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ABSTRACT

Context. Typically, interaction between user and mobile devices is realized by touchings. However, many situations, when to
implement such interaction is too awkward or impossible, exist. For example, with some diseases of musculoskeletal system, motility
of movements may be impaired. It leads to inability to use device efficiently. In that case, a task of looking for alternative ways of
person-device interaction becomes relevant. Voice interface development can be one of the most prospective tasks in that way.

Objective. The goal of the study is to develop a project of neural network architecture and internal components for voice-
controlled systems. Resulting interface have to be adapted for processing and recognition Ukrainian speech.

Method. An approach, based on audio signal analyzing by sound wave shape and spectrogram, is used for making got via micro-
phone data, appropriable for processing. Using neural network makes possible sounds classification by generated audio signal and
information of its transcription. The neural network structure is completely adapted to peculiarities of Ukrainian phonetics. It takes
into account the nature of the sound wave, generated during sound pronunciation, as well the number of sounds in Ukrainian
phonetics.

Results. Experiments were carried out aimed to choosing optimal neural network architecture and training sample dimension.
The root-mean-square deviation of neural network error was used as the main criterion in assessing its effectiveness. A comparative
analysis of effectiveness of the proposed neural network and existed on the market speech recognition tools showed improvement in

the relative measures of recognition by 9.26%.

Conclusions. Obtained in the research results can be used for full-featured voice interface implementation. Despite the fact that
the work is focused on recognition Ukrainian speech, the proposed ideas can be used during developing transcribing services for

other languages.

KEYWORDS: voice interface, audio signal, signal amplitude, spectrogram, neural network, training set, standard deviation.

NOMENCLATURE

A(?) is a dependence of sound signal amplitude from
time over a continuous time period;

A'(t,) are discrete values of audio signal amplitude;

e; is an experimental error of learning a neural net-
work a i-th iteration;

E is a permissible error of neural network learning;

f; is a function of converting the sound wave charac-
teristics at definite time moment to a sound reference,
which generates sound wave with corresponding charac-
teristics;

h is a neuron of a hidden layer of a neural network;

H is a set of hidden layer neurons;

H(?) is a dependence of sound signal frequency from
time during some continual time period;

H'(t,) are discrete values of sound wave frequencies;

i is a neuron of an input layer of a neural network;

I is a set of hidden layer neurons;

Jis an index of a word, sound, or speech fragment in a
predefined alphabet R;

L is a size of training sample;

n is a size of output alphabet;

N is a number of neurons in the neural network;

N; is a number of neurons in a input layer of the neu-
ral network;

Ny is a number of neurons in a hidden layer of the
neural network;

Ny is a number of neurons in a output layer of the neu-
ral network;

o is a neuron of an output layer of a neural network;
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O is a set of output layer neurons;

P is a training sample;

Dp; is probability of matching the sound wave to an el-
ement;

R is an alphabet of sounds and words;

r; is a single, predefined sound, word, or speech frag-
ment;

¢t is a time;

t, is a discrete time;

T is a test sample.

INTRODUCTION

Voice recognition methods in conjunction with
speech-to-text technologies is a very important tool for
creating voice interfaces. Quality voice interface can act
as a full-fledged alternative to traditional interactive one
for hands-free systems. Such services are especially use-
ful for users, suffering from musculoskeletal disorders.
Due to impaired movements coordination, it is difficult
and often almost impossible for them to interact device
touching screen. Other way for using voice interface is in
situations when user’s hands are busy with executing an-
other action.

The object of research is a is a process of speech -to-
text converting.

The subject of research is neural networks applica-
tion in development transcribation services adapted on
pronunciation features in Ukrainian, able to recognize
separate speech fragment.

99



e-ISSN 1607-3274 PagioenexrpoHika, inpopmatuka, ynpasminss. 2020. Ne 3
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2020. Ne 3

The purpose of the paper is to develop a method for
recognition voice commands and to implement based on it
service, which provides a voice interface for devices run-
ning Android. As a main mathematic tool is supposed
using neural networks. This service will let use phone,
tablet, etc. fully, without necessity to touch its screen by
fingers. The service will be represented as an additional
add-in, which can recognize voice commands in natural
human language and translate them into device control
commands.

To achieve the goal, it is necessary to solve a number
of tasks:

1) To analyze main characteristics of sound waves
generated when sounds and words are pronounced in
Ukrainian;

2) To consider existing approaches to recognizing
sounds by nature of their sound waves from the viewpoint
of possibility to adapt them for recognition voice com-
mands in Ukrainian;

3) To develop architecture of the neural network and
to carry out its training;

4) To test the proposed neural network and to com-
pare its efficiency in recognizing voice commands in
Ukrainian to existing voice transcribation tools efficiency.

1 PROBLEM STATEMENT

Let some alphabet R = {rl,rz,...,rn}, is given, each its
element 1; can correspond to a separate sound, word or
speech fragment.

As sound signal has arrived, sound wave is generated.
According to [1-3], dependences of sound wave ampli-
tude and frequency from time are main characteristics of
sound wave which identify uniquely the nature of sound.
It lets identify sounds basing on sound wave data and/or
spectrogram for a certain time period (1, 2), as well as
perform the inverse transformation digital data of the
sound wave into analog sound.

S () 1)~ 1, }n (1)
Fod(e) H'(1 ). 4r) > Ap; },, : 2)

The functions f; and f, implement determination prob-
ability of correspondence signal, which has generated the
investigated sound wave, and each sound from the alpha-
bet R. The first one uses only its amplitude during a
certain short time period, the second one has an extra
parameter, which let use extra information about the
signal frequency. The sound classification process is im-
plemented by artificial neural networks.

The final decision, whether the sound signal corre-
sponds to some element r; is taken based on correspond-
ing to it maximum p; (3):

rj_)pj:pj:pmax:max(pj)vpmax >>1= Prax - 3)
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Designing the set R, it is appropriate to include one
element corresponds to an empty result, i.e. to a situation,
when no one sound from set has been identified. Restric-
tion  Prax >>1— pmax at (3) let avoid false positives,

when found probability maximum isn’t quite large to clas-
sify sound generated sound wave to corresponding class.

2 REVIEW OF THE LITERATURE

The idea to develop a service, which is capable to rec-
ognize voice commands and speech in a natural language,
isn’t essentially new. Developments in speech recognition
and voice controlling have been ongoing for over 20
years.

The Dragon Dictate Naturally Speaking system [4]
was one of the first software systems capable to perform
human speech recognition. In some cases, its recognition
accuracy reached 95%. However, high recognition rates
were achieved only for speech in English with certain
pronunciation rate. In 1997, an attempt to adapt this sys-
tem for recognition speech in Russian was made. Thus,
the Gorynych system was developed [5]. The Gorynych
system supported possibility to dictate text and to control
some Windows functions with a voice. Meanwhile,
speech recognition quality rarely exceeded 30%, which
isn’t an acceptable result. No attempt to adapt this system
to speech recognition in Ukrainian has been made.

This direction of researches became especially popular
when mobile devices running on Android and IOs operat-
ing systems, appeared. Nowadays, next voice assistants
are the most popular: Siri (Apple) [6], Alexa (Amazon)
[7, 8], Google Voice Assistant [8], etc. However, they are
focused on voice input of text messages, which afterwards
usually send via standard messengers, and keywords,
which are used for searching information on the Internet.
These tools provide satisfactory results within declared
capabilities. Meanwhile, they are sensitive to pronuncia-
tion quality as well as to speech timbre. An essential dis-
advantage of these systems is necessity for permanent
Internet connection. This disadvantage is caused by ne-
cessity of voice processing on the server side of applica-
tion. In addition, in this case, whether confidentiality of
the transmitted information will be retained and possible
further ways of using it remain unclear. Another essential
disadvantage of these services is limited set of available
languages. So, for example, none of above mentioned
voice assistants is able to recognize voice commands in
Ukrainian. In addition, these systems are only voice
assistants. None of them is a fully-featured voice inter-
face.

The technologies of converting speech into a com-
mand or text used for developing voice assistants can also
be used for creation full-fledged voice interfaces. More-
over, developers provide complete API for this: Google
Speech API, YandexToolkit API etc. In addition, there
are specialized platforms, which main task is to convert
voice to text, for example, PocketSphinx. Development of
an original service based on these technologies will pro-
vide a full-fledged voice interface for devices managed by
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Android. However, it won’t provide to fix the rest disad-
vantages of existing voice recognition services. Therefore,
it is useful to develop an original application, which core
will be focused on linguistic features of Ukrainian.

As a result of review literature sources devoted to the
problem of converting speech into text [9-12], a number
of tasks, which have to be solved sequentually were iden-
tified, as well as results which have to be obtained in
course of solving each of them (Fig. 1).

At this stage the most interest represents the task of
recognizing voice signals and converting them to text.

There are 3 main approaches to speech recognition al-
gorithms implementation: hidden Markov models, dy-
namic programming, and artificial neural networks.

The approach based on hidden Markov models [13]
needs long-term system debugging on large sets of test
samples. This approach is quite simple from implementa-
tion viewpoint. In addition, enlargement set of recogniz-
able words does only a little effect to computational com-
plexity increase. However, it doesn’t guarantee high accu-
racy of result, because to estimate error value reliably
isn’t always possible

The approach based on using dynamic programming
[14] presupposes comparing two speech segments and
determination difference indicator between them. Known
in advance pattern is used as a first segment, identifiable —
as a second. Using dynamic programming in this ap-
proach lets perform optimization and determine the tem-
plate, which most accurately matches the recognized one.
This approach lets get good results for low time and com-
putational costs for small data samples, upon a condition,
if a recognizable pattern matches to one element is in set.
However, even slight increase of test data sample or out-
puts variants leads to significant complication of the cal-
culation model.

The most powerful tool for solving speech recognition
problem is artificial neural networks [15]. This approach
provides not only individual words and sounds recogni-
tion, but continuous speech. Using neural networks repre-
sents the most interest for development speaker-
independent speech recognition systems. Nevertheless, in
a cause of complexity of neural network structure deter-
mining and its proper training, using neural networks

would be recommended only if two previous approaches
proved ineffective.

Taking into account specifics of the project being de-
veloped (necessity for quick adaptation to specifics of
each person’s pronunciation and possible minor diction
disturbances characteristic for disabled), approach based
on using neural networks is the most prospective.

3 MATERIALS AND METHODS
Received from microphone sound signal is a sound
wave with continually changing frequency H(f) and am-
plitude A(f). Amplitude determines the sound volume, and
frequency — its tone. At the same time, digital sound proc-
essing and recognition can be performed only for discrete
data sets A'(t;), H'(z;). Thus, for further full-fledged

signal processing, it is necessary to perform transforma-
tions (4, 5):

All) - A1) (4)
H(t)> H'(1). (5)

The procedure to replace continuos dependence of
sound charasteristics to discrete ones, is called sampling,
in doing so sampling frequency determines quality of
result discrete signal. Usually the sampling rate is in range
of 8-48 kHz.

As patterns were used discretized sound signals,
gained in pronouncing all kinds of sounds and their typi-
cal combinations, characteristic for Ukrainian phonetic
(Table 1).

Fig. 2 shows typical fragments of sound waves gener-
ated while some sounds of Ukrainian phonetic are being
pronounced.

Shapes of sound waves, as well as spectrograms, make
it possible to come up with information about amplitude
A'(t}) and frequency H'(t; ) of sound wave at each point

of discrete time scale. This data can be used by the neural
network to classify sounds.

Nowadays, multilayer neural networks are the most
popular and efficient tool in speech recognition.

Raw voice signal

Removing parasite

Cleared voice signal>

Converting voice to text

Text

Device command

L .
noises
Device behavior
- algorithm Command
processing

Text parsing

Figure 1 — A structured scheme of a typical voice command recognition and procession system
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Table 1 — Transcriptions of some Ukrainian alphabet letters and its combinations

A A

= |
— |
e
B =0
—
—]
—— |
[
—
e
[ ——
[

No Letter Transcription
1 Aa /a/, fef

2 56 /b/

3 Bs fol. Iwl. s/, fw/
4 I'r 8/

5 Ir g/

6 oo /d/

7 Ee fel, le/

8 €e fiel, fief

9 Hox /3

/o |0/ n r

T
—
e
—_—
—_—
—_—
—
—
—

Figure 2 — Examples of sound waves shapes for some sounds of Ukrainian phonetic

To solve this task, it is assumed to use a three-layer
neural network, which contains an input layer, one hidden
layer and an output layer. Number of neurons are in input
layer is defined as N;, in output layer — Ny, in hidden
layer — Ny. Denote by | = {I}NI ,0= {O}NO, H= {h}NH

elements are in input, output, and hidden layers, respec-
tively. Number of all neurons in the neural network is
labeled as N, limit permissible learning error value as E.

Speech recognition will be performed based on the
sound waveform data. To the input of neural network,
data is provided sound wave frequency at each discrete
time instant.

This approach implementation will lead to necessity to
use input data vectors with length of 1000 or more ele-
ments. Algorithms used for the corresponding neural net-
work learning will be demanding on computing resources,
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and got neural network will not always be able to provide
result required accuracy.

To optimize neural network structure, the assumption
was made that it is appropriable to take in attention only
extreme values of the sound waves amplitudes A(t) and
time moments t, when they’re got detected (Fig. 3). Later,
information about sound wave amplitudes between ex-
treme values can be obtained by linear approximation.

Consequently, to inputs of the neural network, pairs
(t, A(t)) will be supplied, and its number will be reduced
to 20-30.

Number of output layer neurons corresponds to num-
ber of sounds which have to be recognized. Ukrainian
phonetics involves 38 different sounds. Thus, number of
neurons in the neural network output layer needed to rec-
ognizing every individual sound in Ukrainian phonetic is
38. As an activation function of the output layer a linear
function is chosen.
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Figure 3 — Linear approximation of sound wave sections between it’s extremums

Number of hidden layer neurons depends on some dif-
ferent factors: as training sample size, number of input
layer neurons, number of output layer neurons, etc. An
initial approximation of this value Ny o can be defined

as the average between number of input and output layers
neurons. Afterwards a learning error e; is calculated. Fur-

ther optimization of neural network structure is performed
by reducing (increasing) number hidden layer neurons
and constructing a learning curve. The most optimal is
considered solution, which provides learning error the
closest to acceptable neural network learning error.

_Ni+Ng

Ny, e =EWNy,),

NHi :NHH il, ei:E(NHi),

o

|e,- - e| — min. (6)

As an activation function of hidden layer neurons hy-
perbolic tangent is chosen.

Created neural network was trained by the direct error
propagation method. Each element in training sample P*
contains a vector, which dimension corresponds to num-
ber of neural network inputs, and a single integer value,
which determines corresponding output of the neural net-
work. Each element of training sample vector is repre-
sented as a pair of values (A4(?),7).

For three-layer neural network training sample size L
is determined by relationship (7):

2-(N; + Ny +Ng)<L<10-(N; + Ny +Ng).  (7)

Thus, a training sample P* is formalized by the ex-
pression

p{

Final assessment of developed neural network effi-
ciency is executed on test samples 7, which hasn’t been
used in neural network training. Test sample for the pro-
posed in this paper neural network is formalized by ex-
pression (9)

Aéfl)s n) (Al ) ).

y ] O R

NN, L
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It should be noted that during test process, the neural
network uses ready output values only to estimate error,
but not to improve result.

}ok coly, |- ©

4 EXPERIMENTS

Experiments on the developed neural network were
carried out using the original application Voicer, which
implements the neural network proposed in the paper. The
application is adapted for running on any devices man-
aged by Android. Android Studio was chosen as the de-
velopment environment, because of nowadays it is the
most popular tool for developing Android applications.
The neural network is implemented with TensorFlow
Mobile library.

The application Voicer has a friendly user interface
and let recognize the voice command received from the
device’s microphone without necessity to delve into the
structure and principles of the neural network.

During the experiment was being carried out, various
neural network architectures were analyzed, as well as
options for number of samples in training set. As deter-
mining criterion for choosing neural network structure
was admitted the standard deviation MSE. The module of
difference between its value and permissible neural net-
work error has to be minimal. It should be noted that we
shouldn’t try to minimize MSE to 0 value, in this case the
effect of retraining neural network is possible and as a
subsequent, incorrect result will be got on test samples.

5 RESULTS

Preliminary calculations have let limit number of neu-
rons in the hidden layer (6) in range from 20 to 38 and
training sample dimension (7) in range from 2XN to
10xN. However, not each of possible architectures lets
create a neural network efficient to solve assigned task.
As an indicator of the neural network efficiency mean-
squared error was used. We’ve tested each of available
architectures and estimated its efficiency. Results are as-
sembled in table 2. Table columns contain dimension of
test sample set, rows — number of hidden layer neurons
and in the cells are mean square error values for respec-
tive neural network and test sample set.
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Presented in Table 2 experimental results show that
the best quality in recognizing sounds in Ukrainian was
got if training sample set dimension was in range from
4 x N to 8 x N, and number of hidden layer neurons was
in range from 24 to 31. For illustrative purposes, this area
is highlighted in the table and data, contained in, are pre-
sented in diagram (Fig. 4). Separately, minimum mean
square error values for each number of elements in train-
ing sample set were highlighted.

Examined alternative tools for speech recognition and
compared their efficiency to efficiency of developed one.
To pursuit of testing process some commonly known
voice assistants as Siri, GoogleVoice Assistant, Alexa
were used. The initial sample of words is constructed in
such a way that it uses all sounds characteristic of pro-
nunciation in Ukrainian. Each word was pronounced 100
times by different voices, with different intonations and
timbre. Information about number of correct recognitions

is summarized in table 3.

Table 2 — Results of experiments

L 2xXN 3xXN 4xN SXN 6xN TxN 8xN IXN 10xN
Vi
20 7.39 4.56 1.90 10.27 15.4 15.78 16.34 18.23 23.98
21 5.62 421 1.76 9.81 12.1 15.26 17.39 20.35 2535
22 4.62 3.76 0.52 7.92 8.87 14.83 15.82 13.50 18.76
23 3.28 5.12 0.31 3.96 5.12 13.67 10.05 5.52 13.34
24 1.40 1.22 0.08 2.39 4.63 4.36 4.52 7.84 12.18
25 5.06 5.57 0.26 1.59 1.89 7.12 5.65 12.96 14.73
26 5.09 3.58 0.28 1.12 1.77 5.65 5.95 13.14 18.23
27 6.28 5.75 0.25 1.28 0.91 2.09 3.39 12.96 20.34
28 7.25 2.85 0.54 0.69 0.15 0.77 1.34 12.67 14.36
29 8.45 2.58 1.24 0.92 0.28 0.98 1.73 8.93 12.34
30 10.63 5.84 2.83 2.63 0.81 0.24 3.56 7.65 15.28
31 14.48 7.36 3.25 2.09 1.95 0.56 7.82 12.84 18.56
32 12.54 4.56 5.60 4.89 3.12 0.33 4.23 9.23 12.90
33 15.94 12.34 8.96 6.98 5.86 1.98 7.12 34.19 18.76
34 16.75 15.11 11.7 12.03 12.98 2.09 15.74 20.65 21.63
35 20.73 18.39 12.1 15.09 19.27 4.51 10.09 23.12 23.45
36 23.86 20.00 11.3 18.82 2143 10.94 9.33 8.95 28.32
37 23.12 21.98 14.0 16.31 20.60 12.25 17.52 12.51 20.52
38 15.94 16.93 14.2 18.59 21.85 23.15 25.12 23.18 18.74
.00
2].00
7.00
0]
d M i [N
]
< 3,00 %N
T=N
3,00 —p— T
‘. M Tium

Mumber of neurons in hidden layer, N,

Figure 4 — Dependence of mean square error of the neural network from number of neurons are in hidden layer and dimension of
training sample set
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Table 3 — The number of correct recognition Ukrainian words got by various tools

\Word Transcription Siri Google VoicelAlexa Cortana  |[Proposed  [Relative improvement in|
|Assistant tool recognition quality
Ylomx [ 0 9] 70 77 65 68 91 15.38%
M’ sikuit [M i akuii] 73 75 54 66 88 14.77%
(Croroui [c'oronH i] 77 78 56 37 89 12.36%
[Ipukmera [mpukMeral 65 70 67 76 87 12.64%
ITinconomxysay [MinconomkyBau] 82 75 45 55 30 -2.50%
Mepexa [Mepexa] 77 90 57 46 90 0.00%
Bigmycrtka [B'iznycTkal 30 74 45 36 88 9.09%
IbopoTsba [6opon"6al 75 70 65 50 83 9.64%
Micsiub [M'ic'an'] 79 81 74 55 02 11.96%
|Average 75,33 76.67 58.67 54.33 87.56 9.26
6 DISCUSSION proximation. It reduced the training sample dimension

In accordance with table 2, we can conclude that there
are several cases, when the best result is achieved. So, for
example, for a neural network, which number of hidden
layer neurons is in range from 24 to 27 neurons, optimal
dimension of training sample is 4 x N. If number of hid-
den layer neurons is 28 or 29, as optimal dimension of
training sample set will be 6N, and if number of hidden
layer neurons is 30 or 31, as optimal dimension of train-
ing sample set will be 7xN. In addition, the minimum
values of the neural network mean square error 0.08, 0.15
and 0.24 are highlighted in the table 2.

Further experiments are reduced to comparing imple-
mented neural network efficiency to efficiency of ready-
made tools available on market. It should be noted that
any instruments, able to recognize Ukrainian phonetics,
are not currently available on market. However, an at-
tempt to adapt tools, used for recognizing sounds in Rus-
sian, for recognition in Ukrainian was carried out. Ready
tools usually recognize not individual sounds but whole
words. These words are being formed by a sequence of
sounds, therefore, the neural network proposed in the pa-
per is able to cope with this task successfully. A spoken
word is considered recognized incorrectly if its transcrip-
tion differs from sequence of sounds got by neural net-
work.

On the basis of comparing efficiency of attempts to
adapt ready-made speech recognition tools to phonetic
features in Ukrainian and tool, proposed in the paper, we
can conclude advantages of the last one. So, in considered
examples, relative improvement in quality of recognition
is 12.3%. This is due to the initial orientation developed
neural network to recognition speech in Ukrainian.

CONCLUSIONS

Got result is satisfactory, so neural network, proposed
for recognizing sounds in Ukrainian, can be used to de-
velop a full-fledged system for voice control on Android
devices.

The scientific novelty of the obtained results is that
the method for optimizing data of sound waves formed by
pronunciation of sounds and their combinations in
Ukrainian was firstly proposed. The proposed method is
based on using only extreme values of sound waves char-
acteristics and obtaining intermediate data by linear ap-
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and increased the data processing speed without losing
quality of the result.

The practical significance of obtained results is that
digitized sound waves, are generated during pronouncing
separate sounds in Ukrainian, can be subjected to further
intellectual analysis in order to search elements of certain
device commands and their parameters. It is undoubtedly
a very important element in building a full-fledged inter-
face with voice control. However, considering this prob-
lem isn’t within the scope of this study.

Prospects for further research are to train the pro-
posed neural network to recognize whole words and col-
locations in Ukrainian and in other national languages.
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VIK 004.934.8:004.52
APXITEKTYPA TA AJITOPUTM HABYAHHS HEMPOHHOI MEPEXI JJIs1 PO3III3HABAHHSI F'OJIOCOBUX
CUTHAJIIB

MoutuanoBa B. C. — xanx. TexH. Hayk, foueHT kadenpu inpopmaruku IBH3 «IIprazoBchkuii fep kaBHAI TEXHIYHUH yHIBEpCH-
TeT», Mapiymnons, Ykpaina.

Miponenko [I. C. — kanx. TexH. HayK, 3aBinyBad kadenpu inpopmaruku JIBH3 «IIpra3zoBchkuii nepkaBHUI TeXHIYHUH yHiBep-
cuter», Mapiynoins, YkpaiHa.

AHOTALIA

AKTYyaJbHicTb. 3a3BHYaii B3a€EMOJisl KOPUCTYyBaya 3 MOOUIBHUM MIPUCTPOEM, HAMIPUKIIA, TeIePOHOM abo IUIaHIIETOM peatisy-
€ThCA 32 JIOTIOMOTOI0 TOpKaHb. OTHAK MOKIMBHI LMKAN PAJ CUTYyalidd, KOJIH 3AIHCHEHHS TAKOTO CIOCO0Y JIOIMHO-MAIIMHHOI B3a€-
MOJii BUSBJISIETBCA CKPYTHHM a00 HaBiTh HeMOXJIMBHM. Hampukinan, npu fesKux 3aXBOPIOBAaHHIX ONOPHO-PYXOBOTO amapary MOX-
JMBEe MOPYIIEHHS MOTOPHUKHU PYXIB, [0 B CBOIO YEPTy NPHU3BOJUTH J0 HEMOXKIMBOCTI IIOBHOI[IHHO BUKOPHCTOBYBAaTH HPHCTPIii, 1M0-
MUJIOK, BTPATH 4Yacy. Y Takill CHTyauil akTyalbHHM CTa€ MOIIYK albTepPHATUBHUX LUIIXIB B3a€MOJIl KOpUCTYBaya 3 cucTeMoro. Po3-
poOKa roocoBux iHTEpQECiB € OJHUM 3 HallOUIBII MEPCIIEKTUBHUX HAIIPSMKIB JaHOT poOOTH.

Merta focnifpKeHHs HoJisirac B po3po0iii MeToIy ONTHMI3alii JaHUX 3BYKOBHX XBHIIb 1 X 3aCTOCYBaHHI IIPU HaBYaHHI HEHPOHHOT
Mepexi JUIst PO3ITi3HaBaHHS OJIOCOBUX CHT'HAJIIB, YTBOPEHUX BUMOBOIO 3BYKiB YKPaiHCBKOIO MOBOIO.

Merton. [l peanizamii IpoeKTy 3alpOIIOHOBAHOI Y pOOOTI CHCTEMH, BUKOPUCTOBYETHCS MiXiM, 3aCHOBAHUH Ha aHANI31 ayIioCH-
THaJy 32 OpMOI0 YTBOPEHOIO M 3BYKOBOI XBHMIIi 1 CIIEKTPOTPaMH, a TaKOK 3aCTOCYBaHHI IITYYHHX HEHPOHHHUX MEpPEX y MpoIeci
nopaneioi kracudikamii Ta BUAIIEHHS OKPEeMHUX, XapaKTepHHUX A YKpaiHChKOi MOBH, 3BYKiB. HelipoHHa Mepexa sBsie co00r0
TPUIIAPOBUH MEPCENTPOH, CTPYKTYpa SIKOTO ITOBHICTIO aaNTOBaHa IMiJ 0COOIMBOCTI yKpaiHCEKOI (hoHeTHKH. BpaxoByeThest Xxapak-
Tep 3BYKOBOT XBHJI, sIKa YTBOPIOETHCS Mijl YaC BUMOBH TOT'O UM iHILIOTO 3BYKY, & TAKOXK KUIBKICTh PI3HOMaHITHHX 3BYKIB B yKpaiHCh-
Kiif (hOHEeTHII.

PesyabraTu. [IpoBesieHO psii €KCIEPUMEHTIB, COPSIMOBAHUX Ha BHOIp ONTHMAlIbHOT apXiTEKTYpH HEHPOHHOI Mepexi i po3mip-
HICTh HaBYAJILHOT BUOIPKHU. B SIKOCTI OCHOBHOTO KPUTEPIIO IpH OLiHII e)eKTHUBHOCTI HEHPOHHOT Mepeki BUKOPUCTOBYBAJIOCS CePe-
HBOKBaJpaTHYHE BIIXWICHHS ii HOMIIKU. B mporeci TecTyBaHHA Oyii0 BH3HA4YEHO KiJIbKa BapiaHTIB KOMOIHAIlIi mapameTpiB HEi-
POHHOT Mepexi, IPH SKUX AOCATaTuCS Halkpamii pe3ynbratd. [lopiBHAIbHAN aHai3 eEeKTHBHOCTI 3alPOIIOHOBAHOI B pOOOTI HEWl-
PpOHHOI Mepesxi i iICHyI0UHX Ha PHHKY iHCTPYMEHTIB pO3Ii3HAaBaHHS T0J0OCY II0Ka3aB MOJIIIICHHS BiIHOCHUX MOKa3HUKIB PO3Ii3Ha-
BaHHA Ha 9,26%.

BucnoBku. OTpumaHi B poOOTi pe3ysIbTaTé IOCIIPKEHb 1 apXiTeKTypa HeHpOHHOI Mepexki MOXKXyTh OyTH BHKOPHCTaHI miJ 4ac
peanizauii MOBHOIIHHOTO T0JI0COBOro iHTepdeiicy Uit MOOIIBHUX IPHUCTPOIB i YIpaBIiHHAM onepauiiHol cuctemu Android. He-
3Ba)kaloyM Ha Te, L0 poOOTa Opi€HTOBaHA HAa PO3Ii3HABAHHS MOBJICHHS YKPaiHCHKOIO MOBOIO, /el sIKi BUKOPHUCTOBYIOThCS Ul 11
peanizauii MOXXyTh OyTH BUKOPHCTaHI IPH TPaHCKPiOallii rojIocy Ha iHIIUX MOBaXx..

KJIFOYOBI CJIOBA: ronocoBuii inTepdeiic, ayiocursai, aMIUTiTyJa CHTHAIY, CIIEKTpOrpaMMa, HeHpOHHa Mepe)ka, HaBYallb-
Ha BHOIpKa, CepeIHbOKBAIPATHYHE BiIXUICHHS.

YK 004.934.8:004.52
APXHUTEKTYPA U AJITOPUTM OBYYEHHS HEMPOHHOM CETH JIJIs1 PACIIO3HABAHHUSI I'OJIOCOBBIX
CUT'HAJIOB

MougyanoBa B. C. — kana. TexH. HayK, goueHT Kapenpsl nHpopmatuku ['BY3 «IIpnasoBckuii rocy1apCTBEHHBIH TEXHHYECKUI
yHUBEpPCUTET», Mapuynonb, Y KpauHa.

Muponenko [I. C. — kanja. TexH. HayK, 3aBenyromuii kadeapsl nunpopmaruku ['BY3 «IIpua3oBckuii rocy1apcTBeHHbBIH TEXHU-
YEeCKUIl yHUBEpCUTET», Mapuynoib, Y KpauHa.

AHHOTAIUA

AxTyanbHOCTh. OOBIYHO B3aMMOJICHCTBHE TIOJIB30BATEIISI C MOOMIIBHBIM YCTPOHCTBOM, HallpuMep, Teae()OHOM M IUIAHIIETOM

peanmsyeTcst nocpeacraM kacaHuil. OmHAKO BO3MOXKEH LEINBIH PsiJi CHTyalHid, KOTrJja OCyIIECTBIEHHE TaKOro CIIoco0a 4eIoBeKo-
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MAIIMHHOTO B3aMMOJICHCTBHUS OKa3bIBACTCS 3aTPyIHATEIBHBIM MM ke HEBO3MOXKHBIM. HampumMep, Ipyu HEKOTOPHIX 3a00IeBaHUIX
OIIOPHO-ABUTATENIFHOTO armnapara BO3MOXHO HapylIeHHEe MOTOPHKHU JBHXKEHHH, YTO B CBOIO OYepe]b IMPHBOJIUT K HEBO3MOKHOCTH
HOJIHOLIGHHO HCIIOJIb30BaTh YCTPOMCTBO, OMIMOKaM, MOTEPH BPEMEHH. B CIOXKUBIIEWCS CUTyaluy aKTyalbHBIM CTaHOBHTCS IOUCK
IBTEPHATUBHBIX MHTEP(EHCOB B3aMMOACHCTBHS [0JIb30BATENSI ¢ CHCTeMOM. Pa3paboTka rojaocoBbix HHTEP(EiicoB SBISETCS OJHUM
13 Haubosee MepCreKTUBHBIX HANpaBleHUH TaHHOH paboTHI.

Ieap mccienoBaHUS COCTOMT B pa3pabOTKe METOJA ONTHMHU3ALNM JAHHBIX 3BYKOBBIX BOJH M MX NPHMEHEHU HPH O0ydUCHUH
HEWPOHHOH CeTH IS PACIO3HABaHUS FOJIOCOBBIX CHTHANIOB, 00Pa30BaHHBIX IIPOM3HOLICHHEM 3BYKOB Ha YKPAHMHCKOM SI3BIKE.

Metona. [{yis peanu3anuy IpoeKTa MPEATIOKEHHOI B paboTe CHCTEMBI, HCIOJIB3YeTCs MTOAX0MA, OCHOBAHHBIN Ha aHAIIN3E ayauo-
curHaia no gopme odpasyeMoil UM 3ByKOBOI BOJIHBI M CIIEKTPOTPAMMBI, a TAaKXKe IIPIMEHEHNH HCKYCCTBEHHBIX HEHPOHHEIX ceTel B
Iporecce IMocieayronei Kiaccu(rKauy 1 BEIIEICHHN OTACNBHBIX, XapaKTepHBIX JUIs YKPanHCKOW peun, 3BykoB. HeliponHas ceth
IpEeJCTaBIACT COOOH TPEXCIIOMHBII IEPCEeNTPOH, CTPYKTypa KOTOPOrO IOJHOCTBIO aJaNTHPOBAaHA I10J OCOOCHHOCTH YKPAaMHCKOH
(oHETHKH. YUIUTBIBAETCS XapaKTep 3ByKOBOH BOJIHBI, 00pa3yeMoii MpH MPOU3HOMIEHUH TOTO MIIM MHOTO 3ByKa, & TAKXKe KOJTMIECTBO
pa3sHOOOpa3HBIX 3BYKOB B YKPAUHCKOH (POHETHKE.

PesyabTatsl [IpoBeneH pan SKCIEPUMEHTOB, HAINIPABJICH Ha BHIOOP ONTHUMAJBHOW apXUTEKTyphl HEHPOHHOW CETH U pa3Mep-
HOCTh OOydaromeil BeIOOpKH. B KadecTBE OCHOBHOTO KPUTEPHS MpPU OLEHKE 3(PPEKTHBHOCTH HEHPOHHON CETH HCIOIB30BAJIOCH
CpeIHEeKBaApaTHIECKOe OTKIOHEHHE ee omunOKy. B mporecce TectupoBanust ObUIN OIpeeIeHbl HeCKOIBKO BapUaHTOB KOMOMHAIINI
IapaMeTpoB HEHPOHHOW CETH, NPU KOTOPBIX JOCTHTAINCH HAWIydIIue pe3yabTaTsl. CpaBHUTEIBHBIN aHamu3 3 (QeKTUBHOCTH MIpe-
JIO)KEHHOW B pabOoTe HEHPOHHOM CETH M CyLIECTBYIOIIMX Ha PhIHKE MHCTPYMEHTOB PAcHO3HABAHMS MOKa3ajl YIIy4IIeHUE OTHOCH-
TeJIbHBIX [IOKa3aTeliel pacro3HaBaHus Ha 9.26 %.

BriBoabl. [lonyueHHsle B paboTe pe3ysIbTaThl UCCIECAOBAHUN M apXUTEKTypa HEHPOHHON CETH MOTYT ObITh MCIOJIb30BaHbI MIPU
peanu3aluy MOJHOLEHHOTO T0JI0COBOro HHTep(elca Uil MOOMIBHBIX yCTPOMICTB, pabOTAIOIMX 1I0]] YIIPABICHUEM ONEpalliOHHON
cucrembl Android. HecmoTps Ha TO, 94TO paboTa OpHeHTHPOBaHA Ha PACIIO3HABAHUE PEUH HA YKPAUHCKOM SI3BIKE, UCIIOJIB3yEeMbIE TIPH
ee pean3ay HAEH MOTyT OBITh UCIIONB30BAHBI IIPU TPAHCKPHOAIIMH PEIH Ha IPYTHX S3bIKAX.

KJIIOUEBBIE CJIOBA: ronocoBoii uaTepdeiic, ayMocuryai, aMIUINTyla CHTHAJIa, CIIEKTporpaMma, HeHpoHHas ceTb, 00Y-
YajoImas BEIOOpKa, CPeJHEKBA[PATHIECKOE OTKIOHCHHUE.
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CLASSIFICATION TREES

Povkhan 1. F. — PhD, Associate Professor, Associate Professor at the Department of Software Systems, Uzhhorod
National University, Uzhhorod, Ukraine.

ABSTRACT

Context. The general problem of constructing logical trees of recognition (classification) in the theory of artificial intelligence is
considered in this paper. The object of this study is the concept of the classification tree (a logical and an algorithmic ones). The
current methods and algorithms for constructing algorithmic classification trees are the subject of the study.

Objective. This work aims to create a simple and effective method for constructing tree-like recognition models on the basis of
algorithmic classification trees for the training set of discrete information, which is characterized by the structure of the logical
classification trees obtained on the basis of independent classification algorithms evaluated through the functional of calculating their
overall efficiency.

Method. The general method of constructing algorithmic classification trees is proposed. It builds a tree-like structure (a
classification model) for a given initial training data set. This structure consists of a set of autonomous algorithms of classification
and recognition which have been evaluated at each step (stage) of constructing the model based on the given initial dataset. Namely,
the method for constructing the algorithmic classification tree is proposed. The main idea of this method is to step by step
approximate the initial dataset of arbitrary size and structure using a set of independent classification algorithms. This method, when
forming the current vertex of the algorithmic tree (a node, a generalized feature) ensures the selection of the most effective (high-
quality) autonomous classification algorithms from the initial dataset. In the process of constructing the resulting classification tree
this approach can significantly reduce the size and complexity of the tree (the total number of branches, vertices and tiers of the
structure) and improve the quality of its subsequent analysis (interpretability), the possibility of decomposition. The proposed method
of constructing an algorithmic classification tree enables building different types of tree-like recognition models for a wide class of
problems in the theory of artificial intelligence.

Results. The algorithmic classification tree method, developed and presented in this work, was implemented in the software and
was studied and compared with the methods of logical classification trees (based on the selection of a set of elementary features)
when solving the problem of recognizing real data of the geologic type.

Conclusions. The results of the conducted experiments described in this paper confirm the functional efficiency of the proposed
mathematical software and show the possibility of its future use for solving a wide range of practical problems of recognition and
classification. Further research prospects and approbation may consist in developing a limited method of the algorithmic classifica-
tion tree, whose main points include the introduction of the criterion for stopping the procedure of constructing a tree model based on
the depth of the structure, optimization of its software implementations, introduction of new types of algorithmic trees, and also the
experimental research of this method while applying it for solving a wider range of practical problems.

KEYWORDS: algorithmic classification tree, pattern recognition, classification, classification algorithm, branching criterion.

ABBREVIATIONS H; is a set of patterns (classes) specified in the initial
TS — training set; TS:
CP — recognition system;
PR — pattern recognition;
GF — generalized feature;
RF — recognition function;
LCT — logical classification tree;

(Xj» Tr(Xj)) is a training pairs of the initial TS;
m is a total number of training pairs (objects of the

known classification) of the initial TS;
M is a total number of independent classification al-

ACT — algorithmic classification tree; gorithms &; in the set;
GFT — generalized feature tree; k is a total number of classes (patterns) of the set of
BFS — branch feature selection. signals G;
n is a total number of features (attributes) of a prob-
NOMENCLATURE lem (feature space dimension);
aj is a fixed independent classification and | is a value of class membership of discrete object X ;
recognition algorithms in the scheme of the algorithmic Gal,..., a is a subset of the initial G which is ap-

classification tree;
G is a some initial set of signals (discrete objects);
R is a partitioning into classes (patterns) H; speci- Sal,...,an is a number of occurrences in the TS of train-

fied in the initial data set G ; ing pairs which meet the condition X; € G, | 45 ;

proximated using the set of classification algorithms &;;

fR is a recognition function (RF) defined in the ini-

tial data set G ;
Xj is a discrete objects (signals) of the initial TS;
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Sé is a number of all training pairs of the initial
1seesly

TS which are correctly classified (when the basic mem-
bership requirement is fulfilled x; € Gal’---,ai S fr(xg)=1;

8,,...a; 18 @ frequency of occurrence of the members
—

of the sequence of discrete objects from the initial TS in
G . data set;

ay,...,a
wé .. 1s a frequency of membership of object X in
R

pattern (class) H ; provided that xe G,

,a; 2

Pa,,..q; 1 @ maximum frequency out of frequencies

\uj ,, regarding all the classes of the current problem;

R

Fg is a value which characterizes the quality of ap-
proximation of the initial TS using the set of classification
algorithms a;;

F is a function of recognizing the structure of the
classification tree;

mp is a number of all training pairs (x;, fz(x;)) of
the initial TS which are classified correctly;

Tr is a value which characterizes the efficiency of RF
for the initial TS regarding some set of classification algo-
rithms ay,...,q;;

f; 1s a some generalized feature constructed at j—
step of generating the algorithmic classification tree

model;
En,. is a classification errors, rejections (of the first

type) in the initial training data set;

Et,. is a classification errors, rejections (of the first
type) in the training data set;

Ty, 1s a characterizes the total time (hardware time)
which is necessary for building the current generalized
feature f;;

Ep;, is a information capacity (structural complexity)
of the constructed GF f; within the current step of

generating the algorithmic classification tree model;

Sy, is a total number of discrete objects X; of the
initial TS which are generalized (described) by the
specified generalized feature f;

P (TS) 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);

Eryy 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;

M 4y is a total power (volume) of the data of the
training set as well as of the test set;

Fryy is a characterizes the number of vertices of the

obtained algorithmic classification tree model with the
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resulting value fr (RF, i.e. the leaves of the classifica-

tion tree);
V4 18 a represents the total number of all types of

vertices in the structure of the algorithmic classification
tree model;
Oy, 1s a total number of generalized features used in

the classification tree model;
P,y is a total number of transitions between the verti-

ces in the structure of the constructed classification tree
model;
N 4y 1s a total number of different classification algo-

rithms that are used in the classification tree model;
Ip4in 18 @ indicator of generalizing data of the initial

TS using the classification tree;
Orain 18 a integral indicator of the quality of the algo-

rithmic classification tree model

INTRODUCTION

Today, the rapid scientific and technological ad-
vancements urge an engineer to solve the fundamentally
important problem that often arises when working with
large amounts of data. This is the problem of efficient
automatic construction of systems for processing large
amounts of information, decision-making systems, data
analysis systems. It is clear that the solution of this prob-
lem allows one to completely transfer the hard work re-
lated to designing a complex system to a computer and
release an engineer’s creative potential to solve other,
more important and relevant problems. Moreover, over-
coming this problem within the theory of artificial intelli-
gence along with automating the algorithm and software
construction of specific recognition systems in the form of
LCT / ACT models is the key to their high efficiency for
every real problem, and consequently will ensure the
rapid development of various fields of science and tech-
nology [1].

Information technologies based on mathematical
models of pattern recognition in the form of tree models
are widely used in systems of processing and analyzing
arrays of information. Apparently, this is due to the fact
that this approach eliminates a set of shortcomings typical
of classical methods and achieves a fundamentally new
result efficiently and rationally using the power of
computer information systems [2].

Today we know almost four thousand recognition
methods and algorithms which are based on various
approaches and concepts, but they all have certain
limitations in their use — accuracy, speed of operation,
memory. It should be underlined that each of the existing
classification algorithms is limited to certain specifics of
application problems (universality constraints), and this is
certainly the weakest point of not only these algorithms,
but also information systems in general, which are based
on the respective concepts [3, 4].

Decision trees, namely the structures of algorithmic
classification trees are the object of the study.
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Thus, the representation of training sets (arrays of
discrete information) containing large amount of data in
the form of structures of logical (algorithmic) trees has its
significant advantages in terms of economic description
and analysis of data, efficient mechanisms (procedures)
for working with them [4, 5]. The coverage of the TS with
the set of elementary features in the case with the LCT or
the coverage of the TS with the fixed set of autonomous
recognition and classification algorithms in the case with
the ACT, generates a fixed tree-like data structure (a tree
model) which provides even compression and conversion
of the initial training dataset. This approach enables the
significant optimization and saving of hardware resources
of the information system [6-9].

It is known that the field of application of the concept
of decision trees (LCT / ACT) is currently extremely
extensive; yet many tasks and problems which are solved
with the help of this instrument can be reduced to the
following three basic segments — problems of describing
data structures, recognition and classification problems,
regression problems [10]. The vast majority of modern
schemes of methods for constructing classification trees
are known in the literature as ‘divide and conquer’. It
should be noted only that when this scheme is applied, the
classification tree will be constructed in the direction from
top to bottom [11].

An arbitrary structure of the classification tree (LCT /
ACT) is presented in the form of branches and nodes, and
on the branches of the tree there are some labels
(attributes, values) on which the target function depends
(in the case of the ACT — independent classification
algorithms, sets of GFs), and the nodes (vertices) contain
the RF values (the values of class membership) or the
extended attributes of transitions.

The central issues of the concept of classification trees
remain the ones linked to the choice of the branching
criterion (constructing or selecting vertices), the branching
stopping criterion (constructing the classification tree
structure), and the criterion for rejecting branches of the
logical tree (subtrees). This gives rise to the fundamental
issue of the theory of classification trees which consists in
the possible construction of all variants of logical trees that
correspond to the initial TS and the selection of the mini-
mal classification tree according to the depth, structural
complexity (the number of tiers) [12—15].

The methods and algorithms for constructing
algorithmic classification trees (decision trees) are the
subject of research.

An important point about the existing methods of
processing training sets (discrete arrays) in the
recognition problems when classification rules are built is
that they do not allow regulating their complexity (the
parametric complexity of GFs) in the process of
constructing the model [16-19]. This shortcoming is not
found in the methods of constructing recognition systems
which are based on the concept of algorithmic
classification trees (decision trees). The peculiarity of the
algorithmic tree method is the possibility of complex use
for solving each specific problem of constructing the
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scheme of recognition of many known recognition
algorithms (methods). The concept of the ACT is based
on the single methodology — the optimal approximation of
the TS using the set of generalized features (autonomous
algorithms), which are included in some scheme
(operator), constructed in the training process [20].

The objective of the paper is to develop a simple, ef-
ficient and universal method of constructing models of
classification (recognition) based on the concept of the
ACT for discrete arrays, where the obtained schemes of
classification systems are characterized by a tree-like
structure and the presence of autonomous classification
algorithms (the sets of GFs) as their structural elements.

1 PROBLEM STATEMENT
Suppose there is some initial TS as the sequence of
training pairs which are the following:

(15 SR o5 (X5 SR (X)) - (1)

Here the objects x; € G (G is some set), and RF
Sfr(x;))e{0,1,2,...k—1},(i=1,2,...,m) . In addition to the
initial TS, a test set (a set of objects of the known class
membership) is also specified, as some part of the initial
TS.

For RF  fp(x;)=1(0<I<k-1) that

x;eH;,H; c G, and here fy is some finite significant

means

function which specifies the initial partitioning R of G
set which consists of subsets (a set of patterns, classes)
HO,HI,Hz,...,Hk_l .

Hence, according to the specifications, a TS is a set
(fixed sequence) of some sets (discrete objects), and each
set is a set of values of some features (attributes) as well
as values of some functions (RFs) typical of this set.
Then the set of values of the features is a certain image (a
discrete object), and the value of the function (RF) refers
this image to the corresponding pattern [21-23].

Thus, the paper deals with the problem of constructing
the ACT model with p parameters, whose L structure is
optimal F(L(p,x;), fr(x;)) > opt) in relation to the

initial training dataset.

2 REVIEW OF THE LITERATURE

This research continues a series of works devoted to
the problematics of tree-like recognition schemes
(classification models) of discrete objects [4-7]. They
highlight the issues of constructing, using and optimizing
the structures of classification trees. As mentioned in [5],
the resulting rule of classification (scheme), which is built
with the help of an arbitrary method or algorithm of
branched selection of features, has a tree-like logical
structure, and the logical tree consists of vertices
(features, attributes), which are grouped by tiers and
which are obtained at a certain step (stage) of constructing
the recognition tree [24]. An important task that arises
from [20] is the one linked to synthesizing recognition
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trees which will actually be represented by a tree (a
graph) of algorithms (ACT methods). In contrast to the
existing methods, the main feature of tree-like recognition
systems is that the importance of individual features
(groups of features or algorithms) is determined in refer-
ence to the function that specifies the partition of objects
into classes [23]. Thus, work [15] is devoted to the princi-
pal issues concerning the generation of decision trees in
the case of uninformative features, estimating the quality
of the constructed models. The ability of classification
tree structures to perform one-dimensional branching (the
selection of features, attributes) for analyzing the impact
(importance, quality) of individual variables (vertices)
makes it possible to work with variables of different types
in the form of predicates, generalized features, in the case
of ACTs — with the respective autonomous classification
and recognition algorithms. This concept of classification
trees is actively used in data mining where the ultimate
goal is to synthesize the model (fixed scheme), which
predicts the value of the target variable based on the set of
the initial data (training datasets) at the input of the sys-
tem [26].

Nowadays a number of algorithms implementing the
concept of decision trees (classification trees) are applied.
However, their two representatives (C4.5 and CART) are
widely spread and used; and also mentioned above the
algorithm of the logical tree C4.5 as the node (vertex)
selection criterion employs the so-called theoretical in-
formation criterion whereas CART algorithm is based on
calculating Gini index which takes into account the rela-
tive distances (within the metric) between class distribu-
tions [27-30].

Since the main idea of methods and algorithms of the
branched selection of features (vertices of algorithms) of
ACTs can be defined as the optimal approximation of
some initial TS using a set of ranked classification
algorithms (features, attributes of the object in the case of
LCTs), the central problem which arises is related to
choosing an efficient branching criterion (the selection of
vertices, attributes, features of discrete objects for LCTs
and algorithms for ACTs). These fundamental problems
are studied in [15, 21, 31-34]; they include quality
evaluation of individual discrete features, their sets and
fixed junctions; all of these enable introducing an efficient
mechanism for the implementation of branching.

It should be noted that the structure of models of
classification trees is characterized by compactness on the
one hand and uneven occupancy (discharge) of the tiers
on the other hand in comparison with regular trees [4]. It
has to be stressed that the important issues, which still
remain open, encompass the issue of the convergence of
the process of constructing classification trees in accor-
dance with the methods of branched feature selection and
the issue of selecting the criterion for stopping the process
of synthesizing a logical tree [19].

An important point is that there is no contradiction be-
tween the concept of classification trees and the
possibility to use as the features (vertices of the structure)
of the classification tree not only the individual attributes
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(features) of objects of their junctions (the idea of the
generalized feature which was studied in work [25]) and
the sets; but if we go further and do not consider the at-
tributes of objects (features) as branches — but select indi-
vidual independent recognition algorithms (estimated
based on the training dataset), a new structure — the ACT
will be obtained at the output [20]. It is the ACT struc-
tures that this paper focuses on.

3 MATERIALS AND METHODS

By analogy with the methods of approximation of the
TS using the set of estimated elementary features [3, 9,
15] — we present the main idea of the methods of
algorithmic classification trees, which in turn lies in
approximating the initial training dataset arrays with the
help of the set of autonomous different-type algorithms of
classification.

So, suppose there is the initial TS of general type (1)
as a sequence of training pairs of the known classification
(m power), and some system (set) of independent and
autonomous recognition (classification) algorithms for the
initial TS a;(x),a,(x),...,ay; (x) . Then it is necessary to
introduce the following sets which represent the partition
of the training dataset using the respective classification
algorithms ¢; :

s, = X EGa;(x) =1}, =1,....M). )

It should be admitted that here in order to simplify the
explanation each of the autonomous classification algo-
rithms a;(x) generates at the output the values only

within a binary set {0,1}, id est here a;(x)=1 in case of
the successful classification of object X and a;(x)=0 in

the opposite case.

Let us note that the system of G, _, sets actually

,a
represents the complete stepwise partitioning of G set
(with the increasing i value — that is the involved classifi-
cation algorithms), which is instantiated with the inde-
pendent algorithms a,a,,...,a;, . It must be stressed that
depending on the initial selection of the set of classifica-

tion algorithms ay,a,,...,ay, some of the sets G, .,
sl

can be empty (the case of unsuitability of one specific or
several algorithms for approximating the current TS).

At the next stage, by S, ., value we mark the
number of occurrences in the initial TS of those training
pairs (x4, fr(xy)), (1<s<m) which meet the basic re-

quirement of membership x, € G,

1500l

value of S/ ,
Q) seryy

Respectively, by the

(j=0,,.,k—-1) we mark the number of occurrences in
the TS of those pairs (xg, fr(x;)), (s=12,...,m) which
meet the requirements x; € G, and fr(xg)=J.
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Therefore, taking into account the above-mentioned
and by analogy with the methods of selecting elementary
feature sets, we can introduce the following values, which
should be considered as a certain criterion of branching in
the ACT structure:

Say,....a;
Sal,...,ai = 1m =3 (3a)
/ Ca 3b
Wal,...,a,- T > (3b)
ap el
Pay,.a; = mj.lxwél,...,a,‘ (o)

It should also be noted that if object x; ¢ G, , for

all (s=1..,m), then it is clear that §, , =0 and
V) o =0 when (j=0l..k-1).

Hence, here &, value characterizes the frequency
—

of occurrences of the members of the sequence
X1,X2,.. X, (discrete objects) in G, . set, and corre-

spondingly \y£ — value characterized the frequency of

membership of the object of some x pattern (class) H;

if xeGy g4 - It must be underscored here that the re-

quirement x € G, , is equivalent to the requirement

,d;
that in the sequence of algorithms ay,...,a; there will be

identified such an algorithm «, in which ay(x):l.

y

Then the value &, , characterizes information effi-

»d;
ciency of recognizing the membership of some object x
in one of classes H,H,...,H_; certainly, provided that

xeG

[

At the following stage again there arises the principal
issue connected with the membership of object x in
classes H,H,...,H,_; (the issue of the formation of
classification rules). It is apparent that object x should
also be referred to the class H; for which the simple
ratio is fulfilled:

Pay,...q; :Wil,...,ai' @

We must stress that here {0< j <k -1}, and the ratio
(4) represents some classification rule, besides it is clear —
the larger p, . value, the higher its efficiency.

Since the initial TS is the only information which
represents the partitioning of patterns Hy,Hy,....,Hj_q,
and under H; class we understand a set of all training

pairs (xg, fp(xs)) of the TS which meet the ratio
Sr(x;)=j, id est the requirement of membership. Simi-

larly, the average efficiency of recognizing the set of pat-
terns Hy,Hy,...,H;_; which are specified by the training
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dataset using recognition algorithms ay,a,,...,a;, , is es-
timated by the following value:
Fg(ay,...,ap ) = zsal,...,ai Pay,..a; (5)
Aay,...,a;

Hence, in this case Fg(ay,...,ay,) value can be calcu-
lated by means of the estimation of approximation of the
initial TS using the set of independent classification algo-
rithms ay,ay,....,ay .

In view of the idea of the algorithmic classification
tree which has been introduced above Fg(ay,....,ays)
value can be obtained on the basis of the following specu-
lations — let us say that recognition function F is some
image which puts some element of set {0,1,....k—1} (i. e.,

the corresponding number of the class) in line with each
set ay,...,q; .

Thus, RF F is the function of type F(ay,...,a;) where
aj,...,a; take values from {0,1} set. According to RF
F(ay,...,a;) object x,(xeG) definitely refers to that
class (pattern) H ;,(0< j <k—1) for which the following

ratio is fulfilled:
F(ay,...,a;))=1,(0<1<k-1). (6)

Suppose there is the initial TS of type (1), then let us
consider that RF  F(ay,..,a;) classifies set
(x;,/r(x;)),(1<j<m) of the data array (1) correctly if
F(ay(x)),...a;(x;))= fr(x;), in the opposite case RF
F(ay,...,a;) classifies (x;, fp(x;)) training pair incor-
rectly.

Next, suppose mp — is the number of all occurrences
of training pairs (x;, fz(x;)) in the initial TS which clas-
sifty RF F(ay,...,a;) correctly. Then we introduce the fol-
lowing value:

m
==t (7)
m

It should be said that this value 15 can be regarded as
the total efficiency of RF F(ay,...,a;) for the initial TS in
reference to
ay ..., q; .

some set of classification algorithms

At the next stage of the research let us express this
value 1ty through the previously proposed values

) and \ué

aj,...,q;

. To do this let us count the quantity

158
of those training pairs (xg, fz(x,)) which are correctly
classified by RF F(ay,...,a;)and for which the ratio of
membership xg € G, . is fulfilled.

Suppose F(ay,...,a;) =1, then the number of all train-

ing pairs (xg, fp(xy)) which are correctly classified (pro-
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vided the basic requirement of membership is met

Xs €Gaq, > fr(Xs) =1 is equal to Sal’__.,ai .

Then it becomes evident that M. value, introduced
above, is calculated according to the following formula:

me= >

0<ay,...,a; <1

S F(a,....a) ) (8)

ap,..., 4

It should be noted here that in this formula (8) we can
take into account only those training sets for which the
ratio S, a #0 is fulfilled. Thus, in view of the com-

ment concerning (8) that has just been indicated we can
introduce Mg value in the following way:

Vo w ©)

F(ay,....a)

Let us admit that here a . a
1oeees i

value was prede-

fined in the expressions (4).
At the next stage the following is obtained from the
formulae (9) and (8):

Mg F(a,...,a;
Tp=—"-= Z ay s .Wal(,.},ai ) (10)
m 0<ay,...,a; <1
It should be emphasized here that since

w:(f}”él’a‘) <Pa,...a - then we shall have the following
situation:

e < Fg(ay,85,...,ap ) - 1

Further, the recognition function (5) is denoted by F;,

and this function is specified by the ratio
Fo(al,az,...,an) =1if:

| _ _ |
\Va] yeens - pa],...,ai - OSrIJlgl)((—l a5 . (12)

Then based on the formulae (10) and (12) we immedi-
ately get the following:
m|:0

‘CFO = = z

M o<a,..ay<l
) Osal,ga?ﬂals’i”’aM Paay = F(@dm)-
Hence, for all RFs F(ay,...,ap ) it follows from the
formulae (13) and (11) that T < TF, -
It should be admitted that the result of functioning of

each of the fixed (selected from the library of algorithms
of some information system) autonomous classification

Fo(ay,..8j) _
82711,---,aM Wal,...,a -

(13)

and recognition algorithms &, at the respective step of
generating the ACT is one or several generalized features
f i (certain classification rules) which, in fact, describe

(approximate) the determined part of the initial training
set. Thus, the respective resulting generalized features for
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the case of the known geometric recognition algorithms
[2] are geometric objects that cover the TS in feature
space of the n dimension problem.

It is clear that in real examples there may be the cases
when the respective classification algorithm a; cannot

construct the generalized feature f; due to the complex

arrangement of Hy classes in the feature space of the
problem or specific conceptual and implementation
constraints of the classification algorithm itself. Then, by
analogy with the LCT such a case is possible when the
generalized features fj, constructed with the help of &

classification algorithm, approximate the initial TS
incompletely or such a situation is supported by the
algorithm scheme of generating the ACT (as an example,
the initial restriction in the algorithm scheme of the
classification tree — about generating no more than one
generalized feature f; at each stage of constructing the

ACT model).

It must be underlined that the objects of the initial TS,
which do not fall under the constructed scheme of
approximating the set using the sequence of generalized
features f j (at the final stage of the procedure of

synthesizing the ACT), are referred to as rejections
(errors) of classification of the first type — En; and
similarly for the test dataset the incorrectly classified
discrete objects are also referred to as errors of the first
type — Etyy .

Therefore, given all the above, we can assume that the
ACT structure (type I) will have the general structure of
the type — (Fig. 1), where each tier of such a classification
tree determines the stage of constructing the ACT by
means of approximating some part of the TS making use
of the current classification algorithm a; and owing to
this approach enables adjusting the final complexity
(accuracy) of the obtained classification tree model.

It should be stressed that within each step of
generating the ACT model — (Fig. 1) there are given the
specific classification algorithm @, and respective TS (or

the subset of the initial TS), and the initial TS in full is
provided only at the first step, further with the subsequent
steps of constructing a classification tree the power of the
training dataset arrays will decrease due to the set of the
constructed GFs f; which will cut off (describe) some

part of the initial training dataset. It is also important to
emphasize that depending on the structure of the ACT
construction scheme and the peculiarities of the current
algorithm & more than one GF f; can be generated

within each step.

At the next stage of the research for the ACT method
we introduce two basic criteria for constructing the
classification tree model — the criterion for stopping the
procedure of branching Kgyp (it actually adjusts the

complexity and accuracy of the obtained ACT model) and
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the criterion for selecting branches W (a) (the choice of a

classification algorithm at the current step) for the
classification tree under construction.
Thus, based on the above, it is advisable to introduce

K — the criterion for stopping the branching process

stop
of the type (boolean) of the ACT construction procedure

which consists in checking the power P, (7S) of the
training dataset of the following type:

0,if P, (TS) = 0;

Stop _{1,z'prt(TS) >0."

Let us admit that the procedure of constructing a

classification tree continues unless Kg,, =1, and the

(14)

opposite situation when Kg,,, =0 signals about finishing

the stage of synthesizing the ACT model and the
necessity of transition to the step of the test check based
on the test dataset and the estimation of the quality of the
obtained classification tree model.

Figure 1 — The ACT structure of type |

It should be noted that while dealing with the ACT
methods there arises the principal issue of selecting the
branching criterion (the estimation and selection of

classification algorithm @, for the current step) in the

structure of the classification tree model which is
constructed. It is clear that similarly to the method of
approximating the TS using the set of the ranked
elementary features as the branching criterion we can
suggest the initial estimation of efficiency of the set of
algorithms (ay,...,a;) of the following type:

. f(T +8 +EUZ)
) U: U:
Ppt(TS) j=1 : - SUZ

k

Wia;)= (15)

Let us highlight that in the formula (15) summation is
carried out based on all classes which are provided by the
data array of the initial TS (though there can be
restrictions on summation which are associated with the
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structure (parameters) of the algorithm of constructing a
classification tree).

An important point in the scheme of building the ACT
model (Fig. 1) is that at each step of the tree algorithm
actually its fixed (one or more — depending on the
structure of the ACT algorithm itself) GF f; is

constructed, and along with this their total number
increases with each coming step of the classification tree
algorithm, namely the ACT with the set of classification
algorithms (ay,...,a,,) generates (replicates) a tree-like

structure — a tree of generalized features with the
appropriate set of GFs (f1, f2,.... /) -

Therefore, in view of all the above, there can be
offered one of the possible algorithmic schemes for
constructing the ACT (type I).

Stage 1. At the first stage of constructing the ACT the
set of autonomous classification and recognition
algorithms (ay,4a5,....,ay,) 1is fixed in the library of

algorithms of the information system (it is selected in an
interactive mode randomly or after the procedure of
appropriate estimation of the quality (efficiency) based on
the initial training dataset). Let us note that both are
selected — classification algorithms as well as their
quantity (M value) depending on the aspects of the
application problem.

Stage 2. At the second stage of constructing the ACT
the selected set of classification algorithms
(aj,ay,....,aps) is estimated and ranked on the basis of

the functional (15) according to the training dataset in the
set, respectively, with their efficiency. It should be
stressed that here similarly to the LCT two options are
possible — depending on the algorithmic scheme of
constructing a classification tree:

a) The option when the estimation of efficiency and
the ranking of the set of classification algorithms
(ay,ay,....,ays) are done only once within this stage, and

then at each step of constructing the ACT the following
algorithm «; of the initial sequence is fixed to

approximate the data. This approach significantly saves
the hardware resources of the information system, but
negatively affects the complexity of the obtained
classification tree model.

b) The option when the estimation of the efficiency
and the ranking of the set of classification algorithms
(a1,a;,....,ay,) are done at each step of constructing the

ACT according to the appropriate data of the subset
(parts) of the initial TS in order to estimate and identify
the highest quality (efficient) classification algorithm for
this part of the TS (the step of generating the ACT). This
approach enables completing the approximation of the
TS in a fewer steps and obtaining a more economical
structure of the ACT compared to option (a), however, it
requires much more hardware resources of the
information system for the second stage of the scheme of
constructing the ACT and requires considerable attention
and the introduction of a set of restrictions on the initial
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selection of the set of classification
algorithms (ay,as,....,ay;) -

Stage 3. At the third stage of constructing the ACT
scheme the initial vertex of the ACT — the classification

algorithm a; of the highest efficiency out of the sorted set
(a1,a3,....,ayy) , 1s fixed, and at the input the initial TS in

the form of the sequence of training pairs is provided.
Algorithm a; ensures the generating of one or several

GFs f; of the first tier (the number of GFs generated at

each step are determined by the parameters of the
algorithm of constructing the ACT) which approximate
(classify) some part of the TS.

