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ABSTRACT

Context. The problem of fast conversion of radio signal frequency for monitoring the radial velocity of a moving object. The
object of the study was the process of converting frequency into a code based on the coincidence method.

Obijective. The goal of the work is to improve the coincidence method for creating a new signal-to-code frequency converter
without fixing the conversion time interval.

Method. The coincidence method for converting the signal frequency into a code has been improved. The improved frequency
conversion method, unlike the existing ones, consists in counting the number of complete phase cycles of the known and unknown
signals during the time of double coincidence and asynchronous mode of hardware determination of the particle. The improved
method has advantages in comparison with the method of an electro-counter frequency meter when determining the radial speed of
objects and does not have a methodical error, which in an electro-counter frequency meter increases as the unknown frequency ap-
proaches the reference to 100%. However, the improved coincidence method compared to other versions has a hardware scheme for
tracking the moments of coincidence and determining the fraction and does not require expensive and high-speed microprocessors to
calculate the conversion results.

Results. Based on the phase-frequency interpretation and the derived conversion equation and the proposed frequency-to-code
conversion scheme using the coincidence method, a functional scheme of the frequency converter was developed. This made it
possible to implement a 16-bit frequency converter in code on Intel’s MAX V series CPLD.

Conclusions. The coincidence method for converting the signal frequency into a code received further development, which,
unlike the existing ones, consists in counting the number of complete phase cycles of the known and unknown signals during the time
of double coincidence and the asynchronous mode of hardware determination of the fraction.

The influence of the frequency of signals on the time of a single measurement was studied using the coincidence method, as a
result of which it was found that with an increase in the difference between the reference and unknown frequency, the time of a
single measurement decreases.

The obtained research results can be used for the development of high-speed means of converting the signal frequency into a
binary code: in industrial tomography, radar and radio navigation for monitoring moving objects.

KEYWORDS: frequency, coincidence, electronic counter frequency meter, full phase shift, phase cycle, industrial tomography,
radar, internet of things, unmanned aerial vehicle, complex programmable logic device.

ABBREVIATIONS
CPLD is a complex programmable logic device;
FPHSH is a full phase shift;
UAV is a unmanned aerial vehicle.

NOMENCLATURE
To is a periods of a known signal;
Ty is a periods of a unknown signal;
do is a full phase shift;
No is a number of periods of the known signal during
the entire time interval of the coincidence;
Ny is a number of periods of the unknown signal dur-

ing measuring devices, in particular at developing new
methods for correcting the characteristics of the transfor-
mation of the measuring channel, which is their main
component [1]. Means of measuring various parameters
and technical characteristics of radio equipment have al-
ways occupied leading positions in science and technol-
ogy. Without an accurate definition of the relevant values,
it is impossible to build modern high-quality radio com-
munication systems, radar, navigation ground and satellite
systems. Accordingly, the improvement of known meth-
ods for creating new high-speed converters of the fre-

ing the entire time interval of the coincidence.

INTRODUCTION
The efforts of outstanding scientists are aimed at im-
proving the metrological and technical indicators of exist-

© Petrushak V. S., 2023
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quency of high-frequency signals into a code is a promis-
ing task at today’s stage of development of measuring
technology [10].

The object of study is the process of converting fre-
guency into a code based on the coincidence method. The
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process of converting a frequency into a code using an
electro-counter frequency meter usually takes a long time.
This is caused by the fact that the measurement time is
always fixed, usually one second. At the same time, there
is an additional methodical error inherent in the method of
the electro-counter frequency meter. Therefore, to in-
crease the speed of frequency conversion, it is necessary
to improve the coincidence method for this problem.

The subject of study is the coincidence method for
converting the signal frequency into a code.

The known sampling methods of frequency conver-
sion [1, 3] are low-speed, and are also characterized by
the presence of methodological error, which can reach
100% as the reference frequency approaches the un-
known.

The purpose of the work is to improve the coinci-
dence method for creating a new converter frequency to
code without fixing the conversion time interval.

1 PROBLEM STATEMENT

It is known that to convert the frequency of a signal
into a code, an electronic counter frequency meter uses a
time interval equal to one second [1, 3]. This limits its use
in radio communication systems with pseudo-random
reconfiguration of the operating frequency. Because in
such systems, the period of changing the operating
frequency can be from several seconds to several minutes.
In addition, there are limitations regarding the use of this
method and for measuring the speed of UAV movement.
Because two UAVs moving towards each other at a speed
of 200 km/h will travel more than 100 meters in one
second.

Therefore, in order to prevent emergency situations
and obtain timely information about the operating
frequency or the speed of UAV movement, it is necessary
that the time of converting the signal frequency into a
code is less than one second.

An alternative to an electronic counter frequency
meter can be a converter based on the coincidence
method. However, the imperfect theoretical justification
of the transformation process and the use of a
microprocessor to track the moments of coincidence and
determine the share nullifies all the advantages of this
method. Accordingly, the improvement of the coincidence
method and the development of a frequency conversion
device that would perform a single measurement of the
frequency of a signal in a time of less than one second is a
priority task for this research work.

2 REVIEW OF THE LITERATURE

The modern world does not stand still. The constant
development of the radio engineering industry requires
more high-speed means of converting the frequency of the
radio signal to monitor the speed of a moving object. In
ultrasound diagnostics, which are used in medicine, the
speed of blood flow in vessels is studied by determining
the frequency of the reflected signal [12]. In industrial
tomography and radar, the speed of movement of the ob-
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ject depends on the frequency of the reflected signal [1, 5,
6, 11, 12]. At the same time, it is necessary to use high-
speed frequency measurement tools in systems with ac-
tive sensors used in telecommunication networks and
UAVs based on the Internet of Things technology [2, 9].
In addition, UAVs need a quick response in the environ-
ment.

Among the methods of converting the frequency of a
radio signal into a code, the leading place is occupied by
the method of an electro-counter frequency meter [1, 3].
This method has a simple hardware implementation,
which in the simplest version requires: a reference genera-
tor, a logical AND2 multiplication scheme and a counter.
At the same time, the method of the electro-counter fre-
quency meter has a low speed of single measurement,
usually 1s. In addition, this method has a methodical er-
ror, which increases as the unknown frequency ap-
proaches the reference frequency to 100%.

There are attempts to implement the coincidence
method for frequency conversion [4, 5, 13]. However, all
these attempts have an imperfect coincidence tracking
scheme and require expensive and high-speed microproc-
essors to calculate the conversion results. All this leads to
the appearance of additional errors and increases the time
of converting the frequency into a code.

3 MATERIALS AND METHODS
The essence of the coincidence method for measuring
the signal frequency consists in the double coincidence of
the fronts of the known and unknown signals at a certain
time interval [13]. The graphic interpretation of the dou-
ble coincidence of the fronts of the known and unknown
signals at a certain time interval is presented in fig. 1.
From the point of view of phase-frequency theory[8],
both frequencies of periodic signals can be expressed in
terms of their FPHSH. At the same time, the frequency of

a known periodic signal can be represented as:

dog
Fy =90 1
0= 1)

vk [ T

A
h 4

I

J
A

Figure 1 — Graphical interpretation of the coincidence method
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Accordingly, the frequency of an unknown periodic
signal can be determined by the formula (2):

_ doy
X="q )

Let’s imagine that the time interval during which a
double coincidence of the fronts of signals of known and
unknown frequency occurs is dt. Let’s express this time
interval from formulas (1) and (2). For a known periodic
signal, we will have:

dog
de==2. 3)
Fo
For an unknown periodic signal, we will have:
dox
dt=—=-.
> (4)

Since in one period there is a phase shift of 2, then
for the entire time interval of coincidence, FPHSH for a
known periodic signal will be defined as:

d(po =27['N0. (5)

Accordingly, FPHSH for an unknown periodic signal
will be defined as:

dpx =2m-Ny . (6)

Since the coincidence of the signal fronts of a known
and an unknown periodic signal occurs in one time inter-
val, we equate expressions (3) and (4), we will have:

dog _ dox , 7
Fo  Fx

Substitute expressions (5) and (6) into expression (7)
to determine FPHSH and shorten the left and right parts
by 2=, then we will have:

No Ny ®
Fo  Fx

From formula (8), we express the frequency of the un-
known periodic signal and obtain the conversion equa-
tion:

Nx
Fx =Fp- 2. 9
No 9)

In accordance with the transformation equation (9), to
measure the frequency, it is necessary to count the num-
ber of phase cycles of the known and unknown signals
during the time of coincidence and find their proportion.

4 EXPERIMENTS
At the same time, to determine the frequency of a pe-
riodic signal, it is necessary to count the number of peri-
ods of a known and unknown signal during the time in-
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terval when the fronts of these signals coincide twice.
Schematically, such a process is presented in Fig. 2.

In accordance with the scheme presented in Fig. 2, it
iS necessary:

1. Form pulses with minimum duration for signals of
known and unknown frequency.

2. Determine the moments of matching signal fronts.

3. Calculate the moments of matching signal fronts.

4. Count the number of pulses of the known and
unknown signals during the time of two matching signal
fronts.

5. Find the share of the number of pulses of the known
and unknown signals during the time of two coincidences
of the signal fronts.

Fx Formation of Counting the N,
— nmumber of
short pulses
pulses F,
[+
k. *—Z-.
Formation of Counting =
moments of moments of c
coincidence coincidence -%
1 2
[m]
Fo Formation of Cou;l]tblng ‘[?e No
short pulses umber o
pulses Fy

Figure 2 — Scheme of the process of converting the
frequency of a periodic signal into a code by the method
coincidence

Since most of the blocks of this scheme are related to
digital signal processing, the hardware implementation of
such a converter is better to be implemented on the basis
of CPLD. The use of CPLD in radio equipment allows
you to arrange the entire digital part in the middle of one
microcircuit and improve the immunity of the circuit.
Accordingly, the processing time of the frequency
conversion results can be reduced. To form pulses with a
minimum duration for signals of known and unknown
frequency, it is advisable to use the shaper described in
[10]. In this case, the period will remain constant, and the
duration of the pulse will be equal to 2 time delays of the
basic logic element. For CPLDs of the MAX V family
from Intel, the delay is 7ns [7]. Accordingly, the duration
of the pulse will be 14ns. Determination of the moments
of coincidence of the signal fronts can be implemented
with the help of the logic element AND2. To count the
moments of coincidence of the signal fronts, we will use a
two-digit counter based on the D-trigger. With the help of
8-bit counters, we will calculate the number of pulses of
known and unknown signals during the time of two coin-
cidences of signal fronts. We will determine the share
using the DIVIDE megafunction. In addition, it will allow
to separate the whole and fractional part of the division
results. The functional scheme of the frequency to code
converter based on the coincidence method is presented in

Fig. 3.
OPEN a#CCESS m
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Rectangular pulses of an unknown frequency are re-
ceived at the FX input of the circuit (Fig. 3), and at the FO
input — of the reference frequency. With the help of fi
short pulse generators, the duration of input pulses of un-
known and reference frequency becomes equal to 14 ns.
At the same time, the period of the unknown and refer-
ence signal remains unchanged. Through 2AND logic
multiplication circuits, short pulses are sent to the inverse
exclusive OR element, which captures the moments of
coincidence. At the same time, the cnt2 counter counts the
moments of coincidence. Blocks ff, built on the basis of a
D-trigger and a logic multiplication scheme 2AND, in-
cluded in series. These blocks are intended for fixing the
leading edges of pulses. The first moment of coincidence
enables the operation of the LPM_COUNTER counters.
These counters count pulses of the unknown and refer-
ence signal. After the second moment of coincidence, the
counters are blocked. After that, the counter outputs have
a binary code corresponding to the number of periods of
the unknown N, and the reference Ny signal, for the entire
time period of the double coincidence. From the outputs
of the counters, an 8-bit binary code is sent to the input of
the DIVIDE division block. In asynchronous mode, the
division block DIVIDE defines an integer quotient (cile)
of 8 bits and a remainder (ostacha) of 8 bits. Thus, we
have a 16-bit code at the output of the frequency con-

verter. If the binary 16-bit code from the DIVIDE block is
multiplied by the value of the reference frequency, then
we will have the frequency of the unknown signal.

5 RESULTS

Modeling of the functional scheme of the frequency
converter into code based on the coincidence method
(Fig. 3) was carried out in the automated design environ-
ment Quartus Prime from Intel. In fig. 4 presents an oscil-
logram explaining the operation of the functional circuit
(Fig. 3). The first two signals correspond to the reference
FO and the unknown Fx signal. The other two signals are
data from the counters of the reference NO and measuring
NX channels. The last two signals are the result of
dividing the data from the counters. Accordingly,
cile[7..0] is an integer value, the result of division,
ostacha[7..0] is a fractional value, the result of division.

In order to determine the time of a single conversion
of the frequency into a code, by the method of coinci-
dence, it is necessary to estimate the difference in the du-
ration of the signal periods. The difference in the duration
of the periods can be written in the following way:

1—FO/FX
Fo

AT = . (10)

“LPM_COUNTER ™

sload
¢ updown

¢ cnt_en :
D | - datall Q] e

DIVIDE

.|:numeratcr[ quotient]]|— -k
denominator] remainder|—

S L—clk_en

R

T LPM_COUNTER

| sload
o fupdown

{: lenten
s datal] al

e sl L NN

L—clk_en

<]— aclr

Figure 3 — Functional scheme of the frequency converter to the code based on the coincidence method

MName: _Value: 'JESU.IUus QEU.IULIS 3[][];[]us 32[].'[]u5 340.'Uus
o-r oL T 1 T 1 1
= Fx 0

= NO[7..0] D 11 70 8 i 9 Y10 X 11
S NX[T..0] D 100 100
S cile[7..0] D9 9 9 o Y o ¥ g
=g ostacha[7.0] | D1 1

Figure 4 — Oscillograms of the operation of the frequency converter to the code based on the coincidence method
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The time between two coincidences of signal edges,

taking into account expression (10), will be determined
as:

T, To 1
AT |Fy—Fo|

(11)

The modulo value in the denominator assumes no
negative time. In this way, the moments when the un-

known frequency may be lower than the reference fre-

guency are taken into account. In fact, expression (11) is a
formula for determining the time of a single transforma-
tion. Graphical interpretation of expression (11) for three
reference frequency values: 10KHz, 100KHz and 1MHz
is presented in Fig. 5. On the vertical axis, the measure-
ment time is indicated in seconds, on the horizontal axis -
the value of the unknown frequency in hertz.

0,000014
t,s
o,000012 +—}
h
d
0,00001
|
Iy
0,000008 +H¢
? | - = 1Hz
L
0,000006 ! \ — 100KHZ
- wsssss 10KHZ
=\
0,000004 E“ }
Lo
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0,000002 N
3 ~
NS o F,Hz
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0000%090 D v Y D N

Figure 5 — Time dependence of a single frequency measurement by the coincidence method

6 DISCUSSION

Signal oscillograms obtained during modeling in the
Quartus Prime automated design environment from Intel
(Fig. 4) confirm the validity of the proposed theoretical
solutions: expression (9), scheme (Fig. 2) and the
functionality of the functional scheme (Fig. 3).

As can be seen from Fig. 5: as the difference between
the reference and the unknown frequency increases, the
time of a single measurement decreases. Thus, it can be
noted that even with a frequency difference of 1Hz, the
time of a single measurement will be one second, which
corresponds to an electric counter frequency meter. On
the basis of the developed functional scheme (Fig. 3), a
high-speed frequency converter can be developed into a
code for industrial tomography or radar reconnaissance.
The proposed version of the frequency to code converter
(Fig. 3) based on the Intel MAX V family CPLD can
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measure the frequency of an unknown signal up to 100
MHz.

CONCLUSIONS

The urgent problem of developing a coincidence
method for converting the signal frequency into a code is
solved.

The scientific novelty of the obtained results is that
the coincidence method for converting the signal fre-
quency into a code was further developed, which, unlike
the existing ones, consists in counting the number of
complete phase cycles of the known and unknown signals
during the coincidence time and the asynchronous mode
of hardware determination of the division result.

The influence of the frequency of signals on the time
of a single measurement was studied by the coincidence
method, as a result of which it was established that with
the increase in the difference between the reference and
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®A30YACTOTHA IHTEPIPETALISI METOY KOIHIMAEHIII 1151 TEPETBOPEHHSI YACTOTH
B KOJ{

IMerpymak B. C. — xaHz. TexH. HayK, TOLEHT, AoUeHT Kadenpu TenekoMyHikaliid, MEAIMHUX Ta IHTENEKTyalbHUX TEXHOJIOTIH,
XMeTbHULBKUI Hal[lOHAIBHUI YHIBEPCUTET, XMENbHUIbKHHN, YKpaiHa.

AHOTAUIIA

AKTyaabHicTb. PO3rsiHyTO npo6iemMa HMIBHIKOTO HePEeTBOPEHHS YacTOTH PaJiOCUTHAILY AJIi MOHITOPHHIY IIBHIKOCTI PyXOMO-
ro 00’exTy. OO’ €KTOM JIOCHIHKEHHS € MPOIIeC IIEPETBOPCHHS YaCTOTH B KO Ha 6a3i METOy KOIHIIMICHIIIT.

MeTta pod0oTH — yJOCKOHAJIECHHSI METOAY KOIHIMICHIIT JUIsi CTBOPEHHSI HOBOTO IEPETBOPIOBAaYa YaCTOTH CUTHATY B KoJ 0e3 ¢ik-
caii 4acoBOro iHTEpBaJy MEPETBOPEHHSI.

Metoa. Y10CKOHAJICHO METOJ KOIHIMACHIIT TS IEPETBOPEHHS YaCTOTH CHTHAIY B KOA. YIOCKOHAJICHUI METO/I MepEeTBOPEHHS
YacTOTH, Ha BiMiHY BiJl iICHYIOUHX, [OJIATAE Y MiAPAXyHKY KUTBKOCTI MOBHUX (DA30BUX LIMKIIIB BiZIOMOTO i HEBiJOMOr0 CHUTHAIIB 3a
yac TOABIHHOrO 30iry 1 acCHMHXPOHHOTO PEXHMY amapaTHOrO BH3HAYEHHS YAaCTKH. YIOCKOHAJICHHH METOA Ma€ IepeBaru B
MOPIBHIHHI 3 METOJIOM €JIEKTPOJIYMIBHOTO YaCTOTOMIpa i Yac BU3HAYCHHS PaialibHOI MIBUAKOCTI 00 €KTIB 1 HE Ma€ METOIUIHOL
MOXHOKH, SIKa y eJeKTPOJIUMIBHOIO YaCTOTOMIpa 301IBIIY€eThCS 3 HAOMIKEHHAM HeBimoMoi yacToTh 1o onopHoi 1o 100%. Pasom 3
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THM, yJOCKOHAJIEHHI MeTO KOIHIUACHIII] B MOPIBHAHHI 3 MOPIBHSAHHI 3 HIINMH BEPCisIMU Ma€ alapaTHy CXeMYy BIICITIIKOBYBaHHS
MOMEHTIB 30ir'y Ta BH3HAUCHHS YacTKH 1 HE MOTpedye IOpOro BapTICHUX i BUCOKOIIBHIKICHUX MIKPOIPOIECOPIB ISl 00paxyHKY
pe3yJbTaTiB NEPETBOPEHHSI.

PesyabraT. Ha ocHOBI (hazodacToTHOI iHTepHpeTallii i BUBEJCHOr0 PiBHSIHHS NEPETBOPEHHS Ta 3alPOIIOHOBAHOI CXEMHU Iepe-
TBOPEHHs YaCTOTH Y KOJ METOJOM KOIHIMAEHLII, po3po0ieHo (yHKIIOHaIbHY cXeMy NepeTBoproBaua yacToTu. Lle mo3Bonuio pe-
anmizyBatu 16-po3psianuii neperBoproBad yactotu B koai Ha CPLD cepii MAX V kommnawii Intel.

BucHoBku. OTprMaB MoJaNbIIAi PO3BUTOK METO KOIHIIUICHIIT I TIEPETBOPEHHS YaCTOTH CHTHATY B KOJ, SIKHI, Ha BiAMIiHY
BiJ| ICHYIOUHX, TIOJISITAE Y MiJPaxyHKy KUIBKOCTI ITOBHUX (Pa30BMX IUKIIIB BIIOMOTO i HEBIIOMOTO CUTHAMIB 32 Yac IMOBIHHOro 30iry i
ACHHXPOHHOT'O PEKUMY allapaTHOTO BU3HAYEHHS YaCTKHU.

JlociipkeHo BIUIMB YacTOTH CHTHAJIIB HA Yac HMOOAMHOKOTO BHMIpIOBAHHS 32 JIONOMOT'OI0 METOAY KOIHIMICHIIT, B pe3yJbTaTi
4Oro 3°sICOBaHO, 110 3i 30LIBIICHHSM Pi3HUILI MXK OOPHOIO 1 HEBIZTOMOIO YaCTOTOIO Yac II0OIMHOKOTO BUMipIOBaHHS 3MEHIIY€EThCS.

OtpuMaHi pe3ysbTaTé JOCIiHKEHb MOXKYTh OyTH BUKOPHUCTAHI Uil PO3pOOKH BHCOKOIIBHIKICHUX 3aC00iB MEPETBOPEHHS 4acTO-
TH CUTHAJy y JBIHKOBHUI KO/ y IPOMHCIIOBIiN ToMorpadii, pamionokaii Ta pagioHaBiramii 1st MOHITOPUHTY PyXOMHUX 00’ €KTiB.

KJIFOYOBI CJIOBA: wacToTa, KOIHIOHICHLIS, CICKTPOHHO-TIYMIBHUN 4acTOTOMIp, MOBHUI (a30Buil 3cyB, (pa3oBHil LUK,
MIPOMHCIIOBa TOMOTpadis, pagionokamis, iHTEpHET pedel, Oe3MIOTHUIA JTiTadbHUH amapat, MporpaMoBaHa JOTiYHa iIHTerpalbHa CXe-
Ma.
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ABSTRACT

Context is due to the need to analyze the electromagnetic accessibility of terrestrial radio radiation sources at long distances,
which is typical for the operation of a spacecraft of radio technical intelligence with a passive synthesis of the antenna aperture.

Objective is to calculate the probability indicators of detecting the fact of signal emission of ground-based radar stations using
radio-technical intelligence installed on a space carrier.

Method. Analytical calculation of the correct detection probability of the signal of the radio radiation sources by the spacecraft
of radio technical intelligence based on the determination of the signal-to-noise ratio at the input of the detection device. The analysis
of the technical characteristics of the group of ground radars made it possible to calculate the probability of correct detection only for
the virtual radar, which generates the minimum number of pulses with the minimum energy during reconnaissance among all the
analyzed radars.

Results. The fulfillment of the conditions of electromagnetic accessibility is checked and the correct detection probability of the
signals of modern radar stations by the space radio-technical intelligence system with a passive synthesis of the antenna aperture was
calculated.

Conclusion. Proposed use of the correct detection probability of the signal as the resulting indicator of electromagnetic accessi-
bility of the radio radiation source. In the example radar stations of the air defense proved, that the proposed parameters of the space
radio technical intelligence system with a passive synthesis of the antenna aperture provide the values of the correct detection prob-
ability of the signal, which are quite acceptable for modern monitoring systems.

KEYWORDS: spacecraft, synthesis of the antenna aperture, radio technical intelligence, a radar station, and electromagnetic ac-
cessibility.

' ~ ABBREVIATIONS L, oss s a total signal loss;
RRS is a radio radiation source; Py is a noise power;

RLS is a radar station; . . . )
RTI is a radio technical intelligence; Ky s areceiver noise factor;

SC is a spacecraft; q is a signal-to-noise ratio;
EIRP is an equivalent isotropic radiated power. AF is a signal search range by frequency;
A is a wavelength;
. . NOMENCLATURE Hg is an orbit altitude;

Trec IS a receiver noise temperature; V is aspeed of the SC:

T, Is an antenna noise temperature; AFy is a receiver bandwidth;

Grss is a gain RRS antenna; L..Lg are antenna sizes by elevation angle and

Ggrr isagain RTI antenna; azimuth:

NRrRrs.MRTI i @n antenna efficiency; 7 is an impulse duration;

Rg is the Earth’s radius; R is an impulse power;

Sa is ageometric antenna area; F; is a pulse repetition frequency;

K is an antenna surface using factor; A is a viewing zone by elevation angle;

Ty is a space noise temperature; Q 4 is an angular velocity antenna rotation;

Tarm IS an atmosphere noise temperature; Rmax 1S @ maximum distance;

Te is an Earth noise temperature; Ps is a power-useful signal;
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F,D is a false alarm and correct detection probabili-
ties;

tg is & reconnaissance time;

N is the number of receiver reconfigurations by

frequency;
M is a number of pulses at the receiver input;
k is Boltzmann’s constant.

INTRODUCTION

Detection of radiation from active radio-electronic de-
vices located on the earth’s surface is using passive moni-
toring systems in a certain frequency range. The use of
the RTI spacecraft with a passive synthesis of the antenna
aperture allows an increase in the accuracy of the azi-
muthal direction measurements at the RRS. At the same
time, both the parameters of the synthesized aperture and
the quality indicators of the signal detection of the terres-
trial RLS depend on the parameters of the spacecraft orbit
and the technical characteristics of both the RTI station
and the terrestrial RLS. The signal-to-noise ratio gener-
ated by the radio-electronic means at the input of the RTI
station analysis device must be sufficient to search the
signal in the space and for frequency.

The object of research is the process of the radio ra-
diation sources detected on the Earth’s surface by the RTI
spacecraft.

The subject of research is the electromagnetic acces-
sibility of terrestrial radio radiation sources for the RTI
spacecraft with a passive synthesis of the antenna aper-
ture.

The purpose of the work is to determine the electro-
magnetic accessibility of the terrestrial radar stations for
the RTI spacecraft with a passive synthesis of the antenna
aperture.

1 PROBLEM STATEMENT

Today, one of the priority directions of the aerospace
industry of Ukraine is the creation of effective aerospace
intelligence [1]. The concept of the National targeted sci-
entific and technical space program of Ukraine for 2021—
2025 provides for the use of space information, in particu-
lar, to ensure the realization of the state’s interests in the
region of national security and defense [2]. Surveying the
earth’s surface with spacecraft in different frequency
ranges allows for solving various tasks [3]. Recent mili-
tary conflicts have shown the importance of obtaining
timely and reliable information about the enemy’s active
RLS. Detection of radiation from active radio-electronic
devices located on the earth’s surface is using passive
monitoring systems in a certain frequency range. The use
of the RTI spacecraft with a synthesized aperture of the
antenna allows an increase in the accuracy of the azi-
muthal direction measurements to the RRS [4]. Quite a lot
of attention is paid in the literature to the issue of optimiz-
ing the orbital grouping of satellites with a synthesis of
the antenna aperture, based on ensuring a survey of a
given area of the earth’s surface [5, 6]. At the same time,
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attention is not enough to the fact that the signal-to-noise
ratio created by the radio-electronic means at the input of
the RTI station analysis device must be sufficient to cor-
rectly detect the signal. Therefore, determining the elec-
tromagnetic availability of terrestrial RRS and calculating
the probability indicators of signal detection by the RTI
spacecraft, when synthesizing the antenna aperture on
based pulse radar signals, is an actual scientific task.

2 REVIEW OF THE LITERATURE

Today, RTI systems are widely used as part of on-
board complexes placed on aircraft and SC and allow to
ensure security due to the timely detection of enemy RRS
over a large area [7]. Synthesizing the antenna aperture of
the RTI spacecraft carried out by external RRS signals.
The literature is given the results of checking the possibil-
ity of passive synthesizing the antenna aperture, in par-
ticular, based on signals from navigation satellite systems
or sources of radio astronomical radiation [8].

Peculiarities of passive synthesis of the antenna aper-
ture on based pulse radar signals [4]:

— the parameters of the received radio signals are un-
known in advance;

— the parameters of the synthesized antenna aperture
depend on the wavelength and radar pulse repetition rate;

— the unambiguity of determining the azimuth direc-
tion on the RRS depends on the parameters of the RLS
signal and the orbit altitude of the spacecraft.

The required orbit altitude of the RTI spacecraft with
the passive synthesis of the antenna aperture using the
terrestrial radar signals is determined in [4]. However, the
sufficiency of the signal-to-noise ratio value at the input
of the RTI space station analysis device for detecting the
terrestrial radar signal did not check.

3 MATERIALS AND METHODS

Active radio devices detect using the radio technical
intelligence system. The location of such systems on the
SC gives the possibility of conducting reconnaissance of
theoretically any part of the earth’s surface, regardless of
weather conditions and time of day [1].

The analysis of methods for detecting signals of radio-
electronic systems showed, that to obtain the specified
indicators of the quality of RRS detection necessary per-
form the following conditions:

— to obtain a high probability of meeting the antennas
pattern of the RRS and the RTI station it is necessary, that
the RTI station has a wide antenna pattern;

— the value of the signal-to-noise ratio created by the
radio-electronic means at the input of the RTI station’s
analysis device must be sufficient to detect a signal with
the required quality indicators;

— at the time of receiving the signal the RTI station
must be tuned to the frequency of the signal emitted by
the RRS;

— the duration of the received signal must be sufficient
for its processing.

Suppose that the analysis of electromagnetic accessi-
bility is subject to a group of ground radars, that emit
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pulse signals of a certain power R and a certain duration
i . The wavelength of the signal A is given, but the pulse
repetition frequency F; can variable within certain limits.
The RLS has the dimensions of the antenna LS,LB and

carries out a circular survey of the space with the angular
speed of rotation of the antenna Q4. The RTI station is

placed on a SC which moving in a circular orbit with an
altitude of Hg (see Fig. 1) and has a non-directional an-

tenna. The analysis receiver has a fixed bandwidth AF¢

and performs a sequential search the radar signal by the
frequency range AF . The noise coefficient of the re-
ceiver Ky is constant in throughout the search range by

frequency.

For a group of ground radars, it is necessary to calcu-
late:

— the signal-to-noise ratio, that created by the RLS at
the input of the RTI station’s analysis device;

— the number of pulses that will enter the input of one
frequency channel of the analysis receiver when it is
tuned to a certain frequency;

— probability of correct detection of the signal of the
radars by the analysis device of the RTI station.

The conditions of electromagnetic accessibility can be
calculated using the following methodology.

1. The maximum distance between SC and RRS is de-
termined [9]:

Rmax = V(Re + H0)2 - RI% - @

2. The power-useful signal the RRS creates at the in-
put of the RTI station receiver can be calculated accord-
ing to the expression [10]:

2
P, P -GRrRrs - Grri *A” “NRRs “NRTI
2 52 '
(47)° - Rifax - LLoss

)

Figure 1 — The conditions of the conducting research
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The gain RRS antenna can be calculated as follows:

4'TC'SA'KA
w2

®)

GRrrs =

The geometric antenna area is determined according to
the expression:
SA = La . LB (4)
3. In the case when the source of interference is the
antenna noise and the inherent receiver noise, the total
noise power at the input of the receiver can be determined
according to the expression [12]:

Py =k (Ta+Trec ) AF . (5)

The receiver noise temperature can be determined ac-
cording to the expression (Tp =300K) :

Trec =To - (Kn —1) (6)
The influence of external noise is taken into account
by entering the antenna noise temperature:

Ta=nr7 (Ts +Tatm +Te )+ @—ngr JTo. )

4. The signal-to-noise ratio can be calculated as fol-
lows:

(8)

5. Having set the false alarm probability F, can find
the correct detection probability of the signal with a ran-
dom amplitude and an initial phase [12]:

1
D=FW.

6. To check the fulfillment of the last two conditions
of the electromagnetic availability of the RRS, it is
enough to calculate the number of pulses of the terrestrial
RLS, which will arrive at the input of the RTI receiver
channel.

The number of receiver reconfigurations by frequency
of the RTI station during the sequential search can be
calculated according to the expression:

©)

N, — AF 10
P AR (10)
The reconnaissance time is determined:
Ae-R
to ~ —— max 11
R v (11)
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The number of pulses at the IRT receiver input, when
it is tuned to a certain frequency can be calculated as fol-
lows:

M = Fi 'tR
2N¢

(12)

4 EXPERIMENTS
For further research, we will consider ground-based
air defense RLS as RRS [13]. The analysis of tactical and
technical characteristics of RLS showed that they can be
combined into groups according to the working wave-
length, at each of which a change of the pulse repetition
frequency F; is possible. Most devices work with a

wavelength of 23 cm (F from 180 Hz to 680 Hz) and ten
cm (F from 200 Hz to 1000 Hz).

The parameters of typical RLS, for which the prob-
ability indicators of signal detection by the RTI spacecraft
will be calculated, are given in Table 1. RLS perform a
circular viewing of space with a different angular velocity
of antenna rotation and have a different operating range,
which provided by the size of the antenna system and the
energy of the emitted signal.

The analysis carried out in [4] for typical RLS showed
that the fulfillment of the conditions for the unambiguity
of measurements in azimuth is ensured when the RTI sta-
tion is placed on the SC with an orbit altitude of 14200
km (SC speed V=4.4 km/sec). At the same time, the
maximum range to the RRS, according to (1), will not
exceed 20,000 km.

Instead of calculating the signal-to-noise ratio for each
RLS given in Tab.1, this value can be calculated for a
virtual RLS with minimum signal energy. From Tab.1 can
be seen that the minimum EIRP value is 101 dB and the
minimum impulse duration is two ps.

Therefore, the signal-to-noise ratio can be calculated
for a virtual radar that uses the signal with an impulse
duration of two us at a frequency of three GHz and has
EIRP =101 dB.

5 RESULTS
The calculation of the signal-to-noise ratio for the vir-
tual RLS can begin with the determination of the noise
power at the input of the analysis unit of the RTI station.
For the search of the RRS signal by frequency, it is
necessary to set the parameters of the analysis unit of the

RTI station. Suppose, that the signal search range by fre-
quency AF =0.5-18 GHz and NRRS = MRTI =0.7.

The receiver with a bandwidth AFx =1 MHz carries
out a sequential search by frequency and has Ky =~ 3.

Then, according to (6), the receiver noise temperature
is Trec =600K . For a signal frequency greater than
1 GHz, the space noise temperature Tg is almost zero, the
atmosphere noise temperature is Tamy ~110K and the
average Earth noise temperature is Tg = 250K [11]. The

maximum of the RTI station antenna pattern is toward the
Earth, therefore the component Tg is completely in-

cluded in the noise temperature (7) and T ~ 340K .
Then, according to (5), the noise power at the IRT re-
ceiver input Py ~1.3-107Mw .

The power-useful signal at the input of the RTI station

receiver with a non-directional antenna, that creates by
the virtual RLS with K =0.7 will be calculated accord-

ing to the expression (2). At the same time, the total sig-
nal loss for the 3 GHz frequency does not exceed six

dB [10]. Then, the power useful signal Ps = 2.7-107 0w

and the signal-to-noise ratio, according to (8), will be 23
dB. The correct detection probability of a signal with a
random amplitude and an initial phase, according to (9),

will be 0.99 at F =107%.

A necessary and sufficient condition for detecting a
signal is the arrival of at least one pulse at the input of the
RTI receiver tuned to a certain frequency during the re-
connaissance time. Verify the fulfillment of this condition
can also by using a virtual radar, which generates the
minimum number of pulses during reconnaissance. Ac-
cording to expressions (11) and (12), the minimum num-
ber of pulses at the input of the RTI station receiver will

be at the minimum values of Ae =20° and F =180 Hz.

The number of the receiver reconfigurations by fre-
quency of the RTI station during the sequential search,
according to (10), will be N =18000 at tg ~1586 sec.

During this time, at least seven pulses will arrive at
the input of the RTI station receiver, according to (14),
but even with one pulse, the virtual RLS signal is detected
with sufficiently high-quality indicators.

Table 1 - RLS parameters

RLS Range, A, Tj R, L xLg, EIRP, 93(9[3) Q. rpm
km cm s kw m dB degree Ae degree
AR5 400 23 2-5 2000 14.4x5.4 104 40 (1.2) %o
S625 340 23 5 4600 7.4x2.4 101 45 (2.3) %5
S690 400 23 10 3300 14.5x4.5 106 30 (1.25) %O
S640 600 10 10 6000 12.2x4.7 115 30 (0.62) %0
AN/TPS-32 550 10 30 2200 3.1x8.2 107 0.9(2.2) %O
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6 DISCUSSION

The radar with an active synthesis of the antenna aper-
ture uses the motion of the antenna over a surface Earth to
provide finer spatial resolution than conventional beam-
scanning radars. The altitude of the spacecraft orbit, size
of the board antenna and the parameters of the RLS signal
emitted is provide of the uniqueness main antenna pattern
both in range and in azimuth. At the same time, the in-
formation about the parameters of the emitted signal is
always known.

Recent military conflicts have shown the importance
of obtaining timely and reliable information about the
enemy’s active RLS. Detection of radiation from RLS
located on the earth’s surface is using passive monitoring
systems in a certain frequency range. The literature is
given the results of checking the possibility of passive
synthesizing the antenna aperture, in particular, based on
signals from navigation satellite systems or sources of
radio astronomical radiation. In contrast from this studies,
in work estimated the electromagnetic accessibility of
typical ground-based air defense radars. The use of the
RTI spacecraft with a synthesized aperture of the antenna
allows also an increase in the accuracy of the azimuthal
direction measurements to the RLS. Therefore determin-
ing the electromagnetic availability of terrestrial RLS
using the RTI station with a passive synthesis of the an-
tenna aperture located on the SC is an actual scientific
task.

At the same time, the parameters of the passive syn-
thesis of the antenna aperture depend on the parameters of
the SC orbit and the technical characteristics of both the
RTI station and the terrestrial RLS. The air defense radars
perform a circular viewing of space with a different angu-
lar velocity of antenna rotation and have a different oper-
ating range, which provided by the size of the antenna
system and the energy of the emitted signal. The signal-
to-noise ratio generated by the RLS at the input of the
RTI station analysis device must be sufficient to search
the signal in the space and for frequency. The analysis of
the technical characteristics of the group of ground radars
made it possible to calculate the signal-to-noise ratio only
for the virtual radar, which generates the minimum num-
ber of pulses with the minimum energy during reconnais-
sance among all the analyzed radars.

A necessary and sufficient condition for detecting a
signal is the arrival of at least one pulse at the input of the
RTI receiver tuned to a certain frequency during the re-
connaissance time. Verify the fulfillment of this condition
proposed to calculate also by using a virtual radar, which
generates the minimum number of pulses during recon-
naissance.

The distance for which the calculation of indicators of
the electromagnetic accessibility of RLS is provide of the
uniqueness of the main maximum of the pattern at passive
synthesis of the antenna aperture both in range and in
azimuth. Proposed use of the correct detection probability
of the signal as the resulting indicator of electromagnetic
accessibility of the RLS. Analytical calculation of the
correct detection probability of the signal of the air de-
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fense radars by the SC of RTI based on the determination
of the signal-to-noise ratio at the input of the detection
device were carried out. The methodology for calculating
electromagnetic accessibility indicators is based on gener-
ally accepted theoretical principles, so the obtained results
can be considered reliable.

CONCLUSIONS

The scientific problem by the need to analyze the
electromagnetic accessibility of terrestrial radio radiation
sources at long distances, which is typical for the opera-
tion of a spacecraft of radio technical intelligence with a
passive synthesis of the antenna aperture.

In contrast to similar studies using monitoring systems
with the passive synthesis of the antenna aperture, an as-
sessment of the electromagnetic accessibility of typical
ground-based air defense radars.

The mathematical aspects of calculating the probabil-
ity of correct detection of signals for a group of ground
radars were further developed by introducing a virtual
radar that generates the minimum number of pulses with
the minimum energy during reconnaissance among all
radars, which analyzes.

Practical significance. In the example radar stations
of the air defense proved, that the proposed parameters of
the space radio technical intelligence system with a pas-
sive synthesis of the antenna aperture provide quite ac-
ceptable values of the correct probability detection of the
signal. The correct detection probability of a signal with a
random amplitude and an initial phase is D=0.99 at

F=10"*.

When sequential searching for the virtual radar signal
by frequency in the range of 0.5-18 GHz with a step of
one MHz, during the reconnaissance time, at least seven
pulses will arrive at the input of the RTI station receiver.
The frequency of the search channel will be hopping by
one MHz every 38 msec, which is quite acceptable for
modern monitoring systems.

Directions for further research there is estimate the
possible accuracy of the different methods determining
the radar located on the Earth’s surface when using the
RTI spacecraft with the passive synthesis of the antenna
aperture.
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AHOTAIIA

AKTyaJIbHICTB 3yMOBJICHA HEOOXIJHICTIO NMPOBEICHHS aHANi3y €JIeKTPOMAarHiTHOI JOCTYIHOCTI Ta PO3paxyHKy HMOBIpHICHHX
MMOKa3HKKIB BHSBJICHHS CUTHAJIIB HA3eMHHX KEepes PadioBUIPOMIHEHHS HA TOCHTh BEIUKHUX BiJCTaHAX, L0 XapaKTepHO I pOOOTH
KOCMIYHOTO0 anapaTy paaioTeXHiuyHOI PO3BiIKH i3 CHHTE30BaHOIO allepTyPOI0 aHTCHHU.

MeTo10 po0OTH € BU3HAYCHHS CJICKTPOMArHITHOI AOCTYMHOCTI HAa3eMHHX PATiONOKAIIMHUX CTAaHLIN Ui KOCMIYHHX 3aco0iB
pamioTeXHIYHOI PO3BIOKM 3 MACHBHHUM CHHTE30M alepTypd aHTCHH Ta PO3PaXyHOK MMOBIPHICHHX ITOKA3HHKIB BHSBJICHHS (akTy
BUIIPOMIHEHHS CUTHAJIB.

Metoa. AHATITHYHUIA PO3paXyHOK HMOBIPHOCTI NMpPaBHJIBHOIO BHUSIBJICHHS CHIHAIY JDKEpET PaJiOBHIPOMIHEHHS KOCMIYHONO
CHCTEMOIO PaJiioTeXHIYHOI PO3BIJIKK 3 MTACHBHUM CHHTE30M allepTypH aHTCHU HA OCHOBI BU3HAUCHHS BiJHOIICHHS CHTHAI/IIYM Ha
BXOJIi NPUCTPOIO BUSIBJICHHS, IPU 3aJaHUX IapaMeTpax KOCMIYHOI CHCTEMM PO3BiKHM. AHaJi3 TEXHIYHUX XapaKTEPHCTHK TPYyIH
HazemHux PJIC no3BosMB po3paxyBaTH IMOBIpPHICTh NPAaBUIIBHOTO BHUSBIICHHS Jivmie 1iist BiptyansHoi PJIC, sika reHepye MiHIManbHy
KIIBKICTB IMITYJIBCIB 3 MiHIMAJIBHOIO €HEprieio 3a yac po3Binku cepen ycix PJIC, mo mimsrany anamisy.

Pe3yabraTn. [lepeBipeHo BUKOHAHHS YMOB €JEKTPOMArHiTHOI JOCTYMHOCTI Ta po3paxoBaHa iIMOBIpPHICTh BHSIBIICHHS CHUTHAIB
CYYacHHUX paJioNOKAIHAX CTaHIII KOCMIYHOIO CHCTEMOIO PaiOTEeXHIYHOT PO3BIAKH 3 TACHBHUM CHHTE30M alepTypH aHTCHH.

BucHoBku. Sk pe3ynbTyrounii MOKa3HUK €NEKTPOMATHITHOI TOCTYITHOCTI 3alIpOTIOHOBAHO BHKOPHUCTOBYBAaTH HMOBIPHICTH pa-
BUJIBHOT'O BHUSIBJICHHSI CHI'HAILY JUKepesa pagioBUIpoMiHeHHs. JJoBeeHO, 10 oOpaHi napaMeTps KOCMi4HOI CHCTEMH PajioTeXHIYHOT
PO3BiAKH 3a0€3MedyIOTh IIIJIKOM NPUHHATHI 3HaYeHHS HMOBIPHOCTI IPAaBUIILHOTO BHSIBJICHHS CHTHAJIIB HAa3eMHHX Pa/ioioKamiitHIX
CTaHI{ POTUIIOBITPSHOT 0OOPOHH.

KJIFOYOBI CJIOBA: kocMiuHa CHCTEMa, aHTCHA i3 CHHTEC30BAHOIO alepTyporo, PaaioTeXHiUHAa pO3BilIKa, paiosioKamiiiHa
CTaHIIisl, eIeKTPOMArHiTHA JOCTYHICTb.
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MATEMATHUYHE
TA KOMIT'IOTEPHE MOJEJIFOBAHHA

MATHEMATICAL
AND COMPUTER MODELING

VIK 519.2

KOHLUEMLISA IHOOPMALINHO-EHTPONIHOI'O MPOCTOPY
MOBYA0BU MOJEJEN CUCTEMHUX OB’E€KTIB JIJIS 3AJIAY
CTAJIOT'O PO3BUTKY
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ninag, Hamionansamii Texuiunuil YHiBepcuTeT «XapKiBChKUH MOMITEXHIYHAN IHCTUTYT», YKpaiHa.

AHOTALIA

AKTyanbHicTh. Bupimenns 3aBraHp NOrIMOJISHHS MDKIUCHHIUIIHAPHUX CHCTEMHHUX JOCIIUKEHb IPU MOIIYKY DIiIIeHb 3amad
CTaJIOr0 PO3BHUTKY JUISl PEANIbHUX COLIaIbHO-EKOJIOTr0-eKOHOMIYHUX 00’ €KTIiB HAa OCHOBI CHCTEMOJIOTTYHOIO MOJICJIIOBAHHS Ta 3aIpo-
BaJUKEHHs iH(OpMaIiiHO-eHTPOMIHHOr0 MPOCTOPY BU3HAYEHHS OLIHKH CTaHy Ta (yHKI[IOHAJIBHOCTI TAKUX 00’ €KTIB UL IPUHHSATTS
YIPaBIiHCHKUX PIillIEHb B YMOBaX HEBH3HAUCHOCTI.

Meta. MopnentoBaHHs MOTOYHOI CUTYyawil HOCIIJHOTO COLIabHO-EKOJIIOr0-eKOHOMIYHOTO 00’€KTa Y BUIIALI KOOIIEPATHBHOTO
3B’SI3Ky «JIOCJiZIHA CHCTEMa — HAaBKOJIMILIHE CEPEJOBMILE» Ha 0a3i CHCTEMOJIONiYHOT MOEN, 10 BU3HAYATUME YMOBHU JIOCATHEHHS
LTI JOCHIPKEHHS 00’€KTa 3aBISKU BUSBICHHIO CHHEPIreTHYHOI B3a€MOIil BHYTPIIIHIX 1 30BHIMIHIX (akTopiB y iH(opMamiiHO-
EHTPOIITHOMY POCTOPi MOAaHHs (QYHKIIOHYBaHHS 00’ €KTa.

Meton. Y po0OoTi HaBEICHO PE3yJIbTATH JIOTIKO-CKCIIEPUMEHTANBFHOTO JTOCTIKEHHS 3 OLIHKK CTaHy CKIAJHUX 00’ €KTIB colia-
JIBHO-EKOJIOT0-€KOHOMIYHOT IIPUPOH, iX PO3BUTKY B YMOBAaX CTOXAaCTHYHOTO 30BHINIHBOTO CEPENOBHINA 3 MO3HUMIH BiIIOBIIHOCTI
BHMOTaM CTaJIOr0 PO3BUTKY Ha OCHOBI 3aIIpONOHOBAHOTO IiJXOMY, 0 CTAHOBUTH CHCTEMOJIOTIUYHY OCHOBY CTBOPEHHS €HTPOIIHHOT
MOJIEITI JIOCTITHOTO 00’ €KTa, alrOPUTMI3allil po3B’A3Ky 3a/1adi OI[iHKH IIIbOBOTO CTaHy CKIAJHHX CHCTEMHHX 00 €KTIiB 3a 3HAUCH-
HSIM €KOJIONYHOro (DYHKIIIOHAIY SIKOCTI, 1[0 CTAHOBHUTH CITiBBIIHOLICHHS SHTPOMiHHNX (yHKIiH cTaHy «CHCTeMH 00’€KTa — HaBKO-
JIMIIHE CePEeOBHIIE» i MPOLECIiB B3aEMOIi MK HUMH, OTPHMAHHUX 32 Pe3yJIbTaTaMH CTATHCTHYHOTO aHAI3y IaHUX MOHITOPHHIY
00’ €KTiB, BiTHECEHUX O TEXHOI€HHUX (€KOHOMIYHHUX), COLIANBHUX 1 MPUPOHAX CHCTEM.

Pe3yabTaT. Brepiue 3amponoHOBaHO BHUKOPHCTAHHS KOMIUICKCHOTO MOENHAHHS MOJIOKEHb CHCTEMOJIOTI Ul BH3HAYCHHS
CTPYKTYpHU 00’€KTa JIOCIIKEHHS, TEOPESTUIHOTO 3HAHHS 3 iH(OpMaIiifHOI eHTpomii I OIICy MapaMeTpiB cTaHy OyIb-sIKOTO ele-
MEHTa CHUCTeM 00’€KTa Ta METPUKH EHTPOIIHHOrO OMHCY CTaHIB i mporeciB. [yt 0CTaTOYHOI OMIHKY piBHOBAaru (hyHKIIOHYBaHHS
JIOCJIITHOTO 00’€KTa BIPOBA/XKCHO BIAHOCHUI (DYHKIIIOHAN BIAMOBITHOCTI, IO JA03BOJISE OLIHUTH HASBHICTh TOUOK HECTAOLTBHOCTI
CHCTEMHOT'O i IPOIIECHOTO XapakTepy Ha OCHOBI MOJIEli BKJIQJICHOI CHCTEMHOI CTPYKTYpPH, L0 BXKJIMBO ISl MIPUHHATTS pillIeHb 3
nepe10aueHHAM CHHEePreTHYHUX TO3UTUBHHUX BiTyKiB.

BucnoBku. BusHaueHi nepeBary 3arporoHOBaHOIO KOMIUIEKCHOTO MiIXOy SHTPOIIHHOTO OLIHIOBAaHHS CTaHIB CHCTEM 1 Ipole-
CiB y HAX Ha OCHOBI CHCTEMOJIOTIYHOI MOJETi «00’€KT — HABKOJHIIHE CEPEIOBHUILE» IS BU3ZHAUCHHS YMOB PETYIIOBAaHHS CTAJOTrO
PO3BHTKY JOCTIIHOTO 00’€KTa 3aBASKHA BUKOPHCTAHHIO BUSBICHHX CAMOIOBUIBHUX 1 MPUPOAHUX CHHEPTETUYHUX BiATyKiB. OTprMma-
HO yHiBepcanbHy 0a3y JOCIIHKEHHS CKJIaJHUX CHCTEMHHX YTBOPEHbB 3 OIIHKU CTAJIOCTI iX cTaHy Ta (pyHKIIOHAJIBHOCTI 3aBASKU CH-
Heprii IporeciB i 3B’43KiB «00’€KT — HABKOJIMIITHE CEPEIOBHINE» Ha OCHOBI KOMIIEKCHOTO BUKOPHUCTAHHS CHCTEMOJIOTIYHOTO MOJIe-
JIIOBAHHS, CHTPOMIHHOTO OI[IHIOBAHHS BX1THUX JaHHX.

KJIFOYOBI CJIOBA: cucteMoorisi MOJIC/TIOBaHHS, BKIIAJICHI CUCTEMHI CHCTEMH, SHTPOMiiHa (DYHKIIisS CTIHKOCTi, CHHEpreTH-
4Hi e()eKTH JIOTiYHI CTPYKTYPH OL[HKHU CTaHy MPOIIECIB i CTaHiB, EHTpOMiiHUIT HyHKIIOHAII.

ABPEBIATYPU
HC — HaBKONHIITHE CepeIOBUIILE;
HYC — nag3Buuaiina cutyariis;
BCC - BkiazieHa ckiajiHa CHCTEMA 9 CTPYKTYPa;
MSRYV — max cunepreTHyHa BUTAKOBA BEJIUYMHA,
PID - the Partial Information Decomposition frame-
work, crcTemMa 4acTKOBOTO PO3KIJIaJaHHs iHpOpMaIii.

HOMEHKJIATYPA
S%’nside — CHTPOIIis cTaHy 00’ €KTa,
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1

insige. — CHTPOIIISl CTaHy CKIJIaIOBUX CHCTEM 00’ €KTa,
1

Sgutside — HTPOIIiS 30BHIIIHBOIO CEPELOBUIIA;

Sgutside- — GHTpOIIisI CTaHy CHUCTEM 30BHIIIHBOTO Ce-
i

PEIOBHIIA, [0 OE3MOCEPEIHBO OTOUYIOTh 00’ €KT;
Sprocessilnside — EHTPOIIisl MPOIIECIB, IO CTOCYIOTHCS
BHYTPIIIHBOTO IIPOCTOPY 00’ €KTA JTOCIIHKEHHS,
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1

SProcess; ;. — CHTPOIis IIPOLECIB Y CHCTEMax BHY-
1

TPIIIHBOTO TIPOCTOPY 00’ €KTA;
2

Sprocessyytsige

FOTBCS B 30BHIITHBOMY IPOCTOPi 00’ €KTa TOCIiIKEHHS;

2
Sprocessoutsidej

— CHTpOIis TpoIeciB, MO BixOyBa-

— EHTPOIIis MPOIIECIB, Ki Bi3HAYCHI

B CHCTEMaX, OTOUYHOUYHUX 00’ €KT 30BHI;

| (X Y )— B3aeMHa iH(hopmaris [llenHOHa;

H (Y) — EHTpOIIis 3arajbHOI KiJIbKOCTI iH(opMaii;

Pr — ymoBHuI1 po3mniofiinn IMOBIpHOCTEH;

H (Y | X ) — YMOBHa EHTPOIIis;

| (X ; 1.2) — TepM KOMIIOHEHTa HaJIMIpHOCTI MiX
3MiHHMMH 11 2;

| (X ;12 \1,2) — TepM CHHEPTeTHYHOI iHpopMarii TBOX
3MIHHHUX,

F — ¢yHkuioHan BigHOCHOT piBHOBArH;

Foystem — GYHKLIOHAI OLIHKHU PIiBHS CTaHy CHCTEM SIK

MOPIBHSIHHSI BITHOCHUX €HTPOMNIHHMX (DYHKLIH cTaHy cH-
cTeM 00’€KTa Ta CUCTEM 30BHIIIHHOI0 OTOYEHHS,

Forocess — (YHKUIOHAI OLHKA CTaHy IpOLECIB SK

BiJJHOILICHHSI €HTPOMIHHOT (QyHKIii BU3HAYEHHS IIPOIECIB
y cHcTeMax i MK CHCTeMaMH B 00’€KTi 0 eHTPOMIHHOT
OIIIHKH CTaHy 30BHIMIHIX MPOIECIB i BIUIMBY Ha 00’ €KT;

S| — 3aranbHa EHTPONIMHA XapaKTEPUCTUKA CTaHY

00’exTa BIJINOBIAHO J0 JOCII/DKEHHS Ha CHUCTEMOJIOTiY-
HOMY DiBHI «00’€KT — HaBKOJIMIIHE CEPEIOBHIIIEY;
S, — 3arajbHa EHTPOMiNHA XapaKTEePHCTHKA CTaHY

CHCTEM 30BHIIIHBOTO CEPEIOBHUIIA BiAMOBIIHO OO0 IOCIIi-
JOKEHHS Ha CHCTEMOJIOTIYHOMY DiBHI «00’€KT — HaBKO-
JIUIIHE CEPEIOBUIICY;

Asilnside- — EHTpOMiifHa OLliHKa 3MIH Yy CTaHi CUCTEM

1
00’exTa 3a 3MEHIICHHSAM BEJMYMHU eHTpomii abo 3poc-
TaHHAM (QYHKIIi €HTPOMil 70 MaxX 3Ha4eHHs, IO BiqIOBi-

Jae CTaHy piBHOBar# «o00’ext — HC»;
AS?

outsidej — €HTpOIIMHA OIIHKAa 3M1H Yy CTaH1 CUCTEM

HC 3a 3MeHIIIeHHAM BEIMYUHHM CHTPOIIT a00 3pOCTaHHIM
GbyHKUIT eHTpomil 1O MAaX 3Ha4YeHHs, LIO BiAMNOBIlAE cTa-
Hy piBHOBaru «o0’ext — HC»;

2

outside i —0

ASpocess — 3MIHM EHTPOIHOT (QyHKIIT

mepediry mporieciB y 30BHINIHBOMY CEPEIOBHII, IO 3a-
0e3redyroTh BiICYTHICTb BIUIMBY Ha 00’ €KT;

1 :
Sinside, (std ornorm) — enrpomis cramy cucrem

00’€eKTa, 1110 BiAMOBigae roMeocTasy «00’ ekt — HC»;

Silnside» (norm func) — eHTporis (QYHKIIOHATBHOCTI CH-
1

cTeM 00’ €KTa BIATOBIAHO 10 TOMeocTa3y «00’ ekt — HC»;

2 - . ]
Soutsidej (std or norm) — eHTpomist CTaHy cucTeM Ha

BKOJIAIIHBOTO CEPEIOBUINA, OTOUYIOUOro 00’ €KT, 32 yMO-
BH ToMeocTasy «00’ekT — HC»;
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2 . . .
Soutsi de; (norm func) eHTpomis (yHKIIOHaIBHOCTI
CHUCTEM  HABKOJMIIHBOTO CEpPEAOBHIIA, OTOYYIOYOI' 0

00’€KT, 32 yMOBH roMeocTa3y «00’ ekt — HC»;

Sprocessilnside- (norm func) — eHTpomniiHa QYHKIIs, 10
1
BIJIMOBia€ 3a cTaH Iiepediry NpoLeciB B CHCTEMax

00’€eKTa 1151 MATPUMKH TOMe0cTasy «00’ ekt — HC»;

Spocess2

Outside_(norm func) — eHTpomiiiHa QyHKIis,
j

IO BiANOBiZa€e 3a cTaH mepediry HpoLeciB B cHCTeMax
30BHIIIHBOTO CEPEIIOBHINA, OTOUYIOUHX 00’ €KT, JUIS IiJ-
TPUMKH romeocrasy «o0’ekt — HC»;

SOM _ hyHKmis eHTpoIii cTaHy 06’ €KTa, 10 BU3HA-
1

Yyae piBHOBATY UM JIOCSITHEHHS HTHOBOI (DYHKIII T CHC-
TeMHt «00’ ekt — HC»;

ghorm_ HKIIA eHTporii ctany cucrem HC, B3ae-
2

MOJIIF0YHX 3 00’ €KTOM, IO BH3HAYAE PIBHOBATY YH JOCS-
THEHHS 111b0BOT QYHKIIT 1uist cucTeMu «00’ ekt — HC».

BCTYII

Bupiniennst 3aBiaHb 3a0€3MeUeHHs CTaIOr0 PO3BUTKY
cycrinecTBa (sustainable development) e yce 6inbn npo-
OJIEMHHM Y 3B’SI3KYy 3 BEJIMKOI MAcCIITa0HICTIO Ta iHTCH-
CHBHICTIO T'OCIIOIaPCHKOT JIsITBHOCTI B YMOBaX 3pOCTaHHS
TEMIIiB il PO3BHUTKY i HerepeadauyBaHOCTI BIATYKIiB Ha-
BKOJIMITHBOTO CEPEZOBHUIAa Ha IH(QOPMAIHHUA THUCK 3
0OOKy cOIliabHO-eKOHOMIYHHUX crcTeM. [IpobieMHi o6ma-
CTI IOCIIIKEHb IIOB’sA3aHl 3 HEOOXIAHICTIO CBOEYACHOTO
BUsIBIIEHHS 03HaK po3BuTky HUC, mo BukinkaHi HeraTu-
BHUMH HACJIIKAMH CHHEPreTHYHUX BIATYKIB BiJ MPUXO-
BaHMX (HEMOOIIHEHNX) TIepebiriB mpoIeciB SIK HACTIIKIB
B3a€MO/Iii MPUPOTHUX EJICMEHTIB CUCTEM 3 TEXHOT'CHHHU-
MU (akTopaMu BIUTUBY Ha COLIAJIbHO-EKOJIOTIUHI CKIIa/0-
Bi ociiiHOrO 00’ €KTa.

[Momyk mnuisAxiB, MexaHi3MiB, METOJIB, SKi MOTJH O
3aro0irTy pyHHYIOYOMY BIUIMBY TOCIIOJapCHKOI JisUTBHO-
CTi Ha HAaBKOJIMIIHE NPUPOIHE CEPEAOBHIIIE, TTOB’ I3aHUH 3
OOTpYHTYBaHHSIM 1 TPHAHATTSIM OO il HAyKOBO-
TEOPETUYHHX OCHOB 3 KOHKPETHUM 3MICTOM HOHATTS
«cTanuit po3BUTOK». [Ipu pO3B’SI3Ky TAKUX KOMIUICKCHUX
MpoOJIEMHNX 3aad AOIIFHO y TepIry depry copMmyBa-
TH MDKAMCIUIUTIHAPHY HayKOBY 0a3y, IO T03BOJUTH BU-
SBUTH YHIBEpCAJbHI 3aKOHOMIPHOCTI PO3BUTKY CHCTEM
OyAb-sIKOT MPUPOAY 3a pealizalli€lo TOBUILHUX MPOIECIB,
10 CTAHOBJISATH CAMOOPIaHI3aIliI0 CHCTEM.

Teopist camoopranizauii € Haykow Ipo CKIamHy H
CTaJly HepiBHOBary, HecTaliOHapHI Ta JAWHAMIYHI CTPYK-
Typu. Came 11e it MOB’SI3yIOTh 3 CHHEPIeTUKOIO SIK TEOpi-
€ro camoopranizarii [1-3], aucunmatuBHUX CTpyKTYp [4—
5], munamiuHoro xaocy [6].

3aranoM MOIIMPEHUM € BH3HAUCHHS CHHEPreTHKH 5K
TEOPETHYHOTO OMHCY 3ac00iB KooIeparii, KOrTepeHTHOTO
B32€MOY3TOJUKEHHS MOBEAIHKH IPUPOTHMX 1 JIOICHKUX
CHCTEM B CKJIaJHO OPraHi30BaHUX yTBOpeHH:X. J{ms cuc-
TEMHHUX JIOCHI/DKEHb TaKHX OO0 €KTIB 1 KiOEpHETHYHHUX
iell CMHepreTHKa JI03BOJISIE BUSBUTH TPHHIUIIN €BOJIIO-
1ii ¥ KOCBOJIIOLIT CHCTEM, BCTAHOBUTH MPUYMHH HECTa0i-
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JIBHOCTI Ta Xaocy, 3alpoBaJUTH METOJIH YIPaBIIiHHS He-
CTIHKUMH CKJIQJHAUMH CHUCTEMaMH 3aBJSIKH BHKOpPHCTaH-
HIO BU3HAUCHMX MPOLECIB MiITPUMKH IX caMoopraHizamii
i pisoBaru 3 HC [7].

CHHEepreTHYHAN MiAXix, TOB’S3aHUM 3 HETIHIHHUM
aHaJII30M CKJIAIHUX IWHAMIYHMX CHCTEM 1 SBHIL, 00YMC-
JICHHAM EKCIIEPUMEHTAIbHUX JaHUX 1 MaTeMaTHYHUM
MOZENIOBaHHIM, IPONOHYEThCS BBaXKATH OCHOBOIO VIS
(opMyBaHHS KOPIIOPATHBHUX 3HAHb Yy OyIb-AKiil HayKo-
Bill rajy3i, AJsl BUBUSHHS Ta OTPUMAaHHS IJIbOBOT iH(pOp-
Marii Ta piteHb. TpaHCIUCIUITIMHAPHI PUCH CHHEPTeTH-
YHOTO IIJXOJy Ha/Jal0Th MOKJIMBOCTI HEPEHECEHHs KOT-
HITMBHUX CXeM 3 OJHi€i cy0’ekTHOi oOnacTi Ha iHmY 3
BUHHUKHEHHSIM CITUTBHUX MPOCTOPIiB iCHYBaHHS.

VY Mekax CHHEpPreTUYHOro aHamizy LIOJO0 CTaHy CHC-
TeMHU OyIb-SIKOi CKJIAAHOCTI JIiFOTH CBOJIOMIMHI IpaBHia
3a0opoHH. Lle mo3Boisie BU3HAYaTH HANpsIMU MEPEXOMIB
JIO CTaIliOHApHOTO CITiBBITHOIIEHHS CHCTEMH 3 HaBKOJH-
miHiM - cepemoBumieM  (rapmowizamii). Ha  ocHoBi
00’eTHAHHS CHCTEM 00’€KTa 3 OTOYYIOUUMH HOTO CHCTe-
Mamu HC B eiuHe yTBOpEHHS BH3HAYalOTh YMOBH JUIs
MPOIIECIB CHHEPTeTHYHOI Iil 3 MiATPUMKH CaMoopraHiza-
il piBHOBaru «06’ext — HC» [1-14].

IpyHTOBHI pillleHHs HA CHHEPrETHYHMI OCHOBI BUMa-
raloTh KOMIUIEKCHOCTI CTPYKTYpyBaHHS 00’€KTa JoCiIi-
JUKEHHSI CUCTEMHOro piBHs cruaaHocTi. lle BaximBo B
yMOBaX JMHAMIYHHMX 3MiH Yy HPHPOJHHX CHUCTEMax, II0
3HaXOAATHCS Y B3AEMOII 3 COLIaIbHO-EKOHOMIYHUM IPO-
cropoM. [Inisi perysroBaHHS iX CTaJoro pO3BUTKY AOLINb-
HHM € 3BEPHEHHS [0 IT0JI0’KEHb CHCTEMOJIOTTI.

TakuMm 9WHOM, TOIIYK YU pO3poOKa METONIB aHAIi3y
H MOJENIOBaHHA CKJIAJHUX CHUCTEM BH3HAYaTHMETHCS
THM, [0 POJIb CUCTEMH OLIBII BHCOKOTO TMOPAAKY (Has-
CHCTEMi) BCTAHOBIIOEThCSA Yepe3 (YHKI[IOHATbHE MPH-
3HaueHHs (UinbOBY (YHKIIO) Ta BiJ3HAYCHI MPU JOCTi-
JUKEHHI CYTHICHI BJIaCTHBOCTI.

Cucrema 31 CBOIMHM (YHKIIOHaJIbHUMH BIIACTUBOCTS-
MU € HaCIiIOK HasBHOCTI (PYHKIIIOHATHHOTO 3aIUTY HAJ-
cucTeMd Ha 11 meBHy QyHKHi0. Y mpomeci (QyHKIIOHY-
BaHHS CHCTEMH B HajcucTeMi i1 QyHKUis (IT0TOYHA BHYT-
pilTHS JeTepMiHaHTa) TIOCTYIIOBO HAOIMKAETHCS 10 DyH-
Kitii (rpaHU9HOI BHYTPIIIHBOT JETCPMIiHAHTH), IO 3a1a-
€ThCS 3AIIMTOM HAICUCTEMH. TaKMM YMHOM 34IHCHIOCTHCS
Y3TOJDKEHHS BHYTPINIHBOI JAETEPMIHAHTH 3 30BHILIHBOIO
JETepPMIHAHTOO, 110 € OCHOBOIO aHAJI3y CKJIAJHHUX CHUC-
TEM Ha OCHOBI CHCTEMOJIOTIYHOTO Tiaxoy [15].

VY pasi po3risiay 3amad CTajJoro PO3BUTKY INPH BH-
BYCHHI 00’€KTa JOCTIIDKEHHS SIK COIiajbHO-EKOJIOTo-
€KOHOMIYHOI CHCTEMH BCTaHOBIIIOETHCS CTYIiHb aJarTo-
BaHOCTI 11 10 3aIUTy HAACUCTEMH, 110 CTAHOBUTH BUMOTH
0e3neKH HaBKOJIMIIHBOTO CePeIOBHUIIA.

OO0’ eKT DOCTIIKEHHSI — CHCTEMOJIOTISI MOJIETIOBAHHS
CKJIaIHUX 00’ €KTIB CTAJOr0 PO3BUTKY HA OCHOBI MOJAHHS
ix B iHpOPMAIIITHO-eHTPOIIITHOMY POCTOP1 OLIHIOBAaHHS
cTaHy Ta (QYHKIIOHATBHOCTI SIK «00’exT — HC».

IIpeamer pocaimxenHs — moOyaoBa MoJeNel CUCTe-
MHHX 00’€KTIB SIK BKJIQJCHUX CKJIAHHUX CUCTEM, iH(Op-
MaliiHO-EHTPOIIIITHOTO MPOCTOPY OLIIHKU CTaHy CHUCTEM 1
IIPOLIECIB Y HUX 32 EHTPONIHHOIO (DYHKIII€IO.
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MeTa gocaigKeHHs] — OTPUMAaHHS CUCTEMHOI MoJei
OLIIHIOBaHHS CTaHy JUHAMIYHO PO3BHBAIOYMX CHCTEMHHUX
00’€KTIB 3 MOLIYKY TOYOK CTalOCTi 3a paxyHOK BHHHK-
HEHHsSI CHHEPTeTUYHHUX BIATYKIB Ha 30BHIIIHI YIIpaBIliH-
CBKI Jii JJI peryiroBaHHS PIBHOBaru «00’€KT — HABKO-
JUITHE cepefoBuIIe». Takui mIXil € yHIBEpCATbHUM 3
MOIITYKY YMOB 3a0€3MEYEeHHS CTaJIOr0 PO3BHTKY OYIb-
SIKOTO 00’ €KTa MPH MEBHOMY 30BHIIIHBOMY OTOYEHHI.

1 TIOCTAHOBKA 3AJTAYI

Jlst BUpILICHHS TICBHUX 3aBJaHb COIaIbHO-EKOJIOI0-
C€KOHOMIYHOT0 3MiCTy CTOCOBHO CTaJIOTO PO3BUTKY IPO-
MOHYETHCS MAaTH MOHITOPUHTOBI  pPE3yJbTaTH  BHIY
«00’€KT — HABKOJUIITHE CEPEIOBHIIICY, iHQOPMAIIIIO 1010
YMOB pIiBHOBar# MiX CHUCTEMaMHU 00’€KTa 1 CHCTeMaMu
HC 3a paxyHOK mepe0iry meBHUX MPOIECiB Y 30BHINTHBO-
My cepemoBHIIi Ta 00’ekti OesmocepenHpo. Pesymbrar
TaKWX TPOIIECiB IIOBUHEH MaTH CHHEPTETHIHY [0 MIPOTH
JIeCTaOUTi3yI09HMX Cril, TOOTO Take CIiBBiIHOMIEHHS (YyH-
KIil eHTpOIii CTaHy CaMHUX CHCTEM JOCIHITHOTO 00’€KTa i
MPOIIECIB Y HUX, [0 CTAHOBUTH MIN BIAXMICHHS (YHKIIIT
MOPSIKY YX BIATMOBIAHOCTI BUAY S = Silnside + Sgutside .

JluHamiyHa CTAaOUIBHICTH YK CTaja piBHOBara B
«00’ekT — HC» KOHTpOIIOETHCS BEIMYUHOIO CIIIBBIIHO-
IIEHHS €HTPOMIi CTaHy CHCTEM i MpOIECiB y HUX, BU3HA-
Ya€eThCS Pe3yJIbTaTaMU CHTPOIMIMHOTO OI[IHIOBAHHS CTaHY
B32a€EMOJIIi CHCTEM 00’€KTa 3 30BHILIHIM CEPEOBHIIEM.
Jis TpYHTOBHOCTI BHKOPHCTaHHS €HTPOIIIHHOTO OIIHIO-
BaHHS CTAaTUKHU 1 AWHAMIKH «00’exT — HC» 3 mpuHAHATTS
PIIIEHB CTAJIOTO PO3BUTKY MPOTIOHYETHCS:

1) dopmyBanHsT Momenmi JOCTITHOTO CHCTEMHOTO
00’eKTa THIy «CHCTeMa + BHYTPIIIHI MPOIECH — HABKO-
JUIIHE CEPEJOBUIIEC = 30BHINIHI CHCTEMH + TIPOILIECH
BILTHBY/B3a€EMO/Ii1» 3 OIIIHKOMO 11 CTaHy 3araibHO0 (QyHK-
Ii€f0  eHTpomii 3 ypaxyBaHHIM Silnside- S#si de i
1 .
inside; *

2 .
outside; ’

1 2 2 .
Sprocessingige, Sprocess Sutside s SOutsidei i

Sprocessgutside, Sprocess

2) BHU3HAUYCHHS METPHKH OI[IHKHA CTaHy CHCTEM SK
cTajaux 00’€KTIB 1 MPOINECIB K AWHAMIYHUX CHCTEM B iH-
(opMariifHo-eHTPOMHHOMY IPOCTOpi 1X ICHYBaHHS,

3) MOIIyK CHHEPreTHYHUX PIllleHb ISl BU3HAYCHHS
TOYOK JIOBUIBHOTO PETYJIOBAaHHS PIBHOBAXXHOT'O CTaHY
CHCTEMHOT0 00’€KTa IpH PO3B’sI3aHHI 33/1a4 CTaJIOro po3-
BUTKY COIIiaJIbHO-EKOJIOT0-eKOHOMIYHHUX CUCTEM.

2 OIJIsIA JJITEPATYPU

HayxkoBi mocmipkeHHS 3 BHBUYCHHS IWTaHb iHHOBA-
IIITHUX TEXHOJIOTIM Ta MPUPOIU HOBUX 00 €KTIB 1 IX BIa-
CTHBOCTEH MOBUHHI MaTH CIPaBy 3 OCHOBAMH CHHEPTETH-
KU SIK HayKH MDKIUCLHIUTIHAPHOTO XapakTepy Ipo Ipo-
IIECH PO3BHUTKY W caMOOpraHizarii pi3HUX CKJIAJHHUX CHC-
TeM, IPYHTYIOYHCh Ha TekTosorii bormanora A. 1., Teopii
cucrem JI. pon bepranandi, kibepueruku H. Binepa. 3a-
BISKU TaKiii KOMIUIEKCHOCTI B JOCTIKEHHSIX HaJalOThCs
3arajbHi YSABJIEHHS MPO CHCTEMH, iX CTPYKTYpH Ta Mexa-
HI3MH MIATPUMKH iX IUTICHOCTI 200 TOMeOocTa3y Ha OCHO-
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Bi BpaxyBaHHS CHHEPreTHYHOI CaMOpEryJisilii depes Iie-
PpeOir meBHUX MpoIleciB B3aeMOIiT Mixk cucteMamu [1-14].

3aBJISIKM 3BEpPHEHHIO JI0 TPOIECIB €BOJIIONIT CKIIaTHUX
CaMOpO3BHMBAIOYNX CHUCTEM, ONHMPAIOYNCh HA METOIU He-
THIHHOT MAaTEeMaTHKH H PO3AUTIB MIPUPOTHAUX 1 TEXHITHUX
HayK, SIKi BUBYAIOTh IPOIIECH, BHSIBILIIOTH CTiiKi iH(Op-
MarliifHi 3aKOHOMIPHOCTI CTaHOBJICHHA 3B’5I3KiB 00’ €KTa 3
orouyrounmu cuctemamu HC.

[Ipormecu B 3a1€KHOCTI BiJ HACTIAKIB iX peamizamii Ha
CTaHi JIOCTITHUX CHCTEM 1 30BHILIHBOTO CEPEIOBHINA MPU
PO3B’sI3Ky TMpOOJIEM CTaNOro PO3BUTKY — 3a0pyAHEHHs
MIOBITpSI, IPOJOBOJIbYA Oe3reka, NediluT BoaN; «TUMYa-
COBa 3aXBOPIOBAHICTH» TOMIO, SKi 3a EKOJOTIYHO-
OpraHi3alifHIM piBHEM MalOTh JIOKaJbHUH, III00ATBHUN
MacmrTad, MOB’SI3YIOTbCS 3 CHHEPTeTHYHHM BiITyKamu
[8—13]. Lle € B cBOIO Uepry OCHOBOIO BUKOPHCTaHHS (QyH-
KIIOHAIBHUX MOXKJIMBOCTEH 1 BIAacTHBOCTEH 00’€KTa 5K
3aco0y KepyBaHHS HOTO SKICTIO.

[ligBumIeHHs CKIaTHOCTI CHCTEM y pPe3yJbTaTi eBo-
JIFOTIIT TTOB’SI3YIOTH 3 TIPOSIBOM CHHEpTii. 3a TyMKOIO Hay-
KOBLIIB B3a€MOJis MK CHCTEMaMH Ma€ MOXKJIMBOCTI CTa-
OimizyBaTH HEpIBHOBA)XKHI W CTOXACTWYHI Bapiamii 3aBs-
KW CHHEPTeTUYHUM sBHIIaM [8].

JocnmipkeHHsT CKIIaHUX CHUCTEM II0B’S3YIOTBCS 3
OTpUMaHHSIM iH(OpPMAIIi PO BIACTUBOCTI 00’€KTa y IIi-
nomy 1 Horo B3aemonii 3 cucremamu HC. Taka inpopma-
LI BUKOPUCTOBYETHCS JUII CHCTEMOJIOTIYHOTO OIUCY
«00’ekt — HC», mo BH3Hauae KpiM CTaHy CHCTEM B
00’€eKTI Ait0 cwiI 3B 513Ky MK HUMHU 1 3 cuctemMamu HC ta
0COOJIMBOCTI IIOJI0 BCTAHOBJIEHHS TOMeocTasy 00’€KTa 3
HC. 3a gymMKor0 HayKOBIIB II¢ MOXKIIUBO 3aBISKH CTiHKO-
cTi cuHeprii no mymy [5-8].

KinpkicHe BU3HAYEHHS CHHEPTii MiIX CTOXaCTHYHIMH
3MIHHUMH € Ba)KJIHBOIO 3a/adero Teopii indopmarmii [9].
Indopmariitna cuHeprist BAHUKA€E TO1, KOJIM OaraTo Jke-
pell pa3oM MPOTHO3YIOTh PE3yJILTAT 3MIiH Kpallle, HiK Cy-
Ma IPOTHO3IB 3a OKPEMHMH JDKEpesiaMH, TOOTO 00’ €KTHI
MIPOLIECH PO3IJISIAIOTHCS LUTICHO Yepe3 OCHOBHI IOJIO-
JKEeHHs Teopii iHpopmaniitHoT cHHeprii.

[TpoBeneHHs npolecy CHHEPTETHYHOTO MOJIETIOBAHHS
32 YMOBHM MDKANCIHIUIIHAPHHUX JOCIIKEHb 3arajioM CTa-
HOBHTB TaKi cknanosi [14—17]:

1) mocTaHOBKa 3aBJIaHHs B JUCIUILTIHAPHOMY IUIaHi,
B T.4. MDKANCIMIUTIHAPHA EKCTIEPTH3a;

2) BU3HAYCHHS, aHaJIi3, OIiHKA AOCTITHUX JaHUX IIO-
JI0 OCHOBHHX IIPOIIECIB, 3BOPOTHUX 3B’SI3KIB 3a NPHHIIH-
IaMH CHHEPTeTUKY Ha eMIIIPUYHOMY MaTepiai;

3) moOynoBa KOTHITUBHOI MOJAENI AJs BiZoOpakeHHs
CTPYKTYPHO-(DYHKITIOHAIEHUX 3B’SI3KiB B 00’€KTI y BH-
TSI «JIOCHIJTHA CHUCTEMa — HaBKOJIUIIHE CEepPElIOBHUILE
it hopmaitizaiii AMHAMIKY,

4) MaTeMaTUYHE PINICHHS MOJIET JUIsl BH3HAYCHHS
YMOB PIBHOBaru Ta CHHEPreTHYHUX €(PeKTiB BiJ OKpEeMHUX
mporeciB B3aemoii «00’ext — HC»;

5) NpUHAHATTS pillleHb I0JI0 KOPUTYBAaHHS MOAENI Ha
OCHOBI NMPOTHOCTHYHMX JTaHUX Y YacOBiM JUHAMINI MoJie-
JIi BITIOBITHO 10 PEabHOI CHCTEMH.

3amada moOyJOBH MOJENi Ha €IWHiN mmmatdopmi iH-
(dopmarmiifHOi eHTpoIii Uil Y3roMKeHHS B OIHIN Mozeni
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CTaTUKH CTaHIB CKIIAOBUX CHCTEM O0’€KTa i MpoIeciB
BHYTPIIIHBOTO XapaKTepy 1 30BHIIIHFOTO BIUIUBY CHCTEM
HC Ha 00’€KT po3rismacTbes B IaHii CTATTI.

3 MATEPIAJIU I METOIHU

[Ipy KOMIUIEKCHOMY HAayKOBOMY HOIIYKY JOLIJIBHO
CIIOYaTKy BHKOPHCTATH CHUCTEMHO IBa IiIXOJH METOJO-
Joril MOCTIJUKCHHS: acneKmHuli — aKIEHTYBaHHS yBaru
Ha OKpeMHX 3aJjadax MpoOJIeMH 3 MO3HIIN aKTyaIbHOCTI
Ta BpaxyBaHHS PECYpCIB; KOHYenmyajibHuii — BCTAHOB-
JICHHSI KJIFOUYOBHX IIOJIOKEHb, II0 BU3HAYAIOTH 3aralibHi
HAIpsIMHU, apXiTEeKTOHIKY Ta MOCTYIOBICTh AOCIIIKEHb. Y
TAKOMY TOPSIKY OyAy€eThCs MEBHUH BEKTOP MOIIYKY Bif-
TMOBIJl HA TIMTaHHS HAyKOBOTO TOPSAKY Ta BUXOIY 3 He-
BU3HAYEHOCTI I0JJ0 CTaHy 00’ €KTa JOCIIKEHHS 1 mepe-
6iry mporieciB B HbOMY 3 MIATPHUMKH HOTO (YHKIIOHATb-
HOCTI 4Yepe3 BCTAaHOBJIEHHS iH(opmamlii mpo HBOrO Ta
3HAHHS TIPO HOTO MPUPOTY.

HeBusHadeHICTh 3HMKYEThCA HAa KINBKICTH iH(pOpMa-
Iii, IKa OTpUMaHa B Tporeci BUOOpy abo yxBalieHHA pi-
IICHHS 3 HasgBHOrO 4ucia anbTepHatuB. Jlo yBarum Oe-
petbest came iHpopMariist, a He nani. [lix danumu posy-
MIOTh ITOYaTKOBI BIAOMOCTI (CHTHAIW) Ipo Bapiarii (Bif-
XWJICHHSI, HEBIJIOBIAHOCTI) 3MIHHHMX (CTYIiHBb arperamii
Hu3bkuii). [Ipu QopmyBanHi iHpOpMalii pO3PI3HAIOTH
MPOMIXHI BiJIOMOCTI SIK arperailis IepBUHHUX JaHHUX, L0
1HOPMYIOTh NP0 JAWHAMIKY 3MiH; 3aKJIIOYHI BiZOMOCTI —
HarpoMajpKeHHs ¥ arperauist iHpopManiiHUX JaHUX, M0
BUKOPHCTOBYIOTH Y ITPOIIECi MPUHAHATTS pimens [16—17].

CHHepreTHYHUN MiAXig Mae Ha yBa3i JOCIIHKCHHS
CHCTEMHHUX yTBOPEHb «00’€KT — HABKOJMIIHE CEPEIOBH-
me (30BHIMIHI CHCTeMH)», HaJaHHA iH(popMarii moao
CTaHy 00’€KTa 3 BUXOJOM Ha 3HAHHA 1 YIPABISIOUY 0
IIOA0 OTPUMAHHS IJIFOBOTO Pe3yibTaTy 3 iHHOBAIll UH
30epeKeHH PUPOAHOT HITICHOCTI 00’ €KTa.

VY HayKoBHX ITyOiKaI[isiX MPOCTEXYETHCS Bl TOJIOBHI
KOHIICTIIIIT MPOBEACHHS TaKUX KOMIUIEKCHUX JOCIIIKEHb,
II0 MaloTh BKJIIOYATH Me3a- Ta MaKpOpPIiBHI PO3IISLY
CKJIaZIHUX CHUCTEM, a caMe CHHEPreTHUYHI acleKTH Teopil
iHpopmanii (cuHepreTnyHa iHQopmamis, OTpUMaHHS
3HAHb) 1 CHHEpTiiHA EHTPOIIis B T€Opii eHTpomii CTOCOBHO
BU3HAYCHHS JUHAMIYHHUX 3MiH i BCTAHOBJICHHS JIOT14HOI
Y3TOJUKEHOCT] «CTaH — IPOLECH.

OTxXe, 3 ypaxyBaHHSIM HasBHOTO 30BHIIITHHOTO Cepe-
JTOBHIIA, PE3yJIbTATiB BHUABICHHS MPOIECIB, MO0 KOHTPO-
JIOIOTh YMOBH ()YHKIIIOHYBaHHS 00’€kTa, (hopMyeThcs
OCHOBA U YIPABIIiHHSA SIKICTIO TOCTITHOTO 00’€KTa SIK
CHCTEMHOTO YTBOPEHHS, [0 BU3HAYAETHCS TEXHOTCHHHM,
MPUPOTHUM YH COLIAIbHUM acnekTamu [7—16].

3MiHHICTh CTaHy CHCTEM 1 IX (PYyHKIIOHAIBHOCTI ypasi
JIMHAMIYHOT TIPUPOAN CIIOCTEPEKYBAHMX 00’€KTIB MOTpE-
Oye CBOEYACHOTO OTpPUMAaHHs iH(popMaIlii CTOCOBHO pe-
3ynpTary Y 3a JONOMOTOI0 Habopy JKepen 3MiHHUX
X = {Xi}i 3TiIHO 3 KJIACHYHUM BpaxyBaHHSM B3a€MHOI

inpopmarii Hlennona [11]:

1(X:Y)=H(Y)-H(Y | X), €y
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ne H(Y) — enrponis Y mo3nauae 3arabhy KitbKicTb iH-

¢dopmariii, HeoOXiTHOT B CcepelNHbOMY JUIsi BHU3HAUCHHS
YHIKaJIbHOTO 3HaYeHHS Y

H(Y)==>_Pr(Y = y)log, Pr(Y = y). )
y

Juis ymoBHOI entpomii H (Y | X) BIAIIOBIAHO 10 JIaH-
miorosoro mpasmma H(X,Y)=H(X)+H(Y | X) wmators
BUpA3 BULY

HY | X)==Y_Pr(X =x)>_Pr(Y = y| X = x)x
xlog, Pr(Y = y| X =x) S
TakuM 4MHOM TO3HAYa€THCS pemTa eHrpomii Y, Bpa-
XOBYIOUH, IO H(X) Ta I(X :Y) MOIIUPIOIOTHCS HA BEK-

TOpH 3MiH y cucTeMi «00’ ekt — HC».

3anporoHOBaHO Ul ypaxyBaHHS HEBU3HAYCHOCTI
o0 Y BBECTH i BUKOPUCTOBYBATH MOHSATTS. MaKCHMallb-
HO CHHEpreTHYHMX BHmaakoBux BennuuH (MSRV). Tu-
noBuii MSRV Mae 6:1m3pKk0 75 % MakCHMAanbHO MOMKITH-
Bo1 indopmarii 3 X. Lle o3nagae, mo Hadip MSRV e pos-
paxyHKoBUM a0 B3aeMHa iH(OpMallisi HEBEIUKOro Habo-
py MSRV crae MakcuMaibHO MOXIIMBOIO B3a€EMHOIO iH-
(bopmauiero s npakTudHOro Bukopuctanus [10].

[Momyk cuHepreTnyHUX edeKTiB MpH HasgBHOCTI, Aii,
B3aeMOJIii NMEBHUX (HaKTOPiB BHYTPIMIHBOTO XapakTepy i
30BHIIIHBOTO TOYHMHAETHCA 3 BU3HAYEHHS Habopy amc-
KPETHHX CTOXaCTHYHHX 3MIHHUX X, SIKUA BiIOOpaXKaroTh
MaTpHIEI0 CHILHUX iMOBipHOCTeH posmipHocTi m", e n
— KUIBKICTH 3MIHHMX, M — KIUJIBKICTh MOYKJIMBUX 3HAYEHB
Ha 3MiHHY. Ll MaTpuild OgHO3HAYHO BH3HAYCHA m'-1
HE3aJIe)KHUMU IapaMeTpaMH, KOYKSH Ha OAMHUYHIN JIiHIT.

3a aNropuTMOM PO3PaxyHKY MaKCHMajbHO CHHEpre-
THYHUX BHIIAJKOBUX BEIWYMH A BCTAQHOBJICHHS CHHE-
pretuyHoi  iHpopMmamii  po3mIAgAaETbCs  PO3MOJLI
Pr(Xl, X, Y). Vci 3MiHHI 0OMEXKEH] OHAKOBOIO KIJIBKi-

CTIO MOXXJIMBHX 3HA4€HBb BIAMOBIAHO O YMOB EKCIEpH-
MEHTY TaK Ha3BaHHM <«IIPOCTOpOM cTaHy». Jlo po6oumx
BIIHOCSTH JaHi, sIKi OTpPHMaHI IIJISIXOM BHOIPKOBOT BHOIp-
K{ pO3IMOAiTy HMOBIPHOCTEH 3 BUMIPOM CHHEPTiiHOI iH-
(popmauii lgyn(X —Y) [10].

binpuricte TEOpeTHYHHUX POOIT MIOJ0 BU3HAYEHHS CH-
HepreTH4YHoi iH(opMarii BUKOPUCTOBYE CUCTEMY YacTKO-
BOro po3kiananus iHpopmaii PID, mo craHoBuTH

I(X :Y)=synergy +individual . (4)

Cuneprernuna ingopmarist Y 30epirae indopmarito
mpo X, MeHmIe iHpopmamii BoHa MoXKe 30epiratd mpo
OKpeMuil X; 1 HaBMaKW, OCKUTBKH IIi IBa THIH iHpopMaii
NOTPIOHO MiJCYMyBaTu A0 BEITUYUHU I(X :Y) K He-
BiZ’€MHOTO TepMy. B 11boMy BUIaJKy CHHEpreTHYHa iH-
(dopmartis Isyn(X —)Y) HE Ma€ JaHuX IpO KUIbKICTbh

«iHTUBiAyasHOD» iH(pOpMaIii, mo Y Moxe 30epiraT mpo
X;. Cuneprernuna iHpopmaris Isyn(X —>Y) BCTaHOB-
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TIOETHCS 32 MAKCHUMI3alli€l0 iI€HTHYHOCTI Isyn(X - X),

ska 30epirae MakcumMyM iHQopmamii mpo BCi OKpemi
3MmiHHI Xj. /IS yCHIIIHOCTI 3ampOIIOHOBAaHOI BUMOTH,
mo6 Mipa CHHEprii BUKOHYyBalach, CHHEPreTHIHa iH(OP-
MaIlis Ta iHAUBiMTyadbHA iH(OPMAIIiSI € B3a€MO3aTICKHUMHI
— 30UIBbIICHHS OfHI€I CKIAL0BOI O3HAYAE 3MEHILEHHSA Ha
CTinbKH Xk iHmoi [10-12].

CHHEpreTHYHUN MiAXIA 00 JOCIIIKEHHS CHUCTEM-
HUX YTBOPEHb BpaxoBy€ 3MIHM CTaHy CHCTEM, 3MIiHH
yMOB (QYHKIIOHYBaHHSI 00’€KTa y IUHAMIYHOMY CEHCI
BiJIMIOBITHO JO IIOCTABICHUX 3ajad A TIPUHHATTS Pi-
IIeHb. 3TiAHO 3 HaJaHOIO OCHOBOIO AHATI3y BHUSBIICHHS
CHHEPreTUYHMX €(DEeKTIB NpH JOCIIUKEHHI CKIAIHUX CH-
creM (1)—(4) s MoseNi «CHCTEMHA CTPYKTYpa JOCIiIHOI
CHCTEMH — CHCTEMH HaBKOJMIIHBOI'O CEpPEIOBHILA» 3a-
MIPONIOHOBAHO TAaKy IMOCIHIIOBHICTh iH(POPMALIHHOTO OIli-
HIOBaHHS CTaHy 00’€KTa 3 ypaxyBaHHSIM HEBU3HAUEHOCTI
CHTYAIlifl TpU crocTepekeHusx [7-17]:

1) ominka MoHiTOpHHTOBOI iH(pOpMalii — YMOBHHIT
PO3IOiT HMOBIPHOCTEH, YMOBHA €HTPOMISI OO0 Pe3yIb-
TaTiB BUMIPIOBaHb IIOKa3HHUKIB CTaHy Ta 3MIHHUX;

2) momyk (akTopiB BIUIUBY Ha PE3yJbTAT IiICHIIO-
10901 IO3UTHBHOI Jii 4 (hakTopiB MOCIa0IeHHS HEraTHB-
HOTO 30BHIIIHBOTO BIUIMBY BIAMOBIIHO /IO OLIHKH CTaHy
JIOCIIIZTHOT CUCTEMHM YHM IiIbOBOI (DYHKIIT 3 BpaxyBaHHIM
nocBiny Bukopuctanas merony PID, metomuku podotu 3
cuHepretuuHoo iHpopmaniero MSRV, xapakrepuctuku
B3a€eMHO{ 1 TOBHO1 iH(OpMarIii;

3) oTpUMaHHS CHHEPTeTHYHOI iH(pOpPMAIl] IS MOB-
HOTO 1 I[IIICHOTO BU3HAuYeHHs cutyalii «00’ekt — HC» y
BUTJIISAIL Pr(Xl, X, Y) Ha OCHOBI BUKOPHCTaHHS CTaTHC-

TUYHOTO aHANi3y, CHTPOMIIHOTO OI[IHIOBaHHS MPHU JOCITi-
JOKEHHSIX «CTaH-TIPOLECY;

4) BU3HAYEHHS CHHEPTETHYHMX [iii B aHali30BaHii
CUTyallil 3 METOI0 MPUHUHATTS PILIEHb IIOJO MiJACUICHHS
MO3UTHBHUX e(EKTIB UM peaizauii HijboBOi (yHKIIIT.

4 EKCHEPUMEHTHU

[TporonyeThCs AJIs1 XapaKTEPUCTUKU CTATUYHUX 1 JH-
HaMiYHUX Pe3yJbTaTiB JOCIIKEHHS CUCTEMHOI CTPYKTY-
pH 00’eKTa Ta HOTO OTOYYIOUOTO CEPEIOBHINA, X B3aEMO-
Jii BUKOPHUCTATH CHTPOIIINHY (QYHKIIIO SK YHIBepCalIbHY
OCHOBY MOOYZOBH CHCTEMOJIOTIYHOI MOJeTi 00’ekTa 10-
CJIIJKEHHS, BCTAHOBJICHHSI CHHEPTEeTHYHHX e(eKTiB B pe-
amizamii crany «o0’ekt — HC» Ta OmiHKM 3B’S3Ky «CTaH —
MIPOIIEC — 3MIHU — CTaH».

