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ABSTRACT 
Context. The article considers the features of solving non-traditional problems of recognition of specified types modulation 

signals in automated radio monitoring. The practical features of this problem determine the increased a priori uncertainty, which 
consists in the absence of a priori information about the distribution densities of the given signals and the presence of unknown 
signals. 

Objective. It is proposed to solve the problem using an unconventional method for the recognition of statistically specified 
random signals in the presence of a class of unknown signals. This method assumes that for the given signals there is a classified 
training sample of realizations, according to which the unknown parameters of their distributions are estimated, as well as some 
threshold values that determine the probabilities of correct recognition of the given types of signal modulation in the presence of 
unknown signals. 

Method. A general solution to the problem of recognition of given signals in the presence of unknown signals is given, and 
recognition methods of types modulation based on the description of signals by probabilistic model in the form of a mixture of 
distributions are given. The method is based on the description of signals by a probabilistic model in the form of a mixture of 
distributions and construction of a closed area for given signals in the probabilistic space of signals. 

Results. Studies of the recognition problems of given types of modulation of signals have been carried out. The studies were 
performed by statistical tests on samples of signals for radio monitoring of communications. In this case, the decisive rule for 
recognizing the given types of signal modulation is implemented in software on a computer. As a result of the statistical tests carried 
out on control samples of signals, estimates of the probabilities of correct recognition of the given types of signal modulation in the 
presence of unknown signals were obtained. 

Conclusions. Values of indicators of quality of radio emissions recognition acceptable for the practice of radio monitoring are 
obtained. The dependences of quality indicators on some conditions and recognition parameters are property. As a result of the 
research, practical recommendations were obtained on the use of the proposed method for recognizing specified types of signal 
modulation in automated radio monitoring systems. 

KEYWORDS: automated radio monitoring, radio emission, signal, types modulation, probabilistic model, recognition method, 
statistical tests. the probability of correct recognition. 

 

ABBREVIATIONS 
RM is a radio monitoring; 
RE  is a radio emission; 

TM  are types of modulation. 
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NOMENCLATURE 
M  is a number of classes of recognizable signals; 
xG  is a finite-dimensional random vector of some 

observations; 
L is a dimensions of realizations of the observed 

signals; 
)/( ixW α

GG  is a probability densities of  the signals;  
iα  is a vector parameters of the probability densities; 

P(Hi) is a priori probabilities of  hypotheses; 
i
rxG  is a training sample for the signals; 

ni is a volume of the training samples; 
λ is a threshold value in decision rule; 
Ac(k), As(k)) are the quadrature components of the 

signals; σc
2
j, σs

2
j,  are the variances of the quadrature 

components; 
mcj, msj are the mathematical expectations of the 

quadrature components:  
gm are the weight coefficients in a composition of 

distributions; 
Q  is a number of components in a composition of 

distributions; 
P(M/M+1) is a average probability of an erroneous 

decision-making in favor of signals with a given TMs 
under the action of signals from the (M+1)-th class;  

P(M+1/M) is a average probability of an erroneous 
decision-making in favor of signals from the (M+1)-th 
class under the action of signals with a given TM;  

PM is a average probability of error due to 
entanglement of signals within the class of signals with 
given TMs. 

INTRODUCTION 
Radio monitoring is a complex task of spatially-

spectral-temporal processing of radio emissions in a wide 
frequency range. To simplify the solution, it is 
decomposed into a number of relatively independent 
processing tasks, in particular, detection of radiation 
sources operating in separate frequency channels, 
selection and recognition of the given types of radiation 
sources, recognition of the types of modulation of RE, 
recognition of species and estimation of modulation 
parameters for new unknown RE, recognition of RE 
sources. These processing tasks are solved by signals 
corresponding to the RE from the output of automated 
radio monitoring complexes. Therefore, for their 
mathematical description, mathematical models adequate 
to the solvable problems of signal processing should be 
used. It should be noted that due to the action of noise and 
many other uncontrolled factors, the observed signals are 
random in nature with a priori unknown statistical 
characteristics. A priori uncertainty regarding the 
statistical characteristics of signals is usually overcome by 
using training samples of signal implementations that can 
be obtained for given RE. However in case of RM many 
unknown RE are received for processing, for which it is 
not possible to obtain training samples of signals. Under 
such conditions it becomes impossible to use known 

statistical methods for pattern recognition in automated 
RM. In classical problems of signal recognition a priori 
uncertainty overcoming was carried out using training 
samples of the signals being recognized. However, in real 
problems of the automated RM, situations arise when the 
observed signal may not belong to the given classes of 
signals and should be assigned to the class of unknown 
signals not specified in the probabilistic sense.  

The object of study is the process of solving of 
recognition signals problems in automated RM. 

The subject of study is the non-traditional methods of 
given signals recognition in the presence of unknown 
signals when probabilistic models in the form of a 
mixture of distributions is used to describe of the signals.  

The purpose of this work is discusses the features of 
solving the problem of recognition of the specified TM of 
signals. Based on this mathematical model of signals, the 
decisive rule for the recognition of given signals is 
synthesized. Investigations of the recognizing task 
specified types modulation of signals by means of 
statistical tests on samples of the corresponding signals 
have been performed.  

 
1 PROBLEM STATEMENT 

Let us consider the features of the formalized 
formulation of the signal recognition problem under the 
indicated conditions for solving recognition problems 
with the automated RM. We assume that the signals being 
recognized are represented by finite-dimensional random 
observation vectors xG , according to the implementation of 
which decisions are made. The )1( +M -аhypotheses are 
set that can be made with respect to the observed signals: 

MiH i ,1 , =  – for the specified signals, 1+MH  – for the 
unknown signals combined in the )1( +M  -th class. It is 
assumed that the probability densities of the distributions 
of specified signals MixW ,1 ),( =α

GG  are presented up to 

random vector parameters ,iα
G

 ,,1 Mi =  and the 
probability density is unknown for the )1( +M -th class of 

signals. A priori probabilities of hypotheses ,)( i
i PHP =  

are also given, moreover .1
1
∑
=

=
M

i
iP  It is also believed that 

training samples { },M1, ;1, , == inrxi
r
G  for M signals 

have been obtained and the training sample for the 
)1( +M -th signal is absent or it is not representative. 

The nonrandomized decision recognition rule splits 
the sampled signal space into )1( +M  non-intersecting 
regions, in particular, regions separately for M given 
signals and the rest of the space – for unknown signals. In 
accordance with the available a priori information about 
the signals, it is possible to construct own regions only for 
given signals. 
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2 REVIEW OF THE LITERATURE 
Features of different signal processing tasks during 

automated radio monitoring are considered in [1–3]. In 
particular, the importance of solving the problems of 
recognizing RE from the signals representing them is 
noted. Features of solving the problem of automatic 
classification of signal modulations during radio 
monitoring are considered in [1]. Creating the information 
basis of spectral masks for automated RM are considered 
in [2]. Methods detection and recognition of signals for 
RM are considered in [3]. 

In [4–7] the different methods for automatic 
recognition of types of modulation for signals is 
presented. In particular, method of robust automatic 
signals modulation classification under varying noise 
conditions are considered in [4]. Method of radar signals 
modulation recognition based on deep joint learning are 
considered in [5]. Method of communication signals 
modulation recognition based on statistical model are 
considered in [6]. Method of automatic signals 
modulation recognition using wavelet transform and 
neural network are considered in [7]. 

The tasks of recognition signals corresponding to 
given RE have to be solved under conditions of a priori 
uncertainty. Since real signals are, generally, random in 
nature, statistical methods of pattern recognition should 
be used for signal recognition.  These methods are 
considered in [8–10]. A priori uncertainty is overcome 
using classified training samples of recognized signals. 
However, in real problems of the automated RM, 
situations arise when the observed signal may not belong 
to the given classes of signals and should be assigned to 
the class of unknown signals not specified in the 
probabilistic sense [11].  

When solving the problems of signal recognition 
based on the selected probabilistic model, the presence of 
unknown signals should be taken into account. In [12] an 
appropriate signal recognition method based on the 
autoregressive model was proposed.  

From the analysis of publications, it follows the 
relevance of researching the possibilities of using non-
traditional methods of selection and recognition of given 
random signals to solve problems of recognizing specific 
types of modulation in automated RM. In this case, it is 
necessary to specify the methods for recognizing signals 
by selecting probabilistic signal model that are adequate 
to the solved of recognizing problems. In addition, studies 
should be carried out of the proposed methods for signal 
recognition using signal samples characteristic of the 
problems of recognition of RE in radio monitoring. 

To achieve the goal of research in this article: 
– the theoretical features of the methods of  

recognition of specified types modulation of the signals in 
the presence of unknown signals based on probabilistic 
models in the form of a mixture of distributions are 
considered; 

– the values of recognition quality indicators were 
studied by statistical tests of recognition methods on 
communication signals samples corresponding to the 

problems of recognition of given types of modulation in 
RE. 
 

3 MATERIALS AND METHODS 
The solution of the formulated problem of recognizing 

given signals in the presence of a class of unknown 
signals can be based on constructing in the sample space 
closed own regions for M signals defined by their training 
samples of implementations. When realizations of the 
observed signal fall into one of the signal's own regions, a 
decision is made about the action of the given signal. 
Otherwise, a decision is made about the action of the 
unknown signal. The shape of their own areas is 
determined by the specific types of signal distribution 
densities, which depend on the selected probabilistic 
model for given signals, as well as on predetermined 
threshold values that are selected from the condition that 
the specified indicators of signal recognition quality are 
achieved. 

To solve such an unconventional problem of selection 
and recognition of given signals in the presence of a class 
of unknown signals, it is advisable to use the following 
decision rule [11]: 

– if inequalities hold 
 

( ){ } ,max
,1

λ<α
=

l
i

Ml
xWP
GG  (1)

 
then 0H  hypothesis about the action of the )1( +M -th 
class of unknown signals is accepted; 

– if the system of inequalities holds: 
 

( ){ } ,max
,1

λ≥α
=

l
l

Ml
xWP
GG  (2)

,,,1),/()/( ilMlxWPxWP l
l

i
i ≠=α≥α

GGGG  (3)
 

then iH  hypothesis about the action of the specified i -th 
signal is accepted.  

Here, the unknown parameters of the distribution 
densities iα  are estimated from the training samples for 
M  signals, and the threshold value λ  is determined from 
the condition of ensuring a specified probability of correct 
recognition of the specified signals. 

Note that when constructing the decision rule (1), 
information on the distribution density of the )1( +M  -th 
signal was not used and its training sample was not 
required. The statement and solution of the considered 
recognition problem is a formalization of the substantive 
requirement about the need to isolate (perform selection) 
and recognize M  specified signals and classify unknown 
signals in the )1( +M -th class, information about which is 
insufficient for their recognition. 

When using a probabilistic signal model in the form of 
a mixture of distributions, the decision recognition rule 
(1–3) takes the following form [12]: 

– if the conditions hold: 
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( ) ,max
1,1

λ≥
⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧

α∑
==

l
m

Q

q
ml

Ml
xWgP
GG  (4)

 

,  ,,1  ,)()(
11

ilMlхWgPхWgP
Q

q

l
mml

Q

q

l
mmi ≠=α≥α ∑∑

==

GGGG  (5)

 
the hypothesis iH  about the action of the i -th given 
signal is accepted; 

– if the conditions hold: 
 

,)(max
1,1

λ<
⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧

α∑
==

Q

q

l
mml

Ml
хWgP
GG  (6)

 
then the hypothesis 1+MH  about the action of unknown 
signals from the )1( +M  -th class is accepted. 

After making a decision to observe the given types of 
signal modulation, a decision is made according to (5), 
what kind of signal modulation is observed. In this case, 
there are probabilities of confusion between the given 
types of signal modulation. 

Under the assumption of independence of samples of 
quadrature components, the probabilistic properties of 
signals were determined by mixtures of Gaussian 
distributions of samples of quadrature components in the 
form [11]: 

 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡ −
−∑

=
=

2σ2

2)(

1 2σ
1)(

cj

cjmcjAN

j πcq
cAW
G

, 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡ −
−∑

=
= 2σ2

2)(

1 2σ
1)(

sj

sjmsjAN

j πcq
sAW
G

, (7)

 

where sjcj mmsjсj ,,σ,σ 22  – are respectively, the variances 

and mathematical expectations of the quadrature 
components. 

At the same time, a special case of the decision-
making rule (4–6) on the 2N-dimensional vector of 
independent quadrature components of the signals 
( ( ), ( )), 0,1, 2, , 1c sA k A k k N= −…  can be used. 

In the given decision rules for recognition, it is 
assumed that for unknown parameters of signal 
distribution densities there are their estimates calculated 
from training samples of realizations of the specified 
signals. 

 
4 EXERIMENTS 

Let us consider some results of studies of the 
problems of recognition of RE, which were carried out by 
statistical modeling. Moreover, the methods of selection 
and recognition of random signals in the presence of a 
class of unknown signals, which are described in clause 
(4–6) are implemented on a computer program. Next, 

statistical tests were carried out on samples of 
implementations of some signals that correspond to RE 
characteristic of radio monitoring of communications. 
Based on the training samples of the given signals, the 
corresponding parameters of the decision rules are 
calculated. Control samples of signals were used to find 
estimates of the probabilities of signal recognition based 
on the results of statistical tests. By changing some 
conditions and research parameters, the corresponding 
dependences of signal recognition quality indicators are 
obtained. 

Under the conditions of increasing load of radio bands 
with automated RM, it is also an important task to 
recognize the specified types of modulation for the newly 
detected REs. This is a more difficult recognition problem 
compared to the above considered problem of recognition 
of the REs with given types and modulation parameters. 
The complexity is due to the fact, that whole classes of 
signals are subject to recognition – signals with a definite 
TM and various possible values of the modulation 
parameters. Recognition of TM signals during RM in real 
conditions is difficult due to the random nature of the 
transmitted messages, interference action, as well as the 
appearance of radio signals with new previously unknown 
TMs for which there is no a priori information. 

It is proposed to solve this problem as a problem of 
recognizing classes of signals with known TMs in the 
presence of a class of signals with unknown TMs. In this 
case, the general form of the decision rule for the 
selection and recognition of given signals (1–3) is 
concretized taking into account the description of signal 
classes with given TMs by a probabilistic model in the 
form of a mixture of distributions (4–6). Here, the 
decision on the TM is made according to the 
implementation of the signals in the form of sequences of 
samples of quadrature components ),(kAc )(kAs , 

,,,3 ,2 ,1 Nk …= obtained from the output of a digital 
radio receiver. The studies were conducted for signals 
with the following types of modulation: on-off amplitude 
modulation (AM2), on-off and four-position frequency 
modulation (FM2, FM4), and on-off phase modulation 
(PM2), sixteen-position code-amplitude modulation 
(QAM16), unmodulated carrier (NON). 

When choosing such an initial description of the 
signals for each specific type of modulation, characteristic 
images are formed – areas determined by the projections 
of the readings of the quadrature components )(kAc  and 

)(kAs  onto the plane with coordinates ),( sc AA  (Fig. 1).  
The signals were observed on the background of 

interference in the form of Gaussian white noise. It can be 
seen that these projections define characteristic regions 
for each type of modulation. Here, histograms of the 
distribution of the values of the signals quadrature 
components are given for each coordinate. 

 
5 RESULTS 

From an analysis of the content of the problem of 
recognition of TM signals, it follows that a model in the 
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form of a mixture of distributions and the corresponding 
decision rule (4–6) taking into account relations (7) can 
serve as a suitable probabilistic model for describing 
signals with different TMs. 

Estimates of the quality of recognition of TMs were 
obtained by statistical tests on samples of signals with 
different   TMs   (Fig. 1)  at   different    values    of     the  

 

 
a 

 

 
b 

 

 
c 

 
d 

 

 
e 

 

 
f 

Figure 1 – Histograms of the distributions of the quadrature components of the signal samples with different types of  
modulation: 

a – FM2, b – PM2, c – FM4, d – AM2, e – QAM16, f – NON 
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manipulation rate in the range of 100–2400 Baud. For 
each type of signal, training and control samples of 500 
realizations with a length of N = 1024 quadrature 
samples were obtained. The training samples of signals 
with given TMs were used to evaluate the unknown 
parameters of the decision rule for recognizing TMs (4–
6). Control samples of signals were used to obtain 
estimates of the quality of recognition of TMs through 
statistical tests. 

The recognition quality of TM signals was evaluated 
by the following indicators: )1/( +MMP  – the average 
probability of an erroneous decision-making in favor of 
signals with a given TMs under the action of signals from 
the )1( +M -th class; )/1( MMP +  – the average probability 
of an erroneous decision-making in favor of signals from 
the )1( +M -th class under the action of signals with a given 
TM; MP  – the average probability of error due to 
entanglement of signals within the class of signals with 
given TMs. 

As the M given signals, signals with the following 
types of modulation were used: FM2, FM4, QAM16, and 
signals from the )1( +M -th class – signals PM2, AM2, 
NON. The choice of threshold values in decision rule (4–
6) was carried out from the condition of ensuring a given 

probability of recognition of the TMs .crP
∧

The values iλ  
determine the sizes of the own areas of the given signals 
in space ) ,( sc AA  and accordingly affect not only 

)/1( MMP +  (the probability of “skipping”), but also 

)1/( +MMP  (the probability of “false alarm”). Fig. 2 shows 
a diagram of the exchange of quality indicators 

)1/( +MMP and  )/1( MMP +  
obtained at N = 1024 and at a 

signal-to-noise ratio of 9.54dB. 
 

 
Figure 2 – Diagram of the exchange of indicators of the quality 

of recognition of given types of signal modulation 
 
From the obtained dependence it follows, that it is 

impossible to reduce simultaneously both error 
probabilities. By lowering the threshold values iλ , the 
own areas of the given signals are narrowed and the 
probability of “false alarm” decreases, but at the same 
time, the probability of “skipping” the given signals 
increases. 

The dependence of the recognition quality of the TMs 
signals on the duration of their observation N is of 
particular interest. This dependence is important, because 
the parameter N , unlike s/n ratio, can be controlled to 
provide the required quality of recognition of the TMs. 
Therefore, the dependences of the probability of 
recognition errors on the length of the implementation of 
the signals N were investigated. In studies, for each value 

 1024, 512, 256, 128, 64, 32, 16, 8, =N  threshold values iλ  
were selected based on the conditions for ensuring the 
required probability 0.05. )/1( =+ MMP  The obtained 
dependences are shown in Fig. 3. It can be seen that at 

 64,<N  the quality of recognition deteriorates 
significantly, and at  256 >N  an acceptable quality of 
recognition of TMs is provided. 

 
 

Figure 3 – Dependence of the probability of correct recognition 

.crP
∧

 of TMs on the length of signal implementations 
 

6 DISCUSSION 
From the obtained research results it follows that the 

considered decision rule for recognizing TMs (2) provides 
an average probability of correct recognition for all TMs 
of at least 0.9 with a probability of “false alarm” of not 
more than 0.02. This corresponds to the real requirements 
for the quality of recognition of TM signals with 
automated RM. 

The results of the study illustrate the distinctive 
feature of the proposed method for recognizing given 
types of modulation in the presence of unknown types of 
modulation in comparison with traditional methods for  
recognizing types of signal modulation. In traditional 
methods of recognizing the types of signal modulation, all 
unknown types of modulation signals will mistakenly 
refer to one of the given types of signal modulation. The 
proposed method for recognizing the given types of 
modulation uses a two-stage decision-making procedure. 
In this case, due to the randomness of the observed 
signals, insignificant probabilities of error in assigning the 
given types of signal modulation to the class of unknown 
types of signal modulation )/1( MMP +  and vice versa of 
unknown types of signal modulation to the given types of 
signal modulation )1/( +MMP  are possible. The necessary 
probability of correct recognition of the type of 
modulation can be achieved by choosing the appropriate 
duration of the observed signals N. 
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CONCLUSIONS 
The solution of the problem of recognition of 

specified types modulation of signals under conditions of 
increased a priori uncertainty is considered,  

The scientific novelty. New recognition method 
based on the description of signals by probabilistic model 
in the form of a mixture of distributions are given. 

The practical significance. The obtained values of 
the quality indicators recognition are acceptable for the 
practice of radio monitoring. 

Prospects for further research. The considered 
recognition method may be using to solve practical 
problems of automated radio monitoring. 
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АНОТАЦІЯ 
Актуальність. У статті розглянуті особливості вирішення нетрадиційної задачі розпізнавання заданих типів модуляції сигналів 

в автоматизованому радіомоніторингу. Практичні особливості такої задачі визначають підвищену апріорну невизначеність, яка 
полягає у відсутності апріорних відомостей про щільності ймовірностей розподілу заданих сигналів і наявності невідомих сигналів. 

Мета. Запропоновано вирішення задачі з використанням  нетрадиційного методу розпізнавання статистично заданих 
випадкових сигналів при наявності невідомих сигналів. У цьому методі припускається, що для заданих сигналів мається 
класифікована навчальна вибірка реалізацій, по якій оцінюються невідомі параметри їх розподілу, а також деякі порогові значення, 
що визначають ймовірності правильного розпізнавання заданих типів модуляції сигналів при наявності невідомих сигналів.  

Метод. Обговорюється загальне вирішення задачі розпізнавання заданих сигналів у присутності невідомих сигналів та 
приводиться метод розпізнавання заданих типів модуляції, оснований на описі сигналів ймовірнісною моделлю  у виді суміші 
розподілів. Метод базується на описуванні сигналів ймовірнісною  моделлю  у виді суміші розподілів і побудові замкнутої області 
для заданих сигналів у ймовірнісному  просторі сигналів. 

Результати. Проведені дослідження задачі розпізнавання заданих типів модуляції сигналів шляхом статистичних 
випробовувань на вибірках відповідних сигналів, характерних для автоматизованого радіомоніторингу засобів зв’язку. При цьому 
вирішувальне правило розпізнавання заданих типів модуляції сигналів програмно реалізовано на ЕОМ. У результаті проведених 
статистичних випробувань на контрольних вибірках сигналів отримані оцінки ймовірностей правильного розпізнавання заданих 
типів модуляції сигналів при наявності невідомих сигналів.  
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Висновки. Отримані прийнятні для практики радіомоніторингу значення показників якості розпізнавання типів модуляції 
сигналів. Досліджені залежності показників якості від деяких умов і параметрів розпізнавання  У результаті проведених досліджень 
отримано практичні рекомендації по використанню запропонованого методу розпізнавання заданих типів модуляції сигналів у 
системах автоматизованого радіомоніторингу. 

КЛЮЧОВІ СЛОВА: автоматизований радіомоніторинг, радіовипромінювання, сигнал, тип модуляції, ймовірнісна модель, 
метод розпізнавання, статистичні випробовування, ймовірність правильного розпізнавання. 
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АННОТАЦИЯ 
Актуальность. В статье рассмотрены особенности решения нетрадиционной задачи распознавания заданных типов модуляции 

сигналов в автоматизированном радиомониторинге. Практические особенности этой задачи определяют повышенную априорную 
неопределенность, которая заключается в отсутствии априорных сведений о плотностях распределения заданных сигналов и 
наличии неизвестных сигналов. 

Цель. Предложено решение задачи с использованием нетрадиционного метода распознавания статистически заданных 
случайных сигналов при наличии класса неизвестных сигналов. В этом методе полагается, что для заданных сигналов имеется 
классифицированная обучающая выборка реализаций, по которой оцениваются неизвестные параметры их распределений, а также 
некоторые пороговые значения, определяющие вероятности правильного распознавания заданных видов модуляции сигналов при 
наличии неизвестных сигналов.  

Метод. Обсуждается общее решение задачи распознавания заданных сигналов в присутствии неизвестных сигналов и 
приводится метод распознавания заданных типов модуляции. Метод основан на описании сигналов вероятностной моделью в виде 
смеси распределений и построении замкнутой области для заданных сигналов в вероятностном пространстве сигналов. 

Результаты. Проведены исследования задачи распознавания заданных типов модуляции сигналов путем статистических 
испытаний на выборках соответствующих сигналов, характерных для автоматизированного радиомониторинга средств связи. При 
этом решающее правило распознавания заданных типов модуляции сигналов программно реализовано на ЭВМ. В результате 
проведенных статистических испытаний на контрольных выборках сигналов получены оценки вероятностей правильного 
распознавания заданных типов модуляции сигналов при наличии неизвестных сигналов.  

Выводы. Получены приемлемые для практики радиомониторинга значения показателей качества распознавания типов 
модуляции сигналов. Исследованы зависимости показателей качества от некоторых условий и параметров распознавания. В 
результате проведенных исследований получены практические рекомендации по использованию предложенного метода 
распознавания заданных типов модуляции сигналов в системах автоматизированного радиомониторинга. 

КЛЮЧЕВЫЕ СЛОВА: автоматизированный радиомониторинг, радиоизлучение, сигнал, тип модуляции, вероятностная 
модель, метод распознавания, статистические испытания, вероятность правильного распознавания. 
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ABSTRACT 

Context. The problem of creating a model of transmission and transformation of information has been resolved, the processes of 
information transformation in transmitters and receivers have been considered, the process of influence of the destabilizing factors in 
the communication channel has been investigated. 

Objective. The study aims to create a mathematical model of the communication channel, taking into account the destabilizing 
factors that affect the transmission channel and control the correctness of the communication channel model. 

Method. A mathematical model, which evaluates the stability of the signal in the communication channel at the stage of design-
ing telecommunication systems for various purposes, taking into account the effects of destabilizing factors in the environment of 
information signal transmission, is proposed. It is also a proposed method of determining the parameters of information signals in the 
communication channel and the increase in the bandwidth during exposure of external destabilizing factors on the signal transmission 
medium in the communication channel. 

Results. A mathematical model of the communication channel was obtained, which takes into account external destabilizing fac-
tors that can affect the communication channel and equipment. The developed model contains a method of verification, which allows 
determining its correctness. 

Conclusions. The method of information transfer has been improved by adding a verification method. The value of the bit error 
obtained during the simulation of the communication channel coincides with the value of the bit error during the verification process, 
which indicates the correctness of the considered mathematical model of the communication channel. The modeling of the communi-
cation channel confirmed the adequacy of the proposed method of modeling the communication system, so this method can be rec-
ommended for use in the design and research of telecommunications systems. 

KEYWORDS: communication channel, modulation, communication quality, signal recovery, demodulation, filtering. 
 

ABBREVIATIONS 
QPSK is a Quadrature Phase Shift Keying; 
MIMO is a Multiple Input Multiple Output; 
OFDM is an Orthogonal Frequency-Division Multi-

plexing; 
LC-RoF is a linear-cell-based radio-over-fiber; 
LTE is a Long-Term Evolution; 
VLC is a Visible Light Communication; 
PLC is a Power Line Communication; 
BER is a Bit Error Rate; 
AWGN is an Additive White Gaussian Noise; 
BPM is a binary phase manipulation. 

 
NOMENCLATURE 

М is the number of characters in the alphabet; 
R is a source performance; 
ТМ is a time interval; 
k is the number of binary units of information in one 

character; 
Т is a signal duration; 
n is the number of binary signals; 
Е is the energy that falls on the М-th symbol; 
Е2 is the energy per binary unit (bit) of the source; 

S is a signal strength; 
Pe2 is a probability of error in binary; 
Ре is a probability of erroneous character reception; 
Рейп is an equivalent probability of error; 
f0 is a frequency 
t is a time; 
a is an independent coefficient; 
b is an independent coefficient; 
θ  is a signal phase; 
s(t) is a full signal emitted at any time 
N is a noise power; 
γ is a signal-to-noise power ratio; 
γ2 is a normalized signal-to-noise ratio. 

 
INTRODUCTION 

The design of telecommunication systems requires a 
careful study of the principles of information, the proper-
ties of communication channels, as well as existing sys-
tems for transmitting and receiving signals. The rapid 
pace of development of science and technology has 
caused the growth of industry and telecommunications 
services. 
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Selecting and designing a communication channel 
without proper study of the systems that affect the trans-
mission medium can lead to complete or partial data loss. 
The first step in preventing the loss of information in 
communication channels during the development of data 
transmission systems is to model the processes of conver-
sion and transmission of information taking into account 
external influences. 

The task of developing a mathematical model of 
transmission and transformation of information, including 
transmitter and receiver, is relevant and determines the 
direction of research. 

The object of the study is the process of formation, 
transmission, and recovery of radio signals. 

The purpose of the study is to create a mathematical 
model of a communication system that takes into account 
the destabilizing factors that act on the transmission chan-
nel and controls the correctness of the communication 
channel model. 

 
1 PROBLEM STATEMENT 

In almost every electrical measurement or generated 
signal, there are unwanted components that mix with the 
useful signal. Noise is an unwanted component of a signal 
from any source. If the required signals are very weak, 
they can be completely lost against a background of 
higher noise levels. 

In general, sources of unwanted noise power can be 
classified as internal or external noise. Internal noise oc-
curs when unwanted random signal power appears at the 
output of an electronic device, despite its absence at the 
output of the device that generates the useful signal. In-
ternal noise is generated inside the device. On the other 
hand, the power of external noise is regarded as combined 
unwanted sources of electrical signal that are received by 
the device from any external source. 

All the above facts are the cause of errors in detecting 
a useful signal. To avoid such errors, it is necessary at the 
stage of designing communication systems to analyze the 
resistance of the system to external and internal interfer-
ence using mathematical modeling. 

To achieve this goal, a mathematical model was pro-
posed, the essence of which is as follows. It is suggested 
to choose a mathematical model of the communication 
system as input data. This model should receive informa-
tion modulating signals that can be obtained using a ran-
dom number generator. In the mathematical model of the 
transmitter, the carrier frequency signals are modulated. 
These signals are summed and transmitted to the commu-
nication channel, where they are exposed to external in-
fluences generated by the simulation system. In the re-
ceiver, the additive mixture of signals is restored by a 
demodulator, which is described by the difference equa-
tion and uses bandpass filters. The degree of similarity of 
the recovered signal to the modulating signal in the com-
munication channel model is estimated by the probability 
of bit error by comparing the signal at the input of the 
communication system model and the output of the 
model. The Bit Error Rate Analysis Tool of the MATLAB 

software package is used to verify the correct operation of 
the communication system model. 

 
2 REVIEW OF THE LITERATURE 

In [1] the methods and algorithms of frame synchroni-
zation used in multi-antenna radio communication sys-
tems for orthogonal space-time block coding were con-
sidered. However, it did not evaluate the noise immunity 
of the signal when using QPSK modulation, which is not 
entirely consistent with the integrity of the information 
during the transmission session over the communication 
channel. 

In the study [2] a method for solving the problem of 
identification of emergencies in the power supply system 
on the railway, using set theory, was proposed. However, 
the issue of transmitting diagnostic information to a re-
mote operator was not addressed and the effect of destabi-
lizing factors on the communication channel was not as-
sessed. Such assessment is necessary to ensure the integ-
rity of the information. In addition, due to remote moni-
toring of the system parameters, it is possible to identify 
an emergency or prevent its occurrence more quickly. 

A complex mathematical model of a MIMO commu-
nication channel is proposed in [3]. The destabilizing fac-
tor is the additive Gaussian white noise there, which is 
common in the design of radio communication systems. 
This is because the additive Gaussian white noise refers to 
the fluctuation noise, which is represented as the sum of 
several independent oscillations. Fluctuation noise is a 
stationary ergodic random process with a Gaussian (nor-
mal) probability distribution, according to the central limit 
theorem. The spectral power density of the fluctuation 
noise always depends on the nature of the physical proc-
ess of its formation. Most of the interferences that occur 
in practice belong to the group of additive interferences. 
This paper does not consider the effect of unintentional 
interference on the communication channel. 

In [4] the noise immunity of existing radio lines with 
noise-like signals and digital types of modulation was 
investigated. To increase the noise immunity of commu-
nication systems, it was proposed in [4] to use non-
stationary signal structures with variable center frequency 
and power spectral density. However, when assessing the 
potential noise immunity of radio lines, only the probabil-
ity of a symbolic error in the radio channel is taken into 
account, which does not allow to take effective measures 
to adapt to the situation in the communication channel. 

The study [5] developed a system of quantitative indi-
cators of information security of the marine infrastructure. 
However, mathematical models of the communication 
system have not been developed and the impact of exter-
nal influences on the communication channel has not been 
assessed, which indicates the lack of stability of the com-
munication system used to external influences of inten-
tional and unintentional interference. 

In [6], the possibility of increasing LTE performance 
by using MIMO systems and frequency distribution 
methods is proposed. The authors [6] used OFDM tech-
nology. Analysis of the operation of OFDM technology 
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showed that in the case of spectrum-concentrated interfer-
ence, it is impossible to translate the carrier frequency 
signal into another range. As a result, some of the infor-
mation transmitted over the communication channel will 
be lost because the frequency range through which the 
information is transmitted has been affected by external 
interference. As a result, the authors of [6] did not suffi-
ciently substantiate the noise immunity to intentional and 
unintentional interference of the developed transmission 
channel using LTE technology. 

The study [7] considered a system with changing pa-
rameters and used the difference-phase modulation of the 
second order, as well as the resistance of such a system to 
additive interference. As a result, it was possible to reduce 
the Doppler effect caused by the movement of the object 
and interference in the communication channel. Improv-
ing the quality of communication using the method pro-
posed in [7] is due to the use of Phase-Difference Modu-
lation. However, the effects of artificial interference were 
not taken into account, which certainly led to a deteriora-
tion in the quality of communication. 

[8] considers the LC-RoF radio communication sys-
tem, which allows transmitting mobile communication 
without hard transmissions during high-speed train 
movement. Hard transmissions occur when the range of 
radio transmitters is exceeded. As a result, the user may 
lose connection to the Internet or data. The developed 
system was tested on a Shinkansen high-speed train 
owned by the West Japan Railway Company. The LC-
RoF system can have two configurations: routing with 
wavelength division and routing based on an optical 
switch. When testing the LC-RoF radio system, only less 
efficient routing systems based on an optical switch were 
used. Scientists in [8] did not fully take into account the 
effect of external interference of artificial origin on the 
optical and radio data transmission. 

In [9], a rather promising data transmission system 
was proposed, which combines VLC (Visible Light 
Communication) and PLC (Power Line Communication) 
technologies. As for disadvantages of the developed sys-
tem in [9], it is shown that in the case of PLC, the trans-
mission medium is shared between all subscribers, and 
the quality of the data transmission medium depends on 
the installation quality of the power supply system and is 
exposed to shortwave radio transmitters. The PLC signal 
transmission medium to the first transformer junction is 
running. It is shown that PLC modems will be affected by 
low-quality power consumers. When using the VLC sys-
tem, subscribers must be in the line of sight, and the qual-
ity of data transmission depends on the operating condi-
tions. It is known that the VLC system is negatively af-
fected by solar radiation. The disadvantage is that the 
issue of intentional interference to the communication 
channel has not been fully addressed. 

