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ARTIFICIAL INTELLIGENCE, KNOWLEDGE AND DATA ENGINEERING

DOI 10.15622/ia.21.5.1

L. UTKIN, A. KONSTANTINOV
RANDOM SURVIVAL FORESTS INCORPORATED BY THE
NADARAYA-WATSON REGRESSION

Utkin L., Konstantinov A. Random Survival Forests Incorporated by the Nadaraya-Watson
Regression.

Abstract. An attention-based random survival forest (Att-RSF) is presented in the paper.
The first main idea behind this model is to adapt the Nadaraya-Watson kernel regression to the
random survival forest so that the regression weights or kernels cannbsp;be regarded as trainable
attention weights under important condition that predictions of the random survival forest are
represented in the form of functions, for example, the survival function and the cumulative hazard
function. Each trainable weight assigned to a tree and a training or testing example is defined by
two factors: by the ability of corresponding tree to predict and by the peculiarity of an example
which falls into a leaf of the tree. The second main idea behind Att-RSF is to apply the Huber’s
contamination model to represent the attention weights as the linear function of the trainable
attention parameters. The Harrell’s C-index (concordance index) measuring the prediction quality
of the random survival forest is used to form the loss function for training the attention weights.
The C-index jointly with the contamination model lead to the standard quadratic optimization
problem for computing the weights, which has many simple algorithms for its solution. Numerical
experiments with real datasets containing survival data illustrate Att-RSF.

Keywords: machine learning, random survival forest, survival analysis, Harrell’s C-index,

cumulative hazard function, attention mechanism, Huber’s contamination model.

1. Introduction. Survival analysis can be regarded as an important
and fundamental tool for modelling applications using time-to-event data [1].
In various spheres of life, including, medicine, reliability, safety, finance and
economics, we encounter time-to-event data. Therefore, many machine learn-
ing models have been proposed to deal with time-to-event data and to solve
the corresponding problems in the framework of survival analysis [2-5].

Three types of survival models can be considered [4]. Models of the
first type, called parametric models, assume that a probability distribution
of time to event is known, but its parameters are unknown and should be
estimated. Models of the second type, called semi-parametric models, do not
assume any probability time-to-event distribution, but assume that there is some
known functional dependence between covariates and the model outcomes.
The well-known semi-parametric model is the Cox proportional hazards model
[6] which can be regarded as a regression model. Models of the third type,
called non-parametric, do not use any information about a probability time-to-
event distribution as well as a relationship between covariates and the model
outcomes. The well-known non-parametric survival model is the Kaplan-
Meier model [4]. An important peculiarity of many survival models is that

Informatics and Automation. 2022. Vol. 21 No. 5. ISSN 2713-3192 (print) 851
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WMCKYCCTBEHHbLIV UHTENNEKT, MHXEHEPWA OAHHBIX 1 3HAHUI

their outcomes are functions, for example, survival functions, hazard functions,
cumulative hazard functions, but not point-valued data.

Following the Cox model, many of its modifications overcoming some
disadvantages of the Cox model have been developed, for example, models
based on the Lasso method [7], models generalizing the Cox model by using
neural networks [3], the support vector machine [8], survival trees [9], random
survival forests (RSFs) [10] as an extension of the original random forest
(RF) [11]. Due to the small number of tuning parameters, due to the ability
to deal with both low and high-dimensional data, due to adaptability to data,
RSFs became a popular tool for survival analysis of time-to-event data in many
applications. RSFs have demonstrated their efficiency in solving many real
problems [12-18].

One of the ways to improve RSF is to replace the standard averaging
with the weighted sum of the tree survival functions. Following this idea,
the corresponding weighted RSF was proposed in [19]. According to the
weighted RSF, every tree is assigned by a weight which is computed by solving
an optimization problem maximizing the concordance error rate called C-
index [20]. The main disadvantage of the weighted RSF is that it uses weights
which do not depend on each example and are defined only by the corresponding
survival tree. This fact reduces the RSF accuracy. In order to overcome this
difficulty, we propose the attention-based RSF (Att-RSF). The idea behind
Att-RSF is to adapt the Nadaraya-Watson regression to the original RSF. In
other words, every survival tree jointly with an example, which falls into the
tree, is considered as a term in the Nadaraya-Watson regression with a weight
which is trained through its trainable parameters. The idea to assign weights to
trees in the RF in accordance with the tree importance and with the example
importance is not new, and it was proposed in [21] where attention weights are
trained by solving the quadratic optimization problem. It turns out that this
idea to consider the RF as the Nadaraya-Watson regression can be extended to
RSF taking into account the RSF peculiarities which differ RSF from the RF.
In particular, we propose to optimize the model parameters in accordance with
the C-index as a measure of the RSF accuracy instead of the simple difference
between predicted values and true labels used in the RF. This leads to a quite
different optimization problem.

Similar to the attention-based RF [21], the Huber’s e-contamination
model [22] is introduced to define the trainable parameters of the attention
weights such that these trainable parameters of weights are optimally selected
from an arbitrary adversary distribution. The e-contamination model allows us
to introduce weights being a linear function of the C-index.
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ISSN 2713-3206 (oHnawH) www.ia.spcras.ru



ARTIFICIAL INTELLIGENCE, KNOWLEDGE AND DATA ENGINEERING

Our contributions can be summarized as follows:

1. A new attention-based RSF model is proposed. According to the
model, the trainable attention mechanism is incorporated into RSF to improve
the accuracy of obtained predictions.

2. The proposed attention-based RSF can be regarded as an adaptation
of the Nadaraya-Watson kernel regression to RSF. Moreover, we extend the
Nadaraya-Watson kernel regression to predictions in the form of functions, for
example, the cumulative hazard function.

3. Numerical experiments with real datasets are provided to justify Att-
RSF, and to compare it with original RSFs [10] and the weighted RSF proposed
in [19].

The paper is organized as follows. Related work devoted to machine
learning models in survival analysis, the attention mechanism and the weighted
RFs can be found in Section 2. Section 3 provides basic definitions of survival
analysis, RSFs and the Nadaraya-Watson regression jointly with the attention
mechanism. The main ideas of the Att-RSF and algorithms for training optimal
attention parameters are considered in Section 4. Numerical experiments
with well-known public real data illustrating the proposed Att-RSF model and
comparing it with the available survival machine learning models are given in
Section 5. Concluding remarks are provided in Section 6.

2. Related work. Machine learning models in survival analysis.
Many survival machine learning models dealing with time-to-event data have
been developed and investigated to predict survival time or other survival
measures. A comprehensive review of the recent survival machine learning
models is presented by [4]. The most popular survival model is the semi-
parametric Cox proportional hazards model [6] which establishes a linear
relationship between the covariates and the distribution of survival times.
Tibshirani [7] presented a modification based on the Lasso method. Similar
Lasso modifications, for example, the adaptive Lasso, were also proposed
by several authors [23, 24] The linear relationship can be viewed in some
applications as a disadvantage which can be resolved by relaxing the linear
relationship assumption and extending the Cox model to more complex models
[2,25,26]. At the present time, survival models can be regarded as extensions
of many well-known machine learning models, for example, the Lasso models
[23], SVM [8], decision trees [9], neural networks [2,26,27], etc.

We pay attention to random survival forests (RSFs) which can be re-
garded as one of the most powerful and efficient tools for survival analysis
especially when the training data are tabular. Various implementations and
modifications of RSFs were considered and studied in [14,15,17,19,28,29]. To
improve the available RSF models, it is proposed to incorporate the attention
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mechanism with trainable parameters into RSFs, which allows us to take into
account the importance of trees in RSF as well as the importance of every
training or testing example.

Attention mechanism. Many attention-based models have been de-
veloped to improve the performance of classification and regression algo-
rithms. Detailed and comprehensive surveys of attention models can be found
in [30-35]. It is important to point out that attention models are mainly applied
to the natural language processing, including text classification, translation,
etc., to the computer vision area, including image-based analysis, visual ques-
tion answering, etc. However, time-to-event data in many applications have
a tabular form. An attempt to incorporate the attention mechanism into the
RF was made in [21]. Following this work, we try to incorporate the attention
mechanism into RSF by using peculiarities of survival models which include:
predictions in the form of functions of time, the model accuracy measure in the
form of the C-index, and censored data. The proposed attention mechanism
can be also regarded as an extension of the weighted RFs.

Weighted RFs. Various models and methods have been developed to
implement the weighted RFs. They can be divided into two groups. The first
group consists of models which are based on assigning weights to decision trees
in accordance with some criteria to improve the classification and regression
models [36-38]. This group contains models using weights of classes to take
into account imbalanced datasets [39]. However, the assigned weights in the
aforementioned works are not trainable parameters. Therefore, models [40,41]
from the second group use trainable weights of trees such that the weights are
trained by solving optimization problems in accordance with a certain loss
function for the whole RF. The model of the weight assigning in [21] differs
from the above models because weights are assigned depending on trees and
each example.

Our aim is to incorporate the attention weights with trainable parameters
into RSF and to propose simple algorithms for training the parameters.

3. Preliminaries.

3.1. Survival analysis. The ¢-th patient in survival analysis is repre-
sented by a triplet (x;, d;, T;), where x; € R™ is the feature vector character-
izing the patient; 7T; is the time to an event of interest; J; is the indicator of
event observation, in particular, §; = 1 if the corresponding event is observed
(an uncensored observation), §; = 0 if the event is not observed and the corre-
sponding time to event is greater than 7; (a censored observation). Survival
analysis aims to estimate time 7' to the event for a new patient having feature
vector x on the basis of a training set D consisting of n triplets (x;, d;,T;),
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1 =1,...,n. We will use the term “patient” to represent arbitrary subjects or
objects.

It is important to point out that only a part of the patients will experience
the event of interest during the course of the experiment. Other patients will
not experience the event of interest after the expiration of the study. Therefore,
observation is said to be censored in survival analysis when information on
time to the corresponding event of interest is not available, i.e., we have some
information about the patient survival time, but we do not know the survival
time exactly. One should distinguish between right censoring, left censoring
and interval censoring. Right censoring occurs when the study of a patient ends
before the event has occurred. Left censoring is when the event of interest has
already occurred before studying. This is a very rare case. Interval censoring
is a combination of left and right censoring. It should be noted that right
censoring is the most common type of censoring, therefore, we consider only
this type. Parameter §; indicates whether the i-th event is censored or not.

Important concepts in survival analysis are the survival function (SF)
and the cumulative hazard function (CHF). The SF S (¢|x) is a function of time ¢
defined as the probability of surviving up to time ¢, i.e.: S(t|x) = Pr{T > t|x}.
The CHF H (t|x) is also a function of time defined through the SF as follows:

H(t|x) = —In S(t]|x). (1)

Many survival machine learning models have been developed in the last
decades. In order to compare the models, special measures are used differently
from the standard accuracy measures accepted in machine learning classifica-
tion and regression models. The most popular measure in survival analysis is
Harrell’s C-index (concordance index) [20]. It estimates the probability that,
in a randomly selected pair of patients, the patient that fails first had the worst
predicted outcome. In fact, this is the probability that the event times of a
pair of patients are correctly ranked. C-index does not depend on choosing
a fixed time for evaluation of the model and takes into account censoring of
patients [42].

Let us consider the training set D consisting of n triplets (x;, d;, T;).
We consider possible or admissible pairs {(x;, §;, T;), (x;,0;,T;)} for i < j.
Then the C-index is calculated as the ratio of the number of pairs correctly
ordered by the model to the total number of admissible pairs. A pair is not
admissible if the events are both right-censored or if the earliest time in the
pair is censored. If the C-index is equal to 1, then the corresponding survival
model is supposed to be perfect. If the C-index is 0.5, then the model is not
better than random guessing.
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Let ¢4, ...,y denote predefined time points of the corresponding NV
distinct event times. If the output of a survival model is the predicted SF S(¢),
then the C-index is formally calculated as [4]:

Z > 1[S(tilxi) — S(t]x,) > 0]. )

16—1jt<t

Here M is the number of all comparable or admissible pairs; 1[] is the
indicator function taking value 1 if its argument is true, and 0 if the argument
is false.

3.2. Random survival forests. In spite of the efficiency of deep neural
networks, RSFs can be regarded as one of the best models for survival analysis
due to their properties especially when the tabular training data are used.
Therefore, we modify RSFs to improve their prediction capacity.

A general algorithm for constructing RSFs can be represented as follows
[43]:

1. ) subsets of training data are selected to build () trees in RSF. Each
subset excludes on average 37% of the data, is called out-of-bag data (OOB
data).

2. Each survival tree is built on the corresponding subset. At each node
of the tree, v/m candidate variables are randomly selected. The node is split
using the candidate variable that maximizes the survival difference between
daughter nodes.

3. Each tree is built to full size under the constraint that a terminal node
should have no less than d > 0 unique events. Here d is a tuning parameter
which is chosen to get the best results.

4. CHFs or SFs are calculated for each tree. The ensemble CHF or the
ensemble SF are obtained by averaging CHFs or SFs of trees.

5. Using out-of-bag data, prediction errors for the ensemble CHF or
the ensemble SF are calculated.

The accuracy of RSF predictions is defined by a splitting rule. A good
split maximizes survival difference across the two sets of data [43]. There are
several splitting rules used in RSF [4,43]. We do not consider them because
the proposed approach does not depend on a splitting rule.

Before computing the ensemble CHF or the ensemble SF having CHF
or SFs of trees, we consider how to compute the CHF for the k-th terminal
node of a tree. Let {¢; 1 } be a set of IV(k) distinct event times in terminal node
k of the g-th tree such that ¢4, < o) < ... < tn(x),r and Z; x and Y} ; equal
to the number of events and patients at risk at time ¢; 5. The CHF for node % is
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defined by using the Nelson—Aalen estimator as follows:

=Y Zix/Vik 3)

tj et

If the ¢-th patient with features x; falls into node k, then one can say
that H (¢|x;) = Hy(t). The ensemble CHF for the i-th patient is obtained by
averaging CHFs of all @ trees, i.e.,

Hy (t]x;) = QZH (tx,) @)

The SF can be obtained from H,(t|x;) as follows:
Sq(tlx;) = exp (—Hy(t|x;)) - Q)

Ishwaran et al. [43] proposed another ensemble estimate using OOB
data. Suppose that tree q is built on a set of OBB examples with indices from set
O,. The OOB prediction for each training example x; uses only the trees that
did not have x; in their bootstrap sample. If to denote the indicator function

1(i € Oy), then the OOB ensemble CHF for the i-th training example is
estimated as:

ZQ 1(i € O,) - H, (t|xi).

Y2 1(i € 0,) ©

Hy(tlx;) =

3.3. Attention mechanism and the Nadaraya-Watson regression.
The idea of the attention mechanism can clearly be explained by using the
Nadaraya-Watson kernel regression model [44,45]. If there is a training set
{(x1,¥1)5 ---» (Xn, Yn) } consisting of n examples, where x; € R™ is a feature
vector and y; € R is the corresponding label, then the regression output
prediction z, associated with a new input feature vector x, can be estimated as
the weighted average in the form of the Nadaraya-Watson kernel regression

model [44,45]:
z= Za(x, Xi)Yi- @)
i=1

Here a(x, x;) is the attention weight which measures how the feature
vector x is far from the feature vector x; from the training set. The closer x to
x;, the greater the corresponding weight «(x, x;). Generally, arbitrary distance
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functions satisfying the above condition can be regarded as the attention weights.
One of the sets of the functions is the kernel set because a kernel K can be
regarded as a scoring function estimating how vector x; is close to vector x.
Hence, the attention weights can be represented as:

_ K(Xv xi)
Z?:l K(Xv Xj) .

In terms of the attention mechanism [46], vector X, vectors X; and labels
y; are called query, keys and values, respectively. Weights a(x,x;) can be
extended by incorporating trainable parameters. For example, if we take the
Gaussian kernel with a trainable vector of parameters w = (wq, ..., wy,), then
the attention weight can be represented as:

®)

a(x,x;)

a(x,x;, W) =

€))

— _ TP - exp('win—x,;Hz)
_softmax( Ix — x| \W) = S exp(wilxxl?)”

There exist several definitions of attention weights and the correspond-
ing attention mechanisms, for example, the additive attention [46], multiplica-
tive or dot-product attention [47,48]. We use a new attention mechanism which
is based on the weighted RSFs training and the Huber’s e-contamination model.

4. Attention-based RSF.

4.1. Queries, keys and values in RSFs. The main idea behind Att-RSF
is to adapt the Nadaraya-Watson regression to the original RSF. It can be done
if we consider a prediction of each tree as a value in the terminology of the
attention mechanism, define the parametric attention weight for each tree in
a specific way, and find a simple way to compute the trainable parameters
of the attention weight in accordance with some objective function which is
responsible for the survival model accuracy.

First, predictions of trees as values in the Nadaraya-Watson regression
are SFs S, (t|x;) or CHFs H,(t|x;), ¢ = 1, ..., Q. Parameters of the attention
weights are proposed to define through the Huber’s e-contamination model.
The objective function depending on the trainable parameters of the Huber’s
e-contamination model is proposed to define by using an approximation of
the RSF C-index which is maximized to get the optimal attention to trainable
parameters. Moreover, the approximation of the C-index is carried out in a
way which leads to the standard quadratic optimization problem.
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Denote a set of leaf nodes belonging to the k-th tree as Q%) =

{qgk) qsk)} where q( ) is the i-th leaf in the k-th tree, k = 1,...,Q; sk is
the number of leaves in the k-th tree. Suppose that an example x falls into the
i-th leaf, i.e., into leaf ql(k). Let us also introduce the mean vector Ay (x) as
the mean of training example vectors, which fall into the i-th leaf of the k-th

tree, i.e., there holds:

1
A = 3 %, (10
#Z(k) jejl(k) ’

where J (%) i the index set of examples which fall into leaf q( ), and there
holds Ji N ._7l(k) @ for arbitrary two leaves with indices ¢ and [ in the %-th

tree such that ¢ # [; #ji(k) is the number of elements in Ji(k .

It should be noted that a single example can fall only into one leaf from
Q). Therefore, there is no need to use the index of the leaf in the notation
for A (x). Mean values A (x) play the role of keys in the terminology of the
attention mechanism. Indeed, every leaf node localizes a set of examples from
the training set, which are close to each other. Since the tree prediction is the
average of SFs or CHFs associated with examples x;, j € Ji(k), from the local
set, then it makes sense to average the corresponding feature vectors. In fact,
A (x) can be regarded as a prototype of examples localized by the leaf node.
This implies that the proposed Att-RSF deals with local subsets of examples
as keys and values, but not with separate examples. It is important to point
out that the attention-based model can be detailed to deal with every example.
However, the number of trainable parameters rapidly increases in this case and
may lead to overfitting and worse results.

We denote the CHF and the SF of example x, which falls into leaf qgk),
as Hy(t|x) and Sk (t|x), respectively. If an example x (training or testing)
falls into leaf qz(k) € Q¥ of the k-th tree, then distance d (x, A (x)) shows
how far the feature vector x is from the mean feature vector of all examples
which fall into leaf q( ) . We use the Ly-norm for the distance definition, i.e.,
d(x,Ar(x)) = ||x — Ax(x)||>. Note that each tree has only a single leaf
which an example falls into.

The final RSF prediction H (¢|x) for a testing example x is defined as:

H(tx) = ZHk £x). an
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Let us return to the definition of the Nadaraya-Watson regression model
and rewrite it in terms of RSF as follows: Hj,(t|x),

Q
H(tlx) =) o (x, Ap(x), w) - Hy(t[x). (12)
k=1

Here o (x, Ak (x), w) is the attention weight which does not depend
on time ¢ and conforms with the relevance of “mean example” A (x) to vector
x and satisfies condition:

Q
Za (x, Ak(x),w) =1, (13)
k=1

w is a vector of the trainable attention parameters which will be defined below
in accordance with the model modification.
The same can be written for SFs as:

Q
Stx) =Y a(x, Ar(x),w) - Sg(t]x). (14)
k=1

In terms of the attention mechanism, Hy (t|x), k = 1, ..., Q, are values,

Ai(x),k=1,...,Q, are keys, and x is the query. A scheme of the introduced

terms is depicted in Figure 1. It illustrates a survival tree with the leaf q(k)
where the vector x falls into.

4.2. Attention weights and the ¢-contamination model. The next
question is how to define the attention weights « (x, A (x), w) depending on
the trainable parameters w to compute the parameters. Incorporating weights
into the softmax function as it is shown in (9) leads to a computationally hard
optimization problem. Moreover, it will be seen below that the optimization
problem for computing the attention weights is constrained, and it is difficult
to solve it by using the gradient-based algorithms.

Taking into account the above, we use a simple representation of at-
tention weights proposed in [21], which leads to the linear or quadratic opti-
mization problem whose solution is the optimal vector w of trainable param-
eters. The representation is based on applying the Huber’s e-contamination
model [22] which is represented as F' = (1 —¢) - P +¢- R.
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The k-the survival tree

X

X -query
X Ax(x) - key
X H(7]x)- value
AN

Ar(x) Hi(fx) == d(x, Ar(x)) =[x~ Ax(x)||’

the mean of training vectors the predicted
which fall into the i-th leaf ~ CHF or the SF
of the k-thtree

Fig. 1. A scheme of the introduced terms related to a survival tree and the attention
mechanism, which include the query, keys and values

Here P = (p1,...,pq) is a discrete probability distribution contaminated
by another probability distribution denoted R = (71, ...,rq), i.e., p1 + ... +
po = land 7y + ... + r¢ = 1; the contamination parameter ¢ € [0, 1]
controls the degree of the contamination. It follows from the definition of the
contamination model that R is a point in the unit simplex denoted as U (1, Q)
and having dimensionality (). Hence, the subset of points F' produced by the
e-contamination model is a subset of the unit simplex such that its center is the
distribution P, its size is defined by hyperparameter €. In particular, if e = 1,
then the subset of points F' coincides with the unit simplex, and if € = 0, then
the subset of points F' is reduced to point P.

If we assume that p; is a result of the softmax operation, i.e.,

2
|

Dk :softmax(f |lx — Ag(x) ), and the probability r, is nothing else but

the trainable parameter wy, i.e., 1y, = wy forall k = 1, ..., @, then the attention
weight can be regarded as a result of contamination of the softmax operation,
i.e., the attention weights « (x, A (x), w) can be represented as follows:

Oé(X, Ak(X),W) =
— (1— ¢) - softmax (_ Ix — Ak(x)|\2) Yews, k=1,.,0Q. (15)
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It can be seen from the above that the softmax function depends only on
the distance between x and A (x) and does not depend on trainable parameters.
This implies that it can be regarded as a constant for every x which falls into
the k-th tree. Moreover, the attention weight is linearly depends on trainable
parameters w =(w1, ..., wg). The contamination parameter e can be regarded
as a tuning parameter and its optimal value can be selected by using the standard
validation procedures. All vectors w satisfy condition w - 17 = 1, where 1
is the unit vector, and they form the unit simplex U (1, Q). It is important to
note that condition (13) is satisfied when we use the e-contamination model
because, according to this model, F' is a probability distribution.

The property of the attention weights that the softmax operation does
not depend on the trainable parameters is very important because it allows
us to avoid complex computations for optimizing these parameters. These
approaches are united by one idea of the linear approximation of softmax
operation [34,49,50]. In contrast to the approximation approaches, we propose
a quite different model where the softmax operation does not have trainable
parameters, and the attention weights inherently depend on these parameters.

4.3. Optimization problem for computing trainable parameters.
The next question is how to train the attention parameters w in order to compute
the attention weights. In order to answer this question, we return to the C-index
defined in (2) as an important measure for evaluation of the model accuracy
and for comparison of different survival models. If to assume that the predicted
SF of RSF depends on the trainable attention parameters w, then the C-index
should be expressed through these parameters. Then it can be maximized
with respect to w. This implies that our first aim is to write C-index as a
function of w. Let us rewrite (2) taking into account that the SF of the whole
RSF is determined by the attention weights « (x;, A (x;), w) through the
Nadaraya-Watson regression (see (14)):

Ow) =52 30 37 1[S(bxi,alx)) — Sy, alx) > 0] (16)

:0;,=1g:t; <t;

Here a(x;) is the short notation of the vector of the attention weights
a (x4, Ak(x;), w), k=1,...,Q; S(t;|x;, a(x;)) is the ensemble predicted SF
depending on the vector a(x;) of the attention weights of trees. The C-index
depends on w through the attention weights. We use the short notation C'(w)
in order to avoid the long expression for C' as a function of the SFs and the
attention weights.
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The survival attention-based model learning means to compute optimal
values of the trainable parameters w of the attention, which maximize the
C-index C(w) over values of non-negative weights wy, ¢ = 1, ..., (), under
constraint w - 1T = 1. In sum, we can write the following optimization
problem:

Wopt = max C(w), 17

subjecttow - 1T =1 orw € U(1,Q).

Figure 2 shows a scheme of the training process for computing the
attention weights assigned to every tree in RSF. After training the original
RSF, vectors Ay (x;) and functions Hy(t|x,) are taken forall k = 1,...,Q
and s = 1, ..., n. Pairs (Ag(xs), Hx(t|xs)) allow us to write the optimization
problem for maximizing the C-index C(w) as a function of the trainable
weights w. Having optimal trainable parameters w,,;, we can compute the
attention weights « (x, A (x), w) and then to find H (¢|x) by using (12).

v v v
w1 Wo WQ
a(xx,Al(Xx)»WI) a(thZ(xs),WZ) lX(XS,AQ(XS),WQ) training
X; ¢———m X; ¢4¥—

Tree-2 set

Xs
X5

X

A?(XS) AZ*(XS) AQ(X:)
Hl(['xg) H2(l|X.V) HQ(I|XS)
| t

Wopr = max C(w
P! wet(1.0) w)

<
<

Fig. 2. A scheme of training the attention weights assigned to every tree in the RSF
taking an example x, from the training set under the condition that the output of the
k-th tree is the pair (A (xs), Hi (t|xs))

It should be noted that it is difficult to solve the optimization problem
(17) with the indicator functions in the objective function because it is a hard
combinatorial problem. Moreover, the ensemble predictive measure is the CHF
because it is the weighted sum of the tree CHFs in contrast to the SF which
cannot be linearly expressed through the tree weights. However, it has been
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shown in [19] that a similar optimization problem can be solved by replacing
SFs with CHFs and the indicator functions with hinge loss functions. Therefore,
we first show that SFs can be replaced with the CHFs in the objective function.
Indeed, it follows from (1) and from the monotonicity of SFs and CHFs that
there holds:

1[S(t|x;) — S(t|x;) > 0] = 1 [In S(¢|x;) — In S(¢|x;) > 0]
= 1[H(t|x;) — H(t|x;) > 0]. (18)
Hence, the objective function (17) can be rewritten as follows:
1
C(w) = i Z Z L[H (tj]x5, (x5)) — H(t]xi, a(xi)) > 0]. (19)
:0;=1j:t; <t;

Now we can use (12) to express H (¢;]x;, a(x;)) in the objective func-
tion (19) through the CHFs H,(t|x), ¢ = 1, ..., @, obtained by every survival
tree. Let us denote the set of all possible pairs (7, j) in (19), satisfying condition
d; = 1 for ¢ and condition ¢; < ¢; for 7, as J. The objective function becomes:

C(w) = ﬁ Z(i,j)EJ
L[S (ol () Hy (1) = ol (w) Hy(th) ) > 0. 20)

where a(Q)(w) = a(x;, Aq(x;), w).

i
Let us return to the definition of al(-q) (w) by using the Huber’s e-

contamination model as it is shown in (15). Then the inequality in (20) can be
rewritten as:

((1 = e)softmax (— [1x; — Aqglx;)|1*) + ew, ) Hyltx;)

_ ((1 — €)softmax (— llx; — Aq(xi)||2) + ewq) H,(t]x;)
> 0.

Let us introduce the following notations:

Dy (8,0, w) = o (w) - Hy(t]x;) — af” (w) - Hy(t]x:)
=(1—¢) Fy(t,xi,x) + €-wy - Gy(t,x,%5), (21)
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where:
Fy(txi, %) = softmax (= x; — A (x,)[I*) - Hy(t]x;)
— softmax (_ Ix; — Aq(x,-)H?) CH(tx:), (22

Gq(t,xi, %) = Ho(t]xg) — Hq(t]xs)- (23)

The above notations are introduced to simplify the complex expressions
and to show how Dy (¢, x;, x;, w) depends on the trainable parameters w. Note
that Fj,(x;,x;) and G4(x;,x;) do not depend on the trainable parameters w
and are defined only by predictions of trees in the form of CHFs H,(¢|x) and by
examples which fall into the corresponding leaf nodes. We also do not include
e into Fy(t,x;,x;) and G,4(t,X;,x;) in order to highlight the hyperparameter
in the optimization problem.

Hence, the following optimization problem can be written:

Q
C(w)= max M Z ZDq(t,xi,xj,w)>0, 24)

weU(1,Q)
( (i,j)eJ Lg=1

subjecttow - 1T =1 and: w, > 0,¢=1,...,Q.

Problem (24) is hard to be solved. Therefore, we propose to replace the
indicator function with the hinge loss function /(z) = max (0, x) similarly to
the replacement proposed by Van Belle et al. [51]. This replacement is also
used in the support vector machine where the hinge loss function is regarded
as a desirable approximation of the indicator function.

By adding the regularization term R(w), the optimization problem can
be written as:

Q
i D, (xi, X, AR . 25
o ggmax( DD, e >)+ wp 09

Here ) is a hyper-parameter which controls the strength of the regular-
ization. Let us introduce the variables:

Q
& = max (0, > Dy (xi,%;, w)) . (26)
q=1
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If we take the regularization term in the form R(w) = ||w]||®, then the opti-
mization problem can be written in the following form:

min ¢ > &+ Aw] ¢, 27)

(1,5)€d

subjecttow € U(1, Q) and:

Q
&ij 2 ZDq (xi,x;,w), &; 20, {i,j}€J (28)
1

=]
Il

After substituting (21) into constraints (28), we get:

Q
2 ) (1= ) Fy(xix;) + € wy - Gy(xi, %))
qg=1
§ij 20, {i,j} € J (29)

We get the quadratic optimization problem with linear constraints (29)
and w € U(1, Q). The problem has #J + @ variables.

In spite of the superficial simplicity of the problem (27) and (29), ithas a
huge amount of constraints. Therefore, to simplify it, we propose its relaxation
in the following way. K constraints are randomly selected from all constraints
and are used in the optimization problem. Repeating random selections several
times and solving the obtained optimization problems, the obtained trainable
parameters w are averaged and the results are used to compute the attention
weights.

Let us consider two important special cases when e = 0 and e = 1. In
the first case (¢ = 0), the subset of training parameters is reduced to the point
F,(t,x;,x;). This implies that the optimization problem should not be solved.
The attention weights are not trainable and have the simple form:

o (x, Ay(x)) = softmax (_ x — Ak(x)||2) L k=1,.,Q. (30)
This implies that case e = 0 can be regarded as a special case of non-

parametric attention mechanism. In the second case (¢ = 1), the subset of
training parameters coincides with the unit simplex U (1, Q) such that the
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constraints are reduced to:
Eij > qu (tx;) — Hy(t]x;)), &; > 0. 31

The above coincides with the weighted RSF proposed in [19]. This
case does not take into account the distance || x — Ay (x)||%, i.e., the attention
weight does not depend on the feature vector x and is defined only by some
ability of every tree averaged over the training set.

The application of the Huber’s e-contamination model significantly sim-
plifies the training and testing phases of Att-RSF because we solve the standard
quadratic optimization problem with the convex objective function and linear
constraints instead of the complex gradient-based optimization algorithms. At
the same time, the complexity of the training phase for computing the optimal
trainable parameters of the attention is defined by the complexity of solving the
quadratic optimization problem. It depends on the number of selected linear
constraints K and on the number of repetitions of the optimization problem
solving with restricted numbers of constraints. At the same time, the testing
phase is very simple, and it is defined by computing the attention weights
a (x, Ag(x),w) in (15) under the condition that the attention parameters w
are known. The simplicity of the testing phase allows us to get predictions in
case of intensive online data traffic whereas the same cannot be realized in the
training phase.

5. Numerical experiments. In order to study how Att-RSF outper-
forms the original RSF [10] and the weighted RSF [19], we compare Att-RSF
with these models. The proposed Att-RSF as well as the original RSF and the
weighted RSF are tested on the following real benchmark datasets.

The Primary Biliary Cirrhosis (PBC) Dataset consists of information
about 418 patients with primary biliary cirrhosis of the liver from the Mayo
Clinic trial [52], 257 of whom have censored data. Each patient is described
by 17 features such as age, sex, ascites, hepatom, spiders, edema, bili and chol,
etc. The dataset can be downloaded via the “randomForestSRC” R package.

The German Breast Cancer Study Group 2 (GBSG2) Dataset con-
tains observations of 686 women [53]. Each woman is described by 10 features:
age of the patients in years, menopausal status, tumor size, tumor grade, number
of positive nodes, hormonal therapy, progesterone receptor, estrogen receptor,
recurrence-free survival time, censoring indicator (0 - censored, 1 - event).
The dataset can be obtained via the “TH.data” R package.

The Chronic Myelogenous Leukemia Survival (CML) Dataset is
simulated according to the structure of the data by the German CML Study
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Group used in [54]. The dataset consists of 507 observations with 7 features:
a factor with 54 levels indicating the study center; a factor with levels trtl,
trt2, trt3 indicating the treatment group; sex (0 = female, 1 = male); age in
years; risk group (0 = low, 1 = medium, 2 = high); censoring status (FALSE =
censored, TRUE = dead); time survival or censoring time in days. The dataset
can be obtained via the “multcomp” R package (cml).

The Bladder Cancer Dataset (BLCD) [55] (Chapter 21) consists of
observations of 86 patients after surgery assigned to placebo or chemotherapy
(thiopeta). The endpoint is time to recurrence in months. Data on the number
of tumors removed at surgery was also collected. The dataset is available at
http://www.stat.rice.edu/~sneeley/STATS53/Datasets/survivaldata.txt.

The Lupus Nephritis Dataset (LND) [56] consists of observations of
87 persons with lupus nephritis. followed for 15+ years after an initial renal
biopsy (the starting point of follow-up). This data set only contains time to
death/censoring, indicator, duration and log(1+duration), where duration is
the duration of untreated disease prior to biopsy. The dataset is available at
http://www.stat.rice.edu/~sneeley/STATS553/Datasets/survivaldata.txt.

The Heart Transplant Dataset (HTD) consists of observations of
69 patients receiving heart transplants [57]. This dataset is available at
http://lib.stat.cmu.edu/datasets/stanford.

The Veterans’ Administration Lung Cancer Study (Veteran) Dataset
[57] consists of observations of 137 males with advanced inoperable lung
cancer. The patients were randomly assigned to either a standard chemotherapy
treatment or a test chemotherapy treatment. Several additional variables were
also measured on the patients. The dataset can be obtained via the “survival”
R package.

The Wisconsin Prognostic Breast Cancer (WPBC) dataset [58] con-
tains records representing follow-up data for one breast cancer case observed
by Dr. Wolberg in 1984. WPBC consists of 198 instances having 34 features.
The dataset can be obtained via the “TH.data” R package.

The Gastric Cancer Dataset (GCD) [59] contains data on the sur-
vival of 90 patients (4 features) with locally advanced, non-resectable gastric
carcinoma. The dataset can be obtained via the “coxphw” R package.

The Microarray Breast Cancer Gene expression profiling dataset
(MBC) [60] is for predicting the clinical outcome of breast cancer. It contains
4707 expression values on 78 patients with survival information. The dataset
can be obtained via the “randomForestSRC” R package.

Att-RSF is implemented by means of a software in Python.
The software implementing the weighted RSF is available at
https://github.com/andruekonst/weighted-random-survival-forest.
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In order to evaluate the C-index for each dataset, we perform a cross-
validation with 100 repetitions by taking 75% of examples from each dataset
for training and 25% of examples for testing. Examples for training and testing
are randomly selected in each run. Different values for hyperparameters A and
€ have been tested, choosing those leading to the best results. The number of
survival trees in RSF is 200. The number K of constraints randomly selected
from all constraints in the optimization problem for computing optimal trainable
parameters w is 3000, and the number of solutions to the optimization problem
with different subsets of constraints is 10.

Table 1 illustrates the C-indices of the original RSF, the weighted RSF
(WRSF), and the Att-RSF model obtained for the above datasets under the
condition the depth of survival trees in the models is equal to 2. It can be
seen from Table 1 that Att-RSF outperforms RSF as well as WRSF for all
considered datasets.

Table 1. Comparison of the C-index obtained for RSF, WRSF and Att-RSF by using
different datasets

Dataset RSF  WRSF Att-RSF
PBC 0.878  0.931 0.943

GBSG2 0.879 0.928 0.959

BLCD 0.876 0.926 0.987
CML 0.869  0.923 0.979
LND 0.875 0.924 0.940
HTD 0.859  0.931 0.931

Veteran 0.870  0.929 0.970

WPBC 0914 0.943 0.969
GCD 0.518 0.524 0.692
MBC 0.802  0.868 0.914

To formally show the outperformance of the proposed Att-RSF model,
we apply the ¢-test which has been proposed and described by Demsar [61] for
testing whether the average difference in the performance of two models, Att-
RSF and WRSEF, is significantly different from zero. Since we use differences
between accuracy measures of Att-RSF and WRSF, then they are compared
with 0. The ¢-statistics is distributed in accordance with the Student distribution
with 10 — 1 degrees of freedom. The obtained p-value and the 95% confidence
interval for the mean 0.046 are p = 0.0135 and [0.012, 0.079], respectively.
One can see from the ¢-test that Att-RSF clearly outperforms WRSF due to
condition p < 0.05. Better results can be carried out for models Att-RSF and
RSF. We get the p-value and the 95% confidence interval for the mean 0.094,
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which are p = 1.4 - 1075 and [0.069, 0.120], respectively. The second test also
demonstrates the outperformance of Att-RSF in comparison with RSF.

The next interesting question is how the C-index depends on the con-
tamination hyperparameter e for different datasets. The C-index as a function
of the contamination hyperparameter for the CML dataset is depicted in Figure
3 by the solid line with the circle markers. For comparison purposes, lines with
the triangle and square markers correspond to RSF and WRSF, respectively. It
can be seen from Figure 3 that Att-RSF provides the best results (the largest
C-index) when € = 0.75. However, the optimal choice of the contamination
hyperparameter depends on a considered dataset. For example, Figure 4 illus-
trates the case when the optimal contamination hyperparameter is equal to 1
for the HTD dataset. This implies that WRSF outperforms Att-RSF for all €
and has the same C-index for € = 1.

0985

0960

0935

0910

0.885

0.860

—@— Att-RSF = 4 -RSF — B -WRSF

Fig. 3. The dependence of the C-index on the contamination hyperparameter for the
CML dataset

6. Conclusion. A new RSF model based on using the attention mecha-
nism has been presented in the paper. The first main idea behind this model
is to adapt the Nadaraya-Watson kernel regression to RSF. The second main
idea is to apply the Huber’s e-contamination model in order to represent the
attention weights as the linear function of the trainable attention parameters.
Att-RSF has demonstrated outperforming results in comparison with RSF and
WRSEF for the most considered datasets. This implies that Att-RSF can be an
accurate tool for survival analysis especially when tabular data are used for
training.
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Fig. 4. The dependence of the C-index on the contamination hyperparameter for the
HTD dataset

We have considered only one type of the trainable parameters, namely,
parameters produced by the Huber’s e-contamination model. However, many
other types of parameters can be proposed, for example, parameters of the
softmax operation. It should be noted that additional parameters lead to more
complex optimization problems for computing the attention weights which
cannot be solved in a simple way. However, they can be solved by using the
gradient-based algorithms and can provide more accurate predictions. The
study of other attention mechanisms is an interesting direction for further
research.

Another interesting direction for further research is to consider measures
of the model accuracy different from the used C-index, for example, the Brier
score. The use of other measures may lead to better results.

It should be pointed out that the softmax operation in the attention
mechanism defined by the Gaussian kernel in the Nadaraya-Watson kernel
regression can be also replaced with other operations if considering different
kernels. This consideration and the analysis of the kernel types can be also
regarded as an interesting direction for further research.

References

1. Hosmer D., Lemeshow S., May S. Applied Survival Analysis: Regression Modeling of
Time to Event Data. — New Jersey : John Wiley & Sons, 2008.

2. DeepSurv: Personalized treatment recommender system using a Cox proportional hazards

deep neural network / Katzman J., Shaham U., Cloninger A., Bates J., Jiang T., and
Kluger Y. // BMC medical research methodology. — 2018. — Vol. 18, no. 24. — P. 1-12.
3. A Deep Active Survival Analysis Approach for Precision Treatment Recommendations:
Application of Prostate Cancer / Nezhad M., Sadati N., Yang K., and Zhu D. —2018. —

Informatics and Automation. 2022. Vol. 21 No. 5. ISSN 2713-3192 (print) 871
ISSN 2713-3206 (online) www.ia.spcras.ru



WMCKYCCTBEHHbLIV UHTENNEKT, MHXEHEPWA OAHHBIX 1 3HAHUI

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.
23.

24.

872

Apr. — arXiv:1804.03280v1.

Wang P., Li Y., Reddy C. Machine Learning for Survival Analysis: A Survey / ACM
Computing Surveys (CSUR). —2019. — Vol. 51, no. 6. —P. 1-36.

Zhao L., Feng D. DNNSurv: Deep Neural Networks for Survival Analysis Using Pseudo
Values. — 2020. — Mar. — arXiv:1908.02337v2.

Cox D. Regression models and life-tables // Journal of the Royal Statistical Society, Series
B (Methodological). — 1972. — Vol. 34, no. 2. — P. 187-220.

Tibshirani R. The lasso method for variable selection in the Cox model // Statistics in
medicine. — 1997. — Vol. 16, no. 4. —P. 385-395.

Survival SVM: a practical scalable algorithm. / Belle V. V., Pelckmans K., Suykens J.,
and Huffel S. V. // ESANN. — 2008. — P. 89-94.

Bou-Hamad I., Larocque D., Ben-Ameur H. A review of survival trees // Statistics Sur-
veys.—2011.— Vol. 5. —P. 44-71.

Ishwaran H., Kogalur U. Random Survival Forests for R // R News. —2007. — Vol. 7,
no. 2. —P. 25-31.

Breiman L. Random forests / Machine learning. — 2001. — Vol. 45, no. 1. —P. 5-32.
Hu C., Steingrimsson J. Personalized Risk Prediction in Clinical Oncology Research:
Applications and Practical Issues Using Survival Trees and Random Forests // Journal of
Biopharmaceutical Statistics. — 2018. — Vol. 28, no. 2. — P. 333-349.

Relative Risk Forests for Exercise Heart Rate Recovery as a Predictor of Mortality /
Ishwaran H., Blackstone E., Pothier C., and Lauer M. // Journal of the American Statistical
Association. — 2004. — Vol. 99. — P. 591-600.

Mogensen U., Ishwaran H., Gerds T. Evaluating Random Forests for Survival Analysis
using Prediction Error Curves // Journal of Statistical Software. — 2012. — Vol. 50,
no. 11.—P. 1-23.

Random survival forests for dynamic predictions of a time-to-event outcome using a longi-
tudinal biomarker / Pickett K., Suresh K., Campbell K., Davis S., and Juarez-Colunga E. //
BMC Medical Research Methodology. — 2021. — Vol. 21, no. 1. —P. 1-14.

Schmid M., Wright M., Ziegler A. On the use of Harrell’s C for clinical risk prediction
via random survival forests // Expert Systems with Applications. — 2016. — Vol. 63. —
P. 450-459.

Wright M., Dankowski T., Ziegler A. Unbiased split variable selection for random survival
forests using maximally selected rank statistics // Statistics in Medicine. — 2017. —
Vol. 36, no. 8. —P. 1272-1284.

Zhou L., Wang H., Xu Q. Survival forest with partial least squares for high dimensional
censored data / Chemometrics and Intelligent Laboratory Systems. — 2018. — Vol.
179.—P. 12-21.

A weighted random survival forest / Utkin L., Konstantinov A., Chukanov V., Kots M.,
Ryabinin M., and Meldo A. // Knowledge-Based Systems. —2019. — Vol. 177. —P. 136—
144.

Evaluating the yield of medical tests / Harrell F., Califf R., Pryor D., Lee K., and Rosati R. //
Journal of the American Medical Association. — 1982. — Vol. 247. — P. 2543-2546.
Utkin L., Konstantinov A. Attention-based Random Forest and Contamination Model //
Neural Networks. — 2022. — Vol. 154. — P. 346-359.

Huber P. Robust Statistics. — New York : Wiley, 1981.

Witten D., Tibshirani R. Survival analysis with high-dimensional covariates // Statistical
Methods in Medical Research. — 2010. — Vol. 19, no. 1. —P. 29-51.

Zhang H., Lu W. Adaptive Lasso for Cox’s proportional hazards model // Biometrika. —
2007. — Vol. 94, no. 3. —P. 691-703.

WHdopmaTrka 1 aBToMaTuaums. 2022. Tom 21 Ne 5. ISSN 2713-3192 (neuv.)
ISSN 2713-3206 (oHnawH) www.ia.spcras.ru



ARTIFICIAL INTELLIGENCE, KNOWLEDGE AND DATA ENGINEERING

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

39.

40.

41.

42.

43.

Support vector methods for survival analysis: a comparison between ranking and regres-
sion approaches / Belle V. V., Pelckmans K., Huffel S. V., and Suykens J. // Artificial
intelligence in medicine. —2011. — Vol. 53, no. 2. —P. 107-118.

Zhu X., Yao J., Huang J. Deep convolutional neural network for survival analysis
with pathological images // 2016 IEEE International Conference on Bioinformatics and
Biomedicine. — IEEE. —2016. — P. 544-547.

Image-based Survival Analysis for Lung Cancer Patients using CNNs / Haarburger C.,
Weitz P, Rippel O., and Merhof D. —2018. — Aug. — arXiv:1808.09679v1.

Decision tree for competing risks survival probability in breast cancer study / Ibrahim N.,
Kudus A., Daud I., and Bakar M. A. // International Journal Of Biological and Medical
Research. — 2008. — Vol. 3, no. 1. —P. 25-29.

Wang H., Zhou L. Random survival forest with space extensions for censored data //
Artificial intelligence in medicine. — 2017. — Vol. 79. —P. 52-61.

An attentive survey of attention models / Chaudhari S., Mithal V., Polatkan G., and
Ramanath R. — 2019. — Apr. — arXiv:1904.02874.

Correia A., Colombini E. Attention, please! A survey of neural attention models in deep
learning. — 2021. — Mar. — arXiv:2103.16775.

Correia A., Colombini E. Neural Attention Models in Deep Learning: Survey and Taxon-
omy. — 2021. — Dec. — arXiv:2112.05909.

A Survey of Transformers / Lin T., Wang Y., Liu X., and Qiu X. — 2021. — Jul. —
arXiv:2106.04554.

Random Features for Kernel Approximation: A Survey on Algorithms, Theory, and Be-
yond / Liu F.,, Huang X., Chen Y., and Suykens J. — 2021. — Jul. — arXiv:2004.11154v5.
Niu Z., Zhong G., Yu H. A review on the attention mechanism of deep learning //
Neurocomputing. — 2021. — Vol. 452. — P. 48-62.

Ronao C., Cho S.-B. Random Forests with Weighted Voting for Anomalous Query
Access Detection in Relational Databases // Artificial Intelligence and Soft Computing.
ICAISC 2015. — Cham : Springer. —2015. — Vol. 9120 of Lecture Notes in Computer
Science. —P. 36-48.

Xuan S., Liu G., Li Z. Refined Weighted Random Forest and Its Application to Credit
Card Fraud Detection // Computational Data and Social Networks. — Cham : Springer
International Publishing. — 2018. — P. 343-355.

Zhang X., Wang M. Weighted Random Forest Algorithm Based on Bayesian Algorithm //
Journal of Physics: Conference Series. — IOP Publishing. — 2021. — Vol. 1924. —
P. 1-6.

Weighted vote for trees aggregation in Random Forest / Daho M., Settouti N., Lazouni M.,
and Chikh M. // 2014 International Conference on Multimedia Computing and Systems
(ICMCS). — IEEE. — 2014. — April. — P. 438-443.

Utkin L., Kovalev M., Meldo A. A deep forest classifier with weights of class probability
distribution subsets // Knowledge-Based Systems. — 2019. — Vol. 173. — P. 15-27.
Utkin L., Kovalev M., Coolen F. Imprecise weighted extensions of random forests for
classification and regression // Applied Soft Computing. — 2020. — Vol. 92, no. Article
106324. —P. 1-14.

Development and validation of a prognostic model for survival time data: application to
prognosis of HIV positive patients treated with antiretroviral therapy / May M., Royston P.,
Egger M., Justice A., and Sterne J. // Statistics in Medicine. — 2004. — Vol. 23.
P. 2375-2398.

Random Survival Forests / Ishwaran H., Kogalur U., Blackstone E., and Lauer M. //
Annals of Applied Statistics. — 2008. — Vol. 2. — P. 841-860.

Informatics and Automation. 2022. Vol. 21 No. 5. ISSN 2713-3192 (print) 873
ISSN 2713-3206 (online) www.ia.spcras.ru




WMCKYCCTBEHHbLIV UHTENNEKT, MHXEHEPWA OAHHBIX 1 3HAHUI

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

874

Nadaraya E. On estimating regression // Theory of Probability & Its Applications. —
1964. — Vol. 9, no. 1. —P. 141-142.

Watson G. Smooth regression analysis // Sankhya: The Indian Journal of Statistics, Series
A.—1964. —P. 359-372.

Bahdanau D., Cho K., Bengio Y. Neural machine translation by jointly learning to align
and translate. — 2014. — Sep. — arXiv:1409.0473.

Luong T., Pham H., Manning C. Effective approaches to attention-based neural machine
translation // Proceedings of the 2015 Conference on Empirical Methods in Natural
Language Processing. — The Association for Computational Linguistics. — 2015. —
P. 1412-1421.

Attention is all you need / Vaswani A., Shazeer N., Parmar N., Uszkoreit J., Jones L.,
Gomez A., Kaiser L., and Polosukhin I. // Advances in Neural Information Processing
Systems. — 2017. — P. 5998-6008.

Rethinking Attention with Performers / Choromanski K., Likhosherstov V., Dohan D.,
Song X., Gane A., Sarlos T., Hawkins P., Davis J., Mohiuddin A., Kaiser L., Belanger D.,
Colwell L., and Weller A. // 2021 International Conference on Learning Representa-
tions. — 2021.

Schlag L., Irie K., Schmidhuber J. Linear transformers are secretly fast weight program-
mers // International Conference on Machine Learning 2021. — PMLR. — 2021. —
P. 9355-9366.

Support vector machines for survival analysis / Belle V. V., Pelckmans K., Suykens J.,
and Huffel S. V. // Proceedings of the Third International Conference on Computational
Intelligence in Medicine and Healthcare (CIMED2007). — 2007. — P. 1-8.

Fleming T., Harrington D. Counting processes and survival aalysis. — Hoboken, NJ,
USA : John Wiley & Sons, 1991.

Sauerbrei W., Royston P. Building multivariable prognostic and diagnostic models: trans-
formation of the predictors by using fractional polynomials // Journal of the Royal Statistics
Society Series A. — 1999. — Vol. 162, no. 1. —P. 71-94.

Randomized comparison of interferon-alpha with busulfan and hydroxyurea in chronic
myelogenous leukemia. The German CML study group / Hehlmann R., Heimpel H.,
Hasford J., Kolb H., Pralle H., Hossfeld D., Queisser W., Loeffler H., Hochhaus A., and
Heinze B. // Blood. — 1994. — Vol. 84, no. 12. — P. 4064—4077.

Pagano M., Gauvreau K. Principles of biostatistics. — Pacific Grove, CA : Duxbury,
2000.

Abrahamowicz M., MacKenzie T., Esdaile J. Time-dependent hazard ratio: modelling
and hypothesis testing with application in lupus nephritis // JASA. — 1996. — Vol. 91. —
P. 1432-1439.

Kalbfleisch J., Prentice R. The Statistical Analysis of Failure Time Data. — New York :
John Wiley and Sons, 1980.

Street W., Mangasarian O., Wolberg W. An inductive learning approach to prognostic
prediction // Proceedings of the Twelfth International Conference on Machine Learning. —
San Francisco : Morgan Kaufmann. — 1995. —P. 522-530.

Stablein D., Carter J., Novak J. Analysis of Survival Data with Nonproportional Hazard
Functions // Controlled Clinical Trials. — 1981. — Vol. 2. —P. 149-159.

Gene expression profiling predicts clinical outcome of breast cancer / Veer L. V., Dai H.,
Vijver M. V. D., He Y., Hart A., Mao M., Peterse H., Kooy K. V. D., Marton M., Wit-
teveen A., and Schreiber G. // Nature. — 2002. — Vol. 12. —P. 530-536.

Demsar J. Statistical comparisons of classifiers over multiple data sets // Journal of
Machine Learning Research. —2006. — Vol. 7. — P. 1-30.

WHdopmaTrka 1 aBToMaTuaums. 2022. Tom 21 Ne 5. ISSN 2713-3192 (neuv.)
ISSN 2713-3206 (oHnawH) www.ia.spcras.ru




ARTIFICIAL INTELLIGENCE, KNOWLEDGE AND DATA ENGINEERING

Utkin Lev — Ph.D., Dr.Sci., Professor, Head of the institute, Institute of computer science and
technology, Peter the Great St.Petersburg Polytechnic University. Research interests: machine
learning, imprecise probability theory, decision making. The number of publications — 300.
lev.utkin@gmail.com; 29, Politekhnicheskaya St., 195251, St. Petersburg, Russia; office phone:
+7(812)775-0530.

Konstantinov Andrei — Ph.D., Graduate student, Peter the Great St. Petersburg Polytechnic
University. Research interests: machine learning, computer vision and image processing. The
number of publications — 15. andrue.konst@gmail.com; 29, Politekhnicheskaya St., 195251, St.
Petersburg, Russia; office phone: +7(911)954-5565.

Acknowledgements. This work is supported by the Russian Science Foundation under grant
21-11-00116.

Informatics and Automation. 2022. Vol. 21 No. 5. ISSN 2713-3192 (print) 875
ISSN 2713-3206 (online) www.ia.spcras.ru



WMCKYCCTBEHHbLIV UHTENNEKT, MHXEHEPWA OAHHBIX 1 3HAHUI

YIK 004.8 DOI 10.15622/ia.21.5.1

JL.B. YTKUH, A.B. KOHCTAHTHHOB,
CJIYYAUHDBIN JIEC BBIZKUBAEMOCTU U PETPECCUA
HAJJAPASI-YOTCOHA

Ymrun JI.B., Koncmanmunog A.B. Cry4aiiHblii Jiec BbDKHBaeMocTH H perpeccust Hapapas-
Yorcona.

AnHoTanus. B crartee mpejcraBieH ClydaiHbIA JleC BBKMBAEMOCTH Ha OCHOBE MOJEN
BHuManus (Att-RSF). IlepBast upesi, Jiexamasi B OCHOBE Jieca, COCTOMT B TOM, 4TOOBI ajar-
THpPOBaTh siAEpHYI0 perpeccuio Hamapasi-YoTcoHa K CiiydaiiHOMY JIeCy BBDKMBAEMOCTH TAaKHUM
oOpa3oM, 4TOOBI Beca perpeccud WM sapa MOXHO OBUIO paccMaTpuBaTh Kak oOydaeMmble
BeCa BHUMAHMS MPU BAXHOM YCJIOBHHM, YTO IMPEACKA3aHMsl CIIy4YailHOrO jieca BbIKHBAEMOCTH
TIIpeICTaBJIeHbl B BUAle (DyHKLMI BpeMeHH, HanpuMep, (PyHKLUN BDKUBAHKS I KyMYJISTHBHON
(ynkumu pucka. Kaxapiii oOydaemslii Bec, MPUCBOSHHBI JEepeBy U MPUMepy U3 00ydaroien
WM TECTOBOi BHIOOPKH, ONpeaensieTcss AByMs (DaKTOpPaMM: CIIOCOOHOCTBIO COOTBETCTBYIOIIETO
JepeBa NpejICKa3blBaTh 1 OCOOEHHOCTBIO MPUMEpa, MOMAJAIOIIEro B JIMCT AepeBa. Bropas naes
Att-RSF coctouT B TOM, 4TOOBI IPUMEHHTH MOJEJb 3arpsi3HeHNsT XbioOepa AJIs IPpeJCTaBICHHS
BECOB BHUMaHMs KakK JIMHEiHOW (yHKIMM oOydaeMblX MapameTpoB BHUMaHUs. C-MHIEKC
Xappe/ta (MHOEKC KOHKODJALMM) KakK IOKas3aTesb KadecTBa IPEJCKa3aHMs CIIydaiiHOro
Jleca BBDKMBAGMOCTH MCIIONIb3yeTCsl NpU (POPMHUPOBaHMU (DYHKLMHM TOTEph Ul OOydYeHHsI
BecoB BHMMaHus. Vcrnonb3oBanne C-MHIEKCAa BMECTE C MOMEJBIO 3arpsi3HEHHs MPHBOAUT K
CTaHJIAPTHO 3ajjavye KBAJPATUYHOH ONTHMH3ALMK ISl BHIYMCICHUS BECOB, KOTOpas MMeeT
LeJIbli PsiJT IPOCTBIX AITOPUTMOB pellieHust. YKiCIeHHbIe SKCIIEPUMEHTBI ¢ peasIbHbIMI HaOOpaMu
JaHHBIX, COJCPKAIMMH JAHHbIE O BBIKMBAEMOCTH, WLTIOCTPUPYIOT IpeJIaraeMyio MOJIEINb
Att-RSF.

KiroueBble cjoBa: MalmHHOE OOydYeHME, CIydYailHBIA JieC BBIKMBAGMOCTH, (DYHKIHS
BbUKMBaeMocTH, C-MHIEKC, KyMyJsTUBHas (DyHKIHMsI PHUCKA, MOJETh BHUMAHWs, MOJIETb
3acopenust XpioOepa.
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H.N. FOCVYIIOBA, I".P. BOPOBLEBA, P.X. 3YJIKAPHEEB
MNOJAXOI K UHTEI'PAITUU PASHOPOJIHBIX NCTOYHUKOB
MEJUIIMHCKHUX JAHHBIX HA OCHOBE MUKPOCEPBUCHOM
APXUTEKTYPbI

IOcynosa H.H., Bopobvesa I'.P., 3yrkapnees P.X. Ilogxo K MHTerpamuH pa3sHOPOJAHBIX
HCTOYHHKOB MEIHIHHCKHUX JAHHBIX HA 0CHOBE MHKPOCEPBHCHOI apXHTEKTYPbI.

AnHoOTanmus. 3ajaya 0oOpabOTKM MEIMIMHCKON WMH(OpMAlMU B HACTOAIICE BpeMs B
Hamell cTpaHe M 3a pyOeXOM peIlaeTcs IOCPEICTBOM Pa3sHOPOAHBIX METHIIMHCKHX
MHGQOPMALOHHBIX CHCTEM, HPEHUMYIIECTBEHHO JIOKAIbHOTO H PETHOHAIBHOTO YPOBHEH.
ITocTosHHO BO3pacTarOIIMii 00BEM M CIOXKHOCTh HAKaILIMBaeMOH HMH(OpPMAlnM Hapsmy c
HEOOXOANMOCTBIO 00ECTIeUCHNUS NIPO3PaYHOCTH M MPEEMCTBEHHOCTH 00pabOTKH MEIHIIMHCKHX
JaHHBIX (B YaCTHOCTH, K NPHMEpYy, IO OpOHXOJErOYHBIM 3a00JICBAaHUSM) B Pa3IMYHBIX
opraHmsaiusx TpebyeT pa3pabOTKM HOBOrO IIOAXOJA K MHTErPaldM HX Pa3HOPOAHBIX
HCTOYHHKOB. IIpn 3TOM BaXKHBIM TPEOOBAaHMEM K PELICHHIO ITOCTABICHHOW 3a/la4yM SIBIISIETCS
BO3MOXKHOCTb Be0-OPHEHTHPOBAHHOH pealn3aniy, YTO IMO3BOIUT CAENATh COOTBETCTBYIOIIHE
MIPWIOXKEHHS JOCTYIMHBIMH IIMPOKOMY KPYyTy MONb30Batelieil 6e3 BBICOKHX TPEOOBaHHM K HX
amnapaTHO-TIIPOrpaMMHBIM BO3MOXKHOCTSIM. B pabore paccMaTpuBaeTcs NOIXOA K HHTETPaLlHU
Pa3HOPOJHBIX HMCTOYHHKOB MEIHUIIMHCKOW HMH(OPMAIMH, KOTOPHIH OCHOBAaH HA MPHHIIAIAX
TIOCTPOCHHUST MHKPOCEPBHUCHBIX BeO-apxXuTeKTyp. Kaxapiii Moy 0OpabOTKH JaHHBIX MOXKET
OBITH HCIIONB30BaH HE3aBUCHMO OT JAPYIHX HPOTPaMMHBEIX MOJIYJICH, IpenoCTaBisis
YHUBEPCAIbHYIO TOUKY BXO/a U Pe3yIbTHPYIOIIUH HA0OP JaHHBIX B COOTBETCTBHHU C IPUHATOH
cxeMoit TaHHbIX. [loceoBaTenbHOe BHIIOJIHEHUE 3TAllOB 00paOOTKH MpeAronaraeT nepenady
YIIpaBJICHHUs] COOTBETCTBYIOIIMM IIPOrPAMMHBIM MOAYJISIM B (DOHOBOM PEKHME IO IPHHIUITY
Cron. B cxeme nekmapupyercsi IBa BHOAa CXeM JaHHBIX — JIOKaJdbHast (OT METHI[MHCKUX
HHOOPMALMOHHBIX CHCTEM) W TioOanbHAs (1 €IMHOM CHCTEMBl XpPaHEHUs), MEXIy
KOTOPBIMH IIPEIYyCMOTPEHBI COOTBETCTBYIOIIVE IapaMeTphl OTOOPAKEHHS I10 IIPUHIHITY
noctpoernss XSLT-rabnun. BaxkHoW OTIMYUTENBEHON OCOOEHHOCTBIO MPEATAraeMoro mojaxoaa
NPEJCTaBIACTCS ~ MOJACPHM3ALMS  CHCTEMBl ~ XPaHEHHS  MEIWIMHCKOH  HMH(pOpMaIuWH,
3aKITIOYAOIIEHCs B CO3JaHHU 3epKaJbHBIX KOIMII OCHOBHOTO CepBepa C INEpHOIHIECKON
peruTHKarmeil  cooTBeTCTBytomeil uHbopMarmu. I[lpH 3TOM  B3aHMOACHCTBHE MEKIY
KIMeHTaMH M CepBepaMH XPaHWIMII JaHHBIX OCYIIECTBIIETCS O THIy CHCTEM JOCTaBKH
KOHTEHTa C CO3JaHHEM CeaHca COCAMHEHHS MEKTYy KOHCUHBIMH TOYKAMH IO IIPHUHIHITY
OmKaiflIero pacCTOSHHS MEXAY HHMH, DPacCYMTAHHOrO 10 (opMyle TraBepCHHYCOB.
IlpoBeneHHBIC  BBHIYMCIHMTENbHBIE  OKCIEPUMEHTHl  HAJ  TECTOBHIMH  JAHHBIMH IO
OpOHXOJIErOYHBIM 3200JIEBaHIAM MOKa3au d(HEKTUBHOCTE NMPEUIOKEHHOTO ITOAX0/1a KaK Ul
3arpy3Kd JaHHBIX, TaK U U UX IOIy4YeHHs OTAEIbHBIMU IOJIb30BATEISIMU U IPOrPAMMHBIMU
cucTeMaMH. B IieloM mokasartenb peaKTUBHOCTU COOTBETCTBYIOIIVM BeO-OpHEHTHPOBAHHBIX
TIPUIIOKeHUH ObLT yirydnieH Ha 40% Ipyu cTaOHIEHOM COEANHEHUH.

KroueBble c/10Ba: MEIUIWHCKUE JaHHBIC, XPAHWINIA NAHHBIX, HHTETPAIMs JaHHBIX,
BeO-IIPUIIOKEHHS, CHCTEMa JOCTAaBKU KOHTEHTA, MUKPOCEPBHCHAS apXUTEKTypa.

1. BBeaenwue. B HACTOSIIEE BpeMs onomennIHa "
3IpaBOOXpaHeHHe BCe dvamie KIacCHQUUUPYIOTCS Kak  obiacTu
HMHTCHCHBHOT'O HCIIOJB30BaHHs JAHHBIX (Tak HasbiBaeMble «data-intensive
field»), roe crenUanUCTBl MOCTOSHHO CTANKHUBAIOTCA C HEOOXOTUMOCTBHIO
00paboTku 1 aHanu3a 0oJpLIoro oobeMa pasHopoaHoi uHpopmarmu. [Ipn
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3TOM pa3HOPOAHAs MEAWIMHCKass WHGOpPMaMi MpPEACTaBIsieT CcoO0OH
JTAaHHBIE PA3IMIHOTO (opMaTa M HA3HAYEHHS, MOTydacMble M3 Pa3IMIHBIX
HCTOYHHUKOB MO PA3JIMYHBIM NPOTOKONaM. J[JIsI KOHKpETH3aluK peracMon
3a7la4M 37€Ch W Aajee pasHOPOIHbIE MEIUIIMHCKHE JAHHBIE HPEICTABISIOT
c000¥ MEINKO-KIMHUYECKYI0 HH()OPMAIUIO, a TAKKE aJMHHHCTPAaTHBHO-
COLMaJIbHBIC TaHHBIE 33/1eHICTBOBAHHBIX B COOTBETCTBYOIINX MEANUIIMHCKIX
npoueccax OOBEKTOB, CYOBEKTOB U pecypcoB. Mennko-3KOHOMHYECKas
nH}opmanus B JaHHOH paboTe He pacCMaTPUBAETCS U SIBISIETCS TPEIMETOM
JabHENUIIUX UCCIIEIOBAHUM aBTOPOB.

B kauecTBe MCTOUHHMKOB MEIMLMHCKUX JAHHBIX BBICTYMAIOT
KJIMHUYECKHE MaHHBIE IS MONICP)KKM MPUHATHS pPELIeHUH pa3auyHON
CHelnManu3alliid B BUJAE CTaHIAPTU3UPOBAHHBIX IAHHBIX U3 3JIEKTPOHHBIX
UCTOpHH OONE3HW, NaHHBIE C JaTYNKOB MOHHTOPHHTA W Pa3IMYHBIX
3aIMCHIBAIOIINX JIa00OPATOPHBIX YCTPONCTB, JAHHBIC HEOTIIOKHON MOMOIIIH,
JIEKapCTBCHHBIX ~MIpemaparax © Mp. 31ech XKe (QUTYpUPYIOT W
aJIMUHHUCTPATUBHO-CONMANILHBIC JaHHbBIEC MTAIINEHTOB, Bpadel, MEANIIIMHCKIX
yupexnaennil. [Ipu 3ToM oxHON M3 OCHOBHBIX 3a[ad Pa3BUTHUS TEXHOJIOTHH
00paboTKM TakMX JAHHBIX SBISETCS COOJIOJICHHE IPEEMCTBEHHOCTH B
JICUCHUH MAIEeHTOB, obecrieueHne MPO3PAYHOCTH KIIMHHUKO-
JUAarHOCTHYECKUX IIPOLIECCOB, TMOBHIIIEHHE 3((EKTUBHOCTH JIEUCHHS 3a
CYeT ONEPaTUBHOTO IOCTYyIa KO Bcel He0OX0quMoil HHpopMauu.

Ha ceronHsAmHMi AeHb NOCTUTHYT 3HAUYMTEIbHBIM IpOrpecc B
obmactu 00pabOTKM M XpaHEHUs MeAuIUHCKON mHpopmanuu [1]. OxHako
HHTETpalysi W  YIpaBJICHHE TIIOCTOSHHO  pacTyllMMH  oObeMaMu
Pa3HOPOJHBIX MEIUIMHCKUX JAaHHBIX YaCTO CONPSDKEHBI C PSIIOM MpodIeM,
CBSI3aHHBIX TIPEXJIE BCErO C TpaHCHOpMAIMEl HENOCpPEeICTBEHHO CaMon
oTpaciu, 00yCIOBJICHHOW HaKOIUICHHEM MAacCHBOB IU(POBBIX JaHHBIX, UX
aHAINTHYECKOH 00pabOTKOM M NMPUMEHEHHEM MOIYYEHHBIX PEe3YJbTaToB B
Ipolecce MNPUHATHS COOTBETCTBYIOIIMX pemieHuil. IIpu 3ToM akueHT
cMmemjaeTcs Ha IpeoOpa3oBaHME KPYMHOMACIITAOHBIX —Pa3sHOPOTHBIX
MEIUIMHCKUX JaHHBIX B MH(OPMAIMOHHBIE MPOIYKTBI U CTPATETHH, YTO
SIBISIETCS, B YAaCTHOCTH, OIHOW U3 KIIOYEBBIX IPAaBUTEIbCTBEHHBIX
MHUIMATHB B OOJIACTH TEPCOHAIM30BaHHONW MemuiuHbl. Tak, ¢ 2011 mo
2018 rom peann3oBaH TEPBBIA TPOEKT 1O CO3JAHHMIO  CIHHOM
TOCYAapCTBEHHON MH(OPMALMOHHON CHCTEMBI B c(hepe 37paBOOXpaHEHHS,
¢ 2018 roma paspabaTbiBaeTcs BTOPOW IPOEKT IO CO3JIAHUIO EIMHOIO
rQpoBOro KOHTYypa.

Jlpyroii 001acTbi0 TOBBINICHHOTO MHTEpeca K WHTErpaluu u
XpaHEHHIO JAaHHBIX B MEIUIMHE SIBIsEeTCS pa3paboTka CTpaTerdii uis
3¢ (QEKTUBHOTO aHanM3a MOCTOSHHO PACTYLIETO MacCcHBa JJIEKTPOHHBIX
MeaunuHckux kapt (OMK). TIpu aToM oqHa M3 OCHOBHBIX NpoOJIeM Npu
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W3BJICUCHUH 3HAHUHM U3 DJCKTPOHHBIX MEIUIIMHCKUX KapT 3aKII0YaeTCs B
TOM, YTO AJIEKTPOHHBIE METUIIMHCKUE 3aITHUCH MPEICTABIIIOT COO0N KpaifHe
pPa3sHOPOIHBIE  WCTOYHWKH  JAaHHBIX  CO  CIOXXHBIM  MAacCHBOM
KOIMYECTBEHHBIX,  KAUeCTBEHHBIX W  TPAH3AKIMOHHBIX  JaHHBIX.
Pa3spo3neHHble THIBEI MaHHBIX BKIO9aoT kKoasl MKDB (ucmosnp3yembie B
OCHOBHOM ISl [I€HOOOpa30BaHUS M OINIATHl OOJBHUYHBIX MPOIEITYP),
OMOXMMHUYECKUE U JIA0OPATOPHBIC TECThI, KIMHUYECKUAC (TCKCTOBBIC)
3aMETKH, MCTOPHYCCKUEC APXUBHI MCIAMIUHCKUX BMEIIATECIHCTB, METOIOB
JIeYeHUs] M Jaxe JOCTaBKM (DapMaleBTUUECKHX IpernaparoB. OJTH
HCTOYHHMKM JaHHBIX YacTo cOOMparoTcsi AecsiTKaMu Jojed (MHoraa c
CyOBEKTHBHBIMH KPUTCPUSIMH) JUIsi Kaxaoro ciydas. ClenoBaTelbHO,
nmanable  OMK  JOBOJIBHO CJIOXKHO aHAJIW3UPOBaTh, OCOOCHHO eCiH
paccMaTpuBaTh MHCTHUTYIIHOHAIBHBIC W Ja)K€ MHOTOIICGHTPOBBIC YPOBHH C
OOJBIIAM KOJIMIECTBOM MAIIHEHTOB.

Knnanyeckre n OMOMEAWIMHCKIE NaHHBIC OBIBAIOT CAMBIX Pa3HBIX
(hopMaToOB; OHHM 3a4aCTYIO CII0KHBI, HCOJHOPOIHBI, CIIA00 aHHOTHPOBAHHI U,
KaK TPaBWIO, HE CTPYKTYPUPOBAHEI, 2 00hEM NAHHBIX ITOCTOSHHO PACTET.
Kaxmas u3 stux mpoOieMm: pasMep, pasHoOOpasme, (opMaTHpOBaHUE,
CJIOXKHOCTbh, HEOJHOPOIHOCTD, IJIOXHE AHHOTALIMU U OTCYTCTBUE CTPYKTYPHI
c031ar0T 1po0sIeMbl st 3G (HEKTUBHOTO IPUMEHEHHUS B POIIECCEe TPUHSITHS
peLIeHU.

[Ipobnema ycyryOmsercs OTCYTCTBHEM €IUHOTO TOAXO0Jda K
OopraHu3anun MCOUIIUHCKHUX JaHHBbIX, HECOTJIaCOBAHHOCTBHIO )5
Pa3HOPOJHOCTHIO MEAMIMHCKUX MH()OPMAIIMOHHBIX CUCTEM Ha YPOBHE Kak
OTHENBHBIX ~MCIUIIMHCKAX YYPSKICHHH, TaK H TEPPUTOPHAIBHBIX
oOnacreil. 31ech ke BaXKHO OTMETHTH MPOOJIEMY HH3KOW CONMPSIKCHHOCTH
CBEJICHUH O Pa3NIMYHBIX CIyYasXx JICUYCHHS OJHOTO M TOTO K& YeJOBEeKa B
KOHKPETHOW MEIUIIMHCKON oOpraHu3anuu (B YacTHOCTH, IPH JICYCHUU
OpOHXOJIETOYHBIX 3a00JeBaHui). B momasisitonieM OOIBITMHCTBE CIIyYacB B
OMK nuckpeTHO PUKCHUPYETCS TONBKO OWH CITydail JIeueHus marueHTa (0T
MOCTYTIJICHUS 10 BBINIMCKH), OJTHAKO HEMOCPEICTBEHHO MHTETPAINS JaHHBIX
MIpEaroaracT CO3AaHHE SIWHOW CHCTEMBI, 00ECIICUNBAIONINNA TOCTYI KO
BCEM TIEPEIBMKCHUSAM ITallHCHTa B paMKaxX KaK OTICIbHOW OpTraHW3aIlNH,
TaK ¥ CTPAHBI B IIEJIOM.

Hns pemennss o0o3Ha4eHHBIX TpobieM Tpedyercs MHOOXOX K
MHTETPAIlUK JAHHBIX, YTO, O€3YCIOBHO, COMPSHKEHO C PEIICHHEM BOIPOCOB
B3aMMOJICHCTBHS MEIUIIMHCKUX WH(POPMAIMOHHBIX CUCTEM MEKIY COOOIA.
O4YeBHIHBIM  PCHICHHEM 3]IeCh  SBJISAETCS HCIOJB30BaHUE CIUHOIO
UH(POPMAIMOHHOTO XPAHWIUIIA MEIWIUHCKUX JTaHHBIX (B YACTHOCTH, IO
OpOHXOJICTOYHBIM  3a00JICBaHUSAM), OOECICUMBAIOIIETO  BO3MOXKHOCTh
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ONEPaTHBHOTO HMIIOPTHPOBAaHMSA M OSKCIOPTHPOBAaHHA Pa3HOPOIHBIX
JIaHHBIX B / 13 1000# HHOOPMAIIMOHHONW CUCTEMBI.

