | 0,108 | 0,082 | 0,999
KOMIIETEHTHOCTI ¢,

KinpkicTh AMCHHMIUIIH 3TiAHO 31 CIHUCKOM mependadyBaHux jgopiBHioe 10 (n =10).
Ilosnauumo ix wuepes a,,a, a,,. IlpoBeneHo onuTyBaHHs ekcneprTiB. Orpumani

,,,,,

pamKUpyBaHHA. Y MOBHI pe3ylbTaTy HaBeIeHO y Tabmui 2.

Tabaunns 2.
PesynpraTty paHKyBaHHS
Hucnymina | g, a, a, a, as ag a, as a, a,
Excnepr
e 1 6 4 2 3 8 5 7 10 9
e, 2 3 4 1 5 7 6 9 8 10
e, 3 4 2 5 1 9 7 6 10 8
e, 2 4 3 5 1 6 7 8 9 10
e, 1 2 4 3 5 7 6 9 10 8
e 1 4 5 2 3 10 9 8 6 7
e, 2 1 3 4 5 7 6 9 10 8
eq 4 2 1 5 3 7 6 10 9

OTpuMaHi paHTy JUCLMILUIIH NEPEeBOJATHCS B Oain. BUKOpHCTOBY€EThCS Taka IHTEpBaJIbHA
mIkana OaliB: 3a MepIle Miclle B paH)KyBaHHI HAaJla€ThCs AECATh OaliB, 3a Apyre — JEB'ATh 1
T.7. KimbKkicTh OaniB [l KOXKHOI AUCHMIUIIHM OOYMCIIOETHCS 3 ypaxyBaHHSAM KoedillleHTa
KOMIIETEHTHOCTI €KCIepTa, KUl BU3HAUMB MiclLle JUCLUIUIIHU B paH)KyBaHHI. JlaH1 HaBeneH1
B Tabmui 3.

Taoauus 3.
Pauru nucnumia B 6anax
IToxa3Huk Jucuumniina ‘ Cyma
a a, a, ay as s a4, ag ay g

Bamu 8,916 | 7,600 | 7,591 | 7,798 | 7,798 | 3,214 | 4,560 | 3,215 | 1,729 | 2,455 | 54,97
KOpI/ICHiCT 0,166 | 0,138 | 0,137 | 0,140 | 0,140 | 0,050 | 0,083 | 0,089 | 0,031 | 0,043 | 0,997

b
HepeBara 1 4 5 2-3 2-3 8 7 6 10 9

Haii6inpury cymMapHy KOPUCHICTh HABYAJLHOTO HABAHTAKEHHS BU3HAYMMO, BUXOMISYH 3
HACTYITHUX TECTOBUX JaHUX. BemnunmHa A4, 3aranpHa KIUTBKICTh KPEAUTIB, BUIUICHUX IS
BUBUEHHS JUCIUIUIIH 32 BHOOPOM, CTaHOBUTH 25 KpEAWTIB. 3 METOI CIPOIICHHS

pOSp&XYHKiB 3HaA4YCHHA KOpHCHOCTeﬁ Cj nepeBcAcMO B lHI_I_Iy [Kaimy BI/IMipIOBaHH}I, TOOTO

nmoMHOkuMo Ha 1000. Jlani HaBeneHi B Tadauii 4.
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Tabanuns 4.
[IpencrapieHi JaHi 32 HOBOIO IIKAJIO0 BUMIPIOBaHHS

Jucruriiza a, a, a, | a, | a5 | a, a, ag a, a,
Kopucnicts ¢ 166 | 138 | 137 | 140 | 140 | 50 83 89 31 43
Oo6csar Y Kp€auTax t] 475 470 470 4)5 430 4’5 430 450 350 3’0

[IpiopuTeTHa uepra BKIIOYEHHS IUCIMIUIIH JO0 CHUCKY OOpaHMX BH3HAUYA€THCA 32
anroputMoMm Jlanmura [19]. AnropuTM BH3HAa4a€ OTPUMAHHS ONTHUMAIBHOTO PIIICHHS

BIJIMOB1THOT HEIJIOYMCENBHOT 3a/1a4i PO paHenb. I IbOro BU3HAYAETHCS YacTKa C i /t ; Ta

BIIOPSJIKOBYETHCS B TOPSAKY HE 3pocTaHHs. KidbKiCTh JUCIUILTIH, BKIIOYCHHUX JI0 CITUCKY,
PETYIIOETHCS BEMUUNHOIO 4 . PO3paxyHKOBI J1aH1 HABEJICHO Yy HACTYITHIN TaOIuI 5.

