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Introduction: Sentiment analysis is a complex problem whose solution essentially depends on the context, field of study and
amount of text data. Analysis of publications shows that the authors often do not use the full range of possible data transformations
and their combinations. Only a part of the transformations is used, limiting the ways to develop high-quality classification models.
Purpose: Developing and exploring a generalized approach to building a model, which consists in sequentially passing through
the stages of exploratory data analysis, obtaining a basic solution, vectorization, preprocessing, hyperparameter optimization, and
modeling. Results: Comparative experiments conducted using a generalized approach for classical machine learning and deep
learning algorithms in order to solve the problem of sentiment analysis of short text messages in natural language processing
have demonstrated that the classification quality grows from one stage to another. For classical algorithms, such an increase
in quality was insignificant, but for deep learning, it was 8% on average at each stage. Additional studies have shown that the
use of automatic machine learning which uses classical classification algorithms is comparable in quality to manual model
development; however, it takes much longer. The use of transfer learning has a small but positive effect on the classification
quality. Practical relevance: The proposed sequential approach can significantly improve the quality of models under development
in natural language processing problems.

Keywords — natural language processing, machine learning, deep learning, vectorization, modeling, preprocessing,
automatic machine learning, transfer learning.

For citation: Polyakov E. V., Voskov L. S., Abramov P. S., Polyakov S. V. Generalized approach to sentiment analysis of short text
messages in natural language processing. Informatsionno-upravliaiushchie sistemy [Information and Control Systems], 2020, no. 1,

pp. 2-14. doi:10.31799/1684-8853-2020-1-2-14

Introduction

One of the most important research areas in ma-
chine learning is natural language processing [1]
which solves the problems related to linguistic data,
i. e. any textual content from Internet pages, books,
forums or social networks. Determining the emo-
tional coloring of a text (Sentiment Analysis) is a
problem of algorithmically telling a negative state-
ment from a positive one, whether it is an online ar-
ticle, comment on news or any other text written by
any author. The main difficulty of sentiment anal-
ysis is that problems solved for one area cannot be
successfully transferred to a different one [2]. As
their basic component, sentiment analysis systems
use a dictionary of words and phrases common in a
particular area, which can significantly differ even
from a dictionary for an adjacent area. As an exam-
ple of such differences, we compared the distribu-
tion of words in two data sets (Fig. 1).

The first set of data is the visitors’ feedback at
the IMDb (Internet Movie Database) website [3] for
movie search; the second one is the customers’ feed-
back at the Amazon online store [4]. After analyz-

ing the distribution of words, you can find the dif-
ferences in their dictionaries. The IMDb dictionary
differs from the Amazon one in almost every com-
ponent. Another feature are collocations. While in
the Amazon reviews bigrams look quite informa-
tive, the IMDDb reviews need trigrams to be inform-
ative. In other words, a combination of bigrams and
trigrams gives a better understanding in the case
of IMDb, while for the Amazon case bigrams are
enough. Thus, each sentiment analysis problem is
individual, requiring a separate study. This makes
sentiment analysis an important research field.

Related works

Despite a relatively large number of works de-
voted to comparing approaches and methods for
sentiment analysis, most of them study only some
aspects of solving the problem [5-12]. For example,
in [5], the authors compare the approach based on
the lexical algorithm from the Apache Hadoop ar-
chitecture and Stanford coreNLP library with the
implementation of recursive neural networks. The

2 /7 VHOOPMALIMIOHHO-YNPABASIIOLLIVIE CUCTEMbI
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researchers classify the sentiments of the reviews
left at a zoological forum. However, their paper
avoids the comparison of sequential approaches
traditionally used in natural language processing.
In [6], a mood analysis system was proposed for en-
terprise software developers. The authors limited
themselves to using only a set of vectorizers, clas-
sic machine learning models, and a preprocessing
stack. The proposed SentiSW tools showed accept-
able recognition quality. In [11], a BAM model was
proposed for mood classification. A novel bi-level
attention approach was used, which provided re-
sults of high quality. The data used were short texts
in Chinese. The authors compared a large number
of vectorizers and deep learning models, but did not
consider the stages of data preprocessing and hy-
perparameter setting. Another work [12] discusses

7

an approach based on the resolution of ambiguities.
The authors try to find the best algorithm by heu-
ristic selection of models, using different preproc-
essing techniques and various deep learning mod-
els. They applied the learning transfer approach,
but did not consider hyperparameter optimization.
Table 1 shows a comparative analysis of the stag-
es of experiments conducted by the authors of the
above works and the stages of our work.

‘We propose a generalized approach to sentiment
analysis of short text messages, which consists in
sharing all the main stages in the development of
forecast models: intelligence analysis, basic solu-
tion, vectorization, preprocessing, modeling and
hyperparameter tuning. The combined use of these
stages allows you to get better results. For the ex-
periments, we chose the Python programming lan-

B Table 1. Comparative analysis of the stages

Intelli- Vectoriza- . Modeling/model comparison Trans- | Tuning | Auto-
. Preprocessing/ .
Research gence Base tion/ preprocessing ] ] fer hyper- matic
data line | vectorizer . Classical r.nachlne Deep learning learn- | parame- | machine
analysis comparison comparison learning ing ters |learning
arslzrll;:il;eirrllta The lexical
cross-media Partial- No No No algorithm from | Stanford coreNLP, I.’ar- No No
. ly Apache-Hadoop RNTN tially
analysis
framework [5]
Random
Forest,
o Sumbols, Bagging,
Esrégzﬂizzfl Stop-Words, Gradient
. TF-IDF, | Punctuation, | Boosting Tree,
2'1naly51s of Yes No Doc2Vec Marks, Naive Bayes, No No No No
issue com- . .
Tokenization, | Ridge Regres-
ments [6] . R .
Stemming sion, Linear
Support, Vector
Machine
Bilevel Bow, Bi-GRU, AttBiL-
attention MCNN,
model for GloVe STM, TMN,
sentiment | L2748 | N | Word! No SVM TWAM, BAM, | pppr| No | No
. ly MCNN, RCNN,
analysis of 2Vec, VDCNN
short texts FastText,
[11] T-WAM
. NB, CNN,
Vnente “Sumbols, CNNATNN,
sentiment Phrase , BLSTM, BLST-
analysison | Partial- Substitution MFATTN, CNN+- ULM-
. No No ’ No BLSTM, CNN+- X No No
social ly Character FiT
networks with Replacement BLSTM+ATTN,
deep learning BGRU, BGRU+AT-
N 2oach [12] TN,CNN+BGRU,
PP CNN+BGRU+ATTN
Lower Case, Logistic FFNN, SimpleRNN,
BoW, Stop-Words, Regression, LSTM, GRU,
TF-IDF, Sumbols, Random BidirectionalSimple GloVe
This paper Yes Yes Word- Lemmatiza- Forest, RNN, Bidirection- BERT’ Yes Yes
2Vec, tion, Stem- Linear SVC, alLLSTM, Bidirec-
Doc2Vec ming, Gradient tionalGRU,
Tokenization Boosting Convalution1D
4 / NHOOPMAUNOHHO-YNPABASIIOLLIME CUCTEMbI / N21, 2020
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guage, along with the main libraries scikit-learn,
Keras, Gensim and Plotly. We used Ubuntu Linux
19.04 operating system, 32 GB of RAM, swap file of
size 64 GB, a video card Nvidia GeForce RTX 2060 /
PCIe / SSE2 / 6 GB, and a processor Intel Core i7-
8700 CPU / 3200 GHz x12.

Research methodology

At each stage of our research, we will consist-
ently apply the basic existing approaches to data
processing, conduct experiments and evaluate the
results obtained. The conceptual scheme of the re-
search is shown in Fig. 2.

The exploratory analysis is carried out to study
the nature of the data; according to its results, an
assumption is made about the choice of metric and
the set of models suitable for the problem. The ba-
sic solution is the first solution that gives us an
understanding of what quality of the model can be

obtained without any sophisticated data manipula-
tions. At the vectorization stage, we sequentially
train a set of commonly used vectorizers in order
to identify the most suitable one. The preprocessing
stage can either significantly improve or worsen the
final model; therefore, it is necessary to conduct ex-
periments with preprocessing of various types and
to identify the best one.

After the preprocessing stage, the stage of mod-
eling and hyperparameter tuning is performed in
order to increase the effect of the previous stages
by fine-tuning of the vectorizer model and classifi-
cation model. Table 2 sums up and briefly describes
the development stages in the proposed generalized
approach.

Exploratory data analysis

Exploratory data analysis assumes obtaining in-
formation about the nature of the data in order to

Exploratory
Raw data

Modeli_ng and
data analysys p 2 BaseLine ) Vectorization Preprocessing tﬁ;};grg
parameters

vectorizer

B Fig. 2. Conceptual scheme of the research

B Table 2. Generalized approach development stages

Input Stage Process Output
Raw data Exploratory Visual dataf analy51s,. selection based on Metric(s), model(s)
data analysis analysis of metrics and models
. Training of a simple classification
Raw data, metric(s), . . . .
BaseLine model(s) and a simple vectorizer on basic Base model, base score
model(s) .
settings
Raw data, metric(s), .. Cyclic tr.alnlng Of veqtorlzer models gnd Best vectorizer, vector-
Vectorization the basic classification model at basic .
base model . ized data, base model
settings
. . Cyclic data conversion and training on Best preprocessing, best
Best vectorizer, vectorized . . . . .
. Preprocessing | the basic model and the best vectorizer on vectorizer, vectorized
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the basic settings data, base model
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p’ P g Modeling the best preprocessing and with the best er, best preprocessing,
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B Table 3. Twitter users’ reviews

Tonality Text

Positive | 1. Thank you for the response, we got it resolved at the counter.
2. ...Ilove you. Air travel doesn’t get easier.

Neutral | 1. You must follow me in order for me to send you a direct message if that is what you meant.
2. ha, ha not a make or break for me either way!

Negative | 1.Iagree but per the captain this issue happened before boarding & we all sat in the plane for almost 2 hrs
2. no it weighed 45.5 and it was the only checked bag

Reviews Neutral
\
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B Fig. 3. Key statistics on the word distribution in the US airline Twitter comment data set
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choose metric and a set of models most appropriate
for solving the problem. For the experiments, we
chose a benchmark data set containing 14.640 short
messages left in Twitter by American airline cus-
tomers [13]. Examples of the reviews from Twitter
users are presented in Table 3.

Statistics of the word distribution in the reviews
(Fig. 3) show that the distribution of classes in the
samples is not balanced: about 60% of the messages
are negative, 23% are neutral, and 17% are posi-
tive. For comparison, it is common to use such met-
rics as Accuracy, Precision or Recall which iden-
tify the prediction accuracy separately and inde-
pendently for each class [14]. The aim of our study
is to compare the ability of a model to generalize
on the base of a sequence of dependent stages, not
by a separate class. Therefore, as a metric for com-
parison, the ROC-AUC metric [15] was taken which
takes into account the actual imbalance of the class-
es and reflects the stability of the model.

In natural language processing problems, both
classical machine learning and deep learning are
used. The choice of algorithms depends on the vol-
ume and complexity of the data. Often, when the
data is huge in volume and the structure is com-
plex, deep learning does the job better. However,
determining the data complexity is a difficult task,
strongly depending on the experience of the data
processing specialist. The 14.640 tweets we used in
our research cannot be considered as either small
or large amount of data to make a straightforward
decision on the choice of an algorithm. We will con-
duct a comparative study of using both classical al-
gorithms and deep learning in order to demonstrate
that deep learning provides the best result with our
generalized approach.

Basic solution

To get a basic solution, we have trained the vec-
torizer model and the classification models for both

OBPABOTKA NHD®OPMAUNN N YNPABNAEHNE
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classical algorithms and deep learning. All the
training was carried out with the default parame-
ters set up by the developers of the Keras library,
on 10 eras for deep learning and for classical algo-
rithms, and with default settings for the scikit-learn
library. The basic solution with classical machine
learning and deep learning algorithms is shown in
Fig. 4. Evaluation by ROC-AUC metric shows the
quality of the basic solution and the machine time
spent in the experiment: 0.12 s for CountVectorizer
and LogosticRegression, and 11.83 s for FFNN and
CountVectorizer. We will use the obtained values of
the ROC-AUC metric in the future to evaluate the
next steps when improving the model. The result-
ing low quality (0.5) of the basic model (see Fig. 4)
for neural networks using deep learning as com-
pared to the classical machine learning algorithms
(0.85) does not mean that the model is unsuitable;
the model may be too simple to generalize the data
and should be improved. Improving the model by
increasing its complexity is a way to improve the
classification quality, which will be demonstrated
below.

Vectorization

To improve the model, you can use various vec-
torizers which convert text data into numbers. We
use four types of vectorizers with different ap-
proaches to text encoding: CountVectorizer (Bag of
Words) [16], TfidfVectorizer [17], Word2Vec, and
Doc2Vec [18]. These vectorizers were chosen be-
cause statistically they are more likely to provide a
higher vectorization quality, being commonly used
to solve problems of this kind. An improved model
with vectorization showed that the basic solution
found by the classical algorithms remained the
best; however, algorithms based on neural networks
significantly improved their performance from 0.5
to 0.68. The best model of the previous step was
changed from FFNN to BidirectionalLSTM, and

Classical machine learning

Deep learning

0.90
0.53
0.85 R .
™ 0.52
0.80 <
S It N R S 0.1
= I I N =
< 0.75 = i
S S 0.50
& 0.70 = 0.49
0.65 0.48
0.60 0.47
R . R 0
Eeg‘fessm“ C aseiB® near® Qossi® N \e“NN 1™ grY 9\9?”}-m a\“‘g’r“)'ﬁoi\a\gg 5&0“&0
Limed Fores 1= poosth SimP o @SIY RONTree® |
gand® Grad"e“t B"d'ﬁec“o e B Co’
Model Model
B Fig. 4. Basic solution using classic machine learning and deep learning algorithms
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Classical machine learning. Quality on the test sample
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the vectorizer was changed to Word2Vec. The im-
proved model had a higher complexity which led to
a longer training time: it increased from 11.83 s to
43.7 min (Fig. 5).

Data preprocessing

In our work, we used the most popular types of
preprocessing (Table 4): reduction to lower case (Ic),
deletion of stop words (sw), deletion of characters
(sum), lemmatization (lemm), stemming (stem), and
combinations thereof [19]. First, those preproc-
essing types are used which least affect the text
structure, followed by those which have a greater
effect on it. Processing with the name “dum” means
no processing. The preliminary data processing
(Fig. 6) provided only a slight increase in quality
for LogisticRegression and CountVectorizer from
0.8527 to 0.8577 relative to the previous stage and
the basic solution.

The training time increased from 0.12 to
0.80 s. With deep learning, we managed to obtain
more significant results, increasing the ROC-AUC
from 0.6818 to 0.7649. This time, the model with
LSTM layers and such preprocessing as lemmati-
zation or stemming instead of Bidirectional LSTM
showed better results, which reduced the training
time from 43.7 min down to 27.16 min, respecti-
vely.

Modeling and hyperparameter optimization

The previous steps allowed us to choose im-
portant joint components: the metric, vectorizer,
preprocessing parameters and model. The stage
of modeling and hyperparameter optimization is
aimed at improving the quality of the resulting
model achieved at the previous stages. We use one
of the HyperOpt smart tuners [20] based on the
Bayesian optimizer in order to avoid a complete

8 7/ VH®OOPMAUVOHHO-YMPABASIOLLVIE CUCTEMB
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B Table 4. Preprocessing examples

Preprocessing type Preprocessing example
dum T agree but per the captain this issue happened before boarding & we all sat in the plane for almost
2 hrs
Ic I agree but per the captain this issue happened before boarding & we all sat in the plane for almost
2 hrs
SW Agree per captain issue happened boarding & sat plane almost 2 hrs
sum I agree but per the captain this issue happened before boarding we all sat in the plane for almost
2 hrs
lemm I agree but per the captain this issue happened before boarding & we all sat in the plane for almost
2 hrs
stem I agre but per the captain this issu happen befor board & we all sat in the plane for almost 2 hrs
all Agre per captain issu happen board sat plane almost 2 hrs
tokens [T, ‘agree’, ‘but’, ‘per’, ‘the’, ‘captain’, ‘this’, ‘issue’, ‘happened’, ‘before’, ‘boarding’, ‘&’, ‘we’,
‘all’, ‘sat’, ‘in’, ‘the’, ‘plane’, ‘for’, ‘almost’, ‘2°, ‘hrs’]
Classical machine learning
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B Fig. 6. Data preprocessing results
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enumeration of parameters and significantly re-
duce the execution time for this stage.

First, we sequentially tune the vectorizers and
models for classical algorithms, and then tune
the parameters for deep learning in the same way.
As a result of tuning the hyperparameters for
CountVectorizer, the ROC-AUC grew from 0.8577 to
0.8671, while with the LogisticRegression tuning,
the increase was up to 0.8732 (Fig. 7, a). The mode-
ling time increased from 0.80 s to 32.8 min. Tuning
Word2Vec for deep learning increased the ROC-AUC
from 0.7649 to 0.8615, while tuning a neural network
on LSTM [21] further increased the ROC-AUC up to

7

0.9133. The modeling time increased from 27.16 min
to 79.3 h. For deep learning, we tuned such param-
eters as the activation functions, range of hidden
layers/neurons, optimizers and level of thinning, in
order to reduce the effect of retraining.

The application of the proposed generalized ap-
proach to sentiment analysis of short text messages
provided the best result (0.9133) on sets for which
the classical algorithms showed a good result in the
basic solution (0.85) and significant improvement
from one stage to another (Fig. 7, b).

The results of the hyperparameter optimization,
the number of the iterations for the best parame-
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B Fig.7. Hyperparameter tuning: a — iterations of the tuning; b — effect of the stages on the ROC-AUC results
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B Table 5. Default hyperparameters

Model Default hyperparameters
CountVectorizer analyzer: ‘word’, binary: False, max_df: 1.0, max_features: None, ngram_range: (1, 1)
LogisticRegression | C: 1.0, class weight: None, dual: False, fit_intercept: True, max_iter: 100, penalty: ‘12’, tol:
0.0001
Doc2Vec alpha: 0.0001, dbow_words: 0, dm: 1, dm_concat: 0, dm_mean: None, epochs: 10, max_vocab_
size: None, min_count: 100, negative: 5, ns_exponent: 0.75, vector_size: 40, window: 1
GradientBoosting- | learning rate: 0.1, loss: ‘deviance’, max_depth: 3, max_features: None, min_impurity de-
Classifier crease: 0.0, min_samples leaf: 1, min_samples_split: 2, min_weight fraction_ leaf: 0.0,
subsample: 1.0
Word2Vec alpha: 0.025, cbow_mean: 1, hs: 0, iter: 5, max_num_words: 100, max_seq_length: 10, max__
vocab_size: None, min_count: 5, negative: 5, ns_exponent: 0.75, sample: 0.001, sg: 0, size:
100, window: 5
LSTM activation: ‘relu’, units: 32, optimizer: ‘RMSprop’, epochs: 3, dropouts: 0.2

B Table 6. Hyperparameter optimization results

Model

Intervals/best options Iteration | ROC-AUC

CountVectorizer

analyzer (‘word’, ‘char’, ‘char wb’): ‘char wb’ | binary (True, False): False | 61 0.8671
max_df (0.2...1): 0.6 | max_features (100...500000): 28100 | ngram_range

1...14): (1, 10)

LogisticRegression

C (0.1...0.9): 0.6241 | class_weight (‘balanced’, None): ‘balanced’ | fit_inter- 142
cept (True, False): True | max_iter (1...1000): 801 | penalty (‘11°, ‘12°): 12’ |
tol (0.0001...1000): 1.0011

0.8732

Doc2Vec

alpha (0.0001...10): 7.0001 | dbow_words (1, 0): 0| dm (1, 0): 1 |dm_concat
(1, 0): 1| dm_mean (1, 0): 1 | epochs (1...100): 41 | max_vocab_size (None,
100...20000): 12100 | min_count (100...2000): 100 | negative (5...21): 7 |
ns_exponent (0...1.0): 0.15 | vector_size (40...1000): 800 | window (1...20): 8

128 0.7053

GradientBoosting-
Classifier

learning rate (0.01...10): 0.61 |loss (‘deviance’, ‘exponential’): ‘exponen- 104 0.7225
tial’| max_depth (2...20): 19 | max_features (None, 1...100): None | min_im-

purity decrease (0...10): 1.6 | min_samples_leaf (1...20): 8 | min_samples

(0.001...1): 0.64

split (2...10): 5 | min_weight_fraction_ leaf (0...0.5): 0.1 | subsample

ters, as well as the selection ranges are presented in
Table 6. The default hyperparameters for the mod-
els are presented in Table 5.

Other methods

Automatic machine learning. There are libraries
which allow you to automate the processes of model
development [22—24]. The most famous one is TPOT
[22]. This library uses a genetic algorithm to opti-
mize machine learning pipelines.

The library supports the following stages: selec-
tion of features, preprocessing, construction of fea-
tures, model selection and hyperparameter optimi-
zation. We have compared the results of using the

library with the results obtained for all the manu-
al development stages and obtained a comparable
ROC-AUC quality which was 0.8724 versus 0.8732
when manually setting up the model. The process
took a rather long time, 13.6 h. Unfortunately, for
neural networks there are only limited versions
of libraries for automatic learning. For example,
Auto-Keras [24] supports optimization only for
two-dimensional convolutional neural networks,
which rules out using these methods for natural
language processing problems.

Transfer learning. There are models trained on a
large amount of data using huge computing resourc-
es. They can be used as ready-made vectorizers with-
out prior training, for example, GloVe [25], ELMo [26],
ULMFit [27] or BERT [28]. In our case, the best vec-

Ne1,2020 N\
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torizer was Word2Vec which we replaced by GloVe (a
100-dimensional vector, pre-trained on Twitter mes-
sages) and BERT (768-dimensional one). The quality
grew up to 0.9232 and 0.9269, respectively.

The discussion of the results

We proposed a generalized approach to senti-
ment analysis of short text messages and compared
it with the classical machine learning algorithms.
The comparison showed that the proposed approach
provided the best result and showed a significant
improvement from one stage to another (Table 7).
Using automatic machine learning for classical
algorithms is comparable in quality to manual
model development, but takes a much longer time.
Transfer learning with standard settings slightly
improves the model quality.

The aim of this work was to study how a com-
plete generalized approach with various stages af-
fects the model development, as compared to the ap-
proaches with selective or partial implementation
of stages. We did not make any comparisons with
the works whose authors also did sentiment analy-
sis of short text messages using the same set of da-
ta, but we have presented the results demonstrating

the improvement of the model as a whole, from one
stage to another, as shown in Fig. 7, b.

Conclusion

The paper is devoted to a generalized approach
to sentiment analysis of text messages left by cus-
tomers of American airlines in a microblog. We dis-
cussed various approaches, comparing their meth-
ods of data preprocessing, vectorization, modeling
and hyperparameter tuning, based on classical al-
gorithms or deep learning algorithms. The results
showed that the use of the stages studied in this
work has a significant effect, being able to improve
the quality by approximately 5%, compared to the
classical algorithms. The latest SOTA solutions and
learning transfer technology are discussed, too.
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B Table 7. Comparison of the generalized approach

ROC-AUC Time
Stage Classical machine learning Deep learning
ML DL ML DL
. CountVectorizer+ CountVectorizer(Embed-
BaseLine LogisticRegression ding)tFFNN 0.8527 0.5 0.12s | 11.83 s
Vectoriza- CountVectorizer+ Bidirectional LSTM+ 43.7
tion LogisticRegression ‘Word2Vec 0.8527 | 0.6818 | 0.12s min
Preprocess- CountVectorizer+ Bidirectional LSTM+ 37.3
ing LogisticRegression+Stemming Word2Vec+Stemming 0.8547 | 0.7392 | 0.28 5 min
Preprocess- CountVectorizer+
in p mbi- LogisticRegression+ LSTM+Word2Vec+ 0.8577 | 0.7649 | 0.80 27.16
g oo Remove Characters+Lemmatization+ | Lemmatization+Stemming ’ ' US| min
nations .
Stemming
Tuning CountVectorizer+LogisticRegression+ LSTM+Word2Vec+ 32.8
hyperpa- Remove Characters + Lemmatization+ 0.8732 | 0.9133 mi'n 79.3h
rameters Lemmatization+Stemming +Settings Stemming+Settings
Automatic
machine TPOT — 0.8724 — 13.6 h —
learning
Transfer LSTM+GloVe+
. — Lemmatization+Stemming+ — 0.9232 — 37 min
learning
Best hyperparameters
LSTM+BERT+
Trans'fer . Lemmatlz.at10n+ . 0.9269 . 2h
learning Stemming+
Best hyperparameters
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BBegenmue: onpejeseHre TOHAJIHLHOCTH TEKCTA — CJIOKHAS IMpobseMa, pellleHre KOTOPOH CYIeCTBEHHO 3aBHUCHUT OT KOHTEKCTa, 00-
JIACTU MCCJIeJOBAaHUA U 00beMa TeKCTOBBIX NaHHBIX. I[IpOBeJeHHBIN aHAJN3 MyOJIUKAIIUil TIOKa3bIBaeT, UTO aBTOPHI B CBOUX paboTax He
WCIIOJIB3YIOT MOJIHBIN CIIEKTDP BO3MOKHBIX IIPe0OpasoBaHU HAJA JAaHHBIMU M UX KOMOWHAIuil. Vcmosb3yercsa TOJBKO HEKOTOPAA YacTh
IpeoOpasoBaHUil, UTO He IIO3BOJISET B IIOJHON Mepe padpabaThIBaTh MOJEJIN BHICOKOTO KadecTBa Kiaaccuduranuu. Ileas: paspaboTka u
ucciefoBaHue 0000IIEHHOr0 MOAX0AAa K IOCTPOEHUI0 MOJEIHN, KOTOPBIH 3aKJI0UaeTCs B IIOCIELOBATEILHOM IPOXOMKIEHUN 9TAlOB Pas-
BEJJOYHOTO aHAJIN3a, IOJIyYeHNa 0a30BOr0 PEIeHNA, BEKTOPU3AIUY, IPefo0PaboTKY, HACTPOUKY I'UIEpPIIapaMeTPOB U MOJEIMPOBAHUSA.
Pe3yapTaThl: CpaBHUTEIbHBIE O9KCIIEPUMEHTHI, IIPOBEJeHHEBIE C IPUMeHeHreM 0000II[eHHOT0 II0X01a JJIs KJIACCUUYEeCKUX aJITOPUTMOB Ma-
IIUHHOT'O O0yYeHUs U INIyOOKOro O0yUeHUs K PellleHuIo 3a/faull aHaJIn3a HAaCTPOeHU T KOPOTKUX TEKCTOBBIX COOOIeHUIT B 0b6aacTu obpa-
OOTKU €CTECTBEHHOT'O A3BIKA, ITOKA3AJHN JUHAMUKY POCTa KayecTBa KjacCu(PUKAIUU OT dTana K sramny. [asd KiIacCuuecKUX aJrOpUTMOB
TaKOI POCT KauecTBa ObLT HESHAUNTEIbHBIM, HO AJIA TJIYOOKOT0 00YyUeHHUA IPUPOCT KauecTBA Ha KaKIOM 9Talle B cpeJHeM cocTaBuI 8 % .
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MHOTO (osbIlie BpeMeHU. VIcIIoIs30BaHue IepeHoca 00yUeHN A OKa3bIBaeT HeOOIbIIIOH, HO TOJIOKUTEIbHEBIHN 9(deKT Ha KaueCTBO KIacCu-
duranuu. IIpakTnyeckas 3HAYMMOCTD: IPEAJIOKEHHBIHM T0CTIeL0BATEIbHBII IOAX0/] II03BOJISAET CYLIIeCTBEHHO MOBBICUTH KAUeCTBO Pas-
pabaTbIBaeMbIX MO/ieJiel B 3a1auax 00pabOTKY eCTeCTBEHHOTO A3BIKA.
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Introduction: New approaches to efficient compression and digital processing of audio signals are relevant today. There
is a lot of interest to new pattern recognition methods which can improve the quality of acoustic anomaly detection. Purpose:
Comparative analysis of methods for time-frequency transformation of audio signal patterns, including non-stationary quasi-
periodic biomedical signals in the problem of acoustic anomaly detection. Results: The study compared different time-frequency
transforms (such as windowed Fourier, Gabor, Wigner, pseudo Wigner, smoothed pseudo Wigner, Choi — Williams, Bertrand, pseudo
Bertrand, smoothed pseudo Bertrand, and wavelet transforms) based on systematization of their functional characteristics
(such as the existence and limitedness of basis functions, presence of zero moments and biorthogonal form, opportunity of
two-dimensional representation and inverse transformation, real time processing, time-frequency transform quality, control
of time-frequency definition, time and frequency interference suppression, relative computational complexity, fast algorithm
implementation) for the problem of biomedial signal pattern recognition. A comparative table is presented with estimates of
information capacity for the considered time-frequency transforms. Practical relevance: The proposed approach can solve some
acoustic anomaly detection algorithm implementation problems common in non-stationary quasi-periodic processes, in order to
study disruptive effects causing a change in the functional state of ergatic system operators.
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Introduction

“The Colosseum”, a massive radiofrequency chan-
nel emulator run by Defense Advanced Research
Projects Agency (DARPA) Spectrum Collaboration
Challenge (SC2), is transitioning to the Platform for
Advanced Wireless Research (PAWR) after a final
spectrum competition, matchup at Mobile World
Congress Los Angeles on October 23, 2019 [1]. It
means that advanced research will grow rapidly on
solutions [2], enabling radio networks to autono-
mously collaborate and dynamically determine spec-
trum use from moment to moment, using modern
time-frequency transformation instruments on fea-
ture extraction phase.

Initially, the progress in the field of quantum
statistics formed the foundation for time-frequency
(TF) analysis of non-stationary quasi-periodic bio-
medical (NQB) signals [3]. The first classical pub-

lications of Gabor and Ville were due to the trends
in quantum mechanics, the mathematical appara-
tus of which has similar features to the TF anal-
ysis of NQB signals. In 1946, Gabor developed an
original method, closely related to coherent states
in quantum mechanics [4]. In the same publication,
an important concept of the analytic signal was
introduced. Two years later, Ville [5] modified the
distribution, first used by Wigner to study quan-
tum statistics.

In the early 1980s researchers paid close atten-
tion to the study of orthogonal systems of basises of
general form, which led to the emergence of a gener-
alized theory of spectral analysis. In 1982 Morlet in
his publication [6] addressing the study of seismic
signals introduced the concept of the basis function
of wavelet transform (WT). This study is reflected
in many works on this subject and is used for re-
search of seismically unstable objects and territo-
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ries. In particular, works devoted to assessing the
characteristics of volcanoes and creating models
and calculations for timely response to changes in
their values [7, 8].

An important contribution to the WT theory was
made by Daubechies, who in 1988 developed a class
of basises for orthogonal wavelets [9] of the same
name. The created family of orthogonal wavelets
with the compact carrier calculated in the iterative
way further was investigated and applied to a solu-
tion of different applied tasks. It is now represent
an effective mathematical apparatus in NQB signal
pattern analysis and recognition [10-12], as well
as for geophysical [13, 14], neurophysiological [15],
acoustics [16—18], safety and security [19-21], re-
connaissance [22, 23], and bio-radiolocation [24, 25]
problems solving and are popular in other interdis-
ciplinary fields of science and technology [26—28].

It should be noted, that each TF transform has
its own strengths and weaknesses, and particular
transform type should be selected each time, based
on the conditions of the applied tasks of NQB sig-
nal processing [29]. The analysis of TF transforms
should be performed systematically, allowing to
take into consideration advantages and disadvan-
tages of their properties, to improve the quality of
NQB signal processing [30].

Thus, the present work is aimed at performing
comparative analysis of TF transforms based on
systematization of their main characteristics in the
problems of processing of NQB signals patterns,
using the example of test low-frequency biomedical
signal realization (Fig. 1).

The novelty of the study is in providing an in-
formative instrument in a form of a comparative
table clearly systemizing functional characteris-
tics of considered TF transformations for justified
selection a set of them for sensible identification
of non-stationary anomalies, applying digital sig-
nal processing techniques on the next stages. The
validity of the proposed approach can be further
strengthened using expert methods and broaden-
ing the classes of analyzed signal classes in the
search of concrete particularities in both time and

S(t)
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B Fig. 1. Analyzed test NQB signal

frequency domains. Thus, unification of signal
representation and formalization of classification
and clusterization tasks lead to founding a nov-
el method for automated pattern recognition for
non-stationary quasi-periodic processes on the base
of simultaneous application of convolutional neural
networks and a set of TF transformations, selected
by the maximum of entropy heterogeneity [31].

The applicability of time-frequency
transformations in practical tasks of sound
analysis in a virtual environment

Time-frequency transformations allow to extract
various characteristics of audio signals. Therefore,
it can be used to solve the plenty of practical tasks
related to monitoring and tracking of audio materi-
als, analysis and decision making [32—34].

In particular, such an implementation with da-
ta mining elements is typical for the design of so-
cio-cyberphysical systems (SCPS) — systems that
are characterized by decision making directly by
its own elements. As described in [35], the deci-
sion scheme in the SCPS is based on the analysis of
the data by the cybernetic component based on the
context and the corresponding plurality of valid
decisions. The cyberphysical system receives data
that is delivered by different kinds of sensors, ac-
tuators, tags, tokens and other types of electronic
devices. The cybernetic component processes this
data and forms the context. The context provides
information that allows to take a look at the cur-
rent state of the system environment. It is the basis
for generating the plenty of possible solutions. The
decision making process is supported by communi-
cation and interaction between system components.
Information from cybernetic to cybernetic, from
cybernetic to human, from human to cybernetic,
from cybernetic and human to central reposito-
ry, and from central repository to cybernetic and
human is shared throughout the decision-making
scheme [36].

One of the most advanced and complex SCPS is
the cyber environment formed by the Internet. The
main features of this SCPS are [37]:

— the large amount of data distributed in the
system;

— heterogeneity of data: different data types,
for example, texts, graphic files, audio signals, and
the mixed varieties, for example, for example, vid-
eo streams which integrate a visual stream and an
audio stream;

— high speed of data distribution in the system;

— a large number of users (people) in the sys-
tem;

— the distributed cybernetic component for de-
cision making;
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— various forms of a context, which is the basis
for generation of possible decisions at identification
of a problem;

— delayed and not always obvious reaction of
the system operators to events and decisions in the
system.

Time-frequency transformations allow to extract
and calculate different characteristics of audio sig-
nals and theirs values, in this particular case au-
dio files — elements of a virtual environment. That
is why this methods can be used to solve practical
problems related to monitoring and tracking of au-
dio materials, their analysis and decision-making.

An example of such a problem situation is the
identification of various anomalies, such as fre-
quency deviations, noise effects and other “emis-
sions”. Their presence may indicate abnormal sound
of the material, including the presence of destruc-
tive effect on the listener (operator) and be the rea-
son for change of its condition [38].

In this problem situation it is possible to select
three main premises for emergence of an indispo-
sition and unpleasant feelings at the user of vir-
tual environment who periodically or is regularly
affected: existence of elastic fluctuations that are
unheard a human ear — with a frequency below 16
Hz (infrasound) or is higher than 20,000 Hz (ul-
trasound), and also existence of vibrations. These
sound anomalies (for a human ear) can be shown in
acoustic record as it is constant throughout, and in
separate timepoints or with some period.

Thus, the application of TF transformation
methods may allow to identify and recognize dif-
ferent characteristics and features of audio signals
and can be used for monitoring of audio streams in
the SCPS operating in virtual environment.

Comparative analysis of time-frequency
transforms

Linear time-frequency transforms

Windowed Fourier transform

In windowed Fourier transform (WFT), spectral
density function Syypg,pier(®> ©) for signal s(?) is de-
fined [39] by the formula

+00

SwFourier (@ T)= I(s(t)w(t—r)exp(—ioot))dt. 6))

—00

The idea of traditional Fourier transform, with
the disadvantage in the lack of information about
the position of the frequency components on the
time axis, was improved into the WFT (Fig. 2). It
has a constant time resolution and enables identify-
ing the features of long-period components of NQB

0
0 10 20 30 40 50 60 70 80 90 100 t,s

B Fig. 2. Result of WFT application (Hamming win-
dow) for the test NQB signal realization

signals. However, a significant shortcoming of the
WFT is the lack of localization of the basis func-
tions. The influence of local features on the form of
the function of WFT spectral density is limited in
time only by the width of the window. At the same
time, the advantage of the WFT include a wide
range of various window functions [40].

Gabor transform

In Gabor transform (GT), spectral density func-
tion S, (@, 7) for signal s(?) is defined [39] by the
formula

SGabor (('0’ T) =

o 2
__ 1 : I s(t)exp(—(t_? ]exp(—iwt) dt. (2)

(chs2 )Z s 20

Gabor transform is a kind of WFT with a
Gaussian window (Fig. 3). The main advantage
of GT is that it has a good TF localization. There
is also reverse GT. At the same time, the lack of
self-similarity of the basis should be treated as a
shortcoming of GT. Thus, each time for different
scales of the period, a different number of periods
of the harmonic function falls into the GT window.
The analyzed signal is actually decomposed into

0
0 10 20 30 40 50 60 70 80 90 100¢,s

B Fig. 3. Result of GT application for the test NQB sig-
nal realization
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0
0 10 20 30 40 50 60 70 80 90 100t,s

B Fig. 4. Result of WT application (Morlet basis) for
the test NQB signal realization

.0
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B Fig. 5. Result of WGT application for the test NQB
signal realization

different basis functions, rather than into the same
one, as for example, in the case of WT [40].

Wavelet transform
In Wavelet transform (WT), spectral density
function Sy, eet(@, T) for signal s(t) is defined [39]

by the formula
1
(o

The main concept of WT is based on analysis of a
signal with different resolutions, also called a mul-
tiple-scale wavelet analysis (MSWA), generating
orthogonal and biorthogonal forms (Fig. 4). In bi-
orthogonal WT, the signal is decomposed applying
the method of cross-use of mutually orthogonal ba-
sis functions. The main advantages of WT are the
good localization of basis functions with respect to
time and frequency, and, as a consequence, high TF
resolution, which enables a detailed investigation
of the local features of NQB signals. A wide choice
of basis functions of WT and the possibility of their
customized construction enables the selection of
the optimal parameters of WT for each particular
problem. However, the shortcomings of WT are de-
pendence of the wavelet spectrum of the analyzed
signal on the type of the selected mother wavelet
and subjectivity of its choice [40].

2r]

Swavelet (0), T) = ‘k

Bilinear time-frequency transforms

Wigner transform

In Wigner transform (WGT), spectral density
function Syyge, (@, 7) for signal s(?) is defined [39]
by the formula

Swigner (0 )= j (S(T-‘ré)s* (r—éjexp(—imt)Jdt. @)

—0o0

The main advantage of WGT is its good TF reso-
lution (Fig. 5). There is also reverse WGT. Its short-

coming is the presence of interference terms of the
spectral density function for multicomponent NQB
signals.

However, there are methods that make it possi-
ble to substantially mitigate the effects of the in-
fluence of these interference terms using averag-
ing procedures. For example, the introduction of
an additional time window function in calculating
WGT leads to pseudo Wigner transform (PWGT).
But excessive narrowing of the window causes the
TF representation to blur on the TF plane in most
of the cases. The additional weight function helps
to mitigate the frequency interference terms,
which founds smoothed pseudo Wigner transform
(SPWGT) [40].

Choi — Williams transform
In Choi — Williams transform (CWT), spectral

density function Sg; w(®, 1) for signal s(t) is de-
fined [39] by the formula

S o (@ 1) = [(JT(Hexp zcot)Jx
{E[exp{—%}s[wéjs (:—-Ududt 5)

Implementation of this bilinear TF transform
enables reducing the intensity of the interference

.0
0 10 20 30 40 50 60 70 80 90 100¢,s

B Fig. 6. Result of CWT application for the test NQB
signal realization
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terms (Fig. 6). The main advantage of CWT is the
ability to control the level of interference. Thus, in
some applications, it is possible to select the opti-
mum values of the parameters, at which the unde-
sirable effects turn out to be quite well suppressed,
and TF resolution remains acceptable within the
framework of the solving problem. It is worth to
note that the cases of successful CWT application
includes a number of medical studies, which result-
ed in achieving a significant reduction in interfer-
ence in the tasks of TF representation of biomedical
signals [40].

Bertrand transform

In Bertrand transform (BT), spectral density
function Sg . (anq(®; ©) for the signal s(¢) is defined
[39] by the formula

SBertrand ((’)’ T) =
1 2 AT
= IH I [s(quEjs (u—gjexp(—iwt))dudt. (6)

In addition to the typical shortcoming associ-
ated with the existing interference of most biline-
ar TF transforms, the essential weakness of BT is
the impossibility of its implementation in real time
(Fig. 7). The pseudo Bertrand transform (PBT) is
better in some aspects: asymptotically having the
same properties as BT, it enables reducing the in-
fluence of interference terms along the frequency
axis and allows real-time implementation. For si-
multaneous interference reduction along the time
and frequency axes, the smoothed pseudo Bertrand

OBPABOTKA NHD®OPMAUNN N YNPABNAEHNE
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B Fig. 7. Result of BT application for the test NQB sig-
nal realization

transform (SPBT) was developed, which has an ad-
ditional smoothing frequency window function [40].

Results of the comparison
and systematization

The results of systematization of the main char-
acteristics of discussed TF transforms in analysis
of NQB signals patterns are provided in Table.

Table shows the transformation designations as
follows:

WFT — window Fourier transform;

GT — Gabor transform;

WT — Wavelet transform;

WGT — Wigner transform;

PWGT — pseudo Wigner transform;

SPWGT — smoothed pseudo Wigner transform;

CWT — Choi — Williams transform;

BT — Bertrand transform;

PBT — pseudo Bertrand transform;

SPBT — smoothed pseudo Bertrand transform;

B Systematization of characteristics of TF transforms

Characteristic WFT GT WT WGT PWGT SPWGT CWT BT PBT SPBT

I + =+ + + + =+ =+ - - -

II + + - - - - - - -

111 - - + + + + + - - -

v + + - - - - - -

4 + + + + + + + - - -

VI + + + + + + + - - -

VII + + + + + + + - + +

VIII ++ ++ +++ ++ + + ++ ++ + +

IX + + ++ - - - ++ - - -

X ++ - ++ - + + + - + +

X1 ++ - ++ - - + + - - +

XII ++ ++ ++ + + - + + + -
XIII - - + - - - - - - -
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and the characteristics of the transforms are as
follows:

I — presence of basis functions;

II — finiteness of basis functions;

IIT — presence of zero times;

IV — presence of a biorthogonal form;

V — presence of a two-dimensional form;

VI — possibility of reverse transform;

VII — possibility of real time processing;

VIII — time-frequency localization;

IX — resolution control;

X — time interference suppression;

XI — frequency interference suppression;

XII — computational complexity;

XIII — presence of a fast computational algorithm.

Thus, comparative analysis of the TF trans-
forms in processing of NQB signals reveals that
linear TF transforms, such as WFT and GT, do not
have sufficiently good time and frequency localiza-
tion properties at the same time. Generally, good
frequency resolution is accompanied by worse time
localization, and an increase of the time resolution
reduces the frequency resolution.

In turn, bilinear TF transforms have satisfactory
characteristics of localization on the TF plane, but
their essential drawback is the existence of interfer-
ence terms. In the modified bilinear WT and BT, the
interference is eliminated with smoothing time and
frequency windows, but this simultaneously results
in a worse time and frequency resolution, according-
ly. The latter circumstance explain the overall advan-
tages and prospects of using these TF transforms in
practical applications of NQB signal precise structure
analysis. The relatively high complexity and lack of
fast computational algorithms for the bilinear TF
transforms significantly hinder their application in
the tasks of real-time NQB signals processing.

