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DOI 10.15622/sp.58.1

L.V.UTKIN, I.LL. UTKINA
A HIGH-PERFORMANCE GENOME-WIDE ASSOCIATION
STUDY ALGORITHM BASED ON ANALYSIS OF PAIRS OF
INDIVIDUALS

Utkin L.V., Utkina 1.L. A High-Performance Genome-Wide Association Study Algorithm
based on Analysis of Pairs of Individuals.

Abstract. An extremely simple and high-performance genome-wide association
study (GWAS) algorithm for estimating the main and epistatic effects of markers or single
nucleotide polymorphisms (SNPs) is proposed. The main idea underlying the algorithm is
based on comparison of genotypes of pairs of individuals and comparison of the corresponding
phenotype values. It is used the intuitive assumption that changes of alleles corresponding to
important SNPs in a pair of individuals lead to a large difference of phenotype values of these
individuals. In other words, the algorithm is based on considering pairs of individuals instead
of SNPs or pairs of SNPs. The main advantage of the algorithm is that it weakly depends on
the number of SNPs in a genotype matrix. It mainly depends on the number of individuals,
which is typically very small in comparison with the number of SNPs. Another important
advantage of the algorithm is that it can detect the epistatic effect viewed as gene-gene
interaction without additional computations. The algorithm can also be used when the
phenotype takes only two values (the case-control study). Moreover, it can be simply extended
from the analysis of binary genotype matrices to the microarray gene expression data analysis.
Numerical experiments with real data sets consisting of populations of double haploid lines of
barley illustrate the outperformance of the proposed algorithm in comparison with standard
GWAS algorithms from the computation point of view especially for detecting the gene-gene
interactions. The ways for improving the proposed algorithm are discussed in the paper.

Keywords: GWAS, ANOVA, machine learning, epistasis, SNP, quantitative trait,
distance metric.

1. Introduction. A genome-wide association study (GWAS) aims to
discover genetic factors underlying phenotypic traits, i.e., GWAS examines
the association between phenotypes and genetic variants or genotypes
across the entire genome. It can be regarded as one of the methods for the
well-known feature selection problem where features are the so-called sin-
gle nucleotide polymorphisms (SNPs). SNPs are typically used as markers
of a genomic region and can be defined as a DNA sequence variation where
a single nucleotide (A, T, C, G) in the genomic sequence differs among the
individuals of a biological species. It should be noted that most SNPs have
no effect on the phenotype values or their effect is very insignificant. How-
ever, there are SNPs which might be very important in associations between
SNPs and the phenotypes. Therefore, another formulation of the main aim
of GWAS is to identify or select the most relevant SNPs which differentiate
one group of individuals from another or which contribute to the phenotypic
differences among the individuals.

From the machine learning point of view, a GWAS is one of the su-
pervised classification or regression problems, where each individual can be

SPIIRAS Proceedings. 2018. Issue 3(58). ISSN 2078-9181 (print), ISSN 2078-9599 (online) 5
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WMCKYCCTBEHHbLIV UHTENNEKT, MHXXEHEPWA JAHHBIX 1 3HAHUIN

regarded as an example in terms of machine learning. It is defined by many
SNPs which can be viewed as features in terms of machine learning. There-
fore, many machine learning methods, including Lasso and ridge regres-
sions, support vector machines, random forests, neural networks, have been
used for GWAS. It should be noted that GWAS problem can be referred to
as the well-known feature selection methods which are an important part of
the machine learning approaches. In contrast to many standard statistical
approaches underlying GWAS, machine learning models allows us to get a
solution by taking into account the information of the whole genotype, and
thus implicitly consider all possible correlations. Moreover, several variable
importance measures can be derived from the machine learning models [1].
We point out some difficulties of solving the GWAS problem men-
tioned by many authors. First of all, the number of SNPs p is usually very

large. It is typically 10-100 times the number of individuals » in the train-
ing sample. This is the so called p >n (or large p small »n ) problem. Sec-

ond, genetic mechanisms might involve complex interactions among genes
and between genes and environmental conditions which are not fully cap-
tured by additive models [2, 3]. SNPs may interact in their effects on pheno-
type, i.e., there is the so-called epistatic effect. Third, many genetic variants
are not genotyped, i.c., there are missing data in the genotype information.
Fourth, GWAS is applied to find the association between SNPs and differ-
ent kinds of the trait. It is mentioned by Korte and Farlow [4] in their inter-
esting review of the GWAS methods that the successful GWAS methods
applied to identifying SNPs contributing a disease (the two-valued or case-
control phenotype) may have problems in finding SNPs associated with
complex traits (quantitative or continuous phenotype).

A huge amount of the statistical procedures and methods solving the
GWAS problem have been developed the last decades. A part of methods
can be referred to as filter methods [5] which use statistical properties of
SNPs to filter out poorly informative ones. The Fisher criterion, Pearson

7y -test, Cochran-Armitage test are the well-known statistical methods for

detecting differential SNPs between two samples. These methods can be
joined as the so-called single-locus association tests because the tests are
performed separately for each SNP when the case-control phenotypes are
analyzed. For quantitative phenotypes, a standard tool is the one-way
ANOVA [6]. Another part of methods uses various kinds of regression
models which can be referred to as embedded methods [7-10]. One of the
pioneering papers devoted to the use of regression models in SNP selection
has been written by Lander and Botstein [11]. The regression models main-
ly include the Ridge regression and Lasso techniques, their combination
called the elastic nets [12]. Comprehensive reviews of the methods and al-

6 Tpyabl CMIMNPAH. 2018. Bein. 3(58). ISSN 2078-9181 (ney.), ISSN 2078-9599 (oHnaiiH)
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gorithms using the regression models and their various modifications for
solving the GWAS problems are provided by Wray et al. [13], Hayes [14],
Visscher et al. [15], Biihlmann [16].

It has been mentioned that the standard GWAS analyzes each SNP sepa-
rately in order to identify a set of significant SNPs showing genetic variations
associated with the trait. However, an important challenge in the analysis of
genome-wide data sets is taking into account the so-called epistatic effect when
different epistatic loci interact in their association with phenotype. The epistatic
effect can be viewed as gene-gene interaction when the action of one locus de-
pends on the genotype of another locus. At the same time, there are different
interpretations of the epistatic effect. A fundamental critical review of different
definitions and interpretations of epistasis is provided in [17]. From the statisti-
cal point of view, the epistatic effect is the statistical deviation from the joined
effects of two loci on the phenotype [18]. There is a series of interesting meth-
ods which use the statistical tests at their first step in order to reduce the set of
SNPs. These are FastANOVA [19], FastChi [20], COE [21], TEAM [22]. We
can also point out methods which differs from the filter methods, for example,
the Bayesian epistasis association mapping method (BEAM) proposed by
Zhang and Liu [23], tree-based methods like the random forests [24], the multi-
factor dimensionality reduction [25], modifications of the Lasso tech-
niques [26], the ant colony optimization [27]. Comparative analyses of methods
devoted to the epistatic interaction effect were provided by several authors [28,
29]. Analyzing these methods, we have to conclude that most of them have two
steps (except for the methods with exhaustive consideration of all SNP pairs)
such that the first step is for reducing the set of all SNPs to the most important
ones, and the second step solves the SNP-SNP interaction problem.

From many approaches for solving the GWAS taking into account
the epistatic effect, we would like to mark out a very interesting and effi-
cient algorithm [30] that is subquadratic in the number of SNPs {0,1,2}.

The authors [30] propose an algorithm for efficiently retrieving some prede-
fined number of top scoring pairs among all pairs of SNPs, assuming binary
phenotypes and the difference-in-correlation as the association criterion.
Some implicit ideas of the algorithm will be used below.

In the present study, we propose a computationally extremely simple
GWAS algorithm. It is based on the intuitive assumption that changes of
alleles corresponding to important SNPs in a pair of individuals lead to
large difference of phenotype values of these individuals. The main ad-
vantage of the algorithm is that it weakly depends on the number of SNPs in
a genotype matrix. It mainly depends on the number of individuals, which is
typically very small in comparison with the number of SNPs. We called the
algorithm FAPI-GWAS (Fast Analysis of Pairs of Individuals for GWAS).

A preprint of the paper is given in https://arxiv.org/abs/1708.01746.

SPIIRAS Proceedings. 2018. Issue 3(58). ISSN 2078-9181 (print), ISSN 2078-9599 (online) 7
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WMCKYCCTBEHHbLIV UHTENNEKT, MHXXEHEPWA JAHHBIX 1 3HAHUIN

2. The proposed algorithm. We start with the following general defi-
nition of the association mapping problem. Let X =[X,..,X ] be a geno-

type matrix for » individuals and p SNPs. From a statistical point of view, the
genotype matrix can be treated as a predictor matrix and the marker genotypes

as qualitative explanatory variables, i.e., X; =(x;;,..,x,; T is a predictor rep-
resenting the j-th SNP, j=1,..., p. For bi-allelic SNPs, every X is an allele
of the i-th individual at the j-th SNP locus. It can be represented by the set
{0,1} , where 0 and 1 stand for majority and minority alleles, respectively. A
genotype may also be represented with numbers {0,1,2} to represent the ho-
mozygous major allele 44 =0, heterozygous allele 4a/aAd =1, and homo-
zygous minor allele aa =2, respectively. A vector of alleles corresponding
to the i-th individual will be denoted as x? = (xil,..,xip , i=1,..,n. A quanti-
tative trait of interest or a set of the phenotype values y, eR, i=1,...,n, can

be viewed as a response vector ¥ = (y,,..,y,)" . A goal of GWAS is to find
SNPs in X, that are highly associated with ¥, which will be called as im-
portant or significant SNPs.

In order to explain the introduced notation by means of an example,
we provide Figure 1, where the genotype matrix X and the phenotype vector
Y are illustrated. It can be seen from Figure 1 that n =12 individuals with

different plant height values ¥ =(50,15,...,10,60)" (phenotype values) are
defined by p =10 SNPs with alleles x; taking the values 0 and 1. We have

to develop an algorithm which selects the most important SNPs or their com-
binations from the point of view of their impact on the plant height.

; 15 % l l 10 ; % § l % I =Y = ()/'1,.“,)/'”)
SNP, 001 1 0 1 1 @ 010 0 1
SNP, 001 1 1 1 101 1 0 0 1
SNP; 001 0 1 1 1|11 1 1 0 1
SNP, 0 0 1 1 0 1[1[1 0 1 0 0
SNPg [0 1 1 0 1t 1]0[1 1 1 0 0)]<==X=(xy,....xn)
SN, 001 1 1 1 1/0f1 1 1 0 1
SN, 001 0 1 1 100[0 1 1 10
SNPg 001 0 1 1 0{0|1 1 1 1 0
SNPp 001 1 1 1 011 1 1 1 1
SNP,, 0 1 1 0 0 O @ 0110 1

\

X; = (xil,---,xim) X

Fig. 1. An example of the genotype matrix X and the phenotype vector ¥

8 Tpyabl CMIMNPAH. 2018. Bein. 3(58). ISSN 2078-9181 (ney.), ISSN 2078-9599 (oHnaiiH)
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The main idea underlying the FAPI-GWAS is based on compari-
son of genotypes of pairs of individuals and comparison of the corre-
sponding phenotype values. At that, we use the following intuitive as-
sumption. If genotypes of two individuals are close to each other and the
corresponding phenotype values of these two individuals are far from
each other, then the SNP-markers which correspond to different elements
of the considered two genotypes might be important or contribute to the
phenotype values. Indeed, if two individuals differ by some small num-
ber of genotype elements, then it is naturally to expect that their pheno-
types are similar. However, if the corresponding phenotypes are substan-
tially different, then it is naturally to suppose that this small number of
distinguishing genotype elements define this large difference of pheno-
types values. Of course, the large difference of the phenotype values may
be caused by the noise or other random factors. Therefore, we cannot
make any conclusions only on the basis of one pair of individuals. That is
why the word combination might be used above means that this assump-
tion may be wrong due to random character of the phenotype values. But
we can make the conclusion by analyzing all pairs of individuals or
a part of all pairs.

Informally, the FAPI-GWAS can be written as follows. First of all,

we find all pairs (x,, xj) of vectors of alleles. Then, we select some prede-

fined number of the pairs which have largest differences of phenotype val-
ues and smallest distances between the vectors of alleles for every pair in
accordance with some combined measure jointly characterizing the differ-
ences and the distances. The next step is to make a decision which SNPs
contribute to the difference between the vectors of alleles for the best pairs.
The use of the predefined number of pairs allows us to smooth possible out-
liers of the phenotype values due to random factors.

The above is illustrated in Figure 2, where three pairs of individu-
als are analyzed. The first pair does not show a large difference between
the phenotype values. It is 5. Therefore, this pair is not interesting for us.
The second and the third pairs have the difference 50 between the pheno-
type values. However, this difference for the third pair is caused by
many (5) transitions between genotype values, which are underlined.
Therefore, the third pair is also not interesting for us. At the same time,
the second pair has only one transition. This implies that the large differ-
ence between phenotypes is caused by the 7-th SNP. Hence, we can con-
clude that this SNP is important.

SPIIRAS Proceedings. 2018. Issue 3(58). ISSN 2078-9181 (print), ISSN 2078-9599 (online) 9
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TSI

15 10 60 10 60 10
SNP;, 0 0 11 1 1
SNP, 10 1 1 11
SNP; 1 1 11 1 0
SNP, 1 1 00 o0 1
SNP, 1 1 11 11
SNPg 1 1 1 1 11
S\e, 0 1 100 10
SNPg 1 1 11 10
SNPy 1 1 11 11
SNP,, 1 1 00 0 1

Fig. 2. An example of three different pairs of individuals

Formally, the proposed algorithm FAPI-GWAS can be represented
as follows.

Step 1. All vectors of alleles X,...,X,, are sorted in descending order of
the corresponding phenotypes, i.e., y; =...2 y, . This step simplifies compari-
son of phenotypes because the condition y, —y; >0 forall y, # y; is valid.

Step 2. All different pairs of individuals are composed. The number
of pairs is n(n—1)/2 . Only pairs (x,,x ;) such that i < j are studied.

Step 3.For every pair (x;,x ), the distance p(x;,x;) between vec-
tors X; and x;, i,j=L..,n, i</, is computed. A type of the distance de-

pends on data. It can be the standard Hamming distance for binary variables
x; - The standard Euclidean distance metric can be also used here.

Step 4.For every pair (i, /), the difference d(y,,y;) between phe-
notype values y; and a, (1) =2 ;e r:om(i,j)l(zii(k) =t),t=-10,1,
i,j=1..,n,i<j, is computed. The condition d(y;,y;)>0 is valid be-

cause phenotypes are sorted in descending order (see Step 1).
Step 5. For every pair (i, j), the ratio

r(i, J) =d(yiayj)/p(xiaxj)

is computed. The larger the difference d and the smaller the distance p are,
the larger ratio 7 is. The ratio 7 is a measure of target pairs.
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Step 6. N largest values of r(i, j) are selected. Denote these values as

r*(i, j) and the set of their indices (i, j) as J". The value N can be regarded

as a tuned parameter later. Another way is to compute the value N by con-
structing a cumulative probability distribution of the random variable » whose
sample values are 7(i, j) . It was observed by many numerical experiments that

values 7(i, j) have a unimodal distribution. Moreover, if we assume that ran-
dom variables taking values d(y;,y;) and p(x;,x;) have some distributions,

for example, normal distributions, then » has one of the so-called ratio distribu-
tions, for example, the Cauchy distribution, the t-distribution, the F-distribution.
Therefore, we take a predefined value of g% quantile of the random variable

r and find all values of the ratio such that their empirical distribution function
is larger than ¢ /100 . In this case, we derive some value of N from the above

procedure, and g can be viewed as a tuned parameter of the algorithm.

Step 7. For every pair (i, j) from J*, we find a subset of elements of
vectors X; and x ; which differentiate these vectors. In particular, if x;; € {0,1},
then z; = x; —x; . The vector z,; has element -1 at the k-th position if there is
the transition from 0 in X; to 1 in x; at the A-th position, element 1 if there is
the transition from 1 in X; to 0 in x; at the same position, and element 0 by
transitions from 0 to 0 or from 1 to 1 at the same position, i.c., there holds

1, ifx,(k)=0, x,(k) =1,
z,(k)=1 1, ifx,(k)=1 x,(k)=0,
0, ifx,(k)=x,(k).

Only elements of z; with values —1 and 1 are interesting for us be-
cause they indicate positions where vectors X; and x; are different, which,
in turn, indicate possible important SNPs. In the case x;; € {0,1,2} , we have
six transitions 0 >1,0—>2,1-0,152,2—->0, X; enumerated as
-3,-2,-1,1,2,3, and three transitions 0 > 0,1 —1,2 — 2 denoted as 0.

Step 8. For the k-th SNP under condition x; € {0,1} , we use the ratio
r*(i, j) for computing summed weights of elements —1, 0, 1 at the k-th
position in z(7, j) denoted as a,(-1), a,(0), a,(1), i.e., we compute

a, ()= re i, DUz, (k) =1), t=-1,0,1.
(i, ))et”
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Here 1(z;(k)=1¢) is the indicator function taking the value 1 if

Lk
> rnorm

z,,(k) =1, and the value 0 otherwise is the normalized ratio. We can also

take 7. (i, 7) =1 for all values (i, j) € J*. In this simplified case, we find the

norm
numbers of elements -1, 0, 1 at the A-th position in vectors z,;, (i, /) € J *If

x; €10,1,2}, then ¢ takes values from 7' = {-3,-2,-1,0,1,2,3}.
Step 9.For the k-th SNP, we compare two numbers a,(f=0) and

20 9 (1) with a decision threshold 4, i.e., we compare the summed
weights of transitions which do not contribute to the difference of vectors of
alleles and which correspond to transitions 0 — 0, 1 —1, and the weights
of transitions with different values of alleles. If the inequality

Z a, () a,(t=0)=h
t#0
is valid, then the corresponding 4-th SNP is important, otherwise it does not
belong to the subset of important SNPs. The decision threshold is typically
equal to 1.
Step 10. For every target SNP, we write the value

S, =arg max a,(?).
tef-1,1}

Values S, =—1 or 1 mean that the allele, corresponding to the k-th

SNP and having values 1 or 0, respectively, contributes to decreasing of the
phenotype.

Let us illustrate the above algorithm by means of a toy example.
Suppose we have n =3 individuals whose genotype matrix for 5 bi-allelic
SNPs is represented by symbols 0 and 1 which stand for major and minor
alleles, respectively. The sorted phenotype values are 45, 15, 10. The initial
data are shown in Table 1. We have three pairs of vectors of alleles such
that the phenotype differences d(y;,y,), the genotype transitions, the cor-

responding Hamming distances between vectors of alleles in every pair and
the ratios 7(i, j) are given in Table 2.

Table 1. Genotypes and phenotypes of three individuals

Phenotypes 45 15 10
1 0 0 1

2 0 0 1

SNPs 3 1 0 0

4 1 1 0

5 1 1 1
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www.proceedings.spiiras.nw.ru



ARTIFICIAL INTELLIGENCE, KNOWEDGE AND DATA ENGINEERING

Table 2. The genotype transitions and the values p and r
d(yi.y)) 30 | 35 5

1 {0>0|0>1]0—>1
2 10>0[0>1]0—>>1
SNPs 3 (120120020
4 |[1>1 12010
5112112111

p(X;,X ) 1 4 3
r(i, j) 30 8.75 | 1.667

Suppose that the threshold N for selecting the largest values of 7(i, j)
is 2. Table 3 shows individuals satisfying this condition and the values z(i, j)
of transitions taking the values —1,0,1 (see Step 7). It can be seen from Table 3
that only the third SNP has two non-zero elements z(i, j). This implies that

only the third SNP is important. Indeed, it is obviously from Table 3 that the
largest difference is observed between phenotypes of the first and the second
individuals. Moreover, only the third SNP separates the first and the second
vectors of alleles. Intuitively, we can conclude that this SNP is a reason for the
large difference between phenotypes of the first and the second individuals.

Table 3. Vectors z; and decision making about the important SNP

(i, J) 30 | 8.75
1 0 -1
2 0 -1
SNPs | 3 1 ]
4 0 1
5 0 1

The FAPI-GWAS for determining important SNPs is given as Algo-
rithm 1.

Algorithm 1. A simple FAPI-GWAS algorithm

Require: X, , =(X,,...,x,) (binary genotype matrix), ¥ (phenotype
vector), N, h (parameters)

Ensure: S, (imported SNPs)

1. Order (X,,...,X,)) suchthat y, 2.2y

2.foreach i<n u j>i do

n
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3. Build a pair (x;,x)

4. Compute p(x;,X ;)= "x, —xj||§

5. Compute r(i, /)= (v, — ;) p(X;,X;)
6. Compute z; =x, —x;
7. end for

8. J"={(i,j): N largest values of r(i, j)}

9. for each k< p do

10. Compute @, (£) = X jer* Toom (> Nz (k) =1), £ =~1,0,1.
11. If Z#O a,(t)zh-a,(t=0) then the k-th SNP is important,
12. Compute S, =argt£n{ff(l} a,(t)

13. end if
14. end for

The Euclidean distance p(x;,x ;) is taken in Algorithm 1. However,

other distance metrics depending on the analyzed dataset can be used. These
distance metrics can be regarded as tuning elements of the model.

3. Properties of the algorithm. Let us point out some properties and
advantages of the FAPI-GWAS.

1) The epistatic effect which is viewed as gene-gene interaction should
not be separately analyzed. It is implicitly included into the proposed algo-
rithm. Indeed, we do not consider single SNPs. For every pair of vectors of
alleles, the difference of the vectors is computed for all SNPs simultaneously.
So, if there is a combination of alleles which significantly impact on the pheno-
type, it produces a large difference between the corresponding phenotype val-
ues. This is a very important property which allows us to significantly reduce
the computational burden needed for consideration of many SNP pairs.

2) The FAPI-GWAS is very simple. Its computational complexity is

O(p +n*), i.e. the complexity is linear with the number of SNPs p. This is a
very important property of the algorithm because the number of SNPs p is

typically 10-100 times the number of individuals » in the training sample for
many problems. Moreover, the algorithm does not require special procedures
like Lasso, etc. For comparison purposes, a very interesting algorithm for 2-

locus genome-wide association studies [30] has the complexity O(p*?).
Algorithms FastANOVA [19] and TEAM [22] have the complexity O(p*n) .
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3) The FAPI-GWAS does not depend on the set of allele values. For
example, a few trivial changes are needed to consider the case x; € {0,1,2} .

Moreover, the important feature of the algorithm is that the values {0,1,2}

or {0,1} are viewed as categorical numbers without order, for example,
0<1<2. The FAPI-GWAS can be modified for the case x; €R which

takes place in the microarray gene expression data analysis.

4) Another advantage of the FAPI-GWAS is handling missing data
in the genotype matrix. We do not need to apply special procedures for pre-
processing missing data and their imputation. The missing data just extend
the set of values of every x; . We use the conservative strategy. For exam-

ple, suppose x; € {0,1} and the missing value is denoted as 2 . If we have
two missing values at the same k-th position in vectors X; and x, then

2z, (k) =0 . This value means that we do not consider the k-th position in
vectors X; and x; as a candidate for getting an important SNP. At the same

time, when we have a single missing value at the k-th position in vectors X;
and x, then z,(k) # 0 in accordance with the strategy that a larger num-

ber of important SNPs is preferable because the second selection from a
small subset of important SNPs should be carried out by means of the well-
known standard procedures.

5) The FAPI-GWAS can be used when the phenotype takes only
two values (the case-control study). It is obvious in this case that only a set
composed from pairs of individuals taken from the case and control groups,

respectively, is analyzed. Indeed, d(y;,y;)=0, r(i,j)=0if y, =y,, and
d(y;,y)=1, r(i,j)=1/ p(x;,x;) if y; #y, (we assume that the vectors
of alleles are sorted in descending order of the corresponding phenotypes).

6) For many available algorithms of GWAS using filter methods for
selection of the most important SNPs like the Fisher exact test, the one-way
ANOVA, etc. we have to predefine a limit number of the important SNPs.
The FAPI-GWAS determines this number itself.

7) The FAPI-GWAS can be tuned by means of the parameter N (the
number of largest values of the rate r) or parameter ¢ . On the one hand, too

small values of the parameter N may lead to a large number of target SNPs.
As a result, we have to use some additional procedures for restricting the num-
ber of SNPs. On the other hand, large values of N may lead to possible miss-
ing SNPs which actually may be very important. There is a compromise choice
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of N which can be carried out by considering all possible values of N in a
predefined grid. Another parameter for tuning is the decision threshold 4 .

8) The FAPI-GWAS is flexible. This means that many its elements
can be changed. For example, there are many metrics for computing distances
between vectors of alleles such that the choice of an appropriate metric might
improve the algorithm. Similarity S(x;,x;) and dissimilarity p(x;,x;)

measures of two vectors X; and x; can be applied. If we use similarity
measures, then (i, j) = d(y;,y;)- S(x;,X ;) . Another element which could be

changed is the choice of the ratio 7. The proposed ratio is one of the possible
measures for the target pair localization. It is just a simplest way for defining
the measure. Perhaps, other measures might also improve the algorithm.

4. Numerical experiments. Numerical experiments are carried out
on three populations of double haploid (DH) lines of barley:

1) The first dataset consists of 175 DH lines of barley [31, 32]. The da-
ta are available at Oregon Wolfe Barley Data (OWBD) and GrainGenes Tools
(http://wheat.pw.usda.gov/ggpages/maps/OWB/). The lines are analyzed with
respect to the heading date trait. The linkage map consists of 1328 SNPs.

2) The second dataset consists of 92 DH lines of barley from the
Dicktoo x Morex cross and described in [33, 34, 35]. The data are available at
http://wheat.pw.usda.gov/ggpages/DxM/. We analyze the lines with respect to
two phenotypic traits: heading date with and without vernalization with an 8-h
light/16-h dark photoperiod regime. The linkage map consists of 117 SNPs.

3) The third population dataset includes 150 DH lines of barley
from the Steptoe x Morex cross [36]. The corresponing data are available at
http://wheat.pw.usda.gov/ggpages/SxM. The linkage map consists of 223
SNPs. The lines are analyzed with respect to the heading date trait measured
in 16 environments and grain yield trait measured in 6 environments.

The missing data are handled by means of extending the set of values
of every x; , i.e., the set of values {0,1} is extended on the set {0,1,2} .

First, we investigate DH lines of barley from OWBD. The parameter
q is 97% . In order to compare the proposed algorithm, we apply the

standard tool ANOVA to testing the association between a single marker
and a continuous outcome. The F-test is used to assess whether the expected
values of a quantitative variable within several predefined groups differ
from each other. From this, we can retrieve a p-value for the significance of
association between each SNP and the phenotype. Then we correct for mul-
tiple testing using the Holm-Bonferroni method. The Manhattan plot gener-
ated from the obtained p-values is shown in Figure 3 (the left plot). One can
see from the Figure 3 that the significant SNPs have numbers close to 139,
725, 1100. SNPs with these numbers have the smallest p-values.

16 Tpyabl CMIMNPAH. 2018. Bein. 3(58). ISSN 2078-9181 (ney.), ISSN 2078-9599 (oHnaiiH)
www.proceedings.spiiras.nw.ru



ARTIFICIAL INTELLIGENCE, KNOWEDGE AND DATA ENGINEERING

Let us look at Figure 3 (the right plot) now. It shows a similar
Manhattan plot, but significant SNPs are obtained by using the FAPI-
GWAS, and p-values are computed for this set again using the Holm-
Bonferroni correction. However, the first step of the FAPI-GWAS pro-
vides not only the significant SNPs which coincide with the SNPs derived
by the standard tool ANOVA. It provides SNPs with numbers 1169 and
1302, which do not belong to the set of significant SNPs obtained by
means of the ANOVA. It turns out that the p-values of these single SNPs
are larger than 0.05, i.e., they cannot be viewed as significant ones. In
contrast to the single-locus approach applied before, we perform the
ANOVA test in order to identify interacting SNP-pairs that have strong
association with the phenotype. It is important to note that the two-locus
ANOVA test is performed on a small number of candidate SNP-pairs
which have been obtained by means of the FAPI-GWAS. It turns out that
SNPs with numbers 1169 and 1302 interact with SNPs 729 and 725, re-
spectively, such that the corresponding p-values (0.021 and 0.047) after
the Holm-Bonferroni correction are smaller than 0.05 . In other words, the
FAPI-GWAS allows us to implement the efficient epistasis detection.

Manhattan plot: ANOVA test Manhattan plot: ANOVA test
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Fig. 3. The Manhattan plot for the OWBD using standard method (left) and the
FAPI-GWAS (right)

Let us study the dataset obtained from the Dicktoo x Morex cross.
According to Pan et al. [35] (Page 905), top ranked SNPs for heading date
with and without vernalization are ABC170-CD064 and Dhnl-BCD265b
which correspond to the following numbers of SNPs 22-24 and 111-113, re-
spectively. The ANOVA is applied here again. We get two SNPs with numbers

22 and 112 having the smallest p-values 1.32x10™ and 2.66x107 respec-
tively. The corresponding Manhattan plot is shown in Figure 4 (the left plot).
Numerical experiments with using the FAPI-GWAS provide quite the same
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results. They are shown in Figure 4 (the right plot). However, the FAPI-GWAS
indicates that there is the 49-th SNP (saflp35) which has a large p-values, but its
interaction with SNPs 112 and 22 gives the p-values 0.0135 and 0.0144, respec-
tively. All p-values are computed by using the Holm-Bonferroni correction.

We get similar results for the unvernalized treatment (the second
phenotypic trait). In addition, we obtain SNPs with numbers 36, 59, 76,
which are called as saflp219, SOLPRO, HorB, respectively, and which are
located on different chromosomes. These SNPs interact with the SNP 22
with the corresponding p-values 0.0034, 0.038, 0.045, respectively.

Manhattan plot: ANOVA test Manhattan plot: ANOVA test
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Fig. 4. The Manhattan plots for the Dicktoo x Morex data set using standard method
(left) and the FAPI-GWAS (right)

The third dataset obtained from the Steptoe x Morex cross. First,
we analyze lines with respect to the heading date trait. According to the
standard ANOVA test, the 47-th SNP has the smallest p-value which is

8.5x107" . Other significant SNPs have numbers 68, 82, 205. However,

they have larger p-values, namely, 1.48x107, 1.37x107, 8.12x107.
The Manhattan plot generated from the obtained p-values is shown in
Figure 5 (the left plot). By using the FAPI-GWAS, we get quite the same
results. The Manhattan plot generated from the p-values obtained by
means of the FAPI-GWAS is shown in Figure 5 (the right plot). Moreo-
ver, we obtain the strong interactions of SNPs 47x82 (p-value is

1.7x1072% ), 47x205 (p-value is 7.66x1072* ), 47x68 (p-value is
2.07x107%"), 47x165 (p-value is 4.65x10™%), 47x102 (p-value is
1.07x107'%), 47x134 (p-value is 2.26x107'%).
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Manhattan plot: ANOVA test

Manhattan plot: ANOVA test
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Fig. 5. The Manhattan plots for the Steptoe x Morex data set (the heading date
trait) using standard method (left) and the FAPI-GWAS (right)

The standard analysis with respect to the grain yield trait gives the
following significant SNPs and their p-values in parentheses:

82 (2.69x107'"), 20 (1.03x1072), 68 (3.02x1072), 129 (4.04x107").
The FAPI-GWAS provides the same significant SNPs. Additionally, we
get the 82x112  ( 1.8x107'" ),
82x151 (5.56x10™), 82x135 (5.12x107%), 82x195 (1.22x107°). The

corresponding Manhattan plots generated from the p-values for the grain
yield trait are shown in Figure 6.

following interacting SNPs:

Manhattan plot: ANOVA test Manhattan plot: ANOVA test
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Fig. 6. The Manhattan plots for the Steptoe x Morex data set (the grain yield trait)
using standard method (left) and the FAPI-GWAS (right)
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5. Discussion how to improve the algorithm. Let us point out
shortcomings of the FAPI-GWAS and discuss possible ways to overcome
them and to improve the algorithm.

First, numerous experiments with real data illustrate that the FAPI-
GWAS selects groups of adjacent strongly correlated SNPs in the same
chromosomal region which are not inherited randomly. This effect is similar
to those taking a place in the ridge regression algorithm which tends to se-
lect all of the correlated SNPs and make their importance coefficients to be
equal. In contrast to the ridge regression, the Lasso method tends to select
only one SNP from the group of correlated ones. Therefore, the problem of
correlated SNPs can be solved by using a two-step procedure. The first step
is based on the FAPI-GWAS. The result of this step is a small set of im-
portant SNPs. The second step uses the Lasso method or its modification,
for example, the adaptive Lasso, in order to remove the correlated SNPs
from the available small set. Moreover, we can use a modification of the
Lasso which takes into account the epistatic effect because the number of
possible pairs of SNPs after the first step is rather small.

Another way to treat with the correlated SNPs is to use the standard
tools for testing the association between single SNPs and a continuous phe-
notype, including for example, one-way ANOVA. In order to identify two-
locus epistatic effect or interacting SNP-pairs that have strong association
with the phenotype, an algorithm for the two-locus ANOVA test can be
used. There are many approximated methods for reducing the computational
burden. They are reviewed in detail for a case-control study when the phe-
notype can be represented as a binary variable with 0 representing controls
and 1 representing cases as well as for the quantitative trait locus analysis
when the phenotype is quantitative [4]. Most methods are reduced to two
steps. The first step is reduction of a set of SNPs in order to apply standard
statistical procedures to this reduced set of SNPs. The standard statistical
procedures make up the second step. The reduction of the set of correlated
SNPs can be successfully implemented by means of the FAPI-GWAS as the
first step. As a result, we get a small subset of important SNPs which can be
processed by statistical tests, for instance, ANOVA test, in order to remove
the correlated SNPs located on the same chromosome.

We point out another shortcoming which has been observed in nu-
merical experiments. Since the number of SNPs is much larger than the
number of individuals, then we observe only a very small number of vec-
tors X; among all possible vectors. This implies that contributions of some

important SNPs in a pair of vectors of alleles (x,,x;) may be hidden

when there are many transitions in this pair, for example, from 0 to 1 and
from 1 to 0. In this case, the distance between vectors is large, and this
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pair does not get to a set of N best pairs with the largest ratios (i, j) .

One of the ways to overcome the difficulty is to apply the combination of
the bagging method [37] and the random subspace method [38]. The
FAPI-GWAS can be improved by using a combination of the bagging
method for individuals and the random subspace method for SNPs. The
random sampling of individuals in the proposed method allows us to
smooth some outliers of the phenotype caused by random factors. By
means of the random sampling of SNPs, we try to reduce the effect of
SNPs which mask the effect of subsets of important SNPs.

6. Conclusion. In this paper, a very fast and simple algorithm for
GWAS, including SNP interaction detection, has been presented. In spite of
its simplicity, the FAPI-GWAS can be applied to various GWAS problems
and cases from the analysis of binary genotype matrices to the microarray
gene expression data analysis. Moreover, the algorithm can be simply ex-
tended, for example, on the bagging method.

At the same time, it is important to note that the algorithm should be
used jointly with another algorithm, for example, with the ANOVA tests to
identify the association between a single marker or interacting SNP-pairs
and a continuous outcome. At that, the second stage uses a set of significant
SNPs which is obtained at the first stage by means of the FAPI-GWAS.

The results of numerical experiments and the logic underlying the FAPI-
GWAS have demonstrated that it outperforms the standard algorithms from the
computational point of view for many real data sets. Moreover, it takes into
account the epistatic effect or the SNP-SNP interaction. We have analyzed DH
populations of barley for purposes of numerical experiments. The experiments
have illustrated the FAPI-GWAS efficiency. The obtained sets of significant
SNPs have coincided with similar sets obtained by means of standard algo-
rithms. Moreover, we could see that SNP-SNP interactions detected by means
of the FAPI-GWAS were successfully validated by performing the two-locus
ANOVA test. However, we have investigated only rather small data sets and
only a simplest implementation of the FAPI-GWAS. It has been done because
we aimed to compare results of the FAPI-GWAS with the well-known standard
technique. We aimed to get added evidence that the algorithm copes with tasks
of the GWAS. It should be noted that a lot of experiments have to be performed
in order to evaluate how the FAPI-GWAS handles various types of data set,
large data sets, how its modifications and extensions outperform the available
algorithms. These questions are directions for further research.
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JI.B. YTKUH, N.JI. YTKUHA
BBICTPOJAEVCTBYIONAMN AJITOPUTM HOJTHOT'EHOMHOI'O
MOUCKA ACCOIIUAIINIM HA OCHOBE AHAJIM3A IIAP
OBBEKTOB

Ymkun JI.B., Ymkuna U.JI. BbicTpoAeiicTBYIOIIHH aJrOPpUTM NOJTHOTCHOMHOIO NMOMCKA
accOUMANMIA HAa OCHOBE AHAJIN3A Nap 00bEeKTOB.

AunHoTtaums. [IpennokeH mNpoOcTOif OBICTPOACHCTBYIOUIMI aIrOPUTM  IMOJIHOTEHOMHOTO
TIOHCKA aCCOLMAIMH JUIS OLIEHKH OCHOBHOTO ¥ SIHCTATHIECKOro d((heKTa BIHIHHUSI MapKEPOB WK
€IMHUYHBIX HYKJICOTUOHBIX monumophu3moB (SNP). OcHoBHas wuzes, Jexaias B OCHOBE
aTOpUTMa, 3aKIIOYaeTCss B CPABHCHHH TGHOTUIIOB Iap OOBEKTOB IOMYJIIHH M CPAaBHEHUH
COOTBETICTBYIOIMX 3HAUCHWIl (eHOTMNIA. B  amropuTMe HCHIONB3yeTcss HHTYHTUBHOE
MPEATIONOKEHHE, YTO U3MCHEHHUS ajUlelieil, COOTBETCTBYIOIMX BaXHBIM SNP y mapbl 00BEKTOB,
TPUBOJIAT K OOJIBIIOMY Pa3IMUMIO 3HAYCHNH (PEHOTUIIA STUX HHIMBHIYYMOB. AJTOPHTM OCHOBAaH
Ha paccMOTpeHHH Iap HHAuBUAYyMoB BMecTo SNP mm map SNP. OCHOBHEIM IpEHMyIIECTBOM
ITOPUTMA SIBJIETCSI TO, YTO OH C1a00 3aBHCHT oT KommuectBa SNP B Martpune reHorumos. B
OCHOBHOM OH 3aBUCHT OT KOJMYECTBa OOBEKTOB, KOTOPOE, KaK IIPaBHIO, OYEHb Majo IO
cpaBHEHHIO ¢ konmdecTBoM SNP. JIpyroe BaxxHOe MPEHMYIIECTBO AITOPUTMA 3aKII0UAeTCS B TOM,
YTO OH II03BOJISICT Oe3 JOIOITHUTEIBHBIX BBIMUCIICHNH OOHApY)KMBATh JMUCTATHIECKUH d(deKT,
paccMarpuBaeMblii KaK B3aMMOJCHCTBUE I'€HOB. AJITOPUTM TAKKE MOXKET HCIOJIb30BaThCS B
clydae, Korza (peHOTHII IpUHIMAET TOJIBKO J(Ba 3HAUEeHUs (cXeMa clydait-koHTpois). Kpome Toro,
AITOPUTM MOXKET OBITH JOCTATOYHO IPOCTO PACIIMPEH C aHAJIN3a ABOMYHOIN MAaTPUIBI TEHOTHIIOB
Ha CIy4ail KOJMYECTBEHHOTO aHalu3a SKCIPECCUM TIeHOB. YHMCIEHHBIE SKCIEPUMEHTHI C
pealbHBIME HabOpaMM JAHHBIX, COCTOSIIUMH U3 TONYJSIMIl yJBOSHHBIX TAIUIOUJHBIX JIMHUM
SUMEHsI, WUIFOCTPUPYIOT IPEUMYLIECTBO HPEAIaraeéMoro ajiropurMa IO CpPaBHEHUIO CO
CTaH/APTHBIMK AJITOPUTMAMH TIOJTHOT€HOMHOIO TIOMCKA aCCOLMAIMH ¢ BBIYMCIUTEIBHOH TOUKH
3peHHs, OCOOCHHO I OOHapyKeHus oSmucTatHieckoro s¢dexra. IlyTm mmd moBbIIIeHUS
9 (HEeKTHBHOCTH NPEITAraeMOro aIrOPHTMA TAKXKE 00CYKIAIOTCS B CTAThE.

KiroueBble cjioBa: MOJHOrCHOMHBIH Touck accoumarmii; ANOVA; mammHHOE
oOyuenue; smucras; SNP; MeTpuka pacCTOSIHUSL.

YTkun JleB BragumMupoBud — 1-p TeXH. Hayk, npodeccop, npodeccop kadenps! TereMari-
ku (mpu LIHWMW PTK) wuHcTMTyTa DpUKIAJHONH MareMaTMKH M MexaHukd, CaHKT-
IerepOyprekuit nonurexaudeckuii yausepcuteT Ilerpa Benukoro (CIIGITY). Obnacts Hayd-
HBIX HMHTEPECOB: MHTEIUICKTYaJbHbIH aHaIM3 JAHHBIX, HPEICTABICHHE HEOIPEIEICHHOCTH,
MPUHATHE PEIICHHH NPH HEMONHOH HH(OpPMALuH, TEOpHs HAICKHOCTH, OHOHMH(pOpPMATHKA.
Uncno HayuHsIx myOmukanuii — 344. lev.utkin@gmail.com, http://levvu.narod.ru; ITonurex-
Huveckas, 29, Caukr-IlerepOypr, 195251; p.1.: +7(812)552-6521.
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HMM-BASED WHISPER RECOGNITION USING p-LAW
FREQUENCY WARPING

Gali¢ J.N., Jovici¢ S.T., Deli¢ V.D., Markovié¢ B.R., Sumarac Pavlovi¢ D.S., Grozdi¢ P.T.
HMM-based Whisper Recognition using p-law Frequency Warping.

Abstract. Due to the lack of sufficient amount of whisper data for training, whispered
speech recognition is a serious challenge for state-of-the-art Automatic Speech
Recognition (ASR) systems. Because of great acoustic mismatch between neutral and
whispered speech, ASR systems are faced with significant drop of performance when
applied to whisper.

In this paper, we give an analysis of neutral and whispered speech recognition based on
traditional Hidden Markov Models (HMM) framework, in a Speaker Dependent (SD) and
Speaker Independent (SI) cases. Special attention is paid to the neutral-trained recognition of
whispered speech (N/W scenario). The ASR system is developed for recognition of isolated
words from a real database (Whi-Spe) of neutral-whisper speech pairs. In the N/W scenario, a
meaningful gain in robustness is achieved with the proposed frequency warping, originally
developed for speech signal compression and expanding in digital telecommunication systems.
Simultaneously, good performances in recognition of neutral speech are retained.

Compared to baseline recognition with Mel-frequency Cepstral Coefficients (MFCC),
word recognition accuracy with cepstral coefficients using proposed frequency
warping (denoted as pFCC) is improved for 7.36% (SD) and 3.44% (SI), absolute. As well, the
F-measure (harmonic mean of the precission and recall) for uFCC feature vectors is increased
for 6.90% (SD) and 3.59 (SI). Statistical tests confirm significance of the achieved
improvement in recognition accuracy.

Keywords: automatic speech recognition, feature extraction, hidden Markov models,
human voice, whisper, speech processing.

1. Introduction. Speech is the most natural and convenient form of
interpersonal communication. According to the level of vocal effort, speech
is classified in 5 modes: whispered, soft, normally phonated (neutral), loud
and shouted speech [1]. Whisper is the most distinctive mode because of the
lack of glottal vibrations and noisy excitation of the vocal tract. Humans
tend to whisper or generally lower their voice for several reasons. First, it is
used in situations where aloud speech is prohibited or inappropriate (e.g. in
theatre or reading room); second, if some confidential information should
not be heard from uninvolved parties, and third, in criminal activities for
hiding their identity. In addition to conscious production of whisper, it
may be phonated as a result of health issues, which appear after
laryngitis or rhinitis.
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State-of-the-art Automatic Speech Recognition (ASR) systems show
good performances (accuracy and speed) and wide-spread commercial use.
At the same time, they express high sensitivity when exposed to speech
different from one used in training which is usually neutral speech recorded
in controlled or even laboratory conditions. Recognition of such atypical
speech with satisfactory accuracy independent from speaker is a challenging
task for research community, and includes:

—speech changed in vocal effort;

—speech under different kinds of emotional states;

—various speaker dialects;

—Lombard effect speech;

—speech in adverse conditions (environment noise, reverberation,
loudness, etc.).

In a range of speech modes from whisper to shouted, whispered
speech has the most negative impact on the performance of the ASR
system [2]. A considerable acoustic mismatch between neutral and
whispered speech has dominant influence on such performance
degradation. Since whisper data are not generally available (or at least
not in a sufficient amount) for training of ASR systems, the greatest
attention is paid to whisper recognition with ASR system trained with
neutral speech only.

In this paper it is shown that using novel frequency warping for
feature extraction in traditional Hidden Markov Models (HMM) framework
gives accuracy in whisper recognition comparable with deep learning
approach. In order to improve whisper recognition accuracy using neutral-
trained ASR system, feature extraction based on p-law frequency warping is
introduced. Therefore, the improvement in whisper recognition accuracy is
achieved without model adaptation, feature mapping or increase in number
of cepstral coefficients. Moreover, it is shown that a filterbank resolution in
high and low frequency range of speech has an influence on accuracy in
mismatched train/test scenarios. This study includes recognition of isolated
words in neutral and whispered phonation in both Speaker Dependent (SD)
and Speaker Independent (SI) cases.

The remainder of this paper is organized in 6 sections as follows. In
Section 2, the literature survey on whisper recognition and description of
available speech databases are briefly discussed. Section 3 gives basic
characteristics of whispered speech and comparison with neutral speech.
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Explanation of proposed frequency warping is given in Section 4.
Experimental preparation (speech database, feature extraction procedure
and ASR system) is described in Section 5. Experimental results and
discussion are given in Section 6, while concluding remarks and directions
for future work are stated in Section 7.

2. Related Works. The main prerequisite for effective language-
dependent use of whispered speech in modern ASR system is extensive and
systematically created speech database. To the best of our knowledge, there
are only few speech databases with recordings in both speech modes:
English [3], Serbian [4], Mandarin [5] and Polish [6].

One of the earliest research studies in recognition of whispered
speech (over a cellular phone) was conducted for Japanese at University of
Nagoya [2]. The research demonstrated that using small amount of
whispered speech per target speaker (10 to 50 sentences) can be effectively
used for whisper recognition. Subsequent studies were focused on
compensation of differences between neutral and whispered speech.
Significant improvement for whisper speaker identification was obtained
with frequency warping and score competition [7]. Compared with closed-
set speaker ID task based on a traditional Mel-frequency Cepstral
Coefficients (MFCC), an exponential based frequency warping gave
absolute accuracy gain of 27%.

High accurate detection of whisper-islands embedded within
continuous neutral speech was achieved with linear prediction residual and
entropy-based features [8-9]. Whisper recognition based on deep neural
networks and KALDI toolkit was investigated in [6].

The generation of pseudo-whisper for efficient model adaptation
based on Vector Taylor Series (VTS) algorithm was demonstrated in [10-
11]. Together with vocal tract length normalization and shift frequency
transformation the Word Error Rate (WER) reduction from 27.7% to
17.5% (for open speaker scenario) was reported. The ASR system was
speaker independent with constrained lexicon [3, 10-11]. The research
studies demonstrated that WERs were considerably reduced after
adapting the acoustic model toward the VTS or denoising autoencoders
pseudo-whisper samples, compared to model adaptation on an
available small whisper set.

Preceding papers related to recognition of whispered speech from
Whi-Spe database [4], were focused to SD case. Comparison between
different normalization techniques was analyzed in [12]. The following
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normalization techniques were tested and compared: CMN (Cepstral
Mean Normalization), CVN (Cepstral Variance Normalization),
MVN (Cepstral Mean and Variance Normalization), CGN (Cepstral
Gain Normalization) and quantile-based dynamic normalization
techniques such as QCN and QCN-RASTA. The best results were
obtained using CMN.

Recently, using Teager energy cepstral coefficients with deep
denoising autoencoder and inverse filtering has brought many benefits in
speaker dependent neutral-trained whisper recognition [13-14].

Although a novel contribution was represented in each study,
commercially available speaker independent recognition of whispered
speech is an important problem that needs to be addressed in details.

3. Characteristics of Whispered Speech. Whisper is a specific
style of speech which is, according to the characteristics, nature and
generating mechanism, quite different from neutral speech. As already
mentioned, the main characteristics of whisper are an absence of
fundamental frequency and noisy excitation of the vocal tract. It was
determined that the formant frequencies for whispered vowels are
substantially higher than for the neutral voice [15]. Compared to
normally phonated speech, whisper has lower frame energy, longer
duration of speech and silence, flatter long-term spectrum and lower
Sound Pressure Level (SPL) [1]. However, despite the fact that an
increased effort in speech perception is needed, the intelligibility of
whisper is very high. An average identification accuracy of 82% for
vowels in [hVd] syllables in whisper mode has been shown in [16]. On
the other hand, non-linguistic information is hardly revealed in whisper,
like age, sex, emotions or identity.

In Figures 1 and 2 the waveform and spectrogram of the short
sentence in Serbian "Govor Sapata." ("Whispered speech." in English),
uttered in neutral and whispered speech, are depicted, respectively. The
figures are supported with a phonetic transcription. Because of the lack of
sonority, a difference in amplitude levels between the two modes of
speech can be observed. Also, the spectrograms show that some parts of
spectrum are well preserved in whisper. That is especially strong for
unvoiced consonants, such as fricative /§/ (/f/ in IPA notation) and
plosives /p/ and /t/. A similar shape of spectrum of vibrant /r/ in Serbian is
observed. Moreover, the waveform and spectrogram show that the
harmonic structure of vowels is lost in whisper.
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Fig. 1. The waveform (a) and the spectrogram (b) of a short sentence in Serbian
"Govor Sapata" uttered in normal phonation (neutral speech). The time in seconds is
given on the abscissa
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Fig. 2. The waveform (a) and the spectrogram (b) of a short sentence in Serbian "Govor
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4. Novel Frequency Warping. Several frequency warping schemes
commonly used in ASR are presented in this section, including a new one —
proposed in this paper.
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Mel-frequency cepstral coefficients (MFCC) are traditional and the
most popular feature vectors for speech characterization in ASR systems.
Their mel-warped frequency scale, which emulates human's ear sound
perception, is given in the following equation:

f [mel] =2595-log,, (1+ f[Hz]/ 700). (D

In some special ASR tasks, Linear Frequency Cepstral
Coefficients (LFCCs) have shown considerable improvement in regard to
MFCCs, especially in speaker identification in whisper mode [17].

Likewise, Perceptive Linear Prediction (PLP) feature vectors [18]
are frequently used, specifically in adverse conditions. They are based on
bark psychoacoustical scale on which equal distances correspond with
perceptually equal distances. The scale corresponds to 24 critical bands of
hearing and ranges from 1 up to 24.

Frequency warping based on bark scale is given in the following
equation:

f[bark] = 6-sinh™' ( f[Hz]/ 600), ©)

where sinh™1(x) denotes inverse sine hyperbolic function.

Filterbank frequency characteristics based on mel, linear, and bark
frequency scale are depicted in Figure 3.

As noted in Section III, because of its unvoiced nature, compared to
neutral speech, the spectrum of whispered speech tends to be more flat. As a
consequence, a relatively significant portion of whispered speech
information is reflected in higher range of speech frequency spectrum,
wherein mel and bark scale have poor resolution (as can be seen in
Figure 2). Consequently, recognizer which uses feature vectors based on
mel and bark scale may neglect significant spectral details and perform
poorly when applied to whisper. Compared to these scales, linear frequency
scale improves resolution in higher range, but simultaneously deteriorates
good resolution in lower frequency range of speech spectrum. In order to
find optimal frequency warping in whisper recognition, we have considered
the possibilities to combine good properties of linear and mel frequency
scale; good frequency resolution in low frequency range (for mel scale) and
high range (for linear scale). For that reason, we propose a novel frequency
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warping with non-linear mapping (originally used in speech signal
compression and expanding in North America and Japan; so-called p-
law [19]), defined by the following equation:

B 1n(1+y-f/fN)
warp = fy —ln(1+,u) . 3)
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Fig. 3. Filterbank characteristics with 15 triangular filters for: a) mel; b) linear;
¢) bark frequency scale
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In (3), fy = fs/2 (f; is the sampling frequency) is the Nyquist
frequency, u is a positive constant, and In(x) refer to the natural
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logarithm. As evident from (3), warping functions cross the identity line
for frequencies f =0 and f = fy . Frequency warping curves are
depicted in Figure 4 for values of warping coefficient u € {0, 1,2} and
corresponding filterbank characteristics in Figure 5. From the shapes of
curves depicted in Figure 4, it is evident that parameter p determines the
degree of convexity of warping functions. It can be shown (using
L'Hospital's rule) that for g — 0 warping function converges to the
identity line warp = f, i.e., linear frequency scale.

(linear)
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10000 H emmee -1
=2

8000

6000

4000

Frequency [warped units]

2000

0 2000 4000 6000 8000 10000
Frequency [Hz]

Fig. 4. Warping functions for p-law frequency warping for three values of warping
coefficient

Filterbank resolution according to p-law frequency warping is
clearly visible from Figure 5. Frequency warping using p-law functions
yields to higher frequency resolution over mel scale (in high frequency
range of speech) and over linear scale (in lower part). In the research we
have experimentally tested the hypothesis that using cepstral coefficients
with new p-warped frequency scale as feature vectors may provide some
advantages in whisper recognition. For simplicity, these feature vectors are
denoted by uFCC in the remainder of this paper.
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5. Experimental Preparation. This section is divided into three
subsections describing speech database, feature extraction procedures, and
applied ASR system.

5.A. Speech Database. For the purpose of machine recognition of
neutral speech and whisper in Serbian, the speech database Whi-
Spe (abbreviation of Whispered Speech) is created in the initial form [4].
The database is recorded in laboratory conditions, with a high-quality
omni-directional microphone. The database was designed to have two
parts: one that contains recordings of whispered words, and another one
that comprises recordings of the same words uttered in neutral phonation.
The corpus of 50 words is included in the database, from 10 speakers (5
female and 5 male). Each speaker read all 50 words 10 times in both
speech modes. Finally, the Whi-Spe database contains 10000 recorded
words, 5000 in normal speech and the same number of words recorded in
whisper, or 2 hours in total. The words are divided in three sub-corpora:
basic colors (6 words), numbers (14 words) and phonetically balanced
words (30 words). The speech data are digitized using a sampling
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frequency 22050 Hz, with 16 bits per sample, in Windows linear Pulse
Code Modulation (PCM) .wav format.

More information about the vocabulary of the Whi-Spe database,
manual segmentation, the quality control and a way of labeling can be
found in [4].

5.B. Feature extraction. Generation of MFCCs is performed
according to procedure described in [20], using MATLAB software
package. Before performing MFCC calculation, speech frames
are windowed by Hamming window functions in duration of 24 ms,
mutually shifted by 8 ms and pre-emphasized using a filter with
coefficient 0.97. Twenty filterbank channels uniformly distributed over
mel-frequency scale are used. Compared to MFCCs, the parameter
configurations for both LFCCs and uFCCs are the same except for the
frequency warping scale.

The PLP features are extracted according to [21], using freely
available code in MATLAB. Beside conventional PLP feature vectors,
the analysis of PLP feature vectors with linear frequency scale is given.
These feature vectors are denoted by LPLP. The parameter
configurations for both PLPs and LPLPs are the same except for the
frequency warping scale.

Experiments in the SI open-speaker neutral-trained whisper
recognition show the best performance for modified PLP feature vectors,
with bypassed equal loudness and power-intensity processing [10]. The
filterbank comprise triangular filters uniformly distributed over linear
frequency scale restricted to range 0-5800 Hz. Consequently,
experiments with modified LPLP vectors are appended in this study.
These feature vectors are denoted by LPLP(mod). Generation of
LPLP(mod) feature vectors is performed by modifying the code in
MATLAB used for PLP. Recognition of whispered speech based on PLP
feature  vector using using Maximum  Likelihood Linear
Regression (MLLR) is analyzed in [22].

Speech recognition using RASTA (Relative Spectral) filtering applied
on PLP features with ASR backend based on DTW algorithm is examined
in [23]. The results confirmed good improvement in recognition when
RASTA filtering is applied, especially in mismatch scenarios. As well,
cepstral coefficients based on gammatone filterbank are analyzed in [24].

For all feature vectors in this research, each frame is represented
with 39 coefficients, i.e., 13 cepstral coefficients (including the energy),
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along with their first and second order time derivatives. Coefficients are
normalized with cepstral mean of each utterance.

5.C. HMM-GMM ASR System. In ASR systems, the conventional
technology is based on HMMs with Gaussian Mixture Models (GMMs).
The most commonly used modeling units in isolated words recognition
are phonemes independent from their context (monophones), phonemes
dependent from their context (usually triphones), and the whole words.
The greatest robustness in the case of experiments with the Whi-Spe
database (isolated words) is achieved for the monophone models [25].
Therefore, models of phonemes independent from their context
are used in this research.

The ASR system used in this paper is completely designed by using
HTK [20]. The generation of the script and configuration files, as well as
the files for model initialization and phonetic transcription is automated
using MATLAB. For logging the ASR system performance
results MATLAB is also used.

Output probabilities are modeled with the continuous density
GMMs and diagonal covariance matrices. Each monophone model is
represented with strictly left-to-right topology and self loops, but without
skips over states. Each word from the Whi-Spe database is transcribed
manually. The number of training cycles in embedded re-estimation is
fixed to 5 and the variance floor for Gaussian probability density
functions is set to 1%. The number of mixture components is gradually
increased and amounts to 8 (in the SD case) and 32 (in the SI case). In
the testing phase, the Viterbi algorithm is applied in order to determine
the most probable state sequence. The experiments are conducted in both
the SD and SI cases, with 32 monophones — 30 monophones
corresponding to 30 letters in the Serbian alphabet, the phoneme
/a/ (schwa) and the silence. Schwa is marked when /r/ is found in a
consonant environment. The model of silence is appended at the start and
the end of each utterance.

The parameters of initial models in a flat-start training are obtained
by calculating the global mean and variance. However, more accurate initial
models could be achieved with the annotation of a part of database used for
training, which includes labeling phoneme boundaries in utterance. In this
paper, for both recognitions in the SD and SI cases, we use automatic
annotation of a small database subset to bootstrap a set of HMM models.
Additionally, instead of using a fixed number of states per each monophone
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model, a noticeable gain in robustness can be achieved with a variable
number, proportional to the phoneme duration. The number of HMM states
per model, proportional to the average duration of all the instances of the
corresponding phoneme in the training database is proposed in [26], for all
phonemes in Serbian.

The parameters of the initial monophone models are obtained by
using a small part of the database (10% of utterances in neutral phonation)
annotated with automatic annotation with the forced alignment
implemented in the HTK.

6. Results and Discussion. This section is organized as follows.
The results and discussion of initial experiments, which analyze already
existing approaches for speech characterization in ASR systems, are
presented in subsection A. The main objective of initial experiments is to
give a baseline performance for MFCC, LFCC, PLP, LPLP and
LPLP(mod) feature vectors in terms of word recognition accuracy, in 4
train/test scenarios:

—N/N and W/W — the ASR system is trained on neutral speech (N)
or whispered speech (W) and tested using the speech of the same mode.
These scenarios are marked as matched.

—N/W and W/N — the ASR system is trained on neutral speech or
whispered speech and tested against the speech of the opposite mode. These
scenarios are marked as mismatched.

In subsection B, the influence of p-law warping coefficient to
accuracy in neutral-trained recognition of neutral and whispered speech is
examined. In addition, a comparison of the recognizer performance using -
law frequency warping and feature vectors utilized in initial experiments,
along with statistical significance of results, is given.

The experiments are conducted in both the SD and SI cases. In order
to provide more reliable evaluation of the performance, cross-validation is
needed. For each speaker, 1000 utterances (500 in neutral and 500 in
whisper mode) are available. Word recognition accuracy is presented as
metric for performance of the recognizer.

In the SD case, accuracy is calculated according to the following
procedure. In matched conditions available utterances are divided in the
train and test set. The train set contains 90% utterances evenly distributed
between words. Remaining 50 utterances are exploited in the test set. The
HTK displays the percentage of correctly recognized utterances. For
example, if N denotes total number of analyzed utterances and £ denotes the
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number of incorrectly recognized utterances, accuracy percentage is
calculated in the following way:

accuracy = % -100%. @)

The train and test set are rotated in 10-fold cross-validation.
Accuracy for an examined speaker is calculated by averaging 10 results
from cross-validation. Finally, average SD recognition accuracy is
calculated as arithmetic mean of accuracies from all speakers. The
procedure is the same for mismatched conditions, except the fact that test
set contains all available utterances in the opposite speech mode. In train
set equal number of utterances (450) is utilized in both matched and
mismatched conditions.

In the SI case, all 500 utterances from the examined speaker (for the
respective mode) are given in the test set, whereas the utterances from the
other 9 speakers (4500 for the respective mode) are given in the train
set (full dataset training with leave-one-speaker-out cross-validation).
Again, the accuracy is averaged across different speakers.

0.A. Initial Experiments. The results are depicted in bar graphs in
Figure 6 and Figure 7, for the SD and the SI recognition, respectively.
Depicted Standard Errors (SE) present standard deviation between different
recognition systems divided by the square root of the sample size.

For better visual comparison of accuracies, only important part of
each bar graph is shown (higher than 90% in matched and 60%
mismatched scenarios). As can be seen from Figure 6(a) and Figure 7(a),
the recognition of whisper is with lower success compared to the
recognition of neutral speech in matched scenarios, as expected. In the
SD case, recognition accuracy of neutral speech is higher than 99.5% for
all feature vectors (N/N bars in Figure 6). The difference in performance
between examined feature vectors is meaningless. In contrast, there is a
noticeable increase in performance for modified LPLP features in
recognition of whispered speech (W/W bars in Figure 6) with reached
accuracy of 99.26%.

In the SI case, the performance of ASR system for LFCC and LPLP
feature vectors noticeably dropped down, compared to original MFCC and
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PLP features (bar graphs in Figure 7(a)). Recognition accuracy of
98.60% (neutral speech) and 96.66% (whisper) is achieved.
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Fig. 6. The average word recognition accuracy with standard error (SE) in speaker
dependent (SD) case and four train/test scenarios in: a) matched; b) mismatched
scenarios for MFCC, LFCC, PLP, LPLP and modified LPLP feature vectors
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Fig. 7. The average word recognition accuracy with standard error (SE) in speaker
independent (SI) case and four train/test scenarios in: a) matched and b) mismatched
scenarios for MFCC, LFCC, PLP, LPLP and modified LPLP feature vectors

In mismatched scenarios, few observations can be made. There is a
significant drop of performance compared to the recognition in matched
conditions, for both the SD and the SI recognitions (Figure 65 and Figure 75).
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Also, there is a pronounced asymmetry in recognition accuracy between N/W
and W/N train/test scenarios for MFCC and PLP feature vectors, which is
especially strong for SD recognition. On the contrary, speech
parameterization based on linear frequency scale (LFCC and LPLP)
contributes to the absence of asymmetric performance between mismatched
scenarios. As well as in research study [10], reducing the filterbank bandwidth
to range 0-5800 Hz provides further improvement in neutral-trained
recognition of whispered speech (Figure 7b, LPLP(mod) bar in N/W scenario)
while preserving good performance in recognition of neutral speech. The
highest recognition accuracy in N/W scenario (as more interesting scenario) is
86.80% in the SD case (for LFCC features) and 88.86% in the SI case (for
LPLP(mod) features). In order to compare the performance in N/W scenario
with results from [10], Word Error Rate (WER) for UT-Vocal Effort II was
18.2%, without adaptation to whisper and with lexicon constrained to 160
words. Very high deviation of performance among different speakers is
obtained. Similar observation is found in whispered speaker identification
with neutral trained HMM models [27]. It was stated that the degradation is
concentrated for a certain number of speakers, while other speakers displayed
consistent performance to that seen in neutral speech. One of the reasons for
that deviation is Signal to Noise Ratio (SNR) of tested utterances.

6.B. Recognition with Cepstral Coefficients using u-law Frequency
Warping. The experiments are done for 5 values of warping coefficient p,
from 0.5 up to 2.5 (with an increment value of 0.5).

The neutral-trained ASR system recognition accuracy is depicted in
Figure 8 (for neutral speech) and Figure 9 (for whisper).

Experiments in  matched  scenario show the  best
performance (accuracy 98.56%) for value of warping coefficient p=2 (SI
bars in Figure 8). At the same time, warping coefficient has meaningless
influence on recognition in the SD case. For each examined value, accuracy
is higher than 99.60% (SD bars in Figure 8).

Experiments in mismatched scenario (Figure 9) show very similar
tendency with regard to influence of warping coefficient to the performance.
Once again, the best accuracy in the SI recognition is achieved for =2, and
amounts to 90.92%. Experiments in the SD case show very small change in
accuracy for values of coefficient in range from p =1 up to p=2. The best
obtained accuracy is 87.50% for value p = 2. Finally, the results demonstrate
that using pFCC results in increase of whisper-recognition accuracy, as
compared to the neutral-trained recognition in initial experiments, while
keeping very good performance in recognition of neutral speech.
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Fig. 8. The average word recognition accuracy with standard error (SE) in neutral-
trained recognition of neutral speech (N/N) in speaker dependent (SD) and speaker
independent (SI) case using pFCC (cepstral coefficients with p-law frequency
warping), with different values of parameter p
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Fig. 9. The average word recognition accuracy with standard error (SE) in neutral-
trained recognition of whisper (N/W) in speaker dependent (SD) and speaker
independent (SI) case using pFCC (cepstral coefficients with p-law frequency

warping), with different values of parameter p
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In order to confirm the effectiveness of uFCC in mismatched
scenario, statistical tests are needed. Two-tailed Wilcoxon signrank test
show that improvement with proposed frequency warping is statistically
significant. In Table 1, the average accuracy is given for recognition with
UFCC (u=2), as well as for feature vectors examined in the initial
experiments. Belonging range of p-value is labeled with asterisks.

The tests show statistical significance of recognition using pFCC
compared to recognition using all feature vectors analyzed in the initial
experiments. Despite the fact that improvement in the SD case related to the
accuracy for LFCC vectors is marginal (0.70%), Wilcoxon test shows high
significance (p<0.005).

Table 1. Average Recognition Accuracy for Different Feature Vectors in Neutral-
trained Recognition of Whispered Speech (N/W scenario)

Accuracy [%]
Feature vector 3D 31

uFCC 87.50 90.92
MFCC 80.14™ 87.48"
LFCC 86.80™ 86.50™
PLP 73.07" 83.16™
LPLP 86.05™ 87.80"
LPLP(mod) 83.38"™ 88.86"

(p<0.05 *; p<0.005 **; Confidence interval = 95%)

In order to evaluate how well particular ASR system performs,
precision (P) and recall (R) are sometimes used as measures. The F-measure
of the system, which is defined as weighted harmonic mean of its precision
and recall, is given in the following [28]:

1 1Y
F=la=+(l-a)—| . 5
( 7 (I-a) RJ &)
The balanced F-measure (commonly denoted as F;) equally weights
precision and recall (i.e., @ = 0,5), that is,

2PR
F=——0-.
P+R

(6)

In N/W scenario, for each individual word, precision and recall are
determined by analyzing HTK recognition output file. The balanced F-
measure is averaged across words and calculated for each speaker.
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The results are presented for MFCC and uFCC feature vectors in
Table 2, in both the SD and SI cases. The speakers denoted as Speaker 1
up to Speaker 5 are female speakers whereas speakers denoted as
Speaker 6 up to Speaker 10 are male speakers. Obtained results suggest
that the ASR system which exploits pFCC feature vectors can achieve
higher F-measure in whisper recognition, compared to conventional
MFCCs. Average balanced F-measure for uFCC feature vectors is higher
for 7% in the SD case and 3.5% in the SI case, approximately (the last
raw in Table 2). As well as for accuracy, high deviation of F-measure
between speakers is obtained.

Table 2. Average Balanced F-measure for all Speakers in Neutral-trained
Recognition of Whispered Speech (N/W scenario)

Speaker SD S1
MFCC uFCC MFCC uFCC
Speaker 1 0.9763 0.9695 0.9053 0.9453
Speaker 2 0.7629 0.8667 0.8630 0.8899
Speaker 3 0.8631 0.9093 0.8592 0.9186
Speaker 4 0.7324 0.8495 0.8449 0.9290
Speaker 5 0.7703 0.8227 0.7750 0.8199
Speaker 6 0.7274 0.8352 0.9444 0.9596
Speaker 7 0.8636 0.9119 0.9311 0.9438
Speaker 8 0.8273 0.8871 0.9130 0.9352
Speaker 9 0.8108 0.9152 0.9054 0.9497
Speaker 10 0.8560 0.9130 0.8895 0.8992
Average 0.8190 0.8880 0.8831 0.9190

7. Conclusion. This study has been motivated by insight in
whispered speech recognition that modern ASR systems are not capable to
handle when tested with whisper, due to high acoustic mismatch with
neutral speech. Speech usually contains more energy at lower frequencies
due to formant structure of vocals, while the whisper has relatively strong
higher frequencies. Since traditional mel and bark frequency scales do not
have good frequency resolution in high frequency range of speech, this
study has investigated frequency warping schemes and compared
performances for MFCC and LFCC as well as PLP and LPLP feature
vectors, in both speaker dependent and speaker independent cases. The
results in the initial experiments confirmed that filterbank resolution affects
the recognizer performance in mismatched scenarios.
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In order to find better frequency warping for neutral-trained whisper
recognition, frequency warping based on p-law compression mapping has
been proposed. Conducted experiments have shown effectiveness of
proposed warping: the best performances for both the SD and SI recognition
have been obtained for the value of warping coefficients p = 2. This new
approach in generation of feature vectors has some advantages in whisper
recognition: (i) notably higher recognition accuracy is observed in
mismatched  scenario compared to the traditional  speech
parameterization; (ii) whisper data in training needed for model adaptation
or multi-condition training is not prerequisite; and, (iii) feature vectors are
easily obtained without increase in feature dimensionality. Compared to
MFCC based recognition, robustness of recognizer with uFCC has been
improved for 7.36% (SD case) and 3.44% (SI case).

Our current and future work aims to find more robust speech
parameterization for neutral-trained whispered speech recognition. Because
Teager energy cepstal coefficients show superiority over MFCC, combined
effect of Teager operator and p-law warping on HMM-based recognition of
bimodal speech will be examined.
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Tanuw M.H., Hoeuuuu C.T., [Jeww B.J], Maproeuu B.P., Ilymapay Iaeroeuu JI.C.,
Iposouu I'T. Pacno3HaBaHue LIENOTHOIH peun ¢ ucnoab3oBanneM CMM M 4acTOTHOro
npeodpa3oBaHus MO 1-3aKOHY.