In [10], a high-frequency radio communication system 
with a millimeter band of 41 GHz was proposed. To pro-
tect against the effects of atmospheric phenomena, the 
authors proposed to use narrowly directed antennas with a 
high gain. The disadvantages of this system include the 

fact that the transmitter and receiver of the radio signal 
must be in the line of sight, which complicates the appli-
cation on rough terrain. However, when assessing the 
potential noise immunity of radio lines, the probability of 
a symbolic error in the radio channel is not investigated, 
which does not allow to take effective measures to adapt 
to the situation in the communication channel. 

In [11], a chaotic scrambling algorithm was used to 
increase the stability of the communication system from 
artificial interference. Gaussian noise was added to the 
mathematical model to be studied to model the communi-
cation channel. As a disadvantage, it should be noted that 
the probability of bit error was not estimated. This disad-
vantage does not fully assess the resistance of the pro-
posed algorithm to artificial interference. 

Scientists in [12] solved the problems of design and 
analysis of control protocols for discrete-time multi-agent 
systems of the second order. Interference related to the 
time delay on equipment and communication channel has 
been simulated. The disadvantage of this study is that the 
effect of artificial interference on the communication 
channel has not been evaluated. 

In [13] the problem of control of energy consumption 
and distribution of resources in the radio communication 
system was solved. As a disadvantage of this work, it 
should be noted that the quality of interference to the 
communication channel was taken into account only fluc-
tuating interference. Other types of artificial interference 
were not considered. 

In [14] the research of the system of mobile access 
points using millimeter waves for communication of high-
speed trains, and the design of the extended system of 
mobile access points, including the specification of the 
physical layer and the single-frequency network, is pre-
sented. Experimental studies were conducted on the Seoul 
subway line. The simulation results showed that the ex-
tended system of mobile access points can provide broad-
band mobile wireless communication with a peak data 
rate exceeding 5 Gbps at a train speed of 500 km / h. 
However, when assessing the immunity of radio lines, the 
probability of a symbolic error in the radio channel is not 
investigated, which does not allow us to take effective 
measures to adapt to the situation in the communication 
channel. 

A group of researchers in [15] considered the charac-
teristics of the channel in the range of millimeter waves of 
the 5G communication standard for typical routes of high-
speed rail communication system, including urban, rural, 
and tunnel, with straight and curved route shapes. Based 
on the obtained results, proposals were made to improve 
the symbol rate, subframe bandwidth, and polarization 
configuration for use in the design of a 5G communica-
tion system on typical routes of a high-speed railway 
communication system. However, when assessing the 
immunity of radio lines, the probability of a symbolic 
error in the radio channel is not investigated, which does 
not allow us to take effective measures to adapt to the 
situation in the communication channel. 
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The efficiency of receivers and transmitters in noisy 
conditions depends on the choice of modulation methods, 
coding, and scheme of the receiver and transmitter. In 
works [1–15] this is not fully taken into account. 

 
3 MATERIALS AND METHODS 

Binary systems use two waveforms to transmit source 
binary symbols, each of which may contain one binary 
unit (or one bit) of information. However, with a larger 
alphabet of signals, each symbol sent can carry much 
more information. In particular, the alphabet containing M 
characters (M different signals) allows you to transmit 
binary units of information for each sent character. M-th 
signals can be formed by multi-position manipulation of 
the oscillations of the carrier in the amplitude, frequency, 
phase. 

The block diagram of a typical data transmission sys-
tem is shown in Fig. 1. It is assumed that the message 
source generates statistically independent equally prob-
able binary symbols with a rate of R symbols per second, 
where R is the performance of the source. This assump-
tion is valid because the message of any source can be 
converted into a sequence of equally probable binary 
characters using the appropriate encoding method. Each 
symbol of the source in question carries one binary unit of 
information. Over the time interval, the TM source creates 
one of the 2 MRTM =  different equal-sequence sequences 
of binary symbols, each of which contains RTM binary 
units of information. 

The encoder divides the sequence generated by the 
source into blocks with k = RTM symbols in each and 
sends a command to the modulator to generate one of the 
M = 2k possible signals. In binary systems, k = 1 and the 
modulator selects only two possible signals with a dura-
tion of T = TM = 1 / R each. When using coding with alge-
braic binary code, the encoder receives blocks with k> 1 
source symbol. The encoder sends to the modulator a 
command to generate one of M = 2k different sequences 
(codewords); any such sequence consists of n binary sig-
nals (where n> k) with duration T = TM / n each. During 
the reception, the demodulation of individual binary sig-
nals with a duration of T, and not the whole sequence, the 
duration of which is equal to TM. Then the demodulation 

results are fed to a logic circuit that converts n decisions 
made by the demodulator into k information symbols. In 
the M-th system, the encoder also receives blocks with  
k> 1 binary source symbols and sends a command to the 
modulator to generate one of the M = 2k different signals 
with a duration of TM. However, in the receiver, the in-
coming signal is considered indivisible and is processed 
as a whole. 

The modulator sends the selected signal to a commu-
nication channel in which this signal is distorted by addi-
tive white Gaussian noise. Depending on the context, the 
signal transmission speed will be understood as either the 
M-symbol transmission rate (1 / TM) or the source per-
formance (1 / T). 

On the receiving side, in the case of a binary system 
without encoding information, a decision is made on the 
incoming signal as to which symbol was transmitted, and 
one of two possible values is issued. This eliminates the 
need for a decoder because the result of the decision (de-
tection) is directly a binary digit that contains one binary 
unit of information. In a binary system with algebraic 
coding under the action of each binary signal, the de-
modulator (the first decision circuit) produces one of two 
possible values of its output value, and then the decoder 
converts each block of the output values of the demodula-
tor into a sequence of k binary symbols. In M-systems, the 
demodulator converts each M-signal into one of the M 
possible values of its output value. In turn, the decoder for 
each of the M possible values of the input signal produces 
a certain sequence of k binary characters. 

An objective comparison of so many different systems 
is quite a difficult task. If the frequency band of the sys-
tem is insignificant (this assumption is often true when 
using M-signals or algebraic codes), it is more appropriate 
to compare systems at the same data rate. 

The energy per binary unit (bit) of the source E2 is re-
lated to the energy E on the M-th symbol represented by 
the formula 

,1
2 E

k
E ⎟

⎠
⎞

⎜
⎝
⎛=  

 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 – Block diagram of the data transmission system 
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where k is the number of binary units of information in 
one character. The signal strength S, at a fixed perform-
ance of the source R, is determined by the formula: 
 

.2RES =  
 

When comparing communication systems, it is pro-
posed to use the probability of erroneous reception of the 
symbol, rather than the probability of erroneous reception 
of the binary unit, because between these two quantities 
there is no single universal deterministic relationship. 
Such specific relationships can be formulated for individ-
ual cases. Probably the most general assumption that will 
link the probability of erroneous reception of a character 
with the probability of erroneous reception of a binary 
unit is the following: if any M-th character is received 
incorrectly, the decoder randomly selects k binary charac-
ters corresponding to each of the others (2k–1) M charac-
ters. Further, if there is a set of M k-bit binary sequences, 
then M/2 of them contain in some arbitrary digit binary 
number 1, and the rest M/2-binary number 0. Then from 
2k–1 possible erroneous solutions, 2k–1 – 1 contain in this 
digit the same binary number as the transmitted sequence. 
The remaining 2k–1 sequences contain the opposite num-
ber in this digit. Under such assumptions, the average 
probability of erroneous reception of the binary unit (the 
probability of error in binary digit) Pe2 is related to the 
probability of erroneous reception of the symbol Ре by the 
ratio 
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In this case, relation (1) indicates the probability limit 

of erroneous reception of the symbol Ре: 
 

.
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−−
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For large k, the limit defined by (2) practically coin-

cides with 
.5.0

2 ee PP ≤  
If the bandwidth of the system is limited, it is advis-

able to compare systems that occupy the same radio fre-
quency band. Unfortunately, the spectrum width of the M-
th or coded signal depends on the type of system. For 
signals with multi-position amplitude manipulation 
(multi-level signals), the width of the signal spectrum is 
essentially independent of M. However, at large M, this 
method of manipulation does not provide sufficient noise 
immunity during radio communication. When using fre-
quency-manipulated or other orthogonal signals most 
commonly used in radio communications, the bandwidth 
of the system is proportional to M. At the same time, in 
all these systems, the data rate is proportional only to 

2log M . Assuming that the value of M and the data rate 
are given, the graph of the probability of erroneous sym-
bol reception from the signal-to-noise ratio can be consid-
ered as a curve taken at some fixed bandwidth of the sys-
tem (in the whole range of signal-to-noise ratio). 

It is shown that a more objective characteristic of the 
noise immunity of a discrete communication system than 
the probability of erroneous reception of the symbol Pe 
and the probability of erroneous reception of the binary 
unit Pe2 is the equivalent probability of error Perr. It is 
defined as the probability of error in the binary channel 
when transmitting without redundant coding, in which the 
probability of error-free reception of a long segment of 
the message is the same as in this system. In particular, in 
the case of M-position redundant coding, it is possible to 
determine the equivalent probability of Rape error by the 
expression 

.
log2 M

P
P e

err =  

The problem of integrated design of communication 
systems, which usually consists of a compromise between 
the quality of the system, data rate, and bandwidth is a 
task with many unknowns and does not always allow to 
find a single universal basis for comparing communica-
tion systems. using M or coded signals. 

The transmission of information through the use of 
several phases of the same tone signal is a natural gener-
alization of the method of binary phase manipulation. 

Consider a four-phase system in which when using a 
binary signal BPM with phases, for example, 0°– 180° 
can be transmitted completely independently, for coherent 
detection, on the same carrier another binary signal with 
phases 90°–270°. One signal can be considered as a result 
of balanced modulation (multiplication by ± 1) oscilla-
tions tf02cos π , and the other as a result of balanced 
modulation of oscillations tf02sin π . The input signal 
after filtering is fed to two coherent detectors. One of 
them uses the reference oscillation of the species 

tf02cos π  (with compensation for phase shifts occurring 
in the transmission medium and the receiver filters) and 
emits the first signal and in-phase noise component. An-
other coherent detector uses a reference oscillation of the 
form tf02sin π  and extracts the second signal and the 
quadrature component of the noise. It is shown that at any 
given moment of the hour, for example, at the moment of 
seeing a two-way virtual scheme, offending warehouses 
to the noise of an area. In such a rank, with the same 
smoothness of frequencies, it is possible to improve the 
speed of transmissions. According to the average value of 
the recipient, two units of the visa are assigned to ST/n0, 
wherein in this case, S is the power of one of the two 
quadrature signals. Hence, to double the transmission 
speed with a constant probability of erroneous reception 
requires doubling the radiated power. It is established that 
there are no other values of the carrier phases that could 
be used to transmit another signal of binary BPM, free 
from cross-interference from the already considered two 
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quadrature signals. This does not mean that other binary 
BPM signals can be transmitted on this carrier, for exam-
ple, with phase values of 45°–225° і 135°–315°. It is es-
tablished that due to the presence of crosstalk, which re-
duces the signal resolution in the additive noise, the total 
radiation power should grow not in proportion to the 
number of binary signals combined, but much faster. 

In the above case, the formation of binary signals 
BPM on each of the quadrature components of the carrier, 
the signal emitted at any time can be represented by the 
expression 

 
,2sin2cos)( 00 tfbtfats π+π=  

 
where for each signal element a and b are independent 
and take the value +1 or –1. It is known that the signal 
emitted at any time can be recorded as 
 

( ) ( )02 cos cos 2 ,s t f t= π + θ  (3)
 
where θ   takes one of the values 45°, 135°, 225°, 315°. 
Thus, the previously considered sum of two signals with 
phase values of 0 ° or 180 ° and 90 ° or 270 ° can be rep-
resented as a signal with one of the four possible phase 
values (45°, 135°, 225°, 315°) carrying two binary units 
of information. Summarizing (3) in the case of M phases, 
we obtain that each signal element of duration T can be 
written as 
 

( ) ( )
0

2 cos cos 2 , 0 ,s t S f t t T= π + θ < <  (4)
 
where θ  is one of the many equidistant values obtained, 
for example (Fig. 2) from the expression 
 

( )( )2 / 1 , 1,..., .m M m m Mθ = π − =  
 

An integer power of 2 is selected as M: M = 2k. 
The power S in (4) is the power of the full received 

signal. 
We will be interested in measuring the value of the 

phase θ . To do this, you can simply use a conventional 
phase detector with a reference voltage of the form θ . 
Such a detector detects cos mθ . This feature is ambiguous 
[ ( )cos cos 2m mθ = π−θ ] and only in the binary case when 

0θ =  or π  ambiguity is eliminated. Phase determination 
θ   is performed using two-phase detectors with a refer-
ence voltage of the form 0cos 2 f tπ  and 0sin 2 f tπ a logic 
circuit that determines the ratio of certain components of 
the signal. One of the modulator options is a circuit that 
uses M coherent or phase detectors with a reference volt-
age of the form ( )0cos cos 2 mf tπ +θ  and selects the solu-
tion for the maximum (algebraic) output signal. This rule 
of the decision follows directly from the criterion of 
maximum plausibility. 

In Fig. 2 shows a variant when М = 8. Angle /π θ  is 
the zone of correct reception if the phase value is trans-
ferred 1 0θ = . Assume that a signal with θ = 0 has been 
transmitted. Let us denote the in-phase and quadrature 
noise components at the input of the phase detector (con-
nected after the bandpass filter) by x (t) and y (t), respec-
tively. It’s known that the input voltage detector is as fol-
lows 

 

( ) ( ) ( )0 02 cos 2 sin 2 ,v t s x t f t y t f t⎡ ⎤= + π −⎣ ⎦  (5)
 

where S is the signal strength, and 2 2N x y= =  – noise 
power, because the possible values of the signal phase 
differ from each other in magnitude 2π/М, then, as can be 
seen from Fig. 2, the reception will be correct if the phase 
of the voltage is determined (5) differs in absolute value 
from the phase of the transmitted signal by no more than 
π/М. The exact expression for the probability of erroneous 
character reception has the form 
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where the ratio of signal power/noise to interference 

power at the detector input is indicated by 
N
S

=γ . 

If a matched filter is used, then 
 

0S N E nγ = = , 
 

where E is the energy of the signal element corresponding 
to the M-th symbol. The normalized signal-to-noise ratio 
is defined as the signal-to-noise ratio per binary unit of 
information: 

 

2 2/ / logk Mγ = γ = γ  
 

or for the case of an agreed filter 
 

2 2 0 0 2logE n E kn E n Mγ = = = . 
 

If we record the speed of information transmission, it 
is obvious that maintaining a constant probability of erro-
neous reception of the symbol with increasing M it is nec-
essary to increase the normalized signal-to-noise ratio γ2 
in proportion to М2log2M. The required frequency band 
decreases in proportion to . If we consider the frequency 
band to be fixed, then to keep the probability of erroneous 
reception of the symbol constant with increasing M, it is 
necessary to increase the normalized  signal-to-noise ratio 

M2log
M  γ2 also proportionally.  While the speed of in-

formation transfer increases proportionally M2log . 
Note, however, that due to the increase in transmission 

rate, the signal power S should increase in 
M2log

M  pro-

portion to M2, and not. 
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Figure 2 – The formation of the signal of the M-DFM (Fig. M = 8) 

 

Assuming that when erroneously receiving any  
M-character, the decoder randomly selects k binary char-
acters corresponding to any of the remaining 2k–1  
M-characters, then the probability of erroneous reception 
of the binary unit is associated with the probability of 
erroneous reception of the symbol relation (1) and, there-
fore, the above dependencies for the probability of erro-
neous reception of the symbol will also be valid for the 
probability of erroneous reception of the binary unit. 
However, in the case of multi-position FM, as follows 
from Fig. 2, the most probable errors are those in which 
the receiver instead of the phase of the transmitted signal 
is fixed to the adjacent phase value, and not some other. If 
we now choose a method of converting binary symbols to 
M, in which signals with adjacent phase values are repre-
sented by binary sequences that differ only in one digit 
(as, for example, in the Gray code), then each erroneous 
reception of the M-symbol will most likely mean error in 
only one digit of the binary sequence of k digits. In the 
limit (which at very high signal/noise ratios)  

 
( ) ( )2 21 1 loge e eP k P M P= = . (6)

 
Equations (6) and (1) reflect the two extreme cases 

that characterize the relationship between the probability 
of erroneous reception of the binary unit and the probabil-
ity of erroneous reception of the M-th symbol. In both 
cases, these probabilities are related by some algebraic 
coefficient, and the nature of the change in the probability 

of erroneous symbol reception as a function of signal en-
ergy in the presence of additive Gaussian noise is still 
largely determined by the exponential dependence on 

2M
γ . Thus, with multi-position binary phase manipula-

tion for any M > 4, the required signal strength should 
increase approximately proportionally M2. 

 
4 EXPERIMENTS 

A complete simulation of the communication system 
was performed to determine and verify the calculated 
parameters and model the interference in the communica-
tion channel. An example of such a model is shown in 
Fig. 3. 

Description of the means of estimating the parameters 
of the communication system model, shown in Fig. 3: 
1. The Error Rate Calculation block compares the input 

data from the transmitter with the output data of the 
receiver. The length of the filters must be taken into 
account in the block settings. 

2. The Constellation Diagram allows you to observe the 
phase constellation. 

3. The Spectrum Analyzer unit allows you to monitor the 
signal at the output of the communication channel. 

4. The Find Delay block allows you to compare the re-
ceived and transmitted signal, to find the probability 
of a bit error without knowing about the delay in the 
received signal. 
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Figure 3 – Communication channel model, which was built in the SIMULINK software application from the MATLAB software 

package 
 

Description of the blocks of the communication sys-
tem model shown in Fig. 3: 
1. In the configuration parameters of the model, select 

the discrete solver and the end time of the simulation. 
2. The input to the communication channel model is pro-

vided by the Bernoulli Binary Generator block, which 
generates a random binary sequence of bits using the 
Bernoulli distribution. 

3. Generated random binary sequence (Bernoulli genera-
tor), fed to the input of the modulator unit QPSK 
Modulator Baseband (Quadrature Phase Shift Keying, 
QPSK). At the receiving end, use the appropriate de-
modulator (QPSK Demodulator Baseband). In the 
modulator block settings, the “bit” parameter must be 
selected as the received data type, because the Ber-
noulli generator generates a sequence of bits. In the 
modulator block settings, select the “bit” parameter as 
the source data type. 

4. A forming filter is installed at the output of the QPSK 
modulator and the input of the demodulator. The 
model developed in this study uses a Raised Cosine 
Transmit Filter. This type of shaping filter increases 
the sampling of the signal and filters the input signal 
using an FIR filter (finite impulse response) of the 
raised cosine with a square root, or a conventional FIR 
filter with a raised cosine. 

5. The AWGN Channel is used as the transmission 
channel model. This unit adds white Gaussian noise to 
a real or complex input signal. In the block settings, 
set the parameter “Number of bits per character” to 2, 
as QPSK is used. Set the relative signal level to 1/8, as 
the filter interpolation factor is 8. The symbol period 

must correspond to the generator settings. The signal-
to-noise ratio is set to 10. 

 
5 RESULTS 

To verify the correct operation of the communication 
channel model shown in Fig. 3, we will use the Bit Error 
Rate Analysis Tool of the MATLAB software package. 
The theoretical curve, which shows the signal-to-noise 
ratio, is shown in Fig. 4. 

During the simulation of the communication channel 
at Eb / N0 = 10 dB, the following results were obtained 
(Fig. 3). 
• Bit error probability: BER 3.295 6e= − ;  
• The number of erroneous bits is 51; 
• The total number of transmitted bits is 1.548e + 7. 

 
6 DISCUSSION 

Analyzing the simulation results obtained during the 
simulation of the communication channel, we can con-
clude that the model is built quite correctly. The fact that 
the model of the communication channel is correct is con-
firmed by the fact that the simulation results obtained 
during the simulation in Fig. 3  ( BER 3.295 6e= − ), co-
incide with the results obtained by the analysis tool Bit 
Error Rate Analysis Tool MATLAB software package, 
where BER 3.8 6e= −  (MATLAB software package, 
where Eb/N0=10 dB). For more accurate results, you need 
to increase the simulation time. 

The disadvantage of QPSK is the complexity of the 
system. The advantage is a higher data rate. 
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Figure 4  – Theoretical signal-to-noise ratio curve obtained using the Bit Error Rate Analysis Tool of the MATLAB software 

package. Eb/N0 – the ratio of the energy of the information bits per symbol to the spectral density of the noise power in decibels 
 

CONCLUSIONS 
The results of experimental studies of the communica-

tion channel fully confirmed the results of the mathemati-
cal model. As part of the study of the mathematical 
model, the verification of the correctness of the construc-
tion of the mathematical model (to ensure the correctness 
of signal filtering) is considered. The adequacy of the 
model is confirmed by the results of the experiment. The 
theoretical values of the Bit Error Rate (BER) obtained 
during the simulation of the communication channel are 
consistent with the results obtained using the Bit Error 
Rate Analysis Tool of the MATLAB software package. 

The scientific novelty of the obtained results is that 
the proposed method of determining the parameters of 
information signals in the communication channel and 
increase the bandwidth of the communication channel 
during external interference to the signal transmission 
medium in the communication channel, which led to im-
proved communication quality because QPSK technology 
was used. 

The practical significance of the obtained results is 
that the method of mathematical modeling of information 
signal conversion processes during the process of forma-
tion, transmission, and selection of information signals is 
proposed. 

Prospects for further research. The use of differen-
tial QPSK avoids the problem of lack of phase synchroni-
zation between transmitter and receiver. The use of QPSK 
with squaring offsets, (π/4– QPSK) allows mitigating the 
effects of changing the voltage of the signal of the carrier 
with a high slope when switching between characters. 
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AНОТАЦІЯ 

Актуальність. Розглянуто задачу створення моделі передачі та перетворення інформації, розглянуті процеси перетворення ін-
формації в передавачах та приймачах, розглянутий процес дії дестабілізуючих факторів на канал зв’язку Об’єктом дослідження є 
процес формування, передачі, та відновлення радіосигналів. 

Метод. Запропоновано математичну модель, яка дозволяє оцінити стійкість сигналу в каналі зв’язку ще на етапі проектування 
телекомунікаційних систем різного призначення з урахуванням дії завад в середовищі передачі інформаційного сигналу. Проведено 
оцінку дії завади на канал зв’язку завдяки використанню співвідношення сигнал/шум. Запропоновано метод визначення параметрів 
інформаційних сигналів у каналі зв’язку та підвищення пропускної здатності під час дії зовнішніх завад на середовище передачі 
сигналу в каналі зв’язку. 

Результати. Була отримана математична модель каналу зв’язку, яка враховує зовнішні дестабілізуючі фактори, які можуть дія-
ти на канал та апаратуру зв’язку. Розроблена модель містить метод верифікації, який дозволяє визначити її коректність. 

Висновки. Вдосконалено метод передачі інформації шляхом додавання методу верифікації. Значення бітової помилки, що було 
отримано під час моделювання каналу зв’язку співпадає зі значенням бітової помилки під час процесу верифікації, що свідчить про 
правильність розглянутої математичної моделі каналу зв’язку. Тому цей метод моделювання каналу зв’язку може бути рекомендо-
ваним для використання під час проектування та дослідження телекомунікаційних систем. 

КЛЮЧОВІ СЛОВА: канал зв’язку, модуляція, якість зв’язку, відновлення сигналу, демодуляція, фільтрація. 
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AННОТАЦИЯ 

Актуальность. Рассмотрена задача создания модели передачи и преобразования информации, процессы преобразования ин-
формации в передатчиках и приемниках, процесс действия дестабилизирующих факторов на канал связи объект исследования – 
процесс формирования, передачи и восстановления радиосигналов. 

Метод. Предложена математическая модель, позволяющая оценить устойчивость сигнала в канале связи на этапе проектирова-
ния телекоммуникационных систем различного назначения с учетом влияния помех в среде передачи информационного сигнала. 
Влияние помех на канал связи оценивается за счет использования соотношения сигнал/шум. Предложен метод определения пара-
метров информационных сигналов в канале связи и повышения пропускной способности при действии внешних помех на среду 
передачи сигнала в канале связи. 

Результаты. Получена математическая модель канала связи, учитывающая внешние дестабилизирующие факторы, которые 
могут действовать на канал и аппаратуру связи. Разработанная модель содержит метод верификации, позволяющий определить ее 
правильность. 

Выводы. Улучшен способ передачи информации путем добавления метода верификации. Величина битовой ошибки, получен-
ной при моделировании канала связи, совпадает с величиной битовой ошибки в процессе верификации, что свидетельствует о пра-
вильности математической модели рассматриваемого канала связи. Поэтому данный метод моделирования канала связи может 
быть рекомендован для использования при проектировании и исследовании телекоммуникационных систем. 

КЛЮЧЕВЫЕ СЛОВА: канал связи, модуляция, качество связи, восстановление сигнала, демодуляция, фильтрация. 
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УСОВЕРШЕНСТВОВАННЫЙ МЕТОД ГРАМА-ШМИДТА ДЛЯ 
ОБРАБОТКИ РАДИОЛОКАЦИОННЫХ СИГНАЛОВ 

 
Пиза Д. М. – д-р техн. наук, профессор кафедры Радиотехники и телекоммуникаций Национального уни-

верситета «Запорожская политехника», г. Запорожье, Украина.  
Романенко С. Н. – канд. физ.-мат. наук, доцент кафедры Защиты информации Национального университета 

«Запорожская политехника», г. Запорожье, Украина. 
 

АННОТАЦИЯ 
Актуальность. При защите радиолокационных станций от активных шумовых помех, действующих по боковым лепе-

сткам диаграммы направленности антенны, используют пространственную фильтрацию сигналов, которая реализуется пу-
тем использования антенн, разнесенных в пространстве. В этом случае различие направлений приема полезного сигнала и 
помехи позволяет сформировать оптимальное значение весовых коэффициентов адаптивных пространственных фильтров 
для подавления помехи. Однако, если источник помехи смещается в область главного луча, то пространственные различия 
между полезным сигналом и помехой уменьшаются. Это приводит к существенному искажению диаграммы направленно-
сти основной антенны. В результате этого ухудшается точность измерения угловых координат, а также чувствительность 
приемного устройства РЛС. В статье предложен структурно-параметрический метод адаптации пространственного фильтра, 
обеспечивающий эффективную работу РЛС при воздействии АШП как с направления боковых лепестков, так и с направле-
ния главного луча. 

Цель. Повышение эффективности работы РЛС при смещении источника АШП с направления боковых лепестков ДНА 
на направление главного луча. 

Метод. Предложенный метод позволяет за счет структурной адаптации многоканального пространственного фильтра 
исключить искажение главного луча диаграммы направленности антенны РЛС и обеспечить ее работу в условиях возмож-
ного воздействия помехи по главному лучу. Структурная адаптация пространственного фильтра реализуется путем текуще-
го анализа весовых коэффициентов блоков компенсации.  

Результаты. Усовершенствовано структурную схему многоканального пространственного фильтра по методу Грама-
Шмидта со структурно-параметрической адаптацией, а также структурную схему блока компенсации. В результате прове-
денного моделирования подтверждена возможность исключения искажений диаграммы направленности основной антенны 
РЛС в условиях возможного воздействия АШП по главному лучу диаграммы направленности РЛС. 

Выводы. Научная новизна работы состоит в усовершенствовании алгоритма обработки сигналов при пространственной 
фильтрации как при воздействии АШП с направления боковых лепестков, так и при смещении источника помехи на на-
правление главного луча диаграммы направленности антенны РЛС. 

Практическая новизна работы состоит в разработке структурной схемы и математической модели усовершенствованно-
го пространственного фильтра со структурно-параметрической адаптацией. 

КЛЮЧЕВЫЕ СЛОВА: структурно-параметрическая адаптация, активная шумовая помеха, пространственный фильтр, 
коэффициент подавления. 

 
АББРЕВИАТУРЫ 

АШП – активная шумовая помеха; 
ДНА – диаграмма направленности антенны; 
БпЛА – беспилотный летающий аппарат; 
ВМ – вычислитель модуля; 
КОМ – коммутатор; 
ЛЗ – линия задержки; 
РЛС – радиолокационная станция; 
ФП – формирователь порога. 
 

НОМЕНКЛАТУРА 

оптk  – оптимальное значение весового коэффици-
ента; 

0U  – комплексное значение помех в основном ка-
нале; 

к3к2к1 ,, UUU  – комплексные значения помех в 
компенсационных каналах приема; 

к21к1101 ,, UUU  – комплексные значения помех на 
выходе первого каскада; 

к1202,UU  – комплексное значение помех на выхо-
де второго каскада; 

03U  – комплексное значение помехи на выходе 
третьего каскада; 

α – азимут помехи; 
0σ  – среднеквадратическое значение помехи в ос-

новном канале приема; 
кσ – среднеквадратическое значение помехи в 

компенсационном канале; 
ρ – комплексное значение коэффициента межка-

нальной корреляции АШП; 
Кв – модуль весового коэффициента; 
Кп – коэффициент подавления АШП. 
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ВВЕДЕНИЕ 
Одним из основных требований, предъявляемых к 

РЛС, является ее помехозащищенность. Это харак-
терно для широкого класса радиолокационных 
средств как военного, так и гражданского назначения 
[1]. В условиях воздействия активных шумовых по-
мех возможность обнаружения полезных сигналов 
существенно снижается [2, 4]. В современных услови-
ях вероятность подавления радиолокационных 
средств по боковым лепесткам диаграмм направлен-
ности антенны (ДНА) значительно возросла. Это оп-
ределяется двумя факторами. Во-первых, это опреде-
ляется возросшей вероятностью воздействия на РЛС  
БпЛА, оснащенных источниками АШП, действую-
щими в ближней зоне [1, 2]. Вторая причина возрос-
шей вероятности подавления РЛС объясняется суще-
ственным повышением интенсивности активных по-
мех, формируемых современными средствами радио-
противодействия. Это обеспечивается внедрением в 
постановщики помех фазированных антенных реше-
ток с когерентным сложением помеховых сигналов, а 
также реализацией режима «помеха в кадре» [2]. 

 
1 ПОСТАНОВКА ЗАДАЧИ 

Для повышения эффективности РЛС в условиях 
воздействия АШП по главному лучу ДНА используют 
поляризационные отличия в структуре полезного сиг-
нала и помехи, что реализуется использованием ду-
альнополяризованных антенн. При воздействии АШП 
по боковым лепесткам используют пространственные 
отличия в направлениях воздействия полезных сигна-
лов и АШП. Это обеспечивается использованием рас-
пределенного в пространстве приема сигналов как 
основной антенной РЛС, так и антеннами компенса-
ционных каналов приема. В этом случае весовые ко-
эффициенты адаптивного пространственного фильт-
ра, как правило, не превышают единичного уровня. 
При этом диаграммы направленности компенсацион-
ных каналов «накрывают» боковые лепестки основ-
ной антенны, что позволяет компенсировать АШП, 
воздействующие с направлений боковых лепестков. 
Однако, в случае, когда пространственные отличия 
уменьшаются и источник шумовой помехи начинает 
действовать по главному лучу ДНА, то, вследствие 
увеличения весовых коэффициентов пространствен-
ного фильтра при компенсации помехи, происходит 
искажение главного луча. При этом ухудшается точ-
ность измерения угловых координат целей, а также 
чувствительность приемного устройства РЛС. 

Цель работы – повышение эффективности работы 
РЛС при смещении источника АШП с направления 
боковых лепестков ДНА на направление главного 
луча. 

 
 
 
 

2 ОБЗОР ЛИТЕРАТУРЫ 
Известны многоканальные автокомпенсаторы по-

мех с корреляционной обратной связью, которые 
обеспечивают защиту РЛС при воздействии несколь-
ких источников АШП, разнесенных в пространстве 
[1]. Основным недостатком таких устройств является 
низкое быстродействие при формировании весовых 
коэффициентов [3–5]. Это обусловлено двумя причи-
нами, в частности: использованием многих контуров 
обратной связи, которые тормозят процесс адаптации, 
а также взаимной корреляцией помех в компенсаци-
онных каналах РЛС. Еще одним недостатком является 
уменьшение быстродействия таких устройств при 
существенном разбросе собственных значений корре-
ляционной матрицы помех. 

Известны также многоканальные системы помехо-
защиты, построенные по методу Грама-Шмидта, ис-
пользующие автокомпенсаторы без корреляционных 
обратных связей [5]. Такие устройства с прямым вы-
числением весовых коэффициентов позволяют обес-
печить ортогонализацию АШП в компенсационных 
каналах приема и существенно повысить быстродей-
ствие формирования весовых коэффициентов про-
странственного фильтра. Недостатком таких про-
странственных фильтров является ухудшение точно-
сти измерения угловых координат целей, а также чув-
ствительности основного канала РЛС при смещении 
источника помехи с направления боковых лепестков 
ДНА на направление главного луча. Это обусловлено 
искажением главного луча ДНА при компенсации 
АШП, действующей по главному лучу [6, 7]. В статье 
[8] также отмечается, что в случае совпадения на-
правлений воздействия полезного сигнала и АШП 
возникает эффект «ослепления» РЛС. Видимо, это 
можно объяснить тем, что в этом случае, формируе-
мые пространственным фильтром весовые коэффици-
енты при компенсации АШП одновременно компен-
сируют и полезный сигнал. 

 
3 МАТЕРИАЛЫ И МЕТОДЫ 

Известная структурная схема ортогонализации 
АШП по методу Грама-Шмидта приведена на рис. 1 
[5, 9]. В структурной схеме реализован случай, когда 
на РЛС по боковым лепесткам ДНА действуют три 
источника АШП, разнесенные в пространстве. Соот-
ветственно, при этом на структурную схему на вход 
основного канала поступают помеховые сигналы 0U , 
а на входы компенсационных каналов поступают 
АШП от разнесенных в пространстве источников 

к1U , к2U  и к3U . Устройство содержит первый, вто-
рой и третий каскады декорреляции. Из рис. 1 следу-
ет, что в блоках 2, 3, 5 происходит ортогонализация 
действующих помех к1U , к2U  и к3U .  В блоках 1, 4 и 
6 выполняется последовательная компенсация помех 

к3U , к21U , к12U . 
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Рисунок 1 – Структурная схема ортогонализации АШП по 

методу Грама-Шмидта 
 

В качестве блоков декорреляции в структурной 
схеме используются одноканальные автокомпенсато-
ры с прямым вычислением весовых коэффициентов. 
Структурная схема такого автокомпенсатора приве-
дена на рис. 2 [5, 10]. Структурная схема содержит 
умножители 1, 7, 9, блок комплексного сопряжения 2, 
интеграторы 3 и 6, линии задержки 4 и 8, делитель 5 и 
сумматор 10. Непосредственно из рис. 2 следует, что 
оптимальное значение весового коэффициента оптk  
для полного подавления АШП в блоках компенсации 
1, 4 и 6 формируется на выходе делителя 5 по выра-
жению: 

 

∗

∗
=

кк

к0
опт

UU

UU
k .   (1) 

 

 
Рисунок 2 – Структурная схема блока ортогонализации 

 
При этом усредненное значение корреляционного 

момента ∗
к0UU  формируется на выходе интегратора 

3, а дисперсия помехи ∗=σ кк
2
к UU , которая действу-

ет в компенсационном канале, формируется на выхо-
де интегратора 6. Мгновенные значения напряжений, 
действующих на выходах каждого блока компенсации 
и на его входе (см. рис.1), связаны выражениями: 
 

,к3опт1001 UkUU −=   ,к21опт40102 UkUU −=  
(2) 

,к12опт60203 UkUU −=  
 

где опт1k , опт4k , опт6k  – весовые коэффициенты бло-
ков компенсации 1, 4, 6. 