Stage 4. At the fourth stage the next most efficient
classification algorithm a; of the ranked sequence

(a1,a5,....,ay,) 1s chosen as the vertex of the second tier

and the procedure of constructing the GFs of the third
stage is repeated with the only difference that at the input
there is provided already the limited TS without training
pairs which are approximated by the GF, the vertex of the
first tier, etcetera. Thus, further the procedure of
constructing the ACT will come down to repeating this
stage for the next most efficient a; algorithm sequence

(a1,ay,....,a;) , the constant clipping of the parts of the

TS and checking the branch stop criterion (the empty TS),
which actually signals the completion of the procedure of
constructing the ACT model and obtaining at the output a
tree of classification algorithms a; as well as a tree of

generalized features f; .

It should be mentioned that there are other
implementation options of the scheme for constructing the
ACT of the first type, which differ from the proposed
scheme by variations in the number of GFs that are built
at each step, the criteria and sequence of stages for
assessing the quality of classification algorithms, the
possibility of using a limited number of algorithms (even
one), the possibility of approximating each of the classes
of the TS using the set of its selected algorithms, the
possibility of varying the criterion for stopping branching
in the ACT.

Finally, it should be emphasized that the main
peculiarity of such a scheme for constructing the ACT is
the possibility to adjust the accuracy of the classification
tree model, which is constructed during the basic
procedure of constructing the ACT, along with this the
important point is the principal possibility of constructing
the ACT model with the predetermined accuracy with
respect to the data array of the initial TS. This possibility
is achieved by limiting the number of steps of the ACT
generation procedure, the system of restrictions on
information capacity, the number and parameters of
generalization (the area of the approximated TS) of the set
of generalized features which are constructed at the
appropriate  stages of constructing the resulting
classification tree.
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4 EXPERIMENTS

It has to be noted that the scheme for building the
ACT suggested in this work enables adjusting the
complexity of the classification tree model under
construction, building models with the predetermined
accuracy, and the classification tree structure consists of
different-type autonomous classification algorithms as
constructing modules (components). Moreover, the task
of selecting the classification tree model from the set of
constructed ACTs for a specific problem is determined by
a set of parameters that are of decisive importance in
relation to the current application problem (the training
dataset). It is apparent that in order to compare and select
a specific ACT model from the fixed set, it is necessary to
determine their most important parameters (feature space
dimension, the number of vertices, transitions, algorithms,
etc.) and to identify their error regarding the input array.

It is fundamentally important to consider the criteria
of quality of the obtained classification tree models,
which depend on the model error, the power of the initial
data array of the TS, the size of the test set (the number of
training pairs and the dimension of the attribute space of
the problem), the number of model parameters, etcetera
[15,27].

Fryy M
QMain = e AL

Vair - Ovz - Pair - N qu1

(16)

Let us underline that this integral indicator of the
quality of the ACT model will take values between zero
and one. The lower it is, the worse the quality of the
constructed classification tree is, and the higher the
indicator, the better model is obtained.

An important indicator that characterizes the basic
properties of the obtained ACT models is the general
indicator of the generalization of the data of the initial TS
using the classification tree; this indicator is calculated as
follows:

m.OUZ
Vai +Nau + 2Py

The proposed evaluation of the quality of the
classification tree model (ACT) reflects its basic
parameters (characteristics) of classification trees and can
be applied as the criterion for optimality in the procedure
of evaluating an arbitrary tree-like recognition scheme,
for example in the case of methods of constructing and
selecting random LCTs from work [24] (taking into
account their respective structural parameters). It must be
noted that the fundamental point which still remains is
linked to reducing the complexity of the classification tree
structure, the parameters of consuming memory A and
CPU time t. It is also necessary to maximize the

parameter /), (the indicator of generalization of the

(17)

I pvtain =

ACT model) that enables obtaining the most optimal
structure of the classification tree and actually provides
the maximum data compression of the initial TS (to
represent the array of the initial data by the logical tree
whose structural complexity is minimal) [12].
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In Uzhhorod National University there has been
developed “Orion III” software complex for generating
autonomous recognition systems where the algorithmic
library of the system has 11 recognition algorithms,
among which there is the above-mentioned algorithmic
implementation of constructing the ACT. Its task was to
build an autonomous recognition system based on
geological data (the problem of separating oil-bearing
strata). 22 elementary features were used to identify the
objects. The TS contains information about the objects of
the two classes, and at the stage of the examination the
constructed classification system (the ACT model) should
ensure the effective recognition of objects of the unknown
classification regarding these two classes. Note that
before starting work, the training set was automatically
checked for correctness (search and removal of the same
objects of different membership — errors of the first kind)

5 RESULTS

Thus, the TS contains information on partition into
two classes, and in the training data array there were pre-
dominantly training pairs of the first class (oil-bearing
strata) in proportion (1.5 / 1), and the TS itself consisted
of 1250 objects, and the efficiency of the constructed
recognition system (the ACT model) was evaluated using
the test set of 240 objects. The test set was a separate part
of the training set (consisting of discrete objects of the
known classification). The arrays of the training and test
sets were obtained on the basis of geological exploration
in Transcarpathian region during the period from 2001 to
2011.

Hence, a fragment of the main results of the above
experiments (the comparative tests of methods for
constructing LCT / ACT models using the data array of
this application problem) is presented in (Table 1), and
along with this the synthesized models of different-type
classification trees provided the required level of accuracy
specified in the task, the processing speed and costs of
working memory of the information system, but showed
different structural complexity of the constructed
classification trees (models) and the set of generalized
features in the case of the algorithmic classification tree
model.

6 DISCUSSION

It is worth highlighting that the proposed estimates of
the quality of the ACT model fix the most important
characteristics of the classification trees and can be used
as the criterion for optimality in the procedure of
constructing the ACT and final selection from the set of
ACT models. Notably, the method of the algorithmic tree
operates only with the ready (constructed) generalized
features, and it does not matter at all by means of what
algorithm (rule, method) they were obtained, and each of
the schemes constructed with the help of the algorithmic
tree method is the general recognition system (the ATC
model), which can be employed for practical work
(processing large amounts of experimental data in the
form of discrete sets). It should also be stressed that the
resulting scheme is to some extent a new recognition
algorithm (certainly, the one which has been synthesized
from the known algorithms and methods). It is necessary
to admit that the obtained ACT structure is characterized
by the high degree of universality and relatively compact
structure of the model itself, but it requires large hardware
costs to store the generalized features of the initial
assessment of the quality of classification algorithms
according to the TS.

CONCLUSIONS

The problem of automation of constructing the models
of algorithmic classification trees on the basis of
approximating the TS using the set of independent classi-
fication algorithms has been solved in this paper.

The scientific novelty of the obtained results lies in
the fact that for the first time there has been suggested a
simple method of constructing the ACT based on evaluat-
ing and ranking the set of autonomous recognition
algorithms for generating the classification tree structure
(the ACT model). Moreover, within each step of
branching the classification tree, a certain part of the TS
(or its subset) is approximated. Admittedly, the functional
(branching criterion) proposed in the work can be used
not only for estimating the quality of individual
classification algorithms, but also calculating the
efficiency of the related sets of algorithms, which in the
long run enables obtaining a more optimal structure of the
synthesized ACT based on the initial training dataset.

Table 1 — The comparative table of the models / methods of classification trees.

No The method of synthesizing the logical tree Integral indicator of the model The total number of errors of the
structure quality Q \Main model in the training dataset and
test dataset E¥ 4
1 The complete LCT method based on the selec- 0.004691 2
tion of elementary features BFS-1
2 The LCT method with one-time estimation of 0.002172 3
feature importance BFS-II
3 The constrained BFS — LCT 0.003219 4
construction method
4 The algorithmic tree method (type I) 0.005234 0
5 The algorithmic tree method (type II) 0.002941 0
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The paper offers the set of general indicators (parame-
ters) which allows the efficient presentation of the general
characteristics of the ACT model, its possible use for se-
lecting the most optimal ACT.

The applied value of the obtained results is that the
proposed method of constructing ACT models was im-
plemented in the library of algorithms of the universal
software system “ORION III” to solve various practical
problems of classification (recognition) of arrays of dis-
crete objects. It must be underscored that the conducted
practical tests confirm the functionality of the proposed
ACT models and the developed software, which enables
making a recommendation on the use of this approach and
its software implementation for a wide range of applica-
tion problems of classifying and recognizing discrete ob-
jects.

Further research is needed to develop methods of al-
gorithmic classification trees (constrained methods) of
optimizing software implementations of the proposed
method for constructing the ACT as well as its practical
approbation dealing with a number of real problems of
classification and recognition.
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3ATAJIBHA KOHIIEIIIA METO/IIB AJITOPUTMIYHUX JEPEB KJTACU®PIKAIIT
Ioxan L. ®. — kaHJ. TeXH. HayK, JIOLEHT, AOLEHT Kadenpu mporpaMHoro 3adesneueHHs cucrteMm IBH3 Yxropoacskuit
HaI[lOHAJILHUH YHIBEPCUTET, M. YKropoJ, YkpaiHa.

AHOTANISA

AxTyanbHicTb. Po3risiHyTa 3aranbHa 3aga4a MoOyI0BU JIOTTUHUX JiepeB po3Mi3HaBaHHs (ki1acuikarii) B Teopii mry4yHo-
ro inrenekry. O0‘€EKTOM JaHOTO JOCIHIDKEHHS € KOHIICMIis aepeBa kiacudikaii (Jioriunoro Ta anroputmiunoro). Ipeame-
TOM JIOCJIIKEHHSI € aKTyaJIbHI METOJM Ta alfOPUTMH OOy I0BU aITOPUTMIYHUX AepeB Kiacudikarii.

MeTta. MeTo10 1aHoi poO6OTH € CTBOPEHHS MIPOCTOr0 Ta €PEeKTUBHOTO METOY MTOOYJOBH IEPEBONONIOHIX MOJENEeH Po3Ii-
3HaBaHHs HA OCHOBI aJITOPUTMIYHUX AepeB Knacugikalii 1y HaBYaNbHUX BUOIPOK AUCKpeTHOI iHdopMaii, SIKUi XapaKkTepu-
3YETBCS CTPYKTYPOKO OTPUMAHHUX JIOTIYHUX JepeB Kiacudikallil 3 He3aJIe)KHUX aIrOPUTMIB Kiiacu(ikailii OiHEHHX Ha OCHOBI
(byHKIIOHATy PO3paxyHKy iX 3arajibHOI e()eKTUBHOCTI.

Mertona. [IponoHy€eThCs 3aralibHUi METO/ OOYIOBU aJrOPUTMIYHUX JepeB Kiacuikailii, SKuid 1S 3a1aHol MOYaTKOBOT
HaBYaJbHOI BUOipku Oyaye AepeBoNoAiOHy CTPYKTypy (Monens kiacudikanii), ska cKIalaeTbes 3 HAOOPY aBTOHOMHHMX alIro-
pUTMIB Kiacudikaiii Ta po3mi3HaBaHHS OIIHEHHX HAa KOXKHOMY Kpoili (eTari) moOya0BH MOZEI 3a JaHOK MOYaTKOBOIO BHOI-
pxoto. TobTo mponoHyeThess METO NOOYLOBU AJITOPUTMIUHOTO AepeBa Kiacudikalii OCHOBHA ifiest IKOro MOJISrae B IO KPo-
KOBIH armpoKCHMAIlii Ha4aabHOT BUOIPKU JOBIILHOTO 00°€EMY Ta CTPYKTYpH HaOOpPOM HE3aIKHHUX AITOPUTMIB Kiacudikaiii.
Januii Mmeton npu GpopMyBaHHI IOTOYHOI BEPIINHU AJITOPUTMIUHOIO JepeBa (By3ia, y3aralbHEHOI 03HAKN) 3a0e3meuye BUi-
JIeHHs! HallO1bI eeKTUBHUX (SIKICHMX) aBTOHOMHUX alrOPUTMIB Kiaacudikauii 3 mouarkoBoro Habopy. Takuii minxin npu
mo0yI0Bi Pe3yJbTYHOUOro AepeBa Kiacu(ikaii 103BOJsSE€ 3HAYHO CKOPOTUTH PO3MIp Ta CKJIAAHICTh JiepeBa (3arajibHy Kijib-
KICTb TiIOK, BEPIIUH Ta SAPYCiB CTPYKTypH) MiABUINUTU SAKICTh HOro HACTYNHOIO aHai3y (IHTepHpeTaOeNbHICTh), MOXKIM-
BIiCTh JICKOMIIO3HILi1. 3alPONOHOBaHHI METO/] MOOYJ0BH alrOPUTMIYHOTO JepeBa kiacudikaiii 103BosIsie Oy yBaTH Pi3HOTH-
IHi JepeBonoAiOHI MOJieNi PO3Mi3HAaBaHHS JULL LIMPOKOro KIacy 3a7ad Teopil INTyYHOTO iHTENEKTY.

PesyabTaTu. Po3poOiieHuii Ta mpeacTaBieHuil B JaHid poOOTI METOI aJrOpuTMIYHOTO JepeBa kiacudikaiii oTpuMan
MIporpaMHy peaiizauito Ta OyB JOCIIDKEHUI Ta MOPIBHSAHUEN 3 METOAaMH JIOT1YHHUX JepeB kiacudikauii (Ha OCHOBI cenekuii
Habopy eJIeMEHTApHUX 03HAK) MPHU PO3B 3Ky 3a7a4l pO3Mi3HaBaHHs PeajbHUX JAHWX T'€OJIOTIYHOTO THITY.

BucHoBku. IIpoBeneHi B f1aHiil poOOTI €KCIEPUMEHTH HMiATBEPAUIN MPALE3JaTHICTh 3alIPOIOHOBAHOIO MAaTEMaTU4YHOIO
3a0e3IeueHHs Ta MOKa3yI0Th MOXJIIMBICTh HOTO MEPCIIEKTUBHOTO BUKOPHUCTAHHS [UISl PO3B A3KY IIMPOKOTO CHEKTPY IPAKTH4-
HUX 33/1a4 po3Ii3HaBaHHA Ta Kiacudikanii. [lepcrnekTuBu nmoaanpmmux IOCIIHKEHb Ta arnpoOaliii MOXXyTh HOJIATaTH B CTBO-
PEHHI 0OMEKEHOr0 METOJIy aJITOPUTMIYHOTO JepeBa Kiacudikallil, sKuil Toysrae B BeICHHI KPUTEPIO 3yNMHHKH MPOLEIYPH
no0yn0BU MOJIEN iepeBa 3a MIMOUHOI0 CTPYKTYpPH, OITUMIi3alil Horo mporpaMHux peanisaiiil, BBEJIGHHs HOBUX TUIIIB aro-
PUTMIUHHX JEpeB a TAKOXK eKCIIEPUMEHTAIFHHUX JOCIIHKEHHAX JaHOTO METOLy Ha OibII MINPOKE KOO MPAaKTHYHMX 33/1a4.

KJ/JIIOYOBI CJIOBA: anroputmiuHe aepeBo Kinacuikalii, po3nizHaBaHHs o0pa3iB, ki1acudikallis, anroputM kiaacudi-
Kallii, KpuTepiit po3ranyKeHHs.
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OBIIASA KOHIENIWA METOA0OB AJITOPUTMHUYECKUX JEPEBBEB KJIACCU®UKAIINA
IMoBxan U. ®. — kaHA. TeXH. HAayK, JOLEHT, NOLEHT Kadeaphl nporpaMmHoro odecneuenus cucreM I'BY3 Vxroponckuit
HALIMOHAJIbHBIN YHUBEPCUTET, T. YKropoa, YKpauHa.

AHHOTANIUA

AKTyanbHOCTb. PaccMoTpeHa ofmias 3agada MOCTPOCHMS JIOTMMECKUX JIEPEeBLEB pacno3HaBaHMs (Kiaccu(uKaluu) B
TEOPUH UCKYCCTBEHHOTO MHTeIUIeKTa. OOBEKTOM JAHHOTO MCCIEIOBAHMS SBJISETCS KOHIENIHNS aepeBa Kiaccudukanuy (J1o-
THYECKOIo U aﬂFOpI/ITMI/I‘{CCKOFO). HpCﬂMCTOM HCCIICA0OBaHU SABJIAIOTCA aKTYaJIbHBIC METOABI U aJITOPUTMbI IIOCTPOCHUS aJl-
TOPUTMHUYECKHX JIEePEBbEB KIaCCHOUKALIUH.

Heas. Lenpro ganHON paboTHI ABISIETCS CO3/IaHUE MPOCTOro M APQPEKTUBHOTO METO/Ia MOCTPOCHHUS IPEBOBUIHBIX MO/IE-
Jell pacro3HaBaHHS Ha OCHOBE aITOPUTMUYECKHX AEPEBBEB KIacCH(UKALUH U YIeOHBIX BHIOOPOK TUCKpeTHOH MHDOopMa-
IIUH, KOTOPBIM XapakTepusyeTcs CTPYyKTypOoil MOJTyUCHHBIX JEPEBbEB KJIACCU(PUKAIIMN U3 HE3aBUCUMBIX alITOPUTMOB KJIACCU-
(uKaIu OLICHEHHBIX HAa OCHOBE (PYHKI[HOHAJIA pacyeTa UX o0muiei 3pPEeKTHBHOCTH.

Mertona. IIpeanaraercs oOmuil METO IOCTPOCHUS AITOPUTMHUYECKUX JIEPEBbEB KIaccu(UKanuy, KOTOPBIN A 3alaHHON
HavYaJbHOW y4eOHON BBHIOOPKH CTPOUT JAPEBOBHIHYIO CTPYKTYpY (MOIenb Kiaccu(UKalum), KOTOpas COCTOMT M3 Habopa aB-
TOHOMHBIX aJTOPUTMOB KJIacCH()MKAINK, OLEHEHHBIX Ha KOKAOM IIary (dTare) MOCTPOSHHUsI MOAEIH 110 AaHHOW HayaIbHOH
BbIOOpKe. TO eCcTh mpeaaraeTcss METO] MOCTPOCHUS AITOPUTMUYECKOTO JiepeBa KiIacCH(UKAIMU OCHOBHAS MIesk KOTOPOro
3aKJII0YAETCsl B MO IIArOBOM aNpOKCUMAIIMK HAYaIbHOW BHIOOPKH (PUKCHPOBAHHOTO 00beMa U CTPYKTYpPhl HAOOPOM HE3aBH-
CHMBIX aIrOPUTMOB Kiaccudukanuu. JlaHHbId MeTo Mpy (OPMUPOBAHHMHU TEKYIIeH BEpIIUHBI AepeBa Kiaccudukanmu (y3ina,
000011IeHHOTrO MpHU3HaKa) obecriednBaeT BbiieeHue Haubosee 3(PQeKkTUBHBIX (KaueCTBEHHBIX) aBTOHOMHBIX aJTrOPUTMOB
KIaccu(UKaluy U3 HaYanbHOTO Habopa. Takoi MOAXOM MPU MOCTPOCHUH PE3YIIbTHUPYIOIIETO JepeBa KiacCu()UKAUK O3B0~
JSIeT 3HAYUTEIBHO COKPATHTh pa3Mep U CI0KHOCTD AepeBa (00Iee KOIMIECTBO BETBEH, BEPIIMH U IPYCOB CTPYKTYPHI) OBBI-
CHTBh Ka4eCTBO €ro MOCIEAYIONIEro aHam3a (MHTEePIpeTadeIbHOCTh), BO3MOXKHOCTh IEKOMITO3HLUK. [Ipe/yIoEeHHbIH METO
MIOCTPOCHHUS AJITOPUTMHYECKOTO JepeBa KiIacCH(UKauy MO3BOJSIET CTPOUTL PA3HOTHITHBIE IPEBOBUAHBIE MOJICIH PACIIO3HA-
BaHMs JJIs IIUPOKOTO Kilacca 3a1ad TEOPUU UCKYCCTBEHHOT'O HHTEIICKTA.

PesyabTaTbl. Pa3paboTaHHbIi U TpE/ICTaBICHHBIH B JAaHHOW pabOTe METO]| alrTOPUTMHYECKOTO JIepeBa KiiacCUPHUKALIUU
MOJY4HJI TPOTPAMMHYIO PEan3alMio U ObUT UCCIESOBAaH M CPABHEH C METOAaMH JIOTHYECKUX JepeBbeB KiaccHuuKanuu (Ha
OCHOBE CEJICKIIMM Habopa 3JIEMEHTapHBIX MPU3HAKOB) IPH PELICHUX 3aaudl Paclo3HABaHHS PEAbHBIX JaHHBIX I'€0JoTrHye-
CKOT'O THIIA.

BriBoasl. IIpoBeneHHble B JTaHHOH paboTe SKCIEPUMEHTHI MOATBEPIHIH PAadOTOCIOCOOHOCTh MPEIJIOKEHHOTO MaTeMa-
THYECKOTO 00ECIICYCHUSI U MOKA3bIBAIOT BO3MOXKHOCTh €r0 MEPCIEKTUBHOTO HUCIIOIb30BAHUS ISl PEUICHHS IIUPOKOTO CIIEKTPa
MPaKTHYECKUX 3a/1ad paclio3HaBaHus M Kiaccudukanuu. [lepcrieKTHBBl HanbHEWIINX WCCIEHOBAHUA W ampodamuii MOTyT
3aKJII0YaThCS B CO3MAHUH OTPAHUYECHHOTO aJrOPUTMUYECKOTO METO/a JAepeBa KiacCu()UKAINK, KOTOPBIN 3aKII0YaeTcs B Be-
JIEHUH KPUTEPHST OCTAHOBKH NPOLIEAYPHI TOCTPOSHUSI MOJIETIH JIepeBa 1Mo IITyOMHE CTPYKTYPBI, ONITUMHU3AINH €T0 MPOTpaMM-
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ABSTRACT
Context. The direction of the human face vector is an indicator of human attention. It has many applications in our daily lives,
such as human-computer interaction, teleconferencing, virtual reality and 3D sound rendering. Moreover, determining the position of
the head can be used to compare the exercises performed by a person with a certain standard, which brings us to investigation of
ways to efficiently track moves. Depth-camera based systems, frequently used for these purposes, have significant drawbacks such as
accuracy decreasing on the direct sunlight and necessity of additional equipment. The recognition from the two-dimensional image
becomes more widespread and eliminates difficulties related to depth cameras which allows them to be used indoors and outdoors.

Objective. The purpose of this work is creation of the method that will allow us to track human head moves and record only

significant vectors of head direction.

Methods. This paper suggests reference points method that decreases set of recorded vectors to minimal amount significant to
describe head moves. It also investigates and compares existing methods for determining the vector of the face in terms of use in

suggested approach.

Results. Suggested reference points method shows ability to highly decrease set of head direction vectors that describe the move.
According to the results of the study, regression-based methods showed significantly better accuracy and independence from light
and partial face closure so they were chosen to be used as methods to get head direction vector in reference points approach.

Conclusions. Research confirmed applicability of reference points method for human movements tracking and shown that
methods of determining human head vector by two-dimensional image can compete in accuracy with RGBD-based methods. Thus
combined with suggested approach these methods expose less restrictions in use than RGBD-based ones.

KEYWORDS: Face orientation vector, head moves, recognition, deep learning.

ABBREVIATIONS
CNN is a convolutional neural network;
FPS is a Frames per Second;
MAE is a Mean absolute error;
PAM is a parameterized appearance models;
RGBD is RGB image with depth information.

NOMENCLATURE
is an angle vector on the i-th frame;

i
aT is a reference point vector;

(cx,cy) is a focal center;

e, is an absolute error;

f, and fy are focal lengths in the x and y directions;

k is a flexibility degree;
N is an amount of observations in experiment;
r. is an element of the rotation vector;

t; is an element of camera translation vector;

U, V, W are positions of the object in three-
dimensional space;

X, y are coordinates of the points in the image;

X; is a real value;

Y, is a predicted value.

INTRODUCTION
Human face direction as a part of entire body pose
determines positioning in exact time frame. Which means
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that sequence of face vectors is a move, thus ability to
detect human face vector allows us to determine the
accuracy of the exercises, which in turn is useful for
rehabilitation institutions, fitness centers, entertainment
facilities.

In recent years, methods for recognizing the face, its
individual parts and looks have evolved in several
different directions. In order to recognize human
movement in games, the Kinect optical system was
developed, which has gained popularity due to its high
recognition accuracy. But this system has significant
restrictions on use, such as the maximum number of
people in the image and the inability to use it in direct
sunlight. In parallel, a different direction of recognition
was developed from two-dimensional images without the
use of depth sensors. This area is also divided into
different methods, but in recent years, CNN-based
methods have shown the best results in accuracy and
speed of image analysis.

Different approaches to determining the vector of face
rotation use different metrics. There are two main ways to
express the position of the head: the position of the
camera relative to the head, the deviation of the head from
the position full face.

In a computer vision, position of the object means its
relative orientation and camera position. You can change
the pose by moving the subject relative to the camera or
the camera relative to the subject. If we want to express
the position of the head so that the goal is to find the pose
of the object when we have a calibrated camera and we
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know the location of n 3D points on the object and the
corresponding 2D projections in the image.

A 3D hard object has only two types of camera
movement. Translation — moving the camera from its
current 3D location (X, Y, Z) to a new 3D location (X', Y',
Z') is called a broadcast. As you can see, the translation
has 3 degrees of freedom — you can move in the X, Y or Z
direction. The translation is represented by a vector equal
to (X'=X,Y' =Y, Z -Z). You can also rotate the camera
around the X, Y, and Z axes. Therefore, rotation also has
three degrees of freedom. You can represent it using the
Euler angles (turn, step and slope), the 3 x 3 rotation
matrix, or the direction of rotation (ie the axis) and angle.

To calculate the 3D position of an object in an image,
you need the following information:

— 2D coordinates of multiple points. You need to
position multiple points on the image (Fig. 1). In the case
of the face, you can choose the corners of the eyes, the tip

of the nose, the corners of the mouth, etc.
D e

Figure 1 — Matching dots on 2D and 3D

— 3D locations of the same points. You need three-
dimensional multi-point placements in an arbitrary frame.
Since it is not possible to obtain an accurate three-
dimensional model of any head from a single image, a
generalized human head model is used.

Indicators that determine the position of the head
when using the second way of expressing the position is
the angle at which the head deviates from the frontal
position in the following three directions: pitch, roll, yaw
(Fig. 2). While the first method is suitable for determining
the position of any object relative to the camera, the
second method can only be used to determine the position
of the head. Usually the second method is used in
methods that are based on the creation of a CNN model.

Figure 2 — Head rotation directions
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One of the well-known technologies that play a crucial
role in determining human postures and head postures is
the Kinect camera developed by Microsoft. The Kinect
camera has a clear advantage over other 3D cameras,
because it gets more accurate depth information and
works fast enough. Using Kinect, you can track up to six
people at a time, as well as get motion analysis with an
extraction function that allows you to determine the
locations of the articulation points of the human skeleton.
Extremely useful indoors, it cannot be used outdoors
because the infrared depth sensor is extremely sensitive to
sunlight. Methods based on the use of information
obtained with the help of depth sensors allow to achieve
accuracy in which the deviation from the real data is no
more than two degrees [1].

The limitations on using Kinect, force us to look for
ways to recognize a person’s head based on a two-
dimensional image of an RGB camera. Historically, there
have been several basic approaches to face modeling:
discriminatory, oriented approaches, and parameterized
appearance models, or PAM. Regardless of the approach
chosen, each method uses a face detector to obtain a
region of the face image that will be further analyzed.
There are several approaches to the problem of face
recognition, some based on the implementation of the
Viola-Jones algorithm [2], the wavelet transform [3], or
the principal component method.

Considering the conducted researches and current
restrictions the purpose of this work is creation of the
method that will allow us to track human head moves and
record only significant vectors of head direction to
represent the entire move with minimal amount of data.
The object of study is the vector of facial orientation, and
the subject is the method for determining the reference
points of head moves.

1 PROBLEM STATEMENT

Based on the study of existing systems and methods
that perform the definition of the face vector on the
images, we can describe a problem statement for the head
tracking and comparison system.

As an input we have a sequence of frames with human
head poses. In order to create a head tracking system, it is
necessary to determine human head direction vector
a,i=1n on each frame and distinguish those vectors

a}, j=1m where head changes direction of the move.

The output will be a sequence of reference points

al,...,a! , m<n sufficient to describe the head moves.

The main criterion by which existing method should
be considered is the accuracy of vector calculation and the
stability of operation in different lighting conditions and
video quality. The desired angle deviation shall be close
to 2° for each rotation direction. The processing speed of
one frame should be approximately 40 ms, in order to
process high speed moves.
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2 REVIEW OF THE LITERATURE

In recent years, methods that directly take 2D (face
landmark) face points using deep learning tools appeared
[4]. They have become dominant approaches to the
analysis of face rotation due to their flexibility and
resistance to extreme posture changes.

Recently, researches that use deep neural networks
became leaders in the accuracy of the evaluation of head
postures. J. Park and S. Kwon used deep neural networks
such as Lenet to evaluate continuous head posture [5].
Massimiliano and Angelo explored the role of adaptive
gradient methods for improving CNN performance in the
evaluation of head postures [6]. The above works build
their core unit using less than five collapsible layers and
extract more expressive features from the training
datasets. Kumar et al. modified the GoogleNet
architecture to jointly predict facial landmarks and head
postures. Xu et al. adapted the global and local CNN
facial features for coarse-to-fine head posture evaluation.
They used the global networks to predict the original head
posture and the local networks to update the postures
according to the current form. B. Huang et al. created a
method of estimating head postures using two-stage
groups with averaged top-k regression [7].

3 MATERIALS AND METHODS

Face landmark based methods that detect relative to
camera head position are quite widespread and are
commonly used with face-landmark detectors [8, 9]. The
search of the pose is performed by determining the
distortion applied to the 3D model. To achieve this, a
landmark detector needs to find dozens of dots on the
face, such as mouth corners, eye corners, jaw silhouettes,
and more. Many algorithms have been developed and
implemented in OpenCV. Identifying a person’s
landmarks begins with identifying the persons in the
image and their extents (bounding box). The fastest and
easiest way to detect faces in OpenCV is still to use the
associated cascade classifiers using the cv
CascadeClassifier class provided in the core module. The
tag detector will work around the detected individuals,
starting from the bounding box.

Once we get the landmarks on the face, we can try to
determine the direction of the face. 2D face orientations
essentially correspond to the shape of the head. Therefore,
in view of the three-dimensional model of the human
head, we can find approximate corresponding three-
dimensional points for a number of faces next way:

U

\

wl
1

In the above formula U, V, W are the position of the
object in three-dimensional space, and X, Yy are the
coordinates of the points in the image, f; and f, focal
lengths in the x and y directions, C, and ¢, are focal center,
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r,i=19 are elements of the rotation vector, t,,i = 1,3 are

elements of camera translation vector. OpenCV provides
implementation for finding rotation and moving with its
cib :: solvePnP functions calib3d module.

Since the general model is commonly used, this can
lead to position recognition errors in case of significant
differences between the test subjects’ head and the model.
Another problem in the application of this method
depends on the accuracy of determining the anchor points
of the individual. If a significant part of the points is
absent, it is impossible to calculate the coordinates of the
head.

The newest and more advanced methods of
determining the posture of the head are methods based on
the training of neural networks. Face detectors are trained
on images of a person with different discrete poses and
combine the outputs of a number of classifiers. These
existing methods of estimating head postures are usually
taught based on the classification of bin-poses or
regression in one pose. Classification-based methods are
performed by comparing the image with the labels of
discrete poses, while regression-based methods directly
output values of continuous posture. However, these
methods are unlikely to use classification and regression
loss at the same time. Classification-based methods are
more robust to changes in non-ideal conditions. Their
labels are true, accepting angular intervals (usually greater
than 10°), so the corresponding labels are a bottleneck for
further improving accuracy. Regression-based methods
may more accurately predict head posture, but their
effectiveness depends on the initial head position and
variations in head posture, and perform poorly in non-
ideal conditions.

Nonlinear regression methods use a training set to
create nonlinear mapping from images to poses, and CNN
is part of these methods. Because CNNs have the ability
to reduce size and extract features automatically, they
have achieved good results in various areas. The use of
CNN has greatly improved the accuracy of head
estimation, but excellent performance is only
demonstrated in the same type of images and conditions
that are found in the training set due to the intense
overload of the training set.

FSA-Net [10] is representative of the regression
method and uses a smooth stepped regression scheme.
Existing methods of function aggregation process the
input data as a set of features and thus ignore their spatial
relation on the feature map. The method offers a fine-
grained mapping of the structure for spatial grouping of
features before aggregation.

FSA-Net performs spatial grouping of features before
submitting them to the aggregation process. The
developers of this method claim that due to this method
they achieve accuracy that exceeds the capabilities of
systems based on RGBD image processing, that is,
images from cameras with depth sensors.

ResNet50 [11] combines a classification and
regression approach to create a CNN that determines the
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position of the head without first finding anchor points.
The ResNet50 uses three separate losses, one for each
corner. Each loss is a combination of two components: a
classified posture and a regression component. Any
network can be used and complemented by three fully
connected layers that predict angles.

The idea behind this approach is that, using the
classification, a softmax layer and cross-entropy are used,
thus the network learns to clearly predict the adjacent
posture. With three cross entropy losses, one for each
Euler angle, we have three signals that are transmitted to
the network to enhance learning. In order to get clearer
forecasts, the expectation of each output angle for the
resulting output class is calculated.

Then, regression losses are added to the network,
namely the mean square error loss to improve the
forecasts. There are three terminal losses, one at each
angle, and each is a linear combination of both the
corresponding classification and the regression losses.

In order to make progress in the prediction of image
intensities, we need to find real datasets that contain
accurate posture annotations, multiple images of different
people, different lighting conditions, and a significant
variety of poses. We identify two very different datasets
that meet these requirements.

The BIWI dataset [12] is collected in the laboratory by
recording RGB-D videos of different people with
different head postures using a Kinect v2 device. It
contains approximately 15,000 frames and rotation angles
of + 75° for yaw, = 60° for pitch and + 50° for roll. This
dataset is commonly used as a benchmark for estimating
postures using depth methods, which confirms the
accuracy of their labels. Examples of images from the
BIWI dataset are shown in Fig. 3.

22CCE
R92CGE

Figure 3 — An example from a BIWI dataset

Another 300W-LP data set [13] is a 300W extension
that standardizes multiple alignment databases with 68
landmarks, including AFW, LFPW, HELEN, IBUG, and
XM2VTS. This dataset offers synthetically advanced data
to prepare landmark models. This is a collection of
popular two-dimensional datasets that have been grouped
and re-annotated. Synthetics of the set make it possible to
create images with different values of deviation in all
three directions and at the same time to receive the most
accurate marks, which significantly affects the quality of
the trained CNN models.

We propose to use head direction estimation methods
to track head pose in real time. Considering the possible
methods of comparison of head positions, two methods
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were identified: frame-by-frame comparison, comparison
of reference points. The first method is much simpler in
terms of implementation, but it has significant drawbacks.
First, the accuracy of this method depends on the speed of
the face vector search method, if this speed is more than
40 ms (interval between frames when recording FPS 24
video), then some frames will be skipped, which will lead
to a false negative scenario. Also, the person performing
the exercises can change the pace of movement.
Therefore, the fact of performing the exercise should not
be associated with time.

We propose the reference point method that simplifies
the process of recording the reference exercise. With this
method we do not have to record every position of the
head, but only those positions in which the movement
changes direction. This method tracks the vector by which
the face moves in time. Since the vector of the head can

be represented as a= (r, p, y), where r is the angle of

the head along the z axis, p is the angle of the head along
the x axis, Y is the angle of the head along the y axis, the
reference point is a head direction vector in which the
way it flows changes its direction. The reference point can
be found by the following formula:

k < ‘ai‘ _‘aiﬂ

< ‘ai‘ —‘ai—l

, )

where g is the value of the angle on the i frame and K is a
flexibility degree. If the inequality holds for at least one
of the metrics, the position is stored as a reference point.
Flexibility degree is needed to avoid recording reference
points caused by variations in vector estimation.

4 EXPERIMENTS

The methods discussed earlier were investigated by
the following criterias:

— accuracy of the method;

— speed of work;

— maximal recognition angle.

The accuracy of the method of determining the
position of the head is usually calculated in MAE (Mean
absolute error). In statistics, the mean absolute error
(MAE) is a measure of the difference between two
continuous variables. Consider the scatter plot of n points
where point i has coordinates (X;, y;). Mean absolute error
(MAE) is the average vertical distance between each point
and an identical line. MAE is also the average horizontal
distance between each point and an identical line. MAE is
given by the following formula:

n n
Yi — X €
MAE:E' | '|:E| '| | (3)
n n

Mean absolute error is the mean value of absolute
errors |e,| = |y, - x,|» where V; is the predicted value and X;

is the real value.



e-ISSN 1607-3274 PapioenexrpoHika, inpopmatuka, ynpasainss. 2020. Ne 3
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2020. Ne 3

The experiment was performed using two different
datasets: BIWI, AFLW2000.

Speed was tested on frames obtained from a
conventional camera with FPS 24. The calculations were
performed using an Intel core i7 processor, RAM 16Gb.

The maximum recognition angle was investigated
using a BIWI data set containing approximately 15,000
frames, and rotation angles + 75° for yaw, + 60° for pitch
and + 50° for roll.

After the desired method was found we performed the
experiment on flexibility degree to determine the most
appropriate value that will help us to reduce amount of
false reference points but not skip relevant points.
Considered flexibility degrees were in interval between 1
and 2 degrees with step of 0.25.

5 RESULTS
Experiments mentioned above exposed next results.
Comparisons of the main yaw, pitch, roll, and mean error
values when using the BIWI data set are presented in
figure 4.

BIWI dataset
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Figure 4 — The results experiment using BIWI dataset

The same experiment was performed with the
AFLW2000 data set (Fig. 5). The main difference
between these datasets is that BIWI is a laboratory-made
data set, so the images have the same illumination and
good quality. AFLW2000 [14] is a real-time data set
where the brightness, blurring and image quality are very
different.

AFLW2000 dataset
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Figure 5 — The results experiment using AFLW2000 dataset

Speed test was performed under the same
circumstances using same pictures for each method. The
rate of calculation of postures for one frame and one face
in the frame is shown in Table 1.

© Rakova A. O., Bilous N. V., 2020
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Table 1 — Speed test

Ne Method Average execution speed
1 Landmark-based detector 75 ms

2 ResNet 50 105 ms

3 FSA-Net 133 ms

The results of the accuracy of angle recognition
depending on its value are shown in Fig. 6.

Maximal angle

100
i II il mn

0
Yaw Pitch Roll

m Landmark detector based mResNet 50 FSA-Net

Figure 6 — Maximal angles of recognition

This coefficient was tested by next indicators: percent
of correctly detected points, extra points.

Flexibility degree

100 R .\‘-\.
0
k=1 k=1.25 k=1.5 k=1.75 k=2

e=@== Comrect points  ==@==Extra points

Figure 7 — Flexibility degree test results

6 DISCUSSIONS

The data obtained during the experiment shows that
methods that are not based on the search for key points
show quite good results, even on the AFLW2000 dataset.
The average error for the landmark-based method is 15.8,
which means an error of 15.8°. While ResNet 50 and
FSA-Net allow for accuracy of 6.4° and 4.2° respectively.
This leads us to believe that the potential of CNN-based
methods is higher than key point methods.

Based on the results we have obtained during the
speed test, the most accurate FSA-Net method shows the
worst result of 133 ms, which is 3 times higher than the
desired processing speed of 40 ms. If we use this method,
we will be able to compare every fourth frame in the
video. Such a low speed is due to the large number of
image processing steps and is highly dependent on the
speed of the face detector, which no method can do
without.

All methods almost equally well recognize all
available angles of the dataset. However, the landmark-
based method showed the least accurate recognition of the
difference between the boundary angles, which is due to
the hidden part of the reference points when turning the
head. For landmark-based methods, the lack of a large
part of the points due to overlapping of the face with other
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parts of the body or the headpiece makes it impossible to
determine the angle.

According to the research, algorithms that are not
based on facial landmark have shown much better
accuracy results, especially on a real-time and poor
lighting conditions. The 2° difference for the
classification regression models is a very important step
in improving the accuracy of face vector recognition.
FSA-Net, which delivers 98.8% accuracy (based on an
error of 4.2° from 360°), is the best candidate today for
use in human head monitoring systems.

A method proposed to determine reference points
shown that with flexibility degree close to 1°, 95% of all
reference points are detected but too many extra points
are recorded because of variations in head vector
estimation. With flexibility degree equal to 1.25 or 1.5
accuracy stays the same while amount of extra points
decreases. These values must be considered as most
appropriate.

CONCLUSIONS

The practical value of the study is in creation of a
reference points method. The proposed approach of
search allows us to eliminate intermediate angles and
store about 95% of all points where head move direction
changes. This gives us ability to express head move with
minimal amount of significant vectors and drastically
reduces space needed do store the move representation.
Further these reference points can be used to track human
head moves by being compared to vectors determined in
runtime. However further optimization is required by
reference points search algorithm to decrease amount of
extra points.

According to the results of the study, regression-based
methods showed significantly better accuracy and
independence of accuracy from light and partial face
closure. All methods, and in particular the method based
on facial landmark showed deterioration in the
recognition of boundary angles due to the slight
difference in the characteristics of the face. This is a
window for the possible improvement of the method of
operation in the conditions of tracking the person turned
to the camera at an angle greater than 70°.

Significant optimization requires the speed of the
FSA-Net method because at it works 2 times more slowly
than landmark-based. Because the process of determining
the posture of the head is multi-step, optimization can be
performed both in the step of finding faces in the image,
using faster detectors, and in the step of finding poses.

Research shows that methods of finding a person’s
head posture can compete with accuracy based on the use
of depth sensors. However, methods of working with a
simple RGB image have far fewer restrictions on the
place of use.
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METO/J OITOPHUX TOYOK JJISI BIICTEXXEHHS PYXIB I'OJIOBH JIIOJAUHA
PaxoBa A. O. — cTyeHT kadenpy nporpaMHoi imKkeHepil, XapKiBCbKUH HalllOHAJTBHUN YHIBEPCUTET paJlioeNeKTPOHIKH, XapKiB,
VYkpaina.
Bigoyc H. B. — kanx. TexH. Hayk, IOLEHT, podecop kadeapH mporpaMHoi imxeHepii, XapKiBCbKUH HAI[lOHATEHUN YHIBEPCUTET
panioenekTpoHiku, XapkiB, YkpaiHa.

AHOTAULIA

AKTyanbHicTb. HanpsMok BeKTOpY 0OJIHYYS JIFOMHH € OKa3HHKOM YBaru JIOJMHU. Y HAIIOMY NOBCSKACHHOMY XXHTTI BiH Ma€e
0araTto 3acTOCyBaHb, TakKi SK B3a€MOJIis JIIOAWHA-KOMIT IOTEp, TeleKOH(epeHmii, BipTyanbHa peayibHICTh Ta 3D-mepenada 3BYKy.
Binpmre Toro, BH3HAYCHHS IIOJIOXKEHHS T'OJIOBU MOXKHA BHKOPHCTAaTH IS TOPIBHSHHS BIpaB, SKi BHKOHY€ JIOAWHA, 3 IEBHUM
CTaHJapTOM, IO NPHBOJUTH HAC IO JOCII/UKEHHS CIIOCO0IB €(eKTUBHOIO BiICTEXEHHS pyXxiB. CHCTEMH Ha OCHOBI INIMOMHHHX
Kamep, SIKi 4aCTO BUKOPHCTOBYIOTHCS JUISl LIMX I[iJIeH, MAIOTh CYTTEBI HENIOMIKH, TaKi sIK 3HW)KSHHSI TOYHOCTI BiJ] IPSMOTO COHSIYHOTO
CBITIIa Ta HEOOXIIHICTh JONATKOBOrO oOnagHaHHs. Po3mi3HaBaHHS BiJi JBOBHMIpDHOTO 300paXKeHHs HaOyBae BCe OLITBIIOTO
HOLIMPEHHs Ta YCYBa€ TPYJHOLUI, IIOB’s3aHi 3 IIMOMHHUMHU KaMepaMH, IO JO3BOJIsIE BUKOPHCTOBYBATH IX y NMpPUMIILEHHI Ta Ha
BIZIKPHTOMY TOBITpI.

Merta. Metoro naHOi poOOTH € CTBOPEHHS METOAY, SIKHMil J03BOJUTH HaM BiJCTEXKYBaTH PYXH TOJOBH JIIOJMHM i 3alUCyBaTH
JIMIIE 3HAaYHI BEKTOPH HAIPSIMKY I'OJIOBH.

Metoan. Y miif poOGOTI NMPOIOHYETHCS METOA OINOPHUX TOYOK, KU 3MEHIIye Halip 3alMCaHUX BEKTOPIB 0 MiHIMaJIbHOL
KIJIBKOCTI, 3HAUYIIOI JUIsl OTIUCY PYXiB TOJIOBU. BiH TakoXk HOCIIPKY€ Ta ITOPIBHIOE iCHYIOUi METOIM BU3HAYECHHS BEKTOPY OOIHYUS 3
TOYKH 30py BUKOPHUCTAHHS Y 3alPOIIOHOBAHOMY ITiJIXOZi.

Pe3yabTaTH. 3ampornoHOBaHMiI METOA ONOPHHX TOUYOK ITOKA3y€ 3JaTHICTh CHJIBHO 3MEHIIYBaTH HaOip BEKTOPIB HAIPSMKY
rOJIOBH, SIKi ONHCYIOTh PyX. BiANOBiIHO [0 pe3ynbTaTiB AOCTIIPKEHHs, METO/M, 3aCHOBAHI Ha perpecii, moka3aau 3Ha4HO KpaIly
TOYHICTh Ta HE3aJISKHICTh BiJl CBITJIAa TA YaCTKOBOTO 3aKPUTTsl OOIMYUsI, TOMY iX Oyi10 0OpaHO AJIsi BUKOPUCTAHHS B SIKOCTI METO/IB
OTPHMAaHHS BEKTOPY HAIPSIMKY TOJIOBH B IMiIXO/Ii OIIOPHUX TOUOK.

BucHoBku. J{ocikeHHS MATBEPIMIN 3aCTOCOBHICTE METOY OIIOPHHX TOYOK JJIS BIICTEKCHHS PYyXiB JIIOJMHH 1 IOKA3aJH, 10
METOJY BH3HAUYCHHS BEKTOPY TOJIOBH JIIOJUHU 32 IBOBHMIPHHM 300pa’KeHHSIM MOXYTh KOHKYpPYBaTW B TOYHOCTI 3 METOAAaMH Ha
ocHoBi RGBD. TakuM 4nHOM, y MO€HAHHI i3 3aIIPOIIOHOBAHUM MiIXOJIOM I[i METOH MAIOTh MEHIIIC 0OMEXEHb Y BUKOPUCTAaHHI, HIX
TaKi, o 6a3yroTbest Ha RGBD.

KJIFOYOBI CJIOBA: BexTOp HanpasiIeHOCTi 00INYYsI, pyXHU FOJOBH, PO3Mi3HABAHHS, ININOOKE HAaBUAHHSL.
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METO/ OOPHBIX OTYEK JJISI OTCJIEXKUBAHUS IBAKEHUAMA I'OJIOBBI YEJIOBEKA
PakoBa A. O. — cTyzaeHT KadeIpsl IPOrpaMMHON WHXXEHEPHH, XapbKOBCKUH HAIMOHATBHBIA YHUBEPCUTET PAJAUOAIEKTPOHUKH,
XapbKoB, YKpauHa.
Benoyc H. B. — xanxn. TexH. Hayk, JOLEHT, npodeccop Kadeapsl MporpaMMHOH HHXKEHEpHH, XapbKOBCKUI HAlMOHAIBHBIH
YHHUBEPCUTET PaJInONIEKTPOHUKH, XapbKOB, YKpauHa.

AHHOTANUA

AxTyanbHOCTh. HampaBieHne BekTOpa 9eI0BEYECKOTO JIMIA SBISETCS WHIMKATOPOM deloBedeckoro BHHMaHus. OHO mmeeT
MHO)KECTBO BApPHAHTOB NPHMEHEHUs] B HAIleld IMTOBCETHEBHOHM JKM3HM, TaKWX KaK B3aMMOJICHCTBHE YEIOBEKA C KOMITBIOTEPOM,
TeslekOH(epeHIni, BUPTyalbHOU peadbHOCTH W 3D-peHnmepuHra 3Byka. boiee Toro, ompeneneHue IOJIOKEHUS TOJOBBI MOXKHO
KCIONB30BaTh Ul CPAaBHCHUS YNPAKHCHUH, BBHINOJIHAEMBIX YEIOBEKOM C OINPEICICHHBIM CTaHIAAPTOM, YTO IPUBOJAUT HAC K
HCCIIEA0BAHUIO CIOCO00B 3(h(HEKTUBHOIO OTCIICKUBAHMS JBIKEHNI. CHCTEMBI Ha OCHOBE TIyOMHHBIX KaMep, 4acTO HUCIIOIb3yEeMBbIe
JUIL 3TUX 1eJed, MMEIT CyLIECTBCHHblE HEJOCTATKH, TaKHe KaK CHMXXEHUE TOYHOCTU Ha IPSAMOM COJIHEUHOM CBETe U
HEOOXOIMMOCTb JIONOJIHUTEIBHOr0 000pynoBaHus. PacnosHaBaHME MO JBYMEPHOMY H300pa)KCHHIO CTAaHOBUTCS Bce Ooliee
PacIpOCTPaHEHHBIM U YCTPAHsET TPYAHOCTH, CBA3aHHBIE C TTyOMHHBIMH KaMEPaMH, 4TO MO3BOJISET UCIOIb30BaTh X B IOMELICHUN
1 Ha yIHLE.

Hessb. Llensio nanHO# pabOTHI ABIAETCS CO3JIaHUE METO/A, KOTOPHII MMO3BOJIUT HAM OTCIICKHBATH ABHKEHHS TOJOBBI YETIOBEKA I
(UKCHPOBATH TOMBKO 3HAYMMBIE BEKTOPHI HAIIPABJICHNUS TOJIOBBL

MeToasl. DTa CTaThs IpeyIaraeT METo [ OIIOPHBIX TOYEK, KOTOPHI yMEHbIIaeT Ha0op 3alMCaHHEIX BEKTOPOB 10 MHHUMAIEHOTO
3HA4YEHUs, 3HAYUMOrO AJIs OIMCAHUA JBHKCHUH T0JI0BbL. OH TakxkKe UCCIENyeT U CPABHUBACT CYLIECTBYIOIIME METOAbI ONIPEICICHUS
BEKTOpA JIMIA C TOYKU 3PEHUS] UCTIOIb30BaHMs B IIPEAIaraéMoM IOIXOIE.

PesyabsTarsl. [IpeanoxeHHBII METOJ ONOPHBIX TOYEK I[TOKA3hIBAET CIIOCOOHOCTH 3HAYHMTENIBHO YMEHBUIMTH HAaOOp BEKTOPOB
HAIpaBJIEHUs] TOJIOBBI, KOTOPbIE OMHUCBHIBAIOT ABMXEHHE. COrnacHO pe3yibTaTaM HCCIEIOBAHHSA, METOIbI Ha OCHOBE DPErpeccuH
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MOKa3aJI 3HAYUTEIBHO JIYUIIyI0 TOYHOCTh M HE3aBUCHMOCTh OT JIETKOTO M YaCTHYHOTO 3aKpHITHS JIMIA, MOATOMY OHH OBUIH
BBIOpaHBI JUIS CIIOJIB30BAHHUS B KQUECTBE METOIOB ISl OJTyYESHHS BEKTOPA HANPaBJICHUS TOJIOBBI B METO/IE OLOPHBIX TOYCK.

BeiBoabl. IcciienoBanus NOATBEPAWIN NPUMEHUMOCTh METOJla OHNOPHBIX TOYEK Ul OTCIICKUBAHUS JBIDKCHUN dyeloBeKa U
MOKa3aJi, YTO METOJIbI ONpPEETICHHsI BEKTOPA TOJI0BHI YETOBEKA 110 IBYMEPHOMY M300pa’keHUIO MOTYT KOHKYPUPOBATh B TOUHOCTH C
metonamMu Ha ocHoBe RGBD. Takum o0pa3om, B coYeTaHWH C MNpeAiaraeéMbIM IOAXOAOM, 3TH METOIbl CO3[AI0T MEHBINE
OTpaHUYCHHUH B HCIOJIB30BaHNH, YeM ocHOBaHHbIe Ha RGBD.
KJIFOYEBBIE CJIOBA: BekTOp HalpaBICHHOCTH JIMIA, ABIKCHUE TOJIOBB, paclio3HaBaHHE, ITy0oKoe oOydeHne.
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OIEHKA UTHO®OPMATHUBHOCTHU U OTBOP 3K3EMILJIAPOB
HA OCHOBE X2OHIINPOBAHUA

Cyo6oTun C. A. — 1-p TeXH. HayK, mpodeccop, 3aBeayroIuil Kapeapoil mporpaMMHbBIX cpencTB HanmoHanbsHOTo
yYHHMBEpCHUTETa «3anopoKcKast MOJUTEXHUKa», 3alopokbe, YKpauHa.

AHHOTAIUA

AKTYyalIbHOCTD. J{J1 COKpAIICHUs] Pa3MEPHOCTH JAHHBIX NIPH IOCTPOSHUN TUATHOCTHYIECKUX M PACIIO3HAIONIMX MOAENEH BO3HNU-
KaeT HeoOXOIMMOCTh OTOOpa Hamboiee MH(POPMATUBHBIX 3K3EMIUIAPOB, a Takke O0TOOpa Hamboiee WHPOPMATHBHBIX MPU3HAKOB.
3arpaTel BpeMEHH Ha OTJACIBHYIO PeaH3alfio JaHHBIX IPOLEAYP SIBISIOTCS BHICOKHMMH BCIICICTBUEC UTEPATHBHOCTH U B3aUMOCBSI-
3aHHOCTH JAQHHBIX TPOILEYP.

Heas. Lenb paboTsl — COKpalEHUE BPEMEHHBIX 3aTPAT HA COKPAIICHHE Pa3MEPHOCTH JaHHBIX IIyTE€M CO3JaHUs METoJa oThopa
HanboJsee HHPOPMATHUBHBIX YK3EMIULIPOB HA OCHOBE XJIINPOBAHMSI.

Merton. IIpemioxkeH MeTo pacuera BECOB JIsl ONMPEICICHHs XDIIeH IK3eMIUISIPOB, KOTOPBIH JAETEPMHHUPOBAHHBIM CIIOCOOOM
OTIpeIeNseT Beca IPU3HAKOB HA OCHOBE MX PAHIOB, KOTOPHIE, B CBOIO OYEPE/Ib, ONPEIEAET C yUeTOM YUCIIa PaBHBIX pa30HeHui 1ua-
Ma30HOB IPH3HAKOB, MHHIMAIIBHO JOCTATOYHOTO IS BBIACICHHUS KJIACTEPOB HA OCH NMPHU3HAKA C IIPUEMIIEMOH TOYHOCTBIO. DTO IMO-
3BOJISIET UCKIIOUYUTh HEOOXOMMOCTh HTEPATHBHOTO Mepebopa pa3INIHbIX KOMOWHAIMH MIPU3HAKOB, ONPEAEICHNS CIIyJaiHbIX HPO-
eKIUif TIPU3HAKOB, a TAKXKE PElIeHHEe UTePaTUBHBIX ONTHMU3ANMOHHBIX 3a/ad MONCKA HAMIydIIeH MPOEKINH IIPU3HAKOB, YTO CyIIe-
CTBEHHO COKPAIIAET 3aTPAThl BpEMEHN Ha pacueT BECOB, IPH ITOM 00ecreyrnBast IOKAIBHYIO YyBCTBUTEIBHOCTH Xo1Ia. [loxydeHHbIe
XOIIY BO3MOKHO HCIIOIB30BATh KaK JUIs 0TOOpa SK3eMIUIPOB, TaK | UL 0TOOpa IMPHU3HAKOB.

IpennoxxeH MeTox ONpeAesieHNs] MHANBUIYAIbHONW M I'PYNIIOBOH 3HAYMMOCTH IK3EMIULIPOB BBIOOPKH, B KOTOPOM HCIIOJIB3YeT
KaK Mepy CXOJCTBA PACCTOSHMS MEX/Y X3IIaMH K3eMIULIPOB U 1O aHAJIOTUH ¢ METO/IOM ITOTEHIMAIOB HAXOAUT MOTESHIMAIIBI, HABO-
JHUMBIE KJIacCaMU Ha KaXKABIH SK3EMILISP, @ Ha UX OCHOBE OIpEEIseT MOKa3aTeNll 3HAYMMOCTHU IK3EMIUISIPOB, UCXOAS U3 TOTO, UTO
9K3EMIULP B IPOCTPAHCTBE MPU3HAKOB TeM MH(OpPMaTHBHEE, UEM MEHBIIE MUHUMAIIbHAS Pa3HOCTh MOTEHINANIOB KJIACCOB, HABOJM-
MBIX Ha 3K3EMILIP.

IIpennoxken MeTox ompeneneHus OIEHOK HH(GOPMATUBHOCTH IPH3HAKOB, KOTOPHIH Ha OCHOBE HOPMHUPOBAHMS BECOB, MOJyUEH-
HBIX IpH (HOPMHUPOBAHMH XJIIEH, OmpenessieT MMoKa3aTenn MHPOPMATUBHOCTH IPH3HAKOB, OTIABasl MPEANOYTEHHE HMpPU3HAKAM C
MEHBIIUM YUCIIOM Pa3OUCHUH.

PesyabTarnl. [IpoBeseHO IKCIIEPUMEHTAIBHOE UCCIIEOBAHKUE, MOATBEPAUBIICE PAOOTOCIIOCOOHOCTD IIPEIOKEHHBIX METOJO0B
IPH PEIICHNH MPAKTUYECKUX 3a1ad.

BeiBonbl. Pa3spaboTanHoe MaTeMaTHYeCKOE OOECIIeUeHHe MOXKET OBITh PEKOMEHI0BAHO Ul PEICHUs 3a7ad COKPAIleHUs pa3-
MEPHOCTH JIaHHBIX.

KJIFOYEBBIE CJIOBA: sk3eMIutsip, npu3HaK, HHPOPMATHBHOCTD, XOIMINPOBAHUE, XOIII, COKPAIICHHE Pa3MEPHOCTH BEIOOPKH.

HOMEHKJIATYPA
8 — 3ajaHHas MOJb30BATE]IEM KOHCTAHTA, PETYIH-

k — HOomep Kitacca;
K — gucio kinaccos;

pytolas I0mycTUMOE PacX0kKACHUE 3HAUCHUN KpUTEPUEB
KauecTBa peylIUPOBAHHON U UCXOJIHON BBIOOPOK;
€ — MaKCHMAJbHO JIOIyCTUMOE 3HAUCHUE OIINOKH;

S v
d;’ P — paccrostaue xamieii S-T0 i P-TO SK3EMILIAPOB;

EJ q ~ omroKa JJIs1 KaXKA0ro (-ro MHTepBajla 3Haye-

HHUI J-r0 IpU3HaKa;
Ej — cymmapnas omnOka jis BCEX HHTEPBAJIOB J-ro

MIPU3HAKA;
F' — xpurepuii xaduecTBa MOIYYCHHOW PEIyLHPOBAH-
HOM BEIOOPKH;
F — xpuTepuii kauecTBa HCXOIHOM BEIOOPKH;
G - rpyrmma 3K3eMILUISIPOB;

S >
I* — II0Ka3aTeb MHAWBUIYAJIbHOU 3HAYUMOCTH S-T'O

9K3EMILIAPA;

1.(G) — oueHku rpynmnoBoil MHPOPMATHBHOCTH IK-
3eMIUISIpOB B rpymnne G;

I} — mokasarend MHAMBHIYalbHON HH(POPMATHBHO-

CTH IIPU3HAKOB;
j — HOMep PK3eMILIsIpa BHIOOPKY;
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M — o0bem mamsaTu DBM, ncnonap30BaHHON IIPH TI0-
CTPOCHUH MOJIEIIH Ha OCHOBE HCXOIHOM BEIOOPKH;

M' — o6pem mamsaTun DBM, ucmonb30BaHHON TIPH T10-
CTPOCHUH MOJIETIM Ha OCHOBE PEeAyLIMPOBaHHON BBIOOPKH;

N' — 9uCII0 MPU3HAKOB, XapaKTEPU3YIOIMIUX IK3EMILIS-
PBI PEAYIUPOBAHHOW BEIOOPKH;

N — yuciio NPU3HAKOB, XapaKTEPU3YIOLIMX IK3EMILIS-
Pl BEIOOPKH;

N — pa3MepHOCTb BBIOOPKH;

N' — pa3MepHOCTh peylUpPOBaHHON BEIOOPKH;

Pk(xf ) — TOTCHIHWANI, HABOJWMEIA 3K3eMILIIpaMU

Pa3HBIX KJIACCOB HA X3III S-T'O 9K3eMIUIAPA;

Q — 4MCnO paBHBIX NO AJIMHE MHTEPBAJIOB, Ha KOTO-
pble pa30MBAIOTCS TMaNa30Hbl 3HAYCHUI IPU3HAKOB;

Qj — 4MCIO MHTEPBANOB, Ha KOTOPbIC Pa30HBACTCs

JMANa30H 3HAYEHHH j-ro MPU3HAKa;
Q — HOMEp MHTEpBaia 3HAYEHUH MTPU3HAKA;
Ij — PaHr j-ro Npu3sHaKa;

SkJ’q — YHCJIO 3K3EMILIAPOB k-ro Kjacca, IIoImaBInx B

HEro;
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S' — 9HCIO AK3EMILSIPOB B PEMYIIUPOBAHHOM BRIOOPKE;

S — HOMEP K3eMILISPA;

S — 4HCII0 HK3EMIUIIPOB B BEIOOPKE;

t — BpeMs TIOCTPOEHMST MOJIENIM HAa OCHOBE MCXOIHOM
BBIOOPKH;

t' — BpeMs MOCTPOSHUsI MOJIENT Ha OCHOBE PeIyLIHPO-
BaHHOU BBIOODKH,

Wj — Bec J-ro npu3HaKa;

X — HabOp IK3EMIUTIPOB UCXOTHOH BEIOOPK;
X' — HabOp PK3EMIUTIPOB PEIyINPOBAHHON BEIOOPK,

S v
X — S-# DK3eMIUTAP BHIOOPK;

s .
XJ — 3HAYCHME |-I0 BXOJHOIO IMpH3HAKA, CONOCTaB-

JICHHOE S-MYy 3K3EMIUIAPY BBIOOPKH;
X2 — XOII $-TO SK3EMILIAPA BHIGOPKHL;

y — Habop 3HAYEHUI NCXOTHON MPHU3HAKA;
y' — HabOp 3HAYEHWH BBIXOJHOTO IPHU3HAKA, COIIOC-
TaBJICHHBIX 9K3EMILISIpaM PEeAyHPOBAaHHON BHIOOPKH;

y® — 3HaueHWe BBIXOJHOTO NPHU3HAKA, COMOCTABIIEH-
HOE S-My 3K3EMIUTIPY BBIOOPKH.