AnHotamusi. OTCYTCTBHE MOCTATOYHOIO KOJMYECTBA [JAHHBIX IIEMOTHOH pPeYH AJIS
o0ydueHUs SBISETCS CEpPbE3HOH MpPOOIEeMONl COBPEMEHHBIX CHCTEM aBTOMAaTHUECKOTO
pacnioznaBanus peun (APP). M3-3a 60JIbIIOr0 aKyCTHYECKOTO Pa3IHyus MEKAY OOBIYHOMN 1
mIenoTHoil peubto APP cHCTeMBl 3HAYUTENBHO CHIDKAIOT IPOU3BOJUTENBHOCTD MHPU
00paboTKe mernoTa.

B craTtbe npuBeneH aHaIM3 MOAXOJO0B K PACIO3HABAHHMIO HEHTPAIBHOU U IIEHNOTHOH pedn
Ha  OCHOBE  TPAJMIMOHHBIX  CKPHITBIX  MapKkoBckux  mozened  (CMM) s
JMKTOpO3aBUCUMBIX (SD) u nukToponesaBucuMsbix (SI) ciryyaeB. Ocoboe BHUMaHUE yIeNsSeTCs
PACIIO3HABAHUIO IIETIOTA C HCIIOIb30BaHUEM HEHTPaIbHOU peun Ha dTare oOydeHus (CLeHapHit
N/W). Cucrema APP paspabotana Juisi pacrio3HaBaHUs H30JIMPOBAHHBIX CIIOB U3 0a3bl JAHHBIX
(Whi-Spe), BkiItouaromieil mapbl CJIOB peajibHO MPOM3HECEHHOW peyr HEHTPaIbHO U LICHOTOM.
B crnenapun N/W yBennueHue HaJeKHOCTH JOCTUTaeTcsi ¢ INPUMEHEHHEM IIPeUIaraeMoro
YAaCTOTHOTO IMPEoOpa3oBaHMs, W3HAYAIBHO Pa3pabOTAaHHOrO Il CKATHA M ACKOMIIPECCHU
pedeBoro curHaza B LUGPOBBIX TEICKOMMYHHKAI[HOHHBIX CHCTeMaxX. Bwmecrte ¢ Tem
COXPAHSAIOTCSI XOPOIIHE [OKAa3aTeNN B PACIIO3HABAHNH HEHTpaIbHOH pedH.

Ilo cpaBHeHuro ¢ 6a30BOil MOJENBIO PACIO3HABAHMS C NPUMEHEHHEM Men-4acTOTHBIX
kencrpaibHblX Ko duimentos (MFCC) TOYHOCTH pacrio3HaBaHHs CJIOB C HCIOJIb30BAaHUEM
KeINCTPATbHBIX  KOA((HUIMEHTOB, MOIYyYCHHBIX C IIOMOIIBIO IPEWIOKEHHOIO YacTOTHOTO
nedopmupoBanus (o6oznagaemoro kak WFCC), ymyumrena na 7,36% (SD) u 3,44% (SI) B
a0comoTHBIX 3HaueHusX. Kpome toro, F-mepa (rapMoHMYecKoe cpeiHee 3HAueHHE TOYHOCTH M
MOJNHOTHI) Juisi BektopoB npusHakoB WFCC yeermmumBaercs Ha 6,90% (SD) u 3,59 %(SI).
CraTuCTHYECKHE TeCThbl IMOATBEPXKAAIOT 3HAYUMOCTH JOCTUTHYTOTO  YJIYYIIEHHS TOYHOCTH
pacIo3HaBaHHsI.

KiioueBble c/I0Ba: aBTOMAaTHUYECKOEC PACIIO3HABAHME PEYU, H3BICUCHHE IIPU3HAKOB,
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IMPROVEMENTS IN SERBIAN SPEECH RECOGNITION USING
SEQUENCE-TRAINED DEEP NEURAL NETWORKS

Pakoci E., Popovi¢ B., Pekar D. Improvements in Serbian Speech Recognition using
Sequence-Trained Deep Neural Networks.

Abstract. This paper presents the recent improvements in Serbian speech recognition that
were obtained by using contemporary deep neural networks based on sequence-discriminative
training to train robust acoustic models. More specifically, several variants of the new large
vocabulary continuous speech recognition (LVCSR) system are described, all based on the
lattice-free version of the maximum mutual information (LF-MMI) training criterion. The
parameters of the system were varied to achieve best possible word error rate (WER) and
character error rate (CER), using the largest speech database for Serbian in existence and the
best n-gram based language model made for general purposes. In addition to tuning the neural
network itself (its layers, complexity, layer splicing etc.) other language-specific optimizations
were explored, such as the usage of accent-specific vowel phoneme models, and its
combination with pitch features to produce the best possible results. Finally, speech database
tuning was tested as well. Artificial database expansion was made by modifying speech speed
in utterances, as well as volume scaling in an attempt to improve speech variability.

The results showed that 8-layer deep neural network with 625-neuron layers works best in
the given environment, without the need for speech database augmentation or volume
adjustments, and that pitch features in combination with the introduction of accented vowel
models provide the best performance out of all experiments.

Keywords: deep neural network, automatic speech recognition, chain training, LF-MMI,
accents, pitch, Serbian.

1. Introduction. This paper represents an overview of results and
improvements in automatic speech recognition with systems trained on the
largest Serbian speech database using an effective contemporary deep
neural network (DNN) architecture. Previously, there have been several
experiments with a few different neural network based, as well as Gaussian
mixture model (GMM) based architectures. These are mostly systems
trained on smaller speech databases consisting of telephone recordings with
limited spectral range, and they were tested on smaller vocabularies (up to
around 14000 words) accordingly [1-2]. They are based on the cross-
entropy classification criterion. On the other hand, the system in [3] was
trained on the same speech database used in this paper, so there is a
possibility of direct comparison. That system had input alignments from a
speaker adaptive training (SAT) stage [4], and used modified stochastic
gradient descent (SGD) optimization and parameter averaging [S] to
compute DNN parameter values in a given number of training epochs.

In contrast to the previous methods, recently there has been a lot of
talk about connectionist temporal classification (CTC) [6] in speech
recognition [7], especially when there is a greater amount of data available.

SPIIRAS Proceedings. 2018. Issue 3(58). ISSN 2078-9181 (print), ISSN 2078-9599 (online) 53
www.proceedings.spiiras.nw.ru



WMCKYCCTBEHHbLIV UHTENNEKT, MHXXEHEPWA JAHHBIX 1 3HAHUIN

CTC can also be used in the context of maximum mutual
information (MMI) based sequence training, as both of them maximize the
conditional likelihood of correct transcriptions. As seen in [8], and
implemented in the system from this paper, some of the ideas can be applied
to MMI, such as training from scratch (without initialization), a 3-fold
reduced frame rate [9] using a simpler hidden Markov model (HMM)
topology, and the usage of finite state acceptors (FSAs) to limit the range of
frames where supervision labels can appear [10]. The proposed method is
denominator-lattice-free, and the summations are done over all possible
label sequences — to accomplish such a task, it is run on the GPU with a
phoneme-level language model, while also using several regularization
techniques to prevent, or at least reduce the possibility of overfitting.

The rest of the article is organized as follows: Section 2 describes the
baseline system upon which the new system is built. Section 3 explains the
training method in detail. Section 4 describes the speech database used for
training, and Section 5 the language model used for decoding the test set.
Section 6 briefly overviews the experiments performed, and Section 7
presents all the results in details. The following Section 8 discusses possible
upgrades to the current system. Finally, Section 9 concludes the paper.

2. The baseline system. The baseline HMM-GMM speech
recognition system was trained using the Kaldi speech recognition
toolkit [11], which allows a long list of options for pre-DNN trainings, to
provide as good as possible input alignments for the neural network. These,
among others, include context-dependent triphone acoustic model training
and speaker adaptive training, which were used for the baseline system
here. After an initial monophone training with 1000 Gaussians as the goal,
two rounds of triphone training (#i/ and tri2a) were performed to
eventually create a system with 3000 clustered HMM states and 25000
Gaussians in total. Alignments of the training database obtained from this
system were used for SAT training (with unchanged number of states and
Gaussians). Finally, the SAT system created the input alignments for DNN
training. The results of decoding the test dataset (more on it in Section 4)
with pre-DNN acoustic models are given in Figure 1.

3. The training method. The so-called “chain” training method is
based on performing maximum mutual information (MMI) training [12-13]
directly on the GPU, for the sake of benefitting from synchronized memory
access across its cores, while not using lattices and implementing the
forward-backward training algorithm in both the numerator and the
denominator part of the objective function. Both the utterance-specific
numerator graph and the shared denominator graph (which encodes all
possible work sequences in the given setup) are stored as finite state
acceptors (FSAs), which can be viewed as an equivalent to HMMs, but with
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labels instead of states on their arcs. The obvious downside of this approach
is computational complexity and efficiency, so the graphs have to be
simplified, to be as small as possible for all the necessary computations.

pre-DNN phases

70,0

60,0

50,0

40,0

30,0

- B B

10,0 27,10 m
0,0

mono tril tri2a

training stage

Fig. 1. Baseline WER results

Firstly, the phoneme topology is very simplified — instead of the
standard left-to-right HMM topology with 3 states used in automatic speech
recognition for a given phoneme model, this topology can be traversed in a
single frame. Additionally, the first frame of a phoneme has a different
label (the so-called “pdf” identifier, the neural network output) than the
remaining ones, so the possible emitted sequences from one phoneme
HMM are something like a, ab, abb, abbb (where b is a label analogous to
the blank symbol in CTC) etc. A new context decision tree has to be built
particularly for this new topology and the three-fold reduced frame
rate (using the converted phoneme-level alignments). Furthermore,
transition probabilities of HMMs are set to a constant value (0.5) since they
are not that important when taking into account the presented topology.

Another simplification is in the language model used to create the
denominator graph. In this method, it is a 4-gram phoneme-level language
model, estimated directly from input phoneme-level alignments of the
training dataset. Conventional language models (even unigrams that are
often used in MMI and similar discriminative training methods) would be
way too slow to use here. Furthermore, this language model has no
smoothing or pruning below trigram level to limit the graph size increase
after adding context dependency, and there is a predefined total number of
4-gram history states, selected in such a way to maximize the likelihood of
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training data. Finally, there is no interpolation or backoff from existing
history states (test data perplexity would be infinite).

The creation of both graphs is performed in an unusual way. For
the denominator, after composing with C (context dependency) and then
H (HMM topology), and epsilon removal afterwards (so far like the usual
HCLG graph creation in Kaldi), instead of standard determinization and
minimization, a different procedure is implemented to even further reduce
the number of states and transitions in the output graph — this procedure
can be summarized as the sequence of operations {pushing weights;
minimization; reversing the FSA; pushing weights, minimization;
reversing} repeated 3 times, followed by a final epsilon removal, because
the reversals can create them. The denominator graph created this way
will cut down both memory consumption (less states) and time taken for
MMI training (less transitions).

Moreover, the initial and final probabilities in the graph are
modified. Instead of reflecting only the sentence starts’ and sentence
endings’ statistics (which does not work with parallel training on fixed size
chunks of utterances), initial probabilities are here obtained by averaging
the HMM state distribution for 100 subsampled frames from the initial state,
while the final probabilities are fixed to be 1.0.

As for the numerator, for a given utterance, input alignments are
converted into lattices representing all possible alternative utterance
pronunciations, which are then processed into phoneme graphs, and then
compiled into utterance FSAs. These are processed even further [8], until
each FSA state can be identified with a frame index (important for the
ability to separate FSA into chunks). The numerator FSA now contains a
subset of paths contained in the denominator FSA.

Like for the denominator, for processing fixed sized utterance chunks,
time constraints had to be added to alignments so that it can be possible to
split up the numerator FSA accordingly. Using an idea similar to one used in
CTC training [12], this FSA is composed with another FSA with
number_of subsampled_frames+1 states which has a transition from state ¢ to
state #+/ with a pdf identifier as a label, only if that pdf corresponds to a
phoneme that is allowed on the subsampled frame . Phoneme allowance on a
certain timestamp is determined based on a tolerance window (50ms), which
for each phoneme in the utterance lattice allows it to appear slightly before, or
slightly after from where it actually appeared.

Finally, the numerator FSA is also composed with the so-called
normalization FSA, which is identical to the denominator FSA, but with the
modified initial and final costs mentioned before. The new initial
probabilities are added into the original denominator FSA using epsilon
transitions from a new initial state (those epsilons are later removed).
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The simpler forward-backward computation — for the numerator, is
implemented on CPU, while denominator computations run on the more

powerful GPU.
To reduce the possibility of overfitting [14], three different
regularization methods are used — cross-entropy regularization (an

additional special output layer for training the cross-entropy objective, with
tweaks to the last hidden layer as well) and output ZA-norm
regularization (on the main output layer), as well as the so-called leaky
HMMs (allowing transitions from each HMM state into every other state,
with a small coefficient, which makes the system gradually forget context).

The chosen acoustic models are sub-sampled time-delay neural
networks (TDNNs), which are trained using cross-entropy training. A special
set of layer splicing indexes are in use. They are -1,0,/ for several initial
layers (they see 3 consecutive frames), and -3,0,3 for the remaining hidden
layers (they see 3 frames as well, but separated by 3 frames from each other).
In such a configuration, the most hidden layers need to be evaluated only on
every third frame. The number of layers, number of neurons in each hidden
layer, number of training epochs and other parameters, such as the coefficients
for speed perturbation and volume scaling, were varied from experiment to
experiment. Also, online-calculated i-vectors are used for the adaptation of the
deep neural network along the way (with updates on every tenth frame).

4. Serbian speech database. For all the experiments, the largest
Serbian speech database for LVCSR in existence up to this day was used. It is
comprised of two very distinct parts — a larger part containing audio book
recordings [15], read by professional speakers in a studio environment, which
produced generally very high quality audio, and a smaller part containing
mobile phone recordings of different people, mainly commands, inquiries and
similarly structured short utterances that can be expected in a conversation
with voice assistant type applications installed on mobile phones.

Naturally, the audio book part, which contains most of the material,
brings a lot of variability in terms of expressiveness and the number of
different sentence structures, even though the literary functional style
dominates all other styles — this style is nevertheless the one most
correlated with natural, everyday speech. The vast majority of the total of
121000 different words came from this part of the speech corpus. The
utterances are very long on average (around 15 words per utterance), and
the amount of material isn’t equally distributed per speaker — some
speakers have several hours of audio data, and others half an hour or even
less. In the future, an equalized version of this database is going to be
examined for acoustic model training. The equalization in this context
implies dividing speakers with more abundant audio material into more or
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less equally long segments, and then modifying tempo and pitch
characteristics in individual segments to create different “artificial”
speakers, equally represented in the speech database as a whole. There is
no significant background noise, and words and phonemes are generally
well pronounced throughout the database. Everything was manually
reviewed multiple times before these experiments. All in all, there is
around 154 hours of audio data, out of which around 129 hours is pure
speech, and the remaining 25 hours correspond to silence segments. The
data is divided into more than 87000 separate utterances. In total, there are
21 identified male speakers and 27 identified female speakers, with
another 10-15 different unidentified speakers (with possible overlaps).

On the other hand, the so-called “mobile” speech database consists
of mostly domain-oriented utterances, as mentioned above. These utterances
are much shorter (between 4 and 5 words on average), and most of them are
commands, questions, numbers, currencies, proper nouns (names, cities,
rivers and other topological data), different inquiries and similar sentence
structures, recorded using a specialized application which simulates a
conversation with the device, i.e., a helper application installed on it. There
are also some regular declarative sentences, as well as spellings of names,
organizations, brands, etc. People were instructed to try to talk as naturally
as possible (to be more spontaneous). A lot of different speakers contain a
similar amount of audio data, and all of them have all the given utterance
types. This set makes up around 61 hours of total audio data, out of which
42 hours is speech, and 19 hours is silence. In total, there are 170 male and
181 female speakers, which adds up to around 74000 utterances. Recording
quality is usually good, but several speakers have a significant amount of
background noise as well.

All audio data was sampled at 16 kHz, 16 bits per sample, mono
PCM. Both parts of the speech database were used in an attempt to train
more robust acoustic models, well-adjusted to both shorter commands
and longer, regular sentences. To summarize, around 160000 utterances
and 215 hours of audio data was obtained in total (170 hours of speech
without silences, see Table 1). Out of this, 18 hours of speech coming
from 26 speakers is selected for the test set. Test speakers do not
participate in any training, and each unique speaker is either completely
used for testing, or completely for training (never for both). The selection
of speakers was random, and the goal was to take around 10% of the
more varied audio books database (9 speakers, 15 hours, 9000 utterances,
140000 words), and around 5% of the more uniform (vocabulary-
and structure-wise) mobile database (17 speakers, 3 hours, 4000
utterances, 20000 words).
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Table 1. Serbian speech database breakdown

Audiole books Mobile phone recordings
total duration 154h 61h
speech duration 12%h 42h
# speakers 60+ 351
# utterances 87428 74137

# words 1314574 355396

# characters 6275495 1600390
# words per utterance 15.04 4.79

5. Language model. Language modeling is a very important
aspect of speech recognition systems, especially on large vocabularies.
For the purpose of the experiments in this article, a trigram language
model was trained on the training part of the database transcriptions —
which have over 1.5 million words in total by themselves (around 121000
different word forms), as well as on an additional part coming from the
Serbian journalistic corpus for more realistic estimation of
probabilities (this part consists of over 440000 additional sentences,
mostly from newspaper articles and similar sources, for a 40%-60% mix).
The journalistic corpus was only used to provide better estimates of n-
gram probabilities, with no new words coming from it, so in the end there
were still around 121000 different words (unigrams) in the final language
model, with 1.3 million bigrams and 358000 trigrams. The Kneser-Ney
smoothing method [16] with a pruning value of 107 was applied to obtain
the previously mentioned numbers, as it was proven to be optimal [3].
The language model was trained using the SRILM toolkit [17]. The
vocabulary included words from both train and test sets (there are no out-
of-vocabulary words). However, the test set was not included in the
language model training procedure, to simulate real situations where the
user says something not entirely expected by the speech recognizer. Test
data perplexity was calculated to be 768.8.

6. Experimental setup. Several training parameters for the proposed
training procedure have been examined in order to find the optimal
configuration:

—number of hidden layers (7-9);

—number of neurons per layer (512-1024);

—number of training epochs and iterations (3-5 epochs);

—layer splicing options (how many -1,0,1 vs. -3,0,3 layers);

—HMM structure complexity (3000 vs. 4000 states);
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—extending database using speed-perturbed data (Boolean);

—applying random volume adjustments to data (Boolean);

—using accent-specific vowel models (Boolean);

—using pitch as an additional feature (Boolean).

Other DNN parameters were the same everywhere. These included
the basic features — 40 high-resolution Mel-frequency cepstral
coefficients (MFCCs), calculated using 40 filter banks, on 30ms frames,
with 10ms shifts, the number of initial and final parallel jobs (3 and 16), as
well as the initial and final learning rates (0.001 and 0.0001).

Input alignments to the DNN training stage were provided via the
baseline HMM-GMM speaker-adaptive training system (section 2,
Figure 1), producing WER of around 22% on the described test set (without
any additional discriminative training at this stage).

7. Experimental results. Initial training parameters were the
following: 7 neural network layers, 625 neurons per each layer, 4 epochs (60
iterations) of training, two initial -7,0,/ layer splicings and four -3,0,3
splicings for the remaining hidden layers, no accent-specific vowel models,
3000-state HMM structure, no artificial database extension or adjustment,
without the additional pitch features.

Various number of neurons per each hidden layer were examined
for the fixed initial number of layers (7). All the produced word error
rates were slightly under 10%, but the experiments have shown that 512
seems to be too few, and 1024 too many. In between, 625 and 768 (the
midway between 512 and 1024) neurons per layer seem to produce very
similar WERs — 9.71% and 9.72% to be exact (Figure 2). In this
situation, it was reasonable to choose the less complex system — more
neurons take a lot more time to train and the resulting models take up a
significantly larger space on the disk, which can further result in much
slower decoding time (this can be crucial for some ASR applications, e.g.
on devices with limited memory resources and not so powerful
processors, such as mobile phones), that can severely affect user
experience when real time communication is to be expected. Specifically,
total training times were between 11 hours for 512 neurons per layer, and
18 hours for 1024 neurons per layer, using a minibatch size of 32 to
successfully complete the whole training on the concrete GPU. The
difference in the final model size was substantial, as it ranged from
29MB (least complex system), up to almost 100MB (most complex
system). The decoding time varied as well, even though it was very fast
on the given machine in general, as it took only about an hour (or slightly
more) to decode the whole 18 hours of test data. Compared to real time,
the decoding speed ranged from 5.4% to 8.2% of real time. This is likely
much more prominent on less powerful devices.
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7 layers, 60 epochs
10,0
9,8

9,6

9,91
9,4 9,71

9,2
9,0

512 625 768 1024
# neurons per hidden layer

Fig. 2. WER results for different number of neurons per layer (7-layer DNN)

Character error rate mimicked the way WER behaved — it ranged
from 2.53% to 2.62%. Based on this, it can be assumed that most errors
occur in just a few letters (characters) of words, while most of the
word (basic form, i.e., the lemma) is often correctly recognized. This is an
observation that will be explained in more detail later in the article.
Presenting the most frequent mistakes (particularly substitution errors) the
decoder made proves the abovementioned considerations (Table 2). The
most prominent insertions and deletions contain a great majority of very
short one-syllable words (1-3 characters long), such as prepositions,
conjunctions, etc. There are also substitutions, such as changing one version
of a word pronunciation with another allowed pronunciation (which is often
just slightly acoustically different). These type of errors can be handled in
the pronunciation dictionary (lexicon) used for training and testing in future
iterations. On the other hand, the mentioned deletions and insertions can
probably only be solved with a more sophisticated language model.

Increasing the number of hidden layers in the network by one
improved WER by a significant amount — to 9.45%. Further increments
didn't seem to produce more improvement (Figure 3) — WER actually
started going in the wrong direction. Other combinations of layers and
neurons did not seem to be more successful either (8 layers and 768 neurons
per layer, 9 layers and 625 or 768 neurons per layer, etc. — all fell short).
So the 8-layer 625-neuron configuration seemed to be optimal one for the
given amount of data and variability. Here, the training was completed in 14
hours, and the final models occupied 45MB. The decoding speed was 6.3%
of real time. The character error rate also got better, from 2.53% to 2.47%.
Most frequent errors expectedly remained almost the same, but the number
of different errors was slightly reduced.
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Table 2. Most frequent word error examples (total words in test set: 158653)

substitutions insertions deletions
total 10889 952 3578

je —i(1.18%) i(7.98%) je (17.08%)

i— je (0.41%) u (6.09%) i(16.1%)

bilo — bila (0.29%) je (5.88%) u (5.14%)

peter — petar (0.26%) na (4.41%) a(2.91%)
u — 0 (0.26%) da (3.15%) da (1.98%)
koja — koje (0.25%) mu (2.94%) na (1.68%)

osamnaeste — osamneste (0.25%) ni (2.42%) 0 (1.57%)

examples iz — 1 (0.24%) ne (1.79%) se (1.43%)
sam — osam (0.21%) to (1.79%) on (1.34%)
me — mi (0.2%) od (1.58%) ona (1.09%)

je — nije (0.19%) a (1.47%) s (0.87%)

hiljadu — hijadu (0.17%) sa (1.47%) su (0.81%)
je — koje (0.17%) s (1.16%) j0j (0.75%)
koje — koji (0.17%) se (1.16%) mu (0.67%)
sa — se (0.16%) pre (1.05%) pa (0.67%)

revolucija — revolucije (0.15%) po (0.84%) bi (0.61%)

The number of training epochs seemed to be optimal right from the
start (Figure 4) — changing the number of training epochs in any direction
seemed to increase WER. More epochs and iterations are definitely not
suggested. If time was more relevant, the slightly shorter training (less
iterations) could be proposed. The system might benefit from a change in
learning rate or the number of parallel jobs (initial and/or final) alongside
the change in epochs and training iterations, but it was not tested in this
round of experiments, since the given learning rate was recommended for
systems of similar complexity, and the training and validation probabilities
did not show signs of overtraining.

625 neurons, 60 iterations

10,0
9,8
9,6

9,4 9,72
9,2
9,0

7 8 9
# hidden layers

Fig. 3. WER results for different number of layers (625 neurons per layer)
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7 layers, 625 neurons

10,0
9,8
9,6
9,4 9,77 9,72
9,2

9,0
3 (45) 4 (60) 5(74)

# training epochs (iterations)
Fig. 4. WER results for different training lengths (number of iterations)

Initially, in the 8-layer neural network architecture, the two layer
splicing variants were equally distributed among hidden layers (3 initial
layers had the -7,0,1 splicing with neighboring layers, while the 4 deepest
layers had the -3,0,3 splicing put in place, or 3+4 for short). Additional
adjustments did not produce better results. In the 9-layer system however,
an alternative 4+4 splice distribution managed to improve WER in relation
to the original 3+5 splicing variant, but it still did not reach the current best
result of 9.45% WER. All of these results can be seen in Figure 5.

layer splicing
10,0
9,8

9,6
9,4
9,2 9,48
9,0

9L-625N, 3+5 9L-625N, 4+4 8L-625N, 3+4 8L-625N, 4+3

test configuration

Fig. 5. WER results for different layer splicing

In all further experiments (unless explicitly mentioned), the best
architecture so far was used (8 layers, 625 neurons per layer, 3+4 splicing,
4 epochs, 9.45% WER).
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The next adjustment to be examined was artificial data expansion.
The speech data was expanded by using speed perturbance coefficients to
produce new versions of the database (on the fly), that contained either
faster or slower speech than the original database. These perturbed database
versions were added to the original in the training set. Several perturbance
coefficients have been examined, always in pair (one slower and one faster
database version plus the original). Unfortunately, no gain was made in
WER, at least with the given architecture (Figure 6). The more the
perturbed data was changed in comparison to the original, the worse the
results became. Features were probably too dispersed in this setup for the
previously optimized network to cover properly. An increase in the number
of layers and/or neurons could be tested (with caution to not cause
overfitting). Nevertheless, as stated before, smaller neural networks are
preferred, so those experiments were skipped for now. Not to mention that
the training was much longer (over 42 hours long), with a lot more
iterations (same number of epochs) due to the increased amount of data.

speed perturbance

10,0
9,8
9,6
9,4
9,2
9,0

9,57

none 0.9x & 1.1x 0.8x & 1.2x

speed change coefficients of added audio data

Fig. 6. WER results with added speed-perturbed data

Another interesting approach was to modify input audio data by
volume scaling using a random coefficient for each file in the speech
database. This was also performed on the fly in the training scripts.
Therefore, there is no extra training material, only the variability is
increased. This could compensate the fact that some speakers naturally speak
louder than others, so in a way this may produce a more equalized database
volume-wise, i.e., with more training data for much louder or much quieter
speech than normal (neutral loudness). More precisely, the volume
adjustment coefficient was randomly selected for each file between the
values of 0.125 and 2.0. At first, this approach did not improve the best
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result — in fact, it produced one of the worst ones so far. Luckily, increasing
the number of neurons per layer to 768 made a big difference — almost
reaching the best result. Because of that result, even a 9-layer architecture
was examined, and the new best result so far was obtained — 9.32% WER.
All the mentioned results are presented in Figure 7.

volume adjustment

10,0

9,8

9,6

9,4

;O B m

9,0
8L-625N 8L-625N 8L-768N 9L-768N
(referent)

test configuration

Fig. 7. WER results with volume-adjusted data

Unfortunately, this had a bit of a toll on training length and
decoding speed — 18.5 hours of training, 6.5% of real time decoding
speed. Yet, it has been shown that this kind of an approach can work
well, if not for anything else than for systems running on more powerful
machines which can perform in real time without issues. Of course, due
to randomness, the training is not exactly repeatable (unless producing
the same pseudorandom sequence of volume scaling coefficients using
the same seed), and sometimes you can be a bit luckier than at other
times. For the rest of the results in the paper, the 9.45% WER result is
still considered as the referent one.

A major change incorporated in the system was obtained using
separate models for vowels with different accents — five standard Serbian
accents, plus the unstressed version of the vowel, ignoring diphthongs. The
biggest change in this approach was creating a lexicon with word
pronunciations with accents, which was eventually performed using the
most comprehensive existing accentuation dictionary for Serbian. Other
appropriate changes were made to tree-based clustering of HMM states as
well. Of course, firstly the HMM-GMM models had to be retrained with the
described changes to produce new phoneme-level alignments for the neural
network. After everything has been performed, there was still no luck in
improving the existing WER. Increments in layers and neurons also
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produced no improvement (Figure 8). Increasing the number of HMM states
from 3000 to 4000 in the initial system to possibly cluster the now more
diverse set of phoneme states in a better way also didn't change much,
producing a WER of 9.68%. This was likely because speakers often
pronounced words in unexpected, incorrect ways, so that accented vowel
models were not trained in the best possible way — it can be said that there
was a lot of “noise” in the data. Unfortunately, manually labeling the whole
training set (specifically vowel accents) is not possible in practice,
especially for datasets this big or even larger. Maybe this approach can
work better on smaller databases, or where speakers were instructed to
speak exclusively in the linguistically correct way (and data was checked
thoroughly). Hopefully though, adding pitch features in the mix can help,
since pitch and accents are very correlated in the Serbian language.

Adding the fundamental frequency alone as an additional feature
helped a lot (Figure 9). Specifically, there were 3 new features —
weighted log-pitch, delta-log-pitch and the warped Normalized Cross
Correlation Function (NCCF) value (originally between -1 and 1, higher
for voiced frames). The whole system was retrained from the start for the
new feature set. Finally, a significant jump in WER was obtained, to
9.18%. At this point, the training procedure was moved to a machine with
a better GPU, but for later comparisons let's mention that the training
lasted around 10 hours. The final model was still around 45-46MB big,
and the decoding speed was 5.1% of real time. Character error rate
followed the WER improvement, and jumped from 2.47% to 2.40%. The
list of the most frequent errors was still unchanged, although their
frequency decreased, as the acoustic model actually helped distinguish
similar words a little bit better.

accented vowels
10,0
9,8
9,6
E 8 £
9.2 m 9,51
9,0
no accents 8L-625N 9L- 625N 8L-768N

(referent)

test configuration

Fig. 8. WER results with accented vowel models
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pitch features
10,0
9,8
9,6
9,4
9,2 019
00 |2
without pitch with pitch

with or without pitch

Fig. 9. WER results with added pitch features

The final TDNN-based experiment was the examination of pitch
features in combination with accented vowels, for the reasons stated above.
Fortunately, this produced the best result to date (Figure 10) — word error
rate of 9.06% and CER of 2.37%. The whole DNN part of the training took
9.5 hours and produced a model of 45SMB (just slightly smaller than without
accents). The decoding capabilities were calculated to be 5.6% of real time.

pitch features and/or accented vowels

9,9
9,7
9,5

9,3
9,1
8,9
8,7
8,5

no accents or accents pitch accents + pitch
pitch (referent)

test configuration

Fig. 10. WER results with added pitch features and/or accents

In order to create even better acoustic models for the given database
and a general purpose LVCSR system, speaker audio data equalization
could be analyzed. Purposefully adding noise to speech data to prepare
models for not-so-perfect environments (this could also produce more
variability to the features) might be another way. However, creating a
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sophisticated language model based on recurrent neural networks seems to
be the most promising direction.

Let us also mention that WER was mostly accumulated on the audio
books test dataset (10.21% WER, 2.63% CER), while the mobile database
test produces a much better WER of less than 1% (0.82% WER, 0.33%
CER for pitch-based models with accents).

Like mentioned before, overall CER is only at around 2.4%, which
is due to the high language inflectivity and most likely suboptimally
trained language models. High inflectivity means that small changes in
words are used to express different grammatical categories, e.g. case,
tense, gender, number. This creates a possibility of very similar but
completely different words (with the same basic word form, i.e., lemma)
to be substituted with each other in the recognition process. There is
another proposed ASR system evaluation method that was created for
languages like these — inflectional WER (IWER), which assigns a weight
between 0 and 1 to so-called “weak” substitutions, where the lemma of
the word is correctly recognized [18]. If the default weight of 0.5 is taken
here, for the best system the IWER value is calculated to be 7.23%. A lot
of small errors still persist — including alternative pronunciations of same
words (e.g. numbers) and some errors that are more due to the language
model in use, but these are not further explored in this paper.

The system also performed a lot better on the female speaker test
dataset than on its male counterpart — WER of 5.66% compared to 11.22%,
but this was likely a consequence of speaker choice (random selection) for
this particular test set (Figure 11). Some of the male speakers do have more
background noise and lower quality audio in general (e.g. mumbling).

database and speaker gender

12,0
10,0
8,0
6,0
4,0

i
0,0 - - _— —

books WER books CER mobile WER mobile CER
H Male Female ® Total

Fig. 11. WER breakdown for speech database parts and speaker genders
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Figure 12 shows a side-to-side comparison between this system (the
best variant that incorporates vowel accents and pitch features) with the
previous ASR systems for Serbian that use acoustic models trained on the
same speech database.

WER comparison between the chain system
and previous systems

30,0
25,0
20,0
15,0
10,0
14,68
5’0 m
0,0

GMM (SAT) EESEN nnet2 chain
type of algorithm

Fig. 12. WER comparison — baseline GMM, end-to-end, SGD system, chain system

As expected, the “chain” system more than halves the WER obtained
with the baseline HMM-GMM system, which is described in Section 2.

The next system is an end-to-end system for Serbian developed by the
Eesen framework [19]. In this system a LSTM-based deep neural network is
trained to directly model connections between speech and context-independent
lexicon units, which dramatically reduces the amount of expert knowledge
needed to successfully train a competitive LVCSR system. The training is
CTC-based, while allowing the usage of weighted finite state
transducers (WFSTs) in the decoding procedure. When using the Serbian
speech database from this article, as described in [20], a reasonably good WER
of 14.68% is obtained. Still, the 9.06% WER of the “chain” system is superior.

The final comparison is with the “nnet2” system, which is the system
based on modified SGD and parameter averaging, as detailed in [3]. The
acoustic models here were also TDNNSs, with such an architecture that more
efficiently models longer temporal contexts [21]. This system produced
another significant improvement, lowering the WER to 12.46%. It was
shown in [3] that WER can improve even further by introducing a
discriminative MMI training stage before the DNN phase to produce even
better input alignments for the neural network, but for fair comparison the
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12.46% WER was chosen. This is the second best system, right after
“chain”, but it is still almost 30% worse in relative word error rate.

It can be concluded that the new system is a lot better than any of the
previous ones. Not only in WER, but in speed (it uses frame subsampling)
as well, as well as efficient training.

8. Experiments with LSTM. After the TDNN experiments have been
completed and catalogued, several experiments using long short term memory
recurrent neural network architectures have been carried out. These tests used
deep LSTMs with a recurrent projection layer — unlike the regular LSTM
architecture, in which there are recurrent connections in LSTM layers from
cell output units to cell input units, input gates, output gates and forget gates,
here, another separate linear projection layer exists after a LSTM layer, with
recurrent connections attaching this new layer to the input of the LSTM layer,
as detailed in [22]. This architecture is often abbreviated as a LSTMP neural
network. Several versions of the neural network with different complexities
were examined (number of layers and neurons), while keeping the splicing
method the same throughout the experiments — the proposed -2:2 splicing
for the initial hidden layer, after which there are no spliced inputs for any of
the other layers, up to, and including the output layer.

Experiments were first concentrated on less complex architectures,
similar to tests in [22], but without much success (Figure 13). Only two
layers didn’t seem to be enough, and tweaking the recurrent vs. non-
recurrent projection dimensionality didn't produce any change at all. Also,
having more layers, but remaining with a very low number of neurons per
hidden layer produced the worst result by far (this configuration was tried
without any projections as well).

LSTM (less complex architectures)

10,0
8,0
6,0
4,0
T
0,0
WER CER
WTDNN ®2L-800N-P512 m 2L-800N-P256 M 5L-440N-PO

Fig. 13. LSTM results with less complex architectures
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Going back to more hidden layers with a reasonable number of
neurons, the results got a bit better (Figure 14). All in all, the more
complex the network got, the better the results were, especially related to
the number of neurons per layer. By far the best result was obtained from
the 3-layer 2048-neuron system (more layers with such a big number of
neurons were not examined due to very long training times). On the
whole test dataset, it produced a WER of 9.00%, which is even better
than the best TDNN system, with a gain on audio books, and a slight loss
on the mobile dataset. Unfortunately, these architectures are very slow,
compared to TDNN on the same machines, regarding both training and
decoding speeds. The best LSTM architecture was being trained for
almost a full week (4 epochs, 113 iterations, same learning rates as
before for TDNN), and even the minibatch size had to be lowered a
couple of times during training because of GPU memory errors. The final
model size was 89MB, with decoding speed of 23% of real time.

LSTM (more complex architectures)

10,0

8,0
6,0
4,0
: il
0,0
WER CER

TDNN m3L-512N m3L-1024N m3L-2048N 41-1024N

o

Fig. 14. LSTM results with more complex architectures

9. Conclusion. This paper describes all experiments and available
results on the Serbian LVCSR speech database in detail, using the “chain”
DNN models. It can be concluded that an 8-layer, 625-neuron-per-layer
structure works best, without the need for artificial database expansion
using speed perturbance or random volume adjustment, with the explained
splicing method, while also preventing the system from overtraining.
Accented vowel models in combination with additional pitch features
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prevailed as the best configuration until now, while even pitch features
alone produced a significant improvement. Various experiments have been
proposed to further polish the acoustic models. Nevertheless, finding the
optimal language model configuration (also based on neural networks) and
incorporating it in the final system seems to be the correct way to proceed.
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YIK 004 DOI 10.15622/sp.58.3

3. I1akolu, b. ITormoBuy, 1. ITEKAP
YCOBEPIIEHCTBOBAHUE PACIIO3HABAHUS CEPBECKOM
PEYH C IOMOIIBIO OBYYEHHBIX HA
MOCJEJOBATEJBHOCTSX I''TYBOKHUX HEMPOHHBIX CETEN

IHaxoyu 3., ITonosuy B., Ilexap /]. YcoBepuIeHCTBOBAHUE PACIO3HABAHMS cepOCKOIi peun ¢
MOMOIIbIO 00Y4YeHHBbIX HA MOC/1eI0BATEILHOCTAX INTy0OKHX HelPOHHBIX ceTeii.

AnHoTtanusi. IlpencraBneHsl MOCIEAHME YCOBEPIICHCTBOBAHHA B PacHO3HAaBaHHU
cepOCKOii pedn, JOCTUTHYTBIC C HCIIOIb30BAHUEM COBPEMEHHBIX I'TyOOKHX HEHPOHHEIX CETeH,
OCHOBAHHBIX Ha NPUMEHEHUH JHCKPHMHHATHBHOTO OOYUYCHUS Ha IIOCIICJOBATEIBHOCTSIX UL
AKyCTHYECKOro MojenupoBaHus. OIHCHIBAIOTCS HECKONBKO BAapUAHTOB HOBOW CHCTEMBI
pacrio3HaBaHus CiIuTHOW peun ¢ OonpumM cinoBapeM (LVCSR), koTopas ocHOBaHa Ha
Oo0y4eHHH 10 KPHTEPUIO MaKCUMalbHOH B3amMHOI wuHpopmanuu (LF-MMI) 0Ge3
HCTIONB30BaHMUs penieTku. IlapaMeTpbl CHCTEMBI BapbHPOBANIUCH TaKMM 00pa3oM, 4YTOOBI
JOCTHYh HAaUMEHBLIMX 3HayeHWi ommOku pacrno3HaBanus cinoB (WER) u  ommOku
pacrosHaBanus cumBonoB (CER) mpu wmcmonb3oBaHMHM caMod OONBINOH CyIIecTBYIOIein
pedeBoil 0a3bl NaHHBIX CEpOCKOro s3bIKa M HAWIYYIIeH N-rpaMMHOH SI3BIKOBOM MOJeNH
ofmiero HasHaueHus. B 1omonHeHWe K HacTpolike caMoll HEHpPOHHOW ceTH (Yuciia CIIOEB,
CIIOXKHOCTH, OOBEAUHEHUS IEMEHTOB CJIOS M T.J.) U1 HOJNy9eHUs HaWITy4IInX pe3yIbTaToB
ObUIM  HCCIENOBAaHBI W JPYrHe OPHEHTHPOBAaHHBIE HAa KOHKPETHBIH S3BIK CHOCOOBI
ONTHMHM3ALHUHY, TAKHe KaK HCIOIb30BaHNE aKIEHTO-3aBUCHMBIX MoOjIelell I1acHbIX GoHeM H ux
COYeTaHUE C TOHAIBHBIMU IpU3HaKaMH. Taxke ObLIa HcCIeIOBaHAa HACTPOIKa pedeBoil Oa3bl
JAaHHBIX, KOTOpas BKIIOYaeT B ce0s HCKYCCTBEHHOE pacIlMpeHHe O0a3bl NaHHBIX ITyTeM
HM3MEHEHHS! CKOPOCTH PEUEeBBIX BBHICKA3BIBAHMI M MAcIITaOMPOBAaHME YPOBHS I'POMKOCTH IS
ydeTa BApUaTHBHOCTH PEUH.
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H.M. MAPKOBHUMKOB, U.C. KHTTATKOBA
AHAJIMTUYECKHUM OB30P UHTEI' PAJIBHBIX CUCTEM
PACIIO3HABAHMUS PEUHN

Mapxosnuuxoe H.M., Kunamxoéa HM.C. AHAIATHYECKHH 0030p HMHTErpajbHBIX CHCTEM
Pacro3HaBaHWUs PevH.

AunHoTtauus. [IpuBeneH aHanUTHUECKUHA 0030p Pa3HOBHUAHOCTEH MHTErpaibHBIX (end-to-
end) cucTeM A PacHO3HABAHMS PEUU, METOIOB MX IIOCTPOCHHS, OOYUCHHS H ONTHMHU3AIHM.
PaccMoTpeHbl ~ BapuaHTBl ~ MojeNieli  Ha  OCHOBE  KOHHEKLIHOHHOH  BPEMEHHOMH
knaccudukanuu (CTC) B kauecTBe GyHKIUM MOTEPH Ui HEHPOHHOI CETH, MOJIEIT Ha OCHOBE
MeXaHH3Ma BHUMaHUS YU mudparop-aemudparop Moneneil. Takxke paccMOTpeHb! HEHPOHHEIE
CeTH, NOCTPOCHHBIE C HCIIOJIb30BAHUEM YCIOBHbIX ciy4aiHbix mnoied (CRF), koropbie
SIBIAIOTCSL 0000IIEHNEM CKPBITHIX MAapKOBCKUX MOJENeif, 4TO MO3BOJIIET HCIPAaBUTh MHOTHE
HEOCTATKH  CTAQHIAPTHBIX THOPUIHBIX CHCTEM  pPAcllO3HABAHUS  pPeYH, HaIpuMep,
NPEIIOIOKEHHe O TOM, YTO ODIEMEHTHl BXOAHBIX IOCIEIOBATENbHOCTEH 3BYKOB pedd
SBJIIIOTCS. HE3aBHCHMBIMU CIyYallHBIMH BeJIMYMHAMH. Taioke OIMCaHBl BO3MOXKHOCTU
HMHTETPAllMUd C SA3BIKOBBIMM MOJEISAMU Ha OdTane JEeKOAUPOBAHHUA, [EMOHCTPUPYIOIIHE
CYIIECTBEHHOE COKpAIlCHHE OINMOKH paclo3HaBaHWs I HHTETPAllMOHHBIX MoJeweil.
OnucaHbl pa3nuyHble MOAU(HKALNK ¥ YITy4LIICHHUS] CTAHJAPTHBIX HHTETPAIBHBIX apXUTEKTYP
CHCTEM PAcIIO3HABAHUS PEUH, KaK, HalpuMep, 0000IeHre KOHHEKITHOHHON KIacCH(HKAIUH U
UCTOJIBb30BAHNH PETYISAPU3ALUM B MOJEIAX, OCHOBAHHBIX Ha MeXaHM3Max BHMMaHus. O030p
HCCIIeIOBAaHUH), IPOBOAUMBIX B JAHHOMU IIPeIMETHOH 06JaCTU, IOKA3bIBAET, YTO UHTErPaIbHbIE
CHCTEMBI PacllO3HAaBaHUS PEUH MO3BOJIIIOT JOCTUYb PE3yIbTaTOB, CPABHUMBIX C Pe3yJIbTaTaMU
CTaHJAPTHBIX CHCTEM, UCIONB3YIONIMX CKPBIThIE MApKOBCKHE MOIENH, HO C NPUMEHEHUEM
Gonee mpocToil KoHGUIrypamuu M OBICTpOH pabOTOHl CHCTEMBI PACIO3HABAHMS KaK IIpU
oOy4eHHMM, TaK W TpH JIGKOAUpPOoBaHMM. PaccMoTpeHsl Hamboliee MOMYNSpHBIE |
pa3BuBaronyecs OHONMOTEKM UM HHCTPYMEHTAPUH UL NOCTPOCHUS HHTETPANBHBIX CHCTEM
pacro3HaBaHus peu, Takue kak TensorFlow, Eesen, Kaldi u npyrue. IlpoBeneHo cpaBHeHHe
OINHCAHHBIX MHCTPYMEHTapHeB IO KPUTEPHUSAM NPOCTOTHl U AOCTYMHOCTH UX HCHOJIB30BAHHSA
JUISL pean3aniii HHTETPaIbHBIX CHCTEM PaclO3HABAHHS PEUH.

KiodeBble cjI0Ba: aBTOMATHYECKOE PAacIO3HABAHUE PEYH, WHTETPajbHbBIC CHCTEMBI,
HEHPOHHBIE CETH, IIyOOKOe 00yUYeHHE.

1. BBenenne. B Hacrosiee Bpems C YBEIHMYEHHEM BBIYMCIUTEIb-
HOW MOIIHOCTH KOMIIBIOTEPOB 3aJaya PaclO3HABaHUS PEYH CTaHOBHUTCS
Bce Oosiee BocTpeOOBaHHOW. Pacro3HaBaHHe pedd HMCIOJIB3YeTCsl B TAKUX
obmacTsX, Kak: ympaBiieHHEe WHTep(deiicoM MHOXECTBA IPHUIIOKEHUI
(HaBUTATOPBI, MECCEHKEPH! U T.J.), paclio3HaBaHUE TeJIe(POHHBIX Pa3ro-
BOpOB, TeHepauus pedn U Tak jajee. CylecTBYIOT KauyeCTBCHHBIC CTaH-
JapTHBIE MOJENH PACHO3HABaHUS PEYH, IMOKA3hIBAIOLIME XOPOIIHE pe-
3YJbTATBl U COCTOAINUE U3 MHOXECTBA Pa3JINYHBIX yacte. Ho B HUX Bce
KOMIIOHCHTBHI O6y‘IaIOTC5[ HC3aBHCUMO, U OLINOKH B OJHUX KOMIIOHCHTAaX
MOTYT BBI3BIBaTh OMMOKM B Apyrux. CLeHapuil CTaHIApTHOM CHCTEMBI
COCTOUT U3 MHOKECTBA LIaroB, 4TO TpeOyeT rurabaiThl maMsITH AJS Xpa-
HEHUsI, HarpuMep, 0OyUeHHBIX S3BIKOBBIX MOJEJEH, U He MO3BOJSET HC-
MIOJIb30BATh CHCTEMBI JIOKAIBHO Ha PA3JIUYHBIX YCTPOWCTBAX, a IIOSBIISET-
cs1 HeoOXOAMMOCTh YJaleHHBIX BBIYMCIEHUH Ha cepBepax. Kpome Toro,

SPIIRAS Proceedings. 2018. Issue 3(58). ISSN 2078-9181 (print), ISSN 2078-9599 (online) 77
www.proceedings.spiiras.nw.ru



WMCKYCCTBEHHbLIV UHTENNEKT, MHXXEHEPWA JAHHBIX 1 3HAHUIN

HCITOJIb30BAHNE IHPOKO MPUMEHSEMBIX ISl aKyCTHIECKOT'O MOJEIHPOBa-
HUS CKPBITBIX MapKoBcKuX moneineit (CMM) nmMeeT HETOCTATKH: HCIIONb-
3yeTCs MPEIIOI0KEHHE O TOM, YTO HAOIIOJACHHUS SBIISIOTCS HE3aBHCHMBI-
MU CIy4alHBIMHA BEJIMYNHAMHU M IPUMEHSIOTCS «ClIa0ble MOACIN» — MO-
nenu MapkoBa IepBOro mopsiaka.

B mocnenHee Bpemsl MOMYYMII PACHpPOCTPAHCHHUE JPYroW MOIXOJ:
o0ydYeHHEe BBITIOJHSACTCSI TaK, YTO TOJILKO OJHA MOJEIbh MOXKET BBIJABaTh
HY)KHBIA BBIXOJ 0€3 KCIOJBb30BAHUS JPYrUX KOMIIOHEHT. Takue MOJeNn
Ha3BIBAKOTCA uxnmezpanvuvimu (end-to-end). OOBIYHO B KavyecTBE HHTE-
TPaNBbHBIX MOJENEH CIy)KaT TIIyOOKHWEe HCKYCCTBEHHBIC HEHPOHHBIC Ce-
1 (MHC). OT™MeTHM IpenMyIecTBa TaKoro MOX0/1a TIepel CTAHIaPTHRIM:

— WHTErpaJIbHBIC MOJENH TIPOIIE PeaIn30BaTh, TaK KaK OHU MOTYT
BKIIFOYATh B ce0s TONBKO OMHY HEHPOHHYIO CETh, KOTOpask MOXET OBITh
HaIFcaHa TOJIBKO C HCIOJB30BaHWEM OJHOTO (peiiMBOpka W OOydeHa
TOJIBKO C MIOMOIIBIO TPAIUEHTHOTO CIYCKa M OAHOHN (PYHKIMH MOTEPH; ITO
YMEHBIIAeT BEPOSITHOCTH TIOSBJICHUS OIMIMOOK B KOJE MPOTPAMMBI;

— WHTETpAJIbHBIE MOJEIH JIEMOHCTPUPYIOT JIyUYIIYIO IPOM3BOIHU-
TEJIBHOCTH (CKOPOCTh, @ MHOT/Ia U TOYHOCTH);

— HMHTErPaJIbHBIC MOJICITH MOTCHIIHAILHO TPEOYIOT MEHBIIHI 00BheM
MaMSATH KOMITBIOTEpPA, YTO IO3BOJISCT HCIIONB30BAaTh WX HAa MOOWIBHBIX
YCTPOUCTBAX JIOKATBHO.

HenoctatkoM Takux Mojeiel SBISCTCS MOTPEOHOCTH B OOJBIIOM
KOJIMYECTBE Pa3MEUCHHBIX NAHHBIX IS OOYYEHHs, 9TO Ha HEKOTOPHIX TH-
ax 3a7a9 MOXeT OBITh MPOOIEMATHIHO.

B nanHOM 0030pe paccMaTpUBAIOTCS TPW BHIA WHTETPAIbHBIX MO-
neneit Ha ocHoBe TiyOokmx MHC s pacmo3HaBaHHS pedd: Ha OCHOBE
KOHHEKIIMOHHON BpeMeHHOW Kiaccupukanuy, mudparop-nemudparop
MOJICH C WCIIOJNB30BaHUEM MEXaHHW3Ma BHUMAHHUS M MOZEIH, WCIOIb3YI0-
HIMe YCJIOBHBIC CiiydaiiHpie moyisi. Ho cHadama pacCMOTPUM apXUTEKTYpPy
CTaHIAPTHBIX CUCTEM.

2. CtangapTHasl CHCTeMAa pacmo3HaBaHusi peun. [lens aBTOMAa-
THYECKOTO Pacmo3HaBaHUSA PeYHd — MPeoOpa3oBaHUE 3BYKOBOTO CHUTHAlA
S B mocienoBarelbHOCTh C0B W. DTy 3amady MOKHO c(HOPMYJIHPO-
Bath [1] kak mouck Hauboyiee BEPOATHON IMOCIIECOBATEILHOCTU CJIOB IO
BXOJHOMY cUrHaiy S :

W" = argmax P(W | S), (1)

weQ

rae 3 — MHOXECTBO THIIOTES.
OOBIMHO cHCTeMa paclio3HaBaHHSA pedr pa3OuBaeT 3aaady Ha TpU
miara, KaKk I0Ka3aHO Ha PUCYHKe 1: BblIeNeHHE NPU3HAKOB, aKyCTHUECKOE
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MOJICITUPOBAHUE W JCKOJMPOBAHHE MOCICIOBATEIBHOCTH. PaccMOTpUM
KaIbIii 11ar 0oJiee moapooHo.

%
Cursan S Brinenenne X W TMocnenoBaTENBHOCTE
—> 2 »| JlexonupoBanue [——» i
peuu IPU3HAKOB CII0B
AKycTHueckoe 4
npasnonoaobue
Akycruueckas TleKCHKOH SI3bIkOBast
MOJIENb MOJIeNb

Puc. 1. CranmapTHas cucteMa pacro3HaBaHUs Pedn

2.1. BpieseHue npu3HakoB. Ha 1aHHOM Imare oCyIIecTBISIETCS
BBIJICJICHHE PU3HAKOB X W3 CUTHAda pedd S B 3aBUCHMOCTH OT 33a4d U
peUeBBIX OCOOCHHOCTEH M yMEHBIIEHHE MPOCTPAHCTBA BEKTOPOB IMPH3HA-
KoB. /[Ba HamOosiee MOIMYNSPHBIX THUIA NPHU3HAKOB: MEJ-YAaCTOTHBIC KeIl-
crpanbhbie koddduuents (MFCC) [2] u ko3¢ duipuenTsl nepuenTuBHOro
nuHeiHoTo npenckasanus (perceptual linear prediction cepstral coefficient;
PLP) [3]. [TosryueHre JaHHBIX MPU3HAKOB COCTOUT M3 CIETYIOIIUX ATAIOB:

1. mpeoOpa3oBaHME CerMEHTa CHTHAJa pEYd B MHOXKECTBO 4a-
CTOT (HampuMep, ¢ OMOIIBIO AUCKPETHOTO MpeoOpa3oBanus Dypre);

2. TIpUMEHEHHE Pa3INYHBIX (PUIBTPOB;

3. npuMeHeHHe HeTuHeiHOM Gynkuuu (In() wm 3 );

4. TpUMEHEHHE pa3IMYHBIX NpeoOpa3oBaHMN ISl YMEHBIICHHUS
pa3sMEepHOCTH HEKOPETUPOBAHHBIX NPU3HAKOB (IHCKPETHOE KOCHHYCHOE
peoOpa3oBaHKe MM aBTOPErPECCHOHHBIE MOJIEIN).

OnmcaHHBI TPONIECC MOAETHPYET TONHKO JIOKAITHHOE HW3MEHEHHE
CUTHaJIa B OKHE JJIMTEIBHOCTHIO, Kak mpasuio, 20-30 mc. Ho curnan pac-
MPOCTPAaHEH BO BPEMEHH, MTOSTOMY U MOAEIHPOBAHNS BPEMEHHBIX H3Me-
HEHUIl CUTHajIa UCTIONB3YIOT MEPBYIO U BTOPYIO IIPOM3BOJHBIE IPU3HAKOB.

2.2. AKycTHYeCKOe MOJeJHPOBaHHe. AKYCTHIECKOE MOAETHPOBa-
HHE MCHOJIB3YETCS JJIsl HOCTPOSHHUSI CTATUCTUYECKUX 3aBUCHMOCTEH MEXIY
MpU3HAKAMHY ¥ JTMHTBUCTHYECKIMHY €INHUIIAMH, HAaIpUMep, POHEMaMHU.

2.3. JlekonupoBaHue MOC/Ie10BATeILHOCTH. J[eKoupoBaHue nocie-
JIOBATEIIFHOCTH TIPeoOpa3yeT MOCIIeN0BaTeIbHOCTh IPU3HAKOB X B ITOCIIEHO-
BaTEJILHOCTB CJIOB W . DTOT 11ar MO>KHO OIHCATh CIICAYIOLIMM 00pa3oM:

W' =argmax P(W | X) = argmaxw:
weQ WeQ P(X) ?)

=argmax P, (X |W)P, (W),

weQ
rac PL (W) — alpuopHas BEPOATHOCTH, ITOJTyda€Masa C IOMOIIBIO SA3BIKO-

BeIX Mojeneil (IM), a P, (X |W) — (yHKIuA OpaBIoNoA0o0Hs Ha OCHOBE
aKyCcTHYecKux mojenei (AM).
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2.4. CucremMbl, OCHOBAHHBIC HA CKPBITBIX MAPKOBCKUX MOJEJISAX.
HOHyJTHpHBIM MOAXO0OM K IMOCTPOCHHUIO CUCTEM PACIIO3HABaHUA PEUYHU SB-
JISIeTCSl MCTIOJIb30BaHNe CKPBITHIX MapKoBckux mozenedt (CMM) [4]. B ra-
KHX cucTeMax (PYHKIHIO NMPaBJONOA00Us Ha OCHOBE aKyCTHYECKHUX MOJIe-
nel, ucnoip3ys teopemy baiieca u anroputm ButepOu, MOXHO omucarthb
CJIC/TYIOIIIM 00pa3oM:

T
Py (X |W) =nQ13;<HPE(x, lg, =DB.W g, = )), 3)

==l
rIe X ={x,,...,X,,...,x;} ~—  TOCIEAOBATEIbHOCTh TIPU3HAKOB,
O={q,.--»4,,---»qr } € 2 — MHOXKECTBO CKPBITbIX cocTosHuii CMM, kax-

JI0€ U3 KOTOPBIX OMHUCHIBAETCSI BEPOSTHOCTBIO HAOMIOAECHHI U3 PaclpeieeHus
BepoaTHOCTE  P(x,|q,) , THAE COCTOSHUS COOTBETCTBYIOT — KJaccam

iefl,...,I}. Taxke mpeanonaraercs, 4ro x, 3aBHCAT TOJBKO OT TEKYyIIEro
COCTOSIHUA ¢, , U ¢, 3aBHCUT TOJIbKO OT HPEABIAYIIETO COCTOSHHUA g, ; .
P(x,|q,=i) — BeposATHOCTM  HaOMIONEHMH 11  Kiacca i,
P,(q, =i|q,., = j) — BEPOATHOCTH IEPEXOJIOB MEXIY KIaccaMu [ M j Mo-
MEHT BPEMEHH ! .

CyIecTBYIOT J1Ba OCHOBHBIX IIOAXOJa K OMNPEAETICHUI0 BEPOSTHO-
cTel HaOJIONEHMI: CMECH TayCCOBCKUX PacIpeeNeHNH IUIOTHOCTEH Bepo-
stHocTed (Gaussian Mixture Model; GMM) 1 McKyccTBeHHbIE HEHPOHHBIC
cetu (MHC; Artificial Neural Networks; ANN).

B cucrteme, ucnomb3yroomeil cMecu raycCOBCKUX pacIpeaeeHHi
TUTOTHOCTEW BEPOSTHOCTEH, BEPOSATHOCTH HAOIIOICHUH OTIPENeIISIOTCS KaK:

J
F(x, |q,=0)= ZCyN(xza,uijazij)a 4

j=1
rac J — YHCI0 KOMIOHEHT CMECH, Cy — BEC IrayCCOBCKOI'0O pacrpeacic-

HUSE N(X,, 4, 2.;) 5 py; W X; — DJICMCHT BEKTOPA MATEMAaTHYECKHX OXKH-

JAHWK ¥ KOBapHAIMOHHAS MaTPHUIa COOTBETCTBEHHO.

B rubpumaoit CMM/MHC mozenu BepOSTHOCTH HAONIOACHUH BEI-
YHCIIAIOTCS C IIOMOIIbI0 HeliponHoi cetr. UHC BeramcisieT BEposSTHOCTH B
3aBUCUMOCTH OT Knacca P(x, | g, =1i). Tak, nome3ysice Teopemoii baiieca,

MO>KHO BBIYHCIHMTH BEPOSATHOCTH HAOIIIOACHHH:
P(xt |Qt =1i) :P(qt :i|xt)
P(xt) P(qz =1)
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Cxema rubpuanoi CMM/MHC mozenu u3o0paxeHa Ha pUCyHKE 2.
Ucnonesyrorest paznmuunble apxurektypsl MHC mis mocrpoenust rubpua-
HBIX MOJIEJIEH, HallpHUMeD:

— MHorocInolHble nepuentponsl (Multilayer Perceptron; MLP) nnn
riry6okue HeiipoHnsie cetu (Deep Neural Networks; DNN) [5, 6];

— cBéprounsle Heliponnsie cetn (Convolutional Neural Networks;
CNN) [7-9];

— pekyppentHbie Heliponnbie cetn (Recurrent Neural Networks;
RNN) [10];

— HEUPOHHBIE CETH C MJIUTEIBHOM KPaTKOBPEMEHHOM NaMsThbIO
(Long Short Term Memory; LSTM) [11];

— ynpainsieMblid pekyppenTHeid  Osiok (Gated Recurrent Unit;
GRU) [12];

— JIByHalpaBJICHHbIC PEKYppEHTHEBIC HEeHpOHHBIE cetn
(Bidirectional Recurrent Neural Networks BRNN) [13];

— ocrarounsie cetn (Residual Networks) [14, 15].

BepositHocTH nepexona

Beposraoctn
HaOJII0IeHUIH

| v |

f
e TRE " ST 4

Puc. 2. I'nbpunnas CMM/NHC monens

[Moapo6usiii 0630p MHC, ucnonb3yeMbIx it TOCTPOCHUs THOPU/I-
HBIX CHCTEM paclio3HaBaHMs pedd, mpeacrasieH B [16]. Takxe nmpumens-
I0TCS Pa3JIMYHbIC TUIbl MHUIMAIN3AIMN MaTPULbl BECOB (HAIpUMeEp, Tiy-
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6okumu cetsimu noeepust (Deep Belief Networks; DBN) [17]), perynspusa-
uun  (Hanpumep, apomayt (dropout) [18]), Hopmanm3zanuu (6aTd-
Hopmanuzanus (batch-normalization) [19]) u Tak nanee.

2.5. Merpuxnu. [l usmepeHust kadyectBa pabOThl CHCTEMBI paciio-
3HABaHUS CIIMTHOW PeYH OOBIYHO HMCIIOIB3YIOT KOJIMYECTBO HEBEPHO pacIio-
3raHHBIX cnoB (Word Error Rate; WER), xomudecTBO HEBEpHO paciio3HaH-
HeIX QoHeM (Phoneme Error Rate; PER) mim xommdecTBO HEBEpHO pacrio-
3HaHHbIX cuMBOJIOB (Character Error Rate; CER). Otu mMeTpuku Bbraucis-
I0TCSL C TTOMOIIBIO paccTosHus JleBenmrelina [20] MexxTy JaHHOW U TOITY-
YEeHHOM IT0CIIe0BATEILHOCTH CIIOB, (JOHEM MM CHMBOJIOB!

WER/ PER/ CER = % -100%, (6)

rne N — ofiee 4ucio ciaoB, (JOHEM WM CHMBOJIOB B JIAHHOW MOCIEI0Ba-
TEJABHOCTH, DD — YKCIIO yaajieHuit, S — 4uciio 3ameH, / — YKCII0 BCTaBOK.

3. UnTerpanbHble cUcTeMBbI pacno3HaBaHus peun. Bo MHorux pabo-
Tax OBUIO MOKA3aHO, YTO HCIIOJIB30BAHNE HEHPOHHBIX CETel Ha KaXKIIOM Ilare
CLICHApHsl CTaHAAPTHOM CHUCTEMbI PACIIO3HABAHUS PEYH YIIYHIIAeT KadecTBO e
paboter. Tak, Harpumep, B [21] sS3pIKOBBIC MOEITH OBITA 00YUYEHBI C TIOMOIIBIO
RNN, B [22] cnoBaps 0bu1 ToydeH ¢ nomomipio LSTM cereii, B [4] riryOokue
HEWPOHHBIC CETH TIOKAa3aIX BBICOKHE PE3yJbTATHI IS TIOCTPOCHUS aKyCTHIe-
CKHMX Mojienel, B [23] ObUI MpecTaBiIeH METOJl BbIIEJICHHS IPU3HAKOB C TIO-
MOIIIBIO OTpaHIYEeHHBIX MaiH bospivana [24]. CrenoBarensHO, TOSBUIACH
nzes ucnoib3oBaTh THC Ha Bcex sTamax pacro3HaBaHUS PEdn.

3.1. Onucanne moaxoaa. Kak yxe ObUIO CKa3aHO, MHOTHE CHCTEMBI
CoZIep’KaT MHOXKECTBO KOMITOHEHT, 00y4aeMbIX HE3aBUCHMO JIPYT OT ApYra,
KOTOpbIE 3aTeM OOBEAMHSIOTCS B ILIETIOUKY JUIsl TIOJMYyUEHUS HYKHOTO pe-
3ynbrata. Hampumep, 4roObl 00yYUTh HEKOTOPOTO po0OOTa JBHUTaThCS B
HY>KHOM HAIIPaBJICHUU HA OCHOBE BU3YyaJbHBIX MMPH3HAKOB, NICPBhIA KOMITO-
HEHT MOXET OBITh O0YYCH IpeoOpa3oBhIBATH BU3YaJIbHEIC MAaHHBIC B HEKO-
TOpOE MPOMEKYTOUHOE MPEICTABIICHUE, KOTOpoe OyIeT IpUHIMATh APYTOn
KOMIIOHEHT W BBIJJaBaTh KOMAaHIBI Ui poOOTa. BHUIBI TakmX MOIIAaroBBIX
CIICHApHEB HYXXHBI TOTJa, KOTJIa BXOJ ¥ BBIXOJ MOJETH HMEIOT Pa3HyIo
«TIPHPOIY», HATIPUMED:

— BXOJ — 3BYKOBOH CHUTHAI, BBIXOJ — TEKCT;

— BXOJ — 3HA4YCHUA HHKCCﬂeﬁ 1/1306pa>1<eH1/1;1, BbIXOJI — TEKCTOBOC
OIMCaHUE U300PAKEHHUST;

— BXOJ — 3HAUCHMS MUKCEJICH M300pakeHUs], BHIXO — KOMAaHIbI
Ut poboTa [25] u Tak ganee.

IMoxxon, xorma oOydeHUE BBIMTOJIHICTCSA TaK, YTO TOJIBKO OIHA MO-
JICITb MOJKET BBIJABATh HYXKHBIH BBIXOJHOW PE3yNbTaT 0e3 HCIOJIh30BAHUS
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JIPYTUX KOMITIOHEHT, Ha3bIBAETCSl HHTETPAIbHBIM. A MOJIEIb, PEATU3YIONIYIO
3TOT MOJAX0]l — UHTETPATLHON MOJEIBIO.

3.2. UnTerpanbHblii MOAX0A B pacno3HaBaHuu peuyd. B ciaydae pac-
MI03HABAHUSI PEUM HMHTErPajbHbIM MOIAXOX IMBITAECTCS BBIUUCIUTE P(W | X)

«rrmobanpHOY. TlycTh BXOA TpEeACTaBIsIeT COO0M MOCIEeNOBATENBHOCTD 3BYKO-
BBIX NPHU3HAKOB X = (X;,...,X;), @ COOTBETCTBYIOLIAsl EMY IOCJIEI0BATENb-

HOCTB CJIOB — W =w, = (w,,...,w,,) . Tak, HEHPOHHAs CETh BBIYUCIAET BE-
posITHOCTH P(-| x,),..., P(-| x;) , TH€ apryMEHTaMH BEPOATHOCTEH SIBIIIOTCS

HE caMH IIOCJIEIOBATENIbHOCTH CJIOB, @ HEKOTOpHIC WX HpEICTaBICHUs (na-
nee — meTkH). Ha pucynke 3 m3o0paxkeHa cxema pabOThl HHTETPAITBHON CH-
creMbl. Ha naHHBIIT MOMEHT CYyIIECTBYeT HECKOJBKO METOJIOB pEan3aliin
HHTETpaIbHBIX Moieneil. [lanee paccMOTpHM Tpu TOIOOHBIX METO/A:

1. Mopuenu Ha OCHOBE KOHHEKIIOHHOW BPEMEHHO# KIIaCCU(HUKALIUH.

2. Iudparop-neurdparop Moesd, OCHOBaHHbIE HA MEXaHHU3ME
BHUMAaHMHA.

3. VYcioBHBIE cly4yaiHbIEe MOJIS.

%k
Curaan S Brigenenne X Heiiponnas W TTocne1oBaTENBEHOCTE
> A p > hi(
peuu MIPU3HAKOB CETh CIIOB

Puc. 1. UHTerpanbHas cucteMa pacro3HaBaHUs pedu

3.3. Mopean Ha OCHOBe KOHHEKIIMOHHON BpeMeHHOi Kiaaccupu-
kanuu. HelipoHHbIe ceTH B Paclo3HaBaHUM Pedd OOBIYHO 0OydaroTcs C
MIOMOIIBIO OTACTBHBIX ()PArMEHTOB 3BYKOBBIX 3ammced pedd. st 3Toro
TpeOyeTcsi BBIIENSATh OTACIbHBIE METKH, COOTBETCTBYIOIIUE ISl Ka)KIOTO
KaJpa, YTO BJICUET 3a OO0 HEOOXOIUMOCTh BBIPAaBHUBAHHS 3BYKOBOH J10-
POXKHM M TpaHckpurimu. OJHAKO BBHIPAaBHHBAHHE HA/IEKHO TOJIBKO IOCIE
00y4eHUs] HEMPOHHOW CETH, YTO HMPUBOAWT K LUKINYECKOH 3aBHCHMOCTH
MEXIy CerMEeHTallMed W pacro3HaBaHWEM (M3BECTHOM KakK IapagoKc
Caiipe [26] B TeCHO CBsI3aHHOH 00JIaCTH PAcIO3HABAaHUsI PYKOIIMCHOTO BBO-
na). bomee Toro, B 3amayax pacro3HaBaHMS Pedr, OCHOBAHHBIX TOJBHKO Ha
TPaHCKPHIILIUH CJIOB, BBIPABHUBAHIE HE IPUHOCHT TTOJIb3HI.

Konnekmnmonnas  BpeMeHHas  knaccudukanusa  (Connectionist
Temporal Classification; CTC) [27] — 310 (yHKIHsI, KOTOpasi MO3BOJSIET
PEKypPpPEeHTHBIM HEHPOHHBIM CETSIM 00y4aThes I PAaCIO3HABaHUS IOCIIe-
JIOBaTEIBbHOCTH CJIOB 0€3 HayaJbHOTO BBIPABHUBAHUS BXOAHBIX M BBIXOJ-
HBIX N10CJIEI0BATEIbHOCTEN.