Выражение (1) можно представить в следующем 
виде: 

 

к

0
2
к

к0
опт σ

σ
ρ=

σ

σσ
ρ=k ,  (3) 

 
где ρ  – комплексное значение коэффициента межка-
нальной корреляции АШП, а 0σ  и кσ  – среднеквад-
ратические значения помехи в основном и компенса-
ционном каналах приема. 

Из выражения (3) непосредственно следует, что 
модуль весового коэффициента оптk  может быть 

признаком смещения источника АШП с направления 
боковых лепестков на направление главного луча 
ДНА. Для формирования такого признака в процессе 
синтеза структурной схемы при усовершенствовании 
метода Грама-Шмидта в каждый автокомпенсатор, в 
котором компенсируются помехи, действующие в 
основном канале, дополнительно введена цепь, со-
держащая последовательно соединенные вычислитель 
модуля 13, формирователь порога 12 и коммутатор 11 
(см. рис. 3). Такая цепь может обеспечить структур-
ную адаптацию многоканального пространственного 
фильтра при смещении источников АШП с направле-
ния боковых лепестков ДНА на направление главного 
луча и исключить его искажение. При этом блок ком-
пенсации помех в отличие от блока ортогонализации 
(см. рис. 2) имеет вид, представленный на рис. 3. 

 

 
Рисунок 3 – Структурная схема блока компенсации 

 
Рассмотрим алгоритм работы на примере первого 

каскада обработки сигналов усовершенствованного 
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многоканального пространственного фильтра со 
структурно-параметрической адаптацией [10], пред-
ставленного на рис. 4. 

На входы первого каскада обработки сигналов, ко-
торый содержит блок компенсации 1 и блоки декор-
реляции 2 и 3, к основному входу О блока компенса-
ции 1 поступают помехи с основного канала приема 

0U . К основным входам О блоков декорреляции с 

номерами 2 и 3 поступают помехи к1U  и к2U , соот-

ветственно. Помеха к3U  поступает на компенсацион-
ные входы К блока компенсации 1 и блоков декорре-
ляции с номерами 2 и 3. В соответствии с формулой 
(1) и структурными схемами рис. 2 или рис. 3 на вы-
ходах интеграторов 3 в блоке компенсации 1 и в бло-
ках декорреляции с номерами 2 и 3 вычисляются кор-

реляционные моменты ∗
к30UU , ∗

к31к UU  и ∗
к32к UU , 

которые поступают на делители 5 в качестве числите-
ля. В качестве знаменателя с выходов интеграторов 6 
поступает дисперсия помехи, которая действует на 
входах К блока компенсации и блоков декорреляции. 
При этом в блоках декорреляции 2 и 3 декоррелиру-
ется помеха к3U , а в блоке компенсации с номером 1, 
что соответствует структурной схеме, представленной 
на рис. 4, компенсируется помеха к3U , которая дей-
ствует в основном канале приема. Если активная по-
меха действует по боковым лепесткам ДНА, то значе-
ние модуля весового коэффициента на выходе вычис-
лителя модуля 13 (см. рис. 3) не превышает порог c в 
формирователе порога 12 и результат компенсации с 
выхода сумматора 10 через коммутатор 11 поступает 
на выход блока компенсации с номером 1. 

 

 
Рисунок 4 – Усовершенствованный многоканальный про-
странственный фильтр со структурно-параметрической 

адаптацией 
 
В случае, когда при смещении источника помехи в 

пространстве или в результате сканирования антенны, 
АШП смещается и начинает действовать по главному 

лучу ДНА, то уровень помехи в основном канале уве-
личивается, в соответствии с выражением (3), и мо-
дуль весового коэффициента превышает порог с в 
формирователе порога 12. Коммутатор 11 подключает 
на выход блока компенсации с номером 1 помеху, 
действующую на основном входе сумматора 10. При 
этом помеха на выходе блока компенсации 1 не ком-
пенсируется и 001 UU = . В этом случае АШП про-
должает поступать на основной и компенсационный 
входы блока компенсации 1, весовые коэффициенты 
автокомпенсатора формируются и цепь структурной 
адаптации отслеживает момент, когда помеха снова 
сместится на направление боковых лепестков ДНА. 
После смещения главного луча ДНА с направления на 
источник АШП модуль весового коэффициента на 
выходе вычислителя модуля 13 не превышает уровень 
порога с и процесс компенсации помехи, действую-
щей по боковым лепесткам, продолжается. При этом 
коммутатор 11 подключает выход сумматора 10 к вы-
ходу блока компенсации с номером 1. В блоках де-
корреляции с номерами 2 и 3, которые соответствуют 
структурной схеме, приведенной на рис. 4, ортогона-
лизуются помехи к1U  и к2U  относительно помехи 

к3U . В результате этого корреляционные моменты 
∗

к30UU  и ∗
к31к UU  равняются нулю. Вторая цифра в 

индексах помех на выходах каскадов определяет но-
мер каскада обработки помехи, в котором она полу-
чена. 

Для исследования эффективности предложенного 
метода обработки радиолокационных сигналов разра-
ботаны математические модели, соответствующие 
структурным схемам блоков компенсации и ортого-
нализации, представленным на рис. 2 и 3. При созда-
нии моделей пространственного фильтра в качестве 
основной антенны использована антенна с амплитуд-

ным распределением 
x

xsin  с уровнем первого боко-

вого лепестка, равным 13 дБ. В качестве компенсаци-
онной антенны использована слабонаправленная ан-
тенна, которая «накрывает» боковые лепестки основ-
ной антенны.  

Реализация предложенного алгоритма работы про-
странственного фильтра и его исследование обеспечи-
валось использованием пакета графического расшире-
ния SimuLink системы математического моделирова-
ния MatLab. Была сформирована конкретная помеховая 
обстановка для проведения исследований пространст-
венного фильтра как с параметрической, так и со 
структурно-параметрической адаптацией. При скани-
ровании антенной системы, в зависимости от азимута 
α , дисперсия АШП в основном канале изменялась по 

закону 
x

xsin . Это моделировалось последовательно-

стью импульсов АШП длительностью 1,5 мкс. При 
этом максимальная относительная дисперсия АШП 
составляла 40дБ в максимуме главного луча ДНА. 
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Дисперсия АШП в компенсационном канале равнялась 
25 дБ в максимумах боковых лепестков. 

 
4 РЕЗУЛЬТАТЫ 

В процессе моделирования исследована как из-
вестная схема блока компенсации пространственного 
фильтра с параметрической адаптацией (рис. 2), так и 
предложенная авторами и запатентованная схема со 
структурно-параметрической адаптацией (рис. 3). В 
принятых условиях моделирования при исследовании, 
в зависимости от азимута действия АШП, получены 
результаты, которые представлены на рис. 5–9, полу-
ченные при параметрической адаптации пространст-
венного фильтра.  

На рис. 5 представлена АШП, действующая на 
входе основного канала пространственного фильтра. 
Сигнал имитирует процесс сканирования антенной 
системы РЛС в диапазоне азимутального сектора уг-
лов [–2,4º…+2,4º], относительно азимута главного 
луча ДНА, равного нулю. 

 

 
Рисунок 5 – Сигнал, действующий, на входе основного ка-

нала пространственного фильтра 
 
На рис. 6 приведена осциллограмма коэффициента 

подавления АШП, действующей на выходе простран-
ственного фильтра с параметрической адаптацией. 
Анализ рис. 6 позволяет сделать вывод, что коэффи-
циент подавления Кп АШП, которая действует с на-
правления главного луча, ограничивается на уровне 
26 дБ при ее максимальном уровне, равном 40 дБ. Это 
ограничение обусловлено увеличением модуля весо-
вого коэффициента пространственного фильтра и со-
ответствующим увеличением собственных шумов 
компенсационного канала на входе сумматора 10 (см. 
рис. 2), что ухудшает чувствительность приемного 
устройства РЛС. Из рис. 6 также следует, что макси-
мальный коэффициент подавления Кп АШП, дейст-
вующей по боковым лепесткам, равняется 23 дБ, что 
соответствует теоретическому пределу при ее макси-
мальном уровне, равном 25 дБ. 

 
 

 
Рисунок 6 – Коэффициент подавления АШП при  
параметрической адаптации пространственного 

фильтра 
 
На рис. 7 представлена осциллограмма модуля ве-

сового коэффициента пространственного фильтра в 
процессе сканирования антенны. Из рис. 7 видно, что 
при действии АШП с направления боковых лепест-
ков: (α=–1,6º, или α=+1,6º), максимальное значение 
модуля весового коэффициента равно единице. Когда 
АШП действует по главному лучу с направления 
α=0º, то весовой коэффициент увеличивается до 5-ти 
единиц. При этом уровень собственных шумов ком-
пенсационного канала на выходе сумматора 10 суще-
ственно увеличивается. Следствием этого является 
ухудшение чувствительности приемного устройства 
РЛС. Это также следует из рис. 8, на котором показа-
но увеличение нескомпенсированного остатка АШП 
на выходе пространственного фильтра. 

 

 
Рисунок 7 – Модуль весового коэффициента блока компен-
сации при параметрической адаптации пространственного 

фильтра 
 

 
Рисунок 8 – Нескомпенсированный остаток  
АШП на выходе пространственного фильтра 

 
В результате исследований установлено, что ис-

пользование структурно-параметрической обработки 
радиолокационных сигналов исключает возможность 
ухудшения чувствительности РЛС и точности изме-
рения угловых координат целей. Действительно, по-
скольку при воздействии АШП по главному лучу 
ДНА выход пространственного фильтра подключает-
ся к основному входу сумматора блока компенсации, 
то компенсация АШП не происходит и ДНА РЛС в 
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области главного луча не искажается, что обеспечива-
ет нормальное функционирование РЛС. 

 
5 ОБСУЖДЕНИЕ 

Можно считать, что предложенный авторами ме-
тод структурно-параметрической адаптации про-
странственных фильтров [10] обеспечивает более вы-
сокое качество обработки радиолокационный инфор-
мации. Полученные результаты определенным обра-
зом подтверждают мнение, изложенное в работе [8], 
относительно «ослепления» РЛС при отсутствии про-
странственных отличий между направлениями воз-
действия полезного сигнала и АШП. Это объясняется 
общим «провалом» в ДНА, что не позволяет вести 
обнаружение полезного сигнала даже при некотором 
несовпадении направлений воздействия сигнала и 
АШП в пределах главного луча ДНА. Однако, в даль-
нейшем представляется целесообразным оценить ве-
личину потерь в обнаружении полезного сигнала при 
несовпадении направлений воздействия сигнала и 
АШП в пределах главного луча ДНА. Такие исследо-
вания авторы планируют провести в дальнейшем.  
 

ВЫВОДЫ 
Усовершенствован метод адаптации многоканаль-

ных пространственных фильтров, обеспечивающих 
эффективную работу РЛС как при воздействии АШП 
с направления боковых лепестков, так и при ее сме-
щении на направление главного луча ДНА. Разрабо-
тана структурная схема пространственного фильтра 
со структурно-параметрической адаптацией весовых 
коэффициентов. Создана математическая модель и 
проведено ее тестирование. Подтверждены возмож-
ности повышения точности измерения угловых коор-
динат, а также чувствительности приемного устрой-
ства РЛС в условиях возможного воздействия АШП 
по главному лучу ДНА. 
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АНОТАЦІЯ 

Актуальність. При захисті радіолокаційних станцій від активних шумових завад, діючих по бокових пелюстках діагра-
ми спрямованості антени, використовують просторову фільтрацію сигналів, яка реалізується шляхом застосування антен, 
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рознесених в просторі. В цьому випадку при різних напрямах прийому корисного сигналу і завади вдається сформувати 
оптимальні значення вагових коефіцієнтів адаптивних просторових фільтрів для подавлення АШЗ. Однак, якщо джерело 
завади зміщується в область головного променя, то просторові відмінності між корисним сигналом і завадою зменшуються. 
Це приводить до суттєвого спотворення діаграми спрямованості основної антени. В результаті цього погіршується точність 
вимірювання кутових координат, а також чутливість приймального пристрою РЛС. В статті запропоновано структурно-
параметричний метод адаптації просторового фільтра, який забезпечує ефективну роботу РЛС при дії АШЗ як з напряму 
бокових пелюстків, так і з напряму головного променя. 

Ціль. Підвищення ефективності роботи РЛС при зміщенні джерела АШЗ з напряму бокових пелюстків ДСА на напрям 
головного променя. 

Метод. Запропонований метод дозволяє за рахунок структурної адаптації багатоканального просторового фільтра ви-
ключити спотворення головного променя ДСА РЛС і забезпечити її роботу в умовах можливої дії завади по головному про-
меню. Структурна адаптація просторового фільтра реалізується шляхом поточного аналізу вагових коефіцієнтів блоків ком-
пенсації. 

Результати. Розроблено структурну схему багатоканального просторового фільтра за методом Грама-Шмідта зі струк-
турно-параметричною адаптацією, а також структурну схему блока компенсації. В результаті проведеного моделювання 
підтверджена можливість виключення спотворення діаграми спрямованості основної антени РЛС в умовах можливої дії 
АШЗ по головному променю. 

Висновки. Наукова новизна роботи полягає в удосконаленні алгоритму обробки сигналів при просторовій фільтрації 
сигналів як при дії АШЗ з напряму бокових пелюстків, так і при зміщенні джерела завади на напрям головного променя 
діаграми спрямованості антени РЛС. Практична новизна роботи полягає в розробці структурної схеми і математичної моде-
лі удосконаленого просторового фільтра з структурно-параметричною адаптацією. 

КЛЮЧОВІ СЛОВА: структурно-параметрична адаптація, активна шумова завада, просторовий фільтр, коефіцієнт по-
давлення завади. 
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ABSTRACT 
Context. When protecting radar stations from active noise interference acting along the side lobes of the antenna directional pat-

tern, spatial filtering of signals is used, which is realized by using antennas that are spaced apart in space. In this case, the difference 
in the directions of reception of the useful signal and the interference makes it possible to form the optimal value of the weighting 
coefficients of the adaptive spatial filters to suppress the interference. However, if the interfering source moves into the main beam 
region, then the spatial differences between the wanted signal and the interference are reduced. This leads to significant distortion of 
the main antenna radiation pattern. As a result, the accuracy of measuring the angular coordinates deteriorates, as well as the sensitiv-
ity of the radar receiver. The article proposes a structural-parametric method for adapting a spatial filter, which ensures effective 
operation of the radar when exposed to the active noise interference both from the direction of the side lobes and from the direction 
of the main beam. 

Goal. Improving the efficiency of the radar when the active noise interference source is shifted from the direction to the side 
lobes to the direction of the main beam. 

Method. The proposed method makes it possible, due to the structural adaptation of the multichannel spatial filter, to exclude the 
distortion of the main beam of the radiation pattern of the radar antenna and to ensure its operation under conditions of possible inter-
ference from the main beam. Structural adaptation of the spatial filter is realized by the current analysis of the weighting coefficients 
of the compensation blocks. 

Results. The structural diagram of the multichannel spatial filter by the Gram-Schmidt method with structural-parametric adapta-
tion, as well as the structural diagram of the compensation block, has been improved. As a result of the simulation, the possibility of 
eliminating distortions of the radiation pattern of the main antenna of the radar in conditions of the possible impact of the active noise 
interference along the main beam of the radiation pattern of the radar has been confirmed. 

Conclusions. The scientific novelty of the work consists in the improvement of the signal-processing algorithm at spatial filter-
ing both when exposed to the active noise interference from the direction of the side lobes, and when the interference source is 
shifted to the direction of the main beam of radar. 
The practical novelty of the work lies in the development of a structural diagram and a mathematical model of an improved spatial 
filter with structural-parametric adaptation. 

KEYWORDS: structural-parametric adaptation, active noise interference, spatial filter, suppression coefficient. 
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АННОТАЦИЯ 
Актуальность. На сегодняшний день происходит стремительное расширение круга современных отраслей науки и тех-

ники, которые активно используют спутниковые телекоммуникационные системы для приема, обработки и  передачи раз-
личной информации. Такие радиоэлектронные системы достаточно часто требуют увеличения объемов информации, кото-
рые они обрабатывают и передают. Удвоения объемов передаваемой информации можно достичь, используя двухполяриза-
ционные антенные системы и устройства. В наше время большинство специалистов, которые занимаются разработкой раз-
ных современных поляризационных устройств СВЧ, выполняют их численное моделирование и оптимизацию с помощью 
вариационных методов расчета, методов интегральных уравнений, метода согласования полей частичных областей. Наибо-
лее активно применяются методы с разбиением внутренней области устройств на элементарные ячейки. Среди них во вре-
менной области наиболее часто используют метод конечных разностей с разбиением на гексагональную сетку, а в частот-
ной области применяют метод конечных элементов с адаптивной тетраэдрической сеткой. Таким образом, актуальной зада-
чей является оценка скорости и точности этих методов с целью определения более эффективного из них. 

Цель. Целью исследования является сравнение скорости и точности расчетов электромагнитных характеристик волно-
водных поляризаторов численными методами FEM и FDTD, а также сравнение сходимости этих методов при анализе поля-
ризационных устройств СВЧ с диафргамами. 

Метод. Для расчетов и анализа электромагнитных характеристик в статье использовано метод конечных разностей во 
временной области FDTD и метод конечных элементов в частотной области FEM. В FEM осуществляется разбиение на тет-
раэдрические ячейки сетки. В FDTD область расчета разбивается на гексагональные ячейки сетки.  

Результаты. Установлено, что сходимость коэффициента стоячей волны по напряжению для волноводного поляризато-
ра является быстрой для обоих методов. Получено, что сходимости характеристик дифференциального фазового сдвига, 
коэффициента эллиптичности и кроссполяризационной развязки разработанного микроволнового устройства оказались 
значительно более чувствительными к используемому количеству ячеек сетки. Более того, в исследовании расчетным путем 
получено, что время вычислений методом конечных элементов в частотной области более чем в 2 раза меньше, чем соот-
ветственное время, необходимое для расчета время вычислений методом конечных разностей во временной области. При 
использовании метода конечных элементов в частотной области соответствующее количество ячеек тетраэдрической сетки 
в 10 раз меньше, чем количество ячеек гексагональной сетки в методе конечных разностей во временной области. 

Выводы. Проведенные исследования показали, что метод FEM в частотной области, в котором применяется адаптивная 
тетраэдрическая сетка, более эффективен, чем метод FDTD для расчета фазовых и поляризационных характеристик совре-
менных волноводных поляризаторов для различных применений. 

КЛЮЧЕВЫЕ СЛОВА: FDTDб FEM; FIT; метод конечных разностей; метод конечных элементов; численные методы; 
сходимость; спутниковые информационные системы;  микроволновые устройства; волновод; поляризатор; диафрагма; диф-
ференциальный фазовый сдвиг; коэффициент эллиптичности; кроссполяризационная развязка. 

 
АБРЕВИАТУРЫ 

FEM – Finite Element Method; 
FDTD – Finite Difference Time Domain; 
FETD – Finite Element Time Domain; 
FIT – Finite Integration Technique; 
SF-FDTD – Split-Field Finite Difference Time Do-

main; 
XPD – Crosspolar Discrimination; 
КСВН – коэффициент стоячей волны по напряже-

нию; 
КПР – кроссполяризационная развязка; 
СВЧ – cверхвысокие частоты. 
 

НОМЕНКЛАТУРА 
HSA .21=  – коэффициент передачи поляризатора 

для волны горизонтальной поляризации; 
VSB .21=  – коэффициент передачи поляризатора 

для волны вертикальной поляризации; 
fΔ – дифференциальный фазовый сдвиг, град.; 

H.21∑ϕ – аргумент коэффициента передачи поля-
ризатора для горизонтальной поляризации, град.; 

V.21∑ϕ  – аргумент коэффициента передачи поля-
ризатора для вертикальной поляризации, град.; 

r – коэффициент эллиптичности, дБ; 
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11∑S  – коэффициент отражения поляризатора; 
XPD

 
– кроссполяризационная развязка, дБ; 

VSWR  – коэффициент стоячей волны по напряже-
нию. 

 
ВВЕДЕНИЕ 

Волноводный поляризатор является важным 
элементом современных спутниковых антенных 
систем, которые применяют сигналы с одной или 
одновременно двумя ортогональными круговыми 
поляризациями электромагнитных волн. Все 
конструкции волноводных поляризаторов можно 
условно разделить на три основные группы. Сегодня 
существует множество научных статей и докладов на 
конференциях, посвященных разработке и 
оптимизации поляризаторов с диафрагмами [1–13], 
поляризаторов с перегородкой [14–21] и 
поляризаторов со штырями [22–26]. В современных 
антеннах с двойной поляризацией для радаров и 
спутниковых телекоммуникационных систем 
волноводные поляризаторы функционируют в 
сочетании с ортомодовыми преобразователями [27–
41], которые осуществляют разделение сигналов с 
преобразованными поляризациями. Наиболее 
эффективными конструкциями ортомодовых 
преобразователей являются преобразователи на 
основе двухреберных переходов в прямоугольных 
волноводах [6, 26], четырехреберных волноводах [27], 
турникетных переходов [29, 31] и переходов Бойфота 
[28]. Кроме того, появились новые конструкции 
ортомодовых преобразователей [42–46] на основе 
коаксиальных четырехреберных [47, 48] и секторных 
коаксиальных гребенчатых волноводов [49–56] для 
двухдиапазонных систем питания антенн 
спутниковой связи и радиоастрономии. В настоящее 
время широкое применение получили волноводные 
поляризаторы [57, 58], которые используются в 
современных радиолокационных и спутниковых 
системах, некоторые из которых применяются в 
современных системах 5G [59, 60]. Кроме того, 
широкое применение получили и фазовращатели [61–
66], которые применются в качестве поляризаторов.  
Часто фазовращатели применяются в качестве 
основных частей фазированных антенных решеток в 
технологии интегрированных в подложку волноводов. 
Такую структуру было эффективно смоделировано с 
помощью метода согласования мод [61], который 
обеспечивает высокую скорость и большую точность 
вычислений. Конструкция такого фазовращателя 
состоит из пары цилиндрических штырей в волноводе 
на частоте 7.5 ГГц. Необходимый фазовый сдвиг 
обеспечивается за счет регулирования длины этих 
штырей. В [62] была предложена конструкция 
фазовращателя в волноводе на частоте 15.2 ГГц, 
который может осуществлять регулировку фазы в 
диапазоне от 0 до 360°. Эффективность передачи 
сильно зависит от зазора между регулируемой 
металлической пластинкой и волноводом. Авторы 

[63] предложили конструкцию волноводного 
фазовращателя со встроенным металлическим 
ребром, который обеспечивает сдвиг фазы на 360°. 
Вторая конструкция фазовращателя с боковым 
щелевым волноводом реализует сдвиг фазы в 360° за 
счет регулировки металлической заслонки, что 
расположена на конце делителя мощности на 3 дБ. 

Объектами исследования являются метод конеч-
ных разностей во временной области FDTD и метод 
конечных элементов в частотной области FEM, кото-
рые используются для расчета электромагнитных ха-
рактеристик устройств СВЧ диапазона.  

Предметом исследования являются сходимости 
дифференциального фазового сдвига, согласования и 
поляризационных характеристик волноводного поля-
ризатора с диафрагмами.  

Целью работы является сравнение скорости и 
точности расчетов электромагнитных характеристик 
волноводных поляризаторов численными методами 
FEM и FDTD, а также сравнение сходимости этих 
методов при анализе поляризационных устройств 
СВЧ с диафргамами. 

 
1 ПОСТАНОВКА ЗАДАЧИ 

Основной инженерной проблемой при разработке 
волноводных поляризаторов и фазовращателей СВЧ 
является очень высокая чувствительность их фазовых 
и поляризационных характеристик к неточностям оп-
ределения оптимальных размеров устройств и изго-
товления их конструкции. Целью данной научной 
статьи является сравнение сходимости и скорости 
расчетов электродинамических методов FEM и FDTD, 
которые активно применяются для анализа характе-
ристик поляризационных устройств. В данной статье 
будем сравнивать методы при расчете электромаг-
нитных характеристик волноводного поляризатора на 
примере конструкции с пятью диафрагмами. Для точ-
ного анализа необходимо сравнить время расчета 
двумя методами при их одинаковой точности, которая 
зависит от количества используемых ячеек сетки 
внутри объема поляризатора. Кроме того, задачей 
исследования является сравнение количества необхо-
димых тетраэдрических ячеек сетки в частотной об-
ласти для метода FEM с количеством гексагональных 
ячеек сетки для метода FDTD во временной области 
при одинаковой точности расчета обоими методами.  

 
2 ОБЗОР ЛИТЕРАТУРЫ 

В настоящее время существует множество 
вариантов модификаций метода конечных разностей 
во временной области (FDTD) и метода конечных 
элементов (FEM). Каждая из модификаций имеет свои 
характеристики эффективности и своеобразные 
приложения, где ее производительность лучше по 
сравнению с другими методами. Гибридный метод 
электромагнитного моделирования во временной 
области, сочетающий в себе явный метод FDTD и 
неявный метод временной области (FETD), был 
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разработан в [67]. Предлагаемый подход обеспечивает 
преимущества гибкости моделирования метода FETD 
для сложных геометрических структур и 
эффективности метода FDTD для простых 
геометрических структур. В [68] авторы сравнивают 
различные подходы к усреднению материала в методе 
конечного интегрирования (FIT) для изогнутых 
диэлектриков. Предлагается и исследуется новый 
смешанный метод с использованием нормальной и 
тангенциальной составляющих поля. Снижены 
ошибки, возникающие при резких перепадах 
диэлектрической проницаемости. 

В [69] предлагается новый более высокого порядка 
с большой областью FEM для решения прямых 
трехмерных электромагнитных задач во временной 
области. Этот усовершенствованный FEM 
применяется для анализа многопортовых 
волноводных устройств СВЧ с произвольными 
металлическими и диэлектрическими 
неоднородностями. В статье [70] исследуются и 
сравниваются вычислительные характеристики 
метода естественных элементов и FEM. В [77, 72] 
авторы оптимизируют связи подсетей для FIT в 
пространстве и времени. Рекомендуемый метод 
оптимизации позволяет эффективно уменьшить 
нефизические отражения волн. В [73] предлагается 
модификация FIT для расчета анизотропных мод, мод 
с потерями и открытого волновода. Численные 
примеры, представленные в статье [73], 
подтверждают, что предложенный смешанный FIT с 
сосредоточением массы не содержит каких-либо 
ложных собственных мод и обеспечивает высокую 
вычислительную эффективность. В статье [74] авторы 
представляют новый неконформный гибридный 
метод FDTD/FETD без гибридизации через буферную 
зону. Численные примеры включены в [75], чтобы 
продемонстрировать производительность 
рекомендуемого гибридного метода, который 
является более точным и стабильным в течение 
длительного времени. 

В [76] авторы предлагают новый гибридный метод 
схемы пространственно-фильтрованной FDTD (SF-
FDTD) и метод подсеток для анализа 
многомасштабных объектов. Приведены результаты 
моделирования периодической волноводной 
структуры, подтверждающие точность и 
эффективность предложенного гибридного метода. 
Авторы [77] разработали новый метод FDTD, 
основанный на пространственных преобразованиях. 
Этот метод преодолевает препятствия, присущие 
традиционному алгоритму FDTD в пространственно 
сложной области. Результаты моделирования 
подтверждаются с помощью FIT. В [78] авторы 
разработали стабильный, точный и быстрый 
численный метод, основанный на треугольной сетке и 
пространственных преобразованиях для задач 
электродинамики с произвольными границами. 
Предлагаемый метод намного быстрее, чем 

классический FDTD при наличии искривленных 
границ.  

Поэтому определение оптимальных численных 
методик для высокоточного расчета всех электромаг-
нитных характеристик СВЧ поляризаторов является 
важной и актуальной научной задачей. Результаты 
проведенного в статье исследования позволяют полу-
чить рекомендации относительно того, какой метод 
расчета является более быстрым и точным для разра-
ботки волноводных поляризаторов СВЧ диапазона 
для современных телекоммуникационных и радиоло-
кационных систем 

 
3 МАТЕРИАЛЫ И МЕТОДЫ 

Современные широкополосные спутниковые ан-
тенные системы с двойной ортогональной круговой 
поляризацией используют волноводные поляризаторы 
с диафрагмами. Это компактное микроволновое уст-
ройство выполняет преобразование ортогональных 
электромагнитных волн с круговой поляризацией в 
ортогональные волны с линейной поляризацией. Кон-
струкция такого поляризатора на основе квадратного 
волновода с 5 симметричными диафрагмами пред-
ставлена на рис. 1. 

 
Рисунок 1 – Структура квадратного волноводного  

поляризатора с диафрагмами 
 
 Основными характеристиками поляризационного  

устройства являются следующие: фазовые, согла-
сующие и поляризационные. К фазовым характери-
стикам относится дифференциальный фазовый сдвиг. 
Согласующие характеристики поляризатора опреде-
ляются коэффициентами стоячей волны по напряже-
нию (КСВН) для волн обеих поляризаций. К поляри-
зационным характеристиками относится коэффициент 
эллиптичности и кроссполяризационная развязка 
(КПР). 

Дифференциальный фазовый сдвиг определяется 
выражением 

 
,.21.21 VHf ∑∑ ϕ−ϕ=Δ  (1)

 
где H.21∑ϕ  – аргумент коэффициента передачи поля-
ризатора для горизонтальной поляризации; V.21∑ϕ  – 
аргумент коэффициента передачи поляризатора для 
вертикальной поляризации. 

КСВН горизонтальной и вертикальной поляриза-
ции определяется формулами 
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где 11∑S  – коэффициент отражения поляризатора.  

В логарифмической шкале коэффициент эллип-
тичности может быть выражен в дБ следующим обра-
зом [77]  
 

,
)2cos(2

)2cos(2
lg10 

224422

224422

ϕΔ++−+

ϕΔ++++
=

BABABA

BABABA
r  (3)

 
где HSA .21=  – коэффициент передачи поляризатора 
для волны горизонтальной поляризации; VSB .21=  – 
коэффициент передачи поляризатора для волны вер-
тикальной поляризации. 

Величина КПР обычно выражается в дБ и может 
быть рассчитана следующим образом 

 

,
1
1lg20(dB) XPD ⎟
⎠
⎞

⎜
⎝
⎛

−
+

=
r
r  (4)

 
где r – коэффициент эллиптичности, который предва-
рительно необходимо перевести в линейную шкалу. 

 
4 ЭКСПЕРИМЕНТЫ 

Во время численной оптимизации разработанного 
квадратного волноводного поляризатора с диафраг-
мами одновременно анализировались коэффициент 
эллиптичности и КПР на выходе поляризатора, а так-
же дифференциальный фазовый сдвиг и КСВН для 
основных электромагнитных мод обеих поляризаций. 
Целевыми функциями оптимизации являются КСВН 
для основных мод обеих линейных поляризаций ме-
нее 1,15 и КПР менее −32 дБ в рабочем Ku-диапазоне 
10,7–12,8 ГГц. Характеристики оптимизированной 
конструкции прямоугольного волноводного поляри-
затора с диафрагмами были рассчитаны с высокой 
точностью методом FEM в частотной области с ис-
пользованием 100 000 ячеек тетраэдрической сетки, 
на которые внутренний объем структуры был разде-
лен адаптивным способом. 

Разработанный волноводный поляризатор обеспе-
чивает эффективные поляризационные характеристи-
ки. Диапазон изменения дифференциального фазово-
го сдвига составляет 90°±2,6°. КСВН для основных 
мод обеих линейных поляризаций меньше 1,13. Ко-
эффициент эллиптичности разработанного поляриза-
тора не превышает 0,4 дБ. Уровень КПР разработан-
ного поляризатора ниже −32,9 дБ. 

Во всем рабочем Ku-диапазоне 10,7–12,8 ГГц мак-
симальный уровень КСВН для основных мод как го-
ризонтальной, так и вертикальной поляризации со-
ставляет примерно 1,13, что полностью удовлетворяет 
требованиям. Дифференциальный фазовый сдвиг оп-

тимизированного поляризатора диафрагмы прямо-
угольного волновода изменяется от 87,5° до 92,5°. 

 Рассмотрим поляризационные характеристики 
разработанного волноводного поляризатора с диа-
фрагмами. Коэффициент эллиптичности поляризатора 
рассчитывался с использованием результатов модели-
рования методом FEM и формулы (3). Коэффициент 
эллиптичности оптимизированного поляризатора со-
ставляет менее 0,40 дБ в полосе рабочих частот 10,7–
12,8 ГГц. Соответствующий КПР был получен из вы-
ражения (4). Во всем рабочем Ku-диапазоне 10,7–12,8 
ГГц КПР поляризатора менее −32,9  дБ.  

Теперь исследуем зависимости согласующих, фа-
зовых и поляризационных характеристик от количе-
ства ячеек тетраэдрической сетки, при которых внут-
ренний объем структуры адаптивно делился для рас-
чета методом FEM. Кроме того, мы сравним результа-
ты, полученные с использованием FDTD с разным 
количеством ячеек гексаэдрической сетки. 

 
5 РЕЗУЛЬТАТЫ 

Численные расчеты характеристик поляризатора 
обоими рассматриваемыми методами были осуществ-
лены с помощью специализированного программного 
обеспечения CST Microwave Studio 2017 на персо-
нальном компютере с процесором Intel Core i7-6700K 
с тактовой частотой 4 ГГц и объемом оперативной 
памяти 32 ГБ. Входными параметрами расчетов, ко-
торые определяют погрешность полученных электро-
магнитных характеристик, является количество ис-
пользуемых ячеек сетки во внутреннем объеме волно-
водного поляризатора.     

Результаты численного моделирования с исполь-
зованием FEM были получены для количества ячеек 
тетраэдрической сетки от 20 000 до 200 000. Шаг уве-
личения числа ячеек сетки составлял 20 000 ячеек 
сетки. Рассчитанные электромагнитные характери-
стики поляризатора на основе квадратного волновода 
с диафрагмами в зависимости от количества ячеек 
сетки и времени расчета показаны в таблице 1. 

Анализ таблицы 1 показывает, что при количестве 
тетраэдрических ячеек сетки, равном 200 000, элек-
тромагнитные характеристики поляризатора практи-
чески перестают изменяться. Поэтому для сравнения 
погрешностей расчета электромагнитных характери-
стик двумя рассматриваемыми методами в качестве 
наиболее точных значений возьмем характеристики, 
полученные методом FEM при использовании 200 000 
тетраэдрических ячеек сетки. 