BBEJIEHUE

B 3amauax mocTpoeHMs] ITMArHOCTUYECKHX U pacIo-
3HAIOIIMX MOJENIEH MO TpeLeieHTaM 3a4acTylo IpPUXo-
JUTCS CTAJKWBATBCS C MPOOJIEMON OONBIIONH pa3MepHO-
CTU JaHHBIX [l], KOrja YHUCIIO SK3EMIUIIPOB SBIISETCS
JIOBOJIBHO OOJIBIIIMM, @ YHCIIO XapaKTEPHU3YIOIIUX UX TPH-
3HAKOB TaKke BeNMKo. IlocTpoeHue Mojene B Takux
3aj71a4ax, KaK IpaBHiIO, CONPSDKEHO ¢ OOJIBIIMMHU 3aTpaTa-
MU MallMHHOTO BpeMeHH U namartu DBM. ITostomy Bo3-
HHUKAaeT HEOOXOJMMOCTh COKPAIICHUS PA3MEPHOCTH JIaH-
HBIX [2].

O0beKTOM HCCIeJOBAHMSA SBISIICS MPOLECC COKpa-
LIEHUSI PAa3MEPHOCTH JIaHHBIX.

CoxpalieHne pa3MEpHOCTH JAHHBIX BO3MOXKHO OCY-
LIECTBUTh MyTeM oTOopa Haubojee HHPOPMATHBHBIX
npusHakoB [1, 3], myrem orOopa Hambosiee 3HAUYUMBIX
sK3eMILIpoB [3-9], a Taxke myrem (OPMUPOBAHUS HC-
KYCCTBEHHBIX npusHakoB [10, 11].

Otbop  wuHpopMaTuBHBIX  mpu3HakoB  (feature
selection) [1, 3] sBusiercss HambGoyee xopomio paspado-
TAHHBIM W IIMPOKO MCHOJIB3YEMBIM HHCTPYMEHTOM JUIS
COKpAIIEHUsI pa3MepHOCTH AaHHBIX. OHako OH A(dek-
THUBEH TOJBKO JISI CHUTYaIlMd, KOTZa CpPEeIu HMCXOIHBIX
MIPU3HAKOB HMMEETCS JIOCTATOYHO MH()OPMATHUBHBIX HPH-
3HaKoB. YacTo ke Ha MPAKTHKE MPU3HAKH MOTYT OBITH
WHAWBHIYaTbHO Mano uHpopmaTuBHEIMUA. Kpome ToOTO,
0TOOp MPHU3HAKOB TPEOYET, KaK MPABUIIO, 3HAUYUTEIBHBIX
3arpaT BpeMEHH Ha mepeOop KOMOWHALMK MPH3HAKOB.
BpemenHnbie 3aTpaTbl Ha OTOOP IPHU3HAKOB CYLIECTBEHHO
3aBUCSIT OT YHCJIA UCIIOIb3YEMbIX IK3EMIUISIPOB.

Boinenenne  MCKyccTBEHHBIX —Ipu3HakoB  (feature
extraction) [10, 11] sBiseTcs y3KO NPUMEHHMBIM HHCT-
PYMEHTOM, TIPUTOAHBIM B OCHOBHOM JUISl PACIIO3HABAHHS
n3o0pakenmnit. Co3aHNe YHHBEPCAIBHOTO IS BCeX 00-
JacTeidl M BMecTe ¢ TeM 3PPEKTHBHOTO MeToaa GpopMupo-
BaHMs MHCKYCCTBEHHBIX HPH3HAKOB IIPEJCTABIACTCA HE-
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PELICHHON M MPAaKTHYECKH Hepealn3yeMoil B HacTosiiee
BpeMs 3aJa4eH.

Ot00p HamboJice 3HAYMMBIX 3K3EMIUILIPOB (instance
selection) [3—10] siBisieTcst MEHE IMUPOKO UCTIOIB3YEMBIM
MHCTPYMEHTOM Ha IPAKTHKE 10 CPAaBHEHUIO ¢ OTOOPOM
WHPOPMATUBHBIX MPU3HAKOB, OJTHAKO OH IO3BOJISET CY-
IIECTBEHHO COKPATHUTh 3aTPaThl BPEMEHU Ha IMOCTPOCHUE
pacro3Haromeil WM JHarHOCTHYSCKOW MOZETH, TIO-
CKOJIBKY TTO3BOJISICT UCKIIFOYUTH M3 00ydaronield BRIOOPKH
HE3HAUYMMBIC IS TOCTPOCHHS MOJENH HAOIIOACHUS, 9TO
eIIe 10 Havaga 0OydeHHUs] MOAETH 00eCIeUnBaeT CyIIeCT-
BEHHOE IOBBIIICHUE €€ 00O0OMIAIOMNX CBOWCTB MO CpaB-
HEHHUIO C MCIOJIb30BaHUEM BCEH MCXO/IHOW BBIOOPKH Ha-
OJTI0IeHU.

IIpeamerom ucciieioBaHUs SIBISUTUCH METOJIBI OTOO-
pa UHPOPMATUBHBIX IK3EMIUBIPOB ISl IOCTPOCHUS TUar-
HOCTHYECKUX M PACIO3HAIOLINX MOJIEIICH.

[Ipu oTOope 3K3eMILIAPOB i (hopMUpOBaHUU 00Y-
YaIOMKX BHIOOPOK MPUXOMMUTCS OTEPUPOBATH MCXOIHBIM
Ha0OpPOM TMPU3HAKOB, YTO CYIISCTBEHHO BIIMSCT HA 3aTpa-
TBHI BpEMEHH Ha 0TOOp 3K3eMIUIIpoB. [losTOMy BO3HHKaeT
HEOOXOIUMOCTh C)KaTHsI ONMMCAHUS IK3EMIUIIPOB, HO 0e3
pemeHust 3amayn 0TOOpa WH(POPMATHUBHBIX IPU3HAKOB.
OfHUM U3 BO3MOXHBIX MYTEH pEIICHUs STOW 3ajaduu sB-
JISIETCSl UCTIONb30BaHUE XomupoBanus [12—14].

Leabio padoThl SBISUIOCH COKpAILEHUE BPEMEHHBIX
3aTpar Ha COKPAIICHUE Pa3MEPHOCTH JAAHHBIX MTyTEM CO3-
JTaHHS METoJla 0TOOpa Hanbosee HHPOPMATUBHBIX IK3EM-
IUISIPOB HA OCHOBE XAIIUPOBAHHS.

1 IIOCTAHOBKA 3AJTAYHA
Ilycte 3amaHa wucxomHas BEIOOpKa HAOIIOICHUN

<X, ¥, X={X%}, XS:{X?}’ y={y°}, s=1, 2, ., §,

j=1,2,..,N.

Torma 3amada cOKpamieHUs Pa3MEPHOCTH BBIOOPKU
<X, y> COCTOUT B TOM, YTOOBI MOIMYYIHTH <X', Y">: X'C X,
y'cy, S'<S, N'<N. IIpu 310M KpuTepuii KauecTBa IoIy-
YCHHOW peIylUpOBaHHON BBIOOpKH F' MOKEH THpUHU-
MaTh IMpHEMIIEMOE 3HAYCHHWE OTHOCHTENILHO 3HAuCHHMs
KpUTEpHsl KadecTBa MJsg HMCXOJHOW BbiOOpkHM F : |F—
F1<38.

JlanHas 3amaua MOKET OBITh pa30uTa Ha 3a7a4y O0TOO-
pa HanOosnee MH(GOPMATUBHBIX IPU3HAKOB, 337a4y O0TOO-
pa Hambosee WHPOPMATHBHBIX OJK3EMIULIPOB M 3ajady
(hopMUpOBaHUS UCKYCCTBEHHBIX TIPU3HAKOB.

3amada oTOopa HamboJee 3HAUNMBIX IK3EMILUIIPOB CO-
CTOUT B TOM, 4TOOBI AN BBEIOOpKH <X, Y> IONyYUTH
XL, y>:xX'cx ycy S<S, N=N.

3agaga otOopa Hambojee 3HAUMMBIX IMPU3HAKOB CO-
CTOUT B TOM, YTOOBI A BBIOOpKH <X, Y> IONyYUTH
<X, y>: X' X y'=y, $'=S, N'<N.

3agaya (OpPMHUPOBAHMS HCKYCCTBEHHBIX IPHU3HAKOB
JUIsl BBIOOPKH <X, Y> COCTOMT B TOM, 4TOOBI IOJYyYHUTH
<X, y>: x'=f(x), y'=y, S'=S, N'<N.

Jns 3amanHON BBRIOOpKH HaOMIOmeHWH <X, Y> 3amada
(hopMUpPOBaHMS XAIIUPYIOMIETO MPEOOPA30BAHNSA COCTOUT
B TOM, 9T00BI ONTyunTh <X', Y>: X'=f(X), y'=y, S'=S, N'=1.
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2 OB30P JIMTEPATYPbBI

Mertoapl 0TOOpa IK3EMIUIIPOB MOKHO pa3/ieiuTh Ha
JIeTepPMUHUPOBaHHbIE [3], KOTOpPbIE OCHOBAHBI HA YKECTKO
3aJlaHHBIX CTPATEerWsAX IOMCKa PEIIeHUI M cToXacTHye-
ckue [5], KOTOpbIe TPEACTABISIOT COOON CTpATerud Iie-
pebopa ciryuaiino popmupyeMsix HabopoB perieHuid. O6e
TPYIIIBI METOI0B OTOOpA AK3EMIUIIPOB TPEOYIOT 3a/laHus
KpHUTEpHUsi 0TOOPa M OIEHKH PELICHHH, KPUTEPUS OCTaHO-
Ba, a TaKXKe CHOCOO0B (pOpMHUPOBAHMS HOBBIX pPEIICHHUN
Ha OCHOBE paHee PaCCMOTPEHHBIX.

Xsmmpytomue npeodpasosanus [12—14] otobpaxaror
9K3eMIUIpel U3 N-MEpHOro HMCXOAHOTO IPOCTPAHCTBA
MPU3HAKOB Ha OJTHOMEpPHYIO och Xx3mia. [lo cyTtu xaumpo-
BaHHE MOXKHO PAacCMaTpHUBATh KaK Pa3HOBHIHOCTH METO-
JI0B ()OPMHUPOBAHHSI UCKYCCTBEHHBIX ITPU3HAKOB.

KiroueBbIM CBONCTBOM XdHIeW Ui 3ajad paclo3Ha-
BaHMs 00pa30B SBISIETCS COXPaHEHNE MPOCTPAHCTBEHHON
TOIOJIOTHU MCXOJHOTO IIPOCTPAHCTBA NPU3HAKOB HA OCH
XoI1a — npusHaka. [loaToMy cpemy Bcex M3BECTHBIX Me-
TOJIOB pacueTa X3IIeH IeIeco00pa3sHO OTPAaHWINUTHCS JI0-
KaJIbHO YyBCTBHTEIBHBIM X3IIupoBanueM [15-17], koto-
poe CTpeMHuTCs MOCTPOUTH XJIIUPYIOMKE Hpeodpa3oBa-
HUsI, KOTOPBIE MO3BOJIAT OTOOPA3UTh PACCTOSHUS MEXIY
SK3eMIUISIpaMH B HMCXOJHOM IPOCTPAHCTBE MPU3HAKOB B
paccTosHUS B IPOCTPAHCTBE.

MHorue MeTojbl JOKAIbHO YyBCTBHTEIHLHOIO XODIIH-
poBaHus [15-17] onpenenstor Xau1 Ui S-TO dK3eMILIsIpa
BBIOOpKH TI0 (hopMmyJie:

Xs = Zijﬁ )

=1

VmeHHO crioco0 pacuera BECOB IPU3HAKOB ONPEeis-
eT OTJIMYMe METOJOB JaHHOW Tpynmbl. B OonbnimmHCTBE
U3BECTHBIX METOJOB BEca ONPENEISIOTCS B PEe3ysbTare
UTEPAaTHUBHOIO mepedopa CilydalHbIX OTOOpaKEHHH U3
HCXO/IHOTO Habopa MPH3HAKOB HA OCh XOIIa, YTO SIBJISCT-
csl BeChMa 3aTPaTHBIM MO BpeMeHH. [1o3ToMy uisi ycKko-
peHus mpolecca onpeereH:s BeCOB He0OX0AUMO pa3pa-
0oTaTh IeTepMUHHPOBAHHBINA METOI.

OrmpeenuB X3IIM 9K3EMIUIIPOB, HEOOXOAUMO Ha HX
OCHOBE CO3JaTh IOKA3aTeld, ITO3BOJISIOLINE OLCHUBATH
3HAYMMOCTb 3K3EMIUIIPOB B IMPOCTPAHCTBE XdIIA, YTO
TI03BOJIUT UCKIIFOYUTH HEOOXOJUMOCTB 3arpy3KH B IIaMSTh
OBM MHOTOMEpHOW BBIOOPKH, a TaKXKE OMCPUPOBAHMUS
MHOT'OMEPHBIMH OMNHUCAHUAMU OK3EMILIAPOB. 9TO 1O3BO-
JIMT TAKXKC 3HAYUTCIIBHO COKpPATUTH O6"beM BBIUMCJIEHUH
M0 CPaBHEHHIO ¢ 00pPaOOTKON BBIOOPKH BO BCEM HCXOJ-
HOM IMPOCTPAHCTBE MTPU3HAKOB.

3 MATEPUAJIBI U METO/bI

Jus uckmroueHust mepebopa CIyYaHBIX TPOCKITHIA
BEIOOPKH W3 HWCXOJHOTO TMPOCTpPaHCTBA OyIeM paccMar-
pHUBATh MEPAPXHI0 Pa3OMEHMH MPOCTPAaHCTBA MPHU3HAKOB
Ha o0mnacTH, 3aMeHss B OOIIEM CiIydac BEIECTBEHHBIC
3HAYEHMs NPU3HAKOB HA TUCKPETHBIE HOMEPA HHTEPBAJIOB
10 OCH MPH3HAKA, CTPEMSICh JUIS KaXKI0To MPH3HAKa Haii-
TH Takoe pa30MeHHe Ha WHTEPBAJIbI, IPU KOTOPOM YHCIIO
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HHTECPBAJIOB OyIET HAUMCHBIIUM, HO O0CCIICUHBAIOIINM
TpeOyeMyro TOYHOCTh. Tora Beca MPU3HAKOB OMPEICITUM
C Y4EeTOM 4HCIla MHTEPBAJIOB, CPOPMUPOBAHHBIX IS Ka-
JKJIOTO MpHU3HaKa. YeM MEHbIIe HY)KHO HHTCPBAJOB JIJIS
oOecrieucHHs MPUEMIIEMOM TOYHOCTH, TeM 00JIee IICHHBIM
SIBIISICTCSI COOTBETCTBYFOIIUH MTPH3HAK.

DopManbHO TPEUIOKEHHBIT METOA  XAIIUPOBAHMUSA,
peaTu3yIONINil ONICaHHBIC BBIIIC UICH, MOKHO TpEICTa-
BUTH CIICIYIOIIAM 00pa30OM.

Oran Muunwmanm3anuu. 3agaTh UCXOTHYIO BBEIOOPKY
<X, Y>>, a TakKKe MaKCHUMaJIbHO JOIIYyCTUMOC 3Ha4YCHHC
omnOku 0 < g <<S. HopMupOBaTh 3HAYEHHS [IPU3HAKOB,
0ToOpa3uB ux Ha uHTEepBai [0, 1]:

xj— min {x’}
8 = i=1,2,..,N
max {x’}— min {x%}
i=1,2,.,N i=1,2,.,N

Ortan 3aganus npeaena pa3oueHus npuzHakoB. Ompe-
JETHUTH MPEeIeNIbHOE YUCIIO PaBHBIX 110 JUIMHE HHTEPBAJIOB
Q, Ha KOTOpBIE Pa3OUBAIOTCS AWAIIa30HbI 3HAYSHHUH MpHU-
3HAKOB: He OoJiee ueM S, HO He MeHee yeM K. DBpucTuue-
CKH MOXHO PEKOMEHI0BATH IPUHATH!:

Q=S

1501051
Q=max{[log, S| , min{S, 2K}}.

Jlnst Beex j =1, 2, ..., N IpHHATH YHUCIIO WHTEPBAJIOB,
Ha KOTOpBIC pa3OWBaeTCs MUAla3oH 3HAYCHHUH j-TO TIpH-
3HaKa,Q, = Q.

Dtan pa3bueHnst MPU3HAKOB. JIJIs KaXkI0TO J-TO TIpH-
3HaKa, j =1, 2, ..., N BBITOIHATH MOCIIETOBATENHHO MyHK-
Thl 1-4:

1. Pa30uth auamna3oH 3HAYCHHMIl j-ro MpH3HAKA HA Q

PaBHBIX IO JUTHHE HHTEPBAJIOB.

2. JIist KaKaoro (-ro MHTEpBaia 3HAYEHHH j-TO MpH-
3Haka, 0=1,2,..., Q ;> OTIPE/ICIUTh:

— YHCJI0 9K3EMIUISIPOB K-ro Kiacca, MomaBmikux B HETO
S}, k=1,2,..,K;

— omMOKy JUTS KaKI0T0 (-T0 WHTEpBala 3HAYCHHH |-
ro TIpU3HaKa:

s s
Ejg=2 2{ll-1<Qxj-q<0-1<Qxf -q<0,y® = yP}.

s=1p=s+1

3. Onpeneiuth CyMMapHYIO OIIMOKY ISl BCEX MHTEP-
BAJIOB j-TO MPH3HAKA:

m
I

S
m

NN

o
LN
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4. Ecnu ommbKa Uil BCeX WHTEPBATIOB j-TO MpHU3HAKA
E j ABIACTCSA npuemiemoit (Ej <e), T0 cokpaTuTh Hrc-
JO WMHTEPBAJOB |-r0 MpU3HaKa B JBa pa3a, YCTAHOBUB
Q :’—Qj /2|, 1 nepelTu K 1. 1, B IpOTUBHOM ciyyae —
BEpHYTh MpEAbAyIee pa3OucHHE auana3oHa j-ro MpH-

3HaKa.
Otan pawxupoBanus npuzHakos. s j =1, 2, ..., N

ONPE/IETUT PAHIU NPU3HAKOB [ B MOpsIKE yBEIMUeHHs
Qj: 4yem OOJIbIIe QJ. , TEM MEHBIIIE PaHT j-r0 MpHU3HAKa.
Jlnist IpU3HAKOB C O/IMHAKOBBIMHU 3HaYeHMAMH Q; 9BpH-

CTUYECKH CUYUTATh 00JIeC BAXKHBIM (C 0OJIBLINM paHFOM)

TOT, KOTOpI)Iﬁ UHAWBUAYAJIbHO OoJlee 3HAYMM JJIsL BBI-

XOZ[HOﬁ HepeMeHHOﬁ, WJIK IpU3HAaK ¢ MCHbBIIUM HOMCEPOM.
DTaI pacyeTa BECOB. VcTanoBuTh Beca MPU3HAKOB:

N—rj
wj=| max {Qj} ,
i=L2,....N
6o
N*rj

[10}%2 J_JnQaXN{Qj}]
wj =2 o

B pesynbraTe BBINOJHEHUS TPEIUIOKEHHOTO METO/a
OyzeT nmosiydeH HaOOp BECOB, MO3BOJISIOIINK ONPEACISTH
JIOKQJIFHO YyBCTBHUTEJIBHBIE X3IIN 3K3EMIUISIPOB.

X3MIM 3K3eMIUIIPOB, TOJMYYEHHBIX HA OCHOBE BECOB
MIPU3HAKOB, ONPE/IEIICHHBIX MPEIOKECHHBIM BBIIIE METO-
JIOM, MOKHO HCIIOJIb30BaTh ISl OLEHKN MH()OPMATHBHO-
CTH W O0TOOpa 3K3eMIUIAPOB. [I0GOYHBIM pe3yIabTaTOM
MPEAT0KEHHOTO METOJa SIBIISIOTCS BEca MPU3HAKOB, KO-
TOpbIE BO3MOXKHO HCIIOJb30BaTh HE TOJILKO JUIS OTpeJie-
JICHUsL XOIICH, HO TaKKe W JJIs OICHHUBaHHS HH(OpMa-
TUBHOCTH IIPU3HAKOB.

[TockosbKy X3IIM, pacCUMTaHHBIE Ha OCHOBE IMPEJJIO-
JKEHHOTO METO/Ia, SIBJISIFOTCSI aHAJIOTOM PAaCCTOSHHS MEX-
JIy 9K3eMIUIIpaMH, TO Uil HUX TOJ00HO METOMy ITOTEH-
uuaioB [18] BO3MOXKHO ONpEAeNUTh MOTEHIMAIbI, HABO-
JMMBIE KJlaccaMH. B cBoro ouepenb, MoKazaTelb 3HAYM-
MOCTH DK3EMIUIIpa BO3MOXKHO OIPECINTh Ha OCHOBE
COTIOCTABJICHUS TIOTEHIMAIOB KJIaCcCOB, HABOJMMBIX Ha
sx3eMIunsip. KomOunupys onpeneneHHbIM 00pa3oM MoKa-
3aTeNy MHAMBUAYAIbHOW 3HAYMMOCTH 3IK3EMIUISIPOB Iie-
J1eC000pa3HO OMpPEACINUTh MOKa3aTeIH TPYIIOBOIl 3HAUH-
MOCTH DK3EMILISIPOB.

Merto/ OlleHWBaHUSI 3HAYUMOCTH DK3EMIUIIPOB, pea-
JU3YIOIIUI ONMCAaHHBIE BBILIE MJIEH, BO3MOXKHO IpeJCTa-
BUTH CJIE/TYIOLINM 00pa3oMm.

Oran WHUOWATU3anuy. 3alaTh HCXOJHYIO BBIOOPKY
<X, Y> 1 HOpMHPOBAThH €€.

Otan ompezeseHusl BECOB IPU3HAKOB. Mcmomb3ys
MIPEAJIOKEHHBIN BbIIIIE METO/, HAWTH Beca MPU3HAKOB IS
pacdera x31en.
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Dtan omnpeaeiacHus xamiei. [t 9K3eMIUIIpoB BEIOOP-
KU HAWTH XDIIH {Xf }, s=1,2, .., S, ucrnonb3ys noxyueH-

HBIE BEca.
Dran pacueTa MOTCHIMAIOB. J[JIsl KaXKI0ro S-ro XsIia
sK3eMIusIpa, S = 1, 2, ..., S, onpeneauTs MOTEHIMAN, Ha-

BOZ[I/IMI)Iﬁ OK3CMILIIpaMi Pa3HbIX KJIIAaCCOB Ha ]18.HHI)II71
OK3CMILIAP:

k S 1
PY(x8) =Y ———p=s,yP =k¢,
p:1 +d:,p

k=1,2,.,K s=1,2,..,5S.

C HEesIBHO 3a/laHHBIM YYETOM BECOB IPU3HAKOB OIIpe-
TIEITUM:

d:’p — 6:’ p

8P =

X3 —x*p‘ .

Be3 yuera BeCoB MPU3HAKOB OIPEICTUM PACCTOSTHIE
X3lIed CIeIYIOHINM 00pa3oMm:

N
dsP = Z((Si’pmodwarg min N{,m‘rm_rjzl})_(gﬁ,Pmod wj )}

j:1 m=1,2

OTan onpeneneHus OLEHOK MHAWBHIYalbHOW 3HA4YH-
MOCTH 9K3eMIUISPOB.

DK3eMIULIp B IPOCTPAHCTBE IPU3HAKOB TEM JIerde OT-
JACIUTL OT JAPYTHUX JK3CMIUIAPOB, YEM 60.]1])1]_[6 MHWHU-
MaJibHas pa3HOCTb MOTCHIMAJIOB KJIaCCOB, HABOJUMBIX Ha
Hero. To ecTb, yeM MeHbIlIe MHHUMaIbHasl Pa3HOCTh I10-
TEHIMAJIOB KJIACCOB, HABOIUMBIX Ha JK3EMIUIIp, TEM
CIIOXKHEE €ro OTAEIUTh OT HK3EMIUIIPOB B IIPOCTPAHCTBE
MIPU3HAKOB — TaKOH 3K3eMIuIp OyIeT neHHee MO CpaBHe-
HHIO C JIPYTHMH SK3EMIUIIPaMHU ISl TIOCTPOCHUSI MOJCIIH,
T.K. OH BEPOSATHO OJIMKE K MEXKKIIACCOBOI IpaHHIIE.

COOTBETCTBEHHO, OIPENeNIMM MOKa3aTelb HHIUBHIY-
QIBHOW 3HAYMMOCTH S-TO dK3eMIUIsipa (CTpaTerusi MHUHH-
MyMa Pa3HOCTH IOTEHIIMANIOB):

1

I+ min { min {|PX($)-PIX$) |1}
k=l,..,.K q=k+L...,K

S
¥ =

JlaHHBIN TOKa3zaTenb OyAeT MPUHUMATh 3HAYEHUS OT
HyJs 10 enuHuipl. OH OyZeT paBeH elIMHUIE B Ciydae,
KOrJa MOTeHIHal OJHOTO M3 KJIAacCOB, HAaBOJIUMBIN Ha
9K3EMILISIP, HE OyAET OTIMYaThCs OT HMOTEHIMAaNa Apyro-
ro Kjacca, HaBOAMMOIO Ha JTOT Xke 3Kk3eMIurip. Yem
cHIIbHEEe OYZIET y/AaleHHOCTh 9K3EMILISIpa OT MEXKIIAcCo-
BOW TpaHMIBI, TEM MeHbIIe OyaeT 3Ha4YeHHE TaHHOTO
MOKa3aTeIs.

AJbTEpHATUBHO MOKa3aTelb WHIMBUIYaJbHOW 3Ha-
YUMOCTH S-TO 3K3EMIUIIpAa BO3MOXKHO OIpEAEIUTh Ha
OCHOBE CPETHET0 3HAUCHUSI Pa3HOCTEH MOTECHIUAIOB:

1

1 K X K, S S .
14 e |PX(x&)-PI(xd) |
0,5K(K —1) gq:zk:+1

£ =
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JanHblil nokazaTenp OyneT NPUHUMATh 3HAYEHHS OT
Hyis 0 equHuibl. OH OyZeT paBeH eIUHUIE B Cilydae,
KOr/la B CPEJHEM IOTEHIMAIBI KJIaCCOB, HABOAMMBIE Ha
9K3EMIULIp, He OyJIyT OTJIMYaThCs OT MOTEHIHANIOB JIpY-
THX KJIaCCOB, HABOJMMBIX Ha ATOT e SK3eMIULip. Yem
CHIIbHEE OYyZET y/IaIeHHOCTh 9K3EMIUIsIpa OT MEXKIIAcCo-
BOW TpaHMIBI, TeM MeHbIIe OyIeT 3Ha4eHHEe JAHHOTO
ToKa3arels.

AHaNOTHYHEIM 00pa30M, KOMOMHUPYS MUHUMAJIBHYIO
U CPEIHIOI CTpaTerny OOBEIMHEHUs Pa3sHOCTEH IOTEH-
L[AJIOB, HABOJMMBIX Pa3HbIMH KJIaCCaMH Ha JAaHHBIA 3K-
3EeMILIAP, OTPEAEIUM NOKa3aTelH:

— Ha OCHOBE CTpaTerMd MHHUMYyMa CpPEJHEH pa3HOCTH
HOTEHIUAJIOB!

1

K
. K S AryS
1+ min {——— 3 |PKOE)=PIx) |
k=L,...K | (K =K) q=zk:+1

S
2 =

il

— Ha OCHOBE CTpaTerur CpCIHETO MHUHHUMYMa pa3HoO-
CTH IIOTCHIIUAJIOB:

1

12 = )

1K . K S q,.S

1+?Zq krﬂn {|P " (x)—P(xz) |}
k=147 T

Orarn onpeneseHns rPyMIoBbIX OLEHOK HH(POPMAaTHB-
HOCTH 3K3eMIUIIpoB. Ha oCHOBE paccunTaHHBIX WHIUBU-
JyaJIbHBIX OLIEHOK MH()OPMATHBHOCTH 3K3EMIUIIPOB OI-
pENeNUTh OIEHKH TPYIIOBOH MH(POPMATUBHOCTH JK3EM-
IJISIPOB HA OCHOBE OJJHOW M3 CTPATErHil:

— Ha OCHOBE CTpPaTernd MHHMMyMa WHIWBHyaIbHBIX
OLICHOK MH(OPMATHBHOCTH IK3EMIUIIPOB B rpyrme G:

I*(G)=S:1n,12125{|* |x* G}

—Ha OCHOBE CTpPaTerMH CpedHEW WHAMBUIYaJIbHON
MH(POPMATUBHOCTH IK3EMILISPOB B rpymre G:

S
1.(G) :SLZ{LE |x* G} -

G s=1
I/IH,HI/IBI/IZ[yaJ'II)HLIG " IpyHIIOBbIC OLNCHKH 3HAYMMOCTU
OK3CMIUIAPOB BLI60pI<I/I, MOJIYUYCHHBIC HAa OCHOBC IPEAJIO-
KCHHOro Me€roja, MOI'YT 6LI HCIIOJIB30BAHBI KAaK B neTep—
MPIHI/IpOBaHHLIX Ta U B CTOXAaCTHUYECKUX METOHaX (1)0pMI/I—
poBaHHUs BHIOOPOK. BaxHOI 0COOCHHOCTHIO TTOTYYCHHBIX
nokasarejieli 3HaYUMMOCTH 3K3€MHHﬂpOB SABJIISACTCA TO, YTO
OHH HE TPeOYIOT IMOCTPOSHHS MOJEINEH [UIS ONpeneeHIs

3HAYUMOCTHU 3K36MHJI5IpOB.

Jnis oneHuBaHMs WH(GOPMATUBHOCTH MPU3HAKOB Ha
OCHOBE BECOB, ITOJYYEHHBIX MPH (POPMHUPOBAHHUU XDIIEH,
MPOHOPMHPYEM Beca, MOJYIUB TAKMM 00pa3oM rmokaszare-
JIM UHIUBUYJTbHON HH(POPMATUBHOCTH TPH3HAKOB:

W
N
W
i=1
100

| Wj

T
max W,
i=1,2,4..,N{ I}

]

6o
w; - mlnN{Wi}

i=1,2,...,

Jmax {W}— min {W}

[IpennoxxkeHHblil MNOKa3aTellb WHIMBUIYAJIbHOU HH-
(opMaTHBHOCTH TPU3HAKOB OyAeT MPUHUMATH 3HAYCHUS
OT HYJS 10 €AWHUIIBI: YeM MEHBIIe OyIeT ero 3HaueHHe,
TEM MeHee HH()DOPMATHBHBIM SBJSICTCS IPHU3HAK, YEM
Gorpiie Oyner ero 3HadeHHe, TeM OoJjiee MHANBUAYAIBEHO
MH(OPMATUBHBIM SIBJISIETCS MMPU3HAK.

4 SKCIIEPUMEHTBI

JIist M3y4deHus1 CBOMCTB MPEyIOKEHHBIX METOIO0B OHU
OBUTM TIPOTPaMMHO PEaTN30BaHbl U WUCCIIECIOBAHBI IIyTeM
pemieHusl psifa NMpaKTHYECKUX 3ajad Paclio3HaBaHUS U
nmuarHoctupoBanns [19-21], XapaKTepHCTHKH KOTOPBIX
mpuBeeHsl B Tabm. 1. 31eck pa3MEpHOCTh BBIOOPKH
n=NS.

st xaxaol INpakTUYECKOW 3aJaud IMPOBOJIMIIMCH
9KCTIEPUMEHTHI 110 COKPAIIEHHIO Pa3MEPHOCTH BBIOOPKH
J10 TOCTHKEHMS 3aJlaHHOM NMPUEMIIEMON TOYHOCTH — OT-
JIETbHO Ha OCHOBE OTOOpa SK3EMIUISIPOB, OT/AENHHO Ha
OCHOBE 0TOOpa MPHU3HAKOB, a TAKIKE COBMECTHO Ha OCHO-
Be 0TOOpa IK3EMIUIIPOB M NPU3HAKOB. MoOJenu CTpou-
JIUCh Ha OCHOBE MHOTOCJIOWHOW HEHPOHHOW CETH MPSIMO-
ro pacupocTpaHeHusl curHana. Yuciao ciioeB rocienoBa-
TEJIFHO MEHSUIOCH OT OJJHOTO JI0 TpeX. UnCIio y3110B BXO-
HOTO CJIOSl 337aBaJlOCh PAaBHBIM YHCIY HCIIOIb3YEMbIX
MIPU3HAKOB, HA ITOCIETHEM CIIO€ PAcIioyiarajcsi OfUH BbI-
XOTHON HEWpoH (3aJadu paccMaTpUBANKCH Kak OWHap-
HbIe). UHCI0 HEMPOHOB CKPBITOTO CIIOSA MOIOHPalioch B
aBTOMAaTHYECKOM PEXUME TaM, YTOObI TPU MUHUMAIbHOM
YHCIIe HEHPOHOB 00ECTICUUTh IPUEMIIEMYIO TOYHOCTb.

5 PE3YJBTATBI
Pe3ynbTaThl MPOBENCHHBIX 3KCIIEPIMEHTOB MpPHUBEIC-
HBI B Ta0II. 2.

Tabmmna 1 — XapakTepuCTHKHU NMPAaKTHIECKHUX 33124

3agaua Onucanue N S n K

Iris Krnaccuguxanus uprucos @unrepa [19] 4 150 600 2

Plant Kraccudukanus cenbCKOX03sUCTBEHHBIX PACTEHUH IO JTaHHBIM JHC- 55 248 13640 2
TaHIIMOHHOTO 30HaupoBaHu [20]

Bronch Juddepennpanbaas IUArHOCTHKA XPOHUYECKOTO OOCTPYKTHBHOTO 28 205 5740 2
Oponxwura [21]

Vehicle | PacmosHaBanue THIa aBTOTPAHCIOPTHOIO CPEICTBA MO M300PaKCHHUIO 26 3992 103792 2
[22]
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Tabmmna 2 — Pe3ysibTaThl 9KCIICPHMEHTOB

3anaua Tum sxcriepuMenTa S/S! N/N' n/n' tt M/M'
Iris OT00p 5K3EeMILIIPOB 1,88 1,00 1,88 1,76 1,44
Plant OT00p SK3EeMILIIPOB 3,40 1,00 3,44 2,97 2,36
Plant OTt00p NpHU3HAKOB 1,00 6,11 6,11 4,58 5,33
Plant OT160p 3K3eMIIIIPOB U NPU3HAKOB 3,31 6,11 18,19 7,82 11,71
Bronch | OT60op 3K3eMIUIIpOB 2,01 1,00 2,03 1,57 1,51
Bronch | Ot6op npu3HakoB 1,00 1,56 1,65 1,15 1,56
Bronch | OT60p 5K3eMIUIIPOB M NPU3HAKOB 1,92 1,47 2,82 2,78 2,04
Vehicle | OT6op 5K3eMIUIIpOB 2,18 1,00 2,18 1,66 1,59
Vehicle | Ot6op npu3HaKkoB 1,00 1,73 1,73 1,35 1,40
Vehicle | OTOO0p 9K3eMIUIIPOB ¥ IPU3HAKOB 2,16 1,53 3,12 2,90 2,38

6 OBCYXXJIEHUE

Kak BumHO U3 Tabn. 2, BBIOOPKH, peaylMPOBAaHHbIE C
MIOMOIIBIO TPE/IOKEHHBIX METOOB, MO3BOJISIIOT JIOCTH-
rath MPUEMJIEMOH TOYHOCTH IPH CYIIECTBEHHOM COKpa-
IMIEHUH YHCIIa IK3EMIUIIPOB M YWCIa MPU3HAKOB, & CaMu
X3LIM MOTYT HCIIOJIb30BaThCsl KaK 3aMEHa WM JIOIOJIHE-
HHE HCXOJHOTO MM COKpPAaIleHHOTO0 Habopa NMpU3HAKOB
IpU TOCTPOCHHUH AWATHOCTHYECKUX M PaCHO3HAIOIINX
Mozeneld. Mcmonp3oBaHUE pPEAyIIMPOBAHHBIX BEIOOPOK
MMO3BOJISICT COKPATHUTh 3aTPAaThl BPEMEHH W ITAMATH Ha
ITOCTPOEHIE MOJIENEH, a TakKe MOBBIIIAET UX 0000IIaro-
M€ CBOWCTBA MO CPABHEHHUIO C MOAECISIMH, 00y4aeMbIMU
Ha OCHOBE UCXOJHBIX BEIOOPOK.

[To cpaBHEHHMIO C METOJAMHU JIOKAJIFHO YyBCTBHUTEINb-
HOro x3mmpoBaHus [15—17] mpennokeHHBIH METOA OIl-
penesicHUs BeCcOB He TpeOyeT WTepaTHBHOrO Imepedopa
npeoOpa3OBaHUi U SIBIISETCS IETEPMUHUPOBAHHBIM.

[To cpaBHEHHIO CO CTOXaCTHMYECKHMHU MeTonamMu (op-
MHPOBaHHsI BEIOOPOK [5, 8] MpeioskeHHBII METO/I pacye-
Ta ToKa3aTeneii nHPOPMATHUBHOCTH SK3EMIUIIPOB HE Tpe-
OyeT TOCTPOCHHUSI MOJIENEH, a TaKKe ABISACTCSA NETePMHU-
HUpOBaHHBEIM. [l0 CpaBHEHHIO C ETEPMHHHUPOBAHHBIMH
Metogamu [4] TpeUIoKeHHBII METOJI MO3BOJISET B aBTO-
MaTHYECKOM PEKUME OICHUTH 3HAYMMOCTH SK3EMIUISIPOB
0e3 ydJacTusi 4YeloBeKa, a TaKXkKe C y4eTOM TOMOJOTHU
KJIaCCOB.

BbIBO/bI

Pemena axtyanbHas 3aqada co3JaHus MeTona oTOOpa
Hanbosee WHPOPMATHBHBIX K3EMIUISIPOB Ha OCHOBE X3-
IIMPOBAHUS ISl YMEHBIICHNS BPEMEHHBIX 3aTpaT Ha CO-
KpaleHne pa3MepHOCTH JaHHBIX.

Hayuynasi HOBU3HA TIOJTyYEHHBIX PE3yJIbTaTOB COCTO-
UT B TOM, YTO:

— MPEATIOKEH METOJI pacueTa BECOB sl ONpe/e/IeHUs
X3IIEH DJK3EMIUISIPOB, KOTOPBIM JIETEPMUHHPOBAHHBIM
croco0oOM oIpezesfieT Beca NPU3HAKOB HAa OCHOBE HX
PaHroB, KOTOPHIE, B CBOKO OYEPE/Ib, OIPEEIAET C yUETOM
YKcia PaBHBIX Pa3OMCHHMI TUANa30HOB MPH3HAKOB, MU-
HUMAaJIbHO JOCTaTOYHOTO JUIS BBIAEICHUS KJIacTEpOB Ha
OCH MPHU3HAKA C IPUEMIIEMOM TOUHOCTBIO. DTO MO3BOJSAET
HCKIIIOYATh HEOOXOIMMOCTh HTEPaTUBHOTO Iepedopa
pa3NMYHBIX KOMOWHAIWi MPU3HAKOB, ONPEICICHUS CITy-
YallHBIX MPOEKUUH NPU3HAKOB, a TAK)XKE pEIICHUE UTepa-
TUBHBIX ONTHMM3AIMOHHBIX 337ad IIOMCKAa HAWTydIIeH
MIPOEKINHU MPU3HAKOB, YTO CYIIECTBEHHO COKpAINACT 3a-
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TpaThl BPEMEHU Ha PacueT BECOB, NIPU 3TOM oOecreunBas
JIOKJIBHYIO 1yBCTBUTEIBHOCTH X31Ia. [lomydeHHsle xammm
BO3MOXKHO HCIIONIb30BaTh Kak AJIsI 0TOOpa 9K3eMILLIPOB,
TaK  JJ1sl 0TOOpa MPHU3HAKOB;

— MPEJUIOKEH METOJ ONpeNesieHHsT MHAWBUIYaTbHOU
U TPYNIIOBOM 3HAYMMOCTH 3K3EMIUIIPOB BBIOOPKH, B KO-
TOPOM HCTIONIB3YET KaK MEPY CXOJCTBA PAaCCTOSHUS MEX-
JIy X3IIaMH 3K3EMIUIIPOB U 110 aHAJIIOTHU C METOJIOM II0-
TEHIMAJIOB HaXOJWUT MOTEHIMAIBI, HABOAMUMBIC KlacCaMy
Ha KXl 3K3EMIUIIP, & HA UX OCHOBE OMNPEACISIET I10-
KazaTelI 3HAYMMOCTH SK3EMIUIIPOB, UCXOAS U3 TOTO, YTO
9K3EMIUISIp B IIPOCTPAHCTBE MPU3HAKOB TeM HHGOpMa-
TUBHEE, YEM MEHbIIIE MHHUMAJbHAsI Pa3HOCTh [TOTEHLIUA-
JIOB KJIACCOB, HABOAMUMBIX Ha 3K3EMILISID;

— IIPEUIOKEH METOJ OIpEeNIeH!s OLEHOK MH(popMa-
TUBHOCTU TPU3HAKOB, KOTOPHI Ha OCHOBE HOPMHpPOBa-
HUsI BECOB, IIOJIyYCHHBIX NpU (OPMHUPOBAHMU XOILEH,
OTIpeJieIsieT MoKa3aTesid WHPOPMATUBHOCTH IPHU3HAKOB,
OTJaBasi MPEIIIOYTCHUE NPU3HAKAM C MEHBIIUM YHCIIOM
pa30ueHuil.

IIpakTHYecKasi EHHOCTh TTOJyYEHHBIX PE3yIbTAaTOB
COCTOHUT B TOM, YTO NPOBEJICHO 3KCIEPUMEHTAIBHOE HC-
clleJoBaHUe, TIOATBEPAUBIIEEe pabOTOCIIOCOOHOCTh TMPea-
JIOKEHHBIX METOJOB IPU PELIEHUH IMPaKTHIECKUX 3a/1a4
paclio3HaBaHUSI W JAWArHOCTHpoBaHus. Pa3paOoranHoe
MaTeMaTH4ecKoe 00ecreueHne MOXKET ObITh PEKOMEHI0-
BaHO JUIA PEIICHUS 33/ad COKpAICHUs pPa3MEepHOCTH
JAHHBIX.

IlepcneKkTHBBI AaJbHEHIINX HCCIEIOBAHUI COCTO-
AT B TOM, YTOOBI M3y4UTh PabOTOCIIOCOOHOCTH MpEIyIo-
JKEHHBIX METOZIOB Ha OoJiee IIMPOKOM KIilacce 3ajad, pac-
CMOTpETh TMPHUMEHUMOCTh IPEIJIOKEHHOTO METOoha JUIs
337124 C BEIIECTBEHHBIM BBIXOIOM.
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AHOTANIA
AKTyadbHicTb. 751 CKOPOUSHHST PO3MIPHOCTI JaHUX IPH NOOYIOBI AIarHOCTHYHUX 1 pO3ITi3HABAIBHUX MOJieiell BHHUKAE

HeoOXiHICTh BinOOpy HalOLIbII iHPOPMATUBHUX €K3EMIUIAPIB, @ TAKOXK BiNOOpY HaHOiIbLI iHPOPMATUBHUX O3HAK. BUTpaTtu
9gacy Ha OKpPeMy peasi3allifo JaHuX IIPOLeIyp € BHCOKIMH BHACIIIOK iTEpaTHBHOCTI 1 B3a€MOIIOB'I3aHOCTI IIUX TIPOLEIYD.

© Cy606oruH C. A., 2020
DOI 10.15588/1607-3274-2020-3-12

135



e-ISSN 1607-3274 PanioenexkrpoHika, iHpopmartuka, ynpasiinss. 2020. Ne 3
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2020. Ne 3

Meta. MeTa poOOTH — CKOPOYCHHSI BUTPAT Yacy Ha CKOPOYCHHS PO3MIPHOCTI JIAHHUX IIUISIXOM CTBOPEHHSI METOJy BiOOpYy
HaWO1Ib1I IHPOPMATUBHUX E€K3EMIUIAPIB HA OCHOBI XELTyBaHH:.

MeToza. 3anponoOHOBAaHO METO]] PO3PaxyHKy Bar JUlsl BH3HAUEHHS XENIB €K3eMIUIIPIB, SIKMH ETEPMIHOBAHUM CIIOCOOOM
BU3HAYa€ BarM O3HAK Ha OCHOBI iX paHriB, SIKi, y CBOIO Yepry, BU3HAYAE 3 ypaXyBaHHIM KiIbKOCTI piBHUX PO3OUTTIB Aianaso-
HIB 03HAaK, MiHIMaJIBHO JIOCTATHBOI U BUALJICHHS KJIACTEPiB Ha BiCi O3HAKM 3 MPHHHATHOIO TOYHICTIO. Lle 03BOIsIE BUKITIO-
YUTH HEOOXiJHICTb ITEpaTUBHOTO nepedopy pisHUX KOMOIHALil O3HAK, BU3HAYEHHS BUIIAJKOBUX MPOEKIIM O3HAK, a TAaKOXK
BUPIIICHHS ITEpaTHBHUX ONTHMI3alifHUAX 337124 MOUIYKY HaWKpamIol MpoeKii 03HaK, 0 iCTOTHO CKOPOUYY€ BHTPATH Yacy Ha
PO3paxyHOK Bar, pu [bOMY 3a0€31eUyI0UH JIOKAJIbHY Yy TJIMBICTh xema. OTpuMaHi Xelli MOXIJIMBO BUKOPUCTOBYBATH SIK JUISI
Bi100OpY €K3eMIUISPIB, TakK 1 I BiZOOPY O3HAK.

3anporoHOBAaHO METO/ BU3HAYEHHS IHAUBILyaNnbHOI Ta IPYHOBOi 3HAUMMOCTI €K3eMIUIAPiB BUOIPKH, 1110 BUKOPHCTOBYE SIK
Mipy MOJIOHOCTI BiJICTaHb MiX XEIIaMH 3pa3KiB 1 3a aHAJOTIEK 3 METOJOM IMOTEHIAiB 3HAXOAUTh TMOTEHIIATH, 1[0 HABO-
JUITBCST KITAaCaAMHU Ha KOXEH EK3eMIUISp, a Ha iX OCHOBI BU3HAYAE MOKA3HUKH 3HAUYNIOCTI €K3eMIUISIPIB, BUXOASYH 3 TOTO, IO
EK3EeMILISP B MPOCTOPI O3HAK TUM iH()OpPMATHUBHIIIIE, YAM MEHIIIEC MiHIMaJIbHA PI3HHUII TTOTCHIIANIB KJIACiB, 10 HABOJATHCS HA
eK3eMILIAP.

3anporoHOBAaHO METOJI BU3HAYCHHS OIIIHOK iH(OPMATUBHOCTI O3HAK, SIKMI Ha OCHOBI HOPMYBaHHS Bar, OTPUMaHHX IPU
(opMyBaHHI XelliB, BU3HAYAE TOKA3HUKHU 1HYOPMATUBHOCTI 03HAK, BiAI0UN IIepeBary 03HaKaMH 3 MEHIIOIO KUIBKICTIO PO3-
OUTTIB.

PesyabTaTu. [IpoBeieHO eKcriepuMEHTaIbHE JTOCIIIKCHHS, SKE IiATBEPANUIIO MPALE3JaTHICTh 3alPOTIOHOBAHUX METO/IIB
IIPY BUPILICHHI IPAKTUYHUX 3aBaHb.

BucnoBku. Po3poGiieHe MaTemaTHuHe 3a0e3MeueHHs MOKe OyTH PEKOMEHIOBAHO JIUIsi BUPIIICHHS 3aB/IaHb CKOPOYCHHS
PO3MIPHOCTI 1aHUX.

KJFOYOBI CJIOBA: ex3emIusip, 03HaKa, iHGOPMATUBHICTh, XEITYBaHHS, XCIII, CKOPOYCHHS PO3MIPHOCTI BUOIPKH.

UDC 004.93

EVALUATION OF INFORMATIVITY AND SELECTION OF INSTANCES BASED ON HASHING
Subbotin S. A. — Dr. Sc., Professor, Head of the Department of Software Tools at the National University “Zaporizhzhia
Polytechnic”, Zaporizhzhia, Ukraine.

ABSTRACT

Context. To reduce the data dimensionality in the diagnostic and recognition model construction, it becomes necessary to
select the most informative instances, as well as to select the most informative features. The time spent on the separate imple-
mentation of these procedures is high due to the iterativity and interconnectedness of these procedures.

Objective. The purpose of this work is to reduce the time spent on reducing the data dimensionality by creating a method
for selecting the most informative instances based on hashing.

Method. A method for calculating weights for determining the hashes of instances is proposed, which determines the
weights of features based on their ranks in a deterministic way, which, in turn, determines, taking into account the number of
equal partitions of the ranges of features, the minimum sufficient to distinguish clusters on the axis of the feature with accept-
able accuracy. This eliminates the need for iterative enumeration of various combinations of features, determining random
projections of features, as well as solving iterative optimization problems of finding the best projection of features, which
significantly reduces the time spent on calculating weights, while ensuring the local sensitivity of the hash. The hashes ob-
tained can be used both for the selection of instances and for the selection of features.

A method for determining the individual and group significance of sample instances is proposed, in which it uses the dis-
tance between the hashes of the instances as a measure of similarity and, by analogy with the potential method, finds the po-
tentials induced by the classes for each instance, and on their basis determines the indicators of the significance of the in-
stances, based on the fact that the instance in the feature space, the more informative the less the minimum potential difference
of the classes induced on the specimen.

A method for determining the estimates of the informativeness of features is proposed, which, on the basis of normalizing
the weights obtained during the formation of hashes, determines the indicators of the informativeness of features, giving pref-
erence to features with a smaller number of partitions.

Results. An experimental study has been carried out, which has confirmed the efficiency of the proposed methods in solv-
ing practical problems.

Conclusions. The developed software can be recommended for solving problems of data dimension reduction.

KEYWORDS: instance, attribute, informativeness, hashing, hash, reduction of the sample size.
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SOLUTION OF THE PROBLEM OF PLACING MEDICAL FACILITIES
IN CITY DEVELOPMENT PROJECTS
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ABSTRACT

Context. The problem of rational allocation of medical facilities of inhabited locality was considered. Methods of evaluating the
effectiveness of using the existing medical network and finding ways to improve it when implementing urban development projects
were proposed.

Objective. The goal of the work is to build and study the procedure for solving the problem of placing medical facilities, consid-
ering the existing infrastructure of the city to fulfill the accessibility requirements.

Method. A set of factors that affect the placement of a medical facilities and allow a systematic and reasonable decision to be
made in choosing a location has been formed. A method for solving the problem of the location of medical facilities, providing an
increase in their accessibility level considering the population, its spatial distribution, existing in the settlement of road junction and
traffic congestion is proposed. The procedure for solving the problem is presented in the form of an IDEFO model. The method is
based on geoinformation analysis of data, the results of which by spatial clustering are presented in the form of a set of cartographic
models, the aggregate of which allows to form a decision about the location. The method allows to assess the accessibility level of
existing medical facilities in the inhabited locality, create a list of places for their possible location, find areas of the locality that are
not in the access zone.

Results. The method of choosing the location of the medical center has been improved, which makes it possible to make deci-
sions based not only on the shortest distance from the center to the patient, but also on the level of its accessibility. For the first time,
the structure of information technology for multivariate analysis of a network of city medical centers for decision support systems
using GIS technologies is proposed.

Conclusions. The medical facilities location problem, which is in increasing the level of accessibility by expanding the area of
medical coverage of the territory in which the city population lives by using GIS was practically fulfilled as an IDEFO model that
defines the procedure for solving the problem and choosing the location of the medical center. The practical significance of obtained
results has been proven on a practical example — an analysis of the existing hospital system for the provision of emergency medical
care in Kharkiv.

KEYWORDS: accessibility level, coverage area, population, patient delivery time, IDEF0 model, geoinformation technologies,
network analysis, ArcGIS.

ABBREVIATIONS G — target function depending on the distance from the

GIS is a geoinformation system. medical center to the location of patients;
N — number of patients requiring the services of a

NOMENCLATURE medical institution (population of the microdistrict);
a — rate of housing area per person, m*/people; P, — number of services that a medical institution
B — statistical distance influence coefficient; provides for all k-patients which need services;
d), — distance to the k-th patient; R — accessibility level;
{E k } — patient of the city plurality; S, —area in which patients live;

F —volume of housing;
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S, —medical coverage area;

S — microdistrict area, ha;
S — normative housing density, considering the

number of storey’s, depending on the construction of the
city zoning, m*/ha;

t — time, the value of which depends on the maximum
permissible distance between the patient in need of the
service and the medical center providing the service;

norm

P _ rate of time to cover the distance between the
patient in need of the service and the medical center pro-
viding the service;

(x, ¥) — medical center coordinates;

(x, vx) — patient location coordinates, characterizing
the structure of their settlement in the city;

Z — the maximum number of patients who can be si-
multaneously provided with services in a medical center.

INTRODUCTION

Urban development is a natural process. City devel-
opment projects are aimed at improving the industrial,
economic, social sphere. However, in recent decades, the
social sphere of Ukrainian cities has developed and func-
tioned very unevenly, leading to a significant imbalance
in the range of services provided to the population. This
unevenness is manifested in the massive development of
trade, recreation and entertainment centers, fast food en-
terprises. At the same time, there is stagnation and de-
struction in housing and communal services, consumer
services, sports and medical fields, etc. The following
emphasizes the particular importance and relevance of
problems in this area [1], [2]:

— financing according to the “residual principle”, the
lack of opportunities for decent maintenance and repair
leads to the fact that many social facilities are liquidated,
their purpose is changed, depreciation of fixed assets in-
creases, the quality of services provided decreases;

— the pace of development of social infrastructure is
significantly lower than the pace of socio-economic and
cultural changes, which means that the existing infrastruc-
ture is not able to provide favorable living conditions,
improve the quality of life, etc.;

— one of the most important characteristics of social
infrastructure is the territorial distribution, which is af-
fected not only by local social policy but also by regional
and state social policy;

— the growing need of social services requires the de-
velopment and implementation of national policies aimed
at the development of social infrastructure, which should
reflect the specifics of each city, implementing specific
activities in each region and city;

— irrational spatial distribution of objects of the social
sphere complicates their use by the population, which is
significantly aggravated by the suboptimal work of public
transport, violating the principle of “walking accessibil-
ity”, wasting of free time, etc.

The healthcare sector deserves special attention, which
is a qualitative characteristic of the economically active
population: the state of the nation’s health directly affects

© Danshyna S. Yu., Nechausov A. S, 2020
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labor productivity and the prospects for socio-economic
development of society [3]. However, according to soci-
ologists, 76.4% of those who took part in the survey see
problems in the field of medical care, and every fifth con-
siders problems in the health care system as personal [4].
All this is compounded by the ongoing medical reform in
the country, the results of which, to date, have received
mixed reviews, both from specialists and from the gov-
ernment and the population.

These reasons lead to attention level growth to the
problem of finding effective ways to use the existing
medical infrastructure and finding directions for its en-
hancement to further improve the living conditions of the
population within the urban development projects.

The object of study in this work are models for
evaluating the effectiveness of using the existing medical
network and finding ways to improve it when implement-
ing urban development projects.

The subject of study is the model of placing a medi-
cal facility task.

The purpose of the work is to build and study the
procedure for solving the problem of placing medical
facilities, considering the existing infrastructure of the
city to fulfill the accessibility requirement. To achieve
this goal, it is necessary to solve the following tasks:

— consider the factors affecting the choice of a medical
institution, choose the most important of them;

— formulate the problem of the placement of medical
facilities, considering the selected factors;

— develop a procedure for solving the problem of
placement;

— evaluate the possibility of applying the procedure for
solving the problem of placement in urban development
projects;

— are models for evaluating the effectiveness of using
the existing medical network and finding ways to improve
it when implementing urban development projects.

1 PROBLEM STATEMENT

A network of health care institutions is a set of city in-
stitutions that satisfy the population’s need for medical
care as a result of the professional activities of medical
workers. The functioning of such a network is performed
considering the requirements of the population in medical
care, its timeliness and accessibility.

Accessibility level — the ability to provide patients
with the necessary range of services of a certain quality
with minimal time spent.

Suppose:

— all residents living in the territory under considera-
tion are potential patients of a medical institution and
form plurality of patients {E} } (k=1LN);

— the specifics of medical services are not considered,
it is believed that the medical center is able to provide any
medical service that the patient needs, but the total num-
ber of services is limited;

— there is a “limit of possibilities” for a medical center,
the value of which depends on the maximum number of
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patients who can be provided with medical services at the
same time;

— the quality of medical services, the reputation of the
doctor, etc., are not considered, i.e. the decision to choose
a specific medical center is affected only by its proximity
to the patient;

— there is no competition for patients within the net-
work.

The network elements — medical centers — are placed
in such a way that the value of the objective function,
which depends on the distances from the medical center
to the location of the patients, is minimal, i.e.

N
G=) d; —>min. (1)
k=1

Given that the level of accessibility will be maximum,
ie.

2B
_ keE,

R -100% —> max ,at > B =Z. )

keE,

Under given conditions, it is necessary to obtain the
coordinates of the medical center.

2 REVIEW OF THE LITERATURE

The strategic goal of state policy in the field of health
is to improve the health stat of the population, increase
the real availability of medical care for all its layers. De-
velopment projects of many cities are aimed at structural,
organizational and functional restructuring of the medical
care system by creating and/or improving the network of
healthcare institutions [3]. In this regard, the goal of de-
velopment projects is to increase the availability of medi-
cal center that provide diverse medical care to the urban
population.

In modern literature, the accessibility of a medical
center is interpreted differently [3], [5], [6], which em-
phasizes the multifactorial nature of this concept, its de-
pendence on objective, subjective, external and internal
factors. In conditions of equal access, considering acces-
sibility as an opportunity to provide the necessary range
of services of a certain quality with minimal time and
money [3], [5], the factor of placement of a medical cen-
ter as a geographical object comes out on top, emphasiz-
ing the relationship between location and medical services
choice [7], [8].

Problem (1) is known in the literature as the P-median
model described in 1964 by S. Hakimi, who suggested
that social institutions should be located so that the sum
of all the distances from demand points to point P (social
service supply points) should be minimal [2].

Given that the medical center is a geographical object
that has certain coordinates (x, y), we will represent the
plurality of patients of the city {Ek} as points of Carte-

sian space and place them on the plane (Fig. 1).
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Figure 1 — Geometric interpretation of the medical center
placing problem

Then the distance d is the distance from the center to

the k-th patient, the value of which can be found as the
length of the segment on the coordinate plane from the
known coordinates of its ends. For example, we find the
length of the segment d; from a right triangle AABC as the

length of the hypotenuse:

d = AC=\(x—x)> +(y=y))* . 3

Substituting the expression (3) in the formula (1), the
objective function will be represented in the form:

il 2 2
G=3{a-x) +(v-y)? >min. (4
k=1

Wherein, it can be assumed that the set of patient co-
ordinates (x;, y;) (k=1,N ) determines the structure of their
settlement, and the obtained coordinates of the medical
center form the structure of the network of medical cen-
ters in the city.

Among the main disadvantages of the multicriteria op-
timization task (4) the following can be noted [2], [8]:

— the high dimensionality of the problem, due to the
fact that the set {E k} is finite, but its capacity can reach

tens of thousands and even millions of units;

— in conditions of urban settlement (possibly uneven),
it is difficult to consider the coordinates of all patients;

— in the statement of the problem (3) there is no con-
cept of the “limit of possibilities” of the medical center,
which leads to a unilateral consideration of the problem;

— in reality (on the ground) the “shortest” roads may
be absent.

The latter was confirmed by field studies [2], [8]: the
real zones of the medical services provision point location
significantly differed from the results obtained using the
model (4). And although it was proposed to adjust the
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results using coefficients that consider transport, social,
political and other factors [6], [8], but this did not help to
solve the remaining problems.

A fundamentally different approach to solving the
problem of the placement of social objects, focusing on
spatial accessibility, was proposed by Yue Zhang et al.
[9]. The authors prove that the choice of the location of
the medical center is primarily affected by the population,
and the level of accessibility (2), in this case, it should be
regarded as the ratio of supply to demand.

Research of I. N. Sener et al. [10] show that the closer
the medical center to the patient is, the more accessible it
is for him. On the other hand, it was proved in [11] that
the more patients assigned to this center, the less accessi-
ble it is for them. Therefore, expression (2) can be repre-
sented as follows:

> Pit?
_ keEy

Nt

)

R -100% .

The choice of the medical center location in (5) is
made from the stipulation of maximizing the demand for
its services, considering the general limit of the possibili-
ties for providing medical services. At the same time, the
travel time determined by the direct relative position of
the patient and the medical center is the main factor by
which the place of receiving medical services is selected
[9], [11]. Given the existing settlement structure and
population, this factor has significant weight. However,
its significance can be offset by other factors. Among
such factors, one can consider the presence of communi-
cation lines and their congestion, the nature of settlement,
the presence of personal transport, the available public
transport routes, etc.

The problem of spatial accessibility cannot be solved
within the framework of the healthcare system alone. It
requires improving the quality and standards of the popu-
lation living, improving and modernizing the transport
infrastructure as a connecting link [6], [12]. Focusing on
the transport infrastructure providing equal access to the
services of the medical center, we assume that the value
of the coefficient B is determined by its parameters, in
particular, the existing roads and their congestion.

Analyzing fig. 1, the numerator of function (5) can be
interpreted as the number of services the medical center
can provide for patients living within a circle with a ra-

dius, the value of which depends on time ! B. In this
case, the denominator can be considered as the number of
patients living within a circle with a radius, the value of
which depends on the time for which the patient will
overcome the maximum permissible distance from the
place of residence to the medical center;

Among the main disadvantages of problem (5), we
note the following:

— an indefinite algorithm for evaluating P and ¢ ;
— lack of explanation in determining the coefficient 3;
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— in the statement of the problem there is no notion of
the medical center coordinates, which makes it difficult to
solve the problem of placement.

Nevertheless, the analysis of solving the problem ap-
proaches allows you to create a set of factors affecting the
placement and choice of a medical institution. These in-
clude:

— the population (as the potential number of patients)
living within the territory, the size of which is determined
by the maximum travel time to the medical center and the
structure of their settlement;

— the number of services that a medical center can pro-
vide for patients in the territory in question;

— the norm of time to overcome the distance between
the patient in need of the service and the medical center
providing the service;

— really existing road junction, roads and their conges-
tion.

These factors must be considered when constructing
the procedure for solving the problem of the placement of
medical institutions.

3 MATERIALS AND METHODS

In accordance with State Building Codes of Ukraine
B.2.2-12:2018 “Planning and development of territories”,
the population of a city district is determined depending
on the housing stock and housing standards per inhabitant
and is calculated according to the formula
NZEZS'Snorm. (©6)

a a

In this case, the demand for the services of a medical
center is determined by the number of people (patients)
living in a certain territory. Denote the area of this terri-
tory as S, . On the other hand, the number of services a

medical center provides for patients residing within a cer-
tain territory is determined by the distance that a patient
travel from home to the center for a given period of time.
The area, the value of which depends on this distance, we
will consider as the area covered by medical services and
denote S, .

Thus, expression (5) can be represented as follows:

R:S—0~100%. @)

n

In this case, task (7) considers the maximum number
of factors affecting the placement and choice of a medical
institution.

The process of solving this problem is presented in the
form of a context diagram (Fig. 2), created on the basis of
the IDEF 0 standard, which shows a generalized process
model, defines a single point of view, subject and purpose
of modeling in accordance with the requirements of cur-
rent standards and norms.

The attributes of the generalized model are:

1. Input data:

— Map of the city;
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— Location of the city microdistricts;

— Coordinates of existing medical centers of the city;

— Congestion of city roads;

— City road map or transport infrastructure;

2. Control:

— Norm of living space per person;

— Normative building density;

— Requirements for the location of the medical center
determined by the current legislation in the field of
healthcare;

— Time standards that determine the necessary speed
of patient delivery to medical center;

— Comparison criteria.

