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Algorithm for lung pathology detection in X-ray images
using binary classification with emphasis on preprocessing
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Abstract

Objectives. The purpose of the work is automatic detection of lung lesions: cavities, infiltrates, and nodules on
chest X-ray images. Also, the possibility of spatial localization of these lesions on the image is investigated.
Methods. Binary classification using deep convolutional neural networks and the Grad-CAM method are used.
Results. For the Xception model, the binary classification accuracy on the test dataset is 73.1% for cavities,
71.9% for infiltrates, and 72.8% for nodules. Heat maps with true positive outcomes for cavities and nodules are
mostly understandable to radiologists. More research is needed to get heat maps for infiltrates that are
understandable to experts.

Conclusion. The average classification accuracy of the Xception model for three lesion types (cavities,
infiltrates, and nodules) is equal to 72.6%. Heat maps associated with pathological processes in the lungs and
lesion localization were constructed. Obtained results are good, but not excellent. Thus, further investigation
should be done to improve the classification accuracy and quality of the heat maps.

Keywords: medical image processing, image analysis, lung lesions, deep learning, binary classification, computer-
aided diagnosis, chest X-ray, Grad-CAM
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AHHOTALNA

enn. OcymmecTBsieTcsl aBTOMaTHIECKOe OOHapyKEHUE MOPAKEHUH JIETKHX: MTOJIOCTEH, HHPHUIBTPATOB U y3€i-
KOB — HAa PCHTICHOBCKMX CHHMKaxX TIPYAHOW KieTku. Takxke HCciexyercs BO3MOXKHOCTh NPOCTPAHCTBEHHOM
JIOKJIN3AIIMHU 3THX MOPAXKESHUH Ha N300pakeHHH.

Metonsl. Mcnonb3ytoTest OuHapHas kinaccu(uKainys Npy MOMOIIY IIyOOKHUX CBEPTOYHBIX HEHPOHHBIX CeTei
u metox Grad-CAM.

PeszynbraTtsl. s monmenu Xception TOYHOCTH OMHApHON KiaccU(HKalMM Ha TECTOBOM HAOOpe NaHHBIX
cocrasiser. 73,1 % nmna nonocreit, 71,9 % s uHbUibTparoB u 72,8 % ans y3enkoB. TemsioBble KapThl
C UCTHHHO TIOJIOXKUTEIbHBIMU PE3yJIbTaTaMH JJIsl MOJOCTEH M Y3€JKOB B OCHOBHOM IOHSITHBI PaaMOJIOraM.
YroObl MOMYYHUTh IOHATHBIC SKCIEpPTaM TEIUIOBBIE KapThl A WH(HUIBTPATOB, HEOOXOIMMO IPOBECTH [0-
TIOJTHUTENBHBIC HCCIIEIOBAHMSL.

3aknioueHue. CpemHsas TOYHOCTh KiIacCH(UKAIMU MOJENN Xception Uil TpeX THUIIOB MOpaXKeHUH (II0JIOCTH,
MHQUIBTPaThl U y3enku) paBHa 72,6 %. Bpum MOCTpOEHBI TEMIOBBIE KapThl, CBS3aHHBIC C MATOJOTHYECKUMHU
IpoueccaMy B JIETKUX M JIOKaTu3anuei nopaxkeHud. [lomydeHHbIE pe3ysbTaThl SIBISIOTCS XOPOIIMMH, HO HE
OTIIMYHBIMHU. TakuM 00pa3oM, HEOOXOANMO MPOBECTH JaTbHEHIINE MCCIICIOBAHUS JUIS MOBBIMICHUS TOYHOCTH
KiIacCcU(UKAIMU U KauecTBa TEIUIOBBIX KapT.

KiroueBble cioBa: 00pabOTKa MEIMIMHCKUX H300pakKeHMH, aHAIN3 H300paKCHUH, MMOPaKEHHS JIETKHX,
riybokoe o0y4eHue, OMHapHas KiacCU(UKalys, aBTOMaTU3UPOBaHHAs AMATHOCTHKA, PEHTIeHOrpadus rpyJHO
kietku, metog Grad-CAM

Baarogapuocrtu. Padora BeinonHeHa npu GuHaHcoBoi moamepxke: mpoekra ISTC-PR150 «bemopycckas 6asa
JIAHHBIX 0 TyOepKyne3y M TyOepKyne3Hbli moptaiy, npoekra BPOOU Ne @22KUTT-001 «lleneBas Tepamus
KaJ'II)I_[I/Iq)I/IKaI_II/II/I, OHOCpeHOBaHHOﬁ IMUKIIMYCCKUMU NIENITUAAMU, U PAHHAS BU3YyaJIU3UPYIOoIas JUarHoOCTUKaA paKa
nerkux»; ['TIHU «lludpoBbic 1 KOCMHUYESCKHE TEXHOJOTHH, O€30MAaCHOCTh Ye0BEKa, O0IECTBa U TOCYIapCTBa
2021-2025», noanporpamma «L{udpoBbie TexHONIOrUM U KocMuueckas nHdopmarukay, 3aganue 1.1.3. Ocobas
OmaromapHOCTB BBIpaxkaeTcsi Bpady-peHTreHonory Onery BnagumupoBuay TapacoBy 3a EHHYIO SKCIIEPTH3Y BO
BpeMs IPOBEICHUS HCCIICOBAHUM, a Tak:ke AHJpero ['aOpu3IIsTHy 3a IMoJIe3HbIe BOTIPOCH! U OT3HIBHI.

Jist nMTHPOBaHMS. AJTOPUTM OOHApY>KEHMS HATOJOTWH JIETKHX HA PEHTTCHOBCKMX CHHUMKAx C HCIOJIb30-
BaHHEM OWHApHO# KiaccuUKalKK ¢ aKIIEHTOM Ha MpeaBapurenbHyo 06padotky / JI. A. [TaBnenko, A. A. Ko-
capeBa, J. B. Cuexko, B. A. Kosanes // Undpopmaruka. — 2025. — T. 22, Ne 3. — C. 7-24. — DOI: 10.37661/1816-
0301-2025-22-3-7-24.

KondaukT naTepecoB. ABTOPHI 3asBISIIOT 00 OTCYTCTBUM KOH(IIMKTa HHTEPECOB.

Introduction. In recent years, artificial intelligence-based clinical decision support systems (Al-
CDSS) have gained substantial traction in the medical domain, driven by advancements in deep
learning and the increasing availability of annotated medical imaging datasets. These systems are
increasingly recognized for their potential to enhance diagnostic precision, reduce inter-observer
variability, and streamline clinical workflows. Among various applications, Al-driven solutions for
radiological image analysis have emerged as a particularly active area of research and development.
Modern convolutional neural networks and vision transformers are being widely employed to perform
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tasks such as lesion detection, segmentation, and classification across modalities including computed
tomography (CT), magnetic resonance imaging (MRI), and X-ray. Such tools are especially valuable
in scenarios requiring rapid and reliable interpretation of complex images, where human expertise may
be limited or subject to fatigue-induced errors. Despite promising results, challenges remain regarding
model generalizability, interpretability, and integration into clinical practice.

Addressing the challenges of tuberculosis diagnosis is crucial due to its significant impact on public
health and the need for timely, reliable interventions. Several approaches have been proposed in the
literature for the AI-CDSS aimed at tuberculosis diagnostics.

One of the key challenges in developing systems for delineating pathological areas is the need for
labor-intensive manual segmentation, which places a substantial burden on radiologists and hinders
the efficient annotation of large-scale medical imaging datasets. There is a clear need for the
development of methods capable of identifying pathological regions in the absence of segmentation
annotations.

The investigation goal is to automatically detect lesions and construct heat maps associated with
pathological processes in the lungs. To achieve the goal we trained convolutional neural networks for
the automatic detection of lung lesions: cavities, infiltrates, and nodules. Also, we investigated the
possibility of spatial localization of these lesions in the chest X-ray (CXR) image. In the paper, we'll
describe in detail the dataset preparation, training process, and the results obtained. The main concept
is illustrated in fig. 1.

Lesions
descriptions

Cavities are present

Neural
network

Lesions
heat map

Unlabeled sextant image

Fig. 1. Scheme of Al-CDSS to help a specialist

As shown in fig. 1, an unlabeled lobe (lung sextant) of the CXR image is input to the experimental
software. The experimental AI-CDSS results in lesion descriptions and corresponding heat maps with
spatial localization of these lesions.

An overview of existing solutions was conducted to identify relevant methodologies and
approaches. In paper [1], the authors present a detailed literature review of existing solutions for
detecting tuberculosis on chest X-rays. Existing publications present several conceptually similar
approaches to the problem under consideration [2-4]. The authors [2] achieved a high classification
accuracy of 96% in distinguishing tuberculosis from non-tuberculosis cases. However, their study
exhibits several notable differences. First, the authors utilized images characterized by high contrast.
Second, their approach did not include differential diagnosis of pathologies — specifically, the
classification of lesion types. Activation maps have been derived during the training of CNN-based
classifiers [3]. The authors developed an ensemble of neural networks for the classification of
tuberculosis, achieving an overall accuracy of 82.93%. Notably, the model demonstrated higher
performance — reaching 90% accuracy — in identifying specific pathological patterns such as effusion,
infiltration, mass, and nodule (when dividing the data set into training and test samples in a ratio
of 8:2). However, the accuracy was lower for other pathologies, such as fibrosis. A distinctive feature
of our work is the classification of sextants, which was employed to enhance the accuracy of
pathological area localization in the generation of activation maps.

We used image analysis of lung lobes (sextants) cropped by the lung mask rather than the whole
CXR image. Image analysis of whole CXR images (cropped by the lung mask too) gave lower
accuracy. Before being sent to the neural network the image is compressed to 299x299 or
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224x224 pixels. This image compression makes small lesion foci invisible or faintly visible. Thus,
processing lung lobes (sextants) instead of the whole lung preserves small lesion foci for processing

by the neural network.

Fig. 2. Example images with a missing lung:
a) image with an incorrectly generated one lung mask;
b) image (patient ID 248) with a correctly generated one lung mask

Fig. 3. Example images for which no masks were generated:
a) poor quality image (patient 1D 2841);
b) an image with too large black background area (patient ID 16325)

i

Fig. 4. Example of generated image Fig. 5. Example of dividing lungs into six
for manual mask review parts (sextants) by mask area
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Experimental Al-CDSS to assist radiologists is based on a neural network and artificial intelligence
techniques. The output of experimental software is lesion descriptions (for example, "cavities are
present™) and lesions heat map that highlights these lesions on CXR. AI-CDSS automatically produces
results for three lesion types: cavities, infiltrates, and nodules.

To get lesion descriptors we used a binary classification method. Binary classification [1] is
classifying the elements of a set into one of two groups (each called a class). For example, to
determine if CXR has cavities or not.

To get heat maps we used the Gradient-weighted Class Activation Mapping (Grad-CAM)
method [5]. Grad-CAM uses the gradients, flowing into the final convolutional layer to produce a
coarse localization map highlighting important regions in the image for predicting the classes. That is,
the Grad-CAM method allows one to visualize the areas of high attention of the neural network, based
on which it makes the final decision.

To retrieve a dataset of sextants from the original CXR database of the TB Portals
Case Browser [6] (URL: https://data.tbportals.niaid.nih.gov) and TB DEPOT [7] (Data Exploration
Portal, URL.: https://depot.tbportals.niaid.nih.gov) a lot of preliminary work that has to be completed:

1. manually exclude inappropriate images with lateral patient orientation, containing large
white/black frames, with incorrect modality, containing other body parts, etc.;

2. automatically invert the image in color if it is inverted:;

3. automatically flip the image if it is flipped horizontally (the heart is on the right side);

4. develop an algorithm for automatically cutting lungs into sextants;

5. conduct a gquantitative analysis of the obtained data.

Steps 1-3 were described in the research paper [8]. Steps 4 and 5 are explained in this paper.

Algorithm for cutting lung into sextants. To work with lung sextants, it is necessary to correctly
automatically slice lung images into parts. During a meeting with the radiologist, it was determined
that the sextant separation when annotating images is interrelated with anatomical aspects of the
position of veins, arteries, etc. In more detail, the division of the lung into lobes is made by a
radiologist according to the following rules.

For CXR scans:

— upper sextants are above the lower edge of the aortic arch;

— middle sextants are between the lower edge of the aortic arch and the right inferior pulmonary
vein;

— lower sextants are below the right inferior pulmonary vein.

For CT scans:

— upper sextants are above keel level;

— middle sextants are between the keel and right inferior pulmonary vein;

— lower sextants are below the right inferior pulmonary vein.

In this formulation, dividing the lungs into lobes based on anatomical image maps is a challenging
task in itself, as it cannot be adequately captured by a simple mathematical algorithm due to its
reliance on complex anatomical structures. In addition, there is always the possibility of human error
in annotation, since some lesions in the lungs are on the border of the sextants selected by the
radiologist.

According to the CXR images processing pipeline proposed in the article [8], lung masks were
obtained automatically using the application program interface (API) of the LungExpert [9, 10]. This
software is available online for testing at URL: https://lungs.org.by.

When cropping the lungs according to their automatically generated mask, several difficulties
arose. The lung mask is incorrectly positioned under the following conditions:

— lung collapse is present (fig. 2, a);

— poor quality of the original image (fig. 3, a);

—too large black background on the image (fig. 3, b);

— presence of foreign objects on the image.

To identify images with incorrectly generated lung masks, they were viewed in two ways:
automatically, using algorithmic processing of lung mask regions, and by manual review. This semi-
automatic approach allowed minimizing the number of incorrectly generated masks.
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For manual review of the images, previews were created that included a lung mask overlaid on the
CXR and a rectangular cropping frame where the image should be cropped (fig. 4).

To organize semi-automatic search and correction of images with incorrectly generated masks, the
ratio of two lung mask areas was used. To calculate the ratio of two lung mask areas, the number of
lung mask contours is counted. Ideally, there should be two contours for the left and right lung.
The first two contours with the largest areas S1 and S2 are then found. If there are third, fourth, etc.
contours, they are ignored. The ratio of lung areas S2/S1 is in the range [0, 1], where S1 is the area of
the largest contour and S2 is the area of the second largest contour.

To determine the S2/S1 ratio value for the correctly generated mask, this ratio was calculated for
each of the images in the original dataset. A total of 10,475 masks and corresponding ratios were
obtained (tabl. 1).

Table 1
Number of images with lung area ratio in the intervals

Column No. 1 2 3 4 5 6 7 8 9 10 11
Lung area ratio interval 0.0 (0.0,0.1]{(0.1, 0.2]{(0.2, 0.3]{(0.3, 0.4]{(0.4, 0.5]{(0.5, 0.6]|(0.6, 0.7]|(0.7, 0.8]{(0.8, 0.9]|(0.9, 1.0]
Number of images 514 35 54 132 179 363 671 1,378 2,519 3,223 1,407

Of this tabl. 1, 514 images of column 1 had only one lung mask contour (S2/S1=0). Single-lung
masks were considered "correct" and processed according to a separate procedure described below.

The images with different ratios were then partially manually reviewed. After manual review, a
ratio of 0.6 was experimentally chosen as the boundary for "correct” and "incorrect” lung masks.

If the ratio is strictly greater than 0.6 (S2/51>0.6), we consider the mask to be "correct"
(see columns 8-11 in tabl. 1). In total, 230 images from columns 8-11 were manually reviewed and
subsequently excluded from the final dataset due to errors in lung mask definition.

If the ratio is less than or equal to 0.6 ($2/51<0.6) and not equal to zero (S2/51#0), we consider the
mask to be "incorrect” (see columns 2—7 in tabl. 1). We excluded the "incorrect”" masks from further
study and did not cut them into sextants. This is a simplified approach that could probably be
improved.

Before cropping the ‘correct' masks, a padding of 3% is added to both the width and height of the
bounding frame, but not exceeding the actual image dimensions.

Having selected a rectangular frame to cut, the next step is to divide that frame into six parts
(sextants). After a meeting with the radiologist, it was decided to divide the lungs into sextants evenly
by area of mask. Thus, the cropping frame is first divided vertically into three equal parts according to
the mask area (two horizontal lines in fig. 5), so the area of each part should be one-third of the area of
the whole lung mask. The cropping frame is then divided exactly in half horizontally (one vertical line
in fig. 5). An approach involving overlapping sextants could potentially provide better performance.
The investigation of overlapping sextant configurations is intended for future research.

To correctly process masks with one lung (514 images of column 1 in tabl. 1), a second missing
lung must be drawn on the image. Fig. 6 shows how the cropping frame is formed around the mask for
the case where only one lung (contour) was detected on the CXR image.

In fig. 6 value d is the estimated distance between existing and missing lungs and 7, is the width
of one lung mask. To find the estimated value of d, we obtained all masks with (at least) two contours
and found the ratio k£ of the distance between the lungs (the two largest contours) to the sum of the
widths of the two lungs using eq. (1):

d

= —— 1
T ()

where 4 is the distance between the two lungs; 7, is the width of the right lung; 7, is the width of the
left lung. Fig. 7 explains the variables in eq. (1).



OBPABOTKA CUrHANOB, N30EPAMEHNIA, PEYM, TEKCTA 1 PACMO3HABAHIE O5PA30B
SIGNAL, IMAGE, SPEECH, TEXT PROCESSING AND PATTERN RECOGNITION 13

<

= «—>
S Distance
= W1
5| e () s O
(5]
T
v
Width (W)
Fig. 6. An image explaining the procedure Fig. 7. Image explaining the notations
for selecting the cropping frame for a single lung in the eq. (1)

Tabl. 2 shows the results of the calculated £ ratio in eq. (1) among the original CXR dataset.

Table 2
Number of images with value £ in the intervals
Number of images 10,118 30 9 4 1

Interval of k£ values | (0,0.3] | (0.3,0.4] | (0.4,0.5] | (0.5,0.6] | (0.6, 0.7]

According to tabl. 2, most of the images that have at least two contours on the mask have a & value
between 0 and 0.3 (over 99.5% of all images). The average value of the k& over the whole dataset is
0.079. Thus, it was decided to use a k value equal to 0.3 to construct a cropping frame with a missing
lung. This choice is due to the intention to preserve more information in the image when the cropping
frame is automatically selected.

If k= 0.3 and according to eg. (1) the estimated value of d for one-lung mask is equal to:

d:k'(W1+W2):k'2'W1:0.6'W1. (2)

Therefore, if the number of lung contours is equal to one, a new cropping frame width is calculated
automatically by mirroring one lung to the other half of the thorax with the missing lung. The eq. (3)
for calculating the width 7 of the cropping frame is:

W=2-W,+d=2.6-W,. ©)

Quantitative analysis of the obtained data. An important step of this study was to collect
statistical information about the existing markup of lung images based on radiologists’ annotations
(feature labels). All feature labels are divided into five groups:

1. general features for describing the lungs as a whole (5 features);

2. features for describing cavities in the lungs (5 features);

3. features for describing nodules in the lungs (11 features);

4. features for describing infiltrate (density anomalies) in the lungs (3 features);

5. feature to describe the presence and magnitude of pulmonary collapse (1 feature).

In total 25 features were analyzed. Unfortunately, there is no possibility to show all tables and
charts in this paper. Therefore, here is an example of one labeling feature "Small Nodules™ in the
original CXR dataset.

The "Small Nodules" feature is the integer number from 0 to 100%. The frequency and distribution
of non-empty values of the "Small Nodules" feature are shown in tabl. 3, 4, and fig. 8, 9.
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Table 3
Number of lobes with non-empty values for the "Small Nodules" feature
Upper Right lobe Upper Left lobe
>0 4,120 3,616
=0 3,418 2,965
Middle Right lobe Middle Left lobe
>0 2,819 2,828
=0 2,402 2,424
Lower Right lobe Lower Left lobe
>0 1,529 1,325
=0 1,551 1,563
Table 4

Number of lobes with non-zero values in the intervals for the "Small Nodules" feature
Value range, % (0,107 | (10,207 (20, 30] | (30, 407 | (40, 50] | (50, 60] | (60, 70] | (70, 80] | (80, 90] |(90, 100]

Number of lobes | 8,272 | 4,110 | 1,325 | 1,123 651 276 189 168 50 73
L
25,4% 22,3% (40,50] — (50,100]
4.0% N 47%
(30,40] A\ \
17,4% 17,4% 6.9% N \
\
]
(20,30] . (0,10]
9,4% 8,2% 8.2% //‘ 50.9%
(10,20] \ //
25.3% s
Fig. 8. Percentage distribution of lobes with Fig. 9. Frequency of occurrence of lobes with non-zero
non-zero values for the "Small Nodules™ feature values for the "Small Nodules" feature

Based on the quantitative analysis of the data obtained, the following conclusions can be drawn.

A strong imbalance in the annotated data was found when working with different groups of feature
labels. This strong imbalance exists for both the distribution of binary responses ("Yes" or "No") and
for integer numerical values from 0 to 100%.

For binary responses ("Yes" or "No™), most data have a value of "No".

For integer numerical values from 0 to 100%, most non-zero data is in the range [1, 10]% and zero
values are the most common.

Upper sextants are affected more frequently than lower sextants. The right lung is affected
generally more frequently than the left lung. The exception is only the "Collapse™ feature, for which
lower sextants are affected more frequently than upper sextants, and the right-left distribution is
approximately the same.

The lack of labeled data can be partially addressed by merging data for different sextants into one
group. Thus, circumventing the lack of data for training. To increase the training dataset size, we
merged data with the same labels for the upper right/left, middle right/left, and lower right/left sextants
into one group.

As a result of data merging, the task of recognizing lesions in lung lobes is reduced from regression
(predict a number) to binary (a class exists or does not exist in the lung). Thus, in tabl. 5, the labeling
features are combined from the 20 tasks into three binary tasks.
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Table 5

Three binary classification tasks for cavities, nodules, and infiltrates

Feature name [6]

Value range

Task

Reduce to the binary classification task.

Cavities exist or don't exist in a sextant

1. Small Cavities (less than 3 cm) [0.0, 100.0]%
2. Medium Cavities (3-5 cm) [0.0, 100.0]%
3. Large Cavities (more than 5 cm) [0.0, 100.0]%
4. Does any Large cavity belong to a multi-sextant cavity? Yes/No
5. Can Multiple cavities be seen? Yes / No
6. Small Nodules (less than 3 mm) [0.0, 100.0]%
7. Medium Nodules (5-15 mm) [0.0, 100.0]%
8. Large Nodules (15-30 mm) [0.0, 100.0]%
9. Huge Nodules (more than 30 mm, tuberculoma) [0.0, 100.0]%
10. Any calcified or partially-calcified Nodules? Yes/No
11. Any non-calcified Nodules? Yes / No
12. Any clustered Nodules (nodules 2-5 mm apart)? Yes / No
13. Can Multiple Nodules be seen? Yes/ No

14. Low/ground glass Density (active fresh nodules)

[0.0, 100.0]%

15. Medium Density (stabilized fibrotic nodules)

[0.0, 100.0]%

16. High Density (calcified nodules, typically sequella)

[0.0, 100.0]%

Reduce to the binary classification task.

Nodules exist or don't exist in a sextant

17. Low/ground glass Density

[0.0, 100.0]%

18. Medium Density

[0.0, 100.0]%

19. High Density

[0.0, 100.0]%

Reduce to the binary classification task.

Infiltrates exist or don't exist in a sextant

20. Collapse

[0.0, 100.0]%

Not considered

Collapse is not considered, because it is easily detected visually even by a non-specialist.

Five general features for describing the lungs as a whole are not considered in this research,
because we only work with lobes here.

Creating training, validation, and testing datasets. If different lung lobes from the same patient
are both in the training and test datasets, this will lead to overtraining of the neural network and
overestimation of classification accuracy. To exclude different fragments of the same patient in the
training and test datasets all CXR images were divided into three groups according to patient ID:
training (70% of all patient IDs), validation (15%), and testing (15%). That is, each ID should belong
only to the training, validation, or testing dataset.

Dataset directories for training, validation, and testing were created using the algorithm in fig. 10.

Patient ID

No

List of
questions

Response is

positive and Cc.pfyoltgeryeS ]
alue 2 10 %?
No
All answers Yes Copy to "no"
are negative folder ]
or 07

Next ID

Fig. 10. Algorithm for creating datasets



NHOOPMATIKA = INFORMATICS
16 TOM=VOL.22 3|2025 C.=P.7-24

The algorithm presented in fig. 10 includes two main checks.

1. Verification that an expert has annotated the lungs. By checking the "Rater" field in "Overall
Characteristics" is not empty. If the "Rater" field is empty, the CXR image is not annotated and is
excluded from datasets.

2. Division of lung sextants into classes according to various conditions. For example, separation
into a "cavity" class in the "yes" directory and a "not cavity" class in the "no" directory.

Conducting experiments. During the initial experiments, the following neural network
architectures have been trained and tested: Xception, InceptionResNetV2, EfficientNet (B0, B1, B2,
B3, B5), DenseNet (121, 169, 201), MobileNet (V2, V3Small). Various hypotheses were tested for the
data and hyperparameters of the neural networks.

In this study, the following hyperparameters were used during training: the models were trained for
a total of 150 epochs with a batch size of 5, optimization was performed using the Adam optimizer
with an initial learning rate of 0.00001, and the learning rate was scheduled to decay exponentially
with a decay rate of 0.96 every 10,000 steps. Additionally, early stopping with a patience of 15 epochs
was applied to prevent overfitting and ensure efficient convergence.

As an example, tabl. 6 shows the classification accuracy for the nodule lesions with the final terms
for the data described below.

Table 6
Classification accuracy for the nodule lesions on the test dataset

Neural network Classification accuracy for the nodule | Number of trainable| Number of epochs to

architecture lesion on the test dataset, % parameters, min train
Xception 72.71728/72.4]171.8/72.1172.7 20.8 17/16/20/19/17/19
InceptionResNetV2 7241723 54.3 20/28
DenseNet201 72.8/72.9 18.1 50/39
DenseNet169 73.2/736/734 125 54 /41 /55
EfficientNetB5 62.7/65.9/66.2 28.3 43/48/65
EfficientNetB3 66.2 10.7 49
EfficientNetB0 69.5 4.0 121
MobileNetV2 71.1/70.1 2.2 121/131
MobileNetV3Small 63.4 15 16

Some architectures have multiple training sessions separated by a "/* sign.

For tabl. 6 the datasets for training, validation, and testing are the same, as well as all the
hyperparameters of the neural network. The difference is in the architecture, in the preliminary shuffle
of the data, and the random augmentation.

Both lightweight and large architectures to test the accuracy and heat maps were used.
The accuracy difference between training sessions of the same architecture is approximately +0.5%,

i.e., for Xception 72.8-71.8=1.0 and 1.0/2 ==+0.5.

According to tabl. 6, there is an accuracy difference between architectures from 62.7 to 73.6% or
around 10.9% which is a large percentage for binary classification. Generally, large architectures with
more trainable parameters give higher accuracy, but this is not always the case. For example,
MobileNetV2 either very fast and has an accuracy that is comparable to architectures 10 times larger.
MobileNetV2 is not the best in terms of accuracy, but when speed is also important, this neural
network is indispensable.

Oddly enough, EfficientNetB5 with 28.3 million trainable parameters performs much worse
(66.2% for the third training session) than its counterpart EfficientNetB0 with 4.0 million parameters
(69.5%). No signs of overfitting were observed for EfficientNetB5. Training took 65 epochs and
validation accuracy did not exceed 66.6%, which corresponds to minimal validation loss in the early
stopping callback checkpoint with the patience of 15 epochs.

As a result of numerous workouts with different architectures and hyperparameters of these
architectures, we decided to stop at Xception architecture [11]. Although DenseNet169 performed
slightly better. In this study, we focus not on architecture but on the data itself and the reasons how to
raise the accuracy above 75% in future research.
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The quality of the resulting heat maps is important because visualization of the lesions is also the
goal of the study. Not all neural networks produce consistent results that can be interpreted by medical
professionals. For example, EfficientNet models showed useless heat maps because of the nature of
their architecture. DenseNet models also showed poorly interpretable heat maps. Later, the following
sections present radiologist-verified heat maps for each identified type of pathology.

We would like to note that similar results were obtained by another team when solving the problem
of COVID-19 search on X-ray images [12]. According to their results, Xception architecture is also
best for classification tasks.

In general, the following conversions and improvements to make datasets were made:

—randomly divide patient IDs into three categories: training (70% of all patient IDs), validation
(15%), and testing (15%), so different sextants of the same patient cannot be in both the training and
test datasets;

— CXR image evaluator (rater) must be non-empty;

— remove from the dataset all annotations whose value is less than or equal to 10% (<10%);

— apply various augmentations to the images;

—normalize images to the range [-1, 1];

— equalize the datasets so that the number of "yes" and "no" cases are equal;

— convert from float32 to float16 to make dataset smaller;

— apply checkpoints with early stopping to minimize loss value;

— etc.

Two main improvements significantly enhanced classification accuracy: data augmentation and
filtering out data values less than or equal to 10% (<10%). Other modifications had minimal impact
on performance.

The decision to remove values <10% was based on observed improvements in classification
accuracy. In our dataset, the values represent numeric annotations assigned by the radiologist to
different regions of the image. However, many of these values fell within the low range (0, 10]% and
appeared to contribute little meaningful information.

For example, as shown in fig. 9, the "Small Nodules" label included 50.9% of non-zero values
within the (0, 10]% range. Despite their high frequency, removing these low values improved
accuracy by reducing noise and highlighting more relevant areas.

To evaluate this effect, we conducted several experiments using the Xception architecture:

1. accuracy on test data with values >10% = 72.8%;

2. accuracy on full-range test data (0-100]% = 70.9%;

3. accuracy on test data with values >20% = 70.4%.

The difference between the first and second results is 1.9%, indicating that excluding low values
has a measurable positive impact. While the exact reason for this improvement is not fully understood,
we suspect that values <10% may introduce noise or inconsistencies into the model’s predictions.
Further investigation — ideally involving domain experts such as radiologists — would help clarify this.

Further removal of values less than or equal to 20% reduces classification accuracy by about 2%.
The test dataset in the second check also contains data >10%. In future research, it will be interesting
to train on >10% data but evaluate on (0, 100]% data.

Properly done augmentation almost always enhances results. In this study, augmentation improved
accuracy by about 3%. Augmentation consists of:

— random horizontal and vertical flips;

— three random rotations on 90, 180, and 270 degrees;

— random brightness change within £5%;

— small random contrast change.

In addition, nodule lesions were divided into “small-medium"” and "large-huge” subclasses
(see rows 6-9 in tabl. 5) to test the hypothesis that on divided subgroups the neural network binary
classification will be better (fig. 11).
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However, this did not give a significant improvement:

— for "small-medium" nodules size (5,955 images in total) Xception accuracy is 76.59%;

—"large-huge" nodules size (287 images in total) Xception accuracy is 64.37%.

In comparison for all nodule sizes in one class, the accuracy is 72.83%. Here "large-huge" has
lower accuracy than "small-medium®. This is counterintuitive, because "large-huge" nodules should be
more visible. We assume there is not enough data for "large-huge" nodules to train a neural network.

The classification accuracy achieved on the test datasets for cavities, infiltrates, and nodules is
presented in the respective sections below. Importantly, none of the test samples were used during the
training of the neural network. A detailed performance evaluation across individual classes is provided
in the confusion matrices shown in tabl. 8, 10, 12.

Cavities detection. The dataset size for cavities detection to train neural networks is shown in
tabl. 7.

Table 7
Dataset size for cavities detection to train neural networks

Class name Training Validation Test
"Yes" or cavities are present 2,476 387 553
"No" or cavities are absent 2,476 387 553
Total 4,952 774 1,106

Five feature labels were used to create the dataset (see rows 1-5 in tabl. 5). At least one non-zero
value or affirmative ("Yes") feature label is sufficient to assign the lung lobe image to the "Yes" class
with some cavities in the image (see the algorithm in fig. 10). For the second "No" class or without
cavities in the image all five features are required to have zero or negative answers. The same
approach is applied to infiltrates and nodules but with different feature labels.

Classification accuracy for the test dataset is 73.1%.

Table 8
Confusion matrix for cavities binary classification
Actual
Positive (with cavities) | Negative (without cavities)
Predicted Positive TP=408 FP=153
Negative FN=145 TN=400

In comparison, random guessing has an accuracy of 50%. Thus, the obtained accuracy of 73.1% is

good. Incorrect neural network predictions: false negative (FN=145) and false positive (FP=153) are
roughly comparable. In medicine, FN is more significant than FP and should be smaller (FN < FP),
because missing an illness can cost a life. However, we have not explored this issue in depth.
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Fig. 12 shows heat maps for the true positive (TP) responses automatically obtained by the neural
network on the test dataset.

Fig. 12. Examples of TP outcomes for cavities and corresponding heat maps

The correctness of the heat maps in fig. 12 was agreed with the radiologist.
Infiltrates (anomalous density) detection. The dataset size for infiltrates detection to train neural
networks is shown in tabl. 9.

Table 9

Dataset size for infiltrates (anomalous density) detection to train neural networks
Class name Training Validation Test

"Yes" or infiltrates are present 4,935 1,120 977

"No" or infiltrates are absent 4,935 1,120 977

Total 9,870 2,240 1,954

Three feature labels were used to create the dataset (see rows 17-19 in tabl. 5).
Classification accuracy for the test dataset is 71.9%.

Table 10
Confusion matrix for infiltrates binary classification
Actual
Positive (with infiltrates) | Negative (without infiltrates)
Predicted Positive TP=730 FP=302
Negative FN=247 TN=675

Fig. 13 shows heat maps for the TP responses automatically obtained by the neural network on the
test dataset.

The radiologist's expertise revealed that the neural network correctly identified the presence of the
infiltrates in fig. 13, but their location on the heat map is not where the red color is located.

The approximate location of the infiltrate is highlighted by the non-radiologist in fig. 13, b.
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b)

Fig. 13. Examples of TP outcomes for infiltrates: a) unlabeled input images;

b) approximate ground truth; c) corresponding heat map

If compare the heat map and the approximate location of the infiltrate, we can conclude that the
neural network pays attention not to the infiltrate itself (the light spot), but to the gradient, i.e., the
transition from less dense to more dense areas at the infiltrate boundary. The areas from lower to
higher density (gradients) are highlighted by the neural network, but not the infiltrate itself.

Nodules detection. The dataset size for nodules detection to train neural networks is shown in

tabl. 11.
Table 11
Dataset size for nodules detection to train neural networks

Class name Training Validation Test
"Yes" or nodules are present 8,834 2,006 1,796
"No" or nodules are absent 8,834 2,006 1,796
Total 17,668 2,012 3,592

Eleven feature labels were used to create the dataset (see rows 6-16 in tabl. 5).
Classification accuracy for the test dataset is 72.8%.

Table 12
Confusion matrix for nodules binary classification
Actual
Positive (with nodules) | Negative (without nodules)
Predicted Positive TP=1,218 FP=402
Negative FN=578 TN=1,394
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Fig. 14 shows heat maps for the TP responses automatically obtained by the neural network on the
test dataset.

Fig. 14. Examples of TP outcomes for nodules and corresponding heat maps

The correctness of the heat maps in fig. 14 was agreed with the radiologist.

Discussion of results. The average classification accuracy of the Xception model for three lesion
types: cavities (73.1%), infiltrates (71.9%), and nodules (72.8%), is equal to 72.6%.

Three improvements made the greatest contribution to accuracy:

— filtering of data by numerical values greater than 10% (>10%);

— excluding images with empty "Rater" field in "Overall Characteristics™;

— image augmentation.

Overall, classification accuracy improved by an average of 5%.

It was found that classification errors in all three lesion types are primarily related to the quality of
the original dataset. That's why it's hard to improve accuracy over 75%.

It was observed that some unlabeled sextants, in which the lung lobe should be free of lesions, were
classified as pathological by the neural network. For example, according to the radiologist, sextants in
fig. 15 and fig. 16 contain lesions, and the neural network shows they are, but they didn't contain any
markup in the dataset and are considered as healthy.

B

Fig. 15. There are nodules in the image, but they are not present in the annotated data
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Fig. 16. There are cavities in the image, but they are not present in the annotated data

Another cause of classification errors is poor image quality in some cases. For example, in fig. 17,
the misclassification result is affected by the low image contrast and the presence of artifacts in the
background.

Fig. 17. Examples of low-quality images with FP outcome

Heat maps from the Xception model with TP outcomes for cavities and nodules are mostly
understandable to radiologists.

Heat maps for infiltrates (see fig. 13) are not understandable to radiologists because the area of
attention of the neural network is not directed to the area of pathology itself. Instead, the neural
network pays attention to gradients or the area of transition from healthy tissue to pathology around or
near the infiltrate. This may be because an infiltrate is an area of the lung with a higher density and
appears as a lighter area on the CXR image. For this reason, infiltrate can be seen by analyzing
changes in the brightness of the image (gradients), which is what the neural network does.

To get heat maps for infiltrate (anomalous density) that are understandable to experts, a separate
study should be done. The most likely approach is to make preliminary gradient transformations of the
CXR images to produce heat maps with the correct location of red regions.

From the perspective of radiologists, the classification of infiltrates represents a particularly
challenging diagnostic task. We also had difficulties visualizing the infiltrate using heat maps. It was
unexpected to get the result that the neural network pays attention during classification not to the
lesion itself, but to the gradient area around it.
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It is our contention that the following additional studies will serve to enhance the accuracy of the
classification and the quality of the heat maps.

1. Using only digital images (cell phone photos must be excluded) should greatly improve the
results.

2. Advanced data selection depending on various conditions would presumably improve the results.

3. Prepare a dataset based on descriptors labeled (annotated) by a single expert. And then fine-tune
the trained model on this dataset. This method can improve the classification accuracy since the
methodology of labeling images by one expert is the same.

4. Our team from Belarus annotated many three-dimensional CT images. CT is not CXR (different
modality). Nevertheless, it is theoretically possible to obtain additional valuable descriptors that
describe the position of the studied lesions (cavities, nodules, and infiltrate). For example, convert CT
to CXR modality and apply the available CT annotations to increase the spatial accuracy predictions
of the neural network for CXR scans.

Conclusions. For the Xception model, the binary classification accuracy on the test dataset is
73.1% for cavities, 71.9% for infiltrates, and 72.8% for nodules.

Heat maps associated with pathological processes in the lungs were constructed. Heat maps with
true positive outcomes for cavities and nodules are mostly understandable to experts. To get heat maps
for infiltrates that are understandable to experts, more research is needed.

Obtained results are good, but not excellent. Further investigation should be done to improve the
classification accuracy and quality of the heat maps.
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and conducted experimental studies, including training and testing models for nodule lesions.
A. A. Kosareva proposed an algorithm for dividing the lung into sextants, created training, validation,
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AHHOTAUMSA

Hennu. Lensto npoBeaeHHON pabOTHI sABISIETCS pa3paboTKa apXUTEKTYPhl HHOOPMAIIMOHHOH CHCTEMBI JUISl TPAHC-
KpHOaIy 1 IepeBo/ia Peyy, pealn3anys ee OJIOKOB M TECTUPOBAHUE MX PAOOTHI.

MeTtonbl. PaccMOTpeHBI CyIiecTBYyrONME CrocoOBl paclio3HaBaHMS PEUYH, IMPOBEACH CPABHUTEIBHBIN aHAIH3
MoJieJiel pacrio3HaBaHUsI peud U rnepeBoja Tekcta. [Ipouece TpaHcKkpuOanyuy pedyn BKIIOYAeT B cedsl HECKOJIBKO
MIOCJIE/IOBATENBHBIX ATAIOB: cOOp M NpeiBapUTEIbHYI0 00pabOTKy ayAMOCUTHAla, M3BJICUCHUE aKyCTHYECKUX
MPU3HAKOB, HEMIOCPEICTBEHHOE PACIIO3HABAHHE PEYH, IIOCTOOPA00TKY U KOPPEKIMIO TEKCTa, BHIBOJ Pe3yJIbTara.
Ha sTane npenoOpaboTKi ayIuoCHrHaANa MCIIOIb3YeTCsl KOMOWHALMS CHeNUalTu3MpOBaHHbIX OUOIHMOTEK, obec-
MEYMBAIOIIMX MOJITOTOBKY JaHHBIX JUIS MMOCJIEAYIOIIEro ananu3a. [ HopManu3auy napaMmeTpoB 3alucH pH-
MeHseTes: OndnroTeka librosa, mo3BosIsAIONIAs BRIMONHATH MEPEANCKPETH3AMIO CUTHAJIA 10 CTaHIapTHOH 4acTo-
Tl 16 XI'11 1 mpeoOpazoBanue ero B MoHO(OHNYECKHHA popmar. /it mogasneHns: (JOHOBBIX IIYMOB M BBIAEIIE-
HHS PEYEeBOr0 KOMIIOHEHTa 3aJeHCTBYeTCsl HelipoceTeBas Mozenb Demucs. ANTOpUTM CIIEKTpasIbHOM CcyOTpak-
UM JOTOJIHUTEIFHO KOPPEKTHPYET OCTaTouHble MIyMbl. CerMeHTanusi ped4eBOW AKTHBHOCTH BBIITOJIHSETCS
C MCTIOJIB30BaHNEM 3HepreTudeckoro aerekropa n3 WebRTC, aBromaTudeckn BbIIEINSST peueBble (YparMeHTHI
W ynansis maysel. sl peanu3aiuu CUCTEMbl pacro3HaBaHMs pedd BbiOpana Mojens whisper-turbo (OpenAl)
BBUJIy OOJbIIei CKOpOCTH 00pabOTKK JaHHBIX, MO3BOJISIOIICH Peann30BbIBATh MIOTOKOBBIA PEXUM PabOTHI CH-
CTEMBI, 1 MEHBIINX TPEOOBAaHUI K BBIYMUCIUTEILHOW MOLIHOCTH MallnHbl. MoJynb nepeBoja pa3paboTaHHON
HHTEJUICKTYaIbHOM CHCTEMBI TOCTpoeH Ha Mozenu T5-large-1024 (Text-to-Text Transfer Transformer), amantu-
POBaHHOM JUJIsI MHOTOSI3BIUHBIX 3a/1a4.

PesynbraTsl. [IpeanoxeH cnocod co3naHus MHTEIUIEKTYJIBHOM CHCTEMBI pacliO3HABaHMsI PEYM — MOJYJIbHas
apXHUTEKTypa CUCTEMBI pacliO3HaBaHMs U MEPEeBO/a PEUH, peau30BaH POTOTHII U 3aMepeHbl MeTpukH. Cucrema
MoKasaia CJIeIyIoIIie pe3ynbTaThl: s pyccKo-aHTmiickoro mepeBona Cosine Similarity 0,6951, WER 0,529,
BLEU Score 0,239; mis kKackagHOTO pycCKO-KUTAWCKOTO IepeBoAa yepe3 aHrmuiickmii s3pk Cosine Similarity
0,557, WER 0,748, BLEU Score 0,095. HccenoBanust ToKa3alu, 9TO IPUMEHEHNE KaCKaJHOTO ITePEeBOa yepes
AHIIMICKMH SA3BIK MTOBBIIIAET KAUE€CTBO UTOrOBOTO TekcTa Ha 32 % mo merpuke Cosine Similarity n Ha 25 % 1o
BLEU Score 1o cpaBHEHHIO C IPSIMBIM TI€pPEBOJIOM. Pe3ynbTaTsl paboThl pealIM30BaHHOTO MPOTOTHUIIA OKA3AJINChH
YJIOBIIETBOPHUTEILHBIMU.

3akntoueHue. [IpemiokeHHas peanu3aiys CUCTEMBbl pacliO3HABaHHSI PEUH MOXKET pellaTh IIOCTaBICHHYIO 3a-
Jlady C YIOBJIETBOPUTEIBHBIM JIJII ONMCAHHOMN MPOOJIEMbl Ka4eCTBOM 03 PUCKOB HECAHKIIMOHHPOBAHHOTO J0-
CTyNa K JaHHBIM, TIOCKOJIbKY paboraer 0e3 MOAKIIOUEHHs K CETH MHTepHET. [Ipu UCIoab30BaHUU KacKaJHOTO
MepeBo/ia Yepe3 aHTIMICKIHA S3BIK Ka9eCTBO PYCCKO-KHUTAHCKOTO MepeBoja ymydmaeTcs Ha 32 % 1o MeTpuke
Cosine Similarity (¢ 0,423 no 0,557) u Ha 25 % mo metpuke BLEU Score (¢ 0,076 no 0,095). [IpeanoxxenHas
nH(pOpMaLMOHHAsl cUCTEMa MOXKET OBITh BHEJIpEeHa B 00pa3oBaTesIbHBII IpoliecCc BHE 3aBUCHMOCTH OT y4eOHOM
JUCLUILIMHBL, a TaKKe NPUMEHEHa Ha BBICTABKAX, KOHPEPEHIUIX, MEKIYHApOAHBIX (hopymax. BozmoxkeH ma-
paJuIeNbHBIA MTepeBOo/] Ha pa3iIMyHbIEC SI3BIKH, YTO MO3BOJUT BCEM YYAaCTHHKAM MEXIYHapOJHBIX (OPYMOB ak-
THUBHO Y4acCTBOBATbh B MEPOIPUSITHSX.

© Kyssmenkos JI. I1., Uyiiko B. A., Kosmnosa E. ., 2025
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Abstract

Objectives. The aim of the work is to develop the architecture of an information system for transcription and
translation of speech, implement its blocks and test their operation.

Methods. The existing methods of speech recognition are considered; a comparative analysis of speech
recognition and text translation models is carried out. The speech transcription process includes several successive
stages: collection and preliminary processing of the audio signal, extraction of acoustic features, direct speech
recognition, post-processing and text correction, and output of the result. At the stage of audio signal
pre-processing, a combination of specialized libraries is used to prepare data for subsequent analysis. To normalize
the recording parameters, the Librosa library is used, which allows resampling the signal to a standard frequency
of 16 kHz and converting it to a monophonic format. To suppress background noise and highlight the speech
component, the Demucs neural network model is used. The spectral subtraction algorithm additionally corrects
residual noise. Speech activity segmentation (VAD) is performed using an energy detector from WebRTC,
automatically highlighting speech fragments and removing pauses. The whisper-turbo (OpenAl) model was
chosen to implement the speech recognition system due to the higher data processing speed, which allows
implementing the streaming mode of the system, and lower requirements for the computing power of the
machine. The translation module of the developed intelligent system is built on the T5-large-1024 (Text-to-Text
Transfer Transformer) model, adapted for multilingual tasks.

Results. A method for creating an intelligent speech recognition system is proposed - a modular architecture of
the speech recognition and translation system, a prototype is implemented and metrics are measured. The system
showed the following results: for Russian-English translation Cosine Similarity 0.6951, WER 0.529, BLEU
Score 0.239; for cascade Russian-Chinese translation through English Cosine Similarity 0.557, WER 0.748,
BLEU Score 0.095. Research has shown that the use of cascade translation through English improves the quality
of the final text by 32% according to the Cosine Similarity metric and by 25% according to BLEU Score
compared to direct translation. The results of the implemented prototype were satisfactory.

Conclusion. The proposed implementation of the speech recognition system can solve the task with quality
satisfactory for the described problem without risks of unauthorized access to data, since it works without an
Internet connection. When using cascade translation through English, the quality of Russian-Chinese translation
improves by 32% according to the Cosine Similarity metric (from 0.423 to 0.557) and by 25% according to
BLEU Score (from 0.076 to 0.095). The proposed information system can be implemented in the educational
process regardless of the academic discipline, and also used at exhibitions, conferences, and international
forums. Parallel translation into different languages is possible, which will allow all participants of international
forums to actively participate in its events.
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BBenenne. B ycinoBusx akTUBHOTO Pa3BUTHSI MEXIYHApOIHOTO COTpYIAHHYECTBA B chepe oOpaszo-
BaHUsI OTPaHUYMBAIOIIMM (HaKTOPOM JUIS YBEIMYCHHUS UYUCIIa 3apyOC)KHBIX CTYIEHTOB SIBISICTCS He-
XBaTKa IpernoAaBaTesel, 3HaOUMX A3bIK, KOTOPBIH HOCTYIIEH Ui MOHMMaHMsA MHOcTpaHuaMm. OgHuM
U3 CHOCOOOB PEILICHHUSI ITOH MPOOJIEMBI CITYKUT MHPOPMALUOHHAST CUCTEMA, COCTOSIIIAsi U3 MOAYJIS,
TPaHCKPUOHUPYIOLIETO peyb, U MOIYJsI, OCYIIECTBISIOIIEro mepeBoA. JlaHHbIE MOAYNH SIBISIOTCS
areHTaMmH, a CUCTeMa — MHOTOareHTHOH. MHoOroareHTHasi cucrema — 3T0 CUcTeMa, 00pa3oBaHHas He-
CKOJIbKUMH B3aMMOJCHCTBYIOIIMMH MHTEIUIEKTYaJbHBIMH areHTaMH. ATEHT B OOILEM CMBICIE Ipea-
CTaBIsieT coboii 000 00BEKT, CIIOCOOHBIH ISHCTBOBATh U BOCIIPUHUMATh WHpOpMaruio. [Ipencras-
JICHHAs B JaHHOH paboTe MHOTOareHTHasi CUCTEMa COCTOUT M3 JIByX areHTOB: areHTa, mpeodpasyolie-
IO BXOJSIIIUHM ayANONOTOK MM ayauodaill B TEKCT Ha S3bIKE NPENOoAaBaTelis, U areHTa, OCyLIeCTBIIs-
IOIIETO MePEeBO TEKCTa, MOIYYEHHOr0 OT IIEpBOT0 areHTa, ¢ A3bIKa MpenojaBaTess Ha S3bIK, JOCTYI-
HBIH 11 MHOCTPAHHBIX CTyACHTOB. Ha JaHHBI MOMEHT Ha phIHKE HH()OPMAIMOHHBIX YCIYT IMpE.-
CTaBJICHO MHOKECTBO ar€HTOB U CUCTEM.

BonbIMHCTBO COBpEMEHHBIX CEPBUCOB ISl TPAHCKPHOAINH | TIepeBoa peur, Takux kak Otter.Al,
Beey, Google Cloud Speech API u ap., TpeOyIOT MOAKIIOUCHHSI K MHTEPHETY JUIS BHITTOJHEHHS CBOUX
¢byHKIHA. DTO CBSI3aHO C UCTOIB30BAaHHEM OOJAYHBIX TEXHOJOTHHN M HeHpoceTel, KOTopble 00pada-
TBHIBAIOT JaHHBIC HA yJAJICHHBIX cepBepax. Takue moaxoapl 00eceuynuBaOT BEICOKYIO TOYHOCTD PACIo-
3HABaHHA PEYH, OJJIEPKKY MHOKECTBA SI3BIKOB M BO3MOXKHOCTH 00Pa0OTKH CIIOKHBIX ayAnoQaiiios,
HO JIeNIAIOT UX 3aBHCHUMBIMH OT MHTEpHET-coequHeHMs. [Ipu Hcroib30BaHUM TOTOBOTO PELIEHUs BO3-
HHUKAIOT Pa3IMuHble IPOOJIEMBI, OHA U3 KOTOPHIX — O€30IaCHOCTb.

CymectByomue pemenusi. Ha 1anHbIil MOMEHT €CTh MHOXKECTBO TIPIJIOKEHUM, CATOB U CEPBU-
COB JIJIsl TIEpeBO/Ia TEKCTOB C OJHOTO SI3bIKa Ha JIPYroi, HEKOTOPBIE U3 CHCTEM IEPEBOJIa OCHAIIIECHBI
byHkuumeit pacnosHaBanus u cuate3a peur: Google Translate, Speech Logger, Slugexc IepeBomuuk,
Microsoft Translator, Talkao Translate.