Из таблицы 1 видно, что абсолютная погрешность 
расчетов КСВН методом FEM не превышает 0,004 в 
линейном масштабе (меньше 0,4% относительно точ-
ного значения 1,132). Из нижней части таблицы 1 
(при количестве тетраэдрических ячеек сетки от 
100 000 до 200 000) видно, что абсолютная погреш-
ность определения точного значения дифференциаль-
ного фазового сдвига находится в пределах 0,2°, а 
коэффициент эллиптичности и КПР поляризатора 
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были расчитаны с абсолютными погрешностями 0,02 
дБ и 0,6 дБ, соответственно.    

На рис. 2 представлены результаты численного 
расчета фазовых и поляризационных характеристик 
разработанного квадратного волноводного поляриза-
тора с диафрагмами с использованием FEM в частот-
ной области. На этих рисунках мы можем сравнить 
результаты, полученные с использованием грубой 
тетраэдрической сетки с 20 000 ячеек, с результатами, 
полученными с использованием средней сетки со 
100 000 тетраэдров, и с результатами, рассчитанными 
с использованием плотной тетраэдрической сетки с 
200 000 ячеек. 

 
а 

 
б 

 
в 

Рисунок 2 – Зависимость электромагнитных характеристик 
от частоты для метода FEM: а – дифференциального фазо-
вого сдвига; б – коэффициента эллиптичности; в – КПР 
 
Результаты численного моделирования с исполь-

зованием FDTD были получены для количества ячеек 
гексаэдрической сетки от 100 000 до 1500 000. Шаг 
приращения сетки составлял 100 000 ячеек сетки. Рас-
считанные с помощью FDTD электромагнитные ха-
рактеристики поляризатора на основе квадратного 
волновода с диафрагмами в зависимости от количест-
ва используемых ячеек гексаэдрической сетки и вре-
мени расчета показаны в таблице 2. 

Анализ изменения рассчитанных электромагнит-
ных характеристик поляризатора в таблицах 1 и 2 в 
зависимости от используемого метода и количества 

ячеек сетки указывает на то, что наиболее точным 
является расчет методом FEM при количестве ячеек 
тетраэдрической сетки, равным 200 000. Сравнение c 
этими результатами метода FEM данных расчета ме-
тодом FDTD, которые приведены в таблице 2, пока-
зывает, что абсолютная погрешность расчетов КСВН 
методом FDTD не превышает 0,002 в линейном мас-
штабе (меньше 0,2% относительно точного значения 
1,132). Из нижней части таблицы 2 (при количестве 
ячеек гексаэдрической сетки от 800 000 до 1500 000) 
видно, что абсолютная погрешность определения 
точного значения дифференциального фазового сдви-
га находится в пределах 0,2°, а коэффициент эллип-
тичности и КПР поляризатора были расчитаны с аб-
солютными погрешностями 0,03 дБ и 0,6 дБ, соответ-
ственно.  

На рис. 3  представлены результаты численного 
расчета фазовых и поляризационных характеристик 
разработанного квадратного волноводного поляриза-
тора с диафрагмами методом FDTD. На этих рисунках 
мы можем сравнить результаты, полученные с ис-
пользованием грубой шестигранной сетки с 100 000 
ячеек, с результатами, полученными с использовани-
ем средней сетки с 800 000 тетраэдрами, и с результа-
тами, рассчитанными с использованием плотной гек-
саэдрической сетки с 1500 000 ячеек. 

 
а 

 
б 

 
в 

Рисунок 3 – Зависимость электромагнитных характеристик 
от частоты для метода FDTD: а – дифференциального фазо-
вого сдвига; б – коэффициента эллиптичности; в – КПР 
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Таблица 1 – Зависимость характеристик поляризатора и времени расчета от количества ячеек тетраэдрической  
сетки в методе FEM 

Число тетраэд-
рических ячеек 

сетки 

Время вычислений 
FEM, сек. 

Максимальный 
КСВН 

Дифференциальный фазовый 
сдвиг, град. 

Коэффициент 
эллиптичности, 

дБ 
КПР, дБ 

20 000 28 1,136 90°±3,95° 0,60 −29,2 

40 000 46 1,134 90°±3,11° 0,47 −31,3 

60 000 64 1,133 90°±2,77° 0,42 −32,3 

80 000 76 1,133 90°±2,62° 0,40 −32,8 

100 000 100 1,132 90°±2,51° 0,39 −33,1 

120 000 117 1,132 90°±2,55° 0,39 −33,0 

140 000 139 1,132 90°±2,60° 0,40 −32,8 

160 000 172 1,132 90°±2,65° 0,40 −32,7 

180 000 205 1,132 90°±2,69° 0,41 −32,6 

200 000 227 1,132 90°±2,70° 0,41 −32,5 

 
Таблица 2 – Зависимость характеристик поляризатора и времени расчета от количества ячеек гексаэдрической  

сетки в методе FDTD 

Число ячеек гексаэд-
рической сетки 

Время вычис-
лений FDTD, 

сек. 

Максимальный 
КСВН 

Дифференциальный фазо-
вый сдвиг, град. 

Коэффициент эллип-
тичности, дБ КПР, дБ 

100 000 24 1,134 90°±3,43° 0,52 −30,5 

200 000 34 1,132 90°±3,06° 0,46 −31,5 

300 000 57 1,132 90°±2,85° 0,43 −32,1 

400 000 79 1,132 90°±2,66° 0,40 −32,7 

500 000 95 1,132 90°±2,58° 0,39 −32,9 

600 000 118 1,132 90°±2,54° 0,39 −33,1 

700 000 144 1,132 90°±2,52° 0,38 −33,1 

800 000 165 1,132 90°±2,51° 0,38 −33,1 

900 000 194 1,132 90°±2,50° 0,38 −33,2 

1 000 000 219 1,132 90°±2,55° 0,39 −33,1 

1 100 000 243 1,132 90°±2,56° 0,39 −33,0 

1 200 000 267 1,132 90°±2,58° 0,39 −33,0 

1 300 000 293 1,132 90°±2,59° 0,39 −32,9 

1 400 000 304 1,132 90°±2,61° 0,40 −32,8 

1 500 000 322 1,132 90°±2,63° 0,40 −32,8 

 
Таблица 3 – Сравнение методов FEM и FDTD для расчета характеристик волноводного поляризатора с диафрагмами 
Время вы-
числений 
FEM, сек. 

Время вычислений 
FDTD, сек. 

Число тетраэдрических 
ячеек сетки 

Число ячеек гексаэдриче-
ской сетки 

Коэффициент 
эллиптичности, дБ КПР, дБ 

100 219 100 000 1 000 000 0.39 −33.1 

117 243 120 000 1 100 000 0.39 −33.0 

139 304 140 000 1 400 000 0.40 −32.8 

 
 

6 ОБСУЖДЕНИЕ 
Анализ таблиц 1 и 2 показывает, что время расче-

тов зависит от количества ячеек тетраэдрической сет-
ки, используемых в FEM, и количества ячеек гексаэд-
рической сетки, используемых в FDTD, приблизи-
тельно как линейная функция. Сходимость КСВН к 

точному значению происходит очень быстро. Для 
метода FDTD это объясняется хорошим соответстви-
ем используемой декартовой гексаэдральной сетки 
структуре квадратного волноводного поляризатора с 
диафрагмами. Следовательно, расчет КСВН с помо-
щью методов FEM и FDTD достаточно точен даже 
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для относительно неплотных сеток. На грубой сетке 
максимальный уровень КСВН составляет 1,134–1,136 
и сходится к значению 1,132 на мелких сетках. Таким 
образом,  по мере того, как используемая сетка стано-
вится более плотной, максимальный уровень КСВН 
немного уменьшается. 

Из таблиц 1 и 2 видно, что на грубых сетках расчет 
дифференциального фазового сдвига, коэффициента 
эллиптичности и КПР волноводного поляризатора с 
диафрагмами является довольно неточным для обоих 
методов. Хотя разработанная конструкция поляриза-
тора обеспечивает требуемый КПР менее −32 дБ, ре-
зультаты расчетов методом FEM на грубых сетках от 
20 000 до 60 000 ячеек тетраэдрической сетки пред-
сказывают КПР на уровнях всего от −29 дБ до –31 дБ, 
а методом FDTD на грубых сетках от 100 000 до 
200 000 ячеек гексаэдрической сетки — на уровнях от 
−30 дБ до −31дБ дБ. 

Как видно из таблицы 1, для метода FEM увеличе-
ние количества ячеек тетраэдрической сетки с 20000 
до 100000 приводит к уменьшению коэффициента 
эллиптичности поляризатора с 0,60 дБ до 0,37 дБ и 
одновременному уменьшению его КПР с −29,2 дБ до 
−33,1 дБ. Дальнейшее увеличение количества ячеек 
тетраэдрической сетки со 100000 до 200000 приводит 
к увеличению коэффициента эллиптичности разрабо-
танного поляризатора с 0,37 дБ до 0,40 дБ и одновре-
менному увеличению его КПР с −33,1 дБ до −32,5 дБ. 

Данные, приведенные в таблице 2, подтверждают 
такую же тенденцию для метода FDTD. Увеличение 
количества ячеек гексаэдрической сетки от 100 000 до 
900 000 ведет к уменьшению коэффициента эллип-
тичности поляризатора с 0,52 дБ до 0,38 дБ и одно-
временному снижению пикового уровня его КПР с 
−30,5 дБ до −33,2 дБ. Последующее увеличение коли-
чества ячеек гексаэдрической сетки с 900 000 до 
1500 000 приводит к небольшому увеличению коэф-
фициента эллиптичности разработанного поляризато-
ра с 0,38 дБ до 0,40 дБ и одновременному повышению 
его КПР с −33,2 дБ до −32,8 дБ. 

Как видно на рис. 2 и 3, численные результаты 
сходятся относительно быстро при увеличении коли-
чества ячеек тетраэдрической сетки в методе FEM от 
20 000 до 100 000 и при увеличении количества ячеек 
гексаэдрической сетки в методе FDTD от 100 000 до 
800 000. Дальнейшее увеличение количества ячеек 
сетки приводит к гораздо более медленному измене-
нию рассчитанных фазовых и поляризационных ха-
рактеристик поляризатора. 

Следовательно, объем конструкции поляризатора 
необходимо разделять на более чем 100 000 ячеек 
тетраэдрической сетки в методе FEM и на более чем 
800 000 ячеек гексаэдрической сетки в методе FDTD, 
если расчет коэффициента эллиптичности поляриза-
тора и КПР выполняются с требуемой точностью ме-
нее 0,5 дБ. В случае применения FEM со 100 000 яче-
ек тетраэдрической сетки время расчета на персо-
нальном компьютере, используемом для численного 
анализа, составило 100 секунд. Для метода FDTD с 

применением 800 000 ячеек гексаэдрической сетки 
соответстующее время расчета на том же персональ-
ном компьютере составило 165 секунд. 

Сравним численные характеристики методов FEM 
и FDTD при расчете электромагнитных параметров 
поляризатора на основе квадратного волновода с диа-
фрагмами. Для этого мы объединяем и анализируем 
несколько строк Таблиц 1 и 2, содержащих результа-
ты, рассчитанные на одном и том же персональном 
компьютере, в новую Таблицу 3. 

Из таблицы 3 видно, что при той же точности рас-
чета фазовых и поляризационных характеристик СВЧ 
волноводных устройств время вычислений, необхо-
димое для FEM в частотной области, более чем в 2 
раза меньше, чем время, необходимое для метода 
FDTD. Кроме того, соответствующее количество яче-
ек тетраэдрической сетки в FEM в 10 раз меньше, чем 
количество ячеек гексаэдрической сетки в методе 
FDTD. Это приводит к снижению требований к памя-
ти компьютера, необходимой для расчетов. Следова-
тельно, метод FEM в частотной области, в котором 
применяется тетраэдрическая сетка, более эффекти-
вен, чем метод FDTD для расчета электромагнитных 
характеристик современных волноводных поляриза-
торов с диафрагмами. 

 
ВЫВОДЫ 

В выполненном исследовании решено актуальную 
задачу определения оптимального численного сеточ-
ного метода расчета электромагнитных характеристик 
волноводных устройств преобразования поляризации 
с диафргмами. Результаты проведенного в статье ис-
следования позволили получить рекомендации отно-
сительно того, какой метод расчета является более 
быстрым и точным для разработки волноводных по-
ляризаторов СВЧ диапазона для современных теле-
коммуникационных и радиолокационных систем. 

Научной новизной есть то, что впервые было 
осуществлено сравнение времени расчета и сходимо-
сти электромагнитных характеристик волноводного 
поляризатора с диафрагмами при их расчете методом 
конечных элементов (FEM) в частотной области и 
методом конечных разностей во временной области 
(FDTD). Впервые показано, что время вычислений, 
необходимое для расчета с помощью FEM в частот-
ной области, более чем в 2 раза меньше, чем соответ-
ствующее время, необходимое для расчета методом 
FDTD. Установлено, что при этом количество ячеек 
тетраэдрической сетки в методе FEM в 10 раз меньше, 
чем необходимое количество ячеек гексаэдрической 
сетки в методе FDTD. 

Практическая ценность заключается в том, что 
было определено необходимое минимальное количе-
ство ячеек сетки для методов FEM и FDTD, которое 
необходимо использовать для расчета поляризацион-
ных характеристик волноводного преобразователя 
поляризации с диафрагмами с заданной точностью. 

Было показано, что необходимо применять более 
100 000 ячеек тетраэдрической сетки на объем конст-
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рукции волноводного поляризатора, если расчет 
кроссполяризационной развязки выполняется мето-
дом FEM в частотной области с требуемой точностью 
0,5 дБ. Если расчет поляризационных характеристик 
выполняется методом FDTD с требуемой точностью 
0,5 дБ, то необходимо использовать более 800 000 
ячеек гексаэдрической сетки на весь объем структуры 
волноводного поляризатора. 

Следовательно, для расчета фазовых и поляриза-
ционных характеристик волноводных поляризаторов 
с диафрагмами метод FEM в частотной области, в 
котором применяется тетраэдрическая сетка, является 
более быстрым и эффективным, чем метод FDTD. 

Перспективы дальнейших исследований заклю-
чаются в сравнении сеточных численных методов 
анализа с методом интегральных уравнений, методом 
согласования мод и другими аналитическими метода-
ми, которые применяются для расчета волноводных 
поляризаторов сверхвысоких частот. 
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АНОТАЦІЯ 
Актуальність. На сьогоднішній день відбувається стрімке розширення кола сучасних галузей науки і техніки, які ак-

тивно використовують супутникові телекомунікаційні системи для прийому, оброблення та передачі різної інформації. Такі 
радіоелектронні системи досить часто вимагають збільшення обсягів інформації, які вони обробляють та передають. 
Подвоєння обсягів переданої інформації можна досягти, використовуючи двополяризаційні антенні системи та пристрої. У 
наш час більшість спеціалістів, котрі займаються розробленням різних сучасних поляризаційних пристроїв НВЧ, виконують 
їх чисельне моделювання та оптимізацію за допомогою варіаційних методів розрахунку, методів інтегральних рівнянь, ме-
тоду узгодження полів часткових областей. Найбільш активно використовують методи із розбиттям внутрішньої області 
пристрою на елементарні комірки. Серед них у часовій області найбільш часто використовують метод скінченних різниць із 
розбиттям на гексагональну сітку, а в частотній області застосовують метод скінченних елементів із адаптивною тетраед-
ричною сіткою. Таким чином, актуальною задачею є оцінка швидкості та точності цих методів з метою визначення більш 
ефективного із них.  

Мета. Метою дослідження є порівняння швидкості та точності розрахунків електромагнітних характеристик 
хвилевідних поляризаторів чисельними методами FEM і FDTD, а також порівняння збіжності цих методів при аналізі 
поляризаційних пристроїв НВЧ із діафрагмами. 

Метод. Для розрахунків і аналізу електромагнітних характеристик у статті використано метод скінченних різниць у 
часовій області FDTD та метод скінченних елементів у частотній області FEM. У FEM здійснюється розбиття на 
тетраедричні комірки сітки. У FDTD область розрахунку розбивається на гексагональні комірки сітки. 

Результати. Установлено, що збіжність коефіцієнта стійної хвилі за напругою для хвилевідного поляризатора є швид-
кою для обох методів. Отримано, що збіжності характеристик диференційного фазового зсуву, коефіцієнта еліптичності та 
кросполяризаційної розв’язки розробленого мікрохвильового пристрої виявилися значно більш чутливими до використаної 
кількості комірок сітки. До того ж, у дослідженні розрахунковим шляхом отримано, що час обчислень методом скінчених 
елементів в частотній області більш ніж в 2 рази менший, ніж відповідний час, що необхідний для обчислень методом 
скінчених різниць у часовій області. При використанні методу скінчених елементів у частотній області відповідна кількість 
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комірок тетраедричної сітки в 10 разів менша, ніж кількість комірок гексагональної сітки методі скінчених різниць у часовій 
області. 

Висновки. Проведені дослідження показали, що метод FEM у частотної області, в якому використовується адаптивна 
тетраедрична сітка, більш ефективний, ніж метод FDTD для розрахунку фазових та поляризаційних характеристик сучасних 
хвилевідних поляризаторів та інших мікрохвильових пристроїв для різних застосувань. 

КЛЮЧОВІ СЛОВА: FDTD; FEM; FIT; метод скінченних різниць; метод скінченних елементів; збіжність; супутникові 
інформаційні системи; мікрохвильові пристрої; хвилевід; поляризатор; діафрагма; диференційний фазовий зсув; коефіцієнт 
еліптичності; кросполяризаційна розв’язка. 
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ABSTRACT 
Context. Today, there is a rapid expansion of the range of modern branches of science and technology, which actively use satel-

lite telecommunication systems to receive, process and transmit various information. These radioelectronic systems quite often re-
quire an increase of the volumes of information, which they are processing and transmitting. Increase of the volumes of transmitted 
information in two times can be achieved by using dual-polarization antenna systems and devices. Nowadays, most part of the spe-
cialists, who are engaged in the development of various modern polarization-processing microwave devices, carry out their numerical 
modeling and optimization using variational techniques, methods of integral equations, method of fields matching in partial regions. 
The methods with division of the internal region of the device into elementary cells are applied most actively. Among them in the 
time domain the most often used approach is finite difference method with the decomposition at hexagonal mesh, while and in the 
frequency domain the finite elements method with the adaptive tetrahedral mesh is applied. Therefore, the estimation of the speed 
and accuracy of these methods with the purpose of determination of more effective among them is a relevant problem. 

Objective. The goal of the research is comparison of speed and accuracy of the calculations of electromagnetic characteristics of 
waveguide polarizers using FEM and FDTD methods, as well as the comparison of the convergence of these methods for the analysis 
of polarization-processing microwave devices with diaphragms. 

Method. For the calculations and analysis of electromagnetic characteristics in the article we used the method of finite differ-
ences in the time domain (FDTD) and the method of finite elements in the frequency domain (FEM). In FEM the volume is split into 
the tetrahedral mesh cells. In FDTD the computational domain is divided into hexagonal mesh cells. 

Results. It was found that the convergence of voltage standing wave ratio for the waveguide polarizer is fast for both methods. It 
was obtained that the convergence of the characteristics of differential phase shift, axial ratio, and crosspolar discrimination of the 
developed microwave device turned out to be much more sensitive to the number of mesh cells used. Moreover, in the research it was 
obtained by calculations that the computation time by the finite elements method in the frequency domain is more than 2 times less 
than the corresponding time required for calculations by the finite difference time domain method. When using the finite elements 
method in the frequency domain the corresponding number of tetrahedral mesh cells is 10 times less than the number of hexagonal 
mesh cells, which are used in the finite difference time domain method. 

Conclusions. Performed investigations have shown that FEM in the frequency domain, which applies an adaptive tetrahedral 
mesh, is more efficient than the FDTD method for the calculations of phase and polarization characteristics of modern waveguide 
polarizers and other microwave devices for various applications. 

KEYWORDS: FDTD; FEM; FIT; finite differences method; finite elements method; numerical  techniques; convergence; satel-
lite information systems; microwave devices; waveguide; polarizer; diaphragm; differential phase shift; axial ratio; crosspolar dis-
crimination. 
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ABSTRACT 
Context. In the queuing theory of a research of the G/G/1 systems are relevant because it is impossible to receive decisions for 

the average waiting time in queue in a final form in case of arbitrary laws of distributions of an input flow and service time. 
Therefore, the study of such systems for particular cases of input distributions is important. The problem of deriving solutions for the 
average waiting time in a queue in closed form for systems with distributions shifted to the right from the zero point is considered. 

Objective. Getting solutions for the main characteristics of the systems – the average waiting time of requirements in the queue 
for queuing systems (QS) of type G/G/1 with shifted input distributions. 

Methods. To solve this problem, we used the classical method of spectral decomposition of the solution of the Lindley integral 
equation. This method allows to obtaining a solution for the average waiting time for the systems under consideration in a closed 
form. The method of spectral decomposition of the solution of the Lindley integral equation plays an important role in the theory of 
systems G/G/1. For the practical application of the results obtained, the well-known method of moments of probability theory is used. 

Results. For the first time, spectral expansions are obtained for the solution of the Lindley integral equation for systems with 
delay, which are used to derive formulas for the average waiting time in a queue in closed form. The paper presents the final studies 
for the remaining eight delay systems. 

Conclusions. It is shown that in systems with delay, the average waiting time is less than in in the usual systems. The obtained 
formula for the average waiting time expands and complements the well-known queuing theory incomplete formula for the average 
waiting time for G/G/1 systems. This approach allows us to calculate the average latency for these systems in mathematical packages 
for a wide range of traffic parameters. In addition to the average waiting time, such an approach makes it possible to determine also 
moments of higher orders of waiting time. Given the fact that the packet delay variation (jitter) in telecommunications is defined as 
the spread of the waiting time from its average value, the jitter can be determined through the variance of the waiting time.  

KEYWORDS: delayed system, shifted distributions, Laplace transform, Lindley integral equation, spectral decomposition 
method.  

 
ABBREVIATIONS  

LIE is a Lindley integral equation; 
QS is a queuing system; 
PDF is a probability distribution function. 

 
NOMENCLATURE 

a(t) is a density function of the distribution of time 
between arrivals; 

( )A s∗  is a Laplace transform of the function a(t); 
b(t) is a density function of the distribution of service 

time; 
( )B s∗  is a Laplace transform of the function b(t); 

cλ  is a coefficient of variation of time between 
arrivals; 

cμ  is a coefficient of variation of service time; 
E2 is a Erlang distribution of the second order; 

-
2E  is a shifted Erlang distribution of the second 

order; 
G is a arbitrary distribution law; 
H2 is a hyperexponential distribution of the second 

order; 

2H−  is a shifted hyperexponential distribution of the 
second order; 

2HE  is a hypererlangian distribution of the second 
order; 

2HE−  is a shifted hypererlangian distribution of the 
second order; 
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M is a exponential distribution law; 
-M  is a shifted exponential distribution law; 

W  is a average waiting time in the queue; 
*( )W s   is a Laplace transform of waiting time density 

function; 
λ  is a Erlang (exponential) distribution parameter for 

input flow; 
1 2,λ λ  are parameters of the hyperexponential 

(hyperelangian) distribution law of the input flow; 
μ  is a Erlang (exponential) distribution parameter for 

of service time; 
1 2,μ μ  are parameters of the hyperexponential 

(hyperelangian) distribution law of service time; 
ρ  is a system load factor; 

λτ  is a average time between arrivals; 
2
λτ  is a second initial moment of time between 

arrivals; 
μτ  is a average service time; 

2
μτ  is a second initial moment of service time; 

( )s+Φ   is a Laplace transform of the PDF of waiting 
time; 

( )ψ s+   is a first component of spectral 
decomposition; 

( )s−ψ   is a second component of spectral 
decomposition. 

 
INTRODUCTION 

In the study of G/G/1 systems, an important role is 
played by the method of spectral decomposition of the 
solution of the Lindley integral equation (LIE) and most 
of the results in the queueing theory are obtained using 
this method. The most accessible this method with 
specific examples is described in the classic queueing 
theory [1]. 

This article is devoted to the analysis of QS with time 
lag, i.e. systems with input distributions shifted to the 
right from the zero point. The latest results on such 
systems are published in [2–7]. This article summarizes 
the research results for the remaining eight out of sixteen 
possible systems. In [2–7], as well as in previous works of 
the authors, it was shown that the average waiting time 
for a request in the queue in systems with time lag is less 
than in conventional systems with the same load factor. 
This is achieved due to the fact that the numerical 
characteristics cλ  and cμ  decrease with the introduction 

of the delay parameter 0 0t > . Thus, the operation of 
shifting the distribution law transforms Markov systems 
into non-Markov systems.  

The results of works [2–7] together with [1] allowed 
to develop the method of spectral decomposition of the 
solution (LIE) for the study of systems 2HE / M /1− − , 

2M / HE /1− − , 2 2/E 1H /− − , 2 2E / HE /1− − , 2 2E / HE /1− − , 

2 2HE / H /1− − , 2 2/E 1HE /− −  и 2 2H / HE /1− − . Hereinafter, 
the superscript “–” will mean the operation of shifting the 
distribution law. 

All the QS considered in the article, formed of the 
four most known shifted laws of distributions M− , 2E− , 

2H− , 2HE−  are of type G/G/1.  
In the queueing theory, the studies of G/G/ systems 

are relevant due to the fact that they are actively used in 
modern teletraffic theory, moreover, it is impossible to 
obtain solutions for such systems in the final form for the 
general case. 

The object of study is the queueing systems type 
G/G/1. 

The subject of study is the main characteristics of the 
systems – the average waiting time of requirements in the 
queue.  

The purpose of the work is obtaining a solution for 
the average waiting time of requirements in the queue in 
closed form for the above-mentioned systems. 

 
1 PROBLEM STATEMENT 

The paper poses the problem of finding the solution of 
the average waiting time of claims in a queue in the 
queueing systems, formed by four distribution laws 
shifted to the right from the zero point: M− , 2E− , 2H− , 

2HE− . These four laws of distributions form 4x4=16 
different QS G/G/1. The results for the first eight QS are 
presented in [2]. 

When using the method of spectral decomposition of a 
LIE solution to determine the average waiting time, we 
will follow the approach and symbolism of the author of 
the classical queuing theory [1]. To solve the problem, it 
is necessary to find the law of waiting time distribution in 
the system through the spectral decomposition of the 
form: ( ) ( ) ( ) ( )* * 1 /A s B s s s+ −− ⋅ − = ψ ψ , where ( )ψ s+  

and ( )ψ s−  are some fractional rational functions of s that 

can be factorized. Functions ( )s+ψ  and ( )s−ψ  must 
satisfy special conditions according to [1], which are 
omitted here. 

To solve this problem, it is first necessary to construct 
spectral expansions of the form 

( ) ( ) ( ) ( )* * 1 /A s B s s s+ −− ⋅ − = ψ ψ  for these systems, 
considering special conditions in each case.  

 
2 REVIEW OF THE LITERATURE 

The method of spectral decomposition of the solution 
of the Lindley integral equation was first presented in 
detail in the classic queueing theory [1], and was 
subsequently used in many papers, including [8, 9, 13]. A 
different approach to solving Lindley’s equation has been 
used in the Russian-language scientific literature. That 
work used factorization instead of the term “spectral 
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decomposition” and instead of the functions  ( )sψ+  and 

( )sψ−  it used factorization components ( ),z t+ω  and 

( ),z t−ω  of the function 1 ( )z t− ⋅χ , where ( )tχ  is the 
characteristic function of a random variable ξ with an 
arbitrary distribution function C(t), and z is any number 
from the interval (−1, 1). This approach for obtaining end 
results for systems under consideration is less convenient 
than the approach described and illustrated with numerous 
examples in [1]. 

The practical application of the method of spectral 
decomposition of the LIE solution for the study of 
systems with different input distributions is shown in [2–
7], as well as in previous works of the authors. 

In [10, 11] presents the results of the approach of 
queues to the Internet and mobile services as queues with 
a delay in time. It is shown that if information is delayed 
long enough, a Hopf bifurcation can occur, which can 
cause unwanted fluctuations in the queues. However, it is 
not known how large the fluctuations are when the Hopf 
bifurcation occurs. This is the first publications in the 
English-language journals about queues with a delay. 
Approximate methods with respect to the laws of 
distributions are described in detail in [9, 13, 14, 23, 24], 
and similar studies in queuing theory have recently been 
carried out in [15–22]. 

3 MATERIALS AND METHODS 
Consider the class of density functions f(t), which are 

Laplace-convertible, that is, for which there is a function 

[ ]*

0
( ) ( ) ( )stF s e f t dt L f t

∞
−= ≡∫ . Next, we use the delay 

theorem as a property of the Laplace transform: for any 
0 0t > , the equality will be satisfied 

0 *
0[ ( )] ( )stL f t t e F s−− = ⋅ ,                (1) 

where Re( ) 0s > . The considered density functions M, 
E2, H2, HE2 belong to this class. 

In [2–7], using equality (1), obtained spectral 
decompositions ( ) ( ) ( ) ( )* * 1 /A s B s s s+ −− ⋅ − = ψ ψ  and 
derived formulas for the average waiting time for eight 
systems. Based on these results, we can now formulate a 
general statement. 

Statement. Spectral expansions 
( ) ( ) ( ) ( )* ** 1 ψ / ψA s B s s s+ −− − =  of the LIE solution 

for all with delay formed by the distribution laws from 
Table. 1 completely coincide with the spectral expansions 
for the corresponding usual systems. Thus, the main 
expression ( ) ( )* ** 1A s B s− −  of the spectral 
decomposition is invariant to the operation of the time 
shift of the density function. 

Corollary. The formulas for the average waiting time 
for all systems with shifted distributions will have exactly 
the same form as for the corresponding systems with 
ordinary distributions, but with changed parameters due to 
the time shift operation [2–7]. Consequently, the average 
waiting time for systems with lag actually depends on the 
magnitude of the shift parameter 0 0t > . 

Next, we present the main results obtained for the 
systems 2HE / M /1− − , 2M / HE /1− − , 2 2/E 1H /− − , 

2 2E / HE /1− − , 2 2E / HE /1− − , 2 2HE / H /1− − , 2 2/E 1HE /− −  и 

2 2H / HE /1− − . To do this, we first summarize in Table 1 
the numerical characteristics of the considered 
distribution laws, which are used in [2–7]. 

The numerical characteristics of the shifted 
distributions (Table 1) clearly indicate a significant 
influence on them of the shift parameter t0. Now it is 
necessary to determine the unknown parameters of these 
distributions. These parameters were also obtained in [2–
7] and for the cases of density functions of the 
distribution of intervals of input flows a(t) are given in 
Table 2. Similar parameters for the service time 
distributions b(t) will take place by replacing λ with µ. 

 

Table 1 – Numerical Characteristics of Distributions 
Distribution laws λτ  2

λτ  2cλ  

M 1/λ 2/λ2 1 
E2 1/λ 3/(2λ2) 1/2 

H2 1 2/ (1 ) /p pλ + − λ  2 2
1 22[ / (1 ) / ]p pλ + − λ  

2 2 2
1 1 2 2

2
1 2

(1 ) 2 (1 ) (2 )
[(1 ) ]

p p p p p
p p

− λ − λ λ − + − λ
− λ + λ

 

HE2 1 2/ (1 ) /p pλ + − λ  2 2
1 23 / (2 ) 3(1 ) / (2 )p pλ + − λ  

2 2
1 2 1 2 1 2

2
1 2

2 ( ) (1 2 )( )
2[(1 ) ]

p p p
p p

λ − λ λ −λ + − λ −λ
− λ + λ

 

M−  0
1  t+
λ

 20
02

12( )t t+ +
λλ

  2
0

1
(1 )t+ λ

 

2E−  0
1  t+
λ

 20
02

3 2
2λ λ

t t+ +  2
0

1
2(1 )t+ λ

 

2H−  0
1 2

(1 )p p t−
+ +

λ λ
 2

0 0 2 2
1 2 1 2

(1 ) (1 )2 [ ] 2[ ]p p p pt t − −
+ + + +

λ λ λ λ
 

2 2 2
1 1 2 2

2
0 1 2 1 2

(1 ) 2 (1 ) (2 )
[ (1 ) ]

p p p p p
t p p

− λ − λ λ − + − λ
λ λ + − λ + λ

 

2HE−   0
1 2

(1 )p p t−
+ +

λ λ
 2

0 0 2 2
1 2 1 2

(1 ) 3 3(1 )2 [ ]
2 2

p p p pt t − −
+ + + +

λ λ λ λ
 

2 2
1 2 1 2 1 2

2
0 1 2 1 2 1

2 ( ) (1 2 )( )
2[ ( ) ]
p p p

t p
λ − λ λ −λ + − λ −λ

λ λ − λ −λ + λ
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Table 2 – The parameters of the shifted distributions obtained by the method of moments 
Distribution laws Density function a(t) Parameters 1 2, , ,p λ λ λ   

M−   ( )0λλ t te− −
 0

1
tλ

λ =
τ −

 

2E−   ( ) ( )02λ2
04λ t tt t e− −−  

0

1
tλ

λ =
τ −

  

2H−   ( )1 0 2 0( ) ( )
1 21t t t tp e p e−λ − −λ −λ + − λ  

2
0

2 2 2
0

( )1 1
2 4 2[( ) ]

tp
t c
λ

λ λ λ

τ −
= ± −

τ − + τ

 

1
0

2
( )

p
tλ

λ =
τ −

 2
0

2(1 )
( )

p
tλ

−
λ =

τ −
 

2HE−   ( )1 02 ( )2 2
1 0 2 04 ( ) 4 1 ( )t tp t t e p t t e− λ −λ − + − λ −

 

2
0

2 2 2
0

3( )1 1
2 4 8[( ) ]

tp
t c
λ

λ λ λ

τ −
= + −

τ − + τ
 1

0

2
( )

p
tλ

λ =
τ −

 2
0

2(1 )
( )

p
tλ

−
λ =

τ −
 

Table 3 – The Laplace transform of the waiting time density function, the components of the spectral decompositions of the LIE 
solution, the expressions for the mean waiting time 

QS The Laplace transform of the waiting time density function and the 
components of the spectral decompositions 

The expressions for the average waiting time 

2HE / M /1− −  ( ) ( )
( )

* 1

1

s s
W s

s s
+μ

=
μ +

, 1( )( )
( )

s s ss
s+

+
ψ =

μ +
, ( ) ( )2 2

1 2

2 3 4

2 2
( )

( )( )( )
s s

s
s s s s s s−
λ − λ −

ψ = −
− − −

. 
11 / 1 / μW s= − , where 1s  absolute values of 

negative zeros of the function numerator 
( ) ( )ψ / ψs s+ − .    

2M / HE /1− −  
( ) ( ) ( )

( )

2 2
* 1 2 3 4 1 2

2 2
1 2 1 2 3 4

2 2
16 ( )( )( )

s s
W s

s s s s
σ σ σ σ μ + μ +

=
μ μ + σ + σ + σ + σ

, 

( ) ( )
( ) ( )

1 2 3 4
2 2

1 2

( )( )( )

2 2

s s s s s
s

s s
+

+ σ + σ + σ + σ
ψ =

μ + μ +
, ( )ψ λs s− = − . ( )

2
μλ τ

2 1 ρ
W =

−
. 