Tabauus 5.
Po3paxyHkoBi gani
Hucuurina a, a, a, a, as ag a, ag a, | ap
A 37 36 36 31 35 11 20 22 10 14
OO6pani gucomrmiiai | 1 1 1 1 1 0 0 1 0 0

OntuManbHe pIlIEHHS 3TIAHO 3 OOpPaHUM KpPHUTEPIEM KOPUCHOCTI NPEACTaBIISIE

nepenik 3 6 TUCHHMIUIIH, SKI BXOJATh 10 yuciia BUOpaHUX. BOHM BU3HAUAIOTh MakCHUMaJbHY
KUTBKICTh KOPUCHOCTI TPH MiABHIIEHHI KOMIIETEHTHOCTI BUIyCKHUKA. CIif 3a3HAYMTH, 10
CKJIaJaHHs CHOMCKY MOXKHa 3A1MCHUTH Ha OCHOBI Y3araJbHEHHMX OILIIHOK €KCIIEpTiB,
pe3yabTaTOM SIKUX € MPIOPUTETHA yepra AUCHUILIIH. Ha OCHOBI 4epru MOKHA peryJIroBaTH
KUTbKICTh BUOpaHUX AUCLHUILIIH, SKIIO BBECTH MOPIr BUOOPY.
BucHoBku. VY poOotri BuOip HaBUalNbHUX MJUCHMIUIIH 13 3alpONOHOBAHOIO CIHUCKY
PO3MIIAIAEThCA SK 3a/laya ONTHUMI3alli, 110 MOAETIOEThCS Yepe3 3aJady Mpo paHellb, OJHY 3
OCHOBHHUX 3ajlad LIJIOYUCENIbHOTO JIHIMHOIO MporpaMmyBaHHS. YMOBHU BHOOpPY AMCLHMILIIH
BU3HAYAIOThCA 3a JIONMOMOTOK0 OOMEKeHb Ha HaBYalbHUM uac Ta 0O0CAT BHKJIAIaHHSA
muctumuiie.  Kpurepiit  onTumizaiii Mae  XapakTepUCTUKM  MpOOJIEMH, M0  BaXKKO
dbopMani3yroThCs, TOMY IS KUIBKICHOT OLIHKM AMCHMIIIIH OYJl10 3aCTOCOBAaHO METOJ
€KCIIEPTHOIO OIiHIoOBaHHA. [l umrocTpanii poOOTH MeToqy HaJaHO MpHUKIaja BHOOpY
JUCLUIUTIH HAa OCHOBI TECTOBHX JIaHUX.

JlocmimpKkeHHS TI0Ka3ajio TOTEHIal MaTeMAaTHIHUX METOMIB IS ONTHMI3arlii
npoliecy BUOOpY HaBYAIbHHUX JUCIMILIIH, [0 MOXE CHPUATH IMiJBUIIEHHIO KOMIIETEHTHOCTI
3100yBaviB BUIIMX HABYAJBHHUX 3akiajiB. Hamanuii KOpOTKWMN OMHUC JIHIMHUX MOAeNen
nependavaB BUOIp MOJENi 3a4ayi Mpo paHelb. BiICyTHICTh YMCIOBUX JaHUX JUJISl OLIIHKU
SKOCTI PO3TIITHYTUX JUCHUIUTIH KOMIICHCOBaHAa EKCIIEPTHUM OIliHIOBaHHsAM. HaBeneHo
HOTIEPEIHIM OMMC OCHOBHHMX MPOLEAYP €KCIEPTHOI OIIHKM Ta MOXJIMBOCTEH iX iHTerpauii B
nporiec (GopMyBaHHS HABYAILHUX TUTaHIB.
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MATHEMATICAL METHODS FOR OPTIMAL SELECTION OF ELECTIVE
COURSES IN HIGHER EDUCATION INSTITUTIONS

B. I. Yukhymenko

National Odesa Polytechnic University
1, Shevchenko Ave., Odesa, 65044, Ukraine
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The work is dedicated to the research and application of mathematical methods for the optimal selection of
elective courses in educational programs at higher education institutions. In the context of general
computerization, the processes of training specialists require the implementation of innovative approaches that
ensure the increase of competence and practicality of future professionals. The methodological aspects of
mathematical programming and expert evaluation, which are used for quantitative analysis and selection of the
most priority courses, are discussed. Special attention is given to the task of optimally choosing elective courses
from a list of proposed ones, based on criteria of utility and academic workload. The problem is formalized as a
discrete-type linear programming problem, known as the "knapsack problem." The work proposes an approach
based on expert assessments to determine the utility of courses, as well as the construction of mathematical
models and methods for solving them. The research emphasizes the importance of integrating expert evaluation
methods into the process of curriculum formation, which contributes to improving the quality of education and
preparing professionals who meet the requirements of the modern economy and society. The work holds
practical value for educational institutions and curriculum developers focused on labor market needs.

Keywords: Expert evaluation, linear programming, courses, educational programs, knapsack problem.
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