KiroueBbIM HEOCTATKOM TEPEUHCICHHBIX CEPBUCOB SIBISIETCS TO, YTO WX (DYHKIIMOHAJIHHOCTH
orpaHuueHa B odaiiH-pexxuMe TOJIBKO MEPEBOIOM. BOJBIIMHCTBO CEPBUCOB HE MPENOCTABIAIOT HU-
KaKHX yCIyr 0e3 MOJAKIIOUEHHs K CeTH MHTEPHET M MMEIOT 3aKphIThI KoA. IIpu ucnons3oBanuu cep-
BHCOB C 3aKPBITBIM HCXOJHBIM KOJJOM BO3HHUKAeT MpobiieMa KHOepOe30macHOCTH MojIb30BaTeneil. 3a-
KPBITBI MCXOJHBINA KOJ| JIENIAeT HEBO3MOXKHBIM MPOBEPKY 00BEMOB JIaHHBIX, COOMPAEMBIX CEPBHUCOM.
ITonp30BaTeny BBIHYKACHBI JOBEPSTH 3aiBJICHUSAM KOMIIAHUM O MOJUTHKAaX 0OpabOTKH NaHHBIX Oe3
BO3MOXHOCTHU TPOBEPUTH JCKIAPUPOBAHHBIC YTBEPKICHHS. 3aKPHIThIE CHCTEMBI HE TIO3BOJISIOT OBITh
YBEPEHHBIM B OTCYTCTBUHM cOOpa MEpCOHANBHBIX JAHHBIX MOJI30BaTeNs. BrinenepeuncienHbie (ak-
TOPBI CO3AAI0T PUCKH yTEYEK M HEMPAaBOMEPHOrO HCIIONb30BaHUS MH(popMmauuu. B uyactHOCTH, A
(YHKLIMH TOJIOCOBOTO BBOJA B YCJIOBUSIX aKTHBHOI'O Pa3sBUTHS METOAMK CHHTE3a M300paKEHUH WM
roJioca, OCHOBAaHHBIX Ha MCKYCCTBEHHOM HWHTEIUIeKTe (murdelik), mpodieMa yTeyeKk MepCOHANTBHBIX
Y aBTOPCKUX JaHHBIX KpaliHe akTyanbHa. s JeMOHCTpaluuy MpuMepa ONMCAHHOM BbIIIE MPOOIEMbI
paccMaTpUBaeTCsl MOJIENb: IPENoAaBaTellb NPOBOAUT [BA JIEKIHMOHHBIX 3aHITHS B HEAEIIO, 32 MECSLl
9x2 g ~18 4. OLIEHEHHOI'0 KOJUYECTBA JAHHBIX XBaTHJIO Obl [ 0OydeHHUS AU(PHY3MOHHONW MOIETH
U QanbcuuKau peym.

MeTtoab! pa3padoTku. Ha puc. 1 nzo0paxeHa apxuTekTypa NpoToTuia HHOOPMALMOHHONW CHCTe-
MBI paclo3HaBaHHUs peud. Ha BXoJ MHTEIIEKTYyalbHOM CUCTEMBI MOJAETCs ayAnoQaiis, 3aucaHHbIi
C TIOMOIIBI0 MUKpOGOHA. 3aTeM ¢ mpuMeHeHueM OuOnnoTeku librosa MpOWU3BOMUTCS MEPEIUCKPETU-
3a1us MOJyYEHHOTO CUTHANIA, TaK KaKk MOJEIH PAaclO3HABaHUS PEUM KOPPEKTHO paboOTaroT TOJIBKO
¢ ayanodaiiinaMu ¢ onpeieIeHHBIMHE YacTOTON U ITyOMHOHN nuckperu3auuu. [lomydennsiit ayanodaiin
MOJIaeTCsl Ha BXOJ MOJIENH paclio3HaBaHus pedr. Moneis pacio3HaBaHUsl pedyr B O0IEM Cilydae co-
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CTOWT U3 OJIOKa M3BIIEUYCHUS MPU3HAKOB, SHKOJEPA U JeKojiepa. biok m3BineueHws] MPU3HAKOB TIpeI-
CTaBJICH aJTOPUTMOM IIPe0Opa3oOBaHUsl HETMPEPHIBHOTO CHTHANA B MEN-CIEKTpOrpamMmy (CHEKTpo-
rpamMma, MOKa3bIBaIOIasl YaCTOTHOE COJACpKaHUE ayJIMOCUTHANIAa BO BPEMEHH, MpEICTaBlICHHAs IIKa-
J0it Men), ¥ CBEpTOYHOM HEHPOHHOH CEThIO, HCIIOIBb3yEeMOM ISl TIOHMKEHUSI pa3MEPHOCTH U YMCHbB-
IIeHUs BBIYUCIUTENFHBIX 3aTpaT Ha ciemyromux dranax. lllkama Men — 3To meplenTHBHAs IIKana,
aIMpOKCUMUPYIOIIAs HETUHEHHYIO YaCTOTHYIO XapaKTEPUCTUKY YEIOBEUECKOIro yXa.

Hopa

TeHeT Ha TeHcr Ha
AvauopaHHslie I N
R3bBIKE LEnesom
Mogyne
A3blKe
MELUHHHOrO

nepesoga

Meayae
AETOMATHUECKOTD
PACNOIHABAHMA DEYH

ropopALera

U—

Puc. 1. ApxutexTypa CHCTEMBI pacliO3HaBaHUS PEUH
Fig. 1. Architecture of the speech recognition system

B kauecTBe 3HKOAEPA UCTIONB3YETCs TpaHC(HOPMEP UIIM €r0 BapHaLlUH, YTO 1103BOJIIET 3P PEeKTUBHO
00pabaTbIBaTh BXOAHBIE JaHHBIE 0J1arofapst MEXaHW3My MHOTOI'0OJIOCOBOTO BHUMAaHHMS U MO3ULIMOHHO-
My KOJMPOBAHMIO, KOTOPbIE YYHMTHIBAIOT KOHTEKCT WU IOCJeN0oBaTeNbHOCTh TOKeHOB [1]. Jlexoxep
IpEeACTaBiIeH TPaHCHOPMEPOM — aBTOPEIPECCHOHHON MOAETbI0, OCHOBAaHHOM Ha apXUTEKType Iiy0o-
KX HeHpOoHHBIX ceTeil. CnojkHasi apXUTEKTypa AEKOAepa, IOCTPOeHHAs Ha TpaHcopMepax, HeoOXo-
JUMa JUTSL KCTIPaBJICHUsT OIIMOOK TPaHCKPUOALIMK 32 CUET MpeCcKa3aHusl BEPOSTHOCTEH Pa3HBIX BapH-
AHTOB TEKCTa, KOTOPBIH MPOM3HEC YEIOBEK Ha ayIMO3aIluCH, H BIOOpa Hanbosee ecTeCTBEHHOTO Ba-
puanTa. Takxe CyIIECTBYIOT MOJENHN PAaCIO3HABaHUA peun 0e3 PHKOAEpa, ¢ COeTUHEHHBIMU OJIOKaMHU
W3BJICUCHHUS] TIPU3HAKOB, U C DHKOJIEpOM (Hampumep, KOHPOpMEp — apXUTEKTypa, KOMOMHHUPYIOIIAs
CBEPTOYHBIE HEHPOHHBIE CETH U MEXaHU3M CAMOBHHMAHHS).

[y OLIeHKHM KadecTBa BCEH CHUCTEMBI PACIIO3HABAHMS PEYU M OTHAEIBHBIX ar€HTOB HCIIOJB3YIOTCS
CIIEAyIOIINE METPUKH: KocuHycHoe nogobue, anroput™m BLEU (bilingual evaluation understudy), pac-
crosiuue Jlepenmreiina (word error rate, WRE) [2]. st moydeHus 3HAYCHHUST KOCHHYCHOTO TTO100MS
paccUUTHIBAETCS CKAISIPHOE NMPOU3BEIACHUE BEKTOPHBIX NPEICTABICHUN IBYX TEKCTOB, ITOJyYCHHBIX
C MOMOIIIBIO cTaTH4YecKoi Mepbl ti—idf:

tf —idf (t,d, D) =tf (t,d) xidf (t, D) . (1)
Yacrora TepmuHa tf Beraucisiercs mo dpopmyie

n,

2N

k

tf (t,d) = @)

e 11, — YUCIIO0 BXOXKICHUH coBa { B IOKYMEHT, a B 3HaMeHaTelle — 00IIee Yicio CJIOB B JAHHOM JI0-
KyMEHTE.
OG6parHas yactoTa 1oKyMeHTa idf Beraucisiercs mo dpopmyie

. _ D)
idf (t, D) = log, d<plted]| 3

rae |D| — 4nciio JOKYMEHTOB B KOJIIEKIIWM; {di eD|ted, }| — YHCIIO JOKYMEHTOB U3 KoJurekuuu D,

B KOTOPBIX BcTpedaeTcs t (korma n, # 0).
3areM MoJy4eHHBIN pe3ysIbTaT NEIUTCS Ha MPOU3BEICHUE HOPM BEKTOPHBIX MPEICTABICHUI.
BLEU — 510 aBTOMaTHYeCKast METPHKA ISl OI[EHKU KauecTBa TEKCTa, CTEHEPUPOBAHHOTO CUCTEMOMN
MAIIMHHOTO MePEeBOJIa WK PACIIO3HABAHUS PEUH, IIyTEM CPAaBHEHUS C dTATIOHHBIMU (pe)epEeHCHBIMH)
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MepeBOJaMH, BBITOTHEHHBIME denmoBekoM. BLEU ananmm3upyer coBmageHust N-rpamMM (ITOCIEI0Ba-
TEIBHOCTEH U3 N CIOB) MEXKAY KaHIUAATOM (TEKCT, KOTOPBIN OIICHUBACTCS) M OJJHUM WU HECKOJbKU-
MU pedeperHcamu. OOBIYHO UCTIONB3YIOTCS N-TPAMMBI OT OJTHOM JI0 YeThIpeX (YHUTPAMMBI, OUTPaMMBI,
TPUTPAMMBI, YETHIPEXTPAMMBEI ).

BLEU Beruucnsiercs no hopmyiie

(i(ﬂnlnpn)
BLEU:=BP.-e ™ , (4)

rae Pn — MOIUGUIIMPOBAHHAS TOYHOCTH N-rpamMM, BP — mitpad 3a xpatkocTh, ®n — MOJOKHUTEIHHBIC
Beca, B CyMMe Jaronue eauHuity (B 6a30Boii Bepcuu MeTpuku oy = 1/N, n =1, 2, ..., N). Moaudwumu-
pOBaHHAs TOYHOCTh N-TPaMM PaCCUUTHIBACTCS 11O POPMYIIe

3> min(Count(s,C), max(Count(s, R®Y)

Py > > Count(s,C) ’ ®)

C seC,

e X — CyMMHPOBaHHE M0 BCEM TepeBojiaM-kKanauaaram C B TEKCTOBOM Kopryce; Cp — MHOXKECTBO
BCceX N-rpaMM, M3BIEYEHHBIX W3 KaHaunata C; S — KOHKpeTHas N-rpaMma U3 MHokecTBa Co
Count(s, C) — xommuectso Bxoxaenuii s B C; Count(s, RY) — kommuecTBo BXOXKIACHHIT S B STATOHHBIH
nepesox RO,

Itpad 3a xkpatkocts (brevity penalty) paccanTtsiBaercs mo ¢popmyie

1, c>r,

(6)

exp(l—%), c<r,

rae C — [UIMHa KOpIlyca KaHauaaTa, I — AjuHa Kopiyca pedepenca.
JnuHa Kopryca KaHauIaTa pacCUuThIBaeTCsS 0 GpopmyIe

e= Y[l ™

rxe | C| — xomuuectso cos B kanupare C.
JnuHa xoprmyca pedepenca I, npencTaBiasiemMas Kak cyMMa JUIMH HanOosiee OJIM3KUX O JUIMHE 3Ta-
JIOHHBIX CTPOK, BBIYHCISIETCS 110 (popmyIie

r=>y arg miin‘|C|—‘R“)H, (8)
C

rae | C | — KOJIMYECTBO CJI0B B Kanauaare, | RO | — KOJIMYECTBO CJIOB B i-M 3TAIOHHOM TIEPEBOJIE.

Mertprka BLEU mno3BossieT 00beKTHBHO CpaBHHBATh KAYECTBO aBTOMATUYECKH CT€HEPUPOBAHHBIX
TEKCTOB C ATAJIOHHBIMM, YYHUTHIBas COBIAACHHA N-TpaMM M KOPPEKTHPYS pPEe3yJNbTaT C MOMOIIBIO
mrpada 3a KpaTKOCTh, YTOOBI N30€KaTh 3aBBIILICHNS OLEHKH 32 CIIUIIKOM KOPOTKHE OTBETHI.

WRE - paccrosuue JleBeHmreiiHa, HOpMHUPOBAaHHOE 1O KOJIWYeCTBY cioB. Paccrosinue JleBen-
TeHa — 3TO METPUKA, U3MEPSAIONasl M0 MOAYII0 Pa3HOCTh MEXAY ABYMS ITOCIIEOBATEIHHOCTSIMH
cumBosioB [3]. OHa ompenenseTcs Kak MUHHMAJIbHOE KOJIHMYECTBO OJHOCHMBOJIBHBIX OIEpaIuii
(mampuMep, BCTaBKH, yIaJICHHUS, 3aMEHbI), HEOOXOIMMBIX UIs MPEBPAIICHUS OJHON TOCIEI0BATEb-
HOCTH CHIMBOJIOB B JIPYTYIO.

Ha puc. 2 nzobpaxena apxurekrypa state-of-the-art mogenmun Whisper kommanuu OpenAl, ucmonsb-
3yeMOl KaK «Havajo» B IpeajaraeMoil nHpopMannoHHON cucteMe. Mojiesib paboTaeT JOKalnbHO, 6e3
MOJKITIOYEHHSI K CETH MHTEPHET, YTO PEmaeT npodiiemy 06e30MacHOCTH MEePCOHATBHBIX JaHHBIX MOJb-
3oBarens [4].
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Fig. 2. Whisper model architecture

st oneHKM KadecTBa MOJENH BBIIECNIEPEUNCIECHHBIE METPUKU PACCUUTHIBAIOTCS HAa OCHOBAaHUU
CpaBHEHHS 3aYUTAaHHOTO B MHUKPO(OH TEKCTa M TEKCTa, MOJTYYEHHOTo Tocie pacno3HaBanus. CpaBHU-
TeJIbHAs XapaKTepUCTUKA Pa3HbIX MOJIENIEl paclio3HaBaHMUs peyd MpHUBeeHa B Tao0m. 1.

Tabnuma 1
CpaBHUTEbHAS XapaKTEPUCTHKA MOJIENICH pacliO3HABaHHS PEUH
Table 1
Comparative characteristics of speech recognition models
BpCMﬂ pacno3HaBaHusA
Mogens Vram, YEeTBIPEXMHUHYTHOTO TEKCTa Cosine Word BLEU
Model Gb Recognition time for similarity | error rate Score
a four-minute text
vosk-model-small-ru-0.22 0,5 19 ¢ 355 mc 0,6399 0,6050 0,1957
vosk-model-ru-0.42 2 2 muH 20 ¢ 0,7560 0,4798 0,3699
whisper-tiny 1 10 ¢ 938 mc 0,4813 0,8382 0,0404
whisper-base 1 11 ¢ 481 mc 0,5564 0,7746 0,074
whisper-small 2 32 c 428 mc 0,6412 0,6570 0,144
whisper-medium 5 4 MuH 0,7156 0,5145 0,364
whisper-large 10 4 MuH 0,8303 0,499 0,3185
whisper-turbo 6 1 mun 58 ¢ 0,7293 0,4566 0,4117
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Hawnydmum kadecTBOM TpaHCKpHOaruu peun obsamaioT mozaenu whisper-large u whisper-turbo.
Jlns peanusaiiii CHCTEMBI PacllO3HABaHUS PeYd B JaHHOW padoTe BeIOpaHa Mojens whisper-turbo
BBHUJIy OOJIBIIECH CKOPOCTH OOpPabOTKH JAaHHBIX, MO3BOJISIONICH pPEaIn30BBIBATh TOTOKOBBIH PEKUM
paboThl CHCTEMBI, H MEHBIIIHX TPEOOBAHUH K BHIYUCIUTEILHON MOITHOCTY MAIIUHBI. 3aTEM MOJTyYeH-
HBIM TEKCTOBBIH (haiiyl mojgaeTcs Ha BXOJ MOJCTH MEPEeBOAUMKA, 3a4aCTyI0 TaK)Ke OCHOBAHHOW Ha Ba-
pHUaIMsIX TPAaHCPOPMEPOB.

PesyabraTbl. Ha puc. 3 wusobpaxena apxurektypa wmomenu TS5 (Text-to-Text Transfer
Transformer), BeiOpanHass Kak MOJENb sl 00y4IeHHs Ha OOJBIIOM KOPITyce TEKCTOB Ha aHTIIHICKOM,
PYCCKOM M KHUTAHCKOM SI3bIKaX.
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Puc. 3. Apxurekrypa monenmu T 5
Fig. 3. Architecture of the T 5 model

CpaBHHuTENBHAS XapaKTEPUCTHKA Pa3HbIX MOJIEJIel epeBoia MpruBeAeHa B Tad. 2.

Tabnumna 2

CpaBHUTETBbHAS XapaKTePUCTHKA MOJIENIEH IepeBoia
Table 2

Comparative characteristics of translation models

Hyxen Bpewms
Mogens uHTepHeT | Vram, nepeBoa Cosine Word error BLEU
Model Need Gb Translation similarity rate Score
internet time
utrobinmv/utrobinmv/t5_t
ranslate_en_ru_zh small Her <3 24 ¢ 583 mc 0,7185 0,5892 0,215
_1024
utrobinmv/t5_translate_e Her 3 49 ¢ 629 Mc 0,6951 0,529 0,2387
n_ru_zh_large_1024
utrobinmv/t5_translate_e
n_ru_zh_large_1024 v2 Her >4 1 MuH 0,6312 0,6618 0,1723
google translate Ia <1 Oc 0,7798 0,3714 0,4056
STHIEeKC epeBOINK Ja <1 Oc 0,7295 0,5539 0,2925
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Heo6xonnmMocTh MOAKIIIOYEHUS] K CETH MHTEPHET VI OCYIIECTBJICHHS IEPEBOAA CO3AAET YIpo3y
OeszomacHoctr. B Tabm. 2 mobaBiieHBI IS CpaBHEHHMS METPHKH KadecTBa IIepeBOaa Mojaelei
C OTKPBITBIM KOJIOM U KOMMEPYECKHX CEpBUCOB. [ onrchiBaeMoii HHTEIUIEKTYANbHOM CUCTEMBI Obl-
na BeIOpaHa Mozaens utrobinmv/t5 translate_en ru zh large 1024, mmeromas ciemyrommne 3HaAYSHUS
Ka4yecTBa:

Cosine Similarity: 0,6951,

word error rate: 0,529,

BLEU Score: 0,23 879 138 591 567 485.

MeTpuku KauecTBa epeBoia PaCIO3HAHHOTO TEKCTa C PYCCKOTO SI3bIKa HAa KUTAHCKUHA U 00paTHO:

Cosine Similarity: 0,4232,

word error rate: 0,8233,

BLEU Score: 0,07 639 410 899 117 652.

BunHo, 4T0 naHHBIE pe3yabTAaTHI JaJE€KH OT KedaeMbIX. [ ylIydlIeHus KauecTBa epeBoa mocie
IPOBENEHHS Psiia UCCIEIOBAaHUN U TECTOB ObUIO PELIEHO MCIIOIb30BaTh AHITIMICKUN SA3bIK KaK Ipo-
MEXXYTOUHBIN ISl TOJy4YeHHUs Oojiee KayeCTBEHHOTO IePEeBOa, TIOCKOJIBKY PE3YJIbTaThl OLECHKH Kade-
CTBa MPSMOIO IEPEBOJIA ¢ AaHTJIMHUCKOIO Ha PYCCKUM U ¢ KUTAHCKOIO HA aHIVIMKACKUN BBILIE, YEM IIps-
MOT0 MEPEBO/IA C PYCCKOr0 Ha KUTANCKUM.

Mertpuku KayecTBa NepeBoAa PaCO3HAHHOIO TEKCTa C PYCCKOro A3bIKa HAa aHTJIMHCKHI, 3aTeM Ha
KUTaHCKUH, 3aTeM 00paTHO Ha aHTIMICKUI U TIOTOM Ha PYCCKHUH MPEICTaBICHBI HAXKE!

Cosine Similarity: 0,5571,

word error rate: 0,7484,

BLEU Score: 0,0 954 180 649 678 097.

AHaanpyﬁ IMMOJTYYCHHBIC PC3YJIbTATHI 10 METPHUKAM, MOKHO OTMCTUTD, UTO IIPU MEPEBOAC HA KU-
TaWCKUH A3BIK YIYUIICHUE PE3yJIbTaTa IPOUCXOAUT IIPU UCIIOJIb30BAHUH IIPOMEKYTOYHOTO NIEPEBOMA
Ha aHTJIMACKHN S3BIK U Jlajiee — Ha PYCCKUH KaK MpH IPSMOM, TaK U 0OpaTHOM MPOXOJE.

MCTpI/IKI/I KayecTBa HHTCHHGKTyaHBHOﬁ CHUCTCMbI B IPHUJIOKCHUH K aHFJ]I/II\/'ICKOMy SA3BIKY:

Cosine Similarity: 0,4107,

word error rate: 0,8786,

BLEU Score: 0,07 190 972 701 489 706.

MeTpHuKky KauecTBa UHTEIUIEKTYalbHOW CHUCTEMBI B IIPUIIOKEHNN K KUTANCKOMY SI3BIKY:

Cosine Similarity: 0,5470,

word error rate: 0,7977,

BLEU Score: 0,1 076 237 727 294 554.

JIOCTOI/IHCTBOM ONHCaHHOM APXUTCKTYPbl CUCTEMBI SABJIACTCA MPOCTOTA 3aMCHBI OTJACJIBHBIX MOOY-
JIel, YTO MO3BOJISIET MPOBEPATH MHOKECTBO BAPUAHTOB areHTOB 0e3 M3MEHEHHs O0IIEei apXUTEKTYypbl
JJ1d IPOBEACHUA CPABHUTCIIBHOI'O aHAJIM3a IMPU MMOUCKE ONITUMATIBHOTO PEIICHUA.

B npoTrBOBEC ONMMCaHHON KaCKaIHOW apXUTEKTYpE, COCTOSIIEH 13 OJIOKOB TPaHCKpUOAIIUU ayIno-
Y MAIIMHHOTO NEePEeBOAA TEKCTa, MOXKHO ITOCTABUTH MPsIMbIE MOEIH, I/Ie OlHa HelpoceTeBasi MOJIeNb
cpa3y mpeoOpa3yeT ayAHOCHUTHAN B IEpeBOJ 0€3 MPOMEKYTOYHOIO TEKCTOBOTO INPEICTABICHUS Ha
UCXOJTHOM si3bIke. CpaBHEHHE JaHHBIX METOIOB MPECTaBIeHO B pabote Apple, T1e aBTOpHI OKa3aH,
yro gaxke npu Omm3kumx BLEU-omeHkax corfacoBaHHOCTh MEXKIY TPAHCKPHUITOM M HEPEBOJIOM
y KacKaJHbIX CHCTEM BBIIIE, YeM Y MOHOJIMTHBIX MoAesel. JJaHHbI NOAX0 MOXKET yaydimaTh Kade-
CTBO TEPEBOJIa, HO 3a4acTyIO CHIKAET TOYHOCTh TPaHCKpUNTa [5]. AHATOTHYHYIO KapTUHY OMHCAIH
uccienoBareny n3 Vicomtech: B X 9KCIIEPUMEHTE TOIH30BATEIHN OTAAIH MPEANOYTEHHE KacKaIHOM
cxeMme B 42 % ciydaeB npoTuB 17 % 3a MpsMyI0 CXeMy, HECMOTpSI Ha COINIOCTaBUMBIN YpPOBEHb aBTO-
MaTUYECKUX MeTpHUK [6]. B omuceiBaeMoM ciydyae mepeBoa ¢ PyCCKOTO sI3blKa Ha KUTAUCKUM mpo-
OyleMOil ABNSETCS Majio€ KOJHMYECTBO MapajUIeNbHBIX KOPITYCOB, COJAEPXKAIIUX PYCCKOS3BIYHBIC
ayJMOJaHHBIE U COOTBETCTBYIOIINE KHTAHCKHE TEKCTOBbIE TpaHCKpunuuu. OHa ycyryOisieTcs: 3Haun-
TEJIbHBIMU THUIIOJIOTHUECKUMH PA3IUUHAMU MEXIY PYCCKUM M KUTaHCKUM SI3bIKAMH, OTHOCSIIIMMUCS
K Pa3HbIM JIMHTBUCTUYECKHUM CEMbAM.

TecTupoBanne Mokasaio, 4TO JJISi PyCCKO-aHIIIMICKOTO MEepeBO/a CHCTEMa JOCTUTAET 3HAUYEHUI
Cosine Similarity 0,695, WER 0,529 u BLEU Score 0,239.
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3akmoyenne. CucreMa pacro3HaBaHUsI PeYW B CBOEM HACTOSIIEM BUJE MOXET pellaTh IMOCTAB-
JICHHYIO 33J]a4y C yJOBJICTBOPUTEIBHBIM Ul OIMCAHHOW MPOOJIEMbl KaueCTBOM 0€3 PHCKOB HECAHK-
[IMOHUPOBAHHOTO JIOCTYNa K JaHHBIM, MOCKOJBKY paboTaeT 0e3 MOAKIIOYCHUS K CETH HHTECPHET.
IIpu ucnonp30BaHUM KacKaJHOI'O MEPEBOAA Yepe3 aHIJMUCKHHA SI3bIK KA4eCTBO PYCCKO-KUTANCKOIO
nepeBoa yaydmaercs Ha 32 % mo metpuke Cosine Similarity (¢ 0,423 no 0,557) u Ha 25 % 1o met-
puxe BLEU Score (¢ 0,076 no 0,095). [Ipeanoxennas nHGopMaliMOHHAs CHCTEMa MOXKET ObITh BHE/-
peHa B 00pa3oBaTelbHBIN MPOIECC BHE 3aBUCHMOCTH OT y4eOHOW NMUCIHMIUTMHBL [IpH HEKOTOPBIX JI0-
paboTKax areHThl PACIO3HABAHUS PEYH M TIEPEBOJA TEKCTA CMOTYT ONEPHPOBATH JIFOOBIMU JIOMCHHBI-
MH TepMUHAMH U a0OpeBHATYpaMH, YTO TO3BOJHUT YCTPAHUTh HEOOXOAUMOCTh M3yYCHHUS MpEroiaBa-
TEJIeM sI3bIKa MHOCTPAHHBIX TPXKIaH U (M) W3y4YeHHsS HHOCTPAHHBIMH TPaKIaHAMH A3bIKA, JOCTYII-
HOro JiIsl TipeniofaBarens. Kpome cdepsl 00pazoBaHus MpelUioKeHHAss WHTEIUICKTyallbHAsl CUCTEMa
MOJET OBITh MPUMEHEHA Ha BBHICTABKaX, KOHPEPEHIUAX, MEKAYHAPOIHBIX (hopymax. Bo3morkeH ma-
paJUIebHBIA TIEPEBO/] HA PA3IMYHBIC S3BIKH, YTO MO3BOJIIET YUACTHUKAM MEXIYHAPOIHBIX (HOpPYyMOB
AKTUBHO YYaCTBOBATh BO BCEX MEPONPHUSATHSIX.

Mogenb Ui mepeBoja paboTaeT JOKaJbHO, Nepeo0yuaTh €€ Helelecoo0pa3Ho, HO B OyAyIIeM
CYHICCTBYET BO3MOXKHOCTH I[OO6y‘-ICHI/IH Ha JICKIMOHHBIX MaTCpHraiax Mg NOBBIIICHHUA TOYHOCTH IIC-
peBoOjia TOMEHHBIX TEPMUHOB M ab0OpeBHaTyp. Bo3MokHa 3aMeHa MOJEIH aBTOMATHUYECKOTO PacIio-
3HABaHUsI PeY Ha MOJIEIb, JOOOYUCHHYIO Ha JOMEHHOMW JICKCHKE, JUIS YBEINYCHUS TOYHOCTH TPAHC-
JUTEpalii U TIEPEeBOJIa TEPMHUHOB, a TaKkke adOpeBHUATyp, KOTOPbIC YaCTO BCTPEUYAKOTCS B JICKIIMOH-
HBIX MaTephajiaXx W Ha KOTOPBIX MOJeNb 00Iero HasnaueHus kommnanun OpenAl ve obyuanmace [7].
B nanpHelineM MmiaHUpyeTCsl peaii30BaTh MOTOKOBYIO 00pabOTKYy pedH, YNPOCTHTh Pa3BepPThHIBAHHE
CHCTEMBI, T000YYHUTh TPAHCKPHUOMPYIOIETO areHTa U areHTa JJIsi IepeBo/ia Ha TOMEHHOM JICKCHKE.

Bkaan aBTopoB. B. A. Yyiixo pa3paboTai KOHIETIIHIO paboThl, IPOBEI PSI HCCIEIOBAHHNA, KPUTHUE-
CKHI aHalM3 MOJENU U TeKCTa cTathu. JI. I1. Ky3bMenko6 oCyleCTBII pa3pabOTKy CUCTEMBI, IIPOBEI
WCCJIEIOBAHNSI U HaIucall TeKCT craThu. E. /. Ko3noea mpoBena KpUTHYECKUHA aHAIHU3 COJAEpKaHUS
CTaThU U NOATOTOBHJIA OKOHYATEJILHBINA BApUAHT pabOThI IS Iy OIMKaLHY.
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AHHOTANHUA

Henu. Lenamu uccneaoBaHusl SBISIOTCS COOP MaHHBIX, pa3paboTKa alropuTMa aBTOMATHUCCKOTO H3BJICUCHHS
MHUKPOBBIPOKCHUN U3 BHICO3AMUCEH, a Takke (HOPMUPOBAHUE MPABII KOMOUHAIIMI BUTATCIbHBIX CAUHUII, HA
OCHOBE KOTOPBIX ONPEACISIFOTCS 0a30BbIe IMOIMHU YETOBEKa.

MeToab. MEKpPOBBIpaXCHHUS JIHIIA YEIOBEKA — ATO KOPOTKask HEIPOU3BOIBHAS PEAKIIHS, KOTOpas MOXKET IOSIB-
JATHCA TIPH TIOTBITKE YeTIOBEKa CKPBITh €r0 HCTHHHBIC AMOINH. [Ipy pemennn 3aqaqn pacro3HaBaHUs DK MHK-
POBBIpaKEHUS UTPAIOT KIFOYCBYIO POJIb U CITy)KaT BAaYKHBIM HHIMKATOPOM COKPBITHS MPaBIUBON MH(OPMAIINH.
B cratbe mns aHanm3a MEUMUKH U3 CHCTeMBbl KopupoBaHus juneBbix apmkeHnil (Facial Action Coding System,
FACS) ucnonp3oBamuck neurarensHble enuHUIB! (Action Units, AUs), monydeHHbIE C IIOMOIIBI0 OHOIHOTEKH
py-feat.

Pesynbratei. CoOpan HaOOp JaHHBIX, COCTOSIINN M3 BUJEO3AMKUCEN TPYMIbI KOHKPETHBIX Jrofei. Pazpabora-
HBI TIPABUJIA HA OCHOBE KOMOWHAIIMI BUTATEIbHBIX CAUHUI] U UX WHTCHCUBHOCTEH I OnpeeacHus 0a30BbIX
SMOIIHIA, a TaKXkKe CPOPMYIHPOBAH AJTOPUTM OIPEICIICHHS U U3BJICUCHHUS MHUKPOBBIPAKCHUN M3 BUICO3AIHCEH.
Pe3ynbTar vicciaeq0BaHus alropuT™Ma MoKas3aji OTPUIATENIbHYI0 KOPPEISAIUI0 SMOIUU PagoCTh ¢ (PAaKTOM IMPOSB-
JIEHUS JIXKU.

3aknrdyeHue. [lomydeHHBIE pe3yIbTaThl O3BOJIIOT PACIIMPUTE HHOOPMAITMOHHBIN 0a3Hc MPH HEHPOCETEBOM
pacIio3HaBaHUH JDKH 110 BUACOPALY ¢ N300paKCHUSIMH JIAIA 32 CUET ACTCKTHPOBAHUSI M aHAIHM3a Ha HUX MHUKPO-
BBIPAKCHUM.

KuaroueBble ciioBa: 0a30Bble SMOIMH, U3BJICUEHHE MHUKPOBBIpaXKeHHH, python-Oubnuorexa py-feat, nBurarens-
HBIC €AUHUIIBI, CUCTEMA KOAUPOBAHUS JIUIIEBBIX HBH)KCHHﬁ, OMOINOHAJIBHOE COCTOAHUE, BAPUATUBHOCTDH KOMOU-
HaLlUH
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Extracting and analysing micro-expressions in a neural
network lie detection task
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Abstact

Objectives. The objectives of the study are to collect data, develop an algorithm for automatic extraction of
microexpressions from video recordings, and form rules for combinations of motor units, based on which basic
human emotions are determined.

Methods. Human facial microexpressions are brief, involuntary reactions that may appear when a person
attempts to hide their true emotions. Microexpressions play a key role in lie detection and are an important
indicator of the concealment of truthful information. In this article, Action Units (movement units) obtained
using the py-feat library from the Facial Action Coding System (FACS) were used to analyse facial expressions.
Results. A dataset consisting of video recordings of a group of specific people was collected. Rules were
developed based on combinations of action units and their intensities to determine basic emotions. An algorithm
for determining and extracting microexpressions from video recordings was also formulated. The results of the
algorithm study showed a negative correlation between the emotion of joy and the manifestation of lying.
Conclusion. The results obtained allow us to expand the information base for neural network lie detection
using a video series of facial images by detecting and analysing microexpressions on them.

Keywords: basic emotions, micro-expression extraction, python library py-feat, Action Units (AUs), Facial
Action Coding System (FACS), emotional state, variability of combinations
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BBenenue. Pacro3HaBaHue JDKM OTHOCHTCSI K CJIEICTBEHHBIM METOAAM, KOTOPBIE HCIOIB3YIOTCS
JUISL OIIPENICTIEHUS TPaBAMBOCTH M HAJEKHOCTH CKAa3aHHOTO. B OCHOBHOM 3TO OCYIIECTBISIETCA MyTEM
PaccMOTpPEHUs OTPENETICHHBIX MOBEIEHYeCKNX U (YM3MOIOTUIECKUX MPU3HAKOB, a TaKXke Oojee IIu-
POKOW KOHTEKCTYaJIbHON U CHUTYAI[MOHHOM HH(POPMAIHIH.

He cymiecTByeT HU OHOTO OJHO3HAYHOTO MpHU3HaKa oOMaHa. Hu OHO MBIIIIEUHOE TOAEePTUBAHUE,
HU OJIHO BBIpKEHHE JIMIA WM JKECT HE JIOKA3bIBalOT C aOCONIOTHON YBEPEHHOCTHIO, UTO YEJIOBEK
jokeT. [103ToMy OOJIBIIMHCTBO COBPEMEHHBIX METO/I0B OOHAPY)KEHUsI OOMaHa B 3HAYMTEILHOU CTerle-
HU OIMPAIOTCS Ha Pa3HOOOpa3HbIC CIOCOOBI COOpa, aHalIM3a M HMHTEPIPETAMH SMOIUOHATBHBIX
1 GU3NOIOTUIECKHX TaHHBIX.

Baxnelimmii acrieKT B BBISBJICHHH OOMaHa — yCTaHOBJIGHHWE TaK HA3bIBAEMOW «0a30BOM JTHMHHIY
MTOBEICHMSI, KOTOPOE CUMTACTCS «HOPMAJIBHBIMY JIJIs KOHKPETHOTO desioBeka. OCHOBHOM Tpoliece pac-
MMO3HABAHUS JIKU 3aKIII0YAeTCS B MOWCKE MPU3HAKOB, YKA3BIBAIOIMINX HAa M3MEHEHUS WM OTKIOHCHUS
oT 3TOl 0a30BoM JMHMHU. Takue MPU3HAKKA MOTYT TMPOSBISATHCS YePe3 «TOpsSUhe TOUYKM» B PA3THUHBIX
HaOIFIOMaeMBIX KaHaJIaX: MUKPOBBIPAKECHUSX, SI3BIKE TEIa, TOJI0CE, MAHEPE PEUr U COJIEP>KaHUN BBICKA-
3BIBAHMI.

IIpu oOmaHe HIIo YacTo IepeaaeT ABa COOOIIEHUS OTHOBPEMEHHO — TO, YTO JDKEI] XO4eT TIOKa3arTh,
U TO, YTO OH CTPEMHUTCSI CKPBITh. CKPBITHIE SMOLIMKU MOTYT HENPOU3BOJIBHO MPOSIBISITHCS B BUAE MHUK-
POBBIPAKEHUH — KPaTKUX (IIMTENbHOCTBIO HE Oomee 0,5 ¢ [1]) HEMPOU3BOIBHBIX MUMHUYECKHUX peak-
LUH, paCKPHIBAIOIUX UCTUHHBIC YyBCTBA.

Cornacho I1. Oxmany [1], eTMHUYHOE MUKPOBBIPAXKEHHUE WJIN KPAaTKOBPEMEHHASI «yTEUKa» SMOIU-
OHAJTHPHOTO CHTHAJIAa HE MOTYT PAaCCMaTPHUBATHCS B KAYECTBE JJOCTATOYHOTO MHAMKATOPA VIS OTIpeeIie-
Hust JoKU. TeM He MeHee MUKPOBBIPAKEHHUSI MPEACTABIISIIOT COOOH OMH M3 HanboJiee HHPOPMATUBHBIX
HeBepOaTbHBIX MaPKEPOB, IO3BOJISIONIMX MIOBBEICHTH BEPOSTHOCTh BBISBICHHS OOMaHa.
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OMOIMOHATBHBIE BBIPAXKEHUSI MOTYT OBITh KaKk HAMEPEHHO HMCKaXEHBI, TaK W HMCIIOIB30BaHBI IS
MacKHPOBKH HWHBIX SMOLMOHAIBHBIX COCTOSAHUM. VccnenoBanusi 1eMOHCTPUPYIOT [2], 4To 1 GOnb-
HIMHCTBA MMOJACTBHBIX BBHIPAKEHUH XapakTepHa aCHMMETPHS, B TO BpeMsI KaK UCKPEHHHE BBIPaKECHUS
B OOJIBIIMHCTBE CTyYaeB CHMMETPHUYHBI (32 HCKIFOYCHNEM OTAEITHHBIX COCTOSHIIA).

[Tpu cTpaxe WU rpycTH OJHUM M3 NPU3HAKOB (ambcuUKAMKA SMOLUH SBISETCS OTCYTCTBUE Xa-
PaKkTepHbIX ABMXEHUH 10a [2]. B cioydae ¢ BeIpaXeHHEM paJiOCTH KIIIOYEBOM MPHU3HAK HEHCKPEHHO-
CTH — OTCYTCTBHE aKTHBHOCTH IJIa3HBIX MBIIII] BO BpeMsl yIbIOKH. HemoaqBmKHOCTh HapYKHON YacTH
KpyroBo#l MpImbl rasa (orbicularis oculi pars lateralis, mmu AU6 mo cucteme FACS [4]) ommuaaer
¢anpmmByt0 yIBIOKY OT MOMIMHHOW. JlaHHBIM MpHU3HAK HEPEAKO OCTaeTCs He3aMEYCHHBIM, 4TO 00y-
CJIOBJIMIBA€T BBICOKYIO BOCTIPHUMYHBOCTH COOECETHUKOB K (palbCH(UITNPOBAHHBIM YIBIOKAM U WX IIIHU-
POKOE HCITONF30BAHKE B KaU€CTBE SMOIIMOHAIBHON «MacKm.

OpnHa u3 npobieM MUKPOBBIPAXKEHUH — 3TO KOPOTKAast [UIUTENLHOCTD, YTO JeNacT UX TPYIHOYIOBHU-
MBIMH HEBOOPYKEHHBIM I71a30M. [lo3ToMy AJIsl ONTUMH3AaLNH MOAXOA K PACIO3HABAHMIO JDKH TpeOy-
€TCS1 aBTOMaTHU3UPOBATh N3BJIEUEHUE U aHAIN3 MUKPOBBIPAKEHHUN U3 BUICO3AITHCEH.

Lenb naHHO# paObOTHI 3aKIIOYaeTCsl B pa3paboTKe U TECTUPOBAHUU alTOPUTMA M3BJICUYCHUS] MUKPOBBI-
paXkeHHid, OJHAM M3 ATalloB KOTOPOTO SIBISieTCS (pOpMHUpOBaHUE MPABHI — KOMOMHAIWI JBUTaTeIbHBIX
€/IMHMUII, OTIPEJIEISIOMNX 0a30BBIE SMOIH: PaIOCTh, TPYCTh, CTPAX, OTBpAIIEHHE, 37I0CTh, YIUBICHHE.

Cucrema FACS. Haubonee npu3HaHHBIM U JOCTOBEPHBIM HHCTPYMEHTOM I M3MEPEHUS BU3Y-
aJbHO Pa3IMYMMBIX JBWKCHHN JIUIA SBISICTCS CHCTEMa KOIMPOBaHUS JMIEBbIX nBwkeHudt (Facial
Action Coding System, FACS). Ona 6bu1a pazpabotana ncuxoioramu [lonom Dxkmanom u Yosiecom
B. ®puzerom ¢ nenpio0 00bEKTHBHOTO W3MEPEHNS MUMHYECKHUX BHIPAKEHUH B MCCIENOBAHMSIX TOBE-
JICHHS JelioBeka [4].

Metonuka FACS nmeeTr aHaTOMUYECKYIO OCHOBY M BKJIIOuaeT 44 pazfmuyHble JBUTATENIbHbIE €U-
HuIBl AUs, Kaknas U3 KOTOPBIX COOTBETCTBYET OMpPEICIICHHOMY ABIDKEHHUIO JHIA. JOMONMHUTENEHO
YYUTBHIBAIOTCS HAOOPHI IBMKCHHUN U MTOJIOKESHUN TONOBHI U T1a3. Kaxxaas mBuTarenpHas eIMHALIA UMe-
et uupposoir kox (AUxX), MO3BOJSIOMNN HACHTU(PHUIMPOBATh OTACIBHYIO MBIIIIY WJIH TPYIIIBI
MBI, KOTOPBIE COKPAIAIOTCS WIIH PACCIA0ISIIOTCS, BBI3bIBAas HAOIFOMaeMble M3MEHEHUS BHEITHETO
BHJa. JTO obOecreunBaeT BO3MOKHOCTh aHAIHM3a METBYalIINX MUMHYECKHUX NBHKEHHUU. MHTEeHCHUB-
HOCTb KaXX/I0W JBUTaTEIbHON €IMHUIBI OLUEHUBACTCA OT HYJSA A0 €AUHULIbI, TAEC €IWHHIA — MaKCH-
MaJlbHasg MHTEHCUBHOCTb. [lox «coObiTriem» (event) MOHMMAETCs €AMHUYHOE MHMUYECKOE BBIpaXke-
HUE, KOTOPOE MOXKET OBITh 3aKOAWPOBAHO B IONIHOM O0ObEME IyTeM pa3lIoKeHHs ero Ha Habop AU,
BKJTFOUAIONINN KaK OHY, TAaK ¥ KOMOMHAITUIO HECKOJIBKUX €UHUIIL.

B 1abn. 1 onucansl ABUTaTebHBIC SAMHUIIBI, UCTIOIB3YIONINECS B UCCIICIOBAHUH.

Tabauna 1

JlBuratenpHble €qUHUIBI, HCTIOJb3YoIInecs OnbmoTekoii py-feat

Table 1

Action Units, used by the py-feat library

Howmep nsuraressHoi OpHrrHaJILHOE Ha3BaHUE MplmeyHast OCHOBa
€IUHULIBI L .
. . Original title Muscular base
Action unit number

AUO0I Inner Brow Raiser IoausTHe TOOHOW MBIIIIBI (MEIUATBHAS YACTh)
AUO2 Outer brow raiser [MoxHsiTHE TOOHOM MBIIIIBI (J1aTepaibHasi 4acTh)
AU04 Brow lowerer MpImna, ormyckatoras OpoBb
AUOS Upper lid raiser Mpliia, NTOAHUMAIOIIAsl BEpXHEe BEKO
AU06 Cheek raiser KpyroBast Mbliiiia masa (mia3HUIHas 4acTb)
AUO07 Lid tightener Kpyrosast Mbliiia rias3a (BeKoBasi 4acTb)
AU09 Nose wrinkler Mpinina, HoJHUMAIOIIast BEPXHIOK Ty0y M KpbLIO HOCa
AUI0 Upper lip raiser Mpliia, NOAHUMAIONIAs] BEPXHIOIO Iy0y
AUII Nasolabial deepener Mauast CKyJToBasi MBIIIIA
AUI2 Lip corner puller bonplast CKyoBasi MpIIIIA
AUI4 Dimpler [leunas MbImia
AUIS Lip corner depressor MBiInia, onyckaronas yroji pra
AUI7 Chin raiser [Togbopomounas MpIIIIa
AU20 Lip stretcher MBel11ma cMexa
AU23 Lip tightener Kpyrosas Mpinima pra
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Okonuanue mabn. 1
End of table. 1

Howmep asurarensHoit
S — OpI/IFI/IHa?IB‘HOC HasBaHue MpelImeqHast OCHOBa
. i Original title Muscular base
Action unit number

AU24 Lip pressor Kpyrosas mpimia pra

AU2S5 Lips part MBpImna, ormycKaroIasi HKHIOK Ty0y

AU26 Jaw drop JKeBarenpHasi MbIIIIA

AU28 Lip suck Kpyrosas mblna pra

AU43 Eyes closed Paccrnabnenne MpIIIIBI, MOTHUMAIOUICH BepXHEee BEKO

bubnmoteka py-feat mpeacraBnsier co6oli HAOOP WHCTPYMEHTOB M MOJEJNEH Uil pacro3HaBaHUS
BBIPOKCHUH JIMIa (BKJIIOYas ABUraTeJIbHbIE COUHMIBI, SMOLUH U KIIOYEBblE TOUKH JIMLA) Ha n300pa-
KEHUSAX U Buaeo3anucsx [6]. OHa mo3BossieT oOpadaThIBaTh U aHAIM3UPOBATh JAHHBIC O BBIPAKEHUSIX
JMIA, a TAKKE BU3YaIM3UPOBATh KIIIOYEBbIE TOUKU JIUNA 10 HUM. bubnuoreka siBnsiercs OecIuiaTHOM,
IIPOCTOM B UCTIOJIB30BAHUU U C OTKPBITBIM HCXOAHBIM KOZOM, YTO ITO3BOJIAET ynOOHO paboTaTh ¢ daH-
HBIMH O MUMHKE.

OcHOBHBIE BO3MOXXHOCTH py-feat: IeTeKTUpOBaHWE IUIA, OINpPEACICHUE €ro KIFYEBBIX TOUYEK,
OLICHKA ITOJIOKEHUS JIULA U TOJIOBBI, ONIPEICICHNE ABUTaTeNbHBIX eANHUL U dMoIMd. Kaxkaplil n3 atux
MHCTPYMEHTOB SIBJISICTCSI OTACIBHOM MOJENbI0, KoTopas oOydanachk M OLCHUBAJIACH HA CIIEIYIOLIMX
Habopax ganubix: WIDER (netexktuposanue nuna), 300W (kmrouessie Touku), BIWI Kinect (monmoxe-
Hue ronosbl), DIFSA + (nBurarenvHble enunuipl), Namba (nBuratenbHele enuHunbl), AffectNet
(amormm) [7]. B oubnmoteke py-feat mpu kiaccuUKaUy ABUTATEIBHBIX €IMHHI 3aJI0KEHBI MOJIEIb
Feat-XGB, ocHoBaHHas Ha MeToze MamumHHOTO o0ydenusi X(Gboost, Bo3Bpamiaonias HEMPEePLIBHYIO
oneHky aktuBHoctu AU (3nauenust 0—1), u momens Feat-SVM, ocHoBanHas Ha mozenu LinearSVC,
KOTOpasi BBIJAaeT OMHAPHBIE METKH (AaKTHBHO/HE aKTUBHO).

MeTonosorust uccjae0BaHMs.

Coop oannvix. JIns penieHus 3a1a4i U3BJICUCHUSI MUKPOBBIPaKEHUI U3 BHe03anHcell ObUT coOpaH
Ha0Op MaHHBIX [8], COCTOSMINI U3 BUICOMHTEPBBIO C TPYIIION JTFONEH, KOTOPHIE TPEIBAPUTENHHO 1Al
CBOE COIVIACHE HA Y4acCTHE B HCCIICIOBAaHNU.

C ucnbITyeMbIMH OBLTO 3apaHee OTOBOPEHO, YTO Ha BOIPOCHI MHTEPBBHIO HEOOXOJMMO OTBEYATH
NPaBAMBO WU JDKMBO MO X YCMOTPEHHIO M YTO OTBETHI UCTIBITYEMBIX MOTYT ObITh KaK OJHOCJIOKHBI-
MH, TaK U HOAPOOHBIMH. YacTb MCHBITYEMBIX BPYYHYIO Pa3METHJIM BHIECO3alMCH, YKa3aB Ha CBOU
JIO)KHBIE W TPaBIWBBIC OTBETHI. [IprMep, MOSCHSIONINKA MPHHIUIT MTPECTABICHUS CYOPMUPOBAHHOTO
HaOopa JaHHBIX, NpuBeAcH B Ta0m. 2. Jlusg ucnbityemMoro 1 ObuH 3amucaHbl JBa HAOOpa JaHHBIX BHU-
Jieo3anucell ¢ pa3sHbIM Pa3pelICHUEM M YacTOTOM KaJpOB B CEKYHIy AJISI MCCIICAOBAHMS BIUSHHSA Ia-
paMeTpoB BHIEO HA TOYHOCTh KIACCU(PHUKALUK JBUTaTEIbHBIX SAMHUL.

Tabnuna 2
TIpuMep, ONUCHIBAIONIHIT COOpaHHBIE BUACO3AITHCH, 10 HECKOJIIBKUM HCIBITYEMbIM
Table 2
An example describing the collected video recordings for several test subjects
Homep Konmnuectso Pacmmmpenne | Yacrora kagpoB
HCITBITYEMOT'O Mertka BHUJICO BHJICO B CEKYHLY
Subject Label Number Video Frame rate per
number of videos expansion second
Jloxb 12
] Tpasna 10 1440x1080 25
Jloxb 14
Mpasa 0 1920x1080 30
Jloxb 9
2 Tpasna 7 1920x1080 30
3 He pa3meuenst 41 1920x1080 30
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Knaccupurayusa suoeooannvix ¢ ucnonvzoganuem py-feat. K kaxmaomy Buaeo ObIT IpUMEHEH Kilac-
cudukarop py-feat u copmupoBansl CSV-(aiinbl, B KOTOPBIX I BCEX KaJIPOB OMMCAHbI 3HAYCHHS
TMTOJIOXEHHUS TOJIOBBI 110 0CsiM X U Y ¥ 3HAYCHUS JABUTATCIbHBIX SIUHMIT U3 Ta0. 1.

Dopmuposarnue komounayuii AU 0ns onpedenenus smoyuti. B 1abn. 3 B cucteme FACS mpemmoxke-
HbI KOMOMHAIIMY JBUTATESIBHBIX SUHHUII, ONPEISISIFOINNX 0a30BbIe IMOIHH [4].

Tabmnuma 3
KomOuHanyy 1BUrarenbHbIX €IMHHL, ONPEeASNAIONNX SMOIHUH, o cucteme FACS
Table 3
Combinations of Action Units that determine emotions, according to the FACS system
DMorus KomOunanmsa
Emotion Combination
Panocts AU6 + AUI2
I'pycrs AUI + AU4 + AUIS
Vinusneune AUI +AU2 + AUS + AU26
Crpax AUI + AU2 + AU4 + AUS + AU7 + AU20 + AU26
310cTh AU4 + AU5 + AU7 + AU23
OtBpamenue | AU9 +AUIS5 + AUI6

Mex 1y TeM Tako# MOAXOM He YYUTHIBAET 0COOCHHOCTH BBIPAKEHHS SIMOLHUIT OTJEIBHOTO YeI0BEKa
1 ux uHTeHCHBHOCTH. Adrian K. Davison u np. [9] npemioxxuinu HHON TOAXOMA K KTacCH(UKAITIH 3MO-
]_[I/Iﬁ 110 KOM6I/IH3HI/I$1M JABUT'aTCIIbHbIX C€IWHUII. HCCJ’ICHOB&TCJ’II/I y4id, 4TO OTACJ/IbHAA ABUIraTC/IbHAA
eIMHAIAa BHE KOMOWHAIIMK MOXKET OTHOCUTHCS K HEKOTOPOW 0a30BOM SMOLMU, a TAK)KE OHH YUIH Ba-
pPHATHBHOCTH KOMOMHAIMA. Ha 0cCHOBaHMY WX MCCIIEIOBAHUS U aHAJIM3a COOPAHHBIX JaHHBIX B Ta0I. 4
aBTOpaMH TPEAJIOKECHBI TpaBUjia KOMOWHAIMU JBUTATEIbHBIX CIMHHUIL, ONPEACISIONIMX SMOIUU
Y MUKPOBBIPAKECHUSL.