2 2/EH /1− −  
( ) ( )2* 1

2
1

2

2

2μ
4μ ( )( )

s s
W s

s s s
s

s
+

=
+ +

, ( ) ( )( )
( )

1 2
22

s s s s s
s

s
+

+ +
ψ =

+ μ
, 

( ) 1 2 3ψ ( )( ) / ( )s s s s s− = − λ − λ − − . 

1 2

1 1 1
μ

W
s s

= + − , where 1 2,s s  absolute values of 

negative zeros of the function numerator 
( ) ( )ψ / ψs s+ − .   

2 2E / HE /1− −  
( ) ( ) ( )

( ) ( )

2 2
* 1 2 3 4 1 2

2 2
1 2 1 2 3 4

2 2
16 ( ) ( )

s s
W s

s s s s
σ σ σ σ + μ + μ

=
μ μ + σ + σ + σ + σ

, 

1 2 3 4
2 2

1 2

( )( )( )( )( )
(2 ) (2 )

s s s s ss
s s+

+ σ + σ + σ + σ
ψ =

μ + μ +
, 

5

2(2λ )ψ ( )
( )

ss
s−
−

= −
− σ

. 

31 2 4 1 2

1 1 1 1 1 1
μ μ

W + + + −
σ

= −
σσσ

, where 

1 2 3 4, , ,σ σ σ σ  absolute values of negative zeros 

of the function numerator ( ) ( )ψ / ψs s+ − .. 

2 2E / H /1− −  
( ) ( )( )

( )( )
* 1 2 2

1 2

1

1 2

s s s
W s

s
s

s s s
+μ

+ +
μ

μ
+

=
μ

, ( ) ( )( )
( )

1 2

1 2
ψ

( )
s s s s s

s
s s+
+ +

=
+μ +μ

, 

2

-
3

(2 )( ) ss
s s
λ −

ψ = −
−

. 

1 2 1 2

1 1 1 1W
s s

= + − −
μ μ

, where 1 2,s s  absolute 

values of negative zeros of the function 
numerator ( ) ( )ψ / ψs s+ − . . 

2 2HE / H /1− −  

( ) ( )( )
( )( )

* 1 2 1 2

1 2 1 2

s s s s
W s

s s s s
+μ +μ

=
μ μ + +

, ( ) ( )( )
( )( )

1 2

1 2

s s s s s
s

s s+
+ +

ψ =
+ μ + μ

, 

( ) ( ) ( )2 2
1 2

3 4 5

2 2
( )(

ψ
)( )

s s
s s s s s s

s−
λ − λ

−
=

−
−

− −
.   

1 2 1 2

1 1 1 1W
s s

= + − −
μ μ

, where 1 2,s s  absolute 

values of negative zeros of the function 
numerator ( ) ( )ψ / ψs s+ − .  

2 2/EHE /1− −  
( ) ( )

( )( )

2
* 1 2

2
1 2

2
4

s s s
W s

s s s s
+ μ

=
μ + +

, 1 2
2

( )( )( )
(2 )

s s s s ss
s+

+ +
ψ =

μ +
, 

( ) ( )2 2
1 2

3 4 5

2 2
( )

( )( )( )
s s

s
s s s s s s−
λ − λ −

ψ = −
− − −

. 

1 2

1 1 1
μs

W
s

+= − , where 1 2,s s  absolute values of 

negative zeros of the function numerator 
( ) ( )ψ / ψs s+ − . 

2 2H / HE /1− −  

( )
2 2

* 1 2 3 4 1 2
2 2
1 2 1 2 3 4

( 2 ) ( 2 )
16 ( )( )( )( )

s s s s s sW s
s s s s s s s s

+ μ + μ
=

μ μ + + + +
, 

1 2 3 4
2 2

1 2

( )( )( )( )
[( 2 ) ( 2 ) ]

ψ ( ) s s s s s s ss s s
s s+

+ + + +
+ + μ

=
μ

, ( ) ( )( )1 2

5(
ψ

)
s s
s s

s−
λ − λ −

−
−

= . 

1 2 3 4 1 2

1 1 1 1 1 1W
s s s s

= + + + − −
μ μ

, where 

1 2 3 4, , ,s s s s  absolute values of negative zeros of 

the function numerator ( ) ( )ψ / ψs s+ − . 
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Table 3 shows the Laplace transformations of the 
waiting time density function in the queues in the systems 
under consideration, the components of the spectral 
expansions of the LIE solution, as well as the expressions 
for the average waiting time in the corresponding 
systems. 

A detailed description of the algorithms for 
calculating the average waiting time for the systems under 
consideration can be found in [2–7]. Thus, the published 
results for the last eight of the sixteen systems are 
presented here. 

4 EXPERIMENTS 
The results of numerical simulation are presented to 

confirm the adequacy of the proposed QS models with 
time lag. Tables 4–6 below show the data of calculations 
in the Mathcad package for three systems 2HE / M /1− − , 

2 2Е /H /1− − , 2 2H / HE /1− −  for cases of low, medium and 
high load 9.0;5.0;1.0=ρ  for a wide range of cλ , cμ  and 

a shift parameter 0t .  

Table 4 – Results of experiments for QS 1/M/HE --
2  and 

HE2/М/1 
Input 

parameters Average waiting time 

For QS 1/M/HE --
2  ρ

 
μc

λc  1,0=μc  

(t0=0.9) 
5,0=μc  

(t0=0.5) 
99,0=μc

 (t0=0.01) 

For QS 
HE2/M/1 

0.71 0.000 0.005 0.029 0.03 
2 0.000 0.013 0.078 0.08 
4 0.000 0.016 0.094 0.10 0.1 

8 0.000 0.017 0.099 0.11 
0.71 0.005 0.181 0.610 0.62 

2 0.008 0.458 1.966 2.00 
4 0.009 0.599 4.503 4.62 0.5 

8 0.009 0.655 9.706 10.15 
0.71 0.344 2.956 6.516 6.61 

2 0.805 16.002 22.465 22.59 
4 1.102 60.607 77.044 77.28 0.9 

8 1.260 238.99 295.29 295.96 

Table 5 – Results of experiments for QS 2 2Е /H /1− −  at 2cμ =  

for the E2/H2/1 system 
Input parameters Average waiting time 

ρ  cλ  cμ  t0 
For QS 

2 2E / H /1− −  
For QS 
E2/H2/1 

0.637 1.005 0.99 0.055 
0.672 1.333 0.5 0.065 
0.700 1.818 0.1 0.128 
0.706 1.980 0.01 0.156 

0.1 

0.707 1.998 0.001 0.159 

0.160 

0.357 1.005 0.99 0.504 
0.530 1.333 0.5 0.877 
0.672 1.818 0.1 1.716 
0.704 1.980 0.01 2.051 

0.5 

0.707 1.998 0.001 2.089 

2.094 

0.077 1.005 0.99 4.544 
0.389 1.333 0.5 8.473 
0.643 1.818 0.1 16.538 
0.701 1.980 0.01 19.674 

0.9 

0.707 1.998 0.001 20.031 

20.072 

Table 6 – Results of experiments for QS 2 2H / HE / 1− −  and 
H2/HE2/1 

Input 
parameters Average waiting time 

For QS 2 2H / HE /1− −    ρ  ( ; )c cλ μ  
t0=0.99 t0=0.5 t0=0.01 

For QS 
H2/HE2/1 

(1;0.71) 0.03 0.04 0.09 0.09 
(1;1) 0.06 0.07 0.11 0.11 
(2;2) 0.23 0.36 0.44 0.45 
(4;4) 0.93 1.56 1.79 1.79 

0.1 

(8;8) 3.74 6.38 7.16 7.17 
(1;0.71) 0.26 0.48 0.75 0.76 

(1;1) 0.51 0.75 0.99 1.00 
(2;2) 2.04 3.15 4.03 4.04 
(4;4) 8.15 12.73 16.17 16.24 

0.5 

(8;8) 32.62 51.07 64.58 64.84 
(1;0.71) 2.49 6.00 6.77 6.77 

(1;1) 4.73 8.29 9.06 9.08 
(2;2) 18.92 33.20 36.14 36.17 
(4;4) 75.69 123.39 144.63 144.77 

0.9 

(8;8) 302.78 528.43 577.29 577.88 

Results for systems with a delay are compared with 
results for usual systems. It is obvious that the average 
waiting time in a system with a delay depends on the shift 
parameter 0t . The load factor ρ  in both tables is 
determined by the ratio of average intervals /μ λρ = τ τ . 

The calculations used the normalized service time 1μτ = . 

5 RESULTS 
The paper presents mathematical models of eight 

systems with time lag. As one would expect, a decrease in 
the coefficients of variation λc  and μc  due to the 

introduction of the shift parameter 0 0t >  into the laws of 
the distributions of the input flow and service time, entails 
a decrease in the average waiting time in systems with a 
delay several times. This is the main result of the 
presented models. 

The adequacy of the presented results is fully 
confirmed by the fact that when the shift parameter 0t  
tends to zero, the average waiting time in the delayed 
system tends to its value in the usual system.  

If conventional systems, including exponential and 
Erlang distributions, are applicable only for point values 
of the input parameters, then systems with delay are 
applicable for interval values of these parameters. This is 
the second most important result and the advantage of the 
presented systems. 

The above calculation results are in good agreement 
with the results of work [25] in the range of parameters in 
which the systems under consideration are valid. 

6 DISCUSSION 
The operation of the shift in time on the one hand, 

leads to an increase in system load with a delay.  
The time shift operation, on the other hand, reduces 

the variation coefficients of the interval between receipts 
and of the service time of requirements. Since the average 
waiting time in the system G/G/1 is related to the 
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coefficients of variation of the arrival and servicing 
intervals by a quadratic dependence, the average waiting 
time in the delayed system will be less than in the usual 
system under the same load factor.  

For example, for the 2 2Е /H /1− −  system when loading 
ρ =0.9 and the shift parameter t0=0.99, the variation 
coefficient cλ  of the interval between receipts decreases 

from 1/ 2  for a usual system to 0.077. The service time 
variation coefficient μc  decreases from 2 to 1.005, and 
the waiting time decreases from 20.072 units of time for a 
usual system to almost 4.544 units of time for a delayed 
system (Table 5).  

In addition, the introduction of the shift parameter 
leads to a fairly wide range of variation in the coefficients 
of variation λc  and μc , in contrast to usual systems, 
which are applicable only in the case of fixed values of 
the coefficients of variation. Therefore, systems with 
delay extend the range of their applicability in the modern 
theory of teletraffic. 

CONCLUSIONS 
The paper presents the spectral expansions of the 

solution of the Lindley integral equation for eight systems 
with delay, which are used to derive expressions for the 
average waiting time in the queue for these systems in 
closed form. 

The scientific novelty of the results is that spectral 
expansions of the solution of the Lindley integral equation 
for the systems under consideration are obtained and with 
their help the calculated expressions for the average 
waiting time in the queue for systems with delay in closed 
form are derived. These expressions complement and 
expands the well-known incomplete formula for the 
average waiting time in the G/G/1 systems with arbitrary 
laws of input flow distribution and service time. 

The practical significance of the work lies in the fact 
that the obtained results can be successfully applied in the 
modern theory of teletraffic, where the delays of 
incoming traffic packets play a primary role. For this, it is 
necessary to know the numerical characteristics of the 
incoming traffic intervals and the service time at the level 
of the first two moments, which does not cause 
difficulties when using modern traffic analyzers [12]. 

Prospects for further research are seen in the 
continuation of the study of systems of type G/G/1 with 
other common input distributions and in expanding and 
supplementing the formulas for average waiting time. 
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AНОТАЦІЯ 

Актуальність. У теорії масового обслуговування дослідження систем G/G/1 актуальні через те, що не можна отримати 
рішення для часу очікування в кінцевому вигляді в загальному випадку при довільних законах розподілів вхідного потоку і 
часу обслуговування. Тому є важливими дослідження таких систем для окремих випадків вхідних розподілів. Розглянуто 
задачу виведення рішень для середнього часу очікування в черзі у замкнутій формі для систем зі зсунутими вправо від 
нульової точки вхідними розподілами. 

Мета роботи. Отримання рішення для основної характеристики системи – середнього часу очікування вимог у черзі для 
двох систем масового обслуговування типу G/G/1 зі зсунутими вхідними розподілами. 

Метод. Для вирішення поставленого завдання був використаний класичний метод спектрального розкладання рішення 
інтегрального рівняння Ліндлі. Цей метод дозволяє отримати рішення для середнього часу очікування для розглянутих 
систем у замкнутій формі. Метод спектрального розкладання рішення інтегрального рівняння Ліндлі грає важливу роль у 
теорії систем G/G/1. Для практичного застосування отриманих результатів було використано відомий метод моментів теорії 
ймовірностей. 

Результати. Вперше отримано спектральні розкладання рішення інтегрального рівняння Линдли для розглянутих 
систем, за допомогою яких виведені розрахункові вирази для середнього часу очікування в черзі у замкнутій формі. 
У роботі подані завершальні дослідження для решти восьми систем з запізненням. 

Висновки. Показано, що у системах з запізненням у часі середній час очікування менше, ніж у звичайних системах. 
Отримані розрахункові вирази для часу очікування розширюють і доповнюють відому незавершену формулу теорії 
масового обслуговування для середнього часу очікування для систем G/G/1. Такий підхід дозволяє розрахувати середній час 
очікування для зазначених систем в математичних пакетах для широкого діапазону зміни параметрів трафіку. Отримані 
результати з успіхом можуть бути застосовані в сучасній теорії телетрафіку, де затримки пакетів вхідного трафіку 
відіграють першорядну роль. Крім середнього часу очікування, такий підхід дає можливість також визначити моменти 
вищих порядків часу очікування. З огляду на той факт, що варіація затримки пакетів (джиттер) в телекомунікації 
визначається як дисперсія часу очікування від його середнього значення, то джиттер можна буде визначити через дисперсію 
часу очікування. 

КЛЮЧОВІ СЛОВА: система з запізненням, зсунуті розподіли, перетворення Лапласа, інтегральне рівняння Ліндлі, 
метод спектрального розкладання. 
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 АННОТАЦИЯ 

Актуальность. В теории массового обслуживания исследования систем G/G/1 актуальны в связи с тем, что нельзя 
получить решения для времени ожидания в конечном виде в общем случае при произвольных законах распределений 
входного потока и времени обслуживания. Поэтому важны исследования таких систем для частных случаев входных 
распределений. Рассмотрена задача вывода решений для среднего времени ожидания в очереди в замкнутой форме для 
систем со сдвинутыми вправо от нулевой точки входными распределениями.  

Цель работы. Получение решения для основной характеристики систем – среднего времени ожидания требований в 
очереди для систем массового обслуживания (СМО) типа G/G/1 со сдвинутыми входными распределениями. 

Метод. Для решения поставленной задачи использован классический метод спектрального разложения решения 
интегрального уравнения Линдли. Данный метод позволяет получить решение для среднего времени ожидания для 
рассматриваемых систем в замкнутой форме. Метод спектрального разложения решения интегрального уравнения Линдли 
играет важную роль в теории систем G/G/1. Для практического применения полученных результатов использован 
известный метод моментов теории вероятностей. 

Результаты. Впервые получены спектральные разложения решения интегрального уравнения Линдли для систем, с 
помощью которых выведены расчетные выражения для среднего времени ожидания в очереди в замкнутой форме. В работе 
представлены заключительные исследования для оставшихся восьми систем с запаздыванием во времени. 

Выводы. Получены спектральные разложения решения интегрального уравнения Линдли для рассматриваемых систем 
и с их помощью выведены расчетные выражения для среднего времени ожидания в очереди для этих систем в замкнутой 
форме. Показано, что в системах с запаздыванием во времени среднее время ожидания меньше, чем в обычных системах. 
Полученные расчетные выражения для времени ожидания расширяют и дополняют известную незавершенную формулу 
теории массового обслуживания для среднего времени ожидания для систем G/G/1. Такой подход позволяет рассчитать 
среднее время ожидания для указанных систем в математических пакетах для широкого диапазона изменения параметров 
трафика. Кроме среднего времени ожидания, такой подход дает возможность определить и моменты высших порядков 
времени ожидания. Учитывая тот факт, что вариация задержки пакетов (джиттер) в телекоммуникациях определяется как 
разброс времени ожидания от его среднего значения, то джиттер можно будет определить через дисперсию времени 
ожидания.  

КЛЮЧЕВЫЕ СЛОВА: система с запаздыванием, сдвинутые распределения, преобразование Лапласа, интегральное 
уравнение Линдли, метод спектрального разложения. 
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ABSTRACT 

Context. Modern computer vision systems require effective classification solutions based on the research of the the processed 
data nature. Statistical distributions are currently the perfect tool for representing and analyzing visual data in image recognition sys-
tems. If the description of a recognized object is represented by a set of vectors, the statistical apparatus becomes fundamental for 
making a classification decision. The study of data distributions in the feature blocks systems for key point descriptors has shown its 
effectiveness in terms of achieving the necessary quality of classification and processing speed. There is a need for in-depth study of 
the descriptor sets statistical properties in terms of the main aspect – the multidimensional data separation for classification. This task 
becomes especially important for constructing new effective feature spaces, for example, by aggregating a set of descriptors by their 
constituent components, including individual bits. To do this, it is natural to use the apparatus of statistical criteria designed to com-
pare the parameters of the distribution of the studied samples. Despite the widespread use and applied effectiveness of the feature 
descriptors apparatus for image classification, the statistical basis of these methods in their implementation in aggregate visual data 
systems and the choice of effective means to assess their effectiveness for distinguishing real images in application databases remains 
insufficiently studied. 

Objective. Development of an effective images classification method by introducing aggregate statistical features for the de-
scription components. 

Method. A metric image classifier based on feature aggregation for a set of image descriptors using statistical criteria for assess-
ing the classification decision significance is proposed. 

Results. The synthesis of the classification method on the basis of the introduction of aggregated statistical features for a set of 
image description descriptors is carried out. The efficiency and effectiveness of the developed classifier are confirmed. On examples 
of application of a method for system of real images features its efficiency is experimentally estimated. 

Conclusions. The study makes possible to evaluate the applied effectiveness of the key points descriptors apparatus and build on 
its basis an aggregate features system for the effective visual objects classification implementation. Our research has shown that the 
available information in the form of a bit descriptors representation is sufficient for a significant statistical distinction between visual 
objects descriptions. Analysis of pairs and other blocks for descriptor bits provides a promising opportunity to reduce processing 
time. 

The scientific novelty of the study is the development of a method of image classification based on an integrated statistical fea-
tures system for structural description, confirmation of the effectiveness of the method and the importance of the created features 
classification system in the image database. 

The practical significance of the work is to confirm the efficiency of the proposed methods on the real image descriptions exam-
ples. 
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ABBREVIATIONS 

KP – key point;  
ORB (Oriented FAST and Rotated BRIEF) – detector 

that forms the descriptors of key points; 
BRISK (Binary Robust Invariant Scalable Key-

points) – detector that forms the descriptors of key points. 
 

NOMENCLATURE 
n  – dimension of the descriptor КТ; 

nB  – space of binary dimension vectors n ; 
jE  – reference descriptor with the number j ; 

E  – reference set; 
Z  – description of the visual object;  
{ }{ }n

i
s
vivz

11, ==  – binary description matrix; 

1E , 2E , 3E , 4E – descriptions of reference images 
in the experiment; 

S  – the number of description descriptors; 
m  – number of classes; 
θ  – aggregate feature vector; 

)1(θ – aggregate feature vector for the first processing 
method; 

)2(θ – aggregate feature vector for the second process-
ing method; 

)()( vP i
s  – probability of occurrence v  units in place 

of the і-th bit in the description of the s  vectors; 
ip  – the probability of occurrence of one in place of 

the i-th bit in the set of descriptor descriptors; 
)( jD  – normalized measure of similarity of vectors; 
)( jd – Manhattan distance between vectors )1(θ  for 

j -th reference and object; 
k  – fragment number; 

ku  – the value of the highest level attribute for the 
fragment with the number k ;  

b  – fragment size in bits; 
q  – dimension of the vector ku ; 
K  – classifier. 

 
INTRODUCTION 

Statistical data science tools usage to build visual ob-
jects images classifiers in computer vision systems is 
aimed at providing the necessary performance based on 
the study of properties, content, structure of reference data 
and the introduction of obtained knowledge into the clas-
sification process [1–6]. An element of the image space in 
a vector data environment with real or binary components 
in the implementation of structural recognition methods is 
a finite set of key point descriptors (KP) of the image [2]. 
Recently, BRISK and ORB descriptors with binary com-
ponents have become popular due to low computational 
costs [3–6, 13]. 

Statistical data distributions are perfect tools for repre-
senting and analyzing visual data in image recognition 
systems. If the description of a recognized object is given 
by a set of vectors, the statistical apparatus becomes fun-
damental for making a classification decision. Data distri-
butions research in the blocks systems for KP descriptors 
have shown their effectiveness in terms of providing the 
required quality of classification and processing speed [2]. 
There is a need for in-depth study of statistical properties 
descriptor sets in terms of the main problem – the multi-
dimensional data separation for classification. This task 
becomes especially important when constructing new 
effective feature spaces, for example, by aggregating a set 
of descriptors by vector components [3, 4, 10]. For this 
purpose, it is natural to use the apparatus of statistical 
criteria designed to compare the parameters of the distri-
bution of the studied samples. 

The aggregator classifier organizes a new data space 
to describe as a set of descriptors, which evaluates the 
similarity of the feature vectors of the recognized object 
and a single reference image, and the classification is 
done by optimizing the degree of this similarity.  

Probabilistic model of generating visual object de-
scriptors vector data is a practical approach to formalize 
the process of classifier constructing, the essence of 
which is to build and study statistical distributions of ob-
jects or their components with the introduction of aggre-
gation and optimization procedures on multiple classes [1, 
6].  

Despite the widespread use and practical effectiveness 
of the apparatus of KP descriptors for the visual objects 
classification [2–5], there is still remains unexplored sta-
tistical basis of these methods and the choice of effective 
means to assess their effectiveness for real datasets [1, 2]. 

The object of this research is the introduction of a sta-
tistical data analysis apparatus to build the image classi-
fier based on the aggregate data representation as a set of 
KP descriptors and confirm its effectiveness.  

The subject of the research is the synthesis of the clas-
sifier on the basis of aggregated features and statistical 
proof of the separation properties of these features for 
reference classes and examples of input images. 

The aim is to develop a performance-efficient method 
of image classification by introducing aggregate features 
for the composition of the description components.  

 
1 PROBLEM STATEMENT 

Consider a multidimensional space nB of any binary 
vectors of dimension n , where we will construct the ob-
ject descriptions and reference images. Description Z  is 
defined on the basis of the KP descriptor set of the visual 
object in the form of a finite set of binary vectors of di-
mension S  

 
n

v
s
vv BzzZ ∈= = ,}{ 1 . 
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In a more detailed view, we will consider and analyze 
the description n

i
s
vvzZ 11}}{{ ===  as a matrix of binary 

values with ns×  size. 
We will traditionally consider classification as a re-

flection 
 

[ ]mZK ,...,1: → , 
 

where each class is represented by a reference descriptor 
in jE , mj ,...,1= , which are available for analysis [2]. 

Let’s study the visual objects classification as assign-
ing their description to one of the reference classes, based 
on the aggregate representation of the description data 
using the tools and criteria of mathematical statistics. In a 
general case, the classification problem is formally re-
duced to establishing the degree of similarity of two vec-
tor sets with binary components of equivalent size. We 
will build a secondary integrated system of features 

N
kk 1}{ =θ=θ  on the basis of descriptions Z , m

jjE 1}{ =  and 
implement it in the classification solution. 

We use a metric approach to determine the degree of 
similarity of feature values θ  for object and reference 
images. The introduction of aggregate features contributes 
to a significant acceleration of the classifier decision pro-
cess, the gain in comparison with the traditional method 
of voting descriptors reaches hundreds of times [5, 6]. 
Another task is to investigate the separation properties of 
the newly created system of features using traditional 
statistical criteria. 

 
2 REVIEW OF THE LITERATURE 

The formal definition of the classification problem 
with the description of the image as a set of KP descrip-
tors is formulated in [2–4], which also studies the advan-
tages of implementing a structural description model in 
the methods of statistical classification [1, 5–9]. It is 
noted that the primary problem is the excessive computa-
tional costs caused by large arrays of vector data. Articles 
[4–6, 9, 16, 17, 26] investigate statistical models for the 
synthesis of feature space modifications to reduce the 
amount of computation, in particular, the application of 
data aggregation methods by forming distributions and 
defining statistical data centers. Works [1, 2, 8, 14] are 
devoted directly to the analysis of learning models for the 
fixed base of descriptions used in computer vision and the 
definition of the function of belonging to a fixed system 
of classes. 

Articles [9, 13, 19, 21, 25] discuss the principle of 
construction feature detectors for the binary descriptors of 
KP. 

Studies [1, 2, 8, 15, 23] contain results on the applied 
implementation of statistical approaches to the visual im-
ages classification using an ensemble processing. In [1, 6–
8, 17–20] methods of evaluating the effectiveness of intel-
ligent systems using statistical and metric measures of 
similarity are described. The advantages of statistical so-
lutions such as high processing speed, sufficient distor-

tions resistance and ensuring the required level of classifi-
cation efficiency are discussed. 

Works [11, 12] are used as sources of traditional and 
modern methods of statistical evaluation, the book [15] 
contains a description of applied features of software 
modeling, and sources [2–6, 10, 23] include the results of 
authors’ research in implementing statistical approaches 
to develop structural methods image classification. In 
particular, [2] proposed technologies of component analy-
sis and spatial processing for the classification of visual 
objects using statistical characteristics of the structural 
description of the image. 

 
3 MATERIALS AND METHODS 

We introduce a mapping nBZZ ⊂θ→ , , from a fixed 
set Z  of binary vectors – KP descriptors for a given ob-
ject into an integer vector N

kk 1}{ =θ=θ , the components of 
which will be calculated by some rule, according to which 
N = n or N = s. This will make it possible to identify and 
distinguish visual objects on the basis of smaller data, as 
set of vectors is transformed into a single vector [4]. 

We will classify on the basis of estimating the differ-
ences in the values of vectors θ  for different descriptions, 
the calculation of which is proposed in two different 
ways, which aims to take into account the structural fea-
tures of the studied data and, as a result, ensure the effi-
ciency of the recognition process. 

According to the first method of determining vectors 
θ , we find the sum of binary values (number of units) 
consecutively for each bit with the number separately, 
based on the complete set of object descriptions Z . For a 
fixed description we obtain vectors of the form: 

 

{ } sz i

s

v
ivi

n
ii ≤θ≤=θθ=θ ∑

=
=

)1(

1
,

)1(
1

)1()1( 0,, . (1)

 
The vector (1) is an aggregate parameter formed on a 

set of descriptor descriptors by bitwise analysis of data in 
the form of adding the values of the corresponding bits 
(matrix columns n

u
s
vuvzZ 11, }}{{ === ).  

If we consider the distribution of values by the i-th bit 
from the description of the object close to binomial, 
which is determined by the Bernoulli formula: 

 
vs

i
v
i

v
s

i
s ppCvP −−= )1()()(  

 

for which we calculate 
s

p i
i

)1(θ
= , the value 

nii ,...,1,)1( =θ  as it known in mathematical statistics [11], 
can be interpreted as the average value of the appearance 
of the corresponding number of units in place of the і-th 
bit: spii =θ )1( . 
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In general case, the tuple of values 
),...,( )1()1(

1
)1(

nθθ=θ  obtained on the basis of the descrip-

tion Z  can be considered as an aggregated parametric 
representation of the description, where the parameters 
are the probabilities ip  of occurrence of single bits for 
the i -th component in the set Z. We introduce the repre-
sentation )1(θ  into the classification process, as it signifi-
cantly reduces computational costs by transforming data 
from a set of vectors into a single parameter-vector [2–4]. 

Consider mjj ,...,1,)1( =θ  – a vector aggregated by 
columns of the matrix for the binary description of the 
reference jE  with the number mj ,...,1= , according to 

(1) and )1( Oθ – an aggregate vector for the description of 
the studied object O. 

To compare the aggregate descriptions of objects of 
type (1) and, accordingly, to solve the classification prob-
lem, we introduce the classifier [2] 

 

];1[

)(maxarg:
mj

jDkK
∈

= , (2)

 

ns
dD

j

⋅
−=

)(
)1( 1 , .,...,1,

1

)1()1()( mjd
n

i

O
i

j
i

j =θ−θ= ∑
=

(3)

 
Classifier (2) implements the principle of analysis 

“object – reference image” based on the aggregate vector 
representation θ  [2]. We emphasize that expression (2) 
can be considered as a decisive rule, which is based on the 
likelihood function, presented, in contrast to its classical 
probabilistic representation [1], in terms of metrics, in 
particular, Manhattan. 

To confirm the significance of the decision, as well as 
to control the obtained result of the classifier (2) with the 
involvement of aggregate vectors, we use methods of 
mathematical statistics, namely, a paired two-sample t-test 
for averages [11, 12], which provides pairwise (coordi-
nate) comparison of the studied objects – vectors θ  for a 
statistically significant difference in their average values. 
When using this test, two samples of the same volume are 
considered, in which the elements have a fixed location 
(as coordinates). 

In the process of testing the null hypothesis regarding 
the equality of the averages in these samples, Student’s 
statistics is used [11]; a level of significance α is estab-
lished, equal to the probability of making an error of the І 
kind, i.e. rejecting the null hypothesis if it was correct; 
based on the initial data, the p-value is calculated as the 
maximum possible probability of error of the І kind. 
Then, if the p-value is less than the established α, then the 
null hypothesis is rejected, and an alternative hypothesis 
is accepted regarding the significant difference of the 
means (at the level of significance α). Otherwise, there is 
no reason to reject the null hypothesis of no statistically 
significant differences between the means [11]. 

Based on the features iθ , it is possible to calculate 
higher-level features ku  for data blocks as sets of col-
umns [1] 

 

∑
−+

=
θ=
1bk

ki
iku . (4)

 
In relation (4) the relation is established qnb /= , 

1,...,12,1,1 +−++= bnbbk . 
Features (4) implement cross-correlation processing of 

the matrix Z  with a rectangular mask size sb×  [1, 14]. 
As a result of calculation (4) we obtain an integer vector 

ku  of dimension q . The parameter q  is a characteristic 
of the newly created system of fragments, it varies from 
n  to 1 with increasing fragment size from 1 to n . 

The values of the vector ),...,,...,( 1 qk uuuu =  can be 
used for classification as independent structural features 
of the statistical type. Given a simple model for calculat-
ing functions (4), they are all easy to determine for an 
arbitrary fragment size (logically or by adding integers). 

Based on representation (4), a hierarchical recognition 
method can also be used, which uses a system of features 

ku  with different degrees of data integration to compare 
with reference set [2, 16]. The range of integer values for 
features ku  can be directly determined by the size of the 
fragment },...,0{ sbuk ∈  as Model (4) implements the 
procedure of reducing the information redundancy of the 
spatial signal due to the allowable resolution reduction of 
the feature system [2, 14]. 

Note also that for the sake of universality of the study, 
it may be appropriate to perform analysis of variance of 
aggregate vectors constructed from reference jE , 

mj ,...,1= , in order to ensure that the reduction of data 
dimensionality did not affect the difference in the refer-
ences set. In this case, since the structure of the vectors 
aggregated by formula (1) involves the consideration of 
paired samples, in this case it is possible to use only non-
parametric analysis of variance, for example, in the form 
of the Friedman test [11]. 

The second way to calculate vectors θ  is to represent 
the components of the vector as the sum of unit bits sepa-
rately for each binary descriptor of the description. In this 
case, by adding the elements of the rows of the matrix (1) 
we obtain aggregate description vectors in the form: 

 

.0,,}{ )2(

1

)2(
1

)2()2( nz v
n

i
viv

s
vv ≤θ≤=θθ=θ ∑

=
=  (5)

 
Then )2( jθ , mj ,...,1=  – is a vector aggregated along 

the rows of the matrix of the description of the reference 
jE  with the number mj ,...,1=  by expression (5); where 
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)2( Oθ – aggregated vector according to the description of 
the studied object O. 

Note that the process of formation of aggregate vec-
tors in the form (5) leads to the creation of already inde-
pendent samples, the study of which does not involve a 
coordinate comparison. In this case, due to the independ-
ent nature of the data, it is proposed to check for a signifi-
cant difference only by statistical methods. The essence of 
the introduction in this situation of a two-sample t-test for 
averages for two independent samples is to compare the 
averages of two sets of disordered elements, which are the 
number of units calculated separately for each binary de-
scriptor description, the sequence of which obviously 
does not matter. The procedure for implementing the test 
remains the same as for the case of dependent (paired) 
samples, and differs only in the formula, according to 
which the relevant statistics are calculated on the basis of 
the studied data [11]. 

Note that here it may also be appropriate to perform 
analysis of variance of aggregate vectors (5), built on the 
references jE , mj ,...,1= ; in order to verify the fact of 

statistically significant differences )2( jθ , mj ,...,1=  in 
the set of these vectors. Here, the structure of aggregate 
vectors involves the consideration of independent sam-
ples, which involves the use of methods of both paramet-
ric and nonparametric variance analysis (for example, in 
the form of the Kruskal-Wallis test) [11]. 

 
4 EXPERIMENTS 

Consider an example with experimental descriptions 
of three fixed reference images E1, E2, E3, and E4, ob-
tained from E1 by rotation. Examples of images based on 
the results of software modeling with the formed coordi-
nates of the BRISK KP descriptors are shown in Fig. 1 
[13, 15, 21]. For the descriptions of these images in the 
form of a set of descriptors, our calculations are per-
formed. 

In the calculation example, n = 512 is the dimension 
of the descriptor, s = 500 is the number of descriptors in 

the description, m is the number of reference images or 
classes (m = 3). 

We proceed to the implementation of the proposed 
classification approach based on the values of the parame-
ters θ  in the database of three reference images E1, E2, 
E3 (Fig. 1) and the image E4, transformed by rotation of 
E1. Note that the representation using KP descriptors pro-
vides invariance to the transformations of displacement, 
rotation and scale of the analyzed object [2]. 

Fragments of the calculation results for aggregate vec-
tors 4,3,2,1,)1( =θ jj , of the form (1) for objects E1, E2, 
E3, E4 are given in Table 1. 

According to formulas (2, 3) with the substitution of 
indicators E4 we have:  

983.0)1( =D ; ; 929.0)2( =D ; 895.0)3( =D . 
 