Oman o6yuenus. OnuiieM noaxon, B kotopoM CTC-dyHkIms wuc-
HOJIB3YeTCs] B KauecTBe (YHKIMHU TOTEPh Uil 00y4YeHHs HEHMPOHHOH CeTH.
BrIxo1HO c10M HEHPOHHOW CETH COACPIKUT IO OJTHOMY OJOKY JJIS KaxI0-
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ro CUMBOJIa BHIXOJIHOM TOCIIEeI0BAaTeIbHOCTH (OYKB, ()OHEM, 3HAKOB ITPEIH-
HaHUS, HOT) W €IIe OJWH JUIS JIOTIOJHUTEIbHOTO CHUMBOJIA «IIPO-
myck» («blank»), cOOTBETCTBYIOIIETO MYCTOMY BBIXOJHOMY CHMBOIY. BBI-
XOIJHON BEKTOP w, HOpMamm3yeTcs ¢ HMOMoIbio softmax [28] ¢yHkmuw,

KOTOpasi MHTEPIIPETHPYETCS KaK BEPOSTHOCTh MOSBICHHS CHMBOJNA (WIN
«IIPOITYCKa») C MHIEKCOM k B MOMEHT BPEMEHH 1

‘Wm‘ . @)

e wh — k-blif oneMeHT w,,, a — JuIMHa cinoBa W, . [lycTs, @ — nocie-
JIOBAaTEIbHOCTD U3 MHAEKCOB «IIPOIyCKOB» U CUMBOJIOB JIMHBI I° AJIS BBI-
paBHUBaHUA. BeposTHOCTh P(«r | X) MOXKHO TIPEACTAaBUTH KaK IMPOHU3BEICHIE

BEPOSATHOCTEN MOSABIECHHUS CUMBOJIOB B KaXbIii MOMEHT BPEMEHHU:
T
P(ar|x) =] ] P(e,.t] ). ®)
t

Jlns  naHHOW BBIXOAHOM IOCJEA0BATEIIBHOCTH |wm

CYIIECTBYET

CTOJIKO BO3MOXXHBIX BBIPaBHHBaHHI, CKOJIBKO CIIOCOOOB PacCTaBUTh «IIPO-
MyCKU» Mex1y cuMBoiamu. [IycTh «—» o3Hauaer «mpomyck». Hampumep,
BbIpaBHHBaHus (a,—,0,8,—,—) U (—, —, a, —, 0, B) COOTBETCTBYIOT I10-
cienoBatesbHOCTH (a,0,B). Korma onnHaKoOBBIC CHMBOJIBI MOSIBJISIOTCS I10-
CJIeJIOBATENIbHO, TO 3TH MOBTOPHI yaanstorcs: (a,0,0,0,8,8) u (a,—,0,—,B,B)
COOTBETCTBYIOT (a,0,8). O603Ha4unM, 4yr0 B — omepaTop, koTophIi ynams-
€T CHavaja BCE MOBTOPHI, & 3aTeM — «IIPOMyCKW». Tak, MOJHAs BEPOSIT-
HOCTh BBIXOJHOW TIOCIIEIOBATEILHOCTH W pPaBHa CyMME BEpOSTHOCTEU
BCE€X BO3MOXXHBIX COOTBETCTBYIOIINX BblpaBHHBaHHﬁ:

P(w|x)= 3, Pa|x), ©)
-1
aeB " (w)
-1 o
rne B~ — omneparop, oOpatHblii k B .
Ora cymMMa IO BCEM BO3MOXXHBIM BBIPDABHUBAHUSM I103BOJISET
HEHPOHHOM CEeTM TPEHHPOBAaThCS Ha HECETMEHTHPOBAHHBIX JaHHBIX.
To ecTb, He 3Has TOYHOE PACHOJIOKEHHE METOK, MBI CyMMHUpPYEM II0 BCEM
PacHoJIOKEHHSM, TI€ OHH MOTYT OBITB. DTa CyMMa MOXET OBITh BEIYHCIICHA

C IOMOIIBIO AUHAMUYECKOTO porpammupoBanus [27]. [Tycts w* — nede-
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Bas MMOCJICIOBATEIBHOCTD CJIOB, TOTa HEHPOHHAS CETh MOXKET OBITh 00yYe-
Ha Muaumm3upoBate CTC GyHKIHIO:

CTC(x) =—log P(w" | x). (10)

Hefiponnas cerb MoxxeT ObITh OOyueHa C MHOMOIIBIO JIOOOTO
ONITUMHU3AIIMOHHOTO aJITOPUTMa, UCTIONB3YIOIIEeTo TpangueHT. Ha pucynke
4 mpencrasnena cxema CTC mozmenu, rae mudparop Moxer 0biTe DNN,
LSTM, BLSTM, CNN wunu 110601 ApyTroil pa3HOBHIHOCTHIO HEHPOHHBIX
cereii. B [27] mpemnoxern CTC anropuTM mpsiMOro-oOpaTHOTO XOja,
KOTOPBI HCIIONB3YeT alrOpUTM AWHAMHYECKOTO IPOTrPaMMHPOBAHMUS,
MOXOKMH Ha aaropuT™M mpsiMoro oOpartHoro xoma mai CMM [29].
OcHOBHasi uzes 3TOT0 aIrOpUTMa B TOM, 4YTO CyMMa II0 BCEM
BbIpaBHUBaHUSIM  pa3OuBaeTcs Ha CyMMY 10  BBIPaBHUBaHHIM
COOTBETCTBYIOIIMX Mpe(rKcaM HX BBIXOJHBIX IOCJIEI0BATEIbHOCTEH.
Ora cyMMa MOXET ObITh J(QQEKTUBHO BBIYHCIEHA C IOMOIIBIO
PEKYPCUBHBIX MPSMBIX U OOPATHBIX IEPEMEHHBIX.

npusHaku: x1,...,.xT

mudparop: hl,...,hL

Y

CTC

Puc. 4. CTC cucrema pacno3HaBaHUs pedu

Taxoke B [27] Oblia mpemio’keHa METPHKA KOJMYECTBA HEBEPHBIX
Mmetok (label error rate, LER) mns BpemenHoro kiaccudukaropa /i Kak
CpelHEee HOPMAJIM30BaHHOE paccTosHHe JIeBeHINTEiHa MEXIy BBIXOJOM
Ki1accu(uKaTopa ¥ HCTUHHBIM PE3YJIbTaTOM:

LER(h,S") = L' Z dist(h(x),w)
| S |(x,w)eS' | W|

. (11)

rne dist(p,q) — paccTosiHue JIeBeHITeliHa MeXK 1y NOCIEJ0BAaTENbHOCTIMU
pugqg,asS' — TecroBas BBIOOPKa, COCTOSINAS M3 Map BEKTOPOB (x,w) .

DTy METPUKY HEHPOHHAS CETH U MBITACTCSI MITHUIMHU3HPOBATh.
Oman dexooduposanus. B [27] ObUIO TpeACTaBICHO N1Ba BapHaHTa
nexomupoBanns uHTErpanbHeIXx CTC-momeneit. [lepBrrii Meton (Haxoxze-
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HUA HaAWJIy4dlICTO BbIpaAaBHUBAHUA BBIXOJHOM HOCHGI[OBaTeJ'II)HOCTI/I) OCHO-
BbIBACTCA Ha IMPCANOJJO0XKECHUU, YTO Hanboee BCPOATHOC BBLIPABHUBAHHC
COOTBETCTBYCT Hauboee BepOHTHOﬁ BI)IXOJ.'[HOfI IIOCJICAOBATCIIbHOCTH !

argmax P(w|x) = B(a"), (12)

w

rae o =argmax P(a|x) . BbluucieHHe HAWIYYIIEro BHIPABHMBAHHUS SB-
a

JSIeTCS MPOCTOH 3a/1aueii, Tak Kak o — KOHKaTeHalus Haubosee «aKTHB-

HBIX» BBIXOZIOB Ha Ka)KAOM BpeMEHHOM Iare. OHaKO 3TO HE TapaHTHPYET

HaXOXJeHHE HanOoJIee BEPOSTHOM IMOCIEIOBATEILHOCTH CIIOB.

Bropoii Meron (MeTo HaxOoXKICHUsI MPEPUKCOB) OCHOBBIBACTCS HA
(axre, 40, MOAU(DUIIMPOBAB AJITOPUTM MPSIMOTO-00PATHOTO X012, ONKCAH-
HBII1 BbIlIE, MOKHO 3((EKTUBHO BBIUUCISTH BEPOSTHOCTH IMOCIIEAOBATENb-
HBIX PaCIIMPEeHHil MPe(UKCOB BHIXOJHBIX ITOCIIEI0BATEIBHOCTEH.

Mooudgpuxayuu u yrywwenus. B [30] ObLT peasIoKEeH METOA JICKO-
JUPOBAHUs, UCIIONB3YIOIIMH alropuTM IiydeBoro mnoucka (beam search
algorithm), KOTOpBIN TakKe TO3BOJIIET MHTETPHUPOBATH SI3BIKOBYIO MO-
nenb. [IpennokeHHBIH aJTOPUTM IOXOX Ha ajJrOpUTM JEeKOJUPOBAaHUS
st tuopugaeix CMM/MHC cuctem, HO OTIMYaeTCss WHTEpIIpeTauen
BBIX0J1a HEHpPOHHOW ceTH. B rHOpHIHBIX cHCTEeMax BBIXOJIHBIC 3HAYCHUS
HEHpPOHHOW CEeTH MHTEPNPETHPYIOTCS KaK aroCTepHOPHBIE BEPOSTHOCTH
COCTOSTHHUH, KOTOpBIE 3aTeM KOMOMHUPYIOTCA C BEPOSTHOCTSAMH Iepexoa
u CMM. B CTC ceru BbIXOAHBIE 3HAUYCHUSI HEHPOHHON CETH CaMU Npea-
CTaBISIIOT COOOW BEPOSTHOCTH Tepexona. B KadecTBe apXHTEKTYpPHI
HelpoHHOW ceTu ObUIM BBIOpaHbl NByHanpasieHHble LSTM-cetn. Cpas-
HuBaiuch Tpu mozenu: RNN-CTC momens, RNN-CTC moxmens (RNN-
WER), nepeobyuennas munumuszupoBatb WER, u 0azoBas ruOpumHas
MoJleNb, HamucaHHas ¢ nomoiueto uHcrpyMmenrapus Kaldi [31]. RNN-
CTC mogens 6e3 si3p1k0BOM Moean mokasaia WER 30,1%, xors 0a3oBas
MOJIeNIb He MOKeT ObITh oOydueHa 6e3 SIM. Ho yxe mpu mcrosib30BaHUN
TpurpamHoii SIM 0Ga3zoBas monens mokazaza WER 7,8%, RNN-CTC —
8,7%, a RNN-WER — 8,2%. Taxxe OblIa mMpoTeCcTUpOBaHA KOMOWHAITHS
RNN-CTC u 6a30Bo#i Mozenu, KOTOpas IOKa3aia Iy4YIIHA pe3ylbTaT
paBHbIH 6,7%. B xadecTBe pedeBoro Kopmyca ObUI HCHONB30BAH KOPITYC
Wall Street Journal [32].

B [33] u [34] Opina mpencTaBieHa peanu3alus HHTETPalbHON CH-
CTeMBI C MCHONb30BaHHeM HMHCTpyMeHTapus Eesen [33], rae amexonmposa-
Hue CTC mopaeneit mpoucXoAnIo ¢ TOMOIIBIO B3BEHIICHHBIX KOHEYHBIX Ipe-
obpazosatencii (WFST) [35]. Kaxnapiii komnonent cuctembl: CTC met-
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ku (T), cmoBaps (L) u si3eikoBast Mmoaenb ( G ) — mpeoOpa3oBBIBAINCH B

OJIMH rpad moucKa cleIyomuM 00pa3oM:

TLG =T omin(det(L o G)), (13)

rae min o3HavyaeT MHHUMHU3ALMI0, det — AETePMUHALUIO, H o — KOMIIO-
suruio. Tak, TLG CTPOUT COOTBETCTBHUEC MEXAY MOCIIEIOBATEIHFHOCTHIO
CTC meToK H ciioBaMu. DTO MMO3BOJISAET MPOU3BOIUTE (P PEKTHUBHBIN MOUCK
¢ momoInkko, Hanpumep, oudmmoteku OpenFST [36]. B [34] Obutk ncons-
30BaHbl JByHanpasieHHsle LSTM-cetn aist pacrio3HaBaHHsI cepOCKOH pe-
yn. Tak Obu1 mocTurHYT pesynbrar ¢ WER, paBHoit 14,68%, 4ro sBisercs
HE caMbIM XOpomuMm pe3yiabraTtoMm, xoTss CER okaszamachk 10BONBHO Ma-
JIeHbKOH — 3,68%.

B [37] 6b11a peacTaBiieHa HHTErpaJIbHAs CHCTEMA C WCIOIh30BaHHU-
eM TITyOOKHMX CBEPTOUHBIX ceTed. Tarke B JaHHOW paboTe ObLIA MPE/CTaB-
nena Mmomudukamus CTC ¢ tpems mameneHusmu: (1) yOpaHbI CHMBOJIBI
«TpormycKay; (2) UCIOJIb30BaHbBl HEHOPMAJIM30BaHHBIE 3HAYEHUS B BEPIIH-
HaX; (3) nmpuMeHeHa ToOambHAS HOpMaIHM3aIMs BMECTO HOpPMAallM3alluu
KaapoB. JlaHHBI MeTOA MOMy4YMJl Ha3BaHHE ABTOMATHYECKUN KpHUTEpHUH
cermenTauuu (Auto Segmentation Criterion, ASG). Taxke st 1eK0IUpo-
BaHMs OB UCIIOJIL30BaH AITOPUTM JIydeBoro moucka. [1o pesynbraram Te-
ctoB ASG mnokazan 0ojiee BHICOKYIO CKOPOCTh PAaclo3HaBaHUS U MEHBIIYIO
ommoky LER: ns CTC nHa TecroBoit Beibopke 10,5%, a ASG — 10,1%. B
Ka4ecTBE PEYeBOro Kopiyca ObuT HMcroib3oBaH kopmyc LibriSpeech [38].
Cucrema OpLUTa HalMCaHa ¢ UCIIONB30BaHUEM HHCTpyMeHTapus Torch7 [39].

B [40] 6pu1a mpemnoxena CTC Momens ¢ MUCIONB30BaHUEM TIIy0O-
KHX CBEPTOYHBIX CETEM BMECTO PEKYPPEHTHBIX cereil. Jlydmas monenb Ha
OCHOBE CBEPTOUYHBIX ceTeit nMena 10 CBEPTOUYHBIX CIIOEB M 3 MOJHOCBSI3HBIX
cnosi. Jlyamas PER oxa3amace paBHa 18,2%, mpu Tom, uto mydmas PER
Juia aByHanpaBieHHeIx LSTM cereii oka3anace paBHa 18,3%. Tectsl npo-
Boaunuch Ha koprmyce TIMIT [41]. Bein Taxke caenaH BBIBOA, YTO CBEp-
TOYHBIE CETH IMO3BOJISIIOT YBEJINYUTH CKOPOCTh O0Y4EHHS U OOJIbLIE ITOX0-
JT 17151 00yHEHUsI Ha ITOCIIE0BATENbHOCTX (hoHeM.

B [42] 6b1mi ipoBeeHB! SKCIEPUMEHTHI 110 PACIIO3HABAHHIO PEYH C
ucnons3oBanueM CTC mopneneit Ha ocHoBe LSTM certell ¢ mpUMeHEHHEM
MIOCIIEA0BATENIFHOTO ANCKPUMHUHAHTHOTO OOYYEHHs, & MMEHHO MHHHMH3a-
nust BaifecoBckoro pucka Ha ypoBHE coctosHmiA (State-level Bayes risk,
sMBR) [43]. Ot Monenu ObUTH IPUMEHEHBI [T PACTIO3HABAHUS AETCKOH U
B3pOCIION peur ¢ HIyMOM. Takie 3TH MOZAENU OKa3alIuCh OBICTpee B CpaB-
HEHHHM C KomOuHarmed cBEépTouHbIXx M LSTM ceTei, mpeacTaBICHHBIX
B [44]. Beutn mccienoBaHbl 1Ba MeTOAa A KOMOWHUPOBaHWS MOJENEH:
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CIIMSHUE OLICHOYHBIX MeTpuk (score fusion) m ROVER [45]. Jlyummuii pe-
3ynbTaT OBLI MOJydeH ¢ Hcmosib3oBaHueM Meroga ROVER (komOuHarms
JIBYX TIOJHOCBS3HBIX ceTell M ofHON cBEépTouHOil) 1 SMBR, Tak Ha Tecro-
BBIX JTAHHBIX B3pOCIION M JeTcKoi peun Obuta mocturHyta WER, paBHas
12,2%. Taxxe ObLIH HCCIEIOBaHBI METOJBI MepeHoca 3Hanuil (knowledge
transfer) 3 ogHON 00y4YEHHOMH MOJEIH B IPYTYIO M CIETaH BBIBOJ, YTO 3TO
HETPOCTasl ¥ MepCIIeKTHBHAS 3aa4a.

B [46] Obu10 TIPOBEAEHO HCCIIEIOBAaHUE WHTETPATIbHBIX CHCTEM C HC-
mons3oBaaneM CTC. Beuto mokazano, uro CTC momems MOXKET XOpoIio
paboTath 1 Ge3 S3BIKOBBIX MOZETEH M cioBaps. B kauecTBe oOydaromiero
pedeBoro Kopmyca ObUT HCIIONB30BaH KOPITyC [47], COCTaBIEHHBIN U3 ayIu-
omopoxek YouTube Bueo, 00mIeH LUTEILHOCTRIO Oosiee 650 yacoB. A B
KauyecTBE TECTOBOTO KopIyca ObLIM B3sIThI ayauoaopoxku u3 Google
Preferred [48] Buzmeo, obOmieii mmurenbHOCTRIO 25 yacoB. Tak, myuymas WER
6e3 ucnonp3oBanus SIM Obuta paBHa 13,9%, a ¢ IM — 13,4%.

CymectByer «o6o6menne» CTC mozmeneit — RNN npeoGpazosa-
tenb (RNN Transducer), kotopsrit o0seaunseT n1se RNN B mocnenoBaTess-
HyI0 TpeoOpasoBarensHyto cucremy [49, 50]. OxHa u3 cerei moxoxa Ha
CTC-cetp u 00pabaThiBaeT TOT K€ MOMEHT BPEMEHH, YTO M BXOJHAS IIO-
CJIEI0OBATENLHOCTD, a BTopast RNN MozennpyeT BEpOSTHOCTH CIIEAYFOLIHX
MeTok Tipu ycnoBun npensiaymeit. Kak u 8 CTC-ceTsax, ncnonp3yercst Iu-
HaMHUYECKO€ MPOTPaMMHPOBAHKE Ul BBIYUCICHHH M aITOPUTM IPSIMOTO-
0o0paTHOro X0za, HO C yueToM orpanuyeHuii oooux RNN. B oTimume ot
CTC-ceteii, RNN mnpeoOpa3oBaTenb MMO3BOJISIET T€HEPUPOBATH BBIXOJIHBIE
nocJe0BaTeNnbHOCTH JinHHEee BXoHBIX. RNN mpeobpa3oBareny moxa3anm
XOpomIre pe3yabpTaThl B pacrnio3HaBanuu gouem [51] ¢ PER pasroii 17,7%
Ha xopmyce TIMIT.

B [52] Ob110 npeasioxkeHO MCTIONB30BaHKUE TITyOOKHUX PEKYPPEHTHBIX
CBEPTOUHBIX ceTell M TIIyOOKHMX ocTaTouHbIX ceTell coBmectHo ¢ CTC.
Jlyammii pe3ynbTaT OBLI IOJIydeH C NMPUMEHEHHEM OCTATOYHBIX CETeH ¢
6aru-Hopmanm3anuei. Tak Obu1 momydeH pesynsrat PER paBoit 17,33%
Ha peueBoM kopryce TIMIT.

B [53] 6pumn pacemotpens! Tpu mozaenu ¢ CTC: ResNet, BLSTM u
xomOuHaims LSTM u CNN. Taxoke ObUT NpeiokeH MeTo/i 00beANHEHUS
moaeneit moxoxuii Ha ROVER. Tak, Ha peueBom kopmyce WSJ ¢ momo-
b0 ResNet Obi1 monyuen pesynbratr — WER, paBbiit 8,99%, a ¢ momo-
LIbI0 KOMOMHAIIMY TPEX MOJEeJeH, yIIOMIHYThIX Bbllie — 7,65%.

Heoocmamxu. CTC Mozenu He TUIIEHBI HEAOCTaTKOB. Bo MHOTHX
paboTax OBUIO OTMEYEHO, YTO IPU OTCYTCTBUU S3BIKOBBIX Moaeneit CTC-
MOJIEIH 4acTo omubaTes B CHUMBOJIaxX pacTo3HaHHBIX
MOCIIEIOBATEILHOCTEH, XOTS 3BYYaHHWE COXPAHSAETCS IPaBHIIBHBIM.
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Taxxe CTC-mMozenu Bce elle HUCMONAB3YIOT MNPEANOJIOKEHHE O
HE3aBUCUMOCTH HaOIIOIaeMbIX MIEPEMEHHBIX. JT0 3Ha4uT, yTo CTC-ceTn
TpeOyercsi sI3BIKOBass MoOJAENIb, NpU J00aBICHWHM KOTOPOW oOmIMOKa
pacno3HaBaHMs 3HAUUTENIbHO yMeHblIaeTcs [33].

3.4. Uncrpymentapuu u 0umdauorexku Aas mocrpoenus CTC-
Mojeaeii. PaccMoTpuM HEKOTOpBIC MPUMEpPHl MHCTPYMEHTapHEB U OHO-
JUOTEK, TIO3BOJISIONINX CTPOUTH CUCTEMBI PAaCIO3HABAHUS PEUU C HCIIOJNb-
3oBanneM CTC.

Keras [54] — 9TO BBICOKOYpOBHEBas OHONMOTEKa IIsI paboTHI C
HEeWpPOHHBIMHU CETSIMHU, HAlKCaHHasi Ha s3bike Python M wmcrnonb3yromas vH-
crpymenrtapun TensorFlow [55], CNTK wmu Theano [56]. Taxk, Keras npemo-
craBisieT API ms ncnons3oBanust CTC g o0ydeHus HeHPOHHBIX ceTei.

CNTK [57] — »2T0 OTKpBITHIH HWHCTpyMeHTapuii ot Microsoft
Research mist moctpoenust u 00ydeHust TiryOOKHX HEHMPOHHBIX CeTeH, CBEp-
TOUHBIX CETEeH, PEKyPPEHTHBIX CETEHl U ceTell C MaMAThI0, paclpoCTpaHse-
™Mb 1o smnier3un MIT. B Hero Oputa mo6asiena noanepxka CTC u npu-
MEpFI 110 €T0 UCTIONb30BaHuA [58].

Eesen [33] — »T0 merkoBecHast OMOIMOTEKA IS TIOCTPOCHUS HHTE-
TPaJbHBIX CHCTEM pACIO3HABAHHSA PEYH, HCIOIB3YIOMas PEeKyppeHTHBIC
cetr, CTC 1 mo3BOJISIOMIAs BEITOTHATH JeKoaupoBanne ¢ momombio WFST
niu SIM Ha OCHOBE PEKYPPEHTHBIX HEHPOHHBIX CETEH.

Baidu [59] — 6ubnmoTeka, peanu3yroniasi mapauieIbHBIA aJrOpUTM
o0yuenus cereii ¢ ucnonb3oBanueM CTC. IlpenocTaBiser mpocToi HHTEP-
(eiic, HarcaHHbIH Ha s3bIke C, AJIs1 HCIIONB30BAHUS B PA3IMYHBIX UHCTPY-
meHTapusix, Hanpumep TensorFlow, Torch, Theano. Baidu siBnsieTcs onHo#M
cambIxX ObICTpBIX peanu3armii CTC Ha TaHHBI MOMEHT.

Kaldi — cBoOomHO pacmpocTpaHseMbIii HHCTPYMEHTAPHHA JUTsL pac-
mo3HaBanus peud [31]. Bo3smoxnoctu Kaldi mosBomsitor o0yuate AM u
JIEKOTUPOBATh MOJICTH B CHCTEMax pacio3HaBaHus pedn. C UCIIOIb30BaHH-
em Kaldi n Baidu namucana 6ubmmorteka [60], TO3BONISAONMIAs BBITIONHATE
oOydeHwne U IeKoupoBaHue HHTerpanbHex cuctem ¢ CTC.

3.5. lIndpartop-gemudparop Moaesu, OCHOBAHHbIE HA MeXa-
Hu3me BHuMaHus. [udparop-nemmdparop (Encoder-Decoder) monmenu
4acTO UCHOJIb3YIOTCA IS 3a/1ad, T/I€ IJIMHBI BXOJIHOM M BBIXOJIHOM TOCIe-
JOBAaTEILHOCTEH  sBNAOTCA  mepeMeHHbiMu  [61,  62].  Illudpa-
top (Encoder) — 3T0 He#poHHas ceTh, KOTOpas TpPaHCHOPMHUPYET BXOI
x=(x,...,X;;) B  HEKOTOpOE  IPOMEXKYTOYHOE  IpEJACTaBJICHUE

h=(h,...,h;), Bblgenser mpusHaku. Jeumdparop (Decoder) — 3T0

00prgHO RNN, KOTOpast HCHOIB3yeT 3TO MPOMEXKYTOUYHOE IPEICTaBICHUE
JUTA TeHEepaluy BBIXOIHBIX mociiegoBaTensHocTel. [lngparop Moxer OBITH
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M000i HeliponHoU cerhto, Hampumep: DNN, LSTM, BLSTM, CNN. Ha
pHUCYHKE 5 n300paXkeHa cxeMa MOJICIIH.

MNPU3HAKU: XI,...,XL’

umdparop: hi,....he
P(we1]xir7) *

neumdparop: P(wilxir),..,P(wr[xic)

Puc. 5. Hludparop-nemudparop cucteMa pacrno3HaBaHUs PEUH

B pabote [63] B kauecTBe AenmrdpaTopa ObUIO MPEATIOKESHO HCIIOTh-
30BaTh PEKYPPEHTHBIH T'€HEPATOP MOCIEI0BATEILHOCTEH, OCHOBAHHBIA Ha
MexaHn3Me BHUMaHHs (Attention-based Recurrent Sequence Generator;
ARSG). ARSG — 310 pekyppeHTHass HeHpOHHAas! CeTh, KOTOpas CTOXaCTH-
YeCKH I'€HEpPUPYET BBIXOAHYIO I1OCIEN0BATENbHOCTh (;,...,),) IO BXOXLY

h mmuael L =L'. ARSG cocrout u3 RNN u u3 moacetu, Ha3pIBaeMOi Me-
XaHU3MOM BHHMMaHus (attention-mechanism). MexaHn3M BHUMaHHsI BHIOH-
paeT MOAIMOCIE0BATEILHOCTh BXOJHON TOCIEN0BATENBHOCTH, KOTOpast
3aTeM HCHOJb3YeTCs Ji1 OOHOBIICHHS CKPBITBIX cocTosHMi RNN u mis
TpecKa3aHusl CICTYIOMEero BRIXOAHOTO 3HaueHus. Ha 7 -om mare ARSG
TeHepHUPYET BBIXOT Y, , QOKYCHpPYSCh HA ONMpPENEICHHBIX JIEMEHTaxX /i :

a; = Attend(s,_,;_;,h)

L

8i :Zai-jhj (1
Jj=1

V= Generate(s[,l 5 g,—),

rne s;;, — (i—1) -e cocroaame RNN, xoTopoe HasbIBacTCA

Generator (Takke BO3MOKHO HCIOJb30BaHUE He Tobko RNN), o, € R —

BEKTOp BecOB BHMMaHWA (attention weights), KoTopble Takke dYacTo
Ha3bIBAIOTCSl BhIpaBHUBaHUEM [64]. B [65] g, OblI0 Ha3BaHO «IIPOOIECK»

(glimpse). IIar 3aBepiraeTcs BEYUCIEHIEM HOBOTO COCTOSHUS TeHEpaTopa:
s; = Recurrency(s;_;, g;,;)- (15)
Recurrency o0wsrqno npencrasiser u3 ceds LSTM mm GRU [61]

Moy, CXeMaTHYHO JaHHAS MOJENb H300paKeHa Ha PUCYHKE 6.
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BBIXO/I

T

nemrudparop

npooJeck

o] lIIIIl-.--.-.-__

o paTop

Puc. 6. I/IHTerpaJ'[LHaﬂ MO/JI€JIb, OCHOBAHHAA Ha MCXaHU3MC BHUMAaHUA

Mooughuxayuu u ynyuwenus. B [63] ObUIO TPEATIOKCHO PA3ICIUThH
MEXaHU3Mbl BHHUMAaHUS Ha TpH BUjaa: mo pacronoxkenuro (location-based),
mo conepxanuto (content-based) u ruOpumHbIi, HanbOonee obmumii Bum. Ec-
1 Attend He 3aBUCHUT OT ¢, ;, TO €CTh o, = Attend(s;_;, /), TO 3TO — Me-

XaHW3M BHUMAaHHUS 1O coaepkaHuio [62]. Attend MOXHO NpenCcTaBUTh Kak
HOPMAJIN30BaHHYI0 CyMMY METPHK Ka)KI0ro 3JI€MEHTa /i :

e, ; =Score(s,_;,h;)

exp(e; ;)

-z
Z exp(ei, j)
J=1

(16)

i,j

I'maBHOe orpaHHueHHE TakoW CXeMbl B TOM, YTO OJAMHAKOBHIC WU
OUYEeHb MOXOXKHE BJIEMEHTHI /i CUMTAIOTCA OJUHAKOBO, HECMOTpPS Ha UX IO-
3MIUH B MOCJIEOBATEIBHOCTH, YTO B PACIIO3HABAHUU PEYH MMEET OOJIbIIOe
3HaveHHe. JTa npobiieMa Ha3bIBaeTCsl «IPOOJIEMON MOXOKHUX (parMeHTOB
peun». Yacto 3Ta npobieMa yacTUUHO peraercsi muppaTopoM, HapuMep
BLSTM wuiu ray6okumu CNN, KoTOpble MM(PYIOT KOHTEKCTHYIO HH(POP-
MaIuio B 31eMeHTHI /. OfHAKO pa3Mepsl /i 1 MX 3JIEMEHTOB BCETAa Orpa-
HHUYEHBI, YTO PEIIACT AaHHYIO MPOOIeMy HE B IIOJIHOM Mepe.
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Tak, MexaHu3M BHHUMAaHHS 110 PACIOJIOKECHUIO BBIYMCIIAET BBIPAB-
HUBaHME C MOMOILULIO COCTOSAHMS IEHEPATOpa U MPEABIAYINErO BHIPABHM-
BaHHMA, TO €CThb ¢; = Attend(s,_;,¢;_;) . DTOT TUIl MEXaHM3Ma BHUMaHHUS

MPEICKa3bIBACT PACCTOSHUE MEXKIY MOCIIEI0BATSIbHBIMEA (DOHEMAMHU HITH
CHMBOJIAMU TOJBKO IO s, ;, YTO MOXKET OBITh TPYIHO H3-3a OOJIBILOH

JIUCIIEPCUU ITOTO PACCTOSHMUSL.
I'mOpuIHBIA MEXaHU3M BHUMaHHS HCIOJb3YeT Mpenblayllee BbIpaB-
HUBaHUE ; ,, YTOOBI BHIOpPAaTh KOPOTKYIO HOAIOCIEIOBATENLHOCTD /i, 110

1
KOTOPOIl MeXaHW3M BHHMAaHHS II0 COICP)KaHHIO BBIOepeT Hambolee perne-
BaHTHBIE 3JIEMEHTHI 06€3 MPoOIIeMBI MOXOXKUX (PParMEHTOB PEUH.
B [64] Obuta mpemioxkeHa MOJIeb ¢ MEXaHH3MOM BHUMAHUS O CO-
JEPKAHHUIO, B KOTOPOW SCOre BBIYKMCILIETCS CIACAYIOIINM 00pa3oM:

€ ;= w' tanh(Ws, | + Vh; +b), (17)

rme w u b — Bekropa, a W u V' — matpuibl.
B [63] 6bu10 TIpeasnoxkeHo 0600IeHne STOH MOIENH 10 THOPHUIHOM.

CHavana BBIICISIIOTCS kK BEKTOPOB f; € R* (KOHBOMIOLMOHHBIE TPH3HAKHN)
JUIsl KaXKJIOM TO3MLMK j TPEABIAYILETO BBIPABHMBAHUA (7, ; C HMOMOILBIO
CBEPTKU C MaTpuleil F € R

fi=Fra.,. (18)

3arem BEKTOpa f;; MCIIONB3YIOTCS JUIsl Oepanyuy Score :

_ . T
e; =w tanh(Ws,_, +Vh; + Uf; +b). (19)
B dopmyie (16) ects Tpu npobieMs! ¢ HopMam3anueil. Bo-mepBrix,
KOrja A MMeeT GOJIBIIYI0 JUIHHY, TO g, MOXET COZEp/KaTh MHOTO LIyMa U3
MHOXXECTBAa HE3HaYalIUX BEKTOPOB hj . BO-BTOpI)IX, MEXaHH3M BHUMAaHHA
TOIDKEH TepeOpaTh Bce L MPU3HAKOB JUIS KaXKAOTO y, I DeKOAUPOBAHUS

BBIXO/IHOW TIOCIIEIOBATENLHOCTH JIMHBL T, 4TO TpeOyeT O(LT) omnepaiuii.

Tak>xe ucnonp3oBaHne softmax-Hopmanu3anyy B 1 mpuBoauT K (Goxycupo-
BAHUIO TOJIKO Ha OJJHOM BEKTOPE /1, .

Jns  pemeHms mnpoOmeMsl ITymMa B g, TNPUMEHSIOT 3a0CTpe-
Hue (sharpening). B manHoM metone BBozAT Beca [ > 1:

exp(pe; ;)
N A—
z exp(ﬂej,_/)

J=1

ij =

(20)
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3TO T03BOJISIET KOHTPOJIUPOBATH 3aLTYMIICHHBIE 3JIEMEHTBI.

Taxoke B [63] ni1st yMEHbIICHUS] KOJIMYECTBA ONEpaluy ObLIO Tpen-
JOXEHO WCIONb30BaHUe OKOH (Windowing). ms KaXAOro i MeXaHU3M
BHUMAaHHSA CMOTpPHT TOJIBKO Ha MTOIIIOCIIEIOBATEIEHOCTh

h=(h, . h,., ) Al LeNOH MOCIe10BATENbHOCTH /i, Tae W< L ompe-
JeNseT MUPHHY OKHA, U p, — MEJNaHa BBIPABHMBAHMHN «;_,. MeTpHKu
wist h; ¢ h pasusl 0. Tak nomydaem cnoxsocts O(L+T).

[penpinynpe TEXHUKH pemaroT MpoOiIeMbl ¢ JUIMHHBIMHU OCIIE/I0-
BaTEIbHOCTSIMH NTPU3HAKOB, HO YXY/IIAIOT paboTy ¢ OOBIYHBIMU IIPU3HAKa-
mu. Tak, ObUIa TIpeUIo’keHa TEXHHWKA CriIakwBaHUS (smoothing) ypaBHe-
Hus 20. HeorpanuueHHass (QYHKUWS SKCIOHEHTBHI 3aMEHsSETCS Ha OrpaHu-
YEHHYIO CHTMOUHYIO0 QYHKIHIO O :

_ O-(ei, j)

Sote,) e
j=1

&,

B [66] Takxke Obuta MpeuioxKeHa MHTETPaIys MOAEIH, OCHOBAHHOMN
Ha MexaHu3Me BHUMaHUs, u SIM. [Iysg Toro 4To0bl mocTpouth SIM, ocHO-
BaHHYIO Ha CHMBOJIaX, U3 MOJIEIH, TOCTPOCHHOI Ha CJIOBax, MCHOJIb30Ba-
muce WFST. Tak, Op11 mocTpoeH KOHeUHbIH aBToMatr 7 = min(det(L o G)),

rme L — crmoBaps u G — KoHeuHsIH aBromat st SIM. Tlpu mexoauposa-
HUH 3aIyCKaJICSl TIONCK BBIXOJA ) , KOTOPBI MHHHMH3HPOBAN (YHKIIHO-

Han L , koMOuHUpyomumii Monens mudparop-aemmdparop u SAM:
L=-log Py (y|x)—pBlog Py, (y)—»T, (22)

rae f W y — HacTpaMBaeMble IapaMeTphl. B uTore Ha pedeBoM Kopiryce

WSJ 6pun momydensl crnepyroute pesynsratsl: WER, paBras 11,3%, n
CER, paBnas 4,8%.

B [67] ne3zaBucuMoO OblTa peayoKeHa MIOX0XKask MOJIENIb, OCHOBaHHAs
HAa MexaHuW3Me BHHMMaHWs, HasBaHHas «Listen, Attend and Spell» (LAS).
Iudparop npencramsut codoit BLSTM mupaMuaainbHONW CTPYKTYpEL, a Jie-
umdpatop ucnoab3oBar LSTM. Taxke moigydeHHas MOJEIb MMOCTE JICKOIHU-
poBaHusl nepecuMThiBasiach ¢ nomolubto M. Tak Ha pedeBoM KopIiyce
Google Voice Search 0si1a omyuena WER, pasnas 10,3%.

B [68] Obuta nmpennoxena moaens, oobequnstomas CTC u moxenw,
OCHOBaHHOW Ha MeXaHH3Me BHUMaHMs. [es TaHHOH MOIeNId B TOM, YTOOBI
ucniosszoBats CTC dynkumio st o0yuenus: mmdparopa moxaenu. Tak, Ha
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qucTOoM pedeBoM Kopiyce WSJ1 Obutn monmyuensl pesynbratel: WER pas-
Hast 18.2% u CER paBnas 7,36%.

B [69] Obu mpeanoKeHsl pa3IHYHbIE TEXHUKH, TaKHe KaK: MOHO-
TOHHasg peryispusanus (monotonic regularization); miaHoBoe o00yue-
aue (Curriculum learning) [70], korma IIHHBI BXOJHBIX MOCIEIOBATEIBHO-
CTeH yBEMUUBAIOTCS ¢ 00yueHHeM; «iockuii crapr (flatstart) [42] — nust
BbIOOpA HaYaJIbHBIX MMO3ULIUHA B 3aBUCUMOCTH OT TEMIIa PEYH AUKTOPA.

B [71] 6buta paccMoTpeH moaxoj k Moaudukanun LAS cucremsl ¢
ucrosib3oBanueM cBEPTOUHbIX LSTM ceTeil ¢ ocTaTOYHBIMU MOIYJISIMU U
O6arynopManm3anueii. Tak, Jqydmmid pe3ynbTar Ha pedeBoM Kopryce WSJ
no nokaszarento WER cocrasun 10,53%.

B paGore [72] 6pu1 onucaH moAxo 1 00ydeHHs] MOJIENI, OCHOBAHHOM
Ha MEXaHU3Me BHHUMaHHs, C MCIOJIb30BaHNEM HEOOpaOOTaHHBIX 3BYKOBBIX
MIPU3HAKOB U TEXHUKH repeHoca 3HaHui (transfer learning). J{ns ympore-
HUsI 00y4YeHHUs Ha CTaIuM MU(PPOBAHUS MOJIETh UMENa CIESIYIOUIyI0 apXH-
TEKTYpY: HIDKHHUE CJIOH IIU(paTopa COCTOSIN U3 HECKOJIBKUX CBEPTOUYHBIX
1 OOBIYHBIX CIIOEB, NMPEICKA3bIBAIOMINX CHEKTPAIbHBIE MPU3HAKU 110 HEO0O-
paboTaHHBIM JTAHHBIM, & UMEHHO METYaCTOTHBIC KeTICTpaibHble KO3 hHUITu-
entsl (MFCC) n k03¢ GHUIHEHTH TEPLENTUBHOTO JHHEHHOTO TIPeICKa3aHus
(log Mel-scale spectrogram). Jlyummii pe3ynbrar Ha kKopnyce WLJ mo mo-
kazaremto CER Ob11 paBeH 14,71%.

3.6. UucTtpymeHTapuu ¥ OMOJHOTEKH JUISl MOCTPOeHHUs! MK (ppa-
Top-aemndpaTop Moaesneil HA 0OCHOBe MeXaHM3Ma BHMMaHus. PaccMoT-
pUM TIpUMeEpBl OMONMOTEK M MHCTPYMEHTapHEB, MO3BOJIAIONIMX PEaIn30-
BaTh MOJZICJIM Ha OCHOBE MEXaHH3Ma BHUMAaHUSI.

Theano+Bricks+Fuel — 3to mHCTpyMeHTapwmii [73], HaNmMCaHHBIA C
nomotupto 6ubnuorek Theano, Bricks n Fuel [74] u ucnonb3oBaBmmiics
B [64, 75].

Tensor2Tensor — nomnyssipHasi OMONMOTEKa, HAMKCAHHASL C HCIIOJb-
3oBanneM TensorFlow ¥ mo3Boisromas CTpOUTh OOOOIICHHBIE MOICIH.
bubnunoTeka mpenocTaBiIsieT BO3MOXKHOCTh HCIIONB30BaTh MOEIH, OCHO-
BaHHBIC HA MEXaHW3Me BHUMaHWMS [76].

Keras — ¢ nomormpto uacTpyMeHTapust Keras Oblia Hanucana Ouo-
JIMOTEKa Ui MOCTPOEHHS Mojened mmdpaTop-aemudparop U MOJENIeH,
OCHOBaHHBIX HA MeXaHW3Me BHUMaHUs [77].

3.7. YcaoBHble ciaydaiiHple mojs. B [78] Obur mpemioxkeH emie
OJTMH METOJI JJIsl BBIYMCIICHHSI YCIIOBHBIX BEPOSTHOCTHBIX pacIpeieieHH,
KOTOpPBIE MOXKHO HCIIONIb30BaTh AJISI PAcIO3HABAHUSI PEUd — YCIIOBHBIC
cinyuaiinbie moiist (Conditional Random Field; CRF).

DTy MOJIENb ONPEACISIOT cieayrommm oopasom. [Tycte X — MHO-
JKECTBO TIOCJIEIOBATENLHOCTEH, KOTOPBIE HY)KHO pPaclo3Harb, a ¥ — MHO-
JKECTBO TOCIJIeIoBaTeNIbHOCTEll MeToK Haj andasutoM Y . Heobxommmo

94 Tpyabl CMIMNPAH. 2018. Bein. 3(58). ISSN 2078-9181 (ney.), ISSN 2078-9599 (oHnaiiH)
www.proceedings.spiiras.nw.ru



ARTIFICIAL INTELLIGENCE, KNOWEDGE AND DATA ENGINEERING

nocTpouTh pacnpenenenne P(Y | X) . Ilyets G =(V,E) — rpad, rme
Y=(,),,, » Tak uto Y wuHAekcupoBaHo BepmmHamu Trpada G. To-
raa (X,Y) HaspiBaeTcs ycioBHBIM ciydaiiHeiM monem (CRF), ecnn
P(Y, [ XY,

Lw#v)=PY, | X,Y,,w~v). Tak, CRF npencrasnser coboii
HEOpUEeHTUPOBaHHbIH rpad G, ryie Kakaas BEPIIHHA SIBISETCS CIIydailHOM
MEPEMEHHON M Kax10e pedpo MpeiCTaBisieT cO00W 3aBUCHMOCTh MEXIY
ClTyyaHBIMH MepeMeHHbIMH. Ha prucyHke 7 npejcTaBieHa cxema JINHEWHO-
IO YCIOBHOTO Ciy4daiHOro mois. [lycTeie Kpy»KKH 03HAYaroT, YTO COOTBET-

CTBYIOIIAsI IEPEMEHHAsl HE TEHEPUPYETCST MOJIEIIBIO.

Yi-1 Yi Yi+1

Xi-1 Xi Xi+1

Puc. 7. JluneiiHoe ycnoBHOE Cily4aiiHOE I10JI€ A7 10CJIEJ0BATENbHOCTEN

Jlnst BEIYMCIIEHUS YCIOBHOM BEPOSATHOCTH P(Y | X') MOXKHO ompe-
JeNINTh Habop MOTeHUWaNbHBIX (yHKUUi (potential function) ¢ mns
kaxnou knuku rpada c € C, rne C — MHOXecTBO KUK rpada G (kiu-
Ka — TMOJHBIN moArpad HEOPHUEHTHPOBAHHOTO Tpada). DyHKIHA ¢ Kaxk-
JOMY BO3MOYKHOMY COCTOSIHUIO 3JICMEHTOB KJIMKU CTaBUT B COOTBETCTBHE
HEKOTOpOe HEOTPHLATEIbHOE YUCIO. BeplnHbl, He SBISAIOMIMECcS CMEeX-
HBIMH, JOJDKHBI COOTBETCTBOBATH YCJIOBHO HE3aBUCHMBIM CITydYailHBIM
BenM4YMHaAM. ['pymnma cMeXHbBIX BEpIIMH 00pa3yeT KINKY, Habop cocTos-
HUI BEpIIWH SBISETCS apryMEHTOM COOTBETCTBYIOIICH MOTEHIUAIBHOM
¢bynknuu. O003Ha4MM y, MHOMKECTBO CIydalHBIX I€pEMEHHBIX H3 Y,

COOTBETCTBYIOIUX Kinke c. Torma:

= LH Py, X), 23)

P(yIX)—Z(X)
ceC

rae Z(X) — HOpMaIH3YIOIMH K03 HINCHT:

Z(X)= z H(o(yc',X). (24)

y'eY'ceC
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O003HaYNM MHOKECTBO MEPEMEHHBIX, COOTBETCTBYIONINX KIHUKE C,
B MOMEHT BPEMEHU ! KakK J, ., TOrAa MOXKHO BblUMCIATH P(Y | X) cieny-

oM 00pazom:

1 T
Py X)=——[ I [exp(A - f (3,0, X)), 25)
Z(X) ceC t=1
rae A, — MHOXXECTBO IapaMETPOB ISl KITHKH C .

Merton CRF, kak u meroq MEMM (Maximum Entropy Markov
Models) [79], oTHOCUTCA K AUCKPUMHHATHBHBIM BEPOSTHOCTHBIM METOJaM,
B OTJINYHE OT T€HEPATUBHBIX METOAOB, TakiX kak CMM.

[o ananorun ¢ MEMM, BbIOOp NMpU3HAKOB JUISl 3a/laHHsT BEPOSITHO-
CTH TIEPEX0ia MY COCTOSIHUSIMU IIPH HATMYUH HAOII0JaeMOro 3HaYCHUS
3aBUCUT OT HaHHBIX. Ho B ormmume ot MEMM, CRF MoeT y4uThIBaTh
Jr00bIe 0COOEHHOCTH M B3aMMO3aBUCHMOCTH B MCXOJHBIX JIaHHBIX. BexTop
MPHU3HAKOB PAaCCUUTHIBACTCS Ha OCHOBE OOyd4aromieil BEIOOPKU M OTpeens-
eT BeC KaXIOW MOTeHHWaNbHOW (yHKuuu. /i oOydeHHs W TMpUMEHEHUS
MO/IENTN MCIIOIB3YIOTCS aITOPUTMBI, aHaJlorH4YHbIe anroputMamM CMM: Bu-
TepOM M €ro pasHOBHIHOCTh — aJITOPUTM HPSMOro-o0paTHOTO XO-
na (forward-backward algorithm).

CMM MOXHO paccMaTpUBaTh KaK YacTHBIM Clyd4ail JHHEHHOTO
ycnoBHoro ciydaitnoro nosst (linear-chain CRF). B ycnoBHBIX citydaiiHBIX
HOJISAX OTCYTCTBYET TaK Ha3biBaeMas rpodiema cmemenus MeTok (label bias
problem) [80] — curyarus, Korna NpeuMyIIeCTBO MOJTYYalOT COCTOSHHUS C
MEHBIIIUM KOJIMYECTBOM IEPEXOA0B, TaK KaK CTPOUTCSA €IUHOE pacIpere-
JICHUE BEPOSTHOCTEH M HOpMaIM3aIys IPOM3BOAUTCS B LIEJIOM, a HE B paM-
Kax OTHENBHOTO COCTOSHMA. Tak, anropuTM He TpeOyeT HpenNoNoKeHUsS
HE3aBHCHMOCTH HaOJII0JaeMBIX NIEPEMEHHBIX.

Heodocmamku. Henocratkom  momxoma  CRF  sBasercs
BBIUMCIINTENbHASA CIOXHOCTh AaHalnW3a oOydJamomeidl BBIOOpKH, 4TO
3aTpyJHSET TTOCTOSHHOE OOHOBJIICHHWE MOJENH TPH MOCTYIUICHMH HOBBIX
00y4YarOIIHX JTAHHBIX.

Moougpuxayuu u ynyywenus. B [81] ObIIO TpemIOKEHO HCIOIB30-
Bate Momudukanmto CRF — nomomnennsie CRF (Augmented CRF;
ACREF). Ha peueBom kopryce TIMIT Obu1 monydeH pe3ysbraT Mo Hokasza-
temo PER, paBusiit 23,0%.

B [82] 6butn mpeioKeHbl CeTMEHTHbBIE PEKyppEHTHBIE HEHPOHHBIE
cern (Segmental Recurrent Neural Networks; SRNN). Onu crposrcst Ha
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ocHoBe Moaudukanuun CRF — cerMeHTHBIX YCIIOBHBIX CIIy4YaiHBIX MO-
neit (semi-Markov CRF), koTopbie MOXHO OITUCATh Kak:

s exp(f (€, X)), (26)
Py, E|X Z(X)H (/( X))

rne  E=(e,...,e;) —  BCIOMOTaT€JbHBIE  CETMEHTHLIE  METKH,
e = <st,nt> — Iapa U3 Hadaja s, ¥ KOHLIA 71, BPEMEHHON METKH CETMEHTa

¥, »a Z(X) — HOopManusyromui kodpPuIneHT:
T
Z(X) =Y [ [exp(f (7,r€,, X)), (27)
v,E t=1

OyHKIUA f(-) OmpenensieTcs CIeAyIomuM 00pa3oM:

f(y,,et,X):wTd)(yt,e,,X), (28)

rae ®(-) — (YHKIUSA TIPU3HAKOB, U W — BEKTOP BECOB.
st onpenenenus ®(-) UCHOJB3YIOT PEKYPPEHTHBIE HEMPOHHBIE Ce-

TH, a TAPaMETPhL, B YACTHOCTH E , OIPEeNeNsioT ¢ MOMOIIBI0 MOTU(PHKAIINN
(YHKIIMY TIOTeph Ha OCHOBE MaKCHMAaJIBHOTO mpapaonoaodus. Tak, cHaya-
Ia y, IPeACTaBIA0TCA B BUJE IPSIMOrO YHUTApHOTO KOAa v,, a 3aTeM Ile-

PEBOIUTCS B HEMIPEPBHIBHOE MPOCTPAHCTBO C IIOMOIIBIO MaTpuilkl M , ompe-
JISISIONICH BEKTOPHOE TIpeicTaBiIeHue MeTok (embedding matrix):

u, = Mv,. (29)

Jns oToOpaskeHns! aKkyCTHYeCKHX CETMEHTOB B BEKTOpa (pUKCHpO-
BaHHOT'O pa3Mepa UCIONb3YyeTCa PeKyppEeHTHAs HEHPOHHAS CEeTh:

t
h _r(h07 st
Iy =r(hy,x,,,) (30)

t
d[ _r(hdt 1’xnt )7

rac hO 03Ha4YacT Ha4YaJIbHOC CKPBITOC COCTOSAHUC CCTH, dt =n,—s, — MIHA-

HBI CETMEHTA, U r(-) — HEeMuHelHyo QyHkuuio. Tak,

D(y,.¢,X) = gu,, hy,), (31
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r7e g(-) COOTBETCTBYET OJHOMY HJIM HECKOJBKHM CIIOSIM JIMHEHHBIX M HENH-
HeWHbBIX npeoOpa3oBanuii. Ha pucyHke 8 mpezacraBieHa cxema CErMEHTHOM

pexyppentHoii cetn ¢ CRF, rie 3akpalieHHble Kpy>KKH 0003Ha4aI0T h:,t .

R ——
00 OO —@

I

Puc. 8. CermenTtHbIe peKyppeHTHbBIE HelipoHHbIe ceTr ucnonb3youme CRF mepsoro
nopsiaKa

B [83] SRNN 6butn npuMeHeHs! Aj1s1 pacnio3HaBaHus peun. Ha peue-
BoM kopmyce TIMIT Obut monyuen pe3ynbTar 1o nokaszareno PER, paBubiii
17,3%. IlpennioskeHHas Moieib He ucnosib3oBana SIM.

3.8. CpaBHeHue pe3yJbTaToB. B Tabmuie | mpexncraBieHBl pe-
3ynbTaThl ~ NPHUMEHEHHS  PACCMOTPEHHBIX  METONOB  (THOpHIHBIE
CMM/UHC mopaenu, CTC-monmenn, MOJENH, HA OCHOBE MEXaHH3Ma BHH-
manus 1 CRF-moxenn).

Tabnuna 1. CpaBHEHHE pe3yIbTaTOB

Mozens SAM| Texnonorun peqTefsf);OI]izglnyc W(E)R’ COEA)R’ P](::A)R’
I'u6punasie CMM/MHC monenn
CNN [84] v [ Torch7 WSI (Nov'92) | 67 | — | —
BLSTM [13] v - TIMIT — [~ 17,99
CLDNN-HMM [44] | v - Google Voice | g | | _
Search
Kaldi-dnn5b-pretrain-
dbn-dnn-smbr recipe | v’ Kaldi WSJ (Nov’92) | 3,35 | - -
[31]
CTC-monenu
ng;%&%'od]ﬁ v | Kaldi WSI (Nov'92) | 67 | - | -
LSTM-CTC nnsa
¢donem + trigram LM | v/ Eesen WSJ (Nov’92) | 79 | - -
[33]
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[Ipomomkenue Tadumipl 1
udpaTop-aemmbpaTop MOJEIHN, HA OCHOBE MEXaHU3Ma BHUMAHUSI
LSTM-LCI\;([}; ]trlgram v Eesen WSJ (Nov’'92) | 7,3 - -
RCNN + BLSTM + v
CLDNN + CTC [53]
CNN + RNN + CTC v
[70]

BLSTM-CTC [34] | v Eesen

- WSI(Nov'92) | 7.65 | — | -

Baidu WSI (Nov'92) | 442 | — | -

Kopmyc cepoekoit 147 | 3.7 B

peun
CNN + ASG [37] v' | Torch7, Baidu LibriSpeech 7,2 — —
Google
ROVER: LSTM +
v — — _
CNN + sMBR [42] Now?i((;)sutube 12,2

BLSTM +CTC+LM| ,

[46] TensorFlow YouTube video | 13,4 — —

Theano, Blocks,

CNN + CTC [40] x TIMIT - - 182
Fuel
ResNet + CTC [52] | v | Fasagne [80) TIMIT | - 1733
aidu
RNN Transducer [51] | % — TIMIT - - | 177
ARSG + KoHB. Theano, TIMIT
MIPU3HAKH + x [PyLearn2, - - 17,6
criuaxuBanue [63] IBlocks

ARSG + trigram LM | , [Theano, Blocks,WSJ (Nov’92) 93 | 39 B

[66] [Fuel

ARSG + CTC [68] | * [Chainer [87] _ |WSJ (Nov’92) 182 | 7,36 | -

v DistBelief [88] [Google Voice|

LAS + LM [67] 103 | - -
Search
LAS +CNN +LSTM |  [TensorFlow IWSJ (Nov’92) 105 | - B
+ ResNet [71] ’
Att. + trar[1;f2‘e]r learning| . [PyTorch 'WSJ (Nov’92) 17.04 1471 —
CRF-mopnenun
SRNN [83],[89] | * Eﬁ‘)l]d" DyNefTIMIT — | - 173

Kak MOXHO BHICTh U3 TaOJIUIIBI, HHTETPAIBbHBIC CHCTEMBI B HACTOSI-
iee BpeMsi HEMHOT'O YCTYHAOT THOPUIHBIM MOJIENISIM [0 TOYHOCTH PacIio-
snaBanus. Ho 3ametum, uto CTC-Moenu sSBIs0TCA HanbojIee MPOCTHIMHE C
TOYKH 3PCHUS] aPXUTEKTYPhl U MPH YCIOBHH HCIIOIb30BAHHS S3BIKOBBIX
MoJieNiel TaroT OJMM3KKE K TMOPUIHBIM MOJCISM pe3yibTaThl. Bo MHOTHX
pabotax O6puT0 0T™MedeHo, uTo CTC-Moeny 9acTo OmubaroTCs B CHMBOJIAX
PACTO3HAHHBIX TOCJIEI0BATEILHOCTEH, XOTS 3ByYaHHE COXPAHSICTCS Ipa-
BIWIBHBIM. FIMEHHO 3TOT HEIOCTATOK U 3aCTaBISET MCIOIb30BaTh OTHAEIBHO
00y4YEeHHBIC SI3BIKOBBIC MOJICIIH.
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CTouT OTMETUTD, YTO MH(paTOP-AenpPaTOp apXUTEKTYPHI HA OC-
HOBE MEXaHH3Ma BHIUMAaHUS TaKXKe MTOKa3bIBAIOT MEPCIIEKTUBHBIC pe3yIbTa-
THI, TaK KaK Jaxke 0e3 MPUMEHECHUs S3BIKOBBIX MOICNEH NeMOHCTPHPYIOT
HU3KYIO MOTPEIIHOCTh PACHO3HABAHUS. A TaKkKe MPU MajloM pazmepe o0y-
yaromeil BBIOOPKH IPUMEHEHHE TEXHHUKH IePeHOCa «3HAHW» C MOIEIH,
0o0ydYeHHOH Ha IPYyroM s3BIKE, SBISETCS IIEPCIICKTUBHBIM HAINPAaBICHUEM,
KOTOpPO€ MOET OBITh HCIIOJIB30BaHO VISl CO3JIaHUsI YHHBEPCAIBHBIX CHCTEM
pacTo3HaBaHUS PEYH WM CUCTEM JIJISl PEIKHUX S3BIKOB.

PaccMoTpuM OTITHYUMS WHTETPANBHBIX MOJIENCH APYT OT Apyra, WX
MIperMYyIIIeCTBa U HeJocTaTtku. B padorax Obw10 oTMeueno, uto CTC-monenn
NO3BOJISIIOT JIOCTHYb XOPOIIMX PE3YyJIbTaTOB TOJBKO IPU HCIOJIb30BAHHU
SI3BIKOBBIX MOJENEH, HO OblIa TIOKa3aHa OTHOCHTENbHAS MPOCTOTA UX pean-
3a1MM U O0y4eHWsl 10 CPaBHEHWIO C IMMdparop-AemudpaTop MOIEISIMH,
KOTOpBIC, KaK ObLIO [TOKAa3aHO B pabOTax, MO3BOJSIOT JOCTHYDL ITPUEMIIEMbBIX
pe3yiIbpTaToB U 0€3 MCIOIh30BaHMs A3BIKOBRIX Mojene. [1pu sTom Obiia oT-
MedeHa CJIOKHOCTh Iporecca oOydeHus mmdparop-aemudpaTop Mopaenei
0 MPUYKHE OOJIBIIONO YHCIIA THIICPIIAPAMETPOB HEHPOHHOM CETH M He00XO-
JMOCTH OOBEMHOTO PEYEeBOr0 KOPITyCa, YTO MOXET IPEACTaBISATH COOOM
po0JsieMy JUISl MaJIONCTIONB3YeMbIX s3bIKOB. Mcnons3zoBanne CRF-moneneit
SIBJISIETCSL TIOKA YTO pa3BHBAIOLIEHCS OOJNACTBIO M HE IPOJIEMOHCTPHUPOBAIIO
JOCTaTOYHBIX PE3YNBTATOB IJISl CPAaBHEHUSI.

3.9. CpaBHeHHEe MHCTPYMEHTAPHEB /I NMOCTPOEHUS] MHTErPajib-
HBIX Mopeieil. B Tabmune 2 mpencraBieHO cpaBHeHHE OWMOIMOTEK U MH-
CTpyMEHTapHeB, MO3BOJISIOUINX CO3/aBaTh U 00y4YaTh MHTETPAIbLHBIE MOJIEIN
JUTSL pacIiO3HABAHUS PEUH, KOTOPBIe OBLTH pacCMOTPEHEI B JAHHOM 0030pe.

Tabmuna 1. CpaBHEHHE HHCTPYMEHTAPHCB

Hazpanue aMOi:eHHC M IInatdopma S3bp1K API
TensorFlowl v | v v Linux, OS X, Win-| C++, Py- |C++, Python, Java,
dows thon Haskell
Kaldi v | v | v | v | Linux, Windows | C++, bash C++, bash
Eesen vV v Linux C++ C++, bash, Python
Baidu V| x x Linux, OS X C++ C++, Python
Torch |V |V v Linux, OS X, C, Lua Lua, C
Wndows
Linux, OS X C++
v v v s ] s N
Theano Windows Python Python, C
Chainer x x Linux Python Python
++ ++
CNTK | v | % x| Linux, Windows C+, Python, C++, C#,
Python Java
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Mogenu (a), (b) u (¢) osmavator CTC-momenu, mHdppaTop-
nemudparop 1 CRF-Momenu coOTBeTCTBEHHO. ['alouka CTOMT HAIpPOTHUB
TEeX MHCTPYMEHTapUeB, KOTOpPbIE OBUIM HCIIOJIb30BAHBI B PAaCCMOTPEHHBIX
BBIIIIE CTAThSIX AJIS IOCTPOEHUS COOTBETCTBYIOIUX MOJIENIEH.

OueBHHO, YTO C MOMOIIBIO JAHHBIX OMONMOTEK MOXKHO pean3o0-
BaTh MPAKTUYECKH JIFOOBIE MOAEIH, HO MH(GOPMAIUS O PUMEHEHUH ObLIa
B3sITa U3 O(PUIMANBHBIX PEMO3UTOPHEB C IPUMEPAMH U3 CTaTEH.

4. 3axaoueHue. B manHOM 0030pe OBUIM PAcCMOTPEHBI OCHOBHBIE
METO/bl TOCTPOEHHS MHTETPATBbHBIX MOJIENCH PACIO3HABAHUS PEUH, TaKHe
kak: CTC-momenun, mMoaend Ha oOcHOBe MexanHu3ma BHuUMaHus u CRF-
Mogenu. Kak MOXHO BHAETh U3 TaOnMIB! 1, MHTErpabHBIE CHCTEMBI MOKa
YTO HEMHOTO YCTYNAlOT B TOYHOCTH pPAaclO3HaBaHUS TUOPUIHBIM
CMM/MHC wmopnensim. Ho MOXXHO OTMETHTh TaKkue NMpPEUMYILECTBA MHTE-
TPAJIBHBIX CHCTEM, KaK BO3MOXXHOCTh YCTPAHEHHMS «TSDKENBIX)» S3BIKOBBIX
MOJIeNIeid, YIpOIIeHHe CUCTEMBI U Oosiee ObICTpast paboTa 1Mo CpaBHEHUIO C
ruopuaasiMu CMM/MHC mozensmu. B nepcrniektuBe HHTErpabHbIE MOJIE-
T TIPEOCTABISIOT BO3MOKHOCTh KaUE€CTBEHHOTO PACIIO3HABAHHS CIUTHON
pedr Ha MOOWJIBHBIX YCTPOHCTBAaX JIOKAIEHO Oe3 00pabOTKM CHrHaia Ha
yIQJICHHBIX CEepBepax, MPH 3TOM HCIIONIb3ysS MEHbBIIE MaMSATH M BBIYHCIIH-
TEJIBHBIX MOIHOCTEH, YeM THOPUAHBIE MOJIEIH.
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AN ANALYTIC SURVEY OF END-TO-END SPEECH
RECOGNITION SYSTEMS

Markovnikov N.M., Kipyatkova 1.S. An Analytic Survey of End-to-End Speech Recognition
Systems.

Abstract. This article presents an analytic survey of various end-to-end speech recognition
systems, as well as some approaches to their construction, training and optimization. We
consider models based on connectionist temporal classification (CTC) as a loss function for
neural networks, models based on encoder-decoder architecture with attention mechanism.
Also, we describe neural networks models built using conditional random field (CRF), that is a
generalization of hidden markov models that allows to fix some drawbacks of standard hybrid
speech recognition systems like an assumption of independency of elements from speech
frames sequences. We also describe integration possibilities with language models at a stage of
decoding for end-to-end systems. Also, various modification and improvements of standard
end-to-end models, for example, like generalization of connectionist temporal classification
and regularization using at attention-based encoder-decoder models. We see that such an
approach significantly reduces recognition error rates for end-to-end models. A survey of
research works in this subject area reveals that end-to-end systems allow achieving results
close to that of the state-of-the-art hybrid models. Nevertheless, end-to-end models use simple
configuration and demonstrate a high speed of learning and decoding. In addition, we consider
popular frameworks and toolkits for creating speech recognition systems like TensorFlow,
Eesen, Kaldi, etc. Theirs comparing was provided by simplicity and accessibility of
implementation end-to-end speech recognition system.

Keywords: speech recognition, end-to-end models, neural networks, deep learning.
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B.YU. HI'VEH, A.A. TPOITYEHKO
MNMOBBINEHUE YOPEKTUBHOCTU METOJA
SHTPOIUMHOI'O KOJUPOBAHUS B COBPEMEHHbBIX
CTAHIAPTAX BUJIEOCKATUSA

Heyen B.Y., Tponuenxko A.A. IloBbimieHue 3(pdeKTHBHOCTH MeToJa IHTPONHUIHOrO
KO/JMPOBAHHS B COBPEMEHHBIX CTAHIAPTaX BUAEOCIKATHUS.

Annotanusi. CoBpeMeHHbIE CTaHIapThl KOAUPOBAHUS BUICOAAHHBIX HMEIOT BBICOKYIO
3G (GEeKTUBHOCTh KOAMPOBAHUS, HO CKOPOCTh KOAMPOBAHUS MOXKET OBITH yIydllleHa IJIs
YIOBICTBOPEHUSI PACTYIIUX MOTPeOHOCTeH MyNbTHMEIHMIHBIX NPHIOXKEHHH. B crarbe
paccMaTpUBAIOTC METOJbl M AITOPUTMbBl JHTPOIMHHOIO KOAMPOBAHUS B CTaHIApTax
koxupoBaHusi Bupeoganueix H.264/AVC u H.265/HEVC. KoHTekCTHO-3aBHCHMOE
aJanTHBHOE KOJUPOBAHKE C IepeMeHHOI 1nHo# kogoBoro cioBa CAVLC (Context-based
Adaptive Variable Length) nus cranmnapra H.264/AVC n3HayanpHO NpeAHA3HAYAIOCh IS
KOZMPOBAHUS C MOTEPSAMH U KaK TaKoBOE HE 1aBajo aJeKBaTHOU IMPOU3BOJUTEILHOCTH IJIs
KoaupoBaHus 0e3 norepb. KOHTEKCTHO-3aBUCHMOE aJJalTUBHOE OMHAPHOE apU(DMETHUECKOE
xoxupoBanue CABAC (Context-Adaptive Binary Arithmetic Coding) — »3To Merox
SHTPONMUHOIO KOJMpPOBaHMs, BHepBble BBeAeHHbIH B H.264/AVC u ucnonb3yemblii B
crannaptre H.265/HEVC. Xot1s oH obecnieunBaeT BHICOKYIO 3 (PEeKTHBHOCTD KOUPOBAHMUS,
3aBucuMocTH JaHHBIX B H.264/AVC CABAC 3aTpymHsIOT pacnapajielHBaHUe H, TAKHM
006pa3oM, OrpaHMYMBAIOT €ro MPOMYCKHYI0 cHocoOHOCTh. COOTBETCTBEHHO, BO BpeMs
CTaHJapTH3alMu SHTponuiiHOro koxaupoBaHus mis HEVC 0wt paccMOTpeHBl Kak
3¢ (PEeKTUBHOCTE KOJUPOBAHMS, TaK M IPOIYCKHas CIocoOHOcTh. Ha ocHOBe aHamm3a HX
JOCTOMHCTB M HEJOCTaTKOB IPEIOKEH METOA OSHTPONMHHOIO KOJAMPOBAHUS C
MOCIEYIOIUM HPUMEHEHHEM HYMEpPalMOHHOTO HepapXUueckoro koaupoBaHus. OH
cocroutr u3 amroputMma CABAC u anropurMa HyMepalMOHHOIO KOJUPOBAHUSA C
MIPUMEHEHHEM HepapXHyecKoro noaxoza. IlpenioxkeHHblil METO NPOTECTUPOBAH B Cpejie
paspadotku Visual C++ Ha pa3IHyYHBIX TECTOBBIX BHCOIOCIEI0BATEIBHOCTAX. Pe3yabTaThl
9KCIEPHMEHTOB II0Ka3alH OoibmIyl0 3((EKTHBHOCTh KOIMPOBAHMS MYJIbTUMEIHIHBIX
JaHHBIX (yMeHbIIaeT B cpeaHeM a0 15% oObema maMsTH XpaHCHHsS [0 CPAaBHECHHIO C
TpanuiuoHHsiM MetonoM CABAC), HO mpu 3ToM MeTox Tpebyer Ooubliuee Bpems
KoxupoBaHUs (IIPHUMEPHO B ABa pa3a). [IpeanokeHHbI METOX MOXKHO PEKOMEH/I0BATH IS
NMPUMEHCHHS B TEJCKOMMYHHKAIHMOHHBIX CHCTEMaxX Ul peIICHHs 3agad XpaHCHHs,
mepefayd U oOpabOTKH MyNbTHMEAMHHBIX NTaHHBIX, IJleé B IEPBYIO ouepensb Tpedyercs
0oJbIIasi CTEIEHb CXKATHSL.

KiroueBbie cioBa: sHrponuitHoe koaupoBanue, meron CABAC, wmeron CAVLC,
NTOPUTM HyMepalMoHHoro konuposanus, H.265/HEVC, H.264/AVC.

1. BBegenue. DHTPONUMIHBIA KOJep MPeoOPa3OBEIBAET MOCIEI0BA-
TEJILHOCTH CHMBOJIOB, ITPEACTABISIOIINX IEMEHTHI BHIEONOCIEI0BATEb-
HOCTH, B CXAaTBIH MIOTOK OMTOB, KOTOPHIH MOKHO COXPaHATH B (aiine mim
TepenaBath Mo CeTsM CBs3H [ 1, 2]. DTOT Kozep UrpaeT BaXHYIO POJb B IIe-
JIOM TIpoliecce KoupoBanus. OCHOBHBIMU METOJAMH SHTPOTIMHHOTO KOJH-
poBaHus ciyxar koibpl Xaddmana [3] u apudmernueckoe KoIUpOBa-
Hue [3]. Ha ux ocHoBe ObliiM pa3paboTaHbl COBPEMEHHBIE METOBI U allro-
PUTMBI JIJIs1 KOIUPOBaHUs OMHAPHBIX HECTAIIMOHAPHBIX MTOCIIEN0BATEIBHO-
creit Takue. kak Metogel CAVLC [5, 6] u CABAC [7, 8], kOTOpBIE HIMPOKO
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npuMeHsaoTes B ctanaaptax H.264 [9] u H.265 [10, 11]. Bce atu anro-
PUTMBI B MIEPBYIO OYEPEb OPUEHTUPOBAHBI HA CHIDKEHHE 00beMa BBIXO/I-
Horo Qaiina. IMeHHO 3Ty BeMUMHY 1 Oy/1eM HCIO0JIb30BAaTh B AaJbHEHIIEM
Kak Ioka3aTeib 3()(EeKTUBHOCTH TOrO WM HHOTO anropurMa. B pa-
6ote [12] npemnaraercst aganTUBHBIN JABOUYHBIN apuMeTHYECKHI KOAEp,
HO CHI)KEHHE o0beMa okas3biBaeTcs HeOompmuM (10 2.3% 1o cTaHgapry
H.264 u 10 3.6% mo H.265). B [13] npemioxen HOBBIN anmapaTHO-3(dek-
TUBHBIA alaliTUBHBIA KOJEP MBOMYHOTO IHMAIa30HA U €ro apXHUTEKTypa C
OYeHb KPYHMHOMACIITAOHOW WHTErpanuell. JKCIepUMEeHTAIbHBIC PE3YIb-
TaTHI MIPEIJIOKEHHOTO KOJIepa MOKA3EIBAIOT, YTO OH 3HAYNTEIHFHO BHIUTPHI-
BaeT y CYIIECTBYIONINX KoxepoB (1o 8% y MQ-koxepa, n mo 24.2% — M-
koaepa). OqHaKo pe3ybTaThl MOIYYEHBI 7S BEHBIIET-BUACOKOACKA C DH-
TponuitHeIM KozepoM, mogooueM JPEG2000. A B [14] npenmonaraercs
KOHTEKCTHO-a/IalTHBHOE JIBOMYHOE apU(PMETHUECKOE KOIUPOBAHUE C UC-
MOJIb30BAHUEM KOJOBBIX CJIOB ¢ (DUKCHPOBAHHOM JIMHOM, KOTOpOE obec-
NIEYNBACT YIPOLICHHYIO BBIYHCIHMTENBHYIO CJIOXHOCTH IO CPaBHEHUIO C
MQ-xoxnepom JPEG2000 u M-koxepom HEVC (B mopsinke nmpumepHo 2%).
[Tocne ananm3a MpeMMYINECTB W HEJOCTATKOB CYLIECTBYIOIIUX METOIOB
OBLT IPEJIOKEH HOBBIH.