Tabnuna 4
KomOmHanuu ABUTaTeIbHBIX €AUHUI] AJISI ONIPEASNICHUSI MUKPOBBIPsKCHUH
Table 4
Combinatatons of the Action Units for microexpressions determining
DmMornus KomOunaruu ITosicuenue
Emotion Combinations Explanation
Panocth AUI2 VYrpi0ka 6e3 y4yacTus riia3
AU6 + AUI2 EcrecTBeHHas yipiOka
AU6 + AUI2 + AU2S5 Ynpi0Ka ¢ IPHOTKPBITHIM PTOM
I'pycers AUI + AUIS [TonHsTEIE BHYTpEHHHE OPOBH, YTOJIKH PTa BHU3
AUl + AUIS + AUI7 Jlo6aBjieH MPUMOIHSTHINA TOI00POIOK
AUI + AUI17 [MoaHsAThIE OPOBH, TPUIIOTHSITHINA TOIOOPOIOK
3mocth AU4 + AU7 + AU23 OnymieHHbIe OpOBH, HANPSHKEHHBIE BEKH, CHKATHIE TYOBI
AU4 + AU7 + AU24 OnymieHHbIe OPOBH, HANIPSKEHHBIE BEKH, BTSHYTHIE TYObI
AU4 + AUS + AU23 OnyuieHHble OPOBH, NIMPOKO OTKPHITHIE IV1a3a, CKAThle I'yOBI
AU4 + AU7 + AU9 + AU23 OnyuieHHbIe OPOBH, HANIPSKEHHBIE BEKH, CMOPIIEHHBIH HOC,
C)KaThle I'yObl
YnuBnenue AUI + AUS + AU26 [ogHsATHIE OPOBH, IIUPOKO OTKPHITHIE T1a3a, PACTSIHYTHIE TYOBI
AU2 + AUS + AU26 BHemHne 6poBH BBIIIIE, ITUPOKO OTKPHITHIE TV1a3a, OTKPBITHIA POT
AUI + AU2 + AUS5 + AU26 O6e gacTu GpoBeif MOMHATHI, MINPOKO OTKPHITHIE IT1a3a,
OTKPBITHIH pOT
Crpax AUI + AUS + AU20 + AU26 [MonHsATHIE OPOBH, IIMPOKO OTKPHITHIC TJ1a3a, PacTIHYTHIE TyObI,
OTKPBITBII POT
AU2 + AU5 + AU20 + AU26 INoxHsTHIE BHENTHUE OPOBH, ITMPOKO OTKPHITHIE TJIa3a,
pacTSIHyTbIE TyObl, OTKPBITHIA pOT
AUI + AUS5 + AU26 [MopmHsITEIE OPOBH, IUPOKO OTKPHITHIE [N1a3a, OTKPBITHIA POT
OtBpamenne | AU9 + AUIS CMOpILIEHHBIH HOC, YTOJIKU pTa BHU3
AU9 + AUI7 CMOpIIEHHBII HOC, MPUMOAHATHINH MOJ00POIOK
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Onpeodenenue smoyuti no xomounayuim AU. VI3 aHamm3a OBUTM WCKIIOYCHBI Kaaphl ¢ BBICOKUM
ypoBHeM uHTeHCHBHOCTH (>0,6) nBurarenpHoi ennHUIBI AU43, ONHICHIBAIOIIEH 3aKPHITHIE I71a3a, TaK
KaK 3Ta JBUTATENIbHAS SAWHUIIA BBI3BIBACT OOJIBIIYIO TOTPEITHOCTh B OMPEACICHUN SMOIMMA JAPYTUMH
KOMOHWHAIIUAMU.

Hamnee mist kaXxm0ro Kaapa OmpeAemsieTcs] akTUBHAS AMOIUS 110 KOMOMHAIIASAM JIBUTaTeIbHBIX €1-
Hull. Ecnu akTUBHA XOTs Obl OfHA W3 3aJlaHHBIX KomMOuHaiuii AU u mpu 3TOM BCe BXOASIIUE B HEe
€JIMHUIIBI IMEIOT WHTECHCHBHOCTH Bhiie mopora 0,6, To Takue KOMOMHAIIMU CUMUTAIOTCS aKTUBHBIMHU.
JlaHHBII MTapaMeTp ONpeesieH IKCIIEPUMEHTAIBHO.

3areM BBIUMCISICTCS CPEIHSST WHTCHCUBHOCTD JIJISi aKTUBHBIX KOMOWHAIIMN U BHIOWpaeTCs KOMOU-
HaIUs ¢ MAKCUMAJIbHBIM 3HAUEHUEM CPEHEH MHTCHCUBHOCTH JIBUTATCIbHBIX SJAUHUI] B KOMOWHAITUH.
Brrancnenus nposoxsarcs o Gopmyie

n
1
I = max —XZAU,- %100,
n
i=1

rae / — MakcMMajbHasi HHTEHCUBHOCTh KOMOMHAIIMU JBUTaTeIbHBIX enquHuIl (%), # — KOJTHYECTBO JIBU-
rate’bHBIX eHAI B KomOuHauu, AU; —3Ha4uenne i-ro AU.

Takum o6pa3zom, 1o mpaBmiIaM Tabdi. 4 onpenensercs smMouus. Eciu HU oJjHa SMOIUS HE aKTHBHA,
TO KaJip IOMeYaeTcsl Kak HEUTpabHbIN.

Llemexmupoeanue muxposvipadicenuii. JIns 1eTEKTUPOBAHUS MUKPOBBIPAKEHHUN ONPENEISAIOTCS T0-
CJIEIOBATENIBHOCTU KaJpOB C OJWHAKOBOM JOMHUHHUPYIOIIEH AMOLMEN, AIUTEIbHOCTh KOTOPOU HE Ipe-
Bhimaetr 12—15 kaapos (mns 25-30 FPS cootrBercTBeHHO), T. €. He Oonee 0,5 ¢, 4To sSBISETCS Xapak-
TEPHOU TUTENBHOCTHIO MUKPOBBIPAKEHUH.

Jist KaXk10i TaKoM IMOCIeI0BaTENbHOCTH (PUKCUPYIOTCS: Ha9abHBIA KaJp, THI IMOITUH, KOMOWHA-
mus AU, ompexpensiomias 3MOLMIO, CPEAHsSS] HMHTEHCHUBHOCTH, IJIUTEIBHOCTh B Kaapax, MeTKa
noxb/npaBaa. s toro 4ToObl 3adukcH-
pOBaTh IMOCIENOBATENBHOCTE KaK MHUKpPO-

BBIpOKEHHE, OBUIO TIPUHSITO, YTO CPEIHSS Knacen (;;aw
WHTEHCUBHOCTh SMOLMHU JIOJDKHA COCTaB- ABYTTENbHbIX EAMHMLY
IATh He MeHee 65 %. OT1oT mapamerp ey feat

YCTAaHOBJIEH 3KCIIEPUMEHTAIbHO HCXOIA

’,/’/(r:ocrasneume Haﬁnpa\' ~.
(
__AAHHBIX BUAEO3aNMCed S

®opmupoBaHue CSV-daiinos

M3 TOIro, 4YTO MHKPOBLIPAXKCHUE — KPaTKO- !
o o o 3arpyska, o6pa6oTka un
BPEMCHHBIM M SAPKUHU SMOLHUOHAJbHBIU aHanus ¢aiinos

BCILIECK. L

brok-cxema pa3zpaboTaHHOTO aNTOPHT- {iﬁiﬁi:;?““o-/
Ma JIECTEKTHPOBAHUSI U U3BJIEUYEHHUSI MUKDO- o
BBIPOKEHUIN C HCIIONB30BAHUEM BHIEOPS-

OnpepaeneHue 3MOLMIA Ha
Kaapax

Ncknrounte Kagpbl ‘

Ja W300paKEeHWM JMIa [OKa3aHa Ha Her
pI/IC. 1 . <:::7/ F < 16 kagpos? \::>
AJITOPUTM  COCTOMT W3  CJIEYIOIINX fa

HeT
— I>e0%? =

Puc. 1. biook-cxema alropurMa JE€TEKTUPOBAHUA U U3BJICHCHUS

IIaroB:
— cocTaBJieHHe Ha0opa JaHHBIX, BKITIO- ‘*’*——\A;\l///’
YaoIIero TPYNIbl W3 JIIOJCH BHUIICOWH- o ——
TEPBBIO; MUKPOBEIPaXeH Ui
— BBIYKMCJICHHUE JBUTATEIbHBIX CIHHUII, Avianua ik olelpaM(EHwZ y
OTIPEIEISIONINX TOJIOKEHHST TOJOBBI, TIO ussneuene Kagpos
BCEM BHJICO3AIMCSAM C HCIIOIb30BAaHUEM P
oubnuotexu py-feat; L Kowew
— ¢opmupoBanne CSV-¢aiino ¢ pe-
3yNlbTaTaMu  KJIAcCU(UKAIMU KaJpOB BH-
Jeopsiza aerekropamu Oubimoreku py-feat;
— 3arpy3ka, o00pa0oTka W aHalu3
¢aiinos;

MUKpoBBIpaxkeHHi (F — mmTenpHOCTE 3Monuii,
| — IHTEHCUBHOCTH AMOIIHIA)
Fig. 1. Flow Chart of the algorithm for detecting and extracting
microexpressions (F — duration of emotions, I — intensity of emotions)
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— HCKJIFOUCHHUE KaJIPOB, Y KOTOPBIX HHTEHCHBHOCTD JBUTaTeNbHON equuuibl AU43, onmceiBatonieit
3aKpbITHIC TJ1a3a, BhIlIe opora B 0,6;

— OIpeNeCHUEe SMOIMH Ha OCHOBE aKTUBHBIX KOMOMHAIIMN JIBUTATENBHBIX SIUHUIL IO CPOPMHPO-
BaHHBIM IIPAaBHJIAM;

— OIpeneneHne KPaTKOBPEMEHHBIX SMOIIHH, JUTUTEILHOCTh KOTOPBIX HE MpeBbiiaeT 12—15 kampos,
T. €. He 6oiee 0,5 ¢;

— OmpeecHIe aKTUBHBIX AMOIIHUH, T. €. YMOIMKA ¢ MHTEHCHBHOCTHIO HE MeHee 60 %;

— aHaJH3 MUKPOBBIPAKCHUN M U3BJICUCHUE U3 BUJICO COOTBETCTBYIOIIUX KaJIPOB.

PesyabraThl ucciaenoBanusi. B nporecce uccienoBanrs ObLTH M3BICYCHBI MUKPOBBIPAXKCHUS U3
BUJICOPSIA KOKIOTO M3 UCTIBITYeMBIX. [IprMep UTOrOBOW CTATHCTHKH IO MUKPOBBIPAKCHUSM JIJIsl He-
CKOJIBKHX UCTIBITYEMBIX TIPHBEJICH B Ta0JI. 5.

Tabauna 5

Konn4ecTBo MUKPOBBIPAKEHUH B PE3Y/IbTaTe UX U3BICUCHHS U3 BUACOMHTEPBBIO UL HECKOIBKUX UCITBITYEMBIX
Table 5

Number of microexpressions extracted from videointerviews for several subjects

Konngecrso Tlomunu as
Howmep Komuectro MUKPOBBIpXKEHUN 3M0p§:m
HCTIBITYEMOTO KaJIpoB Mertxka 110 METKe MK OBBIHa)KCHI/Iﬁ
Subject Number of Label Number of POBBIp .
. . Dominant emotion
number frames microexpressions . .
by label of microexpressions
4464 Hﬁ‘;’;‘; ;gg VauBrenue
1
Jloxb 79
9518 Tpasa 73 I'pycts
Jloxp 185
2 8707 Tpasa 241 I'pycts
3 8270 He pa3meueno 173 I'pycts

B pesynsraTte aHanm3a KOPPENAIUN METKH M MOJYYSHHBIX HHTCHCUBHOCTEH SMOITU# OBIJIO BBISBIIC-
HO, YTO AMOIIMS PaJOCTH MUMEET OTPHUIATESIBHYIO KOPPEISIHIO ¢ METKOW Il pa3MEUCHHBIX HaOOPOB
JAHHBIX, a TPYCTh U 3JI0CTh TAKXKE B ATHX CIy4asxX HUMEIOT MOJOKUTEIBHYIO KOPPEISIHI0 C METKOM.
DTO 03HAYaeT, YTO HCIIBITYEMBIM HECBONHCTBEHHO HCITHITHIBATH AMOITUIO PajOCTH BO BpeMs oOMaHa
B OTJIMYHE OT SMOIMIA IPYCTH U 3JIOCTH.

Ha puc. 2 u3o00paxen rpaguk KOPpEAIUHd HHTCHCUBHOCTEH MOTYYEHHBIX SMOIMNA ¢ METKAMHU IS
UCTIBITyeMOro 1.

Koppenauua MHTEHCMBHOCTH 3MOL WA € MeTKo#n 'label’

WHTEHCUBHOCTB [pYCTE - |

VIHTEHCMBHOCTb 310CTh | D
WHTeHCMBHOCTL CTpax - l:'
HrmencasHacTy Yauenens | l:'

VIHTEHCMBHOCTD OTBPaLUeHUe ‘ |

2Moums

WHTEHCUBHOCTL PafocTh - | |

-0.10 ~0.05 0.00 0.05 0.10
KoadhpuuneHT Koppenauun MupcoHa

Puc. 2. Koppensius noiy4eHHbIX HHTEHCUBHOCTEH SMOLIN ¢ METKOM JIOXKB/TIpaBia Jyisl UCTIITYyeMoro |
Fig. 2. Correlation of the obtained emotion intensities with the lie/truth label for test subject 1
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Ha puc. 3 nponeMOHCTpHUpPOBAaHBI MUKPOBBIPAKEHUS TIPH JDKH UCIIBITYeMOro 1 K Kax1oi 6a30Boit
smonuu: Anger — 3mocTh, Disgust — orBpamenue, Fear — ctpax, Happiness — pamocts, Sadness —
TpycTh, Surprise — yIuBICHHE.

JNoxes | Anger JNoxe | Disgust Noxs | Fear
(AUO4+AU05+AU23) (AU09+AU17) (AUO1+AUO5+AU20+AU26)
9.csv lcsv 7.csv

Noxs | Happiness JNoxe | Sadness Noxs | Surprise
(AU12) (AUO1+AU1S5) (AUO1+AUO5+AU26)
9.csv 3.csv 7.csv

Puc. 3. MuUKpOBBIpa)KeHHS HCIBITYeMOTO 1 M3 IEpBOTO HHTEPBBIO MPH JIKH

Fig. 3. Microexpressions of subject 1 from the first interview while lying

3axiouenne. B pesynsrate uccienoBaHus Obul coOpaH HaOOp JaHHBIX, COCTOSIIMN M3 BUICOMH-
TEPBBIO TPYIIBI PA3IMYHBIX JIIOACH, U pa3paboTaH aJrOPUTM aBTOMATHYECKOTO W3BJICUCHHUS MHUKPO-
BBIPOKECHUN U3 BUACO3AMKUCEH Ha OCHOBE JBUraTeNbHbIX eIUHUL AU, ONUCHIBAIOIINX ABMKCHUS JIU-
[EBBIX MBI, bbUTH TpoaHaTn3npPOBaHbl KOMOWHAIIMH JIBUTATENBHBIX eUHAI U3 cucTeMbl FACS s
MOJIYICHHS AMOIIMMA, ¥ HA OCHOBE MPEIOJIOKEHUS O TOM, YTO Y Pa3IMYHBIX JIIOJAEH SMOIMH MOTYT
UMETh pa3MuHble KOMOMHAIIMU JIBUTATCIbHBIX CAMHMII, ObUTH C(HOPMHUPOBAHBI YTOYHECHHBIC MTPaBHJIA
AX KOMOMHAIINH.

[IpuMeHeHrEe TOTYYCHHON MaTpHUIlbl KOMOMHAIIMK JBUraTEJIbHBIX C€IUHMII MMO3BOJMIO OoJiee J10-
CTOBEPHO KjaccH(HUIMpOoBaTh 0a30BbIC IMOIMH HA aHAJIM3UPYEMBIX BHJICOKAJApax: TOYHOCTh KJIACCH-
(ukanmu coctaBuia 57 % mpu UCTIONB30BAHUA TIPEIIIOKEHHOTO TIOAX0/Aa MPoTUB 3 % MpH MpUMeHe-
HuM 0a30Boi MaTpulsl U3 cuctembl FACS.

[IpoBeneHHbI aHAIN3 MUKPOBBIPKEHHU, TOITYYEHHBIX C MIOMOIIBI0 Pa3paboTaHHOTO alrOopHUTMa,
MO3BOJIMII YCTAHOBUTH, YTO AMOIUS PAJIOCTH KOPPEIMPYeT C METKON MpaBiasl B HabOpax JaHHBIX,
a HMOLIUU TPYCTH U 3JI0CTU KOPPEIUPYIOT C METKOM JIKH.

BbLIO BBISIBIICHO, YTO HA BHJICO, TJE JIIOAU JITYT, COACPIKHUTCS OOJIbIIe MUKPOBBIPAKEHHM, YeM Ha
BHJIEO, A€ TOBOPAT npapny. I[IpM 3TOM MHTEHCUBHOCTH IIPOSBJIEHUS TAKUX 3MOLMH, KaK pamocCTh,
TPYCTh, 3JIOCTh U CTPAX, BBIIIE, YeM Y MIPABIUBBIX MUKPOBBIPAXKECHUN, YTO MOXET OBITh CBSI3aHO C I10-
TBITKAMH CKPBITh HCTHHHYIO SMOIHIO OO0 cO cTpaxoM pazoOnadeHusi. OHAKO CTOUT YYUTHIBATh, YTO
MPOSIBJICHUE SMOIMI 3aBUCHT OT (DM3HMOJIOTMM 4YEJOBEKa M €ro MHUMHUYECKHUX OCOOCHHOCTEH. DTO
YCIIOXKHSET 33/1a4y KilacCU(UKAIUU 1 MOXKET IIOTPEOOBaTh JIONOTHUTEIBHYIO HH(POPMAIIHIO OT JAPYTHX
HCTOYHHKOB.

[IpenaokeHHbIi aJrOPUTM aBTOMATU3UPOBAHHOTO M3BJICYCHUS MUKPOBBIPAXKEHUN MOXKET OBbITH HMC-
MOJIb30BaH B 3aj[ade HEWPOCETEBOro Paclo3HaBaHUs JUKH B KOHTEKCTE C BHICO- M aynuouH(popmarmeit
B X0/I€ KOMMYHHUKAIIMOHHOTO MpoIecca.
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Heo0xomumMo OTMETHTh, YTO JUIsl peajH3alydd BCEX MPEUMYINECTB MPEIOKCHHOW TEXHOIOTHH
pacrno3HaBaHus JDKUA TPeOyeTcs JOCTAaTOYHO BBICOKOE KaueCTBO BUICO3AMUCEH M OJHOBPEMEHHO IO-
BBIIIICHHBIC BBIYUCIIUTEIILHBIC PECYPCHI, TaK KaK, B MPOTUBHOM CIy4yae, BHICOKOKAY€CTBCHHBIC BUICO-
3aIHCH JTUTENFHOCTHIO oJbIe 60 ¢ MOTYT He Kiaccu(uimpoBarbesa OnOMnoTexoit py-feat.

Bxkian aBropoB. K. A. Komosa — IpoBeieHHE SKCIIEPUMEHTATBHBIX UCCIIEIOBAHMH, pa3padoTKa ajro-
puTtMma, Hanucanue Tekcta ctatbu; B. C. Cados — TIOCTAaHOBKA IleNiell W 3ajad CTaTbd, OOCYXIEeHUE
PE3yNBTaToOB, KOPPEKTHPOBKA TEKCTA CTATHHU.
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AHHOTAIHUA

Ienu. Lenpto uccenoBaHus SIBISETCS pa3paboTKa anroput™a Beibopa pedepercHpix mukpoPHK ¢ yyetom ux B3a-
MMOCBSI3H C T€M, YTOOBI KJIACCH(PHUIMPOBATH IPYIITHI 00Pa3IIOB MPH W3YUIEHNUH PA3IIHBIX OHOIOTMUECKUX MPOIIECCOB.
Metonsl. Mcnonb3oBanick METObI JINHEHHON anreOphl, aHaINW3a TIaBHBIX KOMIIOHEHT, CTATHCTHYECKUX MO-
Jienieid OMHApHOM perpeccy, OLeHKH MPOU3BOAUTEILHOCTH MOJICIICH.

PesynbsTarel. Pazpaboran HoBbil anmroputm MDSeek, kotopsiit npeiaraer Boibop pedepercubix MukpoPHK
JUIS HOPMAJIM3AIUK JaHHBIX KOJIMYECTBEHHOH IMOJIMMEpa3HOM LEMHOW PeakIHu ¢ IEJbI0 MOCIIEAYIOLIEro Hc-
MOJIB30BaHUSI HOPMAJIM30BAaHHBIX JaHHBIX JUIA 3a/a4 Kiaccudukamyy. ONeHKa pe3ynbTaToB paboThl alropurMa
JUIS 3a7ja4K KiTacCU()MKAIMU CBUICTEIBCTBYET O €ro 0ojee BBHICOKOH 3((PEKTUBHOCTH 1O CPAaBHEHHIO C U3BECT-
HBIMH TI0/IX0/1aMH K HOPMaJIM3aIMU Pe3yJIbTaTOB MOJMMEPA3HOM LIETTHOW peaKiyu.

3akmoueHue. B HacTosued pabore mpemtoxeH opHrHHaNbHBIN anroputm MDSeek, npeaHasHadeHHbBIH IS
BeIOOpa pedepeHcHBIx MHUKpOPHK c 1enpio HOpManm3alluM pe3ynbTaToB IIOJUMEPA3HOW MENMHOW peakIiu
Y MO3BOJIAIOIINK M3y4aTh M3MeHeHus! dkcrpeccudt MUKpoPHK mpu cpaBHEeHHM pa3iM4HBIX OMOJIOTMYECKUX MHPO-
neccos. [ocne mpumenennss MDSeek Ha ombITHOM Habope 00pa3IoB HOPMATH30BAHHBIE JAHHBIE HUCTIOIb30BAITHCH
JUTst 33714 KiIacCH(DUKALUK, METPUKU IPOU3BOAUTENHLHOCTH OBLIH JIy4Ile IT0 CPABHEHHUIO C JPYTUMHU aJrOPUTMaMH.

Kaiouesnie cioBa: MukpoPHK, Hopmanmzamys, nmonuMepasHast IelTHasi peaknusi, Kiaccu(ukamms, paccTosiHue
MaxanaHo6uca, IPOU3BOAUTENBHOCTE MOETICH
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Abstract

Objectives. The algorithm for selection of reference microRNA taking into account their biological features for
classification of pathologies.

Development of an algorithm for selecting microRNAs with regard to their interconnection for samples
classification in the various biological processes

Methods. Methods of linear algebra, principal component analysis, statistical binary regression models, and
model performance metrics were used.

Results. A new algorithm, MDSeek, has been developed that proposes a selection of reference microRNA for
the normalization quantitative polymerase chain reaction results taking into account their coexpression. MDSeek
demonstrates higher performance metrics compared to known reference gene selection approaches for the
subsequent classification tasks.

Conclusion. An original MDSeek algorithm for selecting reference microRNAs for normalization results of
polymerase chain reaction is suggested. It takes into account changes in microRNA expression when comparing
different biological processes. After applying MDSeek to an experimental set of samples, the normalized data
were used for classification tasks, and the performance metrics were better than those of other normalization
algorithms.

Keywords: MicroRNA, normalization, polymerase chain reaction, classification, Mahalanobis distance, model
performance
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BBenenne. Hopmanusaiuss B KOJMYECTBCHHOM MMOJIMMEpasHOM IenmHo# peaknuu (quantitative
polymerase chain reaction, qQPCR) siBisieTcst KpUTHYECKH BaKHBIM 3TAllOM MPeA00pabOTKH JaHHBIX
JUISL IOCTHXKEHUS] TOUHOW M HAJEAKHON KOJMYECTBEHHOM OIIEHKU YPOBHEW 3KCIPECCUH, MOTydaeMbIX
B peaynbTare qPCR B pa3nuuHbIX OHOJIOTHYECKUX 00pa3iax.

Hopmanuzarust — 3To mpolecc KOpPEeKTUPOBKH OTHOCUTENBHBIX MEp KCIIPECCUU Mex 1y oOpasia-
MU JUISI CHHDKEHHUS TEXHMYECKHX OTKJIOHeHH# naHHbIXx PCR, He uMeronux OHOJOTHYECKUX MTPHYUH
(3ddextuBHocTs PCR, KauecTBO 00PA3IIOB U T. 1.), YTO HEOOXOAUMO JIJIs TIOJyUYSHMsI OMOJIOTHYSCKH
3HAQYUMBIX M BOCHPOU3BOJUMBIX PE3YJNbTATOB, KOTOPHIE MOXXHO HKCIIOJIB30BaTh AJIS MOCIEAYIOLIETO
anamm3a. [lockonbky mpu BeimonHeHUH (PCR uccrneayroTcss OTHOCHTEIbHBIE 3HAYCHUS WU3MEHEHUS
IKCIPECCHH — HACKOJILKO OOJbIIIE MM MEHbIIIE dKcIpeccupyrorces onau MUKpoPHK otHocuTensHO
JPYTUX, HOpMAJU3allys MpeIyCMaTpUBAET HCIOIb30BaHHE peepeHCHBIX Moka3arenell (HopMmanusa-
TOPOB), MO OTHOIICHUIO KOTOPBIX M3ydaeTcs skcrpeccus uccneayembix MukpoPHK. Takumu HOopma-
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TU3aTOpaMH CIy>KaT MoJjeKyiasl MUKpoPHK, BBIOOp KOTOPBIX MOKET 0a3sMpoBaThCS HA Pa3THIHBIX
npuHIunax. Heo0XxoanMocTh KOPPEKTHON HOpMaIU3aluyl MOJYEPKUBACTCS MOTYYeHUEM Pa3TUYHBIX,
3a4acTyl0 MPOTHUBOPEUMBBIX PE3yJIbTATOB B PAJC MCCIEIOBaHW, MOCBAIICHHBIX MPOOJIEMe H3y4YCHUS
skcnpeccun MUKpoPHK. HekoppekTHas HopManu3aiys MOXKET NPUBOJUTH K HEBEPHOM OIIEHKE UJTU OT-
CYTCTBHIO BBISIBJICHHUS HMEIOIIMXCS M3MEHEHUH B mpoduiie sxcnpeccurt MukpoPHK 1 conpoBoxkaaercs
PHCKOM OIIMOOYHBIX BBIBOJIOB IPH CpaBHEHHH O0Pa3LOB M3 pa3HBIX YCIOBUH MM MCTOYHHUKOB, YTO
nenaet ee PyHIaMEHTATBHBIM aCIICKTOM HCCIICIOBAHUIA B 00IaCTH MOJICKYJISIpHOU Ouostoruu [1].

st moBbImeHus HamexHOCTH pe3ynbTaToB qPCR Ob1H pa3paboTaHbl pa3nuyHbe METOIBI HOpMa-
nuzanuu, Gasupyroryecs Ha noporosoM uucie uukios PCR!' (Ct), sxmouas meron ACt, xBan-

TUIbHYKO HOPMAJIU3AIMIO ¥ PAHTOBO-UHBAPHAHTHYO HOpMaju3aluo Habopa obpasuos. Meron ACt
cpaBHuBaeT 3HaueHust mopora rmkiaa (Ct) meneBbIX TeHOB CO 3HAYCHHUSIMH pPe(epPEHCHBIX T'CHOB.

KBanTunpHass ¥ paHroBO-MHBAapUaHTHAs HOPMAaJIM3aLUU MpeUIaraloT 0osiee CIOXKHbBIE ITOIXOJBL,
cMsr4yas TEXHUUECKHH IIyM W YCTpPaHsIsi 3aBUCUMOCTb OT OJJHOTO peepeHCHOr0 TeHa COOTBETCTBEH-
HO. BMecTe ¢ TeM B HacTosiliee BpeMsl He CYIECTBYET €MHOTO CTaHIAPTHOTO MOJX0/1a K BEIOOPY pe-
¢depencuoit MukpoPHK, mocKoIbKy 3aBUCHMOCTH OT OJHOTO ITOKA3aTeNsi MOXKET BHECTH 3HAYUTEIh-
HYIO OITMOKY B pe3y/ibTaThl HOpManu3anuu [2—4].

Texyimume peKOMEHAAUK TpeAaraloT UCIONb30BaTh HECKONBKO peepeHCHBIX I'eHOB, B Hjcalle
Tpu nim Gosee, 94ToObl 00ECHEUNTh HAAEKHYI HOPMAIM3ALMUIO, KOTOpasi MOXKET YUUTHIBATH MPUCY-
IIyI0 U3MEHYMBOCTh PA3JIMUHBIX TKAHEH M 3KCIIEPUMEHTAIBHBIX yCIoBHU. Takas mpakTHKa COOTBET-
cTByeT pekomeHnauusaM MIQE, nanpaBnennsiM Ha ctapaapTusanuio Merononaoruii qPCR u ymydmre-
HHE BOCIIPOU3BOAMMOCTH B UCCIIEIOBaHUsX [5].

[Ipumenenne HOpManm3oBaHHBIX AaHHBIX PCR oxBaThIiBaeT pasiwdHbIe 00IACTH, BKIIOUAs HC-
CJICZIOBAHMSI paKa, OMOJIOTHIO Pa3BUTUA U (PapMaKOI€HOMUKY, TI€ OHU OOJIEryaroT aHajdu3 NaTTEPHOB
9KCIPECCHH TEHOB, OTHOCSIIUXCS K 0OJE3HAM M OTBeTaM Ha JeueHue. [Ipomoinkaromasics 3BOMIONUS
CTpaTEeTHil U HHCTPYMEHTOB HOPMAJIN3ALIMH MTOBBIIIAET HAZEKHOCTh U BOCIIPOU3BOAUMOCTD PE3yJIbTa-
ToB qPCR, ycTpaHsist CII0O)KHOCTH, CBSI3aHHBIC C aHAJTH30M SKCIIPECCHU TeHOB [6].

TakuMm 00pa3oM, HOpMaIH3aIKs KaK MPOLECC MPeaoOpabOTKU MBITACTCS PEUIUTh MPOOJIEMBI, CBS-
3aHHBIE CO CIEAYIOUIMMHU (PaKTOpaMu:

1) KOHTpOJIEM 3a BapHaLMsIMH, OCKOJIBKY B KCIIEPUMEHTaX ¢ ucnonb3oBanneM PCR cyiecTBy-
€T MHOXeCTBO (haKTOpPOB, KOTOPbIE MOTYT BBI3BaTh BApHAILIMKM B PE3yJIbTaTax, TAKHE KaK KOJMYECTBO
ucxonuoir PHK, apdextuBHOCTh 00paTHOi Tpanckpumyu 1 qPCR, kadecTBo 00pa3uoB u T. A. Hop-
MaJIM3alysl IOMOraeT KOHTPOJIMPOBATh 3TH Bapualluy, YTO JIeNaeT JaHHbIe 00Jiee COMOCTaBUMBIMH;

2) CHI)KEHHEM OSKCIIEPUMEHTAIBHBIX ONIMOOK, MOCKOIbKY HOPMAHM3allMsi MMO3BOJISET YYUTHIBATDH
TEXHUYECKUE BapHallui MEXy 00pasliaMu, YTO MOBBIIIAET TOYHOCTh JIAHHBIX;

3) kanuOpOBKOIi JaHHBIX, TAK KaK HOPMAJIU3ALHS C UCIIOIb30BaHUEM PedepPEHCHBIX FeHOB IIOMOTra-
€T OTKJIMOPOBATh Pe3yIbTAaThl HKCIPECCUH 1IETIEBBIX I'€HOB, YTOObI CHU3UTHh TEXHUYECKUE U OMOJIOTHU-
YecKHe Bapualuy;

4) ynudukanuein pu CpaBHUTEIBHBIX HUCCICIOBAHUAX, KOr/Ia HEOOXOIUMO BBISIBUTH AU PepeH-
LUAJIBHYIO 3KCIIPECCHIO [CHOB.

MHorue MeTo/ibl HOpMalu3alMi OCHOBAHBI Ha MPEATIONIOKEHNH, YTO OJMH WM HECKOJIBKO T€HOB
KOHCTUTYTHBHO 3KCIIPECCHUPYIOTCSI Ha MOYTH IOCTOSHHBIX YPOBHSX INPH BCEX IKCHEPUMEHTAIBHBIX
YCIIOBUSIX U YPOBHHM 3KCIPECCHU BCEX I'€HOB B 00pasle HOPMAIU3YIOTCSA C YYETOM 3TOr0 IPEAToio-
KEHHUS.

1. OcHoBHbIE cTPaTeruu BoIGOpa pedepeHCHbIX reHoB, ocHoBannbie Ha ACt. TIpeanonaraer-
Csl, YTO UMEETCS] MaTPHIIA KOJTMYECTBEHHBIX JIAaHHBIX pasmMepoM N x K , rme N — 4uciio paccmarpuba-
embIX reHoB, K — uncio o0pa3uoB ucciexyemoro marepuana. Kaxnas sueiika MaTpULbl COACPIKUT
snauenue Ct — uncio mukinos PCR, npu KoTopoM (iyOpeciieHIMs MPEBBINIAET MOPOrOBOe 3HAUECHHE
Juts N-ro reHa B k-m oOpasiie.

Mloporosoe uucno uuknos ( ACt ) — 510 uucno nuknos PCR, npu xoTopoMm (uiyopecueHIts MpeBbIIIaeT TOPOroBoe
3HAaYCHUE.
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PaccMoTpuM crienyromnye anropuTMb:

1. Anzopumm BestKeeper [7] npennasHaueH st BBIOOpa CTAOMIBHBIX peEPEHCHBIX TEHOB IS
UCITIOJIb30BaHMS B WCCIIEIOBAHUAX 3Kcmpeccud TeHoB ¢ momompio qPCR. OcHOBHBIC maru ajiro-
puTM™MA:

1. Pacder cTaHIapTHOTO OTKJIOHCHHMS: JUIsl K&KJIOT0 KaHUAaTa B pe)epeHCHBIC TeHBI BEIYUCIIACTCS
crangaptaoe otkinonenue (SD) u cpennee snauenne (Mean) Ct snauennii Bo Bcex obpasuax.

2. OneHka cTaOMIBHOCTH: CTAOMIIBHOCTD KaXI0ro KaHAWUAATa B ped)epeHCHbIe TeHbl OLEHUBAETCS
[0 COOTHOLICHHIO CTAHIAPTHOTO OTKJIOHEHHs K cpexHeMmy 3Hauenuro (SD/Mean). Haumenbiuue

3HAYCHHMSI 3TOTO COOTHOLICHHS YKa3bIBAIOT HA HAMOOJIBIIYIO CTAOMIBHOCTb.
3. Boi60p peepeHCHBIX TEHOB: U3 BCEX KAHAMIATOB BBIOMPAIOTCS TE, KOTOPhIC MMEIOT HAHUMEHb-
e 3HayeHus cootHowenus: (SD/ Mean), T. e. Hanbosee cTabHIBHBIC.

2. Anzopumm geNorm [1] Taxke npeaHasHaveH It BEIOopa HanOoIee CTaOMIBHBIX pePePEHCHBIX
reHoB 11t HopManu3anuu AaHHbeIX PCR. OH ocHOBaH Ha OLEHKE CTAOMIILHOCTH F'CHOB IyTEM aHaJIH-
3a UX BBIPAXXCHHOCTH B Pa3UUHBIX 00pa3nax. OCHOBHBIE IarH alrOpUTMa:

1. Pacuer ko3¢ dunmenta crabunpHOCTH M 171 K&KIOr0 reHa, OCHOBAHHOI'O Ha CPEIHEreOMeT-
pUYECKON MapHOW BapualMM MeEXAYy IeHaMd. ['eHbl ¢ HauMeHbIIMM 3HadeHueM M cuuTarTcs
HanboJee CTaOMIILHBIMU.

2. IlocTeneHHOE HCKIIOYCHHWE MEHEE CTAOMJIBHBIX I€HOB: HAa KaKIOM IIare HMCKIIYaeTcs IeH
¢ HauOonpImIMM 3HaueHueM M, u mpouecc MOBTOpPsIETCS A0 TeX IOp, [IOKa HE OCTAaHyTCs /1Ba I'€Ha.

Takum 00pa3oM, B KaXKIOM ITUKJIC UCKITFOYACTCs HAMMEHEE CTA0MIIbHBIN T'eH.
3. OnpezeneHne ONTHMANBHOTO YHCIa peepeHCHBIX TeHOB MyTeM pacueta kKoddduirienTa Bapua-
mur (V) 101s mocseioBaresbHbIX nap reHoB. Eciu koopduuuent sapuanuu V'  Mexay renamu N

¥ N+1 HUXKe 3aJaHHOTO MMOPOTOBOro 3HaYeHus (Hampumep, 0,1), cauraercs, yTo H0OaBICHUE AOTION-
HUTCJIBHOI'O I'CHa HC YJIYYIIUT TOUYHOCTH HOpMAJIM3alllu.
4. Pacuet Hopmanm3annonHoro ¢akropa (NF) mwis kaxmoro obpasia kak cpeIHereoMeTpUIECKO-

0 3HAYCHUSI SKCIIPECCUH BBIOPAHHBIX PeePEHCHBIX T€HOB B JAHHOM 00pasiie Ha OCHOBE BBHIOPAHHBIX
CTaOMIIBHBIX T€HOB.

3. Anzopumm NormFinder (deéa éapuanma: ¢ zpynnamu u 6e3 zpynn) [8] — 310 cratucTHYCCKUI
MeTO Uil BeIOOpa Hambosiee CTaOMIBHBIX pPe(EepPEeHCHBIX T'CHOB C IEIbI0 HOPMAIM3aIMH JaH-
HBIX JPCR. OCHOBHBIE IIaTH aNTopUTMA:

1. Pacuer BHYTPHUIPYIIIOBOW U MEKIPYIIOBOH Bapuanuu. BHyTpurpynmnosas Bapuanusi — 3T0 Ba-
puanmst Ct 3HaueHmit 0JHOrO reHa BHYTPU OIHOW TPYMIBI 00OPA3LOB, MEKIPYIIIOBAs BapHALUsS —

Bapuanus cpeaunx Cl 3HaYeHwMi 0JHOTO reHa MEK/y pasHbIMU IPpyHnaMu oopasioB.

2. Pacuer KOMOMHHUPOBaHHOW CTAOMIBHOCTH JUIS KQXKJOTO reHa. AJITOPUTM BBIYHCISIET KOMOMHU-
POBAaHHYIO Mepy CTaOMIBHOCTH JJIS KAKJIOTO TeHa, 00bEIUHISI BHYTPUTPYNIIIOBYIO U MEXIPYIIIOBYIO
Bapuanuu. ['eHbl ¢ HauMeHbIIeH KOMOMHUPOBAaHHOM Mepoil cTaOMIIBHOCTH CUMTAIOTCsl Haubosee cTa-
OMJILHBIMH U TOAXOASAT JJIsl UCTIONBb30BaHMA B KaueCTBE pehepeHCHBIX.

3. PamxupoBaHue TeHOB: Bce KaHIUIATHI PAHKHUPYIOTCS TI0 UX KOMOMHHPOBAHHOHN CTa0MIBHOCTH.
Te, y xoro sta Mepa HauMEHbIIAsl, CYUTAIOTCS Hanbosiee CTAOMIBLHBIMA M PEKOMEHI0BaHbI TSl MC-
M0JIb30BaHUs B Ka4eCTBE pehepeHCHBIX.

IIpeumyiiecTsa anropurma:

— yuet Bapuanuid. AnroputM NormFinder yunThiBaeT Kak BHYTPUTPYIIIOBYIO, TaK U MEXKIPYIIIIO-
BYIO BapHalliH, 4TO JeJIaeT ero 0COOEHHO MOJIE3HBIM NPH aHAJIN3€ CJIOKHBIX TaHHBIX;

— paznmumuHoe uucio rpymm. AnroputM NormFinder MoxkeT ObITh IPUMEHEH Kak K HaOopy oOpas-
IIOB C OJTHUM KJIAaCCOM, TaK ¥ K TaHHBIM C HECKOJIBKUMH KJIaCCaMHU.

4. Anzopumm NormiRAZOR [9] siBnsiercst MaTeMaTHYeCKO KOMOMHALIMEH BCEX MEPEYHCICHHBIX

N!
(N-M)ixM!’

YHCIIO0 pacCMaTPUBAEMBIX T€HOB, M — YHCIIO T'eHOB, KOTOpPBIE BEIOpaHbI Kak pedepeHcHble. st Kax-
JIOTO COYETAaHUS PACCUUTHIBAIOTCS MEphl CTAaOWIBHOCTH Il dYeThipex BapuantoB: BestKeeper,

BbILIE ANMropuT™MOB. OH OCYILECTBIISET MONHbI Tepebop couetanuii C;" = rae N —
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geNorm, NormFinder (1Ba BapuanTa: ¢ Knaccamu u 63 HuX). Jlanee MPOBOIUTCS PAHKUPOBAHHUE TIO
BCEM COUYETaHMSAM I10 KaKJIOMY aJTOPUTMY OTIENIBHO M PAacCUUTHIBAIOTCA PAHTH BCEX COUETAHWMN IO
KaKAOMY aJlTOPUTMY OTIENbHO. PaHru mpuBOAATCS K eAMHUYHOMY AWamna3zoHy. s Kaxxaoro covera-
HUS OIIpefesisieTcss KOMOMHUPOBAHHBIA PaHr KaK CPEHEe YEeThIPpeX PaHros (€JMHUYHOTO MHTEPBAia).
OKoHYaTeNbHOE PAHKUPOBAHUE COUETAHUH MMPOBOIUTCS M0 yCPETHEHHOMY paHry. Beibop coderanus,
KOTOpoe OyzeT HabopoM pedepeHCHBIX TeHOB, OCTAETCS 32 HCCIIE0BATENEM.

Pa3Hple cTparernu MOryT 3HAYMTENBHO HCKAa3UTh CIIOCOOHOCTh HAXOXKACHUS PA3IUUUN MEXIY
rpymmnaMu o0pasiioB, CBA3aHHBIX C psAoM 3aboseBanuii (popmamu 3abosieBanus), U, O€3yCIOBHO, SB-
JISIOTCS CYILIECTBEHHBIM HEJOCTATKOM IIPU CPAaBHEHUH YPOBHEW DKCIPECCUN MEXY Pa3NUYHBIMU HC-
cJeIOBaHMSIMH. B gommonHeHne K cTangapTu3anuu coopa u 00paboTKH 00pasoB HCIIOIH30BaHNE KOH-
KPETHOH MpoLexypbl HOpMalu3aluy 00eCIeuuT JIyUIly0 BOCIPOU3BOAUMOCTD, & ONPEACICHUE YHII0-
TeHHBIX 3TAJIOHHBIX T'€HOB PACIIMPUT BO3MOXKHOCTH HPOBEACHMS KPYIMHOMACIITAOHBIX aHAJM30B Ha
BBIOpaHHBIX Mapkepax [10].

2. OcoGenHocTr aHajau3a JaHHbIX ’kcnpeccun MUKpPoPHK. MukpoPHK — 3to koporkme
(18-24 myxneoruna) Hekoaupyrome Monekynsl PHK, urparoiue BaXHYIO poiib B PEryJisiliuU dKC-
npeccuu reHoB. [lokazano, uro mumensmu MukpoPHK sBnstores ot 30 no 60 % reHos uenoBeka, Ko-
TUPYIOMHIX pa3zHooOpas3Hbie Oenku [11]. Bputo ycTaHOBIEHO, YTO MOJIEKYIBI TAHHOTO THITA KCIPec-
CHPYIOTCSL B OIYXOJIIX Da3IMYHOIO IeHe3a, MX abeppaHTHAas 3KCIPECCHS HIPaeT BAXKHYIO POJb
B nponudepannn, nuddepeHInpoBKe, WHBA3UU, MUTPALUA M aroNTO3¢ OMyXOJIEBBIX KIETOK [12].
VYcunennas skcnpeccuss MUKpoPHK MoxkeT OBbITh CBSI3aHAa ¢ BO3HUKHOBEHUEM 3JI0KAYEeCTBEHHOM OITy-
xomu, u Takue MUKpoPHK sBrisrotcs onkorenubiMu. [lomasnenue skcnpeccun MukpoPHK 3auactyro
MOJABIIsAeT U pa3BuTHe omyxonu. Onucansl Takke MUKpoPHK ¢ omyxonb-cynpeccopHoil akTHBHOCTBIO.
[TokazaHo, uto dyHKIms Kaxa0it MUKpoPHK MoxeT ObITh TKaHe- 1 KOHTeKCT-crietmbryanoi [13].

MukpoPHK sBisroTCS KITFOYEBBIMHA UTPOKAMH B CIIOKHBIX OMOJIOTHYECKUX TPOIIEccax, HapyIeHUs
UX 3KCIIPECCUH CBSI3aHbI, IOMUMO OITyXOJeH, C Pa3BUTHEM MHOTHX IPYrux 3a0ojieBaHMH, BKIIOYas
CepACYHO-COCYAUCThIE, HepoAereHepaTUBHBIE U WH(EKIIMOHHBIE. DTO 00YCIOBIMBAECT BO3MOKHOCTh
ucnonb3oBanusd MUKpoPHK B kauecTBe AMAarHOCTHYECKHUX W MPOTHOCTHYECKHX OMOMAapKepoOB IMIMPO-
KOTo crekTpa 3aboneBanmid. Mzyuenne mukpoPHK momoraer moHATh MEXaHU3MBI Pa3BUTHS Pa3iidy-
HBIX 3a00JIeBaHUi U pa3padoTaTh HOBBIE METO/IBI X AUATHOCTUKHU U JICUCHUSI.

Ocob6enHoctrio 3kcnpeccurt MUKpoPHK siBsitoTcst ee Bbicokas BapuaOeNbHOCTh M KOPPENSIUS
Mexay uzydaembiMu MUKpoPHK.

buonoruueckast BapuabenbHOCTh 00YCIIOBJIEHA TETEPOTEHHOCTRIO KIIETOK. B pa3nuyHbIX KIeTod-
HBIX TUIAaX U TKaHIX ypoBHU dKcnpeccun MUKpoPHK moryt cymiectBeHHO pa3nudarbes. ITO yCIoxkK-
HSIET WHTEPIPETALUIO PE3yIbTaTOB, OCKOJIBKY OHH MOTYT OTpa)kaTb HE TOJIBKO MHTEPECYIOIIee HC-
clIeZioBaTeNe COCTOSIHUE, HO M OOLIYIO KJIETOUHYIO TeTeporeHHocTh. Takxke yposeHb MUKpoPHK mo-
JKET U3MEHSTHCS B 3aBUCMOCTH OT (DU3HOJIOTHYECKUX COCTOSHHI OpTaHU3Ma, TaKhX KakK CTPEecc, BOC-
najieHue, 1MeTa, BO3pacT u T. 1.

Koppemsiuus onpenenena xoskcnpeccueld MUKpoPHK, B HEKOTOpBIX CilydasiX HECKOJIBKO MHK-
poPHK MoryT koskcnpeccHpoBaThcs M OKa3bIBaTh cX0xHe 3()(EKThl Ha IKCIPECCHIO TEHOB. DTO MO-
JKET 3aTPYIHSITh BbIICIICHHE BKIIAOB OT/AebHbIX MUKpOPHK B 001mit pesynbrar [14].

B oTnnuume oT reHoB, KOTOpbIE MOTYT ObITh KOHCTUTYUTHBHO 00ycioBieHnsl, MUKpoPHK sBisrores
THOKUM OWOJIOTHYECKMM WHCTPYMEHTOM B PETYIISIIMU DKCIIPECCHM caMUX TeHoB. Takum o0Opaszom,
nzydyenne MUKpoPHK sBrnsercs KOHTEKCTyalbHBIM M B TIEPBYIO OYepPEb 3aBHCUT OT KOHKPETHOH pe-
mraemoit 3agaun. OHON M3 TaKWX 3a/ad SBISETCA 3a/1ava Kiaccu(uKalud, U B HacTosIeH padore
npesiaraeTcs BKIIOYUTE B Iipolecc BeiOopa pedepercHbix MUKpoPHK merpuku, cBsizaHHbIE © pa3iu-
YHEeM KJIaCCOB (M3y4aeMbIX BapHAHTOB OITyXOJEBOTO MPOIecca) W3HAYAIBHO, ISl TOTO YTOOBI KOM-
TUIEKCHO pelaTh 3a/la4y HOPMaJIH3allii COBMECTHO C 3aJiauell kiaccupukanuu. Takue alropuTMBbl,
kak BestKeeper u geNorm, n3HavaibpHO He BKIIO4alOT Kiaccel. AnroputM NormFinder BKirodaeT kak
BHYTPUTPYIIIIOBYIO, TAK U MEXTPYIIIOBYIO BapHAIIMIO, HO HE YUUTHIBAET Koppeisiuto Mexay Ct pas-
mmaabIX MEKpOPHK, 4T0 XapakTepHO 1 BaKHO 151 OMOJIOTHYECKHX MPOIIECCOB.

3. Ipexnaraemprii anroputm (MDSeek). I1pu Beibope pedepencubix MukpoPHK npemiaraercs
pPaccMOTpeTh TaKyl0 METPHKY, Kak paccrosiHue MaxananoOuca [15, 16], ocHOBHOW CMBICT HCIIOIB30-
BaHUS KOTOPOW — y4eT OUCIEPCHI M KOBapHaluil MPOCTPAHCTBA MPU3HAKOB. TakXKe 0COOEHHOCTBHIO
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npeasiaraeMoro MeTo/ia BHIOOpa SIBJSIETCS] BO3MOXKHOCTh aHajIM3a IIPOCTPaHCTBA MPU3HAKOB (Mccieny-
embix MUKpOPHK), koTopslit mpeBbIaeT pasmep 00pa3uoB oNpeAeIeHHOTO Kiacca.
ITycte mmeercst N paccmarpuBaemsix MUKpoPHK (mpmu3nakoB), koTopsie momydens! it K o00-

pasuoB TkaHed. O6pasusl MOryT npuHamiexars G pasianuHbIM KiaccaMm (M3ydaeMble MATOJIOTHH).
CoCTaBIAIOTCS WHTEPECYIOIME COYCTAHWUS WM TIOJIHBIA 1epebop couyeTaHuid, OOINEe YHUCIIO
N!
V=C'=—————— e N-— 4uCII0 paccMaTpuUBAEMbIX MPU3HAKOB, M — YHKCIO MPU3HAKOB,
(N-M)!xM!

KOTOpBIE BBIOpaHBI Kak peepeHCHEIE.

Ipu paccMOTpeHHH KOHKPETHOTO couetanust pedepercHbix MuKpoPHK VeV Bemonustores a-
TOPUTMBI, COCTOSIIIIUE U3 CIACAYIOIIUX I1aroB!

1. JIng nomy4eHus: MaTpULbl HOPMAJIN30BaHHBIX 3HAUCHUH ||ACt||V JUISL KaXK10ro obpasia paccuu-

teiBaeTcss Bektop ACt mmunoii (N —M) kak pasHOCTh MEKIy 3HAYEHHEM KaKIOTO IPU3HAKA

u couetanneM pedepencHerx MuUKpoPHK. KomOunanueit 3nauennii pedepencusix MukpoPHK siBs-
eTcs MX cpeanee (apupMeTHUECKOe WITH reoMeTpuueckoe [7]).

2. Berensirorest 006pasibl TOIBKO OJHOTO M3 KIacCOB M3 ||AC'[||v U pacCUUTHIBACTCS MaTpHIla KO-

Bapualuii npusHakoB COV(Q,V) kaxmoro kinacca, §=1,...,G . Eciau xotst Obl O/1Ha U3 MATPHUIl He-

oOpaTuMma, TO HCIOJIb3yeM MeToj ycaaku (shrinkage) xoBapmanmonHo# Matpuisl [17] mmst Bcex
KJIaCCOB, KOTOPBI MPUMEHUM B 3a/1a4ax ¢ HEOOJIBIINM KOJIMYECTBOM 00pa3loB M OOJBIINM KOJIHYE-

crBoM mnpusHakoB (MukpoPHK), u mony4yaem cov:l(g,v). Ecnu Bce mMarpuibl oOpaTUMBL, TO najiee
ucrons3yem COV.'(g,Vv)=cov '(g,V).