Table 1 – Fragments of component vectors 

4,3,2,1,}{ 512
1

)1()1( =θ=θ = ji
j

i
j  

Component 
number 

)11(θ  )12(θ  )13(θ  )14(θ  

1 448 397 369 430 

2 318 305 394 312 

3 410 371 341 395 

4 391 365 325 378 

5 290 250 385 278 

6 306 306 293 305 

7 224 162 343 234 
… …. …. … … 

507 213 242 265 220 

508 237 247 276 235 

509 205 292 303 210 

510 145 235 257 154 

511 220 299 295 240 

512 195 299 298 203 

 
 

 
Figure 1 – Reference images with marked KP 
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We see that the use of classifier (2) leads to the correct 
recognition of the object E4 as a transformed reference 
image E1, as its similarity with the first reference image is 
the greatest.  

For the hierarchical features obtained by expression 
(4) at the size of the fragment 2=b  obtained the follow-
ing values of these indicators: 0,986; 0,934; 0,908. 

As you can see, they differ slightly from the values for 
the full description ( 1=b ), but the data vector is reduced 
by 2 times, which allows for further reduction of compu-
tational volumes.  

Confirmation of the fact of statistically significant 
proximity of E4 to E1, as well as statistically significant 
difference of E4 from other reference images E2, E3 is 
obtained using a paired two-sample t-test for averages 
applied to samples represented by aggregate vectors 

4,3,2,1,}{ 512
1

)1()1( =θ=θ = ji
j

i
j , form (1), the results of 

which are shown in table 2 
 

Table 2 – The results of the application of a paired two-
sample t-test 

Samples  Е1, Е4 Е2, Е4 Е3, Е4 

Р-value 0,252 0,002 0,0000000006 
Significance no yes yes 

 
In this case, for the hierarchical features obtained by 

expression (4) at the size 2=b  of the fragment, the value 
of the P-index was obtained: 0.330; 0.022; 0.000001. 

Let’s move on to consider the vectors aggregated by 
the second method. 

Fragments of the results of the calculation of the com-
ponents of the vectors 4,3,2,1,)2( =jjθ  of the form (5) 
for objects E1, E2, E3, E4 are given in table 3. 

 
Table 3 – Fragments of component vectors 

4,3,2,1,}{ 500
1

)2()2( =θ=θ = jv
j

v
j  

Component 
number 

)21(θ  )22(θ  )23(θ  )24(θ  

1 301 332 248 194 

2 272 313 320 273 
3 239 311 234 303 
4 272 327 344 250 

5 302 253 237 137 
6 241 318 308 221 
7 305 245 298 260 
… …. …. … … 

495 200 277 196 253 
496 298 269 237 268 

497 281 291 268 245 
498 213 171 282 267 
499 280 196 286 279 

500 235 197 268 295 
 

The confirmation of statistically significant proximity 
of E4 to E1, as well as statistically significant differences 
of E4 from other reference images E2, E3, obtained using 
a two-sample t-test for averages with different variances 

4,3,2,1,)2( =θ jj , are shown in table 4. 
 

Table 4 – The results of the two-sample t-test 
Samples  Е1, Е4 Е2, Е4 Е3, Е4 
Р-value 0.843 0.024 0,0000000005 

Significance no yes yes 
 
In order to assess the stability of the studied approach 

to the application of description variations that may occur 
under the influence of noise, we performed calculations 
for descriptions transformed by expression (4), where 
generalization 2=b  for the case occurred by adding pairs 
of values )2( jθ . This corresponds to the calculation of 
hierarchical features when performing a merge for pairs 
of descriptors that appeared next to each other in the de-
scription. At the same time, the amount of data is also 
halved. 

The obtained P-values for this case were 0.886; 0.034; 
0,0000000007. This fact in comparison with the data of 
tab. 4 indicates the resistance of the considered methods 
to accidental interference, as the previous classification 
conclusions are fully confirmed. 

 
5 RESULTS 

The main result of this study is the development of 
images classification models based on the statistical anal-
ysis of component sets in the images descriptions and 
metric means of class selection. The proposed variants of 
data analysis models are based on the degree of similarity 
between the object and reference images, are workable 
and provide sufficient classification efficiency. Computa-
tional simulation performed on the example with 3 refer-
ence images confirmed efficiency of the proposed ap-
proach with use of significant data difference statistical 
criteria. Variants of the generalized features system syn-
thesis that implies the further compression of the descrip-
tion sets and acceleration of classification procedures are 
also analyzed. 

 
6 DISCUSSION 

The synthesis of an aggregate feature system based on 
KP descriptor set makes possible to build a classifier that 
works successfully for the real images database. 

As you can see, the first P-value (Table 2) for both op-
tions 1=b , 2=b  significantly exceeds the significance 
level α = 0.05 (equal to the probability of error of the first 
kind), which indicates the absence of statistically signifi-
cant differences between )11(θ  and )14(θ  (i.e. between 
the first reference image E1 and E4, which is transformed 
from E1); other obtained P-values are significantly less 
than 0.05, confirming a statistically significant difference 
in pairs between )14(θ , )12(θ and )13(θ , )14(θ  (ie between 
E4, E2 and E4, E3). 
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Note, that for a large sample size (in the example we 
have n = 512), checking the data for compliance with the 
normal distribution law when using a paired t-test is not 
mandatory [11]. 

Note also, that the visual comparison of bar charts, 
which is a graphical representation of the vectors aggre-
gated by formula (1), is a clear confirmation of the results 
obtained on the difference of objects (Fig. 2) (similarity 
between )14(θ and )11(θ  and significant difference be-
tween pairs )14(θ , )12(θ  and )14(θ , )13(θ ). 

We also see that the first P-value is equal to 0.843 (Ta-
ble 4) and significantly exceeds the level of significance 
α = 0.05, which indicates the absence of statistically sig-
nificant differences between )21(θ  and )24(θ  (ie between 
E1 and E4); other P-values, which are significantly less 
than 0.05, confirm a statistically significant difference in 
pairs between )24(θ , )22(θ  and )24(θ , )23(θ  (ie between 
E4, E2 and E4, E3). 

Similarly to the previous one, the visual comparison of 
bar diagrams, which are a graphical interpretation of the 
vectors aggregated by formula (5), confirms the obtained 
results (Fig. 3). 

The proposed classifier construction method allows fur-
ther generalization in terms of fragment size aggregation 
that implies reduction of processing time. 

CONCLUSIONS 
The urgent problem of mathematical support Statisti-

cal data analysis is a powerful research tool for intelligent 

decision making, machine learning and data science. The 
study makes possible to assess the applied effectiveness 
of the key points descriptors apparatus and build on its 
basis an aggregate features system for the effective visual 
objects classificator implementation. Our research has 
shown that the available information in the form of a bit 
representation of the descriptors is sufficient for statistical 
separation of data for different visual objects. Analysis of 
pairs and other blocks of bits reduces the processing time. 

The scientific novelty of the study is the development 
of a method of image classification based on an integrated 
statistical features system for structural description, con-
firmation of the effectiveness of the method and the im-
portance of the created features classification system in 
the image database. 

The practical significance of the work is to confirm 
the efficiency and effectiveness of the proposed methods 
on the examples of real images descriptions. 

Prospects for the study are related to the further en-
hancement and application of the developed classifiers in 
large-scale visual data bases. 

 
ACKNOWLEDGEMENTS 

The work was performed within the framework of the 
state budget research of Kharkiv National University of 
Radio Electronics “Deep hybrid systems of computational 
intelligence for data flow analysis and their rapid learn-
ing” (№ ДР0119U001403). 

 

)11(θ  

 

)12(θ  

 

)14(θ  

 

)13(θ  

 

Figure 2 – Graphical representation of vectors 4,3,2,1,}{ 512
1

)1()1( =θ=θ = ji
j

i
j  

64



e-ISSN 1607-3274   Радіоелектроніка, інформатика, управління. 2021. № 4 
p-ISSN 2313-688X  Radio Electronics, Computer Science, Control. 2021. № 4 

 
 

Gadetska S. V., Gorokhovatsky V. O., Stiahlyk N. I., Vlasenko N. V., 2021 
DOI 10.15588/1607-3274-2021-4-6 

)21(θ  

 

)22(θ  

 
)24(θ  

 

)23(θ  

 

Figure 3 – Graphical representation of vectors 4,3,2,1,}{ 500
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AНОТАЦІЯ 

Актуальність. Сучасні системи комп’ютерного зору потребують дієвих класифікаційних рішень на підґрунті вивчення 
природи оброблюваних даних. Статистичні розподіли на цей час є досконалим засобом подання та аналізу візуальних даних 
у системах розпізнавання образів. Якщо опис розпізнаваного об’єкту представлено множиною векторів, статистичний апа-
рат стає фундаментальним для прийняття класифікаційного рішення. Вивчення розподілів даних у складі системи блоків 
для дескрипторів ключових точок показали свою результативність у аспекті забезпечення потрібних показників якості кла-
сифікації та швидкодії оброблення. Виникає необхідність поглибленого вивчення статистичних властивостей для множини 
дескрипторів у аспекті головного фактору – розрізнення багатовимірних даних задля класифікації. Особливе значення набу-
ває ця задача при побудові нових ефективних просторів ознак, наприклад, шляхом агрегування множини дескрипторів за їх 
складовими компонентами, в тому числі за окремими бітами. Для цього природнім є напрацьоване використання апарату 
статистичних критеріїв, призначених для порівняння параметрів розподілу досліджуваних вибірок. Незважаючи на широке 
застосування і прикладну результативність апарату дескрипторів для класифікації зображень, до цих пір залишається не 
дослідженим статистичне підґрунтя цих методів при впровадженні їх у агрегованих системах ознак візуальних даних і вибір 
ефективних засобів для оцінювання їх дієвості для розрізнення реальних зображень у прикладних базах даних.   

Мета роботи. Розроблення ефективного за швидкодією методу результативної класифікації зображень шляхом впрова-
дження агрегованих статистичних ознак для складу компонентів опису. 

Метод. Запропоновано метричний класифікатор зображень на основі агрегації ознак для множини дескрипторів опису із 
використанням статистичних критеріїв щодо оцінювання значущості класифікаційного рішення. 

Результати. Здійснено синтез методу класифікації на підставі впровадження агрегованих статистичних ознак для мно-
жини дескрипторів опису зображення. Підтверджено працездатність і ефективність розробленого класифікатора. На при-
кладах застосування варіантів методу для системи ознак реальних зображень експериментально оцінена його результатив-
ність. 

Висновки. Проведене дослідження дає можливість оцінити прикладну ефективність застосування апарату дескрипторів 
ключових точок зображення і побудови на його основі агрегованої системи ознак для результативного здійснення класифі-
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кації візуальних об’єктів. Наше дослідження показало, що наявної інформації у вигляді бітового подання дескрипторів опи-
су достатньо для значущого статистичного розрізнення описів візуальних об’єктів. Аналіз пар і інших блоків для бітів де-
скрипторів дає перспективну можливість скорочення часу оброблення. 

Наукову новизну дослідження складає розроблення методу класифікації зображень на підставі системи інтегрованих 
статистичних ознак для структурного опису, підтвердження результативності методу та значущості створеної системи ознак 
при класифікації у межах бази зображень.  

Практична значущість роботи полягає у підтвердженні працездатності та результативності запропонованих методів на 
прикладах дескрипторних описів реальних зображень. 

КЛЮЧОВІ СЛОВА: комп’ютерний зір, ключова точка, дескриптор, агрегація даних, статистичний розподіл, значу-
щість класифікаційного рішення, швидкодія оброблення. 
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AННОТАЦИЯ 

Актуальность. Современные системы компьютерного зрения требуют действенных классификационных решений на 
основе изучения природы обрабатываемых данных. Статистические распределения в настоящее время являются совершен-
ным средством представления и анализа визуальных данных в системах распознавания образов. Если описание распозна-
ваемого объекта представлено множеством векторов, статистический аппарат становится фундаментальным для принятия 
классификационного решения. Изучение распределений данных в составе системы блоков для дескрипторов ключевых то-
чек показали свою результативность в аспекте обеспечения требуемых показателей качества классификации и быстродейст-
вия обработки. Возникает необходимость углубленного изучения статистических свойств для множества дескрипторов в 
аспекте главного фактора – различения многомерных данных для классификации. Особое значение приобретает эта задача 
при построении новых эффективных пространств признаков, например, путем агрегирования множества дескрипторов по 
их составляющим компонентам, в том числе по отдельным битам. Для этого естественным является наработанное использо-
вание аппарата статистических критериев, предназначенных для сравнения параметров распределения исследуемых выбо-
рок. Несмотря на широкое применение и прикладную результативность аппарата дескрипторов для классификации изобра-
жений, до сих пор остается не исследованной статистическая основа этих методов при внедрении их в агрегированных сис-
темах признаков визуальных данных и выбор эффективных средств для оценки их действенности при различении реальных 
изображений в прикладных базах данных. 

Цель работы. Разработка эффективного по быстродействию метода результативной классификации изображений путем 
внедрения агрегированных статистических признаков для состава компонентов описания. 

Метод. Предложено метрический классификатор изображений на основе агрегации признаков для множества дескрип-
торов описания с использованием статистических критериев оценки значимости классификационного решения. 

Результаты. Осуществлен синтез метода классификации на основании внедрения агрегированных статистических при-
знаков для множества дескрипторов описания изображения. Подтверждено работоспособность и эффективность разрабо-
танного классификатора. На примерах применения вариантов метода для системы признаков реальных изображений экспе-
риментально оценена его результативность. 

Выводы. Проведенное исследование дает возможность оценить прикладную эффективность применения аппарата деск-
рипторов ключевых точек изображения и построения на его основе агрегированной системы признаков для результативного 
осуществления классификации визуальных объектов. Наше исследование показало, что имеющейся информации в виде 
битового представления дескрипторов описания достаточно для значимого статистического различия описаний визуальных 
объектов. Анализ пар и других блоков для битов дескрипторов дает перспективную возможность сокращения времени об-
работки. 

Научную новизну исследования составляет разработка метода классификации изображений на основе системы интег-
рированных статистических признаков для структурного описания, подтверждение результативности метода и значимости 
созданной системы признаков при классификации в пределах базы изображений. 

Практическая значимость работы заключается в подтверждении работоспособности и результативности предложен-
ных методов на примерах дескрипторных описаний реальных изображений. 

КЛЮЧЕВЫЕ СЛОВА: компьютерное зрение, ключевая точка, дескриптор, агрегация данных, статистическое распре-
деление, значимость классификационного решения, быстродействие обработки. 
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ABSTRACT 
Context. The problem of a neural network model synthesis for industrial processes with the definition of an optimal topology 

characterized by a high level of logical transparency and acceptable accuracy is considered. The object of research is the process of 
neural network modeling of industrial processes using an indicator system to simplify and select the topology of neuromodels..  

Objective of the work is consists in synthesis a neural network model of industrial processes with a high level of logical trans-
parency and acceptable accuracy based on the use of the system. 

Method. A method is proposed to use artificial neural networks of feedforward propagation for modeling industrial processes. 
After evaluating the overall level of complexity of the modeling problem based on the indicator system, it was decided to build a 
neuromodel based on historical data. Using the characteristics of the input data of the problem, the most optimal structure of the neu-
ral network was calculated for further modeling of the system. A high level of logical transparency of neuromodels significantly ex-
pands their practical use and reduces the resource intensity of industrial processes. 

Results. Neuromodels of industrial processes are obtained based on historical data. The use of an indicator system made it possi-
ble to significantly increase the level of logical transparency of models, while maintaining a high level of accuracy. Constructed neu-
romodels reduce the resource intensity of industrial processes by increasing the level of preliminary modeling.  

Conclusions. The conducted experiments confirmed the operability of the proposed mathematical software and allow us to rec-
ommend it for use in practice in modeling industrial processes. Prospects for further research may lie in the neuroevolutionary syn-
thesis of more complex topologies of artificial neural networks for performing multi-criteria optimization. 

KEYWORDS: modeling, industrial processes, indicator system, neuromodel, sampling, training, error. 
 

ABBREVIATIONS 
ANN is an artificial neural net; 
OS is organized simplicity. 

 
NOMENCLATURE 

CAwP is complexity is associated with people; 
SampleInf  is a general information of input data (data 

set); 
inputK  is a number of element types in the neural net-

work; 
corrYK  is a number of independent variables that 

strongly correlate with the original features; 
impK  is a number of the most significant independent 

variables among factors4 
ntcorrXK  is a number of independent variables that 

are weakly dependent on others or do not correlate with 
each other4 

n  is a number of input features that characterize sam-
ple instances; 

iN  is a multiple neurons at the network input; 

liN  is a neuron at the network input; 

oN  is a multiple neurons at the network output; 

poN  is a neuron at the network output; 

hN  is a multiple neurons of the hidden network layer; 

rhN  is a hidden network layer neuron; 

elemtypeNum  is a number of element types in the neu-
ral network; 

NN  is a neural network; 
structNN  is a structure of neural network; 

OC is organized complexity; 
l  is a number of neurons at the network input; 

accmeasLev  is a measurement accuracy level; 

fctrLev  is a level of significant and less significant 
and/or non-significant factors4 

managLev  is a level of possible control and manage-
ment; 

taskLev  is a conditional difficulty level of the task; 

smplfctnLev  is a level of possible simplification of the 
structure; 

m  is a number of dependent (categorical) features of 
sample instances; 
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p  is a number of neurons at the network output; 

TParam  is additional and specificity parameters of 
task; 

q  is a number of connections between neurons in the 
network; 

r  is number of neurons in the hidden network layer; 
RC is random complexity; 
Sample  is a data set; 
Task  is general represent of the modeling task;  
w  is a multiple of connections between neurons; 

qw  is a connection between neurons in the network; 

nx  is a independent attribute of the sample instance; 
X  is a set of independent attribute (variables); 

my  is a value of the dependent variable (attribute) of 
the sample instance; 

Y  is a set of values of dependent variables. 
 

INTRODUCTION 
Today, much attention in production is paid to im-

proving equipment, but in fact, the autonomous perform-
ance of equipment and its perfection do not take into ac-
count the size of batches, the time spent on transferring 
parts between machines [1–4]. The most significant costs 
in the technological chain fall on production. Static mod-
eling does not provide a complete answer to many ques-
tions the way out of this situation is to switch to complex 
(simulation modeling) production processes and create a 
model [1, 2]. 

Such a model can be investigated over time for both a 
single test and a given set. Usually, simulation models are 
built to find the optimal solution in conditions of resource 
constraints, when other mathematical models are too com-
plex. Production system modeling is used when conduct-
ing experiments with a real system is impossible or im-
practical [3]. Simulation modeling of production proc-
esses connects all areas of product production: production 
process development, production process modeling and 
technological preparation of production, as well as pro-
duction management. Based on the results of such model-
ing, the parameters of movement of workpieces and parts 
should be regulated [1–3]. The results of simulation mod-
eling are not calculated using formulas, as is the case 
when using analytical models, but are a product of statis-
tical processing of data observed and recorded during the 
processing of the modeling program. The simulation 
model, as an object of measurement, unlike real systems, 
is a fully accessible system. 

The object of modeling can be industrial, logistics, 
transport, and other systems. Modeling of production sys-
tems allows to [1–4]: 

– identify and fix problems in advance that will mani-
fest themselves on Ethan commissioning and would re-
quire financial and time costs; 

– reduce investment in production with the same pro-
ductivity parameters; 

– optimize production and choose the most rational 
solution from a variety of options. 

These advantages indicate the importance of using 
modeling in production and industrial processes, because 
it can significantly reduce costs. However, when model-
ing complex, nonlinear processes, systems, and objects, 
the question always arises as to what is best to use as the 
basis for the model [1]. ANN whose parametric synthesis 
is based on historical data about processes, objects, or 
systems can produce hidden knowledge from the data [4]. 
This makes it possible to account for implicit relation-
ships. The logical structure of such neuromodels usually 
remains hidden from the user. The problem of manifesta-
tion (contrast) of this hidden logical structure is solved by 
reducing neural networks to a special logically transparent 
sparse form. 

That is why the applied problem of constructing mod-
els of real industrial processes based on ANN, which 
would be characterized by a high level of logical trans-
parency and acceptable accuracy of operation, is relevant. 

The object of study is the process of constructing 
neuromodels of industrial processes with a high level of 
logical transparency and acceptable accuracy of opera-
tion.   

Using a system of indicators, it is possible to deter-
mine the structural features of the Ann at the very begin-
ning, which will be used as the basis of the model.  

The subject of the study is a neural network model of 
industrial processes, which is characterized by a high 
level of logical transparency and acceptable accuracy.  

Using information about the modeling task and evalu-
ating the input data, it is necessary to build a neuromodel.  

The purpose of the work is to construct and study 
neuromodels of industrial processes with a preliminary 
definition of structural features based on the use of a sys-
tem of indicators. 

 
1 PROBLEM STATEMENT 

Most of the tasks associated with the synthesis of 
models based on data about industrial processes have a 
different nature and a high level of specificity ( TParam ). 
However, when using the apparatus of neural networks, it 
is sufficient to have a comprehensive assessment of the 
complexity of the task: { }TaskT LevParamTask ,= . Such a 
comprehensive assessment can be obtained on the basis of 
information about the input data of the task (a sample of 
data) and a group of criteria for evaluating the accuracy of 
the data and the requirements for the model: 

{ }managaccmeasfctrsmplfctmsampleTask LevLevLevLevInfLev ,,,,= . 
It was noted in [5] that a simple neuromodel based on 

a perceptron will be sufficient for tasks belonging to the 
OS category. Then such a model ( NN ) will consist of: a 
set of neurons { }hoi NNNN ,,=  consisting of subsets of 
input { } iiiii NlNNNN

l
,...,2,1,,...,

21, == , output 

{ } ooooo NpNNNN
p

,...,2,1,,...,
21, == , and hidden neu-
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rons { } hhhhh NrNNNN
r

,...,2,1,,...,
21, == . The number 

of neurons in the hidden layer ( { },,...,
21, rhhhh NNNN =  

hNr ,...,2,1= ) can be calculated based on analytical es-
timates of the input data. The input data of the problem is 
represented by an information YXSample ,= , where 

{ }nxxxX ,..., 21=  is the set of independent variables: 
features, { }myyyY ,..., 21=  is the set of values of depend-
ent variables, n  and m  are the numbers of input features 
that characterize the sample instances. 

After that, it can proceed to determining the weights 
of connections between neurons { }qww = , in other words, 
to parametric synthesis. Having determined the values of 
the elements of sets, we can consider the synthesis of 
ANN: complete. 

Therefore, the first subtask will be to determine the 
exact category of complexity of the problem based on the 
values of the criteria 

{ }managaccmeasfctrsmplfctmsampleTask LevLevLevLevInfLev ,,,,=  
and data about the data sample. The next subtask will be 
the calculation of the number of neurons in the hidden 
layer of the network 

ntcorrXimpcorrYinputh KKKKN −−−=  [5]. 
 

2 REVIEW OF THE LITERATURE 
Technological processes of industrial production, es-

pecially the processes of cutting structural materials, are 
very complex in their physical and chemical nature [6–8]. 
Until now, there are no analytical models accepted by 
everyone that accurately describe the patterns of tool wear 
and load processes, thermal processes in the cutting zone, 
etc. Therefore, in mechanical engineering technology, 
models that previously designated as empirical are very 
often used [6, 7]. Empirical models of objects and proc-
esses are the result of processing experimental data on the 
behavior of an object or process using mathematical sta-
tistical analysis methods. Very often, the mathematical 
apparatus of regression and correlation analysis is used to 
build models of objects based on the results of experimen-
tal studies [7]. 

They studied the interdependencies of height and mass 
of people of different ages and were faced with the need 
to introduce such indicators of this dependence that would 
reflect the relationship between the studied characteristics 
of a person, but would not define each other Strictly un-
ambiguously. Currently, regression and correlation are the 
main concepts of statistics [7]. 

The main task of correlation analysis is to identify the 
significance of the relationship between the values of var-
ious random variables. The relationship between quanti-
ties (including random variables) in which one value of 
one quantity (argument) corresponds to one or more well-
defined values of another quantity is called, respectively, 
an unambiguous or multi-valued functional dependence. 
The relationship between quantities, in which each value 
of one quantity corresponds with the corresponding prob-

ability to a set of possible values of another, is called 
probabilistic (stochastic, statistical). Examples of correla-
tion are the relationships between the strength and fluidity 
limits of steel of a certain brand, between size errors and 
shape errors of the part surface, between the test tempera-
ture and the strength of the material, etc. [6–8]. 

The mathematical apparatus of regression analysis al-
low to: 

– evaluate unknown parameters of the regression 
model proposed for the study; 

– check the statistical significance of model parame-
ters; 

– check the adequacy of the model; 
– evaluate the accuracy of the model. 
The type of regression model is proposed by the re-

searcher himself, and he proceeds from the following: 
– the physical essence of the object or phenomenon 

under study; 
– the nature of the experimental material; 
– analysis of a priori information. 
The easiest object for model is an object that has one 

input and one output factor. The input factor characterizes 
the impact on the object under study. In technological 
processes of mechanical engineering, this can be tempera-
ture, force, time, geometric parameters of the tool, charac-
teristics of the processed and tool materials, etc. The out-
put factor characterizes the reaction (response) of the ob-
ject to the influence of the input factor. Initial factors in 
technological processes of mechanical engineering – the 
length of the path traveled by the tool, the amount of 
wear, stress, the quality of the treated surface, etc.  

Usually, building models and studying an object be-
gins with the simplest models: linear ones [9–12]. The 
linear model corresponds to a regression curve in the form 
of a simple line. If we have an unlimited number of ex-
perimental points, then the linear regression model has the 
form [9]: 

 ,
1
∑
=

=
N

j

s
jj

s xwy  s= 1, 2, ..., S,  (1) 

where sy  is the value of the initial feature for the s-th 
instance (observation) of the sample, is the weight jw  of 

j-th attribute, s
jx  is the value of the j-th attribute for the  

s-th instance of the sample, N is the number of features 
that characterize the sample instances, S is the sample 
size. 

In more complex cases, multidimensional linear re-
gression, in addition to first-order variables, can also in-
clude variables reduced to different powers, as well as 
their combinations in the form of products and quotients 
of different orders [10–12]. In this case, each such combi-
nation or variable of some order is considered as an addi-
tional dummy variable of the first order. And regression, 
which essentially combines nonlinear functions, reduces 
to a linear weighted sum of First-Order variables. In this 
paper, we will use the least squares method to determine 
the coefficients w = {wj} for [9–12]: 
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– first-order linear regression models: 
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– second-order linear regression models: 
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– second-order linear regression models with a first-
order fraction: 
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– linear regression polynomial models with a reduced 
number of features: 

 .
1

1∑
=

− ε+=
N

j
j

s
jj

s xwy   (5) 

Currently, a large number of methods for constructing 
mathematical models of various objects are described. At 
the same time, among them, methods for constructing 
mathematical models of technological processes should 
be distinguished. When compiling mathematical models 
of technological processes, they rarely have the necessary 
complete a priori information about the technological 
object and its environment [13, 14]. Even if there are 
known systems of equations describing the behavior of 
the system, it often turns out that there is no data on the 
value of individual parameters, and besides, often the 
existing models are too complex and the adaptation of 
such models becomes quite time-consuming and lengthy. 
In the future, it turns out that the model adopted during 
the design process only roughly reflects the object, which 
causes an error when managing using such a model. 
Building a meaningful analytical model of a complex 
object is problematic, and sometimes impossible, because. 
the order of the dynamical system and the presence of 
various nonlinearities are unknown. Therefore, it is desir-
able to build models of other classes. 

An alternative modeling method is ANN [13, 14]. 
ANN is a mathematical analog of biological neurons in 
the brain. ANN can be considered as a directed graph 
with weighted connections, in which artificial neurons are 
nodes. These models differ in the structure of individual 
neurons, in the topology of connections between them, 
and in learning algorithms. The ANN of direct distribu-
tion has an architecture consisting of layers (Fig. 1): in 
such models, the input features of the recognized instance 
are fed to the network inputs and then propagated from 
the input layer (x1...xn) to the original (y1...ym) [13, 14]. 

Each neuron on the hidden and output layers receives 
signals from the outputs of neurons in the previous layer 
at the inputs. The input vector of each neuron is converted 
to a scalar using a weight (discriminant) function, after 
which the value of the output signal is calculated using 
the activation function. The output values of the last layer 
are the result of the neural network. 

 
Figure 1 – Multilayer perceptron 

 
The output values of each neuron are determined by 

the formula: 

 ∑
=

⋅+ψ=
prevNum

n
outprevnmmm ValwwO

1
,0, )( , (6) 

where )(xψ  is the activation function, w the weighting 
factors, outprevVal  is the output values of the neurons of 
the previous layer, prevNum  is the number of neurons of 
the previous layer, m=1.2,..., M, M – the number of neu-
rons in the current layer [15]. 

 
3 MATERIALS AND METHODS  

As it was given in the previous section, the modeling 
task can be unified for a specific task after a certain com-
prehensive assessment of its complexity. Given that the 
structure of ANN ( ( )paramstructNN ,= ) allows to most 
subtly encode the relationships between the input data 
( { }nxxxX ,..., 21= ), it is necessary to accurately select 
the synthesis option for such a non-network model. Based 
on the values of the indicators to assess the complexity of 
the task 
( ,,,,{ accmeasfctrsmplfctmsampleTask LevLevLevInfLev =

}managLev ), it can be chosen a way to synthesize the 
most acceptable structure [5]. 

Thus, the use of recurrent neural networks can lead to 
a problem of retraining, when the model will show good 
results with a high level of accuracy on the training data, 
but the accuracy will immediately decrease on the test 
data, in other words, the model will work only on the 
training sample. 

In the case when the model was synthesized for a 
large-scale sample ( 200>n ) of data, at the same time, 
the data was updated (new data about the object or system 

under study was obtained: ||| ,YXSample = ) or the 

existing data was corrected, a strategy for structural opti-
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mization of the previously synthesized ANN may be use-
ful. With this approach, it will be important to evaluate 
the possibility of simplifying the model structure. Struc-
tural optimization will consist in a point-by-point change 
of the neuromodel: updating the activation function, re-
moving or adding an interneuronal connection  
( { },','' cNstruct =  { },',','' ohi NNNN =  { }'' cc = ). By 
eliminating the connections responsible for noisy data, it 
is possible to significantly increase the accuracy of the 
resulting model. In contrast to the complete re-execution 
of the synthesis, this approach will differ significantly in a 
lower level of resource consumption [5]. 

In the case when a problem with input data 
YXSample ,=  that is questionable can be modeled 

(there is a question about the accuracy of the data, their 
excess or a high degree of interconnectedness), it is nec-
essary to resort to input data preprocessing. Thus, the se-
lection of informative features will allow us to exclude 

uninformative features YXSample ,|| = , which will 

subsequently increase the level of logical transparency of 
the neuromodel. By spending more time on data preproc-
essing, it is possible to significantly reduce the time re-
sources at the stage of model synthesis based on ANN. 

When modeling complex processes, objects and sys-
tems, data about which are recorded by sensor systems 
with high frequency and represent Big Data ( 1000>n  
and real-time pre-processing is impossible). A high-
precision neuromodel may be required. In this case, neu-

roevolutionary approaches can be used for the synthesis 
of such a model, which are more capable of guaranteeing 
an accurate architectural architecture of ANNs with a high 
level of accuracy [5]. 

However, most industrial construction processes are not 
characterized by excessive data or their constantly updated 
nature. Therefore, such processes belong to the OS cate-
gory. The measurements of most of these processes are 
either automated, since they are made on the basis of the 
readings of special sensors, or they are protected from inac-
curacies, since they are made using special equipment. This 
way, always 0≤accmeasLev . Also, most industrial con-
struction processes are associated with fully controlled sys-
tems and objects (in most cases, the management is auto-
mated). Therefore, in this case, too, always 0=managLev . 
The criteria characterizing the possibility of simplifying the 
structure and the number of significant factors also differ in 
small values, since they are not focused on operational 
processes, where there are difficult-to-fix features 
( smplfctnLev = –1; fctrLev = –1) [5]. 

The general scheme of chosen the category of com-
plicity using indicators prepared as a formula (7). 

Therefore, we can conclude that it has a level of com-
plexity of the OS category, which makes it possible to 
further use indicators to determine the structural features 
of the model (Fig. 2).   

 

. 
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⎢
⎢
⎢

⎣

⎡
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→=>>≥≤

→==≤>
→==≤≤

=

RCLevLevLevLev
CAwPLevLevLevLevLev

OCLevLevLevLev
OSLevLevLevLev

Lev

managaccmeasfctrsmplfctn

managaccmeasfctrsmplfctnsmplfctn

managaccmeasfctrsmplfctn

managaccmeasfctrsmplfctn

Task

0,0,0,0
0,0,0,0||0

0,0,0,0
0,0,0,0

  (7) 

InfSample<<
Levsmplfctn≤0

Levfctr≤0
Levaccmeas=0
Levmanag=0

Organized Simplicity

Determining the optimal, logically 
transparent structure of the 

neuromodel

The number of neurons in the hidden 
layer can be calculated based on 

analytical estimates of the input data  
Figure 2 – Organized simplicity category of modeling task 

In our case, 3=elemtypeNum  by default, because it is 
assumed that only input, hidden and output neurons are 
used. Next, it is need to determine the number of inde-
pendent variables that strongly correlate with the original 
features corrYK . Additionally, the number of independent 
variables that are weakly dependent on others or do not 
correlate with each other is determined ntcorrXK . Addi-
tionally, information about the number of the most sig-
nificant independent variables among the factors is pulled 
up from the previous stage . After that, the number of 
neurons in the hidden layer can be determined by the for-
mula [5]: 

 
 ntcorrXimpcorrYinputh KKKKN −−−= =3. (8) 

 
Also in the same way, ANN will be synthesized with 

3 neurons in the hidden layer. 
 

4 EXPERIMENTS 
We have a sample of data describing samples of high-

chromium cast iron with different content of additional 
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impurities. An example of data sampling is shown in Ta-
ble 1. 

High-chromium cast irons with a chromium content of 
10...35% are used for the manufacture of parts of mecha-
nisms operating under conditions of intense abrasive wear 
[16]. These parts must have significant hardness. Improv-
ing the design of parts of various mechanisms (ground, 
slurry and sand pumps, hammer crushers, ball mills, flota-
tion machines) requires their mechanical processing by 
cutting. This leads to conflicting requirements for materi-
als, namely: maximum hardness is required to ensure 
wear resistance, and minimum hardness is required for 
cutting processing. 

The solution to this problem is that the material must 
have satisfactory machinability by cutting in the casting 
state (low hardness) [17], and after mechanical processing 
by cutting, heat treatment must be performed [18], which 
will ensure a sufficient level of hardness and, accordingly, 
wear resistance. 

Samples of high-chromium cast iron containing: 
1.09…3.54% C, 11.26…29.68% Cr, 0.77…5.71% Mn, 
0.13…2.86% Ni, 0.99…1.46% Si were manufactured. For 
these samples, cutter wear (Icut) was determined during 
mechanical cutting. Minimal cutter wear of 0.45 mi-
crons/m was observed when cutting sample 1 with a min-

imum carbon content of 1.09% and the amount of car-
bides (K): 9.2%. The hardness of cast iron (HRC) and 
microhardness of the components of the base structure 
(HV50based) and carbides (HV50car) were determined in 
the casting state and after heat treatment of annealing at 
690°C and 730°C for 9 hours and normalization from 
1050°C with an exposure time of 4.5 hours. 