2. Meton CAVLC [4, 5]. Metox CAVLC sBasieTCSI OMHUM U3 METO-
JIOB JHTPONMHUIHOTO KOAWPOBAHHS, KOTOPBHIH HCHOIB3YETCS B CTaHIapTe
H.264/AVC. Ilo cBoeii cyTH, METO MPEACTABIACT COOOM TEXHOJOTHIO CxKa-
TS 0€3 TOoTeph, KaKk W OOJBIIMHCTBO METOJOB SHTPOIMHUITHOTO KOIepa.
CAVLC kogmpoBanue 010oka mpeoOpa3oBaHus K03(PPHUIMESHTOB MTPOUCXO-
AT CIEeAYIONIM 00pa3om:

Cmaous 1. KonupoBaTh 4iCI0 HEHYJIEBBIX KOXQ(UIIMEHTOB U 3aMbl-

Karomux equaui 1 l(coeff _token) .

coeff _token xomumpyercsa Kak oOmee KOJIWYECTBO HEHYJIEBBIX
K02 puIEeHToB N H KOJIHYECTBO 3aMBIKAIONINX J/_I(T 1). N moxer
NpUHUMATh 3Ha4eHUs OT 0 (HET HEeHYJIeBBIX KOOQPHULEHTOB B Oiioke 4x4)
10 16 (16 venyneBbix ko3¢ unuentor), a 7'l ot 0 mo 3. B ciyuae, eciu
ecTp Oomee 3-X 3aMBIKAIOLIMX J/_l , TOJNBKO TmocienHue 3
paccMaTpUBaIOTCS KaK «OCOObI citydaity, a JApyrue KOAMPYIOTCS Kak
OOBIYHBIE KO (P DUITUCHTHI.

CymiecTBytoT 4 BapraHTa BEIOOpa CIIPaBOYHOM TabmuIb! (Tabmwma 1)
sl KomupoBaHus  coeff token, omucanubile kak  Num—VLCO,

Num—VLCl, Num—VLC2 u Num—FLC (3 xonoBble TabMIIBI TEPEMEH-
HOM JuTiHBI 1 1 KotoBast Tabuiia GUKCHPOBAHHOMN JITHHBEI).
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Ta6muna 1. CnpaBounas Tabnuma Uit KOAUpoBaHUs coeff token

N Bapuant nist konuposauust coeff _token
0,1 Num—-VLCO
2,3 Num —VLCI1
4,5,6,7 Num—-VLC2
8 u Gonble Num—FLC

BbiOop TaOiuI] 3aBHCHT OT YHCIa HEHYJIEBBIX KO3(h(GHUIIMEHTOB B
BEpXHEM U JIEBOM 3aKONUPOBaHHBIX Omokax N, u N,,.. Ilapamerp N

6epx
BBIUUCIIACTCS CIeXyIomuM obpa3oM.. Ecinm BepxXHHMII U JEBbIA OJIOKH [10-

CTYNHBI (TO €CTh B TOM € KOJIUPOBAaHHOM cinaiice), N =(N +N, m)/ 2;

6epx

€CITH TOJIBKO BEpXHHU OJIOK nmoctyreH, N = N, ; €CIIA TOJNBKO JIEBEIH OJIOK

eepx >
JoctyneH, N =N, ; €cli HU OluH He focTyned, N =0.

e >

Cmaous 2. KoaupoBaTh 3HaK Kaxoro 3HaueHus: 11.

Kaxnoe  3HaucHme TI(J/_ 1) OIMCBHIBAETCA C  MOMOIIBIO

coeff’ _token (0 =+1= —). OHH KOAUPYIOTCS, HauuHas co 3HaueHus 11 ¢

HAUBBICIIEH YaCTOTOM.

Cmaoua 3. KogupoBaTh ypOBHU OCTabHBIX HEHYJIEBBIX KOd(huU-
I[UEHTOB.

YpoBeHb (3HaK ¥ BEJIMYMHA) KQKI0TO OCTaBIIEr0Csl HEHYJIEBOTO KOA(-
¢uLmenTa B OJI0Ke KOIUPYETCsl, HAUMHAsl C CAMOM BBICOKOM 4acToThl. BeiOop
VLC tabnuipl A1t KOOUPOBAHHS KaXKI0TO YPOBHS aJalTUPYETCs B 3aBHCH-
MOCTH OT BEJIMYUHBI KaXJOr'0 YCIIEIIHO 3aKOAWPOBAaHHOTO ypoBHA. Ecth 7
Tabmwr i Be1oopa: ot Level VLCO no Level VLC6 kak moka3aHO B Ta0-

mane 2. Level VLCO cmemiaercsi B CTOpoHY Oojiee HU3KMX BEJIHYUH;

Level VLC1 B cTOpOHY HECKOJIBKO O0Jiee BRICOKHX BEJIMYMH U TaK Jajiee.

Tab6ummna 2: [Toporosoe 3HaueHHE

Tekymas VLC Tabmuia IToporosoe 3HaueHue
VLCO 0
VLC1 3
VLC2 6
VLC3 12
VLC4 24
VLC5 48
VLC6 N/A (nauBbiciuas Tabnuia)
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BbI60p TaOMuUIIBI OCYIIECTBIISIETCS CIEIYIONINM 00pa3oM:
— wWHUOWanu3uposath Tabmumy Level VLCO (ecim ne Gomee 10

HEHYJIEBBIX KO3(D(UIIMEHTOB U MeHee 3-X 3aBepIIArON[MX eIUHHUI], B 3TOM
ciydae HaunHatoTes ¢ Level VLCl);

— 3aKOAMPOBAThH BHICOKOYACTOTHBIE HEHYJIEBbIE KOI(HHUINEHTHI;

— €CJIM BeJIMYMHA 3TOro KoddduiuenTa Ooblie, 4eM MmpeaoIpeie-
JIEHHOE ITOPOTOBOE 3HAUCHHE, IEPeHTH K crenyromeii VLC Tabmnuie.

Cmaousa 4. KogupoBaTs 4ucio HyJeH Tepes MocaeIHIM HEHYJIEBBIM
K03 ULUEHTOM.

TotalZeros siBisleTcsi CyMMOM BCeX HyJICH, MPEAIICCTBYOIINX
HaMBBICIIEMY HEHYJIEBOMY KO3()(MHIUEHTY B IEpEynOps0YCHHOM MaCCHBE.
Oto uncno kogupyercs Bmecte ¢ VLC .

Cmaous 5. KonqupoBaTh BCe IIIHMHBI CEpHIA HyJISH.

JnvHbI cepHil Hylel, IpeIIIEeCTBYIONIMX KaXIOMy HEHYJIEBOMY KO-
sppunmenty (run _before ), xomupyercs B oOparHoM mnopsake. [Tapamerp
run _before xogMpyeTcs ISl KaXIOT0 HEHYJIEBOTO Ko3(h(HUIMEeHTa, HAYH-
Hasl C UMEIOIIETO CaMyI0 BBICOKYIO YacTOTY.

VLC nis xaxmoro npodera HyJeil BRIOMpAeTcst B 3aBHCHMOCTH OT YHCTIA
HyJIeH, KOTOpBIE ellle He 3aKOMUpOBaHkl ( ZerosLeft ) u run _before . Hampu-

Mep, €CJIH UMECTCS TOJILKO 2 HYJIs, run _before MOXET TPUHUMATH TOJIBKO 3

3navyenns (0,1 wm 2), u mosromy VLC He NOIDKEH NpeBbIIaTh 2 OuTa IIHHBL
€CJIN CyLIECTBYET 6 HyJIeH, ClIeZIoBaTelIbHO, run _before MOXeT PUHUMATH 7

3Ha4eHui, ¥ Tabmmna VLC cTaHer, COOTBETCTBEHHO, OOJIBIIIE.

HenocraTok sToro meToja 3akio4aercs B TOM, YTO MPaBUJIBHOCTh
npenckaszanus tabmunel VLC He BhICOKAa. [IpaBUIBHOCTH TpEACKa3aHUS
VLC Tabnuipl 11 TECTOBBIX MTOCIEA0BATEILHOCTEN COCTABIISET OKOJIO 55%
B cpenHeM [15]. B pabote [16] ObUTO TPOBEICHO CpaBHCHHE IMOTYYCHHBIX
ckopocreilt nepenaun outos Mexay H.264 CAVLC u uneansHBIM alnropur-
moM CAVLC. Uneanbubiit CAVLC umeer 100% mpaBuiIbHOCTD MpeacKaza-
Hust Tabnuiel VLC . B pe3ynbTare, €Clid MBI HCIIOJIb3YEM MPaBUIBHYIO Ta0-
muny VLC s texymero 61oka 4x4, Mbl MOXEM YMEHBIIUTH CKOPOCTD T1e-
penaun JaHHBIX npuMepHO Ha 3%, mo cpaBHeHuto ¢ CAVLC B H.264. Cne-
JOBATEIbHO, €CIIM MBI MOYKEM YBEIHYHTH MPABIIIFHOCTH MIPOTHO3UPOBAHUS
Tabmuupl VLC ams KakIoH TeCTOBOM MOCIEeIOBATEIIEHOCTH, MBI MOXKEM IT0-
BBICHTB 3 QEKTUBHOCTH KOIUPOBAHHUS.

3. Metox CABAC [7, 8]. Metrox CABAC ocHoBaH Ha apudmeTiye-
CKOM KOJTUPOBAHUH C HECKOJIBKUMH H3MEHEHUSIMH, YTOOBI aTallTHPOBATH €r0
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K MOTPeOHOCTSAM CTaHIapTOB BUEO KOJAUpoBaHus [17] 1 uMeeT ciemyromime
0COOEHHOCTH:

— KOAWpPYET JBOUYHBIE CHMBOJIBI, YTO CHIIKAET CIIOKHOCTH METO/Ia
1 TI03BOJISIET MCIIOJIb30BaHNE BEPOSITHOCTHBIX MOJIENEH Ui HanboJiee 4acTo
HCIIOJIb3yEMBIX TIOCIIEIOBATENLHOCTEH OUTOB;

— BEPOSATHOCTHBIC MOJICITH BHIOMPAIOTCS aJalTHBHO Ha OCHOBE JIO-
KaITbHOTO KOHTEKCTA, TaK KaK PEKUMBI KOAUPOBAHUS JIOKATEHO XOPOIIIO KOP-
penupoBaHHEL;

— HCHONB3yeT Oe3paszenpHoe IeJeHIe Auama3oHa ¢ UCIO0Ib30Ba-
HHEM KBaHTOBAHHBIX BEPOSTHOCTHBIX JMANa30HOB M BEPOSITHOCTHBIX CO-
CTOSIHUU.

Ha pucynke 1 nokaszaHa oOmasi 6J0K-cXxemMa KOAMPOBAHUSI OIHOTO
anemenTa cuarakcuca B CABAC. Ilporecc KogupoBaHUsI COCTOUT U3 TPeX
9JIEMEHTAPHBIX JTAIlOB:

Oman 1: dOuHapuzanus;

Oman 2: MOJENUPOBaHUE KOHTEKCTA;

Oman 3: OuHapHOE aprPMeTHIECKOe KOJUPOBAHHE.

MonenupoBanue Ocnosroit
bunapuzanus —> pexuM

KOHTEKCTa KOZMOBAHNS

Boixon
W ) Konuposanue ¢ o\r—>
BEPOATHOCTBIO [—
0.5

Bunapuoe apudmernaemkoe
KOZMPOBaHUE

Puc. 1. Obmas 6;10k-cxema kogupoBanus merogom CABAC

Ha nepBoM sTane ngaHHBIM HEIBOWYHBIA CUHTAKCHUUECKUN AJIIEMEHT
OJTHO3HAYHO OTOOpakaeTcsi B JIBOMYHYIO TocienoBaTenbHocTh. Kornma na-
€TCsl ABOMYHBIN 3JIEMEHT, 3TOT LIar IpolyckaeTcs. B 3aBUcHMOCTH OT pe-
JKUMa KOJUPOBAHUS JUI KaKJOr0 3JIEMEHTA MOTYT CJI€10BaTh OJUH WU J1BA
II0CJIE0OBATEIIbHBIX 1l1ara.

B Tak Ha3bIBaEMOM OCHOBHOM pEXUME KOIUPOBAaHMS JBOMYHOM 3Iie-
MEHT BXOJUT B CTaJUI0 MOJCIUPOBAHUSA KOHTEKCTA, II€ BEPOATHOCTHAS MO-
JIeNb BBIOMpAETCS TaKMM 00pa3oM, 4TOOBI COOTBETCTBYIOLIHI BHIOOP 3aBHCEIN
OT 3apaHee 3aKOJUPOBAHHBIX IEMEHTOB. 3aTeM, TT0CIIE MPUCBOCHMUS MOJIEIIH,
JBOUYHOM 3JIEMEHT CO CBOEH MOJEINBIO NEPEXOAUT K OCHOBHOMY PEXUMY KO-
JMPOBAHNS, TI€ ¥ IPOUCXOJUT KOHEUHAS CTaAns apu(hMETHIECKOT0 KOINPOBa-
HHSI BMECTE C TIOCJIeAyolIei Momudukanpeii Moieny (HarpuMep, ecim 3Hade-
HHe ObLIO «1», CYETYHK SIMHUI] YBEITIYUBACTCS ).
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B xauectBe AJIBTCPHATHUBLI JJIA BI)I6paHHI)IX JABOHUYHBIX JJICMCHTOB
BBIOMpAETCsl KOJUPOBAHHE C BEPOSATHOCTHIO 0.5 ¢ MOMOIIBIO YIPOILIEHHOTO
MeXaHHU3Ma KOANPOBaHUs (PUCYHOK 1).

B H.264/AVC apudmernyeckuii kogep npeacrasisieT coboi coBo-
KYITHOCTb IIPOLIETyp HU3KOH CIIOHOCTH, B KOTOPBIX OTCYTCTBYIOT OIlEpaliin
yMHOXeHus. [Iporenypbl BKIIIOYAIOT B ce0sl CIBUTH M 0OpaIieH st K Ta0IH-
nam. Hcnons3oBanne CABAC no3BosisieT CHU3UTh OUTPEHT B cpejHEM Ha
10-15%. HanGosbmmii BEIMTPHIII MOTydYaeTcsi 0ObIYHO TpH 00paboTke de-
peccTpouHbIX curaanos TB.

B nenom CABAC obecrieunBaeT MOBBIMIEHHYIO () (HEKTHBHOCTH KO-
JIUPOBaHUs 1o cpaBHeHUIO ¢ KoaupoBanneM CAVLC. YUtoOsl 10Ka3aTh 3TOT
BBIBOJI IMTPOBOAMM IJKCIICPUMEHT JIA CPABHCHUA 3¢)¢)CKTI/IBHOCTI/I METOA0B
CAVLC u CABAC ¢ noMomp0 ITajJOHHOTO POrPaMMHOT0 00ecreyeHus
IJM 19.0 ocroBroro npodwmist (H.264/1449610 AVC Reference Software).
CpaBHEHHE OCYIIECTBIISIETCS 10 KAUeCTBY KOJMPOBAHUS U TpeOyeMoe BpeMst
BBITIOJTHEHUS. DKCIICPUMEHT TpoBoauTcs Ha iatrgopme Windows 10 ¢ ipo-
meccopoM Intel (R) Core i5-4210U CPU @ 1,70 I'Tu 2,40 [Ty u 6 I'b ome-
PaTUBHOM MaMsITH.

Yrobs1 cpaBauTh 3¢ dexruBrOoCcTs MeToga CABAC nang CAVLC B ka-
YeCTBE TECTOBBIX HCIIONB3YIOTCS 3 OCHOBHBIX THIIA HOCIIEIOBATEIBHOCTEH: C
MaJIbIM KOJMYECTBOM JABIDKYLIUXCS OOBEKTOB B KaJpe, C UX OOJIBLIINM KOJH-
yecTBOM 1 D1-mociie1oBaTenbHOCTH HOMHOTO pa3perieHuns (Tabmuma 3).

D¢ heKTUBHOCTh KOAUPOBAHHS OLIEHUBACTCS MyTEM CPaBHEHUSI 00b-
eMa BBIXOJHOTO TIOTOKa, IIPEACTAaBICHHOrO B Tabmune 4. Pesynbsrarsl moka-
3amu, uro anroputM CABAC ymeHbIIaeT 00beM BBIXOZHOTO (paiiia B cpea-
HeM 110 10 % mo cpaBHeHuto ¢ anroputMoM CAVLC.

Tabnuma 3. TecToBbIC BUACOMOCIIEI0BATEILHOCTH

Tun Buneomnocnenona- Pacumpenie YacroTa
TEIBHOCTh KaJpOB
Bus_QCIF 176x144 15
Football QCIF 176x144 15
c;“g;”;ﬁ;;ﬁ‘;:cﬂ Foreman QCIF 176x144 15
OGHEKTOB B KaIpe Icg_QCIF 176x144 15
Mobile QCIF 176x144 15
City CIF 352x288 30
Bus CIF 352x288 15
N — Football CIF 352x288 30
4ECTBOM Foreman CIF 352x288 30
Ice CIF 352x288 30
Soccer CIF 352x288 30
HIOTHOTO paspele I Crew D1 704x576 60
Ice D1 704x576 60

116  Tpyae CMIMMPAH. 2018. Bbin. 3(58). ISSN 2078-9181 (ney.), ISSN 2078-9599 (oHnaiiH)
www.proceedings.spiiras.nw.ru



ARTIFICIAL INTELLIGENCE, KNOWEDGE AND DATA ENGINEERING

Tabmuia 4. O6beM BbIXOJIHOI'O ITOTOKA pa3sHbIX THUIIOB BPIZ[eOHOCHeI[OBaTeHLHOCTeﬁ

Bieomocieo- [IporieHT yMeHbIlIeHHs 00beMa METoIa
Tun CABAC nag CAVLC, %
BATCIBHOCTE 1P =22 [ QP=28 | QP=32 | QP =36

Bus QCIF 2.04 222 3.28 6.17

€ MaIbIM KO- "F o thall QCIF 2.79 2.20 2.95 413
JMACCTBOM. — TE reman QCIF | 6.27 6.86 7.92 9.98
Hsggﬁf‘;g" Ice QCIF 3.09 3.63 523 7.87
Kape Mobile QCIF 3.34 3.44 3.11 426
City CIF 4.00 457 6.66 9.94

Bus CIF 3.53 3.83 5.01 7.23

o ix Gomery |Football CIF 3.76 431 4.82 6.69
CONIICCTROM Foreman CIF 7.63 8.84 10.67 13.16
Ice CIF 3.35 5.16 737 10.75

Soccer CIF 5.52 5.97 7.30 10.13
MTOJTHOTO pa3- Crew D1 13.59 10.13 13.88 18.27
peleHus Ice D1 12.04 7.11 10.68 15.25

B cpednem 5.46 5.25 6.84 9.53

BropbiM 110 BayKHOCTH paboThI aNropuT™Ma BUACOKOIEKa ITOKa3aTeIeM
SIBISIETCSI BpeMs koaupoBaHusa. 06a MeToa OIIEHUBAIOTCS IyTEM CPaBHEHHS
CpelHero HeoOXOIMMOro BPEMEHH Ul KOAMPOBAHMS KaKIOHW MOCIenoBa-
TENBHOCTH, MOKa3aHHOH B Tabmuie 5. BumHo, uto anroputm CABAC Tpe-
OyeTr OOJIbIIIC BPEMEHH KOIUPOBAHMUSA, B cpemHeM 10 16% 10 CpaBHEHHIO C
anroputmoM CAVLC.

Tabmuna 5. Cpennee BpeMst 1711 KOAUPOBAHHS PAa3HBIX THIIOB
BHJIEOIIOCIIE0BATCIIBHOCTEM

BI/II[COHOCJ'IC,HO- CTCHGHL YBEIIMHYCHUSA CPEAHETO BPEMEHN
Tun BATCILHOCTE meroga CABAC nmag CAVLC, %
QP=22 | QP=28 | QP=32 | QP =36
Bus QCIF 10.71 10.48 14.24 9.26
€ MAIBIM KO- 1 i 6thall QCIF | 15.89 14.53 19.03 13.07
JMACCTBOM g reman QCIF | 12.58 10.51 14.17 10.16
ﬂsggg‘:;" Ice QCIF 16.12 11.71 14.04 10.62
Kape Mobile QCIF 16.91 13.94 4238 12.13
City CIF 18.03 13.21 18.63 7.39
Bus CIF 10.90 10.68 6.58 9.69
¢ uix oy |Football CIF 8.44 13.12 14.07 7.92
COMICCTROM Foreman CIF 13.63 13.18 10.91 13.69
Ice CIF 13.75 11.56 6.97 13.349
Soccer CIF 12.58 14.22 11.87 19.68
MIOJTHOTO pas3- Crew_D1 16.87 17.03 14.38 9.408
peleHus Ice D1 17.62 12.46 15.32 19.37
B cpednen 14.16 12.82 15.58 11.98
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4. MoauunuupoBaHHbIl MeTOA JHTPONUITHOIO KOJMPOBAHMS.
[IpemnosxeHHBI SHTPONHUIAHBIN KoJep cocToUT U3 anropurtMa CABAC u an-
TOPUTMa HyMEpPAIIOHHOTO KOAWPOBAHMUS C IPUMEHEHHEM HEPApXUIECKOTO
moxoxaa (PUCYHOK 2).

BxonHble Bunaprrre AJITOPHTM Beixousie
HaHHbIE Anropury | OCIE/IOBATEIHOCTH | HYMEDALHOKHOrO MaRHbIC
SHTPOMHUIHOT CABAC KOMMPOBAH IS SHTPONUIHOrO

p HEpapXUIEcKOro p
0 Kozepa HOIX0mA Koxepa

Puc. 2. O6mas cxeMa KOJUPOBaHUS NPEATI0KEHHBIM METOIOM

BxopHble gaHHBIE KOZiepa MPEICTaBISIOT cOO0H MmapaMeTpbl BpeMeH-
HOM Moieny (BEeKTOPHI ABW)KEHHMST) M IPOCTPAHCTBEHHOM MoienH (Koadduu-
€HTHI IIPeoOpa30BaHMs), @ TAKKE MapKephl (KOAbL, 0003HAYAIOIINE TOUKH CHH-
XPOHM3AIMHU B BHCOIMOCIIEIOBATEIFHOCTH) M 3ar0JIOBKH (3ar0JI0BKH MaKpO-
OJIOKOB, M300paKeHUH, TIOCIIENOBATeIFHOCTEH U Opyrux 00BekToB). [Tocie
BeimonHeHus anroputMa CABAC, BXOIHBIE TaHHBIE TIPEBPAIAIOTCS B OMHAp-
HBIE TTOCIIEA0BATENBHOCTH, SBISIOIINECS BXOAHBIMH ISl allTOpUTMa HyMepa-
LIMOHHOTO KOAMPOBAHMS C MPUMEHCHHEM Hepapxudeckoro moaxona. Ilocie
HETO TI0JIy4aloTCsl KOHEUHBIE BBHIXOHBIC JIAHHBIE SHTPONUIHOTO KO/iepa HJIH,
WHBIMH CIIOBaMH, C)KaThle JaHHbIC BUICOKO/ICKA.

ANTOpPUTM HYMEPalMOHHOTO KOJHMPOBAHUSI C MPUMEHEHHUEM Hepap-
xuii [18, 19] Birtouaet B ceds meroy JInnua — J{aBuccona [20, 21] u Meton
HYMEPAIMOHHOTO KOAWPOBAHUS OTPAHUUYCHHBIX LEJIBIX YHCEIT.

Ilycts {0,1}" — BEKTOp # JBOMYHBIX YKCEN U x=(x],x2,...,x,,) —
3NIEMEHTBI TOTO BEKTOPa, S — MHOMKECTBO BEKTOPOB 71 JBOMYHBIX UHCENL.
Onpenenum ng — 4HCIO YIEMEHTOB B S 1 0003HAUNM Mg (X, X, X, ) —

YHCII0 ANIEMEHTOB B S , U1 KOTOPOTO OBLTH ONPEACIICHBI IEPBBIE K JIIEMEHTOB.

n
IMpemoxum, 4To BEKTOP IMEET W 3IeMeHTOB | mim Zx =W
J=1
KOJ:[I/IpOBaHI/Ie METOAOM HYMEPAIUOHHOTO KOJUPOBAHUA C IPUMCHE-
HHEM HepapXui BKIIOYAET CIICIYIOIINE CTa IHH:
1. TocTpouts AEepeBo cyMM (PUCYHOK 3).

2. KoaupoBath W, | C HCIOIB30BaHHEM [log2 (N +1)] OuT.

ax, |
3. BbIMOMHUTH LUK AL p OT p,.. —1 70 1 ¢ eIMHUYIHBIM IIAroM:

—  BBINOJHUTD MK Ui i OT 1 70 —
"

— KOJMpOBaTh BEKTOp { METOJIOM HyMepa-

Wo.(i-Dnp+15+ Wp.in), H
[HOHHOTO KOJIUPOBAHUSI OTPAHUYEHHBIX IIEJIBIX YHCEL.
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B

\x(n,nZ -n, + 1)‘

lx(Zn,%

Puc. 3. JlepeBo cymm

\ x(n, +1) rc(nI + 2)}

| |

\ x(1) l x(2)l
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. N
4. BBINOJMHATE MK I [ OT 1 10 | —
n

— KOIMpOBaTh {w, wp,l—np} metoaoM Jluaua —/IBHC-

(=D
COHa, YTOOBI MOJYYHUTh BEIXOAHYIO MOCIIEA0BATEILHOCTb.

[Ipouecc nekoaupoBaHKs METOIOM HyMEPALMOHHOTO KOJUPOBAHHUS C
NPUMEHEHUEM HEePaPXHid TPOU3BOAUTCS B TAKOM K€ HOPSIIKE, KaK U IPOLIECC
KOJUPOBAHUSL.

4.1. Meton Jlunua — J[pBuccona. [Iporecc koaupoBaHus 3aKiiroda-
eTcsl B BEIYHMCIICHHUH JIeKCHKorpaduueckoro nunjaekca [ 18] (o0sranoe cioBap-
HOe  ymopspoumBaHue mpu  uHTepmperammud 0<1 )  Bekropa

xeSc{0,1,2,.,M}" onpenensercs no cieayromeit popmyie:

n *

-1
ig (x):ZijnS (xl,xz,...,xjfl,m). (1)

j=1 m=0

J1s mocTpoeHus BBIXOIHOTO KoJia TpeOyeTcst [log2 Cﬂ OHUTOB.

I[Iponiecc nekoOUPOBaHMSA OCYILECTBIAETCS MO CIEAYIOLIeMYy ajro-
put™my: eciu i (x)> ng (x,X,,..,%,,0) , k=12,..,n T0 X, =1; B TpO-
THBHOM ciTyqac — X, =0 . BEITOTHUTB 10 KOHIIA TTOCNIEI0BATEIFHOCTH.

4.2. MeToa HyMepaIMOHHOI0 KOJAMPOBAHUS OTrPAHHYEHHBIX Ile-
JIBIX 9Hcest. Bektop x ¢ pasMepoM 7, KaxIbIH SIEMEHT KOTOPOTrO X; yJO-

BiIeTBOpsieT ycnoButo: 0 <x; <M, rae M — HOCTOSHHOE NOJIOXKUTEILHOE

nenoe gucio. [To [19] umeem:

n—lxj_] k
O 3| P v} @
j=1 m=0 i=1
p Lecmu:0<p<M
: _ . _1 1 — .
rae: fi, (PaQ) ingfM (l’q )’ Ju(p:1) {O,uﬂaue

J71st MOCTpOeHHsI BBIXOAHOTO KOJa TpedyeTcst [log2 fu (w,n)} OUTOB.

[pu M =1 stoT Npouecc npeBpamaeTcsi B KOJUPOBAHHE TI0 METOY
Jlunua — JIpBHCCOHA.

[pouecc nekoqUPOBaHKS OCYLIECTBISETCS MO ANTOPUTMY, IIPEICTaB-
JIeHHOMY B pabortax [18, 19].
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PaccMoTpuM mpuMep KOAMPOBAaHUS M AEKOAUPOBAHMA JBOMYHOM
nocienoBaTeabHOCTH U3 24-u anementos ‘000010000011000000001001°
METOZOM HyMEpalMOHHOI'O KOJIMPOBaHHA C IPUMEHEHHEM Hepapxuye-
CKOT0 IIOAXO0Ja.

Koouposanue nocnedosamenvnocmu. NUmeem p,. =2, n =8 ,

n, =3 . JlepeBo CyMM ONHCAHO Ha PUCYHKE 4.

5

00001000 00110000 00001001
Puc. 4. JlepeBo cymm 11 mpumepa

[pomuecc KoMpOBaHUSI MPOIOIIKAETCS CIEAYIONMM 00pa3oM:
— Komupyer w, . =5 C HCIOIb30BaHHEM KOA (HMKCHPOBAHHOM

TUTUHBL [10g2 (24+1)] =5 owur;
— KOTMPYET {w| |, W ,, W3} METOJIOM HyMEPAIMOHHOTO KOJMpPOBa-

HUSl OTPaHMYCHHBIX LeNbIX gucen. Urtak, x ={,2,2} umeer n=3, w=>5,

M=2 . To () ig(x)=0 ¥ Kxom (UKCHPOBAHHON JUTHHEI
[log2 f (5,3)} =[log, 3] =2 6ur;
—  Komupyer 00001000,00110000,00001001 METOIOM

JIunga — JlpBuccosa. Io (1) 211 00001000 : 4 (x) =3 ¥ koI PUKCHPOBaH-
HOM JUTUHBI [log2 CISJ =3 6ut; 11100110000 : i (x) =14 ¥ KOx PUKCHPO-
BaHHOW JJIMHBI |:10g2 C§:| =5 6uT; amsa 00001001 i (x)=3 u xox dukcu-

POBaHHOM JJIMHBI [log2 cs J =5 OuT.

Takum 00pa3oM, obIee KOTHIECTBO OUT, TpedyemMoe s XpaHCHHS
3aKOJMPOBAHHONW 3aJaHHOH IOCIEIOBAaTEIBLHOCTH, PaBHO S5+2+3+5+5=20
6ut. [t XxpaHeHNs1 KOHEYHOTO pe3ynbTaTta Tpedyercs Ha 4 OuTa MEHbIIIE.
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ITponecc nexoanpoBaHus NPOBOJAMTCA B TAKOM ke nopsijke. CHauana
TNONYYaAT W, =\ = 5; 3areM {w;, W, w3} =1{1,2,2} U, HaKOHel, COCTaB-

nstronue nocnenosarensaoctd 00001000,00110000,00001001 .

5. JkcnepuMeHTAIbLHBIE pe3yJbTaThl. [IpeanoXeHHbIH BEIIIE OA-
X011 ObLIT peasiu30BaH B cpere paspadorku C++ U MpOTECTUPOBAH C BUECOIIO-
CJIEIOBATEIBHOCTMU Pa3HOTO MH(MOPMAIIMOHHOTO XapakTepa U Pa3IMYHbIX
pa3mMepHocCTeil.

B mnpoBeneHHOM 3KcriepUMeHTe OyJeM CpaBHHBATh IPEJIOKEHHBIN
MeTof co crangapTHeiM anroputMoM CABAC, ucnosnbs3yeMbIMU B BUJIEOKO-
nexe H.264/AVC ocHoBHOTO TPpodHIIs (€ MOMOIIBI0 DTAIOHHOTO MTPOTrPaMM-
Horo ob6ecrreueHus JM 19.0 (H.264/1449610 AVC Reference Software)) mo
CIIEAYIOIINM KPUTSPHUAM: Ka4eCTBO KOAUPOBAHUS (IT0 00BEMY BBIXOIHOTO IT0-
TOKa) W BpeMsl KOAMPOBAaHHUA. DKCIIEPUMEHT IMPOBOAWUTCSA Ha IUTaTPopMme
Windows 10 ¢ nporieccopom Intel (R) Core i5-4210U CPU @ 1,70 I'T'; 2,40
T u 6 I'b oneparuBHON maMsTH.

D¢ heKTUBHOCTD KOJUPOBAHHUS TAK)KE OLIEHUBACTCS IIyTEM CPaBHEHUS
00beMa BBIXOIHOTO TIOTOKA, TPEICTABIICHHOTO B TAONHUIE 6 U HA PUCYHKE 5.
OKCTepUMeHTAIBHBIE PE3YJIBTAThl TOKA3aJIH, YTO MPEIIOKEHHBIH allrOpUTM
yMeHbIIIaeT 00beM BBIXOAHOTO (aiiia B cpeqaeM Ha 12.42 — 14.76% 1o cpas-
Henuro ¢ merogoM CABAC.

Tabauia 6. O6beM BBIXOAHOTO MOTOKA [T PA3HBIX TUIIOB BHIEONOCIIEIOBATEIbHOCTEN

BUCONOCTEI0- IIponeHT yMeHbIIeHHS 00bEMa
Tun BATCILHOCTE npeuioxkenHoro merona Hax CABAC, %
QP=24 | QP=28 | QP=32 | QP =36
Bus QCIF 5.46 13.21 22.75 5.55
¢ MaJIbIM Football QCIF | 15.26 13.34 16.85 16.68
KOTMACCTBOM - eman QCIF | 13.52 13.75 17.06 23.15
ﬂsgg{‘;‘:ﬁ“ lce QCIF 15.43 553 16.83 22.95
canpe Mobile QCIF 5.343 15.36 22.52 22.43
City CIF 5.43 13.22 5.49 5.58
Bus CIF 15.25 13.23 532 9.26
¢ uix oy |—Football CIF 9.86 15.25 5.58 13.30
COIUCCTROM Foreman CIF 16.47 15.23 22.55 15.35
Ice CIF 37.88 15.36 5.39 15.56
Soccer CIF 9.84 13.37 5.56 15.37
TOJIHOTO Crew DI 527 15.35 5.57 13.31
paspenieHus Ice D1 10.04 6.20 9.96 13.41
B cpednem 12.70 12.95 12.42 14.76
BTOpOﬁ IMOoKa3arcjib — BPEMA KOAUPOBAHUA OLCHUBACTCA ITYTEM

CpaBHCHUA CPEAHCTO H€O6XOZ[I/IMOFO BPEMCHHU JI1I KOAUPOBAHHUA KaXKIAOI'0
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BUICOIIOTOKA, IIOKA3aHHOTO B Tabnuile 7. BUIHO, 4TO MPeIOKSHHBIH auro-
PHUTM IOBBIIIAET BpeMsl KOOUPOBaHUS B cpeqHeM Ha 50% 1o cpaBHEHHIO C
meroaom CABAC.

YMeHbllleHHe 06'beMa BBIXOAHOTO paijia npesIoKeHHOTo
MeToza 1o cpaBHeHuo ¢ CABAC H.264 /AVC

15 — P
13 /\

SESFS S S S S S S99

Y \e,/ \\/ S/ s é/ @4‘/ &
<2)N\%/ \\ S \e/w\c/ 9 \ 6@ \0 o ¢ A

QO QQ&Q @0 QO Qo’& %

BuneonocnenoBarenbHOCTH

—QP=24 —QP=28 —QP=32 —QP=36

Puc. 5. YMenbuienne o6bemMa BBIXOAHOTO (aiiina npeanokeHHOro METOa O CpaB-
nHennto ¢ CABAC

Tabmuna 7. CpenHee BpeMst uIsl KOXUPOBAHUS PA3HBIX TUTIOB
BHUJICONIOCIIEOBATEILHOCTEH

CreneHpb yBEITHMYECHHS CPETHETO BPEMEHH

Tun Bupeonocneno- | ppejnoennoro merona vax CABAC, %
BATEJILHOCTb
QP=24 | QP=28 | QP=32 | QP=36
Bus_QCIF 88.88 67.98 53.06 74.53

© MAIBIM KO= T "Football QCIF | 72.18 68.02 62.44 35.98

JMHCCTBOM o reman QCIF | 43.72 35.42 47.53 40.73

ABIAYIIMXCA Ice QCIF 60.12 84.23 52.16 51.53
00BEKTOB B :

cape Mobile QCIF | 91.95 76.34 64.05 52.48

City CIF 84.38 64.02 74.07 63.53

Bus CIF 63.36 64.18 75.67 39.77

Football CIF 83.57 69.55 76.68 36.62

€ uX OOMblM. g o CTF 33.20 28.72 31.82 43.61

KOTHHCCTBOM Ice CIF 42.70 30.99 63.72 42.18
Soccer CIF 77.64 59.95 68.88 52.09

MTOJTHOTO pa3- Crew D1 78.68 49.64 46.16 22.73
perenus Ice DI 47.41 55.09 37.44 28.10
B cpeonent 66.75 58.01 57.98 44.91
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Takum 00pa3oM, MOXHO YTBEpXkAaTb, YTO IPEIOKEHHBIM METOX
obecrieunBaeT 60N KoddduimeHT cxarus (B cpeanem ao 15%), Ho npu
9TOM TpeOyeTcs Oosbliiee BpeMst Ha BBHIIOJIHEHUE 110 CPABHEHHUIO C IPyTUMHU
anropuTMamu (pumepHo Ha 50 %).

6. 3axmouenne. B nanHoii paboTte npeioxkeH MO (DUIIMPOBAHHBIN
MOAXOA K TIOCTPOCHMIO DJHTPONUIHOTO KOAEKa C MapayIeIbHBIM
BBITOJTHEHHEM  ONEpallid Uil TOBBILCHUSA 3(PQPEKTUBHOCTH  CHXKATHA
MYJIBTUMEUHHBIX JAaHHBIX. DKCIIEPHIMEHTAIBHBIC PE3YIIbTaThI IOKa3aIl 9To
MIPEUIOKeHHBIH MeTo obecrieunBaeT yBennueHnue ot 15 go 30% cremenu
CKaTusl 1O CPaBHEHHWIO C TPAJUNMOHHBIM METOIOM, HO IIPU 3TOM
YBEIMYHMBACTCSL BPEMS BHINOIHEHHS BCEH MPOLEAYPBl KOAUPOBAHUS. Takum
00pa3om, IpeaaraeMblii MOJX0l MOXKET ObITh PEKOMEH/IOBaH IPEXkK/IE BCErO
JUISl TIPWIOKEHWH, KPUTHYHBIX K O0ObeMYy BBIXOIHOIO (haiiga M Majo
KPUTHUYHBIM K CKOPOCTH OOpaOOTKM BHJICONOTOKA, HANpHMEp, €CIH He
TpebyeTcst 00ecTieunTh peallbHbIi MacTad BpeMeHH.
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V.T.NGUYEN, A.A. TROPCHENKO
IMPROVING EFFICIENCY OF ENTROPY CODING METHOD IN
MODERN VIDEO COMPRESSION STANDARDS

Nguyen V.T., Tropchenko A.A. Improving Efficiency of Entropy Coding Method in Modern
Video Compression Standards.

Abstract. Modern video coding standards have high coding efficiency, but the encoding
performance has to be improved to meet the growing multimedia applications. The paper deals with
the entropy encoding methods and algorithms in video coding standard H.264/AVC and
H.265/HEVC. Context-based Adaptive Variable Length Coding (CAVLC) for the H.264/AVC
standard was originally designed for lossy video coding, and as such does not yield adequate
performance for lossless video coding. Context-Adaptive Binary Arithmetic Coding (CABAC) is a
method of entropy coding first introduced in H.264/AVC and now used in the standard
H.265/HEVC. While it provides high coding efficiency, the data dependencies in H.264/AVC
CABAC make it challenging to parallelize and thus, limit its throughput. Accordingly, during the
standardization of entropy coding for HEVC, both coding efficiency and throughput were
considered. Based on an analysis of their advantages and disadvantages, a method called the entropy
coding algorithm using the enumerative coding of the hierarchical approach is proposed. The
proposed algorithm consists of the Context-Adaptive Binary Arithmetic Coding algorithm and the
enumerative coding algorithm with a hierarchical approach. The proposed algorithm is tested in the
Visual C ++ development environment on various test video sequences. The results of the
experiments showed a greater efficiency of coding of multimedia data (the proposed one reduces
on average up to 15% of the storage volume compared to the traditional CABAC method), while
the method requires a longer coding time (approximately twice). The proposed method can be
recommended for use in telecommunication systems for storage, transmission and processing of
multimedia data, where a high degree of compression is required first.

Keywords: entropy coding, method CABAC, method CAVLC, enumerative coding
algorithm, H.265/HEVC, H.264/AVC.
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UNPPOBbLIE MH®OPMALIMOHHO-TENEKOMMYHUKALIMOHHBIE TEXHONOI M

YIK 519.718:004.722 DOI 10.15622/sp.58.6

K.A. BATEHKOB, A.A. BATEHKOB
AHAJIN3 U CUHTE3 CTPYKTYP CETEM CBSI3HU 11O
JETEPMHUHHUPOBAHHBIM IIOKA3ATEJISIM YCTOMYUBOCTH

bamenxos K.A., bamenkoeé A.A. AHalIM3 M CHHTe3 CTPYKTYp ceTeli CBSI3M MO
JeTEPMUHHPOBAHHBIM NMOKA3aTeJIsIM YCTOHYHBOCTH.

AHHOTAUUsl. AHAJIN3 U CHHTE3 CeTeH CBSA3M, OCHOBAHHBIM HAa KPUTCPUAX YCTOMIMBOCTH,
IpearoaaraeT pacCMOTPEHHE IMPOCTBIX M yHOOHBIX Ui IOHHMAaHUS IIOKa3aTelell, ciabo
NPUBS3aHHBIX K KJIACCHYECKOMY IIOHSTHIO BEPOSTHOCTH BBIXOJA OOBEKTa M3 COCTOSHHS
paborocrocobHocTH. [Ion00HEIe eTepMIHIPOBAHHBIE TOKA3aTeNN YCTOIYMBOCTH (CBS3HOCTD,
rapa CBSI3BHOCTEH, JTMHEHHBIH ()YHKIMOHAN CBS3HOCTH, YHCIO OCTOBBIX JEPEBBLEB) ITO3BOJISIOT,
MyCTh M BeCbMa HNPHOJIKEHHO, pellaTh LEJbli KOMIUIEKC 3aJad, CBSA3aHHBIX C OLICHKOU
HaJEeKHOCTH U JKHBYYECTH CIIO)KHOPa3BETBIEHHBIX ceTeil cBs3u. BceiencTBue nocTaTodyHO
MIPOCTOr0 aHAIUTUYECKOTO BHJA JHMHEHHOro (yHKIMOHANA CBSI3HOCTH IJIs CHHTE3a CTPYKTYP
OKAa3bIBAETCS] BO3MOXKHBIM HCIONIB30BAaTh aHATHTHIECKHII METOH, IPEeACTaBICHHBII B padoTe.
Ipu >ToM oOmIas IOCTAaHOBKA 3aJaddl U CHHTE3a CBA3HBIX TpadoB (opMymupyercs Kak
IOMCK Tpada C 3aJaHHBIM YHCIOM pebep, BEepIIHH H ¢ (PUKCHPOBAHHBIMU 3HAUCHUSIMH HX
BECOBBIX KOI(D(HIMEHTOB, MMEIOMET0 MaKCHMalbHOS 3HAYCHHE JIMHEHHOTo (yHKIHMOHANa
CBSI3HOCTU. B 1enoMm 11 neTepMHHHpPOBAHHBIX IIOKa3aTelled XapaKTepeH M JOCTaTOYHO
CEepbE3HBI  HEJOCTATOK, IPOSBIAIOIIMKACA B  HEBO3MOXKHOCTH y4eTa OCOOEHHOCTEH
(bYHKIOHUPOBAHMS OTAEIBHBIX THHHH cB3u. Kpome Toro, Uit CTpyKTyp oOImero THma, rae
BBIP@)KCHHE JIMHEHHOTOo  (YHKIHOHATa HE CBOAUTCS K aHAINTUYECKOMY  BHAY,
KOHCTPYKTHBHOCTb TaKOTO IIOKa3aTeNlsl CBSA3HOCTH CTIPYKTYp ceTell cBsa3u (Tpados)
OKa3bIBAETCSl MEHEE BEIPAXKEHHOH. B TeopeTnueckux MccIeIoBaHUsIX OTHOCHTENBHO CTPYKTYD
obmiero Tuma JIMHEHHBIH (QYHKIMOHAN cl1abo KOPPENUpYeT C yXKe CyHIECTBYIOMNMH
MOHATHSAMHU (HampuMmep, ¢ pedepHol CBSI3HOCTBIO). [109TOMY, HECMOTpSl Ha TO, YTO OH, Kak
MOKa3aTesb CBA3HOCTH (HAJCHKHOCTH), MOXKET OBbITh IPUMEHEH ISl OLIEHKH JIF000H CTPYKTYpBI,
NPH  UCCIIEJOBAHUU CTPYKTyp oOmiero Tuma Oonee palHOHAIBHO HCIOJIb30BaTh TaKHe
MOKa3aTelu CBSA3HOCTH, KOTOpBIE BCE XK€ KAaKUM-IHOO 00pa3soM COTJIACOBBIBAIIMCH C
MOHATHAMH, UCHOIb3YEMBIMHU B TeOpHU IpaoB.

KiaoueBble cioBa: ceTh CBs3H, rpad, CTPyKTypa, NETEPMHHHPOBAHHBIC IOKa3aTeId
YCTOHYMBOCTH, CBSI3HOCTb, IIapa CBSI3HOCTCH, JNMHEIHBIA (YHKIIMOHAT CBS3HOCTH, YHCIO
OCTOBBIX J€PEBbEB.

1. BBenenne. AHanu3 U CHHTE3 CETEeH CBS3M, OCHOBAHHBIN Ha KpH-
TEpUAX YCTOHYMBOCTH, HPEAINONAraeT PacCMOTPEHHE MPOCTHIX M YAOOHBIX
JUIS TIOHUMaHUs Tokaszarened [1], cmabo mpUBS3aHHBIX K KIACCHYCCKOMY
TIOHSITHIO BEPOATHOCTH BBIXOJIa OOBEKTa M3 COCTOSIHUSI pabOTOCHOCOOHO-
ctu [2]. lenpro HCMONB30BaHUS MOJOOHBIX JCTCPMHHUPOBAHHBIX IMOKa3a-
Tene ycrounBocTH [3, 4] sBisieTCs BO3MOXXHOCTh, IIYCTh U BECbMa IpH-
OIIDKEHHO, pelIaTh IEJIbIH KOMIUIEKC 3a/1ad, CBSI3aHHBIX C OIIEHKOW Ha/IeX-
HOCTU M XHMBYYECTH CIOXHOPa3BETBIECHHBIX ceTeil cBsa3u [5, 6]. Ilpuuem
OCHOBHBIM TIPEHMYIIECTBOM NaHHBIX ITOKA3aTelleil OKa3bIBaeTCs, MpexkIe
BCEro, IMPOCTOTa WX pacyueTa, W KakK CIEACTBHE, BOZMOKHOCTh aHAJM3a U
CHHTE3a CTPYKTYp KPYITHOMACIITAOHBIX CETEH CBS3H.
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OTMeTHM, YTO B HACTOSIIEH paboTe MoJ yCTOHYMBOCTBIO TOHMMAET-
sl CIIOCOOHOCTh CETH CBSI3M COXPaHATh pabOTOCIOCOOHOCTh P BIUSIHUU
BHYTPEHHUX M BHELIHUX JiecTabunm3upyoommx ¢axropos [7, 8]. [Ipu atom
Ha/Ie)KHOCTh BBICTYIAET OJHOM M3 COCTABJISIOUIMX YCTOHYMBOCTH M OTpa-
JKaeT BIUSHUE Ha pab0TOCIIOCOOHOCTh CETH U TIIaBHBIM 00pa3oM BHYTPUCH-
CTEMHBIX (DAKTOPOB, a )KUBYUECTh — JIPYTrOl COCTABISIONIEH U XapaKTepH-
3yeT YCTOHYMBOCTH CHCTEMBI CBSI3M MPOTHB JICHCTBHS HMPHUHUH, JISKAIIUX
BHE CHCTEMBI U MPUBOAIINX K pa3pyLICHISIM WIN 3HAYNTEIBHBIM MOBPEXK-
JICHUSIM HEKOTOPOI JacTh ee 3yieMeHTOB. HeoOXxoamMo moadepkHyTh, 9TO B
OONBIIMHCTBE HAYYHBIX paboT [9-11], TOCBAMIEHHBIX TEOPHH HAICKHOCTH,
TIOJT HAOEHCHOCMbIO0 CETH TIOHUMAETCsl ee 00BEKTHBHOE CBOICTBO (PYHKITH-
OHHPOBATh C Ka4eCTBOM HE XYK€ 3a/JaHHOTO B YCIIOBHSIX IECTAaOWIM3HPY-
IOIIETO BO3/JEHCTBUS BHEIIHEH cpellbl. B 3TOM cMbIcie Teopusi HaJexKHO-
CTH, 110 CYTH, 3aHMMaeTcsi 0ojiee OOLMMHU 3aKOHOMEPHOCTSIMH, 3aTpariBa-
IOIMUMHA  ONPEACIICHHBIC AaCIICKThl aHalin3a yCTOﬁ'—IHBOCTH ceTell CBS3U.
HMeHHO MO3TOMY B J@JIBHEHINEM BCE 33J1a4M aHAIM3a U CUHTE3a CTPYKTYpP
ceTell CBSI3M paccMaTpUBAIOTCSl HA OCHOBE TOKa3aTeNel Ha/le)KHOCTH, XOTS
C TOYKH 3PEHHSI CETEBOM TEPMHHOJIOTHU OoJiee MPaBUILHBIM SIBIISICTCS HC-
NI0JIb30BaHME TIOKa3aTeNen ycmouuugocmu.

2. Ces3HOCTH ceTell c¢Bs3u. OHO U3 HauOOJEEe MPOCTHIX U PACIIPO-
CTpPaHEHHBIX CBOMCTB, KOTOPBIM MOXET 00JaJaTh Ipad, — CBOHCTBO OBITh
cBs3HBIM. ['pad G SABISCTCS C@sA3HbIM, €CIIA MEKIY JIFOOOH Tapoit ero Bep-
LIMH MOKHO BBIIENUTH NpocTyio uensb [12]. Tlpu sToM xomnonenma cesazno-
cmu, AN IPOCTO Komnonenma rpada G — 3To cBA3HBIA noarpad rpada G,
MMEIOIINH MaKCHMaJIbHBII HaOoOp 3i1eMeHTOB. ClieoBaTesIbHO, MPOU3BOIIb-
HBII HECBSI3HBIN Tpad) BKIIOYAET B Ce0s1 MUHIMYM JIBE€ KOMITOHCHTEI.

PaccmoTpenne B kauecTBe MaTeMaTHUECKOM MOJENU CETH CBSI3U Ipa-
(ha mo3BoIsIET TIepePOPMYITHPOBATE CBOMCTBO CBSI3HOCTHU: CBS3HOMU SIBIISIETCS
Takasi CeTb CBS3H, B KOTOPOI MEXIy JII0OOW Mmapoi y3JIOB CYIIECTBYET XOTs
OBITH OMH MapIIpyT (TPaH3UTHBIA WM TpsiMoil myTh) [11] (Ha pucynke 1
MIPUBEICHBI PUMEPHI CBSI3HOW M HECBSIZHOM CeTe).

3 4
3 4 5 8
T
6

a
Puc. 1. I'padbr: a) cBA3HBIN; 0) HECBS3HBIH
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Co CBOMCTBOM CBSI3HOCTH TECHEHIIMM 00pa30M CBsi3aHa Takas Xapak-
TEPHUCTHKA CETEH CBSI3M, KaK CTPYKTypHasl HaJeKHOCTh. [lo3TOMy B stutepa-
type [11] mox cTpyKTypHOH HaJIeKHOCTBIO (KHMBYYECTBHIO) ITOJ[Pa3yMEBAIOT
CBOICTBO CeTH 00eCIeunBaTh € CBI3HOCTh B Ciydae CYIIECTBEHHBIX pa3py-
LIEHWH KaK ONpEJEICHHBIX CETMEHTOB CETH, TaK U ee dIeMeHTOB. Horma
9TOMY ONpEENICHHIO elle J00aBiseTcsi TpeOOBaHME OOECTICUCHUS CBS3U
MEXK/Ty BCEMH y3JIaMH CETH JIayKe C TIOHMKEHHBIM KaueCTBOM OOCITY )KUBaHHSL.
Ho He3aBHcHMO OT TOTO, Kakue IOMOJHHUTEIbHBIC TPeOOBAaHMS M OTpaHHYe-
HUS 3aKJIa[bIBAIOTCS B OMNpPENENICHUE CTPYKTYpHOH HAAEXKHOCTH, SICHO, UTO
CBSI3HOCTb BBICTYIIAET KaK OJJHO M3 3HAYMMBIX CBOMCTB CETEW CBA3M, a CIIENO-
BaTENbHO, €€ 1I€1IeCO00Pa3HO pacCMaTpHUBaTh B KAUECTBE MOKA3aTEIs CTPYK-
TypHOI1 HafgexxHOoCTH [13].

Cama 1o cebe CBSI3ZHOCTb, B TOM ONpEJICIEHHH, KOTOPOE JIaHO BBIIIIE,
MaJIO 4TO TOBOPHT O CTPYKTYpe ceTH CBs3H. VI3 (akra CBSI3HOCTU CTPYKTY-
PHI €Ilie He CIeIyeT, YTO TaKasi CeTh CBSA3M 00Ja/laeT BEICOKOH CTPYKTYpPHOM
JKHUBY4YeCTbI0. M 3T0 1OCTaTOYHO XOPOIIO MIUTIOCTPUPYET PUCYHOK 1, cie-
Ba — yJaJ€HUE BEPIIMHBI 2 MIPUBOJUT K MOSBICHUIO JBYXKOMIIOHEHTHOTO
rpada, a ciieoBaTeNbHO, K HECBI3HOCTH CTPYKTYPBI CETH.

B pesynpraTe ropasgo BaXHeEe 3HATh, KaK XOpOILIO CBsA3aHA
ceTh (HaCKOJIBKO XOPOIIO WM HAaCKOJIBKO II0X0). MHaue rosops, HeoO-
XOJUMO UMETh HEKOTOPHIE KOJUYECTBEHHBIE OLICHKH CBSI3HOCTU CTPYKTY-
PBI CETH CBSI3U. DTO CTAaHOBHTCSI TEM OoJyiee OUEBUAHBIM, KOTZAa MpPH pe-
LIEHUU 3aJjaudl CHUHTE3a CTPYKTYPBl CETH CBSI3U MOSIBISAETCS HECKOJIBKO
JIBTEPHATHB BIOOpA PEIICHMUS.

CBsi3HOCTB Ipad)OB — TOHITHE B TEOPUH IpadoB JOBOJIBHO WHTYH-
THUBHOE, 00001Ia0IIee TAKKE PaHEe BBEJCHHBIC TOHSITHUS, KaK TOUKa COUJIe-
HeHust, MocT U Onok [12]. Tlpu mccrmemoBaHMu BOIpoOca O TOM, KaKOW U3
IByX rpadoB «Ooiee CBsI3eH», INMOJE3HBI JBa HMHBapUaHTa, Ha3bIBacMbIC
CBSI3HOCTBIO M PEOEPHOH CBSI3HOCTBIO.

Cssasnocmy ¥ (G) rpadpa G — 9TO MHHHMAIBHOE KOJIHYECTBO BEp-
[IVH, YAaJeHHe KOTOPBIX 00pa3yeT JNH00 TPHBHAIBLHBIN, THO0 HECBSI3HBIN
rpad. Otcrona ciefyer, 4To y HecBsisHOTro rpada cssHocts ) (G ) paBHa 0,
a'y CBS3HOTO ¢ TOYKOM couneHenns X (G)=1. I'pad KK (IOTHOCBSI3HBII,
TIOJIHBIN) ITPY YJaJICHUH JF000Tr0 YMClia BEPIIMH OCTAETCsI CBA3HBIM, OJTHAKO
yaanerue (v—1) BepuUIMHBI NPHBOAUT €ro K TPUBHAIBHOMY BHAY (V—
9HCIIO BeplunH rpada), B pesynbTate cBs3HOCTh Kiukd X (G)=v—1. HHo-

IZla B JUTEPAType ) UMCHYIOT 8EPUIUHHOU C8A3HOCMIBIO.
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Pebepnas ceaznocmo k(G) rpadpa G — MHHUMAIBHOE YHCIIO
pebep, ynaleHne KOTOpPBIX oOpa3yeT HecBs3HBINM rpad. IloHsTHO, 4TO Y
HecBs3HOTo rpada pebepHasi cBsisHocTh A(G)=0, a y cBsisHOro rpada,
BKIIOYaoIero B ceGst Moct, A(G)=1. YUTHH OIyYeHO HEPaBEeHCTBO,

OlpeNeNIsIFoIee B3aUMOCBSI3b CBA3HOCTH, PeOSpHOM CBA3HOCTH U HAUMEHb-
mieii crereHu rpada [12].
Teopema 1. Jlna moboro rpada G BBIIOJNHSIOTCS HEPaBEHCTBA

K(G)<A(G)<3(G), rae 8(G) — MHUHMMabHas CTCICHb BEPLIMHBI B
rpade G.
VYcranosneHo [12], uro ecnu S(G) JOCTaTOYHO BENMKO, TO pedepHast
CBSI3HOCTb ¥ MMHMMaJIbHasl CTEIIeHb BEPILIHH rpada paBHbI MEKITy COOOH.
Teopema 2. Ecnn rpad G umeer v Bepumn u 8(G)=|v/2], 1o
A(G)=3(G), rme LxJ — OKpyIJIEHWE B MEHBIIYI0 CTOPOHY MO

OJIOKalIIIero eJIoro Yrucia X.
VYTBepkIeHne B BHUJE PaBEHCTBA JUIsl BEPIIMHHON CBSI3BHOCTH He-
cnpaseiuBo. Hampumep, y rpadoB G, MOCTPOCHHBIX Ha OCHOBE IBYX

OJJMHAKOBBIX KIIMK C V, BEpUIMHaAMH, COCAMHCHHBIX IMOCPCIACTBOM BCETO

OJIHOI BEpLIMHBI (PHUCYHOK 2), YUCIIO BEPIINH v(G) = 2v —1, MUHUMabHAA
CTETeHb BEPIINHEI 3(G)=v"-1, pebepHas CBA3HOCTb

A(G)=8(G)=v"-1, a Bepumnnas cssHocts K(G)=1#A(G).

4 4 3 3
a o
Puc. 2. I'padbl, noCcTpoeHHBIE Ha OCHOBE JIBYX OJJMHAKOBBIX KIIMK: @) C ISTHIO;
0) 4eTHIPbMSI BEPIIMHAMHE, COSANHEHHBIX TOCPEICTBOM BCETO OJJHON
BEPIIMHBI (TOYKH COUICHEHNU)
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3amada ompezeneHus HanOOJbIIEH CBA3HOCTH, BO3MOXKHOM I Tpa-
(a ¢ JaHHBIM YHCIIOM BEPIIMH U JaHHBIM YHCIOM pebep, ObUIa MmocTaBieHa
K. bepxem u pemena @. Xapapu.

Teopema 3. Cpemm Bcex rpadoB ¢ v BepmmHamu u [ pebpamu
HauOOJIbIIAs CBSI3HOCTD ONPEIENACTCS BRIPAKEHUEM:

0,/<v-1,

MO 2] 1y

v

B [1aHHOM BBIP@KEHHH Y4YTEHO, YTO HanGonbuias cBsisHOCTH X (G)

rpada COOTBETCTBYET €ro HanOObIICH PeOCPHOM CBI3HOCTU X(G).

B kadecTBe mprMepa pacCMOTPHUM pacueT CBSI3HOCTeH rpados, 3a-
JTAHHBIX UX UHBAPUAHTAMH — MaKCH-KOJIaMHU.

Ilpumep 1. Maxcu-ko0 nepsoco epaga pasen 1023, a emopoco —
823 [14]. Onpedenums ux sepuiurnble u MAKCUMAIbHbLE CEA3HOCTU.
Jano: 1(G,)=1023, n(G,)="1787.
Haimu: x(G,), x(G,), MG)), MG,).

[poiie Bcero onpeenuTh CHaYa a MaKCHMAbHYIO, UITH peOEpHYIO,

CBSI3HOCTB. 111 3TOrO HEOOXOAMMO HAWTH BEKTOp cMexHocTed a . Komm-
YeCTBO BEPIIMH B Tpadax BBIUUCISETCS cleayomuM obpazom [14]:

v(Gi)—%+\/2’_log2u(Gi) -’+%:V(G1)ZV(G2):5.

[pencraBieHne MaKCH-KOAOB B JBOMYHOW CHCTEME HCUHCICHHUS
TI03BOJISIET OIPESIIUTh BEKTOP CMEXKHOCTEH a :

a(G)=[1111111111]",a(G,)=[1100010011]".

[v(G1)-1]n(G1)

Crezyer oTMeTuth, mockonbky W (G)=2 2 —1, To mepsbIit
rpad sBIgETCS S-KIMKOM M MMEeT €IWHWYHBIA BEKTOP CMEKHOCTEH, TO €CTh
a(Gy)=1y,.

Hcxons n3 BEKTOpa CMEXHOCTEH, YUCIIO pedep BHIUUCIISIETCS KaK:

_ a7 . —=10- -
1(G)=a (G")lcz(G) 1(G))=10;1(G,)=5.
Ui
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PeGepnas (MakcuManmbHast) CBI3HOCTE:

0,1(G;) <v(G;)-1,

MG )=4] 21(G,) > )
m 1(G)2v(G )L
x(Gl){%J:zx;x(Gz):z.

Jlnist omydeHust BEPUIMHHON CBSI3HOCTH 1€JIECO00Pa3HO MOCTPOUTH
auarpamMMel TpadoB: Ha PUCYHKE 3@ TIpelcTaBieHa auarpaMma IMepBOTO
rpacda, Ha pucyHke 36 — BTOPOTO.

4 2
| @ | | Q |
4 4 2 2
a 0
Puc. 3. lnarpammsl rpagos

[MockonbKy mepBbId rpad SBISETCS S5-KIMKOW, TO €ro BepIIMHHAs
CBSI3HOCTh COOTHOCHTCS C YHCIIOM BepiuuH, 10 ecth X (G))=v(G,)—1=4.
Jns Broporo rpacda, UCXOAs U3 €ro AUarpaMMbl, BEpIIUHHAS CBSI3HOCTD
paBHa pebepHoii, To ectb ¥ (G, )=A(G,)=2.

3. Ilapbl cBsi3HOCTel ceTeil cBsI3U. Tarxke CylIecTBYeT 3ajaya O
npobnennu rpada Ha OCHOBE yAaJCHHS M3 HEro 3aJaHHOTO 4Yucla pedep u
BepmnH. [lapa ceasnocmeii rpadpa G — 3TO yHOPSIOUSHHAS Tapa HENbIX

HEOTPHULATENbHBIX unceld, (a,b), NpUYeM CyLIECTBYET MHOKECTBO,
BKJIIOYAIONIEE @ BEpUIMH W b pebep, ynaleHHe KOTOPBIX o0Opasyer
HECBSI3HBIH rpad), ¥ HET TAKOTO MHOXKECTBa, cocTosiuiee u3 (a—1) Bepumu
u b pebep wm a BepumH u (b—1) pebep, yraneHue KoTopbix popmupyer

HeCBsi3HBIH rpad. B wactHoCTH, yropsimouenssie mapst (k,0) u (0,A) —

9TO BepIIMHHAs U pedepHast cBsi3HOCTU rpada G COOTBETCTBEHHO. Takum
o0pa3oM, TOHITHE Naphl CBA3HOCTEH SBIAETCS OOOOIIEHHEM ITaHHBIX
NOHATHHA. Jlerko 3aMeTuTh, YTO Ui KaKAoro 3HadeHus a, 0<a<x

CYILECTBYET ¢IMHCTBEHHAs! 1apa CB3HOCTEH (a,b, ) ; Takum o6pasom, rpad

G uMeeT B TOYHOCTH K+1 map cBs3HOCTEH.
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Iapsr cBsasHocTel rpada G ompenensitor GyHkuuio f:a —b,,
0TOOpaKAIOIIYI0 MHOKECTBO {0, 1,..., K} B MHOXXECTBO HEOTPHIIATEIBHBIX

uenblx 4mcen M Takyw, 4ro f(x)=0. Ora QyHKuMs Ha3bIBaeTCS

¢ynxiueil cBasHocty rpaga G. OHa CTpOro YOBIBAET, MOCKOIBKY,
ecn (a,b) — mapa cBssHOCTeH M b>0, TO OYEBHAHO, HaiijeTcs

MHOYECTBO, BKIIto4aromee a+1 Bepummn u b—1 pebep, yaaneHue KOTOPbIX
(opMHUpYeT HeCBA3HbII WM TPUBHATLHBIN Tpad.
I'pap G HasbiBaercst n -cBsi3HbIM, ecind K(G)2=n, u n -peGepHo-

cBs3HBIM, eciid A(G)=n. 3ameruM, YTO HETpUBHANBHBIM rpad 1-cBs3eH
2 &

TOrJIa U TOJNBKO TOT/A, KOTJIA OH SIBIISIETCS CBSI3HBIM, W 2-CBSI3CH TOTJA U
TOJIBKO TOT/Ia, KOTJ]a OH BKJII0YaeT OJIOK, CoJleprKaliii MUHUMYM JiBa pedpa.
B kauectBe mnpuMepa pacCMOTPUM pacueT (QYHKIMH CBS3HOCTEH
rpadoB, 3aJ]aHHBIX UX UHBAPHAHTAMH — MaKCH-KOJIAMH.
Ipumep 2. Maxcu-k00 nepeozo epaga pasen 1023, a smopozo —
823. Onpedenums ux yHxyuu ceszHocmel.

Jano: n(G,)=1023, n(G,)="1787.

Haimu: fg,, fo, -
Bocnonb3yemcsi  pe3ynbTaramu, IOJy4YeHHBIMA B mpumepe 1.
Takum 00pa3oM, PyHKIHS CBA3HOCTH [ OTOOpa)kaeT Uil epBoro rpada

muoxkectBo {0,1,2,3,4}, a ams sroporo — {0,1,2}. Hcxoms wus3

nuarpamMMm  rpadoB (PHCYHOK 3) COOTBETCTBYIOUIME Mapbl CBSA3HOCTEH
UMEIOT CIETYIONINHA BU:

G:(0,4),(1,3),(2,2),(3,1),(4,0); G,:(0,2), (1, 1), (2, 0).

Crnenyer 3aMeTHTh, 4TO U1 MEepBOTo rpada, sSBISIOMErocs K-
KOH, ynaneHue 1000 BEpIIMHBI IPUBOAUT K Tpady, TaKkKe OKa3bIBaIO-
meMycsl KJIMKOH, YTO CBHAETENBCTBYET O €ro peOepHOH CBA3HOCTH, Ha
eOMHUIy MEHbIIEH Yucia BepIInH. BTopoil ke rpad mocie ynmaneHUs
BEpIIMHBI NpEBpaIlaeTcss B JEPEBO, YTO TOBOPUT O €IUHHUYHON €ro pe-
OCpHOI CBA3HOCTH.

Takum 00pa3oM, GpyHKIMHU CBI3HOCTH MOYKHO TPEJICTaBUTh B rpadu-
4eCKOM (PUCYHOK 4) WM TaOJIMYHOM BHJIE:
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PaccMmoTpenHbIe TIOKa3aTeNn CBA3HOCTU ceTel cBsizu (rpadoB) o0a-
JIAIOT TEJIBIM PSAJIOM TOCTOMHCTB [11]:

— TPOCTOTA UHTEPIPETALNHY;

— WCNOJIb30BaHWE [UIS aHaIW3a 3HAYUTEIBHOTO Kjacca ce-
Tei (CeqyeT OTMETHTh, YTO CETH CBS3U, MOJICIUPYEMBIC Ha OCHOBE OPUCH-
TUPOBAHHEIX TPadoB, MOIDKHBI UCIIONB30BaTh MOHATHS CBSI3HOCTEH, OTIINY-
HBIE OT PACCMOTPEHHBIX 3]1ECh);

— OTHOCHTENFHO MPOCTBIE MaTeMaTHYeCKHe MpeoOpa3oBaHUS IMPH
BBIYHCIICHUSX;

— BO3MOXHOCTH OITMCAHWS Pe3yJIbTaTOB B HATLITHOW QopMme H
MIPOBEICHHUS CPABHUTEIILHOTO aHATH3a.

J

0 1 2 3 4 a
Puc. 4. ®ynkiuu cs3HoCTEH

C0XXHOCTh COCTOUT M B TOM, YTO OOJIBINIMHCTBO METOJIOB PEUICHUS
3a/la4 aHaIM3a M CHHTE3a CBA3HBIX IpadoB CTATKUBACTCS C HEOOXOIUMOCTHIO
BBITIOJIHCHU A 6OJ'II)I_HOFO KOJIM4YEeCTBa BBIHHCHCHHﬁ, YTO ACJIaCT UX TPYAHO IpU-
MEHUMBIMH JJTsl peaslbHbIX ceTeit cBsizu [15, 16]. OcOOeHHO TPyJOSeMKUM OKa-
3BIBACTCS PACUCT KaK CBS3HOCTCH, TaK U Map CBSI3HOCTEH B IIEJIOM JUIS CTPYKTYP
CETCH CBSI3U, UMEIOIINX JIOCTATOYHO CJIOKHBIC (DOPMBI, HE MO3BOJISIFOIIHE HC-
MOJT630BaTh TaKWe OCOOCHHOCTH Tpad)oB, KaK MOCT, IBYIOJIBHOCTH, KOMIIO-
HEHTHOCTb U ApyTHue. JJaHHOE 00CTOSTENHCTBO O0YCIOBIIMBACTCS, TIPEIKIIE BCE-
r0, HEOOXOIUMOCTRIO TIPUMEHEHHS JIMOO BH3YalTbHOTO METOJa aHauH3a pac-
CMOTPEHHBIX JICTCPMHUHHUPOBAHHBIX ITOKA3aTeNIei HA OCHOBE AWArpaMM, JIHOO
e MCKITIOYUTENHFHO MepeOOpHBIX CIOCOO0B aHANM3a, MMEIOIIIX MPOCTO KaTa-
CTPOHUICCKUH POCT BBEUHCIUTEIFHON CIIOKHOCTH TP YBEIUICHUH CIIOXKHO-
ctu cetd. IToaToMy HCHONB3YIOTCS HEKOTOpPBIE SBPUCTHYECKHE IOKa3aTeln
CBSI3HOCTH, KOTOPBIE ITO3BOJISIIOT JIETUE peliaTh MOCcTaBlIeHHbIe 3a1a4u [17].
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Takum 00pa3zoM, HECMOTPS Ha TO, YTO CYIIECTBYET HECKOJILKO MOKa-
3aresieil 10 OIIEHKE CBS3HOCTH CTPYKTYpBI cereil cBsizu (rpad)oB), BO3MOXK-
HOCTH WX NPUMEHEHHUS K PEIICHUIO 3a/lad aHAIn3a U CHHTe3a CeTel CBS3N
OKAa3bIBAIOTCS HECKOJIBKO OrpaHuYeHHBIMHU [18, 19]. DTO 00CTOATENHCTBO
BBIHYK/IaeT UCIIOJIb30BaTh APYTHe METO/IbI aHAIN3a HAJIGKHOCTH CeTeH.