3. PaccuutsiBaetcs uentpous centroid(g,v) npusHakos kaxmoro kiacca g =1,..,G kak cpen-
Hee KaXI0ro Mpu3HaKa B Kjacce.

G!
(G-2)x2

. 2
4. Yucmo Iap CpaBHUBA€MbBIX KJIACCOB ONPEACIIAECM KaK YMCIIO COYETAaHNU CG =

5. PaccuursiBaercs 06]1135{ KOBapHallMOHHAg MaTpula IBYX KJIAaCCOB KaK
cov(p,q,v) :((np ~1)xcov(p,v)+(n, —1)x cov(q,v))/(np +n,—2),

rae Ny, N, —4ucio 00pas1oB B cOOTBETCTBYOIIUX Kiiaccax P, eG.

6. Paccrostnne MaxaanoOuca onpezessieTcss JUIsi LeHTPOUIO0B Maphl KJIacCOB

MD;, =MD centroid ( p,v), centroid (q,v),cov™* (p,q,v))=

- \/(centroid (p,v)—centroid (q,v))xcov’l( p, q,v)x(centroid (p,v)-centroid (q,v))T .

7. nsa BeiOpanHoro coderanusi V pedepencapix MmukpoPHK ompenensiercs cymma paccrostHuin
Maxanano0uca 1o BceM Iapam Kjacca, OBTOpss MIl. 5, 6 1 K101 Hapbl KIaccoB.

8. ITn. 1-7 noBropsirores 1yist Kaxaoro coueranus VeV pedepencusix mukpoPHK.

9. Haxomutcs coueranne mMukpoPHK (mpusHakoB), [ KOTOphIX cymMMma paccrosiHuid Maxana-
HoOMCa II0 BCEM IIapaM CPaBHUBAEMbIX KJIACCOB MakCUMasbHa. /laHHOE coueTaHue OyAeT MCIOJIb30-
BaHO Kak pedepeHcHoe.

4. CpaBHUTeJbHbIE Pe3yJbTAThI pelleHUs] KIAcCH(PUKANMOHHON 3aAayd NMPU Pa3IMYHBIX
aaroput™Max Hopmasmsamuu. /s npoBepku 3pPekTUBHOCTH KIaccHpUKAIMN TPEITIOKESHHOTO all-
ropuTMa OBII MCHOJIB30BaH HAO0Op 00pasIoB, coxep:Kamuii JaHHBIC O MPO(pUIE SKCIPECCUH MUK-
poPHK u nonyuennsiii Ha marepuaie 299 rucToJoruyeckux oOpa3loB TKAHM LIMTOBHIIHON JKeJIe3bl
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(169 ob6pa3znoB 310KauecTBeHHBIX omyxojeil u 130 oOpasmoB moOpokavdecTBEHHBIX OIyxoieit). Bce
00pa3upl MpencTaBiIsuId COOOH ONMEepaloOHHBI MaTepuan MAlUeHTOB, MPOXOJUBIIUX JICUCHHE
B YUPEKICHUU 3JIPAaBOOXpPaHCHUS «MUHCKUNW TOPOACKOW KIWHHUYECKHN OHKOJOTHYCCKUU IIEHTPY
B eprox 2021-2023 rr. MoneKyspHO-TeHeTHIEeCKHe UCCIIEOBaHMUs BBITIOTHEHHBI Ha Oa3e UHcTuTy-
Ta TEHETWKU M uuTojoruu HamwmonaneHoli akamemun Hayk benapycu. MccnempoBanne ogodpeno Ko-
MHUTETOM IO OMOMEIMIMHCKOM 3THKE Yy4pexaeHusi oOpazoBanusi «bermopycckuii rocynapcTBEeHHBIN
MEIWIIMHCKANA yHUBepcuTeT» MuUHHCTEpCTBa 3apaBooxpaHenns PecnyOmmku bemapychk (IpoToxomd
Ne 9 o1 23.03.2022). Bce nanHble, MOTYYSHHbBIE U3 MEAUIIMHCKAX 3aMHCel, ObLTH aHOHUMHU3UPOBAHBI.

Metogom qPCR 6bu1r nomydens noporoseie 3Hauenus Ct 18 mukpoPHK st kaxxmoro obpasia.
Ha ocHoBaHMM TpOBeNEHHOTO aHalW3a Hay4yHbIX NyOnmukanuii o0 mH(popmaTuBHOCTH MHUKpOoPHK
B JMATHOCTHKE 3JI0KAY€CTBEHHBIX OITyXOJIEH IMIUTOBUIHOM JKeIe3bI OBLTH OTOOPAHBI CIEAYIONINE MHK-
poPHK (tabi. 1).

Tabnuma 1
Ilepeuens uccnenoBanHbix MUKpoPHK

Table 1
List of microRNA examined

VinBHyasHbiii Kpartkoe o6o3naueHne
MI/-IKPOPHK HoMep* XpomMocoMHas noxan_ma_um** B HCCIIC/IOBAHHH
MicroRNA Individual number* Chromosomal localization** Brl_ef designation
in the study

hsa-miR-021-5p MIMATO0000076 chrl7: 59841266-59841337 miR_21
hsa-miR-031-5p MIMAT0000089 chr9: 21512115-21512185 miR_31
hsa-miR-125a-3p MIMATO0004602 chr19: 51693254-51693339 miR_125a
hsa-miR-138-5p MIMATO0000430 chr3: 44114212-44114310 miR_138
hsa-miR-144-5p MIMATO0004600 chrl7: 28861533-28861618 miR_144
hsa-miR-146b-5p MIMAT0002809 chr10: 102436512-102436584 miR_146b
hsa-miR-181b-5p MIMATO0000257 chrl: 198858873-198858982 miR_181b
hsa-miR-187-3p MIMATO0000262 chr18: 35904818-35904926 miR_187
hsa-miR-197-3p MIMAT0000227 chrl: 109598893-109598967 miR_197
hsa-miR-199b-5p MIMAT0000263 chr9: 128244721-128244830 miR_199b
hsa-miR-200b-3p MIMATO0000318 chrl: 1167104-1167198 miR_200b
hsa-miR-200a-3p MIMATO0000682 chrl: 1167863-1167952 miR_200a
hsa-miR-205-5p MIMAT0000266 chrl: 209432133-209432242 miR_205
hsa-miR-221-3p MIMATO0000278 chrX: 45746157-45746266 miR_221
hsa-miR-222-3p MIMATO0000279 chrX: 45747015-45747124 miR_222
hsa-miR-375-3p MIMATO0000728 chr2: 219001645-219001708 miR_375
hsa-miR-574-3p MIMAT0003239 chr4: 38868032-38868127 miR_574
hsa-miR-885-5p MIMAT0004947 chr3: 10394489-10394562 miR_885

TIpumeuanwue: *https://www.mirbase.org/
**https://www.ncbi.nlm.nih.gov/datasets/genome/GCF_000001405.26/

Ha nonydenHoM Habope NaHHBIX BBIOJIHEH MOWCK Map KaHAMIAToB B pedepeHcHbie MukpoPHK
no anroputmam BestKeeper, NormFinder, geNorm, NormiRAZOR u npe/ioskeHHOMY allrTOPUTMY
MDseek, oroOpanbl napsl kanauaaToB B pedepercHsie MUKpoPHK (Tabu. 2). KomOunams 3HaueHuit
pedepencHbix MukpoPHK paccunTthiBanack kak apuMeTH4IecKoe cpeaHee.
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Puc. 1. KoppensuuonHas cTpyKkTypa MaTpuil HACt

Fig. 1. Correlation structure of matrices |ACt
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BestKeeper (miR_199b + miR_221)
|nopor oTceuku| >8.6
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Jo
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I[J'ISI KaXXa0ro u3 UCCICAyCMbIX aJITOPUTMOB OIPCACIICHBI I1aphbl MI/IKpOPHK, KOTOPBIC MOKHO CUH-
TaTb KaHIWJaTaMH B pe(bepeHCHLIe TCHbl, W pacCHUTaHbl MAaTpPUIbl HOPMAJIU30BaHHBLIX 3HAYC-

HUH ||AC'[|| B IIpeAeIIax Kaxao0ro aaropuTMa.

Tabnuna 2
Ilepeuens nap-kanauaaToB B pedepercHbie MUKpoPHK mo pasnuuHbM aroputmMam
Table 2
List of the best reference microRNA pairs according to different algorithms
Anropurm JIyumee coueranue nap MukpoPHK
Algorithm The best combination of microRNA pairs
BestKeeper miR_199b + miR_221
NormFinder miR_181b + miR_197
geNorm miR_197 + miR_885
NormiRAZOR miR_181b + miR_197
MDSeek miR_200b + miR_222

Hanee Obima paccMoTpeHa KoppersiimuoHHas cTpykrypa MukpoPHK B rpymmax moOpokadecTBeH-
HBIX U 3JI0Ka4eCTBEHHBIX 00pa3loB TKaHEH Ha 0a3e HOPMAJIM30BAaHHBIX MATPHIl C TIOPOTOM OTCEUKH
koaddurmenta koppemsinun mo Crmpmeny Ha yposae 0,6. bput mpoBeneH aHann3 TIaBHBIX KOMIIO-
HEHT B MpeeNiaX KaKIoro aropuTMa | BEIOpaHHOH maps (Tabm. 2) cpean mukpoPHK, He momapmmx
B KaHauaatel pedepercHbix (16 nHopmanuzoBanubix MUKpoPHK), n nmpoananusupoBana gomns o0bsic-
HEHHOM JAMCIEPCHH, MTOCTPOCHA JIOTUCTUYECKAsi OMHApHAsI pErpeccHs Ha MEePBHIX JBYX KOMIIOHEHTAX,
KOTOpbIE NOJTY4EHBI Ha MIPEABIAYILEM LIare, ¥ OLCHEHbl OCHOBHBIE METPUKHU €€ MIPOU3BOJUTEIBHOCTH.

Koppensunonnas cTpykTypa nokasasa Ha puc. 1. Beraucisuiace koppenauus no CnupMeHy Mexty
napamu npu3HakoB. KpacHbIM 1BETOM BbIIeIEHBI CBsi3u nipu 3uauenun P > 0,6, cunum — p <—0,6

Ha OCHOBAHWU Pa3JIMYHBIX alrOpUTMOB. Pazmep y3ma ompeenser CHily SKcIpecchu, OOpIOBBIM IBe-
TOM BBIZIeTIeHb! Y3716l pedepercHbx MUKpoPHK B mpenenax m3ydaemoro anropurMa. 1O — mobpoka-
YECTBEHHAs OIyX0JIb, 30 — 3JI0Ka4eCTBEHHAs OITyXOJIb.

Kax BugHO Ha puc. 1, pa3nudue mMaToIoruiIecKuX MPoIecCOB HapyIIaeT B3auMOICHCTBHE HEKOTO-
pbix MUKpoPHK, uTO MOXXeT SBNATHCS OCHOBaHUEM AJISl JaTbHEUIINX UCCIEI0BaHUI OMOIOTHUECKUX
nporeccoB. B Haubombliel cTenmeHu 3TO 3aMETHO IPH HCIOIb30BaHUM pedepeHcHbIXx MUKpOPHK,
otoOpaHHBIX Mo anroputMy MDseek.

Ha puc. 2 u 3 noka3zanbl pe3y/bTaThl aHAN3a METOJIOM TJIABHBIX KOMIIOHEHT — JIOJIsSI OOBSCHEHHON
BapHalLliM U JUarpaMma paccesiHusl JBYX HEePBbIX KOMIIOHEHT B OTHOIICHHH JIBYX HUCCIIEAYyEMbIX KIIACCOB.
B tabn. 3 u 4 npuBeneHBI METPUKH MPOU3BOIUTEIBHOCTH OMHAPHBIX JOTUCTHYSCKUX MOJEJICH, Mo-
CTPOEHHBIX Ha JIBYX MEPBBIX KOMIIOHEHTAX.

Tabnuma 3
Jouist 00BSICHEHHOW BapHAIIMH MTOCIE MPUMEHEHHST PAa3IMYHbBIX aITOPUTMOB HOPMATH3AIIUH

Table 3
Proportion of explained variation after applying different normalization algorithms

Jlons 00BbsICHEHHOH BapHalvu
Proportion of explained variation

Anroputm Ha [IByX TIEPBBIX | Ha TpeX MepPBbIX
Algorithm KOMIIOHEHTaX KOMIIOHEHTaX
in the first two in the first three
components components
geNorm 47,5 58,5

NormiRazor, NormFinder &
NormFinder with groups 40,7 536
BestKeeper 52,3 63,1
MDseek 59,8 70,1
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Fig. 2. Component contributions to explaining variation when using

different methods for selecting reference genes
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PCA GeNorm PCA NormFinder & NormiRazor
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Fig. 3. Scatterplot of the first two principal components for different algorithms for selecting reference microRNA

Tabnuma 4
MeTpI/IKI/I MPOU3BOAUTEIBHOCTH JIOTUCTHYECKOM perpeccuun
Table 4
Logistic regression performance metrics
(5]
. tf 2l 2
S a SEF 2| 2% 3l -
22| 82| §5c2| 52| &5
Aunroput™ %E Eg 8§§g 85‘5% z 3
Algorithm AUC =2 | &3 2 c3e =52 &3
g3 52 | 28382 3 g 82 28
2 = g5 a9 £ a2 é
> O 58 E| 5 ¥
i £ 8|58 3
=] o zZ
0,84
geNorm (0,80-0,89) 0,77 | 0,86 0,88 0,74 0,81
NormiRazor, NormFinder 0,90
& NormFinder with groups | (0,86-0,93) 0,70 | 0,95 0,95 0,71 0,81
0,83
BestKeeper (0,79-0,88) 0,68 0,89 0,68 0,56 0,77
MDseek o 9(;'?397) 088 | 086 | 089 084 | 087
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Kak cnenyer u3 Tabn. 3 u 4, npeNIOKCHHBIA ATOPUTM HOPMAH3AIMA HA0Opa MPU3HAKOB (MHK-
poPHK) oOmbsicuser Oomnblue Bapualuii M MO3BOJISIET B AajbHEHIIEM CTPOUTH KIacCH(PHUKALMOHHBIE
MOJIEIH C JIYYIINMH XapaKTepUCTUKAMHU TPOU3BOUTEIHHOCTH.

[lonmy4eHHbIe pe3yabTaThl HO3BOJISIOT CHEJIATh CIEAYIOIINE BBIBOIBL:

1. B otnuumne ot reHoB MukpoPHK He sSBISIOTCS KOHCTUTYUTHBHBIMU B OMOJIOTHYECKOM OpraHU3-
Me, YTO 3aTpPyAHSIET WIH JeNaeT HEBO3MOXKHBIM BBIOOP BHEIIHUX pPe(epeHCHBIX CTAOMIBHBIX MHK-
poPHK.

2. Koppemsiius axcripeccun otaeabHbix MUKpoPHK ¢ pasnnyHbpIMU OMOIOrHYSCKUMHE IIPOIIECCaMu
JIeNIaeT BO3MOXKHBIM y4eT MpOQHIIS SKCIPECCUU B 3aBHCUMOCTH OT THIA TKaHU, & TPAAULIMOHHBIE al-
TOPUTMBI HOPMAJIU3alMHU MOTYT OBITH JOMOJIHEHBI KOMIIOHEHTaMH, KOTOPBIE YYUTHIBAIOT CTPYKTYPY
B3aumoeicTBrs MUKpoPHK B 3aBucuMoOCTH OT OHOIOTHYECKOTO ImpoIiecca.

3. Ipeanoxennsiid anroputM MDSeek mokaszan syumie mapaMeTpsl MPOU3BOJUTEIEHOCTH U MO-
JKET B JAJIbHEHMIIIEeM HCIIOb30BaThCS ISl aHANM3a OMOJIOTMYECKUX MPOLECCOB M Pa3paboTKU AUATrHO-
ctryeckux onmomapkepos (3asBka a20250134. Jlara npuoputeta 16.06.2025 1.).

3akawuenne. [Ipeanoxen HoBbii anroputM MDSeek BeiGopa pedepencubix MukpoPHK mpu wmc-
cinenoBanuu skcnpeccuu meronoMm KIILIP. CormacHo mpoBeneHHOMY HCCIIEIOBAHUIO JAaHHBIN ajro-
put™ BeIOOpa pedeperHcHbx MUKpOPHK mns nampHeiimeit knaccudukanuy o0nagaeT JIyqnIiuMe Xa-
PaKTEpUCTUKAMH MPOM3BOAUTENBHOCTH, MOCKOJIBKY YUMTBIBAaeT Hamuuue Koskcrnpeccun MUKpoPHK
NIPY Pa3InYHBIX MATOJOTHYECKUX MPOLEccax, YTO MOKET OBITh HCIIOB30BAHO /s aHaIu3a OUOJIOTH-
YEeCKHX MPOLECCOB M pa3padOTKU AMarHOCTUUECKUX OMoMapkepoB. BeiOop anropurMa HopMamu3anuu
skcrpeccun MUKpoPHK kputryeckn BaxkeH IJIs OMTUMU3ANUHN TIOIXOA0B K AU QepeHITHaTbHON Tra-
THOCTHKE OIYyXOJIeH, JICYeHUIO U MTPOTHO3MPOBAHUIO TeueHHs 3a00sieBaHus, M03BoJsieT Oomee 3 dek-
TUBHO HUCIOJNI30BaTh noTeHnuan MUKpoPHK kak GmomapkepoB M TepaneBTUYECKUX MUIIEHEH B OH-
KOJIOTHH.

Bkaan aBropoB. O. B. Kpacbko — nu3aiiH cTaTh, pa3paboTKa anropuTMa, CpaBHEHHE Pe3yIbTaToB,
odopmienue cratbl. C. B. Axybo6ckuii — yaacTre B MOTYYCHUH TIEPBUYHOTO MaTepHana, pelakTHPO-
BaHME TeKCTa craTbl. B. H. Kunenv — NpoBelE€HUE MOJIEKYJSIPHO-TEHETUYECKUX HCCIEJOBaHUM, pe-
JaKTUPOBAHHE TEKCTA CTATHH.
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Analytical solution of the shielding low-frequency
magnetic field by thin spherical screens problem

Gennady Ch. Shushkevich
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st. Ozheshko, 22, Grodno, 230023, Belarus
E-mail: gsys@grsu.by

Abstract

Objectives. Construction of an analytical solution to the problem of shielding a low-frequency magnetic field
by two thin non-intersecting spherical screens located on the surface of a sphere. Calculation of the shielding
coefficient of the initial magnetic field by spherical screens.

Methods. The method of addition theorems and the method of triple summation equations are used to solve the
boundary value problem. The potential of the initial magnetic field is represented as spherical harmonic
functions. The secondary potentials of the magnetic field are represented as a superposition of spherical harmonic
functions in a local coordinate system in three-dimensional space.

Results. The solution of the boundary value problem is reduced to the solution of a system of Fredholm
integral equations of the second kind with respect to specially introduced functions. The influence of the geometric
parameters of the problem on the value of the screening coefficient is numerically investigated. The results of the
calculations are presented in the form of graphs.

Conclusion. The proposed methodology and the developed software can find practical application in the
development and design of screens in various fields of technology.

Keywords: boundary value problem, magnetic field, potential, addition theorems, harmonic functions, triple
series equations
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Beenenune. Komnbrorepsl, MoOUIbHAS Tene(hOHHAS CBSI3b, TEIIEBUICHHUE, MHTEPHET, OBITOBBIC 3JIEKT-
poTIpUOOPHI, PIEKTPOTPAHCHOPT U T. JA. BBI3BIBAIOT JIEKTPOMArHUTHOE 3arpsA3HEHUE OKpPY)Karolei
cpenpl. HanesxHbIM cIOCOOOM 3aIIMTHI OT BIUSIHUS 3JIEKTPOMAarHUTHBIX TTOJIEH Pa3iIMyHBIX YCTPONCTB
U JAPYTHX CPEICTB 3JIEKTPOMArHUTHOIO M3JIyYCHMs Kak Ha OMOJIOTMYECKHE OOBEKTHI, TaK W Ha YyB-
CTBUTEJIbHBIC AIEMEHTBI JICKTPOHUKH CIY)KUT dKpaHUpoBaHHE 3THX noseil [1, 2]. YHuBepcaibHbIMH
METOaMHU pacueTa JIEKTPOCTATHYECKUX, MATHUTHBIX M JIEKTPOMATrHUTHBIX TIOJICH SABISIOTCA YHC-
JICHHBIE METOJIbI: METOJl KOHEUHBIX Pa3HOCTEH, METO/ KOHEUHBIX 3JEMEHTOB M METOJ MHTETrPabHbBIX
ypaBrHeHu#t [3-5]. OHaKO aKTyalbHOCTh Pa3pabOTKH HOBBIX aHAJTUTHYECKUX U YUCICHHO-aHAIUTH-
YEeCKHX METOJIOB PEIICHHS KPaeBbIX 3a/lad MaTeMaTHUeCKOH (PM3UKU HE YMEHBIINIACh U B HAIIU JHU.
OTH METOIbl MO-NIPEXKHEMY OCTAIOTCSI OCHOBHBIMU CPEACTBAMH peIIeHHsS (YyHAAMEHTAIbHBIX IPO-
0JieM, CO3/IaI0T OCHOBY Ui TECTHPOBAHMS PEIIEHUS KPAEBBIX 33]1a4, MOTyYEeHHBIX YUCIEHHBIMUA Me-
ToslaMu. MeToJ| pa3JieNieHrs] TIEPEMEHHbBIX W anmapat QYHKIHH KOMITIEKCHOTO MEPEMEHHOro Hanbo-
Jiee 4acTO HMCIOJB3YIOTCS AJISl aHAJIMTUYECKOTO PEIIeHUs] TPaHUYHBIX 33a]ad MaTeMaTH4ecKoil (Qusu-
ku [6]. O0oOmeHneM MeToaa pa3aeieHus IePeMEeHHBIX JUIS PEICHUS] TPAaHUYHBIX 3a/1a4 CO CMEIIaH-
HBIMH TPAaHUYHBIMU YCIOBHUSIMH SABJISIETCSI METOJI MMAPHBIX (TPOWHBIX) ypaBHEHUH, TTO3BOJISIONINIA CBe-
CTH pEIIeHNEe MOCTABICHHOW TPAaHNYHON 3a/1a4M K PEIIEHUI0 HHTErpaibHOTO ypaBHeHH Dpearonpma
BTOPOT'O POAA, KOTOPOE OOBIYHO HE UMEET aHAJIMTHUYECKOTO PELICHHs B 3aMKHYTOH (opme, 11bo Oec-
KOHEYHOM CHUCTeMBI JINHEHHBIX alnredpandeckux ypaBHEHHH BTOPOTO pojaa. ITOT METOHA MPUMEHSIICS
JUISL PEIICHHsT DJICKTPOCTATHYECKUX 3aja4 JUIs OJMHOYHBIX TOHKMX HE3aMKHYThIX o0osmouek [7—11].
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IIpu penieHHH TPaHUYHBIX 337a4 MaTEMaTHYECKOH (DU3MKU IJIsI MHOTOCBSI3HBIX OOJIACTEHl yCHEUIHO
NpUMEHSUICST MeToA TeopeM cioxkenusi [12—-15]. CoBMecTHOE HCIOJIB30BaHHE TEOPEM CIIOKCHUS
Y NapHBIX (TPOIHBIX) YpaBHEHUI MO3BOJIHMIO HAWTH aHAIUTHYECKOE PEIICHHE 3a/lad SKPaHUPOBAHUS
JUIsL IBYX M OOJiee SKPaHOB, MPEACTABISIONIMX cO00i KaK MOJHbIE, TaK M HEHOJHbIE KOOPIUHATHBIC
nosepxHocTH [16-23].

B Hacrosiieli ctatee pa3paboTaHa METOIUKA aHAIMTHKO-YMCICHHOTO PELICHHS 3aa4 SKPaHUPO-
BaHUs HU3KOYAaCTOTHOTO MAarHUTHOTO MOJISI IBYMSI TOHKMMH C(HEPHUYESCKHUMH dKpaHAMH, PaCHOIOKEH-
HBEIMH Ha cdepe.

IMocTaHoBKa W mpeacTaBjieHue pelieHusi 3aga4yu. [IycTb B OJHOPOIHOM M HM30TPOIHOM IIPO-
crpancTBe R® ¢ MarHUTHON MPOHMUIIAEMOCTHIO CPEIBI L HAXOIATCS JBA UIEATBHO TOHKUX ceprde-

CKHX 3KpaHa So, S1, KOTOpbIE PACIIOI0KEHBI Ha TIOBEPXHOCTH cdepbl I' paauyca a ¢ LEHTPOM B TOY-
ke O (puc. 1).

So %

61

— 5 0

Puc. 1. OceBoe ceueHHE 3KPaHOB
Fig. 1. Axial cross-section of shields

i moctaHOBKM rpaHUYHOM 3amaun B Touke O BBeneM JiekapToBbl koopauHatel OXyz. Jlexapro-
BbI KoopauHaTel OXyz cBsizaHbI cO cpepruueckuMu KoopauHaTaMu Or¢ cOOTHOMICHUSIMU

X=rsinBcosp, y=rsinBsing, z=rcoso,

rne 0<r<oo, 0<0<m, O0<op<2m
Torma moBepXHOCTH TOHKHX C(HEPUIECKUX IKPAHOB Sg, S1 OMUCHIBAIOTCS CIEAYIOIIUM 00pa3oM:

So={r=a20<6<6,0<9<2n}, S={r=2a6<0<n0<@<2n}, 6,<0,. .

Pa3o6bem Bee pocTpancTio R mosepxnocteio I Ha nBe o6macTu: Dl(r <a) u D, (r >a).

ITycts B Touke O; HaXOANUTCSA HU3KOYACTOTHBIH MAarHUTHBII JUIOJIb, MOMEHT KOTOPOTO HAIPaBIICH
B1oib ocu Oz . ITonoxuM, Y4TO MCXOAHOE HU3KOYACTOTHOE IIEKTPOMATHUTHOE IT10JIC U3MEHSETCS BO
BPEMEHH CHHYCOMAANBHO, T. e. O(M,t) = { E(M), H(M)} sin(ot), ree E(M), H(M) — narps-

KEHHOCTh JJIEKTPUYECKOTO M MarHUTHOTO TOJIeH COOTBETCTBEHHO, M — mpow3BOJbHAs TOYKa MpO-
CTPaHCTBa, ® — yTJOBasg 4acToTa. B KBa3ucTannoHApHOM MPUONIKEHUH CHCTEMa BEKTOPHBIX ypaB-

HeHuli MakcBeinia CBOAUTCA K HAXOKACHHUIO BTOPHUYHOTO CKAJIAPHOIO MArHMTHOTO IMMOTCHIHAJIA UJ ,
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ynonetsopsromero ypasnenmio Jlarmnaca AU; =0, j=12, B obmactu D; [24]. MaruutHbIi n0TEH-

mai ucxoHoro noist U, mpexncraBum uepes chepudeckue rapmonndeckue pynkmum [12, 19, 22, 24]:

2
/ M
Ui(r1191)=P(—] R (cosby), P=—"=, </, (1)
] 4l
rie M, — MarauTHbIH Moment, ! — paccrostaue mexay Toukamu O u O, P,(C0S0) — momunomsl
Jexanmpa [25].
Tlocmanoexa 3adauu. Tpebyercs HAUTH BTOPUYHBIE TIOTEHIMANbI MarHuTHOrO nojist U, j=12,

KOTOpbIE yIOBJIETBOPSIOT:
— ypaBHenuo Jlamnaca

o°  0* 8
+ +
ox* oy? oz?

— IPaHUYHBIM YCJIOBHSIM Ha IMOBEPXHOCTAX CHEPHUYECKHX SKPaHOB Sy, S,

rae A= — oneparop Jlamnaca;

0
a_ﬁ(ui(M)+U2(M))|Meso =0, (2)
0
%(Ui(M)+U2(M))|M651=O, (3)

rae fi — HopMallb K COOTBETCTBYIOLIEH TOBEPXHOCTH;

— YCIIOBHUIO Ha OECKOHEYHOCTHU

U,(M)>0 ppu M — oo, 4)

rae M — mpousBonbHas Touka obnactu D, .

Kpome Toro, morpedyeM BbINOIHEHHs YCIOBUs HENPEPHIBHOCTH MOTEHIIMANA HA YaCTH MOBEPXHO-
cta chepel ', KoTOpas He SBISETCS DKPAHOM, M YCJIOBUS HENMPEPHIBHOCTH TOJSI HA TMOBEPXHOCTH
ctepsr I':

(Ui(M) + UZ(M))‘MGF\(SOuSl) = Ul(M)‘MeF\(Sousl)' ®)

0 0
%(Ui(M)—i—UZ(M))‘MEF = %Ul(M)‘MEF' (6)

IMocTaBieHHas 3a/1aua UMEET eANHCTBEHHOE pemeHne [26]. dusndeckas pa3MepHOCTh MMOTCHIINA-
108 B cucteme CU — 4.

CornacHO METOly pa3/ielIeHHs IEPEMEHHBIX PEIIEHNE TOCTaBIEHHON IPaHUYHOM 3a7auu MpeacTa-
BUM B BUJIE CYNEPIO3HIUHN CPEPUICCKUX TapMOHHYECKHX (DYHKIMH TaK, 9TOOBI BBIIOIHSIOCH YCIIO-
BHUE Ha OeckoHeuHOCTH (4):

U,(r,0) = Pixn (gjn P (cos), r<a, @)
n=0
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. n+l
U,(r,0)= P>y, (%) P (cosB), r > a. (8)
n=0

HewusBecTHble ko3 durmentsr X, Y, HOIIEkKAT ONPEASICHUIO U3 TPAHUYHBIX YCIOBUIL.
BobinoJsiHeHHe rpaHMYHBIX YCJIOBHHA. /1151 BBIIONHEHHS TPAHUYHBIX YCIOBUH MPEACTaBUM MOTEH-
mman U, (rl, 91) yepe3 cepruueckue rapMOHMYECKHEe (YHKIMH B CHUCTEME KOOpAMHAT C HayajioM

B Touke O. J[71s1 3TOT0 BOCHOIB3YEMCS TEOpeMO claokeHus ((PopMyItoit), KoTopasi CBA3bIBaeT chepu-
YeCcKHe rapMOHNYECKHe PYHKIIMH B CHCTEME KOOpArHAT ¢ HadasoM B Toukax O u O; [18, 27]:

-n le(COSQI)elm‘p Z (_1)k+m (n+k)|

kP (cos 0)e! ™, r</. 9)
k| (N—m)t(k +m)!

Ha ocnoBarnn ¢opmynsl (9) MOTEHIMAT UCXOAHOTO MarHUTHOTO TOJS B CEPUUECKON CHCTEME
KOOpAWHAT ¢ HAa4YaJIOM B TOYKE O umeer BU

= Pi P, G)n P (cos0), p,=(-1)"(n+1), r<. (10)
n=1

C yuetom npenctasierus moreHnuanos (7), (8), (10) ycnoBue HenmpepsIBHOCTH (6) B CHITy OPTOTO-

HaJIbHOCTH NoJuHOMOB Jlexkannpa P, (cos0) ma orpeske [0, TC] 9KBHUBAJICHTHO COOTHOILICHUIO

nx, = —(n+1)y, + npn(%) , =12, ... 11

[MpuanMas Bo BHUMaHHe TpeAcTaBieHus nmoteHuuanos (7), (8), (10) u coornomenue (11) u BBI-
nonHss yenosus (2), (3), (5), momyuynuM TpoliHBIE CyMMAaTOpPHBIE ypaBHEHHS 110 IOTHHOMaM JlexxaHpa

> (n+1)y,PR, (cos6) Zn P, ( j (cosB), 0 <6 < 8,
n=0

o0

Z(yn"' pn(%j - Xn]Pn(cose) =0, 6, <6c<86,

n=0

> (n+1)y,P,(cos6) Zn P, (—j (cosB), 6,<6 < =
n=0

BBeznem B paccMoTpeHHe HOBbIE KOG GHULIUEHTH! Y, U Majblil mapaMeTp ¢, 1o Gopmynam

4n B 1

—Y,, =—, n=012... 12
i % on e (12)

Yn =

Torna BellIENpUBEIEHHBIE TPOIHBIE CyMMAaTOPHBIE YpaBHEHUSI TPe0oOpa3yoTcs K BULY

D" (2n+1)Y, P, (cosh) = F(6), 0<6 <6y, (13)
n=0
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D Y,P.(cos8) =0, 6, <0<6, (14)
n=0

D (2n+1)Y,P,(cosb) =F(6), 6, <0<, (15)
n=0

© n
~ ~ n a
rie F(0) =§(2n +1)3,P,(cos0), I, ="f +g.Y, = ol P, [zj +9,Y,.

Jnst perieHnst TPOHHBIX cymMMaTopHbIX ypaBHeHui (13)—(15) BBeaeM B pacCMOTpEHHE JBE HEH3-

BecTHbIe QyHKIHU @ (1), @, (t), @, (t) € (é?eo], 0,(t) € C[(ell),n] , YIOBJICTBOPSIOIINE YCIIOBUSIM

0,(0)=0,(m)= 0 (16)

U CBSI3aHHBIE ¢ KOG PUIIIEHTaMH Y,, COOTHOIICHUEM

( @, (t)sin(n+0,5)tdt + _Tf(p2 (t)cos(n+0,5)tdt. (17)

6,

Y, =

o

[oncrasmnsist mpencrasnenne (17) B ypaBHeHue (14) u ucnonb3ys pa3ioXeHHs pa3pbIBHBIX (yHK-
Ui B Bl 0 mostnHOMaM Jlexxanpa [7, 18, 25]

0, 0<t<O<m,

Zsin(n+ljtPn(cose) = 1 0<O<t<n (18)
n=0 2 \J2(cos© —cost)

1

0 1 ’
Zcos(n + E)tpn (cosB) = < /2(cost —cos)
n=0

0, 0<0O<t<m,

0<t<O<m,

(19)

yOexiaemMesl, 4TO 3TO YpaBHEHHUE BBITIOIHSETCS TOXKIECTBEHHO.
IToncraBum Y, u3 cootHomenus (17) B ypaBHenue (13) u npouHTerpupyeM NepBbIid HHTErPal 10

HacCTiaM:

o0 90 o0
—2¢,(85) Y cos(n+0,5)6,P, (cos6) + ZJ' cpi(t){Zcos(n +0,5)tP,(cos 6)}dt +
n=0 0

n=0

n=0

+ ]E(p2 (t){i(Zn +1)cos(n+0,5)tP, (cose)}dt =F(0), 0<0<0,. (20)
0,

1

Coracuo (19) nepsast cymma B ypasaenuu (20) oOpaiaeTcs B Hyllb, a BTOpas CyMMa mpeoopasy-
eTCs K BULY

0 0
N ~ @y (t)dt
.([(pl(t){%cos(n+0,5)tPn(cose)}dt = !m.
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HUcnoneays paznoxkenue (18), Tpetbe Beipaxkenne B (20) mpeacTaBuM B BUIE

_[(pz(t){§(2n +1)cos(n+0,5)tP (cose)}dt - 2j<p2( )_(\/m:()s;—cost)Jdt _

1

_ _ZI ¢, (t)sintdt
o \[(2(cose—cost))3 '

Ha ocHoBaHMHM BBITOTHEHHBIX MTpeoOpa3oBanuil ypaBHeHue (20) mpuMeT BUI

.[ @ (t)dt
2 \/2(cost — cos6)

=V (), (21)

rme

V(0)=0,5F(0) + [ 0,(t)sintdt

22
J\/ (2(cos® —cost))® (22)

VYpaBuenue (21) sBiseTcs UHTErpaibHbIM ypaBHeHHeM AOGens. Ha ocHoBanuu ero perieHus [7]
uMeeM

__J- V(6)sin6d6
2 4/2(cos0 —cost)

e1(t) =

[IpounTerpupyem morydeHHOE BRIpaXKeHNE U ¢ yueToM (16) moyuynm ypaBHEHHE

o,(t) = 2 J- V(0)sin6d6 (23)

4/2(0056 cost)

[Ipeobpazyem mpaByro yacts (23). [IpuHrMas Bo BHUMaHue npeacTaBieHne (22), oaydnm

V(6)sin6d6
2

1/2(cose cost) Z(2n+1)

,[P (cose)smede

a/2(cose cost)

sin6do
(cos® —cost)*'? (cos® — cost)?

17 .
+2—né[(p2(r) SInT!;

VYuursiBas uHTerpaisi [7, 18, 25]

.[P  (cos0)sin0dd  sin(n+0,5)x
2 4/2(cos 0 —cos x) n+0,5

sin0do
(cos6—cost)¥?(cos0 — cost)

sin — :—cosec((t+r)/2)—cosec((t—r)/2),

a
O —y ~
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ypaBHeHue (23) mpeoOpa3yeM K HHTETPAIbHOMY YPaBHEHHUIO BHIIA

o, (t) + .[ K (t, 1), (t)dt = %an sin(n+0,5)t, 0<t<6, (24)
n=0

6,

]I AAPO UHTETPATBHOTO yPaBHEHHS
1
K, (t,7) = Z[cosec((t +1)/2)+cosec((t—1)/ 2)] :

[TpoBozs aHanoru4Hble MpeoOpa3oBaHys, MOIYYHM, 4TO ypaBHeHue (15) mpeoOpasyercss K UHTe-
rpajlbHOMY YPAaBHEHHIO BUAA

0, @
o, (t) + j K, (t, 7)o, (t)dt = EZSH cos(n+0,5)t, 6, <t<m, (25)
0 T h=0

rie

1
K,(t,7) = Z—n[cosec((t +1)/2) - cosec((t—1)/ 2)] :
Ha ocHoBanuu npexcrasnenus kodpduuuenta I, u3 ypaBHeHUi (24), (25) nmoay4uM CBSI3aHHYIO

CHCTEMY MHTETPANbHBIX ypaBHEeHUH PpearosbMa BTOpOro poja OTHoCHTeNNbHO GyHKumi ¢ (1), @, (t):

90 Y ']
o, (t) = jLl(t,r)cpl(r)dwj(l_z(t,r)—Kl(t,r))%(r)dr:Eansin(n+o,5)t, 0<t<8,,
0 0 T n=0
' (26)

(Lz(r,t) —Kz(t,r))(pl(r)err .TLS(t,r)(pz(r)drz gi f, cos(n+0,5)t, 6, <t<m
nn:O

6,

>

0

P, (1) =

oy —

rIe

L (t, T):Zz g, sin(n+0,5)tsin(n+0,5)t, L,(t, T):ZZ g, sin(n+0,5)tcos(n +0,5)t,
T h=0 T =0

28 _ pnh(n+1) En
Ls(t,T)_nggncos(n+0,5)tcos(n+0,5)r, fo=(-1) el ([j :

Boruncienue koddgdpunuenta sxpanupoBanus. Koapdumnment sxpanupoBaHus (0craOIeHUs )
MarHUTHOTro 1o B o6nactu D, Bbruucianm no opmyiie

K(r,0) = ‘ﬁl(r,e)‘/‘ﬁi(r,e)‘, r<a,

rae H,(r, 6) — HANPsHKEHHOCTH BTOPUYHOIO MArHUTHOTO 10JIsi B o0nactu D :

- 0 _ 10 ~
H,(r,8) = —graduy(r, 6) = —(5ul(r, 0) € + F%ul(r, 0) €, ] ,
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H; (r, 9) — HaIpPsHKEHHOCTh IEPBMYHOI0 MAarHUTHOIO 1o B o6nactu D, :
- 0 10
H.(r,0) = —gradu,(r,0) =—| —u.(r,0) € + =——u.(r,0) €, |.
|( ) g |( ) [ar |( ) r r&@ |( ) Gj

U3 dopmyn (7), (10) u nponsBoaHOi %Pn (cos®) = P'(cos0), rae PH(cos®) — mpucoeMHEHHas
byukuums Jlexanapa [25], crnemyroTr paBeHCTBa

a o0 rn—l a o0 rn 1
—u,(r,0) =P)>» nx P (cos0), —u,(r,0) =P)» x. —P:(cos0),
o (1 0 = PN, o Fy(00s6),  —pu(r, 0) = P2 x, 5 Pr(c0s0)

n-1

0 - r 0 N
—U;(r,0) =P )>» np,—P,(cosB), —u(r,0)=P n — Py (cos0).
5 i 0) Z; Pn (cos6), —ui(r, 6) nZ:;,p o (cos6)

JIjis 9MCIEHHOTO PEUICHHUs CHCTEMBbI MHTETPATIBHBIX ypaBHeHU# ®dpemronbma BTOoporo poaa (26)
UCIOJIb30BaHa 00001IeHHAs KBajpaTypHas Gopmysia CUMIICOHA, KOTOpasi UMEET YeTBEPTHIN MOPSIOK
toynoctH [28]. Bee cxomsiuecs: 6eCKOHEUHBIC CYMMBbI BEIYMCIIEHBI ¢ TOYHOCTHIO 0,001.

[IpuBeneM HEKOTOPBIE pe3yabTaThl pacueToB. [IycTh reoMeTpruyeckue nmapamerpsl 3aaauu (/a=3.

Ha puc. 2, a nokaszanbl rpaduku koddduimenra skpanuposanus K(r,0) B obmactu D, mpu
0, = 90°, 0, =170° u HekoTOpBIX 3HaueHMAX I/a@ (3HAUCHWS MPUBEICHBI B JICBOM YIIy PHCYHKA),

aHapuc. 2, b—mpu 6, = 90°, 0, =135° (yBenmueH yron pactopa c)eprUuecKOro dSKpaHa S,).

0.16 4 - - =

022 o --- r=0.1a o r=0.1la
© i —.- r=0.3a © 014 —- r=0.3a
= 020 — r=0.5a z L — r=0.5a
v 020 - . 0.12 1 R amaw =
s ro +res r=0.8a 5 ) r=0.8a

N s = .

=
'8'0.13- S 0.10 1
& e
3 © 0.08
x 0.16 -

107 Q
g = 0.06
T I
e s
% 0.14 4 o 0.04
5 &
m 0.02 1

0.12 4

0.00 +

(’) 2‘5 Sl() 7‘5 160 12‘5 15‘0 17‘5 ll) 2‘5 5‘0 7‘5 160 12I5 lf;l) ].7‘5
Tlepemennast 0 IMepemennas 0
a) b)
Puc. 2. Tpaduku kosbduimenta skpanuposanus K(r,0), r <a: a) mpu 0, = 90°, 6, = 170° b) npu 0, =90°, 6, = 135°
Fig. 2. Graphs of the shielding coefficient K(r,0), r <a: a) at 6, =90°%, 6, =170°% b) at 6, =90°, 0, = 135°

I1pu yBenmueHnu yria pactBopa chepudeckoro skpana S, 3nauenue K(r,0), r <a, ymeHsmaercs
(puc. 2, b).
Ha puc. 3, a uzo6pakensl rpadpuku koddduurenta sxkpanuposanus K(r,0) B obmactu D, npu

0 :300, 0. =150° u HeKxOTOPHIX 3HAYeHWSAX I/a (3HAYCHMS I UBEJECHBI B JIEBOM YIJIY PUCYHKA),
0 1 p p yriy pucy

aHapuc. 2, b—npu 0, = 130°, 0, =150° (yBemmueH yron pacTBopa c)epHuecKoro IKpaHa So)-
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a) b)
Puc. 3. Ipaduxu kosdpduumenta sxpannposanus K(r,0), r <a: a)mpu 0, = 30°, 8, = 150°; b) npu 6, =130°, 6, = 150°
Fig. 3. Graphs of the shielding coefficient K(r,0), r <a: a) at 6, =30°, 6, = 150°; b)at 6, =130°, 6, = 150°

IIpu yBenmuyeHnn yriaa pactBopa cepruyeckoro skpaHa S, 3HadeHHe Kod((HIHEeHTa SKpaHUPOBa-

uus K(r,0), r <a, ymenbiuaercs. MarHuTHOE 1OJI€ NPAKTHYECKU HE TIPOHUKAeT B obnacts D mpu

0, =130°, 6, =150°.

3akuwuenue. B craThe pa3paboTaHa METOIMKA aHAJTMTUKO-UYUCIICHHOTO PEIICHUS 3a1a4K SKpaHH-
POBaHHS HU3KOYACTOTHOTO MAarHUTHOTO TOJISL ABYMSI TOHKMMHU HETIePECeKAIONINMHUCS C(HepHIeCKUuMHU
SKpaHaMH, PACIIOIIOKEHHBIMU HAa TTOBEPXHOCTH c(pephl. ICTOUHMKOM OIS SIBIIIETCS HU3KOYACTOTHBIH
MAarHUTHBIA UTOJb. PellleHre mocTaBIeHHON IPaHUYHOM 3aJ]a4d CBEIEHO K PEIICHUI0 CUCTEMBbI MH-
TerpalbHBIX ypaBHeHHH Dpenronpma BTOPOTO poJia OTHOCHUTENHHO CIICHANBHBEIM 00pa3oM BBENICH-
HBIX (yHKIWA. YNCIEHHO WCCIEeIOBAHO BIMSHAE T€OMETPUUECKIX MapaMeTpOB 33/1a4d Ha 3HAYCHHE
ko duimenta sxkpanupoBaHus. Pe3ynbTaThl BEIYMCICHUH MpeIcTaBlieHb B BUe rpadukos. Pazpabo-
TaHHBbIC METOAMKA M MPOrpaMMHOE 00ECIICUCHHE MOTYT HAHTH NMPAKTHYECKOE MPUMEHEHUE MPU KOH-
CTPYUPOBAHHUH SKPAHOB B PA3IIMYHBIX 00JIACTIX TEXHUKH.
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AHHOTAMA

enun. PaccmarpuBatoTcss 0cCOOEHHOCTH NIPUMEHEHNUS IBYXCIIOMHBIX MCKYCCTBECHHBIX HEHPOHHBIX CETEeH B 3a/a-
Yyax annpoOKCHMAalWH JBOWYHBIX (DYHKIMH MHOTHMX JBOWYHBIX IE€pEeMEHHBIX. M3ydarloTcs Bompocsl BbIOOpa
HaydalbHBIX 3HAY€HUH BECOB MOJIENN U KOJIMYECTBA HEMPOHOB HA CKPBITOM CIIOE.

MeToabl. 3aaua annpoKCUMAIMK IBOUYHOHM (DYHKITHM ¢ IOMOIIBI0 HCKYCCTBEHHOI HEHPOHHOI CeTH CBOAMUTCS
K TEOMETPHUYECKON 3ajade pas3feleHUs] BEpIIMH MHOTOMEpPHOro Kyba TumepruiockocTsMu. KomMOMHaTOpHBIMU
METOAAMHU JOKA3bIBAIOTCSA JIEMMBI O CIOco0ax pa30MEeHHs THIIEpKyOa T'HIEpIUIOCKOCTBIO M CTPOHTCS OLIEHKA
CHM3Y KOJIMYECTBA JBOUYHBIX (YHKIMH, VIS alllIPOKCUMAIUH KOTOPBIX JIOCTATOYEH OAMH HEHPOH Ha CKPHITOM
cIoe.

Pe3yneTaTel. PaccMoTpeHBl 0COOGHHOCTH 3aJaHUS HAYaIbHBIX 3HAUEHHH BECOB HCKYCCTBEHHOH HEHpPOHHOI
cetu. [locTpoeHa oleHKa CHU3Y YHCia ABOMYHBIX (DYHKIMH, IS alllIpOKCUMAIMK KOTOPBIX JIOCTaTOYHO HCKYC-
CTBEHHOM HEMPOHHOW CETH ¢ OJHUM HEMPOHOM Ha CKpBITOM ciioe. HalieHa anroputMudeckas ClI0KHOCTb BbI-
YHUCICHHS TaKOW olleHKU. [IpencTaBineHbl YUCIIEHHBIE PE3yNbTaThl IPUMEHEHHS JABYXCIONHBIX MCKYCCTBEHHBIX
HEWPOHHBIX CETEH [UIsl anmpOKCHMAalny JBONYHBIX QYHKIMH B 3a/1a4ax 3aliuThl HH)OPMALIH.

3akyroueHne. Pe3ynbpraThl cTaTbu MO3BOJSIOT BHIOMpATh HapaMeTpbl MCKYCCTBEHHONW HEHPOHHOW CeTH uIs
MOBBIIIEHHUS TOYHOCTH allIPOKCUMAIINHN JIBONYHBIX (DYHKIIMH MHOTHX ITEPEMEHHBIX.

KoaioueBble coBa: nBonvHas (QyHKIWs, KOMOMHATOPHKA, MCKYCCTBEHHAs HEHpOHHAs CETh, ANIPOKCHUMAIUS
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Abstract

Objectives. The article examines the features of using two-layer artificial neural network in problems of
approximating binary functions of many binary variables. The issues of choosing the initial values of the model
weights and choosing the number of neurons on the hidden layer are studied.

Methods. The problem of approximating a binary function using an artificial neural network is reduced to the
geometric problem of dividing the vertices of a multidimensional cube by hyperplanes. Combinatorial methods
are used to prove lemmas on ways of dividing a hypercube by a hyperplane and to construct a lower estimate for
the number of binary functions that can be approximated using one neuron on the hidden layer.

Results. The features of setting the initial values of weights of an artificial neural network are considered.
A lower bound is constructed for the number of binary functions that can be approximated using an artificial
neural network with one neuron on the hidden layer. The algorithmic complexity of calculating such an estimate
is found. Numerical results are presented for using two-layer artificial neural networks to approximate binary
functions in information security problems.

Conclusion. The results of the article allow choosing the parameters of an artificial neural network to improve
the accuracy of approximation of binary functions of many variables.

Keywords: binary functions, combinatorics, artificial neural network, function approximation, pseudorandom
sequence generators
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Beenenne. B nociennue roasl nckyccrBeHHble HelipoHHuble cetr (MHC) HaumHaoT MKUPOKO MmpH-
MEHSITBCS B 3371a4aX aHajau3a JUCKPETHBIX, B TOM YHCIIC JBOWYHBIX, TAHHBIX B KPHUIITOJIOTHU U KUOEP-
6e3omacuoct [1-4]. [IpuMepamur TakuX 3a/1a4 SIBISIOTCS: JBOMYHAS KIACCH(DUKAIUS 10 HAOFOICHN-
SIM, TIPEJICTABIIAEMbBIM JIBOMYHBIMY BEKTOPAMH; AIMPOKCUMAIHSI TBOMYHBIX (YHKIUH B MPOrPaMMHBIX
JATYMKaX MCEBIOCITYYaliHBIX MOCIEI0BATENILHOCTEH; OIIEHKA CIIOKHOCTH S-OJIOKOB B Kpuntorpaduye-
CKHX CHCTEMaX; pacrlo3HaBaHWE HAUYKS KOMIBIOTEPHOW aTaku Ha WH(OPMAIMOHHBIC CUCTEMBI. Ma-
TEMaTUYeCKU 3TH 3aJ]a4d CBOASITCS K 3a]aue alMpoOKCUMAaIIMU JBOMYHBIX QYHKIHA OT MHOTHUX JTBOWY-
HBIX TepeMeHHBbIX. MccnenoBannio 0coOEHHOCTEH STOM aKTyaJdbHOM 3aiaddl TIOCBSIICHA JaHHAS
CTaThs.

MartemaTH4yeckast MOJeJIb M MOCTAHOBKA 3a1a4n. Beenem o6o3nauenus: V = {0,1} — nBonunslii
andaBuT, S — HATypalbHOE UKcio; VS — S-MepHbIi IBOMUHBIH runepky6; x = (X, Xy, ..., Xs) € VS —
JIBOMYHBIA BEKTOP-CTOJIOCII, WIIH, B TEOMETPHUUECKON HMHTEPIPETAIINN, HEKOTOpasi BEPIIMHA THIIEPKY-
0aVs; 1{B} € V — unnukarop coositus B, 1{B} = {1, ecitu cipaseuinBo B; 0 B IpOTHBHOM clly4ae}.