3. Output:

— Evaluation of the availability of existing medical
centers;

— Recommended placements of medical center;

— The list of city areas that did not fall into availability
zone.

It is easy to notice that the attributes of the model
(Fig. 2) contain spatially distributed data, the effective
processing of which is possible by using GIS.

GIS are information systems that allow you to collect,
organize, analyze, distribute spatial information to make
the necessary decisions. Spatial or GIS analysis of multic-
riteria decisions includes a set of methods and tools for
combining geospatial data with the arguments of decision
makers [13], [14]. Given the complex nature of spatial
solutions, we single out a number of functional areas
through which the output data set is formed. We will form
an IDEFO0 model of the procedure for solving the problem
(7) and choosing the location of the medical center using
GIS (Fig. 3). Note that for the convenience of further
analysis and decision making the given IDEF0-model is
provided with a representation of intermediate results in
the form of cartographic models, obtained using the spa-
tial clustering method. This method has received positive
feedback among experts and has proven itself in solving
environmental, social and political problems [12], [13].

The implementation of proposed procedure is possible
by using the ArcGIS software suite by Esri.

ArcGIS is an effective universal solution for simulta-
neous work with the geospatial component, multimodal
network datasets, and powerful tools of analytics, which
helps to perform not only the fundamental spatial analy-
sis, but also to obtain spatio-temporal models on a carto-
graphic basis [12], [15].

When performing the steps, described in the IDEF0
model the ArcGIS Network Analyst extension was used,
which helps to answer questions like the following:

— What is the quickest way to get from point A to
point B?

— Which houses are within five minutes of a medical
center?

— What are live traffic conditions like, and how do
they affect network analysis results?

Public services, municipal and other organizations
benefit from the ArcGIS Network Analyst extension be-
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cause it helps them run their operations more efficiently
and make better strategic decisions [13], [14].

In ArcGIS a network service area is a region that en-
compasses all accessible streets, that is, streets that lie
within a specified impedance. For instance, the 10-minute
service area for a facility includes all the streets that can
be reached within 10 minutes from that facility. The ac-
cessibility parameter refers to how easy it is to go to a
site.

In Network Analyst, accessibility can be measured in
terms of travel time, distance, or any other impedance on
the network. With Network Analyst, service areas around
any location on a network can be found. A network ser-
vice area is a region that encompasses all accessible
streets, that is, streets that lie within a specified imped-
ance. For instance, the 10-minute service area for a facil-
ity includes all the streets that can be reached within 10
minutes from that facility.

One simple way to evaluate accessibility is by a buffer
distance around a point. However, considering people
travel by road, this method won’t reflect the actual acces-
sibility to the site. Service networks computed by Net-
work Analyst can overcome this limitation by identifying
the accessible streets within five kilometers of a site via
the road network. Once created, service networks can be
used to see what is alongside the accessible streets.

4 EXPERIMENTS

The possibility of using the proposed model (7) in
projects for the development of social infrastructure in
Kharkiv was considered. The model was studied while
solving the problem of analyzing the existing system of
providing emergency care in Kharkiv. The following were
used as initial data:

— Open Street Map basemap layers;

— Addresses and names of Kharkiv emergency medi-
cal institutions;

— Data on the city’s road transport network (traffic
congestion, road signs, lane width).

— Vector *.shp layers with the marked boundaries of the mi-
crodistricts of Kharkiv;

— Database of residential buildings storeys number (for cal-
culating the population).

To verify the proposed model, we determined the population
size and the area of the territory where patients live. The
results obtained showed conformity with the data of the
statistical office of the Kharkiv region, which made it
possible to conduct an experiment to study the effective-
ness of the proposed approach in real conditions and on
real objects.

As a result of the experiment, the coverage areas of
emergency care services provided by hospitals in Kharkiv
microdistricts and nearby villages were obtained, as a
result of which it became possible to assess and compare
the level of accessibility of emergency hospitals. The re-
sults obtained showed a low level of logistics in the dis-
tribution of objects of the existing system of emergency
care in the city.
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Figure 3 — IDEF0-model of the procedure for solving the problem of placing a medical center in the city

To select possible directions of development, a sce-
nario for correcting this system by changing the location
of some hospitals, considering the population size and the
existing road junction, is proposed.

After the correction, assessments of the level of acces-
sibility of emergency hospitals in Kharkiv were obtained,
indicating an increase in the number of patients who will
receive medical care timely.

5 RESULTS
Consider the problem of analyzing the existing system
of providing emergency care in Kharkiv and choosing
possible directions for its solution.
In accordance with the proposed approach, the first
stage (Fig. 3) of the IDEF0-model is determination of the
necessary accessibility zone of the medical center. The
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implementation of this stage was held in the following
sequence:

1. According to the Kharkiv City Council, Kharkiv is
divided into 56 microdistricts. These microdistricts and
nearby villages serve 17 hospitals for emergency and am-
bulance medical care. Using ArcGIS, we map the regions
and towns under consideration on a map of Kharkiv. Us-
ing the Database “Ambulance Hospital Addresses”, we
will show the location of the hospitals on a map of the
districts and get a cartographic model of ambulance hos-
pitals location in Kharkiv city (Fig. 4).

2. Using Google Planet, we determine the area of the
microdistricts of Kharkiv and adjust them considering the
population of the territory. For example, in the greater
part of Pomerki microdistrict, there is a plot of forest — the
botanical monument “Pomerki”. In this case, the residen-
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tial area of the microdistrict is only 11% (about 13.32
hectares). As a result, the total area of the territory where
patients live (S, ) amounted to 356.46 km?2.

By the formula (6) we find the number of inhabitants
of these districts. Moreover, for districts where the num-
ber of storeys is higher than five S, = 3000 m?/ha, with
one-, two-story buildings, S;om = 1800 m?/ha, for the
mixed development zone S,om = 2300 m?/ha. We will
form the database ‘“Population of the districts of
Kharkiv”, which shows the distribution of 1.419 million
people in the districts.

3. Using ArcGIS, we will construct a cartographic
model of the distribution of residents among the districts
of Kharkiv based on the database ‘“Population of the
Kharkiv districts”, where polygons with a larger popula-
tion are darker, and the least populated areas are lighter
(Fig. 5).

At the second stage (Fig. 3) of solving the objective,
we determine the accessibility zones of existing ambu-
lance and emergency care hospitals. In this case, we will
consider the following.

1. Statistical data (infoportal.ua) of traffic congestion
in Kharkiv shows that during the day the situation on the
roads can change from light (1 point) to heavy traffic
(“traffic jam” — 4 points). An analysis of the congestion of
roads leading to the considered hospitals showed that on

Kharkiv districts

Ambulance Hospital Addresses Database
Coordinates

Hospital A
Kharkiv, Novobovarsky district
Konstantina Kalinina str, 2
Kharkiv, Novobovarsky district
Kontorska str, 41
Kharkiv,. Kiyvsky district
Metrobudyvnykv str, 17
Kharkiv, Nemyshliansky district,
Olimpiyska sfr., 5
Kharkiv, Kiyvsky district,
Pushkinska str, 80
Kharkiv, Kiyvsky district
Cheluskintsev str_, 3
Kharkiv, Slobidskoy district
Olek dra Morozova sir, 18 A

Kharkiv, Osnoviansky distnct
I Sl

axis Y
499500

axis X
361685

362167 499841

363604 49 9668

363091 499517

363356 489530

362632 499043

363669 50,0015

36.1405 499344

Kharkiv, Industrial district

Pirogova sir., 4 36.2235

500164

average the worst situation (“obstructed” — 3 points) is
observed from 8:00 to 9:00, from 12:00 to 13:00, from
16:00 to 17:00. In availability assessment we will con-
sider precisely these time intervals.

2. The existing time standards determine that the pa-
tient must be delivered to the hospital within 10 minutes.
For example, in [16] it is noted that transportation for a
period of more than 10-20 minutes shifts the severity of
the victim up one category. So, a slightly wounded person
within 20-30 minutes of transportation is likely to go into
the category of victims of medium severity. Therefore,
when assessing the availability, we will consider the de-
livery time of 5 and 10 minutes.

3. Under the assumptions made, in ArcGIS Network
Analyst we will create cartographic models of hospital
access zones (Fig. 6). Using the function “service arecas”
(availability zones) for vehicles we define the area of
coverage with medical services (S, ) for the selected time

intervals, considering different transportation times (ta-
ble 1) [12], [17].

At the third stage (Fig. 2), we compare the obtained
results and by using (6) we find the level of accessibility
of emergency hospitals for the selected time period by
vehicles (Table 2).

Ambulance hospitals on the map of the Kharkiv districts

Figure 4 — Cartographic model of ambulance hospitals location in Kharkiv city
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Database "Population of the Kharkiv districts "

—— Area of city Nomative MNom of living Population by city
Districts Narres districs buiing density_| space per person district
Sevema Saltivka 999.80 0001 180 166633
KhTZ 203.00 000. 18.0 33833
Zhyhor 784.90 800. 18.0 78480
4 microdistri 96.60 00 180 100
531 microdistricts 8137 000 0 3561
| 533 microdistri 7447 00 0 2411
522 microdistricts 78.98 000 0 3163
607 microdistrict 8944 00 0 4906
| 606 microdistri 7141 000. 180 11901
602 58.81 000. 180 9801
| 603 microdistricts 57.04 000 180 9508
| 604 microdistricts 76.30 000 18.0 12716
624 microdistricts 56.10 000. 18.0 93
626 microdistricts 59.02 000 18.0 9836
Pomerki 13.3 1800.0 180 1332
Meskalovka 141.79 3000.0 18.0 23631

Figure 5 — Cartographic model of settlement by Kharkiv city

Table 1 — The services of emergency hospitals in the districts of Kharkov and nearby villages coverage area

Norm of patient delivery time, min Time period
8-00 12-00 16-00
5 76.02 km® 65.9 km’ 66.86 km’
10 219.9 km® 211.7 km® 211.01 km®
Table 2 — The level of accessibility of emergency hospitals in Kharkiv
Norm of patient delivery time, min Time period
8-00 12-00 16-00
5 21.33 % 18.49 % 18.76 %
10 61.69 % 59.39 % 59.20 %

The data obtained (Fig. 6) make it possible to find the
districts of Kharkiv and nearby villages that did not fall
into the accessibility zone of the considered hospitals.
Seven districts fell here: Zhyhor with a population of
78,900 people, Pyatikhatki with a population of 9,800
people, Bolshaya Danilovka (6,000 people), Bolshaya
Panasovka (2,934 people), Guty (1,007 people), Novy
Korotich (840 people) and Tyschenky (112 people). Fig-
ure 7 shows how, using the obtained cartographic models,
for the 15-minute drivetime accessibility zone, the regions
that did not fall into the accessibility zone were deter-
mined.

The results obtained are the basis for the analysis of
the effectiveness of the existing medical infrastructure of
the city. However, in the IDEF0 model, the fourth stage is
foreseen, related to the medical center location selection
process.

Based on the results, we assume that it is possible to
change the location of some hospitals, for example, by
organizing a feldsher-midwife station or branch of a hos-
pital to provide emergency medical care. Considering
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population and existing denouement, three hospitals
“moved” closer to the ring road.

Repeating the second and third stages of the procedure
for solving the placement objective (Fig. 3), new values
were obtained for the coverage area and the level of ac-
cessibility of hospitals (Table 3).

6 DISCUSSION
Summarizing the results, we can draw the following
conclusions. Preliminary estimates of the area of the terri-
tory where patients live (.S, ) and the population (V) ob-

tained at the first stage of the IDEF model do not contra-
dict the data of the Main Regional Statistics Office of
Kharkiv (http://kh.ukrstat.gov.ua/), which indicates a high
reliability of the results. In particular, the error in deter-
mining the value was about 1.8% (upward), in the defini-
tion of N value — 1.7% (downward). At the same time, the
used spatial clustering method depends only on distance,
generates repeatable results, is free from subjectivity and
does not depend on the experience of observers. That is
why, its further application at the second stage of the
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Figure 6 — Cartographic model of availability zones of ambulance hospitals by Kharkiv city

Table 3 — Coverage area and accessibility level of emergency hospitals in Kharkiv after adjusting the location of some of them

Norm of patient de- Hospital services coverage Hospital accessibility level
livery time, Time period Time period
min 8-00 12-00 16-00 8-00 12-00 16-00
5 83.62 km? 75.16 km> 75.45 km> 23.46 % 21.08 % 21.17 %
10 346.14 km? 329.08 km? 329.22 km? 97.10 % 92.32 % 92.36 %

IDEF model is justified and allows us to accept the ob-
tained values of the medical services coverage area (S, ).

We also note that the efficiency and high accuracy of
the spatial clustering method, the wide use of which is
proposed in the IDEF model, is confirmed by foreign
studies conducted in various fields [12], [13]. Thus, the
results can be considered reliable, and such that they do
not contradict international experience.

The results of the study showed unevenness in the re-
settlement and location of existing medical centers. In
particular, the most populated microdistricts are Sever-
naya Saltovka (166633 people), Alekseyevka (100500
people), Nagorny (82850 people), located on the periph-
ery of Kharkov, most of the hospitals providing emer-
gency care are located in the center. These results can be
used to optimize and develop the existing medical infra-
structure and can be the subject of a separate study.

The obtained estimates of the accessibility level also
do not contradict foreign studies [9], [10]: the greater the
coverage of hospitals, the higher their level of accessibil-
ity. However, accounting the existing transport infrastruc-
ture and traffic congestion showed:

— hospitals are most accessible at 8 o’clock in the
morning, least accessible — at 12 o’clock in the afternoon;

— in the same conditions of traffic congestion, an in-
crease in the permissible delivery time increases the cov-
erage area by an average of 3 times;
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— the maximum coverage area is 219.9 km? (at 8:00
with a patient delivery time norm of 10 minutes).

At the same time, the widespread use of cartographic
data and models made it possible to identify seven dis-
tricts that are not included in the considered zone of ac-
cessibility of emergency hospitals. According to esti-
mates, 98764 residents will not be able to receive medical
care on time, which can also become a separate subject of
research in the context of ongoing medical reform in
Ukraine.

Correction of the network of existing medical centers
on a model, a justified change in the position of only 3
hospitals led to the fact that the coverage area and the
level of accessibility of hospitals increased significantly.
For the 10-minute delivery zone, the access level is al-
most 97%, which significantly increases the number of
people who will get timely medical care.

CONCLUSIONS

The current situation in the field of health has once
again emphasized the need to improve and develop the
medical sphere. Urban development projects should be
aimed at finding effective ways to use the existing medi-
cal infrastructure and identifying areas for its improve-
ment to further upturn the living conditions of the popula-
tion. Therefore, of particular importance and relevance is
the solution to the problem of the placement of medical
facilities.
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The scientific novelty: the method of choosing the
location of the medical center as a geographic object has
been improved, considering the number of patients, who
need the services of the center, transport infrastructure
and road congestion, which, unlike existing ones, allows
making decisions based not only on the shortest distance
from the center to the patient, but also on the level of its
availability.

For the first time, a structure of information
technology for multivariate analysis of a network of city
medical centers is proposed, the use of which in decision
support systems allows to form objective conclusions
based on the results of the implementation of the method
of spatial clustering using GIS technologies.

The practical significance of obtained results has
been proven on a practical example — an analysis of the
existing hospital system for the provision of emergency
medical care in Kharkiv. Based on the assumptions made,
it is shown that the level of access to medical care does
not exceed 62%. As an option to improve the existing
situation, a hypothetical example of improving the exist-
ing medical infrastructure is considered by correcting the
network of existing medical centers and reasonably
changing the position of some of them, which increases
the level of accessibility by 1.5 times.

Prospects for further research — It is advisable to
conduct further research in the direction of managing
medical institution networks nationwide in order to opti-
mize and rationalize the functioning of the medical indus-
try in the country. This will increase the effectiveness of
emergency departments, as well as help optimize the tasks
of transplantology, where time is also a key factor.

This approach allows the most efficient distribution of
budgetary funds for the creation of modern networks of
medical infrastructure and monitoring the effectiveness of
existing networks of medical institutions in order to im-
prove them. It is obvious that geospatial analysis of the
city’s network infrastructure can also be applied not only
in the field of healthcare, but also in any other areas re-
lated to interaction with a large number of people.
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Heuaycos A. C. — kana. TeXH. HayK, JOIEHT Kadexpu reoiHPopMaIiifHIX TEXHOJIOTIH 1 KocMiYHOro MoHiTopHHTY 3emii B Ha-
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AHOTAIIA

AKTyalbHicTh. PO3rsiHyTO 1pobiemMy pariioHalIbHOTO PO3MILIEHHS MEIUYHUX YCTAHOB HACEJCHOIO MyHKTY. 3alpOIIOHOBAHO
METOJIM OLIHKK e()eKTHBHOCTI BUKOPUCTAHHS ICHYI0Y0T MEIMYHOT MEpeXi Ta MOIIYKY HUIIXIB 11 MOKpalIeHHs IPH peatizallii mpoek-
TiB MiCBKOTO PO3BHUTKY. MeTOI0 poOOTH € T0OyA0Ba i BUBYCHHS MOPSIIKY BUPIMICHHS MPOOIEMH PO3MILICHHS MEAUYHUX YCTAHOB 3
ypaxyBaHHSIM iCHYI0401 iHQPACTPYKTYypH MiCTa IJIs1 BAKOHAHHS BUMOT TOCTYITHOCTI.

Meta. Metoto pobotu € noOy10Ba Ta BUBYCHHS IPOLEAYPH BUPIMICHHS IPOOIEMH PO3MIIICHHS MEIMYHUX 3aKJajiB i3 Bpaxy-
BaHHSM ICHYI0YOI iHQPACTPYKTYpH MICTa JyIsi BAKOHAHHS BUMOT IIO/0 JOCTYIHOCTI.

Meton. ChopmoBano Habip (akTopis, sIKi BIUTMBAIOTH HA PO3MILIICHHS MEIUYHHX YCTAHOB 1 JO3BOJSIOTH MPUNUHITA CUCTEMATH-
YHE 1 paljioHanbHe pillieHHs pKU BUOOPI Micls. 3alpONOHOBAHO METOJ| BUPIIIEHHS NPOOIEMH PO3MILICHHS MEIUYHHUX YCTAHOB, III0
3abe3rneuye MiABUILECHH PiBHS X JOCTYMHOCTI 3 ypaXyBaHHSIM YHCEIBHOCTI HACEIEHHs, HOro MPOCTOPOBOIO PO3MOALTY, iCHYIOUYOI B
HACeJICHOMY IYHKTI TPaHCIIOPTHOI pO3B’sA3KH 1 MPpoOOK Ha poporax. [Ipouenypa BUpIlICHHS 3aBlaHHS NPEICTABICHA Y BUMVIIL MO-
nerni IDEF0. Metox 3acHOBaHHMiI Ha TeoiH(OpMaLiiiHOMY aHalli3i JaHWX, pe3yJbTaTH SKOTO IUIIXOM MPOCTOPOBOI KiIacTepH3awii
MpeCTaBlIeH] y BUMIAAI HaOopy KapTorpadiyHUX MOAenel, CyKyIHICTh KX JO3BOJIsIE COPMYBATH PILLICHHS MPO MiCIle pO3TaIly-
BaHHS. MeTo 103BOJISIE OLIHUTH PIBEHb JOCTYIHOCTI ICHYIOUMX MEAWYHHUX YCTAHOB B HACEJIICHOMY ITyHKTi, CTBOPHTH CIIMCOK MiCIb
JUTs IX MOXKJIMBOTO PO3TAIIyBAaHHS, BUSBHTH PaliOHN MICIIEBOCTI, IIJ0 HE BXOASATH B 30HY JOCTYITHOCTI.

OtpumaHi pe3yabTaTi. YI0CKOHAIEHO MeTOJ] BUOOPY MiCIl PO3TAIyBaHHS MEJUYHOTO LEHTPY, [0 Aa€ MOXIJIUBICTh NPHUIH-
ATTS pillieHb, CHMPAIOYUCh HE JIMIIEe HAa HAWKOPOTILI BiJCTaHI BiJ LEHTPY JIO Mali€HTa, a i Ha piBHI Horo pocTymnHocTi. Bnepuie 3a-
MPOMOHOBAHO CTPYKTYpY iH(popMauiiiHoi TexHonorii 6araroakTopHOro aHaji3y Mepexi MeIUYHHUX LIEHTPIB MicTa Ui CHCTEM M-
TPUMKH MPUAHATTS pilieHs 3a gornomororo ['IC-TexHosoriii.

BucnHosku. [Ipobnema po3MilieHHS! MEUYHHUX YCTAHOB, sIKa MOJISTA€ B IMiABUIIECHHI PiBHS TOCTYITHOCTI 32 PaXyHOK PO3IIUPEHHS
30HH MEIUYHOTO OXOIUICHHS TEPHUTOpii, Ha SKii MPOKMBa€ HACENCHHs MicTa, 3 BUKopuctaHusaM 'IC, Oyna BupimeHa MpakTHYHO i
npexcrasiena y Burisiai monerni IDEFO, sika Bu3Hauae nporeaypy BUpIIIEHHS Mpo0iieMu i BHOOPY MICIS pO3TAaIlyBaHHS MEIMIHOTO
HeHTpy. IIpakTuyHa 3HAYMMICTh OTPHMAHHX PE3yJIbTATiB Oyia JOBEACHA HA MPAKTHYHOMY MpPHUKIAZl — aHaJi3i ICHYIUYOI CHCTEMH
3aKJia/(iB HaJaHHs HEBIIKJIaJHOI MEIMYHOI JOIIOMOTH B XapKOBi.

KJIFOYOBI CJIOBA: piBeHb TOCTYITHOCTI, 30Ha OXOIUICHHS, HACEJICHHS, Yac TOCTaBKH marfienTa, Mmozaenab IDEF0, reoindopma-
IiifHI TEXHOJIOTI1, MepexeBuit anami3, ArcGIS.
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Janmmua C. 0. — xaHza. TexH. HAyK, JOIEHT, JOIEHT Kadeapbl TeoNH()OPMAMOHHEIX TEXHOJIOTUH I KOCMHYIECKOT0 MOHHTO-
punra 3emuu B HannonansHoM aspokocmuyeckoMm yHuBepcurere uM. H. E. JKykoBckoro «XapbkoBCKuil aBUallMOHHBIH UHCTUTYT,
XapbkoB, YKpauHa.

HeuaycoB A. C. — kaHJ. TEXH. HayK, JOLEHT Kadeapbl reoMHGOPMALMOHHBIX TEXHOJIOTMH U KOCMUYECKOI0 MOHUTOPHHIa 3eMIIN
B HaumonaneHoM aspokxocmuueckoMm yHuBepcutere uM. H. E. JKykoBckoro «XappKOBCKHI aBHAIIMOHHBIH HMHCTHTYT», XapbKOB,
Vkpauna.

AHHOTAIUSA

AKTyanbHOCTB. PaccMoTpeHa npobieMa panoHaNEHOTO pa3MeNeH s MeJUIIMHCKIX YIpeKIeHH HaceIeHHoro myHkTa. [Ipen-
JIO)KEHBI METO/IbI OLIEHKH (P (PEeKTUBHOCTH UCHONB30BaHMsI CYIIECTBYIOIICH MEIUIIMHCKON CETH M ITOUCKA MyTeH ee YIIydIIeHUs IpH
peanu3anuy IPOeKTOB TOPOJICKOro pa3BuTHs. Llenpio paboTh SIBIsETCS MMOCTPOCHUE M M3ydYEHHE MOPSIKa PeIeHHs IPOOJIeMBI pa3-
MEIIEHHUs MEJULUHCKUX YUPEXKIECHUN C yUeTOM CyIIECTBYIOLIEN HHPPACTPYKTYPhl FOPO/A IS BBIOTHEHUS TPeOOBaHHUN JOCTYITHO-
CTH.

Leub. Llensio paGoOTHI ABIAETCS IOCTPOCHUE U M3yUEHHE TTOPSIKA PEIICHHs TPOOIEeMbI pa3MEIeHNs] MEANIIMHCKAX YIPEKACHUH
C YYeTOM CYIIECTBYIOMIEH HHPPACTPYKTYPBI TOPOJIa IS BEIIOIHEHUS TpeOOBaHMIT JOCTYITHOCTH.

Metoa. Cdhopmuposan HaboOp GakTOPOB, KOTOPHIE BIUSIOT HA Pa3MelIeHHE MEIUIUHCKUX YUPEKACHUI U MO3BOJISIOT MPUHATD
CHCTEeMaTHYECKOe U palioHANBHOE pelIeHre IpH BeIOope MecTa. [IpensokeH MeTol perieHHs IpoOiIeMbl pa3MEeIeHUsT MeTHIITH-
CKHMX YYpeXICeHHH, 00eCIieyrBalOI¥i OBBIILICHUE YPOBHS WX AOCTYHNHOCTH C Y4E€TOM YHMCIICHHOCTH HACEJEeHHs, e€ro IPOCTPAaHCT-
BEHHOT'O PacHpe/ieNeHus], CYLIECTBYIOMIEIl B HACEIEHHOM ITyHKTE TPAaHCIIOPTHOW pa3BA3KU M NPOOOK Ha poporax. IIpouenypa perue-
HUS 3a7a4d npencrasineHa B Buge mozaenu IDEF0. Merox ocHOBaH Ha reoMH(GOPMALHOHHOM aHAIIM3€ JaHHBIX, Pe3yJIbTaThl KOTOPO-
ro MyTeM MPOCTPAHCTBEHHOW KJIaCTEpH3allM MPEACTaBIEHbI B BUE Habopa KapTorpaguyecKux Mozeneil, COBOKYITHOCTh KOTOPBIX
M03BOJISIET CPOPMUPOBATH PELICHHE O MECTOMONIOXKEHHH. MeToI MO3BOJISIET OLEHUTh YPOBEHb JOCTYITHOCTH CYIIECTBYIOIIUX MEIH-
LUHCKUX YUIPEXKICHUH B HACETEHHOM ITyHKTE, CO3MaTh CITMCOK MECT UL UX BO3MOXHOTO PACIIOIOXKEHNUS, OOHAPYKUTh paliOHBI Me-
CTHOCTH, HE BXOJSILUE B 30Hy JOCTYIHOCTH.
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IloayueHHble pe3yabTaThl. Y COBEPIICHCTBOBAH METOJ[ BEIOOpAa MeCTa PACIOJIOKCHHS MEIHMIMHCKOTO IICHTpA, JAIOINN BO3-
MOJXKHOCTb NPUHATHS PELICHUH, OCHOBBIBAsICh HE TOJBKO Ha KpaTyaillleM pacCTOSHUM OT LIEHTpPa JI0 MAIKeHTa, HO U HA YPOBHE €ro
JIOCTYITHOCTH. BriepBble MpeiokeHa CTPYKTypa WH(POPMAIIMOHHOW TEXHOJOTHH MHOTO(AKTOPHOTO aHaiM3a CETH MEIUIIMHCKUX
LEHTPOB rOPOAA AJIsl CUCTEM MOLAEPKKU MPUHATHA perteHuii ¢ momomsio ' UC-texHonoruii.

BriBoanbl. [IpobieMa pasMenieHnss MEIUIMHCKUX YUPEXKICHUH, KOTOpas 3aKII0YaeTcsi B MOBBIIICHUH YPOBHS JOCTYIHOCTHU 32
CYET pacUIMPEeHHUs 30HBl MEIULIUHCKOTO OXBaTa TEPPUTOPUH, Ha KOTOPOW MPOXKHUBAET HAcelIeHUe ropona, ¢ ucnonb3oBanuem ['MC,
ObLTa perieHa MpakTUIeCK U npeacTapiena B Bune monenu IDEF0, koTopas onmpeaessieT mpoueaypy peteHus mpoodaeMsl U BeIOOpa
PacCIIONOKEHUS MEAUIIMHCKOTO IeHTpa. [IpakThdeckas 3HAYMMOCTh IMOMYYCHHBIX PE3yJIbTaTOB ObLIA JTOKa3aHA HA MPAKTHICCKOM
NpUMepe — aHaJIN3e CYILIECTBYIOIIEH CUCTEMBI YUPEKICHUN OKa3zaHHsI HEOTJIOKHONW MEJIUIUHCKON MOMOIIM B XapbKOBE.

KJIIOYEBBIE CJIOBA: ypoBeHb TOCTYHOCTH, 30Ha OXBaTa, HACEJIEHHEe, BpeMs JOCTaBKHU nauueHta, mozaens IDEF0, reoun-
(hopMaIMOHHbBIC TEXHOJIOTUH, CeTeBOU ananu3, ArcGIS.

JITEPATYPA / JIUTEPATYPA 10. Sener I.N. Accommodating spatial correlation across
The role of socio-economic factors in planning and manag- choice alternatives in discrete choice models: an applica-
ing urban services / [M. Wilkerson, M. Mitchell, tion to modeling residential location choice behavior /
D. Shanahan et al.] // Ecosystems Service. — 2018. — I. N. Sener, R. M. Pendyala, Ch.R. Bhart // Journal of
Vol. 31, Part A. — P. 102-110. Transport Geography — 2011. — Vol. 19, Issue 2. — P. 294—
Jlonarkuna A. E. Pa3merenne o0bEKTOB COLMAIBHOW WH- 303.
(bpacTpykTypsl: 3apyOeKHBII OmbIT M BO3MOkHOCTH Juisi  11. Patient choice analysis and demand prediction for a health
Poccuiickoit  mpakTuku  [DneKTpoHHBIH  pecypc] / care diagnostics company / [Y. Zhang, L. Liang, E. Liu et
A. E. Jlonarkuna // Russian Journal of Education and Psy- al.] // European Journal of Operational Research. — 2016. —
chology. — 2014. — Ne4(36). — Pexum pocryma: Vol. 251, Issue 1. — P. 198-205.
https://www.sisp.nkas.ru. DOI: 10.12731/2218-7405-2014-  12. A Population-Based Study with a Spatial Event Approach
4-8. of Hepatobiliary Cancers in Ukraine / [S. Kharchenko,
Pomeranz J. State Legislative Strategies to Pass, Enhance, I. Duzhiy, A. Nechausov et al.] / Spring Fall Conference
and Obscure Preemption of Local Public Health Policy- (KASL), 22-24 June 2017 : proceeding. — Korea: Korea
Making [Electronic resource] / J. Pomerenz, D. Silver // Society of Liver Science. — Vol. 1. — P. 181-182.
American Journal of Preventive Medicine. — 2020. — Ac-  13. Vanolya N. M. Validation of spatial multicriteria decision
cess mode: analysis results using public participation GIS [Electronic
https://www.sciencedirect.com/science/article/abs/pii/S074 resource] / N.M. Vanolya, M. Jelokhani-Niaraki,
937972030180X. A. Toomanian // Applied Geography. — 2019. — Vol. 112. —
CouianbHO-TIONITHYHA CHUTYaIliss B YKpaiHi Ha IIOYaTKy Access mode:
rpynust 2019 poky [Emextponnmii pecypc]. — Pexum no- https://www.sciencedirect.com/science/article/abs/pii/S014
crymy: https://socis.kiev.ua/2019-12-2. 3622818310695.
Smith K. E. Health Inequalities: Critical Perspectives /  14. Kotowska D. Delineating the number of animal territories
K. E. Smith, C. Bambra, S. E. Hill. — USA : Oxford Uni- using digital mapping and spatial hierarchical clustering in
versity Press, 2015. — 318 p. GIS technology [Electronic resource] / D. Kotowska,
ApramonoB U. B. JlocTymHOCTP MEOHUIMHCKHX YCIyr B P. Skorka, K. Walasz, // Ecologial Indicators. — 2019. —
peruoHe: mpocTpaHCTBEHHBIH acriekT / M. B. ApramoHOB // Vol. 107. — Access mode :
CoBpeMeHHas JKOHOMHKA: TPOOIEMBI M pEIICHHSA. — https://www.sciencedirect.com/science/article/abs/pii/S147
2019.— Nel0 (118). - C. 139-154. DOL 0160X19306636.
10.17308/meps.2019.10/2233. 15. ArcGIS Desktop [Electronic resource]. — Access mode:
Lewis S. Navigating and making choices about healthcare: https://desktop.arcgis.com/ru/arcmap/10.3/main/get-
The role of place / S. Lewis, K. Willis, F. Collyer // Health started/arcgis-tuloriais.htm.
& Place. — 2018. — Vol. 52. — P. 215-220. 16. Simpson S. Implementing and Evaluating a Standard of
Dae Ko Y. Location, capacity and capability design of Care for Clinical Evaluations / S. Simpson, Ch. Monroe //
emergency medical centers with multiple emergency dis- The Journal of Emergency Medicine. — 2018. — Vol. 55, Is-
eases / Y. Dae Ko, B. Duk Song, H. Hwang // Computers & sue 4. — P. 522-529.
Industrial Engineering. —2016. — Vol. 101. — P. 10-20. 17. Nechausov A. Epidemiologic assessment with a cohort

Zhang Y. Medical facility network design: User-choice and
system-optimal models / Y. Zhang, D. Atkins // European
Journal of Operational Research. — 2019. — Vol. 273, Is-
sue 1. — P. 305-309.

study of current patient access to pancreatic transplantation
in France / A. Nechausov, S. Kharchenko // The 31th Meet-
ing of Japanese Society of Hepato-Biliary-Pancreatic Sur-
gery, 15-19 June 2019 : proceeding. — Kagawa : Kagawa
university, 2019. — P. 331.

© Danshyna S. Yu., Nechausov A. S, 2020
DOI 10.15588/1607-3274-2020-3-13

149



e-ISSN 1607-3274 PagioenexrpoHika, inpopmatuka, ynpasminss. 2020. Ne 3
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2020. Ne 3

UDC 004.056.5

MODIFIED ALGORITHM FOR SEARCHING THE ROOTS OF THE
ERROR LOCATORS POLYNOMINAL WHILE DECODING BCH CODES

Krylova V. A. — PhD, Associate Professor of the Department of automation and control in technical systems, Na-
tional Technical University «Kharkiv Polytechnic Institute», Kharkov, Ukraine.

Tverytnykova E. E. — Dr. Sc., Professor of the Department of information and measuring technologies and systems,
National Technical University «Kharkiv Polytechnic Institute», Kharkiv, Ukraine.

Vasylchenkov O. G. — PhD, Associate Professor of the Department of automation and control in technical systems,
National Technical University «Kharkiv Polytechnic Institute», Kharkov, Ukraine.

Kolisnyk T. P. — PhD, Associate Professor of the Department of information technology and cybersecurity, Kharkiv
National University of Internal Affairs, Kharkov, Ukraine.

ABSTRACT

Context. In telecommunications and information systems with an increased noise component the noise-resistant cyclic BCH and
Reed-Solomon codes are used. The adjustment and correcting errors in a message require some effective decoding methods. One of
the stages in the procedure of decoding RS and BCH codes to determine the position of distortions is the search for the roots of the
error locator polynomial. The calculation of polynomial roots, especially for codes with significant correction capacity is a laborious
task requiring high computational complexity. That is why the improvement of BCH and RS codes decoding methods providing to
reduce the computational complexity is an urgent task.

Objective. The investigation and synthesis of the accelerated roots search algorithm of the error locator polynomial presented as
an affine polynomial with coefficients in the finite fields, which allows accelerating the process of BCH and RS code decoding.

Method. The classical roots search method based on the Chan’s algorithm is performed using the arithmetic of the Galois finite
fields and the laborious calculation, in this case depends on the number of addition and multiplication operations. For linearized pol-
ynomials, the roots search procedure based on binary arithmetic is performed taking into account the values obtained at the previous
stages of the calculation, which provides the minimum number of arithmetic operations.

Results. An accelerated algorithm for calculating the values of the error locator polynomial at all points of the GF(2™) finite field
for linearized polynomials based on the Berlekamp-Massey method has been developed. The algorithm contains a minimum number
of addition operations, due to the use at each stage of the calculations the values obtained at the previous step, as well as the addition
in the finite field GF(2). A modified roots search method for affine polynomials over the finite fields has been proposed to determine
error positions in the code word while decoding the cyclic BCH and RS codes.

Conclusions. The scientific newness of the work is to improve the algorithm of calculating the roots of the error locator polyno-
mial, which coefficients belong to the elements of the finite field. At the same time it simplifies the procedure for cyclic BCH and RS
codes decoding, due to reducing the computational complexity of one of the decoding stages, especially finding the error positions
using the modified Berlekamp-Massey algorithm. These facts are confirmed by the simulation program results of the roots search of
the error locator polynomial algorithm. It is shown, that the application of the accelerated method permits to reach a gain on speed of
1.5 times.

KEYWORDS: BCH codes, error locator polynomial, Chan’s search, Berlekamp-Massey algorithm and Reed-Solomon codes.

ABBREVIATIONS oy is a zero coefficient of locators of errors;
BM is a Berlekamp-Massey; o; is an element of the finite field GF(2™).
BCH is a Bose-Chaudhuri-Hocquenghem;
RS is a Reed-Solomon. INTRODUCTION
One of the ways to protect information from errors in

NOMENCLATURE digital communication systems is to use error-correcting
A is a binary matrix of linearized polynomials; codes detecting and correcting errors in the information
F(X) is a linearized polynomial; transmission channel. The requirements for encoding and
fi is a coefficient to the GF(2™) finite field; decoding methods and procedures by the reference to the
GF(2™) is a finite field Galois; spectral and energy efficiency of a communication system
| is a field order; give the task of constructing simplified algorithms for
m is a natural number; correcting errors in transmitted information. In modern
p(x) is a generating polynomial; information systems, cyclic BCH and Reed-Solomon
tis a times; codes, which require high redundancy, are the most used
Y is a binary vector of zero coefficient of the error lo-  to ensure their corrective abilities. Moreover, the process-
cator polynomial; ing time of information in a decoding device, which de-
v is a degree of the errors locators polynomial; pends on the complexity of the encoding and decoding
o' is an element of GF(2™) finite field; algorithms, limits significantly the operating time of the
B'is a binary vector field element a; error protection system.

o(X) is an errors locators polynomial;
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BCH and Reed-Solomon codes used in modern infor-
mation storage and transmission systems built on classical
error detection and correction procedures, at some decod-
ing stages, due to a significant amount of data, have high
arithmetic complexity. This leads to limited potential pos-
sibilities of the above said correction codes to provide a
given probability of information loss.

In this case, in order to increase the operation speed of
information protection systems from errors in information
data transmission systems, it is necessary to improve and
refine existing algorithms for decoding of cyclic BCH
codes for improving the correcting ability of the code by
reducing the computational complexity of encoding and
decoding procedures with high redundancy.

The object of research is the decoding process of cy-
clic RS and BCH codes in the digital communication sys-
tems.

The subject of research is a method for finding the
roots of the error locator polynomial whose coefficients
belong to in the Galois fields.

The aim of this work is to study the decoding meth-
ods of RS and BCH codes, allowing detecting and cor-
recting errors in the code sequence, as well as the devel-
o™ent of an accelerated algorithm for calculating the
roots of the error polynomial, the implementation of the
algorithm into Visual Studio and the subsequent analysis
of the results.

1 PROBLEM STATEMENT

The ways of BCH and RS codes decoding are quite
well developed in theory and practice, which is presented
in [1], but nevertheless the implementation of decoding
algorithms is quite a laborious task, especially if the finite
fields of a large order are used.

A typical procedure for the decoding of cyclic RS
codes is proposed by the author R.E. Blahut [2] and con-
sists of the following stages:

— the calculation of syndrome components (syndrome
vector);

— the formation of a key equation and finding of the
error locator polynomial by one of the methods — Peter-
son, Berlekamp-Massey or the Euclidean algorithm;

— the searching for the roots of the error locator poly-
nomial using the Chan’s method — a complete enumera-
tion of all values;

— the calculation of the error values polynomial and
error character determination based on the Forney algo-
rithm;

— the correction of erroneous characters.

The GF(2™) finite field contains 2" elements (1, o',
o, o, ...), each of which is represented by a binary vector
of m bits and in the practice PC code mostly uses the cal-
culations in the GF(2™) finite fields.

One of the most time-consuming stages of RS code
decoding is searching for the roots of the error locator
polynomial

6(X) =0 +61X+(52X2+...+GVXV. (1

It is known that the Chan’s method can be used to find
the roots of the error locator polynomial (1) degree v in
the field GF(2™). However, the Chan’s algorithm requires
multiplication of each coefficient o;j in the formula (1) by
the element of field GF(2™) using o degrees.

Therefore, to correct errors in the code sequence, the
Chan’s method is used, which in fact is a complete enu-
meration of all elements, which significantly affects the
effectiveness of the decoding device. If the decoder has a

t .
known error locator polynomial o(X)= Zcix' , which
i=0
roots are mutual to the error position locators, then the
Chan’s procedure can be applied to each of the locators 1,
o, o, o, ..., a' (I=2" = 1) to check if the symbol dis-
played at the moment is an error [1]. L.e., for all non-zero
elements of of field GF(2™), the condition o(af)=0 is
checked, and its implementation indicates that o®is a mu-
tual root of the error locator polynomial to the erroneous
symbol. In this case, the number of operations to imple-
ment the Chan’s procedure is 2t (2" — 1).

Thus, the Chan’s procedure for searching the roots of
the polynomial error becomes quite complicated for cal-
culations in large finite fields (m>8) and for error locators
polynomials of a large degree, because it requires a sig-
nificant number of operations.

Therefore, the task of this work is to improve the
method for determining the positions of distortions in the
code word and to reduce the computational complexity of
the algorithm for finding the roots of the error polynomial
in the finite fields of GF(2™) when decoding RS and BCH
codes.

2 REVIEW OF THE LITERATURE

The principles of encoding, more modern methods of
errors control, code applications for the design of real
error control systems are covered in [3]. With the help of
a special class of p-polynomials the authors offered a fast
algorithm for finding polynomial roots of the degree less
than 5. In this algorithm the polynomial defined in the
formula (1) is transformed into an affine polynomial
above the GF(2™) field. Then the roots can be found by
solving a system from m linear equations with m un-
known above the GF(2) field. Therefore, at the minor
values of v, the advantage of the above algorithm over the
Chan’s method is that the calculations in the GF(2™) field
(multiplying o; coefficients by a degrees) required in the
standard Chan’s search method are completely excluded.

The searching method for the roots of the polynomial
on the base of some transformation that makes it possible
to group some polynomial constituents of the degree no
higher than 11 into multiple affine polynomials is pro-
posed in [4]. This method makes it possible to accelerate
the calculations, but this algorithm has its disadvantages.
For example, it can be used for polynomials which de-
grees cannot be higher than 11. The building and decod-
ing of BCH codes for different communication systems
are described in [5]. The authors propose an improved
algorithm for searching the roots of polynomials over the
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finite fields. This algorithm significantly accelerates the
process of BCH codes decoding. Also the improved hy-
brid algorithm of polynomial roots finding over finite
fields is considered in [6] and [7] articles. The authors
have combined the Jiang’s algorithm, which is based on
the decomposition of the error locator polynomial in the
sum of multiple affine polynomials with modified ana-
lytical methods for solving polynomials with small degree
in radicals. A number of works have been devoted to dif-
ferent issues of BCH and RS decoding, where simple
equation for Reed-Solomon codes on the base of uniting
of two algorithms (Berlekamp-Massey algorithm and Eu-
clidean) was proposed [8], the new approach to calculat-
ing the total error locator polynomial [9-10], the depend-
ence of indicators of reliability and efficiency of informa-
tion transmission on the parameters of Reed-Solomon
codes are given in [11], the main stages of Reed-Solomon
codes encoding (decoding) for practical application [12]
were reviewed.

The analysis of publications has shown the necessity
to study the procedures of cyclic BCH codes decoding, as
well as the methods of determining error positions in the
code word, based on the search of the roots of the error
locator polynomial. The calculations of the roots values
are carried out using the elements of finite fields, taking
into account the degree of error polynomial, which sig-
nificantly affects the calculation time. Therefore, the
analysis results of known methods of roots search will be
presented further, and also the accelerated algorithms of
definition of errors positions in a code word at decoding
RS and BCH codes will be described.

3 MATERIALS AND METHODS
The solution of the problem of searching the roots of
the error locator polynomial (1), which o; coefficients
belong to the GF(2™) finite field, using the Berlekamp
algorithm is based on a special class of polynomials.
These polynomials, which roots can be found much eas-
ier, are called p-polynomials or linearized polynomials

[1].

Foo=% fix2' 2)

If we suggest that the error locators polynomial has
the degree v=2', then it can be represented as

o(x) = F(X)+0,, opeGF2™M). (3)
The polynomial of the type (3) is called affine poly-
nomial [6].

If the polynomial is checked when searching for roots,
then we obtain

F(X)=0j, o,<GFQM). 4)

For any GF(2™) finite field the standard basis is a set
of m elements 1, o', o, o, ... o™ [14]. The values of the
linearized polynomial Fo(a”) Fi(a') ..... Fui(a™") at the
points of the standard basis of the GF(2™) finite field can
be calculated using (2). The obtained result lies in the
GF(2™) field, but for further calculations it is reasonable
to present it as a binary vector corresponding to the field
element

F(a)=faga ay...am 1} a cGF(2).

We denote the searching root of the error polynomial

as o€ GF(2M) field clement through a binary vector

B'={by by by ..byy), by €GFC).
Then it is derived from the formula (1) that the zero
coefficient of error locator polynomials represented as

Y= {yo Yi .. ym_l} binary vector can be obtained by mul-

tiplying [3i ={by by by...bp1}, by €GF(2) the vector of
the line by a matrix A over field GF(2™)

8,0 @1 @2 ---8m-1

o A a2 ... o

[t by by ... by ] ~[yo ¥1 -y ) ©)

- 8m-f,m-1

Therefore, the decomposition coefficients of F(X) pol-
ynomial on a standard basis can be obtained

-1
F(X)= mZbkF(ock), b, € GF(2). (©6)
k=0

For example, it is necessary to find the roots of the er-
ror locator polynomial that coefficients belong to the
GF(2%) finite field, generated by the primitive polynomial
PO)=X+x+1:

2 6 6

o(X)=xX"+a ' xX+o . (7)

We
o(X)=F(X)+ 0o, where the F(x)= x> +a’x linearized
polynomial above the GF(2*) field and the zero coeffi-

represent  the  error  polynomial as

cientis op = ol Then, in accordance with (4), we obtain

F(X):X2+0L6X:0L6. ®)

The element of the GF(2*) o° finite field is comparable
to the [YaYi1Yo]  binary vector. If the

Bi = {bo b, b, }, b, € GF(2) searching roots of the error
locator polynomial, then in accordance with (6) we obtain
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boF () +b F(a!) +byF(a?) = [yg v 2. ©)

The basis vectors Fo(a?), Fi(a') u Fo(a’) taking into
account (8) can be calculated as::

0 0 6 2
Fo(a')=a " +a” =a”,

Fl(ocl):oc2 +o’ :oc6,
F2(0L2)=0L4+0Ll =a’.

Each F(a') basis vector above the GF(2%) field corre-
sponds to a binary

Fla)={aa a}, a e GFQ)
Fa®={100} F@)={101}, F@?={100}.

Then, in accordance with (5), we have a system of the
linear binary equations

[bo b by] =[1 o 1].

(= N -
(= =)

Therefore, the roots of the error locator polynomial (7)
can be found by solving simultaneously three equations

with three unknown {by by b, }, b € GF(2). It is obvi-

ous that the elements of the GF(2*) finite field o' {0 1 0}
and o’ {1 1 1} are the roots of the polynomial (7). This
example shows that to find the roots of the polynomial (7)
by means of the Berlekamp algorithm it is necessary to
calculate only three F(a?), F(a') and F(a”) in the GF(2%)
field instead of calculating all values F(a’), F(a') ....
F(a®), required for searching the roots by the Chan’s
method.

For the decrease in complexity and quantity of compu-
tational operations at finding the roots of errors locator
polynomial by the Berlekamp method it is expedient to
use earlier calculated values at the following stage of al-
gorithm. For this purpose we will use the property of the
linearized polynomial

F(x+y)=FX)+F(y). (10)

Thus, in accordance with the property (10), we obtain

Fio' +al)=F@")+F@h) (11)

or
F(a)+F(a)=F(al), oaf=a +al.
Consider such a pair of o and o' elements of the finite
field GF(2™) as a standard basis (binary vector of m
length), which would differ from each other in one posi-
tion. Then in the formula (11) the o field element is in
this case a single vector of m length. As it has been point-

ed out earlier such elements (binary sequence welght 1)
are basic in the finite field GFQ™) ' 1, o', o2, o, ... ™.

Hence, if we rank (order) the elements of the GF(2m)
finite field in such a way that the nearby vectors will dif-
fer exactly in one position. Then, at each step of the algo-
rithm for searching the roots of the error locator polyno-
mial, the calculations are reduced to a single addition [
the previous value and the value of the linearized poly-
nomial at the points of the standard basis F(a”) F(a') .....
F(a™") of the GF(2™) finite field.

Thus, in order to calculate all values of the error loca-
tor polynomial represented as the affine polynomial (3) in
all points of the finite field

Bi e GF(2M),i=0,1,...,m—1, it is necessary to com-
plete the following steps
FE'™+Fj(al),

F') = (12)

(OLj =[3i @Bi_l — corresponds to one of the basic ele-

ments of the GF(2™) field).
The expression (12) provides the procedure for find-
ing the polynomial value set o(X) at all

points o e GF(2™) . The calculation requires ordering of
all the elements of the field, the presence of the previous

value F(BH) and the previously found values of the ba-

sis vectors F(a').

Thus, to find the roots of the error locator polynomial,
and therefore to calculate the polynomial value (3) at all
points of the finite field it is necessary to use the follow-
ing algorithm:

1. To set the value of zero coefficient of error loca-
tors polynomial 6y and linearized polynomial F(X).

2. To find the values of the linearized polynomial
F(x) at the points of the standard basis of the finite field
GF(22™)

Fe =F(al),i=0,1,..,m-1.

3. To perform the initialization F(") = 0.
4. To arrange all elements of the o' € GF(2™) finite

field in the form of binary vectors in such a way that two
any nearby vectors will differ exactly in one position.
5. To calculate the value of

FB)=FE™)+Fj(al), ol =p'@p™".

6. If F(B") = oy, then the field element ' is the pol-
ynomial root of o(X).

4 EXPERIMENTS
To confirm the functionality of the above-mentioned
theoretical calculations we will perform the procedure of
searching the roots of the error locator polynomial, which
coefficients belong to the GF(2*) finite field, generated by
the primitive polynomial p(x)=x*+x+1:
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cs(x)=x2+oc5x+1.

(13)

1. We represent the error polynomial (13) as
o(X)=F(X)+0(y, where the linearized polynomial
F(x)= x> +a’x above the GF(2") and the zero coeffi-
cient oy =1.

2. We will find the values of the linearized polyno-

mial at the points of the standard basis of the GF(2*) finite
field

Fo(a?) = a!? (1010), F(a!) = a® (1011), Fy(a?) =

=a® (1110), F3(a) = a” (0001).

3. We will perform the initialization F([BO) =0.

4. The elements of the GF(2*) finite field, decomposed
as the binary vectors, should be ordered so that the nearby
vectors will differ in one position.

Table 1 — The GF(2*) Finite Field Element Ordering

Field Element | Binary Vector | Field Element | Binary Vector
B°(0) 0000 B%(a) 1100
B'(a”) 0001 B’(a) 1101
BA(a'?) 0011 B () 1111
B(ah) 0010 B () 1110
B*(a") 0110 B"%(a") 1010
B(a’) 0111 B5(a”) 1011
B(a’?) 0101 G 1001
B’(0”) 0100 B (") 1000

5. We will perform step-by-step calculations in ac-
cordance with (12).

1) [30 @Bl =0001 - corresponds to the basic element
o’ the GF(2*) field

FB") = F%) + Fy(a®) =0000+1010=1010;

2) B1®B2 =0010 — corresponds to the basic ele-
ment o' the GF(2*) field

F(2) = F@) + F (o)) = 1010+1011 = 0001;

3) [32 @[33 =0001 — corresponds to the basic ele-
ment o the GF(2*) field

FB%) = F(B%) + Fy(a®) =0001 + 1010 = 1011;

4) [33 @[34 =0100 — corresponds to the basic ele-
ment o the GF(2°) field

FB*) = F(B%) + Fy(a?) = 1011 + 1110 = 0101;

14) [313 @[314 =0010 — corresponds to the basic ele-

ment o' the GF(2*) field

FP™) =F@")+F(a') =0000+1011=1011;

15) [314 @BIS =0001 — corresponds to the basic ele-
ment o the GF(2*) field

FB)=F@™)+Fya®) = 1011 +1010 = 0001.

As F(B*) =1 u F(B") = 1, the roots of the polynomial
(13) are consequently the elements of the field B> and p'°,
a'? and o respectively.

To estimate the real efficiency of the proposed modi-
fied algorithm for calculating the roots of the error locator
polynomial, the software simulation in C++ language has
been implemented. The multiplication in the GF(2%) fi-
nite fields for the Chan’s method was carried out using
the tables of logarithms and antilogarithms. The calcula-
tions of the roots and the comparison of results were car-
ried out only for the linearized error polynomials and for
the elements of the o, o', ..., o®** field.

5 RESULTS
Figure 1 represents the measurement results of the
computation speed for the modified root search method
and for the Chan’s method.
Based on the results, it can be concluded that the ap-
plication of the modified algorithm for searching the roots
of error locator polynomials, presented as the linearized

polynomials, makes it possible to achieve a speed gain of
1.5 times in comparison with the Chan’s method.
m . . ' i i
2 4 6 8 10
The degree of error locator polinomial

Figure 1 — The speed of the error polynomial roots computation

30 M the Chan's method
W the Modified algorithm

Time, max
=
w

w

For the GF(2*) finite field, the average number of op-
erations to search for the of polynomial roots of 8 degree
is 4100 for the Chan’s procedure and 1532 for the pro-
posed modified root search method. For 16 degree of pol-
ynomial, the average number of operations is 8240 and
3562 respectively.

6 DISCUSSION
As all polynomials of the second degree are linearized,
their roots can be found by solving the corresponding
system of linear equations by the Berlekamp-Massey
method [7]. Also, a linearized polynomial of error loca-
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tors with a nonzero coefficient can be represented as an
affine polynomial. In this case, the root search procedure
is reduced to the addition of binary vectors in the GF(2)
field GF as the elements of the GF(2™) finite field, which
allows reducing significantly the number of addition and
multiplication operations of the field elements.

If each element o' of the GF(2™) finite field can be
compared to a binary vector of m length, the field ele-
ments can always be ordered in such a way that two near-
by vectors will differ from each other exactly in the same
position, for example, using the Gray code.

The described algorithm allows finding the roots of
the error locator polynomial if the polynomial (1) is rep-
resented as an affine polynomial (3). However, this root-
searching procedure can also be generalized in the case of
arbitrary polynomials if they are broken down into a set of
affine polynomials.

CONCLUSIONS

In this work the acute scientific task of the acceler-
ated search of the roots of the error locator polynomial
which define the errors positions in the accepted code
sequence at the stage of cyclic BCH and RS codes decod-
ing is solved.

Also the effective algorithm of the roots calculation
of the errors polynomial above the GF(2™) finite fields is
developed. The improved algorithm for calculating the
roots of the polynomial errors with the coefficients in the
finite field based on the Berlekamp-Massey algorithm for
the linearized polynomials has been proposed, which pro-
vides a minimum number of arithmetic operations due to
the use of data obtained from the previous stages of calcu-
lations. The proposed algorithm reduces the complexity of
root calculations at one point of the finite field due to the
application of a special arrangement of all elements of the
finite field.

Practical newness of the work results lies in the im-
plementation of the program model of the code message
decoding system, which allows conducting the error cor-
rection, both for the classical method of searching the
roots, and for the developed modified algorithm for calcu-
lating the positions of the disturbed characters. The mod-
eling results have confirmed the efficiency of the pro-
posed algorithm for the root searching of the error locator
polynomial while the cyclic BCH and RS codes decoding,
which allows achieving the speed gain by 1.5 times, com-
pared with the Chan’s search method.
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MOJHU®PIKOBAHUN AJITOPUTM MOMIYKY KOPEHIB ITOJTHOMA JIOKATOPIB TIOMHJIOK ITPA
JEKOJYBAHHI BYX KO/(IB

KpusioBa B. A. — kaHJ. TeXH. HayK, JOLEHT Kadeqpu aBTOMATH3allil Ta yNPaBIiHHA B TEXHIYHHX cucTeMax HamioHaabHOTO
TEXHIYHOTO YHIBEPCUTETY «XapKiBChKUI MOMITEXHIYHUH IHCTUTYT», XapKiB, YKpaiHa.

Teeputrnukosa O. €. — 1-p Hayk, npodecop kadenpn iHbpopManiiHO-BUMIPIOBAIBHUX TEXHOJOTIH Ta cucteM HamionamsHOro
TEXHIYHOTO YHIBepCUTETY «XapKiBCHKUII MONMITEXHIYHUN IHCTHTYT», XapkiB, YKpaiHa.

BacuabuenkoB O.I. — kaHza. TexH. HayK, JOLEHT Kadeapu aBTOMAaTH3alii Ta yIpaBiiHHS B TeXHIYHHMX cucTeMax Harrio-
HaJIBHOTO TEXHIYHOT'O YHIBEPCHUTETY «XapKiBCHKHUH MOJITEXHIYHUI IHCTUTYT», XapKiB, YKpaiHa.

Koaicuuk T.II. — xanx. mex. Hayk, JOUCHT Kadeapu iHpoOpMauiiiHUX TexHONOrid Ta kibepOesmexd XapKiBChKOTO HaIlio-
HaJIBHOTO YHIBEPCHUTETY BHYTPIIIHIX clipaB, XapkiB, YkpaiHa.

AHOTANIA

AKTyalbHicTB. Y TeleKoMyHIKaliiHAX Ta iHGOpMaiHHUX cucTeMax 3B 3Ky 3 IMiJBUIEHOIO IIyMOBOIO CKJIQJ0BOI BUKOPHCTO-
BYIOTBCs meperikoaoctiiiki mukmigai BUX T1a xomu Pima-Comomona. KopuryBaHHS Ta BUNpaBICHHS IOMIJIOK B TIOBIJIOMIICHHI
BUMarae ¢(eKTUBHHX METOMIB JiekoayBanHsA. OfHUM 3 eTamiB nponenypu aekoayanus PC i BUX koniB mis BU3HAYCHHS MO3MIIN
CIIOTBOPEHB € IOLIYK KOPEHIB IOJIIHOMa JIOKaTOpiB MOMIIOK. OOUMCIEHHS KOPEHIB MHOTOWICHA, OCOOJIMBO Y KOXIB 3i 3HAUYHOIO
KOPEKTY€ 3JIaTHICTIO, € TPYIOMICTKOIO 3aBJAHHAM, IO BUMarae BHCOKOI OOYMCIIOBAJIbHOI CKIAAHOCTI. TOMY yHOCKOHAJICHHS
merozaiB nekonysanHs BUX i PC kopaiB, 1110 103BOJISIOTH 3MEHIIHTH CKJIAJHICTh OOYHCIICHD, € AKTYaIbHUM 3aBIaHHSM.

Meta po6oru. JJocmimkeHHs 1 CHHTE3 IPUCKOPEHOTO aJrOPUTMY MOIIYKY KOPEHIB MOMIHOMA JIOKATOPiB IIOMHJIOK, MIPEACTaBIIe-
HOTO y BUTJIAI aiHHOTO MHOTOUWIEHA 3 Koe(illieHTaMH B KiHIICBUX IMOJIAX, SIKHI JO3BOJISIE MPUCKOPUTH Tporiec AekoxyBanHs BUX i
PC xomis.

Metoa. Kitacnanmii MeTo NOIIYKy KOpEeHiB Ha 0a3i anroputMy UeHs BUKOHY€EThCS 3a JOIOMOTOI0 apr()METHKH KiHIIEBHX OB
Tanya i TpyIOMICTKICTh PO3paxyHKIB, B TJAHOMY BHUIAJKY, 3JICXKUTh BiJl KUTBKOCTI Omepailiid JoaaBaHHs i MHOXEHHS. J{yis auHeapu-
3MBAaHUX TOJIIHOMIB MPOIIEAypa MOIIYKY KOPCHIB, 3aCHOBaHA HA JBIMKOBIi apudMeTuIl Ta 3AICHIOETLCS 3 yYpaxyBaHHSAM 3HAYCHb
OTpPHUMAaHHX Ha MOIEPeAHiX eTanax 00YHCIICHHS, 1110 3a0e3reuye MiHiMaIbHE YUCII0 apU(pMETHIHHUX Onepariii.

PesyabTaT. Po3pobiieHO MPUCKOPEHUI alrOpuT™M OOYMCIICHHS 3HAYCHb MOJIHOMA JIOKATOPiB MOMHJIOK y BCIX TOYKaX KiH-
nesoro noist GF (2™) ans nMHeapu3MpoOBaHUX MHOrowIeHiB Ha 6a3i Meromy Bepiekemma-Mecci. AIroput™ MiCTUTh MiHIMadbHY
KUTBKICTh OTepaliil JoJaBaHb, 32 PaXyHOK BHKOPUCTAHHS Ha KO)KHOMY €Tall OOYHMCIICHb, 3HAUYCHb OTPUMAHUX Ha TONEPEIHBOMY
KpOIli, a TaKOXX BUKOHAHHs CKJIafaHHs B KiHneBomy moxi GF(2). 3ampormonoBaHo Moan¢ikoBaHMI METOH HOIIYKY KOPEHIB IS
apiHHUX MOJIHOMIB HaJ KiHICBHUMH IOJISIMH, IO JO3BOJISIE BU3HAYUTH TO3UIIIT MOMIJIOK B KOJIOBOMY CIIOBI ITiJI Yac JAEKOIyBaHHS
mukiaivanx BYX i PC xoxis.

BucnoBkn. HaykoBa HOBU3HA po0OTH mojsirae B yJJOCKOHAJEHHI aJTOPUTMY OOUYMCICHHS KOPEHIB MHOTOYIECHA JIOKaTOPiB IO-
MHJIOK, KOe(il[iEHTH SIKOTO HaJleXKaTh JI0 eJIEMEeHTIB KiHI[eBOro mois. [Ipyu iboMy CIIpoLIy€eThes IPoLeaypa JEKOIyBaHHS UK THIX
BUX i PC koziB, 3a paXyHOK 3HIKEHHSI O0UHCITIOBAIIBHOT CKIIaAHOCTI OJHOTO 3 €TaliB JeKO{yBaHHs — 3HAXODKEHHS MMO3MLIH MOMH-
JIOK 3 BUKOPHUCTaHHSAM MoaudikoBanoro anroputmy bepnexemmna-Mecci. Jani ¢akti migrBepKkeHi pe3yabTaTaMH IPOrPaMHOTO
MOJICTIOBAHHS aITOPUTMY IOLIYKYy KOpPEHIB ITOJIHOMA JOKAaTOPiB MOMMIIOK. [loka3zaHO, IO 3aCTOCYBaHHS HPHCKOPEHOTO METOIY
JIO3BOJISIE TOCSATTH BUTPAIY IO IBUAKOAIT B 1,5 pasu.

KJIOYOBI CJIOBA: BUX xoau, MOJIIHOM JIOKaTopiB IMOMIIOK, momryk Yens, anroput™ bepmexemmna-Mecci, koqu Pina-
CooMoHa.

VK 004.056.5
MOJIUGUIIAPOBAHHBINA AJITOPUTM IIOUCKA KOPHEN MOJJMHOMA JIOKATOPOB OIIIMBOK ITPH
JEKOJUPOBAHUU BUYX KOJ1OB

KpsbLioBa B. A. — kaHJ. TeXH. HayK, JOLUEHT KadeIpbl aBTOMaTU3alUH U YIPABICHHUS B TEXHMUECKUX cucTeMax HammonansHOTO
TEXHUYECKOTO YHUBEPCUTETA «XapPbKOBCKHUH MMOJMTEXHUUECKUIA HHCTUTYT», XapbKOB, Y KpauHa.