4. JIuHeiiHplil (yHKIHMOHAJ CBA3HOCTH ceTeil cBsi3M. OrpaHHYeH-
HBIE BO3MOXHOCTH IIPUMEHEHHS M3BECTHBIX MOKa3aTeNied CBA3HOCTH TpadoB
TIPY PeIICHUHN 33/1ad aHAITN3a HaJIeKHOCTH CETEH CBSI3H BBIHYKIAIOT HCIIOIb-
30BaTh O0JIEE MPOCTHIE C BBIYUCIUTEIBHON TOUKH 3pEHUS TIOKa3aTeNH.

PaccmoTpuM HEKOTOPBIN NTHUHEWHBIA (YHKIHOHAJ, MPEICTaBIISIIO-
muii co00H IMHEHHYI0 KOMOMHALIMIO OTIpeeJICHHBIM 00pa30M BBHIOpaHHBIX
IapaMeTpoB CBSI3HOCTH, COCTABJICHHYIO MO BCEM y3llaM (BEpLIMHAaM) CETH
cBs3u (rpada). Takumu mapamMeTpaMyd MOTYT OBITh OTHOCHTENBHAS U abco-
JIIOTHASI CBSA3HOCTH KaXXIOTO y3J7a (KaXIOH BEpIIMHBEI) paccMaTpHBacMOi
cetu cBsizu (rpada) [11].

Omnocumenvhas ceés3Hocms i-ro y3na (BepumHbl) cetu (rpada)
OTIpeNIeIIACTCS CICAYIOINM OTHOIIeHHeM [ 11]:

V.
j— 1 R
=—"——,i=1,2,...,v, 1
"ov—d +1 O
IZe Vv, — paHr i-ro y3Ja CeTH (CTeNeHb BEepIIUHBI); vV — 00lIee YHCIo
y3II0B B CE€TH CBA3H; d; — KOJIMYECTBO Y3JIOB CETH CBS3HU, C KOTOPBIMH i-i

y3eJI MOXET HUMETh CBA3b B CEeTH (YUHTHIBAeTCSA TAKXKE U caM i -y3ell), TO
€CTbh BEJIMYMHA d,; Ha e[UHUIly OOJbLIE YHUCIIA Y3JIOB, C KOTOPBIMHU i-i y3el

COCIMHEH XOTA OBl OHO MPOCTOH LEIBIO.
B BekTOpHOM BHJIE JaHHOE COOTHOIIEHNE nMeeT (popmy:

c= diag{diag(v)[diag({v+ i1,-4)]" }

rae diag(X) — AuMaroHanbHas MaTpULa C IJIABHOW JIMArOHAIBIo,
cooTBeTcTByOmEil BekTopy X , a diag(X) — BeKkTOp, COCTaBICHHBIA M3
S7IEMEHTOB TNaBHOi aMaronamt matpuubt X; e={c}_ ,  — BekTop
OTHOCHUTENBHBIX ~ CBA3HOCTEI; V={vl.}l,:1‘ 2., — BEKTOp CTerneHen

BepmHH; rae 1, = [1,1,...,1]T — €IMHUYHBIN BEKTOp pazMepa (vxl) .
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BemmuuHy v, MOKHO CIIpaBeUTHBO TPAaKTOBAaTh KaK YHCIIO HPAMBIX
CBs3€eH, KOTOphIMH 00naznaer i-i yzen. OueBuaHO, 4to v; < d,; —1. JlaHHbIH

napaMeTp MOKAa3bIBaeT COOTHOIIEHUE YHUCIA MPSAMBIX U OTCYTCTBYIOLIUX
CBsi3eil y i-rO y3i1a, yKa3blBaeT Ha mnpeodiagaHue onHuX Hax apyrumu. OH
Oyner Tem Ooblie, yeM OOJIbIIE TIEPBBIX M MEHbIIE BTOPHIX. B nrTore 3na-
YeHUE JaHHOTO TapaMeTpa OyAeT ONpenelsiThCs YUCIIOM CBSI3€H, KOTOPBIMU
MOJKeT 00aaTh i-il y3eJ CeTH CBA3M.

OTHOCHUTENBHOCTH ATOTO MapaMeTpa COCTOUT B TOM, UTO OH HE Jia-
€T IOJIHOTO MpPEJICTaBICHUs O CBA3SAX i-T0 y3Jla C OCTAJbHBIMH Yy3JIaMHU
paccMaTtpuBaeMoi CeTH.

Abconiomnas cesa310Cmb i-TO y3IJ1a CETU ONPENEISIETCS] OTHOILCHUEM
YucIIa CBsI3el, KOTOPBIMU MOKET 00J1a/1aTh i-i y3el, K 00IIeMy 4ucily y3JIoB
paccMaTpUBaEeMOM CETHU:

==t i=1,2,...,v, (2)

HJIK B BEKTOPHOM BHU/JIC:

¢ =—(d-1,).

< | =

AOGCOMIOTHAs CBSA3HOCTb i-I'0 y3/1a IPU (PUKCUPOBAHHOM YHCIIE Y3JI0B
v B ceTu OyJeT MOJHOCTBIO ONPEEIAThCSA BeNUUUHON d,. Uem Gonbie d,,
TeM 00JblIIe aOCOJIOTHAS CBA3HOCTb.

OOuwmit Bua nuHeitHOrO (GyHKIMOHANA i rpada G ompeaessieTcs
Kak cymma BeipakeHuit (1) u (2):

(6)= Yo +d)= Yoo | g+

k(G)= OL~(C»+C.)= o, | —-+——4— )
== N A A

rae o, — ko3¢duuueHT Beca i-ro y3ia (BepLIMHBI); WM B BEKTOPHOM BHIE:

k(G)=a" (c+c') =a' [diag{diag(V)[diag({v+1}1V—d)]_l} +%[d —IV]J,

re o= ‘{0‘1'}1, ,., — BEKTOp BECOBEIX KOO(HIIIEHTOB BepumiH rpada.

Cnez[yeT OTMCTUTH, YTO K03(1)(1)I/IHI/I€HTLI B€Ca BEpUIMH (O; ompene-
JIAKOT BaXXHOCTH TOT'O UJIK MHOI'O y3Jia CBA3U OTHOCHUTEIIBHO APYTUX Y3JIOB U
3a1ar0TCA Cy@beKTHBHO IIpHU NOCTAHOBKE 3a/1a4 aHaJIn3a U CUHTE3a.
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Jist BecoBBIX KOA((PUIIMEHTOB CIIPaBEIIMBO YCIOBHE HOPMHPOBKH:
—_o4T1 —
20, =01, =1, 3)

a UL IPyTUX IapaMeTPOB CETH HEPaBEHCTBO:
v, <d;—=1<.

Eciau Bce y3nbl paccMaTpuBaeMOM CTPYKTYpbl CETH CBS3U PaBHO-
LEHHBI, TO €CTh 00JIaIal0T OJMHAKOBBIM BECOM O, = O D i,j=12,..,v B
ob1eii cTpykType cetd, T0 o, =1/v .

3HadyeHUs1 BBEACHHBIX I1apaMeTpOB AN KaXKIOTO y3Jla CETH CBSI3H B

00IIeM citydae MOTYT OBITh PAa3IMYHBIMU U OMPENEIAIOTCS, KaK yXKe OTMe-
4aJioch, YUCIIOM CBs3€il, KOTOPBIMH OH MOXET 00nanaTh. TeM He MeHee Ui

3Ha4YEHNH OTHOCHTENBHOW ¢; W abCONIOTHON ¢; CBSA3HOCTU KaKIO0To y37a
CETH CIpaBe/UTMBBI CIENYIONNE OlEeHKH. B cumy Toro, uto 0<d, —1<v u

0<v, <v-1, nonyuaercs:
0<¢ <v-I;

0<c <1-1/v.

B kadecTBe mpuMepa pacCMOTPHM pacueT JIMHEHHBIX (yHKIMOHAJIOB
CBSI3HOCTH rpadoB, 3aJaHHBIX X MHBAPUAHTAMH — MaKCH-KOJaMH.

Ipumep 3. Maxcu-ko0 nepgozo epaga pasen 1023, a smopozo — 0.
Bce eepuunbl umerom oounaxosulii éec. Onpedenums 3HAUEHUs. UX TUHel-
HbIX DYHKYUOHANO8 CEAZHOCU.

Jano: n(G;)=1023, u(G,)=0.
Haiimu: k(G,), k(G,).
Bocnone3yemcst pe3ynpTaTaMu, MOTydYeHHBIMH B npumMepe 2. Toraa

nepBblil Tpad sBISETCS S-KIMKOW, a BTOPOH Hysb-rpadoM, IpHUYeM C He-
yKa3aHHBIM YHCIJIOM BEpIIMH V. MaTpULbl CMEXHOCTEH rpadoB:

01 1 11
101 11

AG)=[1 1.0 1 1,,A(G)=06,) ()
11101
11110
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Bexkropsl creneHeil:

;D(G, )=diag(lv(62) )

—_— = = = e
—_— = = = e
—_— = = = e
—_— = = = =

OrMeTuM, 4YTO B JAHHOM ciiydae cuMBOX J Tpakryercs Kak 00b-
eMHEHHEe MAaTpull, TO eCTb B pe3yibTaTe OOBEAMHEHHS MAaTpPHUIL

A= {a, } u B= {b, } dopmupyercss  MaTpuia
Jdij=1,y =1,

C={cl. j}. . , DIEMEHTHl KOTOPOH paBHBI HYJIIO NPH YCIOBHH
A j=L Ly

OJTHOBPEMEHHOT'0 PAaBEHCTBA HYIIO COOTBETCTBYIOLIUX 3JEMEHTOB MATpPHIL
A n B, u enuHuIe — TNpPH HEPAaBEHCTBE HYIIO XOTS OBl OJHOTO W3
COOTBETCTBYIOIIUX AJIEMEHTOB MaTpull A uiu B :

{O,Q,’j =0nb ; =0,

- Ub, .=
4 U711 g 20v b, 0.

ya

Bexrop noctixumoctei:

SPIIRAS Proceedings. 2018. Issue 3(58). ISSN 2078-9181 (print), ISSN 2078-9599 (online) 139
www.proceedings.spiiras.nw.ru



UNPPOBbLIE MH®OPMALIMOHHO-TENEKOMMYHUKALIMOHHBIE TEXHONOI M

OTHOCUTEIbHAs CBI3HOCTD:

¢(G;)= diag{diag(V(G; ))[diag({v(Gi ) +1}1v_d(Gi ))Tl}:

AOGCOoNIOTHAs CBSI3HOCTD:

0,8
| 0,8

¢ (G)= (d(G;)-1,):¢(G))=|0,8 ;¢(G,)=0,4,)
v(Gi) 0 8
0,8

Hcxonst u3 ycnoBUs HOPMHPOBKH UIS BECOBBIX KO3 GHUIIIEHTOB (3)
U MX PaBHO3HAYHOCTH, BEKTOP BECOBBIX KO (UIIMEHTOB y3JI0B IMEET BUI:

Toraa mrHEHHBIH (YHKINOHAT PACCUUTHIBACTCS CIIEIYIOMINM 00pa3oM:
k(G)=a"(c(G,)+¢ (G,)):k(G,)=4.8:k(G,)=0.

Boobme, korma otHocuTenbHast (1) u abcomoTrHas (2) CBSI3HOCTH i-TO
y37a CeTH CBS3M NPUHMMAIOT MaKCHMAaJbHBIE 3HAUEHMS, TO €CTb ¢; =v—1,

c; =1-1/v, 9T0 XapakTepHO IS MOJTHOCBI3HBIX CTPYKTyp (KK [12]), y

KOTOPBIX PaHT KaXIOro y3ia (CTereHb BEepIIUHbI) v —1, 3HadeHne JTMHEHHOro

1
(byHKIMOHAAa IPUHUMAET MaKCUMaJIbHOE 3HaueHue &, =v— " [11].

Taxke O4YeBHAHO, YTO TPH IOCTATOYHO OONBLIIOM YHCIE Y3JIOB
v (BepmIuH) B ceTH cBs3M (Tpade), mpeacTaBisomeil cOO0H MOIHOCBI3HYIO
CTPYKTYpy (KJIUKY), 3HaueHHE IHMHEWHOr0 (YHKIUOHANA MPAKTUICCKU
olpeneNsieTCs CaMUM YHCIIOM V.
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3HaueHMs HWKHHUX IIPeJeloB Ui OTHOCUTeNnbHOH ¢; =0 U

abCcoOTHON c;. =0 cBsa3HOCTEH y3ma (BEpIIMHBI) MOJHOCTHIO HECBI3HOU
cetn cBs3u (Hynb-rpada) cmpaBemmmBel mpun v=d=0, . Ecma 310
COOTHOIICHUC 6y}ICT BBITNIOJIHATHCA, TO 3HAYCHUC JIMHEMHOTr O (byHKI_[I/IOHaJ'[a
OyzneT MUHUMAaJIbHBIM M PaBHBIM HYIIO A, =0.

Jns cessHoro rtpada ¢opMmyna A JIMHEHHOTO (yHKIHOHAIA
HECKOJBKO YIIPOMAeTcs, MOockoibky d;, =v . Torma, Tak kak c¢=V ,

Y | ' v—1 ..
¢ =——1,, 10 ¢+¢c =v+——1, To MTUHEHHBIH (YHKIMOHAT COCTABHT:
% %

1
k(G)=a'v+1-—. 4)

v
Hduns rpada Tuma mepeBO TakKe AOCTATOYHO IPOCTO IONYyYUTH
3HaUYEHHWE JIMHEHHOro (QyHKIMOHAIA k(G) IIpY PaBHOBECHOCTH BCEX

BepunH. [10CKOIBKY NIepeBO CBA3HO, TO CIPABEUIMBA BBIMICHPUBEICHHOE
BBIpAKCHME, a TaK KaK YHCIO BEpIIMH V HA EIWHUIy OOoJbIle dYHcia

pebep [, To 1"v=2/=2v-2, a 3Haumur, k(G)=3(l—lj. Kpome Toro,
%

MIOCKOJIBKY JIEPEBO SIBIISIETCSI CBA3HBIM Tpa)oM ¢ MHUHUMAIBHBIM HYHCIIOM
pebep / mpu 3aJaHHOM YHCIE BEPUIMH Vv, TO, IO CYTH, BEIUYUHA €ro
JTMHEHHOro (DyHKUIMOHANa k OmnpenesseT HWKHIOI TpaHMIYy Ui JIIoO0ro
CBSI3HOTO Tpada c paBHOBECHBIMH BepuMHaMH. OTMETHM, 4YTO MIpU
3HAYMTEIBHBIX pa3Mepax CeTeH, TO €CTh KOrZa Vv BEIHKO, MHUHHUMAaIbHOE
3HaYeHHeE JIMHEHHOTO (DyHKIIMOHAJIa JJIsl CBA3HOTO rpada CTpeMUTCs K 3.
BepxHsis rpaHuia [Uis HECBSI3HOTO rpada ONpenersieTcsl HCX0oasl U3
cliefyonmx coobpaxeHuid. HecBs3HBIH rpad) ¢ MakCUMaJIbHBIM YHCIIOM

pebep  mpH 3a1aHHOM YHCIE BEPLIMH Vv siBIsiercs oObeaunenneM (v—1) -

KIMKA U M30JMPOBAHHOM BepuuHbl. [Tockonbky wumcno peGep y (v—1) -

(v=1)(v=2)

5 , o 1'v=2/=(v=1)(v-2), a

wmkn paao [ =C2, =

1
3HAYUT, k (G) =y—2+—. JlaHHBIE TPpaHUIBI H300pa’KEHBI HA PUCYHKE 5.
v

Taxum 00pa3oM, MOKHO OTMETHUTb, YTO JIHHEHHBIN (GYHKIMOHAT k
OTpa)aeT TOJIBKO CTPYKTYpPHBIE XapaKTEPUCTUKH CETHU CBSA3H U HE 3aBUCUT
0T ocoOeHHOCTeH (YHKIIMOHMPOBAHUS BIIEMEHTOB 3TOW ceTH. Kaxkmoe
ciaraeMoe 3Toro (yHKOHMOHAla B ONPEAEICHHOW Mepe XapaKTepHh3yeT
CBSI3HOCTH HEKOTOPOTO y3JIa CETH CBSI3M CO BCEMH OCTAIBGHBIMHU y3JIaMH, a
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B LIEJIOM JIMHEIHBII (YHKIMOHAI OTpa)xaeT (PU3NYECKYIO CYIIHOCTh CBSI3-
HocTH ceTelt cBa3u. OH MaKCHMaJeH JUIsl OJTHOCBSI3HOM CTPYKTYpPHI (KJIH-
KH) ¥ paBeH HYJIIO TOJIBKO JUISL «BBIPOXKJICHHOI» CTPYKTYpHI (Hysb-Tpada),
TO €CTh JiI1 Ha0Opa HECBA3HBIX y3JIOB.

k(G
s k(@) rpadsl He KAMKA
8T -
CYILECTBYIOT 0%,
6T fs"’e’b‘-ej"x epeBo
HECBA3HBIN rpad ¢ 0Pl A
y¥. -~~~ TIPOHUBBOABHEIE
4T MaKCHUMaABHBIM K o>~
23 _r}‘)a(pm
1t o A —A— - — &
TOABKO HECBA3HBIE rPadbl
0 2 4 6 8 14

Puc. 5. I'panuns! muHEHOTO (QYHKIIMOHATA CBSI3HOCTH

Bce cka3aHHOE 1aeT OCHOBaHUE HMCIIOJIB30BATh JIMHEWHBIH QyHKIINO-
Hall k B KayecTBe MOKa3aTellsl CBI3ZHOCTH CTPYKTYPBI CeTell CBS3H.

Henb3st He OTMETHTB ellie U TO, YTO caM M0 cede JIMHEHHBIIH (QyHKIHMO-
HaJ k MPOCT M JJIsl HEKOTOPBIX KJIACCOB CTPYKTYpP ceTell (HampuMmep, Kiacca
PETYJSIPHBIX CTPYKTYp) YIAeTCs IMOJIYyYHTh €ro KOHKPETHOE aHAIUTHYECKOe
BBIP)KEHHUE, YTO B 3HAUUTEIILHOM CTENIECHHU YIIPOIIAET €ro UCI0JIb30BaHHE.

5. Onenka Hafe’KHOCTH pelIeTYaTol CTPYKTYpPhI (pelleTKH) Ha
OCHOBE JIMHEHHOro (yHKIHOHANA CBSI3HOCTH. B o0mem Bune pemerya-
TYIO CTPYKTYPY MOXKHO 33JaTh B BHJE, IPEICTABICHHOM Ha pUCyHKe 6. B
o0IeM ciydae B JaHHOH CTPYKType a pokaj (psIoB IO BEpTHKAIH) U b
oceil (psI0B 110 TOPU3OHTAIIH).

b N
Puc. 6. Pemetyaras ctpykTypa (pemerka)

W3 mocTpoeHHs CTPYKTYpBI CIEAYET, YTO OOINee YHCIO Y3JIOB
|G| =v=ab, aTaKkkKe €e CBI3HOCTb.
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MHoxecTBO y3I10B (BepruH) peuieTyaTon CTPYKTYPBI
1ienecoo0pa3Ho pa3aeNuTh Ha TP TTOAMHOXKECTBA: ITOJMHOKECTBO BEPIIMH
G, co crenensto 2, G; — 3 u G, — 4 COOTBETCTBEHHO. MOILIHOCTh
MHOXECTB g; = |Gl. , i=2,3,4 (4ucio BepmIMH B MOJMHOMXECTBAX)
g, =4,g,=2a+2b-8,g,=ab-2a-2b+4.

Torga, yduTsiBasi paBHOBECHOCTh BCEX BEpILUMH, JIMHEHHBIH (yHK-
LMOHAJI PELIETYATON CTPYKTYPBI IPEACTABUM B BUAE CYyMMBI:

6. OneHka HaJeXKHOCTH COTOBONH CTPYKTYphI (COThI) HA OCHOBE
JIMHEHHOro ()yHKIMOHAJIa CBA3HOCTU. B 00IeM BUIIE COTOBYIO CTPYKTY-
Py MOXHO 33JaTh B BHJE, IPEICTABICHHOM Ha puUCyHKe 7. B obmem ciyuae
B JIaHHOHW CTPYKTYpe a pokaja (psIoB MO BEpTHKAIM — OT MPaBOro
BEPXHET0 yIJIa K JICBOMY HIDKHEMY) U b ocei (ps10B O BEPTUKAIN).

~
~
~

Puc. 7. CoroBas cTpykTypa (cota)

W3 mocTpoeHus CTPYKTypbl ClenyeT, 4To OOIee YUCIO Y3JIO0B
|G| =v=2(ab-1), a>1, b>1,aTaKKe ee CBI3HOCTb.

MHoXecTBO  y310B  (BEpIIMH)  PEMIeT4aToO  CTPYKTYPHI
LeNecoo0pasHo pa3lIeNuTh Ha JBa MOJMHOXKECTBA: MOJMHOXECTBO BEPLINH
G, co creneHbto 2 1 G; — 3 COOTBETCTBEHHO. MOIIHOCTE MHOXECTB

g =G|, i=23: g, =2(a+b-1),g5=2(a-1) (b-2)+2(a-2).
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Tornma, y4uTeiBasi paBHOBECHOCTb BCEX BEPINWH, JHHCHHBINA (YHK-
LIHOHAJI COTOBOM CTPYKTYPHI IIPEACTAaBUM B BUIE CyMMBI:

a+b 1

S a>1b>1
ab—1"2(ab-1)

1< 1
G)==-Ni-g +1-~=4
(G) v;} g+l

7. OuneHka HaJeKHOCTH PEBOBMIHON CTPYKTYpHI (AepeBa) Ha
OCHOBe JIMHEiHOT0 (PyHKIHOHAJA CBSI3HOCTH. B 0o0mem Bume perymsp-
HYIO IPEBOBH/IHYIO CTPYKTYpY MOXKHO 3a/1aTh B BHJE, NPEICTABICHHOM Ha
pucyHke 8. PerynspHOCTb 3aKIIOYaeTCs B IOCTOSIHHOW BEIMYMHE «Pa3MHO-
KEHUSD» KaXJOTo y3J1a JIPEBOBHIHOM CTPYKTYPHI (32 MCKIIOYEHHEM Y3JIOB
MocieIHeTo ypoBHA). B obmiem ciydae B JaHHOW CTPYKType y Kakaon
BEpPIIMHBI (32 MWCKIIOYEHHWEM JIICTBEB) « OTBETBICHHH (BEMMYMHA

«Pa3MHOXEHUS») U b ypoBHEH (PsIIOB MO BEPTUKAIIN).

I\ I\ I\ I\
1\ I\ 1\ I\
/) i\ /) i\

VAR AR VAR AR
b-1
I i I i I i i i
n I I I n I I I
b
Puc. 8. JIpeBoBuaHAas CTpYKTypa (IepeBo)

W3 moctpoeHUst CTPYKTYphl CIEIyeT, 4To oOllee YHCIO Y3JIOB

b+1
» ;o a1
|G| =y= Z,_Oa’ =———,a>1, b>0,araKxxe ee 1-CBI3HOCTb.
= a—1
MHOXeCTBO  y31I0B  (BEpINMH)  JPEBOBHIHOW  CTPYKTYPHI
1eJIeCO00PasHO pas3IeiuTh Ha TPH TTOMHOKECTBA: TI0IMHOXKECTBO BEPIINH

G, co crenenso 1, G, — a u G; — a+1 cooTBeTCTBEHHO. MOLIHOCTh
b-1 a-a”
_ _ ) _ _N\hLi_a—
MHOXECTB g; —|Gi|, i=1,2,3: g=a’,g,=1, g, _Zi=1a = .
a-1

Torga, yduThiBasi paBHOBECHOCTh BCEX BEpILUMH, JIMHEHHBIH (yHK-
LMOHAJ JPEBOBUIHON CTPYKTYPHI IPEICTABUM B BHJIC CYMMBI:

3 b+l _
K(G)= 37 g +1-2 —H,a>l,b>0.
Vi=1 -

v ab+1
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OTMeTuM, 4YTO AJisi MPOM3BOJLHOTO JepeBa 3HAYEHHE JIMHEHHOTO

1
(YHKIIOHAJIA TIOTyYeHO paHee U cocraBisier k =3 1—— |.
v

8. OueHka HaIe:XKHOCTH [BOIHOW pelIeTYaToOl CTPYKTY-
PbI (ABOIiHAsS pellleTKa) HA OCHOBE JTHHEITHOro (yHKIMOHAJIA CBSI3BHOCTH.
B obmeM Buae ABOWHYIO pemeTdaTyio CTPYKTypy MOKHO 3aiaTh B BHIE,
MIPEJCTaBICHHOM Ha pUcyHKe 9. B olmiem ciiydae B JaHHOH CTpYKType a
pokanm (psooB TO BepTHKaIM) M b ocedl (pAOOB TO TOPHU3OHTAIH).
IlpyHiunuanbHOE  OTIMYKME JAHHOW  CTPYKTYpbl OT  KJIACCUYECKOU
pemeTky (PUCYHOK 9) COCTOUT B TOM, UTO CTENICHb BCEX Y3JIOB YBEJIMUEHA 3a
CUeT JOTOJIHUTENbHBIX (IMarOHABHBIX) BETBEH B CETH.

1 2 a-1 a
q - = ]
AN 7
A
X
7
/ AN
26 -— >
AN 7 AN 7 AN /

\ [N \
[ N A N BN

be
Puc. 9. JIBoitHas peuieryarast CTpykTypa (ABOHHAasI pelieTka)

W3 mocTpoeHHst CTPYKTyphl CIEIyeT, 4YTo OOllee YHCIIO Y3II0B
|G| =v=ab, a TakxKe ee CBI3HOCTb.

MHOXeCTBO  y3JI0B (BepmmH)  pemIeT4aTol  CTPYKTYPHI
1eneco00pasHo pa3aeInuTh Ha TPH MOAMHOXKECTBA: TIOAMHOKECTBO BEPIIMH
G, co crenenpo 3, G, — 5 m G; — 8 coOTBETCTBEHHO. MOMHOCTH

MHOYECTB gl.=|Gl.|, i=1,2,3 : g =4, g, =2a+2b-8,
gy =ab—-2a-2b+4.

Torga, yuuTsiBasi paBHOBECHOCTh BCEX BEpILUMH, JIMHEHHBIH (YyHK-
LIUOHAN PELIeTYaToN CTPYKTYpPHI IPEACTaBUM B BUJIE CYyMMBI:

13 1 6 6 3
k(G)=—)i g +l-—=9————+—.
(©) v;l &i v a b ab

9. CpaBHUTEJNBHBINH aHAIU3 CTPYKTYP. IlomydeHHble BhIpaXKeHUs
JTMHEHHOTO (YHKIHMOHANA Ul KaKAOM PacCMOTPEHHOH CTPYKTYpHI OIpe-
JeTSIIOT 3HaueHMsl (YHKIMOHANA JJIsl CeTel, B KOTOPHIX HET IPHOPHUTETA
OJHMX y3JIOB HaJl JIpyTUMH, TO €CTb KOTJa O, = l/v ,i=12,..,v.

SPIIRAS Proceedings. 2018. Issue 3(58). ISSN 2078-9181 (print), ISSN 2078-9599 (online) 145
www.proceedings.spiiras.nw.ru



UNPPOBbLIE MH®OPMALIMOHHO-TENEKOMMYHUKALIMOHHBIE TEXHONOI M

I'paduueckoe MpeaCTaBICHUE 3aBUCHMOCTEH 3HAYCHUS JMHEHHOTO
dyHkimoHana cBssHocT k(G) OT 4mMCIa BEPIIMH v IPEJCTABICHO HA PH-
cyHkax 10 u 11. OTMeTuM, 4TO Ha AAaHHBIX PUCYHKAaX paccMaTpUBaeTCs
ciydait, korga a,b=1,2,...,10 . Ilono6HOE HomymieHne UCIOIB30BAHO IS
TOTO, 4TOOB! Ha rpadukax He O0TOOpaKaJMCh NpedeNbHbIe Tpadbl, HAIPH-
Mep TpHU 3HAYUTEINBHBIX BEIMYMHAX YHUCIAa POKax a >>1 W ogHOH och
b =1 wmu, Haobopot, npu a =1, b>>1. /laHHble BapuaHTHl MPUBOIAT K
rpadaM TUIa JIepeBo, TO €CTh K 3HAYECHHIO JITHEHHOTO (DYHKIHOHATIA CBS3-
Hoctn k(G), Gmmskoro k Tpem. I109TOMy, 1O CYTH, MPHBEICHHBIC 3aBUCH-

MOCTH yKa3bIBalOT Ha HanOOJIbIINE 3HAUYEHHs JIMHEWHOTO (pyHKIMOHANa k
B HEKOTOPOM (ZJOCTaTOYHO MaJIOM) AHMAIa30He YUCIia BEPIIMH V.

k(G) KAMKA ABOIHAs PEIIeTKA

CIIICTKA

A€peBO

Y

0 5 10 15 14

Puc. 10. 3aBucuMocCTH 3HaYCHHS JIMHEWHOTO (DYHKIIMOHATA CBI3HOCTH k( G) oT

gucna Bepmud v=1,2,...,20 (a,b=1,2,...,10)

k(G) ABOIMHAsI pelreTKa

1

L

" peleTka

> o 00— @ 0
70 008 0 -99-—- 0008604454447 4%
/ /
ACECBO coTa /
N
>
20 40 60 80 100 V

Puc. 11. 3aBucuMocTy 3Ha4eHHUs IMHEHHOro QyHKIMOHANA cBsisHocTH k (G) or

uucena Bepund v = 20, 21,...,100 (a,b=1,2,...,10)

HecoMHeHHO, CTPYKTypa «IBOIfHAs peIleTKa» C TMO3WIWH CBSI3HOCTH
3HAYUTENIFHO TIPEBOCXOIUT OCTalIbHBIE (PUCYHOK 11). DTO BIIOJHE ecTecTBEH-
HO, TIOCKOJIBKY JaHHas CTPYKTypa COINEPKUT HauOOJIbLIEE YHCIIO BETBEH, a
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MHHUMAJIbHAS CTETICHb €€ BEePIIHH OKa3bIBaeTCsi HanOompIeil. O TakoM COOT-
HOIIICHUH B BEJIMYMHE CBS3HOCTH PACCMOTPEHHBIX CTPYKTYP MOXKHO OBLIO OBI
CKa3aTh U M0 YMCTO BU3YaIbHbIM HaOmoneHusiM. Crienyer 3aMeTUTh, YTo TIpU
MaJIOM KOJIMYECTBE Y3JIOB B CETH JIMHEHHBIH (DYHKIMOHAT CBS3HOCTH IS
JIBOMHOM peIieTyaTor CTPYKTYPhI KOJCOICTCS I OHOTO U TOTO JKE 3HAYCHHS
YHCla BEpUIMH B LIMPOKUX mpenenax (pucyHok 10). DTo BBI3BaHO TeM, YTO
CBSI3HOCTh MaJIbIX CTPYKTYP CYILECTBCHHO 3aBHCHT OT KOH(HIypaluu ce-
TH (COOTHOILICHUH YMCIIa OCEH U POKA).

Ilony4yenusle pe3yabTaThl yKa3blBalOT Ha MPUOPUTET peELIETYATOU
CTPYKTYpPbl OTHOCUTEJIBHO COTOBOM, UTO TaKXe COINACYyeTCs] ¢ MUHUMAIb-
HOW BETMYMHON CTETICHEH BEpIIMH COOTBETCTBYIOMIHNX TPpadoB.

OCOOHSIKOM pPAacHoOJOXKUIACh IpeBOBHAHAS CTpykTypa. Ilo cpaBHe-
HHIO C OCTAJIBHBIMHU CTPYKTYpaMH €€ CBSI3HOCThb OKa3ajlach caMOl HM3KOM
JU1s BCexX npumepoB. Eciiy pu 3TOM BCIIOMHUTB O TOM, YTO JEPEBO SIBIISET-
Cs1 CBSI3HBIM rpad)oM ¢ MUHUMAaJIbHBIM 3HAYCHUEM JIMHEWHOTO (PyHKIMOHAIA
CBSI3HOCTH, TO BBIBOJ] OKAXETCS OYECBUTHBIM.

B nenoMm nomy4yeHHbIe pe3yabTaThl JHUIIHUM pa3 MOATBEPXKIAIOT Ipa-

BOMEPHOCTb HCIIONIB30BAHMs! JIMHEIHOrO (yHKimoHana k (G) B KadecTse Io-

KazaTelsl CBA3HOCTH CTPYKTYp ceTeil cBsi3u (rpadoB). ITO B MEPBYIO 0Yepeib
OTHOCHUTCSL K PETYISIPHBIM CTPYKTYpaM, IJie TOCTOMHCTBA 3TOro (h)yHKIMOHAIIA
OTHOCHUTEJIEHO MPOCTOTHI BBIYUCIICHUH MPOSIBIIOTCS OCOOCHHO SPKO.

Jnst cTpyKTyp oOLIero THIa, i BBIpaKEHUE JIMHEHHOTO (HYHKINO-
Hajla He CBOINWUTCS K aHAJMTHYECKOMY BHAY, KOHCTPYKTHBHOCTH TaKOI'O
MTOKa3aTeNs CBI3HOCTH CTPYKTYp ceTel cBs3M (rpad)oB) OKa3bIBaeTCS MEHEE
BBIPAKEHHOU. B TeopeTudyeckux HCCIeNOBaHUSAX OTHOCUTENBHO CTPYKTYP
o0IIero TUMa JUHEHHBIH (DYHKIMOHAN CIa00 KOPPEIUpPYET C yKe CyIIe-
CTBYIOIIMMHU TOHATHSMH (HarpuMmep, ¢ pedepHol CBsI3HOCTHIO). [ToaToMy,
HECMOTpS Ha TO, YTO OH KaK I1OKa3aTeslb CBA3HOCTH (HaJEKHOCTH) MOXKET
OBITH IPUMEHEH JIJIS1 OLIEHKH JII000H CTPYKTYPHI, IIPH UCCIIEIOBAHUN CTPYK-
Typ obmiero Tuma 0ojee palHOHaJIbHO HCIIOJIb30BaTh TaKWe IOKA3aTeln
CBSI3HOCTH, KOTOPBIE BCE K€ KaKHM-JIHOO0 00pa3oM COTIIaCOBBIBAIUCH C I10-
HATUSMH, UCIIONB3yeMbIMU B Teopuu rpadoB. HeoOXoauMOCTh NpUBS3KH
NOKa3aTelisi HaJISKHOCTH CeTeH CBSI3M K KJIACCHYECKOMY IOHSATHIO CBS3HO-
cTH TpeOyeT paBeHCTBa HYJIIO TOrO MOKa3aTells TOIa, KOrja Hapylaercs
CBSI3HOCTB CTPYKTYPHI CETH CBA3H (rpada) B 0OBIYHOM NMOHMMaHUH, TO €CTh
KOTrJia XOTs OBl OJTMH y3el ceTH (XOTs OBl oHa BepiInHa rpada) oxa3siBai-
Csl N30JIMPOBAHHBIM (M30JIMPOBAHHOIA).

10. Cunre3 cTpyKTYp ceTeil cBsi3n. Benencteue nocrtatodHo mpo-
CTOTO aHAJIMTUYECKOTO BHJIa JIMHEHHOTO (PyHKIIMOHAIA CBSI3HOCTH ISl CHH-
Te3a CTPYKTYpP BO3MOXKHO HCIIOJB30BAaTh aHAIUTHYSCKUi Mertoa. OoOmas
MOCTAHOBKA 3aJIa4¥l JUISl CHHTE3a CBSI3HBIX IPa)OB MOXKET OBITh MPEICTaB-
JeHa B clieqyroleM Bune: st rpada G ¢ 3alaHHBIMU 3HAYCHUSAMU YUCIa
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BepIIMH v W pebep / W BEKTOpa BecCOBBIX KO3(D(UIMEHTOB BepIINH

= 0 "o =1 i i
u_{ai}izl,z,m,v , o; >0, Zi:l o; =1, HAUTU BEKTOP CTENECHEH BEPUIMH

#
ve=)
i=1,2

32500

v * o
e N, Zi_l v, =2[ Takoi, 4To
, -

k(G) — max.
v

EcrecTBeHHO, UTO pelIeHneM 3a7adul sSBISIETCS BEKTOp CTENeHEeW Bep-
IIWH V, KOTOPBIA B ONpENesseT CTPYKTYpy pe3yiabTupytomero rpada. Ciaox-
HOCTB 3aKJIIOYaeTCsl B TOM, 9TO, KaK U B JIF000H 3a7ade Ha Tpadax, BEKTOp Ba-
PBUPYEMBIX TIEPEMEHHBIX V* HMMEeT IMCKPETHBIM xapakTep. CuTyarms He-
CKOJIBKO YTIPOIIAETCS HEKOTOPHIMU OCOOEHHOCTSIMU LIENIEBOM (DYHKIMH 3a1a4n
cHHTe3a. BO-NIepBBIX, CHHTE3MPOBATh HEOOXOAUMO HCKITIOUUTENBHO CBS3HBIN
rpag, 4To MO3BOJISIET UCTIONB30BATH YIIPOIIEHHYIO (opMyity (4) 1S JIMHEIHO-
ro (yHKIMOHANA CBA3HOCTU. BO-BTOpPBIX, BBEACHUE JOMOJIHUTEILHO pedpa B
rpa¢ MPUBOJMT JIMIIB K YBEIMYECHUIO JIMHEHHOTO (pyHKIMOHAA, IPHYEM YeM
BBIIIE BEC MHIMCHTHBIX BEPIINMH, TEM Ha OOJbllce 3HAUYCHHUE yBETHMINBACTCS
¢yHKIroHaN. B pesynbrate OkasbIBaeTCsi BO3MOXKHBIM PEaIM30BaTh MOCIE0-
BaTeNbHYIO NPOLEAYPY NoOaBiIeHns pedep, KoTopas MPUBOIUT K MaKCHMalb-
HOMY 3HA4€HHIO JINHEHHOTO (D)YHKIIOHAJIA CBSI3HOCTH.

[lepBoHAUaNBEHO ONpEAEISIETCS CBA3HBIN Tpad) ¢ MUHUMAIBHBIM YHC-
nom pebep. EctecTBeHHO, momoO0HBIM TrpadoMm OymeT SBIATHCA IEPEBO,
IpUYeM 11 MaKCHMH3AaLUH €ro JHHEHHOro (QyHKIHOHAla CBSI3HOCTU
HEOOXO0MMO KOPHEBOW BEPIIMHOW HA3HAYUTh Y3€JI C MaKCHMAaJbHBIM Be-
COM, a BCC OCTAJILHBIC Y3JIbl CYUTATD «JIUCTHAMU.

B pesynbrare 3amaua cuHTe3a rpada ¢ MakCHMMajIbHBIM 3HAYE€HHEM
JTWHEHHOTO (PyHKIMOHAJIA CBS3HOCTU k C 3aJaHHBIM YHCIIOM BEPIIMH V C
BecamMu O,,i=1,2,...,v U KOIHMYeCTBOM pebep [ pemaerca IyTeM
peau3aiy CIEAYIONHNX TPOIEIYD.

[lepBoHavanbEHO ompezenseTcs ~ Marpuia  BecoB  pedep

A'= {oci i}- o 3JIEMEHTHI KOTOPOH 33Jat0TCs B BUAE:
AL =

yeesV

o - o+, 0 # J,
ij P
0,i=j,i, j=1,2,...,v.
Takum 006pa3om, KOPHEBOH BEepIIMHON B HaYaIbHOM rpade (zepese)
OyZeT BepIIHA C HOMEPOM:

n=argmax | maxo,; ;
1<i<v \ I</<y
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Torga Marpuna CMEXHOCTH A‘={ai j}, '| HayaJIbHOTO JIepeBa
A j=1Ly
OyzeT 3allONHEHA HYJCBBIMH OIeMeHTaMu g, ; =0, 3a HCKIIOYCHHEM

a; =an,j=1,i¢j,i,j=1,2,...,v

in
3areM 2JIeMEHTHl MaTpHLbl BecoB pebep A', COOTBETCTBYIOIINE
pebpam  chopmupoBaHHOrO  JgepeBa,  OOHYNSAIOTCS, TO  €CTh
o, =0, =0,i,j=1,2,...,v
3ameTHM, YTO Ha TIepBOM 3Tare rpad (mepeBo) comepkut v—1 pebep,
TO €CTh Ha MOCJICIYIOIIMX Tarax HeoOX0aUMMO T00aBHTh erme/ —v+1 pedep.

Janee mocnenoBaTebHO BBIYHCIAIOTCS Maphl, 3aJarolde HOMEpa
no0aByIsIeMBbIX pebdep:

(m,m,) = arg max o, ;,
1<i,j<v
Ha OCHOBE KOTOPBIX COOTBETCTBYIOIINE HIEMEHTHI MATPUILIBI CMEKHOCTH A

HA3HAYAIOTCS  CAMHWYHBIMA, TO €CTb d, ., =d,, , =1, @ OICMEHTHI

MaTpuuel  BecoB  A'  obmymiores o, . =0, , =0. Ilporexypa

BBITIOJTHSETCS 10 MOMEHTA pacipenenenus Bcex [ peoep.
OnTrMaabHOCTh JTAHHOTO aJrOPUTMa BhITEKaeT U3 Ghopmysl (1), ko-
TOPYIO MOKHO MPEACTABUTH B CIEAYIOUIEM BHIE:

k(G)=a v+1—1720cv +1——:ZZOL +1——:
\4

i=1 i=1j=1

1

—ZZOL “a; +1———— ZZO( “a; +ZZOL “a;; |+l-—=

i=1 j=1 i=1j=1 i=1j=1 v

1

3 2 (o v 1
i=1 j=1 v
Benmnuuna mox cymmoii g, j(ocl.+oc j) SBJIIETCS, IO CYTH, BECOM

pebpa, 3amaBacMbIM BecaMH HHIMICHTHBIX €My BepiunH. [lockonbky B
rpade OTCYTCTBYIOT IO OTIPEIEICHUIO ST U IBOWHBIC pedpa [20], To mms

MaKCHMH3AIlMK JHHEHHOro (yHKIHMOHana cBsisHOCTH K (G) HEoOGXomxuMo
BBIOMPATH PeOpa ¢ MAKCHMATBHBIM BECOM O, + 0L, , UTO H BBHINOJNHSCTCA B
TIPELTOKEHHOM aJTOPUTME.
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B xauecTBe mpuMepa pacCMOTPUM CHHTE3 CTPYKTYPBI CETH C 3aaH-
HBIM YHCJIOM peOep U BEPIIHUH C COOTBETCTBYIOIIUMH BECAMH.
Ipumep 4. Cunmesupoeams cmpyKmypy cemu Ces3uU ¢ 5 epuiuHamu

u 7 pebpamu. Bexmop eecog y3n06 a.= [0,4; 0,25;0,1; O,I;X]T, 20e x — He-
u3gecmmoe 4ucio.

Jano: v=5, 1=7, a=[0,4;0,25;0,1;0,1;x] .

Haiimu: G :k(G)— max .

HewusBecTHrlil BecoBolf K03(p(PHUIIMEHT paccUUTHIBACTCS, UCXOAS U3
YCIIOBUSI HOPMUPOBKH:

4
os=1-Y0, =0,15.
i=1

Marpuiia BecoB pedep UMeeT BUI:

0 065 05 05 0,55
0,65 0 0,35 0,35 0,4
A'=[05 035 0 0,2 0,25]
0,5 0,35 0,2 0 0,25
0,55 0,4 0,25 0,25 0

Homep KopHEBOI BEPIMHBI ONIPEAESAETCS KaK:

n=argmax(max06i’j j =1.

1<i<y \ 1< <y

Marpuira CMEKHOCTH Ha4aJIbHOT'O IepeBa UMeeT (hopMy:

01 111
1 0000
A=l1 0 0 0 O]
1 0000
1 0 000

3ameTnM, YTO Ha mepBOM 3Tare rpad (mepeBo) comepkut 4 pedpa,
TO €CTh He00X0AUMO OOABHTE e1e 3 pedpa.
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MoauduipoBaHHas MaTpHUIla BECOB pedep OIMpeAeNsieTcs CIeayro-
MM 00pa3oM:

0 0 0 0 0

0 0 035 035 04
A'=0 035 0 0,2 0,25|.

0 0,35 0,2 0 0,25

0 04 025 025 0

[Tapa, nnentudummpyromas nepsoe aobdapisiemoe pedpo, 3amaercs
BBIPaKCHUEM:

(n.m,)=(2,5),(5,2).

W3 sTroro Habopa MOKHO BBEIOpATh JIFOOYIO Mapy, MOCKOIBKY BCE OHH
MIPUBOJAT K MJCHTHYHOMY POCTY JIMHEHHOTO (hyHKIMOHana. Torma MaTpu-
[1a CMEXHOCTH IIPUOOpeTaeT BULL:

01 111
1 00 01
A= 0 0 0 0
1 00 00
1 1.0 00

a MaTpHIIa BECOBBIX KOAPQHUIIEHTOB UMeET POpMY:

00 0 0 0
0 0 035 035 0
A'=[0 035 0 02 0025|
0 035 0,2 0 025
0 0 0,25 025 0

[Ipopomxas mog00HYI0 TPOIENYpPY, MOTydaeM CIEAYIONYyI0 MaTpH-
11y CMEKHOCTEM:

0 1 1 11
1 01 11
A=l1 1 0 0 Of,
1 1.0 00
1 1.0 00
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JluarpaMma COOTBETCTBYIOIIEro rpada npruBeacHa Ha pucyHke 12.

1

2
Puc. 12. I'pad ¢ MakcuManbHBIM 3HAU€HHEM JTUHEHHOTO (pyHKIMOHANA CBSI3HOCTH

3ameTnM, 4TO B pe3yJibTaTe PEIIeHHs 3a/ad ONTUMAJIBHOTO CHHTE3a
CTPYKTYp CeTell 110 TMHEHHOMY (YHKIMOHAITY CBSI3HOCTH TOCIIEIOBATEIHHO
Ha3HayaroTcs pedpa, MHINACHTHBIE BEPIIMHAM C BECAMH, YIOPSI0YEHHBIMA
B TIOPSAKE HEBO3PACTAHUS.

11. Yncso ocToBbIx AepeBbeB. CymiecTByeT 3HAUYMMBIN MPOCTON
BHJ TpadoB, Ha3pIBaeMbIH aepeBbsiMH. OHHM BaXXKHBI, IPEXIE BCETO,
IIMPOKUM OXBaTOM NPWIOKEHUH JUIsI pa3HOOOpa3HBIX obiacTel HayKw,
HO B TO € BpeMs 3aHMMAalOT M 0co00e TOJOXKEHHE B TEOPUHU
rpados [12]. Tlocnemnee mpenompeneiaeHO CYIIECTBEHHOW MPOCTOTON
CTPYKTYpPBl ~ JIepeBbEB. 3ayacTyi pemieHue 3aaad Ha rpadax
aHAIM3UPYETCs MEPBOHAYAIBHO HA JIEPEBBSIX.

TepmuH gepeBo Kak MaremMarnyeckas aOCTpakuusi BBEAEH
I'. Kupxrodom s 3amanus (yHIaMEHTAIbHBIX LUKIIOB, HCIIOJIb3YEMBIX
JUIA UCClleoBaHusl aaekTpudeckux neneit [20]. Cryctd nouTH aecsTuieTue
A. Komu omsate (He3aBucumo ot ['. Kupxroga) ucmons3oBai moHsTHE depe-
60 1 (HOPMaTN30BAT 3HAUYUTEIHEHOE YHCIIO PE3YNIbTaToOB B 00JIACTH aHAIN3a
moto0HBIX Tpados [12, 20, 21].

I'pad — ayuxruueckuii, ecnu B HEM OTCYTCTBYIOT IIUKJIBI.

Jlepego SBISETCS CBA3HBIM allUKINYecKuM TpadoM (pUCyHOK 13a).

1 1 2

Puc. 13. lepeBo (a) u nec (0)

Kaxnprit rpad, HE comepkaliuii IUKIOB, HAa3BIBACTCS Jiecom (PHUCY-
HOK 136). CremoBaTenbHO, JEpEBbs SBISIOTCS KOMIIOHCHTaMH Jieca (Ha
pucynke 136 ec COCTOUT U3 ABYX JIEPEBHEB).
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llepesom epagpa G Ha3bIBaeTCsl CBSA3HBIM allMKIMYEeCKHU moarpad
rpada G. Ocmos (ocmogoe Oepeso) rpadpa G — 310 mepeBo rpada G,
comepxkamee Bce BepmmHB G.  CBsa3HBIH  moarpad — aepeBa
Ha3BIBACTCS 1000epegoM.

Hanpuwmep, mns rpada G, mokasanHoro Ha pucyHke 14a, rpad Ha
pucyHke 146 siBisercst ero moarpadom (kKak, BIPOYEM, M BCE OCTAIbHBIC
rpadsl Ha pucyHke 14), rpad Ha pucyHke 146 — ero ocroBom, a rpad Ha
pucyHke 142 — ero nepeBoM, HO HE OCTOBOM.

1 1 1 1
2 2 2 2
s N . s ' s ‘
*r—O
a B r

7]
Puc. 14. Ucxonusiii rpad (@), ero moarpad (6), octos (8) u aepeso (2)

B pesynbrate ocroB rpada G sBisETCS HAaUMEHBIIUM CBS3HBIM
noarpagom rpada G, Toe K(MAUHIMAIBHOCTEY» TPAKTYeTCs CIEIYIONIHM 00-
pa3oM: He cymiecTByeT crocoba COpMHUPOBATEH CBSI3HBINA OCTOBBII moATpad
rpada G U3 TOOMHOKECTBO pedep ITOTO OCTOBA.

CymecTByeT 3ama4n, TpeOyIomme Moucka BceX OcTOBOB rpada G.
Hanpumep, B cirydae TpyaHO GopMaIn3yeMoro KpuTepus BIOOpa HaMITyd-
IIEro JiepeBa, B TOM YKCie CyOBEKTUBHOTO, YTO HE MO3BOJISIET aHAIUTHYE-
CKH pa3peuiaTb HOI[O6HI)I€ 3aJa4 ONTUMU3ANU, HE TIPUMECHS aHAJIU3 BCEX
BO3MOJKHBIX aJIbTCPHATUB.

B 3amayax aHanmmza HaJEKHOCTH CTPYKTYp CETEil CBSI3U HYHCIIO
OCTOBBIX JIEPEBBEB ! HCIIOJNB3YeTCS B KadecTBE OJHOTO U3
noka3zareneit [11]. IIpu 3ToM OJHUM U3 TJIaBHBIX €TI0 JIOCTOMHCTB SIBJIS-
€TCsl BBICOKAsl YyYBCTBUTEIHFHOCTh K OPTaHU3AIUU CBS3CH MEXIy BEpIIU-
Hamu. Tam, TOoe TPYIOHO MONYYUTh CIWHCTBCHHO MPAaBWIBHOE PEIICHUE
110 M3BECTHBIM IMOKA3aTeNIM HaJEKHOCTH (CBSI3HOCTH), JAHHBIN MOKa3a-
TEeJb, KaK MPABUJIO, TO3BOJISET 3TO CAETATh.

JpyruM BaKHBIM JOCTOWHCTBOM SIBJISICTCSI BO3MOXKHOCTD TTOJTyYSHHS
OOBEKTHBHOM OICHKH Ba)KHOCTH TOTO WM MHOTO pebpa B rpade G. Bax-
HOCTh peOpa OyAeT OmnpenensTbesi TEM «BKJIQJOM», KOTOPBIH BHOCHUT 3TO
pedpo B 00IIYyIO CBA3HOCTH Ipada G. DTOT «BKIAI» MOXKET OBITh OLICHCH

YHCIIOM OCTOBBIX JepeBbeB ¢(G) rpada G, KOTOpbIe 06Pa3oBaHBI C HEIO-

CPE/ICTBEHHBIM yYacTHEM JIaHHOTO pedpa.
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HecomMHeHHO, TOKHO OBITH OTMEUEHO U TO, YTO JUIS ONpeAeTIeHUs
Yucia OCTOBOB rpada CyNIeCTBYET JOCTATOYHO MHOTO KOHCTPYKTHBHBIX
METOJOB U alNroOpuTMOB. B 23Tol CBSI3M pe3ynbTar, MOJTYy4YEeHHBIN
I'. Kupxrodom, siBisiercss Hambojiee NpHEMIIEMBIM NPH pPELICHHH 3a/ad
aHau3a CTPYKTYp pealIbHBIX CEeTeH CBA3M.

KomiecTBo 0CTOBOB BBIMUCIISIETCS HA OCHOBE MAMPUUHOL Meopembl

4 (0 depeswsix) [20]. Yucio ocrosos ¢(G) (ocToBBIX AepeBbeB) B rpade G ¢

vV BEpLIMHAMH PaBHO JIIOOOMY N3 MHHODOB JIEMEHTOB TJIABHOH JHaroHaIH
Mmarpuisl Kupxroda K (s cirydast eIMHUYHBIX TIPOBOAMMOCTEN ):

1(G)=IK,|.i=1,2,...,v,

rae X, ; — moaMarpuia MaTpuubl X, MOJNY4YCHHAs BBIYCPKUBAHHEM i -if
CTpOKH U j -ro cronbua, X; =X, .

Taxum 00pa3zoM, 17151 BEIYHMCIIEHHS YUCIa OCTOBOB HEOOXOIMMO pac-
CUMTaTh OmpenenuTens MaTpuus! (v—1) nopsaka. EcrectBerHo, HanGoiee

palMOHAIBHO TMPOBOJUTH IOMOOHBIE ONEPAIMX C ITOMOIIBIO CPEACTB BbI-
YUCIUTEIbHOW TeXHUKH. OIHAKO WHOTJa BO3HHKAET HEOOXOIUMOCTh OCY-
IIECTBUTh pacyeT BPy4YHyI0. IIpH 3TOM HpeAnOYTUTEIBHBIM OKa3bIBAaeTCS
HCIOJb30BAHUE TEOPEMBI PA3I0KEHUS ONPEAEIUTENS MATPULBI U HEKOTO-
PBIX €ro CBOWCTB, a TAaK)Keé MHEMOHHMYECKHX MpPABWJI JUIA ONpPEICIUTENCH
BTOPOT0 U TpeThero (mpasuia Cappioca) mopsakos [22].

Omnpenenurenn 60j1ee BEICOKMX HOPAIKOB TAaKXK€ MOYKHO BBIUHCIIATH
TI0 OTIPEJIETICHUIO, OJTHAKO 3TO TpeOyeT Oonpmux ycunuii. Yaime nmocrynaror
CIICAYIONMM 00pa3oM: OMNpEeNeIHuTeNIb Vv -Io TOpsAKa IPHBOIAT K

OTIPEIEITUTEISIM (v—l) -TO TIOpsIKA, KAKIBIH W3 KOTOPHIX CBOIAT K

OIPCACIIUTCIIAM (V—Z) -I'0 MopsAJKa U TakK AJajec. B PE3YJIbTATE MOJYyYarOT

cymMMy ompenenurenei 3-ro mnm 2-ro nopsgka. OyHZaMEHTOM JaHHOTO
MPUHLUIA «IIOCJIEA0BAaTEIbHOIO CHMXEHUS MOpPSAKa» SBISETCA TeopeMa
pa3’oXKEHUsA: ONPEAEIUTENb V -0 MOpsAAKa IPEeACTaBIAeTCS Kak cyMMma

ompezenuTeneii  mopsika  (v—1); mamee s m060ro W3 9THX

onpeaenHTenei/'I nopsaKa (V—l) TAKXKXC MPpUMCHHNMaA TECOpeMa Pa3JI0OKCHUS.

YacTo HCHONB3YETCs CHAEAYIOLIEE CBOMCTBO: CyMMa OIpelIeIuTencit
BBIPOXKJIAETCSI BO BCETO OJHMH OMNPEACIUTENb, €CIH BCE, 32 UCKIIOYEHUEM
OJTHOTO W3 3JIEMEHTOB i-i CTPOKH (CTONOLA) OMpeNeNuTeNsi, paBHBI HYIIIO.
CrenoBarenbHO, CYIIECTBEHHOTO YIPOIICHHUS MOXHO JOOWTBCS ITyTEM
CBEICHUS DJIEMEHTOB 3aJaHHON CTpOokKH (CcTONOma) K HYJIIO Tepen
pasnoxxkenueMm  ompeznenutens.  [logoOHele ke mpeoOpazoBaHUs
OCHOBBIBAIOTCSI HA CBOWCTBAX OIPEIEIUTEINEH.
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B kadecTBe mpuMepa pacCMOTPHM PAcyeT YKCIIa OCTOBBIX CPEBHEB
rpada, 3alaHHOTO IMarpamMmoii.

Ipumep 5. Oyenumsv KorUUECMBO OCMOB08 2pada, NPUBEOEHHO20 HA
pucynke 14a.

Jlano: G (pucynox 14a).

Haiimu: t(G).

Marpuiia Kupxroda paccmarpuBaemoro rpada uMeer BULI:

1 -1 0 0 0 0]
-1 3 -1 -1 0 0
-1 3 -1 -1 0
-1 -1 3 0 -1
0 -1 0 2 -1
0 0 -1 -1 2

S O o O

PammonanbHee BCero /ISl BEIYUCICHHS YUCIIAa OCTOBBIX JIEPEBbEB HC-
MOJIb30BaTh MUHOP JJIEMEHTa, COOTBETCTBYIOIIMIA BEPIINHE ¢ MaKCUMallb-
HOM cTerneHblo (HampuMep, BTOPOH):

1 0 0 0 O
03 -1 -1 0
1(G)=[Ky|=l0 -1 3 0 -l=IL.
0 -1 0 2 -l
0 0 -1 -1 2

Crnenyer oTMeTuThb, 4TO Haynmuue B rpade G 1o KpaifHed Mepe
OTHOTO OCTOBOTO JepeBa ! O3HayaeT, 4To HaHHBIM Tpap G sBIAETCA
cBsi3HBIM. OTCYTCTBHE K€ OCTOBBIX JHepeBbeB /(G)=0 mNpUBOXMT K
HecBs3HOCTH rpada G .

Kpome Toro, 04eBHIHO, 4TO 4eM GOJIbIIe OCTOBBIX AepeBbeB f(G)

conepxurcs B rpadpe G, TeM Oojiee CBA3HBIM OH siBistercs [12, 21].

12. 3akmaiouenne. [IpeacraBneHHble B paboTe AeTepMUHUPOBAHHEIC
TIOKA3aTeNN YCTOMYMBOCTH OTJIMYAIOTCS HE TOJIBKO MPOCTOTON MX aHAIHUTH-
YEeCKOro OTHCAHUS, HO M OCTATOYHO IIOHATHON MHTepHpeTanueil nx Gpusn-
YECKOr'0 CMBICIIA, HETIOCPEICTBEHHO CBA3aHHOTO C TEM HJIM WHBIM aCIIEKTOM
TIOHATHS YCTOWYNBOCTH CETH CBSA3U. B TO ke Bpems cienyeT 3aMeTHTh, 9TO
HECMOTpS Ha CyLIECTBEHHBIE JOCTOMHCTBA MTOJOOHBIX MOKa3aTeIeH, M03BO-
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JISIOIIME J1axke c(OpMYJIUPOBaTh 33j1ady CHHTE3a CTPYKTYPBI CETH, pellle-
HUE KOTOPOM BBITIOJHSETCS Ha OCHOBE IMOCIIEJ0BATEIbHBIX MPOIIENYp, a HE
mepeOOPHBIME METOJIAMH, JUIS TAHHBIX MMOKa3aTeliel XapaKTepeH W J0CTa-
TOYHO CEPBE3HBIM HEJOCTATOK, MPOSBIISIIONIMICS B HEBO3MOXXHOCTU Yy4eTa
ocoOeHHOCTeH (DYHKIIMOHMPOBAHUS OTICIBHBIX JMHUN CBSI3H, a CJIEI0Ba-
TENBHO, W CYIIECTBEHHO OTPAHWYMBAIOIININ MTPUMEHUMOCTE ICTEPMUHUPO-
BaHHBIX MTOKa3aTeJeH U peabHBIX TOIOJIOTHI CeTe.
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ANALYSIS AND SYNTHESIS OF COMMUNICATION NETWORK
STRUCTURES ACCORDING TO THE DETERMINED STABILITY
INDICATORS

Batenkov K.A., Batenkov A.A. Analysis and Synthesis of Communication Network
Structures According to the Determined Stability Indicators.

Abstract. When solving problems related to the analysis and synthesis of communication
net-works for stability, a special place is simple and easy to understand indicators, weakly
linked to the classical concept of exit probability from a state of health. Such deterministic
indicators of stability (connectedness, a couple of connections, linear functional connectivity,
the number of spanning trees) allow, albeit very approximately, to solve a complex of tasks
related to the assessment of the reliability and survivability complex networks. Due to the
rather simple analytical form of a linear functional connectivity for the synthesis of structures,
it is possible to use the analytical method presented in the work. In this general formulation for
the synthesis of connected graphs is formulated as the maximization of the linear functional
connectivity for all possible graphs with a given number of edges, vertices, and with fixed
values of their weighting coefficients. In general, the deterministic indicators are characterized
by a rather serious drawback, which is manifested in the inability to take into account the
peculiarities of the functioning of individual communication lines. In addition, for structures of
general type, where the expression of the linear functional is not reduced to an analytical form,
the constructiveness of such an indicator of connectivity of structures of communication
networks (graphs) is less pronounced. In theoretical studies on structures of general type, the
linear functional is weakly correlated with already existing concepts (for ex-ample, with edge
connectivity). Therefore, despite the fact that it, as an indication of connectivity (reliability),
can be used to evaluate any structure, in the study of structures of general type, it is more
rational to use such indicators of connectivity, which are still in any way consistent with the
principles used in graph theory.

Keywords: network graph structure, a deterministic indicators of stability, connectivity,
pair of connections, linear functional connectivity, the number of spanning trees.

Batenkov Kirill Aleksandrovich — Ph.D., Dr. Sci., researcher, The Academy of Federal
Security Guard Service of the Russian Federation. Research interests: statistical communica-
tion theory, models and methods of signal processing, communications network quality analy-
sis. The number of publications — 150. pustur@yandex.ru; 35, Priborostroitelnaya Street,
Orel, 302034, Russia; office phone: +7(486)254-13-25.

Batenkov Aleksandr Aleksandrovich — Ph.D., Dr. Sci., professor, researcher , Orel branch
of The Institute of Informatics Problems of the Russian Academy of Sciences (IPI RAN). Re-
search interests: statistical communication theory, models and methods of signal processing.
The number of publications — 110. batenkov1957@mail.ru; 137, Moskovskoe sh., Orel,
302034, Russia; office phone: +79038831183.

References

1. Foreman J.W. Data smart: Using data science to transform information into insight.
John Wiley & Sons. 2013. 432 p. (Russ. ed.: Forman Dzh. Mnogo cifi: Analiz bol'shih
dannyh pri pomoshchi Excel. M.: Al'pina Pablisher. 2016. 464 p.).

158  Tpyael CMIMMPAH. 2018. Bbin. 3(58). ISSN 2078-9181 (ney.), ISSN 2078-9599 (oHnaiiH)
www.proceedings.spiiras.nw.ru



DIGITAL INFORMATION TELECOMMUNICATION TECHNOLOGIES

10.

11.

12.

13.

14.

15.

20.
21.

22.

Ostroumova L.A. [The expectations k-th incoming vertex degrees of random graphs in
Bollobasha-Riordan model]. Trudy Moskovskogo fiziko-tekhnicheskogo instituta —
Proceedings of Moscow Institute of Physics and Technology (State University). 2012.
Issue 4. vol. 1(13). pp. 29—40. (In Russ.).

Lakeev A.V. Elementy teorii obyknovennyh grafov [Elements common graph theory].
Irkutsk: I1zd-vo IGU. 2014. 83 p. (In Russ.).

Kolganov A.S. [Parallel implementation of the search algorithm of minimum spanning
Dere-vev using the CPU and GPU]. Parallel'nye vychislitel'nye tekhnologii
(PaVT’2016) [Parallel computing technology]. 2016. pp. 530-543. (In Russ.).
Batenkov K.A. [General approaches to the analysis and synthesis of structures of
communication networks]. Sovremennye problemy telekommunikacij: materialy
Rossijskoj nauchno-tehnicheskoj konferencii [Modern problems of
telecommunications: materials of Russian scientific-technical conference]. 2017.
pp. 19-23. (In Russ.).

Batenkov K.A. [To the question of assessing the reliability of bipolar and multipolar
networks]. Sovremennye problemy radiojelektroniki: sb. nauch. tr. [Modern problems
of radio electronics: collection of scientific papers]. Krasnoyarsk: Sib. Feder. Univ.
2017. pp. 604—608. (In Russ.).

GOST R 53111-2008. [Stability of the public communication network. Requirements
and verification methods]. M.: Standardinform. 2009. 16 p. (In Russ.).

Batenkov K.A. Ustojchivost’ setej svyazi [Network stability]. Orel: Akademiya FSO
Rossii. 2017. 277 p. (In Russ.).

Dudnik B.Ya., Ovcharenko V.F. Nadezhnost' i zhivuchest' sistem svyazi [The
reliability and survivability of communication systems]. Moskva: Radio i svyaz'.
1984. 216 p. (In Russ.).

Oboskalov V.P. Structural reliability of electric power systems [Structural reliability
of electric power systems]. Ekaterinburg: UrFU. 2012. 194 p. (In Russ.).

Optimizaciya struktur setevyh modelej. Pod red. A.A. Kolesnikova [Optimisation of
the structures network models. Edited by A.A. Kolesnikov]. Leningrad: VAS. 1987.
101 p. (In Russ.).

Harary F. Graph Theory. Addison-Wesley Pub. Co. 1969. 274 p. (Russ. Ed.: Harary F.
Teoriya grafov. M.: Editorial URSS. 2003. 296 p.).

Kalofolias S.V., Bresson X., Bronstein M.M., Vandergheynst P. Robust principal
component analysis on graphs. CoRR. vol. abs/1504.06151. 2015. Available at:
http://arxiv.org/abs/1504.06151 (accessed: 28.10.2017).

Batenkov K.A. [Numerical characteristics of the structures of communication
networks]. Trudy SPIIRAN — SPIIRAS Proceedings. 2017. vol. 4(53). pp. 5-28.
(In Russ.).

Bollobas B., Riordan O., Spencer J., Tusnady G. The degree sequence of a scale-free
random graph process. Random Structures Algorithms. 2001. vol. 18. no. 3. pp. 279-290.
Grechnikov E.A. An estimate for the number of edges between vertices of given
degrees in random graphs in the Bollobas—Riordan model. Moscow Journal of
Combinatorics and Number Theory. 2011. vol. 1. no. 2. pp. 40-73.

Drinea E., Enachescu M., Mitzenmacher M. Variations on random graph models for
the web. Harvard Computer Science Group Technical Report TR-06-01. 2001.
Egunov M. M., Shuvalov V. P. [Analysis of the structural reliability of the transport
network]. Vestnik SibGUTI — Herald of SibGUTI. 2012. vol. 1. pp. 54—60. (In Russ.).
Tsitsiashvili G.Sh. Complete calculation of disconnection probability in planar graphs.
Reliability: Theory and Applications. 2012. vol. 1. no. 1. pp. 154-159.

Tutte W.T. Graph Theory. Addison-Wesley Pub. Co. 1984. 233 p. (Russ. Ed.: Tutte
W. T. Teoriya grafov. Moskva: Mir. 1988. 424 p.).

Christofides N. Graph Theory: An Algorithmic Approach. Academic Press. 1975.
400 p. (Russ. Ed.: Christofides N. Teoriya grafov. Moskva: Mir. 1978. 432 p.).
Bronstein LI, Semendyaev K.L. Spravochnik po matematike dlya inzhenerov i
uchashchihsya vtuzov [Handbook of mathematics for engineers and students of
technical universities]. M.: Nauka. GL. ed. Fiz.-Mat. lit. 1986. 544 p. (In Russ.).

SPIIRAS Proceedings. 2018. Issue 3(58). ISSN 2078-9181 (print), ISSN 2078-9599 (online) 159
www.proceedings.spiiras.nw.ru



UNPPOBbLIE MH®OPMALIMOHHO-TENEKOMMYHUKALIMOHHBIE TEXHONOI M

YIK 621.391.825 DOI 10.15622/sp.58.7

A.B. ITIAPIIYTKYH, JI.B. JIEBHH, C.A. 3AMIEB, A.B. ETvH
NPUMEHEHMUE CTPYKTYPHBIX IOMEX IJIs1 SAIIIATBI
HHO®OPMAIIUA OT YTEUKHA 11O KAHAJTY IIOBOYHbBIX

SJIEKTPOMATHUTHBIX U3JTIYYEHUI

Iapuymxun A.B., Jlesun /1.B., 3aiiyee C.A., Eeun A.B. TIpuMeHeHHe CTPYKTYPHBIX NoOMeX JJIsi
3aIUTHI HH(YOPMALMH OT YTEeYKH M0 KAHATY MOO0YHBIX 3IeKTPOMAT HHTHBIX H3TyYeHHUi.

AnHoTanus. Pabora mocBsieHa panoOHAIBHOMY BBIOOpPY IapaMeTpoB (OPMUPOBAHHS
LIYMOBBIX MacCKUPYIOLIMX M CTPYKTYPHBIX IIOMEX B LEJISIX X COBMECTHOI'O NPHMEHEHHS UL
3aUTBl  KOHQMICHIMAIBHOM  MHpOpMALMM  OT yTEYKM IO  KaHaly IMOOOYHBIX
9JIEKTPOMArHUTHBIX U3IIy9eHUH CpeCTB 0TOOpaXkeHUsI HH(OPMAIIHY, HCTIONB3YIONHUX CTAHAAPT
Digital Visual Interface (DVI).