IIpu 3TOM HEOOXOAMMO OOECHEUYNTh WHTETPALUIO HCTOYHHKOB
JTAaHHBIX, KOTOPBIE, B CBOIO OUYEPE/b, CYIIECTBEHHO PA3INYAIOTCA 10 TUILY
(Bumeo, 3BYK, TEKCT, Tpajuka, KOMIBIOTepHas aHUMamus W T.1.),
Ha3HAYEHHUIO, CHOCO0Yy 3aliCH M BO3MOXXHOCTH yJaJCHHOH 00pabOoTKH.
Taroke BaXXHO YYWTHIBATh, YTO 3a4acTyl0 IIPH XPaHEHHH pe3yJIbTAaTOB
KJIMHUYECKUX O0CIIEeIOBaHMI Ha Pa3IMYHOM MEAWIIMHCKOM 000pyJOBaHHU
HCTONB3YIOTCS pa3HOOOpasHbie (HhOpMaThl NaHHBIX, HEPEAKO CHCHU(PUIHBIC
JUIsl OIIPEEIEHHOTO TUIa 00OPYIOBaHUs U HE AOCTYIHBIE IS 00paboTKH
00IIeI0CTYITHBIMH CPEICTBAMHU.

2. Coctosinne Bompoca. B Hacrosiiiee Bpemst W3BECTEH LIENbIA PsJ
POCCHHCKMX M 3apyOeKHBIX  HAayYHO-HCCIEIOBAaTEIbCKHX  padoT,
MOCBSIICHHBIX 0003HaUYeHHOMY Bompocy. OHako HanOoJsbliee BHUMaHKE
IpU  3TOM yAEIsIeTCsl CO3JaHMI0 Takoro (opmara IpeacTaBICHUS
MEIUIMHCKUX JaHHBIX, KOTOPBIH MO3BOJISUI OBl  HE3aBHCHUMO  OT
UCTIONIB3YEMBIX alllapaTHO-NPOrPaMMHBIX IUIAT(GOPM HMIIOPTHPOBATh W
9KCTIOPTHPOBaTh HMH(MOPMALMIO, a TaKKe OCYIIECTBIATH €€ 00paboTKy,
aHanmu3 u rpadudueckyro uaTepnperanuio [2, 3]. Tak, kK mpuMepy, U3BECTHBI
pe3ynbTathl B 00JlacTH pa3paboTKu enuHOro ¢GopMara MpeacTaBICHUS
MEJUIMHCKON HH(OpMaIMU, OCHOBAHHOT'O Ha OHTOJIOTHYECKOM MOAXOAE K
MIPEICTaBICHUI0 OOBEKTOB W CYOBEKTOB MEAMIIMHCKOTO OOCITYKMBAHHUS
[3-5]. Ha ceropusiimumii geHs GpopMar J0CTYIEH HE TOJIBKO HA POCCHUCKOM,
HO U Ha MEXIyHapoIHOM ypoBHe. OIHAKO B HACTOSIIUA MOMEHT BOIPOC
€ro BHEAPCHUS B CYIIECTBYIOIIME MEIMIUHCKUE HH(POPMAIMOHHBIE
CHCTEMBI OCTaeTCsI OTKPBITHIM.

Jlpyroe HampaBieHHWE HCCIEIOBAaHMH CBS3aHO C pa3pabOTKOH
HEMOCPEICTBEHHO IMOJX0Ja K HHTEerpalu O0e3 NpHUBS3KH K (dopmary
NIPE/ACTAaBICHUS JaHHBIX. Tak, COTNIACHO HEKOTOPHIM Hay4YHBIM IIKOJaM B
JTAaHHON 00J1aCTH, MHTETPALsl JOIDKHA OBITh MPOBEACHA MOITAITHO, HAYUHAS
OT YpPOBHSI OTZEJILHO B3ATOTO MAIMEHTA U JAHHBIX MEIUIMHCKUX MPHOOPOB
U amnmapatoB 0 MPEACTaBICHHS CBOJHBIX JAaHHBIX B  EAMHYIO
TOCYAapCTBEHHYIO0 MH()OPMANMOHHYIO CHCTEMY B cdepe 31paBOOXPAHCHUS
[6]. B GosplinHCTBE HCCICIOBAaHMII MO MHTErPAlMM B OCHOBY MOJIOXKEH
OHTOJIOTMYECKHH TOAXOA, a JaHHBIE PEKOMEHIyeTCS MpPEACTABIATh B
obmenpunsatom ¢opmare HL7 FHIR [7], a Takke ¢ mnpuMeHeHHEM
TEXHOJIOTHI OO0JIauHBIX CEPBHCOB JJIsI pealn3allMi XpaHEHUs OOJIBIINX
00beMOB METULIMHCKUX JaHHBIX U3 T€TEPOICHHBIX HICTOYHHUKOB.

Jns  00o0ImeHuss MHPOBOTO ONbITa B 0ONACTH HMHTETpaluu
Pa3sHOPOTHBIX HCTOYHHKOB MEIUIMHCKHX JIAHHBIX ObUH
NPOAaHATU3UPOBAHBl PE3YJIbTAThl W3BECTHBIX HAYYHBIX HCCIEIOBAaHUU TI0
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9TOMY BOMNpOCY. Pe3ympTaTbl CpaBHHUTENBHOTO AaHAM3a HECKONBKHIX
PacIpOCTPAaHEHHBIX MMOIXOA0B K MHTETPAllMK METUIIMHCKON HWH(pOpManun
TIpUBEACHEI B TabmwmIe 1.

O6o0mmast mpeacTaBieHHBIe B Tabnmuie 1 JaHHBIE, MOXKHO
pe3OMUpPOBATh cieayromiee. BoNbIMHCTBO N3BECTHRIX MTOIXO0B SBISIOTCS
Y3KOCTICIHAIM3UPOBAHHBIMI W TPEICTABIIIOT c000#l pemreHne 3amad
00paboTKM M aHaNM3a AaHHBIX 10 OJHOMY HJIM HECKOJBKHUM 3a00JIEBaHHSIM.
[Tpu sTtoM peanusyromasi X NpOrpaMMHas apXHUTEKTypa, Kak MpaBuIIO,
cnabo MacmTabupyercsi — BBeJIeHHE HOBBIX (PYHKLUMH M pecypcoB Tpedyer
CYIIECTBEHHBIX TPYAOBBIX W BbIYHUCIIUTECIBHBIX 3aTpar. B 6OJII)IIJI/IHCTBC
cllyyaeB TNpejlaraeMple pELIeHHsl JIOKaJbHBI W OPUEHTHUPOBaHBI Ha
peaiMzalMio B Tpeesiax OJHOr0 MEAUIIMHCKOTO YYPEXKICHHUS, YTO
COTPSDKEHO C COOTBETCTBYIOIICH (DM3MYECKOH OpraHu3alueid CcucTeM
JIONITOBPEMEHHOTO XpaHECHUsI MEeIUIUHCKONW mH(popMariu. HemanoBakxHEIM
MPEACTaBIACTCA TOT (PAKT, YTO MPAKTHUCCKH KaK[JO€ M3BECTHOE PEIICHHE
MperoIaraeT IpUMeHeHHE COOCTBEHHOTO (hopMaTa MEAUITMTHCKUX TAHHBIX,
MONMYYCHHBIX B PE3yJIbTaTe WHTETPAIlM I'eTePOreHHBIX MCTOYHHUKOB. [lpn
9TOM HH OJWH W3 (OpPMATOB HE KOPpPEIHPYeT B IOCTATOYHOH Mepe ¢
HU3BCCTHBIMU CTaHAAPTaAMU TPCACTABIICHUA Me}IHHI/IHCKOﬁ I/IH(bOpMaI_II/II/I
(mampumep, HL7 FHIR), uTto cymecTBeHHO 3aTpyIHSIET WHTETPALUIO
COOTBETCTBYIOIIUX PEIIEHHH CO CTOPOHHMMH HH(GOPMAIMOHHBIMU
cucremamu. Kpome Toro, B mojaBisitoiieM OOJIBIIUHCTBE CIy4aeB UMEIOT
MECTO JCCKTOIIHBIC IPUIIOKCHUA, YTO, B CBOIO OYEPECOAb, COIPAKEHO C
BBEICOKUMH TpPEOOBaHHSAMH K BBIYHCIHTEIBHBEIM pECypcaM KOHEYHOTO
oJIb30BaTeIs. BRIIOTHEHHE 3aIPOCOB K OOJBIINM 00beMaM MEIUIIUTHCKON
HHPOpPMALIMU TaK >X€ HE ONTHMHU3UPOBAHO, YTO MNPHUBOJUT K HHU3KOH
PEaKTUBHOCTH COOTBETCTBYIOLIHMX MPHUIIOKEHHH.

B 3T0i1 CBsI3M BO3HUKACT aKTyalbHas 3a/la4ya pa3pabOTKU MOAXoa K
WHTETPallUi JTAHHBIX U3 Pa3HOPOJHBIX MEIUIIMHCKUX WH(MOPMAIIMOHHBIX
CHUCTEM,  O0ECIeYMBAIONIETO  BO3MOXKHOCTh  BEO-OPHEHTHPOBAHHOTO
OTIEPaTUBHOTO OOpamIeHUs C Pa3NUYHBIX WHTEP(EHCOB B3aWMOICHCTBUS
IUIA TIocTexyroneil oopaboTK MOMYYCHHBIX PEe3yNbTHPYIOMNX JaHHBIX C
BBITPY3KOH B yCTAaHOBJICHHBIE CTPYKTYPHI, K IPUMEPY, B BUIC FIEKTPOHHON
MEANUIIMTHCKON KapThl HAIleHTa.
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Ta6mmia 1. CpaBHUTENBHBIN aHAIN3 TOAX0J0B K HHTETPAIIH Pa3HOPOTHON

MEIULHHCKON nHpopMarmn

Ha3zsanue,
opraHu3anus, [Ipeumyiiecta Henocrarku
Ha3HAYCHUE
Macmrabupyemsie — OTKPBITHIN KOJ — B HacTosIee BpeMs
MH(DOPMALMOHHEIE — BeO-uHTepdeiic amg | cucrema

cuctemsl [8]

Coemecmuble

uccneo08anus

yrueepcumemog CILLIA
(Albert Einstein College
of Medicine, Beth Israel
Deaconess Medical
Center, Tufts University
School of Medicine u

op.)

Hens: co3JlaHue
HHPACTPYKTYpHI
onu(pOBaHHBIX
MEIVIUHCKUX JaHHBIX
110 BCEMY MUPY

JIocTyna K JaHHBIM
— MOJIOXKUTEIIbHBIE
OT3BIBBI  TOJIb30BaTENEH
¢ TOYKH 3peHus
SPrOHOMUKHU
TIPUIIOKEHUS

IpeAHa3HauYeHa TUTSt
MEIUIUTHCKOMN
HH(OPMAIIHX TONBKO IO
WHTEHCHUBHOM Tepanuu
— HCIIONB3YeTCs
cobcTBeHHBI  (opmar
JTAHHBIX (aer
MOAJEPKKH CTaHAapTa
FHIL)

— HU3Kafg
pEaKTHBHOCTh
MPUIIOKEHUS

[udposas mratdopma
JUISE aHanmM3a "
BU3YaJIU3ALMH
SMUIEMHOJIOTHYECKHX
JTaHHBIX [9]

ICMR-National Institute
of Malaria Research,
HUnous

Lenb: pa3paboTka
YHUBEPCAIBHOTO
uHTepQeiica, KOTOPHIi
MO3BOJINT  TIPOBOJWTH
OBICTPHIIT u
HWHTEPaKTUBHBIH aHAIN3
SMHUAEMHOIOTHUECKUX
JAHHBIX 110 MAISIPUI

— TIPOCTON U IOHATHBIN
uHTepdeiic

— eAMHBIA JOCTYH K
G0JIBIITIM
3MUAEMHOIOTUIECKUM
JTAaHHBIM, HAKOTUIEHHBIM
B paccMaTpHBacMOM
perroHe

— TOJBKO HACTOJILHBIC
TIPUIOKEHUS

— BBICOKHE
TpeboBaHus K
BBIYMCIIUTEIBHBIM
MOIIIHOCTSIM
MoJb30BaTeNeh

— cucrtema
npeaHa3HaueHa TS
00paboTku
PETHOHANBHBIX JaHHBIX
10 MAJIIPUA

— Ha JaHHBIH MOMEHT
HET BO3MOKHOCTH
MacIITaOUPOBaHUS
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I'moGanbHBI Xabd 11d | — Hamuuue €IUHOIO0 | — TOJBKO
MEIULUHCKMX JAHHBIX | MH()OPMAIHOHHOTO pErvoHaNbHBIN
[10] IPOCTPAHCTBA B paMKax | MaciuTad
peruona — HU3Kas
Clalit Research | — wucnonbzosanue PEaKTUBHOCTh
Institute, Hspauno 00JNa4YHBIX  TEXHOJNOTHU | — CIIOXHOCTB
IUTSL XpPaHEHHUS JAHHBIX MacITabupoBaHus
Lens: pa3paboTka | — peg-
€IMHOTO OPUEHTUPOBAHHBIN
MH()OPMALOHHOTO uHTEepQENC, TOCTYNHBIN
IPOCTPaHCTBA LIUPOKOMY KpYry
MCIMIMHCKUX  NTAHHBIX | [ro;1p30BaTENCH 0e3
A pealu3allill | BpICOKMX TPeOOBaHHU K
NporpamMm . BBIYUCIIUTEIBHBIM
TIepCOHANTN3UPOBAHHON pecypcam
ME/IMLHHBI
WHTerpanus JaHHBIX U3 | — HaIu4ue €IUHOTO | — pPacCMaTPHUBAIOTCS
Pa3HOPOAHBIX HnH(OPMAIMOHHOTO TONBKO 4 HCTOYHHKA
HCTOYHHKOB [11] [POCTPAHCTBA B paMKax | TaHHBIX,
peruona MaciTabupoBaHue He
HealthCore Inc, CIIIA MPEAYCMOTPEHO Ha
HaCTOSIIUH MOMEHT
Lems:  onmcanme w — JaHHbIC
OLICHKA rpouecca MPEJICTABIICHBI B
MHTETPalUy TaHHBIX U3 COOCTBEHHOM,
HECKOJBbKUX OTJINYHOM oT
JOTIOJTHUTEIIBHBIX CTaHapTHOTO,
HCTOYHHKOB ULt ¢dopmare  (HEraTUBHO
MIPOBEIEHHUS CKa3bIBaeTCs Ha
HCCIIeI0BaHUH HHTEpONepadenbHOCTH)
pe3yIbTaTOB  JICUCHHS
MAalHeHTOB C  PaKkoOM
JIETKOTO
Wurerpanust CHCTEM | — B  OCHOBE JIOXKHT | — B HACTOSIIEE BPEMs
KIIMHUYECKHX U | OHTOJOTHYECKHUIA CYILECTBYET TOJIBKO
71a00paTOPHBIX MOAXOMA, MO3BOJISIIOLIMIN | JIECKTOIMHAs BepCHH,
uccnenoBanuii [ 12] BBISIBUTH CBSI3M (B TOM | CONpsDKCHHAs c
YHCIIe HESBHBIE) MEXAY | BBICOKHMH
Hnemumym pecypcamu, 0ObeKTaMi U | TpeOOBaHUAMHU K
MeOUYUHCKOU cyOBeKTaMu BBIYUCIUTEIHHBIM
ungopmamuxu, pecypcam
T'epmanus MOJTb30BATEIIS
— HE TIPEeIyCMOTPEHO
Ienb: cozpanue equHoi MacITabupoBaHue
OHTOJIOTHU IS CHCTEMbI
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Ipooomicenue Tabauywvr 1

3JIEKTPOHHBIX — Tpebyercs
MEAULUHCKHX KapT CTaHAAPTU3ALHUN
YHUBEPCUTETCKOMN LEJIEBON OHTOJOTMM U
GonbHUIBI DplaHTeHa BHYTPEHHEH  MOJeNU
JAaHHBIX, @  TaKKe
HHTErpalu
JIOTIOJTHUTEIBHBIX
0TOOpaXKeHUH B
CTaHAapTU3HUPOBAHHbIC
TEPMHHOJIOTUH
Texuonmoruu — TIPOBOIHTCS - B KauecTBe
UHTETpalum U | 1oapoOHbIH aHanu3 | uH(oOpMaMOHHOH Ga3bl
BU3yalW3alM{ JIQaHHBIX | B3aUMOCBS3M  JOCTYNa | paccMaTpHBAIOTCA  HE
(DIVT) [13] MOJIb30BaTECH C | MaHHBIE 3JIEKTPOHHBIX
3] (HeKTHBHOCTHIO MEAULIUHCKHX KapT, a
Institute of Biomaterials | wucnonbzoBanus HX | PEKOMEHJANHNH st
and Biomedical | Bpemenn,  TOYHOCTBIO | Bpaueil —HMHTEHCHBHOM
Engineering, Kanaoa OPHUHATUS pEIIeHHd U | Tepamuu
KOTHUTHBHOI Harpy3koii | — He
Hens: aHanus3 paccMaTpuBarOTCs
s¢dexTuBHOCTH HEMOCPEICTBEHHO
MPUHSTHUS peleHuit MOAXO/bI K HHTErpaliy
BpauaMH Ha OCHOBE JaHHBIX, (QOKyc Ha
HHTETPUPOBAHHBIX oleHke 3G EeKTHBHOCTH
Ha6op0B MEIULUHCKUX NPUMCHEHHUS  €IMHOI'O
JAHHBIX UH(POPMAIIMOHHOTO
IIPOCTPaHCTBA
Wnrerpanus — paccMaTpuBalOTCs — Ha TEKYIIUH MOMEHT
HCTOYHHKOB BO3MOXKHOCTH pe3yNbTaThI HE
CTPYKTYPUPOBAaHHOH M | HpUMEHCHHS paHHeH | Macurabupyemsl u
HECTPYKTYPHPOBAHHOM (omHa cxeMa I BCEX | OPUEHTHUPOBAHBI Ha
MEAULUHCKOH UCTOYHMKOB) M TO3[HEH | JIOKaJbHOE NPHMEHEHHE
urpopmaruu [14] WHTErpaluu (OT/AeNbHAs | B paMKax  OJHOTO
cxemMa A KaXIOTo | YYpeKACHUS
University of | ucrouHMKA) TAHHBIX — JIaHHBIE
Antwerpen, Berveus — TMpemIoKeHa  CXeMa | MPEACTaBIICHBI B
aHCaMOJIMPOBAHUS COOCTBEHHOM,
Iens:  cpaBHUTENBHAS | MeTO/OB paHHeH U | OTIMYHOM oT
oneHka 3G(EKTUBHOCTH | mo3xHeit HMHTErpaluy | CTaHAapTHOIO,
MEIULUHCKHX JaHHBIX JUIS TIOBBIICHHUS | (opmare  (HEraTHBHO
MPOTHO30B Ha | »sdpexTnBHOCTH CKa3bIBaeTCA Ha
OCHOBaHUHM MEIUIUHCKOTO HHTEpOIepabenbHOCTN)
H30JIMPOBAHHBIX U | KOAMPOBAHMS HA MX | — B HACTOAILIEE BPEMS
MHTETPUPOBAHHBIX OCHOBE CYILECTBYET TOJIBKO

HWCTOYHHUKOB JJaHHBIX

888

MHdopmaTrka 1 aBTomatnsaums. 2022. Tom 21 Ne 5. ISSN 2713-3192 (neuv.)

ISSN 2713-3206 (oHnaviH) www.ia.spcras.ru




ARTIFICIAL INTELLIGENCE, KNOWLEDGE AND DATA ENGINEERING

Ipooomicenue Tabauywvr 1

JIECKTOITHAS Bepcus,
COIPSKEHHAs ¢
BBICOKUMH
TpeOOBaHUSIMHU K
BBIYHCTUTETbHBIM
pecypcam
TOJIb30BATEIIS
— HE TPEIyCMOTPEHO
MacIITaOHpOBaHKE
CHUCTEMBI
Wurerpanmss  JaHHBIX | — MpPEIOKEH MOAXOM K | — He
TSt MPELM3UOHHON | CO3JaHHIO paccMaTpHUBalOTCS
MIepCOHATN3UPOBAHHON nH(OpMaIMOHHOIT TeTepOTreHHbIC
MeIULUHEI [ 15] MEIULIMHCKOM UCTOYHMKH JAHHBIX
9KOCHCTEMBI KaK LEHTpa | — dopmar JIAaHHBIX
National Institute of | umTerpaumm maHHBIX W3 | oTiMueH oT
Cardiology ‘Ignacio | pacmpeneneHHBIX CTaHapTU30BAHHOTO
Chavez’, Mexcuxa HCTOYHHUKOB HJIH PEKOMCHIOBAHHOTO
COOTBETCTBYIOIIIUM
Hens: pasBuTHE OpraHU3aIHAIMHI
MepCOHATN3UPOBAHHON
METUIIMHBI c
HCITOJIb30BaHUEM
METOJIOB
HCKYCCTBEHHOTO
HHTEJUIeKTa TSt
HMHTETpPUPOBAHHBIX
MEIUIIMHCKHUX JaHHBIX
Health Mining [16] — TOAXO. —  HCIOJB3YeTCst
OpUEHTUPOBAH Ha | TOJBKO
University of Catania, | wuaTerpauuio Tpex THIOB | HEHTPAIM3OBAHHOE
Umanus JAHHBIX:  KIMHUYECKHE | XpaHCHHE
JIaHHbBIE, COLIMATBHBIE | — MPUIOKCHHE
Lenb: co3fanue | maHHele U ga”abie loT MPEAHA3HAuYCHO TOJBKO
CHCTEMBl  MHTETPALUH IS JIOKAJIbHOTO
HCTOYHHKOB HCIIOJIb30BaHUS
MCOHUIIMHCKUX JAaHHBIX — pacmupeHue
Jiubs aHanusa it pemeHuss Ha Oomblee
TOAJCPKKA  MPUHATHS qUCII0 JTAaHHBIX u
peueHnn Ha 9TOU Opl"aHI/I?)aHHﬁ
OCHOBC COIPSDKEHO C
KOJIOCCAIbHBIMU
BBIYMCIIUTEIbHBIMHI
3aTpaTtamu
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Ipooomicenue Tabauywvr 1

OG6nayHoe XpaHWIMILE | — HCHOJNB3YHOTCS — HH3Kas

OTKPBITHIX obayHble TEXHOJIOTHH, | PEaKTHBHOCTD BeO-

OGHOMETUIITHCKIX YTO NIPU EIAMHOW TOYKE | NPHIIOKECHUI u3-3a

JTAHHBIX u3 | pmocryma CO3/1aeT | OrpaHMYCHHBIX

Pa3HOPOIHBIX [IMPOKHE BO3MOXKHOCTH | BBIAEICHHBIX PECYpCOB

HMCTOYHUKOB [17] JUIS TEHTPAJIM30BAaHHOTO | OOIIETOCTYIMHBIX
XpaHEHUst OOJIBIIUX | KOHEYHBIX TOYEK

Stanford University, | naHHBIX, SPARQL,

CLlA — OCHOBOI  sBjsfeTcs | — CIIOKHOCTh
OHTOJIOTMYECKHUI COTIPOBOXACHUS

Heuns: pa3pa60T1<a MOJIXO0M, ITO3BOJISIONIMIA IIpOEKTa u3-3a

MacLITabUpyeMbIX BBISIBUTH CBA3M MEXJY | CEMaHTHYECKOH

UHTCIUICKTYAIbHBIX 3a/1eICTBOBaHHBIMU B | HEOAHOPOIHOCTH

MHPACTPYKTYD TIPOIIECCE PECYPCAMH. HMCTOYHHUKOB JIaHHBIX.

OHMOMEIUIINHCKUX

JTAHHBIX TS

MOBBIIICHUSI  KavyecTBa

OMOMEIUIIUHCKUX

HCCIIeJOBAHUM.

3. (I)opManmauml 3aa4YM UHTErpanuid MEJIUIUHHCKUX JaHHBIX.

B oOmem Bune

3aJa4a

HUHTCrpanyuun

Pa3HOPOAHBIX

HUCTOYHHUKOB

MCIUIMHCKHUX JAHHBIX MOXET OBITH OIIKCaHA (S (S197450) 00020071 06pa30M. HYCTB
npeaACTaBJICHBI N UCTOYHHKOB Me[[PIIIPIHCKOfI I/IHq)OpMaIII/II/IZ

A = [Al""'AN]'

)

[Ipu 3TOM MHOXECTBO KOPTEXEH MaHHBIX M3 MCTOYHHKA Aj MOKHO

0003HAYHUTH KaK:

DA = {dl, ..., d5).

O]

TOI‘,Ha I/IH(l)OpMaIII/IOHHI)Iﬁ IIOTOK, HOCTyHa}OHII/Iﬁ OT aTOMapHOI'0

HUCTOYHHKA, B MOMCHT BpPEMCHU t omuceiBaeTcs (B KOHTCKCTC 06p360TKI/I
MECIUIMHCKHUX [[aHHLIX) JIMHEHHOU MOJCIBIO BUA:

y(@) = y(to) + v(t —to), @)

rae t — craproBoe Bpems otTcuera, Y(tg) — KOIMYECTBO COOOIIEHHI 3a BpeMs
t, V — cpenHsisi CKOPOCTh yBeNnn4eHHs HHOOPMAIMOHHOTO MOTOKA.

CrnenoBarenpHO, (QIyKTyalys KaXKAOTO HH(OOPMAIIOHHOTO MOTOKA
MOXET OBITh OTpe/Ie/ICHa KaK:
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o) = [l () - 0t) + vl = ) @

Kaxnaprif HMCTOYHMK  XapakTepu3yeTcss COOCTBEHHOH  cXeMoi
OpraHu3alliy JIAaHHBIX, IPEAIOJIaraloie ONMMCAHWE 3JIEMEHTOB JIaHHBIX
MOCPEIICTBOM OJIHOW W3 W3BECTHBIX MOJENeH (PENsIMOHHON, CETeBO,
HePapXUYCCKON, 00BEKTHOHN | IIp.). 37eCh U Jajee CXEMBbI, UCIOIb3yeMbIe
OTJICNIFHBIMU UCTOYHHUKAMHU JaHHBIX, TMpelaraetcss o0003HayaTh Kak
«IioKaJbHbIe». [lycTh B KOHTEKCTE€ JIOKAJIbHOH CXEMBl JaHHEIE,
MOCTYMAIOIINE OT OJHOTO YIAJICHHOTO HMCTOYHHKA, MPEICTABISIOT COOOM
YIOPSOYCHHBI HA0Op 3HAYCHUH, TIC KaXKIbId KOPTEK MOXKET OBITh
OITMCaH OTHOIIEHNEM BH/IA:

X = [x1, X3 ., xp], (5)

T2ie Xy,...,Xn — 3HAUEHUS HCXOTHOTO KOPTEXa I N MapaMeTpoB.

I[Ipu »TOM mpeamomaraercsi, YTO JaHHBIE W3 Pa3HOPOIHBIX
HCTOYHUKOB aKKyMYJIUPYIOTCS UEHTPaJU30BaHHO B XpaHWIULIE, TIe,
B CBOKO OYepellb, HCIOJB3YyeTCs TIIo0aNbHAS CXeMa JIaHHBIX, K KOTOPOH
JTOJDKHBI OBITH TPaHC(HOPMUPOBAHEI BCE JIOKATBHBIC CXEMBI:

Y = [y, ¥2 0, Ymls (6)

rae Yi,..Ym — 3HAYCHWs KOPTEXa B TIOOAIBHOM XPAaHWIHLIE IS
M mapaMeTpoB.

COOTBETCTBEHHO, Ul BKJIFOUCHHUS HCTOYHHKA B EIUHYIO CHCTEMY
OAaHHBIX ~HEOOXOOMM  JOTOJHHUTEIBHBI KOMIIOHEHT —TpaHC(opMamnuu
NAaHHBIX, OOCCICYMBAMOIINN ABTOMATHYCCKOE OTOOpaKCHHE JIOKAIbHOW
CXeMbl B TJO0AJbHYI0 C MPUMEHEHHEM COOTBETCTBYIOIICH CXCMBI
otobpaxeHuss (MO0 aHANOTHH C H3BecTHOH Mojenpio XML — XSL(T)).
VKa3aHHBI ~KOMIIOHEHT MOXXHO TPEJCTaBUTh B BUAC (QYHKUIHH
OTOOpaXKEHHUsI CIICYIOLIIM 00pa3oM:

)
forlaw, @z, ooy an} = {by, by, oo, b} g = {91, 95 ovs G, @)

rae f, — dynkuus npeoGpasoBaHus KopTexa NaHHBIX, 3aaiOlias IIPaBHIa
(bOpMHUPOBaHHsS HOBOIO KOPTEXKAa M3 JJIEMEHTOB 33/JIaHHOTO KOPTEXKa;
{a1, ay, ..., &y} — ucxomHbIi KOpTEXK MaHHBIX; {D1,0,,...,0n} — popmupyembrii
koprex JaHHblX; 0={Q1, U2....Om} — OTAJIOHHBIA HA0Op IApaMeTpPOB,
KOTOPBIi HEOOXOAUMO Peatn30BaTh B HOPMHUPYEMOM KOPTEIKE TaHHBIX.
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OmHMM U3 3HAYMMBIX aCIEKTOB IPEJIaraeMoro IoAXOAa SBISETCS
dbopMHpoOBaHKe PE3YNBTHPYIOLIEro Habopa MaHHBIX KaK COBOKYIIHOCTH
HETIOCPENICTBEHHO ~COJEPXKATEIbHBIX JaHHBIX, a TaKKe MeTaJaHHbIX,
KOTOpBbIE XapaKTepU3YIOT OOCTOATENBCTBA MX MONy4deHHS (K Ipumepy,
nH(pOPMALU 0 MEJUIIMHCKOM YUPEKACHUH, UCTIOIb3YEMOM JIabopaTOpHOM
obopynoBanuu u mp.). Ecim paccMaTpuBaTh WHPOPMAIMOHHBIA ITOTOK OT
YIAJICHHOIO  WMCTOYHMKA B  KauyeCTBE COBOKYIHOCTH  OTJEIBHBIX
(HeoOs13aTeNIbHO  B3aUMOCBSI3aHHBIX) MH(OPMANMOHHBIX  OJIOKOB, TO
CKa3aHHOE MOXKHO IPEJICTaBUTh CJICYIOIUM 00pa3oM:

Db = {x,M}, 8)

rae X — MaccuB KOPTEXeH colep)KaTelibHbIX HaHHbIX, M — Maccus
KOPTEXeil ¢ METaIaHHBIMK JUIS OJHOTO HCTOYHHUKA.

Ilns  omvcaHWs — METaJaHHBIX — MPEUIAraeTcs  paccMaTpUBaTh
WCTOYHUKM JAHHBIX B KAYECTBE TIPYIIbl PECYPCOB B COOTBETCTBHH C
OPUHATHIMK  CTaHAAPTAMH M CHEUU(UKALMAMU  [PEACTaBIEHHS
MEIUITMHCKOM MHpOopManun (B maHHOM ciyuae umeercs B HL7 FHIR [5]).
B o6memM Buze kaxasiil k-t pecype R mpencrapien COBOKYITHOCTBIO CBOUX
P XapakTepHCTUK — [IAPaMETPOB COOTBETCTBYIOIIECTO IPOBaiijiepa:

RE = (i {ex, fi)i s i {ep )i type), ©)

e KaXaas XapaKTepUCTUKA I XapakTepU3yeTcs Mapoi KoY €; ¥ 3HaYEHUE
f;; type — ¢uar tuma pecypca.

Ilpy OTOM Ui TOBbIIEHHS WHPOPMATUBHOCTH  PECYPCHI
npenjiaraeTcs pasieiuTh Ha COOBITUHHBIE M yYacTHUKHM. K IepBbIM
OTHOCATCS aTpUOYThl, XaPAKTEPU3YIOIIME IPOLECC MOJNYYEHUs AAHHBIX
(mapaMeTpbl  06OPYIOBAaHHWs, K TPUMEPY), @ KO BTOPHIM — aTPUOYTHI,
XapakTePU3yIOIIUe HEMOCPEICTBEHHO YYaCTHUKOB nporecca
dopmupoBanuns Habopa JaHHLIX (MAMEHTHl, MEIULIUHCKUH TEepCoHal H

mnp.):

R = RsURp:Vk R¥s = {r1:{el,f1};...; rp:{ep, fr};'s'}; (10)
ky — . R, .
Rp = {rl:{el,f1}; ...; rp: {ep,fr}; 'p'}.
[MocnenoBarensHast obpaboTka KOpTexen JTAHHBIX u3
MOCTYMAIOIEro OT IpoBaiaepa MHPOPMAIMOHHOIO IOTOKA (MOIyYeHHE
JIAHHBIX, MX HOpMaJM3allis W MPHUBEACHHE K CTAaHIAPTHOMY BHIY THIIA
HL7) B TepMuHax KOpTekeil MaHHBIX MOXKET OBITH OMHCAHO CIETYIOITHM
obpazom. Ilycte Kaxnmpiii k- stam 0OpabOTKH MAaHHBIX TIPUBOAWT K
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(hopMHPOBAHHUIO HOBOTO KOPTEXa JAHHBIX. DTOT (PaKT MOXKET OBITh OTHCAH
TakuM o00pa3oM, dYTO 3apUKCUPOBAHHOE 3HAYCHHE BCEX DIIEMEHTOB
MHOecTBa X OTHOCHTEBHO OJHOTO 3HAYEHHS mapamerpa K mpeacTasiser
BEKTOD COCTOSIHUSI:

Ci = <X1’ kl; "';XTU le)' (11)

Torma MHOXECTBO BCEX BO3MOXHBIX BEKTOPOB  COCTOSHHIA
C={C,i=1,..,|C|} cocraBuseT TOJHOE MHOXECTBO COCTOSHHI
MOJTy4aeMbIX OT MCTOYHHMKA JTAHHBIX, KOTOPOE MOXKHO IPE/ICTABUTH B BUJIC
C =1l;k; (BmanHoMm ciyyae COOTHOLICHHE TPHUBEIEHO JUIA OJHOIO
KopTeka WH(GOPMAIMOHHOTO TOTOKA, MOJIY4aeMoro OT  OTACNBFHO
paccMaTpUBaEMOT0 HCTOYHHKA JTAHHBIX).

[To anamormm QopMUpOBaHHWE E€OUHOTO  HWH()OPMAIMOHHOTO
MPOCTPAHCTBA MOXKHO OINHUCATh IOCJIEAOBATEIPHOM CMEHOM COCTOSTHUN
KaXJI0ro ero koprexa. IIpm 3ToM mpeicraBisieTcsi IelecooOpa3HbIM
BBEJICHHE TaK Ha3bIBAEMOTrO HavyajgbHOro »Tama K = 0, mpu KOTOpOM
9JIEMEHTHI KaXKJOro KOpTeXa eIUHOT0 HH(pOPMAIOHHOTO INPOCTPAHCTBa
npeacTaBisiioT codoii Heonpenenennsie (NULL) 3nauenus. Ha mocienuem
K, aTane popmMupyeTcs OKOHUATEIbHBINA HA0OP KOPTEkKEH B COOTBETCTBUU C
OTHCAHHBIMHU BBIIIE PYHKIUSIMHU OTOOPAKEHUS U TPaHCPOPMALIUH.

4. Mloaxoa K TEPPUTOPHATBLHOMY paclpeleIeHHI0 XPaHWJIUIL
naHHbIX. [Ipeanaraemplii MOAX0 K MHTETPAlMK AAHHBIX M3 Pa3HOPOIHBIX
HMCTOYHHKOB OCHOBAH Ha WX IMOCJIEI0BATEIEHOM IPEOOPa30OBaHUN C YIETOM
COOTBETCTBYIOIIUX MeTamaHHBIX. OJXKHUJaeMBIM pPE3ylIbTaTOM JTaHHOTO
mpomecca  sBIAeTCA  (OPMHUPOBAHWE  EOMHOTO  IICHTPAIM30BaHHOTO
XpaHWINIIA MEIUIWHCKOW HWH(OPMAINH, IOCTPOCHHOTO II0 TPHHIUILY
CDN (Content Delivery Network [19]).

Beibop CDN B kadyectBe 0a30BOro Juisi pPELICHHS BBISIBICHHOW
npoOsieMbl 00YCIIOBNIEH cieAyromuM. Ha NpoTShKeHMH HECKOJIBKUX JIeT
aBToOpaMu MPOBOAUIIUCH HUCCICAOBAHUSA, CBA3aHHLBIE C TOBBIHNICHHUCM
PEaKTUBHOCTH  BEO-TIPUIIOXKEHUI, OPHUEHTUPOBAHHBIX HAa  JaHHBIE
(paccMaTpHUBalUCh pa3NUYHbIE MPUKIAIHBIE POCTPAHCTBEHHBIE JaHHBIE, B
yactHoctd, reodusuueckue [21, 23]). Kak u oxwmpanoch, ObUIO
YCTaHOBIICHO, YTO KIFOUEBBIM (PAKTOPOM, OMPEICISIONIAM XapaKTePUCTHKH
PEaKTHBHOCTH  TPIJIOKCHHH,  SBISETCI  00BEM W CIOXKHOCTH
3alpanIMBaeMbIX KIMEHTCKOH CTOPOHOW pa3MEHmICHHBIX Ha cepBepe
nmaHHbIX. OMHAKO BMECTE C TeM IPOBEICHHBIC HCCIICAOBAHHS ITOKA3aIH
3aBUCHMOCTh CKOPOCTH OTKJIMKAa OT pAacCTOSHUS MEXAY HCTOYHUKOM
3ampoca (KJIMEHTOM) U pa3MElIeHHEM 3ampalinBaeMbIX JaHHbIX. B 1emom,
9TO W3BECTHas B BeO-pa3paboTke mpobdiema, 3aKII0Yaroascs B TOM, YTO
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BpeMsI OKHJIaHUS OTBETa OT CepBepa MPH HAIPaBICHUH K HEMY 3aIpoca co
CTOPOHBI KJIMEHTa TeM OOJIbIlle, YeM TEPPUTOPHATIBHO AlbIle HAXOIUTCS
HCTOYHUK 3ampoca ot ero 1enu. Mi3pectHoe pemenue — texHojoruss CDN —
MOJIOKEHa B OCHOBY MPEINIOKEHHOTO IOAXO0Aa K  MOICPHH3AIUN
¢u3nIecKoil opraHn3anu CUCTEMBI XpaHeHHUS HHPOPMAaIIHH.

UzBectHo, uto B menoM mpu wucmnoms3oBaHmu CDN-momxonma
pacrpeseneHle COCAMHEHMS! «KIHEHT — CepBEp» OCYIIECTBISIETCS I10-
IpyroMy. 3ampoc  KJIMEHTa  aBTOMaTHYEeCKH  Iepeajupecyercss K
reorpaduuecku OnmxaiiemMy KammpymoomeMmy cepBepy B cocraBe CDN,
YTO MO3BOJIACT AOCTABJIATH KOHTCHT CYIICCTBEHHO 6I)ICTpee IO CpaBHECHUIO
C QHAJIOTUYHBIM 3allPOCOM, HAIPABICHHBIM K OCHOBHOMY cepsepy. Ilpu
3TOM CYIIECTBEHHOTO CHIDKAETCSl MPOIYCKHAas Harpy3ka Ha OCHOBHOM
cepBep 3a CUET 3aICWCTBOBAHWS IONOJHHUTEIBHBIX CEPBEPOB IS
K3IIupoBaHus AaHHbIx [20].

[Ipennonaraercsi, dro QU3WYECKH enuHOEe WHPOPMAIHMOHHOE
XpaHWIUINE IOJDKHO OBITH pa3felicHO Ha HECKOIBKO TEPPUTOPHUATBHBIX
KJIacTEepoOB, OOBENWHSACMBIX 4UYepe3 BHEINHUEC HHTepdeiickl B 00MIyIO
cUCTeMy JaHHBIX. KaXObIil TeppuUTOpHANBHBIA KiacTep BKIIOYAaeT B ceOs
HECKOJIbBKO HCTOYHHUKOB JIaHHBIX, B Ka4€CTB€ KOTOPBIX BBICTYHNAIOT
MEJUIMHCKHE YUYPEXJICHUS W OpraHu3alliH, pa3MelleHHble B Ipejenax
HEKOTOPOTO MPOCTPAHCTBEHHOT'O KJactepa c 3aJJaHHOI
TeONpOCTPAaHCTBEHHON  mpuBsa3kod. C  3aaHHON  TEPUOAUIHOCTHIO
HeoOpaboTaHHBIE JaHHBIE OT COOTBETCTBYIOUINX HCTOYHHKOB MOCTYHAIOT B
TEPPUTOPHUANBEHO  ONIbKailliee  XpaHWIWIE JAHHBIX  BBIICICHHOTO
MPOCTPAHCTBEHHOTO Ki1acTepa (PUCYHOK 1).

B pesynprate enmuHoe MHQOPMAIMOHHOE XPAHWIHIIEC MEIHIIMHCKUX
JAHHBIX JOJDKHO TPEACTaBISITE COOOW TeorpaduyecKd pacrpeleieHHYIO
ceTeByl0 MH(MPACTPYKTYPY M3 MHOXKECTBA MCTOYHHKOB JIAaHHBIX MO CXEMeE
TUTIA «3Be31a». B IeHTpe yKka3aHHON CTPYKTYPHI pa3MemacTCs XPpaHUIUIIES
JNAHHBIX, JJI BCEX OCTAJbHBIX CBA3AHHBIX C HHUM  XPaHWIWII
OCYIIECTBIIIETCSI CHCTEMAaTH4ecKas peIUIMKAalWs BCeX TaHHBIX, YTO
MO3BOJISIET XPAHWUTh KOMHIO MMEIOMIMXCS MAaHHBIX HEMOCPEICTBEHHO B
KaXIOM TeppUTOpHaIbHOM Kiactepe. [Tockombky mpeanonaraercss padora
HETIOCPEICTBEHHO C MJaHHBIMH, TO TIPEICTABISAETCA IenecooOpa3sHon
HMEHHO TMpOllefAypa pEIUIMKAIK, a He KOIIMPOBAHWH, KaK 3TO
MPEAYCMOTPEHO M3BECTHBIM HOAXO0A0M JUISl CETH JIOCTaBKH KOHTEHTA.
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I.IL'II'I]JIIJIII'!UELIJHUL‘ CHerema PErHOHANBHBX XPAaHHIHIT .
APAHHANILE O
2
ST e 000 ]
El —
E J <:: { Xpamwmmme Kpussne Xpamsmme —
CDN-cepsep JAHHRIX JHHBIX CDN-cepaep
it {umpora, {wmpora,
Husne ., Aoarora) 1 o)
B CHeTema DEFHONATLHRX XPaniTH
Jarmmae @
E B B E _ % - Opranuanus {umpﬂra 'mnmﬂ)
Kpamswmue Xpanwnmme xpﬁ;null!c N : Aaiiie % J[allm.lc
LI AnnR ALY CDN-cepaap { </I_I> !
H (mmpoTa, (wnpora, {umpora, HEEE Tloxkanksoe
‘. mearora) Avmrora) AwiroTa) _TPRHI e T

Puc. 1. ®parment cxemsl TeppuropuansHoro CDN-pachpeienieHust HCTOYHHKOB
JTAHHBIX

Jlist 3arpy3Kd M TIOJydeHHUS JAaHHBIX (TaKk K€ B COOTBETCTBHHU C
npunnunamMu CDN) BozmoxkHOo nipumenenne texnonornu GeoDNS. lannas
TEXHOJIOTUSI TO3BOJISIET TIPHUBS3BIBATH K OJHOMY JIOMEHHOMY HMMEHH
OIHOBpEMEHHO Heckosbko IP-anpecoB. Ilpu aHanmusze mnpumieamero or
KJIMEHTa 3ampoca [0 COOTBEeTCTByloleMmy |IP-agpecy onpenensiercs
reorpaduueckoe  MOJOXKEHHE II0Jb30BaTeNsl. B 3aBHCHMMOCTH  OT
MOTYYEHHOTO 3HAYEHHS TMOJIB30BaTeNb A MOIYYEHHS / 3aTPy3KH TaHHBIX
OTHpaBJIAETCA B TEPPUTOPUANILHO OMKalinee XpaHWaumie naHHbBIX. [Ipn
3TOM  pacueT pacCTOSHHUS MEXIY COOTBETCTBYIOIIMMH  TOYKaMH,
COCIMHEHHBIMH Oyrod (pacCTosHHE TO Iyre OONBIIOTO  Kpyra),
OCYIIECTBIISICTCS. TI0 M3BECTHOW (OpMyJie TaBepCHHYCOB, KOTOpas
NPEACTaBIsIET CO0OM  pacCTOSHWE OT I[IEHTPANbHOM TOYKH  JYTH,
n3MepsieMOH Y/IBOCHHBIM JIaHHBIM YIJIOM, JIO LIEHTPAJIbHOW TOYKH XOPJBI,
CTArUBAIOLICH IyTy:

d = 2r arcsin (sin2 ((pz ‘pl) + cos(¢,) cos(g,) sin ('12_'11)>, (12)

rae d — 3TO LCHTPANBHBIA YroJl MEXIy ABYMs TOYKAMH, JEKALIUMU HA
OoubIIoii myre; ' — paguyc cdepsl; ¢1 U @2 — IIUPOTa MEPBOW M BTOPOU
TOYEK B pajvaHax; M U A2 — JIOJIrOTa [IEPBOW M BTOPOH TOYEK B pajinaHax.
WzectHo, uro B CDN wucnonb3yeTcss MpUHIMI KIIIUPOBAHUS TI0
MIEpBOMY OOPAILEHHIO, YTO 03HAYAE€T MAKCHMAILHOE BPEMs OXXHMIAHUS JUIS
TI0JIb30BaTelsl, OOpaTUBIIEroCcs K OCHOBHOMY cepBepy mepBbiM. IIpu aTom
BCE MOCIIEAYIOIIHUE MOTb30BaTENN Oy IyT MONy4YaTh JaHHBIE, K3IIHNPOBAaHHBIE
Ha Ommkaimed K HUM TOYKe MPHCYTCTBUA. i TmpeomoieHus
OTpaHWYCHUH, HAKIAIABIBAEMBIX 3TOH CXEMOH, MCIIOJB3YIOTCS TEXHOJIOTHU
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PETHOHAILHOTO M3BJICUYCHUS: COCCAHUE CepBephl, Bxosiue B coctaB CDN,
3a0MpaIOT KOHTEHT JPYr y Jpyra, a He OOpalialnTcs K OPUTHHAILHOMY
cepsepy.

I[To anamormm ¢ OOO3HAYEHHOW CXEMOW  MPEJCTaBISACTCS
LeNeco00pa3HbIM MPUMEHUTh TaKOW JK€ TMOAXOA K TePPUTOPHAILHOMY
pacIpeeie !0 1 PeIUIMKALMK JAHHBIX B paMKax MpeiaraéMoro eIuHoro
XPaHWIUINA MEIUIIMHCKUX JaHHBIX. [10Jp30BaTENb, OTIPABUBINUN 3amIpoOC
HA TIOJIYYCHUE WJIH 3arpy3Ky JaHHBIX, IIepeaapecyeTcs K Omrmkaiimeii Touke
IPUCYTCTBUS U IOJIy4aeT AOCTYNl K COOTBETCTBYIOLICH KOIUU OCHOBHOIO
xpaHMnmua MCOUIIMHCKUX OaHHBbIX. le/l 3TOM €CJIN 6)114)1(317[111351 TOYKa
MPUCYTCTBUSL HE MOXET HaWTH JaHHble (HampuUMep, MEXIy ceaHCaMu
peHﬂI/IKaHI/II/I JAHHBIX C OCHOBHBIM cepBepOM), TO HAQYUUHACTCA IIOUCK II0
COCEIHMM TOYKaM TPHUCYTCTBHs, OTKyAa © OyJeT HamlpaBlieH OTBET
[0J1b30BaTet0. UHBIMH CI0BAMH, UMEET MECTO IIOAXOJ, TAKKE W3BECTHBIH
Kak «tiered distribution» (M «MHOTOYpOBHEBAs pa3mada).

TakuM 00pa3oM, 3a CUET COKpAIICHUS (U3MIECKOTO PACCTOSHUS
MEX/Y MOTPEOUTENAMHI U UCTOYHUKAMHE JJAHHBIX MOXKHO YMEHBIIUTD BPeMs
OTKJIMKa COOTBETCTBYIOLIErO KOHTEHTA. [IOCKOIBbKY OJHMM W3 OCHOBHBIX
TEXHUYCCKUX T'pe6OBaHI/II>'I ABJIACTCA BO3MOXHOCTH HpHMeHeHHH JJAHHBIX B
Be0O-OpUCHTUPOBAHHON cpelne, TO BpeMsl OTKIMKa OT cepBepa mpu
MOJyYCHHH 3ampoca OT KJIMEHTa Ha paboTy ¢ uHboOpMamued sABISCTCS
KPUTUYHBIM C TOYKH 3pEHUs 3PTOHOMUKH BeO-mpuioxeHuil. [lostomy
COKpAIIICHHEe BPEMCHH OTKJHKa 3a cueT ucnojb3oBanusi CDN-momo6HOrO
MOJX0Ja K OpraHM3allMd XPAHEHHs [aHHBIX [O3BOJUT MPH ITOM U
MOBBICUTh PEAKTHBHOCTH UCTIOIB3YIONINX UX TPHIOKECHHUIA.

3/1ech MPEACTABIACTCS [EIeCO00pa3sHbIM OTMETHTh, YTO B Ka4eCTBE
moTpeOUTENs JAaHHBIX MOXET BBICTYIATh HE TOJNBKO KOHCYHBIN
MOJIb30BaTEb, HO M CTOPOHHHE MHPOTPAMMHBIC CHUCTEMBI M IPHIIOKCHUS.
I[Ipu »TOoM cmnoco® oOpameHus K JaHHBIM HE 3aBHCUT OT THIIA
oOparmarommerocss K HUIM KIMEHTa, TOCKONbKY IP-aapec mctounmka 3ampoca
MOJKET OBITh BBIZCJACH W3 3aroJIOBKA JIFOOOT0 MPHIICIINICIO HAa CTOPOHY
cepBepa 3ampoca (IIPearnoaaraeTcsi, YT0 B3anMOICHCTBUE MEXKIY KIHEHTOM
W CEepBEpOM MPU 3TOM OCYIIECTBIISIETCS MO CTAHAAPTHOMY HWHTEPHET-
npotokoiy HTTP(S)).

Ee ogHuM IOMOKHUTEILHBIM MOMEHTOM OT mcmoiib3oBanus CDN-
mojaxona Ui paboThl ¢ METUIIMHCKAMU JaHHBIMU SIBIIICTCS CHIDKCHHE
pHUCKa TOTEpU MOCTyMa K JaHHBIM M3-3a TOTEPU OCHOBHOTO cepBepa. B
cilydae, €CIM OCHOBHOM cepBep WM ONmkaiiiee A oOpallaroIierocs K
JAHHBIM KJHUCHTA XPaHWIUIIE MO0 TEXHUYCCKMM NPUYMHAM HEIOCTYITHEI,
3ampoc 3a CYeT NPHUHIMIA MHOTOYPOBHEBOW pa3fayd OyneT YCHEHIHO
BBIITOJIHCH. I/IHbIMI/I CJIOBaMH, JTaHHBIC [lOCTyHHbl BCC BpeMﬂ, IIOKa
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BOCCTAHABJIMBAETCSI PAOOTOCIIOCOOHOCTh MM JOCTYIHOCTH OCHOBHOTO
cepBepa WM CBSI3aHHOTO C HUM B CETh XPAHMIHIIA JaHHbIX.

VS3BUMOCTh IIPEAJIAra€MOro IOJXO0Ja COMPsIKEHa C MPUBSI3KOH K
rpynne |P-ampecoB s ympaBieHHWs —paclpelelieHHeM KIMEHTCKUX
3alPOCOB MEXIY COCTaBIAIONIMMH EIWHOTO XPAHMINIA MEIUIIMHCKUX
JaHHBIX. B TakoM cioydae BO3MOXHBI OJIOKMPOBKH, OOYCIIOBICHHBIE
OJIOKUPOBKAMHU CEPBHCOB, KOTOpBIC SBISIOTCSA ONM3KMMHU 1o Tpymme [P
cootBetcTBytomero CDN-nposaiinepa. B pesynbrare Takux OJIOKHPOBOK
BO3MOXKHa M OJIOKMPOBKA TEPPUTOPHAIBHBIX KOMIIOHEHT BCEro €AMHOTO
XpaHWIUINA MEJWIMHCKUX NaHHBIX. [IpobiieMa pemiaema myTreM 3ampoca
m3menenus IP-aapeca y CDN-npoBaiinepa.

IIpennoxeHHass  cxeMa  MOXeT  ObITb  (C ~ HEKOTOPBIMHU
MoIu(UKAIMAMK) aJaNTHPOBaHA MO pa3JIMUHbIC TEONOIUTHYECKHE
pernonbl. Cxema THIIA «3BE3[a» IO XPAaHEHHUIO [AHHBIX MOXET OBITH
npeoOpa3oBaHa B CXEMY THIIA «CHEXXHHKa». B 3TOM ciydae K BhIIEnseTCS
OCHOBHOH cepBep Ha (peaepasbHOM ypOBHE M MO OJHOMY PETHOHAILHOMY
cepBepy Ha ypOBHE Ka)KIOW 00JAacTH WM pPETHOHA cTpaHbl. JlaHHBIE OT
MIOCTABIIMKOB MOCTYNAIOT B DPEIUTMIMPOBAHHOE OJpKaiflee XpaHWIHIIE,
OTKyJla IIEPealoTCsl B PETHOHAJIBHOE XPAHWIIMILE U Jlaliee — Ha OCHOBHOM
cepsep.

B »TOM ciydae mporeaypa periuKaIiy JODKHBI OBITh ACHHXPOHHO
paccpeaoToucHa MEXIY pa3JIMYHBIMHU YPOBHAMU IOCTABIIUMKOB JaHHBIX: OT
HUCTOYHHUKOB K PETHOHAJIBHBIM XpaHUJIUIAM, OT PETHOHAJIBHBIX XpaHWIWIIL
— K OCHOBHOMY cepBepy, U 00paTHO. TexHHUYecKas! CII0KHOCTD peaTn3aliiy
TAKOTO TIO/IX0/1a, a TAaKXKe COINpPSDKEHHBIE C 3TUM (PUHAHCOBBIE 3aTPaTh
NIPEACTABISIIOTCS.  L1EJIECOO0Opa3HBIMM B KOHTEKCTE  CYLIECTBEHHOTO
TIOBBILIEHUS] PEaKTHBHOCTH HCIIOJIB3YIOIINX JAHHBIE ITPUIIOKEHHH.

5. Hayynas HOBH3HA MpeNJIOKeHHBIX pemieHHid. OTIMINTEIEHON
0COOCHHOCTBIO MPEIOKEHHOT0 IT0X0/1a K MHTETPAIlUH JAAaHHBIX SBJISCTCS
JTIOTIOJTHEHHE METaJlaHHbIX reoNpOCTPAaHCTBEHHOU METKOM,
XapaKTepU3yOUIel TEPPUTOPUATTPHOE pa3MELICHIE NCTOYHUKA JaHHBIX Ha
OCHOBaHMM  COOTBETCTBYIOIIMX  MapaMeTpoB  reojokanmuu.  Ecmnm
npeacTaBuTh cKasanHoe B Tepmumuax HL7 FHIR [5] (kak roBopuiochk
BBIIIIE), TO Kakaeldi K-  pecypc-MCTOYHHMK JaHHBIX R ¢ p
XapaKTepUCTUKAMH — MapaMeTpaMH, HEOOXOJMMO JOMOIHUTE CIIEIYIOIINM
o0Opa3zoM:

R* = {rl:{ey, fi}; ..; 1p: {ep f}; type, loc: {lat, Ing}}, (13)
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rae Kaxnaas xapakTepuctuka |0C xapakrepusyercst mapoil arpudyrtos lat u
Ing s pencraBienus reorpad@UUeCKUX MMPOTHI U TONTOTHl HCTOYHHKA-
pecypca COOTBETCTBEHHO.

I'mobansHOEe WHDOPMAMOHHOE XpaHWIWIIE TNPEACTABIIET COOOH
COBOKYITHOCTh KOpTEXEH, MPOUICANINX MPOIeaypy TpaHchopMalud B
COOTBETCTBUM C YCTAHOBJICHHOHW CXEMOW JaHHBIX U JIOTIOJHEHHBIX
COOTBETCTBYIOIIICH CCHUIKOM Ha METaJaHHBIC WCTOYHHKA JAHHBIX.
[Mocnennue, B CcBOIO oOYepeab, M COJAEpKAT HEOOXOIUMYIO  JUIst
MO3UIIMOHUPOBAHUS O0BEKTa T'CONPOCTPAHCTBCHHYIO HH(Opmanuio. Tak,
MHOECTBO KOPTEKEH JAHHBIX M3 UCTOYHHUKA Aj MOXKHO 0003HAYUTH KaK:

DA = {d", ..., dat, R, (14)

m?’

rae R%— ccrinka na METaJaHHbIC HCTOYHHUKA A

B cootBerctBun ¢ npunnunamu CDN mpenmaraercs cosmanue
KOMIUIEKCA CBSI3aHHBIX XPAHWIHUIN JAaHHBIX, PEIUTUKAIMS KOTOPBIX C
LIEHTPAIIM30BAHHBIM ~ XPAHWIUIEM [O3BOJIACT XPaHUTh JaHHBIC B
aKTyaJbHOM COCTOSIHMH, a TCOMpPOCTPAHCTBEHHAss MeETKa OOeCIeYrBaeT
BO3MOXKHOCTh OOpa0OTKM 3alpoCOB C YYE€TOM T'COMPOCTPAHCTBEHHOMN
JIOKAIMU UX UCTOYHUKOB. COOTBETCTBYIOMIAs MH(DOPMAIUS TPCACTABICHBI
B METaJaHHBIX XPaHWIHIIA MEIUIMHCKON MH(POPMAIIIH:

loc: {lat: {x, x_val}, Ing: {y, y_val}}, (15)

rae mapamerp |OC MeTagaHHBIX HPOM3BOJBHOTO HCTOYHHMKA JTAaHHBIX
NPENCTaBlICH ABYMS IMapaMH [apaMeTpOB: COOTBETCTBEHHO KIOY X H
3Hayenue X_val mms reorpaduueckoii mumpotsl lat; ko4 Y U 3HAueHHE
y_val mis reorpaduueckoii moaroTel INg MeECTOMONOXEHUS HCTOYHHKA
JaHHBIX. Ilpy  3TOM  1pH  HEOOXOAMMOCTH  MPOCTPAHCTBCHHAS
XapaKTePUCTHKA MOXKET ObITh 3aJaHa B OTIHYHOW OT Te0Je3MYECKOit
cucTeMe KOOpAMHAT.

ITpy mony4eHHH AaHHBIX OT YIaJEHHOI'O WCTOYHUKA BBIITOJIHSACTCS
obpaboTka COOTBETCTBYIOIIETO 3arpoca, 9TO Tperoiaraet
HETIOCPENICTBEHHO U3BJICUYCHUE M aHAIN3 €ro reolpOCTPAHCTBEHHOW METKH.
ITockoJIbKY B3aMMOJCHCTBHE MEXTY KIMSHTOM M CEpBEPOM IIpelrojaraet
npumenenue npotokoaa HTTP(HTTPS), coorBercTBytomas uxHdpopmaims
MOXET OBITH IIOJy4eHa IOCPEACTBOM u3BieueHus |P-agpeca kineHTa
HEMOCPECTBEHHO U3 3arojioBka 3ampoca (Request, RemoteAddr):

Request = {Header, Body}; Header = {General, Additional};

Additional = {Vary, Accept — Ranges, RemoteAddr}, (16)
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rae Request — makeT 3ampoca ot kixenTa, Header — mapamerpsl 3arojoBka
sanpoca, Body - mapamerpel Tema 3ampoca, General u Additional -
OCHOBHAsl W JIONOJIHMTEbHAs YacTH 3aroJioBKa 3aIpoca COOTBETCTBEHHO,
Vary — mapaMerp, XapakTepU3YIOLIMH BO3MOXKHOCTh HCIIOJIb30BaHUS
K3IIMPOBaHHBIX OTBeTOB, AccCept-Ranges — mapkep coctaBHOTO 3ampoca,
RemoteAddr — IP-anpec xocTa, ¢ KOTOPOTO TIOCTYIIXI 3aIPoOcC.

IMTapamerp RemoteAddr tpanchopMupyercst B mapy 3HauCHHUil THIA
«umpoTa — goarotay. [lonydeHHas MeTKa CpaBHHUBAECTCS MOCIIEI0BATEIHHO
CO BceMu N 3apCruCTpupoOBaHHBIMH XpAaHUJIUIIAMU OaHHBIX R na npeaAMeET
BBISIBJICHUSI KPaTYANILETr0 PACCTOSIHUS MEXy HUMH (110 OONbLION ayre):

RemoteAddr = {lat: {x,x_val}, Ing: {y,y_val}}; 17)
min( |RemoteAddr,Ri.loc|,i = 1,...,n).

Ha ocHOBaHMHM MOJNy4eHHOTO pe3yibTara ONPEHCISIETCS TO
XpaHWIHINE, KOTOPOe (U3UYECKH ONIKE OCTAJbHBIX  HaXOIWUTCS
K MCTOYHHKY 3ampoca. J[aHHOe XpaHWIMIIEe B TEKyIIeM CeaHce 3ampoca
MOMEYaeTCsl KakK LEeNIeBOe:

Target = R*: vl # k , (18)
|RemoteAddr, R'.loc| > |RemoteAddr, R¥. loc]|.

Ha mocnenyromem imare (opMHPYeTCs COBOKYITHOCTh KOPTEXKEH
JIAaHHBIX, TepelaBacMasl HEMOCPEICTBCHHO B IIeJeBOe XpaHwiwmile T arget.
IIpu stom BeImeNeHHas u3 3amnpoca mo IP-ampecy reompocrpaHcTBeHHAs
METKA TAKXKe JIOMOJHACT KaXIbIil U3 CPOPMHUPOBAHHBIX KOPTEKEH.

B pesynprate popMupyeTcs MacCCHB T€ONPOCTPAHCTBEHHBIX JaHHBIX,
K KOTOPBIM, B CBOIO OY€pelb, NMPUMEHMMBI HE TOJIBKO CTATUCTHUYECKHE
MOJIETI U METOJbI, HO TaK)K€ M METOJbl T€OCTATUCTUKH, MO3BOJISIONINE B
TOM YHCJIE OIIEHUTh OCOOCHHOCTH COOTBETCTBYIOIIETO MPOCTPAHCTBEHHOTO
pacrpeneneHusl COOTBETCTBYIOIINX OOBEKTOB, CYyOBEKTOB M IPOIECCOB, a
TaKkXKe OICHHUTh CHeNU(UKY WX MPOCTPAHCTBEHHOH aHWU3OTPOIUH MPH
paboTe HeMOCPEACTBEHHO C II00ATBHBIM XPaHHIIHUILEM.

IloMuMO  reompoCTpaHCTBEHHOM  METKM  KOPTEXKH  JTAHHBIX
COIPOBOXKJIAIOTCS M BPEMEHHOM METKOW, YTO MO3BOJSET IMPOBECTU HX
00pabOTKy METOJaMHU aHajK3a MPOCTPAHCTBCHHO-BPEMEHHBIX NAHHBIX H
OIICHUTH XapaKTECp UX AHU3O0TPOIIMHU HE TOJILKO B MNPOCTPAHCTBE, HO U BO
BpEMEHU.

B pesynbraTre COOTBETCTBYIOIIMN KOPTEXK, MOCTYNUBIIMI B 3ampoce
OT MCTOYHHKA NaHHBIX Aj, TP HATPaBJICHUH B IIEJICBOC XPAHWUJIHINE OyIACT
UMETh CIICTYIOLIUN BUI:
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DA = {dfi, - d;‘,‘j, R% loc, timetag}, (19)

rie R%— cobika Ha Mertananubie mctounnka A;, loc — HPOCTPAHCTBEHHAS
XapaKTepUCTHKAa MCTOYHUKA [aHHBIX, 3aJaHHas 10 K04y Mapol
KOOpAMHAT THIA «IIMPOTa — JOONroTay, timetag — BpemeHHas MeTka
noJyueHus 1aHHbIX B popmare UTC.

Jnst cMHXpOHM3aIMK C TJaBHBIM HWH(OPMAIMOHHBIM XpPaHHUIIHMIIEM
BBITIOJHSACTCS NIEPHOINYECKas NMpoLeaypa peruMKauy AaHHbIX. [Ipn aTom
METKH HCTOYHUKOB JaHHBIX B COOTBETCTBYIOLIMX KOPTEXaX JOMOIHSIOTCS
METKOH COOTBETCTBYIOLIETO MM ILIEJICBOTO XPAHIIMILA, IPUHSBILETO 3aIPOC
Ha pa3MelICHHe TaHHBIX:

D4 = {dfi, . d,fj, R™ loc, timetag, target}, (20)

rie target — ccpuika Ha MeTaJaHHBIE IIEIEBOTO XPAHIIIHUIIE JAHHBIX.

ITomumo HETIOCPEICTBEHHO MEIUIMHCKUX JAHHBIX
TEONPOCTPAHCTBEHHAs: METKa JOJDKHA CONPOBOXKIATh M 3alpoc Ha HX
M3BJICYEHUE, MOCTYHAOMNN OT MOTPEOUTENS JaHHBIX U XapaKTePU3yIOIINH
ero  (U3MYECKOe MECTOIIOJIOKEHHWE TI0  pe3ysibTaTaM  IpOLEIyphl
reosokaru.  CooTBeTcTByromass  MH(OpManus 10  aHAIOTHH  C
BBILIEU3JI0KEHHBIM ()OPMATOM 3ampoca COJEPXKUTCSI B €ro 3arojoBKe
(Request, RemoteAddr) u mnpexacraBisier coboii IP-aapec wucTouHHKa
3anpoca. Ha ocHoBanum |IP-ampeca BbIensieTcss HEMOCPEICTBEHHO
TEONPOCTPAHCTBEHHAass MeETKa B BHJE Mapbl T'€ONPOCTPAHCTBEHHBIX
KoopanHAT (Teorpadudeckre MUpoTa U I0JITOTa).

Hanee (aHamormyno oOpaOOTKe 3ampoca Ha 3arpy3Ky JaHHBIX)
BBIJICTICHHBIE T'eONPOCTPAHCTBEHHBIC JaHHBIC TIOCIIEA0BATEIEHO
COTIOCTABISIIOTCS. € METAJaHHBIMH  PACHPENCNCHHBIX  XPaHWIUII
MEIUIMHCKUX JMaHHBIX. M3 HUX BBIABISIETCS TO XpPaHIIHMIIE, KOTOpOE
SBIAETCA OMMKAWIINM K MCXOZHOM TOUYKe 3ampoca C TOUYKH 3pEHHSA
COOTBETCTBYIOIIETO PACCTOSIHUSL 10  Oonbiioil  nyre.  BeinenenHoe
XpaHWIMILE JaHHBIX B paMKax TeKYIIEro ceaHca B3aUMOJEHCTBHS C
KJIMEHTOM [OMEUaeTcsl KaK [eJIeBoe.

B ueneBoe XpaHmIMIE HAaNpaBIseTCs IOCTYNUBIIUI OT KIMEHTA
3ampoc Ha U3BIEYEHHE NaHHBIX. [Ipy 3TOM B pe3yabTUpPYIOUIHI HabOp
KOpPTEXKEH, ITONyYCHHBIH NpH BBHIIIOJHEHHH COOTBETCTBYIOIIETO 3arpoca,
00aBIsIETCsT  TMPOCTPAHCTBEHHO-BPEMEHHAs! METKa, XapaKTepu3yromas
METaJaHHbIC XPaHWIUILA, U3 KOTOPOro OBIIM M3BJICUCHBI JaHHBIC, a TaKKe
Bpemsi Qopmuposanus koprexa B ¢opmare UTC. CoorsercrByromas
nHopmanusi THoMeniaeTcs B 3arojOBOK OTKIMKa, (opmupyemoro Ha
cepBsepe.
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Mex/ly OCHOBHBIM U PACIIPEICICHHBIM XPAaHIIHIAMHU BBIIOIHICTCS
nporeaypa peruidKanuy JaHHbiX. [1o yMONYaHUIO AaHHAas Mpoleaypa
JIOJDKHA BBIIOJIHATHCS C 33JaHHOM MEPUOAMYHOCTHIO, HAPUMED, OJIMH Pa3
B cytku (xaxmple 24 wdaca). COOTBETCTBEHHO OOHOBIIEHHE KOpPTEXeEH
JIAHHBIX BO BCEX XPaHWJIMIIAX MOXET OBITh IMPEACTABICHO CIEAYHOUMM
obpazom:

D(t+At) = d, (t+At),..,d,(t +At),R , 1)
loc, (t + +At)(UTC), target )’

roe t — BpeMeHHas XapaKTepHCTHKa 3ampoca Ha 3arpy3Ky JaHHBIX,
At — TPOMEXYTOK BpEMEHH, 0 HMCTEUYEHHH KOTOPOTO IaHHBIC IOJDKHBI

ObITH OOHOBJIEHBI M JIONOJHEHBI (IpH HEOOXOAMMOCTH); R — ccblUika Ha
MeTaJlaHHbIe HCTOYHHKA JaHHBIX, |0C — MPOCTpaHCTBEHHAs XapaKTEPUCTHKA
WCTOYHMKA JIaHHBIX, 3a/IaHHAs 110 KJIIOYY Mapoi KOOPAWHAT TUIIA «IINPOTa
— pmonroray, timetag — BpeMeHHas METKa MONYYCHUS JAHHBIX B (opmate
UTC.

Bmecte ¢ TemM BO un30ekaHHME TPYJOEMKHX C TOYKH 3pEHHA
BBIYHCIIATENBHBIX 3aTPaT IIOCIEIOBATEIBHBIX ONPOCOB HCTOYHHKOB «HA
MecTax» cO CTOPOHBI LIEHTPAIILHOTO XPaHMIHIIA JaHHAs IIPOLETyPa MOKET
OBITH TOTIOJTHEHA CIEIYIOMIM 00pa3oM.

IMpexncraBnsiercsi 1enecooOpa3HbBIM — BBEAEGHHE JIOIOJHHUTENHEHOTO
NPOrpaMMHOTO  TpUrTrepa, cpadaTblBaHHE KOTOPOrO IpPHBS3aHO K
U3MEHEHHMIO COCTaBa KOPTEKEH B  COOTBETCTBYIOLIEM  JIOKAILHOM
XpaHunuine uHpopmarmu. [Ipy BBIOIHEHUWH 33JaHHOTO B MPOTPaMMHOM
CIICHApUH YCJIOBHSI HAa OOHOBJICGHHE JAHHBIX BBIMOJHSETCS IPOLEIYPhl UX
nepenayu (1 OOHOBIICHMS) CHayala B LEHTpaJbHOE XpaHWIHUIIE U Janee B
pacIpeseieHHble XpaHWIMINA 3a MCKIIOYCHHEM TOro, KOTOpoe ObLIOo
HETOCPECTBEHHO MPUYNHOM CpabaThIBaHNS COOTBETCTBYIOIIETO TPUTTEPA.

ITpn sToM BO wu30ekKaHHE BO3MOXXHBIX KOJUIM3UH, CBSI3aHHBIX C
HayaJloM OJHOHM omepanny OOHOBJIECHMS MAAHHBIX B LEHTPAJIHHOM WIH
paclpefeleHHbIX  XpaHWIMIax  uHpopMamud B APXHUTEKTYPY
COOTBETCTBYIOIIEH HH(OPMAIMOHHON CHUCTEMBI, LEIeco00pa3HO BBECTH
MPOTrPaMMHBIN  JUcTIeTYep, B (OHOBOM pPEXKUME  OTCICKHUBAIOIIHI
BXOJISIINHI U UCXOAAINI HHPOPMAIIMOHHBIE TOTOKH B XPaHHUIHIIAX.

6. MoayabHasi cxemMa WHTerpamuu JaHHBIX. B paGore [21]
NpeAyioKeHa M YCHENIHO anpoOMpoBaHa CXeMa CO3JaHusl €IHHOTIO
MH(OPMAIIMOHHOTO TPOCTPAHCTBA T'€OMAarHUTHBIX JIAHHBIX Ha OCHOBE
KOMOMHUPOBAaHUsT ~ TPHUHIMIIOB  KOHCONIMAAMKM W (epepanu3anun
nadopmannn. [Ipeacrasnsercs nenecooOpa3HBIM HECKOIBKO aalTUPOBAThH
NPEATIOKEHHYI0 CXeMy IOA OCOOEHHOCTH CO3JaHusl W HPUMEHEHHUS
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MEIMIIMHCKON HH(OpMAaIuu ¢ ydetoMm omucanHo# Bbime CDN-momo6HOM
opraHu3anuy (U3NIECKOTO XPaHEHHSI JAHHBIX (PHCYHOK 2).

®dopMUpOBaHKE IEHTPATU30BAHHOTO XPAHWIUILNA MEAULMHCKON
nHPOPMAIUK OCYIIECTBIIETCS MOCPEICTBOM (POHOBOTO (TI0 MPHHITUILY
Cron) mocnenoBaTeIbHOTO BBIMOJHCHUS CBSI3aHHBIX  BBIYHUCIHTECIBHBIX
MIPOIIECCOB TI0 IONyYCHHI0, 00pabdoTkKe M (HU3WIECKOMY pa3MEIICHUIO
COOTBETCTBYIOIIEH HMH(MOPMALMH, TOCTYNAIOIIEH W3 TeppUTOPUATBLHO
pacIpeeneHHbIX TeTePOreHHbIX HCTOYHUKOB (B YaCTHOCTH, Pa3HOPOIHBIX
MEIUIIMHCKUX HHQOpMaIMOHHbBIX cuctem). [Ipu atom mpunmun Cron [22]
npeanojaraeT cocrapieHne rpaduka pabouux mporeccoB («workers»),
KOTOpBIE  3aIyCKaIOTCSl aBTOMAaTW4eckd (B (OHOBOM pexHMe) U
BBITIOJIHSAIOTCSL  [10CJI€  HACTPOMKM 0e3 HEeNOCPEeICTBEHHOIO0  Y4acTus
pa3paboTymka, CcoxpaHss UHPOpPMAIMIO O XOAe CBoell paboThl B
COOTBETCTBYIOIIUX MPOrPAMMHBIX JIOTaX, KOTOPbIE pa3MeIeHbl Ha CepBepe
B 3aJ]aHHOM KaTajore (0OBIYHO KOPHEBOM JJIsI TIPOEKTA) U JAOCTYIHBI JUIS
aHau3a.

Kaxnapiit sran  00pabOTKM MOCTYMAOMIMX OT TETEPOreHHBIX
HNCTOYHHMKOB MEJIMIMHCKUX JaHHBIX MPEJICTABICH B BHJE OJHOTO WU
IpyNIBl CBSI3aHHBIX IPOrpaMMHBIX Monyied. Ilpu 3tom nopsgox
BBIIIOJIHCHUA BBIYUCIIUTCIIbHBIX onepaunﬁ HWHKaICYJINPYCTCA TaKuUM
obpa3oM, YTO KaXObI MPOTPaMMHBIM  MOAYJIP  MOXET  OBITh
HUHTEPIIPETUPOBAH KaK CTOPOHHUMHU, TaK U BHCITHUMHU HOTpe6I/ITeJ'I$[MI/I KakK
«UEPHBIN SIIMK» C W3BECTHBIMH (hOpMaTaMHU TPEICTABICHHUS BXOTHON W
BBIXOIHOW HH(OPMAIIUH.