It is necessary to establish the following functions: 
cutter wear (Icut), amount of carbides (K), hardness 
(HRC), microhardness of the base (HV50based) and car-
bides (HV50car) in the casting state and after heat treat-
ment (annealing, normalization) from the arguments: con-
tent in Cast Iron C, Cr, mn, Ni, Si. 

The sample consists of input and output features: 
– x1 is content in the alloy with, %; 
– x2 is content of Cr in the alloy, %; 
– x3 is Mn content in the alloy, %; 
– x4 is Ni alloy content, %; 
– x5 is Si content in the alloy, %; 
– y1 is cutter wear (Icut); 
– y2 is amount of carbides (K); 
– y3 is hardness (HRC); 
– y4 is microhardness of the base (HV50based); 
– y5 is microhardness of carbides (HV50car). 

 
Table 1 – General information about data set 

x1 x2 x3 … x18 y1 y2 y3 … y7 
1.09 17.33 1.99 … 1.37 0.45 9.2 34.1 … 433 
1.52 18.73 1.49 … 1.33 0.91 13.4 35.7 … 415 
2.55 11.91 3.8 … 1.26 9.12 18.7 38.9 … 330 
2.24 22.82 1.21 … 1.29 2.96 19.4 49.1 … 529 
… … … … … … … … … … 

3.01 29.68 0.72 … 1.09 39.63 32.1 57.7 … 1402 
 

Table 2 – Linear regression models 
Dependent 
variable| Model type Total quadratic 

error Average |yreal–ycalc| 

First-order linear model (2) 57.9872 4.6689 
Second-order linear model (3) 58.0843 1.6301 
Second-order linear model with first-order fractions (4) 1.8432 0.1972 y1 
Linear regression polynomial model with a reduced number of 
features (5) 1.8432 0.1942 

First-order linear model (2) 52.0201 1.2409 
Second-order linear model (3) 28.7258 1.0976 
Second-order linear model with first-order fractions (4) 8.2949 0.2554 y2 
Linear regression polynomial model with a reduced number of 
features (5) 8.2949 0.2223 

First-order linear model (2) 16.1631 2.7727 
Second-order linear model (3) 10.1685 2.0367 
Second-order linear model with first-order fractions (4) 6.3619 0.4485 y3 
Linear regression polynomial model with a reduced number of 
features (5) 6.3619 0.4148 

First-order linear model (2) 27.3060 3.5000 
Second-order linear model (3) 19.8430 3.1000 
Second-order linear model with first-order fractions (4) 5.3524 0.6004 y4 
Linear regression polynomial model with a reduced number of 
features (5) 5.3524 0.4224 

First-order linear model (2) 2.6163 1.1000 
Second-order linear model (3) 7.2305 3.1000 
Second-order linear model with first-order fractions (4) 9.6063 0.1108 y5 
Linear regression polynomial model with a reduced number of 
features (5) 9.6063 0.1255 
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Table 3 – Results for ANN-based models  
Target 

variable 
Number of hid-

den neurons 
Training 
Time, s Average error 

y1 3 3 0.061046 
y2 3 2 0.093592 
y3 3 4 0.040249 
y4 3 2 0.011954 
y5 3 2 0.096513 

 

Table 4 – Model results based on test data 

Target 
variable 

First-order linear 
model (2) 

Second-order 
linear model 

(3) 

Second-order linear mod-
el with first-order frac-

tions (4) 

Linear regression poly-
nomial model with a 

reduced number of fea-
tures (5) 

ANN 

y1 5.1 1.8 0.2 0.3 0.1 
y2 1.7 1.5 0.4 0.3 0.12 
y3 3.0 2.6 0.6 0.5 0.08 
y4 4.2 3.8 0.8 0.6 0.05 
y5 1.42 3.58 0.3 0.4 0.13 

 

5 RESULTS 
Table 2 shows the results for linear regression models. 

During compression special attention was concentrated on 
total quadratic error and average real and calculated re-
sults of depended feature.  

Table 3 shows the results for ANN-based models. 
During compression special attention was concentrated on 
number of hidden neurons (what was calculated based on 
system of indicators), training time (calculated on sec-
onds), average error of model. 

Table 4 shows the results of models based on test data. 
During compression special attention was concentrated on 
average error of models for different depended features. 

 

6 DISCUSSION 
Based on the results of the initial analysis, the task 

was assigned to the OS group. After all, the input sample 
was not excessive, and the risks of human influence were 
excluded. The only significant complicating factor is the 
poorly conditioned correlation matrices. 

Further calculations showed that the use of 3 neurons 
in the hidden layer is sufficient to build a neuromodel 
with acceptable accuracy of operation. 

Analyzing the initial results, we should note a fairly 
large run-up among the model training time: from 4 sec-
onds (the largest indicator among ANN-based models) to 
34.37 for linear regression models.  

The results obtained on the data after reduction 
showed that the accuracy increased when constructing a 
neuromodel with a certain structure based on the indicator 
system, and the time significantly decreased.  

Additionally, we should note the high level of logical 
transparency of the obtained Ann-based models. 

 

CONCLUSIONS 
The urgent scientific and applied problem of con-

structing a neural network model of industrial processes 
with a high level of logical transparency and acceptable 
accuracy based on the use of a system of criteria for de-
termining the structure is solved. 

The scientific novelty lies in the study of the use of a 
system of criteria for determining the structural features 
of a neural network model. Based on the assessment of 

the complexity of the task and the system of indicators, it 
was possible to obtain logically transparent neuromodels 
with a high level of accuracy of work.  

The practical significance lies in the fact that the de-
veloped neural network models can be used during the 
implementation of real technical processes in production 
facilities. Their use will significantly reduce production 
costs and automate the modeling process.  

Prospects for further research and development ar-
eas include the development of neuromodel synthesis 
methods based on the combined use of complex Ann to-
pologies and swarm optimization methods. 
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АНОТАЦІЯ 
Актуальність. Розглянуто задачу побудови нейромережевої моделі промислових процесів із визначенням оптимальної 

топології, що відрізняється високим рівнем логічної прозорості та прийнятною точністю. Об’єктом дослідження є процес 
нейромережевого моделювання промислових процесів із застосуванням індикаторної системи для спрощення та вибору 
топології нейромоделі. 

Мета роботи полягає у побудові нейромережевої моделі промислових процесів з високим рівнем логічної прозорості та 
прийнятною точністю на основі використанні системи. 

Метод. Запропоновано використовувати штучні нейронні мережі прямого поширення для моделювання промислових 
процесів. Після оцінки загального рівня складності задачі моделювання на основі індикаторної системи було прийнято рі-
шення будувати нейромодель на основі історичних даних. Використовуючи характеристики вхідних даних задачі було роз-
раховано найбільш оптимальну структуру нейронної мережі для подальшого моделювання системи. Високий рівень логіч-
ної прозорості нейромоделей, значно розширює їх практичне використання та знижує ресурсоємність промислових проце-
сів. 

Результати. Отримано нейромоделі промислових процесів на основі історичних даних. Використання індикаторної сис-
теми дозволило в значній мірі збільшити рівень логічної прозорості моделей, зберігаючи високий рівень точності. Побудо-
вані нейромоделі знижують ресурсоємність промислових процесів за рахунок збільшення рівня попереднього моделювання. 

Висновки. Проведені експерименти підтвердили працездатність запропонованого математичного забезпечення і дозво-
ляють рекомендувати його для використання на практиці при моделюванні промислових процесів. Перспективи подальших 
досліджень можуть полягати нейроеволюційному синтезі більш складних топологій штучних нейронних мереж для вико-
нання багатокритеріальної оптимізації.  

КЛЮЧОВІ СЛОВА: моделювання, промислові процеси, система індикаторів, нейромодель, вибірка, навчання, помил-
ка. 
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AННОТАЦИЯ 

Актуальность. Рассмотрена задача построения нейросетевой модели промышленных процессов с определением опти-
мальной топологии, которая отличается высоким уровнем логической прозрачности и приемлемой точностью. Объектом 
исследования является процесс нейросетевого моделирования промышленных строительных процессов с применением ин-
дикаторной системы для упрощения выбора топологии нейромоделей. 

Цель работы заключается в построении нейросетевой модели промышленных строительных процессов с высоким 
уровнем логической прозрачности и приемлемой точностью на основе использовании системы. 

Метод. Предложено использовать искусственные нейронные сети прямого распространения для моделирования про-
мышленных процессов. После оценки общего уровня сложности задачи моделирования на основе индикаторной системы 
было принято решение строить нейромодель на основе исторических данных. Используя характеристики входных данных 
задачи была рассчитана наиболее оптимальная структура нейронной сети для дальнейшего моделирования системы. Высо-
кий уровень логической прозрачности нейромоделей, значительно расширяет их практическое использование и снижает 
ресурсоемкость промышленных процессов. 

Результаты. Получены нейромодели промышленных процессов на основе исторических данных. Использование инди-
каторной системы позволило в значительной степени увеличить уровень логической прозрачности моделей, сохраняя высо-
кий уровень точности. Построены нейромоделей снижают ресурсоемкость промышленных процессов за счет увеличения 
уровня предыдущего моделирования. 

Выводы. Проведенные эксперименты подтвердили работоспособность предложенного математического обеспечения и 
позволяют рекомендовать его для использования на практике при моделировании промышленных процессов. Перспективы 
дальнейших исследований могут заключаться в нейроэволюционном синтезе более сложных топологий искусственных ней-
ронных сетей для выполнения многокритериальной оптимизации.  

КЛЮЧЕВЫЕ СЛОВА: моделирование, промышленные процессы, система индикаторов, нейромодель, выборка, обу-
чение, ошибка. 
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ABSTRACT  
Context. The work is dedicated to the identification of a simple and effective mechanism by which it is possible to build algo-

rithmic classification trees (algorithmic tree models) on the basis of fixed initial information in the form of a discrete data training 
sample. The constructed algorithmic classification tree will unmistakably classify (recognize) the entire training sample on which the 
model is built, have a minimum structure (structural complexity) and consist of components – autonomous classification and recogni-
tion algorithms as the vertices of the structure (attributes of the tree).  

Objective. The aim of this work is to create a simple, effective and universal method of constructing classification (recognition) 
models based on the concept of algorithmic trees for arrays of real hydrographic data, where the obtained schemes of classification 
systems (classification tree structure) are characterized by a tree structure (construction) and autonomous classification algorithms 
(sets of generalized features) as their structural elements (construction blocks).  

Method. The general scheme of synthesizing classification trees in a form of algorithmic trees on the basis of a procedure of ap-
proximation of an array of discrete data by a set of elementary classifiers, which for the set initial training sample builds a tree-like 
structure, i.e. a model of the algorithmic tree, is suggested. Moreover, the constructed scheme consists of a set of autonomous classi-
fication and recognition algorithms evaluated at each step/stage of constructing the classification tree for this initial sample. A 
method for constructing an algorithmic classification tree has been developed, the main idea of which is to approximate step-by-step 
the initial sample of an arbitrary volume and structure by a set of elementary classification algorithms. The method of algorithmic 
tree in the formation of the current algorithmic tree vertex, node, generalized feature provides selection of the most effective, high-
quality elementary classifiers from the initial set and completion of only those paths in the tree structure where the largest number of 
errors (failures) occurs. The structural complexity of the algorithmic tree design is estimated based on the number of transitions, ver-
tices and tiers of the model structure, which allows one to improve the quality of its subsequent analysis, provide an effective decom-
position mechanism, and build algorithmic tree structures under fixed constraint sets. The method of the algorithmic tree synthesis 
allows one to build different types of tree-like recognition models with different initial sets of elementary classifiers with predeter-
mined accuracy for a wide class of problems of the artificial intelligence theory.  

Results. The developed method of building algorithmic tree models allows one to work with training samples of a large amount 
of different types of information (discrete data) and provides high speed and economy of hardware resources in the process of gener-
ating the final classification scheme, as well as to build classification trees with predetermined accuracy.  

Conclusions. An approach to the synthesis of new recognition algorithms (schemes) based on a library (set) of already known 
algorithms (methods) and schemes has been developed. That is, an effective scheme for recognizing discrete objects based on step-
by-step evaluation and selection of classification algorithms (generalized features) at each step of the scheme synthesis is presented. 
Based on the suggested concept of algorithmic classification trees, a model of the structure of the algorithm tree was built, which 
provided classification of flood situations for the Uzh river basin.  

KEYWORDS: classification tree, algorithmic classification tree, discrete object, feature, recognition function, recognition algo-
rithm, branching criterion. 

  
ABBREVIATIONS  

TS is a training selection;  
ST is a test selection;  
RS is a recognition system;  
IR is an image recognition;  
GA is a generalized attribute;  
RF is a recognition function;  
SS is a software system; 
LCT is a logical classification tree;  
ACT is an algorithmic classification tree;  
DFT is a generalized feature tree; 
CMT is a classification models tree; 
GAT is a generalized attribute tree; 

BAS is a branched attribute selection.  
 

NOMENCLATURE  
G  is a set of signals (discrete objects); 
R  is a partitioning into classes (patterns) iH  speci-

fied in the initial data set G ; 
n  is a total number of the problem attributes (the at-

tribute space dimensionality;  
iw is a discrete object of the initial TS;  

m  is a total number of training pairs (known classifi-
cation objects) of the initial TS;  

Rf  is a recognition function;  
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jf  is a generalized feature constructed at −j  step of 
generating the algorithmic classification tree model; 

ia  is a fixed independent classification and recogni-
tion algorithms in the scheme of the algorithmic classifi-
cation tree; 

ix  is a discrete objects (signals) of the initial TS; 
l  is a value of a class of discrete object x  belonging;  

iH  is a set of classes set by the initial TS;  
M  is a total number of independent classification al-

gorithms ia  in the set; 
k  is a total number of classes (patterns) of the set of 

signals G ; 
)( fW  is the generalized attribute f  information 

quality value;  

iaaG ,...,1
 is a subset of the initial G  which is ap-

proximated using the set of classification algorithms ia ;   

naaS ,...,1
 is a number of occurrences in the TS of train-

ing pairs which meet the condition 
naai Gx ,...,1

∈ ; 
l

aa n
S ,...,1

 is a number of all training pairs of the initial 

TS which are correctly classified (when the basic mem-
bership requirement is fulfilled lxfGx sRaas i

=∈ )(,,...,1
; 

iaa ,...,1
δ  is a frequency of occurrence of the members 

of the sequence of discrete objects from the initial TS in 

iaaG ,...,1
data set; 

iaa ,...,1
ρ  is a maximum frequency out of frequencies 

j
aa i,...,1

ψ  is a regarding all the classes of the current prob-

lem; 
SF  is a value which characterizes the quality of ap-

proximation of the initial TS using the set of classification 
algorithms ia ; 

StopK  is a branching stopping criterion at the ACT 
model construction;  

F  is a function of recognizing the structure of the 
classification tree; 

trEn  is a classification errors, rejections (of the first 
type) in the initial training data set; 

trEt  is a classification errors, rejections (of the first 
type) in the training data set; 

UzT  is a characterizes the total time (hardware time) 
which is necessary for building the current generalized 
feature jf ;  

UzE  is a information capacity (structural complexity) 
of the constructed GF jf  within the current step of 
generating the algorithmic classification tree model; 

UzS  is a total number of discrete objects ix  of the 
initial TS which are generalized (described) by the 
specified generalized feature jf ;  

)(TSPpt  is a power (volume) of the initial TS (or its 
fixed part for the current step of the scheme of 
constructing the algorithmic classification tree); 

AllEr  is a total number of errors of the algorithmic 
classification tree model in the data of the initial test set 
as well as of the training set;  

AllM  is a total power (volume) of the data of the 
training set as well as of the test set; 

AllFr  is a characterizes the number of vertices of the 
obtained algorithmic classification tree model with the 
resulting value Rf  (RF, i. e. the leaves of the classifica-
tion tree); 

AllV  is a represents the total number of all types of 
vertices in the structure of the algorithmic classification 
tree model;  

UzO  is a total number of generalized features used in 
the classification tree model; 

AllP  is a total number of transitions between the verti-
ces in the structure of the constructed classification tree 
model; 

AllN  is a total number of different classification algo-
rithms that are used in the classification tree model; 

MainI  is a indicator of generalizing data of the initial 
TS using the classification tree; 

MainQ  is a integral indicator of the quality of the algo-
rithmic classification tree model. 
 

INTRODUCTION  
Tasks related to image recognition, are quite diverse 

and arise in the contemporary world in all spheres of eco-
nomics and social content of human activity, this leads to 
the need to construct and study mathematical models of 
the corresponding systems. As of now, there is no univer-
sal approach to their solving. There have been proposed 
several fairly general theories and approaches that allow 
solving many types (classes) of tasks, but their application 
differs greatly by the high level of sensitivity to the spe-
cifics of the task itself or subject area of application [1]. 
Many theoretical results have been obtained for special 
cases and subtasks, and it should be noted that the weak 
point of successful real recognition systems is the neces-
sity to perform a huge amount of computation and orien-
tation on powerful hardware tools. However, a large 
number of application tasks in various fields of natural 
science, such as geology, geophysics, geochemistry, 
medicine, sociology, archeology, biology, etc., where 
classification problems are solved using software and 
hardware systems, determines the intensity and relevance 
of this study [2–5]. So, to date, four thousand recognition 
methods and schemes are known. All of them are charac-
terized by a variety of approaches to the classification 
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problem, but have sets of strict restrictions. The limita-
tions of classification schemes are largely related to the 
efficiency of the recognition scheme, the speed of classi-
fication, and the rational use of information system re-
sources. Well-known classification schemes and methods 
are also characterized by high sensitivity to classes of 
applied problems and their specifics. It is clear that such 
limitations of classification methods and schemes also 
have a negative impact on real information systems (rec-
ognition systems) [6]. The representation of training sam-
ples and large amounts of discrete information in the form 
of logical and algorithmic tree structures has its own sig-
nificant advantages. This allows you to provide an eco-
nomical description and efficient data analysis, a simple 
mechanism of operation [7]. So, the coverage of the train-
ing set with a set of elementary features in the case of 
logical classification trees, or the coverage of the training 
set with a fixed set of autonomous recognition and classi-
fication algorithms in the case of algorithmic classifica-
tion trees, generates a fixed tree-like data structure (a tree 
model) that enables compression and transformation of 
the initial data of the training set. This method allows 
significant software optimization, significant savings in 
the resources of the classification system [8] in problems 
with complex data structures. The scope of application of 
the concept of classification trees, various types of LCTs / 
ACTs structures is currently extremely voluminous. The 
set of problems and problems solved by this device can be 
represented by three basic classes: problems of describing 
and presenting complex structural data, a class of classifi-
cation and forecasting problems, and a class of regression 
analysis problems [9]. Note that modern algorithms and 
methods based on step – by-step selection of traits of de-
cision tree synthesis belong to the class of greedy algo-
rithms and are known from the literature – division and 
capture. When applying the classical scheme, the con-
struction of the classification tree will be carried out in 
stages in the direction from top to bottom [10].  

Decision trees, namely the structures of algorithmic 
classification trees are the object of the study. 

The central issues of classification tree methods re-
main the problem of selecting the basic branching crite-
rion in the schema structure, the branching stop criterion, 
and the logic tree branch rejection criterion. There is a 
fundamental question of the theory of classification trees 
– the question of the possible construction of all variants 
of logical tree structures corresponding to the initial TS 
and the selection of the minimum depth and structural 
complexity of the classification tree [11].  

The methods and algorithms for constructing algo-
rithmic classification trees (decision trees) are the subject 
of research. 

A problematic issue of existing methods for process-
ing training samples in recognition problems when con-
structing classification rules is that they do not effectively 
allow us to adjust their complexity and accuracy in the 
process of model synthesis [12]. This disadvantage is 
largely absent in the methods and schemes for construct-
ing recognition systems based on the concept of algo-

rithmic, logical classification trees. Note that a special 
feature of the algorithmic tree concept is the possibility of 
integrated use of many well – known recognition algo-
rithms to solve each specific problem of constructing a 
recognition scheme. This allows you to organize the 
modular principle of constructing classifiers. The concept 
of algorithm trees is based on a basic scheme – optimal 
approximation of training sample data by a set of general-
ized features, classifiers that are included in a certain 
structure built in the learning process [13].  

The objective of the work will be to build an effec-
tive, universal method for synthesizing recognition mod-
els based on the concept of algorithm trees for arrays of 
real hydrographic data in the problem of predicting flood 
phenomena. In this case, the constructed recognition 
(classification) systems are a graph – schema structure 
(classification tree) and contain sets of different types of 
recognition algorithms and sets of classifiers (generalized 
features).  

 
1 PROBLEM STATEMENT  

Suppose within some set G  of discrete objects x  
there is a partition R  into a finite number k  of subsets 

(classes, images) ),...,1(, kiHi = , ∪
k

i
iHG

1=
= . The respec-

tive sets kHH ,...,1  are called images and the elements  of 
set G  are called images or representatives of images 

kHH ,...,1 . Objects (images) x  are defined by sets of 
values of some features ),...,1(, njx j = . If iHx∈ , then 

we consider that this object belongs to image iH . In the 
general case images kHH ,...,1  can be specified by prob-
abilistic partitions )/(),...,/( 1 xHpxHp i , where 

)/( xHp i  is the probability ( or in the continuous case  
probability density) of belonging )(, iHxx ∈  to image 

iH . Initial training information in the form of HB is set 
by the problem condition as a fixed sequence of some 
training pairs of the following form: 

 
)).(,()),...,(,( 11 mRmR xfxxfx  (1)

 
To check the effectiveness of the constructed classifi-

cation models, a test sample is also given – in the form of 
a set of objects of known class affiliation, and it can be 
represented as a fixed part of the initial TS data. In this 
interpretation of the initial problem, TS is a collection of 
some sets of discrete objects of known class affiliation.  

Moreover, each discrete TS data object is a set of val-
ues of fixed elementary features, object attributes, and 
values of recognition functions (RF) on this data set. Note 
that the value of the recognition function (class marker) 
refers a fixed discrete TS data object to the corresponding 
class [14].  

Within the framework of this study, the basic task will 
be to construct a model of the algorithm tree (ADC struc-
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ture) with a set of fixed design parameters p . Moreover, 
the structure L (ACT models) of which would be optimal 

optxfxpLF iRi →))(),,((  according to the conditions of 
the problem (a set of initial TS data, the structure of the 
initial array of discrete data. Note that in this study, we 
will be interested in constructing ACT structures for real-
world training samples of hydrographic data.  

 
2 REVIEW OF THE LITERATURE  

The research is a continuation of the works devoted to 
the main problematic issues of the concept of tree-like 
classification schemes for discrete objects [6–8, 11] in 
pattern recognition problems. The main attention in these 
works is paid to the problems of constructing, represent-
ing, using, and optimizing the structures of classification 
trees. It is known from [6] that the resulting classification 
scheme, which is constructed by an arbitrary method or 
algorithm based on the criteria of branched feature selec-
tion, has a tree-like logical structure. In other words, it 
can be represented in graph – schematic form. A logical 
classification tree consists of a set of vertices, branches of 
the structure, which are grouped by tiers and obtained at a 
certain stage of building a classification tree model [15]. 
An actual problem that arises from the work [16] is the 
question of synthesizing recognition trees, which will 
actually be represented by a tree of algorithms. Note that 
unlike existing classification schemes, the main feature of 
tree recognition systems is that the importance of individ-
ual features, a group of features, or algorithms is deter-
mined relative to the function that sets the division of 
objects into classes [17]. Thus, the work [18] deals with 
the main issues related to generating decision trees in the 
case of uninformative features. We note a characteristic 
feature of classification tree models (LCT/ACT struc-
tures) to provide effective one-dimensional branching, 
which allows analyzing attributes, individual features in 
the object structure, and working with generalized fea-
tures of various types. In this case, sets of generalized 
features can be represented as complex predicates, and for 
structures of algorithm trees in the form of sequences by 
autonomous classification and recognition algorithms [8]. 
This representation of classification models (LCT/ACT 
structures) is actively used for big data mining, where 
there is a need to build a classification model that predicts 
the value of one or more target variables based on data 
from the original TS array [19]. To date, there are a sig-
nificant number of methods and schemes that implement 
the concept of decision trees based on basic branching 
criteria, but two of their representatives (C4.5/C5.0 and 
CART) have received the greatest use and distribution. So 
the scheme of the logical classification tree C4.5/C5.0 
uses the so – called information-theoretic criterion as a 
node selection criterion (branching criterion). The CART 
scheme is based on the calculation of the Gini index (cri-
terion). This criterion is based on calculating the relative 
distances between the distributions of primary classes 
[20] based on the metric given by the condition of the 
problem. Schemes of all methods and algorithms of 

branched feature selection, algorithms for ACT structures, 
can be reduced to optimal coverage (approximation) of 
the initial data array by a set of fixed classification (rec-
ognition) algorithms. For the LCT case, TS data is ap-
proximated by sets of estimated elementary features. A 
basic question arises-the question of choosing an effective 
branching criterion in the structure of the classification 
tree scheme. The question boils down to the problem of 
efficient selection of sets of vertices, features and their 
combinations of discrete objects for schemes of logical 
classification trees and algorithms for ADC methods. A 
set of these basic questions is considered in [21], which 
highlights the problem of informational evaluation of in-
dividual discrete features, their sets and fixed combina-
tions based on fixed performance criteria. This allows you 
to introduce an effective mechanism for implementing 
branching in the design of the classification tree model. 
The structures of classification tree models (LCTs / ACTs 
models) constructed from the initial TS data have a rela-
tively small structural complexity, but the classification 
tree structure itself is sparse and unevenly filled in depth 
with attributes compared to the class of regular logic trees 
[22]. Important issues remain the convergence of the 
process of constructing classification tree structures using 
branched feature selection methods, the issue of maxi-
mum complexity of the tree model synthesis procedure 
itself, and the choice of an effective criterion for stopping 
the logical tree synthesis process [23]. An important point 
is also that the concept of classification trees does not 
contradict the fundamental ability to use not only individ-
ual attributes, attributes of objects that combine them, and 
sets as attributes, vertices of the classification tree struc-
ture. Moreover, individual independent recognition algo-
rithms estimated from TS data can be considered as 
branches. In this case, the output will be a new structure – 
the ACT model [8]. This paper will be devoted to ACT 
structures in practice.  

 
3 MATERIALS AND METHODS  

At the first stage, by analogy with the schemes of se-
lection of elementary features (LCT structures) [7], we 
propose a basic scheme of algorithmic classification trees. 
Moreover, for ACT structures, it will consist in approxi-
mating the array of the initial TS with a set of autono-
mous, independent classification algorithms of various 
types and structures. 

At the first stage, the condition of the problem is the 
initial TS of the general form and structure (1). It is a set 
of elements with class labels (RF values) of the total vol-
ume m . A system of different types of algorithms (classi-
fiers) is also defined as a condition of the problem 

)(),...,(),( 21 xaxaxa M . We introduce the following basic 
sets, which represent the breakdown of the initial HB data 
by the corresponding independent classification algo-
rithms ia : 

 
).,...,1(},1)(/{,...,1

MixaGxG iaa i
==∈=  (2)
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Each of the fixed autonomous classification algo-
rithms )(xai  of the initial set generates a value from the 
set {0,1} at the output. Here 1)( =xai , in the case of a 
successful approximation of the object x , 0)( =xai  in 
the opposite case. 

Note that the set system 
iaaG ,...,1

 is a complete step – 
by-step division of the set G  in the process of increasing 
the i  value – that is, the classification algorithms in-
volved. This division is implemented by a set of inde-
pendent classification algorithms Maaa ,...,, 21 . Note that 
depending on the initial set of classification algorithms 

Maaa ,...,, 21 , some of the sets 
iaaG ,...,1

 may be empty. 
This situation is possible if one fixed or several algo-
rithms for approximating the current TS data fail. 

Enter a value 
MaaS ,...,1

 that determines the number of 

training pairs ))(,( sRs xfx , )1( ms ≤≤  that meet the con-
dition 

iaas Gx ,...,1
∈ . Additionally, we introduce a value 

j
aa M

S ,...,1
, )1,...,1,0( −= kj  that determines the number of 

initial pairs ))(,( sRs xfx , ),...,2,1( ms =  that meet the 
conditions 

naai Gx ,...,1
∈  and jxf sR =)( . 

Then, according to these values and by analogy with 
the methods of selecting sets of elementary features [23], 
the following values can be introduced, which should be 
considered as basic criteria for constructing branching for 
ACT structures: 

  

;,...,
,...,

1
1 m

s
i

i

aa
aa =δ     ;

,...,

,...,
,...,

1

1

1
i

i

i aa

j
aaj

aa s

s
=ψ  

 
.max ,...,,..., 11

j
aaj

aa ii
ψ=ρ  (3)

 
If the condition 

iaas Gx ,...,1
∉  for all is met 

),...,1( ms = , then 0,...,1
=δ

iaa  and 0,...,1
=ψ j

aa i
 when 

)1,...,1,0( −= kj . 
The value 

iaa ,...,1
δ  characterizes the frequency of oc-

currence of sequence sets mxxx ,...,, 21  in the set 

iaaG ,...,1
. The value j

aa i,...,1
ψ  characterizes the frequency 

of an object x  belonging to the jH  class and 

iaaGx ,...,1
∈ . 

The condition 
iaaGx ,...,1

∈  is equivalent to the condi-

tion that for a sequence iaa ,...,1  there is such an element 

ya  that 1)( =xay . The value 
iaa ,...,1

δ  characterizes the 
information efficiency of recognition for an object x  up 
to one of the classes 110 ,...,, −kHHH  under the condition 

iaaGx ,...,1
∈ . 

At the next stage, the fundamental question of whether 
an object x  belongs to classes 110 ,...,, −kHHH  again 
arises – the question of forming a classification rule for 
the ACT scheme. Here you should assign the classifica-
tion object x  to a class jH  when performing the follow-
ing basic relation: 

 
.,...,,..., 11

j
aaaa ii

ψ=ρ  (4)

 
Note that this ratio is a fixed classification rule, and 

}10{ −≤≤ kj . The larger the value 
iaa ,...,1

ρ , the higher 
its efficiency. 

According to the problem condition, the only informa-
tion that represents image splitting 110 ,...,, −kHHH  is the 
initial TS. In this case, the class jH  is a collection of all 

training pairs ))(,( sRs xfx  of TS that satisfy the condition 
of belonging jxf iR =)(  [24–27]. 

By analogy, the average efficiency of recognizing the 
set of images 110 ,...,, −kHHH which are specified by the 
training dataset with the help of recognition algorithms 

Maaa ,...,, 21 , is estimated by the following value:  
 

∑ ρ⋅δ=
i

ii
aa

aaaaMS aaF
,...,

,...,,...,1
1

11
.),...,(  (5)

 
The value ),...,( 1 MS aaF  is an estimate of the ap-

proximation of the initial TS using the initial set of inde-
pendent classification algorithms Maaa ,...,, 21  or the 
approximation ability of a fixed set of algorithms. 

The value ),...,( 1 MS aaF  can be obtained in parallel 
according to the following scheme. Let the recognition 
function F  be a certain display that matches each set 

iaa ,...,1  with a certain element of the set }1,...,1,0{ −k . 
Moreover, each element of this set encodes a class label. 

In this case F , the RF is a function of the form 
),...,( 1 iaaF , the arguments of which take values from the 

set iaa ,...,1 . Then the RF ),...,( 1 iaaF  uniquely refers the 
object )(, Gxx ∈  to the class )10(, −≤≤ kjH j  for which 
the condition is fulfilled: 

 
).10(,),...,( 1 −≤≤= kllaaF i  (6)

 
Let the condition of the problem be the initial TS in 

the form of a sequence of training pairs ))(,( jRj xfx  and 
a fixed set of different types of classification algorithms 

),...,( 1 maa . The total number of training pairs in HB is – 
M , the dimension of the feature space is – n . It has to be 
admitted that the work of the constructed models of clas-
sification trees is checked using an array of training data-
set whose capacity is equal to T  (whose class belonging 
is also known).  
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Admittedly, here the data of the initial TS specify 
some partition into classes ),...,( 1 kHH , and it is possible 
that the corresponding algorithms ia  may be unrelated by 
a single concept of recognition, and they can implement 
various methods and algorithms of classification (for ex-
ample, these may be conventional geometric algorithms – 
the principle of whose work lies in approximating the TS 
by the corresponding geometric objects, algorithms for 
calculating estimates, potential functions, etc.).  

The result of each of the fixed, selected from the algo-
rithm library, autonomous classifiers ia , at the corre-
sponding stage of ACT generation, is one or more gener-
alized features – jf . Here, GFs are classification rules 
that approximate a certain part of the initial training sam-
ple. For the case of known geometric recognition algo-
rithms, the resulting generalized features will be geomet-
ric objects that cover TS in the feature space of the di-
mension problem – n . 

In applied problems, there may be cases when the cor-
responding classification algorithm ia  cannot construct a 
generalized feature jf . This situation is possible due to 

the complex arrangement of classes kH  in the feature 
space of the problem or certain conceptual and implemen-
tation limitations of the classification algorithm itself. It is 
also possible that the generalized features jf  constructed 

by the classification algorithm ia  do not fully approxi-
mate the initial TS, or this situation is provided for by the 
ACT generation algorithm scheme itself. Here it is possi-
ble that there is an initial limitation in the scheme of the 
tree algorithm for generating no more than one general-
ized feature jf  at each step of constructing the ADC 
structure. 

Objects of the initial TS that do not fall under the con-
structed scheme of sets of GFs jf  approximation of the 
sample belong to classification errors of the first type  – 

trEn . Accordingly, for TS data, failures classified of this 
type are classified as errors of the first type – trEt . 

Therefore, we assume that the ACT structure (type II) 
will have a general construction of the form – (Fig. 1).  

Moreover, each tier of such a classification tree 
defines the stage of building an ACT model. That is, the 
stage of approximation by a fixed classification algorithm 

ia  for a certain part of TS data. It is clear that this 
approach allows you to effectively adjust the complexity 
and accuracy of the classification tree model that is being 
built. 

 
 

 
Figure 1 – General scheme of the ACT structure  

(type IІ) 
 
For each stage of ACT model generation – (Fig. 1) 

submit its own classification algorithm ia  and its own 
corresponding part of TS, a subset of the initial TS. Note 
that the entire initial TS is provided only at the first step, 
then with the next stages of building the classification 
tree, the power of the TS data array will fall due to the set 
of constructed GFs sets jf . At each step of the sequence, 
the GFs will approximate a certain part of the original TS 
data. Depending on the conditions of the problem, the 
structure of the current ACT construction scheme, and the 
features of a fixed algorithm ia , it is possible to generate 

sets jf  and sequences of ACT at each step of the ACT 
scheme. 