TeeputnukoBa E. E. — n-p Hayk, npodeccop kadenpsl nHPOPMAITHOHHO-U3MEPUTETBHBIX TEXHOJIOTHH M cucTeM HarmoHams-
HOI'0 TEXHUYECKOI0 YHUBEPCUTETa «XapbKOBCKUI IOJIUTEXHUYECKUI HHCTUTYT», XapbKOB, YKpauHa.

BacuiabuenkoB O. I'. — kaHI. TexXH. HAyK, JOIEHT Kadeapsl aBTOMATH3ALMK U YIPABICHUS B TEXHHUECKUX cucreMax Hammo-
HAJIBHOT'O TEXHUYECKOI0 YHUBEPCUTETA «XapbKOBCKUI MOJIIUTEXHUUIECKUH HHCTUTYT», XapbKOB, YKpauHa.

Kouecnuk T. II. — kaup. men. Hayk, TOUEHT Kadeapsl HHGOPMAIMOHHBIX TEXHOJIIOTHI 1 KndepOe3onacHoCTH XapbKOBCKOIO Ha-
LMOHAJILHOTO YHUBEPCUTETA BHYTPEHHUX Jie)l, XapbKoB, YKpauHa.

AHHOTAIUS

AKTyaJIbHOCTh. B TeIeKOMMYHHUKAIIMOHHBIX U MH(POPMALMOHHBIX CUCTEMaX CBSI3M C IMOBBIIICHHOH LIyMOBOIl COCTaBISIOLICH
UCTIONB3YIOTCS MoMexoycToiuuBsle nuknnyeckue bBUX u xoasl Puna-Conomona. KoppektupoBka u ncrnpasiieHHe OMNOOK B C000-
mieHuH TpedyeT 3P PEeKTUBHBIX METOI0B IeKoaupoBaHus. OIHUM U3 3TanoB npoueaypsl nexoguposanus PC u BUX kxomoB s om-
peneneHus MO3NINI NCKKEHUH SBISIETCS TIOMCK KOPHEH MOJMHOMA JIOKATOPOB OMMOOK. BrruncieHne KopHel MHOTOUWIEHa, 0COo-
OCHHO y KOZIOB CO 3HAUUTEIBHOH KOPPEKTHPYIOIMIEH CIIOCOOHOCTEIO, SBISCTCS TPYIOEMKOH 3a/1aueH, TpeOyromeid BRICOKOM BBIYHC-
IuTeNnbHOU cnoxHocTd. IloaToMy ycoBepiieHcTBoBaHHE MeTOn0B AekonupoaHus bUX u PC konoB, MO3BOJISAIOIIMX YMEHBIIUTh
CJIOKHOCTb BBIUMCIICHUM, SBIISETCA aKTyalbHOH 3aJauci.
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Leab uccaeroBanus. VccnenoBanue u CHHTE3 yCKOPEHHOTO aIrOpPUTMa IOMCKA KOPHEH ITOJIMHOMA JIOKaTOPOB OIIMOOK, Ipe-
CTaBJIEHHOTO B BHJE a)(MHHOTO MHOTOWIEHA ¢ KO3()(PUIUESHTaMH B KOHSUHBIX MOJISIX, KOTOPBIA IO3BOJISIET YCKOPHUTH MPOLIECC Je-
kxoaupoBanus BUX u PC konos.

Metoa. Knaccuueckuii MeTos moucka KopHel Ha 6a3e anropurMa UYeHs BBIIOIHACTCS C MOMOILBI0 apu()METHKN KOHEYHBIX I10-
Jiedt ['anya u Tpy10eMKOCTb PacyeToOB, B JAHHOM CIIy4ae, 3aBUCUT OT KOJMUYECTBA ONEPaLUil CIIOKEHUS U YMHOKeHus. [{ns nuneapu-
3MPOBAHHBIX TTOJMHOMOB IMPOLETYPa MOUCKA KOPHEH, OCHOBaHHAs HA ABOMYHOMN apH(PMETHKE, OCYIIECTBIAETCS C YIETOM 3HA4EeHUI
TIOTyYeHHBIX Ha MPEABIAYIINX STaNax BEIYHUCICHUS, 9TO 00ECIIeYNBaeT MHHIMAIBHOE YHCIIO apU(PMETHIECKHUX ONePAIHH.

Pe3yabTarthl. PazpaboTan yCKOpEHHBIH alTOpUTM BBIYHCICHHS 3HAYCHHH MOJIMHOMA JOKAaTOPOB OMIMOOK BO BCEX TOYKAX KO-
neunoro nons GF(2™) s nuHeapu3MpOBaHHBIX MHOTOWIEHOB Ha 6asze MeTonma Bepieksmmna-MeccH. AJITODHTM COIEPKMT MUHH-
MAaJIbHOE YKCJIO OIepalUil CIIOKEHUH, 32 CYET UCIIOJIb30BAHUS HA KaXKIOM dTalle BBIYMCICHUI, 3HAUEHUH MTOJYYECHHBIX HA IPEAbLIY-
IIIeM IIare, a TakXKe BBIOIHEHUs cIokeHus B koHedHoM none GF(2). Ipemnosken MoanuIpOBaHHBIA METOJ OMCKA KOPHEH ISt
a(GUHHBIX TONMHOMOB HaJ{ KOHEYHBIMH ITOJISIMH, ITO3BOJLSIOIINIT ONIPEENNTh MO3UIINY OIIHOOK B KOJJOBOM CJIOBE IPH JIEKOAUPOBA-
muu nukimyeckux bUX u PC komos.

BriBoasl. HayuHast HOBU3HA pabOThI COCTOHUT B yCOBEPIICHCTBOBAHMY AJITOPUTMA BBIYHMCIICHNS! KOPHEH MHOTOWICHA JIOKaTOPOB
omK60K, K03()HUINEHTH KOTOPOTO MPUHAIEKAT JIEMEHTaM KOHEYHOTo oJis. IIpu 9ToM yrpolaercs nmpoueaypa JIeKoIUpOBaHUs
nuknnyeckux BUX u PC xomoB, 3a cueT CHIKCHUS BBIYMCIUTEIBHON CIIOKHOCTH OJHOTO U3 3TAINOB JEKOAUPOBAHUS — HAXOXKICHUS
MO3MLMH OMHUOOK ¢ MCHONIb30BaHHEM MoauduuupoBaHHOro anroputma bepnexamna-Meccu. JlanHble (GakTbl OATBEPHKICHBI pe-
3yJIbTaTaMH MPOrPAMMHOTO MOJIETTMPOBAHUS aTOPUTMA TIOMCKa KOPHEH MoIrHOMa JIoKaTopoB omubok. ITokasaHo, 4To mpuMeHeHne
YCKOPEHHOTO METO/ja O3BOJISET JOCTHYb BRIUTPHIIIA 110 OBICTpoAeiicTBHIO B 1,5 pasa.

KEYWORDS: BUX kofpl, MOTMHOM JIOKATOPOB OIHO0K, mouck Yens, anroputm bepnexamma-Meccn, koasl Puna-Conomona.
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ABSTRACT

Context. The article discusses approaches to anticipation identification being an essential part of the decision-making process done
by the operator by using the example of a sea captain in ergatic systems of critical infrastructures in the sea transport management. The
mentioned above aspect of anticipation of operators can be regarded as being a complex form of human-machine interaction and, cer-
tainly, claims for further elaboration of information and tools to be used.

Objective. The way to approach development is taken as being based on an information analysis of the full range of trajectories
of decision-making by operators at the time of performing complex multi-stage actions. These items are rooting out of their adopted
strategy of human-machine interaction. Besides, it leads to the formation of a metric being able to algorithmically represent the
enormous number of variants. It can be done taking into account conditions of combinatorial representation in terms of the geometric
theory of groups on the Cayley graph.

Method. Being a part of the approach elaboration the having been obtained during the analysis of the database of navigation
simulators mathematical model of experimental data collecting and processing succeeded to be constructed. To confirm the formal-
algorithmic approach a simulation was challenged to be carried out helping to form the trajectory of the operator’s decision making
in critical situations. It was felicitously performed basing on the three-factor ERO-AEA-EAPI model. Thus, the algebraic and soft-
ware representation of the metric decision space is noticed to uncover approximate complex human-machine interactions in uncertain
environments. As a result, the converting process of data of the main subject of critical infrastructure (i.e. the operator) into knowl-
edge is able to be coped with. In addition, factors possible to be gauged in the proposed metric are able to be uncovered.

Results. In order to carry out the feasibility assessment of the developed approach as well as formal-algorithmic ones, an experi-
ment was performed by using the Navi Trainer 5000 navigation simulator (NTPRO 5000). During having one of the most trouble-
some operations i.e. mooring we wanted the server data to be analyzed. As a result, data about anticipation being shaped as triangular
constructs in the quasi-isometric space of Cayley graph is reported to have been obtained. The automated neural networks being used
for result obtaining led to delivering of the possibility to get multiple data regression and to analyze the relationships of many inde-
pendent variables. It is considered to be clear evidence due to having found out results of scattering and reliability diagrams.

Conclusions. The having been presented in the investigations formal-algorithmic approach together with the developed software
tools and the approaches of converting data into knowledge about operator anticipation are said to embrace the possibility to classify
and to identify individual decision-making strategies when managing a vessel and to predict the likelihood of poor consequences.
With regarding to the cogency of the proposed approach and models these issues happen to have been successfully justified by means
of the automated processing of experimental data.

KEYWORDS: decision support systems; knowledge identification systems; operator model; computer navigation simulators;
management of risks; human factor analysis; automated control systems.

ABBREVIATIONS NOMENCLATURE
DSS is a decision support system; Xg, Y, is a metric space;
NTPRO 5000 is a mnavigation simulator “Navi d d i tric:
Trainer 5000”; Xe? 7 Vg 1S @ space metnc,
ARPA is an automatic radar plotting aid; 8 is a geodesic neighborhood;
AIS is an Automatic Identification System; X' is a signs of anticipation;
ECDIS is an Electronic Chart Display and Information N .
System; ( X, )a is an influence of new data;
RADAR is a radar station; W, is a conditions;

ERO is an expected results of operations;

AEA is an anticipated event awareness;

EAPI is an expected attitude towards participants in
interpersonal interaction.

Z is a mooring task;

a, is a detalization;

b, is a generalization;

f 1is a quasimetric attachment;
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Cq> k are constants;

a is a maneuvering with a change in the operating
mode of the main engine;

bis a shift pen rudder;

cis a change of the operating mode of the thruster;

p is a point located on the geodetic segment;

¢, is a bounded quasi-isometric mapping;

Xg,Vg,Zg AI€ vertexs;
v is a geodesic segment (path);
r is a geodesic segment length;

S; is an area of the flat;
(M,d) 1s a metric space;

aq,b, are an any two points on sides;

X 1S a situation;
B, (x) is an action plan (detail);

C,(x) is a summarizing data;
{Ind} is a forms inductors;

D; is an information domains;

P(x,z) is a predicate;
A(x) is a set of probable solutions;
Q, is a set of rules is primarily formed,;

H, is a data generation conditions;

{S*} o is a favorable treatment;

U, is a possibility of having options;

e is an activity of captain;

V' is an objective reality, regularity;

EZ is an energy and motivation of the captain;

T is a basis of the tests;

{E} is a destined for observing the constructing do-

main digraphs experience;
0G is a set of elementary operations;
{Ag} is a micro social environment limited.

INTRODUCTION

It goes without saying that the processes involving
human-machine interaction in ergatic systems are sure to
have always been a crucial field directly affecting the
final result. In the contemporary critical infrastructures
with an operator having in the information circuit, under
the great security influence these processes are to be
drawn attention to as reflecting great interest [1]. Modern
information technologies demonstrating competencies in
finding solutions aimed at ensuring the safety of ergatic
systems are using the example of maritime transport to a
small degree. The human factor manifestations are named
to have always been main contributors to a significant
increase of the likelihood of faulty situations.

Signaling is usually made in the form of a warning di-
rective to the vessel crossing dangerous areas or ap-
proaching target vessels (Fig. 1), obstacles or dangerous

isobaths so, therefore, a safety circuit is mandatory to be
used (Fig. 2.) [2].

Area

[] Traffic separation zone.
[ Traffic crossing.

] Traffic roundabout.

[] Traffic precautionary.
1 Two way traffic.

[] Deeper water route.

[]1 Recommended traffic lane.
1 Trehara feaffle sana

Cancel

Figure 2 — Display of the ship safety frame

The operator himself is able to choose and even create
his own circuits for having being alerted by the security
system experience. The ECDIS system is noticed to be
having enough tools for automated security settings by
using electronic navigation charts. In addition, other trou-
bles to be mentioned happening like signaling due to hav-
ing problems in the engine room, rough weather condi-
tions can be successfully coped with. At the same time, on
the opposite, there is little evidences speaking about tools
that are involved into taking into account the operator’s
response to the data stream and signals of navigation de-
vices. Selecting highly qualified operators might be a key
issue in the attempt to solve this problem but the compli-
cation to be paid special attention to is not being aware of
the having been used shaping experience [3]. Besides,
when constructing automated systems frame aiming to
improve security level in this meaning, it is important to
be focused on the ‘“average” operator experience and
qualification. Nowadays they tend to be more than 70% of
the total. Previously having been implemented reviews
made us face the challenge of highlighting the questions
of having negative influence of individual groups of fac-
tors on the operator’s behavior pattern, concentration of
attention and communication features in the group [4—6].

However, questions related to the planning of the tra-
jectory of actions and the expectation of a future result
due to their individual formation pattern are still remained
to be not enough discussed. Certainly, in order to obtain
results in this field it is considered to be complicated to
determine the approaches for identifying information
signs and signals. Nevertheless, exactly these issues make
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it possible to build automated means for improving safety
in maritime transport.

Thus, the problem is highlighted reflecting having the
negative manifestation of operator anticipation as a com-
ponent of the human factor. Analysis of accidents as well
as work with cadets during training drills at navigation
simulators at the Kherson State Maritime Academy
(Ukraine) proves the established hypothesis of anticipa-
tion being decisive cornerstone in making decisions cor-
rect beyond any doubt. This pattern of human factor be-
havior especially manifests itself in the following condi-
tions: an operator has already had experience, for exam-
ple, captain or his first assistant, or he navigates in the
water area he is quite get acquainted with. It must be em-
phasized that avoiding the negative manifestation of an-
ticipation is highly likely to happen by automated means
for its identification and manifestations in dynamics rela-
tive to each operator.

Hence, the object of research frames the question of
the process of automated identification of anticipation of
operators while performing complex maneuvers in the
management of sea transport.

The subject of the study is models and algorithms
that implement the process of automatic identification of
operator anticipation in critical and difficult-to be-
predicted situations.

The purpose of the study is taken to be to introduce
and promote a mathematical and algorithmic justification
for the development of a module of a DSS in order to
identify the beginning point of operator’s anticipation and
its dynamics in the presented metric to meet or to improve
safety level in maritime transport.

The purpose of the article is chosen to be the applying
special purpose solution method embracing the following
problems:

1. To specify a formal approach for the formation of a
functionally defined space Y, with a metric d Ve to dis-

play the manifestations of anticipation of the operator.

2. To approximate the decision-making process made
by the operator basing on the three-factor model ERO-
AEA-EAPI in the form of a geometrically defined trajec-
tory on the surface of Cayley graph X, with a metric a’xg ,

with an intention to synchronize the data of the Transas
navigation simulator NTPRO 5000 and the encoded tra-
jectory.

3. To determine extrema on the Cayley graph able to
convert the surface to quasi-isometric item and allowing
to obtain the distortion value in the form & of a-
neighborhood on the geodesic triangle ERO-AEA-EAPI.
According to carrying out experience the operator’s an-
ticipation centers seem to be activated and seen.

4. To conduct an experiment using the Transas navi-
gation simulator NTPRO 5000. It would be involved into
having the possibility of automatically manner build the
triangular space of the ERO-AEA-EAPI based on the
results of the navigation tasks and identify the centers,
magnitude and dynamics of operators’ anticipation.

5. To formally introduce an information model of the
formation of operator anticipation and identify signs of
anticipation x’, as well as the influence of new data

(X t* )a on its manifestation in the form of a thin section

Xt* +1 under the conditions W, Z and psycho-

physiological parameters of the operator.

6. To develop a model of the dynamics of the centers
of anticipation of operators in the form of a Shukhart-
Deming spiral cycle from detalization a, to generalization
b, and back a,,;.This issue will be able to provide the

possibility of having negative manifestations of anticipa-
tion predicted in a discrete form.

7. To construct a multiple regression using the ex-
perimental data of the trajectories of decision-making by
operators by means of automated neural networks. Further
actions proposing to be taken include their training proc-
ess to be involved with an aim to organize the effective
work of DSS and, as a result, to identify the negative
manifestation of anticipation in maritime transport opera-
tors.

Hence, the best tackle of current spoken above chal-
lenges means dealing with getting the opportunity to suc-
ceed in achieving problem solution of identification and
prediction of anticipation of operators in maritime trans-
port. The allocated experimental data is intended to de-
liver further probable development of DSS with a goal of
creating and enhancing more sustainable safety environ-
ment in maritime transport by diminishing the negative
manifestations of the human factor.

1 PROBLEM STATEMENT

The research dedicated to the operator mental states
map designing in rough environment reflected the idea of
having identified points on its surface mattered. It must
be noted that each operator is about to have this surface
functioning in up-to individual mode due to its basing on
personal preferences and behavior patterns as well as on a
complex system of social expectations. From the first
point of view, the base points of the surface are not no-
ticed to be connected with each other. However, further
reconsideration can propose getting the opportunity of
building connections by selecting construction elements
using terminology of the theory of geometric groups [7].

Thereby, construction elements form segments and the
last ones tend to build a geometric structure i.e. function-
ally defined space. Consequently, the points connected in
space form a metric by the help of the given distances
between them. Taking into consideration the fact of hav-
ing all points of the obtained space Y, with metric d x

included in the primary Cayley graph X, with metric d Xy

the conclusion worth taking is that this metric is induced.
So, these points will certainly limit the primary Cayley
graph, convert it to the induced pseudo-metric where the
points are connected by geodesic segments.

It is vividly seen that for the particular person mental
state of being under the influence of his social expectation
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factors geometric structures will be shaped as a quasimet-
ric attachment f in the form of f:X, > Y, , if

d. d,
g ’g

Jk,c ng, Vg
the validity that the distance between the points of the
spaces X, and Y, can only change linearly must be ob-
served. This condition delivers the opportunit to save the
metric of the primary Cayley graph:

dy, (F(xg)’ F<yg))'“:>dyg (f<xg)’ f(yg))S

Skdxg (xg,yg>+cg 3@—0

sdy, (f(xg)’f(yg))gkdxg (xg’yg)“g'

Moreover, the nature of this dependence is quasi-
isometric one because the distance between the points

€ X, . To meet this issue requirements for

g S

f (xg) and f ( yg) varies linearly depending on the in-
dicated above constants ¢, and k.

Suppose the application of the proposed approach to
the formation of space of social expectations of the indi-
vidual basing on the results of the research made by Pro-
fessor 1. Popovych at al. [8]. His inquiry suggests a three-
factor model to be used consisting of the following areas:

a) ERO; b) AEA; ¢) EAPL

Being guided by the mentioned above options, the
conclusion can be drawn that the personality while being
involved into carrying out activities is basing mostly on
three strategies causing definite deeds. Thereby, his social
expectations might be founded on these three parallel
directions and superimposed on the trajectory of action.

2 LITERATURE REVIEW

The research problems are rooted out from the contra-
dictions existing between the needs for automated identi-
fication of operator behavior motives in ergatic systems
and the capabilities of navigation information systems [9].
In having been studied inquiries related to these issues
scientific researches tend to get risk assessment by
mathematical processing of the parameters of the infor-
mation model of the vessel and its dynamics in the water
area [10—12]. Others are focused mainly on the enhance-
ment of information tools for the analysis of physiological
characteristics of sea transport operators [13, 14]. At the
same time, the decision support systems questions can not
be avoided as being essential in facilitating safety marine
environment reducing the human factor of the operator by
analyzing the decisions made during holding human-
machine interaction [15-18]. Furthermore, the task of
identifying the manifestations of the human factor itself
can be found as being much more problematic one in
comparison with ordinary work performed with signals
and data from navigation devices RADAR, ARPA, AIS,
ECDIS, etc. In the meantime, the deliberate relevance of
such investigation is noticed to be expending greatly
thanks to automated systems being involved. To some
extent, this practice let them respond to manifestation of

the negative human factor by automatical diverging in the
principles of E-navigation [19, 20].

Contemporary approaches to the sustainable develop-
ment of automated and intelligent systems are more and
more involved into facing challenges to respond the need
for undertaking thorough analysis of operator action plan-
ning [21, 22].

Nevertheless, well-known widely-spread literature is
unable to deliver references to efficient automated sys-
tems capable of carrying out identification of operator
anticipation manifestations as an indicator of the strategy
of decisions made in ergatic systems of maritime trans-
port.

3 MATERIALS AND METHODS

There is the hypothesis that due to the psychological
characteristics of the individual at each interval (stage) of
the trajectory of his activity one factor-direction is con-
sidered to act as a dominan one, being dominant. More-
over, each fragmented trajectory of human activity has
three dominants in each direction factor, thereby, forming
a triangular structure having non-trivial individual-
personality properties. They turn out to have scientific
and practical significance for the development of the
methodology of social expectations of the individual.

For the sake of confirming this hypothesis a simula-
tion of the trajectory of a person’s behavior in critical
situations is supposed to be performed. One peculiarity is
to be made is that independent decision making is re-
quired to be based on the three-factor model of ERO-
AEA-EAPL

Suppose, as a modeling environment critical infra-
structure (for example, maritime transport) would be cho-
sen to be spoken about and as an operator, a watch assis-
tant of the captain or captain. Besides, imagine, the envi-
ronment where the vessel will be operating and maneu-
vering is said to be one of the most complicated ones
(coming up to the pier and mooring operation). To com-
pletely satisfy and meet the requirements such options as
experience and professional skills of senior assistant of a
captain or other higher positions must be taken into con-
sideration.

When constructing the Cayley graph the three axes a,
b, ¢ would be proposed to be used basing on the reasons
that when mooring combinations of control actions rests
on three main types of maneuvers:

a — maneuvering with a change in the operating mode
of the main engine;

b — shift pen rudder;

¢ — change of the operating mode of the thruster.

As arule, taking into account huge number of external
and internal factors influencing on, the captain gets used
to being guided by combinations of basic maneuvers
monitoring the situation in real time mode. Gained ex-
perience and mind-motor skills are able to be highly
likely the most influential factors on choosing the particu-
lar strategy. These items which brings an additional effect
that polar influences the final result of the maneuver.
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Thus, to identify the path of the skipper’s actions a
metric space is proposed to be constructed. It would defi-
nitely take into account the entire spectrum of options for
the those actions in the context of a three-factor model in
the form of a Cayley graph basing on the geometric the-
ory of groups.

It must be underlined that this graph, according to the
axiomatics of the formal approach, is noticed to be start-
ing from the base point e and to be spreading in three
axes. The metric of the graph does not change with its
spreading’s, however, for the image to be observed com-

pactly, each level of construction is scaled a multiple % .

So, the Cayley graph obtained in this way could be de-
picted as following (Fig. 3):

Figure 3 — Cayley’s graph of the actions of the skipper in the
three-factor model

As it can easily be seen from Fig. 3, the Cayley graph
is not observed changing structurally. To some extent at
any point the principle of the geometric distribution of
edges can be functioning in the same way. This tendency
confirms the appropriateness of geometric group theory
sampling techniques for further development of this
study. In order to analyze this approach, an experiment
was carried out using the Transas navigation simulator
NTPRO 5000 at the Kherson State Maritime Academy
(Ukraine) (Fig. 4).

|- o - ras

Figure 4 — A fragment of the opéfation on the NTPRO
5000 simulator

Before starting of the experiment students, navigators-
to be, had been pre-screened for upcoming behavior pat-
tern with the following analysis of the actions letting us

get identified all preferences regarding directional factors
during the mooring operation.

In order to improve the experiment quality and level-
ing random factors a mooring operation is reported to
have been performed in three stages. In each of the stages
an extremum was determined by three directional factors
towards particular captain. Consequently, three trajecto-
ries were obtained mapped onto fragments of the Cayley
graph (Fig. 5).
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Figure 5 — The set of trajectories on the Cayley graph

Fig. 5a shows that all three trajectories begin with a
factor-direction a € 4, indicating the fact of navigator’s
having already been formed by the carrying out moment
stages action plan. To a certain point, this is real truth due
to the fact that the skipper is experienced and has well-
established behavior algorithms in cases typical to this
situation. Having highlighted and connected the extre-
mum points (acbcba, acachb, abac) we get a geometric
figure forming a triangle. Attention must be paid to the
evidence of functioning each extremum point as a deter-
miner of the length of the trajectories of different sizes
(usually from 4 to 6 stages) (Fig. 5 b).

The resulting structure is defined by the central a-ac,
geodesic segment limiting the outgoing trajectories within
a constant ¢, , such that (1):

f(xg)ﬂca:VaeA,EIpeF(Xg):da(a,p)Sca. )
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Thusly, this structure is not said to be anything more
than ¢, — bounded quasi-isometric mapping of the image

describing the metric of social expectations of the skipper
in a set of typical situations. The introduced constants are
not noticed to distort the essence and linear dependence of
the three-factor model of the ERO-AEA-EAPI. This data
deliver us the possibility of getting generalization the ob-
served properties of the formation of behavior trajectories.
The obtained for each trajectory data is fragmented and
displayed in Table 1 and according to it, the main ex-
tremes turn out to be analyzed and, as a result, it is indi-
vidual resurfacing of the navigator’s social expectations is
highly likely to happen (Fig. 6).

Table 1 — The data of the trajectories of the geometric structure

Ne  |Trajectory Trajectory stages
1 acbcba a; ac; ach ache acbch achcba
2 acacba a; ac; aca acac acach acach
3 abacac a; ab aba abac abaca abacac

b4

X

Figure 6 — The curved surface of the social expectations
of the individual

Further observation of the specifics of the manifesta-
tions of factor directions makes us notice our moving
away from the straightness of the Cayley graph due to the
scatter of the values determined by its points.

The image of the graph itself can b regarded as an im-
age on a curved surface formed by a matrix of values
when forming the trajectories of the real actions of the
skipper (Fig. 6). To a certain point, the formed surface is
said to be an individual imprint of his social expectations
in the situation under consideration (2):

(M,d):ng,yg,zgeM, Fy:[0,r] > M. )

The curvature determination of this surface contrib-
utes to providing the representation of the impact degree

of dominant factors on the situation and to displaying of
individual habitual preferences being performed in a typi-
cal situation. As a result, possible future behavior pattern
of the skipper is highly likely to be predicted. However,
taking into account the complexity of this process, an
indirect feature is proposed to be used due to the fact of
getting real reflection of the deviation from the average
indicators of the points. This indirect issue is noticed to be
based on the ratio of the area formed by three points of
the flat and the actual obtained surface.

The comparative analysis of the area of the flat
S, = 4210.04 mm?’ and the surface area S, = 9531.18 mm’
is equal to 2.263. Thus, a surge of factors regarding the
situation turns out to have double time exceeding average
experience which is considered to be treated as true indi-
cator of skipper’s mental state.

Therefore, the goal points of social expectations are
able to be determined for all three factors-directions of the
model of the ERO-AEA-EAPI.

So, the formed space is ¢ hyperbolic [23] because (3):

Vxgygzg €M, V[xg,yg], [yg,zg} [xg,ng%MS. 3)

Being proved by the fact that all the geodesic seg-
ments in our case are located in the same neighborhood
surroundings common trajectory fragments are vividly
seen. This issue is confirmed by transition properties (4):

38 :V geodesic a— d narrow = 33 :V geodesic a—

“

— diam {center points-a,b,c} <3.

It can be observed from formulas (3) — (5) that the this
way formed geometric structures have a central space
being limited by points (cxg,cyg,czg ), so called &

neighborhood. In our case it will have a diameter equal to
the edge a-ac being completely appropriate for the c-
limitation condition mentioned above (Fig. 7).

i T
=~ T~ abac =z, NN
’ NN

~ WX
C 1\
: | |
J/
-~ =/

| acbeba = x,
\ —

Figure 7-1s 6 —neigﬁ;o?ho—od_spurrounding on the geo-
detic triangle ERO-AEA-EAPI.

Depicted in Fig. 7 a geodesic triangle is quasimetri-
cally embedded being a fragment of the Cayley graph into

a hyperbolic space as its & -fineness, [xg, yg]U

U[xg,zg]u[yg,ngin the metric space (M,d). This

situation can easily be determined by the following condi-

© Nosov P. S., Popovych . S., Cherniavskyi V. V., Zinchenko S. M., Prokopchuk Y. A., Makarchuk D. V., 2020

DOI 10.15588/1607-3274-2020-3-15

163



e-ISSN 1607-3274 PapioenexrpoHika, inpopmatuka, ynpasminss. 2020. Ne 3
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2020. Ne 3

tion: for the vertex z and for any two points a, and b,

g
on its sides [zg,yg] and [zg,ng , the next coming item

is observed:

d(zg,ag)=d(zg,bg)S%(d(z,y)+d(z,x)—d(y,z)):

:>d(ag,bg)$6, §>0.

Consequently, that presented in the scope of this study
three-factor model of ERO-AEA-EAPI on this Cayley
graph group happens to be mentioned a hyperbolic one
basing on the definitions of Gromov-Rips [24, 25]. From
the spoken above the conclusion can be made about exist-
ing 6 -neighborhood surroundings for a finite system of
generators where the union of any two sides occur
(Fig. 7). As it can be clearly seen, the curvature of the
space ERO-AEA-EAPI seems to be situational one and
depends on its generators. The result of this as follows:
the problem of revealing the pattern of its formation as
well as the complication of making classification of the
navigator’s mental states regarding to extreme points
happen to surface.

4 EXPERIMENTS

In the light of the foregoing above objective an ex-
periment was carried out using the Transas navigation
simulator NTPRO 5000. This experience contributed into
succeeding in having the space of the ERO-AEA-EAPI
built basing on the results of the navigation tasks of three
captains.

During the experiment double having been passing of
the location by each of the captains in two similar situa-
tions in Bosphorus and Hong Kong was performed. In
each case extreme points were identified showing that the
obtained data is close enough in meaning, in average
comprising about 2—5%. To a certain point, this issue in-
dicates the awareness in performed decision-making
process based on many years of experience. Despite the
probable static nature of the identified indicators of the
model of the ERO-AEA-EAPI, dynamics tended to be
found in the form of the displacement of triangular geo-
metric structures towards the geodetic space above the
Cayley graph (Fig. 8). For example, being traced in two
cases dynamics has various transformations. It must be
emphasized that in the first case a significant expansion of
the surface area formed by triangles by 65% is possible to
be observed. This fact indicates that the captain No. 2
tends to be shifting the focus of the ERO-AEA-EAPI in-
tentionally at the second stage.

So, for the sake of getting the extremum points figured
out an automated system was developed allowing you to
visually determine the surface of the triangulation
(Fig. 8). This item is sure to indicate the balance of the
ERO-AEA-EAPI in the mooring task Z.

It must be noted that the long-drawn-out experiment is
reported to have been performed in the period of 3.5 years

with dozens of trajectories analyzed. Subsequently, the
tendency was noticed to follow of having some cases with
the dynamics of the displacement of the points of the ex-
trema in time slices.
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Figure 8 — Triangulation of the hyperbolic decision surface

The implemented research revealed a bias dependence
depending both on the age of the captains and on their
psychological states (Fig. 9).

Figure 9 — Dynamics of the transformation of a hyperbolic
surface

As a result, a hypothesis is highly likely to be done is
that such actions are thought to be habitual characteristics
of individuals being still on their way of development and
improvement . They are sure to be setting new goals and
striving to boost their skills and abilities associated with
running the vessel and navigation. The only problem to be
mentioned is our being uncertain about this. Appropri-
ately to the aforementioned, there is a need in applying
mechanism for the condition determinations for the aim of
stimulating the captain to change the strategic trajectory
of action.

In this regard, let us consider this situation in the for-
mal theory of creativity framework [26]. According to it,
the notion to be used is mooring Z, as a decision-making
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task it is to be based on the captain’s initial information
about the situation x € X , in the form of which the initial
action plan is shaped z € Z. The captain’s early experi-
ence occupies a significant place at this very stage. For
instance, with a sufficiently low functional entropy of the
captain, the action plan can possibly be determined with a
high degree of accuracy z/Z, leading to the enormous

specification of the action plan B, (x) proposing the only

probable- to be carried out-plan X, tA. Otherwise, the cap-
tain tends to be relying indirectly on experience of such
type of tasks Z, summarizing data C,(x) while having

x € X,. This experience seem to form X, — X,,, and
depict C, : X; > 2X,and B, : X, = 2X, .

Thus, the expansion of the spectrum of actions by the
level of generality C,(x) forms inductors {Ind}Z , with

regard to information domains D, , affecting the focus

shift of the ERO-AEA-EAPI and determining model
Dy {Ind} D, — D, {Ind} D, —->..>D; {Ind}Dj,

As a result, the assumption seem to appear that focus-
ing shift is possible to be surfaced when there is either
entropy (unconscious action) or (conscious action) if there
is a need in having one’s social condition improved and,
hence, in anticipation itself.

In addition it should be taken into account that detail-
ing and generalization are being involved into complex
way functioning: Vxe X; C;(x)NB,(x)=x is on the

problem of mooring Z, while new social states —
knowledge base is being formed and equal to:
x'eC,(x) < xeB,(x'). However, these conditions can
be reported as being valid only when non-random activity
of captain e, case is observed such as:
Vx e X, e(x) - e(Ct (x)) .

Basing on the fact that all captains due to their qualifi-

cation base a- priori act consciously rely on their prior
experience and skills the mooring problem is to be deter-

mined by a predicate  P(x,z), such as
Vxe X 3z e Z P(x,z). While having it, the power of the
set of probable solutions will be:

VxelX ze A(x) P(x,z) & VxeXz¢ A(x)ﬁP(x,z) R
where 4:X — 27 . In tough close to-emergency situa-
tions the captain is obliged to operate with data with a
maximum accuracy a criterion which is said to be
Q,H, = {x| xeX, B(x)= x} . This issue enormously
reduces and limits the possibility of having options
U,=NxeH, C,(x), with stimulating the extinction of
the extreme points of the ERO-AEA-EAPI.

The manifestation of such situations are causing the
captain’s mechanical and unemotional actions in the cases

when: 3x, x"e H, that C,(x)NC,(x")=@, U, =< and

Vxe X, Fzx P(x,zx), when such tough situation is
highly likely to happen: Vx' e C, (x)N X, P(x'zx).
Therefore, for mooring operation to succeed a trajec-
tory, {x,}x={x=x,<x <..<x,}cX, is to be pro-
vided escaping from getting the entry to the close-to-
emergency situation described by the set of

Xl* :{x* |x* eX,3zeZ P(x*,z)} or emergency one

like X, ={x|xeX, P(x,u)}=X,\X, .Itis worth add-

ing that such situation may condition the time frame to be
determined forming the pre-emergency state of the moor-
ing operation X, = X, ,A \X t* . However, the complexity of
having it done is the fact in each captains’ having indi-
vidual temporary structures according to their background
nature displayed in the trajectories of behavior. It makes
ground to welcome necessity of determination an indi-
vidually-oriented model of the captain taking into account
the time phases of effectiveness of safe providing model
of navigation.

On account of all spoken above, let us turn to the for-
mal concept defining individual temporary “codes” of
captains within the framework of tackling such indicated
problem  mooring  operation of the  vessel:
Vxe X, zeZ P(x,z).

Premising, all three time phases of its solution are
X, =Uzez (X )z

considered as being

Xt* =UzeZz (X:)z; VzeZ (X;)z%e(X:)z, with
the transition to is undiscrete they staged by means of
adding certain conditions, ¥ =(x— zx) in individual
way for each captain. Then, each piece of information
xe X, [A , affecting the decision-making strategy needs to
be tracked.

It is worth mentioning that before the mooring, at a
certain point in time, the set of rules is primarily formed
Q= {cx = (x(x, z(x>| xo € H,}t and is unable to provoke
spontaneous phase transitions. However, the surfacing the

new ones, being quite unpredictable (X : )a, can cause

leveling the preliminary plan and form an initial set of
decision-making rules opposite to the first one

* * * *
{S }a:{x —zo|x e(X, )a}.

Experimental data provide clear evidence that the cap-
tain, due to lack of time, as a rule, is not used to change
the initial plan not observing any threat to the vessel

safety. At the same time, if there is time for the strategy to
be changed W,, Z is a cause for the coming out experience

of a thin section X/, anticipation. It is no doubt that it is

able to produce both a positive effect in the captain’s
knowledge base and a negative one reducing the safety of
navigation up to having catastrophic consequences. Con-
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sequently, when the captain has enough time to form a
chain of events of the form it looks like:

Q ={V}, > W ({V}O) W, " ({V}O) S

>W, " ({V}O) = {S*} , Full, {V}t, Full = Uk =
? t
=0,1,2,..n W,, Z°k({V}O), EZ >0, it happens H, —

—>W,; (H)—W,; "(H)=X,, EZ>0.

5 RESULTS
In this way, we are to emphasize that the conditions
are nominally highlighted. They are said to be affecting
the captain’s ability to reach a decision possible to intro-
duce changes into his model of knowledge base and wel-
come new ideas regarding the current task

w,, z°* ({V}O). During the experiments two vectors of

the captain’s transition to a qualitatively new level of per-
ception of the navigation situation were noticed to be
identified: the first is a change of strategy during the im-
plementation of the initial navigation plan (17%); the sec-
ond one concerns the formation of a new preliminary plan
(36%) after n homogeneous ones X,_,,. The remaining

47% percent of cases reflect not having changed of the
strategy approach of the captains while performing the
mooring operation even in spite of getting new informa-
tion signals come out. Thus, the conclusion highly likely

to be done is that captains capable of transition X,* Tl

may successfully manage with differentiation between a
situation with a familiar dataset and a situation with a new

one. Simultaneously, the transition X,, is possible to be

done through a spiral cycle from detailing g, to generaliz-
ing b, and back to detailing a

t+1 -

So, generally this algorithm can beneficially be repre-
sented in the framework of the Shukhart — Deming cycle
[28] completely confirming the research hypothesis

(Fig. 9, 10).The diagram catches that the cycle
a, >b, > a,,, is a key issue in having shift process of
the extreme points ERO-AEA-EAPI. Therefore, the
mechanism for transition formation in the cycle must be
determined by means of selecting individual tests for each
captain.

It is worth noticing that provided data granted us the
opportunity to determine the factors of permitted -to be-
done activity of the captains which is reported to become
the basis of the tests T when performing a wide range of
navigation tasks — /7T .

The formal presentation of the mechanism is consid-
ered to be defined as a digraph G(t)={T —e T"}_. This

case must oblige us to draw special attention to the identi-
fication of attention areas focused on primary details:

VU/T (e, (/) = Et/T.t(Z(t), {G(a)}. E).

The fact of the coherence C(t/T) of the navigation

operations during activation of z and sufficient energy and

time can be treated in such way as: if
e(t/T)=1=¢(C(t/T))=1& e(T\1)=0, while hav-
ing it the shift is

VT > T (e, (T > Ty =ET > T',1(2(¢), {G(a)}, E).
So, basing on the principles of quantitative-qualitative
transition we are to observe Gv(t)l= E GE(t). The
assumption that G, (t)=0G,t (G, (1)), where /=1,2,..,

m, and 0G,t is a set of elementary operations of digraph
development is proposed to be paid attention.
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Figure 9 — NTPRO 5000 Simulator Database A-ﬁalysis
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Figure 10 — A model of the dynamics of operators’ anticipation centers

Then, the test performance is certain to be depicted by
the dependence as follows:

Gv(t)|= {Z Task} G, if e(1/T)=1= e(T Task) =1,
for {Ag} = G(t)& {G(a)} = G(1).
Three-coordinate metric depicts as follows:
— x is the set of previous navigation tasks 1/7;
— y is the ratio of the diameter of the inscribed triangle
with the diameter & ;

— z is the coefficient of deviation of the triangular sur-
face from the flat on the Cayley graph.

Figure 11 — xyz scatter chart

The scatter diagram (Fig. 11) shows the relationships
between the points, with none -speaking of random out-
liers, having the form of a fragmented trajectory. It con-
firms the transition hypothesis in accordance with condi-
tions and external factors. The scatter of states mainly
witnesses for having all evolutional increases of the indi-
cators in xyz up.

Let us construct a regression using automated neural
nets as it seems to be named as the most effective method
for processing the data of the presented dimensions [29].
Suppose, the settings of the samples might be admitted as
follows: training is 70%; control and test are both equal to
15% with getting the number of subsamples equal to 12.
Let us take a multi-layer perceptron being a type of neural
net, 20 nets for training and 5 ones for output as the best
issues to be chosen from.

In addition, for comparison purposes we might be us-
ing a custom neural network. To do this, the hyperbolic
function of network activation is to be chosen singling
out 5 networks for training and the number of hidden neu-
rons. Further, for the perceptron the second-order accu-
racy algorithm BFGS and the number of items is 3000 i
reported to be taken (Fig. 12, Fig. 13).

Active neural networks
Met 1D Met. name Training perf.  Testpeff.  “alidation perf.  Algorithm Error funct *
2 MLP 3-6-1 0866019 03638012 0952913 BFGS 137 505 u
o MLE Z0] [1 94401 [aannas 0864320 BEGC PR CrS |;|
4 MLP 3-3-1 0333128 0373911 0976353 BFGS 283 505 I
TrrE— o — — T
4| 1 b
[BE Select\Deselect active networks ] [BE Delete networks ]

Figure 12 — Best MLP Network 3-9-1
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Figure 13 — Best MLP Network 3-4-1

To obtain the most effective models a neural network
basing on the multiple subsampling method is intended to
be constructed (Fig. 14). For meeting these requirements
the radial basis function and the number of hidden neu-
rons equal to 30 are offered to be taken.

Active neural networks

Met D Met name Training perf.  Testperf.  Validation perf.  Algorithm Errar funct «
1l REF 3301 0129662 0100111 -0.026809 REFT 505

12 REF 3301 -0.081876 0049326 -0.0971447 REFT S05

13 REF 3-30-1 -0.083320 0100461 0136163 REFT 505

14 BRE NNNa4aa NARGARE 014458 BRET cne S
] [ 3

@E Select'Deselect active networks

&8

Delete nebvorks ]

Figure 14 — Using the radial basis function

As can clearly be seen the radial basis function deliv-
ers disproportionately low rates not granting its use for
the sample. The total learning outcomes of neural net-
works are presented on Fig. 15.

Summary of active networks (Nuctl in | cTar)
Index | Net. name | Training perf. | Test perf. | “Walidation | Training error | Test error | Validation
perf. Bfror

23 MLP 3-441 0,885450 0978951 0601386 0,000012 0000006 O 004063
24) MLP 3-4-1 05955815 0366749 0551650 0,000033 0000094 0000102
25 MLP 3-4-1 0647822 0F55474) 0,366311 0,000045 0000062 O 000045
26 MLP 3-4-1 0422836 0595017 0,283890 0,000050 0000018 0000164
27' MLP 3-4-1 0935426 0901746 0905625 0,000009 0000019 0000015
28] MLP 3-441 0832792 0897238 0,748960 0,000019 0000050, O,000010
290 MLP 3-4-1 -0,034971) 0174446 0,389461 0,000052 0000071 0000170
300 MLP 3-4-1 0397231 0427485 0019626 0,000075 0000024 0000053
31 MLP 3-4-1 0392804 0fF85555 0017583 0,000071 0000012 0000077
32 MLP 3-4-1 0405557 0555839 0497110 0000077 0000022 0000017
33 MLP 3-4-1 0,388823 0B48075 0351217 0000065 0000017 0,000071
34 MLP 3-4-1 (0862818 0,243989 0442031 0000019 0000012 0000023

Figure 15 — Model Performance Comparison

Suppose, let us conduct a graphical analysis of the
adequacy of simulated neural networks by the help of a
scatter diagram (Fig. 16), and response variables in the

form of a three-dimensional diagram (Fig. 17).
N {Target) vs. N (Quiput)
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Figure 16 — Scatter Diagram Analysis of the adequacy
of simulated neural networks using
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Figure 17 — Three-dimensional diagram of response
variables

According to the scatter diagram the accumulation of
points is being depicted as a normal one and the number
of outliers is being shown a random one. In addition, a
three-dimensional reliability diagram is sure to display
well enough the dependence of variables and surface
showing rather high sufficiency.

In its turn, analysis of the sensitivity of the variables
showed that the variable z ,“the coefficient of deviation of
the triangular surface from the flat on the Cayley graph”,
is considered to be the most significant. This point testi-
fies in favor of the hypothesis of the study (Fig. 18).

Sensitivity analysis (Nuetl in |
Samples: Train

MNetworks z [ ¥ | X

23.MLP 3-4-1 | 2009552 47 327931 83
24 MLP 3-4-1 153 19,1 218
25.WLP 3-4-1 o605 6 518 5,84
26.MLP 3-4-1 72 548 1,14
ERAICE N 294388 4 332621 3 4,13

28.MLP 3-4-1 | B6736,1 5113598 459255
29.MLP 3-4-1 1.0 10 1,00
30.MLP 3-4-1 77 63 1,02
I1.MLP 3-4-1 g2 7.2 1,04
F2.MLP 3-4-1 18 130 1,18
33.MLP 3-4-1 93 71 1,23
J4.MLP 3-4-1 1467 .7 258 B 5,29
Average 324346 320145 237070

Figure 18 — The sensitivity of variables

The analysis of the model for predicting conditions
turned out to show rather high values. Thus, it becomes
possible to create environment likely to escape from hav-
ing negative manifestations of the human factor of the
operator (Fig. 19).

Active neural networks
Met. D Met. name Training perf.  Testperf.  Validation perf.  Algarithm Error funct. |
a7 MLF 3-4-1 0.935426 0301746 0906625 BFGS 181 505
] [ 3
[@E Select\Deselect active networks ] [@E Delete networks

Figure 19 — Prediction of model No. 27 states
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Suppose, let us find out the quality of model 27. So,
the average value, with the relative error on the test set as
being 3.5% (0.0350806479), indicates the high quality of
the constructed neural network models (Fig. 20).

Case
name

Predictions spreadsheet far M (Muctl in | cTaT)
Metwark: 27 .MLP 3-4-1
Samples: Test
1
Mape
MEAN case 1-60 | 0,0350806479

Figure 20 — Quality analysis of model No. 27

CONCLUSIONS

The conclusion reached is that formal approaches,
models and algorithms have succeeded providing a posi-
tive result in identification of anticipation of operators in
maritime transport.

The results of the experiment using NTPRO 5000, as
well as the developed software, have created the envi-
ronment favorable to identify either the fact of the mani-
festation of operator anticipation on the decision path nor
to track its dynamics over a long period in addition.

Automated identification rests on the hypothesis that
the manifestation of anticipation in operators are highly
likely to have been implementing during the time of per-
forming complex maneuvers when navigating the marine
transport. Reaching the research outcome was possible to
be carried out by means of the use of formal approaches
and automation within the framework of decision support
systems. To meet these results the metric space Y, with a

metric d v, Were constructed to display the manifestations

of anticipation of the operator.

In order to form the trajectory of decision-making by
the maritime transport operator a three-factor model
ERO-AEA-EAPI was proposed to be done on the surface

of Cayley graph X g with a metric d, . The synchroni-
8

zation of the data of the NTPRO 5000 navigation simula-
tor enable the identification of the extrema on the Cayley
graph of the quasi-isometric surface. The mentioned
above identified surface distortion in the form of &
neighborhood surrounding let us find out the operator’s
anticipation centers.

It must be heighted that the experiment using the
Transas navigation simulator NTPRO 5000 have verified
the research hypothesis. These issues were profitably
coped with thanks to the developed automated module for
constructing a triangular space. Besides, identification of
the centers, magnitude and dynamics of anticipation of
operators were succeeded to be achieved.

Singled out indicators of anticipation x’ as well as the
influence of new data on the psycho-physiological pa-
rameters of the operator are reported to be beneficial con-
tributors to the development of a model of the dynamics
of operators’ anticipation centers in the form of a spiral
Shukhart-Deming cycle. The further tendency in studying
was stated as receiving an artificial neural network for the
sake of having predictions about the likely negative mani-

festations of anticipation in discrete form by constructing
multiple regression.

Thus, this study allowed us to step forward in problem
solving of identification and predicting the anticipation of
operators in maritime transport by introducing DSS with
an aim of creating and enhancing safety environment in
maritime transport.
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YK 004.942: 316.454.54
ABTOMATHU30BAHA ITIEHTU®IKAIISA AHTUIIATIAIIL OITEPATOPA HA MOPCBKOMY TPAHCITIOPTI

HocoB II. C. — xaHa. TeXH. HayK, JOLEHT KadeIpu CyIHOBOIIHHS Ta €IEKTPOHHMX HAaBIraliHHUX cHCTeM XepCOHCHKOT
Jiep’KaBHOI MOpCBKOT akaneMii, YkpaiHa.

Monosuu 1. C. — 1-p Hayk, npodecop kadeapu 3aranbHOI Ta COLIaIbHOI NCUXO0JOTii XePCOHCHKOTO JePIKaBHOTO YHIBEPCHUTETY,
Vkpaina.

Yepusasebkuii B. B. — n-p Hayk, npodecop, pektop XepCOHCHKOI Aep:KaBHOT MOPCHKOI akanemii, Ykpaina.

3inuenko C. M. — kaH/I. TeXH. HayK, CTApIIN{ BUKIaAad Kadeapu ynpaBliHHA CyIHOM, 3aBiTyBay J1adOpaTOPi€i0 €IEKTPOHHUX
cuUMyJISITOpiB XepCcOHCHKOT JepaBHOT MOPCHKOT akazneMii, YkpaiHa.

Mpoxkonuyk FO. O. — 1-p TexH. HayK, JOLEHT, NPOBIAHIH HAyKOBHH CHIBPOOITHHK BiJJIUIy CHCTEMHOTO aHANI3y Ta IpobieM
ynpaBiiHHA, [HCTHTYT TexHiYHOI MexaHiku, HaumionanbsHa akaziemii Hayk, YkpaiHa.

Maxkapuyk JI. B. — xaHa. TexH. HayK, CTapIIni BHKJIanad kadeapH ynpaBiliHHS CyTHOM XEpCOHCHKOI Jiep)KaBHOI MOPCHKOL
akazeMii, Ykpaina.

AHOTALIA

AKTYaJbHiCTb. Y CTaTTi PO3IIIAAAETHCS MIXi] 1IeHTU(IKALI] aHTUIUITAL] K BayKIUBOI CKIIaJOBOI MPOIIECY MPUHHATTS pillleHb
orepaTopa Ha MPHKJIA/l KaliTaHa JAJeKOro IUIaBaHHS B €PraTHYHUAX CHCTEMaX KPUTHYHHUX iHQPACTPYKTyp MpPH YHpaBIiHHI MOPCh-
KHM TPaHCHOPTOM. PO3IISHYTHI aclieKT aHTHILUIALI] ONepaTopiB € CKIAAHOK (HOPMOIO JTIOANHO-MAIIMHHOTO B3a€MOI] i BUMarae
PO3pOOKH IMiAXONIB Ta BIANOBITHUX 1H(pOpManiiiHNX 3ac00iB.

Merta. Ilinxix mono po3poOKu 3aco0iB IPYHTYETHCS Ha iH(pOpMamifHOMy aHami3i MOBHOTO CIIEKTpa TPACKTOPIH MPHUHATTS
pillIeHb OmepaTopiB B MOMEHTH BHKOHAHHS CKJIQJHHMX OaraToeTarnHuX i 3aCHOBaHWX Ha NMPUHHATIH cTpaTerii JIIIUHO-MAIINHHO]
B3aemonii. Takuil migxix nepexdadae GpopMyBaHHS METPUKH 3[aTHOI alTOPHUTMIYHUM CHOCOOOM BiOOpa3HTH HPOCTip BapiaHTIB B
yMOBaxX KOMOMHATOPHOTO HepeaysIBJICHHS B TepMiHaX reoMeTpHYIHOI Teopii rpyn Ha rpadi Kei.

Mertopa. B pamkax po3poOku migxo/y BH3HaUYEHa MaTeMaTH4HA MOJeEIb 300py Ta 00pOOKH €KCIePUMEHTAIBHUX-TATbHUX JTaHUX
B X0[i aHami3y 0a3u JaHUX HaBIrallifHUX CHUMYJATOpPIB. 3 METOIO MiATBEPKEHHSA MPUUHATHX (POPMATBHO-AITOPUTMIYHAX ITiIXOIB
MPOBEICHO IMiTaliiHe MOJETIOBaHHS IO POPMY€E TPAEKTOPIIO MPUHHATTS PIICHb ONepaTopa B KPUTUYHUX CHUTYAIlisIX 3aCHOBAHUX
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Ha Tpex¢axroproi Mozeni ERO-AEA-EAPI. TakuM unHOM anredpaivHe i mporpaMHe IpeCTaBICHH METPUYHOTO [IPOCTOPY MPHii-
HATTS pilIeHb IO3BOJISIE ANPOKCHMMYBATH CKJIAJHI JIIOAMHO-MAIIMHHI B3a€MOAIi B yMOBaX HEBHU3HAYEHOCTI 1 OTpUMATH MiIXixm
TpaHchopMaIlil JaHUX B 3HAHHS MPO Cy0’€KTa KpUTHYHOT iHQPACTPYKTYpH — orieparopa.

Pe3yabTaT. 3 METOIO MiATBEPMXKEHHS JOLIIBHOCTI Po3pobiieHnX (OpMaIbHO-AITOPUTMIYHUX MiIXOAiB OYB MPOBEACHUI eK-
CIIEPUMEHT 3 BHKOPHCTaHHsM HaBirauiitnoro cumynsropa Navi Trainer 5000 (NTPRO 5000). B xoxmi exkcrepumeHTy Oyiau
MpOaHaTi30BaHi JaHi cepBepa MPH BHKOHAHHI OJHIET 3 HaHOLIBII CKIAAHUX OMEpaliil — MBapTyBaHHI, i ¢(OPMOBaHI 3HAHHS MPO
AHTHUIHIALLIO ONIEpaTopiB y BUIIIAAI TPHAHTYJSIPHIX KOHCTPYKTIB HA KBa3ii3oMeTpuaHOMY mpocTopi rpada Kemi. PesynsTatun Mmozme-
JIOBAaHHS i3 3aCTOCYBAaHHSIM aBTOMATH30BAaHOI HEHPOHOI Mepexi NO3BOIMIN OTPHMATH MHOXHHHY pErpecilo TaHWX 1 MPOBECTH
aHaJi3 3B’3KiB HE3AJIC)KHUX 3MIHHUX IIPO IO CBiJUaTh pe3yJIbTaTH AiarpaM po3CilOBaHHS i HATiHHOCTI.

BucnoBku. ®opManibHO-aITOPUTMIYHI MiAXOIM, MPEACTABIICHI B JOCTIIKCHHI, B TIOETHAHHI 3 PO3POOJICHUMH POTPAMHUMHU 3a-
cobamy, MiOXOAM IEPEeTBOPEHHS JAHMX Yy METaJaHHI Npo aHTUIMIALII0 OIepaToOpiB JO3BOJMIM KiIacH(DiKyBaTH 1 BH3HAUMTH
iHAMBIyaJIbHI CTpaTerii NPUUHSITTS PillleHb P YIPaBIiHHI CyJHOM IO JAJI0 3MOTY MPOTHO3YBAaTH HMOBIPHICTH KaTacTpoidHUX
HacHigKiB. Pe3yJbTaTUBHICTH 3alpPONOHOBAHOTO MIAXOAy 1 Moxenei Oyia yCHmilIHO OOTpyHTOBaHA 3a pe3yJbTaTaMu
ABTOMAaTHU30BaHOI 00POOKH EKCIIEPUMEHTATBHUX JaHUX.

KJIIIOYOBI CJIOBA: cucremMd MATPUMKH TPUAHATTSA pillleHb, CHCTEMH IiAeHTH(]IKamii 3HaHB; MOJENb OIEPaTOpPa;
KOMIT'IOTepHI HaBiramiiHi CUMYJIATOPY; YIPABIiHHS PU3UKaMH; aHAJI3 JIFOICHKOr0 (haKTOpa; aBTOMATH30BaHI CHCTEMH yIIPABITiHHS.

VK 004.942: 316.454.54
ABTOMATU3UPOBAHHASA UIEHTUOUKATIUA AHTUITUITAIIUN OTEPATOPA HA MOPCKOM TPAHCIIOPTE
(RU)

Hocos II. C. — xaHa. TeXH. HayK, JOLEHT Kadeapbl CyJOBOXKICHHUS M ICKTPOHHBIX HABHI'ALMOHHBIX CHCTEM XEPCOHCKOIl rocy-
JTapCTBEHHON MOPCKOM akageMuu, Y KpauHa.

Honosuu U. C. — 1-p Hayk, npodeccop kadeapsl oOmeit 1 conranbHON ICUXOIOTHH XEPCOHCKOTO TOCYJapCTBEHHOTO YHUBEP-
cuTera, YKpauHa.

Yepusiekmii B. B. — 1-p Hayx, npogeccop, pekrop XepcoHCKOI rocy1apcTBeHHOI MOPCKOH akajeMuH, YKpanuHa.

3unHuyenko C. M. — kaHJ. TeXH. HayK, CTapIIMi MpenojaBatesib Kadeapbl yIPaBICHUS CyIHOM, 3aBEIyHOUMi abopaTopueii
3JIEKTPOHHBIX CUMYJIATOPOB XEPCOHCKOM rocyJapcTBEHHOM MOpCKOil akageMun, YKpauHa.

IIpoxomuyk FO. A. — 1-p TeXH. HayK, AOLIEHT, BEAYIUI HAYYHBIH COTPYIHHUK OTEJIa CHCTEMHOIO aHalInu3a U MpobiieM ynpasie-
Husl, IHCTUTYT TeXHUUYECKOM MexaHukH, HallmoHanpHas akaieMuu HayK, YKpanHa.

Maxkapuyk /I. B. — kaHz. TexH. HayK, JaJbHETO IUTaBaHKA, CTApLINI IperoaaBaTeb KadeaApsl YIpaBIeHHS CyJHOM XepCOHCKON
rocy/1apCTBEHHOM MOPCKOH akaseMuu, Y KpauHa.

AHHOTADNUSA

AKTyalIbHOCTh. B cTaTthe paccMaTpHBaIOTCS MOIXOIB! MACHTH(OHUKAMA AHTHUIUIAIMY KaK Ba)KHOW COCTaBIIIONIEH Iporecca
MIPUHATHS PELICHUH ONepaTopoM Ha IpUMepe KalHuTaHa JalbHEro IUIaBaHUs B DPraTHYeCKUX CUCTEMaX KPUTHYECKUX MH(PaCTPyK-
Typ IPH YHpaBJICHHMH MOPCKUM TPAaHCIOPTOM. PaccMaTpuBaeMBblil aclieKT aHTHIMIALMH OIEPATOPOB SBISAETCS CIOXKHOW (opmoit
YEeJIOBEKO-MAIIMHHOTO B3aUMOJICHCTBHS U TpeOyeT pa3paboTKu MH(POPMAILMOHHBIX IIOJX0/I0B U CPE/ICTB.

Heas. Ioaxox x pa3paboTke MOAXOI0B OCHOBBIBAETCS Ha MH()OPMAIIMOHHOM aHAJIM3€ MOJTHOTO CIEKTPa TPAeKTOPHHA MPUHATHS
pelIeHni OIepaTopoB B MOMEHTHI BBIIIOTHEHUS CIIOKHBIX MHOTOATAITHBIX ACHCTBHII OCHOBAaHHBIX HA IIPHHATON CTPATErnH 4EI0BEKO-
MAIIMHHOTO B3amMOJeHCTBHUs. Takod Mmoaxon mpexamoiaraeT (popMHpOBaHHE METPUKH CIOCOOHOW alTrOPUTMHYECKHM CIOCOOOM
0TOOpa3HUTh MPOCTPAHCTBA BAPHAHTOB, B YCIOBUSIX KOMOHMHATOPHOTO TIPECTAaBICHHS, B TEPMUHAX T'€OMETPUICCKOH TEOPHU T'PYIIIT
Ha rpade Komn.

MeTton. B pamkax pa3paboTKH 1M0aX0/1a ONpeieiicHa MaTeMaTHIeCKast MOJIelib cOopa U 00pabOTKK IKCIIEPUMEHTAIBLHBIX JJAHHBIX
B XOZi¢ aHajM3a 0a3bl JaHHBIX HABUTALMOHHBIX CUMYJIATOPOB. C IEbI0 MOATBEPKACHUS IPUHATHIX (OPMaIbHO-AITOPUTMHUIECKHX
O/IXO/IOB NPOBE/ICHO UMUTALIMOHHOE MOJEIUPOBaHNHEe (HOPMHUPYIOLIEe TPACKTOPUIO MPUHATUS PELICHUH onepaTopa B KPUTHYECKUX
CHUTyalMsIX OCHOBaHHBIX Ha Tpex¢akropuoil Mmogenu ERO-AEA-EAPI. Takum o6pa3om anredpandeckoe U MporpaMMHOE MPEACTaB-
JICHHEe METPHUYECKOTO MPOCTPAHCTBA MPUHATHS PEHICHHWI MO3BOJIAET alMpOKCHMHPOBATh CIOXKHBIE YEIIOBEKO-MAIIHHHBIE B3aUMO-
JEUCTBUS B YCIOBHAX HEONPEEIEHHOCTH U MOIYIHUTh MOAX0A TpaHC(HOPMANH JaHHBIX B 3HAHUSA O CyOBEKTe KPUTHIECKOH HHppa-
CTPYKTYPHI — OIIepaTope.

Pe3yabTatsl. C 1e1610 TOATBEP)KACHHS LeNeco00pa3sHOCTH pa3paboTaHHOTO 1M0IX0a B (hopMaIbHO-AITOPUTMHIECKHIX TOAXO0-
JIOB OBLIT MPOBE/ICH KCIICPUMEHT C UCIOJIb30BaHUEM HaBUrarmoHHoro cumysisatopa Navi Trainer 5000 (NTPRO 5000). B xone 3xke-
NepruMeHTa ObUITM IPOaHAM3UPOBAHBI JaHHBIE CEPBEpa B XOJIE BHINOJIHEHUS OJHOW U3 HauboJiee CIOKHBIX Ollepalyii — MBAPTOBKH,
u c(h)OpMHUPOBAHHbIE 3HAHUSA 00 AHTULMNALUK B BUIE TPUAHTYIIAPHBIX KOHCTPYKTOB HA KBa3MM30METPHYECKOM IPOCTpPaHCTBE rpada
Kann. Pe3ynpraTsl MoJennpoBaHus ¢ MPUMEHEHHEM aBTOMATH3UPOBAHHBIX HEMPOHHBIX CETEH MO3BOJIMIHN MONYyYHTh MHOKECTBEH-
HYIO PETPECcCHIO JaHHBIX U IIPOBECTH aHAIH3 CBSI3€H MHOXKECTBA HE3aBUCHMBIX NEPEMEHHBIX O YeM CBHAETEIBCTBYIOT PE3YJIbTATHI
JMarpaMM PaccerBaHMs U HAJEKHOCTH.