[pexacraBusiercs 1enecooOpa3HpIM B KOHTEKCTE BeO-
OpUEHTHPOBAHHON peaau3alid pPacCMaTPUBAaeMOIr0 IIOAXO0Ja MPUMEHHTH
9JIEMEHTHl MHKPOCEPBHCHOW apXUTEKTyphl. B 3TOM ciyuae Kakablid
OTIENBHBIA (PYHKIIMOHANBEHBIA MOIYJb OOpa0OTKU NAHHBIX (MM TPYIIa
CBSI3aHHBIX MOJyJel) MOTYT OBITh HMCHOJIB30BaHbl HE3aBHCUMO JPYr OT
Ipyra, B TOM 4YHCIE U CTOPOHHHMH MPOTPAMMHBIMH CHCTEMaMH |
oubnuotekamu. sl 3TOro y KaKAOTO W3 TPEICTABICHHBIX MOJYJICH-
CEpBUCOB  MPEIIONIAraeTcsi Haau4dhe COOCTBEHHOTO  MPOTPaMMHOTO
naTepdeiica (o mpumHOuiy opranuszanud APl —  mpukmagHbx
MIPOrPaMMHBIX HHTEp(EHcoB).
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Puc. 2. 06111351 CX€Ma peajin3aliuu npeajiaracMoro noaxoJa K MHTerpallui JaHHbIX

B pesymprare oOpamieHHEe K KakKAOMY IIPOrPAMMHOMY MOZYIIIO
ocymiecTBIsIeTCss 1O ero  uHTepdeiicy TakuM  o0pa3oMm,  4TO
COOTBETCTBYIOIINI BBI30B BBIIIOJIHAETCS IO Ha3BaHUIO (MeTKe) nHTepdeiica
¢ nepenayel 3HauCHUH HEOOXOIUMBIX BXOJHBIX ITAPaMETPOB M BO3BPATOM
HUCKOMOTO pe3yjbTaTa II0 YCTaHOBJIEHHOMY NpOTOKoNy. B kauectBe
OCHOBHOTO (popMaTa NPEICTAaBICHHUS BBIXOAHBIX JAHHBIX HCIOIB3YETCS
JSON (JavaScript Object Notation — 310 dopmar, peanu3yOIIHit
HECTPYKTYPHUPOBAaHHOE TEKCTOBOE MPEICTABICHHE CTPYKTYPHUPOBAHHBIX
JIAHHBIX, OCHOBAaHHOE Ha MPHHIUIE Hap KI0Y-3HAUYCHNE U YHOPSAJOYEHHbIX
crckax [24]), KOTOpbIA B HAcToAlmlee BpeMs SBIsSeTCS (aKTHUSCKU
cTaHAapToM Je-(GakTo mepeayd AAaHHBIX B MPOTPaMMHBIX CHCTeMax. B
IpeaaraeéMoil cXeMe BBIJICNICHBI ABa THUMA JAaHHBIX — HEIOCPEICTBEHHO
comepkatreibHas uHpopMmanus (caMM ~ MEAMIMHCKHE  JaHHBIC) U
MeTanaHHble (MHpOpMamus 00 HCTOYHHMKAaxX JAaHHbIX). [lpu  3TOM
cojepkaTenbHas MH(OpPMaLKs, MOCTYyNampas OT BHEUIHUX HCTOYHHUKOB,
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MOXET ObITH IpeCTaBIcHA B CTPYKTYPHPOBAHHOM,
MOJTYCTPYKTYPUPOBAHHOM M HECTPYKTYPUPOBAHHOM BHIE (B TEKCTOBOM,
CSV-nogo6HBIX, MynbTUMeINA, rpadudIeckuX U UHBIX (hopmaTax). B sToit
CBSI3M HETIOCPECTBEHHO JIaHHBIE HETIOCPEICTBEHHO OT CBOMX NPOBAHAEpPOB
MOCTYMAOT B MOZYJdb HOPMAaIM3aIM{, T/ MPOXOMAT INPEIBAPUTEIHHYIO
00paboTKy I MpHUBENCHUA K YHH(DUIIMPOBAaHHOMY BHIY. Tak, K IpuMepy,
rpaduyeckue ¥ MyJIbTHMEAHa NaHHble npeobpasytorcs B BLOB-00bexThI
[25], mpeacraBmstome coGoi mpuroAHbie I 00pabOTKM M aHaIM3a
MacCHUBBI JIBOMYHBIX JIaHHBIX, KOTOpBIE, KaK MPaBHJIO, MPUMEHSIOTCS ISt
xpanenust fanabix MIME-Tumna.

IMpu otom Jjuis  noBbimeHuss S(O(GEKTUBHOCTH  JAaibHeHIIen
00paboTKM JaHHbBIE MPEACTABISIOTCS B pe3yibrupytomeM JSON-dopmare,
YTO TO3BOJIAET NPHUMEHATh K HUM OWMOJMOTEYHBIE MOJEIH W METOJBI
tparchopmarmu. [Ipu stom coopmupoBanuasie BLOB-maccuBel Taroke
CTaHOBATCS dYacThl0 BBHIXOAHBIX JSON-1OTOKOB B KadecTBE CEKIHA
¢dopmara CDATA (u3BectHoro u3 crerudukarmu W3C XML).

Ha mocnenyromem stare manusie popmara JSSON npeobpasyroTcs B
¢dopmart, cnenupUIHBIA A1 MEIUIIMHCKUX JaHHBIX. B KauecTBe TakoBOTO
BbICcTynaeT cranaapt HL7, koTopelil B HacTosuiee BpeMs IIPUMEHSETCS BO
MHOTHX MEIUIMHCKHX YYpeXIEeHUs B Hallleil cTpaHe U 3a pyOexoMm Juist
9JIEKTPOHHOTO OOMeHa JOKyMEeHTaMU (OCOOCHHO B TeX MEIUIIUHCKUX
OpraHu3alysX, I MAlMeHT MOJy4aeT HEMOCPEICTBEHHO WHTEHCHUBHYIO
IOMOIllb, B YacTHOCTH, B OonpHUIaX). HL7 Brmodaer B ceds
koHnenryanbable ctaHmaptel (HL7 RIM), crammaprter mpuioxenunit (HL7
CCOW), noxymenransible crangaptsl (HL7 CDA), u cranmaptsl oOMeHa
coobmenmssmu (HL7 v2., v3.0 uw HL7 FHIR). CormacHo H3BECTHBIM
Hay4YHbIM paboram (Hampumep, [26]), caMbIM  aKTyaJbHbBIM U
MHoOTroobemaromum n3 3tux cranaapros sisercs HL7 FHIR (Health Level
7 - Fast Healthcare Interoperability Resources) [26].

IIpeobpasoBanne  JSON-maHHBIX B yKasaHHbIH  (hopmar
OCYIIECTBJISICTCS. HAa OCHOBAaHMHM COOTBETCTBYIOIIEH CXEMBI JAaHHBIX,
UCTIONB3yeMOH MoayieM TpaHcopmanuu. B cxeme TaHHBIX MPeICTaBICHBI
OCHOBHBIE TTapaMeTphl TpaHchopmaryu / 0ToOOpakeHUs TSI TIOCIIETYIOIIETO
(hopMHUPOBAHNS PE3yIFTHPYIOIIETO HA0OPa JaHHBIX.

OcHoBo#t cranmapra HL7 FHIR sBmsmores pecypest  (FHIR
Resources). Ilpu 3ToM Kaxaplii pecypc NpeicTaBisieT coOOH OTAENBHYIO
HE3aBHCUMYIO CTPYKTYPHPOBAHHYIO €IUHUIYY WH()OPMAIXH, UCTIOIb3yeMast
npu oOMeHe MEAMIMHCKUMHU JIaHHBIMH. BOJBIIMHCTBO pecypcoB — 3TO
oTto0OpakeHHEe PeaIbHOr0 Mupa B HU(POBHIX JaHHBIX. Tak, K mpuMmepy, Ha
BEPXHEM YpOBHE aOCTpPaKLMH TPEJIaraeTcs BBHIACISATh TaKUE BHIBI
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pecypcoB, Kak ITalEHTHI, OOpaleHUs B MEOWLIMHCKHAE OPTaHM3allHd WU
YUPEXKICHNUS, & TAKXKE PE3yIbTaThl OCMOTPOB M UCCIIEIOBAHMUI.

IIpn panbHeWIIEN JeTanu3alMM Pecypchbl JAEKOMIIO3UPYIOTCS Ha
METaJaHHbIE COOTBETCTBYIOIIMX IPOBAaHIEPOB IAHHBIX, KOTOPBIMHU
BBICTYNAIOT KOHKPETHBIE MEAWIMHCKHE WH()OPMAINOHHBIE CHUCTEMBI
OTAEIbHBIX MEIMLUHCKUX OpraHu3alMili u yudpexnaeHuil. dopmupoBaHue
pPECYpCOB  OCYIIECTBIISIETCSl  BBIYMCIHMTENBHBIM MOJYJIEM DPErucTpaluu
pecypcoB, Ha BXOA KOTOPOTO TIOCTYNAalOT MeETaJaHHble HCTOYHUKOB
MEIMIMHCKONH  HH(OpMalMu, HampaBiIseMOH B  paccMaTpuBaeMoe
LEHTPAIN30BaHHOE XPAHWINIIE IAHHBIX.

IIpu »TOoM mpennaraercs BeliejIeHUE ABYX BUAOB pecypcoB. [lepBas
rpynna o6o3HauaeTcsd Kak «COOBITHIHBIE pecypchl» U BKIIOYaeT B cels
pe3ynbTaThl BCEX JCHCTBHUM, OCYIIECTBIAEMBIX MEXIYy MNalUEeHTOM H
MEIUIMHCKHM  YYPEKACHHEM. 3/eCb MOTYT OBbITh  IPEICTABICHBI
pe3yNbTaTel  OCMOTPOB, JIAOOPATOPHBIX HCCIECNOBaHWN, MPOrPaMMBI
JIeYeHns1, OOpaIeHHs TTAIEeHTa B JieueOHOe YIpexICHHE U TIp.

Bropas rpynma pecypcoB IpencTaBisieT CO00OH XapaKTEpHCTHKY
YYaCTHHKOB B3aWMOJAEHCTBHSI B paccMaTpHBaeMBIX IIpomeccax. ITo
HEMOCPCACTBCHHO MAUCHTBI, MCIUIMHCKUE YUPCIKACHUA, MEZ[I/IHI/IHCKI/Iﬁ
NepcoHajl, Ha3HAa4YeHHble JieueOHble Mperaparbl M MEpPONpPHATHS,
UCToNb3yeMoe  JjabopatopHoe  oOopymoBanus  ((akTHUECKH, 371€Ch
MPEACTABJICHBI KaK aKTUBHBIC, TaK U MMAaCCUBHBIC YYACTHHUKHU MCIUIMHCKUX
MIPOIIECCOB).

Bce  cdopmupoBaHHBIE M 3apETHCTPUPOBAHHBIE  PECYpPCHI
pasMelanTcs B OTHOMMEHHOM PeecTpe, JaHHbIE B KOTOPOM HPE/ICTABIICHBI
B cootBercTBuu co cranmaprom HL7 FHIR. IIpu stom mna yHudukanmn
JIOCTYIIa K pecypcaM KaXZIOMY M3 HUX CTaBUTCSl B COOTBETCTBUE OTAEIbHBIN
API, OTJIMYUTETBHOM 0COOCHHOCTBIO KOTOpPOTO SIBIISIETCS
CaMOMJCHTH(DHUIIMPYEMOCTh 3a CUET TIPEJCTABICHHUS METaJaHHBIX B
COOTBETCTBYIOIIEH CTPYKType, HMeHyeMoil mnpodmiuem pecypca. st
MPOTrPaMMHOTO JOCTyma K pecypcy depe3 ero APl wucmomnp3yercs ero
npoduib, Tak Ha3blBaeMasi TOUKa BXOJa, MPUHUMAIOIIAsl BXOAHBIE aHHBIE
U BBJAIONIAsl B pE3yIbTaTe YHHUKAIbHYI0 METKY COOTBETCTBYIOIIETO
pecypca. Metka mpezcraBisier co6oit cBeptky JSON-IaHHBIX B CTPYKTYPY
o crenudukanur JSON Web Token (JWT) [27, 28], uto B urore mmeer
BUJl 00BEKTA, KOTOPBIH omnpeneneH B oTkpeiToM crangapre RFC 7519 [29].

®oHOBOE BBHINOJIHEHHE TMTpoliecca TPAHCHOPMAIMU COEPIKATEIBHBIX
JaHHBIX  MpPEIojlaraeT  Halu4ue HPOMEXYTOYHOTO  (BPEMEHHOIO)
XpaHWIWINA, B  KOTOpOM  (IIOMHMO  XpaHEHHs)  BBINOJIHSETCS
JONIOJIHUTENbHAsE 00pa0OTKa JaHHBIX, CBSI3aHHAs C OOBEIUHEHHEM

Informatics and Automation. 2022. Vol. 21 No. 5. ISSN 2713-3192 (print) 905
ISSN 2713-3206 (online) www.ia.spcras.ru



WCKYCCTBEHHbIN UHTENNEKT, UHXEHEPUA JAHHBLIX 1 3HAHWIA

HEMOCPEACTBEHHO [JAaHHBIX M METKH pEecypca, XapaKTepU3YIOIIEro
00CTOSITENILCTBA 1 ICTOYHHUKHU MX MOTY9EHHS.

JlaHHbBIE W3 BPEMEHHOT'O XPaHWJIMIIA C 33JaHHOHM MEePUOJHIHOCTBIO
MOCTYMAIOT B MOAYJIb MHTETPALMH JAHHBIX, B KOTOPOH MH(pOPMAIOHHBIE
MOTOKH OOBEAMHSIOTCS B CIUHBIH MacCMB M HANpaBiSIOTCS B
LHEHTPAIIM30BAHHOE XpaHWwiuie (IMeHTp o0paboTKu MJaHHBIX). BakHO
OTMETUTh, YTO B CXEMY MWHTErpalyy IONOJHUTENBHO BKJIIOYEH Tak
Ha3bIBaGMBIH «COOPIIMK MyCOpa», BBINOJHEHHE KOTOPOTO 3aIlyCKaeTcs
3aBeplIcHHEeM paboThl Moaysst uHTerpaimu aanubix [30, 31]. VkazanHblit
NPOrpaMMHBIA MOJIyJIb OTBEYAeT 3a OYMIIEHHE BPEMEHHOI'O XpaHWIMINIA
JIaHHBIX II0CJe MepeAadn OoOpabOTaHHBIX JAHHBIX B LEHTPaIM30BaHHOE
XpaHUIIHUIIE.

HemocpenctBeHno  0o0pa®oTka  IONB30BATEIbCKHX  3alIPOCOB
(Brmouas ympaBieHne CDN-cepBepamu) ocymiecTBIsieTCsl TOCPEICTBOM
TPYNIbl  MOIYJEH, OTBEYAIOIIMX 32 TMOJNY4YeHHE U JEKOMIIO3UIHUIO
MOCTYNHBIINX C KIWEHTCKON CTOPOHBI 3alPpOCOB. BEIeneHHbIE TapaMeTpsl
3ampockl  SBISIIOTCS  0a30il 171 BBINOJHEHWS  BEPTUKAIBHON N
TOPU30HTAILHOM ¢$unbTpannn JTAHHBIX, pa3sMelIeHHbIX B
LEHTPAJIN30BAHHOM  XpaHWIMIIE. Pe3ynbTaThl M3BJICUEHHS JaHHBIX
MOCTYIAIOT HA BXOJ OJHOMY WM TpYyHNE IPOrpaMMHBIX MOJYJIEH,
OTBEYAIOIIMX 33 UX aHAJIN3 ¥ MHTEPIPETALMI0 KOHEYHOMY IOJIb30BATEIIO B
BUjie HAOOPOB JaHHBIX, rpauKoB, TadauL, 100 B Gopmare 31eKTPOHHON
MEJIUIIMHCKOM  KapThl  COOTBETCTBYIOIETO  ITal[MeHTa. Pe3ynbTaThl
MHTEPIIPETALNH TIePeJaloTCsl Ha KIMEHTCKYI0 CTOPOHY B KauecTBE OTKIIMKA
W JIOCTYHHbl KaK HEMOCPEJACTBEHHO [UISi pEHICpPHHIa, Tak M Ui
MIPUMEHEHHS] CTOPOHHUMHU CPEeJCTBaMU 00pabOTKHU TaHHBIX.

7. Onenka 3¢ pexTUBHOCTH NPEAT0KEHHOT 0 MoAX0/a.
Bo3MOXXHOCTH TpEyIOKEHHOTO TMOAXOAa K MHTErpalMd JaHHBIX U3
TETEPOTeHHBIX ~ HMCTOYHHUKOB  MEIMLUMHCKOW  mHpOpMamuu  Obun
MIPOAHATU3NPOBAHbl Ha MPUMEPE TECTOBBIX JaHHBIX, C(HOPMUPOBAHHBIX IO
aHAJIOTUH C JAaHHBIMHM MALMEHTOB C OpPOHXOJETOYHBIMH 3a00JEBaHHAMHU
TpeX TOPOJICKAX KIMHHYECKUX OOJBHUIL T. Y da.

JlaHHBle  TIpeACTaBIIEHBI ~ HAO0OpamMH  3HAYEHUH  IMapaMeTpoB
obcnenoBanrs 500 rUMOTETHYECKUX TAITUSHTOB U COACp)KaT HH(OPMAITHIO
B TEKCTOBOM U TpadudeckoM GopMaTtax (COCTaBIeHb aHOHUMHU3UPOBAHHBIC
TECTOBBIE JIaHHBIE 110 KaXJOMY IalleHTy, XapakTepHble ISl MporpamMmm
JIeYeHUS! B PACCMOTPEHHBIX MEIMLIHHCKUX YYPEKACHHSX: DJICKTPOHHBIE
MEIUIMHCKHE KapThl 10 KaxaoMmy mnarueHty B ¢opmare XML, nannbie
MKB B ¢opmare CSV, OuoxuMuueckue M JTa0OpaTOPHBIE TECTHI
(BTekcroBoM u TpaduueckoM (¢dopmarax), KIMHHYECKHE 3aMETKH
MEJIMIIMHCKOTO NepcoHana (B TEKCTOBOM (opmare), MporpaMmsbl JieueHUs
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(B TekcToBOM (hopmare) u HazHaueHUs (papMaleBTUUYECKUX TpenaparoB (B
TEKCTOBOM (opmare)). [ MOBBIIIEHHS HATISJHOCTH OBLIM Pa3BEPHYTHI
TECTOBBIE cepBepa IS XpaHEeHUs JaHHBIX Ha BHPTyalbHOM XocTuHre Beget
CO CIEeAYIOINMH XapaKTepHCTUKaMH: BeO-cepBep ¢ mporeccopoM 72 *
Intel(R) Xeon(R) Gold 6140 CPU @ 2.30GHz, Apache 2.4.5.1, cereBoe
KYpHAJIHPyeMOe XpaHWIHUINE AAHHBIX THUMA «KIIOUY» — «3HadeHHe» Redis
(REmote Dictionary Server) [32].

Jis MMUTaNUU TPUMEHCHHS HECKOJBKHX Pa3HOPOJHBIX CHUCTEM
XpaHEHUs CO3JaHbl AHAJIOTMYHBIE KOMHMM CepBepa JaHHBIX (B oOuiei
CIIOXHOCTHA OBUTH pasBepHYTHl 4 KOMHWH), Ha KOTOPBIX B CIyd4aliHOM
opsaaKe 6])1]'11/[ pasMEIlICHbl MCIAUIITMHCKNUC NJaHHBIC. I[OHOJIHI/ITGJII:-HO TaKXKe
OBUTO BBIJICJICHO CEPBEPHOC XPAHWIMIIEC C AHAJOTHYHBIMU TEXHUYCCKUMHU
XapaKTepUCTHKAMHU I MMHTAINH [EHTPATH30BAaHHOTO XpaHWIWIIA (TaK
HA3bIBAEMOTO0 OCHOBHOTO CEpBepa), IMpeNHa3HAUYCHHOTO IS XpaHCHHUS
pe3yIbTaTOB WHTETPALN IaHHBIX W3 COOTBETCTBYIOIIUX TI'€TEPOTCHHBIX
HCTOYHUKOB.

BrrucIuTenpHBIH IKCIEPUMEHT MPOBOIIIICS B HECKOJIBKO 3TAIloB
U1 JaHHBIX HeOompmoro oobeMa (mopsmka 150-200 M6). Ha mepom
JTare OCYyLIECTBIISUIACHh 3arpy3Ka AaHHBIX C cepBepa, NPUHSATOTO 3a CepBep
oTHeNbHOW  opranm3anud. Jlamee HH(DOPMAIMOHHBIA [MOTOK  Yepes
00pabOTKy ¥ YHH(DUKALKIO [TaHHBIX [CPEHANPABIUICS B XPaHHIIUIIEC
CIEIYIOUIeT0 YPOBHSA (MMHTHPYIOIIETO pETHOHANbHBIM ypoBeHb). Ha
3aBepUIAIOIIEM dTalle JaHHbIe NIePeIaloTCsl Ha OCHOBHOI cepBep.

DKCIIEpUMEHTHI OBLTH MPOBEACHBI IO IBYM HampaBicHusAM. C 0THOM
CTOPOHBI, HCCIICIOBAINACH XAPAKTCPUCTHKH pPEAKTUBHOCTH B CIydYae
MIPUMEHCHHUS CTaHIAPTHOU MOHOJIUTHOH Be0-OpUEHTHPOBAHHON
apxutekTypbl. C JIpYyroil CTOPOHBI, BBIYHCIHTEIBHBIA JKCHCPUMEHT OBLI
MPOBEJCH B paMKaxX AapXHUTEKTyphl IO TPESIIOKCHHOMY MOIXOIy K
WHTETpaluy JaHHBIX. KIIMEHTCKas CTOpOHA MPH 3TOM TECTUPOBAJACh CO
caenytomuM  xapakrtepuctukamu: CPU Intel Core i5 10300H ITm,
oneparuBHas namsath 4 I'b, ckopocTh HHTEpHET-cCOeqUHEHMS ~52.4 MOUT/C.
Pe3ynbTaThl BBIYHUCIUTENHHOTO SKCICPUMEHTA ITOKAa3ald, YTO MOIXOX C
MOHOJIUTHOHM apXHUTEKTYpOil oOecrieunBaeT MojydeHrne CEpBEPHOTO OTKIIMKA
3a 10-12 ¢ npu crabunbHOM HMHTepHET-coemuHeHUn. [IpeamoskeHHbII
moaxon 3a cyer npuMmeHeHus CDN 1oO3BONsSET COKpaTHTh 3HAYCHHE
yKa3aHHOTO mapaMerpa a0 6-7 c.

Bropas 4YacTh SKCHEPUMEHTOB C TECTOBHIMH JAaHHBIMU ObLIa
HATpaBJICHA Ha OICHKY HW3MEHCHHS CKOPOCTH TMOJYYCHHS CEPBEPHOTO
OTKIIMKAa TIPH HAMpPABICHHHM MPOCTOTO OJHOMEPHOTO 3ampoca K
LHEHTpPAIIbHOMY XpaHwiuily. [lomxoa, OCHOBaHHBI Ha MOHOJHMTHOW
ApXUTEKTYpPE M OTCYTCTBMH TEPPUTOPHAILHOIO PACHPEACIEHUS CHUCTEMBI
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XpaHeHUs JTaHHBIX, TIOKa3aJl 3HAUYEHUE YKa3aHHOTro mapaMerpa B 15-17 ¢, a
MPEUIOKEHHBI  MOJIXO0J €  MHKPOCEPBHUCHOM  apXUTEKTypoll U
CDN - 9-10c. Ilpm »3ToM OBUIM YCTAHOBIECHHI ITyTH ITOBBIIICHUSI
PEaKTHBHOCTH COOTBETCTBYIOIIMX BEO-OPHEHTHPOBAHHBIX IPUIOKECHUN
mocpenctBoM — mpuMmenenust  Texuoyormm  Node.js  Ha  cepmepe
(mpexHa3HAYEHHOW 1711 pabOTHI ¢ BRICOKOHATPYKCHHBIMH TPUIIOKCHUSIMH)
JUIL  OmpeieNieHusl  OmpKaWmied  TOYKM  JIOCTyHa C  pacueToM
COOTBETCTBYIOIINX PACCTOSIHUI MO TeorpaduueckuM KOOpIUHATAM KINEHTa
[33].

8. 3akiouenne. B Hactosiee BpeMsi OZHUM W3 MaruCTpPalibHBIX
HanpaBJICHUA pa3BUTHUA I/IH(i)OpMaLII/IOHHbIX TEXHOJIOTUH SABJIACTCA
pa3paborka cucTeM HHU(POBOTO 3PaBOOXPAHCHUS, NPEIHA3HAYCHHBIX B
TOM 4YHcIe JUIS TOBBILEHHUS S()(EKTHBHOCTH IPOIECCOB TMPHHATHA
pELICHH Ha OCHOBE MEIWLIMHCKMX MAaHHbIX. OJHUM N3 BaKHEHIINX
(aKTOpOB YCHENIHOCTH peajHu3allii JaHHOTO HANpaBICHUS SBISICTCS
TIOBEIIIICHHE 3¢ eKTUBHOCTH u TIPO3pPavyHOCTH 00paboTku
COOTBETCTBYIOIINX IAHHBIX, @ TAaK)K€ PEAKTUBHOCTH COOTBETCTBYIOIIMX
MHCTPYMEHTAIBHO-TIPOTPAMMHBIX CPE/ICTB. 3HAUMMBIM IIPEISTCTBHEM HA
MYTH PElICHHs TIOCTABICHHOW 3a/lauyl sIBJISETCS MOCTOSIHHO BO3pACTalOLINe
00BbEM M CII0)KHOCTH MCIOHMIUMHCKHX JaHHBIX, a4 TaKXC pa3Hoo6pa31/Ie ux
HCTOYHHKOB. B KOHEUuHOM mTOTe TpebdyeTcs pa3paboTka moaxoaa, KOTOPIHA
B pe3ysbTaTe CBOECH MPOTpaMMHON peanu3allid TMO3BOJUI Obl PEIIUTh
MOCTABJICHHbIE 3a]a4H.

B pabore mnpemmaraercs MOAXOX K HMHTETPAllMd PAa3HOPOIHBIX
WCTOYHHMKOB MEAMIMHCKOW WMH(OpMalUWH, OTIMYUTEILHON OCOOEHHOCTBIO
KOTOPOTO  SIBJISIETCSl NPUMEHEHHWE B apXUTEKTYpe COOTBETCTBYIOLIEH
NPOTPaMMHOW  CHCTEMBI IPUHILMIIOB OpPraHU3allMd  MHUKPOCEPBHUCHBIX
npwitoxkeHuit. [1penoskeHa MHOroypoBHEBasi OpraHU3aLus CUCTEMBbI cOopa,
00paboTKN W XpaHEHHs MEIUIMHCKONH MH(OPMALUH C JONOJIHUTEIbHBIM
MPE0CTaBICHUEM METaIaHHBIX, XapaKTePU3YIOLINX HCTOYHHUKH
nHPOPMALIMU U 0OCTOSATENHCTBA UX TOMYUYeHUS (K TIPUMEPY, UCIIOIB3YeEMOE
nmabopaTtopHoe 000pyAOBaHHUE U TIP.).

IIpenctaBnsiercst ~ menecooOpa3HBIM ~ OTMETHTh  €IIE  OJHY
OTIIMYMTENBHYI0 OCOOCHHOCTh  INPEUIOKEHHOTO  IMOAXO0Ja,  KOTopas
3aKJII0YaeTCsd B TIPUMEHEHUH cucTeMbl aoctaBku koHTeHTa (CDN) mist
OpraHM3allM CHCTEMBl XpaHEeHUs AaHHbIX. [IpeanokeHo co3jaHue KOIMH
OCHOBHOT'O CepBepa XpaHEHHUs AaHHBIX C Pa3IMYHON reONpPOCTPAHCTBEHHON
NPUBSI3KOW, KOTOpas  SIBJSIETCS  ONpENeNIomUM  (akTopoM  HpHu
HanpaBjeHUH KIMEHTCKOTO 3ampoca Ha TOJNydeHue /  3arpysKy
COOTBETCTBYIOIIEH MEIUIIMHCKOU nHpOpMAaIHH. Taxxe
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npeaycMaTpuBaeTcs (C 3aJaHHON MEPHOANYHOCTHIO) PETUIMKALIMS JaHHBIX
MEXIY OCHOBHBIM H 3€PKaJIbHBIMHU CEPBEPAMH-XPAHIIUIIAMHI JaHHBIX.

Pe3ynbTaThl MpPOBEIECHHBIX BBIYUCIHTENBHBIX SKCIHEPHMEHTOB (HA
TECTOBBIX JAaHHBIX, aBTOMATHIECKH C()OPMHUPOBAHHBIX HA OCHOBE PEAIbHBIX
10 OPOHXOJICTOYHBIM 3a00JICBAHUSAM) B 3aJaHHBIX TEXHHYECKUX YCIOBHIX
KIIMEHT-CEPBEPHOTO BEO-OPHEHTHPOBAHHOTO B3aMMOJCHCTBHS IOKA3alH,
YTO MPUMEHEHHE MPEUIOKEHHOTO MOJX0/Aa K PEIICHUIO NEepeyHCIeHHBIX
BBIIIIE POOJIEM MO3BOJHMT CYHIECTBEHHO COKPAaTUTh BpEeMsl MOIyYCHHUS
OTKJINKA OT CepBepHONl dYacTu (IO CPaBHEHHUIO C TPAAULHUOHHBIM
MOHOJIUTHBIM MOJXO/I0M) IPH 3arpy3Ke JaHHBIX B cpefiHeM Ha 39 % u npu
BBITIOJIHEHUH 3aIIPOCOB Ha BEIOOPKY — Ha 41%.
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N. YUSUPOVA, G. VOROBEVA, R. ZULKARNEEV
APPROACH TO SOFTWARE INTEGRATION OF
HETEROGENEOUS SOURCES OF MEDICAL DATA BASED ON
MICROSERVICE ARCHITECTURE

Yusupova N., Vorobeva G., Zulkarneev R. Approach to Software Integration of
Heterogeneous Sources of Medical Data Based on Microservice Architecture.

Abstract. The task of processing medical information is currently being solved in our
country and abroad by means of heterogeneous medical information systems, mainly at the
local and regional levels. The ever-increasing volume and complexity of the accumulated
information, along with the need to ensure transparency and continuity in the processing of
medical data (in particular, for bronchopulmonary diseases) in various organizations, requires
the development of a new approach to integrating their heterogeneous sources. At the same
time, an important requirement for solving the problem is the possibility of web-oriented
implementation, which will make the corresponding applications available to a wide range of
users without high requirements for their hardware and software capabilities. The paper
considers an approach to the integration of heterogeneous sources of medical information,
which is based on the principles of building microservice web architectures. Each data
processing module can be used independently of other program modules, providing a universal
entry point and the resulting data set in accordance with the accepted data schema. Sequential
execution of processing steps implies the transfer of control to the corresponding program
modules in the background according to the Cron principle. The schema declares two types of
data schemas - local (from medical information systems) and global (for a single storage
system), between which the corresponding display parameters are provided according to the
principle of constructing XSLT tables. An important distinguishing feature of the proposed
approach is the modernization of the medical information storage system, which consists in
creating mirror copies of the main server with periodic replication of the relevant information.
At the same time, the interaction between clients and data storage servers is carried out
according to the type of content delivery systems with the creation of a connection session
between end points based on the principle of the nearest distance between them, calculated
using the haversine formula. The computational experiments carried out on test data on
bronchopulmonary diseases showed the effectiveness of the proposed approach both for
loading data and for obtaining them by individual users and software systems. Overall, the
reactivity score of the corresponding web-based applications was improved by 40% on a stable
connection.

Keywords: medical data, data warehouses, data integration, web applications, content
delivery system, microservice architecture.
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1. SUROV
OPENING THE BLACK BOX: FINDING OSGOOD’S SEMANTIC
FACTORS IN WORD2VEC SPACE

Surov I. Opening the Black Box: Finding Osgood’s Semantic Factors in Word2vec Space.

Abstract. State-of-the-art models of artificial intelligence are developed in the black-box
paradigm, in which meaningful information is limited to input-output interfaces, while internal
representations are not interpretable. The resulting algorithms lack explainability and transparency,
requested for responsible application. This paper addresses the problem by a method for finding
Osgood’s dimensions of affective meaning in multidimensional space of a pre-trained word2vec
model of natural language. Three affective dimensions are found based on eight semantic prototypes,
composed of individual words. Evaluation axis is found in 300-dimensional word2vec space as a
difference between positive and negative prototypes. Potency and activity axes are defined from
six process-semantic prototypes (perception, analysis, planning, action, progress, and evaluation),
representing phases of a generalized circular process in that plane. All dimensions are found in
simple analytical form, not requiring additional training. Dimensions are nearly orthogonal, as
expected for independent semantic factors. Osgood’s semantics of any word2vec object is then
retrieved by a simple projection of the corresponding vector to the identified dimensions. The
developed approach opens the possibility for interpreting the inside of black box-type algorithms
in natural affective-semantic categories, and provides insights into foundational principles of
distributive vector models of natural language. In the reverse direction, the established mapping
opens machine-learning models as rich sources of data for cognitive-behavioral research and
technology.

Keywords: semantics, dimension, Osgood, affective meaning, interpretation, word2vec,
language, black box.

1. Introduction. Machine-learning approaches to natural language
processing suffer from the interpretability problem. Popular models represent
words by states of a hidden layer of a neural network, trained for various
linguistic tasks on large corpora of texts [1-4]. Relevant regularities of
natural language are then encoded in high-dimensional vectors, components
of which say nothing to their developers and users. Although efficient for
many tasks [5-8], this “black box” paradigm is problematic for applications of
artificial intelligence (Al), requested to be transparent and explainable [9, 10].

Compared to the dimensionality of machine-learning (ML)
representations, interpretable factors of human thought are much less in
number. They are evaluation (pleasantness-unpleasantness), activity (active-
passive, external-internal), and potency (strength, dominance, openness,
freedom) [11, 12]. As established by Charles Osgood, these dimensions
account for the majority of judgment variance for various objects in semantic-
differential scales like good-bad, heavy-light, soft-hard, straight-curved, etc.
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(ibid). Although widely known in cognitive science, these results are largely
ignored in modern Al and ML research.

Previous attempts to establish the missing link achieved only partial
success. Evaluation, potency, and activity are found to correlate with 208,
187, and 175 out of 300 raw word2vec dimensions, respectively [13]. Out
of 280 principal components of the same model, these numbers are 38, 35,
and 37 (ibid.), indicating that the achieved correspondence is far from useful.
Nevertheless, word2vec and similar (distributional-vector) representations of
language are known to encode specific types of semantic information that can
be extracted by additional methods [14, 15].

An inspiring example is provided by self-organized semantic maps of
natural languages [16, 17]. These maps, built from synonym-antonym relations
by a specially designed algorithm (minimizing an energy-like cost function of
word configuration), consistently identify Osgood’s dimensions as the main
principal components of English, German, Spanish, French, and Russian.
Although expected to take a central place in biologically-inspired cognitive
architectures [18], the present form of these maps is yet of demonstrative
character. The combination of semantic interpretability with practicality of
applied machine learning remains a challenge.

The present work addresses this problem for the word2vec model [1],
baseline in ML approach to natural language processing. The paper describes
a novel method to identify directions in the multidimensional word2vec space,
responsible for Osgood’s semantic factors. In contrast to the aforementioned
attempts, the method does not rely on special variance properties of semantic
dimensions, presupposed in principal component analysis. Instead, it finds
unique dimensions based on a small sample of supervised data and a simple
mathematical procedure. The theory and realization of the algorithm are
described in Sections 2 and 3. Tests of stability and predictive potential of
the developed method are reported in Section 4. Section 5 discusses the
implications of the result.

2. Theory. The theory is developed in the following steps. After
introducing the source data, Section 2.1 describes a method for finding the
evaluation axis (Z) in the word2vec space. Section 2.2 then elaborates this
logic to find the potency-activity (XY) plane. Finally, Section 2.3 shows how
to use the obtained dimensions to extract Osgood’s semantics of arbitrary
word2vec representation.

Source data. This work uses a word2vec model of the English language,
trained to predict skipped words based on their surroundings on Google News
dataset of about 100 billion words [19]. The model encodes ~ 3 million English
words w in 300-dimensional vectors . These vectors reflect regularities of
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linguistic practice in algebraic relations of type:

Greece — Athens ~ Russia — Moscow, (la)
—
king — man = queen — woman, (1b)

useful in natural language analysis [1,20]. Neither individual dimensions
of vectors (1), nor principal components of the model as a whole, however,
have understandable meanings, leading to the aforementioned interpretability
problem.

2.1. Evaluation Z axis. The finding of Osgood’s evaluation axis in
300-dimensional word2vec space is suggested by the above identities. Both
sides of (1a), for example, refer to the concept close to country, while sides of
(1b) encode the notion of mightiness. In the same way, pleasantness can be
defined as:

good — bad,

— —

joy — grief, ()
—

well — poo?7

and similar differences. To get a unitary definition, the sides of these pairs are
combined in averaged vectors:

N N

- 1 i - 1 i

Wgood = N Z wéood’ Whaa = N Z wjbada 3)
=1

j=1

where N in the number of individual words in “good” and “bad” prototypes.
Difference between them then defines Osgood’s evaluation axis:

-,

Z = Wgood - Wba(h (4)

averaging out semantic variations among lines of (2) as illustrated in Figure 1(a).
2.2. Potency — Activity XY plane. Osgood’s activity and potency
dimensions could be found by the same opponent-prototype method as used
for the evaluation axis above. The XY plane then would be defined via “active-
passive” and “strong-weak” prototype pairs analogous to (4). Four points,
however, are excessive to define a plane; on the other hand, it is desirable to be
able to use more prototypes to achieve the necessary precision of the resulting
dimensions X and Y. The rest of this section describes a method for this.
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Fig. 1. Finding Osgood’s semantic dimensions in the word2vec space:

a) evaluation axis Z is defined as a difference between 300-dimensional “good” and
“bad” prototypes (4); individual word vectors * and central prototypes (3) are shown in
black and gray, respectively, b) finding the XY plane via six process-semantic
prototypes, introduced in [21]

2.2.1. General idea. Suppose we have k& word2vec prototypes of
type (3):

- 1 .
Wi=-—> u, i=1..k 5)

N
N; 4

Jj=1

that should have coordinates (21,y1) . .. (2, yx) in the XY plane to be found.

If these prototypes are indeed coplanar, their vectors IW; must be representable
as linear superpositions of its basis vectors X and Y. In the matrix form,
illustrated in Figure 2, this is expressed by decomposition:

W = AxQ,, 6)

where two rows of 2, are the basis vectors X and 37' k rows of W are
word2vec prototypes W, and k rows of A are the expected coordinates (z;, y;)
of these prototypes in the XY plane.

If the coordinate matrix A is invertible, €2, is obtained by multiplying
the sides of (6) by A~ from the left, so that:

Quy = A W. 7

Being rows of this matrix, the sought dimensions X and Y are then obtained as
linear combinations of the prototype vectors W; in 300-dimensional word2vec
space.
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Fig. 2. Finding the potency-activity XY plane from several prototypes. The
corresponding word2vec vectors W; are represented by linear superposition of the
basis vectors X and Y with coordinates {zi,yi}. Precise equality (6) is reached if the
prototypes are coplanar. Basis vectors forming matrix €2, are found by multiplying
both sides by inverted coordinate matrix AL

2.2.2. Specification of the prototypes. To find the XY plane, this
study used the set of k = 6 prototypes close to that developed in [21]. These
prototypes are perception, analysis (of novelty), planning, action, progress, and
evaluation (of the result), forming a circular template for process representation
in natural thinking (ibid)':

1. Perception prototype describes observations, leading to the discovery
of novelty. In the process of writing a paper this could include, for example, the
accumulating new knowledge or demands for clarification of previous results.
Realization of the fact that a new paper is needed turns the process to the next
stage.

2. Analysis prototype accounts for the understanding of a newly
identified factor. In the paper example, this is the thinking process revealing
what exactly needs to be explained, and which problem will be resolved. The
formalization of these requirements turns the process to the next stage.

3. Planning prototype describes a prospective vision of how the novelty
will be handled. In the same example, this includes conceptualization of the
paper and specification of its structure, approximate content of the sections,
and selection of an appropriate journal for submission. The finalization of this
project moves the process to the next stage.

4. Action prototype describes an implementation of the project. This
is the process of making a paper with all accompanying activities: writing
the text, producing the figures, selecting the references, and formatting the

I'These prototypes are subsequent stages of a generalized cyclical process, most obviously
derived from day-night and seasonal cycles. This progression is found in any process from taking
a shower to running a space mission, with particular granularity chosen according to the desired
precision. Listed prototypes are obtained from doubling the resolution of a basic three-stage
sequence analysis - action - evaluation, identical to the baseline cybernetic sense (evaluation) -
think (analysis) - act (action) control loop [22].
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manuscript according to the journal’s requirements. Submission of the paper
finalizes this stage of the process.

5. Progress stage situates the obtained prototype in real circumstances
based on the received feedback. The paper-making process includes answering
to reviewer’s questions, correcting the contents, and resubmission to another
journal if necessary. The stage is finalized by the journal’s decision.

6. Evaluation prototype accounts for subjective estimation of the
result. In the case of a positive decision, it describes how well the paper
achieved the initial goals, and estimates intended and unintended consequences.
Alternatively, implications of a negative result, e.g. abandoning the project
based on the received feedback, are summarized and recorded.

Individual words forming the prototypes were selected to represent
their function in the abstract cyclical process. For example, various aspects and
types of perception are accounted by observation, cognition, feedback, feeling,
reflection, intuition, and the like; analysis, similarly, is strongly associated
with novelty as its object, attention, thinking, reasoning, questioning, forming
hypotheses and theories. As compared e.g. to arm or table, such concepts with
definite process functions, stable across the majority of contexts, are small in
number. Manually formed lists of such process-functional English terms for
each prototype are given in Table 1.

2.2.3. Coordinate matrix. According to the cyclical topology of the
process template, it can be visualized as a circular trajectory in the XY plane.
Uniform discretization of this trajectory to six process stages is then expected
to form a regular hexagon as shown in Figure 1(b). With the radius of the circle
set to unity, corresponding coordinates of the prototype centers become:

r; = —sin @;,

8
y; = —cos Dy, O, =60°* (i —1), ©

where the process phase ¢ starts from the perception prototype with &1 = 0°
and increases in steps of 60°. (Pseudo)inverse of the resulting coordinate
matrix A (6), remarkably, is proportional to its transposition:

Ll 10 V3 VB 0 V3 V3
1 _ AT _ =
AT=3AT =561 0 1 2 1 ] ®)

with coefficient 1/3%. Substituting (9) in (7) produces the requested XandY
vectors in 300-dimensional word2vec space.

2Obtained as 2/ k. In this form, the analytical part of (9) holds for any number of prototypes,
dividing the process circle into k£ equal sectors analogous to Figure 1(b).
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Table 1. Individual terms, forming two Z-axis (3) and six XY-plane prototypes (5)
shown in Figure 1

Prototype Individual terms

Good good light well fine yes

Bad bad dark poor vice no

Perception  perception observation cognition feedback feeling reflection
intuition insight introspection monitoring sensing data
forecast prediction expectation contemplation anticipation

Analysis analytics novelty hypothesis theory problem reason mystery
question attention factor issue query puzzle challenge think

Planning plan aim goal model concept intent purpose project principle
plot motive strategy design map vision solve

Action action act work duty develop implement manage deal compete
cooperate execute accomplish produce construct engage fulfill

Progress progress regress advance growth attainment agreement

negotiation gain bargain increase decrease output yield
completion profit return

Evaluation evaluation estimation result end summation summary
victory defeat conclusion final outcome aftermath expiration
termination record score

2.2.4. Complex-valued form. The latter procedure can be made

intuitive by rendering it in complex-valued form, with Y and X becoming real
and imaginary axes of the complex plane. Values (8) then become real and
imaginary parts of a single complex-valued coordinate ¢; = — exp ig;, so that
(9) transforms to a single complex-valued row:

1

A==

3 [ei®r el®2 L elPe] (10)

For arbitrary k, the product (7) then takes form:

G-

ESl )

k
> Wiels, an
=1

with ¥ and X being real and imaginary parts of this vector. Up to the
normalization factor 2/k, (11) is then recognized as a complex-valued
generalization of (4), combining relevant prototypes weighted by their
theoretically-expected positions in the corresponding subspace.
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Fig. 3. a) components of Osgood’s potency X, activity Y, and evaluation Z
dimensions in 300-dimensional word2vec space, obtained from (4) and (11), b)
projection (12) of six process-semantic prototypes (5) to the (uncorrected) XY plane. In
the same color encoding, this layout closely aligns with the theoretical scheme in
Figure 1(b). The difference is corrected by stretching the plane along the 150° - 330°
direction as described in Section 3.1

2.3. Extraction of Osgood’s semantics of arbitrary words. Any word
of natural language is located in the XYZ space by projecting the corresponding
word2vec representation w to its basis vectors:

T WX
S=\|y|l=|d-Y]|, (12)
z -7

where - denotes scalar product. This mapping of 300-dimensional vector
to 3-dimensional vector 5 finalizes the algorithm. The obtained components
z, —x, and y are Osgood’s semantic factors evaluation, potency, and activity,
extracted from the word2vec data.

3. Experiment. The XYZ axes are obtained according to Sects. 2.1
and 2.2 are explicitly shown in Figure 3. Each axis appears to be a broad
superposition of word2vec dimensions, indicating a non-trivial relation between
word2vec model and Osgood’s semantics.

To verify the above theory, it is necessary to check (i) if the prototypes
(5) are actually located in the obtained XY plane according to the theoretical
expectation shown in Figure 1(b), and (ii) if the Z prototypes (3), Figure 1(a),
fall on different sides of this plane above and below the origin.

The first check is done by applying the first two lines of (12) to the
prototypes (5). The obtained vectors §my, shown in Figure 3(b), align with
Figure 1(b) up to the following differences:
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— prototypes perception (cyan) and planning (purple) deviate from
their expected phases 0° and 120° towards the analysis prototype (blue) by
5.3° and 5.5°, respectively;

— prototypes action (red) and evaluation (green) deviate from their
expected phases 180° and 300° towards the progress prototype (yellow) by
5.2° and 5.5°, respectively;

— analysis and progress prototypes have the largest vector lengths 0.25
and 0.23, compared to the other four being 0.21 on average.

3.1. Adjusting the X and Y axes. These differences might result from
the asymmetry of the chosen prototypes, or of the word2vec model itself,
possibly reflecting the process-semantic anisotropy of natural language. In
any case, all of them are eliminated by squeezing the XY plane along the
analysis-progress 60° - 240° direction by ~ 1.2, or by stretching it along
the orthogonal 150° - 330° direction by the same factor. The procedure also
decreases the scalar product between the X and Y axes nearly twice, making
them more orthogonal. Three pairwise scalar products become:

X.Y =0036 Y- -Z=0009 Z-X=0.006,

showing nearly perfect orthogonality as expected for independent semantic
dimensions. This correction is included in the following calculations.
3.2. Full map and features. The full semantic map of the prototypes

W; and their individual words wj is obtained by projection (12) of the

corresponding vectors to the adjusted XY plane:

Si=w;-Q, §=wlqQ (13)
Figure 4 shows the resulting XY components of these vectors in the same color
coding as in Figure 1(b). Unlike Figure 3(b), the prototypes are now centered
at their theoretic angles (8) with a standard deviation of 0.6°. Individual terms
of each prototype (Table 1) scatter around their means with standard angular
deviations:

1 2
Adi= |y 2 (0] - i) (14)

amounting to 17° on average. The standard distance of individual words
from each prototype center is indicated by semi-transparent circles of the
corresponding radii and color.
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Fig. 4. Prototypes and their individual words (Table 1), projected to the
potency-activity XY plane (11) via (12). Gray and black: “good” and “bad” prototypes
(3). Process-stage prototypes (5): cyan - perception, blue - analysis, magenta - planning,

red - action, yellow - progress, and green - evaluation, located in agreement with
theoretical expectations shown in Figure 1(b). Semi-transparent circles indicate the
scattering of individual terms in each prototype

With lengths in the XY plane 0.33 £ 0.025 and Z coordinates
0.024 £ 0.012, six XY prototypes are nearly coplanar as expected in theory,
approximating the regular hexagon shown in Figure 1(b).
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Fig. 5. Transformation of similarities among six XY prototypes (5) due to projection
(12) from 300-dimensional word2vec space (a) to the semantic XYZ space (b). Top:
pairwise scalar products of the prototype vectors. Bottom: the same as an averaged
function of a stage-number difference § = i — j. All similarities among the original
vectors (a) are positive, while in the process-semantic projection (b) similarities follow
the harmonic function of the angular difference, as expected for circular layout (gray
line)

“Good” and “bad” evaluation prototypes (3) are shown in gray and
black. As expected, they are projected close to the origin of the XY plane
with a displacement of ~ 0.1 in the perception - analysis direction ¢ ~ 30°.
Z coordinates of these prototypes are 0.29 and —0.31, respectively. Both
verification conditions, indicated at the beginning of this section, are thereby
fulfilled.

Transformation of similarity Mapping of the XY prototypes from
300-dimensional word2vec representation W, to the process plane (13) is
illustrated by the transformation of their mutual similarity. According to their
circular arrangement in the process plane, pairwise scalar products of three-
dimensional prototype projections Sy follow the harmonic pattern shown in
Figure 5(b). Initial prototype vectors W), in 300-dimensional word2vec space,
in contrast, all have positive scalar products shown in panel (a).

4. Testing. This section verifies the statistical significance of the
obtained map and quantifies the ability of the method to predict semantic
scores of individual words.

4.1. Randomization test. To verify the significance of the obtained
map, the above procedure was performed for the same number of prototypes,
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but composed of individual words sampled from Table 1 in a random way. The
prototypes were ascribed with the same theoretical phases (8) and used to find
the XY plane as before (11). The resulting map does not show the regularity
demonstrated above. In contrast to Figure 4, prototypes are located at random
phase angles and distances from the origin, while the scattering of individual
terms (14) within prototypes is much larger than in the original map.

Finding a plane in which random word2vec vectors would take the
prescribed angular positions ®;, therefore, does not seem to be possible. The
regular structure appears only for semantically-coherent prototypes, composed
in agreement with objective regularities of the word2vec data. The map shown
in Figure 4 thereby reflects a non-trivial feature of natural language, rather
than a mathematical artifact brought in by the construction method.

4.2. Mapping of novel words. In this test, 15 terms populating each
context class according to Table 1 were divided into n “seed” and 15 — n
“probe” items. The process-semantic plane (3) was then identified based on 67
seed terms, while the remaining 6(15 — n) probe terms were mapped to this
plane by the procedure described above.

With n seed terms per semantic class randomly selected from Table 1,
this procedure was repeated m = 200 times. For n = 10, the resulting
scattering of 6m (15 — n) = 6000 probe terms is shown in Figure 6(a). The
mean of standard angular deviations (14) amounting to 35° indicates the ability
of the method to correctly map novel words to the process-semantic plane,
extracting the necessary information from the word2vec model.

Figure 6(b) shows the dependence of standard angular deviation (14)
and mean length of the prototype vectors (S;) (13) on the seed size n. With
increasing n, semantic features of individual words average out more efficiently,
suppressing angular noise A¢ and increasing process-semantic coherence of
the prototypes (.5;). Angular discrimination threshold of A¢ =~ 30° is reached
near n = 10 when the mean scattering radius (R) drops below one-half on the
mean length (S;). The map in panel (a) is close to this borderline regime.

5. Discussion.

5.1. Natural semiotics in ML. The theoretical structure of the
prototypes used in Section 2 is not constructed specifically for the purpose of
this paper, but was previously identified from a cognitive-semiotic perspective.
In particular, the process-stage prototypes, shown in Figure 1(b), form an
abstract template for causal-predictive simulation of behavior, structurally
isomorphic to periodic processes in Nature like year- and day-night cycles [21].
Along with the evaluation dimension, the resulting spherical space is considered
as a core semiotic system of living Nature, underlying natural sense-making
from single-cell organisms to humans (ibid.).
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Fig. 6. Prediction of the process-semantics phase of individual words. Lists of
individual terms for six XY prototypes in Table 1 are split into two parts so that the
“seed” part of the words is used to find the XY plane, while the remaining “probe” part
is used for testing. a: In each class of 15 individual words, 10 randomly selected ones
are used as seed and the rest is used for testing. The result of 200 runs is shown. b: a
mean of the standard angular deviations (14), a mean of the lengths of the prototype

vectors (.S), and a mean of the scattering radii (R) as a function of the number of seed
words

Observing the expected theoretical structure in Figure 4 provides
insight into the general principles of ML and Al. Although aimed at a simple
predictive task (recovery of skipped words based on their surroundings),
efficiency required word2vec to accurately reflect the spatial structure of
this highly abstract semiotic alphabet. Machine-learning image of natural
language thus extends to the level of universally interpretable affective meaning,
achieving deeper correspondence with cognitive semantics than was previously
known [23]. Central features of the interpretable semantic map, recognized as
a key element of next-generation biologically-inspired Al [18], thus appear to
be already in place.

The established isomorphism can also be harnessed in novel
architectures of Al and ML. If an efficient model is bound to reflect fundamental
regularities of Nature, knowing the latter facilitates the design of the former.
Instead of converging to such regularities in a blind search, they could
be hardwired into the neural architectures from the start, reducing the
dimensionality of the training optimization without loss in quality. The resulting
economy of computational resources opens prospects for better replication
of natural cognition and learning [24-26], as advocated e.g. in the field of
information retrieval [27]. Generalization of the developed approach to other
vector representations [14,28-30] and machine-learning models [15,31] allows
going beyond the simplest case considered in this paper.
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5.2. Affectively interpretable AIL. The obtained mapping contributes
to solving the interpretability problem noted in the Introduction, that is, the
inability to express internal states of the black box-type algorithms in sensible
categories like that of natural language. Evaluation, potency, and activity
dimensions are such categories, unique in their affective nature and cross-
linguistic universality [32-34]. Due to the centrality of affective meaning
in human cognition [35, 36], remarkably overlooked in recent surveys on
explainable Al [37-44], these dimensions are basic for making the internal
workings of such algorithms available for human inspection. Further, this might
be used to align Al and ML algorithms with the principles of commonsense
reason, enabling computing in natural categories of human thought [45,46].

By finding Osgood’s semantics in the baseline machine-learning model,
the reported approach also opens a prospect for developing explainability tests
for other complex algorithms. In the decision-support systems, for example,
it could be used to “look inside” the black box [47] and observe or correct
the affective state it simulates towards a target entity®. The concurrence of
such a state with human ethics and reason could supplement other certification
criteria [53].

5.3. Use for cognitive modeling. In the reverse direction, the
established link between Osgood’s semantics and word2vec data allows using
the latter for cognitive modeling and research. According to Osgood’s original
method [12] and its successors, 50 to 80 percent of judgment data variance,
defined by evaluation, potency, and activity factors, could be extracted directly
from word2vec representation of situations and things. Based on that, judgment
and decision probabilities of interest could be predicted without performing
real-world experiments as envisioned by [54-56].

Besides speed and cost advantages, this approach is also expected to
be higher in precision, since word2vec models (trained on huge corpora of
texts) accumulate much more information, than usually collected in old-style
experiments. Through subtle regularities of natural language, this also includes
implicit knowledge, hardly observable in laboratory conditions.

6. Conclusion. The possibility to retrieve Osgood’s semantics from the
word2vec data shows that the most agnostic models of data science converge
to the basic principles of natural thinking, previously revealed in cognitive
and semiotic studies. After such validation, these principles facilitate finding
of nature-inspired solutions for hard problems in computer science. The
interpretability problem of Al, for example, might be not as hard as seen

3This is not to be mistaken with an affective state of a machine itself, sometimes ascribed
to it within a so-called intentional stance [48] exemplifying cognitive fallacy to ensoul complex
systems [49-52].
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from a brute-force computational paradigm, dominating the field today. If the
reported method could be extended to other ML models, the expainability of
the present black-box AI might be approached by a minor add-on, analogous
to the projection procedure described in this paper.
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N.A. CyPOB
OTKPBITHUE YEPHOI'O AIINKA: N3BJIEYUEHUE
CEMAHTHUYECKUX ®PAKTOPOB OCI'YIA U3 A3BIKOBOW
MO/IEJIA WORD2VEC

Cypos U.A. OTKpbITHE YépHOro suuka: M3Biedenne cemanTuyeckux pakropos Ocryna u3
A3LIKOBON Moaesn word2vec.

Amnnoranusi. CoBpeMeHHbIe MOJEI UCKYCCTBEHHOTO HHTEJIJIEKTa Pa3BHBAIOTCS B IapaiiurMe
YEPHOTO AIIMKA, KOT/a 3HAUMMa TOJIBKO MH(OPMaIMs Ha BXOJIE ¥ BBIXOJIE CUCTEMBI, TOT/a KaK
BHYTpPEHHHME NPEICTABICHHs] HHTEPIPETalMK He UMeloT. Takue Moziesi He 00J1a/laloT KaueCTBaMH
OOBSCHUMOCTH U IIPO3PAYHOCTH, HEOOXOMMMBIME BO MHOrMX 3ajnadax. CTaTbs HampasjieHa
Ha pellieHHe NaHHON MpoOJieMbl MyTEM HaXOXIEHUs ceMaHTHyeckux aktopos Y. Ocryna B
6a30Boif MOAeIN MAIIMHHOTO 00y4eHHHss word2vec, IpeCTaBIAONIEel CI0Ba €CTECTBEHHOIO
A3bika B BUuje 300-MepHbIX HEMHTEPIIPETHPYEMbIX BEKTOPOB. IcKoMble (pakTOphI ONpeesIsSioTCs
Ha OCHOBE BOCBMH CEMaHTUYECKHX MPOTOTHIIOB, COCTABJICHHBIX U3 OTAENBHBIX CJI0B. OCh OLIEHKU
B POCTPaHCTBE Word2vec HaXOAUTCH KaK Pa3HOCTh MEX/LY MOJIOKUTENIbHBIM M OTPHULIATEIbHBIM
npototunaMu. OcH CHJIBI ¥ aKTHBHOCTH HAXOZISTCS HA OCHOBE LIECTU MPOLIECCHO-CEMAaHTUUECKUX
MPOTOTHUIOB (BOCTIPHATHE, aHAIN3, INIAHMPOBAHNUE, IEHICTBHE, IPOTPECC, OLIEHKA), MPEeICTABIIA0-
X (a3l 0600IEHHOrO KPYroBOro Mnpoiecca B JaHHO# miockocti. Hanpasnenus Bcex TpEx
oceil B mpocTpaHcTBe word2vec HaiiJieHbl B IIPOCTOI aHAJIUTHYECKOU (hopMe, He Tpedyoleit
JOTIOJIHUTEJIBHOTO 00yYeHus. Kak n oxugaercs ajisi He3aBUCHMBIX CEMaHTUYECKHX (haKTOpPOB,
TOJIyYeHHbIE HAIPABJICHUs OJU3KY K IIOMApHON OPTOrOHAJbHOCTH. 3HAUCHUSI CEMAHTUUECKUX
(akTopoB a1 moboro o6bekTa word2vec HaxXoATCHA C TOMOIIBIO MPOCTOH TPOEKTUBHOM
orepanyy Ha HalificHHble HAlpaBlIeHUs. B coOTBeTCTBUM ¢ TpeOOBaHHAMH K OOBSCHUMOMY
WU, npencTaBlieHHbII pe3y/IbTaT OTKPHIBAET BO3MOKHOCTB JIJIsl MHTEPIIPETALMU COAEPKUMOTO
JITOPUTMOB THIA ‘““YEPHBIA SAIMK~ B €CTECTBEHHBIX SMOIMOHAIbHO-CMbICIIOBBIX KaTErOpHsiX.
B o6partHy10 CTOHOHY, pa3paOOTaHHbII ITOAXO[ MO3BOJISIET UCHOIB30BATh MOJIEJI MAILIMHHOTO
00y4eHHs B KaUeCTBE UCTOYHMKA JIAHHBIX JUIs1 KOTHUTHBHO-IOBEIEHYECKOTO MOJIC/IMPOBAHHUSI.

Kurouessle ciioBa: addekT, ceMaHTHKa, IPOCTPaHCTBO, OCTyf, CMBICI, sI3bIK, word2vec,
YEPHBII1 AMMK, 00BACHUMOCTb, HHTEPIIPETALINS
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M.H. ®ABOPCKAS, H. HULLIUXAJI
BEPU®UKALIUA PA3JIMBOB HE®TH HA BOJJHBIX
HOBEPXHOCTAX IO ASPOPOTOCHUMKAM HA OCHOBE
METOJ0B I''1YBOKOT'O OBYYEHUA

Dasopckas M H., Huwuxan H. Bepudpukanus paziuBoB He()TH HA BOAHBIX MOBEPXHOCTAX
10 a3po¢0TOCHHMKAM HA OCHOBE METO/I0B ITy0OKOT0 00yYeHus.

AnHoOTanmmsi. B crathe pemraercs 3ajaua BepU(HKALMM pasiMBOB He(TH Ha BOJHBIX
MOBEPXHOCTAX PEK, MOpEil 1 OKEaHOB MO ONTHYECKHM a’3pO(POTOCHUMKAM C HCIIOIb30BaHUEM
METO/I0B IIy0oKoro obydeHus. OCOOCHHOCTBIO JAHHOW 3a/ia4yl SIBISICTCS HAJIMYUE BU3YalIbHO
MOXOXKHX Ha pas3iuBbl HedTH oOJacTell Ha BOJHBIX MOBEPXHOCTSX, BBI3BAHHBIX LBETEHHEM
BOZOPOCIEH, BEIIECTB, HE NPUHOCAIIMX SKOJOTMYECKUH ymepO (Hampumep, HalIbMOBOE
Macio), ONMKOB NPH ChEMKE WM MPHPOAHBIX SBICHHH (TaK HAa3bIBAEMBIC «IBOWHHKW).
MHorue ucclieoBaHus B JaHHOH 001aCTH OCHOBAHBI HAa aHAJIN3€ N300PAKEHMIT, ITOTy4EHHBIX
OT paJapoB C CHHTE3UpPOBaHHOW amepTypoil (Synthetic Aperture Radar (SAR) images),
KOTOpble He O00eCreYnBarOT TOYHOH Kiaccuukamum U cerMeHTauuu. Ilocimemyrormast
BepU(HUKAIMS CIIOCOOCTBYET COKPAILICHHIO DKOJOTHYECKOTO0 W MaTepUalbHOro ymepoba, a
MOHHUTOPHHI pa3MepoB IUIOMIA/ 1 HEPTSHOro MSTHA UCHOIb3YETCs ISl IPHHSTHS JalbHEHIINX
pelIeHuil MO yCTpaHeHUIo mnocyencTBuil. Ilpennmaraercs HOBBIM MOAXOA K BepHpUKaLUU
OINTHYECKUX CHMMKOB KaK 3aJaudl OMHapHOW KJIaCCH(PHKAMH Ha OCHOBE CHaMCKOW CETH,
Koria (parMeHT UCXOHOTO M300paXKEHHUsI MHOTOKPATHO CPaBHUBACTCS C PENPEe3eHTaTUBHBIME
IpUMepaMH U3 Kiacca HeTSIHBIX MATCH Ha BOAHBIX MOBEPXHOCTsX. OCHOBON CHaMCKOIl ceTH
ciyxut obnerdeHHas cetb VGG16. Ilpy mpeBBIIGHNH TTOPOTOBOTO 3HAYEHHUS BBIXOJHOM
(YHKIMY IPUHIMAETCS PEIICHHE O HAMYHHU pasiuBa Hedrr. st oOydeHus cetn Obut cobpan
U pa3MedeH COOCTBEHHBI HAOOpP JaHHBIX U3 OTKPHITHIX HHTEpPHET-pecypcoB. CyIecTBEHHOM
npobIieMoll  sIBISIETCST  HecOaJlaHCHPOBAHHOCTh  BBIOOPDKM —JAHHBIX IO KJIaccaM, 4TO
noTpe0OoBaJl0  NPUMEHEHHs METOJOB  AyrMEHTAllMd, OCHOBAaHHBIX HE TOJBKO Ha
TEOMETPHYECKUX U IIBETOBBIX MAHUITYJSILHSAX, HO M HA OCHOBE I'€HEPATHBHON COCTA3ATEIbHOI
cetn (Generative Adversarial Network, GAN). DKCHepHUMEHTHI IIOKa3aId, YTO TOYHOCTH
KJIacCH(UKAIMK PA3IMBOB HE(YTH W «IBOMHHUKOB» HA TECTOBOM BBIOOPKE JOCTHIaeT 3HAYCHMUIT
0,91 u 0,834 coorBercTBeHHO. [lanmee pemiaercs NOMOJHHUTENbHAS 3a/ada CEMaHTUYECKOI
CerMEHTAIMH HE(TSHOTO ISTHA C IPUMEHEHHEM CBEPTOYHBIX HelpoHHbIX cereil (CHC) Tuma
KOJIMPOBIINK-ICKOAUPOBIIKK. J[JIsl CerMeHTaNN UCCIIEIOBAINCH TPU apXUTEKTYPhI TIIYOOKHX
cereii, a umenHo U-Net, SegNet u Poly-YOLOV3. Jlyumre pe3ynpTaThl mokasana cetb Poly-
YOLOV3, mocturnys touHoct 0,97 mpu cpeaHeM BpeMeHH 00paboTkn cHHUMKa 385 ¢ BeO-
cepsucoM Google Colab. Taxxe Obl1a clipoeKTHpoBaHa 6a3a JaHHBIX IS XPaHSHUS HCXOTHBIX
U BepU(DUIIMPOBAHHBIX U300pAXKEHUH € TPOOIEMHBIMU O0JIACTAMH.

KnrodeBble ciioBa: oOHapykeHHE pa3iMBOB He(TH, BepH(HKALMsA, CErMEHTaLus,
ray6okoe 00y4eHue, adpohOTOCHUMKH, JUCTAHIIMOHHOE 30HAUPOBAHIE 3EMITH.

1. Beenenue. Coipas He()Th M HEPTETPOAYKTH SBISIFOTCA IIHPOKO
PacIpOCTPaHEHHBIMH  3arpsi3HUTESAMH BOABI M IIOYBBl B pe3ylbTaTe
pa3IMBOB HA BOMHBIX ITOBEPXHOCTAX M Ha CyIle, IMHAMHUKA KOTODBIX
pasnuuHa. PasmuBel HedTH Ha BOAHBIX MHOBEPXHOCTSAX  SIBISFOTCS
MOCIEACTBIAME aBapuil Ha TaHKepax, cylax, TpyOOnpoBogax M HeQTIHBIX
wiatgopmax, Koraa ceipas He(Th, OCH3WH, TOIUIMBO WJIM MOOOYHBIE

Informatics and Automation. 2022. Vol. 21 No. 5. ISSN 2713-3192 (print) 937
ISSN 2713-3206 (online) www.ia.spcras.ru



WCKYCCTBEHHbIN UHTENNEKT, UHXEHEPUA JAHHBLIX 1 3HAHWIA

MIPOIYKTHl HedTenepepaboTkn cOpachiBaloTCs B Boay. MexmayHapomHast
CTaTHCTHKA MO O0BEMaM pasiIMBOB HE(PTH CBHIAECTEIHCTBYET O TOM, UYTO
OONBIIMHCTBO Pa3IMBOB He(pTH HeOonbImne (MEHee 7 TOHH), a KPYITHBIE
aBapH{ COCTaBIIOT Malyl JONI0 OT OOmero KOJWYecTBa HEQPTH,
momagammel B okpyxatomyto cpeny [1]. Omnako naxe HeOombIme
aBapuiiHBIE BBHIOPOCHI CHIJIBHO 3arps3HAIOT JIOKaJbHBIE TEPPUTOPUU W HE
WCKJIIOYEHBI MYTH, TI0 KOTOPHIM HE(Th MOXKET IOINAacTh OOPATHO K JIFOMISIM
Yyepe3 HaKOIUIEHHWs B PbIOE MM MOTpeOSieHHe 3arps3HEHHBIX IT0JI3EMHBIX
BOJI.

IMockonbky B HacTosiiiee BpeMsi pa3Benxa HedTu Bepercs B Oosee
riy0OKMX BOAaX M Ha Oojiee yAaJeHHBIX TEPPUTOPHAX, KyJda CIIOKHO
monacTte Ajd CBOGBpeMeHHOﬁ OYHUCTKH BOIAHBIX HOBerHOCTeﬁ, PUCK
Oyaymmux aBapwii CTAHOBHUTCS HaMHOTO BhIIe. CIeIyeT OTMETUTh, YTO H3-
3a CIy9allHOTO XapakTepa pasiIMBOB HE(TH WX IIOJHOE IPEIOTBPAICHHE
HEBO3MOXHO. ATMOC(EpHBIE M BOJHBIC YCJIOBUS (TeMmIepaTypa, BeTep,
TEYEeHHE, COJICHOCTh) MOTYT 3HAYMTEIHFHO YBEIHUYUTH MEPCHOC HEPTH H
CKOpPOCTh BEIBeTpHBaHHA. CIEOBAaTEIbHO, IOBSACHUE H JKOJIOTHICCKHE
MOCTCACTBUSL pa3IvBOB B MOpE WM OKeaHe HempelcKasyeMbl |
HEOIpeJIeJICHHBI [2], 4TO MPUBOAMUT K HEOOXOAMMOCTH IMOCTPOCHUSI MOJIEIIN
npenckasaHmsi  MOBeneHWs — HepTsHoro msAtHa  [3]. Bosmyrumble,
TOBEPXHOCTHBIC U MOAINOBEPXHOCTHBIC XUMHUYCCKHUE U3MEPCHU TTOKa3ajiu,
910 OKOJI0 5% Maccel BBIOpAachIBa€MBIX YTJICBOJOPOJOB HCHapsieTcs B
atmMocdepy, 10% cocraBiaseT TIOBEpXHOCTHOE TIISITHO, a OCTaTOK
pacTBOpSETCS WIH PacCEHBAeTCs B TONIIE BOABL IIpWdeM OKOJIO OJHOU
TPETH  YIJICBOJIOPOJOB  HEMOCPEACTBEHHO HAXOAUTCS B  TIIYOOKHX
MOJIBO/IHBIX TEUCHUSIX MITH HAKATIJIMBACTCS B OTIOKEHHSX [4].

[Mpouecc ycTpaHeHUs! MOCIEACTBUI aBapUM MOXKET JUIMTBCS JIONTO,
MO3TOMY HEOOXOJMM MOHHTOPHHI PACHPOCTPAHEHHs Pa3IUBOB HEPTH IS
OLICHKH BIJIMSTHHSI Ha SKOJIOTMYECKYIO 0€301acHOCTh OKPY)KAIOIIEH Cpesbl.
OOWEenpuHATEIM =~ TOAXOIOM  SIBIACTCS HCIOJNB30BaHHE KOCMHYECKHX
CHIMKOB WMJIM CHUMKOB, ITOJTy4€HHBIX OT KaMep OSCIHMIOTHBIX JICTaTeIbHBIX
anmapaToB WM CPEACTB Maloil aBWamuy, I OOHApyXeHUs H
MOHUTOPHHIA aBapUHHOM CUTyallUH.

B nmanHOM wccrnenoBaHWM pEMIAIOTCS JBE CBS3aHHBIC 3aJa4d —
BepuduKamus paznMBOB He()TH HA BOJHBIX TOBEPXHOCTIX M WX
CerMeHTalus ¢ IeJIbI0 MOHUTOPHHIA MOCIEACTBUN aBapuu. PesynbraThl
3aMKCBhIBAIOTCS B 0a3y JaHHBIX, YTO IMO3BOJISIET IOJY4YaTh CTATHCTHYECKHE
JIaHHBIE, CTPOMTH TrpadUKH B YKa3aHHBIH I10JIb30BaTENIeM BPEMEHHOW
WHTEPBAJI.

2. 00630p cymecTBYIOIMX MeT0A0B. OCHOBHBIMH HCXOJHBIMH
JAHHBIMM ~ JJs1  OOHAapyXXEHWsl W MOHUTOPUHra pas3iMBOB  HePTH
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Ha BOJHBIX MOBEPXHOCTSIX SBIISTFOTCSI panapHble "
TUMEPCTICKTPaabHble / MyJIbTHCIEKTPAIbHbIE KOCMHYECKHE CHUMKH. 1Ipn
3TOM aHAIN3y PaJapHBIX CHUMKOB IOCBSIICHO OOJBIIMHCTBO PabOT M3-3a
OCHOBHOTO MpeNMyIIecTBa — mnoiaydeHHne SAR CHHMKOB HE IOJBEP)KEHO
MeTeoponoruueckuM  ¢axkropam. OmHAKO pafapHble CHUMKH —HMEIOT
CYIIECTBEHHBIE HENOCTAaTKM B BHUJIE CICKJI-IIYyMOB W OTPaHWYCHHH B
OoOHAapy)KEHHH OTHOCHUTENIbHO TOHKMX HE(TIHbIX IUIeHOK. Takxke 1O
panapHbBIM CHUMKaM HEBO3MOKHO OTIIMYHMTH OMOTEHHBIE MSTHA (Hanmpumep,
LBETEHHE BOJOPOCIEH WIM JpYroil pacTUTEIbHOCTH) W IPUPOIHBIC
SIBJICHUS], BBI3BAHHBIE BETPOM, TEUYECHHSIMH, BOJOBOPOTAMH, IOXKISIMU H
KWIbBAaTEPHBIMU  clieiaMu  KopaOuneil  (Ha3plBaeMbIX B JIUTEpaType
«IBOWHHMKaMH»), OT pa3nuBoB Hedru [5,6]. VYiydmieHHsie OuEHKH
pacIio3HaBaHUS MOKA3bIBAIOT METOIbI, 00padaThIBaOIINE MOISPU30BAHHEIC
SAR wu3o0paxenus [7, 8]. OTMeTHM, 4TO OOBEKTUBHO KaK TPaIUIAOHHBIC
METOJABl MAIIMHHOTO OOYYeHHs, TaKk M METOIbl TIyOOKOro OOy4eHWUs,
IpUMEHsieMble JIs1 OOpabOOTKH pagapHBIX CHHUMKOB, XapaKTepH3YIOTCS
XYALIMMH OKa3aTEISIMA OTHOCUTENIBHO JPYTHX BUIOB CHUMKOB.

Ecnu runepcrnekTpanbHas BU3yalu3anus akKKyMYJIHPYeT HU3IydeHHe
BCEH CHEKTPaJbHOM MOJOCH IS KAXKIOTO MHKCeNna H300pa)keHHs, TO
MYJIbTUCIIEKTPAJIbHAS BH3YaJIU3alUsl XapakTepusyercs Kod(hHuuneHTaMu
OTPaXXCHUSIMUA OTPAHHMYEHHOI'O YHUCJA JUIMH BOJH, CBS3aHHBIX C BHIMMOW,
nHppakpacHOW ©  yIbTPaHONETOBON 4YaCTAMHU THIEPCIEKTPAIBHBIX
n3obpaxkeHnid. VX XapakTepUCTHKH MOXKHO HCIOJb30BaTh Kak JUist
0OHapyKEHUs Pa3NUBOB HE()TU W AJIS BBIIBICHUS «IBOWHUKOBY» (3((PEKTHI
(uryopecueHIN, pacTUTENBLHOCTE M 1p.). [lepCHeKTUBHBIM MOAXOIOM
SIBISIETCSI ~ COBMECTHOE UCIIOJIb30BaHHE B QITOpUTMax  Kak
THIEPCHEKTPANIbHBIX, TaK W pPajapHbIX KOCMHYECKHX CHUMKOB [9].
Onrtuyeckre CHUMKH —TIPEJOCTABISIIOT  JIydIIME BO3MOXHOCTH  JUIS
KiIaccupUKaMM ¥ CerMEHTAalluH, OJHAKO CYMIECTBYIOT THIIMYHBIC
OTpaHWYECHUS] B  HMX  IOIYYEHHHM  CPEICTBAMH  JAUCTAHIIMOHHOTO
sonaupoBanus 3emiun (J133) (orcyTcTBHE 00JaYHOCTH, JHEBHOE BpEMs
cyrok). IlosToMy omnTHYeckne CHHMKH, B OCHOBHOM, IIOIY4alOT C
HCTIONB30BaHUEM CPEICTB MaJiod aBHAalH{, oOOecleunBas YCTOWYMBBIN
MOHHTOPHUHT i OTHOCHTENIBHO HU3KYIO CTOMMOCTH nX momy4denust [10].