PekoMeHZIOBaHO 3a TEOPI€I0 EHTPOMIHHOrO aHallizy
IUTs. OTPUMAaHHS JCTepMiHOBaHOI iH(opMaIli mpu BHpI-
LICHHI MUTaHb COLAJIbHO-EKOJIOr0-eKOHOMIYHOTO 3MICTY
BUKopHcTaTth iH(opMauiitny mpupony (yHKUil eHTporii
JUI aHallizy CTaHy CHCTEMH Ta ii (YHKIIOHAJIBHOCTI.
BpaxoByroun 10CBij 3aCTOCYBaHHSI KPUTEPIIO iI€HTHYHO-
cTi iH(opMarlii Ha OCHOBI acoIlialiii iIeHTHIHOCTI MiTBO-
BOro Jukepena [12], BU3HAYAIOTHCS iMEHTHYHOCTI YacTHH
iHpopMarllii BiJMOBIIHO [0 acoriamiiHuX 3B’S3KIB MiX
IUTHOBOIO (DYHKIII€I0 Ta 3MIHHUMH JDKepelia MpHu HasiBHO-
cTi 0OOMeXXeHb Ha 3HAYCHHS CHHEPreTHIHNX TepMiB. [Ipo-
MOHYETHCSl BUKOPUCTATH 3arajbHi BUpa3y, SIKi BiJIOKpEM-
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TOIOTH KOokeH TepM PID Ha croxacTHuHMI Ta IeTepMiHO-
BaHUI KOMITOHEHT. Y pa3i CKIaJHOTO 00’ €KTa «CHCTeMa —
HC» BBenenns Takoi igeHTHdikamii mpyu po3misi cucre-
Md (DaKTOpiB JO3BOJNHTH BCTAHOBIIOBATH 1H(OPMAIIIO
1010 HAsTBHOCTI CHHEPTIi.

J1s CTBOpPEHHSI €IMHOTO MaTepiadbHOrO Ta iH(popMa-
IIIfHOTO MPOCTOPY CKIIAJHOI CUCTEMH, YHIBEPCAIBHOI OC-
HOBU OILIIHIOBAaHHsI CTaHy, il Ta B3a€MOJil YMHHUKIB
Oy/b-SIKOT IPUPOJU TPOIIOHYETHCSI EHTPOIIHHA Ta CHHE-
priiina ¢yHKIis cucreMHux pimens. g ¢yHKis 103B0-
JUTh HAJIATH KOMIUICKCHY OLIHKY CKJIaJHOCTPYKTYpOBa-
HUM CHCTEMHHM 00’€KTaM i iX KOMIIOHEHTaM/eleMeHTaM
i3 MOXIIMBICTIO CITIBCTAaBJIEHHsS OLIHOYHHUX pPE3YJIbTATIB
JUTA iIeHTUGIKAIIT CTaHy Ta JUHAMIKHA CHCTEM.

IIpu HassBHOCTI KOHKPETHOI I1isTi X, yTBOPEHOI OIHI€I0
3MIHHOIO YM HAGOpPOM 3MIHHHX i IBOMa 3MIHHHMH (TIep-
BUHHI [ukepena) 11 2, 3a skuMH HEOOXiqHO HamaTH iHpO-
pMmaiiiro mpo X, B3aeMHa iH(OopMaIliss KOKHOT 3MIHHOT PO
L1JIb BU3HAYAECTHCS SIK

1(X;1)=1(X; 1.2)+1(X; 1\2). (5)

ae I(X; 1.2) — TepM KOMIIOHEHTa HaJMIpHOCTI MiX

3mimHMH 1 1 2 mpu cnocrepexenHi 1 abo 2 okpemo;
1(X; 1\2) a6o 1(X; 2\1) — TepMu KinbKiCHOrO BH3HA-
YeHHS] KOMIIOHEHTa, YHiKaJbHOTO At 1 abo 2, BiAmoBina-
HO, — iH(opMallis, sIKY OTPUMYIOTh 33 OJTHI€IO 31 3MIHHUX,
ase il HeMOJKITHBO OTPUMATH 3a iHmioro [12].

CrinbHa iHpopManis 1 1 2 BU3HaYa€eThCs 32 TAKUM 00-
YHCITFOBAHHAM

1(X;12)=1(X; 1.2)+1(X; 1\2)+
+1(X; 2\1)+1(X;12\1,2)’ (6)

ne I(X ;12 \1,2) — TepM CHHEpreTHYHOI iHpopMarllii ABOX
3MIHHHX, TOOTO iH(opMallis, IKy MOXKHA OTPUMATH JIMIIIE
npu KoMOiHamii JBOX BapiabenpHOCTEW (IpH MOEIHAHHI
JIBOX 3MiHHHX) [12].

BpaxoByroun piBHOCTI CTaHAApPTHHUX iH(pOpMaLiiHO-
TEOPETUYHMX JIAHLIOTOBUX MPAaBWI, MAlOTh TaKe BH3HA-
YeHHs iHpOopMaIIii:

1(X;12) = 1(X; 1)+ 1(X; 2]1)=
1(X; 2)+1(x;1]2) )

e I(X;1| 2) — YMOBHa B3aeMHa iH(opmalis, ToOTO ce-

penHs iHpopMalis, sKy 2 Hazae npo X, sK TUIBKH 3Ha-
4yeHHs 1 BijoMe, TO PO3KIIATA€ThCS

1(X;2]1)=1(X; 2\1)+1(X;12\1,2). (8)

AHaNOTIYHO BH3HAYAETHCSI YMOBHA B3a€MHa iHQOp-
Marfist, ko 1 Hamae mpo X iHdopMmalriio, K TiITbKA 3Ha-
YeHHs 2 BlIOME I(X 1 2).

OTKe, py TOCIIDKEHHI CKIIaHOTO 00’ €KTa, PIllIeHHs
LIONO NPHUPOJHOI PIBHOBarkM 4Yd JOCSTHEHHS LLUTBOBOI
(YHKIIOHATEHOCTI BCTAHOBITIOETHCS 3aBISKH Y3TOKEH-
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HIO pO0OTH iH(OpPMAITii BHYTPIIIHHOTO i 30BHINIHBOTO Xa-
paktepy (Bupasu (1-8). YmoBHa iH(popManis HOpiBHIOE
CyMi yHIKaJNbHUX 1 CHHEPreTUYHUX YMOB (piBHAHHSA (4)).

BigmoBigHO DO METOHOJIOTIYHMX OCHOB BH3HAYECHHS
iH(OpMAaIIIfHO-EHTPOMIHHOTO TPOCTOPY Uepe3 (YHKIIO
EHTPOIIi CTaHy 3a eMIIIPHYHUMH TaHUMH Ta iH(popMarmii
IIOZI0 CHUTyallii B 00’€KTI, SKiif B3a€EMOJI€ 3 CHCTEMaMH
HaBKOJIMIITHBOTO CEepeAOBHUINa, MoJenb «00’ekT — HC» Ha
MaKpOpIBHI JOCIIIXKEHHS HAJIAEThCSl Y BUMIIAI BKJIJICHOT
cucTeMHol cTpykTypH (puc. 1).

30BHiLUHE (HABKOMULLHE) CepeaoBuLLe = =

o2 2 2
-Soutside = Soutside_system + Soutside_ process

nosumueni
HeratMeHi

Biaxoan

XCMCT XBHX
I - Y e N
X; | Xo | X3 | X4 Xs Xg | X7
1 il o
I [ 1 “I ]
I [ m ]
I [ v ]
Ll | VvV

BHX

Pucynok 1 — CucteMomnoriyHe NoJgaHHs CUCTEMU JOCIIKEHHS
SIK €00’ €KT — HABKOJIMIITHE CEPEIOBHUIILIEC

Jns BimoOpaskeHHS aHANITHYHOI MozeNi 00’eKkTa SK
BCC BpaxoByIOTb KOOMIEPATHBHHMN 3B’SI30K TBOX CHCTEM,
10 BU3HAYAETHCS y3arallbHEHOIO SHTPOIIEI0 K (QYHKIIi-
€to crany cucreM 00’exra i HC ta mporecis, 1110 MaroTh
Miclie B BHYTPIlIHBOMY MPOCTOPI CUCTEM 00’ €KTa i 30BHI,
SIK Pe3yNbTAT B3aeMO/Iii «00’ ekt — HC» (puc. 2).

CucreMa cTanis
S,

Zsinsidei *Zsoutside]‘v 1#]

Crcrema nponecis
S,

. SprocesSingide; + ., SPrOCESSaysie j. | # J

t 3

(X :Y)=H(Y)-H(r|X)=5
H(Y)=5;+S,,
H(Y [ X)==Y.Pr(X =xJY. Pr(Y = y| X =x)xlog, Pr(Y =y | X =)~ lgn(X >Y)

S — min -BiACyTHiCTb AecTabinizytouoi aii «o6’exr HC»

S0 - piroBara «06’exkt HC»
S > max - wassricts xaoTiurux Tponecis, HectabimbHiCTh cTany «06’ekT HC»

Pucynok 2 — Cxema aHanituaHol Mojeni «o6’ ekt — HC»

BinmoBimHO 0 3ampoITOHOBAHOI METOMOJIOTII CHCTE-
MOJIOTIYHOTO MiAXONY MOAAHHS aHATITHIHOI MOJEN JIO0-
CITITHOTO 00’ €KTY COIialbHO-EKOJIOT0-eKOHOMIYHOI IpH-
pPOAM 3 ypaxyBaHHSIM CHHEPreTHYHUX BIATYKIB IPU MEB-
HuX B3aemofisx woro 3 HC po3po0iieHo aaropuTtm 3 mo-

OPEN 8 ACCESS m

25



p-ISSN 1607-3274 Panioenextpownika, inbopmatrka, ynpasminss. 2023. Ne 2
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2023. Ne 2

IIyKy pillIeHb 3 CTAJIOT0 PO3BHUTKY «00’ekT — HC», mio
BpaxoBy€e y KOMIUIEKCI BC1 piBHI JOCIHIIKEHHS BiJ JIOKa-
JIBHOTO IO MAaKPOPIBHI OLIHKU cTaHy 00’ekTa (puc. 3).

AnroputmigHe 3a0e3medeHHs nepeadadae, mo J0CHi-
IHUW CHCTEMHMI 00’€KT BIAMOBIZA€ METI IMMOCTaBIECHOT
3a/a4i, 3HAXOAUTHCS y CTaHI PIBHOBArd 3aBISKH CTAJIOCTI
Horo (QyHKIIOHANBHOCTI 32 YMOBHM HAasBHOCTI BHYTpi-
IIHBKOI Ta 30BHIIMIHLOI CTAOIIBHOCTI B3aeMomii «00’€KT —
HC». Takum YMHOM BUKITIOYAIOTHCS TOYKU HANIPYTH IIIO-
JI0 TIOPYIICHHS CTaHy PIBHOBArM, MiATPHUMYIOThCS BCTa-
HOBJICHI MEXaHi3MH JOBIJIBHOTO PEryJIIOBaHHS rOMEOCTa-
3y B cucteMax o0’exta ta HC 3aBmsku mepe0iry mportre-
CiB, 0 3a0€3MeuyoTh (YHKIIOHATBHICTE «00’ekT — HC»
1 BUKJTFOUAIOTh JIECTA0LTI3yIOUH BIUIUB MiXK CHCTEMaMH.

36ip aaHx

|
AHani3 faHux npo cTaH 06’exTa

piBHoBara Wwoso Silnside
Syl,.... Sin i BHYTPILUKi 38'A3KM

BpaxyBaHHs ,

1
SProCesSingige;

TlokanbHi knactepn
piBHOBAM YW
cabinbHicTb Beiel
conctemu - Sin—0 ?

2
SprocesSoside j

[N MOLLYKY
peryniotouoi aii un
[0BiNbHOI
CHHEpreTUkM —
8ubip 3a

AHani3 faHuX po CTaH CUCTEMHVX 06’ exTiB

S

min 5,1,2 -0

1 v el
sinsidei B =5 Sinside‘

2 VR,
outside; - Sprocess; " =Sy

" 2 2 womel  w_g .
Spocessoulsidel ’soulside] ~"Siside =122

o 1 2 -
2 SProcesSingige; + ). SPrOCeSSoysie j» 1 # =S,

BincyTHicTb Touok aectabiniavi -
piBHOBara 06’exTa -

S =0,

S
SprocessEysigej = =S 0=

< SProcesshe; 0= 502

OujiHka piBHOBarv 06’€KTiB — OCTaTOuHE
piLLeHHst 3 JOCSTHEHHS MeTH 3apaqi

[Mowyk ynpaensiovoi Aji y1

[AOBINLHOI peryniotoyoi Ans

romeoctasy «06’ext - HC»
BiANOBIAHO A0

Sprocesshgige; —

nel 2 "
SinsideI ~Soutside i

1

inside;

el 2 2 "
Sinside‘ - Sprocess B Spocesswlside . Suulside j
(MaKpopiBeHb)

Sprocessgmside |
— (iHTEHCUBHMIA Nepebir
npouiecis) Bubopy 3a

2

]

Pigxosara «06’ex - HC»

mint2 -0 Shuite) 0= 5 >0=

1
& Sinside‘ 2080 2

KoHtpons sikocTi
NPUitHATO! Afi - OLiHka
CUHEPTeTUKM BIaEMOfii B
CHICTeMHUX 06"eKTax :
$—>0=5,-0

Pucynok 3 — Anropur™iune 3abe3nedeHHs peasizawil 3agayi
OLIIHIOBaHHSI 32 SHTPOIIITHOT (PYHKIIIE€I0 CTaHy
«00’€KT — HABKOJIHMIIHE CEPEIOBUILIEY
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BinmoBimHO 10 HamaHOT METOIVMKH aHANi3y MPOTOHY-
€ThCS TaKa CHCTEMa SHTPOIIIHOTO OIliHIOBAaHHS:

1) ¢yHKIiOHAT OMIHKK BiHOCHOI PiBHOBArH, 110 BH-
3HAYAETHCS SIK BIHOWICHHS (QYHKIII CTaHy «00’€KT —
HC» o ¢yHKIT XapaKTEpHUCTHKK MPOIECIB Y CKIATOBUX
i B cuctemi «06’ext — HC» (puc. 1, 2):

1 _ 1
Fsystem Sinsidei - O/Sprocessinsidei -0
F = = =— 5 ->0=
process S'outsidej - O/Spocessoutsidej -0

©)

1 2
Sinsidei /Soutside j

S
- 5 ->0= S—l —-0=>F=0;
SProCess;gige, / SPOCESS ousice, ’

2) pilIeHHs MO0 JOCATHEHHS PiBHOBArdW Ha JIOKAJb-
HOMY DiBHI crocTepekeHp «00’ ekt — HC», otpuMmane 3a
pe3yIpTaTaMu aHANI3y Ta OWIHKH TAKUM YHHOM:

1 _ _acl —
Sinsidq =max= ASinsidq ->0=5=0 N
2 2
Soutsidei =Mmax= Asoutside] —0=5,-0
(10)
= ASpoces%utsi g —0.

— piBHOBara cuCTeM 00 ’€KTa NpPH PIBHOBAKHOMY CTaHY
30BHIIIHIX CHCTEM, IO JO3BOJISIE pealli3yBaTH CHUTYAIi0
BiZICYyTHOCTI BIUIUBY Ha 00’exT — F — 0;

Silnside' :maxc(Sprocesﬁwide :maxeASilnside —>0):>
2 2 -
Soutsidq :max<:(Spoces§utsidq =mz:1x—>ASoutside1 —>0j:
(11)
S >0
= Si 0 :ASpocesgutsidEi —0=AS; -0,

— piBHOBara cucteM 00’€KTa, IO MAalOTh MaKCHMallbHE
3HAUEHHS EHTPOIl CTaHy MHicias Nepediry BHYTpIIIHIX

1

NPOLECIB CHHEPTreTUIHOT mii Sprocessinsidei =max mpu

2

outside i —0

PIBHOB&)KHOMY CTaHY 30BHILIHIX cHCTEM AS

3a yMOBaMH IX TOMEOCTa3y Spocess2

outsidej =max, 1o

ycyBae BuB cucteM HC Ha 00’€KT i TAKMM YHHOM Ma-
I0Th cUTyalito crabdinizamii «o6’ ekt — HC» - F -0

3) omiHKa YMOB piBHOBArH, sika BU3HAYAE MOKIHBOCTI
cucrteM 00’ekTa 1 30BHINIHBOTO CepefoBHINa 30epiratu
CBOT (DYHKI[IOHANBHOCTI 0€3 MOpYIICHHS T'OMEOCTa3y
«00’ext — HC» 3a paxyHOK 3pocTaHHS Iepediry mnporecis
CHHEPreTUYHO{ [ii — HIBENIOBAaHHS BIUIMBY Ha 00 €KT,
MiATpHUMKa TporeciB cTabimizanii cuTyauii BiIOBiAHO 10
CHIBBITHOIIEHHS 3 HOPMOBaHWMH 4M (PYHKIIOHATbHUMHA
3HaYCHHsIM (MakpoOpiBeHb MOCIiKeHb) (pHc. 3):
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1
Sinside Sprocesg, "
1
Foystem Sinsidq (std or norm) Sproces%nsidq (std or non
TF - 2
proees SO“tSideﬁ spocesgutsideﬁ
ngsidq (stdornorm) |/ | Spocesg. " (stdor nor
1 2
Sinside; Soutsidq
; 2 12
Sinside; (norm func) Soutsidq (norm func) ( )
-l=
Sproces%"Sid‘% Spoces%utsidq
Sprocesg, . (normfund) |/ | Spocesg. iy o (norm func)
norm
al:sl/i —>l=F=1
S,/s5o™

4) makcuMmizaiisi €HTpOMil 3 XapaKTEPUCTHKH CTaHy
00’exTa IK Sq — o0 mpu Sy — 0, mwo € hakmom nepebizy
npoyecia, He CHpPAMOBAHUX HA cmadinizayiro cumyayii,
BHU3HAYAETHCS SIK F — 00 1 3HAUEHHSIM (QYHKI[IOHATY, IO
HE CTaHOBHTH HYJIbOBOTO 3HaUeHHI — 0 < F <1:

1 _ _ 1
Smsidq =max < (Sprocess}nsidq =max —> Asmsidq - oo)
2 B 2 B 2 !
Soutsidej =Mmax < (Spocessoutsidej = max — Asoutsidej - O{
(13)
Sl —> 0 .
S,—»0

— HecTabIBHICTh 3a pPaxyHOK IO3UTHUBHOTO BIiATYKY
00’€eKTa Ha 30BHILIHINA BIUIMB,

1 . ( 1 _ 1 ‘
Sirlsidei =min & Sprocessinsidei =max - ASinsidei - max
2 _ 2 _ 2

Soutsidej = max < (SpOCESS outside j max — ASoutsidej - ®

(14)
AS; — min
> > X
SZ —> 0

— HecTilika CTabLIBHICTD NMPH BHYTPILIHIX MOXKIIMBOCTSIX
cucTeM 00’€KTa, ajie MpH MOCTiHHIN Aii AecTadbimi3yrounx
30BHINIHIX BIUIMBIB.

BinmoBimHO 10 HamaHOTO ANTOPUTMIYHOTO 3abe3re-
yeHHs (puc. 3) TpH IOCHTIKEHHI CKIAIHUX 00’€KTiB Ha
CHCTEMOJIOTIYHOMY PiBHI PO3B’A3KY 3a7a4 BiA3HAYAIOTHCS
TOYKHM HAmpyrd B Oy/Ab-sIKii CKIanoBid cucTeMi 00’e€kTa
nociimkenns i cucreM HC. BoHu BBaXXaloThesl MPOMOTO-
paMu TopyIIeHHs piBHOBaru (CTabilbHOCTI CTaHy), iHilli-
amizamii mepebiry CTOXaCTHYHHX IPOIECiB, HMOPYIIEHHS
Mepex 3B’s13Ky, podotu mporpam Ttomo. Lle dikcyerses
3HAYEHHSAMH EHTPOMiiHOI (YHKIII CTaHy Ta €HTPOMiIHHOI
¢ysKIiero PyHKIIOHATBHOCTI «00’ekT — HC» 3rimno 3
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3alPOIIOHOBAHUM BITHOCHUM EHTPOMIHHMM (YHKI[IOHa-
nom piBHoBaru (popmyin (9)-(14)).

HiBenroBaHHs 1ii HETATHBHUX CHUTYaIiid — II€ TOMIYK
MpoIleciB, MO Hif0Th B cucteMi «00’ekT — HC» 1 € mpu
MEBHOMY KOpEryBaHHI KaTaji3aTopaMu MO3UTHUBHHX JI0-
BUTBHHX TIporeciB crabimizamii curyamii, ToOTO iHiIiaTo-
paMu CHHepreTHKu ctanocti «o0’ext — HC».

5 PE3YJIBTATHU

IIpu MozjemoBaHHI CUTyaIlil 3a pe3yJbTaTaMu JOCIi-
JoxkeHHs nojirony «3miieceka TEC — HC» cTtocoBHO TO-
MeocTa3y «00’ekT — HC» Bif3Ha4YeHO, 10 HAIMipHE HaJ-
XopKeHHs 3a0pynHioBadiB B HC Buknmkae nepeodir mpo-
meciB y rpyHTax. [IpoBeneHO aHali3 BENWYHAH CHTPOIIil
nepediry peakmiid 3a YMOBH HaJIMipHOTO 3a0pyAHEHHS Ta
CHIBCTaBICHHS 3 pe3yJbTaTaMH (Pa30BOro aHamizy mpod
TPYHTIB Ha HasIBHICTh PEUOBHH, IO HIBEIIOIOTH HETATHBHI
HACJIJIKM 32 PaxyHOK yTBOPEHHS 3’€HaHb, SIKI MICTSTh
TEXHOTeHHI1 eneMeHTU. lle € meBHMM CHHEPreTHYHHM
e(heKTOM 3TiJHO 3 BIJICYTHICTIO iX B POCIMHHOMY MaTepi-
ani, ToOTO 30BHIILIHI MPOLECH CBOEIO PE3YJIBTATUBHICTIO
3a0e3MevyroTh CTIHKICTh «TEXHOI'€HHHUH 00’€KT — NMpUpo-
JIHE HAaBKOJIMIIHE cepenopuiie» (puc. 4) [19].

Takum 9uHOM, BiIITOBITHO JIO CUTYallii HaBaHTaXCHHS
IPYHTIB BaXKuMH MeTanamu Bix Bukumie TEC BimOyBa-
€ThCA iHIIIANMI3aMIsA epediry mporecis, Mo 3B’ I3yIOTh iX
y Hepo3unmHHI pedoBWHHU. LM nocsraeThcs MOBLITBHE
OYHWIICHHS IPYHTIB, a THM CAMUM CTBOPIOETECS Oap’ep 1o
3a0pyAHEHHS POCIHH, K JIAHIFOTa TOJANBIIOTO 3a0pya-
nennst HC. BinOyBaerbcsi peanizaiisi cutyanii cuHepre-
THKH 32 Mozemto (11).

Pauil AlmHEn d

SPauil anpenol IARHKN LeHTPRALHOT JaIaBH

BZn _ Cin

B.Character|
- 8

C.Cr | C.Ni

B.Cu ‘B.Pb C.Cu — C.Ph

. EnTponiiiHa owiHKa CTaHy pyX/IMBHX (POPM IOMIOTAHTIB Y IPYHTaX OKpeMuX (auiit Sp
. (S) - enrponiiita «Hanpyra» 3a MiHiMaIbHO (IKCOBAHHM HABaHTaXeHHM; SS — eHTpomiiina |,
OLiHKA BiIXHIICHHS BiX HopMatuBy HaanTaxeHHs; CII3 — iHnekc 3a6pynuenHs; Risk —
PH3HK-OLiHKA

auil mHpiaHaNal ALK HeHTPRALIOT JamIanN

CZn

CSr

Entponiiina ouiHKa cTaHy BAXKKHX METaIB y pocimHax oxpemux (auiit Sp (S) - enrpormiiina
«Hanpyra» 3a MiHIMalbHO (iKCOBAHHM HABAHTAXKCHHAM; SS — EHTPOMIi{HA OLiHKA BiIXHICHHA *
BiZ HopMatuBy HaBantaxerHs; CII3 — innexc 3a6pynuenns; Risk —pusnk-ouinka

Pucynok 4 — PesynbraTn peanizalii eHTpoIiifHOro aHami3y i
MOJIC/TIOBaHHS CUTYaIi] 32 CTAHOM «00’€KT — HAaBKOJIUIIIHE

CepeOBHIIIE»
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AHaJoriyHi pe3yjabTaTH 100 BHKOPUCTAHHS ESHTPO-
midHOTO (PYHKIT B aHANITUIHUX IIUISX JUIS OLIHIOBAHHS
CTaHy JOCITITHHX 00’€KTIB i mepe0iry mporeciB B ix cuc-
TeMax i OTOYYIOUOMY CEpEeIOBHIII 3a KOHIEMIEr iH)o-
pMamiifHO-eHTPOIIIHHOTO TPOCTOPY Ta MOOYIOBH MOJe-
neit BCC orpumani mpu AOCHigaxX «IOJITOH BiIXOMIB —
HC», «migmpueMCTBO — 3aXBOPIOBAHICTh HACEICHHSY,
IIATPUEMCTBO — TPUPOJHI €KOCUCTEMH» TOIIO 3a Bif-
MOBIZIHUM aJITOPUTMOM EHTPOMIMHOTO aHaji3y «CTaH —
nponec» [16-17], [19].

6 OBI'OBOPEHHS

3acToCyBaHHSI METO/OJIOTi] KOMIUIEKCHOI OLIHKH Ha
OCHOBI iH(opanifHO-eHTPOIIIIIHOrO aHaNi3y CTaHy i Ipo-
[IECiB TO3BOJMIIO HA TPAKTHUII OTPUMATH:

1) XapakTepUCTHKHM EKOJIOTIYHOTO CTaHy 00’€KTa 3
ypaxyBaHHSIM OTOUYYIOUOTO CEPEIOBHUIIA, TOOTO B3a€MOZI1
«00’ekt — HC», y BUTJIsI1 OL[IHKM IMOBIPHOCTI MOPYIIEHB
€KOJIOT1YHOT pIBHOBAard, pU3MKy BHHUKHEHHs JecTaOiii-
3yIOUMX TPOLECIB i (OPMYBaHHS TEPMOANHAMIYHOTO T10-
TOKY (haKTOpiB BIUIMBY Ha €KOJOTO-COIIajibHI CHCTEMH 3
00Ky TEXHOTEHHUX CHCTEM,

2) OIIHKY €KOJIOTIYHOTO PHM3MKY 1 PHU3HKY 310pOB’I0
HaceJeHHs K IHTErpyBAIPHHX XapaKTEPUCTHK eQEKTiB
i1 Ha KUBHH opraHi3Mm necrabimizyrounx ¢axropis HC;

3) mporHo3u 3 MOXIJIHMBOCTI crabimisauil cutyamii 3a
PaxyHOK ITO3MUTHBHOI CHHEPreTHUKH IPOLECIB, 0 BH3HA-
YarOTh CAMOPETYIIIOBAHHS BIIIOBITHO IO CIiBBiIHOIICH-
HS HETAaTHBHUX (DaKTOPIB, AKi MPOMOTYIOTH HiBEIIOBAHHSI
HETaTHUBHUX SBUIII 1 HACTIIKIB SIK-TO 3a0pyIHCHHS €KOCH-
cTeM, 3aXBOpIOBaHicTh Hacenenust [16-17], [19.]

BiamoBinHO 10 MpakTHKK 3 peamizaiii eHTPOIiiHHOTO
MiAX0AY PO3B’SI3KY 3a/1a4 SKOCTI B Mekax HpoOiieM cra-
JIOTO PO3BUTKY 3alPOIIOHOBAHO CXEMY alTOPUTMIYHOTO
3a0e3MeueHHs y3araJlbHeHOTO BUIIALY JJISl OLHKH piB-
HOBaru B cucteMax Buny «o0’ekt — HC» (puc. 5) [16-
171, [19].

3o e [P sz HEA

wﬁ[’;y;po [rpamedho P o 0 TOKT

— ::}ma OCHOEL BLTXHIE HHA

——— E:mmx IHAYEHE Bil
alX), PLE,x122), 5(F)

(BB Epa e HECT EROMIOTINHOTO CTAHY
I HIOTHEC. © HCTE M 54 HOPMOEHEMI

- o o (), PPOX, 211 22),
SSED)
l iz piesa
[FospazyroR By iz _
EEOMIOTINHOTD PHIHEY e fieTTIeRH | arTopis [F'oTpofika SaX0TiE SHEHIE HiT
rrarey HITC ( Risk ) HeraTHEHOTO 1 TATHEHOTO EIUHEY Ha CTAEH
[ HTHEHOTO HIIC
paparTepy |

PucyHOK 5 — ANrOpuT™ BUSIBJICHHSI BILUTHBY
COLiaJIbHO-EKOHOMIYHHX 00’ €KTIB Ha HABKOJIMIIIHE CEPEIOBHUIIIE

TakuM 9yMHOM, Ha piBHI iHQOPMALIHHOTO aHAaNi3y CH-
Tyamii y DOCHipKeHi# crimamgHii cuctemi «o00’ekT — HC»
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IIpU BUKOPUCTaHHI EHTPOMiHHOI (GYHKIII BH3HAYCHHS
CTaHIB 1 MPOIIECIB € MOXKJIMBICTh BUSIBUTH TOUKH HAIPYTH,
[0 TPU3BOASTE 10 JecTabimi3aii cuctemMu, abo BCTaHO-
BHATH MOXIUBOCTI MIATPUMKH CaMOJOBUTFHOTO PETYIIO-
BaHHS PIBHOBAark 3a PaxyHOK CHHEPreTHUKH IO3UTHBHUX
e(exTiB nepediry mIeBHUX MPOIIECiB.

BHUCHOBKHU

Y poOoTi 3ampoONOHOBAHO KOMIUIEKCHE OI[IHFOBaHHS
CTaHy Ta (YHKIIOHAJHHOCTI CHUCTEMHHMX OO’€KTIB IUIs
PO3B’SI3Ky 33124 CTaJIOro PO3BUTKY 3a TAKHMMH PillICHHSM:

1) dopmyBaHHs Mozeni JOCTITHOTO CHCTEMHOTO
00’€KTa THITy CHCTEMa — HaBKOJIMIITHE cepenoBuiie (30-
BHIIIIHI CHCTEMH BIUIMBY/B3a€MOJIii)» 3a CHCTEMOJIOTIY-
HUM HOJAHHSAM MOro CKJIaAHOI CTPYKTYpPH Uil OIHCY
CTaHy 1 MPOIECiB B CHCTEMax 00 €KTa Ta 30BHIIIHBOMY
HaBKOJIMIIIHBOMY OTOYEHHI;

2) BHU3HAUYCHHS METPHUKH OI[IHKHA CTaHy CHCTEM SIK
cTaiaux 00’€KTIB 1 MPOIECiB K AMHAMIYHUX CHCTEM B iH-
(opManiifHO-eHTPOMIHHOMY TIPOCTOpi IX iCHyBaHHs 3a-
BJIITKM BIIPOBAPKCHHIO SHTPOIIIHOI OI[IHKY BiTHOIICHHS
«cTan/mpouec» Ta (HPyHKLIOHATY BiJHOCHOT piBHOBArd s
3araJbHOTO BUCHOBKY IIO/10 roMeocTasy «00’ekt — HC»;

3) HamaHHs CHHEPTeTHYHHX DIIICHb Ul BU3HAUCHHS
TOYOK JOBUTBHOTO PETYITIOBaHHS PIBHOBKHOTO CTaHYy
CHUCTEMHOTO 00’ €KTa MPH pO3B’sI3aHHI 3a/1a4 CTAJIOTO PO3-
BUTKY COIIIaJIbHO-EKOJIOr0-€KOHOMIYHHUX CUCTEM.

HaykoBa HOBH3HA OTPHMAaHUX Pe3yJIbTATIB IOJISATaE
Yy KOMIUIEKCHOMY BHUDILICHHI 3aB/IaHb CTAJOTO PO3BUTKY
CKJIaZIHUX CUCTEM SIK «00’ekT — HC» Ha ocHOBI cucTeMo-
JIOTIYHOTO iX BimoOpa)keHHS B iH(pOpMAaliiHO-SHTPOITii-
HOMY TIPOCTOpi CcTaHy Ta (YHKIIOHYBaHHsS JUIS TOIIYKY
MOXITMBOCTEH BpaxyBaHHS IIPOILECIB CaMOPETYJIIOBaHHS 1
CaMOITIATPUMKN 00’€KTa Ha IEBHOMY piBHI (yHKIiOHa-
JBHOCTI 338 PaxyHOK BiJ3HAUSHHS MO3UTHUBHHUX IPOLECIB
CHHEPTeTUYHOTO XapaKTepy.

[pakTuyna OiHHICTH MOJATA€ Y MOXJIMBOCTI 3HA-
XOIUTH CTiHKi pIlIEHHS CTaJOTO PO3BUTKY 00 €KTa 1 3a-
OLIAKYBATH pecypcu HOro MiITPUMKH 3aBISIKH BUKOPH-
CTaHHIO AHAJITHYHOI CHCTEMH 3alpPOIIOHOBAHOI KOHIICII-
uii iHpOpMaIiiHO-eHTPONIHHOTO TPOCTOPY MOIIYKY pi-
LIIEHb HA OCHOBI BPaxyBaHHS! CHHEPTETUYHUX €(EKTIB.

IlepcnekTHBU MOAAIBIIMX AOCTIPKEHb TOJIATAIOTH
y po3pobui BiAnmoBigHOI 6a3u iHGOPMAIIHHOI HiITPUMKH
nobyzxoBu BCC i aBromarm3anii po3paxyHKiB €HTpOTii-
HOi QyHKIIN cTaHiB 1 mporeciB Ha piBHI iX yHiBepcaii3a-
il 3 MOUIYKY CHHEPTeTUYHUX PIlIeHb IS CTaJOro po3-
BUTKY «00’ekT — HC».

NOAsAKU
VY naHiii poOOTI BUKOPUCTAHO PE3yJIbTATH, OTPUMaHI
aBropoM mporsrom 2012-2021 pokiB Ha Kadempi mpo-

rpamMHOi iH)KeHepii Ta IHTENEeKTyaJbHUX TEXHOJOTIN
yhOpaBiiHHA (ABTOMATH30BAHUX CHCTEM  YIPAaBIiHHS
(ACY)) HamioHaJgpHOrO TEXHIYHOIO  YHIBEPCHUTETY

«XITI» 3aBasikM HAyKOBiH criBmpani 3 YKpaiHCBKUM Ha-
YKOBO-ZIOCTITHUIBKAM IHCTUTYTOM €KOJOTIYHUX TIpo-
omem, Hamani 3 ['TI «YkpHTL «Eneprocrams».
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ABSTRACT

Context. Solving tasks of interdisciplinary research deepening during sustainable development problems solutions search for real
social-ecological-economical objects based on systemological modelling and introducing information-entropy space of such objects
state and functionality determining for making managerial decisions in uncertainty conditions.

Objective. Modelling current situation of researched social-ecological-economical object as the cooperative connection «studied
system-environment» based on systemological model, which determines object study goal conditions due to discovery of internal and
external factors interaction inside information-entropy space of object functioning representation.

Method. The paper presents the logical-experimental research results of complex social-ecological-economical objects state es-
timation, their development in stochastic environment conditions from the point of view of sustainable development requirements
match based on proposed approach. This approach is the systemological basis of studied object entropy model creation and algorith-
mization by ecological functional of quality of the complex system objects goal state. The quality functional is the interrelation of
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«object systems-environment» state entropy functions and their interaction processes, which are gotten through monitoring data sta-
tistical analyses of objects that belong to technogenic (economical), social and natural systems.

Results. The usage of systemology basis complex union for studied object structure identification is suggested for the first time,
along with identification of theoretical knowledge for informational entropy for any object system element description and entropic
description of states and process. The relative accordance functional is introduced for final evaluation of the studied object equilib-
rium. It allows to estimate the presence of system and processes unstable points on the basis of nested system structure. It is impor-
tant for decision making with synergistically positive feedbacks prediction.

Conclusions. The systems and process states entropic estimation complex approach is determined. The systemological model
«object-environment» is the basis for determining conditions of studied object sustainable development due to usage of found spon-
taneous and natural synergistically feedbacks. The universal research base for complex systems study was received for their state and
functionality estimation due to process synergy and «object-environment» connections that are based on complex usage of syste-
mological modelling and input information entropy estimation.
KEYWORDS: systemological modelling, nested systems, entropy stability function, synergistically effects, states and process
estimation logical structures, entropy functional.
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CIIOCOBM BU3HAYEHHA ITOAIBHOCTI KATEI'OPIAJIBHUX
BITIOPAIKOBAHUX JAHUX

Kouapyk H. E. — kaHA. TexH. HayK, JOIEHT, AONECHT Kadenpu KiOSPHETHKH 1 MPHUKIATHOT MaTeMaTHKH
Y KTOpOJACHKOTO HAIIOHAFHOTO YHIBEPCUTETY, Y KTopoJ, YKpaiHa.

AHOTANIA

AKTyanbHicTh. Po3po0Oka eekTHBHUX METPHUK BiICTaHI Ta Mip NOAIGHOCTI JUIs KaTeropialbHUX O3HAK € Ba)KJIMBOIO 3aJa4cio B
aHaJi3i JaHUX, MalIMHHOMY HaBYaHHi, TeOpii NPUHHATTA PilIeHb OCKIIBKH 3HaYHA YaCTHHA BIIACTUBOCTEH 00 €KTIB OIUCYETHCS caMe
HE YUCIOBHMH 3HA4YCHHSMH. 3a3BHYail 3aJeXKHICTh MK KaTeropialbHUMH O3HAKaMH MOXKe OyTH CKIIQAHILIOK, HDK MPOCTO iX
MOPIBHSHHS 3a PIBHICTIO 4M HepiBHicTIO. Taki arpuOyTH MOXYTbh OYTH BiJHOCHO CXOXHMH, i sl ToOyI0BH e(eKTUBHOI MOei
3a1a4i HeoOXiJHO BpaxyBaTH L0 MOAIOHICTS M Yac po3paxyHKY BiICTaHI YU Mipd MOAIOHOCTI.

MeTo10 [OCHII)KEHHS € MiABHIICHHS €(QEKTUBHOCTI PO3B’A3aHHS NPHUKIAJAHUX 3a4ad aHali3y NaHWX [UIIXOM PO3POOKH
MaTeMaTHYHUX 3ac00iB IJIsI BUSHAYEHHS ITOI0HOCTI 00’ €KTIB 3a KaTeropialbkHIMH BIOPSAKOBAHIMH O3HaKaMHU.

MeToau. 3amponoHOBaHO BijIcTaHb Ha 0a3i 3Ba)KCHOI MaHXETEHCHKOI BiJICTaHI Ta Mipy MOMIOHOCTI JJIsi BU3HAYCHHS CXOXOCTI
00’€eKTIB 32 KaTeropiaJlLHUMH BIIOPSJKOBAaHUMM O3HaKaMu ( TOOTO Ha MHOXKHMHI 3HaueHb aTpUOYTIB MOXKHa 3alaTH JIHIHHMI
MOPSJIOK 13 MIKAJIAMU NIepeBar BPaXxOBYIOUH NPEAMETHY 00iacThb 3aiadqi). JloBeaeHo, mo GopMyiia BiCTaHi 3a0BOJIBHSIE aKCioMaM
HEBiJ’€MHOCTi, CHMETPUYHOCTI, HEPIBHOCTI TPUKYTHHKA Ta OOMEXCHHS 3 BepXy, a OTKE € METPHUKOIO BiJCTaHi B MHPOCTOPi
pamXKOBaHUX KaTeropialbHUX O3HaK. J[oBemeHo, IO Mipa MOAIOHOCTI MpEACTaBIeHa B JOCTIPKCHI 3aJ0BOJIBHSE aKcioMaM
00MEKEHOCTi, CHMETPHYHOCTI, MAKCUMAIIFHOI Ta MiHIMAJIFHOT ITOXIOHOCTI Ta OMMUCYETHCS CMATHO0 (BYHKILIEIO.

PesyabTaTn. Po3pobneHuil miaxin peanizoBaHO HA NPUKIAIHIA 3a7adi BU3HAYCHHS CTYICHIO CXOXKOCTi 00’€KTiB, sIKi OmMcaHi
BIOPSIKOBAHHMH KaTeropialbHUMHU O3HAKaMH.

BucnoBkn. B nanomy nocmijpkeHHI po3po0JieHO MaTeMaTWdHi IHCTPYMEHTH U BH3HA4YEHHS ITOJIOHOCTI CTPYKTYpOBaHHX
JaHHX, 10 OMUCYIOTHCS KaTeropiajbHUMH aTpuOyTaMH, sKi MOXKHA BIOPSAKYBAaTH 3a MEBHUM IPIOPUTETOM Y BHUIILIAI paHry i3
cucreMoto nepesar. [IpoananizoBaHo ix BiacTuBocTi. [IpoBezieHi ekcriepuMeHTalIbHI TOCTiPKEHHS I0Ka3aIH 3py4HICTb, «IHTYITHBHY
3pO3YMIICTBY JIOTIKH MPOBEICHHS 00POOKH IaHHUX MPU PO3B’sA3aHHI NMpUKIaAHUX 3anad. [IpeacTaBinennii miaxin Moxe 3a0e3mednTu
MOXJIMBICTh MPOBOJUTH HOBI 3MICTOBHI JOCHI/KCHHS aHali3y JaHuUX. I[lepCHeKTHBU MOJAIBIINX IOCHIIKEeHb MOJSTaloTh Y
EKCTIEPIMEHTATbHOMY BUKOPUCTaHHI 3aIIPOITIOHOBAHMX 1HCTPYMEHTIB B MPAKTUYHKX 3a/a4aX Ta BUBUCHHI iX €()eKTHBHOCTI.

KJIFOYOBI CJIOBA: meTpuka BicTaHi, Mipa TOAIOHOCTI, TOAIOHICTh KaTETOPiaIbHAX JaHUX, BIIOPSIKOBAHI TaHi.

BCTYII
BaxmBuMU 1HCTpYMEHTAMH BU3HAYEHHS CXOXKOCTI
00’€KTiB B MaTeMaTWIli € METPUKH BIICTaHI Ta MipH
momioHocTi.  BoHm  3a0e3medyroTh  BHMIipIOBaHHSA
MOMiOHOCTI MixK 00’€KTaMM, Tak M0 OJM3bKI JaHi

HOMEHKJIATYPA
a_i(af ,a) ,. ..,ah) — BEKTOD 3HAYeHb (MiTOK) 03HAK i-TO

00’€eKTy;
A — o3Hakwy;

a|'( — 3HaYeHHS K-i 03HaKH i-TO 00 €KTY; BBXATUMYTHCSA MOMIOHMMH, TOAI SK BiggameHi —
BiqMiHHUMHU [1] 1 K TIpaBMIIO BiTOOpaXkaroTh OIHM3BKICTH
B IIPOCTOPI O3HaK.

BpaxoByroun mocrtiiiHe 30UIBLIEHHSM JaHHUX, IO
OTPUMYIOTBCSI 3 pI3HMX HOCIiB Ta X pI3HOTHITHICTB,
BUSBJICHHS, aHANI3 ICHYIOUHX 3B’S3KiB MK HUMH
MIPUBEPTAE OCOOJIMBY yBary JOCITITHUKIB.

IlomiOHiCTh, SAK  BaXIUBHH  B3a€EMO3B’SI30K, €
YHCIIOBUM ITOKAa3HUKOM CTYIECHS CXOXKOCTi IBOX 00’€KTiB
Ta 3a3BUYail omucyeThecsl AK (yHKUis BiacTaHi i3
3MIHHHUMH, 110 BH3HAYAIOTHCS O3HaKamu 00’ekta. Ile €
MPUHITUIIOBUM 1 BOKIUBHUM 11 €(DEKTUBHOI aHATITHKH
JAHUX Y PI3HUX OOJIACTSIX, TaKWX SK aHaji3 JaHHX,

8y, — l-a miTka k-i o3naku;

d () — BIJICTaHb;

M — KUIbKICTh 00’ €KTIB (JaHNX);
N — KIJBKICTh O3HAK;

O — MHOXHMHA 03HAK 00’ €KTIB;
O; — i-ii 00 €KT;
N i
ri(rl N ,...,rn)

00’€eKTy;

BEKTOP paHriB O3HaK JUId i-TO

g — paur |-i miTku k-i o3HaKwy;

Sk — KUIBKICTB Pi3HHX MITOK (3Ha4eHb) K-i 03HaKH;

RORP _ peuirke OiHapHe  BIZHOUIEHHS, IO
XapakTepu3ye CXOXKICTh BEKTOPIB BIOPSAKOBYBAaHHX
O3HaK;

H poro () (GYHKIIST  HAJIEXKHOCTI  HEYITKOMY

6inapromy BigHomennio ROTP;

Ay — po3Max paHroBUX IIKaji aAjs K-T 03HaKH.

© Konapyx H. E., 2023
DOI 10.15588/1607-3274-2023-2-4

MalllHHE HaBYaHHs, TEOPis IPUHHATTS pillleHb, TOILIO.
31e0LIbIoro B NpakTHYHUX 3ajadax JJisl OIUCY
BJIACTHBOCTEH 00’€KTa BUKOPUCTOBYIOTh aTPUOYTH Pi3HOI
NpUpoay. SIKIIO BOHM € YHCIOBHUMH, TO IIPHPOAIHIIIE
MOPIBHIOBAaTH IX 3a PAAOM «IEPEBIPEHHX» KIACHYHUX
MeTpuK MIiHKOBCHKOTO, YaCTHHHAM BHIAIKOM SKOI €
MeTpuka EBkmima. OmgHak, KOJNM O3HAaKH OMNHCYIOTHCS
HEYHCIOBUMHE (KaTeropiallbHUMH) aTpuOyTaMu, aHali3
momioHocTi € Habararo ckiaamHimmi. TakuM YHHOM,
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3aa4ya BH3HAYCHHS CTYIEHIO CXOXOCTi ab0 BiIMIHHOCTI
MiX TaKUMH O0’€KTaMH € HETIpPOCTOIO0 i BITKPHUTOIO IS
Jociikenb. KpiM TOoro, MOHATTS MOMIOHOCTI MOXKe
PI3HUTHCH 3aJIe)KHO BiJl KOHKPETHOI MPEIMETHOT PUPOIU
JIAaHUX 1 MOBMHHO TiependavaT riauboke 11 po3yminHs. B
iZieami, TOHATTS MOMIOHOCTI BU3HAYAETHCS CKCIICPTOM
raiysi, skuii 1oope ii posymie [2, 3].

MerToro JaHOTO JOCIIKEHHS € BU3HAUYEHHS METPHUKU
BIICTAaHI Ta Mipu TOMIOHOCTI I KaTeropiaJbHHUX
BITOPSIIKOBAHUX JIAHHX.

Jnst  MOCSATHEHHST MeTH B
pO3B’sI3aTH HACTYIIHI 3aadi:

— BH3HAYUTH METPHUKY BiJICTaHi Ta Mipy MOAiOHOCTI
MK O0O0’€KTaMH, IO OIHUCYIOTBCS KaTeropialbHUMHU
BIOPAAKOBYBAHUMHU O3HAKAMMU,

— OIUCaTH Ta OOTPYHTYBAaTH iX OCHOBHI BIACTHBOCTI;

— MPOLTIOCTPYBATH iX BUKOPUCTAHHS MPH PO3B’sI3aHHI
TIPUKIIAHOT 3a1a4i.

poboTi  HEoOXiTHO

1 IOCTAHOBKA 3AJIAUI

B Oararbox Merogax MAaIIMHHOTO  HaBYaHHS,
IHTEJIEKTYaIbHOTO aHaJli3y JaHWX Ta NMPUHHATTS pillleHb
rocrae mpoOieMa BH3HAYEHHS CXO0XXOCTI 00’€KTiB, IO
ONMCaHi HEYHCIOBUMH O3HaKaMH. TOMy BHHHKAE
HEOOXiTHICTh pPO3POOKH ePEKTHBHHUX, 3PO3YMUINX Ta
OOTpYHTOBaHHMX IHCTPYMEHTIB g ii BupimeHHS. B
JOCTIDKEHH] PO3TIISIHYTO BUITAI0K, KOJH 3HAYCHHS O3HAK
(aTpuOyTiB) MOXHa BIOPAOKYBAaTH 3a 3HAYUMICTIO,
mepeBaroio (meBHUM paHrom). Hexaii 3amaHo HEYHCIIOBI

o3Haku Ay, K=1,n mo xapakTepu3yrTb AesKi 00 €KTH

Oj,i=1,m. Koxna i3 A, ™Moxe HabyBaTH MNEBHHX

3HaYeHb (MITOK), SKi MOXHa TIPOPAHKYBAaTH:

Qe =y 7o a TOOTO MOXKHa 3aJaTH CTPOTHH

kSk ?
JIHIMHUA TOPS/IOK B MPOCTOpI 3HA4YeHb aTPHOYTIB.

Koxnomy 3HaueHHO a, CTaBUTBCA Y BIANOBIIHICTE
Jleslka YMCII0BA BEJIMYMHA NIEPEBATH B PAHry — Iy, IpH

YOMy, Ma€ BHKOHYBATUCH [>T, >...>T abo

ksk

Mg <My <---<T, mis k=1, Tomi, craBUTHCS

kSk
3aJ]a4ya BU3HAYMTU METPHKY BIJICTaHI Ta Mipy moAiOHOCTI
MDK nBoma ob’ektamm O Ta O i 11 (6)

XapaKTepU3yI0ThCs BEKTOpPaMH O3HaK -

ai(a{,a'z,...,aL)Ta aj(alj,azj,...,ar{)

2 OI'JIA 4 JJITEPATYPU

IonsTTS MOMIOHOCTI MPUHIUIIOBO BAaXKIIMBE Maike B
KOXHIA HaykoBii ramy3i. Kmactepmsamis, kmacudikarris
Ta perpecis Ha OCHOBI BiAcTaHi € 0a30BUMH METOIAMH
IHTEJIEKTYalbHOIO aHalli3y JaHWX, SIKI BU3HAYalOTh
CXOXKICTh MDK 00’€KTaMH, a OTXE BHOIP KOHKPETHOTO
[IOKa3HUKa MOMIOHOCTI MOXE BHUIBUTUCH OCHOBHOIO
MPUYMHOIO ycmixy abo HeBaaui airoput™my. Mipu
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NMOJIOHOCTI JUIsi KaTeropiajbHUX JaHUX YMOBHO MOXKHA
po3ainuty Ha 1Ba Tunu [3]:

1) Ti, IO MOJIEITIOIOTHCST EKCIIEPTAMH 3 BiZIIOBITHUMH
3HAHHSAMH TNPEIMETHHX 00JlacTel pa3oM i3 eKcrepTamu
MaIIMHHOTO HAaBYaHHA, SKi 3HAIOTh, K KOAyBaTd i
3HAHHS IOMEHY MipaMu nofioHocTi [4, 5].

2) Ti, o0 MOJAETIOIOTHCS HA OCHOBI TaHUX HABYAIBHOI
BHOIpKH Ta JOCIHIKEHHS 3B’ sI3KiB MK HUMH |3, 6-9].

OcranHi Mipyn MOMIOHOCTI € JyXe KOPHUCHHUMHU B
CUTYyAIlisIX, KOJH iCHye 0araTo po3MidueHHX IaHUX, aje
BIICYTHI 3HaHHI TIpeAMETHOiI obmacti abo KoJiH
MOJICTIFOBaHHS MIp MEPIIOro THITY € 3aHA/ITO CKJIQJHHUM.

OpHak, BHMKOpDHCTaHHs Mip moniOHocTi Ha 0asi
MEBHOTO MiJXOQy MAIMHHOI'O HABYaHHS, SIK MPaBHUIIO,
NPUBOJWUTH IO JAESKOTO OINHCAaHHA NOAIOHOCTI, M0
MO€/THY€E BUCOKY TOYHICTH Ta HU3BKY 3PO3yMLIICTh, TOMY
MOY€ 3MEHIIHUTH JIOBipy KOpPUCTyBaya 10 cucteMH [6].

Kpim Toro, sk 3a3HadueHo B [2] He i1 BCiX Mip
MOMIOHOCTI BUKOHYIOTHCSI HEOOXiOHI aKCiOMH, IIO B
MOJTANTBIIIOMY 301TBIITY€e OOYHCITIOBANIBHI MTOTYKHOCTI IS
peasizarii anropuTMIB, SIKi X BAKOPUCTOBYIOTb.

B miii poGoti ommcany npoOiieMy, MPONOHYETHCS
BUDINIUTH  MOJENIOBAHHSAM  JIETKO  3pOo3yMinoi  Ta
oOrpyHTOBaHOT Mipu TOAIOHOCTI Ta METPUKH, IIO
MOTEHLIHO 3aciIyroBye Ha JOBipy B TIIOpPIBHSAHHI i3
MipaMu MOAI0HOCTI MOAIOHMUMHU J0 YOPHOT CKPHUHBKH.

3 MATEPIAJIM 1 METOAU
Jist  KiJbKICHOI OIIIHKM  CXOXKOCTI  (BIIMIHHOCTI)
00’€KTiB BBOJISITHCS TTOHATTS METPUKH Ta MIPH CXOXOCTI,
SKI ONUpAaIOThCS Ha CHCTEMy akcioM. [l KOXHOTO

06’ekta O, i = I,_m 3aKOyEMO HOro BEKTOp O3HaK
a_i(ali ,ai2 ey a;]) BIJIIOBITHIM BEKTOPOM TIOKA3HHUKIB
paHriB E(rli , I’2i yeees rri] ) Bemuunna Ay = ‘rkl — Iy Sk‘ ,
k= 1,_n XapakTepu3ye po3Max paHroBoi mkamu mis K -i
o3Hakd. BigcraHp MK 00’€KTaMH  TPONOHYETHCS

BU3HAYAaTH HACTYIHOK (POPMYJIOI0, SKa € PI3HOBHIOM
3B)KEHOT MAaHXETTEHCHKOT METPUKHU:

O

BnactuBocTi.
1. AxcioMa HeBiJ’ €MHOCTI:
d(Oi,Oj)Z 0, Vi, j, npuuomy, d(Oi ,0j ): 0, xomu
00’€KTH 0JTHAKOBI, TOOTO I=].
2. AKcioMa CUMETPHYHOCTI:
d(0i,0;)=d(0;.0;).
3. AxcioMa HEepiBHOCTI TPUKYTHHKA:
d(0;,0,)+d(0,,0;)>4d(0;,0;).

4. BnacTuBiCTh 0OMEXKEHOCTI 3BepXY:
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d (Oi ,0j )S N, TNpUYOMYy MaKCHMajbHE 3HAYCHHS
JIOCSITAETHCS, SIKIIO 00’ €KTH MPUUMAIOTh KpaiHi rpaHUYHI
3HAYCHHS PAHTIB 32 BCIMa O3HAKaMHU.

JoBenenns. [lepuri ABi BIACTUBOCTI OYEBHUIHI, TaK 5K
¢opmyna (1) MICTUTH MOMYJb Pi3HMIII PAaHTIB 00’ €KTIB.
JloBeneMo MmpaBwiio TPUKYTHHKA:

d(0.0,)+d(0,,0;)>d(0;,0; ).

i z z i i i
n ak—ak n ak —ak‘ n ak—ak‘
+Y - >0,
k=1 Ak k=1 Ak k=1 Ak
i z z j i i
‘ak—ak +ak—ak‘—‘ak—a ‘
>0,

n
Z aHa
k=1

Ay
PIBHICTH 3aBKIH BUKOHYETHCS, 00 BUKOHYETHCS:
x—y|+|y-2]2|x-2, wxy,z.

SIkmo nBa 00’€KTH IiaMETPaabHO PI3HATHCS 3a
[ICBHOIO  O3HAKOK  (MpHiiMaloud KpaliHi  rpaHUYHI

3HAYEHHA B PaHry), TO BEIHMYUHA ‘af( —ad‘:Ak- Sxmo

K TOTpPIOHO 3HAWTH BIACTaHb MK 00 €KTaMH, SKi
NpUIMAIOTh JiaMeTPalbHO TPOTHIESKHI 3HAYEHHS 3a
BciMa o3HaKamu, To 3rigHo (1), BoHa Oyne piBHa N, a uis
BCIX IHINIMX BHUIIAJIKIB MEHIIA 3a N.

BucnoBok. Otxe, dopmyna (1) BH3HAUa€ METPHUKY
BiJICTaHi B TIPOCTOPi KaTETOPiaIbHIX PAH)KOBAHUX O3HAK.

B Oarathox MeTomax KIAcTEpPHOTO aHAizy s
BU3HAYEHHS CXOXKOCTI MDK JaHHUMH BHKOPHCTOBYETHCS
MOHATTS Mipu momiOHOCTI. Mipa momiOHOCTI Mae
3aJI0BOJIBHSTH JICIIO HIIMM BJIACTUBOCTSIM, HIXK METpHKa
Bizctani. Tomy Ha ocHOBI (1) mponoHyeThes MOOYAyBaTH
Mipy nmoai0HOCTI:

! y
hgoro (04,05 )=——e "= A )

[ToniOHicTE 00’€KTIB  XapaKTePHU3YEThCS HEYITKUM
OiHApHUM BIJHOLICHHIM RORP ya MHOXMHI 00’cKTiB
o-lofi=tmj s

(dyHKIIEO HaJIeKHOCTI

H RORD 0% > [0,1]. Yum Oinblie 3HAYEHHS BEIMYUHU
H RORD omwk4e 10 1, TUM B OUIBIIOMY CTYIIEHI 00’ €KTH

Oi ta O OynyTe mNOAIOHMMH 3a KaTeropialbHUMHU
paHmXOBAaHUMH O3HAKAMH.

Jociinumo BIacTHBOCTI MipH MOAIOHOCTI (2).

1. Akcioma OOMeXEHHS:
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OSHRORD Sl.

2. AkcioMa CUMETPHYHOCTI:
H RORD (o ,0j )= H gORD (Oj .0;) .

3. AkcioMa MaKCUMAaJIBHOT TOAIOHOCTI:
}.J,RORD (O.,OJ)=1<:>O| :Oj

4. AxcioMa MIHIMaJIBHOI ITOXIOHOCTI:

K goRD (Oi ,0j )= 0< Oj, Oj — rpaHNYHO Pi3HATHCS.

5. ®yHkIis (2) € crnagHoo.
JloBesieHHS: W porp € ¢yukiioHaaom Big d (Oi ,0j ):

%d(oi,oj)u_l |

MRORD(Oi,Oj)=$ € (3)

hgoro = -6 1) 4)

Je X = ld (Oi ;0 ) BpaxoByroun BiactusicTs 4 mst (1) —
n

Xe[O;l].

0 05

N

Pucynok 1 — I'padix ¢pyHkuii (4)

I3 BnactuBocreit 1 14 s (1) ta, mo ¢yukuis (4) €
MOHOTOHHO criafiHoto (puc. 1) criaye, mo:
— gKIO0 OO0’€KTH OJHAKOBi, TO d(Oi,O j):O i
1 —%-0+1
v oRD(O',O'):— e -1|=1;
R 1] e—1
— SKImO 00’€KTHM JiaMeTpalbHO PI3HATBCS, TO

1 —l-n+1

d(01,05)=n i “RORD(Oi’Oj):; ¢

— B iHIMX BUnaakax 0 < Mporo < 1.
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Orxe, akciomu 1, 3, 4 noBeneHO.
AxkcioMa CUMETPHUYHOCTI BHILUIMBAE 13 2-1 BJIaCTHBOCTI
s (1)1 (3).

4 EKCIEPUMEHTHN
Hexaii 3a1ano 00’€KTH, 1110 OMUCYIOTH OCi0-KITIEHTIB 1
BH3HAUYCHI BHOPSIKOBAaHUMH KaTErOpiaIbHUMH O3HAKAMH.
Osnaka A; — «Bik» Moxxe HaOyBaTH TakMX 3HA4YECHb
{«roHmi», «MOMOIMIY, «CepeqHIiY, «HOXMWIH» }. O3HaKa
A; — «OcBiTay MOXe NMpUHAMATH 3HAYECHHS {«cepermHs»,

«TpodeciitHO-TeXHIUHAY, «(axosa HEePEBUILAY,
«Bumia/OakanaBp», «Buma/marictp»}. OzHaka A; —
«Micue TmpoXHMBaHHS» MOXKE TPHUHAMATH 3HAYCHHS

{«cenmoy», «cenmmime MICBKOTO THITY», «Maje MICTO»,
«cepemHe MiCTOY, «BEJINKE MICTO», «MICTO-
MinbiionHUK» }. Hexail 3anano tpu 06’extu Oy, O, O3,

110 OIMCAaHI BIANOBIIHUMY 3HAYEHHIMHU O3HAaK.

Tabmuis 1 — 3HaueHHst 03HAaK 00’ €KTIB

OG6’exT Bik Ocsita Micue
MPOKUBAHHS

O, Cepenniit Buma/6akanasp Cep. micTo

0, TOHuwmit Cepens Ceno

0; TToxunuit Buma/marictp Micro-Mm.

3aK0/yeMO 3HAYCHHS O3HAK MPH3HAYMBLIN BEITUYNHU
pasriB (Tadi. 2).

Tabmuus 2 — Panryu 3HaueHs (MITOK) 03HAK

OsHaka A, OsHaka A, OsHaka A3
3HAYCHHS paHr | 3HaYeHHs paHr | 3HaueHHs paHr
OHuit 21 Cepennst 1 Ceno 1
Moo auii 34 Ipod.Tex. | 3 CM.T. 2
Cepenniit 52 Dax.mepen | 4 M. micTo 3
TToxunuit 75 Buma/6ak 6 C. micTo 4
Buma/mar | 7 B. micTo 5
MicTo-M. 6

s mpukiany, po3paxyeMo BificTaHi MK 00’e€KTamu
3a ¢opmyoro (1) Ta mipy noxiénocrTi 3a (3).

- |52-75| +|6—7| . 46|

d(0,,0 =099,
(©1.05 54 6
(0,,05)=— %O’ggﬂ 1[=0,55
, =—1e — =0, .
Hgoro (P10 )=
5 PE3YJIbTATH

Po3paxyemo Bincrans (1) Ta Mipy momioHocTi (4) Mixk
06’extamu O; , O, , O3 (tabm. 3, Tabm. 4).

Tabmuus 3 — Yncinosi 3HaueHHs Bifgcradi (1) Mk 06’ ektamu

d(0;, 0) 0, 0, 0,
0, 0 2 0,99
0, 2 0 3
[ 0,99 3 0
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Tabmuns 4 — Uncnosi 3HaueHHs Mipu nofi6HocTI (4) Mix

00’ eKTaMu
K poro (01,02) O, 0, Os
O, 1 0,23 0,56
0, 0,23 1 0
0, 0,56 0 1

I3 oTpuMaHMX pe3ynbTaTiB CIilye, M0 METPHUKY
BiZICTaHI MOXKHA IHTEPIPETYBaTH SK HEHOPMOBAHY
BEJIMYMHY BH3HAYCHHS MOMIOHOCTI MK 00’€KTamu, a
Mipy oAi0OHOCTI — CTaHAapTU30BaHy i3 mpoMixkKy [0; 1].

6 OBTTOBOPEHHSI

OTXe, OTpUMaHi  pe3yabTaTH  JEMOHCTPYIOTh
NPUKIIaIM BUKOPUCTAHHS METPUKH Bifcrani (1) Ta Mipu
momioHocTi (2) [UIs BH3HAYCHHS IMOMIOHOCTI, CXOXKOCTI
00’€KTIB, 110 OMHCYIOTHCS BHOPSJKOBAHHUMH O3HAKaMH.
BaknuBUM  MOMEHTOM € TpPU3HAYEHHS  YHCIOBHX
XapakTepucTuk panriB. Cucrema paHriB Moxe OyTu
3aJaHa, K MMOCIiOBHI HATypajJbHI YUCIA, TaK 1 MICTUTH
CKauku. Bce 3anexuTh BiJ KOHKPETHHX OCOOJMBOCTEH
NPUKITAIHAX 3a1a4d. Tak, 32 OCHOBY PiBHIB PaHTIB O3HAKA
A\ B34TO cepeHi 3HAYCHHS BIKOBHX PiBHIB BU3HAUCHHX B
[10]; mms A, — pamxyBaHHS, B SIKOMY KOXXEH PpiBEHb
OCBITH BUIUIEHHH CKa4YKOM; U1l O3HAKU A3 — IOCIIIIOBHE
pamKyBaHHA. SIKIIO B MPUKIAAHINA 3aqadi KOXKCH PiBEHBb
MIEBHOI O3HAKM MAa€ CYTTEBO BIUIMBATH Ha PO3B’S30K, TO
PEKOMEHIYEThCSI 1X MIJICHIIIOBATH CHCTEMOIO PaHTIB i3
ckaukaMu. Tak, paHI'M 3Ha4YeHb O3HAKU A3 MOXKHa OyJo
BU3HAYUTH Y BIJIOBIAHOCTI A0 KUJIBKOCTI HACENICHHS
BIJIMOBITHOTO THITy HACEJICHOTO MYHKTY, ajie s 3a/aadi
OIIIHKH CX0’KOCTi 00’ €KTIB-KJIIEHTIB II¢ HE € 3HAYYIIIHM.

B w™erpumni Bincrami (1) koxHWA i JOJAaHOK €
HOPMOBAHOIO BEJIMYHMHOIO 1 TIpUiiMae 3HA4YEHHS i3
npoMixky [0; 1], ToMy «BKIagm» KOXHOI O3HAaKH Yy
BIICTaHb € CHIBPO3MipHUMH. 3 IHIIOTO OOKy, KOXKHa
ckianoBa (1) xapakrepu3yBaTHMe BiJCOTOK BiIMIiHHOCTI
00’€eKTIB 3a BIAMOBIIHOIO 03HAKOIO.

Mipa noxi6HocCTI (4) Ma€e XOpoIly YyTIHUBICTh B OKOJII
Hyns (puc. 1), Mo A03BOJIUTH BUKOPUCTOBYBATH ii JUIA
KiacTepusauii i3 Bu3HaueHHsM moporiB [11]. Takox,
00J1acTIO 3aCTOCYBaHHS BiICTaHI Ta MipH MOXYTb OyTH
MeTonu Kkiacugikaumii, IO BUKOPUCTOBYIOTb METPHKY

BiacTani (Hanpuknan, KNN), MeToam KiacTepHOro
aHaIizy TaHUX (HampuKam, k-means, METO
KJIacTepw3aiii 3aCHOBaHWH HA HEYITKHMX OiHApPHUX

BiTHOIIICHHSX ); ACSKi 33724l IPUHHSITTS PIllICHb.

BUCHOBKHA

Bupimryetscsi mpobiemMa po3poOKH MaTeMaTHIHOTO
amapary Jyisi aHaJIi3y CXOXKOCTi 00’ €KTIB, 1[0 OMUCYIOTHCS
BIOPSIKOBYBAHUMH KaTeropialbHUMHM O3Hakamu. [lana
mpamst € NPOAOBXKEHHSAM  JOCHIKeHb  BUBUCHHS
3aCTOCYBaHHSl PIi3HMX MIp MOMIOHOCTI 1O pO3B’S3aHHS
pi3HMX TpaKTHYHUX 3aJad, J€ BHHHUKAae IoTpeda
BU3HAYCHHS CTPYKTYpH JaHHX Ta aHaTi3y NPUXOBaHUX
B332€MO3B’SI3KIB MiXK HUMH.

HaykoBa HOBHM3HA OTpUMaHHX PE3yJIbTATIB MOJATAE B
TOMy, 1IN0 3ampomoHoBaHi Biacrane (1) Ta wMipa
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noxibHocti  (3). [oBemeno, mo (1) € pi3HOBHIOM
MaHXETEHChKOI 3BaKEHOI BIJCTaHI 1 € METPHKOI B
IPOCTOPI BIOPSIIKOBAHHMX KaTEropiajbHUX O3HAK, a (4)
33JI0BOJIBHSAE ~ aKkcioMaM, [0  BH3HAYalOTh  Mipy
oi0HOCTI.

[IponemoHcTpOoBaHO MOXJMBE BHKOpUcTaHHs (1) Ta
(3) Ha KOHKpPETHUX MPHKJIAIAX.

[lpakTH4HEe 3HAYCHHS OTPUMAHHX  PE3YJIbTATiB
TIOJISITAE B MOXKJIMBOCTI 3aCTOCYBaHHs BificTani d Ta Mipu

Hgoro TP PO3B’si3aHHI PI3HMX 33/1a4ax aHamizy AaHUX
Ta  MAOIMHHOTO  HABYaHH],  SIKi  OMHCYHOThCS

BITOPSIIKOBAHNMH KaTeropiaJlbHUMH O3HAKaMHM Ta JESIKHX
KJIaciB 3a/1a4 IPUHHSATTS PillICHb.
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METHODS FOR DETERMINING SIMILARITY OF CATEGORICAL ORDERED DATA
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ABSTRACT
Context. The development of effective distance metrics and similarity measures for categorical features is an important task in
data analysis, machine learning, and decision theory since a significant portion of object properties is described by non-numerical
values. Typically, the dependence between categorical features may be more complex than simply comparing them for equality or
inequality. Such attributes can be relatively similar, and to construct an effective model, it is necessary to consider this similarity

when calculating distance or similarity measures.

Objective. The aim of the study is to improve the efficiency of solving practical data analysis problems by developing
mathematical tools for determining the similarity of objects based on categorical ordered features.

Method. A distance based on weighted Manhattan distance and a similarity measure for determining the similarity of objects
based on categorical ordinal features (i.e. a linear order with scales of preference considering the problem domain can be specified on
the attribute value set) are proposed. It is proven that the distance formula satisfies the axioms of non-negativity, symmetry, triangle
inequality, and upper bound, and therefore is a distance metric in the space of ranked categorical features. It is also proven that the
similarity measure presented in the study satisfies the axioms of boundedness, symmetry, maximum and minimum similarity, and is

described by a decreasing function.

© Konapyx H. E., 2023
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Results. The developed approach has been implemented in an applied problem of determining the degree of similarity between
objects described by ordered categorical features.
Conclusions. In this study, mathematical tools were developed to determine similarity between structured data described by
categorical attributes that can be ordered based on a specific priority in the form of a ranking system with preferences. Their
properties were analyzed. Experimental studies have shown the convenience and “intuitive understanding” of the logic of data
processing in solving practical problems. The proposed approach can provide the opportunity to conduct new meaningful research in
data analysis. Prospects for further research lie in the experimental use of the proposed tools in practical tasks and in studying their
effectiveness.
KEYWORDS: distance metric, similarity measure, categorical data similarity, ordered data.
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BEKTOPHO-JIOTTYHE MOJEJIIOBAHHS HECIIPABHOCTEMN
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AHOTANIA

AkTyanbHicTb. OCHOBHA i/iest — CTBOPEHHSI BEKTOPHO-JIOTiUHOrO in-memory koM totunry (BJIK), sikuii BUKOPHUCTOBYE JIHIIIe
read-write Tpan3akiiii Ha agpecHOl mam’sITi Il MOZACIIOBAHHS HECIPABHOCTEH, sk anpec. Tpaaumiiiaa norika Biacytas. BJIK Binb-
HUil Bix komanz mpornecopa ta AJII s opranizarii o0YMcIeHb i TOMY Opi€HTOBaHHI Ha iMIUIeMeHTalito y kpuctanu SoC i FPGA.
[IporoHyeTbCSI BEKTOPHO-JIOTIYHUI METOJ CHUHTE3y AEAyKTUBHHX MAaTPHIlb JUIS TPAHCHOPTYBAHHS BXIAHUX HECHPABHOCTEH, SIKMIl
Ma€ KBaJIpaTHYHY OOYHCITIOBAJIbHY CKIIAIHICTh.

Merta. Po3po6Gka BEKTOPHOIO JACIyKTHBHOI'O METOIY MOJCIIOBAHHS HECIPAaBHOCTEH Ha OCHOBI mpuMiTiBHHX read-write-
TpaH3aKIIii JUTsS aHAJi3y JIOTIYHUX CXEM.

Meton. BHKOPHCTOBYETHCSI BXiJIHUI TECTOBHI Ha0ip Ta JoriuHUi BeKTOp (yHKIiOHAIBHOCTI. MeTos, 10 po3po0IIseThCs, € Po3-
BUTKOM JITOPUTMY CHHTE3Y JIeJyKTUBHHUX BEKTOPIB Ha OCHOBI TaOJMI iCTUHHOCTI. JlelyKTHBHA MaTpULA IPU3HAYEHA JUI CHHTE3Y
Ta Bepu(ikalii TeCTiB 3a OMOMOTrO0 MapajaeIbHOr0 MOICIIOBaHHsS KOMOiHAIiN HECIpaBHOCTEH, K aapec, Ha ocHOBI read-write-
TpaH3aKIiil Hag 0iTaMu JeTyKTUBHUX BEKTOPIB, IO 3HAXOAATHCS B TIaM SITi.

Pe3yapTaTHn. 3anpOonoOHOBaHO BEKTOPHUH METOJ CHHTE3y ACAyKTUBHUAX MATPHLb JUIS TPAHCIOPTYBAHHS BXiJHUX HECIIPaBHOCTE
BEKTOPIB Ha BUXIiJ eneMeHTa. Po3po0ieHo CTpyKTypH AaHMX JUIS NapalieIbHOTO MOJIETIOBAHHS HECHpaBHOCTEH MU(POBHUX CXEM Ha
OCHOBI MPUMITHBHOI read-write-rpan3axuii B MaTpu4Hii mam’siTi, e HO€AHAHHS HECIIPABHOCTEH € CTOBILAMHU-aIpecaMu. 3arporo-
HOBAHO CEKBECHCOP i3 I’SATH OJIOKIB, 110 CKJIAJAI0Th BEKTOPHO-JIOTIYHUI KOMIT FOTUHT, MOB’A3aHHIA 3 IETyKTHBHUM MOJICITIOBAHHAM
HecnpaBHOCTEH Ha OCHOBI read-write Tpansakuiii. BukoHaHo Bepudikaliito Mozeneil Ta METO/IIB Ha TECTOBHX TIPUKIIAIaX.

BucnoBku. HaykoBa HOBH3HA MOJIATa€e y po3poOili HACTYMHHMX iHHOBAaUiffHUX pimieHp: 1) Brepiie 3amporoHOBaHO BEKTOPHO-
JIOTIYHMIT METOJl CHHTE3y MATPHL IEAyKTHBHUX BEKTOPIB IS apaJIeIbHOTO MOJETIOBAHHS KOMOIHALIH BXiJTHUX HECHIPaBHOCTEH K
anpec; 2) BOepIe 3apPOIIOHOBAHO aBTOMAT BEKTOPHO-JEAyKTHBHOTO MOJICIIOBaHHS HECIIPABHOCTEH, SIK ajipec, Ha OcHOBI read-write
TpaH3akiii, opienToBanuii ;s immementanii B FPGA LUT, BOynosanuit online cumymsitop SOC, sik sApo [UTst MOZETIOBAaHHS He-
cripaBHOCTe# nudpoBux cucrem RTL-piBHS; 3) IeMOHCTpalis TEXHOJIOTIYHHUX MepeBar BEeKTOPHO-JIOTYHOIO CHHTE3Y JACIyKTUBHUX
MaTpHIb BUKOHAHA Ha YNCICHHHUX NPHKIagax Tpaauniiaoi ta RTL-moriky, mo migkpeciroe TeXHOIOTYHICTh BEKTOPIB y MOPIiBHIHHI
3 aHANITHYHUMH JICAyKTHBHUMH (HOpMyJiaMul Uil TIO0YA0BH CUMYJISATOPIB; 4) MaTpuis ACIAyKTHBHUX BEKTOPIB, SIK CYKyIHICTh BEK-
TOP-CTOBIIIIB OYJIEBHX IMOXiJHUX BUKOPHCTOBYETHCS IS MOOYMOBH MiHIMAIBHHX TECTiB JUISl JIOTIYHUX €JIEMEHTIB; 5) peKypcHBHA
(dbopMysa cMHTE3y MaTpull NMepecTaHOBKU KOOPIHHAT y JIOTIYHOMY BEKTOPi aKTHBHOCTI JO3BOJISIE CYTTEBO CIIPOCTHTH OTPUMAaHHS
JIe/lyKTHBHOT MAaTpHIIi Il MOJICITIOBAHHS HECIIPaBHOCTEH sIK ajpec. [IpakTHYHE 3HAYEHHS MOJISATae B TOMY, 1o in-memory simulator
JO3BOJIUTH OTPUMATH IMIBUAKOIII0 MOJETIOBAHHS HECHpPAaBHOCTEH peanbHUX HU(ppoBuX O10kiB SOC Ha PiBHI COTEHb HAaHOCEKYHI.
HaBoasTbcs OIIHKY CKITaIHOCTI BiAMIOBITHUX alTOPHTMIB.

KJIIOYOBI CJIOBA: BekTOopHHUiT KOMII'IOTHHT, BEKTOpHA (opMa JIOTIKH, MaTPULS JIeIyKTHBHUX BEKTOPIB, BEKTOPHUII METOx
CHHTE3Y JCIyKTHBHOI Matpwiy, read-write TpaH3akiii, BEeKTOpHa MOJeb ACPEKTiB, BEKTOPHO-JIOTIYHE ACAYKTHBHE MOJCITIOBAHHS
HECIIPaBHOCTEH.

ABPEBIATYPU BIST - built-in self-test (6yzoBana camonepesipka);
AJIII — apiMeTHKO-TTOTIUHIIA TPUCTPIii; CIM — compute in-memory (o6urciiennst Ge3mocepe-
BJIK — BEeKTOpHO-JIOT'1YHHI KOMII IOTHHT; JIHBO Y TTaM’sITi);
JJH® — nockoHana au3 FOHKTHBHA HOpMaJbHA (op-
Ma,
© Xa.XaHOB B. I, Yymauenko C. B., Jluteunosa €. 1., Xaxanosa I. B., Xaxanosa I'. B., Hlkins O. C., 8 @ @ @
Paxuic [I. 1O., Xaxanos 1. B., llleBuenko O. 0., 2023 OPEN ACCESS

DOI 10.15588/1607-3274-2023-2-5

37



p-ISSN 1607-3274 PanioenextpoHnika, indpopmaTrka, ynpasminss. 2023. Ne 2
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2023. Ne 2

CPU - central processing unit (ueHTpajibpHuii mpore-

cop);

CS - computational storage (oGuucioBaibHE CXOBH-
we);

DNN - deep neural networks (riay6oxi HeiipoHHi Me-
pexi);

EDA — electronic design automation (cucrema apro-
MaTU30BaHOTO MTPOCKTYBAHHS);

FPGA — field-programmable gate array (mporpamosa-
Ha KOpHUCTYBAa4CM BCHTUJIbHA ManI/ILISI);

IMC - in-memory computing (oGurseHHs B Tam’sTi);

IP-core — intellectual property core (ckmagumnit GpyHK-
LiOHAIBHHI GJIOK);

LUT - look-up table (tabnuus momyky);

NLP - natural language processing (o6po6ka mpupo-
HOI MOBH);

NMC — near-memory computing (o6unieHHs 6IH3bKO0
JI0 TaM’sITi);

PIM-computing — processing-in-memory computing
(oGunceHHs 3 06poOKOIO B Iam’sITi);

RTL - register transfer level (piBens perictpoBux me-
penaq);

SoC — system on chip (cucTemu Ha KpHCTAi).

HOMEHKIJIATYPA

C — o0unciroBaIbHa CKIIAIHICTB,

d; — Bigcrans;

Djj — enemenTt D-maTpuIli AelyKTUBHUX BEKTODIB;

Dy — IenyKTUBHUI BEKTOp CTaHy BUXOJIB TaONuII ic-
TUHHOCTI HECIPABHOCTEH, IO MEPEBipAIOTHCS HA TECTO-
BHX JIBIHKOBUX Habopax X ;

F — dbyHKIIOHATBHICT;

Fij — enement F-maTpu1i HeclipaBHOCTEH;

H'- i-enemenT H-maTpumi;

L — HecnipaBHICTb;

Lt — BeKTOp HEeCIIPaBHOCTEH, 110 MEPEBIPSIIOTHCS;

Ly — L-marpurg, mo mepekogoBaHa 3a JOMOMOTOIO
matpuiii H;

L; — i-ctpoka L-matpwuii;

N — KiJIBKICTH BXOIB;

Qi —i-enement Q-Bekropa;

T — tecr;

tD — vac renepariii e IyKTHBHOTO BEKTOPA;

tF — gac 0OpoOKM BXiTHIX BEKTOPIB HECIIPAaBHOCTEIH;

AT —gac 0OpoOKH OTHOTO JOTIYHOTO EIIEMEHTA,

U — HOMED TiHiT;

X — BXimHUi TecToBUil Habip;

X — Tabnuis iICTHHHOCTI OJMHOYHUX Ta KPAaTHHUX BXi-
JIHAX KOHCTaHTHUX HECIPAaBHOCTEH;

X; — BXijHa 3MiHHA;

X; — moxizHa 3a 3MiHHOIO X;;

Y — BuxijgHa 3MiHHA,;

Z — 3na4yenHs HecripasHocTi 0 a6o 1.

BCTYII
MortuBarist AOCIiIPKEHHS TPOIUKTOBaHA TAaKUMH (paK-
TOpaMHU: 3aCTOCYBaHHS EIEMECHTAPHUX TPaH3aKIiid Yu-
tanHs-3anuc (read-write transactions) s oOuucIeHs Ha

© Xaxanos B. 1., Yymauenko C. B., JIutBunosa €. 1., Xaxanosa I. B., Xaxaunosa I'. B., [lIkins O. C.,
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ocHoBi mam’siti (Memory-driven computing) 3 BekTopHEM
OTIMCOM JIOTiKH, HASBHICTh MaM’ STi s 30epiraHHs THyd-
KUX MOZEJNEH JIOTiKH, BUKOPHCTAHHS HaHHX SIK afpec Uit
MIIBUILEHHST IIBUIKOIT JEIYKTHBHOTO MOJIEIIOBaHHS,
nepexiji KOMI'IOTHHTY Ha HIKYUI piBeHb OOUUCIIOBAIIb-
Hux mporuecis (read-write transaction), me moxHa He I0-
TpuMmyBaTHCs apxitektypu ¢on Heiimana (Neuman
architecture) Ta teopemy Ilocta-S16m0HCEKOTO PO PyHK-
uioHaneHy noBHOTY [2-3]. CyTHICTP BEKTOPHOTO
KOMII'IOTHHTY — TPaH3aKIlii YATaHHA-3aIHC Ha BEKTOPHUX
CTPYKTYpax HaHWX B AAPECHIH maMm’sTi. AKTyalbHICTH
[IbOT'O HAIPSAMY BHIHO 3 OCTAHHBOTO JOCITIIKEHHS KOM-
nanii Gartner, sika omyOIiKyBaja sIK TPUIEPHUM TpEH.
oGuuncmoBansHe cxosuiie (computational storage, CS),
SIKMH TePEeHOCUTh 00pOOKY JaHUX 13 LEHTPAILHOTO IMPO-
1ecopa y mam’sith, Jie BOHHU 3HaxoaaThes [4]. Benuki nani
MaroTh 00pOOIIATHCH 3a MiclieM iX 30epiranus [5]. Onne 3
TaKUX PINIEHb — BEKTOPHUH KOMIT IOTHHI — OOYHCITIOBA-
JBHUE TIpollec Ha OCHOBI read-write Tpamn3akmiii Hax Oi-
TaMM ABIMKOBOTO BeKTOpa (DyHKLIOHAIBHOCTI, 10 (op-
My€e OOYHCITIOBANbHE CXOBHIIE, 1€ BXiJHI JaHi € ampeca-
MU  OiTiB  BekTOopa JOTiKH.  BeKTOpHO-JOTigHMIA
KOMIT'IOTHHT PO3IJISNAETHCS SK KBa3iONTHMAaIbHUHA Bapi-
aHT BUPINICHHS NPOTHUPIYYS MK IMOTYKHOIO CHCTEMOIO
xomany mporecopa (Neuman architecture) ta 6GiroBux
CTPYKTYP BETUKUX JaHMX, IO MiAIAraioTs 00poomi. CyTh
MPOTIOHOBAHOTO KOMIT IOTHHTY — OOpOOKa BENUKHX Ja-
HHUX, SK ajpec, 3a MICIEM iX 30epiraHHs 3a JOIOMOTOI0
read-write TpaH3akmiii Hag GiTaMKM BEKTOPHOT JIOTIKH, L0
CTaHOBHUTh OOYHMCIIOBaNbHY mam st (computational
memory). AkrtyaneHicTh 3acTocyBaHHi INn-Memory
Computing (IMC), Near-Memory Computing (NMC),
Processing-In-Memory (PIM) koM’ foTHHTY TiATBEp-
JUKY€ThCs HACTYMHUMU myOmikaitisimu [6—10]. Tyt moxHa
BHIUTATH HACTYIHI METPUKH €(PEKTHBHOTO BUKOPHCTAHHSI
IMC.

1. CrBopeHHs Monenmi TAHMOOKMX HEHPOHHHX MEpex
(DNN) ocobmiBo B Tamy3i 0OpoOKHM MPHUPOIAHOI MOBH
(NLP), 110 ckopouye eHepreTH4Hy MOTYKHICTh BUKOPHC-
TaHHs nporpamu Ha 36.3%, i MiABUIYE MPOAYKTHBHICTH
AJITOPUTMY BEJIUKHX AaHuX 22.6% [6] .

2. Ocnosna meta IMC-apxiTekTyp MakCUMaJIbHO 3HHU-
3UTH EHEPrOoCIIOKMBAHHS ITiIBUICHHS aBTOHOMHOCTI 3
JTOTIOMOTOI0 CKOPOUYEHHSI Tepeiadi MiXK IaM ATTIO 1 009n-
CITIOBATBHUM OJIOKOM 3 JTOTIOMOTOIO TTOOITOBHX JIOTIYHHX
omepariiii (NOT, AND, OR, XOR) BcepeauHi MacuBy
mam’4Ti Ta Iopyd i3 HUM, IPOCYBAIOYX KOHIIETIIIII0 00YH-
ciens y mam’siti (CIM) [7].

3. TlpomyckHa 3aaTHICT, Tepegadyi JaHUX Ta
NOB’5I3aHE 3 HEI0 EHEProClOXHMBaHHA CTaJlM HaHOUIbII
KPUTUYHHUM BY3bKHM MiCLIeM Y OOYHCIIIOBaJIbHIM apXiTek-
Typi ¢on Heiimana wepe3 moain mporuecopa Ta mam siTi.
VYCBiIOMIICHHS €THOCTI OOYHUCIICHD Ta TaM STi B OJTHOMY
Micli BIIKPHJIO TNEPCHEKTUBHHUN HANpPsIMOK JOCIHiIKEHb
obuucneHp y nam’sti [8].

4. CydacHi mporpamu TOBHHHI OyTH Opi€HTOBaHI Ha
00po0OKy Bce OLTBITNX JaHUX.
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TeHOeHIis y TEXHOJIOTISAX IaM’ ST HE 3POCTae Tak
LIBU/IKO, K HPOAYKTUBHICTH OOYHCIIEHb, 110 PU3BOAUTH
IO Tak 3BaHOI CTIHM maMm’sATi. B JaHWii 4yac BUBYAIOTHCS
HOBI apXiTEeKTypH JUIsi BUPIIICHHS i€l MPoOiaeMu K ISt
BOY/JI0BaHOI, TaK 30BHINIHBOI mam’sTi. OcTaHHI METO[IH,
10 MaKCHMAJIbHO HaOJIKAIOTh OOYHMCICHHS JI0 MacUBY
nmam’sTi, Taki sk obumcnenus B mam’sti (IMC), oGuuc-
nenus OmwxHpol mam’sati (NMC), o06pobka mam’siTi
(PIM), 103BOJISAIOTh 3HU3UTH BApTICTh MEPEMIIICHHS Jia-
HUX MK OOYHCITIOBAIBHUM SAPOM 1 mam’sitTio. [ BOy-
noBaHux obuwncieHp cxema In-Memory Computing sa-
Oe3redye BUTIHI OOYUCICHHS Ta BUrpall eHeprii 1o 78%
st TieBHoTo Kiacy moxatkiB [9]. Jlawomy Bumy IMC-
KOMIT IOTUHTY MIPUCBsIUEHO Oinbline 64 Tucsy myOmikamii
B |IEEE Xplore, mo cBiguuTh mpo akTyanbHIiCTh TpodIie-
MH aHalli3y BEJIHMKHX JaHHX 3a JIONOMOTIOK IPOCTHUX
CPU-free mopenei, po3minieHnx y mam’siti. Pazom 3 1ium
3aIlpOIIOHOBAaHI PIllIeHHs, CIIPSIMOBaHI Ha CTBOPEHHS 00-
YHUCITIOBAYA Y IaM’sTi, JIe 30epiraroThCst Benuki aaHi. Ha-
CTymHHM KpokoM Oyne ctBopeHHs In-Data-Computing,
0e3 JoTiKM Ta cXeM OOpOOKH y METpHIIl Olepallii 39nTy-
BaHHs-3anucy (read-write transaction) nax GiTamu Benu-
KUX JQHUX.

OO0’ eKT HOCIiKEHHS — iIN-MEMOry KOMIT FOTHHT, KK
3HW)KY€ EHEepPreTHYHi Ta 4YacoBli BUTpPATH NHpU 00poOILi
BEIIMKHX JaHHX.

[IpenmeT aoCTiKeHHS — IN-MEMOry MOICTFOBaHHS
JoriyHUX KOMIOHEeHTIB SOC Oynmb-sAK0i pO3MIPHOCTI 3a
Joromororo read-write TpaHsakiiii Ha JIOTiYHHMX BEKTO-
pax.

Mera nociiukeHHS — po3po0Ka BEKTOPHOTO AETYKTH-
BHOTO METOAY MOJCIIOBAHHS HECIPABHOCTEH Ha OCHOBI
npumituBHEX read-write TpaH3akifii JIs aHamizy Jorid-
HHX CXEM.

1 IIOCTAHOBKA 3AJJAYI

Bupinryerscsi mpoOiieMa IEpeHEeCeHHs apXiTeKTypu
¢on Heilimana 10 mam’siTi Ta 3aMiHH TOTYXKHOTO IPOIIE-
copa read-write TpaH3aKIiiMH Ha JIOTIYHUX BEKTOPAX IS
3HW)KEHHSI EHEPreTHYHUX Ta YaCOBUX BUTpAT IPH MOJie-
JIIOBaHHI JIOTTYHUX (QYHKIIOHAIBHOCTEH OyIb-sKOi po3-
MipHOCTI.

Hexaif 3amani Moiei BXiJHUX JTaHUX, IO MOXYTh Oy-
T npeacrasieHi (puc. 1):

Pucynok 1 — CTpyKTypH BXiJHUX JaHUX
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1) MHOXHMHAMHM — KOMIIAKTHI JaHi, 10 BMMararTh
CKJIQHOTO Ta MOCIiIOBHOTO 3a BXOJAaMH JITOPUTMY IX
00po0Okw; 2) BekTOpaMu — yHiTapHe KomyBauus (Symbol
coding) maHux Ha yHiBepCyMi MPUMITHBIB, 1[0 BUKOPHC-
TOBY€E NapaJieIbHUI PEeriCTPOBHIA alropuT™M IXHBOT 00po-
OKH, TIOCTIIOBHU TI0 BXOJax; 3) agpecaMu — KOMITAaKTHE
KOJIyBaHHsI YHITapHHUX JaHUX Ha YHIBEpPCyMi NPUMITHUBIB
Ta MOCJITOBHUIA aNropuT™ iX 06poOku read-write Tpan3a-
KIISIMM Ha 11am’siT1 0e3 JIOTIKM Ta Ipolecopa 3 napajeib-
HICTIO 32 CTOBIILIMU-aAPECaMH.

Hexait Bektop Q = 01101001 sBnse coboro Xor-
(hYHKIIIO Bi TPhOX 3MIiHHUX, SIKi (HOPMYIOTH aapecH Ja-
HUX, IO MiUIATAaI0Th aHaJi3y.

Tyt 1 nanmi Q-BEeKTOp MepexoquTh 3 YACTUHH TAOIHUI
ICTHHHOCTI Y CaMOCTIHY KOMITaKTHY (OpMY IS 3aBIaH-
Hs (pyHKIIOHANBEHOCTI 00 CTPYKTYPH 3 METOIO CTBOPEHHS
BEKTOPHO-JIOTIYHOTO KOMIT IOTHHTY OOpPOOKH BEJIMKUX
JIAHUX, 10 po3MilieHi y ajapecHiii mam’sti (CS).

3agava momsirae y: 1) po3poOLi BEKTOPHOTO METOLY
CHUHTE3y JEeIyKTUBHHX MAaTpUIb JUIS TPAHCIIOPTYBaHHS
BXIiJIHUX HECIPABHOCTEH BEKTOPIB Ha BUXiJ eleMeHTa; 2)
po3podui cTpykTypu naHux (mexykruBHoi marpuri D,
yorigHOrO BekTOpy Q, Marpwui mepekomxyBaHHS H, xoMm-
OiHamiii HecmpaBHOCTEW Ha BXogax eimeMeHty X), Uit
NapajenbHOr0 MOJCIIOBAHHSA HECIPaBHOCTEH LU(POBUX
CXeM Ha OCHOBI mpumiTuBHOI read-write-tpansakiii B
MaTpPUYHIA TaM’sTi, 7€ MOEIHAHHS HECIPABHOCTEH CIly-
’KaTh CTOBIIIAMH-aapecamMu; 3) po3poOii m’siTh OIOoKiB
cekBeHcopa (puc. 2), 0 CTaHOBJISATH BEKTOPHO-JIOTIUHHIMA
KOMIT FOTUHT, IIOB’SI3aHUH 3 JEIYKTUBHHM MOJICIIOBAH-
HSIM HECTpaBHOCTEH Ha OCHOBI read-write TpaH3akiiiii.

Pucynox 2 — Ctpykrypa q0CIiKeHHS

20IJis1 4 JITEPATYPU

OCHOBHI MPOOJIEMH B Tajly3i MOJICITIOBAHHS HECIIPaB-
HOCTEH CJIiJl BU3HAYUTH TAKHMM YHHOM.

1. Bucoka o0uMCiIOBaJbHA CKJIAIHICT aJITOPUTMIB
KOMOIHATOPHOTO aHaji3y Ha PETiCTpPOBOMY DIBHI ONHUCY
mozeni [10-12].

2. CKIaHICTh aNTrOPUTMIB MOJICIIIOBAHHS Ta CUMYJIS-
il TOCIIOBHUX CXEM, IOB’s3aHa 3 Helepen0adyBaHO0
KiJbKicTIO iTepartiii [11].

3. 3HauHMi 00CST CTPYKTYp JaHHX sl aHAI3y 1ud-
POBHX CHCTEM Ha KPHCTali, 110 HETaTHBHO MO3HAYAETHCS
Ha MPOJYKTHBHOCTI METOJIB MOJEIIOBAHHS HECIIPaBHOC-
Teii Ta cuHTe3y Tectin [15-21].

4. CkJaJHicTh aHaJ3y Ta CUHTE3Y TECTIB VIS JIOTIKH
BEJIMKOT PO3MIPHOCTI Ta iX CTPYKTYpHa 1 KOMOiHaTOpHa
CKJIQJHICTh, OB’ 53aHa 3 PO3Taly’KEHHSIMH, 10 30iratoTh-

cs [10].
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5. IlapanensHe po3B’s3aHHS 3aBAAaHb TECTYBaHHA Ta
imitamii nudposux mpuctpois [9-12].