ITycts Ha MHOXecTBe V° ompeneneHa HEKOTOpas HEM3BECTHAs JBOWYHAS (DYHKLHS S JTBOUYHBIX
MEePEMEHHBIX

y=f(x)=f(x,%,..,%X),x EVS,yeV. @
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B reometpuueckoii naTepnperanun QyHkuus (1) 3agaer knaccupukanuo (pasdueHune) BEpIIMH TH-
niepky6a V' Ha nBa Henepecekaromuxcst kmacca: Oy = {x EVS:f(x) =0}uQy = {x € VS: f(x) = 1}
Vs =QyUQq, Qo NQ; = 0. Oynkimio (1) MOXKHO TakKe HHTEPIPETHPOBATH KaK PaCKPacKy Kax 10
BepiinHbl X € VS runepky6a B oguH U3 aByX 1BetoB: y = 0 win y = 1. O603HaunM F — MHOKECTBO
BCEBO3MOYKHBIX JIBOMYHBIX (DYHKIIHIA OT S JTBOMYHBIX EpeMeHHbIX, |F| = K = yXa

Paccmorpum 3amauy anmpokcumaruu (BocctaHoBneHus) ¢yHkuuu (1) mo ciiydaiiHO# BBIOOpKE
ooremoMn m3 VS: X = {x(l),x(z), ...,x(”)} C V'’ 1 u3BeCTHBIM 3HAUYEHUSIM y(t) = f(x(t)), t=1,..,n.
Jns pemenust 3Toi 3amayun ucnoas3yercs apyxcnoiHas MHC (¢ s BXogaMu, OTHUM CKPBITBIM CI0EM
C M HEHpOHAMH U OJHUM BBIXOJIOM), IPOWLUTIOCTPUPOBaHHAasd Ha puc. 1, rae H 1(1) — |-i1 HEWPOH CKpPBI-
TOTO CJI0sl, M — YUCIIO0 HEHPOHOB, H @) _ ppixomoit Heripon MHC.

Puc. 1. Cxema MUHC
Fig. 1. ANN diagram

MHC Ha puc. 1 onpenensier anmpokcumupytomtyio ams f(+) byrkumio f(x) = f(xq, X, ., X5) €V
¢ m(s + 2) + 1 oueHuBaeMbIMH 110 BEIOOPKE X HapaMeTpaMu:

m N
f(xl, xs) =0 (bO + Z bl - ReLU (am + Z ailxi)), (2)
=1 i=1

rJIe M — HATypaJbHOE YHCIIO (YKMCIIO HEMPOHOB Ha CKpbITOM cioe); {a;}, {b;} — mapamerpsl (koaddu-
uMeHTHl, Beca) moaenu; ReLU(z) = max{0,z}, 0(z) = (1 + e™%)~! — tak Ha3bIBaeMble QYHKIUHU aK-
THBaIUH [5].

OrmeruM, uto MHC ¢ OTHEM CKPBITBIM CIIOEM BBIOMPAETCS aBTOPAMH C IIEJIbI0 BBISBICHUS MaTe-
MaTHYECKHX OCOOCHHOCTEH aIrMpOKCHMAIIHK JBOUYHBIX (DYHKIMH, KOTOPbIE B JAJbHEHIIIEM MOTYT
00o6mmaThest Ha MHOTOCHOMHBIEe THC.

Amnmpokcumanmst f(+) ¢ momompio f(+) monydaercs kak pesyibTar mpouecca odyderns MHC (2),
3aKJIF0YAIONIErocs B MUHUMK3aMu GpyHKimu noteps 1o {a;;}, {b;}:

n

1
) = ==Y (3O log(5©) + (1 = y©) log(1 — §© n . 3
h(®) nt;(y 0g(9) + (1~ y®)log(1 ~91)) » min (3)

@ynkiwo noteps h(Y) B (3) npuHsTO Ha3bIBaTh «OMHAPHOI MepekpecTHOU HTponHei» [S]. B dop-
myse (3) Bemmunna §© = f(x®) — 510 nomyuennas B npornecce o6yuenns onenka mia y©, a ws
OLICHWBAHMSI TOYHOCTH OOYYEHHsI UCIIOJIB3YeTCsl aCCUracy — a0 MPaBHIbHO KIACCHU(PHUIIMPOBAHHBIX
BEPIIUH:
1 n
o = accuracy = —Z 1{p® =y®} e [0,1].
n

t=1
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Ocobennoctu ucnoas3oBanuss UHC pis annpokcuManuu ABOMYHBIX pyHKkuui. [Ipn anmpox-
CHUMalLlMH IBOMYHBIX (PYHKIMH MHOTHX IBOMYHBIX MepeMeHHBIX Ha ocHoBe THC BO3HUKAIOT /1BE BaXK-
HBbIE OCOOCHHOCTH, CBSI3aHHBIE:

— C Hajgu4ueM o0JacTeil KYyCOYHOTO IIOCTOSHCTBA M MHOTOAKCTPEMAIbHOCTH LENEeBON (PyHK-
uu (3);

— BBIOOPOM YHCIIa HEHPOHOB M.

Kyco4yHoe mNOCTOSIHCTBO W MHOI03KCTPeMAJbHOCTh (yHKUMH norepb. [lokaxeMm nemMmy
o cBoiictBax ko3¢ durento MHC (2).

Jdemma 1. Ecnu kosppuyuenmor {a;} nexomopozo l-2o netipona Hl(l) HHC (2) na mnoocecmee
sepuiun X y0061emeopsiom ycioeuio

S
ag; + z a;x; < 0,vVx € X, (@)

i=1

mo npouseoonas pyuxyuu h(-), onpedensemoi (3), no kosppuyuenmam {a;, b;} na muosxcecmse X
pasua 0.

IokasarenbcTBO. IIpomuddepenimpyem h(P) mo nmepemenubiM {a;;, by}, ucnons3ys ypaBHe-
uus (2) u (3):

n N
oh(y 1 (t)
2] _ _;Z(y(t)(l —5©) = (1 = y®)5©)p,1 {am n Z ailxi(t) > 0} , {xk Jk #0,
t=1 i=1

day, 1,k =0,
S
n
oh@ 1 A 3 ReLU | ag, + Z ax®) 1 %0,
el __Z(y(t)(l —9®) = (1 - y©)§®). ot ), qui
abl nt_l i=1

1,1=0.

VYuurteiBast ycnosue (4), I > 0 u Bua ¢yukiuu ReLU (), moaydaem, 4TO MPOU3BOAHBIC 0OPAIIAIOTCS
B HOJIb.
Jlemma ooxazana.
W3 nemms! 1 cnenyert, uto Ha MHOkecTBe apameTpoB THC
N
A= {(aoz,all, v Qg)iQo + ) apx; <0,Vx € X} c RS*1
i=1

renieBas QyHKIMS KyCOYHO TTOCTOSTHHA 110 mmapameTpam [-ro HelipoHa. Ha Takux MHOMXECTBaxX Kycou-
HOT'O ITOCTOSHCTBA NMPUMEHEHUE TPAJUEHTHOTO CIYCKa JUIS pelleHus 3aJauu MuHuMu3anuu (3) npu-
BOJUT K YXYAIICHUIO cxoaumocTh. Ele ofHa TpyIHOCTH B pemieHnn 3aaa49u (3) COCTOUT B MHOTOKC-
TPEeMaJbHOCTH 1eTIeBOH ByHKIMH B (3).

JIiist peoI0JIeHHst TPYAHOCTEN, CBA3aHHBIX ¢ HaiuureM obyacteil {A;} KyCOUHOro IOCTOSHCTBA,
npejuiaraeTcsi CrenraibHO MoA0MPaTh HaYabHbIE 3HAUCHUS apaMeTpoB {a;;, b;} cnemyrommm obpa-
30M. BHauajie reHepupyeM MX Kak CIydaiHble BEJIMYMHBI cOTacHo paboram [6, 7] u3 pacnpenencHuit
BEpPOSITHOCTEM:

6 6
Vm+1 Vm+ 1/

rae N(y, 62) — HOpMasbHOE pachpejielieHHe C MaTeMAaTHUYECKUM OXKHIAHMEM [l U Jucrepcueii o2
Ula, b] — paBHOMepHOE pactipesielieHne, 3a1anHoe Ha npomekytke [a, b]. Ecmu (ag;, aqy, .., ag) € 4y,
TO st apameTpoB {ag, ..., g} l-ro meiipona (I € {1,...,m}) moBropsieM reHEpaIMI0 HaYaJIbHBIX
3HAYEHUI 10 TeX IMOp, MOKa HE IOJIyYMM HadalbHble 3HAYEHHs BHE O0JACTH KYCOYHOTO IOCTOSIH-
cTBa 4.

2
ail~N (0, ;) , bl""U
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O BbIGOpe umcia HelipoHOB. ByneM HCMONB30BaTh yKa3aHHYIO BBIIIC TCOMETPUUECKYIO MHTEP-
nperanuio annpokcumaruu MHC, cBsi3aHHyT0 ¢ packpackoil Bepiuus rurnepky6a V°. Kaxasiii Helipon
Hl(l) (x) = ReLU(a;o + Y= ayx;) (L €{1,..,m}), u3o0paxkeHHbIii Ha puC. 1, MOPOKIACT HEKOTO-
PYIO THIIEPILIOCKOCTh, Pa3/Ie/SIONIyI0 MHOXKECTBO BEpIIHMH THrepkyba V° Ha aBa MOIMHOKECTBa
Qo = {x evs: Hl(l) x) = 0} uQq = {x € VS:Hl(l) (x) > 0}. Hcxoms U3 Takoro crocoba pasjeie-

HUS BEpIIMH, MOXHO roctponts MHC cremyrommm obpasom: kaxayio Bepumaay x O € VS ¢ nperom 1
(f (x(l)) = 1) OTACTHUTH TUIEPINIOCKOCTBIO OT OCTANBHBIX TaK, YTOOBI Ha 3TOW BEpIIMHE 3HAUYCHHUE

o 1
[-ro meiipona Hl( )(x(l)) CTaJIO MOJIOKUTEIBHBIM YHCIIOM, a Ha OCTalbHbIX paBHsioch 0; {b;} 3amath
W3 YCIOBUM

o(by) = S,G(bo + blHl(l)(x(l))> =1—-¢(€efl,..,m}),

rie € < 1/2 — moctaTouHo Maioe MON0KUTENFHOE YUCTIO.
Takum 00pazoM, BEpXHSS TPaHUIA YHCIa HEMPOHOB CYIIECTBYET, KOHEUHA U 3aBUCUT OT pa3Mep-
HOCTH THIIEPKyOa:

1<m<25.

ITpy >TOM YHCIIO BCEBO3MOMHBIX PA3IUYHBIX PACKPACOK THUIEPKYO0a OTrpaHUYEHO W PaBHSACTCS
|F| = K = 2%°. OGo3Haunm W (s, M) 4HCIIO PasIHuHBIX PACKPACOK BEpIUMH TUIIEpKyGa VS, juis ar-
MPOKCUMAITUU KOTOPBIX HEOOXOAMMO U JIOCTATOYHO M HEMpOoHOB Ha ckpbiToM ciioe MHC (2). Orcrona
cienyeT

25
Z W(s,m) = 2%,
m=1

[Toctpoum otenky cuusy mist W (s, 1), T. e. A7t KoiuecTBa packpacoK BEPIINH S-MEPHOT'O THIep-
Ky0a, MOJTyYEeHHBIX Pa3/eICHHEeM 3TOr0 MHOXECTBA BEPILIUH OHOM runepuiockocteio (m = 1).

Ouenka causy s W (s, 1). [lnst HOCTpOEHHs OIIEHKH CHHU3Y JOKaXXEM HECKOJIBKO JIEMM.

Jdemma 2. JToboii s-mepuviii 2unepky6 VS cooepacum 6 cebe 25~ CL epaneii pasmeprnocmu 1.

Hoxa3atenbcTBo. Paccmotpum runepky6 V° pasmeproctu s. ['panb pasmeproctH | mpejacTtas-
JsieT co0Ol MOAMHOMKECTBO BEPIIMH TMIepKyda, s — | KoopauHaT KOTOpbIX (UKCHpoBaHBI. Ymcio
Pa3IMYHBIX CHOCO6OB BHIOpaTh S — | (DMKCHPOBAHHBIX KOOPAMHAT M3 S Bo3MoxkHBIX C3~' = CL.
[Tpu 3TOM Kaka0# (PUKCHPOBAHHON KOOpIUHATE HY)KHO 33/1aTh OJTHO U3 JBYX 3HadeHuit 0 mwim 1. Ko-
JIMYECTBO PA3INYHBIX HAGOPOB 3HAUECHHIT (PMKCHPOBAHHBIX KOOPAMHAT paBHO 257,

Jlemma ooxazana.

Jemma 3. [Iycmv A, B — 08a koueunvix MHOJCecmsa, k — Hexomopoe HeompuyamenvbHoe yenoe
yucno, Cy(*) — uucno paznuunvix cnoco6os éviopams k snemenmos uz mmoscecmsa *. To2oa cnpageo-
nueo nepasercmeo Cr (AU B) = C,(A) + C(B) — C, (AN B).

HoxkazarensctBo. IIycts |A| = my, |B| = m,, |A N B| = m3. Toraa unciao cnocoOoB BeIOpaTth k
3JIEMEHTOB U3 MHOXecTB 4, B, A U B, A N B onpexensiercs popmynamu

k k—k k k—k
Ce(A) = Z Ci . CEM 0 (B) = Z cke_. ckte,
0<k, <k 0=k, <k

C.(AUB) = z ¢l cke | ckRe canB) = ck.

mq—mgz ~“Mmy;—mz ~“ms
0<kq+k,<k
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W3 stux dhopmyn caenyer, uro uucia Cy(A), Cx(B) u C,(A N B) Bxoast B cocta Cy (A U B) (ecau
noJcTaBuTh B cymme k, = 0, ky = 0, ky = k, = 0), oTkyzna momyyaercsi TpeOyeMoe HEPaBEHCTBO.
PaBenctBo mocturaercanpu k = 0u k = 1.

Jlemma ookazana.

YcnoBumest TOBOpuUTh, uto k Bepimt (1 < k < 2° — 1) nuHeiHO BbIAeTMMBI B THIIepKyOe VE, ec-
JM CymiecTBYyeT Takas (s — 1)-MepHasi THIepINIOCKOCTh, KOoTopas pa3buBaet V° Ha JBa Hemepeceka-
FOIMXCS TOJIMHOXKECTBA k 1 25 — k BepIuH.

Jdemma 4. Ecnu na nexomopoii epanu ecunepkyba k eepuiun TuHElHO GblOeaumbl, MO IMu dice
k sepwun mosrcno nunetino viderums 80 6cem cunepryoe.

Hoxa3zaTtenbcTBOo. s qOKa3aTenbCcTBa JEMMbI JOCTATOYHO MOKa3aTh BO3MOXKHOCTH Iepexona
K (t + 1)-MepHOMy TUIEpKyOy OT Jr000# ero t-mepHoil rpanu. be3 orpanudeHus 0OMIHOCTH OyaeM
CYMTaTh, YTO t-MepHas TPaHb TOJyYeHa W3 TUIEepKyba myTeM (UKCHPOBAHUSA MEPEMEHHON X¢, 1.
B 3aBHCHMOCTH OT 3HAYEHHS X;y1 TAKMX TPAHEN MOXKHO moyuuth ase: Vo = {(xq, ..., x;, 0): x; € V3,
Vi ={(xg, e, x, )i EVY, VUV, =V VNV, = @. O603naunm T MHOXECTBO BEpLIUH T'H-
nepkyoa, onpeaenstomux t-mepuyto rpaib (T =V, mmbo T = V). [To yciaoBuro ieMMbl k BepIuH
rpanu T JTUHEWHO BBIACITUMBL, T. €. CYIIECTBYET TMIIEPIIOCKOCTD, 331al0IAsCs YpaBHEHUEM

t
L (X1, o, Xp) = ag + Z a;x; =0, 5)
i=1

KOTOpast pasziernsiet rpaib T Ha JBa Henepecekaronmxcs mommuoxectsa Ty, = {x € T: Ly (xq, ..., x¢) > 0}
uT_ ={x€T:L(xq,..,x,) <0} T=T,UT_, T, NT_ =0, |T,| =k, |T_| = 2¢ — k. Jloctpoum
THIEPIIOCKOCTh (5) Tak, yTo6bl Ha ocTaBmuxcs BepmmHax Vit \ T runepky6a V*! nepas uwacts
HOBOTO ypaBHECHHMs JaBajla OTPHUIIATEIIbHOC 3HAYCHHE. YPaBHEHUE (-MEPHOH THIEPIUIOCKOCTH TPH
5TOM OyAET UMETh BH

Lep1(xq, ooy X, Xp41) = bo + byxpyq + Le(xy, ., %) = 0. (6)
Koaddummentst by, by ypaBHEHHS THIIEPIUIOCKOCTH (6) 3a1a11M U3 YCIOBHMA

Lep1(xq, s X, Xeq1) lxer = Le(xq, s Xe),
Lt+1(xl, ...,xt,xt+1)|xevt+1\T < 0

B 3aBUCHMOCTH OT pacrionoxkenus rpanu T B runepky6e Vi+1

neprutockocTH (6) OyAyT MPUHAMATD CIIEAYIOIINE 3HAYSHNUS

K03 GUIMEHTHI by, b; ypaBHeHHS TH-

—ecmu T =Vy, T0by =0,b; = —A4,A> max Le (X1, o) Xt);
X

—eciu T =V, T0by =—A,b; =A,A> max Le(xq, ., Xt).
X

TTocTpoeHHas TUIEPIIIOCKOCTh pasjenser runepky6 Vit na nsa nenepecekarommxcs moamHoxke-
crBa T, u VI T,.

Jlemma ooxasana.

HUcxons u3 nemm 2-4, noctpoum auckpernyto dyukuus Q(s, k) (s, k €{0,1,2,...}), 3anannyio
CIIEIYFOIIIMM PEKYPPEHTHBIM COOTHOIIICHHEM:

S
|(Q(s, k) = Z(—l)i+12iC§_iQ(s —i,k),ecmuk < 2571,
i=1

Q(s,k) =0,ecu k > 2%, (7)
Q(s,k) =Q(s,25 — k), ecm k > 2571,
\Q(s,0) = Q(s,2%) = 1.
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Teopema. 3nauenue gynxyuu Q(s, k), noryuennoe uz pexyppenmuozo coomuowenust (1), seusem-
€Sl OYEHKOUL CHU3Y YUCTA CNOCOD08 TUHELHO 8bl0eumb K 6epuiut @ S-MepHOM cunepryoe.

HoxkazatenbcTBo. JlokazaTenbcTBO cienyeT u3 jemMm 2—4. O ToMm, 4TO 3Ha4YeHHE (PyHKIHMU
Q(s, k) sBisieTcst OLCHKOM CHH3Y, FTOBOPHT JieMMa 3. BTopoe u deTBepToe ycioBHs PeKyppeHTHOTO
cooTHomeHus (/) 3a7al0T TpaHUYHbIE ycIoBHs. TpeThe yciaoBHE CIeAyeT W3 TOrO, YTO THIEPIIIOC-
KOCTb JICTUT MHOXKECTBO BEPIINH TUMepKyOa V® Ha nBa moamuoxecTBa ¢ k u 2° — k BepuimHamu.

Teopema ookaszana.

Cneocmeue. Ymoowr navimu oyenky cuuzy ons W (s, 1), neobxooumo npocymmuposame no k 3na-
yenus gynxyuu Q (s, k):

25
W(s,1) = Q(s, k).

B ta6n. 1 s npumepa npezacrasiensl Bee 3HaueHus pyuxuuu {Q(s, k)} mia s < 3, k < 8. XKup-
HBIM IIPUQTOM BBIIETICHBI 3HAYSHWSI, 3a/1aBaeMble yciaoBuaMHU 2 u 4 cootHomeHus (7). Tabnuma 3Ha-
yenuit Gpynkumu Q (s, k) 3amonHseTcst MOCTPOYHO ClIeBa HAPaBO, CHU3Y BBEPX.

Tabnuma 1

TpuMep 3anosHenus Tabauipl 3Hadennit pyukuu Q (s, k)
Table 1

Example of filling in the table of the function values Q(s, k)

3 [1(8]12]24|6] 241281
2 |1]4| 4 4]1]0]o0]0]o0
1 |1]/2]1]0]ojolo]o]o
0 |1]1]0]o]ojlo]o]o]o

sk012345678

OreHrM 3aTpaThl BpEMEHHU Ha 3arojHeHue Tabiuipl. YcmoBus 2 u 4 naror cinokHocTh 0(s2%).
Bpewmst, TpeGyemMoe Ha 3aIl0JHEHHE CTPOKH 0 HOMEPOM S, 0003HaunM depe3 T (S). DTy CTPOKY MOK-
HO pasouts 1o k na npomexytku {[1,1],[2,3],[4,7],[8,15], ..., [2"7%, 2" — 1], ..., [257%, 25 — 1]}, e
kaxaoe 3Hauenue Q(s, k) B i-m nmpomexyrke (i = 0...,5 — 1) TpeOyer S — i 3HaYEHHUI U3 TAOJIHUIIbL.
CruenoBaTeibHO,

s—1
T(s) = 2(5 — )2t =251 -5 -2,
="

4

2 > (s+1)
T =@+ —t—2) =272 25T 5 4_ 009

Takum 06pa3oM, o0Iast CIOKHOCTh 3AIOJIHEHUS TaOIUIbl 3HaYeHnit Gpyukumu Q (s, k) umeer mo-
psiok O(s2%). B Tabu. 2 npezcrasieHo cpaBHenue orieHku Q (S, k) ¢ TOYHBIM 3HAYCHHUEM KOJHUYECTBA
Pa3JIMYHBIX PACKPACOK JJIsi COOTBETCTBYIOLIEro 3HaYeHus k npu s < 3.

CumBOJIOM «-» B Taba. 2 0003HaueHsbl ciaydan k > 25, B mocneaneil cTpoke MpeacTaBieHa BEPo-
STHOCTh COOBITHS, COCTOSIIErO B TOM, YTO CIy4ailHO BHIOpaHHAs pacKpacka BEpIIMH THIEPKy0a Tpe-
OyerT Juls anmpoKCUMAIIUK OJJMH HEHPOH Ha CKPBITOM CJI0e (OLIEHKA U TOYHOE 3HAYECHHE).

Kak BuIHO U3 Ta0J. 2, paCXOX/ICHUE OICHKA W TOYHOTO 3HAYEHHs MPOM30ILIo npu k = 4, s = 3.
D10 00BACHAETCS TeM, 4TO oleHKa Q(S, k) y4uTBIBAET TOJNILKO BApUAHTHI, KOT/Ia pacKpacka BEPINUH
rurepkyba CBOAUTCSA K packpacke BEPUIMH €ro rpadd (T. €. FMIepKy0a MEHbIIEH pa3sMEPHOCTH).
IIpu 5TOM HE YYHTHIBAIOTCS CIIydYaH, KOTJa PAaCKpPAICHHBIC BEPIIUHBI MPUHAICKAT CPa3y HECKOJIb-
KHM TakuM rpansm. Harpumep, BepinHbl TpeXMepHOro Kyoa (s = 3) MOXKHO pa3IeliiuTh IIOCKOCTHIO

X1 + x5 +x3—§=0(puc.2).
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Tabnuma 2
Cpasnenve ouenku Q (s, k) u Tounoro sHadenus i s < 3
Table 2
Comparison of the estimate Q(s, k) and exact value for s < 3
Yucno Otpesok s = 1 KBagpar s = 2 Ky6s =3
BEpILHH Kk Sections =1 Square s = 2 Cubes =3
nBera 1 Ounenka | Tounoe | Ouenka | Tounoe | Omenka | Tounoe
Number of Q(s, k) | snauenme | Q(s,k) | smauenue | Q(s, k) | 3HaueHme
vertices k of | Grade Exact Grade Exact Grade Exact
color 1 Q(s,k) | meaning | Q(s,k) | meaning | Q(s,k) | meaning
0 1 1 1 1 1 1
1 2 2 4 4 8 8
2 1 1 4 4 12 12
3 - - 4 4 24 24
4 - - 1 1 6 14
5 - - - - 24 24
6 - - - - 12 12
7 - - - - 8 8
8 - - - - 1 1
Cymma 4 4 14 14 96 104
BeposiTHOCT 1 1 0,875 0,875 0,375 0,40625

3
Puc. 2. Pa3nenenue BepIinH Ky0a MIOCKOCTBIO X + Xy + X3 — 5= 0
3

Fig. 2. Separation of the cube vertices by the plane x; + x, + x3 — 3= 0

Takoe pazaeneHue 1aeT HOBYIO pacKpacKy, KOTopas He yuuThiBaeTcsi cooTHouerueM (7). IloBopo-
TaMu Ky0a MOXHO TOJYYHTBH €Il CEMb IMOJOOHBIX PACKPACOK, YTO M OOBSCHSET pa3indue MEXIy
OIICHKOW M TOYHBIM 3HaueHneM B Tabn. 2npu k = 4, s = 3.

Ipumenenne MHC it annpokcuManuu IBOMYHBIX (DYHKIMIA B 3aja4aX 3a1UTHI HHOpMann

Annpoxcumayus noposxcoarouieii YHKUUU 2eHepamopos Nceo0CaAyUaiinplX HOC/1e008amenb-
Hocmeit. PaccMOTpUM 3aj1auy anmpoOKCHMAIU MOPOXKAAINNX (PYHKIUNA T€HEpaTOPOB TICEBIIOCITY-
YaWHBIX ITOCJIEIOBATEIHFHOCTEH, OCHOBAHHBIX HAa PETUCTPAaX CIABHUTA C JMHEHHOW OOpaTHO# CBS3BIO
(PCJIOC) u peructpax ciaBura ¢ HeiaumHeHoU o6patHoit cBs3pi0 (PCHOC), 3amaBaeMbIX CIIeTyIOIITIM
PEKYPPEHTHBIM COOTHOIIIEHHEM OOIIIEeTo B!

Xe = f(Xpeq,Xee) ey Xos), T=5S+ 1,5+ 2, ....
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Hns npumenennst UHC (2) oOyuatomias BeIOOpKa GpopMUpoBaach CIEAYIOINM 00pa3oM:
x® = (g, e, Xpes), YO = xp, t > 5 + 1.
Uccnenopamuce nea PCJIOC [8] u mects PCHOC [9]. Jls kak1oro U3 HUX HAWICHO HAaUMEHbIIEe

YHCIIO HEHPOHOB Myy,iyn, HEOOXOAMMBIX AJsi Oe3omubouHoi ammpokcumanuu (o = 1). Pesysbrars
IpeICTaBIeHbI B Ta0. 3.

Tabnuma 3
Amnmnpoxcnmarus nopoxnaromux Gyaxnui PCJIOC u PCHOC
Table 3
Approximation of generating functions of LFSR and NLFSR
Yucmo Yucno
NIEPEMEHHBIX S Bun dyaxnoum f HEHPOHOB Mypip
Number of Function type f Number of
variables s neurons M,
7 f=x@xs 2
15 f=x1 D xg 2
17 [ =% @ x; D xgx17 B x30%36 6
17 f=x1 D x; D x3x10 D xgx13 6
17 =% D% @ xs D x10 D x13 D xgx34 7
17 f=x D x D xg D x15 D x4 D x7%35 7
17 =% @D x4 D xoD x15 D x13 D x4x35 7
24 =% @ x D xo D x10 D x16 D xg%10 7

B xone obydenns MHC mpu pemenun 3amaun anmpokcumanun PCIIOC u PCHOC 65110 3ameue-
HO, YTO Beca, MUCXOJsmue Ha puc. | U3 QUKTHBHBIX BXOJHBIX MEPEMEHHBIX (T. €. MepeMEHHbBIX, HE
BIMSIIOIINX Ha 3HadeHHe (GyHKIMH f), CTPEMIINCh K HYJICBOMY 3HAUCHHUIO. DTO IMOKa3bIBACT, YTO
nsyxcioiinas MHC (2) criocobHa HaXoauTh (DUKTUBHBIC MMEPEMEHHbIC W UCKIIOYAaTh WX BIMSHHE Ha
pe3yabTaT anmpoKCUMAaIUH.

Annpoxcumayusa 610K08 noocmanoéku. PaccMoTpuM 3a1aqy anmpoKCHMAIINK 0JI0Ka TOICTaHOB-
KU U3BECTHOTO cTaHaaptHoro anropurma mmdpposanus [OCT 28147-89 [10] ¢ tounocteio o = 1.
OT1oT 0J0K NOACTAHOBKM NPEACTaBIICH B LIECTHAAATEPUYHON 3aIiCH B Ta0I. 4.

Tabnuna 4

Bnok moacranosku 'OCT 28147-89

Table 4

Substitution block GOST 28147-89
x|(0|1|]2|3|4|5|6|7|8|9|A|B|C|D|E|F
Ki|4|2|F|5|9]1|0|8|E|3|B|C|D|7]|A|6®6
K,|C|9|F|E|8|1|3|A|2]|7|4]|D|6|0]|B|5
K; | D|8|E|C|7]|]3]|9]|]A|1|5]|2|4|6|F|0]|B
K, E|9|/B|2|5|F|7|]1|0|D|C|6|A|4]|3]|38
Ks |3|E|5]9|6|8|0|]D|A|B|7|C|2|1]|F]|4
Ko | 8| F|6|B|1]9|C|5|D|3|7T|A|O0]|E|2]4
K, 19|/B|C|0|3|6|7|5]|4|8|E|JF|1T]|A]|2]|D
Kg|C|6|5|]2|B|0|9 | D|3|E|7|A|F|4]1]38

biiox moacTaHOBKHM IpeacTaBiIseT co0oi BoceMmb GyHKIUH Kj, ..., Kg, TeHCTByOmMUX U3 V4 B V4,
Kaxayro u3 3TuX BEKTOpHBIX (PyHKIMH K; MOXHO Pa3leiuTh Ha YeThIpe KOOPJMHATHBIC (hyHKIIHH,
OTIpeIeIIAIOLINE COOTBETCTBYIOIIUM OUT 3HaueHNH QyHKUINH K; '

Ki(x) =Yy = (Y1' Y2,¥3, y4-) = (Kil(x)'KiZ(x)'KiS(x)'Ki4(x))'x € V4,y € V4,
Ky():V*->V,ie{l,..8},1€{1,23,4}.
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Hns xakmoit koopauHaTHOW GyHKImMK K;j;(*) HafeHO HaMMEHbIIEe 3HAYCHHE 4YHCIAa HEHpO-
HOB My in, HEOOXOJIUMBIX JUTSI €€ allpOKCUMAIIUU. Pe3ybTaThl peAcTaBiICHBI B Ta0I. 5.

Tabauma 5

MUHUMAIBHOE YUCIIO HEUPOHOB My, M1 armpokcumarmu Kj; (+)
Table 5

Minimum number of neurons m,,;,, for approximation of K;; (-)

I l

NININ| W[

WIN|WlW|N

NINININ[W

NWIN|W|~

wiNw|IN(o

NN |Wwlw|o

WIN[(N|IN N
NIN|W|w|oo

BHlWIN|F-

3akimiouenue. B pabote nccnenoBansl MaTematuueckue ocodbeHnoctu npumeHenuss MHC mst pe-
HICHUs 3a/1a4 allpOKCUMAalWU IBOMYHBIX (YHKUUI MHOTHMX IEPEMEHHBIX, 3aKIIOYAIOIINECs B HAJIU-
YUy 00JIacTel KyCOYHOTO TMOCTOSIHCTBA W MHOTOJKCTPEMANBHOCTH IeieBoi (yHkumu. PesymbraThl
CTaThU TMO3BOJISIOT BBIOMpaTh MapameTpsl aAByxcioinoii MHC it mOBBIIIEHNs! TOYHOCTH allpPOKCH-
MalMd U WUIIOCTPUPYIOTCS NPHUMEPAaMH ANNPOKCHMAIMU IOPOXKAAIMNX (YHKIUH TeHepaTopoB
MICEBAOCITYYalHBIX MOCIEI0BATEIBHOCTEM.

Bkaaa aBropos. K. B. Jlamywxun — aHAITUTUYECKOE UCCIEAOBAHNE, HATUCAHUE TEKCTA CTaThH, MPO-
rpaMMHas peann3alusi MOJIeJIU, MPOBEACHUE YHCICHHBIX 3KcniepuMenToB. FO. C. Xapun — noctpoeHne
MOJIE M, aHAIUTUYECKOe HCCIIeZOBaHUE, MOATOTOBKA TEKCTa CTAaThbH, aHAJTU3 W MHTEpIpeTanus pe-
3yJIBTATOB HCCIIEOBAHUSL.
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AHHOTANHUA

Lenu. Lenpto uccnenoBanus sBisieTcs pa3paboTka MPOrpaMMHOTO MOAYINS AJsl aBTOMaTH4eCKOTO BBISBICHUS
(hPMIIMHTOBBIX BEO-CAHTOB C MCIOIB30BaHUEM AJTOPUTMOB MAITMHHOTO 00YYEHUS ISl KilacCH()UKAIIH CaiTOB.
MeTonsl. [dns DOCTIKEHHS IMOCTABICHHOW IIEH MPOBEACH aHAN3 CYMICCTBYIOIIUX ITaTACETOB, COMEPIKAIINX
URL-anmpeca GpUIIMHTOBBIX CaTOB, a TAK)Ke U3YUCHBI TATACETHI T 00padOTKU €CTECTBEHHOTO S3BIKa. JTO M03-
BOJIMJIO OIIPEIENTUTh KIIFOUCBBIC MPH3HAKH, XapaKTepHBIC I MOUIICHHHYECKHX PECYpcOB. BBUTH cO3maHBI 1Ba
HaOopa maHHEIX (pasMepamu 18,9 M6 u 1,08 I'0), Brmouaromux npusHaku URL 1 TekcToBOe HamoJHEHUE BeO-
CTpaHMUII, C HCIOIB30BaHIEM pa3paboTaHHOTO mapcepa. s knaccudukamun BeO-pecypcoB IPUMEHSIIICH alro-
PUTMBI MallIMHHOTO O0ydeHus1, Takue kak SVM, Random Forest, Logistic Regression u Multilayer Perceptron
(MLP). Taxxe n3y4eHbl BO3MOXHOCTH HCHOJIB30BaHus s13b1k0BOM Mozaenu TinyBERT anst aHanmusza TeKcToBOTO
COJIEPKUMOTO.

Pesynbratel. Ilo pe3ynsraTram mpoBeaeHHBIX HccaenoBanuii Ayt padotel ¢ URL ncnonb3oana moaens MLP
(F1-score 99,3 %), a /u1s1 aHaIKM3a TEKCTOBOM yacTu BeO-pecypca — mozaenb TinyBERT (F1-score 95 %). Pazpabo-
TaH TPOrPaMMHBI MOXYIb UISl BBISBICHHS MOIICHHUYECKHX BeO-CailTOB, COCTOSIIMI M3 CEpBEPHOIl YacTh
u Opay3epHoro pacmupeHus. Pacimmpenne coOupaer JaHHBIE ¢ BeO-pecypca, mepeqaeT ux Ha cepBep, TAe OHU
AHATM3UPYIOTCA 00yYCHHBIMH MOJIEISIMU MAITMHHOTO 00yueHns. Ha cepBepe pacCcUuTHIBaeTCS BEPOSTHOCTD (PH-
IIMHTOBOH aKTUBHOCTH, a PE3YJBTaThl 0TOOPaKaroTCs IMOB30BATEIIO Yepe3 HHTepdeiic pacmmpenns. Peanmsanus
BEITIOJTHEHA C HCIIONb30BaHUEM cTeka TexHonormid Python 3.12, Flask, Pickle, Langdetect, Re u NLTK, a Taxxe
JavaScript u Google Chrome API.

3akntoueHue. Pa3paboTaHHbINA MPOrpaMMHBIA MOJY/b ObLIT MPOTECTUPOBAH U MPOJEMOHCTPUPOBAI BHICOKYIO
3¢ GEKTHBHOCTD B 3a/1a4aX KIaCCU(PHUKAINN (PUITIMHTOBBIX CalTOB. TeopeTrueckasi 3HaYUNMOCTh pabOTHI 3aKITI0Ya-
eTCsl B IPUMEHEHUH COBPEMEHHBIX aJITOPUTMOB MALIMHHOTO O0YYEHUs AJIs aHAIN3a TeKCTOBOro koHTeHTa 1 URL.
[pakTryeckas 3HAUUMOCTD 3aKIIIOYAETCS] B CO3/IaHUU FOTOBOTO PELISHUS ISl BHISIBICHUS (DUILIMHIOBBIX CAaHTOB
B peaJibHOM BPEMEHHU.

KaroueBble cioBa: (1)I/IIHI/IHFOBI)IC CaﬁTLI, MOIICHHUYCCTBO, MAalllIMHHOC O6y‘{CHI/IG, KJ'IaCCI/I(I)I/IKaIII/ISI, 06pa60TKa
€CTCCTBCHHOI'O A3bIKa, 1aTaCCThl
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Abstract

Objectives. Phishing web resources are among the most common tools of online fraud aimed at obtaining users'
confidential information. The goal of this research was to develop a software module for the automatic detection
of phishing websites using machine learning methods.

Methods. To achieve this goal, an analysis of existing datasets containing phishing website URLs was
conducted, along with the study of datasets for natural language processing (NLP). This enabled the identification of
key features characteristic of fraudulent resources. Two datasets were created (sizes: 18.9 MB and 1.08 GB),
incorporating URL attributes and web page content, using a custom-developed parser. Machine learning
algorithms such as SVM, Random Forest, Logistic Regression, and Multilayer Perceptron (MLP) were applied for
website classification. The potential of the TinyBERT language model for analyzing textual content was also
explored.

Results. The analysis revealed that the MLP model demonstrated the best performance for URL classification,
while the TinyBERT model excelled in analyzing textual content. A software module was developed, consisting
of a server-side application and a browser extension. The extension collects data from web resources, transmits
them to the server, where trained machine learning models analyze the information. The server calculates the

likelihood of phishing activity, and the results are displayed to the user via the extension's interface.
The implementation utilized a technology stack including Python 3.12, Flask, Pickle, Langdetect, Re, NLTK,
JavaScript, and the Google Chrome API.

Conclusion. The developed software module was tested and demonstrated high efficiency in phishing website
classification tasks. The theoretical significance of the work lies in applying modern machine learning
algorithms for analyzing textual content and URLs. The practical significance is reflected in the creation of a
ready-to-use solution for real-time phishing site detection.

Keywords: phishing websites, fraud, machine learning, classification, natural language processing, datasets
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BBenenue. MomuieHHHUECKUM caliToM (BeO-pecypcoM) sIBISieTCs JIIOOOH CallT, CO3MaHHbIA Al 00-
MaHa M0JIb30BATEIIEH ¢ LeNbI0 TOTyuYeHHUs HE3aKOHHOM NPUOBLTH. YacTHBIM cllydaeM MOIICHHUYECKOTO
caiiTa sSBigeTCs (PUITMHTOBEIN CAlT, KOTOPBI IMUTHPYET HACTOSIINN CalT (peaslbHO CYIIECTBYIOIINH,
3aKOHHBIN CalT) C IEeNbI0 OTyYeHHUI KOHOUIeHIINAaTbHON HH(DOPMAITNH MTOJIb30BaTeNel, TaKo KaK Ima-
POJIM YYeTHBIX 3amuceil, HoMepa KpeAUTHBIX KapT, MaclopTHBIE U MepcoHaIbHbIe naHHbIe. B Pecmy0-
nuke benapych nefcTByeT yrojaoBHasi OTBETCTBEHHOCTh 3a MOIIEHHHYECTBO C HCIOJIb30BaHHEM BeO-
pecypcoB B cootBercTBUU co cratheil 212 YK Pb «Xwumienne mmyrmnecTBa myTeM MOAW(DHKAINN
KOMIBIOTEPHOU HHPOpMAIIHNY.

OummHr (ot anrt. phishing, mpousBoaHoe oT fishing — «pbIOHAasI OB, «BBIY>)KUBAaHHE») ITPEICTAB-
JsieT co0ol BU MOILIEHHUYECTBA, OCHOBAaHHBIM Ha MCIIOJIb30BAHUH METOIOB COLIMAIBHON NH)XEHEPHUH.
3M0YMBIIIJICHHUKH BBIJAIOT ce0s 3a MpECTaBUTENCH U3BECTHBIX OpraHU3aluid, 0aHKOB UM CEPBHCOB
Y CO3AI0T MOAJIeNIbHBIE BEO-CTPaHUIIBl, KOTOPhIE MIPAKTUUECKH HE OTIMYAIOTCS OT OPUTHHANBHBIX [1].
[lonaB Ha Takylo CTpaHMILy, IOIb30BATENIb MOXKET AaXe HE M0A03PEBaTh, YTO B3aUMOACHUCTBYET C HOA-
JEJIbHBIM CEPBHCOM, CO3AaHHBIM MOILIEHHUKAMH.

MoureHHHYECKHi calT (BeO-pecypc) MOXKHO OIMPEACTIHUTH M0 HECKOJIBKIM XapaKTePHBIM IPU3HAKAM.
OnuH U3 caMbIX OYEBUIHBIX U YaCTO BCTPEUYAIOIIUXCA MPU3HAKOB — 3T0 UcKakeHHbI URL-anpec. Mo-
[IEHHUKH Y9aCTO HMCIONB3YIOT TaWIICKBOTTHHI, 3aMEHSSI OYKBBI IOXO)KMMH CHUMBOJIAMH WJIN M3MEHSIS
CTPYKTYpY aapeca. Hampumep, BMecTo «bank.com» monp30BaTelib MOXET YBUAETH aapec «bank.comy,
i€ JTaTHHCKas OyKBa «a» 3aMEeHEHa Ha KUPWIIMYECKYIO «a», YTO BU3yaJbHO He3aMeTHO. Takxke Mo-
IIEHHUKH MOTYT HCIOJNb30BaTh APYTYI0 JOMEHHYIO 30HY (HampuMep, .COm BMECTO .ru), AOIYCKaTh
HaMepEeHHBIE OTIEYaTKH MM JOOABIIATh JUIIHUE CUMBOJIBI B aapece. Bee 9To nenaer noanenbHbIe CalThl
(ToMeHBI) TOXOKUMH Ha OpUTUHANBHEIE U 3aTPYJHSIET UX paclio3HaBaHUE.

Kpome Toro, (puImmHroBble CaiiThl YaCTO MOXKHO Y3HATh 10 COAEP)KMMOMY CTPaHML. MOILICHHUKH
CTpeMSITCA BBI3BAThH Y IOJIb30BATENsI UYyBCTBO CPOYHOCTH M 3aCTaBUTh €r0 JICHCTBOBAaTh HEMEIJICHHO.
TekcT Ha TAKKUX CTPAHUIIAX MOKET CONIEPKAThH OLIMOKH HITH OBITH C(HOPMYITHUPOBAH TakK, YTOOBI HOOYAUTH
TI0JIB30BATENsl PACKPBITH JIMUHBIE AaHHBbIE. Hanmpumep, momyssipHBIM IPUEMOM SIBISIETCSl oOelianue
KPYIHBIX BBIUTPBIILIEH, OOHYCOB MJIHM CIIELUAIBHBIX NPEATIOKEHUN, KOTOPBIE JOCTYIIHBI TOJIBKO OIpaHH-
YeHHoe BpeMs. Takue YIOBKHM NPHU3BaHBI OTBJICYh BHUMAaHUE OT MONO3PUTEHHBIX SJIEMEHTOB CaiiTa
Y OOYIUTh MOJIB30BaTENs AeHCTBOBATh UMITYIECHBHO.

MorieHHIUYECKHE BeO-pECypChl CO3MAIOTCS MAacCOBO, YTO TAKXKE SIBIISIETCS BAKHBIM NPHU3HAKOM
¢anpmmBoro caira. YacTo MOXHO 3aMETHTh, YTO HA TAKHX CTPAHUIAX HCHOJIB3YIOTCS OAHU H T€ XKe
11abJIOHBI, @ KOHTAKTHBIE JJAHHBIE, TAKHE KaK MEKTPOHHBIE ajipeca Wik HoMepa Tene(oHOB, MOTYT TO-
BTOPATHCS HAa pa3HbIX pecypcax. Bce 3To CBUIETENBCTBYET O TOM, UTO 32 CO31aHUEM IOI0OHBIX CaliTOB
CTOSIT OPraHU30BaHHBIC I'PYIIBI MOLIEHHUKOB, KOTOPbIE HCIIOIb3YIOT aBTOMaTU3UPOBAHHBIE WHCTPY-
MEHTHI JJIs1 OBICTPOTO KJIOHUPOBaHUSI BEO-CTPAHHIL.

KonndecTBo MOIIEHHHYECKUX CAHTOB PaCTET ¢ KaXIIbIM TOJIOM, ¥ (PUITUHIOBBIC aTaKH CTAHOBSTCS
Bce 0oJiee CIOKHBIMU M MacIITa0OHBIMH. DTO CO3/A€T CEPhE3HbIE PUCKH KaK JUIsl OOBIYHBIX M1OJIb30BaTE-
JIe, TaK U JUIS KPYIHBIX KOMIIAaHUH, KOTOPBIM NPUXOANUTCS TPATHTh 3HAYUTEIBHBIE PECYpPCHl Ha o0ec-
neyeHne 0e30MacHOCTH CBOMX KIIMEHTOB. B yCIOBHSIX TakWMX yrpo3 TpaJaWIMOHHBIE METOBI 3alUThI
CTaHOBSTCS HEAOCTATOYHBIMH, M BCE OOJIBIIYIO POJIb HAYMHAIOT UTPATh TEXHOJIOTMH MALIMHHOTO 00Y-
YEHHUSI.

[TpuMeHeHue alropuTMOB MAITHHOTO 00YYeHUs, MO3BOJISIOIINX 00pabaTbiBaTh OOIBIINE 00BEMBI
JAHHBIX U BBISBIIATH CKPHITHIE 3aKOHOMEPHOCTH, 00€CIIEUBaeT BOZMOXKHOCTD Kilaccu(pUKany BeO-caii-
TOB Ha MOJJIMHHBIE U MOILICHHWYeckue. Hampumep, oOyueHHast MOZIENIb MOXKET YUUTHIBATH PA3IUUHBIE
npm3Haku URL-anpeca, ctpykrypy HTML-koma u gaxke comepKuMoe CTpaHUIlbl, YTOObBI MPEaCcKa3aTh
BEPOSITHOCTH TOTO, YTO JIAHHBIH pecypc siBisieTcs: pummHroBbIM. [Iporiece neTeKTHpOBaHUs MOIIICHHH-
YECKUX CAHTOB CBOAMTCS K PEIICHHUIO 33aJaud KiacCH(HKAIMM, B KOTOPOW BCE MHOXKECTBO CaiTOB
JEJUTCS Ha Ba TIOAMHOXKECTBA (KJ1acca) — MOLICHHUYECKHE CAUTBI U JISTUTUMHBIE (HOPMaJIbHEIE).

Lenbto rccienoBaTeIbcKoro MpoeKTa IBisieTcsl pa3paboTka MPOrpaMMHOTO MOJYIISl C HCIIOJIh30Ba-
HUEM MAalIMHHOTO 0Oy4YeHUs JUIA BBISBICHUS MOLICHHUYECKUX BeO-pecypcoB. [ mocTrxeHus 3Toi
LEeJIM HEOOXOAMMO PEIIUTh HECKOJIBKO 3aa4: MPOAHAIM3UPOBAThH CYIIECTBYIOIINE aJITOPUTMBI KJIACCH-
¢dukanuu, co3naTh HaOOp JAHHBIX JUTS 00yUYEeHUS] MOJIeNIeH, BHIOpATh ONTUMAIbHbBIE MOJICTH KIIacCHU(H-
KalllH, Pean30Barh MPOrpaMMHBINA MOJYJIh aHaJM3a BeO-pecypcoB HAa OCHOBE BHIOPAHHBIX MOJICTICH.



NHOOPMATIKA = INFORMATICS

86 TOM=VOL.22 3|2025 C.=P.83-94

HaGops! 1aHHbIX Aas1 00yyeHusi moneneii. /laracer B KOHTEKCTE MAIIMHHOTO OOy4eHUs] — 3TO
Ha0Op aHHBIX, KOTOPBIN HCTIONB3yeTcs UId 00ydeHHs MOJACTIH WM ee TecTUpoBaHus. JlaTaceTsl ams
BBISIBJICHHS] MOLIEHHUYECKNX BEO-PECypCOB MOTYT OBITh COOpAHBI M3 Pa3IMYHBIX HCTOYHUKOB, BKITFOUYAs
CTIeIMAIN3UPOBAHHbIE 0a3bl JaHHBIX, OOIIEOCTYITHBIE PETTO3UTOPUH, MIIH CO3/1aBaThCS BPYUHYIO Ha OC-
HOBE aHAJIM3a PEalbHBIX MPUMEPOB MOLICHHUYECKUX caiToB. JlaraceT cocTouT u3 Habopa 0OBEKTOB,
KK 13 KOTOPBIX COEPIKUT OIHY MIIH HECKOJIBKO (DYHKITHI M COOTBETCTBYIOIINE MPU3HAKN — HH/IU-
BUTyaJIbHBIE H3MepsieMble CBOMCTBA WM XapaKTepUCTUKH. [IprMepoM TaknxX IPU3HAKOB SBISIOTCS a-
pametpsl, u3enedennsie u3 URL-anpecos [2]. OTo ctarucTudeckue NaHHbIe, UCXO/IS U3 KOTOPBIX MOYXKHO
OTIPEeNIeNUTh, SABJSCTCA CaUT Oe30macHBIM AJISi UCTIOJB30BaHUS WM HeT. [Ipu3Haku MOTYT BKIIOYATh
B ce0s MPOTOKOJ, TOMEHHOE UM, ITyTh K PECypcy, KOINYECTBO ONpeAeIeHHbIX ciMBoIoB B URL-az-
pece, Hanuuue iframe u T. 1.

[TporpaMMHOMY MoOIynt0 HeoOxoanMo aHaimm3upoBaTh kak URL-agpeca BeO-pecypcoB, Tak U TEK-
CTOBOE cofep)uMoe (KOHTeHT) ctpaHul [3]. DTo TpeOyeT MOATOTOBKH IBYX PA3IMYHBIX JaTaCETOB.
[lepBsIit OyneT npenHa3HadeH IS OOyYEHUS] MOJIENN BBISIBJICHHUIO MIPU3HAKOB MOIICHHUYECTBA HETIO-
CpCACTBCHHO B URL, TaKHUX KaK IIOAO3PUTECIbHBIC CUMBOJIBI, HECTAHAAPTHBIC JOMCHHBIC 30HbI UJIX IO/~
MEHHBIE IOMEHBI. Bropoii natacet Heooxomum it o0yderns NLP-monemn. O6paboTka eCTECTBEHHOTO
s3pika (Natural Language Processing, NLP) mo3BonsieT aHanmu3npoBaTh TEKCT Ha CTPAaHHUIIAX CAKTOB,
9YTOOBI BBISBIISITH TIOAO3PHUTENLHBIC TATTEPHBI, TAKUE KAK 3aBJIEKAIONINE COOOIIECHHS WK 3alPOChl KOH-
¢buaeHnMaIbHON HHPOPMAIUY.

BBIIH paccMOTpPEHBI OTKPBITHIE PECYPCHI TI0 TEMAaTHKE MAIIMHHOTO OOYYeHHs, U MPOBEJCH aHAIN3
MIOTTYJISIPHBIX AaTaceToB [4], pe3ynbTaThl KOTOPOTO MPECTaBICHBI B Ta0M. 1.