OBOJIOIUIO  METOJOB  OIEHKA  pasiuBOB  HEPTH  MOXKHO
chopMmynrpoBaTh  ciedylomuMm  obpasoMm.  Kiaccuueckme — MeToJbl
MaIIMHHOTO OOYyYEHUs, TaKue Kak JIMHEHHbIH NUCKPUMHWHAHTHBIA aHanun3,
MHOKECTBEHHAs JIMHEWHAsT perpeccHs, KiacTepusanus K-cpeaHux, MeTosl
JIOTHCTUYECKOI perpeccuil, epeBbs pelieHui U T.1., npumensucs B 2000—
2005 rr. B mocimemyromme  TOABl  CTalld  MCIIOJIB30BAThCSA
YCOBEPILIEHCTBOBAHHbBIC MOJIEIH kiaccudukanuu (HeueTkast
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KJIacTepH3aLusl, METa3BPUCTHUECKAsT ONTHMHU3AIMA W MOJEIM Ha OCHOBE
HCKYCCTBEHHBIE HEMPOHHBIX CeTel). BrICTpoe pacmpocTpaHeHHe TIyOOKHuX
HEHpOHHBIX ceTed, HauuHass ¢ 2012 T., TO3BOJWIO OOBESTUHUTH METOJIBI
CEeMaHTHYeCKOH M 00BeKTHON cerMeHTanmuu SAR H300pakeHUil C IIeNbIo
Gomee TOUYHOW KiaccupuKarmu pasnuBoB HedpTH. B pabore [7]
MHOTOYPOBHEBBIf ~ aBTOKOJMPOBIIMK W CETh NIIyOOKOTO  JTOBEpHsA
ONTHMU3UPOBAIH HAOOPHI IPU3HAKOB MOJSIPU30BaHHBIX SAR n300pakeHnit
3a CYeT IMOCIOHHOr0 HEKOHTPOJMPYEMOTO IPEABAPUTENHLHOTO OOYYEHHUS.
I'nyOokast cBepTouHash HEHpOHHas CeTh C AapXUTEKTYpOH, MNOI0OHON
cemeiictey VGG-cereit, npeanoxena B padote [6]. [Ipu 3tom 3HAaYCHUS
BepHoctu (accuracy), monHots (recall) u rounoctu (precision) cocraBunu
94,01%, 83,51%, u 85,7% mis cermeHTanuu pa3nuBoB HeptH Ha SAR
m3oOpaxkenmax. Cerb TmiyOokoro oOy4deHHs mIsi OOHApyXeHHS U
KaTeropu3amuy pa3nmuBoB HepTr Ha SAR U300paXeHHAX B KPYITHOM
Mmacmitabe Ha ocHoBe apxurektypbl U-Net mnpemnoxena B pabore [8].
HenmaBuno mpemnoxkennass wmoxaens BO-DRNet [11] ocHoBana Ha
0aifecOBCKOH ONTHUMH3ANNN THIIEPIIApaMETPOB U apXuTeKkTypax ResNet-18
n DeepLabv3+. Tem He MeHee, HCCIEOBAaTENM HE OTPAHHIMBAIOTCS
NpUMEHEHHEM METOZI0B riiybokoro oOydenus. Tak, B pabore [12]
UCIIONIb30BaHa KOMOMHAIMS MHOTOLEJICBOM ONTUMH3ALUKM  AJITOPUTMA
CephIX BOJIKOB U K-CpeIHHUX IUIs TIOMCKA HAMJIYYIIETO MOPOTOBOTO YPOBHS
Juist cermMeHTau SAR n300pakeHui.

MeTo/10B, OTHOCSIIHUXCS K OOpabOTKE OMTHYECKUX CHUMKOB IS
pellleHus TaHHOW 3ajadd, HaMHOTO MeHbIne. B pabore [13] paspabotan
MHTEJIJIEKTYaIbHBIN allrOpUTM OOHapyKEHUsI IPU3HAKOB pa3ynBa HEYTH HA
MOBEPXHOCTH MOpsI B BUJIE ABYHANpPABICHHON ceMaHTH4YecKol ceti Ghost-
DABIiSeNetV2 co crnosmu «mpuspayHoit» ceepTkd [14], Ha BX0oI KOTOpPO#
MOJIAIOTCST JTHEBHBIE CHUMKH BHJMMOIO JMalla3oHa W HOYHBIE CHUMKH
nHdpaxpacHoro auanazona. CrekTpajabHbIe CBOHCTBA Pa3IMBOB HEPTH IPU
HaJMYHM COJIHEYHBIX OJMKOB H3ydaluch B pabore [15]. PesymbraThi
WCCIIETOBAaHUN ONTHYECKUX CBOWCTB (OTpaXkaTebHON CIIOCOOHOCTH H
TIOTJIONIEHUS) dMYJIbCH HEPTH B BOJAE W BOJBI B HE()TH C Pa3sTUIHBIMHU
KOHLICHTPAIlMSIMH  TIOA  BO3/CHCTBHEM  BBIBETPHUBAHUS C  LEJBIO
HHTEPIPETALUH a3p0(OTOCHUMKOB MPEICTaBIeHbI B paborax [16, 17].

OTMeTHM, YTO B TOCIEAHHE TOAbI OOHApyKEHHE M MOHUTOPHHT
pa3nuMBoB He(PTH B AapKTHYECKHX M OKOJO apKTHYECKHX IINpOTax
NpHBJIEKACT MPUCTAbHOEC BHUMaHKE Huccienopateneit [18, 19].

3. IlocranoBka 3amaum. 13 0030pa CyIIECTBYIOIIMX METOHOB
CJIeJlyeT, 4TO JJIsi IOCTOBEPHOTrO paclio3HaBaHWs pa3inuBoB Hedtu SAR-
CHUMKOB He JocTato4Ho. OOpaboTKy TakMX CHHUMKOB  MOXKHO
paccmarpuBaTh Kak IEPBBIM STall pelIeHHs 3aJaddl paclio3HaBaHUS, BO
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BpeMsI KOTOPOTO JIOKAIN3YIOTCSl BCE PETHOHBI, IIOX0XKUE Ha Pa3IMB HEPTU U
HedTenponykToB. Tem caMblM MHHHMH3HpYeTCS OIIMOKa «IPOIyCKa
nenw». Ha BTopoMm 3Tame pacro3HaBaHHs TpeOyeTcs HMOATBEPIHUTb, YTO
PEruoHbI, MOXOXKHE HA Pa3yiuB HEPTH M HeTEHPOIYKTOB, NEHCTBUTEIHHO
ABISAIOTCSA TAKOBBIMHM, HWHBIMH CJIOBaMM, MHHHMH3UPYETCS OLIMOKa
IOKHOW TpeBOTM». JIOMONHHUTENFHO M YTOYHEHHS I'€OMETPUYSCKUX
XapaKTepUCTUK  PETHOHOB  MHTEpeca  BBINOJHACTCS  CEMaHTHYeCKas
CerMeHTalus, BO BpeMsi KOTOPOTO BBIYHCISIIOTCS INI0OabHbIE MPU3HAKH U
BCE MOJIyYEHHbIC JaHHbIC 3alUCHIBAIOTCS B 0a3y AaHHBIX MOHHMTOPHHTA
npobnemMHo#t Tepputopun. Takum oO0pa3oM, BepUHKAIMS PETHOHOB
n300pakeHHs1, TIOXOXKHUX Ha pa3iuB He(TH (BTOPOH 3Tall), IBISETCS BXKHOU
3aja4yeli, peleHue KOTOpOil HEeO0OXOJMMO JUIsl HPUHATHS TNPAaBUIBHOTO
pELICHHS SKOJIOTHYECKOI0 XapaKTepa.

ChopmynupyeM TpobiieMy pacrlio3HaBaHHs Kak 3anady OWHapHON
KJIacCH(HKALIMU, KOTOpas IOApa3yMeBaeT, 4YTO0 MMeeTcs KjlacC He(TSIHBIX
ITEH M KIAacC <«JIBOMHHMKOB», KyZJa IIONAJal0T Kak OpraHH4YecKHe
cyOcraHIuu, Tak W apredakThl CheMKH. buHapHas KiaccupuKamms
ABJIAETCS. pOCTeimM ciydaeM kinaccupukanuu. Ilycts X — MHOXeCTBO
BCEX BO3MOXKHBIX OOBEKTOB B NPOCTPAHCTBE OOBEKTOB, B JaHHOM CIllydae
HE(TSHBIX MATCH M «IBOHHUKOBY» Pa3IM4HOro mpoucxoxaeHus. [Iycts L —
MIPOCTPAHCTBO METOK, @ Y — MPOCTPAHCTBO BBIXOOB. J[s penienus 3axaun
TpeOyeTcsi TNOCTPOUTH MOJENb, KOTOpas OTOOpakaeT IPOCTPAHCTBO
00BEKTOB B MPOCTPAHCTBO BBIXOMOB. [IpH Kilaccupukanuy npocTpaHCTBOM
BBIXOJIOB SIBJISICTCSI MHOXECTBO KJIACCOB, B JAHHOM ClIy4ae COCTOsILEe W3
IBYX 2JeMeHTOB. J{is oOydeHus MoAenn HeoOXoauM oOydaromuii Habop
noMe4yeHHbIX 00beKToB (X, 1(X)), HaspiBaeMbIx mpumepamu, rae I X — L —
nomeyvaromas GyHkuus. IIpy 3TOM NPOCTPAaHCTBO METOK COBHAJaeT ¢
npocTpaHcTBOM BbixogoB L =Y. Mozens moasepieHa IIyMy, KOTOpPbIH
MOXET OBITh METOYHBIM (HAOJMIOJCHHE HCKaXeHHOH Metku ') wnm
0o0beKkTHBIM  (HaOnIoeHWe  WCKaXeHHoro  obbekra  X').  [ns
IpeNoTBpalieHHs epeoOydeHnsT Ha IIyMe CO3IaeTcsi TeCTOBBIH Habop M3
MOMEYeHHBIX  JaHHbIX. Otobpaxenne C(X):X —[0,1] HasbiBaeTcs
OunapHeiM  KinaccudukatopoMm, rae C(X) — OLEHKA HMCTHHOH, HO
HeusBecTHOM (yHKIMK C(X). OOyuaroume npuMepsl uMeroT Bua (X, C(X)),
rae X € X — 00bekr, a C(X) — MCTHHHBIA Kiacc 3Toro o0bekra. Ilon
o0yuenreM KiaccudukaTopa MoHuMmaercs mnocrpoenue ¢yukuuu C(X) |
KOTOpast KaK MOJKHO JIy9Ille aniIpoKCUMHUPYET HCTUHHYIO (yHKumo C(X) He
TOJBKO Ha oOydaromeM Ha0ope IaHHBIX, HO M Ha BCEM MPOCTPAHCTBE
00bexToB X.
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CemaHTHYECKass CETMEHTalUs BEePUPHUIIUPOBAHHBIX  OOBEKTOB
MO3BOJISIET MONYYUTH TOYHBIH BBIBOJ, HAa OCHOBE IUIOTHBIX HPOTHO30B,
WHBIMH CJIOBAaMH, JUIS Ka)KJOTO TMKCENa OIpEeAessieTcsl MeTKa Kiacca.
ITockonbKy B TaHHOM CiTydae MMEIOTCS TOJNBKO J[Ba Kilacca, TO Ha BBIXOZE
CeTH THMA KOJUPOBIINK-AEKOAUPOBIINK OyAET MOCTpoeHa OMHAPHAsI MacKa,
[0 KOTOPOHW JIETKO BBIYUCINTh T'€OMETPHUYCCKHE MPU3HAKH OOBEKTa
HHTepeca.

4. Bepudpuxauuss ¢pparMeHTOB H300pa:keHHH pa3nuBoB HedTH
ONTHYECKHM CHUMKaM. B ycloBusix OBICTpOro pa3BUTHSI Mojesiedl u
METOJIOB IITyOOKOro 00YYCHHUs TEXHOJIOTHH aHAJIN3a ONTUYCCKUX CHUMKOB,
BKJIFO4ast CHUMKHU J[33, MO3BOJISIOT MOIy4aTh Pe3yibTaThl, MHOT (A JIy4llIne,
4YeM OKCIEepTHbIE OLEHKH. MOXHO OIpeaeNuTh UEeThIpe KaTeropuu
IIPU3HAKOB Pa3MBOB HE()TH Ha BOJHBIX IIOBEPXHOCTSIX:

—  TEOMeTpHYEeCKHEe TPH3HAKW, XapakTepusymoomme (Gopmy
HEPTSIHBIX IATEH (IUIOMAgh U IEPUMETP TIATEH);

—  ¢muyecKrue NPU3HAKH, ONpEICIIone o0paTHOE paccesHHe
BOJH B (DM3MUYECKOM IIPOCTPAHCTBE (CpelHEe 3HAUYEHHE W CTaHIAAapTHOE
OTKJIOHEHHUE K03()(UIIMEHTa KOHTPACTHOCTH ISITCH);

—  TONOJIOTHYECKHE TPHU3HAKM B OMMKaWIIeM OKpY>KCHUH
(KOJNMYECTBO TEMHBIX ISTEH BOJIM3M OCHOBHOTO HE(TSHOTIO IISITHA);

—  TeKCTypHble TpPH3HAKH, XapaKTepU3YIOIIHE IOBEPXHOCTh
HedTsiHOTO TmsiTHA (HA OCHOBE TEKCTYPHBIX MPH3HAKOB OIICHUBACTCS
HETPEPHIBHOCTH IISTHA).

Cuynraercs, YTO TIEOMETPUYECKHE TNPHU3HAKH  HCIHOJIB3YIOTCS
HanboJee 4acTo M3-32 OTHOCUTEIBHON MPOCTOTH MX W3BiedeHus Ha SAR
canMkax. Tak, B pabote [20] BbMUCIIHCE 9 BHIOB TEOMETPHUYCCKHX
NIPU3HAKOB, BKIIOYash COOCTBEHHbIE 3HAYCHHWS MOMEHTOB Xy H
UIMNTAYECKUX JecKpunTopoB dypre, 11 KiaaccuuKayuy pasnuBa HeQTh
MHOT'OCJIOHHOM CETBIO MPSIMOTO PACIIPOCTPAHEHHSI.

B nmanmHOM WCCIENOBaHWH — HCIIONB30BATUCh, B  OCHOBHOM,
TEeKCTYPHBIE W I[BETOBBIE NPW3HAKK U1 BEpUPUKAIMH PA3IMBOB HE(DTH.
3amayy MOXHO CBECTH K 3ajadye OWHApHOW KIacCUPHUKAIWU, KOTaa K
OHOMY KJIACCy OTHOCSITCSA H300pa’keHUS HE(TAHBIX IISITEH, a K JIPyromy
KJIacCy — BU3yallbHbIC apTe(aKThl «IBOMHUKOBY» OMOTEHHOTO U MPUPOIHOTO
npoucxoxaeHus. OpUTHHANBHBIM TIOAXOJOM SIBIISIETCS HCIIOJIb30BaHUE
ocoboii moztenn CHC — cnamckoii cetu. M3HavanbHO cMaMcKas CeTh ObLia
npeaoxeHa B padore [21] B 1993 r. nns Bepudukanuu noamnucu. ITozanee
NPUHIOUI CUAMCKOW CETH NPUMEHSUICS Ul PEIIeHUs] passIMuHbIX 3ajad,
BKJIIOYasl KJIAcCHU(UKAIWIO HW300paXEHHH, IOBTOPHYIO HAECHTH(DHUKALUIO
YeJIoBeKa, OTCIIC)KUBaHWE 00BeKTOB M Jp. CuaMckasi cocTszaTelbHasi CeTh
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(Siamese Adversarial Network) sBaseTcs OJHOH H3 MOCIETHUX
Moau(HUKAIUI TaHHOTO ceMelCTBa TITyOOKUX CeTeH.

CuamMckasi ceTb COCTOMT W3 JIByX WJICHTUYHBIX TOJACETeH C
OMHAKOBBbIMU Habopamu BecoB. OHa MO3BOJISIET CPaBHHBATH BEKTOPHI
MPU3HAKOB JBYX OOBEKTOB, 4YTOOBI BBIACIUTH B HHX CXOJACTBO WA
pasnmuune. Cuamckas CeTb MOXET OIpENeNIUTh, MPUHAUISKAT JIK JBa
CPaBHUBAEMBIX M300paKCHUS OJHOMY U TOMY XK€ KJIAcCy, Nake eCIH 3TH
n300pakeHUss HU pPa3y HE HCIOJb30BAIUCH BO BpeMs oOyueHms. Jlms
KIaccH(UKAIUU TEKCTYp PEKOMCHIYETCS BBIOMpATh TAaKHE MOJICIH, Kak
AlexNet, VGG19, ResNet50, ResNetl01, InceptionResnetV2,
DenseNet201, InceptionV3 [22] wiu ceMaHTHYECKYIO CETh CeMeicTBa
DeepLab [23]. Kaxmoe cemelcTBO TiIyGOKHX MOJEIEH HMEIOT CBOM
MPEUMYIIECTBA U HeJOCTATKH. [I[pOBEICHHBIC IKCTIEPUMEHTBI MOKA3aJIH, YTO
JUISl JIAaHHOM 3aJaudl IOCTATOYHO HCIOJB30BaTh OTHOCHUTEIBHO IMPOCTHIE
mogenu AlexNet win VGGNet. Takum o6paszom, i peanu3aluu
cuaMcKoil cetu Oblia BeiOpaHa obnerdenHas cetb VGG16 [24].

OOy4yeHue  cHaMCKOil  ceTH OCYIIECTBISIOCH METOIOM
caMoOOyuYeHHsl, B YaCTHOCTH, C HCIOJIb30BaHHEM (YHKIMU KOHTPACTHOU
notepH (contrastive loss function), kotopas oeHHBaET, HACKOJIBKO XOPOIIO
CHaMCKas CeThb pPa3luuaeT mapsl m3o0paxeHuil. CiexyeT OTMETHTh, YTO
HEellaBHO pa3paboTaHHbIE METOJbI CAMOOOYUYEHHUSI OCHOBAHbI HA COYETAHHU
JIBYX TIOHSATHHA: KOHTpPACTHBIE IOTEPH U MHOXKECTBO IpeoOpazoBaHMI
n3obpaxkennit. KoHTpacTHBIE TMOTepH HE  HCHONB3YIOT  ITOHATHE
9K3EMIUISIPOB  KJIACCOB, a  CpPaBHHUBAIOT TMPH3HAKA  W300pakeHHi
HEMoCPeACTBEHHO. B TO e Bpemsi mnpeoOpa3oBaHus H300pakeHHN
[PEANOIAraoT MOMCK HHBAPUAHTHBIX MPU3HAKOB [25].

WneanpHas pa3feiarMOCTh JOCTHUTAeTCs, KOTJA PACCTOSHHE MEXIY
KJIacCaMU B IIPOCTPAHCTBE MPHU3HAKOB CTAHOBUTCS OOJBIINM, OJTHAKO
XOpOoIIel CXOIUMOCTH CETH JOCTHYh TpymHO. OOBIYHO CTaparTcs
YBEJIMYUTh 3230p MEXAY KilaccaMyd TakuM 00pa3oM, 4TOObI PacCcTOSHHE
MOJIOKUTEIBHBIX MPUMEPOB OBUIO OOJIbIlIE HEKOTOPOrO 3HaueHwWs M, a
PacCTOsIHUE OTPHUIIATENIBHBIX TPUMEPOB — MEHbIIIE HEKOTOPOTO 3HAYCHUS N.
ITociie oOyueHust mpuMepsl pas3gelieHbl 3a30poM M-N. VIHBIMU clioBamH,
BEKTOPbI MPH3HAKOB BHOCAT BKJaJ B (QYHKIHIO MOTEPh TOJBKO B TOM
cilydae, eClid UX [apaMeTpU30BaHHOE PACCTOSIHUE HAaXOAWTCS B Ipejeliax
aToro 3azopa. Torma s moNOKUTENbHBIX POS u orpunatensHbix Neg
MIPUMEPOB MOXHO 3aIKCaTh CICTYIONIUC BRIPAKCHU:

Pos=max(m—DSl_Sz,O), D
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Neg = max (D, , —n,0), 2

rae D — METpPHKA PaCCTOSHHUSA MEXKIY KlacCcaMHu S; M Sp. I[J'IH ZlaHHOﬁ

$,,S.
1°2
3aJa4u BI)I6paHa EBKHI/IHOB& METpHKa:

D, ., (Y:¥2)=[y2=Vel, 3)

rae Y; U Y, — BEIXOIHBIC BEKTOPBI MPH3HAKOB IBYX IOJICETEH.

W3-3a HecOaTaHCHPOBAaHHOCTH KIIACCOB B O0OOIIEHHON (yHKIMH
KOHTPAacTHOW NOTEPH BBOIATCS KOA(GGHUUMEHTH o W 3, moabupaemMble
smmupuaecku. Ilpumem, gro | — 3HaueHHe METKHM BBIXOJHOTO Kiacca,
1=[0,1]. Torma ¢yHKIUS KOHTpacTHOW moTepu LOSSc. mTpuMeT BHI
BBIpakeHus (4):

LossCL(yl,yz,l):oz(l—l)max(m—Dsb52 (yl,yz),0)+

+pl max(Dslvsz (yl,yz)—n,O). )

Ha Bxopn omHoii mozacetu mocrtymaeT (parMeHT W300pakeHHs Ui
ki1accudukanuu (mard, patch), B To BpeMs kak Ha BXOA JAPYroil MoACeTH
MO/TAl0TCS TUMOBBIE (PparMeHThl HM300pakeHUH HeTAHBIX TsATeH. O0e
MOJICeTH MMEIOTCS ofuHakoByro Tomoyoruto CHC, BKmowaromyro ciou
CBEPTKH, TOABBIOOpPKH  (Max-pooling) ¥  IOJHOCBA3HBEIE  CJIOH,
¢dopMupyromue BEKTOPbl IPU3HAKOB. 3HAYCHHE KOHTPACTHOH MOTEPH
paccunMThIBacTCSI Kak EBKIMIOBO  pacCTOSHHE MEXIy BEKTOpaMH
NPU3HAKOB. 3aTeéM LUK MOBTOPSETCS, BO BPeMs KOTOPOTO BXOAHON
kiaaccuuuupyemblii  GpparMeHT CcpaBHHUBAaeTCS C JIPYTUM  THUIOBBIM
¢parmentoM. VHBIMU ClIOBaMH, peaau3yeTcsl MPOCTEHIIUI aHCaMOJICBBIN
MeTon OuHapHOM Kiaccudukanuu. 3HAueHHs KOHTPACTHBIX IOTEPh
CYMMHPYIOTCSI, B PE3YJIbTaTe YEro BIJAETCS PELICHHE O IPUHAICKHOCTH
BXOJHOTO (hparMeHTa Kiaccy He(TSHBIX NATeH. B Xone sKclepuMEHTOB
OBLTO BBIABICHO OKOJIO 20 THTIOBBIX ()parMEHTOB M300paKeHUH HE(PTIHBIX
ISITEH, TPUMEPB KOTOPBIX TpeicTaBieHbl Ha pucyHke |. KommdectBo
TUTOBBIX (PAarMEHTOB, HCHONB3YEMBIX Ui BEpPHU(UKAIMKA BXOIHOTO
(dparmMeHTa CHaMCKOH ceTH, BBIOMpaeTcsi McXoJs M3 oOydaromiero Hadbopa
nmaHublX. Ecnmm  xmaccngukanmonusiii mopor (50%) mpeBblmieH, TO
cuMTaeTcs, YTO  BXOJHOE  H300pakeHWe  BepU(UIMPOBAHO  Kak
NpUHAJIeKAIee KIacCy HeQTSHBIX MSITeH WM He [pHHAUIeKaliee
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nanHoMy kmaccy. Ilpouecc Bepubpukauuu (GparMeHTOB  HCXOIHOTO
n300pakeHHs ¢ TIOMOIIBI0 CHAMCKOM CeTH M300paXKeH Ha pUCYHKE 2.

Puc. 1. ITpumeps! pparmMeHToB H300pakeHNit HEQTIHBIX HSATEH

Bropas BeTBb siBisieTcs 00y4eHHON Ha HECKOJIBKHX AECSTKOB THICSIY
¢parmenToB (maTtueil) ¢ paspernienneM 128x128 mukcenoB, BEIPE3aHHBIX U3
a’po()OTOCHUMKOB DPAa3IMBOB HEe(TH, IMOJYyYEHHBIX IO BceMy Mupy. s
pacupeHust oOywaromero Habopa JaHHBIX IPUMEHSUIUCH  METOJBI
ayrMeHTaIlH, O 9YeM OyAeT TOTOIHUTEIBFHO CKa3aHo B pazaere 6.2.

(e ———or

-
' 1
- oy
Bxoanoit A
(parnment Pasnense \
azaensemMele
napaMeTphl
(Y '
Fmimmimimimimimimiaoa dl.-:.:-.: ............ P -
1 N -
Val ! ' Cxoaereo/ : Bepudmrauus
1
I pazHIHe i dparmenTa
LA ]
(I —1 9
!
[}
'
Hakonnenuwe oueHkH ,
CXOACTBA/PAZTHYHA B LHKIE '
[ L L T I I T T T T Y Y T " " " Y " " "™ -
[ Zero-padding layer ~ [ Max-pooling layer [l Dropout layer
[ Convolutional layer [ Dense layer B Softmax layer

Puc. 2. Bepudukanus pparMeHTOB H300pakeHUsI HA OCHOBE CHAMCKOM CETH

5. CermeHTanuss u3o00paxkeHuii pa3auBoB Hedptu. I[lomumo
Bepudukanun (HparMeHTOB ONTUYECKHE CHUMKH IO3BOJSIIOT C BBICOKON
TOYHOCTHIO OIIGHUTh TEOMETPUYECKHE MPU3HAKH, XapaKTepHU3YIOIHe
¢dopMy He(DTSHBIX TATeH (TUIOMANe W IMEPUMETpP IATEH), KaK OJUH W3
croco0oB ObICTPOrO U IPPEKTUBHOrO MOHUTOPHHTA. B Hacrosimee BpeMs
OOIIENPHHATHIME MOJIEIISIME CETMEHTAIIMU ABJIAIOTCS riTybokue cetu Faster
R-CNN, Darknet-53, DeepLabv3+, LinkNet, SegNet u U-Net [26].
OtMmetum, uto naxe cerb U-Net, W3HAYaJbHO CHPOEKTUPOBAHHAS IS
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CcerMeHTaluy OObEKTOB Ha MEIHWIMHCKHX CHHMKAaX, B HACTOSILEE BpeMs
UCIIONB3YeTCs Ul CerMEHTAIMN Pa3IuBOB He(pTH Ha SAR-CHUMKaX.

CeMaHTHUeCKasi CErMEHTAllUs C MCIOJIb30BAaHUEM ITOJHOCBSA3HBIX
CHC BbIIOJNHSAETCS 3a CYET TOTO, YTO IIOJHOCBSI3HBIC BBIXOIHBIC CIIOH
3aMEHSIOTCS CBEPTOYHBIMH CIIOSMH C IOBBIIIAIOIICH MUCKpeTH3anuen s
HpelCcKa3aHus BHIXOJHBIX MUKCENOB. [IOMUMO 3TOTO0, B CETH HCIIOIB3YIOTCS
coemuHeHus ¢ mpomyckamm (SKip  connections) s ymydmieHus
npenckasanus [27]. B cBoto ouepens, apxurekrypa cetu U-net cocrout us
KOJIMPOBIIMKA M JIEKOJMPOBIIMKA C MOCIEJ0BATEILHBIMA CBEPTOYHBIMHU
CJIOSIMU TIOHIDKAIOLIe W MOBBINIAIONIEH IMCKPETH3allul COOTBETCTBEHHO
[28]. TIpu o3TOM cilOM KOAMPOBIIMKA COEAMHEHBI CO  CIOSAMH
JIEKOAMPOBINMKa. Takas apXUTEKTypa HO3BOJISIET TOUHEE CErMEHTHPOBATh
n3obpaxenus. Mopenb SegNet wMeeT aHAJOTUYHYIO apXUTEKTYpy
KOJHUPOBIIUKA-JEKOIUPOBIIHKA, HO UCTIONB3YeT OWIMHEIHYI0
MHTEPIOJSIIUI0 HA YPOBHE ICKOIMPOBIIHMKA, YTO MO3BOJISAET YMEHBLIUThH
KOJIMYECTBO 00y4YaeMBbIX IapaMeTPOB U TEM CaMBIM YCKOPHTH OOydYeHHUE
[29]. OcuoBy komupoBuka cetu SegNet cOCTaBJSIOT CBEPTOUYHBIC CIIOH
cetm  VGG16. JlekogWpoOBOIMK COCTOMT U3  TPAHCHOHUPOBAHHBIX
CBEPTOYHBIX CJOEB U CJIOEB IMOBBINIAIONICH JMCKPETH3alWH, a ero
CTPYKTypa  CHUMMETPHUYHA  CTPYKType  KoaupoBuuka.  HenaBHue
HCCIICIOBaHMs MpPUBEIM K co3maHuto rubpuaHoii momenm U-SegNet,
UCIMIONB3YIOIEH MYyJIbTHMAcIITa0Hble TPH3HAKK U CBEPTOYHBIC CIIOH,
ocHoBaHHbIC Ha BHUMaHuH [30].

B paGore [31] Obuta mpemnoxkeHa MoOAU(UKAIMS OIHOITAMHOTO
MHOro(yHKIHOHaIEHOTO AeTekTopa YOLO, HazBanHas kak Poly-YOLOV3,
KOTOpasi CrocoOHa BBIMOJHATE CErMEHTALMI0 BU3yalbHBIX OOBEKTOB.
OpHaKo ciefyeT OTMETUTh, YTO CErMEHTalus, BBIIONHSIeMas ceTbio Poly-
YOLOV3, ocHoBaHa Ha mepeBoje M300pakeHHs 00beKTa M3 JIeKapTOBOH
CHCTEMbI B TOJISIPHYIO CHCTEMY KOOpJAMHAT C HAYaloOM B LEHTPaIbHON
TOYKEe OOpaMIIIIOLIEro HpsMOyroibHWKa. MHBIMH cioBamu, ceth Poly-
YOLOV3 npennaznadeHa JUisi cerMEHTAud 00BEKTOB BBIMYKIBIX GopMm. B
PEOKHX ClIydasX IPH CHIBHBIX BHXPEBHIX TEUCHUAX (opma HeTIHOTO
ISITHA TIepecTaeT ObITh BHITYKIION, YTO NMPUBOMUT K HETOYHBIM Pe3ysIbTaTaM
cermMeHTanuu. HeocrmopumpIM TpenMyIecTBOM cereil cemeiictea YOLO
SBIISICTCS X BBICOKOE OBICTPOJCHCTBHE.

Jis cerMeHTanun M300paXkeHWi BepUHUIMPOBAHHBIX HE(TIHBIX
ISITEH MCHOJIB30BAIMCh TPH APXUTEKTYphl TIyOOKHX ceTeld, a HMEHHO
U-Net, SegNet u Poly-YOLOvV3. Ha pucyHke 3 mnpuBeneHbl HpPHMEpEI
OMHApHBIX MAaCOK, TOCTPOCHHBIX PA3TMYHBIMU METOAAMH.
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. J
0

Puc. 3. [IpumMepsl cermMeHTay n300pakeHnit HeQTSHBIX MATEH: a) UCXOIHBIS

CHHMMKH, 0) OMHApHBIC MacKU, HOCTPOCHHBIE IKCIEPTOM, B) OMHApPHBIE MACKH,

noydennsle cetbio U-Net, r) Ounapasie Macky, noiydeHHble ceTbio SegNet,
1) OMHapHBIE MAaCKH, TI0JTy4eHHbIe ceTbio Poly-YOLOV3

Kak BuIHO M3 pruCyHKa 3, OMHApHBIE MACKH, IOCTPOCHHBIC CETSIMH
U-Net u SegNet, mouru upentngnsl. Cets POly-YOLOvV3 maet BusyansHO
JOyqlIMe  Pe3ysbTaThl  CEerMEHTAllMd  y4YacTKOB  pa3jiMBOB  HE(TH.
O0001IeHABIE OIICHKH TOYHOCTH CETMEHTAIlUH TPEM CETSMH IPHBEICHBI B
paszaene 6.4.

6. DKkciepuMeHTAIbHbIE WCCIeN0BaHUsA. B 1TaHHOM pasnere
MPEJCTaBICHO OMUCaHWE Habopa NaHHBIX, COOPAHHOTO W3 HECKOJIBKHX
OTKPBITBIX MCTOYHUKOB. [yt yBenuueHuss coOpaHHOro Habopa JaHHBIX U
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yCTpaHeHHS! HEecOaIaHCHPOBAHHOCTH  KJIACCOB  IPUMEHEHBI  METOJBI
ayrMeHTanuu.  [lpuBeneHbl ~ OLEHOYHBIE  METPHKH, a  TaKKe
9KCTIEPUMEHTAIIbHbIE HACTPOWKN M MOTyYCHHBIE PE3yIbTaThI.

6.1. HaGop pganHbIX. B omimume oT [OOCTYymHBIX HaOOpOB
kocmmdecknx SAR CHHUMKOB C pa3nmuBaMH HEPTH, a’dpo(OTOCHUMKH
ONTHYECKUX W/WIN MYJIbTHCICKTPAIbHBIX H300paKCHHH OTCYTCTBYIOT B
OTKpBITOM Joctyne. bbul coOpaH coOCTBeHHBIH HaOOp MJaHHBIX U3
OTKPBITBIX MCTOYHUKOB, B 4aCTHOCTH, ¢ caiitoB Alamy [32], Getty Images
[33] u mp.

CoOpannblii Habop naHHBIX coaepxuT 380 M300pakeHUH MOpPCKOU
MOBEPXHOCTH C paznuBamu HepTH, 135 n3o0paxkeHUH «4UCTOW» MOPCKOU
MIOBEPXHOCTH M 35 M300paKeHHH «IBOWHHKOBY», OOJBIIMHCTBO M3 KOTOPBIX
MOJTY4eHO TIPU ChEMKE ¢ OCCITMIOTHBIX JIETATEIbHBIX alllapaToB U CPEICTB
MaJIol aBHAILUK 10 BceMy Mupy. CheMKa OCYIIECTBISIIACH IIPU PA3IMYHBIX
BBICOTaX MOJIETa W MOTOAHBIX YCIOBHUSX, B PE3yJIbTaTe 4Yero CHUMKH MOKHO
KIIacCH(UIIMPOBATh MO CICAYIOMINM ITOKA3aTEIIM:

—  BHUIY MECTHOCTH (IIpUOpEKHbIE pPAHOHBI, IUISDK, MOPCKHE
aKBaTOPHH);

—  HAJIWYMUIO JIOMOJIHUTENBHBIX OOBEKTOB (KOpalniu, ObIM, Jiec,
TOPBI, JIFOAN);

—  MOTOJIHBIM YCJIOBHUSAM (00JIaYHO/COTHEYHO);

—  YCJIOBHSIM OCBELICHHOCTH (IHEBHbIE/BEUEpHUE);

— 1BeraM pa3iuBoB HedTH (KpacHbIH, OpaHKEBBIH, JKEITHIMH,
3€JICHBI).

Pazpemenre m300paskeHN BapbUPYETCsl OT HECKONBKHX COTEH JI0
TBICSY TNHUKceNoB. Ha pucyHke 4 npuBENEHBI NpHUMEpHl H300paKeHUH
cobOpaHHOTO HabOpa TaHHBIX.

Uzobpaxenuss ¢ paspemenuem 1250x650 Obutn  pa3OuTel Ha
¢parmMeHTHl pazmepoMm 128x128 myTeM KaapupOBaHUS W CKAaHHUPOBAHUS
n300pakeHMH ¢ UCTIOIB30BaHUEM SApa pa3MepHOCThIo 128%128 1 marom 1.
Jlamee creHepupoBaHHBIC MATYH TPOBEPSUTUCH HA HANWYHE YYAaCTKOB C
pa3iMBOM HE(PTH U YYACTKOB «UHCTOW» MOPCKOW TOBEPXHOCTH H
«IBOMHHKOB», TEM CaMBIM BBINOJHAJACH Py4Hasl pa3MeTKa (parMeHToB. B
obmelt ciiokHOCTH ObUTO oToOpaHo 199990 ¢dparMeHTOB, M3 KOTOPHIX
okono 70% oTHOCHTCA K paziauBaM He(TH, a OCTalbHBIE — K «YHCTOI»
MOPCKOIl TOBEPXHOCTH M «IBOWHHMKam». B cuiy Toro, 4ro m3o0paxeHHH
«IBOWHHMKOBY» CIIMIIKOM Majo Uil pelIeHHs 3ajJaddl BepU(HKaIHH,
NOTPeOO0BAJIOCH BHIMOJIHUTH ayTMEHTALIMIO HE TOJILKO MPOCTBIMH METOJIAMH,
HO U C UCIOJIb30BaHUEM I'€HEPATUBHBIX COCTSA3ATENBHBIX CETEH.

948 MHdopmaTuka u asTomatusaums. 2022. Tom 21 Ne 5. ISSN 2713-3192 (nev.)
ISSN 2713-3206 (oHnaiiH) www.ia.spcras.ru



ARTIFICIAL INTELLIGENCE, KNOWLEDGE AND DATA ENGINEERING

Puc. 4. I[Ipumeps! n300pakenuit cobpanHoro Habopa AaHHBIX

6.2. AyrmeHTanusi. AyrMeHTanusi Kak Npouecc KOHTPOJIUPYEMOTO
YBEJIMYEHHUS] IPUMEPOB Ul 00ydeHHsI MIyOOKHX CETeH SIBISIETCS LIMPOKO
pacrpoCcTpaHEeHHOH NPaKTHKOM JuId YacTHBIX 3a4ay, JUIi KOTOPBIX
OTCYTCTBYIOT CBOOOJHO pacrmpocTpaHsieMble HAOOPHI JAaHHBIX, KOJIMIECTBO
MPUMEPOB HEBEJIMKO MM HAOOp JAaHHBIX SIBISETCS HecOATaHCHPOBAHHBIM.
3amaua Bepu(UKAIUM pPazTUBOB HE(PTH OTHOCHUTCI HMEHHO K TaKuM
YaCTHBIM  3aadyaM B CHJIy psAa OOBCKTHBHBIX  OOCTOSTEIHCTB
9KOJIOTMYECKOr0 M MaTepUAlIbHOTO XapaKTepa.

W3BecTHbl  pasHble  MOAXOJbI K  KiIacCH(pUKAMM  METOJOB
ayrMmeHTanuu. HauGonee mosHbeId 0030p ¢ Lesbl0 BHIOOpa MPHEMIIEMBIX
METOJIOB ayrMEHTallMM JJIsl KOHKPETHOI'O NPHJIOKEHUs MOKHO HalTh B
pabore [34]. MeTtoapl ayrMeHTaIlMd H300paKEHH pa3fesiOTCS Ha TPH
OCHOBHBIX KaTETOPHUH: METOJ/bl, OCHOBaHHbIE Ha MpPeoOpa3oBaHUsIX (UX
WHOTJa HAa3bIBAIOT IPOCTBIMH METOJAaMH ayrMEHTalluH), MOJCIbHbIC
METOJIBI, CO3IAOIINe H300pakeHUS C IMOMOINBI0 OOYUeHHOH MOIETH, U
ONTHMAJIbHBIE METO/bI HA OCHOBE MOJHUTHK, MPE/NOJIArarolie HaX0XKICHUE
ONTHUMAJIbHBIX CTPATETUil ayrMEHTAIHH.

B nanHOl paboTe OBUTM HCIIONIB30BAaHbI METOIBI M3 TEPBBIX ABYX
KaTeropuid, IpeJHa3HaueHHble Ui O0O0pabOTKM OJMHOYHBIX CHHMKOB
(TEXHOJIOTUH NepeMEIINBaHNS H300paKCHUH He UCTIONB30BAIINCH):

—  MeToAbpl MEepBOH KaTeropuH, OCHOBaHHBIE HAa IPOCTHIX
npeoOpa3oBaHMsX, TaKUX Kak TeOMETPUYECKUe  IpeoOpa3oBaHUs,
npeoOpa3oBaHMsi [BETOBOIO  IPOCTPAHCTBA, sIepHblE  (QWIBTPHL U
ciydaiiHasi o0pesKa;
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—  MeToAbl BTOPOH KaTErOpHH, OCHOBAaHHBIE HAa COCTSI3aTEIbHOM
o0ydeHHMH, a WMEHHO METOJ ayIrMEHTAlUH C HCIIOJb30BaHHEM
TEHEPATUBHO-COCTA3aTEINbHBIX ceTeil. Takme MeToasl XapaKTepH3YIOTCS
TEM, YTO TEOPETHUYECKH PACHpEACICHHE CT€HEPHPOBAHHBIX HM300paKEHUH
AQHAJOTWYHO PACIpPEIENCHUI0 HCXOAHOTO Habopa aHHBIX, OJHAKO
CTeHEPHPOBAaHHBIE  HM300paXCHWSI HE  COBMAJAlOT C  HCXOIHBIMHU
HU300paKCHUSMHU.

[MpuBenem napameTpsl ayrMEHTallMd METOAOB, OCHOBAaHHBIX Ha
npeoOpa3oBaHMsIX, KOTOPbIe ObUIM UCIIOIB30BaHbI JJIsl pacCUIMPEHUs Habopa
JIAaHHBIX Y KOMIIEHCAIIUH HECOAJIaHCUPOBAHHOCTH JIBYX KJIaCCOB!

— cueurd no ocsim OX u OY He Gomnee 10% ot paspemeHus
MCXOJIHOTO CHUMKA;

—  TOBOpPOTHI B Auanasone [-45°...45°];

—  OTpaXEHHE II0 TOPU30HTANIN UIIN BEPTUKAIIH;

—  pacspkenue/cxarue B quanasone [0,75...1,25];

— MacmrabupoBanue 10 25%;

—  paBHOMEpHOE HAJIOXKEHHE Oeoro ImymMa co CilIydaifHeIM
M3MEHEHHEM SIPKOCTH B IBETOBOM Kanaie B quanasone [—-30...30];

—  W3MCHEHME SIPKOCTH B KaXXJIOM IIBETOBOM KaHajle He Ooiee
15%;

—  pa3MBbITHE C IOMOIIBIO TayccoBa GpuibTpa;

—  W3MCHEHHE PE3KOCTH C MOMOLIbI0 GUIbTPa Kpaes.

Crenyer OTMETUTh, 4YTO MHCXOJHBIE HW300pakeHHs  MMENU
paspelieHde,  JOCTaTOYHOE Uil TOro,  4ToObl  paspeuieHue
ayrMEHTHPOBAHHBIX n300pakeHUH COOTBETCTBOBAJIO 3apaHee
YCTaHOBJICHHOMY DPa3pelIeHUI0 BXOAHBIX W300paXEHHH, MOJaBaeMbIX Ha
CHAMCKYIO CETb.

JononnurensHo, OBI  NPUMEHEH  METOX  ayrMEHTallH ¢
ucrionp3oBanneM cetn  GAN. Msnagameno — apxurektypa GAN
OCHOBBIBAJIACh HA TOM, YTO T'€HEPATOp W JAUCKPUMHHATOP MPEICTABISIOT
MHOTOCJIOiHbIe TIepcenTpoHbl. OJHAKO B HACTOSILNEE BPEMsl CUMTACTCS
Oosiee TIEPCHEKTUBHBIM CIIOCOOOM ayrMeHTaluu npumeneHue takux GAN
cereir, kak DCGANSs, Progressively Growing GANs, CycleGANs u
Conditional GANs. B ganno#f pabGoTe OblLla MpHUMEHEHa TIyOOKas
cseprounast cetb GAN (Deep Convolutional GANs, DCGAN) [35].

B pesynbTare ayrMeHTalMH KOJHMYECTBO ()PArMEHTOB «JIBOHHHKOBY
Bo3pocio 1o 4600. /lanee Bech copMUpOBaHHBIH HAOOp MaHHBIX ObBLI
pasziesieH Ha 00yJaloIIyIo U TECTOBYIO BEIOOPKH B cooTHomreHnn 70:30.

6.3. Ouenounsie MeTpukH. OICHKA TOYHOCTH CETMEHTAalUU
He(TAHBIX TSATEH IMPOBOAWIACH C HCIOJIb30BAaHMEM IIITH IOKazaTesew,
BBIYHCISIEMBIX [0 MaTpHIe HeToYHOCTe# [36], a uMeHHO:
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—  BepHocTh AC, Noka3bIBaeT OTHOIIECHHUE NPABMIBHOTO IPOrHO3a
K 00mIeMy HaOJIIOACHUIO;

— TouHocTh PR, yKa3pIBaeT Ha COOTHOWICHHE MPABHIBHO
CerMEHTHUPOBAHHBIX ITUKCEJIOB;

— momHota RE, moxaspBaer, Kakyl OO0  IHKCEJIOB
MOJIOKHUTETBHOTO KJlacca W3 BCEX IIMKCEJIOB IIOJIOKUTEJIBHOTO Kiacca
Halles aJrOpUTM;

—  Mepa Fj, xapakrepusyer creneHb COBIAJCHUS NpelCKa3aHHON
T'paHULBI C HICTUHOM IPaHUIIEH KJIACCOB;

—  mnepeceueHne no oObeauHenuio |0U, Taxke Ha3pIBaeMoe
ko3 duimentom nepekpeitis JKakkapa (Jaccard), ykaseiBaeT Ha
OTHOIIECHHE CXOACTBA MEXIY IPEACKa3aHHbIM PETHOHOM M HCTHHHBIM
PETHOHOM KJIacca.

6.4. JkcnepuMeHTAJIbHBIE HACTPOIKHU U MoJIy4YeHHbIe
pe3yasTaThl. B skcmepnMeHTax OblIa HCIOJIB30BaHA OOJICTYCHHAs CETh
VGG-16, sisromascs 6a30Boii 1 cuaMckoii cetu [24]. [anHas Mozaenb
KOHIICNITYyaJbHO IOBTOPSET apXUTeKTypy nonHoil monmemun CHC, onnako
OHA YYMTHIBAaeT 0COOCHHOCTH B CBsI3U ¢ 00paboTKON cHUMKOB J133 HU3KOTO
paspeleHus, KOTOPble MMEIOT OTHOCUTENIBEHO MAJIO€ KOJIMYECTBO TOUEHHBIX
0COOEHHOCTEHA. ApxuTekTypa 00JIerYeHHOM ceTH VGG-16,
aJ[anTHPOBAHHAs 1107 00pabOTKY (hparMEeHTOB U300paKEHHUIA, IPE/ICTABICHA
B Tabmuue 1.

Crnoit  Zero-padding (cmoii HyJI€BOrO 3alOjHEHHs) MOBBINIAET
HEJIMHEHHOCTh CeTH, 0oJiee TOYHO H3BJIEKAas XapaKTepHbIE OCOOCHHOCTH
caumkoB J133. Pazmep ¢wmibtpoB B cnoe Convolutional cocrapisier 3x3.
Crnoit Max-pooling (cimoii moaBHIOOPKH) HENUHEWHO VYIUIOTHSET KapTy
npusHakoB. Cnoil Dense — 3To minoTHO cBsizaHHbIN cioil. Cnoi Dropout
obecrieunBaeT peryJIsspH3alyio ¢ el YMEHBIICHNS Nepeo0yUeHUs CeTH.
Crnoit Softmax mnpuMeHseT O0OOOIIEHHYIO JOTHCTHYECKYI (YHKIHIO K
BBIXOJY CETH.

Jlist pa3paOOTKH apXUTEKTYpPbl CETH ObUIa MCIOJIb30BaHa OTKPHITAs
oubnuoteka Keras, Hamicannas Ha si3bike Python. O6yuenune obnerdeHHON
cetu VGG-16 npoBoImioch co CIAEAYIOUIMMH TapaMeTpamMu: pasMep
nakera — 32, 3Hayenue ummyisca — 0,9, ckopocts oOyuenus — 0,001,
anroput™ ontuMuzanmuu —Adam, xommuectBo smox oOyuyenus — 100.
Cpennee Bpemst oOyuenus cocraBmiio 30 uacoB. Ha pucynkax 5 um 6
NpUBeACHbI Tpadukn QYHKIHA TOYHOCTH M (GYHKIUH MOTEph B TpoIecce
obyuenus (training) u tectuposanmus (testing) cern VGG-16.
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Tabmmna 1. Apxurexrypa obneruennoit cetu VGG-16

Croit BxonHas pasmepHocTh | BbIxonHas pazMepHOCTh

Input image 128x128x3

Zero-padding 128x128x3 128x128x64

Convolutional 3- | 128x128x3 128x128x64

64+Rel .U

Zero-padding 128x128x3 128x128x64

Convolutional 3- | 128x128x3 128x128x64

64+RelLU

Max-pooling 2x2

Zero-padding 128x128x64 64x64x128

Convolutional 3- | 128x128x64 64x64x128

128+RelLU

Zero-padding 128x128x64 64x64x128

Convolutional 3- | 128x128x64 64x64x128

128+Rel.U

Max-pooling 2x2

Zero-padding 64x64x128 32x32x256

Convolutional 3- | 64x64x128 32x32x256

256+RelL,U

Zero-padding 64x64x128 32x32x256

Convolutional 3- | 64x64x128 32x32x256

256+RelLU

Max-pooling 2x2

Zero-padding 16x16x512 16x16x512

Convolutional 3- | 16x16x512 16x16x512

512+Rel U

Zero-padding 16x16x512 16x16x512

Convolutional 3- | 16x16x512 16x16x512

512+RelLU

Max-pooling 2x2

Dense 16x16x512 1x1x4096

Dropout 1x1x0,5

Softmax 1x1x1000 1x1x1000
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Puc. 5. I'paduku GpyHKuuMiA TOUHOCTH NpU 00y4eHHnH U TectpoBanuu cetd VGG-16
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Puc. 6. I'paduku GpyHkuuii moreps npu o0ydeHuu u rectupoBannu cetn VGG-16
B Tabmune 2 mpuBeneHb! pe3yibTaThl KiACCH(HKAIUU TECTOBBIX
RGB wu300paxeHui, OTHOCAIINXCS K JABYM KiaccaM — pas3iuB HedTu u

«IBOMHUKWY, PEAJIOKEHHON CHaMCKOW HEMPOHHOM CEThIO.

Tabauua 2. Pesynprars! knaccudukanuu TectoBeix RGB n3o00paxennit

Kiacc AC PR RE F, loU
PaznuB Hedtn 0,910 0,920 0,938 0,930 0,870
«JIBOMHHUKI 0,834 0,864 0,855 0,867 0,751
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IMocne Bepudukanmum obnacted pasnmuBa HedTH TpedyeTcs
BBITIOJTHUTH WX CerMeHTaruio. [IpudeM, Kak MpaBHIio, PSJIOM C OCHOBHBIM
HEe(TSHBIM IATHOM HMEIOTCS HeOoJbIue He(TSHbIE TATHA, YTO MOXKHO
CUUTATh JOTOJTHUTEIHHBIM MPU3HAKOM Hamudus pasnuBa HepTH. J[is
CEMaHTHYECKOH cerMeHTanumu ObpuM TpotecThpoBaHbl Tpu cetd U-Net,
SegNet u Poly-YOLOV3 ¢ HeOOJbIIAMA MOIU(DUKAIUSIMA  CIIOCB.
PesynbTaThl CeMaHTHUYECKOW CerMeHTalu TecTOBhIX RGB u3o0paxenwmit
MIPUBE/ICHKI B TabmwuIie 3.

Tabauua 3. Pesynbrars! cermentanun TectoBbix RGB n3o6paxenuit

Cetp AC PR RE F. Cpennee Bpemsi, ¢
U-Net 0,802 | 0,8695 | 0,8450 | 0,8571 458
SegNet 0,827 | 0,8529 | 0,8787 | 0,8656 625
Poly-YOLOv3 0,924 | 0,9705 | 0,9166 | 0,9428 385

Kak BuaHO M3 Tabmuubl 3, Jydmie pe3ynibTaThl 10 TOYHOCTH
CerMEHTalMM W  OBICTPOACHCTBMIO TmOKa3zama cerb Poly-YOLOV3,
MO3BOJIIOINAsT HE TOJBKO OOHApyXWBaTh M PACHO3HABaTh OOBEKTHI, HO U
ompenenate ux Qopmy. Kpome toro, cers Poly-Yolov3 otHocuTcs
ONHOATAIlHBIM JETEKTOpaM, YTO MPHBOJUT K COKpPAIICHUIO BPEMEHU
BeIUKCIEHNH. TecTHpoBaHHME TNPOBOAWIOCH C IIOMOIIBIO BebO-cepBHca
Google Colab.

JlononuurensHo Obuta pa3paborana 6a3a TaHHBIX 1OJ YIIPABICHUEM
cBoOomHO pacmpoctpansiemoit CYBJl MySQL 5.7, koropas XpaHuT
nHdopmanuio 00 HMCXOJHBIX CHHUMKax W pe3yjbTaTax BepupHUKaLUK U
CerMEHTAallMM B BHUJIE BHM3YalbHBIX M YHCIIOBBIX JaHHBIX. B omnucanne
HCXOJIHBIX CHUMKOB BXOJISIT CJIETYIOIINE aTPUOYTHI:

—  WICHTU()HKATOP CHUMKA;

—  HAauMEHOBAaHHE CHHUMKAa,

—  reorpaduyecKkue KOOPIMHATHI;

—  THO U BUA npubopa (Ipu HaJTHIuH);

—  paspelIeHHe CHUMKA;

—  J1aTa CheMKH;

—  ;mata o0paboTKu;

—  UISHTU(HKATOP MOJIH30BATEIS.

B onmcanme 00pabOTaHHBIX CHUMKOB BXOJSAT  CIIEIYIOIINE
aTpuOyTHI:

—  WICHTU(QHKATOP CHUMKA;

—  pesynbrar Bepudukamun (1/0);

—  IUIOIIaJb OCHOBHOTO HE(TSHOTO IIATHA;
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—  KOJHMYECTBO JOTOJHHUTENILHBIX HE(TSIHBIX MATEH;

—  CcpenHsist UIOLIa (b JOMOIHUTEIbHBIX HEPTAHBIX MATCH;

—  nara o6paboTKy;

—  UISHTU(HUKATOP MOJIH30BATEIS.

Ha pucynke 7 mpuBeneH mpuMep  OSKpaHHOH  (OpMEI
MPEeABAPUTEIHHOTO IPOCMOTPa a3pOPOTOCHUMKOB.

o NpegBapuTensHeIA NPOCMOTP - (=) s
BrcnopT 8 Excel OfHoanTs

35 85kong 100v

16112008 16:33:41 16769 08 25,68 La 89,89 Long T6m

L] 15.07.2005 B:17:13 k] 35.17a-19.13 Long Sém

5 25052017 2106:31 16243 an 16,7000 B2 1Long 250m

15 0.86

Puc. 7. IIpumep sxpanHoi dopmbl «IIpeaBapuTeNnsHbIH TPOCMOTPY

Taxxkxe UMEIOTCS TPaH3aKLUOHHBIC TaOJIUIBI, TO3BOJISIOINE XPAHHUTD
u 00pabaThIBaTh HECKOJIBKO CHUMKOB OJHOIl M TOIl K& TeppUTOPHHU, HO
MOJIy4eHHBIX B Pa3HOE BpeMs C LeJIbI0 MOHUTOPHHTA pa3nuBa HeTu. basza
JaHHBIX COJNEPXKUT 14 cBA3aHHBIX TaOWI, 2 TpEACTaBICHHA. Takke
peaM30BaHbl 3 OTYETa M OKCIOPT JaHHBIX 0 CHUMKax B Excel.

7. 3akuouenne. B cratbe paccmarpuBaercsi 3aada BepupHUKaLuU
Pa3MBOB HE(TH 1O ONTHYECKUM adpOo(OTOCHUMKAM Kak 3ajada OMHApHOM
kinaccudukanuy. BriepBble NMpeaioKEeHO pelleHHe Ha OCHOBE CHaMCKOW
CeTH, KOTJja NOCTYNAIOMNI (parMeHT cpaBHUBAETCS C PENPE3CHTATUBHBIMU
(dparmMenTamMy HETSHBIX MATEH B IPOCTPAHCTBE NMPHU3HAKOB. [t 00y4eHus
CHaMCKOW CeTH HCHOJIb3yeTcsi KOHTpacTHas (yHKius motepr. OCHOBOM
CHaMCKOH ceTH ciuyxkutr obOnerdenHas cetb VGG-16. Pemenue o
BepU(UKAIMK CHUMKA MPUHAMACTCS, €CIH KOJIMYECTBO (PparMeHToB,
KJIaCCH(HIMPOBAHHBIX KaK pa3iHB HE()TH, NPEBBICHIO YCTAaHOBJICHHOE
3Ha4yeHue. Jlanee BBIMOJHACTCS CErMEHTAlUs HeTAHBIX ISTEH, OCHOBHOTO
U OOIOJHUTCIIBHBIX, KOTOPBLIC, KaK IIPpaBHUJIO, BO3HHUKAIOT IPU pasjivBax
Hedru. [l 3TOro MCHONB3YIOTCS CETH CEMaHTHYECKOH CerMeHTalHH.
[TpoBeneHo sKkcHepUMEHTANIbHOE MCCiIeOBaHue TpeX ceTed, a uMeHHo U-
Net, SegNet u Poly-YOLOV3. Hawunyurryio TOYHOCTh M HaWIIydIlIee
OBICTPOJICHCTBIE Ha COOpPaHHOM Habope MaHHBIX IMOKaszajia cerh Poly-
YOLOV3. JlomoiaHuTenbHO pa3paboTaHO NPHIOKEHHE Ul TOCTPOCHHUS
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OMHApHBIX MAaCOK M BBIYHMCIICHUS OTHOCHTEIBHOH IIOMA 1 pa3inuBa HedTH.
Kak HCXOmHBIE CHHMKH C COOTBETCTBYIOIIMMH aTpUOyTaMH, TaK H
pe3yJbTaThl CErMEHTAIMN 3allUCHIBAIOTCS B pa3pabOTaHHYIO 0a3y NaHHBIX,
paboratornyto mox ynpasiernneM CYB/l MySQL 5.7 ¢ ucmoms3oBaHmeM
dbForge Studio 2020 for MySQL. Takoe pemienne sBIsETCS YIOOHBIM TS
KOHEYHOTO IOJB30BATeNs, KOTOPBIH (OPMHUPYET 3alpoChl M OTYETHI IS
MOHHTOPHHTA 3KOJOTHYECKOW CUTYAIIHH.
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M. FAVORSKAYA, N. NISHCHHAL
VERIFICATION OF MARINE OIL SPILLS USING AERIAL
IMAGES BASED ON DEEP LEARNING METHODS

Favorskaya M., Nishchhal N. Verification of Marine Qil Spills Using Aerial Images Based
on Deep Learning Methods.

Abstract. The article solves the problem of verifying oil spills on the water surfaces of
rivers, seas and oceans using optical aerial photographs, which are obtained from cameras of
unmanned aerial vehicles, based on deep learning methods. The specificity of this problem is
the presence of areas visually similar to oil spills on water surfaces caused by blooms of
specific algae, substances that do not cause environmental damage (for example, palm oil), or
glare when shooting (so-called look-alikes). Many studies in this area are based on the analysis
of synthetic aperture radars (SAR) images, which do not provide accurate classification and
segmentation. Follow-up verification contributes to reducing environmental and property
damage, and oil spill size monitoring is used to make further response decisions. A new
approach to the verification of optical images as a binary classification problem based on the
Siamese network is proposed, when a fragment of the original image is repeatedly compared
with representative examples from the class of marine oil slicks. The Siamese network is based
on the lightweight VGG16 network. When the threshold value of the output function is
exceeded, a decision is made about the presence of an oil spill. To train the networks, we
collected and labeled our own dataset from open Internet resources. A significant problem is an
imbalance of classes in the dataset, which required the use of augmentation methods based not
only on geometric and color manipulations, but also on the application of a Generative
Adversarial Network (GAN). Experiments have shown that the classification accuracy of oil
spills and look-alikes on the test set reaches values of 0.91 and 0.834, respectively. Further, an
additional problem of accurate semantic segmentation of an oil spill is solved using
convolutional neural networks (CNN) of the encoder-decoder type. Three deep network
architectures U-Net, SegNet, and Poly-YOLOV3 have been explored for segmentation. The
Poly-YOLOvV3 network demonstrated the best results, reaching an accuracy of 0.97 and an
average image processing time of 385 s with the Google Colab web service. A database was
also designed to store both original and verified images with problem areas.

Keywords: oil spill detection, verification, segmentation, deep learning, aerial
photographs, Earth remote sensing.
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DEEP TRANSFER LEARNING OF SATELLITE IMAGERY FOR
LAND USE AND LAND COVER CLASSIFICATION

Yifter T., Razoumny Yu., Lobanov V. Deep Transfer Learning of Satellite Imagery for Land
Use and Land Cover Classification.

Abstract. Deep learning has been instrumental in solving difficult problems by
automatically learning, from sample data, the rules (algorithms) that map an input to its
respective output. Purpose: Perform land use landcover (LULC) classification using the
training data of satellite imagery for Moscow region and compare the accuracy attained from
different models. Methods: The accuracy attained for LULC classification using deep learning
algorithm and satellite imagery data is dependent on both the model and the training dataset
used. We have used state-of-the-art deep learning models and transfer learning, together with
dataset appropriate for the models. Different methods were applied to fine tuning the models
with different parameters and preparing the right dataset for training, including using data
augmentation. Results: Four models of deep learning from Residual Network (ResNet) and
Visual Geometry Group (VGG) namely: ResNet50, ResNet152, VGG16 and VGG19 has been
used with transfer learning. Further training of the models is performed with training data
collected from Sentinel-2 for the Moscow region and it is found that ResNet50 has given the
highest accuracy for LULC classification for this region. Practical relevance: We have
developed code that train the 4 models and make classification of the input image patches into
one of the 10 classes (Annual Crop, Forest, Herbaceous Vegetation, Highway, Industrial,
Pasture, Permanent Crop, Residential, River, and Sea&Lake).

Keywords: neural networks, deep transfer learning, land use land cover classification,
satellite imagery.

1. Introduction. There is no doubt that soon artificial intelligence
(Al) will penetrate every task that requires intelligent decisions based on
learning from the collected data. It will change the way things are done,
from language translation to self-driving cars and plenty of other tasks
essential for a human being. It will have a remarkable effect on our day-to-
day life. In recent years, Al’s success is accelerated by advancement in deep
learning (DL), a subset of Al dealing with learning from experience or data

[1].

There are several reasons why deep learning is spreading across
many fields so fast now. The availability of big data collected so far allows
preparing massive training datasets required for DL applications. The rapid
improvement of hardware and software computer components has enabled
scientists to solve problems that were not solvable a few years ago. Science
and engineering topics that were taken by Ph.D. students to do their
complete thesis now can be addressed with a few lines of code on a decent
computing device. Datasets can be collected online, and state-of-the-art
algorithms can be applied to the same data leading to different outputs [2].
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Meanwhile, the advances in Earth observation (EO) technologies
have significantly improved the spatial, spectral, and temporal resolution of
remotely sensed imagery. These achievements have allowed satellites to
collect big EO data on a global scale related to different application
scenarios. Simultaneously, deep learning is outpacing the other machine
learning techniques in LULC classification tasks on satellite images [2].

Preparing training datasets is arguably the most challenging step in
any machine learning project. EO data’s nature adds additional complexity
to the process because of higher spectral and radiometric resolution and
other specific issues such as cloud and atmospheric noise.

The emergence of Google Earth Engine (GEE), the first publicly
available cloud platform for big EO data analysis, has enabled scientists to
process and analyze geospatial data in a multi-petabyte catalog without
solving technical issues related to big data [3, 4, 5].

The platform proved to be helpful in preparing experiment-ready
images with masked clouds and cloud shadows, snow/ice, and low-quality
pixels, which is necessary for almost all remote sensing-related studies [6].
The increasing attention to GEE from researchers is pictured in Figure 1.
This data is retrieved from an abstract and citation database Scopus with a
search query: (TITLE-ABS-KEY ("earth engine") AND TITLE-ABS-KEY
(google) AND DOCTYPE (ar OR re) AND PUBYEAR < 2022. However,
only 15 from 691 published works relate to deep learning, making
DL-related applications with GEE an urgent research topic.

Documents by year
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Fig. 1. Number of publications of the topic Deep Learning in Scopus
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As it is complicated to construct large-scale well-annotated datasets
due to the expense of data acquisition and labelling, a new DL approach
called deep transfer learning (DTL) was developed allowing to solve the
problem of insufficient training data. In DTL, the training data and test data
are not required to be independent and identically distributed, and the target
model does not need to be trained from scratch, which can significantly
reduce the demand for training data and training time [7].

The technological advancements in both the data collection and
processing have enabled a lot of new applications to pop up for solving real-
world problems. The field of remote sensing has come a long way now to
become very developed in collecting huge amounts of data that cover the
entire earth and with continuous improvements in the quality of collected
data. Even though different platforms can be used to collect remote sensing
data, we are mainly focusing on data collected from satellites as it is the one
which covers the entire earth. These huge continuously collected data have
to be converted into insights to be useful for humanity. The complexity of
the remotely sensed data hinders the extraction of insights out of it. Luckily,
the advancement of technologies in the computing world has been a great
motivation to process these huge data and extracting the right information at
the right time. The recent development in Artificial Intelligence (Al)
together with the progress made in the field of Computer Vision has given a
lot of hope and hype for utilizing the remotely sensed data in different
application areas. However, there is a gap between the continuously
improving rate and quality of the collected data and its utilization for
solving problems. This gap is a challenge, but at the same time, it is also an
opportunity, that if the rate of utilization is improved, many difficult
problems related to Agriculture, Climate, Environment, Economical and
other areas will be tackled in an automated fashion.

The past decade has seen rapid progress in the capacity of DL
especially for detecting objects from an image. In the state-of-the-art
algorithms, the capability of DL has reached the human level, even better in
some situations. But these DL algorithms cannot yield the same results
when applied in remote sensing, and the reason for this is that there are
some differences between these general image types and remote sensing
images. So, there is a need to find the right approach for remote sensing
data to benefit from the current achievement of DL in the general non-aerial
image types. This approach requires understanding the spectral, spatial, and
other characteristics of the remote sensing images, like texture.

With huge collected data and advancements in computational
resources, remote sensing has become one of the beneficiaries of deep
learning. At the same time, remote-sensing data presents some new
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challenges for deep learning, because satellite image analysis raises unique
issues that pose difficult new scientific questions. The authors in [8] discuss
the unique characteristics of remote sensing data saying that it comes from
geodetic measurements with quality controls that are completely dependent
on the adequacy of a sensor, and they are geo-located, time variable and
usually multi-modal, i.e., captured jointly by different sensors with different
contents. These characteristics raise new challenges on how to deal with the
data that comes with a variety of impacting variables and may require prior
knowledge about how it has been acquired. In addition, despite the fast-
growing data volume on a global scale that contains plenty of metadata, it is
lacking adequate annotations for direct use of supervised machine learning-
based approaches. Therefore, to effectively employ machine learning and
deep learning techniques on such data, additional efforts are needed.
Moreover, in many cases, remote sensing is to retrieve geophysical and
geochemical quantities rather than land cover classification and object
detection, which [8] indicates that expert-free use of deep learning
techniques is still getting questioned. Further challenges include limited
resolution, high dimensionality, redundancy within data, atmospheric and
acquisition noise, calibration of spectral bands, and many other source-
specific issues [2, 8].

The success of the methods of DL in applications of remote sensing
imagery depends on both the data and the used DL model. DL is a data-
hungry process that thrives when there is a lot of training data. But there are
many situations where it is very hard to get enough training data. In
situations like this, data augmentation has been used to compensate for the
lack of enough training samples [9].

One thing that we observed from our experiments is the importance
of understanding the data itself. Even though the enhancements in the
algorithms have improved the accuracy of training and testing, at some
point it becomes stagnant that the model almost makes no progress at all.
As a result, we concentrated our focus on the collected training data and we
improved its quality by carefully selecting representative data and its results
with an improvement in the accuracy of the detection.

The remote sensing methods of the Earth together with the
development of the algorithms for processing them are the best combination
to tackle problems that are affecting the Earth we live on. The relevance of
these studies is associated with such challenges as climate change and
predictions, analysis, and recognition of technical objects, infrastructure,
preservation and development of environmental systems that is important
for the global system of Society and ecology as well as for many other
practical tasks.
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With the Petabyte-scale images collected from satellites, information
extraction could be challenging. Deep learning methods, which thrive in
data-driven applications, can be the right tool to create insights out of this
huge collected data. However, the methods require the laborious preparation
of training datasets. The quality of the collected training data is as important
as developing the right deep learning model for attaining high accuracy with
the inferences [10]. This data-centric approach helps to make some
accuracy gains. With this study, we tried to classify land use land cover in
the Moscow region, by using a publicly available EuroSAT dataset. This
dataset is created from European urban areas. The reason that we used this
dataset is that there is a lot of similarity between the Moscow region and the
European urban areas where this dataset is collected from.

In this paper, to create a LULC map of the Moscow region, we
prepared a high-quality annotated test and validation datasets using satellite
imagery in the Google Earth Engine platform. Based on the existing Earth
observation datasets, we train state-of-the-art deep learning algorithms
through transfer learning to distinguish between ten LULC classes. And in
doing so, we made the following contributions:

—  We introduce Moscow patch-based LULC classification dataset
(MoscowSAT) based on Sentinel-2 satellite images. Every image in the
dataset is labeled and geo-referenced.

—  Four models of CNNs namely ResNet-50, ResNet-152, VGG16
and VGG19 were used with the datasets EuroSAT and MoscowSAT for
training and testing respectively. Both datasets are from sentinel-2 red-
green-blue (RGB) images.

—  We have streamlined the models by tweaking the learning rate
hyperparameter for the highest accuracy.

—  The performances of the four models for classifying the 10
classes are displayed in the confusion matrix.

2. Literature review. Lately, after the introduction of neural
networks for solving general computer vision problems, neural networks for
satellite imagery have been included in the hot research topics. The reason
being satellite imagery hosts a lot of information that is very important for
solving problems that span a wide area of fields. Neural networks have
proven to be very important tools for extracting insights from these huge
collected data. Here we have mentioned some of the researches conducted
on the diverse fields of applications.

Before the introduction of deep learning, other machine learning
algorithms were applied to solve different problems. The algorithms
Support Vector Machine (SVM) and Random Forest (RF) were the most
successful classifiers of these types of algorithms [2]. Deep learning is
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different from these other machine learning algorithms in many ways. But
we want to mention the two reasons that make it so popular. One of the
reasons is that in the most problematic domains deep learning gives the
highest classification accuracy, and the second reason is that it doesn’t
require manual feature extraction, and this enables end-to-end connections
which automate feature extraction and perform the classification [2]. And as
a result of its high accuracy and automation of almost the whole process of
learning, it has been applied for solving problems in different application
areas. Remote sensing has been applied successfully to a variety of
classification and detection problems. The researchers in this study [11]
presented an evaluation of fully convolutional neural networks (FCNNs) for
road segmentation in satellite images. The authors’ models show results,
successfully extracting most of the roads in the test data set.

Detecting small objects such as vehicles in satellite images is a
difficult problem. Deep convolutional neural networks (DNNSs) can learn
rich features from the training data automatically, and they have achieved
state-of-the-art performance in many image classification databases. these
authors [12] proposed a vehicle detection method in satellite images using a
Deep Convolutional Neural Network(DNN). On a similar detection
problem, these authors [13] present a hybrid DNN (HDNN) that HDNN
significantly outperforms the traditional DNN for vehicle detection on
satellite images. Still, with the problem of object detection, the authors of
this paper [14] propose a new airport detection framework based on
objectiveness detection techniques (e.g., BING) and Convolutional Neural
Networks (CNN). Similarly, this work [15], proposed a method using
convolutional neural networks (CNNs) for airport detection on optical
satellite images.

Automatic object detection is a fundamental but challenging problem
in the process of interpretation of satellite images. In this paper [16], an
end-to-end multiscale convolutional neural network (MSCNN) is proposed,
which is based on a unified multiscale backbone named EssNet for
extracting features of diverse-scale objects in satellite images.

The paper on [17] describes a method for the effective semantic
segmentation of satellite images and compares different object classifiers in
terms of accuracy and execution time.

Very high resolution satellite imagery and image processing
algorithms allow for the development of remote sensing applications.
Recently, in addition to machine learning algorithms, deep learning
methods have also been used to classify VHR images. In this paper [18], the
authors compare the accuracy of the convolutional neural network (CNN)
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algorithm with some machine learning methods, for the classification of a
satellite image with 50 cm spatial resolution.

Hyperspectral Satellite Images (HSI) present a rich spectrum of input
data. In this paper [19], the authors propose an approach to the reduction
and classification of HSI using dual Convolutional Neural Networks
(DCNN).

Deep learning with satellite images provides a way to make
predictions about the distribution of poverty. The work in this paper [20]
results in a test accuracy of 76% for the three countries, whose satellite
imagery is used in the research.

The work in this paper [21] aims to perform individual tree
recognition on the basis of satellite images using deep learning approaches
for northern temperate mixed forests in the Primorsky Region of the
Russian Far East. Using U-Net-like CNN, they obtained a mean accuracy
score of up to 0.96. A similar treetop detection proposed in this paper [22]
introduces a framework using the automatically generated pseudo labels
from unsupervised treetop detectors to train the CNNs, which saves manual
labelling efforts.

A deep learning algorithm, the convolution neural network (CNN),
was applied in this research [23] to rapidly extract road blockage
information. The kappa coefficient and the F1 score of the results were
77.60% and 87.95%, respectively.

The success of applying a deep learning algorithm for solving
problems is also dependent on the dataset collected for the purpose of
training. This article [24] focuses on evaluating the available and public
remote-sensing datasets and different techniques for satellite image
classification, using Convolution Neural Networks (CNNSs), precisely,
AlexNet architecture with SVM classifier.

The authors of this paper [25] proposed an approach that can be used
to extend the footprint of the high-resolution images to generate new time
frames or to downscale the remote sensing imagery based on a distant but
structurally similar training image. And in another domain, this paper
presents [26], the technique of processing satellite images with their
subsequent placement in cartographic services. There are many application
areas where deep learning makes a big impact, and it keeps growing. It can
be said that any problem domain that has a lot of data is suitable to be
solved using deep learning.

3. Materials and Methods. This work has utilized the result
achieved by the authors [27], in which they have created a dataset based on
Sentinel-2 satellite images covering 13 spectral bands constituting (Table 1)
10 classes with in total of 27,000 labeled and geo-referenced images. They
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provided benchmarks for this dataset with its spectral bands using state-of-
the-art deep Convolutional Neural Networks (CNNs) and with the proposed
dataset, they achieved an overall classification accuracy of 98.57%.

Table 1. Sentinel-2 RGB bands and parameters

Sentinel-2 Band Wave(l::rrllgt](:rz(nm) V\?i?j(:rfzgarL) ResglpuattiI(?rI](m)
Band 2-Blue 490 65 10
Band 3-Green 560 35 10
Band 4-Red 665 30 10

The free availability of continuous Earth observation satellite data
has motivated the processing of the data for some insights. This data
processing has resulted in devising solutions to wide area domains
including agriculture, environment, urban planning and disaster recovery.
One part of the processing involves creating structured semantics out of the
data, which is fundamental to creating LULC Classification [28].