Conclusion

The comparative values of application of the
main time-frequency transforms methods for pro-
cessing of a test non-stationary quasi-periodic bi-
omedical signal showed that basic time-frequency
methods can be used in different tasks of identi-
fying audio signals features. Based on the given
results it can be concluded, that WT has one of
the best properties in the terms of TF localization
which makes it especially efficient for informative
features extraction for attribute space forming in
the tasks of automated recognition of NQB signals
patterns. Availability of variety of existing moth-
er wavelets and the possibility of construction of
customized basis functions give the opportunity to
select the optimal basis of WT on the strength of
properties and character peculiarities of analyzed
NQ@B signals. The choice of the method also depends
on the practical task being solved. For example, the
problem of detecting sound anomalies in audio ma-
terials, that are spread in the virtual environment,
can be better solved using such methods as WFT,
WT, WGT, as they are more accurate in determin-
ing low frequency inclusions and (if present) vibra-
tions.
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Bpemsa-uacToTHbIe IPEOOPA30BAHMSA B AaHAJHM3E IATTEPHOB HECTAIMOHAPHBIX KBA3SUIIEPHOIUYECKUX OHMOMEeTUIIUHCKUX
CHI'HAJIOB I 3a/1a4 HAeHTH(MUKAIUY AKYyCTHYECKUX aHOMA I

A. 0. UcxaxoBa® %, kaHJ. TexH. HayK, CTApIINil HAYYHBIH COTPYIHUK, orcid.org/0000-0001-8358-298X,
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M. II. Anéxunu®, KaHa. TeXH. HAyK, HAaYaJIbHUK oTaesa, orcid.org/0000-0003-2091-2755

A. B. BoromoJioB", IOKTOp TeXH. HayK, Ipodeccop, BeAyINil HayUYHbIil COTPYAHUK, orcid.org/0000-0002-7582-1802
alacTuTyT Ipobsiem yupasiaenusd uMm. B. A. Tpanesuuxkosa PAH, IIpodcorosuas yi., 65, Mocksa, 117997, P®D

STomMcKuil rocyJapCTBEHHbIH YHIBEPCUTET CICTEM YIIPABICHIA U PALUOdIeKTPOHNKHY, JlenuHa 1p., 40, Tomck, 634050, PD
BAO «HIIO «d1exkTpoHHOE IprbOpOCTpoeHue», 2-1 BoeBckasd yi., 2, Mocksa, 107014, PD

"demepaabHBIN MeIUITMHCKUH OnousuuecKkuii meutp um. A. . Bypuassana, Mapiaina HoBukosa yi., 23, Mocksa,
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BBenenne: co3manue HOBBIX IIOAXOIOB AJS PEIIeHUA MPUKJIAAHBIX 3a7a4 3(G(MEeKTUBHOIO CIKATUA ayAUOCUTHAIOB U UX IUMPOBOI
00paboTKU ABJSAETCA aKTyaJIbHON HAyYHOU 3ajadeii, 4TO IOATBEPIKIAETCS IIOBBIIIEHUEM HWHTepeca K HOBBIM METOJaM PAaCIIO3HABAHUS
TaTTEePHOB JIs YIYYIIIeHUs KauecTBa UAeHTU(DUKAIINY aKyCTHYeCKUX aHomanuii. Iless: mpoBeneHre cpaBHUTEIbHOTO aHAJIN3a BPEMs-
YaCTOTHBIX IPEe06PA30BaHUN MMATTEPHOB ayJUOCUIHAJIOB, BKJIOYAs PACCMOTPEHNE TECTOBOU Pean3alliy HeCTAlOHAPHOI'0 KBAa3UIIePU-
OAUYEeCKOTO OMOMEIUITMHCKOTO CUTHAJIA B 3ajadye UAeHTU(GUKAINY aKyCTUYECKUX aHOMaauii. Pe3yabpTaThl: IPOBEJeH CPaBHUTEIbHBIN
aHaJIM13 BpeMs-4aCTOTHBIX IIpeobpasoBanuii (okoHHOro @ypre; 'abopa; Buruepa; ncesno Buruepa; craasxkenHoro ncesso Burnepa; You —
Bunbsimca; Beprpana; rncesgo BeprpaHa; criiaskeHHOro 1ncesno beprpaHa; BeilBieT-1IpeodpasoBaHUs) HA OCHOBE CUCTEMATU3aI[uU UX Be-
Aymux QYHKIMOHAJIBHBIX XapaKTePUCTUK (CyIllecTBOBaHME 6a3UCHBIX (DYHKIUM U UX OTPAHUYEHHOCTh; HAJINUYNe HYJIeBbIX MOMEHTOB U
OMOPTOrOHAJIHLHOI'O BU/IA; BOBMOKHOCTD IIPEICTABJIECHUA B IBYMEPHOM (DOpMe U OCYII[eCTBIeHUSA 00paTHOTrO IIpeodpasoBanusd; 06paboTKa B
peskuMe peaJbHOI'0 BpeMeHH; KA4eCTBO BPeMA-4aCTOTHOM JIOKAJIU3aI[UK; YIIPABJIeHe BPeMA-4aCTOTHBIM pa3pelieHneM; IofaBjIeHne NH-
TepdepeHIun 110 BPEMEHH U 10 YaCTOTe; OTHOCUTEJIbHAS BBIUNCIUTEIbHAS CJI0KHOCTD; Pealnsanus ObICTPOTO aJrOPUTMAa BHIUMCJIEHU )
IS 3alauy PaClO3HaBaHUsS TATTEPHOB OMOMEIUIIMHCKUX CUTHAJIOB. IIpescraBieHa cpaBHUTeIbHAS Tab/IuIla OIeHOK NH(GOPMATUBHOCTH
paccMOTPEeHHBIX BPEeMA-YaCTOTHHIX IIPe00PA30BAHUM AJId aHAIN3a IaTTePHOB HECTAIIMOHADHBIX KBA3BUIIEPUOAUIECKUX OMOMETUITMHCKUX
curHanoB. IIpakTuyeckass 3SHAUMMOCTB: IOBBIIIEeHNE 3M(PEKTUBHOCTA UHTEJJIEKTYAJILHOTO aHAJIN3a IAaTTEPHOB IPU pa3paboTKe CIeIu-
aJIbHBIX aJITOPUTMOB IU(PPOBOH 06paGOTKY ayAUOCUTHAJIOB [JJI aBTOMATU3UPOBAHHON NAEHTU(MUKAIINYA aKYCTUYECKUX aHOMAJIU, CBOI-
CTBEHHBIX HECTAI[MOHADHBIM KBa3UIIEPUOANUYECKUM IPOIleccaM IIPU UcciefoBaHuY d3(P(HEeKTOB aKyCTUUECKUX BO3AENCTBUH HA OIIEPATOPOB
9PraTUYeCKUX CUCTEM, IPUBOAAIINX K U3MEHEHUIO (DYHKIIMOHAIBHBIX COCTOSHUM.
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KaroueBble cji0Ba — CHUCTEMHBIN aHaJIN3, HECTAI[MOHAPHBIE KBasUIIEPUOAUUECKUe IIPOIlecChl, paclo3HaBaHne 06pa3oB, 00paboTKa
OMOMEIUIINHCKUX CUTHAJIOB, 9PraTUYeCKUe CUCTEeMbI, PYHKIIMOHATIbHBIE COCTOAHUA, 3 (HEKThl BO3NENCTBUN, BPEMA-4aCTOTHBIE IIPeod-
pasoBaHUA, UJEHTUDUKAIINA aKYCTUUECKUX aHOMAJINH, JeBUAIIUA YaCTOTHI, IITyM.
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MIPUBOIAT K TOMY, UTO B 6a3aX 0OKa3bIBAETCS HECKOJBKO aBTOPCKUX CTPAHUIL AJIS OJHOTO U TOTO JKe
yeJioBeKa. B pesyJbTaTe AJs BCeX II0 OTAEIbHOCTH CUMTAIOTCA MHIEKCHI UTUPOBAHNA, CHUMKAA
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Ucnonb3osaHue HeipoceTel ANA NPOrHO3UPOBaHMS
NnoABepPXXeHHOCTH Nosib3oBaTeniel cCoLuanbHbIX ceTen
ReCTPYKTUBHbIM BO3EeMCTBUAM

A. A. BpaHnuykumiid, KaHg. TexH. Hayk, orcid.org/0000-0003-3104-0622

E. B. [loiHnkoBa?, kaHf. TexH. Hayk, orcid.org/0000-0001-6707-9153

U. B. KoTeHKO?, OKTOp TexH. Hayk, npogpeccop, orcid.org/0000-0001-6859-7120, ivkote@comsec.spb.ru
aCaHKT-[leTepbyprckuit UHCTUTYT MHGPOPMaTHKM U aBToMaTu3aymm PAH, 14-s nuHns B. 0., 39,
CaHkT-lleTepbypr, 199178, P®

MocTaHoBKa npobneMbl: B paMKax coyuanbHbIX ceTel nosib30BaTeNm UMET BO3MOXHOCTb yAaNeHHO obujaTbCsl, camo-
BbIpaxaTbCsl, UCKATb JI0AEN CO CXOXUMU UHTepecaMmu. B To e BpeMsi couymaribHbie CeTU Kak MCTOYHMK MHCbopMaLmun MoryT
0Ka3blBaTb HeraTUBHOE BJINSIHUNE HA MOBELEHNE U MbILLTIEHNE UX Monb3oBaTenel. Lienb uccnepoBanns: paspabotka MeTOANKU
MPOrHO3MPOBaHNS MOABEPXKEHHOCTH M0/Ib30BaTeNeN coUnasbHbIX CeTel [eCTPYKTUBHbIM BO34eNCTBUAM Ha OCHOBE UCMOJIb-
30BaHMSA UCKYCCTBEHHbIX HEMPOHHbIX ceTel. Pe3ynbTaThl: paspaboTaHa MeTOAMKA M BbIMOJIHEHA IKCEPUMEHTasbHas OLeHKa
MPOrHO3MpPoBaHUs pe3ynbTaToB TecTa AMMOHa 10 NPOGHusItO MoJIb30BaTesNA B COLMAaIbHON CETU MPU MOMOLLM UCKYCCTBEHHbIX
HeNPOHHbIX ceTel. 3a OCHOBY MeTOAMKM B35Tbl pe3ynbTaTbl TecTa AMMOHa A1 CTY[EeHTOB MeAMLMHCKOro By3a. [ns obyye-
HUs1 HEMPOHHOW ceTn chopMmUpoBaH Habop NpU3HaKoB Ha 6ase MHGOpMaL MK, MPeLOoCTaBASAeMON MoIb30BaTENSMU B COYNalIb-
HbIx ceTAX. [To pe3ynbTaTaM aKCrepUMEHTOB MOATBEPXKAEHO HanMymue 3aBUCUMOCTYN MeXAY MHCDopMaLmel, npefocTaBaseMoi
Mosib30BaTeIIMN B COLMasIbHbIX CETAX, N MCUXOOrMYECKMMM XapaKTepUucTMKaMu IMYHOCTU. PaspaboTaH MexaHW3M, npegHa-
3HayeHHbII A1 CBOEBPEMEHHOIO BbISIBJIEHNS] [eCTPYKTUBHbIX BO3AENCTBUI U Npochusiei nosib3oBaTeneli B COYNalbHbIX ce-
TSIX, yKa3bIBaLMX Ha MOL4BEPXEHHOCTb TakMM BO3AENCTBUAM, yripoLjatoLmi paboTy cneynanncToB-rncuxonoros. Pesynbtats!
9KCNepPUMEHTOB MoKa3asu, YTo HanbosbLUell TOYHOCTbIO CPeAU MCCe[0BaHHbIX YeTbIpeX TUIMOB HEMPOHHbIX ceTel obnagaet
MHOroC/I0MHas HeMPOHHas CeTb. B fganbHeliem naaHMpyeTcs paclumpuTb Habop NMPU3HaKOB /151 MOBbILIEHUS TOYHOCTU HeM-
poHHo# ceTy. lMpaKTuyeckass 3HaYMMOCTbD: M0JTyYeHHble pe3ysbTaTbl MOryT ObiTb UCMOJb30BaHbl A/ MOCTPOEHUSI CUCTEM,
rpefHa3HayeHHbIX AJ151 BbISBIEHUS] B UHTEPHET-MPOCTPaHCTBE BO3AENCTBUI, HEONaronpuATHbIX A5 ICUXMYECKOrO 340P0BbS
MOJI040r0 MOKONEHNS U HAaLuM B LiEJIOM.

KnioueBbie cnoBa — HelipOHHasi CETb, TECT AMMOHA, Pohuib Nob30BaTeNs, CoYnabHas CeTb, ICUXOI0MMYECKUE LLIKaIbI,
LECTPYKTUBHOE BO3LENHCTBUE, MPU3HAKM.
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JKeHHOCTH II0JIb30BaTeseil COIUaJbHbIX CeTell JeCTPYKTUBHBIM Bo3AeicTBUAM. HH@opmayuonno-ynpasarsouue cucmemst, 2020, Ne 1
c. 24-33. d0i:10.31799/1684-8853-2020-1-24-33
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BBenenue mpolaraHZa HAaCUJIbCTBEHHBIX AEUCTBUM, IOMYJIA-

pusamus He3JOPOBOro 00pasa KU3HU U BPEIHBIX

B macrosimee BpeMs COIaIbHbIE CETHU SABJISIOTCS
ONHUM M3 HamboJee PacIpoCTPaHEHHBIX WHTEPHEeT-
PecypcoB cpenu IpeacTaBUTE e MOJIOJOTO IIOKOJIe-
HUA. BO3MOKHOCTE OOIIEHMA, HAXOMKICHUA JIIOJeH
C TIOXOKMMU MHTepecaMu, a TaKiKe yAaJeHHOTo 00-
MeHa wH(pOpPMAaIUed CIIOCOOCTBYET POCTY IOIYJIAP-
HOCTH TaKMX CETeBbIX cepBucoB. MH(popMmaIiusd, pas-
MelriaeMasi B Ipo(puIAX MOJIb30BaTe el coruaabHOi
CeTU, MOJKEeT BKJIIOUATD IIEPENUCKY C NPY3bAMHU, CBE-
IeHUd O IMYHBIX UHTEepecax, a TaksKe pororpadpuu.
9Tu maHHBIE MOTYT HCIIOJH30BATHCA B KAUECTBE MC-
TOYHUKA IJIA IOCTPOEHUS IICUXOJOTMYECKOTO IIOP-
TpeTa moJIb30BaTeid. B 4acTHOCTH, TO, UTO II0JB30-
BaTeJb CUMTAET HYKHBIM COOOIIUTEL O cebe B COIU-
aJILHOII CeTH, MOYKET MHOTO€e O HeM cKasaThb [1].

CTOUT OTMETUTH, UTO B COIIMAJBLHBIX CETAX MO-
JKeT IMPUCYTCTBOBATH BPEAOHOCHAs WHGOPMAIM:

NPUBBIYEK, IIPU3LIBEI K HAPYIICHUIO PEJIUTMO3HBIX
¥ MOpAaJbHO-UAEOJIOTUUECKUX YCTOEB B OOIIecTBe
u 1. n. IlogoObuasa mH(poOpMaIUsa OKa3bIBaeT Hera-
THUBHOE BJINSHIE, YPOBEHbL KOTOPOTO MJISA PAasHBIX
OJIb30BaTeJIel MOJKeT CYII[eCTBEHHO PasindyaThCs.
Tem camMbIM paccMarpuBaemMas 3ajgada, a HMEHHO
TIOCTPOEHIE CHUCTEM, OIPENesSION[UX CTeIleHb IIOf-
BEePyKEeHHOCTU II0JIb30BATeJIell COIIMAJIbHBIX ceTell
IEeCTPYKTUBHBIM BO3IENCTBUAM, SBJISAETCI aKTy-
anbpHOII. CBOEBpEMEHHOE BBISIBJIEHNE TAKUX BO3JIEN-
CTBUII B WHTEPHET-IPOCTPAHCTBE 3a CUET MOHUTO-
puHTa WHPOPMAIINHU B COIMATBHBIX CETAX, a TaKiKe
mejeBbIX IIpodueil, IOABEP:KEHHBIX IIOJO0HBIM
BIUAHUSAM, TO3BOJUT OCIA0UTh UM JaKe MIPeaoT-
BPaTUTh UX HETaTUBHYIO POJib. B HacToslee BpeMs
IIJIsI OIIPeeIeHIs IIOABEPKEeHHOCTY NHANBULYYMOB
HETaTUBHBIM BO3eHCTBUAM HCIIOJNb3YIOTCSA CIlelra-
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JIN3UPOBAHHBIE TECThI, KOTOPbIEe HEOOXOAUMO IIPOBO-
IUTH PEryJspHO, U HOPOrocCTOsAIlee 000pyaoBaHUe,
YTO 3aTPYIHSET 3TOT IIPOIIECC.

JJ1 pemieHus: MOCTaBJIEHHOM 3aJa4yd MOYKET MC-
TIOJIb30BATHCA alllapaT UCKYCCTBEHHBIX HEUPOHHBIX
cereii (HC), KoTopble IIIMPOKO PaCHpPOCTPAHEHBI
B IIeJIAX KJacCU(PUKAIMU 00BEKTOB M YCIEITHO 3a-
pexKoMeHJoBau ce0d KaK MHCTPYMEHT IIOUCKa aHO-
MaJIni.

PesieBaHTHBIE PA0OTHI

Amnanus paboT B paccMaTpuBaeMoii 06J1aCTH TTO3BO-
JINJI BBIJEJUTH CJIEAYIOIINE CXOyKUe I'DYIIbI 3aJad:
1) kiraccuuKaua KIMHUUYECKUX TAHHBIX; 2) BBIAB-
JIeHVE TICUXOJIOTUUECKUX HapYIIIeHUiT; 3) OlIpeiesieHue
SMOITMOHAJILHOTO HAaCTPOeHusA; 4) BbIIEJIEHNEe COIU-
aJILHBIX TPYIIT; 5) 3allITa OT BPeIOHOCHOIT mH(pOpMa-
nuu B cetu IHTEpHET.

J 151 MHOTOKJIaCCOBOM KaTeropmusanuu KJINHIYe-
CKMX AMATHO30B HA OCHOBE PA3JUUYHBIX MEIUIMH-
CKUX IIOKa3aHWil aBTOPHI PabOTHI [2] MPUMEHAIOT
pexyppenTHyio HC B measax o6pabOTKH MHOTOMED-
HBIX BPEMEHHBIX PSAJI0B MEAUITMHCKUX HaOTI0IeHUI.
PesysibTaThl 9KCIEPUMEHTOB IIOATBEPANIIN BHICOKYIO
2 HeKTUBHOCTH IPUMEHEeHU MOAEJIN, CoAep KaIei
128 aueek MOJTON KPATKOCPOUHON MAMSATH.

MOHUTOPUHT  IICHUXOJIOTUYECKOTO  COCTOSHUSA
noab3oBareseit cetu MHTepHeT MpUBJIeKaeT BHUMA-
Hue muHorux MT-cmemmanucros. B uwacTHOCTH, HC-
caenoBasoch [3] npumeHenue cBeprounbix HC s
BBIABJIEHUA IICUXOJIOTUUYECKUX HapyIenuit. I[asa 06-
YUeHUs U TeCTUPOBAHUSA HellpoceTeBO MOIesIN B Ka-
YecTBe MUCXOJHBIX BHICTYIIAJIN JaHHBIE, [I0JYYeHHBIE
U3 CEPBUCOB COIIMAJIbHBIX MUKPOOJIOTOB. BhIeeHb!
IBa THUIIa aTPUOYTOB, KOTOpPble (DOPMUPYIOT aHATIU-
3UPYEMBIN BEKTODP IIPUBHAKOB U 00pabaThIBAIOTCS
HC: 1) uuskoypoBHeBbIe aTPuOyThI, M3BJIEUEHHBIE
U3 eIMHUYHOTO COOOIIeHnA (TBUTA), BKJIIOUAA TEKCT
uiam m3o0paskeHme; 2) CTaTUCTUUYECKUE aTpUOyTHI,
Kacaroluecs aKTUBHOCTU aKKayHTa (KOJHUYECTBO
TBUTOB, KOJIMUECTBO KOMMEHTAPUEB K COOOITIEHUAM)
B TeueHUe 3aJaHHOTO IIePH1o/ja BpeMeHu. Pe3yrbTaThl
SKCIIEPUMEHTOB IIOKA3aJii IIejiecoo0pasHOCTb ¥C-
ToJIb30BaHMUA YeThIpexcioiinoit HC, B KOTopoii B Ka-
yecTBe (DYHKIMM AKTUBAIIMU IIPUMEHSJICA OCOOBII
BUJI JIOTUCTUYECKON (PDYHKIUU.

Boablimnoit 00beM Moae3Hol MHPOPMAIlNU, IPU-
TONHON IJIA COCTABJIEHUSA IICUXOJOTUYECKOTO IIPO-
Guasa yesoBeKa, MOMKeT OBIThH MOJIYUEeH U3 YUETHOM
3aIlliCcy, Pa3MeIlleHHOII Ha ero IMepPCOHAJLHOM cTpa-
HUIIE B COIIMAJIbHOM ceTu. B wacTHOCTH, aBTOPHI CTa-
TU [4] paccMaTpuBaiOT BOIIPOC MOCTPOEHUS CUCTE-
MBI PaCIIO3HAaBAHUA IICUXOJIOTUYECKOTO IPOPUIA U
ocoOeHHOCTel XxapaKTepa uejioBeKa 1o ero gororpa-
¢usam us comuaabuoii cetu Facebook. ABToOpsI 0TME-
YaioT, YTO OJIA OOIIUTENBHBIX W OTKPBITHIX JIOAEH

xXapakTepHBI oTorpaduu, B KOTOPBIX IIPUCYTCTBY-
eT MHOKECTBO UeJIOBEUECKUX JIUI[ ¥ IIPeodIagaroT
CBeTJIbIe TOHA, B TO BPeMs KaK JIJIs JIOJel ¢ Aempec-
CUBHBIM MBIIIJIEHIEM Yallle BCTPEUatoTCsI KapTUHKHU
C 3aMKHYTBIMU ITPOCTPAHCTBAMMU.

WccnenoBanus, mpeacTaBieHHBIE B paborax [5,
6], mocBAIIEeHBI aHAJW3Y HACTPOEHU!I WHTEPHET-
moJb3oBaresieii. Ha ocHOBe JaHHBIX, M3BJIEKA€MbIX
U3 KOPOTKUX COOOIIEHWI, aBTOPHI IIPEAJIaraioT
ctpouTh riry6okyio HC, crmoco0HYI0 IIpeacKasbiBaTh
OuHapHOE HACTPOeHUEe (IIOJOKUTEJIbHOE UJIU OTPU-
mareabHOe) ampecanTa. OOpabaTbIBaeMblili BEKTOD
TIPUBHAKOB CTPOUTCA B MHOTOYPOBHEBOM CTHUJIE: IJIA
aHaJIM3a MCHoJab3yeTcAa nHPOopManusd, N3BJIeUeHHA
KaK M3 OTAEeJbHBIX CUMBOJBHBIX ITOCJIEI0BATEIHLHO-
creii, TaK U u3 60Jiee BHICOKOYPOBHEBBIX CUHTAKCHU-
YeCKUX KOHCTPYKIIUI, a UMEHHO IIPeJIoKeHuH [5].

B pabote [7] ompemenserca ypoBeHb 3MOITHO-
HaJILHOT'O BO3AENCTBUSA, IIPOM3BOJNMOT0 HA YeIoBe-
Ka B pe3yJabTaTe IpocMoTpa Iu(pPOBBIX M300pasKe-
HHUH. B KauecTBe NpU3HAKOB, XapaKTepUIYIOIIUX
uso0pakeHus1, moaJesKaiiue o6paboTKe, MCI0JIb30-
BaJINCh ITapaMeTPhl APKOCTU I[BETOBBIX CXEM, OTHO-
CUTeJIbHOE IIpeobajaHue TEMHBIX IBETOB, ITapaMe-
TPBI TEKCTYP U KOoMIo3unuu. [asa aBromaTnuecKoi
KJlaccu(uKanuy n300pakeHuH 110 YPOBHIO 9MOIIO-
HAJLHOT'O BO3JEMCTBUA IPUMEHAJICA HAUBHBIN Oaii-
€COBCKUI KjaccuuraTop.

OcHOBOII MeTOAUMKU OOHAPY:KeHUs TPYHIO B CO-
IIUaJbHBIX CETAX, IPEACTABIEHHON B padoTe [8], aB-
JIsIeTCA TeHETUYECKUH aJITOPUTM, OIITUMU3UpyeMasd
duTHeC-QPyHKIIUA KOTOPOrO HAIIpaBJieHA Ha IIONCK
MJIOTHO CTPYIIHPOBAHHBIX Y3JIOB BHYTpH Tpada
CBsA3el, IIpUUeM pasHble 00pa30BaBIIIMeCs TAKUM 00-
Pa30M KJIaCTePHI JOJIKHBI Pa3pPesKeHHO COeUHATHCA
OPYT C IPYTOM MJIA BOBCE HE MMETh OOIIUX CBSI3EMH.
OpHuM U3 IPUKJIATHBIX HasHAUCHUN TaHHOW MeTo-
IUKJ MOKHO Ha3BaTh BbIEJI€HIE 00X NHTEPECOB
Yy uccJaenyeMou IPYIINbI JIOAel 1 TOCTPOeHMe YCpe/I-
HEHHOTO IICMXOJIOTMYECKOTO TPOMUISA yUaCTHUKA
00HAPY KEeHHOM I'PYIIIIHI.

IIpenno:xkeno [9] paccmaTpmBaTh Te€HETHUUYECKUH
aJITOPUTM KaK 9BPUCTUYECKUIN MHCTPYMEHT IJId pe-
mrenuss NP-mosrHoOM 3amaun — KJactepusanuu gpar-
MeHTa coruaabHoi cetu. B pabore [10] ayis onpenee-
HUA KOJIMUYECTBA KJIACTEPOB BHYTPU COIIMAJILHOU ce-
THU IIpeJIaraeTcsa MPUMeHATh 6aiieCOBCKUIL TIOIXO.

B pab6ore [11] pemaercsa 3amada IIPOrHO3UPOBA-
HUS TOBTOPHOIN TYyOJUKAIMU COOOINEHUIl B COIU-
aspHoU cetu Twitter. [lna BeIuMcIeHUs MOKasaTe-
JIel TOYHOCTU W TOJHOTHI MCIIOJIb30BAHBI JIUHEHHAA
MalllMHA OMOPHBIX BEKTOPOB W JIOTHCTUYECKAs pe-
rpeccus.

Bompoch! 3amuThl IOJH30BATEJIEH OT BPENOHOC-
HOH M He)KeJiaTeJbHOU MH(pOpPMAIIUU paccMaTpuBa-
Juch B cTaThax [12-15]. OgHuM 13 mesieBBIX Ha3HAUe-
HUU pa3dpaboTaHHOW aBTOpPaMU METOAMKHU B paMKax
paccMaTpuBaeMOM IIPeIMEeTHOH 00JacTH SBJISETCS

Ne1,2020 N\
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CcOKpalreHue (1au BOBCEe IIPeJOTBPAIIleHNE) CIyUaeB
oOpallleHIs JOCTYIIa IIPeACcTaBUTe e MOJIOIOTO II0-
KOJIeHUs K mH(pOPMAaI[UM, HOCAIIEeH HEeJeTUTUMHBII
xapakTep. [laHHBII (aKTOp MMeeT TaK:Ke BasKHOE
3HaUEHWE IIPU IIOCTPOEHUM CUCTEM POIAUTEIHbCKO-
ro0 KOHTPOJIA, YTO IO3BOJIUT yOepeub HEeCOBEPIIeH-
HOJIETHUX JeTell oT mH(GOPMAIIUU, CIIOCOOHOM OT-
PUIIATEJIBHO BO3AEHCTBOBATH HA IICUXOJOTHUECKOE
cocTosgHMe pebeHka. ApXUTEeKTypa paspaboTaHHOI
Ha 06ase 9TOH MEeTOAUKM IIPOrPAMMHOM CUCTEMBI Op-
raHu3oBaHa B uepapxmueckoMm crtuyie. Ha mepBom
YPOBHEe pa3MeIlaioTca OMHapHbIe KIacCu(hUKaTOPHI,
oIIpeJieIAIoN[ e IPUHALIEeKHOCTh aHAJIU3UPYEMOTO
KOHTEHTAa K OIpeeIeHHON KaTeropuu. BTopoit ypo-
BEHBb BKJIIOUAET KJaccu(pUKaTOPhl, OPUEHTHUPOBAH-
Hble HA WCIOJIb30BAHWE OTAEJNBHBIX CTPYKTYPHBIX
9JIeMeHTOB html-KoHTeHTa U mpenHa3HAYEHHbBIE IJIS
ompeneneHus TeMbl. Ha TpeTheM ypoBHe pacrmoJara-
eTCs arperupyomuii KiaaccuuKraTop.

PaccmoTpenHbIe PabOTHI HOATBEPIKIAIOT AKTY-
aJbHOCTDH 3aTPOHYTOMH IIPOOJIEMbI I HEOOXOIMMOCTD
COBEPIIIEHCTBOBAHUA  CYIIECTBYIOIIMX  METOOB.
B oramume oT mpencTaBIEHHBIX PadOT HAaHHOE WC-
cJIeloBaHUe HAaIIPaBJIEHO HA Pa3paboOTKy KOMILJIEKC-
HOM METONUKU, IIPeJHA3HAUEHHO! IJIA BBISABJICHUS
TIOIBEPIKEHHOCTY TIOJH30BaTeJeH COIMAJbHBIX Ce-
Tel NeCTPYKTUBHBLIM BO3IENCTBUAM UM COUETAIOIE
B cebe TexHoJoruu nckycctBenubix HC npu anaimse
PasHOPOAHBIX AAHHBIX (CKAJAPHBIX BEJIUUYUH, TEK-
cTa, 300parKeHunin).

MeTtoauka NIpOrHO3UPOBAHUSA
IIOABEP;KEeHHOCTHU M0JIb30BaTe el
COIIMAJIbHBIX CETEH TeCTPYKTUBHBIM
BO3IeMCTBUAM

IIpu paspaboTKe METOAWMKU IIPOTHO3MPOBAHUS
MIOJBEP;KEHHOCTH II0JIb30BATEJIel COIMAaJbHBIX Cce-
Tell NeCTPYKTUBHBIM BO3EHCTBUAM OBIJIN BHIOPAHBI
muorocaoitubie HC. Takoit BbIOOp 00yCJI0BJIEH CIIO-
cobHOCTBIO HMCKyccTBeHHBIX HC K ammpoxcuManuun
PasmesaioNIuX THUIIEPIJIOCKOCTEN MEXKAY CJIOKHBI-
MU JUHENHO HepasmeJnMbIMU MHOMKecTBaMu [16—
18]. IIpepnmaraemasa MeTOAVMKA BKJIIOUAET TPU IIATa:
1) cOop maHHBIX U3 IPO(UIEH MoIb30BaTe el COIU-
aJIbHOI ceTu; 2) hopMUPOBaHYE BEKTOPA TPU3HAKOB;
3) IpOrHo3upoOBaHIIe Pe3yIbTaTOB TecTa AMMOHA II0
COOpaHHBIM JAHHBIM 13 IPOGUIIA I0JIb30BATEI CO-
IIUaJbHOM ceTu mpu nomoru o0yueHHBIX HC.

Coop JaHHBIX U3 COMAJIBHBIX PO duiIei
ITonyuenHbIe B pe3yJIbTaTe IPOBEIEHHOTO OHJIAMH-
TeCTUPOBAHUSA AMMOHA Cpegyu CTYAeHTOB-MEIUKOB
samucu ObLIM TOMeUYeHbl 18 ImIKajmaMmMu, IIpeacTaB-
JSIONIIME cO00M KoMOmMHANuMU InectTu A-QyHKITU
(arpeccuu, TpeBoTH, BHeITHero fI-oTrpaHUYEHUA U
1p.) U TpPex KOMIIOHEHTOB (KOHCTPYKTHUBHOTO, [e-

CTPYKTHUBHOTrO, nedurnutrapuoro). Iasa Kakmon wus
TaKUX Map BbIUUCIAI0CH 3HaueHue T-0asia (T), un-
Tepuperupyemoe Kak Huskoe mid 0 < T < 39, cpexn-
Hee 14 40 < T < 60 nau Beicokoe s 61 < T < 110.
Uccnenyembrii Habop HaHHBIX comep:xan 460 samu-
ceil, ONMMCHIBAIOIIUX YHUKAJIbHBIE TPOMPUIN IT0Ib30-
BaTeJell CoIuaJIbHON CeTH.

®dopMupoBaHUE BEKTOPA IIPU3HAKOB

B ponm mpusHAKOB, OMMCHIBAIOIIUX MTPOMPUIN
TOJIb30BaTe el B COIUABLHOM CeTH, UCIIOJIb30BAINCh
TPH I'PYIINILI UICXOAHBIX JaHHBIX: 1) UMCIeHHbIE ITapa-
MeTpbI (CKaJIsAPhI), BKJIIOUAIOIINE MECAI] POKIEHU,
KOJINYECTBO IIOAMUCUYNKOB, Apy3eit u ¢ororpaduii u
mp.; 2) mocJaenoBaTeJbHOCTE CJIOB (HAIIpHUMeEp, Iapa-
MeTpbl, HaIpaBJeHHbIe Ha (opMHpOBaHME Habopa
HauboJee yIIoTPeOUTeIbHBIX CJIOB B pAMKaX KasKIoi
TICUXOJIOTUUECKOH IITKAaJIbI); 3) TapaMeTPhI, BEIUNCIIA-
eMble Ha yPOBHE OMHAPHBIX ITOTOKOB JJAHHBIX (HATIPU-
Mep, Pe3yabTaT KJIacCU(PUKAIIUN M300paKeHus IIPU
nomorn HC imagenet [19]). B Ta6n. 1 npuBeneHsbl
CBeJIEHUA O BBIUMCJIAEMBIX ITapaMeTpax.

IIpumepsl HauboOIE€E MOMYJIAPHBIX CJIOB, BCTPeUa-
IOIUXCA B IIOCTaX, M HamboJiee YacThIX KaTeropuii
dororpaduii, pacnosuarusix HC imagenet, mpuse-
IeHbI B Ta0JI. 2.

IIporHo3uporaHue pe3yabTaTOB TeCTa AMMOHA

IIpu mpoBegeHVMM SKCIEPUMEHTOB YUYUTBHIBAJICH
TOJBKO KOMIIOHEHT AeCTPYKTUBHOCTU. B posm Hei-
poceTeBBIX KJACCU(PUKATOPOB pPacCMaTPUBAJIUCH
MHorocJoiiHaAa HetipoHHas cerb (MHC) ¢ Tpems
CKPBITBIMH CJOAMM HEHPOHOB, MAIIIMHA OMOPHBIX
BeKkTOpoB (MOB) ¢ pammanbHO-0a3UCHBIM SIPOM,
auHelinasa perpeccusi (JIP), a Tak:ke cBepTouHad
HetiponHada ceTb (CHC). IIpu 00yueHUM IEePBBIX TPEX
KJIaCCU()MKATOPOB HCIOJIb30BAJIOCH ITOJIMHOMKECTBO
TPU3HAKOB, IIPEJCTaBJIeHHBIX B Tabu. 1. g o0yue-
HUA TIOCJIeTHEro KJacCu(UKATOpa UCIOJIb30BaJINCH
TIOCTHI, Pa3MeIlleHHbIe Ha CTeHaX Ipoduieii B comu-
aabpHOU ceTu. PYHKIIMOHUPOBAHME 3TOT0 KJlaccudu-
Karopa (puc. 1) BKJIOUaeT caeayoline maru.

1. IIpeobpasoBaHmue TeKCTa Ha pacIiIpeneIUTeb-
HOM cJioe. Texkcr pasbuBaeTca Ha OTAEeJbHBIE TIPEJ-
Jo:xkeHusa. KaKgoMy CJI0BY NPUIIMCHIBAETCA YHU-
KaJbHBIA YMCJEHHBIN MAeHTU(PUKATOP: YeM OOJIb-
IIIe YacTOTa BCTPEUAaeMOCTH CJIOBA, TeM MEHBIIIE 9TO
3HaueHue. IloslyueHHBIE 3HAUEHUS pPa3MeNIaioTCs
BHYTPU IIPSAMOYTOJBbHOM PEIeTKN TaKuM 06pasoMm,
uyTOOBI AUYeiika mojx HoMepoM (i, j) COOTBETCTBOBAJIA
j-My cJIOBY i-TO IIpeJiosKeHUs. BoipaBHUBaHUE 00€-
cIeurBaeTCA IIyTeM IIPUIIMCHLIBAHUSA HYJIEH crpaBa
IO IOJIYYEeHU s CTPOKY MaKCUMAJIbHON IJIUHEL.

2. IlpumeHenue cBepTKu. Kamgasa mogmarpuiia,
cocTaBJIeHHAA M3 dJIEMEHTOB IIOCTPOEHHOM Ha IIa-
re 1 pelreTku, I03JIEMEHTHO YMHOKAETCA HA AAPO
cBepTKu. IlonmyuyeHHBIE ITPOM3BENEHUA CYMMUDY-
0TCA.
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B Tab6ruya 1. I1apamerpsl, GOPMUDPYIOIIYe BEKTOP IPU3HAKOB
B Table 1. Parameters forming the feature vector
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Ne ITapamerp Tun uCXOqHBIX JaHHBIX
1 KosnuecTBO MOAINCUNKOB Ckaisap
2 Koauuectso apyseit To :xe
3 Koanuectso rpynn —n—
4 KousmuecTBo orTorpaduit —n—
5 KosnuecTBo mOAIINCOK —n—
6 KoanuecTBo Bumeo —n—
7 ITon (m/x) —n—
8 KoauuecTBo mocToB —u—
9 KoauuecTBo pemocToB —u—
10 Mecsi poskaeHus —n—
Pesynbrar npumenenus word2vec [20] mexay nsaTh0 Hanbojee yIoTpeOuTe IbHbI-
ITocnegoBaTebHOCTD
11-55 MU CJIOBAMU, XapaKTePHBIMU JJIsI IIOCTOB KaKAOTO KJlacca, ¥ TpeMs HauboJiee CIIOB
YIOTPeOUTEeILHBIMY CJIOBAMU B ITIOCTAaX aHAJU3UPYEMOT0 TpodhUId
Pesynbrar npumenenus word2vec MeXKAY MATHIO HanboIee YaCTHIMU KaTeropus- BaiitoBas mocaenoBa-
56-100 | mu doTorpaduii B paMKax KaKJ0To Kjacca 1 TpeMs Hanbojee YaCTHIMU KaTeropu- | TeJbHOCTH (M306paske-
AMu pororpaduil B aHaIN3UPyeMOM IIpodue HUE)
. ITocremoBaTe ILHOCTD
101 Pesynbsrar npumenenus ceeprounoit HC Ham mocaenoBaTeIbHOCTHIO CJIOB B TIOCTAX OB

B Tab6ruya 2. IIpumeps! Hanbosee MOMYJIAPHBIX CJIOB 1 KaTeropuii pororpaduii, xapaKTepPHbIX AJIA PA3JINIHBIX YPOBHEH
IeCTPYKTUBHOTO HAPIICCU3Ma

B Table 2. Examples of the most popular words and categories of photos characteristic for various levels of destructive

narcissism
CioBo YacroTa " CioBo YacroTa || CioBo YacroTa
VpoBeHS AeCTPYKTUBHOIO HAPIUCCU3MA
HUBKUN " cpenHu || BBICOKUI
B nmocrax
Ouennb 59 Club 106 ITomapku 58
Cnacu6o 56 Vkfeed 106 Ouensn 46
Bcerga 34 Iphone 106 The 42
Mart* 34 OueHb 71 MoszxHO 41
Haxe 32 Cnoacu6o 64 IIpocTo 39
Ha dororpacduax
Dust 174 Suit 453 Site 6222
Site 159 Tie 433 Web 1975
Wig 136 Site 417 Website 1960
Shirt 128 Miniskirt 413 Internet 1874
Boo 112 Pajama 409 Book 1151
3. Ilpumenenmne cybauckpermsanuu. VI3 marpu- 4. uTepniperaniuad BBIXOZHBIX  PE3yJIbTATOB.

1IbI, TIOJIYYeHHO Ha m1are 2, U3BJIeKaTCA HanboJIee
BecOoMbIe dJIEMEHThI BHYTPU OKHA 3aJaHHOTO pasMe-
pa. C 9Toll IeJIbI0 IPUMEHSETCA OIePaLUs MaKCHU-

MyMa.

CursaJjbl, IOJyYeHHBIE ITOCJIe IIara 3, 0(DOPMJIIAIOT-
cs B BUJIe BEKTOPA, KOTOPBIN CKAJISPHO YMHOMKAETCS
Ha Beca BBIXOJHOTO CJIOA; PEe3YJIbTaT — BEJIUUYUHA Y.
Huskuii ypoBeHb HeCTPYKTUBHOCTU COOTBETCTBYET
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B Puc. 1. PyurnuonupoBanue CHC, o0yueHHOU Ha ocTax mpodueil B COIUATbHON ceTu (IpUMeHeHrue HOpMaaIu3aun
Ha pacIpe e InTeJIbHOM cjIoe ¥ QYHKIMY aKTUBAIINY Ha CJIO€ CBEPTKY OIIYIIEHO)

B Fig.1.The functioning of the convolutional neural network trained at the posts of profiles in a social network (the use
of normalization on the distribution layer and activation functions on the convolution layer is omitted)

caydaw ¢(y) < 0,33, cpegHuUil ypoBeHb — CIIyUaO
0,33 < 9o(y) < 0,66, BBICOKMITI ypOBEHb — CJIyYaiO
o(y) > 0,66, rne @ — curmomaHasa PYHKIUA aKTU-
BAIlUN.

IKCIIePUMEHTHI 110 OI[eHKEe MEeTOTNKH

IKCIEpUMEHTHI IIPOBOAUJNCH IO CXeMe, IIpe.-
CTaBJIEHHOII Ha puc. 2.

B skcmepumenTax ucmosb3oBasiack 10-01ouHas
IepeKpecTHass NpoBepKa. McxomHbI HaOOp IIpu-
3HAKOBBIX JaHHBIX pasdbouBaJjcda Ha 10 yacreii Takum
o6pa3oM, UTOOBI B KasKIOUM M3 BTUX UaCTel comep-
JKaJINCh NIPUMEPHO paBHOpPa3MepHbIE MOJBLIOOPKHU,
COCTOAIIME U3 BJIEMEHTOB OJHOTO U TOTO Ke KJiac-
ca. JleBATh yacTeil MCIOJb30BAJIOCH JJIsI O0yUeHUA.

===

Basa BeKkTOpPOB

ConuaapHas TPUBHAKOB COI[UAIBHBIX
ceTh npoduei
|
O6yuarormas Banauganuonnas TecToBas
BBIOODKA BBIOODKAa BBIOOpPKA
Hacrpoiika Bri6op
o O1eHKa TOUHOCTH
BECOBBIX HaMJIy4IIein
mapaMeTpOB KOH(pUrypamnum TIPOTHOSMPOBAHIA
" . . . HeHPOHHOU CeThIo
HEMPOHHOU CeTHU HelPOHHOU ceTu

B Puc. 2. CxeMa 9KCIepUMeHTA
B Fig. 2. The scheme of the experiment

OcraBriasics 4acTh MCIIOJb30BaJach B KauecTBe Te-
CTOBOI, IIOJIOBIHA 3JIEMEHTOB KOTOPOI (hopMUpoOBa-
JIa BAJUJAIOHHOEe MHOYKECTBO.

UrepaTuBHaa HaCTpPOiiKa BeCOBBIX KO3(Duim-
erroB HC ocyIecTBisiachk Ipu MOMOIIY 9J€EMEHTOB
obOyuaroleii BbIOOPKU. BanmpammoHHAss BBIOOPKA
WCIIOJIb30BAJIACh [JIs1 BBIUUCJICHUSA CpPeJHeKBaapa-
TuuyHO omubku (CKO) mocsie xakmoi smoxu 00-
YUYeHUsI W IOCJEAYIOIero BbIOOpa KOH(PUTYpaIUU
HC ¢ naumensbireir CKO. TecToBas BbIOOPKA MCIIOJIb-
30BaJIach MJIs1 BBIUUCJICHUS TOYHOCTU PE3YyJIbTATOB
nporuosupoBanud. Ha puc. 3 mpencraBiieHa 3aBu-
cumocTs TouHocT 1 CKO MHC u CHC ot momepa
STOXY O0yUeHUA Ha o0yuarolieil M BaJauaIlMOHHOI
BBIOOPKAX IJIS IICUXOJOTMUECKOM IMIKAaJbl IeCTPYK-
TUBHOI arpeccum.

Muorocioitnas HC xapakTepusyercsa 6ojee ObI-
CTPOH CXOAMMOCTBIO aJITOPUTMAa OOYUEeHUA II0 CPaB-
menuio ¢ CHC. B To ke BpeMs ¢ yBeJIUUeHeM Yncaa
SI0X OOyUeHUs OJIs IIePBOM HAOJI0JaeTcs 3aMeT-
HOEe CHHIKEHMEe TOYHOCTU MHPOTHO3UPOBAHUSA YPOB-
HsA IICHUXOJOIMUYECKOH INKaJbl Ha BaJHLAIlIOHHOM
BBIOOpDKE, UTO O0YCJIOBIMBAETCS AETAJbHBIM IIpel-
CTaBJieHMEM IIPU3HAKOB U MosABJIeHUeM 3(hdeKTa
nepeobyuenusa. Ha puc. 4 oTpaskeHO BIUSHUE pas-
MEPHOCTH BeKTOpa IIPU3HAKOB, 00padaThLIBA€MOTO
npu nomoiru MHC, ma Tounocts u CKO mporuosu-
POBaHUS 9JI€MEHTOB 00yUaIoIieil n BaaualnOHHOM
BBIOOPOK. YBeJIUUeHEe YKCJIa IIPU3HAKOB ITI03BOJISIET
cymiectBeHHO cHu3uTh CKO, BhIUMCIEHHYIO Ha 00-
yuarolreil BbIOOpPKe, HO II0 Mepe YBeJUUYeHU Urcaa
910X 00yueHHUs, KaK W B claydae puc. 3, TaKKe Ha-
OGaiogaeTcsa yMeHbIeHWe 0600ImaioIeil CIoco0HO-
ctu MHC Ha BaaugamnoHHON BEIOOPKeE.

Koppenamnusa mpusHakoB ¢ METKON IPOTHO3UDPY-
eMbIX YPOBHEH AeCTPYKTUBHOI'O HapIlucCcu3Ma IIPHU-
BemeHa Ha puc. 5. Haubosbiiiee abcoTroTHOE 3HAUE-
HUEe KOPPeJANUN JOCTaBJsIEeT MOCIeHNI MPU3HAK,
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B Puc. 3. 3aBucumocTtsb Tounocty 1 CKO MHC u CHC ot HOMepa s1moxu 00y4eHU s A IICUXO0JIOTHUECKOH IITKAJIBI JeCTPYK-
TUBHOU arpeccuu

B Fig. 3. The dependence of accuracy and mean-square error of the multilayer neural network and the convolutional
neural network on the number of the epoch of training for the psychological scale destructive aggression

T

— tounocTb MHC (1-100) Ha o6yuaromieit BBIGOPKe — rounocts MHC (1-100) Ha BaiMjainOHHON BEIOOPKE
— tounocth MHC (1-55) Ha o6yuaroiieit BLIOOpKe —— rouHocth MHC (1-55) Ha BaIuganuoHHOA BEIOOPKE
— rounoctb MHC (1-10) Ha o6yuaro1eil BBIOOpKe — touyHocTs MHC (1-10) Ha BaIuAanuoHHON BEIGOPKeE
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— — CKO MHC (1-10) na o6yuaromieii BELIGOPKe — = CKO MHC (1-10) Ha BaIugamnuoHHONI BEIOOPKE

B Puc. 4. 3aBucumoctsb TounocTu 1 CKO MHC oT HOMepa 310X 00yUeHU s A1 ICUXO0JOTUUECKOH IITKAJIbI IeCTPYKTUBHOMI
arpeccun

B Fig. 4. The dependence of accuracy and mean-square error of the multilayer neural network on the number of the ep-
och of training for the psychological scale destructive aggression
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B Puc. 5. Koppensamnusa Npu3HaKOB ¢ METKOM IPOTHO3U-
PYEMBIX YPOBHEN IeCTPYKTUBHOIO HAPI[UCCU3Ma

B Fig.5. Correlation of features with a label of predict-
ed levels of destructive narcissism
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BTopaa IJIaBHasdA KOMIIOHEHTa

-0,5
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IlepBas rinaBHAaA KOMIIOHEHTA
@ HusKuil yposeHb M cpenHuil ypoBeHb Y BHICOKUI YPOBEHD

1,5 1,0

B Puc. 6. ITepBble nBe riIaBHbIe KOMIIOHEHTHI IPU3HAKOB
JULS TICUXOJIOTUYECKOH NIKAJIBI JeCTPYKTUBHOTO HAPIHC-
cusma

B Fig. 6. The first two main components of features for
the psychological scale of destructive narcissism

B Tab6ruya 3. 3HaUEHUS TOYHOCTH IPOTHOBMPOBAHUSA PE3YIbTATOB TECTa AMMOHA /AJIs YeThIPEX TUIIOB KJIaCCU(PUKATOPOB

Ha TeCTOBOU BLIOOPKE

B Table 3. The accuracy of predicting the results of the Ammon’s test for four types of classifiers in the test sample

HecTpyKTUBHBINA KOMIIOHEHT SI-yHKIHT, %
Kraccudpurarop . . . . . . Cpenmee
TIepBOH BTOPOM TpeTbei 4eTBepTOH ATOM IIeCTOMH SHAYEHIIE
MHC (1-10) 68,74 57,87 48,96 66,23 50,43 67,39 59,94
MHC (1-55) 69,62 62,18 49,89 66,47 48,51 67,62 60,71
MHC (1-100) 70,10 59,36 52,32 66,65 51,39 67,80 61,27
MHC (1-101) 70,15 59,76 52,82 66,12 51,59 67,60 61,34
MOB (1-10) 68,49 55,4 48,35 65,07 48,57 67,79 58,95
JIP (1-10) 30,89 41,84 39,21 30,41 41,12 47,74 38,54
CHC 64,48 46,94 44,51 58,99 43,85 59,06 52,97

peacTaBJIAIONIINH cob0il BeixogHoe suaueHue CHC,
IpeIBapuUTEIbHO O0YUEeHHOM Ha ITOCTaX.

IlepBble ABe IVIABHBIE KOMIIOHEHTHI IIPU3HAKOB
npeacTaBjeHbl Ha puc. 6. Ob6aacTtu, comepskalmue
00'BEKTHI 13 PA3HBLIX YPOBHEH, IMEePEKPBIBAIOT APYT
IpyTra, IMO3TOMY Cy:KeHUe PasMepPHOCTH aHaJIU3UPY-
eMbIX BEKTOPOB IPU3HAKOB AJA obyuenusa HC mo-
JKeT IPUBOAUTH K YBEJINUYEHUIO OIIMOOK IIPOrHO3M-
poBaHus pes3yJIbTaToB TecTa AMMOHA.