VY design and test BUKOpPHUCTOBYIOThCS TPH OCHOBHI
(dhopMu omuCy TPOIECIB Ta SBUIL. TAOJUYHA, aHAJIITHYHA,
rpagosa [10-21]. TIpu upomy matpuils (Tabnuis) i Bek-
TOp € 1B (OpPMHU OMUCY MOACICH, 110 MEPEXOIATh OJUH
JI0 OZHOro. MaTpuis, Ipu HEOOXiTHOCTI, PO3ITyCKAETHCS
B OJTHOBHMIPHUM BEKTOP JUIS 3pyYHOCTI MapajeiabHoi 00-
poOku naHux perictpoBoi mam’siti. [IpupomHo, mocutsb
[POCTO BIJIHOBUTH TaONHI0 UM MATPHUIO 3 BEKTOPHOI
(bopMu onmucy mporecy uM sBuiIa. Bekrop Q (aBiiikoBwHit,
0araTo3HAYHHIi) € KOMIIAKTHUM BHJOM TaOJHMI 1CTHHHO-
CTI SIK YTOPSAIKOBAHOI TOCIIJOBHOCTI CTaHIB BHUXOIY,
AKIIO BXiTHI KOMIIOHEHTH-aIpeCH BIIOPSAIKOBaHI 3a 3pOc-
tandsm [11-20].

Kpusza cyyacHOro KOMIT'IOTHHTY IIOB’s3aHa 3 JBOMa
mpobeMaMu: 00POOKOIO BEJMKHX JaHUX HECIPOMOXKHOIO
32 YacCOBHMMH BHTpaTaMH Mapol0 IpoIecop-aM’siTh, a
TaKOXK KaTacTpo(iyHIM 301IbIICHHSIM CIIOKUBAHHS CJICK-
TpoeHeprii Mo0aTbHUMI 00UHCITIOBATEHUMH TIPOLIECAMH
Ha Cy4YaCHiH MiKpOeNeKTpoHimi. BupinreHHs neprmroi mpo-
OnmemMu TpYHTYEThCS Ha akciomax: “Bci maHi 3HaXOOSThCS
y mam’siTi”. Hemae soriku, siky He MokHa Oyno O peairi-
3yBaTH Ha mam’sATi. Hemae manmx, siki HEe MOXxHA 0yio 6
BUKOPHUCTOBYBATH SIK aJIpecu Ui 0OpOOKH Ha mam’sTi, 1e
BMilieHa Jsiorika. He icHye soriku abo QyHKuil, siki He
MOokHa Oyno 6 pearmisyBaté 3a momomororo read-write
TpaH3akiii Ha mam’sTi. HaiitexHonorivynima cTpykTypa
JIAHUX YIS T1aM’ATi € BeKTOp abo MaTpullsd, JOCTYIHI JUIs
mBHAKOIF0uNX read-write Tpansakiiii. Jle € Beuki naHi,
TaM HEOOXigHO OyAyBaTH MPOCTHIA OOYUCIIOBAY JUIS X
aHamizy.

3 MATEPIAJIN I METOAU

Po3srisHeMo 0CHOBHI BH3HAUCHHS.

Jloriunmii enemeHnt — Oynp-siKa JABiHiKoBa (hyHKIiOHA-
JMBHICTH Bif N 3MIHHHUX, 3 HEBH3HAYCHOIO BHYTPIITHHOIO
CTPYKTYPOIO, 1[0 33JIa€ThCS JIOTIYHUM BEKTOPOM, PO3MIp-
nictio 2",

Jloriunmit BekTop — siBHAa Qopma 3aBraHHs (QyHKIIO-
HaJILHOCTI 3a JIOTIIOMOT'0I0 BIIOPSIIKOBAHOI IOCIIiIOBHOCTI
2" 6iTiB, JIe KOKEH OiT Ma€ CBOIO ABIHKOBY alpecy B MeT-
puni N 3MiHHKX. JIOTiYHKI BEKTOp pa3oM i3 BHOPSAKOBa-
HOIO CYKYITHICTIO SBHHX JBIHKOBHX aJpec YTBOPIOIOTH
TaOJINIFO ICTUHHOCTI.

Bxiganii qBifikoBwii Habip — BXiHA TECTOBA MOCHTIIO-
BHICTh 3 N OBIKOBHX OiTiB, sIKi 320€31eUyIOTh TPAHCIIOP-
TyBaHHA KOMOiHami{ BXiTHUX HECTIPABHOCTEH eeMeHTa 3
Horo BUXiz.

JlenyKTHBHUI BEKTOp — JIOTiYHA (YHKIIOHAJIBHICTB,
3ajJiaHa Ha BXiJHOMY JBifiKOBOMY Ha0opi, 110 3abe3neuye
TPaHCIIOPTYBaHHs KOMOiHalii BXiJHUX HECIIPaBHOCTEH Ha
BUXI1J[ €JIEMEHTA.

Tabuuns icTHHHOCTI HecIIpaBHOCTEH — sIBHA KOMOiHa-
TopHa (hopMa 3aBIAaHHSA BCIX MOXKIMBHX BapiaHTIB BXif-
HHUX HECIPaBHOCTEH ONUHUYHUMH 3HAYCHHSIMH KOOPIH-
HAT Ha MHOXHHI N IHBEPCHUX 3HaYCHb 3MIiHHHUX BXiJIHOTO
IBiIIKOBOTO HAOODY.
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JlenyKTHBHA MaTpuls — siBHa Gopma 3aBaanus 2" me-
IYKTUBHUX BEKTOpiB y (opmarti joriuHoro sexropa 2",
KOXKEH 13 AKHMX Ha BXiZHOMY JIBiikoBOMYy Ha0Oopi, JOBXKH-
HOWO N, ¢opMye (YHKIIOHANBHICTh TPAaHCIIOPTYBaHHS
KOMOIHAIIT BXiJHUX HECIPAaBHOCTEH Ha BUXIJ CIIEMCHTA.

Marpuns nepekoyBaHHs OiTiB — CYKYyINHICTh HOMe-
PiB-iHAEKCIB Yy METPHIIi AEKapTOBOTO J00YTKY JIOTI4HOTO
BekTopa 2"x2" mpu3HayeHa IS CHHTE3Y NEAyKTHBHOI
MaTpHlli 3 JIOT1YHOTO BeKTOpa abo ioro iHBepcii.

PosrnsiHeMO BEKTOpPHHUIT METOJ CHHTE3y MaTpulli Jie-
IOYKTHBHOT JUIsl MOZICITIOBaHHS HECIIPABHOCTEH.

Ha mouatky cuix po3rasHyTH noOynoBy H-matpwii
NIEPECTaHOBOK, fKa € OCHOBOIO CHHTE3Y HIEIyKTHBHUX
MaTpuis. s remepamii H-matpuili HeoOXimHO 3HATH
JIUIIE N — KUIBKICTh BXIAHUX 3MIHHHMX OYy/Ib-SIKOi (PYHKITi-
OHaNBHOCTI. MaTpuus H BifcTexxye 3aKOHOMIPHOCTI 3Mi-
HHU KOXHOT BXiZiHOT 3MiHHOi y mpocTopi 2" psjikiB Tabauwi
ICTHHHOCTI HE BpPaxOBYIOUM CTaHIB BHXOZIB. [HIIMMHK
cnoBamu, H-martpuns 3abe3nedye MOTEHIINHHI YMOBH aK-
TUBi3alil BXiJHMX 3MiHHHX (HecmpaBHOCTeH). PeanbHi
YMOBH aKTHUBi3alii Oyie 3reHepOoBaHO MUIIXOM CYyIepIo-
3WIIiT MATPUII 3 JOTIYHUM BEKTOPOM KOHKPETHOI (PyHKIIi-
onanbHOCTi (puc. 3). Tomy H-marpuiis € siiepHOO He-
3MIiHHOIO CTPYKTYpOIO JJIsl TEXHOJOTiYHOTO CHHTEe3y D-
MaTpUIl TeAyKTUBHUX BEKTOPIB.

Pucynok 3 — Pone H-maTpuwi y hopMyBaHHI 1elyKTHBHOI MO-
aeni

Cunte3 H-matpumi mepecTaHOBKH KOOPAWHAT BHKO-
PUCTOBY€ TEXHOJOTIYHO MPOCTY PEKYPCHUBHY (GOpPMYIy

. H i-1 H i
H'= 1i i21 ,ne i=1273,.... — KIIbKICTh BXIJHUX
Hy Hy
3MIHHUX.

AJITOPUTM CHHTE3Y TPECTABICHHNA TPhOMA MyHKTAMH
(puc. 4):

Pucynok 4 — Cunres L-MatpuIi nepekoryBaHHS BEKTOPIB

1) meprira Ta yeTBepTa YBEPTH MATPHII TIEPECTAHOBOK
OeperhbCst BiJ| MONEPEHBOTO PEKYPCUBHOTO OOUHCIICHHS
Matpuil it N=i-1 3MiHHUX, TyT BUKOHYIOTECS PiBHO-
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CTI: Hli_l =H ‘ifl, H i2—1 = H:ig_l, pu LBOMY
01
HJ =0,H{ = ;
0 7L o

2) Apyra 4YBepTh MATpPHUIll 3HAXOIWTHCSA HA IMiIACTaBi

a="-)-H; , j=12" =12,

Bupazy H ije2n

3) TpeTs YBEpPTh MATPHIN 3HAXOIUTHCS IIIIXOM KOITi-
IOBaHHS JIpyroi YacTMHM MaTpHLi 1O TPeThoi oOusacTi
Hy=Hj.

Mero cuHTE3y Marpuii JNeIyKTHBHUX BEKTOPIB 3a
Q-BEKTOPOM Mae JIMIIIE [BA ITYHKTH.

1. Orpumannas Matpuni MoxudikoBaHux L-BekTopiB
¢byHkuionansHOro enemenra (puc. 4) Ha BXigHOMY |-
Habopi 3a npaswioM: Lj =Q @ Q;. 1 BUKOHAHHS LbOTO

NyHKTY Q-BEKTOp 3aIuCy€EThCs 10 TOPU3OHTANI TA BEPTH-
kani L-matpuni. [lotiM ananmizyerbesi KOXKHa KOOpAWHATA
Q-BekTopa, 3ammcanoro no Beptukam Q;. Sxmo Q; —

KOOpAHMHATa BEPTHUKAIHHOTO Q-BeKkTopa MOPIBHIOE OIH-
HHUIIi, BAKOHYETBCS IHBEPCisi FTOPU30HTAIBHOTO BekTopa Q

i #foro 3amuc B moTo4HHUN psagok Marpuui Ly =Q. B in-
LIOMY BUIIAKy B HOTOYHHUI psAfoK L-MaTpuii 3anucyeTh-
ca Q-ekTop Oe3 3minn: Lj =Q.
2. BuzHaueHHs Bcix OITiB JIeAyKTHBHOI MaTpHli 3a
‘M. © 190
opmynoro: Dy =Ly, j=12".

Po3risiHeMO BEKTOpHUMH METOA CHHTE3Y J1eyKTHUBHOI
MAaTPUIl TPAIUIIIHHOT JIOTIKH.

MaremaTtiuHa OCHOBa JEIYKTUBHOTO MOJICITIOBAHHS
HECHPaBHOCTEH IoJsirac y TPaHCHOPTYBaHHI Ha BUXIX
JBIAKOBUX KOMOiHamil BXigHUX AedeKTiB yepe3 QyHKIT-
OHAJBHICTh F Ha 3amaHOMy BXiHOMY T€CTOBOMY HabOpi
T 3a ¢opmynoro L=T @F . CyTHICTb AECTyKTHBHOTO
MO/ISIIIOBaHHS TOJIsIrae y 3MiHi JIoTiku enxeMenTa F 3ane-
JKHO BiJ BXIMHUX YMOB 1. JIeIyKTHBHE MOJCIIOBAHHS,
3ampomnoHoBane piBHO 50 pokiB Tomy Apmctponrom [22],
JI0Ci € HAWBUTOHYCHIIINM Ta Haiie(peKTUBHIIMAM 3ac000M
aHaIli3y SKOCTI TECTIB Ta CHHTE3y TAaONHIh IS TOIIYKY
neeKTiB, MPOCTEeKYBAaHHS IUISXY PO3IOBCIOKCHHS HE-
cipaBHOCTI. Jlani IpOMOHYeThCA HOTO peani3amis Ha Oc-
HOBi BeKTOpHOI (opmu ormucy soriku [11-21], sika BuU-
KJIFOYA€ JIOTIUHI aHAITHYHI (OPMH, IO JIA€ MOXKIIUBICTH
CYTTEBO CIPOCTHTH &ITOPUTMH CHHTE3Y JEAyKTHBHHUX
Mojienie Ta iX 3acTOCyBaHHsS JUIsl IHTEPHPETaTHBHOTO
MOJICIIIOBaHHS LU(POBUX €JIEMEHTIB Ta CXEM BEIUKOi
po3MipHocTi. Meta — mpuOpaTty BCi aHaNITHYHI BHpa3H
JNETYKTUBHOI JIOTiKH, MO (IrypyloTh y OLIBIIOCTI poOiT
[6-9, 20], npucBsveHHX AEAYKTHUBHOMY MOJCIIOBAHHIO.
MoxHa i moTpiOHO BHKOPHUCTOBYBATH JIWIIEC BEKTOP JIe-
JYKTUBHOTO MOJIEJIIOBAaHHS HecnpaBHOcTed. Jlyke yacTo
(dopma Mofeni BH3HAYa€ 3MICT, KOMIIAKTHICTh Ta IIBU-
KOZis mporeayp aHaiizy. ba3oBi meToam AeIyKTHBHOTO
mozemoBanus [10, 20, 22] 3Boauircs 10 CUHTE3y aHai-
THYHUX JeaykTuBHuX (GopMm (AHD). Iudopmariis mpo
JIOTIYHUH eJeMeHT OyJia IpejacTaBiIeHa TaOJIUICIO ICTHH-
HOCTI Y JIOTiYHUM BUpas3oMm [1]. Ane y Oymp-sikoMmy BH-
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MajKy, sSIBHO YU HE SIBHO, BUKOPHCTOBYBAJIOCS DPiBHSHHS
TexHiuHOi giarHocTuku L=T @ F nng orpumanus neny-
KTUBHUX (HOPM MOJICTIOBAHHS HECIIPABHOCTEH.

Jlai nponoHy€eThCsk HOBHI METOJ CHHTE3Y JIeyKTHB-
HUX BEKTOpIB, SKWH 3BOAWUTHCS IO aHamizy Q-BekTopa
BHUXIJIHMX CTaHIB JIOIYHOI0 N-BXOJOBOrO ejleMeHTa 0e3
TabIUI ICTHHHOCTI. MeTo CHHTE3y NeAyKTUBHHX Mart-
puib 32 Q-BEeKTOPOM Il TPAAUIIIMHUX JIOTIYHUX eJIeMe-
HriB Ha omepatopi D=(Q@®Qj)y mIpPOAEMOHCTPOBAHO

Ha pHC. 5.

Pucynok 5 — CunTe3 AefyKTUBHIX BEKTOPIB [T 0Aa30BUX
JIOTIYHUX €JIEMEHTIB

Crioyatky 3aIicyeThes JIOTIYHUI BekTop Q 1o ropu-
30HTaI Ta BepTHKa nepiioi Q-Marpuii CMHBOTO KOJIbOo-
py. IoTim 3xiticHIOeThCS 3amuc BekTopa Q; =Q 6e3 3wmi-

HH Ko 1o Beprukan Q; =0. fAxmo Q;j =1, To BUKOHY-

€ThbCs 1HBepcis storiyHoro Bexropa Q; =Q . Matpung H €
IHIEKCaMU ISl MEPEeCTAHOBKH KOOPAMHAT Mmarpuill Q.
3enena matpurst D sBise co6010 pe3ynpTaT mepecTaHoB-
KU BMICTY KOOpAMHAT MaTpuii Q 3a I0MOMOTro0 MaTpHili
H:D=(Q®Q) -

Crnixg 3a3HaYuTH, MO CHHTE3 ICTYKTHBHUX (popMyl
JUid  B3aeMHO iHBepcHuX enmementiB: Q=0110 i

Q =1001 mae omHAaKOBI 3HAUEHHS MATPUII JEAYKTHBHUX
BEKTOPIB, SIKi BUPOXKYIOThCsl B oiuH BekTop 0110 Ha Beix
BXiIHMX  Habopax.  OOuuciiOBajJbHa  CKJIQJIHICTB
(computational complexity) BiukoHaHHS LBOTO OIEpaTOpa
nopisrioe; C=2x2"x2" = 22+l y pasi mapaeibHOro
BUKOHAHHS PETiCTPOBHX OIEpalliii HaJl BEKTOpaMu 00YH-
CJIIOBAJIbHA CKJIAHICTh JIaHOTO OIepaTopa IOpiBHIOBATH-

me: C =2x2". Haii6inblr IpUMITHBHHME €IEMEHTAMH €
inBeprop (Q =10) Ta noroproBau Q =01). Hespaxaro-

YW Ha T, IO 1€ Pi3HI €JIeMEHTH, BOHH MalOTh OJHAKOBI
JIEAYKTUBHI BEKTOPH, SKi JO3BOJIIOTH NMPOBOAUTH LH(-
POBY JIOTIYHY aKTHBHICTh 3 TpPaHCIOPTYBaHHS BEKTOpa
HECIPABHOCTEH BiJl BXOAY 10 BHUXO/Y, HE CIOTBOPIOIOYH
#ioro (puc. 6).
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Pucynok 6 — CuHTE3 JeIyKTUBHHUX BEKTOPIB LI IPUMITHBHHX
B3a€MHO iHBepcHHX eneMeHTiB: 10 ta 01

PosrisiHeMO MeTo CHHTE3y ACAYKTHBHUX BEKTOPIB
RTL-noriku.

Ha puc. 7 npencraBieHo CHHTE3 AEIYKTHBHUX BEKTO-
piB Ul TPHOX-BXOJOBOTO XOr-EJIEMEHTa, 3aIaHOTO BEK-
topom Q = 01101001. OTpumManumii pe3ynpTaT Mae yHika-
JbHY BIACTUBICTh. Bci 2" JENyKTUBHHMX BEKTOpPiB XOf-
¢byHKIioHaTBHOCTI piBHI Mixk coboro D = 01101001 i mo-
piBHIOIOTH BuxigHOMY Bektopy Q = 01101001 wmiei pyHk-
nii. Aranitnaaa gopma XOr-¢yHkuii qopiBHIOE ii qemyk-
TUBHIN QYHKIT, sika npesacTasieHi HactynHowo JJ/ITHO:

Y = Xy XpXg v X1 X5 X3 v Xg X5 X3 v X1 X5 X3,

Pucynok 7 — CUHTE3 JA€AyKTUBHUX BEKTOPIB sl TPHOX-
Bxo0Boro enxementa XOR

JJH® wmoxe Oyt 3ammcaHa AW3 FOHKIIEIO BIHKO-
Bux komiB Y =001v010v100v11l. Ilepui Tpu Tepmu
BHUKOHYIOTb POJIb (DUIBTPIB /I BU3HAYCHHS BIIMIHHOCTEH
Ha KO)KHOMY 3 TphOX BXoaiB. OCTaHHIH TepM BU3Hayae
CXOXICTh JlaHMX Ha BCIX TphOX BXoxaax. [lns 1Box-
BXOMOBOro Xor-emementa Y = XX, v X1X, mparoe
TUIBKKM (LIBTP BIAMIHHOCTI BXiJHHMX JaHHX, a BEKTOP
Q =0110 cknameHuii KOHKATCHAIIE€I0 BEKTOPIB iHBEPTO-
pa 10 i moBToproBaua 01, siki MarOTh OJTHAKOBI JACTYKTHB-

Hi BektopH, piBHI 01l. YoTHprox-Bx0q0Ba XOr-hyHKIIis
mae JJJITHO

Y = X1 X5 X3X g v Xy XoX3 X4 v X1 Xp X3 Xg v
V X1 X5 X3 X4 v X1 X0 X3X 4 v Xy X o X3X 4 v
v X1 X5 X3X 4 v X1 X5 X3 Xy,

abo
Y =0001v 0010v 0100v 1000 v

v0111v1011 v1101v1110,

aKa BIJIIIOBITa€ HACTYITHOMY BEKTOPY
Q=0110100110010110. ITepmi 4oTHpH TepMHU BU3HAUA-

OTh (QUIBTP BIAMIHHOCTI BXIJIHUX IaHUX, IHIII TEPMH —
MOIIOHOCT] Ha BCiX KOMOIHAIISIX 3 TPHOX BXOHIB. Pekyp-
CHMBHA CX€Ma CHHTE3y XOr-BeKTOpiB sl  BXOIIB
n=1,23,45,6,7,8 nokazaHo na puc. 8.
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Pucynok 8 — Cuntes Q-BekropiB s N-BxigHoro XOR

TyT KO)K€H HACTYMHHI BEKTOpP OOYMCIIOETHCS 3 ypa-
XyBaHHSIM PEKYpCUBHOIO BUCJIOB/IIOBaHHS

Qi =Qj_1 *Qj_1 , IO MICTHTh KOHKAaTEHALII0 [BOX BEK-

TOPHUX KOMIIOHEHTIB MoOIepeansoro pisusa. Bexrop 01,
npu N =1cuig po3riagaTté sSK BUPOKEHY XOr-(yHKIio
Bii oxHiel 3MmiHHOI. Metpuka XOr-gynkuii: 1) Xor-
GyHKISA He miuirae MiHiMizanii; 2) YHciIo OJWHHUIb Ta
HysiB y Q-BekTopi ogHakoBe; 3) BCi JEAYKTHBHI BEKTOPH
piBHI Mik co6oro Ta piBHI Q-BekTOpY; 3) € €AUHOIO DyH-
KII€I0 TSI BUMIPIOBaHHS Oyb-SIKMX TPOIIECIB Ta SBHII y

KibeprpocTopi (—Bin:ldi =0; 4) bopmye piBHIHHS TEXHi-

yHoi miarHocTukn 1 @ F@® L =0 mua BupinieHHs 3a-
BaHb KOMIT FOTHHTY; 5) 31aTHa BUMIpIOBaTH MOIIOGHOCTI
Ta BIAMIHHOCTI BXiJHUX JaHUX K aapec; 6) 3 Oyab-a1Koro
BXOJ/ly TPOIYCKae OyIb-Ky aKTHBHICTb IO BHXOAY, HE
BHUMAraroui >KOJHHX YMOB aKTHBi3aIli; 7) XOr-GyHkIis
YTBOPIOE TPAaH3UTHBHE 3aMHKaHHs 3 (yHKUisMu and, or:
ADV =@ abo A®vD® D=0, abo y BekTOpHii Gopmi:
0001®0111®0110=0000; 8) mmst Xxor-dyukuii Q-
BEKTOp € KOMITAaKTHOIO (hOPMOIO.

PosrnsiHeMO MaTpUIIO IeIyKTHBHHX BEKTOPIB, SIK Be-
KTOp-CTOBIENb OYJIEBUX MOXITHUX.

JIBa MOHATTS BeKTOpHO-OyIieBa MoXifgHA Ta JSTyKTHB-
Ha MaTpPHII MAlOTh AEAKi 3arajibHi METPUYHI BIACTHBOC-
Ti: 1) oOHaBa BHKOPHCTOBYIOTH XapaKTEPHCTHYHE pPiB-
HSHHS TEXHIYHOI IIarHOCTHKHA Ha OCHOBI XOr-omeparrii:
L=T ®F; 2) MaroTh OHY i Ty 5K MaTPHIO IIEPEKOIY-
Hit H)
HY HiL
Ha TPaHCHOPTYBaHHs OyJb-sKOi BXiZHOI aKTUBHOCTI Ha
BUXOJY JIOTTYHOT CXE€MH. 3aJIMINAETHCS BUPIIINTH HTaH-
HS, SIK B3a€MOZIIOTh MIXK COOOIO IIi IBa KOMIOHEHTH. J[jst
IILOI'0 BHKOPHCTOBYEMO ACAYKTHBHY MAaTpPHIIO JIOTTYHOT
BekTop-¢yHkii 10000001 Big TpbOX 3MIHHHX, SIKa HaBe-

neHa Ha puc. 9. TyT MopoHi KJITHHY y TaOIMIAX MO3HA-
YalOTh HYJIbOBI CTaHH.

pauHs 6iTie H' = ; 3) oOMaBi crpsMOBaHi
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Pucynok 9 — CuHTE3 JAeAyKTUBHOT MaTPUIIi JJIsi CHMETPUYHOT
¢ynkuii Q = 10000001

Martpuns D € nekapToBuM 100yTKOM MHOXHHHU BXif-
Hux 3MiHHEX D = X x X, s;ke OTpUMaHO Ha OCHOBI Ha-
crymHol ¢opmymn D=(Q®Y)y . Psaaku marpuui e ne-
JYKTUBHUMH BEKTOPaMH TPAHCIOPTYBAaHHS BXiIHHMX aK-
TUBHOCTEH, a CTOBMI MAaTpHLli (GOPMYIOTh BEKTOPHI II0-
XimHI a00 YMOBH TPaHCHOPTYBaHHSA BXiJHUX aKTHBHOC-
Teit. KpiM TorO, CTOBMII Ta PSAKHA ACTyKTHBHOI MaTpPHIl
BI3HAYEH] ABIHKOBUMH KOJaMH BX1JHUX 3MIHHHX.

ByneBa BexTopHa moxigHa 1Mo 3MiHHIA Xj — 1€ QYHK-
mis Big N—1 3MiHHOI, sIKa BUKIIIOYa€ 3MiHHY, 3a KO0 Oe-
peThCs MOXiTHA!

dF Xi = f (X1, X000 Xj = 0,0, X ) @
dX;

f (X3, X0 X =1, X ).

®daxTryHO OyreBa MOXiJHA — 1€ € YMOBa aKTUBi3aIlil
3MiHHOi X|, fIKa TIOBMHHa OyTH BHCTaBJieHa Ha Bcix N-1
BXIHMX 3MIHHHX, 32 BHHATKOM 3MiHHOI X;. JJoTpumyrto-
YHCh 1IIbOTO BU3HAUCHHs, MoxkHa 3anucatu JJHD Oynesux
HOXIJHHUX MO CTOBITYMKAX AETYKTHBHOI MaTpHILi:

X = X123 =0.
X1 = X3 =000v100v 011v111=
= X00v X11= X, X3V X, X3.

X5 =X13=000v010v101v111=

=0X0VvIX1=X; X5V X;X3.
X3 = X35 =000v110v 001v111=00X v11X =

= X1 X5 v X1 X5,
JenykTuBHI MaTpHUIi A TPHOX-BXOAOBOI JIOTIiKH

npencrasieHi takumu Tabiuismu (puc. 10). Tyt mopox-
HIMH KJIITHHAMH TIO3HA4Y€HI HYJIbOBI KOOPINHATH.

Pucynok 10 — JlexyKTHUBHI MaTpHI JUIsl TPHOX-BXOJOBOT JIOTiKH

CroBnmi AETyKTHBHOI MAaTpPUIll € MOXiTHUMH IO OJ-
Hifl, IBOM 1 TpPHOM 3MiHHHM. Nnetscs PO YMOBH, SIKi
3a0e3MeuyoTh aKTUBI3AI[I0 BUXONy €JIEMEHTa 3aJIe)KHO
BiJl KUTBKOCT1 aKTUBHHUX: OJTHOTO, TBOX a00 TPHOX BXOJIIB.
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JH® OyneBuX MOXiAHWUX MO CTOBMYMKAX IETYKTHB-
HHUX MaTpPHUIb MAIOTh BUTJISL

X1 = (Q =00000001) = 011v111= X11= X, X3.
X, = (Q =00000001) =101v111=1X1= X; X3.
X3 =(Q=00000001) =110v111=11X = X; X5.
X1, = (Q =00000001) = 001v111= X; X, X3 v X; X, X3.
X13 =(Q =00000001) =010v111= X; X, X3 v X1 X X3.
X 53 =(Q =00000001) =100v111= X; X, X3 v X1 X, X3.
X123 = (Q =00000001) =000 111= X; X5 X3 v X1 X5X3.

X1 =(Q=01111111)=000v100 = X 00 = X, X3.

X =(Q=01111111) =000 v 010 =0X 0 = X; X3.

X3 =(Q=01111111) = 000 v 001=00X = X; X .
X1 =(Q=01111111) =000v110= X; X, X3 v X1 X5 X3.
X13=(Q=01111111) =000v101= X; X, X3 v X1 X5 X3.
X3 =(Q=01111111) =000v 011= X; X, X3 v X; X, X3.
X123 =(Q=01111111) = 000v111= Xy X, X5 v X1 X, X3.

X1 =Xy = X3 = X13(Q =01101001) =
=000+ 001v 010v 011v100v101v110v111= XXX =1.

B ocraHHROMY BHIAJIKy MOXiIHA 32 OyIb-SIKOKO BXij-
HOIO 3MIHHOIO JTopiBHIOE oamHUI. lle o3Havae iHBapiaH-
THICTh CTaHy BXOJIIB JJIS aKTHBi3amii Oyab-AKoi1 BXiZHOT
3MIHHOI.

[ikaBuM € TOH (hakT, 110 SKIIO OTPUMaHI MOXixHI a60
YMOBHU aKTHBI3allii BCIX BXIMHUX 3MIHHHUX — II€ O3HAYAaE,
IO TMPAaKTUYHO MOOYZAOBaHUI MOBHUN KBa3iMiHIMaJIbHUN
TECT JJIS IOOJIMHOKUX HECIPABHOCTEH BXIJHUX Ta BUXiJI-
HHUX 3MIHHUX LbOTO (YHKIIOHaJBHOrO enemeHnra. dop-
MallbHUN a00 AHANITHYHHUN 3aIHC TAKOTO TECTy Ma€ BH-

g T = (Ovl)* Xi', e i =1,_n, a CHMBOJ * — OIleparis
KOHKaTeHaIil. SIk mpukmaz (0 vV l) * (X 2 X3) =011v111 -

TECT JUIS IEPEBIPKHU MEPIIOTo BXoay eneMenTa 3and.
Po3risiHeMO BEKTOpPHO-TaOJNMYHE JIEIYKTUBHE MOJIe-
JIIOBaHHS HECIPABHOCTEH JIOTIKW /s MiABHIIEHHS IPO-
JYKTUBHOCTI Ta SIKOCTI MOJICNIOBAaHHS HECIPaBHOCTEH
JIOTIYHHUX CXEM LUISIXOM CYTIEepHO3UIii TaOauIli iCTHHHOC-
Ti OJMHOYHMX Ta KPaTHUX KOHCTAHTHUX HECHPaBHOCTEH,
IO TIEPEBIPAIOTHCS HA ABIIIKOBOMY TecTOBOMY Habopi Ta
MaTpHlli ACAYKTHBHUX BEKTOpPiB. TYT BITOKPEMITIOIOTHCS
taki 3amadi: 1) cMHTE3 CTPYKTYp OaHUX Ta airOpPUTMY
OTpUMaHHsl JeNyKTUBHOT Marpuii 3a JoriunuM Q-
BEKTOpPOM; 2) po3pobKka TabNuWIl iCTHHHOCTI SIK MOJeli
BXIJIHUX HECIPABHOCTEH JIOTIKM JJIi BH3HAUCHHS SKOCTI
Tecty; 2) and-cynepro3uirist TabauIli iICTUHHOCTI Ta BEK-
TOpIB AEAYKTHBHOI MaTpPUIIl JUIS aHANi3y HECHpaBHOCTEH,
IO TCPEBIPSIOTECA Ha JBIHKOBHUX TECTOBHX HaboOpax;
3) anroput™ CHiIbHOTO aHaNi3y TabJUIb ICTHHHOCTI Te-
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PEBIpPKH BXiZHMX OAMHOYHHMX Ta KPATHHX KOHCTAHTHUX
HECIPaBHOCTEH Ha IOBHOMY TECTi.

Meton cuHTe3y AeqyKTHBHOI MaTpuil. BuxinHi maHi:
norivHui  BekTop (QyHkuionaneHocTi Q = 10000001
(puc. 11). CunTe3 IeMyKTHBHOI MATPHUI[i BHKOPHCTOBYE
taky popmyny: D=Ly =(Q @ Qy)y . Jloriunuii BekTop
Q cmodvaTky 3amHCy€eThCS B MATPHIIO MO0 TOPU30HTAII Ta
BEPTHKAJIi, CTBOPIOIOYHA METPHUKY MATpPHIli. 3alIOBHIOIOTh-
cst psiaku Matpuni Ly = Q @ Qj nuisixom BHKOHaHHS Ipa-

BWJIA: SIKIIO BepTHKalbHAa KOOpAMHATa BekTopa Q; =1,

BekTOp Q 3amucyeThes B i-psiIoK 3 iHBepciero cBoix 6iT. B
iHmomy Bunanky Qj =0 6e3 inBepcii. [loTiM BUKOHYETB-

csl IepeKoayBaHHA OiTiB MaTpuil L 3a momomoror mat-
pumi H 3 Meroro OTpuMaHHA [EAYKTUBHOI MATpPHII
D=Ly.

Pucynok 11 — CuHTe3 IeAyKTUBHOI MaTpPUIli eJIeMEHTa 3a JIOTi-
YHUM BEKTOPOM

Meron MozenOBaHHS HECHPAaBHOCTEN 3a NEOyKTHB-
HOIO MaTpuner. BuximHi NaHi, OJHAKOBI B METpPHIIi 2"
JICIyKTUBHOTO BEKTOPA: MaTPHUIIS ACAYKTHBHUX BEKTOPIB
D ta tabnwms icTHHHOCTI X OAMHOYHHX Ta KPaTHUX BXia-
HHUX KOHCTAQHTHHX HecmpaBHocTed (puc. 12). Bxigui masi
— NBIMKOBUH TeCTOBU HAOIp X, SKHil BU3HAYaE HOMEP-
azpecy ICAyKTHBHOTO BekTopa Dy Iuis MojearoBaHHS
HECIIPABHOCTEH, a TaKOX 3HAKU HECIPABHOCTEH, MIO Iie-
PEBIPSIOTHCS B TAOJUII iCTUHHOCTI X.

Pucynok 12 — BekTopHO-Ta0INYHE JIeTyKTHBHE MOJICITIOBAHHS
HECTPABHOCTEH JIOTiKH

Tyt mpexacraBiieHa CymepHoO3HLis OJHAKOBUX 32 PO3-
MipaMH MaTpHIli JeAyKTUBHUX BEKTOPIB 1 TaOnMIli icTHH-
HOCTI BCiX KOMOiHamiii KOHCTAaHTHHUX HECIPaBHOCTEH Ha
BXOJIaX  JIOTIYHOTO  €JIEMEHTa, 3aJaHoro  BEeKTopa
Q =10000001. CroBmmi TabauIi iCTHHHOCTI X OJHHHY-
HUMH KOOpJIMHAaTaMu (HOPMYIOTb BHYEPIIHI KOMOiHaIii
OJMHOYHHMX Ta KPAaTHUX KOHCTAHTHUX Ae(eKTiB, AKi €
MTOXIJTHUMH BiJl TBIHKOBOTO BXiHOTO TECTOBOTO HAOOpY
X. CumBon Xjj =1 o3Hayae mepeBipKy ONMHOYHOI He-
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CIIPaBHOCTI jXI Ha BXigHomy curHaii X;. Kparna He-

CIPaBHICTh ineHTHUdiKOBaHA JeKiTbKOMa 1-
KOOpAWHATaMH B CTOBIII MaTpuii X. Hanpukiaz, y cuHix
KIIITHHAX OJWHUIIIMHU 3a3HaueHi HECIPaBHOCTI, SAKi mepe-
BipSIOTHCA Ha TECTOBUX Habopax
x =101 (2%), 011 (11),111.(1°,2°,3%).

Anroput™ (opMyBaHHSI KOOpJHMHAT BEeKTOpa nedek-
TiB, 110 MEPEBIPSAIOTHCS, MICTUTh BCHOTO OJMH OIIEPATOP
JIOTIYHOTO MHOXXEHHs X-Marpuii Ha Bektop Dy
L=XADy. Ilpu npomy pnemyktuBHHi Bektop Dy
(x=0,1,2,3,4,5,6,7) posrisimaeTbesl SIK BEKTOP CTaHy BHU-
XOJIiB TaOJINIII iICTUHHOCTI HECTIPABHOCTEH, MO MepeBipsi-
FOTBCSl HA TECTOBHX JBifiKoBHX HabGopax X = (000, 001,
010, 011, 100, 101, 011, 111 ). Pe3ynbTaT MHOXEHHS CBO-
iMH OJMHWUYHMMHU KOOpJMHATaMH (OPMYE CYKYIHICTh
HECIIPaBHOCTEH, 10 MepeBipsoThcsa. BoHu imeHTHOIKY-
IOThCSL B OCTAHHIX PsiIKax TaOJMIh 33 3arajbHONPHUHS-
THM MO3HAYEHHSIM.

Bu3HaueHHsT 3HAKIB HECHPaBHOCTEH y MaTtpuili X 3a-
CHOBaHAa Ha CYMEPHo3uilii JBIHKOBOTO TECTOBOTO

X-BEKTOpa 31 CTOBIIIIMH X-MaTpumi: X j= XA X i 3Hak

HECIIPaBHOCTI, IO MEPEeBIpSETbCS, HAa AaKTHBHUX 1-
KOOpAMHAT X-MaTpHili, sSKi BHIUIEHI CHHIM KOJbOPOM

(puc. 13), BusHauaerses 3a mpasumamu: Xjj = X A Xjj -

Hanpuxan: OAl= 1 1A1=0. IIpouec BU3HAUEHHS 3HA-

KiB HECIIPABHOCTEH MPEICTABICHUN IEPIIAM Ta JAPYTHM
CTOBIIIAMHU. AHaJI3 SKOCTI TECTY BUKOPHCTOBYE METPUKY
CTPYKTYPH JaHUX, MPEICTABICHUX TAOIUIIMH HECIPaB-
HOCTEH, M0 MepeBipsroThes, It iX 06’ enHanus (cyrmep-
TIO3MIIii) B MpOIECi MOJENIOBAHHS B OJHY KOMITAKTHY
Tabmuiro ictuHHOCTI. [limcymKoBa TabiauIs HecmpaBHOC-
Tei, BU3HAYcHa y Tphox3Haunomy andasiti {0, 1, X} 3a
JIOTIOMOTOI0  KOOpAWHATHOI  omepamii 00’ eXHaHHS
0ul= X . Ilo3HaueHHS KOOPOMHAT TaONHII HECIIPABHO-
creit: 0 — stack-at-0, 1 — stack-at-1, X={0,1} — nepesipka
HecTpaBHOCTeH 000X 3HaKiB BXinHOi miHii. [Ipomec 00’ en-
HaHHS TaOJIHIb IPECTaBICHNH y IpaBiii yacThHi.

Pucynox 13 — [nrerpamist Tabnuip nepeBipky HeclipaBHOCTEH
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4 EKCIEPUMEHTHU
1. Bepudikaiiito 3arnpornoHOBaHOTO BEKTOPHOTO METO-
Iy CHUHTE3y IeIyKTHBHOI MaTpHLli JUIi MOJIEIIOBAaHHA
HECIIPAaBHOCTEH BHKOHAHO Ha IPUKJIAJl CHHTE3y NEIyK-
TUBHOT MaTpHIi AJsI TPhOX-BXOZOBOTO JIOTIYHOTO ejeMe-
HTa, 3aaanoro Bekropom 10000001 (puc. 14).

Pucynok 14 — Cunre3 MaTpulli AeAyKTUBHUAX BEKTOPIB

D=Ly

Takuii exeMeHT ciil po3risifaTd SK YOPHHUH SIIHK
abo RTL-piBeHs npesncTaBieHHs QyHKIIA CTOCOBHO HOTO
CTPYKTYpH, sIKa MOXe OyTH I0-pi3HOMY BHKOHaHa IpH
BEKTOPHOMY 3aBJaHHI Horo moBeniHku. TyT iHTepec €
Ppe3yJIbTaToOM TPAHCIIOPTYBAaHHS CIUCKIB aKTHUBHOCTEH Bij
BXOJIy JI0 BHXOXy IJbOro eneMeHTa. [Ipu npoMy Helikaso,
SIKI TIJISXW 3afisiHI BcepeIuHi KOHKPETHOI peaisamii J0-
rigyHOro enemeHra. [IpoTe cHHTE3 ACAYKTUBHUX BEKTOPIB
LOTO eJIEMEHTa II0Ka3aB, L0 Y BCIX BXIJHUX BIUIMBAX
BEKTOpPU TPaHCIOPTYBaHHS AKTUBHOCTEH MarOTh OAHE U
TEX 3Ha4YeHHs Ha napax HaOopiB: 0-15 i 5-6. Inui Habo-
PH, BOJIOJIFOYM CHUMETPI€I0, HE MOBTOPIOIOTHCS Y MaTPHII
JeTYKTUBHUX BekTopiB. HynboBi koopanHatu marpuis L
ta D mpencraBneHi mopoXXHIMU KITITHHAMH 3 METOIO Bi3y-
anpHOTO CcHpuitHATTS iHQopmanii. Takum umHOM, D-
MaTpHLs JeTyKTHBHUX BEKTOPIB 37100yBa€ThCsl HA OCHOBI
BUKOHAHHs HacTynmHoro omeparopa D=(Q®Q)y,
OTPUMAHOr0  BHACHIJOK  CYNEpHo3ulii  oneparopis:
L=Q®Qj TaD=Ly.

2. PosrmsmaeTses mporec CHHTE3y ACAYKTHBHUX (O-
PMyJ UL YOTHPHOX-BXOJOBOT JIOTIYHOI CXEMH, BEHTUIIb-
Ha CTPYKTypa sKoi Bimoma mig im’ssm «cxema Schneider»
[13], sixka mpencraBnena Ha puc. 15.

Pucynok 15 — BenrtunbHa peanizauis cxemu Ineiinepa

RTL-monens cxeMu 3agaHa BEKTOPHHM MOKPUTTSIM
Q =1000000000000001 (puc. 16).
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Pucynok 16 — CuHTE3 IeIyKTUBHUX BEKTOPIB I YOTHPHOX-
Bxoz0Boi cxemu Q = 1000000000000001

[TpupoHO, 10 Ul KOKHOTO JITyKTHBHOTO BEKTOpa
MOXKHa OTpUMAaTH aHajmiTuuHy ¢Gopmy y Burismi JHD
JUI. TPAHCHOPTYBaHHS HECIIPaBHOCTEH Ha KOHKPETHOMY
Ha0O0pi. AJie el MUIAX € TEXHOJOTIYHO CKIIAJHUM 1 00Yu-
CIIIOBANIEHO-BUTPAaTHUM, TOMY BiH HE NPUHHSATHUHN JUIs
PHHKY €JIeKTPOHHUX TEXHOJIOTIH.

[Mpuknan MonenroBaHHS BXiTHUX HECIPAaBHOCTEH 4O-
THPHOX-BXOJIOBOIO €IEMEHTA Ha JETyKTUBHOMY BEKTODI
0000001100000000 (7-i# pstmok HaBeAEHOI BHIIE MATPHIL
JNEOyKTHBHHUX BEKTOpIB) TpeicTaBieHuit Ha puc. 17. 3a
YOTHPH aBTOMATHI TaKTH BEKTOPH BXiJIHHX HECHpPaBHOC-
Teil Oy/NM TpaHCHIOPTOBaHI Ha BUXIJ 3 OTPUMAaHHSIM pe-
3yJbTaTy y BHUIVISAI OJHOTO BEKTOpA BHXIIHMX HECIpaB-
Hoctelt 0110. Po3B’s13aHHS 1aHOTO 3aBJaHHS HA BEHTHJIb-
Hill CTpyKTYpi L€l cxeMn noTpeOyBajgo O TpUAUATH JaBa
ABTOMATHHX TaKTH.

Pucynok 17 — ®@parmMeHT MOJETIOBaHHS YOTHPHOX-BXOZI0BOL
cxemu Q = 1000000000000001
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30UnblIeHHS  KIUTBKOCTI  BXOMIB  (PYHKIIIOHAIBHOTO
RTL-enemenTa mpu3BOAUTE OO MiJBUINEHHS IMPOTYKTHB-
HOCTI MOJICTTIOBaHHS 32 PaXyHOK TOTO, IO OiJIbIIEe BEKTO-
PIiB BXIJIHUX HECHPABHOCTEl MOJEIIOIOTHCS MapajeinbHO
JUIS. OTPUMAaHHSI BHXITHOrO BeKkTopa nedekriB. Bukopuc-
TaHHS YOTHPHOX-BXOJOBOTO €JIEMEHTA MiJBHIILYE MPOAY-
KTUBHICTh MojenoBanHsl B 11 pasiB, mOpiBHSHO 3 #HOro
CTPYKTYPHHAM BEHTWIBHUM €KBIBAJIICHTOM. Y 3arajlbHOMY
BUNAJKy, MiBHIIEHHS MPOJYKTUBHOCTI MOJICITIOBaHHS
st RTL-cxem, 1m0 MaroTk N BXOZiB, TOPIBHSAHO 3 aHAIi-
30M JTH®-cTpyKTypH 1BOX-BXOJOBUX BEHTHIIIB, BU3HAUA-

€ThCs Takoro opmyioro: Q :g+ n-1, n=4,8,16 ...

3. PosrnsHeMO aBTOMAT BEKTOPHO-ACAYKTUBHOTO MO-
JICITIOBaHHS HECIIPAaBHOCTEH JIOTIKH.

Meta — CTBOpPEHHS IIBHIKOIIOYOTO €(peKTHBHOTO
BOYZIOBAaHOTO MEXaHI3My JUIsl BEKTOPHO-ACAYKTHBHOIO
MO/ICITFOBAHHS HECTIPABHOCTEH JIOTIYHUX EIEMEHTIB Ud-
poBux cxeM (puc. 18).

Pucynok 18 — CexBeHCOpP BEKTOPHO-/IEIyKTHBHOTO MOJIEITIO-
BaHHs HECIIPAaBHOCTEH JIOTIKH

Crpykrypa nanux: H — yHiBepcaigpbHa MaTpHIII Iepe-
KOJyBaHHS OITiB JUIl OTPHUMaHHs ICTyKTUBHOTO BEKTOPa

3a BXiTHHUMH IapamMeTpaMu: H(X,2n), X — JIECATKOBUM
€KBIBaJIEHT BXIJHOIO ABIMKOBOI'O CJIOBA, 1HAEKC, IO BU-

3HAYa€ PSIOK TAOJMI TEePEKOyBaHHS, 2" — jnomkuna
BOTO psijKa B Tabmuii. H-mMatpuis Oymyersest oauH pa3s
s Beix N-Bximemx ememenTiB. X =(X1X5X3) — mar-

pHLs BEKTOPIB BXIJHHUX HecnpaBHocTell st Habopy X, U
— yHiBepcyM imeHTH(]IKaTOpiB OAMHOYHUX HECHPaBHOC-
Teit miHiit cxemu. L =Q ® Q, — iHBepcis JOTiYHOrO BeK-

TOpa y pa3i oquHN4HOI peakuii enementa Q, =1 Ha BXi-
nue cnoso. D =(Q®Qy)y; =H — marpuus orpumanHs

JEIyKTUBHOTO BEKTOPA JUII MOJCIIOBAHHS HECIPaBHOC-
Tel SK azpec Ha OCHOBI JIOTIYHOTO BeKTopa Q.

Jani HaBOOWTBCA TPHKIA] BEKTOPHO-IEIYKTHBHOTO
MOJICIIIOBaHHS BXiJHUX JBiiikoBux HabopiB 101 Ta 111
11t TpeOX-BX0moBo1 cxemu [uetinepa (puc. 15).

AJITOPUTM MOJICITIOBaHHS HECIIPABHOCTEH SIK afpec Ha
JICYKTUBHOMY BEKTOpi Mae Tpu komaumu (puc. 19), Ha-
BEJICHI HIKYE.
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Pucynok 19 — In-memory aBromart BeKTOpHO-eyKTHBHOTO
MO/IEITIFOBAHHS HECTIPABHOCTEH JIOTIKH

1. Teneparis aKTUBHOTO BEKTOpa
L =(Q ®Q,) =10000001¢ 0 =10000001. Bexkrop
Q =10000001®1=01111110 imBepTyeThCs (MpaBa cxe-
Mma), sKmo BXigHe cioBo X(111) anpecye KoMipky
Qy =111=1.

2. T'eneparist eIyKTUBHOTO BEKTOpa Ha OCHOBI KO-

Op/IMHATHOI mepeasapecanii OITIB aKTUBHOTO BEKTOpa
D =Ly =(10000001) 54761032= 00100100 .

3. MozenoBaHHs HECIIPABHOCTEH SIK aapec:

Lf = DX = (00100100)010:1 = 1, (00100100)100=4 = O,
(00100100)91_5 =1, ....

Bxinna indopmaris npeacTaBieHa TBOMa BEKTOPaMHU:
Bximaum X =101(5), momxuuoro n (3): joriuHEM

Q =10000001, po3miprictio 2" (8). [lnst mpaBoi cxemu:
x=111(7), pemra mapaMeTpiB OJHAKOBI 3 IIEPIIOIO CXe-
MOIO.

CTpyKTypa JAaHUX MpeACTaBJeHi JBOMa Oilokamu abo
Matpuiiva. llepmmii 610k-Matpuns (opmye BEKTOPH
HecrpaBHOCTeH sk Matpurli F =X xU 1ma koxHOTO
BXIJTHOTO JBilikOBOrO Habopy y ¢opmari nx2n, ne 2n —
KUTBKICTh OJJAHOYHUX KOHCTAHTHHX HECIPABHOCTEH Ha N-
Bxojax. KoopauHara MaTpulli HECNPAaBHOCTEW BU3HAYA-

eThesl 3a Takow Qopmynow: =1<—Uf=Xi . Hampu-
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knax, 1° — O-xoHcTaHTHA HECMpaBHICTh HA JIiHIT 1, a p
1-xoHcTaHTHA HecnpaBHiCTh Ha JiHil 2. Inakme Fj =0.

IHmmMuU crmoBaMu, BXiJHI HECIIPABHOCTI, IO MiJUISTAIOTh
MO/ICIIFOBAHHIO, € IHBEPCHUMH JI0 CIIPABHOTO CTaHY BXO-
IiB.

Croermi F-matpuri HecripaBHOCTI (OPMYIOTH JECST-
KOBI aJjpecH KJIITHH JIelyKTUBHOTO BEKTOpA 3a MPaBUIIOM:

Xy 20+ Xy x2b 4 Xy x 22 +......
BaHHS HECIIPaBHOCTEH Ha BXiJHOMY TECTOBOMY Habopi X
dopmyerscs y (uepBoHomy) Bektopi Ly =Dy, ne omu-

Pesynprar Mopemto-

HUYHAMHU KOOPJIUHATAMH BiJ3HAYCHI CTOBIIII, SIKi BiIIO-
BiJTAIOTh HECTIPABHOCTSIM, II[0 TEPEBIPAIOTHCSA. X — CTOBII-
i MaTPHIIi HECIPABHOCTEH, 10 PO3IIISAAIOTHCS SIK ajpe-
CH KOMIpOK JiefyKTUBHOTO Q-Bekropa st (opMyBaHHS
Lt -BeKTOpiB HECHPABHOCTEH, IO MEPEBIPSIFOTHCS HA OC-
HOBi read-write Tpanzakmiii. JIpyruii 610K npU3HAYCHHI
JUIA TeHepalil JeIyKTHBHOTO D-BexTopa 3a BHXiZHUMH
JAHUMU. JIOT1YHUE BekTop Q, ABIMKOBE BXiJHE CJIOBO X,
MaTpuLs nepexoayBanHs 0itiB H. st cuHTe3y AenyKTH-
BHOTO BEKTOpa BUKOPUCTOBYETHCS dopmyna:
D=Ly =(Q®Qy)y . buakurni psaxu agpec (Address)

BHUKOPHCTOBYIOTHCS ISl Bisyanizauii mpouecy MOemro-
BaHHA. BoHM He MOTPiOHI /YIS HATUCAHHS MPOTPAMHOTO
KOJY.

5 PE3YJIBTATH
Y po0oTi 3anpONOHOBAHO BEKTOPHHH METOJI CHHTE3Y
JETYKTUBHAX MaTpHULb Ul TPAHCHOPTYBaHHS BXIJIHUX
BEKTOPIB HECIIPAaBHOCTEH Ha BHXIJl €JIEeMEHTA.

. 1
O6GuucmoBanpHa ckaagnicte C =—=xKk x n® kK —
2 [l Ile

vac 3unTyBaHHs 3 Tam’sTi (< 10 NS), N — KiNbKICTh MiHIA y

1
cxemi (<1000), 5 — TOJOBHHA TaOJUII MOJICITIOBAHHS

onHoro Ttect-Habopy. OO6poGieHo 50 koMOiHAIIHHMX
cxeM pi3HOi po3mipHOcTi. llIBHaKOMi0 MeTOMY TiATBEp-
JUKEHO EKCIepUMEHTaNbHO: cxema Ha 10 BxomiB 00poO-
nsieThest Ha moBHOMY Tecti 3a 10 mxc, 20 BxoxiB — 18 Mkc.
BukopucroByBascs 4-x sinepuuii npouecop Intel Core i5,
3.8 GHz. Pe3ynbrat eKCIEpUMEHTIB y3arajJbHEHO Ha
puc. 20.

Pucynok 20 — OGuucroBanbHa CKIAIHICTh MOJICIIOBAHHS Y
TIOPIBHSHHI 3 aHAIOTAMH

Po3po0iieHO CTPYKTYpH TaHUX JUIS MapajebHOrO MO-
JICITIOBaHHST HECIPABHOCTEH IM(PPOBUX CXEM Ha OCHOBI
MPUMITHBHOI read-write TpaH3zakiiii B MaTpHUHii am’ s,
JIe TIOETHAHHS HECTIPABHOCTEN € CTOBIMIIIMH-a/IPECaMHU.

3anponoHOBaHO CEKBEHCOP 13 I'ATH OJIOKIB, IO CKIIa-
JAIOTh BEKTOPHO-JIOTIYHUI KOMIT IOTHHT, IIOB’SI3aHUN 3
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ACOAYKTUBHHUM MOICIIIOBAHHAM HeCHpaBHOCTCfI Ha OCHOBI
read-write TpaH3axiriii.

6 OBI'OBOPEHHSI

HesBakaroun Ha TEXHOJIOTIYHY MPOCTOTY 3aIPOIOHO-
BaHOT'O METOJy CUHTE3y MaTpHIli JIelyKTUBHUX BEKTODIB,
JaHUM MiOXiJ Ma€ O4YEeBUAHUM HENOJIK, OB’ A3aHHUil 3
PO3MIpHICTIO TaOJNMIb NPU BEIMKIH KUTBKOCTI BXIZHUX
3MiHHHX. MlOro MOKHA YCYHYTH, SIKIIO HA BXiZHOMY Tec-
TOBOMY Ha0Opi ONEpaTHBHO T'€HEPYBATH JIMIIC OJWH Jie-
IOYKTHBHHH BEKTOpP JUIA MOJCIIOBAHHS HECIPAaBHOCTEH.
Jis 11p0T0 TOTPiIOGHO BUKOPHUCTOBYBATH JIHIIIE OIEPATOP
D = (Q@Qi)Hij , omucaHuil panime. OO4uciIrOBanbHA

CKJIJHICTh 1€l mpoueaypu aopiHioe C =2" nen-—
YUCI0 3MIHHHMX JIOIIYHOIO €JIEMEHTA, KA BH3HAYAETHCS
nepecTaHoBKamu 0iTiB B Q-Bekropi mo H-matpuri s
orpumanHs D-Bextopa. YV 1[bOMy BHIAIKY ICTYKTHBHE
MO/ICITFOBaHHS HECIIPABHOCTEH HE BiPI3HATHMETHCS CKO-
pilll 3a BCe Bifi COPABHOTO MOJIENIOBaHHS IIM(POBOI cXe-
Mu. JlempTa 9ac 0OpoOKH OJHOTO JIOTIYHOTO eJIeMEHTa

AT =tD +tF = 2",

MoskHa IiHTH BHCHOBKY, IIO JISIyKTUBHA MAaTpHIL
JIOBIJIBHOT JIOTIKM Ma€ TaKy METPUKY Ha BUpIIICHHS 3a-
BaHb TEXHIYHOI JiarHOCTUKH: 1) MaTpuis AeIyKTHBHUX
BEKTOPIB-PSAKIB BUPIIIY€E MUTAHHS TOYHOTO MOJIETIOBAH-
Hsl Ie(eKTiB IUIIXOM TPaHCIOPTYBAHHS BXIJAHHX BEKTO-
piB HEeCIpaBHOCTEH Ha BUXiJ €JIEMEHTA; 2) MaTpHIs €
BIOPSAKOBAHOIO CYKYIHICTIO BEKTOPHHX IIOXiHHX IIO
BXITHUM 3MiHHUM, SIKi BU3HAYAIOTHCS CTOBIIIIMH MaTpH-
1i; 3) CyKyIHiCTh Xil — HOXIJJHUX IO BX1THUM 3MIHHUM Y
MaTpHLi € TECTOM JJIsl TIEPEBIPKH OJMHOYHMX KOHCTAHT-
HHUX HECNPABHOCTEW BXIAHUX 1 BUXIAHUX JIiHINA; 4) oqu-
HUYHI KOOpJIMHATH MAaTpHLi JeIyKTUBHHX BEKTOPIB €
YMOBH aKTHBi3allil BEKTOpa BXiJIHUX JaHUX SIK a/Ipec JUIs
TPAHCIOPTYBaHHS Ha BHXiI CXeMH; 5) MaTpuilsl MoOXe
OyTH aKTHBHOIO MOJICIUIIO JUIS IMApaJICIFHOTO TOIIYKY
HecIpaBHOCTeH y Oe3recToBomy pexxumi online miaraoc-
TYBaHHS.

[lepeBaru 3ampOIIOHOBAHOI TEXHOJIOTII MOJIEITIOBAHHS
HECTpaBHOCTEH MOXHa omncati Tak (puc. 21): 1) Bimcyt-
HICTh OOMEXEHbh Ha PO3MIp Ta CKJIATHICTH JIOTIYHUX eJie-
MEHTIB, 10 TiJISITAl0Th MOJIETIOBAHHIO; 2) BiICYTHICTH
TPAAMLIIHO CKJIaJHOTO aJITOPUTMY MOJIEIIIOBAHHS, TIIbKU
omepariist and-cynepmno3uiii TabMIli ICTUHHHOCTI Ta IeIy-
KTHBHOTO BEKTOpa; 3) mapaseibHO i OJHOYACHO MOJIe-
JIIOIOTHCSI OIMHOYHI Ta BCl KOMOiHaNii KpaTHUX KOHCTaH-
THHUX HECIIPaBHOCTEH, NMPEACTAaBICHUX Y BUTIISI TaOIHI
ICTUHHOCTI; 4) BiACYTHs mpoLexypa reHepauii CHHCKIB
BXIIHUX HECTPaBHOCTEH, OCKINBKHA TaOIWI iCTHHHOCTI
U OyIb-sIKOi (DYHKITIOHAIFHOCTI Ha N-BXOIIIB Ta K caMa;
5) MeTo BUKOPHUCTOBYE JIMIIE OJHY MapasieibHy JIOTTIHY
and-omepartito i Mae JiHIHHY 00YHCITIOBAIBHY CKIIaIHICTE
BUKOHAHHS BEKTOPHHUX OIEpaliii Ha MHOXXHHI HeCIpaB-
HocTelt; 6) amst peanmizaiii MeToy He MOTPiOHI MOTYXHI
nporecopu ta 6moku AJII, mocratHpo juie read-write
TpaH3aKI(ii Ha mam’sTi; 7) METOJ CIIiT PO3IJIAAaTH SIK MPO-
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LIECOpPHE SAPO I MOJISTIOBAaHHS HecnpaBHocTel IP-core
SoC i moxe OyTH KOPHCHUM JUISl PUHKY EJIEKTPOHHHUX
TEXHOJIOTiH; 8) MeTOox Opi€HTOBaHWI Ha TEXHOJOTII Cy-
wacHOTro iN-Memory computing o6poOKH BENMHKHX JaHHX
6e3 6nokiB AJIIT Ta npouecopa.

Pucynok 21 — OGuucroBanbHa CKIAIHICTh MOJICITIOBAHHS Y
MOPIBHSHHI 3 aHAIOTAMH

IepeBaru aBrOMaTa BEKTOPHO-ACAYKTHBHOIO MOJIE-
JIIOBAHHS HECIIPABHOCTEH MOJIATAIOTh Y HACTYITHOMY:

1) TeXHONOTIUHICTH CHHTE3y NEAYKTHBHOTO BEKTOpA
3a JIBa aBTOMATHI IHUKIH JJIs1 MOJICTIOBaHHS HECIPaBHOC-
TEH.

2) mpoCTOTa CTPYKTYP JaHHUX Ta AlTOPUTMY MOICIO-
BaHHs HeCHpaBHOCTeH. UuM Oijbliie BXiAHUX 3MIHHHX Y
JIOTIYHIN cXeMi, K eJIEMEHTI, THM BHIIHI piBEHb apajie-
ni3My 0OpoOKHM HecnpaBHOCTEW siK anpec. BukopucroBy-
I0ThCS TiBbKHU read-Write TpaH3akiiii Ta »K0HOT TPaIuIliii-
Hoi noriku CPU.

3) obumnciroBaNbHa CKIAHICTh aJTOPUTMY JACHYKTH-
BHO-BEKTOPHOT'O MOJICITIOBAHHS HECIIPABHOCTEN 5K ajpec:

C=2"+2"+2F, ne 2" — cKTamHICTh BUKOHAHHS KOOp-
JMHATHUX OIepaliil Ui reHeparii BeKTOpa aKTUBHOCTI
L=Q®Qy, 2" — cknmamHicTh MepeKOAyBaHHS KOOPIIHAT
BEKTOpa aKTUBHOCTI 3 METOI OTPUMAaHHS AEIYKTHBHOTO
Bektopa D =Ly, 2F — 4ucio aBTOMAaTHMX TAKTIB IS

MOJICTIIOBaHHS KOMOIHAIIi BXiHMX HECHpaBHOCTEH SK
anpec.

4) cTpyKTypa JaHHX 1 aJrOpHTM MOJCIIOBAHHS He-
CIpaBHOCTEH AK ampec, Opi€eHTOBaHI Ha IMIUIEMEHTAIII0
sk BOymoBanoro BIST SoC, a takox amst peamizarii sik
MporpaMHKMX 3a CTOCYHKiB (SOftware aps) mwis oriHkn
SIKOCTI CHHTE@30BaHOTO TECTY.

BUCHOBKHU

Y po0oTi pO3MIISIHYTO 3aBIaHHS MEPESHECEHHS apXiTeK-
Typu ¢on Helimana y mam’sTb Ta 3aMiHM HOTYKHOTO
npottecopa read-write TpaH3akI[isIMH Ha JIOTIYHUX BEKTO-
pax Juisl 3HUKCHHSI CHEPreTHYHUX Ta YaCOBUX BHTPAT IPH
MO/ICITIIOBaHHI JIOTIYHUX (YHKIIOHAJIBHOCTEH Oyab-sKOi
PO3MIipHOCTI.

B pesymnbraTi qociikeHHS 3p00JIeHO KPOK Ha MUIIXY
CTBOPEHHS BEKTOPHO-JIOTIYHOTO in-memory
KOMIT'FOTHHTY, [II0 BUKOPUCTOBYE Iuiie read-write tpan-
3akUii Ha ajapecHi mam’arti. Bukopucrana wmerpuka
ympaBimigHs  Ha  ocuoBi  Bimmo  (failure-driven
management) T®F ®L =0, sxa dopmaisye Ha Mak-
POpiBHI BCi BiOMi TIpOILECH CTBOPEHHS KOMIT IOTHHTY,
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BKJIFOYAIOYH TPOEKTyBaHHs Ta Bepubikamiro (design and
test).

HaykoBa HOBH3HA moJjsirae y po3poOIi HACTYNHUX 1H-
HOBAIIfHUX pillIeHb:

1) Boepiiie 3anponNOHOBAHO BEKTOPHO-JIOTTYHUIT METO
CHHTE3Y MaTpHIi JIeJTyKTHBHUX BEKTOPIB JUIS Mapajeib-
HOTO MOJICITIOBaHHS KOMOIHaIi{ BXiTHIUX HECTIPaBHOCTEH
K afpec;

2) BIepuIe 3ampolOHOBAHO aBTOMAT BEKTOPHO-
JOEeIyKTHBHOTO MOJENIOBaHHA HECIPAaBHOCTEH SIK anpec
Ha OCHOBI read-write TpaH3aKkiliif, Opi€HTOBaHMIA IS IMII-
nemenTariii B FPGA LUT, BOymoBanuux online cumyusi-
topax SOC, K sapo IS MOJCITIOBAHHS HECIPaBHOCTEH
udposux cucrem RTL-piBHs;

3) JeMoHCTpallis TeXHOJNOTTYHUX MepeBar BEKTOPHO-
JIOTIYHOTO CHHTE3Y JCAYKTHBHUX MATPHUIb BUKOHAHA Ha
YHCIIEHHUX TIPHUKIanax Tpaauuiinoi ta RTL-moriku, mo
IiIKPECITIOE TEXHOJIOTIYHICTh BEKTOPIB y MOPIBHSAHHI 3
AQHANITHYHUMH JICTYKTHBHUMH (OpMyJIaMu I 1MoOyIo-
BU CHUMYJIATOPIB,;

4) MaTpuIilsl JIEeAyKTHBHHUX BEKTOPIB, K CYKYIHICThH
BEKTOP-CTOBMIIB OYyJIEBUX ITOXiTHUX BHUKOPHUCTOBYETHCS
JUIS TOOYJOBH MiHIMaJIbHHUX TECTIB UIS JIOTIYHUX €JIeMe-
HTIB;

5) pekypcuBHa (opMyia CHHTE3y MAaTpHIl Iepecrta-
HOBKH KOOPJIMHAT Yy JIOTIYHOMY BEKTOpPI aKTUBHOCTI JIO-
3BOJISIE CYTTEBO CIIPOCTUTH OTPHMAaHHS AEAYKTHBHOI Ma-
TPHULI JUISl MOJICJTIOBAHHST HECTIPABHOCTEH SIK aJipec.

[MpakTHyHa 3HAYUMICTBH JOCIHIJKEHHS TOJISITAE y TO-
My, [0 IN-MemMOry CHUMYJISTOp AO3BOJNUTH OTPUMATH
MIBUIKOJII0O MOJICTIOBaHHS HECIPAaBHOCTEH pealbHUX
mudpoBux OiokiB SOC nuiie Ha piBHI COTEHb HaHOCE-
kyHn [23].

[lepcriekTBY IOCTiKEHHAS OB’ A3aHi 3 IMIDIEMEHTA-
i€ JaHOT TEXHOJIOIil MOMACTIOBAaHHS HHU(POBUX IIPH-
ctpoiB Ha puHKy EDA, OCKIJIbKH aHAJIOTH TaKUX MPOCTUX
aNropuTMiB 0OpPOOKM BENMKUX IPOEKTIB BiJICYTHI HaBIiTh
y Bemukux kommanisx (Synopsis, Cadence, Mentor
Graphics, Aldec).

NOAAKU
ABTOpH B/ISTYHI KOJIeraM 3a iX aKTHBHY y4acTb B 00ro-
BOPEHHI Ta MATPpUMI HayKoBoi mkoin «[IpoexryBaHHs Ta
TEXHIYHA MIaTHOCTHKA NU(POBHUX CHCTEM Ha KpHCTaJax,
KOMIT IOTepax Ta Mepe)kax», PO3yMiHHS Ba)KIMBOTO 3Ha-
YeHHS PO3BUTKY (yHIAMEHTAIBHUX Ta NPHKIAJHHUX JO-
cItipkeHp Teopii in-memory computing.
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ABSTRACT

Context. The main idea is the creation of vector-logical in-memory computing (VLC), which uses only read-write transactions
on the address memory for faults-as-addresses simulation. There is no traditional logic. VLC is free from processor commands and
ALU for computing organization and is therefore focused on implementation in SoC and FPGA. A vector-logical method of deduc-
tive matrix synthesis for the transportation of input faults, which has a quadratic computational complexity, is proposed. An in-
memory simulator-automata for vector-deductive faults-as-addresses simulation, which based on read-write transactions for imple-
mentation in SoC is proposed.

Objective. Development of a vector deductive method of fault simulation based on primitive read-write transactions for the anal-
ysis of logic circuits.

Method. An input test set and a logical functionality vector are used. The proposed method is a development of the deductive
vectors’ synthesis algorithm based on the truth table. The deductive matrix is intended for the synthesis and verification of tests using
parallel simulation of faults-as-addresses combinations, based on read-write transactions over bits of deductive vectors in memory.

Results. A vector method of the deductive matrices synthesis for the transportation of input faults vectors to the output of the el-
ement, was proposed. Data structures have been developed for parallel faults simulation of digital circuits based on a primitive read-
write transaction in matrix memory, where combinations of faults serve as address-columns. A sequencer of five blocks, that consti-
tute a vector-logic computing, connected with deductive faults simulation based on read-write transactions, is proposed. Verification
of models and methods on test examples has been performed.

Conclusions. The scientific novelty consists in the development of the following innovative solutions: 1) a vector-logic method
of synthesis of the deductive vectors matrix for parallel simulation of combinations of input faults-as-addresses, is proposed for the
first time; 2) an automata for vector-deductive faults-as-addresses simulation, on the basis of read-write transactions, which is ori-
ented for implementation in FPGA LUT, embedded online simulator SoC, as a core for faults simulation of RTL-level digital sys-
tems, was proposed for the first time; 3) the demonstration of the technological advantages of the vector-logic synthesis of deductive
matrices is performed on numerous examples of traditional and RTL-logic, which accentuate the manufacturability of vectors in
comparison with analytical deductive formulas during simulators construction; 4) a matrix of deductive vectors, as a set of vector-
columns of Boolean derivatives is used to construct minimal tests for logical elements; 5) the recursive formula for the synthesis of
the permutation of coordinates matrix in the logical activity vector makes it possible to significantly simplify the obtaining of the
deductive matrix for faults-as-addresses simulation. The practical significance lies in the fact that the in-memory simulator will allow
to obtain the speed of faults simulation of real digital blocks for SoC at the level of hundreds of nanoseconds. Complexity estimates
of the corresponding algorithms are given.

KEYWORDS: vector computing, vector form of logic, matrix of deductive vectors, vector method of deductive matrix synthe-
sis, read-write transaction, vector model of faults, vector-logical deductive faults simulation.
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ABSTRACT

Context. One of the tasks of computer vision is the task of determining the human body in the image. There are many methods to
solve this problem, some are based on specific equipment (motion capture, kinect) and provide the highest accuracy, some give less
accuracy but do not require additional equipment and use less computing power. But usually, such equipment has a high cost, so to
ensure the low cost of developments designed to determine the body in the image, you should develop algorithms based on computer
vision technology. These algorithms can then be applied to various fields to analyze and compare body positions for a variety of
purposes.

Obijective. The aim of the work is to study the effectiveness of existing libraries to determine the human body position in the
image, as well as methods for comparing the obtained poses in terms of speed and accuracy of determination.

Methods. A set of libraries and pose comparison algorithms were analyzed for the purpose of developing a system for
determining the correctness of exercise by the user in real time. OpenPose, PoseNet and BlazePose libraries were analyzed for their
suitability in recognizing and tracking body parts and movements in real-time video streams. The advantages and disadvantages of
each library were evaluated based on their performance, accuracy, and computational efficiency. Additionally, different pose
comparison algorithms were analyzed. The effectiveness of each algorithm was evaluated based on their ability to accurately
determine and compare body positions.

As a result, the combination of BlazePose and weighted distance method can achieve the best performance in pose recognition,
with high accuracy and robustness across a range of challenging scenarios. The weighted distance method can be further enhanced
with techniques such as L2 normalization and pose alignment to improve its accuracy and generalization. Overall, the combination of
the BlazePose library and weighted distance methods offers a powerful and effective solution for pose recognition, with high F1
index.

Results. Existing models for determining poses have shown similar results in the quality of determination with a run-up of about
2%. When developing a cross-platform software product, the BlazePose library, which has an API for working directly in the
browser and on mobile platforms, has a significant advantage in speed and accuracy. Also, as the library uses extended 33 keypoint
topology it becomes applicable to a wider list of tasks. In the study of comparison methods, the greatest influence on the results was
exerted by the quality of pose determination.

Conclusions. Among the methods of comparison, the method of weighted distances showed the best results. The speed of
position determination is inversely proportional to the quality of determination and significantly exceeds the recommended value —
40ms.

KEYWORDS: computer vision, body position, keypoints, pose estimation, pose comparison, blazepose, mediapipe, tensorflow.

ABBREVIATIONS

CNN is a convolutional neural network; NOMENCLATURE

RNN is a recurrent neural network; di is a Euclidean distance between the real key point
OKS is a key points of the object; and the estimated key point;

PCK is probability of correct keypoint; s is a scale: the area of the boundary field divided by
API is an application programming interface; the total area of the image;

RAM is a random-access memory.
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k is a constant that is determined separately for each
control point;

d is a Euclidean distance;

n is a dimension of the vectors;

X, y are the corresponding coordinates of the two
vectors in the measurement plane i;

G and F are two vectors of poses compared after L2
normalization;

n is a number of defined control points;

F is a value of the probability of finding the correct
joint for the element number k of the vector F, F,, and Gy,

INTRODUCTION

Body position is the alignment of body parts in
relationship to one another at any given moment, so the
task of determining a person’s body position can be
defined as the task of finding connection points on the
human body, also known as key points — elbows, wrists,
knees, and others.

Obtained key points then can be used for the skeletal
representation of the human body (see Fig. 1). In this
representation, the body is represented as a graph, where
each node corresponds to a joint (key point) on the body,
and the edges between the nodes represent the bones or
limbs [1].

When recognizing pose, usually do not pay much
attention to facial recognition, but only to the position of
the head. Nevertheless, there are certain scenarios where
face recognition can be useful as well. For example, in
some applications such as surveillance or security, it may
be important to detect the identity of a person based on
both posture or body language and their face. There are
several classic methods for face recognition that have
been used over the years like Eigenface, Fisherface or
Viola-Jones algorithms, and wavelet transform [2].

Figure 1 — An example of determining the body pose in the
image

Although the purpose of this research is mainly
focused on the analysis of the methods for poses
determination and comparison, some approaches for face
recognition can be used for this aim as well.

Vector-based approach for face analysis involves
creating a numerical representation of a person’s face in
an image, known as a vector. The vector is calculated

© Bilous N. V., Ahekian I. A., Kaluhin V. V., 2023
DOI 10.15588/1607-3274-2023-2-6

using various mathematical techniques that consider the
shape and features of the face. One popular way of using
this approach is face recognition software, where the
vector for a given face can be compared to vectors from
other faces to determine if they match.

3D model-based method for head position analysis
involves creating a 3D model of a person’s head and
using it to determine the position of the head in a 2D
image. The 3D model is created using a machine learning
technique called a regression CNN, which is trained using
examples of 3D models and their corresponding 2D
projections. The approach is more accurate than the
vector-based and is less affected by lighting and partial
face closure [3]. However, it requires a calibrated camera
and knowledge of the location of 3D points on the head,
making it more complex to implement.

Modern methods for pose recognition tasks commonly
rely only on “Deep Learning” technologies.

CNN can be used to extract features from the input
image, and a following fully connected neural network
predicts the pose. The CNN typically includes multiple
layers that can learn to recognize and extract different
features from the image, such as edges, corners, and
textures. The fully connected neural network takes these
features as input and produces an output that represents
the predicted pose [4].

Another way is to use a RNN to predict the pose over
time, by considering the temporal dependencies between
frames in a video [5].

To evaluate the performance of the pose estimation
algorithm several metrics can be used.

An MS COCO data set [6] is used to assess the quality
of the pose definition, using the OKS indicator — match
the key points of the object. It is calculated from the
distance between the predicted points and the marked
points, normalized on a human scale. A constant of scale
and key point needed to equalize the importance of each
key point: the location of the neck is more accurate than
the location of the thigh.

2

d:
OKS =exp| ——+—|.
r{ Zszkz] ®

In the above formula di is the Euclidean distance
between the real key point and the estimated key point, s
is the scale: the area of the boundary field divided by the
total area of the image, k is a constant that is determined
separately for each control point.

Constants for key points were calculated by a group of
researchers with MS COCO.

Another common evaluation metric is PCK and its
variant PCKh. PCK measures the percentage of correctly
estimated keypoints within a certain distance threshold of
the ground truth. PCK is often used in hand pose
estimation tasks. The PCK score is computed for each
keypoint separately and then averaged over all keypoints
to get the final score.PCKh, on the other hand, is a
variation of PCK that considers the scale of the person in
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the image. It is defined as the percentage of keypoints
whose predicted location is within a certain fraction of the
head size distance from the ground truth keypoint [7].

However, these metrics cannot be used to compare
different people in different images. If we try to use them
for this purpose, the results will not accurately reflect the
differences between the poses, as the metrics will not be
able to account for variations in body size, shape, and
position across different people [8]. The proposed means
of comparison should consider all these factors.

After choosing the appropriate pose comparison
algorithm the aspect of pose recognition library
performance should be taken into account. It will directly
impact the processing time required for each frame and
thus the overall system’s ability to keep up with the video
feed in real-time [9].

The minimum frame rate for high-quality video
display is 24 frames per second. Therefore, the processing
time of each frame should take about 40ms for a complete
analysis of the video stream. Analysis is possible even if
the process takes more time, but in this case some number
of frames will be lost, which will deny the possibility of
analyzing fast movements.

1 PROBLEM STATEMENT

The purpose of this research is to identify the most
effective combination of pose recognition library and
pose comparison algorithm for accurately recognizing and
comparing human poses to implement a system that
determines the correctness of the exercises on streaming
video. The research aims to evaluate the performance of
different pose recognition library runtimes and pose
comparison algorithms using the F1 index as the
performance metric. Based on this the problem statement
can be divided into several parts.

Firstly, it is necessary to investigate the literature that
provides information on the existing libraries for pose
recognition and their characteristics like speed, accuracy
of determination, robustness to variations in lighting
conditions, background clutter, and occlusions, etc. After
that, the most appropriate library that will be used for
further research should be selected.

The second step is to analyze the possible algorithms
applicable to compare the obtained poses.

Finally, the F1 index as performance metric for
selected pose recognition library and different pose
comparison algorithms can be calculated. To achieve this
goal an experimental application must be implemented
and a dataset of poses with corresponding labels
indicating which poses are similar must be collected.

Since the library analyzes a two-dimensional image
and builds a skeleton in two-dimensional space, the poses
will be defined as the same only if they are in the photo in
the same angle.

As a result, it is necessary to obtain a set of
recommendations for the use of the library for
determining poses in the context of creating a system of
real-time video analysis, as well as a comparative
description of methods for comparing poses.

© Bilous N. V., Ahekian I. A., Kaluhin V. V., 2023
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2 REVIEW OF THE LITERATURE

As a result of research into existing libraries for
position determination, it was found that now there is a
large list of available solutions. The differences between
these libraries primarily lie in the type of model they use,
the types of poses they can estimate, their performance on
different types of input, etc. OpenPose, PoseNet and
BlazePose as the most modern were selected for the
review.

OpenPose has an API for python and a plugin for the
Unity game engine. Inside, it uses multi-stream
optimization, which speeds up image processing speed
and accordingly finds more control points in the image in
terms of streaming video. According to official
documentation, OpenPose can identify 25 key points
when assessing the body and legs, 2x21 key points when
assessing the arms and 70 points when analyzing the face
image [10].

The PoseNet library is based on the TensorFlow Light
framework and can distinguish 17 key points in the
image. An important detail to note is that the researchers
developed both the ResNet and MobileNet PoseNet
models. The ResNet model has a higher accuracy, but has
a large size and many layers, while the MobileNet model
is designed to work on mobile devices [11]. The library
can be used in a large number of programming languages,
namely Python, C ++, Java, Swift, Objective C and
Javascript.

BlazePose is a lightweight convolutional neural
network architecture for human pose estimation that is
tailored for real-time inference on mobile devices. During
inference, the network produces 33 body keypoints for a
single person and runs at over 30 frames per second on
most modern devices. These additional keypoints provide
vital information about face, hands, and feet location with
scale and rotation and makes it particularly suited to real-
time use cases like fitness tracking and sign language
recognition [12].

The main difference of this library is that the neural
network uses both heat maps and regression to keypoint
coordinates to estimate the body pose. At the same time
the new 33 points topology (see Fig. 2) that is a superset
of BlazeFace, BlazePalm, and MS COCOI[6] allows the
library to be consistent with the respective datasets and
inference networks.

Figure 2 — 33 keypoint topology
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Comparative results of testing the quality and
performance of these libraries are shown in Table 1.

The table shows the obtained values of PCK as well as
the frames per second values on two different datasets.
The first dataset, referred to as AR dataset, contains a
wide variety of human poses in the wild. The second is
comprised of yoga/fitness poses only. As not all libraries
support extended topology the MS COCO topology was
used for consistency as the most common one. As an
evaluation metric, the Percent of Correct Points with 20%
tolerance (PCK@0.2) (where we assume the point to be
detected correctly if the 2D Euclidean error is smaller
than 20% of the corresponding person’s torso size) was
used.

Table 1 — The results of comparing performance and
accuracy on different datasets

FPS AR Dataset Yoga Dataset

OpenPose 0.4 87.8 83.4
BlazePose Full 10 84.1 84.5
BlazePose Lite 31 79.6 77.6

To solve the problem of variations in starting sizes
and different positions of people in the frame when
comparing poses, the input images can be preprocessed
by resizing them to a fixed size, cropping them to a
specific region of interest, and normalizing the pixel
values. These techniques can help reduce the impact of
image size and position differences and improve the
accuracy of pose comparison [9].

Specifically, L2 normalization can be applied to the
pose vectors to normalize the joint positions or joint
angles. This technique can help to reduce the impact of
variations in the magnitude of joint positions or angles,
which can occur due to different camera perspectives and
subject sizes [13].

When comparing poses, we need to determine the
degree of similarity of vectors, because they will never be
100% identical. For this definition, use the concept of
distance between vectors. The simplest and most classical
way to determine it is the Euclidean distance, calculated

by the formula:
n
d:‘/Z(Xi_yi)z- @
i=1

In the above formula d is the Euclidean distance, n is
the dimension of the vectors, x, y are the corresponding
coordinates of the two vectors in the measurement plane i.

But due to the normalization of vectors, this method in
its pure form loses its representativeness, because the
reduction in image size directly affects the results of its
calculation. therefore, we can use the concept of cosine
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similarity, which is the value of the cosine of the angle
between the vectors, calculated by the formula:

axb (3)

cos(a,b):lalxml.

Using the value of cosine similarity, we can calculate
the value of the distance between the vectors by the
formula:

D(FyyGyy) = y2x (1 cosineSimilarity (F,y Gy, ))- 4)

As a result, we obtain a value through which we can
assess the similarity of the positions. The smaller this
value, the more similar the poses. The resulting similarity
ranges from —1, which means the exact opposite, to 1
means the same, and O indicates orthogonality or
decorrelation, while the values between them indicate
intermediate similarity or dissimilarity.

Another method is the method considering the
probability of finding the correct control point. This
probability can be provided by the recognition library,
and it indicates the level of “confidence” that the joint is
at a certain point and not at some other point. Sometimes
we know exactly where the joint is, for example, if we
can see it clearly; in other cases, we have very low
confidence, for example, if the joint is cut or closed. Pre-
filtering the image [11] can improve these values, but
only in some cases. If we ignore these reliability metrics,
we lose valuable information about our data, and can
place much more weight and importance on those we are
not sure about.

To use this information, researchers from Google
George Papandreou and Tyler Zhu have developed a
formula that considers the value of the reliability of the
definition of a key point [14]:

1 n
D(F.G)=———x > F, X‘nyk -nyk‘. (5)
k=1FCk k=1

In the above formula G and F are two vectors of poses
compared after L2 normalization, n is the number of
defined control points, F is the value of the probability
of finding the correct joint for the element number k of
the vector F, F,, and G,, — x and y positions of the k-th
key point for of each vector.

The third method [15] of comparison does not require
prior normalization of coordinates, but the vector is built
on a different principle. For every three anatomically
connected points, the cosine of the angle between the
obtained parts of the body by formula (1.8) is calculated.
The difference from the cosine similarity used in the first
method is that in this case a value is obtained for a two-
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dimensional vector describing the position of the two
limbs relative to each other.

3 MATERIALS AND METHODS

Based on the literature analysis, it was decided to use
the BlazePose library for further research.

To perform the study, a Javascript script must be
implemented, which defines poses from images using the
BlazePose library and stores the obtained data in the
MongoDB database. This database was chosen solely for
ease of use to store non-relational data.

The next step is to implement the comparison methods
described in the previous section and obtain comparison
results. Each of the proposed methods compares all poses
defined by a single library configuration. So, if we have
50 images and 3 library configurations, we have 150
defined poses, 50 for each configuration. With each of the
three comparison methods, we compare 50 poses defined
by one configuration. As a result of each comparison, an
entry should be made in the database of compared poses,
the method of determining poses, the method of
comparing poses and the result, which is the value of the
distance between two poses and takes a value from 0 to 1,
where the smaller the value.

The last step is to calculate the F1 index [16]. The
results obtained from the previous stage are grouped by
the values of the configuration and the method of
comparison. Poses are considered the same if the value
obtained by comparison is less than the threshold value.
Values from 0.05 to 0.40 with a step of 0.05 are taken as
thresholds. An F1 index is calculated for each threshold
value and for each group of comparison results.

Therefore, for each configuration of the pose
determination method and for each pose comparison
method, 8 values will be obtained that reflect the average
correctness of determining whether the poses are the same
or not for the 8 similarity thresholds.

Based on the results obtained, it will be possible to
draw conclusions about which of the following methods
of comparing poses provides greater accuracy. You can
also evaluate which of the configurations of the
BlazePose library provides a better quality of determining
the pose for comparison, as well as determine the speed of
its operation in different configurations.

The expected result is a recommendation on the
configuration of the BlazePose library and the method of
comparing poses, which will be the optimal context for
the implementation of the system for comparing poses on
streaming video in real time.

4 EXPERIMENTS

BlazePose can flexibly configure the model, which
affects the speed and accuracy of its operation. It also
includes 2 different runtimes: TensorFlow.js and
MediaPipe, the first of which provides the flexibility and
wider adoption of JavaScript, optimized for several
backends including WebGL (GPU), WASM (CPU), and
Node. MediaPipe capitalizes on WASM with GPU
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accelerated processing and provides faster out-of-the-box
inference speed. When analyzing the comparison
methods, different network configurations were used to
obtain a description of the pose from the image.

In particular, the network architecture, the model has
the following settings. Input resolution refers to the size
of the image fed into the model for pose estimation. The
default input resolution is 257x257, but this can be
changed to lower or higher resolutions. The higher the
resolution, the more accurate the pose estimate will be,
but also slower to process. The lower the resolution, the
faster the processing time but with lower accuracy. The
minimum confidence score sets the threshold for
accepting a predicted joint. A higher minimum confidence
score will result in fewer, but more accurate joints, while
a lower score will result in more, but less accurate joints.
The confidence score is a value between 0 and 1, where 1
indicates high confidence and 0 indicates low confidence.
Pose smoothing refers to the process of filtering the
output of the model over time to produce a smoother,
more stable result. The smoothing factor can be adjusted
to control the amount of smoothing applied. A higher
smoothing factor will produce a smoother result but may
introduce a delay in the output. A lower smoothing factor
will produce a more responsive output but may result in a
less stable result. Also, BlazePose supports several
different models -Lite, Full and Heavy, each with
different accuracy and speed trade-offs.

It is necessary to investigate the difference in the
definition of poses in the comparison and the difference in
the speed of the network at different settings.

When comparing poses, methods are used to
determine the distance between the vectors. Only the
methods of vector construction and methods of
calculating the distance differ. 3 methods were used for
the study: cosine distance, weighted distance and distance
at calculated angles. In the implementation of the first two
methods, the vectors are built from the values of the
coordinates for each key point on the human body. First,
the coordinates are listed so that the starting point of the
coordinates is not from the edge of the image, but from
the edge of the rectangle surrounding the human body.
The next step is L2 vector normalization. The distance
between the obtained vectors will characterize the
similarity of the poses in the image. The weighted
distance method also considers the value of confidence,
which indicates the accuracy of the obtained prediction of
the position of the key point.

The analysis is performed according to the following
algorithm: we obtain descriptions of poses using a neural
network in different configurations, we obtain normalized
vectors that are compared with each other using both
comparison methods, the results are stored and used to
calculate the F1-index. This indicator is calculated at
different threshold values of the distance between the
vectors: from 0.05 to 0.40 in steps of 0.05.

During the experiment, data on the processing speed
and loading of these models were also collected. The
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calculations are performed on a 3.2 GHz AMD Ryzen 7
processor, Nvidia GTX 1060 and 32GB of RAM.

5 RESULTS

The results of the study of the recognition speed
collected during the study of the methods of comparison
of poses are shown in Table 2. The results are given for
such indicators as network load time and the average FPS
during the process of poses determination. Studies of both
speed and comparison methods were performed for each
of the architectures with optimizations for speed and
quality. As a result, the quality of work of four
configurations of the library was analyzed.

The results clearly reflect that the performance of
BlazePose can be greatly influenced by the hardware it is
run on, such as the GPU or CPU. When running
BlazePose on a GPU (MediaPipe Runtime), the
computation is accelerated by the GPU’s parallel
processing capabilities. This allows for real-time
processing of the input video frames, making it faster than
running the same model on a CPU. At the same time, the
load speed is the same, since the size of the model for
different runtimes is also almost the same and does not
affect this parameter.

Table 2 — The results of the study of the BlazePose model
speed for different runtimes and configurations

MediaPipe Runtime TensorFlow.js Runtime
High . High .
quality High speed quality High speed
Load 4.82¢ 191c¢ 482¢ 191¢
FPS 113 135 38 65

It should be noted that the average values are given,
but during the study of the results it was found that the
difference in the speed of recognition of different poses
can reach 100%.

Table 3 shows the results of the comparison of poses
grouped by library configurations for determining poses
and methods of determination. The symbols CA, AD and
WD indicate the results for the methods of comparing the
cosine distance, the distance at the calculated angles and
the weighted distance, respectively.

The results of comparing the speed of algorithms were
not collected for reasons of expediency. The complexity
of O-notation algorithms [17] is constant and the same for
all three methods.

Among the methods of comparing poses, the best
result was demonstrated by the method of weighted
distances. This is because when comparing poses, more
weight is given to points that have been detected with
greater accuracy and thus the overall pose is compared
more correctly, while the value of the details is leveled.

The main disadvantages of this approach to comparing
poses are that the result directly depends on the shooting
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angle. Thus, the same poses may look different and vice
versa at different camera positions. In order to reduce the
impact of the angle, it is necessary to build three-
dimensional models of poses and compare them.
However, this method takes much longer and the
accuracy of construction of three-dimensional models of
poses on a two-dimensional image is much lower.

6 DISCUSSION

Studies have shown that when comparing poses, the
quality of determining poses is of the greatest importance.
However, the higher the recognition quality, the lower the
speed, and high-speed video recognition is required.

Due to the use of modern methods of determining the
pose, it is possible to implement such a project for poses
with low detail, ie for those where significant differences
from the original.

The best option in terms of speed and quality of
determination in the study was the configuration of the
BlazePose model, based on the MediaPipe runtime
optimized for faster execution. BlazePose is optimized for
speed and can run at over 100 fps on modern GPUs,
making it well-suited for real-time applications. This
library has been shown to achieve state-of-the-art
performance on various benchmark datasets, including
COCO and MPII. It can accurately detect keypoints even
in challenging scenarios, such as when people are
occluded or when they have similar poses. It’s worth
noting that the accuracy and performance of BlazePose
can be influenced by several factors, such as the quality of
the input data and the specific use case.

Among the methods of comparing poses, the best
result was demonstrated by the method of weighted
distances. This is due to the fact that when comparing
poses, more weight is given to points that have been
detected with greater accuracy and thus the overall pose is
compared more correctly, while the value of the details is
leveled.

The main disadvantages of this approach to comparing
poses is that the result directly depends on the shooting
angle. Therefore, the same poses may look different and
vice versa at different camera positions. In order to reduce
the impact of the angle, it is necessary to build three-
dimensional models of poses and compare them.

Cameras with depth sensors can solve this problem.
This solution is used in Microsoft Kinect technology [18].
A promising solution used by Apple in new mobile
devices is the Lidar sensor [19]. By combining lidar data
with BlazePose, it is possible to perform 3D human pose
estimation, which can provide more information about the
position and orientation of people in space.
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Table 3 — The results of the comparison of poses grouped by library runtimes and configurations for determining poses and
methods of determination

MediaPipe Runtime TensorFlow.js Runtime
High quality High speed High quality High speed
CD AD WD CD AD WD CD AD WD CD AD WD
0.05
R 52.467 57.845 67.638 53.922 51.504 51.363 0 13.42 20.815 13.516 13.221 14.706
0.10
R 58.492 63.02 65.102 61.788 57.831 65.637 0 26.07 31.74 23.871 23.166 25.08
0.15
A 59.278 63.63 67918 68.172 66.6 71.136 36.548 37.73 40.94 29.103 31.707 35.112
0.20
R 63.809 64.895 74.546 69.54 67.155 73.242 34.184 39.38 42.32 31.283 38.844 42.636
0.25
R 64.307 65.47 74.916 70.908 69.264 74.997 36.96 37.51 38.41 32.7 38.727 42.294
0.30
R 63.274 64.63 68.36 68.856 67.488 70.083 36.984 352 35.88 34.117 38.025 40.584
0.35
A 58.85 64.595 59.622 58.938 59.052 60.255 33.96 33.66 33.235 34.226 33.93 39.672
0.40
R 52.751 58.615 54.15 51.186 54.834 53.118 33.288 33.11 30.935 32.264 32.877 36.822
However, it’s worth noting that lidar data can be more ACKNOWLEDGEMENTS
challenging to work with than traditional 2D image data. The work is carried out in the framework of the
The data can be noisy and is often sparser, which can scientific directions of the Software Engineering
make it more difficult to accurately estimate 3D poses. department, the research laboratory "Information

Additionally, lidar data is typically collected from a
different perspective than the cameras used by BlazePose,
which can make it challenging to align the two data
sources and estimate poses accurately.

CONCLUSIONS

As a result of the study, the existing methods of
determining the poses in the image were analyzed in the
context of developing a system for determining the
correctness of the exercises in real time and created a
comparative description of the methods of comparing
poses.

An analysis of existing libraries for determining
human body position in open-source images revealed that
they have fairly similar values in terms of definition
quality, but the BlazePose library has significant
advantages in terms of its implementation in the system
due to the wide support of programming languages.

Among the methods of comparing poses, the method
of weighted distances showed the best results because it
takes into account the value of the accuracy of
determining the key point and when comparing gives
more weight to those points that are found with greater
accuracy.

In researching the capabilities of the BlazePose
library, it was determined that the best results in terms of
speed and quality of determination are provided by the
library configuration based on the runtime of the neural
network MediaPipe with optimization towards speed.
BlazePose is optimized for real-time performance and can
run at over 100 frames per second (fps) on modern GPUs,
making it well-suited for applications that require fast and
accurate human pose estimation.

In addition, BlazePose is designed to handle multiple
people in an image or video, making it well-suited for
scenarios where people are moving quickly and near each
other.

© Bilous N. V., Ahekian I. A., Kaluhin V. V_, 2023
DOI 10.15588/1607-3274-2023-2-6

58

Technologies in Learning and Computer Vision Systems"
of the Kharkiv National University of Radio Electronics
with the support of scientists from the Technical
University of Applied Sciences Wildau and the
Volkswagen Foundation.