LULC classification is an important task that enables us to
understand the relationship between humans and the environment. Land
Cover refers to the physical characteristics of the Earth’s surface, such as
vegetation, water, and soil, while Land Use refers to the purposes for which
humans exploit the Land Cover such as changes made by anthropogenic
activities [29, 30]. Therefore, the aim of LULC classification is to
automatically provide labels describing the represented physical land type
or how a land area is used. LULC changes (LULCC) are a very important
measurement for monitoring man-made changes (e.g., deforestation,
urbanization, and agriculture intensification) or natural phenomenon (e.g.,
droughts, floods, and natural fires). Therefore, LULC data enables the
creation of detailed mappings to enable sustainable development [29].

A. Study Area and Data. The test data for this study is collected from
the Moscow region, Russia (Figure 2). This area is selected for the reason of
applying the EuroSAT dataset as training data, which is created from
European urban areas and using the MoscowSAT as a test area. Since the
Moscow region is on the European side of Russia, we want to investigate
how well the training dataset of EuroSAT fits to the collected testing dataset
from the Moscow region.
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Fig. 2. Region of Interest (ROI) of the study — Moscow region, Russia

To perform this task, we utilize the results achieved by [27] and
apply them to the case of the Moscow region. And to keep everything
similar between the 2 datasets, we have used the same classes for the
classification. The LULC classes used in this study are Annual Crop,
Forest, Herbaceous Vegetation, Highway, Industrial, Pasture, Permanent
Crop, Residential, River, and Sea&Lake.

Generating labelled datasets requires manual work. We created the
test dataset first by gathering satellite images of the Moscow region from
Sentinel-2 and then, we created a dataset of 2,000 georeferenced and
labeled image patches, representing the 10 classes that we sought to
classify. The image patches measure 64x64 pixels and have been manually
checked.

The Sentinel-2 is one of the satellites under the European Space
Agency (ESA) Earth observation mission. ESA has made the continuously
collected satellite images freely available within its Copernicus program.
Besides this, sentinel-2 imagery is preferable for our task of LULC
classification for the following reasons: (1) This satellite image has 13
bands obtained from the MSI (Multispectral Imager) instrument, (2)
Temporal resolution of Sentinel-2 is 10 days performed by one satellite and
5 days performed with two satellites that will make large amounts of
observational data available. This satellite has a spatial resolution from 10
to 60 m. The satellite image is composed of the following bands 4 (red),
bands 3 (green), bands 2 (blue), bands 8 (Near-Infrared) and bands 11
(SWIR, Short-Wave Infrared). Band 4 is useful for identifying types of
vegetation, soil and urban features; band 3 provides excellent contrast
between clear and turbid (muddy) water; band 2 is useful for land and
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vegetation identification, forest type mapping, and identifying human-made
features; while band 11 is useful for measuring soil moisture and
vegetation, and it provides good contrast between various types of
vegetation.

B. Deep transfer learning for image classification. In this study, we
have used state-of-the-art deep learning algorithms with transfer learning
(Figure 3) for finding the optimal algorithm that gives high accuracy. This
is implemented using a jupyter notebook equipped with a TensorFlow GPU
computing environment. We have used “Differential learning rates”, which
means different learning rates for different parts of the network during our
training. The purpose of this is to divide the layers into various layer groups
and set different learning rates for each group so that we get the best results.

Source Target
model model
~ - Random -» o Train from
utput layer initialization utput layer scratch
co
Layer L - 1 . 2 S = LayerlL-1
Pretrain T 1

.....Copy - Fine-tune

L Layer1  }----- a7 S - Layer 1

Source dataset Target dataset

Fig. 3. Transfer Learning

This study used a supervised approach — creating training samples
from input images as an automatic classification process. The final result of
this process is a labeled dataset for training a classifier. The process starts
by collecting data and ends by making predictions of the data into its
respective classes. This process is depicted in Figure 4. And from the
process implementation side, it can be summarized as: loading data from
hard disk, data splitting into training and testing dataset, training CNN
model, and evaluating model performance.
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Fig. 4. Training process of the LULC classification

We divided the dataset into a training set (80%), validation set (10%)
and test set (10%), in order to perform the training, validation and testing,
respectively. We have used ResaNet 50 with transfer learning to train the
model. This artificial neural network is basically composed of a 7x7
convolutional layer with 64 output channels and a stride of 2 followed by
the 3x3 maximum pooling layer with a stride of 2. The batch normalization
layer is added after each convolutional layer. Finally, the layers are
preceded by one Flatten Layer, two Dense Layers and a Softmax Layer. The
model architecture is depicted in Figure 5.
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=
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Fig. 5. ResNet 50 Model Architecture
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4. Results and Discussion. We run the classification algorithms
ResNet 50, ResNet 152, VGG 16 and VGG 19 with transfer learning using
the EuroSAT dataset and then continue training models with MoscowSAT
dataset for the specifics related to the Moscow region. The used model and
the dataset are crucial to achieving high accuracy. We have carefully
created the MoscowSAT dataset to reflect the ground truth so that this part
of the learning will be specific for the region. The results of our code
analysis in the confusion matrix are displayed in Figure 6 from a to d. The
confusion matrix is the results of the fine tunned training on the test dataset
MoscowSAT using satellite images in the RGB color space. We discovered
that ResNet 50 gives the highest accuracy, which is 98% in the training and
97.5% in the testing. As can be seen in the confusion matrix, there was high
precision for almost all of the classes except there was some miss
classification between permanent and annual crops (Figure 7). The
comparison of the results of the three NN algorithms used is displayed
in Table 2.

Table 2. Comparison of accuracy
ResNet50 ResNet152 VGG16 VGG19
0.975292588 0.932193944 0.952134497 0.968265

Accuracy
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Fig. 6. Results of the fine tunned training on the test dataset MoscowSAT using
satellite images in the RGB color space
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Fig. 7. ResNet-50 sample prediction output. The text displays the actual and
predicted levels of each image. The permanent crop is confused with annual crop
in this sample output

5. Conclusion. Regional land use planning and monitoring remain to
be an important process that enables appropriate and optimal usage of
resources. Despite many proposed models in the studies, the task remained
a challenging problem. In this paper, we have used transfer learning of deep
learning models for creating LULC of the Moscow region. We have fine-
tuned 4 models of CNN, namely ResNet50, ResNetl52, VGG16 and
VGG19 with transfer learning and adjusting the learning rate for the optimal
accuracy.
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In general, our study is tailored toward creating the right tools to
automate the extraction of information from satellite imagery. We have
demonstrated the capability of remote sensing data together with deep
learning for solving real-world problems. We achieved this by working
towards creating the LULC Classification of the Moscow region. This study
presented the results of LULC classification using Sentinel-2 satellite RGB
imagery as input, the CNN model as the classifier, and the Moscow region
area as the location for this study. The results showed that the ResNet50
CNN model together with transfer learning achieved high accuracy in
classifying the 10 classes.
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T.T. YUoOTEP, 10.H. PA3YMHBIi1, B.K. JIOBAHOB
I''TYBOKOE TPAHC®EPHOE OBYUEHUE HA OCHOBE
CIYTHUKOBBIX U30BPAKEHUM 1151 KJIACCUDUKALIUU
3EMJIEIIOJIB30BAHUS U 3BEMHOI'O IIOKPOBA

Yugpmep T.T., Pasymnouii FO.H., JIobanos B.K. I'tydokoe TpaHcdhepHoe 00yueHne Ha 0CHOBE
CIYTHUKOBBIX MH300pa’keHMil Il KJIacCH(PUKAIMM 3eMJIeN0JIb30BAHHS W 3eMHOI0
TOKpOBa.

AHHOTanMsl. AJTOPUTMBI TIIyOOKOTrO OOyYeHHs ChIpalld BaXKHYI0 PONb B PCIICHHUH
MHOTHX KOMIUICKCHBIX 33/1ad, 3a CYET aBTOMATHYECKOTO M3Yyd4EHHMsI MPaBiUl (aIrOPHTMOB) Ha
OCHOBE BBIOOPDOYHBIX JAaHHBIX, KOTOPBIC 3aTEM COIOCTABISIOT BXOJHBIC JaHHBIC C
COOTBETCTBYIOIIMMH BBIXOJHBIMH JaHHBIMU. Llenb pabGoOTBI: BBINONHUTH KIACCH(PUKALHIO
3eMHBIX TOKpoBOB (LULC) CHYyTHHKOBEIX CHUMKOB MOCKOBCKOH 00NacTH Ha OCHOBE
00y4aromuX TAaHHBIX M CPAaBHHUTH TOYHOCTH KIACCH(MKAIMH, MOIYYCHHOH C MPUMEHEHHEM
psina Mozener Tirybokoro obydeHus. MeTojpl: TOYHOCTb, JOCTHraeMasi IpH KIIacCH(pUKaIUH
3eMHBIX IIOKPOBOB C MCIIOJIb30BAHHEM AJIFOPHTMOB TIIIyOOKOro OOydeHHs ¥ JaHHBIX
KOCMHYECKOH ChEMKH, 3aBHCHT KaK OT KOHKPETHOH MOZIEIH ITyOOKOro oOyd4eHHs, Tak M OT
UCHOJb3yeMol oOydaromieil BHIOOpKH. MBI HCIONB30BaIM HanOONEe COBPEMEHHBIE MOJETH
riy0okoro oOydeHHs M OOy4eHHs C TOJKPEIUICHHEM BKYyNE C pEJIeBaHTHBIM HabOpOM
oOy4aromux JaHHbIX. [l TOHKOM KOPPEKTHPOBKHM IapaMETPOB MOJENeH M IOATOTOBKH
oOyuaroliero Habopa JaHHBIX MPUMEHSUINCH Pa3JIMBHBIC METOABI, B TOM YHCIIE ayrMEHTaIUs
naHHbIX. Pesymbrathl: IIpuMeHEHBI dYeThIpe MoOJENM IIyOOKOro oOydeHHs Ha OCHOBE
apxutekTyp Residual Network (ResNet) m Visual Geometry Group (VGG) Ha ocHOBe
o0ydenus ¢ noaxperienneM: ResNet50, ResNetl152, VGG16 nu VGG19. Tocnenytromee 1o-
o0ydeHHe MOpeNeil BBIMONHIOCH C WCIOIB30BAaHMEM OOYYaOMNX [JAaHHBIX, COOpaHHBIX
coyraukoM JI33 Sentinel-2 nHa Tepputopumu MockoBckoil obmactu. Ha ocHOBe oleHKH
pe3ynbTaToB, apxurekTypa ResNet50 pana Hambosee BBICOKYIO TOYHOCTh KiIacCH(MKAIMH
3eMHBIX IIOKPOBOB Ha TEPPUTOPUH BBIOPAHHOIO perroHa. IIpakTHdeckas 3HaYMMOCTb: aBTOPBI
paspaboTtay aIroput™M OO0y4eHHsI YETBIPEX Mojeneld MIyOOKOoro o0y4eHHs C HOCHeTYHOIeH
KJIaccudukanyeil pparMeHToB BXOJHOI0 KOCMUYECKOI0 CHUMKA C IIPHCBOCHHEM OHOro u3 10
KJ1acCOB (OAHOJIETHHE KYJIBTYPBI, JIECHON MOKPOB, TPABSIHUCTAsI PACTUTEIBHOCTD, aBTOJOPOTH
U 110CCe, IPOMBIIIICHHAs! 3aCTPOiiKa, MaCTOMIA, MHOTOJIICTHHE KYJIBTYpBI, KHIas 3aCTPOiiKa,
PEKH U 03epa).

KiroueBble cj10Ba: HEHPOHHBIE CETH, TIIyOOKOe TpaHCchepHOE 00ydeHUE, KIIacCH(HKAIIUST
3eMJICTIONIb30BAHHS, CITyTHUKOBBIC CHUMKH.
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C.B. IBOPHUKOB, C.C. JIBOPHHUKOB, A.A. YCTUHOB
KOPPEJIAIIMOHHBIE CBOMCTBA KOY®®UIIUEHTOB
KPATHOMACHITABHOI'O IPEOBPA3OBAHUSI TUIIOBBIX
U30BPAKEHUI

Heopnuxose C.B., [eopnuxos C.C., Ycmunos A.A. KoppelsinnoHHble CBOHCTBa
K03 PHIHEHTOB KPATHOMACIITAOHOT0 NPe0dpPa30BaHUs THIIOBBIX H300pPasKeH Ui,
AHHOTanus. YBeIMYUBAOIIHIiCA MOTOK (OTO M BHIACOMH(OPMALUH, HMepeaBaeMblii MO
KaHaJlaM MH(POKOMMYHHKAILIMOHHBIX CHCTEM M KOMIUIEKCOB, CTHMYJIHPYeT K HOHCKY
9((EeKTUBHBIX ~aITOPUTMOB  CXKATHs, IIO3BOJSIIOIIMX  CYIIECTBEHHO CHU3HTH 00BEM
nepejgaBaeMoro tpaduka, NpH COXpPaHEHHH €ro KadecTBa. B oOmiem ciydae, B OCHOBE
ITOPUTMOB  CXAaTHs JIeKAT OIEpallid IPeoOpPa3OBaHMS KOPPEIHPOBAHHBIX 3HAYCHUH
SIPKOCTEH IHKCEJIOB MAaTpPHIBl HM300paKeHHWs B MX HEKOPPEIMPOBAHHBIC ITapaMETpbl, C
HOC/IEYIOIMM KOJMPOBAHUEM IONYYCHHBIX KO3(duIenToB npeodpasoBanus. [TockoibKy
OCHOBHBIC M3BECTHBIC JCKOPPEIHPYIOIINE NMPE0OPa30BaHMsl SBISIOTCS KBAa3HONTHMAIbHBIMH,
TO 3aJada IIOMCKa MpPEOoOpa3OBaHMi, YYMTHIBAIONIMX HM3MCHEHHS  CTAQTHCTHYECKUX
XapaKTEepUCTHK CXKMMaeMBIX BHICOIAHHBIX, BCE CIIE SIBISICTCS aKTyaJlbHOW. YKa3aHHbIE
00CTOATENECTBA OMNPEICIMIN HAIPABJICHHE IIPOBEJECHHOTO HCCIIEJIOBAHNs, CBSI3aHHOTO C
aHANM30M  JCKOPPEIUPYIOMIUX  CBOMCTB  (opMHpYyeMBIX  BEWBIET-KOI(D(PHUIUECHTOB,
MOJTy9aeMBIX B pe3yJbTaTe KpaTHOMAcIITaOHOTo MpeoOpa3oBaHus H300pakeHHH. OCHOBHBIM
pe3ynbTaTOM MPOBEICHHOTO MCCIIEIOBAHNS SIBUJIOCh YCTAaHOBICHHS (paKTa TOTO, YTO BEHBIET-
k03 dureHTsl KpaTHOMAacITabHOrO MHPEOOPa30BaHUsI HUMEIOT CTPYKTYPY BIIOXKEHHBIX
MAaTpHIL, ONPEACNICHHBIX Kak cyOMarpuubl. I103ToMy, KOppeNSILMOHHBIA aHAIN3 BeifBIeT-
K03(pdunneHTOB NpeoOpazoBaHus, IIeNecooOpa3HO NPOBOAUTH Pa3/ENbHO I DIEMEHTOB
KaXIOW CyOMaTpuipl Ha KaXIOM YPOBHE IEKOMHO3UIMHU (pasnoxeHus). OCHOBHBIM
TEOPETHYECKUM  PE3YJIbTaTOM SBUJIOCH JIOKAa3aTeNbCTBO TOTO, YTO SAPOM  KaxKJOTo
HOCIIEYIOIIEr0 YPOBHS KPaTHOMACIITaOHOro MpeoOpa3oBaHus ABIAETCS MaTPHIA, COCTOSIIAS
u3 BeilBIeT-KOA()(PUIHEHTOB MPE/INICCTBYIOMIEr0 YPOBHS ACKOMIO3HIMY. VIMEHHO AaHHBIH
(akT ¥ MO3BOJSAET CENATh BHIBOJ O 3aBUCHMOCTH COOTBETCTBYIOIINX 3JIEMEHTOB COCEIHHX
ypoBHeil. Kpome Toro, ycraHOBIeHO, HTO MEKIy BeHBIET-KOI(QOHUIMEHTaMI BHYTPU
JIOKaNBbHOM 00nacTn  M300pakeHHs pasMepoM 8X8 MHKceNneid CylmecTByeT JHMHeWHas
3aBucUMOCTh.  [Ipm  3TOM  MakcuManbHas — KOPpEAIMs — 3JNEMEHTaMH  CyOMaTpwil
HETOCPEICTBEHHO ompenensercs (OpMOH WX TIPeICTAaBICHUSA, W HAOTIONACTCS MEXTy
COCETHUMH 3JIEMCHTAMM HAaXOMSAIIMMUCS, COOTBETCTBCHHO B CTPOKE, CTOJOLE MIH 110
JIMarOHallM, 4YTO TIOATBEPKIAETCS XapaKTepoM paccenBaHMs. IlomydeHHBIE pe3ynbTaThl
TOJTBEPXK/CHBl Ha IIPOBEJICHHOM aHalW3e BBIOOPOK, Oolee 4YeM M3 JABYXCOT THIOBBIX
nzobpaxxenuid. Ilpm 3TOM OOOCHOBAHO, YTO MEXKIY HHM3KOYACTOTHBIMU  BEHBIIET-
kod(unmenTaMmy  KpaTHOMAacITaOHOTO IPEOOPa3OBAaHMsI BEPXHErO YPOBHS Pa3loKEHHUS
COXPAaHSIOTCS IPUMEPHO OJMHAKOBBIC 3aBHCHMOCTH DPaBHOMEPHO IO BCEM HaIlpaBICHHSIM.
IpakTnueckasi 3HaYMMOCTb HCCIICOBAHHUS OLPEACISCTCS TEM, YTO BCE IOJIYYCHHBIC B XOJE
€ro HPOBEIEHHsI PEe3yJbTaThl ITOATBEPIKAAIOT HAIMYME XapaKTePHBIX 3aBUCHMOCTEH MeEXIy
BeHBIeT-KOdQQUIMCHTaMH  IIpeobpa3oBaHHUsl HAa  PA3IMYHBIX  YPOBHAX  PAa3IOKEHHUS
n300paxkennit. JlaHHbIA (aKT yKa3plBaeT HAa BO3MOXKHOCTh [OCTIDKEHHsS 00jee BBICOKHX
3HaYeHUH KOA()(PHUITHEHTOB CXKAaTHs BHICOAAHHBIX B IIpolecce UX KoaupoBaHus. JlanpHenme
HCCIIEIOBaHMUS aBTOPHI CBS3BIBAIOT C Pa3padOTKON MaTeMAaTHYeCKOH MOJIENH aJalTHBHOTO
apH(METHYECKOr0  KOJMPOBAHUS ~ BUJCOJAHHBIX M M300paKeHWH,  y4MTHIBAIOIICH
KOPPEJALMOHHBIC CBOCTBA BEHBIET-K0d(DPUIIMEHTOB KPaTHOMACIITAOHOTO IIPE0oOpa3oBaHusL.
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KuioueBble ci10Ba: cxxaTie H300pakeHNH, BEHBICT-K0I((HHUINEHTHI KpaTHOMACIITAOHOTO
npeoOpa3oBaHus, INpPeoOpPa3OBaHUE KOPPEIUPOBAHHBIX — 3HAYCHHI, JEKOPPEIHpYIOLIUE
peoOpa3oBaHusL.

1. BBenenune. B Hacrosimee BpeMsi B OCHOBE BCEX H3BECTHBIX
AITOPUTMOB C)KaTHsl BHIEOJIAHHBIX JIEXKHT BBINOJHEHHE IBYX OCHOBHBIX
oneparuii [1-4]: nmpeoOpa3oBaHne KOPPEIMPOBAHHBIX 3HAYEHHI SPKOCTEH
IIMKCENIOB MaTPULBI H300pakeHUsI B UX HEKOPPEIMPOBAHHbIC TapaMeTphl —
KO3(QHUIUEHTH  TpeoOpa3oBaHUs,  KOTUPOBaHHE  KOX(PPHUINESHTOB
npeobpazoBanus [5, 6].

OcHOBHOW 3amadelf TEpBOM oOmepalMy SBISACTCS IONydYCHHE
KO3 PHUIHIEeHTOB TpeoOpa3oBaHus, XapaKTePHU3YIOMIHUXCS HEPaBHOMEPHBIM
pacmpenenieHueM 3HAauYeHW WX a0COJIOTHBIX 3HaueHuil. [lpu 3TOM
3HaueHHsT KOI(PHUIMEHTOB  mepepacrpeneiseTcs Tak, 4To  IpHu
KOJIIMPOBaHMM CYLIECTBEHHOW WX 4YacTH, B XOJie BBIIIOJHEHHS BTOpPOU
oneparyy, HUCIOJb3YIOT HE3HAYMTENbHOE 4YMCIo OWTOB, JMOO BOOOIIE
OTKa3blBalOTCI OT KOAUPOBAHUS KOI(PPHUUIUEHTOB mNpeoOpa3zoBaHM,
NPUPaBHUBAs UX K HYJIIO, YTO 00ECIIeUnBACT C:kaTHe U300paxkenuit [7, 8].

OCHOBHBIE JEKOpPENUPYIONIHE NpeoOpa3oBaHus, HCIOJIb3YEMBIE B
HACTOsIIIee BpeMs B DPAa3JMYHBIX CTaHIAPTaX C)KATHS, H3BECTHBI H
JOCTAaTOYHO XOPOILO HcciaenoBaHbl. K Takum npeoOpa3oBaHUsIM OTHOCSTCS
JHUCKPETHOE KOCHMHYCHOE npeoOpa3oBanue [9] u pasiuuHble BUIBI BEHBICT-
npeobpazoBanuii  [3]. B paborax [9, 10] moka3aHo, YTO JaHHBIE
npeoOpa3oBaHMsi  SBISIIOTCSL  KBa3MONTHMANBHBIMH € TIO3UIMH
nepepacrpeiesieHUsl YHEPrir, XapaKTePHBIX s OOJBIIMHCTBA THITOBBIX
n3obpaxxkennid. Kpome Toro, 3amaya TOCTpOEHHsS HOBOTO Kiacca
npeoOpa3oBaHuii, YYUTHIBAIOUINX JIOKAJIbHBIE M3MEHEHUS! CTATUCTUYECKUX
XapakTepUCTHK CXKUMAEMbIX H300paKeHWH, SABIAETCA  CIOXHEHIIeH
3aJa4yeil ¥ B HACTOsILEEe BPEMs HE pellieHa.

C npyroi CTOpOHBI, CyIIECTBYIOIINE METOJBI KOAUPOBAHUS, B TOM
yucne W apupmMeTHueckoe komupoBanue [4, 11], paspabarbiBajuch Kak
METO/IbI KOANPOBAHUS IIOCIIEI0BATEILHOCTEI CHUMBOJIOB, TO €CTh 0e3 ydera
TOT0, KaKUM 00pa3oM 3TH MOCIIEe0BATEIbHOCTH ObUIN NOTydeHbl. [ToaTomy
TaKoe Mmpeodpa3oBaHNe HE YUYUTHIBACT UX CTPYKTypHbIe ocobeHHocTu. Tak,
HarmpuMmep, B OOJNBIIMHCTBE CIy4aeB peaiu3anus apu(hMETHIECKOro
KOJUPOBAHMS YYUTBHIBAET TOJIBKO 3HAYCHHS BEPOSTHOCTEH KOOHPYEMBIX
cuMBOJIOB. [Ipy 3TOM mpeanoiaraercs, 4To IOCJIEAYIOIIee MOCTPOCHUE
KOJCKOB,  OPHEHTHPOBAHHBIX HAa  KOIUPOBaHHE  KOI(PPHIHEHTOB
npeoOpa3oBaHus 3aJaHHOTO BHIA, KaK Pa3 U MO3BOJHT IOJIYYUTH OOJbILIHE
3Ha4YeHus Kod(hunuenTos cxarus [12].

B cBsI3M C 3TUM OCHOBHBIM COJEp)KaHHEM NaHHOH CTAaTbU SBISCTCS
NPE/ICTaBICHUE  pe3yJbTaTOB  HCCICIOBaHHWS  CBOWCTB  BeiBieT-
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ko3¢ (PUIIMEHTOB, TIONyd4aeMbIX B  pe3yJibTaTe KPaTHOMAaCIITaOHOTO
mpeoOpa3oBaHusl HM300paKEHUH, MOIYYHMBIIETO MIMPOKOE IIPAKTHYECKOE
NPUMEHEHHE B COBPEMEHHBIX KOJEKaX U pekoMenaarusx [13-15].

2. KpatHomacmTadHblie npeodpazoBaHus Ha OCHOBe
AHAJMTHYECKOT0 ammapara JuHeiHOH aaredpsl. B olOmewm ciydae,
KpaTHOMACIITaOHBII aHaJIu3 OCHOBaH Ha MHOCJIEOBATEIbHON
JIEKOMITO3UIIMU CUTHaNa (IPUMEHHUTENBFHO K paccMaTpHBaeMOl TeMaTHKe,
Jlanee Mo TeKCTy — M300pakeHWH) B OPTOrOHAJBHOM Oa3uce BEHBIETOB,
00pa30BaHHOM IyTEM BPEMCHHBIX CABHIOB M KPaTHOMACIITAOHBIX
npeoOpa3oBaHuil UCXOAHON mopoxparomiei Gpyukiuu [16]. B pesynbrare
OTKPBIBAETCSI  BO3MOXKHOCTb  BBIJICJIMTH  XapakTepHbIE OCOOEHHOCTH
UCCIIeNyeMbIX HW300pakeHHH B OO0JIaCTH JIOKAIM3alMH (HOPMHUPYIOLIMX
BeiiBieros [17].

TeopeTndeckne OCHOBBHI ~ KpaTHOMAcIITaOHOrO  aHamW3a  Kak
WHCTPYMEHTA ITOCTPOCHUSI BEHBIIET-0a3MCOB B MHTEpEcaxX aHAINM3a TOHKOH
CTPYKTYpHl ~ m300paxkeHW#, Obum  paspabotanel C.Mamra u
U. Meiipom [18]. B Teopun BEHBIETOB MOHSITHE KPAaTHOMACHITAOHOTO
aHanmu3a sBisietcss GpyHaaMeHTan bHbIM [19], MOCKOJIBKY OHO OIMpenesHiio
pa3BUTHC HECKOJIbKUX HaHpaBJ’IeHI/Iﬁ B PAagUOTCXHUKE n
TENeKOMMYHHUKAIIUSIX, CBA3aHHBIX ¢ 00pabOTKOM U cykaTHEM M300paXeHHUH.

CymHocTh  KpaTHOMaclmiTaOHOro — aHanM3a  OCHOBaHa  Ha
HUECPAPXUICCKOM MPEACTABIICHUU HMCXOAHOI'O IMPOCTpaHCTBa 1/1306pa)1<eH1/1$1

L’(R) B BuJe YNOpAIOYEHHOH CHCTEMBI BIOKEHHBIX CYOIPOCTPAHCTB
2 -
V,cL(R) [18], rne jeZ, xoropble OTIMYAOTCA JAPYr OT Jpyra

3HAYCHHUEM MacCIITa0MpyeMOi MMEPEMEHHOM, YTO MO3BOJIIET (HOPMHPYEMBIC
HAa KaXIOM YypPOBHE JICKOMITO3MIIMHM MPOCTPAHCTBA IPEACTABIIATH
CIeIYIoNINM 00pa3oM:

V.(R), jez.

B o0miem cityuae mpaBOMEPHOCTh pean3alis KpaTHOMACIITaOHOTO
mpeoOpa3oBaHUsl  OMpPEICNIACTCS  BBINOJIHEHHWEM  IIECTH  0a30BBIX
ycnosuit [18]:

6/100/CEHHOCMU, KOT/Ia TIOCTaHoBKa V; C V|, crpaBeuBa st BCEX
3HaueHull je Z;

NOJIHOMbL U NJIOMHOCMU pa3bueHusi, TPU KOTOPOM UVJ IJIOTHO

jez

B L*(R);
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OpMO2OHANILHOCMU, T.€. ﬂVj =0;
jez
coxpanenus 6 npeoenax cyonpocmpaHcmea npu Jmoovix cosueax
pynyuit, f(t) eV, < f(t+)eV,;

Mmacwmabuposanue moodou gynyuu f(t) €V, no apeymenmy 6 dsa

pasa, nepemewjaem @QyHKYUlo 6 CcoceoHee CYONPOCMPAHCMEO, T.€.
feV, o f(2) eV, u f()eV, o f(t/2)eV,;
Cyujecmeosanus maxotu cKetnuHe-QyHKyuu rit) eVv,,

Yenouuciennvle  cogu2u  KOMOpolU — No  apaymenmy  o6pasyiom
opmonopmuposannbiii 6asuc npocmpancmea Ny f ()= f(t-k), ke Z.

Torma moGyro dynkumio S(t) m3 mpoctpanctea L°(R) MoxHO

IPEeJCTaBUTh  COBOKYIHOCTBIO ~e¢  oToOpaxkeHmid Sj(t) B KaxmoM
13 BIIO’KEHHBIX CYyOIPOCTPAHCTB TaKUM 00pa3oMm, 4To:

s(t):!imsj(t), jeZ,

rae napamerp j (GakTHYeCKd ONPEAeisIeT Pa3MEepHOCTh C(HOPMUPOBAHHOTO
(yHKIHOHAJIBHOTO 0a3mca, T.e. TIIyOMHY WM TOYHOCTH ICTaIH3aIUN
ucxonHoit pyHkuunu S(t) ¢ KCIONB30BaHHEM ¢ MacIITAOMPOBAHHBIX KOTIHIA.

OueBHAHO, YTO YCTPEMIISIS | — 00 MOXKHO O0CCIEYUTh (aKTHYCCKU
MOJIHOE€ BOCCTaHOBIICHHE HCXOJHOTO CHTHama 1o ero konmsMm. OnHako
TaKOW MOAXOJ HE IparMaTuyeH, MOCKOJIbKY CBsI3aH ¢ OONBIINMH 00BbeMaMH
NPOBOAMMBIX  BblYMciIeHMH.  CrepoBarenbHO,  HEOOXOIUM  IOUCK
KOMIPOMHUCCHBIX PEIICHHUH, MO3BOJAIOIINX C OJHOM CTOPOHBI 00CCIEYHTD
TpeOyeMyl0 TOYHOCTH BOCCTAHOBIICHHUS (OMMOKY ammpoKCHMAaINH),
a ¢ Ipyroif — He MPEeBBICHTH 00BeM TPEOYEeMOro BEIYUCIUTEIBHOTO pecypcea.

B of0mem ciydae, mpouexypa HapallMBaHHsA pPa3sMEPHOCTH
(YHKIHMOHAIFHOTO MPOCTPAHCTBA SIBISACTCS MTCPALMOHHON, M €¢ MOXHO
NPENCTaBHTh CICIYIOIINM BBIPOKCHHEM:

5;0=2CA. KM, jez. @

Ipuuem:

foo(t) =23, (2t -K),
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rae  hy mpencraBmser  co0oif HEKOTOPYIO — MOCIEHOBATEIBHOCTS,
OTIpENIEIAIONTYI0 BRIOOP TpeOyemon (HeoOXomnmon) MacmTabupyromei
(GyHKINN U3 ceMeiicTBa BCeil COBOKYITHOCTH Oa3UCHBIX (DYHKITHIA.

Takum oOpa3om, 3aada KpaTHOMACIITaOHOTO aHajan3a CBOJUTCS K
moucky 3HaueHumit coBokymHoctH { hc}k, tme K — pasmepHOCTS,
OTIpefersIIonias KOJMYECTBO HCIIOIb3YEeMbIX KOI(P(HUIMEHTOB, KOTOpHIE
obecrieuatr  ammpokcumanuio  S(f) ¢ Tpebyemoit  (HOMyCTHMO¥)
MOTPEITHOCTEIO.

VYcnoBusiM  KpaTHOMacHmiaTOHOTO — aHajiM3a B IIOJHOM  Mepe
ynoBieTBopsitoT BeliBneT-Qpyukiuu [20], koToprie Ha 6a3e HCXOIHOTO
(MaTepHHCKOT0) BelBieTa MO3BOJSAIOT (OPMHUPOBATH HEpPapXUUECKOe
MPOCTPAHCTBO MyTEM IOCIIEI0BATENbHBIX CBUIOB M MacIITAONPOBAHUS €ro
apryMeHTa.

TeopeTnyeckuM 0OOCHOBAaHHMEM TaKOTO MOAXOAA IOCIYKWIJIN
OBynoisipele  BeiiBinersl  Xaapa [10], mo3BonmBIIME — HArJSITHO
MIPOJIEMOHCTPUPOBATh BO3MOXKHOCTh ~ pEANM3AIMMd  KPAaTHOMACIITAOHBIX
mpeoOpa3oBaHUil.

JleHCTBUTENBHO, peanu3anus MpSIMOro M OOpaTHOTO IHUCKPETHOTO
BeiiBleT-TipeoOpa3oBaHnsi Ha OCHOBe BeliBiera Xaapa oOecrednBaeT
MOJTHOE BOCCTAHOBJICHHE CHTHAJa NP YCIOBUH, YTO JJIS LEJBIX 3HAUCHHN
Kk cymectytot koaddunmentst { hy }x, KOTOpbie YAOBIETBOPSIOT YCIOBHUIO:

f(t/2)=v2Zh f(t-k). @)

Vpasrenue (2) sBIAETCS OCHOBOIOJAralOLIUM B TEOPHU BEMBJIET-

npeoOpa3oBaHus [20], TIOCKOJIBKY ompeaenser MEXaHH3M
MacITabupoBaHusI.

s seiiBnera Xaapa, pemeHne ypaBHeHHS (2) TIO3BOJISIET MTOTyYUTh
TOYHBIC 3HAYCHHS, XapaKTepU3YIOIIMe B3aUMOCBS3b MEXIYy JABYMs
coceqHUMH K03 urtreHTaMu Ny=g 1 Ny

hy=h =1/2.

IMockonbky  BeliBner Xaapa  sIBISETCS  HE  €JUHCTBEHHO
YJIOBJIETBOPSIIOLIM YCIIOBUIO MOCTPOCHHMS KpaTHOMacIITaOHBIX
MPOCTPAHCTB, TO MAacHTabupyromee ypaBHeHHE (2) MoOXeT OBITh
TpaHc(HOPMHUPOBAHO K OoJiee YA0OHOMY UL aITOPUTMU3ALINH BHIY:

%f(x/Z):Zvnf(x—n). 3)

neZz
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B ypaBuennn (3) Bmecto KodhdunuentoB { hg}x BBemeHbI
ko3¢ PHUIIMEeHTHI BUAA V,, YTO IO3BOJIET TOJYYUTH OOJee 3HAYUTEIHLHO
yIOOHYI0 HOPMHPOBKY (OPMHUPYEMBIX BEHBIIETOB, MpPU YCIOBUH, YTO
MepeMeHHast X UHTEPIPETHPYET NePEeMEHHYI0 BpeMeHH 1.

KparHomaciutaOHbI TOAXOA Jier B OCHOBY aJTOPUTMOB COXKaTHUs
CUTHAJIOB M300paKeHHH, MPEANOIararoux MOCJIEI0BATENILHOE
NPEACTaBICHUE OOpa30B C pa3IMYHON CTENEHBIO X JeTalu3aliH. DTO
MO3BOJIMJIO JJISl OTHMCAHMSI HM300payKeHWs JI00Oro BHUJIA HCIOJIB30BATH
alIpOKCUMHPYIONINE KOIDOHUIMEHTHI 841, k ¥ JETATH3UPYIOIHE Ujiq, k.

Torna BeHBIET-TIpEICTABICHHE (COBOKYMHOCTB BeiBIIeT-
k03¢ duireHToB) HekoTopoil ¢yHkumu S(t), ¢ ryOHHON pasnokeHus: J
MOXHO (pOpManu30BaTh B TEPMHUHAX ANIPOKCHMHUDPYIOWUX djipk U
JeTaNu3UpyOMuX 01, K03QUIHMEHTOB CiIeyIoIUM 00pa3oM:

J
S(t) = Z Qjg+d k fjo+J,k(t)+ z Z aj Wik 4)

kez j=lJo+lkeN

B ypaBHenuu (4) ob6o3nauenue S(t) ykasplBaeT Ha TO, YTO AaHHAs

¢yHKUMA (CHTHaJ) paccuWTaHa TO Kod((dUIMeHTaM  Ppa3IoXKEeHUS
ucxoauoro currana S(t).

[IparmatnyHOCTh ypaBHeHHUS (4) ompexaenseT HaaW4dhe OBICTPOTO
aJrOpUTMa pacyera ero BeHBIET-KO(PPUIUEHTOB, onpeneisiemoro B [20]
KaK alropuTM Mainia, COrJIaCHO KOTOPOTO 3HAYCHHS aAlPOKCUMUPYIOIUX
U JeTanmmupyommx Kod(pduiumeHToB MOryT OBITH pacCUWTaHBl B
COOTBETCTBUH C!

a'j+1,k :Zhnaj,nJer ' dj+1,k :Zgnaj,mZk' (5)
n n

B dopmyne (6) xapaktep KkoOIh(UIMEHTOB (, aHajIoruyeH hy,
olpejessieMbIX B BEIpaKEHUH (2), T.€. 3TO IOCIIEeI0BATEIbHOCTh OMHAPHBIX
3HAYEHMH, UCTIONIb3yeMast JIJIsl BBIOOpa HEOOXOJUMBIX ISl BOCCTAHOBIICHUS
CUTHAJIOB allpPOKCUMHPYIOMINX KO3 (HHUIUEHTOB.

ANTOPUTM  BOCCTaHOBJICHMSI ~ CHT'HajJa IO  €ro  BeWBIET-
K03 GHUIHCHTaM OpeNeIIeTCsl PeKyPPEHTHBIM BEIPAKEHHEM BHA:

a;,= Zhn—zkaj+1,k +Zgn—2kdj+1,k . (6)
X X
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B [10] ompenenensl ycioBHs peanu3aldd NOPSAMOro M 0OpaTHOro
BeiiBIIeT-1ipeoOpa3oBaHusi, MOJOKEHHBIX B OCHOBY alTOPUTMOB CXKATHUs
HM300paKeHMI:

1. O6mee xommyectBo N anmmpoKCHMHPYIOMHX K03 dHIIHEeHTOB
@k IOJDKHO OBITH KPATHBIM 3HAYESHHIO JIBa, T.€.:

N/2"=E, )

rae m u E — nensle yucna, mpuaem m > 0.
Vcnosue (7) TO3BONSAET ONMPENENTWTh HAdalbHOE 3HAYCHHE, Tak
Ha3bIBAEMOT0, «HYJIEBOT0» YPOBHS JACKOMITO3HIHH:

N =2% wm j,=log, N

2. B xone peanuzanuy NpsIMOTO BEHBIET-PeOOpa3oBaHMs, NPU
KQXIOM TMepexoie C YPOBHA | Ha BBIECTOSIIMNA YpOBeHb |+ 1,
MIPOMCXOJUT YMEHBIIEHHE B J[Ba pa3a OOIIEro 4uciia annpoKCUMUPYIOIIMX
ajx 1 perammsupyomux djx koadduuueHTos.

3. B xoge peamusariu 00paTHOrO BEWBJIET-TIPEOOPa30BaHUS, T.C.
TIpH Tlepexo/ie Ha Oosiee HU3KKUI YPOBEHB ICKOMITO3HIINH, T.€. C YPOBHS | Ha
BBIIIIECTOSIINIA YPOBEHb | — 1, HA060POT, KOIHMUIECTBO AMMPOKCHMHPYIOMIHX
aj 1 nerammsupyromux djy ko3 HHUINEHTOB BO3PACTACT B JIBA Pa3a.

3. KpaTrHoMacuiTaGHoe BeiBJIeT-IPeACTABIEHHE H300paKeHHN.
OTIMYUTENEHOH OCOOEHHOCTBIO HW300paKeHMH SIBISIETCS TO, YTO OHHU
OIMCHIBAIOTCSL TOCPEJCTBOM JBYMEPHBIX CUTHaJIOB. [loaToMy Bcsikoe
n300pakeHne ClielyeT paccMaTpuBaTh Kak (DYHKLIUIO JIBYX IEPEMEHHBIX,
T.e. S(X, V). CremoBaTelpHO, HCHOOJB3yeMble i1 HX 00pabOTKH
MPOCTPAHCTBA, TAKKe JOJKHBI ObITH TBYMEPHBIMH, T.€. Lo(R).

Tak, Oasucubie f(X) u BeiiBmer y(X) ¢yHKUMH B pesynbTate
npeoOpa3oBaHuii MOPOKIAIOT JBYMEPHOE MPOCTPAHCTBO:

L,(R) 3{ fj,n(X)}v {\Ifj,n(x)} .

OTtMeTHM, YTO TeH30pHOEe mpomsBenenne (GyHkuui f(X) u y(X)
MIPUBOAUT K (POPMHUPOBAHHUIO CIIEAYIONIEH KOMOWHAINN 0a3UCHBIX (DYyHKINH
B poctpancTse Ly(R?):

{f om0 V) = 1,001 () 5
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100 nn (6 ) = £ (0w (W)
(W (% V) =, 000 ) o ()

{\V\Vj,n,m(xl y)= \Vj,n(x)\l/j,m(y)} .

s mpeoOpa3oBaHHOIO yKa3aHHBIM 00pa3oM IPOCTPAHCTBA Ha
[EPBOM YPOBHE JCKOMIIO3WLMK, AaMIPOKCUMHUPYIOMIHE KO HUIIHEHTHI
A ={aaj,n,m} mnomydaror Kak Kod3bdHUIMEHTE, CHOPMHUPOBAHHBIC B
pesynbrate pasnoxenus B 6asuce {ffj,,, m(X,y)}. T'opusonranbHsie
neramusupyromue  kosbduuuentsr  H; = {adj, n,m} nomywaror  Kak
KO3 UIHEHTHI, CHOPMHUPOBAHHBIE B pe3yibTaTe paslioXeHHs B Oasuce
{fyj nm(X, ¥)}. CooTBeTCTBEHHO, BEPTHKAJbHBIE  IETAIH3HPYIOLINE
koabdunuenter V= {daj,n,m} momydaroT  Kak K03 HIMEHTHI,
copmupoBanHble B pesyibrate pasnokeHus B 0Oasuce {yfj, o, m (X, ¥)}
A nuaronaneHele  gerammsupytomue  koddduimentst Dy = {dd;, 5, m}
MOJIYJ4al0T Kak  KOd(PUIUEHTH, cHOpMHUpOBaHHBIE B  pe3yJbTaTe
paznoxenus B 6asuce {yw;, n, m (X, ¥)}.

COOTBETCTBEHHO, ISl BTOPOrO YPOBHS JCKOMIIO3HIMH, B Ka4eCTBE
HCXOJHBIX TAaHHBIX OyAET BHICTYIIATh MaTpHUIa KOAPPHUIIHEHTOB:

A = (A, H,, V,, D).

Takum 00pasoM, ciiemysi YKa3aHHOW aHaJOTHH, MOYKHO ITOJYYHTh
CIIEMYIOINI  QJTOPUTM  JCKOMITO3WIIMH  MATPHIBI  HCXOJIHOTO
n3o0paxkeHus S.

S—>(A,H,V,D)—>(A,,H,,V,, D, H,V,D)—>...

3aKOHOMEPHOCTh M3MEHEHHS pa3MepoB (POPMHUPYEMBIX IBYMEPHBIX
MaccuBOB K03((UIMEHTOB pa3oKeHHsl 3aKII0YaeTCsl B CIEAYIOIEM: Ha
Ka)XJJOM YpOBHE JEKOMIIO3MIIMU pa3Mephl I0JIy4aeMbIX MAacCHBOB HOBBIX
k03(h(puIKEeHTOB OyayT YMEHBIIATHCS POBHO B JIBA pasa MO CPaBHEHHUIO C
NpeAblIyIuME  MaccuBaMu. [Ipu sToM oOmas cymma pa3MepoB Bcex
MaccuBOB KOd((HUIMEHTOB Bcernaa OyAeT paBHa pasMepy HCXOAHOU
MaTpulbl S, 4TO yKa3blBaeT Ha COXpaHEHHE «o0beMa» HHpOpMalWH, U
CITy’KUT MHAUKATOPOM IIPAaBHIIHOCTH BBITIOJIHEHUS TPE00Pa30BAHMH.
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B [3] ykazanHas 0coOeHHOCTH ObLIA MCIOJB30BaHA IS Pa3pabOTKU
YHHUKAJIBHOTO QlTOPUTMA, [O3BOJIMBILETO MOBBICUTh CTENEHb CHKATHS
(aiinoB rpadguueckoro M300paKEHUS MPH 3aJaHHON BEITUYHHE NMHUKOBOTO
orHomenus curnan/mym (PSNR).

Takoll aJrOpUTM OCHOBAH Ha BO3MOXXHOCTH BOCCTaHOBJIEHUSI TPEX
uBeroBoro kagpa wu3obpaxenuss S(I,h), | u h — Beprukanbhas

1 TOPU30HTAIbHAS KOOPIMHATHI IIMKCEN Kaapa, ¢ kKomnoneHramu R, G, B,
C TOYHOCTBIO 10 3agaHHoro 3HaueHus PSNR:

(2° -1)°xLxHxK

33 (50— 5002

k=1 1=1 h=1

PSNR =101g (8)

B anroputme (8) L — ropusoHTanbHBIil pazMep Kaapa B MHKCEISIX;
H - Bepruxambusiit pasmep; ,S(I,h) — | -toe, h-toe 3nauenue nukcens

K- KOMIIOHEHTBI MCXODHOTO Kaapa TIpadudecKoro H300paKeHus;
S(,h)y — l-toe, h-roe 3nauenme mmkcenss K-if KOMIOHEHTHI

JIEKOMIIPECCUPOBAHHOTO IIOCJIE CKaThsl BOCCTAHOBIIEHHOro Kaapa; B —
KOJIN4eCTBO OUTOB, OTBOJMMBIX Ha TOYKY (B 3aBUCHMOCTH OT KOJIMYECTBA
MPEJICTABISIEMBIX IIBETOB, Ha KAXIYI0 TOYKY OTBOAUTCS OT 1 10 48 GuTOB);
K =3 — gucio xomnorenros R, G, B.

CymHocts amroputMa (8) Oasmpyercss Ha  COBOKYIHOCTH
MOCJIE/IOBATENIbHO ~ BBIMOJHAEMBIX HPOLEAYpP JUCKPETHOTO  BeHBIET-
npeoOpa3oBanus, (HOpPMHUPOBAHUS MaTPUIBI BEHBIET-KOA()OUIIMEHTOB,
CKATHST MATPHIIGI, JEKOMIIPECCHH, BOCCTAHOBJIEHHS HCXOJHOTO KaJpa
rpaduyeckoro U300pakeHuss MyTeM (OPMUPOBAHUS HYJIEBOH MATPHIBI C
JIEKOMIIPECCUPOBAHHBIMU  BEUBIET-KOOP(UIIMEHTAMH ¥ BBIOJHEHUS
00paTHOTO JUCKPETHOTO BEUBICT-TIPEOOPa30OBAHMS.

B cootBercTBUE ¢ anropuTMoM (8), YeM MEHbINE pa3IudYuil B
YHCIOBBIX 3HAYCHHSAX TNHKcenedl Mmexay wucxoxusiM kaapom S(I,h) u

BOCCTaHOBJICHHBIM §(|, h) , TEM BbIIIC IMOJYYacMOC 3HAUCHHUC IOKa3aTelid

PSNR. A dem Bblle nosryqaemoe 3Hauenue nokaszareinsi PSNR, rem mMeHbiie
npeTepreBaeT n3MeHeHui (ai mocie npoueayp NpsAMOro U 0OpaTHOroO
npeoOpa3oBaHU.

[IpencTaBneHHBI  aNTOPUTM  CXATUSA  TMOCPEJACTBOM  BCHBIIET-
npeoOpa3oBaHus HE CAMHCTBEHHBIM B CBOeM pojae. B Hacrosmiee Bpems
pa3paboTaHO HECKONBKO MOJXOJOB K CIKATHIO HM300paKCHUI HAa OCHOBE
KpaTHOMACIITA0OHOTO MPeoOpa3oBaHUs MX 3JCMEHTOB, B TOM YHUCIC, U Ha
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OCHOBE JHCKPETHO-KOCHHYCHOTO Tipeobpasosarus [10]. Ho mpu atom Bo
BCEX aJFOPUTMAX CXKATHsl HCIOJB3YIOTCS OJHU M T€ XKe, C TOUYKH 3PEHHUS
TEXHOJIOTUYECKOTO  MpeJHa3HaueHHs, TEXHUYeCKne Tmpoueaypol. Hx
B3aUMOCBSI3b [IOKa3aHa Ha pUcyHKe 1.

Puc. 1. Cxema OCHOBHBIX 3TanoB peoOpa3oBaHus H300pakeHUs B aJIrOPUTMax
CXKaTUs Ha OCHOBE KPaTHOMAIITaOHOTO NPeoOpa3oBaHUs

Ha pucynke 1 n3obpaxeHo:

1 — ucToyHUK M300paxkeHust (MaTpULa AUCKPETHBIX JaHHBIX);

2 — k03(pGUIMEHTHl  NpeoO0pa3oBaHKMs  JUCKPETHBIX  OTCUETOB
N300paKEHHUS;

3 — maccuB qBoMYHBIX BuaconanHbIX { Vi };

4 — maccuB 1BOMYHBIX BuaeonanHbix { Vs };

A — poneypa peoOpa3zoBaHus JMCKPETHBIX OTCYETOB
M300paKeHUS;

B — nponerypa kogqupoBaHus AUCKPETHBIX OTCYETOB H300paKeHNUS;

C — nponexypa KogupoBaHus K03 HUIIIEHTOB peoOpa3oBaHus;

D — npouenypa CTaTHYECKOTO KOJIMPOBAHUSA JIBOMYHBIX
MOCIEI0BATEIIFHOCTCH;

E — mudpossre K03 HUITHNCHTH CKATHS.

PaccMoTprM 0COOEHHOCTH OCHOBHBIX NPOLENYp HpeoOpa3oBaHMSI.
Tak, mpeoOpa3oBaHHE JHCKPETHBIX OTCYETOB H300pakeHus, OJOK A,
MO3BOJIACT MHUHHUMHU3UPOBATH KOJHUYCCTBO 6I/ITOB, HCIOJIB3YEMbBIX I
KOJIMPOBaHUs PE3yJIbTaTOB MPe0Opa3oBaHusl.

Onepauuu KOIUPOBaHKs MPE0OPa30BaHHBIX OTCYETOB N300pAKEHHS,
050K B, M CTaTUCTUYECKOTO KOAMPOBAHUS PE3YNbTHPYIOMNX JBOMYHBIX
MIOCJIEI0BATEIILHOCTEH, 6ok D, oOecrieunBarOT  TPHUBEICHUE
K03(h(unreHToB mpeoOpa3oBaHMA K MABOMYHOMY BHIY, B HHTEpecax
MOCJIEAYIONIEH MX Mepeaadr 1o HU(POBHIM KaHAJIaM CBS3H.

YunTeiBasd, qTO BCSI COBOKYITHOCTh PacCMOTPEHHBIX
TEXHOJIOTHYECKUX OIepanuii XapakTepu3yeT CYIIHOCTb KaXAOro U3
U3BECTHBIX MCTO/0B cXXartuia 1/1306pa)1<eH1/H71, TO  YHUKAJIBHOCTH n
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BO3MOKHOCTH TIOCIIEHUX OMPEACISIIOTCS HE CTOJNBKO — yKa3aHHBIMH
omepanusiMHu, CKOIBKO COOTBETCTBHEM NPOBOIMMEIX IpeoOpa3oBaHUi
CTaTHCTHYECKUM CBOMCTBAM KOIUPYEMBIX H300pakeHUH.

B kadecTBe 0a30BBIX METOJIOB CXATHsI M300paKEHUH B HACTOSIIEE
BpeMsI  OTpENeNeHBI: aJalNTHBHOE OpPTOTOHAIBHOE MpeoOpa3oBaHUeE,
obecrieynBaromee  Hawjiydllee COTJIAaCOBAaHHE CO  CTaTUCTHYCCKUMU
CBOWCTBaMHM HCXOJHBIX JUCKPETHBIX JIaHHBIX; JHCKPETHO-KOCHHYCHOE
npeoOpa3zoBaHue U BeitaeT-npeodpaszoBanue [8].

4. OdocHoBaHHNe BJIOKEHHOM CTPYKTYPBI cyOmMaTpun
H300paskeHuii, MoJy4aeMbIX HA OCHOBe BeiliBieT-ko3pduuuentos. B
paMKax paccMaTpuBaeMOi 00JacTH HCCIIEIOBaHUs, KpaTHOMAacIITaOHOE
BelBIIET-TIpE0OpPa30BaHNEe HMCXOMHOTO HM300paXKEHUs, MPEACTaBICHHOTO
MaTpuIe spKocTed muKcenel Apxy, THe P — KommdgectBo CTpOK
m3obpaxkeramss; N — KojmmduecTBO CTOJNOIOB mM300paxkeHus, Oymer
MPECTaBIATh CO00l MHOTOYPOBHEBOE HepapxXuieckoe IpeoOpa3oBaHIE,
B KOTOPOM  BeHBIET-KOA((GUIIMEHTHI TEPBOTO  YPOBHSA  Pa3IOKEHHUS
MaTpHIbl Apxy MOXKHO IPEICTaBUTh B MaTpuuHoi popme [3, 10]:

_ T yT
B, =| - A |:L1N><N/2'H1N><N/2:"

rae Lippxe, Hiprxpr — MaTpuibl npeoOpa3zoBaHHs MEPBOrO  ypPOBHsS
pasnoxenust pazmepom (P/2) X P anemeHToB; L) wenvzs H' 1 iz — MaTPHIIBI
npeoOpa3oBaHus EPBOTO YPOBHs pasioxkenus pazmepom NxN/2; T — 3aech
U Jlajiee 3HaK TPAHCTIOHUPOBAHUSI.

Matpunst Ly (p2)xp, Hi (pr2)xp, UIMEIOT BUI:

I"(1)
L e
1P 5 . )
" (P12)
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h'(2)
HlExP_ hT(Z) )
hT(PIZ)
LINlezz[I(l) 12 - |(N/2)],

HlTNlezzh[I(l) h2) - h(N/Z)],

rae 1"(p), h'(p) - Bexropsi-ctpoku, p=1,2, ...,P/2, cocrosmue u3
HU3KOYACTOTHBIX M BBICOKOYACTOTHBIX KOA(P(PHUIMEHTOB, JOMOTHEHHBIX
Hy/neBbIME KOd(durmenTamu, coorserctsenno; |'(n), h'(n) — BexTopsI-
CTPOKH, n=1,2, ..., N/2, COCTOAIIME W3  HU3KOYACTOTHBIX H
BBICOKOYACTOTHBIX K03 ULHEHTOB, JIOTIOJTHEHHBIX HYJIEBBIMHU
ko3¢ puImeHTaMH, COOTBETCTBEHHO.

bomee marmammo, crpykTypa Matpur  Liepxe,  Hieoxe
npeacrasicHa BeipakeHusiMu (9) u (10), COOTBETCTBEHHO:

L, L, 1 0000000
00 Ll ~1 00000

ng_ ! C)]
xP

L.l 0000 01 I, 1

hh--h 0000000

00 hh--h 00000
Hlﬁxp:':::::::":: (10)
2

h,h 0000 O-hh - h,

Cnegyer OTMETUTb, YTO CTPYKTypa MaTpull L' vz 1 H L vz
SIBIISICTCS. OYCBUJIHOM, IOCKOJBKY OHH TIPEJACTABISIOT COOOW pe3yibTar
TPAHCIIOHUPOBAHUSI MATPHII, MpeacTaBieHHbIX Bbipakenusmu (9) u (10),
COOTBETCTBEHHO.

TakuM 00pa3oM, HCIOJIB3YS Janee METOA OJIOYHOTO YMHOMXCHHUS
Mmarpuil  [21], MOXHO TMOJYYUTH MATPHUIy BEHBIET-KOI(DPHUIIHMECHTOB
KpaTHOMAcIITaOHOTO TPeoOpa3oBaHUsl MEPBOrO YPOBHS Pa3IOKEHHUS,
KOTOPYIO TIPEICTABUM B BHJIE YEThIPEX CyOMAaTpHIL:
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L,AL] L,AH/
B, = T T (11)
HAL, HAH,

Tak, Ha pPUCYHKe 2 IIOKa3aH IPUMEP BH3yalM3allid MaTPUIbl By,
HPECTABISIOIMI COOON THIIOBOE H300paXKeHHE, PEKOMEHIOBAHHOE IS
TECTUPOBAHHSI AITOPUTMOB CKaTHst [22].

Puc. 2. IlpencraBnenue BeHBIET-KOIQGUIMEHTOB KPATHOMAIITAOHOTO PA3IOKCHUS
n300paKeHNUS Ha IEPBOM yPOBHE

Martpuma BefiBier-kodddummentros B, mpencraBieHHas Ha
pHCYHKe 2, TOJTy4YeHa B COOTBETCTBUH C BeipaxkeHunem (11).

CrienyeT OTMETHTb, YTO Ha IOJYYEHHOM HM300paKCHUH YETKO
npociexuBaeTcs 4 sIBHO BEIPa)KEHHBIX OJI0Ka BelBiIeT-KOd(PUIIEeHTOB!

—  JeBBIH  BepxHMH  OJIOK, OOpa3oBaHHBIH  3NEMEHTaMH
cyOMaTpHIIbI LlALTl;

—  TpaBblii  BepXHMH  OJOK, 0Opa30BaHHBIA  3JIEMEHTaMHU
cyOMaTpHIlbI LlAHTl;

—  7§eBBIi  HWKHUH ~ OMOK,  OOpa30BaHHBIM  3JEMEHTaMH
cyOMaTpHIIbI H1ALT1;

— mpaBblii  HIWKHHA ~ ONOK, 00pa3oBaHHBIA  3JIEMEHTaAMH
cy6matpuisr HiAH' ;.
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OTMeTHM, YTO WCIIOJB3yeMble B MpeoOpa3oBaHuM (2) MaTpPHILBI
LlP

—xP
2
u |:LIN><N/2 : HINxN/zJ ABIAIOTCA OPTOHOpManbHbIMH  [21],
HlP
—X
2
T.€. IJI1 9THX MAaTpPUIL CIIPABEJIMBBI CIIEAYIOLINE PABEHCTBA:

P

LlExP
2
|:LIP><P/2 : HlTpxplz] = EPxP' (12)
HleP
2
_LlExN
I:LINXNIZ : HlTNxN/z] =By (13)
HlExN
2

rae Epxp m Enxy — ZmaronampHbIE MaTpHIBl C CIMHMIAMU B TJIaBHOU
Jraronainu pazmepoM PXP u NxN anemeHTOB, COOTBETCTBEHHO.

OTMeTHM, 4YTO CIPaBeIMBOCTh CBOMCTBA OPTOHOPMAJILHOCTH
COXpaHsIeTCsl HE TOJBKO JUIS MaTpHUI] IEPBOTO YPOBHs NpeoOpa3oBaHus, HO
U BceX MOCIIeIyIONIMX YPOBHEH KpaTHOMACIITaOHOM EKOMITO3ULINH.

Janee, wucnonb3ys mnpaBwia OJOYHOTO YMHOXEHHUS MaTpHII,
BeIpakeHus (12) u (13) MOXHO 3ammcaTh B CIEAYIONIEM BUAC:

+ HlTPxplz Hl(P/2)><P =0,5E;,, +0,5E,,, = Ep,p (14)

T
LlPxP/Z Ll(P/2)><P

[ Linizn + H sz Hiwszn =0,5Ey +0,5E s =Ey.y - (15)

Tak, w™atpuunas ¢opma K0d(D(DUIIMEHTOB BTOPOTO  YPOBHSA
pasnoxeHust OyIeT UMETh BH/I:

996 MHdopmaTuka u asTomatusaums. 2022. Tom 21 Ne 5. ISSN 2713-3192 (nev.)
ISSN 2713-3206 (oHnaiiH) www.ia.spcras.ru



DIGITAL INFORMATION TELECOMMUNICATION TECHNOLOGIES

Los e
PP

42
B,=| - B (1 P/2,1: N/Z)[Ll(NIZ)xNM HI(N/Z)XN/4:| (16)
H,

PP
PP
42

rae By(1:P/2, 1:N/2) — neBslit BepxHuUit KBAJIpaHT MATPHLILI Bl pasmepom
P/2 x NI2 onementoB; Lopuypiy, Hapaery, L igvzsouay H iuzyuay, =
ManI/IHBI TI0 CBOEH CTPYKType, aHalnorudHble MaTpuLaM Lippyxp, Hipr)xp),
n L INX(N/2)1 HTle(N/g), COOTBCTCTBCHHO.

Cnenyer oOpaTWTh BHUMaHHE Ha TO, YTO pa3Mep CyOMarpwuil
BTOPOT'0 YPOBHS KPaTHOMACIITAOHOTO MpeoOpa3oBaHus B J[Ba pa3a MEHbIIIE.
3710 00BACHAETCS YMEHBIICHUEM B [[BA pa3a YHCIa CTPOK U CTOJIOIIOB.

[To anamoruu ¢ BepaxkeHueM (11) K03 HUIHEeHTH BTOPOTO YPOBHSA
Pa3JI0KEHUS MOKHO TAKXKE MPEJICTABUTH B OJIOYHOM BHJIC:

5 _[LBi(LPR2INR)L, LB (1P/2, LN/2)H; )
* | H,B,(L:P12,1:N/2)LT, H,B, (1:P/2, LN/2)H] |

OTMeTuM, 4YTO €eciau, B Marpuie B; JeBwlii BepxHUU OJIOK,
06pazoBaHHbIii deMentamu Matpuisl L1 AL, 3amenuts Matpuueii By, To
B pe3y/ibTaTe MOJyYUM MATPHIY KOIPPHUIMEHTOB MEPBOTO M BTOPOTO
YPOBHEW  pa3lOKEHUS HCXOJHOTO M300pa)KeHWs, KOTopas Oyxaer
XapaKTepU30BAThCSA HAIUYHEM CyOMAaTpHIl MEPBOrO W BTOPOrO ypPOBHEH
Pa3IoKeHus.

B obmem crmyyae, ucxomHyr marpuiy B; MoXHO paccMmarpuBarh
KaK SITPO JUTSE BelBIEeT-K0A () QUIIECHTOB BTOPOTO YPOBHS
KpaTHOMAaIITaOHOTO Pe00pa3oBaHUs aHATU3UPYEMOTO H300pakeHUsI.

[Mpumep BHU3yaJNbHOTO MPEJACTABICHUS  AJIEMEHTOB  MAaTpPHUI[bI
BelBiIeT-K03 () HUITIEHTOB BTOPOTO YpOBHSA pa3IoKeHus B,
JIEMOHCTPUPYETCS HA PUCYHKE 3.
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Puc. 3. [IpencraBnenne BeBIeT-KOIQGUIIIEHTOB IIEPBOTO ¥ BTOPOTO YPOBHEH
KpaTHOMAacCIITaOHOTO Pa3IoKEHH]

C yuerom BoipaxkeHuii (9 — 17) BeiiBier k03 PUIHEHTH MATPULBI
Apxn J-TO ypOBHS pa3ioXeHHs B MaTPUIHOW (popMe MOXKHO 3aIlucath B
CIIE/IyIOLIEeM BHUJIE!

Lie e
2J 2.171
B,=| - |B,,(LP/2°" 1IN/2" ") x
Hio o ' (18)
ZJ 2J—1
T N T
><[I‘J(N/zH)xN/zJ . HJ(N/ZJ’l)xN/ZJ }

Takum o0pa3zom, Beipaxkenne (18) MOKHO paccMarpuBaTh Kak
0000IIEHHYI0 aHAINTHYECKYI0 (opMy airopmTMa KpaTHOMACHIaOHON
JICKOMITO3UIIMH U300paKCHHUI.

B kauecTBe WUIIOCTpallMi Ha pHUCYHKE 4 TIOKa3aHbl BEHBICT-
KO3 (UIUEHTHI Ha MIECTH YPOBHAX KPATHOMACIITAOHOTO MPEoOpa3OBaHMUS
TECTUPYEMOT'0 H300paKEHUSL.
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BG

Puc. 4. IlpencraBnenue BeWBIET-KOA(Q(GUIIMEHTOB C IEPBOTO MO LIECTOH YPOBHHI
KPaTHOMAcCIITaOHOTO Pa3JIOKEHUs

Ha ocHoBe mnpuBeAEHHBIX MaTEeMaTHYECKUH PacCyXICHUH MOXKHO
cIeNaTh BBIBOJI O TOM, YTO KOX(D(GUIIMEHTHI BEWBIET-MPeoOpa3oBaHUs
UMEIOT CTPYKTYpPY BIIOKEHHBIX cyOmarpwm. [Ipm 3ToM Kakaslii ypOBEHB
pa3ioKeHus XapaKTepu3yeTcs CBOMMH cyOMaTpumamu. B cBsS3m ¢ 3THM
KOPPEIIUOHHBI aHalIM3 IIeJeCOO0pa3HO MPOBOAWUTH Pa3eNbHO IS
JJIEMEHTOB CYOMaTpHUI] COOTBETCTBYIOIINX YpPOBHEH pasznoxeHus. Kpome
TOTO, TIOCKOJIBKY SIIPOM i-TO YPOBHS SIBJISICTCS Marpuia Kod(GHUIHEHTOB
npeniecTByromero, i —1-ro, ypoBHs, T0O MOXHO cJeiaTh 0OOCHOBaHHOE
NPEAIOJI0KEHHE O 3aBUCMMOCTH COOTBETCTBYIOLIMX JJIEMEHTOB COCEIHHUX
ypoBHe#l. IloaToMy pganee mpoaHanu3upyeM TakKe 3aBHCUMOCTH MEXAY
COOTBETCTBYIOIIUMH k03 unreHTamu pasInYHBIX YpOBHEN
npeoOpa3oBaHuUs.

5. Ananm3 KOpPPpeIsiuOHHBIX 3aBHCHMOCTeii BeiiBJIeT-
K03 (ppuueHTOB PAa3IHN4YHBIX YPOBHei KpaTHOMACIITA0HOT O
npeodpa3oBaHusi. B wWHTEepecax HcCIeOBaHUS  KOPPEISIIMOHHBIX
3aBHCUMOCTEH MEXAy BelBIeT-kod(puImueHTaMu, TMOIydaeMbIX Ha
Pa3IHYHBIX YPOBHSAX KPAaTHOMACHITA0HOTO IPeoOpa3oBaHMUs, OMPEACITHM
MPSIMOYTOJIBHYIO 00JIACTh Pa3MepoM PXN 3JIEMEHTOB.

3aTeM mocnenoBaTeNbHO OyleM CMeIaTh HCCIeayeMyr 00JacTh
BHYTPH aHAIN3HPYEeMOH CyOMAaTpHIlbl OT KpaifHEro BEpXHETO MOJIOXKECHUS
JI0 KpaiiHero HuxkHero. OOmas ocie0BaTeIbHOCTh YKa3aHHbBIX MPOLEIYP
MpeJcTaBjeHa Ha PUCYHKE 5.

Informatics and Automation. 2022. Vol. 21 No. 5. ISSN 2713-3192 (print) 999
ISSN 2713-3206 (online) www.ia.spcras.ru



LUNdPOBBLIE NH®OPMALIMOHHO-TENEKOMMYHUKALIMOHHBIE TEXHONOI M

ITosnemenTHOE CMCLICHHUE B10JIb CTPOK

- > I
J N/2
IMosnementHoe T
CMEILeHIe |
BIIOJTb '
CcTON6II0B ad [
Kpaiinee Bepxuee . °
JIEBOE TIONIOJKEHHE | [ = = = = 1
— | |
| |
L] | |
| |
| |
[ 3
L]
R
|
|
\ 1 -
i
[Moxmarpuia P/ 2_1,1
BeliBrIeT- Kpaituee npasoe
ko3 purmeHTon HIDKHEE M0JIOKEHHE

S=((N/2")-n)(P/2"™)~p)

9=(i-D[(N/2)=n]+]

A3- TpexmepHas MaTpuIa
obnacreil CMeIeHus

A3(p,n,:)

A3(d,k,?)

Puc. 5. [locnenoBarensHOCTh U HAIIPaBJICHHE NPOLEAYP CMEIIECHUS UCCIeTyeMOon
obJracT BeUBIIET-KO((GHUITMEHTOB BHYTPH aHAIM3HPYEMOi CyOMaTpHIIBI

[Tockonpky cyOmarpuna BeHBIET-KOX(QQHUINEHTOB J-TO ypOBHA
KpaTHOMacIITaGHOTO pasnoxenust umeer P/2 crpok n N/2°™ cron6rios,
TO Torga oflnee KOJMYECTBO MOAIEMEHTHBIX CMEIICHHH B HCCIEAyeMOi
obmactd  pa3MepoM P XN  3IEMEHTOB, HEMOCPEACTBEHHO BHYTPH
cyGmarpuis pazmepom P/2° x N/2P1, cocrasur:

P N
(a7 o

C y4eToM IOy4eHHBIX Pe3yNbTaTOB, KaXKIyI0 MATPHIy CMEIICHHUS
IIpeAaraeTcsl paccMaTpuBaTh KaK COOTBETCTBYIOIIMM CIIOM TpexMepHOM
MaTpuubl A3pxnxs . IIpuHIMI e pOpMUPOBaHHUS NIPEACTABIIEH HA PUCYHKE 5.
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Tak, HanpuMep, TEePBBIA CION TpEeXMEPHOW MAaTpHIBI 00pa3oBaH U3
MaTpHUIIEl CMEIIEHHs, 3aHUMAIOIIel KpaifHee JeBoe BEpXHeEE ITOJIOKEHHE.
B cBoro odepens, nocaeaHuil, S-Helit cnoi MaTpuibl A3pxnxs 00pa3oBaH U3
MaTpUIIBI CMEIICHNS, 3aHIMAIOIIEeH KpaiiHee paBoe HIKHEE MOJI0KCHHE.

Takum o00pazoM, MaTpuila CMEIIEHUS, JIEBBIH BEPXHUH JIIEMEHT
KOTOPOH, COOTBETCTBYET JIEMEHTY CyOMaTpHIbI BeHBIET-KOA(PPUIHEHTOB
KpaTHOMAacITabHOro MpeoOpa3oBaHMs ¢ HMHAEKCAMH i, j, 0OpazyeT (-blid
croif TpexmepHOi MaTpHIbl A3pxxs. IIpuuem npouenypy (GpopMupoBaHus
g-HOro cnosi TpexmepHoi MaTpuilbl A3p«xs MOXHO (opManu3oBaTh
CIIEAYIOIMM 00pa3oM:

q=(i—1)(2!\l_l—nj+j. (20)

B umHTepecax OICHKM HaJIMYHs B3aUMOCBSI3eH MEXIy JJIEMEHTaMU
MaTpHI[ CMEIIEHUH, UMEIOLIMX OJNHAKOBYIO HHJCKCAIMIO, OY/IeM UCXOIUTh
W3 TOro, 4YTO JIaHHBIE OJEMEHThl, B CBOIO O4epeab, 0O0pa3yoT
COOTBETCTBYIOLIME BEKTOPA TPEXMEPHON MaTPHIBI A3pxnxs.

Hamnpumep, sieMeHTH Marpul] cMelleHuii ¢ unaekcamu (g, K)
obpasytot TpexmepHsiii Bektop A3(Q, K, :), Kak 3T0 Moka3aHo Ha pUCYHKe 4.

C uenblo BBISIBICHHS HAJHYHUsI B3aUMOCBS3CH MEXIY 3JIeMEHTaMH
MAaTpHIl CMELICHHS BBIYMCINM KOPpeAuio Mexay Bekropamu A3(Q, K, :),
g=12,...,p; k=1,2,....n u Bekropom A3(p,n,:). Has 3rtoro
BOCIIONIb3YeMCSI  BBIP@XXECHHEM BBIOOPOYHOTO MapHOro Koddduiuenra
koppesitnn K. TTupcona [23]:

S

Z(AS(q, k,i)—éiA?»(q. k.i)j

i i=
I‘q’k = X
S

Z(A3(q, k,i)—%iAi’)(q, k,i)]

i=1

. (21)
(A?;(p, k,i)—éZAS(p, k,i)j

i=1

S

Z(AS( p,k,i)—éiAS( b, k,i)j

i=1

B Beipaxkennu (21) rneq=1,2, ...,p; k=1,2, ..., n.
OTMETHM, YTO BEIMYMHBI, PACCUUTAHHBIE B COOTBETCTBHU C
BeIpakeHneM (21), 00pa3yloT MaTpHily MNapHBIX KOPPEISIUA MEKILY
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aneMenTaMu C uHaekcamu (q, K) u snmemenramu ¢ unpexcamu (p, n). Ipu
3TOM BEJIMYMHEBI Iqy, The q = 1, 2, ..., p; kK = 1, 2, ..., n u3MeHsI0TCA B
npezenax:

1<, < 1. (22)

@usuyeckuii  cMblcl  KOOQGHUUMEHTOB [Iqy, YHIOBIETBOPSIOMIUM
yCIOBHUIO (22) COCTOUT B TOM, YTO €CJIU 3HAYEHHUE lqy 110 BEIUYHHE OIH3KO
K 1, T.e. Iqx = 1, To Mexny snemenramu MuoxectB: A3(q, k, i) m A3(p, n, i),
i1=1,2, ..., S 0OMHO3HAYHO CYIIECTBYET 3aBUCUMOCTh BH/JIA:

A3(q,k,i) ~aA3(p,n,i)+b, (23)

rie a, b — BemectBennsie ynca, npudem a > 0.

A ecimu BbINONHSETCS TPUONIMKEHHOE paBeHCTBO (22), To Torja
Mexay asementamu MHOxectB A3(q, k, i) u A3(p,n,i), i=1,2,...,S
CYIIECTBYET JIMHEWHAsl 3aBUCUMOCTh. lIpudyeM BO3pacTaHHE 3JIEMEHTOB
mHaOkecTBa A3(Q, K, i) TpUBOAMT K BO3PACTAHHIO COOTBETCTBYIOLIHNX
sneMenToB MHOXKecTBa A3(p, n).

B cBoro ouepens, ecnu BeTMYHMHA Iqy IO CBOEMY 3HAUEHHIO OM3Ka
k-1, T.e. g = =1, TO TOrma MOXKHO YTBEPHKIATh, YTO MEKIY IEMEHTAMH
muOokecTB A3(q, K, i) mw A3(p, n, i), i=1, 2, ..., S cymmecTByeT 3aBHCHMOCTb
B Buze (23), Ho mpu 3ToM a < 0. DTO 03HAYAET, YTO BO3PACTAHHE HIIEMEHTOB
mHoxkectBa A3(Q, K, i) MPUBOAUT K YMEHBILICHHIO COOTBETCTBYIOLINX
sneMeHTOB MHOXecTBa A3J(p, N, i). IIpoMexyTouHble B3HAUCHHA [y,
6nuskre K 0, YKa3plBAIOT Ha CIA0YI0 KOPPEISIIHI0 MEKIY dJIEMEHTAMH H,
COOTBETCTBEHHO, HHU3KYIO 3aBHCHMOCTb.