IIpencraBienHble B Tabja. 3 3HAUEHUS TOYHOCTH,
BBIUMCJIEHHBIE Ha TECTOBOM BBIOOPKE [IJIs YeThIPex
kaaccupuraropos: MHC, MOB, JIP, CHC, — ycpen-
HAauch no 10 6i0KaM ImepeKpecTHOH mpoBepKu. [lisa
ooyueruss MOB u JIP ucnosbzoBaiuck ToabKo 10 cka-
JIAPHBIX TAPaAMEeTPOB, IIPEICTABIEHHBIX B Ta0. 1. [1a
MHC nomoIHUTEeILHO BBITIOJIHAIOCH O0yUeHre TaKKe
C IIpUBJeUeHNEeM ITapaMeTPOB BTOPOI U TpeThell Pyt
MCXOMHBIX JaHHBIX.

HawubGosbiliee 3HaueHWE TOUYHOCTH, IIOJIYUEHHOE
IIOCPEACTBOM YCPEIHEHUS II0 IITeCTU IICUXOJIOTHUe-
CKMM IIIKaJaM [JeCTPYKTHUBHOCTH, TPUHAIJIEIKUT
MHC, xoropas obyuaJiacs ¢ nmpumeHenuem 101-mep-
HOTO BEKTOpa IIpM3HAKOB. HawmMmeHbIlee 3HAUEHUE
TOUHOCTU OBIJIO IIOJIYUEHO C HcIoJb3oBaHueM JIP,
YTO IOATBEPIKIAeT HEOOXONUMOCTH BBEIEHUS CJIOS
HEJIMHEHHOCTU IJIs1 KOPPEKTHOr0 000C0o0IeHUSI 00"
€KTOB 13 Pa3HbIX KJIACCOB.

3aKJIoueHne

B crarse paccmoTrpeno npuno:xkenre HC k 3amaue
TMPOTHO3UPOBAHUSA Pe3yJabTaTOB TecTa AMMOHA IIO
Opo(UIII0 MOJIbL30BATEIell COIMAJIbHON ceTu. BBLIo
BBITIOJIHEHO SKCIIEPUMEHTAJbLHOE CpaBHEHUE UeThl-
pex pasaunuHbIX TUNOoB HC, cpean KOTOPBIX HAMIYU-

30 7/ VH®OOPMAUVOHHO-YMPABASIOLLVIE CUCTEMB

7 N°1,2020



\ NH®OPMALIVIOHHO-YNPABASIIOLLVE CUCTEMBbI N\

IIUMU OKA3aTeJIAMU TOUHOCTH 00J1aJaeT YeThIpex-
CJIOMHBIN IIePIEITPOH.

ITonyueHHBIEe pPE3yAbTATHI YKCIEPUMEHTOB IIO
IIKaJaM JeCTPYKTHUBHOCTH TecTa AMMOHA AJIS Te-
CTOBOM TPYIINBI MOJIOJEKM YKAa3bIBAIOT Ha TO, YUTO
3aBHUCUMOCTH MEXKAY MHMOpMAaIireil, IpeaocTaBise-
MO TTOJIB30BATENIAMU B COIMANBHBIX CETAX, U TCU-
XOJIOTHYECKUMHU XapPaKTePUCTUKAMU JUUHOCTU CY-
miecTsyeT. B To ke BpeMsa HeOOXOAMMO YUHUTHIBATD,
YTO SKCIEPUMEHT IIPOBOIUJICA TOJBKO AJIA OTPAHU-
YEeHHOM I'PYIIILI MOJIOABIX JIFOAEH U AJIsI OTPaHUYeH-
HOro Habopa XapaKTepucTuK JuuHocTHu. [[i1a 6osee
TOYHBIX PE3yJbTATOB, U TeM 0ojee (hOPMUPOBAHUSA
BBIBOJIOB O KOHKPETHOI JINYHOCTH, He00Xoa1M 0oJjiee
TIATeJbHBIA aHaJIN3 TUYHOCTHU SKCIIePTaMM, a TaK-
JKe aHaJIM3 YCJIOBUM, B KOTOPBLIX HJaHHASA JUUYHOCTh
CYIIIeCTBYET.

K mocroumHcTBaM mpemjiaraeMoil METOTUKU MOK-
HO OTHECTHU TO, YTO OHA ITO3BOJIAET aBTOMATUUYECKU
o0pabaTeIBaTh GOJIBININE O0BEMBI JAHHBIX B COIU-
AJIBHBIX CEeTAX U COCPEIOTOUHTHLCS SKCIePTYy Ha
OTPAaHUUYEHHOI TPyIle TeX JUYHOCTel, KOTOopbIe

MOT'YT OBITH TOABEPIKEHBI AeCTPYKTUBHBIM BO3IeH-
CTBUSIM.

K memocraTkam oTHOCHUTCA TOT (haKT, UTO IICUXO-
JIOTUUEeCKHe XapPaKTePUCTUKU JIUMUHOCTHU SABJISIOTCS
OUYeHb WHAWBUAYAJHLHBIMU, U Pa3paboTKa eIuHOTO
aBTOMAaTHUECKOI'0 MeXaHN3Ma X aHAJIN3a ABJIAETCA
CJIOXKHOI 3amaueii, TpeOyIOIeil KOMIIJIEKCHOTO yue-
Ta GOJIBIIIOr0 KoJIudYecTBa (DAKTOPOB, AaJIeKO He BCe
13 KOTOPBIX HAXOIAT OTPasKeHUe B COIaJIbHOI ce-
tu. ITosaTomy B JastbHeleit paboTe mIpeaIoaraeTcs
COCPEIOTOYNTHCA Ha BBIJEJEHUN HOBBIX IPU3HAKOB
IIOJBEP/KEHHOCTH JIeCTPYKTUBHOCTH, OIpelesise-
MBIX Ha OCHOBe HWH(pOpPMAIINU, MNPEIOCTaBJIAEMOL
B COIIMAJILHBIX CEeTAX, a TAKJKe Ha PaCIINPEHUUN Me-
TOAWKY Ha APYyTHe IITKAJbl TecTa AMMOHA.

dunaHCOBaT MOAAEPKKA
Pabora BbINTOSTHEHA ITPU YaCTUYHON (DUHAHCOBO

noxaaeps;kke mpoekta PODPU 18-29-22034 Mk u Oro7-
sketHOM Tembl 0073-2019-0002.
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Introduction: In social networks, the users can remotely communicate, express themselves, and search for people with similar
interests. At the same time, social networks as a source of information can have a negative impact on the behavior and thinking of
their users. Purpose: Developing a technique of forecasting the exposure of social network users to destructive influences, based on
the use of artificial neural networks. Results: A technique has been developed and experimentally evaluated for forecasting Ammon’s
test results by a social network user’s profile using artificial neural networks. The technique is based on the results of Ammon’s test
for medical students. For training the neural network, a set of features was generated based on the information provided by social
network users. The results of the experiments have confirmed the dependence between the data provided by social network users and
their psychological characteristics. A mechanism has been developed aimed at prompt detection of destructive impacts or social network
users’ profiles indicating the susceptibility to such impacts, in order to facilitate the work of psychologists. The experiments have
shown that out of the four investigated types of neural networks, the highest accuracy is provided by a multilayer neural network. In
the future, it is planned to expand the set of features in order to achieve a better accuracy. Practical relevance: The obtained results can
be used to develop systems for monitoring the Internet environment, detecting the impacts potentially dangerous for mental health of
the young generation and the nation as a whole.
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Hayunasa saekrponnas o6mbiamoreka (HOB) mpomosxkaer paboTy mo peasmsaliuy IPOEKTa
SCIENCE INDEX. Ilocie Toro kak Bwr saperucrpupyerechk Ha caiite HOB (http://elibrary.ru/
defaultx.asp), Oyzer cosmana Bara minuHasi cTpaHUYKA, COEPsKAHIE KOTOPOM COCTABST HE TOJBKO
Baiu mepconaibHbBIE JaHHBIE, HO U ITIepeYeHb Bcex Balux meyaTHbLIX TPYAOB, MMEIOIIUXCs B 6ase
mauubix HOB, BKJIOUas nuccepTauu, MaTeHThl U Te3UCHI K KOH(DEPEHIIUAM, a TAKKe CPABHUTEb-
Hble mHAeKCcHl mutupoBanus: PUHIIL (Poccuiickuil nHAEKC HAYYHOr'O IIUTUPOBAHUA), h (MHIEKC
Xwupira) or Web of Science u h ot Scopus. ITocire cosnamus 6asoBoro BapuauTa Baireii mepcosars-
HOII cTpaHuIlbl BhI MOyYnTe KO JOCTYIIA, KOTOPBII IT03BOJIUT BaM pefaKTHUPOBaTh NH(POPMAIIIIO,
moMoras co3aBaTh MaKCHMAaJbHO O0OBeKTUBHYIO KapTUHY Baleii HayuYHO! aKTUBHOCTH U ITUTHU-

poBanus Bamux Tpynos.
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aCaHKT-[leTepbyprcknit HaLMOHabHbIN UCCef0BaTeTbCKUI YHUBEPCUTET MHCPOPMALMOHHbIX TEXHOJIOTMH,
MexaHuKu n onTuku, KpoHsepkckuii np., 49, CaHkT-lNeTepbypr, 197101, Po

BBegeHue: 3afjauya UHAYLMPOBAHUS PErYNSIPHOI rPaMMaTUKU COCTOUT B MOCTPOEHUN LETEPMUHUPOBAHHbIX KOHEYHbIX aB-
TOMATOB 10 CMUCKY CI0B-MPUMEPOB U CIIOB-KOHTPRPUMEPOB M3 HEU3BECTHOIO PErYSPHOro A3bika. ITa 3agaqa ABseTcs of-
HOWi M3 LieHTpasbHbIX B TEOPUM (POPMASIbHBIX A3bIKOB M COMPSIXKEHHbIX C Hel 06acTsax. OgHUM M3 Hanbosee yCrnelHbIX ee
peLueHuit aBnsieTcs 06ydeHne peKyppeHTHON HEMPOHHOM CETU KnaccuguKaLmm c/oB U nociegyrolyas KnacTepusaLms BEKTOPOB
B npocTpaHcTBe BecoB. OfHAKo pesynbTaT KnacTepusauumu He BCeErfa rno3BosseT MoCcTPOUTb HEMPOTUBOPEYNBLIN aBTOMAT.
bornee cnoxHble Mogenu NS UHAYLUPOBAHUS rpaMMaTiKy TpeGoBaTelbHbl K NaMSATH, BDEMEHN 00yYeHUS U YUCITTY TPEHUPO-
BOYHbIX MPUMepoB. Llenb: nocTpoeHne Mogenv A4S UHAYLMPOBaHUS rpaMMaTUKM, UCTOJIb3YHOLLEH HOBbIE METOAbI MALLUMHHOTO
06yueHns. MeTogbl: B KauecTBe KnaccugpukaTopa npuMeHeHa pekyppeHTHas HeMPOHHas CETb, MCMOSb3YHoLLast NPEAIOKEHHYO
aBTOpaMu hyHKUYMIO oLMBKK. [1nsl KnacTepusaymm peaan3oBaH METOJ COBMECTHOIO BbIG0OPA M HACTPOVKM ryuneprnapameTpos
anropuTMa Knactepusauum 48 PasandHbIX MEP OLeHKM. Pe3ynbTaTbl: NpoBefeHO TeCTUPOBaHUe Ha Habopax AaHHbIX, COOT-
BETCTBYIOLMX [ECATU PA3JINYHBIM PETYISAPHbIM FPAMMAaTUKAaM U1, COOTBETCTBEHHO, AECATY PasNYHbIM JETEPMUHUPOBAHHbBIM
aBToMaTam. o peaynbTaTaM TeCTUPOBaHUSA paspaboTaHHasi MO4Ees b KOPPEKTHO CUHTE3UPYET aBTOMATbI C YUCIIOM COCTOSHUMA
M C UMCIIOM BXOBHbIX CUMBOJIOB He Gosiee nATU. [/ YeTbipex U3 CEMU YCMELIHO UHAYLMPOBAHHbIX TPAMMATUK MOCTPOEHHbIN
aBTOMAT MoJslyYnNCs MUHUMAbHBIM. [ Tpex HabopoB AaHHbIX Tech. aBToMaT MOCTPOUTL He y[anocb — nbo M3-3a Hefo-
CTaTOYHOCTU YUCIIA KNACTEPOB B MPEAIOKEHHOM pa3bueHnu, imbo n3-3a HEBO3MOXHOCTU MOCTPOUTb U3 ITOro pa3bueHuns He-
npoTMBOpeunBbIN aBToMaT. OBCYX[eHune: NpUMeHeHNe anropuTma rnomcka HanbosbLIero npasgonofobus Mexay knactepamm
BEKTOPOB U COOTBETCTBYIOLUMM COCTOSHUSIMU aBTOMATa L1 PUHATUS PELLEHUI B CJyYae HaX0X4eHUs POTUBOPEYUI MO0
6bl pacLumpuTb 0671aCTb NPUMEHUMOCTU MOLESH.

KnioueBbie cnoBa — unHayuunpoBaHue rpaMMaTuKu, PeKyppeHTHbIe HeﬁpOHHbIe CeTH, Kjactepunsayus.

s putupoBanusa: I'paues II. I, Mypaswes C. B., @unsuerkoB A. A., ITanxsito A. A. I'eHepaIus aBTOMAaTOB Ha OCHOBE PEKYPPEHTHBIX
HeiipoceTell 1 aBTOMATHYECKOTr0 BEIOOpa Kiaactepusanuu. HH@opmayuouno-ynpasirsouue cucmemot, 2020, Ne 1, ¢. 34-43. doi:10.31799/
1684-8853-2020-1-34-43

For citation: Grachev P. G., Muravyov S. B., Filchenkov A. A., Shalyto A. A. Automata generation based on recurrent neural networks
and automated cauterization selection. Informatsionno-upravliaiushchie sistemy [Information and Control Systems], 2020, no. 1,
pp. 34-43 (In Russian). doi:10.31799/1684-8853-2020-1-34-43

Beenenue

dopMaSbHBIN ASBIK SABJISETCS OJHUM U3 OCHOB-
HBIX IIOHSATUHA MaTeMaTUJYeCKON JIOTMKU u HHQOP-
matuku. OH TpencTaBaseT co00I MHOKECTBO KO-
HEYHBIX CTPOK, COCTOSAIIUX M3 CUMBOJIOB, KOTOPbBIE
MPUHAIJIEKAT HEKOTOPOMY KOHEUHOMY aJji(haBUTY.
Takoit A3BIK MOYKET OBITH OIIPe/leJIeH He TOJIBKO IIe-
peuncjIeHreM BCeX ero CJIOB, HO M CIIMCKOM HEKOTO-
PBIX (pOopMabHO OMMCAHHBIX MPABUJ UX ITOPOXKIe-
Hus. PopMasibHbIE A3BIKU IITUPOKO HCIIOJIb3YIOTCS
B caMbIX Pas3sHOOOpa3HBIX 00JIACTAX, BKJOUAS Cpe-
IBI IporpaMmMupoBaHus [1], hopMaabHYIO JOTUKY U
sa3bIKU [2, 3] U IpemcTaBiIeHNE €CTECTBEHHBIX A3bI-
Kog [4].

CoritacEo wmepapxuu XOMCKOTO, (OopMaJIbHBIE
SIBBIKY MOYKHO PasOUTh HA UeThIPE BJIOKEHHBIX KJac-
ca: HeOrpaHUUYEeHHbIe, KOHTEKCTHO-3aBUCUMbIE, KOH-
TEeKCTHO-CBOOOAHbBIE U peryadapHbie [5]. Perynapusbie
SI3BIKM MOT'YT OBITh IIPEACTABJIEHBLI C ITOMOIIBIO Je-

TEePMUHUPOBAHHBIX KOHEUYHBIX aBToMmaroB (IKA).
ABToMar — 9TO abcTpaKTHAs MaTeMaTHYeCKas MO-
JIeJIb, COCTOAIAA U3 COCTOTHUI U MEPEXOJOB MEKIY
HuMU. [lerTepMUHPOBAHHBIE ABTOMATHI MCIIOJIB3YIOT-
Cd He TOJILKO JIJIA IPEACTABIEHUA PETYJIAPHBIX A3bI-
KOB, HO U KaK CaMOCTOSTeJbHAas MaTeMaThuuecKas
Mozesb, HAIpUMEP B PA3IUUYHBIX YIIPABJIAIONIUX
cucTeMaX, TAaKUX KaK CBeTO()OPHI, TOPrOBbIE aBTOMA-
TBI, IUMPTHI, & TaKKe IJIA CeTEeBbIX ITPOTOKOJIOB [6].
ABTOMATEI TPUMEHSIOTCS B 61oJioruu [7], IorucTUKe
[8], kommbioTepHOIT Oe3onacHocTH [9] U T. A.
IToctpoernue KA, cOOTBETCTBYIOIIETO HEKOTO-
poMy GopMaSbHOMY SA3BIKY, IO CIUCKY (opMaJib-
HBIX MPABUJ UJIU [0 TEKCTOBOMY OIIMCAHUIO 3TOTO
SABBIKA ABJIAETCA OJHOM M3 HauboJiee YacThIX 3aad
B Teopuu hopMasbHBIX A36IKOB [10], a MeTObI €€ pe-
ITeHU s U3BECTHHI u3 JuTeparypsl [11, 12]. Takas 3a-
Iaua, KaK IIPaBUJIO, BOSHUKAET IIPU UCIIOJIb30BAHUN
Mojesiell u unel us Teopuu (HopMaSbHBIX ABBIKOB,
HaIpuMep B CHUCTEMAaX, IIPOBEPAIONINX KOPPEKT-
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HOCTBb HanucaHusd cTpok [13]. OgHako Korga mpaBu-
Jla HeM3BEeCTHBI, TPeOyeTCsl IMOCTPOUTDH HeTEePMUHU-
POBaHHBIN aBTOMAT II0 IMOAMHOYKECTBY CJIOB, IIPU-
HaAJIeXKAINX HEKOTOPOMY HeM3BeCTHOMY (hopMaIb-
HOMY A3BIKY. TaKoe onmcaHue He ABIAETCA HOJTHBIM
¥ OMHO3HAYHBIM, ITIOCKOJIBbKY PETyJIsapPHBIN A3BIK MO-
JKeT cofepKaTh 0€eCKOHEeYHO MHOTO cJIOB. IIpobsiema
TOJIyYeHUA HEKOTOPOro (POpMabHOTO OIMCAHUA
SI3BIKA [0 KOHEUHOMY UYHUCJIY CJIOB-IIPUMEPOB, a
B HEKOTODPBIX CJAYYadX CJIOB-KOHTPIPHUMEPOB, B aH-
IJIOA3BIYHOM JIMTepaType HasblBaeTcsa grammar
inference [14]. 3a aTUM TOHATHEM HET 3aKPEIIMBIIIE-
rocsi TepMHUHA Ha PYCCKOM A3bIKe. B paMKax HaHHOMK
paboTHI OyIeT NCII0Ib30BATHCA TEPMUH UHOYYUPOBQA-
HUe 2pamMmamuru.

BasoBbIM ¥ MCTOPUYECKU II€PBBIM aJITOPUTMOM
I WHAYIIMPOBAHUA TPAMMATUKU CTAJ aJTOPUTM
cmemnteHus cocroauui [15]. Ero ugesa cocrout B mo-
cTpoeHUU IPe(PUKCHOTO [epeBa, IKBUBAJEHTHOTO
IIprMepaM U3 TECTOBOU BBIOOPKU C IIOCJIEAYIOIUM
o0benuHeHNEM cocTrosuuii. [losBienre u pasBuTue
TEXHOJIOTUII MAITMHHOT'O0 00YUYeHNs ITO03BOJIUIIO pas-
paboTaTh HOBbIE MOJEJIU JJIA NHAYIIMPOBAHUS I'PAM-
matuk. OgEuM m3 Hambojgee yIAUHBIX DPEIIEHUH
SABJISETCS IPUMEHEHUEe PeKYPPEHTHOU HeHpPOHHOI
ceTr, KJaacCU(PUIIUPYIOIIEH CJI0BA IO WX MIPUHAI-
JIESKHOCTU K HEU3BECTHOMY (OPMaJIbHOMY SABBIKY
[16—19]. O6yuenHas HEMPOHHAA CETh BBIJEISIET BEK-
TOPBI (COCTOSHUSA BECOB), KOTOPbIE BIIOCJEICTBUU
MOABEPralTcs KJacTepusaluu. KjacTepbl COCTO-
SHUU TPUBOJATCA B COOTBETCTBUE C COCTOAHUAMU
KOHCTPYHPYEMOTO aBTOMAaTa C IOMOIIBIO aJITOPUT-
Ma, ONMCAHHOTO Jajiee. B pesyabTare CTPOUTCA me-
TEePMUHUPOBAHHBII aBTOMAT, COOTBETCTBYIOIIMI He-
M3BECTHOMY (DOPMAJILHOMY SBBIKY.

B nmanmuoi#l paboTe mpexpiaraeTca HOBBIA METO[
pellleHnd 3aaunl UHAYIIUPOBAHUA IPAMMATUKHY, HC-
MOJBL3YIOMINIT MOAN(PUKAIINIO KJIacCUPUIIHPYoIei
PEKYPPEHTHON HEWPOHHOU ceTu. B aToii cetu KJa-
CTepUs3allusi BECOB BBIMOJIHSAETCA C IIPUMEHEHHeM
MeTOZa COBMECTHOT'O BbIOOPA M HACTPONKY TUIepIia-
pamMeTpoB aJrOpUTMa KJIacTePU3aIluy Ha OCHOBE 00-
YUEeHU ¢ IOTKPEIJIeHIEM.

OcHOBHBIC IOHATHUA

JdeTepMUHUPOBAHHBII KOHEUHBIN aBTOMAT
JeTepMUHUPOBAHHBINI KOHEUYHBI aBTOMAT —
OJIVTH U3 CII0COOOB IPEICTABIEHUS PETYIAPHBIX A3bI-
KoB [20]. ABTOMAT COCTOUT M3 COCTOAHUI, KOTOPHIE
MOTYT OBITH TEPMUHAJJIbHBIMY MJIN HETEPMUHAJIbHBI-
MU, U IIePeX00B MeKIy HuMH. Kaskablil mepexon
OCYIIIECTBJIAETCS II0 OLHOMY M3 CHUMBOJIOB aJihaBu-
Ta. B rpaduueckom npeacraBiaenuu ogHoro us JJKA
(puc. 1) KBagpaTamMm IIOKa3aHBbI TePMUHAJIbHBIE
COCTOSHUSA, OKPYKHOCTAMU — HETEPMUHAJIBLHEIE.
CrapToBOoe COCTOAHHE OTMEUEHO 3Be3ouKoii. Bce

b, c

B Puc. 1. ITpumep neTepMUHUPOBAHHOTO KOHEYHOT'O aB-
ToMarTa

B Fig. 1. An example of deterministic finite-state au-
tomaton

IIepexoAbl MeXXy COCTOSTHUSIMU IIOMEUEeHbI CHMBO-
JIaM¥, TI0 KOTOPBHIM IEPEXOABI OCYIIIECTBIAIOTCA.
Iast Toro 4ToOBI ONpPENEeSUTh IPUHAIJIEKHOCTH
cJIOBa K peryiasapHoMy A3bIKy mo KA, meobxomu-
MO o0paboTaTh JaHHOE CJIOBO C IIOMOIIBIO aBTOMA-
Ta. O0paboTKa HAaUMHAETCS B HYJIEBOM COCTOSHUU U
IIPOUCXOJUT OCUMBOJIBbHO. Eciau mocisie o6paboTKu
aBTOMAT 3aKOHUYUJ CBOIO PabOTy B TePMUHAJIHHOM
COCTOAHUM, TO CJOBO HABJIAETCSA IIPUHALIEKAIINM
HCKOMOMY PEryJIspHOMY SA3BIKY, 1 Hao60poT. B Kaue-
CTBe WJLJIIOCTPALIMY PACCMOTPUM aBTOMAT U3 prc. 1 u
OIIPENIEJINM C €TI0 TIOMOIIIHI0 IPUHAJIEKHOCTD K OTIU-
ChIBAEMOMY UM SI3BIKY CcJIOBa ‘acab’. ABToMaTr HaumHa-
€T CBOIO paboTy B HYJIEBOM COCTOAHUU U IIOCJIEJIOBA-
TEeJIbHO COBEPIIIaeT IePexoIbl B IPYTUe COCTOSHUS 110
cumBoJiaM ‘a’, ‘c’, ‘a’ u ‘b’. Takum o6pa3oM, IeIoUYKa
nepexonoB: 0 > 1 - 2 » 3 —» 3. Cocroanue 3 AB-
JseTcs HeTepMUHAJbHBIM, IIO9TOMY CJIOBO ‘acab’ He
IPUHAAJIEIKUT K PETYIAPHOMY SA3BIKY.

HckyccTBeHHBIE HEHPOHHBIE CETH

HckyccTBeHHAs HEIPOHHAA CETh — 9TO CHUCTEMA
COeIMHEHHBIX MEXKIY CO00I MCKYCCTBEHHBIX HEHPO-
HOB, KayKIBIN N3 KOTOPBIX IPUHUMAaET Ha BXOJ UUC-
JIOBBbIE CUTHAJIBI U (DOPMHUPYET C HCIIOJIb30BAHUEM
GYHKIIUY aKTUBAIIUU BLIXOJHON UMCJIOBOI CUTHAJI,
KOTOPBIN IOJAeTCA Ha BXOJ APYTUX HEHTPOHOB.

B manHoii paboTe IPUMEHAITCA PEKYPPEHTHBIE
HelipoHHEBIe ceTu. IIpuMep peKyppeHTHOH ceTu Ipe-
cTaBJjieH Ha puc. 2, rae W, V, U — mMaTpuIibl BeCcos.

CeTb cocTOUT U3 BXOLHOTO X, CKPBITOTO H U BBI-
xogHOTO O cioeB. CKPBITHIE M BHIXOJHbIE CUT'HAJIBI
STOIi CEeTHU OMMCHIBAIOTCA COOTHOIIEHUAMU

h,=f(Vxh,;+Uxx,+0);
0, =8(W x h, +d),
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s Toro uToObl MPaBUJILHO HACTPOUTDH IIapa-
metpsl cetu (W, V, U, ¢, d), ncmonbsyercsa TexXHU-
Ka o0yueHUd ¢ yuutejgeM. [Ipu 9ToM UacTh JaHHBIX
rmoMeyaercsa KaK TeCTOBbIe, OHU IIOCJIEJOBATEIbHO
TOaIOTCS HA BXOJ CETU, a €e OTBET CPaBHUBAETCH
¢ okugaeMbIiM. OOBIUHO KCIIONB3YETCA HEKOTOpasd
dyurnua ommbru E(y, N(x)), 3aBucdiiag or pe-
aJILHOTO 3HAaUeHUA y u oTBeTa cetu N(x). [lasee mo
3HAUEHUIO0 (GYHKIUKU OIMNOKU IepecunThIBAIOTCSA
3HAUEHUA IapaMeTpoB ceTu. I[Jis aToro, HaIIrpuMep,
MOKHO IIPUMEHUTH MeTO 00PaTHOT'0 pacIpocTpaHe-
HUSA OINMOKM, KOTOPBIH HCIIOJB3yeT I'palueHTHBIN
CIIYCK.

3agaya MHAYIUPOBAHUSA I'PAMMATUKHU
M ee pellleHNe C IIOMOIIBI0 PEKYPPEHTHBIX
HEPOHHBIX ceTel

dopmasbHO 3afavya WHAYIIUPOBAHUA PETYJIApP-
HOII rpaMMAaTHUKX (POPMYJIUPYETCA CIAEAYIOIUM 00-
pasoM. 3amaH aJdaBUT U CIUCOK CTPOK HaJ HUM,
KakJas CTPOKa MoMeuYeHa KaK IIPUHAJIeKaIlas
UJIN He TPUHAJJEeKAIlasd HEeU3BECTHOMY DPeryiap-
HOMY $3bIKY. Heo0X0auMO IOCTPOUTH AETePMUHU-
POBAHHLINI KOHEUHBIA aBTOMAT, COOTBETCTBYIOIIMIA
9TOMY $3BIKY (OH KODPPEeKTHO oOpabaThIBaeT Bce
CTPOKH 13 BXOAHOT'O CIIMCKA). ITOT aBTOMAT JOJIJKEH
comepsKaTh KaK MOXKHO MEHbIIIe COCTOIHUIH.

Krnaccudunupyromas peKyppeHTHas HeHPOH-
Had ceThb ObLja BIEPBBIE IPUMEHEHA K 3amaue WHIY-
IIUPOBAHUA PETYIAPHOIL rpaMMaTUKM B padore [16].
IIpenno:xeHHas aBTOpaMu HelipoceTh oOpabaTbIBaeT
CJIOBA TOCUMBOJILHO, & B KAUECTBE OTBETA BO3BpAIIIA-
eT Y1CJI0, KOTOPOe MOKHO MHTEPIPETHUPOBATh KaK
BEPOSITHOCTH TOr'0, UTO 00pabaTbIBaeMoe CJIOBO IIPH-
HaAJIEKUT UCKOMOMY PETYJIAPHOMY ABBIKY.

O6pabaTsiBaeMOe CJOBO pacCMaTPUBAETCA Kak
IIOCJIEIOBATEILHOCTh CUMBOJIOB. KaKIbINl CUMBOJI
andaBuTa KOTUPYETCA B BUJE eIUHUYHOTO BEeKTOpa
(BeKTOpAa, COCTOAIIETO M3 HYJIEH Ha BCeX MO3UIUAX,
KpoMe OIHOIi, I'le CTOUT eIUHUIIA) pasMepHocTu M,
rme M — MOIHOCTD cyioBaps. Ecau ouepegHOM cuM-
BOJI CJIOBA ABJISIETCA i-M CUMBOJIOM aJI(aBUTa, TO CO-

OTBETCTBYIOITUNA eMy eIUHUYHBINA BeKTOp OyIeT co-
Iep:KaTh efWHUILY Ha i-il IO3UIIUY U HYJIU Ha BCeX
OCTaJIbHBIX. PeKypPPEHTHBINA CJION HEeHPOHHOH CeTHu
IPUHUMAET Ha BXOJ BEKTOPHI CUMBOJIA U COCTOS-
HUSA U BO3BPAIIaeT CJIEeIYIOI[Uil BEKTOP COCTOSHUS.
Kaxkapiii BEKTOpP COCTOAHUA HMEET ONUHAKOBYIO
pasmepHocTh N. Cienyioliiee COCTOSHUE BBIUUCIS-
ercsa mo Qopmyse: s, ; =s;, x W xa;, e s; — BeK-
TOP COCTOSHUH; a; — BEKTOP CHMBOJIOB aJ(aBUTa;
w mapaMeTpuuecKkad MaTpuila pPasMepPHOCTH
N x N x M. OTBeT HelipOHHOU CeTH 3aBUCHUT OT BEK-
TOPa-COCTOAHUA, IIOJYUYEHHOT'O IIOCJEe IIOCJIelOBa-
TeJILHOII 00paboTKM BCeX CUMBOJIOB caoBa. HyeBoii
SJIEMEHT 9TOTO BEKTOpa paccMaTpuUBaeTca KaK OT-
BeT HelipoHHOU ceTu. OmucaHHAas HeHPOHHAA CETh
o0yuaeTcs Ha IIpUMepax A0 HACTYILJIEHUS YCJIOBUI
OCTaHOBA.

ITociie Toro Kak HelipoHHAaA ceTh O0yueHa, (op-
MUPYETCS CIUCOK BEKTOPOB-COCTOAHUM, ITOJIydae-
MBIH IIpu 00paboTKe caoB-IpuMepoB. K BeKTOopam
M3 BTOr0 CIIHMCKA IIPUMEHSIeTCS aJTOPUTM KJiacTe-
pusanuy, ONKWCAHHBIA B CJEAYIOIIEM pasnesie, U
KasKObIA MOJIYYEHHBIM KJAacTep paccMaTpUBaeTCs
KaK COOTBETCTBYIOIUN OIIPEAEIEHHOMY COCTOSIHUIO
aBTOMATA.

TaxuMm o0pasoM, KasKIOMY CJIOBY K3 CIHCKAa
CJIOB-TIPUMEPOB CTABUTCSI B COOTBETCTBUE HEKOTO-
pBIii KJacTep, KOTOPBIA B CBOIO Ouepeab COOTBET-
CTBYeT HEKOTOPOMY COCTOAHMIIO aBToMara. Ecau nia
OIIpe/ieIEHHOI CTPOKY S M3BECTHO COOTBETCTBYIOIIEe
ell cocToAHMe f, a TaKyKe U3BECTHO COCTOSAHUE £, CO-
OTBETCTBYIOIIlee CTPOKE S¥*C, IJie ¢ — CUMBOJI U3 CJIO-
Bapsd, a * — 3HAK KOHKATEHAIINH, TO 9TO II03BOJISIET
IIOCTPOUTH ITIEPEXOJ U3 COCTOAHUA [ B COCTOAHUE ¢
1o cuMBOJY ¢. C MCII0Ib30BAHMEM JAaHHOI'O IpaBUIA
crpoutca [JKA, KoTopwIil u Bo3BpaliaeTcsa B Kade-
CTBe OTBeTa AJIA 3aJauyy WHAYIIMPOBAHUS IpaMMa-
TUKH.

OnucaHHasA cxeMa IPUMEHEHUs PEeKYyPPEHTHOM
HeHPOHHOU CeTH MOJIyUnJIa CBOe pa3BUTHeE B paboTax
[17, 18] u ocTaeTca aKTyaabHOIN AJA 3amauyu I'PaM-
MaTUYECKOro WHAyIUpoBaHUA. Tak, HaIpumep,
aBTopHI [19] ncnonb3y0T B KauecTBe KJjaccupura-
TOpa HEHPOHHYIO CeTh apXUTEKTYPHI JOJTON KpaT-
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Kocpounoit namsatu (Long Short Term Memory —
LSTM), a B KaueCcTBe aJITOPUTMA KJIACTEPUIAIIUYT —
L* Angluin.

IIpensoskeHHBI AATOPUTM HHAYIMPOBAHU S
rpaMMATHKH

Hcnmoas3yeMasa peKyppeHTHASI HeHPOHHAS CeTh

B ocHOBe mpuMeHAEMOI MOJENN AJIA UHAYIIUPO-
BaHUA T'PAMMATUKU JIEKUT MOAUMPUKAIIUA PEKYpP-
PeHTHOII HePDOHHOU ceTH, OIUCAHHOUN B IpeAbIay-
mieM pasjeJse, KoTopasd pemraeT 3afady KJaccubu-
Kanuu. Pa3MepHOCTH BeKTOpa, OIPEHesAIONIero
COCTOSIHUE CEeTH, 3aJaeTCs BEeJIUUYNHON mapamerpa
n_neurons.

B kauecTBe (YHKIUU OIIMOKU IIpeiaraeTcs
cnenuagbHasd QYHKOuA, HasBanHaa Cardiloss.
3HaueHne PYHKIIUN PACCUNTHIBAETCA O (popMmyJIe

CardiLoss(x) = 4(N(x) — y)?,

rme x — cJyioBo-mpumep; N(X) — OTBeT HeHpPOHHOM
ceTH; Yy — NUPaBUJIbHBINA O0TBeT. [Ipu TecTupoBaHUU
MOJIeJII aBTOPAMM YCTAHOBJIEHO, UTO CETHU, MMeI0-
e (GYHKIUIO OIMUOKM, MPSIMO TPOIOPIINOHAJb-
Hble N(W), CKJIOHHBI CXOAUTHCA K JIOKAJILHOMY MU-
HUMYMY, COOTBETCTBYIOIIIEMY BO3BPAIIEHUIO OT-
Bera 0,5 ma m00bIe BXOAHBIE AaHHBbIE. PYHKIUS
CardiLoss chopMupoBaHa TaK, YTO UMeeT 3HaueHue,
6smskoe K 1,0 mpu oTBeTe HEHIPOHHOI CEeTH, PABHOM
0,5, uTO T03BOJIAET N30€KATh CXOMKICHUS K JIOKAJIb-
HOMY MUHUMYMY.

OOyueHre HEHPOHHOM CETH OCYIIECTBJIAETCS II0
smoxam. Ilepen HauajJoM OUepeaHOII SIIOXU TPEHU-
poBouHas BBIOOPKA TOJHOCTHIO IIEPEMEITNBAETCs.
B pamMkax omHOIT smoxXu 00yUueHNe BeleTCs IIOCJIeNo-
BaTeJILHO 0 IpuMepaM. Eciiu mocje 00paboTKu oue-
penHoro nmpumMepa 3uauenue Qyuakiuu CardiLoss oka-
3aJI0Ch BBIIIE 3HAUEHUS THUIlepriapaMerpa expected
loss, TO cunTaeTcA, YTO HEMPOHHAA CEeTh JaJia Helrpa-
BUJILHBINA oTBeT. O0yUueHne HelipoceTH BeIeTCs 10 TeX
TIOp, ITOKa B paMKaX OMHOM 5IOXM HEeWpPOCceTh He JaCT
IIpaBUJIbHbBIE OTBETHI HA BCE CJIOBA U3 00y YaIOIIell BbI-
OOpKI.

CO0op BEeKTOPOB-COCTOAHUM IS MOCTEeTYIOIei
KJIacTepu3annu

IToce Toro Kak HelipoHHAas ceTh 00yUYMJIACH, HA-
ymHaeTcA cOOP BEKTOPOB-COCTOAHUI IJIA IIOCJIELY-
oIel KJiacrepusanuu. [Jda KaskIOW CTPOKU W U3
CIMCKA CJIOB-IPUMEPOB PACCMOTPUM CITMCOK ee Ipe-
(dukcos, cocroamuit us |w|+ 1 crpok. Kaxabiit us
HUX 00pabaThIBaeTCs ¢ IIOMOIIbI0 00y UYeHHON peKyp-
PEHTHOII HEWPOHHOU ceTy U A00aBJIAETCA B CIUCOK
BEKTOPOB-COCTOAHUM.

Pasnuunble cJI0OBa MOTYT MMETH COBIIAJAIOIE
npedukcel. Takum 06pas3oM, B CIIHCKe BEKTOPOB-CO-

CTOSTHU# BO3MOJKHBI OIMHAKOBBIE 3JIEMEHTHI. ITO Jie-
JIaeTCA JIJIS TOT0, YTOOBI B UTOTOBOM KJIACTepU3aI[U
O6onbIuii Bec (B CMBICTIE UMCJa COOTBETCTBYIOIITUX
UM BEKTOPOB) nMeau Hanbojiee 4acTo BCTPEUYAIOIIH-
ecsl COCTOAHUAA.

IIpumeHnenue MeToma BHIOOpPA M HACTPOMKU
THIIepIIapaMeTpPOB AJITOPUTMA KJIACTePU3aIUN
BEKTOPOB-COCTOSTHMIT HA OCHOBE 00yUeHU s

€ MOJKpeIIeHueM

W3BecTHO GOJIBIIIOE YKCJO AJTOPUTMOB KJIacTe-
pusamuu, KasKIblii M3 KOTOPBIX 00JiajjaeT TUIIEp-
mapaMeTpaMu, BIAUAIONIMMU Ha ero pabory. Beioop
KOHKPETHOTO aJITOPUTMa U 3HAUEHUH ero ruiepia-
paMeTpoB OyIEeT OnpenesATh UTOTOBYIO KJIacTepusa-
IO,

B macrosamieii pabore mpeaaaraerca MOAOUPATH
JYYIIUHA aJTOPUTM KJIACTEPU3AIUU U HACTPAUBATH
ero rureprapaMeTphbl 3a CUeT pelleHus 3aJauu OIl-
TUMHU3AIUN KadecTBa KJacTepusaliuu. B cuay or-
CYTCTBUS MaTeMaTHUYeCKU KOPPEKTHOI'0 oIlpeneJe-
HUA 3amaum KJactepusanuu [21] yHuUBepcaJIbHYIO
Mepy KauecTBa pa30MeH’s BBIJAEJUTh HEBO3MOIKHO.
B mamHOiI paboTe HCIIOJIB30BAJIOCh UYeThIPe MephI
KauecTBa KJactepusdamuu: Silhouette, Calinski-
Harabasz, OS u gD41. O6ocHOBaHUe 1 OIIMCAHLE BEI-
6opa mMep mpuBeIeHO B guccepranuu [22].

B pamkax mHacTosIeil paboThl UCIIOJIb3YETCA Me-
Tox MASSCAH [23, 24], onuriem ero.

PaccMoTpuM HEKOTOPOE MHOKECTBO aJITOPUTMOB
kaacrepusanuu A ={Al, A2, ..., A™}, u3 KOTOPBIX
OyaeM OCyIecTBJIATH BbIOOP. C KaKIbIM aJITOPUT-
MoM A/ cBA3aHO IPOCTPAHCTBO THIepIapaMeTpos A,
Heob6xoaumo 3a puxkcupoBaHHOE BpeMs T HaiiTu aJ-
roputM A’ TaKol, uTo Aj; € argmax ,/_, ; JQA,
D). Kpurepuii kauectBa @ — 3HaueHUe OJHOI U3
MHO’KeCTBa Mep KauecTBa KJjacTepusanuu; D — Ha-
00p JaHHBIX.

PaccmoTpuM aJrOpUTM HACTPONKM TrumepIa-
pameTpoB [25], KOTOpBIN ABJSETCA UTEPATHUBHBIM
(sequential) 1 T03BOJIAET BHIOUPATH HOBbIE 3BHAUEHU A
rumneprapaMeTpoB Ha OCHOBE WMCTOPHUU HMX BbIOOpA
HacTpoiiku. Pazo6beM BpeMeHHO 6ioasxeT T Ha paB-
Hble MHTEpPBaJbl. B Hauaje Ka'KI0oro nu3 HUX METOJ
OyZeT OIpenesaTh, A KaKOro aJropuTMa KJacre-
pusanuu U3 3aJaHHOTO MHOKecTBa A OyIeT mpous-
BOAUTHCA HacTpPoiika. B momoOHOII IIOCTaHOBKe 3a-
mava ompeeseHns, KaKoi aJroOpuTM HacTpauBaTh
CJIeIYIOINM, S9KBABAJIEHTHA 3aJaue O MHOTOPYKOM
6augure [26]. UantocTpalius paboThl MeTOma Ipe-
cTaBJieHa Ha puc. 3.

Perrtenme o ToM, KaKyio U3 py4YeK BLIOMpaeT aJ-
TOPUTM O0yUeHU ¢ IMOAKpPeNJeHeM, IPUHUMAETCS
¢ IOMOIIBI0 ajaropurma Softmax [26], koTopomy Ha
uTepanuu k mojaeTcsa Ha BXOJ CJIeAYIOIuii Belle-
CTBEHHBIIT BeKTOp X:

X = Softmax(R*) + Softmax(U¥),
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B Fig. 3. Schematic representation of operation of the
presented method MASSCAH on hyperparameters tuning
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i=l..n
KOTOpBIE BHOCATCSA B COOTBETCTBUU C 3aTPAUYCHHBIM
BpeMeHeM; ¥ — BpeMsi, KOTOpoe ObLIO IOTPAYEHO Ha
BBIUKCJIEHUA IeJeBOT QYHKITUY AJIA PYUYKY i 10 UTe-
pauuu k, c.

B manmHOi#i paboTe MCHOJIB30BAJIOCh CEMb MOIe-
Jiell aJITOPUTMOB KJIACTEPUIAIIMU, COCTABJISIOIIIAX
MHOKecTBO A: k-cpenuux, DBSCAN, aairopuTm pac-
MIPOCTPAHEHUA IIOXOKECTU, AaJITOPUTM arjoMepa-
TUBHOM MepapXmyecKoil KJIaCTEpU3aIluu, aJrOPUTM
cpennero casura (Mean Shift), rayccoBa cMmech U
OaiiecoBCKas rayccoBa cMech. Peaynmsamuu Bcex ce-
MU aJITOPUTMOB ¥ COOTBETCTBYIOIIIIIE MM MHOKECTBa
TUIeprapaMeTpPoB ObIIN 3aMMCTBOBaHbBI 13 OMOJIMO-
TeKu scikit-learn [27]. B KauecTBe UTepaTUBHOTO aJI-
ropuTMa BhIOOpA TAIIEPIIapaMeTPOB HCIOJIb30BAJICSA
asroputm SMAC [28].

IToctpoenue JIKA mo mocTpoeHHO
KJIacTepu3aInu

IIpenmosiaraercsa, YTO KaMKABIN IIOJyUYeHHBIN
KJIacTep COOTBETCTBYET HEKOTOPOMY COCTOAHUIO aB-
ToMmara. {15 KaKIoro BeKTopa-COCTOAHUA Helipoce-
TH PACCMOTPUM KJACTEP €, B KOTOPBIN OH IIOIaJ, 1
COOTBETCTBYIOIee eMy ¢JI0BO w. Eciu 9T0 ¢J10BO CO-
IEeP:KUTCSA B UCXOAHOM HabOpe PasMeUEeHHBIX CJIOB-
TIPUMEPOB, TO TMIOMETUM KJIACTEP ¢ B COOTBETCTBUU
C 9TO¥ pasdMeTKou. Ecau aTOT KjtacTep y:Ke moMeueH

WHave, TO 00HAPYKEHO ITPOTHUBOpPEUNe, W IIOMBITKA
HOCTPOEHUSI CUUTAeTCs MpPOoBajJieHHOW. B mpoTus-
HOM CJIydae PacCMOTPHUM CJOBO W, SBJAIOIIeecs
BTODPBIM II0 JJInHE IpeuKCcOM CTPOKU w. IIpu aTom
w=wy+ ay, rae ag=wl[jw]] — mocrenHui cuMBOI
cioBa w. PaccMoTpuM cooTBeTCTBYIOIUI w, Kia-
crep ¢,. Iloctpoum pebpo M3 COCTOAHMA, COOTBET-
CTBYIOIIIETO C(, B COCTOSIHNE, COOTBETCTBYIOIIIEee C, II0
CHMBOJY a. Eciu e U3 COCTOSHUSA, COOTBETCTBY-
IOITero ¢, 0 CUMBOJY @G y3e HMeeTca pebpo, Ko-
TOpOE BeeT He B ¢, TO OOHAPYKEHO IIPOTUBOpeUne,
¥ TIOIIBITKA IOCTPOEHU A aBTOMATA CUUTAETCSA IIPOBa-
JIEHHOM.

Ecau mpu nmepebope BeKTOPOB-COCTOSHUM ITOIBIT-
Ka IIOCTPOUTHL aBTOMAT He OyeT mpoBaJjieHa, TO B pe-
3yJabTaTe pPaboThl MPUBEAEHHOI'0 aJITOPUTMa OyIeT
noctpoeH [JKA.

Ilocie aTOoro mMpoBepPUM KOPPEKTHOCTH IIOCTPO-
eHHOro aBToMara. IlepeGepeM Bce cjioBa M3 CIIMCKA
CJIOB-TIPMEPOB U IMPUMEHUM K HUM II0JIyYeHHBIH
apromar. Ecau aJsi KasKIOro CJIOBA OH 3aBepIllaeT
CBOIO paboTy B IPaBUJIBHOM COCTOSAHUU — B COCTOS-
HUU, COOTBETCTBYIOIIEM Pa3dMeTKe, TO 9TUM JOKAa3bI-
BaeTCs IPaBUJIBHOCTH IOCTPOEHHOTO aBTOMATA.