Tab6numa 1
Wudopmanus o naracerax juis BoisiBiaeHus Guimnarosbix URL

Table 1
Information about Datasets for Phishing URL Detection

HazBanue PhiUSIIL Phishing Phishing Websites Phishing Websites Webpage Phishing
Title URL Dataset Dataset Cleaned Detection Dataset
. - - https://www.kaggle.com/ | https://www.kaggle.com/
Ccpuika https.//archlve.lcs_.uc_l_.edu/ https://data.mendeley.com/ | datasets/prishasawhney/ | datasets/shashwatwork/
: dataset/967/phiusiil+ A - o
Link hishing+url+dataset/ datasets/72ptz43s9v/1/ phishing-url-website- web-page-phishing-
P 9 dataset-cleaned/ detection-dataset/
Tox uzmanus
Year of 2023 2020 2024 2020
Publication
Pazmep, MO
Size (MB) 54,2 23,9 21,77 3,66
Kom-Bo URL-
aApecoB 235795 88 647 176 263 11430
Number of
URLs
Kon-Bo
IIPU3HAKOB
Number of 54 111 20 87
Features

Ha puc. 1 uzo6paxen rpaduk pacupeneneHus KJIaccoB 1aTaceToB, IPUBEACHHBIX B Ta0I. 1.
Haracer Webpage Phishing Detection Dataset obnanaer cOanaHcHpoOBaHHBIM COOTHOLIEHUEM KJIAc-

COB, 4TO JIETIAET €T0 MPUBJIEKATEIbHBIM JJIsi 00yueHus Mojean. OTHAKO ero CyIeCTBEHHBIM HeJ0CTaT-
KoM sBJIsieTcs Heboupioe komuaecTBo URL-aipecoB o cpaBHEHNIO ¢ IpYTUMH HaOOpaMu TaHHBIX, 9TO
OrpaHUYMBACT €r0 MCIONB30BaHUE NIPU padboTe ¢ 0osee CIOKHBIMUA MOICIISIMU.
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[Nowuck naracetos ans oOydenust NLP-monenu He ObL1 pe3yabTaTUBHBIM. B OTKPBITOM HOCTYIIE ITpaK-
TUYECKU HeT HaOOpOB JaHHBIX HA PYCCKOM S3BIKE, KOTOPbIE OBl TOIXOAMIIHN IS aHAJIN3a COAEP>KUMOTO
(pUIIMHIOBBIX CaliTOB. BONBIIMHCTBO AOCTYMHBIX JaTac€TOB OCHOBAHbI HA AHIIMICKOM SI3bIKE WU HE
cozeprkaT HeoOXOAMMOM HH(POPMALIMK AT YCIICIIHOTO PEIIEHHsI TOCTABIEHHOH 3a1a4uH.

Webpage Phishing Detection Dataset

Phishing Websites Dataset Cleaned

Phishing Websites Dataset

PhiUSIIL Phishing URL

0% 10% 20% 30% 40% 50% 60% 70%
B OuwKHroesie M fleruTMMHbIE

Puc. 1. Pactipenenenue kiIaccoB B gaTaceTax

Fig. 1. Classes Distribution in Datasets

Hambonee  momxomsmum ~ BapuanToM — oOkasancst  Dataset  Advert-Spam  (Russia)
(https://www.kaggle.com/datasets/sanarovmichael/dataset-advert-spam) na miarpopme Kaggle. Ero
00beM cocrasisieT 2,6 MO, 1 OH BKIIIOYAET TOJIBKO MPUMEPHI (PUIIMHTOBBIX cllaM-coo0iiennii. OCHOB-
HOUW KOHTEHT JaTaceTa COCTABIISIIOT TEKCTHI, OOy aarome ohOpMHUTh KPEANUT UM OaHKOBCKUI BKIIAL,
HaBsI3UMBasl peKjaMa ¢ 3aMaHYMBBIMH MPEIUIOKEHUSIMH, a Takke cooOIeHus ¢ opdorpadhuieckuMu
OIINOKaMH.

AHaJIN3 OTKPBITHIX HCTOYHUKOB ITOKa3aJl OTCYTCTBHE TOTOBBIX PEILICHUHN JJIsl TOCTABICHHOH 3a/1a4uH.
B cBs13u ¢ 3TUM OBUIO MIPHHSATO pEIICHUE CO3/1aTh COOCTBEHHBIE J]ATACETHI, KOTOPBIE MO3BOJIST CHCTEMA-
TU3UPOBATH JJaHHbIE, HEOOXOMUMBIE [Tl 00yUeHHs Mojieield Ha ocHoBe aHaimn3a kak URL-anpecos, Tak
Y TEKCTOB BeO-CTpaHMUII.

Co3aanue cod0CTBEHHBIX HAG0POB AaHHBIX. {7151 co31aHMs COOCTBEHHBIX AaTaceToB ObUI pazpabo-
TaH NPOrpaMMHBIN KOMIIOHEHT (T1apcep), KOTOPBIi aBTOMaTH4eCK cOOMpaeT 1 aHaJIM3UPYeT TaHHEBIE U3
URL-agpecos 1 HTML-kona crpanun. Koo Hanucan Ha si3pIke nporpammupoBanust Python uz-3a ero
Kpoccriar(OpMEHHOCTH, TIPOCTOTHl M HAJMUYUs HEOOXOMUMBIX OMONUOTEK Al 00paOOTKH AAaHHBIX.
B kauecTBe cpenbl pazpadboTku ncnonb3oBanack Visual Studio Code.

3a ocHOBy cozmaHusi jaaracera, coiepkamiero npuszHakd URL, Opur B3st Webpage Phishing
Detection Dataset. Ha ero 6a3e chopmupoBan aaracer, BKJIIOUalomMid naHHble u3 Webpage Phishing
Detection Dataset u nomonHeHHbIH AaHHbIMH ¢ 1iardopm PhishTank (https://dev.phishtank.com)
u OpenPhish (https://openphish.com). 3tu mathopMsl CiryxaT it 0OMeHa JaHHBIMHU U HHPOpMaIueit
0 (UIIMHTE U coAepKaT OOJBIIOE KOJIMUYECTBO CCHUIOK Ha (PUILMHIOBBIE pecypchl. OHAKO caMu 1o cebe
JaHHbIE HA 3THX IIaThopMax He MOAXOAAT Uil 00ydeHHUs] MOoeJIel U JOIKHBI ObITh 00paboTaHbl st
n3BJIeUeHUs HH(OPMATUBHBIX MPU3HAKOB. bein n3BneueHs! npusHaku u3 URL. IToce aToro napcepom
00pabaTpIBaINCh HEMOCPEACTBEHHO BEO-CTPaHUIBI, pa3MelIeHHbIE 10 yYka3aHHbIM URL.

AnroputMm pabotsl napcepa i popmupoBanus URL-garacera:

1. YUrenue URL-aapecor u3 ucxomHoro ¢aiina.

2. Arammz ctpykTypsl URL (yiMHa, KOJTHYECTBO CHMBOJIOB, TTOJJIOMEHOB U T. 11.).
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3. IlpoBepka Ha HaJIM4YMe NOAO3PUTENBHBIX MPU3HAKOB (HAIMYKE CJIOB THMA login, secure).

4. CkaunBaHue BeO-cTpaHUIBI (eciau AOCTYNHO) Ais anannza HTML-koxa.

5. CoxpaHeHue pe3yiIbTaToB (Bce M3BJIEUEHHBIE XapaKTePUCTHKH 3amuchiBaroTca B CSV-daiin).

Honyuuncst naracer pazmepom 18,9 M6, comepakamuii okomno 88 687 URL-anpecoB, kKaxapiii U3 KO-
TOPBIX aHANM3UpyeTcs Mo 63 npusHakaM. [IpumMepst 25 npu3HakoB (BEIOOPOYHO) MPUBEACHBI B Ta0. 2.

Tabnuma 2

Wudopmanns o naracerax s BeusiBiaeHus umuHrossix URL

Table 2

Information about Datasets for Phishing URL Detection

[Ipuznak Onucanue npu3HaKa
Feature Description of the feature
url URL-anpec
length_url Jmaa URL
length_hostname JUnHa HMEHH X0cTa
ip SBnsiercs au ums xocrta IP-anpecom
nb_dots Kommuecto Touek 8 URL
nb_hyphens. Kosmuecto neducos B URL
nb_at KosmuectBo cumBosioB @ B URL
nb_gm KomnuectBo cumBosnioB ? B URL
nb_and KomnuectBo cumBosioB & B URL
nb_or KonnuectBo Bxoxaenuit noacrpoku or B URL
http_in_path Hannuwe mogctpokw http B mytn
https_token Hannume noacrpoku https B URL
ratio_digits_url Ortnorrenne yucia up x pmae URL
ratio_digits_host OrHouieHne yncna udp K AJIMHE HMEHH X0CTa
punycode Hannume Punycode, T. €. MOACTPOKH Xn--
port Hanmuune mopra B URL (Hanmpumep, :8080)
tld_in_path Hasnnume TOMEHHOTO YpOBHsI B ITyTH
tld_in_subdomain Hannyre TOMEHHOTO YPOBHS B OAOMEHE
nb_redirection KoJsmuecTBo nepeHanpasieHHil
nb_external_redirection | KonuuecTBO BHENIHHX TepEHAIPABICHUIA
iframe Hamnuue semenTa iframe Ha cTpaHuIe
popup_window Hannuue BCIUTBIBAIOIIUX OKOH
right_clic broxupoBKa paBoii KHONKU MBIIIH HA CTPAHUIIE
phish_hints Hanu4re KIFOYEBBIX CIIOB, YACTO BCTPEUYAIOMINXCS HA (H-
IIMHTOBBIX caldTax (Hampumep, login, secure, account)

domain_in_brand Hannure n3BecTHBIX OPEH/IOB B JOMEHE

Anroputm paboTsl napcepa Uit GOpMHUPOBAaHHS TEKCTOBOTO JaTaceTa:

1. Urenne URL-anpecoB u3 ucxoqHoro ¢aiina.

2. Anaimu3z HTML-kozna (ynanser HTML-Teru, BBINONHAET CTEMMUHT U y/IaJIsieT CTOM-CIIOBA).

3. Bexropusanus Texcra ¢ ucnons3oBanreM TfidfVectorizer. TfidfVectorizer — 310 ogun u3 uHCTpY-
meHToB NLP, nucrnone3yemslii 17151 mpeoOpa3oBaHus TEKCTOBBIX AaHHBIX B YHCIOBOH (pOpMaT Ha OCHOBE
craructuueckoit Mepsl TF-IDF (Term Frequency-Inverse Document Frequency). OH onieHnBaeT Bax-
HOCTB CJIOB B JIOKYMEHTE OTHOCHUTEJIEHO BCETO KOPILyCa, CHWXKasl BIMSHHUE YacTO BCTPEUYAIOLINXCS, HO
MaJIONH()OPMATHUBHBIX CIIOB.

4. CoxpaHeHHe pe3ylbTaToB (BCe U3BJICUCHHbBIE XapaKTePUCTHKH 3aITUChIBAIOTCs B joblib daiin).

Pa3mep utorosoro TekcToBoro jgaracera cocrasiser 1,08 I'0. B pe3ynsrare Obuti cO31aHbI JBa J1a-
tacera pazmepamu 18,9 M6 u 1,08 ['G cOOTBETCTBEHHO 17151 BBISIBIICHUSI MOIIICHHUYECKUX BEO-PECypCcoB
nytem aHanm3a ux URL u TekcTOBOro HamojgHeHUs!.

Pacnpenenenne xmaccoB URL-maracera mokasano Ha puc. 2, @, a pacpeIeICHHEe KJIacCOB TS TEK-
CTOBOTI'O JlaTaceTa — Ha puc. 2, b.
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@UILWMHIOBbIA TEKCT
MolueHHWYecKue Be6-pecypcel

NernTumHble Beb-pecypcel JNernTUMHBIA TEKCT
a) b)
Puc. 2. Pacnipenenenue kiaccoB B naracere: @) URL-naracer; b) TeKCTOBBII qaracer
Fig. 2. Class Distribution in the dataset: a) URL dataset, b) text dataset

Bb16op onTuManbHON Moaeu 1Js Kjaccupukanuu Bed-pecypcos. [l BEISBICHUS MOLICHHH-
YECKUX BEO-peCypcoB OBbLIM BBHIOpAHBI YETHIPE aJITOPUTMa MAlIMHHOTO 00yueHwus [S]: Support Vector
Machine, Random Forest, Logistic Regression u Multilayer Perceptron.

Support Vector Machine (SVM) — Hafie:XHBIH alropuT™ IS 337124 KIACCU(PHUKAIIH, 0COOEHHO C BBI-
COKOpa3MEpHBIMU JaHHBIMU. JIMHEHHOE S1pO NOAXOIUT ISl TUHEHHO pa3AeIuMbIX JaHHbIX, RBF — s
HEJIMHEWHBIX, TIOJTMHOMHUAIIBHOE SIIPO MPUMEHSIETCS JJIsl CIOKHBIX 3aBUCUMOCTEH, CUTMOHMIHOE HC-
MOJIB3YETCS PEXE U3-3a HECTAOMIIBHOCTH.

Random Forest (RF) oObenuHseT HECKONBKO IEPEBHEB PEIICHUH sl HOBBILICHUS TOYHOCTU
Y YCTOMYMBOCTH MO, 0cOOEHHO 3(h(heKTHBEH MPH OOJIBIIOM KOJTUYECTBE MPU3HAKOB.

Logistic Regression (LR) xopoii1o moaxoauT ajist OMHapHOU KJIACCU(UKAIMH U TIO3BOJIET OIICHUBAThH
BEPOSTHOCTh MPHUHAIIEKHOCTH K KJIACCAM.

Multilayer Perceptron (MLP) — 3T0 HelipoceTs, pemaromas Kak JMHEHHbIe, TaK U HeIWHEeHHbIE 3a-
JIa4M 33 CYET CKPBITHIX CJIOEB M (PYHKIMI aKTHBALHH.

s onleHKH Mojelieil MalmMHHOTO 00y4YeHUs B 3aja4e KIacCUPHUKALUN UCTIONB3YIOTCS Pa3InIHbIC
METPHKH, KaXKJ1asi U3 KOTOPBIX OTPaKaeT ONpeeIeHHbII acleKT padoThl Moaenu [6]:

— Accuracy oTpaxxaeT JI0JII0 BEPHBIX NpeJICKa3aHui, HO Ha HeCOAJaHCUPOBAHHBIX JAHHBIX MOXET
BBOJIUTH B 336J]y)KJICHI/Ie, TaK KaK MOJCJIb MOXKXET UTHOPHUPOBATH peI[KI/Iﬁ KJ1IaCC 1 BCC PAaBHO IIOKAa3bIBATh
BBICOKHUI PE3YJIBTAT;

— Precision mokasbpIBaeT, CKOJILKO U3 ITPECKa3aHHBIX MOLIEHHUYECTB JIeHICTBUTEILHO OKa3aJIUCh MO-
NICHHUYCCTBOM,

— Recall uzmepsiet, ckonbKo U3 BceX peajbHBIX CIydaeB MOIICHHUYECTBA MOJETh CMOINIa OOHapy-
JKUTB;

— F1-score o0benunsier Precision u Recall B oHO 3HaueHME 1 TO3BOIISIET COATAHCUPOBAHHO OIIEHUTh
Moziesib. ITO HE0OXOIMMO, YTOOBI MUHUMH3HPOBATH JIOXKHbIE CPAOATHIBAHMUS M HE MIPOITyCKaTh peajlb-
HBIE CITydal MOLIEHHUYECTBA.

Jns mogOopa runepnapamerpoB ucnons3osaics meron GridSearchCV, kotopelii nmepedupaer Bce
BO3MOKHBIE KOMOWHAIINY NTapaMeTPOB U OIEHUBAET UX C TIOMOIIBIO KPOCC-BATNAAINH, YTO TTO3BOJISET
aBTOMATHYECKH HaXOJUTh ONTHMAJIbHbIE HACTPOWKN MOJENH U nu30erars pydHoro noxdopa. ObydeHue
Mozedeii nposoauiock B Google Colab, koTopsiii npegocTasiiseT OeCIUIATHBIN TOCTYII K 00JIaYHBIM BbI-
YHCIUTENBHBIM pecypcam, Bkmouas GPU, uro yckopuio npouecc o0ydeHusl.

B Tabn. 3 mpuBeneHs! Jydiine pe3yibTaThl KaKI0H MopeH (0 TOYHOCTH W BPEMEHH O0ydeHUs
U npenckazanus) no oopadorke URL.
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Tabnuna 3
Pesynsrars! Mopeneii npu padore ¢ URL
Table 3
Model Results for working with URL
Bpems Bpewms
Anropurm Tounocts, % Ionnota, % | HoctoBepHOCTh, % | Fl-mepa, % | oOydeHus, c MpeACKasar
Algorithm | Accuracy, % Recall, % Precision, % Fl-score, % | Trainig O/IHOM CTPOKH, €
time. s Time for prgdlctlng
' asingle line, s
RF 99,3 99,4 99,6 99,5 57 0,21
LR 98,7 98,6 99,6 99,1 2 0,01
SVM 91 99,5 89,4 94,1 2113 0,08
MLP 99 98,9 99,7 99,3 40 0,02

PaccMmoTpeHHbIe MOIeNn He TTOKA3aIM BRICOKUX PE3YNIBTAaTOB IIPH aHAIN3€E TEKCTOBOTO CONEPKIUMOTO
BeO-cTpanuu. Jlyumuii pesynbrar nmokasana mozaenb Random Forest (Tounocts 54,5 %, nonnora 99,8 %,
noctoBepHOCTE 54,5 %, Fl-mepa 70,6 %). Ilo pe3ynbTaTam MoucKa perieHus s aHalu3a TEKCTOBOU
yacTh BeO-pecypca HCHONb30BaHa Oosblinas s3bikoBas moxeiab (LLM) BERT [7, 8], a umeHHO
TinyBERT [9] — koMmakTHas BEpCHS MOJIEIH, ONITUMHU3NPOBAHHAS [IJIsl YCKOPEHHUS pabOThI M yMEHbIIIe-
HUs BeraucIuTenbHBIX 3aTpat. TinyBERT addextnBHa 1t 3a1a4 00pabOTKH €CTECTBEHHOTO S3bIKA, Ta-
KHX KaK KIacCHU(HKaIus TEKCTOB U aHAJIN3 TOHAJILHOCTH, a 33 CYET MEHBIIIETO YHCIa CIIOEB U MapaMeT-
POB MOOXOAUT IJIsl IPUIIOKECHUH, pabOTarOIUX B pealbHOM BpeMeHH. Mozernb Obuia 70o0ydeHa ¢ Uc-
M0JIb30BaHUEM CO3aHHOTO TEKCTOBOI'O JaTaceTa, OMMCaHHOTO paHee.

JooOydeHnue Mozienn IpoBOJMIOCH C MCIIONh30BAHHEM TEXHOJOTHHU MEpEeHOCca 3HAHUH, YTO M03BO-
JIMJIO COKPATHTh BpeMsi 00ydeHUsI ¥ MOBBICUTH TOYHOCTh. TinyBERT Hayumnace ycnenisHo pacrio3HaBarh
NPU3HAKU (QUITMHTOBBIX TEKCTOB U COXPAHSTH BBICOKYIO TOYHOCTD JIaXK€ HAa KOPOTKUX COOOLICHUSAX HITU
TekcTax ¢ opdorpaduueckumu ommbkamu. [lomydeHHbIe pe3ynbTaThl IPEeICTaBIEeHBI B TA0M. 4.

Tabnuna 4
Pesynprarst paboter Mmogenu TinyBERT
Table 4
Results of TinyBERT working
Bpew i erfngm
Mopens TounocTs, % [onnoTa, % | HocrosepHocts, % | Fl-mepa, % | oOydeHwms, c o iolllﬁ CTPOKIL C
Model Accuracy, % Recall, % Precision, % F1-score, % Trainig OX PO,
. Time for predicting
time, s . :
asingle line, s
TinyBERT 95 91 99 95 1113 0,044

W3 Tabn. 4 BunHO, uro LLM-Mozenp nokasaia 04eHb BRICOKYIO TOYHOCTD paclio3HaBaHUs (pUIIMH-
TOBBIX TEKCTOB, a BpeMs Ipejicka3aHus 0Ka3ajioch MeHbIe, ueM y moaeneit SVM, Logistic Regression,
Random Forest u Multilayer Perceptron. ETUHCTBEHHBIM HEOCTATKOM OKa3aJloCh JIOJITOE BpeMs 00y-
YyeHus1 Mozenu — nopsiaka 18 mun. OnHako mpu paboTe MOAYJsS B PealibHBIX YCIOBHSIX 3TO He Oyaer
SBJISITBCSL CYLIECTBEHHBIM HegocTaTkoM. [IpoBonuTs m000yueHne MoJenu MOXHO OyIeT ¢ onpeesyieH-
HOM MEPUOMIHOCTHIO TI0 MEPE HEOOXOAUMOCTH.

Takum oOpazom, pu pa3paboTke mporpaMMHoOro Moxyis ais ananuza URL BeiOpana mozpens MLP,
a JiIs aHalmm3a TeKCToBor yacTu — Mozens TinyBERT.

Pa3zpaboTka mporpaMMHOro MoayJs A Kiaccupukanuu Bed-caiiToB. [IporpaMMHBINH MOTYITH
JUTSL BBISIBIIEHUS! MOIIIEHHUYECKNX BeO-CaliTOB COCTOMT M3 CEPBEPHON YacTH M Opay3epHOTO pacuimpe-
Husl. Pacmmpenue codupaer qaHHble ¢ BeO-pecypca U OTIPAaBISIET UX Ha CEPBEp, I1e OHU aHATU3UPY-
1oTcst 00yueHHbIME ML-monensmu. Cepsep npunumaer nanaele metogoM POST, oOGpabatsiBaeT ux
(cTeMMUHT, yiaJeHre CTOT-CIIOB ), TPEACKa3bIBAET BEPOITHOCTh TOTO, YTO CAWT SIBISETCS (PUITUHTOBBIM,
nocye yero no merogy POST Bo3BpaiaeT pe3ynsraT B pacuIMpeHne, KOTOPOE 0TOOpakaeT pe3ysbTaThl
Ut osib3oBarens (puc. 3). B mpoekTe ucnons30Bajcs CTeK TEXHOJIOTHH, BKimrodatommii Python 3.12
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JUTSI CEpBEPHON YaCTH U aHAJIN3a TAaHHBIX ¢ ToMolIbio onbnuotek Flask, Pickle, Langdetect, Re u NLTK.
Bpay3epHoe pacmmpenue pazpaborano Ha JavaScript ¢ ucnonb3oanuem Google Chrome API u opopm-
neHo ¢ momombeio HTML/CSS. Jlng HanmcaHus ¥ OTIIATKK Kofa MUCIoib3oBaiack cpeaa Visual Studio
Code. Pesynbrar paboThl MpOrpaMMHOTO MOYIIS [TOKa3aH Ha pHcC. 4.

1. [laHHble napcATcs 1 OTNpaBnsATCS 2. [laHHble obpabaTbiBaloTcs
Ha cepBep metogom POST n nogatotcs B ML-mogenun

!

BeG-cant KayecTBeHHble BekTopusauusa H NLP-mogens ‘
[aHHble
KonunyecTtBeHHas
KonuyectBeHHble Mozens
DaHHble +
KonuuectBeHHas KayecTseHHas
Paclumpenne BEPOSITHOCTb BEPOATHOCTb

CpepHsia
T BEPOATHOCTb

I i

4. BeposiTHOCTM OTNpaBnaloTCs
B paclumpenune metogom POST
1 NOKa3bIBaloTCA NOMb3oBaTento

3. Ha ocHoBe aaHHbIx
npefcKasbiBaeTCs BEPOSTHOCTb

Puc. 3. Cxema paboThI IPOrpaMMHOTO MOJYIIS

Fig. 3. Operating diagram of the software module

%% onlineausde.andhrauniversity.edu.in/studentLogin/Payments/

ANDHRA UNIVERSITY MoaTeepauTe aAeicTBME Ha
@og DE&SY HOLS o . > .
e - onlineausde.andhrauniversity.edu.in

[ e e L T ate

4 Npeaynpexaexue 0 BOIMOKHOM MOWeHHWYecTBe! &
B3 Student profile

If you want to co OBtuan seposTHOCT: 99%
i Documents B BepoamsocTs Ha octose URL: 100%

B BepostHocTs Ha ocHoBe TexcTa: 98%

|

=W Fees SO NS .
Moxanyicra, GyasTe OCTOPOXHbLI NPW B3aUMOALHCTBMMA C ITUM

cantom!

COURSE FEE

¥ 64,500

100%

Puc. 4. [Ipumep yBegoMiIeHHs O MOIIEHHUYECTBE

Fig. 4. Fraud notification example

Moysb OBLT IPOTECTUPOBAH Ha IPyIIIe BeO-CaiiToB, 3apaHee pas/ielICHHBIX Ha 3aBEJIOMO MOIIICHHU-
geckue (puc. 5, a) u nerutumusie (puc. 5, b). B pe3ynbrare TeCTHPOBaHHS MOIY/IH MTOKA3aJl BEICOKYIO

cTeneHb SpQEKTUBHOCTH BBISIBICHHS TAKOTO THIA pecypcoB. CpeHee BpeMs MPeCcKa3aHus COCTABUIIO
0,11 c.
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MoaTtBepavTte aeiictBue Ha hrteil-telegram.org

Z MNpeaynpesxzeHvie 0 BO3MOXHOM MolueHHuYecTee! &

O6wwasn BepoaTHOCTL: 81%
38 BeposTHoCTb Ha ocHose URL: 100%
B BepostHocTb Ha ocHoBe TekcTa: 61%

Moxanyiicta, GyAbTe OCTOPOXHbI MPY B3aUMOAGWCTBUAM C STUM

caitom!

MopTeepavre paelicteue Ha yandex.by

i MpeaynpeXaeHie o BOSMOXHOM MalueHH uecTea! i

OBWar BEpORTHOCTL: 7%
i BepoatHocTs Ha ocHoBe URL: 0%
B BepoaTHOCTE HA ocHoBR Texcra: 13%

MoxaayHcra, ByaETe OCTOPOMHE NPY B3aMMOASCTBIAN C 3THM

caiiron!

MoaTtBepauTte aeiictBue Ha idyllic-elf-955535.netlify.app

A lMpeaynpexaeHue o BO3MOXHOM MoLueHHuYecTee! &

O6Las BeposTHOCTL: 99%
38l BeposatHocTb Ha ocHose URL: 100%
B BeposTHocTb Ha ocHoBe TekcTa: 99%

Moxanyicra, byasTe OCTOPOXXHbI NPY B3aUMOAEWCTBUM C 3TUM
cavitom!

MoaTBepauTe AenictBue Ha belarusbank.by

X lMpeaynpexaeH1e O BO3MOXHOM MOLeHHHUYecTBe! &

O6wan BepaATHOCTL: 0%
88 BeposatHocTs Ha ocHoee URL: 0%
B BepoATHOCTE Ha ocHoBe TekcTa: 0%

Moxanyncra, byAbTe OCTOPOXKHLI NPV B3aVIMOAGUCTBIM C 3TUM
cavtomn!

b)

Puc. 5. Pe3ynbrarel TECTUPOBAaHUS: @) HA 3aBEIOMO MOIIICHHUYECKUX BeO-calTax;
b) Ha JIETUTUMHBIX BeO-cailTax

Fig. 5. Test results: a) on obviously fraudulent websites; b) on obviously legitimate websites

Pe3ynbTarsl IpoBEepKH psiia BeO-pecypcoB MpecTaBlIeHbl B Ta0MI. 5.

Tabnuna 5

Pe3synerarhl mpoBepKu BeO-peCcypcoB pa3pabOTaHHBIM MOIYJIEM

Table 5

Results of checking web resources by the developed module

BepositHoCTh BepositHOCTh Cpennsis
URL mo URL, % TI0 TeKCTY, % | BEpPOSATHOCTB, %
Probability Probability Average
by URL, % by text, % probability, %

https://www.bsuir.by 0 0 0
https://mail.ru 0 0 0
https://habr.com/ 0 0 0
https://lyandex.by 0 13 7
https://bsu.by 0 32 16
https://domain.by 0 34 17
http://myfin.by 0 32 16
https://aliexpress.by 2 59 30
https://belta.by 0 29 15
https://president.gov.by 0 0 0
https://connect-chain-wallet.web.app/app 100 53 77
https://accoun-at-risk.github.io/anesh-here 100 99 100
https://steamcummunity.ru 100 99 100
https://busca-Iphone.com 98 100 100
https://metmaskloginie.webflow.io/ 100 99 99
https://www.metamask-io-help.walletallinone.com/ 100 45 73
http://facebook.focal.us.kg/ 99 99 95
https://v5-uniswap.info/ 100 91 95
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3axuiouenne. [IpoBesieH aHamU3 OTKPBITHIX AaTaceToB Uit 00yueHus monenei ananuzy URL u tek-
CTOBOTO HATOJHEHHS BeO-pECYpCOB, Pe3ybTaThl KOTOPOTo MOKa3alyd OTCYTCTBUE MOAXOMSAIINX perie-
HUI UTs JaHHoro npoekta. C mpruMeHeHHeM pa3paboTaHHOTO IS 3TUX Ieliel mapcepa ObUTH CO3JJaHbI
nBa maracera pazmepamu 18,9 M6 u 1,08 I'0 11t BBISIBJICHHS MOIIEHHHYECKHX BeO-pecypcoB MyTeM
ananu3a ux URL u TekctoBoro HamonHenus. [1o pe3ynsraTam npoBeA€HHBIX HCCIIEAOBAHNHN A1 pa0OTHI
¢ URL wucmnonszoBana monens MLP (F1-score 99,3 %), a 1 ananm3a TEeKCTOBOH 9acTH BeO-pecypcea —
mozenb TinyBERT (F1-score 95 %).

Pa3paboran nporpaMMHBIH MOAYIb AJS BBISBICHUS MOIICHHHYECKUX BEO-CAlTOB, COCTOSAMINN U3
CEpBEPHOI yacTh M Opay3epHOro pacuIMpeHus. Pe3ynsraTbl MPOBEPKH psiia BeO-pecypcoB MOKa3aiu
BBICOKYIO 3((heKTHBHOCTH pa3paboTaHHOTO MOAYN. B pamkax paGoTsI cepBep 3amycKaics JOKaIbHO.
B nepcrniexTrBe — peanu3anys CepBepHON YaCTH OHJIAMH, YTO TO3BOJIUT OONBLIOMY YMCITY [TOJIB30BaTe-
JIei OCYIIECTBISTh NPOBEPKY BEO-PECYPCOB, UCTIONB3YS ONHO TOJIBKO JIETKOBECHOE Opay3epHOe paciiu-
peHue, a ONJICPIKKY CepBEPHOI YacTh OYIyT OCYIIECTBISITh Pa3pabOTUHKH.

C uCXOIHBIM KOIOM ITPOTPaMMHOTO MOAYIIS, a Takxke (palimamu nccienoBanus ML-moxeneit MOXXHO
o3HakoMuTCs B peno3uropuun Github mo cewuike https://github.com/ParamOrph/PhishDetect. [yis Toro
4TOOBI YCTAHOBHUTH Opay3epHOe pacuInpeHue, HeoOXoauMo mepeiitu B chrome://extensions/ B Opaysepe
Google Chrome, BKIFOUNTH peskuM pazpadboTtunka (Developer mode), B maHenu yrnpaBieHUs paciiupe-
HusiMU BhIOpaTh Load unpacked u 3arpy3uTh narnky ¢ paciiipeHueM.

JononHuTenpHbBIE MaTepHaibl K TPOEKTY paclojokeHbl mo ccbuike https://drive.google.com/
drive/folders/100IYFIDF rrpgrudllcgiZSIleVVIbUZq?usp=sharing.

Bruiag aBropoB. C. H. [lempos onpeneini Lelld HCCIESAOBAaHNS 1 3a7a41, KOTOPbIE HE00X0IUMO OBLIIO
PELTh U1 UX AOCTIKCHUS, IPUHSUT y4acTHe B MHTEPIpPETauuy U 0000IIEHNH MOMYyYEHHBIX PE3yilb-
TaTOB, Hamucaln TeKcT pykonuch. 4. O. Msadeney npoBen SKCIEpUMEHTAIIbHbBIE HccaeaoBaHus 3 dhek-
TUBHOCTH MOJeNiel KiIacCH(UKAIUK, CHOPOSKTHPOBAI M pa3paboTan MpOrpaMMHBIA  MOIYINb.
E. B. Kynoac BBITIONHUIIA CPABHUTEIBHBIN aHAIN3 CYIECTBYIOIINX TTOIX0A0B K OOHAPYKECHUIO MOIIICH-
HHYECKUX BEO-pPECypCOB, IPOBEJIA aHAIN3 OTKPBITBHIX AaTACETOB AJIS BHISIBIICHHSI MOLIEHHUYECKUX BEO-
pecypcoB, chopMupoBaa AaTaceThl Ui 00ydeHuUsI Mojieel ¢ UCIOIb30BaHUEM pa3pabOTaHHOro nap-
cepa.
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CraposoiiToB Basnepuii BacuibeBu4
(x 70-J1€THIO CO THS POKACHUA)

Starovoitov Valery Vasilyevich
(on the 70th anniversary of his birth)

6 cenrstopst 2025 1. ucnonHmIock 70 JIET JOKTOPY TEXHHYECKHX HAYK, MPO(ECcCopy, YUEHOMY
B o0sacTi MH(GOPMATHKH, TIIABHOMY HAyJYHOMY COTPYAHHKY Ja0OpaTOPHH HUIACHTH(MUKAIIMA CHUCTEM
TOCY/IapCTBEHHOTO Hay4YHOTO YyupexaeHus «OObeIMHEHHBIH WHCTHTYT MpoOieM WH(HOPMATHKH
HaronaneHo# akanemun Hayk benapycu» (OUIIW HAH Benapycu) Baneputo Bacuinseruay Crapo-
BoiiTOBy. Er0o HaydHble paboThl cTamu (QyHIAMEHTOM B Pa3BUTHH IU(PPOBHIX TEXHOJOTHH aHaIm3a
M300pakeHNH | paclio3HaBaHUS 00pa3oB B CTpaHe W 3a ee mpeaenamu. Hewccskaemple SHeprus, 3Ha-
HUs ¥ onbIT Banepus BacuibeBnya moMoOriy B3pacTUTh MHOTHX aCTIMPAHTOB M MOJIOABIX CIIEI[HaIU-
ctoB. Tpyns! B. B. CtapoBoiiToBa HOIYYHIN MEXIYHAPOIHOE MMPU3HAHUE, pa3pab0TaHHBIC UM HOBBIC
METO/IBI, AITOPUTMEI H MTOIXOII IIUPOKO MPUMEHSIOTCS B PA3TMYHBIX O0JACTAX HAYKH M TEXHUKH.

Bbuorpadus, Hayuynas u nexarornyeckas aesiteJIbHOCTh. Banepuii BacunseBud ponuics 6 cen-
Ta0ps 1955 r. B Genopycckom ropozae MormieBe. C aeTcTBa ObLI aKTUBHBIM MOJIOJIBIM Y€JIOBEKOM
U yBiekaincs cnoptoM. B 1972 r. on okoHumn mkosry Ne 54 r. MUHCKa M IOCTYNHJI Ha MEXaHHKO-
MaTeMarndeckuii GpaxynbTeT bermopycckoro rocynapcTBeHHOro yHHBepcuTeTa. Ha mocieqHem kypce
MIPOXOJIWII MIPAKTUKY B MHCTUTYTE TEXHNYECKOH KUOSPHETHKH, U C MOMEHTA OKOHYaHHUSI YHUBEPCUTE-
ta B 1977 r. u no Hacrosiee Bpems padotaetr B8 OUIIM HAH benapycu. 3necs CrapoBoiitoB Banepuii
BacuibeBud mpomiena myTh OT MH)KEHEpa 10 TNIABHOTO HAYYHOIO COTPYJIHHKA WHCTHTYTa (B STOM
nomkaoctH ¢ 2001 r.).

B 1990 r. Banepuit BacuieBnu 3ammTuil JUCCEPTAIMIO HA COMCKAHNE YUCHOUM CTETICHH KaHIuaaTa
HayK Ha TeMy «MareMaTH4eckoe u ImporpaMMHoe oOecriedeHre 00pabOTKH U OTOOpaKEHUS IByMep-
HBIX OOBEKTOB B aBTOMATH3MPOBAHHBIX IpadUUIeCKUX CHCTeMax» 1o cneruanbHoctd 05.13.11 «Ma-
TEMaTU4eCKOe U MPOrpaMMHOE 00EeCTIEYeHNE BEIYUCIUTENBHBIX MAIIMH M CUCTEM» (HAYYHBIH PYKOBO-
nutens — naypeaT ['ocynapctBenHbIx npemuit CCCP nu BCCP, kannuaar texanueckux Hayk Oner Ur-
HatheBUY CeMeHKOB) B MHCTHTYTE KHOepHeTHKH AKajemun Hayk Ykpauusl (Kues). B 1996 r. momy-
YT JJUIIIOM MPO(ECCHOHATBHOTO HHKEeHepa BpUTaHCKOT0 MHCTHTYTa WHKEHEPOB T10 AJIEKTPOTEXHH-
ke u anekrponuke (Chartered Engineer (CEng), British Engineering Council, UK). B 1999 r. 3amuTuin
JIOKTOPCKYIO JTUCCEepPTAIHI0 Ha TeMy «JlokampbHO-TeoMeTpudeckne MeTobl Iu(poBoil 00padOTKH BH-
JIeoMaHHbIX» Mo crenuaabHOCTIM 05.13.16 «llpuMeHeHre BHIMUCIUTEIHPHOW TEXHUKH, MaTeMaTHIC-
CKOT'0 MOJICTTUPOBAHMS U MaTEeMAaTHUECKUX METOAOB B HAYIHBIX HcchenoBanmsax» u 05.13.17 «Teope-
TtHaeckue ocHoBbl nHpopMaTukm» B OUIIM HAH Bbenapycu. 8 ntonst 2003 r. eMy npHUCBOEHO 3BaHUE
npodeccopa o cnennanbHocTH «MH(bOpMaTHKa, yIpaBlieHHE U BEIYUCIUTENbHAS TEXHUKAY.

C 2000 r. Banepwuii BacunbeBud npenogaBan B JODKHOCTH Tpodeccopa B BeAyIIUX OET0PYCCKHX
yHHUBepcuTeTax. YuTan Kypchl JIEKLUH, CBSI3aHHBIE C KOMIBIOTEPHOH rpagukoil 1 00paboTKON M300-
paxenuit, B Kurae, Jlutse, [lonbme, Y30ekucrane, Kazaxcrane u Apyrux cTpaHax B Ka4eCTBE IPH-
TIAlIeHHOTO Mpodeccopa. BeIMomHsIT ncciieioBanus B yHUBepcuTeTax Benmnkobpuranuu, ['epmanum,
I'pennn, Ucnanuu, Uranuu, Typuuun, @pannuu.
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Ocoboe BHHMaHHE B cBoeil paboTe Banepuit BacunbeBru yzaemnsieT TOATOTOBKE HAYYHBIX KaJpOB.
[Ton ero Hay4YHBIM PYKOBOACTBOM YCIICIIHO 3aIIUIIAIOT JUIMNIOMHBIE M MATHCTEPCKUE PabOThI CTYACH-
161 BI'Y, BI'VUP, BHTY, noxaroroBneHsl aeBsITh kKaHmumaToB Hayk: Camans JImutpuii VMBanoBud
(2002), Yapn Axmen Tame6 Maxdyn (2002), Ilymckuii MBan Ilerposuu (2003), 3axapoB Hrops
Jleonunosuy (2006), Makapos Anekcetri Onerosuu (2008), ['ony6 FOnus Uropesna (2012), Omaposa
I'ynemupa CeiixanoBna (Kazaxcran, 2023), AxynmkanoB Ymumkon FOuyc yrimu (2023), Dnbaaposa
Onemupa Inpaap Kei3bl (Kazaxcran, 2025). braromapst ero pykoBOICTBY MHOTHE MOJIOJIBIE HCCIIEI0-
BaTeJIM CMOTJIH ONPEAETUTH CBOM MyTh B HAYKE U JOCTUYb 3HAYUMBIX PE3YJIHTATOB.

VYuebnbie mocobus u MmoHorpaduu B. B. CrapoBoiiToBa cTanu HaCTONBHBIMH KHHUTAMHU JUIS CTY-
JICHTOB, HHYKEHEPOB, HAYIHBIX PAOOTHUKOB M APYTUX CIEIHAINCTOB, KOTOPBIE 3aHUMAIOTCS ITIOCTPOE-
HHEM aBTOMAaTHU3MPOBAaHHBIX CUCTEM 00pabOTKH 1 aHaN3a HU(POBBIX H300paKEHUH Pa3HON MPUPOIBL.

3a CBOIO MHOTOJIETHIOIO Kapbepy Banepuit BacunbeBny pykoBOAMI MHOTMMHM NPOEKTaMU U BHEC
3HAYUTENHHBIA BKJIA] B pa3BUTHE WH(OPMATHKH, KOMITBIOTEPHOTO 3PEHUS U PACTIO3HABaHUS 00pa30B.
ITox ero pyKOBOACTBOM YCIIEIIHO BHIMONHSINCH HAYYHO-HCCIEIOBATENECKAE U OIBITHO-KOHCTPYK-
TOPCKHUE Pa0OTHI, B TOM YHCIIE MEKAYHAPOIHbIE U PECIYOIUKAHCKHIE MPOCKTHI, MOTydYaBIne (prHaH-
cupoBanue oT Ponna pynmamenTanpHbIX nccnenosannii bemapycn, MHTL u UHTAC.

[Ipodeccop ynensier ocoboe BHIMaHNE UCCIEOBAHUAM, HAMIPABIEHHBIM Ha pPElIeHUE aKTyaTbHBIX
MIPUKJIAJHBIX 33]]a4, 4acTO OIepekas BpeMs M Ipensaras MHHOBAI[MOHHBIE perieHud. Ero Hay4Has
JIeSITEIbHOCTh TECHO CBsI3aHa C MEKIYHAPOIHBIM COTPYIHHYECTBOM — OH aKTHBHO B3aUMOJICHCTBYET
C 3apyOEKHBIMH HCCIIEIOBATEISIMH, ITyOJIMKYSI COBMECTHBIE paboThI. Takoe COTpyTHUYIECTBO HE TOIb-
KO oforamjaer ero Hay4YHyIO NesTeIbHOCTh, HO M CHOCOOCTBYEeT MHTETpaluu OelopycCKOW HayKu
B MHPOBOE HAYYHOE COOOIIECTBO, TIOBBIIIAS €€ aBTOPUTET HA MEXKITYHAPOAHOM YPOBHE.

Banepwuii BacuiibeBrd akTHBHO y9acTBYeT B Hay9HO-OPTraHU3AIMOHHOW paboTe, SBISETCS WICHOM
COBETOB 10 3alUTE AMCCEPTALUH, MpecenaTeNieM U YWICHOM HK3aMEHAIMOHHBIX U aTTeCTAI[MOHHBIX
KOMHCCHI BEIyIMX OeNOPYCCKUX BY30B, OPraHM3aTOPOM W YYACTHUKOM HAayYHBIX KOH(EpEHIHI,
yrieHoM yueHoro coBeta OUMIIN HAH benapycu, unenom sxcneptHoro coBeta BAK Bemapycu. Ero
MHEHHE BOCTPEeOOBAHO TPW OILEHKE HAYYHBIX IPOEKTOB W Pa3pabOTOK B 00jacTH WHGOPMATHKH
Y KOMIIbIOTepHOTO 3peHus. [Ipodeccop sBisieTcs 4ieHOM pEeIKOJUIETHi 4eThlpex kKypHanoB. «CH-
CTEeMHBIW aHaIu3 u npukiagHas napopmatuka» u « Tpyast BI'TY. Cepus 4: [IpuHT- 1 MeIMaTEXHOIIO-
run», MuHCK, «[IpoGieMbl BBIYHCIMTEIBHOW M NPHUKJIAJHONW MaTeMaTHKH», Tamkent, Eurasian
Journal of Mathematical and Computer Applications, Acrana (unmexcupyercs B SCOpus). Banepwmii
BacuibeBuu sBNsieTcss Takke wWieHOM MEXIyHapoJHOH accolMaliy paclo3HaBaHUs 00pa3oB
(International Association for Pattern Recognition, IAPR) u MHcTHTYTa HH)KEHEPOB IO AIICKTPOTEX-
Huke u anmekrponuke (Institute of Electrical and Electronics Engineers, IEEE), a Takxe perieH3eHTOM
HEeCKOJIbKMX 3apyOexnbix xypHanoB: |IAPR Newsletter; IEEE Transactions on Systems, Man and
Cybernetics, Pattern Recognition, Pattern Recognition Letters, Electronic Imaging, Journal of
Intelligent&Robotic Systems, Journal on Applied Signal Processing, Computer Graphics and Machine
Vision u psiia 6eopyccKux KypHAJIOB.

B nacrosmiee Bpemsi Banepuit BacuibeBiu akTHBHO y4acTBYeT B pa3pabOTKe CHCTEM IOJACPIKKU
MIPUHATHS PENICHUH Uil MEAWIWHCKON IMarHOCTUKH, 3aHMMAETCSl HCCIIENOBAHUSMH MHOTOCIIEK-
TPAIbHBIX M300pKEHUN [UIS pelleHHs MPUKIIAJHBIX 33/1a4 JUCTAaHIIMOHHOTO 30HIWPOBAaHUS 3EMIIH,
B o0JyiacTH BepH(UKaIUK MMOJINICH YeJIOBEKa, Tpeajiarasi HOBble METO/bI U AITOPUTMBI C IENbI0 TO-
BBIIIICHUS HAJIS)KHOCTH UICHTU(DUKAIINY.

Hayunble unTepecnhl. Hayunrsie untepecsl Banepus BacuibeBruua 0XBaThIBAIOT HIMPOKUN CHEKTP
HarpasieHni HHOOPMATHKH, CBSI3AHHBIX C PEIICHUEM TPHKIIAIHBIX 3a/1a4 00padOTKH W aHanmm3a -
POBBIX M300pakeHWi. B mx ymcie: KOMIOBIOTEPHOE 3peHHE, OMOMETPHUECKHE CHCTEMBI, OIIEHKa Kade-
CTBa W YJIy4IICHUE N300paKCHUH, aHaIU3 MEIUIIMHCKUX CHUMKOB (BKIIOYash paclio3HaBaHUE MATOJIO-
THif), AUCTAHITMOHHOE 30HIpOoBaHue 3eMiH, IudpoBas kapTorpadus u reonHPOPMAIIIOHHBIE CHCTEMBI.

OcHoBHBIe HAy4YHBbIe pe3ybTaThl. B 1985 1. coBmectHo ¢ JI. . BunokypoBeim u B. W. bepeii-
mmkoM BriepBeie B CCCP peanu3oBan makeT MHTEpaKTHBHOM MamnHHOW rpaduku st APM-M Ha
OCHOBe MexkayHapoaHoro crangapra GKS [1].

B 1990-1991 rr. ObLI IaBHBIM KOHCTPYKTOPOM CHCTEMBI CO3/IaHUS U OOHOBJICHHSI DJIEKTPOHHOTO
aTyiaca MOPCKHX KapT (aHajor google.maps) no 3akasy BM® CCCP.
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B 1992 1. coBmectHO ¢ A. B. CraprieBbIM pazpaboTayl YHUPHITUPOBAHHYIO CHCTEMY KIIACCH(PUKAITAN
UQPPOBBIX KapTOrpaUueCKUX JAHHBIX, IPEJACTABICHHBIX HAIMOHAIBLHBIMU KapTOrpad)uIecKuMH Kiac-
cudukatopamu [2].

CrapoBoiitoB Banepuit BacubeBna coBmectHo ¢ [I. M. CamaiieM BIepBbIE B MUPE HCCIIECIOBAIT 3a-
Jady cpaBHeHHs (hoTorpaduu, OTCKAHUPOBAHHOH C MACTOpTa, U (oTorpaduu NpeabsIBUTENS STOTO Mac-
1opTa B LENX aBTOMATH3alUH MOrpaHuYHOro KoHTpods [3]. Todabko yepes AeBATH JIET aMepUKaHCKHE
yd4eHBIE TI0J PyKOBOACTBOM mpodeccopa A. JIxatina (A. Jain) Haganu momoOHbIe uccienoBanus [4],
CCHIIAsCh Ha CTaThio [3].

CoBmectHO ¢ A. O. Makapossim 1 1. JI. 3axapoBbIM BriepBbIe B MUPE TIOKa3ajl BO3MOXKHOCTH I10-
BBIIIICHUST Pa3pelIeHHs] MYJIbTHCIIEKTPAITBHBIX KOCMUYECKHX H300pakeHnid (0OBIYHO MMEIOIINX pas-
peleHre B JBa WM YETHIPE pa3a HIDKE IMMaHXPOMATHYECKOTO H300paKEHHS) IO pa3pelieHus B
1,5-2 pa3za BplIe, 4eM y NaHXPOMAaTHUECKOTO n300paskeHus. [IpeioskeHHbI TOAX0 ] SBISIETCS KOM-
OuHaIell MeToI0B MaHmapneHuHra (pansharpening) u cymeppasperienus (superresolution) [5].

Cosmectro ¢ JI. . Camanem u FO. W. ['omy6 co3man mepBbIii 0eI0pyCCKUi 3KCIEPUMEHTATBHBIH
NpOrpaMMHbII KOMIUIEKC HACHTU(DHUKALUH YeIOBEKa 110 paayKHOW 00004Ke T1a3a [6].

Takxe B. B. CTapoBoHTOBBIM pa3pabOTaHbl JOKAIHLHO-TEOMETPHUUCCKHUN TMOJIXO K 00paboTKe
U(GPOBBIX M300paXEHUH M MOJETh PETYISIPHOTO JUCKPETHOTO MPOCTPAHCTBA; MPEIOKEHBI HOBBIE
MOJIETIM OJTHOMEPHBIX M JBYMEPHBIX TEKCTYp JJISl OMUCAHHS W CHHTE3a M300paKEHUMN; TEOPETHUECKU
Y 9KCIIEpUMEHTANBEHO 000CHOBAaH BapUaHT Oojiee TOYHOTO MOKAa3aTelssi MHIEKCa CTPYKTYPHOTO IMOJ0-
Oust IIU(POBBIX N300paKCHUH PABHOTO pa3Mepa, YTo SBIAETCS 0000IICHUEM TUPOKO HCIIOIB3YEMOTO
B mupe uHAckca SSIM (mobemutens koukypca OUIIM HAH Bbenapycu Ha nyqmmid HayIHBIA pe3yiIb-
tat 3a 2018 r.); B 2014 1. pa3paboTaHa MeTOAMKa BhIOOpa (HIBTPA IS CIIIQKUBAHHS CHEKII-IIyMa
paJapHbBIX U300paKeHUH ¢ CHHTE3UPOBAHHOW amepTypoil; MpeIoKeH HOBBIM MOAXOM K OLIEHKE pe-
3yJIbTaTOB KIACCHU(UKAIMK HecOaTaHCHPOBAaHHBIX MAaHHBIX (IIOYETHAs TpaMoTa 3a BTOPOE MECTO
B KOHKypce Ha jayummii Hayuuberii pesynsrar OUIIN HAH Bemapycu 3a 2020 r.); 8 2022-2023 rT.
NPEJIOKEH HOBBIH METOJ TIOCTPOCHUS OJJHOKIIACCOBBIX KIACCU(PHUKATOPOB IS PACIIO3HABAHUS MO/~
nKceil KOHKPETHOTO YesIOBEKa MPU MaJoM Yrciie 00pasioB [7], a Takyke METO/] BBISBICHHS MOTCHIIU-
abHBIX MHUKpoaHeBpu3M (mobemutens koHKypca OUIIN HAH bemapycn Ha mydmmii HaydHBINA pe-
3yabTat 3a 2022 1.).

B Hacrosiiiiee BpeMsi OCHOBHOE MECTO paboThl mpodeccopa
Banepus BacunseBuua — OUIIN HAH Bbenapycu, ctaxx HayuHOI
paboTel — 48 JieT, HayYHO-TIEAarOrHuecKoi JAesaTeIbHOCTH — 00-
nee 25 ner, onyOnukoBaHo nopsaka 200 HaydHBIX paboT, BKIIIO-
yas mTATh MoHorpadwmii. Ero wHaexkc Xwupma 1o BepcHud
scholar.google.com cocrasnser 23, mo Bepcuu 0a3bl JaHHBIX SCO-
pus — 8. CornacHo HeJeTbHO cTaTHCTUKE caiiTa researchgate.net
Tpyasl Banepust BacunbeBrua perynspHO SBISIOTCS CAMBIMH YH-
TaeMBIMU cpenu myOnmkamuii corpymankoB HAH benapycu,
a HeCKOJIbKO pa3 cpeau BCeX OENOpPYCCKHX aBTOPOB HAYWHBIX
nyonukaruii, CaMoii IUTHPYEMOU MyOJIMKaI[Me Ha aHTJIMHCKOM
s3pike sBisercs [8], ma pycckom — [9], a xumra [10] ckauama
TOJILKO ¢ caiita https://www.researchgate.net/ 6osree 30 000 pas.