6. Pe3yabTaThl NPaKTHYECKOro 3KcnepuMenTa. Ha pucynkax 6, 7
u 8 mokaszaHbl pe3yJabTaThl aHANW3a 3aBHCUMOCTEH MeEXIy BeilBieT-
KodpdunreHTaMn KpaTHoMacimTabHoro mpeoOpazoBanms st J =1 mms
LlAHlT, HlALlT n HlAHlT, MOJIYYEHHBIX B XOJI€ TPAKTUIECKOTO
skcriepuMmenTa. Tak Ha pucyHkax 6a, 7a, 8a mokazaHbl KOI(PQHUIUCHTHI
KOPPEJSINKN, BBIYUCIICHHBIE B COOTBETCTBHHM C BhIpakeHweM (21) mist
CyOMaTpHII IEPBOTO YPOBHSI PA3JI0KEHHS.

B KkayecTBe JOKanbHOW OOJACTH CMEIIEHHS HCIIOJIb30BATIACh
00macte pasmepoM 8 X 8 3neMeHTOB. PacueTsl mpOBEIEHBI I UCXOIHOTO
TECTOBOTO H300paXKEHHUs, PEICTABICHHOTO Ha PHCYHKE 2.
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Puc. 6(6)
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100

-150 -100 -50 0 50 100 150

Puc. 6(B)
Puc. 6. Pe3ynbTaThl aHann3a 3aBUCUMOCTEI MEXK1y BEHBIIET-
kodddunmenTamMu kpaTHOMAacIITaGHOro Mpeobpasosanmst LyAH Ty s J = 1

1 2 3 4 3 b T ]

Puc. 7(a)
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07 [ /o
05| |
03 y .

100

-150 -100 -50 0 50 100

Puc. 7(8)

Puc. 7. Pe3ynbraTsl aHanu3a 3aBUCUMOCTEH MeX 1y BeHBIET-
T -
KO3 punreHTaMu KpaTHoMaciuradbuoro nmpeodpasobanust HAL | i J =1
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50

40

30+

200

10F

-50 40 -30  -20 -10 o 10 20 30 40 50

Puc. 8(B)

Puc. 8. Pe3ynbpraThl aHa M3a 3aBUCUMOCTEH MeX Iy BeiiBieT-kodddumentaMmu
KpaTHOMAacImTabHOro npeobpasoanus HiAHT, o J = 1

Jlnst ydined HarIsAHOCTH CYI[HOCTH IOJYYEHHBIX PE3yJIbTaToB Ha
pucynkax 6(a), 7(a) u 8(a), Ha prcyHke 9 npe/CTaBIeHa IBETOBAS IIIKAJA, C
MOMOIBKD ~ KOTOPO ~ MOXHO  OLEHUTH  CTENEHb  KOPPEJALHUH.
JIOTIOHUTENBHO, HaJl IIBETOBOM IIKAION MPeACTaBIEHbl M KOJMIECTBEHHBIE
3HAYEHUS.

= © = o o
- o = o o o g
| | _

Puc. 9. I[BeroBast 11kana COOTBETCTBHUS 3HAUCHUH KOIPPUIIMEHTOB KOPPEISLUH
B MaTpHULAX Pa3I0KEHHUs

Ha pucynkax 6(6), 7(6) u 8(6) uzobpaxeHsl rpaduku 3aBUCHMOCTH
K03()(UIMEHTOB KOppENsIIMU: B BOCBMOH CTpoke /Uit cyOMaTpuisl
L1AHT1; B BOCEMOM CTOJOIE JJis  CyOMaTpuIlbI H1ALT1; ISt
JIUArOHAJBHBIX 3JIEMEHTOB CyOMaTPUIIBI HlAHTl.

Hakonen, Ha pucyHkax 6(8), 7(8) u 8(B) moka3aHsl rpaduku
paccesHuUs TSI BEHBIeT-K03()(HUITEHTOB ¢ MAKCUMAaIbHON KOPPEIAIIHCH.
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AHanmu3upys IOaHHBIE, IOJIy4EHHBIE B XOZE JKCIEPHMEHTAIHFHOTO
HCCIIeIOBaHUs, OBIJIO ONMpeAeNieHO, YTO MEXAY BeHBIeT-KOdhUITHESHTAMI
BHYTPH JIOKaIbHOW o0mact pasmepoMm 8 X 8 cymiecTByeT OJHO3HAYHAsS
JIMHEHAas 3aBUCUMOCTb.

[Ipu 3TOM yCTaHOBIICHO ClIeAYIOIIEE:

— s cyomarpunst LyAHT| xapakTepHO Hatudme MaKCHMATbHOMR
KOPPEJSLUH MEX/Ty COCEIHUMH JIEMEHTaMH, HaXOJSIIUMHUCS B CTPOKE;

— s cybmarpuust H;ALT) xapakrepHo Hanmmume MaKCHMaIbHOR
KOPPEJSLUH MEX/y COCETHIMH JIEMEHTaMH1, HaXO SIIIUMUCS B CTOJIOLE;

JUis cyOMaTpHIIBI H,AHT, XapaKTepHO HaJln4ue
MaKCHUMaJIbHOM ~ KOppeJISIMM ~ MEXJY COCEAHUMH  JIMarOHaJbHBIMU
JJIEMEHTaMHU.

—  KOppemsmus MeXAy DJeMEHTaMH CyOMaTpHIIBI H,AHT,
CYIIECTBEHHO HIDKE, HYeM MEXIy OJJIeMEHTaMH CyOMaTpwuil LlAHTl
n HlALTl, 0 YeM CBHJETEIIbCTBYIOT, KAK HU3KOE 3HAYCHHE MaKCHUMaIbHOTO
koa¢punmenta xoppemsamuu (0,1 o cpasaennto ¢ 0,6 u 0,5), Tak 1 601ee
PaBHOMEPHBIN XapaKTep pacCesTHus.

[NonyueHHbIE 3aKOHOMEPHOCTH COXPAHSIOTCS W Ul CcyOMaTpHIl
OCTaJIbHBIX ypPOBHEW pas3noxkeHus. [yl yCTOHYMBOTO MOATBEPKICHUS
JITAaHHOTO (paKTa, ONMWCAHHBIE BHIYMCICHUS MPOBOAWINCH Ha BHIOOpKE W3
OoJiee IBYXCOT THIOBBIX N300paKEHHH.

CrienyeTr OTMETHTh, 4YTO HA TIpakTHKE OOJIBIIWIA  WHTEpec
MIPEeACTaBIsAET MOJX0J,, OCHOBAaHHBIM Ha peanu3anuu airoputMma (8). Ito
00yCIIOBNIEHO psAfoM MpuyHH. [Ipexae Bcero — BO3MOKHOCTBIO paboTHI ¢
pa3THIHBIME (opMaTaMH IpeACTaBICHUS JaHHBIX n300paxkenus. Ecmm mis
HCXOIHOTO COCTOSIHUSI HM300pakKeHUS HCIOJIH30BaTh TpaduyecKuii Gaiin
¢dopmara BMP (ot anrn. Bitmap Picture — ¢opmart xpaHeHus: pacTpOBBIX
n300paxkeHuii, paspaborannpiii kommanueii Microsoft), To mocne cxatus,
QITOPHUTM ITO3BOJISICT MEepelTH K Oojice KOMITAaKTHOMY (opMaTy CxKATHs —
JPEG (ot amrm. Joint Photographic Experts Group, mo Ha3BaHUIO
opraHu3aiuu-pa3padborunka). Tak, A MEpPBOM UTEpalMUd BHIOHUPAIOT
3HaueHue InepeMeHHol iter = 0. 3areM Haj HCXOAHBIM H300paKCHUEM

A(l,h), umerormum pasmep (mepBast ureparus iter =0: LxH)

L H
2iter x Ziter
OJIEMCHTOB IIPOU3BOAAT BBIYHUCIICHHUEC MaTpPHUIBI BCﬁBHCT-HpCO6paSOBaHH${

pazmepom W yxe u3 3TOM MaTpuIbl (GOPMHUPYIOT MATPHUILY

H
2iter x 2iter )
L H

BeitBnetT-koadpuuuentos Y (l,h), rume |=1,...,W H h=1,...,W

(ns iter = 0: Y (I,h), pasmepom (L/2)x(H /2)). Crenyer ormMeTurs, 4To
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3HaYCHHS  BEUBIET-KOO(D(UIIMEHTOB B  MaTpUIle HAa  IMO3UIIIX
L

T 2iter+1

1=1, h=1,. [0 CBOCH BEIMYMHE PAaBHBI HYIIO, WJIH

o et

OYEHb OJHM3KH K 3TOMY 3HAYCHHIO, T.€. 00JIAIA0T OUYCHb HU3KOH YHEPTUei.

Hanee, nonydennsle BeiiBiaer-koddduuuentsr Y (I,h) cxumaror

anroputMom JPEG, mocne dYero JeKOMOPECCHPYIOT U (POPMHUPYIOT
L H

nynesyto matpuiy O(l,h) pasmepom FXF 9JIEMEHTOB U BMECTO

L

H
9JICMCHTOB C HMHJACKCaAMH 1=1 yoeny W u h=1 yeeny W noMemarT

COOTBETCTBYIOIINE JIEMEHTHI iekoMipeccupoBanHoi Matpunst Y (I,h) .
B pesymsrate, chopmupoBannas HyneBas Marpuma O, (l,h)

npencraBmsieT coboit Marpuiry pasmepom LxH , 3HaueHus smemeHTOB
KOTOPOU paBHBI HOJIIO.

L
Ilocne 9TOIr0, 3JICMCHTBI, HAXOJAIHMECCA HA ITO3HUIUAX | =1 yreny W
H y
u h=1 Yoy T 3aMCHAIOT BCHUBJICT-KOD NIHUCHTAMH
2|ter+1

JexommpeccupoBanHoi matpuust Y, (1, h).
Ha crenyroruem stamne (popMupyrT BOCCTAHOBICHHOE H300paKeHHe

A(I,h) MOCPEICTBOM  pPEalM3alydd TMPOLEAYp OOpaTHOro BEWBJICT-

. . H
npeobpaszoBanus Hax HyseBoil marpuueit O, (I,h) pasmepom e XF, B
no3uuusax uaaekcos | =1 L n h=1,..., —— KOTOpPOI pa3MeIIecHbI
L n Ty 2iter+1 T 2iter+l poH p B

BeiBIIET-KOA(HULIMEHTHI IEKOMIIPECCUPOBAHHON MaTPHILIBI YZ(I, h).

U wa nocnemHem 9rtame ompenensiior  BeaumduHy  PSNR,
XapaKTepU3YIOLIYI0 Ka4eCTBO BOCCTAHOBJIEHHOTO H300paKeHHUs YAl(I, h) mo
otHomeHuo k ucxoquomy A(l,h), u cpaBHHBaIOT ee 3a1aHHON BETHYMHOI

PSNR,.. A Bemmumay PSNRje, (mist iter =0: PSNRg) orenuBaroT 1m0
¢dopmyne (8), cpaBHMBas ee C TPEABAPUTEIBHO 3aJaHHOW BEIUYUHON
PSNR,o;. Brimonnenne ycnosus PSNR; > PSNR, — yka3seiBaer Ha TO, uTO

3HAUEHME MEPEMEHHON iter cieayeT yBEJIMYMThH HA €IMHUILY W IIOBTOPHTH
PAcCMOTpPEHHBIE BBIIIE MPOIEAYPhl, MPHU STOM TMOMENIas KXl pa3
BMECTO A(l, h) 3HAYCHUS BeliBIeT-K09(h GUITHEHTOB Y(l,h),
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chOpMUPOBAHHBIX Ha MPEABIAYIIEM OTale BbIMOJHEHUS HTEPALUii.
VYkazaHHbIE MPOLEAYPhI CJEAYET BBIMOIHATH 10 TEX IMOp, MOKa He Oyaer
nocturayro tpeboBanne PSNR. < PSNR | ykasepiBaiomiee Ha TO, 4TO

iter — 1omn
CXKaThIi (aiin n300paXKeHUST MOXKET OBITH MCITOJIB30BAH IS XPaHEHWSI.

7. 3aknioyenne. IlpencraBieHHBIE pPE3yNbTaThl TEOPETHUECKHUX
HCCIEOBAaHUN W [aHHBIC INPOBEAECHHOTO IPAKTUYECKOTO SKCIEPHMEHTA
MIO3BOJISIIOT YTBEPXK/aTh, YTO MEXy HHU3KOYaCTOTHBIMU KO3(pHIMEHTAMU
KpaTHOMAaclTabHOrO  BEHBJICT-TIpEOOpa3oOBaHMsl ~ BEPXHEro  YpOBHS
Pa3JIOKECHUSI  COXPAHSAIOTCS  NPUMEPHO  OJUHAKOBBIE  3aBUCHMOCTH
PaBHOMEPHO IO BCEM HAIPaBIICHUSM.

TakuM 00pa3oM, MOXHO MOJarath O NMPABOMEPHOCTH CHAEIaHHBIX
3aKJIIOYEHUH O  HAJUYMM  XapaKTEPHbIX  3aBUCUMOCTEH  MEXIY
KO3 pHuIreHTaMU KpaTHOMacITabHOTO BeHBIIeT-TIPpe0OpazOBaHUS
Pa3INYHBIX YPOBHEH Pa3sIOKEHUSI MATPHUIl HU300pasKeHUH.

CrnenoBaTenbHO,  ydeT — YKa3aHHBIX  3aBHCHMOCTEH  MEXAy
ko3(punreHTaMu B TIpoIecce HMX KOJUPOBAHMSA IIO3BOJIUT IIONYYHUTh
Oonpirre 3HaYeHNS KO3()PUITMCHTOB CKATHS.

ABTOpHI TONArarT, YTO COBMECTHAs pEalM3alMs IOJYYECHHbBIX
pe3yJbTaTOB C alrOPUTMOM CKaThsi, OCHOBaHHOM Ha yueTe 3a/IaHHOM

BEJIMYMHBI  IHMKOBOIO  OTHOMIGHHMS  CHUTHAJI/IIYM,  ONpPEAEIIeMOro
MIOCTIEIOBATENbHOCTBIO  BBIMOJHIEMBIX IPOIEAYyp KpaTHOMAacIITaOHOTO
BeiiBIeT-TIpeoOpa3oBanus, (hopmMupoBaHus MaTpULIbI BEUBIIET-

K03()(UIIMEHTOB, e CKaTHsl, AEKOMIIPECCHU U BOCCTAHOBJICHHS HCXOIHOTO
rpadguyeckoro u300pakeHHs: MyTeM (OPMUPOBAHUS HYJICBOMl MaTpPHIBI C
JICKOMIIPECCHPOBAHHBIMU  BEHBIET-KOI(PUIIMECHTAMH, ¥ BBIIOJHEHHEM

obpaTHOro JIUCKPETHOTO BeHBIIET-TIpeoOpa3oBaHus, MO3BOJIUT
CYIIECTBEHHO pACIIMPUTh apceHal CpeACTB B MNPAKTHKE CXKATHS
HU300paKCHHIA.

MaremaTryeckass ~ MOJAETb  aJAllTUBHOTO  apH(QMETHYECKOTrO
KOAWPOBAHUS, YUUTHIBAIOIIAS KOPPESIIUOHHBIE CBOWCTBA KOA(PHUINEHTOB
KpaTHOMAcIITaOHOTO  BeWBIeT-peoOpa3oBaHusi,  OyJgeT  MOJAPOOHO
paccMoTpeHa B CIeAYIONIeH cTaThe Mo JaHHON TEMaTHKe.

Jluteparypa

1. Shevchuk B., Brayko Y., Geraimchuk M., Ivakhiv O. Highly information and energy-
efficient monitoring data transmission in iot networks. Journal of Mobile Multimedia.
2021. T. 17. Ne 4. C. 465-498.

2. Mizdos T., Uhrina M., Pocta P., Barkowsky M. How to reuse existing annotated
image quality datasets to enlarge available training data with new distortion types.
Multimedia Tools and Applications. 2021. T. 80. Ne 18. C. 28137-28159.

3. VYmoutanues A.A., [IopaukoB C.B., OxoB N.H., YctunoB A.A. Cnocob cxaTust
rpapuueckux  (ailloB  MeroxamM  BeliBieT-peoOpaszoBanuit  //  Bompocsl
pamuosnexrpornku. Cepust: Texuuka tenesumenus. 2015. Ne 3. C. 100-106.

1010 MHdopmaTuka u asTomatusaums. 2022. Tom 21 Ne 5. ISSN 2713-3192 (nev.)
ISSN 2713-3206 (oHnaviH) www.ia.spcras.ru



DIGITAL INFORMATION TELECOMMUNICATION TECHNOLOGIES

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

JBopuukoB C.B., YerunoB A.A., OxoB W.H., Lapenynro A.B., [IBoposoii M.O.,
LBetkoB B.B. Crioco6 cxxartus rpapuueckux daiiaos // Bompocs! paanosieKTpOHUKH.
Cepusi: Texuuka teneBugenus. 2017. Ne 4. C. 77-86.

Kamatar V.S., Baligar V.P., Savanur S.S. Wo phase image compression algorithm
using diagonal pixels of image blocks. B cGopuuke: 2021 2nd International
Conference for Emerging Technology, INCET 2021. 2. 2021. C. 9456290.

Tellez D., Litjens G., Van Der Laak J., Ciompi F. Neural image compression for
gigapixel histopathology image analysis. IEEE Transactions on Pattern Analysis and
Machine Intelligence. 2021. T. 43. Ne 2. C. 567-578.

Sokolova E.A., Nyrkov A.P., lvanovskii A.N. 3D image compression with variable
fragments. B c6opuuke: Proceedings of the 2021 IEEE Conference of Russian Young
Researchers in Electrical and Electronic Engineering, EIConRus 2021. 2021. C. 699-
702.

JBopuukoB C.B., YctunoB A.A., llserkoB B.B. KommneHcauus npuxeHus B
BHJICOKO/ICKAX, MCIOJB3YIOLIMX TPEXMEPHBIE OPTOTOHANBHBIE MpPeoOpa3oBaHus, Ha
OCHOBE OINTHMAJIbHBIX pa30UEHUIl KOAUpPYeMbIX OJIOKOB BO BpPEMEHHOH obnactu //
Bormpocs! pagnosnextponuku. Cepusi: Texunka tenesuaenns. 2013. Ne 2. C. 98-111.
Messaoudi A., Benchabane F., Srairi K. DCT-based color image compression
algorithm using adaptive block scanning. Signal, Image and Video Processing. 2019.
T. 13. Ne 7. C. 1441-1449.

Mander K., Jindal H. An improved image compression-decompression technique
using block truncation and wavelets. International Journal of Image, Graphics and
Signal Processing. 2017. T. 9. Ne 8. C. 17-29.

Kumar G., Brar Er.S.S., Kumar R., Kumar A. Review: dwt-dct technique and
arithmetic-huffman coding based image compression. International Journal of
Engineering and Manufacturing. 2015. T. 5. Ne 3. C. 20-33.

Pertsau D.Yu., Doudkin A.A. Context modeling in problems of compressing
hyperspectral remote sensing data Pattern Recognition and Image Analysis. 2020. T.
30. Ne 2. C. 217-223.

Hua S., Zhao W., Liu J. Background suppression algorithms based on improved filter
and image multi-scale transformation. Xi Tong Gong Cheng Yu Dian Zi Ji Shu. 2020.
T. 42. Ne 8. C. 1679-1684.

Li G, Lin Y., Qu X. An infrared and visible image fusion method based on multi-
scale transformation and norm optimization. Information Fusion. 2021. T. 71. C. 109-
129.

Zhou J., Yao J., Zhang W., Zhang D. Multi-scale retinex-based adaptive gray-scale
transformation method for underwater image enhancement. Multimedia Tools and
Applications. 2021.

Yu J., Zhang B., Chen W., Liu H. Multi-scale analysis on the tensile properties of
UHPC considering fiber orientation. Composite Structures. 2022. T. 280. C. 114835.
JiBoprukoB C.B., [IBopuukoB C.C., Crmpurn A.M. CuHHTe3 MaHHITyIHPOBaHHBIX
CHTHAJIOB Ha OCHOBe BelBneT-¢ynkuuil / Undopmarmonnsie texHomoruu. 2013. Ne
12. C. 52-55.

S. Mallat, A Wavelet Tour of Signal Processing, Academic Press, 1999. EDN:
YGCTMD.

Bozhokin S., Suslova I., Tarakanov D. Special techniques in applying continuous
wavelet transform to non-stationary signals of heart rate variability. Communications
in Computer and Information Science (cm. B kuurax). 2020. T. 1211 CCIS. C. 291-
310.

AcradreBa H.M. BeiiBner-aHannu3: OCHOBEHI TEOPHH W HpPHMEPH IpHUMEHEHHS //
VYenexu usndeckux Hayk. — 1998.— T. 166 — Ne 11 — C. 1145-1170

Informatics and Automation. 2022. Vol. 21 No. 5. ISSN 2713-3192 (print) 1011
ISSN 2713-3206 (online) www.ia.spcras.ru



LUNdPOBBLIE NH®OPMALIMOHHO-TENEKOMMYHUKALIMOHHBIE TEXHONOI M

21. Yu Q., Avestimehr A.S. Coded computing for resilient, secure, and privacy-preserving
distributed matrix multiplication. IEEE Transactions on Communications. 2021. T. 69.
Ne 1. C. 59-72.

22. Ahmed I.T., Hammad B.T., Der C.S., Jamil N. Contrast-distorted image quality
assessment based on curvelet domain features. International Journal of Electrical and
Computer Engineering. 2021. T. 11. Ne 3. C. 2595-2603.

23. Saccenti, E., Hendriks, M.H.W.B. & Smilde, A.K. Corruption of the Pearson
correlation coefficient by measurement error and its estimation, bias, and correction
under different error models. Sci Rep 10, 438 (2020). https://doi.org/10.1038/s41598-
019-57247-4.

JIBopuukoB Cepreii BukropoBuy — 1-p TexH. Hayk, npodeccop, Kadeapa
PaIMOTEXHUYECKHX U ONTODJICKTPOHHBIX KOMIUICKCOB, (deaepanbHOC TOCYIapCTBEHHOE
aBTOHOMHOE 00pa3oBaTebHOE yUpexJeHHe Bhiciiero odpasopanus «Cankt-IletepOypreknii
TOCYIapCTBCHHBIH ~ YHHBEPCUTET  a’pPOKOCMHYECKOrO0  HPUOOPOCTPOCHHUS»;  HAy4YHBIi
cotpynHuk, Boennas akagemus csizu uMm. C.M. BynenHoro. O0nacTh Hay4HBIX MHTEPECOB:
IIOCTPOCHHE IIOMEXO3AIUMIICHHBIX CHCTEM paJHOCBSI3H, CIOCOOOB (OPMUPOBAHUS U
00pabOTKH CHUTHAJIOB CIIOXKHBIX CTPYKTYp. Ymcno HaydHbix myOmmkanmii — 283.
practicdsv@yandex.ru; Tuxopeukuii mpocrnekt, 3, 194064, Canxr-Iletepbypr, Poccust; p.T.:
+7(812)247-9811.

JBopunkoB Cepreii CepreeBuY — KaHJ. TEXH. HayK, CTaplIMii mpernojaBarteib, Kadeapa
KOHCTPYHPOBAaHUS W TEXHOJIOTHMH OJISKTPOHHBIX M JIa3epHEIX cpeacts, dDenepansHoe
roCy/IapCTBEHHOE aBTOHOMHOE 00pa30BaTeIbHOE YUpEKICHUE BhICIIEro oopa3zoBanus «CaHKT-
IerepOyprckuit  TocyqapCTBEHHBI YHHBEPCUTET a’3pPOKOCMUYECKOrO MPUOOPOCTPOCHHS;
Hay4HBIH COTPYAHHK, HAyIHO-UCCIIE0BATENbCKHI 0T/eN, BoeHHas akagemus cBsizu uM. C.M.
bynennoro. OO6iacTh HaydHBIX HHTCPECOB: TCOPHs IEpefadd CHUTHAIIOB, CIICKTpajbHAs
3((EeKTUBHOCTE ~ CHTHAJIOB, IOMEXO3AIIUIICHHOCTh KAHAIOB YNPAaBICHHA M  CBS3H
pamMoTeXHHYECKHX cucTeM. Yucino HaydHeix myomukaumii — 114. dvornik.92@mail.ru;
Tuxopeukuii npocmnekr, 3, 194064, Caunkr-IletepOypr, Poccus; p.t.: +7(812)247-9820.

YernHoB Anapeii AsnekcaHApPOBHY — I-p TEXH. HayK, Ipodeccop, BERyIIUH HaydHBIH
corpynuuk, @OIVYII «ocHUUIID». OO6nacte Hay4HBIX WHTEPECOB: TEOpUS  CBSA3H,
[OMEXO3aIIMIICHHOCTh HMH(MOKOMMYHUKAILIMOHHBIX ~KAHAJIOB PAJAMOTEXHUYECKHX CHCTEM,
cKaTHe BHAeO U pedeBodl umHpopMmanmu. Yucno HaydHeIX myOnmkammid  —  150.
ust m_a@mail.ru; Habepexnas O6BogHoro kanaina, 29, 191167, Caunxr-Ilerep6ypr, Poccus;
p.T.: +7(812)274-3156.

1012 MHdopmaTuka u asTomatusaums. 2022. Tom 21 Ne 5. ISSN 2713-3192 (nev.)
ISSN 2713-3206 (oHnaviH) www.ia.spcras.ru



DIGITAL INFORMATION TELECOMMUNICATION TECHNOLOGIES

DOI 10.15622/ia.21.5.6

S. DVORNIKOV, S. DVORNIKOV, A. USTINOV
ANALYSIS OF THE CORRELATION PROPERTIES OF THE
WAVELET TRANSFORM COEFFICIENTS OF TYPICAL IMAGES

Dvornikov S., Dvornikov S., Ustinov A. Analysis of the Correlation Properties of the
Wavelet Transform Coefficients of Typical Images.

Abstract. The increasing flow of photo and video information transmitted through the
channels of infocommunication systems and complexes stimulates the search for effective
compression algorithms that can significantly reduce the volume of transmitted traffic, while
maintaining its quality. In the general case, the compression algorithms are based on the
operations of converting the correlated brightness values of the pixels of the image matrix into
their uncorrelated parameters, followed by encoding the obtained conversion coefficients.
Since the main known decorrelating transformations are quasi-optimal, the task of finding
transformations that take into account changes in the statistical characteristics of compressed
video data is still relevant. These circumstances determined the direction of the study, related
to the analysis of the decorrelating properties of the generated wavelet coefficients obtained as
a result of multi-scale image transformation. The main result of the study was to establish the
fact that the wavelet coefficients of the multi-scale transformation have the structure of nested
matrices defined as submatrices. Therefore, it is advisable to carry out the correlation analysis
of the wavelet transformation coefficients separately for the elements of each submatrix at each
level of decomposition (decomposition). The main theoretical result is the proof that the core
of each subsequent level of the multi-scale transformation is a matrix consisting of the wavelet
coefficients of the previous level of decomposition. It is this fact that makes it possible to draw
a conclusion about the dependence of the corresponding elements of neighboring levels. In
addition, it has been found that there is a linear relationship between the wavelet coefficients
within the local area of the image with a size of 8x8 pixels. In this case, the maximum
correlation of submatrix elements is directly determined by the form of their representation,
and is observed between neighboring elements located, respectively, in a row, column or
diagonally, which is confirmed by the nature of the scattering. The obtained results were
confirmed by the analysis of samples from more than two hundred typical images. At the same
time, it is substantiated that between the low-frequency wavelet coefficients of the multi-scale
transformation of the upper level of the expansion, approximately the same dependences are
preserved uniformly in all directions. The practical significance of the study is determined by
the fact that all the results obtained in the course of its implementation confirm the presence of
characteristic dependencies between the wavelet transform coefficients at different levels of
image decomposition. This fact indicates the possibility of achieving higher compression ratios
of video data in the course of their encoding. The authors associate further research with the
development of a mathematical model for adaptive arithmetic coding of video data and images,
which takes into account the correlation properties of wavelet coefficients of a multi-scale
transformation.

Keywords: image compression, wavelet multiscale transform coefficients, correlated
value transformation, decorrelation transformations.
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YK 004.056.3 DOI 10.15622/ia.21.5.7

B.H. AkuMoB
BOCCTAHOBJIEHUE JJACKPETHOW BPEMEHHOM
MHNOCJIEAOBATEJBHOCTHU CUT'HAJIA HA OCHOBE
JOKAJIbHOM AIIIMTPOKCUMAIIUU C UCITIOJIb30BAHUEM
PSIJIA ®YPBE 110 OPTOIOHAJIbHOM CUCTEME
TPUTOHOMETPUUYECKHUX ®YHKIUI

Axumos B.H. BoccTaHOB/IeHHE AMCKPETHOI BpeMeHHOii 10cJjIe10BaTeJIbHOCTH CUTHAJIA Ha
OCHOBE JIOKAJIbHOIi aNNPOKCHMAIIMH C HCNO0Jb30BaHNeM psiga Dypbe M0 0PTOroHAILHOM
cucTeMe TPHTOHOMETPHYEeCKUX (pyHKIMIA.

AHHOTanms. B craThe paccMoTpeHa pa3paboTKa MaTEMaTHYECKOrO M alrOpUTMHUYECKOrO
oOecreueHUss I BOCCTAHOBIEGHHS OTCUCTOB HA IIPOOJIEMHBIX YYacTKax [JUCKPETHOU
MIOCIEI0BATEILHOCTH HENpephIBHOTO curHama. lLlems paboTel cocTosyia B TOM, YTOOBI
00€ecIeunTh BOCCTAHOBIECHUE YTPAUE€HHBIX OTCYETOB MIIM YYACTKOB OTCUETOB C HEMOCTOSHHOM
HUCKQ)KCHHOH BPEMEHHOH CETKOH MpH OCYIIECTBICHHM [HCKPETH3AlMU CHTHAma ¢
PaBHOMEpHBIM IIarOM U OJHOBPEMEHHO O0ECIICUHTh CHIDKCHHE BBIYUCIUTENBHON CIOKHOCTH
1H(POBBIX AITOPUTMOB BOCCTAHOBJICHHs. PellleHre MOCTaBICHHOM 3a7auM OCYILIECTBICHO Ha
OCHOBE METOJa JIOKAIbHOH ammpokcuMmanuy. Crenudukoil IpIMEHEHHs 3TOr0 METOa CTalo
HCTIONB30BaHHUE JBYX MOANOCIECIOBATEIFHOCTEH OTCUETOB, PACHONIOKEHHBIX CHUMMETPHIHO MO
OTHOLICHHIO K BOCCTAHABIMBAEMOMY YYacCTKy IIOCIENOBATeNbHOCTH. B KkauectBe
aNMpOKCUMHUPYIOIIEH MoJeny Hcmnoiab3dyercss psin @Pypbe MO OPTOTOHAIBbHOM cucteme
TpuroHoMmerpudeckux ¢yHkiuid. ONTHManbHOE PENIeHHE 3aJa49d alMpPOKCHMAIMH OCHOBAHO
Ha KPUTEPHUH MUHUMYMa KBaJpPAaTHYHON MOTpemHOCTH. J[s JaHHOro BHJAAQ IOTPEIIHOCTH
MOJNy4eHbl MaTeMaTHYecKHe COOTHomeHHs. OHM MO3BOJIIOT OLCHHTh €¢ 3HAuCHHE B
3aBHCHMOCTH OT HOPSIKa MOJEIU U YHCIAa OTCUETOB MOANOCICIOBATEILHOCTEH, 10 KOTOPEIM
OCYILECTBISICTCSl IpoLeaypa BocCTaHOBJICHHS. OCOOCHHOCTh IONYYCHHBIX B HACTOSIIEH
paboTe MaTeMaTHYECKHX COOTHOIICHHH JJIs1 BOCCTAHOBIICHHS CUTHAJIA 3aKIII0YAETCS B TOM, YTO
OHU He TpeOYIT MpPEeABAPUTEIBHOrO BbIUUCICHUS KodduuuentoB psga Dyppe. Onu
00eCIIeunBalOT HEIOCPEACTBEHHO BHIUKCIICHIE 3HAYEHNIT BOCCTaHABIMBAEMBIX 0TCUeTOB. [Ipn
9TOM B ClTy4ae BBIOOpA YETHOT'O YHCIIA OTCUETOB B MOANIOCIECAOBATEILHOCTAX, UCIOIB3YEMBIX
UL BOCCTAHOBJICHUS, HE TpeOyeTcs BHINONHATH ONepalud yMHOXKeHHUs. Bceé aTo obecneunno
CHIDKCHUE BBIYHCIHMTEILHON CIIOXKHOCTH Pa3pabOTaHHOIrO ajropHTMa Ui BOCCTAHOBIICHHS
CUTHAlA. OKCIEPHMEHTANbHbIE HCCIEJOBAHHMSA AITOPHTMA OCYIIECTBSUIUCH HA OCHOBE
HMMUTAIMOHHOTO MOJEIUPOBAHUS C MCIOIb30BAaHUEM MOJEIM CHUTHaNa, NPeACTaBILIOMIeH
co0Ol aJIUTUBHYI0 CyMMY TapMOHHYECKHX KOMIIOHEHT CO CJIyJaifHOH HauanbHOH a3oif.
UncneHHble OKCIEPHMEHTHl MOKa3ald, YTO pa3pabOTaHHBIA alropuTM oObOecleynBacT
pe3yabTaT BOCCTAHOBIICHHS OTCUETOB CHMTHala C JOCTaTOYHO HH3KOH IOTPEIIHOCTHIO.
ANTOpUTM peann3oBaH B BHJIE IPOrPaMMHOr0 Moxyns. Pabora Momyis ocyiiecTBIseTcsl Ha
OCHOBE aCHHXPOHHOTO YHPABIEHUS IPOLECCOM BOCCTAHOBIEHUSI 0TCueTOB. OH MOXET ObITh
IPUMEHEH B COCTaBE METPOJIOIMYECKHM 3HAUYUMOIO IPOrPaMMHOIO OOECHEedYEeHHS CUCTEM
udpoBoii 00pabOTKN CHIHAJIOB.

KiroueBble cj10Ba: CHTHAmgbl JUCKPETHOIO BPEMEHH, IOCIENOBATEIBHOCTh OTCYETOB,
BOCCTaHOBJIEHHE CUTHAJIA, JIOKAJIbHAsl allIPOKCUMALUs, TPUroHoMeTpuueckuii psjg Pypee.

1. Beeaenne. Boccranosiaenue 3HAYCHUH OTCUETOB Ha
MOBPEKICHHBIX Y4aCTKaX IMCKPETHOW MOCJIeI0BATENbHOCTH, MOJYUYEHHOM
B pE3yJibTaTe€ PAaBHOMEPHOHN IUCKPETH3ALMU HENPEPHIBHOTO BO BpPEMEHHU
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CUrHaja, SBISIETCS AKTHMBHOW OOJACTBIO HCCIENOBAHMN  PAa3IMUHBIX
HAayYHBIX W NPHUKIaAHBIX aucumiuinH [1-3]. B wactHOCTH 3TO Kacaercs
pPagvoNIOKaIlNK, BHOPOJMATHOCTHKH, OECIpPOBOJHOM Nepenadd JaHHbIX,
00pabOTKM aKyCTHIECKUX CUTHAJIOB H T.JI.

IMotepn OTCUETOB " HETIPpEJHAMEPEHHO BO3HHKIIIAS
HEPaBHOMEPHOCTh BPEMEHHOM CETKM Ha OTAENBHBIX yJaCTKaxX IUCKPETHOU
MOCJIEIOBATENIFHOCTH B IIpoliecce ee  (OPMUPOBAaHUS M IIepeadH,
YCIOXKHSIOT LUPPOBYI0 00pabOTKYy CHrHajla W B HTOTE CHIDKAIOT
JOCTOBCPHOCTHL KOHCYHBIX PE3YJILTATOB. 3910 OPpUBOJAUT K HeO6X0)ll/lMOCTl/l
KOPPEKTHPOBKHU LIM(POBOTO MpeCTaBIeHUs] CUTHANIOB. [IpaBuiIbHBINA BEIOOD
crocoba ycTpaHeHHs BO3HMKILIEH IPOOIEMBbl 3aBUCHT OT HPHKIIAJIHON
obmacth ¥ 3agad  NPOBOAMMBIX  HUCCJIEIOBaHMH, a Takke OT
WHCTPYMEHTAIBHBIX ~ CPEICTB, HCIOJB3YEMBIX JUIA TPeoOpa3oBaHUs
HETIPEpHIBHOTO CHTHaja B IU(POBOH KoI M (HOPMHPOBAHUS OJHOPOAHON
JIMCKPETHOH 1OCIEJ0BAaTEIbHOCTH OTCUETOB BO BpEMEHHOH o0acTy.

B o0pmuHBIX  ycnoBusAX, kKorma — mugpoBas  oOpaboTka
aHAJIM3MPYEMOTO0 CHIHala OCYIIECTBISIETCS 0e3  MpOCTPaHCTBEHHO-
BPEMEHHBIX OIPAaHWYEHHUH BBIIOJHEHHS TPOLEAYPHl ANCKPETH3ALMH,
pellleHre 3a/1a4d [0 BOCCTAHOBJICHHIO NPOOJIEMHBIX 3HAYEHHH OTCYETOB
MOXET OBITh OCYLIECTBJIEHO MYTEM MPOCTOr0 MOBTOPHOTO (HOPMHPOBAHUS
€ro I[I/ICerTHOI‘/'I BLI60pKI/I. B OTACJBHBIX CIIy4YasiX Ka4€CTBO NPECACTABICHUA
CUurfajla B JUCKPECTHOM BHUIAE MOXET OBITH YIy4meHo 3a CUeT
UCIIONIb30BaHKUs 0o0Jiee COBEPIIEHHBIX YCTPOWCTB aHAaJOTo-IH(POBOro
npeoOpa3oBaHMs, €CIM Takas BO3MOXHOCTh CYIIECTBYeT. B yclmoBusx
HEBO3MOXHOCTH MIOBTOPHOTO BOCIIPOM3BEICHUS NIPOLEAYPHI
JIMCKPETU3allM WJIM OTPaHWYEHHOCTH IPEOCTABISIEMOTO BPEMEHH JUIA
npeoOpa3oBaHMsl CHrHala B LHU(QPOBOH KOJ TaKOW ITOJIXOJ OKa3bIBAaeTCs
HEBBIIOJIHUMBIM. B OTHenbHBIX ciydasx NpoOJIeMHBIE YYacTKH C
HEBEPHBIMH  YHCIIOBBIMH  JAaHHBIMM  IIPOCTO  HCKIIOYAIOT U3
00pabaTbIBaeMBIX MOCIEIOBATEIHPHOCTEH W UX MPEACTABIAIOT B MH(PPOBOM
KOJE C HCIOIb30BAaHWEM HYJCBBIX WM YCPEOHEHHBIX 3HaueHHH. OTO
CHHMXAeT BEPOATHOCTh I'PyOBIX OMIMOOK PE3yNbTaTOB BBIYMCICHUS OLCHOK
XapakTepucTuK curHana. OIHAKO NMPH KOPOTKHX BBIOOPKAX MOTPEIIHOCTH
TaKUX PE3yJIbTATOB MOXKET OKa3aThCsA BECHMA CYIIECTBEHHOM.

Jnst Toro 49ro0OBl MOMYYWTh MPUEMIIEMYIO OLEHKY 3HAueHHWH
NpOOJIEMHBIX OTCUETOB KPOME CaMOil JUCKPETHOW MOCIJIEA0BATEILHOCTH
CUrHaja cjenyeT NPUHUMATh BO BHUMaHHE M UMEIOLIYIOCS HHPOPMAIHIO O
NPUYMHAX, OKa3aBIIMX HETaTUBHOE BIUSHWE Ha ee (OPMUpPOBAHUE.
B03MOXHOCTh BOCCT@HOBJICHHSI OTCUETOB CHUTHAJIa OIpPEICISIETCS Kak ¢
y4eTOM  CHEHM(UKH  HENpeIHAMEPEHHO  BO3HHUKIIMX  TEXHUYECKUX
OrpaHHYCHU, BHI3BABIINX CHW)KEHHE CIIOCOOHOCTH YCTPOMCTB LIM(POBOTO
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KOJMPOBaHHs BBIMOIHATH TpeOyemble MpeoOpa3oBaHKMs Ha OTACIbHBIX
BPEMEHHBIX HMHTEpBAaX, TaK M C Y4ETOM OCOOCHHOCTEH NOTEeph H3-3a
CJIOKHBIX YCJIOBUI PpaclpoCTPaHEHHs] CaMOro CHUTHAJAa B IPOILECCE €ro
JUCKPETH3AIMU. B COOTBETCTBUY C ATHUM XapaKTEPHOW YepTOi pa3paboTKu
CYIIECTBYIOIIUX aNrOpUTMOB BOCCTaHOBJICHUS JIICKPETHBIX
MOCJIE/IOBATEIbHOCTEH ~ CUTHAIOB  SsIBIIsieTCss WX (DYHKIMOHAJIbHAS
HAaIpaBJIeHHOCTb OCYLIECTBIISTH OLIEHKY 3HaYeHU I MPOOIEMHBIX OTCUETOB C
y4eTOM HEONpEAEICHHOCTEH M OrpaHWYeHHH Ui KaXJI0ro KOHKPETHOTO
MIPUIIOKEHHUS.

[Monnexarue uudposoit obpabotke JIUCKpPETHBIE
MOCJIE/I0BATENILHOCTH CUTHAJIOB MPUXOIUTCSI BOCCTAHABINBATD 110 TIPHYHHE
MOTEPH OTCYUETOB, KaK W3-3a YXyIUIEHHS (PHU3NYECKUX CBOWCTB CaMoOro
HCTOYHHMKA CHTHANa, TaK M K3-3a ANMapaTHbIX OrPaHWYEHHU aHaJIOro-
UPPOBOTO mpeoOpa3oBaHus MIPUHAMATOIIEH CTOPOHBI [4-6].
HenocTymHOCTh OTCYETOB CHUTHAIA MOXXET BO3HHUKHYTH, KOTJa HEKOTOPBIE
YYaCTKUA BBIOOPKH OBUTM MPOMYIICHbI W3-32 BHEUIHETO HCKAKAIOIIETO
BO3/ICHCTBHUSI WIIK BBICOKOTO YpoBHs (poHOBBIX mymoB [/]. Kpome Ttoro
JIACKPETHBIE TOCIEOBATEIbHOCTH CHIHAJIOB MOTYT HMETh YYacTKH
OTCUETOB C HENOCTOSHHON BpEMEHHOW CeTKOM. IIpnuuHON 3TOro Moxer
CTaTb HENPEAHAMCPCHHad Bapualnus TI1nepuoaa CJICA0BaHUA TaKTOBBIX
UMITyJIbCOB CHHXPOHU3UPYIOIIMX YCTPOMCTB, BbI3bIBatomas dddekr
JApOXaHus, HWJIN CUCTCMHBIC 0co0eHHOCTH npeaACTaBJICHUA OAaHHBIX B
UGpPOBOM BHUJE, NMPHUBOIIIINE K HEPAaBHOMEPHOH BO BpEMEHH BBIOOpKE
[8-11]. B oTamenbHBIX Cly4asx Ui JOCTHXKEHHS OMPEAEIEHHBIX MOJIE3HBIX
CBOWMCTB JIMCKPETHAas BHIOOpPKA CHrHAjda MOXET ObITh MpEeIHAMEPEHHO
chopMHUpOBaHA HEPETYISIPHOW 3a CYET paHIOMH3AIUU MPOIETyPHI
ananoro-mudposoro npeodpazoBanus. s TOoro 4ro6sl MOKHO OBUIO OBI
HCIIONIb30BaTh XOPOILO 3aPEKOMEH/IOBABIINE ce0s KlacCHiecKnue U(pOBLIe
MeTOAbl O00pabOTKM CHUTHAJIOB OCYLIECTBISIIOT €€ IpeoOpa3oBaHHE B
MOCJIeI0BATEIbHOCTh C PAaBHOMEPHOW BpEMEHHOU ceTkoil. B wacTHOCTH
Takas TMpOIEAypa OCYLISCTBIISIETCS Ha OCHOBE CIEKTPaJIbHOW OLEHKH C
TOCJICAYIOIMEH PEKOHCTPYKIMEH (GOpMbl CHTHAIa ©  PaBHOMEPHOM
nepeaucKkpeTu3anueid. JTo Mo3BoJseT 3(PPEKTUBHO BOCCTAaHABIMBATH H
00pabaTbIBaTh CHTHAJBI BHICOKOH CIIO)KHOCTH, HO TpeOyeT BBIOTHEHUS U
OTHOCHMTENILHO CIOXKHBIX Bbumcienuii [12, 13]. HepaBHoMepHOCTB
JMCKPETHOTO TIPEJICTABIEHHMsI CHTHAJla TaKKe MOXET BO3HUKHYTh B
MHOT'OKaHAJIBHBIX BBICOKOCKOPOCTHBIX CHCTEMax HU(pOBOil 00paboTKu
CUT'HajJa, WCIHOJB3YIOIIMX Ul JUCKPETH3allid CHUTHaja HECKOJIBKO
MapajuieIbHO pabOTAONINX aHAIOTO-IU(PPOBBIX MpeodpaszoBareneii ¢ bosee
HU3KOW CKOPOCTBIO. DTO CBSI3aHO C TEM, YTO Ha ydacTKax OObEIMHEHHMS
HECHHXPOHHM3UPOBAHHBIX  OJHOPOJHBIX BBIOOPOK B OJHY  OOLIyIO
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IUCKPETHYIO TOCIIE0BAaTEIFHOCTE MOTYT HMMETh MECTO OTHOCHTEIbHBIC
CMeLIEeHus U nmotepu orcueros [14-16].

C umempto  monydeHHS ~ A(PQPEKTHBHBIX  AITOPUTMOB  JUIA
BOCCTAQHOBJICHHSI ~ IUCKPETHOH  TIOCIEJOBAaTCIFHOCTH  CHTHajla  C
MPOOJIEMHBIMA y4acTKaMH OTCUETOB TIPH WX pPa3pabOTKe HCHONB3YIOT
CHenHatbHbIE METOOBl YacTOTHO-BPEMEHHOTO IpeoOpa3oBaHUS — HIH
pasnoxeHus: BO BpemeHHble psabl [1, 17-25]. TlepBbiii BHI METOI0B
MO3BOJISIET 33 CUET IMpeoOpa3oBaHUi C NPUMEHEHHEM pas3IMYHOTO poja
aJaTHUBHBIX sI€p PEKOHCTpyupoBaTh (opmy curHana. I[Ipumenenue
aJanTUBHOIO fAlpa IO03BOJIIET BOCCTAHOBUTH PABHOMEPHYI) BPEMEHHYIO
CCTKY AMCKPCTHOI'O0 NPEACTABJICHUA CUTHAJIa C UCXOAHBIM PA3pCIICHUEM U
COOTBETCTBYIOIINE €€ y3JlaM 3HAa4eHUsl OTCYETOB, HO MNPU 3TOM MOXKET
OKa3aTh CTIIAXXHBAMOIICE BIMSHUE, YTO MOXKET HETaTHBHO OTPAa3HTHCSA Ha
(dopMe YACTOTHOTO CIIEKTpa CHUTHaNa. BTOpOH THII METOZOB Ha OCHOBE
ANMPOKCHMATHBHOTO moIxoa TIPEIOCTABIISICT BO3MOKHOCTb
BOCCTAHABIIMBATh yTPAauCHHBIC BHIOOPKH OTCUCTOB HETMOCPEICTBEHHO BO
BPEeMEHHOW 00nacTu. ANNPOKCHMAIMs TIO3BOJISIET  BOCIPOHM3BOIHTH
aHATMTHYECKOE ommcaHme oOpabaTeiBaeMOro (parMeHTa CIOKHOTO
CUTHaJA. Omna obecrieunBaeT XOPOIIYIO CXOIMMOCTh U
IMPOU3BOAUTECIIBHOCTD AJITOPUTMOB BOCCTAHOBJICHHA. O)IHaKO 9TH
XapaKTCPUCTUKN YXYAIHAIOTCA MO MEPE YBCIUYCHUA 4YHCIIA HpO6HeMHLIX
OTCUYCTOB. :’)TO O6’I)${CH${€TC$[ TEM, YTO MNPAKTHYCCKasd peaim3alursd TaKuxX
AJITOPUTMOB, KakK IIpaBUJIO, HNPUBOJUT K HeO6XOI[I/IMOCTI/I BBIIIOJIHCHHU A
Oonpmioro gucima omepanuii. B 0coOCGHHOCTH 3TO KacaeTcsl orepamui
ymHOKeHUs. [IpoOiiema 3akiroyaeTcss B TOM, YTO BBIMIOJHEHUE OMCpAIlHid
YMHOXKCHUSI 3aHUMAaeT OTHOCHUTEIBHO MHOTO BPEMEHH H OKa3bIBaeT
OTPHIIATEIIFHOE BIHMSHHAC HAa MYJIbTHILUIUKATHBHYIO CIOXHOCTH HUA(POBBIX
BBIYUCIUTENBHBIX Tporenyp. CHeICTBHEM JTOTO SBISCTCS CHIDKCHUC
3((HEeKTUBHOCTH BOCCTAHOBJICHUS OTCUCTOB CHTHAllAa HEMOCPEICTBEHHO B
pEaNTbHOM pexuMe 00pabOTKH TUCKPETHON MOCIIET0BATEIHPHOCTH.

Takum o00pa3oM, B TMpolecce BOCCTAHOBJICHHS TMPOOIEMHBIX
YYaCTKOB PaBHOMEPHOM ITUCKPETHOM IIOCJIEI0BATEIbHOCTH aKTyallbHOU
3amaveit ABIISICTCS YMEHBIIICHHE HCKa)KaIOIIEeTO BITHSTHUS
HEOIPEeIEHHOCTH ITOTyYaeMbIX OIIEHOK 3HAUEHWH YTpadeHHBIX OTCUETOB
Ha AMHAMHUKY W3MEHEHHS CHTHaJIa BO BPEMEHHU M Ha KOHEYHBIE PE3yIbTaThl
mudpoBoii 00pabOTKM curHaia B IieioM. [Ipu 3TOM MareMaTH4YecKoe
pellieHre ATOM 3aJa4ydl JIOJDKHO OBITh HANPAaBICHHO Ha pPa3pabOTKy
MPAKTUYHBIX ¥ 3()()EKTUBHBIX B BEIUUCIUTESIFHOM OTHOIICHHUH aJITOPUTMOB,
mporpaMMHasi  peajm3ands KOTOpPBIX  obOecrieunBana OBl HU3KYIO
MYJbTHIUIMKATABHYIO  CJIO)KHOCTh  BBIYHMCJICHUS  OIICHOK  3HAYCHHU
BOCCTaHaBJIMBACMbIX OTCUYCTOB.
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2. Pazpa6oTka MAaTEMAaTHYeCKOIo odecreyeHnst IS
BOCCTAHOBJIEHHS] JTUCKPETHOW BpPEMEHHOW  MOC/IeI0BATEIbHOCTH
CHTHAJIa Ha  OCHOBE MeToAa JIOKAJIBbHOH  anmpoKCHMAIMH.
BoccraHoBneHne curHana MpeacTaBisieT coOoW Mpouenypy, B mpolecce
BBITIOJIHEHHSI KOTOPOW  OCYIIECTBIISIIOTCS ONEPalii €  HMEIOIIUMHUCS
OTCYETAMHU CHUTHaNa C LENbI0 OICHKU TeX 3HAYCHH, KOTOPbIe MMENU Obl
OTCYETHI, €Cld Obl OHM He ObUIM yTpaueHbl. MareMaTHdecKas
(OpMYyTHPOBKA 3a7a4d BOCCTAHOBJCHHS BO BPEMEHH CHIHAlTa IO €ro
HN3BCCTHBIM [ll/ICerTHblM 3HAYCHUAM CBOOUTCA K HaXO0XKXICHUK

IIPUEMIIEMOIL (YHKIIMOHATIBHOU 3aBUCHUMOCTH, MO3BOJIIOLIEH
BOCIIPOM3BECTH €ro  HCXOnHylo ¢opmy. UToOBl  CIIPOEKTUPOBATH
3¢ PEeKTUBHBIH ANrOpPUTM BOCCTaHOBJICHUS JIUCKPETHOMH

MIOCJIEI0BATEILHOCTH, HEOOXOANMO YUNTHIBATh XapaKTepHbIE OCOOCHHOCTH
MOTEPh OTCYETOB, NMPUBOJSNINE K YXYAUIICHUIO PE3YNbTaToB IH(POBOH
0o0paboTkn curHama. OCHOBHas WIES 3aKIIOYaeTCs B TOM, YTOOBI Kak
MOXHO TOYHEE CMOAEIMPOBAaTh INPOOJIEMHBIC YYacTKH C HOTEPSIMHU
orcueToB. OHAKO NPU 3TOM CIlelyeT NMPUHUMAaTh BO BHUMaHHE TOT (aKT,
YTO CJIOKHO HalTH oOliee NpelcTaBIeHHE O IOTEepPsX OTCYETOB B
JTUCKPETHBIX  TOCJIeI0BAaTeIbHOCTAX. [loaToMy cremyeT omnpenenuTh
TpaHUIbl 00JacTH HCIONB30BaHMA pPa3pabaThIBa€MOro alropurMa, B
mpefenax KOTOPBIX BOCCTAaHOBICHHWE 3HAYCHHUH OTCYETOB JOJDKHO OBITH
YHCICHHO CTAaOMJIBHBIM M 00eCIeuuBaTh MOJyYeHHE yIOBICTBOPHTEIBHBIX
pE3YNbTAaTOB.

[TocTaBneHHyI0 3aady BOCCTaHOBJICHHS OyAEM pelIaTh UCXOI U3
BBINIOJIHEHHU ~ ycJOBUS, 4TO IudpoBoii  00paboTke mojBepraercs
HENpEepPHIBHBII BO BPEMEHU U OIPAaHMYEHHBIH MO CIEKTPAIbHOMY COCTaBY

BepXHEH rpaHu4HON wacroTod F, curHanm X(t). Bymem rtaxkxe cuwmrats,

YTO  CHIHAI  YJOBJICTBOPSET  YCJIOBMSAM  CTallMOHAPHOCTH  WIH
KBa3WCTAI[IOHAPHOCTH. BBINOJIHEHHE YCIIOBHS  KBa3MCTallMOHAPHOCTH
MO3BOJISIET YYECTh TAKXKE T€ CUTHAJIBI, JUII KOTOPBIX YaCTOTHO-BPEMEHHBIE
XapaKTEepUCTUKHU B MpEJeax 3aJaHHOTO MHTEpBaJia BPEMEHHU HAOIIOICHUSA
MOXHO CUUTaTh HEM3MCHHBIMH, M HMX DPacIPOCTPAHEHHE IPOHCXOIUT II0
OIHOMY W TOMY JXE BPEMEHHOMY 3aKOHYy B MEUICHHO H3MEHSIOIIECHCS
cpene. Ilycth B pesynbpraTe aHaIOTro-IH(POBOrO MPeoOpa3oBaHUSI TAKOTO
CHTHaJa C pPAaBHOMEPHBIM INAroM JHUCKpeTH3anuu OyneM HMeETh
JUCKPETHYIO IOCIE0BAaTENbHOCTh 0TcueToB X; . Ilpum sToM mpouenypa

JIUCKPETU3AIMK CUTHAJIA OCYIIECTBIEHA C YaCTOTOM MPEBBIMAONICH
MHUHUMAIIBHO HEOOXOIMMYIO YacTOTy IWCKPETH3AINH, OINPEACIAeMYI0
cornmacHo Teopeme KortenpHukoBa. Bynem cumrtarth, uto mist i €[0;v] u

ie[v+m+LN-1] orcuersl X, ToNydeHHl 6e3 HCKaKCHHS BPEMEHHOI
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CeTKH, W HX 3HAYCHMS M3BECTHBl TOYHO. 3HAYEHHst M OTCYETOB X,
JUTS ie[v+Lv+m] 00pasyroT MPOOICMHBIH YYaCTOK

OoCJICA10OBATCIIbHOCTH. Onu MOryT 6I)ITL, KaK UCKaKCHbI WJIN YTpauCHbI, TaK
1 HEC COOTBCTCTBOBATH paBHOMepHOﬁ BpeMeHHOﬁ cetke. B mro6om clydae
3HA4YCHUA 3TUX OTCUCTOB HeO6XO,HI/IMO BOCCTAHOBMUTD.

I[J'I}I BOCCTAHOBJICHUSA HpO6HCMHOFO y4aCcTKa OTCYETOB X

BOCIIOJIB3YEMCSl METOJIOM JIOKaJbHOUM amnmpokcumanuu. CorjiacHo 3ToMy
MeTony BOCCTaHaBJIUBAEMBIN Y4acTOK IOCJIEI0BATEIIbHOCTH
anmpOKCUMUPYETCS ~ JUHEWHOW  KOMOWHAIMEeW  KOHEYHoro Habopa
U3BECTHBIX U (DMKCUPOBAHHBIX 0a3UCHBIX (yHKuui. [Ipu 3TOM B KauecTBe
rapamMeTpoB  JIOKAJIBHOCTH,  ONPEACNSIONUX BPEMEHHOW  HHTEpBal
MPUMCHCHHS ANMPOKCUMUPYIONMICH MOJETH, ISl KaXIOro MpoOIeMHOro
ydacTKa B €ro OKpPECTHOCTH BBIOHMpaeTcsi oO0NacTh C W3BECTHBIMH
3HaYCHUSAMH OTCUeTOB. B mpememax »dToil obmactu ompenensercs
MIOJIIIOCIIEIOBATEIFHOCT OTCUETOB, HA OCHOBE KOTOPOH OCYIIECTBISIETCS
MOCTPOCHHUE ANMNPOKCHUMHUPYIOMIEH MOJEeNH, Kak pelIeHne JIOKaJbHON
sKcTpeManbHOl 3afaun [26]. TlpuMeHeHHe JOKATbHOM aNMmpoOKCHMAIMN
MO3BOJISICT MOJYYaTh OLEHKH 3HAYCHHWH MPOOJIEMHBIX OTCUETOB C YUETOM
TOJIBKO JUHAMUKHU NU3MCHCHUA HU3BCCTHBIX 3HaHCHHﬁ
MOJMNOCIeNOBaTeIbHOCTEH B OAM3kux  y3max. OnHMM M3 SIBHBIX
MPEUMYIIECTB TAaKOr0 METoJa SBISCTCS TO, YTO OH OOecIeYrBacT
Ol'IepaTI/IBHOCTI: npoueuypm BOCCTAHOBJICHUSL. OI[HaKO CHCZ[yGT NNOHUMATh,
qTo JIOKAJIbHAA aHHPOKCI/IMaHI/IH HpI/IMeHI/IMa JJIs1 BOCCTAHOBJICHHUS
3HaYCHWH OTCYETOB HA BpPEMCHHBIX HHTEpBajaX, Ha KOTOPBIX
MPOCIIC)KUBACTCS  YCTOHYMBAs 3aBUCHUMOCTh 3HAYCHHHA MPOOJIEMHBIX
Y9aCTKOB W  HCIONB3YEMBIX JUII BOCCTAHOBICHHA WX  OTCYCTOB
monocienoBarenpHocTeil. Micxons M3 cka3aHHOTO, MPUMEHCHHE JaHHOTO
METOJ]a Ha MPAKTUKE IMPEINoaracT BBIOOP aNmIpOKCHMHUPYIOMICH MOICIH,
KpUTEpHsI OICHKH €€ IapaMeTpOB, OIpEACICHHE OOJIACTH W COCTaBa
JIOKAJIbHO PACIIOJIOKEHHBIX MOAMOCIIEIOBATEILHOCTEH.

B cooTBeTcTBMM METOIOM JIOKAJbHOM ammpoKcHManuu OyaeM

OCYIIECTBJIATH BOCCTAHOBJICHUEC 3HAYCHUH OTCUYCTOB Xi

it ie[v+1Lv+m] B y31ax BPEMEHHOH CETKH C PaBHOMEPHBIM IIAroM
PaBHBIM HCXOIHOMY WHTEPBAIY AUCKpeTH3anuu. [Ipi 3TOM B OKPECTHOCTH
BOCCTAHABJIMBAEMOTO ydJactka BhIOEpEM JIBE JIOKAJTbHBIE

HOJIOCIEIOBATEIEHOCTH  OTCYETOB X, C M3BECTHBIMH 3HAUCHUSIMH,
rre  ie[v-L+Lv] wu ie[v+m+Lv+m+L] . CxemaruuHo

BOCCTAaHABJIMBAEMBIN YYaCTOK MPEJCTaBJICH Ha puCyHKe 1.
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§ * e ! LK P
- i#—o—--o«%—‘—'—' - -
v-L+1 v v+m+l v+m+L

k—1L— kF—1L—

Puc. 1. ®parmeHT nociaea0BaTEIbHOCTH C BOCCTAHABIMBAEMbIM YUaCTKOM

®dakTryecku OyneM UCMONB30BaTh L mpenpinynmx (ciieBa) OTCUETOB
u L mocnmenyromux (cmpaBa) OTCYETOB OT MPOOIEMHOrO ydYacTKa
mocaeIoBaTeNbHOCTH. OTMETHM, 4TO L TOKHO YIOBICTBOPSATh YCIOBHUSIM:

v-L+1>0u v+m+L<N-1. 1)

B KauecTBe aMMPOKCUMHUPYIOIIECH MOJEIH BBIOEpEM
TpuroHomerpuueckuii psg @ypoe [27]:

p-1 p-1
X =a,+) 2, cosziki+2bksinﬂi, 2
pa L a3 L

e P — HOpAOK Mozeny, 8, u b, — mocTosHHBIE KO3 GHUIHEHTEL.

Tpuronomerpuueckuii  psng = @Dypre  mpencraBisier  coboi
(YHKIMOHANBHBIA PsiJl, OCHOBY IIOCTPOCHHSI KOTOPOIO COCTaBIISIOT
nepuoandeckue OasvcHble (YHKIMH CHHYCOB M KOCHHYCOB C KPaTHBIMH
yactoTamu. B (2) GyHKIMK CHHYCOB M KOCHHYCOB MOMAapHO OPTOrOHAJIBHBI
u 00pa3yloT oproroHanbHbie cuctembl s ie€[—L;L] . OproroHasibHbie

CHCTEMBI XapaKTePU3YIOTCS XOPOLIMMHU BBIYMCIUTEIBHBIMA CBOWCTBAMH U
00eCcreyrBalOT PABHOMEPHYIO CXOOMMOCTh pe3yjibTaTa B Mpelenax
MHTEpBaJa AamnmpoOKCHMAalWK BO BCEil OOJACTH ONpEAeNCHHs] CHUTHAIA
[27-30].

3navennst kodpduuuentos a, u b, mas momemn (2) mopsiaxa
p GyzmeM HAXOAUTh U3 KPUTEPHSI MUHUMYMa KBaIPATHIHOMN [OTPELIHOCTH:

S, = 2, (% =x)* —> min, @3)
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rie ie[v—-L+Lv]lnielv+m+Lv+m+L].

B coorBercrBuu ¢ kputepueM (3) HaxoXaeHHe 3HAUYEHHH
ko3 dHIIeHTOB 8, W b, aNmpOKCHMHUpPYIOMEH MOAENH OCYIIECTBISETCS
TakuM 00pa3oM, 4TOOBl CyMMa KBaJpaTOB OMIMOOK MPUOIMKEHUS B y3laxX
BPEMCHHOW CETKH JUCKPETH3aluu OblIa MUHMManbHOH. [Ipu 3TOM Takoi
MOAXOJ  TO3BOJIIET  CIUIAXKHBATh  BO3MOXKHBIE  OIMMOKHM 32  CYET
HCIIO0JIb30BaHHUS H30BITOYHOTO YHCJIA OTCYCTOB B MOAMOCICA0BATEIBHOCTSIX.

Jnst obGecniedenuss BBITIONHEHUs Kputepust (3) HaliieM yacTHbIC
MPOHM3BOIHBIC TIEPBOTO MOPAAKA IO &,, &, u b, ,tae ne[l; p—1]:

090, 090, 00,
—=0, —=0u —=0. 4)
oa, oa ob

n n

C [enpl0 yHpOUIEHWS 3amucell MaTeMaTHYeCKHX COOTHOIICHHHA
BBeIEM 0003HAUEHUS:

& ; :cos%i u B :Sin%i. ()

IMocrne BBIYKMCIICHUS] YaCTHBIX TPOU3BOAHBIX (4) ¢ yuetom (5) Gymem
HMETh CHCTEMY YpPaBHECHHi, pEIeHHEe KOTOPOH MO3BOJISET TMONYYHTh
COOTHOIICHHUS [JIs ONPEeNIeHIs 3HaueHni koddduienTos a, u b, :

2La, +§akzak,i +§kaﬂk,i :in , (6)

p-1 p-1
aozan,i + Zak zak,ian,i + Zkaﬂk,ian,i = Z X i (7
i k=L 1 k=L i

p-1 p-1
aOZﬁn,i +zakzak,iﬂn,i +zbk2ﬂk,iﬂn,i = zxiﬂn,i ) (8)
i k=1 i k=1 i i
rme ne[L,p-1];ie[v-L+Lv]luie[v+m+Lv+m+L].
Beuy Toro, uro QyHkuuu o, ; U f,; 00pasyroT OPTOrOHANbHbIE

CHCTEMBI, CTIpaBeTUBbI cooTHOWeHus [27, 30]:
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27k . 2zn. [0, k=nm;
.. = COS——ICOS—1 =
Zi:ak,lan,l ZI: L L {L, k =n (9)
272'['] 01 k * nl
S|n—|sm—| =
Zﬂklﬁnl Z L {L, k:n. (10)
Zcos%isinzil_nizo, ke[Lp-1] u ne[0;p-1]. (11)
Ipunumas Bo BuuManue (9)-(11), ans a, u b, monydaem:
1 1 1
=—>»X,a =—> Xa,;, b ==> xpf .. 12
ZLZ i n LZ |an,| h LZ |ﬂn,| ( )

C yuerom Toro, uro ie[v—L+Lv] u ie[v+m+Lv+m+L],
B siBHOM Bujie i (12) GyneM UMeTh:

1 L-1
=—) (X ) 13
2L ;( v—i |+v+m+1) ( )
L-1 _a H
a = l [X - COSm.;,. Xi+v+m+1 Coswj , (14)
L& L L
L-1 i .
bn = EZ(Xvi Sinﬁi/l)_‘- Xi+v+m+15inML+rn+l)j ) (15)
i=0

Cootnomenus (13)-(15) ompenensroT BBIYMCIUTENBHBIN alrOpUTM
HaxXOoXJeHNUs! KOI((UIMEHTOB aNIpOKCUMHpYIOmEeH Moxenu (2) mpu
3aJ]aHHOM YHCJIe OTCUETOB IOJIOCIe[0BaTeIbHOCTeH L 1 mopsiake Mozienn
p B mporecce BOCCTAHOBJICHHS M 3HauYCHUH NPOOJIEMHBIX OTCYETOB
HOCIe0BaTenbHOCTH X; . [Ipu 3TOM KBajgpaTuyeckasi HOTPEIIHOCTh PaBHA:

L-1 p-1
5, =0 (¢ + X, ma)—2Las —LD (a2 +b?). (16)

i=0 n=1
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Cornacno (16) npu BeOpanHOM 3HaueHun L morpemmocts &,
MOJTHOCTHIO 3aBHUCHUT OT MOpsiaKa Monenu P. OJHAKO CIIEAyeT UMETh BBHUIY,
YTO yBEJIWYCHHE TOPSAKA MOJACIH p BEAET K  YCIOXKHECHUIO
BBIUMCIIUTEIIFHOTO TPOLECCa BOCCTAHOBJICHUS. PaccMOTpUM  BapHaHT

PaLMOHAIBLHOTO BEIOOPA MOPSIIKA MOJIEIH p.
U3 (14)-(15) cnemyer:

a,=a,_,ub =-b . 17)

Orcrofa OpUXoauM K IPOCTOMY BhIBOxLy, uto 0<n<L/2. Ilpu
aTOM HMeeM, uTo b, =0. Kak cieacTBue u3 3TOro moixydaeM, 4To 4HUCIO
orcyeToB L B KaXmoW H3 MOANOCICIOBATEILHOCTEH, MO KOTOPHIM
OCYILECTBIICTCS JIOKAIbHASI AlPOKCUMAILIHSI, TPEANOYTUTEIBHO BEIOUPATh
4eTHBIM. B 3TOM Ciy4ae MOPSAOK MOIEIH LEeNeco00pa3sHo BHIOMPATH
paBupiM He Oonmee wem p=(L/2+1) . B cBow odepenp mpu
NpEeNBAPUTEIBHO BBIOPAHHOM MOPSAAKE MOJECIH [ YHCIO OTCYETOB IO
BO3MOXHOCTH CJEAyeT 3amaBarh paBHbiM L =2(p-1) mns xaxmoi u3
noxmnocienoBareiapHocTeil. C  yd4eTOM  BBIIONHEHHS OTHX — YCIIOBHM
palfoHaNbHAs C TOYKM 3pEHHs BBHIOOpAa MOpsSAKAa U €ro BIHSHHSA Ha
BBIYHCIHUTENBHYIO CJIOKHOCTh aMMpOKCUMHUpYHomas Mozaens (2) Oymer
HUMETb BHI:

L/2 L/2-1 27Z'k

+Zak COS—I + Z b, sin— (18)

[oxcraBus X, u3 (18) B (3), nomy4aem, uro ¢ yaerom (13)-(15) wis

p=(L/2+1) xBagpaTHyeckas HOTPEIIHOCTh PABHA!

L

1

2 2

L z i T Xi+v—L) +EZ(Xi+v—L + Xi+v+L) +
i=1

2" |:m+

(19)

ZL(Z( DX+ (D™ .+V+m+1))

Jlamee TONXyYMM COOTHOIIEHHS, KOTOPBIE MO3BOJIAIOT YIPOCTUTH
aJITOPUTM BOCCTAHOBJICHUS 3HaYEHUH 0TCUeTOB X; . C 3TOM IEebI0 IpUMEM,

yro i=v+ j,rae j=1,2,3,..m. Toraa (2) npumer Bu:
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p-1

X,,; =8+ a cos———= Zﬂk(H ) Zb sin—————272 Zﬁk(H D (20)
k=1

IMoacraBum a, u b, u3 (13)-(15) B (20). ITocie u3meHeHus nopsiaxa

CYMMHpPOBaHHsI MO HWHIAeKCaM K ¥ |, MEeperpymmupoBKH U MPUBEICHUS
OTOOHBIX YWICHOB Oy/IeM UMETh:

1 L-1 L-1 p-1
Rv+j :_Z(Xv it Xl+v+m+1)+ X, i (Clki +Slk i )+
2L i=0 i=0 k=1 ' '
(21)
1L p-1
- X|+v+m+lz<C2k| +82 )
L i=0 k=1
o1, — cos 27K 1) o 27kl D) -
’ L L
C2, . =cos 27zk(v+J)COS 2zK(i+v+m+1) , (23)
’ L L
S1,, =sin 27k(v +J) gy 27k 1) , (24)
' L L
52, =sin 27k (v + J)sin 27k(i+v+m+1) _ (25)

L

B (22) u (23) npousBeneHNs KOCHHYCOB MOTYT OBITH IPEJICTABICHBI
B BHJIE CyMMBbI KOCHHYCOB, a B (24) u (25) npousBeZieHUs] CHHYCOB B BUJIE
pasHoCcTH KOcHMHYCOB. OCYIIECTBHB COOTBETCTBYIOILIHME IpeoOpa3oBaHus,
MIOCJIE IPUBEACHHSI HOAOOHBIX WICHOB MOTYJacM:

L-1 p-1 H H
R0 =i2xv_i 1+ZZCOSM +
2L k:1 L

i=0

L-1 p-1 : i
+iz Xi+v+m+l 1+ 22 cosM i
2L 5 P} L

(26)

B (26) cymmbl o uHzaekcy K 6yayT paBHsI:
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picos 27rk(j +i) 1(sin((_2p—1?7z(_j +i)/L) _1J |
pay 2 sin(z(j+i)/L)

(27)

ot 2ﬂk(i+m+1—j)_1(sin((2p—1)ﬂ(i+m+1‘j)’L)_lj (28)

cos = = .
ey L 2 sin(z(i+m+1-j)/L)

C yaetom (27) u (28) OyneM UMeTs:

1 LiXV | S|n((.2p—l?;z(.j+i)/L)+

Py sin(z(j+i)/L)
1 fx sin(p-Yz(i+m+1-j)/L)
2L, 2 sin(z(i+m+1— )/ L) '

(29)

B (29) B mepBo#i cymMe 3aMeHHM j+i Ha i, a BO BTOpO#l Cymme

3aMeHuM i +M+1— ] Ha i. C y4eToM 3TOro OKOHYATENBHO MOTyYacM:

. 1 L-1+j L+m—j
LU CIRTING JE SIS

i=] i=m+1-j

sin((2p-1)iz /L)

D.(p.L)= sin(zi/ L)

(31)

CootHomenust (30) u (31) onpenensoT anropuT™M BOCCTAHOBICHHUS
oTCYeToB X, ; amt j=12,3,..m 0e3 NpenBapuUTEILHOTO BBIMUCICHUS
koddpoummento a, u b, . B (31) sin(zi/L)=0 mx i=AL ,
rne 41=0,1,2,.... B pesynprate B (31) moayuaem neneHHe HA HOJb. DTy

CHUTyaIllii0 HEOOXOOMMO YYWMTHIBATH W HE JONyCKaTb B IIpoIecce
BBITIOJTHEHUSI MPOLIEIyphl BOCCTAHOBJIEHUS. J[J1s1 3TOTO Cilydast UMeeM:

sinp-DAirx

D.(p L) =G s

=(2p-1). (32)

I[J'IH TOr0 YTOOBI OCYIICCTBJIAATH BBIYHUCIICHUA )2V+j 0e3 IMMPOBEPKU

ycaosus | = AL coorHomenue (30) 3amuineM ciaeayomuM 00pa3oM:
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1 L-1
XV+i :2_L (Zp_l)(Xerj—L +Xv+j+L)+va+j—i Di(p! L)+

i=]

j-1
+Z Vi LD(p L)+ Z Xv+J+|D(piL)+ZXv+J+|+LD(p L)
i=1

i=m+l-j

(33)

[Tony4eHHOE COOTHOIICHHE CIPABEJIMBO Ui JHOOOro TMopsiaka
mozend P. OpHako Kak ObUIO TMOKa3aHO BBIMIE C LEIBbIH0 CHIDKCHHS
BBIYHCIIATENHHOM CJIOKHOCTH B TIPOIIECCE BOCCTAHOBJICHHS OTCYETOB X, |
MOPSAOK MOJCIH P MPH YETHOM YHCIIC OTCYETOB MOMNOCICA0BATEIbHOCTEH
L mo BO3MOXHOCTH wLenecooOpa3Ho BeiOupatre paBHbiM P =(L/2+1) .
C yuerom Takoro BeiGopa mopsiaka (33) mpumer BUI:

A _ Xv+j—L v+]+L ( 1)
Xv+j - 2

Z( l) (Xv i _( 1) Xv+|+m+l) . (34)

C MaremaTu4eckoil Touku 3peHus coortHomicHue (34) sBusercs
JIOCTATOYHO TPOCThIM. Halo TONBKO MOMHHUTH, YTO YHCIO OTCYETOB L B
[IO/NIOCIIEIOBATEILHOCTSIX, UCHOJB3YEMBIX ISt anmnpoKCUMaIlnH,
00513aTeILHO  JIOJDKHO OBITh 4eTHhIM. COIJIACHO 3TOMY COOTHOIICHHUIO
BBIYMCJICHUE OLEHOK 3HAYEHHI OTCYETOB X ,: B CBOCH OCHOBE CBOAUTCA K

V4]
BBITIOJTHEHHUIO OIIepanii cyMMHupoBaHus. [Ipu 3ToM HeE0OXOIMMOCTH B
BBINIOJTHEHUH  OIIEpalii YMHOXXEHUS (aKTHYECKH OTCYTCTBYIOT. OTO
MI03BOJISIET TOBOPHUTH O TOM, YTO HPAKTHYECKas pear3anysi COOTHOILCHUS
(34) nmpmBOoAMT K  BBIYHCIWTENBHBIM  NPOLEAYpaM C  HHU3KOM
MYJIBTUIUIMKATUBHOM  CHOXHOCThIO.  Takoil  pe3yiapTaT  NOBBILIAET
BBIYHCIIUTENBHYIO0 3(Q(EKTHBHOCTE BOCCTAHOBJICHHS IOCIECIOBATEILHOCTH
OTCUYETOB CHUTHAJIA.