B pabore orTpakeHbl OCOOCHHOCTM MMHTALMOHHOTO MOJICIMPOBAHUS BO3JCHCTBUS
IIyMOBBIX U CTPYKTYPHBIX IIOMEX CHCTEMBI aKTHBHOTO 3alIyMJICHHS HAa KBAa3HONTHMAaTbHBIN
NPHEMHUK TEXHHYECKOTO CpEACTBAa TepexBata wuH(Mopmanum. IlpencTaBieH MOpsIoK
00pa3oBaHMsl UMIIYJbCHBIX KOMIIOHEHT IIOOOYHBIX  DJIE€KTPOMAarHUTHBIX  U3JIyYEHHIA,
BO3HHUKAIONIMX IIPH Iepelade BUACOJAHHBIX IO cTaHmapTy DVI, a Tawke OTIEIBbHBIX
COCTaBIIIOIINX CTPYKTYPHBIX MoMeX. OTMeUYeHO, 4TO IMEHHO B PEeXXUME BEIBOA HH(OpMAIUU
Ha 9KpaH MOHUTOPA BO3HUKAIOT Han0ojee NUPOKOIOIOCHBIE 1 MHOTOKPATHO MOBTOPSIONIHECS
NMOOOYHBIE DIEKTPOMATHUTHBIC H3IIy4eHUs, COBHAJAIONINE C YaCTOTOH KaApOBOH pa3BepTKU
YCTPOMCTB BUACOTPAKTA.

3aj1aH NoKa3aTellb OLlEHUBAHUS PE3yIbTATHBHOCTH NPHUMEHEHHs CTPYKTYPHBIX OMEX NPHU
pelIeHnH 3aa4 3alIUThl HHPOPMAIUH OT YTEUKH 10 KaHady HOOOYHBIX 3JIEKTPOMArHHTHBIX
H3IIy9eHHH — BEPOSTHOCTh OIMMOOYHOIO pAcCIO3HABAHUSA IBeTa OlOKa TIpaduueckoit
nunpopmarmu. IIpuBeeHbl 3aBUCHMOCTH HM3MEHEHHs II0Ka3aTeliss pPe3yJIbTaTUBHOCTH OT
KOJIMYECTBa KaApoB H300pa)KCHMs, HAKAIUIMBAEMBIX B TEXHHYECKOM CpEICTBE IepexBaTa
MOOOYHBIX AIEKTPOMATHUTHBIX M3IyUCHHH, U TI0OKA3aHa €ro CBSI3b C OTHOIICHHEM CHTHAJ/IIyM
10 aMIUIUTY/JIe Ha BXOJIe TEXHUUECKOTO CPEJICTBA IIepexBara.

Ilo pesynpTaTaM  HMHUTALUOHHOTO  MOJAEIHPOBAaHUS  IPOBEACHO  OLCHUBAHHE
Pe3yIbTaTHBHOCTH HPHMEHEHHS CTPYKTYPHBIX IOMEX B CHCTEMaX aKTHBHOTO 3alllyMJICHHS.
BbisiBieHa  11e71eCOO0pPAa3HOCTh  HCIONB30BAaHUA ~ CTPYKTYPHBIX —IIOMEX IIPH  3alluTe
KoHOUAEHIHANbHOH HMHOOPMAMKM OT YTEYKU IO KaHATy MOOOYHBIX 3JIEKTPOMArHUTHBIX
H3ITy9eHni cpecTB oToOpaxkeHus uHpopMamu co cranaapToM DVI. IToka3aHa BO3ZMOXKHOCT
CHIDKEHUSI CyMMapHOI MOIITHOCTH U3JTyYCHHUS CPEICTBA AKTUBHOTO 3alllyMIICHHS O CPaBHCHHUIO
€ TPaJHIHOHHO HCIOIb3YEMBIMU HIyMOBBIMU MACKHPYIOIIUMH OMEXaMH.

KiroueBble c/10Ba: CTPYKTYpHBIE IIOMEXH, ITOOOYHBIC JJIEKTPOMATHUTHBIC U3IIyYCHUS,
CHCTEMa aKTUBHOTO 3alllyMJICHHs, TeXHHYECKas 3aIliTa HHPOPMalUH, TEeXHHISCKUE KaHAIIBI
yTeuku uHpopmanuu, cranaapt DVI

1. Beenenue. Ilpm o0OpaboTke wHpOpPMAIMKM Ha TEPCOHATBHBIX
AIIEKTPOHHO-BBIYMCIUTENEHBIX MammHax (II9BM) BO3HHKAIOT TeXHHUYECKHE
KaHaJ bl YTEYKH JaHHBIX, CPEAW KOTOPBIX CTOMT OTMETHUTHh MOOOYHbIE
anekTpoMarHuTHele  m3nydeHuns — (IIDMU)  cpemctB  oToOpaskeHHs
UH(OpPMAIIUKM, a TAKXKE HABOIKM HH(POPMATHBHBIX CHTHAIOB B JIMHUSIX
OJICKTPOIIUTaHUs, IerAax 3a3CEMJICHUS n COCAUHUTECIIBHBIX JIMHUAX
BCIIOMOTATeNbHBIX ~TEXHUYECKHX CpencTB M cucrteM. Ilpm  BbIBOzE
nH(OpMaIK Ha 3KpaH MOHUTOPA BO3HUKAIOT HAHOOJIEe IMPOKOIIOJIOCHBIE 1
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MHOTOKpPaTHO TOBTOPSIOIIMECS C YacTOTOW KaapoBoil pasBepTku I1OMU
yCTpoHCTB BHAeoTpakTa. C TOUKH 3peHust obecredeHus: TpedyeMoro ypoBHs
TEXHUYECKOH 3aIUThl KOHPHUACHINAIBHON HHOOPMAIA UMEHHO TIPH 3TOM
pexume ¢pyHkunoHuposanus [I9BM sBnsercs Hanbonee yszBumoi [ 1-3].

B coBpemennsix [I9BM BbICOKOCKOpOCTHast Tepenada O0OBEMHBIX
BU/IeON300pakeHnid Ha HU(POBBIE CPEICTBA OTOOpPAKEHHUS, TaKUe Kak
KUJKOKPHCTAJUINYECKHE MOHHWTOPHI W TIPOEKTOPB, B  OCHOBHOM
ocymiecTBisiercst o cranaapty Digital Visual Interface (DVI) [4, 5]. Ilpu
obpadorke B I[IOBM xkoH(puUAeHIHANEHOW WHOOpPMANIUKA HEOOXOIUMO
NPOBOJUTH  MEPOIPUATHS  TEXHMYECKOW  3amuThl  MHGpOpMAIWH,
HalpaBJIeHHBIC Ha CHIDKCHHE KadyecTBa (DYHKIMOHHUPOBAHHS TEXHUYECKUX
cpencte mepexBata IIOMMU, 00yCIOBICHHBIX OCOOCHHOCTSAMH pPadOTHI
crargapta DVI cpencts oToOpaxenus uadpopmarmu [6, 7].

Hdus 3amutel uHQOpMAnMM OT yTeukun mo KaHainy I[IOMU
MPUMEHSIOTCS ~ MOIIHBIE TeHepaTropbl Imyma. llpm  HamoXeHHu
OTPaHUYECHMH 10 MOILTHOCTH JOMYCTUMOTO U3TyUeHUsI aKTUBHBIX TIOMEX B
COBPEMEHHBIX CHCTEMaxX AaKTUBHOTO 3alIyMJIGHHS  HCIIOJIB3YEeTCS
COBMECTHOE IIPUMEHEHNE MAaCKUPYIOLIUX (IIryMOBBIX) u
AMUTHPYIOIIUX (CTPYKTYypHBEIX) moMmex [8, 9]. IMoaToMy wuccnemoBaHuUs
IPOLECCOB BO3/IEHCTBUS aKTUBHBIX CTPYKTYPHBIX ITOMEX Ha TEXHUYECKUE
CpeICTBa IepexBara MHPOKonoJdocHeXx IIOMMU cpenctB oToOpakeHus,
HCHoab3yromux cranaapt DVI, SBistoTCS akKTyalbHBIMH.

HccnenoBanue BO3AEMCTBUS Ppa3IMUHBIX I[IOMEX Ha TEXHUUYECKHUE
cpenctBa mepexBaTa IIOMI  COBpeMEHHBIX CpEACTB OTOOpPaKEHHUS
MHQOPMAINH, UCHONB3YIOMMX MH(POBBIE TEXHOJOTHH MEpeAadyn JaHHBIX,
HEBO3MOXKHO 0€3  JETAIbHOTO O3HAKOMJICHHS C  OCOOCHHOCTSIMU
(dhopmupoBanus nHGopMaTHBHEIX curHainoB [IDMU. Teoperuueckuii aHamu3
U MaTeMaTH4YeCKOE OIMCAaHHE MydJIbHOW CHTyallud B3aMMOJEHCTBHSA
cpeactBa nepexBara [IOMM u cuctemMbl aKTHBHOTO 3alllyMJICHUS
MpecTaBiIeHb B paborax [7-9].

Jns 3ammTel mHGOpPMAIMK OT yTeuku 1o kaHainy [I9MU mmpoko
HCIIONIB3YIOTCSl CPENICTBA AKTHBHOTO 3aIIyMJIEHUS C IIMPOKONOJIOCHBIMU
IIyMOBBIME ToMexaMmu. OpHaKo TpH HaTUMYUHM OJHM3KO pa3MelIeHHBIX
paZUONPUEMHBIX CHUCTEM 3(UPHOTO TENEBHICHUS, CPEACTB IalbHEH U
CITyTHUKOBOH CBSI3U, CPEJICTB BHICOKOCKOPOCTHOW OECIIpOBOAHON Nepenadn
JAHHBIX BO3HUKAIOT POOJIEMbI IEKTPOMAarHUTHOH COBMECTHMOCTH.

PazBuTHIO cOCO00B 3amMTHl MHOOPMALMH OT YTEUKH 110 KaHaiaMm
[IDMU nocesamensl HayuyHble Tpyasl Mapkyca I'.Kyma [10],
A.A. Xopesa [1, 11, 12], B.b. ABneeBa [13-16], A.b. Tapanosa [4] u aApyrux
aBTOpoB. OAHAaKO BOMPOCHI COBMECTHOTO TIPHUMEHEHHUsS IIYMOBBIX
MacKUPYIOIUX U CTPYKTYpHBIX IIOMEX B YCIIOBHSX OIpaHHYEHHH Ha
CYMMAapHYI0 MOIIHOCTb H3Ty4eHHs aKTHBHBIX IOMEX JIs 00ecredeHus
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JJIEKTPOMAarHUTHOH COBMECTHMMOCTH CO CpEICTBaMH  OeCIpOBOIHON
nepeJadu JaHHBIX PaHee He PACCMaTPUBAIUCD.

Lenp HacTOSIMIIEH CTAThU 3aKJIIOYAETCS B PALMOHAIBHOM BBIOOpE Ha
OCHOBE PE3yNbTAaTOB HMMHUTALIMOHHOTO MOJEIMUPOBAaHHA IapaMeTpoB
COBMECTHOTO IIPUMEHEHUSI aKTUBHBIX CTPYKTYPHBIX U IIYMOBBIX TIOMEX IpHU
TEXHUYECKOH 3alluTe KOH(HICHIUAIbHOW HH(OPMAIMM OT YTEYKH IO
kaHaiy [IDMU cpencts otoOpakeHus, HCIONB3YOMKX ctauaapT DVI, npu
3aJJaHHOM JIOIyCTHMOM YPOBHE CYMMapHOH MOITHOCTH IOMEX.

2. MopeaupoBaHie BO3JeificTBHSI IIYMOBBIX MACKHPYIOIUMX H
CTPYKTYPHBIX MOMeX HA TeXHHYeCKHe CPelCcTBa MepexBaTa Mo0OYHBIX
3JeKTPOMATHUTHBIX M3JY4YeHHUIl CpeACTB 0TOOpa:keHHs MH(OpPMAILUH.
Ha ocHOBe KOMIUIEKCHOM MaTeMaTH4eCKOH MOJENH CHCTEMBI aKTUBHOTO
3aIIyMIICHUS, IPEACTABICHHON B paboTax [7-9], MpoBeAeHO MOICTUPOBAHIE
BO3JECHCTBUSL LIYMOBBIX U CTPYKTYPHBIX IIOMEX Ha KBa3HONTHMAJIbHBIN
MPUEMHUK TEXHHYECKOT0 cpeactBa mepexara I[IOMU  cpexncts
otobOpakeHms, ucnoap3yronmx cragmapt DVI. Ctpykrypa WMHTaIIMOHHON
MOJIeNI BO3AEHCTBHS TOMEX Ha CpeACTBO mepexBaTa curHaios [IOMU
npuBeaeHa B padote [8].

Mooenuposanue cucmemvl akmusHO20 3auiyMieHus 3aKI0YaIoch B
(hOpPMHPOBaHMH IIIYMOBBIX MAaCKHPYIOIINX U CTPYKTYpHBIX nomex. I1lymoBbie
MacKUpYIOIIe TOMEXH MPeCTaB/IsUINCh MACCUBAaMU HE3aBHCUMBIX OTCUETOB
HOPMAJIBHOTO PacHpe/eNIeHus] ¢ HyJIeBbIM MaTeMaTu4eckuM oxuianueM. [Ipu
9TOM YPOBEHb KaXJOr0 HE3aBUCHMOIO OTCUETA COOTBETCTBOBAN BEIMYMHE
OTHOILEHHS CHUTHA/IIYM IO aMIUIMTYIE ¢, . 1€Kyllee 3HaueHHE ¢,

OIpeNe/sIoch ~ Yepe3  OTHOLIGHWE  CUTHA/IIYyM [0  aMIUIMTYyJe
Qo = A/ © rne A — cpenHss aMmrumtyna curdana [IOMU na

TIDMHU 1 > TIDMH
BXOJIC TIPUEMHOTO ycTpoiicTa cpencTaa TIepexBara;
0,,, — CpenHekBaipatndeckas ommbka (CKO) aMmmTygsl IIymMoBOid

jiit
mackupytomeit nomexu [7]. Ilpm Hakomnenuu curHana [IOMU,
(hopMHpyeMOro B pe3yJIbTaTe BBIBEJICHHS HA 9KpaH MOHUTOPA OJHOTO TIHKCEa
WM KaJpa W300paXeHWs, Ha BXOJE NPHEMHOTO YCTPOMCTBA CpPEACTBA
nepexBara Oyzner c(hOpMHpOBaHA COBOKYITHOCTh HE3aBHCHMBIX OTCUETOB
LIyMOBOH MOMEXH, IMEIOIIIX HOPMAIIbHBIN 3aKOH pacnpenenceHus [9].
MopnenupoBaHue BO3JACHCTBHS CTPYKTYPHBIX IIOMEX Ha IIPUEMHOE
yCTpOHCTBO cpencTBa mepexsata [IOMMU 3axmrodanocs B (OPMHPOBAHUH
TIOBTOPSITOIIICHCS TIAYKH HWMITYJIbCOB, OONIAaroieil BBICOKOH —CTEIeHBI0
CXOZICTBA TIO CTPYKType ¢ curHaioM [IOMU, Bo3HHMKaIOIIero B pesyibrare
BBIBEJICHUSI OIHOTO KajJpa W300pakeHHMsI Ha OKpaH MoHuTOopa. [lpum
(OPMHUPOBAaHMM K&XKIOTO OTAENBHOTO HMITYJIbca CTPYKTYPHOH IIOMEXH
(HKCUPOBAIIICH €0 aMIUIUTYA g, U BepOATHOCTb nosaBieHus P, . [Ipu sTom

CI1

aMIUTUTY/Ia ¥ JUTUTENBHOCTD T, OTAEIBHOTO UMITYJIbCA CTPYKTYPHOU IIOMEXH Ha
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15-20 % mpeBbIIana cpenHIO aMIMTyay curHana [IOMU u nnmurensHOCTD
BUIeOMMITYJIbca craHmapra DVI coorBerctBeHHO. ChopMmmpoBaHHas Madyka
HMITYJIBCOB CTPYKTYPHOM NOMEXH Ha BCEM MHTEPBAJIEC €€ M3ITy4YEHHUsI OCTaBaJIach
HEU3MEHHOM, a BEPOSTHOCTb TOSIBJICHUSI OTIEIBHOTO HMMITyJIbCa 33/1aBajach
HOPMAaJIbHBIM 3aKOHOM pacrpeaeneHus (pUCyHOK 1).

Tlonukcenvroe npedcmamenue

a T, . U300padICenUs Ha 6PEMENHOT OCU
. 1 . . .
pix, T PiX PR ) . . ~ pix,
\\H\HH!\\HH\H!\HHHH!H\HHHH”\NHH\HHH!HHH\H!H\HHH!\HHHH l;
Tk _ _ K xanp N
> A >

TMDS k00 uzobpadicenus

oglodojolsel 1T 00000000 EEI]I]I]I]
TIDMHU ecmandapma DVI
Cmpykmypudas nomexa

i
|

e o e
T T T
Puc. 1. [Tpuanmn Gpopmuposanus ummynbcoB [IDMU 1 UMITYIECHBIX KOMIIOHEHT
CTPYKTYpHOH ITOMEXHU

A A

A Al

Ha pucynke 1 BBeneHsl cnenyromue o000O3HaueHMs: pix; — i-it

mKcenb m3oopaxkernus, i€ (1,1); 1 piv — MIATEIBHOCTH OJHOTO ITHKCEILS;

Tpiy — AJHATCIIBHOCTD Outa I/IHqJOpMa]_[I/II/I; T, — AIHUTCJIBHOCTL OOHOIO

Kagpa M300paKeHus; T, — JUIMTEIBHOCTh HAaKOIUIeHWs curHama [1OMU

H

CpEIICTBOM TIepexBaTa; f,

— MOMEHT HW3MEHEHHUs OWTOBOTO CHMBOJIA;
a — cumBoibl TMDS koxa; 4 — aMIUIUTYyja paliOCUTHANA; ¢ — BpeMsL.
Ilepron mOBTOpEHUS WAYKH HMITYJIBCOB CTPYKTYpHOW ITOMEXH
J)KECTKO CBSI3BIBAJICS C 4YacTOTOM KaJpoOBOM pa3BepTKU CpEACTBA
otoOpaxkenus nHpopmanuu. [loaToMy IUIsi CHHXPOHHU3AILMK CIIEJOBaHUS
HUMITYJIbCOB CTPYKTYPHBIX ToMeX U umirysbcoB [IDMU obecneunBanocs ux

COTJIaCOBaHME 110 TAKTOBOM YacTOTE CIeIOBAaHUSA OUTOB HHPOPMAITUH [,

TaKT
B DVI crannapre [8].

B ntore Ha BXxoze cpenctaa nepexsara curHana IIDMU co3paBanack
navyka HMMITYJIbCOB, MPEBBIMIAIOIUX 110 aMIUIUTYAC HMITYJIbChI OHTOBOM
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MOCJEIOBATENbHOCTH  MOJIE3HBIX CHUTHAJIOB (T.€. CHUTHAJOB KaHAJOB
[BETHOCTH TIpH Iiepefaue MaHHbIX o crapaapty DVI) [8]. Y mockomnbky
Mayka MMITYyJIbCOB CTPYKTYPHOH NOMEXM OCTaBajlaCh HEU3MEHHOH mpu
HakoruieHuu curHana [I9MU, ¢popmupyemoro B pe3ynbrare BhIBEIACHHUS Ha
9KpaH MOHHUTOpPAa MHOXKECTBA KaJIpOB M300paKeHMs, CTPYKTypHas IOMeXa
HaKaIIMBaIach Takke 3 (PEKTUBHO, KaK U MHPOPMATHBHBIN CUTHAJI.

Ilpu  moOenuposanuu  npUEMHUKA — MEXHUYECKO20  CPeocmed
nepexsama IIDMHM mpenmonaraiock, 4Yro Ha €ro Bxoae Oyner
chopMupoBaHa aITUTHBHAs cMech curHama [IOMMU, Bo3HHKaromero B
pesyibTare  Tepefayd  HEM3BECTHOrO  ()parMeHTa  JBYXIBETHOTO
n300pakeHNs Ha CPeACTBa OTOOpakeHUsI HHPOpMauu o cranaapty DVI,
C IIyMOBBIMH MACKHPYIOUIMMH M CTPYKTYPHBIMH MOMEXaMH CHCTEMBbI
AKTUBHOTO 3aITyMJICHHS (PUCYHOK 2).

A
u(t
@) HIOMHU

o n I}
o | v

utymoeasi nomexa

3 Mm . A”/\ﬂw /\M Ny, e W/\ b
S VPSR G R

” ﬂ CmpyKmypHas nomexa

Ml I ﬂ

Uy (t ) adoumueHast cmecob

H’\ Mok LT A PN T
AP el

<
~
~
N
~y

~y

N
=
X
~
~
~
~y

I 4 123 4 t, Tt
Puc. 2. Bpemennoe npencrasinenue curuana [I9MMU, mymoBoit nomexwu,
CTPYKTYPHOI NMOMEXH U aJIUTUBHON cMmecu curHana [I9MU u nomex
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ITpuemHBIM ycTpOlcTBOM cpernicTBa nepexsata [I9MU HensBecTHOrO
JIBYXI[BETHOTO M300pa)KEHHUSI B YCIIOBUSIX BO3ACHCTBHS IIyMa U CTPYKTYPHBIX
TOMeX SABJIUICS IByXKaHAIbHBIN HEKOTE€PEHTHBIN KOPPENIATOpP C aJalTUBHBIM
K XapakTepUCTHKaM CHMIHala M TOMEX pellarolluM ycTpoiicTBoM. B ero
Ka)XIOM KaHajle IpHeMa OCYNIECTBIUIACH KOppeIsIMOHHas 00paboTKa
MH()OPMATHBHOTO CHTHaNa M aKTHBHBIX NoMeX. lIpy 3TOM B KaudecTBe
OIIOPHOTO CHTHaNa Hcronb3oBaics curHan [IOMU, dopmupyemoro mnpu
BBIBE/ICHUH Ha SKpaH MOHUTOpa (parMeHTa U300paKeHHs 331aHHOTO IBETA.
Pemaromiee ycTpoHCTBO pean30BBIBAIO AANTUBHOE MPUHATUE PELICHUNA B
3aBUCHMOCTH OT MOIIHOCTM AaKTHBHBIX IIOMEX HAa BXOAE NPUEMHOIO
ycTpoiicTBa cpeacTBa nepexsara [IDMU [17, 18].

Breigenenne orubaromeld aagTuTHBHOW CMeCH HH(OPMATHUBHOTO
CUTHaJIa ¥ aKTUBHBIX IOMEX OCYIIECTBISUIOCH HA OCHOBE HCIOJIB30BAHUS
npeoOpazoBanust ['mnpbepra [19]. Tak, ans onpeaencHus TeKyuien
aMIUIMTYAbl CUTHana (agauTuBHON cMmecu curHana [IOMU ¢ urymoBoil u
CTPYKTYPHOM MOMEXaMH1) UCIOIB30BAJIOCH CIEAYIOIIEe BEIPAXKEHHUE:

U (1) = \Jug” (1) +3uy” (1), (1

rae uy(t) — apauTuBHas cMmech curHana IIOMU co crpykTypHOH H
LIyMOBOM IOMeXaMH; Ouy(f) — CHTHAl, compsbkeHHbIH mo I'misbepty c
CUTHAJIOM uy (%) .

ITocne KoppensSIMOHHONH 00pabOTKM B HMHTAI[HOHHONW MOIEIU
(dbopmupyercsi MacCUB 3HaYEHUH B3aMMHOW KOPPENSIIMOHHON (QyHKIMH R
a}I)II/ITPIBHOﬁ CcMECH I/IH(bOpMaTI/IBHOFO CUTHaJla M IOMEX C OIOPHBIM
CUTHAJIOM Ka)/I0ro MPUEMHOI0 KaHaia (T.€. ¢ OMopHbIM curHasiom [IOMU,
BBIBOJJUMOTO Ha 3KpaH MOHHTOpa (parMeHTa H300pa)KCHUS 3aJaHHOTO
nBera). B kaxmom kaHane mnpueMHHKAa TnepexBata I[IOMU  otkimk
KOppEIIATOpa CPaBHUBAJICSA C IIOPOTOBBIM 3HAUCHUEM. J[J1s1 BRIOOpa OIMTOPHOTO
curHana [IOMM B kaxxgoM KaHaje NpHEMa, MCIOIb30BAIACh MaydKa
AMITYJIBCOB, COOTBETCTBYIOMMX Tiepexonam u3 «0» B «1» u oopatHo TMDS
KOZla IPSIMOYTOJIEHOTO OJI0Ka Tpaduueckoit HH(pOpMAaIHH, 3aJaHHOTO [IBETA.
Takoil NOAXOJ MO3BOJIMI MOJYYUTh JOIMOJHUTENBbHBIA HSHEPTreTUUECKUN
BBINTPHII OT HAKOIUICHWA CHTHAla B KOPPENATOpe TPH CHIKCHHUU
paspelieHrs BOCCTaHaBIMBaeMoro u3obpaxenus [4, 7, 10].

IIpu moGmouHOW wASHTHU(UKAUH OTOOPa’KaeMOTo BYXIIBETHOTO
U300paKeHUss B PCIIAIOIIEM YCTPOMCTBE IO MAaKCUMyMy 3HAa4YCHHUS
KOPPEIAIMOHHOTO TMHKa ONPEe/suics IBET O0JIACTH H300paXKCHHUs,
BBIBOIMMO Ha odkpaH MoHuTopa. CurHanst [IOMU  ¢parmenra
HU300pakeHUs YSPHOTO U OEJIOT0 I[BETOB Pa3MEpPOM B OJIMH ITHKCE, & TAKKE
OMOPHBIC CUTHAIBI MPUEMHOTO YCTPOWCTBA, HACTPOCHHOTO HA IEpEXBaT

SPIIRAS Proceedings. 2018. Issue 3(58). ISSN 2078-9181 (print), ISSN 2078-9599 (online) 165
www.proceedings.spiiras.nw.ru



UNPPOBbLIE MH®OPMALIMOHHO-TENEKOMMYHUKALIMOHHBIE TEXHONOI M

[I3MU, ¢opmupyemoro B pe3ynbTare BBIBEICHHS YEPHOTO H Oenoro
NMKCeJa Ha 9KpaH MOHHUTOPA, IIPEeCTaBICHbI Ha PUCYHKeE 3.

Sli/uA

MBI [IOMH — «0»

ol I

i) | )

| | |
|

|

MB [IDMH — «255»
O H
0

MKC

T - N
ornopH — «0»

0.8 OIOpH — «255»

0.6
0.4
0.2

0 L

376 378 380 382 384 386 388 £ wic

Puc. 3. Ummynscsl curnanos [IOMMU geproro «0» u 6e10ro 1BeToB «255» u
HMITYJIbCBI OIIOPHBIX CUTHAJIOB B IBYX KaHaJaX KOPPEIATOpa MPUEMHHUKA
TEXHHUYECKOTO cpencTBa nepexsara [[DMU

[Ipu nByxXKaHANBFHOW KOPPENSIHOHHONH 00pabOTKe B TEXHHYECKOM
cpencte mepexsara [I9MU BrIBenieHrEe Ha KpaH MOHUTOPA U300paKEHHUS,
COCTOSIIIETO W3 [IBYX IIBETOB, MPHBOIIIO K (POPMHUPOBAHHIO HA BBIXOIE
Ka)KJJOr0 KaHalla KOppeJsiTopa JIByX B3aUMHBIX KOPPEJSILIMOHHBIX (DYHKIIHH.
[MosToMy mnpu ananmuze padOTHI NpPHUEMHHKA B 1I€JIOM TpeOOBaNoOCh
HCCIIeIOBATh apaMeTphl YEThIpeX TaKuX (QYHKIHH.

B ycnoBusix OTCyTCTBUS MOMEX B3aUMHBIE KOPPEISLMOHHBIE
¢ynkiun curnanos [IOMU, ¢opmupyeMbIX Npu BBIBEAEHHHM Ha JKpaH
MOHHUTOpA TPSMOYTOJIEHBIX ()parMeHTOB HM300paKeHUs u3 16 NuKceIoB
OJTHOTO IBeTa (YEpPHOTO WM OEIO0ro) C ONMOPHBIMH CHUTHAJIaMU 3a/IaHHBIX
I[BETOB B Ka)KJJOM KaHaJIe KOPPEISTOpa, IPUBEICHBI HA PUCYHKE 4.

[ oneHWBaHWS PE3YNbTATUBHOCTH NPHMEHEHUS CTPYKTYPHBIX
MOMeX MpPHU PEIICHUN 33Ja4X 3alIUThl MHYOPMAIIMK OT yTEYKH MO KaHaly

II5SMM  BeiOpaH  mokasatens  F, — BEPOATHOCTH  OIIMOOYHOIO
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pacrno3HaBaHus LiBeTa Oioka rpadudeckoit uHpopmanuu. OueHuBanue P,

MPOBOAMIOCH ~ IyTeM  OOpabOTKM  pe3yNbTaTOB  MHOTOKPAaTHBIX
CTaTHCTHYECKUX HCTIBITAHUH C TMOCIEAYIONMM aHAIN30M SMITUPUIECKUX
IUIOTHOCTEW pacmpeieNieHns] KOPPENSIHOHHBIX TNHKOB R(T) B3aMMHBIX

KOppeISILMOHHBIX (QyHKOMI amaauTHUBHBIX cMeceil curHaitoB [IOMU nu
aKTHBHBIX TIOMEX C ONOpHbIMH curHagamu [IOMU, dopmupyembix B
pe3yibTare BhIBEACHHMS HA DKpaH MOHUTOpa (ParMeHTOB H300pa)KEHUI
3a/1aHHbIX LIBETOB [9].

R(T)“
800
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400
N [ P | I

_?)O ) ‘ m H‘H Al \\h U \\‘\\ I U Il M Hm H Al J||| l'l‘\ |‘h m U‘u I llil il >
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Puc. 4. B3aumuable koppensunoHHbie GyHKIUU cMeceit curaanos [IOMU ¢
OTIOPHBIMH CHT'HAJIAMH YEPHOTO U OEJIOro IBETOB

BenuunHBl KOPPENSIMOHHBIX IMKOB R(T) B KaKAOM KaHaie

KOppensiTopa SIBISIIOTCA ~ CIyYaWHBIMH, TIOCKOJIBKY MPH IPOBEICHUH
MHOTOKPATHBIX CTaTUCTHYECKHX HCHBITAaHUN HM3MEHSAIOTCS HE3aBHCHUMBIC
OTCUETHl IIYMOBBIX MACKHUPYIOIIUX IIOMEX M OTIEJIbHBIE HMITYJIbCHBIE
KOMITOHEHTBI CTPYKTYPHBIX TOMeX. DOHUKCUPOBaHHBIMH BEIUYHHAMHU B
CTaTHCTHYECKUX WCTBITAHUIX 3aal0TCSA TaKHe IMapaMeTphl, KaK KOJIWYECTBO
KaapoB M300pakeHust N, , B pe3yibTaTe BBIBEJCHHS KOTOPHIX (GOpMHUpPYETCS

curHan [I9MU, v oTHOILIEHHE CUTHA/IIYM IO aMIUTUTYIIE G, -

3. Cratuctuyeckasi 00pa0oTka pe3yJbTATOB HMHTALHOHHOIO
MonennpoBanusi. Hakomnenne u o0paboTka pe3ysIbTaTOB MMHUTAIIMOHHOTO
MO/ICITUPOBAHHUS [I03BOJIMIIN npu MIPOBEICHUHU MHOTOKPaTHBIX
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CTaTHCTHYECKUX  HCMBITAaHUH  TONYyYUTh  SMIIUPHUYECKHE  IUIOTHOCTU
pacnpeneneHnii R(T) KOPPETALMOHHBIX TMKOB B3aUMHBIX KOPPEISIIMOHHBIX

(GYHKIM aJIMTHBHBIX cMecel curHanoB [I9MMU, myMOBBIX U CTPYKTYPHBIX
moMex ¢ ormopHbIMHU curHasaMu [ITDOMU ¢parmMeHToB H300paXkeHuit 3aJaHHOTO
nBera. Pe3ynbTatoM  OAHOTO  CTaTUCTHYECKOTO  WCHBITAHUS — ITIPH
MMHTALIOHHOM MOJIEIIMPOBAaHNH SIBISUIOCH (DOPMHPOBAaHME HA BBIXOZE
Ka)KJIOT0 U3 IByX KaHAJIOB NpHeMa 3Ha4eHUs R .

[lpy MonenupoBaHMM MOJArajoCh, YTO JIIEMEHTAPHBIA OJIOK
rpaguyeckoii  mHpoOpManuu  sBISETCS  (parMeHTOM  YepHO-0esoro
nzobpaxkeHus. [loaToMy B KakJIOM KaHaJle NMpPUEMHHUKA TEXHHYECKOTO
cpeactBa mnepexBara [IOMMU Oyner npuHHMMAarbesi pelIeHHE O IpHEMe
CHTHaJIa YepHOTOo (1epBoro) mim 6esoro (BTOporo) 1BETOB.

[Ipn mpoBeneHMHM MHOTOKPATHBIX CTATHCTHYECKUX HCIBITAHUA B
KaKIOM KaHalle NMPHEMHUKAa TEXHUUYECKOro cpeicTBa mepexsara IIOMMU
(dhopMHupOBATUCH J1Ba MHOXKECTBAa 3HAYCHHWH CIIy4aifHOW BeIWYWHBI R .
Kaxnoe w3 yKka3aHHBIX MHOXKECTB Pa3JeisuIOCh HA ABAa MOAMHOXECTBA,
COOTBETCTBYIOIINX [BETY NMPHHUMAEMOTO CpeacTBoM mepexBara [IDMU B
OT/ICJIbHOM KaHaJie IIPUEMHOT0 yCTPOUCTBA. DIIeMEHThI COPMUPOBAHHBIX B
pa3HBIX KaHajgax INpPHEMHHKa MHOXECTB 3HaYeHW R  IpoXoaminu
HpOIeypy LEHTPUPOBAHHUS OTHOCHUTENBFHO MAaTEMAaTHYECKOTO OKHUIAHUS
MIOJyYeHHOTO MHOKECTBA.

MonenupoBaHie MoKa3ajlo, 4YTO KOJA SPKOCTH, MOJUIEKAIIUHA
oOHapyxxeHHIO Tpu TepexBate [IOMMU, ¢ TOYKU 3pEHUS ONTUMAIBLHOTO
0OHapy>KEHHS SBISICTCS] SHEPTETHUECKUM MapaMeTpoM. JTO CBSI3aHO C TEM,
YTO U1l Pa3HBIX KOJOBBIX MOCIJIEJOBATEILHOCTEH MEHSETCS HE TOJBKO
MecTononoxenue ummynscoB [IOMIM Ha BpeMeHHOH ocH, HO U HX
kommyectBo [7, 17, 20, 21]. Iostomy mpm o0paboTke Ierecoodpa3Ho
HCIIONIb30BaTh HOPMHUPOBKY K MOIIHOCTH 00pabaThIBaeMOTO M OHNOPHOTO
curHanoB [22]. DaxTHyecKH HEOOXOAWMO WCIONB30BaTh HE B3aUMHYIO
KOppeJSIIMOHHYI0  (QYHKIHMIO, a Kod(duuueHT B3aMMHON Koppessuun
CJIC/TYIOIIETO BHUJA:

’
r,o=—>" 2)
j ; (
0,0,
rae R, — 3HAYCHHE KOPPEISILMOHHOIO MMHKA B3aWMHOW KOPPEISILMOHHOH

GbyHKIMK aamuTHBHON cMmecu curHana [IOMU u momex B i KaHaie
KOppemsTOpa ¢ OMOPHBIM CHrHANoOM j uBera; o;,6, — CKO onopHoro

CUTHaJIa KOppeJsTopa j I[BeTa W aATUTHBHON cMmecu curHama [IOMU u

aKTUBHBIX IIOMEX, NOCTYIAIOIINX Ha BXOJ | KaHajla KOppesusaTopa.
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PacriosHaBanune 1Bera Oioka  rpaduyeckoil  mHQopmanuy,
BBIBOJIUMOI Ha CPEACTBO OTOOpaxkeHUs! HH(GOPMAIMH, MO NepeXBAYCHHOMY
curHary IIOMMU ocHOBaHO Ha MHCHOJB30BAHUU ONTHUMAJIBHOW CXEMBI
pa3iauueHus ~ JETEPMUHHMPOBAHHBIX  HEOPTOTOHAIBHBIX  CUTHAJIOB  C
BBIUUTAaHMEM OTKJIMKOB JByX Koppenaropos [18, 20]. IIpumenenue
YKa3aHHOW CXEMBI PACIIO3HABAHHS CUTHAJIOB [TO3BOJISIET BBITOTHHUTH IIEPEXO
B [IPOCTPAHCTBO OJTHOMEPHOM CITy4aiiHON BEIMIMHBL Or; IIyTEM BBIYUCICHHUS

pasHOCTH ciexyromero suaa [22]:

or. =1

J -

iz 3)

J
OTKINKU KOppEJISITOPOB 7‘1/. n rzj Ha CHI'HaJl OAHOIro 1nIBCTa ]

SIBIISIIOTCS.  HE3aBUCHMBIMH,  TOATOMY  IUIOTHOCTh  pacIpeAeiIeHH
OJTHOMEPHOI CITy4aiHON BEIMYHHBI p (3r), HPEACTABICHHON BBIPAKCHUEM

(3), onpenersiercs no caenyroiei popmyte [17]:
p_,'(&’): IPl(rzj_6’”1)'172(”2_/)‘11’”2]- “4)

BxomgHpiMM  maHHBIMH ~ OJIOKa  CTaTHCTUYECKOW  00paboOTKH
pe3ynpTaToOB MMMTAI[MOHHOTO MOJEIUPOBAHUS SBISUINCH JBE BBIOOPKU
CIy4allHOl  BEIUYHHBI dr,  XapakTepusylomue IIBeT  OJIoKa
rpadudeckoit nHPOpPMALIUH.

Maccubl cpOpMUPOBAHHBIX OXHOMEPHBIX CIyYaHHBIX BEIMIHH O7;

JBYXLIBETHOW MOJIEJIM TEPEeXBAue€HHOro CooO0IIeHHus 00padaThIBAIMCh
cleayronmmM oopaszom. J{ist onpeiesieHus Arana3oHa K3MCHEHHU CITydaitHON
BCJIIMYMHBI or B MacCCHUBE IMOJIYYCHHBIX 3HaYCHUH OIpPECACIIAINCH
MUHHUMAaJILHOE U MakcuMaJjibHOoe 3HaueHus. [1o KOJIMYECTBY CTATUCTUYCCKUX
UCIIBITAHUNA N;,, INPOBOAMUMBIX IIPU MMUTALUOHHOM MOJEIUPOBAHUM, 110

dopmyne Crepmxecca k =3,22-1g/N;,  ompenensyoch KOJIUYECTBO

pa30ueHunit Tnama3oHa N3MEHEHHS CITy9aifHON BeMn4uHbl or [23].
JuanazoH M3MEHEHHsl COy4alHOM BENWYMHBI OF pasfeisuics Ha k
PaBHBIX MPOMEKYTKOB, B MpEAeNax KOTOPBIX IOJICUUTHIBAIOCH KOJIMYECTBO
peanu3anuii cirygaitHOH BenmudauHb! or [23]. st onpenene s IMITHPHIECKIX
YacTOT CITy4aiHOM BeMM4MHBI V(8r) KOJMYECTBO MONAJAHUH B 3aJaHHbBIC
MHTEPBAJIBl HOPMUPOBAJIOCH OTHOCHTEIBHO OOIIEro 4Yucia IpPOBOAMMBIX
CTaTHUCTHYECKUX HUCTIBITaHNH. Ha 0CHOBE BBIMHMCIICHHBIX SMIMPHYECKUX YaCTOT
CIIlyyallHOW  BEJIMYMHBI  CTPOWINCh  THCTOIPAMMBI  PaCHpeNeSICHU.
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I'mcrorpaMmbl  mpesicTaBIsUIM  COOOH  CTyneHYaTble (YHKIMUA W3MEHEHUS
SMITMPUYECKON YaCTOTHI BBIMAACHUS 3HaYeHUH V(Or) OT CPEOHEro 3HAYCHUS

WHTEpBaJa pa30MCHIS BO3MOXKHBIX 3HAUCHUH Or (PHUCYHOK 5).

A
v(6r)
v(dr1) V(6ry)
0,2
0,1
0 D>
0,05 0,025 0 0,025 or

Puc. 5. 'ucrorpammsl pacupeesieHuil OTHOCUTENBHBIX YaCTOT KOPPEIALUOHHBIX
11KOB curnainos [IDMU ¢ GenbiM rayccoBeKuM LyMoM V(37 ;) 1 ONIOPHBIM

CUI'HAJIOM II€PBOI'o IBE€TA

JIs MHO>KeCTBa 3HAUEHUH CEPETMHHBIX TOYEK M AIMIUPUIECKUX YaCTOT
BBINTAJICHUS] 3HAYeHUH V(Or) TMPOBOMMIOCH CIVIAKMBAaHHWE PE3yJbTAaTOB Ha

33JaHHOM MHTEpBAJlE BO3MOXHBIX 3HaueHMH Or. [l  moiydeHus
SMITMPUYCCKON TUIOTHOCTH PACIIPEACIICHUS CITy4aliHOW BENIUYUHBI  p(0r)

MPOBOJANIIOCH UX HOPMHPOBAHUE OTHOCUTCIILHO ILIOIIAIN HO}]]:IHTCFpaI[I:HOﬁ
¢ynxuum [23]. PesynpraTtom cratiaeckoit 00paboTKH SBISUIUCH SMITMPUYECKHIE
IUIOTHOCTH PpACHpeNeNieHui CITy4aliHOM BENWYMHBL, XapaKTEpU3YIOIEH o
TIPUHATOMY CpelicTBOM TepexsaTa curaany [IOMU nser 61oka rpadudeckoit
nH(OpMAIY BBIBOAMMOM Ha S5KpaH MOHHATOPA.

IIpu craTucTHdeckoil 00pabOTKE pe3yNbTaTOB WMHUTAIMOHHOTO
MOJENMPOBAHUS  BBINOJHSJICS  IEPEXOA  MHOTOMEPHOM  CIlyd4ailHOM
BEJIMYMHBI, XapaKTepu3yollei nBeT Onoka rpaduueckoil nHOpMaIMK MO
nepexBaueHHOMY curHany [IOMMU, B 00nacTh OMHOMEPHBIX CIyYaiHBIX
BEJIMYMH, a 3aT€M Ha OCHOBE 33JaHHOTO KPHUTEpHUsl PACIO3HABAHUS I[BETa
NPUHUMAJIOCH PELIeHHE O LIBETE ()parMeHTa HEM3BECTHOTO M300pasKeHNSI.

4. OdocHoBaHHe BbIOOpPa MNAapaMeTPOB CTPYKTYPHBIX MOMeX
cHcTeMbl aKTHBHOTIO 3amrymuienusi. J{jist pannoHansHoro nojdopa cocraBa
rmapamerpoB  (OpPMUpPOBAaHUsS ~ CTPYKTYPHBIX  IOMeX  pa3paboraHa
MMHTAIMOHHAs MOJIENb, IpecTaBiieHHas B padote [8]. [Ipn nmurarmonnoM
MOJICTMIPOBAHUM  IIPEAINOJIarajoch, YTO JUIi  CHIDKGHMS  KadecTBa
(YHKIIMOHMPOBAHUS ~ TEXHWYECKOro  cpeacTBa  mepexsara [IOMU
ucrone3yercs cuctema aktuBHoro 3amymieHns (CA3), ¢opmupyromas
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IIYMOBBIE MAaCKHUPYIOIIME U CTPYKTYpHbIe ToMmexu. s ompeneneHus
00J1aCTH MPUMEHEHHSI TOJBKO IIYMOBBIX MACKHPYIOIIUX IOMEX IMPOBEICHO
OLICHMBAHME BJIMSIHUSL OTHOIICHUS CpeAHeN aMIUIUTyAbl curnana [IOMU k
cpennexBanpatndeckoi omuoke (CKO) mryMOBBIX MacKHpYIOIIMX HOMEX
4., Ha NoKasarenb P, — BEPOSATHOCTb OIIMOOYHOrO pPacHO3HAaBAHUA

uBera 0J0Ka rpaduyeckoit nudopmanuu (PUCYHOK 6).

A
Bow
0,4
1
01 O
0,2
’ @
o O
) \\§§
0 025 05 075 1 125 15 175 Qo

Puc. 6. BnusiHue 1IyMOBBIX MAaCKUPYIOIIUX IIOMEX Ha BEPOATHOCTh OLIMOOYHOrO
BOCCTaHOBJIeHH OJ10Ka rpaduueckoil maopmanuu (1 — 5 kagpos; 2 — 10 kagpos;
3 — s 30 kagpoB)

AmHanu3 3aBUCUMOCTEH, IPEICTABICHHBIX Ha PUCYHKE 6, TIOKa3al, 4TO
(UKCHpOBaHHBI ypOBEHb BepoOATHOCTH P JOCTUraeTcd IyTeM

omt
YMEHBILIEHUs] OTHOLIEHUS ¢, TPH YBEIUYEHUH JUIUTEILHOCTH HAKOIUIEHUS
MIOJIE3HOTO CUTHAJla B IPUEMHOM YCTPOMCTBE TEXHHUYECKOTO CPEICTBA
mepexBara [IDMMU. PammonanpHONW 007aCTBI0O TPUMEHEHHUS IIYMOBBIX
MAacCKUPYIOIUX [OMEX Ipu obecredeHUu BeposTHocTd P, He Huwke 0,4
ABJIAETCS] MHTEPBAJI, B KOTOPOM ¢, < 0,3.

Jnst ompenenenus o0JacTH PALMOHAIBHOIO IPUMEHEHUS TOJBKO
CTPYKTYPHBIX IMOMEX BBCIACHO OI'PaHUYCHUEC HA MCIIOJIb30BAHUEC HIYMOBBLIX
MAaCKUPYIOIUX IIoMeX Mo Hokasaremo P, Ha ypoHe 0,1. IlosTomy npu
HCCIIEIOBAaHUN PE3YJIbTATUBHOCTH TPUMEHEHUsSI CTPYKTYPHBIX ITOMEX JUIS
KaXJIOTO BapHaHTa HAKOIUIEHHs CHIHala B TEXHHYECKOM CPEICTBE
nepexsara [IOMU (t.e. mpu BeIBoze Ha 3kpaH MoHuTopa 5, 10 u 30 xampoB
n300paKeHHs1)  UCIIONB30BAIOCH  WHAMBUAyAIbHOE  (DHKCHPOBAHHOE
3HAYECHUE OTHOLIEHMA ¢, . Ai1d 5 kagpoB uzobpaxkeHus ¢, = 0,99, nui
10 xagpoB — 0,90, a s 30 xkagpoB — 0,75.

OCHOBHBIMH TTapamMeTpamMH (OPMHUPOBAHHS CTPYKTYPHBIX IIOMEX
SIBIISIFOTCSI:

— BEpPOSITHOCTH TOSIBJICHUS] UMITYJILCOB CTPYKTYpHOH 1momexu P, ;

cII

—K03()(DULUEHT aMIUTUTYbI CTPYKTYPHOH IIOMEXU g, -
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Haubonee PpaOHAIEHBIMU BapHaHTaMH (dbopmupoBaHus
CTPYKTYPHBIX IIOMEX C TOYKHM 3PCHHs yBeJIWYeHHs P ABIAIOTCA Te, B

KOTOPBIX BEPOSTHOCTb IOSBJIEHUS HMMIIyJbCOB CTPYKTypHOH momexu P,

cocpenoroyena B uarepsaie ot 0,4 no 0,8 (pucyHok 7).

p A
0,25 — &
> e [~ 2
0,2
3)/ T~
0,15 >

0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 P,
Puc. 7. PanyoHanbHbli BBIOOP BEPOSTHOCTH HOSIBICHUSI KOMIIOHEHT CTPYKTYPHOM
TIOMEXH IPU KOHTPOJIbHBIX OTHOWIEHUAX ¢, (1 —ana 5 kanpos; 2 — qusa 10

KaznpoB; 3 —mst 30 KagpoB)

Jlnst kaxaoro BIOpAHHOTO BapHaHTa HakoruieHus curhHana [IOMU
CpPEICTBOM IlepexBaTa yBeldueHue P, 10 3HaueHHil ONU3KUX K eAUHULIe
NPHMBOJMT K BepossTHOCTAM P, He Bbie 0,2.

Ha ocnose PE3YyJIbTaTOB HMHUTAIUOHHOI'O MOJACIUPOBAHUA IIPHU
UCCcleoBaHUM pe3ysibTatuBHOCTH npuMmeHenuss CA3, Qopmupyromieit
IIYMOBBIE MAaCKHUPYIOIIHE ¥ CTPYKTYPHBIE IOMEXH, ObUIO MPUHSITO: NPHU
HaKoIlJIEHUH 5 KaapoB u3obpaxkenus P, = 0,6, npu HakomieHuu 10 kaxpos
nzobpaxenus — 0,56, a npu 30 kagpax — 0,53. Ilpu BBHIOpaHHBIX
HWHTCHCHBHOCTSIX IIOSBJICHHS KOMIIOHEHT CTPYKTYpPHOH IOMEXH ObUIH
HOJIy4YeHBl 3aBUCUMOCTH U3MeHeHusa P, oT g, (PUCYHOK 8).
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Puc. 8. PanmoHanbHbIH BIOOp K03 GHUIINEHTa aMILTUTY bl CTPYKTYPHOH OMEXH
(1 — s 5 xanpos; 2 — mas 10 xappos; 3 — st 30 kanpos)

—
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AHanu3 3aBUCUMOCTEH, IPEJICTaBICHHBIX Ha PUCYHKE 8 TToKa3al, 4YTo
pu HakoruieHnu curHayia [ISMU npu BbIBO/Ie HA SKpaH MOHUTOpPA 5 KaJpoB
n300pakeHuss I3MEHeHne K03 GHUIMeHTa aMIUTUTY bl CTPYKTYPHOM IIOMEXH
g., Ha unteppane or 0,50 mo 1,44 mpusogut k ysemuuenuto P, . C

YBEJIMYEHUEM g 0 2 IPOMCXOIUT HE3HAYMTENbHOE CHIKenue P, o1 0,37

no 0,30. [ns 10 xanpoB M300pakeHHMsT TOYKOW 3KCTpeMyMa SIBIISETCS
g =L,25. Ilpu 3HaueHusx g, npesbimaronmx 1,50, HaOmopaercs

camwkenune P, g0 0,42. Jlna 30 xagpos uzobpaxenus g =1,20. 3xecs

BOXHO OTMETHTh, YTO MHOTOKPATHOE IMPEBBIICHHE aMIUIATYIBI
CTPYKTYPHOM NOMEXH HaJl cpeHeil aMmunTyaoi curaaina [I9MU (t.e. B 1Ba
pasa, TpH pasa H T.JI.) MOXKET ObITh PEXKEKTUPOBAHA B IIPUECMHOM yCTPOHCTBE
TEXHUYECKOTo cpeicTBa nepexsata [IDMU [24, 25].

Kaxnomy Bapuanty Hakoruienust curnana [I9MU nonoGpana mapa
OCHOBHBIX ITapaMeTpoB (POPMHUPOBAHUSI CTPYKTYPHBIX ITOMEX:

— i 5 kagpoB — P, =0,60 npu g, =1,44;

— s 10 kagpos — P, = 0,56 mpu g, =1,25;

— s 30 xagpos — P, =0,53 mpu g, =1,20.

Jnst yka3aHHBIX BapuaHTOB (OPMHPOBAHMS CTPYKTYPHBIX IMOMEX
NIPOBEJICHO OLEHMBAaHUE pe3yapraTuBHOCTH mnpuMeHenus CA3  no
nokasaremo P, (pucyHok 9).

P F
onr
1
0,4
Q) \
—_— |
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Puc. 9. Pe3ynpTaTHBHOCTE IPUMEHEHUS CTPYKTYPHBIX IOMEX C PALMOHAIBHO
BbIOpaHHBIMH HapaMeTpamu ux ¢popmuposanus (1 — 5 kagpos; 2 — 10 xaxpos; 3 —
st 30 kagpoB)

W3 pucynka 9 BUAHO, 4TO IIPU pallMOHAIBHOM Hoabope P, U g,
Juis obecreyeHust TpeOyeMoi BEpOsSTHOCTH OIIMOOYHOTO BOCCTAHOBIICHUS
6noka rpaduyeckoil undopmauuu (Hanpumep, no yposuwo P =0,30)
Heo0X0a1MMO 00eCeynTh OTHOLIEHHE ¢, He Oonee 6. [Ipu yBennuenun
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JUINTENBHOCTH HAKOIUIEHHs II0JIE3HOTO CHUTHalla CPeACTBOM IIepexBara
[I9MHM BepoATHOCTh MOSBICHHUS HMIIYJIbCOB CTPYKTYPHOH IOMEXH
ctpemutcs k 0,50, a K03 GUIHMEHT yBeIHUYCHHS aMIUIUTYIbI CTPYKTYPHOM
nomexu K 1. [Toaromy Hambojee paluoOHaIbHBIM BapHaHTOM Ioadopa
rnapaMerpoB (GOpPMHPOBAaHUSI CTPYKTYpHBIX IOMEX MpH HAaKOIUICHUU
curana [IODMU cpenctB oTobpaxkeHns HMHOOPMALNHU, HCHOIB3YIOMINX
cranaapt DVI, cpencrBom nepexsara asisercs P, =0,50 u g, =1.

5. OueHuBanue  pe3yJbTATHBHOCTH  INPHMEHEHHMS  CHCTeM
AKTHBHOIO 3aIIyMJIEHHSI €O CTPYKTYPHBIMHM INOMeXaMH NpH 3alluTe
HHpoOpMALMM OT YTeYKH MO KAHATY MOOOYHBIX 3J1EKTPOMATHHTHBIX
H3JIy4eHHii cpeacTB oTo0pakenns nHpopmanum co crangaprom DVI. B
LeNsX TIPEeNOTBpPAIleHHsT YTeUKH KOH(UWAEHIUaNbHON uH(popManuu 1o
kanany [IDMU cucrema akTHBHOTO 3aIlIyMJICHHS 10JDKHA COPMHUPOBATH HA
TpaHuIe KOHTPOJIUPYEMOH 30HBI CTPYKTYpPHBIE IOMEXH, PABHBIE 110 YPOBHIO
UH(OOPMATUBHOMY CUTHATy, W IIyMOBBIC IIOMEXH, IPEBBINIAIOIINE ITOT
ypoBeHb B 1Ba paza [25]. KoappuIMeHT 3HepreTHuecKoro BhIMTPHIIIA OT
MIPUMEHEHHS CTPYKTYPHBIX IIOMEX IIpeJicTaBlieH Ha pucyHke 10.

HccnenoBanusi, NpoBOAMMBIE aBTOpaMHM  HAcTOsIEH  cTaTbH,
HOKa3adM, 4YTO AT OO0eCIeueHUs] BEPOATHOCTH PACHO3HABAHUS OJHOTO
CHMBOJIa, 0TOOpa’kaeMoro Ha 3KpaHe MOHUTOPA, He 6oiee 0,30, HeoOXxoAUMO
o0ecrieunTh BEPOSATHOCTH NPABHIBHOTO OINpPEAETCHUsT IBeTa OJoKa
n3zobpaxenus He meHbie 0,68. ITosromy ams oOecrieueHust 3aTpyAHSHUS
WM TIOJTHOTO MCKITIOUEHHs nepexBara nHdopmanuu o kanary [IOMU npu
OIICHUBAaHWH pe3ynbTaTuBHOCTH TpuMeHeHUs CA3 BBRIOMpannch Takue
BapHaHThl COBMECTHOTO IIPMMEHEHHSI CTPYKTYPHBIX U IIIyMOBBIX IIOMEX, ITPH

KOTOPBIX 00eCIIeYrBaETCs BEPOATHOCTD OLIMOOYHOTO PACIIO3HABAHHMS 1IBETA
6moka n3obpaxkenus ne menee 0,32.

A
P
our '.l \“ 0
I 2)
3 €)]
04 %1
0,32 LR P ST LE LRI tmesccoooo- T 'EE
130 E
0,2 _— : - >
9eim I 2 qCTp & > 6 7 8 m

Puc. 10. Jlons Beurpbimua 0Q) OT IPUMEHEHHUS CTPYKTYPHBIX TOMEX
(1 — 5 xanpos; 2 — 10 kagpos; 3 — nis 30 kagpos)
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[Tpu BbIOOpe mnapameTpoB (HOPMHUPOBAHUSI CTPYKTYPHBIX MHOMEX
UCTIONB3YeTCs KOA(PPHUIUCHT aMIUIUTY/bl CTPYKTYPHOHM [TOMEXH, MOITOMY
JUISl OLICHUBAHUS BBIMTPBHIIIA TPUMEHEHHS COBOKYIHOCTH CTPYKTYPHBIX U
IIYMOBBIX OMEX HEOOXOAMMO BBIIOHUTH MIEPECUET BBIUTPHIIIA IO ¢, -

OtHOmeHne ¢, MomHocTH curHana I[IOMM mo ammmryne x

CYMMapHOM MOIIHOCTH IOIYMOBBIX U CTPYKTYPHBIX IIOMEX MOXHO
IPEICTaBUTh YEPE3 ¢y, B CIECIYIOIIEM BUIE:

uc 1 _ qc/m

Uy +ucgcn l/qc/m +gcnqc/m /qc/m 1+gcnqc/m .

9em = (5)

I[J'ISI OLCHMBAHUA OTHOCUTCIIBHOI'O BbBIMIPbIIIA OT IMMPUMCHCHUA
CTPYKTYPHBIX TOMEX IO CPABHCHUIO C HIYMOBBIMU NMTOMEXAMU IMPUMCHACTCA
CJ'IeI[yIOHII/Iﬁ IMOKa3aTcib:

Sq =Y /qc/m‘ (6)

VYuuteiBas, 4To d¢g THapamerp, GOPMHUPYEMBIi [0 aMIUIUTYAE, TO IS
OLICHUBAaHMUSA OTHOCHTEIBHOTO BBIMTPHINA IO MOIIHOCTH HEO0XOIUMO
BHINOJIHUTG  ClleAylolnee mpeobpasoBanne 80 = dg°. OTHOCHTENbHEIH

BBIUTPBII (110 MOIIHOCTU M3JIy4YECHUs) NPUMEHEHHs CTPYKTYPHBIX HOMEX
80 or ymcna KaapoB N, IIpU PeIIeHHH 33/1a4dl 3aIUTHl HHPOPMALMU OT

yreuku o ka"Hainy [IDMU npencrasnen B Tabnume 1.

Tabmuma 1. OTHOCHTENBHBIA BRIUTPHIII OT IPUMEHEHHUS CTPYKTYPHBIX ITOMeX (110
AMIUIMTY/IC U IO MOIHOCTH HU3JIy4CHUSI)

N, Do erp Zen Qo 3q 80
5 0,54 799 | 144 | 0,64 1,18 1,40
10 0,49 541 | 125 | 0,69 1,39 1,96
30 0,33 229 | 120 | o061 1,87 3,51
100 0,31 3,39 1 0,77 2,49 6,21
600 0,12 0,63 1 0,39 3,23 10,41

Hcnonp3oBanue B CUCTEME aKTUBHOIO 3allyMIICHHS CTPYKTYpPHBIX
MoMeX JUIsi TEXHHUYECKOH 3aluThl KOH(UAECHIMAIFHONH HH(pOpPManuu OT
yreukn 10 kKaHaiy IIOMU cpenctB  oTtoOpaxkeHus: HMHGOpMALUH,
ACHONB3YONMX craHaapr DVI, mo3Bommino obecneduTh 3HAYCHUS
KO3 PUIMEHTa SJHEPTETHIESCKOTO BEIMTPHINIA B nHTepBae oT 2 10 10 pa3 (Ha
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3-10 nb) B 3aBHCUMOCTH OT JUIUTEIILHOCTH HakomieHus [I9MU nipu BeiBOIE
Ha 9KpaH MOHUTOPA 33JJaHHOTO KOJIMYECTBA KaPOB U300paKEeHUsL.

6. 3axuTiouenne. AHaIM3 COBMECTHOTO TIPUMEHEHHUS IIYMOBBIX
MacKHMPYIOIIMX M CTPYKTYPHBIX IOMEX IpH 3aIIUTe KOH(QHICHIHATbHOU
MHQOpMAIMK OT TEXHHYECKUX cpelcTB repexBata [IOMU moxasan, urto
CYIIECTBYET BO3MOXKHOCTh oOOecredeHusi TpeOyeMol pe3ysIbTaTUBHOCTH
3amuThl MHPOPMAIMU IIPU  KCIOJIB30BAHUM B CHUCTEMaX aKTHBHOTO
3alIyMJICHUS] CTPYKTYPHBIX M IIyMOBBIX IIOMEX C MEHBIIEH CyMMapHOH
MOIITHOCTBIO IO CPAaBHEHUIO C MOIIHOCTBIO CYIIECTBYIOIIMX I'€HEPaTOpPOB,
HCIIONIB3YIOUIUX TOJIBKO IIYMOBbIE MOMEXH. OCYIECTBIEH PallMOHAIbHBIN
oa0op napamMeTpoB (HGOPMHUPOBAHUS CTPYKTYPHBIX TIOMEX IS TPEX CIydaeB
HaKOIUICHUS! TIOJIE3HOTO CUTHAjla CPENICTBOM IiepexBara (TpH BHIBOAE Ha
skpaH MonuTopa 5, 10 m 30 kanpoB m3oOpaxkeHus). BrisiBieHo, 4TO NpH
YBEIMYECHUH JUINTEIBHOCTH HAKOIUIEHWS IOJIE3HOTO CHTHaja CPEACTBOM
TiepexBaTa Julsl peleHuns 3a1a41 3alUThl HHOPMAIMY OT YTEUKH 110 KaHAITy
[I3MMU HeobX0aMMO HCIIOTB30BATh CIIEAYIOIIHE ITapaMeTphl GopMHUPOBaHUS
CTPYKTYPHBIX TTOMEX: BEPOSITHOCTH IOSBICHHUS OTIACIBHOTO HMITYJIbCA —
0,5; kodpduIUEeHT yBEeNWMUCHHUS AaMIUTUTYABl CTPYKTYPHOH TIOMEXHW B
uaTepBane ot 1,2 mo 1,5. [Tomy4deHpl 3aBUCHIMOCTH U3MEHEHHUS BEPOSITHOCTH
OLIMOOYHOIO BOCCTAHOBJICHUSI OJyioka rpaduueckoii MHGOpMALUH OT
oTHomeHUA cpeaHed amrmumTyasl curHama [IOMU k CKO mrymoBbIx
MaCKUpYIOIMX IoMeX. llpuBemeHbl  3aBHCHMMOCTH  Ko3(dduuueHTa
9HEPreTUYeCKOro BHIUIPHIIIA OT KOJMYECTBA HAKAIUTMBAEMbBIX TEXHUYECKOM
cpenctee nepexsara [IOMU mo cpaBHEHHMIO ¢ IIYMOBBIMH MOMEXaMH OT
KOJIMYECTBa  KaJIpoB H300pakeHWH, BBIBOAMMBIX Ha  YCTpOWCTBa
otoOpaxenus crangapra DVI.
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Protection from Information Leakage in the Stray Electromagnetic Radiations Channel.

Abstract. This work is devoted to the rational choice of formation parameters for the
masking noise and structural interference and their combined use for the protection of
confidential information against leaks in the stray electromagnetic radiations channel of the
displaying units using the DVI standard.

The work describes the simulation features of the influence of the interferences formed by
the active jamming system on the quasioptimum receiver which serves as a tool for the
interception. The principles of the pulse components formation in the stray electromagnetic
radiations from displays based on the DVI standard-based video data transfer and specific pulse
components of structural interference are presented. Noted that mode information output to the
monitor screen have the broadband and repetitive stray electromagnetic radiations matching on
frequency of the frame scan devices video path.

The indicator is set for the estimation of effectiveness of structural interference in the
solution of the data protection problem from leakage through the channel of stray
electromagnetic radiations — variations of the wrong color recognition probability in the block
of graphic information. A detailed description is given for the dependences of the effectiveness
indicator of structural interference on a number of frames of an image, accumulated in the
technical tool for the interception of stray electromagnetic radiations, as well as for signal/noise
to amplitude relation at the input of the technical interception tool.

On the basis of the simulation results we have evaluated the effectiveness of applying
structural interference on active noise systems. Identified the feasibility of using structural
interference with the protection of confidential information from leaking through the channel
stray electromagnetic radiations means of information display the DVI standard. The advantages
of decreased total output and power consumption by the active jamming devices are shown in
comparison with the masking noise and traditional jamming methods.
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YIK 681.511, 517.935 DOI 10.15622/sp.58.8

C.A. BPAXEBCKUI
MOJIU®UIIMPOBAHHBIN AJITOPUTM BAKCTEIIIHUHIA C
KOMIIEHCAIIMEN BO3MYILIEHUM JIUISI YIIPABJIEHUSI
HEJUHEWHBIMU OB bEKTAMMH 110 BBIXO1Y

Bpaocesckuii C.A. MoanuUMpPOBaHHBIN aJIropuT™M OIKCTENNMHIAa € KOMIEHcaluei
BO3MYIIEHHUIi 1Sl yIPaB/IeHHs] HeTHHeiHBIMH 00beKTaAMU 110 BBIXOIY.

AnHoTanusi. Pemaercs 3amaua clexeHHs [UIsI HEJIMHEHHOro OOBEKTa IO BBIXOIY B
YCIIOBHUSIX BHEIIHMX OTPAaHMYCHHBIX BO3MYIICHHH, HEJOCTYNHBIX U1 H3MepeHus. OOBexT
YIIPaBIICHHS ONUCHIBACTCS TIaAKUMU (QYHKIHAMH, I KOTOPBIX MOXET OBITh OIpEeNeHa UX
OTHOCHUTENbHAs IMHAMHYECKas cTeneHb. (DYHKIMS BO3MYIICHHIl YIOBICTBOPSET YCIOBHIO
Jlummmna. Mcmonb3oBaHBl CTaHZApTHBIE MOAENBbHBIC IPEoOpa3oBaHUS I Iepexoga K
ONHCAaHUIO JWHAMUKH OOBEeKTa B oOmHOKax. Ilpu cuHTe3e alnroputMa HCIOIb3yeTcs
HTEpaTUBHAs NPOLEAypa C KOJIMYECTBOM IAroB, PaBHBIX MOKA3aTeNI0 OTHOCHTEIbHOU
JMHAMUYECKO# crerneHn oObekra. [IpemnokeHHas cucteMa ynpaBieHUs MPEACTaBIAET co00it
pobacTHYI0 MOAM(UKALUIO alropHTMa OOpaTHOrO 00XOJa HHTErpaTopa U COXpaHSIET ero
CcTpyKTypy. KitoueBble W3MEHEHHS B alrOpPHUTME COCTOST B HCIOJNB30BAHHM METOZA
BCIIOMOTaTeJIbBHOTO KOHTYpa I/ OLEHKHM M KOMIICHCAI[HU CHTHAJTa BO3MYILIEHHS, a TAakkKe B
MOJIENIBHBIX IPEe0OPa30BaHUSX, TO3BOIIONINX YMECHBIIUTE KOIUYECTBO (GHIBTPOB B CHCTEME
ympaBieHHs. MeTo BCIIOMOraTeIbHOTO KOHTYpa JaeT BO3MOXHOCTh Ha KaX[JOM Ilare CHHTe3a
aIrOpUTMa BBECTH B PACCMOTPEHME MOMENb JKENAaeMOH NUHAMHKH OLIMOOK CIEKEHHUS, 4TO
SIBIACTCSI OCHOBOM JUI OLEHKH BEIUYHHBI BO3MYIIAIONIET0 BO3ASHCTBHA. [l oOIeHKH
HEH3BECTHBIX CHTHAJIOB W HMX MPOM3BOJHBIX HCIOJIB3YIOTCS H3BECTHBIE HAOMIONATeNN C
CWIIbHOM 00OpaTHOW CBs3bI0. J[OKa3aHa CXOIMMOCTb OIIMOOK CIEXKEHHS W HAOIIOJNCHUS B
3aMKHYTOH CHCTEME 3a KOHEYHOe BpeMs C HACTpaHBaeMOH TOYHOCTBIO, 3aBHCSMIEH OT
BEJIMYMHBl BO3MYLIAIONINX BO3JEHCTBHII M IapamMeTpoB peryisiTopa. OQPQeKTHBHOCTH
aIropuTMa MOATBEP)KACHA Ppe3yabTaTaMH KOMIIBIOTEPHOTO MojenupoBaHus. IIpuBeneHs
rpauku pabOoTHI IPEATOKEHHOTO METOa U ONMIDKAMIIero aHauora B peXkuMax CTaOHIn3aliu
1 CIISKEHHS, U IIPEICTABIICHB! KOJIMIECTBCHHbIE IT0KA3aTeNH, II03BOJIIONIIE OIICHUTH Ka4eCTBO
perynupoBanus. IIpakTuueckas HPHMEHHMOCTh METOJA PAcCMOTpPEHa Ha IpUMepe 3aJadyu
ynpasieHus 1adopatopHbiM cTeHoM «Twin Rotor MIMO System», KOTOpBIit BOCIPOM3BOIUT
JUHAMHKY BHHTOKPBIIOTO JIETATEIbHOTO alapara.

KimoueBble c10Ba: METO GIKCTEINIUHIA, METO]], BCIIOMOTaTEIbHOTO KOHTYpa, HelHHeifHas
cHcTeMa, PoOacTHOE yIpaBJICHHE, KOMIICHCALHS BO3MYIIICHHH, YIIPaBJICHHE IO BEIXOMY.

1. BBegenue. Meton Oskcrenmmnra (backstepping method, npyrue
HA3BaHUS: METOJl 0OpaTHOTO 00X0Aa MHTErpaToOpa, HTEPATUBHBIE TIPOIETY-
PBI CHHTE3a) IIMPOKO U3BECTEH B COBPEMEHHOM Teopuu ympasiieHus. Brep-
BbI€ OH OBUI MPEMJIOKEH I PEIICHUS 3a/Ja4d aJalTHBHOTO YIpPaBICHUS
HEJMHEHHBIMU 00BbeKkTamMu 10 Beixoay[1]. Ha 6a3e maHHOro moaxonaa moiy-
YeH psiJ| pelleHnH, 00eCIIeYMBalOIINX BEICOKOE KaueCTBO MEPEXOIHBIX MPO-
1eccoB 0e3 MCMONB30BaHUs CIIBLHON oOpaTHOW cBsi3u [2-4]. B pabGote [5]
Ha OCHOBE 09KCTEIIMHTA NPE/II0KEH aJalTHBHBIA  POOACTHBINA PEryIsTop
JUISl YTIpaBIICHUS JIMHEHHBIMU 00BbEeKTaMu 10 BbIxoay. B [6-10] meTox pac-
MIPOCTPaHEH Ha pa3lWYHbIC KJIACChl HEIMHEHHBIX CHUCTEM. TexHHdYeckas
peanuzanus MeToaoB [2-10] cioxHa U He yHHBepcaibHa [0 OTHOUIEHHUIO K
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BHIY MOJENH 00BEKTa yIpaBIeHUs, TpeOyeT MOCTPOSHIS OOIBIIOrO KOJH-
YecTBa KOMIIOHEHTOB U (DMIIBTPOB.