REFERENCES

1. Zhipeng Z., Dong X., Shijie H. A Survey of Body Pose
Estimation: Recent Advances and Future Prospects, Journal
of Imaging, 2021, Vol. 7, No. 3, pp. 1-31. DOIL
10.3390/jimaging7030045

2. Shcherbakova G. Y., Krylov V. N., Bilous N. V. Methods of
automated classification based on wavelet-transform for
automated medical diagnostics, 2015 Information
Technologies in Innovation Business Conference (ITIB).
Kharkiv, Ukraine, 7-9 October 2015, [S. L], 2015. DOI:
10.1109/itib.2015.7355048

3. Rakova A. O., Bilous N. V. Research on Methods for
Development of Software System for Face Orientation
Vector Determining in the Image, Radio Electronics,
Computer Science, Control, 2020, No. 3(54), pp. 121-129.
DOI: 10.15588/1607-3274-2020-3-11

4. Shih-En W. Convolutional Pose Machines, 2016 IEEE
Conference on Computer Vision and Pattern Recognition
(CVPR). Las Vegas, NV, USA, 27-30 June 2016. [S. 1],
2016. DOI: 10.1109/cvpr.2016.511

5. Kendall A. PoseNet: A Convolutional Network for Real-
Time 6-DOF Camera Relocalization [Electronic resource] /
Alex Kendall, Matthew Grimes, Roberto Cipolla // 2015
IEEE International Conference on Computer Vision (ICCV),
Santiago, Chile, 7-13 December 2015. — [S. L.], 2015. DOI:
10.1109/iccv.2015.336

6. Tsung-Yi L. Microsoft COCO: Common Objects in
Context, Computer Vision — ECCV 2014. Cham, 2014,
pp. 740-755. DOI: 10.1007/978-3-319-10602-1 48

7. Yang Y., Ramanan D. Articulated Human Detection with
Flexible Mixtures of Parts, IEEE Transactions on Pattern
Analysis and Machine Intelligence, 2013, Vol. 35, No. 12,
pp- 2878-2890. DOI: 10.1109/tpami.2012.261

OPEN 8 ACCESS m



p-ISSN 1607-3274 PagioenexrpoHika, iHpopmaTuka, ynpapiinas. 2023. Ne 2
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2023. Ne 2

8. Cao Z. OpenPose: Realtime Multi-Person 2D Pose resource]. Mode of access:
Estimation using Part Affinity Fields, IEEE Transactions on https://blog.tensorflow.org/2018/07/move-mirror-ai-

Pattern Analysis and Machine Intelligence, 2019, P. 1. DOI: experiment-with-pose-estimation-tensorflow-js.html (date of
10.1109/tpami.2019.2929257 access: 18.04.2023). Title from screen.

9. Ge L. Real-Time 3D Hand Pose Estimation with 3D  15. Borkar P. K., Pulinthitha M. M., Pansare A. Match Pose — A
Convolutional Neural Networks, IEEE Transactions on System for Comparing Poses, International journal of
Pattern Analysis and Machine Intelligence, 2019, Vol. 41, engineering research & technology, 2019, P. 3. DOI:
No. 4, pp. 956-970. DOI: 10.1109/tpami.2018.2827052 10.17577/1JERTV8IS100253

10. Liu Y. OpenPose-Based Yoga Pose Classification Using  16. Dembczy nski K., Waegeman W., Cheng W.,
Convolutional Neural Network, Highlights in Science, H'ullermeier E.  An exact algorithm for F-measure
Engineering and Technology, 2022, Vol. 23, pp. 72-76. maximization, Neural Information Processing Systems,
DOI: 10.54097/hset.v23i.3130 2011, P.9.

11. Bilous N. V., Krasov A. 1., Vlasenko V. P. Deletion method  17. Rutanen K. O-notation in algorithm analysis. Data
of image low-frequency components using fast median filter Structures and  Algorithms, 2022, P. 216. DOI:
algorithm, Journal of Engineering Sciences, 2016, pp. 7-14. 10.48550/arXiv.1309.3210
DOI: 10.21272/jes 18. Malmir B. Exploratory studies of Human Gait Changes

12. Bazarevsky V., Grishchenko I., Raveendran K. BlazePose: using Depth Cameras and Sample Entropy [Electronic
On-device Real-time Body Pose tracking, Computer Vision resource] thesis. [S. L], 2018. Mode of access:
and  Pattern  Recognition, 2020, P. 4. DOL http://hdl.handle.net/2097/38949 (date of  access:
10.48550/arXiv.2006.10204 18.04.2023). — Title from screen.

13. Yu L., Gao Xiao-Shan Improve Robustness and Accuracy of ~ 19. Bijelic M., Gruber T., Ritter W. A Benchmark for Lidar
Deep Neural Network with L2 Normalization, Journal of Sensors in Fog: Is Detection Breaking Down? 2018 IEEE
Systems Science and Complexity, 2022, pp. 1-26. DOI: Intelligent Vehicles Symposium (IV). Changshu, 26-30 June
10.1007/s11424-022-1326-y 2018, [S.1.],2018. DOI: 10.1109/ivs.2018.8500543

14. Friedhoff J. Move Mirror: An Al Experiment with Pose Received 14.04.2023.
Estimation in the Browser using TensorFlow.js [Electronic Accepted 24.05.2023.

VK 004.93

METOAH BU3HAYEHHS TA IIOPIBHAHHSA IOJTOXEHDb TIJIA HA IIOTOKOBOMY BIJIEO

Binoyc H. B. — kanj. TexH. HayK, JAOLEHT, mpodecop kadeapu nporpamuoi imxeHepii, XapKiBChbKHUil HAllIOHAIBHUI YHIBEPCHTET
panioenekTpoHiku, XapkiB, YkpaiHa.

AreksH 1. A. — crapmmii Bukimagad Kadeapud NPOrpamMHOI
pazmioeneKTpoHiky, XapKiB, YKpaiHa.

Kauyrin B. B. — marictp xadenpu nporpamuoi imkeHepii, XapKiBCbKUI HalliOHAJIBHUH yHIBEPCUTET pa/liOCNICKTPOHIKN, XapKiB,
VYkpaiHa.

imkeHepii, XapKiBCbKHH HALIOHAIBHUHA YHIBEPCUTET

AHOTAIIA

AxTyanbHicTs. OHI€0 3 33424 KOMIT FOTEPHOTO 30Dy € 3a7a4ya BU3HAYCHHsI Tijia TIOAWHK Ha 300paxkeHHi. IcHye Oarato MeToiB
BUpIilIeHH 1€l 3aqay4i, aesiki 6a3yroThes Ha cnenudivHoMy obnagnaui (motion capture, kinect) Ta HagarOTh HAWOINBITY TOYHICTB,
JesiKi Jal0Th MEHINY TOYHICTh, aje He MOTpeOyIOTh NOJATKOBOTO OONagHaHHA Ta BUKOPHUCTOBYIOTh MEHITY OOYHCIIOBAIBHY
MOTY>KHICTh. AJie 3a3BUYail Take OOJaTHAHHSI MaB BHUCOKY BapTiCTh, TOX 1100 3a0€3MEUUTH HU3BbKY BapTiCTh pO3POOOK CTBOPEHHUX
JUISL BU3HAUCHHS TiNa Ha 300paskeHHi, CITil po3po0IIsITH aIrOpuTMH 3a 6a3i TEXHOJIOTIH KoM foTepHOro 30py. Lli anrropurmu MoxHa
3aCTOCOBYBATH J0 Pi3HUX 00OIACTEeH AJISI aHANI3Y Ta IOPIBHSHHS IIOJIOXKEHb TijJIa Ta JOCSATHEHHS Pi3HOMAHITHUX LTCH.

Merta. Metoro po0OTH € IOCTIKEHHS e(EKTHBHOCTI POOOTH iCHYROUYMX Oi0MiOTEeK /sl BU3HAUCHHS MO3M JIIOJMHUA Ha
300pa)keHHI a TAKOXK METO/[iB HOPIBHSIHHS OTPUMAaHHX 103 3 TOYKH 30py LIBUAKOCTI Ta TOYHOCTI BU3HAUCHHSL.

Metoau. J{ocmimKeHHs TPOBOISTHCS B KOHTEKCTI pO3pOOKM CHCTEMH BH3HAUCHHS MPAaBHJIBHOCTI BUKOHAHHS (DI3MYHHUX BIIpaB
KOpPHCTyBadeM y pexumi peaipHoro vacy. bibmioreku OpenPose, PoseNet i BlazePose Oynu mpoanaiizoBaHi Ha mpenmer ix
MPHUIATHOCTI AJIS PO3Mi3HABaHHS Ta BiJICTE)KEHHS YaCTHH TiJla Ta PyXiB Ha BiZieo y peaqpHOMY daci. [lepeBaru Ta HeIOJIKH KOKHOL
0i0mioTekn OynH OIliHEHI HAa OCHOBI IX MNPOAYKTHBHOCTI, TOYHOCTI Ta oO4MCiItOBanbHOI edektuBHOCTI. Kpim Toro, Oymu
IIPOaHaJi30BaHi Pi3Hi AITOPUTMH MOPIBHAHHS 1103. EQexTHBHICTH KOXKHOTO alrOpUTMY OILIHIOBAacs Ha OCHOBI 1X 34aTHOCTI TOYHO
BU3HAYATH Ta MOPIBHIOBATH IIOJIOKCHHS Tilla.

V pesynbrati noenHanus BlazePose i MeToxy 3BaskeHOI BiJjcTaHi MOXHO JOCSTTH HaWKpaIioi MpoJyKTUBHOCTI B PO3Ii3HaBaHHI
1031 3 BUCOKOIO TOYHICTIO Ta HAAIHHICTIO B Ps/Ii CKIIAJHKUX CLEHapiiB. MeTox 3BakeHOI BiICTaHI MOYKHA JI0JaTKOBO BIOCKOHAIUTH
3a JIOMIOMOTOI0 TaKUX METOIB, SIK HOpMaiizaiis L2 i BUpIBHIOBaHHS MMO3M Ul MiJBHILIEHHS HOTO TOYHOCTI Ta y3arajJbHEHHS.
3arangom moenHaHHs Oibmiorekn BlazePose Ta MeromiB 3BakeHOI BiACTaHI MPOMOHY€E MOTY)XHE Ta e(eKTHBHE pillICHHsS s
po3mi3HaBaHHA 03U 3 BUCOKHM iHAekcoM F1.

PesyabTaTn. IcHytoui Mofeni BU3HAUEHHS 1103 MOKA3aJIM CXOXKI Pe3yIbTaTH SKOCTI BU3HAYEHHS 3 po3birom Omm3bko 2%. IIpn
Po3po0IIi Kpoc-TuaTOpMHOTO MPOrpaMHOTo NPOAYKTY 3HaYHYy IMepeBary B IIBUAKOCTI Mae Oi0mioreka BlazePose, mo mae API mis
poGotu GesmocepenHpo B Opaysepi Ta Ha MoOLNBHHX IiardopMax. Kpim Toro, ockimbku 06i0ioTeka BHKOPHCTOBYE PO3LIMPEHY
TOIIOJIOTIIO 3 33 KIIFOYOBMMH TOYKaMH, BOHa MOXe OyTH 3aCTOCOBaHa JUIsl LIMPIIOTO CIHCKY 3aBJaHb. [IpH JOCIiIKEHHI METO/IiB
MOPIBHSAHHS HAHGINBLINI BIUIMB Ha PEe3yJIbTATH CIIPABUIIA AKICTh BU3HAYCHHS TT03H.

BucnoBkn. Cepen MeToOAiB NOPIBHSIHHS HaiKpamii pe3ysibTaTH MPOJEMOHCTPYBAaB METOJ 3BaXKeHHX aucraHuii. IIBuakicts

BU3HAUYCHHS 1103 00EPHEHO TPONOPLIHHA SKOCTI BU3HAYCHHS 1 3HAYHO IIEPEBUIIYE PEKOMEHI0BaHE 3HaYeHH: — 40Mc.

© Bilous N. V., Ahekian I. A., Kaluhin V. V_, 2023
DOI 10.15588/1607-3274-2023-2-6 OPEN (o ) ACCESS
59



p-ISSN 1607-3274 PanioenextpoHnika, indpopmatrka, ynpasminss. 2023. Ne 2
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2023. Ne 2

KJIOYOBI CJIOBA: koM’ 1oTepHHiA 3ip, HOMOXKEHHS Tija, KIIOYOBI TOYKH, BH3HAYEHHS 03, MOPiBHSAHHS o3, blazepose,
mediapipe, tensorflow.

JITEPATYPA
Zhipeng Z. A Survey of Body Pose Estimation: Recent
Advances and Future Prospects / Zhang Zhipeng, Xu Dong,
Hao Shijie // Journal of Imaging. — 2021. — Vol. 7, No. 3. -
P. 1-31. DOI: 10.3390/jimaging7030045
Shcherbakova G. Y. Methods of automated classification
based on wavelet-transform for automated medical
diagnostics / G. Y. Shcherbakova, V. N. Krylov,
N. V. Bilous // 2015 Information Technologies in Innovation
Business Conference (ITIB), Kharkiv, Ukraine, 7-9 October
2015. - [S. 1], 2015. DOI: 10.1109/itib.2015.7355048
Rakova A. O. Research on Methods for Development of
Software System for Face Orientation Vector Determining
in the Image / A. O. Rakova, N. V. Bilous // Radio
Electronics, Computer Science, Control - 2020. -
No. 3(54). — P. 121-129. DOI: 10.15588/1607-3274-2020-3-
11
Shih-En W. Convolutional Pose Machines / Wei Shih-En //
2016 IEEE Conference on Computer Vision and Pattern
Recognition (CVPR), Las Vegas, NV, USA, 27-30 June
2016. - [S. 1], 2016. DOI: 10.1109/cvpr.2016.511
Kendall A. PoseNet: A Convolutional Network for Real-
Time 6-DOF Camera Relocalization [Electronic resource] /
Alex Kendall, Matthew Grimes, Roberto Cipolla // 2015
IEEE International Conference on Computer Vision (ICCV),
Santiago, Chile, 7-13 December 2015. — [S. I.], 2015. DOI:
10.1109/iccv.2015.336
Tsung-Yi L. Microsoft COCO: Common Objects in Context
/ Lin Tsung-Yi // Computer Vision — ECCV 2014. — Cham,
2014. - P. 740-755. DOI: 10.1007/978-3-319-10602-1_48
Yang Y. Articulated Human Detection with Flexible
Mixtures of Parts / Y. Yang, D. Ramanan // IEEE
Transactions on Pattern Analysis and Machine Intelligence.
- 2013. - Vol. 35 No. 12. - P. 2878-2890. DOI:
10.1109/tpami.2012.261
Cao Z. OpenPose: Realtime Multi-Person 2D Pose
Estimation using Part Affinity Fields / Z. Cao // IEEE
Transactions on Pattern Analysis and Machine Intelligence.
—2019. - P. 1. DOI: 10.1109/tpami.2019.2929257
Ge L. Real-Time 3D Hand Pose Estimation with 3D
Convolutional Neural Networks / L. Ge // IEEE
Transactions on  Pattern  Analysis and Machine
Intelligence. — 2019. — Vol. 41, No. 4. — P. 956-970. DOI:
10.1109/tpami.2018.2827052

© Bilous N. V., Ahekian I. A., Kaluhin V. V., 2023
DOI 10.15588/1607-3274-2023-2-6

60

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Liu Y. OpenPose-Based Yoga Pose Classification Using
Convolutional Neural Network / Yuchen Liu // Highlights in
Science, Engineering and Technology. — 2022. — Vol. 23. -
P. 72-76. DOI: 10.54097/hset.v23i.3130

Bilous N. V. Deletion method of image low-frequency
components using fast median filter algorithm /
N. V. Bilous, A. I. Krasov, V. P. Vlasenko // Journal of
Engineering Sciences — 2016. — P. 7-14. DOI: 10.21272/jes
Bazarevsky V. BlazePose: On-device Real-time Body Pose
tracking / V. Bazarevsky, I. Grishchenko, K. Raveendran //
Computer Vision and Pattern Recognition — 2020. — P. 4.
DOI: 10.48550/arXiv.2006.10204

Yu L. Improve Robustness and Accuracy of Deep Neural
Network with L2 Normalization / Lijia Yu, Xiao-Shan Gao
I/l Journal of Systems Science and Complexity. — 2022. — P.
1-26. DOI: 10.1007/s11424-022-1326-y

Friedhoff J. Move Mirror: An Al Experiment with Pose
Estimation in the Browser using TensorFlow.js [Electronic
resource] / J. Friedhoff. - Mode of access:
https://blog.tensorflow.org/2018/07/move-mirror-ai-
experiment-with-pose-estimation-tensorflow-js.html (date of
access: 18.04.2023). — Title from screen.

Borkar P. K. Match Pose — A System for Comparing Poses /
P. K. Borkar, M. M. Pulinthitha, A. Pansare // International
journal of engineering research & technology. — 2019. —
P. 3. DOI: 10.17577/1JERTV81S100253

An exact algorithm for F-measure maximization /
[K. Dembczy'nski, ~W.  Waegeman, W.  Cheng,
E. H'ullermeier] // Neural Information Processing Systems.
—-2011.-P.9.

Rutanen K. O-notation in algorithm analysis / K. Rutanen //
Data Structures and Algorithms. — 2022. — P. 216. DOI:
10.48550/arXiv.1309.3210

Malmir B. Exploratory studies of Human Gait Changes
using Depth Cameras and Sample Entropy [Electronic
resource] : thesis / Malmir Behnam. — [S. 1.], 2018. — Mode
of access: http://hdl.handle.net/2097/38949 (date of access:
18.04.2023). — Title from screen.

Bijelic M. A Benchmark for Lidar Sensors in Fog: Is
Detection Breaking Down? / Mario Bijelic, Tobias Gruber,
Werner Ritter // 2018 IEEE Intelligent Vehicles Symposium
(1V), Changshu, 26-30 June 2018. — [S. I.], 2018. — DOI:
10.1109/ivs.2018.8500543

OPEN 8#CCESS @ @ @



p-ISSN 1607-3274 PanioenextpoHnika, indpopmaTrka, ynpasminss. 2023. Ne 2
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2023. Ne 2

UDC 004.942(045)

INTELLIGENCE ANALYSIS OF EMPIRICAL DATA BASED ON TIME
SERIES

Ivanets O. B. — PhD, Associate Professor, Department of Electronics, Robotics, Monitoring Technology and the In-
ternet of Things, National Aviation University, Kyiv, Ukraine.

Khrashchevskyi R. V. — Dr. Sc., Professor, Department of Aerodynamics and Flight Safety, National Aviation
University, Kyiv, Ukraine.

Kulik M. S. - Dr. Sc., Professor, Head of the Aerospace Faculty, National Aviation University, Kyiv, Ukraine.

Burichenko M. Yu. — PhD, Associate Professor, Department of Biocybernetics and Aerospace Medicine, National
Aviation University, Kyiv, Ukraine.

ABSTRACT

Context. The problem of intelligent data analysis for assessing the stability of operators’ functioning as a component of safety
management is considered.The object of the study was to verify estimates of the complexity and chaotic nature of physiological
processes based on nonlinear dynamics methods.

Obijective. The goal of work is intelligent data analysis for assessing the stability of the functioning of a dynamic system based
on the methods of non-linear dynamics.

Method. Data intelligence to obtain additional useful information to avoid wrong decisions when deciding on the current state of
the operator to be able to perform professional duties. Quantitative assessment of the complexity of physiological dynamics to
determine the stability of feedback control processes of body subsystems and their constant adaptation to changes in environmental
conditions. The presence of significant nonlinearities in the biomedical signals of the body is associated with the appearance of a
chaotic component that describes the chaotic nature of the body’s processes. Due to the fact that biomedical signals have both a
periodic and a chaotic component, the study of the latter makes it possible to determine the informational component of the nature of
the internal organization of the organism and provide information about the possible destabilization of the functional state of the
operator. The use of nonlinear dynamics methods to study changes in the operator’s body and provide additional independent
prognostic information complementing traditional data analysis in the time and frequency domains. Several indices obtained by the
methods of nonlinear dynamics are proposed, which contribute to the expansion of the diagnostic solution based on the available
data.

Results. The results of the study can be used during the construction of mathematical methods of non-linear dynamics to describe
empirical data of this kind.

Conclusions. Experimental studies have suggested recommending the use of non-linear methods dynamics as an an additional
independent component that allows analyzing the chaotic component of biomedical signals to avoid wrong decisions during
professional selection and assessment of the current state of aviation industry operators as one of the causes of adverse events in
aviation. Prospects for further research may include the creation of a methodology based on nonlinear dynamics methods that will
allow to increase the reliability of predicting a malfunction of the cardiovascular system as an indicator of a change in the balance of
the functional state of the operator based on additional informative parameters, which can be used to assess triggers that may cause
an adverse event in aviation, as well as an experimental study of the proposed mathematical approaches for a wide range of diagnos-
tic problems.

KEYWORDS: methods of non-linear dynamics, entropy, MATLAB, RR-interval, operator, Hausdorff dimension, highest
Lyapunov exponent, attractor.

ABBREVIATIONS Q is the Poincare mapping;
ApEn is an Approximate Entropy; ¥ is a global secant the flow F
ECG is an Electrocardiograms; E is a secant surface that the cycle intersects at the
EEG is an Electroencephalograms; point p;
HRYV is a Heart rate variability; U is a neighborhood of a compact subset A;
LF is a Low Frequency; A is a compact subset of the phase space M;
NLD is a Nonlinear dynamics; N(J) is a number of cells of size & covering the curve;
SampEn is a Sample Entropy; A is a highest Lyapunov exponent;
SD is a Standard Deviation; Hp is a Hausdorff dimension;
SRM is a Safety risk management; 3(t) is a distance between two states of the system;
SRP is a Safety risk portfolio. X(t) is a time series;
X is a realization of all observations;
NOMENCLATURE x(i) is an all readings of x realization;
v is a vector function of given smoothness r; € Is a near trajectories;
M is phase space of system; T is a time interval after the start of the comparison;
R" is an area of some set; S(t) is a steepness of the curve on the linear section
F'(x) is a smooth function defined for values t; which determines the Lyapunov exponent 2
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R is an absolute range function;

Bx(t) is a fractal Gaussian function;

S is a positive constant;

ty, t, are counts at time points 1 and 2;
&(t) is an existing time series;

(€(t)) is an average value.

INTRODUCTION

The results of the analysis of the flight safety risk
portfolio (Safety risk portfolio — (SRP)), for the period
from 2016 to 2020, and the results of statistical and
analytical processing of flight safety data using the web
portal https://rmd.avia.gov.ua/ determine the connection
between heart diseases as flight safety problems and key
areas of risk in aviation and demonstrate their contrbution
to the occurrence relevant (potential) dangerous
consequences in aviation. In addition, the analysis of the
current functional state based on the biomedical signals of
the heart (electrocardiogram, heart rate, heart rate
variability) allows to make a decision regarding the
stability of the balance of the entire body of the aviation
operator and, as a result, to determine the probability of
erroneous decisions in the professional field. That is, to
determine the accompanying factors that can cause
aviation events. Therefore, extracting reliable information
about the state of the cardiovascular system as an
indicator of stability (homeostasis) of the operator’s entire
body is an urgent task for the intellectual analysis of
biomedical data.

The object of study is the process of analysis of
heart rate variability (HRV) by methods of non-linear
dynamics to improve the reliability of the assessment of
the nature of the activity of all systems of the body.

The analysis of complex HRV signals leads to the
need to quantify the complexity of physiological dynam-
ics using various indicators that take into account nonlin-
earity, time irreversibility, fractality and long-term corre-
lations.

The subject of study is the process of evaluation of
additional information indicators, what is taken by meth-
ods of non-linear dynamics that can be used to predict
changes in the functional state of the operator as one of
the triggers of an adverse event in the safety risk man-
agement (SRM) of aviation.

For this reason, the main task of the study is the
analysis of stability, the study of the role of invariant
manifolds, the analysis of the geometric structure of
trajectories of attractors, the search for invariant
measures, and the calculation of invariant characteristics.
Although this approach does not make it possible to
represent the solution in an explicit form, it allows us to
qualitatively describe many important features of the
cardiovascular system as an indicator of the dynamism of
the whole organism, including randomness.

Due to the variability, unpredictability and instability
of the object from which the information indicators are
obtained, there are many factors influencing the reliability

© lvanets O. B., Khrashchevskiy R. V., Kulyk M. S., Burichenko M. Yu
DOI 10.15588/1607-3274-2023-2-7

62

., 2023

decision-making about the functional state of the
operator’s body and can lead to incorrect conclusions and
false extrapolations. This is due to the fact that such
information indicators have structural features and
therefore cannot be adequately described by standard m-
ethods, because different subsystems of the body as
control loops operate in a complex relationship with
feedback for constant adaptation of the entire system to
changing external influences. The subject of the study is
the process analysis HRV by methods non-linear
dynamics with non-standard approaches to the data
quantification of empirical data.

Intelligent data analysis involves obtaining reliable in-
formation about a complex system with stochastic influ-
ence. Such a complex system is the organism of the op-
erator, which is under the influence of external destabiliz-
ing factors when performing his professional duties. Em-
pirical data obtained from a biological object, on the basis
of which such an analysis can be carried out, possible
presented using time series [1].

Such a presentation allows, in addition to quantitative
values of medical and biological parameters, to obtain addi-
tional information about dynamic changes in the state of
the system at different time intervals. Moreover, the time
during which these empirical data were obtained also has
an informational component. Most medical and biological
parameters such as ECG, electromyograms, HRV, EEG
characterize both linear physiological processes and have a
component that describes certain non-linear processes in
the body as the body’s reaction to external destabilizing
influences. While the linear component of the system, with
a certain reliability, is described by classic methods of in-
tellectual analysis, nonlinear processes in the body are de-
scribed and investigated insufficiently [1, 2].

The purpose of the work is to increase the hang the
reliability of the use of mathematical methods to describe
the functional state change of the operator using transfor-
mation information indicator in decision-making system.

1 PROBLEM STATEMENT

At present, to study the properties of complex
systems, including in experimental studies, the approach
is widely used, based on the analysis of the signals
generated by the system. This is especially relevant in
cases where it is practically impossible to describe the
process under study mathematically, but researchers have
at their disposal is some characteristic observable
quantity. Analysis of this approach constitutes the content
of this article.

Therefore, in the presented work, as an example, the
formalization of the theory of chaotic dynamic systems
for the analysis of the stability of the functional state of a
biological object is presented.

Since the time of A. Poincaré, it has become clear that
when studying complex behavior, the usual approach such
as analytical calculations of individual trajectories of
differential equations does not work. For this reason, the
main task of the theory is the study of stability, the study

OPEN a ACCESS m



p-ISSN 1607-3274 PanioenextpoHnika, indpopmaTrka, ynpasminss. 2023. Ne 2
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2023. Ne 2

of the role of invariant manifolds, the analysis of the
geometric trajectory structures, search for invariant
measures, calculation of invariant characteristics, etc.
Although this approach does not make it possible to
represent the solution in an explicit form, it allows us to
qualitatively describe many important features of
dynamical systems, including randomness. If there is a set
of ordinary differential equations:

;<: v(x,a),

where x(t) = {X1,X2 ,...,Xn} — set of dynamic variables, t
is time, v = {v; ,v» ,...,Vo} is a vector function of given
smoothness r (that is, of class C") defined in some domain
McR", v: M — R", a is some parameter (or their combi-

nation) and M is phase space of system (1).

The function v generates a flow F' : M — R", where
F'(x) is a smooth function defined for values t from the
interval T <R, such that forallx eMandt e T:

d ¢ Lt
EF tzr_U(F (x)) .

The flow F' is sometimes called a shift transformation
because it takes the system from the state it was in at the
initial time to the state at any other time. It is easy to un-
derstand that F° with s=—t has an inverse function of the
same smoothness C', i.e. the system is time reversible.

Geometrically, the system of equations (1) can be in-
terpreted as a vector field that associates each point xe M
with the vector v. Then the solution x(t) = F* (x(0)) is a
certain curve, which at every point is tangent to this vec-
tor field. If the initial state x(0) = Xoe D is given system
(1), then F'(xo):T —R" defines the phase trajectory or
phase curve of the original differential equation (1). In
some cases, the flow F' admits a global secant Q, i.e. a
hypersurface of dimension n—1, which the phase trajecto-
ries intersect transversally. Then the study of the behavior
of the original system can be reduced to the analysis of
the mapping Q:¥—Y, which is the Poincare mapping.

When analyzing dynamical systems, it is also neces-
sary to take into account limit cycles-closed phase trajec-
tories corresponding to the periodic behavior of the sys-
tem. If y = x(t) is a limit cycle and E is a secant surface
that the cycle intersects at the point p. The attractor as a
compact subset A of the phase space M satisfies the fol-
lowing conditions: A is invariant with respect to the flow
of the dynamical system; there is a neighborhood U that
shrinks to A under the action of the flow. If we choose
some neighborhood U < E of this point and consider the
first return of the trajectory that left the point ge U close
to p. Then we can define the Poincaré map Q: U—E that
sends the point q to the point g’ = o(q) on the surface E.

The main property of dissipative systems is the com-
pression of the phase volume: over time, according to the
dynamic equation, the initial volume occupied by the
cloud of phase points decreases. Formally, this is ex-
pressed as the inequality div v < 0. In this case, ast — oo,
all phase trajectories will converge to some subset A ¢ M

© lvanets O. B., Khrashchevskiy R. V., Kulyk M. S., Burichenko M. Yu
DOI 10.15588/1607-3274-2023-2-7

., 2023

of zero (in phase space) volume, which is an attractor of a
dynamical system and makes it possible to estimate the
stability of its behavior. That is, for a given selection x, it
is necessary to construct an attractor of a dynamic system
and, simultaneously with the analysis of a cloud of phase
points, obtain quantitative characteristics using methods
of nonlinear dynamics to confirm the conclusions about
the stability of the system.

2 REVIEW OF THE LITERATURE

The nonlinear phenomenon is one of the reasons for
the variability of medical and biological parameters, the
HRYV in particular [3]. If the studies of the twentieth cen-
tury were devoted to the description of a biological sys-
tem as a linear one for which a pathological process can
be determined with a certain reliability due to comparison
with the generally accepted norm — the approach of nor-
mology [4, 5]. Thus, employees of the Kyiv Research
Institute of Medical Problems of Physical Culture and
Sports of the Ministry of Health of Ukraine (1968-1986)
worked fruitfully in the direction of studying the state of
the body of a practically healthy person, forming a scien-
tific school that is actively working today [6, 7].

At the beginning of the twenty-first century, more and
more studies prove the need to study the nonlinear
component of biological processes [8, 9] to obtain, firstly,
additional information about the transformation of
biological processes due to reverse biological connections,
to ensure the balance of functioning of the organism [10].
Secondly, they provide information about a sufficient
number of internal resources to ensure physiological bal-
ance under the influence of destabilizing factors [11, 12].
Thirdly, it is a valuable tool for analyzing the medical and
biological indicators of population groups that have al-
ready undergone professional selection and their medical
and biological parameters are within the normal range, but
professional destabilizing factors can deplete the resources
available in the body, and for their effective use, non-
standard approaches to assessment are required the level of
regulation of the stability of the organism’s functioning,
taking into account their chaotic nature [13, 14].

In the paper, processing by methods of non-linear dy-
namics (NLD) of HRV, presented in the form of time
series, is proposed to obtain visualization of chaotic proc-
esses in the body and carry out calculations of the main
indicators: estimation of Hausdorff dimension, Hurst’s
exponent, highest Lyapunov’s exponent, sample entropy
and approximate entropy. To present the results used
Poincaré maps, graphs of the attractor on a small number
measurements, singular schedule and trajectories of at-
tractors. Conducting a comparative analysis of the ob-
tained results allows for the development of a complex
approach for intelligent data analysis, which can be used
to analyze the stability of adaptation processes in the body
of operators, the aviation industry, in particular, as one of
the triggers for the occurrence of a dangerous event in
aviation.
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3 MATERIALS AND METHODS

As the analysis of literary sources proves, the analysis
of nonlinear biological processes in the body is based on
the presentation of empirical data in the n-dimensional
space of states. Each of the states characterizes a change
in the stability of functioning and the return of its work to
a stable state due to biological feedback that characterizes
the homeostasis of the organism. The axes in this space
are variable states, the description of which changes over
time is represented by electrical potentials: electrocardio-
grams, heart rate variability, electroencephalograms, etc.

The non-stationarity, non-linearity and complexity of
the behavior of such data present difficulties in their for-
malization. Representation of such data as time series
allows to evaluate the components of destabilizing factors
affecting the stability of the functioning of the biological
system. The difficulty in analyzing such time series is that
they are traditionally considered as data of a stationary
dynamic system, which may have irregular behavior due
to its non-linearity. But physiological processes in the
body must be considered as non-stationary processes,
which necessitates the use of nonlinear dynamics methods
for their analysis.

With such an approach, it is advisable to process the
biological signal, HRV, in particular, on the basis of time
series and divide them into time intervals during which
the biological object is in stationary conditions. When
using the methods of nonlinear dynamics to process time
series, not their representation in the time domain is ana-
lyzed, but their vector representation in the phase space.
The use of nonlinear dynamics methods allows obtaining
additional useful information about the dynamics of bio-
logical parameters, which describes the physiological
variability of biological processes and allows us to draw a
conclusion about the stability of the functioning of this
system.

This can be done thanks to the understanding of the
complexity of the functioning of the organism, which is
associated with the interaction of different subsystems of
the organism as separate control circuits that function in a
single complex system [15]. Such complexity of the
body’s structure allows it to be adapted to physiological
needs and requirements under the influence of external
destabilizing factors [16]. The more complex the phase
portrait of the time series, the greater the probability that
it may be related to the organism’s own variability and its
constant adaptation to external factors.

Such complexity of the body’s structure allows it to be
adapted to physiological needs and requirements under
the influence of external destabilizing factors [16]. The
more complex the phase portrait of the time series, the
greater the probability that it may be related to the organ-
ism’s own variability and its constant adaptation to exter-
nal factors [1].

This circumstance leads to the need for a quantitative
assessment of the complexity of the dynamics of physio-
logical processes in the body. Such an assessment can be
performed using nonlinear dynamics methods using the

quantitative assessment of the highest Lyapunov expo-
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nent, Hurst exponent, approximate and sample entropy. In
connection with the fact that the cardiovascular system
performs not only the functions of blood supply to the
entire body, and serves as a generally accepted indicator
of the stability of the functioning of the entire body, the
indicators of which evaluate its adaptive capabilities.
Therefore, time series of heart rate variability were cho-
sen in the paper to assess the stability of the body’s func-
tioning. These series characterize the duration of RR-
intervals in ms. Moreover, these time series were obtained
from study participants who do not have clinical symp-
toms of diseases of the cardiovascular system, which
made it possible to use them as a control group for deter-
mining the dynamics of chaotic pulsation.

In order to study the spectral nonlinear characteristics
of the biomedical signal in the interpolation RR =interpl
(time, RR, time, “spline). That made it possible to project
this signal (HRV) onto a uniform time grid with cubic
spline interpolation. To study the finite set of HRV points,
an attractor was built, which in the phase space allows
you to study the phase trajectory of the signal. In the
work, a so-called “strange” attractor with a complex geo-
metric structure with a fractal structure was built [17].

To determine the dimension of the “strange” attractor,
the Hausdorff dimension estimate was introduced in the
work, which determines the dimension of subsets in the
metric space:

L In(N(3))
Ho = tim In(/35)

In order to obtain quantitative characteristics of chaotic
pulsation by methods of nonlinear dynamics, the highest
Lyapunov exponent is calculated in the work, which de-
termines the divergence of two initially close trajectories.
To estimate the degree of chaoticity according to the high-
est Lyapunov exponent, it is necessary to consider two
states of the biological system measured at the initial mo-
ment of time, and this distance changes over time. If the
initial distance is:

|X1(0) = X2(0) =8 <<1.
The change in distance over time t will be equal to:
3(1) =Xy (1) - X (1)

The highest Lyapunov exponent is related to distance
3(t), by the following dependence:

3(t) = dgexp(rt).

Due to the fact that the biological object has chaotic
behavior, the highest Lyapunov exponent is A > 0.

At the same time, the degree of chaoticity of a biologi-
cal system can be determined by the highest Lyapunov
exponent according to the following principle: the larger
the value of A, the higher the chaoticity, lower values of A
characterize a certain determinism in the movement of
such a system and this can be associated with complex
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adaptive transformations in the organism. At the same
time, the tendency of the Lyapunov exponent to zero
means strict determinism.

While the tendency of A to O characterizes the reduc-
tion of chaos in the biological system and the strict defini-
tion of the initial conditions of the functioning of the bio-
logical object and the definition of the state of the system.
Using analytical methods, determining all Lyapunov ex-
ponents is quite a difficult task, which is connected with
finding a complex analytical solution of a system of dif-
ferential equations. Therefore, in the work, the authors
used a fairly reliable numerical algorithm for estimating
the highest Lyapunov exponent based on one implementa-
tion of the tracked process based on the speed A of the dis-
tance change between two trajectories over time. Fixation
of one reading of the time series x(t) from the realization
of all observations x in which all readings of this realiza-
tion x(i) for which the following condition is fulfilled:

[x(®) - x(i)| <&,

is the beginnings of e-near trajectories. Moreover, such
readings are considered the beginnings of given trajecto-
ries, and the original and neighboring trajectories are
formed by sequential recording of readings, starting with t
and i, respectively.

In this case, the distance between adjacent trajectories
can be defined as:

dist (x(t), x(i), 7) =[x(t + 1) — x(i + 7)| -

But this distance has fluctuations, therefore the dis-
tance is averaged over all e-near trajectories and over all
counts x(t) of the studied time series. To obtain a stable
estimate of the highest Lyapunov exponent, after averag-
ing, S is found, which is equal to:

N N
S(x) :%2 |n{%§ dist(x(t),X(i);T)]- (1)

Lyapunov exponent characterizes the chaotic pulsation
of the studied signal as the degree of exponential diver-
gence of two initially close trajectories.

To quantitatively assess the degree of long-term stabil-
ity of processes in a biomedical signal, the authors used
the Hurst index He[0,1] to generalize the random func-
tion to the case of the fractal Gaussian function By(t):

(ABy )= (B ()~ By (tg))=0.

It follows from equation (1) that the variance of incre-
ments S(t—ty) can be written in the form:

S(t-tg) = ([B (t) - By (to)]) = o>t —to -
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If then By(t) has a Gaussian distribution:

P(ABHt < T) =

1 B 1
= exp(-=(

y 2mo(t) —tl)H —[o 2 o(t, _tl)H

To analyse the parameters of the cardiovascular sys-
tem, the Hurst method is used [18]. For the existing time
series £(t), the average value (£(t)) on the time interval t,

which has the same dimension as time t, is calculated:

t2

)2)dt.

(6@), =22 e
Ti=1

The next stage: calculation of the dependence of the
accumulated deviation X(t,t) on the time interval (z);

X(t )= ZT: {%(U) —<§(t)>r}'
u=1

According to the accumulated deviation, the absolute
range function R is calculated:

R(t) = max X (t,t) —max X (t, 1) .
I<t<t I<t<t

The range depends on the length of the interval and
can increase with its increase. The Hurst method is also
referred to as the R/S method because it determines the
dependence of the dimensionless function R/S on the
length of the time interval T and is calculated by the stan-
dard deviation S of the series &(t):

. 2
s(r):\/lz{a(w—@(t)x} :

Tu=t

There is an empirical relationship between the normal-
ized swing R/S and the length of the interval t through the
Hurst exponent according to the classical normalized
swing method H:

H can take on values from 0 to 1.

When H > 0.5, the time series has a tendency to in-
crease or decrease, and this is both the predicted trend and
the one that was in the past. But H < 0.5 characterizes the
tendency of the series to change the trend, that is, an in-
crease can change with a decrease, and a decrease with an
increase, respectively.

The last stage is the evaluation of the sample entropy
and approximate entropy. Approximate Entropy/Sample
Entropy (ApEn) is a simple measure of the overall com-
plexity and predictability of time series. ApEn quantifies
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the probability that time series patterns that are close will
remain similar for subsequent incremental comparisons.
High values of ApEn indicate high irregularity and com-
plexity of the time series data. For healthy people, ApEn
values range from about 1.0 to 1.2, for patients after a
heart attack, ApEn values are about 1.2 [18]. The im-
proved sample entropy method (SampEn) improves on
ApEn and quantifies the conditional probability that two
sequences of m-consecutive data points that are similar to
each other (within a given tolerance r) will remain similar
if one consecutive point is included [19].

The specified approach allows synthesizing the process
of HRV processing by methods of nonlinear dynamics for
evaluating the dynamics of information parameter trans-
formation processes.

In the work, calculations of all the described stages
were carried out in the MATLAB environment, which
allows obtaining quantitative indicators for evaluating
heart rate variability according to the following stages:
Hausdorff variability, Lyapunov and Hurst indicators, ap-
proximation and sample entropy.

The described approach provides an improved assess-
ment of time series and should be a useful tool in studies
of the dynamics of the functioning of the cardiovascular
system, and due to the comprehensive assessment of sev-
eral parameters of nonlinear dynamics, they contribute to
advanced decision-making regarding the stability of the
functioning of the entire organism.

4 EXPERIMENTS

In the work, HRV time series were processed from the
database of biomedical signals from the website Phisyo-
net.org [20]. The time series contained in this database is
compiled from long-term time series of healthy volunteers.
Holter recordings of participants without clinical symp-
toms of the disease who did not take medication were used
to form this database. In the data of the study participants,
the ECG was normal according to the criteria: the mini-
mum nighttime rate is more than 60 beats per minute;
night pauses — less than 3 seconds; ventricular extrasys-
toles — less than 100 in 24 hours, without bursts or poly-
morphism; supraventricular extrasystoles - less than 100 in
24 hours, without connections; lack of blocks or conduc-
tion disturbances. Biological signals were obtained using
Holter monitoring by specialized recorders within 24
hours. The recorder data had a reading sampling frequency
of 512 and 1024 Hz and a recording sampling frequency of
128 Hz. Signal analyses was performed using Galix and
CardioScan software. Time series with artefacts over 8%
were not included in the database, and those with arte-
facts longer than 20 s can be used as a control group to
determine the stability of the functioning of the cardio-
vascular system.
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5 RESULTS
To increase the accuracy of biomedical signal process-
ing, it is necessary to remove possible artefacts of various
natures. In the work, RR intervals whose duration exceeds
the average value by more than two or three standard de-
viations are considered artefacts. Using the software code
in the work, biological signals were cleaned of artefacts. A
study of the dependence of the number of removed arte-
facts on the input parameters of the filter was conducted,

the results are presented in Table 1.

Table 1 — Number of removed artifacts for some files
Files Parametr of The standard Number of

name window, k deviation artefacts, N(a)
threshold, ns
2 503
453
471
207
142
112
618
468
419
447
239
175

RR002

RR003

~N(O|w|IN|O[w|N|O(w|N| oW
WWIWIN N[N W[W(W|N|N

To visualize the process of removing artifacts, Fig. 1
and Fig. 2 show signals R002 and R003 from the database
from the website Phisyonet.org and signal data artifacts
Examples of the resulting graphs are shown in Fig. 1 and
Fig. 2.

Figure 1 — Graphs of the RR002 signal and its artifacts

In the work, there were “strange” attractors for signals
that are being used. Today, a “strange” attractor has ac-
quired a collective meaning, using which the chaotic na-
ture of the system under study is emphasized.
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Figure 2 — Graphs of the RR003 signal and its artifacts

According to Takens’ theorem [21], the main proper-
ties of the attractor will be the same as those of the object
under study, and its characteristics can be determined
based on the similarity. Graphs of attractors of the studied
HRYV signals are shown in Fig. 3 and Fig. 4.

RR002, nRR = 32768

0.6 -

04

0.2 4

d?(RR)/dt?
{=1

04 T~
02 ™ s
0 T~ 1
d(RR)/dt 0.2 0.5 RR, sec

Figure 3 — Attractor of the signal RR002

A strange attractor, unlike a regular attractor, is not a
curve or a surface, its geometric structure is very complex,
and its structure is fractal. Such attractors are endowed
with geometric (scale) invariance. The criteria of a
“strange” attractor are trajectory instability in the form of
exponential divergence from the attraction zone and
fractional dimension. The analysis of the HRV attractor
type is an analysis of integral processes based on interac-
tions between individual HRV components or between
these components and related characteristics in other or-
gans and systems, occurring as a self-adaptation phenome-
non. Three-dimensional histograms of pairs of successive
intervals of RR signals were constructed in the MATLAB
environment. The results of the obtained histograms in the
three-dimensional coordinate space are shown in Fig. 5
and Fig. 6.
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Figure 4 — Attractor of the signal RR003

Figure 5 — The three-dimensional histograms RR003 signal

Figure 6 — The three-dimensional histograms RR002. signal

Poincaré maps (graphs) allow you to evaluate the dy-
namics of the heartbeat based on a simplified embedding
of the phase space. Poincaré plot analysis is a quantitative
visual technique that classifies the shape of the diagram
into functional classes and provides detailed, beat-by-beat
information about the heart’s behavior. Usually, Poincaré
graphs are used for two-dimensional graphic and quantita-
tive representation (scatter diagrams), where the values
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RR(n) and RR(n+1) are plotted along the axes. Most of-
ten, three indices are calculated from Poincaré plots: the
standard deviation of the short-term variability of the RR
interval (small axis of the cloud, SD1), the standard de-
viation of the long-term variability of the RR interval (the
large axis of the cloud, SD2) and the ratio of the axes
(SD1/SD2). For a healthy heart, the Poincaré plot shows a
cigar-shaped cloud of points oriented along the line of
identity.

These indices are correlated with linear indices. An
increased ratio of SD1/SD2 is the most powerful indicator
of a disturbance in the stability of the cardiovascular sys-
tem. Poincaré graphs for the studied HRV signals are
shown in the Fig. 7 and Fig. 8.

Figure 7 — A Poincaré plot for RR003signal

Figure 8 — A Poincaré plot for RR003signal

6 DISCUSSION

As can be seen from Fig. 1 and Fig. 2, real empirical
data obtained from biological objects with stochastic in-
fluence are difficult to represent and process only by clas-
sical standard methods.

Thus, a linear, stationary, time-invariant component
can be described using classical frequency and time
methods. But non-stationary and non-linear processes that
are characteristic of biological systems contain additional
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information about the chaotic nature and dynamics of
changes in the states of this system, requiring the use of
non-standard approaches, methods of non-linear dynam-
ics, in particular.

This gave impetus to the search for non-standard ap-
proaches to the processing of such empirical data as heart
rate variability, which contain information both about the
state of the cardiovascular system and about the stability
of the functioning of the entire organism.

The importance of reliable processing of empirical
data obtained from real biological data is related to the
content in these values of an important component that
can serve as an indicator of a violation of the functional
state of a biological object and plays an important role in
forming a decision about the state of the operator as a
possible trigger in aviation safety management. Because
according to the flight safety risk portfolio, report for the
period from 2016 to 2020, of the web portal
https://rmd.avia.gov.ua/ cardiovascular diseases are iden-
tified as one of the triggers of aviation safety violations.
Therefore, the use of nonlinear dynamics methods to ob-
tain additional useful information for assessing the nature
of the chaotic nature of processes in the body allows for a
visual assessment of the stability of the functioning of the
entire system of the operator’s body, as a biological sys-
tem with the stochastic influence of professional destabi-
lizing factors.

Thus, due to the fact that the complex chaotic nature
of biological processes describes the constant mechanisms
of adaptation of the system to external factors, the RR 002
signal has a visually greater chaoticity than the processes
in Fig. 4 and Fig. 5, which can be a sign of healthy adap-
tation, which is confirmed by the quantitative calculations
in Table 2.

Table 2 — The results of the calculation of the main

indicators
. Highest
Slgnal I-!ausdo_rff Lyapunov _Hurst ApEn SaEn
file dimension index

exponent
RR002 1.9693 7.6865e-05 |0.02608 |1.075 | 0.83034
RR003 1.9727 0.0012 0.21964 |0.909 | 0.68035

The three-dimensional histogram of the studied sig-
nals of pairs of consecutive RR intervals in Fig. 6 also
confirms the presence of a greater number of chaotic pul-
sations in the RR 002 signal.

To construct a scatter plot of the RR 002 variable rela-
tive to its delay, Poincaré graphs were used to eliminate
the limitation of three-dimensional histograms, which
consists in the absence of information about the correla-
tion between data points.

The inclusion of the relative frequency of pairs of con-
secutive data points in the standard Poincaré graph allows
you to build a two-dimensional histogram with RR(n),
RR(n+1), having received information about the density
of data points (Fig. 7 and Fig. 8 light (yellow) color).

From Fig. 4, it can be seen that the extreme right point
is longer by 0.6 s than the nth interval, while the error of
determining the RR interval is 8 ms, which may indicate a
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significant imbalance of the body at this moment in time.
The same phenomenon can be determined on the Poincaré
map of Fig. 7-8, where you can see a significant scatter of
individual points at the origin of the coordinates. While
for the RR002 signal, there is the presence of repetition of
intervals of such a duration that can serve as evidence of
the “normality” of such outbreaks for a given organism
and serves as evidence of the “normality” of such a situa-
tion and a sufficient number of adaptation resources to
return to stable functioning, as well as a description of
daily variability.

CONCLUSIONS
A component of a comprehensive approach with a
defined level of human safety is a timely and reliable as-
sessment of its functional state [22]. The application of
human security contributes to a comprehensive response
to the multidimensional causes and consequences of the
impact of professional destabilizing factors [23].

The scientific novelty of obtained is the fact that for
the first time a combination of traditional methods of
measurement and processing of biomedical signals in
combination with alternative methods for forecasting and
diagnosis of biomedical data of individuals, which can be
used as a control sample, capable of effectively supple-
menting the specified methods due to the use of modern
methods of signal processing in the time and frequency
domains.

The article proposes the use of nonlinear dynamics
methods for the analysis of heart rate variability, which
allowed a new understanding of heart rate changes in
various physiological states, including in the presence of
external factors.

The practical significance of obtained results is that
the use of the proposed approach provides additional
prognostic information and complements the traditional
analysis of heart rate variability, since it is the change in
the dynamics of heart rate variability that has prognostic
value regarding the progression of the impairment of the
stability of the functional state of the operator.

Prospects for further research are to study the pro-
posed set of indicators for a broad class of practical prob-
lems and use for diagnosis and forecasting in aviation
medical.
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IHTEJEKTYAJBHUI AHAJII3 EMITIIPTYHUX JAHUX HA OCHOBI YACOBHX PSI/IIB
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HeTy peueit HanionaneHoro aBianiitHoro yHiBepcurery, Kui, Ykpaina.

XpameBcbkmii P. B. — xp texn. Hayk, npodecop, npodecop xadeapu aepoanHamiku Ta Oesnekd nonbotiB HarionansHoro
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Kymuk M. C. — 1-p TexH. HayK, mpodecop, JeKaH aepoKOCMiYHOTo (akynpTeTy HarioHansHOTO aBiarmiifHoro yHiBepcutety, Ku-
iB, YKpaiHa.

Bypuuenxo M. FO. — kauz. TexH. HayK, JOIEHT, JIOLEHT Kadeapyu 610KiOepHEeTHKH Ta aepoKocMivHOI MeaunyHy HarionansHoro
aBiamiifHoro yHiBepcurery, Kni, Ykpaina.

AHOTAIIA

AKTyalbHicTh. PO3risiHyTO pobieMy iHTEIeKTYalbHOTO aHaIli3y JAHUX Ul OLIHKHM CTaOLIbHOCTI (yHKI[IOHYBaHHs OIepaTo-
piB sIK CKJIa70BOI ympasiinHs Oe3rnekoro B aBiauii. JIoCmikeHHsT IPHUCBsIUCHE aHA3y CKJIAJHOCTI Ta XaOTHYHOCTI (i3iomoriyamx
MPOIIECiB HA OCHOBI METOJIB HemNiHiiHOI nuHaMiku. O0’€KTOM JOCTIDKEHHS € MPOLeC aHami3y BapiaOelIbHOCTI CEpIEBOTO PUTMY
METOJaMH HeIiHIHHOI JUHAMIK.

Meta podoTn — 0OpoGIeHHST 610OMEIMYHNX CUTHANIB JUIS OI[IHIOBaHHS XaOTHYHOCTI MPOIECIB i3 BUKOPUCTaHHSIM HEINHIHHHX
MeTofiB. Pe3ynbTaTy 1OCIIKEHHS MOXKYTh OyTH BUKOPHCTaHI ITiJ] 4ac 00y JOBM MaTeMaTHYHUX METOAIB HETiHIIHOI ANHAMIKH U1
OIUCY eMIIPUYHHX JaHHX TaKoro poxy. ExcrepruMeHTanbHi TOCHIIKEHHS HAJAIOTh 3MOTY PEKOMEHyBaTH BUKOPUCTAHHS METOJIIB
HeJNiHIHHOT TUHAMIKH B SKOCTi JOJATKOBOI He3aJeXHOI iH(popMaii, 0 J03BOJIsIE MPOaHai3yBaTH XaOTUUHY CKIJIAJIOBY Oiomeand-
HHUX CHUTHAJIB JUI YHUKHEHHS XUOHMX pillieHb npu mpodeciiHoMy BiOopi Ta OLiHIOBaHHI OTOYHOTO CTaHy OIepaTopiB aBialiiHOT
raiysi siK OZIHy 3 IPMYUH HECHPUATIMBUX IOJiH B aBiaii.

IlepcnexTrBamMy MOJANBIINX AOCIIIKEHD MOXKE OYTH CTBOPEHHS METOAOJIOTIT Ha OCHOBI METO/IiB HENIHIHHOI TMHAMIKH, SKa 103-
BOJIUTH IiJBUIIUTHA JOCTOBIPHICTh MPOTHO3YBAaHHA IUC(YHKII CEpIeBO-CyIUHHOI CHUCTEMH, SIK iHIUKATopa 3MiHH pPiBHOBaru
(YHKIIOHAIBHOTO CTAHy OIlepaTopa Ha OCHOBI JIOZATKOBHUX 1H(OPMATUBHUX IAPaMETPIB, 10 MOXKYTh OyTH BUKOPHUCTAHI ISl OLIHKH
TpUTepiB HECIIPHUATIMBUX MOAIN B aBiallii, a TAKOX €KCIIepUMEHTAIbHE JOCIIJDKESHHS 3alIPOIIOHOBAaHUX MaTEMAaTHYHUX ITIIXO/IB JUIs
LIMPOKOTO KOJIa NiarHOCTUYHUX 3a/1ay.

Meton. [IpoBeaeHo aHaii3 GiOMeIUYHUX AaHUX I OTPUMAHHS JOAaTKOBOT KOPUCHOT iH(opMallii pH OILIHIOBAHHS XaOTHYHUX
MPOLIECiB AJIs BU3HAUEHHs cTabiibHOCTI PyHKIIOHYBaHHs 610JI0T1YHOI CHCTEMH NPH MPUIHATTI PillICHHS PO MOTOYHHI CTaH orepa-
Topa. [IpoBeneHa KibKiCHA OLIHKA CKIAJHOCTI (hi310I0TI9HOT JUHAMIKY A1 BU3SHAYEHHS CTIHKOCTI IPOLIECIB YIPABIIHHS MiACHCTe-
MaMH OpraHi3My Ta iX MOCTiifHO1 ajanTarmii 70 3MiH 30BHIIIHBOTO cepenoBuiia. HasBHICTh 3HAYHUX HENMiHIHHOCTEH Y Ol0METUIHIX
CHIHalIaX IOB’s3aHa 3 MOSBOIO JMHAMIYHOI CKJIA/IOBOI, SKa OIKMCYE XAOTUYHUI XapakTep HPOLECiB OpraHizmy. 3aBIsSKd TOMY, IO
OioMenMYHI CUTHAIM MAOTh SK IIEPIOJUYHY, TaK 1 XAOTHYHY CKJIAJOBY, BUBUCHHS OCTAaHHBOI Ja€ 3MOTY BH3HAUUTH iH(pOpManiiiHy
CKJIQJIOBY XapakTepy BHYTPIIIHBbOI OpraHizamii opraHisamy Ta HajaTu iHGOpMaIiio PO MOXKIMBY JecTabiizamito (GyHKI[IOHAIEHOTO
CTaHy onepartopa. BukopucTaHHsl MeTOAIB HEiHIITHOT IMHAMIKY JUIsi BUBYEHHS 3MiH B OpraHi3Mi onepaTopa Ta HaJaHHs J0JaTKOBOT
HE3aJIe)KHOI MPOrHOCTHYHOI iH(OpMallii TOMOBHIOE TPaAUIIIHHUN aHaJi3 AaHUX Y YacOBil Ta 4acTOTHiM 00JyacTsX. 3arporOHOBaHO
JCKIJIbKa MOKAa3HUKIB, OTPUMAHUX METOAAMH HENIHIHHOT TUHAMIKH, 10 CIIPHUSIOTH PO3LUIMPEHHIO TiarHOCTHYHOTO PIillICHHS HA OCHOBI
EMITIpIYHUX JTaHHX.

PesyabTaTn. Pesynpratu mociimkeHHs MOKYTh OyTH BUKOPHCTaHI Mif] 4ac MOOYIOBH MaTeMaTHYHUX MOJENEH IS OTHUCY eMITi-
PUYHHX JTaHHUX TaKOTO POAY.

BucHoBKH. 3aCTOCYBaHHS 3alIPOIIOHOBAHOTO MiIXOy HAJa€ NOAATKOBY IPOTHOCTUYHY iH(OPMALi0 Ta JOMOBHIOE TPAIHMIIHHIN
aHaui3 BapiabeJIbHOCTI CEPLIEBOr0 PUTMY, OCKIIBKH caMe 3MiHa TMHAMIKK BapiaOeIbHOCTI CEpLEBOro PUTMY Ma€ NPOrHOCTHYHE 3HA-
YeHHs 1010 IPOrPeCyBaHHs MOpPYLICHHs cTabiibHOCTI QYHKIIIOHYBaHHS CTaHy orepaTopa. 3MiHM B JUHaMIll BapiabenbHOCTI cep-
LIEBOT'0 PUTMY MAIOTh MPOTHOCTHYHE 3HAUCHHS 11010 IPOTpecyBaHHs 0i0IoriyHOro nucOanaHcy Ha OCHOBI aHANi3y (pyHKIIOHYBaHHS
cepreBo-cynuHHOL cucteMu. [Ipu 3acTocyBaHHI 10 OKpeMoi Gi0NOTiYHOI CHCTEMH MPOTSITOM MEBHOTO MEPIOAy Yacy i MOKa3HUKH
MOXYTb OyTH JiarHOCTUYHO KOPHCHHUMH, MU(EPEHIIIOI0UH TIPOTpecyBaHHs (yHKIIOHAIBHOI HecTabinpHOCTI. KpiM Toro, BoHH MoO-
XKyTb OyTH I[IHHIM JIOTIOBHEHHSIM JI0 CyYacHHUX CHCTEM MOHITOPHHTY JIOJCEKOr0 (akTopy. [lepcriekTnBaMu moJaibmmX JOCTiIKEHb
MO)ke OyTH CTBOPEHHSI METOJOJIOTT i3 MO€THAHHAM BUKOPUCTAHHS KJIACHYHUX METOJIB aHaJi3y JaHHX 3 JIOJATKOBUM BHKOPHCTAH-

© Ivanets O. B., Khrashchevskiy R. V., Kulyk M. S., Burichenko M. Yu., 2023 @ @ @
DOI 10.15588/1607-3274-2023-2-7 OPEN (( ) ACCESS

70



p-ISSN 1607-3274 Panioenexrpownika, indpopmatrka, ynpasminss. 2023. Ne 2
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2023. Ne 2

HSIM METOJIiB HENiHIHHOI JMHAMIKY JUIs MiITBEPPKCHHS aJeKBaTHOCTI NMPUHHATTS PillIeHHs PO MOTOYHHI CTaH omepaTopa 3a iH(o-
PMaTHBHUMH [TApaMETPaMH, a TAKOX EKCIICPUMEHTAIbHE BUBUCHHS 3alPOIOHOBAHUX MATEMATHYHHX IIAXOIB JUIS IIHPOKOTO KOJa
MIPAKTUYHUX 33734 Pi3HOTO XapaKTepy Ta PO3MipHOCTI.
KJIFOYOBI CJIOBA: meroau HeniHiiHOT quHamiky, kapti [lyaHkape, aTTpakrop, crapiuinii nokasuuk JlsmyHoBa, BUuOipkoBa
SHTPOIIisl, BapiabeIbHOCTI CEPLEBOr0 PUTMY, CTaOUIbHICTD (PyHKLIOHYBaHHSI, OLEPATOP.

10.

11.

© lvanets O. B., Khrashchevskiy R. V., Kulyk M. S., Burichenko M. Yu., 2023

JITEPATYPA
Ivanets O. B. Features of Evaluation of Complex Objects with
Stochastic Parameters / O. B. Ivanets, I. V. Morozova //
Advanced Computer Information Technologies: 11th
International Conference, 15-17 September 2021 : proceedings.
— Deggendorf: |IEEE, 2021. - P.159-162. DOI:
10.1109/ACIT52158.2021.9548579.
Thayer J. F. Beyond heart rate variability: vagal regulation
of allostatic systems / J. F. Thayer, E. Sternberg //
Neuroendocrine and Immune Crosstalk. - 2006. -
Vol. 1088, Issue 1. - P. 361-372.
DOI:10.1196/annals.1366.014.
Francesco B. Linear and nonlinear heart rate variability
indexes in clinical practice / [B. Francesco, M. Grazia,
G. Emanuele et al.] // Computational and Mathematical
Methods in Medicine. — 2012. — Vol. 2012. — P. 219080-
219085. DOI: 10.1155/2012/219080.
The nomological validity of the Type A personality among
employed adults / [D. C. Ganster, J. Schaubroeck,
W. E. Sime et al.]// Journal of Applied Psychology. —
1991. - Vol. 76, No. 1. — P. 143-68. DOI: 10.1037/0021-
9010.76.1.143.
Kupper N. Type D personality as a prognostic factor in heart
disease: assessment and mediating mechanisms / N. Kupper,
J. J.Denollet // Personality Assessment. — 2007. -
Vol. 89, No. 3. - P. 265-76. DOI:
10.1080/00223890701629797.
Petlenko V. P. Filozofie mediciny / V. P. Petlenko,
G. |. Caregorod-cev. — Avicenum, 1984. — 240 p.
Apanasenko G. L. A health of man in aspect of evolution
/G. L. Apanasenko // Nursing and Care Open Acces
Journal. - 2020. - Vol. 7, No. 2. - P. 54-56.
DOI: 10.15406/ncoaj. 2020.07.00218.
Apanasenko G.L. Problems of Strategy of Healthcare /
G.L. Apanasenko // Saudi Journal of Medical and
Pharmaceutical Sciences. — 2020. — No. 63. — P. 265-268.
DOI: 10.36348/sjmps.2020. v06i03.002.
Seely A. J. Multiple organ dysfunctionsyndrome: exploring
the paradigm of complex nonlinearsystems / A. J. Seely,
N. V. Christou // Critical care medicine. — 2000. — Vol. 28,
No. 7. - P. 2193-2200.
Fractal dynamics in physiology: alterations with disease and
aging / [ A. L. Goldberger, L. A. Amaral, J. M. Hausdorff et
al.]. // Proceedings of the National Academy of Sciences.
USA. - 2002. - Vol. 99. - P. 2466-2472.
DOI:10.1073/pnas.012579499.
Deka D. An improved multiscale distribution entropy for
analyzing complexity of real-world signals / D. Deka,
B. Deka // Chaos, Solitions and Fractals. - 2022. -
Vol. 158. — P. 112101. DOI: 10.1016/j. chaos.2022. 112101.

DOI 10.15588/1607-3274-2023-2-7

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

Marshall J. C. Complexity, chaos, and incomprehensibility:
parsing the biology of critical illness / J. C. Marshall //
Critical Care Medicine. — 2000. - Vol. 28, No. 7. — P. 2646—
8.

Norris P. R. Heart rate multiscale entropy at three hours
predicts hospital mortality in 3,154 trauma patients /
P. R. Norris, S. M. Anderson, J. M. Jenkins et al.] // Shock.
- 2008. - Vol. 30, No. 1. - P. 17-22. DOI:
10.1097/SHK.0b013e318164e4d0.

Norris P. R. Heart rate variability predicts trauma patient
outcome as early as 12 h: implications for military and
civilian triage. / [P. R. Norris, J. A. Morris, A. Jr. Ozdas et
al.] /I Journal of Surgical Research. — 2005. — Vol. 129,
No. 1. — P. 122-130. DOI:10.1016/j.jss.2005.04.024.

Gao J. B. Entropy measures for biological signal
analysis/J. B. Gao, J. Hu, W. W. Tung // Nonlinear
Dynamics. — 2012. — No. 68. — P. 431-444. DOI:
10.1007/s11071-011-0281-2

Ivanets O. B. Approach to the evaluation of the functional
state of the human body taking into account the variability of
medical and biological indicators / O. B. Ivanets,
L. O. Kosheva // Advanced Optoelectronics and Lasers,
CAOL 2019: International Conference, Sozopol, 06-08
September 2019: proceedings. — IEEE, 2019. — P. 661-665.
DOI:10.1109/CAOL46282.2019.9019500.

Brin M. Introduction to Dynamical Systems / M. Brin,
G. Stuck. — Cambridge : Cambridge University Press,
2004. — 254 p.

Richman J. S. Physiological time-series analysis using
approximate entropy and sample entropy / J. S. Richman,
J. R. Moorman // American Journal of Physiology. Heart
and Circulatory Physiology. — 2000. — Vol. 278, No. 6. —
P. 2039-2049. DOI:10.1152/ajpheart.2000.278.6.H2039
Henriques T. Nonlinear Methods Most Applied to Heart-
Rate Time Series: A Review / [T. Henriques, M. Ribeiro,
A. Teixeira et al.] // Entropy. — 2020. — Vol. 22, No. 3. —
P. 09. DOI:10.3390/622030309.

URL: http://physionet.org/physiobank/database/nsr2db/
Takens F. Detecting strange attractors in turbulence.
Dynamical Syst. and Turbulence / Eds.. D. A. Rand,
L.-S. Young. — Berlin : Springer). — 1981. — Vol. 898. —
P. 366-381. DOI:10.1007/BFb0091924.

Kuzmin V. M. Mathematical model for decision making
system based on three-segmented linear regression /
[V. M. Kuzmin, R. V. Khrashchevskyi, M. S. Kulik et al.] //
Radio Electronics, Computer Science, Control. — 2022. —
Ne 3. —P. 38-49.

Romanenko Ye. O. The essence and specifics of the services
marketing system in the mechanisms of public
administration / Ye. O. Romanenko, I. V. Chaplay // Actual
Problems of Economics. — 2016. — Ne 12. — P. 81-89.

OPEN 8#CCESS @ @ @

71



p-ISSN 1607-3274 PanioenextpoHnika, indpopmaTrka, ynpasminss. 2023. Ne 2
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2023. Ne 2

UDC 004.93

OBJECT DETECTION PERFORMANCE INDICATOR IN VIDEO
SUVEILLANCE SYSTEMS

Katerynchuk I. S. — Dr. Sc., Professor, Professor of the Department of Telecommunication and Information
Systems, Bohdan Khmelnytskyi National Academy of the State Border Guard Service of Ukraine, Khmelnytskyi,
Ukraine.

Babaryka A. O. — PhD, Associate Professor of the Department of Telecommunication and Information Systems,
Bohdan Khmelnytskyi National Academy of the State Border Guard Service of Ukraine, Khmelnytskyi, Ukraine.

Khoptinskiy R. P. — PhD, Associate Professor of the Department of Telecommunications and Information Systems
of the National Academy of the State Border Service of Ukraine named after Bohdan Khmelnytskyi, Khmelnytskyi,
Ukraine.

ABSTRACT

Context. The probability of detecting the object by the operator of the video surveillance system depends on a number of
parameters (geometric dimensions of the object of observation, distance to the object of observation, parameters of the video
surveillance camera, monitor parameters, etc.).

Obijective. The purpose of the article is to develop an indicator of the effectiveness of detecting dynamic objects when evaluating
the functioning of video surveillance systems.

Method. An indicator of the effectiveness of object detection when evaluating the functioning of video surveillance systems is
proposed. The proposed indicator is expressed in the probability of detection of the object of interest by the i-th operator thanks to the
person’s own visual apparatus or with the help of a software algorithm. This indicator differs from the existing ones by taking into
account the parameters of the optical system, the parameters of the information display device (monitor), the number of video
surveillance cameras, etc. The developed indicator makes it possible to estimate the probability of detection of an object by a video
surveillance system operator thanks to a person's own visual apparatus or with the help of a software algorithm, depending on the
distance to such an object.

Results. According to the results of experimental calculations, it has been proven that the effectiveness of the use of video
surveillance systems with the use of video analytics functions (using the example of the dynamic object detection algorithm).

Conclusions. The conducted experimental calculations confirmed the efficiency of the proposed mathematical apparatus and
allow us to recommend it for use in practice when solving problems of evaluating the effectiveness of the functioning of video
surveillance systems.

KEYWORDS: probability, detection, human operator, criterion, efficiency, indicator, task, performance, calculations,

mathematical apparatus.

ABBREVIATIONS
VSS is a video surveillance systems;
TTP is a Targeting Task Performance;
CTF is a contrast threshold function;
MTF is a modulating transfer function;
ViBe is a Visual Background Extractor;
NVESD is a Night Vision and Electronic Sensors
Directorate.

NOMENCLATURE
Pop is a probability of detection of an alarming event
by the actual operator of the video surveillance system;
Kop is a coefficient of readiness of the VSS operator;

K is a coefficient of psychophysiological reliability

of the VSS operator;

Kpio is a coefficient of biological reliability, including
functional suitability of VVSS operator;

To is a time during which the operator was not at
workplace;

Totn 1S @ the time during which the operator was at
workplace but did not monitoring the situation;

T is a total operating time of the operator;

Prrp is a probability of object detecting (TTP);

© Katerynchuk I. S., Babaryka A. O., Khoptinskiy R. P., 2023
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Nres IS @ umcito map MTPUXiB, MO POIMIMIYIOTHCS HA
00’ €Ki,

E is a emmipu4HO BU3HAYEHA KOHCTAHTA;

Ay is a the area of the observed object;

R is a distance to the object;

V is a resolvable cycles across target;

Vg, is a number of cycles for 50% detection;

TTPH is a horizontal components of TTP;

TTPV is a vertical components of TTP;

Emax 1S @ Maximum horizontal spatial frequencies at a

given contrast;

NMmax 1S @ mMaximum vertical spatial frequencies at a
given contrast;

Emin 1S @ Minimum horizontal spatial frequencies at a
given contrast;

Mmin 1S @ Minimum vertical spatial frequencies at a
given contrast;

Coyj Is a contrast target relative to background,

CTFHyy is a the CTF of the system for the horizontal
plang;

CTFV,, is a the CTF of the system for the vertical
plane;

CTFy. is a CTF of the operator’s eye;
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MTFgys is a MTF of the display;

MTF,ys is a MTF of video surveillance system;

QH is a the noise bandwidth in the horizontal plane;

QV is a the noise bandwidth in the vertical plane;

o is a coefficient of proportionality;

o is a the root-mean-square value of the display
noise;

L is a display brightness;

o is a angle of view of the operator;

h is a linear monitor size;

| is a the distance from the eye to the plane of the
monitor;

Kiperiph is @ complex coefficient;

Payg is a probability of object detection by a software
algorithm;

Popaig 1S @ probability of detection alarming event
(object of interest) by VSS operators using a software
algorithm;

Hmonee 1S @ height of the observed object, as a
percentage of the height of the monitor;

Haj is a the height of the observed object;

Hsceny IS @ the height of the observed scene;

Rabj I a distance to the object (m);

Hmatr IS @ the height of the matrix of the VSS camera;

f is a focal length;

Pjonson is a probability of object detection by the
VSS operator without use of video analytics algorithms,
calculated using the Johnson criteria;

Pttp is a probability of object detection by the VSS
operator without use of video analytics algorithms,
calculated using success rate of the TTP;

Pobj is a the probability of object detection by the
operator video surveillance system using video analytics
algorithms, calculated using the proposed indicator.

INTRODUCTION

VSS are the main components of integrated security
systems. The main function of VSS is to monitor certain
objects. The installation of video analytics functions in
such systems, obviously, increases the efficiency of their
application. Thus, the urgent task is to study and develop
a mathematical apparatus to assess the effectiveness of
VSS.

The object of study is the process of evaluating the
effectiveness of video surveillance systems.

The subject of study is an indicator of object detection
efficiency.

The purpose of the work is to develop an indicator of
the effectiveness of detecting dynamic objects when
evaluating the functioning of video surveillance systems.

1 PROBLEM STATEMENT
Let’s take the raw data: video surveillance cameras (1)
function as part of the video surveillance system,
operators (J) monitor the situation in the inspection
sectors of the specified cameras. It is necessary to find: 1)
the probability of detecting the object (alarming event) by
the operator using his own visual observation (Pop); the

© Katerynchuk I. S., Babaryka A. O., Khoptinskiy R. P., 2023
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probability of detecting an object (an alarming event)
using a software algorithm (Pop/alg).

Accepted  assumptions:  the  psycho-emotional
characteristics of the human operators, their fatigue and
level of training are not taken into account in the
experimental calculations.

2 REVIEW OF THE LITERATURE

The research of a number of scientists is devoted to
the study of the effectiveness of the functioning of
optoelectronic  surveillance systems as a complex
technical system. So for example, in article [1] proposed
the concept of performance indicators of target tasks by
operators. However, these indicators do not take into
account the characteristics of the device for receiving
optical signals (VSS cameras) and display parameters.
Johnson’s model provided definitive criteria for
calculating the maximum range at which “Detection,
Recognition, and Identification” could take place, with a
50% probability of success. (Orientation was also
discussed, but this parameter is not used or recognized
today) [2]. Nevertheless, Johnson’s criterion does not take
into account a number of important parameters that also
affect the probabilistic performance of the target: the
characteristics of the human visual system, lighting
characteristics, and so on. Vollmerhausen R. H. [3]
described targeting task performance, which takes into
account the parameters of the optical system, human
visual system, lighting characteristics, etc. In [4] proposed
an analytical expression to determine the probability of
object recognition in VSS. The methods described in
works [3] and [4] do not take into account the level of
professional training of the human operator, the level of
his fatigue and the number of simultaneously observed
video channels. Therefore, it is important to develop an
performance indicator of the object detection in VSS.

3 MATERIALS AND METHODS

When computing efficiency of VSS, we can identify a
number of criteria that can be divided into the following
groups:

— economic criteria (the ratio of the actual cost of the
already deployed system with the level of probable losses
is estimated);

— functional criteria (assess how the functionality of
the system meets the requirements of the security concept,
etc.);

— criteria of efficiency (conformity is estimated that
the configuration of the deployed video surveillance
system will give the chance to reach necessary
probabilities of detection of threats).

The effectiveness of detecting an object of interest or
alarm in the surveillance sectors of VSS cameras is
determined by such indicators as:

— the probability of object detection directly by the
operator;

— the probability of object detection by a software

algorithm;
OPEN 8 ACCESS
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— the probability of object detection by a human
operator with the software algorithm.

We use the concept of performance indicators for the
targets performance by VSS operator. The probability of
detecting an alarming event by the actual people-
operators of the video surveillance system can be
expressed as:

Pop = Kop - Ky -Kpig » )

To +Toth _

Kop =1- )

The observation process also depends from many
random factors, we used Johnson’s criteria [2], [6] to
calculate the probability of detection object by the VSS
operator. This technique involves comparing the
minimum size of the observed object with the number of
periods of the dashed measure in which the specified
object falls. Johnson compared the observer’s ability to
distinguish between images of a test measure and his
ability to distinguish between objects such as humans and
vehicles. The Johnsons method divided the observation
tasks into some levels: detection, recognition and
identification (see Tab. 1) [7].

This set of data, known as the Johnson’s criteria,
represents the number of cycles (or pixels in horizontal
projection) across a target for an ensemble of observers to
have a 50% chance of completing the discrimination task.

Table 1 — Values of Johnson’s criteria for performance of tasks
by the operator of system of video surveillance (50% probability
tasks performance)

Lo Pixels on
Discrimination Level Cycles on Target Target
Detection 2 3
Recognition 4 6
Identification 6 9

Conversion coefficients are used to obtain other
probabilities [8], [9] (see Tab. 2).

Table 2 — Conversion coefficients for the Johnson’s criteria

Probability of 100 95 80 50 30 10
detection
Conversion 3 2 15 1 0.75 0.5
coefficient

However, Johnson’s criteria does not take into account
a number of important parameters that also affect the
probabilistic performance of the target: the characteristics
of the human visual system, lighting characteristics, and
so on. The NVESD laboratory has proposed a Targeting
Task Performance. The empirical equation for calculating
the probability of object detecting has the form [3], [10]:

E
( Nres j
V5o
E
1+[ Nres J
Vs
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Prrp = , 3)

74

Agy -TTP
NreS :—JR il (4)
E-151+024-, ®)

V5o
TTP =yTTPH -TTPV , (6)
émax Cani 12

TIPH= | || de, )

& min CTFHsys(E,\)
1/2
MNmax Cani

TPV = | | = | dn, 8)

i CTFVsys(n)

CTFeye
MTFgys - MTFgys

CTFHsys ©= L2

2.2 OH.OV 1/2
[1+a ° ] (9)
CTFRye

CTFVys(n) =
bys (1) MTFyys- MTFys

2 2 1/2
.[14_(1 o ~QH~QVJ (10)
L2

So, the probability of object detection depends not
only on the coefficients of readiness, psychophysiological
and biological reliability, but also on such an indicator as
the physically possible probability of object detection,
which takes into account the parameters of the optical
system, human visual system, distance to the object
observation, etc. Then the probability of detecting an
alarm event (object of interest) by the VSS operator of
will take the form:

E
(Nresj
V5o
=———" Kop Ky K-
l+[ Nresj

Vs

Eq. (11) will be valid for a single-channel VSS. If we
use a multi-channel video surveillance system, the
probability of detecting an alarm event (object of interest)
will decrease as the number of VSS cameras increases. If
the operator chooses the tactics of sequential viewing of
each video channel, the observation time in seconds for
each video channel is about 2 s. [11]. The time of fixation
of vision on each video channel is about 0.3s. [11]
Therefore, in this case, the remaining video channels are
ignored by the operator. But physiological features of the
person allow to observe objects and by means of
peripheral sight. The whole zone of human vision can be
divided into the following zones: the zone of central
vision (5°), the zone of clear vision (up to 30°), the zone
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of peripheral vision (up to 110°) (see Fig. 1). To calculate
the angle of view of the operator uses the equation:

o= arctg[ﬁj
21 )

Operator angle determines the angle between the lines
connecting the extreme points of the monitor
(horizontally or vertically) and the operator’s eye.

(12)

Figure 1 — Zones of human vision [12]

The probability of detecting objects at a distance from
the central zone of human vision will decrease. Then, to
take into account the number of VSS cameras and the
peculiarities of human peripheral vision, we introduce

into Eq. (12) a complex coefficient erriph. Then Eq.
(12) will look like:
E
(Nresj
Vso
Pp=—"""F
1+( Nres j
Vs0
The probability of object detection by a software
algorithm depends on the algorithm itself, application
conditions, and so on. Let us denote this probability as
Pag. However, the detection of an alarm event by a
software algorithm is not a result indicator of the whole
system, because the algorithm notifies the operator of the
VSS about a certain event, and the operator makes a
decision.
The probability of detection alarming event (object of

interest) by VSS operators using a software algorithm:
Popralg <Paig and Popjalg = Paig -

Kop - Ky - Ko - erriph' (13)

Therefore, the criterion for the effectiveness of object
detection, which is expressed in the probability of
detecting an alarm event will take the following form:

Pobj = Pop * Popralg + Pop - = Pop/alg) + Popralg - (= Pop) - (14)

4 EXPERIMENTS
A numerical experiment was conducted to verify the
adequacy of the proposed performance indicator and

comparative analysis of methods for assessing the
© Katerynchuk 1. S., Babaryka A. O., Khoptinskiy R. P., 2023
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effectiveness of object detection by VSS operators
(Johnson criteria, TTP task success rate) [13].

We consider a conditional software and hardware
complex consisting of 8 VSS cameras. Number of VSS
operators — one. Surveillance is performed using a
monitor with a diagonal of 21 inch. (16 : 9 aspect ratio).
Resolution — 1920x1080 px. Monitor width — 46.49 cm.
Monitor height — 26.15cm. The distance from the
operator’s eye to the monitor is 80 cm. The frame rate is
25 Hz. o —169.6; 6 —0.02; L —100 cd/m?.

Suppose that when placed on the monitor with the
parameters of the information windows of the eight video
channels, the resolution of each of them will be 480x272
(CIF) (see Fig. 2).

Figure 2 — Example of placing information windows of eight
video channels on the monitor screen

VSS cameras of the same type with the basic
parameters: 1/3 matrix (4.92 mm x 2.77 mm), focal length
—10 mm.

Object of observation: a person (1.7m x 0.5 m).

Viewing area: horizontal plane — 26 m, vertical plane
-14m.

The probability distribution function of the correct
classification of dynamic objects by software is obtained
empirically because of experimental studies of the
dynamic object detection algorithm ViBe [14].

To calculate the height of the observed object, as a
percentage of the height of the monitor (one of the eight
video channels in our experiment), the Eq. [12]:

100% - Hop;

mon% = (15)
sceny
Hmatr ’ Rob'
H sceny = fj . (16)

The graph of the height of the observed object (as a
percentage of the height of the monitor) from the distance
to this object (with the above parameters) is shown in
Fig. 3.

OPEN a ACCESS




p-ISSN 1607-3274 Panioenextpownika, indopmatrka, ynpasminss. 2023. Ne 2
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2023. Ne 2

Height of the observed object (%)

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
Distance (m)
Figure 3 — Graph of the dependence of the height of the
observed object (as a percentage of the height of the monitor)
on the distance to this object

Johnson’s criterion makes it possible to evaluate the
effectiveness of the task with a 50% probability, and the
use of conversion factors (see Tab. 2) to obtain
probabilistic characteristics. The graph of the number of
pixels on which the object is displayed (in the horizontal
plane) on the distance to this object is shown in Fig. 4.
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Figure 4 — Graph of calculations of the number of pixels on
which the observed object is displayed in the smallest projection
(in the horizontal plane)

To perform calculations estimate the probability of
detection object by the VSS operator using the success
rate of the TTP task (see Eq. 3 and Eq. 14). The CTF of
the eye operator is calculated by the formula from [15],
[16], MTF of the video surveillance system, MTF of the
display are calculated by the Eq. from [3]. The contrast of

the target relative to the background Coy,; is calculated by

the formula presented in [15]. The spectral range is equal
to 0.5 um—1 um.
Take the values of the coefficients: K, =1, Ky =1,

Kpio =11 K peripn =1-
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5 RESULTS

After modelling the obtained results using the
software package MathCad, there was a graphical
representation of the function dependence of the
probability detection observed object (person) on the
observation range (see Fig. 5).

On the Fig. 5: Pjonson, Pttp calculated using the
Johnson criteria (taking into account conversion
coefficients (see Tab. 3)) and the success rate of the TTP,
respectively. Pobj calculated using the proposed indicator
(see Eq. 14).

0o - --- Pjonson
09 LT Pttp
' ---- Pobj

Probability
o

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

Distance (m)

Figure 5 — Object detection probabilities are calculated using the
Johnson criterion (Pjonson), the success rate of the TTP task
(Pttp), and the proposed performance indicator of the object

detection (Pobj) (in the case of use video analytics algorithms)

6 DISCUSSION
After modeling the obtained expressions in the
Mathcad software package and using the main

characteristics of the conditional software and hardware
complex, it is obvious that the probability of detecting an
object (person) by the VSS operator depends on a number
of parameters (geometric dimensions of the observed
object, distance to the object to be observed, parameters
of the VSS camera, parameters devices for displaying
information (monitor), atmospheric characteristics, visual
system of a human operator, psychoemotional
characteristics of a human operator, level of fatigue and
level of training). In accordance with the
recommendations of EN 62676, the object detecting is
possible at a distance of 35m. (see Fig. 4). The
probability of object detecting, calculated using the TTP
(Pobj) task success indicator in the case of using video
analytics algorithms (see Fig. 5), depends on the
parameters of the software algorithm. The accepted
assumptions in experimental calculations do not take into
account the psychoemotional characteristics of the human
operator, his fatigue and level of training.

CONCLUSIONS
In this article, an indicator for assessing the
effectiveness of object detection in VSS was proposed.
The results of experimental calculations (see Fig. 5)
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indicate an increase the efficiency of using VSS with
video analytics functions (for example we used the
algorithm for dynamic objects detection).

The scientific novelty of the obtained results lies in
the development of an indicator of the effectiveness of
object detection in video surveillance systems. The
proposed indicator is expressed in the probability of
detection of the object of interest (an alarming event) by
the i-th operator thanks to the person’s own visual
apparatus or with the help of a software algorithm. This
indicator differs from the existing ones by taking into
account the parameters of the optical system, the
parameters of the information display device (monitor),
the number of video surveillance cameras, etc.

The practical significance of the obtained results is
that the developed indicator makes it possible to estimate
the probability of detection of an object by the operator of
the video surveillance system thanks to the person’s own
visual apparatus or with the help of a software algorithm,
depending on the distance to such an object.

Prospects for further research is determined by the
software implementation of the proposed criterion, and
the analysis of models for assessing the effectiveness of
optoelectronic observation systems such as TOD,
ORACLE, MTDP, FLIR92, NVThermlIP etc.
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AHOTAIIA

AKTyabHicTh. IMOBIpHICTS BUABICHHS 06’€KTa ONEPATOPOM CHCTEMH BiJEOCIIOCTEPEKEHHS 3alCKUTh Bil Py mapameTpis
(reomMeTpryHMX ~ pO3MIpPiB  06’€KTa  CHOCTEPEKEHHs, HalbHOCTI 10 00’€KTa  CIIOCTEPEKEHHS, MapaMeTpiB  KaMepH
BiICOCIIOCTEPEIKCHHS, TApPAMETPiB MOHITOPY TOLIO.

Meton. 3ampormoHOBaHO MOKa3HUK e()EKTHBHOCTI BHSBICHHS OO0’€KTiB MpH  OIHHII  (QYHKIIOHYBaHHS  CHCTEM
BiJIEOCTIOCTEpEKEHHS. 3alPOIIOHOBAHUI MOKa3HUK BHPAKAETHCS y HMOBIPHOCTI BUSBICHHS 00 €KTY iHTEpECY ONepaTopoM 3aBIsSKU
BJIACHOMY 30pOBOMY amapaTy JIOAMHM 4YH 32 JOMOMOrO0 IIPOrPaMHOIO ajlrOpuTMy. BKasaHMH MOKa3HHK BiAPI3HSETHCS Bij
ICHYIOUHMX BpaxyBaHHSM [apaMeTpiB ONTHYHOI CHCTEMH, IapaMeTpiB MPUCTPOIO BimoOpaxkeHHs iHdopmarii (MOHITOPY), KiIbKOCTI
KaMep BiJIEOCIIOCTEPEKEHHS TOIO. Po3po0iieHnii MoKa3HUK JJa€ MOXKIIMBICT OI[IHUTH HMOBIPHICTH BUSIBIICHHS 00’ €KTa OIIepaTopoM
CHCTEMH BiJIEOCIIOCTEPEKEHHS 3aBISKH BIACHOMY 30pPOBOMY arapary JIIOAWHH YHM 33 JIONOMOIOI0 NPOTPAaMHOIO JITOPHTMY, B
3aJI€)KHOCTI Bif BiICTaHi 10 TAKOro 00’ €KTa.

Pe3yabTaTn. 3a pe3ynbTaTaMi €KCIEPUMEHTAIBHAX PO3PaxXyHKIB JOBEICHO MiIBHIICHHS e(pEKTHBHOCTI 3aCTOCYBAHHS CHCTEM
BileocriocTepexeH s i3 3acTocyBaHHSIM (QyHKIIIH BifeoaHaniTHKHU (Ha IPHUKIIA/I AITOPUTMY BUSIBJICHHS IUHAMIYHHX 00’ €KTIB).

BucHoBku. [IpoBeneHi excrepuMeHTanbHI PO3paxXyHKH MIATBEPIWIN MPale3faTHICTh 3alpoNOHOBAHOTO MAaTEMaTHYHOTO
amapary i JI03BOJSIFOTH PEKOMEHIYBAaTH WOTO JJsl BUKOPHCTAaHHS Ha MPAKTHII MPH BUPINICHHI 3a1ad 3 OI[HKH €(QEeKTHBHOCTI
(YHKIIOHYBaHHS CHCTEM BiI€OCTIOCTEPEKEHHSI.

KJIIIOYOBI CJIOBA: #MOBIipHiCTh, BUSBICHHS, JIOJWHA-ONEPATOP, KpUTEPid, e(EeKTHUBHICTh, IOKA3HHUK, 3aBIaHHS,
MIPOAYKTHBHICTB, PO3paxyHKH, MaTEeMaTHYHUI arapar.
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OPTIMIZATION OF ARTIFICIAL INTELLIGENCE SYSTEM
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ABSTRACT

Context. The problem of optimizing the resilience of artificial intelligence systems to destructive disturbances has not yet been
fully solved and is quite relevant for safety-critical applications. The task of optimizing the resilience of an artificial intelligence
system to disturbing influences is a high-level task in relation to efficiency optimization, which determines the prospects of using the
ideas and methods of meta-learning to solve it. The object of current research is the process of meta-learning aimed at optimizing the
resilience of an artificial intelligence system to destructive disturbances. The subjects of the study are architectural add-ons and the
meta-learning method which optimize resilience to adversarial attacks, fault injection, and task changes.

Objective. Stated research goal is to develop an effective meta-learning method for optimizing the resilience of an artificial
intelligence system to destructive disturbances.

Method. The resilience optimization is implemented by combining the ideas and methods of adversarial learning, fault-tolerant
learning, model-agnostic meta-learning, few-shot learning, gradient optimization methods, and probabilistic gradient approximation
strategies. The choice of architectural add-ons is based on parameter-efficient knowledge transfer designed to save resources and
avoid the problem of catastrophic forgetting.

Results. A model-agnostic meta-learning method for optimizing the resilience of artificial intelligence systems based on gradient
meta-updates or meta-updates using an evolutionary strategy has been developed. This method involves the use of tuner and meta-
tuner blocks that perform parallel correction of the building blocks of a original deep neural network. The ability of the proposed
approach to increase the efficiency of perturbation absorption and increase the integral resilience indicator of the artificial
intelligence system is experimentally tested on the example of the image classification task. The experiments were conducted on a
model with the ResNet-18 architecture, with an add-on in the form of tuners and meta-tuners with the Conv-Adapter architecture. In
this case, CIFAR-10 is used as a base set on which the model was trained, and CIFAR-100 is used as a set for generating samples on
which adaptation is performed using a few-shot learning scenarios. We compare the resilience of the artificial intelligence system
after pre-training tuners and meta-tuners using the adversarial learning algorithm, the fault-tolerant learning algorithm, the
conventional model-agnostic meta-learning algorithm, and the proposed meta-learning method for optimizing resilience. Also, the
meta-learning algorithms with meta-gradient updating and meta-updating based on the evolutionary strategy are compared on the
basis of the integral resilience indicator.

Conclusions. It has been experimentally confirmed that the proposed method provides a better resilience to random bit-flip
injection compared to fault injection training by an average of 5%. Also, the proposed method provides a better resilience to L -
adversarial evasion attacks compared to adversarial training by an average of 4.8%. In addition, an average 4.8% increase in the
resilience to task changes is demonstrated compared to conventional fine-tuning of tuners. Moreover, meta-learning with an
evolutionary strategy provides, on average, higher values of the resilience indicator. On the downside, this meta-learning method
requires more iterations.

KEYWORDS: Meta-learning, Evolutionary Strategies, Parameter-Efficient Transfer Learning, Robustness, Resilience,
Adversarial Attacks, Faults Injection, Few-Shot Learning.

ABBREVIATIONS

AIS is an Artificial Intelligence System;

CIFAR is a Canadian Institute for Advanced Research
dataset;

CMA-ES is the covariance matrix
evolution strategy optimization algorithm;

MAML is a Model-Agnostic Meta-Learning;

PID is a proportional-integral-derivative controller.

D is a dataset for sampling few-shot learning tasks;
Dpase 1s a dataset for main task;

Dgase is a training subset for main task;

adaptation Dyaly is an evaluation subset for main task;

D|t(r is a training subset for k-th few-shot learning
task;

Dl\('al is an evaluation subset for Kk-th few-shot
NOMENCLATURE

) . learning task;
Acc is an accuracy averaged over set of disturbance

F is an expected value of resilience criterion;

implementations;

o is a step size hyperparameter for inner loop of
meta-learning;

B is a step size hyperparameters for outer loop of
meta-learning;

v is a tuner’ hyperparameter which regulates channel
compression by 1, 2, 4, or 8 times;
© Moskalenko V. V., 2023
DOI 10.15588/1607-3274-2023-2-9

¢ is a set of parameters of tuners;

¢ is a set of optimal parameters of tuners;

g is a perturbation vector formed for the parameters
that being meta-optimized;

K' is a number of few-shot learning tasks;
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Kshot is @ number of images per class in few-shot
task;

Ly-norm is a count the number of non-zero elements
in an adversarial perturbation vector;

L, -norm is a largest magnitude among each element
of an adversarial perturbation vector;

L, is aloss function for current task;

N is a number of disturbance implementations;

N is a number of implementations of disturbances of
the same type on one meta iteration;

Nyay is a number of classes in few-shot task;

P, is a model performance before disturbance impact;

p(t) is a distribution of disturbance implementations;

P

parameters and evaluation data;

is a performance metric for current state of model

R is an integral resilience indicator averaged over set
of disturbance implementations;

R;, is a function that calculates the value of the
integral resilience indicator for t;  disturbance
implementation;

G is a precision parameter for evolution strategies of
meta-learning;

0 are parameters of pretrained and frozen base AIS
model;
is a set of all parameters of AIS model;
T is a maximum number of adaptation steps;
Tj is an i-th implementation of disturbance;

U

Ti
generation and adaptation;
o is a set of parameters of meta-tuners;

[1]

is an operator that combines disturbance

o is a set of optimal parameters of meta-tuners;
W is a task specified parameters;
Wyage 18 @ head weights for the main task.

INTRODUCTION

AIS are vulnerable to various types of disturbances.
The most studied types of disturbances are fault injection,
adversarial attacks, drift, and out-of-distribution data [1].
These disturbances can lead to financial and human life
losses in safety-critical applications. This amplifies the
need for research on vulnerabilities and resilience aspects
of AISs.

There are many papers devoted to protecting AIS
against fault injection, adversarial attacks, various types
of drift, and out-of-distribution [2, 3, 4]. However, few
studies have investigated the compatibility of protection
mechanisms against different types of disturbances. There
is a lack of research on simultaneous protection against
the impact of different types of disturbing factors.

Since the main goal of machine learning of AIS is to
ensure their maximum performance, the task of increasing
the resilience of an AIS to disturbing influences can be
considered an additional, higher-level task. In this case,

© Moskalenko V. V., 2023
DOI 10.15588/1607-3274-2023-2-9
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the use of ideas and methods of meta-learning to ensure
the resilience of an artificial intelligence system seems to
be the most reasonable and promising approach. In
addition, different mechanisms for protecting against
disturbances may be incompatible or unbalanced, and
meta-learning can be seen as a way to harmonize the
effect of different machine learning mechanisms to
enhance a high-level goal of resilience.