3. PazpadoTka AJITOPUTMHUYECKOT0 o0ecneyeHust st
BOCCTAHOBJIEHHE /JHCKPETHOH BPEMEHHOH  IOCJIEN0BATEIbHOCTH
curnaja. Coornomenust (33) u (34) mosokeHbI B OCHOBY pPa3pabOTKH
BbIYUCJIIUTCIbHBIX AJIrOpUTMOB JUISL BOCCTAaHOBJICHHU [lHCerTHOﬁ
BPEMEHHOW I10CIIeJOBATEIbHOCTH CHTHaja. AJTOPUTMBI pa3paboTaHbl C
OPHMEHTUPOBAHUEM HA NPUHIMUIBI MOAYJIBHOIO NporpammupoBanus. Huxe
NpEACTaBlICHAa KpaTKas 3aluch 3TUX  aJITOPUTMOB,  OTpa)karomias
BBITIOJIHCHHE OCHOBHBIX JICWCTBUII IPH UX PEaTU3aLIH.

AJITOPUTM BOCCTAHOBJICHHSI HA OCHOBe COOTHOLIeHus (33).

1. VHunpanusanys BOCCTAHOBIICHUS BEIOOPKH OTCYCTOB!
1.1. uneHTHPHUIUPYIOTCS MapaMeTPhl MPOOIEMHOTO YJacTKa v U M;
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1.2. 3amaercs MOPSIOK ANIPOKCHMHUPYIOIICH MOICIH ;
1.3. 3amaercd 4mMcio OTcYETOB L IS mOAIOCIIENOBATEIBLHOCTEN C
yuetom ycioBuit v—-L+1>0u v+m+L<N-1.
2. BeinosiHeHHEe TPOIeyphl BOCCTAHOBJICHHST BHIOOPKH OTCUYETOB:
2.1. ma i1=12,3,...,L—1 BeIUMCHAETCA MACCUB OTCUETOB:

DpL[i] =sin((2x p-1)xixz/L)/sin(zxi/L):

2.2. mia j=1,2,3,...,m BemonHstoTCs aeiicreus ¢ 2.2.1 o 2.2.6:
221 Xv+ijl=Cxp-D(X[v+ j—L]l+x[v+j+L]);
222. s i=j, j+1, j+2,...,L—1 Beruucnsercs:

X[v+ jl1=X[v+ jl+x[v+ j—i]xDpL][i];
2.23. a1 i1=1,2,3,..., j —1 Beruucnsercs:
Kv+jl=Kv+ jl+x[v+ j—i-L]xDpL][i];
224 s i=m—j+lm—j+2,m—j+3,..,L—1 Beruncnsercs:
KA+ jl=Kv+ jl+x[v+ j—i-L]xDpL][i];
225 11s 1=12,3,..Mm— | BbIYHCISAETCS:

K[v+jl1=K[v+ jl+x[v+ j+i+L]xDpLl[i];
2.2.6. 1 TEKYILETO 3HAYECHHMS | BHIYUCIISETCS OLIEHKA OTCUETA:

v+ j1=Kv+ jl1/ (2xL).

3. B wucxonnoit mocinenoBarensHocTH oTcueThl X[i] ¢ MHAeKcamu
i=v+Lv+2,v+3,..,v+m 3aMemarorcs Ha onenku K[V + j].
OCO0EHHOCTBIO aNrOpUTMa Ha OCHOBE COOTHOIIeHHMs (33) sBisieTcst
TO, 4TO 3HaUeHus orcuetoB DpL[i], koTopsle BeUHCIsIOTCS coriacHo (31),
HE 3aBHUCAT OT 3HAYEHUH IMapaMeTpoB BOCCTAHABJINBAEMOIO y4acTka v v M.
ITosTOoMy, ecnu BO3HHMKaeT CHTyalMs, TpeOyiolas BOCCTAaHOBIICHUS

HECKOJPKUX MpPOOJEeMHBIX YyYacCTKOB B TMIpeleNaX OJHOW W TOH ke
MOCJICZIOBATEILHOCTH, TO HET HEOOXOIUMOCTH B TOBTOPHOM BBIYHCIICHUH
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MaccuBa 3THX OTCYETOB NPU HEM3MEHHBIX 3HaudeHmsX P u L. C yderom
3TOro OH (QOpMHUpYETCs MPEABAPUTENBHO HEMOCPEACTBEHHO MOCIHE
WHHALUAIN3AUA  [1apaMEeTPOB BOCCTAHOBJICHHS IMEPEN  BBIOTHEHHEM
OCHOBHOH HPOLETypHI BHIYHUCICHHS OLIEHOK BOCCTAHABIMBAEMBIX OTCUETOB.
IToBTOpHOE (hOpMHpPOBaHKME 3TOTO MAaccHUBa OCYIIECTBISIETCS TOJIBKO MpPH
W3MEHEHHH TMapaMeTpoB ammpokcumanud. OgHako 1enecoodpasHo
COXpaHsATh BCE €ro IPEAbIIyNINe BEpCHUH JUIS CiIydas BO3BpaTa K paHee
UCTIONB3YEMBIM TIapaMeTpaM amnmpokcuManuu. OTMETHM Tarke TO, 4TO
BBIYMCIIUTENbHBIE Tpouenypsl 2.2.2—-2.2.5 SsBISIOTCS OTHOCHTEIILHO
HE3aBUCUMBIMU TIPH MX BBINMOJHEHHH. [103TOMY WX MOXHO NpPEJCTaBUThH B
BUJIE€ OTAEJIBHBIX IIOTOKOB OOpa0OTKM OTCYETOB, KOTOPBIE MOTYT
BBITIOJIHATHCS apajuIeNibHO. [Ipr 7TOM MHOTOIIOTOYHOCTH 00paboTKH OyAeT
YUUTHIBATHCSI B BUAE€ CYMMHPOBaHMS IOJMYYECHHBIX pe3ynbTatoB 2.2.2 —
2.2.5 npu BbinogHeHUH 2.2.6. Takoll NOIX0J YCKOPSET BBIYMCIUTEIbHBII
MIPOLIECC U CIIOCOOCTBYET IMOBBIMICHUIO MPONU3BOJUTEIFHOCTH MPOLEAYPHI
BOCCTAHOBJICHUSI OTCUETOB ISl CIydash HE3aBUCHMOTO 3aJaHMs 3HAUYCHHWH
Lwup.

AJITOPUTM BOCCTAHOBJIEHHSI HA OCHOBe coOTHOIIeHus (34).
1. Wunnumanusanusi BOCCTaHOBIICHHUS BHIOOPKH OTCYETOB!

1.1. upenTHGUUUPYIOTCS MapaMeTphl MPOOIEMHOTO yJacTKa v U M;

1.2. 3apgaercs MOPSAOK ANNPOKCUMUPYIOLIECH MOJENU P MM YETHOE

yucno orcuyeToB L s moxmmocnenoBarenbHOCTEH € yd4eToM

BbIMOJIHeHHs yeaoBud v—L+1>0 uw v+m+L<N-1;

1.2.1. ecnu 3agaercsi mopsaok Moaenu P, o L=2x(p-1);

1.2.2. ecin 3a7aeTcs YHCIIO OTCUYETOB L IS
nojocnenoBarenabuocreir, o p=(L/2+1).

2. BeinosiHe e TPOIelyphl BOCCTAHOBJICHHST BHIOOPKH OTCUYETOB:
21. Suml=0 u Sum2=0;
2.2. nns i1=0,2,4,...,L—2 BEUKCIAIOTCS POMEKYTOYHBIE CYMMBI:

Suml=Suml+x[v—i]—-x[v—-i-1];
Sum2=Sum2+x[v+i+m+1]—-x[v+i+m+2];

2.3. eciu m uérHoe, To Sum = (Suml-Sum2)/2L,

uHade Sum = (Suml+Sumz2)/2L;

24. ma j=1,2,3,...,M BBIIOIHIIOTCS ICHCTBUS:
241 v+ jl=(Xv+j-L]+x[v+j+L]/2;

2.4.2. 11 TEKYILETO 3HAYECHHMS | BHIYMCISETCS OLIEHKA OTCUETA:
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ecmu j uérnoe, To X[v + j]=X[v + j]+Sum,

unaye X[v+ j]=X[v+ j]-Sum;
3. B wucxonHoit mocienoBarensHocTH oTcueThl X[i] ¢ wHAEKcamu
i=v+lLv+2,v+3,..,v+Mm 3amemarorcs Ha oueHku X[v + j].

Anroput™ Ha OCHOBe cooTHolIeHHs (34) Ha JTane MHUIMANTU3ALNN
€ro BBIMOJHEHUs MpeajiaraeT chejaTh albTEPHATHBHBINH BHIOOp MEXIy
NPUOPHUTETHBIM 33JaHUEM IOps/IKa alIpPOKCUMHPYIOIEH Moxenn P u
YHUCIIOM OTCYeTOB L JuIs moamocienoBaTenbHOCTEH, KOTOpOE 00s3aTeNbHO
JOJDKHO OBITH TOJBKO UYETHBIM 4YWCIOM. [IpH 3amaHMm OZHOTO U3 3THX
napameTpoB, BTOPOl paccuntbiBaeTcs coriaacHo 1.2.1 wiu 1.2.2. Anroputm
He TpeOyeT BBINOIHEHUS omeparwid mudpoBoro ymMmHokeHHs . OCHOBY ero
BBINIOJTHEHHUS COCTABISIET BBIYMCICHHE NPOMEXKYTOYHBIX cyMM Suml m
Sum2 cormacHo 2.2. DTH CyMMBI MOYKHO BBIYHCIISTH HE3aBHCHMO NIPYT OT
apyra. [losTomMy mpu mporpaMMHON peanu3aliy aJropuTMa MpOoLeayphl
BBIUKCIICHUSI CyMM SUM1 u SUM2 MOKHO peanu30BaTh B BUJAE OTACIBHBIX
MIOTOKOB 0OpabOTKH OTCUETOB IMOJIIOCIEI0BATENHHOCTEH, KOTOpbIE OyayT
BBINOJIHATBCS MapaieabHo. OObeIMHEHUE pPe3yIbTaTOB MHOTOIOTOYHBIX
BBIYKCIICHUH OYAET YUUTHIBATHCS IIPH BBITIOJIHEHNH 2.3, JIaHHBIN alropuTM
COBMECTHO C MHOIONOTOYHOM OpraHU3allM€d  ONpEeNesieMbIX UM
BBIYHMCITUTEIHHBIX Ipoueayp MOBBIIIAIOT MPONU3BOUTEIHHOCTD
BOCCTaHOBJIEHHSI OTc4yeToB. ONHAKO ClIeIyeT YYHTHIBATH TOT (AaKT, YTO
NIPUMEHEHNE  aJIrOpUTMa  OTPAaHWYEHO  TpeOOBAaHMEM  BBIIIOJIHEHHUS
00513aTENBHOTO YCJIOBHSI B3aMMHO OJIHO3HAYHOTO COOTBETCTBHS IOPSIZIKA
anmpoKCHUMHUpyOmed Momend P W 9dcna  orcuetoB L ma
TOJINIOCIIeIOBATEIbHOCTEH.

B o6mem ciyyae pacCMOTPEHHBIE QITOPUTMBI  MO3BOJISIIOT
3G(GEeKTUBHO ¥  palMOHAIBHO B  BBIYMCIUTEIBHOM  OTHOIICHHU
OpraHM30BaTh  MNPOLIECC  BOCCTAHOBJIEHHE  OTCYETOB,  IOCKOJIBKY
OOJIBIIMHCTBO ~ BBIYMCIUTEIBHBIX  MPOLEAYP  MOXHO  BBIIOJHSATH
napajuienbHo. [Ipaktuyeckass peanu3anys ajrOPUTMOB OCYILIECTBIEHA B
BUzIE po0JIEMHO-OPHEHTHPOBAHHOT O MIPOTPaMMHOTO MOJYJIS.
@OyHKINOHAIBHBIM ~Ha3HAaYeHHEM MOAYJS SBISIETCS BOCCTaHOBIICHHE
yTpadeHHBIX OTCYETOB MJIM 3HAYCHHWH OTCUETOB HA ydacTKaxX JUCKPETHOU
IOCJIEI0BATEIFHOCTH CUTHAJIA C HETOCTOSIHHOM HCKa)XKCHHOH BpEMEHHOU
cerkoi. Pabora Monyms ocymiecTBisieTcss Ha OCHOBE ACHHXPOHHOTO
YIpaBJICHUsT  NPOLECCOM  BOCCTAHOBJIGHHMS ~ OTCUETOB.  Peanm3zaums
ACHHXPOHHOW MOJIEIH YIPABICHUS 00ECIEYNBACT BBITTIOJIHEHNE TIPOLIETYPhI
BBIYHCIICHUS] OLECHOK 3HAaUYEHHWH OTCYETOB B PEKUME MHOT033JTadHOCTH.
Mogyns 3amyckaeTcst IO Mepe HeOOXOIMMOCTBIO BOCCTAaHOBICHHMS
KOHKPETHOTO  yJacTKa JUCKPETHOHW IOCJIEAOBATEILHOCTH  CHTHAJA.
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[Ipomenypa BOCCTaHOBIEHHUS TPOXOTUT O€3 OIIOKUPOBKU BBITIOTHEHHS
BBIYHMCIUTEIILHOTO TIPOIecca, Pealu3yeMOro OCHOBHOHM IpOTpaMMOM IO
o0paboTke curHajga. OTO NPUBOIUT K TOMY, HUYTO BO3MOKHOCTH
BBIUMCIIUTENBFHBIX CPENCTB HMCIONB3YIOTCS Hambojee pamuoHaidbHO. [lpm
9TOM TIPEIBAPUTENFHO YCTAHABIMBACTCS PEXHAM 3aJaHHUA IOPSIKa
ANMPOKCUMUPYIOIIEH MOJIENH u YHCIIO OTCUYETOB IS
MOJITIOCIIEIOBATEILHOCTEH, M0 KOTOPBIM OCYIICCTBISICTCS BOCCTAHOBIICHHE
MPOOJEMHBIX YYaCTKOB CHTrHala. MOMIYJIbh MOXET OBITh HCIIOJNB30BaH B
KayecTBE (PYHKIMOHAJIBHO CAMOCTOSTCIILHOIO KOMIIOHEHTA B COCTaBe
HHTETPUPOBAHHOTO METPOJIOTHUECKU 3HAYHUMOTO MPOTPaAaMMHOTO
oOecricucHHs, BBIMOJHICMOTO Ha TNPUKIATHOM YPOBHE CHUCTEM IS
KOMITIEKCHOTO IIU(POBOTO aHAIN3A CIOKHBIX CHUrHaoB [31, 32].

4. YucjeHHbIE IKCIEPUMEHTHI 110 BOCCTAHOBJIEHHIO TMCKPETHBIX
nocjea0oBaTeJbHOCTell currajga. lccnemoBanus pabOTOCIIOCOOHOCTH W
(yHKIMOHATHHBIX BO3MOKHOCTEMN pa3paboTaHHBIX aNTOPUTMOB
OCYIIECTBIBIIIOCH Ha OCHOBE MMHUTAIIMOHHOTO MOJICIAPOBAHUS TUCKPETHON
MOCTICIOBATEIEHOCTH CUTHAIA C TIOTEPSMH OTCYETOB M TOCIEAYIOMIETO ee
BOCCTAaHOBIICHHs. B Tmporecce MOIENHMPOBAHHS [UII HMHUTANHAN PaOOTHI
MOIyJsl  WCIOJb30Bajach cpeaa  mporpammupoBanust — TypeScript.
UucreHHBIE OSKCICPUMEHTHI IMPOBOJAWINCH ¢ MPHMEHEHHEM Habopa
TECTOBBIX MOJICJICH CHUTHAJOB C OIPAaHMYCHHBIM YaCTOTHBIM CIIEKTpOM. B
KayecTBE MATEMAaTHYECKOM OCHOBBI NPEACTABICHUS TaKHX MOJCICH
CHUTHAJIOB BO BpPEMEHHOH 00JIaCTH WCIIOJb30BaIach aJJAMTHBHAS CMECh
HE3aBHUCHMBIX B CTATUCTHYCCKOM CMBICIIC TapMOHHYCCKHX KOMITOHEHT C
HYJIEBOM TOCTOSIHHOM COCTaBISIOIIEH. AJAUTUBHBIA TapMOHUYECKHI
CHHTE3 MOJIEJIH CHTHAJA MPEIOCTABII BO3MOKHOCTh 3P (PEKTHBHO H MPOCTO
pEeTyIUpOBaTh €ro YacTOTHBIA COCTaB W KOHTPOJIHPOBATH (OpPMYy BO
BPEMEHHOW 00JIacTH.

3HAaYCHUST YACTOT TapMOHMYCCKUX KOMIIOHEHT B  IpoIecce
MOJCTUPOBaHUS 3a4aBAIMCh B Ipeaenax OT Hyns A0 enuHuisl. OHH

HHTEPIPETHPOBAINCh KaK HOpMHUpoBaHHbIe dactotel f,=f /F_ mo
OTHOLIEHUIO K BepXHeW rpaHuyHOM uactoTe F, . B CIEKTpe curHaia.

Hcnonb3oBanue TIOHATHSA HOpMHpOBaHHOﬁ YaCTOThI obecneunno
MOACIHUPOBAHUE PA3JIUIHOIO0 YaCTOTHOI'O COCTaBa CUTHajla B eﬂHHOﬁ
TI0JIOCE YacCcTOT B IpeAeiax OT HYJ 0 €AWHUIBIL. 3HaueHus AMITITATY I
TApMOHHNYECCKUX KOMIIOHCHT A(H 3aJaBaJIMCh B AHAINIa30HC OT HYJIA I0

€IMHUIIBI U MHTEPIPEeTUPOBAIUCH KAK HOPMHUPOBAHHBIE [0 OTHOLICHUIO K
HauOONbIIeH aMIUIMTYZEe KOMIOHEHTHI, IPHCYTCTBYIOIIEH B COCTaBe
curHana. HawanmpHble (a3pl TapMOHMYECKMX KOMIIOHEHT YAOBJIECTBOPSIIN
yenoBuio @, €[-7;+7] . OHH NpHHEMaNM CIOydaliHBlC 3HAYCHHSA B

1032 MHdopmaTuka u asTomatusaums. 2022. Tom 21 Ne 5. ISSN 2713-3192 (nev.)
ISSN 2713-3206 (oHnaviH) www.ia.spcras.ru



DIGITAL INFORMATION TELECOMMUNICATION TECHNOLOGIES

mepeneNiax  yKazaHHOTO  jAuamazoHa. Jlmsi  3TOrO  HCIIONIB30BaCs
MIPOTPaMMHBIN T€HEPATOp YUCET C PABHOMEPHBIM 3aKOHOM PACHPEIEICHHUS.
Ilepexon kK HOPMHPOBAHHBIM 3HAUEHHSM AMIUTUTYI M YacTOT MO3BOJMII
(opMann3oBaTh TNPOBEICHWE YHCICHHBIX JSKCIEPHMEHTOB U OLCHUTH
MOTCHIMATBHBIE BO3MOXHOCTH Pa3pabOTAHHOTO MaTEMaTH4eCKOro ¢
AITOPUTMHUYECKOTO OOECHEeUeHNsI M1 BOCCTAHOBJIECHHUS JIUCKPETHBIX
MOCTIEI0BATENbHOCTEN CUTHAJIOB C PA3JIMYHBIMU aMILIUTYAHO-4aCTOTHBIMU
XapaKTepUCTHKAMHU.

JUis KaXJI0ro SKCIEepUMEHTa TeHepUpOBallach peaau3alis MOAEIH
curHasa u  (OpMHUpOBaIacCh €ro JUCKPETHas IOCJIEOBATEIbHOCTb.
OKCHEpUMEHThl  MOBTOPATHMCH AN Pa3IMYHbIX 3HAUEHUH  4YacToT
JUCKpPeTH3allud C Y4YeTOM MPUCYTCTBUSL B COCTaB€ MOJENH CHUTHaia
TapMOHHUYECKOM COCTABIAIONICH ¢ HANOOIBIICH HOPMUPOBAHHON YaCTOTOM.
B duacTHOCTHM, OfHAa W3 TaKMX peamM3aldi MOAEIH COAEpXkala CEMb
TapPMOHMYECKUX KOMIIOHEHT, HOPMHPOBAaHHBIC aMIUIUTYIbl M YacTOTHI

koTopbix umenu 3Hadenus: A'=0,2 u f"=01; A/ =0,35u f,'=0,25;
Al=05mn f'=03; A/ =07 un f/=035,; A'=1u f'=04,;
Af=0,7u f'=045; A/ =015 u f=0,5. B cepun 9KCIHEPHMEHTOB

JUCKPETHasd MOCJIEA0BATCIbHOCTb [[aHHOﬁ peajmsanu MOJCIIN ObLIa
NojiyuyeHa B pE3yJIbTaTe paBHOMepHOﬁ AUCKpPETU3alnu C HOpMHpOBaHHOﬁ

gacrotoi 1000 f,* =500, xoTopast sABISETCS HOCTATOYHO BHICOKOH. B 3TOM

CITydae COCETHHE OTCUYETHI AUCKPETHOW MOCIeN0BATENEHOCTH MOTYT UMETh
Majo oTiuyarouuecs: 3HaueHus. OrpaHuueHre 3HAYEHUH TaKuX OTCUETOB
JI0 KOHEYHOTO YHUCJa Pa3pslioB IMO3BOJIMIO HHTEPIPETUPOBATH MPOLECC
BOCCTAHOBJICHHSI B YCJOBUSAX aJUIATUBHOTO IIyMa, OOYCJIOBJICHHOIO
KBaHTOBaHUEM IO YPOBHIO Majio OTJIMYAIOIINXCS 3HAUCHHI CUTHATIA.

B nmpomecce MomenupoBaHHMS ~YacTh  OKCICPHUMEHTOB  ObLiIa
HampaBJieHa Ha OIICHKY pe3yJbTaTOB BOCCTAHOBJICHUS B 3aBUCUMOCTU OT
BEIOOpa TOpSIIKa P aMMmpOKCUMUPYIONMIEH MOAEIH W YHcia OTCueToB L B
MOJIIIOCIIEIOBATENEHOCTAX, HCIONB3YeMBIX IS BOCCTAaHOBICHHUSI. B
Tabmumax 1 w2 TpeacTaBIeHBI Pe3yNbTaThl  JKCIIEPUMEHTOB IO
BOCCTAHOBJICHHIO y4YacTKa € TATBIO oTcderamu. B Tabmmme | pe3yipTaThl
MONMYYCHBI U1 MOAETH Mopsaka P=5, a uucimo orcdyeroB L Kakmoi
MTOIIIOCIIEIOBATEIEHOCTH OBIO paBHO IIATH, ACCATH W IIecTHaANATH. B
Tabmuie 2 pe3ynbraThl moiyudeHsl s L=20, a mopsmok momenu p ObLI
paBeH TSTH, JECSATH U MATHAIIIATH.

OKCTIEPUMEHTHl TaKkKe MPOBOJWINCH C YYETOM BapHallUd 4YHCIa
BOCCTAHABJIMBAEMbBIX OTCYCTOB Ha MPOOJIEMHOM YYaCTKE MPU HEU3MEHHOM
3HAYCHUU TMOPSAAKA MOAEIM ©  (PUKCHUPOBAHHOM 4YHCJIE OTCUCTOB
MIOJIOCIIEI0BATENbHOCTEH. DTH 3KCIIEPUMEHTHl MMETH 0co0oe 3HaueHHE

Informatics and Automation. 2022. Vol. 21 No. 5. ISSN 2713-3192 (print) 1033
ISSN 2713-3206 (online) www.ia.spcras.ru



LUNdPOBBLIE NH®OPMALIMOHHO-TENEKOMMYHUKALIMOHHBIE TEXHONOI M

JUIi  OLIGHKM BO3MOXKHOCTH BOCCTAHOBJICHHSI yTPA4Y€HHBIX OTCYETOB
MOCJIEIOBATEILHOCTEH CUTHAIIOB, KOTOpbIe (OPMHUPYIOTCS B YCIOBHSIX
OTPaHMUYCHHOTO BPEMEHM ero HabmiojeHus. B Tabnwuie 3 mpencTaBieHbI
pEe3yJIbTaThl BOCCTAHOBJICHUS JECSATH, ISITHAAUATH M JBAJIATH OTCUETOB,
rae L=20 u p=5.

Jlist  OlIGHKH OTKJIOHEHHWSI Ppe3yJIbTATOB BOCCTAHOBJCHUS OT
UCTHHHBIX  3HAUCHUI  OTCUCTOB  HMCIOJNB30Bajach  OTHOCHTENbHAS
norpemHocTs. OHa paccuntsiBanack no Gopmyne 5 = (X —X)/X; .

Pe3ynbTaThl YHCIEHHBIX SKCIIEPUMEHTOB, MPHUBEACHHbBIC B TaOJIHIIAX
1, 2 u 3 He comepxaT TPYOBIX CHCTEMATHYECKHX ONIMOOK, KOTOpHIE
CYIIECTBEHHO OBl HCKa)kaJdW HWCTUHHBIC 3HAYCHHS BOCCTAHABIMBACMBIX
oTcYeToB. JIJIsl KaXKAOro pe3yibTaTa HA BCEM HHTCpPBAje BOCCTAHOBJICHUS
MPOOJIEMHOTO YYacTKa MPeleiibl M3MEHEHHST OTHOCHTEIILHOW MOTPEIIHOCTH
OTKJIOHCHUS BBIYHMCIICHHBIX OIICHOK OTCYETOB OT UX UACATbHBIX 3HAYCHUUN
HE MPEBBIMIAIOT 10 abcomoTHO!H BemuunHe 0,01, T.e. 0JJHOTO MPOIICHTA.

Tab6auua 1. Pe3ynbraTel BoccTaHoBieHus oTcuetoB g M=5, p=5 u L=5,10,16
L=5 L=10 L=16

v+ A~ ~ ~

X | & Xoj | O Ko 2
201 | 1.9684 | 1.9628 | -0.0028 | 1.9663 | -0.0011 | 1.9678 | -0.0003
202 | 1.9709 | 1.9679 | -0.0015 | 1.9685 | -0.0012 | 1.9618 | -0.0046
203 | 1.9734 | 1.9729 | -0.0002 | 1.9714 | -0.0011 | 1.9674 | -0.0031
204 | 1.9759 | 1.9779 | -0.0010 | 1.9735 | -0.0012 | 1.9731 | -0.0015

205 | 1.9784 | 1.9828 | 0.0022 | 1.9763 | -0.0010 | 1.9689 | -0.0047

ilv+il X

GOl |W|IN|F

Tabnuna 2. Pe3ynpraTel BOcCTaHOBJIEHUsI oTcyeToB Jyist m=5, L=20 u p=5,10,15

. . p=5 p=10 p=15

] v+ Xv+j o X 9 X X X
Xt 0 X, S R0 S

201 | 1.9684 | 1.9666 | -0.0009 | 1.9596 | -0.0044 | 1.9525 | -0.0080
202 | 1.9709 | 1.9605 | -0.0053 | 1.9616 | -0.0047 | 1.9658 | -0.0026
203 | 1.9734 | 1.9633 | -0.0051 | 1.9647 | -0.0044 | 1.9648 | -0.0043
204 | 1.9759 | 1.9678 | -0.0041 | 1.9665 | -0.0047 | 1.9633 | -0.0063
205 | 1.9784 | 1.9658 | -0.0064 | 1.9695 | -0.0044 | 1.9734 | -0.0025

|| W|IN|F
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Tabmmma 3. Pe3ynpraTel BOCCTAaHOBIGHHS OTCUETOB I P=5, L=20

) . m=10 m=15 m=20
J |Vt v - x - X - X
L o, L 2 Xe o,
1 | 201 | 1.9684 | 1.9673 | -0.0005 | 1.9678 | -0.0003 | 1.9711 | 0.0014
2 | 202 | 1.9709 | 1.9600 | -0.0055 | 1.9599 | -0.0056 | 1.9600 | -0.0055
3 | 203 | 1.9734 | 1.9619 | -0.0058 | 1.9613 | -0.0061 | 1.9605 | -0.0065
4 | 204 | 1.9759 | 1.9678 | -0.0041 | 1.9676 | -0.0042 | 1.9672 | -0.0044
5 | 205 | 1.9784 | 1.9708 | -0.0038 | 1.9714 | -0.0035 | 1.9717 | -0.0034
6 | 206 | 1.9807 | 1.9708 | -0.0049 | 1.9715 | -0.0047 | 1.9719 | -0.0045
7 | 207 | 1.9831 | 1.9726 | -0.0053 | 1.9722 | -0.0055 | 1.9721 | -0.0055
8 | 208 | 1.9854 | 1.9773 | -0.0041 | 1.9760 | -0.0047 | 1.9756 | -0.0049
9 | 209 | 1.9876 | 1.9802 | -0.0038 | 1.9801 | -0.0037 | 1.9799 | -0.0039
10 | 210 | 1.9898 | 1.9768 | -0.0065 | 1.9813 | -0.0042 | 1.9818 | -0.0040
11 | 211 | 1.9920 - - 1.9812 | -0.0054 | 1.9818 | -0.0051
12 | 212 | 1.9941 - - 1.9839 | -0.0051 | 1.9836 | -0.0053
13 | 213 | 1.9962 - - 1.9889 | -0.0037 | 1.9878 | -0.0042
14 | 214 | 1.9982 - - 1.9909 | -0.0036 | 1.9909 | -0.0037
15 | 215 | 2.0002 - - 1.9867 | -0.0067 | 1.9907 | -0.0047
16 | 216 | 2.0021 - - - - 2.0022 | -0.0058
17 | 217 | 2.0040 - - - - 1.9945 | -0.0047
18 | 218 | 2.0058 - - - - 0.0027 | -0.0027
19 | 219 | 2.0076 - - - - 2.0001 | -0.0037
20 | 220 | 2.0094 - - - - 1.9905 | -0.0093

PaccMOTpeHHBIH MOAXOA MO BOCCTAHOBIEGHHIO OTCYETOB OBIT TaKke
anpoOHMPOBaH C HCIIOJIb30BAHMEM Pa3pabOTaHHOTO HMPOTPAMMHOTO MOIYJIS
IIPU aHAJM3€ pPEAIbHBIX CHTHAIOB, B YaCTHOCTH NPH BHOPAMOHHBIX
nccrenoBanmax aprodyca Mapka MA3-206067 MUHCKOTO aBTOMOOHIEHOTO
3aBoma. MA3-206067 — ato aBTOOyC Karteropmm M3, kmacca I cormacHo
knaccupukarun  [IpaBun OOH Ne 107 m TexHmueckoro periiaMeHra
TamoxxenHoro coro3a TP TC 018/2011 «O 06e30macHOCTH KOJIECHBIX
TPAHCHOPTHBIX CPEACTB». ABTOOYC MpeiHa3HaueH s MEepeBO3KU
[IACCA)XUPOB HAa TOPOJCKUX M TNPHUCOPOAHBIX Maplipyrax cpenHen
sarpykenHoctd. OH ocHamieH nasuratenem Mercedes-Benz OM9O4LA
(mm3enb, 177 1n.c.) W LIECTHCTYNEHYAaTOW aBTOMAaTHUUECKOH KOPOOKOi
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nepenad  ZF6HP504C. Jlns peructpanud  BUOPAIMOHHBIX CHTHAJIOB
HCTIONB30BATACh OJHOKOMIIOHEHTHBIE aKCEIePOMETPHl CO BCTPOCHHOM
anekTpoHukoit ICP ob6mero nasnauenuss 352C04 c¢ pazpemenuem 0,005
M/c?. OHH 00eCIeUnBAIOT XOpOoIllee pa3pelieHne I U3MEPEHUsT CUTHAJIOB
BUOpanmu ¢ MansiMu ypoBHsMH. @upma msrotosurens «PCB Piezotronics,
Inc.». VYcraHoBka maT4ukoB W 00paOOTKa BHOPAIMOHHBIX CHTHAJIOB
OCYIIECTBISUINCh B COOTBETCTBUM C TpPeOOBaHMAMH MO H3MEPEHHIO U
NPE/ICTABIICHUIO PE3YyJIbTaTOB M3MEPEHHH JIOKaJbHOW BUOpALUM, a TaKke
COIJIaCHO TPEOOBAHUSIM II0 OLIEHKE BO3/CHCTBUS JIOKAJIbHOW BUOpaLuK Ha
naccaxupa u Bomurens [33-36]. YacTOTHBINA JMana3oH WCCIIEA0BAHUS
BUOpALIMOHHBIX CHTHAIOB Haxomwics B mpexgenax po 200 T
JumurensHoCTh  (DOPMHMPOBAHUSL  MOCJIENOBATEIBHOCTH  JOXOIWJIA  JI0
110 cexyna. Yacrora muckperm3ammu Obia paBHa 51200 I'm. OpmH u3
pEe3yIBTaTOB BOCCTAHOBIICHUS AECATH OTCUCTOB CHUTHaja BHOpannd Ha
MACCAKUPCKOM CHICHBE HaJ| IBUTATEIIEM IIPEICTABICH B TAOIHUIIE 4.

TaGuua 4. Pe3yabTaTsl BOCCTAHOBIICHHS ACCATH OTCUCTOB CHTHAIA BUOPALINK Ha
MacCaXHUPCKOM CHJICHbE HaJl [BHraresieM aBrobyca mapku MA3-206067

. . p=5, L=20 p=10, L=20
J v+] Xisj - x - x

X, i 0, X, ij o,
1 30286 0.83 0.8285 -0.0028 0,8275 -0.0030
2 30287 0.81 0.8064 -0.0045 0.8069 -0.0038
3 30288 0.88 0.8759 -0.0047 0.8764 -0.0041
4 30290 0.79 0.7867 -0.0042 0.7867 -0.0042
5 30291 0.71 0.7065 -0.0050 0.7069 -0.0043
6 30292 0.72 0.7163 -0.0051 0.7170 -0.0041
7 30293 0.68 0.6767 -0.0049 0.6773 -0.0040
8 30294 0.69 0.6868 -0.0047 0.6874 -0.0038
9 30295 0.72 0.7172 -0.0039 0.7173 -0.0037
10 30296 0.62 0.6172 -0.0045 0.6178 -0.0035

OCHOBBIBasACh ~ Ha  IOJYYEHHBIX  pE3yJbTaTax  YUCICHHBIX
9KCIIEPUMEHTOB M TIPHMEPE BOCCTAHOBJICHHSI PEAJbHOTO BHOPAIIMOHHOIO
CUrHajIa, MOXXHO TOBOPUTH O TOM, 4TO pa3pabOTaHHBIN 1MOJXO0J TO3BOJISIET
OCYILIECTBIISITh BOCCTAHOBJICHHE OTCUETOB Ha MNPOOJIEMHBIX Yy4acTKax
JIMCKPETHOM  IOCJIENOBAaTEIbHOCTH CHUTHajla C JIOCTAaTOYHO HHU3KOH
MOTPEIIHOCTRI0. B pealbHBIX YCIIOBHSAX Ha MOJE3HBIH CHUTHAJl MOTYT
HaKJIa/IbIBaThCsl BHEUIHWE aJJUTHBHBIE (DOHOBHIC HIYMBI M IIOMEXH, YTO
HPUBOIUT K HCKAXKEHHIO €r0 HCXOAHOH (OPMBL. DTO OKa3bIBaeT BIMSHUCE Ha
OINOKY BBIYHMCIICHHUS OLICHOK 3HAYSHUI MPOOJIEMHBIX OTCYETOB U Ha BEIOOP
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KOJIMYECTBA OTCUETOB MOJIOCIEAOBATEIFHOCTEH, HEOOXOOUMBIX IS
YCIIEITHOTO BBIITOJNHEHMS MPOIEIypsl BOCCTaHOBIEHHA. B obmem ciydae
MOJKHO CUHTATh, YTO B IPOIlECCE BOCCTAHOBIICHHS MPOMCXOIMT OILEHKA U
LIYMOBOM COCTaBIJIAIOILIEH B OTCUETE cUrHajia. I1o3Tromy 1o BO3MOXHOCTH
cleqyeT IPUHIMATh BO BHIMAHHE CTETICHb KOPPEINPOBAHHOCTH TMOJIE3HOTO
CHTHAJIa W BHEIIHWX IIYMOB, YTOOBI B IOCJTEXYIOIIEM 3TO MOXKHO OBILIO
ydecThb npu Hu(poBoli 00paboTke BOCCTAaHOBJICHHOW MOCIIEA0BATEILHOCTH
curHaina. [Ipu aTOM ciieyeT UMeTh B BHIY TakXKe TO, YTO pa3paboTaHHBIN
MOJIXO/A MPEANOoJaraeT BOCCTAHOBJIEHHE OTCYETOB MOCIEI0BATENBHOCTU
HEMPEepPhIBHOTO CHUTHAJA, KOTOPBIM MOXET ObITh MpPEJACTaBICH B BHUJE
CTallMOHAPHON MM KBa3UCTAIlMOHAPHON MOJENM B IpeJeNax HHTepBasa
BPEMEHH, Ha KOTOPOM OCYILECTBIIIETCS €r0 AUCKPETHU3aIusl.

5. 3akimoveHue. B cTaTbe paccMoTpeHa pa3paboTka
MaTEeMaTHYECKOTO M aJTOPUTMHYECKOTO 00ECIICUeHU ISl BOCCTAaHOBJICHUS
3HaYCHUH OTCYETOB HAa NPOOJEMHBIX Yy4YacTKaX MOCJICIOBATEIbHOCTH
PaBHOMEPHO TUCKPETE3UPOBAHHOTO HEIPEPHIBHOTO BO BPEMEHHU CHTHAJA.
[Ipennonaraercsi, 9TO CUTHAT MOXKET PACCMATPUBATHCS KaK CTAI[OHAPHBIN
WIH KBa3WCTAIlMOHAPHBIA B IIpefeliax WHTEepBaja ero o0paboTKH.
Pa3paboTka ocymiecTBiIeHa Ha OCHOBE METO/A JIOKAJIHHOM anmpOKCUMAIIHH.
CrieunuKoi MpeyIoxKEHHOr0 B HACTOSIIEH paboTe 1moaxoaa sSBIsieTcsl To,
qTO JIOKaJIbHasA arrpoKCuManuss OCYHIECTBIIACTCA 10 ABYM
MOJINOCIIEJOBATEIBHOCTSIM OTCYETOB C M3BECTHBIMHU 3HAYEHHUSIMH, KOTOpPbIC
HaXOJATCSI HETIOCPEACTBEHHO Iepe]] ¥ TOCIe BOCCTAHABIMBAEMOTO Y9acTKa
JTUCKPETHOH TOCIIEOBATEIFHOCTH CHTHaNa. TakoW MOAXOI TMO3BOJISET
MOJYYUTh OICHKH 3HAYCHUH MPOOIEMHBIX OTCYETOB HEMOCPEACTBEHHO C
YYETOM JIMHAMHKHM W3MEHEHHsI M3BECTHBIX 3HAYEHHUH I0CIIE0BaTEIbHOCTH
CUrHajJa B OJIM3KHX I10 PAacIOIOKEHHIO K HUM y3Jax BpEeMEHHOH ceTku. B
KauyecTBE aIllpoKCUMUPYIOIIEeH MoJenu wucnoss3dyercs psg Pyppe 1o
OpPTOTOHAIBHOHM CHCTEeME TPUroHOMETpHYecKnX (QyHKIMH. CyliecTBeHHON
O0COOCHHOCTBIO TIOIYYEHHBIX B HACTOAIMEH paboTe MaTeMaTHYECKHX
COOTHOIICHUH Ui BBIYMCICHHUS OLEHOK IPOOJIEMHBIX OTCYETOB SIBISACTCS
TO, 9TO OHH HE TPeOYIOT MPEABAPUTEIHHOTO BhIUUCICHHS KOd(hQHUIIMEeHTOB
psna @ypre. BrpraucnIUTENBEHBIE TPOLEAYPHI, OINpEAeNsieMble STHMH
COOTHOIICHUSIMH, IO3BOJISIIOT ~ HEMOCPEICTBEHHO IIONYyYaTh  OLEHKH
3HaYEHUH BOCCTAHABIMBAEMBIX OTCUETOB BO BpeMeHHOH oOmactu. Kpome
TOTO, MPY YETHOM 4YHMCJIE OTCYETOB IOAINOCIEA0BaTeIbHOCTEH L, Ha OCHOBE
00paboTKM KOTOPBIX OCYILECTBISIETCS BOCCTAHOBJEHHE NPOOJIEMHOTIO
ydJacTKa CHTHaJla, W BBHIOOpE TOpsAAKA amllpOKCHMHUPYIOLIeH MOoaenu
paBubiM  p=(L/2+1) , BbUHCIHTENBHBIE MpoOLENYpHl He Tpebyer

BBIITOJIHCHUA onepaunﬁ YMHOKCHUA.
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[lonydyeHHblE MaTEMaTUYECKUE COOTHOLUEHUS PEaIn30BaHbl B BUJE
BBIUMCIIUTENBHBIX aJITOPUTMOB, KOTOPBIE SBISIOTCS HenTepaTHBHBIMH. OHI
OCHOBaHBI HAa BBINIOJHEHWH TIPOCTHIX apU(OMETHUECKUX M JIOTHYECKHX
OTIepanysixX, 9TO CHIDKAEeT OOIIYIO CIO0XKHOCTH BBIYMCIUTEIHHBIX TPOLEIYD.
Iloxa3aHo, YTO OTAENbHBIE BBIYHUCIUTENBHBIE MPOLEAYPHI, BXOIAIINE B
COCTaB AITOPUTMOB, IEJIECOOO0pa3HO BBINONHATH MapauiensHo. Ha
NPaKTHKE ATH TPOLEIYpbl MOTYT OBITh PEaJM30BaHBl C INPHUMEHEHHEM
METOJ]a MHOTONOTOYHOr0 MporpaMMHupoBaHusi. CHMIXKEHHE CI0KHOCTU
QITOPUTMOB U UCIOJIb30BaHUE METOJOB MapauleIbHON 00paboTKU BeIyT K
TIOBBILICHUIO BBIYUCIUTEIBHON 3((EKTUBHOCTH MPOLIECCa BOCCTAHOBIICHHS
OTCYETOB.

HccrnenoBanne BO3MOXKHOCTEH pa3pabOTaHHOTO MOAXoda IO
BOCCTAHOBIICHHIO ~ OTCYCTOB  NPOOIEMHBIX  YJ4acTKOB  JHUCKPETHOH
MOCJIEIOBATEILHOCTH ~ CHUTHAJ]a  MPOBOJWIHCH C  HCIIOJb30BaHUEM
MMUTALMOHHOTO MoJenupoBaHuu. Ha mpuMepe 4ncaeHHbIX 3KCIEPUMEHTOB
OBUTO TIOKAa3aHO, YTO O0ECIeYMBaeTCSI YCTOWYMBOE BOCCTAHOBJICHUE
OTCYETOB CHUTHaJIa ¢ JAOCTATOYHO HHU3KOM MOrpemHocTbio. IlpakTrueckum
pe3ynmpTaToM cTaia pa3padoTKa CHENHATH3HPOBAHOTO (PYHKIMOHAIBEHO
3aBEpIIEHHOTO MporpaMMHOrOo Moxayns. PaGora maHHOTO MoOAyins
OCYILECTBIISICTCS B PEKUME ACHHXPOHHOTO YIPABICHUS BBIUUCIUTEIHEHBIM
IPOIIECCOM BOCCTAHOBJICHHS OTCYETOB 0O€3 OJOKMPOBAaHUS BBIIOIHEHUS
OCHOBHOH TPUKIAAHONW MPOrpaMMbl 0OpabOTKH curHaia. Moaylib MOXET
OBITh NPUMEHEH B COCTaBE METPOJIOTHYECKH 3HAYMMOTO IPOTrPaMMHOIO
obecriedeHHss MHOTO(YHKIIMOHABHBIX CHCTEM IH(poBOH 00padOTKH
CUTHAJIOB.

JanbHeiimee BBINOTHEHHE padOT, CBS3aHHBIX C BOCCTAHOBJIEHHEM
JUCKPETHBIX MOCIIEA0BATEIbHOCTEH CUTHAJIOB MPEANOJIAraeTcs MPOBOAUTH
C menblo O00OOLIEHWs TIOJYYEeHHBIX pEe3yJbTaTOB Ha HeCTallMOHApHbBIE
Y4acTKM CHUTHasa. OJTO OOOCHOBBIBACTCS TEM, 4YTO JIOKaJbHas
aNMPOKCHMAITHSI OCYIIECTBISIETCS HA OMM3KUX MHTEpBaJiaX K IMPOOIeMHOMY

YYacTKy.
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V. YAKIMOV
DISCRETE TIME SEQUENCE RECONSTRUCTION OF A SIGNAL
BASED ON LOCAL APPROXIMATION USING A FOURIER
SERIES BY AN ORTHOGONAL SYSTEM OF TRIGONOMETRIC
FUNCTIONS

Yakimov V. Discrete Time Sequence Reconstruction of a Signal Based on Local
Approximation Using a Fourier Series by an Orthogonal System of Trigonometric
Functions.

Abstract. The article considers the development of mathematical and algorithmic support
for the sample’s reconstruction in problem sections of a discrete sequence of a continuous
signal. The work aimed to ensure the reconstruction of lost samples or sections of samples with
a non-constant distorted time grid when sampling a signal with a uniform step and at the same
time to reduce the computational complexity of digital reconstruction algorithms. The solution
to the stated problem is obtained based on the local approximation method. The specific of this
method application was the use of two subsequences of samples located symmetrically
concerning the reconstructed section of the sequence. The approximating model is a Fourier
series on an orthogonal system of trigonometric functions. The optimal solution to the
approximation problem is based on the minimum square error criterion. Mathematical
equations are obtained for this type of error. They allow us to estimate its value depending on
the model order and the samples number in the subsequences used in the reconstruction
process. The peculiarity of the mathematical equations obtained in this paper for signal
reconstruction is that they do not require the preliminary calculation of the Fourier series
coefficients. They provide a direct calculation of the values of reconstructed samples. At the
same time, when the number of samples in the subsequences used for reconstruction will be
even, it is not necessary to perform multiplication operations. All this made it possible to
reduce the computational complexity of the developed algorithm for signal reconstruction.
Experimental studies of the algorithm were carried out based on simulation modeling using a
signal model that is an additive sum of harmonic components with a random initial phase.
Numerical experiments have shown that the developed algorithm provides the reconstruction
result of signal samples with a sufficiently low error. The algorithm is implemented as a
software module. The operation of the module is carried out on the basis of asynchronous
control of the sampling reconstruction process. It can be used as part of metrologically
significant software for digital signal processing systems.

Keywords: discrete time signals, sampled sequence, signal reconstruction, local
approximation, trigonometric Fourier series.
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YK 004.056:621.391 DOI 10.15622/ia.21.5.8

A.C.TBO3JAPEB, T.K. APTEMOBA, I1.E. ITATPAJIOB, JI.M. MYPUH
BEPOSITHOCTHBIN AHAJIN3 BE3OITACHOCTH
BECIIPOBOJHOMN CUCTEMBI CBSI3U 1151 KAHAJIA TUIIA
BEAULIEU-XIE C 3BATEHEHUSsIMUA

T'so30apes A.C., Apmémosa T.K., Ilampanoe I1E., Mypun /.M. BeposiTHOCTHBIH aHAIH3
0e3onacHocTH 0ecnpoOBOHOI CcHCTEeMbl CBSI3M I KaHajga Tuna Beaulieu-Xie c¢
3aTeHeHHSIMH.

AnHoTanus. B pabore paccMoTpeHa 3a1aua aHanu3a 6e30macHoro ceanca Ha GU3UIECKOM
YpoBHE OECHPOBOIHOM CHCTEMBI CBSI3U B YCIOBHSX MHOTOJIYYEBOIO KaHaIa PAcIPOCTPAHCHHS
CHTHAAa ¥ HaIWuksi KaHaja yreuku wuHpopmaumu. Jns obobmenus 3ddexroB
pacrpocTpaHeHus ObUIa BbIOpaHa Mojienb kaHaia Beaulieu-Xie ¢ 3aTenenusamu. [l onvcanust
Ge3omacHOCTH mpolecca mepefayd HHPOPMALMH HCIONB30BAIACh TaKas METPUKa, Kak
BEPOATHOCTh IIPEPhIBAHMS OE30IIACHOTO CeaHca CBA3M. B pamkax wccieoBaHus ObLIO
HOJIyYEHO aHAIUTHYECKOE BBIPAXKEHHE BEPOSTHOCTH NpepbiBaHus cBs3u. [IpoBenéH aHamms eé
MOBE/ICHHS B 3aBHCHMOCTH OT XapaKTEPUCTHK KaHAJa M CHCTEMBI CBSI3U: CPEAHEr0 3HAYCHUS
OTHOLICHMS] CHTHAJ-IIYM B OCHOBHOM KaHaJle M KaHaue YTEUkH, d((EeKTUBHOro 3HAUCHUE
MOKa3aTessl MOTeph Ha IyTH PacHpOCTPAHEHUs CUTHANA, OTHOCHTEIBHOTO PACCTOSIHHS MEXIY
3aKOHHBIM TNPHEMHUKOM H MHPOCIYIIMBAIONIMM HPUEMHHKOM M IIOPOrOBOIl MPOITYCKHO
CIIOCOOHOCTH, HOPMHMPOBAHHON Ha IPOITyCKHYIO CIIOCOOHOCTH TJIAJKOrO TayccoBa KaHauia.
PaccMOTpeHBI  COBOKYITHOCTH HapaMeTpoB, KOTOPBIC IOKPHIBAIOT BakKHbIE CIIEHApUH
(GyHKUMOHMPOBAaHUS OECIPOBOAHBIX CHCTEM CBsA3M. K HHUM OTHOCATCS Kak TiyOOKue
3aMHpaHus  (OTBEYAIOIIME THICPPAIICEBCKOMY CIEHAPUIO), TaK M Majble 3aMUpPaHUS.
VYUTBIBAIOTCS YCIOBHS HAJIWYWsl CYLNIECTBEHHOH II0 BENMYMHE KOMIIOHEHTBHI IIPSIMOM
BUIMMOCTH M  3HAYUTEIBHOIO  KOJMYEGCTBA MHOIOIYTEBBIX  KJIACTEPOB,  3aTCHCHUS
JIOMAHAHTHOH KOMIIOHEHTBI W MHOIONyTEBOCTH BOJIH, a TaKKe BCEBO3MOXKHBIC
NIPOMEXKYTOUHbIe BapuaHTEL. OOHapy)XeHO, YTO BEIMYMHA HJHEPreTHYECKOro ITOTEHIIHANA,
HEOOXOIUMOTO I TapaHTHPOBAHHOH ©O€30macHO CBsI3M C  3aJaHHOH  CKOPOCTEHIO,
OIIPEeNeNSIeTCS B NEPBYIO OYepelb MOLIIHOCTHIO MHOTOIIYTEBBIX KOMIIOHEHT, a TakKe HaJIndue
HECHI)KAEMOH BEPOSTHOCTH NPEPBIBAHMSI OE30IIACHOT0 CEaHCa CBSI3H C POCTOM JUISl KaHAJIOB C
CHJIBHBIM OOIIMM 3aTCHCHHEM KOMITOHEHT CHIHAJIA, YTO C MPAKTHYECKOH TOYKHU 3PEHHS BaXKHO
YUYUTHIBATh TNPH TPEABSIBICHAM TPEOOBAaHMH K BEJMYHHAM OTHOLICHHS CHIHAJ/IIYM H
CKOPOCTH TIIepefayd JaHHBIX B IPIMOM KaHajle, OOECIICUMBAIONIMM JKEAeMyIO0 CTENeHb
0e30macHOCTH OECIPOBOTHOTO CEaHCa CBA3H.

KuroueBble ciioBa: GecripoBOAHOI KaHal, 3aMUpaHus, 3aTeHeHHe, Monieb Beaulieu-Xie ¢
3aTCHEHUSIMH, BEPOSITHOCTD TIPEPHIBAHMS OE30M1acHOTO CeaHca CBSI3H.

1. BBenenue. Pa3BuTHe COBpEMEHHBIX CTAHIAPTOB W TEXHOJOTHM
OCCIIPOBOMHON CBSI3M HEMHUHYEMO IPUBOLUT K YBEIMYCHHIO YHCIA
CTAQIMOHAPHBIX W  MOOWIBHBIX  YCTPOMCTB,  OOMEHHBAIOIIHXCS
unpopmanmeit. O6bexTHI ceteit UuTepreta Bemeit (Internet-of-Things, 10T)
win Uurepuera Bcero (Internet-of-Everything, IoE) B3aumopeiictByror
apyr ¢ apyrom. IIpu 3TOM HCHOJB3YIOTCS TEXHOJIOTHH «YCTPOWCTBO —
ycrpoiictBy» (device to device, D2D), «mamuna — mammue» (machine to
machine, M2M), «uenoeek — uemoBeky» (human to human, H2H) [1],
«tpancniopt — Tpancmopty» (vehicle to vehicle, V2V) [2], a Takxe
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TMOpHIHBIE TEXHOJIOIMH, HAIPUMED, «4eIoBeK — Marmuae» (H2M, [3]) wiu
«TpaHcTiopT — Iobomy ycrpoiictBy cBsizu» (V2X) [4], mossossromue
00BEIMHUTD PA3INYHBIC JATYHKH, YIPABISIOUIUE JIEMEHTBI U armnaparypy
nepefadyd JaHHBIX, pa3MemEHHbIe B JIOMax, Ha IMPOW3BOJCTBAX, Ha
TPaHCIOPTe, HAa 3JEMEHTaX TOPOJACKOW HH(PACTPyKTYphl, © MOOWIBHBIC,
pasMelIéHHbIC Ha TeJe YeOBEeKa MM B 3JIEMEHTaX OCXKIbl, YCTPOICTBA B
CeTH YMHOrO JIOMa, YMHOTO TOpOJa, YMHOIO >KHM3HEOOECHEeYeHUs W
TeJleMeqUIMHBL. YacTo MexXay yCTpoiicTBaMHM IIpH JTOM Tepenaércs
nHdopmanus, mOIJIEKalmas 3aldTe, B TOM YHCIE MEpPCOHAJBHBIC
MEJIUIMHCKKE, (HUHAHCOBBbIE M Jpyrue paaHHble. OT Han&XHOCTH U
CBOEBPEMEHHOCTH Iiepe/laud Takoil HHGpOpPManuu MOTYT HaIpsMYIO
3aBUCETh, HANIpUMeEP, SPPEKTUBHOCTH PAdOTHI TOPOICKOTO TPAHCIIOPTA WU
0€30MacHOCTh YeJIOBEUECKON KHU3HU. [103TOMy Ha4YaBHIMHCS TEPEXOa OT
WHIUBHUYaIbHBIX PEUICHUI B OOJACTH YMHBIX JIOMOB K IIOBCEMECTHOMY
BHEJIPEHHIO YMHBIX TEXHOJOTHI B IOCIEHEe BpeMsi Opuaaér oco0yio
0CTPOTY BOIMpOCcaM obecriedeH st 0e30MacHOCTH CeaHCOB cBsi3u [5-6].

AJbTepHAaTUBOMN KIIaCCHYECKOMY UCIIOIb30BAHHIO
KpHUIITOrpauuecKux METOJ0B SIBISETCS IMOJXO0J, OCHOBAHHbBIM HA aHAIN3E
Ge3omacHocTH Ha (usmdeckoM ypoBHe [7-9], yuuthiBarommii pusHIecKue
sBiaenuss B kaHaine cBssu [10]. Takoit momxon o6nagaer psgoM
npeuMyiecTB nepes kpunrorpadueii [9]. Meronsl (HU3MUECKOT0 YpOBHS
MO3BOJISIIOT 00ecHeynTh 0e301acHbIil CeaHC CBS3M JaxKe B Cilydae, eclii Y
MOJICTYIINBAIOLIETO YCTPOMCTBA HMMEIOTCS MOIIHBIE BBIYHCIUTEIBHBIE
pecypcbl. OHU 00ecneYrBalOT paboTy ceTell pa3iMuyHON UepapXuH, B TOM
YHCJIE  CAMOOPTaHM3YIOIIUXCS, C  y3JaMd, [MOAKIIOYAIIUMUCT U
OTKJIFOYAIOMIMMHUCST OT CETH B IMPOM3BOJIbHBIE MOMEHTBHI BPEMEHH. OTH
METOIBl MOTYT BBICTYNIaTh B KayecTBE JOMNOJHUTEIBHOTO XOPOIIO
BCTPaMBaeMOT0 pEIIeHUs] oOecreyeHns] Oe30MacHOCTH CBSI3M BMECTE C
TPAUIHOHHBIMHU.

besomacHOCTh ceaHca  OECpPOBOTHOW  CHCTEMBI CBS3M  Ha
¢u3nyeckoM  ypoBHE  MOXKHO  OXapakTepH30BaTh  Pa3IMYHBIMHU
mokaszateasmu  [11-13], cpeau KOTOpBIX BakHas pOJb  OTBOJUTCS
BEPOSITHOCTH TIpepbiBaHusi Oe30macHoro ceanca cBsizu. OHa OLEHUBACTCS C
[IOMOIIBI0  NPENNOojJaraéMod  CTaTUCTUYECKOM  MOJENM  KaHaja.
CienoBatesbHO, YeM OJIKe MOJIeNb K PEeabHBIM H3MEPEHUSM, TEM BBIIIE
3¢ EKTHBHOCTh METOJIOB (PU3UUECKOTO YPOBHSIL.

B  Hacrosimee Bpemst HaONIogaeTcst  TEHJCHLMS  OTHABaTh
NPEANOYTEHHE TaK Ha3bIBAEMBIM OOOOIIEHHBIM MOJEISIM, YYHUTHIBAIOLIINM
Bc€  MHoOrooOpaswe  (U3MUECKMX  SBICHMH, NPOUCXOSLIMX  NpPU
pacipoCTpaHEHUHM CUTHAJIOB B cucTeMe cBsizu [14-15]. OmHoii U3 cambix
HOBBIX B 3TO# rpymme sBisercst momenb bomsé-Ce (Beaulieu-Xie) ¢
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3aTEeHEHHMAMH JUIs KaHajla ¢ 3aMUpaHusAMHK 1 3areHenueM [16] (nanee Oymem
06o3HauaTh €€ kak BX-Mogens), KoTopas, ¢ OJHOH CTOPOHBI, JOCTATOYHO
CIIO’KHA, YTOOBI Y4YeCTh OOJbIlee KOJMYECTBO (U3NIECKHX (HaKTOpOB,
BIIMSIIOIINX Ha PACIpOCTPAaHEHUE CUTHaJIa [0 CPABHEHUIO ¢ e€ aHaloraMu, a
¢ Ipyroil — Mo3BOJISIET MOIyYaTh aHATUTUYECKOE OTMMCAHUE XapPAKTEPUCTHK
B 3aMmkHyTOM (opme [17]. XoTs mapameTpbl KaHada B 3TOH MOICIH
SIBIIIFOTCSL  YMCTO CTOXACTUYECKUMH, HEKOTOPBIC U3 HHX, HalpuMep,
CpelmHee OTHOIICHHE CHUTHAN/IIYM, MOXKHO CBsi3ath [13] ¢ ocnabneHuem
CUTHaJia B OECHpPOBOJHOM KaHAlle Yepe3 TaK Ha3blBaCMBI IOKAa3aTellb
MOTEePh TMPU PACIPOCTPAHCHHH U TaKUM OOpa3oM YyYecTh BIUSHHE
¢usuveckux ¢dakropoB. Jlas 3TOH Momenu HA TEKYIUH MOMEHT
CYIIECTBYIOT pe3yJbTaThl, OIMUCHIBAIOUINE HANEKHOCTh CeaHca CBS3U
(BepOsTHOCTHIO €r0 MpPEPhIBAHUS) M KA4eCTBa CBsI3H (YCPeIHEHHON OHUTOBOI
omu6koi) [16, 18], omHako s aHaaM3a O€30IMACHOCTH CEaHCOB CBSI3M OHA
emé He MPUMEHSIIACH.

Takum obpazom, MPE/ICTaBISIET HHTEpEC MOJy4eHHE
AHAJMTUYECKOTO BBIPAXKEHUSI ISl BEPOSITHOCTH TPEPhIBAHUS 0E€30MaCHOrO
ceaHca CHCTeMbI OECIPOBOJHOW CBS3M MPU HAIMYUAU NPOCTYIIUBAHUS U
3aMupaHus B cooTBeTcTBUH BX-monensio ¢ 3areHeHneM. OHO JOIKHO
CBA3BIBATH AAHHYIO MECTPUKY C MapaMeTpaMud MOJACIU W BCIWMYUHAMU,
OMKMCHIBAIOLIMMY BiHsHUE (usnueckux (aktopos. [Ipu 3TOM B cuiy Toro,
gro BX-momens nmpurogHa K - ONHMCAaHMIO  PA3MUYHBIX — CHUTYaIlHi,
BCTPECYAIOIINXCA B IIPAKTUKE CBA3U, e€é MOJXKHO MCHOJb30BaTh Kak JJIA
OCHOBHOT'O KaHaJla CBS3U, TaK M JIJIs KAHAA YTEUKH.

[lenbto mAaHHOM pPabOTHI SBISETCS aHAIW3 XapaKkTepa IMOBEICHUS
3aBHCUMOCTH BEPOSTHOCTH MpPEPHIBAHHUS OE30MAaCHOTO CEaHCa CBSI3U OT
BEJIMYHH, OTHCHIBAIOIIUX BO3ICHCTBUC PA3IMYHBIX BIUSIONIUX (PAKTOPOB, a
TaKXKe 3HAYCHHUH O3TOW BEPOATHOCTH, IOCTH)KHMBIX B HauOoliee dYacTo
BCTPEYAOIIUXCS YCIOBUSIX.

2. Mopeab cHucTeMbl CBSI3H C KaHAJOM MPOCIyIIKH. bynem
HCIIOJIb30BaTh KIACCHYECKYIO MOJIETb CHCTEMbI CBSI3H C MPOCITYIIHBAHUEM,
npemioxkennyo Baiinepom [19]. 3akoHHBINM OTHpaBUTENL «A» OTIPABISET
coo0IieHre W 3aKOHHOMY Toitydatento «b» 1o JAUCKpEeTHOMY BO BPEMEHH
KaHaTy ¢ 3aMHPaHUSIMH (T.€. OCHOBHOMY KaHaiy) (pucyHok 1). ITpu stom |-

o |
CHUMBOJIbHBIH OJIOK cOOOIMIEHUss W KOAMpyeTcs KOAepaMH HCTOYHHMKA U
KaHana (t.e. «A») B N-CUMBOJIBHOE KOZI0BOE CJIOBO

X" = {x(l), e X(1) e X(n)}. 3aKOHHBIN MMOJTydaTensb «b» IpUHUMAET Ha

BBIXOJ€ OCHOBHOTO KaHaja N-CHMBOIBHOE CIIOBO V", OIIEHUB €r0 CHMBOIIEI

KakuM-Tu60 00pa3oM, W C IIOMONIBIO JEKOJEPOB KaHala U IIPUEMHMKA
~l

(popmupyeT mpHHATOE cooOmeHue W . B COOTBETCTBMHU C KIACCHYECKHM
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moxxomom [20, 21] Gymem cuwrarh, YTO TMepedaBacMBIil CHUTHAT TaKkKe
BOCTIPMHUMAETCS TTaCCHBHBIM [9] moaciymmBaronmm yerpoiictBoM («E»)
M0 KaHaly TPOCIYIIHBAHMS. B 3THX yCIOBUAX MPEIIIONAraeTcs, 9To KaHa
TIPOCITYIIKA HE OKa3bIBAET (DU3MUECKOTO BIMSHHSA HA TPUEM CHTHANA TIO
OCHOBHOMY Kanaiy [13].

by 0y
. OcHoBHOIT NauanA\ 1 .
w WA X é N J_U > «b»  |— W
KOflep HCTOYHIKR ’l” '»'YI i 'nn r AeKofep NpuéMHIKa

AekOep KaHana

Y

«E» . '{E}!

65 A\ Yw
L/

Kanan NpoOCTyIIHEAHHA

OEKOOCP MPHEMHIKA
OeROIep Kanana

Puc. 1. MOZ[GJ'H) CHUCTEMBI CBA3U C KaHAJIOM NPOCITYIIUBAHUA

PacripocTpaneHne  BOJIH B O0OMX  KaHalax  CUHATACTCS
MHOTOJIYYEBBIM, UTO IOPOKIAET 3aMHpaHHe IPHHAMAeMOTO CHIHAJIA.
OG6o3Hauass TIepeMEHHbIE, COOTBETCTBYIOIIHE OCHOBHOMY  KaHaly,
uHgeKkcoM «My, a KaHany OpOCTyIIUBaHUS — HHAEKCOM «W», MOKHO
(opManu3oBaTh MAaTEMAaTHYECKOE ONHUCAHHE CHCTEMBI  CJIEAYIOIIUM
o0OpazoM:

yu (1) =hy, (D) x(i)+ny, (i), O

Yoo (1) =y (i) x (i) +ny (i),
rae X" ={x(1), e X(1), X(n)} — xomosoe cinoso, Yy (1), Yy (i) -
OTCYETHI CIIOB, NPUHATHIX 3aKOHHBIM IOJTy4aTeNeM M II0CTyHIHBAIOIINM
yerpoiictBoM, | — Homep orcuéra BHyrpu cmosa, Ny (i), n, (i) -
KOMIUIEKCHBIE TayCCOBBI ITyMBI ¢ HyJIEBBIM CPEIHMM 3HAYEHUEM B 0OOMX
kaHanax, hy, (i), h, (I) — CTOXACTHYECKH W3MEHSIOMNECS KO3()PHUIIMEHTHI

nepeziayr OCHOBHOTO KaHaJa M KaHalla MPOCITyIIMBAHUS TIPH mepeaade i-ro
oTcuéTa, yYUTHIBAIOIINE 3aMUpaHUs U 3aTeHeHus. [lanee Mbl paccMOTpUM
TUMUYHBIA CIyyail MEJICHHBIX 3aMHUpaHWA WM, YTO JKBUBAJICHTHO,
KaHaJIOB, KBa3UCTAaTMYECKUX HA UHTEPBAJIC AJTUTEIBHOCTH KOJOBOIO CJIOBA,

1.e. mvetommx hy, (i)~ h, u h, (i)=h, [13].
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Jlyist Takoit MOJIeNI MTHOBEHHOE U CPE/IHEE OTHOLICHUE CUTHAII/IIYM
(OCIIl) mns OCHOBHOrO KaHaJla M KaHala MPOCIYIIMBAaHUS MOTYT OBITh
OTIpEe/IeTICHBI CIIETYIOIINM 00pa3oM:

_ Plh, (i) _Plh, I _

4V (I) Gz 0'2 E
o (i i 1 (2)
7W(i): |h;2(l)| :PE}Q/' =Nw>
. F>1[-<1{|:“1 (i)|2} ) PE({J-TM |2} .
M- i M 2 (3)
T W R

B Beipaxenusix (2)-(3) P o6o3HauaeT CpeHIO MOIIHOCTb
IEPe/IaBAEMOTO CHTHANA, Oy, 0, — MOIIHOCTH IIyMa B K&XIOM M3

KaHaJIOB M E{-} — omepaTtop MaTeMaTHYeCKOTO YCPEeTHEHHA. 3HAaKH

paBeHcTBa B (2)-(3) cnenyloT W3 NPENNONOXKCHHS O KBa3HCTATUYHOCTH
KaHaJIOB.

Xopomo wu3BecTHO, 4Tto [13] Hanmuuue 3amMUpaHUil MO3BOJISAET
JIOIIOJIHUTENEHO HMCIOJIB30BaTh MHPOPMAIMIO O XapaKTepHUCTHKaxX KaHala,
ONTHUMU3UPYS CTPATEruio (YHKIMOHUPOBAHUS IEpeAaTinKa M 3aKOHHOTO
NpUEMHUKA, MAaKCUMU3UPYsI KauecTBO INepeaayu (B TEPMHHAX KOJIMYECTBa
nHPOPMALNH, CKOPOCTH TIepeIadn JaHHBIX, BEPOATHOCTH OUTOBOI OMIMOKH
[9]) mnst ocHOBHOTO KaHama W MHHHMH3UPYS €ro [UIA KaHala YTEYKH B
YCIIOBUSIX TOTECHIMAJIbHOW BO3MOXKHOCTH HAIWYMA IOJCIYIINBAIONIETO
yCcTpolicTBa. 2DTO, B CBOIO oOdepens, MNpHIAET 0CoOyl0 BakKHOCTB
AaHAJTUTHYECKUM HCCIIEIOBAaHMAM B YacTH BIIMSIHMS IIApaMeTPOB KaHaja Ha
CHCTEMY CBSI3H.

Ob6mee kayecTBO (HYHKIIMOHMPOBAHHUS CHUCTEMBI CBSI3U C KaHAJIOM
NpOCITyIIUBaHus OyJeT 3aBUCETh OT BHIOPAHHBIX MOJIEINICH, UCTIOIb3YEMbIX
JUIsL ONMCaHUs OCHOBHOTO KaHajla M KaHana yreuykd. C OZHOW CTOPOHBI, C
MIPAKTUYECKON TOUYKU 3peHHs y1oOHO BRIOpaTh HamOoiee oOIIHMe MOJACIH,
MO3BOJISIIOIME YYECTh KaK MOXKHO OoJiblliee KOJIMYECTBO 3(PQEKTOB,
CBSI3aHHBIX C pacnpocTpaHeHHeM curHayioB. C Jpyroil CTOPOHBI, Ba)KHO
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COXPaHUTh BO3MOXXHOCTh AHAJIINTHYECKOW TPAKTOBKU BBIPAXKCHUH IS
BEIOpaHHOM METPHKH 0€301acHOCTH CBS3H, IS 9ero yIo0HO MCIOIh30BATh
IUIA 000MX KaHAJIOB OJMHAKOBBIE MOJEIH (C OAMHAKOBEIMH HaOOpaMH, HO ¢
Pa3HBIMH 3HAYCHUSIMH TapaMeTpoB). KpoMe Toro, paccMOTpuM CHUTYyamuio,
KOI'/Ia 3aKOHHBIM M MPOCIYIIMBAIOMUNA NPUEMHUKH PACIIONOKEHBI PAIOM,
YTO COOTBETCTBYET CXOXKECTH YCIOBHH paclpOCTpaHCHHs CHTHajla B
OCHOBHOM KaHajle M B KaHaJe HPOCIyIIKH. TakuMm oOpazom, st 000MX
KaHaJioB OyJIeM MCIOJIB30BaTh OJHY M Ty YK€ MOJIENb C OJHUMHU U TEMH K€
napamerpamu. OCHOBHOW KaHaJl M KaHaJI IPOCIYIIKH IPEIIIOJIararoTcs
CTaTHCTHYECKN He3aBucuMbiMu [13].

3. Monear kaHajda. OpjHOil U3 0COOCHHOCTEW pajHOKaHaia
SIBJISIETCSI pa3HOOOpa3ue yCIOBUH U3JIy4EeHHUs, paclpoCTpaHEHUs U npuéma
curHana. Ecnu aHTeHHas cucteMa mepenardnka (GOpMHUpPYET U3IydeHHE B
IIUPOKOM (OTHOCHTENFHO IMHPOKOM) CEKTOpPE YTIIOB I UMEET HECKOIBKO
JICTIECTKOB JIMarpaMMbl HAIllPaBJICHHOCTH, a aHTCHHAs CHUCTeMa MPUEMHHKA
crocoOHa TPUHUMATH CHUTHAJ C IIHPOKOTO CEKTOpa HANpPaBICHUN WIH C
HECKOJBPKUX JIy4eHl, TO CO3MAI0TCS YCIOBHS IUIA TOMAJaHUS CHTHAIa OT
mepefaTdnka K NPUEMHHUKY HECKOJNBKUMH IIyTSMH. MHOTOIy4€BOCTh
NpPOSIBIISIETCSl  KaK ~ Pe3yJIbTaTl  MHOTOKPATHOTO — MEPEOTPAXKEHUs U
NOTJIOLIEHUS Ha IIyTU PAclpOCTpaHEHUs paauoBoiH. IIpu sTom B cursaie
MOTYT MpPUCYTCTBOBaTh, Kak NpsiMas (JOMHHaHTHas), Tak u Aupy3Has
COCTaBJISIIOLINE, KaX/asi U3 KOTOPhIX 00pa3oBaHa MHO)KECTBOM KOMITOHEHT
¢ Omum3kuMH, HO BCE K€ OTIMYAIOIIMMUCS  XapaKTePUCTHKaMH.
MHoroxy4eBoe pacrpoCTpaHCHHE 3aBHCHUT OT THIIA 3aCTPOWKH, penbeda
MECTHOCTH, BHJIa PACTUTCILHOCTH M CKOPOCTH IEpEeMEIICHUs abOHEHTA.
CurHasl pa3HbIX JIy4deil CIBUHYTHI BO BPEMEHH OTHOCHTEIBHO APYT APYra,
9TO0  OOYCIIOBIICHO  pa3iIMYHOM  JUIMHOW TYTH  PacIpOCTPaHCHHS.
KomroHeHTsI ¢ OIM3KOH MOLIHOCTBIO, HO OTIMYarouiuecs: (a3od Moryr
YaCTHYHO WJIM IOJHOCTHIO KOMIIEHCHPOBATh IPYyr Apyra. OTOT 3¢QeKt
3aBHCHUT OT YacTOTHI. Takum 00pa3oM, CHTHANI B paglOKaHaJIe HCIBITHIBACT
3amupanusa. Kpome Toro, mpsiMas KOMIIOHEHTa MOXET WCIBITHIBATh
YaCTUYHOE WM TOJHOE 3aTeHEHHe, HalpuMep, BCICACTBHE NH(pakiiy Ha
PACTUTENHPHOCTH WJIM TPOXOXKICHWH HYepe3 DSJIEMEHTHl CTPOUTEIBHBIX
KOHCTPYKIMH WJIM Y9acTKH TPacchl, OTIMYAIOIINECS TIIOTOJHBIMHU
YCIIOBHSIMH.

KoaddunueHT nepeaun kaHana Ha KaXIOM U3 MyTel onpeenseTcs
JUTMHOW MYTH, a TAKXKE YCIOBUSMH PACCESIHHS U MOTJIOMICHUS 3JIEMECHTAMHU
3acTpOiKH, penbeda U APYTUMH OTPAKATSIIIMU U MPEMATCTBUAMU. Tak Kak
JUIMHBL TYyTCH, a Takke KOA(QQGUIMEHTH OTPAXKECHUS U TMPOXONKICHHUS,
OIMCHIBAIONINE B3aHMMOJICHCTBHE BOJIH C 00BEKTaMHM, PacIojI0KEHHBIMU Ha
MYTH PaclpOCTPaHEHHs] CUTHANA, OTIINYAIOTCS, TO KOd(PGHUIMEHT Nepeiadn
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KaHalla sBJIAETCS CllydaiHOM BenuunHON. Ero cratuctuueckue cBoiicTBa
OTIpENEISIIoTCsT  KOMOMHAnueH (U3MUECKUX YCIOBHH PpaclpoCTpaHEHUS
CHUTHajA.