BriBoasl. PopmanbHO-aITOPUTMUYECKUE TTOXOMIBI, IPECTaBICHHbIE B MCCIICIOBAaHNY, B COUCTAaHUH C Pa3pabOTaHHBIMHU IIPO-
IrpaMMHBIMH CPEACTBAMH, ITOJIXO/BI IPe0oOpa30BaHys JAHHEIX B 3HAHUS 00 aHTHIMIIAINK OIEPaTOPOB ITO3BOJIMIIN KIIACCH(MHIUPO-
BaThb M OIPEICINTh MHAWBUIYAJIbHBIC CTPATETHMH NPUHSITHS PEIICHUH NPH YNPaBIEHHU CYIHOM U IIPOTHO3MPOBATH BEPOSTHOCTH
KaTacTPO(pHUYECKUX MOCIECTBUHA. Pe3yIbTaTHBHOCTD NMPEATI0KEHHOT0 MOIX0/1a U MoJieiel Obula yCIeHO 000CHOBaHa 110 Pe3yJlb-
TaTaM aBTOMAaTU3HPOBAHHOH 00pabOTKH SKCIIEPHMEHTAIBHBIX JaHHBIX.

KJUIIOUEBBIE CJIOBA: cucreMbl MOJICP)KKH NPHHATHS PEILICHUI; CHCTEMbl HICHTH(UKALMK 3HAHMI; MOJENb OlepaTopa;
KOMITBIOTEPHbBIC HAaBUTAIOHHBIC CHMYJIATOPBI; YIIPABICHHE PUCKAMH; aHAIN3 YEI0BEYECKOTo (haKTOpa; aBTOMATH3UPOBAHHBIE CHC-
TEMBI YIPaBICHUSL.
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MMPOT'PAMHUI AHAJII3 CTPYKTYPH
BJIOYHO-IUKJITYHOI BASUCHOI MATPHUIII AKII

Mpousko I. O. — n-p TexH. HayK, JOLEHT Kadeapu aBTOMATH30BAHMX CHCTEM YyrpapiiHHs HamioHanesHOTro
yHiBepcureTy «JIbBiBChKa MojiTexHiKa», JIbBiB, YkpaiHa.

Mimyk M. B. — cryneHT kadeapu aBTOMAaTH30BaHMX CHCTEM YIpaBiiHHA HarioHaqbHOTO YHIBEpCHTETY
«JIpBiBCBHKA MOMiTEXHIKaY», JIBBIB, YKpaiHa.

AHOTANIA

AKTyalIbHicTh. BUKOpHCTaHHS MAaTPUYHOTO 3aIIUCYy 3aCTOCOBYEThCS U1 popMaitizamii npeaAMeTHOI Tanysi B paMKax anredpaiy-
Horo nigxony. EQexTuBHe 00YMCICHHS JUCKPETHUX KOCHHYCHUX NEPETBOPEHb BUKOPUCTOBYE NPHUBEJICHHS TAPMOHIYHOTO 0a3ucy 10
OJIOYHO-LMKIIIYHUX MATPUYHUX CTPYKTYD 3 HOJAJbIIUM OOYMCICHHSM MEPETBOPEHb 3a JONOMOIOI0 IIBUAKUX LUKIIYHHX 3rOPTOK.
JeranpHuii aHami3 cTpyKTypu 0a3ucHoi OJ0YHOI MaTpHLi IMEepeTBOPEHHS 3a0e3neuye cUHTe3 e(eKTUBHUX AITOPUTMIB JUCKPETHUX
KOCHHYCHHUX TIEpETBOPEHb JOBUIBHUX 00csriB. [IporpamMHa peainizailis MpoBEACHHs aHaTi3y OJIOYHO-IUKIIYHUX CTPYKTYp (opmye
OITHC CTPYKTYPH, L0 JIO3BOJISIE 3MEHIIUTH OOUHCIIIOBAIBHY CKJIAJHICTh AITOPUTMY Ta BUKOHATH PO3MapasiefieHHs] 00UHCIICHb LIUKITi-
YHUX 3TOPTOK.

Meta po6oTH — BU3HAYCHHS aJrOPUTMIYHHX OCOGJIMBOCTEH IIPOBECHHS aHANI3Y CTPYKTYpH 0a3HCHOI OJIOYHO-LUKIIYHOT MaT-
pHII, SKa MICTHTh LIJOYMCENIBHI apryMEHTH 0a3MCHHX FapMOHIYHUX (YHKIIH, 10 JO3BOJHUTH 3MEHIIUTH OOYMCIIIOBAJIbHY CKIAJ-
HICTh CHHTE30BAHOT'0 AJITOPUTMY JUCKPETHOTO KOCHHYCHOTI'O TIEPETBOPEHHS HA OCHOBI LIUKJIIYHUX 3TOPTOK.

Merton. ITouryk i aHaii3 nepeGOpOM eJIeMEHTIB MaTPHULIi 31 3MIHHHUM KPOKOM, 1[0 BPAaXOBY€ BIACTHBOCTI OJIOYHOCTI Ta LIUKIIIYHO-
cTi copMoBaHOi GAa3UCHOI MATPHILi AUCKPETHOrO KOCHHYCHOTO MEPETBOPEHHS, A03BOJISIE MIBU/LIC BUKOHYBAaTH aHaNi3 CTPYKTypH
0a3ucHOI 0JI04HOI MATPHIIi TIEPETBOPCHHS B MTOPIBHIHHI 3 TOBHUM CKaHYBaHHSIM.

PesyabTaT. Po3pobieHo anropurmidne Ta mporpaMHe 3a0e3MeUeHHS] BUKOHAHHS aHAJ3y CTPYKTYpU OJOYHO-IIUKIIIYHOT Oa3uc-
HOT MaTpHili, 3a JOIOMOI'O0 SKOI'O BU3HAYAEThCS MACUB MApaMeTpiB AaHUX (HOPMAJIBLHOTO OMUCY CTPYKTYPH 0a3ucy AUCKPETHOTO
KOCHHYCHOT'O IiepeTBopeHHs. JlaHi aHaji3y CTpyKTYpH Ga3uCHOI MaTpHLli A03BOJISIOTH BU3HAYUTH HAsBHICTD 1ICHTUYHUX LUKIIYHAX
MiAMaTPULb PO3MIIIEHUX TOPU30HTAIBLHO a00 BEPTHKAIBLHO OHA BIJHOCHO iHIIOI i, THM CaMHM, 3MEHIINTH KUIBKICTh BUKOHAHHS
IUKJIIYHAX 3TOPTOK.

BucnoBkn. EdexruBnuii anaii3 6JI0YHO-IMKIIYHOT CTPYKTYpH 6a3MCHOT MaTPHIl HA OCHOBI PO3POOJICHOI0 IIPOrPaMHOro 3a0e3-
HEYCHHS € BXKJIMBOIO YACTHHOIO MPOLIECY CHHTE3Y IIBUAKOIO aIrOPUTMY, SKUH 3a0e3nedye CKOPOUCHHS 00UUCITIOBAIBHOT CKIIaJHO-
CTi Ta MOKIIMBICTb PO3MApaIeNeHHs. BUKOHAHHS JUCKPETHOIO KOCHHYCHOTO IIepeTBOPeHHA. Po3poliieHe airopurMiuHe Ta nporpam-
He 3a0e3MeueHHs] BUKOHAHHS aHaJIi3y CTPYKTYpH OJIOYHO-IUKIIYHOT 6a3UCHOT MaTPHUIIl MOXKE 3aCTOCOBYBATHCH 1 [UIS aHAJI3Y CTPYK-
TypH Ta MOUTYKY BiAMOBIAHUX MiIMATPHIE B OYIb-IKUX MaTPULIX 3 IUTUMH, TIICHUMH Ta HYJIbOBHUMHU €IIEMEHTAMH.

KJIIOYOBI CJIOBA: anani3 MaTpwili, aITOPUTM HOIIYKY, TBIpHHI MacHB, OJIOYHO-IIUKIIIYHI MIAMATPHUII, TUCKPETHI KOCHHYC-
Hi IePeTBOPEHHSI.

ABPEBIATYPHA Wy — Ga3ucHa MaTpHILs IEPETBOPEHHS;
BIC — 65104HO-IIUKIIIYHI CTPYKTYPH; Ykn — BLATOBIHI MacTaOyBajabHI MHOKHHKH.
JKIT — muckpeTHe KOCHHYCHE IEPEeTBOPEHHS;
TM — TBipHHil MacHB; BCTYII

Banuc  gammx y  Buragm  K-mipHoi  MaTpwmii
A(ny,Ny,....Ny), e KOKeH BUMip MOxKe BifmosizaTu K mapa-
HOMEHKJIATYPA METpaMm OB’ SI3aHUM 3i 3HAYCHHIM MaTpUYHOTO €JIEMEHTY,
BUKOPUCTOBYEThCSI UTsi (hopmMatizanii npeaMeTHol rany3i B
paMkax anreOpaidHoro mimxoxy. BukopumcTaHHS MaTpud-
HOTO 3aIHCy 3aCTOCOBYETHCS HE TUIBKH B CHCTEMaxX JIiHIH-
HUX PIBHSHB Ta JIIHIHHNX NEPETBOPEHHSIX, aJie 1 B pi3HOMa-
HITHUX TPUKIAJIHUX 337a4ax IHTCICKTYaJbHOTO aHaIli3y
JAHKX, TaKUX K JOCII/PKCHHS FeHETHYHHX IMOCIiJOBHOC-
Te, TeKCTOBOI 1 BeO-iH(opmarlii, pHHOYHMX KOIINKIB, PO3-
mi3HaBaHHS 00pas3iB Ta iHIMX. B mporeci po3podku edek-
THBHHX QJTOPUTMIB PO3B’SI3Ky LMX 3aJa4 BUKOHYETHCS
TIPUBEICHHA MATpPUI ii 1O BIINOBIAHOTO BHUTIISAY 32 JO-
TTOMOTOF0 (pakTopH3aLii ab0 JEKOMITO3MIIIi Ta TIOANBIIOTO
aHaJi3y CTPYKTypH c(hOPMOBAHOI MATPHIIL.

TepMiH aHaIi3 CTPYKTYpH MATPHIIL JOCTATHBO Oararto-
TpaHHWH, SKAH BU3HAYAETHCA K airedpaidHuM IIiIxo-
JIOM, TaK i (OpMaIbHUM CrHeHU(DIYHUM MaTEeMaTHYHUM
arapaTtoM KOHKpeTHOI mpeameTHoi obOnacti. 3a ¢opmoro

113 — muKITiYHI 3rOpTKH.

a — 3MIIIEHHS;

A(ny,Ny,...,Ny) — k-MipHa MaTpuIIs;

b — smimenns;

hjj—enemenT TBipHOTrO I1il MacHBY;

H(n) — TBipHMii Macus;

Hi(L;) — TBipHMI# migMacHB;

Kk — 4uncio miaMacuBiB y TBipHOMY MacHBI;

L — o6cAr TBipHOTO MacHBY;

Lj — o6csr mig MacuBy;

N — obcar mepeTBOpeHHS;

T — mepiox 6a3ucHOi PyHKIIT;

X(N), BXiZiHA TTOCIIIIOBHICTh IEPETBOPECHHS;
X°(M) — BUXiZHa NOCII0BHICTb MEPETBOPEHHS;
Vijj — €7IEMEHTH MaTpHIli apTyMEHTIB;

Vij — CIPOLLEHI eIEMEHTH MaTPULI apryMEHTIB;
Vn(Ny,N,) — MaTpHLs CIPOIEHHUX apTYMEHTIB;
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BUJIUIAIOTH JllarOHalIbHI 1 TPUKYTHI MaTpHLi, a 3a OCHOB-
HUMH BJIACTHBOCTSIMH PSJIKIB 1 CTOBIIIIB OyBalOTh CHMET-
pruHi 200 KOCOCUMETPHYHI, PO3PIJKEH] MaTpPUIli, JIATHH-
ChKI Ta MarivHi KBaJpaTH Ta iHII. AKTYaJIbHUM JJIS Op-
rafizamii e(eKTHBHUX OOYUCIICHb € 3aCTOCYBaHHS 0JI0Y-
HUX Matpullb [1]. Po3aineHHs MaTpui Ha OJIOKHU TOJISITae
y TOBHOMY 1i TOAUII Ha HENEepEeTUHAIOYi IiaMaTpHIli
(6mmoxm), ne Oynb-sSKWAH 11 €JEMEHT HAJIeKUTh OJNHIN i
TITBKMA OJHIM 3 WX MmiaMaTpuib. Hampukmam, KpoHEKe-
PiBCBKHI TOOYTOK MaTpHIlh B pe3ysbTaTi (opMye OI09HY
MaTpuio. B GI04HIl MaTpHIll MiaIMaTPHUI[l MOXKYTh OyTH
JlaroHaJIbHUMH, TPUKYTHUMHU, a caMa OJIOYHa MaTpHILIs
MOXe MaTu OJOYHO-/iarOHaNbHY CTPYKTYpPY, LHKIIYHO-
6n04Hy Ta iHIe [2].

OpnumM 3 migxonis edexrtuBHoro obuncienus JKII e
MPUBEACHHS TapPMOHIYHOT0 0a3uCy 10 OJOYHO-IUKITYHUX
MaTPUYHHAX CTPYKTYP 3 MOJAIBIIMM OOYHCICHHSAM Tepe-
TBOPEHB 32 JOMTOMOTO0 MIBUAKHX IUKIIYHUAX 3TOPTOK [3].
B po6oti [4] ans mpuBeACHHS TapMOHIYHOTO 0a3nCy Tie-
perBopenns JIKII mo Habopy HMKIIYHHX 3MiBa IigMart-
PHIIb BHKOPHCTOBYIOTHCS TBIpHI MacHBH. Ilomajbliuii
CHHTE3 ILIBUJKOTO aJrOPUTMY MEpPETBOPEHHS NOTpelye
anamzy onepxxanoi BIIC 3 MeTor CKOpOYeHHs 00UHCITIO-
BAJILHOT CKJIQHOCTI Ta e(peKTUBHOI OpraHizaiii Horo Bu-
KOHaHHS.

00’€KTOM JOCHIIKEHHSI € aJIrOPUTMIYHHA Ta MPo-
rpaMHUIA TIPOIeC BUKOHAHHS aHATI3y CTPYKTYPH I[LIOYH-
CeIIbHOT OJIOYHOT MaTpHili, IKa MICTUTh apryMEHTH 0a3u-
cHMX rapMoHiyHuX ¢ynkuin AKII.

IIpexmeToM moc/igKeHHSI € OCOONHMBOCTI BH3HAYCH-
HS TTapaMmeTpiB, siki xapakrepu3ytoTs BLIC 6a3ucHoi Mart-
puri JIKTI.

MeTo10 po0OTH € BH3HAUCHHS aJTOPUTMIUYHHX 0COO-
JIMBOCTEH BHMKOHAHHS aHaNi3y CTPYKTypH OJIOYHO-
UKJTIYHOT 0a3UCHOT MaTpHIli, K4 MICTHUTh LIJTOYHCENIbHI
aprymMeHTH 06a3ucHux rapMoHiyHux ¢yHkuii JKII.

1 IOCTAHOBKA 3AJTAYI
[Miaxig edpexruBHOrO obuncieHHs pisHux Buais JKII
I-1V, 1o 6a3yeTbes Ha IEKOMITO3UINT MATPHUIll apryMEH-
TiB 0a3ucHOi QyHKUii po3riasHyTo B pobotax [4, 5].
B pesynbrati 3acTocyBaHHS MigXOAy, CTPYKTypy Oasuc-
HOI MaTpuIli MOXKHA 3a1atu TM

HL)=H (LD H(Ly)...Hy (L) =
(s by ) (o oo o o) (B M2 i) - (M

O6csr TBipHOTO MacuBy L mopiBHIOE CyMi 0OCsTIB migMa-
CHBIB L
L=(L+Ly+...+Ly). (2)

ne hjj — winodmcensHi eNeMEHTH TBIPHOTO IiIMacHBY
Hi(L;), sxi € aprymeHTaMu 0a3MCHOI rapMOHIYHOI (DyHKIII{
neperBopenns (i=1,2,....k; j=1,2,...,L;) ta hjj < T/2 menmi
mepiofy IMOBTOPEHHS 0a3MCHOI TapMOHI4YHOI (YyHKMIIi;, a
k — gmcmo mimmacuBiB y TBipHOMY Macusi H(n), sike Bu-
3HA4Ya€ThCSl KOHKpPEeTHUM 3HadeHHAM N obcsary meperBo-
penns. [ ocHoBHmx BuaiB JKII I-1V, 1o 3HaxomaTh
HIMPOKE 3aCTOCYBaHHs B mporieci o0poOku iHdopMarriii-
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HUX JJAHWX T4 CUTHAJIIB, MOJAHO B Ta0J. 1 3HAYEHHS mepi-
onuuHoCTi Ta 00cary TM.

Tabnuus 1— 3nauenus nepioguyHocti ta 06csary TM
ocHoBHUX BB JKIT

Bupn neperBopenns | JKII-I JKII-1I JKTI- JKTI-
11 vV
Tepioguynicts, T 2N 4N 4N 8N
O6csr TM, L N 2N 2N 2N

TM BHU3HauaeTbcs 3a TMIACTAHOBKOIO 3  psA-
KiB/CTOBMIIB apTyMEHTIB TapMOHIYHOI (PyHKII O6a3ucHOl
Matpuni Wy epetBopenns oocsry N [6]. Ha ocHOBi TBip-
HOTO MAacHWBY 3IIHCHIOETBCS TEpeiHIeKcalis pAand-
KiB/CTOBIIIIB 0a3UCHOT MaTpHIli, 1110 B PE3yJIbTATI IPUBO-
itk 10 (popmyBanHs BLIC B 0a3ucHiil MaTpumi amst pis-
nux Buais JJKII.

Omxe, oxepkyeMo Matpuiro Vy(Ny,Ny), MO MICTHTH
Ha0ip IUIOYHCENFHUX MUKIIYHUX 3JiBa MiAMATPHUIb Pi3-
HHUX 00CSTIB, Jie pO3MIpHOCTI Ny,N; BU3HAYAIOTHCS O0CH-
TOM TBipHHX MacHBIB IJIS PSIIKiB Ta croBmmiB. KoxkHa 3
MUKTIYHIX KBAJIPATHUX ITIMATPUIF MICTHUTH ILIOYHCE-
JBHI €NIEMEHTH, SKi HaNeXaTh OJHOMY 3 TBIpHHX IIiJMa-
cuBiB Hj(L;). O6csru L KO’)KHOTO 3 TBIpHUX TiIMACHBIB €
JIOBUTBHUMH, IO 3aJIeKaTh Bix obcary meperBopeHHs N, i
B CyMI BiIIIOBiAalOTh YMOBI (2).

Jlns cuHTEe3y MIBHIKOTO AJTOPUTMY IEPETBOPEHHS
HEOOXiTHO BUKOHATH aHAJli3 CTPYKTYPH OJIepkKaHol 0J10Y-
HO-ITUKJTIYHOT MATPHIIl 3 METOK BH3HAUCHHS IICHTUYHUX
OJIOKIB, 110 PO3MIMIICHUX TOPHU3OHTAIEHO Ta BEPTHKAIBLHO
OJIMH BiTHOCHO iHIOro. HasBHICTh iIEHTHYHUX OJOKIB
MPUBOAUTE IO 3MCHIICHHS OOYHCITIOBAIBHOI CKIIAIHOCTI
Ta HaJa€ MOXKJIMBICTD po3Mapalie]IeHHs] BUKOHAHHS 004H-
cnenns JKII.

2 OIJisi g JITEPATYPU

AHai3 CTpyKTypy MaTpHIli LIKPOKO BUKOPHCTOBYIOTh
B TIpolieci aHaiizy 300paxkeHb. B Ounbriocti rpadivHux
3aCTOCYHKIB, B SKOCTI 3Ha4€Hb JBOBHUMIPHOI MaTpuIi,
BUKOPHCTOBYETHCSI OCBITJICHICTH Y, L0 JIOPIBHIOE 3Ba)Ke-
Hilt cymi Y=0,3R+0,59G+0,11B. Baru BuOuparoTs TakK,
00 MaKCUMAaJTbHO TOYHO BiAMOBIIATH Yy TIMBOCTI OKa 10
R-uepBonoro, G-3enenoro i B-cunporo. Anaii3 enemeH-
TiB OCBITJICHOCTI B MAaTpUIl i BiANOBITHO ii CTPYKTypH
3aJICKUTH BiJl CXEM OIHKH IIKCeNls B KOHKPETHOMY 3a-
CTOCYHKY [7].

AKTyambHUMH € JOCHiDKCHHS aHali3y CTPYKTypH
PO3piLMKEHUX MaTpuipb. i1 HbOro BHKOPHUCTOBYIOTBCS
BHCOKOIIPOAYKTHBHI OOYMCIIOBaNbHI amapaTtHi [8] Ta
nporpamHi [9] 3acodu, Heiponni mepexi [10], 1o 103B0-
JSAOTh  KIacU(iKyBaTH pO3PIAKEHI MATpHIl, BHIUISATH
IPYIH HEHYJIbOBUX EJIEMEHTIB, SIKI MOXKYTh 00pOOIATHCH
He3aJIe)KHO. 3a pe3ysibTaTaMy aHallizy OYAYEThCS JEKOM-
MO3MIIIS JJAHWX, M0 3a0€3MeYNTh HAHKOPOTIINH Yac po3-
PaxyHKIB JUIsl KOHKPETHOT CTPYKTYPH MaTpHIL.

TakuM 9UMHOM, aHAJI3 CTPYKTYpPH MATpPHIl 3aJICKHTh
BiJI 3aCTOCYBaHHS, SIK€ HAKJIAJA€E PsJl BAMOT Ta KPUTEPIiB
NpoBeeHHs aHamizy. s cuHTe3y e(heKTUBHUX AJrOpH-
™™iB oOumcienus JIKII Ha OCHOBI IHUKITIYHHX 3rOPTOK
aHaji3 0a3MCHOT MaTPUIIi 3BOAUTHCS 10 MOIIYKY 1A€HTHY-
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HUX [UKJIIYHUX 371iBa [IIOYKCEIbHUX MiaMaTpuib. Kpu-
TEpiEM Ta BHXIJHHMH IapamMeTpaMmy aHaizy OJI0OYHO-
HUKITIYHAX MATPHIb € BHU3HAYCHHS 1AEHTUYHHUX OJIOKIB,
BIAMOBIAHUX IHJCKCIB PO3TAIIyBaHHSI Ta HAJIEKHICTh
€JIEMEHTIB JI0 OZHOTO 3 TBIPHUX MiMacHBIB.

3 MATEPIAJIX I METOIHN
B poborax [4, 11] ormmcano METOAWKY Ta OCOOIHUBOCTI
oOurciIeHHsT TBipHUX MacuBiB (1) s CHHTE3Y IIBHIKUX
anroput™miB AKII [-1V.
B 3zaranpHomy neperBopenHs HKII -1V 3anaerbcs
bopmyIoro:

(2m+a)(2n+b)n} 3

N-1

XE(M) =Ymp ZX(H)COS|:

et 4N
1€ Ymn — BiAMOBiAHI MaciiTabyBaabHi MHOXKHHKH, &, b —
3MIIIEHHA B 3arajJbHOMY Bupa3i (3) MOXyTb HaOyBaTH
sHaueHHs &, b € {0, 1} i BU3HAYArOTh BUAN IEPETBOPEHb,
x(n), X(M) — BXigHa Ta BMXiJHA NOCIOBHOCTI MEPETBO-
pennst (M,n=0,1,...N-1).

Ha ocHoBi enementiB TBipHOTO MacuBy H(L) 3mitic-
HIOETHCS MepeiHJIeKcallisl ps/IKiB/CTOBIIB 0a3UCHOT MaT-
pui, o B pe3ysbTati npuBoauTh 10 Gopmysanns BLIC B
0a3uCHIN MaTpHIIi.

Hanpuknan, y JKII-I, ais sikoro a=b=0 B 3aranbHo-
My Bupasi (3), obcary N=15 3a TBipHUM MacHBOM
H(14)=(1,2,4,8)(14,13,11,7)(3,6,12, 9)(5,10), BignosinHO
metoanmi, BIC marpumi Vis(14,14) MaTime BUTIISAA

NN WLWAWAIRND—IRND—
NN AW W~ I AN~ AN
LN WAWAN~ QIR —3b
N AW WRN— b ND—
NN WLWAWLAIBRND~I BN~
NN AW W~ I AN~ RN
NN WAWAN~ QIR — b
N ANWNWRN— DN~
OO WAWAWDRN WA WRNWRN
OO AW WA WO WO WO W
SO WAWAWAOR WA WO WA
SO AWA WAL AW WO W
NN OODDDDODUL WL Lin i i L L
NN OSSO WL Li i i L L

B pobori [6] onucaHo anropuT™M BU3HAYEHHS TBipHO-
ro mMacuBy. OCOOJIMBICTIO IIbOTO KOMOIHAIIHOTO aJro-
pUTMY € Te, IO I GOPMYBaHHS LUKIIIYHOTO PO3KIATY
MiJICTAHOBKH BHKOPHCTOBYETHCS BiOip MEPIINX eIeMeH-
TiB IUKJIIYHAX MiIMACUBIB B 3pOCTAIOUOMY MOPsAKy. Ha-
npuknan, s JKII-1I, qos sxoro a=0 i b=1 B 3arampHo-
My Bupasi (3), o6csry N=14 TM mae Bursg

H(28)=(0)(1,3,9,27,25,19)(2,6,18)(4,12,20)
(5,15,11,23,13,17)(7,21)(8,24,16)(10,26,22)(14).

OpHak, ais BiOOPY iIEHTHYHHUX OJOKIB € BaXJIUBUM
JUIA aHANi3y HAsABHICTh OJHAKOBUX IMEPIINX CICMCHTIB
OUKITIYHUX TAMACUBIB i, BIAMIOBIIHO, MOCTIIOBHOCTI psi-
JKiB. Y KO)KHOMY IiJJ]MacHBi TBIpHOTO MacHBY, 110 c(hop-
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MOB@HO B Pe3yJIbTaTi IMKIIYHOTO PO3KIIANy ITiJICTAHOBKH,
€ MOXJIMBHM LIMKJIIYHUI 3CyB eleMeHTiB. Tomy i 3a-
Oe3leYeHHs] YiTKOIrO BU3HAYEHHS 1JCHTUYHMX IIiaMar-
PHIlb, PO3MIIIEHIX TOPU3OHTAIEHO Ta BEPTUKAIBHO OJIHA
BIZITHOCHO IHIIMX, Ta HaIJIAHOI CTPYKTypH3awii OJ04HO-
[MUKTIYHOI MAaTpPHUIli HEOOXiTHO MEPEepO3MONUINTH TBIpHI
mimmacusn (hig,hi,...hi; ) TBipHOTO MacuBy

H (L) = (hig, higoe-hici) (Nigigts-NiisnyLiisn)» @
(i=12,...,k; j=1,2,...,Li),
B AKOMY N(+1y) — Mepiuuii Ligo4YncenbHUi eIeMeHT Ha-
crynHoro TBipHOro miamacuBy Hi.(Li+;) BU3Ha4YaeThCs
BiJITIOBiTHO YMOBH

L-hy, sxmo hy<L;

5
it axmo by <hgiy <hggo) ©)

Rz =

[{# ymoBa BpaxoBye Te, IO BiJIOBIAHO MeTOAUII [4],
0a3ucHa MaTpHIl MICTUTh MHOXXHHY CIPOIICHUX apry-
MeHTiB OasucHoi ¢ynkuii JAKII. 3HaueHHS cnpouieHux
enementiB Vjj B Marpuui aprymentis JKII I-1V, Biamo-

BIIHO BJIACTHBOCTSM IEPIOJUYHOCTI Ta CHUMETPUIHOCTI
Oa3ucHUX (hYHKIIiH, BU3HAYAIOTHCS TOCITiTOBHICTIO 00YH-
CIICHB:

Vij = T —[(vjj) mod T ], sixmo[ (vjj) mod T]>T/2; (6)

Vij = T/Z—(T—Vij),SIKH.IO(T—Vij)>T/4 abo Vij >T/4

iHaKIIe Vij =Vij» (i=12,.,n;j=12,.,m). Q)
[Mpukian mepepo3noniny TBIpHUX MiJIMAcHBIB Yy TBIp-

Homy MacuBi it [IKTI-II o6cary N=14, skuii B pe3yib-

TaTi BUKOHAHHS YMOBH (5) Ma€ BUTIIS

H(28)=(0)(1,3,9,27,25,19)(2,6,18)(26,22,10)(4,12,20)
(24,16,8) (5,15,11,23,13,17) (7,21) (14).

Ha ocHOBiI OTpMMaHOro TBIPHOTO MAacHUBY 3iHCHIO-
€TBCS TIEPEIHACKCallisl PSIIKIB/CTOBIILIB apryMeHTIB (yH-
KLl 0a3uCHOI MaTpulli, IO B pe3yJbTaTi MPUBOAUTH 10
dopmysanns BL[C B 6a3ucHiil MaTpuili.

Hns nocmimkenns 0asucHux marpuib JIKIT po3po6-
JICHO yHIBEpCaJbHUI NMPOTrpaMHUA 3acid aHalizy HIOYH-
CEeJIPHUX MAaTpHLb, KU BUKOHYE CKAaHYBaHHS BCHOTO
Habopy eneMeHTiB Matpulli. [y momryky 3amasoro ¢pa-
TMEHTY 3a MaKCHMaJIbHOIO ITUPHHOIO 1 BUCOTOIO, BiJIO-
BiJIHO WOTO PO3MIPHOCTI, B MATPHIli BUKOHYETHCS TTOKPO-
KOBE CKaHyBaHHs 3 TEPEMIIICHHSAM 3TOpHd BHHU3 1 37iBa
HampaBo. Pe3ynabTar aHamizy I[IOYUCEIBHUX MATPHIb i
BUJIIJICHHSI €TaJIOHHUX ()parMeHTiB MOAaHo Ha puc. 1.
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Pucynok 1 — BunineHHs eTanoHHUX (parMeHTIiB B IiTOYH-
CelNbHii MaTpHIIi

Po3pobnene nporpamue 3a0e3nedeHHs MOKe 3aCTOCO-
BYBaTHCh SIK YHIBEepCaJbHUH IHCTPYMEHT MOLIYKy eTa-
JOHHUX (PparMeHTIB y MAaTPHUILIX JOBUIBHOTO 00csaTy. Y
3aco0i aHai3y MaTpHIb MepeadadeHa MOXKIUBICTh BH/II-
JIeHHSI ()ParMEHTIB B TAKUX PEKAMAX:

DECOR DEFAULT — ¢parMeHT HEe BUALISETHCS;

DECOR UNDERLINED - igeHTH4HI 3 eTaJOHOM
(parmenTH migkpecieHi (puc. 2);

DECOR BOLD - igenTH4Hi 3 eTaJloHOM (hparMeHTH
BHUIUIAIOTHCS JKUPHAM MIPHPTOM;

DECOR COORD - Bu3HaueHHS KOOPAWHAT iCHTH-
YHHX 3 €TaJIOHOM (pparMeHTiB;

DECOR _REVERSED - ineHTHYHi 3 eTajJoHOM (par-
MEHTH MAloTh MPOTHICKHI 3HAYCHHS KONBOpPY MIpUQ-

Ty/(ony.

Pucynok 2 — Pexxum ninkpecieHHs ¢pparMeHTiB
B MPOILIEC] aHAaNi3y LII0YNCETbHOT MATPHIL

HenomixoM yHiBepcanbHOTO CKaHYBaHHS € BEJHKa Ki-
JBbKICTh 00YHCIIEHb, 1110 31 30UIBLICHHSIM 00CATY MaTpHILi
Ma€ KBaJpaTU4HYy 3aJISKHICTh OOUHCITIOBAIFHOI CKIIAIHO-
CTi.

J1j1s1 aBTOMaTUYHOTO CHHTE3Y aJIrOPUTMIB O0UMCIICHHS
JKIT I-1V Ha OCHOBI IUKJIIYHUX 3rOPTOK HEOOXIIHO 3a-
Oe3neunTr e(PeKTUBHUI, 3 TOUKU 30py HIBHIKOIIT, aHAII3
BIIC 6a3uchoi MaTpumi. BaxiiBoo 0coOIUBICTIO CTPYK-
Typu cOpMOBaHOi 0a3MCHOT MaTpHIi € HASBHICTH HA0O-
Py KBaJIpaTHHX IMKJIIYHUX 3J1iBa IIIOYMCETbHUX ITiaMat-
purb. Ll 0cOOMMBICTH J03BOJISIE TIPUCKOPUTH aHATI3
0JIOYHOT MaTPHIIi 3MIHIOIOYH KPOK CKaHYBaHHS, IIIO JIOPi-
BHIOE 00CSTY TmiaMacuBy L;, 10 sIKOTO Hale)KaTh €JIEMEHTH
6noky. Ilporpamue pimenns peanizoBano B IDE Visual
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C++ 2019. B mporpamHomy kojai Ha MoBi C++ aHami3
CTPYKTYPH MaTpHI BKIIIOYAE TaKi OCHOBHI (DYHKIIIi:

highlight block fragments () — Buzinse migmatpuii B
marpuui (Puc. 3);

is_in_coordinates_arr() — nepeBipsi€ HasIBHICTh eJle-
MEHTY Y MacuBi KOOPJIMHAT;

are_equal_fragments() — mepeBipsie Ha iICHTHYHICTD
i IMATPHIIL;

coordinates is_in_arr() — MOIIyK 3aJaHOTO pSIKa B
MAaTpHIL;

coordinates repeated fragment() — momyk 3amaHOro
(parMenTy y MaTpuiii;

element matrix print() — BUKOHy€ BUBIJI poaHaii3o-
BaHOI MaTPUIIi HAa EKPaH.

ITomryk i aHami3 iAEHTHYHUX MiAMATPUIlL BUKOHYEMO,
MOYMHAIOYU 3 BEPXHBOTO PsKa a0 MEpIIOro CTOBIIIIS.
Jlam mpoBOaMMO TIepeBipKy Ha IUKIIYHICTH (OJMHAKOBI
3HAYEHHS TOCIIJOBHOCTI €JIeMEHTIB 31 3MIIIEHUM y Ha-
CTYITHOMY PsIIKy abo croBmii). IIpu HEBUKOHAHHI UK~
YHOCTI POOMMO BHCHOBOK IIPO 3aBEpIICHHS OOCATY Mif-
MaTpuIl, TOOTO MO)KHA BH3HAYUTH 1i po3MipHicTh. Jlami
3MIIyeMOCH (TI0 TOPH3OHTAJII/TIO BEPTHKAJIi) Ha ICH BU-
3HAUEHHUH 00CAT 1 MPOJOBXKYEMO aHaIi3 NepedopoM ele-
MEHTIB TIEepIIUX PsIKIB 200 CTOBIIIB i, BU3HAYAIOUH HOBY
MiAMATPHIIO, IO IJCHTUYHA TIONEPEAHHO BHIIICHUM.
B nipoTune:xxHOMY BHUMAIKY 3MIilllEHHST BiOYBa€ThCsI Ha
OJIMH KPOK JIJIS TTOITYKY IUKITIYHOT T IMaTPHIII.
hightight_block_fragmenisjmatnix, 5 ). 5 X,
HA_am HA_block, HA_Vock_size)
JEHRMeHHA ODSIMEHTIE MaTDHLT
Amarrix -MR"'DJTH:?

AE_X, 5_) - DOSMIDH MSTDHLY
SHA_SIT - M3CHB 2 BMEMeHTaMH parMeHTIia
AHA_DISCK - M3CHS 3 DOAMDaMH DDarMeHTIS

AHA_DIoCK_Size 03D MICHEY I3 DOIMID N
BPErMeHTIS

!
HA_block_index = . L - Y
0. HA_block_size - 1 matric End
.-" .'" R
aIn_iox =
SHA_DoCk, HA_BL_v =
HA_biock_index - HA_blockiHA_block_inde

found_HA_ fragmernis)
matrix, 5_y s_x,
HA_arr,
HA_BL w)

HA_biock_ingex =0 »— “as

| found_HA_ fragmenisy
Mot mairix, 5_y 5_x,
HA_amr +
arr_idx. HA_BIL_w )

HA_block_index == l
HA_mock_ingex +1

Pucynok 3 — brok-cxema ¢ynkuii highlight block fragments ()
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4 EKCIEPUMEHTHA

Jns mpoBenieHHsT aHaANi3y CTPYKTYpH Oa3HCHOI Mart-
puri JKIT I-IV mi1st mocaiioBHOCTEH AOBITBHOTO 00CATY
N BpaxoByeTbcs, 0 1MOOYJOBaHO BiJIIOBIIHO TBIpHOMY
H(L) OmouHo-1uKIIiuHy 0a3MCHY MAaTpHUII0 CIIPOIIEHHX
apryMeHTiB (DyHKIIiH.

Hanpuxnan, mms AKII-II o6esry N=20 cdopmysBamn
™

H(20)=(0)(1,3,9,27)(2,6,18,26)(4,12,36,28)

(5,15,35,25)(7,21,17,29)(8,24)(10,30)(11,33,19,23)

(13,39,37,31)(14,38,34,22)(16,32)(20).

B pesynbrari BHKOHAaHHS NEPEpO3NOALTY TBIPHHX
MiIMacuBiB, BIAIOBIIHO YMOBH (5), OTpUMaEMO

H(20)=(0)(1,3,9,27)(39,37,31,13)(2,6,18,26)
(38,34,22,14)(4,12,36,28)(5,15,35,25)(7,21,17,29)
(33,19,23,11)(8,24)(32,16)(10,30)(20).

Ha ocHOBI TBipHOTO MacHBY 3IiMCHIOETHCS NIEpeiHe-
Kcallist psi/IKiB/CTOBIIIIIB CIPOIICHUX apryMEHTIB (QYHKIIiH
0a3MCHOT MaTpHuIli, 110 B PE3yJbTATI MPUBOAUTH 10 (GOp-
myBanHs BI[C B GasucHiit matpuii. Hactymiaum ertamnom
cuntesy aiaroputmiB JIKIT Ha ocHoBi 13 € BHKOHAHHS
¢yHKUil aHamizy CcTpyKTypH cdopmoBaHoi OJ04HO-
nuKIIiyHOl Marpuui. B pesynbrari aHanizy 6a3ucHoi Mat-
puni, Ha npukiani s JKII-1T o6csiry N=20, otpumyemo
KOJIbOPOBE BHAUICHHS LUKJIIYHUX MiMATPUIb Ta iX Hep-
[IMX eJIEMEHTIB y BUTIISAALI TIOJaHOMY Ha puc. 4. Biamosi-
THUM KOJBOPOM BHIUICHO OJOKH, IO MICTATH MHOXKHHY
€JIEMEHTIB, II0 HAJEKUTh TIIbKH iM. Hampuximan, gepso-
HUM KOJILOPOM (pHC. 3) BUAITICHO OJOKH, B SIKMX ITHKIIIIHI
miMaTpuil MicTsTh enementu {1, 3,9, 13}.

Pucynox 4 — AHani3 cTpyKTypH 6a3uCHOI MaTpHIli apryMEHTIB
6asucuux Qynkuii JKII-II obcsary N=20

5 PE3YJIbTATHU
[TpoBeneHo TecTyBaHHS BUKOHAHHS aHaJi3y 0a3MCHHUX
Marpuub JKII-II o6csry N=20 po3pobienum yHiBepca-
JIBHAM HPOTPaMHUM 3ac000M, KU BUKOHYE CKaHYBaHHS
BCHOTO HA0OPY €JIEMEHTIB MaTpHIli, Ta (GYHKIIEI0 aHATIZY
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OJIOYHO-LIMKIIIYHOT MaTpHIi 31 3MIHHUM KPOKOM CKaHy-
BaHHA (pHcC. 5).
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B Anania BAOHHC-WAKAIMHOT MATPHLL 31 IMIHHHM KPOKOM CHAHYBAHHA
. AHaNI3 wasxomM CHAHYBAHHA BCLOMD n;lﬁt-p\, ENEMEHTIE MaTpHL
Pucynok 5 — IIpoBeaeHHs aHaTi3y CTPYKTYpH 6a3MCHOI MaTpHIT
JKII-II o6csiry N=20 mporpamMamu CkaHyBaHHS 3 OJHHUYHIM
Ta 3MiHHUM KPOKOM

Onep)kaHO pe3ysbTaTH y BIACOTKAaX 4yacy MPOBEIACHHS
aHaji3y OJIOYHO-IMKIIYHOT 0a3MCHOI MaTpHIli CKaHyBaH-
HAM 3 OJMHAYHAM Ta 3MIHHHUM KPOKOM JJIsl KUIBKOCTI
crpo6 Bix 100 mo 500. Omxe, BpaxyBaHHS 0COOIMBOCTEH
BIIC copmoBanoi marpurii aprymMeHTiB 6a3ucHuX QyHK-
il U 3MIHHOTO KPOKY CKaHYBaHHS, B Pa3H MPUCKOPIOE
MpOIeC BUKOHAHHS aHAJi3y CTPYKTYpH 0a3MCHOI MaTpHIi
JKII-IT o6csary N=20.

B mpormeci aBTOMaTHYHOTO CHHTE3Y alTOPUTMIB 00-
gucneras JKII [-IV nosimsHOTO 00CcsTy N Ha ocHOBI 113
3aBepIiIeHHsAM eTany aHanizy BI[C Ga3sucHOi MaTpuil €
(hopMyBaHHS MacHBY JaHUX, [0 IHHOPMYE PO KiIBKICTH
IICHTUYHUX NUKTIYHUX MiJIMACHBIB, X po3ramyBanHs. [1i
JIaHl JTO3BOJISIIOTh BU3HAYUTH MiHIMAIBHY KUTBKICTH Ta
00CAT IMUKITIYHUX 3rOPTOK, MOKIIMBICTh 1X MapaieIbHOTO
obuncnenHst Ta 00’egHaHHA pe3ynbrariB 13 1ms Bu3Ha-
YeHHs BUXiTHUX 3HadyeHb JIKII.

B pesynbrati, I BU3HAYECHHS 1MCHTHYHUX OJIOKIB,
PO3MIIIICHUX TOPU3OHTAIBLHO Ta BEPTUKAILHO OJUH Bif-
HOCHO 1HIIIOTO, (YHKITiSI (POPMY€E MACHB TIEPIINX EICMEH-
TiB IWKJTIYHUX ITiIMACHBIB 3 BiIMOBIAHAMH KOOpIHHATA-
mu. Hampuxnazn, mis JKII-II o6csary N=20 otpumyemo
MacCHB JTaHHX

1{1,0}; 1{5,0}; 1{1,4}; 1{5,4};
9{25,16}; 9{29,16};

9{25,12}; 9{29,12};

2{9,01; 2{13,0}; 2{9.4)}; 2{13.4}; 14{9,12};
14{13,12}; 14{9,16}; 14{13,16};

4{17,0}; 4{19,0}; 4{17,2}; 4{19.2}; 4{17,4};
4{19.4}; 4{17,6}; 4{19,6}; 12{17,12}; 12{19,12};
12{17,14};  12{19,14};  12{17,16};  12{19,16};
12{17,18}; 12{19,18};

5{(21,01; 5{23,0}; 5{212}; 5{232}; 5{214};

502341, 5{21,6}; 5{23,6}; 5{1,8}; 5{3,8); 5{5.8;
507,81 5{1,10}; 5{3,10}; 5{5,10}; 5{7,10}; 5{21,12};

5023,12}; 5{21,14); 5{23,14}; 5{21,16); 5{23,16};
5021,18}; 5{23,18); 15{21,8}; 15{23.8); 15{26,8};
15{28,81; 15430,8}; 15{21,10}; 15{23,10}; 15{26,10};
15{28,10}; 15{30,10}; 7{25,0}; 7{29,0}; 7{254};
7(29,4}; 7{1,12}; 7{5,12}; 7{1,16}; 745,16};

8{33,0}; 8{350); 8{332); 8{352); 8{334};
84354); 8{33,6); 8{356); 16{33,12}; 16{35,12};
16{33,14};  16{35,14};  16{33,16);  16{35,16};

16{33,18}; 16{35,18};
0{0,0}; 0{33, 8}; 10{9,8}; 10{37,0}.
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BianoBigHO BHKOHAHOMY aHami3y Oa3WCHOI MaTpHIl
Ha pHC. 3 mepuli eleMEeHTH LUKIIYHUX IiIMacuBiB, L0
JIOPIBHIOIOTh, HANIPHUKIIA/, | po3TalioBaHi B Oa3ucHiN Ma-
Tpui 3a koopauaatamu 1{1,0}; 1{5,0}; 1{1,4}; 1{5,4}.

Tob6to, MaeMo B CTpyKTypi Oa3zucHOi MaTpHii Mo JBi
IICHTUYHI ~ TiAMATPUIl  PO3MIMIEHUX TOPH3OHTAIBHO
1{1,0} i 1{1,4} Ta 1{5,0} i 1{5,4}, Beprukansuo 1{1,0} i
1{5,0} ta {1,4} i 1{5,4} onHa BiXHOCHO iHIIIO].

MacuB mepiiux eIeMEHTIB 3 KOOpJMHATAMH PO3Ta-
LIYBaHHS HUKJIIYHUX IJMACUBIB B MaKCUMaJbHOMY BH-
MagKy Moxe Math (N;xN,) eIeMEHTIB B CTPYKTYpi Oaswuc-
Hoi matpuii Vy (Ny, Ny) crpoienux aprymentis JIKIT I-
VI noBinkHOTO 00CsTY N.

6 OBI'OBOPEHHSI

HasBHICTD IICHTUYHUX MiAMATPHIL B CTPYKTYpi Oa-
sucHOi Marpuili JIKII mpuBoauTh 10 3MEHIIEHHS 00YHC-
JoBaNIbHOT ckiagHocTi. O6csT meperBoperHss N Ta Bua
JKII Bu3HAYAIOTh KiMBKICTh MHUKIIYHUX ITIMATPUIb B
CTpYKTYpi OasmcHOi Matpumi [12]. ImeHTHuHI nHKIiYHI
MMATPHII, IO PO3MIIIEHI BEPTUKAIBHO OJUH BiITHOCHO
IHIIOTO TPUBOJATH O OXHOpazoBoro obumcieHHs L3,
pe3ynpTaT K01 B Tporeci 00’€IHAHHA BHKOPHCTOBY-
10ThCs 1151 pisHuX X(M) BUXiOHMX 3HAYEHb TIEPETBOPEH-
Hs1. [AeHTHYHI IMKIIYHI MiAMATPUIII, 10 PO3MILIEHI TOpH-
30HTAIBHO OJIMH BIJIHOCHO IHIIOTO IPUBOIATH JIO
00’€eIHaHHS TPYN BXIJHUX 3Ha4eHb X(N) MepeTBOPEHHS i
onHOpa3oBoro odurcieHus 113, pe3ysibraTé KOl B mpo-
1eci 00’eTHaHHS BUKOPHUCTOBYIOThCSA JUIS OAHIET rpymu
BUXIZIHUX 3HAa4YeHb IEPeTBOpEHHs. Tak, JaHi aHaiizy
1{1,0}; 1{5,0}; 1{1,4}; 1{5,4} B cTpykTypi OazmcHOi
Matputli (puc. 3) BKa3yrOTh Ha HAsBHICTH ABOX 1IEHTHY-
HUX MIIMAaTPHULb PO3MIMICHUX TOPU3OHTAIBHO Ta IBOX
IIGHTUYHUX MiMATPUIb PO3MIMICHUX BEPTUKAIBHO OJIHA
BiZIHOCHO 1HIIOI. B IbOMy BHIIaJIKy BUKOHYETBCS CIEPLLy
00’€THaHHA I'PyH BXiAHMX 3Ha4eHb JUIA MiAMATPULb PO3-
MIIIEHUX TOPH30HTAIBHO BUKOHYETHCS OJHOpPa3oBe 00-
yucienHs: 13, pesynbraT sKOi B mpoleci 00’€IHaHHS
BHKOPHUCTOBYIOThCS ISl PisHuX X°(M) BUXiJHUX 3HAYEHD
MIEPETBOPEHHS, 3AJISKHUX B IIEHTHYHUX MiAMaTpPHUIb
PO3MIIIIEHNX BEPTUKAIBHO.

Busnauenns MiHiMabHOT KibkocTi 13 Ha ocHOBI ma-
pamertpiB, ski xapakrepusyioTs BLIC 0asnucHOi MaTpwili
JKII, Hamae MOKITUBICTD IXHBOTO PO3MapajeieHAs 00uH-
CIICHHSI 1 TUM CaMHM JIO0 NPHIIBUALICHHS BUKOHAHHS Ie-
PETBOpPEHHSL.

Takum unnom, popmyBants 6azucHoi Matpuni JIKIT y
BUTIISAI HAOOpy HMKITIYHUX HiAMATPUIs Ta IPOBEICHHS
aHaiizy OJIOYHOI CTPYKTYpH [I03BOJISIE B pe3yJIbTaTi 3a-
0e3reunTH BUCOKY €(EKTUBHICTH BHKOPUCTaHHS OOYMC-
JIOBAJIbHUX PECYpCiB, Ta 3MEHIINTH OOYHCIIIOBAIBHY
CKJIJIHICTb, 10 3AJICKHUTH SIK Bix 00csry Tak i Bugy JAKII.

BHUCHOBKHA
Y po6oTi po3TIIAHYTO aHANi3 HA IICHTUIHICTH ITigMa-
TPHUIb 3i 3MIHHUM KPOKOM IIOIIYKY, IO BPaxoBYeE BJac-
THUBOCTI OJIOYHOCTI Ta HUKIIYHOCTI chopmMoBaHoi Oazmuc-
Hoi matpumi JIKIT I-VI. Po3pobieno anropurmiuHe Ta
nporpaMHe 3a0e3NeyeHHs BUKOHAHHS aHANII3y CTPYKTYpU
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OJIOYHO-IIMKIIIYHOT 0a3MCHOT MaTpulli, 3a JIOIMOMOTOI0
SIKOTO BU3HAYAETHCS MACHB MapaMeTpiB AaHuX (HopMalib-
Horo onucy ctpykrypu 6asucy JKII. Ananiz BLIC 6a3u-
CHOI MaTpulli, 0 B pe3yJIbTari popMye MaCHB JAHUX TIPO
KUTBKICTh BEPTUKAJIBHO T4 TOPH30HTAIBHO PO3TAIIOBAHUX
IICHTUYHUX NUKIIYHUX 7] MaTPUIh, € BaXIUBUM €Ta-
IIOM aBTOMATHYHOTO CHHTE3y AalTOPUTMIB OOUYHCICHHS
JKII -1V na ocroBi 113 noBimeHUX 00csriB N.

HaykoBa HOBH3HA TOsTac y BU3HAYEHHI OCOOINBO-
cTell aHaJi3y Ta OOYUCIICHHS HapaMeTpiB, SIKI XapaKTepH-
3yIOTb CTPYKTYpPY OJOYHO-IMKIIYHOT 0a3MCHOI MaTpHIli
JKII.

IMpakTHyHe 3HAYeHHsI PO3POOJICHOTO AITOPHTMiY-
HOTO Ta MPOTPaMHOTO 3a0e3MeueHHs BUKOHAHHS aHaji3y
BIIC 6a3ucuoi matpuii JKII monsrae y 3abe3mneucHHI
3MEHILICHHS] O0YHCITIOBANIBHOI CKIIQJHOCTI Ta MOMIIUBOCTI
po3napaelieHHs] 00YUCICHHS CHHTE30BAaHOIO MIBHAKOTO
anroputmy obunciienns JKII.

Hanpsim moaanapmux J0CTiIKEHb IONSIraTUME B
pO3po0Ili aITOPUTMIYHOTO Ta MPOTPAMHOTO 3abe3rmedeH-
HS 110 3MEHIITyBaTHMe OOYUCIIOBAJIbHI 3aTpaTH Ta HpH-
CKOPUTH NPOILEC CHUHTE3Y MIBHIKOTO AJITOPHTMY OO4YHMC-
nennsi JIKII, Bkirouatoun it eran ananizy BLIC 6Ga3ucHoi
MaTpHlli IepeTBOPEHHS.
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MPOT'PAMMHBI AHAJIU3 CTPYKTYPBI BJIOYHO-IIAUKJIUYECKOM BA3SUCHOM MATPHIIBI AKII
Mpousko HU. O. — 1-p TexH. HayK, JOUEHT Kadeapbl aBTOMATH3UPOBAHHBIX CUCTEM yTpaBieHHs HalmoHansHOTO yHHBEpCHTETa
«JIbBOBCKasI MOJMTEXHUKAY», YKpanHa.
Mumyx M. B. — ctyneHT kadeapsl aBTOMaTH3UPOBAHHBIX CHCTEM yIpaBieHuss HannoHansHOTO yHHBepcuTeTa «JIbBOBCKast mo-
JIUTEXHUKa», YKpauHa.

AHHOTAIUS

AKTyaIbHOCTB. VICrionp30BaHie MaTPUYHOTO 3alMCH NIPUMEHseTCs Ui popMann3anuu npeaMeTHON 001acTH B paMKax anreo-
panueckoro noaxozaa. dpGeKTHBHOE BHIYUCICHHS THCKPETHOTO KOCHHYCHOTO MPEe0Opa30BaHUil UCMONB3YeT PUBECHUE FAPMOHNY-
HOro 6asuca K OJIOYHO-LHKINYECKONH MATPHYHON CTPYKTYpPE C HOCIIEAYIONIMM BBIYHCICHHEM ITPE0OPa30BaHUs ¢ IIOMOIIBIO OBICTPBIX
IOUKJIMYECKUX CBEPTOK. AHAIM3 CTPYKTYpHl Oa3MCHOI OJMIOYHON MaTpHIBl IpeoOpa3oBaHUs obecriednBaeT CHHTE3 d(P(HEKTUBHBIX
QITOPUTMOB JTUCKPETHOTO KOCHHYCHOTO IIPeoOpa30BaHuUs IPOU3BOJILHEIX pa3MepoB. IIporpaMMHuast peanu3anust IpoBeIeHHs aHaIH-
3a OJIOYHO-LIMKIMYECKHX CTPYKTYp (OPMHpPYET ONUCAHHE CTPYKTYPBI, YTO IMO3BOJISIET YMEHBIINUTh BBHIYMCIHUTEIBHYIO CIO0KHOCTh
anropuT™Ma npeoOpa3oBaHMs U BBITOIHUATH PaclapauIeIMBaHNs BHIYMCICHHN IUKIMYECKUX CBEPTOK.

Iens pa6oThl — onpeienieHHe ANrOPUTMUYECKUX OCOOCHHOCTEH MPOBEACHHS aHAIN3a CTPYKTYPbI OJIOYHO-LIUKINYECKOI MaTpH-
1Ibl, COZICPIKALLICH LIETOYHUCIICHHbIC apIyMEHTbI 0a3MCHBIX TapMOHMYECKNX (YHKIHMIA, 4TO 00ECIICYNT YMEHBIICHHE BHIYUCIUTEIbHON
CIIO)KHOCTH CHHTE3UPOBAHHOTO AJITOPUTMA JUCKPETHOTO KOCHHYCHOTO IIPpeoOpa3oBaHus Ha OCHOBE LIUKIMYECKHUX CBEPTOK.

Mertoa. ITouck u aHanu3 nepebopoM 3JIEMEHTOB MATPHUIIBI ¢ HEPEMEHHBIM LIArOM, YYUTHIBAIOLINH CBOICTBA GJIOYHOCTH ¥ IIUK-
JIMYHOCTH c(OPMHUPOBAHHOI 0a3MCHOM MaTPHIIBI AUCKPETHOTO KOCHHYCHOTO IIpeoOpa3oBaHusl, T03BOJISIET OBICTPEE BBHIIOJIHATh aHa-
JIM3 CTPYKTYPHI OJIOYHON MaTPHIIBI IPeoOpa30BaHus IO CPABHEHUIO C MOIHBIM CKAaHUPOBAHHEM.

PesyabTarhl. Pa3pa0oTaHo anrOpUTMHYECKOEC W HPOTPaMMHOE OOCCICUCHHE BBIMOJIHCHHS aHAIW3a CTPYKTYpHI OJIOYHO-
LUKJIMYECKOH 0a30BOM MaTPHIIBI, C TIOMOLIBIO KOTOPOTO ONPEeIsIeTCss MaCCHB IapaMeTpOB AaHHBIX (POPMaAILHOTO OIMHCAHUS CTPYK-
Typbl 0a3uca JUCKPETHOIO KOCHHYCHOrO npeoOpa3oBaHus. JlJaHHbIEe aHAIM3a CTPYKTYpbl 0a30BOM MaTpPHLbI TIO3BOJIAIOT ONPENEIUTD
HAINYME UACHTHYHBIX IUKIMYECKUX TOJMATPUL Pa3MELIEHHBIX TOPU30HTAIBHO MIIM BEPTUKAIBHO JPYT OTHOCHTENIBHO JpYyra U, TeM
CaMbIM, YMEHBIINTh KOJMYECTBO BBITIOIHEHUS IMKIMYECKUX CBEPTOK.

BoiBoabl. DpdekTuBHBII aHaMH3 OIOYHO-IMKINYECKON CTPYKTYPBI 0a3MCHON MAaTPHIBI HA OCHOBE pa3paboTaHHOTO MPOTpaMM-
HOTO 00eCTICUCHUS SIBIIETCS BaXKHON YacThIO MIPOLiecca CHHTE3a OBICTPOTO alrOpUTMa, KOTOPEIH 00eCcIIeunBaeT COKpAIeHHe BHIYHC-
JIUTENIBHON CIIOKHOCTH M BO3MOXKHOCTH pacHapasuIe]IMBaHMs BBIIOJHEHUS IUCKPETHOTO KOCHHYCHOTO IpeobpasoBanus. Pazpabo-
TAQHHOE AJTOPUTMHUYECKOE M MPOrPaMMHOE O0ECIIeUeHUE BBIIOIHEHUS aHAJIN3a CTPYKTYPhI OJOYHO-IUKINYECKOH MaTPHIBI MOXKET
MPUMEHSTBCS ¥ VISl aHAJIN3a CTPYKTYPBI M IIOMCKA COOTBETCTBYIOLIMX MOAMATPUIL B JIFOOBIX MaTPUIIAX C LEIBbIMU, JEHCTBUTEIILHBIMI
U HYJICBBIMH 3JIEMEHTaMH.

KJIFOYEBBIE CJIOBA: aHanu3 MaTpHIlbl, alTOPUTM IIOKUCKA, 00pa3yIouil MacCuB, OJIOYHO-UUKINYECKUE OAMATPHUIIBI, TUC-
KPETHBIC KOCHHYCHBIC TPeoOpa3oBaHusL.

UDC 004.93
SOFTWARE ANALYSIS OF STRUCTURE BLOCK-CYCLIC BASIC MATRIX OF DCT
Protsko I. O. — Dr. Sc., Associate Professor, Department of Automated Control Systems, Lviv Polytechnic National University,
Lviv, Ukraine.
Mishchuk M. V. — Student, Department of Automated Control Systems, Lviv Polytechnic National University, Lviv, Ukraine.

ABSTRACT
Context. The matrix notation is used to formalize the subject area within the framework of the algebraic approach. Effective
computation of the discrete cosine transforms uses the reduction of a harmonic basis to a block-cyclic matrix structure with the sub-
sequent calculation of the transform using fast cyclic convolutions. An analysis of the structure of the basic block matrix of trans-
forms provides a synthesis of algorithms of effective discrete cosine transforms of arbitrary sizes. The software implementation of
the analysis of block-cyclic structures generates a description of the structure, which allows to reduce the computational complexity
of the algorithm of effective discrete cosine transform and to perform parallelization of computation the cyclic convolutions.
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Objective. The work is to determine the algorithmic features of the analysis of the structure of a block-cyclic matrix containing
integer arguments of basic harmonic functions, which will reduce the computational complexity of the synthesized discrete cosine
transform algorithm based on cyclic convolutions.

Method. Search and analysis by enumerating elements of the matrix with a variable step, taking into account the blockiness and
cyclicity of the formed basis matrix of the discrete cosine transform, allows you to quickly analyze the structure of the block matrix
of transform in comparison with full scanning.

Results. Algorithmic and software for analyzing the structure of a block-cyclic basis matrix have been developed, with the help
of which an array of data parameters for a formal description of the basis matrix structure of a discrete cosine transform is deter-
mined. The analysis of the structure of the base matrix allows us to determine the presence of identical cyclic submatrices placed
horizontally or vertically relative to each other and, thereby, reduce the number of cycles of convolutions.

Conclusions. An effective analysis of the block-cyclic structure of the basis matrix based on the developed software is an impor-
tant part of the fast algorithm synthesis process, which provides a reduction in computational complexity and the ability to parallelize
the implementation of the discrete cosine transform. The developed algorithmic and software for performing the analysis of the struc-
ture of a block-cyclic matrix can also be used to analyze the structure and search for the corresponding submatrices in any matrices
with integer, real, and zero elements.

KEYWORDS: matrix analysis, search algorithm, hashing array, block-cyclic submatrices, discrete cosine transforms.
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AHHOTAIUA

AKTYaJIbHOCTb. AKTYyaJIbHOCTb Pa0OTHI CBSI3aHA C MHOTOKPUTEPHAIBbHBIM CPAaBHEHHEM WHHOBAIIMOHHBIX OOBEKTOB, MO KOTO-
PBIMH HOHMMAIOTCS 00BEKTHI C YJACTUYHO COBIAIAIOIINMYI HHANBHUIYAIBHBIMH ITOKA3aTEIAMHE, UMEIOIIIE HEONIPEAEICHHBIE, CyOheK-
THBHBIC 3HAYCHUSA U KPUTEPHUH UX OIeHKH. CpaBHUBaEMblC HHHOBAIHOHHBIC OOBEKTHI OMUCHIBAIOTCS OOMIMMH U MHAWBUY AIbHEIMI
MOKa3aTeJSIMH, IIPHYEM KOJIMIECTBO MHIAWBHUYAIBHBIX ITOKa3aTelel sBisieTcs 3HaunTenbHbIM (6onee 50%). MeTon ananm3za uepap-
XHH sBIIsieTCsl Hanbosee MOAXOIIIIMM MaTeMAaTHIECKHM allllapaToM IJIsi CPABHEHUs HHHOBAI[HOHHBIX 00BEKTOB, TaK KaK OH COBMe-
IIAeT HArJLSIIHOCTh OIMCAHUS MIPEAMETHOM 00J1acTH, YHCICHHYIO Pe3yJIbTaTHBHOCTh, ECTECTBEHHBIH Y4eT BAPUATUBHOCTH MCXOHBIX
HapHBIX OLIEHOK. TeM He MeHee, JaHHBIA METOJ cJIabo y4YHTHIBAeT MHAMBHIyaJIbHBIE IT0KAa3aTEeIM MHHOBALMOHHBIX OOBEKTOB IPH
COCTaBJICHUHM MaTpHILl MapHBIX CPAaBHEHMH, YTO HE MO3BOJISAET MOIYYUTh UTOTOBBIE BECA, COOTBETCTBYIOLINE WHIMBUIYaTbHBIM OCO-
OEHHOCTSIM HHHOBALIMOHHBIX OOBEKTOB.

Heas. PazpaboTka MoauQUIIPOBaHHOTO METO/IA aHATM3a UepapXuil, 00CCIICUNBAIONIETO PAHKUPOBAHNEC HMHHOBAIIMOHHBIX 00B-
€KTOB C YaCTHYHO COBIIAAAIONIIMH MHIUBUTYATbHBIMI TTOKA3aTEIAMHA.