The concept of resilience includes both architectural
aspects related to system redundancy and mechanisms of
graceful degradation, and behavioral aspects related to the
ability to absorb disturbances (robustness) and the ability
to quickly adapt and evolve [5, 6]. All these aspects are
interconnected in neural networks, especially in the
context of defense against various types of disturbing
factors. However, conventional meta-learning methods
usually take into account only one aspect of resilience and
only one type of disturbance.

Conventional methods for optimizing AIS parameters
typically aim to maximize the performance metric,
sometimes with simultaneous improvements in robustness
[7]. Meta-learning algorithms usually solve the problem
of learning in a few shots and the problem of convergence
in a minimum number of iterations [8]. However, there is
a lack of research on meta-learning application to
simultaneously optimize different components of
resilience, especially in the context of different types of
disturbances.

As the size of neural networks grows, more and more
attention is focused on parameter-efficient fine-tuning
methods for rapid adaptation to new tasks and domains
[9]. This approach does not change the original AIS
model, but instead adds additional elements that are fine-
tuned to improve the resulting model. Parameter-efficient
fine-tuning is also relevant for adapting to disruptive
influences in the context of affordable resilience, as there
are always resource constraints in practice.

The object of research is the process of meta-
learning for artificial intelligence system which functions
under influences of destructive perturbations and is
subject to resource constraints.

The subjects of the research are model-agnostic
method of meta-learning of an artificial intelligence
system that provide resilience to adversarial attacks, fault
injection attacks and task changes.

The goal is a development parameter-efficient model-
agnostic meta-learning method of artificial intelligence
system which provides resilience to adversarial attacks,
fault injections and task changes.

1 PROBLEM STATEMENT
Let {’Ci|i=1,_N} is set of disturbance implementations
for AIS. Disturbances t; can be considered as adversarial
attacks, fault injection, or switching to a new task. Let
{Dpase={Dihee; DY2L 1 is a dataset on which the model

was trained to perform the main task under known
conditions. It is also given a  dataset
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D={D{; Dy |k=1,K} for K few-shot learning tasks,
where fine-tuning data D|t(r is used in the fine-tuning

stage and validation set Df{al is used in the meta-update
stage. There is also a given set of parameters 6, ¢, ®

and W , where 0 are parameters of a pretrained and
frozen base AIS model, ¢ and ® are adaptation
parameters of AIS model backbone, and W are task
specified parameters (model head parameters). Head
weights Wy,qe for the main task are pre-trained on the

data Dy,ge -

It is necessary to find such values of the parameters
o, ¢" which ensure the maximum expected resilience
of AIS to the impact of various types of disturbances

max E [R. (U, (6,9,0,W,D))].
o, t~p(r) I

(M

The operator U should combine a disturbing
influence and adaptation in T steps, which maps the
current state of ¢ to new state of ¢ . Adversarial attacks,
fault injection, or switching to new tasks may be
considered as i -th disturbance T;

The function R calculates the value of the integral

resilience indicator for a particular disturbance
implementation over model parameters © during its

adaptation and the test sample Dl_’_al . Rl.i is a function of
1

the performance metric P .

1 T |
Re, = oz 2ty Pr (8,060 We, DI). )
0

Gradient-based meta-learning requires finding such
values of the parameters @  , ¢" that will ensure the

minimum expected loss function L on the set of
implementations of different types of disturbances T;

I(,r;,l(]r)l % NE(-E)[LTi (U‘ri (6’ ¢7 (D,W, D))] (3)
2 REVIEW OF THE LITERATURE

The problem of the resilience of AIS to various types of
disturbances was highlighted in [1, 5, 6]. In [10, 11] it is
noted that the two main characteristics of the behavior of a
resilient system are the simultaneous absorption of
disturbances (robustness) and rapid adaptation to new
disturbances. However, the majority of machine learning
methods focus on maximizing pefomance under normal
conditions, and sometimes one aspect of resilience [12, 13].

Increasing the robustness of AIS to adversarial attacks
is based on gradient masking [14], robustness
optimization [15], and adversarial attack detection [16].
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Fault tolerance is implemented through the application of
fault masking methods [17], explicit redundancy input
methods [18], and error detection methods [19]. The most
popular method is adversarial training, which is related to
robustness optimization. It consists in generating
perturbations of training samples during training.
Increasing the robustness to small domain shifts or task
changes is provided by Out-of-domain generalization
methods [20]. However, there is a lack of methods that
ensure optimal robustness to the complex effects of
various types of disturbances.

Increasing the speed of adaptation is wusually
implemented by improving optimizers or by reducing the
requirements for the amount of training data. Research
[21, 22] considers the use of PID control principles that
can increase the stability and speed of the process of
optimizing system parameters. In [23], methods for
training neural network optimizers to increase the
learning speed are considered.

One of the ways to increase the generalization
capability of the network and reduce the requirements for
training data while adapting to changes is meta-learning.
In [24], various model-agnostic meta-learning methods
for implementing Few-Shot Learning are considered. In
[7], an attempt was made to integrate different methods
for increasing the robustness of a neural network with
meta-learning for Few-Shot Learning. As a result, it has
been demonstrated that the incorporation of regularization
and the introduction of perturbative effects can be
effectively executed in both the internal loop and the
external loop of meta-learning. Another study [25]
demonstrated that the outer loop of meta-learning could
be implemented using an evolutionary strategy, enabling
the use of even non-differentiable, non-smooth, and non-
decomposable meta-objectives. However, there is a lack
of research examining meta-objectives such as robustness,
adaptation speed, or integral resilience indicators.

Study [26], has shown that ensuring resilience may
require significant resources, and it is advisable to
consider approaches for providing affordable resilience.
In the works [9], it is proposed to perform model
adaptation for specific tasks or domains within the
framework of parameter-efficient transfer learning. In this
approach, the large AIS model remains unchanged
(frozen). Instead, the frozen model is modulated by
adding adapters with a small number of parameters. In the
study [27], the use of adapters in conjunction with meta-
adapters was considered to further enhance adaptation
efficiency. However, the possibility of using adapters for
optimizing model robustness and adaptation speed to new
types of disturbances has not yet been explored.

Thus, there is a lack of research on the use of meta-
learning for ensuring the resilience of AIS to the
combined impact of various types of disturbances.
However, existing studies demonstrate the possibility of
optimizing individual aspects of resilience. Therefore, it is
relevant to investigate the potential for combining
different mechanisms to ensure the resilience of AIS in

the full sense of this concept.
OPEN a#CCESS @ @ @
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3 MATERIALS AND METHODS

The larger the model, the more computationally
complex it is to fine-tune for adaptation to new
conditions. Moreover, there is a potential risk of
catastrophic forgetting under the influence of new
information. Therefore, it is proposed to attach tuners to
the model, which can be computationally efficient in fine-
tuning [9]. In this case, the weight coefficients of the
model remain frozen. The original model usually consists
of certain blocks or modules, such as Convolutional
Residual Block, Multi-layer Perceptron Block, Multi-head
Self-Attention Block, and others. To generalize, we will
refer to these blocks as frozen operations and denote them
as OP(x). The parallel method of connecting a tuner
(adapter) to the frozen blocks of the model is the most
convenient and versatile approach (Fig. 1a) [28]. In this
case, to ensure the properties of resilience, it is proposed
to use three consecutive blocks of tuners at once, two of
which are tuned during meta-training (Fig. 1a) [27]. To
balance between different modules, we introduce a
channel-wise scaling factor.

For the same frozen model block, the architecture of
the tuners is chosen to be identical. Various tuner
(adapter) architectures have become popular in the
literature, with the most computationally efficient ones
shown in Fig. 1b, Fig. lc, and Fig. 1d. The architectures
depicted in Fig. 1b and Fig. 1c are based on convolutional
layers, making them computationally simpler on the one
hand and characterized by lower capacity for absorbing
disturbances on the other hand. However, convolutional

»{T\
LA 7

( Channel-wise Scaling )

g
Tuner(d , x) I

x'

Meta-Tuner(w,, x)

z Meta-Tuner{w,, x"”)

I OP(O frozens X) I I
»~

a
.ﬁz*

Point-wise Convolutional

—XHxW
Y

Depth-wise
Convolutional Layer
x4

C

tuners have proven themselves effective in correcting
frozen convolutional blocks [29]. The convolutional tuner
shown in Fig. 1c has a hyperparameter y, which regulates
channel compression by 1, 2, 4, or 8 times.

If we reject the specialization of different parameters
of the Al model and denote the set of all parameters as
E=<0,¢,m,W >, then the process of meta-learning using

gradient learning methods can be described by the
formula

2" —argmin E
= T~p(r

[ U5 &) 4

If we use the SGD stochastic gradient descent
algorithm with T steps in the U operator and use
gradient meta-update in the outer loop, we will get the
algorithm shown in Fig. 2. Moreover, to simplify
computations and increase stability, the tunable and meta-
tunable parameters can be updated using the REPTIL
algorithm [30].

If we do not restrict ourselves to gradient algorithms
in the outer loop, then the meta-learning for direct
maximization of the expected resilience criterion can be
described by the formula

== arg max [Rri U(E,D))]=
= p(z)

= T~

- (&)

=argmax F(E).

Az A
Convolutional Layer
kernel size = 1x1

Convolutional Layer
kernel size = 3x3

Convolutional
Layer ( kernel size = 1x1

Az *
Feedforward upward
projection

Feedforward
downward projection
x

d

Figure 1 — Parallel tunning scheme and tuner architectures: a — parallel tuning scheme for the frozen block;
b — tuner or meta-tuner based on ResNet-like convpass; ¢ — tuner or meta-tuner based on two-layer convolutional network with
channel dimension down-sampling bottleneck; d — tuner or meta-tuner based on two-layer feed-forward network
with a downward projection bottleneck
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Require:  Distribution over disturbances p(7); Step size hyperparameters a, f;
Number of adaptation steps T.
Pretrain ¢), @ on original data D,
While not done do:
Select type of disturbance from set {fault injection, evasion adversarial attack, task change}
Sample disturbance implementations 7;,~p(7), i = T,n
For i=1,2,....,n do:
Clone the current parameters: 8,,, &y, ¢, Wy, <copy(8, ®,d, W yase)
If disturbance type is a task change:
Sample the training and validation data Df], DE:" from new task
else:
Sample the training and validation data Dy, D:.-M from Dy,
If disturbance type is a fault injection:
8y, @y, Py, — Fault_injection(8., @, ¢r, Wy,
If disturbance type is an evasion adversarial attack:
DY, DY — Adversarial_perturbation(D}, DY)
¢r; = SGDd).w(Lr,(ér;r d-’r;: é’r,r er Di’.’)» T, a)
w+—w— fV, Z L. (0, w, ¢., DI
T~p(1)

b+ B (B, — B)

Figure 2 — Pseudocode of model-agnostic gradient-based meta-learning for AIS resilience optimization

Require: Distribution over disturbances p(7); Step size hyperparameters a, f3;

Precision parameter g; Number of adaptation steps T.
Pretrain ¢, w on original data Dy,
While not done do:
Select type of disturbance from set { fault injection, evasion adversarial attack, task change}
Sample disturbance implementations 7;~p(7), i = 1,n
Sample perturbation vectors gg r, ~N(0,1), i = 1,1; g4 -, ~N(0,D), i = 1,n
For i=1,2,....n do:
Clone the current parameters: 8, @, ¢, W, « copy(8, w, d, Wyag.)
é’t.-i = ﬁ'bt! + 09y, ‘bi,-— = ‘a’t’ti — 08¢

Wy & @y + 0, ;W — W, —0g,

If disturbance type is a task change:
Sample the training and validation data DY/, D¥* from new task
else:
Sample the training and validation data DY, D¥* from D,
If disturbance type is a fault injection:
01 @4, @, by by, - — Fault_injection(0y, @y, 0r—, rpvr Pr,-)
If disturbance type is an evasion adversarial attack:
DL, DYl — Adversarial_perturbation(Di, D%l
{"ptﬁ. l‘It = ﬁ} o SGDq},W(Lq(ér': d’r'w ér[w Wr!: Di};}l T, (I_]
{ér,— .Il't = ﬁ} = SGD{D,W(LT,-(ér.-- é’r.- -én 'WI.-*D'II.':-.)' T, ﬂ)
R"‘ari 1 R({P-‘-(OTH‘;’T(“ (i'Tf"'rf-‘ D;’fl).})
R_, TR R({Pt(éﬂ'djff—* &'TJ-J' Dg:ﬂ D

1
RT! "_ E (R+-f| i R'-TL}
1% .
—w+ ff— : :
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Figure 3 — Pseudocode of model-agnostic meta-learning with evolution strategies for AIS resilience optimization
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It is proposed to use an evolutionary strategy for the
direct maximization of the resilience criterion due to the
possible non-differentiability of the criterion. In this case,
the gradient estimation can be performed over the
Gaussian-smoothed version of the outer loop objective,
which is calculated by the formula [8]

vV E

[F(E+o9)]=
g~-N(0,1)
(6)

ZZLE[R(Emg)— R(E-o9)].
(o)

If, in the meta-optimization algorithm with an
evolutionary strategy, a single perturbation vector g is

formed for the meta-optimized parameters at the
beginning of each meta-optimization iteration, the
resulting algorithm will be as shown in Fig. 3.

The analysis of Fig.2 shows that the type of
disruptive influence does not change within a single meta-
adaptation step. However, each meta-adaptation step
begins with the selection of a disruptive influence type,
followed by the generation of n implementations of the
disruptive influence with a subsequent nested adaptation
loop for each of them. Simultaneously combining
disturbances may be ineffective. For example, after
adding fault injection to the weights, we will have an
outdated model, and applying adversarial attacks to it may
be irrelevant.

The formation of adversarial samples is based on the
Adversarial _ perturbation() function. For differentiated

models, FGSM attacks or PGD attacks can be used [31].
It is proposed to use adversarial attacks based on the
search algorithm of the covariance matrix adaptation
evolution strategy (CMA-ES) for non-differentiable
models [32]. The level of perturbation is limited by the
L, -norm or Ly -norm. In this case, if the image is

normalized by dividing pixel brightness by 255, then the
specified disturbance level is also divided by 255.

The formation of fault injections is performed by the
Fault _injection() [33]. It is suggested to choose the

most difficult fault type to absorb, which involves
generating an inversion of a randomly selected bit (bit-flip
injection) in the weight coefficient of the model. For non-
differentiable models, it is proposed to generate up to 100
damaged weight versions, selecting the one providing the
greatest reduction in accuracy. For differentiable models,
it is suggested to pass the test dataset through the network
and calculate the gradients, which can then be sorted by
their absolute values. In the top-k weights with the highest
gradient, one bit is inverted in a random position. The
proportion of weights for which one random bit is
inverted can be denoted as the fault rate.

Task change is needed to simulate concept drift and
out-of-distribution. Forming a sample of other tasks can
be done by randomizing the domain of the same task or
by selecting tasks from relevant domains but sampling
truly different tasks. These two approaches can also be
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combined. In any case, an attempt should be made to
sample data from larger and more diverse sets than

Dpase-

The analysis of Fig.3 shows that, to calculate the
resilience indicator, it is necessary to calculate the
intermediate values of the performance metric for T
adaptation steps, which in most cases is not differentiated.

4 EXPERIMENTS
For simplicity of experiments, we will use the Resnet-
18 as the base model, pretrained on CIFAR-10 [34]. The
architecture of the tuner and meta-tuner is chosen to be
the same in the form of a two-layer convolutional network
with channel dimension down-sampling bottleneck
(y =2). To generate new tasks, CIFAR-100 is used, from

which data is sampled for randomly selected 10 classes
(Nyay =10) [34]. It is proposed to use 16 images per

class (Kgpot =16), which are sent in mini-batches of 4
images (mini_batch size =4) during adaptation. Thus,
the number of adaptation steps is
T = (Kshot * Nway)/ Mini _batch _size = 40 iterations. The

base task is used during meta-learning along with new
tasks. The learning rate of the inner and outer loop of
meta-learning are o =0.001 and p=0.0001

respectively. The maximum number of meta-iterations is
300. However, the Early Stopping algorithm is used to
stop meta-learning, which terminates the execution if the
criterion does not change for more than 10 consecutive
iterations by more than 0.001.

During the experiments, it is necessary to determine
whether the connection of a meta-trained tuners can
improve the ability to absorb disturbances such as faults
and adversarial attacks, even if they are formed in a way
different from what is used during training. It is also
planned to determine whether meta-learning improves the
speed of adaptation to faults and adversarial attacks
compared to training under the influence of disturbances
without meta-learning.

When calculating the integral indicator of resilience to
disturbance (2), it is proposed to use the accuracy metric
as the performance criterion PTi . It is necessary to

determine the advantages and disadvantages of the
gradient-based meta-adaptation algorithm and the meta-
adaptation algorithm with an evolutionary strategy.

The experimental research is proposed to be carried
out in the following sequence:

1. Testing the pre-trained model without tuners and
meta-tuners on disturbances of varying intensity.

2. Adding tuners and meta-tuners trained on data
during fault injection into the entire model with a fixed
fault rate for testing the resulting model on different
fault rate values.

3. Adding tuners and meta-tuners trained on data with
adversarial disturbances with a fixed perturbation level
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for L, for testing the resulting model on different
perturbation levels for L, .

4. Adding tuners and meta-tuners trained using the
proposed gradient-based meta-learning algorithm for
optimizing resilience (Fig.2) followed by testing of the
resulting model on disturbances of varying amplitude.

5. Adding tuners and meta-tuners trained using the
proposed meta-learning algorithm with an evolutionary
strategy for optimizing resilience (Fig.3) followed by
testing of the resulting model on disturbances of varying
level.

6. Adding tuners and meta-tuners and calculating the
average resilience value during adaptation to new tasks
sampled from CIFAR-100.

7. Adding tuners and meta-tuners trained using the
proposed gradient-based meta-learning algorithm for
optimizing resilience (Fig. 2) and calculating the average
resilience value during adaptation to new tasks sampled
from CIFAR-100 but not used during meta-learning.

During the studies of the pre-trained model without
tuners, only the average accuracy value on the test set is
calculated. During testing of the pre-trained model with
tuners and meta-tuners, the meta-tuners remain fixed, and
the tuner is used to restore performance and calculate the
average resilience value (2).

For training tuners with meta-tuners, fault injection is
carried out by selecting weights with the largest absolute
gradient values. The proportion of modified weights is

fault rate=0.3. For testing the resulting model, fault

injection will be performed by random bit-flips in
randomly selected weights, the proportion of which
(fault_rate) ranges from 0.1 to 0.6.

The training of the tuners and meta-tuners involves
generating adversarial samples using the FGSM algorithm
with perturbation level according to L, up to 3.

However, to test the resulting model against adversarial
attacks, the adversarial samples are generated using the
CMA-ES algorithm with perturbation_level according to
L, -norm from 1 to 10.

Taking into account the elements of randomization, it
is proposed to use their average values when assessing the
accuracy and resilience of the model. To this end, 100
implementations of a certain type of disturbance are
generated and applied to the same model or data. The
average value of resilience during adaptation to new tasks
is estimated on 5 task implementations (combinations of
classes from CIFAR-100 that did not participate in the
training of the meta-tuners).

5 RESULTS
The results of testing the impact of fault injection on
model performance are shown in Table 1. When adding
tuners and meta-tuners, before testing, they are pre-
trained using gradient-based algorithms with and without
disturbances until the base model’s accuracy is reached.

The average accuracy Acc and the integral resilience
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indicator R for the model are evaluated on 100
implementations of fault injection with a given fault rate.
During testing, meta-tuners are fixed, and tuners can be
used for adaptation to disturbances and calculation of the
resilience indicator. Meta-learning is performed using a
gradient-based algorithm, where the early stopping
condition occurred at the 150-th iteration (Fig. 2).

The analysis of Table 1 shows that tuners with meta-
tuners can increase the robustness of the pre-trained
model to faults by absorbing the impact. Moreover, the
proposed resilience-aware meta-learning method provides
a better resilience indicator compared to fault-tolerance
training, on average by 5%. This means that during 40
iterations of tuning, performance recovery occurs faster
on average if the model was prepared based on resilience-
aware meta-learning. The resilience measurements in the
experiment have standard deviation not exceeding 1.0.

Table 1 — Experimental data of model resilience to the faults
injection testing

Fault | Only Pretrained model | Pretrained model
rate Pre- with tuners and meta- | with tuners and meta-
trained tuners trained under | tuners meta-trained
model fault injection for resilience
optimization
Acc Acc R Acc R
0.0 92.5% 92.8% - 93.1% -
0.1 90.2% 91.1% 0.971 92.2% 0.986
0.3 85.1% 87.6% 0.944 89.1% 0.971
0.5 83.0% 85.5% 0.883 86.5% 0.955
0.6 75.4% 80.1% 0.831 84.9% 0.917

The results of testing the impact of adversarial attacks
on the model’s performance are shown in Table 2. Tuners
and meta-tuners are trained without and with
perturbations until the resulting model reaches the
accuracy of the base model for the next resiliency test.

The average value of the accuracy Acc and the integral

indicator of resilience R for the model is estimated on
100 implementations of adversarial perturbations of the
dataset with a given perturbation level. After freezing the
parameters of the meta-tuners, the tuners can be used to
adapt to the disturbance and calculate the resilience
indicator. Meta-learning is performed using a gradient-
based algorithm (Fig. 2).

Table 2 — Experimental data of model resilience to the
adversarial attack testing

Per- | Only Pretrained model | Pretrained model
tur- Pre- with tuners and meta- | with tuners and meta-
ba- trained tuners trained under | tuners meta-trained
tion | model adversarial attack for resilience
level optimization
Acc Acc R Acc R

0 92.5% 92.8% - 92.7% -

1 91.6% 91.1 0.965 92.0% 0.981

3 88.1% 88.9 0.934 90.1% 0.980

5 82.5% 82.7 0.865 84.8% 0.922

10 74.8% 75.9 0.821 77.7% 0.897
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The analysis of Table 2 shows that meta-tuners can
increase the robustness of a trained model to adversarial
attacks by absorbing part of the disturbance. Moreover,
the proposed method of resilience-aware meta-learning
provides a better resilience indicator compared to
adversarial training by an average of 4.8%. That is, within
40 iterations of tuning, performance recovery is faster
after resilience-aware meta-learning. The resilience
measurements in the experiment have standard deviation
not exceeding 1.1.

The results of resilience testing of the model with
tuners and meta-tuners that were meta-trained with the
evolutionary strategy (Fig. 3) are shown in Table 3 and
Table 4. In this case, the meta-learning was performed
with 233 iterations until the Early Stopping condition was
reached.

The analysis of Table 3 and Table 4 shows that meta-
learning with an evolutionary strategy also improves the
perturbation absorption and the integral resilience
indicator. A comparison of the results from Tables 1 and
2 with the results from Tables 3 and 4 shows that the
results are comparable, but with a slight advantage in
resilience (more than 1.5%) for the evolutionary
optimization strategy. It is also worth noting that the
evolutionary strategy required 83 additional iterations to
achieve the optimal result.

Table 3 — Experimental data of model resilience to the faults

injection testing after resilience aware meta-learning with

evolution strategies

Fault rate

Acc R
0.0 93.1% —
0.1 93.3% 0.988
0.3 89.9% 0.979
0.5 87.5% 0.971
0.6 85.0% 0.941

Table 4 — Experimental data of model resilience to the
adversarial attack testing after resilience aware meta-learning
with evolution strategies

Perturbation level ‘Acc R
0 92.7% -
1 93.5% 0.986
3 91.6% 0.984
5 86.7% 0.954
10 83.5% 0.919

The advantage of using meta-learning instead of
conventional fine-tuning of tuners was evaluated based on
the experiment results which are shown in Table 5.

Table 5 — Experimental data of model resilience to the task
change testing

Pretraining method of tuners and meta-tuners R
Pre-trained on the base dataset until the accuracy of the | 0.933
base model is achieved
Meta-trained for resilience optimization 0.981

The analysis of Table 5 shows that when adapting to
new tasks, the meta-trained tuners and meta-tuners
provide on average a 4.8% higher value of the integrated
resilience indicator over 40 iterations of adaptation than a
simple pre-training on the base task.
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Thus, the proposed meta-learning algorithm for
optimizing the AIS resilience ensures an increase in the
AIS model’s resilience to disturbances compared to
conventional approaches such as fault-tolerant training,
adversarial training, and fine-tuning.

6 DISCUSSION

Experimental data confirm the increase in the
resilience of the Al system to disturbing influences on the
example of image classification with the use of the
proposed meta-learning method. However, it is not clear
exactly what effect the use of different types of
perturbations in the internal optimization loop would have
on the resilience. It is not known whether the
conventional Model-Agnostic Meta-Learning (MAML)
algorithm for Few Shot Learning will be inferior to the
proposed method. Therefore, it is proposed to compare
the results of testing meta-trained tuners and meta-tuners
using the conventional MAML and the proposed
algorithm (Fig. 2). Table 6 and Table 7 show the results
of testing meta-trained tuners with meta-tuners using
conventional MAML and the proposed Resilient-aware
MAML. In this case, Table 6 illustrates the result of
testing for fault injection, and Table 7 illustrates the result
of testing for adversarial evasion attacks.

Table 6 — Experimental data of model resilience to the faults
injection testing for Conventional MAML and Proposed
Resilient-aware MAML

Fault | Gradient-based Proposed Gradient-based
rate Conventional MAML Resilient-aware MAML
Acc R Acc R
0.0 92.8% — 93.1% —
0.1 90.7% 0.962 92.2% 0.986
0.3 84.9% 0.938 89.1% 0.971
0.5 82.9% 0.877 86.5% 0.955
0.6 75.6% 0.838 84.9% 0.917

Table 7 — Experimental data of model resilience to the
adversarial attack testing for Conventional MAML and
Proposed Resilient-aware MAML

Per- | Gradient-based Proposed Gradient-based
tur- Conventional MAML Resilient-aware MAML

ba- Acc R Acc R

tion

level

0 92.5% - 92.7% -

1 91.3% 0.961 92.0% 0.981

3 88.6% 0.921 90.1% 0.980

5 81.9% 0.847 84.8% 0.922

10 73.7% 0.811 80.7% 0.907

The analysis of Table 6 shows that tuners and meta-
tuners trained with the conventional MAML algorithm for
few-shot learning are inferior on average by more than
5% to the proposed algorithm in terms of resilience.
Moreover, a comparison with Table 1 shows that the
results of conventional MAML are on average 0.3%
lower in terms of resilience than fault-tolerant training
algorithms.

The analysis of Table 7 shows that tuners and meta-
tuners trained with the conventional MAML algorithm for
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few-shot learning are inferior on average by more than
6% to the proposed algorithm in terms of resilience.
Moreover, a comparison with Table 2 shows that the
results of conventional MAML are inferior in terms of
resilience on average by more than 1% to the adversarial
training algorithm.

Thus, the proposed Resilient-aware MAML for model
pre-training with tuners and meta-tuners ensures better
absorption of fault injection and adversarial attacks and
faster adaptation to them. Moreover, the proposed
approach provides a higher resilience indicator compared
to training separately under the influence of each type of
perturbation or on the basis of conventional MAML.

CONCLUSIONS

The scientific novelty of the obtained result is the
new MAML method for optimizing resilience to fault
injection, adversarial attacks, and task change is
developed. The method involves the use of tuners and
meta-tuners which perform parallel correction of the
building blocks of the deep neural network. The proposed
meta-learning method consists of generating n
implementations of a certain type of disturbance at each
iteration of meta-optimization and using the results of
adaptation for meta-updating tuners and meta-tuners. In
this case, meta-updates can be calculated based on
gradients or on an evolutionary strategy

It is experimentally proven that the Proposed
Resilient-aware MAML improves the ability of the basic
model to absorb disturbances and increases the speed of
adaptation compared to conventional approaches. The
proposed method provides a better fault injection
resilience indicator compared to fault-tolerance training
on average by 5%. Also, the proposed method provides a
better resilience to evasion adversarial attack compared to
adversarial training on average by 4.8%. It has also
demonstrated an average improvement by 4.8% in task
change resilience compared to conventional fine-tuning of
tuner blocks.

The results of the conventional MAML and the
Proposed Resilient-aware MAML are compared in terms
of the impact on resilience to disturbances. The advantage
of the proposed method is confirmed. In addition, meta-
learning with an evolutionary strategy provides on
average higher values of the resilience indicator, although
it requires more iterations.

The practical significance of the achieved results lies
in the formation of a new methodological basis for the
development of algorithms for optimizing the resilience
of AIS, which is important for safety-critical applications.
Moreover, the method has a fairly unified structure and
can be applied to a wide range of AIS model architectures
and tasks, which brings it closer to the concept of
providing resiliency as a service.

The limitations of the research are related to testing
this approach only on the ResNet-18 convolutional
network with blocks of tuners and meta-tuners based on
the Conv-Adapter architecture. Nevertheless, the paper

shows the fundamental possibility of increasing the
© Moskalenko V. V., 2023
DOI 10.15588/1607-3274-2023-2-9

resilience of the original model by using tuners, meta-
tuners, and meta-learning with a perturbation generator.

Future research should focus on the architecture of
the tuner blocks and the application of the proposed
approach to other machine learning tasks, such as
regression, reinforcement learning, and generative
models.
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HE3AJIEXKHHWI BII MOJEJI AJITOPUTM META-HABUAHHS JIJISI ONITUMIBAIIT PE3LJILEHTHOCTI
CUCTEMMU LITYYHOI'O IHTEJIEKTY

Mockanenko B. B. — xaHz. TexH. HayK, JIOLEHT, AOLEHT Kadenpu KOMII IOTepHUX HayK, CyMCBKUI Jep)KaBHHH YHIBEpCHTET,
Cymu, YkpaiHa.

AHOTAUIIA

AKTyaJabHicTh. 3agaya onTuMizamii pe3iIb€HTHOCTI CHCTEM IUTYYHOTO iHTENEKTY A0 NeCTPYKTHBHUX 30ypeHb NOoci He Oyia
TIOBHICTIO BHpIIIEHA i € JOCUTh aKTYAJILHOIO [UISl KPUTUYHHX [0 Oe3MeKH 3aCTOCYBaHb. 3ajada ONTHMIi3amnii pe3lIbeHTHOCTI CHCTEMHU
IITYYHOTO IHTEJEKTY A0 30ypIOIOYNX BIUIMBIB € BHCOKOPIBHEBOIO IO BiHOIICHHIO O ONTHMI3allii e()eKTUBHOCTI, 1[0 00YMOBIIOE
NIePCTICKTUBHICTh BUKOPUCTAHHS i/ieil i MeToAiB MeTa-HaB4YaHHs Ais ii BupimeHHs. ToMy 00’€KTOM IOCIIDKEHHS € IpOoLec MeTa-
HaBYaHH JUIS ONTHMIi3alii pe3iIbeHTHOCTI CHCTEMHU LITYYHOTO IHTENEKTY IO ACCTPYKTUBHHX 30ypeHb. [IpeaMeToM nocmiukeHHs €
apXITeKTYpHI HAACTPOMKH Ta METOJ MeTa-HaBYaHHS, LI0 3a0e3MeuyloTh ONTHMI3alil0 PEe3iUTBEHTHOCTI OO MPOTHOOpPYMX arak,
IHDKeKLii HecripaBHOCTeH 1 3MiHM 3a1au.

Merta pocJinskeHHs — po3poOiIeHHS ¢pEeKTHBHOTO METOLY METa-HaBYaHHS Ul ONTUMi3alii pe3iIbeHTHOCTI CHCTEMH IITYYHOTO
IHTEJIEKTY [0 IECTPYKTUBHHUX 30ypEHb.

Metoan gocaigxenns. OnTuMizanis pe3UTLEHTHOCTI pealTi3y€eThCs MUITXOM HOEJHAHHS 1/1eH 1 MeTo[iB TPOTHOOPUIOTro HaBYAHHS,
HaBYaHHS 3 iH’€KIII€I0 HECIIPAaBHOCTCH, HE3aJISKHOTO BiJ MOJEIN MeTa-HaBYAHHS, HaBYAHHS 32 OOMEKEHOIO KUTBKICTIO 3pa3KiB,
METOIIB TIpajieHTHOI onTHMi3auii Ta HMOBIpHICHMX cTpareriii ampokcumauii rpagieHty. Ilpum mpomy BHOIp apXITEKTYpHHX
HAJICTPOHOK 0a3yeThcsi Ha epeKTHBHOMY IIOJ0 MapaMeTpiB TpaHcdepi 3HaHb IS U1 €KOHOMII PecypciB Ta YHHUKHEHHS IpoOIeMu
katacTpodiuHOro 3a0yBaHHI.

Pe3yabraT. Po3po0ieHo HeszanexHH Bif MOfeNi METOA MeTa-HaBYaHHs Ul ONTUMi3allil pe3iIbeHTHOCTI CHCTEM IITYYHOTO
IHTEJIEKTY Ha OCHOBI TPaJiEHTHUX METa-OHOBJICHB, 00 METa-OHOBJICHB 3a €BOJIOIKHOIO cTparerielo. [Ipu npoMy Meton nependadae
BHKOPUCTAHHsS TIOHEpIB 1 MeTa-TIOHEpiB, M0 3MIMCHIOITH MapalelbHy KOpeKIifo OyniBenpHHX MOAyIiB (ONOKIB) TIHOOKOI
Helipomepexxi. Ha mpukmani 3amaui kimacudikarii 300pa’keHb €KCIIEPUMEHTAIBHO IPOTECTOBAHO 3IATHICTH 3alpONOHOBAHOTO
MAXOMy IMiJBHINYBAaTH €()eKTHBHICTh NOTIMHAHHSA 30ypeHb Ta IiJBHINYBAaTH IHTETPAJbHUHA ITOKa3HUK PE3IIbEHTHOCTI CHCTEMHU
LITYYHOTO iHTeNIeKTy. EXcriepiMeHTH NpOoBOAMIIMCE Ha MoJeli 3 apxiTekTyporo ResNet-18, 3 HancTpoikoro y BHUITISII TIOHEPIB i
MeTa-TIoHepiB 3 apxitekTypoto Conv-Adapter. ITpu npomy CIFAR-10 BukopuctoByeThes sik 6a30BHil Habip, HA sIKOMY OyJia HaBUSHA
mozeinb, a CIFAR-100 BukopucToByeThesi sik Habip st popmyBaHHS BHOIPOK, Ha SIKMX 3/IHCHIOIOTH aJaNTalLilo 32 00MEXEHOI0
KUIBKiCTIO 3paskiB. [IOpiBHIOEThCS MOKA3HUKH DPE3LIBEHTHOCTI CHCTEMH MITYYHOTO IHTENEKTY IIC/s MOMEPeAHbOr0 HaBYAHHSI
TIOHEpIB 1 MeTa-TIOHEpiB 32 alrOPUTMOM MPOTHOOPYOr0 HABYAHHS, AITOPUTMOM HaBYaHHS 3 1H €KII€I0 HECIPaBHOCTEH,
TpaOULiHHIM AITOPUTMOM HE3aJEKHOTO BiJl MOJEI MeTa-HaBYaHHS Ta 32 3aIPOIIOHOBAHUM METO]] ME€Ta-HaBUYAHHS JUIS ONTUMI3amii
pe3inbeHTHOCTI. TakoX IOPIBHIOIOTHCS 3a IHTETPAIBHUM IIOKa3HUKOM PpE3UIBEHTHOCTI alrOpUTM MeTa-HaBYaHHSA 3 MeTa-
rpaJiecHTHUM OHOBJICHHSIM Ta METa-OHOBJICHHSIM Ha OCHOBI €BOJIIOIIHHOT cTparterii.

BucnoBkn. EciepnMeHTansHO MATBEPIKEHO, 1[0 3aIPONOHOBAHUH MeTo[] 3abe3nedye Kpalluid MOKAa3HUK Pe3iTbeHTHOCTI 10
iH’eKIii BHIIAQJKOBUX iHBEpCid OIT MOPIBHSAHO 3 HABYaHHSAM 3 1H €KIEI0 HECTpaBHOCTEH B cepemHboMy Ha 5%. Takox
3aNpONOHOBAaHUN MeTOA 3abe3nedye Kpaluuil MOKasHUK —pesinbentHocTi g0 L, mporuGopuux arak yxujieHHs HOPIBHSHO 3

poTHOOpYNM HaBYaHHS BcepenHboMy Ha 4.8%. Tak camMo MPOAEMOHCTPOBAHO MiABUINEHHS BcepeaHboMy Ha 4.8% pe3inbeHTHOCTI
JI0 3MiHH 33714 TIOPIBHSHO 31 3BUYAHHOI0 TOYHOIO HACTPOIKOIO TIOHepiB. IIpy 11boMy MeTa-HaBYaHHS 3 €BOJIOLIHHOIO CTpaTEriclo
3a0e3redye BCEpeNHbOMY OLUIBII 3HAYCHHS IIOKa3HUKA pPE3UILEHTHOCTI, OJHAK IIONEpeIHE MeTa-HaBUaHHS MHOTpedye Oinblie
iTeparii.

KJIIOYOBI CJIOBA: wMera-HaB4YaHHS, €BONIOLIMHA cTpaTeris, e(peKTHBHHH CTOCOBHO IapaMeTpiB TpaHC(ep 3HaHb,
pO0aCTHICTh, Pe3ITLEHTHICT, NPOTHOOPYI aTaKH, IHKEKI[isl HECIPABHOCTEH, HABYAaHHS 3 IEKIJIbKOX 3pa3KiB.
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BUIAJIEHHA KOMIIOHEHTIB 1011y 3 OAMHOYHUX 306PA’KEHD 3
BUKOPUCTAHHSM PEKYPEHTHOI HEMPOHHOI MEPEXI

Ierpos K. E. — 1-p. TexH. Hayk, npodecop, 3aBigyBad kageapy iHGOpMaLIIHUX YIPABISIOYAX CHCTEM, XapKiBCh-
KWl HalliOHAIbHUH YHIBEPCUTET pajioeNeKTPOHIKH, XapKiB, YKpaiHa.

Kupunuenko B. B. — marictp kadenpu mryqyHoro iHTeaekTy, XapKiBCbKHUH HalllOHAJIBHUI YHIBEPCUTET PaioeseKT-
poHiku, XapkiB, Ykpaina.

AHOTANIA

AKTyanbHicTh. Bunanenus HebakaHUX HACIIAKIB ZOMOBUX e(EKTiB 3 OMMHOYHUX 300paKeHb € aKTyalbHOI NpobiIeMoro B Oa-
raTboX 3a/1a4ax KOMII I0TEPHOTO 30Dy, OCKUIBKM CMYTH JIOILY MOXYTh CyTTEBO IOTIPIIYBaTH Bi3yallbHY SKICTh 300payKeHb Ta cepiio-
3HO MEPEIIKOHKATH PoOOTI pI3HOMAaHITHUX 1HTEICKTYyaJIbHUX CHCTEM, SIKi BAKOPUCTOBYIOTHCS IJIS iX OOpOOKH Ta MOAAIBLIOrO aHa-
mi3y.

MeTta po6oTH 1osTae y po3poOIi MeToxy BHUSBICHHS 1 BUJAJCHHS HeOaKaHUX HACIIAKIB BIUIUBY €()eKTy MOLIY 3 OAMHOYHHX
300pakeHb, KUl 6a3yeThcsi HA BUKOPUCTAHHI 3rOpTKOBOT HEHPOHHOT MEpekKi 3 PEKYPEHTHOIO CTPYKTYPOIO.

Metoa. ['0J0BHOIO CKJIAJOBOIO 3aIIPOIIOHOBAHOTO METO/AY € 3rOPTKOBA HEWPOHHA Mepexa, sika Mae PeKypeHTHY OaraToeTalHy
CTPYKTYpy. OcOOIMBICTIO caMe Takoi apXiTeKTypH MepeKi € BUKOPUCTAHHS MOBTOPIOBAHHUX OJOKIB (IIapiB), Ha BUXOAI SKUX MOXKHA
OTPUMATH NPOMDKHHMII PE3y/IbTaT «OUYMILEHHS» BUXITHOro 300paxkeHHs. IIpyyoMy Ha BHXOIi KOXHOTO HACTYIHOTO IApy MeEpexi
OTPUMY€EMO 300paXeHHS 3 MEHIIIMM BILIMBOM KOMIIOHEHTIB JIOIIY HiX Ha monepeaHbpoMy. KoxkeH map Mepeski MiCTHTB AB1 HE3aJIexK-
Hi miaMepexi (TUTKK) Ui mapajienbHol 00poOku 300paxerHs. ['0JI0BHA rinka Npu3HaueHa AJIs BUSABJICHHS 1 BUAAICHHS e(EKTY JOLLY
3 300payKeHHsI, a T'JIKa YBaru BUKOPHCTOBYETBCS JUIsl OKPALICHHS 1 MPHUIIBU/IILICHHS [POLIECY BUSBICHHS HeOaKaHUX KOMIIOHEHTIB
Jory (st GopMyBaHHS KapTH yBard JIOMIY).

Pe3yabTaT. Po3pobieHo miaxig 10 aBTOMaTUYHOTO BUSIBJICHHS Ta BUAAJICHHS HACIIIKIB BIUIMBY e(eKTy IOILy 3 OJMHOYHUX
300paxkeHb. [Iporiec «OUHIIEHHSD BUXIJHOTO 300pakeHHs! 34iHCHIOEThCS HAa OCHOBI BUKOPHCTAHHS 3rOPTKOBOI HEHMPOHHOI Mepexi 3
PEKYPEHTHOIO CTPYKTYpOIO, HaBUaHHsI sIKOT OyJi0 npoBezeHo Ha Habopax manux Rainl00H i Rainl00L. HaBeneHo pe3ynbTaTi KOM-
T’ FOTEPHUX SKCIICPHUMEHTIB, sIKi CBiqUaTh Mpo eheKTUBHICTh Ta JOLIIBHICTh BUKOPHCTAHHS 3alIPOIOHOBAHOIO METOLY AJIs BUPIIICH-
HS IPaKTHYHUX 3aBIaHb 3 MONEPEIHBOT 00POOKH «3a0pyTHEHUX» 300paKeHb.

BucnoBku. [lepeBaroto po3po0iieHOro METOAy BHIAJCHHS HeOaKaHUX KOMIIOHEHTIB JIOMIy 3 300pakeHb € Te, II0 PEeKypPeHTHA
OararoeTrarHa apXiTEKTypa MEpexi, Ha sKild BiH 0a3yeTbcsi, TO3BOJISIE MOTCHIIITHO 3aCTOCOBYBATH HOTO JJIsl BUPIIICHHS 3aBJaHb B
YMOBaX OOMEKEHUX OOUMCIIIOBAIBEHHUX PECypCiB. 3alpoIlOHOBAHMI METOJ MOXKe OyTH YCIIIITHO BUKOPHUCTAHMI HpH po3podui iHTe-
JIEKTyaIbHUX CUCTEM JUIS MOHITOPHHTY TEPUTOPIH 3a JOIIOMOTOI0 KaMep CIIOCTEPEKEHHs, aBTOHOMHOTO KepyBaHHS TPAaHCIOPTHUMHU
3aco0amu, 00poOKH pe3yJbTaTiB aepoOTO3HOMKH TOLIO. B MepcrneKTrBi cinif po3MITHYTH MOXIIMBICTh ()OPMyBaHHS OKPEeMOi Mij-
Mepexi ISl yCyHEHHs] PO3MHUTOCTI Ha 300pa)keHHI Ta MPOBECTH HaBUYAHHS MEPEeXi Ha HaOOpax JaHHX, SKi MICTATh 3pa3Ku 300paXKeHb
3 Pi3HUMH KOMIIOHEHTaMH JIOIY, L0 3pOOHUTH METOA OLIbLI «CTIHKUMY 10 pi3HUX (OopM edeKTy IOLLy i MiABUIIHUTH SKICTh «OUYH-
LICHHS» 300pakeHb.

KJIFOYOBI CJIOBA: 06pobka 300paxeHs, eheKT 10Ty, CMyTH 0Ny, INIMOWHHE HAaBYaHHS, 3TOPTKOBAa HEHPOHHA Meperka, Me-
XaHI3M yBaru.

ABPEBIATYPU
CNN - convolutional neural network (3roprkoBa Heii-
pOHHa MepeKa);
GAN - generative adversarial network (renepatuBHa
3MarajbHa Mepexa);

HOMEHKJIATYPA
a; — MiJCYMKOBA KapTa yBark 300paKeHHs! i Ha era-

mt;
F — «auctuit» Gpon 300paxeHHs;

LSTM - long short-term memory (oBra KOpPOTKO-
CTPOKOBA I1aM ’SITb);

MAE — mean absolute error (cepemHsi abCONIOTHA I10-
XUOKa);

MSE — mean squared error (cepemHs KBaapaTH4HA
noxuoka);

PSNR — peak signal-to-noise ratio (CIiBBiZHOIICHHS
HIKOBOTO PiBHS CUTHAITY /10 LIyMY);

RAB - residual attention block (3anumikoBuii 00K
yBaru);

ReLU - rectified linear units (3pizanuii JiHIHHUNA By-
300);

RNN — recurrent neural network (pexypeHTHa HeW-
pOHHa MepeKa);

SSIM — structural similarity index measure (iHZEKC
CTPYKTYPHOI IMOAIOHOCT).
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L — ¢yHKig 3aranbHUX BTPAT;

Ly — dyHKLIS BTpaT U1 TOJIOBHOI T1IKH;

Lsgim — dyHKLIA BTpaT CTPYKTYpHOI MOMIOHOCTI A1t
TOJIOBHOT T1JIKH;

La — dyHKLis BTpaT riky yBary;

m; — OGiHapHa KapTa PerioHiB J0ILy 300paKeHHs | ;

N — KUIBKICTh 300paKeHb;

P — 300paxkenHs 3 eheKTOM J0I1LY;

R — komMmoHeHTH fomury (CMYTH 9H Kparuti gomry abo
TyMaH);

Ytj — BHXIJI Mepexi Ha ocTaHHbOMY eTami t (mepen-
OaueHe 300pakeHHs | ),

Vi — LUIbOBE «UHUCTE» 300pAKEHHS | ;

o, = L -nopwa

||0||2 — L, -HopMa.
@00
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BCTYII

Cepen HACIIAKIB IPUPOIAHOTO BIUIMBY HA 300paKCHH
MOXHa BHOKpeMuTH edext gomy. Ile MoxyTh OyTn
OKpeMi Kparuli Ha 00’€KTHBI KaMepH, 1o 3adikcoBaHi Ha
300paykKeHHI1; piKi YM HaBNAaKW MIUIBHI CMYyTH (Kparui B
MOMEHT pyXy) JOIly abo e(peKT TyMaHy Ha 3aJHBOMY
¢oHi.

HasBHicTh cMyT ab0 Kparenb oIy Ha 300pakeHHSX
Ta BiZIeo YacTo € HeOaxxaHUM. HeraTHBHUI BIUTHB e(eKTy
JOLTY HaWOIMBII BiZUYyTHUH y cdepax, siKi MAIOTh CIIPaBy
i3 00poOKOr0 300pa)eHb, IO OTpHUMAaHi 30BHIi, HAmpH-
KJIaJ, 3 KaMep 30BHILIHBOTO CIIOCTEPEKEHHS, TPAHCIOPT-
HHUX 3aC00iB, IPOHIB, CYITyTHUKIB TOIIIO.

3amava BHSIBICHHS Ta KOMIIGHCAIll edekTy Aoy €
YaCTHHOIO OUIbII TNI0OATBHOT MPOOJIEMH «OUYHUILEHHS
300pa)XeHb BiJ| HACIIJIKIB BIUIMBY TOTOJHUX YMOB, TAaKHUX
SIK JIOII, CHITr ab0 TyMmaH, sIka B CBOIO YepPry BiJHOCHTBCS
JI0 3aj1a4 TOIEePEIHOT 00POOKH.

Cam edexT momry MoXKe IMo-pi3sHOMY BIUIMBATH Ha 30-
OpakeHHSI.

Le, no-nepiue, cMyry JOILY, SIKi MPEACTABISAIOTE CO-
0010 Kparuri B MOMEHT PYXY, 1 IEepeKpUBaIOTh 00’ €KTH
mo3aay, a MITBHI CMYTH MOXKYTh 3HAYHOIO MipOIO 3aKpHU-
BaTH c06010 3a/Hiil (hoH 300paskeHns. Ix Mo6iuHUM edek-
TOM, Y 3B’SI3KY 3 IIPOXODKEHHAM KpPi3b HUX CBITIA, € CYT-
TeBe 301IBIICHHS IHTEHCHBHOCTI MIKCENiB, SKi MepeKpu-
BatoTbcs Kparsimu. [lo-apyre, edekr Tymany abo qUMKH
Ha 33JHbOMY (OHI, KUl BUHHKAE, KOJIU TYCTI CMYTH HE
MOJKHA BIJPI3HUTH OJHA BiJ OJHOI HA BEJHKIH BiACTaHI
BiJl KaMepH, 10 CTBOPIOE BPAXKEHHS «3aIlyMIIEHOCTI» Ta
CYTTEBO 3MEHILY€ 3arajbHy KOHTPACTHICTh 300pa’KeHHSI.
[o-Tpere, e HasIBHICTH OKPEMHUX Kparesib Ha 00’ €KTHBI
KaMepH, SIKi TAKOXK MOXYTh 3HAUHO NEPEKpUBATH 00’ €KTH
103aJ1y 1 CIOTBOPIOBATH 300pa)KEHHS Yepe3 MepesioMIIeH-
HSI CBITJIA KPi3b IIEHTPaJIbHY YaCTHHY KpaIlii.

ToMy A7l ITMPOKOTO CHEKTPY NPAKTHYHUX 3aCTOCY-
BaHb MOTPIOHI e€(EKTHBHI METOAW BUAAJICHHS OMUCAHUX
BUILE KOMIIOHEHTIB JIOIIY.

Meroau i BUABICHHS 1 BUAAJICHHS HACIIAKIB BIUIU-
By e(eKTy 0Ly MOXKHA PO3JIUTMTH Ha JIBa OCHOBHI KJlacu
[1]: migxomu, siKi ONMpPaNbOBYIOTH IMOCIIIOBHICT KaapiB
(Bimeo) 1 mimxoau, sIKi 3aCTOCOBYIOThCS Ui OOpOOKH
OJIMHOYHUX 300paxkeHb. B Meromax is oOpoOku Bizeo
aKTHMBHO BUKOPHCTOBYETHCS TPHITYLIEHHS HpO Te€, IO
cepeJl BCi€l MOCHIZOBHOCTI KaJpiB € Xo4a O OJWH Kajp,
SIKMH HE MICTUTh HACJiKIB BIUTUBY JIOIIy Ha KOHKPETHO-
My Tikcem abo HaBiTh oOmacti mikcemiB. OOpoOka omu-
HOYHUX 300paXeHb BBAXKAETHCS OLTBII CKIAIHOK 3a1a-
Yel0 TOMY, 0 METOJM HE MOXKYTh BUKOPHCTOBYBATH M-
HaMIiKy 1omry, ToOTo HOro Tak 3BaHy «4acoBY HaJIHIIKO-
BiCTH», Ha BiAMIHY BiZ MeTOAiB 00poOKku Bimeo. s
ONPALIOBaHHS OAWHOYHMX 3HIMKIB BHKOPHCTOBYIOTH
POCTOPOBY 1H(GOPMAIIO CYCIAHIX MIKCEIiB 1 Bi3yalbHi
BJIACTHUBOCTI J0IIy Ta QOHY.

Poboty mpucBsiueHO pobieMi 0O6poOKK came OIHUHO-
YHUX 300paKeHb.

He3paxkaroun Ha HasIBHICTh BEJIHKOI KiJTBKOCTI iCHYFO-
YUX METOMIB IIOJ0 KOMIICHCAlii HeOaKaHOTO BILUIUBY
edexTy moury Ha 300pakeHHsX [1, 2] e 3aBHaHHA e
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JTaJIeKe BiJl CBOTO OCTATOYHOTO BHpimeHHs. Tomy po3po-
OKa HOBHX METONIB I OUIBII «SKICHOI» Ta IIBHIKOI
00pOo0KHN «3a0pymHEHHX» HeOaKaHUMHU KOMITOHCHTaMHU
JIOLLY 300pa)KEHb € JIyKe aKTyalIbHOIO.

OO0’€KTOM [OCTITKEHHSI € TPOIEC ABTOMATHIHOTO
BUSBJICHHS 1 BHJAJICHHS HACTIIKIB BIUIMBY ITOTOJHUX
edexTiB pu 00poOIIi 300paKeHb.

IpexMeToM AOCTIIUKEHH € METOIW BHSBICHHSA 1
KOMIIEHcaIlil eQeKTy Aomry npu o0podii OAWHOYHHX 30-
OpakeHb.

Merta podoTH moyrae y po3po0ili METOly BUSBJICHHS
1 BUIAJICHHS HeOaXXaHUX HACIIAKIB BIUTMBY €()EKTy JOILY
3 OJMHOYHUX 300pakeHb, KU 0a3yeThCsl Ha BUKOPUC-
TaHHI anapary 3rOPTKOBUX HEHPOHHUX MEPEX 3 PEKypeH-
THOIO CTPYKTYPOIO.

1 IOCTAHOBKA 3AJTIAUI

BuxinHoto iH(OpMAaIli€ro sl BHPINICHHS 3a/1adi BH-
SBJICHHS Ta BUJAJICHHS HeOaKaHMX KOMIIOHEHTIB JOILY €
Jiesike oIMHOYHe 300pakenHst P, mo 3amaHe B (opmari
RGB.

®dopmanizoBaHy MoAeTb «3a0pyIHEHOT0» 300paXKeH-
H1 P MOXHa MpeNCTaBUTH sSK HaKJIaJaHHA cueHu F 3
«4rcTUM» (DOHOM 1 JISSIKMX KOMITOHEHTIiB oty R (cmyr
Yi Kpameiab Jouly ado TyMaHy) y TaKOMY BUIJISI:
P=F+R.

Komnonentn moury R, 1m0 HAKOMUYYIOTHCA IO BCId
CIICHI, 3MEHIITYIOTh BUANMICTH (poHy F .

300paxeHHss P, mo orpumaHi B peajbHHX YyMOBax
JIOILY CYTTEBO YCKJIATHIOIOTH iX IMOJANIBITY OOpPOOKY i, 5K
HACJIJI0K, 3HWKYIOTh HPOJYKTHBHICTH POOOTH alropuT-
MIB KOMIT FOTEPHOTO 30DYy.

3ajava nossirae y BUpileHHi 1iei nmpodiemu, To0TO y
Bi3yaIbHOMY BHJAllcHHI HeOa)KaHUX KOMIIOHCHTIB JIOIILY
R Ta meperBopeHHi 300pakeHHs 3 eekrom momy P Ha
«amcre» — F .

OCHOBHUMH TIpoOJieMaMH Ha HUIAXY YCIIIIHOTO BH-
pILIEHHS L[bOTO 3aBAAHHS € Te, IO MO-TepIle, CIOYaTKy
HE 3aJ1at0ThCs 00JIACTI, SIKI 3aKPUTI KOMIIOHCHTAMHU JIOIILY,
a mo-apyre, iHpopmalis mpo (GOHOBY CLEHY 3aKPHUTHUX
pETiOHIB B OUIBIIOCTI BUMAIKIB HeBimoma. Takox Tpyn-
HOIII BUHUKAIOTh KOJM CTPYKTYpa Ta Opi€HTalis 00’ €KTiB
Ha 300pakKeHHI CXO0XI Ha KOMIOHEHTH JIOuly (CMYyrd 4u
Kparwti). B npoMy BHIasKy Ba)KKO OJHOYACHO BUIAIUTH
Jrot 1 30eperTu CTPYKTypy 300pakeHHs.

Jns BupilieHHs 3a1avi BUSABJICHHS Ta BHIAJCHHS He-
Oa)kaHMX KOMIIOHEHTIB IOy B pOOOTI HPOMOHYETHCS
3aCTOCYBaTH 3TOPTKOBY HEHPOHHY MEpexy 3 PeKypeHT-
HOIO 0araToeTarmHo0 CTPYKTYPOIO.

2 OTJISI I JIITEPATYPU

MeToau BUSABJICHHS 1 KOMITEHCaLii eeKTy AOIy, 110
BUKOPHUCTOBYIOTBCS JJIs1 OOPOOKH OAMHOYHUX 300paXKCHb
MO’KHA TTOJUINTH Ha JBa OCHOBHI KJIACH: IiAXOIM Ha OC-
HOBI MoJieNi (METOIH, B SKHX HE 3aCTOCOBYETHCS TJIH-
OMHHE HABYAHHS) 1 IiTXOIX Ha OCHOBI MaHuX [1].

Meroau, mo 06a3yloThesi Ha BUKOpHUCTaHHI Mojeni [1,
2], 3a3BMYail TMOKJIAJAIOThCA HA CTATUCTHYHUN aHai3
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nposiBiB eeKTy pouy (Kpameib, CMyT, TyMaHy) Ta GoHo-
BUX CIIEH 300paxkeHb. B HUX BHKOPUCTOBYIOTHCS TOIEpe-
JHBO C(OpPMOBaHI TPHUIYLICHHS, BBOAMTHCA (PYHKIIis
BTpAT i MOTIM TMPOBOAMTHCS i omTuMizamis. Yacto Taki
METO/M CHHMPAIOTBCS HAa CHUHTE3 IEBHOI MaTeMaTHYHOI
MOJIeII, SIKa MiCTUTh B 001 (hi3W9HI BIACTHBOCTI 0OpaHO-
ro BUAY eeKTy IoIy.

Cepen miaxoaiB 10 BUPIMICHHS 3aBIAHHS BUABICHHS 1
BUJIAJICHHSI HACIIJIKIB BIUTMBY €()eKTy JOIIy 3 OMHHOYHUX
300pakeHb Ha OCHOBI MOJIEJIi MOYKHA BHIUTATH J1Bi 6a30Bi
CTpaTerii: mo-mepiie, e 3aCTOCyBaHHSA KepOBaHUX (PIIBT-
piB (Guided Filter), a, mo-apyre, e BUKOPUCTAHHS ITOTIE-
pennpoi indopmarii (Prior Information), sika y cBoto 4ep-
Iy TakoK TMOAUISETHCSA Ha KiIbKa IMiIKIACIB, CEPe SKUX
MOKHa BHOKPEMHTH TPYITYy METOJIB PO3PIPKEHOTO KO-
BaHH# 1 3mimaHni ["aycosi mogeni [1].

Meroau i3 3acTocyBaHHSIM KepoBaHOTO GinbTpy [1]
3a3BHYail CIIOYaTKy BUKOPHCTOBYIOTh XPOMAaTHYHY BJIac-
THBICTH CMYT AoILy, 0100 oTpumar «rpyouit» ¢on. Ilic-
JIS1 IBOTO «TPYONi» (OH BUKOPUCTOBYIOTH JUIS (UIbTparii
BXIZHOTO 300paXeHHS 3 €PEKTOM A0y, MO0 y MiICYMKY
OTpHMATH BIATIOBiIHE 300pakeHHS Oe3 HBoOro. Hampu-
KIaa, y po6orti [3] Oyna 3amporoHOBaHa cTpareris Oara-
TOHAIPaBICHO1 (PUTBTpAIil [T BUAAICHHS €(EeKTiB CHITY
Y JIOILYy 3 OAUHOYHOTO 300paXKeHHSI.

MeTtoam Ha OCHOBiI PO3piMIKEHOT0 KoayBaHHS [1] BU-
KOPHCTOBYIOTh MPEACTABIICHHS BX1THUX BEKTOPIB K pO3-
pimxeny niHiiHY KOMOiHaI0 0a3ucHUX BekTopiB. Habip
TaKMX 0a3MCHHUX BEKTOPIB Ha3UBAEThCS CIOBHHKOM, SIKHI
BUKOPHCTOBYEThCS [UISl BITHOBJICHHS! TIEBHOTO THITYy CHI-
HaJliB, HANpPUKJIAJ CHUTHAIIB CMyr Jouly abo CHUTHaIiB
¢doHy. 3 pO3piPKEHHM KOIYBaHHSM IIOB’s3aHa crpoba
BUSIBJIICHHS 1 KOMIeHcanii eexTy oIty A1l OAMHOYHOTO
300paKEHHS MIISIXOM JICKOMIIO3HIIT 300paXKeHHs 3a J0-
TIOMOTOI0  aHaJli3y MOP(OJIOTiYHNX KOMIOHEHTIB [4].
Binmein qockoHamnmii MeTox rpeacTaBiueHni B [5]. B Hpomy
OyJ10 3ampOIIOHOBAHO BBECTH BIIACTHBICTH B3a€EMOBHUKITIO-
YHOCTI B JUCKpUMIiHAMiiHE PpO3piIKEHE KOIYyBaHHS, 3
METOI0 OibLI TOYHOTO BiIOKPEMJICHHS IMIapiB Oy i
¢ony. Jlist mosiniieHHs pe3ynbrariB B [6] Oyio 3anporio-
HOBAaHO MOOYIyBaTH ITEpAlliiHUIA MPOIEC PO3AUICHHS
1rapiB 300payKeHHs 1)1 BUAAJICHHS CMYT 011y 3 (POHOBO-
ro mapy i BUIaJICHHs IeTaieil (POHOBOI TEKCTYPH 3 MIapy
CMYT JIOILY.

3mimrana ['aycoBa Mojenb npencTasisie co0ol0 HMo-
BIpHICHY MOJIeITb, B sIKiH mepeabdaydaeThes, Mo BCi 3pa3Ku
JAHWX 3TCHEPOBaHi i3 KiHmeBoro Habopy po3noxinis ["ay-
ca 3 HeBigOMHMH mapameTpaMu. Taky 3MilIaHy MOJENb
3aCTOCOBYIOTh Ul MOJENIOBAaHHS SK JOLIY, TaK i (poHO-
Boro mapy [7]. 3mimana Moxens GOHOBOTO IIapy more-
PeIAHBO OTPUMYETHCA 3 PeaTbHUX 300pakeHb i3 pi3HOMa-
HITHUMH (DOHOBHMH CIIEHaMH. 3MilllaHa MOZIETH IOILY
(dhopMyeThCst Ha OCHOBI 00paHOi 00J1aCTi AOILY 3 BX1IHOTO
300pa)KeHHS, siKa HEe Ma€e (DOHOBHUX TEKCTYP.

B mizoMy Mo)kHa 3pOOMTH BHCHOBOK, II0 METOAX Ha
OCHOBI MOJIeNli JIEMOHCTPYIOTh BiJHOCHO HEIOTaHi pe-
3yJIBTaTH Ui 300pakeHb 31 CMyramu JOIly Pi3HHX Ha-
MPSMKIB Ta PO3MIpiB, ajie MOraHo OOpoOIAIOTH edeKT

TyMaHy (HasBHICTb HAKOIMMYEHHS IIUIHUX CMYT JIOUTY Ha
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BiJICTaHi), 10 3HAYHO OOMEKY€E MOJMJIMBOCTI X BHKOpPHUC-
TaHHS.

B renepimHiii yac Oi7bII aKTUBHO PO3BUBAIOTHCS IijI-
Xoau Ha oCHOBI naHuX. CyThb TaKHX METOMIB MOJSATAE y
3aCTOCYBaHHI amapary TIIHOMHHUX HEHPOHHHUX MEpex, i
SK HACNIJOK, y HEOOXiTHOCTI TpeHyBaHHS MOZeENeH Ha
Habopax JaHuX, 3BiAKH 1 mimIia Ha3Ba gaHoro kiacy. Ce-
pen HUX MOXKHA BHIUIMTH TPYIy METOXIB, SIKi BUKOPHC-
TOBYIOTh HaBuYaHHA 3 BumreneM (Supervised Learning).
Jo miei rpynu BigHOCSTH Metoau [1, 2], mo 6a3yroThes
Ha BukopucranHi: CNN; RNN rta GaratoeranHux CTpyK-
Typ (Multi-Stage Framework); moneneir 3 MyibTHMacIi-
TabHOIO apxiTekTyporo (Multi-Scale Architecture); Mmepex
3 apxiTeKTypol THIy «eHKoxep-aekonep» (Encoder-
Decoder Module); GAN. Okpemo BuinsA0Th MeTomH [1,
2], B SIKMX BHKOPHUCTOBYETHCS HaIliBABTOMAaTHYHE Ha-
ByaHHA (Semi-supervised Learning) Ta HaB4yaHHS 0e3
Bunrens (Unsupervised Learning), a Takox pisHOMaHITHI
riOpuaHI MOZET, SKi OJHOYaCHO BUKOPHUCTOBYIOTH OOHI-
Ba IJIXOIM: SIK Ti, 1110 3aCHOBaHI Ha MOJENX, TakK 1 Ti, 110
0a3yIoThCS Ha TAaHUX.

Po3pobka MeToniB, mo 0a3yloThCs HA BUKOPHCTAaHHI
CNN ckiajae 3Ha4Hy YaCTUHY JOCHIDKEHb B rajy3i BU-
SIBIICHHSI 1 BUJAJICHHs HAcHiAKIB edekry momry. OmHie0 3
nepuux poOiT, B siKii BukopuctoBysanacs CNN Oyna [8].
B Hiifi omucaHO 3aCTOCYBaHHS BiJHOCHO HETTTHOOKOT
(TpHOXIIAPOBOT) 3rOPTKOBOI MeEpeXi Ui BUJIAICHHS 3
300paxkeHHs Opyly Ta Kpareib BOAH 3 00’ €KTHBa KaMepH
yn ckia. [li3Hime, B [9] Oyma mpencraBieHa MOJENb
DerainNet Ha 6a3i CNN, oco0nuBicTIO K01 OyII0O po3mi-
neHHs 300pakeHHs Ha 0Oa3zoBuil (poHOBHIN) map i map
netaneir. B [10] 3ampormoHOBaHO TIIHOMHHY MEpexy Je-
tamizanii DDN (DetailNet) Ha ocHOBi ifei rHOWHHOL
3anumkoBoi mepexi ResNet [11]. Hegomikom mmux meto-
IIiB € He JOCTaTHBO TapHi pe3yNbTaTH, 1[0 OTPUMaHi Ha
300paKeHHSIX 3 BEJIMKHMH Ta HIUIBHUMH CMYTraMH JIOILY.
PoGory [12] nmpucesiueHo po3poOii METOAY BHSIBICHHS i
BUJIQJICHHS JIOIY 3 YPaxyBaHHSM HOTO IIUILHOCTI 3a JI0-
MOMOTO0I0 0araTonoTokoBol MIUTEHOI Mepexi DID-MDN,
0COOJIMBICTIO SIKOT € ONpPAIIOBaHHS 300pa)KEHb 3 PI3HUMHU
piBHAMHE miibHOCTI cmyr pomy. B [13] mpomonyetses
i7ies] BUKOPUCTaHHS MPOCTOPOBOi yBakHOi Mepexi SPA-
Net. Lli MeToau 1EMOHCTPYIOTH T'apHi pe3yjibTaTH y BU-
JAJIEHHI CMYT MOMIy, aje HEeIOCTAaTHBO SKICHO 00poOIIsi-
I0Th €(EKT HAKOMMYCHHS A0ILYy (€PEeKT TyMaHy).

l'ooBHOIO OCOONMBICTIO PEKYPEHTHHX Ta OaraToeTa-
MHUX CTPYKTYp [1, 2] € HasIBHICTH OKpEMHUX €TaIliB 00YH-
CJIGHb BCEpEONHI Mepexi. APXITEeKTypa TaKuX MOIEJeH
CKJIAJTA€THCS 3 TIOBTOPIOBAHUX OJIOKIB, a HAIPHUKIHII KO-
’KHOTO €TaIly MOXKHa OTPUMATH NMPOMIKHHUN BHXiJ Mepe-
XKi, 110 J03BOJISE MOTEHIIIHO 3aCTOCOBYBATH Ili METOIM
JUTS. BUPIIICHHS 3aBIaHb 3 OOMEKCHHMHU OOYHMCIIIOBANIb-
HUMH DECypcamMH, OCKUIBKM MOXKHA BIJIHOCHO THYYKO
PEeryJIIoBaTH KUIbKICTh iTepaliif, TOMy 110 KO)KHa HAaCTy-
ITHa iTepais Jae 300pakeHHs 3 MEHILINM BIUIMBOM JOILY,
HiK momnepenHs Po3rnsgHeMo HaHOIMBII BiOMi METOIH
miei rpynu. Lle Mepexa [y BHSBICHHS Ta BUJIAJICHHS
moury JORDER [14, 15] ta i1 momudikaris JORDER-E
[16], sxi matoTh TapHi pe3yabTaTH y BUIAAKY 3 IIUTBHUMHU
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CMyraMH i HaKOIMYEHHSIM JOILY, OJJHAK 1HKOJIH MOXYTh
MOMHUJIKOBO BHJIAJIUTH BEPTHKAIbHI TEeKCTypu. Momeni
JUId ocTynoBoro BuaaneHHs cMmyr gomy RESCAN [17],
PRN Ta PReNet [18] siki Mmoka3yroTh rapHi pe3yJbTaTH Ha
300paKEHHSX 31 CMyrams JIOIly pi3HMX HaIpsIMKIB Ta
[IUTFHOCTI, ale HEIOCTaTHBO €(EKTUBHO OOPOOIIOIOTH
HAKOIWYCHHS JOLLY, a TAKOX 1HKOJIM MOXYTh PO3MHBATH
(hoHOBI eTaii 300paKeHHS.

[lle omHUM HaNPsIMKOM JIOCIIDKEHB € OararoMaciira-
OHe HaBYaHHS, CYTTIO SKOTO € OJXHOYACHE BUKOPHUCTaHHS
pizHEX MacmTabiB 300pakeHHS AJIi BUKOHAHHS MOTPiO-
HOi 3amaui. Hampukmax, y poOGoti [19] mpomonyeTscs
PO3KJIACTH 3a1a4yy BiIHOBICHHsS 300paKeHHS Ha KijTbKa
miazanay 3a gonomororo Mepexi LPNet. I'omoBHOO miepe-
Barol0 METOJY € IOBOJI BUCOKI MIOKa3HUKU HOTO e(eKTH-
BHOCTI Ta BIJJHOCHA «JICTKIiCTh» Mojeini (0nu3bko 8 Tuc.
rapameTpiB), xo4a 3a KinbKicHUMHU nokasHukamu LPNet
MOCTYNAEThCS OUTBII «BaXXKUM» MOJAENSAM, HaIlpUKIa,
takiit sk JORDER (6inbie 4 MitH. mapameTpis).

Meromu, 10 BUKOPHCTOBYIOTH apXIiTEKTypYy «EHKO-
nep-aexoaep» [2] rapHo mposBIIIN ceOe B pi3HUX 3a/1avax
00poOKH 300paskeHb. B il apxXiTekTypi eHKomep — Me-
pexa, sika mpuitMae BXi/HI JaHi Ta BUBOJUTH HA X OCHOBI
KapTy (BeKTopm) Oo3HaK. JIeKomep TaKkoX € Mepexero, sika
npuiiMae Ha BXiJ] BEKTOP O3HAK BiJ €HKoAepa Ta 3abe3rie-
Yye BiINOBITHICTD MK BUXOZOM MEpeXi i IiTbOBUM 3Ha-
yeHHsM. Hampukian, B poboti [20] mpeacTaBieHo Iiu-
O6unHy Mepexy DAF-Net 3 apXiTeKTypol Takoro THITY,
sIKa YCIIIIHO CHPAaBJISIETHCS 3 BUAAJICHHSIM SIK CMYT, TaK i
e(eKTiB HaKONMYEHHS JIOILY, aJie 1HOJI JIeI0 PO3MHUBAE
(hoHOBI meTali.

Barato mocinimpkeHs y raiy3i BUSBJICHHS 1 KOMIICHCA-
1ii eexTy moury Ha 300paKEHHSAX MOB’sI3aHI 3 BUKOPHUC-
taHAM GAN. Tumnosa apxirektypa GAN ckiagaerbest 3
JIBOX YacTHH: TeHEpaTopa Ta JUCKpUMIHATOpa, JIe JUC-
KpUMIHATOp HAMArae€ThCs OLIHUTH, YH € BUAAHUI reHepa-
TOPOM pe3yNbTaT CIpaBKHIM abo ¢ampmmBuM. Taka pea-
KIis TUCKpUMiHATOpa 3a0e3lnedye TOAaTKOBUH 3BOPOT-
HUH 3B’5130K /IS ONITHMI3allii mapaMeTpiB TeHeparopa st
OTPUMaHHSI Bi3yaJbHO MPUUAHITHUX pe3ylbTaTiB. B pobo-
Ti [21] nyis BUpileHHsS! MPoOJIeMH 3aCTOCOBYIOTH YMOBHY
reHepatuBHy 3MaraiabHy Mepexy ID-CGAN, ska ckiana-
€THCS 3 IIJIBHO-3B’SI3HOTO TeHepaTopa i Oararomaciirad-
HOTO JUCKpUMiHaTOpa. MeTo 1 HeNoraHo BUAANISE CMYTH 1
HaKOIMUYECHHS JIONLY, aJIe HE 3aBXAN epeKTHBHO 00pobIiste
300pa)KeHHs 31 CMyraMH Pi3HOI IIUTBHOCTI Ta 1HOJI MOXKe
TeHepyBaTH Bi3yanbHi apTedaktu. B [22] mpexacraBieHo
TeHEepaTHBHY MEPEeXy 3 MEXaHi3MOM yBard mjis oOpoOKu
e(ekTy came WITbHO HAKONMUYCHUX [OIIOBUX Kparelb
AttGAN. Tomy #ioro 3acTOCyBaHHS IJIsl BUOAJICHHS CMYT
a00 HaKONIYEHHS JOMIY € JOBOJi OOMEKCHHM.

ITompu yci mepeBaru i BUCOKY €(heKTUBHICTh 00OpOoOKH
300pa)KeHb 13 PI3HUMH THIIAMH JOIIOBUX €(EeKTiB, po3-
TIISTHYT] BHIIE METOJM MOTEPIAOTh BiJl 0OMEXeHb Mapa-
JIMTMH HABYAHHS 3 BUMTENEM. [X OCHOBHOKO MPOBIEMOIO €
BHUKOPHCTaHHS BEJIHMKOI KUIBKOCTI TPEHYBaJIbHUX 3pa3KiB,
0 3HAYyHO 30ULIbLIyE TPYIOMICTKiCTh mporecy. Kpim
TOro, B OUIBIIOCTI TaKWX IJIXOIIB BHUKOPHCTOBYETHCS

HaBYaHHS HAa CMHTCTUYHHUX 3pa3Kax, Mo 06M6)Ky€ ix 31a-
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THICTH JI0 y3arajJbHEHHs NpH 00poOI peanbHUX 300pa-
JKEHb.

Jlst BUpimeHHsT mpoOJieM, sIKi MOB’sI3aHi i3 BUKOpPHC-
TaHHSM IapaJurMH HaBYaHHS 3 BUHTENIEM, 3aCTOCOBY-
IOTHCA ITJAXOJW Ha OCHOBI HaBYaHHS Oe3 BUMTEIS Ta Ha-
MBABTOMATHYHOT'O HaBYaHHA. Tak, Hampukmazn, B [23]
npezactaBieno GAN st BUSIBIICHHS 1 KoMIieHcanii edek-
Ty momry 6e3 Buntenss UD-GAN, sxa 0azyeTbcs Ha BBe-
JIeHHI 00ME)XeHb CAMOHABYAHHS 1 BHYTPIIIHIX O3HAK, IO
OTpUMaHi i3 HeMapHUX «YHUCTHX» 300pakeHb Oe3 Aoy i
«3a0pyIHEHUX» 300pakeHb 13 HAacaiAKaMu e(heKTy JOIIy.
Lleit MeTo IEMOHCTPYE MOXKIIUBICTD BHUSBIIATH 1 BUAAJS-
TH HebakaHI HACHIJKH JONIY i3 300pa)keHb, aje 1HKOIU
MOX€ BTpayaTu JesKi gerayi abo reHepyBaTH BizyasbHi
apredakTu 0co0JIMBO y BHIAIKaX 3i IMUIBHUMU CMyramMu
a00 HaKOITMYCHHSM JIOIITY.

VY migxozax, mo 06a3yloThcs Ha HAIliBAaBTOMAaTHYHOMY
HaBYaHHI JOCTAaTHHO IMOUIMPEHUMH € METOAU 3 OJJHOYAC-
HUM BHUKOPHCTaHHSIM CHHTE30BaHUX IMapHUX 1 peabHUX
HEeTapHUX JaHWX. Taka cTparerid xoda i 3MEHIITye BUTpa-
TH Ha OTPUMAaHHA JaHMX 1 3HIKY€E BIUIMB IepeHaBYaHHS
Ha CHHTE30BAHUX [AHUX, aje He 3aBXKIU JEMOHCTPYE
NPUIHATHI pe3ysibTaTd npu oOpoOIl peanbHUX 300pa-
JKEHb.

Amnani3 myOikarii mokasye, o mnpodieMa BUSBICHHS
1 KoMIleHcallil eeKTy JOILy € BeIbMH aKTYaJIbHOO Ta IIe
JlaJieKa BiJl CBOTO OCTaTOYHOTO BUpiIIeHHs. BukoprcTaHHs
JUISL BUPIIEHH i€l Mpo0JieMn YHMCIEHHUX PI3HOMAHITHHUX
MiIXO/IB, ICTOPII0 PO3BUTKY 1 JCTANBHUN OIS SKHX
mpeAcTaBIeHo B [1, 2], cnpuunHeHe OaXKaHHSAM JOCIITHU-
KIB PO3POOUTH «yHIBepCaJIbHUID» METOX JUIs BHAAJICHHS 3
300pakeHb HeO2KaHNX KOMITOHEHTIB JOIY Pi3HUX BHIIIB.
Tomy po3pobka HOBUX OLTBII e(heKTHBHUX METOIIB «OYH-
IICHHS» 300paKeHb € IOCTaTHBO aKTYaIbHOIO.

3 MATEPIAJIM I METON

PexypeHTHI Ta OaraToeTarHi CTpyKTYpH HOIpPH iCHY-
104l HEZOJIIKA HETOTaHo 3apeKOMEHJyBanu cebe y BHpi-
IIEHHI 3aBJaHb BUSBJICHHS Ta BHJAJICHHS HACHiAKIB ede-
KTy JOIIy. IX rOJOBHOIO MepeBarolo Haj iHIIMMH METO-
JlaMH{ € TIOCTYIIOBIiCTh, TOOTO, Ha KOXXHOMY €Talli MOKHa
OTpUMaTH TNPOMDKHHUN pe3ysbTaT, SKUH 3 KOXXHOIO Ha-
CTYIHOIO CTafieio Oyze MmokpalryBaTcs. Tomy came me
MiAXiAg 10 TOOYIOBU CTPYKTYpPH INTYYHOI HEMPOHHOI Me-
pexi Oyno oOpaHO B SIKOCTI OCHOBH [UIS PO3POOKH METO-
Iy BUSIBJICHHS 1 KOMITCHCAIIT €PEKTY JOITy.

PosrinsiHeMO apXiTeKTypy Mepeski OLIbII JeTaabHO.

Mepesxa npeacrapisie cO00I0 PEKYpeHTHY CTPYKTYpY,
JKa Ha KOXKHOMY €Talll 37aTHa BHAABATH ITOBHOLIHHHH
pe3yabTaT — «YUCTEe» 300paXKeHHs 0e3 HacHiAKiB edekTy
moury. KoxkeH 1map Mepexi CKIaaaeTbes 3 TOJOBHOI T'iJi-
KM, sSIKa BUKOPUCTOBYETBCS JJIsl BUSBICHHS 1 BUIAJICHHS
edpexry nmomy Ta Tinku yBaru (Attention Branch), mo
NpU3HaYeHa ISl OKPAIIEHHS 1 PUIIBHUILIEHHS POLIECY
BusiBJIeHHs. ['1Ika yBaru 3acTOCOBYETHCS [Uisi (popMyBaH-
HS KapTH yBaru JIONIy, sIKa Jajli HaJXOIUTh JO TOJOBHOI
rinku. [lpn 1pOMy TrojOBHA TiNKa HISIKUM YHHOM HE
BIUIMBA€ Ha TIIKY yBaru: oOM/BI TUIKM Ha BXiZl OTPHMY-
I0Th BXiHE 300pa)XeHHS (IUIsI MEpIIoro eTarmy) abo mpo-
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MDKHUH pe3ynbraT (st nojaipimux eramiB). Lle 3ade3-
NieYy€e MEeBHUI PiIBEHb aBTOHOMHOCTI po0OTH 000X TmiaMe-
PeX 1 yiTKille BU3HAYA€E POJIb T'UJIKK YBaru, SIK JOTIOMIXK-
HOT MiMEPEexKi.

PosropHyTe npencTaBieHHs 3arajJbHOI apXiTEeKTypu
Mepexi HaBeieHe Ha puc. | (cipuM KONbOpOM BUAIICHI
MeXi OITHOTO OKpPEeMOTo MIapy mepexki). ['omoBHa rinka
CKJIaHaeThesl 3 mapy 3roptku Conv 3 QyHKIIEO HENiHINH-
Horo meperBopeHHs1 ReLU, mapy LSTM, m’stu 610KiB
RAB ta Buxignoro mapy 3roptku Conv.

VY mincyMmky ng miaMepexa GopMmye KapTy yBaru, sika
SIBIISIE COOOI0 OJHOKAHANBHY MATPHIIO 31 3HAYCHHAMHU Y
miarrazoni [0, 1]. Bona Bka3ye Ha MPOCTOPOBHI PO3MOMLT
JIOIIy Ta BHUKOPHCTOBYETHCS MJIsl KEPYBaHHS IPOLECOM
BUSIBJICHHSI 1 BUJAJICHHS €(eKTy IOUly Yy 3alMIIKOBHX
OJ0Kax yBaru.

Ha BXij TiJIKM yBard moJaeThbCs KOHKATCHAIIIS TPOMi-
JKHOTO Pe3yJIbTaTy MOMEPEAHBOT0 eTamy (TpboXKaHaJbHe
300paxenHs y ¢opmari RGB) i1 3HadeHHs monepeaHboi
Mack# (OZHOKaHAJIbHA MATpHI 3 TAaKUMH K IPOCTOPO-
BUMHU po3mipamu) (puc. 1). OkpeMuM BHUIAIKOM € Tep-
I eTan: BXiJ I miaMepexi yBaru popMyeThes 3 BXi-
JTHOTO 300pa)XCHHS 1 OJHOKAHAIBHOI MATpHIIi, 3allOBHE-
Hoi 3naueHusamu 0,5.

MMap LSTM BHKOpHUCTOBYETHCS [UIA TIOIIMPEHHS
O3HAK 1 iX B3a€MO3aJIC)KHOCTEH MK PI3SHUMH €TaraMu JUIs
HOJICTIICHHS BUJAJICHHS CMYT JIOULY. 3aJIMIIKOBI OJOKH
yBark BHOKPEMIIIOIOTH TOTPIOHI B MOJAIIBIIOMY O3HAKH,
KEPYIOUUCh KapTOI YBaru, OTPUMAaHOIO BiJl TIIKH yBarw.
Tob61o0, Ha Buxig RAB BIIHBae He JwIe BUXiJ HOMepe-
JHBOTO ILIapy, a W pe3ysbTar, SIKHH OTPUMAaHO BiJ TiIKK
yBaru. TakoX NOTPiOHO BiAMITHTH OCOOJIMBICTH 3aJIMII-
KOBOTO HaBYaHHS Ili€i Mepexi: BUXIOHWI IIap 3rOpTKU
(dopmye 300paskeHHs, SIKE BIANIOBITA€ BiJI'€MHOMY MIapy
nomty. ITicast ogaBaHHS BXiJHOTO 300pakeHHS Ha BUXOJI
OTPIMYEMO «YHCTE» 300pa)keHHs 0e3 HacHiIKIiB edeKTy
Jomty.

l'inka yBarm mpezncTaBisie cOOOI0 OKpPEMY MiIMEPexy
(puc. 2). Bona ckianaetbes i3 mapy 3roptka Conv 3 mo-
JnanbiuM 3actocyBaHHaM (yskuii ReLU. [ani #inyts
n’saTh 3anuikoBux OsokiB (Residual Block) Ta Buximuuii
mrap 3roptku Conv.

s rika moTpiOHA /I 3aXOIUICHHS IPOCTOPOBOT KOH-
TEKCTHOI iH(OpMalii 3 METOI0 BUAIJICHHS O3HAK JOILY:

CMYT PI3HOTO HAMpPSIMKY Ta IIUIEHOCTI,
dopMu 1 T. 1.

[puknaan BXiZHOTO 300paXKCHHS 3 HASBHUM €(EKTOM
JIONTY Ta Bi3yami3amis BiANOBIOHOI HOMy KapTH yBaru 3
OCTaHHBOTO €Tally HaBe/IeHI Ha puc. 3.

Kpareib pi3HOi

Residual Block
Residual Block
Residual Block
Residual Block

Conv + RelLU
Residual Block

Pucynok 2 — ApxiTekTypa riIka yBaru

H M’ | fl\\\ " \Y‘ ‘\l’| "

rOTh

ik

Pucynox 3 — [puknan BXimHOTO 300paskeHHS 1 BIIIIOBI-
HOI lOMy KapTu yBaru

Takum 9rHOM, TiJIKa yBaru 03BOJISIE MPHUOIN3HO ife-
HTH(DIKYBaTH PETiOHH, IO MOUIKO/KEHI HaciIKaMu ede-
KTy foury. Yepes BiJHOCHO MPOCTY CTPYKTYpY MiAMepexi
yBar# npsiMe BUKOPUCTaHHSI OTPUMAaHUX KapT MOXe OyTH
HEC(PCKTHUBHUM, OCKUTBKM KpiM OOJIACTEeH JOUly BOHH
TaKOX MOXYTb BUJAUIATH OKpeMi nerani (OHOBHX TEKC-
Typ. ToMy 3ampomoHOBaHa MEpEka 3aCTOCOBYE KapTH
yBard JIMIIE sSIK JOJATKOBY iH(OpMAIito IS MPUCKOPEH-
HSl TIPOIIECY BUSIBJIICHHS PETIOHIB JONIY TOJIOBHOIO Til-
KOIO.

lonoBHa mimMmepeka MIiCTUTH B cOOi IT'SITh TTOCITIOB-
Hux 010KiB RAB, KOXEH 3 SIKMX CKJIAIacThCs 3 IBOX I10-
cimitoBHHX mapiB 3roptku Conv i 3acTocyBaHHS (YHKIIii
ReLU Ta e oxnoro mapy Conv, miciist SIKOTO OTPUMaHHN
pe3ynIpTaT MEepeMHOXKYEThCA 3 KapToro yBaru (Attention
map), sika HaJXOAUTh BiJ] TUIKU yBaru. [aii 1o pe3ysbra-
Ty AOAAETHCS BXiJl OJIOKY IIISIXOM BUKOPUCTaHHS MPOILY-

Pucynok 1 — 3arasipHa apxiTeKTypa 3aIpOHOHOBAHOI MEPEexi
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ckHoro 3’eaHanHA. [Ticns 1poro Ha BUXO. 1€ pa3 3acTo-
coByetbes QyHkiis ReLU (puc. 4). Takox 0coOIMBICTIO
apxiTeKTypu OJIOKY € Te, IO Jpyra 3ropTka Mae Koedii-
€HT PO3IIMPEHHS, KU JopiBHIOE 2. 30LnbIIeHHs Koedi-
LIE€HTY JONOMAra€e OXOILTFOBATH OUTBIIHIA KOHTEKCT iH(]O-
pMarii i, SIK HaclliJoK, I€MOHCTPYBAaTH BHILY €(eKTHB-
HICTH IIPH OJTHAKOBIH TTHOWHI MEepexKi.

Pucynok 4 — Apxitektypa 61oky RAB

Iefi 6iOK BHOKPEMITIOE O3HAKH, IO HEOOXiTHI JUIs
BUSIBJIICHHS oOacTell Aoy Ta iX MOJajbIIOro BUAAJICH-
Hs1. [licnst TpeThoi 3ropTKM OTpUMAaHI O3HAKH IMEPEMHO-
KYIOTBCS 3 KapToro yBaru (puc. 4). OCKiIBKH KapTa Mic-
TUTH 3HaYeHHS y miama3oHi [0, 1], me MokHa iHTEpIpeTY-
BaTH K MOCIAOJICHHS O3HAK, SIKi Ha AYMKY TiJIKH yBard,
HE BIIHOCATHCS JI0 PETioHiB gomry. Tum camum mimmepe-
’a yBaru peryJitoe Pe3yabTaT FOJIOBHOI I'IKH.

PosrisiHeMoO Tenep nporec HaB4aHHS 3alpOIOHOBAaHOL
MepexKi.

Sk OyJno 3a3Ha4YeHO BHMINE, OCOOJIUBICTIO 3alPONOHO-
BaHOT Mepexi € ii peKypeHTHa, IOCTyNoBa MPHPOAA, a
TaKOX HAasBHICTH JIBOX MNapalielbHUX TLIOK OOYHCIICHb.
Ile crnonykae a0 ¢opMyBaHHS KOMOIHOBaHOI (YHKIIIT
3araJbHUX BTpaT, sfika O BpaxoByBaJa pe3yJbTaTH, IO
OTpHUMaHi Bif 000X MiZMEpex, 3 METOI ii MOAAIBIIOT
MiHiMizanii. Tomy ¢yHKIi0 3aransHux BTpar L mpomo-
HY€ETHCS] 00YUCITIOBATH 3a (HOPMYIIOI0:

L:LM +LSS|M +LA. (1)

OyHkIig BTpaT L)y BUKOPUCTOBYIOTHCS IJISI BUMIPIO-

BaHHS TOYHOCTI MOMIKCETHLHOTO BIHOBJICHHS 1 TOPIBHIOE
3HaueHHI0 MAE MiX BUXOJJOM Mepexi i HiJTbOBUMHU «4H-
CTHMM» 300pakeHHsIME 0e3 edekTy momry. s mepexi 3
t eramamu, NPOMDKHHMH BHXOZAMH Y, Yo,..., Yt 1

KiHIIEBUM BUXOJOM Y; QyHKUis Ly, pospaxoByerscs 3a
(dhopmyioro:

N
o= S -1,

3naueHHs Lgg))y BUKOPUCTOBYETBCA [ULA PEryJIOBaH-
HSl CTPYKTYPHOI HOAIOHOCTI MK KiHIIEBUM BHXOJOM Me-
pexi Y i ninbosum 306paxkenHaM Y, i=1,N Ta 06uu-

CJIFOETHCS Ha OCHOBI iHAekcy SSIM [25] Takum YuHOM:
1 -
Lssim ZWZ(I— SSIM(yy,» ¥i)) -
i=1
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Ha BinMiHy BiJl IOMIKCENBHOTO TIOPIBHSHHS 3 BUKOPH-
crannsiM MSE a6o MAE, innekc SSIM BinoOpaxye cry-
MiHb MOJIOHOCTI 300paXKCHb SIK KOMOIHAI[II0 TPhOX (hak-
TOpIB: CTPYKTYPH TEKCTYP, SICKpaBOCTi Ta KOHTpacty. Lls
ocobmuBicTe SSIM 103BOIISE Kpallle OL[IHIOBATH CXOXKICTh
3 TOYKH 30py Bi3yaJIbHOTO CHPUHHATTA 300pa)KeHHs JIF0-
JIMHOIO.

Juis orrtuMmi3ariii mapaMeTpiB TUTKA yBard 3aCTOCOBY-
eThest ByHkiist BTpat Lp . Ii 3Hauenns obuncmoerses, sk

MOMIKCEIbHA PI3HUIIE MK IiJICYMKOBOK KapTOH YBaru
a; Ha erami t Ta GiHapPHOIO KAapTOO PETioHIB JoITy M 3a

nornomororo MSE Takum 4ruHOM:
1 2
i=

Binapna KapTa perioHiB JOIIy — [Ie MaTPHIL, IO Mic-
TuTh 3Ha4eHHA 0 Ta 1, ge 1 BKa3ye Ha Te, MO AaHUI MiK-
celb «HOKPUTHID» JommeM, a 0 BKasye Ha Te, IO IiKCelb
«auctuit»y. Taka OiHapHAa KapTa MOXe OOYHCIIOBATHCA
IUIXOM BHU3HAYEHHS MOPOTOBOI PI3HMINI MiX 300paskeH-
HSM 3 JOIIEM Ta «YHUCTHM» 300pakeHHSAM abo HampsMy
Opatucs 3 HaOOpy MaHMX, SIKIIO BiH HAJTA€ TaKy MOXKIIHU-
BicTh. [Ipukian OGiHapHOI KapTH PETIOHIB AOIILY Ui 30-
OpaskeHHs IpeICTaBIECHUI Ha puc. 5.

4 EKCHEPUMEHTHA
B sixocti HaOOpiB MaHWX I MPOBEACHHS SKCIIepUME-
HTAJIBPHUX JOCHI[DKCHb OyJIM BHKOPUCTAaHI JaTaceTH
Rain100H ta Rain100L [14]. O6unBa HabOpH € CHHTE30-
BaHUMH, ajJie MAlOTh Pi3HI KUIBKICHI Ta SKICHI XapakKTepH-
CTHKU.

ait 3

Pucynok 5 — 300pakeHHs Ta BiAMOBigHA P’IOMyI OinapHa Kapfa
perioHiB gouty

Habip Rainl00H wmictutes 1800 300paskeHp pi3HOTO
po3mipy Ta mpomopuiii s HapdaHHA Ta 100 300pakeHb
JUIS TECTYBaHHS 3 II'SIThMa HalpsIMKaMH cMyr jgomly. B
Habopi Rain100L mictutsest 200 300pakeHpb Uil HaBYaH-
Hs Ta 100 300paskeHb 1 TECTYBaHHSI, ajie JIUIIE 3 OJTHUM
TUIIOM CMYT joiy. O0uIBa AaTaceTH KPIiM CHHTE30BaHHUX
300pakeHb 3 JIOMIEM 1 «YUCTHX» OPUTIHATIB TaKOXK Mic-
TATh OIHapHI KapTH PETioHIB JONIYy, SKi BUKOPHUCTOBYBa-

JIMCSL TTiJ] Yac TPEHYBaHHS MEPexi.
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Jnst npakTr4HOi peasizaiii 3apOIIOHOBAHOIO ITiJX0-
ny Oynu BUKOpHCTaHI MoBa TnporpamyBaHHs Python,
(dpeiiMBopk MammuHHOrO HaB4yaHHs PyTorch, 6i0mioTeku
st 00poOku 300pakens OpenCV Ta scikit-image. Ha-
BYaHHS Mepexi BiOyBanocs 3 BUKOPHCTaHHSIM MOXKIIU-
Bocreit xmMapHoi margopmu Google Colaboratory.