IKCIIePUMEHThI

TecToBbIe TaHHBIE

3HAUUTEeJIbHAS YaCTh MHPOBBIX MCCJIETOBAHUIA,
TIOCBAIIEHHBIX MPo6JieMe MHAYIIMPOBAHUA I'paMMa-
TUK, WCIIOJb3yeT AJsi TeCTUPOBAHUS HAOOpHI JaH-
HBIX, OpeIJIoKeHHbIe B pabore [29]. Ograko oHU co-
OTBETCTBYIOT TOJIBKO T'PaMMAaTHKaM, COIEP:KaIlluM
He 6oJlee IBYX CHMMBOJIOB B ajdaBuTax, K TOMY Ke
HEKOTOpbIe M3 STUX I'PAMMATHUK He ABJIAIOTCA PEry-
JAAPHBIMU. [[JIf MOJHOIIEHHOTO TECTUPOBAHUA MOE-
JI1 HEOOXOIWMO WCIOJIB30BAaTh TOJIBKO DPETyIApHBIE
rpaMMaTHUKH, COAepsKallye PasjJIudyHOe UMCJIO CUM-
BOJIOB B aJyipaBuTe. [J1d TeCTHPOBAHUA ONMMCAHHOMN
Mojiesiu OBLI paspaboTaH TaKoil HaOOP PEryJIApHBIX
TpaMMaTHUK 1, COOTBETCTBEHHO, HA00P pasMeueHHBIX
CIIVICKOB CJIOB-TIPUMEPOB.

Brio paspaborano 10 peryasspHbIX IpaMMAaTHK, 1
1A KaKI0M M3 HUX OBLI BPYUHYIO IIOCTPOEH MUHU-
manbHBI [JTKA. ITocTpoeHHBIE aBTOMATHI UMEIOT OT
TpeX 0 AECATH COCTOSTHUUA U OT ABYX JO MATU CUM-
BOJIOB B aJsihaBuTax. [lasee ObLI IPUMEHEH aJITOPUTM
reHepanuu Habopa mauHHbIX. I1o IMeJeBbIM aBTOMAaTaM
u 1o chOpMUPOBAHHBEIM HabopaM ITapaMeTPOB [JIA
remepanuu ObLIN cuHTe3upoBaubl 10 HAGOPOB CJIOB-
IIPIMEPOB, COOTBETCTBYIOIIUX PEryIAPHBIM I'paMMa-
TuKaMm. Kaskmoe cjioBo B TaKOM Habope IIOMEUeHO HY-
JIeM UJIV eIUHUTIE B 3aBUCUMOCTHY OT IPUHAIJIEKHO-
CTU CJIOBA IEJIEBOMY PETYJIAPHOMY sA3bIKY. Onmcanue
pa3paboTaHHBIX aBTOMATOB W KOJUYECTBO CJIOB B CO-
OTBETCTBYIOIIINX HAOOpaX [JAHHBIX IIPECTABJIEHBI
B Tabu. 1.
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B Ta6ruya 1. TecToBbIE PEryJIsApHbIE PAMMATUKY U COOTBETCTBYOIIVE HAGOPHI JaHHBIX
B Table 1. The description of test regular grammars and corresponding datasets

Yucao
ID OnucaHue peryiIsapHOro A3bIKa CHMBOJIOB COCTOAHUI B MUHU- cJIOB B Habope
B aJI(baBI/ITe MaJIBHOM aBTOMAaTe AJaHHBIX

D1 |CroBa, KOTOpBIE HE COAEPKAT OJUHAKOBBIX CIMBOJIOB Ha 9 4 500
COCEeIHUX IMO3UIUAX

D2 |CnoBa, KOTOpbBIE HE COAEPIKAT OMUHAKOBBIX CUMBOJIOB Ha 3 5 520
COCeIHUX MTO3UIUAX

D3 |CnoBa, nimHa KOTOPBIX KpaTHa TPEM 586

D4 | CnoBa, comepskalue mogcTPoKy ‘bac’ 580

D5 |CroBa, mpuHaieKaliue peryjasapHOMY s3bIKY, COOTBETCTBY- 3 4 500
IOII[eMY aBTOMAaTy Ha puc. 1

D6 | CioBa, comep:kaliue moacTpoKy ‘abacaba’ 3 8 1200

D7 |CrnoBa, cHMBOJIBI B KOTOPBIX OTCOPTUPOBAHBI JIEKCUKOTPA- 5 6 1200
dugecknu

D8 |CioBa, comep:kariiue He 6oJiee IBYX COTJIACHBIX MJIU OJHOM 5 5 1200
TJIACHOY TTOAPSAT

D9 |CioBa, niuHa KOTOPBIX KpaTHA JBYM UJIU IATH 3 10 1200

D10 | CioBa, He comepakaliye CUMBOJIa ‘b’°, IJINHA KOTOPBIX II0 5 4 1200
MOAYJII0 3 paBHA eIUHUIE

IIporpammMHas peajausaius 1 TECTUPOBAHUE

Kiaaccudunupyroiias peKyppeHTHaS HeHpOHHA
ceThb ObLIa peaJyim3oBaHa Ha sa3bIKe Python 3 ¢ uc-
OJb30BAHUEM CIIeIIMAJIN3NPOBAHHON OMOJIMOTEKN’
marmuHHOro 00yuenusa PyTorch. Ilpu o6yueHUU ceTu
Ha KayKJI0M 13 HaOOPOB JaHHBIX MCIIOJIb30BaJINCH IIa-
pameTpsl n_neurons =16 u expected_loss =0,02.

AJnropuT™m o1HOBPEMEHHBIX BEIOOPA M HACTPOHN KU
aJropuTMa KJIaCTePU3aI[uH JJIs Oy YeHns pasoue-
HUA BEKTOPOB-COCTOAHUN OBIJI peau30BaH Ha A3bI-
ke Python Bepcum 3.7.5. {14 peanusanmu TaHHOTO
aJITOPUTMa WCIOJb30BaNuCh Oubaumoreku SMAC
[30] u ConfigSpace [31]. Ka:xpoii mape «Mepa Kaue-
cTBa — Ha0OpP JaHHBIX» OTBOJAUJICS BPEeMEHHOI 0r0-
sxket 5000 c.

Boruunciienuss MpoBOAUJINCHL HA JBYX cepBepax,
KOTOPBIE TIPU ITOMOIIY CIIEINAJILHOTO IIJIaHUPOBIIIT-
Ka pacupeze i 3agaun. [lapameTpsl cepBepoOB:

— 64-snepublit mporeccop AMD Opteron 6378 @
2.4 GHz, 256 GB RAM;

— 64-azgepuslii mponeccop AMD Opteron 6380 @
2.5 GHz, 496 GB RAM.

Anroputm nocrpoernusa JKA 6611 peaaun3oBaH Ha
saseike Python Bepcuu 3.7.5. Ecau Ha ocHOBe TOJY-
YeHHOM KJacTepus3alluy yAaBaJioCh IOCTPOUTH He-
npotuBopeunBbiii [[KA, KoppeKTHO 06pabaThIBaio-
Uil KakJoe CJIOBO M3 CIMCKa CJIOB-IIPHMEPOB, TO
nonbITKa mocTpoeHusa [JKA cuurasach yCIemnrHoi.

Pe3yabsTaThl 9KCIIEPUMEHTOB
W3 pmecarm aBTOMaTOB, pa3zpabOTAHHBIX IJIA II0-
CTaBJIEHHOI 3aJauu, CeMb OBIIU IIOCTPOEHBI IIpa-

BHNJIBHO, IIPXUYEM YeThIPp€ 13 HUX IIOJIYYNUJIMCh MUHU-
MaJIbHO BO3BMOKHBIMU. [IpuBenemM moHYI0 CBOTHYIO
TabIUIly Pe3yJIbTATOB C YKa3aHWEM WKCIIOJIb30BaH-
HOM MepBhI HACTPONKM T'MIIepIapaMeTpoB AJs KJa-
crepusanuu (tabi. 2).

B Tab6nuya 2. Pe3ynbTaThl TeCTMPOBAHUA IIpejJjarae-
MOM MOJeIn

B Table 2. Results of the proposed model’s testings

Vaamocs 1u Yucs10 cOCTOAHU M ITpumenen-
IIOCTPOUTH Had Me}’a
1D KOpDEKT- B MUHU- B [IOCTPOEHHOM | HaCTPOMKHN
Hoiit JKA? MaJbHOM MOZEJIBIO runepIapa-
) aBToMAarTe aBToMarTe MEeTpOB
D1 + 4 4 gD41
D2 + 5 7 gD41
D3 + 3 3 gD41
D4 + 4 8 gD41
D5 + 4 4 gD41
D6 - 8 - _
D7 - 6 — _
D8 + 5 5 gD41
D9 - 10 — -
Calinski-
D10 i 4 5 Harabasz
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7151 HEKOTOPBIX HAOOPOB JAaHHBIX, HAIIPUMED AJIs
cooTBeTCcTBYMOIIEero A3uiky D10, ymaioch IOCTPOUTH
KoppexTHbIi JIKA, BepHo o6pabaTbiBaroiiuii Bce
CTPOKU-IPUMEDPHI, KOTOPBIN, OJHAKO, HE SBJIAETCS
MUHUMAJBHBIM 0 YUCay cocToAgHmi. Ha puc. 4 uso-
OpaskeH MUHUMAJbHO BO3MOJKHBIN aBTOMAT, COOT-
BeTcTByMOINUH a3bIKy D10, a Ha puc. 5 — aBromar,
TIOCTPOEHHBIN IPEJIOKEHHBIM METOAOM II0 CJIOBAM-
npumepam u3 D10. OTMeTuM, 4TO 3T aBTOMATHI K-
BUBAJIEHTHBLI — IIEPBbIi IOJyYaeTcs: U3 BTOPOTrO CJIU-
aHueM cocrosauuii 3 u 0 u mepeHymMepaliieil CocTosA-
HUU, HUKaK He BIUAIOIIENH HA CTPYKTYPY aBTOMAara.
Cinusnne cocrossuuii 3 u 0 JOMYyCTUMO, IOCKOJIBKY UX
TePMUHAJIBHOCTD COBIAJAET, & IIePEXObI I10 OTHUM U1
TeM JKe CHMBOJIAaM BEAYT B OJHU U T€ K€ COCTOTHUSA.

PesysibraThl 9KCIIEPUMEHTOB I[IOKA3aJIM, UTO OII-
TUMAJBHOM NI HEOOJBIINX IO UMNCJIY TIEePeXOJ0B

a,c,d,e

a,c,d,e

B Puc. 4. lenesoit IKA s sssixka D10
B Fig. 4. Target DFA for the D10 language

a,e
N a,c,d,e
3
a,c,d,e
a,c,d,e 4 9
0 b b
b b
a,c,d,e

c,d

B Puc. 5. ABromaT, KOPpeKTHO 0oOpabaThIBAIOIIUI BCe
cJoBa 13 Habopa JaHHBLIX Md A3bika D10, mocTpoeHHbIH
MOJEJIBIO

B Fig. 5. Synthesized automaton which processes all
the words from D10 dataset correctly

aproMaToB (e mpeBwimarmux 20-25 mepexomos)
apasercsa mepa gD41. OgHaKO IpPU ee MCII0JIb30BAa-
HUM 0Ka3aJI0Ch HEBO3MOYKHBIM ITOCTPOUTH HEIIPOTHU-
BopeunBbiii aBTomMar Ajs D10. CooTBeTCTBYIOIYIO
PEeTyIAAPHYIO TPAMMATUKY YAAJI0Ch MHIYIIUPOBATH
pu uctosib3oBaHuu Mepwl Calinski-Harabasz.

ABTOMATBI, COOTBETCTBYIOI[HE HAOOPAM HAHHBIX
D6, D7 u D9, He ynasoch IOCTPOUTH HU JJIA KaAKUX
Mep. B KaykaoM M3 caydaeB IIPOUIOIIIO OTHO U3
IBYX COOBITHIL:

A) monyuenHas KJacTepusalius openesseT Yuc-
JI0O COCTOSTHUN, KOTOPOE MEHBIIe YKCJIa COCTOAHUN
Yy MUHUMAaJbHO BO3MOJKHOTO aBTOMAaTa, COOTBET-
CTBYIOIIETO MCKOMOII PeryaapPHON rpaMMAaTHKE;

B) Ha ocHOBe MOJTyUYeHHOI KJIacTepu3auy HeBO3-
MOXKHO IIOCTPOUTH HenIpoTuBOpeuuBhIi [IKA.

Heranu TecTupoOBaHUA MOAEJIN HA 3TUX Habopax
TaHHBIX OTOOPa’KeHbI B Ta0OJI. 3.

ITockOaBKY AJIsI TECTUPOBAHUS MOZEJIN OBLJI Ccre-
HEpUPOBAH CIENUAJLHBIN HAabOp JaHHBIX, TO pe-
3yJIBTATBHl SKCIEPUMEHTOB CJIOYKHO COIIOCTaBUMBI
C pe3yJabTaTaMM aHAJOTUYHBIX WCCJIENOBAHUMN IPY-
rux aBTOpoB. OIHAKO IIPEAJOKEeHHBI MeTO] IOKa-
3aJI JIyUIIue Pe3yJIbTaThl II0 CPABHEHUIO C METOZOM
us cratbu [30], B KOTOPO# HCIOJIB30BAJNCH TE K€
Ha0OpPHI JaHHBIX.

CpaBHeHUE TOJTYUEHHBIX PE3YJIbTATOB C PEBYJIb-
TaramMu u3 crtatbu [19], cumramoIeiica OgHON u3
HamboJiee aKTyaJbHBIX paboT IOCIeTHUX JIeT IO
3amaue MHAYIIMPOBAHUA IPaMMaTHUK, ITIOKa3bIBAET,
YTO pasMephl MOJyYaeMbIX aBTOMATOB COIIOCTABHU-
Mbl. OgHAKO HeHpOHHAs CETb, KOTOPAs WHCIOJIb-
3yeTcsl B HacCTOdAIei paboTe, COAEP:KUT MeHbIIe
HacTpamBaeMbIX TIapaMeTpPoOB U ObICTpee oOydaer-
cd, yeM mcnoJibdyemasd aBropamu crateu [19] cetb
LSTM. Kpome Toro, aBTophl [19] cumrarorT mojo-
JKUTEJBbHBIM DPEe3yJbTaTOM NOCTPOEHUE aBToMarTa,
Ybs TOYHOCTH HA TPEHMPOBOUHOM HabOpe HaHHBIX
OTJINYAETCS OT eTUHUIEI (Hampumep, paBHa 0,99),
B TO BpeMsA KaK B HaCTOsAIell paboTe KOPPEKTHBIM
CUMTAETCSA TOJBKO aBTOMAT, MMEIOIIUN TOYHOCTD,
PaBHYIO eIUHUIIE.

B Tab6ruya 3. PesynbraThl TecTHpOBaHUA Ha Habopax
maHepIix D6, D7, D9

B Table 3. Results of testings on D6, D7 & D9 datasets

HaGop panmeix\ | Calinski- | n4y | 05 | Sithouette
Mepa Harabasz
D6 B A | A B
D7 B B | A B
D9 B B | A A
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3aKJaioueHune

ITonyuennble pe3yabTaThl MOKAa3bIBAIOT 3(MdeEK-
THUBHOCTDH IIPEJIaraeMoro MeTOAa W IIPUMEHUMOCTh
MeToJla BhIOOpa M HACTPOUKU THUIEepIIapaMeTpoB aJ-
rOpUTMAa KJIACTepPu3aIluy Ha OCHOBE OOYUEHUS C IOJ-
KpeIJIeHNeM K 3a/jaue MHAYIIVPOBAHNA I'PAMMATUKH.

Yenoxxkuenme rpammaruk (cBoimre 25-30 mepe-
XO[IOB) IIPUBOAUT K TOMY, YTO aBTOMATHI HE YIAETCS
CUHTEe3UpPOBaTh. [[J1a yaydIlleHua pPe3yJbTaTOB MO-
eI MOYKHO IIPEeAIIPUHATD CJIeAYIOINe IIar:

1) ncmonb30BaTh  PEKYPPEHTHBIE  HEWPOCETHU
MHBIX CTPYKTYP B KauecTBe RNN-akiemnropa (K mpu-
mepy, LSTM nnau Momenu ¢ BHUMaHUEM);

2) ucoIb30BaTh UHBIE MEPHI HACTPOMKYU TUIED-
ImapaMeTpoB AJIs aJITOPUTMA KJIACTEPUBAIINH;

3) paspaboTaTh ¥ IPUMEHUTH AJTOPUTM, yCTpa-
HSIONUH TPOTUBOPEUUS B KJIACTEPUBAIUH B TIOJIb3Y
HauboJiee IPaBLONOLOOHOTO BApUAHTA.

dunaHCOBaT MOAIEPIKKA

IManHoe wuccienoBaHUe BBITIOJHEHO IIPU IIOJ-
Iep;KKe IPOeKTa TOCYyJapCTBEHHOrO 3aJaHud
Ne2.8866.2017/BY  «Texmosorusi paspaboTKU IIPO-
rpaMMHOI0 O0ECIIe€UEeHHUS CHUCTEM YIIPABJIEHUS OT-
BETCTBEHHBIMU OOBEKTAMU HaA OCHOBE IJIyDOKOIO
00yUeHUA U KOHEUHBIX aBTOMATOB», BLITIOJHAEMOI'O
B paMKax 0a30BO¥ YacTW TOCYAapCTBEHHOTO 3aja-
HUSA.
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Intoduction: The regular inference problem is to synthesize deterministic finite-state automata by a list of words which are examples
and counterexamples of some unknown regular language. This problem is one of the main in the theory of formal languages and related
fields. One of the most successful solutions to this problem is training a recurrent neural network on word classification and clustering
the vectors in the space of RNN inner weights. However, it is not guaranteed that a consistent automaton can be constructed based on
the clustering results. More complex models require more memory, training time and training samples. Purpose: Creating a brand new
grammar inference algorithm which would use modern machine learning methods. Methods: A recurrent neural network with an error
function proposed by the authors was used for classification. For clustering, the method of joint selection and tuning of hyperparameter
was used. Results: Ten different datasets were used for testing the models, corresponding to ten different regular grammars and ten
automata. According to the test results, the developed model successfully synthesize automata with no more than five input characters
and states. For four grammars, out of the seven successfully inferred ones, the constructed automaton was minimal. For three datasets,
an automaton could not be built, either because of an insufficient number of clusters in the proposed partition, or because of the inability
to build a consistent automaton for this partition. Discussion: Applying the algorithm of search for maximum likelihood between the
clusters of vector and the corresponding states in order to resolve structural conflicts may expand the scope of the model.

Keywords — grammar inference, recurrent neural networks, clusterization.

For citation: Grachev P. G., Muravyov S. B., Filchenkov A. A., Shalyto A. A. Automata generation based on recurrent neural networks
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BBegeHue: BbIGOp NapaMeTPOB CJI0XHbIX KOAUPOBAHHbIX CUrHaI0B, UCMOb3YeMbIX B aKTUBHbIX PAANOSIOKALMOHHbIX CUCTE-
Max nieTaTefibHbIX annapaToB 4/ 06HapyXeHUs 06bEKTOB, BO MHOIOM OMPEAENAET UX KaUeCTBEHHbIE XapaKTEePUCTUKM 1 BO3-
MOXHOCTb CKPbITHOH paboTbl. AKTyanbHO!M 3a8a4eit npy NpoekTUPOBaHUM CUCTEM MO[OBHOro TUNa ABAseTCs hopMmpoBaHmne
aHcam6iel LWymMonogo6HbIX GUHaPHbIX KOLOBbIX MOC/e[0BaTENbHOCTEN (PMKCMPOBAHHOM A/IMHbI C 3a[aHHbIMU XapaKTepuCTU-
Kamu. Ljenb: nouck Lwymono[o6HbIX OUHapHbIX KOJOBbIX M0Ce[0BaTENbHOCTEN 3a4aHHON AJIUHbI, ONTUMAbHBIX 10 KPUTEPUIO
MUHUMasIbHOrO YPOBHS GOKOBbIX IENECTKOB anepnoanNyYecKoi aBTOKOPPENSLMOHHON hyHKLMN. Pe3ynbTaTbl: NpeasioxeHa npo-
Lenypa noucka OuHapHbIX KOLOBbIX MOC/E[0BATENLHOCTEN C 3a4aHHbIMU NapaMeTpamu, OCHOBaHHAs Ha 3BOJIOLMOHHOM Mo4-
xofe. B kayecTse KpUTepus oT60pa KOLOBbIX MOC/EL0BATENLHOCTEN UCMOb3YETCA MUHUMAIbHBIA YPOBEHb MOMOXNTENbHbBIX
GOKOBBbIX JIENECTKOB aBTOKOPPENALUOHHON QPYHKLUMM. [JOMONHUTENbHOE OrpaHNYeHNe HaKNa[bIBAETCS Ha AJIMHY MNOACTPOKU U3
Kof0B ofHoOro 3Haka. Ha npumepe 31-pa3psagHbix KOLOBbIX MOCAE[0BATEbHOCTEN NOKa3aHa BO3ZMOXHOCTb (hOPMUPOBAHMS
npescTaBUTENIbHOTO MaccuBa Mocief0BaTebHOCTEN C HaUMTYYLIMM OTHOLIEHWEM [1aBHOMO MuKa anepuoauYeckoi aBToKop-
PENAYNOHHON hYHKLMM K ee MaKCUMaslbHOMY MOSIOXUTENIbHOMY GOKOBOMY fienecTky. [peanoxeH anroputM ¢hopM1poBaHus
LIYMOMNo[0GHOM cepum CUrHaoB, UCMOJIb3YHOLLMIA HakAEeHHbIE KOAOBbIE NMOCNe0BaTeNbHOCTU. B KayecTBe Mepbl OT/INYNS ABYX
GMHapHbIX KOZOBbIX MOC/E[0BATENLHOCTEN B CEPUM UCTONb3YETCA paccTosiHne XeMMuHra. [TokasaHbl npenMyLLecTsa npeaso-
XEHHOIo MOAX0Aa B CPABHEHUM C U3BECTHBLIM CIOCOGOM (hOPMUPOBAHMS LLIYMOMO[OGHbIX CUTHAIOB Ha OCHOBE MCEBAOCITYYal-
HbIX m-nociegoBaTenbHOCTeN. MpaKTndeckas 3HAYMMOCTb: M0JTyYEHHbIE PE3YNbTaTbI LieIeco06pa3HoO UCMOb30BaTh B aro-
PUTMaXx paamoIoKaLMOHHbIX CUCTEM aBTOHOMHbIX JIETATENbHbIX AMNapaToB C BbICOKOM pa3peLuaroLLeli crioco6HOCTbIO Mo Aaslb-
HOCTM 4151 0BGHapyXeHNsi husmndeckmux o6beKTOB Ha (hOHe MOACTUAAIOLLEN MOBEPXHOCTY, HAaNPUMeEp, HafBO4HbIX 06 bEKTOB.
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Beenenue

IIpu paspaboTKe paAMOTIOKAIIMOHHBIX CHUCTEM
(PJIC) obHapy keHnsa aKTUBHOI'O TUIIA, YCTAHABJIU-
BaeMbIX HA OOPTY JieTaTeJbHbBIX AllllapaToB, HAPALY
¢ obecrieueHEM TPEOOBAHUI ITOMEXOYCTOMUUBOCTU
U CKPBITHOCTH UX (GYHKIIMOHUPOBAHUSA OOJIBIIIOE
BHUMaHUE yAejdercd (DOPMUPOBAHUIO OIPEEJIEeH-
HBIX CBOMCTB 30HAUPYIOIIUX CUTHAJOB, C IIOMOIIILIO
KOTOPBIX BBIZEJAIOTCA WH(GOPMATHUBHBIE IPUSHAKN
00HaApPY:KMBaeMbIX 00beKTOB. Ha mpaKTUKe MIMPOKO
MIPUMEHSIOTCS CJIOMKHBIE IITYMOIIOA00HbBIE CUTHAJILI,
HUCIIONIB3YIOINE AUCKPETHBIE KOJOBBIE ITOCJIEOBA-
teabHocTu (KII) mnsa moxynamum msaydenus PJIC
[1]. Anroput™m opMUPOBAHUA CUTHATIOB OOPTOBBIX
PJIC pmosskeH s3ajeificTBOBATH TOJBKO Te IIOCJIEOBA-
TeJBHOCTU, KOTOPbIe MMEIT TpedyeMble IMOKasarTe-
Ju KadecTBa. [IpuMepoM KOAMPOBAHHBIX CUTHAJIOB
SABJAOTCA (PA30MAHUNYINPOBAHHBLIE  CHUTHAJIBL.
ITocnenoBarenbHOCTh (hasd (0 mam m) B OTHEIBLHBIX
BpPEeMEeHHBIX KBaHTaX MOKHO IIPEJICTABUTD B BUJIE CO-

OTBETCTBYIOIIEH mOCIef0BaTeILHOCTH Yuce (KOTOB)
«+1» mmm «1s: {ay} ={a;, i=1, ..., N}, a; = *1.
OnHO¥ 13 aKTyaJ bHBIX 3aaU IPAKTUUECKOI0 UC-
MIOJIb30BAHUSA KONWPOBAHHBIX CUTHAJIOB ABJIAETCS
3amaua cuHTe3a aHcambiient ounapubsix KII ¢ Tpebye-
MBIMU CBOWCTBAMU UX aBTOKOPPEJIAIMOHHON (DYHK-
muu (AK®D) [2, 3]. IIpeacraBurenbuasa Beibopka KII
O3BOJIsAET (hOPMUPOBATH C WX IIOMOIIBIO IICEBIO-
caydaiiHble (IIIyMOMIOAOOHBIE) TOCJEI0BATEIbHOCTHI
30HAMPYIOIINX CUTHAJIOB, 3aTPYAHAIONINE UX O0HA-
PYsKeHUe U IOCTAHOBKY MM UCKYCCTBEHHBIX IIOMEX.
3uauenusa AK® ounapnoii KII B auckperubie
MOMEHTHI BDEMEHU OIIPEeIeIAI0TCA BhIpakeHueM [4]
N-k
Ry, = z a;a;,,. Ana 6oproseix PJIC Gonbioe sHa-
i=1
yeHne mMeeT BujI amepuoauudeckoin AK® KII, trax
KaK X 30HAMPYIOIINe CUTHAJBLI, KaK IPaBUJIO, HE
SABJISIOTCS HellpepbIBHBIMU. Anepuonuyeckas AKD
oumaproit KII numeeTr ApKO BBIPAYKEHHBIN IIEHTPAJIb-
HbI UK R\, BeruunHa KoToporo pasHa anuHe KII,
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u 6oxosele JgenecTku (BJI) R, . Bonpmmue BJI AK®
SIBJAIOTCA HE)KeJlaTeJbHBIMU W MOTYT IPUBOIUTD
K IIOSBJIEHUIO JIOKHBIX IleJIell M IIPOIYCKY peasib-
HbIX neneit. [na omenku AK® mo yposuio BJI uc-
TOJIB3YIOT JABEe XapaKTepucTuku [5]: meput-harTop
MF — oTHoOLIeHUe yPOBHA IVIABHOTO IMHUKA K CyM-
MapHOU «dHepruu» BJI 1 ypoBeHb MaKCHUMAJIbLHOTO
BJI (peak sidelobe) PSL = max(R,,_,).

Munumusanusa mapamerpa PSL BaxkHa mmpu 00-
HapysKeHUHU Iejeli Ha (hoHe MOJCTUIAIONIEH TOBEPX-
HOCTH, Korfja 00beKT 1 (DOH IMOPOKAAIOT OTKJIUKU
¢ BeICOKOH amnautynoi BJI, KoToprle B 3aBUCUMO-
CTU OT YPOBHsA cpabaTbIBaHUSA IOPOTOBOr'0 YCTPOIi-
CTBa MOT'YT OBITh BOCHPUHSATHI KaK JIOKHBIE ITE€JIU.
Yewm meHbIlle ypoBeHb BJI, TeM MeHbIlIe BEDOATHOCTD
JIO}KHOTO cpabaThbIBaHUS.

ITocraHoBKa 3amaum nocrpoeHusa 6uHapHbIX KII,
OIITUMAJILHBIX II0 MUHUMAKCHOMY KDUTEPUIO —
MPS (minimum peak sidelobe) komo (min(PSL)),
usBecTHA ¢ Hayajia 50-X rofoB MIPOIIJIOTO CTOJIETH .
B GosbIIMHCTBE caydyaeB aTa 3ajgada pPelraeTcsa Me-
TOIOM TIOJIHOTO TIepe6opa [6]. Mcmonb3oBaHue mepe-
OOpPHBIX anropuTMoB AJisd noucka KII 6osbImnoit gim-
HBI N mIpeacTaBigeT 0oJabinue TpyaHocTH. OCHOBHBIE
ycuaus pa3padOTUMKOB HAIIPABJIEHBI HA IIOUCK BO3-
MOJKHOCTEN COKpAaIlleHUsA BBIUMCJIUTEJILHOU CJIOMK-
HOoCTH IIepeGOpHBIX aJsropuTMoB [7]. OcHOBHBIE
pesyabTaThl cuHTe3a M PS-mocyienoBaTeIbHOCTEH
mpuBeneHbl B pabote [1]. Ha cerogusa usBecTHHI O~
TUMAaJIbHbIe OuHapHBbIe M PS-TIoCc/IeJ0BaTeIbHOCTHI
¢ MuHUMaJbHBIM ypoBHeM BJI — Oumapubie KII
Bapkepa mo gauubsl N = 13. CyIlecTByIOT MeTOABI
cunTesa buHapHBIX KII ¢ JO0CTATOUYHO MaJIbIM YPOB-
uem BJI: KII Jlexkaugpa, fxo6u, Xosaa, 3uHrepa,
m-TIoCJIeOBATEJILHOCTY U T. 1. [8].

IIpocTbiM cmmocoOoOM, He TPeOYyIUM OOJIBIITUX
ammapaTHLIX W IPOTPAMMHBIX 3aTpaT, SBJSETCS
PEeKyppeHTHas mporenypa GopMupoBanmsa OmHAP-
veIx KII MakcuMaabHON AJIMHBI, TaK Ha3bIBaeMBIX
m-TIoCcJeJ0BaTeJIbHOCTEH, MMEIONIUX IIPUEeMJIEMbIi
ypoBerb BJI AK®D [6]. Ina peanusamuu KII 3ana-
eTCsI IPOU3BOJIbHBIN HA0OP YKCeT x; € {0,1},j=1..n
¥ HayaJIbHadA IIOJCTPOKA IIOCJIeNOBATEJbHOCTH a,

s @jy ey @y, THE Q; € {+1, -1}. Kasxablil ciemyommia
BJIEMEeHT II0CJIe0BATeJbHOCTH @, ; BBIUHUCJIAETCA IO

o nox; .
PeKypPpeHTHOI (hopmye: a; .q :Hai J j1> THE 1> 1.
j=1

O6pasyerca OeCKOHEUHAs ITOBTOPSIONIAACS IIO-
CJIe[JOBaTeIbHOCTh UNCeN @;, HpUYeM MaKCHMAaJb-
HBIA Tepuoj IIOBTOpeHus cocraBisger N =2"-— 1.
IlepBBle 7 5J€MEHTOB IIOCJEMOBATEJIBHOCTU BBHIOU-
paioTca TPOM3BOJBHBIM 00pa3oM, KpoMe 3alpe-
IIeHHON KoMOMHAIUM U3 BCeX equHUIl. V3BecTHO
[9, 10], uro mya arboro n cymecrByer S = @(N)/n
PasInYHBLIX BApPUAHTOB PEKYPPEHTHON (PhOPMYJILI,
OTINYAIOIIUXCA BHAYCHUAMHA X; ¥ (POPMUPYIOINX
KII makcumasnbaOro nepuoga N, rae o(N) — pyHK-

nusa dijepa, T. €. UKUCJO IeJbIX UHNCEJ, B3aMHO
mpocTeIX ¢ N u MeHbIIUX, yeM N. 3HAUeHUA x;# 0
B PEKYPPEHTHOH GopMyJie OnpeneasaioT BiuL 00pasy-
IOI[ero IIOJIMHOMA W O0paTHbIe CBSI3W B reHepaTope
m-TIocaeJ0BaTeIbHOCTH.

IIpenmyimecTBa m-mocJjieIoOBaTEJILHOCTEH, HMe-
IOIlMe CYIeCcTBeHHOoe 3HaueHue AJiA 60pToBbeIx PJIC
aBTOHOMHBIX JIeTATEJbHBIX allllapaToB, 3aKJIoua-
I0OTCA B caenyrorem [4].

1. PexyppeHTHasa GopMyJia IPOCTO PeaTu3yeTcsa
C IIOMOIIbIO 1 PEeTUCTPOB caBura. Moryt ObITh IIO-
CTPOEHBI M-TIOCJIeOBATEILHOCTH, IEPUOA KOTOPBIX
0oJrbIle JIT000T0 Hamepe 3aJaHHOT0 3HAUeHu N.

2. Anepuognueckass AK® curmana, MOIYJIHUPO-
BAHHOTO OJHUM IIEPHUOJOM M-TIOCJIEI0BATEIbHOCTH,
umeeT ypoBeHb BJI He Gojee JN.

3. m-mocJIef0BaTeILHOCTH TO3BOJISIIOT CHOPMU-
poBaTh IIyMOIIOAOOHBIN 30HAWPYIOIUN CHUTHAJ 3a
cueT CBOMCTBa ee «XaOTUUYHOCTHU». Kcjau m3 mepuo-
Ia IIOCJIeOBATEeJIbHOCTH BBHIOPATh BCE BO3MOKHBIE
T'PYIObl KOLOB AJMHOMN 1, TO CpeAu HUX HAUTYTCS
J100bIe He ITOBTOPSIONeC KOMOMHAIIUY U3 CUMBO-
goB +1 m —1.

Hampuwmep, ana KII gauasr N =31 3HaueHus
n=>5,s8=6,T.e., ucnoab3yd 30 pasauUHBIX KOMOMHA-
U TIEPBBIX 1 3JIEMEHTOB, MOKHO ToayuuTh 180 pas-
JUYHBIX BAPUAHTOB M-TIOCJIEI0BATEILHOCTEN PasHO-
ro KauecTBa, IIPUYEM dTH OCJIe0BATEeILHOCTH Oy T
TIOTIAPHO 3epKaJIbHbIMU. VHaue TOBOPs, OPUTUHAIIb-
HBIMU MOJKHO IIPU3HATh TOJBHKO IIOJIOBUHY U3 HUX.
Tumnosoit Bug AK® m-moc/ieoBaTeIbHOCTUA IJINHBI
N = 31 npuBezneH Ha puc. 1. Beanunubsl MaKcUMaJIb-
HBIX nosokurteabHBIX BJI (peak sidelobe positive-
PSLp) B arom ancam6ie KII nmpuruMmalor sHaueHUS
B UHTEpBAJE OT TPex M0 IecTu. KosmuecTBeHHOE
pacupenesieHre 3HaueHUE PSLp B MaccuBe TeHEpU-
pyembix KII B oTHOIIIEHNM KO BCeMy ero oobemy, Sm,
mokasaHo Ha puc. 2. OueBugno, uro meree 30 % KII
uMeloT HamMeHbIui ypoBeHb BJI PSLp = 3. Takum

B Puc. 1. Ilpumep AK® 31-paspamHoii m-mocjemnoBa-
TeJIbHOCTH

B Fig. 1. An example of ACF 31-bit m-sequences
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B Puc. 2. Pacupenenenue 3naueHuin PLSp B MaccuBe
31-paspanHBIX M-IOCJIeL0BaTEIbHOCTEN

B Fig. 2. Distribution of values peak sidelobe an ar-
ray31-bit m-sequences
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B Puc. 3. AK® 31-paspsanuoii mocaemoBaTeabHocTu Jle-
SKaHApa

B Fig.3. ACF 31-bit Legendre sequence

00pasoM, K HeZOCTaTKaM IM-II0CJIeJOBATEIHFHOCTEH
MOKHO OTHECTU OT'PAaHNUYEHHOE KOJUYECTBO I'eHepu-
pyembix KII u focraTouno 6osbiiue sHauenus BJI nx
AK®D, mpeBbIIIaioine MUHUMAJBHO TOCTUKUMBIN
ypoBeHb B 1,5—3 pasa.

Heo6xoguMo OTMETUTH, UTO OIeHKA OMHAPHBIX
KII mo KpuTepuio MUHMMyMa MaKCUMAaJbHBIX II0-
aoxuTeabHbIXx BJI AK® MoKeT mpUMeHAThCA AJIA
IIpreMa CUTI'HAJIOB C U3BECTHOU HauaJIbHOMU (ha30ii.

Eme omuuMm cmoco6oMm (QopMupoBaHus OuHAap-
ueix KII aBasaiorcss GuHapHBIE TOCIEI0BATEIbHOCTH
Jle:xauapa [8]. 3a ocHOBY GepeTcs IPOCTOe UUCJIIO P,
saaveHud 0, 1, ..., p— 1 OTOKAECTBIAIOTCA C HOMeE-
paMu HO3UIWH i CUMBOJIOB a; mepuonudeckoii KII {a;}
nepuozna N = p. Torma mpaBuiio G OPMUPOBAHUA TIEPU-
onuueckoit KII Jleskamapa ompeessieTcs B BUIe

+1, i=0 (mod p);

a; = .
y(i), i#0 (mod p),

rae y(i) — OYHKIUSA, IPUHUMAOIIas 3HaUeHus +1
nian —1 B 3aBUCHMMOCTHY OT IIPHUHAAJIEIKHOCTH DJIEMEH-
Ta i K KaTeropuu BerueToB (cuMBoJI JIeskaHapa):

+1, i —BBIUeT (Mod p);

V@)= -1, i —ueBbruer (mod p).

Yucio i TaKoe, UTO HAaMOOJBIIMUHA OOIIUH Jesu-
TeJib (i, p) = 1, HasbIBaeTCsA BHIYETOM CTEIIEHU 71, eC-
au 3(x) : x"=i(mod p). Hanpumep, gma N =3lun=2
AK® KII Jle;xxaugpa umeeT BU KaK Ha puc. 3.

B o6miem caayuae KII Jlesxamapa o6pasyroT 6oee
MOIITHBIHM, YeM mMm-TI0CJIef0BaTeIbHOCTH, KJiacc Ou-
HapHbIX KII ¢ MuHNMaKCcHONI nepuoguueckoir AKD
3a CUEeT TOT'0, UTO OHU OIIPE/IeJIEHbI AJIA O0JIHIIEro KO-
anuectBa 3HaueHui N. Ho mpu ucnonbs3oBarun KII
OHO¥ NIUHBI N, 1J1s1 KOTOPOI OIIpeiesieHbI 00a Bapu-
aHTAa II0CJIe[0BATEJIbHOCTEM, KOJIMYEeCTBO IT0CJIeI0Ba-

TeJbHOCTEl, (opMupyeMbix MeTomoM JleskaHapa,
MeHbIIIe, 4YeM m-IocJjenoBarebHocTel. CBOCTBO
MUHUMAaJBHOCTU YPOBHA PSLp He cobuiofaercd KaK
nisa anepuognueckoir AK® KII Jlexxkanapa, Tak u
st AK® m-mmocaenoBaTeIbHOCTEH.

B macrosiiee BpeMsa He W3BECTHBI PEryJsapHBIE
mpaBuyia moctpoeHus MPS-mociienoBaTebHOCTEH
IPousBOJIbHOM JNumHEI [1]. Pagimunble ciocoOs! Jo-
KaJIbHOI'0 KOMIBIOTEPHOI'0 IIONCKA ITO3BOJISIIOT CHH-
Te3UPOBaATh OMHAPHBIE IIOCJIEIOBATEJIFHOCTH C IIPU-
emyeMbIM ypoBHeM BJI mjs mpakTHuecKu 3HAYU-
MBIX 3HAUEeHUH N.

BwmecTe ¢ TeM py MPOEKTUPOBAHUU PAJU0JIOKA-
IIMOHHBIX CHCTEM OOHAPYIKEHHS M CAMOHABEIEeHUS
JIeTaTeJIbHBIX allapaToB aKTyaJIbHOU 3ajadeil AB-
asieTcsi GOPMUPOBAHNUE IPEICTABUTEIHHOI0 aHCAM-
6sis1 M PS-mocenoBaTeJIbHOCTEH 3aJaHHON IJIMHBI
N [11]. MaccuB atux KII sanuceiBaeTrcsa B maMaTh
6OPTOBOT'O KOMIBIOTEPA W HCHOJIb3yeTcA AJIA (hop-
MHUPOBAHUSA IIYMOIIOJOOHOM CepUU 30HIUPYIOIMUX
curnajoB PJIC. [Ina moucka HYMKHOTO KOJIMYECTBA
KII #HeT HEOOGXOAMMOCTH HCIIOJHL30BATH BBLIUMCJIU-
TeJbHO CJIOKHBIE aJITOPUTMBI IIOJHOI'O Iepedopa.
AnpTepHaTuBOI TOJSHOMY Tiepebopy BapuauToB KII
SABJSIOTCA AJTOPUTMBI IICEBAOCIYUYANHOTO IiejieHa-
IIPaBJIEHHOI'0 IIONCKA, OTHOCAIIINECS K KJIAaCcCy reHe-
Tuueckux aaropurmos (I'A) [12].

T'emeTnueckuii aaropuTmM ()OPMHUPOBAHU S
ancamoOas ounapubix KII ¢ TpedGyembim
YPOBHEM OOKOBBIX JIETIECTKOB

TeHeTnuecKkMii aJITOPUTM — DBPUCTUUYECKUH CITO-
cob TIoMCKa KBa3WONTUMAJbHBIX BapUaHTOB pellle-
HUHN, ABJIAIIUNCA Pa3HOBUIHOCTHIO 5BOJIIOIMOH-
HBIX BbIuncJeHui. B ocaoBe I'A Je:KUT UTEpaInoH-
Has CTOXacTHUUecKas Ipolefypa KOMOMHUPOBAHUS
CBOOOJHBIX ITapaMETPOB IIPOEKTHUPYEMOro O0beKTa
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C TIOCJIEAYIONINM IleJieHalpaBJIeHHBIM O0TOOPOM Ba-
PUAHTOB, JIYUYIINX C TOUKY 3PEHUS 3aJaHHOIO KPU-
Tepud — GYHKIMOHAJIa KadecTBa [13—15].

Samaua onTuMHIaNUK (PYHKIMOHAJIA KadecTBa
B TepmuHojoruu I'A dopmynupyeTcs Kak 3azada
IOMCKa 9KCTpeMyMa (GDYHKIIUU ITPUCIIOCOOJEHHOCTH
(fitness function — FFn) ocobeii, 00pa3yoInx moIy-
aanuio. Kaskagaa ocobb, TpeCTaBIAONAA OOUH U3
BApUAHTOB PEIleHUsA 3aJauM, KOAUPYETCS CTPOKOM
CUMBOJIOB, Ha3bIBaeMoOUl xpoMocoMoil. Bosee npu-
croco0JIeHHBIe 0c001 — 9TO 0oJiee IIpreMJieMble pe-
IeHu s, Melorre Jyuie 3aauenud FFn. B paccma-
TPUBaeMoi 3ajaue 0co0b — 3TO OAUH 13 BO3MOYKHBIX
BapuanTos KII. ITociaemosaTesbHOCTE CUMBOJIOB +1 1
—1 B 6unapnoii KII moskeT ncnosb3oBarbesa B ['A B Ka-
YeCcTBe XPOMOCOMBI 0c00u. PYHKIIUIO IIPHUCIIOCO0IeH-
HOCTH IIeJIecO00Pa3HO ONPENeUTh B BUJE OTHOIIIE-
Husa Mmakcumyma AK® (ocHOBHOrO JielecTKa) K MaK-
CUMAaJIbHOMY TIOJIO}KUTEeJhbHOMY 3HaueHWio ee BJI.
ITockonbky makcumym AK® pasen giuue KII, N, To
mpucnocobsienHocTs k-t KII FFn(k) = N/PSLp(k).

TemeTnuecKuil aJropuTM 3aIlyCKaeT HECKOJBLKO
IIUKJIOB SBOJIIOIIUY IIONYJIAIUU ocoberi. Hauanbuas
IOy AANUsA (DOPMUPYETCA CIAYyUaWHBIM 00pa30M.
B kasxmom nukJge ['A moouepeqHO peaansdyoTcsa TPU
omepariuu [16]:

— peKoMOuHaINuA ocobeil TeKyIllleil momyJia-
muu OyTeM cKpernmuBaHuA (KpoccoBepa) map KII-
poauTesei nas (QOPMUPOBAHUS HOBBIX BapUAHTOB
KII-moTroMKOB;

— myTanus (MHBePTUPOBAHNE) HEKOTOPHIX CUM-
BOJIOB B xpoMocoMax KII-TTOTOMKOB IO IIPOM3BOJIB-
HOMY IIPaBUIY;

— oT6op (cemeKIus) B cJenyioiliee MOKOJIeHUe
HamboJiee TPUCIIOCOOJEHHBIX OCO0eil 13 Terylei
MOy IAIUH.

3a cueT IleJeHAIpPaBJIEHHOr0 OTOOpa CpegHAs
MIPHCIIOCO0JIEHHOCTh 0CO0eli MOJIKHA BO3PAacTATh OT
TIOKOJIEHUS K TOKOJIeHW!0. 13 1mociefHero moKoJe-
Hua orbuparrca k-e KII ¢ TpebyeMbIMy 3HAYEHUA-
vmu FFn(k) > FFnm, rne FFnm — TOpPOTOBBIN ypO-
BeHb npuciocobsenHocTr. ChopMUPOBaTh BEIOOPKY
MPS miocienoBaTeIbHOCTE HYKHOI'O 00'beMa MOK-
HO IIyTeM MHOTOKPATHOT'O 3allyCKa IIOMCKOBOU IIPO-
nenyps [17-20].

WcxogHbIMY JaHHBIMU JJIs aJITOPUTMA ABJISIOT-
cd: pasMep HMCXOMHON MOMYJSAINU — KOJUUECTBO
u3HauUaJbHO TeHepupyembix KII, P; momycTUMBIH
MaKCHUMAaJIbHBIA YPOBEHB MOJOKUTEIBHBIX O0KOBBIX
JernecTKoB, PSLp, n gomycTuMas IJIWHA OACTPOKU
U3 OOUHAKOBBIX cuMBOJIOB (—1 miu +1) BEyTpu KII,
LenMax.

IIpepgnaraemsbiii ajropmuT™M B BHE IICEBAOKOIA
BBITVIAIUT cJaeayiomuM obpasom [21]:

procedure MakeBestKod

// AnropuTt™ peannayeT aBpucTUYeckuin nouck GuHapHeix KIl

// GUKCMPOBAHHOW AANHLI C

// TpebyeMbIM YPOBHEM NONOXUTENbHbIX BJT anepunoanyeckoii AKD.