We introduce in the following form the basic criterion 
StopK  for stopping the branching scheme of the method 

for constructing the algorithm tree model, which consists 
in checking the volume of the initial sample )(TSPpt  or 
its fixed part: 

 

⎩
⎨
⎧

>
=

=
.0)( ,1
;0)( ,0

TSPif
TSPif

K
pt

pt
Stop  (7)

 
The general scheme for constructing the ACT model 

continues until the condition is met 1=StopK . In a 

situation where 0=StopK  the ACT model synthesis 
scheme is completed. There is a transition to the stage of 
testing the model based on TS data and evaluating the 
quality of the classification tree based on Integral 
indicators of the model quality. 

For the ACT method, the fundamental question be-
comes the choice of the branching criterion, the effective 
choice of the current classification algorithm ia  in the 
structure of the classification tree model under construc-
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tion. Then, by analogy with the methods of approximating 
HB with a set of elementary features – as a basic branch-
ing criterion, we can offer a step-by-step assessment of 
the effectiveness of a set of algorithms ),...,( 1 iaa  in the 
following form: 

 

.

)(
)(

1

)( 1

k

S
EST

TSP
aW

k

j Uz

Uz
UzUz

pt
i

∑
=

++⋅

=  
(8)

 
In formula (8), summation is performed for all classes 

that are defined by the initial TS data array. Note that 
there may be restrictions on summation, which are due to 
the structure, set of initial parameters of the 
corresponding classification tree construction algorithm. 

An important point in the methods of constructing 
ACT – models (Fig. 1) is that each step of the tree 
algorithm actually builds its own fixed one or more GFs 

jf . The total number of GFs will increase with each step 
of the classification tree algorithm. In this case, the ACT 
scheme with a set of fixed classification algorithms 

),...,( 1 maa  generates a tree – like construction – a tree of 
generalized features with the corresponding set of GFs 

),...,,( 21 zfff . 
Then, we can propose one of the possible algorithmic 

schemes for constructing ACT (type II). 
At the first stage of building a model, the 

classification tree is selected based on the basic 
performance criterion in interactive mode or according to 
a random scheme. A set of autonomous classification and 
recognition algorithms ),...,( 1 maa  for initial TS data is 
recorded. Classification algorithms are selected for their 
total number in the set (value m ) depending on the TS 
structure, conditions, and constraints of the applied 
problem. This stage is of fundamental importance due to 
the impact of the final complexity of the constructed ACT 
model. 

At the second stage of building a classification tree 
model, a complete regular logical tree is constructed. In 
this ACT structure, a selected classification algorithm 
from the fixed initial set is located on each of the tiers 

),...,( 1 maa . Notably, in this logical tree, each vertex has 
two transitions to the next tier (two descendants), which 
are denoted by the value from the binary set }1,0{ . Since 
we are dealing with a regular logical tree, on each of the 
tiers of this structure there are labels (variables) of the 
same type (order), this applies only to the classification 
algorithms ia , and not the GFs they generate.  

Thus, at the second stage of generating the ACT (type 
II), an array of the training dataset is consistently 
provided to the classification algorithms ia  (according to 
the structure of the constructed classification tree – 
(Fig. 1) in order to obtain a set of corresponding GFs, and 
their total number in the tree structure and the number for 

each classification algorithm (a step in the scheme of the 
tree, a tier of the logical tree) depends on the initial 
parameters of the initialization of the algorithm of 
constructing the ACT  (set up interactively or 
automatically) and the peculiaritites of the application 
task for which the ACT model is built. 

After constructing a set of all GFs jf  for this 
application task they are located at the appropriate 
vertices of the obtained classification tree in order to 
complete the procedure of its construction. The main 
point of this stage is that the set of constructed GFs 
should overlap the entire array of the training set to ensure 
one hundred percent recognition of the initial data. 
Moreover, there may be some deviations if the ACT 
model is built with the predetermined accuracy and 
complexity (this limitation of the task can be implemented 
by changing the number and capacity of the GFs jf  
being built at the second stage). It must be stressed that 
this condition can also be realized by limiting the steps 
(the number of tiers of the structure) in the procedure of 
building the ACT model, additional restrictions on the 
number of classification algorithms used in the structure 
of the classification tree.  

At the third stage of the scheme of constructing the 
ACT after constructing the basic structure of a 
classification tree it is possible to go directly to the mode 
of testing the received ACT model. It has to be noted that 
for each test object, which is provided at the input of the 
classification tree, there are calculated the corresponding 
values )( jaϕ  (using a set of previously constructed 
GFs – for each vertex of the corresponding tier of the 
tree) that ensure (determine) the corresponding route in 
the structure of the constructed ACT of the second type. 
Thus, the GFs of each of the vertices of the ACT – in the 
case of a possible approximation of the object of 
unknown classification, ensure that the corresponding 
counter of the class membership is incremented and leave 
it unchanged in case of refusal (impossibility) of 
classification. At the output of the ACT structure, the 
object of unknown classification refers to the class whose 
membership counter will be maximal, and in case of their 
zero equity we are dealing with classification refusal.        

Remarks. Based on the scheme of constructing the 
ACT of the second type, which was presented above, we 
can see that the number of GFs (parametric complexity, 
capacity) generated by the same selected classification 
algorithm ja  on some tier of the classification tree for 
each of the paths of the ACT structure may be different; 
and following this direction, we come to the fact that the 
structure of the ACT model does not necessarily belong to 
the class of regular structures (logical trees) – that is, in 
each tier of the ACT structure under construction, 
together with a different quantity and type (general 
parameters) of GFs the presence of different classification 
and recognition algorithms ja  is allowed.  
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4 EXPERIMENTS  
One of the possible areas of applying the concept of 

algorithmic classification trees is related to the problems 
associated with forecasting and classifying flood events 
(based on arrays of meteorological and hydrological data). 
It is known that flood events cause tremendous harm to 
both the economic and ecological sectors of the national 
economy: they flood and prevent economic circulation of 
agricultural land, flood settlements, destroy residential 
buildings and industrial enterprises, dams, highways and 
railways, and human casualties occur – which is ex-
tremely important for the Transcarpathian region. That is 
why the study of the conditions for the formation of flood 
situations in the context of classifying meteorological 
phenomena under changing climatic conditions is a nec-
essary stage for further substantiation of new methods for 
calculations and forecasts for overcoming critical ecologi-
cal situations. 

It should be noted that the surface water flow regime 
of the Uzh River basin is characterized by significant ter-
ritorial unevenness due to climatic, temperature factors 
and the influence of the Carpathian mountains, which 
have a decisive impact on the formation of seasonal run-
offs. To analyze the conditions and causes of floods on 
the river Uzh in the Transcarpathian region in the autumn 
– spring period there were used the data from 2 hydro-
logical (observation) posts with a monitoring period from 
the beginning of 1992 to 2010 including (at the 30-km 
observation site). It should be highlighted that according 
to water regime, the river Uzh can be referred to rivers 
with flood regime of the Carpathian subtype – where 
flood situations are observed mainly during the autumn – 
spring period. Such flood situations are usually called 
cold season floods, and they are observed in the period 
from October / November to April / May. It is clear that 
the modern climate has been changing, that is why the 
boundaries of warm and cold periods are not constant 
from year to year, and the basis for determining their be-
ginning and ending were mainly the basic meteorological 
conditions (air temperature, types of precipitation and 
snow cover) . 

An important peculiarity of the Uzh river basin, in 
contrast to other river basins in the western region of 
Ukraine, is the formation of flood phenomena of mixed 
origin (based on snowmelt and rain runoffs, often with a 
predominance of rain component), which occur, by most 
observations, during autumn – spring; notably, this water 
regime is due to the climatic peculiarities of Transcarpa-
thia, the presence of mountains, the movement of atmos-
pheric fronts and other factors. We emphasize that in the 
basins of the rivers of the Transcarpathian region, rain 
(snow-rain) flood phenomena of different intensity and 
duration repeat with a frequency of up to 4-6 times per 
calendar year of observations. On the other hand, it 
should be noted that as a result of intense snowfall (the 
corresponding process of snow thaws) for the basin of the 
river Uzh only snow floods are observed, and it should be 
said that annual maximums are quite common only due to 
snowmelt, not water arteries of the Transcarpathian re-

gion. Thus, the annual maximums of floods of the cold 
period often exceed significantly the maximums of the 
warm period, and flood phenomena of the cold period are 
longer in time and occur more frequently, and the maxi-
mum water discharge of cold period floods is almost 2.5 
times higher than the maximum water discharge of warm 
period floods (certainly in this scheme depending on the 
year there are some exceptions). The peculiarity of the 
Uzh river basin is that the maximum intensity of water 
rise is from 1.5 to 2.5 m per day, in some cases (1992) 
this figure may exceed 3 m per day.  

The initial parameters of this application task of clas-
sifying flood phenomena of the river Uzh are presented in 
(Table 1). 

It must be noted that the monitoring of the river basin 
has specific features (it may even be unique within a cer-
tain area of observation) which arise from the fact that the 
river is one of rather dynamic objects of nature, and re-
quires, to a great extent, an individual approach (due to 
geography, formation conditions, water regime etc.). The 
total water flow of the river should be considered not only 
as a certain hydrological factor, but also as a geomor-
phological factor (this should be taken into account at the 
stage of monitoring and selecting the  observation feature 
space). 

So the monitoring of the river bed is connected with a 
large space (the entire river basin) and significant time 
consumption, a change in the frequency of observations; 
along with this the tasks of the observation post include 
the complete characteristic feature of not only merely 
hydrological objects, but also the general geological and 
geomorphological conditions of the river basin. It should 
be noted that the general model of the flood phenomenon 
is described on the basis of 18 features (attributes), which 
have a different nature and are formed on the grounds of 
long-term observations of the Uzh river basin, and among 
these features the following defining characteristics (sets 
of parameters) of the river basin can be distinguished: 

1) The total density of the river cover within the 
observation sector is the ratio of the length of all surface 
flows of the riverbed (in kilometers), to the total amount 
of area of the basin (in square kilometers) in the respec-
tive sector of observation. Notably, this parameter is cal-
culated separately for each observation post.  

2)  The coefficient of curvature of the riverbed in 
the observation area is the ratio of the actual length of the 
river section (observation area) to the length of the line 
from the source to the mouth.                

3) The parameter of the type of annual terraces is a 
feature characterizing the geological peculiarities of the 
structure of the riverbed within the observation site and 
ranges as follows  – {1 ... 6}.          

4) The parameter of the average width of the river-
bed in the observation area for the basin the Uzh river 
basin is characterized by sharp differences in the values 
depending on the observation post where the measure-
ments are made.  

5) The parameter of the reference water level – 
usually, the average water level for rivers is taken as the 
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reference level; the average water level is observed during 
the year within the period when the river is free of ice 
cover, and this average water level is determined as the 
arithmetic mean of daily level values for a certain period 
from flood recession to the beginning of ice phenomena). 
There are approximately determined the period and height 
of the low, constant and intermediate level, which is taken 
as the reference (initial) one; at the next stage, the excess 
of the operating level over the reference one is calculated. 
In case of exceeding, it is used as the value of growth for 
bringing all current observations to the datum level. 

6) The parameter of the average depth of the river-
bed in the observation area for the Uzh river is character-
ized by rather large differences for different observation 
areas. 

7) The parameter of the general regime of the river 
is a feature that characterizes the peculiarities of water 
supply and flow of the riverbed in the observation area 
and ranges in the following way – {1 ... 10}.  

8) The parameter of the temperature regime of the 
river is a feature characterizing the peculiarities of the 
temperature regime of the river at the observation site and 
is within the range of {1 ... 50}.  

9) The parameter of the average river flow speed is 
an attribute characterizing the average rate of water flow 
in the middle of the riverbed at the observation site.    

10) The parameter of the maximum surface speed of 
the river flow is different from the parameter of the aver-
age river flow and is measured on a permanent basis for 
the site of observing the riverbed.  

11) The indicator of the average daily flow rate of 
the river at the observation site calculated for the period 
of 24 hours (the indicator is calculated once a day) – the 
calculating can be done not on the basis of the current 
measurements, but on the basis of the parameter of the 
average flow speed. 

12)  The parameter of the riverbed relief type is a 
feature characterizing the degree of complexity of the 
riverbed relief and is within the range of {1 ... 20}. 

Based on the set of the presented hydrographic charac-
teristics, at Uzhhorod National University, there were 
constructed the models of classifying flood phenomena as 
ACT structures for the river Uzh for the 12-year period 
(1992 – 2010). To build models of classification trees, the 
software system “Orion III” was  used for generating 
autonomous recognition and classification systems, where 
the algorithmic library of the system has 15 algorithms 
(recognition methods and schemes). Thus, the TS con-
sisted of objects (each of them is described by 18 fea-
tures) of three basic classes, and at the stage of examining 
the built classification system (the ACT model) should 
provide the efficient recognition of objects of the un-
known classification in relation to these three classes. The 
general parameters (characteristics) of the constructed 
structures (ACT models) are presented in (Table 2). 

Notably, the array of the initial training data was 
dominated by training pairs of class 3H  (objects of the 
situational state of the neutral zone, the green marker), in 

the second place with a significant gap in number there 
were training pairs of class 2H  (objects of the situational 
state of the observation zone, the yellow marker) and in 
the third place there were directly training pairs of the 
flood phenomena (objects of the red marker) – class 1H . 
It should be stressed that the capacity of class 2H  
slightly exceeds the capacity of class 1H , this can be ex-
plained by the dynamics of changes in the flood situation 
over time, which can return to the normal state (the neu-
tral zone) – phenomena of class 3H , and in most cases 
goes into crisis (the red zone of flood phenomenon) – 
class 1H  ( Fig. 2). The training dataset consisted of 8391 
objects (sets of the known classification) for two monitor-
ing posts in the city of Uzhhorod, and the efficiency of the 
constructed recognition system was evaluated with the 
help of the test set of 500 objects for each of the observa-
tion posts, and the test dataset was a separate part of the 
initial training dataset (consisted of discrete objects of the 
known classification).  

 
Figure 2 – Flood phenomena of yellow and red zones of the Uzh 

River during 1992–2010  
 
It must be underlined that this size of the test set is not 

sufficient for a comprehensive analysis of the quality of 
the constructed models (structures) of classification trees, 
but due to the limited nature of the TS itself, even this test 
set enables the evaluation and analysis of the main pa-
rameters of the synthesized ACT structures. The con-
structed ACT structures (models) provided the necessary 
level of accuracy and efficiency of the classification 
specified by the application task, the required speed and 
the consumption of the working memory of the system, 
but showed different structural complexity of the con-
structed classification trees (the parameters of the com-
plexity of the LCT structure – sets of algorithms, sets of 
generalized features, the number of the vertices of the 
classification tree structure). 

On the basis of the ACT method proposed in this 
study, classification models of flood phenomena of the 
Uzh River were built, and admittedly, the ACT structure 
enables the efficient regulation of the complexity of the 
classification tree being constructed, or the construction 
of recognition tree models with the predetermined accu-
racy as specified by the problem. Clearly, in order to 
compare and select the specific model of the classification 
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tree from a fixed set, it is necessary to identify their most 
important characteristics (feature space dimension, the 
number of vertices, the number of transitions of the tree 
structure, etc.) and determine their error in regard to the 
input array. 

An important point is the analysis of quality criteria of 
the obtained information models which depend on the 
error of the model, the capacity of the initial array of the 
training set and test set (the number of training pairs and  
the feature space dimension specified in the problem), the 
number of structural parameters of the model and so on. It 
is evident that the critical parameters of the constructed 
ACT model that need to be minimized are the model er-
rors respectively within the training dataset, test set and 
each of the classes (parts, subsets of the initial TS), which 
are initially specified by the current application task. It 
has to be emphasized that one of the most important indi-
cators that characterizes the basic properties of the ob-
tained ACT models is the basic indicator of generalizing 
the initial training dataset by the classification tree (classi-
fication model) which is calculated as follows: 
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The basic indicator of generalization of the classifica-

tion tree model (the algorithm tree structure) reflects its 
main parameters and characteristics of classification trees. 
This indicator can also be used as an optimality criterion 
in the procedure for evaluating an arbitrary tree recogni-
tion scheme – the LCTK structure. In a fixed classifica-
tion problem, MainI  it is important to maximize the pa-
rameter, this allows you to achieve the most optimal 
structure of the classification model, and ensures maxi-
mum compression of the initial TS data. This refers to the 
problem of representing an array of source data with a 
tree of minimal structural complexity [28]. So an impor-
tant indicator of the quality of the model constructed as a 
classification tree taking into account the parameters of 
the structure of the ACT model is the general integrated 
quality indicator  presented in the following way: 
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The set of parameters ip  for the integrated 

assessment of the quality of the classification tree model 
represents the most important characteristics of the 
classification tree (according to the LCT / ACT 
structures) which is being assessed (e. g. the number of 
elementary features or generalized features that are used 
in the classification tree model, the number of transitions 
between vertices, tiers of classification trees, etc.). A 
fragment of the main results of comparing constructed 
structures (structures of algorithm trees based on integral 
quality assessment), conducted tests of ACT models of 

various types, with different sets of classifiers, parameters 
of structural complexity, restrictions on generating 
generalized features for the data array of the flood 
classification problem is reflected in (Table. 3).  

 
5 RESULTS  

The constructed classification trees (ACT models) 
provided the necessary quality and speed of schemes of 
classifying flood phenomena of the Uzh river, at the same 
time the structure of the tree sheme itself is quite com-
pact – (Table 4). The sets of independent classification 
algorithms that were selected to generate the groups of 
GFs also proved their efficiency within this application 
task. The possible further research may be related to ex-
panding the list of classification algorithms in the ACT 
scheme as well as additional conditions and restrictions 
concerning the generation of sets of GFs for each step of 
the classification tree scheme (ACT structure). 

 
Figure 3 – Integrated indicator of the quality of the constructed 

ACT models 
 
The presented models of classification trees can be 

used to assess the general condition of the Uzh river basin 
(at the observation site) and to identify the situation of the 
red (flood) zone on the basis of the current measurements 
of the observation posts. It should be noted that the con-
ducted practical tests of the ACT structures (models) have 
confirmed the efficiency of the mathematical tool and 
proposed methods and algorithms for constructing the 
ACT, the developed software which enables the produc-
tion of the recommendation on employing this approach 
(the concept of ACT models) and its software implemen-
tation for solving a wide range of classification and rec-
ognition tasks in the practical plane. 

The only fundamental point to consider when generat-
ing ACT models is that usually the consumption of work-
ing memory and CPU time of the information system is 
much higher compared to the structures (models) of the 
LCT, and it largely depends on the peculiarities of im-
plementing recognition algorithms ( classifiers), the num-
ber of algorithms in the ACT scheme, the scheme (the 
model type) of the ACT structure being generated.  
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6 DISCUSSION  
The quality indicators of structures (ACT models) 

presented in this study can be extended to the structures 
(trees) of LCTs of this appliсation task. It must be high-
lighted that this integrated indicator of the quality of the 
ACT model ranges from zero to one, and the lower it is, 
the worse the quality of the constructed classification tree 
will be, and the higher the indicator, the better the ob-
tained model will be. Thus, the proposed integral assess-
ment of the quality of classification tree structures (ACT 
models) reflects its basic characteristics and can be ap-
plied as an optimality criterion in the scheme of qualita-
tive assessment of an arbitrary tree classifier (classifier 
tree models). The algorithm tree model operates only with 
ready-made, constructed sets of generalized features, in-
dependent classification algorithms. Each of the con-
structed schemes using the algorithmic tree method will 
represent a general recognition system, a model of the 
algorithm tree that can be used for practical work – proc-
essing large arrays of experimental data in the form of 
discrete sets. The constructed classification schemes and 
models of algorithm trees will represent to a certain extent 
a new recognition algorithm. Moreover, it is synthesized 
from well-known recognition algorithms and methods, 
and the resulting ACT structure, the classification scheme 
is characterized by high versatility in terms of application 
and a relatively compact model structure. The algorithm 
tree requires a large amount of hardware to store general-
ized features or sets of them and initially evaluate the 
quality of classification algorithms based on TS data. 
However, the constructed ACT models in comparison 
with LCT structures have high performance of classifica-
tion rules, comparable hardware costs for storing and op-
erating the tree structure itself, and high classification 
quality.  

 
CONCLUSIONS  

The paper solves the actual problem of constructing 
ADC models for an array of hydrographic data based on 
graph – diagram structures of algorithms (schemes for 
covering data arrays with a set of different types of recog-
nition and classification algorithms).  

The scientific novelty of the results obtained in this 
paper lies in the fact that a method for constructing ACT 
structures for classifying flood phenomena of the Uzh 
river is proposed based on a scheme for qualitative 
evaluation of sets of different types of classifiers for syn-
thesizing the structure of the classification tree. In the 
scheme of the algorithm tree (ACT methods), a fixed sub-
set of data from the initial initial sample is approximated 
at each stage of constructing the classification tree. The 
basic scheme for evaluating the effectiveness of algo-

rithms in the ACT method (branching criterion) can be 
used both to construct the structure of the algorithm tree 
and to evaluate their approximation ability relative to TS 
data. This approach makes it possible to achieve low 
structural efficiency of the synthesized ACT model rela-
tive to the initial data set in the future. In this paper, a set 
of general indicators and parameters is proposed, which 
makes it possible to effectively represent the general 
characteristics of the ACT model. It can be used to select 
the optimal ACT from a set of random classification trees 
– LCT structures constructed on the basis of methods.  

The practical value of the obtained results (models of 
algorithm trees) lies in the fact that the proposed method 
for constructing ACT models (classification schemes in 
the form of algorithm trees) was implemented in the algo-
rithm library of the universal software system “ORION 
III” for solving various types of applied classification 
problems and predicting large arrays of discrete objects. 
This toolkit made it possible to carry out an effective clas-
sification of flood phenomena of the Uzh River. The con-
ducted practical tests confirmed the operability of mathe-
matical support and constructed ACT models, the devel-
oped software, which makes it possible to make a recom-
mendation on the use of this approach and its software 
implementation for a wide range of applied problems of 
classification and recognition of discrete objects. 

The perspective research direction for solving the 
task of classifying the situational condition of the Uzh 
River can also be the employment of methods, algorithms 
and schemes for constructing LCT models with the possi-
bility of comparing them (efficiency, structural complex-
ity and speed of classification) to the constructed ACT 
structures (models), expanding the library of recognition 
algorithms (classifiers), optimization of software imple-
mentations proposed in this study of constructing the 
ACT (the evolutionary transition from the C4.5 algorithm 
to C5.0 can be regarded as an example of such an efficient 
software optimization), as well as practical testing of the 
constructed models of classification trees using the train-
ing dataset of a larger number of posts of observing the 
Uzh river basin.   
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Тable 1 – The initial parameters of the task of classifying flood phenomena of the Uzh River basin. 

Number of an obser-
vation post  

№ 

Dimension of the 
feature space – N  

Capacity of the data 
array of the initial TS 

– M 

Capacity of the data 
array of the test set – 

S 

Total number of 
classes according to 

partitioning the 
training dataset – l 

The ratio of objects 
of different classes of 

the TS  
( 1H / 2H / 3H ) 

1 18 4252 500 3 73/102/4107 
2 18 4139 500 3 68/97/3974 

 
Тable 2 – General parameters of the constructed ACT models 

Number of the 
constructed 
ACT model 

Мethod (аlgorithm) 
of constructing the 

ACT model 

Total number of 
different classifica-
tion algorithms ap-
plied in the ACT – 

AllN   

Total number of GFs 
(sets of GFs) in the 

ACT structure 

UzO  

Total number of all 
vertices (together 
with the resulting 
ones) in the ACT 

structure  

Total time of gener-
ating the ACT struc-
ture of the current TS 

Observation post №1 
1 The complete ACT 

method (type І) 
5 

restrictions on the 
sequential use of  

one-at-a-time algo-
rithm 

42 84 686 s. 

2 The complete ACT 
method (type ІІ) 

5 
restrictions on the 

number of GF gen-
erations for one step 
of constructing the 

ACT  

43 98 712 s. 

3 The constrained ACT 
method (Z=10) 

1 
a hypersphere algo-

rithm 
35 71 406 s. 

4 The constrained ACT 
method 
 (Z=5) 

1 
 a hypercube algo-

rithm 
58 117 839 s. 

5 The constrained ACT 
method (Z=3) 

1 
a hyperellipse algo-

rithm  
37 75 442 s. 

6 The complete ACT 
method (type І) 

2 
a hypersphere algo-

rithm, 
a hypercube algo-

rithm  

40 81 706 s. 

Observation post №2 
1 The complete ACT 

method (type І) 
5 

restrictions on the 
sequential use of  

one-at-a-time algo-
rithm 

39 79 676 s. 

2 The complete ACT 
method (type ІІ) 

5 
restrictions on the 
number of genera-

tions of GFs for one 
step of constructing 

the ACT 

40 95 701 s. 

3 The constrained ACT 
method 
(Z=10) 

1 
a hypersphere algo-

rithm 
34 69 380 s. 

4 The constrained ACT 
method (Z=5) 

1 
a hypercube algo-

rithm 
57 115 828 s. 

5 The constrained ACT 
method (Z=3) 

1 
a hyperparallelepi-

ped algorithm  
 

48 98 793 s. 

6 The complete ACT 
method (type І) 

2 
a hypersphere algo-

rithm, 
a hypercube algo-

rithm 

38 77 695 s. 
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Тable 3 – The comparative table of classification tree models (ACT structures) of classifying flood phenomena of the Uzh River 
basin (of posts №1–№2) 

№ Мethod (scheme) of synthesizing the structure (model) of 
the classification tree (LCT / АCT) 

Integrated indicator of the quality 
of the classification tree model 

MainQ  

Total number of errors of the 
model in the training dataset and 

test dataset AllEr  

1 The complete ACT method (type І) 
(the number of algorithms – 5, restrictions on the sequential 

use of  one-at-a-time algorithm) 

 
0.005821 
0.005845 

 

 
0 
0 

2 The complete ACT method (type ІІ) 
(the number of algorithms – 5, restrictions on the number of 

GF generations for one step of constructing the ACT) 

 
0.004778 
0.004712 

 
0 
0 

3 The constrained ACT method 
(Z=10) 

(the number of algorithms – 1, a hypersphere algorithm) 

0.004464 
0.004389 

0 
0 

4 The constrained ACT method (Z=5) 
(the number of algorithms – 1, a hypercube algorithm) 

0.004387 
0.004228 

12 
13 

5 The constrained ACT method (Z=3) 
(the number of algorithms – 1, a hyperparallelepiped algo-

rithm) 

0.004256 
0.004354 

6 
6 

6 The constrained ACT method (Z=3)  
(the number of algorithms – 1, a hyperellipse algorithm) 

0.005582 
0.005645 

1 
0 

7 The complete ACT method (type І) 
(the number of algorithms – 2,  

а hypersphere algorithm, a hypercube algorithm) 

0.005790 
0.005801 

0 
0 
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АНОТАЦІЯ 
Актуальність. Робота присвячена виявленню простого та ефективного механізму за допомогою якого можна будувати 

алгоритмічні дерева класифікації (моделі дерева алгоритмів) за фіксованою початковою інформацією у вигляді навчальної 
вибірки дискретних даних. Побудоване алгоритмічне дерево класифікації буде безпомилково класифікувати (розпізнавати) 
всю навчальної вибірки за якою побудована модель, мати мінімальну структуру (структурну складність) та складатися з 
компонентів – автономних алгоритмів класифікації та розпізнавання в якості вершин конструкції (атрибутів дерева).  

Мета. Метою даної роботи є створення простого, ефективного та універсального метода побудови моделей класифікації 
(розпізнавання) на основі концепції дерев алгоритмів для масивів реальних даних гідрографічного характеру, де отримані 
схеми систем класифікації (структури дерев класифікації) характеризуються деревоподібної структурою (конструкцією) та 
наявністю автономних алгоритмів класифікації (наборів узагальнених ознак) в якості своїх структурних елементів (блоків 
конструкції). 
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Метод. Пропонується загальна схема синтезу дерев класифікації у вигляді дерев алгоритмів на основі процедури апрок-
симації масиву дискретних даних набором елементарних класифікаторів, яка для заданої початкової навчальної вибірки 
будує деревоподібну структуру – модель дерева алгоритмів. Причому побудована схема складається з набору автономних 
алгоритмів класифікації та розпізнавання оцінених на кожному кроці, етапі побудови дерева класифікації за даною початко-
вою вибіркою. Розроблений метод побудови алгоритмічного дерева класифікації основна ідея якого полягає в по кроковій 
апроксимації начальної вибірки довільного об‘єму та структури набором елементарних алгоритмів класифікації. Метод де-
рева алгоритмів при формуванні поточної вершини дерева алгоритмів, вузла, узагальненої ознаки,  забезпечує виділення 
найбільш ефективних, якісних елементарних класифікаторів з початкового набору та добудову лише тих шляхів в структурі 
дерева де відбувається найбільша кількість помилок (відмов) класифікації. Структурна складність конструкції дерева алго-
ритмів оцінюється на основі кількості переходів, вершин та ярусів структури моделі, що дозволяє підвищити якість його 
наступного аналізу, забезпечити ефективний механізм декомпозиції, та будувати структури дерев алгоритмів в умовах фік-
сованих наборів обмежень. Метод синтезу дерев алгоритмів дозволяє будувати різнотипні деревоподібні моделі розпізна-
вання з різними початковими наборами елементарних класифікаторів з наперед заданою точністю для широкого класу задач 
теорії штучного інтелекту. 

Результати. Розроблений метод побудови моделей дерев алгоритмів дозволяє працювати з навчальними вибірками ве-
ликого об’єму різнотипної інформації (дискретними даними) та забезпечує високу швидкість та економність апаратних ре-
сурсів в процесі генерації кінцевої схеми класифікації, будувати дерева класифікації з наперед заданою точністю. 

Висновки. Розроблений підхід синтезу нових алгоритмів (схем) розпізнавання на основі бібліотеки (набору) вже відо-
мих алгоритмів (методів) та схем. Тобто представлена ефективна схема розпізнавання дискретних об‘єктів на основі покро-
кової оцінки та вибору алгоритмів класифікації (узагальнених ознак) на кожному кроці синтезу схеми. На базі запропонова-
ної концепції алгоритмічних дерев класифікації побудована модель структури дерева алгоритмів, яка забезпечила класифі-
кацію паводкових ситуацій для басейну річку Уж. 

КЛЮЧОВІ СЛОВА: дерево класифікації, алгоритмічне дерево класифікації, дискретний об‘єкт, ознака, функція розпі-
знавання, алгоритм розпізнавання, критерій розгалуження. 

 
УДК 001.891:65.011.56 
 

МЕТОД ДЕРЕВА АЛГОРИТМОВ В ЗАДАЧЕ КЛАССИФИКАЦИИ ГИДРОГРАФИЧЕСКИХ ДАННЫХ 
 

Повхан И. Ф. – д-р техн. наук,, доцент, доцент кафедры программного обеспечения систем ГВУЗ Ужгородский нацио-
нальный университет, г. Ужгород, Украина. 

Мица А. В. – д-р техн. наук, доцент, зав. кафедры информационных управляющих систем и технологий ГВУЗ Ужгород-
ский национальный университет, г. Ужгород, Украина. 

Мулеса О. Ю. – д-р техн. наук, доцент, доцент кафедры кибернетики и прикладной математики ГВУЗ Ужгородский на-
циональный университет, г. Ужгород, Украина. 

Полищук В. В. – канд. техн. наук, доцент, доцент кафедры программного обеспечения систем ГВУЗ Ужгородский на-
циональный университет, г. Ужгород, Украина. 

 
АННОТАЦИЯ 

Актуальность. Работа посвящена выявлению простого и эффективного механизма с помощью которого можно строить 
алгоритмические деревья классификации (модели дерева алгоритмов) по фиксированной начальной информации в виде 
учебной выборки дискретных данных. Построено алгоритмическое дерево классификации будет безошибочно классифици-
ровать (распознавать) всю обучающую выборку по которой построена модель, иметь минимальную структуру (структурную 
сложность) и состоять из компонентов автономных алгоритмов классификации и распознавания в качестве вершин конст-
рукции (атрибутов дерева). 

Цель. Целью данной работы является создание простого, эффективного и универсального метода построения моделей 
классификации (распознавания) на основе концепции деревьев алгоритмов для реальных массивов данных гидрографиче-
ского характера, где полученные схемы систем классификации (структуры деревьев классификации) характеризуются дре-
вовидной структурой (конструкцией) и наличием автономных алгоритмов классификации (наборов обобщенных признаков) 
в качестве своих структурных элементов (блоков конструкции). 

Метод. Предлагается общая схема синтеза деревьев классификации в виде деревьев алгоритмов на основе процедуры 
аппроксимации массива дискретных данных набором элементарных классификаторов, которая для заданной исходной обу-
чающей выборки строит древовидную структуру – модель дерева алгоритмов. Причем построенная схема состоит из набора 
автономных алгоритмов классификации и распознавания, оцененных на каждом шаге, этапе построения дерева классифика-
ции по данной исходной выборке. Разработан метод построения алгоритмического дерева классификации основная идея 
которого заключается в по шаговой аппроксимации начальной выборки произвольного объема и структуры набором эле-
ментарных алгоритмов классификации. Метод дерева алгоритмов при формировании текущей вершины дерева алгоритмов, 
узла, обобщенной признаки, обеспечивает выделение наиболее эффективных, качественных элементарных классификаторов 
из начального набора и достройку только тех путей в структуре дерева где происходит наибольшее количество ошибок (от-
казов) классификации. Структурная сложность конструкции дерева алгоритмов оценивается на основе количества перехо-
дов, вершин и ярусов структуры модели, что позволяет повысить качество его последующего анализа, обеспечить эффек-
тивный механизм декомпозиции, и строить структуры деревьев алгоритмов в условиях фиксированных наборов ограниче-
ний. Метод синтеза деревьев алгоритмов позволяет строить разнотипные древовидные модели распознавания с различными 
начальными наборами элементов классификаторов с заранее заданной точностью для широкого класса задач теории искус-
ственного интеллекта. 
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Результаты. Разработанный метод построения моделей деревьев алгоритмов позволяет работать с учебными выборками 
большого объема разнотипной информации (дискретными данными) и обеспечивает высокую скорость и экономность ап-
паратных ресурсов в процессе генерации конечной схемы классификации, строить деревья классификации с заранее задан-
ной точностью. 

Выводы. Разработан подход синтеза новых алгоритмов (схем) распознавания на основе библиотеки (набора) уже из-
вестных алгоритмов (методов) и схем. То есть представлена эффективная схема распознавания дискретных объектов на 
основе пошаговой оценки и отбора алгоритмов классификации (обобщенных признаков) на каждом шаге синтеза схемы. На 
базе предложенной концепции алгоритмических деревьев классификации построена модель структуры дерева алгоритмов, 
которая обеспечила классификацию паводковых ситуаций для бассейна реки Уж. 

КЛЮЧЕВЫЕ СЛОВА: дерево классификации, алгоритмическое дерево классификации, дискретный объект, признак, 
функция распознавания, алгоритм распознавания, критерий ветвления. 
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