B nanHoii pabote paccmarpuBaercst MoAUGUKALM METOa OIKCTel-
NMHTA JUIsl YNPaBJICHUS HETMHEHHBIMUA OOBEKTaMU 10 COCTOSHHUIO IIPHU BO3-
JIECTBUM Ha OOBEKT OTPAHWYCHHBIX BHEIIHUX BO3MyIeHWH. [IpemioskeH-
HBIIl pe3ysbTaT OCHOBAaH HAa MCIOJb30BAaHUM POOACTHOIO METO/a BCIOMOTa-
TEJILHOTO KOHTYpPa, KOTOPBIN ObLT BIIEpBHIE MpescTaBiieH B padbore [11]. bua-
rojiapsi IpOCTOTE CHHTE3a M BBICOKOH 3((EKTUBHOCTH B PELICHHUH 3a/1a4d Po-
6acTHOTO yNpaBJIEHHs] METO/ BCIIOMOTaTeIbHOTO KOHTYpa CTajl OCHOBOM IS
[IENIOTO psiia PelIeHWH B pa3nuuHbIX obOmactsax [12-15]. Hcmomb3oBaHme
BCIIOMOTaTeJIbHOTO KOHTYPa ISl MOIM(UKAIMKA METOJa O9KCTENITUHTA BIIEp-
BEIE paccMOTpeHo B pabore [16]. B [17] moka3zaHo, 9TO MaHHBINA MOAXO[ B
JMHEHHBIX CHCTEMaX ITO3BOJISIET JOOUTHCS KOMIICHCAITNH HECOTIIaCOBAHHBIX
BO3MYIIECHHUH (BO3MYIIEHHUH, KOTOPBIE IPHCYTCTBYIOT B YPaBHEHHUAX 00BEKTa,
TZIe HE COACPIKUTCS CUTHAJ yIpaBiieHus). B cTaThe Takxke HKCIIEpUMEHTAIIb-
HO TIOKa3aHO, YTO OPUTHHAJIBHBIA O3KCTEMITHHT CIIOCOOEH CIIPABUTHCS C aHa-
JIOTHYHOM 3a/1a4ei TOJIBKO B TOM CIIy4ae, €CIIF BO3MYIIEHHUS Oy YT JOCTYITHBI
U3MEPEHHIO, a IS BCIIOMOTaTeIbHOr0 KOHTYpa HEOOXOMUMO, YTOOBI BO3MY-
nIeHus ObUTH COrjlacoBaHHbIMH. B pabote [18] mokaszaHa CXOIUMOCTh ajro-
puT™MOB yrpasieHus u3 [16, 17] mis ciyyast THHEHHBIX 0OBEKTOB C 3ara3/bl-
BaHMEM I10 COCTOSIHUIO. B Hacrosed padore pesyibrarsl [16-18] npumens-
I0TCSI JUIsl pELIEHHs 3a]]a41 YIIPABJICHHS HETMHEHHBIM OOBEKTOM I10 BBIXOJTY.

Jis paboTHI ¢ HETTMHEHHBIMI 00BEKTAMU aBTOPOM HCTIONIB3YIOTCS pe-
3yIBTATHI, TOMy4eHHbIe B [19]. B ctarse [19] ms anropurma O3KCTEMHHTA
TIpeIIoKeHa MOAU(UKAIINS, KOTOpas CYIIECTBEHHO YIPOIIAeT MPOIecC CHH-
T€3a CHUCTEMBl YIpAaBICHHWS 3a CUET YMEHBIICHHUS YHCIa HCIIOIh3YEMBIX
(UIBTPOB IO OAHOTO C Pa3MEPHOCTHIO, PAaBHOW OTHOCHUTEIHHOM CTETCHH
0o0beKTa ympaBiieHHus (TIOJ OTHOCHTEIBHOW CTENCHBIO JMHEHHOTO 00BEeKTa
yIpaBJIeHUs] TOHUMAETCS Pa3HOCTh MOPSIIKOB 3HAMEHATEIS U YHCIUTENS Tie-
penaTouHoi (OYHKIUM; IS HEIMHEHHBIX OOBEKTOB MOHATHE OTHOCHUTEIBHON
crenenn 000011eHo B [2]). ITo cpaBHEHHIO C aHATIOTHYHBIMHA MOTU(DHUKAITHSI-
MH [5, 9], HO3BOJISIOIIMMYU CHU3HUTH YHCIIO HEOOXOAUMBIX (PUIIBTPOB OTHOCH-
TEJILHO OpPUTHHANA, JaHHBIN MMOIX0A 00J1aJaeT HAMMEHBIIINM TT0Ka3aTeNeM 1o
YHCITy (QUIBTPOB B CTPYKTYPE CUCTEMBI YIPaBICHHUSL.

OtimareM NaHHOHN paboTh OT [19] sIBISETCS MOIXOM K CHHTE3Y CH-
CTEMbI YIPaBIEHHs, aHAIOTHUHBINA [16-18], HO ¢ ucmonb3oBaHHEM Mapa-
MeTpU3aluy, npeaiokeHnoi B [19]. Takol moaxo/ CymeCTBEHHO MOBBIILIA-
€T YCTOMIUBOCTh 3aMKHYTOH CHCTEMEBI IT0 OTHOIICHHUIO K BHEITHNUM BO3MY-
IICHUSM U TTO3BOJISET TOCTUYb YHHBEPCAIFHOU IO OTHOUICHUIO K BUAY MO-
Jenn 00beKTa YIPABICHUS CTPYKTYPHI PEryIATOpa, a TAKKEe HCIOIh30BATh
€IMHCTBEHHBIH (UIBTP cOCTOSHUS. B nTore crctema ympaBieHUs] COXpaHs-
eT MPEenMyIIecTBa IMOAX00B, TIOJ0KEHHBIX B €€ OCHOBY, W JIMIIIEHA UX HE-
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JOCTAaTKOB, HAIIPUMEp, TAKUX KaK HCIOJIb30BaHUE CHIIBHOI 00paTHOM CBA3M
B [19]. B pa3gene 6 moka3aHO, YTO aJTOPHUTM YIIPABICHHUS Ha OCHOBE MO-
JuduUKalMM ¢ HCIOJIb30BAHHEM BCIOMOIaTeNIbHOTO KOHTYypa CHOCOOEH
JIydme KOMIICHCUPOBATH BO3MYIIAIOMINE BO3H€ﬁCTBHH IIpu COM3MEPUMBIX
MO0 MEHBIINX AMIUIMTYJaX YIIPaBJIAKOIUX CUTHAJIOB.

2. Mogeanb ucciienyeMoro o0bexkrTa ynpasjenns. PaccMoTpum He-
JIMHEHHBIH 00BEKT yIpaBICHUS:

X(2) = 1 (x(2),8) +b(x(2), E) (1) + (x(1), 1)),

)

y(0) = h(x(1)), x(0) = xy,2, =0,
rae x(¢) € X € R" — Bekrtop cocTosHus, u(t) € R — CUTHAJ yIpaBJeHus,
y(t)eYcR — BBIXOOHOM CHTHaN, JOCTYIHBIH  HM3MEPEHHIO,

teT c[0,0), f(x,&), b(x,&) u h(x) — maakue (QYHKIUH COOTBET-
CTBYIOIINX pasMepHOCTel, ¢G(x,1) — (YHKIHUA HEM3MEPSEMBIX BO3MYIIa-

IOIIMX BO3JIEHCTBUH, mpuueM ¢(x,f) orpaHuueHa JUOO OrpaHUYCHHAas Ha

MHOXecTBe T W jummuieBa 1mo x(¢) € X, £ € 2 — BEKTOp HEM3BECTHBIX
apaMeTPOB, = — U3BECTHOE OIPaHUYEHHOE MHOXKECTBO, X, € X — BEK-
TOp Ha4aJIbHBIX yCIIOBUM.
Ilens ympaBiieHUsS — CHUHTE3UPOBATH HEIPEPBIBHBIA 3aKOH YIIpPaB-
JIeHUs1, 00eCTIeUNBAIOIMH BHITIOIHEHHE LIEJIEBOTO YCIIOBHUSI:
@) -y, <8,t>1,. )
rae O >0 — gmomycTUMas TOYHOCTb PEryJUpOBaHUs, V,(f) — STaJOHHBIHA

CHTHAJ (CHTHAJ CJIEXEHUs ), OTPAaHNUCHHBI BMECTE CO CBOMMHM IIPOM3BOJ-
HbIMY, ¢, >0 — BpeMs NepexoHOro Ipolecca.

CuHTe3 CHCTEMBI yIpaBlieHHs OyZeM IMPOBOIUTH B paMKax CIeIyro-
IIMX MOJEJIBHBIX NPEANOI0KEHHH Il 00BEKTa YIPaBICHHS.

Ipeononoscenus:

1. dns mr00b1x x(#)€ X u £ € E B CHIIy HENIPEPHIBHOCTH (DYyHKIHH

f(x,8), b(x,&) m h(x) BBINOIHEHHI YCIOBUS:

Lyh(x)= L, L' h(x) = ...= L, h(x) = 0,B(x,E) = L, L h(x) > 0, (3)

dh(x) f(x,8), Lh(x)= ah(x) b(x,&) — mpoussognas Jlu ot
dx dx

¢GbyHkupM A(x) Mo HampaBlIeHHSM BEKTOpHBIX monei f(x,&)u b(x,E) co-

rae Llfh(x) =
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OTBETCTBEHHO; y<n , Y — OTHOCHTENIbHas CTEeNeHb OOBEKTa yIpaBie-
Hus [2]. Ilpu a3ToM npousBogHbIe JIU BEICIINX MOPSIAKOB UMEIOT BUA:

(,()) d(Lj ())

L h(x) = F,8),s Lyh(x) = ——2 f(x,8).

2. OyHKIUA c(x,g):Lyfh(x) orpaHnyeHa JmOO OrpaHHMYeHa Ha
MHOECTBE Z | Iumuuiesano X € X .

3. Cymectsyer dpynkuus ¢ ' (X) Takas, 4ro:

() = 000 = [0, 30, VO =[G, Lyh(x),e LR (4)

3. MopeanHble mpeoOpa3oBaHus. Bocnonb3yemcs H3BECTHBIMU
MO/JIENIBHBIMU ITPE00pa30BaHUAMU ISl IEPEX0a K MOJEIH O0BEKTa yIpaB-
neHus B ommoOkax [19]. Onupasick Ha npennonoxenue 1, npoauddepeHuu-
pyeM ypaBHEHHE BBIX0/1a 00BEKTA YIPABICHUS Y Pa3:

P y() =c(x,8) +Px,E)u(®) +(x,0)) &)

rme p=d/dt — oneparop nubddepeHimpoBanus. YpaBHEHHE OMIMOKH
e, = y(t)—y,(t) MO)KHO IPeoOpazoBaTh K BULLY:

ple(t) =c(x,8)+Px,E)u®) +o(x,1) — p'y,(0) . (6)

Paccmotpum oneparop O, 4(p)= Z, ok p' Takoi, 4TO MONHHOM
OM)=A"+0Q, ;(A) — rypeures, A — KommIeKcHas nepemenHas. Ipe-
obpasyem (6) k BUAY:

O(p)e(t) =u(t) +y(x,u,8, y,,1), (7
rae y(x,u,&,y,,t) — GYHKIMSA MapaMeTPUYecKUX U BHEITHUX BO3MYIIe-
HUH BUIA:

y(x,u,8,p,,1) = c(x,8) + B(x,E)p(x, 1) +
+(B(x,&) = Du(t) = p'y,(0)+ O, (p)e (1)

4. CunTte3 cucremMbl ynpasiaenusi. C yuerom (7) cocTaBuM ypaBHe-
HUE OLIMOKH B BHUJIE:

()= 0(p) u(®)+O(p) w(x, 1,5, y,.1). ©))
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Paccmotpum ustp [19]:

W(t) = Agv(t) + lu(r) (10)
rae
v To —k,
W(t) = V{m = 0 Ay = _{cz T
vy.(t) 1 —}cy 0 - 0

C yuetom (10), mpeodpazyem (9):

a0 =1O+0(p) Y(x.1.E.p,.0). (1)
[Ipurnmas Bo BHUMaHue (10), Haiinem npousBoaHyto (11) B Buze:
a(O) =~k (O+v, () + pO(p) W8 ,.0). (12)

0603Ha4YMB fl =ce + pO( p)_] y(x,u,&E,y,,t) B KadecTBe HOBOU
¢hyHKIMK BO3MYIIEHUH, mpeobpasyem (12) k Buny:

é,(t) = —ce,(t) — kv, () + v, () + f,. (13)

Janee mMeTo GIKCTENMHHTA, €CIIN €r0 HEMOCPEICTBEHHO MPHUMEHSTh
k mozemu (10), (13) mnst pemenns 3agaqm (2), IpennonaraeT UTEpPaTUBHYIO
MIPOLEAYpPY CHUHTE3a BCIIOMOTATENbHBIX 3aKOHOB YIPABJIECHHS OIS KaXIIOTO
YpaBHEHUSI COCTOSIHUSI U CUHTE3 PEalbHOI0 3aKOHA YIPABJIECHUS Ha MOCHE-
HeM mare [1]. Ecnmu 651 Mozmens oObexta (1) HE comeprkana HEW3BECTHOE
Bo3MymeHHe @(x(¢),#) , TO IOCTABICHHYIO 3a1ady MOXHO OBLUTO OBI PEIIUTH
C UCIOJIb30BaHHEeM anroputMoB u3 [1, 16]. O6o0mmmM axroputm [16] Ha
cinydait Hamumuus @(x(7),¢) B (1). IlpumenuM mporenypy OdKCTENIHHTa

CHHTe3a 3aKoHa yrpasieHus [1]. B ormune ot [1, 16] nomomHuTeNbHO Ha
KaX/IOM Ilare BBEIEM B PAacCCMOTpPEHHE BCIIOMOTATENbHBIM KOHTYp VIS
OLICHKM BO3MYILEHUN U WX NOCIEAYIOLIEH KOMIEHCAluHu. Takod MoAxon
obecrieunBaeT KOMIICHCAIINIO BO3MYIIICHUI, He puderas K CHIIbHOM o0part-
HOW CBSI3U M HE yBEIMYUBAs aMILTUTYABI YIIPABIIOMINX CUTHAIOB OOJbIIIE,
4eM TOTro TpeOyeT BeTU4YMHA MOIJIeKAIIX KOMITEHCAITUH BO3IeHCTBUH.

Llaz 1. BBeneM B pacCMOTPEHHE MEPBBII BCIIOMOTraTeNbHbIM KOHTYD
CIIEYIOIIETO BUAA:

& (1) =—cief () =k (D) +,(). (14)
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Ha ocnose (13) u (14) MOKHO paccCMOTPETh OIIMOKY paccorIacoBaHMS:

EO=¢®)—e'(0) (15)
U ee IPOU3BOIHYIO:
L=6()-& 1) =—a&O+ /0. (16)
[epemumiem (16) 0OTHOCHTETBHO ];] ®):
J}l(f)=§1+01§1 . (17)
Moncrasmss (17) B (16), mepenmmem (16) B Buze:
&(1) ==, () =k (1) + vy () + &, (1) + ¢ &, (1) - (18)

[Ipenmonoxum, 4to (QYHKIMA V,(f) MOXET paccCMaTPHBATHCS Kak

yrnpapisiiomas  GyHkuus 1o otHomieHuro K cucreme (13). Ilycts
v, () =u,(¢) . 3agaguM BCIIOMOTATEIbHBIN 3aKOH YIIPABICHUS B BUJIE!

uy (£) = ki (1)=&, (1) —c, &, (). (19)

3uaueHus QyHKImE & (f) HEU3BECTHBI, HO IPH 3TOM HX MOKHO OIle-
HUTB, UCTIOJIB3Ys HaOIro1aTels, mo3roMy nepenumieM (19) B popme:

ul(t):klvl(t)_él(t)_clal(t)a (20)

rae él(t) — omeHKa (QyHKIUU é_,l (t), monyueHHas ¢ OMOMILIO PEATBHOTO
muddepenumpyromero 3seHa:

%](r)=ﬁal(r), @1

rae p — omepartop nuddepentmponanus, | >0 . [oxcrasiss BcrioMmora-
tenbHOE yrpasieHue (20) B ypasaenue (18), moxyanm:

()=—ce(t)+e,+m (), (22)

rae nl(t)zél(t)—él(t) — ommubka Habmonarens, e,(t) — omubka BUp-
TYaJIBHOTO YIIPABJICHHUS:

e, =v, (1) —uy (7). (23)
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Llae 2. C yuetowm (10), Halizem npou3BoaHYIO OT (23) B BHIIE:
& (t) =—kyv (1) +v5(t) =1ty (2) . (24)

BBeneM B paccMOTpeHHE BTOPOM BCIIOMOTaTENIbHBIM KOHTYD CIEdy-
JOLIETO BUJA:

& (1) =—c,& ()~ kv (1) + 5 (1) . (25)
Ha ocuoge (24) u (25) paccmoTpuM ommOKy paccoriacoOBaHHS:
() =e)-& (1) (26)

U €c HpOI/I3B0,Z[HyIOZ
&) =&,(0) & (1) =5, (1) + /i, 27)

rae f,(¢t) =—u,(t)+c,e,(t) paccmarpuBaetcst Kak (GYHKIWS BO3MYIIEHHHA
Jutst noacuctemsl (24). M3 ypaBHenus (27) cnenyert, 4to ajist pyHKIUU BO3-

MytieHni f5(f) MoxKeT GbITh MOJTyUeHa OlEHKA:

LO=8+a,. (28)
Takum 00pa3zom, BeIpaxeHue (24) MOKET OBITh IPeoOpa30BaHO K BUAY:
& () = e, () — ey (£) +v5 (D) +E, (1) + 6,8, (2) . (29)

AHaJIOru4yHo PacCyKJACHUAM Ha NPEABIAYIIEM Mare JonyCcTum, 4To
GbyHKLIUS v4(f) MOXKET paccMaTpuUBaThCA KakK yNpaBisiomas (yHKUUS IO

OTHOIIEHUIO K cucteMe (24) Tak, 4TO BBIIOIHACTCS yCIOBHE V5(t) =u, ().
3amaauM BTOPOM BCIIOMOTATENbHBIH 3aKOH YIIPABICHUS B (JopMe:

Uy (1) = kv () = &, (1) — 0,8, (1) . (30)

3uaueHus GyHKUHU &, (f) HEM3BECTHBI, HO UX MOXHO OLEHUTH, WC-
MOJTB3YSl HaOIMoAaTeNb, TodToMy nepenwuiiem (30) B popme:

() = kv, ()~ &, (£) — €55 (8), 31)
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rie éz(t) — ouenka Gynkuun &,(7). IloacTaBnss BCIOMOTaTeNnbHOE

yrnpasienue (31) B ypaBHerue (29), momydum:
& (1) =—cy6, (1) + &5 + 1, (1), (32)

rae M, () = éz (t)—é2 (t) — omubka HaOmomaTens, e;(t) — omubka BUp-
TYaJIbHOTO yIIPaBJICHHS:

&5 = vy (1), (1) (33)

AHaNorn4Hele paccy>kKACHUS CIIpaBeUIMBHI [T aHAJN3a ypaBHEHHH
omuOoK e; npH i =1,..,y—1. Pe3ynapraroM sBIAIOTCS BUPTyalbHbIE 3aKO-

HBI yTPaBJICHUS W YPaBHEHUS 3aMKHYTBIX IOJCHCTEM, aHaiorudHeie (31)
1 (32) COOTBETCTBEHHO, C TOYHOCTBHIO JO 3HAYCHUNA MHIEKCOB HCIIONB3YyE-
MBIX IEPEMEHHBIX.

Ilae vy. Paccmorpum omuOKy BUPTYaJbHOTO  YIIPaBICHHSA
e, =v,(t)—u,_,(¢) , TOIy4ICHHYIO Ha IIare y — 1, ¥ €e MPOU3BO/HYIO:

e, (1) ==k, v () +u(?) —u,_, (1) , (34)

rae u(t) — peanpHOE yHpaBisIIoNlee BO3IeiicTBHEe Ha 0OBeKT. BBexem B
paccMOTpEHHE BCIIOMOTAaTebHBII KOHTYP CIIEIYIOIIETo BIa:

e (t)=—c,e ()—kv (&) +u(t). (35)

PaccMoTpuM  OmIMOKY —paccorjacoBaHHs Ha OCHOBE ypaBHe-
uuii (34), (35):

&0 =¢,0)-€0). (36)

[IponsBoxHas ommoOKu paccoriaacoBanus (36) nMeeT BUA:
§,(=¢,()-¢) (==& (O)+],, (37
riue fy(t) =—u, (1) +c,e,(¢) paccmaTpuBaetcs kak QyHKIHS BO3MYIIEHHE

i noacuctemel (34). U3 ypasuenus (37) ciemyer, 4to Uit (QYHKIMH

A

fy (t) MoxeT GBITH TIONTyYeHa OIEHKa:

L=k +ck,. (38)
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Jlunamuka ormoku (34) MoXkeT ObITh TIeperrcana ¢ yuetoM (38) kak:

&, () =—c,e,()—ky () +u®)+&, () +c,E (). (39)
3aaauM 3aK0H YIIpaBJICHUS B BUJIE:
u(t) =k (1) -&, ()-8, (). (40)

3HayeHuss HYHKIIMU ﬁy (t) HeW3BECTHBI, HO MX MOKHO OIEHUTH, MC-

TIOITB3YS HAOII0AaTeNb, T03TOMY Hepenwiiem (40) B popme:
H(t) = kyvl (t)_E.!y (t)_cygy (t) H (41)

rae éy (t) — ouenka QyHKIUH é_,y (¢). Mloncrassist 3akoH yrpasieHus (41)

B (39), nomyanm:

é,(1)=—ce,(t)+n, (1), (42)

rae M, (1) = é_,y - é_,y (t) — omunOka HaOIIOHATEN.

CdhopmupyeM OCHOBHO# pe3yJIbTaT CTaThU.

Ymeepoicoenue. I1ycTh BBIIIOIHEHB! YCIOBUS NPEANOI0KEHUN 1-3.
Torma cymecTByloT 3HaueHus mnapamerpos ¢; >0,i=17y,p, >0, takue
yto npu W € (0;11,] anroput™ ympasieHus, cocTosuuii u3 guasrpa (10),
BCIIOMOTATENBHBIX KOHTYpPOB (14), (25), (35), BcrmoMoraTenbHBIX 3aKOHOB
yopasienus (20), (31), mabmogatens (21) u 3akona ympasnenus (41),
obecrieunBaeTr s oObekra  ynpaeineHus (1)  BblmosnHeHUe
1eu ynpasieHus (2).

5. loka3ateabcTBO. PaccMOTpUM ypaBHEHUSI 3aMKHYTBIX CHUCTEM
10 OUIMOKaM:

e(t)=——cet)+e, +n;(0),i=Ly-], (43)
e, (1) =—c,e ()+n, (1), (44)
Hjlf]j(t):_n(t)"‘“jz&j(t):j:ﬁ- (45)

C y4eToM IOJIOKHUTENBHOCTH K03()(UIMEHTOB ¢; U BUAA ypaBHe-

Hus (45) MOXKHO 3aK/IIOYMUTh, YTO OIMMOKU e; OyZyT OrpaHUYEHBI B CIIy-
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4ae, €CJIn OTrpaHUYCHbI CUTHAJIbL E—’j ", KaK CJIICACTBHC, OIIHOKH Ha6moz[a-

Tenst M;. [t okasatenbCTBa OrPaHHYCHHOCTH & ; BOCIOJIB3YeMCsl Clle-

nyrouieit JIeMMoid.
Jlemma. Ilycts cucTema BUA:

x= 005 1,0), (40)

S S
e x(1) e R, p=col(y,1,) €R?, f(x,u;,1,,t) — JUMIIKLEBA TIO X
U OTpaHHYEHHAs 10 ! (YHKIHUA UMEET 3aMKHYTOE OIPaHUYEHHOE MHOKe-
CTBO IPUTSKEHHUSL:

Q={x:P(x)<C},

rae P(x) — IIaaKas HONOXKMTENBHO onpenenenHas ¢pyukims B R° . Ecim

cymectBytoT uncia C, >0 u p, >0, Takue 910

sup |:<[VP(x)]T (5 0)

It <wiy

P(x)= C} <-C,

TOrja cylecrByer L, >0, Takoe uto cucrema (46) mpu p, € (0;u,] co-

XpaHsgeT 001acTb IPUTHKEHUS € .

Jlemma sBrisercs oboOmiennem jgemmbl bpycuna [20] mns cmydas
CHUCTEM HEaBTOHOMHBIX auddepeHuanbHbiXx ypaBHeHuit [21-22]. Takum
o0pa3om, 151 COOTBETCTBHSI TpeOoBaHUAM JIeMMBI HEOOXOIMMO MOKA3aTh,
yto cucrema (43)-(45) Oyaer aCUMNTOTHYECKH YCTOHYMBA B CHHTYJISIPHO
HEBO3MYIIEHHOM BHUJE, TO €cTh npu L, =0. Torga B ucxonHoit dopme

npu p, >0 oHa OyZeT UMeTb aHAJOTMYHYIO O0JNACTh HPUTSKEHUs, a 00-

JIaCTh JUCCUNIATMBHOCTH MOXET OBITh OI[CHEHA C MCIOJb30BAHUEM arlla-
para ¢dynkuuu JlsmyHoBa.

st moxaszarensCTBa acCMMIITOTHYECKOH YCTOWYHMBOCTH CHHTYJISIPHO
HEBO3MYLIEHHOH cuctemsl (43)-(45) chopmupyem ¢ynkiuo JlsmyHoBa,
aHAJOTUYHYIO HCIIOIb3yeMoii B padore [16]:

V(t)= 0.5Zy:ef () + 0.5ZY: THOR (47)
i=1 i=1

SPIIRAS Proceedings. 2018. Issue 3(58). ISSN 2078-9181 (print), ISSN 2078-9599 (online) 191
www.proceedings.spiiras.nw.ru



POBOTOTEXHUKA, ABTOMATU3ALINA N CUCTEMBI YINPABJIEHNA

1 pacCMOTPHUM €€ IIPOU3BOJHYIO:

. Y vl Y Y
V() ==Y ce 1)+ e(D)e, (t)+ Y e (M ()= D pim; (1) . (48)
i=1 i=1 i=1 i=1

Crenyromue OLEHKH CBEPXY CIPABEMJIMBEI JJIsl BTOPOTO U TPETHEro
cinaraeMbix B (48):

L gl 1
D et)e, ()< Z[Eef (t) +5e?+1 <t>j,
i=1 i=1

Y v 1 (49)
PIIOLIOE Z[— e (+m; (t)}
i o \2 2
HUcnons3yst (49), Halinem oneHKY cBepXy i (48) B Buze:
. =l
V) <(-c)ef )+ (1.5-c)el () +
i (50)

Y
+(1=c,)el )+ (0.5—pm? ().
=2

-1
Bunno, uro npu ¢, >1,cl-|i=m >1.5,u; > 0.5 BHINONHAIOTCA He-

paBeHcTBA:

(1-c))ef (1) <0,
(1.5-¢,)e’ (1)< 0,i=1,n,
(1-c,)e; (1) <0,
(0.5 - ;" ? (1) < 0,

npousBoaHas GyHkuuu JIsmyHoBa OyIeT CTPOro OTpUIaTeIbHA U HEPABCH-
cTBO (50) MOXKHO TIepenucaTh B BUJIE:

<Y &0 -EY ()= —ar ). 51)
i=1 i=l

roe ¢ =supc;, | = sup u;ll,oa =sup(c,p) . Takum oOpasom, Wi perynupo-
i=l,y i=l,y

BaHHOH cucTeMbl (43)-(45) cymiecTByeT IOJOXKUTEIBHO OIpeAeIeHHAs

¢byukuust V' takas, 4To ee MoJHAs POM3BOIHAS MO BPEMEHH BIOJb TPacK-

Topuid (43)-(45) sBisIeTCS OTPHULIATENBHO OINpeJielieHHON (YHKIMEH, 1 pe-
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mieHue cuctembl (43)-(45) SKCIOHEHIMANBHO CTPEMHTCSI K HYJ110. M3 aToro
ClIe/lyeT OTrPaHUuYEHHOCTh BceX cHrHanoB B (43)-(45). CnepoBareibHO,
ycnoBus JIeMMBI BBIIIOJIHEHBI, U CYIIECTBYET IapaMeTp i, > 0, Takoil yTo

opu W, , € (0;p,] cucrema (43)-(45) Oyner UMETh TO YK€ MHOMKECTBO IIPU-
TSDKEHUs, YTO U IpU W, = 0. CBOWCTBO aCUMITOTUYECKON yCTOHUMBOCTH

IIPY 3TOM HE COXPAHSETCS, HO MOYKHO OLICHUTh MHOKECTBO THCCHUITATHBHO-
CTU IO IIEPEMEHHBIM e, , T; HpHU L, > 0. [t sToro paccMorpuM (yHK-

muto Jlsmynosa (47) aust citydas |, > 0 4 ee IpOM3BOJHYIO:

. Y y-l Y
V(t)==) cel ()+ Y e (e, (1) + Y e, (m; (1) +

i=1 i=1 i=1

) (52)
20 (e /) E (O (1) — i, (0).
i=1
HUcnonw3yst oieHKH (49), momydnm:
. o
V) <(-c)ef )+ (1.5-c)e (1) +(1—c,)e; (1) +
o i . (53)
PN R PERL HOR-D NI A)
i=1 i=1
IIpu 3HAYCHUSX apameTpoB ¢, > ci|i=m >1.5 ,
Wy =M, = “io|i=ﬂ >1 HepaBeHCTBO (53) mpuHUMAET BU/I;
. _ Y 2 . Y ) 1_ Y . _
LGRS WAGEDIT (t)+5u2§,- (1) =—aV (1) +C, (54)
i=2 i=2 i=2

_ _ B R 1 e
rIe ¢ =supc;,[ =sup p,.ol,oc =sup(c,p), & = sup _”Z E_,I.Z (t) . Pemenue
i=ly i=ly 120,i=1,y i=2

HepaBeHCTBa (54) ompenensieTcs CIeIyomnuM 00pa3oM:
V(t)<—e“V(0)+(1—e “)ea ™. (55)

W3 HepaBernctsa (55) cnenyer, 94To 00J1aCTh AUCCUIATUBHOCTH MOXK-
HO OIICHUTH:

lef| < y—e 2V (0) + (1—e*)Ea" . (56)
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W3 nocnenHero ypaBHEHMs CIELYeT, YTO TOYHOCTb CJIECKEHUS CHU-
CTEMbI yINpaBJICHHMs IIOJHOCTBIO 3aBHUCHT OT BBIOOpa IMapamMeTpoB

W;o»Ci»i =1,y , KOTOpBIE HAMPSIMYO OLPEICISIIOT 3HAUCHHS O H & .

6. MoneaupoBanme. [l ampoOanyu anropurMa M IPOBEICHUS
KOMIIBIOTEPHOTO  MOJEJIMPOBAHUS  BOCIOJIB3YyEeMCS MOJEIbI0  00BEKTa
yIpaBJeHusi, KoTopasi paccMoTpena B pabdore [19]. Bribop mozmenu o0bsic-
HsieTcst TeM (DaKkToM, 4TO pe3yibTaT padotsl [19] OyaeTr McIoiIb30BaH UIs
CPaBHHUTENILHOTO aHanu3a 3()(GEeKTUBHOCTH IIPEIaraeMoro MeToia yIpas-
JICHUS, TaK KaK SIBJISETCS ero OmpkaimuM ananoroM. PaccMoTpum oOBEKT
yTIpaBIeHUS BUA:

X, (1) = A sinx; () + X, x, () — As x5 (2),

X (1) = Ay, (1) + g sinxy () + (1+ x5 ()7 (@) + 3 (1) + 53 () + £ (1)),
%3(1) = A, (1) =33 () + (1435 ()™ () + x5 () + 53 (8) + (1)),

y(t) = xl (t)a

rae f €[-20;20] — HEW3BECTHBIC BHCUIHUE BO3MYIICHHS, OTPAHUYCH-

HbIe B U3BECTHOM JIMANa30He U MPH MOJCIMPOBAHUU 3aJaHHBIC CIEIYIO-
M 00pa3oMm:

£(t) = sin(¢) + 0,3sin(3,14¢) + 15sin(0, 30¢).

B kauecTBe mprMepa BO3MYIIIAIOIIETO BO3ACHCTBUSA BHIOPAH MYJIbTH-
TapMOHUYECKUNA CUTHAJI, KOTOPBIA ONHUCHIBAETCS HEIMHEHHON OTpaHUYEHHOM
¢dbyHKIMEH, HHOOPMAIHS O 3HAUCHHSAX W IMapaMeTpax KOTOpOH He JOCTYITHA
JUT CHCTEMBI yIpaBiieHus. Beioop QyHKIMH OTparkaeT CoCOOHOCTh CHCTE-
MBI yTIpaBiieHns! (yHKIIHOHHPOBATh B COOTBETCTBUH C 3asBJICHHBIMH ITOKa3a-
TENSIMHA Ka4ecTBa B YCJIOBHAX HEHM3BECTHBIX OTPAHIMYCHHBIX BO3MYIICHHI.
[Ipumenss k aHHOW MOoeNH peodpazoBanus (5)-(9), momyaum:

n=hx)=x,y,= L?f'h(x) =& sinx +&,x, — &y,
c(x,8) = L?fh(x) =& cosx; (& sinx; +&yx, —E3x3) +
+5 (643 +E58in03) =& (Egx = 13),

Lyh(x) =0, b(x,8) = L, L h(x) = (& ~&;)(1+23) " >0.

CJ'IeZ[OBaTGJ'IBHO, OTHOCHTEIIbHAS CTCICHb 00BEKTa Y= 2. HpI/I Moae-

JIUPOBAHUH BBIOPAHBI CIEAYIOIINE TTapaMeTphl HaOmoaaTes st M K03 HIneH-
TBI BCIIOMOTaTENBHOTO KOHTypa: = 0.01, ¢, =10. Ha pucynkax 1-4 npen-
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CTaBJICHBI PE3yJIbTaThl CPABHCHHUS IBYX 3aMKHYTBIX CHCTEM: MOIM(HUIMPO-
BaHHOTO MeTojia OIKCTEINUHra C KOMIICHCALMeH BO3MYILCHUI (Ha pHCYH-
kax — MBADC 2) u Moau(uIupoBaHHOTO MeTO/Ia OIKCTENIMHTA, TPEIIo-
seHHoro B [19] (MBADC 1). CpaBHeHre anropuTMOB IPOBEIEHO B PEKUME
CTaOMIM3alMK U B PeXUMeE cliexeHns. Kak BUIHO U3 rpaduKoB, Mepexo/iHbIe
TIPOIIECCHI B PACCMOTPEHHBIX CUCTEMAaX HE UMEIOT CYIIECTBEHHBIX OTIIMYUH O
BEJIMYMHE CUTHAIOB YIPABICHUS W MO BhIXOAy. OIHAKO B YCTAHOBUBIIEMCS
peXIUME pacCMOTPEHHBIN B JaHHOW CTaThe METOZ NEMOHCTPHUPYET 3aMETHO
OoIee BBICOKYIO TOYHOCTh perynmpoBaHus. Ha pucynkax | m 3 BUOHO, 4TO
00JIaCTh JTUCCHIIATUBHOCTH BBIXOJHOTO CHUTHAJa Ha HECKOJBKO IOPSIKOB
MEHBIIIEe 00J1aCTH OrpaHUYCHHs (DYHKIIMH BO3MYIIICHHH, YTO SIBISIETCS MOKa3a-
TeNeM BBICOKOH TOCTUTHYTOH poOacTHOCTH 3aMKHYTOH cructeMbl. boree Toro,
MIPUMEHEHHE METOJa BCIOMOTATEILHOTO KOHTYypa O0ECHEeYmIO Ha TMOPSIOK
JyYIITyH0 KOMIIEHCAIIMIO BO3MYIIIEHHH B CPaBHEHUH ¢ aHaIoroM [19], B ocHOBY
KOTOPOTO TIOJIOKEH MIPHHIMI CHJIBHOW OOpaTHON CBs3W. BakKHO OTMETHTH,
YTO CKOPOCTh W JUTUTEIBHOCTH MEPEXOJHOTO TPOIECCa, BEJIMUYMHA OO0IaCTH
JIICCUITAaTUBHOCTH B YCTAHOBHBIIEMCSI PEKHUME, MaKCHMaJIbHas aMILTHTyIa
CHTHAJIOB YTIPaBJIEHHUS — JIFO00H U3 3THX IOKa3aTeNel MOXKET OBITh yITydIIeH
IyTeM BBIOOpa HACTPaMBACMBIX ITApaMETPOB BCIOMOTATEIBFHOTO KOHTYpa H
HaOmoaaTesst. 3HAYCHUsI OCHOBHBIX MOKA3aTeliel KadecTBa, MOCTHTHYTBHIX B
3amade cTaOMIH3auy OOOMMH aNTOPUTMaMH, TIPUBECHBI B Ta0mmIe 1.

Tabnuna 1. [Tokazatenu kayectBa anroputMoB MBADC 1 u MBADC 2

t,C 5,%
MBADC 1 0.97 4
MBADC 2 0.56 0,035
144y
12}
I~ e —

0.8 1.04
1.02 i
0.6 - N
1 — ] /]
e o V \/\/5/7— i
02l 0 : : : 0.96 -
0 0.2 0.4 0.6 0.8 1 15 20 25 30 35 40

0 ! I 1 ! I ! I
0 5 10 15 20 25 30 35 40 45 50

Puc. 1. Pe3ynbraTel MonenupoBaHus paboTsl anroputMoB ynpasieraus MBADC 1 u
MBADC 2 B pexunme ctadbmin3aiun. [lepexoHbIe TPOIECcChI MO BBIXOY
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15000 1, | : -
MBADCI
10000 MBADC 2| |
5000 - .
0
t
-5000 ! ‘ !

0 0.05 0.1 0.15 02 025

Puc. 2. Pe3ynbraTel MonenupoBaHus paboTsl anroputMoB ynpasienus MBADC 1 u
MBADC 2 B pexume crabunnzanui. [lepexomaHbie poLecchl M0 YIPaBICHUIO

y = = STalOHHBIH CHrHaJ
1.2 ——MBADC |
——MBADC 2

1
0.8
14
1.3044
0 mﬂw ’/"_Q\J
12 L

0.2 “20 205 21 215 22 20.82 20.84 20.86

t

0 L I I I I I I I |
0 5 10 15 20 25 30 35 40 45 50

Puc. 3. Pe3ynbraTel MonenupoBaHus paboTsl anroputMoB ynpasienus MBADC 1 u
MBADC 2 B pexuMe cnexeHus1. [lepexoaHbIe POIecChl O BBIXOIY

%1073

M M A l\[\ [\/\

lel)

L

10 | 2 14 16 18 20 22 | | L .

0 5 10 15 20 25 30 35 40 45 50

Puc. 4. PesynpraTsl MogenupoBanus paboTs! anroputMoB ynpasieHuss MBADC 1 u
MBADC 2 B pexxume ciexenus. [lepexonHbie IpoLiecchl no omubke

w

t

Jnst neMoHCTpalyl NMPUMEHMMOCTH ajlOpUTMa Ha TPAKTHKE pac-
CMOTpUM Mozenb JaboparopHoro creHma «Twin Rotor MIMO Sys-
tem» (TRMS) [23], xoTOpBIii peacTaBsieT coO00i IBYXPOTOPHBI MHOTOKA-
HAJIBHBIN O0BEKT C HENMHEWHON TUHAMHIKOHN, HEM3BECTHBIMU OTPaHUYCHHBI-
MH BO3MYILIAIOIIMMH BO3ACHCTBHAMH M IEPEKPECTHBIMU CBs3SIMH. OOuImii
BHUJl CTEH[Ia NIPEACTaBIIeH Ha pUcyHKe 5. CTeHA SBISETCs YIPOILICHHOW MoIe-
JIbIO BEPTOJIETA U MO3BOJISIET B JIAOOPATOPHBIX YCIOBHSAX HCCIENOBATh ajro-
PHUTMBI YNpaBieHHsS BUHTOKPBUIBIMH JIETATENIbHBIMH armaparamu. PabGoro-

196  Tpyael CMIMMPAH. 2018. Bbin. 3(58). ISSN 2078-9181 (ney.), ISSN 2078-9599 (oHnaiiH)
www.proceedings.spiiras.nw.ru



ROBOTICS, AUTOMATION AND CONTROL SYSTEMS

CIIOCOOHOCTH HCCIICAYEMOI'0 aJIrOpUTMa B JIJaHHOM CJIydac IMO3BOJIACT CyJUTH
O IMMPUMCHUMOCTH NPEAJIOKEHHOTO METO/JIa B TPAKTHUYCCKUX 3aJadax.

BuHTH rnaBHOi

y BHHTEI XBOCTOBOIH

M ,—— dacTu
I1{uT XBOCTOBOIT 4

p—y 4acTH
4acTu L 1I{uT rIaBHOTO
i i A poTopa
Jeurarens | .
MOCTOAHHOT O j / JlBuratens
TOKa -/ HOCTOSHHOTO
/ ¥ TOKa

i / ) banka
Touka ornopsl \
MaATHHKOBBIIT
NI
[POTHBOBEC C
( ) Tpy30M

Puc. 5. Jlaboparopusriii ctenn « Twin Rotor MIMO System»

JuHaMyka 00beKTa ONMMCHIBACTCS CUCTEMOW ypaBHEHHH BUA!

Jo=—k, -k, mgn(cx) +gN, cosa.— gN, sinau— N,B" sina.cosa + F; (u1 ),
JzB = _k/’ZIB _kfzz Sign (ﬁ) + Fz (uz )’
rne ¢, B — YTIIBI HAKJIOHA OAKK B TOPH3OHTAIHFHON M BEPTHUKAIBHON TIIOC-
KOCTSIX COOTBETCTBEHHO, J,, J, — MOMEHTHI HHEPIIMH 00BEKTa B BEPTHKAIIb-

k 21
KOTO TPeHHsL, &\, , Kk, — KOIGULMEHTBI CUII CyXOTO TPEHHS, g — YCKO-

HOHM W TOPWU3OHTAJIBHOM IIOCKOCTSX, & — K03((HUIHEHTHI CHIT BSI3-

S

peHne CBOOOTHOTO TIaJeHMS, N,., i=1,3 — KOHCTaHTHI, 3HAYCHUSI KOTOPBIX

OTPENETAIOTCS MAcCOradapUTHBIMU MOKa3aTelsIMU yCTaHOBKH, F,, F,

HENMHEHHbIe (PyHKIMM YIPaBJICHUS, BKIIOYAIOIINE B ceOsl JUHAMUKY IBUTa-
TeJIel MOCTOSIHHOTO TOKa U paboTy adpOJAMHAMHYECKHUX CHJI OT BPaIlCHUs JIO-
IacTel yCTaHOBKH, U, , U, — YIPaBJAIOLINE BO3ACHCTBUS, B KAUECTBE KOTO-

PBIX BBICTYNAIOT HAmpspkeHus, rnopaBaemble Ha [IIT. UYucnenHsle 3HaueHUA
TIapaMeTpoB 0OBEKTa B3ATHI U3 JOKYMEHTALINHN K YCTaHOBKE [23].

Jnst cuHTe3a cucTeMBl ynpasieHus cteHaoM TRMS crpaBenanBel
paccyXICHHS, aHAJIOTUYHBIE TEM, YTO OBUIM MPOJCNIAHBl B aHAJIUTHUE-
CKOM IIpHMeEpe B Hauaie pas3zena. B maHHOM ciydae MOTHBanus BbIOOpa
(YHKIMN BO3MYILECHUN U €e apaMeTpoB 00yCIIOBIIEHa HEOOXOIUMOCTHIO
0003HAYNTh HAJAYHE BO3AYHIHBIX IMOTOKOB W KOHCTPYKTHUBHBIX OCO6eH-
HOCTEH YCTaHOBKHU, B YaCTHOCTU YYCCTb MaJbIC IJIaAKHEC HEJIUHEHHBIC
BO3/ICHCTBUS OT TMHOKKX ITPOBOJIOB B MECTaX MX KPEIJICHUS K MOJBIKHON
6anke. ITogoOHbIE BO3/IEHCTBYS HE PACCMOTPEHBI B IOKYMEHTALMH, U BUT
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(¢yHKIMHK, KOTOpas MorJia Obl UX ONUCaTh, HEM3BECTEH, HO TPEOYIOT yuera
B X0JI€ DKCIIEpHUMEHTa XOTs Obl B oOmieM Buue. [loaTomy st Mmonenupo-
BaHUS (YHKUIUS BO3MYLICHHWH B3siTa M3 Npenablayniero mpumepa. [lapa-
MeTphl HaOJIoaTeNsl ¥ BCIOMOTATEIbHOTO KOHTYpa TaK)Ke aHaJOTHYHBI
HCIOJIB3YyEMBIM B TIepBOM npuMepe. Ha pucynke 6 mokasaH nepexoaHbId
MPOIIECC 3aMKHYTON CHUCTEMBI MPHU CTAOMIN3alui 00BEKTa B BEPTHKAIb-
HOM TIOCKOCTH, HA PHUCYHKE 7 — TIPH CIICKCHUH 32 ATAJIOHHBIM CHUTHAIOM
B TOPHU30HTAIBHOH ITOCKOCTH.

1.8 T 1 T 1

¥, pal MBADC 2
1.6 — Reference signal
1.4+ .
]V2 | /\ |
1 v
0.8 \/
0.6 - -
0.4+ -
0.2 il
t,c
| | | | | | | |

0
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Puc. 6. Pesynbratel MozmenupoBanus pabotst anroputma MBADC B pexume

cradbunuzauun s mozaend TRMS. TlepexoHbie MPOLECcChl O BHIXOLY

T T T
——MBADC 2
—— Reference signal

0.5+

0 1 1
0 5 10 15 20 25 30 35 40 45 50
Puc. 7. Pesynbratel MozenupoBanus pabotsl anroputma MBADC B pexume
cnexxennst 1uist mogenu TRMS. TlepexonHsle mpoLEeccsl MO BBIXOLY

B oboux cimyvasx BuI rpad)MKOB TO3BOJISET CYAUTH O BBICOKOH TOY-
HOCTH PETYJIMPOBAHUS U BBICOKOH CKOPOCTHU NEPEXOMHBIX MPOLECCOB U HE
BBIBJISICT KaKMX-THOO HETaTUBHBIX CBOMCTB CHUCTEMBI yrpaBiieHUs. Toud-
HOCTB PeryJHpOBaHMs NpU cTabuiam3anuu oObekra cocraBwia 0.3%, Tou-
HOCTh ciexxkeHns — 0.5% npu qomycTUMOM OrpaHHYEHUH Ha BO3MYIICHUS
B 00omx ciyvasix f €[—-20;20].

198  Tpyael CMIMMPAH. 2018. Bbin. 3(58). ISSN 2078-9181 (ney.), ISSN 2078-9599 (oHnaiiH)
www.proceedings.spiiras.nw.ru



ROBOTICS, AUTOMATION AND CONTROL SYSTEMS

7. 3akuouenne. B pabore npencrasieH MoANGHIMPOBAHHBIA aIro-
PUTM YIpaBJICHUA C KOMHeHC&HHeﬁ BOBMyHIeHHIZ JJIg yIipaBJICHUS HEJIU-
HEHHBIMH 00BEKTaMH I10 BBIXOAY. B X01€ KOMITBIOTEPHOTO MOJIETMPOBAHMUS
MI0Ka3aHo, YTO NPEIUIOKEHHAs CHCTEMa YIPaBJIeHUs CIIOCOOHA 3a MEHbIIee
BpeMsI IIEPEXOJHOT0 Ipolecca 00ecneyuTs 00ee BICOKYI0 TOYHOCTD Clle-
JKEHHS 110 CPABHEHUIO C CYIICCTBYIOIINMH aHATOTaMH.

B tabnuie 1 mokasaHo, 4TO PacCMOTPEHHBIH METOJ MO3BOJMI CO-
KpaTHTh BpeMs IIEPEXOIHOTO mpouecca B 1.7 pasa, a TOYHOCTh PEryJIUpo-
BaHMS — Ha JBa nopsaxa. [Ipemaraemslil B craTbe METOA ynpoIaer mpo-
LeAypy CHHTE3a peryiiropa mo cpaBHeHHIO ¢ [1, 16] 3a cuer ymeHbIIeHUSA
qucia GUIBTPOB B CTPYKTYpe CUCTEMBI YIPaBIeHHs 10 OJHOTO. Pesyinbra-
TBl KOMIIBIOTEPHOTO MOJICIMPOBAHUS IPOAEMOHCTpUpoBaiu 3(derTus-
HOCTb IIPEUIOKEHHOI0 METO/a.
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OUTPUT CONTROL OF NONLINEAR SYSTEMS USING
MODIFIED BACKSTEPPING ALGORITHM WITH
DISTURBANCES COMPENSATION

Vrazhevsky S.A. Output Control of Nonlinear Systems using Modified Backstepping
Algorithm with Disturbances Compensation.

Abstract. The article deals with an output tracking control system synthesis for a
nonlinear plant functioning under bounded external disturbances which are not available for
measurement. The plant is described by continuously differentiable functions with a
determinable dynamic relative degree. The disturbance function fulfills the Lipschitz condition.
The standard model transformations are used to get a model of error dynamics. The algorithm
synthesis process is based on iterative procedure with a number of steps equal to the order of
the plant relative dynamic degree. A proposed solution is a robust modification of the
backstepping approach with the similar controller design structure. The main changes are based
on plant model transformations that make it possible to use the only one filer in control system
and, along with it, an auxiliary loop method is used for disturbances evaluation and
compensation. The auxiliary loop method leads to introduce a model of desired dynamics of
errors on each step of the backstepping procedure and estimates the value of disturbance
influences. High-gain observers are used for unknown signals measuring together with their
derivatives. Tracking errors and observation errors convergence with the adjustable accuracy
during the finite transient time is proved. The efficiency of the algorithm is demonstrated using
computer modeling. The performance comparison between the proposed method and the
immediate analogue are shown and some quality indicators are obtained. The algorithm is
additionally tested using the model of laboratory helicopter—like platform «Twin Rotor MIMO
System» to demonstrate the practical importance of the research.
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I'.T". BE3PVK, JI.A. MAPTBIHOBA, I.b. CAEHKO
JTUHAMHYECKHM METO/ ITIOUCKA AHTPOIIOTEHHBIX
OBBEKTOB B MOPCKOM JIHE C HCITIOJIb30OBAHUEM
ABTOHOMHBIX HEOBUTAEMBIX ITOJIBOJHBIX AIIIIAPATOB

bespyx I'T., Mapmuinosa JI.A., Caenko M.5. lnHaMu4ecKHii METO/ HOUCKA AHTPONMOTeHHBIX
00bEKTOB B MOPCKOM /[He € MCHO/Ib30BAHHEM ABTOHOMHBLIX HEOOMTAaEeMBIX MOJBOTHBIX
annapartos.

AnHoTtanus: IlpennoxkeH OUHAMHYECKHII METOJ IOMCKa aHTPOIOTCHHBIX OOBEKTOB B
TOJIIE MOPCKOTO JHA C HCHOJB30BAHHEM IPYINIBI aBTOHOMHBIX HEOOHTAaE€MBIX ITOJBOHBIX
anmapartoB. B oTinume OT CTaTHYecKOro MeTo/a, IpH KOTOPOM BCE ammaparsl ¢ reo(p)oHaMu Ha
60OpTy OJHOBPEMEHHO 3ariIyOiIOTCS M INPHKPEIUIAIOTCS KO IHY, a MOCJIe OKOHYAHMS CeaHca
IIOMICKa OJHOBPEMEHHO BCILIBIBAIOT, HPEJIOKCHHBIH METOJ 00eCIeunBaeT HEIpPEephIBHOCTH
BEJICHHs TOHMCKa 3a CYET JMHAMHYECKOro MOBEJCHUsS TIPYIIIbI anmapaToB. B To Bpems kak
OCHOBHAs YacTh allapaToB ¢ reodoHaMH 3aHATa MPOCIYIIHBAHHEM OTPaKCHHOTO CHTHANA,
Jpyras dYacThb alIapaToB IIepeMemaeTcs jajlee 0 cBoeMy MapumpyTy. Takum oGpazom
JIOCTUTAETCs HEMIPEPBIBHOCTh BEJEHUs cECMOpa3BeIKH B 3aJ]aHHOM paifoHe U CyILIeCTBEHHOE
COKpallleHHe BPEMEHH Ha ee MpoBeleHHE. [Ipe/UIoKEeHHBIH METON MpencTaBisieT co0oit
JanpHeiflllee pa3BHTHE METOJOB IOHCKA AHTPOIIOTEHHBIX OOBEKTOB Ha MOPCKOM JIHE C
HCTIONB30BaHHEM HEOOUTaeMbIX anmapaToB. [IpuBeieH alrOpuTM COIIACOBAHHOTO MOBEICHHS
anmapaToB ¢ reooHaMH Ha OOPTYy U IOJBOJHOTO amIapaTa, HEePeMEIIAloNIero U3IIydaTellb.
OmpezneneHo  B3aUMHOE  IIONOXKCHHS — TPYNNBl M H3Iydarelns, oOecmeduBaroniee
HanOosee 2G(PEeKTHBHOE BEJCHUE CeHCMOpa3BEeIKH AaHTPOIOIeHHBIX 00BeKToB. OmnpeneneH
noka3arenb 3)(EeKTHBHOCTH — BCEa3UMYTaIbHOCTh IPUXO0/1a OTPAKEHHBIX OT TOJIIIH MOPCKOIO
JIHa CUTHAJIOB, U NPHUBEIEH aJITOPUTM €r0 BBIYUCIECHUS. YKa3aH MOPSJIOK PEIIEHUS 3aJadu
oIpeJieNIeHHs! TapaMeTpOB MeToaa Ioucka. OnpeneeHo HeoOX0MMMOe KOJIHYECTBO allapaToB
B IPYIIE € y4eTOM apaMeTPOB JBIKEHUS alNapaToB U H3TydaTensd. OnucaHa MaTeMaTHIeCKas
Mozenb (GyHKIMOHUPOBAHUS CHCTEMBI «H3Iydareldb — reohoHbD». [IpoBeleHbl YHCICHHBIS
9KCIIEPUMEHTBI 110 OIPEJEICHUIO ONTUMAIbHBIX IApaMETPOB BEIEHUS CeHCMOpa3BeIKH
AQHTPOIOTCHHBIX OOBEKTOB. Pe3ympTaThl MOIEIMPOBAHUS MO3BOJIMIN OLEHUTH BBIMIPHINI OT
HCIIONB30BAHHUS IIPEUIOKEHHOTO METOJa, OHPENCNUTh €ro ONTHMAalbHbIE IMapaMeTpsl U
pa3paboTaTh PEKOMEHIAIMH 10 €0 MCIIOIb30BaHUIO IS IIONCKA aHTPOIIOT€HHBIX 0O0BEKTOB Ha
JnHe MUpOBOro okeaHa.

KioueBble ci10Ba: pOOOTOTEXHMYECKUII KOMIUIEKC, aBTOHOMHBIH HEOOHTacMBIi
MOABOIHBIA ammapar, aHTPOIOIeHHBI O00BEKT, ceiicMopa3Benka, H3IydaTelb, Ie0(OH,
CpeIHEeKBaAPATHIECKOE OTKIOHEHHE.

1. BBenenme. B HacTosIel cTatbe paccMaTprBaeTcs 3a1a4a Torucka
AHTPOIIOT€HHBIX 0OBEKTOB HA MOPCKOM JIHE C MUCIIOJIb30BaHHEM T'PYIIIIbI aB-
TOHOMHBIX HeoOHMTaeMbIx noaBoaHbIX ammaparoB (AHITA). [Tox antpomo-
TeHHBIM O0BEKTOM TTOHMMAETCSI CO3JJaHHBIN YeJIOBEKOM OOBEKT, KOTOPBIN
pacIioyio)keH Ha MOPCKOM JTHE U KOTOPBIH HEOOX0JUMO OOHApYXKHUTb H MO
BO3MOXKHOCTH OIIPEJIEITUTh €r0 MECTOIOJIOKEHUE. TaKMMU 00BbEKTaMU MOTYT
OBITH 3aMJICHHBIC 3aTOHYBILNE CYyZa WIN JIeTaTeJbHbIE alllapaThl, IPeBHUE
ropoja, OIyCTUBIINECS IO BOAY, OUary 3arpsi3HEHMsS U TaK Jaliee.
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B 1990 rome!l ¢ pa3ButHeM celicMOpa3BelbIBaTEIFHOM anmaparypsl
HavyaJMCh aKTUBHBIE pabOThI 10 co3aHuio 3D  ceificMoaKyCTHYECKHX Ipue-
MOM3ITYJaIOIIUX CUCTEM, PaOOTAIONINX B PA3INYHBIX YACTOTHBIX JHANa30HAX
1 TIO3BOJISIIOIINX TOJIy4aTh 00BEMHOE CEHCMUYECKOE N300paKEHHE T'€0I0TH-
YECKOH cpeabl MOPCKOTo JHA. PaccMoTpeHne 1 KitacCu(UKaIus CyIecTBYIO-
IIMX CHCTEM M IIPUMEPOB HX PEATbHOTO MPUMEHEHUS puBeIeHbI B [1-3].

OCHOBHBIM METOJIOM pELICHHs JTOM 3a/Jauu SIBISETCS celicMopas-
Bezaka. Ee cyThb 3akirouaeTcs B M3Iy4EHHHN B BOY MOIIHBIX HU3KOYaCTOTHBIX
aKyCTHYECKUX CUTHAJIOB, KOTOPBIE IPOHHUKAIOT B TPYHT M OTPAXKAaIOTCS OT
Pa3INYHBIX HEOTHOPOAHOCTEH B HEM, B TOM YHCIIE OT aHTPOIIOTCHHBIX 00b-
exToB [4-8]. OTpaxkeHHblE CHUTHAIIBI (PUKCHPYIOTCS IOJEM JOHHBIX CTaH-
muii [9], obopynoBaHHBIX reodoHaMH, JTHOO MPOTSHKEHHBIME JTHHEHHBIMA
MHOT03JIEMEHTHBIMU aHTEHHaMHU (CeHCMOKOcaMu), OYKCUPYEMBIMU 3a CY/-
HOM, JTH0O ceiicMoKocamu, Jiexarmumu Ha nHe [ 10]. 3adukcupoBanHbIe CHT-
HaJIbl B GGPCFOBI)IX YCJIOBUAX O6pa6aTI)IBaIOTC)I Ha MOIIIHBIX KOMIIBIOTEpAX
0 CHEUaIbHBIM IPOrpaMMaM, TO3BOJIIONIMM HHTEPIPETHPOBATh 3a(HK-
CHpOBaHHbIe curHaubl [11-14].

Jlnst pemenns Bcex MepeyrCcIeHHbIX 33124 HCTIOJIb3YETCs CIICIMAIbHO
000pyI0BaHHOE CYIHO, KOTOPOE CIIOCOOHO OYKCHPOBATH U3Ty4aTeNb U Cei-
CMOKOCY, a TaK)X€ CTaBUTh M BIIOCIEJICTBUM NOAHUMATh Ha OOPT JOHHBIE
cranmuu [15].

Henocrarkom onmcanHoro crnoco6a ceicMopa3Be/IKY SIBIISIETCS:

— 0o0s3aTenbHOe HATIIMYIE Ha CYIHE: CITyCKO-TI0IEEMHOT0 000py10Ba-
HUS IS CEHCMOKOC, ITHEBMOU3ITyYaTeseH, apaBaHoB (CrenuanbHble Kabenb-
HBIE JIeOeIKH, KpaHBI U TeIb(EPHI), CHCTEM U YCTPOICTB OYKCHPOBKH ceiicMo-
KOC 1 ITHEBMOM3ITyJaTeneii (crenuanbHble Kabelib-TPOCH! U ITapaBaHbl, KOMOU-
HHUPOBAaHHbIE Ka0EN U IIUIAHTH BBICOKOTO JIABJICHMS), MOIIHBIX M MAJIONIyM-
HBIX KOMIIPECCOPOB BBICOKOH IMPOM3BOAMTEIBHOCTH (B cymme J0 300-500
JI/MHH CKaTtoro Bo3myxa 1m0 150 atm), crienmanbHBIX OyKCHpYeMBIX OyeB co
CITyTHUKOBBIMH TIPHEMO-TIEpEAaTYNKaMK, KOMOWHUPOBaHHBIX MHOT'OKOHTAKT-
HBIX T€PMOPa3beMOB ISl OYKCHPYEMBIX M JOHHBIX aHTEHH [16];

— 3aBHCUMOCTH OT TE€XHOJOI'MYECKUX CAHKIIMH, IIOCKOJIBKY OTeue-
CTBEHHBIEC CEPBHUCHBIC CEHCMHUYECKNE KOMITAHUH, YKOMITIEKTOBAHHBIC TOYTH
Ha 100% 3apy0esxHoit anmaparypoii kommanuii [ON (CILIA) u Sercel (®pan-
) [17-217;

— CYHWECTBCHHAas 3aBUCUMOCTb BO3MOKHOCTU MMPOBCIACHUS ceiicMo-
pa3BeaKu OT BOJIHEHUsI Mops [16];

— CyIIECTBEHHAs 3aBUCHMOCTb BO3MOXXHOCTH HPOBEAEHHSI CEHCMO-
pa3BeaKu OT JEJ0BOT0 MOKPBITHs BOJHOM MoBepXHOCTH [15]. B Mopsix poc-
CHICKON dacTh ApKTHUKM OjarompusaTHas Uid CelcMOpa3BEIKH IOroaa
CTOHMT CyMMapHO He OoJjiee 1,5 Mecs1eB B rojy, 4To JIeNaeT CeiCMOpa3BeIKy
SKOHOMHYECKHU HEeAPPEKTHBHOM;
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— WCHOJNB30BaHUC JIOHHBIX CTAaHIMU C MPHUKPEIUICHUEM KX KO JTHY
SIBIIIETCS TPYIOEMKHM H YPE3MEPHO MPOJODKUTEIBHBIM, TOCKOIBKY 0OIIh-
masi 4aCTh BPEMEHHU 3aTPadyrBaeTCs Ha IMOJATOTOBUTENbHBIC PaboThL [lpm
STOM MpU TMPOBEACHUH CEHCMOpPA3BENKH BEIOIHSAIOTCS CIEAYIOIIHE MEpPO-
MPUSATUSA: PACTPEACICHHUE JOHHBIX CTaHIUI ¢ Te€O(OHAMH IO MOPCKOH Mo-
BEPXHOCTH; OIyCKaHHe Teo()OHOB Ha MOPCKOE JHO; MPHUKpEIUIeHHe reodo-
HOB K JTHY C OTIPE/ICIICHHOW WX OPHEHTAIIUCH; TO3UIIMOHUPOBAHKE re0()OHOB;
BCIUTBITHE T€O(OHOB TIOCIIE TIPOBEACHUS N3MEPEHHIT; cOOp IO MMOBEPXHOCTH
MOPSI BCIUTBIBIITUX T'€O(OHOB.

OnmHIM U3 BApHAHTOB MPEOIOICHHUS JEIOBOTO IOKPBITHS SBISETCS TEX-
HOJIOTHS, KOTOPYIO IpUMeHseT B JienoBoi Apkrrke kommanus ION (CILIA).
Ona oCHOBaHa Ha UCIIOJB30BAHUM JIBYX CYJOB. Briepemu umer mmuanpyronwi
JIJIOKOJT U (QOPMHUPYET OTHOCUTENILHO 0e3/e/loBblil KiibBaTepHblil cien. [1o
HEMY CIIEAyeT CeHCMOpa3BeI0YHOE CyTHO YCHICHHOTO JIS0BOrO Kiiacca, OyK-
cHpYIoIee 3a co00il OHy ITHHHYIO (710 6 KM) I(POBYIO TEICHATIONHEHHYIO
CeiCMOKOCY 0e3 XBOCTOBOTrO Oys M KiacTep MHeBMom3myvateneil. [Ipu stom
celicMopa3BeIOYHOE CYTHO O0OPYJOBaHO CHELHAIBHBIMU YCTPOWCTBAMH, 3a-
IMIIAIONIAMHE CEHCMOKOCY 1 TIOTUIABKH KJlacTepa oT Ouroro jibaa [16]. Onnako
C YYETOM BBIIIICHA3BAHHBIX IMPUYHH HCIOJIF30BaHHUE TAKON TEXHOJIIOTHH B OTe-
YECTBEHHOM CeiCMOpa3BeIKe TTOKa MAJIOBEPOSITHO.

Brixomom U3 JaHHOW KOJUTU3UH TIOMCKA aHTPOIIOTEHHBIX 00BEKTOB B
JIEIOBOW APKTHKE SIBJIICTCSI CO3JJAHHE BCETIOTOHBIX MTOIBOTHBIX pOOOTOTEX-
HUYECKAX KOMIUIEKCOB Ui IIOWCKAa aHTPOIOTeHHBIX 00BeKTOB. OmHAKO
BBH/Iy UCKITFOUMTEIIBHOM CII0)KHOCTH ATOM 3a]1a4 €€ PEIICHUE BO BCEM MUPE
HAXOAWTCS Ha CTaUH TOUCKOBBIX HCCIIEOBAHMIM.

B HacTosmmii MOMEHT MHOTHE Pa3BUTHIC CTPAHBI, 3aHUMAOIIHCCS
ITOMICKOM aHTPOIOTCHHBIX 00BEKTOB B MOPCKOM TTHE, OCO3HAIIN HEOOXO M-
MOCTH CO3/IaHUSI BCCTOTO/IHBIX MOJBOIHBIX POOOTOTEXHUYCCKUX KOMITICK-
coB (PTK) mns mowcka aHTPOTIOTEHHBIX 00BEKTOB, a PSJ] CTPAH YXKE MPHUCTY-
AT K UCCICIOBAHMSM IO MX CO3MaHui0. MccinenoBanus, OCBSIIEHHBIC CO-
3aaHu1o noABoAHBIX PTK muist ocyiecTBiaeHuss MOPCKOM ceicMOpa3BeIKH, B
HacTosllee BpeMsi MHTEHCUBHO MPOBOJISITCS 3a pyOexom. Hanbonee u3Bect-
HBIM siBIIsIeTCsl (puHaHCHpyeMblid EBpocoro3zom npoekt Widely scalable Mo-
bile Underwater Sonar Technology (WiMUST) [22], nocBsiieHHbI# pa3pa-
0oTke TexHoNoruu cosnanus moasonHoro PTK, Gasupyromierocss Ha cOB-
MeCTHOM (pyHKIIOHUpOBaHUHU Oosboro uncina AHITA.

B Poccuu pa®oThl B JaHHOM HAalpaBIICHUH Ha CETOMHSIIHUMN JCHB
OTpaHMUYEHBI IOCTAHOBKOW 3a1aun (Hampumep, [15, 16]) mibo oTnensHBIMU
TEXHUYECKUMH MPEAJIOKEHUSIMU B BUJE MaTeHToB [23-27].

ITomemienne xkaxgoro reodona B kopmyc AHITA oTkpeiBaeT mupo-
KHE BO3MOKHOCTH TIOCTPOCHHUS U IPUMCHCHUS JUHAMHYCCKOW CUCTEMEI BE-
JICHUS CEHCMOpPAa3BeIKH aHTPOIIOTEHHBIX OOBEKTOB, MOCKOJIBKY Teo(oH ¢
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AHITA Mo0XeT caMOCTOSITENIbHO MOBCIUIBIBATh, IEPEMEIIATHCS B 3aIaHHYIO
TOYKY M OIyCKaThCSI Ha THO IS NMIPOCTYIINBAHUS OTPa)KEHHBIX CHUTHAJIOB,
CO3/]aBaeMbIX CHIELMATILHBIM H3JTy4aTeJIeM-BHOPaTOpOM (1ajiee 1o TeKCTy —
m3nmyd4arens). Mcnonp3oBanne AHITA co3maeT mpeArnocsuTky Ut OTKas3a OT
CTaTHYECKOM CXEMBI UCIIOJIb30BaHHS T€O(OHOB U IIEPEX0/1y K INHAMUUECKOMN
CXEME BEJICHUS JOHHOM CeCMOpa3BEKH.

[MTockonbKy JUisi BEJICHUS CECMOpPa3BeaKH HEOOXOIMMO OIpeesIeH-
HOE KOJruecTBO reooHoB [28], To B 3TOM ciydae (GopMHPYETCs rpyria
AHITA. Tlpu sToM 3(deKTHBHOEC BEACHHE CEWCMOPAa3BEAKH BO3MOIKHO
TOJIBKO IIPH COTJIACOBAHHBIX AEHCTBUAX M3iy4datens u rpynnsl AHIIA, xo-
TOpOE, B CBOIO 0YEpE.b, 00ECIIEUNBACTCS ONITHMAIBHBIM BBIOOPOM TTapaMeT-
POB MX B3aMMHOTO ()YHKLIIMOHHPOBAHMSI.

Lenbto HacTosmel pabOTHI SIBIISIETCS pa3paboTKa METO/1A TIONCKA aHTPO-
TIOreHHBIX 00BEKTOB ¢ ucnoib3oBaneM AHIIA n onpeznenenue mapamerpoB
MeToz1a, oOecTiednBatomuX 3G (QEeKTUBHOE BEICHIE CEHCMOPA3BEIKHN B 33laHHOM
patione. I JOCTIHKEHUS OCTABICHHOM LeTH ObIIN PelIeHbI CIISYIONHe 3a-
Ja4qn: 000CHOBaHA ONTHMAIIbHASI TPACKTOPHS JIBIDKEHUS M3JIydaTess; Mpeio-
JKeHa onTUMaiibHas 3(ekTuBHas cxeMma nepeMentenus rpynmsl AHIIA c reo-
(hoHaMu Ha OOPTY; OIIpe/IeNICHBI TApaMETPHI COTJIACOBAHHOTO (PYHKITOHHUPOBA-
Hust m3mydaresst u rpynsl AHITA; onpeneneHs! mapaMeTpsl METoa, 00eCTIe -
Baroime 3peKTUBHYIO CEHCMOPa3BEAKY B 33/IaHHOM PaiiOHe IyTeM IIpoBelie-
HUs I/ICCJ'[CJIOBaHI/II‘/’I 1 YMCJICHHBIX OKCIICPUMCHTOB.

Teopernyeckuid BKJIaJl CTaTbU 3aKJIFOYAETCS B JajbHEUIIEM pa3BUTUU
METO/I0B [IOMCKA aHTPOIIOT€HHBIX 00BEKTOB HA MOPCKOM JTHE C UCTIONIB30BaHUEM
AHITA. HoBu3Ha MoJIy4eHHBIX Pe3yJIbTaToB OMpesensieTcss pa3paboTkol Ho-
BOTO JIMHAMUYECKOTO METOZA HENpEphIBHOW CEWCMOpPa3BEAKU C HCIOJIb30Ba-
nueM rpyrmsl AHITA, npu koTopoM yacTs reo)OHOB 3aHATA IPUEMOM OTPAKEH-
HOT'O CUTHAJIa, & OCTAJIbHAS YaCTh — MEPEMEIICHIEM B HOBOE TTOJIOXKEHHE.