Sk Oyno 3a3HaueHO BHIIE, 3AIPOIIOHOBAHA MeEpeKa
CKJIaJTA€THCS 3 TOJIOBHOI TUIKH 1 TUTKK yBaru. ['inka yBaru
Mae€ TaKi MmapaMeTpy: KiTbKICTh BXiJHHUX, MPUXOBaHUX Ta
BHUXITHUX KaHaTiB. B 3ampormoHOBaHii apXiTeKTypi rigka
yBaru NpuiMae YOTHPbOXKAaHAJIBbHY MaTPHLIO, a HA BUXO-
Il oTpuMye OJHOKaHaNbHY. s moTpmmanHS OamaHcy
MIDX pO3MIipOM MoJielTi, 4acoM i1 HaByaHHS 1 eeKTHUBHIC-
TIO poOOTH Mepexi OyJI0 BUPIlLIEHO BUKOPUCTATH 32 NpH-
XOBaHI KaHaJHM SIK JUIS TIIKH YBard, Tak 1 A1 BCIiX IHIIHX
MOJyIiB. B SIKOCTI mapy 3ropTKM BUKOpPHCTaHa CTaHIap-
THa 3ropTka po3mipom 3x3. I'iika yBaru MiCTHTh B cOOi
II’STh 3AJIMIIKOBHUX OJIOKIB 31 CTaHAAPTHUMHU 3rOPTKaMHU
po3mipom 3x3. I'o;oBHa risika B CBOIO Yepry MICTUTh
II'SITh 3aIMIIKOBHX OJIOKIB yBarW, B SIKMX CTaHIapTHa
3ropTka 3%3 3 Koe(illieHTOM PO3IMIMPEHHS, 0 TOPIBHIOE
1 gepryeTtbes 3i 3ropTKOIO 3 KoedimieHToM 2.

[loBHa Meperxa, 0 BUKOPUCTOBYETHCS ISl BUPILICH-
HS 3aBJaHHS BUSBJICHHS | KOMICHCAI] eeKTy 0Ny JUIS
OIMHOYHHX 300paXKeHb BKIIIOYA€ B cebe yCi BHIEONMHUCaH]
mozyni. Ii mapameTpamm €: KijbKicTh eTamiB Ta 4YHCIO
NPUXOBAaHUX KaHaiiB. ONTHMAIbHUMH 3HAYCHHSIMHU IS
[UX MapameTpiB € 6 Ta 32 BiINOBIIHO.

5 PE3YJIBTATH

Jns tpenyBaHHs Mepexi y HaOip RainlOOH Oynm
BHECEHI IeBHI 3MiHU: OyJI0 BUSBIICHO, 10 546 300pakeHb
3 edexTom somry 3 1800 HaBYaNBHMX 3pa3KiB MalOTh Ta-
KMH caMHii BMICT (OHY, SIK 1 TecToBi 300pakeHHs [18].
Tomy 1i 546 300paxkeHb OyiM BUKIIOUEHI 13 TPEHYBaJb-
HOTO HaOOpYy, a JUII HaBYaHHS MO OyJI0 BUKOPHUCTAHO
pemry 1254 300paxens. s 301TbIIEHHS TPEHYBATBHIX
Ha0OpiB HaBYaHHA MPOBOAWIOCS HE HA IMTOBHOPO3MIPHHUX
300paxkeHHsX, a Ha obOaacTsx po3mipom 100x100. Tomy
po3mip HaGopy Rainl00H 3pic go 18810 3paskis. s
Rain100L momaTkoBO 3aCTOCOBYBAJIOCS TOPH3OHTAJILHE
BiJ/I3epKajeHHs, ToMy BiH Bupic 10 6000 3pa3kis.

Po3mip BXiJHOTO MakeTy CTaHOBHB 16 300pakeHb.
Jns ontuMizanii nporecy HaBYaHHS MEPEXi 3aCTOCOBY-
BaBcs Meton Adam [26]. [ToyaTkoBa MIBUAKICTh HABYAH-
Hs cra”HoBwia 0,001. 3anpornoHoBaHa MOJENb HaBYaIacs
mpoTsarom 30 emox Ha KOKHOMY 3 0OpaHux HabopiB. Tpu-
BaJIiCTh HaBYaHHS OfHiei emoxu Ha Habopi Rainl00H 3
BHKOPHCTaHHAM TpaiqvHOTO Mporecopa CTaHOBWIIA TPH-
omu3Ho 20—25 xB. I'padik 3MiHM 3HA4eHHS (YHKIIi BTpaT
(1) mnsa 3amporoHOBaHOI MOJENi 3 BUKOPHCTAHHIM Habo-
py Rain100H HaBexeno Ha puc. 6.

B sikocTi MEeTpHK Uil OLIHKK TPOLECy Ta SIKOCTI Ha-
BYaHHs Mepexi Oynu obpaHi criiBigHomeHHs PSNR [27]
ta ingekc SSIM [25]. I'padiku 3minu 3nHadenr PSNR i
SSIM nanst 3anporoHOBaHOiI MepeXi 3 BHUKOPHCTaHHSAM
Habopy Rain100H HaBeneHi Ha puc. 7 Ta 8 BIAMOBIAHO.
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Pucynok 6 — I'padix 3MiHn 3HaueHHs QyHKIIT 3aralbHUX BTPAT
quist Rain1 00H

Pucynok 7 — I'padix 3minu 3Hauenns PSNR s Rain1 00H

Pucynoxk 8 — I'padix 3minu 3aagenss SSIM ans Rainl 00H

Tako, Ha 0CHOB1 o0unciaeHHs 3HadeHb PSNR i1 SSIM
OyJI0 TpOBelICHE MOPIBHSHHS 3alPOIIOHOBAHOI MOJIEINI 3
IHIIAMA BiJOMHMH METOJaMH, SIKi IIHPOKO BUKOPHUCTO-
BYIOTBCS JIJISl BUSIBJICHHS 1 BHIAJCHHS HACHIIKIB eeKTy
noury 3 ogrHOUHUX 300pakeHs: JORDER [14], RESCAN
[17] Ta PReNet [18].

BapTo 3a3naunTy, mo Ha BiAMIiHY BiJ] iHIIUX METOMIB,
s JORDER meTpuku HampsiMy OOYHCITIOBAIUCH 3 pe-
3ynbTatamu, mo Oynu orpumadi B [18].PesdynbraTn Tec-

TyBaHHsI METOJIIB MPECTaBNIEH] B Ta0I. 1.
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Tabnuns 1 — Pe3ynbratu TecTyBaHHS METOJIB

Meroau
RESCAN PReNet

Habopu JORDER

JaHUX

3anpomnoHo-
BaHU
METON
PSNR | SSIM | PSNR | SSIM | PSNR | SSIM | PSNR | SSIM
Rainl100H | 25,22 | 0,801 | 27,54 | 0,842 | 27,65 | 0,875 | 27,66 | 0,874
Rainl00L | 35,25 | 0,968 | 35,32 10,969 | 35,76 | 0,973 | 35,78 | 0,971

BisyanpHe MTOpIiBHAHHS SKOCTI OOpOOKH («OUHIIEH-
HS») 300pa’keHHSI 3 BUKOPHCTaHHAM DPi3HHX METOIB Ha
puKIaai 300paxenHs 3 Habopy Rainl00H nmpencrasnene
Ha puc. 9.

Kpim 11p0r0, Takox OyJ0 MPOBEEHO Bi3yallbHE MOPi-
BHSHHS SIKOCTI 00pOOKH pearbHUX 300paxeHs 3 edekrom
JIOILY PI3HUMH METOJIAMH.

Ockinbku st merogy JORDER ne Gyno MoxnuBocTi
BHUKOpHCTAaTH HaTPEHOBaHY MOJEJb, BiH HE MPHUIMaB y4a-
cTi y mopiBHAHHI. [J)1g iHIIUX MeTomiB OyIIN MPOTECTOBA-
Hi Mojemni, ski Oynu HaBueHi Ha Habopi Rainl00H. Pe-
3yJIbTaTH 0OpOOKM Ha NPHKIAAl pealbHUX 300pakeHb 3
edexToM Jomry mpencTaBieHi Ha puc. 10.

6 OBTOBOPEHHS

AHaJli3 OTPUMAHUX pE3YJbTATIB IO3BOJISE 3POOHTH
BHUCHOBOK, 10 3alpPOTIOHOBAHUI METOJ JIEMOHCTPYE JI0-
CTaTHHO HENOTaHi Pe3yNbTaTh MOPIBHIHO 3 iHIIMMHU. Bin
nokasye Bumli pesyibratd, Hixk JORDER Ta RESCAN 3a
nmokasHukamu 000x merpuk: PSNR i SSIM (tab6n. 1). B
nopiBHsiHHI 3 PReNet MeTon mokasye Kpamii pe3yibTaTu
3a ouinkoro PSNR, ane Tpoxwm ripmii 3a ingekcom SSIM
(tabm. 1).

Crnig BiIMITHTH, IO po3poOJcHA MOIENb MpPOTpae
RESCAN i PReNet y «po3mipax». Borna mae 226 Tuc.
napameTpiB, JORDER — Gimemre 4,1 mma., RESCAN —
6mm3pko 150 tuc., a PReNet — 6mm3pko 95 Tue. Leit dpakt
BIUIMBA€ Ha €(DEeKTUBHICTP ii 3aCTOCYBaHHS 3 TOYKU 30py
BUKOPHUCTaHHS O0YHCITIOBAIEHIX PECypCiB.

BizyanbHe TOpIBHSIHHSI OTPUMAHUX pPe3yJIbTaTiB CBijI-
YUTh MPO Te, WIO 3aMPONOHOBAaHUN METOX NIEMOHCTpPYE
HabaraTo Kpalli pe3y/ibTaTd 3 TOYKU 30pY CHPUHHATTS
moauan nopiBHsAHO 3 JORDER a6o RESCAN i Tpoxu
kpaie 3a PReNet (puc. 9).

Pucynok 9 — Bi3yasibHe MOpiBHSHHS SKOCTI 00p0oOKH 300paXKeHHsI Pi3HUMH METOJaMH
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Pucynok 10 — BizyanbHe HOpiBHSIHHS SIKOCTI 0OPOOKH peaIbHUX 300paKeHb PI3HUMH METOaMU

Po3pobieHa Monenb OCTAaTHHO HENOTaHO BHAAIISE
CMYTH JIOILY, ajle MOXKe I'eHepyBaTH IIeBHI apTedakTy, K
MOKa3aHo B 00J1acTi 300paKeHHS, 1[0 BH/IIICHA YSPBOHOIO
pamkoio (puc. 9) abo po3MHBaTH TEKCTYpPH, SIK IMOKAa3aHO
B perioHax, sKi BUJIIJICHI 3€JIEHOI0 Ta POXKEBOIO paMKaMHU
(puc. 9).

I3 orpuMaHuX pe3ynbTaTiB Bi3yaJbHOTO TMOPIBHSIHHSI
SIKOCTI 00pOOKH peaTbHUX 300paKeHb PI3HAMHU METOIaMHU
(puc. 10) MoxHa MOOAYNTH, IO 3aMPONOHOBAHUN METOJ
He 3aBXKIH BUAAISE BCI CMYTH JOILY Ta iHKOJIH PO3MUBAE
¢onoBiI TekcTypu. Takok BiH Mae MeBHI TPYTHOIII 3 00-
pobkoro edekTy TyMaHy (HAKONHMYEHHS MAOIIY), aje e
OB’ 3aHO 3 THM, IO HaBYAJIbHA BHOipKa Maiibke He Mic-
THJIa 3pa3KiB 3 ePeKTOM MOMIOHOTrO THIy. Pazom 3 Tuwm,
peaitizoBaHa MOJENb Ja€ HabaraTo Kpaiii Bi3yaibHI pe-
synbraty Hixk RESCAN. ¥V nopiBusiHHI x 3 PReNet ckia-
JTHO 3pOOMTH OJHO3HAYHUI BUCHOBOK, METOAU JIEMOH-
CTPYIOTh NPUOJIM3HO OJHAKOBY Bi3yaJlbHY SIKICTb pe3YJlb-
taty (puc. 10).

TakuM YMHOM TNOCTa€ MHUTAHHS MPO TOJAJIBINE BIOC-
KOHAJICHHS] METOy JUIsl OTPMMaHHS KPaIluX pe3yJIbTaTiB.

BHUCHOBKH

B po6oTi 3anmpornoHOBaHO METOX PO3B’SI3aHHS aKTya-
JBHOTO 3aBJAHHS BHABIICHHS 1 BHOANEHHS HeOaKaHMX
HACITIAKIB e(eKTy IOIly 3 OOUHOYHHUX 300pa’keHb, KUl
0a3yeTbcs HAa BUKOPHCTAaHHI 3TOPTKOBOI HEHPOHHOI Me-
peXi 3 PEeKypeHTHOI0 0araToeTarHOI CTPYKTYpOIO Ta
MEXaHi3My yBarH.

Jlo mepeBar po3poOJCHOro MiAXOMy CIiJ BiXHECTH
«MOJYJIBHY» CTPYKTYPY HEHPOHHOI Mepexi, sika BUKOPH-
CTOBYETBCS /ISl «OUMIIEHHS» 300pakeHHs. ApXiTeKTypa
TaKOT MEPEeXki CKIAJTAEThCS 3 TOBTOPIOBAHUX OJIOKIB (11Ia-
piB) 1 Ha BUXO/i KOXKHOTO HIapy 37aTHA BUIABATH IIOBHO-
IHHUHA Pe3yIbTaT — «YHUCTES» 300paKeHHA 0e3 HACIIMIKIB
edexry momry. ToOTO Ha BMXOII KOXKHOTO HACTYITHOTO
mapy MepeXki MH OTPHMYEMO OLUTBII «SIKiCHO OYHIICHE»
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300pakeHHS BiJ] HeOaKaHUX KOMIIOHEHTIB JIOMIY HiX IT0-
nepenHe, 0 JI03BOJISIE MiJBUINUTH TPOAYKTHUBHICTH Ta
e(heKTUBHICTb BUKOPHUCTAHHS 3aIPOTIOHOBAHOTO METOIY.
Ile miaTBEpIKYIOTH pE3yJIbTaTH EKCHEPHUMEHTAIBHIX
IOCHIKEHD.

B pesynbraTi TecTyBaHHA METOJ MOKa3aB JOCTATHBO
BHCOKI 3HadueHHs Toka3zHukiB PSNR (27,66 Ta 35,78) i
SSIM (0,874 Ta 0,971) mis HabopiB ganux Rainl00H ta
Rain100L gigmoBigno. OTpuMaHi pe3yJibTaTH CYTTEBO
MEPEBUIIYIOTh MOKa3HUKK Takux MeronaiB sk JORDER
a6o RESCAN. IlopiBasiHo 3 PReNet 3anponoHoBaHHi
MeToJ IeMoHCTpye Bumli 3HadueHHsS PSNR i mokasye He-
BEJINKY TIepeBary y SIKICHHX pe3yJbTaTax Bi3yaJbHOTO
CHPUHHATTS 300pakKEeHHS, aJie IPH IbOMY OTPUMYE TPOXHU
MeHmIi 3HaueHHsT SSIM Ta Mae «OibIIuiA po3mipy.

HaykoBa HoBHU3Ha po0oTH.

1. Briepiie 3anponoHOBaHO METOJ BUSIBJICHHS Ta BU-
JTAJIEHHS. KOMIOHEHTIB JOIIy 3 OJWHOYHHX 300pa’keHb,
KU 0a3yeThCs Ha BHUKOPUCTAHHI PEKypeHTHOi OaraTo-
eTanmHoi CTPYKTypH HelpoHHOI Mepexi. KoxeH map Me-
PeXi CKIAMAEThCS 3 IABOX TUTOK (MiaMepex) i Hesaie-
HOI (TapaenapHol) 00poOKK 300pakKEeHHs: TOJ0BHOT Tij-
KM, sSIKa BUKOPUCTOBYETBCS JJIsl BUSBICHHS 1 BUIAJICHHS
e(eKTy Jolly Ta TUIKK yBard, IO MPH3HAYEHa sl I10-
KpalleHHs 1 NPHUIIBHIIECHHS MPOLecy BHUBICHHS (pop-
MYBaHHS KapTH yBaru jaouty). bararoeramnna apxitexrypa
Mepexi JI03BOJISIE TOTEHIIHHO 3aCTOCOBYBATH LIEH METO]
JUIsl BUPIIICHHS 3aBJJaHb B YMOBaX OOMEXEHHX OOUHCIIIO-
BAIBHUX DPECYPCiB, OCKIJIBKM BOHA JIO3BOJISE BiJHOCHO
THYYKO PETYIIIOBATH KUIBKICTh €TaliB (IIapiB), TOMY IIO
KO)KHAH HACTYIMHHH eTam Ja€ 300paKeHHS 3 MEHIINM
BIUIMBOM JIOITY, Hi’K TOTIEPEAHIHN.

2. YIOCKOHAJICHO TpOoIleC HaBYaHHS MEPEXKi 3aBISKA
BBE/ICHHIO KOMOiHOBaHO1 (yHKii 3aranbHux Brpar (1),
sIKa BPaXOBY€ Pe3yJIbTaTH, 1110 OTPUMaHi BiJi 000X miame-

pex (mapaneinbHUX TJIOK OOYUCIICHB).
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IIpakTHYHA 3HAYMMICTH pe3yJabTaTiB poOOTH MOJIS-
rae B TOMy, LIO 3allpONOHOBAaHMHN MiJIXiJ Moxe OyTH yc-
MIITHO 3aCTOCOBAHUN B SKOCTI MOIEPEIHBOIO €TaIy aB-
TOMaTH3alil npouecy oOpoOkH 300pakeHb B IHTENEKTYya-
JBHUX CHCTEMax PI3HOTO CHpsIMyBaHHS. 30Kpema, CHC-
TEM, SIKi BUKOPHCTOBYIOTBCS ISl aHAI3y TPAaHCIOPTHHUX
MIOTOKIB, MOHITOPHHTY TEpHUTOPIii 32 JOMOMOIOK Kamep
30BHINIHBOTO CIOCTEPE)KEHHS, HaBiramii Ha JOpo3i It
CHCTEM aBTOHOMHOI'O KEPYBaHHs TPAHCIIOPTHHMH 3aco-
6amu, 00poOKH pe3ynbTaTiB aepohOoTO3HOMKH TOIIIO.

IlepcnekTUBH NOAANBIIUX AOCTiXKeHb. [lomans-
M PO3BUTOK PO3POOJICHOTO METOAY IIOB’S3aHUH 3 JO-
CHII/DKEHHSIM ~ MOXJIMBOCTI BUKOPHCTaHHS  CTPYKTYpH
OB’ A3aHUX MIXK COOOIO HIUTBHO3B’ SI3HUX OJIOKIB Ta BIPO-
BaJDKCHHSI KUTBKOX MapajieibHUX IMiAMEPEK I peaiza-
ii 6aratomacitabHOT apXiTekTypu. Takox JT0oBOJI mepc-
MIEKTUBHUM € (hOpPMYyBaHHsI OKpEMOI IiIMepexi i ycy-
HEHHS1 PO3MHUTOCTI Ha 300pakeHHi Ta i1 00’€THaHHS 3 OC-
HOBHOIO TIJIKOIO MEpeXi, II0 3pOOHTh MOJENb OUIBII
«CTIMKOIO» N0 Pi3HUX (GOpM edeKTy moury mpu oOpoodI
300pakeHb. [ migBUIIEHHS KUTbKICHUX 1 AKICHUX TTOKa-
3HHUKIB €(eKTUBHOCTI METOAY IOLIIHHO IPOBECTH Ha-
BUaHHA Mepexi Ha HabopaxX HaHWX, MO MICTATH 3pas3Kd
300pa)XeHb 3 PI3HUMU TUIIAMH €(EKTY JIOIY.
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aBTopamu y 2021-2022 pokax B pamMKax BUKOHaHHS Jep-
KOIODKETHOTO HAayKOBO-JIOCIITHOTO TMPOEKTY «[mboki
riOpuaHi cUCTeMH OOYHCITIOBAIBHOTO IHTEJIEKTY JUIS aHa-
Ji3y TOTOKIB JIaHMX Ta iX LIBHJKE HaBYaHHS» (HOMEp
nepxapHoi peectpaii 0119U001403) Ha kadenpi mryy-
HOTO iHTENEKTy XapKiBCHKOTO HaIllOHAJILHOTO yHIBEPCH-
TETy paJlloeJIEKTPOHIKH.

ABTOpH BISAYHI KOJNETaM 3a MATPUMKY ITiJ] 9ac TOCHTi-
JDKEHHS Ta aKTHBHY Y9acTh B 0OTOBOpEHHI pe3yIbTaTiB.
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REMOVAL OF RAIN COMPONENTS FROM SINGLE IMAGES USING A RECURRENT NEURAL NETWORK

Petrov K. E. — Dr. Sc., Professor, Head of the Department of Information Control Systems, Kharkiv National University of Ra-
dio Electronics, Kharkiv, Ukraine.

Kyrychenko V. V. — Master Student of the Department of Artificial Intelligence, Kharkiv National University of Radio Electron-
ics, Kharkiv, Ukraine.

ABSTRACT

Context. Removing the undesirable consequences of rain effects from single images is an actual problem in many computer vi-
sion tasks, because rain streaks can significantly degrade the visual quality of images and seriously interfere with the operation of
various intelligent systems, which are used for their processing and further analysis.

Objective. The goal of the work is to develop a method for detecting and removing undesirable effects of the rain from single
images, which is based on the using of a convolutional neural network with a recurrent structure.

Method. The main component of the proposed method is a convolutional neural network, which has a recurrent multi-stage
structure. A feature of this network architecture is the use of repeated blocks (layers), at the output of which you can get an interme-
diate result of «cleaning» the original image. Moreover at the output of each next layer of the network we get an image with less
influence of rain components than on the previous one. Each network layer contains two independent sub-networks (branches) for
parallel image processing. The main branch is designed to detect and remove the effect of rain from the image and the attention
branch is used to improve and speed up the process of detecting undesirable rain components (for rain attention map formation).

Results. An approach has been developed to automatically detect and remove the rain effect from single images. The process of
“cleaning” the original image is based on the use of a convolutional neural network with a recurrent structure, which was trained on
the Rain100H and Rainl100L datasets. The results of computer experiments, which testifies to the effectiveness and expediency of
using the proposed method for solving practical tasks of pre-processing “contaminated” images are presented.

Conclusions. The advantage of the developed method for removing undesirable components of rain from images is that the re-
current multi-stage network architecture, on which it is based allows it to be potentially applied to solving tasks under conditions of
limited computing resources. The proposed method can be successfully used in the development of intelligent systems for area moni-
toring with surveillance cameras, autonomous vehicles control, processing aerial photography results, etc. In the future, it should be
considered the possibility of forming a separate sub-network to eliminate blurring in the image and train the network on datasets that
contain image samples with different components of rain, which will make the method more «resistant» to different forms of the rain
effect and increase the quality of image “cleaning”.

KEYWORDS: image processing, rain effect, rain streaks, deep learning, convolutional neural network, attention mechanism.
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TEXHOJIOT'ISI AHAJII3Y YKPAIHOMOBHUX TBITIB JIJ151
MPOTHO3YBAHHS 3MIHU JUHAMIKH I'POMAJICBKOI TYMKH HA
OCHOBI MAHIMHHOT'O HABYAHHA

Hpokinmuyk O. A. — wmarictp kxadenpu «laHdopmauiiini cucremu Ta Mepexi», HamioHanbHUI yHIBEpCcUTET
«JIpBiBCBHKA MOMiTEXHIKaY», JIBBIB, YKpaiHa.
Bucouska B. A. — kaHn. TexH. HayK, IOIEHT, nomeHT Kadenpm «ladopmariiiHi cucreMu Ta Mepexi,

HamionansHuit yHiBepcuteT «JIpBiBChKa MOINiTEXHIKaY, JIbBIB, YKpaiHa.

AHOTANIA

AKTyaJIbHiCTB. ABTOMATH3ALlIs JOCIIKEHHSI TPOMaICHKOT J{yMKH JIO3BOJIHUTH HE TiJIbKM 3MEHIIUTH KiJIbKICTh Py4HOT Mparii, a i
OTPUMYBATH 4YacOBi 3pi3H pe3ylbTaTiB 0e3 JIOAATKOBUX 3yCHiIb. OCKIJIBKM MOTPIOHO YHHUKHYTH IIPSIMOi B3a€MOJIIT 3 pECIIOH/ICHTaMH,
rpOMajJChKy IyMKY HEoOXiJHO aHali3yBaTH Ha OCHOBI jukeper ii BitbHOro BupaxkeHHs. ColiaibHi Mepexi 4y10BO MiIXOIATh Ha L0
pOJIb, TaK SIK TaM JIIOAU BiTbHO MyOIiKYIOTh CBOi AyMKH ab0 €MOIIHHO MPaBAMBO pearyioTh Ha OmyOJiKoBaHy iH(pOpMaIil 1010
MeBHUX Mofii. CTaTUCTHKA MOKA3ye, 0 AaHUX 13 COUIAIbHUX MEPEX HEeIOCTaTHBO JUIS OTPUMAHHS MMOBHOLIHHOTO pe3yibTaTy, 00
YUMalIdi BiJICOTOK IIOAEH HE KOPUCTYIOThCS COLIAIBHHUMHU Mepekamu. [Ipore aBromaTH3amis IOCHIIKECHHS HaBITH TaKOTO
NIPOIIAPKY HACEJEHHS yXKE€ € XOPOIIMM pe3yJIbTaTOM Ui aHaji3y AWHAMIKH 3MiH TPOMAJICHKOI JyMKH BIIIOBITHO IOXi B
KpaiHi/CBiTi Ta BIAMOBIAHO JUIsl KOPETyBaHHS B MOAANIBIIOMY IIPOIIECIB IEPKABHOTO YIIPABIIIHHS.

Meta mociifzkeHHs1 — PO3POOJICHHS TEXHOJOTIi aHali3y YKpaiHOMOBHOTO IOTOKY KOHTEHTY B COLIQIBHHX Mepexkax It
JIOCIIIJDKEHHS TPOMAJICHKOT [yMKH HA OCHOBI 3HAXOJ/PKCHHSI KJIACTEPU30BAaHUX TEMAaTHYHUX TPYII TBITIB.

Mertopn. B crarTi po3po0i1eHO TEXHOTIIO MOMIYKy TPEHAIB TBITiB HAa OCHOBI KiacTepu3alil, o (GopMye NOTIK JaHUX y BUIIISAIL
KOPOTKUX PENpe3eHTalliil Ki1acTepiB Ta iXHBOI MOMYJIAPHOCTI JUIA MOAAIBLIOTO MOCHIIKEHHS TI'poMaacbkoi aymku. Omnuncano
edekTUBHUM miaxix 300py TBITIB, iX (igbTparlii, OYMIIEHHS Ta MONEPEIHHOTO ONPALIOBAHHS HAa OCHOBI MOPIBHSJIBHOTO aHAIizy
anroputmiB Bag of Words, TF-IDF ta BERT. Bu3naueHo BIUTUB CTEMIiHTY Ta JeMaTH3alil Ha SKICTh OTPUMAHHUX KJIACTEPiB. A TaKOXK
3HaH/ICHO ONTHMAaIIbHI MO€THAHHA MeToiB Kinacrepu3anii (il K-Means, Agglomerative Hierarchical Clustering ta HDBSCAN) ta
BEKTOpM3amii TBITIB Ha OCHOBI aHamidy 27 kiactepu3amiii oxniei BnOipkm manmx. OOGpaHO croci® IMOJaHHS KJIacTepiB TBITIB y
KOpoTKOMY (hopmarTi.

Pe3yabsTaTn. Haiikparui pe3yiabpraTi oKas3aid alropuTMH, 10 BUKOPUCTOBYIOTh Binctans JleBenmrreitna, Tooto fuzz sort, fuzz
set Ta levenshtein. /[ani aJropuT™MH IIBHIKO 3/1iHCHIOIOTH NMEPEBIPKH, MAIOTh OLIBIIY PI3HUIIO MOAIGHOCTEH, TOXK MOXKHA TOYHIIIe
BU3HAYUTH MEXY MOMIOHOCTI. 3rifHO 3 pe3yjbTaTaMH MPOBEJACHHX KIACTEepU3alliil, ONTUMAJILHUMH DIlICHHSIMH € BHKOPHCTAHHS
anroputMmy kiacrepusanii HDBSCAN Ta anroputmy Bektopusauii BERT ans ngocsrHeHHs HaHTOUHIIMX pe3ysibTaTiB, Ta
Bukopuctanas K-Means pasom i3 TF-IDF mnst nocsrHeHHs Haiikpamioi MBUAKOMIT i3 ONTUMAIBHUM pe3yabTaToM. {7 3MEHIIeHHS
Jacy BUKOHAHHS MOXXHA 3aCTOCOBYBATH CTEMIHT.

BucnoBku. B 1anoMy mociipkeHHI €KCIIEpUMEHTAIBHO 3HAWAEHO ONTHMAIIBHI BapiaHTH Ul MOPIBHSHHS BiIOHTKIB KIacTepiB
cepell TakuX MeToliB momyky nomioHocti: Fuzz Sort, Fuzz Set, Levenshtein, Jaro Winkler, Jaccard, Sorensen, Cosine, Sift4. ¥V
JIeSKNX aJrOPUTMIB cepe/tHs oAiOHICTh BinOUTKIB csirac Buiie 70%. 3HaiineHo 3 eeKTHBHI IHCTPYMEHTH JUIsl OPIBHSHHS IXHBOT
NO/iOHOCTI, TaK SIK BOHU IOKa3yIOTh JOCTATHIO BiIMiHHICTh MK MOPIBHSHHIMH MOAIOHUX Ta pi3HUX KinactepiB (> 20%). Ha ocHoBi
o0paHux epeKTUBHUX METO/IB, YCIILIHO NpOBeIeHOo aHaii3 TperaiB 1t 90 000 TBiTiB 3a 7 AHIB T 5 TeM THKHSI 3a jornomororo K-
Means ta TF-IDF nnis xnactepusanii Ta BekTopusaiii, a Takox fuzz sort st mopiBHAHHS BIAOUTKIB KJIACTEPIB 13 MEXKOIO MOIIOHOCTI
55%.

KJIFOYOBI CJIOBA: TBiT, yKpaiHChKa MOBa, TPOMAJICEKa TyMKa, TPEH, KIacTepH3allis, CTEeMMIHT, JIeMaTH3alis, MOoiOHICTh
KJIACTEPIB.

ABPEBIATYPA B — oneparop omnpalntoBaHHs BXITHUX JaHHX;
BERT - Bidirectional Encoder Representations from Y — oIeparop KJIacTepH3alii TBITiB;
Transformers; L — omneparop ineHTHdikauii TeMaTUYHUX TBITIB;

BOW — Bag of Words;

HDBSCAN - Hierarchical Density-Based Spatial
Clustering of Applications with Noise;

NLP — Natural Language Processing.

X — omepatop GpopMyBaHHS JaTACETH TBITIB;

® — OTIepaTop 3HATTS BiIOUTKIB KIIaCTEPIiB TBITIB;
A — oIIepaTop 3IMUTTS KIacTepiB TBITIB;

i} — MHOKMHA TAHHKX i3 COIiaIbHOI MEpEKi;

i, — CXOBHILIE JAHMX TBITIB;

i3 — CIOBHUKH yKaiHOMOHHX CIIiB;

i, — MHO)KMHA TEMaTUYHHX KJIFOYOBHX CIIiB TBITIB;
0; — MepioiMyHI 3aIUTH Ha 30ip TBITIB;

0, — pey3JbTaT KJIaCTepHU3aIlil;

03 — pe3yJIbTaT 3JHUTTS KIacTepiB;

I} — npaBuiia 300py JaHUX 3 COLIAIBHUX MEPEK;
r, — npaBuia NLP ykpaiHOMOBHUX TBITiB;

I; — npaBuiIa KJIacTepHu3alii TBTIB;
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HOMEHKJIATYPA
S — cucreMa aHalizy TBITIB;
| — MHO)KHMHA BXIJIHMX JaHUX;
O — MHOKMHA BHUXIJHHMX JaHHX;
R — ocHOBHI mpaBwIa ONPAIIOBAHHS BXIIHUX JaHUX;
U — mapaMeTpu ONpaIfOBaHHs BXIIHUX TaHHX;
N — HelipoHHa Mepexka,
0L — OIEPaTOp CKaYyBaHHS BXIIHHUX TaHHX;
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I, — IpaBuJIa 3JIUTTS KJIACTEPiB TBITIB;

U; — MHO’KMHA yMOB 300Dy TBITIB B COLliaJIbHI MEPEXKi;
Uz — MHO’KHMHA BUMOT (UIBTPYBaHHS TBITIB BiJI IIyMY;
U3z — MHOXKHMHA yMOB OIIPALIIOBaHHS TBITIB,;

U4 — MHOXKMHA YMOB KJIaCTEPH3allii TBITiB;

Us — MHO’KHHA BUMOT (hOpMYyBaHHSI BUCHOBKIB.

BCTYII

JlocipkeHHsT TpOMaJIChbKOI JTyMKH € HEBiJl'€MHUM
€JIEMEHTOM 3BOPOTHOTO 3B’S3KY Hapojay [0 JepXKaBH.
CraHoM Ha CBOTOJIHI, OCHOBHHUMH METOJaMHu 300py
TPOMA/ICBKOI TyMKH B YKpaiHi € ONUTYBaHHS TPOMAJSH B
opmaitH um oHnaitH ¢opmarax. I[IpoBemeHHSIM [UX
ONUTYBaHb 3a3BHYal 3afiMalOThCS COIIOJIOTIUHI LEHTPH.
B OimpmiocTi BUMAAKiB TaKWid TPOLEC € YacCTKOBO
ABTOMATHYHU (IIPOBEICHHS AHKETYBAHHS 3 IIOJAJIBIIAM
MallMHHAM  ONpalfoBaHHsAM).  Hemomikom — Takoro
OIUTYBAHHS € HETOYHICTh OTPUMAaHHUX JaHUX 32 PAXyHOK
HE OXOIUICHHS BEJIMKOi KUTBKOCTI TPOIIAPKIB HACEICHHS
Ta pI3HUX  COLIAIBHMX  TIpYIl, XaOTHYHICTh Ta
JIOBTOTPHUBAJTICTE 300py JaHUX, IO MPHUBOIMTH IIE 1 IO
BTPaTH aKTyaJIbHOCTI OTPUMaHMX pe3yibraTiB. Kpim Toro
YacTO B TAaKMX aHKETax JIIOJH JAal0Th HE 30BCIM IIPaBIUBY
iH(opMarriro. AHami3 Ke PeaKiiid COialbHUX TPYI Ha Ty
9u iHITy mofiro/iHdopMallifo B COMiaTBHAX Mepekax He
CKpHBa€  iX  CHOpaBXKHBOI  eMOMIWHOI  peaxiii.
ABToMaTHuHUIl 30ip Ta aHami3 momiOHOI iH(popmarmii
MPUBOJUTE JO OTPUMAHHS ONEPATUBHHUX AaKTyaJbHUX
JAHUX 10 TEBHUX TPOOJEeMHUX MHUTaHHAX  JUIs
MOJAJIBIIIONO  JOCHTIHKCHHS BIANOBITHOI TIPOMaIChKOT
JIyMKU. B po0OTi po3risiaTUMEThCsl TEXHOJIOTIS aHali3y
iHpOPMAIIfHOTO TIOTOKY B COI[aJbHUX Mepekax, M0
MICTSITh TPEHM YKPaiHOMOBHUX TBITiB. IX pazom i3 MeTa-
JJAHUMH JOIJIbHO BHKOPHCTOBYBATH JUIS aBTOMAaTH3allii
JOCIIIKEHHS TPOMaJIChKo1 fyMku. Hampukiaz, B yMoBax
BIiHM, B@XJIMBO 3HATH HACTPOl yKpaiHWIB  JuIs
(dbopMyBaHHS peakIliif JepKaBHOTO VYIPaBIIiHHSA Ta
KPOKiB/aIropuT™MiB pO3BUTKY/BimOymoBH Kpainm. OKpim
TOrO, AaBTOMATH3AIlsl MPOLECY JO3BOJIUTH CTBOPUTH
He3aJIe)KHE 3arajlbHOJOCTYIIHE pKepeno iHdopmamii i3
XPOHOJIOTTYHUMH JaHUMH, HAIPUKIAI, JUIS MOXKIHBOCTI
MPOTHO3YBaHHS PEaKilii HACeJICHHS Ha BHECCHHs 3MiH B
TIPOIIEC JIep>KaBHOTO YIIPaBIIiHHS.

MeTo10 J0CTiZKeHHSI € PO3pOOJIEHHS TEXHOJOTIi
aHaJIi3y yKpaiHOMOBHOTO ITOTOKY KOHTEHTY B COILiaIbHUX
Mepexax Uil JOCHIDKEHHS TPOMAaJChbKOl JyMKH Ha
OCHOBI 3HAXOKCHHS KJIACTEPH30BAaHMX TEMATHYHHUX
TPyt TBiTiB. [y JOCATHEHHS METH OYJIM IOCTaBJICHI TakKi
3aBJaHH!

— BU3HAUNTH e(eKTWBHUU miaxim  QopMyBaHHA
BHOIpKH Ta MOTEepPeIHHOTO ONPAIIOBAHHS YKPAIHOMOBHHX
TBIiTiB Ha 0cHOBI NLP-MeToniB;

— IIPOBECTH EKCIICPUMEHTAIBHE JOCIHKEHHS METO/IiB
Ta IHCTPYMEHTIB Ui CTBOPEHHS KJiactepiB
YKpaiHOMOBHHX TBITiB Il BU3HAYCHHS ONTHMAJIBHOTO 1X
MIO€IHAHHS TIPH OTPUMaHHI HaMKpammx pe3ysbTaTiB Ha
BEJIUKHUX 00csarax BXIJHUX JaHHX,

— pO3pOOHMTH  METOA  pO3paxyHKy MOITYJSIPHOCTI
KJIacTepiB, BIiTOOpaKeHHS KIACTEpPiB y KOPOTKOMY
(dopmariB Ta 00’€IHAHHS KIACTEPiB, CTBOPEHUX Y pi3HI
© Ilpokinmuyk O. A., Buconpka B. A., 2023
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MOMEHTH qacy Ha OCHOBI
eKCIIePUMEHTAILHHUX anpoOarlii;
— 3/IIHCHUTH aHaJi3 pe3yJbTaTiB eKCIepHUMEHTaIbHOI
ampo0arrii 3anpOIOHOBAHOI TEXHOJIOTI] aHATI3Y TBITIB.
OO’ekT nOCHiJPKEHHST — TpolecH igeHTH(IKaii Ta
aHaJi3y YKpalHOMOBHHUX TBITIB ISl IPOrHO3YBaHHS 3MIHA
JMHAMIKH TPOMaJICbKOi JyMKH. [IpeaMer mociimKeHHs —

MIPOBEACHHS

MeToaM Ta 3acobu  imeHTHdIKamii Ta  aHami3y
YKpalHOMOBHUX TBITIB IUII TPOTHO3YBAaHHS 3MIiHU
MUHAMIKH ~TPOMAAChKOi OyMKH 13  3aCTOCYBaHHSIM

ormtumaibHoro KouBeepy (pipeline) ma ocHoBi NLP-
METOJiB, KJIACTEPHOTO aHali3y, BHOOPY Ta T€HEpyBaHHSA
O3HaK, aHFOpI/ITMiB MAalIMHHOI'0 HaBYaHHA, B YMOBax
HasIBHOCTI BEJIMKMX 32 OOCSTOM KOPIYCiB aHOTOBaHHX
JaHUuX.

1 ITIOCTAHOBKA INPOBJIEMH
Cucremy aHaiily yKpaiHMOBHHMX TBITIB S I0JaHO
IMITAIIITHO0 MOJICIUTIO Yepe3 KOPTEHKEM:

S:<|,O,R,U,N,0L,B,Y>7

He | = {iy, iy, i3, is}, O = {01, 05, 03}, R = {ry, 1y, I3, 14},
U = {uy, uy, us, Uy, Us}.

OCHOBHUMH mporecaMu Mozeni aHaIizy
YKpalHOMBOHUX TBITIB B COIaNbHIA Mepexki € «30ip
TBiTiB», «NLP TBiTIB», «Mamuae HaBYaHHSI» Ta
«DopMyBaHHS BUCHOBKIBY.

[porec «36ip TBITIB» OMUIIEMO CYTIEPIIO3UIII€IO:

Cau =p°p°a,
CAU :H(B((X(il, i2, i4), I, Ul), Uz).

Ipouec «NLP TBiTiB»ONMIIEMO Cynepo3uIi€to:

Ccu =x°B°a., T06TO
Ccu =x(B(a(Cau, iz, i3, i4), 11, Ug), 12).

IIpouec «MainHe HaBYaHHA» OIHUILEMO SIK:

CuL =0°y°B°a,
Cu=o(y(B(a(Ccu, i2), i3), Us), I3).

Hpouec ((CDOpMyBaHHSI BHCHOBKIB» OIIUIIEMO SIK:

Cus =A°y°B°a,
Cus=My(B(a(Cus, 12), i), Us), T4).

AHai3 30ICHIOETHCS 3a TOTIOMOTOI0 KiIacu(ikarlii au
KJIaCcTepH3allii, 10 IPYIYIOTh MOBIOMIICHHS 32 TIEBHUMU
kputepismu. Xou 30ip iH(opmarii ¥ BimOyBaeThCS
AaBTOMAaTHYHO, ITPOTE BCE ¢ HEOOXigHA peatizallis TaKux
JOCTI/DKeHb 3TiTHO KOHKPETHHX TEM, Ta BIAMOBiIHA
00poOka pe3ynabTariB. Takok CyTTEBO BIUIMBAaE Ha
pe3yJbTaTh JOCHIKEHHsS e()eKTHBHICTD OIpalOBaHHS
BIMOBIMHOI  perioHanbHOi MoBH. Ille omuum 3
HaMBaXJIMBIIIMX KpUTEpiiB MOMIOHpOI TexHoJorii €
MOXJIMBICTB 300pY YaCOBHX JIaHUX Ta iX NEPIOAUIHICT.

OPEN 8acczss
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2 AHAJII3 JIITEPATYPHUX IKEPEJI

[TepeBaxkHO, coLiaIbHE OMMTYBAaHHS € MEPIOIMYHUM
NPOLIECOM, 1[0 BHMAarae 3aJyuyeHOCTi SIK PECIOHJICHTIB,
TaKk ¥ TPAIiBHUKIB COINOJOTIYHUX L[EHTPIB  JIIS
opraHizauii ONMMWTYBaHHS Ta aHai3y pe3yJibTaTiB. Xou
OHJIal{H CUCTEMH JI03BOJISIIOTH CIIPOCTUTH IIE€H MPOIIEC, BiH
Bce 1Ime noTpedye ymMmanol pydHol mpami, a s
OTPUMAaHHS  YacoOBOTO  3pi3y  I'POMAJICBKOI  JTyMKH
HEOOXiTHO 3MIMCHUTH Ty HA3KY TIOBTOPHUX OMUTYBaHBb
[1]. ABromarmzariis JOCHTIKEHHS TPOMAICHKOI TYyMKH
JIO3BOJIMTH HE TUTBKU 3MEHIIUTH KUTBKICTh PYYHOI Tpari,
a ¥ OTpUMyBaTH dYacoBi 3pi3Wm pe3ynbTaTiB 0e3
JIOAATKOBUX 3ycwib. OCKUIBKM TOTPIOHO YHUKHYTH
NpsIMOT B3a€EMOJIIT 3 PECHOH/ICHTAMH, TPOMAJICBKY JAYMKY
HEOOXIJTHO aHali3yBaTH Ha OCHOBI JpKepels il BUIBHOTO
BupaxeHHst. ColiaigbpHi MEpexi 4yJJOBO MiJIXOIITh Ha IO
POJIb, TaK SIK TaM JIIOAW BUIBHO IMyOIIKYIOTH CBOI JYMKH
abo eMOLIHHO TpaBIMBO pearyroTh Ha OMyOJIKOBaHY
iHpopmarii momo meBHUX mofiil. CTaTHCTHKAa TOKAa3ye,
IO JAHWUX 13 COLIANbHUX MEPEX HEIOCTATHBO JUIs
OTPHMAaHHS TOBHOI[IHHOTO pEe3yJNbTaTy, 00 YHMaHi
BIICOTOK JIOACH HE KOPHCTYIOTbCA  COLIATbHUMH
Mmepexxamu  [2]. TIpoTe aBTOMAaTH3aIlsS IOCIHiIKECHHS
HaBiTh TAaKOTO MPOIIAPKY HACENEHHS YK€ € XOPOILIUM
pe3yabTaToOM I aHai3y AMHAMIKA 3MiH TPOMaJChKOT
JYMKH BIIMOBIIHO TMOMAINA B KpaiHi/CBITI Ta BiAMOBIAHO
JUISL KOPEr'yBaHHS B ITOJAJIBIIOMY HPOLECIB JEpiKaBHOTO
yIpaBiiHHS. [CHYIOTh NIPUKIIAH YCITIIITHOTO JIOCHIPKCHHS
IPOMa/ICHKOI [yMKH B COLliaJIbHUX Mepexax. Hanpukman,
TaKUM JIOCTI/DKCHHSIM TPOMAaJICbKOi JOYMKH € aHai3
iHpopmamii moxo COVID-19 B Kwurai Ha oCHOBI
comiansaol Mepexi Weibo [3] abo Bakuunarii B ITanii Ha
ocHOBI Mepesxi Twitter [4]. Taki mociiKeHHS TPOBOIATE
JUIL  KOHKPETHHX TeM Ta BH3HA4YalOTh CTaBJICHHS
CyCIIiIbCTBA /O HUX. B JOCHIIKEHHI MO0 Xasulb-
Typusmy [5] dyaoBo peamizoBaHuit 30ip Y4acoOBHX JaHHX
TBIiTiB. [lpoTe HOCHiKeHHs Bce M€ 3/IHCHEHO II0JIO0
MEBHOI TEMH, a KUIBKICTh MPOaHAJIi30BaHUX TBITIB HE
nepesunrye 100 Tucsdy. ABTOMAaTH30BaHa CHCTEMa, IO
JIO3BOJIUTH aHAJI3yBaTH JOBUIBHI TEMH 13 BpaxyBaHHIM
yacy Uil 101 KpaiHM TOBHHHA OYTH JOCTAaTHBO
ONTHMIi30BaHa JJsi  TOro, MO0  ONpalbOBYBaTH
OIIepPaTUBHO, CBOEYACHO Ta MIBHIKO MiJHI{OHH TBITIB Ta
OlepyBaTH THCSYaMHU pi3HHX TeM. Jlms 3abe3medeHHs
MOCTIHHOTO aHaNli3y HEOoOXiAHO HajamTyBaTH 30ip Ta
JOCTI/DKCHHS ~ BXIAHOTO  1H(OPMAmiHHOTO  TOTOKY
KOHTEHTY B MeEXaxX KOHKPETHHX TeM cycrhiibcTBa. |
OakaHO, MO0 KUIBKICTh TakWX TeM Oylia SKIOo He
ECATKaMH, a CcOTHAMHU. IIOTiK TEM IOBHHEH MICTUTHU
JIOCTaTHBRO iH(oOpMaIii npo cebe y BUINISAAI MapKepiB
(kTFOUOBI CITOBA, YACOBi JaHi SK AaTH/TIEPiOU, OCHOBHI
TE3H, TEPUTOPIANBHICTB/PEriOHANBHICT  TOLIO)  JUIS

MOXIIUBOCTI ~ BCEOIYHOTO  JOCIHI/KEHHSI TPOMaJIChKOT
JYMKH Bl TONYJSIPHOCTI TeMH, 11  eMOILiiHOro
3abapBiieHHS (MO3UTHBHO, HETATHBHO, HEHTPANbHO) 0
MOXIIMBOCTI THPOTHO3yBaHHS 3MIHHM JIyMKH B dYaci B
3aJIeXKHOCTI BiJI MOJIiH B MEKaxX KOHKPETHOI TEMH.

3 MATEPIAJIM TA METOIU
1t po3po0IeHHS TEXHOJIOTIT aHami3y YKpaiHOMOBHUX
TBITIB  OpraHi3oByioTs maiiruraiia  (amrr.  Pipeline,

KOHBE€EP) i3 TPOIIECiB, 1110 BUKOHYBATUMETHCS 13 TIEBHOIO
nepioguunicTio (puc. 1).

JU1st MATPUMKH TTOCTIHHOTO JOCTYIy 10 aKTyaJIbHHX
B Yaci JaHWX NCPIOMUYHICTP BUKOHAHHS MaruiaiiHa
MMOBMHHA CTAaHOBUTH sIK MiHIMyM 1 pa3 Ha 100y.
[HTepaKTHBHICTD aHaJi3y JEHIO 3MIHIOE 3BHYHUH MPOIEC
OTIpaIIOBaHHS 1H(GOPMAIIHHOTO IOTOKY KOHTEHTY 3a
BEJIMKHI TepioJ] 4Yacy Ta JOAA€ NCKiTbKa HEOOXITHUX
KPOKIB B MaWIuIaiiH. 3arajoM ajlropuTM CKJIQIAETHCS 13 5
KpOKiB. Po3rissHEMO KOXKeH i3 HUX JCTaNbHIIIIE.

1. 3aBantaxenHs TBiTiB. HallonTuMansHIIINM
BapiaHTOM 360py TBIiTiB € BUKOpucTanus Twitter API [6].
Ile moTy)XHHH IHCTPYMEHT, IO JIO3BOJIIE €()EKTHBHO
3aBaHTa)XyBaTH TBITH Ta BHUKOPHCTOBYBAaTH (QiIBTPH
nouryky. Came BOHHM JJO3BOJISITH 3HAYHO CKOPOTHTH 4ac
MOUIYKY Ta 3MEHIIUTH KUJIbKICTh MOJANIBINNX (QUIBTpALii.

[Mepmmm  TakuM  QinbTpoM €  «-is:retweet», 1o
JIO3BOJISIE BUKJIIOYUTH 13 CITMCKY pE3YJbTAaTiB PETBITH.
Bennka wdacTka peTBITIB MICTHTh HEpEJICBaHTHY JUIsl
aHaiizy iHdopmariro.

Jns oTpuMaHHA TBITIB yKpaiHCHKOK MOBOIO CIiJ
Bukopucraru (Ginetp «lang:uk». Ilicns nporo abcomoTHA
OUTBIIICTE PE3yNbTATIB MIHCHO HAAXOIHWTH YKPaiHCHKOIO
MoBOr0. Twitter APl He 3aBxan moOBepTae TBITH JIHIIE
yKpaiHChKOI0. TpamisroThcs TBITH Ha IHIINX MOBAX,
30KpeMa Ha POCIHCHKiH, i3 HEBENMKMMH BKpAIUICHHSIMH
yKpaiHCbKOi. BKiIIOYeHHS Takux TBITIB 0 aHaji3y
NOTIPIINTG  SIKICTH ~ pe3ynbTariB. [yt mokpaiieHHs
BUOIpKM MOXKHa JojaTH reorpadiyHe OOMEKEHHs Ha
TBiTH, a00 BHUKJIIOUUTH 3 TOIIYKY TBIiTH, IO MIiCTATh
TICBHI JIITEPH IHINX an(aBiTiB, HATPHUKIIAT «-bI».

Mo>kHa 3iiCHIOBATH TIONIYK TBITiB, OMYyOJIiKOBaHHUX Y
Oynp-skuii 4yac mo6m abo nWmme y HAEHHWHA dYac Ui
MOKpamieHHss  skocti  BUOipku. Mami  BimOyBaeThes
¢imprparis 6e3 yuacti Twitter APl. Cnin Bumanutu i3
BUOIPKH TBITH JAOBXWHOIO MeHIle 3-5 cIiB Ta TBITH, L0
HE MICTATH CIIIB, a JIAIIE CHMBOJH, YHCIIA, €MOA31 4K
xeur-terd. [lokpamuTi BHOIPKY MOYKHA, BHAAJIHMBIIN
nyGmikari. OCKiNBKH BHKOHYBAaTH N° omepaiiii Moxe
Oyt  1Oporo, ONTHUMI3yBaTH  alrOPUTM  MOXKHA
BUIAJISIOYH JIMIIE Ti AyOJiKaTH, 10 OIyOJIiKOBaHi y JayxXe
BY3bKOMY IIPOMDKKY Hacy.

3aBaHTAKEHHA
TBITIB

[MonepegHa

Knacrepusauia 3HATTA BiROUTKIE
00potbka TeiTis TBITIE KnacTepis

3NuTTA
KMacTepis

HacTynHuit AeHs

Pucynok 1 — INaitmunaiin anainizy TBiTiB
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2. [Tomepe/He OpaltoOBaHHs TBITIB

2.1. Ounctka Tekcry Bix mymy. O4mcTKa J03BOJIHUTH
Nno30yTHCh yChOIO 3alBOrO, IO MOXE CIIOTBOPUTH
KiHIEeBHH pe3ynbTaT. O4YrcTKa CKIIQIAETHCS 13 BUIAICHHS
€MOJIX1, TIOCHJIaHb, TETIiB, XCII-TCTiB, PO3/IUIOBUX 3HAKIB,
gucen, TyOIpOBaHUX MPOOLTIB, HETEKCTOBIX CHMBOJIB Ta
cmiB i3 OyKkBaMH, IO HE HaJEXaTh YKPAiHCHKOMY YH
aHriiicbkkoMy andasiTaM. Takok MTOTPIOHO TpPUBECTH
TEKCT JI0 HUXKHBOTO PETICTPY.

2.2. Bupanennst crom-ciiB. Crorn-cioBa (Hampukia,
cmyk00Bi) He MOBHHHI BIUIMBATH HA PE3YJIbTAT aHATI3Y
tekcty. Lli cimoBa He HeCyTh CEHCy ISl aHANizy Ta
NEepPEeBaHTAXKYIOTh TEKCT 3aiiBoro iHdopmauiewo. [pu
NOJAJBIIOMY aHali3l TEKCTy, CTOI-CJOBa 3MEHIIYIOTh
3HAUYIIICTh AIHCHO B&XKIUBHUX ISl aHamidy ciiB [7].
VYxpaiHcbka MOBa € Jy)e 0araToro Ha Taki KOHCTPYKIIi.
Hnst mpuknaga 6ibmioreka production pisus SpaCy
BHKOPHCTOBYE CIIMCOK, IO CKIamaerbes i3 moHanm 450
cmie  [8]. Takox 3ycTpivaroTbes W BapiaHTH, 110
Hamiayrote g0 2000 cmis [9]. Oxkpim crom-ciiB
yYKpaiHCBPKOI MOBH B MLiJOMY, IO CIHCKa CIiJ JOJATH
BJACHI HA3BM, MIO CIHOTBOPIOIOTH DPE3YJIbTAaTH AaHATI3y
Taki, SK Ha3BH HOBHHHHX oprafizamid. Lli Ha3BU
MICTATbCS B KOXKHOMY TBITi Oprasizamii Ta He HECyTh
HISIKOTO 3HAUCHHsI. [HIIN )X BJAacHI HA3BU MOXKYTh CYTTEBO
MO3UTHBHO BIJIrPaBaTH Ha Pe3yJIbTAT MOIIYKY, HAIPHKJIIA]
Bonogumup 3enencekuii, VYkpaina, XepcoH, HATO
TOLIO.

2.3. Creminr Ta Jlemarmsamis Ii¢ TPOLECH, IO
JIO3BOJISIFOTH TIPOBOJIUTH 3JTUTTS MOMIOHUX CIIB HIISXOM
MpUBEJICHHS Pi3HUX (GOpPM CIIOBa 10 MEBHOI OCHOBH.
CreMiHr 3[IHCHIOE TPHUBEJICHHS JO OCHOBH CIIOBa
LUISIXOM BIJIKMJAHHS 4acTuH, a Jlemaru3sailis mpuBOIUThH
cIoBO 10 cBoe€i 0a3oBoi (opmm, cnmparoyuch Ha
BU3HAYCHHI YacTUHM MOBH. KOpHCTH IIMX TMpOIECiB B
TOMY, IO BOHH JIO3BOJISIFOTH 3MCHIIUTH BUMIPHICTh
(pO3MIpHICTB) BXiTHOrO TEKCTY i, THM CaMHM, 3pOOHMTH
00’€eIHAHHS TBITIB 32 OJIHOIO TEMOIO OUIBII PEIEBAHTHHM.
IIpore HEOOXI1IHICTb BUKOPUCTAHHS JIAHOTO
OIIPAIIOBAHHS TEKCTY 3aJISKUTh BiJl TOYHOCTI peaizamii
BiJITIOBITHUX IHCTPYMEHTIB IUIA YKPAiHCHKOi MOBH. SIKIITO
3MCHUTH 3IUTTSA JUISE HEKIIOYOBHX CJiB, alie Juisi
KIIFOUOBHX CJIiB MPOBECTH II€H MPOIEC HEKOPEKTHO, TOJI
MOXKHA 30UTBIIATH Bary HEKIIOYOBHX CIIB  Haf
KITFOUOBHMH.

3. Knacrepusaiiisi TBITIB € MPOIECOM MAIIHHHOTO
HaBYaHHS 03 BUUTENS, METa SIKOI'O IOJIArae€ B PO3OHTTI
BXITHOI MHOXMHM Ha KJacTepu TaK, MI0 BCEpeIHHi
KJIacTepiB 3HAXOJSITHCS TOMAIOHI €JIeMEHTH 1 BOJIHOYAC
MalOTh OUTBIITY BIAMIHHICTh 13 €JIEMEHTAMHU IHIIUX
KJlacTepiB. Y BH3HA4Y€HHI TPEHIB YKPaiHOMOBHHUX TBITIB
mell mporec HeoOXimHUEM g o0’€THAHHSA TBITIB 3a
CIHIIBHUMH TeMaMW. TakWi TMiaxiJg ITIOBHHEH OUIBIIE
BpaxOBYBaTH CEMaHTHYHEC HAMOBHEHHS TBITiB, HIXK
rpyIyBaHHS 332 BMICTOM KITFOYOBHX CIIiB.

ANTOpUTMH KJacTepu3alii MpaIiolOTh i3 YHUCIOBHUMH
BEKTOpPaMH, TMPOTE TBITH € TEKCTOBUMH JIAHUMH.
CrouaTKy TOTpPiOHO TEPETBOPUTH TEKCT Yy UHCIOBHH
BeKTOp. [IJIs1 1bOrO ICHYIOTH QJITOPUTMH BEKTOpH3aIil
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TEKCTy. B Mexax JaHoro JOCHiJDKEHHS PO3IIISTHEMO TpU
anropurmu. BOW, TF-IDF ta BERT.

1. BOW e Haii0inbll NPOCTHM Ta NPSMOJIIHIHHUM
MiIX00M JI0 BekTopu3auii TekcTy. Mertox mossirae B
HiJpaxyBaHHI CJIIB y TEKCTi, @ 3HAUCHHS JIJIsI BIAIOBITHUX
CIIIB y BEKTOpI MO3HayaroThesl Ik 1 abo 0, mo o3Hauae
MPUCYTHICTh a00 BiJCYTHICTh IMEBHOTO CIIOBAa Y TBITI.
Takuii miAXiA O MOJAHHS TEKCTY «SIK €» MOXKe MOKa3aTu
SIK XOPOIIHMH pe3yabTaT, TaK 1 MOraHui, PO3MHUBIIU MEXI
KJIacTepiB.

2. TF-IDF ny»e nomnyssipHAi ajJroputM BEeKTOpH3allii,
110 nokparrye miaxig BOW nuisixoMm BBeieHHsT 00epHEHOT
yacToTH JokymeHTa (inverse document frequency), kotpa
BIUIMBATUME HA BAKJIMBICTH CJIB, BPAXOBYIOUH iXHIO
4acTOTy B yciil BUOipui TBITiB. Taka BekTOpH3allist 3M0OXKe
BI[UIUISITH [IUPOKOBXKUBAHI B PIAKICHUX CJiB, IO
JIO3BOJIUTH SIKICHINIE BH3HAYMTH KJIIOYOBI CJIOBA IpH
KJIaCTEPH3allii.

3.BERT - me cimelictBO MoJeneil MOBH, IO
omy6mikosana y 2018 pori [10] Ta 3m00ynma meBHOTO
Bm3HaHH:. [lomepenuro TpeHoBani moaeni BERT moxna
3aCTOCOBYBAaTH JUIsi BEKTOpHU3allii TEKCTy 3 BHCOKOIO
SKicTIO. B maHOMy mOCTiIKEeHHI BUKOPHCTOBYBATUMETHCS
MOJIe/Ib, HATPCHOBAHA HA CTATTIX BIKIiMedii pi3HUX MOB,
110 BKJTFOYAIOThH YKpaiHChKy [11].

B nmaHomy nocCiiKEHHI MPOAHAN3yeMO alrOpUTMHU
kiactepusanii K-Means a6o K-Cepennix, Agglomerative
Hierarchical Clustering ra HDBSCAN.

1. K-Means € oxHuM i3 MOMyJIsIpHUHMX aJITOPHUTMIB,
MiAXig sKoro 0a3yeThcst Ha MiAOOpI IEHTPIB KiIacTepiB
Tak, M00 cyma KBaIpaTiB BiCTaHEH IXHIX €JIEMEHTIB 10
HeHTpiB Oyna MiHiManmpHOW. [ poOOTH anropurMmy
MOTPiOHO BH3HAYMTH KUTBKICTH KJacTepiB 3aBuacHoO. J[is
aBTOMaTH3aIli BHOOPY KUTBKOCTI KJacTepiB MOXKHA
CKOPUCTATHUCh METOJAMH JIKTS a00 CHITyeTHOI OLIHKH.

2. Agglomerative  Hierarchical ~ Clustering -
iepapxiyHa KjIacTepu3allis, [0 IMIUIEMCHTYE MiaXij
3uu3y-Bropy [12]. Ipoiiec MOYNHAETHCS i3 BU3HAYEHHIM
KOXKHOTO €JIEMEHTY, K IICHTPY CBOTO Kjacrepy 3 iXHIM
3JUTTSIM B TTO/IIBIIOMY.

3. HDBSCAN - me wMerom kimacrtepm3arii, IIIo
Gazyerbest Ha 1mimsHOCTI [13]. Taka kimactepwmsaris
00’eTHy€e B KJIACTEPH CIEMEHTH i3 BUCOKOIO MIUTBHICTIO.
Vel eneMeHTH, MO HE € MIUIBHUMH 10 JKOJHOIO 13
knacrepiB BBakaroThesi mrymomM. HDBSCAN Ha Binminy
Bijt DBSCAN 103BOJIsIE 3HAXOANUTH KJIACTEPH 13 PI3HUMHU
nrinepHOCTAME. Llel miaxin M03BOJUTH KIacTECpU3yBaTH
TBITH iHaKIMM IUIsIXoM, HiXk K-CepemHix, 110 BaKJIUBO
JUI TIOUIYKY ONTHMAJIBHOTO MiJXOMy, IpOTE HEBaaja
BEKTOPH3ALLisl MOXKE CIIPHYMHUTH 0araro mymy.

4. 3HATTS BIiOOWUTKIB KiacTepiB. B 3amexxHOCTI Bin
po3Mipy BUOIpKH, pO3MIp OJHOTO KIIACTEPY MOXKE CSATATH
oimpme 10 Tucsa moBimomieHb. [Ipu moaeHHOMY aHami3i
KUTBKICTh TAaKMX KIACcTEpiB AyKe MIBHIKO BHPOCTE [0
TaKoTO dYHcia, Komu 30epiraHHs Ta 0OpoOKa KiacTepiB
CTaHe 3aHaJTO JIOPOTMM  TpolecoMm, o0 ioro
migTpumyBaTta.  Jns  BupimeHHs — 1iel  mpobiemwu
3aCTOCOBAaHMIA TEPMIH  «BIIOWTOK Kimactepy». Lle
CKOpOYEHa Bepcis, 10 JI03BOJISIE  PENpPE3CHTYBATH
OCHOBHUI1 3MICT KJIacTepy i NpU LbOMY OyTH JIOCTaTHBO
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KOPOTKMM Ui 3pydYHOro 30epiraHHs Ta IIBHIKOL
00poOku. PeanizyBaTu Takuil BIIOMTOK MOXHA PI3HHUMHU
criocobamu, HampuKiag 30epiraTd TBITH Yy BUIJISLII
ckopoucHoro BOW. B wmexax mgaHOTO ITOCIIIKCHHS
BUPILIEHO CTBOPIOBATH BIJOWTKH SIK HaOOpW KITIOYOBUX
ciiB kiacrepiB. Takuit ¢dopmar 3pyduHo 30epirary,
3aCTOCOBYBATH B IMOJATBIINX 00pOOKax i BiH HE BTpadae
OCHOBHOT'O 3MICTy Kiactepy. IcHye OGarato iHCTpyMEHTIB
OTpPHIMAaHHS KJIIOYOBHX CIIiB 3 TEKCTy. B maHiii poOori
BHUKOpUCTOByBaTMMeMo  iHctpyment  YAKE  [14],
OCKIJTBKHY BiH € TIPOCTHH Y BUKOPHCTAHHI.

5. 3murtsa kmactepiB. OCKITBKH TPOIEC CTBOPEHHS
KJacTepiB BiIOYBa€ThCSI HE OJHOPA30BO, a IIOJICHHO,
NOTPiOHO HOEIHYBATH pe3ysbTaTu OTpHMaHO1
KJIacTepH3alii 13 KiacTepaMu, OTPUMAHUMH y TOTIepeIHi
nHi. el mporec € 3MUTTSIM Ki1acTepiB i BUKOHYETHCS Ha
OCHOBI BiZIOUTKIB. /[Ba BiIOMTKHM MTOTPIOHO NIEpeBipUTH Ha
MoAiOHICTh. SIKIIO MOAIOHICTH NEPETHHAE INEBHY MEXKY,
TONI BIMOWTKM KIACTEepiB Ta IXHI MeTauaHi, IIo
BKJIFOYAIOTHh KUTBKICTh TBITIB KJIACTEpy, 3THBAIOTHCS B
onuH. HalfmpocTimmmM BapiaHTOM 3JHTTS € 3IUTTS JINIIE
MetamaHux  0e3  mommdikamii  BimOwTky.  Bimbm
MPOCYHYTUH Tporec mnependadae o0’eTHAHHSA BiTOWTKIB
IUIAXOM BHOIPKHM KJIFOYOBHX CJIIB 13 KOXKHOTO 3 HHX.
Bubipka Moxe OyTH BHIIAIKOBOI ab0 HAa OCHOBI Baru
KJIIOYOBUX  ciiB.  IcHye — Oararo  IHCTPYMEHTIB
3HaXO0JUKEHHS MOAIOHOCTI TeKeTy. B nanomy nocmizpkeHHi
EKCIIepUMEHTANILHO 3HAI/ICHO ONTHMalbHI BapiaHTH JUIs
MOPIBHSHHS BiJOWTKIB KIACTEPIB CEpell TaKUX METOMIIB
morryky mogai6rocti: Fuzz Sort, Fuzz Set, Levenshtein,
Jaro Winkler, Jaccard, Sorensen, Cosine, Sift4.

4 EKCIIEPUMEHTHA
[epmM BaXJIMBUM MOMEHTOM, IO MOTpedye 1ie
JOCTIKCHHS, € CTEMIHT Ta JIEeMaTH3aMis BXiJHOTO TEKCTY
YKpaiHChKOIO MOBOI. BHKOpHCTaHHS HaHUX IIIXO/iB

JIO3BOJISIE  CYTTEBO CKOPDOTUTH CJIOBHHK CIIB  JUIs
OIPAIIOBAHHS LUISIXOM IPHUBEACHHS iX /O CHUIBHOT
¢opmu. IIpore curyamiro yckiIamHIOE —crenudika

yKpaiHChKOI MOBH, KOTpa OaraTa Ha Bapialii ciiB Ta IXHIX

TakuM 4MHOM CIIiJ| PEeTeNIbHO MiJOUpPaTH AITOPUTMHU
CTeMIHTY Ta JiemMaTu3auii TBITiB. J[i1s1 BUKOpHCTaHHS B
HACTYITHHUX eTamax oOpaHi iHCTpymenTH tree_stem [16]
JUIsl cTeMiHry Ta Juisi gemarusanii — simplelemma [17],
IO TPYHTYEThCS HA aNrOPUTMAX JIEKCHYHOIO aHaIi3y,
omucanux B [18], [19] ta [20]. Biacniakyemo BIUTHB Ha
OTIpAITFOBaHHA TBITiB POOWTH CTEMIHT Ta JIeMaTH3aIlisl Ha
npuknai Bubipku B 9000 TeiTiB (Tabm. 2).

Tabmnuis 2 — JlocmipkeHHs BIUIMBY CTEMIHTY Ta JeMaTH3allii Ha

BUOIpKY
Meron CnoBuuk | Yac Buxonaussi (Mc)
OpuriHan 15962 -
Creminr 9543 1292
Jlematusanis | 10770 647

3rigHo 3 pe3ynpTaTaMu, 00HMIBa MiAXOIU CKOPOUYIOTh
CIOBHUK MpuOMM3HO Ha TpernHy. CTeMep CcKopodye
CJIOBHUK JICIIO OlIbIle, MPOTE BUKOPUCTOBYE Yy JiBa pa3u
Oinbine yacy. OCKiNBKM JIeMaTh3allisi MPUBOIUTH CIIOBO
JI0 Horo ocHoBHOI (hopmu, a He cKOpouye Horo, micis
TAKOrO  ONpalloBaHHA  TeKcT  30epirae  Oinblie
CeMaHTH4HOI MOBHOTH. [licist mpoBeIeHHS MONepeaHbOT0
OTIPAIIIOBaHHS TEKCTy BiJOYBA€ThCSI BEKTOpH3alis Ta
KIIACTepH3allisi TeKCTy. BpaxXoBywoum  0COOIMBOCTI
yKpaiHCPKOI MOBH Ta IHCTPYMEHTIB ii OIpaItoBaHHS,

HEMOXJIMBO  TOYHO  BHM3HAUUTH  SKHH  alropuT™m
KJacTepu3aii Ta BEKTOpHU3aIii 1acTh OLIBIIT
onTUMaNBHUN  pe3ymbraT.  lIOpIBHSHHA  MiIXOiB

3ailficHIoBaTUMEThCsl Ha ocHOBI BuOipku B 5000 TBITIB.
Posmounem i3 anropurmy kiacrepusauii - K-Means
(puc. 2, Tabn. 3). Jlnsa mouyatka moOyayeMO CTOBITYHKOBI
JiarpamMu KJacTepiB, A€ Bich X MMO3HAYa€ HOMEP KIIacTepy,
a Bicb Y — po3mip kmactepy. [y KOXKHOTO BapiaHTy
crBoptoemo 100 knacrepiB. Jlist OWIHKM pe3yJsbTaTiB
KJIacTepH3allii BBeJIeMO HU3KY IapaMeTpiB:

1) t — yac Bukonanus (cex.).

2) 6 (%) — BiZHOIIICHHS CTAHAAPTHOTO BiIXHUJIECHHS 10
cepenHporo 3HaueHHs. J[03BOIIs€ OIIHUTH PIBHOMIPHICTB
PO3MOALTY KIacTepiB.

BigMinkiB. HaOip iHCTpYMEHTIB I OIpalOBAHHS Tabmuns 3 — Pesynbpraty Kitactepusanii Bapialii miaxoxiB s
yKpaiHCBKOI MOBH € HebaratuM, a  ICHYIOYHUM k-means
IHCTpyMEHTaM MOKe OpakyBaTh TOYHOCTi. Lle Mmoxe Bapiant t o sc nc n
HEraTMBHO  BIUIMHYTH  Ha  KIHIEBHHA  pe3yJbTar. original + TF-IDF 9170 | 246 | 0051 |2 | 0,08
ANTOPUTMH CTEMIHTY MOXKYTh 3MIHIOBAaTH CJIOBa 3aHAATO stemming + TF-IDF 6,246 | 223 | 0058 |1 | 228
. N lemmatizing + TF-IDF | 8,246 405 | 0,026 66 | 84,4
(Over-Stemming) um memocraruso (Under-Stemming) original + BOW 11308 | 426 | —0,028 | 62 | 57.7
[15]. Jins npukiajga  HaBeleMO  PI3HMIO  Mixk stemming + BOW 8558 | 761 | 0,008 | 67 | 795
pe3yJbTaTaMi CTEMIHTy JBOX QITOPUTMIB i3 PI3HUMH lemmatizing + BOW | 9,551 | 612 | -0,026 | 59 | 63,88
nokasuukamu Ol (overstemming index) Ta Ul Otfigi”f%HBEBFéLT gﬁg’gi gi 818‘318’ i 822
; ; . Sy stemming + , | ,
(understemming index) [16] na ocHoBi Bapiartiii cioBa Iemmatizging+BERT 26237 84 0038 16 [0
36epertu (Tadm. 1).
Tabnuis 1 — [TopiBHSIHHS CTEMIHTY Pi3HUX iHCTPYMEHTIB
Anroput™m CroBa
Opurinan 30epiraiite | 30epiraii | 30epir | 30epiraB | 30epiratu | 30epirana | 30epiraTumemMo
urk_stemmer | 36epiraiit 30epira 36epir | 36epiran | 36epir 30epir 30epiraTuMeM
tree_stem 30epira 30epira 30ep 30epira 30epira 30epira 30epira
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PucyHok 2 — CTOBITYMKOBI AiarpaMu Bapiauiit migxoxis mist K-Means npu 3actoByBaHHi BapianTis original + TF-IDF (a), stemming
+ TF-IDF (6), lemmatizing + TF-IDF (8), original + BOW (r), stemming + BOW (x), lemmatizing + BOW (e), original + BERT (),
stemming + BERT (k) ta lemmatizing + BERT (i)

3) Silhouette coefficient (sc) — cunyerna orinka
KJIaCTEpiB, MIO MOKAa3y€e HACKITBKU KIIACTEPH PO3IOALICHI
Mk coboro. 3maxoguthcs B Mexax [-1; 1], me -1
O3Hayae, IO KJIACTepu pO3MOIUICHI HempaBmibHO, 1
03Hauvae, 10 KilacTepu 1o0ope posnojiieHi, a 0 — o3Havae,
0 BiZICTaHb MK KJIacTEpaMH HE € TOCTATHHO 3HAYHOIO,
100 OIIHUTH PO3NOALT KIIACTEPIB.

4) Noise clusters % (nC) — BimHOIIEHHS KiTBKOCTI
KJIacTepiB, M0 € HENPUIATHUMH IS TOJANBIIOTO
BHKOPHCTAHHSA, IO 3arajlbHOi KiBKOCTI KiacTepiB. Lle €
KJIaCTepH, M0 MICTATh 3amaino TBITiB (MeHme 5) a6o
KJIACTEPH IO MICTATH 3aHAATO 06araTto MOBiJOMIICHB, 00
BimoOpaxaru muire 1 temy (Ginpire 20% Bubipkn).
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5) Noise % (n) — BigHOIIEHHS KiTBKOCTI TIOBiIOMIICHE
ITYMOBHX KJIACTEPIB 10 PO3Mipy BUOIpKH.

Pezynprat = MOKa3yloTh, 0  BUKOPUCTAHHS
BekTopuzanii BOW nporpae npu Oynb-sikux BapiaHTax.
Xou yac BUKOHAHHS HEBEIHMKHH, MPOTE TaKi KiacTepu
MICTSITh Jy)K€ BCIIMKE BIAXWICHHS, 3HAYHY KUIBKICTh
LIyMY Ta [OTaHy CHJIYETHY OLIHKY.

Bukopucrannss TF-IDF  Bekrtopmzamii ngae kpamri
pe3yJbTaTH Ta HEBEIUKY KUIbKICTh IIyMy 3a KOPOTKHH
yac. Takox Iel BEKTOPH3aTOp Ja€ HAWKpAIly CHIyEeTHY
OLIIHKY, POTE MPOLEHT BIAXMICHHS BCE M€ 3aJIHIIAETHCS

BeskuM.  CTeMiHr  JIeI0  MOKpamuB  Pe3ysbTaT
KJIacTepu3alii, Ha BiAMIHY BiJ JTeMMaTH3aIIii.

BERT  Bekropmsamiss  3abe3medye  HalKpaiquii
CyMapHui pe3ynbrar, CTBOPIOKOYH HalMeHLIe
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BIIXMJICHHS, Jy)KC HU3bKHU DPIBEHb IIyMy Ta CEPEIHIO
CUIIyEeTHY OIIIHKY, MPOTE YaC BUKOHAHHS TaKMX BapiaHTIB
MIEPEeBHIILYE YaC BUKOHAHHS IONEPE/IHIX B ACCATKH pa3iB,
10 MOYKE CTAaTH MPOOJIEMOIO MPH OMPAIFOBAHHI OUTBIINX
BHOIPOK TBITIB B TUCSY1 Y COTHI THCSY TBITIB.

CreMiHT y OUTBIIOCTI BUIAJAKIB IOKPAIY€e PE3yIbTaT
KJIacTepu3anii, CKOpO4ylO4H il Yac, 0 CTa€ B HATOJl JUIs
BERT, Takox 3MeHIIye BIiAXWICHHS Ta IIOKPAILye
CUITyeTHY OIIIHKY. JleMMaTun3allis HaBImaku 301IbIIy€ gac,
IIyM Ta BIIXWJICHHS TNPH JOCTIUKCHHI YKpaiHOMOBHHX
TBITIB.

OCKIMBKH HACTYIIHI aNTOPUTMH KJacTepu3alii, IIo
OyAyTh  HOCHIDKYBaTUCh  BH3HAYAlOTh  KUIBKICTh
KJIaCTEPiB JMHAMIYHO, JOJA€EM 10 PE3yJbTATIB 1€ OIHMH
nokasHuk (K), o o3Hayae KinbKicTh KJIacTepis.

Lleii Habip mokasye JI0CUTH I1iKaBi pe3ynbTaTh (puc. 3,
Tab. 4). ArmomepaTHBHA KIacTepH3allisi 3aiiMae Oinbiie
4acy, HDXK K-CEepe/HiX, NpH 1boMy 3actocyBanHs TD-IDF
BEKTOPH3AIlil J1a€ 30BCiM mmocepeHi pe3ynbratu. [Ipote i3
BOW ta BERT Bektopamu cutyauis JOKOPIHHO
3MIHIOETCS. BiAXUIICHHS Ta CHiTyeTHa OlliHKa Ha0yBaroTh
Iy)Xe TO3WTHBHHX 3HA4YeHb, alle NPH LBOMY KiJIBKIiCTh
kiactepiB gocsrae moHan 2500, a mym no 99%. Maiixe
BCi KJIACTEPH MICTAThH JIMIIC JCKiTbKAa TBITIB, IO HE
OUBHO TIPH TaKii KiTBKOCTI KiacTepiB. 3 iHIIOro OOKy
MIpY BUKOPUCTAHHI 1HAKIINX BXIJHUX MapaMeTpiB MOXKHA
JIOCATHYTH HH3BKOi KUTBKOCTI KJIAacTepiB 13 HHU3BKUM
piBHeM mrymy. CTeMiHT Ta JiemMaru3aiis He 3/1HCHIOI0Th
0coONMBOrO BIUIMBY Ha SIKICTh KJacTepusalii, MpoTe
MOXYTb CYTTEBO CKOPOTHTH 4ac OIpaIfOBaHHS.

PucyHok 3 — CToBIYMKOBI Aiarpamu Bapiatii miaxoais mist Agglomerative clustering npu 3acroByBanHi BapianTis original + TF-
IDF (a), stemming + TF-IDF (6), lemmatizing + TF-IDF (), original + BOW (r), stemming + BOW (x), lemmatizing + BOW (e),
original + BERT (), stemming + BERT (k) ta lemmatizing + BERT (i)
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Tabnuis 4 — Pesynbratu KiacTepu3alii Bapiaiii miIxomiB s
Agglomerative

Bapiant k t c sc nc n

original + TF-IDF 67 169,13 | 477 | 0,04 1 58.3

stemming + TF-IDF 77 93,66 565 | 0,05 1 65

lemmatizing + TF-IDF | 71 107,17 | 566 | 0,05 1 68

original + BOW 2535 | 162,77 | 136 | 0,076 | 98 | 884
stemming + BOW 2442 | 97,14 202 | 0,75 97 | 85.9
lemmatizing + BOW 2485 | 109,02 | 190 | 0,75 | 98 | 87.5
original + BERT 2707 | 483,96 | 59 0,80 99 | 94
stemming + BERT 2611 | 472,98 [ 58 | 0,80 | 99 | 94
lemmatizing + BERT 2677 | 450,55 | 60 | 0,80 | 99 | 94

Anroputv HDBSCAN Takox BH3Ha4ae KiTBKICTh
KIIACTEepiB IUHAMIYHO, a TaKOX BIiH BH3HAYAE IIIyM
Bracuopyd (puc. 4, Tabn. 5). Ile o3mHavae, mo B
pe3ynbpTaTi KiIacTepm3amii HeMae IIyMHHX KIacTepiB,
OCKITBKM yCi ITyMHI TIOBIZOMJICGHHS BiACIIOIOTECS B

nporeci, TOMy 13 pe3yJbTaTy 3HHKae mnapamerp nNC.
OCKIUIBKH aJTOPUTM BJIACHOPYY BU3HAUA€ IIIYM, 3aMiCTh
CUJIYEHTHOI OIIIHKM JUISi BU3HAUEHHS PO3MOJIICHOCTI
KJIacTepiB BUKOpUCTOBYyeMO ouinky DBCV [21], mio
BpaxoBY€ IIYM, a TaKOX JUIi BUMIPY BHUKOPHCTOBYE HE
BiJICTaHb, a IIUIBHICTh. JlaHa OIIHKA TaKOX JIKUTh B
mesxkax [-1; 1].

Hoennanns NLP-metonis pazom i3 HDBSCAN maroth
MMO3UTHBHI pe3yiabTaTi. KiMbKICTh KIIACTEPiB I BHOIPKH
B 5000 tBiTIB 3HaxomuThca B Mexax Big 50 mo 200,
Bimxmwienns e mepesuirye 200%, ta dbcv orinka He
HaOyBae HETaTHBHUX 3HaueHb. llpore BapiaHTH i3
HDBSCAN € HaliTpuBaJilIMMK B OIPLIOBaHHI, a TaKOX
BIJICIIOIOTH 0arato nrymy.

Pucynok 4 — CroBmunkoBi miarpamu Bapiarii migxozis aiast HDBSCAN mpu 3actoByBanni Bapiantis original + TF-1DF (a),
stemming + TF-IDF (6), lemmatizing + TF-IDF (8), original + BOW (r), stemming + BOW (x), lemmatizing + BOW (e), original +
BERT (), stemming + BERT (k) Ta lemmatizing + BERT (1)
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Tabmuus 5 — Pesynbratu KinacTepu3arii Bapiaiiid miIxomiB s

HDBSCAN
Bapiant k t c dbcv n
original + TF-IDF 180 | 471,10 | 65 | 0,050 | 66,1
stemming + TF-IDF 81 378,89 | 70 0,027 | 84,3
lemmatizing + TF-IDF | 80 461,87 | 68 0,028 | 84,3
original + BOW 53 | 59943 | 76 | 0,030 | 88,2
stemming + BOW 61 378,09 | 134 | 0,034 | 87,2
lemmatizing + BOW 58 | 487,75 | 124 | 0,035 | 87,9
original + BERT 111 | 477,76 | 101 | 0,074 | 77,2
stemming + BERT 122 | 44250 | 72 | 0,068 | 77,3
lemmatizing + BERT 123 | 486,91 | 69 | 0,063 | 77,6

3rigHO 3 pe3ynbTaTaMu MPOBEICHHUX KIacTepH3alil,
ONTHUMAILHUMH PIIICHHSIMU € BUKOPHUCTAHHS aJIrOPUTMY
knacrepusanii HDBSCAN Ta anroputmy Bekropu3aiii
BERT nmns nocsrHeHHS HAWTOYHIIMX pE3yibTaTiB, Ta
Bukopuctanas K-Means pasom i3 TF-IDF  mna
JOCSATHEHHST HaWKpairol I[MBUAKOMIl 13 ONTHMaIbHUM
pe3yﬂLTaTOM. I[J'[ﬂ 3MCHILICHHIA qacy BUKOHAHHIA MOXHa
3aCTOCOBYBATH CTEMIHT.

5 PE3YJIbTATH

[Ticnst eramy kiacTepusallii TBITIB 3a JIeHb HIe eTarl
3MUTTA 13 KJIACTepaMH TONEPEAHBOTO THS. 3JIUATTS
MPOBOIUTHCS JIMIIE MK KiIacTepaMd 13 TOXIOHUME
BIIOWTKAMH, J[UIS IHOrO HEOOXIAHO 3HAWTH MIIAX
MepeBipsATH TMOAIOHICTh BiAOMTKIB. Po3risHeMO HHU3KY
QITOPUTMIB TIOIIYKY MOIIOHOCTI TEKCTy y MOpPIBHSIHHI
kiactepiB. CrtBopumo jaBa Habopu kiactepiB 3 9000
TBITIB 32 OJIUH JICHb, KOkeH HaOip mictutume 4500 TBiTIB
B3STHX 13 BUOIPKH y IIAXOBOMY MOPSAKY. TakuM 4MHOM
MOJKHa CTBOPUTH HaOOpH KJIACTEpiB, IIO TOYHO OyayTh
MICTUTH TOHIOHI eleMeHTH. [3  KokHOro Habopy

crBopumo 1o 100 kmacrepiB Ta moOpiBHSIEMO iX Mik
co6oro. Ile 10000 nepeBipok 3 sikux 10 100 3 HUX MarOTh
BU3HAYUTH BHCOKY MOJIOHICTD, a pelTa — HU3bKY.

[Tizroryemo ricrorpamu i3 pe3yjibTaTaMu IEPEBipOK
aNropuTMIB, Jie Ha oci X po3MileHi moAiOHOCTI, a Ha oci
Y — ixHs yacrota npu nepeBipkax (puc. 5). Okpim 1poro
i3 1BOX HaOopiB Oyno Bpy4Hy OOpaHO [Ba KIIACTEPH,
BITOWTKM SIKUX TOBHHHI MAaTH BEJHKY CXOXKICThb. Takmm
YHHOM MOYKHA TIEPEBIPUTH BIAMIHHICTh MK pE3yIbTaTOM
MEpeBIpKM  CXOXKHMX  KJIacTepiB  Ta  CepeaHIMH
pe3ylIbTaTaMH.

JU71st HOpIBHAHHS CKOPHCTAEMOCH TAKMMH METPUKAMHU:

1) t — yac mopiBHSHHS;

2) Sayg — CEpEIHS TIOAIOHICTS;

3) S; — momibHICTh KIacTepiB, BUOPAHUX BPYUHY;
4) s, — pi3HHILIS TOAIOHOCTEIH.

Maiixe Bci anropurmu 3aificamim 10000 mepesipox
JIOCUTD HIBUKO, 3a BuHsATKOM Sift4 (puc. 5, Tabi. 6). Hac
BUKOHAHHS BiJirpa€ BaXIUBY pOJb, KOJMH MOTPiOHO
3JIACHIOBAaTM TOHHM TaKHWX NepeBipok. IleBHa dYacTHHA
ANTOPUTMIB Ma€ TyK€ HU3BKY PI3HHUIIO MiX CEpeIHBOIO
nofibHicTI0O Ta BHCOKOK momiOmicTio (<20). Taki
QITOPUTMH HE € ONTUMAIBFHUM BHOOpPOM JUIS NMOPIBHSHB
BIIOWTKIB KJIAcTEPiB, OCKUIbKA I HHUX CKIIQIHIIIC
BUOpATH MEXY, 3a SIKOIO KJIACTEP BBAXKAETHCS MOIMIOHUM.
Haiikpami pe3ysibTaTé TOKazald ajIrOPUTMH, IO
BUKOPHCTOBYIOTh Bijcrans JleBeHmireiina, tobto fuzz
sort, fuzz set ta levenshtein. Jlani amropuT™Mu HIBHIKO
3MIMCHIOIOTh  TEPEBIpKH, MaroTh OUIbIy  PI3HHIIO
MOMIOHOCTEH, TOXK MOXKHA TOYHINIE BU3HAYUTH MEXY
MOAI0HOCTI.

Pucynok 5 — Ticrorpamu noaibHocTel nepeBipoK KiiacTepiB pisHUMH anropurmamu sik Fuzz sort (a), Fuzz set (6), Levenshtein (s),
Jaro Winkler (r), Jaccard (x), Sorensen (e), Cosine () ta Sift4 (k)
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Tabmuis 6 — Pe3ynpTaT HOPIBHAHHS alTOPUTMIB BU3HAUCHHS
MOIIOHOCTI TEKCTY

AJroput™ t,ceK. | Savg, % | S, % | Sa, %
Fuzz sort 1,79 35,72 68 32,28
Fuzz set 1,70 36,71 97 60,29
Levenshtein | 0,42 19,62 48,05 | 28,43
Jaro Winkler | 0,31 67,15 86,66 | 19,51
Jaccard 1,25 58,48 75,37 | 16,89
Sorensen 1,10 73,07 85,96 | 12,89
Cosine 1,09 73,56 | 86 12,44
Sift4 25,44 | 22,40 42,74 | 20,34
6 OBI'OBOPEHHA
3niificHeHHsT ~ BHOOpY ~ OCHOBHHMX  QJITOPUTMIB,
HEOOXiHMX B mailmiaiHi, J03BONsiE  CHpOOyBaTH

MPOBECTH TMPOIEC NaWIUIaiHy JUIs JCKIIFKOX MJHIB Ta
OTpUMATH TIeBHI pe3ynbraTH. [JIs [BOro 3IiHCHUMO
BHOIPKY TBIiTIB i3 CEMHU IHIB THXHS, 3 KOXHOTO ITHS IO
9000 TBiTiB, 3AifiCHIMO KIAaCTEepH3alif0, B3IUTTA, Ta
300pa3uMo TOMYJSIPHICTE 00paHUX KIacTepiB Ha Tpadiky

(puc. 6).

Pucynok 6 — I'padix nomyssipHOCTI T€M NPOTITOM THIKHS

Jannit rpadix orpumanwmii 3a gonomoror K-Means ta
TF-IDF s knactepusaitii Ta BekTopu3aiiii, a Takox fuzz
SOrt mns TOpPIBHSHHSA BIMOWTKIB KIIACTEPIB 13 MEKOIO
roxiorocTi 55%.

Sk Gaummo 3 rpadiky s mrororo 2023 poxy s
YKpaiHLIB 3aJMIIAIOTBCS CAMHMH aKTYaJbHUM TEMaMH
TBITH 3 KJIIOYOBMMH CIIOBAaMH MpE3UICHT Boiomumup
3enencekuii (OakuTHUA) Ta TaHku leopard orpumani
(dbioneroBwmit). Ha mpyromy wmiciii HOMyJISPHOCTI € TeMH
CBiTJIa mam'sTh 3arubiomMy (depBoHa), €Bpormna (3eneHa) Ta
Bopuc JIxoHCOH (OpaHXeBHH).

Peanizyemo maidmmaiiH  Takoxk W g iHIOHX
aNTOpHUTMIB Kiactepm3artii. Agglomerative kiacrepusartis
Bi3HAYMIACh HeCTaOlIbHICTIO, poTe JIOCUTBH
30alaHCOBAHUX  PE3Yy/bTaTiB  BAANOCH  JOCATTH Y

moegHaHHI 13 Bekropm3amiero TF-IDF.  IIposememo
malTIaiH st i€l komGinarmii (puc. 7).
Habip TemM mms 1pOro BapiaHTy € MOMIOHUM 10

MOMEepeHbOr0 32  BHUKIIOUEHHSM TeMd  €Bporma
(BizOymace 3aMiHa Ha TEMAaTHKy — 3MEHIIHIOCS
BUPOOHUIITBO €JIEKTPOCHeprii — 3eneHa). Posmonin

3rajlyBaHb TAaKOX € MOAIOHMM, IPOTE B JaHOMY BapiaHTi
BiH € Oi7bII PIBHOMIPHUM. 3pELITOIO, I[IHOI0 HE3HAYHOTO
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Pucynok 7 — I'padix momynspHOCTI TeM MPOTSITOM THXKHS ISt
Agglomerative
MOKpAIeHHs!  PIBHOMIPDHOCTI  KJIacTepiB €
301JIBIIEHHS TPUBAJIOCTI BUKOHAHHSI.
OCTaHHBOK KOMOIHAIIIEI0 JUISA MPOBEICHHS aHANI3y €
HDBSCAN + BERT (puc. 8).

3HA4YHC

Pucynok 8 — I'padix momysipHOCTI TeM MPOTATOM TYDKHS IS
HDBSCAN

Le mociipKkeHHs OKa3ano HalKpallli METPUKHU SIKOCTI
KJIacTepiB MpH iIXHBOMY aHamizi (tabm. 5). Posmomin tem
3a Takoi KOMOiHalii mpakTHYHO 30iraeTbes 13
pesynbraroMm 1t Agglomerative (puc. 7). I3 otpumanoro
rpadiky BHIHO, IO 3arajbHa KUIBKICTh 3TaJyBaHb
KOXXKHOI i3 TeM HeBenmuka. Lle pesynbrar BH3HaueHHS
3HAYHOI KIUTBKOCTI TBITiB, sIK ImyMy. Yac BHKOHaHHSA
aHami3y B JeKiJgbka pasiB mepesuinye Agglomerative
KJIaCTepH3allito, 0 POOUTH LieH MiAXiN HEeNPUAATHAM ISt
MIOJICHHOTO aHali3y 3HauHol Kinbkocti TBiTiB (> 100
000). OTpumani pe3yabTaTd MICTATH K TepeadadyBaHi,
TaK 1 JOCUTh HEOYiKyBaHi BUCHOBKH. HeBHcOKa TOYHICTB
MEBHUX aJrOPUTMIB CTEMIrHy Moxke OyTH TOB’s3aHa i3
PI3HOMAHITTAM YKpaiHChKOT MOBH TaK, IO aJrOPUTMH HE
3aBXIM TPHBOJSATH 10 OCHOBH KOpeKTHO. HesBakaroum
Ha IIe, CTEMIHT Bce e 3/IMCHIOE MTO3UTHBHUII BILIMB Ha
KiHIeBy BuOipKy. CkazaTH YoMy JeMaTu3alis He Jae
TaKoOro * e(eKTy, Xoya BOHA TAKOX 3MEHIIYE BXiTHHH
CJIOBHUK CIIiB, JOCHUTH cKJanHoO. Lle Moxke OyTH moB’s3aHe
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i3  TOYHICTIO OOpaHOro  iHCTpymMeHTy abo i3
0COOJINBOCTSIMU ITOPUTMIB BEKTOpHU3allil Ta
KJacTepu3allii, OCKUIbKM TPH TMEBHUX KOMOIHAI[IsNX

MTOKPAIEHHS, BCE XK, CIIOCTEPITranoch.

Anroputm Bektopuzauii tekcty TF-IDF mae nepesary
Han Bag of Words 3a paxyHOK BpaxyBaHHS 4acTOTH CIIiB
HE TUTBKM B OKpPEeMHX TBiTaX, ale ¥ B ycid BHOipIi
3arayoM. Yci alrTOpUTMH KJIaCcTepU3allil IMOKa3aiu IiKaBi
pesynmpTati. HectaOimpHICTH dHCa  KIacTepiB B
arJIoMepaToBii KiTacTepu3allii Moxke OyTH CIpHYMHEHE
YYTIMBICTIO QJITOPUTMY 1O BXiIHHX JaHUX Ta
napametpie. HDBSCAN Oynye xoporni kiactepu 3a
pPaxyHOK MiJXOMy, MO0 0a3yeThCs Ha IIUIBHOCTI, MPOTE,
Yyepe3 PpI3HOMAHITHICTh TBITIB, IIUIBHICTh € YacTo
HEBEJIMKOIO, 110 3aJIMIIAE, B PEIITI-PELIT, 0arato rymy.