// Input: N - gauna KIM, Pslp - TpeGyembiit yposeHb BJT AKD,
// NumMax - npefienbHblii pasmep maccumsa Krl,
// LenMax — makcumanbHas 4uHa 0MHakoBbIX cmMB0oA0B B KIT,
// Nga - npeenbHoe Konn4ecTBO LMKOoB A,
// P - xonnyectBo 0cobeii B nonynsumm
// Output: Mn — MaccmB HaiiaeHHbIx GuHapHbIx KI1
Nkod <- 0 // 0BHyneHne cueTymka HaiaeHHbIx K
Mn <- {} // nyctoi maccms KT
while Nkod<NumMax // OCHOBHOW LMK anroputMma
M <- PopulationBegin(P,N) // dopmmpoBaHue HavanbHoi
// nonynauun 6uHapHbix KM
// UMK TEHeTNYeCKoro anropmutma
// unkn nepebopa ocobeit
// B nonyasuum

for n=1:Nga
for p=1:P step 2

// Kkpoccosep
Par1<- M(p, N) // nepBas pogutensckas KIl
Par2<- M(p+1,N)  //BTopas pogutensckas KI
r=random(N-1) // cnyyainHoe mecto paspbisa Kl

child1(Par1(1:r)&Par2(r+1:N)) // dopmuposaHue KM-notomka 1
child2(Par2(1:r)&Par1(r+1:N)) // dopmuposanue KM-notomka 2
// MyTaums
child1<- Mutat(child1)
child2<- Mutat(child2)

M<-(child1, child2) // Bo6aBuTh KM-noTOMKM B TEKYLLYIO

// nonyasumio
end for p
PeakSidelob(M) // BblMUCIEHNE 3HAYeHNiA PSLp
// Bns kaxgoin KT
M<-Selection(M) // 0160p P nyywmx KM
endforn
for k=1:P // Bbibop KM n3 nocnenHeit
nonynsLmum

if PeakSidelob(M(k)) > = Pslp and NotDubl(M(k), Mn)
// ecnn k-5 KM nmeeT Tpebyemblil ypoBeHb BJ1 n oTcyTcTBYET
// B maccuse Mn
Mn <- M(k) // nepenoc KI18 maccus Mn
Nkod=Nkod+1
endif
end for k
end while
return Mn

B kauecTBe mpmmMepa pacCMOTPHUM peajimsa-
muio I'A gna moucka 6muapubIXx KII gaumsr N = 31
ansa caenpyiommux yeaoBuit: PSLp =2 (FFnm > 15),
LenMax <5, P=50 u Nga=20. IIpu oTrcyTcTBUU
ampuopHOM HMHMOPMAINU HaUvaJ bHASA IMONYJIAINI
KII mosxeT ObITH c(hopMHUPOBAHA IIyTEM IeHeparuu
II0CJIe[OBATEeJIbHOCTH IICeBJOCTYUaliHbIX UHCeN a;,
roei € [1, ..., N] mo mpaBuiy

+1, ri>0,5
%71, r<0,5

rie r; — IceBlocaydaiiHoe 3HAaUeHHe U3 MHTepBasa
[0, 1].

PexomoOunanusa K11 HauaibHOM MOMYISITAN ITIPOU3-
BomuTcA pasouernurem maccuBa KII Ha mapsI ¢ mocaeny-
IOIIMM IIPUMeHeHeM K HIM OIIepaTopa OLHOTOUYEUHO-
TO KPOCCOBEPA, B KOTOPOM TOUKA Pas3pbIBa POAUTEIH-
CKIX XPOMOCOM BBIOMpaeTcs ciydaitHo. Hampumep,
napa poxurenabckux KII mpeacrasieHa B Tabi. 1, raoe
sHaueHus +1 u —1 my1a Gojiee KOMITAKTHOT'O IIPeICTaB-
JIEHUS 3aMEHEHBI 3HAKAMU «+» 1 «—» COOTBETCTBEHHO.
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B Tab6ruya 1. Pogurenbckue KII
B Table 1. Parent code sequences

| A|B|N|A|B|N|A|B
1|+ |+ + | - f2t] - |+
2 |+ |+ 12|+ | - 22|+ |-
3|+ | -]+ -]2|-]-
4 |+ | + e - | - || -]+
5 | + | + 15| - | + |25 |+ |+
6 | - | - (16| + | + 26| + | -
Tl -+ w2t | - | -
8 | - | — 18| + | - |28+ |+
9 | - | + 10| + |+ 2|+ |-
10| - | -2 |+ |+ 3]+ |+

31 | + | -

B Ta6ruya 2. KII-noToMKu
B Table 2. Code sequence-childrens

Ne C D Ne C D Ne C D
1|+ |+ |+ | = fa2t] + |-
2 |+ |+ 12|+ | - ]22]| -]+
3|+ | -] +]-]2]| -] -
4 |+ |+ e -] - 2| + | -
5 | + | + 1| - | + ]2 |+ |+
6 | - | -6 | + | +|26] - |+
Tl -+l o+ |+ f2r]| - | -
8 | - | - 18| - | + 28] + |+
9 | - | + 19|+ |+ 20| - | +
0| - | -2 |+ |+ [3]+]+

31 | - | +

B Tab6ruya 3. KII-noromoxr D mocie MyTanuu
B Table 3. Code sequence D after mutation

Ne E Ne E Ne E
1 + 11 - 21 -
2 + 12 - 22 +
3 - 13 - 23 -
4 + 14 - 24 -
5 + 15 + 25 +
6 - 16 + 26 +
7 + 17 + 27 -
8 - 18 + 28 +
9 + 19 + 29 +
10 - 20 - 30 +

31 +

B Puc. 4. Ismenenue cpefHed IPUCIOCOO0JIEHHOCTH TI0-
Oy JIALANA

B Fig.4.Change in average fitness-function

IIpucmocobsienHoCTh poguTeabckux KIT FFn(A) =
=3,1, FFn(B) = 5,2.

HomycTuM, 4TO OmIepaTop KpoccoBepa reHepupyeT
TOUKY paspbiBa XxpomocoM mocje 17-ro anemenTta KII,
Torma oopasyroTcea HoBbie nouepuue KII (Tabsa. 2), ua-
CTHUYHO HaCJeIyIoIre cBoicTBa poauTeabckux KII.

IIpucnoco6imerHocTs KII-moTtomkoB FFn(C) = 3,4,
FFn(D) = 3,9.

Bropasa KII-moTOMOK COep:;KUT 3aIlpeleHHYIO
TIOJICTPOKY U3 IIIeCTU 3SHAUeHUH +1 TOAPSS U TogBep-
raeTcs TOUeUHOI MmyTaiuu (Tabi. 3).

IIpucmocobsenrocts KII-moromka mocie myTa-
uuu FFn(E)=5,2.

Maccus KlII-pomuteneii u TOTOMKOB 00pasyeT
PaCIIUPEHHYIO TOMYJIAINI0. OTOT MAaCCUB COPTUPY-
eTCs 0 YMEHBIIEHUIO 3HAUYEHUs IIPUCIOCO0JIEHHO-
ctu FFn, u nepBasd NOJ0OBUHA MacCUBa II€PEHOCUTCSA
B cJIeyIoIee MMoKoJeHe (9IUTHEI 0To0p). Tumosoii

rpaduK pocTa cpefHell IPUCIOCOOIEHHOCTH 0Co0ett
OT TIOKOJIEHUSA K IOKOJIEHUIO IIPEeJICTaBJIeH Ha PUC. 4.

PeBy.III)TaTI)I MOaeJINpPOBaAHUA

IIpu or6ope KII wmcmonp3oBasiock OBa 3HAUE-
HUs, OTPAHNYUBAIONINX IJIUHY TOACTPOKU W3 OU-
HaKOBBIX sjieMeHTOB BHyTpu KII: LenMax =4 u
LenMax =5, — B IelAX 3SKCIEPUMEHTAJIbHOI'O
ompeneneHusa pasmepa MmaccuBoB KII ¢ pasubiMu
mokKasaTesaMu Irymomnonobuoctu. KomuuecTBo mu-
kJioB moucka coctasuio 10 000. B pesyabTaTe ObIIO
chopmupoBaHo nBa MaccuBa OmHapHbIX KII. Iasa
nokasareasa LenMax =4 nHaiigeno 126 KII u muasa
LenMax =5 — 519 KII.

PesynbTaThl MOJEIUPOBAHUSA ITOKA3LIBAIOT, UTO
POCT IIPUCITOCOOJIEHHOCTH IIONYJIAIIUN 3aBepIiiaeT-
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cs 3a 10—20 nokosienuii. Y13 mocJsiefHero moKoJIeHns
orouparorca u 3anHocATcA B 6a3y KII co sHauenuem
FFn > 15. B cuny JIOKaJIbHOTO XapaKTepa 5BOJIIO-
I[MOHHOI'0 MOWCKA 3a ONUH 3aIlyCK aJI'OPUTMa MO-
JKeT ObITH HalileHo orpaHudYeHHOe KoauuecTBo KII,
YIOBJIETBOPSAOIINX 3aJaHHBIM ycaoBuaM. [lia dop-
MUPOBAaHUA IIpeAcTaBuTeabHOro MaccuBa KII me-
00X0AUMO 3aIlyCTUTh HECKOJBKO ITMKJIOB 9BOJIIOIH-
OHHOTO MOVCKA C PA3HBIMU HAYAJIbHBIMU JaHHBIMU.
ITocne KaKI0Oro IMKJIA MOUCKA B PE3YIbTUPYIOIUH
MaccuB gpobaBiasaioTcsa HoBble KII, oHu mpoBepsioT-
cd Ha IpeaMeT AyO0JIUPOBAHUA C YK€ UMEIOIIMUCT
KII. Tak:ke gyb6imKaraMu ¢ OJUHAKOBBIMH 3Haye-
Huamu FFn cuurtatorca KII, momydeHHble M3 mc-
xoxpuao# KII nHBEepTUpPOBAaHMEM BCEX ee CUMBOJIOB, 1
sepkaJybHble KII ¢ 06paTHBEIM IOPAIKOM CMBOJIOB.
B xauecTBe mpuMepa ITpUBEJEHLI 1Be HalIeHHbIe
KII (rabs. 4) u coorBercTByiomniue uMm AK® (puc. 5).

B Tabruya 4. Ilpumep onTmMaibHBIX 31-paspAmHBIX
KII

B Table 4. Two optimal 31-bit code sequence

| F|G|™|F|G|N|F|aG
1| - | + |+ |+ 2| - -
2 | + | - 12|+ | - fe|-|~+
3| - |+ 1]+ | -]2]+ |+
4 | - | - | - | - fe2a] + ]+
5 | - | -]+ | -]2] -]+
6 | + | - (w6 ] - |+ |2 |+ | -
T+ | -+ - 2|+ | -
8 | + | + 18| + | + |28 - |+
9 | - | + 19| + | + 2| - |+
10|+ | -2+ |+ [3]-]|-

31 | - | -

IIpu dopMupoBaHMU PAAUOJOKAIMOHHBIX CHUT-
HAaJIOB, MOAYJIUPOBaHHBLIX OunHapubiMu KII, BasKkHO
IPUAATH UM ITyMOIIOJOOHBIN XapaKTep AJa obecre-
yeHuA cKpbITHOCTH pabdorwsl PJIC [22]. K mrymomo-
IOOHBIM OTHOCATCA CEPUU CUTHAJIOB, OTBEUAIOIINE
CJIEAYIONNM OCHOBHBIM TpeboBaHUAM [8]:

— KOJIOBbIe IIOCJIE[IOBATEJNLHOCTH, WCIIOJIb3ye-
Mble A5 (OPMUPOBAHUA CUTHAJIOB, JOJIKHBI OBITH
YPaBHOBEIIIEHHBIMU, T. €. IOsBJIEHNE JI000r0 CHUM-
Bosa B KII moyxkHO 66ITH paBHOBEPOATHBIM (P(«1») =
= P(«—1»);

— AK® KII gomxua ObBITH OJMM3Ka K JeJIbTa-
byHKINY;

— BEPOATHOCTH ITOSIBJIEHUSI CTPOKU U3 N CHMBO-
q0B B KII gomiHa GBITH 0OPATHO IIPOIOPITMOHATBLHA
IJIWHE CTPOKU;

— BHaUEHUA PYHKIIUN KPOCC-KOPPEJIAINN ITaphl
KII, BXOAAIINX B IITYMOIIOMOOHBIN aHCcaM0bJIb, JOIK-
HBI OBITh MUHUMU3UPOBAHEIL.

Takum oOpasom, npu (HOPMUPOBAHUU IITYMOIIO-
IoOHOU cepuy HYsKHO 00€CTIeUNTh CIIyUYaiHbIN BHIOOD
KII us maccuBa, mpuuem ciaenyiomaa KII momxHa
CYIIIECTBEHHO OTJINYAThCA OT mpenbiayineii. CreneHb
pasnuuusa aByx ouuapubIx KII i 1 j xapaKkTepusyercs
paccroanuem Xemmunra — Hd(i, j). Ha puc. 6 npen-
CTaBJIeHA T'MCTOTPaMMa PacCIpene/IeHUs KOJINJYeCcTBa
(Shd) raxxnoro us sHaueHuit Hd(i, j), mOTyUeHHBIX
npu nonapaoM cpaBaenuu 126 KII us maccuBa.

Ouepenmasa KII BeiOupaeTcss B MaccuBe caydaii-
HBIM oOpasoMm u3 cmucka KII, ymoBieTBOpAIOIINX
yeaosuto Hd(i, j) > Hmax, tne Hmax — mOporoBoe
3HaUEHNe XEMMUHT0OBA PACCTOSIHUA MEK Y IPEIbI Y-
mieit KII i u cnegyromieir KII j. 3uauenune Hmax BbI-
OmpaeTcsa Ha OCHOBE aHAJIN3a I'MCTOTPAMMEI puc. 6 u
TPeOyeMOoii JJINHBI CePUU.

AnroputMm GOpMHUPOBAHUS ITYMOIIOJOOHOH ce-
puu KII B Buje mceBIOKOAA BBITVIAAUT CJIETYIOITNM
obGpasom:

B Puc. 5. AKD KogoBbeIX mocaemoBaTeabHocTell F u G
B Fig.5. ACF code sequences F and G

14

Shd | | | |
12f--- - RRRRTEEE§ | I T EEEEEE R
o+ HH
| S ]
6 e
b U
I ‘r 77777 | 1l Il ||T 777777
ol il .. Hd

0 5 10 15 20 25 30

B Puc. 6. Pacupenenenune sHauenuit Hd(i, j) B Maccuse
KII

B Fig. 6. Distribution of values Hd(i, j) an array code
sequences
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procedure FormKP

// Anroputm dhopmMmpyeT wymonoao6Hyto cepuio U3 Maccrea

// GuHapHbIx KN

// Input: maccws KT 8 Tabanunoii dopme: (id_kp - Homep KT, Mn -
// BunapHas KIM)

// Output: KP - ouepepHocTb KIM, 06pasyiowmnx ceputo

P=len(Mn) // xonnyecTBo KIM B ncxogHOM Maccuse

Hd(P,P)={} // 0BHyneHne AByMEPHOro MacCcuBa PacCTOSHNIA
// N0 XeMMUHry

fori=1:P forj=1:P

Hd(i, j)=Hamming(Mn(i), Mn(j)) ~ // LBYMEPHbI Maccus
// paccTosiHWii No XemmuHry mexay napamu KIT (i, j)

endend
KPh={} // BCMOMOraTebHblii MaccuB
fori=1:P forj=1:P
if Hd(i, j)>Hmax
KPh=KPh+(Mn(i), Mn(j), n=0) // maccwug nap KI (i, j),
// pa3nuyatoLLmxcs No XeMMUHTY Ha BEMYKHY Bonbluyio, 4em Hmax
end end

L=len(KPh) // KOAN4eCTBO Nap B Maccuee
ki=rand*L // cnyyaiitbiid Boi6op nepsoi K
k2=KPh(k1,2) // Homep cnegytowweit KIl

for k=1:L

k1= find(KPh(j)==k2 & KPh(i)<>k1 & KPh(n)=0); // nouck
// HE MCNONb30BaHHbIX paHee cTPok B Maccumee nap KIl

s=len(k1) // xonndectBo nap K1, yLoBNETBOPSOLLMX
// yCnoBwMio noncka
k1=k1(rand*s) // cnyyaiiHblii BHIGOP HOMepa napbi

KP=KP +KPh(k1)  // no6aBnenve HaitneHHo KM
// B opmupyemblii maccus KP
KPh(n)=KPh(n)+1 // yBenun4yeHne cqeTymka ncnoab30BaHui
// BbiBpanHoii KM
k2=KPh(k1,2) // Homep cnepyoweit KM 8 nape
end
return KP

PesynbraT npuMeHeHUA aJropuT™Ma AJsS (POPMU-
poBaHUA mrymononooHoi cepuu u3 800 curuasios us
ucxonuoro maccusa B 126 KII nmpu Hmax = 20 mpo-
mitroctpupoBaH Ha puc. 7. Hua rasxnpon KII (i) mo-
KasaHo, CKOJIbKO pas (S) oHa BeIOMpAaach aJrOPUT-
MOM B IIporiecce GOPMUPOBAHUSA CEPUU.

CpaBHUTeJLHBIE TapaMeTphl IITyMOIOZOOHOCTH
cepuy CUTHAJIOB, 00pPa30BAHHOI mM-TIOCJIEeL0BATEIb-

B Tabruya 5. CpaBHUTEIbHBIE XaPAKTEPUCTUKH IIIYMO-
OMO0HBIX cepuit

B Table 5. Comparative characteristics pseudorandom
noise series

Tapamerp m-IocJieoBa- IIpennaraemsbrit
TEeJIBHOCTH aJITOPUTM
MomriaocTh
>12
maccua KII 90 6
YpaBHOBEIIIEHOCTH P(—1») =
(BEPOATHOCTH P(«—1») = 0,516 — 0.499
TOSABJIEHUS P(«1») = 0,484 ’

cumboJia B KII) P(«1») = 0,501

Suauenusa PSLp

KII 6-3 2

CpenHee 3HAUEHUE
BJI pyurmnun 25 10
KPOCC-KOPEeIAINN

16

14

12

10t

00 20 40 60 80 100 120 140

B Puc. 7. Cepusa us 800 curuaiaos
B Fig.7.Series of 800 signals

HOCTBIO 1 IpeajaraeMbiM ajropurvom us KII gianab:
N = 31, nupuBenensl B Tabs. 5. ITocieqosaTeIbHOCTD
Jle:xkaugpa gysa N = 31 cyIiecTByeT B eIMHCTBEHHOM
YHCJIe ¥ II09TOMY He MOXKeT ObITh MCIIOJIb30BaHA AJIA
dopMUPOBAHUSA CEPUU CUTHAJIOB.

3aKIoueHne

B cTaThe mpeasiokeH aaropuTM (popMUPOBAHUA
maccuBa OmHapubIX KII, oTBeuaromiux TpeboBaHU-
AM, TPEIbABIIEMBIM K MaKCUMAaJbHBIM 3HAUCHUIM
BJI ux anepuoanueckoit AK®. PaccmaTpuBaeMblii
IMOAXOM WMeeT P HPEHUMYINECTB II0 CPABHEHUIO
C U3BECTHBIMU aJITOPUTMUUECKUMU cIiocobamMu pop-
mupoBanus OmHapubiXx KII, Takmx Kak m-mocJe-
JIOBATEeJIBHOCTU U IIOCJIeIOBATEJILHOCTU JleKaHapa.
IIpeniaraemMblii aJarOpUTM IIO3BOJISAET IIOJYUYUTH
maccuB KII 6osbImeit MOIITHOCTY ¢ MEHBIITMMU 3HA-
yenuamMu BJI amepumomuueckoit AK®. Cepusa 30H-
IUPYIOIIUX CUTHAJOB, C()OPMUPOBAHHAS IIpenja-
TaeMbIM aJITOPUTMOM, MMeeT JydUIline XapaKTepu-
CTUKH IITyMOIIOZOOHOCTH IO CPaBHEHUIO C cepueil
m-TIocaeI0BaTeIbHOCTEH. AJITOPUTM IeIeco00pasHO
HCITOJIb30BaTh B HEKOTOPBIX PeKUMax PyHKIIUOHU-
POBaHMS PaLUOIOKAIIMOHHBIX CUCTEM JIETATEIbHBIX
anmapaToB i OOHapy:KeHUA O0BEKTOB Ha (oHe
TOACTUJIAOIEH ITIOBEPXHOCTH.
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Introduction: The parameters chosen for complex coded signals used in active radar systems of aircraft for detecting objects largely
determines their qualitative characteristics and the possibility of covert operation. An important task in the design of such on-board
systems is the formation of ensembles of pseudorandom-noise binary code sequences of a fixed length with predefined characteristics.
Purpose: Search for PRN binary code sequences of a given length, optimal by the criterion of the minimum level of the sidelobes of the
aperiodic autocorrelation function. Results: A procedure of search for binary code sequences with specified parameters based on the
evolutionary approach is proposed. The minimum level of positive sidelobes of the autocorrelation function is used as a criterion for
the selection of code sequences. An additional restriction is imposed on the length of a substring of codes of the same character. The
possibility of forming a representative array of sequences with the best ratio of the main peak of the aperiodic autocorrelation function
to its maximum positive sidelobe is shown on the example of 31-bit code sequences. An algorithm is proposed for generating a PRN
series of signals using the code sequences found. The Hamming distance is used as a measure of the difference between two binary code
sequences in the series. The proposed approach is advantageous as compared to the well-known method of generating PRN signals based
on pseudorandom m-sequences. Practical relevance: The results obtained can be used in algorithms of airborne radar systems with a
high range resolution to detect physical objects on the background of an underlying surface, for example, objects on the water surface.

Keywords — code sequence, sidelobe, autocorrelation function, genetic algorithm, recombination, selection.
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Introduction: Analysis of total signal decay is based on prognosis of the total path loss occurring in the atmospheric com-
munication links, accounting for effects of gaseous structures attenuation and scattering, hydrometeors (rain, snow and clouds)
absorption and attenuation, and turbulent structures fast fading on radio and optical signals passing atmospheric channels
with fading. Purpose: To perform a novel methodology of definition and estimation of effects of decay, absorption, scattering,
and fading of radio and optical signals propagating in atmospheric channels in various meteorological conditions. Results: Was
analyzed the impact of gaseous structures, hydrometeors and turbulent structures in total path loss for link budget design and in
degradation of data stream parameters, such as capacity, spectral efficiency and bit-error-rate, which lead in loss of information
data signals passing such kinds of channels with fast fading and decrease of quality of service. An optimal algorithm was found
of the total path loss prediction for various meteorological situations occurring in the real atmosphere at different heights and for
various frequencies of radiated signals. A method was proposed of how to evaluate the data stream parameters, capacity, spectral
efficiency and bit-error-rate, accounting for the effects of atmospheric turbulence impact on fast fading, which corrupts informa-
tion passing such kinds of channels. All practical tests were illustrated by the use of the MATLAB utility. A new methodology was
proposed on how to evaluate and estimate the capacity, the spectral efficiency, and the loss in energy and in the information data
stream for different scenarios of radio and optical signals propagation via atmospheric channels with fading caused by different
meteorological conditions. Practical relevance: The results obtained allow to achieve better accuracy of prognosis and increase
quality of service in atmospheric communication channels.

Keywords — absorption, attenuation, bit-error rate, capacity, clouds, fast fading, gaseous structures, hydrometeors, rain,
Ricean factor K, snow, scintillation index, spectral efficiency, turbulence.
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Total path loss in atmospheric where Ppand Ppare the power, W, of the transmitter
communication links and the receiver which have directivity gain of Gy,
G, respectively; ris distance, km. From (46) yields

Path loss in free space

The path loss defined as the ratio or logarithmic L=In+101 47
difference between the amplitudes, P(r)), or intensity 0 o8 rGr ) 47
(power), P(rj), at any two different points r; and ry,
the transmitter point and receiver point accordingly. Here L is the path loss of isotropic point source
It is usually expressed in decibels [dB] and denoted (Gy=Gi=1) in free space and can be presented in
by L[3]: decibels as

P (’"2)] 4%(ry) 2
L=10log =10log———==. 45) _ Anfr” _ Anfr
[P(rl) A2(r1) LO =10log p =20log p =
For non-isotropic sources (antenna, laser) placed =32.44+20log(r)+20log(f), (48)

in the free space the path loss is given by
where f — frequency, MHz.

Anr 2 All the above formulas are related to the well-
(j GrGg |, (46)

L=10log 2L ~10log
Pp

known Friis formula discussed in [3, 4]. As of now
we can obtain the path loss between two directive
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antennas (receiver and transmitter) located in free
space (FS) as

Lyg=32.44 + 20log(r) +
+ 20log(f) — 10log(G) — 10log(Gy). 49)
Fading effects estimation
Usually, fading effects can be estimated by use
of K-parameter of fading as an additional contri-

bution to LOS, accounting the multipath effect on
signal components:

LOS-component power - (50)

- Multipath-component power

The most comprehensive distribution to describe
the fast fading effects is the Ricean distribution be-
cause it includes both line-of-sight (LOS) together
with scattering and diffraction with non-line-of-
sight (NLOS) and is defined as [4]

2 2
r (r +A ) (Arj
PDF(r)=—exp| ——— |Io| — |,
() o2 262 0 o2

A>0,r>0, (51)

where A is the peak strength; o is standard deviation
of the signal envelope; I, is the modified Bessel func-
tion of the first kind and zero order. Using (50) and
(51), the distribution function in decibels can be de-
rived. The signal deviation from the mean on a dB-
scale can be calculated using the following equation:

y = 20log(r/A). (52)

The resulting probability density function (PDF)
of y is given by

02v/20
PDF(y)=2K1n10

X

) e(—2K(102y/20+1))

I (2K~10y/10 ) 3)

Figure 11 shows the PDF(y) for various values of
K for various fluctuations. When K — o the Rician
distribution fading approaches a Gaussian one, pro-
ducing “Dirac-delta function”, while for K — 0, the
worst scenario of the fading channel is described by
Rayleigh PDF.

For our computations, the smallest K that had
been calculated was approximately 4 and the larg-
est was approximately 121. The fast fading loss was
calculated from Fig. 11 by comparing the signal
strength [dB] of the maximum value of the PDF:

y[dB] =101og(Lﬂj [dB], (54)
rms

0.8
0.7

0.6

0.5

0.4

PDF (y)

0.3
0.2
0.1

-20 -15 -10 -5 0 5 10
Signal strenth/rms, dB
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K=8 K=5

B Fig. 11. PDF distribution versus signal to rms [dB]
for values of Ricean parameter K of fading

while the rms is equal +/20, so the fast fading loss
(Lpp) is equal to

Lyp =y + 10log(rms) [dB]. (55)

Link budget design

The total path loss is difficult to be measured di-
rectly, since various losses and gains in the radio
system also need to be considered. These are best
accounted for by constructing a link budget, which
is usually the first step in the analysis of a wire-
less communication system [9]. The link budget is
the calculation of signal power, noise powers and/or
signal-to-noise ratios (SNR) for a complete commu-
nication system or links.

Link budget is simply the maximum acceptable
path loss and is usually split into two components,
one of which is given by the distance-dependent
path loss model plus a fade margin, which is includ-
ed to allow the system some resilience against the
practical effects of signal fading beyond the value
predicted by the model:

Maximum acceptable propagation loss =

= Predicted loss + Fade margin [dB]. (56)

For the tropospheric link the total link budget
is the sum of all the predicted losses such as the
transmission line loss and the attenuation from the
hydrometeors such as rain, clouds and fog. Included
in this are the factors of fast fading caused by at-
mospheric turbulence and multipath phenomena
caused by diffuse scattering. Finally, subtracting
from this the gains of the antennas G; and G, the
link budget can be given as
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= S
Liotar =L+ Lsp + Lpp + 1= =CGr —Gp,  (37)
0

where Ly, — slow fading loss due to diffraction of
clouds; Ly — fast fading loss due to effects of tur-

—— — SNR of the
0

Gaussian noise channel; L is the average path loss

and is equal to the sum of free space attenuation

and NLOS condition attenuation, that is

bulence caused by scattering;

E:LFS +LNLOS' (58)

Here Ly — free space path loss; Ly g — attenu-
ation of hydrometeors such as rain, snow and clouds.

As examples on how to design link budget for at-
mospheric communication links, we will build our
link budget for aircraft height of 1, 5, 7 and 10 km,
for three frequencies, f= (2.4, 3.3, 5.2) GHz, corre-
sponding to what is usually used in 4} generation
Wi-FiTechnology. In the Tables 1, 2 we will conclude
all the losses from hydrometeors, turbulence and
free space. The gains of the transmission antenna
and the aircraft antenna [dB] will be described as
G, and G, L is the horizontal distance.

In Figs. 12, a—d we examine the link budget for
aircraft height antenna of 1, 5, 7 and 10 km for dis-
tance L equal to 10 and 100 km.

As follows from Fig. 12, the computations carried
out for the specific case correspond with the informa-
tion presented by in Tables 1, 2. For aircraft height
antenna of 5 km for distance L = 10 km, the path loss
exceeds 121.9639, 124.9347 and 129.4745 dB for fre-
quencies of 2.4, 3.3 and 5.2 GHz respectively.

Effects of turbulence on signal data passing
atmospheric communication links

Characteristics of information signal data
in atmospheric communication links

According to the classical approach, the capacity
of the channel with Additive White Gaussian Noise
(AWGN) of bandwidth B, is based on the Shannon —
Hartley formula, which defines the relationship
between the maximum data rate via any channel,
called the capacity, the bandwidth B, [Hz], and the
signal-to-noise ratio (SNR =N, ) (see also [4, 5]):

C=B,log, {1 + } (59)

NOBw
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where in our notations, the power of additive noise
in the AWGN channel is N, ;; = N,B,,, whereas S is
the signal power, and N, is the signal power spec-
trum, W/Hz.

According to [3-5], SNR equals the ratio be-
tween the signal power measured at the input of the
receiver, Pp, and its inner white noise Npy:

SNR=10logy, (5—3] —Pp—Np[dB]. (60)
R

Usually, in radio and optical communication, an-
other characteristic, called the spectral efficiency,
is utilized:

é=£=log2[1+
Bw 0Pw

}. (61)

Based on the second approach (called the ap-
proximate [4, 5], accounting for the fading phe-
nomena, flat or multi-selective, we can now in-
troduce in (61) the multiplicative noise by intro-
ducing the Ricean K-factor of fading, defined
above, as the ratio of the coherent and multipath
(incoherent) components of signal intensity, that
is, K=1,,/I,,. or following special definitions
made in [4-6], K=S/N,, ;. Using these nota-
tions, we finally get the capacity as a function of
the K-factor and the signal to additive noise ratio
(SNR,;,):

-1 -1\1
C=B,log, 1+(SNRadd+K ) =

(62)

_B, logz[H%}

K+ SNRadd

Consequently, it is easy to obtain from (62) the
spectral efficiency of the channel with fading as a
source of multiplicative noise:

¢="C _log, (1+—K'SNRadd j (63)
Bw K+ SNRadd

where the bandwidth B,, changes according to the
system under investigation. In a comparison, made
in [4, 6], between the two approaches, classical and
approximate, it was shown that formulas (61) with
N,,0=NyB, and (63), are the same description of
the channel/system capacity, when the K-factor is
larger than SNR ;.

Finally, we can relate the strength of the scin-
tillation introduced above (called the scintillation
index), with the K-factor of fading. In expression
(44), we presented this characteristic, following
[4—6], for zero-mean random process. For the con-
venience of understanding the subject, we present
this relation again:

2 <|:I_<I>:|2> Iiznc_ -2
<cI>= 7 -5 K2, (64)

Dependence of K-factor of fading versus the signal

intensity scintillation G%, was presented in Fig. 10
(see part 1) based on computations made in (44).

The range <c§—> of the scintillation index varia-

tions, from 0.2 to 0.8, was obtained from numerous
experiments, where relations between this param-
eter and the refractivity of the turbulence in the
irregular atmosphere were taken into account (see
also Fig. 7-9). Thus, from experiments described

-2/3

there, it was estimated ~C,%z10_15 m and

~C,zl ~10713 m_z/ 3, for a nocturnal and a diurnal

atmosphere at the height around 1-2 km, respec-
tively. As follows from Fig. 10, for such values of

<G%>, fading parameter K indicates the existence

of strong direct visibility between both terminals,
the source and the detector, accompanied by weak
additional effects of multipath phenomena caused
by multiple scattering of signals at the turbulent
structures, formed in the disturbed atmospheric
regions, observed experimentally [4, 5].

Having now information about the K-factor, we
can predict deviations of the parameters of the data
stream (i. e., the signal) in the multipath channels
passing through strong turbulence that occurs in
the non-homogeneous atmosphere.

Thus, the capacity or spectral efficiency de-
scribed versus K-factor by Eq. (63) and (64), respec-
tively, can easily account for various scenarios oc-
curring in the atmospheric channel and for differ-
ent conditions of the inner noise of the transmitter
as well as the receiver inside the link under consid-
eration. One of the computed examples is present-
ed in Fig. 13, for different additive SNRs and for
a “point” receiver (with respect to the range of 1 km
between the terminals).

We took the K-parameter much wider, vary-
ing in the interval from 0.1 to 500, that is: to cov-
er the “worst” case when K << 1 which is described
by Rayleigh law passing the quasi-LOS case; when
K ~ 1; and finally achieving a situation where K >> 1
(ideal LOS case in propagation, described by Delta-
shape Gaussian law). As can be seen, in the strong
disturbed irregular atmosphere (with strong turbu-
lence), when 1 < K < 10, the spectral efficiency is
around (0.7-1.1) for SNR =1 dB; around 0.7-1.7 for
SNR = 5 dB; and around 0.95-2.55 for SNR = 10 dB.

Now, since the optical signal can be considered
as a carrier of digital information, as a set of bits,
effects of multipath fading in any wireless commu-
nication channel leads to errors in bits character-
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B Fig. 13. Spectral efficiency vs. K-factor for point re-
ceiver

ized by the special parameter defined as BER. Thus,
using the Rayleigh distribution for worst cases of
strong fading, we can determine the probability of
bit error occurring in the multipath channel by the
following formula [3—5]:

(g, 155
© 2 2
B (e Ziz re L2o%ldr=¢ L2V, (65)
c“ "

where P_(e) represents evaluated probability of a bit

error; GZZ\] is the intensity of interference at the op-
tical receiver (usually determined as the multiplica-
tive noise [3—6]), r; determines the threshold be-
tween detection without multiplicative noise (de-
fined as a “good case” [3—6]), and with multiplica-
tive noise (defined as a “worst case” [4, 5]).

In our investigations, we present BER as a func-
tion of the Ricean K-factor of fading, following
results obtained in [4, 5], based on Ricean PDF, as
more commonly used with respect to Rayleigh PDF.
Thus, following [3—6] and using a classical formula
for BER, according to [3] we finally get

0

BER:%J‘O p(x)erfc('zNfojdx, (66)

where p(x) is the probability density function, which
in our case the Ricean one was taken, and erfc(’) is
the well-known error function [3—6]. Using the BER
definition (66), where the SNR includes also the
multiplicative noise, we finally get for BER the fol-
lowing equation:

x2
S liox 52 _
—,0'=—I e 207 oK

BER(K, —
add 2°0 5

KS

Naga x |dx. (67)

)
Nyqa

This is an important formula, which gives the
relation between the BER and the additive SNR,
the Ricean parameter K describes the multipath
fading phenomena occurring within the multipath
land-satellite communication link passing the iono-
sphere, and the probability of BER of the informa-
tion data stream inside such a channel.

x I, (fx/ZKjerfc
N 2x/§[K +

Relations between signal data parameters
in atmospheric links

We can now enter into detailed analysis of the
key parameters of the wireless atmospheric chan-
nel, radio or optic, and the information data, based
on the approximate approach proposed above ac-
cording to [3—6].

‘We should emphasize that the proposed approach
is based on formulas (40), (41), (62)—(64) and (67).
This means that with knowledge of the experimen-
tally obtained refractive index structure parameter,
C,% , that characterizes strength of atmospheric tur-
bulence, one can estimate the scintillation index (S%
based on Rytov’s law (41). The later can be evaluated
based on the relation between G% and K by use of the
relation (64) between them. Considering these pa-
rameters, finally using (62)—(64), (67), the BER can
be evaluated for various situations occurring in the
land-atmosphere or atmosphere-land wireless chan-
nels with fading caused by turbulent structure of the
troposphere at altitudes from 1 to 10 km.

Thus, we analyze effects of fading (e. g., the
changes of the K-parameter) on BER conditions
within the turbulent wireless communication link
consisting of weak and strong turbulences. As
shown in [6, 25, 26], depending on what kind of tur-

bulence — strong turbulence (with <C,% > =5.10714 )
occurring at paths up to 100-200 m, or weak turbu-

lence (with <C,ZL > =4.10716 ), occurring at altitudes

of 1-2 km — the effects of fading become stronger
in the first case, and weaker in the second case. In
other words, at higher atmospheric altitudes for the
horizontal atmospheric channels, where the LOS-
component exceeds the multipath (NLOS) compo-
nent (i. e., for K > 1), the BER-characteristic be-
comes negligible and can be ignored as well as other
fading characteristics in design of land-atmospher-
ic or pure atmospheric links. This result is clearly
illustrated by computations presented in Figs. 14,
a and b for various SNR and for scintillation index.

As seen from Figs. 14, strong turbulent atmos-

pheric conditions, defined by C,% ~10713 m_z/ 3 (and
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therefore — by K < 2) result in a relatively great
BER. This tendency depends also on increases of
SNR inside the wireless system. Thus, for an SNR
increase of 15 dB, the BER decreases accordingly.
So, strong turbulent conditions play a major role
in fading effects caused by turbulence, which fully
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7

corresponds with results obtained experimentally
and theoretically in [25, 26]. Therefore, these are
subjects of particular value for estimation of opti-
cal communication parameters, such as BER and
SNR and prediction of maximal losses, caused by
strong turbulence.
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B Fig. 14. BER computed by formula (67) vs. K-factor for various SNRs:a —6=2dB; b —c=5dB
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B Fig. 15. BER vs. K-factor for SNR;;:a —c=2dB; b —o=5dB
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Finally, in [4—6] an optimal algorithm for mini-
mization of the BER of signals was constructed for
different situations occurring in wireless atmos-
pheric communication links and for different SNRs
occurring in AWGN channels. Thus, taking some
measured data, presented in [4-6], we can show
here some examples. The results of computations
obtained from the relations between ¢ and K are
shown in Fig. 15, a and b.

Asseen from Fig. 15 with an increase of the K pa-
rameter; that is, when the LOS component becomes
predominant with respect to NLOS multipath com-
ponents, it is found that BER decreases essential-
ly from 1072 for K ~ 1-2 to 1076 for K ~ 5-6 (i. e.,
for the atmospheric link at altitudes of 100—-1000 m
filled by turbulent structures [4—6]).

The above results were obtained both for strong
and for weak turbulence via measuring of the scintil-
lation index, which allows to estimate deviations of
the parameter of fading K: from K < 1-2 — strong
fading, to K ~ 5—6 — weak fading, and to K ~ 10 — ab-
sence of fading. Variations of SNR — from 1 to 20 dB,
can only slightly improve a situation with fading.

Summary

In this work, we investigated tropospheric ef-
fects occurring in the corresponding communica-
tion channels, relating to the effects of hydromete-
ors (rain, clouds, etc.) as well as gaseous structures

with turbulence, and their main impact on total
path loss and fading prediction in the process of to-
tal link budget design. We analyzed separately the
impact of hydrometeors on attenuation; and turbu-
lence on scattering (e. g. fast fading) of signals with
data passing tropospheric wireless communication
links.

A link budget was performed for more attrac-
tive frequencies used in Wi-Fi communication
links (from 2.3 to 5.3 GHz) for different distances
between the ground-based subscriber antenna and
flying subscriber antenna. Some specific examples
were presented for close and far ranges between the
terminal antennas at 10 and 100 km.

Using obtained relations between the K-factor
of fading and the scintillation index, usually ap-
plicable in turbulent atmosphere, one can a-priori
predict the rate of information data signals, the
BER, and the spectral efficiency of each atmospher-
ic channel based on “reaction” of the atmospheric
environment and its features on signal data stream
passing the atmospheric wireless channel.

Finally, we can conclude that accounting for dif-
ferent impacts of atmospheric features and struc-
tures, a designer of wireless atmospheric commu-
nication links can more precisely predict the total
path loss and, consequently, can design the link
budget and arrange the terminal antennas with the
prescribed correct amplification, so as to overcome
and obey all losses and fading phenomena met in
such kinds of links.
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BBenmenne: aHaJIN3 IOJTHOTO 3aTyXaHUA CUTHAJIA OCHOBAH HA IMPOTHO3€ IOJHBIX IIOTEPh, MMEIOIINX MEeCTO B aTMOC(hePHBIX KaHalax
CBfABH, yUUTHIBaoIeM 3(PGheKThl 3aTyXaHUA U PAcCesHUA Ha Ia3000pasyoIuX CTPYKTYypax, MOIJIOMIeHN 1 II0TePh OT THAPOMETEOPOB
(mosk s, cHera, 00JlaKoB), ObICTPOTO (heAMHTA TYPOYJIEHTHBIX CTPYKTYD HA PAAUO- U ONTUYECKHE CUTHAJBI, PACIIPOCTPAHSIONINECS B aT-
MochepHBIX KaHanax ¢ pexuarom. Ilexs uceaeqoBanusa: pazpaboTka HOBOIT METOJOJIOTHY OIIPeiesIeHUA U OIeHKU 3G (eKTOB 3aTyxXaHus,
TOTJIOIEeHN A, paccessHns, U GeIUHTa PASU0- U OINTUUYECKUX CUT'HAJIOB, PACIPOCTPAHAIONINXCA B aTMOC(EPHBIX KaHANAaX B PA3IHYHBIX
METEeOPOJIOTHYECKUX YCJIOBUAX. Pe3yabTaThl: IPOAHAIUBUPOBAH BKJIAJ raso00pasyoIux CTPYKTYP, T'UAPOMETEOPOB U TYPOYJIeHTHBIX
CTPYKTYP B IIOJIHBIE ITIOTEPU CUTHAJA IJId AU3aiiHa Ol KeTa KaHajla U B JerpaJainuio napaMeTpoB NH()POPMAIIMOHHOTO IIOTOKA JaHHBIX,
TaKUX KaK IPOIYCKHASA CIIOCOOHOCTH, CIIEKTpaibHasa 9()EeKTUBHOCTL U CKOPOCTH IIOTEPh B OMTaX, KOTOPHIE B UTOTe IPUBOLAT K IIOTe-
pe nHPOPMAIMOHHBIX CUTHAJIOB, PACIPOCTPAHSIONINXCSA B KAHAJIAX CBA3U C OBICTPHIM ()@IUHTOM, U K YMEHBIIIEHUIO KauecTBa CepBUca.
HaiineHn onTuMaabHBIN aJITOPUTM IPOTHO3A IOJTHBIX IIOTEPH AJIA PA3JIUYHBIX METEOPOJOTUUYECKUX YCIOBUI, MMEIOIINX MECTO B PeaIbHOM
aTMocdepe Ha PA3IUYHBIX BBICOTAX, U IJIA PASJIMYHBIX YaCTOT MBJIyUYaeMbIX CUIHAJIOB. IIpeqioskeH MeTOL OLeHKH I1apaMeTpPOB IIOTOKA
nHOOPMAINHN, TAKUX KaK IPONYCKHAs CIIOCOOHOCTh, MJIX eMKOCTh, CIIeKTpaabHas 9 (GEeKTUBHOCTb U CKOPOCTh IOTEePh B OuTax. JlaHHBIR
MeTox yuuThIBaeT 3(G@deKThl BKIaga aTMochepHOU TypOyJIeHTHOCTH B GBICTPHIN (DEIUHT, KOTOPBIN paspyuiaeT nH(MOPMAIUAIO, IIPOXOIA-
IIyIo uepes3 KaHa bl TAKOTO TuNa. Bee IpaKkTHUUecKye TeCTH IPOUIIIOCTPUPOBAHEI ¢ UCIIOIb30BaHMeM IporpaMmMupoBanus Ha MATLAB.
IIpenoskeHa HOBasg METOAUKA OIPeAEJIeHUs U OIeHKU IIPOIMYCKHOM CIIOCOOHOCTH, CIIEKTPAaIbHOM 3(h(HEeKTUBHOCTHU U IIOTEPh B 9HEPTUU U
B IIOTOKe MH(DOPMAIMOHHBIX OMTOB IIPU PA3JIUYHBIX CIIEHAPUAX IPOXOKAEHNA NHMOPMAIMOHHBIX CUTHAJIOB, PAAVIO U ONTHYECKUX, Uepes
aTMocdepHbIe 6ecIPOBOLHBIE KAHAEI CBASY ¢ (DEJUHTOM, BHISBAHHBIM PA3JIUYHBIMU METEOPOJIOTUUYECKUMHU ycaoBuaMu. IIpakTuueckast
3HAYUMOCTb: IIOJTyYeHHBIE PE3YJIbTATHI TI03BOJIAIOT JOOUTHCA YIIYUIIIEHHON TOYHOCTH IIPOTHO3a U IOBBICUTH KAYECTBO cepBrca B aTMocdep-
HBIX KaHaJaX CBA3U.

KuaroueBsie ciioBa — OBICTDHIH GeIUHT, Ta3006pasdyoIire CTPYKTYPhl, THAPOMETEOPEI, JOXK b, EMKOCTD (IIPOIYCKHASA CIIOCOOHOCTD),
3aTyxaHue, HHAEKC cuuHTuLIAnun, K-daxkrop Paiica, o6aka, moryioiieHne, CKOpoCTh OMTOBOI OIIINOKY, CHET, ClieKTpaabHas 9 GeKTuB-
HOCTB, TYPOYJIEHTHOCTD.

s mutupoBauus: Juwiler I., Bronfman I., Blaunstein N. Analysis of total signal decay and capacity of information data in wireless
atmospheric communication links. Part 2. Hugopmayuonno-ynpasaaouue cucmemsvt, 2020, Ne 1, c¢. 54-62. doi:10.31799/1684-8853-
2020-1-54-62
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BBegeHue: B HacTosllee BpeMsl B CpeAcTBax pafuoOMOHUTOPUHIa HepeLleHHoN npobnieMoii ocTaeTcsl pasfeneHue nepe-
KPbIBAKOLMXCSA M0 CNEKTPY Pagmuon3syyeHnii OT passiMyHbiX UCTOYHUKOB B YCII0BUSIX, KOT[a OrpaHNyeHnss Ha rabaputbl aH-
TEHHOUM CUCTEMbI He M03BOJIAT obecrneuynTb Heobxo[MMoe NMPoCcTpaHCTBEHHOE pa3pelueHue. Llenb: paspaboTka mMogenein
panuousnyyeHuii u npoyesyp ux o6paboTku A8 cenekyuu CUrHanoB OT PasiMyHbIX UCTOYHUKOB U3 afANTUBHONM CMecU Ha
BXojie ManorabapuTHON aHTeHHOU cucTeMbl. MeTogbl: Ucnonb30BaHa TOYEYHas IMHeNHas perpeccus 4ssl passioxeHus pe-
3yNbTUPYHOLLEro MOJIS Ha BXOAE TPUOPTOrOHaIbHOM aHTEHHOM cUCTeMbI Ha 6a3uCHble (DYHKLMM, COrNIacoBaHHbIe C YaCTOTHbI-
My napameTpamu paanonssyyeHuin. Pe3ynbTaTbl: Ha reOMETPUYECKON OCHOBE, C UCM0/Ib30BaHNEM MAaTpPULbl Ipeobpa3oBaHUs
KOOPAMHAT, 3a CYET BPaLLEHUs CUCTEMbI OTCYETa MPensIoXeHbl MOAEN PafMOU3IYHEHUI C Pa3IMYHON nonspu3ayneit gis
MJ1I0CKOW 371eKTPOMArHUTHOMN BOJIHbI C 3aflaHHbIM HanpaBsieHueM npuxofa. OcobeHHOCTb pa3paboTaHHbIX Mogesei sBsi-
eTcsl BblfjesieHne aMnnTyAHbIX U ha30BbIX MapaMeTpoB B OTAeNIbHble MHOXUTENN. PaspaboTaHbl npoueaypbl pasfeneHus
anauTUBHON CMecH pafuonssyyeHuii B TPUOPTOrOHasIbHOM aHTEHHOM CUCTEME Ha COCTaBJIsIIOLLME, OTHOCSLMECS K Pa3/ny-
HbIM UCTOYHMKaM. HoBu3Ha npefCcTaBIEHHOrO pelueHNs 3aK/YaeTcsl B UCMOIb30BaHUM reoMeTPUYECKON UHTeprpeTaymm
3a/1a4m TOYEYHON JIMHENHOW perpeccuu, Koraa pe3ynbTUpYoLi BEKTOP 3/1eKTPUYECKOro MoJisi CYMMbI ABYX pafnMon3yyeHni
packnagbiBaeTcsl Ha JIMHENHO He3aBUCUMble BEKTOPbI, COCTaB/IEHHbIE U3 Ba3nUCHbIX (hyHKLMI, BbIGOP KOTOPbIX OnpesensieT-
€S YaCTOTHbIMU NapaMeTpamu curHanoB. Kpome cobCTBEHHO cenekyun cUrHaaoB, obecrneynBaeTcsi aHam3 NPOCTPaHCTBEH-
HbIX ¥ MOASIPU3aLMOHHbIX NapaMeTPoOB pafnonsnydeHuit. MpakTuyeckas 3HaYUMOCTb: peannu3salns crnocoba B TEXHUYECKMUX
cpeacTBax pafguOMOHUTOPUHIA B YCIIOBUSIX CIIOXHOM CUrHa/IbHOM 06CTaHOBKM NPy OrpaHNyYeHnsIX Ha Maccy 1 rabapuTbl anna-

paTypbl.