Harpane! u npuzHanue. Hayunsle nocrmxenust Banepus Ba-
CUJIbEBUYA MHOTOKPATHO OTMEUEHBI HarpajaMu U TIOYETHBIMHU 3Ba-
HUSMU:

1984 r. — I'pamota Bepxosuoro Cosera BCCP;

1990 r. — npemus Jlenurckoro komcomona bemapycu B oGmactu .
HAYKH U TEXHUKH 32 paboty «Pa3paboTka u mpaktuueckoe mpume-  llepssiii samecturens pencenarens
HEHHUE CPEeICTB 1K(POBOI 00PAOOTKHM CUTHAJIOB U H300pasKEHHI,; Ipesunuyma HAH benapycu

1991 r. — npemus llenTpanbHoro npasnenus Bceecowosnoro 5 o CC' A. bk Bpysaet

. B. CrapoBo#TOBY HarpyIHbIi 3HaK
HTO pannorexHuku, 51€KTPOHUKA U CBA3U uM. [lomosa Uit MO-  opyyups mvenn B. M. MrHaToBCKoro,
noabix yuensix, CCCP; 2025 .
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1998 r. — mpemust HAH Benapycu 3a nyumryto monorpaguro roga «JIokaabHbIe TeOMETPHYECKUE Me-
TobI U(POBOI 00PabOTKU U aHaIM3a H300paxeHUi», MuHck: MH-T TexH. kubepHetnkn AH bena-
pycu;

2003 r. — maypear I'ocynapcrBennoii npemun Pecnybonuku benapycs B 001acTH HAYKH M TEXHUKH;

2004 r. — Heckonpko modetHbIX TpamoT (HAH bemapycu, BAK bemapycu, Munucrepcta oopazo-
Banust Peciyonuku bBemnapycn);

2000-2024 rr. — moueTHBIE TPaMOTHI 3a JIYYIIUE HAyYyHBIC pe3yibTarhl B KoHkypcax OUIIN HAH
Benapycu, 6naromapaocts OWIIM HAH bemapycu 3a MHOTOJIETHIOIO IIJIOJOTBOPHYIO M OTBETCTBEH-
HYI0 paboTy B KadecTBe WieHa coBeTa 1o 3amute nuccepramnuii [ 02.15.01 mpu BI'YUP;

2025 r. — HarpyaHbBIH 3HaK oMU UMMeHH B. M. WrnaTtoBckoro HammonambHO#N akageMun Hayk
Benapycu 3a BbIAaroOIIUecs 3aciyTd B Pa3BUTHH HAYKH U YKPCIUICHHH HAYYHO-TEXHUYECKOTO MOTCH-
[[{aJIa CTPaHBI.

IO6uneit Banepus BacuiieBnda — 3T0 MOBOJ BCTIOMHHTH O €0 3acCIyraX ¥ BO3MOKHOCTh BHIPa3UTh
eMy 0JarolapHOCTh 3a BKJIAQJ B HAyKy, 3a TPy U YIOPCTBO, CHJIy U HOBAaTOPCKUEC UICH, 32 YMEHHE
MOJJICPKaTh U BIOXHOBHUTh Ha HOBBIC CBEPILICHUS HE TOJILKO CJIOBOM, HO U JIeJIoM. Ero MHOTOJIETHSS
TUIOZ0TBOPHAS HAaydHAs AesTeNbHOCTh, 3HAYNTEIbHBIE JOCTMKEHHS B 001aCTH HH()OPMATHKH, TIOJITO-
TOBKa HAyYHBIX KaJIpOB M aKTUBHOE MEKIAYHAPOJIHOE COTPYIHHUUSCTBO 3aCITy’KMBAIOT TIIyOOKOIO yBa-
JKEHUS M TPU3HAHMSL.

Kemaem TanaHTIMBOMY MCCJIEIOBATENIO0 U 3aciayKeHHOMY yueHoMy Banepuro BacuibeBuuy Cra-
POBOHTOBY KPEIKOTO 370POBbS, JOJITHX JIET )KU3HU, HEUCCAKAEMOUW SHEPTHH U TBOPYECKOTO BIOXHO-
BEHUsS JUIS BOIUIOIICHUS HOBBIX HAyYHBIX MJeH M mpoekToB. IlycTh ero Hay4Has A€ATEIbHOCTh
U JTaNblle CnocoOCTBYeT pa3BUTHIO MH(opMaTHKK B bernapycu u ykperuieHHio aBTopurera Oenopyc-
CKOW HayKU B MUDE.
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Bgenenue. Pazeutre mudposuzanun oodmectsa, GopMupoBaHUE MUPPOBOI SKOHOMUKH B YCIOBUSIX
AKTHBHOT'O COBEPLICHCTBOBAHUS U HCIIOIB30BAHMS TEXHOJIOTMI UCKyccTBeHHOro uHremiekra (M) co-
3[AI0T JIOTIOJTHUTEIIbHBIE BOZMOKHOCTH U PHCKH, U3MEHAIOT KOH(OUTYPALMIO COLMATBHBIX U MPAaBOBBIX
otHouIeHuH. [1o-MHOMY OCYIIIECTBIISIETCS MEXKITMYHOCTHOE B3aMMOJIEHCTBHIE, TiepeopMaTHPYIOTCS CH-
CTeMbI 00pa30BaHus M 3APaBOOXPAHEHHS, TPYIOBBIE M COIMAIbHbBIE OTHOIIEHHS, HEMaTepruaitbHbIe OJia-
ra. Peanmzamms moreHumana cucreM MU crnocoOcTByeT HM3MEHEHHIO MOJETEeH TOCyJapCTBEHHOIO
yIpaBJICHHUs] SKOHOMHKOH, MpaX1aHCKoro obopoTa u ap. CoBpeMeHHbIe pa3padotku B chepe MU cBuze-
TEJNBCTBYIOT O BOZMOYKHOCTH UX IPUMEHEHUS B PA3TUUHBIX MTPEIMETHBIX 001aCTIX M OTHOIICHHUSX.
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Heonno3nauno n HacropoxenHo MM BoctipuHUMaeTcs B cepe MpaBOBBIX OTHOIICHHUHA. bobIiH-
CTBO MCCIIEIOBAHMH OTIMYAIOTCSI SKCHEPUMEHTAIBHBIM XapakTepPOM, 3aKOHOAATENIbHBIM HOBALUSAM
MIPEIIECTBYIOT IOPUANYECKHE IKCIEPHUMEHTHI, MO3BONISIONINE MOATOTOBUTh MHTerpanuto MU B pe-
aJLHOCTH, HAIPUMEp, B cepe OeCIUIoTHOTO TpaHcTopTa. BBeaenne B mpaBoBoit 06opoT cuctem MU
HE MOXET OCYILECTBISITHCS B OTPBIBE OT COLIMAIBHONW M SKOHOMHYECKOH cdep, Oe3 yuera TexHUUe-
CKUX MapaMeTpoB, obecrieyeHns: 6€30MacHOCTH € B3aUMOACHCTBYIOIINMH CyObEKTaMHU.

1. OcHOBHBIE MOAXOAbI W TEHACHUHH PA3BHTHS NMPABOBOI0 PeryJupoOBaHUsl MCKYCCTBEHHOTO
HHTEJUIEKTA B MEKIYHAPOIHbBIX OPraHaxX, OPraHu3auMsax, 00beIMHeHUsIX, HHCTUTYTaX

Opzanuzayua Ob6veounennvix Hayuii (OOH). lopoxHas kapta I'eHepansHoro cexperaps OOH
1o U(POBOMY COTPYTHUUECTBY: oOecreueHue riiodanpHoro pykosojctsa mo MU ot 10 urons 2020 r.
MpeTycMaTpuBaeT 3aaaun st coTpyaauaectsa B cgepe M. B 2021 r. Beimymeno PykoBoacTBo mo
crpaterusiM B obmactu VM ¢ kimo4eBbIMK HO3HMIMSMHU €r0 CTpaTernieckoro perynupoBaHus. Ilog
srugoit OOH B 2023 r. pa3paboTaHbl IPUHIUIIBI TPO3PAYHOCTH U OOBSICHUMOCTH IIpU 00paboTKe mep-
COHaNBHBIX NaHHBIX ¢ nomoiubio VM. Pezomonus 'enaccambnen OOH A/78/L.49 «Hcnons3oBanue
BO3MOXKHOCTEH 0€30MacHBIX, 3aIIUINEHHBIX U HaAEeXHbIX cucteM MU mis ycTOMYMBOTrO pa3sBUTUS) OT
21 mapta 2024 1. npegycMaTpUBaeT OXpaHy MHTEIJICKTYaIbHOH COOCTBEHHOCTH.

Bcemupnas opzanuszayus 3opasooxpanenus (BO3). llpunsta oOmias xonuemus [modaasHON
cTparernu B oOmactu mudpoBoro 3apaBooxpanenus Ha 2020-2025 rr., moaroroeneHo PykoBomcTBoO
0 3THKE W YIpaBlieHuto ucrons3oBanus MU B 3npaBooxpanenun (2021 r.): HaMeYeHBI TIEPCIIEKTHUBEI
npuMmenenus MM B MenuiyHe, MUHUMH3AlMKA PUCKOB C TIOMOINBIO 3THUYECKUX MpUHIMIOB. «Hopma-
THUBHBIE acHeKThl ucronb3oBaHus WU B 3mpaBooxpanennm» (2023 1.), PyKOBOACTBO MO KpPYITHBIM
MYJIBTUMOJAIBHBIM MonesiM «OTuka u ynpasierne U B 3npaBooxpanennmn» (2024 1.) IpU3BIBAIOT
K B3BELLIEHHOMY ITOAXOAY K pumeHeHuro 1.

Bcemupnwui 6ank. loxnan «cnons3zoBanne MM B nensx co3gaHus U pa3BUTHS HOBOM MOJUTHKU
U CyIIeCTByOIEero perymupoanus» (2020 r.) pekoMeHAyeT pa3padoTKy ITOPOKHOW KapThl (HAIHO-
HAJILHOU CTpaTeruu) ¢ measiMu B obmactu MU, obecriedeHne 3THYHOM, O€30MaCHOM, OTBETCTBEHHOMN
pa3paboTku u BHeApeHus MU,

IOHECKO. YOHECKO wucxoaut u3 rudkoro noaxona k peryiupoaanto MU. 23 mosOps 2021 T.
npuHATa PexomeHmanms o6 studeckux acnekrtax M — HHCTpyMEHT «MATKOTO MpaBay, HE UMEIOIIUI
obs3aTenpHOrO Xapakrepa. OHa paccMaTpuBaeT dTHUECKHe achekThl M, maeT omeHKy mociaeacTBHi
ero npuMeHeHus B cepe o0pazoBaHusl, HAYKH U KoMMyHHKauuu. Cpenn 0a30BbIX NPUHIMIIOB (op-
MHUPOBAaHHUSI HALMOHAJIBHOTO 3aKOHOJATEIbCTBA: COPa3MEpHOCTh, HENPHUUMHEHHE Bpena, Oes3orac-
HOCTb, 3aIIMIIEHHOCTh, HEAMCKPUMUHAIMS, CIPAaBEIMBOCTb, YCTONYHMBOCTH, MPO3PavyHOCTb U JIp.
IToguepkuBaeTcst BaXXHOCTb KOHTPOJIS 3a I 1 BO3JIOKEHUSI OTBETCTBEHHOCTH. MSsTKOE yIpaBiieHUE
peanusyeTcs MpH MOMOIIM MEXaHHU3MOB CEPTHU(HKALNHU, CUCTEMAaTHYECKOI0 MOHMTOPHHTA, OLEHKU
Bo3zeicTus U 1ip. B 2024 . pazpabdorano pykoBojacteo FOHECKO 1o oTkpbsITeiM qanHbIM a5 M.

Komuccua OOH no npagy mesxcoynapoonoit mopzosau (FOHCUTPAJI). KOHCUTPAJI npenna-
raeT yHU(QUIUPOBAHHBIN MOAX0J K Mcmosb3oBanrio VM mpu 3akiroueHuH 1OTrOBOPOB; NMPUMEHEHHE
B KauecTBe ocHOBHI Tumnosoro 3akona FOHCUTPAJI 06 snextponHoii Toprosie (1996 r.) ¢ nononHu-
TeJNIbHOW cTaTheid 5 bis, mpunsaToi B 1998 1. FOpuanyeckas TAKCOHOMHUSI TIO BOIIPOCAM, KacarOIIHMMCS
¢ poBoit skoHOoMuKH (2023 r.), oTIpeeNseT coCTaB yYaCTHUKOB cucTemsbl M.

Opzanuzayusa IKoHOMuuecko20 compyonuuecmea u pazsumus (OICP). 22 mas 2019 r. yTBep-
xaeHbl PykoBogsimue npuHnunsl MM OOCP — nepebie npuHIMIBl padoTsl ¢ MW Ha MexnpaBUTENb-
CTBEHHOM YPOBHE, 3aKPENHBIINE PEKOMEHIAINH MO CO3AaHMI0 STHYHOTO ¥ HEJUCKPUMHUHAIMOHHOTO
UN: cnyxenne MU monsm, pazpaboTka ¢ ydeToM TpeOOBaHMH 3aKOHOIATENLCTBA, OE30MACHOCTH
u 1p. B 2020 r. 3anymena onnaita-natdopma «ObcepBatopus noautuku MM OOCPy.

Eeponeiickuii coro3 (EC). EC npunepxuBaercsi pUCK-OPUESHTUPOBAHHOTO Tomxona. Crparerus
passutus UN u dexnapamus o corpyaaudectse B oomaactu MM 2018 r. ocHOBaHBI Ha COBEPILIEHCTBO-
BaHuu cucteM MU n nosepun obmectsa. benas kaura mo MU 2020 r. onpeaensier UM, noguepkuBaet
MpenMyInecTBa, ob6o3HadaeT pucku. JupektuBa 00 OTKpHITHIX AaHHBIX 2019 r. mpemycmartpuBaeT
BO3MOKHOCTh MCIIOJIB30BaHMA WX 3a Iiaty u 6e3Bo3me3ano. 21 mas 2024 r. npunst 3axon o0 MU —
nepBblid cBoa npasui o MU, koTopslil pernamenTipyeT pa3paboTky, BHeapenue MU, 3anpemaer He-
npUeMIIeMbIe CITOCOOBI UCTIONBL30BAHNS, POBOJIUT KATETOPU3AIIHIO TI0 YPOBHIM PHCKA.
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Cosem Eeponwvt (CE). CormacHo mosuruu CrnenmansHoro (Bpemennoro) komutera CE mo MU
(c 2022 r. nocrosuHblii komuteT 0 M) perynupoBanne MM momKHO OCYIIECTBISTHCS Ha YPOBHE
IOPUINYECKU 00S3BIBAIONIETO JOKYMEHTa C (UKcanueil 00mMX NPUHIMIIOB U KOHKPETHBIX MPaBOBBIX
HopMm. OcobeHHOCTh moaxoda — muddepeHnHanyus pUCKOB Ha OCHOBE KPUTEPHEB aBTOHOMHOCTH
Y CJIOKHOCTH, MPO3PAaYHOCTH, OOBICHUMOCTH, NpoBepsieMocTH, ycrohunBocth WU, KoHTpoib
Y HaJ[30p CO CTOPOHHI uenoBeKka. Mcxons u3 ypoBHA PUCKOB MpeaycMaTpUBaeTCd BO3MOKHOCTD MOJI-
HOTO (4aCTUYHOTr0) 3ampeTa Ha npuMmeHeHne VM u uccienoBaHus, HAPYLIAIOIINE «IPAHUILY KPACHON
30HB. Komurerom munuctpoB CE 17 mas 2024 r. npunara Pamounas xorsenmus o6 MU u npasax
YeNI0BeKa, IEMOKPAaTHH U BEPXOBEHCTBE IIPaBa.

Opzanuzayusa no 6ezonacnocmu u compyonuuecmay 6 Eepone (OBCE). CtpaTerndeckuii 10Ky-
MeHT «B menTpe BHEManusa: MU u cBoboma cioa» (2020 1.) o6o3HadaeT pucku npuMmenenus NU.
Crparernueckuii JoKkyMeHT o BiusiHuH MU Ha cBOOOAY BBIpayKEHHSI MHEHUH B MOJUTUYECKOM KamIia-
HUM U BbIOOpax 2021 r. paccMaTpuBaeT MOAXOJbI K PEIICHUIO MpodsieM. CTpaTernueckoe pyKOBO/I-
ctBO 2022 T. ompenenseT peKOMEHIANY 1Mo npuMeHnennto MM B npenogaeceHnn nHGOPMAITHH.

Coopyrcecmeo Hezasucumovix I'ocyoapcme (CHTI). 10 mapta 2023 r. npunsatsl Pexomennanuu mno
HOPMAaTUBHOMY PETryJIHpOBaHHIO HMcnonb3oBaHust UM (mopokHas kapTa), BKIIOYAKONIIUEe YHUDUIHPO-
BaHHBII OIX0A K (YOPMUPOBAHUIO MPABOBBIX M STHYECKUX HOPM JJIsl CTUMYJIMpoBaHus pa3sutus NU.
PaccmarpuBaeTcss BO3MOXKHOCTh YCTAHOBJICHUS] €AMHONW TEPMUHOJIOTHH, TpeOOBaHUN K O€30I1aCHOCTU
NN. 26 oxts16ps 2021 r. IlpaBurensctBo Poccuiickoir denepanuu, psi KOMINAHUH WU Hay4dHO-
HCCIIeIOBAaTENbCKUX opranm3anuii moanucain «Koaekc stuku MMy, HocAmuii peKoMeHIaTelbHBIN
xapakrep. B 2025 r. Mexnapnamentckas accambiess CHI' muraHupyeT mpuHSATH MOJENbHBIA 3aKOH
«O Texnonorusix MN» B neisix yHUPHUKAIMK TPaBUII PETYJIUPOBAaHUS OTHOLICHU, B TOM YHCJIE OLCH-
KU PUCKOB.

bonvwasn cemepka (G7). G7 npecinenyer 1eId TapMOHU3AUUU U CTAHAAPTU3ALUN PETYIUPOBAHUS
B cepe MN. OcHoBHBIE TOKYMEHTHI: Jleknapanus ¢ oOIMMY IPUHIMITIAMA W HACTABIICHHUSIMH TIO OT-
HOILIEHUIO K pa3paboTke U ucnoib3oBanuio MU (omyonukosana B 2019 1.).

bonvwan osaouamka (G20). B 2019 r. pazpadorans! [Ipuanumner G20 B obmactu pazsutus WU,
OoTpakaroIue MpoOiieMbl pa3BuTHA U BHeApeHus texHonormu WMU. B 2021 r. mpunsara [exmaparus
MUHHCTPOB IUPpoBbIX TexHonoruit G20 : «Mcnonp3oBanre nuGPOBBIX TEXHOIOTUH Il YCTOHYNBO-
ro, CUJIbHOT0, MHKJIFO3UBHOI'O TMOAbEMa 3KOHOMUKMWY. Jlexnapauus bosbliol ABagaTKU MO UTOTaM
cammuTta munepoB G20 (2023 r.) roBoputr o0 ucmnonp3oBanuu MM Ha Gmaro oOmiectBa, CHIDKEHUH
PHUCKOB.

Jenosaa osaduyamka (B20). B 2017 r. moAroToBneHsl peKOMEHAAIMU IO MOJAEPIKKE Pa3BUTHUS
yesoBeko-opueHTupoBanHoro M. B 2021 r. Bemymen Crparernyeckuii JOKYMEHT ¢ pEKOMEHIalu-
SIMU 110 YMEHBIIIEHUIO HEPABEHCTBA, MOBBILICHNUIO 1oBepus K V.

BPHKC. B craguu npopabOTKH HAXOJUTCS SIMHBIA MOJIX0J K OTBETCTBEHHOMY HCIIOJIb30BaHUIO,
KOHTpOII0, ynpasieruto UM u MunuMuzanum puckoB. [IpuoputeTHbie JOKyMeHTHI: MeMopanayM o
B3aMMOIIOHUMAHUU 10 COTPYAHUYECTBY B 00JIACTH HAayKH, TeXHOJOrHH U nHHOBauuii (2015 r.), Crpa-
terust skonomudeckoro napraepctsa bPUKC (2015 r.), Jekmaparus ['oa (2016 r.), CoBMecTHas mpo-
rpaMma pa3BUTHS W IUIaH JEHCTBUS 1O WH(POPMAIMOHHO-KOMMYHUKAIIHOHHBIM TEXHOJIOTHSIM
(2016 r.), MaummaTrBa nudpoBoro skoHOMuYeckoro pasputus (2017 r.) u ap.

Hlanxaiickaa opzanuzayus compyonuvecmea (LLIOC). YteepxaeHa KoHuenmms coTpyaHuye-
cTBa B cdepe nuppoBU3aMU 1 WHPOPMALMOHHO-KOMMYHUKAIIMOHHBIX TexHonorui (2019 r.), 0100-
pensl [1nan gelicTBUI 0 HAYYHO-TEXHUUYECKOMY COTPYAHMUYECTBY B IPHOPUTETHBIX HAIIPABICHUSAX HA
2022-2025 rr., [Iporpamma cotpyaHuuecTBa 1o passuruto M.

2. OnbIT MHOCTPAHHBIX TOCYIApcTB B cdepe MPAaBOBOr0 PeryjiupoBaHUsS HMCKYCCTBEHHOTO
HHTE/JIEKTa HA OCHOBe CPaBHHUTEILHO-MPaBoBoro anaamusa. Ananu3 Al Index 3akoHOZaTeNBHBIX
JIOKyMEHTOB 127 cTpaH MOKa3bIBa€T, UTO KOJIMUYECTBO 3aKOHOMPOEKTOB, coaepxkamux «M», Bepocito
¢ 1 mo 37 B mepuox ¢ 2016 mo 2022 r. Ananu3 mapiaameHTCKux otdeToB 00 MU B 81 cTpane Takxke
mokassiBaeT, 4to ¢ 2016 1. konudectBo yromuHanuii M B rio0anbHBIX 3aKOHOAATEIBHBIX TPOIEY-
pax yBeJIMYMIIOCh ITOYTH B 6,5 pa3.

2.1. Ctpareruyeckoe ImJIaHHPOBaHHe MCHOJb30BaHUs TexHoJsoruii UU. B nensx crumynupo-
BaHUS pa3BUTHA TexHojoruii MM Ha rocynapcTBEHHOM YpPOBHE NMPUHUMAIOTCS TOKYMEHTHI CTpaTeru-
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gecKoro xapakrtepa. Actpanus, IlIBeimapus, Beetnam, Aprearuna, [JJanus crpaterndeckoe TUIaHU-
poBanue B obnactu MU mHTETpUpYIOT B 00IKe cTpaTernd Mu(pOBU3AINH 00IIecTBa, OOBSICHSISI 3TO
TeM, uTo TexHosorun MU SBisI0TCS KIF0UeBBIM KOMIIOHEHTOM MTPOAOIDKAIOIIETocs mpolecca Hudpo-
BH3aLUH.

Bo muorux crpanax (bpaswnus, ['epmanus, Janus, Upnaanus, Ucnannsa, Kanana, Typuus, @pan-
uus, Jcronus, eerus, Utanus, Uunusa, Uanonesus, Aprentuna, OAD, Beetnam, Kutait, CIIA)
MIPUHATHl HAIlMOHAIbHBIE TOKYMEHTHI cTpaTerndyeckoro passutusa M. B HekoTopheIx cTpaHax, moMu-
MO HALIMOHAJIBHOW CTPATETUH, MPUHATHI TaKUE AOKYMEHTHI, Kak [loauTuka no perymuposanuto MU —
B BenukoOputannu, KoHuenuusi pa3BUTHS PerylupoBaHHs OTHOIIEHUH B cdepe TexHoioruid NN
1 poOoToTexHUKHU Ha neproa 1o 2024 r. — B Poccuiickoit @enepanyn, CTparernueckuii JOKyMEHT 110
peanmzanuu nonutuku B chepe MW — B CaynoBckoit ApaBum.

CrnemyeT OTMETHTH, 9TO B psine ctpaH (ABctpanus, Hunepnannbel, BenmukoOpuranus, MamoHe3ws)
MIPUHATHI IIJIaHbI IEUCTBUI, co/lepiKalllie HHUIMATHUBEI, HallpaBiIeHHbIE Ha pa3BuTHe UN.

2.2. OpraHu3zauMoHHbIe Mepbl NPH HCHOb30BaHuM TexHoJoruii MU. B HekoTOphIX cTpaHax
(ABctpanms, bpasunms, Poccus, @pannus, Vcnanus, Kanana, seitmapus, [lsenuns, BeetHam, Un-
musi, Manonesus, Kuraii) monmnomounsimu B chepe MM HazeneHbl yke CYIICCTBYIOIIME OpTaHBbI.
B Hcnanuu yupekaeHa JOKHOCTh ['ocymapcTBeHHOTO cekperaps mo mudposusanuu u MU npu Mu-
HUCTEPCTBE SKOHOMHUKH U nrupoBoit Tpancopmammu, B OAD — nomkHOCTh ['ocymapcTBeHHOTO MU-
Huctpa no Bonpocam NN.

MHor#e cTpaHbl MOLUTH 10 MyTH CO3JaHUs OTACIbHBIX OPraHoB (YUpekKICHHil), KOTOPbIC 3aHUMAa-
torcst BonpocamMu MU: B Aprentune — HalmoHanbHbBI KOMUTET MO 3TUKE B HAYKE M TEXHOJIOTHSIX,
B ['epmanmu — O6cepBatopust I B cdepe pabotel u obmectsa, B Jaanu — J[aTckoe areHTCTBO IO
nUQpoBHU3aLUH, B DCTOHUHU — ['OCcy1apCcTBEHHBIH JlemapTaMeHT WHPOPMAIIUOHHBIX TEXHOJIOTHIA, B AH-
run — Yupasinenue VMU, B Kutae — Ympasienue no peanusanuu miana M HOBOro moxojeHUs,
B Utamuu — Utanesackas obcepBatopust MU, B Mcnannn — OGcepBaTopust COMMAIbHOTO U 3TUIECKO-
ro sosaericteus MU, B CIIIA — Coenmansueiii komuteT 1o MW n HarmonaneHas komuccus mo 0es3-
onacHoctu U, B CaynoBckoii ApaBuu — Harnmonanenerit neatp MU, B Poccun — HanmonanbHbIi
ueHtp pasButus MU npu IlpasurensctBe Poccuiickoit denepanuu, B ABctpanuu — HannoHanbHbIN
uentp 1MU.

B HEKOTOpPBIX CTpaHax CO3/aHbl KOHCYJbTAaTUBHbIE cOBETHI 110 M, KOTOpBIE 3aHUMAIOTCS peasu-
3anmert HarmonanpHo# crparerun MU, pa3zpaboTkoli pekoMeHaanuii no ucnons3oBanno MU, koop-
JIUHALUWEN NEeITeIbHOCTH BCEX 3aMHTEPECOBAHHBIX CTOPOH, HANpPAaBICHUEM AajibHEHIIEH NesTenbHO-
ct B chepe MU, Hamzopom 3a nmpumenenuem texnonoruii MU (Kanana, Mcnanus, OAD, Upnanaus,
BenmukoOpuranus, Kurait). Taxxe B BenukoOpuranuu co3nana BeenmapTuiiHas mapiaMeHTCKas TpyT-
na no MU, B I'epmanuu Bynnecrarom co3pana MccnenoBarenbckas komuccusa no MU, B Uspaune —
IIpaBurenscTBennas rpynna Crparerun MU, B Typrun — HarioHanbHbIH pyKOBOASAIIMI KOMHUTET IO
Crparernun U, Bo @pannuu — OenepanbHas HalMoHATbHAsS KOMUACCHS MHPOPMAIIMOHHBIX TEXHOJO-
ruit u cBoboxa, B Upnananu — KoHcynbraTUBHBINA (opyM MO mMU(PPOBHIM TEXHOJOTUSIM B OH3HECE,
B Unanu — Pabouas rpymnma mo M.

B pamkax rocynapcTBEHHO-4aCTHOT'O MapTHEPCTBA MOTYT CO3/IaBaThCs OTAEIbHBIE OpraHU3aINH
(I'epmanns, Hunepnanael, [lBenus, Poccust, Kanana, Hosast 3enmanmus, Mcnanus, N3panns, BeeTHawm,
Wumns, Kurait).

CobcTBeHHBIM TUTaHUpOBaHUEM B oOmacti MU 3anmMmarotcst u mecthble Biactu (Bpasunms — By-
sHoc-Aiipec, mrat Ceapa, Kuraii — llIsapwkanb, [llanxait).

Ha mexxaynaponHoM ypoBHe ydacTHUKamu [ o6ansHOro naptaepcrsa no MU asnstotest B oOieit
CJI0HOCTH 44 CTpaHbI HA IIECTH KOHTUHEHTAX.

2.3. Cranjgaprusanus ucnoJin3oBanus texnonoruid UU. Bonpocam crannaptuzaimu yuensercs
OoplIOE BHUMaHUE HAa MEXIYHAapOIHOM ypoBHE. B HEKOTOPBIX cTpaHaxX MPUHSTHI IUIAHBI MO CTaH-
JapTU3alny, ONpeIeNsSIolie HamnpaBieHHe OesTeIbHOCTH B JaHHOU cdepe (ABcTpanus, I'epmanus,
Poccus, CIIIA, Uanus). B psane ctpan ctangaptusanus B oomacti MM BXOIUT B KOMIETEHITUIO yKe
JIEHCTBYIONINX OPraHoB (HEKOTOpPhIe M3 HUX SBISIOTCS 3epKanbHbiMH KomwureTy ISO/IEC/JTC 1/SC
42) — Asctpanust, Benukoopuranus, ['epmanus, lauus, Uspawns, Upnanmus, Ucnanus, Kanana, Poc-
cus, CILIA, ®pantus, Jcronus, Kurait.
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2.4. Obulee peryJupoBaHue HCNOab30BaHus TexHoaoruiit UU. Bo MHOTUX cTpaHax mpemycMorT-
peHa BO3MOKHOCTh TeCTHpoBaHMs TexHojoruii MU B pamkax «peryasiTOpHBIX MECOYHHI», T. €. CO-
30aHHUsI O0COOOT0 MPaBOBOTO PEXHMMA, MO3BOJSIONIETO MPOBOAUTH IKCIIEPHUMEHTHI B OTPaHUYEHHOMN
cpene. Ha 3akoHomaTensHOM ypoBHE Takue akThl MpuHATH B Poccun, CLLIA, OAD.

Haunbonee xoMruiekcHBIN MOAX0A B JaHHOHW cdepe peanuzoBan B ['epmanum, rae pazpaboTaHbI
Crpaterusi mo «perysiTOpHBIM I€COYHHUIaM», PyKOBOJICTBO MO «PEryJATOPHBIM MECOYHHUIIAM»
U nperycMoTpeHo «Co3aaHnue NpoCTPaHCTBA AJIsl MHHOBALMI.

B Benmukobputanuu peaan3oBaH MOIXo, oTinudatomuiics or EC B 9acTH 0TKaza OT MeKOTpacie-
BOT'0 3aKOHOZAATENILCTBA (TIpaBHiia YCTAHABIUBAIOTCA MCIIOJHUTEIBHBIMUA OpPTraHaMy BJIACTH B PaMKax
CBOEH KOMIICTCHITHH).

«PerynaropHsle eCOYHUIBD B chepe HOBBIX TEXHOJOTUH Ul MOANCPKKH HHBECTOPOB M KOMIIa-
HUM, 3aMHTEPECOBAaHHBIX B MHHOBALIMSAX, 3anyileHsl B CaynoBckoit Apasuu, Muaun, Kurae, Ocronuu.

«Perynaropnsie necoununp» B chepe FinTech, 1enpio KOTOphIX sBIsieTcs: 0OecrieyeHne BO3MOXK-
HOCTH pa3paboTKh (TECTHPOBAHMSA) HOBBIX TEXHOJOTHH W BBEACHHA WX B (HHAHCOBYIO cdepy,
B ToM uucie texnonoruit U, neiicteytor B llIBernuu, Iseinapun, CaynoBckoit Apasuu, Hooit 3e-
nauauu, ABctpanuu, Hunepnannax, Uspawune, Utanun, Upnanauu, Ucnanuu, Kanaze.

B psane crtpan Oosblioe BHUMaHHE YIENSETCS OTPACIEBBIM «PETYJSITOPHBIM IECOUYHHLIAMY,
B yacTHocTu: B U3paune — nponam, B Kanane — menuuune, Bo @paHiuuu — sHepretuke, B Uunuu —
MEIUIMHCKOMY CTPaXxOBaHHUIO.

B HEKOTOpBIX cTpaHaxX MPHHATHI 3aKOHOJATENbHBIC aKThl, HANPABJICHHbIC HAa (DMHAHCUPOBAHUE
U mootpenue pa3padorku u BHenperns UN-rexnomnoruit (Poccus, Aprearuna, Kuraif).

Juns crumynupoBanus pa3sutus TexHoioruid MU 6onee yem 60 B cTpaHax Mupa NPUMEHSIOTCS WH-
CTPYMEHTHI HaJOrOBOI'O CTUMYJHMPOBAaHUSI B TOM WM WHOM Buje ais nposeaenuss HUOKP B cdepe
WHHOBalui, B ToM unciie 1, B paMKax HaUMOHaJbHOTO MPaBOBOro pexxuma B ['epmanuu, Jlanuw,
Hunepnannax, IIBenuun, Scronun, Heeiuapuu, @panunu, Ucnanuu, Utanuu, Upnanauu, Bennko-
opuranuu, CIIA, Kanane, Poccun, HoBo#i 3enanavu, ABcrpanuu, AprentuHe, BeetHame, Mnnuwu,
Kurae, OAD.

2.5. PeryampoBaHue JaHHBIX C HCMOJIb30BaHUeM TexHogaoruii M.

B cdepe perynampoBaHus TaHHBIX €CTh ONPEAEICHHOE CXOJCTBO B YacTH HEpas3IIallleHUs] Tepco-
HaJBHBIX JAaHHBIX, HEIIPHUKOCHOBEHHOCTH YAaCTHOW KH3HH, a TaKKe Mpoueayp obe3nnuuBaHus (aHo-
HUMH3AIMH) JUTs TaJbHEHIIEro UCI0Ib30BaHus pu 00y4yeHnu cucrem MU,

OO6mue mpaBuia 3alIUTHl MEPCOHANBHBIX JAHHBIX OIpPENETeHbl B 3aKOHOJATENbHBIX aKTaxX Ha
HAI[MOHAJIHHOM YPOBHE.

MHorue cTpaHbl yAETSIOT BHUMAaHHE CO3IAHUIO MOPTAJIOB OTKPBITHIX NaHHBIX Ui oOecredeHus
3¢ PeKTUBHON U yCTOWYMBOH MHQPACTPYKTYpPHl JaHHBIX, MOBBIIICHUIO OTBETCTBEHHOTO MCIIOJIb30Ba-
HUSI JaHHBIX U JalbHEWIIero NPUMEHEeHHsI UX B 00JIacTH HcclieioBaHuid. B HEKOTOphIX cTpaHax (Ap-
redTuHa (1uiad), BenukoOpurtanus, I'epmanus, Munone3us) npunsaTsl ctpaterud. IlopTaisl OTKpHITHIX
JaHHBIX (QYHKUMOHUPYIOT B ABctpanuu, [Jlauun, Upnangun, Dcronun, LBenun, HoBoit 3enanaun,
Caynosckoit Apasuu, Kanane, Beetname, Munuu, Kurae. B CIIA gocTynm K OTKpBITBIM rocyaap-
CTBEHHBIM JIAaHHBIM peryimpyercst 3akoHamu «O0 OTKpHITHIX JaHHbIX» U «O npumenenun MU B mpa-
BUTEJICTBEHHBIX CTPYKTYPAX».

[TporpeccuBHbIi MoaX0/ B NaHHOH cdepe mpencrasien M3panineM — NPUHIMT OTKPBITOCTH JaH-
HBIX «II0 YMOITYaHUI0», KOTOPBIA 00S3bIBAET BCE TOCYAaPCTBEHHbBIE OPraHU3alluK ClIeNIaTh CBOU Ha0O-
PBI TaHHBIX JOCTYITHBIMH 33 UCKJIIOYEHHUEM TE€X, KOTOPbIE HE MOTYT OBITH OIMYOJMKOBAaHBI B COOTBET-
CTBHHM C OTPAaHUYCHUSIMH 3aKOHA (TIepCcOHAaJIbHbIC JaHHbIE, MEAULUHCKHUE JaHHbIE U T. 1.).

Ha permonansHOM ypoBHE 0coOBIe ycimoBus mist paszpaborunkoB UM B OAD mpemaocTaBistoTCs
TOJIBKO B 3Mupare JlyOaii.

OtnenbHOE BHUMaHHE BO MHOTHX CTpaHax yJIeJseTcs BOIpocaM 00e3THYMBaHMS/aHOHUMH3ALUU
JAHHBIX TYTEM pa3pa0OTKU METOIUK/PYKOBOJCTB M MPUHIIMIIOB KOH(QWICHIMATHHOCTH (ABCTpamus,
Benukobputanusa, Upnannus, Hosas 3enannusa, CLUA, Kurait).

2.6. PerysimpoBanue Texnosoruii U npu mcnoJib30BaHUM B 0eCHUJIOTHBIX ABTOMOOMJISIX.
B cootBercTBUM ¢ BeHCKON KOHBEHIMEW O NOPOXHOM JABMKEHUM 1968 r., ompenensdronmeii HOpMbI
(YHKIIMOHUPOBAHUS JIOPOKHO-TPAHCTIOPTHBIX CHUCTEM W CTaHAAPTU3UPYIOIIEH NpaBWiia JIBUKECHUS
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B CTpaHaxX-ydJacTHHIAX (ceiiyac ux 91), KOHTPOIb HaJ TPAHCTIOPTHBIM CPEICTBOM OCYIIECTBISIET Ue-
noBek. Takum 06pa3om, B 0OJIACTH PETYIUPOBAHUS OECIHIIOTHBIX TPAHCIIOPTHBIX CPEICTB MOXKHO BBI-
JIENIUTh HECKOJIBKO MOAXO0/IOB.

B pamkax mepBoro nmoaxoza TECTUPOBAHHME ABTOHOMHOI'O TPAHCIOPTHOIO CPEACTBA PA3PELICHO
TOJIBKO C Y9aCTHEM BOIHTENS WM OlepaTopa, KOTOPBI MOXET B3STh Ha ceOs yIpaBlIeHHE B Clydae
HEOOXOTUMOCTH, B TOM YHMCIIE MCTOIb30BaTh (PYHKIMIO AUCTAHUIUOHHOTO YIPAaBICHUS, YTOOBI UMETh
BO3MOXKHOCTb OCYHIECTBIISITh HAJAJICKAIIUN KOHTPOJIb 3a TPAHCIIOPTHBIM cpeacTBoM (Bemmkobpura-
a1, Mcnanus, @pannmst, ABctpanwus, Janus, Upnangus, Kanaga, Octonus, Bemapus, [1Bemws).

OTnenbHO cienyeT BBIACTUTH CTPaHbl, B KOTOPHIX PEryJMpoBaHHE JaHHOW cepbl ompeaensercs
Ha pernoHaibHOM ypoBHe: OAD, CIUA, Kuraii (uctisitanus npoBoaunuch B llekune n Lsapuwkone),
Wramus (cnenmansHble 30HBI ycTtaHoBNeHB! B Ilapme m Typune), Poccus («unomonuc» B Tatap-
crane, «CKOJIKOBO» B MOCKBe).

B pamkax BTOpOro moaxojia MpoBeJIeHHME MCIBITAHUM aBTOHOMHBIX TPAaHCHOPTHBIX CPEICTB BO3-
MOJKHO 0€3 BOJIUTEIS 32 PyJIeM, T. €. IOTHOCThI0 OeCIMIOTHAS IKCILTyaTanus OSCIIIIOTHOTO aBTOMO-
owmns (I'epmanus, M3panns (Tonsko Sumekc, Intel’s Mobileye u General Motors), Hunepnanas:, Ho-
Bas 3eIaHaus).

2.7. PerysmpoBaHue ucnojab3oBanus TexHonoruii UU B 3npaBooxpanennu. OqHON U3 TpUO-
pUTETHBIX oOnacteil mpumenenns M Bo MHOTHX cTpaHaX SIBISIETCS 3IPaBOOXpaHEHNE.

B psime ctpan mporpammHoe obecrieueHre (KOMITbIOTEpHAst IIPorpaMMa) TPHUPaBHEHO K MEHITHH-
CKUM u3zenusaM (ycTpoiictBam). Takoro moaxona mpHIACPKUBAIOTCS CIIEAYIOLIME CTPaHbl: ABCTpaITHs,
Aprentuna, bpaswnms, Benmukoopurtanus, M3panns, Uanus, Kanaga, Hoas 3enanaus, OAD, IlIBei-
uapusi, Uuaus. B 3Toil CBS3M BO MHOTHX CTpaHaxX OTCYTCTBYET CIELUAJIbHOE PETYJINPOBAHUE, yCTa-
HaBJIMBAIOIIEE CIeNMANIbHBIE MTpaBuiIa peructpanuu cucreM M, B ToM uucne cranaapTel 6e30macHo-
CTH, TpaBUJIa MPOBECHUS KIMHUYECKUX UCIBITAHUIN U TEXHUYECKUX UCTBITAaHUNA. B HEKOTOpBIX cTpa-
HaX, TOMUMO JEWCTBYIOIINX, IPUHAMAIOTCS OTAENbHBIC aKThl (PyKOBOJCTBA, TUIaHBI, TIPaBHUia) B 00-
nactu npumenenns MU B menunmnue (Caynosckas Apasus, CLIA, Kuraii, Poccus).

B EBporeiickoM coro3e CTpaHbl — YYaCTHUKH PYKOBOJCTBYIOTCSI IPUHSATHIMU pEryIaMEHTaMH U He
BBOJIST CIIEIUANBHOTO PETyINpOBaHus B oTHOIIEHUH cucteM VU, kKoTopbie conepxany OBl crierualib-
HBIe paBwiIa peructpannu UM B kauecTBe MEAUIIMHCKHUX W3ENNN, B TOM 4HCie B chepe Oe3omacHo-
CTH W TIpoBeneHus KimHndeckux ucnbitanuii (Mpnanaus, Ucnanus, Uranus, Haausa, Opannus, Hu-
nepnannbl, LBenws, ['epmanus, IcToHusN).

OtnenbHAs METOAWKA aHOHUMHU3AIMU (00€3TMYMBAHUA) MEIUIIMHCKUX JTAHHBIX B OOJIBIIMHCTBE
CTpaH OTCcyTcTBYeT. bonee yrimyOneHHbIi moaxo B JaHHOM Bompoce aeMoncTpupyrot CILIA, U3pa-
Wb, Utanus.

2.8. PeryinpoBaHue ucmosb3oBaHusi TexnoJjioruii UM B rocynapcTBeHHOM YNpaBJIeHHH.
B GonbIIMHCTBE CTpaH OTCYTCTBYET CIelUATbHOE 3aKOHOJATEIbCTBO 00 ncnonb3oBannu MU B rocy-
JAPCTBEHHOM YIIPaBIICHUH, a BO3MOXXHOCTh npuMeHneHuss UM B manHO# chepe mpemycmoTpeHa Ha
YPOBHE CTpaTEruid.

B Upnaunuu, Ucnanuu, Kanane, Hunepnangax texnonoruu MM akTUBHO BHEAPSIOTCS B rocyaap-
CTBEHHOM CEKTOPE.

B HeKoTOpHIX cTpaHax MPUHUMAIOTCS OTIENbHBIE TOKYMEHTHI it mpuMeHerns MU B cdepe rocy-
nmapcteeHHoro ynpasieHus: B CIHA yteepxxneH Yka3 Ilpesunenta «O coneiicTBUH HCHOIB30BaHUIO
HanexHoro MM B genepansHOM mpaBuTenscTBey, B [lIBeiinapun — «Pexomenpanun mo MU B Konde-
neparuny, B BenmukoOputananu — «PykoBOACTBO 1O McHoib3oBannio M B rocyapcTBEHHOM CEKTO-
pe», B Utamuu — «benas kuura «MU Ha cinyx6e rpaxxaan», B Kanane — «/lupektuBa 00 aBToMaTH3H-
POBaHHOM MNpUHATHM pemeHni u [Iporpamme 3akynok noctasmukoB M, mpomenmux npeasapu-
TeNbHYIO KBaM(uKanuio», B HoBoil 3emanaun — «XapTusi 0 IpUMEHEHNH alropuTMoBY», B Kutae —
«benas kaura no 6e3omacHoctu M». Bo MHOTHX nokymeHtax ormevaercs, uro MU B chepe rocy-
JApCTBEHHOTO YIPABJICHNUS, KaK U B MHBIX chepax, JOIKeH NPUMEHSTHCS STHYHO U OTBETCTBEHHO.

2.9. DTHYeckne MPUHIIUNBI UCTIOAL30BaHuA TexHodoruii MU. Jtuueckie NpUHIUTIBI, BKIIOYA-
IONIMe Ha/JIekKallee pa3BUTHE, OTBETCTBEHHOE UCIIONIL30BAHUE M 0€30MacHOCTh (PYHKIIMOHUPOBAHUS
TEXHOJIOTHH, MPUHATEI B ABcTpanuu, Benmnkoopurtanuu, Ucnanun, Kanane, Hunepnannax, Typuuw,
Poccuu, Muguun, CIIA, Kurae.
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B HEKOTOpHIX CTpaHaxX y4UpeXIeHB CHelHaTn3upoBaHHBIE OopraHbl B cdepe »tuku MU: Apren-
TuHEe — HalmoHanbHBINA KOMUTET 10 3THKE B HayKe U TeXHHKe, [ epmManun — Komuccnsd no sTuke gaH-
HbIX, Opaniun — OpaHily3cKUii HAMOHAIBHBIA MUIOTHBIH KOMUTET Mo 1uppoBoi sTHke, [lIBennn —
Komurer no texHosornueckuM MHHOBALUAM U 3TUKe, HnoHe3un — Komuccust 1o stuke.

[Ipumeps! oTpacieBoro NpUMEHEHUs 3TUYECKUX NMpPaBUil: I'epMaHns — DTUYECKUE TPUHLUIIBI IS
OecrmuioTHOTO BOKAeHUs, Haust — DTHUecKre peKOMEHaluu CTpaHbl o npuMmenenno MU B Ouo-
MEIULHCKUX UCCIENI0BAHUAX U 31PABOOXPAHECHUH.

3. TocynapcTBeHHOe peryaupoBaHue B c(epe npumeHeHusi Texnonoruii UM B Pecnyonauke
benapycs

3.1. Crparernyeckoe mianupoanue. B 2020 r. Obuta npunsta HanuonanbHas crparerys
ycroitunBoro passutus PecryOnmku benapyce Ha mepuox no 2035 r. [2]. B pamkax maHHOTO JOKY-
MeHTa o cuctemax MW ynomuHaeTcst B KauecTBe WHCTPyMEHTa Ui IudpoBusanuu cdep: 3aApaBo-
OXpaHEHHUs; HayKH, HAyYHO-TEXHUYECKOW W MHHOBAIIMOHHOM AESITEIbHOCTH; OTPACIEBON CTPYKTYpHI
KOHOMHUKH; MAIIHHOCTPOEHUsI (OCBOEHHE OSCIIMIOTHBIX TPAHCIIOPTHBIX CPEICTB U CEIbXO3TEXHUKN);
cenbcKoro xossiicta. IloMuMo 3Toro, oTMeuaeTcs, 4yTo IJIAHUPYETCS CO3/1aTh HAIOHAIbHbBIE CTaH-
JapThl 00pabOTKM MAacCUBOB OOJNBINIMX AAaHHBIX, cQOPMHUPOBATH PHIHOK YCIYT MO HX 00paboTKe Ha
0a3e MHPPACTPYKTYPHI PECIyOIUKAHCKOTO IIEHTpa O0paOOTKH MAaHHBIX H JOTIOJHUTENbHBIX IUIAT-
dopm.

B 2018 r. 6puta yrBepxkaeHa Crparerus «Hayka u texnomorun: 2018-2040», B paMKkax KOTOpPOH
cucreMbl U ABIIAIOTCS COCTABHOM YaCThIO KOHLENTYAJIBHOM MOAeIU «benapych MHTEIUIEKTyJIbHASD)
Y BXOISIT B IPYIITY IPUOPHUTETOB «IIPOPHIBHOTO» Xapakrepa [3].

B 2021 r. yrBepxkaena Crparerus Pecnyonuku benapyck B cepe MHTEIICKTyaabHOW COOCTBEH-
HoctH A0 2030 r. [4]. CornacHo JaHHOMY JOKYMEHTY OJTHOM M3 aKTyalbHBIX 3a7a4 SBJISETCS OIpee-
JICHWE TPaBOBON NpUPOABI co3maHHBIX M 00BEKTOB MHTEIUIEKTYallbHOW COOCTBEHHOCTH, a TaKKe
ompeJiesieHNe CyOBEKTOB TakMX IpaB. IIpu 3TOM ykas3bIBaeTcs, YTO C YUETOM OIpEIeNCHUs MpaBo-
cyobekTHOro craryca MM morpeOyercss yTOUHHTH psA 3aKOHOJATEIBHO OINpPEACTCHHBIX MOHITUN
B c(hepe MHTEIDIEKTYaThbHOH COOCTBEHHOCTH («aBTOP», «IIPaBOOOIIANaTeNhby, «IIpaBa Ha 0OBEKTHI WH-
TEJIEKTYyalIbHOW COOCTBEHHOCTI | JIP. ).

B crpane npeiictByer ['ocymapcrBenHas mporpamma «l{udpoBoe pasputue bemapycu» Ha 2021—
2025 rr. (Ilporpamma), yTBepkaeHHas noctaHoBieHneM Coeta MunnctpoB PecnyOnuku bena-
pych [5]. Ona pa3paboTaHa B COOTBETCTBUM C IPUOPUTETHBHIMH HANpPaBICHUSIMH COLUAIBHO-3KOHO-
MHUYECKOro pa3BuTHs pecnyOinuku g0 2025 r. W HampaBieHa Ha BHeEAPEHHE HMH(OPMAIMOHHO-
KOMMYHHUKAIIMOHHBIX M TEPEIOBbIX MMPOM3BOACTBEHHBIX TEXHOJIOTHH B OTPAciId HAIIMOHAJIBHOM 3KO-
HOMHUKHU M CcQepsl KU3HenesTeNbHOCTH obmecTtBa. B pamkax [IporpamMmel nmpemycMaTpuBaeTcs Bbl-
MOJITHEHUE MEPONPUSATHH 1O CO3JaHMI0 (Pa3BUTHIO) COBPEMEHHOH HMH(pOPMalNOHHO-KOMMYHHKA-
UOHHON MH(PACTPYKTYPBI, BHEAPEHHUIO UPPOBBIX WHHOBAIMH B OTPACIAX SKOHOMHKH M TEXHOJIO-
THH «yMHBIX TOPOJIOBY, @ TaKXKe 00ecrieyeHNI0 HHPOpMAIMOHHOM O€3011aCHOCTH TaKUX PELICHUH.

[Iporpammoii cormabHO-3KOHOMUYeCKOoTro pa3sutus Pecrydnuku bemapycs Ha 2021-2025 rr. [6]
JUISL  YKpETUIEeHUS] 3KOHOMMYECKOTO TOTEeHIHala MpeIyCMOTPEHO pa3BUTHE IPOM3BOJCTBA MHO-
roQyHKIIMOHANBHBIX OCCIUIIOTHBIX ABUAIIMOHHBIX U POOOTH3UPOBAHHBIX KOMILIEKCOB, POOOTH3HPO-
BaHHBIX CHUCTEM C HCHOJIb30BaHMeM TexHojoruid WU, mporpamMmHo-anmapaTtHeIx KoMIuiekcoB. Llud-
poBasi (BUpTyasbHast) HHPpacTpyKTypa OyAeT CTPOUTHCS ¢ MpuMeHeHueM TexHonoruii U, ananmza
OONBIINX JIAHHBIX, BUPTYalbHON M JIOTIONHEHHOM pealbHOCTH, MHTEpHETa Bellel, poOOTOTEXHUYe-
CKUX CHCTEM Pa3InYHOro (yHKIMOHAIBHOTO HAa3HAYCHUS U Psia IPYTuX.