JIy1s TOpiBHSIHHS BiIOWTKIB HAMOLTBIT ONTUMATEHUMHE
meromamu ctanu fuzz sort, fuzz set ta levenshtein. Jlani
METOJI BUKOPHCTOBYIOTh BiicTaHb JIeBeHIITelHA y CBOIN
podori. Lle mokasye, mo Takuil miaxin qoope mpamkoe as
MTOpIBHSAHHSA HAOOPIB KIFOYOBUX CIiB. [HINI anroputMu He
MOXYTh TOKa3aTH BENWKY BiAMIHHICTH MIX pI3HUMH
BiIOWTKAaMHK, IO CBITYWTH NPO T€, IO BOHH HE
aJlanToBaHi 10 TAKOTO POy 3ajad.

3pemToo, OTpUMaHa CTaTUCTHKA MOMYJIAPHOCTI
Ki1acTepiB 3a ciM nHiB. Ha BigMiHy BiJ CTaTHCTHKH,
noOysoBaHOI JIMIE MO  KIIOYOBHX  CIIOBAX, WIO
BiTOOPaXA€ETHC, K ONUH i3 PE3yJbTATIB JOCIHIIKCHHS
tBiTiB wog0 COVID-19 [22], B 3amponoHOBaHOMY
MiJIXOMI OJUHHIICIO BUMIpPY € HE CIOBO 4Yd (pasa, a
KJIacTep, BIAOMTOK sKOTO 30epiraeThecs A aHaizy, abo
3MUTTA 13 IHIIAMH KjacTepaMd. AHami3 BiIOWTKIB
JO3BOJIUTH OTPHMYBATH pE3yJbTaTH, K, HANPHKIA,
eMOLIIHIIA aHaJi3, 0 300pakeHO B TOMY XK TOCIIIKEHHI
abo y me omgHomy mocmimkenni momxo COVID-19 [23],
MpoTe MiAXig KiacTepu3amii Ta 3IUTTA BiIOWTKIB
JIO3BOJISIE PO3LIMPIOBATH JIaHy CTaTUCTHKY IOJICHHO B
aBTOMaTHYHOMY pexuMmi. Kiacrtepusaiis TBITIB BXke
omucaHa B jociipkeHHi anroputMy DBSCAN s
noOyaoBu TpeHaiB TBITiB [24]. TIpoBeaeHe MOCTiKEHHS
MIPOTIOHYE MOPIBHAHHS Pi3HUX MiIXOMIB JI0 KIacTepHu3awii
Yl BEKTOpHW3aIlil TBITIB, a TaKOX [O3BOJIE OyIyBaTH
CTATHCTUKY itepaTiBHO. Lle m03BoJsle omTHMI3yBaTH
TIPOIIeC aHaNi3y eMOLIHHOTO CTaHy COIiabHO-aKTUBIHOT
CHUTBHOTH 171 (OpMyBaHHSA INPOHO3IB LIONO JUHAMIKH
3MIiHHM I'POMAJCHKOi JYMKH B KOHPETHOMY T€MaTHYHOMY
indopwmariiiinormy mpoctopi [25-27]. Ha ocranok, mane
JMOCTIMKCHHST ~ 3JiHCHCHE HA  OCHOBI  aHaji3y
YKpaiHOMOBHHX TBITIB Ta BH3HAua€ ONTUMaJbHUI HaOIp
IHCTPYMEHTIB J1s1 pOOOTH 13 YKpaiHCHKOIO MOBOIO.

BUCHOBKHU

BupinieHo axTyanbHe 3aBIaHHA B MOJIENIOBaHHI
NPOLECIB TOCHIKEHHSI TPOMAJCHKOI TyMKH HA OCHOBI
IHTENIEKTYaIbHOTO ~ aHaJli3y yYKpaiHOMOBHOTO IOTOKY
KOHTEHTY B COLIAIBHUX MEPEKax.

HaykoBa HOBHM3HA OTPUMAaHHX PE3yJbTATIB MOJATAE Yy
TOMY, IO BIIEpIIE 3alPOIIOHOBAHO METO]| 3HAXOKEHHS
KJIACTEPU30BaHMX TEMAaTHYHUX TPyl YKPaiHOMOBHHX
TBITIB Ha PI3HUX PIBHSAX IONEPEIHBOTO OIPAIIOBAHHS
YKpaiHOMOBHHX TEKCTIB Il BU3HAYCHHS €(EKTUBHOCTI
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3actocyBanHsi neBHuXx NLP migxoxiB, anropurmis um
IHCTPYMEHTIB, IO JIO3BOJMJIO IIOKPAIllUTH TOYHICTh
MOUIYKY TMOiNOHOTO KOHTeHTY. JlocmimpkeHHs 3MiiicHeHe
Ha OCHOBI aHaNi3y YKpaiHOMOBHHMX TBITIB Ta BH3Hayae
ONTHUMANbHUH Habip IHCTPYMEHTIB miust poOotH i3
YKpaiHCHhKOI MOBOK. JlOCHiIKEHO 0CcOOIMBOCTI 300Dy,
¢inpTpanmii Ta momepemHbOi  OOpOOKH  TBITIB i3
BpaxyBaHHSAM O0COONMBOCTEH yKpaiHChkoi MoBH. Cepen
HUX TakKi, SK: 3IiiICHEHHs BHOIPKH TBITiB 3Ba)KAr04Yd Ha
MOMIOHICTE YKPAiHCHKOI Ta POCIMCHKOI MOB, a TaKOX
IMOBIpHICTD MPHUCYTHOCTI IHIMIMX MOB B YKPaiHOMOBHHUX
TBiTaX; BupanenHs 3aifiBUX eleMeHTIB i3 TBiTiB; Bubip
ONTHUMAJIBHUX IHCTPYMEHTIB JJIsl CTEMIHTY Ta JieMaTH3awil
YKpalHCBKOTO ~ TEKCTy, 3BaKal0ud Ha  BIiJCYTHICTb
LIMPOKOTO BHOOpY, Ta JIOCHI/DKEHHS BIUIMBY TaKol
00poOKHM TEKCTY Ha BXiTHUH CJIOBHUK ciiB. OpraHizoBaHO
MOCTIIOBHICTE ~ MPOLECIB Yy  MaWIUIaiiH, IIIOJICHHE
BUKOHAHHS SIKOTO JIO3BOJIAE OyayBaTd TPEHIH TEM
YKpalHOMOBHUX TBITiB, a KOXHA 3 TeM MICTHTh BIIOHUTOK,
SKUI MO)KHA BUKOPUCTOBYBATH JUTS TIOJAIBIIIOTO aHAIZY,
SK YaCTHHY JOCHiIKEHHS ITPOMaJICHKOT TyMKH.

[IpakTnyHa IIHHICTH TMOJSATAa€ y TOMY, IO BOHA €
CTPYKTYPHOIO  CKJIAJOBOIO  IIPOLECY  OLIHIOBAHHS
NoJIOHOCTI ~ TEKCTOBOTO ~ KOHTEHTY  Ha  OCHOBI
MOTIEPEIHBOT0  ONpAIOBaHHS TEKCTy, BEKTOpH3allii Ta
Kjacrepusanii. 3AiHCHEHO TIOPIBHSHHS  QJTOPUTMIB
KJjlactepusanii Ta BEKTOpPH3alil TEKCTy 3a JIOMOMOTOI0
BHU3HAUCHUX METpUK. JIOCHi/KEHO BIUIMB CTEMIHTY Ta
JieMaTH3alii Ha Yac BUKOHAHHS 3arajlbHOI 0OpOOKH Ta Ha
SKICTh OTpPHMaHHX KiacTepiB. OTpHMaHO ONTHUMAIBHI
Bapialii aroOpuUTMiB TSI TOYHOTO Ta MIBHIKOTO BAapiaHTIB
BUKOPHCTAHHS. 3MIACHCHO TMIOPIBHSHHSI  alTOPUTMIB
BU3HAUECHHS TMOMIOHOCTI TEKCTy M OOpaxyBaHHS
CXOKOCTi BIIOWTKIB KiacTepiB. 3HAWICHO ONTHMAJBHI,
JUIL BUKOPHCTAaHHSA, aJTOPUTMH, IO HAJAIOTh XOPOILY
TOYHICTh Ta NMPOAYKTHBHICTh. [IpoBeneHO mocCiimKeHHs
TPEH/IB OJHOTO TIKHS 4Yacy Ta BH3HAYEHO 3MiHY
MOMYJIAPHOCTI Ha MPHUKJIAl JEKITBKOX 00PaHUX TEM.

B pe3ynbrari MIPOBEJICHUX EKCIIEpUMEHTIB
peani3oBaHO Ta  IPOaHaNi30BaHO  (YHKI[IOHYBaHHS
nalmnaiH i3 300py Ta ONpaloBaHHA YKPaiHOMOBHHUX
TBiTiB. Ha pi3HMX erTamax OIpamioBaHHS MPOBENCHI
CKCIICpUMEHTH Ul  BU3HA4YeHHA  e()eKTHBHOCTI
3actocyBanHsa meBHUX NLP migxonis, amroputmiB um
iHCTpyMeHTiB. CHOYaTKy BCTAHOBIIEHO, IO CTEMIHT Ta
JeMaTu3allisl JO3BOJIIOTh CYTTEBO CKOPOTHTH BXiTHUI
CIOBHUK ciiB. OOpaHO ONTHMAalbHI aJTOPUTMH, 3TIIHO
iXHbOT e(EeKTUBHOCTI INpPH ONPALOBaHHI YKpalHCHKOI
MOBH. PO3IJISIHYTO MPUKIIa]] HE33JOBUILHOTO CTEMIHTY.

Hanmi mpoBeneHO JeTaibHE MOPIBHSAHHS —Bapiamii
KJIaCTepH3allii TBiTiB, IO MOJATalOTh B moeaHanHi NLP-
METOJIiB TIOTIEPETHHOTO OTIpAIIOBaHHS TEKCTY,
BeKTOpHW3alii Ta Kiactepusamii. 3miicHeHO 27 pi3HHUX
KJIacTepH3alid Ta TPOaHANi30BaHO iXHI pPe3yIbTaTH.
ExcniepMeHT MoKa3as, 10 CTEMIHT IePEBaKHO CKOPOIYE
gac OIpAIfOBaHHSA YKPaiHOMOBHHX TBITiB, Ta MOKpAIIy€e
SKICTh Kyactepm3amii. JIeMaTu3amist TakoX MPHUIIBUALIYE
mpolec, MHPOTe 4YacTo MPU3BOJMTH OO HOTIpLICHHS
pesynbrariB. Anroput™ BekTopusaiii Tekcty Bag of
Words nporpae inmmm anroput™am TakuMm sk TF-IDF Ta
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BERT. TF-IDF € ontumanbHuM BHOOPOM 3 TOYKH 30Dy
mBuakocTi podorn. Xou BERT 1 mpussomuth 10
MOKPAIIICHHS PEe3yJIbTaTiB, MPOTE TaKa BEKTOPH3ALlis
motpebye  Habaratro  Outemie  vacy. HDBSCAN
KJlacTepu3alis CTBOPIOE HAHOLIBII PIBHOPO3MOAIICHI
KJIacTepH, MpoTe Takox 3aiimae Oarato yacy. K-Means e
HaWIIBUIIIMM  ITOPUTMOM  KJlacTepusamii  cepen
PO3TIITHYTHX. ATJIOMepaToBa KiacTepH3alis X0d i Moxe
JaBaTH JEMIO Kpalli KIacTepd, IPOTe pe3yinbTaTd il
PpOOOTH BUSIBUJIMCH IOCUTH HECTAOLILHUMHU.

Cepen iIHCTPYMEHTIB 3HaXOKEHHS MOIIOHOCTI TEKCTY

Halikpamie s TOpIBHAHHS  BIiOOWTKIB  KJIacTepiB
migxomate fuzz sort, fuzz set ta levenshtein. 3a
MIBUAKICTIO  3JIMCHEHHS  TEpeBipKy  HalKpauui

pe3ynbTar mokaszas meron levenshtein. JIpa inmux BTpudi
TipIie MmoKa3aid MIBHIKICTh MEPEBIPKH, alleé BOHU Maike
B 13 pasiB mBuaIIe MpaifooTh, Hix Sift4d. HalmBuammii
meron € Jaro Winkler, aine Bin mae 19,51% pisuuirio
monioHocTel. Kpamry pisHHIO momiOHOCTe Mae MeTon
fuzz set (60,29 %). Jlpyre wmicue mocinu Fuzz sort
(32,28%) Ta Levenshtein (28,43%). Jani Mmeromu
BHUKOPHUCTOBYIOTH BiicTaHb JIeBeHIITEHHA Y CBOIl POOOTI.
e moxa3ye, mo Takwi MmigXig AoOpe Tpaioe st
NOpIBHSAHHA ~ HAOOpiB  KIMIOYOBMX  ciiB.  [Hmi  x
IHCTPYMEHTH MOKa3yIOTh 3aHa[JTO HHU3bKY PI3HHIIO MiX
cepeHbOI0 TO/IIOHICTIO BIIOUTKIB Ta MOJIOHICTIO BPYyUYHY
BUOpaHUX CXOXHX KiacTepiB. Y MESKHX alTrOpUTMIB
cepeHs Mo IiIOHICTh BiNOUTKIB csrae Buie 70%.

B kiHOi mpoBesneHHs mNaIuIaiiHy OTpUMaHO rpadik
MIOMYJIIPHOCTI  IEKUTBKOX KJIacTepiB 3a 7 MHIB dacy.
Takuif mporiec MOKHA TIPOBOJUTH IIOJICHHO U MOCTIHHO
OTPUMYBATH aKTyaJlbHi JaHi.

[lepcrieKTHBY MOAANBIINX JOCTIIKEHb MOJATAIOTH B
JOCTIKeHHI TPOMAJACHKOI JyMKH Ha OCHOBI IHIIHX
QNTOPUTMIB  BU3HAYEHHS MOAIOHOCTI TeKCTy  Uid
00paxyBaHHs MOAIOHOCTI BiIOUTKIB KJIACTEPIB.

MHOASAKH

PoGoTy BHKOHaHO B paMKax JEp>KOIO/DKETHOI TeMH
«Metonu Ta 3aco0H (YHKIIOHYBaHHS CHCTEM ITiJTPUMKH
TIPUMHATTS pillleHb Ha OCHOBI oHTosorii» (1D:839 2017-
05-15 09:20:01 (2459-315)). JocmimKeHHS TPOBAIAIOCH
B MeXax CIUIBHUX HAyKOBHUX JOCTIKCHb Kadeapu
iHpopMmamiiHux cucteM Ta Mepex HY «JIbBiBchka
moJliTexHika» Ha Temy «JlocmimkenHsa, po3poOieHHs i
BIIPOBAKEHHS IHTENEKTyaTbHUX PpO3TIOAiTEHIX
iHpOpMalIHMX TEXHOJIOTIH Ta CHCTEM Ha OCHOBI
pecypciB 0a3 1aHuX, CXOBHII JJaHUX, ITPOCTOPIB AaHUX Ta
3HaHb 3 METOI MPUCKOPEHHs TpoleciB (GopMyBaHHS
cydacHoro iHdopmaniifHoro cycmiigbcTBa». HaykoBi
JIOCIIJKCHHS TIPOBAIJINCS TAKOXK B paMKax iHII[IaTHBHOT
TemaTHku jpociipkenb kadenpu ICM HY «JIbBiBchka
MOJTiTeXHIKa» Ha Temy «Po3poOiieHHS IHTENEKTyalbHUX
PO3TOINIEHIX CHCTEM Ha OCHOBI OHTOJIOTIYHOTO TiIXOMY
3 METOO iHTerpallii iHpopMaIitHIX pecypciB».
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UKRAINTIAN LANGUAGE TWEETS ANALYSIS TECHNOLOGY FOR PUBLIC OPINION DYNAMICS CHANGE
PREDICTION BASED ON MACHINE LEARNING
Prokipchuk O. — PhD student of Information Systems and Networks Department, Lviv Polytechnic National University, Lviv,
Ukraine.
Vysotska V. — PhD, Associate Professor of Information Systems and Networks Department, Lviv Polytechnic National
University, Lviv, Ukraine.

ABSTRACT

Context. Automation of public opinion research will allow not only to reduce the amount of manual work, but also to obtain time
slices of the results without additional efforts. Since direct interaction with respondents should be avoided, public opinion should be
analyzed based on the sources of its free expression. Social networks are great for this role, as their people freely publish their
thoughts or emotionally truthfully react to published information about certain events. Statistics show that data from social networks
is not enough to obtain a full-fledged result, because a significant percentage of people do not use social networks. However, the
automation of the study of even such a stratum of the population is already a good result for analyzing the dynamics of changes in
public opinion in accordance with events in the country/world and, accordingly, for correcting the processes of public administration
in the future.

Objective of the study is to develop a technology for analyzing the flow of Ukrainian-language content in social networks for
public opinion research based on finding clustered thematic groups of tweets.

Method. The article develops a technology for finding tweet trends based on clustering, which forms a data stream in the form of
short representations of clusters and their popularity for further research of public opinion. An effective approach to tweet collection,
filtering, cleaning and pre-processing based on a comparative analysis of Bag of Words, TF-IDF and BERT algorithms is described.
The impact of stemming and lemmatization on the quality of the obtained clusters was determined. And optimal combinations of
clustering methods (K-Means, Agglomerative Hierarchical Clustering and HDBSCAN) and vectorization of tweets were found based
on the analysis of 27 clusterings of one data sample. The method of presenting clusters of tweets in a short format is selected.

Results. Algorithms using the Levenstein Distance, i.e. fuzz sort, fuzz set and levenshtein, showed the best results. These
algorithms quickly perform checks, have a greater difference in similarities, so it is possible to more accurately determine the limit of
similarity. According to the results of the clustering, the optimal solutions are to use the HDBSCAN clustering algorithm and the
BERT vectorization algorithm to achieve the most accurate results, and to use K-Means together with TF-IDF to achieve the best
speed with the optimal result. Stemming can be used to reduce execution time.

Conclusions. In this study, the optimal options for comparing cluster fingerprints among the following similarity search methods
were experimentally found: Fuzz Sort, Fuzz Set, Levenshtein, Jaro Winkler, Jaccard, Sorensen, Cosine, Sift4. In some algorithms, the
average fingerprint similarity reaches above 70%. 3 effective tools were found to compare their similarity, as they show a sufficient
difference between comparisons of similar and different clusters (> 20%). Based on the selected effective methods, trend analysis
was successfully performed on 90,000 tweets over 7 days for 5 topics of the week using K-Means and TF-IDF for clustering and
vectorization, as well as fuzz sort for cluster fingerprint comparison with a 55% similarity threshold.
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ABSTRACT
Context. Use cases are widely used as a means of formulating requirements in the development of information systems. All sub-
sequent design stages depend on the quality of their presentation. Structuring use cases can significantly increase their understanding

and maintenance in the face of changing requirements..

Objective. Flexible technologies involve working in small teams. The existing communication between teams is not sufficient to
highlight sub use cases at the project level. There is a need for automated analysis of the corpus of all use cases.
Method. A mathematical model of a use case which makes it possible to define the criteria for comparing scenarios and elimi-

nate the redundancy of descriptions is proposed. A four-step method for restructuring use cases has been developed. At the first
stage, use cases are presented in a formalized form. At the second, they are stored in the repository, which ensures their quick search
and placement. At the third stage, procedures of scenario comparison are performed. Scenario similarity criteria are proposed. At the
fourth stage, the formation of subordinate use cases is carried out, their texts are coordinated with all interested teams, and the use

cases that cause subordinate use cases are corrected.

Results. Experiments providing the formalized compilation of use cases by several development teams followed by automated
restructuring were carried out to test the proposed solutions. As a result, new subordinate use cases were correctly identified and the
scope of use of previously formed ones was expanded. There was a significant reduction in the time for restructuring.

Conclusions. The proposed method of restructuring use cases improves the clarity and consistency of requirements, the possibil-
ity of their adjustment and maintenance, and reduces the compilation time. The method can be used in the design of any information
system, where the requirements are presented in the form of use cases.

KEYWORDS: Use Case, Subordinate Use Case, Scenario, Information System Design.

ABBREVIATIONS
UC is a use case;
IS is a information system;
SUC is a subordinate use case.

NOMENCLATURE

Actor is the system user who will perform the said UC
step;

CA is a condition of transition to an alternative sce-
nario;

Client is an optional element (introduced when it is
necessary to specify who the initiative comes from);

datay is a data that is input and/or output from the sys-
tem;

dName is the name of the data;

dType is the type of the data;

eList is a list of template elements of a scenario step;

editText is a texts of scenario step edited by the devel-
oper;

© Kungurtsev O. B., Zinovatna S. L., 2023
DOI 10.15588/1607-3274-2023-2-12

ep; is the number of the main scenario step from which
the transition to the alternative scenario takes place;

id is the UC identifier;

mMAP is a numbered set of extension scenario steps;

mData is a set of data entered into the system or re-
ceived from it;

mP is a numbered set of items of the main scenario;

mES is a set of alternative scenarios;

mRef is a set of references of the subordinate UC to
the UC that access it;

n; is a number of alternative scenarios;

nP is the number of the scenario step;

pi is a step text;

pH is the head step number, possible values: empty
string, integer;

pText is a scenario step text;

pType is a scenario step type;

refT is a reference to the command that accompanies

the UC;
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rpx is the number of the main scenario step, to which
the return from the alternative scenario takes place;

Siis a UC scenario;

tp; is a pre-composed piece of text;

tu; is a piece of text formulated by the developer;

ucType is a UC type, can take two values: main (for
main UCs) or subordinate (for subordinate UCs).

INTRODUCTION

UCs are the main way to represent functional re-
quirements [1], and partially non-functional requirements
[2] to the designed IS. The quality of the entire project
largely depends on the quality of UC writing. There are a
number of recommendations for compiling UCs that re-
late to general issues of selecting UCs, ways of scenario
recording in relation to the tasks solved, and formats for
presenting UCs. In [3], the concept of “subordinate UC”
(SUC) is introduced to define UC, which is called from
some step in the scenario of the main UC. Usually, SUCs
are formed from extensions of the main UC. There are at
least two reasons for this:

— the extension is used in several places. The forma-
tion of a SUC from it will simplify the maintenance of
requirements and the code that implements them;

— expansion makes the main UC difficult to under-
stand.

The SUC must be linked to the main UC by an include
or extend relationship. Fig.1 shows examples of such
relationships.

Within the framework of a large project, dozens or
hundreds of UCs are formed by different development
teams. Under such conditions, determining the identity of
subordinate UCs selected in various subsystems, and,
furthermore, finding repeating fragments of scenarios, is a
very complex and time-consuming task. The problem
becomes even more difficult in the context of global
software development [4].

In this paper, it is proposed to consider the problem
associated with the allocation of SUC in a broader sense —
the elimination of repetitive requirements and the code
corresponding to them.

In a simplified form, the process of UC formation in
the design of IS is shown in Fig. 2. At the system analyst
level, a list of the main UCs can be generated. If several
development teams are working on the project, then the
allocation of SUC becomes possible only within some
parts of the project.

The purpose of the work is to improve the quality of
presentation of functional requirements in the form of use
cases by eliminating the redundancy of descriptions and
introducing UC structuring.

To achieve the said goal, it is proposed to solve the
following tasks:

1) to create a mathematical model of UC that makes it
possible to compare fragments of their scenarios;

2) to develop a method for UC restructuring;

3) to test the study results.

Figure 1 —Relationships between master and subordinate use
cases
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1 PROBLEM STATEMENT
Suppose given the set of UC descriptions provided by
development teams mUC={UC,,...,UC;,..., UC}, where

each element UCi=<mUC;", mUC;*>, i =1,t, consists of

mUC" (set of master UC) and mUC;® (set of subordinate

UC). The problem are create unified set subordinate UCs
.. t

efficiency mucs = (UmuchHU
i=1

U(MUCew ), [mRef j| > p, j :1,|mUCS| , where mUCS,,, is

with a given

formed using the operation of item belonging to the sce-

t

nario & for all elements of the set mUC™ = (| JmuC{");
i=1

create of an updated set of master UC, taking into account

new relationships with SUCs

muc™ mUC,, -

ref instead of text

2 REVIEW OF THE LITERATURE

The need to improve the description of UC for their
use at various design stages is indicated in [5].

In [6], it is noted that UCs should be the main tool for
communication and verification of requirements by the
user. However, the authors believe that expanded class
diagrams can be a good mechanism for communicating
and checking requirements. In our opinion, first, it is nec-
essary to perform structuring of the UC, which in the fu-
ture will ensure the construction of high-quality class dia-
grams.Studies carried out within the framework of the
energy project [7] have shown the effectiveness of creat-
ing a repository for more than 50 UCs. The authors note
that this created the conditions for solving a number of
tasks of project progress control, documentation man-
agement, profitability and safety improvement. In our
opinion, the functions of the repository can be extended
with the tasks of analysis and UC restructuring.

The authors propose a formal model of the UC dia-
gram followed by a multiview consistency check. How-
ever, the authors do not consider the distribution of func-
tions between UCs.

The need for further formalization of requirements
was noted in [9]. It is proposed to use a structured natural
language and the corresponding FRET tool. In our opin-
ion, formalization should be introduced wherever there
are conditions for this, for example, when forming UC.
The problem of presenting UCs with varying degrees of
detail is considered in [10]. The complexity of this task is
noted and a number of recommendations for “slicing” UC
in Agile technologies are given. However, the authors do
not propose a formal model for the UC refinement proc-
ess.

In [11], the problem of low-quality specification of
requirements is noted. As a solution, it is proposed to use
document templates compiled on the basis of the experi-
ence of successfully completed projects. We believe that
the use of templates will be especially effective in the
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formation of UC and SUC. Such templates were proposed
in [12] as part of building a model of conceptual classes
based on an automated description of UC.

In [13], the influence of natural language on the qual-
ity of work with requirement specifications is noted and it
is recommended to use natural language processing tools.
In [14], it is proposed to improve the quality of project
documentation by expanding the use of formal methods
for its presentation. This problem extends to a large extent
to the description of UC. Both natural language process-
ing tools and the use of special templates that reduce the
ambiguity of text fragments can be its solution. Models of
UC scenario steps [15] can be a solution to this problem.

3 MATERIALS AND METHODS

Selection of SUC requires comparison of UC scenar-
ios. It is possible to organize a comparison of scenarios of
all UCs to select matching sequences of steps. However,
since UCs are compiled by different developers, the prob-
ability of finding matching texts is negligible. We can use
fuzzy string comparison [16] by introducing certain
matching coefficients. However, a very low signal-to-
noise ratio is expected in this case too. To solve the prob-
lem, it is proposed to introduce certain formalization in
the description of UC, expressed in the following steps.

1. When describing all UCs, use a unified classifica-
tion of scenario steps [12].

2. When describing all UCs, use a unified system of
generalized data typing [15].

Let us represent UC in the form of a tuple:

UC=<id, ucType, mP, mES, mRef, refT>. Q

The mRef parameter makes it possible to determine
the efficiency of using the subordinate UC. For main UC
mRef=¢. In the main UC links to subordinate UCs are
provided by a special scenario clause.

Let us represent each alternative scenario as a tuple:

UC=<id, ucType, mP, mES, mRef, refT>, 2

where mAP=(py, P2, --- , Px)-

If rp, =0, then UC ends.

Use case restructuring method provides for the follow-
ing steps.

Stage 1 — formalized presentation of UC scenarios.

In the representation of the step of the main scenario,
extension scenario or SUC, we will indicate its type. The
following types of UC steps are proposed in [12]: Create,
Enter data, Request a value, Request a list of values, Se-
lect from a list, Request a service, Request with a value,
Repeat actions, Successful completion of the UC, Failure
of the UC, Call of the UC.

For each step type, a model has been compiled that
makes it possible to formalize and automate the formation
of the step. As an example, the model of the “Value Re-
quest” step is given. The user asks the system for some
data. This is usually followed by an evaluation of the ob-
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tained data by the user. The step description template
looks like this:

requestValue=<nP [, Client, tpy, tu;], Actor, tp,, tuy,
datal [l tp3l tu3i dataz][: tp4, tU4, data3l tp5]1 (3)
tps, datay|, tp7]>.

For them, the developer specifies the position.

The elements of the template can be pre-composed
pieces of text (tp;), pieces of text formulated by the devel-
oper (tu;), and data that is input and/or output from the
system (datay). The datay, element is formed from two
components: the name of the data and its type. This in-
formation is used only by the developer and is not visible
to the user. Square brackets enclose optional template
elements. Below are the values of the template elements:

tPpone= “Wishes to receive”;

- tuge — is formed by the developer, for example,
“repair cost ...”;

- tp,= “requests the system”;

- tu, — is formed by the developer, for example, “re-
pair cost ...”;

- datagne— data that is requested from the system;

- tps= “based on”;

- tug —is formed by the developer, for example, “car
brands ... ”;

- data, — data on the basis of which the requested
value is determined;

- tpsou= “subject to”;

- Uy — is formed by the developer, for example,
“availability of spare parts ... ”;

- datas— data on the basis of which the fulfillment of
the condition is checked:;

- tps= “The system confirms the fulfillment of the
condition” — an optional element;

- tpe= “The system outputs”;

- tp;=“Client/Actor agrees”.

Service request step template:

regService=<nP [, Client, tp,, tu,], Actor, tps, tu,,
{datai}.tps [, tps, tus]>,

where tp = “wishes”; tu; is a text that identifies the ser-
vice (e.g. “undercarriage overview”) or document (e.g.
“application for a reduced rate”); tps="enters”; tu, — a
phrase that is formed by the user, the name of the service
or document; data; — service or document representation
in the project; tps= “The system confirms the possibility
of performing the service (document) ; tps= “Transfer of
the control to scenario step”; tus— scenario step number.

To formalize the representation of input and output
data, the following set of generic types is proposed:

—List — list (can represent a linear list, an array, a set,
etc.);

- Struct — the structure (in the general case it contains
fields of different types), must contain the numbering of
the fields;

- Text — any text;

- Numb — any number format;
© Kungurtsev O. B., Zinovatna S. L., 2023
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-Bool — boolean value;

-Void — the function does not return the value;

-PClass — a reference to a class object;

From the point of view of SUC selection, the step of
the type “Request for a service” has a special meaning. It
may be followed by steps (subordinate), revealing the
mechanism for providing the service. It is this sequence of
stepss that can be a candidate for a SUC formation. To
formalize the semantic relationship between steps, it is
proposed to introduce link indicators in the form of step
numbers into the texts of steps belonging to the “Service
Request” group.

Example 1. A scenario fragment that implements reg-
istration will look like this:

N. [0] The client wishes to register in the system. The
system confirms the possibility of registration.

N+1. [N] The system displays the registration condi-
tions. The client agrees.

N+2. [N] The system suggests entering an email. The
client enters. The system confirms the completion of the
registration.

Taking into account the considered types of scenario
steps and data, we will represent the scenario step in the
form:

p=<nP, pH, pType, pText, mData>. 4

In accordance with the accepted classification, a set
can contain up to three data.
Each data has the form

mData;=<dName, dType>. (5)

Stage 2 — Placement of the UC in the repository.

To simplify the performance of operations with UC
(storage, structuring, tracking changes), a repository is
created.

Using queries to the repository database (Fig. 3), it is
possible to organize the set of all UCs, divided into sub-
sets depending on the commands that work with individ-
ual UCs. The common part containing SUC is also se-
lected.

Stage 3 — Comparison of UC scenarios.

Selection of subordinate UCs can be performed at the
level of the development team and at the project level.

At the level of the development team, it is possible to se-
lect subordinate UCs from the set of UCs that this team is
engaged in. We call such a SUC local. Verification and ap-
proval of such a selection should occur within the team itself.

At the project level, it is necessary to determine the
possibility of using the local SUC of a certain team for
UCs developed in other teams. At the same time, the
analysis of the possibility of using the SUC should be
determined by the team that is proposed to use the SUC.
In addition, considering the entire corpus of UCs, it is
necessary to ensure the possibility of identifying SUCs
that have not previously been created at the level of indi-

vidual teams.
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Figure 3 — Repository data model

If a team has selected a SUC within their part of the
project and it turns out that the SUC can be used in other
parts, then the respective teams must confirm its use in
their parts. If a new SUC is selected, then all teams where
it will be used must confirm the possibility of its applica-
tion within their part of the project. Each SUC must have
a link to the team (developer). The main operation of the
process is finding the occurrence of one scenario into an-
other. Let us determine the main options for comparison:

— the identity of two subordinate UCs is established
when the conditions for their call coincide and their se-
quences of steps coincide;

— a subordinate UC can be selected from two main
UCs if a certain common sequence of steps in the scenar-
ios of two main UCs with a length of at least 2 points is
determined,;

— the entry of a subordinate UC into the UC is fixed if
all the points of the subordinate UC coincide with a part
of the sequence of UC steps.

A group of semantically related steps should not be
split into parts when compared. However, the order of
substeps in a group can be arbitrary.

Example 2: A scenario fragment that implements reg-
istration in a sequence different from the one in Exam-
ple 1:

N. [0] The client wishes to register in the system. The
system confirms the possibility of registration.

N+1. [N] The system suggests entering an email. The
client enters. The system confirms its correctness.
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N+2. [N] The system displays the registration condi-
tions. The client agrees. The system confirms the comple-
tion of the registration.

Let us formulate the conditions for the coincidence of
two steps from different scenarios.

1. Step types p; and p; must match (pType; = pType;).

2. The actual values of Client and Actor are not com-
pared (the same use case can be performed by different
executors in different subsystems of the same project).

3. It follows from the scenario step model (3) that the
text of a step of a certain type can have different spellings
due to optional elements and elements formed by the de-
veloper. Since these elements are important for the spe-
cific implementation of the steps, the necessary condition
for the steps to match is the identity of their structures.

4. Any step of the scenario, except for the points of
repeating actions and calling the SUC, provides for the
performance of certain operations in the system of the
form: creating an object, entering or receiving data, possi-
bly, if certain conditions are met. Therefore, it is neces-
sary to compare all text fragments formulated by the de-
veloper (tu;).

5. The data that is input, output or created within the
framework of the scenario step, in accordance with the
template, must have a name and type. Both of these pa-
rameters are subject to comparison.

To determine the coincidence of two scenario items, it
may be necessary that some elements are identical (we
denote this operation as =) and incomplete or fuzzy (we
denote this operation as = ). The result of a fuzzy match
is the value of the similarity coefficient K. In what fol-
lows, we will consider the elements similar if their simi-
larity coefficient is not less than a certain threshold value
(K>Kmin). Thus, we obtain the condition for the coinci-
dence of points p; and p;, which belong to scenarios S; and
S,, respectively. Here e, denotes the operation of an item
belonging to a UC scenario.

(Pi €5 S1)= (pj €5 S2) if ((PType; = pTypey)
A (eList=eList) A (editText; = editText;) (6)
A 3 ((dType;x = dType;,) k=1,n)).

One step of the main scenario, possibly an alternative
one, can have several extension scenarios. In order for the
compared items to match, their alternative scenarios must
also match. The number of alternative scenarios for the
compared steps must match, but the order in which they
are written can be arbitrary.

Let us formulate the conditions for the coincidence of
semantic groups of steps. If a spep p; is found for which
pH="[0]", then an ordered set of steps of the subordinate
group gi=(p« | px - pPH="Ti]"")should be formed.

If a step p; is found in some other UC, such that
pi=pi A p pH="[0]", then a subordinate group
0;=(Pq | Pq - PH="[}]") is created for it.

To forma SUC based on steps p; and pj, it is necessary
for the number of elements in the groups to be the same |
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gi | =19;|=nand for each step from the set g;, a matching
step was found in the set g; px = pg; k=1, n; =1, n.

Let us formulate the conditions for the coincidence of
extensions for points p; and p; with n; and n; alternative
scenarios, respectively. First of all, the conditions for
switching to an alternative scenario must match:

3cAip: ((CAip = cAjK), p=1,n;; k=1,n)) A (ni=ny). (7)

Further, in accordance with (6), the steps of alternative
scenarios are compared in pairs, for which condition (7) is
satisfied.

If condition (6) is met the first time for scenarios S;
and S,, then a new scenario S, , is created, the first step of
which is pS12;=p;.

If condition (6) is also satisfied for the next pair of
steps Pi+1 = Pj+1, then step p;., is added to scenario S, ; and
the process of scenario formation continues. Otherwise,
the scenario S, is destroyed (there is only 1 step in the
scenario).

It is proposed to evaluate the degree of coincidence
Ki; of two scenarios S, and S; as an average coefficient of
similarity of the steps included into them:

-k 0

Stage 4 — Selection of SUC and UC restructuring.

The execution of the stage involves the following se-
guence of actions.

1. For each local SUC, its comparison with other lo-
cal SUC is performed. In case of a match, the SUC is de-
fined as global and a link to the support command is set in
it. Local links are replaced with a global one.

2. For each global SUC, the possibility of its inclu-
sion in the UC scenarios is determined. If possible, the
UC scenario is edited accordingly. A link to the SUC is
setin it.

3. For each UC, a comparison with other UCs (of dif-
ferent localization) is performed. If common parts are
selected, then a global SUC is formed, a link to the sup-
port command is set in it, scenarios and links in the UC
that have a common fragment are edited.

All operations for selecting a new UC or expanding
the scope of its use are coordinated with the developer
teams, which must introduce changes into the UC descrip-
tions.

4 EXPERIMENTS

To carry out the experiments, a document “Vision” for
the development of an information system on the topic
“Automation of the work of a clinic”, a list of users of the
designed system and a list of UCs of 16 names were com-
piled. The developers were represented by 4 teams of 2
people. Each group received tasks to form 4 UCs in the
UseCaseEditor. The groups were asked, if possible, to
form a SUC in addition to the UC.

To test the results of the study, a software product that
makes it possible to select SUC on the basis of the entire
UC corpus in accordance with the developed methodol-
ogy was developed.

5 RESULTS

The results were introduced into Table 1 after the dis-
cussion with all participants of the experiment. Symbols
for UC and SUC were introduced in the table. For exam-
ple, SUC (1) indicates that it was selected from UC 1 and
is not used anywhere else. SUC (1-10-15)s indicates that
in terms of content it is SUC (1)s, however, it was found
out that it is a part of UC 10 and UC 15. A record of the
form (2-6-10*)s means that SUC can be used for UC 2
and UC 6, but its use for UC 10 is a mistake.

The analysis of table data shows that at Kp,;=0.5 the
best results were obtained: the scope of SUC 1 and 7 was
expanded by three UCs, and 2 new UCs were found.

During the experiments, the time spent on compiling
UC and SUC was estimated. On average, 3.5 hours were
spent on compiling 1 UC. It took 1.5 hours to select and
compile one SUC, as well as adjust the UC within one
team. The same work, but with unfamiliar UCs (4 UCs
from another team) took 3.7 hours. The calculation of the
time spent for the given example in the “manual” search
for SUC increased the total time of UC formation
by 58%.

6 DISCUSSION

Automation of SUC selection became possible due to
the use of UC step models. Further formalization of the
UC defination, for example, by using a formalized natural
language, is undesirable, since it will create inconven-
ience for the developer. It follows from the experiment
results that the quality of SUC selection significantly de-
pends on the value of the similarity coefficient K.
There is no guarantee that K.,;7=0.5 value will always be
the best. The solution could be to use a domain dictionary
to define an additional semantic relationship between
compared texts, and as minimum, to use synonyms.

Table 1 — The fragment of experimental results on model building by the formed samples

Developer teams 1 2 3 4
uc 1,234 56,78 9,10,11, 12 13, 14, 15, 16
Selection of Manual mode (1)s (7)s (9-11)s
suc Auto Kmin=0.2 (1-10-15)s, (7-13)s, (12-14)s (13-15*)s
mode (2-6-10%)s (5-9-16%)s
Kmin=0.5 (1-10-15)s, (7-13)s, (12-14)
(2-6)s (5-9)s
Kmin=0.8 (1-15)
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The effectiveness of the proposed method of UC re-
structuring depends on the specific subject area. In the
conducted experiment, the tasks for the development of
UC were selected taking into account the possibility of
selecting SUC. In real conditions, it can be expected that
the proportion of SUC in the UC corpus will be 2-3 times
lower [3]. This will reduce the time to search for the use
of SUC in UC, but not the selection of new SUCs. There-
fore, in this case, we can expect a reduction in the time for
restructuring by about 30% — 40% as well.

CONCLUSIONS

The analysis of existing technologies for compiling
UC was carried out. It was established that working in
small teams on projects of medium and high complexity
does not allow presenting the UC corpus in a well-
structured form.

A mathematical model of the use case characterized
by the introduction of the concept of the UC type, refer-
ences to other UCs and the development team was pro-
posed, which made it possible to further organize the
process of comparing the UC and selecting the UC.

For the first time, a method of automated UC restruc-
turing which allows comparing UC scenarios, selecting
SUC, correcting the links between UC and SUC was de-
veloped. Application of the method makes it possible to
improve the structure of the UC corpus, which increases
the degree of understanding of the requirements, reduces
the time and errors for maintaining requirements due to
the elimination of duplication.

The experiments conducted showed the selection of all
repeating fragments of scenarios, the correct selection of
the SUC and a significant reduction in the time for UC
restructuring (about 35%).

The proposed method can be used in any IS project
where the functional requirements are presented in the
form of UC.
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AHOTAIIA

AKTyanbHicTh. BapiaHTn BUKOpUCTaHHS IIMPOKO BUKOPUCTAIOTHCS SIK 3aci0 GopMyIIroBaHHS BUMOT IIPH po3podui iHdopmartiii-
HHX CHCTeM. BiJ SKOCTI iXHBOTO MPEICTABICHHS 3aJIeKaTh BCI HACTYIHI eTanu npoekTyBaHHs. CTPyKTypu3allisi BapiaHTiB BUKOpHUC-
TaHH 103BOJISIE ICTOTHO MiABHUIIUTH iXHE PO3yMIiHHS i CymnpoBix B yMOBaxX MiHIMBHX BUMOT. ['Hyd4Ki TeXHOJOrIi nepegdadaroTh po-
00Ty B HEBEJIHMKUX KoMaHIax. IcHyroumit oOMiH iHpopMaIi€l0 Mk KOMaHAaMHU HEIOCTATHIN /Ul BUIUICHHS IiJICTJIMX BapiaHTiB
BHUKOPHUCTaHHS Ha PiBHI MPOEKTY. IcHye HEOOXiTHICTE aBTOMAaTH30BAHOTO aHANI3y KOPIIyCYy BCiX BapiaHTiB BUKOPHCTaHHSA. MeTOr0
JOCHIKEHHS € 1ABUIIEHHS SKOCTI MPEeACTaBICHHS (QYHKIIOHAIFHUX BUMOT y BUIIA BapiaHTiB BUKOPUCTAHHS IUIIXOM YCYHEHHS
Ha/IMIPHOCTI ONHUCIB 1 BBEACHHS CTPYKTypHU3alii BapiaHTiB BUKOPHCTAHHS HA PiBHI BCHOTO IIPOEKTY.

Mertoja. 3amnporoHOBaHa MaTeMaTHYHA MOJENb BapiaHTa BHKOPUCTAHHS, SKa JO3BOJISIE BU3HAYUTH KPUTEPIl IS TIOPIBHIHHS
creHapii. Po3poGiieHo MeTo pecTpyKTypu3alii BapiaHTiB BUKOPUCTAHHS, SIKHH BKIIOYae 4oTupy eranu. Ha nepmomy erami Bapia-
HTH BUKOPHCTAHHS NPEICTABISIIOTECS Yy (opMaiizoBanoMy Burisiai. Ha apyromy — BoHM 30epiratoThesi B pero3uTopii, mo 3adesrme-
4ye iXHiil BUAKKI MOIIYK 1 po3MinieHHs. Ha TpeThboMy — BUKOHYIOThCS TIPOLICAYPH MOPIBHIHHS CLEHapiiB. 3aIpOHOHOBAHO KpUTE-
pii monobu cueHapiiB. Ha uerBepToMy — BUKOHY€EThCS YOPMYBaHHS Mi/UIETINX BapiaHTIB BUKOPUCTAHHSI, y3TO/PKSHHs TXHIX TEKCTiB
i3 i3 ycima 3alikaBIeHIMH KOMaHIaMH, KOPEKTyBaHHS BapiaHTIB BUKOPUCTAHHS, SIKi BUKJIUKAIOTH IT1IETJIi BapiaHTH BUKOPUCTAHHS.

PesyabTaTu. [{ng anpoOarii 3amponoHoBaHKUX pillleHb IPOBE/ICH] €KCIIEPUMEHTH, SKi nepeadadaroTs GopMatizoBaHe CKIIAJAaHHS
BapiaHTiB BUKOPHUCTAHHS JEKLIbKOMA IPylnaMy po3po0sIiOBayiB 3 HACTYIIHOK aBTOMATH30BAHOK PECTPYKTypuU3alieo. Y pe3ynbrari
OyJIM KOPEKTHO BHSIBJICHI HOBI IiJUTETIIi BapiaHTH BUKOPHCTAHHS I po3IMpeHa o0iacTs BUKOpUCTaHHS paHime cgopmosanux. Cro-
cTepirajocs iCTOTHE CKOPOYEHHS 4acy Ha pecTpykrypu3auito. OdikyBaHe CKOPOYEHHS 4acy Ha PECTPYKTYPHU3aLilo JUIsl peaabHOro
MPOEKTY ckiae 6mm3bko 35%.

BucHoBKH. 3anponoOHOBaHHUIi METO PECTPYKTYpH3aLlil BapiaHTIB BUKOPUCTAHHS JI03BOJISIE MOJIIMIIUTH JOXIUTUBICTD 1 HOTOKe-
HICTh BHMOT, MOXJIUBICTb IXHBOIO KOPEKTYBaHHS i CyNpoBOJy, CKOPOTHTH 4ac Ha CKJIagaHHsA. MeToJ Moxxe OyTH BUKOPHCTaHHH
MIPY IPOEKTYBaHHI OyIb-s1K0i iH(pOpPMALiifHOI CHCTEMH, /Ie BUMOTH MPECTABIAIOTHCS y BUTIIAI BapiaHTiB BUKOPHCTAHHS.

KJIFOYOBI CJIOBA: BapiaHT BUKOPHUCTAHHS, TiAJETIINI BapiaHT BUKOPUCTAHHS, CIIEHAPIi.
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ABSTRACT

Context. The constant growth in the volume of information, the increase in the speed of information flows in digital communi-
cation networks, as before, makes the task of assessing the service stability for traffic flows an urgent one. A simple solution to en-
sure high service stability is to build a network of sufficient capacity for any traffic that will be thrown at it. To solve the problems of
analyzing telecommunication systems, it is necessary to have appropriate models and engineering methods that allow to assess the
service stability and predict the characteristics of their operation based on measurement data. In these conditions, the development of
new methods for analyzing the traffic of multiservice networks that provide simplicity of calculations and their acceptable accuracy
becomes especially relevant.

Objective. The purpose of this paper is to study the traffic and service stability for users.

Method. We propose a hybrid method for detecting anomalies in multiservice network traffic that uses algorithms without identi-
fication, adaptation and Mamdani fuzzy inference. The peculiarity of multiservice traffic as an object for assessing the existence of
anomalies is the presence of stochastic processes in it subject to different distribution laws. For the experimental evaluation of the
proposed method and algorithms, we have chosen the Poisson and Pareto distribution laws that define the limiting cases of traffic
regularity. The method allows for monitoring and managing faults in a multiservice network in order to determine the causes of their
occurrence. The following requirements are imposed on the developed algorithms for detecting anomalies in the traffic on multiser-
vice networks: functioning in real or near real time; maintaining a given service stability; simplicity of implementation. The algo-
rithms belong to the class of adaptive hybrid algorithms for identifying traffic parameters. They are used for both stationary and non-
stationary traffic. Traffic is modeled as stochastic processes. Each belongs to the corresponding class, which is determined by the
law of distribution of stochastic processes.

Results. Experimental evaluation of the proposed method and algorithms has shown that they allow us to estimate the trends of
these stochastic processes in real time, with high accuracy and while maintaining the service stability.

Conclusions. The application of the developed method of troubleshooting management in a multiservice environment helps to
improve the service stability by timely detecting problems, reducing the time of their elimination and reducing downtime, which, in
turn, affects the increase in service reliability.

KEYWORDS: multiservice networks, traffic, quality, faults, method, user.

ABBREVIATIONS M {*} — unction for calculating the mathematical ex-
MSN — multiservice networks; pectation;
SP — stochastic processes; A — fuzzy threshold values determined during the
MSA — modified stochastic Approximation; training of the fuzzy inference system;
PGP — pseudogradient procedures. B — fuzzy threshold values determined during the
training of the fuzzy inference system;
NOMENCLATURE D - fuzzy threshold values determined during the
a— random process of average value; training of the fuzzy inference system.
o — standard deviation;
U — parameter; INTRODUCTION

Si — average value of traffic intensity at a given time i;

M, — initial value of the trend average;

p — trend correlation coefficient;

I — size of the sliding window;

R — the value of the linguistic variable assessed by the
presence of anomalies;

The current level of development of the information
society and intellectual spheres of human activity in mod-
ern society is based on the use of digital and telecommu-
nication technologies. An analysis of recent research and
publications on the subject shows that the use of modern
information  technologies has been studied by

N — sample s'ize; Morkun V. S., Hryshchenko S. M., Kravchenko O. M. [1-3],
S; — element iat the polls; ) Leland W. E. [4] and other scientists. The constant growth
uj —algorithm parameter in the step I; in information volume and the increase in the speed of

information flows digital communication networks still
© Morkun V. S., Hryshchenko S. M., Nizhehorodtsev V. O., Filonenko M. M., Lagovsky V. V., 2023 @ @ @
DOI 10.15588/1607-3274-2023-2-13 OPEN (( ) ACCESS

125



p-ISSN 1607-3274 PagioenexrpoHika, iHpopmaTuka, ynpapiinas. 2023. Ne 2
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2023. Ne 2

make it an urgent task to assess the service stability of
traffic flows. The task of modern telecommunication sys-
tems is to ensure a given level of service quality.

The continuous improvement of the telecommunica-
tions industry has changed both the pricing policy and the
overall reduction of the data transmission load. To solve
the problems of analyzing telecommunication systems, it
is necessary to have appropriate models and engineering
methods that allow to assess the service stability provi-
sion and predict the characteristics of their operation
based on measurement data.

In these conditions, the development of new methods
for analyzing the traffic of multiservice networks that
ensure simplicity of calculations and their acceptable ac-
curacy becomes especially relevant.

In packet-based multiservice communication net-
works, packet flows (traffic) differ significantly from the
Poisson flow model, which is described by an exponential
distribution function of the time interval between the arri-
val times of neighboring packets. Here, packet flows are
formed by many different sources of requests for services
provided by the network and network applications that
provide video, data, broadcasting, etc. The request
sources involved in the process of creating a packet
stream differ significantly in their specific load intensity.
The load intensity of the resulting packet stream at any
given time depends on which applications are served by
the request sources and the ratio of their number on dif-
ferent applications. The traffic structure is also affected
by the technical and technological features of the service
algorithms. If, for example, the service is provided by
several applications, or if the protocols use retransmission
of incorrectly received packets, the moments when re-
quests for establishing communication sessions occur are
highly correlated. As a result, the outgoing flows undergo
significant changes during the service process and long-
term dependencies in the intensity of packet arrivals ap-
pear in the final traffic. Customers are demanding more
reliable performance guarantees from the network. In
particular, multimedia applications often require minimal
bandwidth and maximum latency to process products. The
quality, reliability, and accuracy of services are the signs
of control.

This is an area in which the Internet is going through a
long period of renewal.

A simple solution to ensure high service stability is to
build a network with enough capacity for any traffic that
will be thrown at it. The name of this solution is redun-
dant provisioning. The resulting network will carry appli-
cation traffic without significant loss and, with a decent
routing scheme, deliver packets with low latency. Per-
formance doesn’t get any better than that.

The object of study — is the traffic on multiservice
networks.

The subject of study — multiservice networks based
on the analysis of the distribution of the number of appli-
cations. To achieve this goal, the following research
methods were used:

© Morkun V. S., Hryshchenko S. M., Nizhehorodtsev V. O., Filonenko M. M., Lagovsky V. V., 2023

DOI 10.15588/1607-3274-2023-2-13

126

— Analysis of different views of scientists on the prob-
lem under study; —To study the state of its development; —
structural and functional — To identify and characterize
models and engineering methods; — Comparison — to
identify the quality characteristics of service quality as-
surance, generalization — to determine the state of traffic
research and quality assurance for users.

The purpose of the work traffic and the quality of
user experience.

1 PROBLEM STATEMENT

The requirements of modern multiservice networks
are constantly growing today, due to the fact that the life
of a modern person is increasingly "merging" with the
global Internet.

Multiservice networks allow us to receive a large
number of services (IPTV, VoIP, video on demand, social
networks, corporate networks, etc.) using a common in-
frastructure.

The development of modern multiservice computer
networks is an important issue of modern society: first,
multiservice computer networks are a necessary factor for
human access to modern technologies that greatly facili-
tate life, and second, the development of multiservice
networks is an important component of economic devel-
opment both at the level of an individual enterprise and at
the state level.

Multiservice networks have an advantage over cus-
tomers in realizing the following important functions,
namely:

— Provide high-quality data transmission;

— Efficient use of the bandwidth of the existing back-
bone communication channels;

— Building a secure data transmission scheme;

— Implementation of a unified management system for
all departments and branches;

— Organizing a system of redundant data transmission
channels and Internet access;

— Information resources management and centralized
monitoring;

— Creation of a unified telephone network with a sin-
gle address space;

— Introduction of new corporate services and applica-
tions;

— Implementation of a unified administrative and tech-
nical policy in the field of information exchange;

— Eliminating duplication of functions and increasing
employee productivity and reducing costs for all commu-
nication channels;

— Increasing the organization’s competitiveness;

— Increase in employee productivity.

To verify the efficiency and accuracy requirements of
the proposed method and algorithm, we use as a testbed.
Traffic anomalies are evaluated and identified. The A, B,
and D were determined pre-variously based on the train-
ing results. The random process had an a,=100 and c=10.
The p for different dependencies varied from 0.6 to
0.9999. It can be seen that at small values of the error p,
traffic estimates differ greatly from each other depending

OPEN a ACCESS m



p-ISSN 1607-3274 PagioenexrpoHika, iHpopmaTuka, ynpapiinas. 2023. Ne 2
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2023. Ne 2

on the value p. At large values of p, these errors become
approximately equal. The rules for setting the parameters
of the modified stochastic approximation are formed. For
example, when S; = 100, =10 and p = 0.9999, the sto-
chastic algorithm parameter is approximately 0.025. For
p = 0.99, the parameter p will have a value of approxi-
mately 0.12. The parameters ¢ and p are estimated in a
sliding window. The correlation coefficient of the process
variables in the experiments from 0.9 to 0.99999. The SP
had the following parameters: initial value of the trend
mean my 500, p = 0.99, size of the sliding window r = 10,
p = 0.05, o = 100. Thus, it is necessary to verify that the
proposed algorithm works almost without delays and has
a high estimation accuracy. The relative error of the algo-
rithms is 12% of the true trend value. This is a result that
should be considered within the normal range, given that
the algorithms work in real time, since the values obtained
for the detection time range from 15 to 80 time samples.
At the final stage, the developed algorithms for detecting
anomalies in the traffic on multiservice networks should
fully meet the requirements of efficiency and accuracy.
The task of developing a method for studying the traffic
of multiservice networks is considered in this article.

2 2 REVIEW OF THE LITERATURE

At the same time, there are a number of works [4—11],
in which separate attempts have been made to apply
methods of fuzzy knowledge processing for modeling and
estimation of network traffic. However, the direct applica-
tion of the results obtained in these works is not possible
for MSN. This is due to the fact that the statistical proper-
ties of traffic in MSN are very different both for different
operating conditions, The reason is that the statistical
properties of traffic differ greatly from one operating con-
dition to another and from one application to another in
the MSN. We need an approach that provides the network
with this quality in real time and can be implemented
quite easily.

Various approaches to building multiservice networks
and traffic analysis are reflected in the works of foreign
authors Leland W. E. [4], Kosenko V., Persiyanova E.,
Belotskyi O., Maleieva O. [5], Kosenko V, Bugas D. [6],
XiN.,Sun C.,Mal., Shen Y. [7] etc.

Controlling network operation and eliminating con-
gestion are all part of ensuring that the required level of
network quality reliability is maintained. In the absence of
adequate models of network traffic, the Poisson model is
often simplified for analysis and synthesis, and with a
significant loss of accuracy. Forms of estimating queue
sizes that were previously used are suitable exclusively
for Poisson flows, and, when calculating traffic, give er-
rors exceeding 100-200%.

Observing the flow of traffic is called traffic policy
(policing and shaping).

The increase in the volume of services provided leads
to the need for rapid network reorganization, the emer-
gence of new subscribers and load redistribution. All of
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this necessitates a quick assessment of the required band-
width of access interfaces.

The telecommunications community has many differ-
ent definitions of MSN.

Let’s consider some of them, emphasizing the short-
comings: these are networks that provide more than one
service — in fact, a literal interpretation (from the simple
translation of “multi” — many, “service” — service, i.e.
networks that provide “many services” or, more precisely,
many types of them), but at the same time quite broad,
which does not allow to formulate a precise definition:

— modern transmission networks — a vague definition
(it is unclear what “modern” means in this context);

— broadband transmission networks — intuitively re-
flects the essence of the issue, but has a number of sys-
temic shortcomings;

— next generation communication networks (NGN —
Next Generation Networks);

— networks ready to provide any telecommunications

and information services.
An integral telecommunications infrastructure that has
sufficient resources to support all forms of information
exchange performed for the benefit of a provider or con-
sumer of various services.

The various definitions above contain a number of
shortcomings — there is none that can be considered com-
plete and reflects the essence of the issue. Therefore, the
following wording is proposed as a definition of the con-
cept of “multiservice network™: a multiservice communi-
cation network is a single telecommunications infrastruc-
ture for transferring, switching traffic of any type gener-
ated by the interaction of con-summer’s and providers of
communication services with controlled and guaranteed
traffic parameters. This network should guarantee the
specified quality of connections and services provided.

A multiservice network is an integrated telecommuni-
cations infrastructure that has sufficient resources to pro-
vide all forms of information exchange performed in the
area of supplier or consumer of various services.

Modern multiservice networks can provide the follow-
ing services:

1. Voice transmission based on IP telephony using IP
telephones and personal computers connected to the pub-
lic telephone network.

2. Videotelephony between two or more users based
on an Ethernet network, which allows simultaneous
transmission of audio and video information using per-
sonal computers equipped with special hardware and
software.

3. Access to the databases, operating within the MSN.

4. Access to file server resources, which usually have
a large amount of disk space, can store heterogeneous
information and are designed to perform input and output
operations. Access to file servers is regulated by the MSN
administrator and may be restricted for external users.

5. A web server through which MSN users can host
their own resources available to external users.

6. Access to the Internet.
OPEN aacczss @ () ©
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7. An email server that is connected to the Internet and
allows MSN users to interact with it using email client
programs and transmit information both within and out-
side of MSN.

3 MATERIALS AND METHODS

Traffic refers to a digital data stream containing vari-
ous types of messages that are received by the human
senses (usually audio and/or video information). Data
streams are transmitted over telecommunication networks
to provide remote interactive services. The most common
multimedia services provided to network users today are:
video telephony, high-speed multimedia data transmis-
sion, IP telephony, digital television broadcasting, mobile
video communications and digital video on demand.

Depending on the type of service provided, there are
two main categories of traffic.

1. Real-time traffic that provides multimedia services
for the transmission of information between users in real
time.

2. Ordinary data traffic generated by traditional dis-
tributed services of a modern telecommunications net-
work, such as email, file transfer, virtual terminal, remote
access to databases, etc.

Examples of services that generate real-time traffic in-
clude: IP telephony, high-quality sound, videotelephony,
video conferencing, remote medical services (diagnostics,
monitoring, consultation), video monitoring, broadcast
video, digital television, broadcasting radio and television
programs.

The description and analysis of multimedia traffic in
modern telecommunication networks are a complex and
difficult task. The main reasons for these difficulties are

— a wide range of transmission speeds — from several
Kbit/s, as in the case of telephone traffic, to hundreds of
Mbit/s, when transmitting video streams;

— various statistical properties of the transmitted mul-
timedia information flows (real-time traffic imposes strict
requirements on network resources);

— a wide variety of network configurations, many
technologies and transmission protocols (Gigabit
Ethernet, etc.)

— multi-level processing of transmitted messages,
which makes the service stability dependent on several
levels of processing.

Traffic in the MSN consists of the following compo-
nents: 1) multimedia traffic, which is very sensitive to
delays; 2) data traffic; 3) signal information traffic; 4) e-
mail traffic. In this case, the specified requirements for
the service stability must be fully met. However, there are
objective difficulties in the construction of the MSN con-
trol system and in the protection of network and sub-
scriber information. These problems are caused by the
complexity of the MSN structure, the diversity of the
network, and the need to look at a lot of different network
and information parameters. Therefore, prompt detection
of network traffic anomalies is one of the key objectives
of MSN management.
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This article considers a new approach to traffic anom-
aly detection in MSN, based on the application of fuzzy
logical inference. Approach to traffic anomaly detection
in MSS, based on the application of fuzzy logical infer-
ence. The rules of such inference are used together with
modified Identity-free algorithms.

The main theoretical contribution of the paper is are as
follows. First, it substantiates a model of multiservice
traffic is substantiated. Second, it provides methods and
algorithms for detecting of traffic anomalies in the MSN,
based on the application of fuzzy logical inference. Fi-
nally, it has been experimentally proved that the proposed
algorithms The proposed algorithms have practically
maximal possible speed of operation.

To develop methods for detecting anomalies in MSN
traffic, we propose to develop a model of multi-service
traffic. The MSN traffic model is a combination of many
stochastic processes. The proposed approach to the forma-
tion of a multiservice traffic model is based on the follow-
ing factors: SP distribution laws; SP stationarity; SP self-
similarity; characteristics selected for SP analysis. Differ-
ent distribution laws are used to model different types of
traffic. For example, if the modeled traffic is “Audio” or
“Video”, then it gives the effect of self-similarity, and the
Pareto distribution is used to model it. If the modeled traf-
fic is generated by SMTP/TCP protocols, then the Poisson
distribution or exponential distribution is used. An impor-
tant factor is stationarity and non-stationarity, it is better
to solve the problem of detecting anomalies in traffic if it
is stationary. It is better to analyze traffic using various
characteristics of a random process. Such characteristics
are the maximum, minimum, and average values of the
process intensity, standard deviation, etc. The average
value of the process intensity is calculated using the for-
mula:

Smid =

M=z

1
TSk M

i=1

The following requirements are imposed on the devel-
oped algorithms for detecting anomalies in MSN traffic:
functioning in real or near real time; maintaining a given
service stability; and ease of implementation. The algo-
rithms belong to the class of adaptive hybrid algorithms
for identifying traffic parameters. They are used for both
stationary and non-stationary traffic. Traffic is modeled in
the form of SP. Each SP belongs to the corresponding
class, which is determined by the SP distribution law.

The essence of the hybrid method for detecting
anomalies in MSN traffic is that, on the one hand, algo-
rithms are used without identifying adaptation to chang-
ing SP parameters. On the other hand, fuzzy inference is
used to adjust algorithm parameters and make decisions.

The use of this hybrid approach is due to the need to
estimate both current point and integral traffic parameters.
Estimation of integral traffic parameters is performed in a
sliding window. The estimation of current point parame-
ters is performed from point to point simultaneously with
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the integral estimation procedure. In this case, the esti-
mates obtained in the sliding window are used as initial
values for the unidentified procedure. To perform this
procedure, two algorithms are used that differ in their
capabilities for SP approximation. The combination of
these approaches allows both to estimate the integral
properties of the SP and to track the dynamics of its be-
havior.

The use of fuzzy inference allows us to build paramet-
ric estimates of the algorithm parameters from a small
number of observations. In this case, it becomes possible
to draw fuzzy conclusions about traffic anomalies.

Let SP be given in discrete time values ti=i, i=1, 2, ... .
The first algorithm is the algorithm MSA:

Sii1 = Siciki (S = Siop)- )

The second algorithm is used when the probability
density of SP values is symmetric. It is based on the use
of PGP of the form

S = Si—p +sign(S; = Siyp). (3)

This choice of the first and second algorithms pro-
vides an assessment of the dynamic properties of the SP.
Since the MSA and PGP algorithms belong to the class of
non-identifying algorithms, the time for traffic analysis
and anomaly detection is significantly reduced. The quad-
ratic function in the form of:

M {(s1 - si_l)z} (4)

Parameter ; for MSA u PGP must meet the following
conditions:

0<py <1, puj =const. (5)

The peculiarity of the MSA and PGP algorithms is the
fact that it is necessary to adjust the value of the p; for
different SP being evaluated and their statistical proper-
ties. It is proposed that the procedure for adjusting these
algorithms should be based on the Mamdani fuzzy infer-
ence method, according to which the identification of the
parameters of the MSA and PGP algorithms is carried out
using rules that have the following form in general:

IF<S;j=A>AND<o=B>AND

B B (6)
<p=D>THENu=R.

The identification of anomalies in the MSN traffic is
carried out on the basis of fuzzy inference of the follow-

ing type:
IF <S; =A> AND,

< A complies with the sec urity policy >
THEN R.

To perform the anomaly identification procedure, it is
necessary to first train the fuzzy inference system with

(7
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experimental data. The experimental data is generated in
advance.

When choosing the size of the sliding window, a rea-
sonable compromise must be found between the rate of
change of SP values, the size of the window, and the rep-
resentativeness of the sample of SP values. This compro-
mise is necessary to eliminate the effect of excessive
smoothing of SP values.

Summarizing the nature of traffic behavior in the
MSN is also based on the Mamdani method.

4 EXPERIMENTS
To experimentally test the proposed method and algo-
rithm, we used an instrumented testbed. The testbed con-
sists of a server and two workstations connected to a net-
work using a router. The testbed is shown in Fig. 1.

o

Administrator

Figure 1 — Structure of the tool stand

One workstation was a traffic generator. The second
station was the network administrator. The network ad-
ministrator controlled the generator. The generator gener-
ated traffic with a given distribution law. At the same
time, anomalies were introduced into the traffic randomly
in accordance with the selected type of computer attack.
The traffic passed through the router to the server. The
administrator’s task was to evaluate and identify traffic
anomalies.

The generator generated stationary and non-stationary
traffic Poisson and Pareto distributions. These distribu-
tions are the most typical for MSN. To generate anoma-
lies, DoS attacks were used, which lead to a load on the
communication channel. Non-stationary processes were
modeled as multiplicative SP with deterministic and ran-
dom modulating functions. The random modulating func-
tions were first-order random autoregressive processes
with different correlation coefficients. Adaptation to the
parameters of the Poisson SP was performed using the
MSA algorithm.) For SP with Pareto law, the algorithm of
pseudogradient procedures was used.

The parameters of the adaptation algorithms were set
using the following rules. The A, B, and D of these rules
were determined in advance based on the training results.
For this purpose, we used the experimental results pre-
sented in Fig. 2, which show the dependence of the value
of the error in estimating the traffic intensity of a nonsta-
tionary SP on the value of the step coefficient of the MSA
algorithm at different values of the correlation coefficient
modulating the SP for Poisson traffic. The random proc-
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ess had ay=100, o=10. P for different dependencies varied
from 0.6 to 0.9999. It can be seen that at small values of
the error p, traffic estimates differ greatly from each other
depending on the value of p.

Figure 2 — Dependence of traffic estimation error
on the value of the parameter

The traffic estimation error is represented vertically,
and the p is represented horizontally.

At large values of p, these errors become approxi-
mately equal.

Based on the data presented in Fig. 2. the rules for set-
ting the parameters of the modified stochastic approxima-
tion are formed. For example, at S; = 100, o=10 Ta
p=0.9999 the parameter of the stochastic algorithm is ap-
proximately equal to 0.025. For p=0,99 the p will have a
value of approximately 0.12. The parameters ¢ and p are
estimated in a sliding window.

An example of numerical modeling of an unsteady
Poisson SP was analyzed in their works by scientists
Ageev S. O., Sayenko I. B., Kotenko I. V. This example
is shown in Fig. 3.

Figure 3 — Estimation of a non-stationary trend with a Poisson
distribution:
1 — true trend value; 2 — trend estimate;
3 — error of trend estimate

The correlation coefficient of the process varied across
experiments from 0.9 to 0.99999. SP had the following
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parameters: initial value of the trend mean m, 500,
p = 0.99, size of the sliding window r = 10, p = 0.05,
6 = 100. The proposed algorithm works almost without
delays and has high estimation accuracy.

There are three zones associated with anomaly detec-
tion: Zone A indicates that there is a risk of anomalies and
the risk level is unacceptable. Zone B indicates that there
is a risk of anomalies and the level of risk is acceptable.
There are no anomalies in the traffic located in zone C.
The boundaries of zones A, B, and C is determined at the
stage of pre-configuring the knowledge base of the fuzzy
inference machine in accordance with the accepted secu-
rity policy rules. The values of the trend estimates on the
boundaries of zones A, B, and C are used to build the
Mamdani rules using formula (8):

IF <S;=A>AND,
< A complies with the security policy > THEN R ®)

For example, the rule for concluding that there are no
anomalies is as follows:

IF < S; € Zone C > THEN.

There are no traffic anomalies.

The results of estimating the parameters (Table 1) of
self-similar traffic with a Pareto distribution are shown in
Fig. 4 and Fig. 5.

Figure 4 — Estimation of the stationary trend of self-similar
traffic with distribution

Figure 5 — Estimation of non-stationary trend
of self-similar traffic with distribution
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Table 1 — Parameters of steady-state and
non-stationary process

Parameter Stationary | Non-stationary | Stationary
process pr process
Hearst p:llrameter, 085 0.75 085
The average value
of the SP 32.5 250 32.5
Distribution
parameter SP 13 B 13
Parameter of the
MSN algorithm p 0.004 0.13 0.004
Relqtlve Aermf] of <62 <91 <62
estimation, %

The final results of the evaluation of the developed al-
gorithms for detecting anomalies in the traffic of the MSN
for the distributions discussed above are shown
in Table 2.

Table 2 — Experimental results of the algorithm evaluation

Distribution Correlation Average Time
coefficient, p relative error of | of detection,

the estimate, time

% counts
Pareto 0.99 12.0 80
(H0.75) 0.999 10.0 65
0.9999 8.0 50
0.99 8.6 27
Poisson 0.999 7.6 20
0.9999 5.3 15

This table shows that the relative error of the algo-
rithms is within 12% of the true trend value. This result
should be considered within the normal range, given that
the algorithms operate in real time, since the values ob-
tained for the detection time range from 15 to 80 time
samples. Thus, the developed algorithms for detecting
anomalies in MSN traffic fully meet the requirements of
efficiency and accuracy.

5 RESULTS

Different enterprises experience different types of
malfunctions over time. They are primarily caused by
significant losses incurred by operators due to downtime
or inefficient use of network resources. Secondly, the
functioning of the network depends heavily on the algo-
rithms of the application software used in it. The term
“network™ here refers to the entire complex of hardware
and software; and the term “network diagnostics™ refers to
the process of determining the causes of unsatisfactory
operation of application software in this network. It is the
quality of the application software in the network that is
decisive from the point of view of users [8—11]. Other
criteria, such as the number of data transmission errors,
the degree of network resource utilization, hardware per-
formance, etc., are secondary.

There can be several main reasons for unsatisfactory
operation of application software in the network:

— damage to the cable system;

— defects in active equipment;
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— overloading of network resources (communication
channel and server);

— errors in the application software itself.

Often, some network defects mask others.

Thus, to reliably determine the cause of unsatisfactory
operation of the application software.

Often, a network is analyzed only during periods of
poor performance. In such cases, it is necessary to local-
ize and correct existing network defects quickly. In this
paper, we focus on the diagnostics of the network link
layer, as this is the primary task when diagnosing a
transmission network.

6 DISCUSSION

Analyzing the above, we note that a hybrid method for
detecting anomalies in the MSN traffic using algorithms
without identification, adaptation and fuzzy Mamdani
inference is proposed. The peculiarity of multiservice
traffic as an object of anomaly detection is the presence of
stochastic processes in it, subject to different distribution
laws. For the experimental evaluation of the proposed
method and algorithms, we chose the Poisson and Pareto
distribution laws that define the limiting cases of traffic
regularity.

Experimental evaluation of the proposed method and
algorithms has shown that they allow estimating the
trends of these stochastic processes in real time, with high
accuracy and with preservation of service quality.

Summarizing these situations that arise at many enter-
prises regarding troubleshooting, it should be noted in
general that they consist of eight steps:

1. Definition of the problem,;

2. Collecting the necessary information;

3. Evaluation of possible scenarios for solving the
problem and determining the most likely

causes of the malfunction;

4. Developing a plan for solving the problem;

5. Implementation of actions in accordance with the
plan;

6. Evaluation of the results;

7. Repeating the sequence of steps if the malfunction
were not eliminated;

8. Documenting the changes after successful trouble-
shooting.

The method allows you to monitor and manage faults
in a multiservice network to determine the causes of their
occurrence.

CONCLUSIONS

Summarizing the above, it is worth noting that the ap-
plication of the developed method of troubleshooting
management in a multiservice network helps to improve
the service stability by timely detection of problems, re-
ducing the time of their elimination and reducing down-
time, which in turn affects the increase in service reliabil-
ity.

The scientific novelty lies in the fact that for the first
time, a method has been developed for traffic manage-
ment problems and applied to traffic management tasks
based on the analysis of the distribution of the number of
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Jep>kaBHOTO MTOIATKOBOTO YHIBEPCUTETY, IpmiHb, YKpaiHa.

JlaroBcbkuii B. B. — kaH[1. €KOHOM. Hayk, JOL. 3aB. Kadeapu KiOCpHETHKH Ta MPUKIAIHOI MaTeMaTHKH JIepKaBHOTrO IOJaTKO-
BOTO yHiBepcuTeTy, Ipminb, Ykpaina.

AHOTANIST

AxtyanbHicte. Ilocriiine 3poctants obcsry iHdopmariii, 301ablIeHHS IBUAKOCTI nepeaadi iHpopMaLiifHUX MOTOKIB y LU(pO-
BHX Mepexax 3B’sI3Ky, sK 1 paHillle, 3aJIMIIAEThCS aKTyalbHUM 3aBJaHHs OLIHKH SKOCTi 00CITyroByBaHHs OTOKIB Tpadiky. [Ipoctum
pimeHHsIM [T 3a0e3MeueHHsT BHCOKOI SIKOCTI 00CTyTOBYBaHHS € TOOyI0Ba MEpEXki JOCTaTHHOI MOTYKHOCTI I Oy Ib-IKOTro Tpadi-
Ky, KU OyJe KHHyTHI Ha HbOTo. {1 po3B’A3aHHS MPOOJIeM aHANI3y TEICKOMYHIKAIIHUX CHCTEM HEOOXiqTHO MaTh y CBOEMY pPO3-
TIOPS/PKEHHI BIATIOBITHI MOJENI Ta IHKEHEpHI METOAH, IO TO3BOJIIOTH HA OCHOBI JTAaHWX BHMIpPIOBAHb OLIHIOBATH SIKICTh HAJaHHS
MOCIIYT Ta IPOTHO3YBaTH XapaKTEPHCTHKHU iX pobotH. V IMX yMOBax po3poOKka HOBHUX METOMIB aHali3y Tpadiky MyJIbTHCEPBICHHX
MEpEIK, 110 3a0€3IeUy0Th MPOCTOTY PO3PAXyHKIB Ta IXHIO MPUIHATHY TOYHICTh, CTAE OCOOIMUBO aKTYaIIbHOIO.

MeTa po6oTH nossirae B 1ociipkeHHi Tpadiky Ta siIkocTi 3abe3reueHHs U1 KOPUCTYBaviB.

Mertop. 3anpornoHOBaHO TiOPUIHMI METO/ BHUSBICHHS aHOMAaii y Tpadiky MyJIbTHCEPBICHHX MEPEX, 10 BUKOPUCTOBYE alro-
putMmu 6e3 izeHTHdiKanifiHOi amanTanii Ta HewiTkoro BuBeneHHs Mamaai. OcoOMUBICTIO MyJIbTHCEPBICHOTO Tpadiky sk 00’€KTy
OILIIHIOBAaHHS iCHYBaHHS aHOMAJii € HASBHICTh Y HBOMY CTOXaCTUYHHX IPOIECIB, MANOPIIKOBAHUX PI3HUM 3aKOHAM po3noaiy. s
EKCTIEPHIMEHTAIBHOI OI[iHKH 3alpOIIOHOBAHMX METOMY Ta ajdrOpHTMiB Oyino obpaHo 3axoHHW posmozimy Ilyaccona ta [lapero, mo
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BH3HAYAIOTh TPAaHUYHI BUIMAJKH PEryisapHocTi Tpadiky. Meroa no3Bosisie 3a6e3MeUuTH KOHTPOJIb Ta YIPaBIiHHSA HECIIPaBHOCTSAMU B
MYJIBTHCEPBICHIH Mepexki 3 METOI0 BU3HAYCHHS MPUYHH iX BUHUKHEHHS. [0 po3po0ieHNX anropuTMiB BUSBICHHS aHOMAJIH y Tpa-
(iky MyJIBTHCEPBICHHUX MEpEX IMpEed SBIAIOTHCS TaKi BUMOTH: (PYHKIIOHYBAaHHS K PEaJbHOTO Y OJIHM3BKOTO IO PEalbHOTO 4acy;
MATPUMKA 33/1aHOT SIKOCTI CepBiCY; MPOCTOTA peaii3amii. ANTOPUTMH HaJleXKaTh 0 KJacy afalTUBHUX TiOPUIHMX alNrOPUTMIB ileH-
tudikarii mapamerpis Tpadixy. Born BUKOpHCTOBYIOTBCS SIK IUISI CTalliOHAPHUX, TaK 1 I HecTanioHapHuX TpadukiB. Tpadiku Mo-
JEIIOIOTCSL Y BUITIAII CTOXaCTHYHUX IporeciB. Ko)KeH HaleXHUTh O BIAIOBIJHOTO KJAcy, IO BU3HAYAETHCS 3aKOHOM PO3HOALTY
CTOXaCTHYHHUX TIPOLIECIB.

PesyabTaTi. EXcriepuMeHTaNIbHA OLIIHKA 3alIPONOHOBAHUX METOJy Ta AIrOPUTMIB IOKa3ala, 110 BOHH JIO3BOJISIOTH OLHIOBATH
TPEH/IU 3a3HAYCHUX CTOXACTHYHUX TPOLIECIB y peaqbHOMY 4aci, 3 BACOKOIO TOYHICTIO Ta 31 30epeKeHHsM SKOCTiI 00CITyroByBaHHSI.

BucHoBkH. 3acTocyBaHHS PO3pOOIEHOr0 METOLY YNPaBIiHHA yCYHEHHSIM HECIPABHOCTSIMH B MYJBTUCEPBICHIA Mepexi JOIMO-
Marae MiZIBULIUTH SKICTh 00CITyrOBYBaHHS LIJIIXOM CBOEYACHOTO BUSABIICHHS NPOOJIEM, 3MCHIICHHS Yacy 1X yCYHEHHS Ta CKOPOUYCHHS
4acy MPOCTOiB, 110, CBOEIO YEProl0, BIUTUBAE HA Mi(BUIEHHS IIOKa3HUKIB Ha{IITHOCT] OCIyT.

KJIIOYOBI CJIIOBA: mynbTHCEpBicHI Mepexi, Tpadik, IKiCTb, HECIIPABHOCTI, METO/, KOPHCTYBad.
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ABSTRACT

Context. With the development of the software industry, the number of applied methodologies and hybrid approaches based on
them constantly increases, that is why, the choice of the most suitable/optimal methodology for the project is an urgent problem of
software engineering, since the selection process is poorly formalized, requires sufficient experience of the person who will make this
decision and depends on many related factors.

Obijective. The support of decision-making in the process of choosing a methodology for the software project development and
increase of the level of adequacy of the above choice.

Method. Based on the previously developed algorithm by the author, a generalized method for selecting the best software
development methodology is proposed, which consists of 14 steps and takes into account the characteristics of the project, based on
the multi-criteria analysis approaches, taking into consideration the opinions of experts for a more reasonable choice of the most
suitable methodology for this project. The method uses the aggregated expert evaluation. It was decided to use the AHP to calculate
the criteria weights. Based on the established values of criteria, their weights and expert evaluation, the score is calculated for each
methodology using the weighted sum and TOPSIS methods.

Results. The application of the developed method to the data of actual projects showed a match in 83% of cases (in five out of
six cases, the application of the method resulted in the selection of methodology that corresponded to the one actually used in an
existing project). In cases when the methodology chosen by the proposed method differed from the one that was actually used, the
application of the proposed method recommends going to the stage of the initial determination of criteria and their weights, which

will allow making a more adequate choice of methodology.

Conclusions. The proposed method can be applied in practice by software project managers to support the decision-making

process, and will allow reducing time spent on project management.

KEYWORDS: software; software development methodologies; software engineering.

ABBREVIATIONS

TOPSIS is Technique for Order of Preference by
Similarity to Ideal Solution;

AHP is Analytic Hierarchy Process;

PAPRIKA is Potentially All Pairwise Rankings of all
possible Alternatives;

XP is Extreme Programming;

DSDM is Dynamic Systems Development Method

RAD is Rapid Application Development

ROC is Rank Order Centroid;

SDLC is Software Development Life Cycle;

SWEBOK is Software Engineering Body of
Knowledge;

PRINCE is Projects in Controlled Environments;

PMBOK is Project Management Body of Knowledge;

SMARTER is Specific, Measurable, Achievable,
Realistic, Time-Bound, Evaluate, and Reviewed

INTRODUCTION

The modern process of creating software products is
based on different aspects of software engineering,
including the use of various software development
methodologies. Currently, there is quite a large number of
software development methodologies, that formalize and
optimize the processes of creating software components
in particular and software projects in general and
significantly facilitate and speed up the software
development. Due to the diversity of these methodologies
and software projects, the question arises of the optimal
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selection of methodology for a particular project based on
the information about it, since each software development
methodology is designed for different types of teams,
number of their members, different types of projects and
their complexity, etc. In turn, the software products
become more diversified, they have more characteristics,
the consideration/ignorance of which can have a
significant impact on the success of the project. Besides,
the process of choosing a methodology for each project
may depend on a number of subjective factors, such as
experience of the person making the decision, experience
of applying a particular methodology by the development
team, wishes of the customer, industry trends, and many
others. Therefore, when choosing a software development
methodology, project managers face certain difficulties,
which, in addition to the above aspects, are that different
types of software projects require different approaches, as
each category of projects has different priorities and
goals; moreover, the clear and standardized criteria for
choosing a software development methodology have not
yet been defined [1-3]. Given the above, it can be argued
that the development of new methods for choosing the
best software development methodology, which will take
into account various characteristics of software projects,
is an urgent scientific task. Thus, the objective of the
study is to create a generalized method for selecting the
best software development methodology, taking into
account the characteristics of the project and opinions of
experts, based on the approaches of multi-criteria

OPEN a ACCESS m



p-ISSN 1607-3274 PanioenextpoHnika, indpopmaTrka, ynpasminss. 2023. Ne 2
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2023. Ne 2

analysis. The object of the study is the process of
selecting a software development methodology, the
subject of the study is the methods and tools for
choosing the most suitable software development
methodology for the project, taking into account its
characteristics and expert opinions.

1 PROBLEM STATEMENT

Given: the set Y = {Y1, Y,,..., Y7} of alternatives
(software development methodologies) and the set of
N = {Ny, N,,..., Nas} criteria (project characteristics) with
the weight of the i-th criterion w;. It is necessary to
determine the best alternative out of Ys. For this purpose,
it is necessary to construct a hierarchy in the form of a
multitree and calculate the global priorities of
alternatives: the priorities of alternatives for the entire
hierarchy.

The input data are the results of a survey of experts in
the form of matrices of pairwise comparisons at all nodes
of the hierarchy. Hierarchical synthesis is used to weigh
the own vectors of matrices of pairwise comparisons, as
well as to calculate the general priorities of alternatives.
As a result of constructing a hierarchy and implementing
paired comparisons, matrices of paired comparisons
should be constructed for all vertices of the hierarchy
except leaves. The pairwise comparison method to
calculate the aggregate evaluation (global priority) of
alternatives (development methodologies) should be
applied.

2 REVIEW OF THE LITERATURE

One of the approaches to solving the problem of
selecting a software development methodology is the
SMARTER multi-criteria analysis method, which is used
to select the agile methodology for small and medium-
sized projects [1]. The selection process is as follows: a
set of 13 criteria is determined; alternative solutions are
defined (for DSDM, SCRUM, XP and Crystal
methodologies); a matrix of methodology evaluation with
regard to the criteria is created (based on the number of
scientific papers which indicate that a certain value of the
criterion is suitable for a certain software development
methodology); the relative importance of criteria is
determined and values of criteria weights are calculated
using the ROC method; then the multi-attribute value of
the function of each of the alternatives is set by the
aggregation of functions, and as a result, the alternatives
are ranked from best to worst [1].

The rule-based expert systems are also used to solve
problems of such class [4]. The questionnaire consists of
different questions about the characteristics of the project
(project size, project type, level of possible risks,
reliability, complexity, etc.), which can be updated or
added by experts. The “set of facts” contains facts about
recommendations for different possible values in rules.
The “rule repository” is maintained as a set of “if...then”
rules and it provides recommendations according to the
characteristics of the project. A cascade model, spiral

model, incremental model, XP, Scrum or RAD model can
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be proposed based on these characteristics. The answers
provided by a user are placed in the relevant rules of the
“rule repository”, which are used by the “rule engine” for
comparing the “set of facts”, structuring and displaying
recommendations to a user through the display module
(“SDLC recommendation display module™) [4]. As a
drawback here, it should be noted that it is impossible to
change the priority of criteria and the complexity of
filling in the knowledge base, since it is necessary to take
into account a large number of criteria and
methodologies, which makes it difficult to expand the
knowledge base, especially given that expert opinions
often differ.

In addition, the AHP hierarchy analysis technique and
TOPSIS method are used to solve similar tasks. TOPSIS
is based on the concept that the ideal alternative has the
shortest distance from the positive ideal solution and the
longest distance from the negative ideal solution. AHP is
used to calculate the criteria weights and to verify their
consistency, using the relative consistency ratio. In the
work [5], a method for selecting a project testing
technique using these methods is described. In the work
[6], for the selection of practices for organizing the
software development process, it is proposed to use the
PAPRIKA method, which is based on the users
expressing their preferences regarding the relative
importance of the criteria or attributes of interest for the
made decision or choice, by pairwise comparison
(ranking) of alternatives. 31 practices are evaluated in
pairs against 11 criteria; a user is interviewed and based
on the answers a list of practices recommended to use in
the project development is formed [6].

A mathematical model and a method for choosing an
approach to project management, taking into account the
fuzzy representations of the applicability of existing
approaches, is proposed in the work [7]. The choice is
made between such approaches as PMBOK, 1SO21500,
PRINCE2, SWEBOK, Scrum, XP and Kanban. A number
of project parameters that affect the result of the choice
are also identified here, and the degree of their impact is
determined.

The works [8, 9] are dedicated to the issue of the
selection of methodology and the study of factors
(organizational structure, characteristics of the team and
software project) that affect the choice of the best
software development methodology. A conclusion is
drawn that the process of selecting the methodology is
associated with certain organizational, project and team
characteristics, and therefore is a non-trivial task. It is also
noted that although flexible methodologies have become
increasingly popular over the past decade, traditional
methodologies still remain popular in the software
development industry, and a hybrid approach is also often
used [8].

The work [10] deals with a comparative analysis of
the  most  widespread  software  development
methodologies with an emphasis on the features of project
management. The author focuses on taking into account
those factors that affect the software development
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process, namely: frequent software requirements changes,
high dynamics of the technology stack and development
standards, qualificationi of the development team and the
team globalization and dispersion.

The paper [11] presents an approach that analyses the
basic concepts of structural models and modelling in
software engineering, using representation theory,
investigates different types of interpretive reflections
needed to track model entities with the entities they
represent, as well as explains the difference between
forward- and backward-looking models and considers the
need to integrate products and processes into
methodologies.

The Weighted sum and TOPSIS multi-criteria analysis
methods were used in work [12]. To select a methodology
for the development of software projects, taking into
account their characteristics, experts evaluate the extent to
which it is permissible to use a certain methodology for
each possible characteristic of the project, i.e. each
possible value of the criterion. The weights of expert
opinion may vary. Given these weights, the expert
evaluation is aggregated. Also in work [12] it was decided
to use the AHP [13] to calculate the weights of criteria
used to evaluate alternatives. A user makes a pairwise
comparison of the criteria, and the absolute weights of
criteria are calculated using the AHP. The pairwise
comparison is made on a scale from 1 to 9. The AHP uses
a consistency ratio as a measure to check the consistency
of the weights obtained. This ensures that the weights are
consistent. Based on the user-defined values of criteria,
their weights and expert evaluation, the score for each
methodology is calculated using the weighted sum and
TOPSIS methods. The higher the score, the better the
applicability of the methodology to the project [12].

Thus, having considered the above materials, it can be
said with confidence that the number of used
methodologies and hybrid approaches based on them
constantly increases [14], therefore the choice of the most
suitable/optimal methodology for the project is an urgent
problem of software engineering, since the selection
process is poorly formalized, requires sufficient
experience of the person making this decision and
depends on many related factors. Therefore, there is a
need to develop a generalized method for selecting the
best software development methodology, which will take
into account the characteristics of the project, based on
the methods of multi-criteria analysis, and opinions of
experts for a more reasonable choice of the most suitable
methodology for this project.

3 MATERIALS AND METHODS
To solve the problem of selecting the methodology for
the development of software projects, taking into account
their characteristics, the method was proposed, which is
based on the algorithm presented in [12] and consists of
14 steps below, its block diagram is shown in Fig 1.

© Seniv M. M., 2023
DOI 10.15588/1607-3274-2023-2-14

136

Step 1. Analysis of the initial data of the project. At
this step, it is necessary to analyze the requirements to the
project (functional, non-functional, etc.) as well as to
analyse the quality attributes of the future software with
stakeholders. This should be done in order to get an
overview of the project (large/small/medium,
complex/simple in terms of implementation, critical in
terms of reliability/security requirements, real time, etc.)

Step 2. Determination of the list of methodologies
most suitable for the project (expert evaluation). At this
step, the experts should determine a list of six
methodologies that will be most appropriate for this type
of projects in general and for this specific project, in
particular. If the experts cannot unambiguously determine
the required list due to insufficient data of requirements
analysis, it is necessary to go back to Step 1, otherwise,
proceed to Step 3.

Step 3. Initial determination of a set of criteria and
their weights. At this step, it is necessary to determine a
set of required criteria by which the characteristics of
projects will be determined, with the appropriate setting
of initial values and their gradations. The set of 23 criteria
presented in [7] is proposed as the base one, but if
required, this set and values of criteria can be adjusted by
experts, taking into account the information obtained
during further steps.

Step 4. Providing expert evaluation of the possible
criteria values in relation to methodologies. At this step, it
is necessary to gather the expert evaluation of all possible
values of criteria in relation to the list of methodologies
specified in Step 2. If the experts determine that the list of
criteria and the corresponding range of scores fully reflect
the characteristics of the project, then proceed to Step 4,
otherwise, go back to Step 3 and adjust the set of
necessary criteria with the appropriate setting of the initial
values and their gradations.

Step 5. Setting the values of criteria and their weights
according to the characteristics of the project. At this step,
the current values of criteria and their weights are set
according to the characteristics of a specific project; if
required, some of the criteria may be omitted.

Step 6. Specifying the evaluation of criteria values by
hierarchy analysis technique. At this step, it should be
determined whether it is necessary to clarify the
evaluation of criteria values by the hierarchy analysis
technique, taking into account the expert evaluation
consistency index, if yes, proceed to Step 7, if not, skip to
Step 9.

Step 7. Pairwise comparison of the importance of
criteria. A pairwise comparison of the importance of all
set criteria with each other takes place here and the
relative consistency is determined, if it is more than 0.2,
then it is necessary to go to Step 6, if it is less than 0.2,
proceed to Step 8.
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Figure 1 — Block diagram of the method for selection of a software development methodology taking into account project
characteristics

Step 8. Setting new criteria values. At this step, it is Step 9. Setting the values of criteria obtained in the
necessary to set new criteria and their weights, taking into  previous steps. The values of criteria and their weights are
account the information obtained in the previous steps. taken as those set in Step 5.

Then proceed to Step 10. Step 10. Determination of the decision matrix taking
into consideration the values of criteria and their scores in
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relation to methodologies. At this step, the decision
matrix with mxn dimension is determined, where m is the
number of methodologies and n is the number of criteria,
the values of which are set by a user. The matrix consists
of evaluation of the established values of criteria in
relation to methodologies.

Step 11. Calculation of scores for methodologies
using the weighted sum method. At this step, the scores
for methodologies using the weighted sum method are
determined.

Step 12. Calculation of scores for methodology by the
TOPSIS method. The scores for methodologies are
determined using the TOPSIS method:

a) A weighted normalised matrix is determined.

b) A positive and a negative decision is determined.

¢) The Euclidean distance and relative proximity of
each of the alternatives (methodologies) to ideal solutions
are calculated.

Step 13. Determination of the most suitable
methodology. If the score of the best methodology minus
the arithmetic mean of scores is >0.1, then this
methodology is the most suitable one, and you proceed to
Step 14, if not, then it is necessary to check whether the
score of the best methodology minus the arithmetic mean
of scores is <0.1 but >0.01, if yes, then you should
proceed to Step 3, if no, go back to Step 1.

Step 14. Approval of the most suitable methodology.
At this step, the most suitable methodology for this
project is approved.

4 EXPERIMENTS

Six anonymized commercial projects developed by
LinkUp Studio (https://linkupst.com/) were selected for
the experiment and all were implemented using the Scrum
methodology. The main characteristics of the projects are
shown in Table 1, which contains a set of 23 criteria and
their corresponding values. The justification for the
selection of criteria and the scale of values for each
criterion is given in [12]. In this table, to simplify the
presentation, the ranked criteria values from 1 to 4 are
shown, where 1 is the lowest value and 4 is the highest. A
brief description of the subject area of the projects:
Projectl (P1) and Project2 (P2) — software products for
the advertising business, Project3 (P3) and Project4 (P4) —
mobile games, Project5 (P5) — house rental web platform,
Projecté (P6) — web platform for arranging meals for
groups of people. The common features for these projects
are that the project budgets are less than 100 thousand US
dollars, the number of people in the team is less than 10
and the requirements change is not high (< 7% per
month).