2. Onucanne MeToAa TNMOWCKA AHTPONMOTeHHBIX O00HEKTOB € MC-
noab3oBaHueM AHIIA. [lonck MOHHBIX aHTPOIIOTEHHBIX OOBEKTOB OCY-
IIECTBIISIETCS CIEAYIOMNM 00pa3oM. B 3a1aHHOM paiioHe IpUKpPEIUIIOTCS K
IHY reo(OHBI B TOUKaX, PACIIOI0KEHHBIX B y3J1aX YCIOBHON CETKH, IIOKPHI-
BaIOIIEH THO paiioHa. BOI3M TOHHOW OBEPXHOCTH OCYIIECTBIIIETCS TIepe-
MEICHUE H3JTydaTelsis, 30HAMPYIOIIETO JIOHHYIO MOBEPXHOCTh HMITYJIbC-
HBbIMH cUTHajaMu. ['eooHBI, Kaxabli U3 KOTOPBIX pacnoioxeH B AHIIA,
OCYILIECTBIISIIOT TPHEM OTPAKEHHBIX CHT'HAJIOB OT OOBEKTOB B IPHUIOHHOM
citoe. MecTononoKeHne aHTPOIIOTeHHBIX 00BEKTOB OIPEIEIISIeTCS 10 Pa3HO-
CTH MOMEHTOB BpEMEHH IprueMa reo()oOHaMH OTPAKEHHBIX CUTHAJIOB.

W3zBecTHO, yTO A5 NOBBIIEHHS (P ()EKTHBHOCTH MOMCKA aHTPOIIO-
TeHHBIX O0OBEKTOB HamOoliee 11eneco00pa3HOi TpaeKTOpHeH HepeMeleHNs
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U3JTydaTelns SBISETCS ero ABWKEHHE MO KPYTOBBIM TPAaEKTOPHIM (IIMKJIOH-
nam) [29, 30]. Bux kpyroBoil TpaeKTopuu (LUKIOWABI) ABIDKEHHUS H3ITyda-
TeJs MpeJCTaBIeH Ha pUCYHKe 1.

AY

/’Z’““>

\
. N p
\‘. //

. X

Puc. 1. Bua xpyroBoii TpaeKTOpHUHU IBH)KEHHS U3JTydaTess

Tak, npy HcciaeJ0BaHUU TOYHOCTU METOJA B 3aBUCHUMOCTHU OT TPaeK-
TOPHH JIBIKEHMS M3ydatens oTHocutensHo AHITA nokasano, uro Tpaek-
TOPHS BVO)KEHMS M3JIydaTels JOJDKHA OBITh TaKOH, YTOOBI KypCOBBIE YIJIbI
n3aydaTenst oTHocuTeabHO AHITA B MOMEHTHI BpEMEHU M3MEpEHHs OTpa-
KEHHOTO CHTHaja MEPUOJNYECKH MEHUTH OOpPT M M3MEHSUIUCH B BO3MOYKHO
mpokux npexaenax [29]. [lepexon oT mpsAMoNIHHEHHOTO IBMKEHHUS 1O Ta-
pauIeNbHBIM HaNpaBIeHUSIM K KPyTOBOMY ABIKCHHUIO M3ITydaTens MpH 00-
CJIC/IOBAHUY 33JJaHHOTO paiOHa CIOCOOCTBYET MOBBIIICHUIO BCEAa3UMYTallb-
HOCTH HalpaBJIEHUH OTpaKE€HHBIX CUTHAJIOB. BeceasuMyTanbHas ceicMopas-
B€JIKa TapaHTUPYET MOJIyuYeHUE JaHHBIX B IIMPOKOM JHAaMa30HE Halpasie-
HUH ceificMuueckux Jrydeid. OmbIT nokasain [29], yto aToT MeToA obecrieun-
BaeT OoJiee KaueCTBEHHOE OCBEIlleHHE pa3pe3a, Ooiee BHICOKOE COOTHOLIE-
HHE «CUTHAJI-TIOMEXa» W JIYYILIYI0 pa3pellarollylo CIOCOOHOCTh ceiicMo-
CBEMKH B CIIOXHBIX T€0JIOTHUECKUX YCIOBUSX, HAIIPUMEp, B IIAcTaX, MOA-
CTHJIAIOIINX COJISIHBIC TeJa CI0KHOHM GopMbl. YKazaHHbIE (JaKTOPHI, B CBOIO
o4epe/b, OKa3bIBAIOT CYIIECTBEHHOE BIHMSHHE Ha 3()(PEKTHBHOCTH OOHApY-
YKECHUS aHTPOIIOT€HHBIX OOBEKTOB.

[Ipu TpaguuMOHHOW cXeMe MOMCKa aHTPONOTEHHBIX OOBEKTOB CO
CTallMOHApPHBIMU reooHaMu CHayvana Bce Te0(OHbI OMYCKAIOTCI U MpPHU-
KPEIUIAIOTCS K THY, 3aTeM CIeAyeT MPOoIecC IprueMa U perucTpaunun oTpa-
JKEHHOT'O CHMTHaJIa, MOCJIe YeTrOo MPOUCXOIUT CHHXPOHHOE BCIUIBITHE BCEX
reo()OHOB M X NEpEeMEICHHE B HOBbIC TIO3UIUH IS CJICAYIOIIEro IprueMa
OTpaXCHHBIX CUTHAJIOB. DTO MPUBOAUT K TOMY, UTO YaCTh BPEMEHH pacxo-
JIyeTCsl Ha BBIIIOJHEHUE TEXHOJIOTHYECKHUX Ollepaluii ¢ reopoHaMu, Takux
KaK OTKpEIJIEHHE OT JIHA, IIepeMEIIeHHE, IPUKPENICHHE K IHY, OIpeaene-
HUE COOCTBEHHOTO MECTOIIOJIOKEHHS M IOATOTOBKA K NPHEMY OTPaXKEeH-
Horo curHaia. [loaromy B HacTosmIel paboTe npeIaraeTcst OCyIIecTBIATh
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TIOWCK aHTPOIIOTCHHBIX 00BEKTOB ¢ Hcnonb3oBanreM AHITA, obparmasics k
umerommmMcs npenmymectsam AHITA mo cpaBHEHHIO CO CTallMOHAPHBIMU
reo()oHaMH, B YaCTHOCTHU K CHOCOOHOCTH NepeMelaThcsi CBOOOAHO U He3a-
BHCHUMO JIPYT OT ApyTa.

[IpennaraeMsrit MeTO] TOMCKAa OCHOBAH HA COTJIACOBAHHOM (DYHKIIH-
OHMpOBaHUM u3mydatens u rpynnsl AHITA u 3akmrouaercs B cienyronem. B
TO BpeMmst Kak 0dipmas yactb AHITA u3 rpynmsl IpUKpeIDIeHa K THY U IIPH-
HUMAaeT OTPaXKEHHBIH CHUTHAJI, CO3JaBacMbIM H3JIydaTesieM, Apyras 4acTh
AHITA nepemeniaercs 11sl 3aHATUS HOBOW MO3HUILUY, HE Y9aCTBYsI IPH TOM
B IIpHiEMe OTPa’KEHHBIX CUT'HAJIOB. [locie 3aHATHs HOBOM MO3ULINHU IPHUEM OT-
PaXCHHBIX CHTHAJIOB ocymiecTsisier rpynmna AHITA B oOHOBiIeHHOM co-
ctage. [Ipu atom yacts AHITA, He 3anelicTBOBaHHAs B IpUEME OTPaAKEHHOTO
CHUTHAaJIa, OCYLIECTBISET EpEMELICHUE B MECTa CBOCH HOBOM IUCIIOKAIHU.
Tem campIM JocTHraeTCs IMHAMIYHOCTD (PyHKIIHOHUPOBAHUS BCEIl CHCTEMBI
B LIEJIOM U HETIPEPBIBHOCTD BEACHUS celicMopasBeak [31].

3. HocTaHoBKa 3a7a4W oNpeJeIeHUs] MAPAMETPOB MeToAa IO-
ucka. s o dexTrBHOTO BeAeHMsI CeHCMOpPa3BeAKH B 33aHHOM palioHe
HE0OX0IUMO OIpeaeTuTh psa mapaMmeTpoB padbotelr AHITA, obecreunBaro-
LIMX COITIacOBAaHHOE MOBEJEHME TPYIIIBI allllapaToB ¢ JABMKEHUEM H3Iyda-
Tens. PaccMOTpHUM ITOCTaHOBKY 3TOM 3a7auul.

[Tycts B 3amaHHOM paiioHe HEOOXOAMMO IPOBECTH CEHCMOpPA3BEIKY.
Nmeercs u3myyaTens, ABMAKYIIUICS 0 KPYTOBOH TpaekTopuu pagdyca R .. co

CKOPOCTBIO V)

usn *

CKOpOCTL n3rydarejid OrpaHn4ceHa HEKOTOPBIM 3HAYCHUEM

Vi , OMPEACIEIEMBIM €T0 TEXHUYCCKMMU BO3MOKHOCTAMMU, TO €CTh an < Vl .

[IpocnymmBanne OTpaXEHHBIX CHTHAJIOB OCYIIECTBISIETCS TPYTIION
AHITA, nmerommeit hopmy mMatpunbl pasmepHocTd M xM , tne M — Ko-
nuaecTBo psAnoB u koamuecTBo AHITA B xaxxnom psaay. Kaxaerit AHITA npu
JBWXEHUU UMEET CKOPOCTh Vs - Heo0Xoaumo onpenenuts crepyomue

TapamMeTphl paboTHI IPYIIIHI AIIIAPaTOB:

— ckopocTh Vs mepememenns AHIIA;

— KOJIMYECTBO M ammaparoB B KaXIOM psay;

— paccTosHHE Mexay annaparamu AL .

Ha nepeuncrnenHsle napaMeTpsl HAKJIAIbIBAIOTCS CIEAYIOIIUE Orpa-
HUYEHUS:

— CKOpOCTb Vs OTpaHMYEHA HEKOTOPBIM 3HauYeHHEM V ;

— paccrosiaue AL , onuHakoBoe ais Bcex AHITA rpymmebl, orpanu-
YeHO cBepXy. [IpHYMHON TaKOro OrpaHUYEHHs SIBISAETCS MAKCUMAIBHO JI0-
IyCTUMas JUCTaHIUA d,, TUAPOAKYCTHYECKOH CBA3U MEXIy alapaTaMu.

KPOMG TOro, CymeCTBYET MAKCUMAJIbHO AOMMyCTUMAA AUCTAHLA dpn a0
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kaxzaoro AHITA ¢ koopauHaTaMu (Xappa > Vapra) OT MOJOXKEHHS H3ITyda-

Tels ¢ KOOPAMHATAMU (X155 Vs

) . UpesmepHas ynanenaocts AHITA ot n3-
JIy4aresisi IPUBOAUT K CYIIECTBEHHOMY OCJIa0JIEHHIO OTPayKEHHOTO CHTHAJa
7 He 00ecreunBaceT ero perucTpanuro reo¢onom Ha 6opty AHITA.

Pa3HOCTBIO IPHX0Ja OTPAKCHHBIX CUTHAJIOB HAa KaXKJbIH ammapar
Oyznem nmpeHeOperaTh, rmosiarasi, YT0 perucTpUPyeTCs JIUIIb MOMEHT U3IIy-
YEHHsI CUTHAJIA.

Omnpenenenne mapamerpoB paborsl AHITA Oynmem ocymecTBIsSTh
TaK, YTOOBI MPOIIECC TIOMCKA aHTPOIIOTEHHOTO 00bEeKTa 00anan HanboIIb-
el 3GPeKTHBHOCTHI0. D((PEKTUBHOCTD MMOMCKA B JJAHHOM Cly4ae O3Ha-
YaeT rapaHTHPOBAHHOE OOHApy>KEHHE aHTPOIIOI'eHHOTo 00beKTa B 3aJaH-
HOM paifoHe B 3a/laHHBII nepuoj Bpemenu. Hanmydmee oOHapysxeHue 10-
CTUTaeTcsa NpU 00CIIe0BAHUM 33aHHOTO palioHa ¢ HauOouiblIell Bceasu-
MYTaJbHOCTBIO. BCeasnMyTanbHOCTh B JaHHOM CIIy4dae O3HA4aeT MPHUXO]
CHUTHaJIa Ha TeOo(OHBI anmapaToB CO BCEX HAINPABICHWH M3 JIUara3oHa
0° — 360°. Haubonpummuii 3¢¢dext B 00HapyKEHUH aHTPOIIOTEHHBIX 00BEK-
TOB JIOCTUTAETCS IPH PAaBHOMEPHOM IOCTYIICHUH OTPaKEHHBIX CUTHAJIOB
13 Pa3INYHBIX HAIIPABICHUH.

B nanbHeliem onpeaeseHne mapaMeTpoB METO/1a BEJICHHS CECMO-
pa3BeIKH OCYIIECTBIIIETCS HA OCHOBE OIIEHKH CTENIEHH BCEAa3UMYTAIbHO-
CTH, BBIP&KEHHOI OTKIIOHEHHEM MOJIYICHHBIX 3HAUYCHNH a3MMyTOB OT paB-
HOMEPHOTO pacnpe/eneHus a3suMyToB. CTeneHb OTKJIOHEHHS BBIPAXKAeTCs
cpenHekBagparndeckuM oTkiaoHeHHeM (CKO) a3umMyToB OT UMX CpeqHEero
3HA4YCHUSI.

B kaxngpii k- MOMEHT BpEMEHM Ha Kaxnbli (i, j)-H anma-

par (i,j=1, ..,M) [OpUXOHAT OTPaKEHHbIE CUTHAJILI C  a3UMyTOM
Az [k] €[0; 360°]. s aHamm3a BCEa3MMYTaIbHOCTH IPHHSATHIX CHTHAJIOB
g

CTPOUTCSI THCTOIPaMMa HAIPaBJICHNH NX IPUXO0/a C ONPEECIICHHOH IMCKPETHO-
cTbi0. [IycTh KONMMUECTBO MHTEPBAIOB THCTOIPaMMBI paBHO N . Torna ycrnosue
MIONIAJAHUs A3UMYTa B 11 -i MHTepBal (n=1, ..., N) HMeeT CIeayomnil BUL:

360-(n - 1)
Az [ <

360-n
N
O003HaYMM KOJIMYECTBO a3UMYTOB, MPUILIEIIINX Ha (i, j) -i armapart K

k -my MmomeHTy BpemeHH ( k=1, ...,K ; K — KOJIH9IeCTBO MOMEHTOB BpEMEHH,
B KOTOPBIE IIPOUCXOAMIIA PETUCTPALIUS OTPAXKEHHBIX CUTHAJIOB 33 BECH IIEPUOL,
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Habmronenns) uepes Z; [n, k] . Torna cpesHee KONMYECTBO a3UMYTOB LIS BCEX

araparos, MOoMNaBIInuX B 7 - HUHTEPBAJI K k -MY MOMCHTY BPpEMCHU PABHO:

37, [nk

i=1 j=

Ma

Q)

cpeu [n k]

M2

3unauenue Z_ . [n,k] npencrasiser coOOM CPemHION IS BCEX arla-

cpen [
paToB 4acTOTy MONaJaHMs HAallPaBIEHUN IPUX0Aa OTPAKEHHBIX CUTHAJIOB B
pa3iIu4YHBIE HHTEPBANBI K &k -My MOMEHTY BPEMEHH.

CpenHee KOMMYIECTBO a3MMYTOB ISl BCEX allapaToB 110 BCEM HHTEP-
BaJaM K k -My MOMEHTY BPEMEHH PaBHO:

i MZ

Cp€Jl (2)

ZCPeZl [k] N

Torna B k-ii MomeHT Bpemenu CKO onpeaensiercs clieayIOUM BbI-
pakeHHEM:

3 (Zuea [1.K] Zoge [€)) 3)

n=1
N

O, =

ITo pe3yibTaTaM COBOKYITHOCTH BCEX M3MEPCHUH B MPOIECcCe MPOBE-
JIEHUS] YMCJIICHHOIO 3KCIepuMeHTa ompenensercs cpennee 3HaueHne CKO
asUMyTOB O, IO CICAYOLICH popmyre:

K
;“" )

cp K

(9

Bribepem nokasarens o, B KauecTBe mokasareis dQPeKTHBHOCTH
ceficMopasBeKu. DTOT BbIOOP 00YCIIOBICH TeM, YTO lIapaMeTp o, Haubo-

JIEC IIOJIHO XapaKTCpU3yCT CTCICHb BCCA3MMYTAJbHOCTHU HaHpaBJ’IeHI/Iﬁ
npuxoga OTPaKCHHBIX CUTHAJIOB, 4 BCCA3UMYTAJIbHOCTH, B CBOKO OYUCPC/b,

210  Tpyas CMIMMPAH. 2018. Bbin. 3(58). ISSN 2078-9181 (ney.), ISSN 2078-9599 (oHnaiiH)
www.proceedings.spiiras.nw.ru



ROBOTICS, AUTOMATION AND CONTROL SYSTEMS

o0ecrieyrBaeT HaAWITylIHe YCIOBUs 0OHApyKEHHS aHTPOIIOTC€HHBIX 00BEeK-
TOB Ha MOPCKOM JTHE.
Torna xpurepuil 3a1a41 JOCTHKEHHUS MaKCUMAJIbHOHN BCEa3UMYyTallb-
HOCTH HalpaBJIeHUH Npuxojaa OTpakeHHBIX curHajioB Ha AHITA Oyzner
HMMETb CIEAYIOUNNA BUA:
6o, (Vapria »AL, M) — min (3)

cp

opy  cnepylomux orpaHudeHusax: V. <V, Viga <V,, AL<d,
k

k . 7
Xysn ~ Xamriay || < d,,. OrpaHHYeHHsl JIOJDKHBI BBINOJHATBCS B KXKAbIA K -if

MOMEHT BpPEMEHH TS KaXIoro (i, j)-ro ammapara.

4. TlopsioK pelleHust 3aa4u onpe/aeJeHusl NapaMeTpPoOB MeToAa
noucka. J[7s peneHust oCTaBIeHHO 3aa4y BHaYalle CIIeAyeT IIPOU3BECTH
onpedenenue koopournam AHIIA u uznyuamens.

Jnst kaxporo (i, j)-ro AHITA asumyt Az; nanpaBienus mpuxoza

OTPAKCHHOI'O CUT'HAJIa OIIPEACIISACTCA BBIPDAXKCHUCM

Y. Y ,
AZU _ arctg M3 AHITAj , (6)

mwn X AHIIAj

rae X, Y, — KOOPIUHATBI M3IydyarTelsl B MOMEHT PErMCTPAlMU OTpa-

JEHHOTO cUrHana; X ap Ay"Y ‘AHrly; — Koopaunatsl AHITA B MOMeHT pe-
THCTPAlK OTPAKEHHOTO CHTHANA (MHIEKC [ O3HAYaeT MOJIOXKEHUE allia-
paTa B Ipymme BIOJb OCH X , HHICKC j O3HAYaeT IOJIOKCHHE armapara B
rpymIe BAOIb ocu Y ).

B k-ii MOMEHT BpeMEHH pacyeT KOOPIHMHAT IEHTPa OKPYKHO-
et (X, Vi) > BIOIB KOTOPOI POMCXOUT JIBHKECHHE M3ITydaTelis, onpeie-

JIETCA UCXOd U3 CICAYIOMINX BBIpa)KCHHﬁZ
X, = X k
AT ) )
y ) = y 0>

rae (x,,Y,) — KOOpAMHATHI HAYAJIBHOI'O MOJI0KEHHS U3ITydaTes, a onepa-
s [a] O3HaYaeT BBIACTICHUE [enoi yacTh uncna a. Ocu X u Y obOpa3yror
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CUCTEMY KOOPJIMHAT B TOPU3OHTAILHOMN MJIOCKOCTH BOAHOM cpenbl. [Ipu uc-
NOJIF30BAHMU B 3aJaue IUIaHa «BHJ CBEpXy» OoCh X HampaBieHa TOPU30H-
TaJBHO CJIEBA HAIMPaBO, & OCh Y — BEPTUKAJIBHO CBEPXY BHHU3.

YrnoBas CKOPOCTh  JABIDKCHHS H3IydaTeNlsi BAOJIb OKPYXHOCTH
OTIMCBIBACTCS CIEAYIONINM BEIPAKCHUEM:

a):an ]
s ®)

MU3JT

Torna KOOpIUHATHI MOJIOKEHUSI U3JTy4aTessl B k -ii MOMEHT BpEMEHHU
OTIPENIENIAIOTCS C TOMOIIBIO CIETYIOUINX BBIPAKCHUM:

Xyan = Xy, + Ry COS O,

&)

ymn :yllk +RI/I3J'I SlIl(Zk,

rIe o, — YIJIOBOE IOJIOXKEHUE U3Iydarelsd B k-ii MOMEHT BpPEMEHU, OHO
ompeensercs cIeayonuM o0pa3oM:

& =, —@- (10)

Koopaunats! monoxenust AHITA onpenenstorcst B k -ii MOMEHT Bpe-
MEHH, €CJIM PacCMaTPUBAEMBbIH anmnapar MPUHAMICKHUT j -My PAAY, KOTOPBIH

B k -/l MOMEHT IepeMeIIaeTcs:

Xijkr1 = X +Vanna Ay,

an

Yiik+1 = Vijie-

B (11) nepemennas Af;, npencrasisiet co00ii HHTEPBAI MEXIY k -M
u (k +1) -m momenTamu Bpemenu. Koopaunater monoxxenust AHITA, ne npu-

HAJJISKAIIETO PAIY, KOTOPBIA B A -if MOMEHT TIepeMEIacTCsl, ONPEICIISIOTCS
CIIEYIOIIIM 00pa3oM:

Xijk+1 = Xijke»
y y (12)

Yijk+1 = Vijk -

Takum 06pa30M, JJI pacucTa IoKasaTeiisl o, BBI6paHHOFO BBIIIC B

cp 2
KadyecTBe 1nokaszaresns 3((GeKTUBHOCTH, ONpPEEICHbI BCE MapaMeTphl, HE00-
XOAMMBIE 151 ero BhruucieHus no gopmynam (3) u (4). Crepyronym sTarnom
peEIICHNUs MTOCTABICHHOMN 3a1a4H SBJIACTCA ONPEAEICHHE TapaMeTPOB Vypra »
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M u AL , 103BONAOIIMX [I0JIyYUTh MUHUMAaJIbHOE 3HAYE€HUE [TI0KA3aTENA Gcp
¥ TEM CaMbIM OOecrieunBarOIuX Hanbolee d((EKTUBHBIN ITOMCK aHTPOIIO-
TEHHOTO O0BEKTa B MOPCKOM JTHE.

IIpocToii mepedop nepeyrcaCHHBIX TapaMeTPoB 0e3 aHaIN3a CKIIa IbI-
BaloOIIeiCs cUTyaluu U 0e3 onpee/ieHus MPUINHHO-CIICJCTBEHHBIX CBSI3eh
SIBJISICTCS KpaliHE HEMPOIYKTUBHBIM. [103TOMY 1151 OTIpeIe/ICHHs yKa3aHHbBIX
apamMeTpoB HEOOXOAUMO Pa3eIuTh MOCTABICHHYIO 33/a4y Ha CIICIyOIIHe
MOCJICIOBATENILHO PEIIacMBbIC MO13a1auu:

—  ONpeJelicHHE B3aUMHOTO MOJI0KEHHS TPYIIIbI U U3Ty4aTels;

—  OIpeJeNICHHUE TEOMETPHUCCKON MPOTSHKCHHOCTU TPYIIIIBL;

—  OmpeJelieHre KOJINYECTBA arapaToB.

[TokaxxeM, KaKk peIIaroTCsl 3TH MO13aa4u.

Onpedenenue 83auMHO20 NOIOJiCEHUs cpynnblL u uziyyamens. Js pe-
HICHUS 3TOH MM0/[331a4K PACCMOTPUM I'PYIINY B BHJIE KBapaTa CO CTOPOHAMHU

Lx L MeTpoB 1 IBI)KEHHE U3ITydaTels 1o OKpyXHocTH. [Tokaskem, uTo Bee-
a3UMYTaIbHOCTD JIOCTUTAETCs TIPH TAKOM B3aMMHOM IOJIOKEHUHU TPYIIIBI U
OKPY>KHOCTH, ITPY KOTOPOM HUX LIEHTPBI COBMNAAIOT.

ITycTh omMHOYHBIN anmapaT pacnosaraercs B LICHTPE KBaapara, COB-
MaJAOLIEr0 ¢ LEHTPOM OKpPYKHOCTHU. [lo Mepe ABMXKEHHS U3Iydarens ero
YIJIOBast CKOPOCTh MEHSIETCS] pABHOMEPHO 10 INHEHHOMY 3aKOHY:

Az=wR,,; (13)

YTO, B CBOIO OYEpE/Ib, 03HAYAET PABHOMEPHOCTh pacIpeeeHUs] a3uMyTOB
HaIlpaBJICHUH IPUX0/1a OTPAKEHHBIX CUTHAJIOB.
Jst mo6o#l TOUKHM, TpHHAIUIeKANel KBagpaTy W OTIUYHOH OT

LEHTPAJIBHON, HMEWIIEeH a3suMyT Az HaOpaBlI€HUs OTPakKEHHOIO
CUTHAJIA, IPUIIEAIETO OT U3IyJIaTelsl, PACIIONOKEHHOTO B TPON3BOIBHOM
TOYKE OKPYKHOCTH. B CHIIy CUMMeETpUH OKpPYXHOCTH M KBajpaTa BCeraa
HalAyTCsl TaKHe TIIOJIOKEHUS TOYKM B KBajApaTe M H3ITydaTens Ha
OKPYKHOCTH, HEHTPAIBHO CUMMETpPHUYHBIE OTHOCHUTEIIBHO
MIePBOHAYAIBHBIX, JJI1 KOTOPBIX:

Az! = 360°— Az, . (14)

[TosToMy npu paccCMOTPEHUH IIPOU3BOIBHOTO MHOKECTBA TOUCK, PaB-
HOMEPHO IMOKPBIBAIOIIUX KBaApaT, paclpeaeicHue a3uMyTOB HalpaBIeHUN
MIPHUX0/1a OTPAKEHHBIX CUTHAIIOB TAKXKe Oy/1eT paBHOMEPHBIM.

Taxum 0o0pa3oM, pe3yabTaToM AaHHOIO 3Tana BhIOOpa MapaMeTpoB
SIBIISIETCS] BBIBOJ O TOM, 4TO IS 3(p(heKTHBHOTO BEJEHNUS MONCKA aHTPOIIO-
TeHHBIX 00BEKTOB HEOOXOIMMO, YTOOBI LIEHTP TPYIIBI  LEHTP OKPY)KHOCTH,
BJIOJIb KOTOPOU ABMXKETCA U3Iy4aTellb, COBIAIANH.
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OnHako NpH BEJECHUM CEHCMOPA3BEAKU M3IydaTelb ABMKETCS II0
KPYTroBOH TpaeKTOpuH — Iukiousae. [loaroMy 1t obecriedeHus BBITOJIHE-
HUSI BBIIICYKa3aHHOTO YCIIOBUSI HEOOXOJMMO, Y4TOOBI LIEHTP TPYIIIbI JBH-
rajicsi CHHXPOHHO C JBID)KEHUEM LieHTpa u3irydaTens. Cka3zaHHOE O3Ha4yaeT
HEOOXOMMOCTH BBIITOJIHEHHS CIICAYIOLIETO YCIOBHUS:

Vi=Vep: (15)

Onpenencane ckopoctu kaxmaoro AHITA ocHoBaHO Ha TOM (akre,

4TO CKOpOCTh ABmkeHus rpymisl AHIIA V- onpenensercst KOIMYECTBOM

psanoB AHIIA, xoTopsie OCIeA0BaTEIbHO IEPEMELAI0TC:

M3
Vrp :W AHIIA > (16)

rae M, — xonuuecTBo 3ajelicTBoBaHHBIX panoB AHIIA mpu nepemerte-
Huu. OTCro/1a ONpesesieM CKOPOCThb NEPEMEILEHUS Vy 4 -

Onpedenenue ceomempuueckol npomsicennocmu epynnovl AHIIA.
Kpome cormacoBannoctn nemwkenus rpynnsl AHIIA, ¢ wm3mywarenem
JOJDKHA OBITh oOecreueHa BCEa3UMYTAIbHOCTH IMPHEMa OTPAKEHHBIX
curHanoB. Ha Bcea3suMyTanbHOCTb IPUEMA CUTHAJIOB OKAa3bIBAET BJIMSIHUE
COOTHOIIEHUE  MEXJIy TEOMETPUYECKUMHU  pa3MepaMud  TpYIMIbI,
omnpenenseMond nmapameTpoM L, U paguycoM UHUKIOUIbI R TO €CTh

usn 2
pazMycoM OKPYXKHOCTH, BJOJb KOTOPOW TPOMCXOAUT JBUKEHHE
usnyuarensd. OJHAKO BCEA3MMYTAILHOCTH HANpPABICHHHM  IpUXO0Ia
OTPaKEHHBIX CHIHAJIOB HA arlaparhl JOCTUIAETCS B TOM CIydae, eClu
M3Iy4aTenb  IBUTAETCS  BJOJNb  OKPYXHOCTH, COBHAiaionmiell ¢
OKPYKHOCTBIO, OTIMCAHHON BOKPYT TPYIIIBI ANMAPaToB.

TMosichuM ckazannoe. IlycTh 3a HEKOTOpOE BpeMst Af H3JIydaTelb
OINMCBIBAET ITOJIHBIN Kpyr' BOKpYT I'pYIIIGIL. H 3a st0 X)e BpEeMsA OJUWH psij
Py 10MKeH npeoaoneTs pacctosuue (L+ AL) nns obecrieuenus mak-
CHMAITBHOW HENPEPHIBHOCTH Mpouecca. [IpolIeHHbIN U3ITydaTeneM IyTh B
9TOM Ciyyae Oy/IET ONPEAETATCS CIEYIONIMM BHIPAKEHHEM:

S=27R_=V. A (17)

H3J1

3a a0 xe BpeMsa At oxuH psg AHITA, ckopocTs mepeMenienns Ko-
TOPOTO OIpPEAENACTCS CKOPOCTBIO  Vjyya MEPEMEIICHUST OXHHOYHOTO

AIIIIA, npeosoneer paccrosuue (L + AL), xoTopoe cieayomum o6pa-
30M BbIpakaeTcs yepe3 ckopocts AHITA:
L+ AL = Vigna Af. (18)
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Beipakast n3 (17) u (18) Bpems A¢ ¥ npupaBHHUBAs IpyT IPYTY HOIY-
YeHHbIE BBIPAKEHHUS, IIOJy4aeM CIIeyIoliee YCIOBHE COrTacOBaHHOTO TOBE-
nenus rpynnbsl AHITA u nznyuarenst:

L+AL 2 7R,

19)
VAHHA an
[Tockonbky crpaBennuBo paBeHCTBO L+ AL = MAL, TOo paccTosiHue
MEX]Ty aImapaTaMu, 00SCIICIMBAOIIIMA UX COTIIACOBAHHOE C U3IydaTeIeM
JIB>KEHUE, ONIPEACIISIETCS CIEYIOIIUM BhIPAXKEHUEM:

2 7R, Vanna
MV '

HU3J1

AL = (20)

W3 (20) BuOHO, YTO TPH NPHHATHIX OTPAHWUYCHHUAX II0 CKOPOCTH
AHIIA u paguycy OKpyKHOCTH, BIOJIb KOTOPOI IPOUCXOIUT JBUKEHUE U3-
Jydarens, napamerp AL MOXXHO yBEIWYIMBAaTh JHIIb JO 3HAUCHHUS, Opeie-
JIIEMOTO CIIEAYIOIIHUM BBIPAKECHUEM:!

2 7d )V,
MV

ns3n

@n

Beipaxxenue (21) mo3BOJISET ONMPEACIUTh PACCTOSIHUE MEXKTy armnapa-
TaMH C YYETOM OTPAaHUYCHUS Ha JaJbHOCTh PACIIPOCTPAHECHUS OTPAKEHHOTO
CHTHAJIa, KOTOPOE, B CBOIO OUYEPE/lh, OKA3hIBAIOT BIIUSIHUE HA pa3Mep TPYIIIbL.
Hcxons U3 3T0ro, reOMETPHUYCSCKHUI pa3sMep IPYIIIbI OMPEaCIAeTCs CIACIyIo-
M 00pazom:

Ly=MAL. (22)

C npyToii CTOPOHEI, C YI4ETOM TOT0, YTO pa3Mep TPYIIITEI TOJKCH OBITh
TaKuM, YTOOBI IMKIIOHM/A, OMHChIBaEMasi BOKPYT TPYIIIbI, Oblia ONHM3Ka K
OIMUCAHHON OKPYKHOCTH, T€OMETPUYCCKUI pa3Mep IPYIbl ONPEaeIsieTCs
CJICYIOIIMM BhIPAKCHUCM

Ly =2R,,,. (23)
OKOHYATETHHO MPOTHKEHHOCTD TPYIIITBI OTIPEIENISCTCS YCIOBHEM:
L= mm{Ld,Lm}, (24)
a paCCTOfIHI/Ie Me)l(,[[y ar[napaTaMH JOJIZKHO 6LITL paBHOZ

L, L
AL:min{—d 3} (25)

M?* M?
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Onpedenenue ronuvecmsea annapamos. I'e€oMeTpUUecKHil pasMmep

rpynnsl L 1 pacctosHne AL MEXIy COCEOHHMH ammaparaMy IO3BOJISTIOT
OIIPEeNIENTUTh KOJIMYECTBO aIapaToB B rpymrie. Pemenne 3Toit moazanayn, 3a-

KJ'HO"IHIOHICI‘/'ICH B OIPEACIICHNN KOJIUYCCTBA arlrapaToB M B Kaxaom pAay u
KOJIMYECTBO DPSAOOB M , CBOAMTCA K PCHICHUIO 3aJa4d IOKPBITHUS KBaJgpaTa

Lx L perymsipHOH ceTKOH C pa3MepoM s4eiku AL , B y3/1ax KOTOPOH pacro-
JIOXEHBI anmnapatsl. KonuecTBo y3710B CETKU ONpeeNsieTcs] KOJTMUECTBOM all-
raparoB B rpyrie. O4eBHIHO, 4YTO HEOOXOAUMO CTPEMHUTHCS K SKOHOMHUH aIl-
NapaToB U 3allOJHATH KBaJpaT HAUMEHBIIIUM KOJIMYECTBOM amnmaparos. Torna,

BBH]ly HAJIMYMUs OTPAHUYEHUS HA PACCTOSHUE AL MeEXAy anmnaparaMu, KOJIH-
YECTBO allllapaToB ONPEAENIAETCS CAEIYOIUM BEIPAKCHUEM

m=" (26)

CB

5. Pe3yabTaThl 3KCNIEPUMEHTATbHBIX HCCIeI0BAHMIT HA UMUTALU-
OHHO¥ Mozesu. JJ1s1 YUCIICHHOTO pacyeTa IMapaMeTpoB METO/1a IIOMCKa aHTPO-
MOTeHHBIX OOBEKTOB ObLIa pa3paboTaHa M peai30BaHa Ha MPOrPAMMHOM
YPOBHE MMHTAMOHHASI MOJIENIb. B 3TOH MOJeny B Ka)KIOM TaKTe MMUTALMN
BOCIPOM3BO/IMITUCH TIPOLIECCH ABMKEHHUS U3ITydaTessl 10 KPyroBOi TpaeKTo-
pun, nBikeHue rpynmsl anmapatoB AHITA u otnensHO B3sTeix AHITA u3
TPYIITB, & TAKXKE U3ITyYeHUE H3ITydaTesieM 30HANPYIOIIEro MMITyJILCHOTO CHT-
Hajla ¥ TpueM reo()OHaMH OTPKEHHOTO OT aHTPOIIOT€HHBIX OOBEKTOB CHI-
Haya. CTeneHp AeTaMn3aliy BOCIIPOM3BOIMMBIX MPOIIECCOB MO3BOJISIIA Pac-
cmatpuBath AHITA u m3mydaTens Kak MaTepHalIbHbIE TOUKH U B TO )K€ BPEMS
YYUTBIBATH OCOOEHHOCTH COTJIACOBAHHOTO MBI KeHMs Tpymsl AHITA u m3iry-
yaressi. B 3aBuCHMOCTH OT IUCTaHIMH 10 M3Mydatens Ha kKakgoMm AHITA ore-
HHUBAJICS YPOBEHb IPUHUMAEMOTO OTPAYKEHHOTO CUTHAJIA C YYE€TOM Cpe/ibl pac-
NPOCTpaHeHHs, 3aTyXaHus1, peBepOepanun U pedpakimu nyueit. [1yonna me-
CTa NMpUHUManach paBHOi 450 M, BOMHEHHE MOpsi cocTaBisuio 2-3 Oasa.
IIpennonaranock, 4T0 JHO ABIAETCS HOJHOCTHIO ECYAHBIM.

[Ipn mpoBeneHNU HKCIIEPUMEHTAIBHBIX HCCIENOBAaHUN OBUTH TpH-
HSATBI CJIEAYIONIME UCXOIHBIE NaHHbIe 1o rpynne AHITA:

— xomuuectBo AHITA B rpymme — 49 ammapaToB (1o 7 anmaparoB B
KaXJIOM psiy, KOJMYECTBO PSIIOB — 7);

— paccrosane AL mexay AHITA cocrasmser 30 m;

— ckopocts nepememienns rpynnsl AHITA ompenernsiiace Koimde-
CTBOM DPSI0B TPYIIIIBI, TIEPEMEIIAIONINXCS BIOJIb HAIIPABICHHS ABHKEHUS (B
HepeMeIeHNH y4acTBOBAN OJIUH Psif).
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Ilo w3mydaTenqro NMPUHUMAIOCH IOIMYIIEHHE, YTO LIEHTP BpaILCHUS
OKpPYXHOCTH B TOYHOCTH COBIAIAET C I'€OMETPUYECKHM «IIEHTPOM Macc»
rpynmnst AHITA.

IIpennonaranock, 4To 3a BpeMsl IEpeMEIlEHHs OJUHOYHOTO pAna
AHIIA ocranpHas (06:pmmas) yacte AHITA ycnieBaeT BBIIOJHUTE MOCIIE0BA-
TEJIHHO ONEpaIuy 3ariayOIeHns U OIyCKaHWS Ha IHO, MIPUKPEIUICHNS K JHY,
TIO3UIIMOHNPOBAHUS, IPHEMa OTPAXEHHBIX CHTHAJIOB M MX PErUCTpalMd Ha
KapTy MaMATH, BCIUIBITHSA W IOATOTOBKHM K JAJBHEHIIEMY IEpeMEIeHHIO,
BKJIIOYas! BCIUIBITHE HA TITyOMHY JBMKCHUSI B TOUKY HOBOH JMCIIOKAIIHH.

ITockonbKy, kak BUmHO u3 (20), M3MEHEHHE PAcCTOSHUSI AL MEXIy
AHIIA npsiMo ponopuroHaTbHO U3MEHEHUIO pajinyca R ., TO MPU MpOBeje-

U3 2
HHH SKCIIEPUMEHTA BapbUPOBAJICS PayC OKPY>KHOCTH, BIOJIb KOTOPOH Ipo-
HCXOIUT TMepeMellIeHne H3mydarters. [ KakIoro 3HaueHus! paJyca IIpoBoO-
JIMJICS YMCTIEHHBIN SKCIIEPUMEHT, B X0/ KOTOoporo cuctema «rpymma AHITA —
W3JTy9aTeNby ONHCHIBAIA ITOJIHBIN KOHTYP B BUAE MPAMOYTOJIbHHIKA. 3HAUCHHE
pamuyca mpu 3ToM BapeupoBasiocs ot 10 M 10 200 M ¢ marom 10 M. B xozne
TIPOBEICHHUS CEPUH YNCIIEHHBIX SKCIIEPUMEHTOB OBLIO OPENEIEeHO, KaKUM 00-
pa3oM paiyc OKpYXKHOCTH, BIIOJb KOTOPOI MPOUCXOIUT ABI)KEHHE M3ITyda-
tens, BimusieT Ha CKO asumyToB. OrpaHuueHus 1Mo AanbHOCTH NpHeMa OTpa-
JKEHHBIX CUTHAJIOB Ha 3TOM 3Talle HCCIIeA0BaHN HE YUUTBIBAIIMCH. Pe3ynbrars
9TOTO YHCIIEHHOTO SKCIIEPUMEHTA MPUBEICHBI Ha PHCYHKE 2.

CKO, en.
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Pamuyc, m

Puc. 2. 3aBucumocts CKO a3umyTOB OT panuyca OKpy>KHOCTH, BIOJIb KOTOPOH Mpo-
HCXOJIUT BPAILICHHUE U3ITydaTelist

Ha pucynke 2 mo ropu30HTaNbHON OCH OTJIOKEHbBI 3HAUCHUS PAIHy-
COB, 10 BepTukanbHOW — 3HadeHus CKO asumyros. U3 ananuza pesynbTa-
TOB, IPUBEACHHBIX Ha PUCYHKE 2, MOXKHO CJIEJIaTh CIICIYIOIINE BHIBOBI:

1. M3MeHeHue paauyca OKPY’KHOCTH, BAOJIb KOTOPOH NMPOUCXOAUT
JBIDKCHNE HM3ITydaTelisi, OKa3bIBaeT BIIMSHMEC HA CTETEHb BCEA3UMYTAJIbHO-
cTH, BeIpakeHHOH uepe3 CKO azumyTos.
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2. C yBenmmuenueM paauyca okpykHoctn CKO a3uMyToB MOHOTOHHO
y6biBaer ot 1100 o 180 eannuI 1 JOCTUraeT MUHUMAILHOW OTMETKHU NPH 3HA-
yeHuu paguyca R, = 100 m. [lanbpHelee yBelnyeHUE paJuyca IPUBOIUT K

yBenuueHuto CKO no 380 equnu, 3aduxcupoBanHoro npu R,,, =200 m.

3. Pe3ynbTarhl YHCIEHHOTO IKCIIEPUMEHTA MOKa3bIBAIOT, YTO CYyIIIe-
CTBYET ONITUMAJIbHOE 3HaYeHHe paanyca, nmpu koropom CKO a3umyToB mo-
CTUTaeT HAaMMEHBILIETro 3HAa4YEeHUs. JTO 3HAUYEHHE PajJyca COOTBETCTBYET
OKPY>KHOCTH, OJIN3KOHN K OKPYXHOCTH, OITUCAaHHOM BOKpYT rpymisl AHITA ¢
LIEHTPOM B reomerpuueckoM «ueHTtpe mace» AHITA. Onnako, kak oTMeua-
JIOCH BBIIIIE, TIPH MPOBEICHUH YUCICHHOTO 3KCIEPHUMEHTa OIPaHUYeHUs Ha
JIAJIbHOCTH ITPHEMa OTPKEHHOTO CHTHajla HE YYUTHIBAIUCH.

Taxkum 006pa3om, 1o pe3ynbTaTaM MPOBEASHHOTO YHCIEHHOTO KCIIe-
pUMeHTa OBUIO BBISBJICHO, 4TO NpHU ABMXeHUU rpynnbl AHITA u nBmxeHnn
M3TydaTesst 0 OKPYKHOCTH BOKPYT 3TOM I'PYTITbI HANOOIbIIAS CTEIIEHb BCE-
A3UMYTaIBHOCTH JIOCTUTAETCsl IPU TAaKOM COOTHOIICHHU pa3Mepa IpyIIibl 1
panuyca OKpy>KHOCTH, IIPH KOTOPOM 3Ta OKPYHOCTB OJIH3Ka K OKPYKHOCTH,
OIMMCAaHHON BOKPYT KBajpara, MPeCTaBISIIONIEro co00H reoMeTpHuecKoe
n3ob6pakenue rpymmsl AHITA.

OnHaKo, KaK YKa3bIBaJIOCh B TOCTAHOBKE 3aJ1a4y Ha OIIpezieIeHue Ta-
paMeTpoB METOa MOUCKA, UMEETCSA OTpPaHWYIECHHUE Ha JalbHOCTh IIPHEMa OT-
PaKCHHBIX CHTHAIOB. [103TOMY OBIIIM IPOBENICHBI AOIOIHHUTEIBHBIE SKCIIE-
pPUMEHTAJIbHBIC WCCIIEIOBAaHMS AJISI BapHaHTa C OTPaHMYCHUSIMHA Ha Jajb-
HOCTb IIPUEMa OTPAKEHHOT'O CUTHAJIA.

VYder 3TOW MANBHOCTH MPOUCXOMWI clemyromuM obpazom. Ilepen
NPOBEZCHUEM SKCIIEPUMEHTA 33/1aBAJIOCh MPEAEIbHOE 3HAaUEHHE JATbHOCTH
MIpreMa OTPaKEHHOTO CHTHANA. B Xo1e mpoBeAeHHs YMCICHHOTO 3KCIEepH-
MEHTa ONpEeNesUINCh a3UMYThI, KaK U B OKCHEPHMEHTE Ha NpeAbIIyIIeM
stamne. OIHAKO HA ATOT Pas3, €CIIU OKA3bIBATIOChH, YTO JATBHOCTh IPEBHIINAET
MpeebHOE 3HAUCHUE, TO 3TU a3UMYThl UCKIIOYAIHUCh U3 CTAaTUCTHYECKOU
00paboTku pe3ynbpTaTa. Tem caMbIM OIpenesuics «BKIaa» a3uMYyTOB B 00-
LIMe Mpe/ebHbIe 33/IaHHbIC 3HAUCHHUSI.

IIpn mpoBeAEHWH 3TOTO UYHCIEHHOTO AKCIEPHUMEHTa 337aBaJoCh
3Ha4YeHHWE IMpeJeNIbHOH JalbHOCTH, C KOTOPOHW emle MOXHO OBUIO
PETUCTPUPOBATh OTPAKEHHBIM CHUTHAN. 3aTeM IpH MOCIEJ0BATEIbHOM
U3MEHEHUU PaJnyCca OKPYKHOCTH, BAOJIb KOTOPOU MPOUCXOIUT JBUKEHUE
W3Iy4aTesns, TPOBOAWIACE CEpHs UHCICHHBIX JKCIepuMeHToB. Ilo
pe3yibTaTtaM 3TOi cepuu cTpousics rpaduk, aHaJOTHYHbBIN PUBEICHHOMY
Ha pHUCYHKE 2.

3areM 3HaYEHUE MPEJETbHON NAIBHOCTH U3MEHSIIOCh, H BHOBb IIPO-
BOJIMJIACH CEPHSI YUCICHHBIX SKCIIEPIMEHTOB C N3MEHEHHEM PANyca OKPYXK-
HOCTH, BJIOJIb KOTOPOW MPOMCXOAUT TIepeMelleHne u3mydarens, ot 10 M 1o
200 M ¢ marom 10 m.

B pesyinbrare Obun ompenenensl 3aBucumoctd CKO ot paamyca
OKPYXXHOCTH C YU€TOM JAJIBHOCTH IIPUEMa OTPAKEHHBIX CUTHAJIOB. Pe3yib-
TaThl ATUX UCCIIEJOBAaHNI ITPHUBE/ICHBI HA PUCYHKE 3.
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Puc. 3. 3aBucumocts CKO ot pagmyca OKpy>KHOCTH, BIOTb KOTOPOH IIPOUCXOJHUT
JIBIDKEHHE U3JIydaTes, C y4eTOM IpeAeIbHON AaJbHOCTYU IIPUEMa OTPAXKECHHBIX
CUTHAJIOB

AmHanu3 pe3ynbTaToB, IPUBEJCHHBIX HA PUCYHKE 3, MO3BOIISIET chop-
MYJIMPOBATh CIICTYIOLIHE BHIBOIBI:

1. Yder orpannyeHuii IO JANBHOCTH NPUEMa OTPaKEHHBIX CHTHAJIOB
okaspiBaeT BrusHHe Ha CKO asumytoB. Tak, mpu mepexoie mpeAeTbHON
JANBbHOCTH IpHUeMa OTpakeHHbIX cUrHajioB oT 300 M no 100 M cHukeHHE
CKO a3umyTOB B cpeHEM MTPOU301LI0 HA BeanduHy 200 equHuL.

2. CHWKeHHe TpefebHON MalbHOCTH MpHeMa OTPaKCHHBIX CHTHA-
noB, HanipuMmep oT 300 m 1o 180 M, mpuBogut k camxennto CKO a3umyToB
Ha OOJNBIIUX paanycax ToJbKo mocie paauyca 90 m. [Ipu 3ToM MUHEUMYM
CKO coxpansieTcst mpu paguycax, Jexanux B auanazone ot 70 1o 90 m. B
nanpHeieM HaOromaercst 6onee mHTeHCHBHBIH poct CKO asumyToB 10
CPaBHEHHIO C BAPHAHTOM, KOTJa JTAIBHOCTh IprueMa curaaioB pasHa 300 M.
OOBSICHUTD 3TO MOXKHO TEM, YTO C POCTOM PaJHyca MPOUCXOIUT IPEBBIIIIC-
HUE TpeIeNIbHOM IMCTaHIIMHU a3UMYTOB, KOTOPBIE HCKIIFOYAIOTCS U3 PACCMOT-
peHus. 3aTeM HaOIIOJaeTCs eIie OJHa TOYKa repernda, U ¢ JaTbHEHITIM
yBenmmdenrneM paanyca CKO a3uMyTOB HAUMHACT CHIKATHCS.

3. Cxoxuii xapakrep 3aBucumoctd CKO asmmyToB OT pammyca
OKpPY)KHOCTH, BIOIb KOTOPOH IPOUCXOIUT TEPEeMEUICHUE M3ITyqaTelis,
HaOII0JaeTCsl TPU AabHEHIIIeM CHIKEHUH MPEACIbHON AaNbHOCTH MpUeMa
OTPa)KEHHBIX CHTHAJIOB.

ITpu stom nmonoxxenne muauMyma CKO aszumyTtoB cmeraercs. Ilpu
nuctanmuu 100 M oHo coctaBwio 70 eauHun, mpu auctaHiuu 140 M —
80 enunun, npu auctanimu 180 M — 90 enunun, npu auctaniuu 300 M, a
TaKKe M IpH Oe3rpaHnyHoM cirydae — 100 exuHwmL.

4. Tlpu paccMOTpeHHMHU AaHHBIX, MPEJCTABICHHBIX HAa PHCYHKE 3,
OBLIIO BBISBIICHO, 4TO HanMeHbIee 3HaueHrne CKO a3umyToB HaOro1aeTCs
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MIPH OTpaHWYEHHUH 10 JanbHOCTH, paBHOM 100 M. B 3Tom ciryaae CKO co-
craBigeT 148 equHmIL.

st aTOro cityyas TMCTOrpamMma paclpesesieHHsT a3uMyTOB HMEET
BUJI, TIPEJICTABICHHBIN Ha PUCYHKE 4.
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Puc. 4. 'ucrorpamma pacnpezeneHus a3uMyTOB MU IpeaenbHoi aansHoctu 100 m

IIpu >TOM TpaekTopusi MEPEMEIICHUs] U3IydaTessi BOKPYT TPYIIIbI
AHITA nomxHa BBITTISAIETh TaK, KaK TOKa3aHO HA PUCYHKE 5.
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Puc. 5. Pesynbrupyromas TpaeKTopus NepeMeIeHHs U3JIy4aTesst BOKPYT IPYyIIIb
AHIIA

Takum oGpa3om, pe3yabTaThl MPOBEACHHBIX YHCIEHHBIX JKCIEpH-
MEHTOB Ha UMHTAITMOHHON MOJEIH MOKa3ali, 9To It obecreueHus 3 dek-
TUBHOTO BEJCHUS CEHCMOpa3BeIKH HEOOXOIUMO COTTIACOBAHHO MOAOUPATH
MOIITHOCTh M3JyYaTeNisi ¥ YyBCTBUTEIBHOCTH re0()OHOB, oOecrieunBasl mpu
3TOM TpeOyeMyI0 JaTbHOCTh IPHEMa OTPAKEHHBIX CUTHAIIOB C yUETOM PaJIH-
yca o6xopa rpymmel AHITA.

7. 3ak/arouenue. B crartbe NMpeasiokeH HOBBIM NWHAMUYECKUH MOJ-
XOJ] K TIOMCKY aHTPOIIOTEHHBIX OOBEKTOB HA MOPCKOM JHE, OTINYAIOLTHIACS
OT CTATHYECKOTO TE€M, YTO OH OCHOBaH Ha MCHOJB30BaHUM rpymisl AHITA.
CyTh HDaHHOTO MOAXOAA 3aKIIOYAETCS B COTJIACOBAHWM  TIEPEMEIICHUS
TPYIIBI anmnaparoB ¢ TOBEISHUEM H3JIydaTelsi, Mpu KOTOPOM OCHOBHAs
YacTh almnapaToB 3aHsATa IPUEMOM OTPaKEHHOTO CUTHAJA, a OCTaJIbHAS YacTh
— MepeMEINICeHHEM B HOBOE MECTO.
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IIpennosxeHHbIN HOBBII IMHAMUYECKUA METO/] HEIPEPBIBHOTO BEICHUS
celicMOpa3Be/IKU aHTPOIIOTeHHBIX 00BeKTOB ¢ Mcnonb3oBanneM AHITA mo3-
BOJISIET CYILIECTBEHHO COKPATUTh BPeMsI Ha ONCK aHTPONIOTeHHBIX 00HEKTOB B
3aJJaHHOM paiioHe. BBIUTpPHINI BO BpeMEHU NPOBECHUS [TOUCKA aHTPOIOIeH-
HBIX 00BEKTOB OTPEEISETCS OTCYTCTBUEM BPEMEHH, 3aTPaunBaeMOro Ha 1o
TOTOBHTENbHBIE PabOTHI 10 3armyOsennto mwim BerwbiTnio AHITA Ha 3aman-
HYI0 TIIyOWHY, TOCKOJIBKY OHH ITIPOMCXOIST B MPOLECCEe MPOCITYIIUBAHUS
AHIIA, HEOABMXHO PACIIONIOKEHHBIMHU Ha JTHE, OTPaKEHHOIO T'€OCUTHAaIa.
Pe3ynbTaThl 4MCIEHHOTO SKCIIEPUMEHTA MOKA3aJIH, YTO IPEIOKEHHBIN METO
TI03BOJISIET CYIIECTBEHHO MOBBICUTH 3((EKTHBHOCTh MOMCKA aHTPOIIOTCHHBIX
00BEKTOB HAa MOPCKOM JHE ¢ ucnoibp3oBanreM AHITA, mockoapKy 0OCHOBHOM
nokazaresb 3(pekTuBHOCTH, Xapakrepusyemblii CKO azumyToB mnpuema ot-
pakeHHBIX CUTHAJIOB, yMeHbaercs ot 1100 mo 200 rpamycos.

JanbHelie nccaeqoBaHus CBSI3aHbI C YIITyOJICHHEM HCCIeI0BaHUN
noBezenust rpymisl AHITA ¢ yuerom penbeda THa, THAPOIOTUIECKUX U THA-
POAKyCTHUYECKHX YCJIOBHM MOPCKOH Cpebl, a TakKe T'HMIPOAMHAMHUYECKUX
ocobenHocreii camoro AHITA.
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G.G. BEZRUK, L.A. MARTYNOVA, I.B. SAENKO
DYNAMIC METHOD OF SEARCHING ANTHROPOGENIC
OBJECTS IN SEABED WITH USE OF AUTONOMOUS
UNDERWATER VEHICLES

Bezruk G.G., Martynova L.A., Saenko I.B. Dynamic Method of Searching Anthropogenic
Objects in Seabed with use of Autonomous Underwater Vehicles.

Abstract. The dynamic method of searching anthropogenic objects in the seabed with
autonomous underwater vehicles use is offered. Unlike a static method where all devices with
geophones onboard are buried and attached to a bottom simultaneously and after the end of a
search session float at the same time, the continuity of guiding of search due to dynamic behavior
of group of devices is provided in the offered method. It is offered that while the main part of
devices with geophones listens to the reflected signal, other part of devices moves further along
the route. The continuity of guiding of seismic exploration in the preset area and essential
abbreviation of time for its carrying out is in such a way reached. The algorithm of the
coordinated behavior of devices with geophones onboard and the submersible moving the
radiator is given. The mathematical model of functioning of "the radiator — geophones" system
is described. Experiments by determination of optimum parameters of guiding of seismic
exploration of anthropogenic objects are made. Results of simulation allowed to evaluate a
scoring from use of the offered method, to determine its optimum parameters and to develop
recommendations about its use for search of anthropogenic objects in the thickness of a seabed.

Keywords: robotic complex, autonomous underwater vehicle, anthropogenic object,
seismic exploration, radiator, geophone, mean squared deviation.

Bezruk Georgy Grigor’evich — Ph.D., head of department of sea robotic technology, Principal
Research and Development Test Centre of Robotic Technology Ministry of Defence of the Rus-
sian Federation (PRDCR). Research interests: sea robotic technology, complex processing of
heterogeneous information, search and detection of objects on different physical fields, systems
analysis. The number of publications — 40. geoint99@mail.ru; 3, Tikhoretsky prospect, St. Pe-
tersburg, 194064, Russia; office phone: +7(911)947-0457.

Martynova Lubov’ Aleksandrovna — Ph.D., Dr. Sci., associate professor, leading researcher
of research center "Illumination system of the situation", JSC State Research Center of the Rus-
sian Federation Concern CSRI Elektropribor, junior researcher, Principal Research and Devel-
opment Test Centre of Robotic Technology Ministry of Defence of the Russian Federation
(PRDCR). Research interests: information processing, mathematical simulation, decision-mak-
ing support systems, artificial intelligence, pilotless devices, management system algorithms.
The number of publications — 110. martynowa999@bk.ru; 3, Tikhoretsky prospect, St. Peters-
burg, 194064, Russia; office phone: +7(921)941-13-95.

Saenko Igor Borisovich— Ph.D., Dr. Sci., professor, leading researcher of computer security
problems laboratory, St. Petersburg Institute for Informatics and Automation of Russian Academy
of Sciences (SPIIRAS), researcher, Principal Research and Development Test Centre of Robotic
Technology Ministry of Defence of the Russian Federation (PRDCR), researcher of information
security of cyber-physical systems international laboratory , ITMO University (Saint Petersburg
National Research University of Information Technologies, Mechanics and Optics). Research inter-
ests: automated information systems, information security, processing and transfer of data on data
links, theory of modeling and mathematical statistics, information theory. The number of publica-
tions — 350. ibsaen@comsec.spb.ru, http://www.comsec.spb.ru; 39, 14-th Line V.O., St. Peters-
burg, 199178, Russia; office phone: +7(812)328-7181, Fax: +7(812)328-4450.

224  Tpyael CMIMMPAH. 2018. Bbin. 3(58). ISSN 2078-9181 (ney.), ISSN 2078-9599 (oHnaiiH)
www.proceedings.spiiras.nw.ru



ROBOTICS, AUTOMATION AND CONTROL SYSTEMS

Acknowledgements. This research is supported by the grant of RFBR (projects No. 17-08-
00666 and 18-07-01369), by the budget (the project No. AAAA-A16-116033110102-5), and by
Government of the Russian Federation (grant 08-08).

10.

13.

14.

15.

16.

17.

References

Gajnanov V.G., Verhnjackij A.A., Shmatkov A.A., Tokarev M.Yu. [Three-dimensional
seismoacoustic observations on water areas: review of the modern technologies]. Delovoj
zhurnal Neftegaz.RU — Business journal Neftegaz.RU. 2017. vol. 1. pp. 56-68. (In Russ.).
Tokarev M.Ju., Gajnanov V.G. [New technologies of seismacoustic profiling on water
areas]. Pribory i sistemy razvedochnoj geofiziki — Devices and systems of prospecting
geophysics. 2016. Issue 3. vol. 3. pp. 18-23. (In Russ.).

Shmatkov A.A., Gajnanov V.G., Tokarev M.Yu. [The overview of technologies of
three-dimensional seismic-acoustic researches on water areas). Tehnologii sejsmora-
zvedki — Technologies of seismic exploration. 2015. vol. 2. pp. 86-97. (In Russ.).
Krylov A.A. [Modeling of reaction of porous water-saturated upper rainfall of the sea
shelf to seismic influences). Estestvennye i tehnicheskie nauki — Natural and technical
science. 2015. vol. 10. pp. 221-223. (In Russ.).

Delaney J.R. NEPTUNE: an interactive submarine observatory at the scale of a tectonic
plate. Long-Term Observations in the Oceans. OHP/ION Joint Symposium. 2001. 309 p.
Maultzsch S. et al. An integrated multi-azimuth VSP study for fracture characterization
in the vicinity of a well. Geophysical Prospecting. 2009. vol. 57. pp. 263-274.

Wild P. Practical applications of seismic anisotropy. First Break. 2011. vol. 29. no. 5.
pp. 117-124.

Leurera K.C. Compressional- and shear-wave velocities and attenuation in deep-sea
sediment during laboratory compaction. J. Acoust. Soc. Amer. 2004. vol. 116. no. 4.
pp. 2023-2030.

Levchenko D.G. [Methods and gages of parameters of oceanic environment automatic
multi-purpose ground stations]. Neftegazovaja geologija. Teorija i praktika — Oil and
gas geology. Theory and practice. 2010. Issue 5. vol. 2. pp. 1-9. Available at:
http://www.ngtp.ru/rub/12/28 2010.pdf (accessed: 21.09.2017). (In Russ.).

Borisov A.S., Plotnikova I.N. Geologo-geofizicheskie issledovanija akvatorij [Geo-
logic-geophysical researches of water areas]. Kazan. 2011. 51 p. (In Russ.).

Kuznecov V.M., Shehtman G.A., Cherepovskij A.V. [Technique of observations in
multiwave seismic exploration]. Tehnologii sejsmorazvedki — Technologies of seismic
exploration. 2013. vol. 2. pp. 37-59. (In Russ.).

Marchenko A.L., Vladov M.L., Sudakova M.S., Starovojtov A.V. [Automation of the
high-speed analysis of georadar data). Inzhenernye izyskanija — Engineering re-
searches.2017. vol. 5. pp. 36-42. (In Russ.).

Sopher D., Juhlin C. Processing and interpretation of vintage 2D marine seismic data from
the outer Hano Bay area, Baltic Sea. Journal of Applied Geophysics. 2013. vol. 95. pp. 1-15.
Coskun S. et al. Natural and anthropogenic submarine morphologies revealed by high
resolution acoustic data in the Gulf of Izmir, western Turkey. Marine and Petroleum
Geology. 2016. vol. 71. pp. 211-224.

Laverov N.P. et al. [Perspectives of ground seismic exploration in the Russian Federa-
tion]. Arktika: jekologija i jekonomika — Arctic: ecology and economy. 2011. vol. 4. pp.
4-13. (In Russ.).

Podvodnye kamni morskoj sejsmorazvedki. Chast' 1 [Reefs of naval seismic exploration.
Part 1]. Available at: https://www.korabel.ru/news/comments/podvodnye kamni_mor-
skoy seysmorazvedki chast 1.html (accessed: 21.09.2017). (In Russ.).

Ampilov Yu.P., Tokarev M.Yu. [“Window of opportunities” of the Russian shelf]. Bu-
renie i neft'— Drilling and oil. 2017. vol. 2. pp. 3-9. (In Russ.).

SPIIRAS Proceedings. 2018. Issue 3(58). ISSN 2078-9181 (print), ISSN 2078-9599 (online) 225
www.proceedings.spiiras.nw.ru



POBOTOTEXHUKA, ABTOMATU3ALINA N CUCTEMBI YINPABJIEHNA

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

226

Ampilov Yu.P. [Seismic exploration on the Russian shelf]. Offshore [Russia] — Off-
shore [Russia]. 2015. vol. 2(8). pp. 26-35. (In Russ.).

Ampilov Yu.P., Baturin D.G. [The newest technologies of seismic monitoring 4D when
developing sea oil and gas deposits]. Tehnologii sejsmorazvedki — Technologies of seis-
mic exploration. 2013. vol. 2. pp. 31-36. (In Russ.).

Ampilov Yu.P. [New challenges for the Russian oil and gas industry in the conditions of
sanctions and the low prices of oil]. Mineral'nye resursy Rossii. Jekonomika i upravienie —
Mineral resources of Russia. Economy and management. 2017. vol. 2. pp. 38-50. (In Russ.).
Ampilov Yu.P., Tokarev M.Yu. [Seismic exploration. Time of actions or the missed
opportunities?]. Burenie i neft'— Drilling and oil. 2017. vol. 3. pp. 3—13. (In Russ.).
WiMust — A Fleet of AUVs for Seismic Surveys. — Available at: https://www.hydro-
international.com/content/article/wimust-a-fleet-of-auvs-for-seismic-surveys (ac-
cessed: 21.09.2017).

Mashoshin A L et al. Morskaja avtonomnaja donnaja stancija dija vypolnenija geofizicheskih
i geologorazvedochnyh rabot [The sea autonomous ground station for accomplishment of
geophysical and exploration works]. Patent RF no. 2381530. 2008. 8 p. (In Russ.).

I'in LA. et al. Avtonomnaja donnaja stancija dlja sejsmicheskih nabljudenij [The autono-
mous ground station for seismic observations]. Patent RF no. 2438149.2011. 14 p. (In Russ.).
Sukonkin S.Ja. et al. Podvodnaja geofizicheskaja stancija [Underwater geophysical sta-
tion]. Patent RF no. 2435180. 2011. 13 p. (In Russ.).

Gruzdev P.D. et al. Podvizhnaja podvodnaja avtonomnaja sejsmogidroakusticheskaja
stancija razvedki uglevodorodov na akvatorii arkticheskogo shel'fa [The mobile under-
water autonomous seismic hydroacoustic station of investigation of hydrocarbons on
the water area of the Arctic shelf]. Patent RF no. 2515170.2014. 6 p. (In Russ.).
Maksimov S.V. [About use of autonomous underwater vehicles in technology of total
ground seismic exploration]. Trudy 4-j Vserossijskoj nauchno-tehnicheskoj konferencii
“Tehnicheskie problemy osvoenija Mirovogo okeana” [Works of the 4th All-Russian
scientific and technical conference “Engineering Problems of Development of the
World Ocean™]. 2011. pp. 220-224. (In Russ.).

Kuznecov V.M., Shehtman G.A., Cherepovskij A.V. [Technique of observations in
multiwave seismic exploration]. Tehnologii sejsmorazvedki — Technologies of seismic
exploration. 2013. vol. 2. pp. 37-59. (In Russ.).

Kebkal K.G., Mashoshin A.I. [Hydroacoustic methods of positioning of autonomous
underwater vehicles]. Giroskopija i navigacija — Giroskopiya and navigation. 2016.
vol. 3(94). pp. 115-130. (In Russ.).

Buja M. et al. [Naval seismic exploration on a spiral trajectory of Coil Shooting]. Nefie-
gazovoe obozrenie — Oil and gas review. 2008. Issue 21. vol. 4. pp. 22-39. (In Russ.).
Martynova L.A. [Tools for Studying the Efficiency of Seismic Exploration with
Standalone Unmanned Submersibles]. Informatsionno-upraviiaiushchie sistemy —In-
formation and Control Systems. 2017. vol. 2. pp. 77-87 (In Russ.).

Tpyabl CMIMNPAH. 2018. Bein. 3(58). ISSN 2078-9181 (ney.), ISSN 2078-9599 (oHnaiiH)
www.proceedings.spiiras.nw.ru



Signed to print 23.05.2018
Printed in Publishing center GUAP, 67, B. Morskaya, St. Petersburg, 190000, Russia

The journal is registered in Russian Federal Agency for Communications
and Mass-Media Supervision, certificate M Ne ®C77-41695 dated August 19, 2010 .
Subscription Index M5513, Russian Post Catalog

MoanucaHo K neyatu 23.05.2018. ®opmat 60x90 1/16. Ycn. ney. n. 13,81. 3aka3 Ne 221.
Tupa 150 aK3., ueHa cBobogHas.
OTneyaTaHo B PelaKLMOHHO-U3AaTeNbCKOM LieHTpe MYA, 190000, CaHKT-lMeTepbypr, 6. Mopckas, 4. 67

ypHan 3apeructpmpoBaH PesepanbHon cny»Kb6oii no Hagzopy B chepe cBsA3n
1N MacCOBbIX KOMMYHUKaLLMI,
ceuaetenbcto MU Ne ®C77-41695 ot 19 aBrycta 2010 T.

MNoanucHoi nHaekc NM5513 no katanory «Moyta Poccum»



PYKOBO/ICTBO [/11 ABTOPOB

B3anmogelicTBue aBTopa C pefaKkLMen OCyLecTBAsSeTCA uvepes
NINYHBIA  KabuHeT Ha cakTe KypHana «Tpyabl  CMUANPAH»
http://www.proceedings.spiiras.nw.ru. Mpu pernctpauum asTopam
pekoMeHAyeTCA 3aN0NHUTL BCE NPeA/IOXKEHHbIe NOAA AAHHbIX.

MoarotoBKa CTaTbW BeAETCA C MOMOLLbI TEKCTOBbIX PEAAKTOPOB
MS Word 2007 u Bblwwe. Obbem OCHOBHOro Tekcta — oT 15 po
25 cTpaHuy,  BKAOYMTENbHO.  dopmaTt  CTpaHWUbl  AOKyMeHTa —
A5 (148 mm WKpKHa, 210 MM BbICOTA); OPUEHTaLMA — NOPTPETHas; Bce
nona — 20 Mmm. BEPXHUI U HUKHUIA KONOHTUTYAIbI CTPAHWULbBI — NyCTblE.
OcHoBHOM wWpundT goKymeHTa — Times New Roman, oCHOBHOW Ker/b
(pasmep) wpundta— 10 pt. MepeHocbl paspelieHbl. Ab3auHbIi OTCTYN
ycTaHaBamBaeTcss pasmepom B 10 mm. MeXCTPOUYHbIA WHTepBan —
OoAMHapHbIA. Homepa cTpaHuu, He NPOCTaBAAIOTCS.

B OCHOBHYIO 4acTb JAOMYCKAaeTcs MNOMeLLATb PUCYHKM, Tabauupl,
JIMCTUHIM 1 popmybl. MNpasuna nx odpopmaeHna NoaApPOOHHO PACCMOTPEHDI
Ha Halllem caiiTe B pa3aene «PyKoBOACTBO A/1A aBTOPOB».

AUTHOR GUIDELINES

Interaction between each potential author and the Editorial board
is realized through the personal account on the website of the journal
"Proceedings of SPIIRAS” http://www.proceedings.spiiras.nw.ru. At the
registration the authors are requested to fill out all data fields in the
proposed form.

The submissions should be prepared using MS Word 2007 text
editor or higher versions, at that, only manuscripts in *.docx format will
be considered. The text of the paper in the main part of it should be
from 15— 25 pages of A5 size that is 210 X 148 mm; orientation —
portrait; all margins — 20 mm. The font of the main paper text is Times
New Roman of 10 pt font size. The pages’ headers and footers should
be empty; indention— 10 mm; line spacing — single; pages are not
numbered; hyphenations are allowed.

Certain figures, tables, listings and formulas are allowed in the
main section, and their typography is considered by the paper template
in more detail in journal web.

7207879187

Baim. 3(58)

proceedings.spiiras.nw.ru

TPYAbl CMTUAPAH

C-T16
2018




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