Bynem ncrnonp30BaTh 11 OCHOBHOTO KaHala M KaHaja MPOCIYIIKH
HEaBHO TIPeIUIOKeHHYI0 0000mennyro BX-Momens ¢ 3amupanmsMu u
3aTeHeHuamHu [16].

B pamkax paccMaTpuBaeMON MOJENIN CHUTHAJI PaclpOCTPaHSETCs B
BUJIE KJIACTEPOB JJIEKTPOMATHUTHBIX BOJIH, B KOTOPBIX BBIJIEISIOTCS
JIOMHHAHTHBIC 1 MHOTOITYTEBbIE KOMITOHEHTHI (PHCYHOK 2).

Paceeunnresm

Muoronyrense
BOMITOHEHTH

ROMIOHCHTER

T s
.v’—

[lepegarams

ek

Puc. 2. ®usnyeckas cuTyauus, onuceiBaeMas MOJEIbIO KaHaua

Mogenp KaHalla mapaMeTpU30BaHa B TEPMHUHAX CPEIHEW MOIIHOCTH
MHOTOITYTEBBIX (PAcCESsHHBIX) KOMIOHEHT £), , cCpemHeHl MOIIHOCTH

KOMITIOHCHT HpHMOﬁ BUIUMOCTHU QY , CTCIICHMW 3aTCHCHHSA KOMIIOHCHT

npsiIMOM BHAMMOCTH M, M OOlIell CTeneHW 3aTeHeHHMs KOMIIOHEHT M, .

Oynkuus miaoTHoctd  BepositHocTH  (PIIB) MrHOBEHHOrO OTHOILCHHUS
CUTHA/IIYM s O0OMX KaHajioB (OCHOBHOTO W MPOCIYIIHBAEMOTO)
3a7aércs BeipakeHueM (4) [16]:

My (Qx +Qy )z-
e " (m )"
f;/i(zi): — Q—X X
Z7i X
Q, +Q,

X

1
My =2 4
7,(Qy +Q,)) " 2 m, Q, " )
}7i mYQX +mXQY

2(0,+0Q,)Q
x,F mY;mx;_mX( i Y) . Z;
782 (mYQX +meY)

l
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7 ’ i:17 — —_—
roe i ={1,2}, ;7| = ;M o Vw + Jw OOO3HAuUaIOT CpeJHUE 3HAUCHUS
wr =

OTHOWICHUH CUTHAI-IIYM TSI OCHOBHOTO KaHala W KaHala MpPOCITYIIKH
COOTBETCTBCHHO, 1F1(’) —  BEIPOKACHHAS  THIIEPTeOMETpUYECKast

byukiys [22], a F(-) — ramMa-yHKus Diiiepa [22].

CrienyeT OTMETHTB, YTO Takas MOJAENb B HECKOJIBKUX KOHKPETHBIX
cily4asx ~— NEpexoauT B JpyrMe  MOJeNH, B TOM  YHCIE
HIMPOKOpACHpOoCTpaHEHHble ynpouéHHele: Paiica, Panes, Haxaramu-m,
BX-monenb Ge3 3arenenus [23], B xk — u ¢ 3arenenusmu [17], a Takke B
pSA IPYTUX YOPOIIEHHBIX Mozenel [16]. bonee Toro, Moiens onmuchBaeT, B
TOM 9YHCIE W T€ CIy4daW, KOTOpHIE HE OXBATHIBAIOTCS KIACCHYECKIMH
MOJEJSAIMH, TaK KaK IlapaMeTpbl MHTEHCHBHOCTM 3aT€HEHHs M, u M,
MOTYT NPUHUMATh MPOU3BOJILHBIC TTOJIOKHUTENIbHBIE 3HAYEHUs (T.€. OHH HE
orpaHu4eHbl CcHU3Y 3HaueHweM 0,5, Kak 3TO IIMPOKO NPUHATO JUIs
YOPOIIEHHBIX MOAENeH), a 3HadeHWe 2M, PaBHO HYHCIy JOMHHAHTHBIX
KOMIOOHEHTOB [16].

Bynem paccMaTpuBaTh CUTYAIMIO C OJWHAKOBBEIMH IapaMeTpaMu
3aTyxaHus JUIS OCHOBHOTO KaHajla M KaHaja MPOCIYIIMBAHUS, YTO
(U3MYEeCKH COOTBETCTBYET CIIEHApHMIO, KOTJa MOJCIYIINBAIOIMA U
3aKOHHBIN NPHEMHHK HAaXOIATCS HAa OJIM3KOM PACCTOSIHUM B IpeZeax 30HbI
JieicTBHs 0a30BOI CTaHIMH (TIepeIaTINKa).

MoOXHO 3aMeTUTB, YTO, XOTA mapaMmeTpbl mojemn €2, , €, , m,

M, cBs3aHBI C HEKOTOPHIMH (DM3MUYECKUMH BEIMYMHAMH, OHU SIBIISIOTCS
CTaTUCTUYECKUMU. B oTimuMe OT HUX CpeJHHE OTHOIIEHHUS CUrHAI-LIYM
00BIYHO CcBsi3aHBI ¢ paccrosHmsiMEA 10 «b» (dy, ) u «E» (d, ) gepes Tak

Ha3bIBaeMBbIl IIOKa3aTeNb IOTeph Ha Tpacce « [24], T.e. 7, ~]/ dy

Yw ~1/ dy [13]. Hecmotpst Ha TO, 4TO « SBISETCS CTOXACTUYECKHM, OH

XapakTepu3yeTcss CBOMM 3(Q(EKTHBHBIM 3HAUYCHHEM, KOTOPOE OIUCHIBACT
BO3MOXKHYIO CpEQy paclpOoCTpaHeHHs CHUTHayia (HampuMep, o =2 s
pacmpocTpaHeHHss B CBOOOIHOM MpOCTpaHCTBe Oe3 3amupanuit [24]).
BemuunHOW @  MOXHO  YOpaBiATh, HAOmpuMep, C  [OMOILIBIO
HHTEJJIEKTYaIbHBIX PACCEUBAIOIIUX MaHenei [25-26].

4. Iloka3aTteqb KadecTBa 0€30MacCHOT0 (PYHKIMOHHPOBAHUS
OecripoBOAHOI cHucTeMbl CBsI3HM. byneMm XapakTepu3oBaTh KadecTBO
(YHKIIMOHMPOBAHUSI ~ ONMCAaHHOW  OECIIPOBOJHOM  CHCTEMBI  CBSI3U
BEPOSITHOCTBIO IIpephIBaHMsl Oe3zomacHoro ceaca cmssu P, (Secrecy
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Outage Probability (anrn.) — SOP). Ona onpenensiercss Kak BEPOSTHOCTH
TOr0, YTO MPONYCKHas crnocobHocTh C GyneT HUKE MOPOrOBOTO 3HAUEHHS
Cy, [13], T

P (Ca) =P(C <Cy) =P (7w <(L+2,)2% -1)=

(L7 )20 1 ®)
=J' I f, .. (2,2,)dzdz,.
0

5. [lonyyenHoe BBHIpa:KeHHE [JIsi BEPOSITHOCTH TMPEPLIBAHUS
0€30MacHOro0 ceaHca CBSI3M. B TPEANONIOKEHHA O TOM, YTO OCHOBHOU
KaHAJT U KaHaJl MPOCITYIIUBAHKS CTATUCTHYCCKH HE3aBUCUMBI, ()YHKIUS HX
COBMECTHOM TUIOTHOCTH pacmtpeleneHus BeposTHoCTer MrHOBeHHbIX OCIII
MOJKeT OBITH (paKTOpPH30BaHA B BHJE MPOU3BENEHIS OJHOMEPHBIX (YHKIIHN

nnotHocTe# Beposthoctu (4), Te. f, (z,2,)= f, (z) f., (z,). B

pesynbrarte BoipaxkeHue (5) MOXKHO PEICTABUTh B BHIIE:

1+2,)2% -1

o
P (Cun) = I I U (Zl) F (z,)dz,dz, =
0

0

2my 2my
Q
mY X mX (Qx +Qy)
mYQX +m>< QY QX

= X
2 —My —m
r (mx)yMX?’wX
w0 (L+2,)2% -1 M (Qx Q) my (2 +Qy) 6
<[] tgme fe mm ©
0 0

my (Qx +QY)QY ; j
T X
X Vw2 (mYQX +meY) ’
(Q, +Q,)Q
X;_mx( ), zlezleZ.
Tm €2 (mYQX +meY)

X 1Fl[mv;m
BOCI‘IOJ‘IL3yeMCH KIIACCUYCCKUM DPA3JIOKCHUEM JIL BLIpO)K,Z(eHHOﬁ

runepreoMeTpudeckoit pynkmmit , F (-) B psx ([22], Beipaxenue 13.2.2):
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2
1F1(my;mx;_mx (QX +QY)QY Zijz
702y (mYQX +mXQY)

( my (Q, +Q,)Q, Z_]p ()
my ), | 79 (MQy +myQ, )

e ()
pzo(mx)

' :
P p:
e (-)p — cumBoi [Moxrammepa [22].

IMoacraBnsst  pasnoxenue (7) B BolpakeHne (6) w
MePerpyMnIupPOBBIBAs ClIaraeMbIe, MTOTYUUM:

o) 2my 2my
m) {mX(QX .0, )j

(Cm)=[mYQX +mQ, ) o .

L2 (my ) 7 7
m2 (Q, +Q,)Q, )"
)

Xii(m\( )q (mY)p [Qx (mYQX +m, Q, « ®
5040 (Mx )q (my )p 9! 7w
o - my (9 +Qy)z (L+2,)2% 1 my (24 +Qy )Z

szg”X*p’le Fulx I AL 1dz1 dz,.
0 0

3aMeTHM, 4TO BHYTPEHHHMH OIpPEIEICHHBIH HHTErpail CBOIMUTCA K
HETOJTHOM HIDKHEW raMMa-(GyHKINN ;7(a, Z) ([22], BbIpakenue 8.2.1):

(1+2,)2%0 -1 _mx (Qx+9y)
m -1 e *
Z]_ x +d e mE2x le —

0

(M] 7(mx +q,(wJ ez _1)} ©

77 M QX }7M QX
y‘-ITeM, HTO IJIsd 7(&, Z) CYIIECTBYCT Pa3JIOKCHUC B BUJC KOHEYHOM

cymmsl ([22], Beipaxkenue 8.4.7):
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7[mx + q,[wj((u z,)2% —1)} =

Y€

(10)

=T (my +q) 1—e{%](“““2°‘”)mx*‘H [((a+2,)2% —1)]k
X k=0 kl(mx(QxJFQv)jk
T

IMocne mnoncranoBku (10) B (7) BBIpaKeHHE Ui BEPOATHOCTH
IpepbIBaHuA 0e30IIaCHOT0 CeaHca CBA3M paclajaeTcss Ha 2 cllaraeMbIX.
OTMeTuM, 4YTO B TIEPBOM cjlaraéMoM JBOWHOW psja pacrazaercs Ha
NPOU3BEICHHE IBYX OJHMHAPHBIX, IS KaXIOT0 M3 KOTOPBIX pPe3yibTar
CYMMHUPOBAHHUS MOXET OBITh ITOJYYCH B 3aMKHYTOH (hOpMe IyTeM CBEICHUS
KQKIOT0 M3 HHUX K BBIPAKEHHIO U1 THUIIEPreOMETPUYSCKOH (YHKUUH

Taycca 2Fl(m\,,b ;b ;) ¢ coBnanaromumu aprymentamu ([22] BhIpaxenne
15.4.6):

= p! {((mQ, +m,Q = (b), p! a1
—-my
=,F|m,b;b ;—rnXQY = 1——mXQY )
(mQ, +m,Q,) (mQ, +m,Q,)
VuwntbsiBas TOXJIECTBO.
1
(mx) F(mx+p):1"(mx), (12)
p

(BBITEKAlOIIEE M3 ONpeJeNieHns cuMBoiia [loxrammepa), a TaKke TOT (axT,
YTO OCTAaBUIMKCS HECOOCTBEHHBIH MHTETPaANl B BRIpAXKEHUH (8) MOXKET ObITh
BBIUUCIIEH C HCHOJB30BAHUEM BBIPOXKJICHHON TrUIepreoMeTpuyecKkoit

¢byukuun Tpukomu U (a; b; Z) ([22] Beipaxkenue 13.4.4):
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© th k my (Qx +Qy ) Cin
s () ) e,
2 _
] [mx (QX+QY)jk
e
k Con My +p
Vm=ex "

Co —1)( m, (Q, +Q
xU mx+p;mx+p+1+k;(2 - lj[ (O Y)[_i+2cm_in ,
2w Q, Yw v

HUTOTIOBOC BBIPAKCHUC IJI1 BEPOATHOCTU MPEPLIBAHUA 0e30I1acHOro ceaHca
CBA3U NPEACTABUMO B BUJIC:

2% -1\ mo, "
26 mQ, +m,Q, - (0 0 ) (2% 1)

— e VAT X
( My (QX+QY)J

Y€

( m (Q, +Q,)Q, J"
Xii(mv)q mv)p Yy (M, Q) +m, Q) [ m, Q, qu
poa0 AP Y (2% _1jp m,Q, +mQ,
—a (14)
thh
k
[mx (?x +Qy )](20|h 1)
my +q-1 yMQX
X X
k=0 k!

G 1) m, (Q, +Q
mX+p;mX+p+1+k;(2 . 1}{ x (2 Y)(_iJrZC‘"_iB .
2= Q, Tw 7w

Hackonmbko W3BECTHO aBTOpaM, TMOJydeHHOe BbeIpaxenue (7)
SIBJISIETCS HOBBIM.
CTOHUT OTMETHThH HECKOJIBKO (haKTOB:

X
C
7\
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— Bce wucnome3yemele  cnenmanbHble  (DYHKIOUH  SIBISIOTCS
KIACCHYECKMMH M IIPOTPAMMHO pEaM30BaHbl BO BCEX COBPEMEHHBIX
makerax KoMmmbloTepHoil anreOpsr (MatLAB, MathCAD, Mathematica,
Maple u np.), a Takke B BUAE OTACIBHBIX CBOOOJHO PacHpOCTPAHIEMBIX
o6ubmmorek (HampumMmep, maket Special functions (scipy.special) s s3pIka
Python).

— HecmoTps Ha TO, YTO TONydyeHHOE WTOTOBOE BBIpaxkeHHE (14)
NPEACTAaBISIETCSl B BUJAE JBOMHOTO psijfa, HAa INPAKTUKE TOJIBKO MEPBBIX
HECKOJIbKUX YJICHOB OKa3bIBACTCs JOCTATOYHO AJIA JOCTHUKCHUSA Tpe6yeM0171
TOYHOCTH, 4To IIO3BOJIACT: 1) IIOBBICUTDH CKOpOCTh BBIYUCIICHUS
BEPOSITHOCTH IPEpbIBaHUs OECIIPOBOJHOTO CEaHCa CBS3H 10 CPABHEHHIO C
HCXOJHBIM BbIpakeHHEM (6) M 2) nu30exaTh CIOXKHOCTEH, CBS3aHHBIX C
BBIOOPOM METOJla YHCJIICHHOTO HMHTETPUPOBAHUS B BbIpaXeHHH (6), B
YaCTHOCTH C HEOOXOAWMOCTBIO OOECIEYEeHUs] KOMIPOMHCCA MEXIY
CXOIUMOCTBIO ~ HWHTErpaja,  TOYHOCTBIO  IPOBEIACHUS  OINEpaIun
HMHTETPUPOBaHMSA (4yBCTBUTEIHFHOCTH BBIOPAHHOW CXEMBI MHTETPHPOBAHUS
K IapaMeTpaM KaHajla) ¥ CKOPOCTBIO BBIYMCIICHUSI.

— Jlnsg nanbHEHIIEro MOBBIMIEHWS CKOPOCTH BBIYMCIEHHS JUIS
BolpakeHus1 (14) Moryr OBITh YCIEIIHO HCIHOJB30BAHbI aJTOPUTMbI
MOBBIIIICHHUSI CKOPOCTH CXOIUMOCTH PSIOB, Hanpumep, metox llenkca [27].

Breipaxenne  (14) TO3BONAIOT — aHAIM3UPOBATH  IOBEICHHE
BEPOSITHOCTH TpepbhIBaHUs 0E30IaCHOrO CeaHca CBSI3M B 3aBUCHMOCTH OT
rapamMeTpoB MOJIENM KaHalla, a TaKkke OT OTHOCHUTEIBHOTO PacCTOSHHS
MEXXIY 3aKOHHBIM M HOACTYIINBAIONINM TPHEMHUKAMH.

6. Pe3yabTaThl YHCJIEHHOMT anpoodammuu. YroOsr
MIPOJIEMOHCTPUPOBATh IPABHIBHOCTH HOIYYEHHBIX BBIPAKEHUH U U3yYHTh
3¢ QeKTs, BbI3BaHHbIE M3MEHEHHWEM KaHalla paclpoCTpPaHEeHHus, ObLIO
NIPOBEJICHO YWCICHHOE MOJeNupoBanue. lccnenoBannuch Kak —ooOuiee
MIOBE/ICHUE BEPOSITHOCTH NPEPHIBaHUS OE3011aCHOTO CEeaHca CBSI3U C POCTOM
CPEIHETr0 OTHOIIEHMS CUTHAJI/IIyM B OCHOBHOM KaHale ISl Pa3iIMYHbIX
YaCTO BCTPEYAIOIIMXCS HA MPAKTUKE CIIy4aeB, TaK M XapakTep W BEIHMIHHA
BIMSHHUSA Ha 3Ty BEPOATHOCTH PA3IMYHBIX (PaKTOPOB, KOTOPHIC MO3BOJISET
Y4ECTh MOJIEIb.

6.1. ITapameTpsl MoAeaUpOBaHUsl. YHCICHHOE MOJEITUPOBAaHUE
npom3Bomiiock B cucremMe Wolfram Mathematica. HccnemoBanach
BEpPOSTHOCTh MpepbiBaHus Oe3omacHoro ceadca ces3u (SOP), 3amanHas
BIpakeHusiMu (6)-(7).

Jns MonenupoBaHusi ObUla BhIOpaHa COBOKYITHOCTH IIapaMETpOB,
KOTOpasi ~ TOKpPBIBaeT  BCE  MPAaKTHUECKH  BAXHBIE  CIEHAPHHU
(YHKIMOHUPOBaHMA: KaK IIyOOKHe 3aMupaHMs (Maible 3HaYeHus My, u

mY , OTBCHAIOIINC TUIICPPITICCBCKOMY cueHapmo), TaK U MaJibl€ 3aMUpaHUA
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(Gosbive 3HaYeHUst M, U M, ), KaK B Cllydae HAIMYUs CYIIECTBEHHOMH 110

BEJIMUMHE KOMIIOHEHTHI MPSIMON BUIUMOCTH U 3HAUUTEIHHOM KOJMYECTBE
MHOTOIYTeBBIX KJIacTepoB (mpu Ooiplmux 3HaveHHAX Q, u Q, ), Tak u

IPY CYLIECTBEHHBIX 3aTCHEHMSAX NOMHMHAHTHONH KOMIIOHEHTHI W Majloro
YHCIIa MHOTOIYTEBBIX BOJIH, a TAK)K€ BCEBO3MOJXKHBIE ITPOMEXYTOUHBIE
BapUAHTEL

Tak kak BX-momenp sBisieTcs NPUTOAHOM JUIi  ONMMCAHUS
Pa3HOOOpa3HBIX CLEHAPHEB CBSA3M, TO HCCIICNOBAHUS IPOBOAWINCH IPH
napamerpax, H3MCHSIOUIMXCS B  IIHPOKOM [IHAMAa30HE 3HAYCHUIL.
[Mapamerpsl Mogenu mpuBeneHsl B Tabmuue 1. Ilpu  mocTpoeHun
XapaKTePUCTHK, B COOTBETCTBHH C TEOpHEH, OmMHMcaHHO# B pabore [13],
npomyckHass cnocobHocts BCC  HOpMmupoBanach Ha TPOMYCKHYIO
cnocoOHOCTh ['ayccoBckoro kaHaja cBsi3M 0e3 3aMHUpaHHi M 3aTEHEHHH,
KOTOpasi OMUChIBacTCa Kiaccuueckoit ¢opmynor Illennona [28]. B
JaJbHEWIINX YNOMHHAHMAX B paboTe HOPMHPOBAaHHAs IPOIYCKHAs
cniocobHocth BCC Oyner Ha3bIBaTHCS MPOCTO MPOMYCKHOH CIOCOGHOCTHIO
0e301acHOro ceaHca CBSI3H.

Tabmmma 1. [TapameTps! Mogenn

Haszpanue O6o3nauenne | 3HavyeHHA
CpenHsist MOIIHOCTh MHOT'OITYTE€BBIX KOMITOHEHT Q X -10..20 b
CpenHsist MOITHOCTE KOMITOHEHT HPSIMOit
BI/II)III/IMOCTI/I i £, -10.20 1B
CrereHb 3aTeHEHNS] KOMIIOHEHT MPSIMO m, 01.5
BUJAUMOCTH o
OO0w1ast cTeneHp 3aTCHEHNS! KOMIIOHEHT my 0,1.5
Iloka3arens noTepb Ha Tpacce a 2mwm 3
OTHOLIIEHHE PACCTOSHUI OT NepeAaTynKa 10
3aKOHHOTO TIPMEMHHKA U JIO TIOCITYLIHBAIOIIEro d, /dy, 0,1..100
YCTpO#cTBa
CpenHee 3HaUCHUE OTHOILECHHS CUTHAII-IIYM IS =

Y 0..50 nb

OCHOBHOTO KaHaJIa CBSI3U
CpenHee 3HaYE€HNE OTHOIICHHS CUTHA-IIYM JUIS 7 0..50 1B
KaHaJIa IPOCIIYIIKH w "
IToporoBast IponycKHas CllOCOOHOCTb CHCTEMBI
CBSA3U, TapaHTUPYIOLIas O€30MACHYIO CBA3b,
HOPMHPOBaHHAs Ha MPOIYCKHYIO CIOCOOHOCTD Cy 0,1..0,6
I'ayccoBckoro kaHana cBs3u 0e3 3aMHupaHuii u
3aTEHCHUM

3HaueHWe TOKasares IOTEPhL Ha Tpacce corimacHo [24]
COOTBETCTBOBAJI0 CHUTYAallMd pACIpOCTPAHEHHS] CHTHajla B  YCIOBHUSIX
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TOPOACKOH MECTHOCTH C OJJIEMEHTaMH HWHQPACTPYKTYPHI, CO3AAIONINMHU
3aTeHCHNE.

6.2. O6umue cBoiicTBa. BausiHue mnapamerpoB KkaHana. Ha
pUCYHKe 3 ~ TIPHUBEICHBI  3aBHCHMOCTH  BEPOSTHOCTH  IPEPHIBAHUS
6e3omacHoro ceanca cBs3u or cpexHero OCIIl ocHoBHOTO KaHama Maist
CUTYyaIlH KaHajla ¢ MaJIOi MOIIHOCTHIO KOMITOHEHT U MPSIMON BHIUMOCTH,
U MHOTOIYTCBBIX, U CHIBHBIM 3aTCHCHHEM, MPH IOKa3aTele IMOTePh Ha
Tpacce o =2 . DTO MPAKTHYCCKH THUICPPITCCBCKHUIA KaHANI C TIIyOOKUMH
samupanusmu [29]. B kauecTBe mapameTpa 3/1€Ch HMCIOJIB30BAHO CpEIHEe
suagenne OCII B kaHae POCITYIIKH (IS 3HAYCHHUH, COOTBETCTBYIOIIHX -
10, 0, 10, 20 nb wcnonp30BaHBI JHMHWM C KBAaAPATHBIMH, KPYTIIBIMH,
TPEYTOJILHBIMH MapKepaMH M MapKepaMH B BHIE KOCHIX KpPECTHKOB
cooTBeTcTBEHHO). CeMeWCTBO JIMHUWH, MOJY4YeHHBIX IpH OONBIION
HOPDMHUPOBAaHHOW MOpPOroBod mpomyckHoi cmocobnoctn BCC  (0,9),
MPOXOAUT CYIIECTBCHHO BBIIIC, Y€M CEMEHCTBO, MOJYUYCHHOE TPU Maon
C, (0,1), u nemoHCTpHpYyeT B OTJIMYHE OT HUX CIa0yl0 3aBHCHMOCTH OT

OCIII B 0CHOBHOM KaHaJIe.

SOP

-10

Puc. 3. 3aBucumocts BepostHocTH npepriBanus BCC ot cpernero OCII ocHoBHOTO
KaHama ¥,, UL KaHajla C MaJoi MOLIHOCTBIO 00EHX KOMIIOHEHT
(Qy =Q, =-10 1b) u cunpueM 3ateHennem (M, =m, =0,1) npu u3meHenun
cpeanero OCIII B xanane npocnymky oT -10 1o 10 1b 1 HOpMupoBaHHOH
HoporoBoii npormyckHoi criocobroct BCC C, ot maoii (0,1) xo 6oxsmoii (0,9)

W3 pucyHka 3 BHIHO, YTO €CIIH JIOMYCKaTh CHIXKEHHE CKOPOCTH
CBSI3M HIXKE 3apaHee npejonpenenénHoro 3Hadenus C, , pasHoro 0,1, c

BEpOATHOCTBIO, Hampumep, 0,3, 1o it obecneuenns BCC B Takmx
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YCIIOBHAX HEOOXOAMMBI OYeHb Oonbinmme 3HaueHus cpegnero OCIII
3aKoHHOTO TpuéMHuKa (47-50 nb), 4To ¢ TOYKW 3peHHS TPAKTHUKHA OYEHH
TSDKENO peann3oBaTh. UTo Kacaercsi pabOThl HPU BBICOKHMX CKOPOCTSIX
(C4, =0,9), To mpu Tom ke 3nauntensHoM OCIII B ocHoBHOM KaHaie 50 nb

3HAa4YeHUsI BEPOSATHOCTH INpephIBaHUSA jexar B auamnasone ot 0,75 mo 0,85,
T0 ectb, SOP= 0,3 HemocTkMMa TIPH BBICOKMX CKOPOCTSX H
BBICOKOCKOPOCTHasl nepejada WHpopManuy 1o OeCIpoOBOJHOMY KaHALy C
0oJBIION 0IIel BepoATHOCTH OyneT HeOe30macHoii.

Kak BumHO w3 pucyHka 3 u mocnenyromux, poct OCI B kanaie
YTEUKH YXyJIIaeT CHTYaLHIo Ul BCEX 3HAUYCHUH OCTaJbHBIX I1apaMeTpoB
MOJENH, 32 HCKIIIOYCHHEM OTHOLICHHS PACCTOSHHHM [0 3aKOHHOI'O H
MOJICITYIINBAIOIIETO MPHEMHUKOB (4TO OyOEeT pPacCMOTPEHO OTAENBHO),
npuaéM TeM CHJIbHEE, YeM BBINIE 7, . JTO OOBACHACTCA TEM, YTO ITIPU

BeicokoM OCII moxacnymmBaronieMy NpUEMHUKY Jierde W OOHAPYXKHUTh
nepenady uHGOpPMAaNMK, ¥ JEKOAMPOBaTh CUTHal. B 1enom, s
OOJIBIIIMHCTBA CHCTEM Iiepefadr HWH()OPMAIMKM CBI3b 4Yepe3 KaHall,
OIMCHIBAEMBIH TUIIEPPIICEBCKON MOJEBI0 C TIyOOKHMHU 3aMHPaHUSIMHU,
SIBJISICTCSI HeOE30IaCHOM.

Cepust  puCYHOK 4-6  NEMOHCTPHpPYET  BIUSHHE  YCIOBHMA
pacmpocTpaHeHusl, T.e. MapaMeTpoOB MOJENH KaHajia, Ha YCJIOBHS, MPH
KOTOPBIX JOCTHracTCs 3aJaHHas BEPOSTHOCTh MpPEPhIBAHHUs OC30MacHOr0
ceaHca cBA3u. B Hux mpusenens! pesynstatsl A Cy, =0,3, a MomHoCTb

100 KOMITOHEHT MPSIMOI BUAMMOCTH, JTHOO MHOTOIYTEBBIX, INOO U TEX, U
IpYTHX, BeNWKa (YTO CYMIECTBEHHBIM 00pa3soM OTJIMYaeT YCIOBHSA
pacrpoCTpaHeHHsT OT TeX, U1 KOTOPBIX IONy4YeHBl 3aBUCHUMOCTH Ha
pucyske 3). OCHOBHOE OTJIMYHE BEPOSTHOCTH TPEPBHIBAHHS VIS CUTYallHi
Ha pHUCYHKe 4-6 10 CpPAaBHEHHUIO CO CICHAPHSIMHU Ha PUCYHKE 3 3aKIII0YACTCS
B CYIICCTBCHHOM YMCHBIICHHHM 3HAYCHHH H B XapakTepHoil (opme
3aBHCHUMOCTEH, O0OJamaroluX  «HOJOYKOW» Ha  YPOBHE  BBICOKHX
BepositHOCTel mpepbiBanus npu Manbix OCIL B ocHOBHOM KaHaje,
3aBEPILAIOIICHCS PE3KUM CIIaJ0M, MEPEXOMASAIIMM B IUIATO HECHHMKACMBIX
MaJlbIX 3HaueHH# BeposiTHocTH pu Oonbinx OCIL. B nenom 3aBucumoctn
CMEIIAIOTCs B 00/1aCTh MEHBIIHUX 7,, M JOCTUTaloT MEHbIINX 3HaueHHUH Ha

wiato ¢ ymensiienueM OCII B kaHane yTeuku, CTENeHH oOOLIero
3aTeHeHHuss M, (PUCYHOK 4), MOIIHOCTH KOMIIOHEHT IPSIMOM BUIUMOCTHU

(pucynku 5 u 6).

Ha pucynke 4 3aBucumoctu BepositHocTH npepeBaaus BCC ot
OCHI B OCHOBHOM U TOJCIYIIMBAIOIIEM KaHAJaX MOPUBEICHBI IS
CUTyallul, KOTrJa CKOPOCTh CBSI3M  OrpaHMYeHa HOPMHPOBAHHOU
mponyckHo# cnocobHocThi0 0,3, a KaHalm OMHCHIBACTCS MOJICNIBIO CO
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c1a0bIM 3aTEHEHHEM KOMIIOHEHT HpsiMOM Buaumoctd (M, =5) B oTiudne
OT MHOTOITyTEBBIX KOMIIOHEHT U CUJIbHBIM HpsAMbIM J1ydoM (Q, =-10 1b,
Q, =10 1b).

Hanmnuwme «momoukn» mnpu 3HadeHwsx SOP, Ommskux Kk 1,
CBUJICTEIILCTBYET O  HE3aBUCUMOCTH  BEPOSTHOCTH  NPEPHIBAHUS
0€30MacHOT0 ceaHca CBS3M OT OOIICH CTENEeHHM 3aTCHEHUS KOMIIOHECHT
OpsIMOMl  BHUAMMOCTA M MHOTONYTEBBIX  KOMIOHEHT.  «llomoukay
HAOJIOaeTCs B CUTYAIMsAX, KOT/Ia MOJCIYIIUBAIOIICE YCTPOHCTBO MMEET
Jqydmiee 7, , 4€M 3aKOHHbIH NPUEMHHK, T.e. ¥,, <}, , HalpHUMeEp, NpH

7w <10 nb nns nuuuy, coorBeTcTBYrOmER %, =10 nb.

107!

SOP

1072

-3 1 1 H
1”—10 -5 0 5 10 15 30 35 40 45 50

Vu: AB
Puc. 4. Biausuue oOuero 3aTeHeHust My Ha BeposATHOCTH npepbiBanust BCC s

cpeHeil HOpMHPOBAaHHOM HporyckHoi criocobroctr ( Cy, =0,3) B kanane co
c1abbIM 3aTCHEHHEM KOMIIOHEHT HPSMOi BUAUMOCTH (M, =5) U CUIIbHBIM [IPSIMBIM
aydom (Q, =-10 1B, Q, =10 nb)

Ecmm ke paccMmaTpuBaTh cily4ai, korma y, >7%, , TO IpH
YMEHBIICHUU OOIIEH CTENEHH 3aT€HEHUs Ul 000MX KAHAJIOB CEaHC CBSI3H
craHer Oonee Oe3omacHbiM. C pPOCTOM },, YJIydllIE€HHE BEPOSATHOCTH
npepsiBanust bCC cHmwkaerca. Hampumep, mpu moMexoBOH cUTyaluu B
OCHOBHOM KaHaue, Ha 10 nb myumiel, uem B kaHase yTeuku, npu %, =—10
1nb npoucxogur cHmwkernne SOP ¢ 0,15 mo 0,04 (t.e. B 3,75 pa3), a mnpu
7w =10 16 - ¢ 0,4 nmo 0,35 (r.e. B 1,14 pasa), uTo NpPaKTHYECKH
nusenupyer 3¢dekr. Ilpum OGoxpmredt pasuune B OCIL ocHoBHOro
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MOJICITYIINBAIOIIETO  KaHaJdoB  3(dekr  yiIydmeHus  BEpOSTHOCTH
npepsiBannst BCC npu ymeHpmeHnn oOIIel CTEeHH 3aTCHEHUS SBISIETCS
Oomee BBIpaXKEHHBIM. Hampmmep, MycTh MOACTYIIMBAIOIIEEe yCTPOHCTBO
umeer cpennee OCII %, =10 nb, torna mpu %,, =25 n1b BeposTHOCTDH
npepeiBannss BCC mnpu cuibHOM 3ateHennu Oyxer pasHa 0,07, a mpum
cnaboit ctenenn 3ateHeHus — 0,007, TO ecTh M3MEHEHHE COCTABJISET IEIIbII
MOPSIOK.

Hammume HecHmkaemoii BepostHOcTH TmpepsiBaHus bCC y
3aBHCHUMOCTEH IJIsI KaHAJIOB C CHJIBHBIM OOIIMM 3aT€HEHHWEM KOMIIOHCHT
CHTHaJa TOBOPHUT O TOM, YTO MpPH 3aJaHHOM KOJINYECTBE KOMIIOHCHT
npsamoit Bugumoctu (2m, =10), Hemb3s Oynmer cHusuth SOP HuKakuMU

cnoco6amy, cesizaHHbIMHE ¢ noBbimieHneM OCILI B 0CHOBHOM KaHaite.

Crout otmetuth, uTto ueM Oombinee OCII y moncmymmBaromero
ycTpoiicTBa, TeM Oonbinmu 3HadeHnsiMu OCLL B ocHOBHOM KaHaine OynyT
JIOCTUTAThCSI 3a/JlaHHBIE 3HAYEHHUS BeposTHOCTH mpepbiBaHmst BCC mpu
3aJaHHBIX CKOpPOCTAX mepemauyn. Hampumep, 3adukcupyem BepOsSTHOCTBH
TpephIBaHms GE30ITaCHOTO cearca cBs3u Ha yposre 107 mpu cpemmem OCIII
HOZCITYIINBAIOIIEr0 ycTpoiictBa 7, =—10 nb, Torma npu CHIBHBIX

3aTeHeHusax, To ectb npu m, =0,1, a1a obecrneyeHus s3agaHHoit SOP
notpebyercs obecmeuuts y,, =18 b, a B curyanuu co cnabeiMu

3aTeHeHHsIMH JoctatoyHo Oyner 4 nb. Ilpu ynydmeHun nomexoBod
oOCTaHOBKM B KaHaje mpociymkd 3torT Bemrpsin B OCI 3akoHHOTO
npuéMHUKA  yMEHbIIAeTcs. Tak, TpH BEPOATHOCTH  IIPEPHIBAHUSA
6e30MacHOro ceanca cesazu 1072 BBIUTpHI paBeH 14, 11, 10 u 9 nb ana 7, ,

pasuoro -10, 0, 10 u 20 1b cooTBeTCTBEHHO.

W3 Bcero BHIIECKa3aHHOTO MOXHO CHe€NaTh BBIBOA:  JUId
obecrieueHHst JOCTaTOYHO Mayloi BepositHocTH mpepbiBanusi bCC mpu
OOJIBIIIOM KOJHMYECTBE CHJIBHBIX JOMUHAHTHBIX KOMIIOHECHT W Majou
MOIIIHOCTH PAacCEesIHHBIX KOMIIOHEHT BBITOJHEE OyJeT KaHal CBSI3U CO
c1aboii CTENeHBIO 3aTEHEHHS BCEX KOMIIOHEHT.

Ha pucynke 5 nokazaHa cuTyauusi KaHaja ¢ HEBBICOKOM CTEIIEHbIO
obmero 3areneHust (M, =5), B KOTOPOM OCHOBHOH BKJIaj B HPHUHATHIIL

CUTHAJ BHOCST MHOTOIMYTEBbIE KOMIIOHCHTHI, IOJYYCHHBIE 3a CUET
MHO>KECTBEHHBIX nepeoTpakeHuil. IIpu ymeHbmenun napamerpa Q, c 10
1nb mo -10 nb xoMmoHeHTa MPSAMON BUAMMOCTH JIJIsi 000MX KaHAJIOB CBS3H
MIPaKTUYECKH HCUYe3aeT, a Oe30MacHOCTh CeaHca CBSI3HM IOBBIIIACTCS.
Hanuuwe e mpsiMoit BUTUMOCTH B IBYX KaHaJlaX OJJHOBPEMEHHO MPHUBOIUT
K TOMy, 4TO OE€30IMacHOCTh CEaHca CBS3HM CHIDKaeTcs. Hampumep, s
obecrieyeHust 3amaHHoro mopora ckopocth C, =0,3 ¢ BEpOATHOCTHIO
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npepsianrmst BCC 10™ mpu 7w =0 1b u npsMoi BUAMMOCTH HEOOXOIMMO
7w =29 nb, a B cuTyaumuu, KOrja KOMIIOHEHTa HPSMOH BUIAUMOCTH
MIPaKTUIECKH ucUe3aeT, — Bcero 19 ab.

107!
1072

o
3
8 10

d__L.

107y & yp=-10. 55

-# ¥w=0.15
10°Y & F7=10,15
% Fr=20, 1B

6 T
1u—1l] -5 0 50

Yu: BB
Puc. 5. Baustaue cpenueii Momnocti ), KOMIOHEHT NPSMON BUAMMOCTH Ha

BepositHocTb npepsiBanust BCC st Cy, = 0,3 B kaHale ¢ CHIIBHBIM 3aTCHCHHEM
KOMITOHEHT npsiMoit Bupumocts (M, =0,1), crabbim o6wmm 3ateHernem (M, =5)

1 BBICOKO} MOIITHOCTBIO MHOTOIyTeBBIX KoMIoHeHT (2, =10 nb)

Kak mnoka3aHo Ha pHCyHKE 6, B TaKOM KaHAlle CYIIECTBCHHBIM
(GakTOpOM, BIMSIONIMM Ha OC30MACHOCTHh CBSI3H, SIBISICTCS MOIIHOCTh
MHOTOITYTEBBIX KOMITOHEHT.

Bo-mepBbIX, OHa OmpeAeseT XapaKTep MOBEICHHS KPHUBBIX
BepositHocTH BCC. Bunno, uro npu Q, =-10 n1b kpussle ans 7, =-10

ab u 7, =0 nb mpakTudecku ciaMBalOTCA APYT C APYroM, XOTs IpH
Q, =10 nb onu cuibHO pacxonsrcs, Ha yposHe SOP = 10°° pacxoxaeHue
cocrasisger npumepHo 10 n1b
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107"

o
o 10-2
2 10

107

10

Yu 8B

Puc. 6. Baustaue cpenueii MomHocTi 2y MHOTOIYTEBBIX KOMIIOHEHT Ha
BepositHocTs npepsiBanust BCC st Cy, = 0,3 B kaHale ¢ CHIBHBIM 3aTCHCHHEM
KOMITOHEHT npsiMoit Buaumoctd (M, =0,1), crabeim o6umm 3atenenuem (M, =5)

1 BBICOKO}1 MOIITHOCTBEO KOMIIOHEHT npsiMmoii Bupumoctu (), =10 1b)

Bo-BTOpBIX, MOIIHOCTH MHOTONYTEBBIX KOMIOHEHT OIpeessieT
BEJIMYMHY  DHEPreTHYecKoro  IOTeHLWala,  HeoO0XoauMoro  Juis
rapaHTHPOBaHHO 0€30IacHOM CBA3M C 3aJaHHOW cKopocThio. [Ipu sTom
PUCYHOK 6 MaéT MpeacTaBiIeHHE O JOCTH)KUMBIX BO3MOXHOCTSIX CHCTEMBI
CBSI3W B CHUTYallMH, KOTJIa MOIIHOCTh MHOTONYTEBBIX KOMIIOHEHT Maia, a
KOMITOHEHTBI TIPSIMOi1 BUZIUMOCTH HCIIBITHIBAIOT CHIIBHOE 3aTEHEHHUE.

Tak, U3 puCyHKa BHIHO, YTO JUIS OOECTIEYECHUS JOCTATOYHO HU3KOH
BeposiTHoCTH npepsiBarns BCC, manpumep, Ha yposre 107, morpe6yercs
3HaynTensHoe OCI 3akonHHOTO TMpHéMHNKA. Ecnm cutyammu ¢ miioxoit
oMexoBoii oOcraHoBKoW B KaHane yreuku (7, =—10 nB) Heobxomumo

7w =37 1B, 4To ¢ TOKU 3pEeHNUs NPAKTUKH ABJIACTCS CIOKHO PEaIU3yEeMBbIM,
To mpu ycnoBun Huskux ( J, =10 nb) n ouens HuM3kux ( ;, =20 xab)

NOMeX Ha BXOJE€ MOJCIYNIMBAIONIEro ycTpoicTBa Heodxoaumble OCII
HaunHatotcs ¢ S50 b, T.e. HepeaNMCTHYHBI, I[03TOMY O0eCHeYnTh
BeposiTHOCTh TipephiBaHus bCC Ha 3aJaHHOM YpOBHE HE IIPEJCTaBJISETCS
BO3MOXKHBIM.

6.3. Tpe6oBanuss Kk ckopocTu mepeaayu. Ha pucyskax 7-9
MIPUBEICHBI 3aBHCHMOCTH BEPOSTHOCTH IPEPHIBAHUS OE30MACHOTO ceaHca
CBS3M OT HOPMHPOBAHHOW TIIOPOTOBOM TMPOITYCKHOH CHOCOOHOCTH,
OTpaHUYMBAIOIIEH CKOPOCTh Nepeaadyn HHPOPMAIHU, IpH HUKCHPOBAHHOM
cpenaem OCII ocnoBHoro xanana 7,, =10 nb. B xauectBe mapamerpa
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31ech ucmonk3oBaHo cpenHee 3HaueHne OCIIl B kaHame mpociymkn (Ius
3Ha4YeHn#, coorBeTcTBytomux -10, 0, 10, 20 nb wmcmone30BaHBl TUHUH C
KBaJpaTHBIMH, KPYTJIBIMH, TPEYTOIHHBIMI MapKepaMu M MapKepaMH B BUJIE
KOCBIX KPECTHKOB COOTBETCTBEHHO). AHAIM3HPYETC BIMIHNE TpeOOBaHUM
K CKOPOCTH TIepeladyd I pa3iIudHbIX YCJIOBHUH paclpoCTpaHEHUs,
oToOpakaeMbIXx Habopamu mapameTpoB BX wMomemn kanama, npu
mokasareJie moTeph Ha Tpacce a = 2.

Jlnst kaHana ¢ OJHOW KOMIIOHEHTOM MPsIMOl BUIUMOCTH, MOIIHBIMU
MHOTOITyTEBBIMA KOMIIOHEHTaMH M CJIA0BIM OOIINM 3aTeHEHHWEM TIpH
¢duxcuposanHom cpenHeM OCII ocHoBHoro kananma j,, =10 ab n

Ppa3JIMYHbIX CPECAHUX MOIIHOCTAX KOMIIOHCHTHI HpHMOﬁ BUIUMOCTHU QY

3aBHCHUMOCTH BeposTHOCTH TpepbiBanusd bCC 0T mOporoBoil ImpommycKHON
crocobHocti BCC B xaHamne nmpuBeIeHBI HA PUCYHKE 7.

1.
107"
1072

o

-3

2 10

107

107°

10°¢

norm. Cy,
Puc. 7. 3aBucumocts BeposTHOCTH npepbiBanus bCC 0T 1oporoBoil npommyckHoi
cnocobHocT! BCC B KaHaie ¢ 0JJHOM KOMIIOHEHTO! MPSIMOI BUIUMOCTH, MOIITHBIMH
MHOTOITyTeBBIMHI KOMIIOHEHTAMH U CIIA0BIM OOIIMM 3aTeHECHUEM TIPH

¢ukcuposanrom cpentem OCIL ocnoBHoro kanana 7,, =10 nb mwust BeicoKO#M

(Q, =10 nb) n uuskoii (Q, =-10 nb) cpenrell MOIHOCTH KOMIIOHEHT TIPSIMO

BHUJIUMOCTHU

CHTyanuo, IpeICTaBICHHYIO Ha PUCYHKE 7, MOXKHO TPAKTOBATh Kak
COOTBETCTBYIONIYIO KaHaIly ¢ 3aMupaHusMu Paiica, B KOTOPOM ecThb OfHA
KOMIOHeHTa mnpsamMoil Buaumoctd ( M, =0,5 ) u Habmogaercs cnaboe
obmee 3aremenme ( My, =5 ). Ilpu stom ormomenne K =0, /Q,

onpenenser (axrop Paiica, mpuHHMarOmuii B JaHHOM CITydae 3HAYCHUS
K=1 (mpu €, =10 1b) n K=0,01 (nmpu Q, =-10 nb). bnarogaps
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cnabomy 3aTeHEHHWIO WH(GOPMAIMI0O MOXKHO TiepenaBaTh OBICTPO, TaK YTO
BeposITHOCTH NpepriBaHust bCC mocTuraeT HU3KUX 3HAYECHHH.

CeMeHCTBO  CIUIOMIHBIX JIMHUHA, COOTBETCTBYIOIINX  BBICOKOM
CpemHEH MOITHOCTH KOMIIOHEHT NPSAMOI BUAMMOCTH, TPOXOJHUT BBIIIE, YEM
CEMENCTBO MyHKTUPHBIX JTMHUM, oToOpaxaromux curyamuo Q, =—-10 ab.
OTO 03HayaeTr, YTO IMOSBJIEHHE IMPSIMOI0 Jyd4a C BBICOKOH MOIIHOCTBHIO
NOBBIIIAET BeposiTHOCTH TpepbiBaHus bBCC, To ecTh, 6€30MacHOCTh CBS3U
CTaHOBUTCS CJIOKHEE oOecrednTh. YXYIIICHWE CHTYaIlluH CYIIECTBEHHO
Gonbllle TpM HU3KOH HOPMHUPOBaHHOHM npomyckHoit cnocobHoctd C

(815pa3 mpu C, =0,1 u tomeko B 1,5 pasa — mpu C, =0,9 npu
HEU3MEHHOM 7,, =—10 nb, KkpacHble JMHMM) M IPU BBICOKOM CPEIHEM
OCII B kanane yreuku (B 15 pa3 npu %, =—10 nb u B 10 pa3 npu
7w =0 1b npu neusmennom C, =0,1). Ilpu nanbHeliem yBenuueHua 7,

BIIMSIHAE MOIIHOCTH IPSAMOM KOMIOHEHTHI NepecTaéT CKa3bIBaThCs, a CEaHC
CBSI3U NepecTaér ObITH OE30MaCHBIM.

Jnga kaHanma C MHOXXECTBOM 3aTEHEHHBIX KOMIIOHEHT MpPSIMOI
Bugumoctd (it mpumepa 10  koMmoHeHT M, =5 ), cnabbiMu

MHoromnyTeBbiMi KoMroHeHTamu ( Q, =—10 aB) u cunbHBIM 00LMM
sarenenueM (M, =0,5) mpu ¢uxcuposannom cpexuem OCII ocHoBHOTO
kaHana 7, =10 1b M pa3sIuuYHBIX CPEIHUX MOIIHOCTSX KOMIOHEHTHI
OpsAMOM BUAMMOCTH (), 3aBUCHMOCTH BeposTHOcTH mpepbiBanus bCC or

MOporoBoil mpormyckHoit crnocobHoctn bBCC B kaHane TPHUBEICHB Ha
pucyske 8. CeaHc CBSI3M B TaKHX YCIOBHAX OyHeT O€30MacHBIM ¢ MEHBIIEH
BeposiTHOCTBIO (SOP BhIllle, YeM B CHUTyalldd KaHala Ha PHCYHKE 7).
bnarogapst mpeacTaBiIeHUIO 3aBHCHUMOCTEH TOJBKO B 00JAacTH 3HAYEHHH
BBICOKMX BEpOSITHOCTEH NpepbhiBaHMs OE30MacHOr0 ceaHca CBS3HM, Ha
pucyHKe 7 sBisieTCs 3aMeTHBIM 3((EeKT CMEHBl XapakTepa BIMSHHA
MOIIHOCTH KOMIIOHEHT NpsiMOM BuammoctH npu mnosbimennu OCII B
kaHaie npocnymkud g0 u Oomee OCII B ocHoBHOM kanaie. Ilpu

Vw =—10 b (uro Ha 20 b Hmxke, yeM 7,, ) HoOaBIECHHE HSHEPrHU

KOMIIOHEHTaM NpSMOH BHJUMOCTH IMOHMXAET BEPOSATHOCTb INpPEPBIBAHUS
BCC, mnpuuém Tem cuiabHee, UYe€M HIXE IOpPOroBO€ 3HAuUCHHE
HOPMHUPOBAHHON MponyckHoi crnocobHoct C, (kpacHas HIyHKTHpHas

JIMHUS TIPOXOJIUT BBIIIE KPACHOM CIUIONIHOW BO BCEM JHaria3oHe 3HAYCHUM
C,,)- Ilpu », =10 u 20 ab (uro paBHo uau Ha 10 nb OGonbuie, yeMm 7, ,

COOTBETCTBEHHO) cMeHa curyauuu ¢ Q, =-10 nb ma Q, =10 b yxe
MOBBIIIAET BEPOSTHOCTH mpepbiBaHus BCC, a BenmMuMHAa W3MEHEHHSA
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3aBucut or C, . B npomexyrouHoit curyaumu, korma %, =7, =10 1b,
CyLIECTBYeT Takoe Ioporooe 3HadeHue C, , COOTBETICTBYIOIIEE TOUYKE

[IEPECEUEHUS] CUHEH CIUIOIIHOW M IYHKTHPHOW JIMHUHM, HUXE KOTOPOIo
YCHJICHHE KOMITOHEHT MPSIMOI BHIMMOCTH BIHSAET MOJIOKUTEIHHO, a BBIIIE
OTPHIATENHHO.

SOP

107!

norm. Cy,
Puc. 8. 3aBucumocts BeposTHOCTH npepbiBanuss bCC 0T 1oporosoil npommyckHoi

crocobHoct BCC B kanane ¢ 10 komnoxenTamu npsmoit Buaumoctu (M, =5),

cabbivu MHoOromyTeBbiMU KoMroHeHTam ( Q, =—10 1B) u cirabiv o0wmm
sarenenuem (M, =0,5) npu pukcuposannom cpeanem OCII ocHOBHOTO KaHasa
7w =10 1b s Beicokoit (Q, =10 ab) n Huskoit (Q, =-10 1b) cpenneit

MOITHOCTH KOMIIOHCHT pr{MOﬁ BHJIUMOCTH

Em€ nBe mokaszarenbHble CHUTyalMd JUIS CHIBHOTO CHUTHAla
(Q, =10 nb, Q, =10 nb) npu 7,, =10 b mpuseneHsl Ha pucynke 9:
MPAaKTUYECKOE OTCYTCTBUE 3aTCHCHHS UM KOMIIOHCHT IPSMOW BUAUMOCTH, U
MHOTOILYTEBBIX KOMIIOHEHT (M, =M, =5, CIUIOLIHbIC JUHUK) U APYKHOE
CHJIBHOE 3aTeHEHHWE BCEX KOMIIOHeHT curHama ( my =m, =0,5 ,

ITYHKTHPHBIE JINHUN).

BnusHue cremeHN 3aTeHEHWS] KOMIOHEHT CHTHAja IPOSBISCTCS
aHAJOTWYHO BIIMSHHUIO MOIIHOCTH KOMIIOHEHT INpsiMOoi Buammoctu. [lpnm
7w =—10 b yMmeHblIeHHME [PYKHOTO 3aT€HEHHMs KOMIIOHEHT CHIHAla
MOHMXKAET BeposITHOCTh NpepbiBanusa bCC, mpudyéM TeM cuibHee, 4eM HIDKe
HOPOroBO€ 3HAYE€HHE HOPMUPOBAHHOW NpoOIyckHOU crnocobnoctu Cy

(xpacHast IyHKTHUpHAS JIUHUS IPOXOIUT BBIIIE KPACHOW CIUIOIIHOW BO BCEM
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quanazone 3Hauenuit C, ). Ilpm %, =10 u 20 n1b cmeHa creneHu
3aTeHEHUs ¢ OONBIION HA MAJIyIO YK€ MOBBIIIAET BEPOATHOCTh MPEPBIBAHNS
BCC, a BennuuHa usMeHeHus 3asucutr ot C, . B mnpomexyrounoit
cUTyalud, Korga %, =7y =10 nb, naGmozmaercs  3aBUCHMOCTb,
AHAJIOTUYHAs BBIIIEOIMCAHHOM.

SOP

107"

Puc. 9. 3aBucumocts BeposiTHOCTH npepriBaHus BCC 0T OporoBoii mpommyckHOM
cnocoonoctu BCC npu dpukcnposannom cpearem OCIL ocHOBHOTO KaHaa

7w =10 1B ms cunshoro curnana (Q, =10 nb, Q, =10 ab) u paznuunoii

CTCIICHHU 3aTCHCHUA

Taxkum obOpa3oM, ecnu B I'ayccoBckoM KaHalle IpU 7, =7, HeET
TaKOM MPOMYCKHOW CIOCOOHOCTH, MpPH KOTOPOH CeaHC CBS3H OBUT OBI
0e30MacHbIM, TO, KaK JEMOHCTPHUPYIOT PHCYHOK8 ® 9, NIpu HaIU4uu
3aTeHeHHH OE30IaCHBII CeaHC CBSI3M BO3MOJXKEH JI0 HEKOTOPOTO 3HAYEHHMS
C,, , 3aBucsuiero or coornomenus mexay OCII B ocHOBHOM KaHane M
KaHaJIe IPOCITYIIKH.

Kak moka3piBaeT CcpaBHEHHE 3aBHCHMOCTEHi Ha pHCyHKe 9 ¢
3aBHCHUMOCTSIMH, TPUBEAEHHBIMI Ha PHCYHKE 7 CIUIONTHBIMHU JIMHUSAMH, B
cilydae CHIBHOro curHana u %, =10 1b BepoOATHOCTH HpepHIBAHUA
0e30MacHOro ceaHca CBS3M IpU OOLIeM caboM 3aTeHEHHH, B OCHOBHOM
MIPUXOSIIEMCST HA KOMIIOHEHTHI IPSIMOI BUANMOCTH, BEIIIE, YEM B CIIyJae
IPYXXHO cyab0 3aTeHEHHBIX KOMIIOHEHT. JTO O3HAadaeT, 4yTo B KaHalle ¢
m, =m, =5 ¢ Toll ke BEPOATHOCTbIO MOKHO TIapaHTHPOBATh OoJiee

BBICOKHME CKOPOCTH INpH Oe3omacHoi nepenade, Hampumep, npu SOP 0,1
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0JIMHAKOBOE 3aTeHEeHHe KoMIOHeHT obecneunt poct C, ¢ 0,51 1o 0,70 npu
7w =—10 nbu ¢ 0,30 1o 0,43 mpu %, =0 gb.

[Ipu BBICTaBIIEHHH BBICOKOW IOPOTOBOH MPOMYCKHOW CIIOCOOHOCTH
BCC, wnampumep, pasHodi 0,9, sddekrt, CBA3aHHBIH C 3aTEHEHUSIMH,
MIPaKTUYECKH HUBEIHpPYyeTcs W BeposTHOCTh mpepbBanus BCC Oyzmer
BCerjia Ha BEICOKOM YPOBHE BHE 3aBHCHMOCTH OT HAJIHYHS WIH OTCYTCTBUS
3aTEHEHUH B KaHAJE CBSI3H.

6.4. Pa3menieHue 3aKOHHOI0 M MOJACTYIINBAIOIIEr0 NPUEMHUKOB
APYTr OTHOCUTeJBbHO Jpyra. Pucynku 10 um 11 pgemoHCTpHpyrOT
3aBUCHMOCTh BEPOSITHOCTH TIpephIBaHHsI OE€30IIaCHOTO CeaHca CBSI3H OT
OTHOIIEHHS PAaCCTOSHUH 10 MOACTYIIMBAIOLIEr0 U 3aKOHHOTO MPHUEMHHUKOB
d, /d,, Ha mpumepax curyauuu ¢ OombmmM kommdectBoM ( 2m, =10)

MomHbX ( Q, =5 mwm 10 gb) u cnabo 3aTeHEHHBIX JOMMHAHTHBIX
KOMIIOHEHT IIpU MajJoi MOIIHOCTH pacCesHHbIX KoMmmoHeHT ( Q, =-10
1b) n duxcupoBaHHOM 1opore mporyckHoit cnocoonoct BCC (C, =0,6)
U Pa3IMyHBIX CTENEHAX oOmiero 3ateHeHus M, . IloxaszaTens ocnabieHus

CHTHama B cpeie « 3auUKCHpOBaH Ha YPOBHE 3, YTO COOTBETCTBYET
rOpOJICKON MecTHOCTH [24].

107

SOP

1072

107
1 10' 10°

Ay ldy
Puc. 10. BausiHue OTHOLICHUS PACCTOSIHUM /10 TO/CIYIIUBAIOIIETO U 3aKOHHOTO

npuémunkoB npu M, =1, Q, =-10 1b,Q, =5 wm 10 1, C;, =0,6 , ¢ =3 s

He6OoJIBIINX 3aTeHeHni My =1

Cnax SOP ¢ poctom d,, /d,, mpu Bcex Habopax APYrux mapamerpoB
obmamaer oOmeH  OCOOCHHOCTBIO:  CYIIECTBYET TaKoe 3HAYCHHE
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(dy /dy ) ,sop0. » HAUMHAS C KOTOPOTO HAOIIOAACTCA HECHMIKAEMBIH YPOBEHb
BepositTHocTH  mpepeiBanuss  BCC  SOP,, . Iloporosoe 3HaueHue
(dy /dy ) opo. EKUT B OOMAcTH OKONMO 3HaueHus 10; ero BenuuuHa, a

Taioke 3Hadenue SOP,.  3aBUCAT OT MapaMeTpoB KaHaja U COOTHOIIEHHs
CHTHaJI-IIyM B OCHOBHOM KaHaJe.

C pocToM ¥,, BBIXOJ HA 3TY «IOJIOYKY» IMPOUCXOJUT TMPU OGOIBIINX
OTHOCHTETIFHEIX PACCTOSHHAX, a € ypoBeHb CTaHOBUTCA Hike. Hampuwmep,
npu Q, =10 ab (crownsle nunuu Ha pucytke 10) pocr 7, ¢ -10 1b no

20 b  ofecrmeuynBaeT  TOSBICHHE  HECHIKAEMOH  BEPOSITHOCTH
SOP,, =0,0025 Bmecro 0,23 ytums npu (d,, /d,, ),,,.. =15 BMecto 3,2.

nopoe

SOP

1072

- Vy=-10, 1B
- V=0, 16
& =10, 18

s T=20, 15

107

1 10' 10°
diy i
Puc. 11. BiusiHue OTHOIICHHS PACCTOSIHUH 10 TO/CITYIINBAIOIIETO U 3aKOHHOTO

npuémuukos npu M, =0,5, Q, =-10 xb, Q, =5 wm 10 16, C;, =0,6, =3

1t rry6okux 3arenenuit m, =0,5

Benmuunaa MOIIHOCTH KOMIIOHEHT HpHMOﬁ BUIUMOCTH, a TaKxXe
061.1.[3.5[ CTCIICHb 3aTCHCHHUA TIIPAKTUYCCKUW HE BJIUAIOT Ha IIOPOroBOC
OTHOIIICHUE JaTbHOCTEH HpI/IéMHI/IKOB, HO ONPEACIIAIOT BCIUYUHY

HaWIydlled JOCTIKUMOIT BepositHoctH mpepeiBaHust BCC  SOP, .
Hanpumep, yBenmuenue 3ateHenus (M, ymensmaercs ¢ 1 mo 0,5) mpu
7w =20 1b nopoxmaer noeeiurerne SOP. . ¢ 0,006 mo 0,019 mpu Q, =5

nb (myHkTHUpHBIE YépHBIe JIMHMKM Ha pucyHkax 10 u 11) u ¢ 0,0023 no
0,0045 mpu €, =10 1b (cruonHble YEPHBIC TUHUM).
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OO0mas cTeneHp 3aTCHEHWS CHTHajla TAaKKe BIMSCT HA BEIUIUHY
n3MeHeHHs1 BepoaTHocTH npepbiBaHus bCC mpu yBenMUeHHH MOIIHOCTH
KOMIIOHEHT IPSMOW BUANMOCTH.

ComnocraBnenne wuntepBanos ASOP,~— Mexay abcoiOTHBIME

sHaueHnsiMu SOP,, mi1s1 kpacHBIX ¥ 4EPHEIX JUHUKA Ha pucyHkax 10 m 11

MOKa3bIBaeT: 0 Mepe ymenburernst M, ¢ 1 go 0,5 ASOP,.  pactér ¢ 0,02

1o 0,04 (B 2 pasa) npu 7,, =—10 nb u ¢ 0,0037 no 0,0135 (8 2 pa3a) npu
7w =20 nb.

7. IporHo3 0Oe3omacHOCTH cBsi3u. [IpencraBiser HWHTEpeC
MPOJAEMOHCTPHUPOBAThH OIICHKH JJI1 BEPOSITHOCTH MPEPHIBAHUS 0E30MacHOTO
ceaHca CBSI3M W BEJIUYMHBI BIUSHHUS Ha HeE Pa3MYHBIX (PAKTOPOB HA
OMyOJUKOBAaHHOM TNPUMEPE PEaTM30BaHHON Mepefadyd WHGOpMAIUu, s
KOTOPOTO HM3BECTHBI OLICHKU KadyecTBa Iepenadyd (BEpOSTHOCTH OINUOKH,
CKOpOCTU Tiepefiayu MH(OpMAIUK), KaK pealbHO JOCTUTHYTOTO B XOJE
9KCICPUMEHTA, TaK M MPOTHO3BI JOCTIKUMBIX MMOKa3aTelei KadyecTBa MpU
HCTIOJIB30BaHUH HAaOII0JaeMOTO KaHalla IIPH APYTUX 3HAYCHUAX TOCTYITHBIX
s m3MmeHenus BenwunH (B ToMm umcne OCII B kaname — 3a Cu€r
HW3MEHEHHSI MOIITHOCTH TIepeIaTInKa).

Bbynem ommpatbcs Ha skcrepumenT [30] ¢ mepenmaueit JaHHBIX B
cpeme ¢ MEeITKOMAcIITaOHBIMH 3aMHUpaHIsIMH B auana3one 28 I'Tm. B [16]
aBTOpel BX-Monmenu omeHWIM mapaMeTpel  3TOTO  KaHajla MyTEM
MUHHMH3AIUU TECTOBOW cTaTUCTHKU Koamoroposa-CMHpPHOBA MEKIY
SMIMPHYCCKUM paclpeleicHHeM W TPeIIOKEeHHOW Mojenbio. CpemHue
MOII[HOCTH MHOTOIYTEBbIX KOMIIOHCHT M KOMIIOHCHT NPSMOM BHUIMMOCTH
CUTHAJIa W TMapaMeTphl 3aTCHEHUs, W3BJICYEHHBIC WMH, COCTABJISIOT:
Q,=-2 b u Q=0 gb, m =0,65, m, =195 . Takue 3nHauenus
COOTBETCTBYIOT KaHally C CHJIBHBIM 3aT€HCHHEM IPAKTHYECKH YeTBIPEX
MHOTOJYYEBBIX KOMITOHEHT, YMEPEHHBIM 3aTCHEHHEM KOMIIOHEHT TPSIMOM
BUIAVNMOCTA U TIIOYTH PABHOW CpeIHEH MOIIHOCTBIO MHOTOITYTEBhIX
KOMIIOHCHT M KOMIIOHCHT MpsMOW BHIUMOCTH. OT CHCTEMBI Mepenadd
TpeboBalach HOPMUPOBAHHAS MPOITYCKHASI CIIOCOOHOCTb, paBHas 0,1.

Jyis Takux yCIIOBHH OBbLIa OICHEHA C IOMOIIBIO IOJTYYCHHBIX
BBIPQKCHUI BEPOSTHOCTh TPEPHIBAHUS OC30MACHOTO CEaHCa CBS3H.
PesynbraThl puBeieHbl HA pucyHKax 12-14.

Kak mnokaspiBaeT pucyHok 12, aas AaHHOTO KaHaja IOPOrOBOE
snauenue 0, /d,, , npu npesbinennn kortoporo yeemmuenune OCII B

OCHOBHOM KaHajle 1a€T IMOJIOKHUTENbHBIA pe3ynbrar (cHmxkaer SOP), paBHO
2. BeposiTHOCTb TpepbIBaHMA 0E301aCHOTO ceaHca CBA3M HepecTaér
YJIYYIIaThCS P MPEBBINICHUH (T.€. NPUOIMKEHNH 3aKOHHOTO NMPUEMHHUKA
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K TepeJaTyiKy U HEMOJABKHOM MpociylinBaromem npuémaunke) d,, /d,,
gyt HIKE 10 s OCIL B ocHOBHOM Kanazne 10 xb.

dyldy
Puc. 12. 3aBUCHMOCTE BEPOSITHOCTH MIPEPHIBAHUSI 0E30MACHOTO CEaHCa CBS3U OT
OTHOIIICHUS PACCTOSTHUI JI0 TTOICTYIIMBAIONIETO M 3aKOHHOTO TPUEMHHUKOB TIPU
a=3

Hopmuposannas mpomyckHas crnocobHocts 0,1 mpu BeposTHOCTH
TpepbIBaHUs Oe30macHoro ceanca cBs3u okoyo 0,1 MoxeT OBITh ISt
ommceiBaeMoro kaHaia fgocturayta npu OCIII B ocHoBHOM KaHane 25 b,
ecnu B kaHase npociyumku OCI paeuo 10 ab (pucynok 13).

1....

S 10
S 10

102 H H H .
-10 -5 0 5 10 15 20 25 30

Vs BB
Puc. 13. 3aBucumocts BEPOSATHOCTU NPEPLIBAHUSA 0e30I1aCHOTO CeaHca CBSI3H OT
OCIII B 0CHOBHOM KaHaJe
Pucynok 14  geMOHCTpHpYeT  BO3MOXKHOCTh  YIPaBICHUS
BEPOSATHOCTHIO TIPEPHIBaHUS OE30IaCHOTO CeaHca CBS3U 3a CUET M3MEHEHUS
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BEJIMYMHBI [OKa3aTesds [OTePb MPH pacHpOCTPAaHEHWH CcuUrHama. B
3aBucuMoctd ot cpearero OCIIl B oCHOBHOM KaHalle ¢ TaKUM HaboOpoM
[IapaMeTpPOB CYIIECTBYIOT 3HAUEHUS ¢ , BIUIOTH 10 KOTOPBIX MMEET CMBICI
NPUMEHATh TEXHUYECKUE DELICHHs, CIIOCOOHBIC MNOBJIHATH B KOHEYHOM
ntore Ha BenuuuHy SOP, B TOM 4uClie MCHOJIB30BaTh WHTEIICKTYabHbIE
pacceuBarourne manenun [24-26]. Ipu 7, =10 nb u d, /d, =4 « He
JIOJKHO TIPEBBINIATH 4, T.K. IPU OONBIINX ¢« 3aBUCHMOCTH BXOAAT B PEKHM
HACBIIICHUSL.

0.50

0.20

0.05H

0.02

Puc. 14. 3aBucuMOCTb BEpOSATHOCTH NPEPhIBaHMS OE30MACHOTO CEaHCa CBSI3U OT
rokasareJis noreps Ha tpacce npu d,, /d,, =4

8. 3ak/04yenne. B pabore mony4eHo aHAIUTHYECKOE BBIPAKCHUE B
3aMKHYTOH (OpMe Uil BEPOATHOCTH IpEphIBaHUS O€30IIacHOTO ceaHca
CBSsI3M Kak IMOKa3arenss Oe30MacHOCTH CHCTEMbI CBSI3HM Ha (H3UYECKOM
ypoOBHE I ciydas MHoroiaydeBoro BX kaHama c¢ 3amupaHusMd |
HaJMYAeM KaHala YTCYKHA. DBbUT BBHIMOJHEH aHANM3 Ul Pa3iIHYHBIX
3Ha4YCHHUI mapameTpoB: cpexHero 3HaueHus OCIL B OCHOBHOM KaHaje H
KaHaje MpOCITylKH, 3G (HEKTUBHOTO 3HAYCHHUS [TOKA3aTEINs MOTEPh HA MyTH
pactpoCcTpaHeHHs CHTHaJa, OTHOCHTEILHOTO PACCTOSIHUS MEXKY 3aKOHHBIM
NPUEMHAKOM W NPOCIYIIMBAIOLIMM  NPUEMHUKOM M IIOPOTOBOM
HPOIYCKHOW CIIOCOOHOCTH, HOPMUPOBAHHOI Ha MPOIMYCKHYIO CIIOCOOHOCTD
IJIaJIKOTO TayCccoBa KaHaa.

[TpoBen€HHbIH 1151 HauboJiee THIIMYHBIX CIIy4aeB CBOWCTB KaHalla
aHaJIN3 BEPOATHOCTH IPEPhIBaHMS OS30IIaCHOTO CeaHca CBS3H ITOKa3al:

— BEPOSATHOCTH NMpPEPBIBaHUS OE30MACHOTO CEaHCa CBS3U SBICTCS
BBICOKOM W HE 3aBUCHUT OT 061116171 CTCIICHU 3aTCHCHUS KOMIIOHCHT CUI'HAJIa B
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CUTYallUH, KOTJa MOACITYIINBAIONIEE YCTPOHCTBO UMEET JIyUIIHE IITYMOBBIE
XapaKTEPUCTUKH, YEM 3aKOHHBIN MPUEMHUK;

— JUI1 KAaHAJIOB C CHJIBHBIM OOIIMM 3aT€HEHHEM KOMIIOHEHT
CUTHaJIa CyIIECTBYET HecHIKaemas ¢ poctoM cpeanero OCIIl B ocHOBHOM
KaHaJle BEPOSITHOCTD PEPhIBaHIS OE30IIaCHOTO CEaHca CBSI3H;

— BENMYMHA D3HEPreTHYECKOTO IIOTEHIHMaNa, HEOOXOIMMOTO JUIs
rapaHTHpPOBaHHOW  0e30macHOM CBA3M C  33JlaHHOM  CKOPOCTBIO,
OMpenensIeTcs B IEPBYI0 OUepeb MOIHOCTHI0 MHOTOITYTEBBIX KOMIIOHEHT;

— CYIIECTBYEeT Takoe IIOPOroBO€ 3HAYCHHE MHHHUMAJbHOU
TpeOyeMoil CKOpOCTH Tepelayd, HWKE KOTOPOr0 YCWJICHHE KOMIIOHEHT
NpsSIMOM BUIMMOCTH WJIM WCYE3HOBEHHE OOINEro 3aTEHEHUS KOMIIOHEHT
CUTHAJIa YMEHbIIAeT BEPOSTHOCTh NPEPBIBAHUS OE€30IIaCHOTO ceaHca CBS3H,
a BBIIIE — TOBBIIIACT €€, 4YTO HanboJIee SIPKO MPOSIBISICTCS IPH OJUHAKOBBIX
3HaueHussx OCII B 0CHOBHOM KaHalle ¥ KaHaJle IPOCIYLIKH, paBHbIX 10 ob;

— cucTeMa  CBA3M NP PAaclpoCTpaHEHWH  CHUTHaJa B
THIIEPPIJICEBCKOM KaHalne ¢ TIyOOKMMH 3aMHUpPaHMSAMH BO MHOTHX
MPAaKTHYECKUX CIydasX OKa3bIBAaeTCs HEOE30IAaCHOH C TOYKH 3pCHHSA
3aIIUTHl HHPOPMAIHH.

[TomyyeHHBIE BBIPa)KCHMS, BBIBOJBI M YHCIICHHBIC OLIEHKH MOTYT
ObITh KCIOJB30BaHbl B paMKaX TEOPETUUECKUX MCCIENOBaHMU IS
MTOHUMAaHMS BJIMSHUS TOBEACHUS CIOKHBIX MHOTONYTEBBIX KAaHAJIOB CBSI3U
Ha XapaKTEePUCTUKH 0€30MacHOCTH cUCcTeM CBsi3U. OHM TakKe MPUMEHUMBI
B paMKax NPaKTHYECKUX (MH)KEHEPHBIX) NMPHWIOKEHHUH, AT 0OOCHOBAHUS
PEKOMEHIAMA 10 BBIOOPY WM HMCKYCCTBEHHOMY (DOPMHUPOBAHHIO
CTPYKTYpPBl M YCJIOBHH paclnpOCTpaHEHWs] CHI'HAla B 3aBHCUMOCTH OT
NIPEABSBISIEMBIX TPEOOBaHMI K BEPOSTHOCTH NpEpHIBAaHHS O€30MacHOTO
ceaHca CBSI3U 1 MUHHMAJIBHOH CKOPOCTH Nepeiad.
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A. GVOZDAREV, T. ARTEMOVA, P. PATRALOV, D. MURIN
THE STATISTICAL ANALYSIS OF THE SECURITY FOR A
WIRELESS COMMUNICATION SYSTEM WITH A BEAULIEU-
XIE SHADOWED FADING MODEL CHANNEL

Gvozdarev A., Artemova T., Patralov P., Murin D. The Statistical Analysis of the Security
for a Wireless Communication System with a Beaulieu-Xie Shadowed Fading Model
Channel.

Abstract. The paper considers the problem of a wireless communication system’s physical
level security for a multipath signal propagation channel and the presence of a wiretap channel.
To generalize the propagation effects, the Beaulieu-Xie shadowed channel model was
assumed. To describe the security of the information transfer process, such a metric as the
secure outage probability of was considered. An analytical expression of the secure outage
probability was obtained and analyzed depending on the characteristics of the channel and the
communication system: the average value of the signal-to-noise ratio in the main channel and
the wiretap channel, the effective path-loss exponent, the relative distance between the
legitimate receiver and the wiretap and the threshold bandwidth, normalized to the bandwidth
of a smooth Gaussian channel. The analysis considers the sets of parameters that cover all
practically important scenarios for the functioning of a wireless communication systems: both
deep fading (corresponding to the hyper-Rayleigh scenario) and small fading, both in the case
of a significant line-of-sight component and a significant number of multipath clusters, and
with significant shadowing of the dominant component and a small number of multipath
waves, as well as all intermediate options. It is found out that the value of the energy
requirements for guaranteed secure communication at a given speed is determined primarily by
the power of multipath components, as well as the existence of an irreducible secure outage
probability of a communication session with an increase for channels with strong overall
shadowing of the signal components, which from a practical point of view is important to take
into account when imposing requirements for the values of the signal-to-noise ratio and the
data transfer rate in the direct channel, providing the desired degree of security of the wireless
communication session.

Keywords: wireless channel, fading, shadowing, Beaulieu-Xie shadowed fading model,
secrecy outage probability.
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