KntoueBble cnoBa — npocTpaHCTBEHHO-MONAPU3aLUOHHAsA 06paboTKa, Cenekums paguon3nyyeHnii, Mogenb pagnon3any-
YeHUs, UHTepghepeHLMs pafnonsyyeHui.

IMas murupoBauus: [Isopaurkos C. B., Koutoxosckuii B. C., CumonoB A. H. Cioco6 4acTOTHO-IIPOCTPAHCTBEHHON CeJIeKI[UU PaLUOn3-
JIy4eHUH ¢ IOMOIIbI0 TPUOPTOTOHAIBHOI aHTeHHOU cucTeMbl. HH@opmayuouno-ynpasaswouue cucmemst, 2020, Ne 1, c. 63-72. doi:10.
31799/1684-8853-2020-1-63-72

For citation: Dvornikov S. V., Konyukhovsky V. S., Simonov A. N. Method of frequency-spatial selection of radio emissions using a
triorthogonal antenna system. Informatsionno-upravliaiushchie sistemy [Information and Control Systems], 2020, no. 1, pp. 63-72 (In
Russian). doi:10.31799/1684-8853-2020-1-63-72

Beenenue

PaguonesneHroBaHue fABJSETCA OCHOBOI OIIpe-
JleJIeHNSA KOOPAWHAT MCTOYHUKOB PaJUOUBIIyUYeHU
(UPN) B yriioMepHBIX CHUCTEMAaX ONPeAeSIeHUd Me-
cromoyioskenud [1, 2]. Ilpu BegeHUU pagMOMOHUTO-
PUHTa IPOCTPAHCTBEHHBIE IIaADAMETPHI UICTOYHUKOB,
B OTJIMUMEe OT MH(MOPMAIIMOHHBLIX, KOTOPHIE MOTYT
OBITH YMBIIIJIEHHO CKDPBITHI UJIW UCKAYKEHBI, OCTa-
I0TCA O0BEKTUBHBIMU, HANEKHBIMU U JTOCTOBEPHBI-
mu [3].

Knaccuueckme amniaurtynasle, (pa3oBble, YacCTOT-
HBIe MEeTOAbl PajMoIleJIeHTOBAHUSA M BapUaHTHI UX
peanmus3anyuy XOPOIIO W3YUYEeHBI U OMMCAHBI B TeX-
Huueckoil sureparype [1-3]. B HacTosmee Bpemsa
Hambojee pPACIPOCTPAHEHHLIMHU CTAHOBATCA KOP-
penAanuoHuble neseHraTopsl [3]. Boablmoit mHTEpPec
IIPOABJIAETCA K IIePCIeKTUBHBIM COOCTBEHHO-CTPYK-

TYPHBIM METOJAaM OIleHNBAHUA HAIIPABJIEHUA Ha HC-
TOUHUKU PAINOUBIIydeHU [4].

PocT uncia paguounsryuaioniux CpeacTB U UCTOU-
HUKOB IIOM€X IIPUBOJUT K YCJIOMKHEHUIO CUTHAJBLHO-
TIOMeX0BOM 00CTaHOBKY Ha BXOe PaquoIeIeHTaTopa
¥ BO3HUKHOBEHUIO MHTEep(epeHIInr paarousiyde-
HUH, IIOIaJapINuX B IIOJOCY IpueMa. BceieacTBue
TOTO, UTO IPU ITeJIeHTOBAHUY BCE IPUHATHIE PAIMO-
MB3JIYUYEeHUA MOTYT ABJATHCSA MMOJE3HBIMU, BOBHUKA-
eT HeoOXOAMMOCTh OIeHWBATH TEJIEHT Ha KasKIbIi
WCTOYHUK ¥ B JaJIbHEHIIIeM BBIJEJATH OTAeJbHBIE
CUTHAJIBI 13 MIPUHATON aAJUTUBHON CMECH.

CyIecTByIOT MeTO[bl, 00eCIIeurBAIOIIIEe OIHO-
BpeMeHHOe IIeJIEHTOBaHUWE U OIleHWBAaHUE Iapame-
TpoB HeckoabKuX VIPU [5]. Takue MeToABI TOApasy-
MeBAaOT 3HAUNTEJIbHBIE AIEPTYPhI AHTEHHBIX CUCTEM
¥ IPOJOJIKUTEILHOE BpeMsa HaKOILJIEHUA CUTHAJIOB.
ITosTomMy IIpeacTaB/IgeT WHTEPEC pelleHre 3amauu
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OIHOBPEMEHHOTI0 IIeJIEHIOBaHUA HecKoJabKuXx UPU u
IIPOCTPAHCTBEHHOI'0 Pa3feIeHNsI PaSuOu3JIyUYeHn
OT HUX C MCIIOJIb30BAHUEM MAJIOTabapUTHON aHTeH-
HOM CHCTEMBI B YCJIOBUAX MHTEP(PEPEHIINIH.

OcHOBBI IMOJAPU3AINNOHHOTO ITEeJICHIOBAHU A

TpasunnoHHLIE AMILIATYIHBIE, (Da30BbIe, YACTOT-
HbIe U KOPPEeJISIIMOHHBIE METOABLI PaaUOIeIeHT0oBa-
HISA OCHOBAHBI HA PA3JIMUYNH 3aJepPrKeK Ha alepType
AHTEeHHOM CHCTEMbI, 00YCJIOBJIEHHOM OPTOTOHAJBLHO-
CTBIO TIJIOCKOCTH (ha30BOro (ppoHTA K HAIIPABJICHUIO
pacipocTpaHeH!s BOJIHBI. BMecTe ¢ TeM CyIeCTBYIOT
mertonwl [6—17], omuparolreca Ha CBOMCTBO OPTOTO-
HAJBbHOCTH BEKTOPOB MATHUTHOI'O 1 3JIEKTPUUYECKOI0
ToJieli K HaIpaBJEHUIO PACIPOCTPAHEHUSI, KOTOPhIE
TIO3BOJISIOT OIIPEEJIATE IeJICHT Ha ICTOUYHUKY Pa10-
UBJIyYeHU!, WCIOJb3YysA TOJAPU3AIUI0 B KauecTBe
KOOpAMHATHO-UH(GOPMATHBHOrO IIapaMeTpa.

Paspaboran moaxon K IeJeHTOBAHHUIO HMCTOUHU-
KOB paJuOUu3JIyUeHnil, OCHOBAHHBIN HA COCPEIOTO-

YEeHHOM TPUOPTOTOHAJHLHOM aHTEHHOU CUCTEME, CIIO-
COOHOI OmIpeNeATh IIOJSIPU3AIINI0 PAaJNOCUTHAJIA
B TouKe mpuema [18, 19] (puc. 1, a).

MrHoBeHHOE TPOCTPAHCTBEHHOE II0JIOYKEHNE BEeK-
TOpa HANIPAYKEHHOCTHU dJIieKTprdecKoro nojis E B mo-
MeHTBI BpeMeHH t; OIIpefie/IeTCs 10 ero IPOeKIIuAM
E,, Eyi, E,, nyreMm usMepeHUsA 9JIEKTPOABUIKYIIINX
cun (3/1C) B aHTeHHBIX djeMeHTax AJ,, A3y, A3,
(puc. 1, a, 6). [Ina onpeneseHus meJjieHra, T. €. IJIs
HaXOoKIeHUA asuMyTa 0 u yria mecra [3, ©3MEpPAIOT
nBa 3sHaueHUA BeKkTopa E; n Ej B pasJUYHbIe MOMEH-
ThI BDEMEHH ¢; U ; (puc. 1, 0, 6), CTPOAT TEPIIEHIN-
KYJAPHBIE K 9TUM BEKTOPAM IIJIOCKOCTH IOJIOKEHU A
Qu Qj M Ha UX IIepeceueHnH II0JIyYaroT HallpaBJd-
roruii BekTop L Ha TPU Kak pesysabTaT BEKTOPHOTO
npousBefieHns BeKTopos E; u Ej (pumc. 1, 8).

Hauuabiii nmonxopn Obln mpumeHeH [20] gaa me-
JIEHTOBAaHUA B YCJIOBUAX MHTEePDEPEHIINU ABYX 9JI-
JIUTITUYECKN TIOJAPUIOBAHHBIX PAJUOUBIIYUEHUN
(puc. 2, a), UMeIOINX YaCTOTHBIE Pa3JINUN, KOTIa
Pe3yIbTUPYIONINIT BEKTOP II0JIA ONMUCHIBAET B TOUKeE
mpreMa CJOKHYI0 00beMHYI0O Gurypy (puc. 2, 6).

a)

;

B Puc. 1. TpuoproronansHas anTennas cucrema (a); Hasegenubie I[C (6); reoMmeTpUYECKUE OCHOBBI IIOJIAPUSAIMOHHOTO

meJieHToBaHUA (8)

B Fig. 1. Triorthogonal antenna system (a); induced electromotive force (6); geometric principles of polarization direc-

tion finding (8)

B Puc. 2. Vcxonuble pagnousrydeHud (a); pesyabTaT ux uaTepdepennnu (6); BpamieHue 00beMHO QUTYDHI (8); YAAUHBIN

pakrypc (2)

B Fig. 2. Theoriginal radio emission (a); the result of their interference (6); rotation of a volumetric figure (8); good view (2)

64 7/ VH®OOPMAUVOHHO-YMPABASIOLLVIE CUCTEMB

7 N°1,2020



\ NH®OPMAUWNOHHBLIE KAHAABLI N1 CPEADI N\

Haxoxnenue nesenros Ha TP ocHoBaHO Ha perrre-
HUU CHUCTEeMbl YPaBHEHUM, OMUCHIBAIOIIIUX CyMMap-
HOe TIoJie, UTO T'padpryuecKy SKBUBAJEHTHO IIOHCKY
ymauHoro paxkypca (puc. 2, 8), Ipu KOTOPOM YyKa-
3aHHAs (PUTypa IPoerupyeTca B IapaJesiorpaMM
(puc. 2, 2), HOpMaJIu K CTOPOHAM KOTOPOT'O YKAa3bI-
BAIOT HAIPaBJEeHUS Ha WHTePHEpUPYIOIre Paguo-
UBJIYUEeHUA.

W wmeroriuecs 4aCTOTHBIE PA3JIUYNA TaI0T BTOPYIO
CTeleHb CBOOOIBI IIJIOCKOM 9JIeKTPOMATHUTHOMN BOJI-
HbI. [Ipu 5TOM IIePBO CTENIeHbIO CBOOOABI ABJISIOTCS
U3MepeHHble 3HAUEeHUS BEKTOPOB HAPIKEHHOCTHU
SJIEKTPUUECKOTO II0JIA. B 3TOM ciiyyae mosBIsAeTCA
BO3MOKHOCTh pasiesieHusa IOJYUEHHONH aIIuTUB-
HOUM cMecH Ha OTAeJbHbIE PaAUOU3IyUeHUsd, UTO U
SABJISAETCS IIPEIMETOM JaHHOU cTaThu. [JId permenus
TIOCTaBJIEHHOIT 3a/JauX B TIEPBYIO oUepeanb HeoOXOomu-
MO pa3paboTaTh MOJAEJNb PAAUON3IYUEeHUsd, a 3aTeM
HaliTu »((eKTUBHBIE NTPOLIEAYPHl UYACTOTHO-IIPO-
CTPAHCTBEHHOU 00paboOTKU.

Mopaens paauousirydyeHuS

IIycTs pagmousiyueHmue, HaOJIOgaeMoe B 3aaH-
HOM TOYKe maJjibHell 30HBI MCTOUYHUKA, HAXONAIIe-
rocs Ha HalIPaBJIEHWH, COBIaJalomeM ¢ ockio Oz,
IpeACcTaBJIsIeT COOOM IIJIOCKYIO BOJIHY C KPYT'OBO I10-
napusanueii (puc. 3). Torma BeKTOp IOJIA B KAPTUH-
HO IIJIOCKOCTH, COBIIaJaolleli ¢ II0CKOoCTh0 X1 0y,
OyZeT ONMMChIBATHCA BhIPpaKeHUEM

r(t)=U(cosot sinot 0)T ,

roe U — aMIIuTyza mojid; o — KpyroBasd 4acToTa
UBJIyUeHUdd; t — TeKyIllee BpeMs.

OnuiieM MaTeMaTHUYECKYIO0 MOJAENb PaJuOU3Jy-
YeHUA IIyTEeM BpAI[eHUs OIOPHOM CUCTEMbBI KOOPIU-

B Puc. 3. Paguousiny4yeHue B [eKapTOBOI CUCTEME KOOP-
IUHAT

B Fig. 3. Radio emission in a Cartesian coordinate sys-
tem

HaT K HanpaBjeHuio Ha MPU. Ykasaunnble Bpalle-
HUSA OCYIIECTBJISIOTCSA C UCIOJb30BAHNEM MATPUIBI
npeo0pasoBaHUA KOOPAMHAT (X1, Yq, 21) B (X, Y, 2).
HamomHUM, 4TO TOBOPOT OTHOCUTENIBbHO ocu Ox Ha

T
yroam o :E_B ¥ IIOBOPOT OTHOCUTEJLHO ocu Oz Ha

yrox 0 onuceiBarorca marpunamu R, (o) u R,(0) co-
OTBETCTBEHHO:

1 0 0
R,(a)=[0 cosa sina ;
0 -sinoa cosa

cosO sin6 O
R,(0)=|—sin® cos6 0|
0 0 1

ITocnemoBaTeIbHBIE TOBOPOTHI OTHOCUTEIHLHO OCU
Ox u oTHOCUTEJIbHO ocu Oz MOJIyUYalOT MaTpPUIlei
Rz (o 0)=R,(0) Ry (a)=
cosO sinBcosa sinOsina
=| —sin® cosOcosa cosOsina |. @
0 —sina cosa

BekTop mosia B KoopauHaTax (X, Y, 2) HOIYUAIOT
yMHOKeH1eM r(t) Ha MaTpuily npeobpasosanusd (1)
u,(t, o, 0)=R,,(a, 0)r(t)=
cosO sinBcosa sinOsina \ coswt

=U| —sin® cosOcoso cosOsina || sinwt |=

0 —sina coso. 0

cos0 coswt +sin0 cosa sinwt
=U| —sin6 coswt + cosO cosa sinwt |. 2

—sinao sinwt

AHanus BeIpaskeHu (2) IOKa3hIBAET, UTO €I'0 MOK-
HO PaslenTb Ha MHOMKUTEJM, IIEPBBIII U3 KOTOPBIX
YUUTHIBAET aMILIUTYAY COOTBETCTBYIOIIEI IIPOCTPAH-
CTBEHHOIT COCTaBJIAIOIIEIT, a BTOPOU YUUTHLIBAET (pasy:

A, (o, 0) cos(ot—¢, (a, 0))
uy(¢, a, 0)=U 4, (o, 6) cos(mt—(py(oc, 6)) , (3)
A, (a, 6) cos(wt—q,(a, 0))

rme

Ay (o, 0)= \/cosze+ sin26 cos?a,
cos0

Ay (o, 9);

Ay (o, 0)= \/sinze +c0s20 cosZa,

¢y (a, 0)= sign(sin@ cos oc) arccos
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¢y (o, 8)= sign(cos6 cosa.) arccosA;s(%::ee);

A, (o, 0)=[sina|, ¢,(a, E))=sign(—sinoc)g —

aMILIUTY[a U HadaJabHadA (pa3a IPOCTPAHCTBEHHBIX COCTABJIAIONINX, PACIOJIOKEHHBIX BI0JIb oceit Ox, Oy, Oz,

COOTBETCTBEHHO.

B cryuae paguousiydeHns ¢ 9JLINITAYECKON OIApU3anyell BeKTOp I0JI4 I(f) OIuChIBAET B ILIOCKOCTH X0y,
BJLIHIIC € IOIyocaMu a u b (puc. 4), IoOBepHYTHI oTHOCUTeabHO ocu Ox, Ha yroxa y € [0; n]. IlapameTpuueckue

VDaBHEHU 9JIJIHUICA B KOOPAUHATAX X0y,
xg(t)=acoswt
ys(t)=bsinot
Kooppunars! B cucteMe x;0y; BEIPaKaloTCa KaK
{xl (t)=x5(t)cosy—ya(t)siny
Y1 (¢)=2x9(t)siny +yq (t)cosy
BexkTop moJsia B KoopauHaTax (X, Y, 2) MMeeT BUT,
u(t)=R,y (o, 0)r(t)=
cosO sinOcosa sin®sino | xq (¢)

=| —sin® cosBcoso cosBsina || y; () |.

0 —sina cosa 0

IloncranoBka (4) B (5) maeT MOAe b PAAMOU3TIYUEHUS C NI TUUECKOM OJIApu3aliueit

cos® sinBcosa sinOsina | acoswt cosy—bsinwt siny
ua(t, a, 0, y) =| —sin® cosOcosa cosOsina || acoswt siny+bsinwt cosy |=
0 —sina cosa 0

a[cose cosy+sinb cosa sin y]cos ot + b[—cose siny+sin6 cosa cosy]sin ot
= a[—sin@ cosy+cos0 cosa sin y]cos ot + b[sine siny +cos6 cosa cosy] sinwt |.

—asino sinycoswt +bsina cosysinwt

Amnanus (6) moKasbIBaeT BO3MOXKHOCTD IPUBEIEHUA €T0 K BUAY, aHAJOTUUHOMY (3):
Ay (a, 6, 7) cos(ot—¢, (a, 6, 7))
u,(4, o, 0, y)= Ay(a, 0, v) cos(o)t—(py (o, 6, y)) ,
A, (o, 6,7) cos(wt -9, (0, 6, y))

“4)

(6))

(6)

(7

e
Ay(o, 8,7)= \/az[cos6 cosy+sin6 cosa siny]2 + bz[—cose siny +sin® cosa cosy]2 ,
b| —cosB siny +sinb cosa cos
oy (0, 6, v)=arctg [ = : y];
a[cos@ cosy+sinb cosa sin y]
A, (oc, 0, y) = \/a2[—sin9 cosy+cos6 cosa siny]2 + b2[sin6 siny +cos0 cosa cosy]2 ,
b| sin0 siny +cos6 cosa cos
(Py (aa 0, y):arctg |: N ! A Y:I 5
a[—sme cosy+cos0 cosa sin y]
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B Puc. 4. dn1UIIC TIOAAPU3AIIUN
B Fig. 4. Ellipse of polarization

A, (o, 6, y):\/sin2 a(azsinzy+b2cos2y),
b
¢, (a, 0, v)= arctg[;tgy] _

Tak JKe, Kak 1 B (3), aMIIINTya U HaYaJbHas asa
MIPOCTPAHCTBEHHBIX COCTABJSAIONINX, PACIIOJIOKEH-
HBIX BI0Jb ocelt Ox, Oy, Oz, COOTBETCTBEHHO.

IlIppa=b=Uwny=0us(6)u(7) moryuarT BbI-
pamenusa (2) u (3) aAaa Moge W PamUOU3IYUECHUT
C KPYTOBOM IIOJIAPU3AI[UEH.

Mogens pagmounsaydyeHUA C JUHEHHOUN MHOJIAPU-
3aIrei moaydaiorT moacrauoBroiia = U u b = 0 B (6)

u, (¢, o, 0)=
(cosecosy + sinecosasiny)cosmt

=U| (—sinBcosy +cosBeosasiny)coswt . (8)

—asinasinycosmt

ITocTanoBKA 3amauu ceJIeKIINU
paguounsydeHuil ¢ MIOMONUIHI0 TOYEUHOM
JIMHEWHOH perpeccun

ITycrs f(t) — samanHas dyHKNuA, u ¢ (), ¢q),
wes @, (t) — MHOKECTBO 6a3MCHBIX (PYHKIMH, KOTO-
phBle oIrpeneeHbl Ha HEKOTOPOM IIPOMeEKYTKe [a; b].

m
®yuxnua ¢(t)= D apep(t) ABrAerca mmHeHHOHK
k=1
KoMOuHanuel QGyHKIuR @h(f) ¢ KoaphumueHTaMI
@), ¥ Ha3bIBaeTCs 0000IIeHHBLIM MHOTOUJICHOM II0 CH-
cTeMe 0a3UCHBIX PYHKIUH @, (f).
Boibepem Ha [a; b] HIpPOM3BOJIBHO MHOKECTBO
Touek D = {t;, ty, ..., t,}. Tpebyerca HaiiTH TaKme

%
K09(pGUIMEHTH @ O000OIIEHHOTO MHOTOYJIeHA

m
9 (t)= z aj, oy, (t), TTOOBI CyMMa KBaApaTOB OTKJIO-
k=1

HeHM# MHOroujgeHa ¢ (f) oT GyHKIUH f(£) B TOUKax
t, € D 6p11a 661 MUHUMAJIBHOM, T. €. 3HaUeHHe IeJie-

m
BOH (PYHKIINH Q((p(t)) = z (f(tk )—o(ty ))2 OBLIO ObI
k=1
MUHUMAJIBHBIM IIpHu ¢°(2). MEOrOuIeH ¢*(f) HashbIBa-
eTCcsl MHOTOUJIEHOM HaWJIYYIIero cpeJHeKBapaTuy-
HOT'O IPUOJIUIKEHUA U ABJIAETCA PEIlIeHNeM 3aJaun
JUHEeHHOH perpeccun Ais GyHKIUU f(f) Ha MHOMKe-
cTBe QyHKIU {@,(t)}. 3amaua Komyckaer reoMeTpu-
YeCKYI0 MHTepupeTramnuio (puc. 5).
B n-mepHOM JIuHeHOM IpocTpaucTBe R” 06pasy-
€M Nn-MepHbIE€ BeKTOPbI

o (t1) f(t)
o, <| )| hir o mare ()],
(Pk(tn) f(tn)

CranAapHOe IPOU3BeleHHe 7I-MepPHBIX BEKTOPOB
a = (x,) u b = (y,) Haxogurca no dopmyue (a, b)=

n
= Zxkyk, a KBaApar HOPMBI BEKTOpPa HAXOMUTCS
k=1

2 _ < .2
kax [a]” = > xj.
k=1

BasucrocTs QyHEIUI (4(t) O3HAUAET JIMHEHHYIO
He3aBUCUMOCThb BeKTOpoB @,. Eciu nuneiinoe mon-
TIPOCTPAaHCTBO L HATAHYTO Ha 0asMCHBIE BEKTOPHI
®,, To Bcakuil 0000IeHHEIII MHOTOUIEH ¢y (t), OIu-
ChbIBaeMbIii BEKTOPOM

P=(p(t) o(tz) - o(ty)) = kﬁlak%

OpuHaIJIeKUT L.

C yueToM CKa3aHHOIO 3ajava JUHENHOI perpec-
CUU MOJKeT ObITh mepedOopMyJINpOBaHAa CJIEYIOIUM
obpasoM: HaiiTu BekTOp P* € L, 1)1 KOTOPOro HOpMa
Bekropa H = F — P” aBinserca MUHIMAJIBHOI:

> :é(f(tk)_(p*(tk))z (¢ (1)).

1 = |- p*

B Puc. 5. Teomerpuueckas nHTepIpeTanud 3agad JIU-
HelHOH perpeccuu

B Fig.5. Geometric interpretation of the linear regres-
sion problem
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Hina muaumusanuu Q(¢(f)) (MUHUMU3aUT JI1-
ub1 H) crepyer Be1OpaTs P* Kak opTOroHAIBLHYIO IPO-
eknuio BekTopa F Ha mommpoctpamcTBo L. Ciermo-
BaTeJbHO, BeKTop H mosiKeH ObITH OPTOTrOHAJIEH IIOJ-
TIPOCTPAHCTBY L. ITO B CBOIO OUepeab O3HAUAET OPTO-
roraybHOCTE H Bcem GasucHbIM BeKTOpam @,,.

VcioBue onTHMAIBLHOCTH BeKTopa P* sammceiBa-
eTcdA Kak

(VE)H L®,] < (VE)[ (D, H)=0].

CraJigpHOe IIPOou3BeieHre BEKTOPOB OyIeM BBIUIIC-
JIATH KaK IIPOU3BEIEHUE COOTBeTCTByIOLuHx CTOJIO-

1os. Torza (@, H)=®; H=0, r.e. (VE) Q4H=0].

O6pasyem marpuily ®, cronbiaMu KOTOPOI IB-
JIAIOTCS BEKTOPEI @)

Om (tn ) nxm

Torma

(V) @ H=0]<[0"H-0],

rae O — HyJIeBOII m-MepHBIN BEKTOP.
Yuursisag, uro H = F — P*, monyuyum

[ch (F _p* )} -0 [(DTP* - @TF}.
BexTop P* MoskeT GLITH IIpe/ICTaBJIEH B B

m
P" =) a,®, =0X",
k=1
T
rme X" :(af a ... a;;l) — mM-MepHBIA BEKTOD
K03 GUIMIeHTOB MHOTOUJIeHa HANJIYUIIero cpejHe-
KBaIPaATUYHOI'O IPUOJIMIKEH .

Taxkum o6pasoM, 3aziada OTHICKAHISA MHOTOUYJIEHA
HAWJIYYIIEeT0 CPeJHEKBAAPATUYHOTO IPUOINKEHU A
CBOAWTCSA K PEIIeHNIO KBAaJPaTHON CUCTEMBI M JIH-
HeWHBIX ypaBHEHUN

oToX* =0TF
Pertenre Mo)keT OBITH TEOPETHUUYECKU 3AIIHCAHO
B BUJE
-1
X*:(cpTcp) o"F,

HO HA MPAKTUKE CUCTEMY PEIIaOT YNCICHHBIMU Me-
TogaMu, HammpuMep Mmeronom 'aycca.

Ecnu pemenue cucrteMbl X' HaiifieHO, TO MHOTO-
ujieH HAWJIYYIIIero CpeIHeKBAAPATUUYHOIO HPUOJIN-
YKEeHIUA 3alI1ChIBAETCA B BUE

m %
= > apop(t)
k=1

OleHKa OCTATOUHOH MOTPENTHOCTH CBOJUTCS
K Boruncyeruio |[Hj|

[H? = (8, H)=(F-P", H)=(F, H),
mockoabKy PL H. [lasmee mosydyaem
| = (F, H)=(F, F-P* )=
—|F|? -FTox" = |F|? —(q>TF)T X"

B xauecTBe OLIEHKY MOTPENIHOCTH Iejiecoodpas-
HO HUCII0JIb30BaTh CpeIHEKBaAPAaTUYHOE OTKJIOHEHUE

2
@:ﬁ(nﬂf—(@TF)TX*)

YacTOTHO-IIPOCTPAHCTBEHHAA CeIeKIU
PaauoOU3JIydeHUI U aHAJIU3 UX TapaMeTPOB

IIycts mose u(t) = uy(t) + uy(t), rae monsa

Uy, (t) Uy, ()
uy ()= Uy, (t) ’ uz(t)= Uy, (t) ’
U, (1) U, (1)
e (1)) [ty (1), ()

u(t)=|uy,(t) |=| uy, (t)+uy,(t)
uz(t) Uz (t)+u22 (t)

onmckeiBawTca Mogenamu (3), (7), (8) B 3aBucumocTu
OT BHUJIa TOJIAPU3AIUU.
IIpenmooxum, 4TO

Uy, (t)= A cos(oyt— 1) =a; cosoyt +by sinoyt;

Uy, ()= Ag cos(wgt — 92 ) = ag coswyt + by sinwsyt,

IPUYEM YacTOTHI () U 0Oy UsBecTHHL. Torza
uy (t)=ay cosopt+bysinwyt +
+ as cos gt + by sinmgt.

Eciu BBIOPATH JOCTATOYHO OOJILIITOE KOJIMUECTBO
TOUeK oTcuera {ty, ty, ..., t,}, TO KOADOUIMEHTH! a;,
b, 1 ay, by MOKHO C BBICOKOM TOYHOCTBIO BEIYKCINUTD
MEeTOJIOM JINHEMHOI perpeccuu 1mo 6asucy:
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a) A

B Puc. 6. OTcenreKTUPOBAaHHBIE CUTHAJIBI
B Fig. 6. Selected signals

j=2 0) Auy; j

NHD®OPMAUNOHHBIE KAHAANABLI 1 CPEAbI

N\

A
8) Uy

¢1(t)=cosmit; @g(t)=sinwyt; @3(t)=coswyt;

@4(t) =sinwgt.

9TO MO3BOJISIET PA3AEIUTh KOMIIOHEHTHI IIOJIS
Uy, (t) 1 Uy, (t).

AHAJIOTUYHBIM CHOCOOOM pPAa3AesIOTCS KOMIIO-
HEHTBI Uy, (t), Uy, (t) m U, (1), U, (t), a, cramo
OBITD, 11 U4(£), uy(t).

O6o011ada TOpPeaIosKeHHBIA IIOAXOJ, MOKHO
MIPEJJIOYKUTD CJIENVIOIIYI0 TPakToBKY. IIycTh mamo
mHOkecTtBOo D = {d, = u(f,)} HabIIOZaeMBIX 3HaUe-
HUM cymmapHOro moas u(t) = uy(t) + uy(t), mpu-
yeM M3BEeCTHBI YaCTOTHI My, Wy HOJeH uy(f) u uy(?).
KoopamHaTHOe IpeacTaBiieHWE CYMMAapHOTO IIOJIA:
u(t) = (u,() uy(t) uz(t))T. KoopouHaTuble QyHKIIUA
MOT'YT OBITH IIPECTABJICHBI JUHENHON KOMOMHAIIU-
et 6a3MCHBIX (PYHKITMIA:

Uy (t)=ayy cosort+by sinogt+
+ a,9 COSWat + byo Sinmgt;

uy (t)=ay; cost +byy sinogt +
+ ayp cos gt + byo SIN Wyt;

u, (t)=a, cosoyt+b, sinoyt +

+ a,9 cosmyt + b9 sinmgt.

KosdduinmnenTsl TUHEHHBIX KOMOMHAIIUN HAaXO-
IAT METOJOM JIMHEHHON Perpeccuu mo HEKOTOPOMY
OrpaHMUYEeHHOMY Ha00py HaOJ omaeMbIX SHAUYEHUH

T
d, = (dxk d, d, ) . Torza KOMIIOHEHTBI IIOJIA 10~

MIYCKAIOT IIPE/ICTABICHIE

g, (t)] (@, cosopt+bysinogt
uy (t)=| uy, () |=| a1 cosoit +b,sinwyt |;
U, (1) a,1cosmt+b,ysinwyt
Uy, (1) (@ayocosmgt +bygsinmgt
uy(t)=| uy, (t) |=| ayzcoswat +byzsinwyt |.
U, (1) Q.9 COS Mot + b9 sinwgt

3aBUCUMOCTH uxj(t), Uy, (1), uzj(t) (j=1, 2),
SABJIAIONUIAECS IPOEKINAMY BILINIITHYECKUX ITOJIeH

Ha COOTBETCTBYIOIIWE OCH, IIPEACTAaBJIAIOT CO00M
JJIC, HaBeneHHBIE B aHTEHHBIX 3JI€MEHTaX TPUOP-
TOTOHAJBHONM aHTEHHOI cucTeMbl (cM. puc. 1, a, 0)
paguou3yuyeHreM OT j-TO UCTOUHUKA, U IJA Y3KO-
TIOJIOCHBIX CUTHAJIOB SBJSAIOTCA KBas3uUrapMOHUYE-
CKUMU KoJyiebauuamu (puc. 6).

Ja Kaskaoro m3 paccMaTpPUBaeMbIX IIOJIeH u]-(t)
(j =1, 2) HaxogATCA MOMEHTHI BpPEMEHU tr(rjlzlx u
tI(I{i)n, COOTBETCTBYIOIINE MAKCUMYMY U MUHUMYMY
HOPMBI TIOJIS:

L)

in ©

tI(I{;X :argmax|uj () argmin|uj (tr )|
k k

(m7s1 IPOCTOTEI aslee MHIEKC j B w(), t(j) tl(éi)n,

] max?
ugl;x, “%)in U T. II. OyIeT OmyIIeH).

CooTBeTCcTBYIOIITE tnax ¥4 lyin BEKTODHL onipene-
JISAIOT OOJIBIIYIO ¥ MAJIYIO TIOJIYOCH BJIITUIITUYECKOTO
noJis (puc. 7):

Umax = u(tmax ); Upin = u(tmin )

B Puc. 7. IIpocTpaHCTBEHHBIE U MOJAPU3AIMOHHBIE A~
pamMeTphl paguoOU3IyYeHU T

B Fig. 7. Spatial and polarization parameters of radio
emission
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Tosryocu 9IIIUITHYECKOrO HOJA PABHBL @ = [u,, |,

b=|u,_. |, asxcrnenTpucurer

2
b
e=,1-|—1 .
a
Hopmaurs K ILJIOCKOCTH IT0JIS BEIYUCIAETCS (C TOU-

HOCTBIO JI0 HAIIpaBJeHNUA) KaK BEKTOPHOE IIPOU3Be-
JleH1e BeKTOPOB II0JIyOCeit

min

N =Upax XUpip-

Cdepuyeckrie KOODIUHATHI BEKTOPA N COOTBET-

I
CTBYIOT a3UMYTy 0 1 yriry Mecra 3 = re o (cm. puc. 7).
s Beruuciaenud yria y (cM. puc. 7) cienyeT Hai-

TH KOOPAWHATHI BEKTOpa W, .. B IJIockocTu X;0y;,
KOTOpPBIE BEIYUCIAIOTCA KaK

X1
— RT e) —
Y |=hzy (0“’ Upax =
4
. . . T
cosO sinBcoso sinBsina

=| —sin® cosOcosa cosOsino | Wpy,y,

0 —sina cosa

(z; TeopeTHUECKH NOKHO OBITH PABHO HYJIIO).

Torpma v HaXOAWTCA KaK MOJAPHBIN YyTOJ BEKTO-
pa (xq yl)T. Hauvasnprada paza mosda BeIUUCISAETCA HA
OCHOBe cooTHoIeHuA U(t) = a cos(ot — ¢) npu ¢ =0,

u(0)
a
YUCIAIOTCA KOOPAUHATHI BEKTOpa U
creme (X1, Y1, 21):

T. €. (p=—arccos . C aroii IIeJIbI0O CHadaJia BbI-

init = W(0) B cu-

T
(v1 n =) =R, (a0, 0) Wy,

a 3aTeM KOOpAMHAaThl JaHHOI'O BEKTOpa B CHUCTEME

x50y,:
X9 cosy siny\(x
y2) \-siny cosy )y )
Torma
(@ =—arccos T2
[Wimax |

Takum o6pasoM, B pesyJabTaTe YaCTOTHO-IIPO-
CTPAHCTBEHHOM CeJIeKIIMU IOJYYaloT IIPOCTPaH-
CTBEHHBIE 9]., Bj U TONAPUBAIHOHHEE @) bj, & Y
mapaMeTphbl, a TaKKe BpeMeHHBLIe 3aBHUCHMOCTU
Uy, (1), Uy, (1), Uy, (t) (j =1, 2), coorBercTByIOmHE
KaKIOMY j-My PaAuOU3JIyUYeHUIO.

BriBoasl

PaspaboTaHHLBIHI c10CO0 OCHOBaH HA IPUMEHEHU N
MaJorabapuTHON COCPeIOTOUEeHHON TPUOPTOTOHAIb-
HOII aHTEHHOI CUCTEeMBI U I03BOJIAET PA3IeJINTh a-
IUTUBHYIO CMECh PAJAUOUBIYUEHUH, UCIOJIb3YsI UX
YacTOTHBIE pasauuud. Kpome, cOOCTBEHHO, pEITeHuA
3alauy CeJIEKIIUU CUTHAJIOB O0ECIIeYnBAeTCs BO3-
MOKHOCTD OIEHUBAHU S UX IIPOCTPAHCTBEHHBIX U I10-
JAPU3AIUOHHBIX TapamMeTpoB. PasmesieHue paguo-
U3JyUeHUl 00eclieunBaeTcsa Mpu JIO0bIX TOJIAPHU3a-
VU 1 HaIpaBJeHUU Ha ucTounnku. HanpaBaeHnuem
TaIbHEHUINNX UCCIeNOBAHUI ABJIAETCA U3y UYeHUEe Ya-
CTOTHO-TIOJISIPU3AI[MOHHO-TIPOCTPAHCTBEHHON  pas-
periaroireii cmoco6HOCTH pa3paboTaHHOTO cIocoba.
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Introduction: An unresolved problem in radio monitoring is the separation of overlapping radio spectrum from different sources
when restricted dimensions of the antenna system do not provide the necessary spatial resolution. Purpose: Developing models of radio
emissions and procedures for their processing in order to select signals from different sources out of their additive mixture at the antenna
system input. Methods: Point linear regression for the decomposition of the resulting field at the triorthogonal antenna system input
into basic functions which are consistent with the frequency parameters of the radio emissions. Results: On the geometric basis, using a
coordinate transformation matrix, due to the reference system rotation, radio emission models with different polarization are proposed
for a plane electromagnetic wave with a given arrival direction. The developed models have the amplitude and phase parameters splitinto
separate factors. Procedures have been developed for separating the additive mixture of radio emissions in the triorthogonal antenna
system into components related to different sources. The novelty of the presented solution lies in the use of geometric interpretation
of the point linear regression problem, when the resulting vector of the electric field of the sum of two radio emissions is decomposed
into linearly independent vectors composed of basic functions whose choice is determined by the frequency parameters of the signals.
In addition to the actual selection of the signals, it is possible to analyze the spatial and polarization parameters of the radio emissions.
Practical relevance: The method can be implemented in radio monitoring equipment with restrictions on the weight and dimensions, for
the use in complex signal environments.
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BBegeHue: aHann3 371€KTPUYECKON aKTUBHOCTU HEMPOHHOM CETU KOPbl rOJIOBHOIO MO3ra, CBSI3aHHOM ¢ 06paboTKo# BuU-
3yasibHOM MHGhopMaLuu, SIBNSIETCA OOHUM U3 Hanbosiee MHTEPECHbIX U aKTyaslbHbIX BOMPOCOB B COBPEMEHHOM HeMpoHayKe.
Ocoboe BHUMaHWe nccnenoBaTesien B faHHON 0671aCcTh NPUBIEKAET U3YYEeHUE HEMPOHHON aKTMBHOCTU BO BpeMsi 0bpaboT-
KM CIIOXHbIX BU3yasibHbIX CTUMY0B. Llenb: nccnegoBaHue npoyecca 06paboTkyu CEHCOPHOM MHGhopMaLuu B KOPE rosI0BHOIo
MO03ra Ha OCHOBaHWUW PETUCTPUPYEMBbIX CUTHANIOB 3/IEKTPUYECKON aKTUBHOCTHU (31eKTPO3HLecpanorpamMm). Pe3ynbTathl: npo-
Be/leH aHa/In3 HeMPOHHONM aKTUBHOCTH, CBSI3aHHOM ¢ 06paboTKOM 3pUTeNbHON MHGbOpMaLMK, MyTEM PacCMOTPEHNUST U3MeHe-
HUS1 CeKTpasibHON 3HePrumn 3NeKTpoaHuedganorpaMm B guanasoHe 15+30 Y. MiccnefoBaHo BUSIHUE CIIOXHOCTY BU3YaslbHbIX
CTUMY/IOB Ha 0COBEHHOCTU MPOCTPAHCTBEHHO-BPEMEHHON AUHAMUKN HEMPOHHOW akTMBHOCTU. OBHaPYXXeEHO, YTO Npu HU3KOM
CJ/IOXHOCTU crieKTpasibHasi aMnmTyaa 3neKTpoaHuedanorpaMm B ananadoHe 15+30 Iy yBenmyuBaeTcs rnaBHbIM 06pa3om
B TEeMeHHOM 30He. [py YBENIMYEHUN CIIOXHOCTYU CMEKTpasibHash aManTy[a a/1eKTpoaHLeanorpaMm yBeIMYUBAETCS OfHO-
BPEMEHHO B Pas/IMYHbIX y4acTKax Kopbl, NPeUMYLLEeCTBEHHO B J106HOI obnacTy. lpakTuyeckass 3HAYUMOCTb: BbisIBJIEHHbIE
0COBEHHOCTU HENPOHHOM AMHAMUKM MOrYT BbITb M0M€3HbI NPy pa3paboTke NaccuBHbIX MHTEPEheNcoB MO3r-KOMIbIOTEp, OCY-
LEeCTBASAIOLMUX MOHUTOPUHI KOTHUTUBHOIO COCTOSIHUSI YesloBeKa U OLeHKY ero KOrHUTUBHOW Harpy3Ku B pexuMe peasibHoro
BPEMEHM.

KnioyeBbie cnoBa — 06paboTka 3puTenbHON MHDOPMAaLMK, HEOJHO3HAYHOCTb 3PUTENIbHON MHGpopMaLmm, 6eTa-4acToT-
HbIli AManasoH, aNeKTpoaHUyeanorpaMma.
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uHpOpPMAIUY B 3aBICUMOCTH OT OPHEHTAILINY CTUMYJIOB 10 MHOIOKaHAaJbHBIM 3anucam 99, HHpopmayuoHHo-ynpasisowue cucmemst,
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Beenenue

HeiiponHaa aKTUBHOCTH KOpHI I'OJIOBHOT'O MO3-
ra cBA3aHa C TAKUMU QYHKIIUAMU OPraHU3Ma, KakK
nmamaTh [1] u BEUMaHUe [2], a TaKk)Ke obeclieunBaeT
peannsanuio KOTHUTUBHBLIX (PYHKIUHA (00paboTKy
CeHCOpHOU mH(pOpPMAIIUY U NMPUHATHE pelneHuii [3,
4]), HeoOXOOMMBIX AJIA B3aMMOJAEINCTBUsS UeJIoBeKa
¢ OKpYy:KaloIient cpenoit [5—7].

CorstacHO pes3ysabTaTaM HEHPO(GU3UOJIOTUIECKUX
HUCCIeOBaHNIl, CeHCOopHasd 00paboTKa U HPUHSATHE
peIIeHusl peaju3yeTcsa B TOJIOBHOM MOBTeE IIOCPEn-
CTBOM PAa3JINYHBIX TUIIOB HEIPOHHOI aKTUBHOCTH [8].
Kax 6n1s10 mokazawo B pabore [9], ceHcopHast o6paboT-
Ka IPOoUCXonuT B TeueHue mepBbix 130—320 mc mocye
peIbABIEHUA CTUMYJIa U aCCOIIUUPYETCA ¢ HEHPOH-
HOII aKTMBHOCTHIO B 3aTBLJIOUYHOM KOpe, TOorha Kak
HeliPOHHAA aKTUBHOCTbH, CBA3aHHAA C IPUHATUEM pe-

IIeHuii, HabJI0JaeTcsa Mo3:Ke U HanboJiee BhIpaskeHa
B TeMEHHOU 1 JIoOHOI obsractax [10].

Hapsaay ¢ aKTUBHOCTBIO OTAENBHBIX oO0OJacTei
moara B pabore [11] moguepKkuBaeTcsa BasKHasA POJIb
KOJIJIEKTUBHON TWHAMUKN HEHPOHHBIX aHcaMOJed,
PACTIOIOMKEHHBIX B PA3JHUUYHBIX 00JIaCTAX KOPBI, BO
BpeMs 00paboTKU 3pUTENIbLHON NHGOPMAIIUY U IIPU-
HATUA pelneHnii. B To Ke BpeMs, cOrylacHO HeJlaBHe-
My 0630py [12], 60JIBIINHCTBO MUCCAEOBAHNN B JaH-
HO# 06JiacTH OCHOBAHO Ha aHAJM3e HEHMPOHHOM aK-
TUBHOCTHU OTJEJbHBIX 00JiacTeli, OTKyAa MOYKHO 3a-
KJIIOUUTH, YTO TTyOOKOT'O MIOHUMAaHUA MEXaHU3MOB,
KOOPAWHUPYIOINUX HEHPOHHBIE B3aWMOAEHCTBUS
OPH CEHCOPHOU 00paboTKe W NPUHATHUUN PeIIeHm’id,
Ha TaHHBI MOMEHT He CYIIeCTBYeT.

B macrosmeit pabore aHaan3upyeTcsa IPOCTPaH-
CTBEHHO-BPEMEHHAA DBOJIIOINUA dJIEKTPUUECKON aK-
TUBHOCTU T'OJIOBHOT'O MO3Tra B IIpoliecce 00paboTKuU
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3pUTEJbHON WH(MOPMAIMU IIyTeM PACCMOTPEHUA
CIIEKTPAJIbHON OHEPrUM CUTHAJIOB JJIEKTPOIHIIE-
damnorpammsbr (I9I') B Gera-guamasone (15—30 I't).
CoryacHo paHee omyOJHMKOBAaHHBIM paboTam, OCO-
0eHHOCTh HEMPOHHOM aKTUBHOCTU B JaHHOM YaCTOT-
HOM [ualia3oHe, C OJHOM CTOPOHEI, CBsA3aHa ¢ o0pa-
60TKOIT BusyaJbHOU mH(popMmariuu [13], a ¢ gpyroi
CTOPOHBI, UTPAET BaKHYIO POJIb B IIPOIlecce IPUHSI-
TuA perrennii [14, 15].

B kauecTBe SKCHEPUMEHTAJBLHON IapaguTMbl
HUCIIONIb3YeTCsT KOTHUTHBHAS 3ajada, IoApasyMe-
BAIOIIAA BOCHPUATHE OMCTA0MIBbHBIX BU3YaJbHBIX
CTUMYJIOB U UX OMHAPHYIO KJaccupuKaIuio B 3a-
BUCUMOCTH OT mHTepmnperamnuu [16]. VisBecTHO, YTO
yBeJIUUYeHVe HEOAHO3HAYHOCTY BU3YaJIbHOTO CTUMY-
Jia BJIUSET Ha CJIO0KHOCTb U HA BPEeMs IPUHATUSA Pe-
menusa. OJHAKO A0 CUX IIOP HEACHO, KaK M3MEeHeHUe
HEOJHO3HAUYHOCTH BJIUSET HA IUHAMUKY HEHPOHHOMI
aKTUBHOCTH T'OJIOBHOT'O MO3ra Ha dTale CEHCOPHOH
00paboTK M.