Metoa. B pabote pazpaboran MoaudUINPOBAHHBEINH METOJ aHAIM3a UEPapXHi, BKIIOYAIONIMH TUIOBYIO IOCIEIOBATEILHOCTD
9TaNoB OT ITOCTPOCHHUS HEPapXHUU MPEAMETHOH 00IacTH 1 (GOPMHUPOBAHHS KPUTEPUEB OI[EHKH MHHOBAIMOHHBIX OOBEKTOB JIO JTama
BBIYMCIICHUS] HTOTOBBIX BECOB HHHOBAIIMOHHBIX OOBEKTOB, OTIMYAIONIUICS BO-TIEPBBIX, BBEJCHUEM Ha dTare NOCTPOCHHS HepapXuu
IIPpeIMETHOI 00JIaCTH MaTpPHULBI BECOB OOLIMX M MHIMBHAYaJbHBIX IOKa3aTeaed 1Mo CHCTeMaM OOBEKTOB, BO-BTOPBIX Pacy&éToM IO-
MPaBOYHBIX KOAPPHUIIMCHTOB Ha OCHOBE JIOKAILHON MK TII00aIbHOM MOeIell KOPPEKIIMK BECOB MOKa3aTeyieii CHCTEM 00bEKTOB Ha
JTamne COCTaBJICHUsS] CBOAHON TaONHUIIBI BECOB, B-TPEThUX BBIYUCIEHHEM HUTOTOBBIX BECOB MHHOBAIIMOHHBIX OOBEKTOB C y4ETOM IO-
MIPaBOYHBIX KOA(P(HUINEHTOB, YTO TTO3BOIMIIO YIECTh HHAUBHIYaIbHbIE OCOOCHHOCTH CPAaBHUBAEMBIX HHHOBAI[OHHBIX OOBEKTOB.

Pe3yabTartsl. B pabote paccMOTpeHB! HHHOBAaIMOHHBIE OOBEKTHI ¢ OOMMMH U MHIWBHUIYIbHBIMU TOKAa3aTeISIMU B MPOMOPIIIH
1:2 ¢ KOIMYEeCTBOM KPHUTEPHUEB CPABHEHHS, PaBHEIM 5, YTO COOTBETCTBYET Ki1accy 00BEKTOB CpPeHEH OpraHn3aliOHHON CIIOKHOCTH.
CpaBHHBacMBIe OOBEKTHI COAEPXKAT THUIOBOH OOBEKT (KOJIMYECTBO MHIWBUAYAIBHBIX ITOKa3zaTeneil cymecTBeHHO MeHbme 50%),
SIBHO MHHOBAIIMOHHBIA 00BEKT (KOJMYESCTBO WHANBUIYATbHBIX MOKa3aTesnel oonbiine 50%), 00bEKT B MOrPaHUYHOM 30HE (KOJIUYECT-
BO MHIUBHUIYaJbHBIX MOKa3zateneit okoso 50%). Kinaccuueckuii MeTo] He YyBCTBUTEICH K MHAWBUIYAIbHBIM OCOOCHHOCTSIM WHHO-
BaIlMOHHBIX 0OBEKTOB, UYTO OIMPEAEINIO MUHUMAIBHBIA BEC [UIs IBHO MHHOBALIMOHHOTO 00bekTa. MoAn(pUIIMPOBaHHbBIA METO, Ha-
MIPOTHUB, ONPEJIENI MUHUMANBHBIH BeC 1 00bEKTa B MOIPaHUYIHOMN 30HE, TaK KaK OH UMEET OJHOBPEMEHHO MOHMKEHHBIE 3HAUCHUS
B MaTpHIE MAPHBIX CPABHEHHH 110 KPUTEPHSAM U HU3KHE 3HAUCHHUS HHIUBHAAYaTbHBIX TIOKa3aTeIeH.

BoiBoasbl. Pa3zpaboTtanHbiii MOau(UIMPOBAaHHBI METOJ aHAIN3a UEpapXuil U MOJETH KOPPEKIHH B €ro COCTaBe OOBECKTHBHO
OTPaXKalOT MOPSIOK PAHKUPOBAHMS OOBEKTOB C YUETOM HX ONHMCAHUS B BUJE MAaTPHIBI OOIIMX M WHIUBHIYaJbHBIX MOKa3aTeNeH.
CoryacHO MOJIETMPOBAHUIO, IIEHHBIM JUISl IPAKTHKY TIPHHITHUS PEIICHAI CIIeAyeT CUMUTATh JOJI0 WHIMBHAYaTbHBIX ITOKa3aTeled B
ux obmeM koinuectse 6osee 55 %. B aToM citydae 0OBEKTHI IIPEAIIOYTUTENEHEE OLIEHUBATH HA OCHOBE MOIU(HUIIMPOBAHHOTO METO-
na aHanmsa uepapxuil. IlomydyeHHBI Ha OCHOBE MOJENM KOPPEKIMH BECOB BEKTOP HOMNPABOYHBIX KOI()(MULHEHTOB HMEET
CaMOCTOSITENIHOE 3HaYCHHE IIPH PELICHUH Pa3JIMYHbIX PACUSTHO-aHAIMTHYECKUX 3a4a4 U MPUKIIAIHBIX 3324 IPUHATHS PeIICHHH.

KJ/IFOYEBBIE CJIOBA: nHHOBaUMOHHBIN BBICOKOTEXHOJIOTUYHBIN OOBEKT, MOZIENIb KOPPEKIIUU BECOB, pacUIMPEHHAasl CBOJHAS
TabJMIa, BEKTOP IONPaBOYHBIX KO3(UIIMEHTOB, METO/1 aHAJIN3a HEePAPXHH.

ABBPEBUATYPbBI MAMU — MmeTon aHanu3a uepapxuii;
MA - cpenHeapupMeTHIeCKOE 3HAUCHIE; MIIC — MaTpuIbl MapHBIX CPaBHCHHH.
MGM - cpenHereoMeTpudecKoe 3HAUCHIE;
MHR - cpegHerapMOHHYECKOE 3HAYECHHUE; HOMEHKJIATYPA
BJIA — GecinyioTHBIE JIeTaTENIbHBIE alapaThl; A — matpuna;
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Arg(i) — uenesast GpyHKUUsS BEIOOpa 0OBEKTOB;

C — ynpaBisonas CUucTema;

d — Cp€AHEC KOJMYCCTBO UHAUBUAYAJIBbHBIX ITOKAa3aTe-
JIel Ha CHCTEMY B COCTaBe OOBEKTa;

E — sHeprernueckas cucrema;

Z — KOJIMYECTBO KPUTEPHUEB CPABHEHUS;

K., — x-1i xputepuit cpaBHeHUS 00bEKTa X=1—Z;

K| — xputepuil HaIexKHOCTH;

K, — xputepuil peMOHTOIIPUTOAHOCTH;

K3 — xpuTepuii KOMIUIEKTallMU;

K4 — KpuTepuii CTOUMOCTH;

K5 — xpuTepuii 1eTaTeIbHbIX Ka4eCTB;

L — cBsA3Has cucrema;

M — KOJIMYECTBO CPABHUBAEMBIX 00BEKTOB (aJbTepHa-
THUB);

N — HaBUTalMOHHAS CHCTEMA;

O; — Bec i-ro 00BbEKTa MO j-My Kputepuio (i=1-m,
J=1-9);

P — oOmiee KOMMYECTBO MHIMBHIYaJIbHBIX ITOKa3aTe-
JIeit;

P — KOJIMYECTBO MHIMBHIYAJIBHBIX MOKa3aTeNeH CuC-
TEMBI,

Pi — TIOIMHOKECTBO MHIMBUIYATbHBIX TOKA3aTeNICH;

¢ — KOJINYECTBO CUCTEM;

S — o0111ee KOIUYECTBO OOIIUX MTOKA3aTENEeH;

S — KOJIMYECTBO OOIINX MOKa3aTelell CHCTEMBbI;

S; — IIOJIMHOYXECTBO OOIIMX OKA3aTeNeit;

T — nBWXHTENbHASL CHCTEMA,

VCCyy — BEKTOp IONpPaBOYHBIX KOI(P(HUIMEHTOB Ha
OCHOBE cpeaHeapu(PMETHIECKOTO;

VCCyy — BEKTOp TOMPABOYHBIX KO3 GUIIMEHTOB Ha
OCHOBE CPEJHEr€OMETPHUECKOTO;

VS;; — BEC [j-I0 OOILETro MOKa3aTells;

Vp; — BeC OOIIEro mokasaTens i-ro oObexTa mis j-i
CHCTEMBI;

vsi,-' — CKOPPEKTHUPOBAaHHBII  BeEC
nokasare’s;

W, — i-i1 37IeMEHT BeKTopa BecoB (i=1-q);

0 — dyHKLMS BBIUKMCIICHUS Beca i-r0 00BEKTa;

(¢ — cOopoyHast QyHKIIHS.

o0miero  ij-ro

BBEJIEHUE

3ajaun aHaiM3a ¥ MHOTOKPHTEPUAIBLHOTO BBIOOpA
QIBTEPHATHB JJISl MHHOBALIMOHHBIX OOBEKTOB CBSI3aHBI C
00paboOTKO# HEONpeIeICHHON, HETOUHOU, CYObEKTUBHOU
MHQOpPMAIINHU O XapaKTEPUCTHKAaX O0BEKTOB U KPUTEPHUSIX
olLleHKH. THUTIOBBIE TPUMEPHI TAKUX 33/1a4:

— CpaBHEHHME CJIOKHBIX TEXHHYECKHX KOMILJICKCOB,
TEXHOJIOTUI/METOANK IIPOM3BOACTBA HAYKOEMKOW Ipo-
TYKITHH;

— BBIOOp THIIA TOABIDKHOTO POOOTa, OECHUIIOTHOTO
JIETATEIBHOTO anmapara;

— OIICHKA MHHOBAIIMOHHBIX IPOEKTOB;

— TIOMCK NEPCIEKTHUBHONW HAay4YHO-TEXHUYECKOM IpO-
JYKIMH;

— OLIEHKa PUCKOB NPOU3BOJICTBA BHICOKOTEXHOJIOTHY-
HOU MPOAYKLIMH U JIp.

TpamunuoHHO CpaBHEHHE M OLICHKA OOBEKTOB B paM-
Kax TeOpUH MPUHATHUS pemeHui [1, 2] ocHoBaHbI Ha:

— CJIOKUBIIIUXCSI BECOBBIX OTHOIICHUSIX MEXIY IOKa-
3aTeIsIMH;

— OOIIEe3HaYNMBIX JUIS MPEAMETHOH 00]acTH KpHTe-
pHSX CpaBHEHHUS;

— OOBEKTHBHBIX, TOYHBIX OLIEHKaX CPaBHUBAEMBIX
albTEePHATHB;

— yHU(UKAIMA MHOXKECTBA IIOKAa3aTelel, OIHUCHIBAIO-
KX 0OBEKTH CPABHEHHS.

K HacrosimemMy BpeMeHH pa3pabOTaHO MHOXECTBO
MOJIeTIel ¥ METO/I0B PEICHHUS 33a4ll MHOTOKPUTEPHAIIb-
HOTO BBIOOpa — MaTeMaTHYECKHE METO/IbI CBEPTOK, MOJIE-
T MHTETPANBHBIX MOKa3aTeled, MOJCIN HEYETKUX Olle-
HOK, METOJIbI CTPYKTYPHOTO MOJICTUPOBAHHUS, HepapXuye-
ckoro omucanus [3—12] u ap. Haubonpmmii mHTEpec
MIPEJCTABISAIOT TaKHE MOJAETH M METOMAbI, KOTOPBIE JaroT
BO3MOXKHOCTh YUUTBIBaTh MHOTOKPUTEPHAIBHOCTH, HEO-
PENeNeHHOCTh MCXOMHBIX JaHHBIX, CyOBEKTUBH3M IIPO-
MEXYTOYHBIX OIleHOK. Hambomee ocTpo maHHbBIE OTpaHH-
YEeHUs] TIPOSIBIIIIOTCA IPH CPABHEHWH WHHOBAIMOHHBIX
00BEKTOB (abTEPHATHB), TaK KaK OHH XapaKTePU3YIOTCA
CyOBEKTHBHBIMH  3HAYCHWSAMH  TIOKa3aTened  (Ho-
BBI/U3BECTHBIH, BBITOJHBIN/YOBITOUHBIH, pPUBJIEKATEIb-
HBIN/TPaUIINOHHBINA, aBTOHOMHBIIH/3aBUCHMBIH U JP.).

Knaccnueckuit MAU, npemnoxenusiit T. JI. Caatn
[13, 14], u ero MHOTOYHCIICHHBIC MOAUGDUKAIIIN HanOO-
Jiee TIOJHO TOJXOJAT VIS CPaBHEHUsI M BbIOOpa MHHOBA-
IUOHHBIX 00bekTOB [15-20]. MAU coBMemaeT HarysiI-
HOCTH OIMCAHUS TPEIMETHON 007acTH, YHCICHHYIO pe-
3yJbTaTUBHOCTh, CCTECTBEHHBIH YYeT BapHaTUBHOCTH
UCXOJHBIX TAHHBIX.

Kak u3BecTHO, rmaBHas ujes JaHHOTO METOJA COCTO-
UT B IAPHOM COIIOCTaBJICHUH KPHUTEPHUEB, MOCTPOCHHUU
MIIC u ux o0paboOTKe C LENbI0 COCTaBJICHHUE CBOJHOU
MaTpHIBI BECOB 00BEKTOB M0 BCEM KPUTEPHSIM, BHIUUCIIE-
HUS 110 HE UTOTOBBIX BECOB OOBEKTOB M BHIOOpA JTyHIIICH
aJIbTepHATHBEI. Jl0CTaTOUHO MOJHAsT KiIacCH(UKALUS MO-
mudukamii MAU npencrasiena B paborax MupoHOBOH
H. A. [16,17]. B HEX cucTeMaTH3UPOBAaHBI MOAU(DUKAIIUI
MAMN, npumMeHuMBIe AN PaA3IUUYHBIX THUIOB JaHHBIX,
IKaJ U3MEPEHHUH, THIIAa UEePapXHH, BUIA CHCTEMBI IIPEa-
MOYTEHUSI DJKCIepToB, MeToma Gopmuposanus MIIC,
MPUMEHSAEMBIX NTPABWJI CBEPTKHU H JP.

Tem He MeHee, MAW mpu cpaBHEHWH HHHOBAIMOH-
HBIX OOBEKTOB CJ1abd0 YYMTHIBAET MX HMHAMBUIYaJbHbIC
MOKa3aTeJi, YTO HE BCET/a MO3BOJISIET MOJIYYUTh 00BEK-
TUBHBbIE NAapHBIE OLEHKU albTEPHATUB WM MOJHOCTHIO
3anoiaauTh Bece MIIC [21, 22]. Drta cutyanust cocTaBiser
OCHOBHOE TMPOTUBOPEUUE UCCIIEOBAHUS.

B cBs3u ¢ 3tuMm B paboTe mpemaraercs IOAXOA K
YTOYHEHUIO MIIC c y4eToM CTPYKTYpPHO-
(hyHKIIMOHATIPHOW OpraHM3alii WHHOBAIIMOHHBIX OOBEK-
ToB. CpaBHUBaEcMble HHHOBAIIIOHHBIE O0BEKTHI 110 CBOMM
COCTaBHBIM YaCTSIM (CHCTEMaM) OIMUCHIBAIOTCS OOLUMU U
MHIUBUIYAJIbHBIMH TIOKA3aTENIIMH, MPUYEM KOIMYECTBO
HUHAMBUYAIBHBIX MMOKa3aTeJeH SBIAETCS 3HAUUTEIbHBIM
(6osee 50%). [lanHas 0cOOCHHOCTH HauOoOJIee XapakTep-
Ha JJIs1 BHICOKOTEXHOJIOTMYHBIX WHHOBALMOHHBIX OOBEK-
TOB: poboToTexHHUeCKHEe KoMIuieKchl, BJIA, maibie koc-
MUYECKUE amnmaparsl, KOMMYHUKalnoHHele  [7-
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YCTPOHCTBA, MaTepHaJbl €  METEOPOJOTHUECKUMHU
MEHSIOIUMUCS CBOMCTBAMH, K30CKENIEThl, CTAHKU C H3-
MEHSIEMO# ONEepalMOHHOW YaCThiO, JBUTATCIU-THOPHIBI
U Jp.

OO0BeKTOM HCCIIEOBAaHUM SABISETCA CPABHUTEILHBIN
aHammu3 MHHOBAI[MOHHBIX BBICOKOTEXHOJIOTUYHBIX
TEeXHUYCCKMX OOBEKTOB, Takux Kak bBJIA, wmanble
KOCMUYECKHE almapaThl, Ha3eMHBIE POOOTOTEXHUYECKHE
KOMITIEKCHI, OONafalomux HepapXudHOi CTPYKTYpoi,
cmaboit yHupHUKanuei.

IIpenMeToM WHCCIIeZOBAaHUHA SBISIETCS MOAUMDUIIPO-
BaHHBIH MAW, WCHONB3YIOMMA MOIENN BBIYUCICHUS
BECOB MHHOBALMOHHBIX OOBEKTOB IO HA0OpaM OOIIUX U
UHIUBUAYAIBHBIX TIOKa3aTesel U MO3BOJIIOMUI ocylie-
CTBUTb BBIOOp JIy4llleil aJlbTEPHATHBBI NPU CYOBEKTHB-
HBIX OLIEHKaX 3KCIIEPTOB.

Heanio pabotsl sBisieTcs: pa3paboTka MOIUPHUIIUPO-
BaHHOro MAM, obecrneunBaiomero paHXUpoBaHUE HH-
HOBAI[MOHHBIX TEXHHYECKHX OOBEKTOB C YACTHYHO COB-
MaIal0IUMH MHIANBUAYaTbHBIMHU TTOKa3aTEIIIMH.

1 TIOCTAHOBKA 3AJTAYHN

B pabote B KauecTBe MpuUMeEpa WHHOBALMOHHBIX TEX-
HHYECKUX 00BbeKTOB paccMarpuBatotTcs bJIA. Ouu xapak-
TEPU3YIOTCSl OONBIIMNM HAO0OPOM Pa3HOPOJHBIX MMOKa3aTe-
Jie YacTMYHO NPHUCYTCTBYIONIMX B PA3IMYHBIX JK3EMII-
nspax BJIA [23-26].

[IycTb A5t MOBBIIEHHST 0OOCHOBAaHHOCTH NPUHHUMae-
MbIx pemieHuit BJIA [23-25] npexkommosupyeTrcd Ha g
cucteM (¢ =5) — T, C, N, E, L. Kaxnast u3 3TUX CHCTEM
OITMCHIBAETCSI MHOKECTBAMH OOIIMX M MHIWBHAYAbHBIX
nokazarenei S u P cooTBeTcTBeHHO. Toraa BeIMHCIECHHE
MIPHOPUTETOB (BECOB) MO /7 CPaBHUBAEMBIM OOBEKTaM
(ampTepHatuBam) O...0,, 1 BBIOOp JNydIIel anbTepHATH-
BBI OCYILECTBIISIETCS Ha OCHOBE LIeJIeBOM (DYHKLMH BHIA

Arg (i)[(0; Ky ...K, . T(5,.0,),C(s;.)).

1

N(s;.pi).E(s;.p;).L(s;.p;)) — max. M
2 OB30P JIMTEPATYPBI

Meton ananms3a mepapxuii paspadboran B 1970 romy
amepukaHckuM ydeHbIM Tomacom JI. Caatu. B Hacros-
mee BpeMsl OH aKTHBHO Pa3BHBAETCS M IIHPOKO HCIIOINb-
3yeTCcsl B IIPAKTUYECKON JEATEIILHOCTH AJIS PELICHUs ca-
MBIX pPa3HOOOpa3HBIX 3aaad. MeToJ MO3BOJISIET JIHILY,
NPUHUMAOIIEMY PEIICHUE, CTPYKTYPHPOBATh CIOXKHYIO
mpo0JieMy B BHJIC HEPAPXHU U BBIOJHUTH KOJTHYCCTBEH-
HYIO OIICHKY MMCIOIIUXCS BapUAHTOB pEIICHUs (albTep-
HaTHB). Pe3ynpTaThl MpaKkTHUECKOTO MPUMEHEHHS JaHHOMN
METOJIOJIOTHH TPUBEACHBI BO MHOTHX POCCHICKHX W 3a-
PYOEXHBIX M3IAHUAX, B YaCTHOCTH, CYIIECTBYIOT H3Ja-

HUS, TISIMKOM TIOCBSIIeHHbIe pa3BuTtuio MAU [13-20].
Metoa aHanM3a MEPapPXUil MOCTOSHHO PACIIMPSIICT U
Moaubuiposaics. M3MeHeHuss ObLTH HAIpPAaBICHBI Ha
MTOBBINIICHUE OOOCHOBAHHOCTH IMPHHUMACMBIX DPEIICHUH,
MTOBBIIICHUE TOYHOCTH PCIICHHUS B 3a/Ja4¢ BBIYUCICHUS
COOCTBEHHOTO BEKTOpa MATpPHIIBI, YMCHBIICHUE BBIYHUC-
JUTETHFHON CIO0KHOCTH TIPOBEPOYHBIX INAroB, BBEACHUE

HEJTMHEHHBIX pelaoInX (QyHKIUA Ha 3aKITIOYUTENBHBIX
sTamax merona [15-22]. Tem He MeHee, 3Tanbl HOPMUPO-
BaHUS U MPOBEPKM MaTpPULl IIAPHBIX CPABHEHUU B 4aCTU
YTOUHEHUS 3HAYCHUI 3THX MaTpul] paccMaTpUBalInCh 0e3
NPUBSI3KN K CTPYKTYpHO-(QYHKIMOHAILHON OpraHu3alun
VMHHOBAIMOHHBIX OOBEKTOB. Y3KHM MECTOM METO/a SBJIS-
€Tcsl HECOTIIACOBAaHHOCTh OIIEHOK SKCIEPTOB NP CpaBHE-
HUM WHHOBALIMOHHBIX OOBEKTOB B CHIJIy HAJIMUYUs He-
(haxTopoB y 00BeKTOB [21], HEOAHO3HAYHOCTH PAHKUPO-
BaHUS KputepueB [22] mpu UTOTOBOI cBepTke. DTO 00-
CTOSITENBCTBO JIEJIAJI0 METOJ] CYILECTBEHHO 3aBUCSIIIM OT
MHEHUS U KBaJIM(UKALMU KCIEPTa, T.€. BHOCUIIO 3HAYH-
TeJIbHBIN Cy6’beKTI/lBI/l3M Ha 3Tarie BBOJAA MCXOAHBIX MaH-

Hbix — MIIC [16-18, 20].

3 MATEPHAJIBI U METObI

Kak m3BecTHO [4, 9], knmaccuuecknit MAU cocTouT u3
MIOCJIEI0BATEIFHOCTH 3TATOB!

1) mocTpoeHMEe HepapXuHM IpPEeIMETHOW o0macTu u
(hopMupoBaHHE KPUTEPUEB OLIEHKH OOBEKTOB;

2) COCTaBIeHHWE MATPHUIBI ITapHBIX
KPHUTEPUEB;

3) noy4eHue BEKTOpa IPUOPUTETOB KPUTEPHEB;

4) oleHKa CTENCHW COTJIACOBAaHHOCTH MAaTpPHUIIBI
NapHBIX CPaBHEHUH KPUTEPHEB;

5) cocTaBieHHE MaTpHIl MAPHBIX CPABHEHHWH CpPaBHH-
BAaEMbIX OOBEKTOB MO KAKIOMY KPUTEPHIO;

6) mo;ydeHNe BEKTOPOB NPHOPHUTETOB OOBEKTOB II0
Ka)XJIOMY KPUTEPHIO;

7) onieHka crerneHu coryacoBanHocTy Beex MIIC;

8) cocraBieHre CBOIHON MaTpHIbl BECOB OOBEKTOB
10 BCEM KPUTEPHSM;

9) BBIUMCIIEHUE TTI00AJBHOTO BEKTOpA MPHOPHTETOB
00BEKTOB U BBIOOD JIy4IIeH albTepHATUBHI.

[IpuMeHuTENbHO K WHHOBAIMOHHBIM OOBEKTAM OCO-
6enHOCTH TIepBOTO 3Tama MAMU 3akmiogaercs B TOM, 9TO
Takue 00BEKTHI JEKOMIIO3UPYIOTCS Ha ¢ CUCTEM, KOTOpBIE
B JAJIbHEHIIEM ONHUCHIBAIOTCS MAaTPHULAMM OOLIMX U WH-

CpaBHEHUIT

JMBHIyalbHBIX —TOKa3arened. CpaBHeHHE OOBEKTOB

ocymectigercss 1o K kpurepusm. Ilpu  stom
CIIPABEIIUBO, YTO

sel,seC sel,sekE seN, 2)

V(@(s; # 0), i=1-g. €)

Jlns MHIMBUAYaJIbHBIX MOKa3aTeNel B COOTBETCTBUU C
P=pUpy,UpsUp,Ups OyZer cpaBeINBO, YTO

pel,p,eC pyel,p,€E,p;eN, (4)

3@ | (p,=0),i=1-gq. (%)

DTa  O0COOCHHOCTH HE  IO3BOJSIET  HAMPIMYIO
HCII0JIL30BaTh MAUN Hu ero MHOTOYHCJICHHbBIE

MoudUKaIMK, TaK KaK KaXIblii OOBEKT MMEET MHOTO-
MEpHOE ONUCAHME, YTO 3aTPyIHSCT 3allOJHEHUE MATPHI]
MApHBIX cpaBHEHUH [23-26].
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Jnist CHATHSI TaHHOTO OTPaHMYCHUS B paMKax MepBOrO
srana MAMWM mnpennaraercs ¢GopmanuzoBath HaOOPBI
00IIMX U MHOMBUAYAIBHBIX NOKa3arenei. dopmanuzanms
CBOJIUTCS K CO3JIaHHMIO JIOKAJIbHOW U INI00aIbHOM Mozesen
KOPpEKIUK OOIIMX TOKa3aTeneil 1Mo CpaBHUBAEMBIM 00b-
eKTaM U (DOPMHPOBAHMIO MATPHIBI CKOPPEKTUPOBAHHBIX
BECOB.

B nmanpHeiilueM Ha 3Tane COCTaBIEHHE CBOJIHOM
MaTpHIBI BECOB OOBEKTOB MONTYyUSHHAs! CKOPPEKTHPOBAH-
Hasl MaTpPUIIA BECOB SIBIISIETCSI OCHOBOW ISl BBIYHCIICHHS
BEKTOpa TONPaBOUHbIN KOI((HUIMEHTOB 10 CpaBHHUBac-
MBIM 00BEKTaM. DTOT BEKTOp KaK JONOJHHUTEIbHBIH CO-
MHOXUTECJIb HUCIOJB3YCTCA NPHU BbBIYHMCICHHUU HTOTOBBIX
BECOB B CBOJIHOI1 Ta0nuIe.

Takum obOpazom, Mmomudukamms MAW Brmovaer
pacuMpeHue IepBOro M MPEIIIOCIETHEr0 JTAloB IS
MOJTy4eHHs 1 00pabOTKM OOMIMX ¥ WHIUBHIYAIBHBIX I10-
KazaTeledl MO CpaBHHBAaEMbIM HMHHOBAIIMOHHBIM OOBEK-
TaMm, YTO TO3BOJIIET YyYeCTh WUX HHIAWBUAYyaJbHbIC
0COOEHHOCTH.

B pabote mcmonp3yercs: KOJMYECTBEHHBIH MOAXOMI K
OIICHKE BKJIaJa IMoka3zareser cucreM B oneHky BJIA (un-
HOBAIIMOHHOTO TEXHUYECKOTO 00BEKTa), & UMCHHO:

— YeMm OoJibllle KOJMYECTBO MOKa3aTeJeld CHUCTEMBI,
TEM 60J'II)HII/II>1 BKJIaJl COOTBCTCTBYIOIIasd CUCTEMAa BHOCHUT
B OLIEHKY 00BEKTa;

— dYeM Oojplie KOJIWYECTBO HHAWBHUIYaIbHBIX
MoKa3areyedl CUCTeMBI, TeM OOJIbIlle JOJDKEH OBITH Bec
I0Ka3aTess 3TOH CUCTEMBI.

Bxman kaxmoro M3 mokaszaTeleld CHCTEM B OLCHKY
BJIA oneHuBaeTcs JOKalTbHBIM BECOM IIOKa3aTessi B
mkane [0—1]. 3HaueHWe Beca CHUCTEMBI OIPEIEIACTCS
omnepanueil KOppeKLUN BECOB IOKAa3aTeNed OT ¢ CHUCTEM
CO CTOPOHBI 3HAYEHUI MHAMBUAYAJIbHBIX IIOKa3aTelseH,

CMemalomuXx B OONBIIYIO CTOPOHY Bec 0OmIero
MOKa3aTeJst B IpeJiesiaX KaKI0H CHCTEMBI.
CornacHo KOJIMYE€CTBEHHOMY MOIXOTY
*

MOJMHOXECTBO OOIIUX MOKa3aTeNneH s; , IPUHAIISKAIIX
i-My 00BeKTy (i=l—m), COOTHOCUTCSI C KOJMYECTBOM s, a
IOJMHOXKECTBO ~ MHIMBHyalbHBIX IOKasaTeneil p; ,
MIPUHAICKAIINX i-My 00BeKTY (i=1-m), COOTHOCHTCS CO
CpelHUM KOJIMYECTBOM HWHIMBHIYAJIBHBIX IOKa3aTenei
Ha cucremy d. IIpu 3TOM 0COOEHHOCTH yueTa BKJIaa WH-
JVBUIYalbHBIX ITOKa3aTeNell ompenensiercss TeM, 9T0 WH-
JVBUIYalbHBIA MMOKA3aTeNb OTACNBHON CHCTEMBI B COCTa-
BE 00BEKTa MPEIIaracTcsi JOMOIHUTEIBHO COOTHOCUTH C
KOJIMYECTBOM BCEX HWHIMBHAYaIbHBIX IIOKa3areneil s
9TOI cUCTEMBI 1O 711 00BbEKTaM K MaKCHMalbHO BO3MOXK-
HOMY KOJIMYECTBY WHIMBHAYaJIbHBIX IIOKa3areneil 1mo m
o0bekTaM. JTa 0COOEHHOCTDH MO3BOJISICT YUUTHIBATH Pa3-
Opoc KOJNWYeCTBa WHIMBUAYaJbHBIX IIOKa3aTeled II0
CpaBHHMBaeMbIM 0OBEKTaM.

3HaueHHs BECOB OOIMIMX M MHIMBHIYAIBHBIX ITOKa3a-
TeJen 1o j-i cucreme (j= 1—q) ompenensoTcs KaK

*
Vj|(VSl']' :Sij ls), j=l—gq, (6)

* m %
Vi 1 vy = (py /d)-(glpij [m-d), j=l. O]

®dopmupyeMass MaTpUIla BECOB OOIMIMX W HHIWBHITY-
aNBHBIX TOKa3arenel (Tabn. 1) mpencrasiser coboil mo-
MOJHUTEbHYI0 HHPOPMAIIHUIO O CPABHHBAEMBIX 00BEKTAX
O, - O,,, xoTopyro Hy’)kHO BBecTd B MAW B BHIe mompa-
BOYHBIX KOA(PPHUIIUESHTOB.

Tabnuna 1 — Matpuiia BeCOB OOIIUX U HHAWBUIYATbHBIX
Mokasarelieii 00bEKTOB 10 ¢ CHCTEMaM

1 2
Y] q
Q
=
S s )4 s P2 s Pm
Q
O,
VSi11 VP VSi2 VP12 VSlq Vplq
0,
V821 VP21 VS22 VP22 e V824 VP2q
0,
" VSm1 VD1 VSm2 VPm2 .o VSmg VPmg

Jns ydyera BIMSHHS MHAMBHIYaJbHBIX ITOKa3aTeNei
CHCTEM HCIONIB3YIOTCS JIOKAJIbHAS MM TJI00albHAs
CTUMYJHPYIOIIME MO, CMELIAloIHe Bec OOUX
MoKasaresel B OOJIBIIYIO CTOPOHY.

JlokanpHas CTUMYJMpPYIOLIas MOJEIb OCHOBaHAa Ha
HepPCOHAIbHOM HM3MEHEHHH Beca OOIIero IokasaTens B

mpenesgax COOTBETCTBYIOIIEH cuctembl [26]. JlanHas
MOJ€CJIb UMECT BU:
1
vsjj =Sy 1+ K7 ). 8

CBepTKa B HTOTOBOE 3HAUYECHHUE BCEX MHIMBHIYaTbHBIX
mokazarene (py1, pio DPmg) ABIAETCS CYIIHOCTBIO
r7100aTBHOM CTUMYJIUPYIOLIEH MOAEIU BKJIaJa
MOKa3aTejae CHUCTEM HHHOBAIMOHHOIO OOBEKkTa. BbIme-
JSIOTCSL JIBE PAa3HOBUAHOCTU TIIOOAIBHON CTHMYIHPYIO-
el MOJCu:

— mo0anbHas MOJIC)b, OCHOBaHHAsI Ha PAaBHOIIPABHOM
BKJIQJIC BCEX WHIUBUAYAIBHBIX MMOKA3aTEICH B UTOTOBYIO
OIICHKY OOBCKTA;

— riobanbHas MOJIE)Ib, OCHOBAaHHAS HA yYETe MHUBH-
IyaJbHBIX TIOKa3aTellell B TMpeeiiaX OJHOTO OOBeKTa
CpaBHECHUS.

B nmepBoM ciyyae Koppekuus Beca  0OIIero
MIOKa3aTells BEIYUCIIIeTCS KaK:

v = vsii 1+ Q0P 1, VPjj - VP g ))- C)

Bo BTOpoM ciydae Koppekuus Beca  0OIIero

TOKazaTellsl BBIUMCIIETCS B Tpejenax i-ro o0bekra 1o ¢
cucTeMaM, T. €. B MOJIEJH JUIsl KaKA0# cTpoku Tabmuip! 1
YUHUTBIBAKOTCA BECA VP;1, VP, ... VDig!

vslj':vs,-j (I+00pi1,vpiz, - VPig))- (10)

[To BTOpOMY BapHaHTy KOppEKLHs Beca OOIIero ij-ro

mokaszareisl i-T0 OOBEKTa OCYIIECTBIACTCS 0Oe€3 yueTa

BIIUAHUA CUCTEM OCTAJIbHBIX O6’I)CKTOB, 4YTO IO3BOJISICT

aBTOHOMHO H3MEHATh Beca OOIIMX IMOKa3aTeaeH Mo Kak-
JIOMY OOBEKTY CpaBHCHHS.
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[anee B pabote 11t KOPPEKLUH BECOB OOILIHX MOKa3a-
TeNe WCIIOJIb30BaHBl JIOKAJbHAS MOAENH (BBIYHCIICHHS
1o (8)) u rimobaybHast MOJIETh BTOPOTO TUIA (BEIYUCIICHHS
o (10)). Ha ocHOBe MaTemaTmueckux moneneit (8) u (10)
¢dopmupyercst  Tabnuia CKOPPEKTHPOBAHHBIX  BECOB
o0mux nokaszarenei (Tad. 2).

B xadectBe ¢pyHkuuu cBeptku B (10), B oOmem ciry-
Yae, 1e71eco00pa3HO MCIOJIb30BaTh CPEIHUE TTOKa3aTelH:
cpenHeapudMernueckoe 3HaueHue (MA), cpeaHereoMer-
pudeckoe 3Hauenne (MGM), cpeaHEerapMOHUYECKOE 3Ha-
yenne (MHR) u np.

Tabnuna 2 — MaTpuiia CKOppeKTHPOBAaHHBIX BECOB OOIINX

ToKa3aresen
Objects 1 2 q
s D1 s D2 s P
7 7 7
O VS 11 VS 12 VS 1g
7 7 7
0, VS 21 VS 22 o VS 2
7 7 7
O; VS 31 VS 32 oo VS 3¢
7 7 7
O VS 1 VS o .o VS g

CornacHo [27] anst pa3iu4yHBIX MPaBUI BBIYUCICHUS
CPEIHETO CHPABEIINBO MPABUIO MaXKOPAHTHOCTH:

MA < MGM < MHR.

Tabn. 3 conmepkut THIOBBIE (HOPMYIIBI BBHIYMCICHUS
Cpe/IHIX BECOB NOKa3aTeseH.

Ha ocHOBe TaOmuubl CKOPPEKTHPOBAHHBIX BECOB
(Tabum. 3) BRIYHCISIETCS. BEKTOP MOMPABOYHBIX KOA(DDHUITH-
eHToB miusi o0bektoB O, — O,, (kak MA/MGM wn np.) —

VCCyyy = (vee vee L

may °* ma,, )

VCCyom = (vccmgm1 wVCCgm )

Just moBblieHHsT OOOCHOBAaHHOCTH TMPHHUMAEMbIX
pemieanii mony4deHHBI BekTop VCCyy umn VCCygy
BBOJUTCS HAa OJTale COCTABJICHHS CBOAHOW TaOIHIbI
(mpeamocnenuuii sTan kiaccnaeckoro MAN).

Tabnuna 3 — OcHOBHBIC (POPMYJIBI CPSTHUX BECOB

Moka3aTesaen
Name
MA
MGM
1
y=mg————
m 9 1
MHR -21 Zl .
=lj= Vpij

Jlyiss 3TOrO0 Ha OCHOBE BECOB KPUTEPHEB (Wi, Wy,

T . .
w,)', BECOB cpaBHHBaeMbIX 00beKTOB O (i=1-m, j=1-q)
u Bektopa VCCyyy unu VCCygy BBIYUCISETCS UTOTOBBIN

Bec 00BEKTA, OTIPEeIsIeTCs 10 OJHOH U3 PopMyIL:

i=q

ijz OZ»j-w,-'vccmgmj, (11)
i=1
i=q

Vi=2.0;w Vel - (12)

Il
—_

1

Takum 00pa3om, UTOTrOBBIE Beca CPaBHHBAEMBIX WH-
HOBAaI[MOHHBIX ~ OOBEKTOB Mo  Kkputepusim  K|—K,
BBIUMCIIAIOTCS Kak IPOM3BENEHHE HE JABYX, a Tpex
MHOXHUTeJEeH, 4yTo onpenensier Moaupukannio MAU Ha
JTane BBIYMCICHUS HTOTOBBIX BECOB HMHHOBAI[HOHHBIX
00BEKTOB C YyUETOM X MHIUBHUAYaAILHBIX OCOOEHHOCTEH.

4 PE3YJBbTATBI

Kak mokazaHo BbIIIe, CpaBHUBa€MbIe HHHOBAIIHOHHBIC
00BexTH! (Ha mpuMmepe BJIA) umerot cienyromnie Koiamde-
CTBEHHBIE XapakTepucTuku [23, 26]: m=3; q=5; s=0;
d=3.

Ilycte 3HaueHMs OOIMMX W WUHAMBHIYATbHBIX
nmokasarejei (s, p) 00bekToB O, O,, O3 NPEICTABICHHI B
Tabm. 4.

CortacHo Ta0i. 4 uMmeercs S=66 o0IMUX MOKa3aTeleH
u P=37 unauBuayanbHbIX nokazatenedd. [lpu stom 21
MHIIMBUIYAJIBHBIA TT0Ka3arensb (57%) onuchiBaeT 0OBEKT
O;, 9TO ompenenseT ero Kak BBHICOKO HHHOBAIIMOHHBIN
CpeIy CpaBHUBAaEMBIX OOBEKTOB.

Tabnuua 4 — MaTpuia nokasarenei CUCTEM IJIsl CPaBHU-
BAaEMBIX 0OBEKTOB

Q

= T c L E N Bcezo
S

S| pv | S| pp | S|P3 | S| Ps | S| Ps

o |4 1 [3] 1 el 2]5]2 41 7
0, |4 2 [a] 23] 2]6] 1 [4]2 9
O, [5] 5 [5] 3 [4] 5 [4] 4 5] 4 21
b3 8 6 9 7 7 37

B Tabn. 5 Ha ocHoBe (6) u (7) mosyyeHa MaTpuiia Be-
COB OOIIMX W MHIUBHIYaJbHBIX IOKa3areieil 0ObEKTOB.
B Tabn. 6 Ha ocHoBe (8) moxyueHa mMaTpuIia CKOpPpPEKTH-
POBaHHBIX BECOB OOIIMX MTOKa3aTeIeH.

Tabnuna 5 — Martpuia BecoB oKa3aTenei st cpaB-
HHBaEMBIX OOBEKTOB

- Beca Beca Beca Beca Beca
k]
3 CHCTEMBI CHCTEMBI CHCTEMBI CHCTEMBI | CHCTEMBI
g T C L E N
s Pi s P2 S D3 S P4 s Ds
~ ~ = 00 = n ~ o~ IS
=~ =) S 3 S} < ) ) NS =N
0, © = ey % - Y o0 - =3 S
S S S e =} S S IS} IS}
o~ on o~ ©° o = = on o~ o~
© — ) h S I S 1N N 0
0, o N o > n, N < S ° -
S = S < S = — S S =
o o o (=] >~ (=3 [ o o o
© I3} 0 5 © S ) ~ I} ~
O | o | |l®|a|e |8 g |a|x|a
S o S =] S S S o S =}
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Tabmmma 6 — MaTpuiia CKOppeKTHPOBAaHHBIX BECOB OOIINX
MoKa3aTeneil Ha OCHOBE JIOKaIbHOH Mozenu

Tabmuma 8§ — Marpuna CKOppEeKTUPOBAHHBIX BECOB OOIIUX
IoKa3aTesieil Ha OCHOBE I100aJIbHOM MOJEIIH

- Beca Beca Beca Beca Beca - Beca Beca Beca Beca Beca
E CHuc- CHUCTCMBI CHCTCMBI CHCTCMBI CHCTCMBbI 53 CHCTCMBbI CHCTCMBI CHUCTCMBI CHUCTCMBI CHUCTCMBI
= | Temb T c L E N = T c L E N
Q Q
N P N P2 S P3 S P4 S Ds S P1 N P2 N pP3 N P4 N Ps
01 X = = 2 Q 01 o v (=) (=] o
g Eﬂ :\lrh % fl'“ v o N < v
s e : s s g Z = 3 g
0,
2 2 5 R > 0,
0 [l =] (=] [ (= (= wv (=] (=
= S = - s R R a = 2
s s s - s
0; 0 o) [ © =+
~ Ise) N — < Os
[} (=3 (=X 5 — o N o o D
- - - < - Q Q =N =N =
- - S S -
Ha ocnoBe nanuBuayansHbIx Becos cucteM 7, C, L, E,
N u3 1abn. 5 no ¢opMmynaM BBIYUCICHUS CPETHHX, MPHU- Tabnuia 9 — BekTopa nonpaBouHbIX KOI(hGHUIMEHTOB
BEACHHBIX B Ta0J. 3, pacCUMTaHBl CpEAHUE 3HAUCHHS Be- Objects VCCy VCCuon
COB MHIUBUAYAIBHBIX ITOKa3aTenei (tadbn. 7). Otu 3Haue- 0, 0313 0,806
HUSI HEOOXOUMBI JUISl MOCIEAYIOIIETO BBIUYMCICHUS BEK- 0, 0,804 0,799
TOpa MOMPaBOYHBIX KO3 HUIMEHTOB. o) 1,081 1,095

Tabmuma 7 — CpenHrie Beca HHIMBHYJIBHBIX [TOKA3aTeNeH

5 Beca nHAMBHIyalIbHBIX HOKa3aTeNel s S o
Q0 50 )
S NS
Q vpl vp2 vp3 vp4 vpS N
0, o~ . = ~ n — o o
S % 5 ) 12N < IS -
— A N — f) — — —
S e I} IS IS} S I I
0, o © = e ~ o o o
= o 5 =N 0 ™~ = )
o - o () — — — —
=} e =} IS S S S S
O; o = =) I o < o I
o 5 S ~ ~ a o o
\n N o o0 «a s <. 0
IS IS IS IS IS IS IS IS

CornacHO TpaBWiIa Ma)KOPaHTHOCTH M3 TPEX CPEIHHX
JUIsl TJI00ANTbHOM MOJIETM KOPPEKIMH BECOB BBIOMpAETCs
VCCygy 0 pacdeToB 110 (10) 1 BEIYUCIISTIOTCST CKOPPEK-
THUPOBaHHEIC Beca OOIUX MoKa3arenei (Tadm. §).

[To mMaTpuIaM CKOPPEKTHUPOBAHHBIX BECOB OOIIUX I10-
Kasarejeld Ha OCHOBE JIOKAJBbHOH M III00aIbHOM MOJIEIIEH
(Tabim. 6 u Tabn. §) xKak cpenHue apuHMETHIECKOE U Te0-
METPHYECKOE 10 KaXJoMy 00beKTy O—O; BBIYUCISIOTCS
VCCyy 1 VCCyygp coOTBETCTBEHHO (T0I. 9).

JlaHHbIC BEKTOpa MPEACTABJISIOT CO00# (hopmanu3o-
BaHHYIO JIONIOJHUTENbHYIO0 HH(OpManuio, KoTopast aajee
OyzneT BBeZieHa B CBOJHYIO Tabimiyy (TpenrocieHui
stant MAW) nipu pacyere UTOTOBBIX BECOB IO BBIPAXKEHH-
sim (11) o (12).

Ilycte nns MAW paccmaTpuBaeMble TEXHUYECKHE
00BeKTBl O1—0; OLEHUBAIOTCS MO CIEAYIOMIM KPUTEPH-
M Kl, Kz, K3, K4, K5 [23*26]

Jnst naHHBIX OOBEKTOB 3aJaHa MaTpuIa HapHBIX
CpaBHEHHI KpuTepueB A(5x5) B cremytomeM Buzae [26]
(tabm. 10).

Bektop Becos kputepueB W= (W, Wy, ... vT/m)T pac-

cuntbiBaeTcsi Kak MGM cpaBHMBaeMbIX KPUTEPHEB.

Tabmmna 10 — MaTtpuna napHbIX cpaBHEHHH KpUTEpHEB

Kpure- e £ K K, Ks Bexkrop Becos

pun KPUTEPUEB W
K, 1 2 5 6 0,44
K 0,50 1 2 3 4 0,26
K 0,33 0,5 2 3 0,16
Ky 0,2 0,33 0,5 1 2 0,09
Ks 0,16 0,25 0,33 0,5 1 0,06

[IpoBepka wWHIEKCAa cOTIacOBaHHOCTH s Tabm. 10
MOKa3ajia, 4TO MCXOMHYI0 MATPHILy MaPHBIX CPaBHEHHI
KpuTepueB 4 MOXKHO CYHTATh COTIACOBAHHOW M HCIOJb-
30BaTh B JATbHEHUINX pacueTax [13, 26].

[Iycte momydeHsl mo kaxxaomy kpurepuio K, (x=1-5)
3HaYeHHUs BECOB OOBEKTOB-ajbTepHAaTHB (Tabn. 11). Ha
OCHOBE JaHHBIX u3 Ta0a. 10 u Tabi. 11 BBIYKCIICHBI UTO-
roBbIC Beca 00BeKTOB (Tabia. 12) kak cymma mpowusBelie-
HUH ABYX MHOXUTeNEH: Beca kputepus K, (x=1-5) u Beca
o0bekTa O1—0;.

Tabmuna 11 — Beca 00b€KTOB 10 KPUTEPHSIM CPAaBHEHUS

Obi Kputepun
yects K, K K K, Ks
[ 0,74 0,72 0,64 0,07 0,74
0, 0,17 0,17 0,26 0,28 0,17
0, 0,09 0,11 0,10 0,65 0,09
Tabnuma 12 — MitoroBeie Beca 00bEKTOB
Kpurepun Hroro-
{3 prtep BBI BeC
S
=
Q K K, K; Ky Ks
(o) 0,32 0,18 0,10 0,01 0,04 0,66
0, 0,07 0,04 0,04 0,03 0,01 0,19
O, 0,04 0,03 0,02 0,06 0,005 0,15
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Takum o00Opa3oM, paccyMTaHHas MO CTaHIAPTHOMY
MAMU ynopsinoueHHass MOCIeA0BaTEIbHOCTh JIETATENb-
HBIX anmapartoB umeet Bug O;—0,—0;.

B nanHbIX pacuerax (Tabm. 12) He y4MTHIBAIOTCS
WH/IMBH/yaJIbHbBIE 0COOEHHOCTH WHHOBALMOHHBIX
00BEKTOB, T.€. BEKTOP IONPABOYHBIX KOI(PPHUINECHTOB U3
Tabm. 9.

Tabmuma 13 sBiusercss paclIMpeHHWeM CTaHIAPTHOTO
MAMU. Ona comepXuT CBOTHYIO MaTPHILy pacdera UTOro-
BBIX BECOB OOBEKTOB C YYETOM BEKTOpa IONPABOYHBIX
k03 uneHTOB Ha OCHOBE MA.

Ta6muna 13 — CBogHas MaTpuIa BECOB OOBEKTOB C yYETOM
BEKTOpa MONPABOYHBIX KO3 PHUIIMEHTOB

:§ K K, K; K4 Ks (;g é §
2 =
S | 044 | 026 | 016 | 009 [ 006 | & | £F
0, [ 074 1072 ] 064007 [ 074 ] 0813 | 055
0, [ 017 [ 017 | 026 [ 028 [ 017 | 0,804 | 0.15
0, 1009 [ o011 [010] 065009 | 1,081 [ 016

ITo momuuiupoannomy MAW monydeHa M3MEHEH-
Hasl yHopsiiodeHHasi mociienoBaredbHOCTs O1—03;—0,;.
Ona OoJiee TOYHO OTpaXKaeT MECTa B PAHXKUPOBAHUH 00b-
eKTOB-aJIbTepPHATHB, TaK KaK YYUTHIBACT WHIVBHUIYalb-
HbIE [T0KA3aTeNN CPABHUBAEMBIX OOBEKTOB.

Takum 00pa3om, 00OBEKT, UMEIOUIHH OOJIbIIEe KOJIH-
YeCTBO MHAMBHUIYaIbHBIX ITOKa3areneil, nMeer 0ojee BbI-
COKHUH UTOTOBBIH BEC.

Jns  mpoBepkM  BIMSHHMA ~ KOJMYECTBA  MHIM-
BUJIyaJIbHBIX IIOKa3aTeleil OOBEKTOB OBUIO BBIIOJIHEHO
MozenupoBaHue pacdera BeiOpanHOro VCCjy B 3aBHCH-
MOCTH OT KOJIMYECTBA MHIMBUIYAIBHBIX MOKA3aTeNen s
(bUKCHPOBAHHOTO KOJIMYECTBA OOIIKX MoKa3aresaeh S=66.

[Iponoprus pacnpeneneHus MHAUBUAYaJIbHBIX IOKa-
3arenei no cucteMaM N7, Nc N; N Ny uMeeT BUI:

Nr={(1,2,2), (1,1,3), (1,2,3), (1,2,5), (2,2,5), (3,2,5)};
Nc={(0,0,3), (0,1,3), (1,1,3), (1,2,3), (2,3,5), (2,3,5)};
N.=1{(1,0,2), (1,1,4), (1,2,4), (2,2,5), (3,2,5), (3,2,5)};
Neg={(0,1,2), (1,1,3), (2,1,3), (2,1,4), (2,2,5), (2,2,5)};
Ny=1{(0,1,3), (0,2,3), (1,2,3), (1,2,4), (2,3,4), (2,3,5)}.

Ha ocHoBe 00mux moka3zaTesei, NMEIOINX pacipe-
JIETIEHIE COTIAacHO Talu. 4, U MaTPHUITHl 3HAYCHUH IO CHC-
temMaM N7, N¢, Ny, Ng, Ny Obuto chopmupoBaHo 6 Tad-
JIUII, IO KOTOPBIM BBITIOJIHEHBI pacyeThl BEKTOPOB MOIpa-
BOYHBIX KO3(QUIMEHTOB. B 4YacTHOCTH, 4YeTBEPTHIN
CTOJI0CI] MHIUBHU Ty aJIbHBIX MTOKa3aTeeh o cucremam N,
N¢, N;,, Ng, Ny obecnieunBaet opmupoBanue tad. 4.

B 1abn. 14 oTpaskeHa 10y HHAMBUIYIBHBIX TTOKa3a-
Telneld K CyMMapHOMY KOJIMYECTBY OOIMMX ITOKa3aTenei
(5=66).

Tabn. 15 comepxuT 3HAYCHHS BEKTOPOB IOIMPABOY-
HBIX KOO()(UIMEHTOB IS MIECTH MATPHII, TPUIEM YeT-
BepTHIl cTonbern Tabm. 15 COOTBETCTBYET pacyeTHOMY
3HAYEHUIO U3 TaOI. 9.

Tabmmna 14 — J{onst ”HIUBUIYaTbHBIX TOKa3aTeNeH IS MECTH
MaTpPHUILl UCXOJHBIX JaHHBIX

Howmep matpuiibt
1 2 3 4 5 6

ITokazarenu

q
> p, 18 | 25 | 30 | 37 | 47 | s0

m
Zzpff/s 272 | 378 | 454 | 56

Ta6muna 15 — Tabmuna 3HaueHnit BeKTOpa MONPaBOYHBIX KO-
s dunmento VCCyyy

2 MatpHuIisl MOETHPYEMBIX JaHHBIX

% 1 2 3 4 5 6
o 0,729 0,744 0,782 0,813 0,870 | 0,885
0: 0,713 0,737 0,771 0,804 0,841 0,856
Os 0,849 0,926 0,958 1,081 1,122 1,137

PacueTbl MTOroBHIX BECOB MO MOAWU(PHIUPOBAHHOMY
MAMU panst mecTy MaTpHIl IPUBEIEHHI B Ta0i. 16, mpudyem
YeTBEpTHIN cTonber] Tab. 16 COOTBETCTBYET pacueTHOMY
3HaYeHMIO U3 Tabm. 13.

Tabnuma 16 — Tabnuua UTOrOBBIX BECOB CPAaBHUBAEMBIX
00BeKTOB ¢ yuetoM VCC,yy

9 Matpuriip! 1aHHBIX
Q
=2
S 1 2 3 4 5 6
S
N [=)) <t bal o o
[ o0 — <t [ o0
O = < v e} v, i
(=] (= (=) (= (= (=}
©~ [a\} o0 <t o v
on <t <t v =] Nl
0, « X = L = <
(=) (=) (=) (=) (=) [}
o~ (=) < [o\] (e} —
N on <t =] =) o~
0, a @ s = < =
(=) (=) (=) (=) (=) (e}

[Tycte mo xputepusm Ky, Ky, K3, Ky, K5 [23-26] cpas-
HHUBAIOTCSI HOBBIE ISITh MHHOBALMOHHBIX 00BEKTOB HO;—
HOs m mycts 11 HUX MaTpulla HapHBIX CpaBHEHUH
KPHUTEpUEB UMEET BUA coriacHo Taodu. 10.

B pamkax kmaccuueckoro MAW mycTh 1o Kaxaomy
kpurepuio K, (x=1-5) mosry4eHsl 3HaUE€HHUsT BECOB WHHO-
BaIlMOHHBIX 00BbekTOB (Tadiy. 17). Ha ocHOBe maHHBIX U3
Tabn. 10 u Tabm. 17 BBIYMCIICHBI UTOTOBBIE Beca MHHOBA-
IIHOHHBIX 00BEKTOB (Tab. 18).

Tabnuna 17 — Beca MO no xpuTepusiM CpaBHEHUS

Kpurepuun
Objects K, K K; K, Ks

0,44 0,26 0,16 0,09 0,06
HO, 0,45 0,16 0,26 0,25 0,58
Ho, 0,25 0,52 0,28 0,41 0,20
HO; 0,31 0,33 0,47 0,34 0,22
HO, 0,27 0,43 0,28 0,21 0,38
HO;s 0,10 0,59 0,48 0,26 0,43
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Tabmmna 18 — CBognas Marpuna pacuera Becos MO

Q

£ 2

2 K K K Ky Ks g

© =
01 | 0,196 | 0,040 | 0,040 | 0,023 | 0,033 0,332
4O, | 0,108 | 0,132 | 0,043 | 0,037 | 0,011 0,331
H4O; | 0,136 | 0,084 | 0,073 | 0,031 | 0,013 0,336
40, | 0,118 | 0,110 | 0,043 | 0,019 | 0,022 0,320
HOs | 0,043 | 0,152 | 0,075 | 0,024 | 0,025 0,318

AHanu3 uToroBbix BecoB MO—HOs, MOTyYEHHBIX TO
kiaccuueckomy MAW, moka3bIBaeT, 4TO OHU SIBIISIFOTCS
MPAKTHYCCKH HEPA3TUYMMBIMHU, YTO 3aTPYAHSET BBIOOD
JTy4IIed ambTepHATHUBEI.

[pemnaraemsrit Mogndumposanusiii MAUW Ha ocHOBe
CTPYKTYPHO-()YHKITMOHATILHOW JIEKOMITO3HUIIUA MHHOBAITU-
OHHBIX 00OBEKTOB Ha ¢ CUCTEM II03BOJISICT BBECTH JOTIOIHH-
TenpHyI0 uHpopMamuio 00 HO\—HOs B BUIOEC MaTpPHUIIBI
O0IIMX ¥ MHINBUIYAIBHBIX TIOKA3aTeNeii CHCTEM.

[Mycte mns AO\—HOs 3HaueHus oOMKMX U WHAWBUIY-
IBHBIX TOKa3areniei (s, p) MpeacTaBieHbl B Tabn. 19.
IIpu 3TOM npuHUMaetcs m=5; g=5; s=6; d = 6.

Cornacao Tabm. 19 mmeercst S=105 obmmx mokasate-
neit u P=85 MHIUBUIYaTbHBIX TTOKa3aTeNne. ITH 3HaUSHHS
MTOJTYCPKUBAIOT CTATyC CPAaBHHUBACMBIX OOBCKTOB KaK HH-
HOBAITMOHHBIX, T.e. OOBCKTOB, UMEIOIIUX 3HAYUTEIBHYIO
JIOJTFO MHIUBHIYATFHBIX TIOKa3aTeNeii B X ONMCAHUH.

Tabnuna 19 — MaTpuna nokasaTesneid cucteM Aist
CpaBHHBAEMBIX 00HEKTOB

1)
= T c L E N b
Q
S|\ p | S| p | S| P3| S | P+ | S| Ps
Ho, 41 3 [3] 4 |6]4]5 2 1413 16
HO, 514 |5]3 41313 4 15| 2 16
HO; 51 4 |5 4 41443 ]5]2 17
HO, 41 4 [4] 5 31313 3 143 18
HOs 41 3 [5] 4 [3]3 4|4 14] 04 18
Bcezo 85

Ha ocHoBe Bwpaxenwuii (6), (7) cocTaBisieTcst MaTpu-
Ila BecoB OOIIMX M MHAMBUAYaJbHBIX MOKa3aTeleil, a 1o
Hell Ha OCHOBE JIOKAJbHOW MOJENTU KOPPEKIUU BECOB —
MaTpHLa CKOPPEKTUPOBaHHBIX BecoB (Tab1.20). [Tocnen-
HSISL MaTpHIA SBISIETCSI OCHOBOW JIUISI BBIYHCIICHHST BEKTO-
pa HonpaBOYHBIX K03((HUINEHTOB Ha OCHOBE CPETHETCO-
MeTpUYecKoro 3HaueHus (Tadum. 21).

Tabnuma 22 comepXHUT CBOAHYIO MATpHUIy pacdera
WTOTOBBIX BECOB MHHOBALIMOHHBIX OOBEKTOB KaK CyMMY
NPOU3BEACHUA TpEX MHOXWTENEH: Beca KpUTEpuUs
(K=1-5), Beca obwexta MO—HOs n sneMeHTa BeKTOopa
nonpaBo4HbIX KodddurmeHToB VCCygys.

Mopunduunpoanusiii MAW mo3Bonmin paHXUpOBaTh
WHHOBAIMOHHBIE 00bekThl M O—MOs W BBIACTUTH Jy4Y-
IIyI0 aJITEPHATHBY — WHHOBAMOHHBIM OOBEKT 3 Kak
MMEIOIINI OOJIBIINI HTOTOBBIN BEC.

Tabmuma 20 — MaTpuna cKOppeKTHPOBAaHHBIX BECOB ITOKa3aTe-
nett it M10,—HOs Ha OCHOBE JIOKAJIBHOW MOJICITU

“ Beca Beca Beca Beca Beca
§ CHUCTEMBbI CHUCTEMBbI CHUCTEMBbI CHUCTEMBI CHUCTEMBbI
= T c L E N
S
s p N p s p N p N p
Ho,
0,87 0,72 1,38 0,98 0,82
HO, | 1,17 111 0,86 0,68 0,96
HOs | 1,17 1,20 0,92 0,84 0,96
HO: | 0,93 1,04 0,64 0,63 0,82
HOs | 0,87 1,20 0,64 0,90 0,87

Tabmuna 21 — BexTop nonpaBo4HbIX K03 unmeHToB

Objects VCCyom
HO, 0,930
Ho, 0,937
HO, 1,010
Ho, 0,798
HO:s 0,880

Tabnuna 22 — CBojHAas MaTpUIlAa BECOB HHHOBAIIMOHHBIX 00b-
€KTOB C YUETOM BEKTOpPa MONPaBOYHBIX KO duIneHToB

K] Kz K3 K4 KS =

a 3 e
S = 89
= QO = 2

S | 044 | 026 | 0,16 | 0,09 | 0,06 N é
Ho, | 045 ] 0,16 026 ] 025] 058 0,930 030
Ho, | 025 ] 052 028 041 ] 020] 0937 | 031
Hos | 031 [ 033 ] 047 [ 034 022 [ 1,010 | 0,34
Ho, | 0271 043 ] 028 ] 021 ] 038] 0,798 | 0,25
nos | 0,0 ] 059 ] 048] 0,26 ] 043 ] 0,880 | 0,28

5 OBCYXJIEHUE

B pabore ObuTH paccMOTpeHBI TEXHHYECKHE WHHOBA-
LIMOHHBIE OOBEKTHI, ONMCHIBAEMbIE OOIIMMH U UHAWBUILY-
aJbHBIMU TOKa3aTeNsiMu ¢ mponopiuei 1:2 ¢ koaudect-
BOM KPUTEPHEB CPABHEHHUS, PABHBIM 5, UTO COOTBETCTBY-
€T KJIaccy OOBEKTOB CpeIHEeN OpTraHU3allHOHHON CII0KHO-
ctu. VcxomHple 3HAYCHUS OONMMX W WHIUBHUIYaJIbHBIX
MoKa3aTeJiel paclpeelieHbl TaKUM 00pa3oM, ITO COAep-
KaT TPEACTABUTENsI TUIIOBOTO OOBEKTOB (KOJUYECTBO
WHANBUAYAJIbHBIX rnokasarejei CyHI€CTBEHHO MCHBIIC
50%), mpeacTaBUTENs] UHHOBALMOHHOTO OOBEKTa (KOJH-
YEeCTBO WHIMBHIYAIBHBIX ITOoKa3zarenei 0oibuie50%),
NpeACTaBUTENs 00bEKTa B TIOTPAaHUYHOM 30HE (KOJIUYECT-
BO MHIMBHyaJbHBIX NOKa3aTenel okomno 50%).