B npyroii 'ocynapctBenHol nporpamme «MHHOBanmoHHoe pa3zButre PecnyOnuku benapyce» Ha
20212025 rr., yrBepxaeHHoi Ykazom [Ipesunenra PecnyOnuku benapych [7], ycTaHOBIEHO, YTO
B paMKax pelieHus 3a/ad Mo GOPMHUPOBAHHIO U YCKOPEHHOMY Pa3BUTHIO HAYKOEMKHX M BBICOKOTEX-
HOJIOTHYHBIX CEKTOPOB HALIMOHAIILHOW SKOHOMUKH, 0a3UPyIOIUXCs Ha Mpou3BoacTBax V u VI TexHo-
JIOTHYECKHX YKIIAJIOB, & TAKXKE 3aKPEIUICHUIO TO3UIMK PecITyOIMKNA Ha PhIHKAX HayKOEMKOW MPOIyK-
[IUU HEOOXOIMMO CKOHIIEHTPUPOBATh YCHIIHAA Ha pa3paboTKe pOOOTH3NPOBAHHBIX (KOITA00OPATHBHBIX)
CHCTEM C HcHojb3oBaHMeM TexHojoruid MM (B Tom umciie o0pabaThIBalOIIMX LEHTPOB U CTaHKOB
C YMCIJIOBBIM HPOTrPaMMHBIM YIPaBICHUEM), @ TAKXKE MX KOMIIOHEHTOB (OECKOPIIyCHBIE IBUTATENN
1 CEPBOMOTOPHI).
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Pa3pa0otaTh 1 OCBOUTH B MPOU3BOJACTBE CUCTEMbI Ha 0a3e MHTEIUIEKTYaJbHbIX AATYMKOB U IPO-
rpaMMHOro obecrnedyenusi ¢ emeHntamu UM 101 HEenpepbIBHOIO MOHHWTOPHHIA OLIEHKH COCTOSIHHUS
Y IPOJJICHHSI JOJTOBEYHOCTH OTBETCTBEHHBIX NMPOMBIIIJICHHBIX U CTPOUTEIBHBIX KOHCTPYKIUN U CO-
OpYKEHHUH TPeayCMOTPEHO B pamKax moctaHoBieHuss Cosera MunnctpoB Pecriyonmku benmapych ot
23.04.2021 Ne 245 «O TocymapctBeHHO# mporpamme «HaykoemMKkrne TEXHOJOTHH W TEXHHKa» Ha
2021-2025 roxp» [8].

B Konuenuuu uHQOpManroHHOH 0€30MacHOCTH PECHyONUKH, YTBEPKIEHHOH MOCTaHOBICHHEM
Cogera bezonacuoctu Pecrrybimku bemapycs [9], otmewaercs, uro mudpoBast TpaHcopManus 3Ko-
HOMUKH SIBJISIETCSl BayKHEHIIEH cocTaBistonield popMupoBanusi HHPOPMALMOHHOTO 0OOIIEeCTBa U OJI-
HUM W3 TJIaBHBIX HalpaBJeHUH pa3BuTus PecryOnuku bemapych, B pe3ynbTare KOTOPOro B OnuKai-
IIME JECSITUIIETUS] BCE OTPACHIH, PBIHKHU, C(ephl KU3HEAEITEIbHOCTH rOCYJapCTBa AOJKHBI OBITh IIe-
PEOPHUEHTHPOBAaHbBl Ha HOBBIE LM(POBBIE 3KOHOMHMYECKME Monenu. Jis pemenus 3Toi 3azaun
B CTpaHe ONpe/eeHbl CTPYKTYpa YIpaBieHus] HHPOpMaTH3alued U apXUTEKTypa 3JIEKTPOHHOTO Ipa-
BUTENLCTBA. Pa3BuBarOTCS MHHOBALMOHHbBIE LKM(POBBIE TEXHOJOIMH, OCHOBAaHHbIE Ha cuctemax MU,
HEHPOHHBIX ceTeH, obecreunBaromme padboTy ¢ pasHooOpa3HBIMA WHGOPMAIIMOHHBIMH PECypCcaMH,
B TOM YHCJIe MacCHBaMH OOJIBIIMX JAaHHBIX, METOJaX paclpe/elIeHHbIX BBIYUCICHHN (00IauyHble TeX-
HOJIOTHH), TEXHOJIOTHUHU peecTpa OJIOKOB TpaH3aKIWi (OIOKUEiH).

B crpane ceifuac HeT OTAENBHOIO KOHLIENTYaJbHOTO TOKYMEHTA Pa3BUTHs PEryIupoBaHus B chepe
NU. Omnako B Kornemnuu mpaBoBoi monuTHKH PecyOmku bemapyce, yrBep:xkaeHHoN Yka3zom llpe-
sugenta PecniyOonuku benmapycs Ne 196, mpexycMoTpeHo, YTO HEOOXOAMMO ypETyIHUpPOBATH BOIIPOCHI
npumenenus: UM, podororexauku u deciminotrHoro Tpancmopta [10].

Texnonorusm 6onpiux gaHHbIX 1 MU yaeneno BHIMaHue B paMKax KoHIENIuy pa3BUTHS TUIATEXK-
Horo peiHka Pecriyonuku benapych n nndpoBuzaimm 6aHKOBCKOTO cektopa Ha 20232025 rr. [11].

Pa3paboTka Hay4HO-METOANYECKOTO OOecieueHNst 00pa3oBaHus Ha BCEX €r0 YPOBHSX C UCIOIB30-
BaHMEM LHU(POBBIX IIATHOPM, CEPBHCOB W HMHCTPYMEHTOB, OOJIAYHBIX TEXHOJOI'MH, BUPTYaJbHOMN
U JIOTIOJIHEHHOH peanbHocTH, U nmpeaycmoTpeHa B pamkax KoHuenuuu pa3BuTHs cHCTEMBbI 00pa3o-
BaHust Pecrybnmku bemapycs 10 2030 r., yTBep:kaeHHOH moctaHoBinenneM CoBeta MuHUCTpoOB Pec-
myommku bemapycs ot 30.11.2021 Ne 683 [12].

Ha ceromusmnuii neHp B pecnyOauke B 007aCTH CBSI3H M MH(OpMATH3aLUU OCYLICCTBISET Oes-
TENPHOCTh ~ MUHHCTEPCTBO  CBsi3M M uHpopmarmsauumu  PecnyOmuku  bemapycs  (URL:
https://www.mpt.gov.by/ru), ocHOBHBIME 3a/lauaMi KOTOPOTO SIBJISIFOTCS TOCYIAPCTBEHHOE PETYIIUPO-
BaHHE, yIIpaBJIEHHE JESATEIbHOCTHIO, PeaIn3alusl TOCyAapCTBEHHON NOIUTUKHU B chepax nHopMaTh-
3aluu, IU(PPOBOT0 Pa3BUTUSA U CBs3H, (JOPMUPOBAHUE YCAOBHU Ui 3)(PEKTUBHOTO OCYIIECTBICHHS
JeSITeIbHOCTH M Pa3BUTHS OpraHu3aluii Bcex GopM cOOCTBEHHOCTH, OCYIICCTBISIONINX JESITETBHOCTh
B YKa3aHHBIX c(epax.

B 2015 r. Ha 6a3e rocy1apcTBEHHOT0 Hay4HOTO yupexaeHns «O0beInHEHHBIH HHCTUTYT MpodiieM
nHpopmaTku HanmonansHoH akagemun Hayk bemapycu» (OWUIIM HAH benapycu) u rocynapcTBeH-
HOro HayyHoro yupexuaenus «Hcturyt ¢usuonornu HanmonanbHO# akamemun Hayk bemapycu»
ObuT co3maH MexBeIOMCTBeHHBIN uccienoBarensckuii meatp MW (URL:  http://uiip.bas-net.by/
intellekt). Ou oGbeaMHSET yCHITHS CIIEIHATHCTOBR B 00JACTH MEIWIIMHCKUX, OMOIIOTHYECKUX, HHPOP-
MAIMOHHBIX, TEXHOJIOTUYECKUX M (UIUKO-MATEMaTHYeCKUX HayK JUIS CO3IaHUSl IEPEIOBBIX
Y KOHKYpEHTOCTIOCOOHBIX TexHonoruii UM u cos3nmaer ycnoBus Ui BBIIIOJHEHUS! HAYYHO-HCCIIEI0Ba-
TEJNIbCKUX MPOeKTOB B obOnacti MU, peann3yembIX Kak B paMKax rOCYJapCTBEHHBIX MPOTpaMM Hayd-
HBIX UCCIIJIOBAHHH, TaK ¥ C TIPUBIICYCHUEM HETOCYIAPCTBEHHBIX HHBECTHIIUH.

B 2023 r. na 6aze OUIIN HAH benapycu 3anymena IInarpopma MU BELALBY ans cnenuanu-
CTOB M BCEX 3aMHTEPECOBAHHBIX HCCIECIOBAaHMAMH M paspaborkamu B obmactu WU (URL:
https://belai.by/ru).

Pecny6nuka benapych siBnsiercst rocynapctBoM — yyactHukoM Coapyxecta HesaBucumbix I'ocy-
JapcTB, paspaboraBmMx PekomMeHZanuu M0 HOPMATUBHOMY PEryJMpOBaHMIO Hcmosib3oBanus MU,
BKITIOYasl DTUYECKUE CTAHAAPThI JUI UCCIIEIOBAHUN U pa3paboTok [13], B KOTOPBIX MOIYEPKUBACTCS
B2YKHOCTh OTKPBITOCTH JIJIsl TEXHOJIOTUYECKOT'O Pa3BUTHS U TIPETyCMATPUBACTCS TIOOIPEHUE MEXTY-
HapOJHON KOOIepaluy U coTpyaHuyectsa B chepe NU.
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3.2. HopmaTtuBHO-npaBoBoe peryiaupoBanue B cpepe UN. B Pecrry6nmke bemapych oTCyTCTBY-
€T €JUHBIN 3aKO0H, nocsmeHHb M. IlepBble maru B OTHOLIEHUU PETYIUPOBAHUS HALMOHAJIBLHOU
NU-otpacnu npennpunstel B Jlexpere Ipesnaenta Pecnyonuku benapycs Ne 8 «O pazsutun nudpo-
Boil skoHOMUKmM» [14], xoTOphIM, Hapsmy ¢ orHecemmeM MU k VI TexHomormueckomy ykiamy
Y cO37aHueM OecTpelieIeHTHBIX YCIOBHI MPAaBOBBIX M HAJIOTOBBIX YCJIOBHWH A7l pesuaeHToB [lapka
BBICOKMX TEXHOJIOTHI, 3aIJIaHUPOBAHO MPOBEACHUE SKCIIEPUMEHTA [T anpo0alui HOBBIX MPaBOBBIX
MHCTUTYTOB Ha MPEAMET BO3MOXHOCTH MX MMIUIEMEHTAllUU B T'PaXKJAHCKOE 3aKOHOAATENBCTBO CTpa-
HBL. B pamkax JlekpeTa mpemrycMOTpeHo ocyllecTBIeHne AestenbHocTH B chepe MU u cozmanus cu-
cTeM OeCHIIOTHOTO YIPaBIeHUs] TPAHCIIOPTHBIMHU CPEICTBAMHU.

B ctpane nefictByer 3akoH Ne 345-3 «O rocymapcTBeHHO-4aCTHOM MapTHEPCTBE» [15], OCHOBHBI-
MH 3ala4aMi KOTOPOIO SIBISIOTCS CO3JaHME YCIOBHM Ui 0OecledeHusl yCTOHYHMBOTO COLUAIBHO-
9KOHOMHYECKOT'O Pa3BUTHsI W HallMOHANBbHOW Oe3omacHoctu PecryOnuku bemapych, pa3sButue MHHO-
BallMOHHOM JEsITEeTbHOCTH, HAYKOEMKUX MPOU3BOJACTB U IOBBIIIEHNE YPOBHS NPOU3BOJCTBA, COBEp-
IIEHCTBOBAHHE TEXHOIOTUYECKUX IIPOLIECCOB.

B 2005 r. npunsr [expert [Ipesunenra Pecnyonuku benapyck Ne 12 «O Iapke BEICOKMX TEXHOJIO-
ruit» (ekper) [16]. On npenycMaTpuBaeT 0coObIi PAaBOBOM PEXUM (TaK HA3BIBACMYIO «PETYJISATOP-
HYIO IIECOUHUIY») Ui pe3uneHToB [lapka — opranuzanuii, BeOylux OesTeIbHOCTh B chepe HHPOp-
MAalMOHHO-KOMMYHHKALMOHHBIX TEXHOJIOTUH, B TOM YHUCJIC HaJENAeT UX MPABOM BECTHU JESTENbHOCTh
«B cepe UCKYCCTBEHHOTO MHTEJUIEKTA, CO3JJaHNsl CHCTEM OCCHHMIIOTHOTO YIpaBJICHUS TPaHCIOPTHbI-
MU cpefcTBaMu». B pamkax [lexkpera mpeaycMoOTpeHbl onpeaeseHHbIe HaOTOBBIE JIBIOTHI IS pe3u-
nentoB Ilapka BbicOkHUX TexHOJOrHid. IIyHKT 27 nOKyMEHTa yCTaHABIMBAET, 4yTO pe3uneHTHl [lapka
BBICOKUX TEXHOJIOTHI OCBOOOKIAIOTCS OT Hajora Ha MPHOBLIL (328 UCKIIIOYEHUEM HAJIOTa Ha IPUOBLITE,
WCUHUCIIIEMOT0, YACPKUBACMOTO M IEPEUYHCISIEMOTo IMPH HWCIONHEHUH OOS3aHHOCTEH HAIOTOBOTO
areHra), a TaKke OT HaJIOTa Ha JOOABICHHYI) CTOMMOCTH IO 000pPOTaM OT pealn3allié TOBapoB (pa-
00T, yciyr), UIMYILECTBEHHBIX IpaB Ha Teppuropuu Pecrybnuku benapyck. [lomumo storo, B Bblle-
yrnomsiayToM Jlekpere Ilpesunenta Pecniyonuku benapyce Ne 8 «O pazButuu mudpoBoit 3KOHOMHUKI
MPOJJIEBAETCS CPOK ACHCTBHUS CIIEHUATLHOTO IPABOBOro pexuma Ilapka BRICOKUX TEXHOIOTHH.

JeduHnnms TepMUHa «MCKYCCTBEHHBIN MHTEIUIEKT» CONEPKUTCS B mocTaHoBieHnn CoBera Mu-
HucTpoB Pecnyonuku benapycs «O mepax no peanuzanuu Ykasza [Ipesunenrta Pecriyonuku benapyce
ot 7 ampens 2022 r. Ne 136» [17]: «cKyCCTBEHHBIN HHTEIIEKT — KOMILJIEKC TEXHOJIOTUUECKUX Pellie-
HUH, TO3BOJIAIOUIMA UMHUTHUPOBATh KOTHUTHBHBIE (YHKLIUH 4eloBeKa (B TOM yHcie caMooOydyeHHe
W TOKCK pelIeHUi 0e3 3apaHee 3a/JlaHHOTO ajIrOPUTMa) W IMOJy4YaTh MPHU BBHIMOJHEHHA KOHKPETHBIX
3aa4 pe3yibTaThl, COIOCTABUMBIE C pe3yJbTaTaMHM HHTEJUIEKTyaJbHOM AESITeTbHOCTH 4YelIOBEKa,
Y BKJIIOYAIOIUI B ce0d HHPOPMAMOHHO-KOMMYHHUKALMOHHYI0 HHQPACTPYKTYpYy, HPOrpaMMHOE
o0ecrieyeHue, MpoLecchl U CEPBUCHI IO 00padOTKe AaHHBIX U MIOMCKY PEIICHHI.

B o0Opa3zoBarenbHBIX CTaHAapTax BbICHIEro oOpa3oBaHMs (4acTh 3 M 4acTh 4), yTBEPKACHHBIX M
BBEJCHHBIX B JICHCTBHE INOCTaHOBIeHHEM MuHucTepcTBa oOpaszoBanusi PecnyOonuku benmapyck ot
30 aBrycra 2013 1. Ne 88 (B pex. ot 14.03.2023) [18] B pamMKax OCHOBHBIX TEPMHUHOB U ONPEACICHUI
WU ompenensieTcs Kak «HAy4YHas TUCIHUIUIMHA, O0BEKTOM KOTOPOH SIBIISIFOTCS MHTEIUICKTya bHbIC CH-
CTeMBI U UX (hopMasbHBIE MOJIEINH, a IPEIMETOM HCCIIEJOBAaHUS — MOJIENIH, CPEACTBA U METOJIBI TIPO-
EKTUPOBAHUS MHTEIJICKTYaJIbHBIX CUCTEM» (4acTh 3); «CBOHCTBO aBTOMAaTHYECKUX M aBTOMATH3HPO-
BaHHBIX CHCTEM OpaTh Ha ce0st OTJeNbHbIE (PYHKIIMK MHTEIIICKTa YEIOBeKay (4acTh 4).

Ocy1ecTBIEHHE HAYyYHO-MCCIE0BATEIBCKUX, OMBITHO-KOHCTPYKTOPCKHUX M OMBITHO-TEXHOJIOTH-
yeckux padot, mpuMeHeHue TexHosoruit SG u UM mpeaycMoTpeHsl B paMKax CIEHaIbHOTO MPaBo-
Boro pexxuma Kuraiicko-benopycckoro nHycTpuansHoro napka «Bennkuii kameHb» B paMKax YKasza
IIpesunenta Pecyonuku bemapyce ot 12.05.2017 No 166 «O coBepIIeHCTBOBAaHUH CIEIIHATEHOTO
npaBoBoro pexkuma Kuraiicko-benopycckoro uHaycTpuaibHoro napka «Benukuit kamenby [19].

B pamkax VYxkasza Ilpesunenra Pecny6nmkn benapyck ot 07.05.2020 Ne 156 «O mpuopuTeTHBIX
HaIpPaBIEHUSIX HAYYHOW, HAYyIHO-TEXHWYECKOW M MHHOBAIMOHHOW aesrenpHOCTH Ha 2021-2025 ro-
1b1» [20] T 1 poO0TOTEXHHUKA ONIPE/ICIICHbI B IPHOPUTETE.

Pa3paboTka 1 BHeIpeHHE B CUCTEMY HayYHO-TEXHUYECKOH MH(OpPMALUU TEXHOJIOTH 00paboTKu
00BIINX MacCUBOB JaHHBIX, M, BUpTyanbHO U JONOJHEHHON PEaNbHOCTH M IPYTUX COBPEMEHHBIX
TEXHOJIOTHH paboThl ¢ MH(pOpPMAIUEH BXOAAT B CIIUCOK MEPONPHUITHN MO Pa3BUTHIO HAIMOHAIBLHON
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WHHOBAIIMOHHON CHCTEMBI B COOTBETCTBHH ¢ mocTtaHoBieHneM Cosera MunmctpoB Pecrrybnmku be-
mapych oT 15.12.2021 Ne 722 «O KOMITIEKCE MEPOIPHUATHH 110 PA3BUTHIO HAIIMOHAIBHON MHHOBAIIH-
oHHO#1 cuctembl Ha 2021-2025 roae» [21].

Pecynuposanue oannvix. B PecriyOnuke benapych HemaBHO Berymwil B cuiny 3akoH Ne 99-3
«O 3amuTe IEPCOHATBHBIX NaHHBIX» (3aKoH) [22], HampaBJIeHHBIH Ha 00ECIICYCHHE 3allUThI IIEPCO-
HaAJILHBIX JAHHBIX, MPaB B cBO0OJ (U3UUECKUX JIML IpU 00paboTKe MX MEePCOHATBHBIX AaHHBIX. OH
COJICPKUT MPABOBYIO KaTETOPUIO 0OE3TMUCHHBIX JAaHHBIX, KOTOPBIMH SIBISIOTCS IEHCTBUS, B PE3YIib-
TaTe UX CTAHOBUTCSI HEBO3MOXHBIM 0€3 MCIOIB30BaHUS AONOJIHUTENPHONH MH(OPMALUU ONPEAEIUTh
MPUHAIEKHOCTD IEPCOHANBHBIX JJAHHBIX KOHKPETHOMY CYOBEKTY.

B 3akone ycraHoBneHo, 4TO 00pabOTKa MEPCOHATBHBIX JAHHBIX JIOMYCKaeTcst 0e3 coraacus CyobeKTa
B HAyYHBIX WM MHBIX MCCIEJOBAaTEIbCKUX LIESX MPH yCIOBUH 0053aTEILHOIO 00€3/IMUMBaHUS Hep-
COHAJIbHBIX JaHHBIX IIPU OJHOBPEMEHHOM COOIIOICHUN CIEAYIOIIUX YCIOBHUM:

— 00paboTKa NepCOHANBHBIX AaHHBIX OCYIIECTBISICTCS! B HAYYHBIX MJIM MHBIX HCCIEN0BATEIBCKUX
LEJsIX;

— IepPCOHAJIbHBIE JAHHBIE 00E3INUEHBI.

B nocrareitHoM KOMMeHTapuH K 3aKoHy, pa3paboTaHHOM HannoHanbHBIM IIEHTPOM 3aIlUTHI IEp-
COHANBHBIX JaHHBIX PecnyOnuku Benapych, ykasblBaeTcsi: «II0 CYTH, pacCMaTpUBaeMOE OCHOBaHHUE
SBIISIETCS CITOCOOOM HalTH OajaHC MeXIy HEOOXOIUMOCTHIO PA3BUTHS HOBBIX TEXHOJNOTHH (OOJIbIINE
JTAaHHBIE, UCKYCCTBEHHBI WHTEIUIEKT U Jp.), TpeOyIomux 00paboTKN MacCHBOB IEPCOHAIBHBIX NaH-
HBIX JUTS CO3/IaHUS HOBBIX CEPBHUCOB H JIp., M TPEOOBaHMSIMU 3aKOHOAATEIBCTBA O TIEPCOHATBHBIX JaH-
HEIX» [23].

B cootBerctBuu ¢ [Ipukazom OnepaTuBHO-aHATUTHUECKOTO IIeHTpa nipu [Ipesuaente PecryOmmku
benapyce Ne 195 «O TexHuyeckoil M KpuNTOrpaduueckoil 3amiure MepCOHANBHBIX TaHHBIX» [24]
YTBEPKICHBI METOMbI 00C3MMYMBAHUS TEPCOHANBHBIX JaHHBIX. i1 00e3MMUuBaHUs MEPCOHATBHBIX
JAHHBIX COOCTBEHHHKH (BIAAENBI(BI) WH(OPMAIMOHHBIX CHCTEM MOTYT HCIIOIB30BaTh CIEIYIOIINE
METO/IbI: BBEJICHHE WACHTH(PHUKATOPOB, U3MEHEHUE COCTABA, JIEKOMITO3HIINIO, TIEPECTAHOBKY H 3alIu]-
poBaHue.

3aKOHOJATENbCTBOM B 00JIAaCTH 3alMTHl IEPCOHATIBHBIX JAHHBIX NPSAMO HE YCTaHOBJICHBI OTPaHU-
YEeHHSI BO3MOKHOCTH HCIIOJIb30BAHUSI aBTOMATH3MPOBAHHBIX CHCTEM IpU 00padOTKE MEepCOHATIBHBIX
JIAHHBIX.

Pezynupoeanue becnunomnpix aemomoounei. CruennalibHOE PeryJIupoBaHUEe aBTOMAaTH3UPOBaH-
HBIX TPAHCHOPTHBIX CPEACTB B cTpaHe oTcyTcTByeT. LleneBoil dynkuneit KommiekcHol nporpaMmbl
pasBuTHs AekTpoTpancmopra Ha 2021-2025 rr., yTBepKIAeHHOUM moctaHoBieHueM CoBera MuHH-
ctpoB Pecniy6imku bemapycs ot 09.04.2021 Ne 213 «O KoMmiiekCHOM nporpamMMe pa3BHTHS dJIEKTPO-
tpaHcropta Ha 2021-2025 roxsi» [25], onpeseseHo co3aanie HOBOIO CEKTOPa MAITHHOCTPOUTEIILHOM
oTpaciy Ha OCHOBE BHEAPEHHUS BHICOKMX HH(POPMAIIMOHHO-KOMMYHHUKAIIMOHHBIX TexHonorui u NU.

B Brimeynomsinyrom Jexpere Ne 12 PecniyOnuku benapych npeaycMoTpeHo, U4To B KauecTBe pe-
3uaeHTOB [lapka BBICOKMX TEXHOJOTMH MOTYT OBITh 3apErHMCTPUPOBAHbI IOPUINUECKHUE JIMLA U UHAN-
BUAyallbHBIE MpeanpuHuMarenn PecryOnmku benapych, miaHupyromume OCyIIECTBISATh pa3paboTKy,
o0CITy>)KUBaHHE, IKCILTYaTAlMIO0 U PEalTM3alui0 CUCTEM OECIHIIOTHOTO YIPaBIeHUS TPAHCIOPTHBIMU
CpeICTBaMH.

s peanu3anny rocy1apcTBEHHOM MOJMTHKH B O0JIACTH JOPOXKHOTO JIBMXKEHHSI IPELyCMOTpEHa
pa3paboTKa KOHIEMINH obecrieueHrs 0e30MaCHOCTH JIOPOKHOTO JIBHXKCHHUSI Ha JIOPOTax C y4acTHEM
BBICOKO2BTOMATH3UPOBaHHBIX (OECHIIIOTHBIX) TPAHCIIOPTHBIX CPEACTB, UYTO OTpaxkeHO B KoHuenmuu
oOecrieyeHns1 6€30MaCHOCTH JIOpOKHOTO ABMXeHUs B PecnyOnuke Benapych, yTBep:KaeHHOH HocTa-
HoBnenrneM CoBeta MunuctpoB Pecnybnuku benapycs ot 22.05.2023 Ne 329 [26]. B pamkax nocta-
Hoenenus: Cosera MunuctpoB Pecriyonuku bemapych ot 25.10.2022 Ne 724 «O nopsiake QpyHKIHO-
HUPOBAHUSI MHTEJUIEKTYalbHBIX TPAHCHOPTHBIX CHUCTeM» [27] paccmaTpuBaeTcsi 0OecreyeHue ycio-
BUH JUIsl BHEAPEHHS CUCTEM aKTHBHOM 0€30MacCHOCTH, CaMOJUAarHOCTHKU U TOAJEPKKH BOAUTEIIS, BbI-
COKOABTOMATHU3UPOBAHHBIX W TOJHOCTBIO aBTOMATH3HUPOBAHHBIX (OECIMIIOTHBIX) TPAHCIOPTHBIX
CpPEJCTB.


https://pravo.by/document/?guid=3871&p0=C22100213
https://pravo.by/document/?guid=3871&p0=C22100213
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Kpome Toro, Pecrrybnmka benapyce siBisiercss yaactaunen Bernckoit kornBermmuu 1968 r. «O mo-
POXKHOM JBMKEHHW» 28], Tae craTbeil 8 ycTaHOBICHO, YTO Ka)KA0€ TPAHCIIOPTHOE CPEICTBO WITH CO-
CTaB TPAHCTIIOPTHBIX CPEACTB, KOTOPBIC HAXOAATCS B ABIKCHHUH, TOJKHBI UMETh BOAUTEIS.

3.3. JTuueckoe peryaupoBanue. B PecnyOnmke bemapych HeT crenuanbHBIX JOKYMEHTOB, I1O-
CBSILIEHHBIX BompocaM 3Tuku B chepe UU. Pan 6enopycckux opranmszauuii npucoenunuics k Konex-
Cy 9THKH B cpepe uckyccTBeHHOro uaremiekra (B 2022 r. Coep bank (benapycs); B 2023 1. O6benu-
HEHHBIA HHCTUTYT Tipobnem uHpopmatnku HAH benapycn, OOO «bEJI®OWH», MaCcTHTYT MHDOpMa-
LMOHHBIX TEXHOJIOTHH benopycckoro rocynapcTBEHHOr0 yHUBEpCUTETa MHQOPMATUKU U PaiuO3IEK-
tponukw, [Tonecckuii rocynapcrBennsiit yausepceuter) (URL: https://a-ai.ru/?page_id=2128).

3.4. HopmaTHBHO-TeXHHYeCKoe peryjupoBanue. [1onoxeHNs: 3aKOHOATENbCTBA, KACAIOLINECS
HOpMaTHBHO-TeXHIUECKoe perynupoBanus N, B HacTosmee BpeMs B ctopone oTcyTcTBytoT. B CTh
2583-2020 «Iudposast Tpanchopmaius. Tepmunsl u onpeaencHus» [29] texnonorun MU ynomuna-
I0TCS B paMKax Je(QUHUIIIA TEPMUHOB «aHAIUTHKA OOJBIINX AAHHBIX» U «IH(PPOBbIC MHHOBALMI.

ITocranoBnenne [ocymapcTBeHHOTO KOMHUTETa TO craHgaptusanuu PecrmyOnmku bemapycs ot
12.02.2024 Nel10 «O0 yTBEepXICHUH, BBEJCHUH B JICHCTBHE, OTMEHE M U3MEHCHUHM TEXHUYCCKHUX HOP-
MaTHBHBIX NIPaBOBbIX akToB» [30]. JlanueiM [locTanornenuem B [punoxenue 2 npusesncH [lepedyeHp
npaBui1 OOH, npeaBapUTenbHBIX HALMOHAIBHBIX cTaHAApTOB Poccuiickoilt denepanuu, HauOHAIb-
HBIX cTaHAapToB Poccuiickoit Denepanyn, HAMMOHATBHBIX CTaHAAPTOB Pecybnmukn KazaxcraH, BBO-
JTUMBIX B efcTBre ¢ 1 Mas 2024 r. B KauecTBE TOCYJAapCTBEHHBIX cTaHaapToB Pecnyonuku bBenapych:

I'OCT P 70249-2022 «CuctemMbl UCKYCCTBEHHOTO WMHTEIICKTa HAa aBTOMOOWJIBHOM TPaHCIOPTE.
BricOok0aBTOMAaTH3UPOBAHHBIE TPAHCIIOPTHBIE CPEACTBA. TepMHUHBI U ONPEACIECHUS;

I'OCT P 70250-2022 «CucteMbl UCKYCCTBEHHOT'O HHTEIJICKTa Ha aBTOMOOWIILHOM TPaHCIOPTE.
BapuaHTb!l HCIOI630BaHMsI U cOCTaB (YHKIIMOHAIBHBIX MOJCHCTEM UCKYCCTBEHHOTO MHTEIIICKTAY;

I'OCT P 70251-2022 «Cuctembl UCKyCCTBEHHOTO WHTEIIEKTa Ha aBTOMOOWJIBHOM TpPaHCIOPTE.
CucTeMsl ynpaBieHHUs ABM)KEHHEM TPAHCIIOPTHBIM CPeACTBOM. TpeOoBaHMS K UCTIBITAHUIO aJIrOpPHUT-
MOB OOHapYKEHHUS M paclio3HaBaHUsI MPETSITCTBUI;

I'OCT P 70252-2022 «CuctemMbl UCKYCCTBEHHOTO WHTEIIEKTa Ha aBTOMOOWIJIBHOM TpPaHCIOPTE.
CucteMsl ynpaBieHHUs ABMKEHHEM TPAHCIIOPTHBIM CPeACTBOM. TpeOoBaHMS K UCIIBITAHUIO aJTOPUT-
MOB HU3KOYPOBHEBOTO CIHSHUS JTaHHBIX);

I'OCT P 70253-2022 «CucteMbl UCKYCCTBEHHOI'O HHTEIJICKTa Ha aBTOMOOWIILHOM TPaHCIOPTE.
CucteMsl ynpaBieHUs ABM)KEHHEM TPAHCIIOPTHBIM CPEACTBOM. TpeOoBaHMS K UCIIBITAHUIO aJIrOPHUT-
MOB 00HapYKEHHSI U PEKOHCTPYKIIUH CTPYKTYPHI IEPEKPECTKOBY;

I'OCT P 70254-2022 «CuctemMbl UCKYCCTBEHHOTO WHTEIIJICKTA Ha aBTOMOOMJILHOM TPaHCIIOPTE.
CucteMsl ynpaBieHUs ABM)KEHHEM TPAHCIIOPTHBIM CPeACTBOM. TpeOoBaHMS K UCIIBITAHUIO aIrOPHUT-
MOB IPOTHO3UPOBAHMS TOBEJCHUS YIaCTHUKOB JIOPOKHOTO IBUIKEHUS;

I'OCT P 70255-2022 «CucteMbl UCKYCCTBEHHOI'O HHTEIJICKTa Ha aBTOMOOWIILHOM TPaHCIOPTE.
CucteMsl ynpaBiieHUs ABM)KEHHEM TPAHCIIOPTHBIM CPeACTBOM. TpeOoBaHMS K UCIIBITAHUIO aJIrOPHUT-
MOB OOHapyXEHHS ¥ Paclio3HaBAHUSI JJOPOIKHBIX 3HAKOBY;

I'OCT P 70256-2022 «CucteMbl MCKYCCTBEHHOTO HHTEIUIEKTa Ha aBTOMOOHIBHOM TPaHCIOPTE.
CucTeMbl yrpaBieHHs JBIKEHHEM TPAHCIIOPTHBIM CPEJCTBOM. TpeOoBaHMS K UCIIBLITAHUIO ajIrOpPHT-
MOB KOHTPOJISI OOOYHMHBI U TTOJIOCHI JBM>KEHUSD.

3akumouenue. [IpaBoBoe peryiaupoBaHue pa3paOOTKU U Hcnojib3oBaHus MU ocymectusiercs Ha
YHHUBEPCAITbHOM, PETHOHATIBHOM, HAIIMOHATBHOM YPOBHSIX.

AHalu3 akTOB MEXIYyHapOAHBIX OPraHM3alliil, MEXrocyJapCTBEHHBIX OOpa30BaHWIl MO3BOJISIET
BBIBECTH PsiJi OOIIMX NPUHIMIIOB U TEHACHIMH B PEryJIMpOBaHUH OTHOIIEHHH B obnactu MU:

— aHTPONOIEHTPHYHBIH MOJIXO0JI, IPHOPUTET NIPAB ¥ HHTEPECOB YEIIOBEKA,;

— BHAUMAaHHE dTHUECKUM actiektam N

— mo3uMoHupoBaHne Hocutenei MU B kauecTBe HHCTPYMEHTA, OOBEKTA;

— OTBETCTBEHHOCTH pa3pabOTIYNKOB U COOCTBEHHHUKOB 3a JIeUCTBUS HOocuTenei 1,

— PUCK-OpHEHTHUPOBaHHKIN TIoaxo[ B chepe UU.

Uzyuenue 3apyOexxHOro omnsita perynupoBanus B chepe UM 1o3Bonnno BEISBUTH CIAEIYIOLINE MO-
JIEIH:
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— peryiHMpOBaHHA CIENHATBHBIMU aKTaMHU CTpAaTEernuecKoro rrannpoBanus passutus UU (Kuraid,
Poccus, ®pannmst u ap.);

— OTpacJIEBOTO PETYIMPOBAaHMA C TEHACHIMEeHW KOMIUIEKCHOTO perynupoBanus B chepe UM (FOx-
Has Kopes);

— THOPHIHYIO MOJIETh, KOTOpasi COYETaeT CTpaTerniecKkoe u oTpacieBoe peryaupoBanue (CILIA).

Takxe UCHONB3YyeTCsl PEryJIupOBaHUE MOCPENCTBOM PEKOMEHAATENBbHBIX M TEXHUUYECKHUX aKTOB,
YCTAHOBJIEHHUS IKCIIEPUMEHTAIIBHBIX MPABOBBIX PEXKUMOB («PETYISITOPHBIE TIECOUHULIBIY).

N3ydenne 3apy0OeKHOTO OIBITa TO3BOJIIIIO BEISIBUTH CIEAYIONINE TEHACHIINH, KOTOPHIE IIeIeco00-
pasHoO Y4MTBIBaTh: ompeneneHue perymnaropa B chepe MU, onpenenenue ctpateruu pasputus WUU;
(opMupoBaHKe 00IIEH KOHIETIIIUH U OTPACIIEBOTO PAaBOBOTO peryarposanus UU.

B Pecniy6nmke benapych B HacTosmee BpeMsi He IPUHAT CHEIHMATBHBINA MPAaBOBOM aKT, KOMILIEKC-
HO pernameHTHpyromui chepy M. Omuako B psae cTpaTeTMYECKHX W MPOTPAMMHBIX aKTOB YKa3aHO
Ha TO, 4TO Hcmonb3oBanne UM B pasnuuHbIX cdepax OoTBeHaeT HAIMOHAJILHBIM HMHTEpecaM Halei
CTpaHBI, XapaKTepU3yeTcsl KaK MPUOPUTET MHHOBAIMOHHOTO pa3BUTHs. B oTpacieBpix akTax (Hampu-
Mep, B chepe oOpa3oBaHH, IIEKTPOTPAHCIIOPTA) BCe OOJIee aKTUBHO YIMOTPEOISIOTCS TEPMHHEI, CBSI-
3aHHbIE ¢ TexHoJorusimMu MHN.

J1is 3aKperuieHus eUHBIX MOIX0A0B K (POPMHUPOBAHHIO M PealIM3allid TOCYIaPCTBEHHOW MOINTH-
KU B OTHOIICHUM BHeApeHus: TexHonoruil U, onpeneneHns NpUOPUTETHBIX HANIPaBICHUN pa3BUTHUS
B oOnactu MU, ucronb30BaHUs B KAYECTBE METOIOIOTHIECKOW OCHOBHI I pa3paboTKH JOKYMEHTOB
CTPATETHUECKOTO TUIAHMPOBAHUSI M aKTOB OTPACIICBOTO 3HAYCHHUSI B 0003HAYCHHOHU cdepe mpeaaraer-
cs pazpaboTka KoHyenyuu npagosozo pe2yiuposanusi mexHoio02ull UCKYCCMBeHH020 uHmeinekma (1o
aHayoruu ¢ npuHATHIMU B Pecyonuke bemapycs Konnenueit npaBoBoii nonutuku Pecyonuku be-
Japych, yTBepxkacHHON Yka3zom Ilpesunmenrta PecnyOnmuku benapychk ot 28 wurons 2023 r. Ne 196;
Konnenmuel rocyaapcTBeHHON KaJpoBoW monuTuku PecnyOinku benapych, yTBepkIeHHOH YKa3oM
[Ipesunenta Pecrrybnmuku bemapych ot 3 saBapst 2024 r. Ne 1, u nip.).

B Konnenuuu npaBoBoro perynupoBanus TexHosoruit UM npennaraercst oTpa3uTh:

— OCHOBHBIC TCPMHHBI 1 ONIPCACIICHUSA,

— IeNT ¥ 33/1a49¥ TOCY/IapCTBEHHOM MONMTHKH B cepe 1,

— IPUHITUIBI PETYIUPOBaHMS OTHOIIEHUH B cepe 1,

— COBPEMEHHOE COCTOSTHHE CHUCTEMBI OOIIECTBEHHBIX OTHOIIEHUI B Pecnyonuke benapych, 3aTpa-
ruBaeMbIX BHenpenueMm UU;

— crienu(uKy TpaHcopManru OOIIECTBEHHBIX OTHOIIEHUH o BiusHueM MU u TeHaeHnmu pas-
ButHs U1 B MUPOBOM KOHTEKCTE;

— o01mue moaxo sl K (hOpMUPOBAHHIO ITPaBOBOH moyimTuku B chepe U ¢ yyeTom HallMOHAIBHBIX
WHTEPECOB B 0003HAYEHHOU 001acTH;

— MPUOPUTETHBIC HanpasieHus (cdepa MeTUIMHBI, 00pa30BaHUs, TPY/Aa, TPAHCIIOPTA) U MEXaHH3-
MBI TIPAaBOBOTO obecrieueHus pa3BuTHst TexHojoruid MU, Bkimtoyast Mepbl CTUMYJIMPOBAHUS;

— OCHOBHBIE YI'pO3bl, BBI30BbI, PUCKU UCIIONb30BaHus MW 1 myTH UX HeUTpaiu3aluuu, B TOM YKCIIE
B KOHTEKCTE HAIMOHAIBHON 0€30MacHOCTH.

NuTencuBHoe pa3BuTHe TexHosioruid MM v ux BiusHHE HA OOIIECTBEHHBIC OTHOIIECHUS CO3/IAI0T
HEOOXOMMOCTh JIOKTPUHATBHOM MPOpabOTKU | MPABOBOM periiaMeHTalny BOIPOCOB Kubepbesorac-
HOCTH U OTBETCTBEHHOCTH B PABOOTHOLIEHUSX, CBSI3aHHBIX ¢ UCIOJIb30BaHueM M.

OpraHu3aiMOHHO-TIPABOBON MEXaHU3M PErjlaMEeHTAIlMM M KOOpPJIUHAIMH JeATeIbHOCTH B cdepe
MU moxeT OBITh peaJin30BaH B paMKax CYIIECTBYIOIICH CHCTEMBI OPTaHOB TOCYJapPCTBEHHOTO YIIpaB-
JICHUS U UHBIX OpraHu3aluil.
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IIpaBuia njs1 aBTOPOB

Peoaxyus scypnana « ngopmamuxay npocum asmopos pyko8ooCcmeo8amv s NpusedeHHbIMU HUdCe NpasUIaMiL.

I. CTaThu MpUHUMAIOTCS B PEAAKIMIO Yepe3 AISKTPOHHYIO cicTeMy moaayu no aapecy http://inf.grid.by B dpopmare daiinos
TeKCTOBBIX pepakTopoB Microsoft Word. O6bem opuriHanbpHON ctathil — OT 8 10 16 cTp., BKIIIOYAsk pUCYHKH, TaONHULIBI U J0-
CTaTOYHOE KOJIMYECTBO HanOoJiee akTyalbHBIX CCBHUIOK; 00beM 0030pHOit cTaThu — OoT 16 10 32 cTp., BKIIOYas Bce OCHOBHBIC
ccplIkH. TekcT Habupaercs ¢ mepenocamu, mpudt Times New Roman 11 nt, HHTepBal MEXIy CTPOKAMH OJMHAPHBIN, ab-
3anHbii oretyn 0,5 M, monst mo 2,5 cM ¢o BCEX CTOPOH.

Marepuan cTaThbH JOJDKEH OBITh YETKO CTPYKTYpPHPOBAaHHBIM: BBeneHNe; OCHOBHBIE pa3/ienbl, B KOTOPBIX H3JIOKEHBI LETH
W 33/1a4H, METOJIBI, PE3YJIbTAaThl; 3aKITI0ueHIE (BHIBOJIBI).

Il. Cratpu 0 pesynmpTaTrax paboT, IPOBENCHHBIX B HAYYHBIX YUPEKICHHSX, TOJDKHBI HMETh pa3pelleHre Ha ITyOIuKamuio
(compoBoaUTENBEHOE MMUCHMO 32 MOIHUCHI0 PYKOBOJHUTEINS WM BBIITUCKY U3 3aCEJaHusl Y4€HOTO COBETa, OT/ela HIIH Kadeapsl,
aKT KCIIEPTHU3BI).

I1l. Crarbu B 00s13aTeNbHOM MOPSIIKE JTOJDKHBI BKIIIOYATh aHHOTAIMIO, KJIIOUEBBIE CJIOBA, CIHMCOK JINTEPaTypbl, HH(opMa-
10 00 aBTOpax Ha PyCCKOM M aHTJIMHCKOM S3bIKax.

Ha tutynbsHOI cTpaHuIe pacnonararoTcs cieylone MeTaanHble:

1. Mapexc no ynuBepcanbHol necstiuuHoit kinaccudukanuu (Y/K); na pycckom u anenuiickom a3vikax THII CTaTbu (OpH-
TMHAJIbHAS WK 0030pHast), HA3BaHWE CTATHH, MHUIMAIBI M (paMIIINK BCEX aBTOPOB, ITOJIHOE HANMEHOBAHUE YUPEKACHUH, TAC
paboTaroT aBTOPHI, C yKa3aHHWEM IOYTOBOTO ajapeca, MPH HaIWYMK yKasbiBaeTcsl yueHas crenenb u ORCID, e-mail otsert-
CTBEHHOTO JIMIIA.

2. Aunoranus (Abstract) o6semom 150-250 ci10B B OpUTHHATIBHON CTAaThe MOJDKHA OBITH CTPYKTYPHPOBAHA OTACIHHBIMA
noapasnenamu: Lenn, Meronpl, Pesynbrarel, 3akiodeHne, a Takke MaKCUMaJIbHO XapaKTEePHU30BaTh COICPKATEIbHYIO 4acTh
pykomnucu. Crozia He cieyeT BKIIOYaTh BIIEPBHIC BBEJCHHBIC TEPMUHBI, aOOpEBHATYPHI (32 HCKIIOYCHHEM OOIIEH3BECTHBIX ),
CCBUIKH Ha JINTEPaTypy.

3. Kimrouessie coBa (Keywords) — Hanbosiee 3Ha4MMBbIE CIIOBA WM CIIOBOCOYETAHUS 110 TeMe pabOoThI, OTPaXKAIOIIUE CIie-
UKy TeMbl, OOBEKTBI U PE3yJIbTaThl CCIIEI0BAHMS; IIEPEUCHb KIIFOUEBBIX CJIOB JI0JDKEH coaepxkarh 5—10 cios.

4. B pasnene brarogaproctu (Acknowledgements) yka3siBaroTcst Bce MCTOUYHHKH (DMHAHCHPOBAHHS UCCIICIOBAHMS, 8 TaK-
e OJIaroapHOCTH JIIOJISIM, KOTOPBIE y4acTBOBAIN B pa00OTE HaJl CTAThEH.

5. ABTop 00s13aH yBEIOMUThH PEJAKLHUIO O PEabHOM WM MOTEHIUAIBHOM KOH(IMKTE HHTEPECOB, BKIIOYHB HH(OPMALIUIO
B paszaen Koundnukr unrepecos (Conflict of interest).

6. ®opMyIIbl, pUCYHKH, TAOJIHIBI B CTATHE HYMEPYIOTCSI B COOTBETCTBHH C MOPSIIKOM MX YIOMHUHAHHA B TekcTe. CChUIKM Ha
PHUCYHKHU ¥ TaOJIHUIBI B TEKCTE 00s13aTeNbHBI. PUCYHKH JOIKHEI OBITH BHIITOJIHEHBI C XOPOIIMM Pa3pelIeHHeM B MacIuTade, mo3-
BOJISFOILIEM YETKO pa3inyaTh HAANUCH U 0003HaueHMs. L[BeTHBIE MITIOCTpaly NeYaTaloTcs TOJIBKO B TOM CiIydae, KOTAa 3TO
HEoOXO0AMMO Ul TTOHUMAaHUS M3JIaraeMoro marepuaina. IlofpucyHOYHBIE MOJIHCH C PAacCIIU(POBKON BCEX MO3WIMH, Mpen-
CTaBJICHHBIX Ha PHCYHKE, U Ha3BaHMs TAaOJIHL HAOMparoTCsl MIPU(TOM TapHUTYPbI OCHOBHOTO TekcTa pazmepoM 9 nr. [lepeBoa
NOAPUCYHOYHO! MOJNKMCH ¥ TOSICHEHUH K PUCYHKY, a TaK)Ke MEepeBOJ] Ha3BaHUs TaOJUIIbI, 3aT0JIOBKH CTPOK HMJIM CTOJIOIIOB
pacnonararoTcs KypcHBOM TOCIIE PYCCKOSI3BIYHON BEPCHH.

7. HaGop ¢opmyn BeimoiHseTcs B GopmynpHoM pemaktope Microsoft Equation wim Math Type. IpsmeiM  mpud oM
HAOHPAKOTCS: TPEYECKHE U PYCCKHE OYKBBI, MaTeMaTHueCcKue CUMBOIIBI (SiN, g, 0); cumBoibl xumuueckux 3aemerTos (C, Cl,
CHCI3); undpsr (puMckue u apabCkue); MHAEKCH (BEPXHHUE U HUKHKE), SBJISIONIMECS COKpalieHus My clioB. Kypcusom HaOu-
paroTCs JaTHHCKUE OYKBBI, CHMBOJIBI (PU3NUECKUX BEJIWYHH (B TOM YHCIIE U B HHAEKCE).

8. Cnmcok MCHONB30BaHHON JINTEPATYpbl 0(OPMILIETCSI B COOTBETCTBHH C TpeOoBaHMSIMH Bpiciieil artecTalimOHHON KO-
muccun Pecriyomuku benapycs (I'OCT 7.5-2008). Homep nuTepaTypHO# CCBHUIKM B TEKCTE TAETCSl MOPSIKOBBIM HOMEPOM
B KBaJIpaTHBIX cKoOKax. CchlIaThCsl Ha HEOMyOJIMKOBaHHBIE paOOTHI HE JTOITYCKAETCSL.

9. OtnenbHO odopmisiercss References co cnexyromieil CTpyKTypoil: aBTOpbI (TpaHCIUTEpALUUs), TPAHCIUTCPUPOBAHHOE
Ha3BaHue MoHorpaduu, [lepe6od nassanus monozpaguu na anenuiickull A36ikK. BHIXOIHBIE JaHHBIE ¢ 0003HAYCHUSAMH HA aH-
riauiickoMm s3eike. OT TpaHCIUTepayuii Ha3BaHUN CTaTeil MOXKHO OTKa3aThCsl.

10. Ccputku Ha yueOHO-MeToauuecKyto Jurepatypy, [OCTsI, aBTOpedepaThl, CTATUCTUYECKHE OTYETHI B CIIUCOK HE BKITIO-
YaroTcs, a 0QOPMILIFOTCS B BUJIE CHOCOK (C MOJAPOOHBIMU PEKOMEHIAIMAMHI MOYKHO O3HAKOMHTBCSI Ha CaiiTe )KypHaja B pasJe-
ne [IpaBuna 11 aBTOpOB).

11. B pasnene Undopmanus 06 asropax (Information about the authors) npusoasitcss ®UO aBTOPOB MOIHOCTBIO, YYEHAs
CTeTIeHb, 3BaHNE, TOJDKHOCTh, Ha3BaHue opranu3anui, ORCID (npu Hanugmm).

IV. Bee nocrynaroniye B peIakuuio pyKOIHCH TPOXOIAT NPEIBAPUTEIILHYIO IPOBEPKY Ha cooTBeTcTBHE IlpaBmimam uis
aBTopoB. CTaThst MOXET OBITH BO3BpAIlICHA aBTOPY HA JI0PaOOTKY € IPOCHOOH yCTpaHUTh HEAOCTATKHI MM JIOTIOJHUTL HH(pOpMa-
muto. [Tocnie npoBepKH Ha COOTBETCTBHE MPaBHIIaM CTATbhsl HAIIPABIISICTCS PELIEH3EHTY C YKa3aHHEM CPOKOB PEIIEH3HUPOBAHHSL.

V. Ilpu Hanuuuy 3aMe4aHUi pPeleH3eHTa aBTOpY NMPEAOCTaBIsIETCs OIpeAeIeHHOe BpeMs Ha JopaboTKy pykomnmcH. Cra-
TBH, HalpaBJsieMble Ha JOPabOTKY, JOJDKHBI OBITH BO3BpAILEHBI B UCIIPABICHHOM BHJE C OTBETaMH Ha Bce 3amedaHus. OKoH-
YareJIbHOE PElleHNe O MyOIHKALUK MM OTKJIOHEHUH PYKOIMCH MPUHUMAETCS PEAKOIIIerHel xxypHaia. [Ipy nojgoxuTeaIbHOM
3aKJIFOUYSHNHU PELEH3CHTa CTaThsl MepeJaeTcsl PeAakTopy IUis MOJArOTOBKH K Tedatd. Pepakiius ocTaBisieT 3a co0oil nmpaBo Ha
peIaKIMOHHbIE N3MEHEHH S, HE HCKaKAIOIIMe OCHOBHOE COJIEP)KAHUE CTAThH.

VI. Penakuus xypHaljia npeiocTaBIisieT BO3MOXHOCTh MEPBOOUEPEHOIO OMyOIMKOBAaHUsI CTATel, NPEICTABICHHbBIX JIUIla-
MH, KOTOpbIE OCYILECTBIISIIOT IOCIEBY30BCKOE 00y4eHHe (aCIHMpaHTypa, JOKTOPAHTYpPa, COMCKATENLCTBO) B I0J| 3aBEPILICHUS
o0ydeHusl.

VII. ABTOpBI HECYT OTBETCTBEHHOCTD 32 HAIpPABJICHHUE B PEAAKLHUIO CTaTeH, yXKe OIyOJIMKOBAHHBIX paHee WM IPHHATHIX
K IyOJIMKaIK APYTUMH U31aHUSIMHU.
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