JdusaiiH HelIPO(PU3HOJIOTUIECKOTO
JKCIIEpHMEHTa

B sKxcmiepuMeHTax IPUHSAIN YUACTHE TeCATh 370~
POBBIX UCIIBITYEMBIX (5 MYKUMH U D JKEHIITUH) B BO3-
pacte ot 26 1o 35 JleT ¢ HOpMAaJIbHBIM MJIN CKOPPEK-
TUPOBAHHBIM [0 HOPMAJLHOTO 3peHHeM. Bce oHU
Iayu nHQOPMUPOBAHHOE IMMChMEHHOEe COorjiacue IIe-
pen yuacTueM B SKcIiepuMeHTe. VcTubITyeMble ObIINT
03HAKOMJIEHBI C 9KCIIePUMEHTAJIbHBIM 3aJaHeM, HO
He YJaCcTBOBAJIU B 9KCIIEPUMEHTAX 110 KpaliHel Mmepe
B mocJiefHre 6 MecsIeB 0 JaHHOTO SKCIIepUMMeHTA.
Bce mcnbpiTyeMble IPOXOMUJIN SKCIEPUMEHT B IIep-
BOIi motoBUHE AHSA. HU y OIHOTO M3 UCTIBITYEMbBIX He
HaOJIIOAAJ0Ch HENOCBHIIAHWS B MHPEAbIAYIIUE THU.
Kamapiii yuacTHUK COOJIIOZAaJ HOPMAJBHBIN ITUKJI
paboThI U OTABIXA C JOCTATOYHBIM KOJIUYECTBOM CHA
(mpubsM3uTESbHO 8 YaCOB CHA KaKAyI0 HOUb) B Te-
yeHre HeleJu Iepen sKcIiiepuMeHTOM. Kpome Toro,
YYACTHUKY He NMPUHUMAJIU AJKOTOJb UJIU HAIUT-
KU ¢ KOPernHOM M He MPUHUMAJU ydyacTue B (Husu-
YeCKUX YIPa)KHEHUAX 3a JeHb 10 SKCIePUMEHTA.
IKCIIepuMeHTAJIbHBIE MCCAEeMIOBAHUA OBLIN IIPOBe-
IeHbI B COOTBETCTBUU C XeJbCUHKCKOUW HeKJapa-
nueii 1 omoOpPeHbl MECTHOW 3THUUYECKOI KoMICCHeil
Yuusepcurera MaHOIONNC.

B xauecTBe BU3yaJbHBIX CTUMYJIOB HCIIOJIH30BAJI-
csa Kyo Hekkepa [17, 18] — ¢ mpo3pauHbIMU TPaHAMHI
U BUAUMBIME pebpamu. VICIbITyeMbIi BOCIIPUHIMAET
Ky6 Hekkepa kak 3D-00beKT 13-3a 0CO00T0 II0JIOMKE-
HuA pedep (puc. 1). BucTabuIbHOCTL B BOCIPUATUAN
TAKOr0 M300paKeHus 3aKJIIUYaeTCsd B MHTEPIIpeTa-
uu 9Toro 3D-06beKTa Kak OPUEeHTUPOBAHHOTO JIU00
BJIEBO, JIN0O BIIPABO B 3aBUCUMOCTHY OT KOHTPACTa pas-
JINYHBIX BHYTPeHHUX pebep Kyba. Vcmosn3oBaHme
TaKOT'0 HEOAHO3HAYHOT0 N300paKeH!s OMYJISTPHO BO

00 A O W

0,15 0,25 0,45 0,55 0,75 0,85

ypOBeHB HEOJHO3HAYHOCTHU 4

B Puc. 1. HaGop BusyaJbHbIX cTUMYJI0B (KyObl Hekke-
pa) c pasHoOii cTeneHbI0 HEOJHO3SHAUHOCTH a

B Fig. 1. The set of visual stimuli (Necker cubes) with
the different degree of ambiguity a

MHOTHX IICUXOJIOTUUECKUX dKcrepumMenTax [19, 20] u
TeopeTUUecKux Mozenax [21, 22]. B kauecTBe ympas-
JISIIOIIEr0 TIapaMeTpa @ UCIIOIb3yeTCs KOHTPACT TPex
CpefHUX JUHUM, PACIOJOKEHHBIX B JIEBOM CPEIHEM
yry. 3uaueHus a=1 u a =0 cOOTBETCTBYIOT SAPKO-
cTu nuKcenell cpegHux JuHmi: 0 (uepHBIN) 1 255
(6enprit). ITosTOoMy KOHTpACT OIpemesaseTcs Kak
a =y/255, roe y — yPOBEHB APKOCTY CPETHUX JIMHUHA
coriacHO 8-6MTHOI maJIUTPHI ceporo IBera. B HacTo-
AIer paboTe MCIOJH30BAJUCH BOCEMb PA3IMUYHBIX
u3obpaskenuit Kyoa Hexkepa (cm. puc. 1). ITosoBuHaA
u3 Hux, a ={0,15; 0,25; 0,4; 0,45} — JyieBo-OpHeHTHU-
pPOBaHHBIE, B TO BpeMsA KaK oCcTaJabHEIE, a = {0,55; 0,6;
0,75; 0,85} — mpaBo-opuenTupoBaHHbIe. [y a =0 u
a =1 opuenrtanusa Kyba Hexkxkepa MoikeT OBITH JIETKO
WHTEPIPETUPOBAHA KaK JieBad WU IIPaBasd COOTBET-
CTBEHHO, a nid a ~ 0,5 umenTuduramusa QartTuye-
CKOM OPHEHTAIIMM CTAHOBUTCS 0OJiee CJIOMKHOIL, II0-
CKOJIBKY MBI IMEEM JIeJIO C CHUJILHO HEOZHO3HAUHBIM
n300pasKeHreM.

Bo Bpems skcnepumenTta Ky6 Hekkepa pacmouia-
rajicsi B IIeHTPe dKPaHa MOHHUTOpa Ha 0eoM (oHe.
Kpacuasa Touka B 1eHTpe Kyb6a MCIOJIb30BAaCh IS
TMPUBJIEUEHNI BHUMAHUS UCIBITYEeMOI'0 U IIpeI0TBpa-
IEeHUsT BO3MOXKHBIX M3MEHEHWU BOCIPUATHAS MW3-3a
nBuskeHni 1yias. CTUMyJIbI OBLIM ITPOJEMOHCTPH-
poBaub! Ha JKK-MoHUTOpPE 24" ¢ MpOCTPAaHCTBEHHBIM
pasperteruem 1920 x 1080 mukceseit m YacTOTOI
obuoBsienusa 60 I'. fpKocTs MOHHTOpPa COCTABJIA-
sa 185 xa/m?2 (nna 6esoro) u 0,2 kx/M2 (414 depHO-
T0), cTaTuvYecKas KOHTPACTHOCTH cocTaBiama 919:1.
YYyacTHUKM SKCIIEpUMeHTa paclojiarajuch Ha pac-
crosunnu 70—80 cM oT MOHUTOPA, YT0OJ 0030pa COCTaB-
aan npumepuo 0,25 paxn. Pasmep kyb6a Hexkepa Ha
MOHHUTOpPE cocTaBasaa 14,2 cM, yIJIOBOW pasMep CTU-
myJia cocTaBisaa npumepso 0,1 paz.

Bech skcmepumMeHT Aymicsa okoso 40 MuH A
KaKJIOr0 YYaCTHUKA, BKJIOYASI KOPOTKHE 3aIlUCU
93I' B cocTOAHUY TOKOA (¥4 MUH) IO W TOCJE OcC-
HOBHOM 4YacTH SKcIepuMeHTa. Bo BpeMs 5KCIIepu-
MeHTaJbHBIX CEeaHCOB KyObI C 3apaHee 3aJaHHBIMU
3HAUeHUAMU a (U3 MHOKECTBA, IIPOUJIIIOCTPUPO-
BaHHOTO Ha puc. 1) 061U cayyaiiHbBIM 06pasoM mpes-
craBienbl 400 pas (KaKabIit Ky0 ¢ opeae e oI He-
OIHO3HAYHOCTHIO OBLI ITpeicTaBieH 0KoJio 50 pas).

YuacTHUKAaM OBLIIO IIPEAJIOMKEHO HAKATh JIN0O Jie-
BYIO KJIABUIITY JIEBOU PYKOM, JIM0O ITPaBYI0 KJIABUIITY
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IIPaBO# PYKOM, UTOOBI yKa3aTh IIePBOE BII€UaTIEHUE
00 opueHTAIIMM KaxKaoro kyda. Tak Kak mpu mocJe-
JOBATEJIBLHOM IIPEJCTABJICHUU M300pakKeHUuil paHee
IIPOJEMOHCTPUPOBAHHBIE KYyObl MOT'YyT BJIHATH Ha
BOCIIPUSATHE TIOCJEAVIOIUX, HTPOJOIKUTEIHHOCTD
IEeMOHCTPAIlNY CTUMYJIa BaphbUPOBAaJach B AUAIa30-
He 1+1,5 c. Kpome Toro, ciayuaiiHoe m3aMeHeHNe IIa-
pamMeTpa a TaK:Ke IPENsITCTBOBAJIO CTA0MIU3AIIUU
BocupusaTusd. HakoHel], YTOObI OTBJI€Yb BHUMAHNE
HaOJofaTeN A W CAeJaTh BOCIPUATHE CJIELYIOIIe-
ro Kyba Hexkepa HezaBUCHMBIM OT IIPEIbIAYIIEro,
MeXKIY TOCJeAVIOIIUMU AeMOHCTPAIIuIMHu u300pa-
JKeHU Ky0a ObLIM IMOKa3aHbl abCTpaKTHEIE 1300pa-
JKeHUs B TeueHUe 3—H c.

M3BecTHO, UTO Ha BOCIPUATHE U 00pPaOOTKY BU-
3yaJibHOM MH(OpMAaIUU BIUAIOT Takue (PaKTopbI,
KaK MCXOAHOE IICMXO(MUBMOJIOTUYECKOEe COCTOSHUE
¥ TICUXO3MOIIMOHAJIBHBIH (DOH HCIBITYEeMbBIX, OTUHA-
MUKa OPOCTPAHCTBEHHBIX, BPEMEHHBIX W JHepre-
TUYECKUX XAPAKTEePUCTUK 3PEHUS MUCILITYEeMbIX, a
TaKyKe XapaKTePUCTUKU CTUMYJIbHON CUCTEMBI (Ap-
KOCTh SKpaHa, KOHTPACT M300pa’KeHusd, YIJIOBBIE
pasmepnl cTuMyJioB). Torma Kak XapaKTepPUCTUKU
CTUMYJLHON cpefbl MOTYT OBITH 3a(UKCHUPOBAHBI
[IJIsI BCEX UCIIBITYEeMBIX B I'PYIIle, UHANBUAYAJIbHBIE
pasiInuns XapaKTePUCTUK BOCIPUATHUS TOJIMKHBI
OBITh YUTEHBI IPU IIJIAHUPOBAHUY 9KCIIEPIMEHTAb-
HOT'0 MCCJeJOBaHUA. B JaHHOM KOHTEKCTe IJIS MU-
HuMu3anuu 3(p@GeKToB, BEI3BAHHBIX WHIANBUIYAJIb-
HBIMU OCOOEHHOCTSIMU, aHAJN3 BIAUAHUSA HEOIHO-
3HAYHOCTU CTHMYJia OBIJI OCYIIEeCTBJIEH Ha OCHOBE
CpaBHEHHsS 3aBUCHMBIX BBIOOPOK. B sToM ciyuae
BOCIPHUSATHE CTUMYJIOB C BLICOKOU M HU3KOIM HEOSHO-
3HAYHOCTHIO PACCMATPUBAJIOCh B PaMKaX Ka’KIOTO
cy0beKTa, a 3aTeM IIoJyUueHHAas: Pa3HUIA COIOCTaB-
JsJach ¢ pasbpocoM BHYTPHU T'PYIIIIbI, BHIBBAHHBIM
UHAWBUAYAJIBHBIMUA OCOOEHHOCTAMU WCIIBITYEMBIX.
Cienyer TakKe OTMETUTh, UYTO COCTOSIHME HCIBITY-
eMbIX MOJKET UBMEHATHCS B IIPOIeCCe TPOX0KICHUA
dKcIepuMeHTa. B yacTHOCTH, Ha BOCIpUSITHE OyIeT
BIMATH KOTHUTUBHOEe yTomJjeHue (mental fatigue)
[23], a Takke apdeKT TpeHUPOBKY [24], BLISBAaHHBIN
MIPONOIKUTEIbHBIM BBITIOJTHEHUEM CXOXKUX 3a7ad.
B enAax MUHMMU3AIUY 9TUX BO3AEHUCTBUHN BU3YyaJIb-
HBI€ CTUMYJIBI [IJIs ABYX PacCMaTPUBaeMbIX HAaOOPOB
ObITM BBHIOpAHBI B CHAYUYANHOM MOPAAKE M MOMEHTBI
UX IIpeIbABJIEHUN ObLINM PaBHOMEPHO paclipeieJe-
HBI B TeUeHIEe BCEro 9KCIIePUMeHTa.

Perucrpanusa u npegBapuTtesibHasI 00padoTKa
3JIeKTPOosHIIe(aTOrPpaMMBbI

Curzajsbl 99" ObLIN MOJYUYEeHBI C MCIOJIb30BAHU-
€M MeTO/a MOHOIIOJIAPHOM PerucTpaIuy 1 Kjiaccuue-
CKOI1 pacIIipPeHHO# CUCTEMbI PACCTAHOBKU DJIEKTPO-
moB 10-10. OnexTpruecKas akKTUBHOCTh PETUCTPUPO-
BaJIach C IOMOINBIO 31 BJIEKTpPOMa, W IBa JIEKTPOIa

ObLIN ped)epPEHTHHIMU U PACIOJIATAJNCh Ha MOYKaXxX
yimnei. 3a3eMJISIONINI 3JIEKTPOJ, ObIJI PACIIOJIOMKEH
uyTh BBIIIE Jiba. B sKcIlepuMeHTe MCIIOJIB30BAJINCH
YaIeyKoBble aAresuBHBIe dyeKTponbl Ag/AgCl, mo-
merreHHbIe Ha TacTy Tien-20 (Weaver and Company,
Kousopago, CIITA). HemocpeacTBeHHO IIepes HauaioM
SKCIIepuMeHTa OBIIM IIPOBEIEeHBI BCe HEOOXOAMMBbIe
IPOIEAYPHI AJIs MOBBIMIEHUS IIPOBOAMMOCTU KOMKU
¢ momoIrbio abpasusuoro reisi NuPrep (Weaver and
Company, Komopanmo, CIITA). [Ins ycuieHusa u ama-
Joro-IudpoBoro npeodpazoBanmusa curaajos I3 uc-
HOJIB30BAJICS 3JIeKTposHIedaorpad «IHIedaaaH-
99I-19/26» (OO0 HIIK® «Memukom», PdD). 93I-
CUTHAJBI (PUJIBTPOBAJIUCH IIOJIOCOBBIM (PHUIBTPOM
¢ Toukamu orceueHua 1 u 100 I'ip 1 pesKeKTOPHBIM
duabTpom (50 I'tr) c MOMOIIBIO BCTPOEHHOTO alapar-
HO-IIPOTPaMMHOT'O 00€eCIIeUeHUA.

3anucaHHbIe curHajbl I ObLIY CerMeHTHUPOBA-
HBI Ha HaO0pbI u3 ABYyX oTpeskoB (0,5 ¢ 1o u 0,5 ¢ mo-
cJie IEeMOHCTPAIlNM KaskJaoro Kyba). [[ia ymeHbIIe-
HUSA MBIIIEYHBIX apTe(aKkToB yyacTHUKAM IIpe/Jia-
raJIoch IPUHATH 103y, UCKJIIOUAOIYIO0 Upe3MepHOoe
HaIpsAMKeHre MBI e, ApredaKThl, BHI3SBAHHBIE
IBUKEHUEM IJIa3, MBIIIIEUHON aKTHUBHOCTBIO U CEP-
IeYHBIM PUTMOM, OBLJIN CKOPPEKTUPOBAHBI METOIOM
pasJIoXKeHUA CUTHAJIA Ha SMIIPUYEeCcKue MOabI [25].

Anaauns IKCIIEPUMEHTAJbHBIX TaHHBIX

H1a mocTpoeHUA MOZAEIW, OIUCHIBAIOIIEH IIPO-
CTPaHCTBEHHO-BPEMEHHYIO IUHAMUKY 3JIeKTPUYECKOMN
aKTMBHOCTM KOPBI T'OJIOBHOTO MO3Ta, ObLjIa IIpoaHa-
JIM3UPOBaHA CIIEKTPaJbHAS MOIITHOCTb CUTHAJIOB DIl
B Oeta-guamnasoue yactoT (15—30 I'tr) mpu momorti; He-
TIPEPBIBHOTO BeliBjeT-IpeobpasoBanud. Ha mnepBom
aTamne s Kaxgoro karama 991 X (¢) [I'n] 6611 pac-
CUMTAH BEHBJIETHBLINA SHEPreTUUECKUH CIEKTD B AMA-
nazone yactoT 1+30 I'it mpm moOMOIIM COOTHOIIEHUS
EM{f, t)=(W(f, t))2. Bnece W(f, {) — KOMILJIEKCHO-
3HAUHBIN KO3((MUIMEHT BeHBJeT-IPeodpasoBaHus,
BBIUMCJIAEMBINA KaK

t+4/f
W, )=\ [ Xa (6" (£, t)d, ()
t-4/f

rone n=1, ..., N — Homep KaHaja 99" (N = 31 — 06-
1ree KOJINYeCTBO KaHAJOB, UCIOJIb3yeMbIX [IJIs aHa-
JIN3a); CUMBOJI «*» O3HAUaeT KOMILJIEKCHOE COIIPs-
JKeHme. B KauecTBe MaTepMHCKOII BelBJIeT-(PyHK-
muwm y(f, t) 6611 BeIOPaH BeiiBieT Mopae [26], KoTo-
pBIiT ompesesieTca KaK

w(fst)= \/fnl/‘lefwof(t*to)ef(t*to)2/2, @)

rae ®, = 21 — IapaMeTp, XapaKTepU3yIoIuii Beiis-
JeT-(PYHKITAIO.
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B  Puc. 2. InTepBaJibl BDEMEHU, UCIIOJb3yeMbIe IJId aHa-
amusa curxasia 99", cBA3aHHOTO ¢ BOCIPUATHEM BU3Yab-
HOT'O CTUMYJIa

B Fig.2.Timeintervals taken to analyze the EEG signal
associated with visual stimulus perception

BaTeM 1151 6eTa-[MANIA30HA JACTOT 3HAUEHUE aM-
ILUINTYABL BeHBJIET-CIeKTpa Eél (t) paccunThIBaTOCH
KaK

1
Ef (t)=—| E"(f', t)df’, ®3)
P AfB AJ;B

rie Afy=15+30 I'n. Ilonyuennsle sHATCHNS Eél (1)
OBLIM HODMUPOBAaHEI Ha 3HaueHuA E"(f, t), mpouHTe-
rpupoBaHHBIe B quamnasone 1+30 I'm, aasa Toro uro-
OBbI MCKJIIOUNTH BIAUAHUE DIYKTyaIrUil aMILJIUTY/IbI
99T\ Bpemennsnie paabl (3) ObLIN PACCUUTAHBI AJIA
BCero sKCIIepUMeHTa 1 3aTeM pa30uBaIuch Ha OTpes-
KH Tpre =0,5 ¢ 1 Tpye =0,5 ¢ 10 u mocste mpescras-
JIEHUS i-TO BUSYAJbHOTO CTUMYJIa COOTBETCTBEHHO:

(25)

[ Kaskaoro BU3YaJbHOTO CTUMYJAa C Ompeme-
JIEHHBIM 3HAUEeHHEeM IlapaMeTpa a PasHHuIla MexXIy
(Eél ) , o (Eél ) ., Anan-ro kauasa 99T ananusu-

Tpre Tpost
poBaJiack cTaTucTIUYeCKU Ha ocHOBe 20 IIpeabABIeHII
C TIOMOIIBIO (-KPUTEPUs IJIS 3aBUCUMBIX BBIOOPOK.
VpoBeHb 3HAUMMOCTY OBLI CKOPPEKTUPOBAH C YUETOM
MHOJKECTBEHHBIX CPaBHEHUI METOIOM II€PEeCTaHOBOK.

3aBHUCUMOCTh aMILJIUTYALI BelBieT-cuekTpa (3),
IIOJyYeHHOU My KaHana Py, Ha mHTepBaJe, COOT-
BETCTBYIOIIIeM 00paboTKe 3pUTEILHOI'O CTHUMYJIA,
TMoKasaHa Ha puc. 2. Buamo, uTo 1/ TaHHOTO KaHa-
Ja HaOJII0/iaeTcs yBelnIeHne aMILINTyAbl BO BpeMs
00paboTKU cTUMYJIa r}ost II0 CPABHEHUIO C IPECTH-

o= | Ep(ar. @)
Tpre>T post T;re’riuost

MYJTBHBIM TIEPUOSIOM Tppe-

ITonyueHHBIE PE3yIBTATHI

s mccienoBaHUA BIUAHUA CJIOKHOCTU BU3Y-
aJbHOTO cTEMYJIa Bce KyObl HekKepa ObLIu paszeJe-
HBI Ha ABe rpynnsl: 1) rpynna LA, BKifouatomas Ky-
OBbI C HUBKOMH CTENeHbI0 HEOMHO3SHAYHOCTY BU3YaJIb-
HBIX CTHMYJIOB, IJis KoTopeix a = {0,15; 0,25; 0,75;
0,85}; 2) rpynma HA, BKJIouaroias KyObl ¢ BBICO-
KOl CTeIleHbI0 HEeOLHO3HAYHOCTU BU3YaJbHBIX CTU-
MYJIOB, IJsi KoTopbeixX a = {0,4; 0,45; 0,55; 0,6}.

IIpu anaause aKTUBHOCTHY TOJIOBHOT'O MO3Ta, CBA-
3aHHOI C BOCIIPUATHEM U 00pabOTKOI BU3yaJLHOTO
CTUMYJIa, Ba’KHBIM BOIIPOCOM SIBJISETCS KOPPEKTHOE
oIpeie/ieHNe MOMEHTA HAadajia OTBETHON PeaKIluu
Ha OpeIbABIAEMBIN CTUMYJ. I 9TOTO MCIIOJIBL3Y-
eTcsd aHaJIN3 BeI3BAHHLIX ToTeHI[naoB P300 1 N200
[27]. Pemrernue nanHoI 3agaun HauboJIee aKTyaJIbHO
B cJyuae, KOrja Heo0X0AMMO COITOCTABUTH PEAKITUIO
HUCIIBITYEeMOT'0 Ha IleJieBble U HeIlleJIeBble CTUMYJIbI
[28]. B pamkax naHHOI 3amayu Bce paccMaTpuBae-
Mble CTUMYJIbI CYUTAJIUCH I[€JIEBBIMU, U OBLIO CIesa-
HO IIPEAII0IOKEHEe, UTO U3MEeHEHe XapaKTEPUCTUK
BHUMAHUSA UCIILITYEMOI'0O PABHOBEPOSITHO BIAMUSET Ha
BOCIIPUATHE CTUMYJIOB U3 IBYX PACCMaTPUBaE€MbIX
HAOOPOB. OTO IIPEIIOJIOKEeHre OCHOBAHO Ha TOM,
YTO CTUMYJIBI IJIsI ABYX HAOOPOB OBIIM BBIOPAHBI
CJIyJYalHBEIM 00pa3oM U PaBHOMEDPHO PaCIpeeseHbI
B T€UEHNE SKCIIePUMEHTAJIbHO CEeCCUU.

Kasxknaa rpynna Briaouana 80 crumysos (mo 20
Ha Ka'KkJoe 3HaueHuWe mapamerpa a). OcobeHHOCTH
93T ObLIN IPOoaHaIN3NPOBAHLI I CPABHEHBI JJIS CTU-
myJioB LA 1 HA B Teuenmne IByX MHTEPBAJIOB BpeMeHN!
Ty ¥ Ty, OTHOCAIIUXCSA K CTaJUN CEHCOPHOI 00paboTKI
(puc. 3). Ha ocHOBe OIMCAHHOIO BBIIIIE METOAA OBIIN
BBIABJIEHBI KaHaJbl OJOI, JeMOHCTPUpYIOIUe 3Ha-
YUTeJbHOE YBeJIUUYeHUE CIIeKTPAJbHOM aAMIIJIUTY/IbI
B Oera-guamnasone yacToT. Ha puc. 3 mokasaHa pasHu-
ma D mexxay umcyaoMm KauaaoB 99l roe EB YBEJIUYN-
BAaeTCs, ¥ YUCJIOM KaHAJIOB, I'le EB YMEHbIIIaeTCH IJIs
ctrumynoB LA n HA u 1Byx mHTepBaJIOB BPEMEHU —
Ty ¥ Ty. JlMarpaMMel 0TpasKaioT pacipesiesleHusa 9TUX
3HAUEHUN B TPYIIe YYaCTHUKOB (MenuaHa, 25-if u
75-i1 meprieaTuan) (puc. 3, a).

Bugno, uto nna t; meguana D O1uska K HyJIO,
YTO COOTBETCTBYET IMPUOJIUBUTETHHO PABHOMY YUC-
JIy KaHAJIOB, XapaKTepPU3yIOIIUXCs YBeJIUUEeHuEeM 1
YMeHBIIIeHueM dHepruu B OerTa-guamasoHe. B aTom
caydae 5/10 ucmbITyeMBIX AeMOHCTpupyior D > 0
nasa crumynaoB LA u HA, B To Bpema kak 5/10 ge-
moHCTpUpPyIoT D < 0. {1s 15 6/10 HCOBITyeMBIX Je-
MOHCTPHPYIOT Hmpeobaganue KaHaaoB I ¢ yMeHb-
masorteiicsa sueprueii (D < 0) gaa ctumynoB LA, u
7/10 uCTBITYeMBIX IeMOHCTPHUPYIOT IIpeobJamaHue
kKaHasoB 99 ¢ yBeawuwmBaIOUIENCA aMILIUTYIOMH
(D > 0) gna crumyaoB HA.

HucmepcuoHHBINE  aHAJWM3 €  KOppeKIumen
T'punxayca — Teiicepa mokassiBaeT, uTo D He3Ha-
YUMO M3MEHAETCA KaK IMPU M3MEHEeHUU CJIOKHOCTHU
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B Puc. 3. Pasuuna D MeXIy YHUCJIOM KaHAJOB, I'Je aM-
mautyga 99 B Oera-guamasone E, yBeaumuumBaeTcs, U
YHCJIOM KaHAJO0B, riae E, yMeHbITaeTCss B 3aBUCUMOCTH OT
HeomHo3HauHOCTU cTUMYJI0B LA, HA u ananusupyemoro
HHTepBaja BPeMeHHU T, Ty (a); paclpejeseHne KaHAIOB
93T, ny1a KOTOPBIX HaOJIOHaeTcs yBeandenue E, 11 Bcex
HUCIBITYEMbBIX B CJIyYae BOCIHPUATHUA ONHO3HAUHBIX (0) U
HEOIHO3HAUYHBIX (8) CTUMYJIOB

B Fig. 3. Difference D between the number of EEG
channels where beta-activity amplitude E, increases and
those where E decreases depending on the ambiguity of
the stimuli LA, HA and the time interval 1, 15 (a); the
distribution of EEG channels, reflecting E increase for
all subjects for LA (b) and HA (c) stimuli

crumysa (HA u LA) (F; g = 1,189, p =0,304), Tax n
MeKIy pacCMaTPUBAaeMbIMU MHTEPBAJAMU BPeMeHN
(F1,9 =1,723, p = 0,222). B To :Xe BpeMaA HaOIIOTAET-
Ccs CTaTUCTUYECKU 3HAUYMMBIA 3((eKT B3aumMomaei-
CTBUA MEKIY CJIOXKHOCTHIO CTUMYJIa U BPEeMEHHBIM
VHTEPBaJIOM (F1,9 =10,211, p = 0,01). 9To o3Hauaer,
uyTo pasHuiia B 3HaueHUAX D 11 LA- u HA-ctumyioB
pasauuHa IJId pacCMaTPHUBaeMbIX NHTEPBAJIOB.
Yrobnl omneuuTh maMmeHeHue D muas LA- u HA-
CTUMYJIOB, KasKIbIN MHTEPBAJ BPeMeHH! OBbIJI PaccMo-
TPEeH OTAEJbHO C HCIIOJh30BAHUEM CTATHUCTUUYECKOTO
aHaJaM3a Ha OCHOBE HellapaMeTPUUEeCKOr0 KPUTEPUs
YuiKokcoHa AJIs CBsI3aHHBIX BEIOOPOK. B pesyabrare
OBLIIO TIOKA3aHO0, UTO D He3HAUNTEJIbHO Pa3InyaeTCs
mexxay LA- u HA-ctumynamu B caydae 1y (p = 0,919),
HO BHAYMMO pasiudaerca mAasa T, (p=0,032).
Ananusupys KasKJI0ro UCIIBLITYeMOT'0 OTAEeIbHO, aBTO-
PBI YCTaHOBUIIN, UTO Y 8/10 yUYaCTHUKOB SKCIIEPUMEH-
Ta HabJIIofaeTcs O0HAPYKeHHA I 3a KOHOMEDPHOCTb.
IToryueHnHble Pe3yJabTATHI CBUAETEILCTBYIOT, UTO
INHAMHUKA aMILIUTYALI DJEKTPUUYECKON aKTHUBHOCTHU
B OeTa-quamnasoHe pasjauyHAa MPU PA3HOM CJIOMKHOCTH
BUB3YAJIbHBIX CTUMYJIOB. [IJis1 6ojiee CIIOKHBIX CTUMY-

goB (HA) KommuecTBO KaHAJOB, JEMOHCTPHUPYIOIIIIX
yBeJIMUeHre 9Hepruu B OeTa-auarasoHe YacToT, IIpe-
BBIIIIAET COOTBETCTBYIOIEE KOJIMUECTBO KAHAJIOB [IJIA
6outee merkux (LA) ctumystoB. Bmecre ¢ Tem JJoKaamnsa-
ua KaHayoB JOI, 1A KOTOPHIX 00HAPYIKEHO YBEJIU-
YeHHe aMILINTY/IbI 0eTa-aKTUBHOCTHY, HA IIOBEPXHOCTH
KOpBI TaK:Ke pasiaunyHa ajsa LA- u HA-ctumynos. s
onHOo3HAUHBLIX cTUMYyJIOB (LA) (puc. 3, 6) cueKkTpasb-
Hag amiiutyga 91 B OeTa-muanasoHe YBeJINUNBAET-
¢ TVIaBHBIM 00pa3oM B TeMEHHOi1 30He. B aTom ciry-
yae 8/10 mMCHIBITYyeMBbIX IeMOHCTPUDPYIOT YBeJIUUYEHUE
aMILIATYABl OeTa-aKTUBHOCTH IJIA KaHanoB Ps, P,
P,. Ina croxueix crumynos (HA) (puc. 3, 6) sHep-
ruda B OeTa-AmanazoHe YBEJIMUUBAETCA OTHOBPEMEHHO
B PAa3IUYHBIX YYACTKAX KOPBI, IIPENMYIIeCTBEHHO
B JIOOHOM obustacTu. B aTom coryuae y 7/10 ucnbITyeMbIX
aTOoT 3)eKT HabII0aeTcsa BO (PPOHTATIBHOM 06J1acTH,
y 5/10 — B comaroceHcopHOI1 obsactu, y 5/10 — B Te-
MeHHO-3aTBLJIOYHOI 00JIaCTH.

PesynbraTel, mOJyUYeHHBIE B pPaMKax [TaHHOM
paborsl, cBsizaHbl ¢ HucxoaAmumu (top-down) mpo-
meccamMu, KOTOpble (GOPMUPYIOTCA B KOPE TOJIOBHOTO
MO3Tra 1 OKa3bIBAIOT BIAUSHYE Ha IIPOIIeCCHI BOCIIPUS-
TuA 1 00pabOTKY 3pPUTENHLHOU nHpopMauy B 60Jiee
TIIYOMHHBIX CTPYKTypax. Hapaxy ¢ HUCXOOAIIUMU
[29], oOpaboTka 3puTeabHON WH(pOPMAIIUU TaKiKe
accomuupyetrca ¢ Bocxomamumu (bottom-up) mpo-
meccamu [30]. MsBecTHO, uTo bottom-up mporeccsr
CBSIBAHBI C HEITPOMU3BOJBHBIM BHUMAHUEM, KOTOPOE
aKTUBUPYeTCA caMuM 10 cebe (PpaKTOM MOSBJICHUS
Busyasabuoro crumyia [31]. Top-down mporeccsr,
B CBOIO ouepelb, CBsI3aHBI C OCO3HAHHOII 00paboT-
KO¥ cTuMyJsa. B yacTHOCTHM, OMHUM M3 TAKUX IIPO-
IIeCCOB ABJIAETCA BbIOOpPOUHOE BHUMAaHUE (selective
attention), KoTopoe xapakTepusyeT CIIOCOOHOCTH HC-
TIBITYEMOT'O BBIZEIATh OTINYNTEIbHbIE 0COOEHHOCTH
CEeHCOPHOIT nHpopMaIIUY, HEOOXOAUMBIE AJIS TPUHS-
TuA perrenus [32, 33].

3aKaoueHue

PesyibTaThl IPOBEAEHHBIX HCCJIEIOBAHUN IIPO-
mecca o0pabOTKU 3pUTEIbHOI MH(pOPMAaIlIU B 3aBU-
CHMOCTH OT OPUEeHTAIINU CTUMYJIOB (Ky60oB Hexkkepa)
10 MHOTOKaHaJbHBIM 3anucAM J31" BEIABUIIN CIIey-
IOIIIIe 3aKOHOMEPHOCTH.

1. [Ins caydaeB, KOra B KaueCcTBe BU3YAJIBHBIX
CTHMYJIOB HCIIOJIb30BAJINCh KyObl HekKkepa ¢ HUBKOI
CTeTeHbIO0 HEOAHO3HAUHOCTH, 3HAUMMOE YBeJInUeHIe
aMILJIUTYIBLI BeliBJIeT-CIIeKTpa curaaJjoB J9I B Oera-
nuamas3oHe HaOJIOZAJIOCh B OTBEIEHUAX TEeMEHHOM
30HBI.

2. lna kyooB Hekkepa ¢ BBLICOKOIT CTEIIEHBbIO He-
ONHO3HAYHOCTH aMILINTYJa BeHBJIeT-CIeKTpa CHur-
HasoB III' B OeTa-guamnasoHe OJHOBPEMEHHO YBeJIU-
yuBajach B PA3JIUUYHBIX OOJIACTSIX KOPbI, BKJIIOUAA
JIOGHYIO U TEMEHHO-3aThIJIOUHYIO 00JIaCTH.
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Introduction: Analysis of electrical activity in the cortical neural network during the processing of visual information is one of
the most interesting issues in modern neuroscience. The particular attention of the researchers is attracted by the study of neural
activity during complex visual stimuli processing. Purpose: Studying the process of sensory information processing in the cortical
neural network based on recorded electrical activity signals (EEG). Results: We have studied neural activity during visual information
processing based on the stimulus-related change in the spectral EEG energy in the 15-30 Hz frequency band. Using the developed
approach, we analyzed the influence of the visual stimulus complexity on the features of spatio-temporal neural activity. It has been
found that at low complexity the spectral amplitude of the EEG in the range of 15-30 Hz increases mainly in the parietal zone. With
increasing complexity, the spectral amplitude of the EEG increases simultaneously in different parts of the cortex, mainly in the frontal
region. Practical relevance: The identified features of neural dynamics can be used in the development of passive brain-computer
interfaces to monitor a person’s cognitive state and evaluate the cognitive load in real time.

Keywords — visual information processing, ambiguity of visual information, beta-frequency range, electroencephalogram (EEG).
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NMamaTtu
H. H. KpacunbHukoBa

6 despass 2020 r. Ha 94-M rogy yimes 13 KUSHU
BBIJAIONTUIHCA YUeHbIH, mpodeccop CaukTr-IleTepOypr-
CKOI'0 TOCYJapCTBEHHOI'O0 YHUBEPCUTETA adPOKOCMU-
YEeCKOT0 IIPUOOPOCTPOEHUS, MOKTOP TEXHUUECKUX
Hayk Hukomnait Hukosnaesuu KpacuabHUKOB.

Ero :Xm3HeHHBIN IIyTH OBLI YCIIEIeH, HO Ha4YU-
HaJICsA TPYAHO. B rogb! 6J10Kaabl OH ocTajicsa 6e3 po-
nuTesiei u ¢ 15 et HauaJI cAaMOCTOSTEIbLHYIO JKU3HbD.
IITxoJsia paboueit mosone:Kku, JIeHUHTPAACKUHN TOIU-
TeXHUUYECKUU NHCTUTYT, KOTOPBIN 3aKOHYMJ B Map-
Te 1950 1. mo cmemmaabHOoCcTU <«TexHUUecKasa (u-
3UKa», acuupaHTypa HayuHo-umcciie[oBaTeIbCKOro
WHCTUTYTa TeseBuAeHuA (B nporrmom BHUUT).
B 1952 r. H. H. Kpacui1bHUKOB, JOCPOUYHO 3aKOH-
YUB ACIUPAHTYPY, SAIUTUJ KAHIUJATCKYIO IUC-
ceprarmuio. B 1954 r. ox meperries1 Ha JOJIYKHOCTD J0-
mnenTa JIGHUHTPaACKOrO0 WHCTUTYTa aBUAIMOHHOI'O
mpubopocrtpoerusa (abiHe CauKT-IleTepOyprerkuit
TOCYIapPCTBEHHBIH YHUBEPCUTET ad9POKOCMUUECKOT0
TpubOPOCTPOEHMA), Te 3aTeM BO3IVIABUJI Kadenapy,
KOTOPOI1 ycIIemtHo 3aBemoBaJ 6osiee 36 setT. B 1963 1.
3alUTUJI TUCCEPTAIINIO HA COMCKAHUE YUYEeHOU cTe-
IIeHW JOKTOpa TeXHUUYeCKUX HayK. B 1965 r. Obln
yTBEP:KAEeH B yuyeHOM 3BaHuU mpodeccopa. Ha mpo-
TasxkeHun MHorux Jer H. H. KpacuiabHUKOB BXO-
aua B HayuHslii coer AH CCCP 1o mpo6ieme «Cra-
THUCTUYECKadA paguoPuU3nKar.

H. H. KpacuJibHUKOB SABJAJNCA OJHUM U3 BEAy-
IUX B CTPaHe CIeIUaJNCTOB B 00J1aCTU TEOPUU CHU-
cTeM Ilepenaum, 00pabOTKM M BOCHPUATUA M300pa-
JKeHUH W OAHUM M3 OCHOBaTeJiell IU(POBOTO TeJe-
Bugenuss B CCCP. Ha pykoBogumoii um kKademape
paguomnepenaoIinX W TeJeBU3MOHHBIX YCTPOMCTB
JIeHMHTPAACKOr0 MHCTUTYTAa aBUAIIIOHHOT'O IIPKUOO0-
pocTpoeHUA OBIIN OPTaHM30BAHLI [BE OTpPaCIeBbIe
Jnaboparopuu. MoJjonble, TaJaHTINBLIE IIPEIoIaBa-
TeJIV U Hay4YHbIe COTPYAHUKY Kadeapbl aKTUBHO 3a-
HUMAJINCh HAYYHBIMHU KCCJIEIOBAHUAMU B 00JaCTHU

XPOHUKA U UHOOPMALIUA

KOCMHUYECKOr'0 U ITU(PPOBOTr0 TEJEBUIEHUS U OIBIT-
HO-KOHCTPYKTOpPCKMMU paspaborrkamu. Ha 06ase
STUX HAYYHBIX MCCJIEIOBAHUN COTPYAHUKaMU Kade-
IPbI OBLIO 3aruilieHo 6oaee 20 KaHAUIATCKUX IIC-
cepTanuii, MoJyueHo 60Jiee COTHU aBTOPCKUX CBUE-
TeJbCTB HA N300peTeHnd.

B o6sacTu paspaboTKU TeJIeBU3MOHHBIX METOIOB
U3MepeHus IapaMeTPOB W TPAEKTOPUH JBUKEHUS
JeTaTeJbHBIX alllapaToB pPaboThl BEJINCH COBMECT-
HO ¢ JleTHO-MCCJ/IeHOBATEIBLCKUM WHCTUTYTOM WM.
M. M. I'pomoBa. B pesyabTaTe BBIIIOJHEHHBIX IIOJ
€ro PyKOBOJACTBOM HayUYHO-UCCJIEJOBATEIbCKUX Pa-
60T OBLIIN CYIIECTBEHHO YJIYUIIIeHbl IOMEX0YCTONUN-
BOCTBb ¥ KauecTBO MH(POPMAIIUU B CUCTEMAX TejieBe-
IMIaHUA, KOCMUYECKOT'0 TeJIeBUJEeHUA, TUCTAHIIIOH-
HOT'O 30HIUPOBAHUA 3€MJIU, TEXHUIECKOI'0 3PEHU.

Paspaboranuas H. H. KpaculbHUKOBBIM MOIeIb
COIJIACOBAHHOUN (DUJIBTPAIIMU OIIPEIe/INIa OCHOBHOE
HaIIpaBJIeHNe Pa3BUTUSI COBMECTHBIX ¢ IHCTUTYTOM
¢usuogoruu um. U. I1. IlaBioBa uccienoBaHuii B 00-
JIaCTU PaCIIO3HABAHUA 00PA30B B 3PUTEIbHOI CHUCTE-
Me YeJIoBeKa. ITU paboThl OKasayd OTPOMHOE BJIU-
sSHUe Ha PasBUTHE U3MEpPeHUN (PYHKIIMOHAJIBLHBIX
BO3MOXKHOCTEI aXpoOMaTUUYECKUX 1 XPOMATHUUYECKUX
KaHaJIOB 3PUTEJHLHONU CUCTEMbI UeJIOBEKa.

H. H. KpacunbHUKOB BOEpBbIe CO3IAJI MaTeMa-
TUYECKUe MOJeJu PaboThl MeXaHU3MOB, JIEKAIIIUX
B OCHOBE IICUXO(P)M3UUECKIX 3aKOHOB 3PUTEBHON CU-
crembl. Vcmonb3oBaHMe pa3pabOTaHHBIX (QYHKIHO-
HaJbHBIX MojeJieil 3peHus mossoaujo H. H. Kpa-
MJIBHUKOBY BBIBECTH AaHAJUTUYECKUM IyTeM (op-
MYJbl AJIA IIeJIOTO PAJa 3aKOHOB, YCTAHOBJIEHHBIX
pamee SKCIEPUMEHTAJbHBIM IIYTEeM, CPeau KOTO-
PBIX (PIYKTYaIlMOHHBIM 3aKOH, 3aKOH BebGepa —
dexHEpa, 3aBUCUMOCTH, SKCIIEPUMEHTAJIBHO IIOJIY-
yeHHBIE Jloypu, u ap.

UccnepoBanusa B 00JIaCTH IIOCTPOCHUS MOJEJIU
3peHUusa TmoJsiydareasa wHGOPMAIUU ObLIN IIOJOYKe-
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v XPOHWIKA 1 UHDOPMALLAS]

HBI B OCHOBY pPaspabOTAHHON UM CTATHUCTUYECKOH
TEOpUHU Ilepefaun HN300paKeHnil, UTO ITO3BOJIMIO
paspaboTaTh UYpes3BhIUAIHO BAKHbBIN AJIA IPaKTHUe-
CKOT'0 MCII0JIb30BAHUA METOJ aBTOMATU3NPOBAHHOTO
MTPOEKTUPOBAHUA CHUCTEM Ilepemaun u300pasKeHuit
C YYeTOM CBOMCTB 3peHus HabJromaTes.

Huxonai Huxomaesuu KpacuabHMKOB co3aal
HAYUYHYIO IKOJY, IIOJYUYHUBIIYIO IITHPOKOE MEKIY-
HapoaHoe ITpudHaume. [Jid 9TOM IITKOJIBI XapaKTep-
HA OPUTUHAJIBHOCTD UAeH, UX ITyO0oKas mpopadboTKa
oT (QyHAAMEHTAJbHBIX WCCJEIOBAHUI A0 IPAKTU-
YEeCKOTO BOILJIOINEHUA W BHEAPEHUS B IPOMBIIILIECH-
HOCTb, MEIUIMHY U Apyrue cdepsl. OrpomMHOE 3HA-
YyeHVe B CTAHOBJEHUU CIIEIIMAJNCTOB B HAIIIEH cTpa-
He umetoT Hanucanuble H. H. Kpacu1sHUKOBBIM TI0
pe3yJibTaTaM BBITIOJTHEHHBIX MM HAYYHBIX HUCCJEIO0-
BaHUI KHUTHU, B TOM uuciie «IlomexoycToumBOCTD
TEJIEBUSMOHHBIX CUCTeM», «CTaTucTuuecKkasa Teopus
nepegaun n3o0paskeHun», «Teopusa mepegaunm u Boc-
npuAtusa usobpaskeHuii», «IludpoBas obpaboTka
2D- u 3D-uzobpaskeHuil» u Apyrue. BoJabIIoi NHTe-
pec y cIernmaJucTOB BCera BbI3BIBAJIU €r0 CTAaThH,
myOJIMKOBABIIINECS B TAKUX ABTOPUTETHBIX M3Ia-
HUAX, KaK «OnTmuecKkuii :xypHaI», « ABTOMETPU»,
«Ha(DOpManMOHHO-yIIPABJIAIOIINE CUCTEMbBI». Beero
M3-TIOJ eT0 IIepa BBIMLI0 0K0J10 300 HayUYHBIX ITy0JIN-
Kamnuii. Emy mpunagiesxar 30 aBTOPCKUX CBUIE-
TeJbCTB Ha mM300peTeHusd 1 paspaboTku. B mocien-
HUe TOABLI OH YBJIEUEHHO 3aHUMAJICA MCCJIeTOBAHU-
MU B 00JIaCTH KOHBEpTaIlUU IBYMEPHBLIX M300pa-
JKeHnH 1 mu(pPoBOro BUE0 B TPEXMEPHBIA (hopMar.
NmeHHO 9TOM mpobJieMe IIOCBAINEHBI €ro CTaTbH
TOCJIeIHUX JIET, IATEHT U TJIaBbl MOHOTPadUM, KOTO-
pad, K COKaJIeHUI0, OCTaJIaCh He3aBEePIIIEHHOM].

Huxonait HukonaeBud OBIJT BBICOKOOAAPEHHBIM
YeJIOBEKOM, o0Jiafias elle ¥ HeBepOsaTHOW paboTo-
crocobHocThi0. OH MOTr c(OPMYyJIMPOBATH HAYUHYIO
3amavy, a 3aTeM HMOJHOCTHIO CAMOCTOATEIHLHO ITPOM-
T BCE STAIlbl €e pPeIleHUs, BKJoUas HaIlncaHue
KOMIBIOTEPHBIX MHPOTPAMM U BBITIOJIHEHHE ITOAYAC
BeCcbMa TPYAOEMKHUX 9KCIEePUMEHTOB.