Knaccuuecknit MAW onpenenser o0bexkt O; Kak
HavMeHee NPHOPUTETHBIN Cpequ CPaBHUBAEMBIX OOBEK-
ToB O;—03, TaK Kak He YUNTHIBAET MHIUBUAYaJIbHBIE 0CO-
OCHHOCTH WHHOBAIMOHHOTO 00BekTa. Hampotws, Momu-
¢urmmpoBanubiit MAV MO3BONISIET YCTPaHUTH 3TO OTPaHH-
YeHHE W BBECTH B PacyeThl JOTIOIHUTENBHYI0 HH(OpMa-
nuto. Pacimmpenne BRIYUCIICHUH B CBOHOM TabmuIle uTo-
TOBBIX BECOB IIOKA3ajl0, YTO HAWMEHEe NPHOPUTETHBIM
ctan 00bekT O,, TaK Kak OH UMEET OJHOBPEMEHHO MOHU-
JKEHHbIE 3HA4YeHWs B MaTpHIe MapHBIX CPaBHEHUH MO
KPUTEpUSIM M HU3KHE 3HAUCHHS] WHAWBHUIYalbHBIX IOKa-
3arenen.
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CpaBHCHHE TMATH WHHOBAIIMOHHBIX 00BEeKkTOB HO—
HOs; xmaccuueckuM © pa3paOOTaHHBIM MOIUGHUIIHPO-
BaHHbIM MAW moxkazano, yto knaccuueckuidi MAU ne
MOJKET PaH)XKHPOBATh U BBIACTUTD TYUINYIO allbTCPHATUBY
B CHJIY HUBCIIMPOBAHUS BECOB HHHOBAIMOHHBIX O0BEKTOB
IO KPUTEPHUSAM TIPU MX CBEPTKE B UTOTOBKIN Bec. Pa3pabo-
TaHHBIN MomuduuupoBaHHbii MAU 3a cuer ydera uHIHU-
BUAYAJIBHBIX TIOKa3aTeliecll WHHOBAIMOHHBIX OOBEKTOB
MO3BOJIIJI PAa3HECTH WX HAa OCH H3MEPEHUS HTOTOBOTO
BEca Ha PAaCCTOSHUS, JOCTATOYHBIE IJISI PAHKUPOBAHUSA U
BBIJICJICHUS JTy4Illeil aJbTepHATUBEL

B 1emoMm, MomubHIMPOBaHHBIA METOI aHalH3a He-
papXuii OTINYAIOT:

— IPUMCHEHHUE CTPYKTYPHO-(QYHKIIHOHAILHOU JIEKOM-
MO3UIIMU OOBEKTOB HA CHCTEMBI;

— OINHCaHWE CUCTEM OOBCKTOB MATpHUICH OOMHUX H
HWHIWBUYaTbHBIX TIOKa3aTeICH;

— HU3Kas BBEIYUCIUTEIbHAS CI0KHOCTh MOJIENCH KOp-
PEeKIINN BECOB M BBIYUCIICHHSI BEKTOpPA MOMPABOYHBIX KO-
3¢ UIIEHTOB.

JlarHbBIE 0COOEHHOCTH MO3BOJISIOT MPUMEHITH MOJH-
¢bunupoBannbliit MAU 11t cpaBHEHHsT WHHOBALMOHHBIX
00BEKTOB W3 Pa3IMYHBIX MPEAMETHBIX obsacTed (moj-
BU)KHAs TEXHHMKA, KOCMHUYCCKUE amraparhl, OMOTeXHUYC-
CKHUE M3JICNHS, SKOHOMUYECCKHUE CHCTEMBI U 1Ip. [28—34]).

BbIBO/bI

B pabote pemeHa akTyanbHas 3amada paspabOTKu
MoudupoBanHoro MAW st paH>KMpOBaHHUST HHHOBA-
LIMOHHBIX OOBEKTOB C IIPUMEHEHHEM MOJEIeH KOPPEKINN
BECOB.

Hayuynasi HOBM3HA TIONYyYCHHBIX  pE3yJIbTaTOB
3aKII0YAeTCsl B TOM, 4YTO MpeuIokKeH Moxuduuupo-
BaHHbIH MAW ¢ y4eToM CTpYyKTYpHO-(YHKIIMOHATEHON
OpraHM3alliil WHHOBALMOHHBIX 00bekToB. Ha ocHOBe
JAHHOTO METO0Ja, PACIIMPEHHOTO0 MOJAEISIMU KOPPEKIUH
BECOB U BEKTOPOM IIONPABOYHBIX KOA(PPUIIEHTOB, TIOITY-
YeHa [MOCJIEAOBATENFHOCTh PAH)XHPOBAHUS OOBEKTOB,
YUUTHIBAIOIIAsl BIMSHUE HHIAMBUAYaJIBbHBIX IOKazaTeleh
Ha BBIOOp Ny4miero oObekTa. MoanpuIMpoBaHHBIA Me-
TOJ 00BEKTUBHO OTPAXKAET W3MEHEHHBIN MOPSANOK CIEHO0-
BaHUS 00BEKTOB-AIBTEPHATHB C YUETOM OallaHCca TapHBIX
OLICHOK IBTEPHATHB u nx CTPYKTYPHO-
(YHKIMOHAIBEHOTO ONMUCAaHMSA B BHAE MaTPHILBI OOIIMX U
HMHIUBHUyaJIbHBIX TIOKa3aTesIeH.

IIpakTHyeckass 3HAYMMOCTb IIOJNYYCHHBIX PE3Yib-
TaTOB 3aK/IIOYaeTCs B TOM, YTO COIVIACHO MPOBEJEHHOTO
MOJIETTMPOBAHHMS LIEHHBIM JUISl TPAKTUKHM PUHATHS peliie-
HUH CIIelyeT CYUTATh JOJII0 MHAMBUIYaJIbHBIX ITOKa3aTe-
neit B ux obmieM xommdecTse 6onee 55%. B aTom ciydae
O0O0BEKTH NPEANOYTUTEIbHEE OICHUBATH HA OCHOBE MO-
mudumnupoBanHoro MAU, T.e. ¢ HCIIOTB30BAaHUEM BEKTO-
pa mornpaBovHEIX KoddduuueHToB. Ecim mons konngect-
Ba MHIVBHIYAJbHBIX MOKa3aTelIeld K KOIMYECTBY OOIIMX
nokazarenei MeHbiie 45%, TO MPEANOYTHTETBHBIM SIBIIS-
ercs Kiaccuueckuii MAW. BrnusHue WHINBHIYaTbHBIX
mokaszareneld HesHauuTenpHoe. JmamazoH [45%—55%]
SBJIAETCS IOTPAHUYHOW 30HOW IJIsl NPUHATUS PELICHUH
10 MHHOBAIIMOHHBIM OOBEKTaM Ha OCHOBE IOINPAaBOYHBIX

Koa(pdunueHToB. B 1emoM, Momens KOpPEKIMH BECOB,
BBeleHHbIE B coctaB MAI, MO3BOJSIOT MOJYYUTH
YTOYHCHHBIA TIOPSOK CIICJAOBAHHMS HMHHOBAIMOHHBIX
OOBEKTOB C YYETOM HUX CTPYKTYPHO-(PYHKIHOHATEHON
JIEKOMIIO3UIINH.

[omy4eHHBI BEKTOp MOMPABOYHBIX KOA(PPHUINECHTOB
MOXXET HWMETb CaMOCTOSTEIbHOE TMPHMEHEHHE W
WCTIONB30BaThCSl TIPH PEIICHHH PA3TUYHBIX PaCUCTHO-
AHATMTHYECKUX 3a7ad M TPHUKIAIHBIX 3a7]ad TpUHATHS
pEeLICHU.

IlepcnekTUBBI JaJbHEHIIMX MCCIEI0BAHUI 3aKITIO-
YaloTCid B NPUMEHEHUH pa3pabOTaHHBIX MOZEeH Kop-
PEKITUH BECOB U MOAMDUIIUPOBAHHOTO METOJA VIS CPaB-
HEHUsSI Pa3JMYHBIX WHHOBAIMOHHBIX OOBEKTOB — PEKOH-
(burypupyempic TOABIKHBIC POOOTHI, OMOTCXHUYCCKUC
M3JICNUs, MEXaTPOHHBIC IPUBOIBI U JIP.
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AHOTANIA

AKTyanbHicTb. AKTyalbHICTh POOOTH NOB’s3aHa 3 OaraTOKpUTEpiaIbHUM MOPIBHSHHSAM iHHOBAIIMHUX 00’ €KTiB, MiA
SIKUMH PO3YMIIOTECS 00’€KTH 3 YACTKOBO CITIBIAAIOYMMHM IHIWBIIyaIbHHMH IOKa3HMKAMH, IO MAalOTh HEBH3HAUeHI,
cy0’exTuBHI 3HayeHHs 1 Kkpurepil ix oninku. IlopiBHIOBaHI iHHOBaliliHI OO0 €KTH ONUCYIOTHCS 3arajJlbHUMHU Ta
THIVBITyJIbHIMH TTOKa3HUKaMH, IPAYOMY KUTBKICTh iHAWBITyalbHUX MOKA3HHKIB € 3HayHOO (Oimbme 50%). Merox anamizy
iepapXxiil € HaHOILIbII MiAXOAAIIMM MaTeMAaTUYHHUM anapaToM IJis MOPIBHAHHS iHHOBAaLiMHUX 0O0’€KTiB, TaK SIK BiH MOEAHYE
HAOYHICTh ONHUCY MpeIMeTHOI 00JacTi, YHCENbHY pe3yJbTaTUBHICTh, NPUPOAHUI OOJIIK BapiaTWBHOCTI BUXIJHHX HapHHUX
ouiHok. [Ipore, naHuii MeTos ci1abo BpaxoBYe€ iHAWMBIAyaJIbHI MOKa3HUKHM IHHOBALiIWHUX O0’€KTIB MPHU CKIaJaHHI MaTpHUIlb
MapHUX HOPIBHSAHB, L0 HE J03BOJISIE OTPUMATH IiJICyMKOBI Baru, BiJIOBiJHI iHAWBIAyaJIbHUM OCOOJIMBOCTSM iIHHOBaLiHHUX
00’€KTiB.

Hinb. Pozpobka MoaudikoBaHOro METOy aHaji3y iepapXill, o 3a0e3ledye paHKyBaHHs iHHOBaLIHHUX 00’ €KTIiB 3 4acT-
KOBO CITiBIaJal0YUMH 1HIUBITyIbHIMH OKA3HUKAMH.

Metoa. B po6oti po3pobiaeHo MonudikoBaHuil MeTo] aHali3y iepapXiid, 10 BKIOYAE THIIOBY MOCIiAOBHICTh €TaliB Bil
mo0Oy1oBU iepapxii mpeaMeTHoi o0iacti i GopMyBaHHS KpHUTEpIiiB OI[IHKM IHHOBAliMHUX 00’€KTIB 10 eTamy OOYMCIICHHS
IiZICYMKOBUX Bar 1HHOBaliMHUX 00 €KTIB, 110 BiAPi3HAETHCS MO-NEPILE, BBEACHHIM Ha eTalli mo0yJoBY iepapxii npeaMeTHol
00JIaCTi MaTpUIIi Bar 3arajibHUX Ta IHAWBIAYaIbHUX TIOKa3HUKIB MO CHCTEMaM 00’ €KTIB, MO-Apyre pO3paxyHKOM IOIPAaBOYHHUX
KoedilieHTIB HA OCHOBI JOKaIbHOI a00 r1100abHOI MO/ENel KOpeKIii Bar IOKa3HUKIB CUCTEM 00 €KTIB Ha eTari CKIaJaHHs
3BEJICHOT TaONUIll Bar, MO-TPETE€ OOYUCIEHHSM IMiJICYMKOBHX Bar IHHOBAIIMHUX OO0’€KTIB 3 ypaxyBaHHSIM MOIPABOYHUX
KoeIIieHTiB, 1110 J03BOJILIIO BpaXyBaTH iHIUBIyallbHI 0COOIUBOCTI IOPiBHIOBAHUX IHHOBALIIIHUX 00’ €KTIB.

Pe3yabTaTu. Y po6OTi pO3risiHyTO iHHOBALIHHI 00’€KTH 13 3arallbHUMK Ta 1HIUBIAyaIbHUMHU IMOKa3HUKAMHU B TPOTIOPIT
1: 2 3 KiJBbKICTIO KPUTEPIiB MOPIBHIHHS, 110 JOPIBHIOE 5, IO BiNOBiAaE KIacy 00’ €KTiB cepeHboI opraHizaniiiHoi cKiIagHoc-
1i. [TopiBHIOBaHI 00’ €KTH MicTATh THIIOBHH 00’€KT (KITBKICTh IHAMBIAyaJbHUX NOKA3HHKIB iCTOTHO MeHIIe 50%), SBHO iHHO-
BalliiHUN 00’€KT (KIJBKICTh 1HAMBIAyaIbHUX MMOKa3HUKIB Oinbiie 50%), 00’€KT B MPUKOPJOHHIH 30H1 (KiNbKICTh 1HIUBiTYya-
JIBHUX MOKa3HUKIB Onu3bko 50%). Knacnunuii MeTon He YyTIMBHH 10 iHIMBIIyaJdbHHUX OCOOJMBOCTEH 1HHOBAIIMHUX
00’€KTiB, 110 BU3HAUWIO MiHIMaJIbHY Bary IS sIBHO iHHOBaliHHOTro 00’ekra. Moan¢ikoBaHUNl METOJ, HaBNAKU, BU3HAUMB
MiHIMalIbHY Bary sl 00’€KTa B PUKOPIOHHIN 30Hi, TaK SK BiH MA€ OJIHOYACHO 3HIDKCHI 3HAYCHHS B MATPUIl TAPHHUX TIOPiB-
HSHb 32 KPUTEPISIMU 1 HU3bKI 3HAUCHHS 1HANBIAYaIbHUX TOKA3HUKIB.

BucHoBku. Po3pobienuii MmoaupikoBaHUi METOM aHami3y iepapXiil 1 Moaemi KOpeKiii B HOro ckiajai 00’€KTHBHO BiJ0-
OpaxaloTh MOPSIOK PAHXKUPYBAHHA 00’ €KTIB 3 ypaxyBaHHAM X OMUCY y BUIVIAAI MaTpUL 3arajbHUX 1 iHAUBIgyalbHUX MOKa-
3HHUKIB. 3TIHO 3 MOJCIIOBAHHSIM, I[IHHUM JUI MPAKTUKW NPUAHSTTS PIillICHb CITiJ{ BBAYKATH YACTKY iHIMBIyalbHUX MMOKA3HH-
KiB B X 3arajbHill KiibKoCTi Oibie 55%. Y 1poMy BHIIaAKy 00’ €KTH Kpalle OI[IHIOBATH HA OCHOBI MOJM(]IKOBAHOTO METOIY
aHami3y iepapxiid. OTpUMaHUi HA OCHOBI MOJIEII KOPEKIIii Bar BEKTOP MOMPAaBOYHUX KOC]Ili€HTIB Mae CaMOCTIHE 3HAYCHHS
IIpU BUPILIEHH] Pi3HUX PO3PaXyHKOBO-aHAIITUYHUX 3aJa4 1 IPUKJIAJAHUX 3a1a4 IPUMHATTS pillleHb.

KJIFOUOBI CJIOBA: inHOBaMiliHII BUCOKOTEXHOJIOTIYHUN 00’ €KT, MOJIeNIb KOPEKIIii Bar, Po3impeHa 3Be/icHa TaOIuIIs,
BEKTOP IOMNPaBOUHUX KOe(DillieHTiB, METOA aHaNI3y iepapXiil.

YK 004.023
MODELS FOR CALCULATING WEIGHTS FOR ESTIMATION INNOVATIVE TECHNICAL OBJECTS

Titenko E. A. — PhD, Associate Professor, Leading Researcher of the Center for Advanced Research and development,
South-Western state University, Kursk, Russia.

Frolovs N. S. — PhD, Leading Researcher at the Center for Advanced Research and Development, South-Western state
University, Kursk, Russia.

Khanis A. L. — PhD, Associate Professor of the Department of Information security, South-Western state University,
Kursk, Russia.

Dobroserdov O. G. — Dr. Sc., Senior Researcher, Adviser to the rector, South-Western state University, Kursk, Russia.

Zakharenkov A. I. — Dr. Sc., Professor, first Deputy General Director, Voentelecom JSC, Moscow, Russia.

Popov A. N. — General Director, V. V. Tarasov Aviaavtomatika JSC, Kursk, Russia.

Dronova T. A. — Dr. Sc., Professor of Propaedeutics of Internal Diseases, Kursk State Medical University of the Ministry
of health of the Russian Federation, Kursk, Russia.

© Turenko E. A., ®ponos C. H., Xanuc A. JI., loopocepnos O. I'., 3axapenkos A. U., [Tonos A. H., [Iporosa T. A., 2020
DOI 10.15588/1607-3274-2020-3-17

191



e-ISSN 1607-3274 PapioenexrpoHika, inpopmatuka, ynpasminss. 2020. Ne 3
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2020. Ne 3

ABSTRACT

Relevance. The relevance of the work is associated with a multi-criteria comparison of innovative objects, which are
understood as objects with partially identical individual indicators that have uncertain, subjective values and criteria for their
evaluation. Compared innovation objects are described by General and individual indicators, and the number of individual
indicators is significant (more than 50%). The hierarchy analysis method is the most suitable mathematical tool for comparing
innovative objects, since it combines visual description of the subject area, numerical performance, and natural accounting for
the variability of the initial pair estimates. However, this method does not take into account the individual indicators of
innovative objects when compiling matrices of paired comparisons, which does not allow you to get the final weights
corresponding to the individual characteristics of innovative objects.

Object. Development of a modified hierarchy analysis method that provides ranking of innovative objects with partially
identical individual indicators.

Method. In this work, a modified method of analysis of hierarchies, comprising a typical sequence of stages from building
a hierarchy of the subject area and the establishment of criteria for evaluation of innovative objects to the stage computing the
final weights of innovative objects, a first introduction on the stage of building a hierarchy of the weights matrix shared and
individual performance in the system of objects, and secondly by calculating correction factors based on local or global
models of correction of weights of parameters of systems of objects at the stage of preparation of the consolidated table of
weights, thirdly the computation of the final weights of innovative features based on a correction factor that took into account
individual features compare innovative.

Results. The paper considers innovative objects with General and individual indicators in the ratio of 1:2 with the number
of comparison criteria equal to 5, which corresponds to the class of objects of average organizational complexity. The objects
being compared contain a typical object (the number of individual indicators is significantly less than 50%), a clearly
innovative object (the number of individual indicators is more than 50%), and an object in the border zone (the number of
individual indicators is about 50%). The classical method is not sensitive to the individual characteristics of innovative
objects, which determined the minimum weight for a clearly innovative object. The modified method, on the contrary,
determined the minimum weight for the object in the border zone, since it has both reduced values in the matrix of paired
comparisons by criteria and low values of individual indicators.

Conclusions. The developed modified method of hierarchy analysis and correction models in its composition objectively
reflect the order of ranking of objects, taking into account their description in the form of a matrix of General and individual
indicators. According to the modeling, the share of individual indicators in their total number of more than 55% should be
considered valuable for decision-making practice. In this case, it is preferable to evaluate objects based on a modified
hierarchy analysis method. The vector of correction coefficients obtained on the basis of the weight correction model has an
independent value in solving various computational and analytical problems and applied decision-making problems.

KEYWORDS: innovative high-tech object, a model for weight correction, an extended summary table, a vector of correc-
tion coefficients, and a method for analyzing hierarchies.
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ABSTRACT

Context. The analysis of reliability indicators of information transfer between elements of wireless control systems — a control
device implemented on a smartphone and a communication processor of the developed hearing aid is carried out. The object of
research is the reliability indicators of the wireless control channel. The subject of the study is a theoretical and experimental analysis
of the dependencies of reliability indicators of the designed wireless control system.

Objective. The purpose of the work is to determine and study the analytical and experimental dependences of the reliability of
transmission over the wireless control channel on the properties of the communication channel and settings of the system elements,
forming recommendations for setting the parameters of the elements of the control system.

Methods. The elements of the reliability theory are used to determine the dependences of the bit and block error coefficients on
the properties of the communication channel of the configuration of the elements of the control system. Analytical relationships are
obtained to determine the reliability of transmission taking into account possible signal distortions. The dependences of reliability
indicators on the parameters of the elements of the control system are investigated, illustrative examples are given. Simulated circuit
models of a control system with selected Bluetooth wireless technology have been developed. Experimental studies have been carried
out, on the basis of the data obtained, conclusions have been drawn and recommendations have been made on the choice of control
system configurations in order to ensure specified reliability indicators at maximum efficiency (information transfer rate).

Results. The dependences of reliability indicators (bit and block error coefficients) on the properties of the wireless information
transmission channel and the parameters of the control system elements are obtained. Recommendations are given on the use of the
results obtained when choosing the settings for the control element (smartphone) and the controlled element (communication
processor of the hearing aid). To conduct experimental research, control system models in the MathWorks MatLab Simulink
environment were created and tuned.

Conclusions. The studies carried out in the work allow us to calculate and reasonably choose the parameters of the devices of the
wireless control system for the given reliability indicators taking into account the error behavior model in the transmission channel
and the settings of the associated equipment. This makes it possible to design and implement reliable control systems with specified
reliability indicators and maximum information transfer rate.

KEYWORDS: information management systems, reliability, error rate, simulation, Bluetooth.

© Arutyunov S. D., Astashina N. B., Bajdarov A. A., Gurko V. A., Mayorov P. V., Freyman V. 1., Yuzhakov A. A., 2020
DOI 10.15588/1607-3274-2020-3-18

194



e-ISSN 1607-3274 PanioenexktpoHika, iHpopmatuka, ynpasiinss. 2020. Ne 3
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2020. Ne 3

ABBREVIATIONS

ARQ — Automatic Repeat Request;

AWGN - Additive White Gaussian Noise;

BER — Bit Error Rate;

BLE — Bluetooth Low Energy;

CRC — Cyclic Redundancy Check;

DSP — Digital Signal Processing;

FEC — Forward Error Correction;

FER — Frame Error Rate;

HEC — Hybrid Error Correction;

HV - High quality Voice;

IEEE - Institute of FElectrical and Electronics
Engineers;

SEQN — Sequence Numbering;

VoIP — Voice over Internet:

Wi-Fi — Wireless Fidelity;

3-D — 3-Dimensional,

av — average value.

NOMENCLATURE
B — number of error bits;
B — total number of transmitted bits;
C — speed of light;
Ch — Wi-Fi channel number;
d — distance between devices;
Es/No — signal to noise ratio;
f— functional;
F — frequency;
F — number of error frames;
Fy — total number of transmitted frames;
k — signal transmission channel number;
Lo — attenuation in free space;
N — availability and settings of other devices operating
in the same frequency range;
P — transmitter power;
t — simulation time;
T — type of technology;
V, — phase speed;
o — the actual part of the distribution coefficient;
B — the imaginary part of the propagation coefficient
(phase coefficient);
y — distribution coefficient;
A — wavelength;
p — interference characteristics;
o — angular velocity.

INTRODUCTION

Over the past seventy years, active aging of the
society of all developed countries has been observed
throughout the world. According to the United Nations, in
1950 the number of people over 60 years old was
approximately 202 million. To date, the number of older
people is close to one billion people. There is also
information about the continuation of the aging trend of
society. An increase in the number of elderly people
entails an increase in age-related diseases [1]. Also, with
the increase in the number of vehicles, with the
development of industry, the number of emergencies and,

as a result, the number of injuries sustained by a person
are growing [2].

From the above facts, it can be concluded that the
replenishment of the functional capabilities and aesthetic
appearance of a person is an urgent problem and requires
special attention, both from doctors and engineers.

So, for example, with complete or partial lack of
hearing, we suggest using an ear implant, which will be
an apparatus to restore the ability to perceive sound
information [3]. An important role for ensuring the
quality functioning of the hearing aid is played by the
organization of a high-speed and reliable control channel
using specialized software running on a modern
smartphone [4, 5]. One of the most significant parameters
is the reliability of communication, which is characterized
by error rates (bit and block) and depends on the data
transfer rate, interference parameters, type of protocol
selected, etc. [6].

The object of study was a wireless control channel
between a smartphone and a hearing aid, implemented
using Bluetooth technology.

The subject of the study is an experimental study of
the program model of the wireless control channel in
order to determine the characteristics of reliability and
quality of information transfer.

The purpose of the work is the formation of practical
recommendations on the use of Bluetooth technology in
wireless channels for controlling medical devices using an
example of a hearing aid.

1 PROBLEM STATEMENT

It was found, that during the operation of the hearing
aid, there is a need for its increased functionality [7], such
as:

— volume control from a smartphone;

— the ability to answer incoming calls;

— wireless charge;

— several settings modes.

Different settings modes are needed for a more
comfortable use of the hearing aid. For example, one of
them will be for everyday use, in which the amplifications
at different frequency intervals will be individually
configured for each patient, based on data obtained from
an examination by an audiologist. And the second mode is
for use in noisy places. It will be tuned to sufficiently
strong noise reduction and speech emphasis. There may
also be more modes, depending on the wishes of the
patient. Switching between modes, as well as adjusting
the volume, will be carried out through a special
application in the smartphone.

To solve the problem of choosing wireless technology
for the implementation of the control channel with the
specified confidence indicators, we perform the
mathematical formulation of the problem.

Let there be a combination of communication channel
parameters and control system devices: interference
characteristics (Es/No), transmitter power (P), distance
between devices (d), the presence and settings of other
devices operating in the same frequency range (N), type
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of technology (7). An urgent task is to determine and
study the functional dependencies of reliability (quality)
indicators of communication, which are characterized by
error coefficients, from these parameters. Each indicator
can be represented by a set of functional dependencies of
the following form:

BER, FER = f(p);d = const; P = const. (1)
BER, FER = f(p);d = const; N = const. (2)
BER, FER = f(d);Es/No = const; P = const. (3)
BER, FER = f(d);Es/No = const;T = const. (4)

To solve the problems of synthesis of a control system
with predetermined reliability indicators, it is necessary to
study the dependences of the entered transmission
indicators at various values of the communication channel
parameters that may occur during the practical
implementation of the control system.

Reliability is characterized by the coefficients of bit
and block errors. Efficiency is specified by the channel
bandwidth efficiency, while the actual task is to maximize
it (minimize symbolic redundancy) while observing a
given reliability. Therefore, questions are further resolved
to determine and study the dependences of reliability and
efficiency indicators on the parameters of the
transmission medium and control system devices. This
makes it possible to select and implement in the elements
of control systems ways to ensure a given reliability at the
maximum information transfer rate.

Based on the foregoing, an urgent task is to choose the
technology for communication between a smartphone and
a hearing aid. This article will consider the possibility of
using modern wireless technologies. In addition, control
system models will be built and analyzed, as well as
recommendations for the practical implementation of the
control channel and the settings of the control system
devices will be given.

2 REVIEW OF THE LITERATURE

In recent years, rehabilitation medicine has made great
strides, which mainly occur due to the appearance of
bionic prostheses. Bionic prosthetics is the replacement of
lost body parts with electronic implants. The creation of
such implants allowed the study of biocurrents generated
by the human brain [8].

The era of bionics began not so long ago, but it is
already difficult to surprise people with an artificial organ
or limb, which perform all the necessary functions and
almost do not differ in appearance from biological ones.
Patients, whose situation was not so long ago regarded as
almost hopeless, with the use of bionic devices, it became
possible to return to full value and improve the quality of
their life.

Bionic prosthetics is an innovative, rapidly developing
field of science. Many world scientific studies are aimed
at further development of wvarious types of bionic
implants, aimed both at patients with various acquired
diseases or injuries, and for patients with defects from

birth. Certain successes in this area have been achieved in
the development of bionic arms and legs, artificial heart
and retina [9].

To restore hearing, there are many different solutions:
hearing aids of air or bone conduction, cochlear implants,
but they all have their drawbacks, the main of which is a
violation of the aesthetic appearance of a person [10].

The solution offered by our regional research group is
unique and consists in creating a bionic ear. The main
idea is to create a hearing aid using modern components
and place it in the auricle implant printed using 3-D
technologies from materials that are most similar in
appearance and tactile feel to the biological ear.

To implement the settings and use of the hearing aid,
it is necessary to calculate the parameters that critically
affect the wireless data transfer [11]. Moreover, it is
effective to use modern approaches to ensure the
reliability of information transmission [12, 13] against the
background of the effects of interference of various nature
and properties [14, 15].

For the study, a number of modern wireless
communication technologies were analyzed, and
Bluetooth-LE was selected based on a comparative
analysis [16]. Unlike classic Bluetooth, BLE is designed
to provide significantly lower power consumption. This
allows smartphone applications to interact with BLE
devices with more stringent power requirements, such as
proximity sensors, heart rate monitors, fitness devices, in
our case, a hearing aid. The basis of interaction between
devices operating on the basis of the BLE protocol is the
client-server architecture. The phone supports a central
role, the hearing aid supports the role of a peripheral
device, one of two is required to establish a BLE
connection [17]. Devices that support only the role of
peripheral devices cannot communicate with each other,
and two devices cannot communicate with only a central
connection. As soon as the telephone and the hearing aid
have established a connection, they begin to transmit
metadata to each other [18]. Depending on the type of
data they transmit, one or the other may act as a server.
For example, if the hearing aid wants to transfer data to
the telephone, it might make sense for the hearing aid to
act as a server. If the hearing aid wants to receive updates
from the phone, then it may make sense for the phone to
act as a server, which is important in our project, the
point-to-point connection type. In this regard, the urgent
task is to develop and study a data transfer model between
a smartphone and hearing aids via the Bluetooth LE
protocol.

3 MATERIALS AND METHODS

As part of the project, it is necessary to study the
physical parameters of the signal during transmission
from the source to the recipient. Both the processor of the
hearing aid and the smartphone can be a source and
recipient, since data transmission must be carried out in
both directions. The task was to determine the optimal
number of frequency channels, the number of which will
achieve the target value — the distance, in the presence of
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interference. Also, determine the noise immunity of data
transmission. The result of the analysis was obtained on
the basis of modeling.

The designed communication system was modeled on
standard blocks Matlab Simulink, DSP Blockset and the
Communications Blockset library [19]. One way to build
such a system in Simulink is to start by designing the
communication channel and developing it by adding
modulations, FEC, etc. testing at every stage. You can
develop pairs of components separately, for example, a
speech encoder and decoder that can be created and tested
in their own model, and then built into the system. The
generalized structural diagram of the model is shown in
Fig. 1.

When creating the network model, the Bluetooth
Voice Transmitter model was taken as the basis (Fig. 2),
and its structure was adapted to bring the model closer to
the research tasks.

Fig. 2 shows the top level of the complete Bluetooth
Voice Simulink model. It includes:

1. Master Transmitter — model of the signal
transmitter, i.e. a transmitting device, for example, a
smartphone;

2. AWGN — model of a radio channel in which «white
noise» operates;

3. Free Space Path Loss — a simulator of a long
wireless line, which determines the loss in free space;

4. 802.11b Interferer — model of the interference
source in the form of a transmitter operating over the
IEEE 802.11b Wi-Fi protocol,

5. Slave Receiver — the receiver of the slave node, ie,
the receiving device, for example, another smartphone or
Hands-Free unit in the car.

The hierarchical features of Simulink modeling allow
you to create large, complex structures that are controlled
from subsystems. The discovery of these subsystems
shows further levels of detail [19].

Consider the principle of building the main blocks of
the model.

The transmitter whose internal circuit is shown in
Fig. 3, contains: input of random binary values, coding,
buffering, framing, HEC/FEC modulations and frequency
hopping.

All real-life continuous communications transmitted
in communication systems reflect processes whose main
part of the spectrum is concentrated in a finite frequency
range. This is explained by the frequency properties of
message sources and subscribers (message recipients),
which are real physical systems [20].

&-bit, 8kHz 5 h Radi Radio Channel Radi 5 h 2-bit, 8kHz
Linear  —fm pees gl Butfer |l 7290 | gl paira N, Path Loss, el o0 ? | gl Buffer | peec | Linear
. Encade Interface . Intarface Decode .
PCh Waice Fading) FCh Waice
Figure 1 — Generalized block diagram of a Bluetooth control channel model
|Bluetooth Voice Transmission | o
Free Space
> AWGEN is OFf | Psth Loss +, -
40 dB
—en BT Path Loss [Tx_Raw_Bits Residual_BER
- 802.11b Free Space Clave Receiy
Master Transmitter |nterferar B Fath Los ave Receiver
On 40 dB
802 Path Loss Spectrogram
502.11b
] Transmitter - i .
Double-click Rx_BT_Signal . M.a-trlx
to select Double-click on the block Frocessing Viewer
Model Parameters to set simulation parameters
Scopes Error Rate Display
[Tx_BT_Signal] - [Raw_BER]
| = Open Scopes Eror Open Scopes
[Tx_202_Signal Senpes [ [Residusl_BER] 2 DBETIE
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Close Scopes Close Scopes
[Packet_Envelope 802 —=—jm

Figure 2 — Bluetooth Voice Transmitter in Simulink
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Figure 3 — Internal structure of the signal transmitter unit

e T

Bluetooth technology uses time division duplex
(multiplexing). The master device transmits packets at
odd time intervals (slots), and the slave device transmits
packets at even times. Packages depending on the length
can take up to five intervals. Moreover, the channel
frequency does not change until the end of the packet
transmission [20].

A packet is a format of bits organized into an array
that are transmitted over a physical channel. A package
consists of an access code, a package header, and user
information. The structure of the message packet is shown
in Fig. 4.

The access code identifies packets belonging to the
same piconet, and is also used for synchronization and
request procedures. It includes a preamble (4 bits), a sync
word (64 bits), and a frame checksum — 4 bits of a
checksum. The header contains information for managing
communications and consists of six fields:

1. Address (3 bits) — address of the active element;

2. Type (4 bits) — data type code;

3. FLOW-F (1 bit) — data flow control, shows the
readiness of the device to receive;

4. ARQ-A (1 bit) — confirmation of the correct
reception;

5. SEQN-S (1 bit) — serves to determine the sequence
of packets;

6. Checksum (8 bits) — control checksum.

The final part of the overall package format is user
information. It consists of three segments: the header of the
user information, the user information itself and the CRC.

The header (8 bits) defines a logical channel, flow
control in logical channels, and also has a pointer to the
length of user information. User Information CRC (16
bits) — 16 bits of cyclic redundancy code is calculated
from the transmitted information, after which it is
attached to the information [21].

Figure 4 — Bluetooth message packet structure

The AWGN is a simulator of white noise. The
Bluetooth Voice Transmitter model allows you to set the
signal to noise ratio in the AWGN unit. This ratio is an
argument to the function resulting from the study. The
menu for setting the parameters of the AWGN block is
shown in Fig. 5.

Attenuation in free space is calculated by the formula

)

4nd

L,= 201gT [dB], (%)

L, — attenuation; d — attenuation distance; A — wavelength
[19].

The wavelength, as is known, depends on the phase
coefficient f (6) (this is the imaginary part of the
propagation coefficient y = a + ) [21]:

2

A . (6)
p
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===

E Function Block Parameters: AWGN

Optional channel (mask)

Parameters
[#] Turn on AWGN
Es/Mo
6
Input Pawer
001
Symbol Period
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Seed

awgn_channel_seed

[l Ok “ Cancel I[ Help ] Apply

Figure 5 — The menu for setting the parame_ters of the AWGN
block

And the phase velocity also depends on  (7) [21]:
v, =2 @)

In air V,, = C (speed of light = 3-10% m/s). So, from (6)
and (7) get (8):

_ 2nf

® 2nC C
p= -2 R R C)
v, € C 2nf f
Therefore, the formula for calculating the loss in free
space will take the form (9):

%:NQ%ﬁ. ©)

In the considered Bluetooth model, there are two
options for setting free space loss during wave
propagation:

1. The reference attenuation from 10 to 40 dB, shown
in Fig. 6;

==

E Function Block Parameters: BT Path Loss

Free Space Path Loss {mask) (link)

Reduce the amplitude of the input signal by the amount specified. The loss can be
spedified directly using the "Dedbels” mode, or indirectly using the "Distance and
Frequency™ mode.

The redprocal of the loss is applied as a gain, e.g., a loss of +20 dB, which reduces
the signal by a factor of 10, corresponds to a gain value of 0.1,

Mote: The dedbel amount shown on the mask is rounded for display purposes only.

Parameters

Mode: IDecibeIs - ]

Loss (dB):
40

(=
Figure 6 — Window for selecting parameters for setting free
space loss in decibels

| [ concel ][ e ][ apply

2. Setting the frequency and transmission distance
(with these parameters, the model itself calculates the free
space loss in dB) shown in Fig. 7 [21].

==

-
E Function Block Parameters: BT Path Loss

Free Space Path Loss {mask) {link)

Reduce the amplitude of the input signal by the amount specified. The loss can be
spedified directly using the Dedbels™ mode, or indirectly using the Distance and
Frequency”™ mode.

The redprocal of the loss is applied as a gain, e.g., a loss of +20 dB, which reduces
the signal by a factor of 10, corresponds to a gain value of 0.1,

Mote: The decbel amount shown on the mask is rounded for display purposes only.

Parameters

Mode: IDistance and Freguency -

Distance (km):
0,100

Carrier frequency (MHz):
1920

o) [Coma ) (8 ]|

apphf‘

Figure 7 — Parameters selection window for setting the operating
frequency and distance

To study the dependence of the error coefficient on the
attenuation in the communication line, various parameters
were set to set the loss in free space.

To calculate the transmission distance for a given
attenuation we solve the logarithmic equation:

4ndf

40=201g (10)

The calculation formula for
transmission range in general is:

determining the

Ly

_C-10®
4nf

To calculate the distance d (transmission distance for a
given attenuation), we solve the logarithmic equation
1n).

For the radio exchange of a Bluetooth device, the
frequency range 2400-2483.5 MHz is used. The capacity
of this frequency band is 79 subchannels with a
bandwidth of 1 MHz. The carrier frequency of the
subchannels f; = 2402 + k (MHz), where k = 0,...,78. To
reduce the complexity of transceivers, radio channels with
binary frequency modulation are used. The coding is
simple — the logical unit corresponds to a positive
frequency deviation, to zero — negative [22].

On 39th channel, carrier frequency will be equal:

d (I

£, =2402 +39 = 2441 MHz, (12)
on 79th channel
f, =2402 +78 = 2480 MHz. (13)
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So for channel 39:

1. Attenuation in free space from formula (7) at d = 2
m (the maximum distance at which Bluetooth is planned
to be used when both network nodes are located by one
user), f; = 2.441 GHz, is equal to:

4.7-2.441-10°

5 =40.19312 dB.
3-10

Ly=20lg (14)

2. Transmission distances determined by the formula
(11) when Ly=40 dB, f; = 2.441 GHz:

40
.10%-1020
d = L“ = 0.978011 m. (15)
4.7-2.441-10
For channel 79:

1. Attenuation in free space from formula (5) at
d =2 m (the traditional distance at which Bluetooth works
stably in practice) and f; = 2.441 GHz is equal to:

4.1-2.480-10°

g =40.3264 dB.
3-10

Ly=20lg (16)

2. Transmission distance from formula (11) when
Ly=40dB uf,=2.441 GHz:

40
3.10%.1020

(17)

Thus, for 39 and 79 channels, a difference in
attenuation of 0.133 dB was obtained, and a transmission
distance of 0.015 m.

The simulation result will be the values of the error
rate: bit error rate and frame error rate, which are
calculated by formulas (18) and (19), respectively [23]:

BER = i, (18)
By

FER =L (19)
Fy

4 EXPERIMENTS

Next, the conducted experiments will be described and
conclusions made on them.

Parameters of the first experiment: the Wi-Fi unit is
turned off, the simulation time ¢ = 0.5 (simulated
simulation clocks), the interference power is «white
noise» Input Power = 0.001 W.

The dependence of the following form is investigated:

BER = f(Es/No) | d = const.

Table 1 — BER, FER versus Es/No dependency, for Input
Power = 0.001 W

Es/ d=1m d=5m d=10m
No | BER FER BER FER BER FER
2 | 0.2390 1 0.2416 1 0.2438 1

5 | 0.1345 | 09174 | 0.1382 | 0.9009 | 0.1366 | 0.8960
8 | 0.0554 | 0.0218 | 0.0529 | 0.2030 | 0.0534 | 0.2256
11 | 0.0115 | 0.0075 | 0.0118 0 0.0121 0
14 | 0.0006 0 0.0009 0 0.0008 0
17 0 0 0 0 0 0
20 0 0 0 0 0 0

Let’s plot the studied dependences (Fig. 8).

The conclusion of Fig. 8: the error rates decrease with
increasing signal-to-noise ratio and are not significantly
dependent on the distance between the devices. This
allows you to provide high-quality communication at the
most frequently used in practice, the removal of devices
from each other.

Increase the input noise white power to 0.01 watts and
run the simulation again.

Let’s plot the studied dependences (Fig. 9).

The conclusion of Fig. 9: the error coefficients, as in
the previous simulation, decrease with increasing signal-
to-noise ratio and depend insignificantly on the distance
between the devices. An increase in the power of the
white noise signal entailed an increase in the number of
bit and frame errors compared to the previous simulation.

0'3 r 3
0,25
02 -
———TPER (1 m)
0,15
\ " BER (5m)
01
BER (10 m)
A

0,05 -

0 . e ey Es/No

2 5 8 1 14 17 20
a

12 T

1 - <~
0.8 \ ——FER (1 m)
0.6 \ FER (5 m)
0.4 \\\ FER. (10 )
02 ‘\

0 T ) —_— . »- Es/No

2 5 8 11 14 17 20

b
Figure 8 — Graph of BER and FER versus Es/No
for d = const and Input Power = 0.001 W
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Table 2 — BER and FER versus Es/No dependency for Input

Power =0.01 W

Es/ d=1m d=5m d=10m
No BER FER BER FER BER FER
2 | 0.4575 1 0.4610 1 0.4609 1

5 0.4276 1 0.4252 1 0.4261 1

8 | 0.3668 1 0.3643 1 0.3615 1

11 | 0.2747 1 0.2763 1 0.2761 1

14 | 0.1714 1 0.1717 | 0.9804 | 0.1658 0.9901
17 | 0.0797 | 0.4812 | 0.0771 0.4586 | 0.0777 | 0.4737
20 | 0.0212 | 0.0075 0.0206 | 0.0075 0.0216 | 0.0150

Once again, increase the white noise power Input
Power by 10 times to 0.01 W and perform the simulation

again.
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= BER (11

=
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\— FER (5m)
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e FER. (1 1)

So—— FER (10 m)

: »t Es/No
2 5 8 11 14 17 20

b
Figure 9 — Graph of BER and FER versus Es/No at d = const
and Input Power = 0.01 W

Table 3 — BER u FER versus Es/No dependency for
Input Power = 0.1 W

Let’s plot the studied dependences (Fig. 10).

The conclusion of fig. 10: as in the previous two
cases, the error coefficients decrease with increasing
signal-to-noise ratio and depend insignificantly on the
distance between the devices. An increase in the power of
the white noise signal by another 10 times again entailed
an increase in the number of bit and frame errors, and led
to the fact that all the received frames at all the studied
distances turned out to be erroneous.

Parameters of the second experiment: signal-to-noise
ratio = 10, white noise signal power = 0.001, simulation
time ¢ = 0.5 (simulated simulation clocks), Wi-Fi signal
power =0.1 W.

The dependence of the following form is investigated:

BER = f(Wi-Fi Ch) | d = const.

0.6 F 3
0,5 - —
04 \\
03 a==="BER. (1 m)
— BER (5m)
0,2 .
BER (10 m)

01

0 : : : : : p Es/No
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a
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1 ]
0.8 FER (1 m)
0,6 FER. (5 m)
0.4 -FER (10 m)
0,2

0 T T T T T ;l ES;{ND

2 5 8 11 14 17 20
b

Figure 10 — Graph of BER and FER versus Es/No at
d = const and Input Power = 0.1 W

Table 4 — BER u FER versus Wi-Fi Ch dependency for Wi-Fi

Power=0.1 W

Es/ d=1m d=5m d=10m
No BER FER BER FER BER FER
No
Wi-| 0.0206 | 0.0226 | 0.0196 | 0.0075 0.0215 0.0075
Fi

0 | 0.0207 | 0.0225 0.0402 | 0.0677 | 0.0335 0.0226
39 | 0.0330 | 0.0301 0.0374 | 0.0602 | 0.0362 | 0.0602
78 | 0.0277 | 0.0301 0.0344 | 0.0376 | 0.0408 | 0.0827

Es/ d=1m d=5m d=10m
No BER FER BER FER BER FER
2 | 0.4942 1 0.4937 1 0.4931 1
5 | 04918 1 0.4870 1 0.4887 1
8 | 0.4875 1 0.4805 1 0.4865 1
11| 0.4682 1 0.4662 1 0.4687 1
14 | 0.4382 1 0.4452 1 0.4342 1
17 | 0.3911 1 0.3891 1 0.3868 1
20 | 03113 1 0.3084 1 0.3079 1

Let’s plot the studied dependences (Fig. 11).
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The conclusion of Fig. 11: When interference with a
Wi-Fi signal of a relatively high power, the error
coefficients have a random distribution pattern, which can
be explained by the different influence of the signal in the
working frequency range of Bluetooth.

Reduce the power of the Wi-Fi signal to 0.01 and
explore.

Table 5 — BER, FER versus Wi-Fi Ch dependency for Wi-Fi

Power=0.01 W
Es/ d=1m d=5m d=10m
No BER FER BER FER BER FER
No
Wi-| 0.0206 0.0226 0.0196 0.0075 0.0215 0.0075
Fi
0 0.0242 0.0075 0.0366 0.0376 0.0278 0.0451
39 | 0.0270 0.0451 0.0302 0.0451 0.0429 0.0677
78 | 0.0248 0.0150 0.0293 0.0526 0.0222 0.0150
0,045 'y
0,04 — -
0,03 _/ //\N-__\
0,025 BEE {1m)
7 -~ :
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/ N
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0,03
002 / L FER. (10 m)
0,01 /
0 T T b Wi-Fi Ch
without Wi-Fi 0 39 78
b

Figure 11 — Graph of BER and FER versus Wi-Fi channel for
d = const and Wi-Fi Power =0.1 W

Let’s plot the studied dependences (Fig. 12).

The conclusion of Fig. 12: The error rates are mostly
extreme when connecting a signal source on a Wi-Fi
channel, the closest frequency range to the working range
of Bluetooth frequencies.

Once again, we reduce the Wi-Fi signal strength so
that it is equal to 0.001, and investigate.
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Figure 12 — Graph of BER and FER versus Wi-Fi channel for
d = const and Wi-Fi Power =0.01 W

Table 6 — BER, FER versus Wi-Fi Ch dependency for Wi-Fi
Power = 0.001 W

Es/ d=1m d=5m d=10m
No | BER FER BER FER BER FER
No
Wi-| 0.0206 | 0.0226 | 0.0196 | 0.0075 | 0.0215 | 0.0075
Fi
0 | 0.0210 | 0.0226 | 0.0278 | 0.0376 | 0.0262 | 0.0226
39 | 0.0230 | 0.0376 | 0.0302 | 0.0451 0.0330 | 0.0301
78 | 0.0211 0.0226 | 0.0244 | 0.0376 | 0.0228 | 0.0075

Let’s plot the studied dependences (Fig. 13).

The conclusion of Fig. 13: The error rates are
maximum when connecting the signal source on the Wi-
Fi channel, the closest frequency range to the working
frequency range of Bluetooth.

Third  experiment parameters:  signal-to-noise
ratio = 10, white noise signal power = 0.001, Wi-Fi signal
power = 0.01 W, Wi-Fi channel of the Wi-Fi transmitter
Ch = 39, distance d = 5 m. The dependence of the
following form is investigated:

BER =f(¢) | d = const.
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Figure 13 — Graph of BER and FER versus Wi-Fi channel for
d = const and Wi-Fi Power = 0.001 W

Table 7 — BER versus simulation time ¢

Simulation time BER1| BER2 | BER3 | BER4 BER,,
0.01 0.0191 | 0.0246 | 0.0155 | 0.0228 | 0.0205

0.05 0.0240 | 0.0151 | 0.0246 | 0.0240 | 0.02191
0.1 0.0574 | 0.0447 | 0.0406 | 0.0247 | 0.04185

0.5 0.0356 | 0.0397 | 0.0335 | 0.0315 | 0.0351

1 0.0309 | 0.0400 | 0.0407 | 0.0273 | 0.0347

5 0.0358 | 0.0351 | 0.0374 | 0.0366 | 0.0362

10 0.0387 | 0.0383 | 0.0339 | 0.0374 | 0.0371

Table 8 — FER versus simulation time ¢
Simulation time FER 1| FER2 FER 3 FER 4 FER,,
0.01 0 0 0 0 0

0.05 0 0 0.0769 0 0.0192

0.1 0.1111 | 0.0741 | 0.0370 | 0.0370 | 0.0648

0.5 0.0677 | 0.0451 | 0.0301 | 0.0451 | 0.0470

1 0.0375 | 0.0599 | 0.0674 | 0.0300 | 0.0487

5 0.0533 | 0.0443 | 0.0488 | 0.0503 | 0.0491

10 0.0516 | 0.0642 | 0.0465 | 0.0533 | 0.0539

Let’s plot the studied dependences (Fig. 14).
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Figure 14 — BER and FER versus simulation time ¢ dependency
for d = const

The conclusion of Fig. 14: the graphs show an
extremum at 0.1 conditional clock cycles of modeling, but
this is a consequence of a random set of transmitted data
and the random nature of the interference. When
conducting repeated simulations, the extremum may
correspond to a different value of the simulation time, or
it may be absent altogether (modeling was carried out, but
the graphs are not given). There is also averaging and
stabilization of the values of bit and block errors with
increasing simulation time.

Parameters of the fourth experiment: signal-to-noise
ratio = 10, white noise signal power = 0.001, Wi-Fi signal
power = 0.01 W, Wi-Fi channel of the Wi-Fi transmitter
Ch = 39, distance d = 5 m, simulation time ¢ = 0.5
(conditional cycles of modeling). The dependence of the
following form is investigated:

BER =f(HV) | d = const.

Table 9 — BER and FER versus Bluetooth transmission packet

type
Packet type BER FER
HV1 0.0296 0.0324
HV2 0.0395 0.0498
HV3 0.0368 0.0602

Let’s plot the studied dependences (Fig. 15).
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Figure 15 — BER and FER versus packet type dependency for
d = const
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The conclusion of Fig. 15: the smallest value of bit
and frame errors is observed when using a packet of type
HVI1. Also noticeable is the change in the difference
between the values of bit and block errors when
transmitting different packets. This is due to the
peculiarities of data structures in packets of different

types.

5 RESULTS

As a result of the theoretical studies, dependencies are
obtained that are essential for the design of wireless
control channels, reliability indicators for interference
characteristics, signal power, distance, the presence of
sources of interfering signals of other technologies, etc.
Analytical dependencies were determined, the influence
of parameters on the integral indicators of reliability was
investigated, their graphic illustrations were obtained, and
an analysis of their nature was made.

The simulation circuit model of a wireless control
system that implements the communication technology
under study in the modeling package MatLab Simulink is
investigated. With its help, experimental studies were
carried out. They confirmed the introduced mathematical
position. Another purpose of the studied models is the
tasks of analysis and synthesis of control systems with
given indicators of reliability and efficiency.

6 DISCUSSION

The several wireless technologies are selected for
comparison: Bluetooth, Wi-Fi, ZigBee [7]. The protocol
specifications similar in technical characteristics (IEEE
802.11b and IEEE 802.15.4) are chosen. A comparison is
based on the results of data presented in scientific
publications and open information sources [14, 16, 17,
20]. The comparison was carried out according to several
basic characteristics: the signal-to-noise ratio, power
consumption, transmission speed, noise immunity. The
conclusion of comparison is Bluetooth technology has
large advantages. Therefore, it was chosen for modeling
and research in order to obtain effective characteristics for
configuration in the developed device.

The studies of reliability indicators of the wireless
control channel between the smartphone and the hearing
aid and the resulting dependencies were used for choosing
the configurations and settings of the control system
elements. For given technical conditions — the signal-to-
noise ratio, protocol type, packet size, distance between
devices, the presence or absence of other signal sources,
one can select such settings to ensure maximum reliability
of information speed for high efficiency of using the
resources of the developed control system.

CONCLUSIONS
The results of the study confirmed that to solve the
problem — “Wireless interaction between the smartphone
and hearing system”, Bluetooth LE technology meets all
the requirements for frequency and energy characteristics.
The scientific novelty of the presented results lies in
the fact that, as a result of analytical and experimental

research, the nature of the influence of interference
parameters, transmission channel characteristics and
network configuration on the appearance, structure and
level of errors in the operation of the wireless control
system was revealed.

The practical significance of the results of the work
lies in the implementation of simulation circuit models of
a wireless control system using the selected wireless
transmission technology. They allow you to perform
studies of reliability indicators and evaluate the
effectiveness of using reliability indicators for various
interference characteristics, device parameters and system
configurations. Models are an effective toolkit for the

analysis and synthesis of control systems with
predetermined indicators of reliability and energy
efficiency.

Prospects for further research are expected in the
development of algorithmic and software tools for
calculating and comparative analysis of the characteristics
of wireless communication technologies to select an
effective data transfer platform for control systems.
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AHOTAIIA
AxTyanbHicTs. [IpoBeneHo aHaii3 NMOKa3HMKIB JOCTOBIpHOCTI mepenadi iHdopmarii Mixk enemeHTamMu Oe31pOTOBOI CHCTEMH
YIPaBIiHHA — KEPYIOUYHM IPHCTPOEM, peai3oBaHHM Ha cMapT(oHi, i KOMYyHIKalifHUM IPOLIECOPOM CTBOPIOBAHOTO CIIyXOBOTO
amapaty. OO0’€KTOM [OCIHI/KEHHSI € MOKa3HUKU JOCTOBIPHOCTI Oe3IpOTOBOr0 KaHaly ympaBiiHHs. IIpeaMer mocCmimkeHHs —
TEOPETHYHUH 1 EKCIePUMEHTAJIbHUN aHali3 3aJe)KHOCTEH IMOKa3HHWKIB JIOCTOBIPHOCTI MPOEKTOBaHOI OE3APOTOBOI CHCTEMHU
YOpaBITiHHS.
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Meta poboTn. BusHaueHHS i JOCTIDKEHHS aHANITUYHUX 1 EKCIEPUMEHTAIBHHUX 3aleXXHOCTEH ITOKa3HHKIB JJOCTOBIPHOCTI
nepezadyi o 0e3ApoToBOMY KaHaIy YIPaBJIiHHS Bijl BIACTUBOCTEH KaHAITy 3B’SI3KY 1 HAIAIITYBaHb €IEMEHTIB CHCTEMH, (OpMyBaHHS
peKoMeH iaNiil HaJalTyBaHHs [TapaMeTpPiB eJIEMEHTIB CUCTEMH YIPaBIIiHHS.

Metoau. Bukopucrano eaeMeHTH Teopil HAIIHHOCTI AJIsl BU3HAYCHHS 3aJI€KHOCTEH Koe]ilieHTiB OITOBHX i GJIOKOBHUX ITOMHJIOK
Bil BIACTHBOCTEH KaHaly 3B’s3Ky KOH(QIryparii eJeMeHTIB cucTeMu ymnpaBiiHHA. OTPUMaHO aHAJNITHUYHI CHiBBIAHOIICHHS IS
BH3HAUEHHS ITOKa3HWKIB JOCTOBIPHOCTI mepeladi 3 ypaxyBaHHSAM MOXXJIMBHUX CIIOTBOPEHb CHUTHAMIB. JIOCHIIKEHO 3aJIeKHOCTI
MOKAa3HUKIB JOCTOBIPHOCTI BiJ MapaMmeTpiB €JIEMEHTIB CHUCTEMH YNpPaBIiHHA, HaBEICHI ULIIOCTPYIOTH NpuKiIagn. Po3pobieHo
IMiTamifiHI CXEMOTEXHIYHI MOJENI CHCTEeMH YIpaBIiHHA 3 oOpaHoi Oe3ngpoToBoi TexHoioriel Bluetooth. Ilposeneno
eKCTIepUMEHTaJIbHI JOCIIDKEHHS, Ha MiJICTaBl OTPUMaHHUX JAaHUX 3pOOJIEHO BICHOBKH 1 3alIpOIIOHOBAHI PEKOMEHJALIIT 010 BHOOPY
KOH(]Irypamiii CUCTEeMH YIPaBIiHHI 3 METOI 3a0C3MCUCHHS 3a/IaHUX MMOKA3HHUKIB JJOCTOBIPHOCTI MPH MaKCHMAIIbHIH €()eKTHBHOCTI
(iHpopMmaniitHol MBUAKOCTI Nepenadi).

PesyabraT. OTprMaHi 3aJ€XKHOCTI MMOKa3HUKIB 1OCTOBIpHOCTI (KoedirieHTH 6iTOBUX 1 OIOKOBHX IOMUIIOK) Bifl BIIaCTHBOCTEH
06e3qpoTOBOrO KaHaly mepenadi iHopmamili i mapaMerpiB €JIEMEHTIB CHCTeMH ympaBiiHHsi. Hagano pexomenpanmii 1ozo
BUKOPUCTAHHA OTPUMAHUX PE3yNbTaTiB MpH BHOOPI HaNAIITyBaHb KEPYIOUOTro eleMeHTa (cMapT(oHa) i KEpOBAHOTO €JIEMEHTa
(KOMyHIKaIiifHOTO TIpoIiecopa CIyXOBOTO amapary). s mpoBeNeHHS eKCIEePHMEHTANBHUX JOCHIIKEHb CTBOPCHO 1 HANAIITOBAaHO
MOJIEITi CHCTEMH ypaBiiHHs B cepenopurni MathWorks MatLab Simulink.

BucnoBkn. IlpoBeneni B poOoTi IOCHIKEHHS TO3BOJISIIOTH PO3paxyBaTH i OOIPYHTOBAaHO BHOpATH IapaMeTpH IPUCTPOIB
0e3pOTOBOI CHCTEMH YNPABIiHHS Ul 3aJaHUX IOKa3HUKIB JOCTOBIPHOCTI 3 ypaxyBaHHSM MOJeJi MOBEIIHKH IIOMUJIOK B KaHAaJi
nepesadi i HUIAMTYBaHb CYIyTHHOrO 00ianHaHHs. L{e 1ae MOXKIMBICTh IPOEKTYBATH 1 peaizyBaTh HaAilHiI CUCTEMH YIPaBIiHHS 13
3aaHUMH IOKa3HUKAMH TOCTOBIPHOCTI Ta MaKCUMAabHOT iH(OpMaLiiiHOT IIBHAKICTIO Mepenadyi.

KJIIOYOBI CJIOBA: indopmaiiiiHo-Kepyrodi CHCTEMH, T0CTOBIPHICTh, KOeillieHT MOMMIOK, Mozielb, Bluetooth.
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AHHOTAIIUSA

AxTyanbsHOCTh. [IpoBeneH aHanm3 mokasaTeneil JOCTOBEPHOCTH Iepefadr MH(OpMaIMu MexIy dJIeMEeHTaMH OecIipOBOJHOM
CHCTEM YIpPABICHUSI — YIPABISIONMM YCTPOWCTBOM, PEAIM30BaHHBIM Ha CMapT(OHEe, ¥ KOMMYHHKAIMOHHBIM IPOLECCOPOM
pa3pabaTbiBaeMOro CiryxoBoro ammapara. OObEKTOM HCCIIC0BaHUS SABIISIOTCS [10KA3aTeIN JJOCTOBEPHOCTH OECIPOBOAHOIO KaHaja
ynpasienus. [IpeaMer nccnenoBaHus — TEOPETUYECKUI M SKCIIEPUMEHTANBHBIH aHaIN3 3aBUCUMOCTEH MOKa3aTesied J0CTOBEPHOCTH
MIPOEKTUPYEMOH OECIIPOBOAHON CHCTEMbI yIIPaBICHUS.

Ieanr padorel. OmnpeneneHue W UCCIENOBAHME AHAIUTUYECKMX W SKCIICPMMEHTANbHBIX 3aBHCHMOCTEH IIOKasarelneid
JIOCTOBEPHOCTH Iepeliayn 1o OecIpOBOAHOMY KaHaly yNpPaBJCHHS OT CBOMCTB KaHaja CBA3M U HACTPOCK DJIEMEHTOB CHCTEMBI,
(bopMupoBaHHEe pEeKOMEH AN HACTPOHKE MapaMETPOB SJIEMEHTOB CHCTEMBI YIIPABJICHHUS.

MeTtoasl. Mcnons30BaHbl 3JIEMEHTHl TEOPUHM HAAEKHOCTH JUIS ONpPEAENCHHS 3aBUCHMOCTeH KOd((UIMEHTOB OHTOBBIX M
OJIOKOBBIX OIIMOOK OT CBOWMCTB KaHaJla CBSI3M KOH(MUTYpAIlMM DJIEMEHTOB CHUCTEMbI ymnpapieHUs. [lomydeHBl aHanMTHYECKHE
COOTHOLICHUS JJIsI OTIPECIICHNS IT0Ka3aTeNeil JOCTOBEPHOCTH Iepelaul ¢ Y4eTOM BO3MOXKHBIX MCKa)keHUIT curHainos. McciienoBaHsl
3aBUCHMOCTH IIOKa3aTejel JOCTOBEPHOCTH OT IapaMeTPOB 3JIEMEHTOB CHCTEMBI YIPaBICHUS, MPUBEICHBI WILTIOCTPUPYIOLINE
npuMepbl. Pa3paboTaHbl MMUTALMOHHBIE CXEMOTEXHMYECKHE MOJENIM CHCTEMbl YNpaBICHHS C BBIOPaHHOH OecrnpoBOJHOM
texHonoruei Bluetooth. ITpoBeneHs! SKcIIepUMEHTaIbHBIE UCCIICIOBAHMS, HA OCHOBAHHUH TIOJTYUYECHHBIX JAHHBIX C/IENaHbI BHIBOIbI U
NPEeUIOKEHBl PEKOMEHIALMH 110 BBIOOPY KOH(QHIypalMii CHCTEMBI YIPABJICHUS C LEJbI0 00CCIeYeHUs 3aJaHHBIX MOKas3aTenel
JOCTOBEPHOCTH MPU MaKCUMAaJIbHOM 3P PEeKTUBHOCTH (MH(OPMALTIOHHOH CKOPOCTH TIEpeIaun ).

PesyabTarsl. [lomydeHB! 3aBHCHMOCTH MOKa3aTelled TOCTOBEPHOCTH (KOX(QUIMEHTH! OUTOBBIX M OJOKOBBIX OMIMOOK) OT
CBOIfCTB O€CIIpOBOHOTO KaHaja repeadl HHPOPMAIHH U IIapaMeTPOB IEMEHTOB CHCTEMBI YIpaBiIeHHs. JJaHbl peKOMEHJaluH 110
UCHOJIb30BAHUIO MOJIyYEHHBIX PE3YJIbTaTOB IIPU BBIOOPE HACTPOEK YIPABISIOIIETO 3IEMEHTa (cMapT(oOHA) M YIpPaBISIEMOro
3JIeMeHTa (KOMMYHHKAIIMOHHOTO IPOLIECCOpa CIIyXOBOro amnmnapara). s poBeieH s SKCIIePUMEHTaJIbHBIX UCCIICI0BAaHUH CO3/1aHbl
Y HACTPOEHBI MOJIENU CUCTeMBI yrpasieHus B cpeae MathWorks MatLab Simulink.

BeiBoasbl. [IpoBeneHHble B paboTe MCCIIENOBaHHMS MO3BOJIIOT PACCUMTaTh U OOOCHOBAHHO BBIOpAaTh IapaMeTpbl YCTPOHCTB
OeCIIPOBOIHOM CHUCTEMBI yIPaBICHUS I 3aaHHBIX [TOKA3aTENeH OCTOBEPHOCTH C y4ETOM MO/ICNH MOBEACHHUS OILIHOOK B KaHaie
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Mepeiayy U HACTPOECK COITYyTCTBYIOIIETO 000PYI0BaHHS. DTO AaCT BO3MOXKHOCTh IIPOSKTHPOBATh U PEATN30BATh HAJICIKHBIC CHCTEMBI
YIPaBICHUS C 33JaHHBIMH [TOKA3aTENIIMH JJOCTOBEPHOCTH U MAKCUMAIbHON HH()OPMAIIMOHHON CKOPOCTHIO MEPEaadr.

KJIIIOYEBBIE CJIOBA: wuH()OpMaMOHHO-YIPABISIONIME CHCTEMBI, JOCTOBEPHOCTh, KO3(D(HUIMEHT OIUOOK, MOICb,
Bluetooth.
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