7

H. H. KpacusbHUKOB ObLI OJI€CTAIIINM JIEKTOPOM,
MIPEeKPaCHBIM II€aroroM, BHECIIINM OOJIBIIION BKJIA[
B (hopMUPOBaHME HAYUHOTO IOTeHIHaJsia Poccum u
1IeJIOTO pAAa cTpaH. M moaroToBieHsI 6osee 25 KaH-
IUJATOB TEXHUYECKUX HayK. Bce ero BBICTYIIJIEHUS
¥ Ha HAYYHBIX KOHPEPEeHIINAX, ¥ Ha TOPIKECTBEHHBIX
MEPONPUATUAX ObLIU HeoObIUallHO SPKUMU, IIPUKO-
BBIBAIOIIIMH K ce0e BceoOIllee BHIMAaHNE. YUaCTBYSI
B MEKIYHAPOAHBIX KOH(MEPEeHIUAX, OH BBICTYIIAJ
B BeAYIIUX YHUBepcuTeTax Benukobpuranuu, @pan-
muu, CIITA, HumepsiaumoB, JOCTOMHO ITPEACTaBIIAS
POCCUHCKYIO HAYKY.

On gro0ua paboTaTh, a OTABIXOM IJIA HEro Ciy-
JKUJIN eT0 Pa3HOCTOPOHHUE YBJI€UEHUS: B IOHOCTH —
AJIBIIMHU3MOM, JINTEPATYpPOH, B 6ojiee 3peoM BO3-
pacTe — WUCTOpHEH, KUBOIKUCHI0 U KJIACCUUECKOH
mysbeikoii. Hukomait HukosgaeBud ObII UeJIOBEKOM
HEBEPOATHOI SPYAUIINU 1 IIPU 9TOM OH BCEraa ObLI
0e3ymIpeuHo Be:KJUB U AeJUKaATeH B 00IeHun. Bceio
SKM3HB OH JIIOOWMJI IIyTEIIeCTBOBATh U 00beXaJl OKOJIO
30 cTpam.

Huxonait Hukomaesunu KpacuabHUKOB HArpask-
IIeH IATHAAIIATHIO MeJaJIIMU, B TOM YHCJIe MeIaTbio
«3a obopony Jleauarpaga». B 1992 r. emy 661110 IIpU-
CY'KIEHO 3BaHUE «3acCJIyKeHHBLIH [neATelb HAYKU
u texHUKU P®P», o 3aHeceH B Kuury Ilouera yHuBEp-
CHUTETAa, yAOCTOEH IIOUYETHOT'O 3BAHUS «3aCIy KeHHbI
npodeccop I'VAII». B 2009 r. H. H. KpacuibHuUKOB
craJ jaypearom npemun IIpaButenabctBa PP B 06J1a-
ctu obpasoBanua. HayuHaa u nmegarorunueckasd aes-
TeabHOCTh H. H. KpacuibHuKOBa MOJIyUYUIN 3aCy-
JKeHHOoe MUpoBoe mpusHaHue. Ero 6uorpadusa Heon-
HOKPAaTHO BKJIoUajach B Katayjoru Who’s Who awme-
puramckum magareabcTBom Marquis Who’s Who,
a Takyke MeKIyHapoaHBIM OmorpaduuecKuM IeH-
pom B Kembpumxe, Benrukoopuranusa. [lyia Bcex,
KTo paborasn BmecTte ¢ Hukomaem HuxosmaeBuuem,
OH BCeT[a CJIY:KUJ 00pasIioM yesioBeKa 0e3yKopus-
HEHHOM YeCTHOCTHY M BBHICOKOT'O JOCTOMHCTBA, 9TaJ0-
HOM 0JIECTSAIIEr0 COYETaHUA BhIJAOIIETOCA YUEHOTO
¥ TAJaHTINBOTO IIearora.

Konnezu, Opysvs, pedaxyus jxypHaia
«HHpopmayuonHo-ynpasisowie cucmembvly
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CBEAEHUA Ob ABTOPAX

ABPAMOB
IIaBen
CepreeBuu

CrygenT 6akasaBpuara, 4ieH Hayd-
HO-y4e0HOi1 rpynmns! «/IHTEpHET Be-
et u Kuoep(usnyecKre CUCTEMbI»
MOCKOBCKOTO MHCTUTYTA 3JEKTPO-
HUKY U MaTreMaTuku uM. A, H. Tu-
xoHoBa HanuoHaibHOT0 UccieioBa-
TeJIbCKOro yHUBepcuTeTa «Boicimas
LITKO0JIa SKOHOMUKIU».

fIBifeTCSA aBTOPOM IATH HAYIHBIX
nyOIuKAIAT.

O6acTh HayYHBIX WHTEPECOB —
urepHeT Belreil, aHAIU3 JaHHBIX,
MallnHHOE Oo0yueHue, 00paboTKa
€CTEeCTBEHHOI'0 A3EIKA.

u1. ajgpec:
uncle.decart@gmail.com

AJEXUH
Maxkcum
AvMutpueBuyu

HauanpHuk otrnena OGuOMeIMIIVH-
CKOl TEeXHUKM U TEXHOJOTUU
AO «HIIO «3nexTponHOE TPUGOPO-
crpoenue», Mocksa.

B 2012 roxy 3akoHYMJ Marmcrpa-
Typy MOCKOBCKOTO rOCYAapCTBEH-
HOTO TEXHUYECKOr'0 YHUBEPCUTETA
um. H. 9. Baymana 110 crieriuaibHO-
ctu  «BUOMEIUIIMHCKAS HHIKeHe-
pus».

B 2014 ropy samuTtuia mmccepra-
M0 HA COMCKAHWE YUEHOU CTere-
HU KaH/U/|aTa TEXHUIECKUX HAYK.
SAsnsiercs aBropom Gostee 90 Hayy-
HBIX IYOJIMKAIWI 1 TaTEHTOB.
OGacTh HAYUYHBIX HHTEPECOB —
CHCTEMHBI aHaJIW3, paCIO3HaBa-
HUe 00pasoB, OMOMEIUIIMHCKAS
UHXEHEePHs, dPraTuuecKue CHUCTe-
MBI, UeJIOBEUECKU (haKTop.

1. azpec:
maksim.alekhin@gmail.com

BJIAYHIITENH
Haran
IIMaeBuu

IIpodeccop-amupuryc Kadeapsr cu-
CTeM CBSA3Y MH)KEHEPHOrOo (haKyJIb-
rera Heresckoro yHumBepcuTeTa
uM. Ben-T'ypuona, Beap-Illesa, Usz-
panib.

B 1972 rogy oxoruna Tomckuii rocy-
JapCTBEHHBIl YHUBEPCUTET IO CIIe-
nuanbHOCcTH «Pagrodusuka u aex-
TPOHUKA, BKJII0Yasi KBAHTOBYIO».

B 1991 rogy samwutuin aumccepra-
M0 HA COMCKAHWE YUEHOU CTere-
HHU JOKTOpa (pusmKo-MareMarmye-
CKUX HayK.

fBnsiercss aBropom okoJsio 200 Ha-
VYHBIX ITyOJUKAIWl, B TOM YHCJIE
12 moHOrpaduil, IATH MATEHTOB U
Tpex u300peTeHuil.

O6acTh HayYHBIX WHTEPECOB —
pasuodusuKa, CHCTEMBI IIPOBOJA-
HOU M 0ECIIPOBOIHOMN CBS3H, paja-
PBI, OITHKA U JIUAPEIL.

1. ajgpec:
nathan.blaunstein@hotmail.com

BOI'OMOJIOB
Anekceit
BanepreBnu

IIOKTOp TEXHUYECKUX HAYK, IIPO-
deccop, BemyIMii HAYYHBINH CO-
TpyaHuK DefepabHOro MeAUIUH-
CKOr0 OMO(UM3MUECKOr0 IIeHTPa
uwm. A. 1. Byprassina, MockBsa, Jla-
ypeat npemuu IIpaBurenscrBa PO
B 00JIACTY HAYKHU U TEXHUKU.

B 2006 romy samuTua muccepra-
IO HA COMCKaHUE YUeHOH CTele-
HU IOKTOPA TeXHUYECKUX HAYK.
Asnsercsa aBropom 6Gosee 200 mHa-
yuHBIX nyOaukanuii u 6Gonee 60
MaTeHTOB HAa N300PETEHN U T10JIe3-
HbIE MOJIEJIH.

O6sacTh HAYyYHBIX HHTEPECOB —
IpUKJIaJHAsA MaTeMaTuKa, PUCKO-
MeTpus 3L0POBbSA, 00paboTKa WH-
(opmanuu, MeUIUHCKAA KUOEP-
HeTUKa, IPUHATHe DEIIeHN, 5Pro-
HOMWKA, PaJUOTEXHUKA, CHUCTEM-
HBI aHaiIu3, WHPOPMAIMOHHBIE
TEXHOJIOTHH.

1. azpec:
a.v.bogomolov@gmail.com

BPAHUITKUM
Anexcanmap
Anexkcanaposuyu

Crapinuii HayYHBIH COTPYAHUK Jia-
OopaTopuu POGIEM KOMIIBIOTED-
Hoit Gesomacuoctu Caukt-Ilerep-
OypPrcKoro MHCTUTYTa UHPOPMATH-
Ku u aBromarusanuu PAH.

B 2012 rony OKOHUMI C OTIIMYNEM
Caukr-TlerepOyprekuii  rocymap-
CTBEHHBIN YHUBEPCUTET II0 CIICI[Y-
anpHOCcTH «Maremarnueckoe o6e-
CIleUeHWe ¥ aJMUHUCTPUPOBAHUE
MH()OPMAIMOHHBIX CHCTEM».

B 2018 rogy samuTui auccepra-
M0 HA COMCKAHWE YYEHOU CTere-
HU KaHAUJATa TEXHUIECKUX HAYK.
SBasercsa aBropom Gosee 35 Hayd-
HBIX TyOJUKAWi.

061acTh HAYYHBIX WHTEPECOB —
HMCKYCCTBEHHBIA WHTEJIJIEKT, KOM-
MBIOTEPHBIE CETH, MH(OPMAIIMOH-
Had 0e30IaCHOCTh, (HYHKIIMOHAH
HOEe IIPOrpaMMUPOBAHUE, TEOPUS
(hOPMAJIBHBIX BBIKOB M KOMIIMJIS-
TOPOB.

1. agpec:
branitskiy@comsec.spb.ru

BPOH®MAH
Hpuna

ACCHCTEHT WHIKEHEPHOTO KOJLIeA-
ska IlamyH, Amigon, MTOMOITHUK
mperonasaresns Kadeapbl cUCTeM
cBA3u HereBckoro yHuBepcuTeTa
uMm. Ben-T'ypuona, Besp-Illesa, 13-
paub.

B 2011 rogy okoHunIa 6aKaaaBpu-
aT WHXKeHepHOro koJremka Illa-
myH, Amzgon, Uspamis, o creru-
aNBHOCTH  «JJIEKTPOTEXHUKA U
3JIEKTPOHUKA CO CIIEIMaIn3aIueit
B cucTeMax cBssu», B 2017 rogy —
MarucTpaTypy HHeHepHOro ¢a-
KyJabreTa HereBckoro yHuBepcure-
Ta uMm. Ben-T'ypuona, Beap-Illesa,
Uspawnis, no cnenuaabHoCcTU «CH-
CTEMBI CBA3W».

SABisercsa aBTOPOM JeCATH Hayd-
HBIX YOJIMKALIAH.

OGnacTh HAayYHBIX MHTEPECOB —
0ecIIpoBOJiHAS CBs3b, MAaCKUPOBA-
HUe OIIMOOK IpU aHaJuse u obpa-
00TKe n300pasKeHuil U BUMIEO, CIIyT-
HUKOBAs CBA3b.

9. agpec: irinamo@post.bgu.ac.il
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7/ CBEAEHIS1 OB ABTOPAX 7
BOCKOB Crapmuii HAyYHBIH COTPYAHUK TPAYEB TIporpaMmucT (axyabTeTa HHPOP-
Jleonnn HayuHOI 1abopaTopuu MHTEpHETA Iletp MAIIMOHHBIX TEXHOJOTHH M IIPO-
C Bemeil u KubepHu3nuecKux Cu- T rpaMMHUpPOBaHUS  YHUBEPCUTETA
epreesud pUTrOpLEeBUY UTMO, Cauxr-Ilerepoypr.

creM, TIpo(eccop-ucciejoBaTe b
MOoCKOBCKOI0 HHCTUTYTA 9JIEKTPO-
HUKY 1 MareMaTuky uMm. A. H. Tu-
xoHoBa HarmonasbsHoro mecieno-
BaTEJIBCKOTO yHUBEpcuTeTa «BhIc-
mIas IIKoJIa 9KOHOMHUKI».

B 1968 roxy oxorumn MoCKOBCKmit
WHCTUTYT 3JEKTPOHHOTO MAIIIMHO-
CTPOeHH 110 creruaabHocTH «Cuer-
HO-PEIIAoIIVe TPUOOPLI U YCTPOI-
CTBa».

B 1974 ropy samutui amccepTa-
IMIO0 Ha COMCKAHNE yUeHOH CcTere-
HU KaHANAATA TEXHUYECKUX HAYK.
fAsnserca asropom Gosee 100 ma-
VUHBIX TyOIUKAIINI.

OGacTh HayYHBIX WHTEPECOB —
VHTepHeT Bemiell u Kubepdusmye-
CKI€ CUCTEMBI.

9. agpec: lvoskov@hse.ru

B 2019 roay oxonuna Hanuonaas-
HBI WCCJIeIOBATEILCKUI YHUBED-
curer UTMO mo cmenuajgbHOCTU
«JIpuknasHad MareMaTHKa M WH-
GopmaTuka».

SABsiercsa aBTOPOM MATH HAYUHBIX
ny6IMKaIuit.

O06s1acTh HAYYHBIX HHTEPECOB —
PEKYDPPEHTHBIE HEHPOHHBIE CETH,
TEOPHs aBTOMATOB.

i1, agpec:
grachev239@gmail.com

JABOPHHUEKOB
Cepreii
BukTopoBuu

»
=

g

|

IIpodeccop kadempsl pagmocss-
3u BoeHHOII aKaJIeMuu CBSAZH
um. C. M. Bygennoro, Cankt-
IleTepGypr, 3acyKeHHBIN 1300pe-
raresb Poccuiickoit @egepanun.

B 1998 roxy oxomumn Boenuyio
akagemuio cBsasu uM. C. M. Byzen-
HOTrO TI0 creruaibHocT «Oprasu-
3aIUs NPUMEHEeHUS U SKCILIyaTa-
WY PaIU03IEKTPOHHBIX CHCTEMY.
B 2001 rogy samuTui auccepra-
M0 HA COMCKAHWE YYEHOU CTere-
HU JIOKTOPA TEXHUYECKUX HAYK.
SfBnserca aBropom 190 HayUHBIX
nybaukanuii 1 100 mareHToB Ha
1300peTeHus.

06 acTh HAyYHBIX WHTEPECOB —
TEOPHS CBSI3U, IIOMEX0YCTOMUNBEIE
PaZMOCUCTEMBI.

9. agpec: practicdsv@yandex.ru

JLKYBUJIEP
Hpur

3aBexnyomas Kadexpoil aIeKTpo-
TeXHUKU ¥ 9JIEKTPOHWUKHU, CTap-
i mpemnofaBaresns TeXHUYECKO-
ro gosem:ka um. Camu IllamyHa,
Amgon, Mspaunib.

B 1995 rogy oxoHumMIa Marmcrpa-
Typy Heresckoro yuuBepcurera
uMm. Ben-T'ypuona, Uspaumas, mo
CIIEIUATBHOCTH «IIEeKTPOTeXHUKA
U BBIYHCJIUTENbHAS TEXHIKAY.

B 2004 roxy sauquTuia guccepra-
[[UI0 HA COMCKAHVE YUEHOH creme-
HH foKTopa HayK (PhD) B oGacTu
9JIEKTPOTEXHUKU U (HUBUUECKOI
9JIEKTPOHUKY B Tesb-ABUBCKOM
YHUBEPCUTETE.

Asnserca asropom 30 mybimKa-
187079

O6sacTh HAyYHBIX MHTEPECOB —
HeJUHeNHas ONTHKA ¥ HaHO(OTO-
HUKA.

91, agpec: iritji@sce.ac.il

JTOMHUKOBA
Enena
BaragumuposHa

Crapiuii HayYHBIN COTPYAHUK Jia-
Ooparopuu MPOOIEM KOMIIBIOTEP-
Hoit GesomacHocTu CaukTt-Ilerep-
OyprcKoro MHCTUTYTA MH(OPMATH-
Ku 1 aBromarusanuu PAH.

B 2009 roxy oxkoHYMIIA C OTIINYIEM
Caukr-TlerepOyprekuii  rocymap-
CTBEHHBIN  9JIEKTPOTEXHUUECKUI
yauBepcuter JIOTU no cneruaib-
Hoctu «KommblorepHas 6Gesomac-
HOCTB».

B 2017 rogy samuruia ayccepra-
M0 HA COMCKAHWE YYEHOU CTere-
HU KaHAUZATA TEXHUYECKUX HaYK.
SfBnsercsa aBropom 6osee 70 Hayd-
HBIX TyOJUKAWi.

O6acTh HAyYHBIX HHTEPECOB —
0e301acHOCTh KOMIIBIOTEDHBIX Ce-
Tel, B TOM YHCJTe aHATIN3 3alfu-
MIEHHOCTY U IOAIEPIKKA IPUHATAA
pellleHuil IO pearupoBaHUI0 Ha
KubepaTaky, WHTEJJIEKTYaJbHbIi
aHaJIU3 TaHHBIX.

91, agpec:
doynikova@comsec.spb.ru

HNCXAKOBA
Amnacracusa
Oxnerosna

CrapInuit HayYHbIH COTPYAHUK JIa-
Ooparopun KubeppusmuecKux Cu-
crem WHCcTHUTyTa mIpobseM yIpas-
nenus uM. B. A. TpamnesHukosa
PAH, MockBsa.

B 2013 rozy oxonumia Tomckuit
TOCYJAPCTBEHHBI  YHUBEPCUTET
VIIPaBJIEHUS U PASHOdIEKTPOHUKA
o crenuagbHoCTH «KoMIiekcHoe
obecmeuenre  UH()OPMAI[HOHHOMN
0e30IIaCHOCTH  aBTOMATH3MPOBAH-~
HEBIX CHCTEM».

B 2016 rogy samuTuia guccepra-
I[UI0 HA COMCKAaHWe YUeHOH creme-
HU KaHJUJATa TEXHIYECKUX HAYK.
SfBnsgerca aBropom Gosee 35 Hayu-
HBIX IyOnukanuii u 10 3aperucTpu-
POBaHHBIX TporpamMm 1t OBM.
O61acTh HAyYHBIX UHTEPECOB — WUH-
(opmanmronHas 6e30macHOCTb, UH-
(hopManyoOHHbIE TEXHONOTHHU, HH-
TeJUIeKTyaJbHass o0paboTKa JaH-
HBIX, 00pabOTKa €eCcTeCTBEHHOI'0
SIBBIKA, aHANIN3A MeJUAKOHTEHTa,
IPUHATHE PEIIeHnH U .

9. agpec: iao@ipu.ru
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\ CBEAEHWS OB ABTOPAX N\
KOHIOXOBCKHNU TIpodeccop kadepsl MaTemaTh- KOTEHEKO TIpodeccop, rIABHEIA HAYIHBIH CO-
Baaguvup ki BoemHo#l akajeMum CBASH Hrops TDY/IHUK, 3aBeAyIOIuUi JIaGOPaTO'
CaMVIIOBHY um. C. M. Bypennoro, Cankt- Lo — pueit mpobJsieM KOMITbIOTePHO 6e3-
y IleTepOypr. onacHoctu CaHkT-IleTepOyprekoro
B 1961 roxy oxonun JleHuHrpaa- WHCTUTYTa NHQOPMATUKU U aBTO-

CKUH MOJIUTEeXHUYECKUN NHCTUTYT marusanuu PAH.
mo cmenuajgbHoCTU «TexHomorus B 1983 rony oxonumn BoeHnHo-KoC-
MaIIMHOCTPOEHUA, METAJJIOPEKY- Muyeckyo akagemuro um. A. @. Mo-
B IIT¥e CTAHKY ¥ NHCTPYMEHTEI». sKalicKoro 1o crenuansHocTy «Ma-

B 1971 romy samwuTui aumccepra-
M0 HA COMCKAHME YUEHOU CTere-
HU KaHAugata (GpusuKo-MareMaru-
YeCKUX HayK.

fBnsiercss aBTOpOM T8 HAYUHBIX
ny6JIUKAIUi 1 OZHOTO IATEeHTa Ha
u3o0peTeHwe.

O6acTh HayYHBIX WHTEPECOB —
MaTeMaTHYecKasa CTaTHCTHUKA, Me-
TOABI ONTUMU3AINY, KOMIBIOTED-
Had [JMarHOCTHKA, HEWPOHHBIE
CeTH.

1. ajgpec:
konyukhovsky@yandex.ru

|
I Al

TEeMaTUYecKoe O0ECIeYeHUe aBTO-
MATH3UPOBAHHBIX CHCTEM YIIPaB-
nenus», B 1987 rony — Boeunyio
aKaJIeMUI0 CBA3Y II0 CIIEI[UAJIBbHO-
cru «VHKeHepHAS aBTOMATHUPO-
BAHHBIX CUCTEM YIIPABJICHWI».

B 1999 roxy sammrui gumccepra-
IMI0 Ha COMCKAHWE YUeHOH CTele-
HY JJOKTOPa TEXHUYECKUX HayK.
SABnsercsa aBropom 6osee 500 Hayy-
HBIX MyOIUKAIU.

O6sacTh HAYYHBIX HHTEPECOB —
0e30I1acHOCTh KOMIBIOTEPHBIX Ce-
Tel, o0HapyIKeHNe KOMIBIOTEPHBIX
aTaK, Me’KCeTeBbIe 9KPAHBI U JIP.
9. aapec: ivkote@comsec.spb.ru

KVYIJ
Anexcanmp
KoncranTunosuu

Acnupast kadeznpsr nHpOpPMAIT-
OHHOI 0e30IIaCHOCTH aBTOMATH3M-
poBaHHBIX cucteM CapaTOBCKOrO
TOCYJapCTBEHHOTO TEXHUYECKOTO
yuuBepcurera um. ['arapuna 0. A.
B 2019 rogy okOHYMI MarucTpary-
py CapaToBCKOro rocyLapCTBEHHO-
ro TEXHHYECKOr0 YHUBEPCHUTETa
um. Tarapuna 0. A. no cnenuaib-
HOoCcTH «MexaTpoHUKa u poGOTO-
TEXHUKA».

SIBifeTCS aBTOPOM IATH HAYYHBIX
ny6IUKAIUi ¥ OZHOIN IPOrpaMMbL
s OBM.

O6acTh HAy4YHBIX WHTEPECOB —
MeToAbl aHaNIu3a HeHpodusmoso-
IUYeCKUX CUTHAJIOB, HelpOHAyKa,
METOABI MAaTeMaTHYeCKOr0 Moje-
JIUPOBAHUSA POOOTOTEXHUUECKUX
CHCTEM.

9. agpec: kucl995@mail.ru

MAKCHUMEHKO
Baagumup
Anexcanaposuyu

IoerT CapaTOBCKOTO Trocyzap-
CTBEHHOT'0 TE€XHUYECKOTO YHUBED-
curera um. larapuna 0. A., crap-
IIUH HAYYHBIH COTPYAHNUK HAYUHO-
obpasoBarensHOro Ientpa «Hemn-
HellHAd AWHAMUKA CJIOKHBIX CH-
CTeM».

B 2012 romy oxomumn CaparoB-
CKHil TOCyJapCTBEHHBIH YHUBEPCHU-
Ter uM. H. I. UepHBIIIIEBCKOTO IO
crernuaabHOCTH «@DPUBUKA OTKPHI-
TBHIX HEIMHEHHBIX CHCTEM».

B 2015 roxy sammTui gumccepra-
I[MI0 HA COUCKAHVeE YUeHOI creme-
HU KaHgugara (pus.-MaT. HayK.
SAnserca aBropom Oosee 50 Hayu-
HBIX TyOJIUKAIAM,

OGsacTh HAyYHBIX HHTEPECOB —
aHaIN3 YCTOMUYMBOCTU AUHAMIYE-
CKUX PEKUMOB, DEaIU3YIOIINXCA B
IPOCTPAaHCTBEHHO-PACIpe/eIeH-
HBIX CHCTEMax PasJMYHON IIPUPO-
IBI, ¥ /ID.

1. ajgpec:
maximenkovl@gmail.com

MYPABBEB
Cepreii
Bopucosuu

IIporpammuct axymnbrera nHGOP-
MAIMOHHBIX TEXHOJOTUN ¥ IIPO-
rpaMMUpPOBaHUsA  YHUBEPCUTETA
HUTMO, Caukrt-Ilerepoypr.

B 2016 roxy oxoHUMJ YHUBEPCH-
rer UTMO mo cmeruajIbHOCTH
«[IpuKaagHas MaTeMaTHKa U WH-
(opmarukar.

B 2019 rogy samwurui aumccepra-
M0 HA COMCKAHMEe YUEHO! CTere-
HU KaHAUATA TEXHUUYECKUX HAYK.
flBnsiercss aBTOPOM JeCATH Hayy-
HBIX MYOJIUKAIUN U OJHOTO CBU/E-
TEJIbCTBA O PErMCTPAIUU IIPO-
rpamm s 9BM.

O6acTh HayYHBIX WHTEPECOB —
aBTOMATUYECKOe MAIIWHHOEe O00y-
ueHue, 3ajaun 00yueHusa 6e3 yuu-
TeJist, MeTao0yYeHue.

9. agpec: mursmail@gmail.com

IIOJIIKOB
EBrenmnii
BuxTopoBuu

Acmupa#nT, 9KcrepT HayuHoit J1a00-
patopuu VHTepHeTa Bellei U Ku-
Oepdusuuyeckux cucrem MOoCKOB-
CKOTO MHCTUTYTa JJIEKTPOHUKH U
matemaruku uM. A. H. Tuxonosa
HamuonanbHOoro wuccienoBaTesnsb
cKoro yHuBepcurera «Bbicimas
IITK0JIa 9KOHOMUKI».

B 2013 rogy okoHYII MarucTpary-
py IOsxxmoro denmepanpHOro yHU-
BepCcUTeTa 10  CIEIUAIbHOCTH
«DyHgaMeHTaIbHAS WHPOPMATH-
Ka U HH(OPMAIMOHHBIE TEXHOJO-
run».

SABnsercsa aBropom Gosee 20 Hayy-
HBIX TyOJIUKAIAM,

OGsacTh HAyYHBIX MHTEPECOB —
aHaIn3 JAHHBIX, MAIIXHHOE 00Y-
yeHHe, o0pabOTKA €CTeCTBEHHOI'O
SBBIKA.

9. agpec: epolyakov@hse.ru
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ITIOJIAKOB Acnupart HannoHaasHOro uccie- CHUMOHOB IloxropanT BoeHHO# axazeMum
Cepreii AOBaTEIBCKOT0 YHUBEpCHUTEeTa AJlekceit caasu uM. C. M. Bynernoro, CanKT-
BHKETODOBIMY «MOCKOBCKHUI aBHUAIMOHHBIN WH- HuxoxaeBuy IlerepGypr.
P CTUTYT». B 1993 roxgy oxomumn Kuesckoe

B 2014 roxy oKOHYMI MarucTpary-
py TaraHporckoro TeXHOJOTHYe-
ckoro mHcTHTyTa IOKHOTO dexe-
PaJIbHOTO YHUBEPCUTETA 10 CIIeI[U-
QJIBHOCTH «JJIEKTPOHUKA U HAHO-
JIIEKTPOHUKAY.

fBnsercs aBTopom 10 HayuHBIX
nyOIMKAIAN.

O6acTh HayYHBIX WHTEPECOB —
aHaNTVU3 JAHHLIX, MAIIWHHOE 00Y-
4yeHMe, paclo3HaBaHUE 00pasoB,
00paboTKa n300pasKeHnt.

9. agpec: s.polyakov@mai.ru

BBICIIIee NHIKEHEPHOE PaIUOTeX Hl-
YeCKOe YUMJINIIE TPOTHBOBOSIYII-
HOU OOODPOHBI IO CIEIUAIHHOCTH
«Pa/I10aJIeKTPOHHBIE CPEJICTBAY.

B 2008 roxy samurua gmccepra-
[[UI0 HA COMCKAHVE YUEHOH crerme-
HU KaHAUJATA TEXHUUECKUX HAYK.
fABnserca aBropom 50 HAyUHBIX
my0IMKAIWA U IIeCTH TaTeHTOB Ha
n300peTeHns.

OGsacTh HAYyYHBIX HHTEPECOB —
IIeJIEHTOBaHNE U OIpeJeNeHue KO-
ODAMHAT VCTOYHIKOB DaJUOUSIY-
YeHUH.

1. azpec:
sanmailbox@yandex.ru

TOJIMAYEB
Cepreit
T'enmagnreBUY

HavagpHUK  Hay4YHO-HCCJIELOBA-
resbekoit aboparopun OAO «Kon-
uepH «I'paruTt-dneKTpoH», CaHKT-
ITerep6ypr.

B 1980 roxy oxonumt JleHuHrpag-
CKUI 9JIEKTPOTeXHUYECKUI UHCTH~
ryT um. B. W. Ynbsauosa (Jlenuna).
B 1992 roapy samuTui auccepra-
M0 HA COMCKAHWE YUEHOM CTerle-
HU KaHJWJaTa TEXHUYECKUX HAYK.
SIBnsercsa aBTOpOM 25 HAYYHBIX
myOJIUKAMA W TPeX MaTeHTOB Ha
1300peTeHus.

O61acTb HAayYHBIX WHTEPECOB —
mpejicTaBJIeHNe 3HAHWNA B MHDODP-
MAI[MOHHBIX CHCTEMAX, WHTEJLIEK-
TyaJlbHbIEe METOAbI 00Pa00OTKU WH-
(opmanyn.

Q1. agpec:
cri-granit@peterlink.ru

ONJIBYEHKOB
Annpeit
AnexcanapoBuyu

IloneHT dakrynbTeTa HHOOPMAIT-
OHHBIX TEXHOJIOTHH U IPOrpaMMU-
POBaHUA, PyKOBOAUTEJH 1a60paTo-
pUM MAIIUHHOTO OOydYeHUS YHU-
Bepcurera UTMO, Caukrt-Ilerep-
Oypr.

B 2010 romy oxomumn CaHKT-
IlerepGyprexuit rocygapcTBeHHbII
VHUBEPCUTET IO CIEIUaJbHOCTH
«MaremaTuueckoe obecreueHue u
aIMUHUCTPUPOBaHUe NH(POPMAIIY-
OHHBIX CHCTEM>.

B 2013 roxy sammTui mumccepra-
I[UI0 HA COUCKAHVE YUeHOI creme-
HU KaHauzgaTa (pusuKo-MareMaTy-
YEeCKUX HayK.

fABnaerca aBropom 200 HayuHBIX
nyOuaukanuit u 17 maTeHTOB Ha
u3o0peTeHu .

O6sacTh HAYYHBIX HHTEPECOB —
aBTOMAaTHUYeCKoe MAaIluHHOe O00y-
YyeHWe, aHAJIU3 U TeHepalnusa U30-
OpasKeHUH, aHAINU3 COLMAJBHBIX
NAHHBIX, BEIOOD IPUSHAKOB.

9. agpec: afilchenkov@itmo.ru

ITAJIBITO
Anaroaui
AoGpamoBuu

IIpodeccop darynbrera nudopma-
IMOHHBIX TEXHOJIOTHH ¥ IpOrpam-
mupoBanus Yausepcurera UTMO,
yuensrit cekperapp HIIO «Aspo-
pa».

B 1971 roxy oxonuna JleHuHrpaa-
CKUIT 3TEKTPOTEXHUUECKUN NHCTH-
tyT uM. B. . YiapaHoBa (JleHuHa)
TI0 CIEIATBHOCTY «ABTOMATHUKA I
TeJeMEeXaHIKA Y.

B 1999 rozy samwmruin auccepra-
M0 HA COMCKAaHMEe YUEHOU CcTere-
HU JOKTOPA TEXHUIECKHUX HAYK.
fAsnserca aBropom Gosee 250 mHa-
VUHBIX IyOIUKAIWUN, TPEX MOHO-
rpaduwuit u 70 usoOpereHuii.
061acTh HAYYHBIX WHTEPECOB —
CHCTEMBI JIOTUYECKOTO YIIPaBJIe-
HUS, aBTOMATHOE IPOrPaMMUPOBa-
HUE.

9. agpec: shalyto@mail.ifmo.ru

IIMAPOB
Cepreit
Huxonxaesuu

IIpodeccop, r1aBHBIN HAYUHBIH CO-
Tpygauk OAO «Komumeprn «I'pa-
HUT-OIeKTpoH», CankT-IleTepOypr,
YJIeH-KOPPECIOHJeHT AKageMuu
3JIEKTPOTEXHUYECKUX HayK Poc-
cutickoit Pepepanuu, Poccuiickoit
aKaJeMUM DAKeTHBIX ¥ apTHJLIe-
PUICKUX HAYK.

B 1962 roxy okoHums mpubOpo-
CTPOUTEJbHBIN (haKkyabTeT JIeHUH-
rpajickoro MeXaHMYeCKOr0 MHCTH-
TyTa 10 crenuanabHoCcTH «CrucreMbl
aBTOMATHUYECKOT0 YIIPABICHU».

B 1981 roay sammTui guccepra-
I[UI0 HAa COMCKAaHWeE YUeHOIH creme-
HU IOKTOPA TEXHUYECKUX HAYK.
fAsnserca aBropom Gosee 250 Ha-
YUYHBIX MYOJIUKAIUN, B TOM YUCIEe
13 kuur u 130 usoOpeTeHuit.
O6s1acTh HAYYHBIX HHTEPECOB —
HeJMHENHbIE CUCTEMBl YIIpaBJe-
HUsdA, HHPOPMAIVIOHHBIE KAHAJbI
0ECIIUJIOTHBIX JIETATEIBHBIX U KOC-
MHYECKUX aIlIapaToB.

911 agpec: cri-granit@peterlink.ru
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\ CBEAEHVIS OB ABTOPAX \
XPAMOB TIpodeccop, 3aBeyIOmuil Jabopa- XPAMOBA TomerT Kadepsl MHDOPMAIMOH-
AﬂeRcaan TOpI/Ief;I HeﬁpOHayKH N KOT'HUTUB- Map“Ha HBIX CHCTEM U TeXHOJIOTHI B 06y‘le-
HBIX TexHosoruii IfeHTpa TeXHOJI0- HUM (DAKYJIbTETa KOMIIBIOTEDHBIX

EBrenseBuu BukTopoBHa

Uil KOMIIOHEHTOB POOOTOTEXHUKH
¥ MeXaTpOHWKHU YHHBEpCHUTETa
Munonomnuc.

B 1996 roxy oxomuma CapaTos-
CKWI1 TOCYJapCTBEHHBIH YHIBEPCH-
rer um. H. I. YepHsbimesckoro.

B 2005 roxy sarmuTmi amccepTa-
M0 HA COMCKAHME YUEHOU CTere-
HU JOKTOpa (hUsMKo-MaTeMaTude-
CKUX HayK.

SBnsercsa aBTopom 6Gosnee 200 Ha-
VYHBIX ITyOJUKAIIVI.

061acTh HAYYHBIX WHTEPECOB —
HeMpPOHAyKa, TeOPHUA CIOKHBIX Ce-
Tell, BefBIeT-aHAIU3 U €T0 IPUJI0-
JKeHUs B HeJIMHENHO! TUHAMUKE 1
HelpOHAyKe, HelponHTep(eichl.
9. agpec: hramovae@gmail.com

HayK ¥ MHMOPMAIMOHHBIX TEXHO-
Jstoruii CapaToBCKOT0 TOCYJapCTBEH-
Horo yHuBepcurera um. H. I'. Yep-
HBIIIIEBCKOT'O.

B 1996 romy oxomumna TamGoB-
CKUI rOCYLapCTBEHHBIN YHIBEPCH-
rer uM. I\ P. [lep:xaBuHa 1o cueru-
ampHOCTH «MaremaTuka, wHQOD-
matuka u BT».

B 2000 roxy samuruia guccepra-
I[MI0 HA COMCKAHVE YUeHOH creme-
HU KaHAUZAATa IIeJaroTMUecKux
HayK.

SfABnaerca asropom Gosee 100 Ha-
VUYHBIX TyOIUKAINT.

O6s1acTh HAYYHBIX HHTEPECOB —
MeToAbl 00pAabOTKHU JaHHBIX, 00pa-
30BaTeNbHbIE TEXHOIOTUY, HEHpo-
meJIaroruKa.

9. agpec: mhramova@gmail.com

N21, 2020
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YBaskaeMble aBTOPHI!

IIpu moaroTOBKE pyKOMUCeii cTaTeil HeOOXOTUMO PYKOBOICTBOBATHCS CIEAYIOUINMH PeKOMEeHIAIMIMH.

CraThu DOJIKHBI COLEPIKATh U3JI0KEeHe HOBBIX HAYUHBIX pe3yabTaToB. HasBaHue cTaThu JOJIKHO OBITH KPATKUM, HO
nHPOPMATUBHBEIM. B HasBaHUM HeIZONYCTHMO HCIIOJb30BaHUE COKpAINeHUi, KpoMe caMbiXx oOmenpuHATeix (PAH, PO,
CAIIP u T. 1.).

006BeM cTaTbu (TEKCT, TaOJIUIBI, MILIIOCTPAINY U 6ubanorpadusa) He LOJIKEeH IPeBhINIaTh 9KBUBaIeHTa B 20 cTpaHuUIL,
HaleyaTaHHBLIX Ha Oymare popmara A4 Ha ogHOI cTopoHe uepes 1,5 nurepsama Word mpudrom Times New Roman pas-
mepoM 13, mos He MeHee IBYX CAHTUMETPOB.

00a3aTeIbHBIMU 3JeMeHTaMu O0)OPMJIEHUSA CTAThbU ABJAIOTCA: mHAeKc YK, 3arnaBme, mHUIUANL U PaMUIUA aB-
TOopa (aBTOPOB), yUueHas CTeIeHb, 3BaHUe (IIPU OTCYTCTBUU — JOJI’KHOCTH), IIOJTHOE Ha3BaHUE OPTaHU3aIuu, aHHOTAI[US
¥ KJIIOUEBBIE CJI0OBA Ha PYCCKOM U aHTINcKOM a3biKax, ORCID 1 a1eKTpOHHBII aZpec 0HOTO U3 aBTOPOB. IIpu HantmcaHu"
aHHOTAIIUY He MCIIOJIL3yiiTe ab0peBUaTyp U He AejaiiTe CCHIIOK HAa MCTOUHWKY B CIIMCKe JuTepaTypsl. IlpemocraBisiiTe
MMOPUCYHOUHBIE TOAMUCHY U Ha3BaHUA TAOJIUI[ HA PYCCKOM U aHTJIMHCKOM SI3BIKAX.

CraTbu aBTOPOB, HE MMEIOIUX YUEHOU CTeleHU, PeKOMEeHIyeTCs MyOJNKOBATh B COABTOPCTBE C HAYYHBIM PYKOBOMIM-
TeJIeM, HaJIMUue IOAIINCYA HAYYHOTO PYKOBOJUTEJA HA PYKOIUCH 003aTEIbHO; B CJIyUYae CAMOCTOSATEIbHON MyOANKAI[AN
0043aTeJIbHO IIPEJOCTABIIANTE 3aBEPEHHYIO II0 MECTy Pa0OThI PEKOMEHIAIIUIO HAYYHOTO PYKOBOAUTENSA C YKA3aHUEM €T0
damMuinu, UMeHU, OTIYECTBA, MecTa Pa6OTHI, JOJIKHOCTH, YUIEHOTO 3BAHNUA, YUEHOU CTEIIeHU.

dopmyasl HabupaiiTe B Word, He ucnosibs3ysa ¢dopmyabHblil pegakTop (Mathtype miu Equation), mpu HeobxoxzmmocTu
MOKHO MCIIOJIb30BaTh (DOPMYJIbHBIN PeTaKTOD; AJId Habopa ofHOI hOPMYJIbI HE UCIIONAb3YIiTE ABa pefaKTopa; Mpu Habope
dopmysa B hGopMyIbHOM peaKTope 3HAKHY IIPeNMHAHUA, OTPaHUUMBaoue popmMyry, HabupaiiTe BMecTe ¢ hOPMYJIOit; AJIs
yCTaHOBKHU pasMepa mipudra HUKOTr/Ja He Ioab3yiTech BKaagKoit Other..., ucmonbayiiTe 3aBo[CK1e YCTAHOBKY PeaKkTopa,
He IMOATOHANTEe pa3dMep CUMBOJIOB B hOpMyJIax Mo pasmep mpudTa B TEKCTE CTAThU, He PACTSATUBANTE U He CXKUMATe MbI-
11650 (hOPMYJIbI, BCTABJICHHBIE B TEKCT; B (DOPMYJIax He OTHeJANTe IpodeaMu 3SHAKM: + = —.

s mabopa popmya B Word aukorga He ucmoabsyiiTe KonerpykTop (Ha BepxHei namenu: «Padora ¢ popmyaraMu» —
«KoHCTPYKTOD» ), TAK KAaK 9TOT PECYPC IIPeJHA3HAYEH TOJBKO JJIs BHYTPEHHEr0 NCIoIb30Banus B Word u He moiepKuBa-
eTcs IporpaMMaMu, IpeJHAa3HAUEeHHBIMHU [IJIA M3TOTOBJIEHUA OPUTHHAI-MaKeTa JKypHaa.

IIpu HaGope CUMBOJIOB B TEKCTE IOMHUTE, UTO CUMBOJIBI, 0003HaUaeMble JIATUHCKUMHU OyKBaMU, HAOUPAIOTCA CBETIBIM
KYPCUBOM, PYCCKUMHU U I'PEUECKUMU — CBETJIBIM IPAMBIM, BEKTOPBI M MATPUIIHI — MPSIMBIM HOJYKUPHBIM IIPUGTOM.

HNnnarocTpanyu mpeocTaBIsSIOTCSA OTAeIbHBIMY UCXOAHBIMY haiiiaMu, MOIJAI0IIUMUICS PeJaKTUPOBAHUIO:

— PUCYHKH, rpaduKU, ITUArPaMMBbI, 0JI0K-CXeMbI ITPEeJOCTABISANTE B BUIE OTAEIbHBIX NCXOJHBIX (hallI0B, IO IAIOIINX -
cs peIaKTUPOBAHUIO, MCIIOJIb3Ysl BEKTOPHBIEe TporpaMmbl: Visio (*.vsd, *.vsdx); Coreldraw (*.cdr); Excel (*.xls); Word
(*.docx); Adobe Illustrator (*.ai); AutoCad (*.dxf); Matlab (*.ps, *.pdf wiau skcmopt B popmar *.ai);

— eCJIN PeJJaKTOp, B KOTOPOM BBl M3roraBinBaeTe pUCyHOK, He IIO3BOJISAET COXPAHUTH B BEKTOPHOM (hopMaTe, UCIIOJIb-
3yiTe PYHKINIO SKcIopTa (TOJIBKO IO OTHOIIIEHUIO K ICXOJHOMY PUCYHKY), HAIIpUMep, B (popmart *.ai, *.esp, *.wmf, *.emf,
*.8vg;

— doro u pacTpoBbie — B hopmare *.tif, *.png ¢ MmakcumanbHBIM pasperienuem (He menee 300 pixels/inch).

Hannuwre mogpucyHOUHBIX MOANKCEl U Ha3BaHU TaOJIUI] Ha PYCCKOM U aHTJIMICKOM S3bIKaxX 0043aTeIbHO (PKeJiaTesb-
HO He ITOBTOPSIOIINX JOCTOBHO KOMMEHTAPUH K PUCYHKAM B TEKCTE CTAThH).

B pepaxiuio mpegocTaBiasoTCa:

— cBegeHus o6 aBrope (pamMuanA, UM, OTUECTBO, MECTO PAbOTHI, HOIKHOCTD, yUeHOEe 3BaHUe, yueOHOe 3aBeJeHne 1
TOJ eT0 OKOHUAHUA, YUeHas CTelleHb U I'OJ 3aIllWTHI AUCCEePTAllVu, 00JIaCTh HAYUHBIX WHTEPECOB, KOJMNUECTBO HAYUHBIX
myoaUKaInil, TOMAITHUHN U CaYyKeOHBIN agpeca u Teaedousbl, e-mail), poro aBTOpoB: aHdac, B TeMHOH ofeKae Ha 6eIoM
doHe, TOMKHBI OBITH BUAHBI IJIEUN U TPYIb, BEICOKAS CTEIEHb YETKOCTH M300paskeHusA 0e3 TeHell 1 OTOJIECKOB Ha JIUIlE,
G0oTO MOKHO MPEACTABUTH B AJIEKTPOHHOM Buzae B opmare *.tif, *.png ¢ MakcuMaJ bHBIM pa3pelleHrneM — He MeHee
300 pixels/inch mpu MmunuMabLHOM pasmepe Goto 40x55 Mm;

— 9KCIIePTHOE 3aKJII0UeHue.

CIHCOK JTUTEePaATyPBI COCTABJISIETCS 10 IOPSIIKY CCHLIOK B TEKCTE U OPOPMJISIETCS CJIEAYIOIIINM 00pa3oM:

— IJI KHUT U COOPHUKOB — (aMuiInd U WHUIIHAJILL aBTOPOB, IIOJIHOEe Ha3BaHUe KHUTHU (COOPHUKA), TOPOX, U3JaTEJIb-
CTBO, TOJ], 00II[ee KOJIMUECTBO CTPAHUII;

— OJd JKYPHAJIbHBIX cTaTeill — (aMMIusa U WHUIMAJIBl aBTOPOB, OJHOE Ha3BaHUe CTATbU, Ha3BaHWE JKypHasa, TOf
u3gaHuAg, HOMeD JKypHaIa, HOMepa CTPaHUIl;

— CCBHLIKU HAa MHOCTPAHHYIO JIUTEPATYPY CIAeyeT JaBaTh Ha I3bIKe OPUTHHAJA 6e3 COKPAIIeH!;

— IIpU UCIIOJIb30BaHUU Web-MaTepuasioB YKasbIBaiiTe afpec caiiTa u JaTy o0paIeHus.

Crnucok auTepaTypbl oopMIAlTe IBYMS OTAEIbHBIMU G0KamMu o oopasiam lit.dot ma caitre :xypuaia (http://i-us.
ru/paperrules): JIutreparypa u References.

Bonee HO,ZIpOﬁHO IIpaBuJia IIoAroOTOBKM TEKCTa C OGpaBHaMI/I W3JI0’KEHBI Ha HallleM caiTe B pasgeJie « HpaBI/IJIa JI aBTOPOB» .

KoHTaKThI
Kyna: 190000, Cauxr-Ilerepoypr,
B. Mopckas yi., 1. 67, TVAII, PULL
Kowmy: Pegaxkmusa sxypaana « MHGOPMAIIMOHHO-YIIPABIAIOIME CUCTEMbI»
Teun.: (812) 494-70-02
9. mouTa: ius.spb@gmail.com
Cair: www.i-us.ru