Table 1 — The criteria values for the projects involved in the experiment

N Parameter Projects
P1 P2 P3 P4 P5 P6
1. Project cost 1 1 1 1 1 1
2. Requirements change percent/month 1 1 1 1 1 1
3. Number of people involved in the project 1 1 1 1 1 1
4. Consequences in case of unsatisfactory project outcome 1 2 2 2 2 1
5. Work experience in the given field 1 2 1 2 2 1
6. Requirements to the realization period of the project 2 3 3 2 3 2
7. Teams ability to work effectively in freedom or order 3 3 2 2 2 3
8. Understanding of requirements, adapting ability, initiative 3 4 2 3 2 3
9. Probability of occurrence of managerial risks (inefficient planning, 1 2 2 1 2 2
controlling, communication problems, etc.)
10. Knowledge of applied tools and methods 3 4 1 4 4 3
11. Means of communication 2 4 4 4 3 3
12. Frequency of reporting to the Customer 3 2 2 2 1 2
13. Understanding the scope of works 2 2 2 2 3 2
14. Requirements to the project quality 2 2 2 2 3 4
15. Probability of occurrence of technical, manufacturing or qualitative 3 2 3 2 1 2
risks
16. Probability of occurrence of external risks (disruption of work by 1 1 1 1 1 1
contractors, unfavourable political situation, etc.)
17. Probability of occurrence of organizational risks (disruption of funding, 1 1 1 1 3 1
delivery of resources, inaccurate prioritizing, etc.)
18. Requirements to the precise compliance with a deadline 1 1 1 2 2 3
19. Ability to admit mistakes 4 4 4 4 3 4
20. Learning ability 3 4 2 3 3 3
21. Experience of cooperation 2 3 2 3 3 2
22. Teams ability to clearly formulate and openly express ideas 3 4 3 3 4 3
23. Customers experience of working with this project team 1 1 1 4 1 1
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5 RESULTS
The application of the above method for the projects
P1-P6 had the following results.

Table 2 — The result of selection of methodology for the

project P1

Methodology Weighted Sum TOPSIS AVG

Scrum 0.29 0.63 0.46
SWEBOK Guide 0.26 0.43 0.34
PMBOK Guide 0.25 0.42 0.33
1S021500 0.25 0.42 0.33
XP 0.22 0.45 0.33
Kanban 0.22 0.45 0.33
PRINCE2 0.24 0.4 0.32

For the project P1, Scrum was determined the best
methodology (according to Step 13 of the above method,
its score minus the arithmetic mean of scores =
0.111428571 > 0.1), which corresponded to the real
situation in the project.

Table 3 — The result of selection of methodology for the

project P2

Methodology Weighted Sum TOPSIS AVG

Scrum 0.32 0.67 0.49
Kanban 0.25 0.54 0.39
SWEBOK Guide 0.24 0.43 0.34
XP 0.21 0.43 0.32
PMBOK Guide 0.22 0.41 0.32
15021500 0.22 0.41 0.32
PRINCE?2 0.2 0.39 0.3

For the project P2, Scrum was also determined the
best methodology (according to Step 13 of the above
method, its score minus the arithmetic mean of
scores = 0.135714286 > 0.1), which corresponded to the
real situation in the project.

Table 4 — The result of selection of methodology for the

project P3

Methodology Weighted Sum TOPSIS AVG

SWEBOK Guide 0.31 0.52 0.41
Scrum 0.24 0.55 0.4
1S021500 0.29 0.49 0.39
PMBOK Guide 0.29 0.49 0.39
PRINCE2 0.27 0.47 0.37
Kanban 0.19 0.49 0.34
XP 0.15 0.37 0.26

For the project P3, SWEBOK Guide was determined
the best methodology, but according to Step 14 of the
above method, its score minus the arithmetic mean of
scores is 0.01<0.044285714<0.1, which requires to go
back to the stage of initial determination of criteria and
their weights (Step 3).

Table 5 — The result of selection of methodology for the

project P4

Methodology Weighted Sum TOPSIS AVG

Scrum 0.3 0.63 0.46
Kanban 0.24 0.52 0.38
SWEBOK Guide 0.27 0.44 0.35
PMBOK Guide 0.24 0.42 0.33
1S021500 0.24 0.42 0.33
XP 0.21 0.41 0.31
PRINCE?2 0.23 0.4 0.31

For the project P4, Scrum was determined the best
methodology (according to Step 13 of the above method,
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its score minus the arithmetic mean  of
scores = 0.107142857 > 0.1), which corresponded to the
real situation in the project.

Table 6 — The result of selection of methodology for the

project P5

Methodology Weighted Sum TOPSIS AVG

Scrum 0.29 0.62 0.45
Kanban 0.22 0.53 0.38
SWEBOK Guide 0.25 0.46 0.36
PMBOK Guide 0.23 0.43 0.33
1SO21500 0.23 0.43 0.33
PRINCE2 0.22 0.42 0.32
XP 0.16 0.38 0.27

For the project P5, Scrum was determined the best
methodology (according to Step 13 of the above method,
its score minus the arithmetic mean  of
scores = 0.101428571 > 0.1), which corresponded to the
real situation in the project.

Table 7 — The result of selection of methodology for the

project P6

Methodology Weighted Sum TOPSIS AVG

Scrum 0.3 0.65 0.48
SWEBOK Guide 0.25 0.44 0.34
Kanban 0.21 0.47 0.34
XP 0.21 0.46 0.34
PMBOK Guide 0.23 041 0.32
1SO21500 0.23 0.41 0.32
PRINCE2 0.21 0.41 0.31

For the project P6, Scrum was also determined the
best methodology (according to Step 13 of the above
method, its score minus the arithmetic mean of
scores =0.13 > 0.1), which corresponded to the real
situation in the project.

6 DISCUSSION

As can be seen from the results obtained, the use of the
method for selecting the software development
methodology, taking into account the characteristics of the
project, allows determining the most suitable development
methodology with a high degree of adequacy, since in five
out of six cases, the application of the method resulted in
the selection of methodology that corresponded to the
methodology actually used in an actual project. In case of
the project P3, the methodology chosen by the proposed
method differed from the one that was actually used, but
Step 13 of this method (Determination of the most suitable
methodology) emphasizes that if the score of the best
methodology minus the arithmetic mean of scores is >0.1,
then this methodology is the most suitable and it is
necessary to go to Step 14, if not, then it is necessary to
check whether the score of the best methodology minus the
arithmetic mean of scores is <0.1 but >0.01, if yes, then go
to Step 3, if not, go back to Step 1. It is in the case of the
project P3 that the proposed method recommends
proceeding to the stage of initial determination of criteria
and their weights (Step 3). It should also be noted that the
Scrum methodology, which was actually used in this
project, was the second of the most optimal methodologies
for this project and received the score close to the best
(Table 4), thus, changing the criteria weights may lead to
the selection of this methodology when using the proposed

method.
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CONCLUSIONS

This article describes the solution to the problem of
adequate selection of the best software development
methodology, taking into account the characteristics of
the project. In the course of solving the problem, an
analytical review of the most widespread approaches to
the choice of software development methodology as of
today was performed, which showed the existing
shortcomings of such selection. The method was
developed for selecting the best methodology for
developing a software project, taking into account its
characteristics. The method uses aggregated expert
evaluation; it was decided to use the AHP to calculate the
criteria weights. Based on the user-defined values of
criteria, their weights and expert evaluation, the score for
each methodology is calculated using the weighted sum
and TOPSIS methods. The application of the developed
method to the data of existing projects showed a match in
83% of cases (in five out of six cases, the use of the
method resulted in the selection of methodology that
corresponded to the methodology actually used in a real
project). In case when the methodology chosen by the
proposed method differed from the one actually used, the
application of the proposed method recommends going to
the stage of initial determination of criteria and their
weights, which will allow selecting the methodology
more adequately. The scientific novelty of the obtained
results is that for the first time a generalized method for
choosing the best software development methodology has
been developed, taking into account the characteristics of
the project, which implements the process of choosing a
methodology using the methods of multi-criteria analysis
AHP, TOPSIS and weighted sum and, unlike the existing
ones, provides for gathering of expert evaluation taking
into account the wvalues of criteria set by a user
independently, which allows reasonably determining the
methodology that is most suitable for this project.

The practical value of the results of this work is that
the application of this method will make it possible to
reasonably choose the methodology for developing a
software project, taking into account its characteristics,
which will be especially useful for project managers with
little experience, and will also allow reducing time spent
on project management.

The prospects for further research are to verify the
application of the developed method in software projects
of various types and to expand the list of methodologies
and project characteristics that will be taken into account
when selecting the best development methodology.
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VJIK 004.02; 004.4
METO/J BUBOPY METO/I0JIOI'Ti PO3POBJEHHS IPOI'PAMHOI'O 3ABE3IIEYEHHS 3 YPAXYBAHHSM
XAPAKTEPUCTHUK ITPOEKTY

CeniB M. M. — kaHJ. TeXH. HayK, AoLeHT, aoueHT kadenpu Ilporpamuoro 3abesneuenHsi, Harionanbuuil yHiBepcurer «JIbBiBcbka
nosiitexHika», JIbBiB, Ykpaina.

AHOTALIA

AKTYaJIbHICTB. 3 PO3BUTKOM MPOTrPaMHOI iHAYCTPii MOCTIHHO 3pOcTae KiJIbKICTh 3aCTOCOBYBAaHMX METOOJIOTIH Ta riOpUAHUX MiAXOMIB
Ha iXHiil OCHOBi, ToMy BUOip HaNGLIBII BiAMOBI{HOI/ONITHMANBHOI VISl JAHOTO HPOEKTY € aKTYaJIbHOIO MPOGIIEMOIO IPOrpaMHOI iHKeHepil,
OCKIJIBKH ITpoLiec BHOOPY € ciabko GopmanizoBaHUM, BUMArae JOCTaTHHOTO JIOCBiy 0COOH, sika Oye IpuitMaTH JaHe PIllICHHS Ta 3aJIeKUTh
BiJ OaraTbox CymyTHiX (haKTopiB.

Mera. IlianTpuMka NIPUAHATTS pillieHb B HPOIECi BUOOPY METOMOJIOTIT pO3pOOIICHHS POrPaMHOTO MPOEKTY Ta IMiJBHIICHHS CTYICHS
aJICKBATHOCTI BHIIE3a3HAYEHOTO BUOOPY

Merton. Ha ocHOBI momnepenHbo po3po0iIeHOro aBTOPOM AITOPUTMY 3alpPOIOHOBAHO Yy3arajJbHEHHH MeTOA BHOOpPY ONTHMAalbHOT
METO/I0JIOT1T PO3pOOKH MPOrpaMHOro 3abe3rnedeHHsl, IKUi CKIaAaeThes 3 14 KpOKiB Ta BpaxOBY€ XapaKTEPUCTHKU MPOEKTYy 0a3yrodHch Ha
mixogax 0araTOKpUTEpialbHOTO aHalli3y 3 ypaxyBaHHSAM JIyMOK €KCIIEpTiB Juls OUIbII OOIpyHTOBAHOrO BHOOPY HAWOLNBII BiAMOBIAHOL
JAHOMY TIPOCKTY METOJoJIorii. MeToa BHKOPHCTOBYE AarperoBaHi EKCIEpTHI OIUHKH, IS OOYMCIICHHS Bar KpHUTEpiiB BHUPILICHO
BukopucroByBatd AHP. ba3zyrounch Ha BCTAHOBICHUX 3HAYCHHSAX KPUTEPIIB, iX Bar Ta eKCIEPTHUX OLIIHKAX, O0UUCITIOETHCS Oall AJIsk KOXKHOI
MeTozoJorii 3a gornomororo MeroniB Weighted Sum ta TOPSIS.

PesyabraTn. 3acTocyBaHHs PO3POOICHOr0 METOMAY Ha JIaHUX PEeAbHUX MPOEKTIB IMOKa3aio criBnaminds y 83% Bunaikis (B mw'stu 3
LIECTH BHIAJIKIB 3aCTOCYBAHHS METOAY Najo BHOIp METOMOJIOTI, sKa BiJNOBifana Tiif, 110 HACIPaBAi 3aCTOCOBYBAJIAaCh Ha PEAILHOMY
npoekTi). YV BUMaaKy, KoM BHOpaHa 3alpOIIOHOBAHHM METOIOM METOJOJIOTIs BiApi3HsIach Bia Tiel, mo Oyia 3acTOCOBAaHA HACIPABIi,
3aCTOCYBaHHS 3alPOIIOHOBAHOIO METOJy PEKOMEH/IY€E MIEPEHTH JI0 €Taly M0YaTKOBOrO BU3HAYECHHS KPUTEPIiB Ta IXHIX Bar, IO AaCTh 3MOTY
OLIbII aIeKBATHO 3/ifICHUTH BHOIp METOHOJIOTII.

BucHoBkH. 3anpornoHOBaHHI METON MOKe OYTH 3aCTOCOBAHHH B MPAKTHYHIA AisIIBHOCTI KEPIBHUKAMH MPOTPAMHHUX MPOEKTIB IS
MIJATPUMKH MPOLIECY MPUAHSTTS PIllICHb, a TAKOXK JACTh MOXKJIMBICTH CKOPOTUTH YaCOBI 3aTPaTH YIIPABIiHHS IPOCKTOM.

KJIFOYOBI CJIOBA: mnporpamHe 3a0e3NeueHHs; METOJOJIOTii pO3poOKH INpOrpaMHOro 3a0e3NeuyeHHs; iHKEHepis NPOrpamMHOro
3a0e3neyeHHsI.
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YIIPABJIIHHA
Y TEXHIYHUX CUCTEMAX

CONTROL
IN TECHNICAL SYSTEMS

YIK 519.71

CTABLIBAIIA IMCKPETHUX CUCTEM 3 YACOBUMHU 3ATPUMKAMHA
3A CTAHOM TA OBMEXEHHSAMMU KEPYIOYHUX BIIJIUBIB

Hopodees 0. 1. — n-p texH. Hayk, npodecop, 3aBigyBau Kadeapy CHCTEMHOrO aHali3y Ta iH(popmariiiHo-
AQHATITUYHUX TexXHouIoriH, HarioHanpHuil TexHIYHMI yHiBepcuTeT «XapKiBCHbKMH MOJITEXHIYHHHA 1HCTHTYT», XapKiB,
VkpaiHa.

JIioounk JI. M. — 1-p TexH. HayK, npodecop, npodecop Kadeapn KOMI IOTEPHOI MaTEMaTHKH Ta aHAI3y NaHHX,
HarionansHuil TeXHIYHUNA yHIBEPCHTET «XapKiBCHKUH MONMITEXHIYHUN 1HCTUTYTY», XapKiB, YKpaiHa.

MeabuukoB O. C. — KaHI. €KOH. HAayK, JOICHT, IOUEHT Kadenpw CHCTEeMHOTO aHamizy Ta iHdopMmariiiHo-
AHATITHYHUX TEXHOJIOTiH, HamoHanmsHMi TeXHIYHUI yHIBepCHTET «XapKiBCHKUI MOJITEXHIYHUI 1HCTUTYT», XapKiB,
VYkpaiHa.

AHOTANIA

AKTyaJabHicTb. HasBHICTD 3aTpUMOK y Yaci Mae Miclie B 0araTbox CKIaJHUAX TUHAMIYHHUX CHCTEMax, MOMUPEHHUX y cdepax cy-
YacHUX KOMYHIKaIiifHUX Ta iH(pOpMAIiHHIX TEXHOJOTIH, 30KpeMa IpH BHUpIMIEHH] 3a/1adi cTabii3amnii MepeKeBUX KEPOBaHUX CHC-
TEM Ta BUCOKOIIBH/KICHIX MEPEXK 3B’513Ky. Y 0araTbox BUIIAJKaX YaCOBi 3aTPUMKH IIPU3BOATE 10 3HIDKEHHS €()EKTHBHOCTI CHCTEM
Ta, HaBITh, JI0 MOPYILEHHS YMOB cTiikocTi. s aHamizy CTIHKOCTI Ta CHHTE3y CTaOLIi3yI0YHX PEryJIsITOpiB ISl JUCKPETHUX JAUHAMI-
YHUX CHCTEM 3 HEBIIOMHMH, aje 0OMEXEHHMH YaCOBUMH 3aTPHMKAMHM 332 CTAHOM B OCTaHHE AECSTHIITTS OyJIO 3allpONOHOBAHO Oa-
raro IiKaBuX pillleHb 3 BUKOPUCTaHHIM MeToay ¢yHKiionaniB Jisnmynosa-KpacoBcekoro. HasBHiCTh HenmiHIHHUX 0OOMEXEHb Ha aMIl-
JITYIy KepyIOUMX BIUIMBIB, 30KpeMa y BUIJIAI HACHYCHHS, JOJATKOBO YCKJIAJHIOE 3a/lady Ta NOTpeOye po3poOKH HOBHX MiAXOJIB Ta
METOIB.

Meta. Meta poOoTHu moJjsrae y 3amnpoBaKeHHI IpoLeaypy 00UHCIeHHS MaTpULl Koe(illieHTiB 3BOPOTHOTO 3B’A3KY 3a CTAaHOM,
SIKMH 3a0e31edye aCHMIITOTHYHY CTIHKICTh HOCTIPKYBAaHOI CHCTEMH, a TaKOX IPOLEIyPH OOUHMCIEHHSI MAKCUMAJIBHOTO JJOITY CTUMO-
T'O 3HAUCHHS YaCOBOi 3aTPUMKH 3a CTAHOM, 3a SIKOTO MOXke OyTH 3a0e3nedueHa CTIHKICTh 3aMKHYTOI CHCTEMH IS 3alaHOTO Habopy
JIOIyCTUMUX IT0YaTKOBUX YMOB.

MeTtoa. B po6GoTi BUKOPHCTaHO METOJ JAECKPHIITOPHOTO MEPETBOPEHHS MOJIENI 3aMKHYTOI CUCTEMH Ta 3alpOIIOHOBAHO IOIIU-
PeHHsI METOAly iHBapiaHTHHX €JIICOiAiB HAa CHCTEMH 3 HEBiJOMHMH, aje OOMEKEHHMH YaCOBHMH 3aTPUMKAMH 32 CTaHOM. 3aCTOCY-
BaHHs MeToay ¢yHkuioHaniB JIsmyHoBa-KpacoBChKOro Ta TEXHIKH JIIHIMHUX MaTPUYHHUX HEPIBHOCTEH TO3BOJIMJIO 3BECTH 3a/1ady
o04HCIIeHHs MaTpULi Koe]ilieHTiB 3BOPOTHOTO 3B’ 53Ky A0 3a7adi HalliBBU3HAUCHOTO MPOTPaMyBaHHS, KA BHPIIIYETHCS YUCETBHO.
3anponoHOBaHO iTepaliifHuil aNITOpUTM BUPIIIEHHs OUTiHIITHOT MATPUYHOI HEPIBHOCTI 1711 OOYHMCIICHHS MaKCUMAaJIbHOTO JJOIYCTHMO-
T'O 3HAUCHHS YaCOBOI 3aTPUMKH 3a CTAHOM.

Pe3yabTaTn. PedynpraTi 4nceIbHOTO MOJACIIOBAHHS MIATBEPIKYIOTh €(EKTHBHICTH 3aIPONOHOBAHOTO MiXOAY B 3aJadax CTa-
Oii3awil AUCKPETHUX CHCTEM B YMOBAX Jii YaCOBUX 3aTPHMOK 3a CTAHOM Ta HEJNiHIHHMX 0OMeXeHb Ha Kepyrodi BIUIMBH 1 J03BOJIS-
I0Th PEKOMEHyBaTH 3allPOIIOHOBAHMI METOJ /Il BAKOPUCTAHHS Ha NPAKTHUIII 3 METOIO aHaJIi3y CTIHKOCTI Ta CHHTE3y CTa0lIi3yI0unx
PeryJsTopiB, a TaK0XX 0OUHCIICHHS MAaKCUMAJIBHOT'O JIOITYCTHMOTO 3HAUSHHS Y4aCOBUX 3aTPUMOK.

BucHOBKH. 3amporIOHOBaHO MiAXi[, KM 103BOJISIE HOMIUPUTH METO/ iHBapiaHTHHUX EJINCOIAIB HAa JUCKPETHI ANHAMIUHI CHCTe-
MU 3 HEBiIOMHMH, ajie 0OMEXEHIMH YaCOBUMH 3aTPHMKAaMH 32 CTAaHOM JJIsl BUPIIICHH 3a/1a4i cTadinizarii cucTeMu 3a JONOMOT OO
CTaTUYHOTO 3BOPOTHOTO 3B’S3KY 3a CTAHOM HAa OCHOBI 3acTOCyBaHHS MeToAy ¢yHKIioHamiB JlsmyHoBa-KpacoBcerkoro. Pesymprati
YHCEIBHOTO MOJICIIIOBAHHS MiITBEPKYIOTh €(EKTHBHICT 3alIpOIIOHOBAHOTO IIJXOy B YMOBAX HasBHOCTI HENIHIHHUX 0OMEXEHb
Ha KepyroYi BIUIMBH TUITy HACHYCHHS.

KJIIOYOBI CJIOBA: crabini3anisi, 9acoBa 3aTpHMKa, HACHUCHHS yNpaBiiHHA, (QyHKIioHan JlsmyHoBa-KpacoBcekoro, mMeron
IHBapiaHTHHX EJIIIICOI/IB, JIiHIHHA MaTpHYHA HEPIBHICTb.

ABPEBIATYPU HOMEHKJIATYPA

JIMH — HiHiﬁHa MaTpuiHa Hep_iBHiCTFQ A A e R™" — cranionapHi MaTpuili CTaHiB CHCTEMU;
MIE — meTo/1 1HBapi1aHTHUX EJIIICOI/IB;
@OJI - dynkuis JIsnyHoBa; o
®JIK — dynkuionan JIsnyHoBa-KpacoBcbkoro. |, — oMHMYHA MATPHLS PO3MIPHICTIO NX N ;
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KeR™" - wmarpuns koe(ilieHTiB 3BOPOTHOTO
3B’A3KY,
0,,, — HyJIbOBa MaTpuUlld PO3MIpHICTIO NXxM

P e R™ — cumerpuyHa DOJATHO BHU3HAYCHA MaTpH-
s,

P,,P,W,,W, e R™ — nonomixHi Marpuui;

Q e R™" — cumeTpuuHa JOJATHO BH3HAYEHA MATPH-
s,

W,, Z e R™" — cumeTpuuHi 1OOAaTHO BH3HAYCHI Mat-
pHIIi iHBapiaHTHUX EJIICOI/IB;

V (k) — dyakmionan JIsmyHoBa-KpacoBChKOTO;

d™ — MakcuMalbHe 3HAYEHHS YACOBOI 3aTPUMKH;

d(k) € Z, —3arpumka B MOMeHT dacy K ;

iter — MakcuMaNbpHa KiTbKIiCTh iTepaliil aIropuTMY;

k=0,1,2,... —HOMEp TUCKPETHOIO MOMEHTY Yacy,

U" — MakCHMaJbHE 3HAYCHHS I-TOI KOMIIOHEHTH BeK-
topa BxoaiB U(K);

u(k) e R™ — BekTOp KepyBaHHs B MOMEHT dacy K ;

X(k) e R" — BeKTOp CTaHIiB CHCTEMH B MOMEHT Yacy
k;

d — JoIycTHMa BETMYMHA TOMUJIKH;

eW,), &(Z) — enincoinu 3 matpuusamu W, ta Z , Big-
ITOBIIHO;

A(A) — criektp MaTpumi A .

BCTYII

Jig mocTiKeHHS IMHUPOKOTO CHEKTPY AMHAMIYHUX
CHCTEM BHKOPHCTOBYIOTH MOJETI 3 YaCOBUMH 3aTPUMKa-
MH 3a cTaHoM. Jlo cucTeM Takoro kijacy, 30Kpema, Haje-
KaTh MEPEkKeBl BUPOOHUYI Ta TPAHCIOPTHI CUCTEMH, CH-
CTEeMH 3B’SI3KYy, MIATPUMKH NPUHHATTS pilieHs Tomo [1].
HasBHiCcTh 3aTpUMOK B 4aci MOXE IPU3BOJIUTU IO 3HU-
KEHHsI TMPOMYKTHBHOCTI Ta, HAaBiTh, MOPYLICHHS YMOB
CTIHKOCTI cucTeM ympapiiHHs. ToMmy aHami3 CTIHKOCTI Ta
CHHTE3 METOXIB crabum3amii IMHAMIYHHX CHCTEM 13 3a-
TPUMKaMH 33 CTAHOM MA€ K MPaKTHYHE, TaK 1 TeOpeTHY-
He 3Ha4yeHHS. YacoBi 3aTPUMKH MOXYTb OyTH MOCTIHHH-
MH, aJleé HaiOiIbple yBard B JITEpaTypi NPHIUIIETHCS
CHUTYaIlii, KON 3aTPUMKH 3MIiHIOIOTBCS B 4aci, a iX BeJu-
YHHH € HEBIIOMUMH, IPOTE OOMeKeHNMH [2, 3].

[pouecn ympaBiiHHSA IMHAMIYHHUMH CHCTEMaMH IIE
OUTBII YCKIIAJHIOIOTECS, SKIIO ICHYIOTH OOMEXCHHS Ha
Kepyrodi BIUmBH. Ha mpakTumi Taki BUMOTH BHHHUKAIOTh
JIOBOJII 4acTO Yepe3 HEMOXKIIMBICTD PETYJIATOPIB CUHTE3Y-
BaTH CHTHAIM YIPaBIiHHSA 3 HEOOMEKEHOIO aMILTITY/I010.
HasiBHicTh OOMEKEHb THITy HACHYEHHS BUKJIMKAE HEOO-
X1THICTh 3aCTOCYBaHHsI MOJIENeH 3 HeliHidHOCTIMH [4, 5].
B oMy BHUNasKy METOAM aHai3y CTIMKOCTI Ta CHHTE3Y
CTa0TI3yI0UNX PETYJISATOPIB, SKi BUKOPHCTOBYIOTHCS LIS
JMHITHAX CHUCTEM, HE MOXYTh OyTH O€3MOCepeiHbO 3a-
cTocoBaHi. ToMy BUHHMKa€e HEOOXiTHICTH PO3POOKH HOBHX

© Hopoodees IO. 1., JTro6uuk JI. M., Mensaukos O. C., 2023
DOI 10.15588/1607-3274-2023-2-15

MIXOMIB 10 BKa3aHOI MPOOJIEMH 3 BUKOPUCTAHHSIM METO-
ny ¢yskuionaniB JlsmyHoBa-KpacoBcbkoro ta TeXHIKH
JMHIHHUX MaTPUYHUX HEPIBHOCTEH.

O0’€KTOM IOCJIiIZKEHHSI € TIPOLIECH YIPABJIHHS /-
HaMiYHAMH JUCKPETHHMH CUCTEMaMU 3 HEBU3HAYCHUMH,
are OOMEeXEHHMH YacOBMMH 3aTPHUMKaMH 3a CTaHOM Ta
HENHIMHIMU OOMEXEHHSMHU CUTHAJIB YNPABIIHHS THUITY
HaCHYEHHS.

IIpeamet pociixkeHHs CKJIaJlae MPOLEAYpa CHHTE3Y
3aKOHY KEPYBaHHS y BUIJISIIII CTalliOHAPHOTO 3BOPOTHOTO
3B’SI3Ky 3a CTAHOM Ha OCHOBI 3aCTOCYBaHHsI MeToy (yH-
kuioHaniB JlsmyHoBa-KpacoBChbKOTO Ta TEXHIKM JIHIHHUX
MaTpUYHHX HEPiBHOCTEH.

Meta poboTH T0JIsITaE Yy 3aMpOBALKEHHI MPOLETYpH
o0unciieHHsT MaTpulli KOe(iIlieHTIB 3BOPOTHOTO 3B’SI3KY
3a CTAaHOM Ha OCHOBI METOJy iHBapiaHTHHX eJIIICOiNiB, a
TaKOXX ITEpaIlifHOTO ANTOPUTMY BHIMICHHS OiMiHIHHOT
MaTPUYHOI HEPIBHOCTI 3 METOI0 OOYMCIICHHS MaKCUMallb-
HOI I0IIyCTUMO]I BEJIMYMHH YACOBOI 3aTPUMKHU.

1 HOCTAHOBKA 3ABJIAHHA
Po3risiHeMO OUCKpEeTHY MOJIENb IMHAMIYHOI CHCTEMH
3 HEBU3HAYCHUMH, aje OOMEKEHUMH YaCOBHUMHU 3aTPUM-
KaMH 3a CTaHOM

x(k +1) = Ax(K) + A, x(k — d (K)) + Bu(k),

x(K)= (k). ke[-d"....0], (M

ne d(k) — momatHe mise YHCITO, SIKE BiAMOBITa€E HEPIBHO-
cTi

o<dk)<d™. (2)

BBaxaeTbcs, 10 BEKTOpP Kepylu4uX Ail BiANOBigae
OOMEXEeHHSIM 10 aMIUNTYIi Y BUIVISIAI HACHYEHHS, SIKi
MaroTh BHUIJISI

lu, ()| <ul, i=1,..,m. 3)

3aKOH KepyBaHHS BU3HAYAETHCS y BUTIISI CTATUYHO-
ro 3BopoTHOro 3B’s3ky 3a craHoM U(K) = Kx(k). Yepes

oOmexeHHs (3) eeKkTHBHUI KepyrouHuid CUTHaJI, 10 I0-
JaeThes Ha cucreMy (1), BU3HaYaeThess TAKUM YHHOM

u(k) = sat(Kx(k)), (4)

ne u; (k) = sat (K;x(k)) = sign (K;x(k))min {u], K;x(k)} .

3 MeToro 3rNaKyBaHHA HEOaKaHUX €QEKTIB, CIIPH-
YUHEHUX HACHYCHICTIO KepyBaHHS, CPOPMYEMO KOMIICH-
CYIOUMH CHUTHAJ, SIKMH MOJIENIOE HENIHIHHY 30HY HE4yT-
JIUBOCTI Ta BHU3HAYAETHCS SIK PI3HHIS MK CHTHAIOM Ke-
pyBaHHSA Ta €(pEKTHBHUM BHXIJHUM CHI'HAJIOM PETYJIATO-

pa
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v (Kx(k)) = Kx(k)—sat (Kx(k)) . 5)
Topni piBHSHHS 3aMKHYTOT CUCTEMH HaOy/e BUIIISAY

x(k +1) = (A+ BK ) x(k) + A, x(k —d (K))

_ By (Kx(k)). ©

3 ypaxyBaHHSIM HaBeIIEHUX BHIIE BIZIOMOCTEH B po0O-
Ti BUPILIYIOTHCS TaKi 3a/1a4i.

1. 3HaiiTu Matpuiro 3BopoTHOro 3B’s3Ky K, sika 3a-
Oe3reuye acHMIITOTHYHY (200 EKCIIOHEHIIaJbHY) CTi-
KicTh cuctemMu (6) 3 HEBU3HAYCHUMH, aje OOMEXEHUMHU
YacOBHMH 3aTPHMKaMH 3a CTaHOM (2) Ta HemiHIHHUMHA
oOMexeHHIMH (3) KepyIoUnX CUTHAJIB TUITy HACHYCHHS.

2. 3HaliTH MaKCHMalbHE 3HAYCHHS YacOBOi 3aTPHMKH
3a cranom d", 3a siKOrO MOXe OyTH 3a0e3leueHa acHMII-
ToTHYHa (200 eKCIIOHEHIialbHa) CTIMKICTh 3aMKHYTOI
CHCTEMH JUTA 33/1aHOTO HaOOpy IOIyCTHMHUX ITOYaTKOBUX
YMOB.

2 0TJis1 A JITEPATYPH

B GaraThox JOCHIKEHHSX 3 Teopii aBTOMATHYHOTO
YIPaBJIiHHS AOBEJICHO, L0 YaCOBI 3aTPUMKH € MIPUUYNHOIO
HOTIPIIEHHS] MPOAYKTHBHOCTI AMHAMIYHHUX CHCTEM, a B
JeIKUX BUMAJKaX MOXYTb HPU3BOJUTH 0 IMOPYIICHHS
YMOB cTilikocTi. YacoBi 3aTpUMKH MOXKYTh MaTH MicCIIe 5IK
y HETEepepBHUX, TaK 1 B JUCKPETHUX CHUCTEMaX 1 MOXYTh
OyTH TOCTiHHUMH a00 3MIHIOBATHCH y dYaci, ame JOCi-
IDKCHHSIM caMe CHCTEM 3 JIUCKPETHHM YacoM aBTOPH
MIPUIUIAIOTE HabaraTto MEHIIE YBary.

B miTeparypi, sika TpHCBsYEHAa aHANI3Yy CTIHKOCTI Ta
MeTOoAaM CTabumizamii AUCKPETHUX CHUCTEM 3 YaCOBHMH
3aTpUMKaMHU 3a CTaHOM, OKPEMHil KJac CKJIaJar0Th CHC-
TEMH 3 MOCTIMHOI 3aTPUMKOIO, TOMY IO BOHH MOXYTh
OyTH MEepPEeTBOPEHi 10 SKBIBAJCHTHUX CHUCTEM 0€3 3aTPUM-
KM 3a JIOTIOMOT'0I0 METOJIy PO3IIMPEHHs CTaHiB (JIUB., Ha-
npukiaa, [6] ta mocwnanHs Tam). OJHAK, TaKUH MAXiT
HEMOXIIMBO 3aCTOCYBATH O CHUCTEM 3 HEBIIOMHUMH, aje
O0OMEXEHUMH YaCOBUMH 3aTPUMKAMH.

Juia cuctem i3 3aTpUMKaMU, SIKi 3MiHIOIOTBCSI B Haci,
ajie MaroTh HEBEJHKY TPUBAJIICTh, 3a3BHYail, BUKOPUCTO-
BYIOTh IiJIXiJl HA OCHOBI JECKPUITOPHOTO IEPETBOPEHHS
MojieNi [7], mo T03BOJISE 332 PaXyHOK BBEICHHS J0JaTKO-
BUX 3MIHHUX, aIreOpaiuHO MOB’A3aHUX 31 3MIHHUMH CTa-
HIB, OTPUMATH MOJIEJIb 3 HOBUMH BJIACTHBOCTSIMH, SIKI HE
€ XapakTepHUMH JUI1 3BHYAHHOTO CIOCOOy OmHCy AWHA-
MIYHHX CHCTCM.

Jnist mociipkeHHsT CHCTEM 3 HEBH3HAUYEHHMH YacOBH-
MH 3aTpUMKaM# ab0 TaKWMH, IO 3MIHIOIOTBCS B Haci,
3a3BHYall BUKOPHCTOBYIOTh METOIU aHANI3Y CTIHKOCTI B
gacoBiif oOmacti, sKi 0a3yrOTbCS Ha TeOpil CTIMKOCTI
O. M. JlanyHoBa Ta ii y3araipHeHH:X [8].

B meprmiomy 3 HUX BHKOPHCTOBYIOTH (DYHKIIIOHAITH
JlanynoBa-KpacoBCbKOTo, apryMeHTOM SKHX, IOpSI 3
KOMITOHEHTAaMH BEKTOpa CTaHiB CUCTEMH, € KOMIIOHEHTH
BeKTOpa craHiB 3 3aTpuMkamu. Meton DJIK no3onus
OTPUMATH KPHUTEPi EKCIIOHCHI[IANIbHOI CTIHKOCTI JIiHIH-
HUX JUCKPETHUX CTAI[lOHAPHHUX CHCTEM 3 YAaCOBHUMH 3a-
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TPUMKaMH, a caMe iCHyBaHHs JI0AaTHO BH3HA4eHOTO (y-
HKIioHay JlsmyHoBa-KpacoBcskoro, sikuil Mae Bl eMHY
MepIry pi3HHUIIO 32 4acOM B3JIOBX BCIX TPa€eKTOpii cuc-
Temu [9].

Hpyre y3aranbHeHHs npsmoro mertony JlsmyHoBa Ha
CHCTEMH 3 4YacOBHMH 3aTPUMKaMH 3alpOIIOHYBaB
b. C. Pa3ymixiH. Y HbOMY /sl aHaITi3y CTIMKOCTI BUKOPH-
croByeTbess DJI, a Bia’€MHA BU3HAYCHICTH T MepIoi pis-
HUII TepeBipseTbCS TUIBKM HAa MHOXHHI (YHKIH, 110
3aJI0BOJIBHSIOTH CIENialbHOMY OOMEKeHHIO — yMOBi Pa-
3yMixiHa.

lonoBHa inest 060X y3araJbHEHb IMOJISTaE B OTPUMaH-
Hi JOCTAaTHIX YMOB CTIHKOCTI CHCTEM 3 YaCOBHMH 3aTpH-
MKaMHU [UIIXoM 1o0yxoBu BimmosimHoro ®JIK abo Bin-
noBimHOi @JI, crocid BHOOPY SKHUX € BU3HAYAILHUM IIPH
BUBEICHHI KpHUTEPiiB cTifikocTi. OQHAK, TUIBKH MICIs TO-
r0, K JOCIIIHUKHA CTaJIH 3aCTOCOBYBATH TEXHIKY JiHI-
HUX MaTPUYHUX HEPIBHOCTEH, a TakoX Oynu pO3BHHEHI
0o04YHCITIOBANIbHI METONM, 3aCHOBaHI Ha 1esiX OMyKJIOl
onrumizanii [10], s peanizauii sikux Oyiau po3poOieHi
BiJITIOBiTHI QJITOPUTMU Ta MPOTPaMHE 3a0C3ICUCHHS, B/la-
nocst cripoctuT nponec nodynosu GJIK i GJI, mo cnpu-
SJI0 PO3BHUTKY Ta MOLIMPEHHIO 3aCTOCYBAHHS 3a3HAYECHUX
METOIIB.

B nmanmii 9ac mpoIOBXKYIOTH 3 SBISTHCS HOBI PE3yIb-
TaTH JOCIIKeHb (IuB., Hanpukmam, [11-13]), skxi MoxHa
po3minuTH Ha IBa Kiacu. Jlo Mepmioro Hauexarb KpH-
Tepii, B SKMX YMOBH CTIHKOCTI He 3aJIeXaTh BiJl BENIUUUHU
3arpumku. J[o Apyroro kiacy BiITHOCSTBCS KpHUTepii, B
SKHX BHKOPHCTOBYETBHCS iH(OpMAIisl PO BEIMYHMHY iH-
TepBally, 110 ONKCYE HEBU3HAYEHICTh 3aTPUMKH. 3a3BU-
Yyali KpuTepii, 10 3ajexarh BiJl BEIMYHUHU 3aTPHUMKH, €
MEHII KOHCEPBATUBHUMH, OCKLTBKH B HUX IIPONOHYIOTHCS
YMOBH, 5IKi 3a0€3MeUyIoTh CTIMKICTh 3aMKHYTHUX CHCTEM
TUTBKY 32 YMOBH, IO BEIWYHHA 3aTPUMKHU HE TIEPEBHUIIYE
MEBHOTO 3HA4YeHHS. TOo/li SIK B KPUTEPIsAX, IO HE 3aJIekKaTh
BiJl 3aTPUMKH, PO3TIIINAIOTECS YMOBH CTIHKOCTI CHCTEMH
pu OyIb-sKil BETHYHHI 3aTPUMKHA. TOMY B OCTaHHI POKH
yBary JOCIIIHHUKIB 34€0LIBIIONO MPUBAOIIOBAIO BUBYCH-
HSl KpUTEPIiB CTIHKOCTI JUIsi CUCTEM 3 IHTEpPBAJILHO HEBH-
3HAQUYEHHMH YacOBHMH 3aTpUMKaMH, sIKi 3ajJexarb BiX
BEJIMYMHH 1HTEepBaTy. BapTo Bim3HA4YMTH, MO OLTBIIICT
OTPUMAaHUX PE3yJIbTATIB BIIHOCATHCS JI0 CHCTEM Herepe-
PBHOTO 4acy, BOJHOYAC JUCKPETHUM CHCTEMaM HPHIiIs-
€THCSI 3HAYHO MEHIIIE YBaru.

3 MATEPIAJIN 1 METOIU
Cuinyroun [4], Benemo marpuiro G € R™" ta BusHa-
9UMO GaraTOrpaHHy MHOXKHHY

S ={xeR":|(K,~G)x|<u"i=1,..m}. 7

Toni moOa0 HETIHIHHOCTI \V(Kx(k)) B [4] moBemeHo
JIeMy.
Jema 1. Posrmsinemo dyHkuito y (KX), BusHaueHy B

(5). ko X € S, ToAi CITiBBITHOIICHHS
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wT (KT [y(Kx) - Gx] <0 (8)

BUKOHY€ETbCS IS Oyab-sIKO1 JiaroHaJbHOI JONATHO BH-
3HaueHoi matpuui T € R™™ .

Pesynbrar, otpumanmii y Jlemi 1, MoxkHa po3risgatu
SK y3araJbHEHHS KJIaCUYHOI CEKTOPHOI YMOBH, LIO JO-
3BOJINTH Mi3HIIIE OTPUMATH YMOBH CTIHKOCTI 3aMKHYTOI
cucremu y popmi JIMH.

BrkoHaeMO €KBIBaJIEHTHE JIECKPUIITOPHE IIEPETBO-
penss [14] moneri (6):

x(k+1) = y(k),
0=—y(K)+ Ax(K)+ Ax(k—d(K) - By (Kx(K)), (9

ae A. = A+BK.
[Migkpecaumo, 1O Ui 3aJaHUX MOYATKOBUX YMOB

X(k) = ¢(k), ke[-d"....

Hio (6) wis 6yap-sikoro K >0, sxmo X(K) 3amoBonbHsie

OJ X(K) 3amoBonbHSIE PiBHSH-

piBHSHHSIM (9).

Toni pe3ynbTar po3B’s3aHHs 3a]a4l CHHTE3y cTalimi-
3yIOYOr0 JTIHIHHOTO CTATUYHOIO 3BOPOTHOTO 3B’SI3KY IMO-
JIAHO y BUTJISIII TEOPEMH.

Teopema 1. Jlns 3amanoro mimoro d™ >0 cucrema
(1) 3 HeBW3HAUeHWMH, ajie OOMEKEHHMH YaCOBUMH 3a-
TpuMkamu 3a craioM d(K), sKi 3aM0BONBHSIOTE YMOBaM
(2), Ta HemiHiiHIMH oOMexeHHsMH (3) Ha Kepyrodi
BIUIUBH € POOACTHO CTIMKOIO, SKIIO ICHYIOTh MATpPHIl
WIZWITERnxn, ZZZTERan, R:RTERmxm,
W,,W, e R™, Y, N e R™", sxi € piureHHsM onTnmiza-
iHOI 3a1a4l

trace(W, ) +trace(Z ) — min (10)
pu 0OMeKEeHHSIX
_ . -
W, -WAT-YTBT WA 0., N WZT W,
s Aw,-wsAr oz BrR W O
* * _Z 0 Onxn Onxn
o 0 -0,
* * * _2R mxn mxn
* * * * _WI 0n (1 1)
* * * * * — 1
d"+1 |

W, >0, Z>~0, R>0.

[Ipn mboMy 3aKOH K€pyBaHHS BU3HAYA€THCS PIBHAHHAM

u(k) = YW, " x(K). (12)

JloBeneHHs. Bgenemo CKJIa/IeHUH BEKTOD
&(k) = col {x(k), y(k), x(k —d (K),y (Kx(k))} Ta mobyxy-
emo (ynkuionan JlsmynoBa-KpacoBcrkoro

© Hopoodees IO. 1., JTro6uuk JI. M., Mensaukos O. C., 2023
DOI 10.15588/1607-3274-2023-2-15

V(K) =V, (K)+V, (k) +V; (k) , (13)

TCPMH SIKOI'O BU3HAYAIOTHCS TAKUM YHHOM:
. k-1
Vi(k) =& (KEPE(k), V,(k) =

1 k-1

Viky= > > x"HQxD),

j=—d™ 42, I=k+j-1
E = block diag {1,.,00.mcanem | -
P 0, 0, O
R B 0, 0.,
Oy Oy 1, 0O
0pn Opn Opn |

nxn n
mxn mxn mxn m

X" (HQ x(i),

i=k—d (k)

nxn nxm

P=

[eprumit TepMm y Bupasi (13) 3amumemMo y BUTISII

V, (k) =" (K)EPE(K) = x" (K)P, x(k) (14)

Ta 00YMUCIMMO HOTO MepIy pi3HUI0 M0 K B CHITy cHCTe-
M (9)

AV, (K) = X" (K + 1P x(k +1) = X" ()P, x(k) =

1x(k)
0 (15)
o |
0

=y" (KPR y(k)-2[x"(k) 0 0 0]P

SamianBim nepmwii 0 B mpaBii wactuHi (15) Ha BHpa3
B (9), orpumaemo

AV, (k) = " (kWE(K) (16)
e
[0nn Opn Opn 0]
wo| O B Oy O |
Opn Opn Opn O
10 O O O |
(310 O Op Oy | [41, AL 0, O,
ot A Al B0, AT 0, 0 |
v O Ona O | | O =1y 0p0 O
O Ona On O | | O =B 0, 0,

[epma pizauns no k mpyroro Tepma B (13) nopiBHroe
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k-1
X'HQx(MH - Y, X' (HQx(i)=

i=k—d (k)

X" (HQ x(i) +x" (k)Q (k) -

sz(k) = i

i=k+1-d(k+1)
k

= 2

i=k+1-d(k+1)

X (k—d(k)Qx(k-d(k)+ 3. x (HQx)~ 7

- 2 x"HOx()

i=k+1-d (k)

Ockinpku d(K) >0, orpumaemo

k-1 k-1
D xTHRx()- D x"(HQx()<0.

=k+ i=k+1-d (k)

OcranHsi HepiBHICTH pazoM 3 (17) mo3Bomnsie cTBep-
IDKYBaTH

k

AV, Y XTHQx() + X" (K)Qx(k) -
i=k+1-d(k+1)

=x"(k=d(k)Qx(k —d(k)).

s tpetsoro Tepma B (13) orpumaemo

1

AV, (K)= 3" (X" ()Qx(K)~X" (k+ J=1)Q x(k+j—1) )=
j=—d™+2
k

=d"x" ()Qx(k)- Y. x"(HQX().

i=k+1-d™

Ockineku d(k) <d™, orpumaemo
k k
> X' HQx(M- Y, x"(HQx()<0.
i=k+1-d(k+1) i=k+1-d™
Toxi BUIIIIMBAE, 1110

AV, (K) + AV, (k) < —d"x" (K)Q x(Kk) -

: (18)
—x"(k —d(k))Q x(k —d(K)).

3a ymoBy, mo X(Kk)eS, 3 Jlemu 1 BumimBae Hepis-

HICTB
AV (K) <AV (K) =2y (KX)T [W(KX)—GX], (19)

ne T — nesika piaroHajibHa JOJATHO BU3HAYEHA MATPHIIS.
Toni 3 ypaxysannsm (16), (18), (19) orpumaemo

AV (k) <&' ()PEK),
ac
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@ +nQ o,, 0,, G'T
O I R
Ope  Opy —Q O
| TG 0,, 0,, 2T
3l O O O | [0, AD 0py Oy
| A A L B0 A0, 0,
O O Ona Onn | [ O =1y Oy Opy
[Ons O Os O] [0, ~B" 0, 0,

OTXe, TOCTaTHHOIO YMOBOIO CTIMKOCTI 3aMKHYTOI CH-
cTeMH (6) € BUKOHAHHS MaTPUYHOI HEPIBHOCTI

Y =<0. (20)
[Nepemmmremo HepiBHICTH (20) v BATIISAIL
A AP -PA, Pf G'T+P'B
* _pPTA _ AT T T
R-PIA AP PTRTB |
* * -Q Orn
* * * 27

ne A=(d"+1)Q-P -AP,—-P'A..

Jis Toro, mo6 oTpuMmaru JiHIKHY MaTpU4HY HEpiB-
HicTh, BBeZIeMO obepHeHy MaTpuiio P~ . He Bakko me-
pexonartuce y (21), mo P, +P <0. Ockimeku P >0,
toni Marpurst P € HeocobnmmBor0. BrzHaunmo

W] Onxn Onxn Onxm
P—l =W = WZ W3 Onxn 0n><m
On><n Onxn In 0nxm
Omxn 0m><n Omxn Im

BurkoHaBIIM KOHIpyEHTHE NIEPETBOPEHHS MaTpPHUIl He-
piBHocTi (21) 3a monomoroto matpumi W', oTpumaemo
€KBIBAJICHTHY HEPIBHICTb

d™ +DW,QW, —W, -W, AT -W,"A] 0, WG'T

* _Adws _WsTAdT In B
% * _Q On n
* * * 27
A
W;
+ O Pl [WZ W3 Onxn Onxm] = O
0

JIBiui 3acrocyBaBmm nonoBHeHHs lllypa, momamo ma-
TPHIIIO HEPIBHOCTI Y BUTILAI
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__Wl _WIA-?F _WzTAiT Onxn WIGTT WzT W1 |
AW, _W3TA1T I, B WzT 0,n
* * Q Opn 0nn Oy
* * * 2T 0, 0., @)
* * * W, 0,.,
I A
] * * * * * ) Q

Beenemo nosnawenns Y =KW,, Z=Q"', R=T",
N =GW,.

3B’513Ky BinHOBIIOEThCs TakuM anHoM K =YW,™ . Buko-

Tomi ™atpuus Koe(illieHTIB 3BOPOTHOTO

HaBIIM KOHTPYEHTHE IepeTBOpeHHs Marpuuli (22) 3a jmo-
TIOMOTO10 0JIOKOBO-TIar OHAJBHOT MAaTpHIIL

. R .
diag { 1,,,Q . T, I2n} Ta 3aCTOCYBAaBIIM BBEJEHI MaTpH-

YHi 3MiHHI, oTpuMaemo JIMH (11).

Jis moOymoBM ONTHUMATbHOTO KEpPyBaHHS B CCHCI
KpuTepis, skuil Oyme oOpaHo i, CKOPHCTAEMOCH METO-
oM iHBapiaHTHUX emincoimiB [15, 16]. Emincoin, sxuit
OIIACY€THCSI HEPiBHICTIO

eW,) = {x e R": x" ()W, "x(k) <1} (23)
Ha3UBAIOTh 1HBAPIAHTHUM 3a CTAHOM Juis cuctemu (6), a
TaKOXX CKBIBAJICHTHOI JECKPUNTOPHOI cUCTeMU (9), SKIIO
OyZIb-sKa TPAEKTOPis CUCTEMH, SIKa PO3MOYAIACh B €IIill-
COi/li, 3aJMIIAE€THCS B HHOMY I OYIb-SIKOTO MOMECHTY
gacy k>0.

BusnaunMo 1o aHajyorii ciMeicTBO eNincoimiB, sIKi €
IHBapiaHTHUMH 3a CTAHOM 13 3aTPUMKaMU IS JOCIIIDKY-
BaHO1 CUCTEMHU

8(Z)={xeR":x"(k-)Z'x(k-i) <1,

i=12,..d"}. @9

Toni cyma emimncoina (23) Ta cimeicTBa eincoiiB
(24), sixa pO3IISIAETHCS B CEHCI €JINCOoigaabHOT anpoK-
cuMalii mo MiHIMyMy 00’€My, MOXXE PO3IIAATHCH SIK
arnpoKCUMAIlisi MHOKHHHU JOCSDKHOCTI 3aMKHYTOI CHCTEMHU
(6), TOOTO nO3BOJISIE XapaKTEpPHU3yBaTH BIUIMB YACOBHX
3aTPHMOK Ha TPAEKTOPIIO CHCTEMH.

Tperiit Tepm @JIK (13) mepenmmiemo y BUTISII

dm-1

V(k)= > (d™—i)x" (k—)Qx(k —i) .

i=1

(25)

Pesynbratu nopiBHsHHs BupasiB (14) ta (23), a Takox
(25) ta (24) nO3BOJAIOTH CTBEPAXKYBATH, IO SKIIO BUKO-
HYIOTbCS| YMOBHU

R=wW", Q=2z", (26)
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Toi cyma enincoina (23) ta cimelicTBa emincoinis (24) €
MHOXKHHOIO, 5IKa BUCTYTIAE BEPXHBOIO OIIHKOI0 MHOXKHUHU
piBas DJIK (13).

OTxe, Ha ocHOBI BukopucranHs MIE 3agaga cuntesy
3aKOHY KepyBaHHS 3BOAWTHCS 110 MOOYAOBH PETYIATOPA,
SIKWH 3a0e3Iedye MiHIMI3aIlilo 3a MIEBHUM KPHUTEPIEM CY-
MU iHBapiaHTHHX EJIICOINIB MPH 3aJaHNX OOMEKCHHSX.
B sxocTi kputepiro B poOoTi 00paHO CyMy KBaapaTiB Ha-
miBocell emincoiniB, To0To cymy ciiga martpuui W, Tta
ciijma Matpuiti Z .

TakuMm YHHOM, TIPUXOIUMO JIO ONITUMI3AIIIIHOT 3a1a4i
(10) mpu oOMexeHHsIX, SIKi ITOJAaHO Yy BHIJISAAL JIHIMHUX
MaTpu4yHUX HepiBHOcTei (11). m

3ayBaskenns 1. OnTumizamiiiHa 3agaga (10) mpu 06-
MesxeHHsX (11) € 3agadero HaNiBBU3HAYEHOTO MPOTpamy-
BaHHS, SKA BUPIIITY€ETHCS YACEIFHO 32 JOMOMOTOO BiATIO-
BIJIHUX BUIBHO PO3MOBCIO/PKYBaHHX ITPOTPAMHHX MAKETIB
Ha ocHoBi MATLAB.

Teopema 1 BH3HAYa€ 3ajeXKHY BiJl BENUYUHHU 3aTPHUM-
KA YMOBY pobacTHOi craOumizalii, mogaHy B TepMiHax
po3B’ssyBanocti JIMH, mis auckpeTHOI JIiHINHOI JHHA-
MIYHOT CHCTEMH 3 HEBIIOMHMH, ajie OOMEKCHUMHU Yaco-
BUMHM 3aTPHUMKaMH 33 CTAaHOM Ta HEJIHIHHUMH OOMEKEH-
HSMM Ha aMILTITY Ty KepYIOUMX [l y BUTIIA/II HAaCHICHHS.

[epmr HiX MPHUCTYAaTH 10 BUPIMICHHS 3a[a4i CHHTE3Y
pobacTHOrO  CTabiNMi3yI04OTO  YIPAaBIiHHS, JOLLIHHO
PO3B’si3aTH 33724y OOUMCIICHHS! MAKCUMAIIbHOT BETUYUHA
3aTpUMKH 32 ctaHoM d", 3a SIKOi BUKOHYIOTHCS YMOBH
acUMIITOTHYHOI (200 EeKCIIOHEHITIAJIbHOT) CTIMKOCTI 3a-
MKHYTOI CUCTEMHU.

Posrnsnemo cucremy (1) 3 HeBU3HAYCHUMH, aye 00-
MEXEHUMH YaCOBUMH 3aTpPUMKaMHU 3a CTaHOM (2) Ta He-
NiHIHHIMH oOMexeHHsMHU (3) Ha Kepylodi BIUIMBH, 1 He-

xail ckanspHa Benmumna d" =1/a—1 oTpumana B pe-
3yJBTaTi BUPIMICHHS ONTUMI3AIiITHOT 3a1a9i

o — min 27
Ipu 0OMEXXEHHSAX
(W, -WAT-YTB"-W]A" 0, NT W' w |
* —AW, -W;" A Z BR W' 0,
* * -z 0nxn 0nxn Onxn
* * v R0, o0, | "
mxn mxn (28)
* * * * _Wl 0n><n
* * * * * —aZ

W, >0, Z~0, R>0, 0<a<l,

Jie ONTHMi3alisi BUKOHYETHCS 3a MATPHYHHMH 3MiHHUMH
T T T
W=W",Z=2",R=R,W,W,Y,N.
Toni npu Bukonauui ymoBu d(k)<d™ mis moci-

JUKYBAHOI CHCTEMH ICHYE CTaOUTI3YIOUHIA pEerynisarop y
BUTJISAZ CTATHYHOTO 3BOPOTHOTO 3B’513KYy 3a cTaHOM (12).

[Momyxk pimenns 3agavi (27) npu oOMmexeHHsx (28)
YCKJIAHIOETECS THM, IO Tiepmia 3 HepiBHOCTeH (28) €
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OUTIHIHHOIO MaTPUYHOIO HEPIBHICTIO, OCKIJIBKH MICTHTh
IOOYTOK CKaJIIpHOI 3MIHHOI Ol Ta MaTpWUYHOI 3MiHHOT Z .
Tomy s 00UYHCIICHHS] MaKCHUMAaJIBHOI BETMYMHH 3aTPHM-
KH 32 CTAaHOM 3aIPOIIOHOBAHO ITEpaIliiiHUil aNropuT™.

1. Ininianizamis:

— st 3amanoi BenwyuHd 0" OGYHCIIMTH TOYaTKOBE
3HAYCHHS 3MIHHOI O, = 1/d™ +1);

— BCTAaHOBUTH MaKCHUMaJIbHY KUIBKICTh iTepaliil anro-
puTMa iter Ta BeMHMYHHY HOMHIKH O ;
— BCTAHOBHMTH HOMeD iTepartii j < 0.

2. BcranoBut j < j+1.3HaliTH 3HAYCHHS MaTpHUIb

W, W, W, Z, Yoo, N

b
1G> Waiys Waiy 25> Yo Nijy» Ryjy 11sixom poss’sizan-

Ha 3agadi (10) mpu obmexennax (11), ne d" :l—l,
o

BUKOPHUCTOBYIOYH 3HAUCHHS a(j—l) .

3. 3ualith 3HA4YEHHS 3MIHHOI O  UUBIXOM
po3B’si3aHHA 3amadi (27) npu oOMexxeHHsX (28), BUKOpH-
CTOBYIOYH MATpUIO Z ;) , OTPUMaHy Ha Kpoui 2.

4. TlepeBipuTH BHUKOHAHHS YMOB 3yIHUHKH | > iter
abo o) —OL(H)| < Ta, fAKIIO XKOJHA 3 HUX HE BHKOHA-

Ha, MOBTOPHUTH KPOKH 2—4. B iHIIOMY BUMaAKY 3yNUHUTH
ITOPUTM.

3ayBaxeHHs1 2. 3aIpONOHOBAHUN AITOPUTM, CTPOTO
Ka)Xy4H, He rapaHTtye 301kHOCTI pimeHHs. OxHak, moaio-
HUH miaxix no0pe 3apeKoMeH/yBaB cebe MpU YHCENbHO-
My MOJIEIIOBAaHHI Ta 3aCTOCOBYETHCS y 0araTboX NMpaKTH-
YHUX Jonatkax [17].

4 EKCIEPUMEHTH
s imroctparii eeKTHBHOCTI OTPHUMAHUX TECOPCTHY-
HUX PE3yJbTaTIB PO3IIITHEMO YHCENbHUN MPHUKIA, SIKHN
HaBeneHO B [12]. JluHaMiuHA CHCTEMa OMKMCYETHCS MO-
nemtto (1) 3 TakuMu apaMeTpamu:

70 17 , _[0.0101] g_[0] d" =10,
A—[—z —3}% —[ 0 0,1}8—[1} " =3,

Beranosueum d(k)=0 B (1), jgerko mo6adutu, o
HEOOXiZTHOK YMOBOIO CTiHKOCTI CHCTEMH € BHKOHaHHS
HEPIBHOCTI |k(A+ A )| <1. B naHomy BUIIaJIKy CHCTEMa €

HeCTi#Kko0, ocKimbku AMA+ A) =-1,445%i-0,288 .
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B pesynbrari Bupimenss 3aga4i (10) nmpu oOmexeH-
Hax (11) 3a J0MOMOror BUNBHO PO3MOBCIOJKYBaHOTO
nakety cvx [18] orpumano:

W —10-4] 2657 0,001 _ o] 011 0,709
b 0,001 1,287 * 0,033 5,296 |

W _ 1o ©158 0.0037 o .[0,022 0,051
o 1,128 -0,383|" " -0,051 -3,049 |’

Y =107[5,311 3,873], R=1,153-10"

Toni mis Oyne-sxux modaTkoBux ymMoB X(0) €S, me

OaraTorpaHHa MHOXXMHa, oOurcieHa Ha miacrasi (7) Ta
OTPUMAaHUX pe3yJbTaTiB, Mae BUTJISII

S :{XER2 : |X1| <2,5; |X2|S2,007} , perymsarop (12) 3

marpuuero K =[1,998 3,008] crabinisye nocmimkysany

cHucTeMY, OCKIJTBKH OTPUMAaHO
AMA+BK +A;)=0,059+£i-0,016.
O6uncimmo IIOYaTKOBE 3HAYEHHS 3MiHHOT

O = 1/ (d™+1)=0,091 Ta 3acTrocyemo 3alpONOHOBA-

HUH iTeparianii anroputm. [licis 3ynuHEHHS aNTOpHUT-
My Ha TPETill iTepamii OTprIMaHO MaKCHMaJIbHE JOITyCTH-
Me 3HAYCHHS YacoBOl 3aTPUMKH 3a CTaHOM JUI JOCIHi-

moxyBanoi cucremu d™ =99 .

5 PE3YJIBTATH
OGepemo mouarkoBi ymoBn X' (0)=[2 —2] Ta 3mo-

JIEITIOEMO TIEPEXiTHUI TpoIec B IUCKPETHIH CHUCTEMi i3
3aTPUMKaMH 3a CTAaHOM, SKi 3MiHIOIOTECS B 4aci. Bemmuu-
na 3atpumku d(k),k =0,1,2,... Ha KOKHOMY KpOIli T'eHe-
pyBaJach BHUITAKOBUM YHHOM Tak, 00 BHKOHyBajach
BuMmora (2). OrpumaHi pe3yibTaTH IIPEJICTABIEHO Ha
puc. 1 Ta puc. 2.

6 ObI'OBOPEHHSI

AHamni3yloun OTpHMaHi pe3yJbTaTd MOJCITIOBaHHS,
MOXHa 1T00AYUTH, 1O 3APOIOHOBAHHUHN MiAXiJ H03BOJISIE
OTpUMATH JOCTaTHBO BHUCOKI pe3ynbTaTH. Po3risHyTa
JIUCKpPETHA CHUCTEMa 3 HEBIJIOMHMH, ajic OOMEKCHUMU
3aTPUMKAMH 32 CTaHOM Ta HEJIIHIHHUMH OOMEXKCHHSIMU
Ha Kepyoui BIUIMBU € CTIHKOIO NP 3aCTOCYBaHHI 3aIpo-
MMOHOBAaHOTO METOAA CHHTE3y CTATUYHOTO 3BOPOTHOTO
3B’SI3KY 32 CTAHOM.
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2
— xl(k)
o~ xz(k)
i1r 1
.H
kf\
0 — ———— "
Ak i
2 y \ \ \ L \ \
o} 2 4 6 8 10 12 i 14

Pucynok 1 — Ipadix 3minu cranis X, (K) ta X, (k)

Pucynok 2 — I'pacix 3minu kepyrounx mmusis U(K)

Ha puc. | BuaHO, mo micius mepexoqy CHUCTEMH Ha
5-My Kpoli 10 ctaHy piBHoBarm Ha 11-12 kpokax cro-
CTEpIraloThCS HEHYJBOBI 3HAYEHHS CTaHIB, 10, OYEBU-
HO, € pe3yJbTaTOM BIUIMBY CTaHIB i3 3aTpUMKaMHu. Aue
Jlisl peryisTopa BIPOJIOBXK JIBOX KPOKIB ITOBEPTAE CUCTE-
MY JIO CTaHy PiBHOBaru.

Ha puc. 2 BunHoO, mo Ha 1-My Ta 2-My Kpokax Moje-
JIIOBaHHS BEJIMYMHM KEPYIOUMX /il 0OMEXYIOThCSl HasB-
HOIO BUMOTOIO |u(k)| <u™ =3, ane ue He NPU3BOAUTE [0

MTOPYIICHAS YMOB CTiHKOCTi 3aMKHYTOI CHCTEMH.

BUCHOBKHU

3anporoHOBaHO MiIXi[, SKHH MTO3BOJISE IMOIIUPHUTH
METOJI IHBapiaHTHHX EJIICOIAIB Ha AUCKPETHI JMHAMIYHI
CHCTEMU 3 HEBIJIOMUMH, ajle OOMEKEHHMMH YaCOBHUMH
3aTpPUMKaMU 33 CTAaHOM JUIsS BUPILLIEHHS 3ajad4i crabisiiza-
1ii CHCTEMH 3a JONOMOIOI CTaTUYHOTO 3BOPOTHOTO
3B’513Ky 32 CTAHOM Ha OCHOBI 3aCTOCYBaHHSI METO/y (QyH-
kuionaniB JlsmyHoBa-KpacoBckkoro. Pesymsrati dmce-
JBHOTO MOJICTIOBAHHS MIATBEPIUKYIOTh ©(EKTUBHICT
3aMpoIIOHOBAHOTO MMiJXOMy B YMOBaX HAasBHOCTI HEINiHiH-
HUX 00OMEXEHb Ha KepYIoUl BIUTUBH Y BUTJIA HACHYCHHS.

HaykoBa HOBH3HA OTPHMAaHHX pE3YJIbTATIB IOJATae
y TMOLIMPEHHI METOAY 1HBapiaHTHUX EJINCOIAIB Ha JUC-
KpeTHI JAMHAMIYHI CUCTEMH 3 HEBIJIOMHMH, aje oOMexe-
HHMH YaCOBHMH 3aTPUMKaMH 32 CTAHOM.

B poOori Brepie 3anpornoHoBaHO iTepauiiHui anro-
PHUTM JUIst BUpIlIeHHs OLTiHIIHOT MaTpu4HOi HEPIBHOCTI 3
© Hopoodees IO. 1., JTro6uuk JI. M., Mensaukos O. C., 2023
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METOI OOYHCIICHHS MaKCUMallbHOI BEIMYMHH YacoBOT
3aTPUMKH.

IIpakTHYHe 3HAYEHHSN: PE3YJBTATH YHUCEIBHOTO MO-
JICITIOBaHHS JIO3BOJISIIOTh PEKOMEHAYBAaTH 3alpoIoHOBa-
HUH TIX1]1 17151 BUKOPUCTAHHS Ha MPAKTHIII 3 METOIO aHa-
73y CTIHKOCTI Ta CHHTE3y CTaOLII3YIOUMX pEryJsiTopiB
JUISL IUCKPETHHUX JTUHAMIYHUX CHCTEM 3 YaCOBHMH 3aTpPH-
MKaMH 33 CTAaHOM.

IlepcnieKTHBH MOAANBINUX JOCTIIAKEHb MOIATAIOTH
B MOJJIMBOCTSIX MOLIMPEHHS 3allPOIIOHOBAHOTO MiIXOIY
Ha JIMCKPETHI TUHAMIUHI CHCTEMH 3 YaCOBHUMH 3aTPUMKa-
MH TI0 YIIPaBJIiHHIO, @ TAKOXK B YMOBAX JIii HEBiTOMHUX, aje
00Me)KeHUX 30BHIIIHIX 30ypeHb.
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ABSTRACT

Context. The presence of time delays occurs in many complex dynamical systems, particularly in the areas of modern
communication and information technologies, such as the problem of stabilizing networked control systems and high-speed
communication networks. In many cases, time-delays lead to a decrease in the efficiency of such systems and even to the loss of
stability. In the last decade, many interesting solutions using the Lyapunov-Krasovskii functional have been proposed for stability
analysis and synthesis of a stabilizing regulator for discrete-time dynamic systems with unknown but bounded state-delays. The
presence of nonlinear constraints on the amplitude of controls such as saturation further complicates this problem and requires the
development of new approaches and methods.

Objective. The purpose of this study is to develop a procedure for calculating the control gain matrix of state feedback that
ensures the asymptotic stability of the analyzed system, as well as a procedure for calculating the maximum permissible value of the
state-delay under which the stability of the closed-loop system can be ensured for a given set of admissible initial conditions.

Method. The paper uses the method of descriptor transformation of the model of a closed-loop system and extends the invariant
ellipsoids method to systems with unknown but bounded state-delays. The application of the Lyapunov-Krasovskii functional and the
technique of linear matrix inequalities made it possible to reduce the problem of calculating the control gain matrix to the problem of
semi-definite programming, which can be solved numerically. An iterative algorithm for solving the bilinear matrix inequality is
proposed for calculating the maximum permissible value of the time-delay.

Results. The results of numerical modeling confirm the effectiveness of the proposed approach in the problems of stabilizing
discrete-time systems under the conditions of state-delays and nonlinear constraints on controls, which allows to recommend the
proposed method for practical use for the problem of stability analysis and synthesis of stabilizing regulator, as well as for calculating
the maximum permissible value of time-delay.

Conclusions. An approach is proposed that allows extending the invariant ellipsoids method to discrete-time dynamic systems
with unknown but bounded state-delays for solving the problem of system stabilization using static state feedback based on the
application of the Lyapunov-Krasovskii functional. The results of numerical modeling confirm the effectiveness of the proposed
approach in the presence of the saturation type nonlinear constraints on the control signals.

KEYWORDS: stabilization, time-delay, saturating control, Lyapunov-Krasovskii functional, invariant ellipsoids method, linear
matrix inequality.
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ABSTRACT

Context. The article proposes a method of analyzing the proposals of team members in order to avoid conflict situations at the
stage of team formation.

Objective. The object of the study is the method of analyzing the proposals of team members while solving project tasks.

The purpose of the work is to analyze the developed method of analysis of proposals of team members to avoid or resolve con-
flict situations at the stage of team activation

Method. The developed method is based on the theory of matrix games. Conflicts between individual team members mainly
arise at the stage of team formation. For the project manager, it is important to identify the conflict situation in time and find a way
out of it to satisfy both team members and without harming the teamwork as a whole. A team created to implement an IT project is
often faced with a situation where two of its members have different visions of approaches to creating the final product. At the same
time, each of them has experience in the development of similar software products or services by different teams. To effectively
solve this situation, we suggest using approaches typical of bimatrix games, when each of these team members is considered as a
player. This takes into account the fact that the bimatrix theory of games is based on a conflict between two players whose interests
are opposite — an antagonistic zero-sum game is precisely the basis of the developed approach.

Results. The proposed method of analysis of proposals of team members contributes to the avoidance or resolution of conflict
situations at the stage of their closer interaction. For efficient solution of the said situation, we propose to use approaches being typi-
cal for bimatrix games when each of these team members is treated as a player. At the same time, account is taken of the fact that the
bimatrix game theory is based on a conflict of two players whose interests are opposite — an antagonistic game with a zero sum being
that very element to constitute the basis of the approach developed.

Conclusions. The given calculation of the model example shows that the use of the proposed method allows the project manager
to give a reasonable preference to another team member, since the expected average profit of this player is greater than that of the
first player. In this case, the manager has an opportunity to simulate situations for the players (for the team) and promptly respond to
probable deviations of their behavioral strategies from the optimal ones, establish healthy relationships between team members and
choose the best proposals for solving project tasks.

KEYWORDS: bimatrix game theory, project manager, IT project, bimatrix games, project team.

ABBREVIATIONS
IT — Information Technology;
LO — linear optimization.

UE’ — the price of the game for the player B,

a, — the bottom price of the game for the player A;

Ba — the upper price of the game for the player A ;

ap — the bottom price of the game for the player B ;

Bg — the upper price of the game for the player B ;

M A (X p, Xg) — the player’s mathematical expectation
A;

Mg (X, Xg) —the player’s mathematical expecta-

NOMENCLATURE
A,B —players of the bimatrix game;
A, —pure player strategies A ;
B,, — pure player strategies B ;
Cp — the payoff matrix of the first player A;

tion B .
Cg — the payoff matrix of the second player B ;
i,j — the Nash equilibrium point; INTRODUCTION
Xa— first player mixed strategy A ; Development of each software product or service is im-
Xp— mixed strategy of the second player B ; plemented as a unique project requiring creation of a team of

realizers. Creation of an efficient team requires time and
work input for its development. Special software and project
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management methods contribute to quick team formation.
Implementation of these tools makes the team’s interaction,
communication and fulfilment of the task preset more effi-
cient. Many researchers focus their attention on development
of team formation algorithms and methods.

The purpose of the article is to develop a mathemati-
cal model for choosing optimal strategies for the behavior
of IT project members and, on the basis of this model, to
optimize the set of starting proposals of project partici-
pants in order to increase the effectiveness of its imple-
mentation.

The objectives of the research are to study the behav-
ior of the participants in a conflict situation using the ap-
paratus of bimatrix game theory and to provide a com-
promise solution for choosing the proposals of IT project
members. Existing approaches in research in this direction
are normative and declarative. In view of this, the paper
sets the goal of obtaining a specific content-algebraic
model of equilibrium according to Nash, and at the sec-
ond stage, to use the obtained results in project manage-
ment.

1 PROBLEM STATEMENT
Let the task be set: from the point of view of the bima-
trix game, it is necessary to analyze the behavior of par-
ticipants A and B in a conflict situation and provide a
compromise solution based on the recommendations for
choosing the strategies of the players’ behavior A, and

Bn. Let’s study a conflict between two players A and B.
The player A may adhere to own pure strategies

{Al,Az,...,An} . The player B may choose one arbitrary
strategy of the following ones {B, ,Bysens Bn} , and on the

basis of this, make a choice of the situation in the game as
a whole. To solve this problem, we use the concept of the
optimal situation in the game for each player X, and Xp,
which is called Nash equilibrium.

For solving the situation described, let us use the bi-
matrix game theory in which the equilibrium situation is
called Nash equilibrium and consists in the following:

status (i* J*) of bimatrix game

Ch= [aij]nxn’ Cy = I:bij]nxn

is a Nash equilibrium point subject to meeting the condi-
tion for values of the of the first player A proposal matrix

a.<a...i=L...n,
] 1]

as well as meeting the condition for values of the second
player B proposal matrix
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Existing approaches in research in this direction are
normative and declarative in nature. In this case, the goal
of the work is to obtain a specific content-algebraic model
of equilibrium according to Nash and, at the second stage,
to use the obtained results in project management as a
mathematical expectation of the players M (X, Xg)

Ta MB(XA,XB) .

2 REVIEW OF THE LITERATURE

The authors of article “A model for project team for-
mation in complex engineering projects under uncer-
tainty: A knowledge-sharing approach” [1] Mahdi
Hosseini, Peyman Akhavan proposed a model based on
knowledge sharing among separate team members for the
aim of optimizing distribution of the load between them.
Their approaches to project team formation are formu-
lated as a fuzzy multipurpose model of integer program-
ing 0—1, they adopt the approach of fuzzy multipurpose
programing with limited odds improving the efficiency of
decision taking as to abilities of the candidates under con-
ditions of uncertainty. The authors propose to solve the
problems by combining the genetic non-dominated sort-
ing algorithm II with algorithms of fuzzy modeling. The
calculation results have been proved and the efficiency of
such a combination clearly shown in provision of Pareto-
optimal solutions while creating the project team.

Margarita André Ampuero in her paper “Developing a
Model and a Tool for the Formation of Project Team” [2]
proposed an algorithm of a high-quality team formation
for successful implementation of a project. The author
carried out a deep analysis of models and tools for forma-
tion of project teams starting from detection of various
factors having impact on these processes. She described
the basic characteristics of the model and versions of a
configured tool supporting the model and helping using it
in various contexts enabling experiments with different
solution algorithms and methods for determining those
proposing the best results.

D.Strnad, N.Guid in the paper “A fuzzy-genetic deci-
sion support system for project team formation” [3] con-
sidered the problem of forming the optimum team be-
cause they believe that formation of the optimum team
including several dozens of members requires suitable
tools. In the researchers’ opinion, the selection process is
normally clearly defined, with formation of criteria for
each team that concern necessary abilities of the team
members. These abilities can be arbitrarily combined in
the personnel and the target function becomes self-
conflicting. This makes a team formation more difficult
and requires a special software support. The research pre-
sents a fuzzy genetic analytical model for a project team
formation based on quantity approaches but including the
possibility of determining personnel’s attributes from
dynamic quantity data, modeling complicated attributes
and processing the required excessive competence. This
approach provides a specification of requirements using
fuzzy descriptors and determining the formulated target
function contributing to maximization. For optimizing the
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selection of several project teams with probably conflict-
ing requirements, the authors proposed special adaptation
of an island genetic algorithm with a mixed crossover
where the suitability of a joint solution is used for govern-
ing the selection within the islands.

Nataliia Dotsenko, Dmytro Chumachenko and Igor
Chumachenko [4] in their paper “Project-oriented man-
agement of adaptive teams’ formation resources in multi-
project environment” took the processes of project-
oriented management of resources for creation of adap-
tating teams in a multiproject environment. The research-
ers proposed models and methods of project-oriented
management of resources for creation of adaptating teams
in a multiproject environment.

They proposed a set of methods for determining hu-
man resources strategies in a multiproject environment
providing for usage of stratified representation of re-
sources management processes in a multiproject environ-
ment that will enable analyzing the human resources
management processes. The paper has analyzed the spe-
cifics of the developed method based on the interested
parties in management of human resources for projects in
a multiproject environment.

The paper [5] “Formation of IT Project Implementa-
tion Team” provides an analysis of a project team forma-
tion criteria and the team effect on the project success. It
is indicated that a team is selected for each project at the
first stage of its implementation. The authors understand a
project team as a group of like-minders motivated to im-
plement the project. The paper an original order of form-
ing a project group providing for selection of realizers
under defined criteria based on weight factors assigned by
experts. The assessment is based on competences ac-
quired by graduates of IT faculties and represented in
vocational training programs [6].

For solving such a problem, the authors proposed to
create a mathematical support to construction of models
for assessment and control of technical and manufacturing
process values with use of artificial neural networks [7].
Their solution provides for proposing models enabling
automatic selection of a subset of minimum-size speci-
mens from the initial sample [8]. The approach proposed
by the researchers is applicable to various forms of exclu-
sion procedures used in games, particularly the iterative
removal of strictly dominated strategies and removal of
weakly dominated strategies.

However, for describing competitive situations with
participation of two players, it makes more sense, in the
researchers’ opinion, to use matrix games as zero sum
games for two players with finite sets of strategies with
presumption of matrix games being interesting in terms of
the analysis simplicity and structure specifics. Von Neu-
mann and Morgenstern deemed it reasonable to use linear
programming for solving these games. The described re-
searches are based on analyzing matrix games in the con-
text of pure strategies through such key notions and they
show the pure strategic Nash equilibriums to be saddle
points [9, 10]. The authors proposed the optimum strate-
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gies and the game value through solving a linear pro-
gramming problem [11].

The researchers proposed new interpretations to the
known method as to the competition of individuals in
pairwise interaction, they presented a class of models for
situations including more than two persons [12].

The author [13] consider using the matrix game theory
in case of the randomness matrix being winning. They
present several model solutions for this type of game
based on the win function characteristics and on the the-
ory of optimization with probability boundaries.

3 MATERIALS AND METHODS

At the modern stage of the IT branch existence, with
development of modern software products and services,
special attention is paid to creation of the team with ac-
count taken of the project specifics. Creation of a profes-
sional team for each project is one of important commit-
ments of the project manager who supervises the project
in general, controls its basic parameters and coordinates
activities of the team members. The project manager de-
fines their number and professional competences. A pro-
fessional team is created with the idea that it is not just a
set of employees but a complicated social system with
fixed interaction mechanisms the activities of which have
effect on the project lifecycle processes.

Correctly selected team members guarantee the pro-
ject to be successfully implemented in compliance with its
period and budget. The experience of many IT projects
showed that the team, as a rule, passes several stages in
the project implementation project: formation, getting into
closer interaction, functioning and dissolution. In this
article, let us focus on the first two stages.

4 EXPERIMENTS

While forming a team, the project manager gathers a
group of people uniting them by a common purpose. The
team formation process specifics consist in the fact that
the team members do not know each other and at this
stage, they get to know each other, study the project prod-
uct specifics, rules and regulations of interaction. This
stage also includes setting tasks to each team member and
determining the ways and methods of their fulfillment.
Getting into closer interaction. Creation of a team for a
new project also becomes more difficult due to the fact
that operation of the team, as an integral system, is to be
efficient and synchronized. Development of the corporate
feeling and formation of the general intera ction rules
inside such a team require some time. For successful pro-
ject implementation, its team needs to get united before
the beginning of an IT product development..

The well-coordinated work of a team fulfilling its joint
tasks is to begin at this very stage. It is distinguished by
increased probability of conflicts, which is caused by dif-
ference of team member characters, approaches and
methods of task fulfillment. The team accommodates the
growth of leaders, establishment of informal groups, de-
termining functions of separate team members, formation
of the group climate, internal culture, etc.
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This very stage, of team members getting into closer
interaction, is associated with conflicts appearing between
separate team members. For the project manager, it’s ex-
tremely important to reveal a conflict situation in proper
time and to find a way out of it to the satisfaction of the
both team members and without harm to the teamwork in
general. In our opinion, it is important for the project
manager to use matrix games in such a situation.

The matrix game theory was formed on a conflict of
two players with purely opposite interests — an antagonis-
tic game with a zero sum. In the real life, conflict situa-
tions use to appear much more frequently, in which the
interests of the players are not opposite any more, al-
though not coinciding.

Lets study a conflict between two players A and B.
The player A may adhere to own pure strategies

AALLAL

The player B may choose one arbitrary strategy of the
following ones

{B,B,,...B,}-

As they are participants to a team game where certain
rules are introduced, their possible combinatory choice is
subjected to a single-value estimation with a reward.
Thus, if the player A chose strategy A ; and the player B
chose strategy Bj, the reward A will be equal to a;;. The
win of another player B under these conditions will be
equal to by;. In this case

however, each player receives own win (winning situa-
tion). Such a serial search of strategies by the players de-
termines two tables of wins (winning situations)

Table 1 — Player A’s reward table

C, B B, Bn

A a; a, ,
A a,, a,, ),
An an an, ann

Table 2 — Player B’s reward table

Cq B. B, Bn

A b11 b12 bln
A, b21 bzz b2n
Am bml me bmn

A team created for implementation of an IT project
often encounters a situation when two of its members
have a different vision of approaches to the final product
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creation. In this case, each of them has a big experience in
developing similar software products or services in differ-
ent teams. For efficient solution of the said situation, we
propose to use approaches being typical for bimatrix
games when each of these team members is treated as a
player.

Using the first team member concept for creating a
software product can be positively evaluated at r (r>0)
units, and the second team member concept is evaluated
at t (t>0) some conventional units.

Let us assume that the conditional benefit of using
other proposals is equal to zero. The team of developers
will gain additional positive benefit s (s>0) subject to
using the proposal of the first player enabling adoption of
the experience of the previous team of developers who
worked at the same company. Let us use the following
calculations for taking the optimum decision and gaining
the greatest benefit.

We have a typical bimatrix game. The first player A —
submitted the first proposal. The second player B — the
second proposal. Each of the players has two strategies —
using the first proposal A;, B; or the second one — A, B,.
Therefore

A=[A.A] B=[B,B,]

According to the game rules, the matrixes of benefits
are equal for the players:

Player A
CA Bl B2
A r r+s
A, S 0
Player B
Cq B: B,
A t S
A, t+s 0

or in a matrix form:

C—rHSC—t s] 1
Als 0 B lt+ys 0 &

For a bimatrix game, as well as for a matrix one, the
created matrixes provide a quantity description of certain
statuses in the game in which the interests of the players
do not coincide. The main task of the bimatrix game the-
ory is providing recommendations on players behavior
with the aim to get the optimum result in a conflict situa-
tion of the game.

The optimum game result is reasonable behavior of
the players and following the concept of balancing. As the
interests of players are different, the project manager has
to find a compromise solution that would satisfy as far as
possible the both players and the team in general. In fact,
this means that the recommended situation in the game is
when departure from it would not increase the players’
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wins but reduce them the other way round, or be a com-
promise in the best case. This status in the game is called
equilibrium.

In the antagonistic matrix game theory, the equilib-
rium situation is associated with the saddle point. For
solving the situation described, let us use the bimatrix
game theory in which the equilibrium situation is called
Nash equilibrium and consists in the following: status

(i* J*) of bimatrix game

Co=la],, Co=[b],.
is a Nash equilibrium point subject to meeting the condi-
tion for values of the of the first player A proposal matrix

as well as meeting the condition for values of the second
player B proposal matrix
bi*,- Sbi*,-*’ j=1...,n

In other words, the locations of the matrixes accom-
modating at the same time the biggest values in columns
for matrix Cp of the first player A and in rows for matrix
Cg of the second player B — are the Nash equilibrium
points.

The team assigns certain weight factors from 0 to 9 to
the arguments in favor of the proposal of each player. If
the bimatrix game is set by matrixes:

25 37Q
=®@Q@ 1| G=[7 ® 1 @)
3 ® 4 4|

For finding possible equilibrium points in pure strate-
gies for the first player A, we need to choose the biggest
values in columns of matrix C, . For visual clarity, we
mark these elements with circles. We need to choose the
biggest values in rows to determine the candidates for the
second player’s equilibrium point. Let us encircle them as
well for visual clarity.

The locations encircled in the both matrixes determine
the Nash equilibrium points. In the first example, we have
three such points — (A}, B; ); (Az, By); (As, By ). Each of
these points sets the optimum dyad of the players’ pure
strategies:

5 X, =[10,0] X, =[0.1,0]
(A 3)_) ~[0,0,1] "(A.B,)—~> BZZ[OJ,O]
A}z[O,O,l].
(AyBl):{XBI ~[1,0,0]
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If the bimatrix game is set by matrixes

6 @ 2 ® 4 2
=13 2@ C.=|1 @O
@8@, 6 1 8]

In this example, we have one equilibrium point

X, =[0,1,0]
AB)= " oo

If the bimatrix game is set by matrixes

7 1 1
=1 ®0O® =®
4

0
1
@ 6 7 1

|

For this matrix game, there is no equilibrium in pure
strategies. If the bimatrix game is set by matrixes

39 P

For this couple of matrixes, a Nash equilibrium does
not exist.

For bimatrix games, like in the matrix game theory,
equilibrium points do not always exist like in variant 3,
which just confirms such a case. Therefore, it makes
sense to move from pure strategies to mixed ones. In this
case, the players repeat many times their pure strategies to
search the equilibrium, however, with certain frequencies
(probabilities).

Should the game be repeated many times with con-
stant conditions, player A applies own strategies {A(,A,,...,
A.} with respective frequencies {P1,p2,...,Pn}»

znpizl XA
i=1

A move is carried out to mixed strategies by defining
frequencies of using pure strategies for the first player.
Player B applies frequencies

0> g =1 @
i=1

:[plﬂpza"'vpn]' (3)

= [q1aq2:-'-

of own strategies {B, B,,...,Bn}.

The mixed strategies allowed broadening the tasks of
bimatrix games and finding possibilities of more reason-
able distribution of wins in the game as average values —
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mathematic expectations set by matrix distributions Cy
and Cg, and calculating by the formulae:

n n

MA(XAaXB)ZZZaijpiqj’ (5)

=1 j=1
n n

My (X 0 Xg)=2 D bypa;-

i=1 j=1

Status (X*a , X*g ) in the bimatrix game system is
given by frequencies

Xa=[p.pspy] (7)

and

*

Xg

[ar.a5, .0, ] ()

as a Nash equilibrium in mixed strategies, if the follow-
ing conditions are met for any X and Xg:

MA(X;’X;)ZMA(XA’X;), ©)

Mo (X0 Xa)2M, (X0 Xg). (0

These conditions of a bimatrix game equilibrium
status are interpreted as follows: departure from the sys-
tem status (X*s, X*g) by one of the players, subject to
reserving their own choice by the others, does not enable
this player to increase the win. In other words, changing
the equilibrium status in the bimatrix game system makes
no sense for any of the players.

Let the player A have pure strategies {AA,,...Aq}.
Each of them correlates with vector of frequencies Xaj,
i=1, 2, ...,n. Thus, pure strategy A; corresponds to fre-
quency vector

XAl :[1,0,...,0], (an
Similarly, for the other player B
XBI:[I,O,...,O]. (12)

Therefore, frequency vectors X and Xg;, i= 1,2, ...,n.
have been put to correspond to each pure strategy of the
players.

In this case, the system of conditions describing point
(X*p, X*g) of the bimatrix game equilibrium can be re-
corded as follows:
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M, (X0 X5 )= M, (X,.Xe)20,
Ma(XaXe)=M, (X, . X;)20,
M, (X5 Xa)=M (X, .Xe)20, .
MB(X,:’X;)_MB( :,Xsl)ZO,
Mg (X5 Xa)=Mg(X5, X )20,
Mg (X5 Xg)= Mg (X5, Xg )20

Take note that the relation symbols between the parts
of conditions of system (13) can be rechecked following
the principle of limit solutions in the theory of linear (in
our case relative to products p;gi) inequalities (comple-
mentary slackness) [6]. Thus, if at equilibrium point (X*a,
X*g) component p, >0, the respective inequality is

solved as an equation (so-called active correlation)
ML (X0 Xe)=M (X, X5)=0 (14

and if g*; >0 — we have equality
M B(XZ’X;)_ M B(X*A’XBJ):0~(15)

Let (X*a, X*g) be an equilibrium point in mixed bi-
matrix game strategies. In this case, from the condition of
the so-called passive correlation

M, (X0 Xs)=M,(X,.X,)>0(16

we get p*; >0 pi* = (), and from condition

Mo (X5 X5)-M B(x;‘;,xBj)>0 (17

we get *; >0.

The system of conditions (13) lets us study a bimatrix
game from the normative point of view and always detect
equilibrium points in mixed strategies. This approach is a
consequence of the known principle of limit solutions in
the theory of linear inequalities. Each system of linear
inequalities compatible with rang>0, above the real num-
ber field, contains at least one subsystem of the same rang
and with a number of inequalities equal to this rang, each
solution of which converts the inequality into equation
and complies with the initial system. In our case, the sys-
tem is linear relative to products p;g;.

The full solution of the problem will include a bima-
trix game solution based on correlations of the condition
of Nash equilibrium (13) and two couples of antagonistic
matrix games with a zero sum.
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Let us have a bimatrix game given by matrixes C4, Cp
of two players A and B.

C,=

N N N
N —

3 8
' Cy=|7 1
8 4

00

5
7
3

The frequency vectors of mixed solutions of the first
and second players are respectively equal to:

X A= [p17 P,, p3]: [pla p2’1 - P, - pz]’ (18)
Xe=[0,.9,.0:]=[a,.0,.1 -, -0, ] (19)
In this case, the game value for player A
A a a 3 3

vy =Ma(Xa. Xg) =2 > 3 pidj =2 > & piaj = 20

i1 j=1 i1 j=1 (20)
=(-49;+202)p:+(59:+9G,=5)p,~30+6.
and for player B
B 3 3
vx =Mp(Xa,Xg) =2 D bjpiqj = 1)

i=1 j=I
=(-9p11+2p; +4H)qiH(—P1+7P2) Q4P 3p2H+4.

For calculation of the problem solution, we compose
system of conditions (13)

(=40, +20,)p, + (50, +99, =5)p, 20,
(4q1 _2q2)(1_ p1)+ (5q1 +9q2 -5) p, = 0,
(=44, +20,) p, + (50, +90, =35)(p, 1) >0,
(=9p, +2p, + 40, +(=p, +7p,)q, 20,
Op —2p,=H(1-q)+(=p, +7p,)0, 20,
(_9p1+2p2+4)q1+(p1_7p2)(1_q2)20~

(22)

Solution of system (12) looks as follows:

A

[ﬁ,i,g} ~[0.46,0.07,0.47]= [46%,7%,47%]’
61761761
108
vi=""x4,70"
23

[i,l—g,%} ~[0.22,0.43,0.35] = [22%,43%,35%]
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We form the first matrix game

MA(X3Xe)=M,(X,.X;)20,
M, (X5 Xa)=M (X, X5)20,
M, (X0 X5 )=M (X, .X5)20, .
Mg (X5 Xa)=Mg (X5, Xg )20,
Mg (X1 X5 )= Mg (X5, X, )20,
Mg (X5 Xa)=Mg (X5, Xs )20
WA ="+ X" + X" — min,
2% 4 + 6% +6x4 >1,
Q5 A + 7 + 3% > 1,
(24)
6x " + x4 +6x.4 >1,
in XD
x A= x"e[0,1], i=12,3.
UA

Solution of the problem by simplex method is given in
Table 1.
From the last simplex table, we obtain:

_ 19 as
216

Ao Dy L yea

72 18

1
A *A A R X.
X+ X0+ X ——Xandx‘Az_'

i
v A

i=1,2,3 weget:

A

X E,i,ﬁ z[0.33,0.26,0.41]:>[33%,26%,41%]‘
46 23 46

VA = 108 _ 4.70.
23

Let’s compose the next matrix game.
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Table 3 — Solving the problem by the simplex method

a a, a3 ay as as
Basis C B
1 1 1 0 0 0
a 0 -1 -2 -6 -6 1 0 0
as 0 -1 -5 -7 -3 0 1 0
as 0 -1 -6 -1 -6 0 0 1
Aj WiXg)= 0 -1 -1 -1 0 0 0
a 1 172 1 3 3 -12 0 0
as 0 32 0 8 12 -5/2 1 0
a 0 2 0 17 12 -3 0 1
A, wiX)= 12 0 2 2 -12 0 0
a 1 - 1/16 1 0 -32 7/16 - 3/8 0
a 1 3/16 0 1 32 - 5/16 1/8 0
as 0 - 19/16 0 0 -27/2 37/16 - 17/8 1
A Wi(Xy) = 1/8 0 0 -1 1/8 - 1/4 0
a 1 5/72 1 0 0 13/72 - 5/36 - 1/9
a 1 1/18 0 1 0 - 1/18 - 1/9 1/9
a3 1 19/216 0 0 1 —-37/216 17/108 - 2/27
Aj Wi (Xop) = 23/108 0 0 0 — 5/108 — 5/54 - 2/27

We solve the optimization problem by simplex meth- y 108 )
od as per Table 4 below. VUa = 23 ~ 4,70
W=yt Yt o max, We evaluate the lower and the upper boundaries of the
9 yl*A 45 y;‘A 6 y;‘A <1 game result for matrix Csq of the other player, being equal
Q) 6y f+ 7y +y A <, 25)

6y*A+3y;A+6y*A£1 *B *B *B *B :
3 —
! ’ W, " =X~ +X,” +X;° = min,

t0 ¢, =maxminC, = 4 and

3%+ 7x.°% +8x.° >1,

w Wy cloa], i=1,2
yi - y’yie[a]ﬂl_n 33-
U OB -7y *B *B

L o 8X,T +H4AXT =21,

From the last simplex table, we obtain: (27)
A 2 cn 5 . 5 As 8x B+ X% +4x®>1,
Y. = oYy =Yy = o
27 54 108 . X B
| o yA x 2 ==,x?e[0,1], i=12,3.
T Bl s
L, v Bp=minmaxCp=8
I=1, 2, 3 we get: The first one looks as follows.
Y = > 108 ~[0.22,0.43,0.35]=
23°23°23

(26)
[22%, 43%, 35%].
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Table 4 — Optimization problem by simplex method

i a; a, asz ay as as
Basis C B
1 1 1 0 0 0
A 0 1 2 5 6 1 0 0
as 0 1 6 7 1 0 1 0
as 0 1 6 3 6 0 0 1
Aj Wu(Y9=_ 0 -1 -1 -1 0 0 0
a 0 2/3 0 8/3 17/3 1 -1/3 0
a 1 1/6 1 7/6 1/6 0 1/6 0
as 0 0 0 —4 5 0 - 1/1 1
A Wu(YD=_ 1/6 0 1/6 - 5/6 0 1/6 0
a 0 2/7 -16/7 0 37/7 1 -5/7 0
a 1 1/7 6/7 1 1/7 0 1/7 0
as 0 4/7 24/7 0 39/7 0 -3/7 1
Aj Wi (Ys) = 1/7 - 177 0 - 6/7 0 1/7 0
a 1 2/37 —-16/37 0 1 7/37 - 5/37 0
5 1 5/37 34/37 1 0 - 1/37 6/37 0
as 0 10/37 216/37 0 0 —-39/37 12/37 1
A Wu(Ys) = 7/37 -19/37 0 0 6/37 1/37 0
a3 1 2/27 0 0 1 1/9 - 1/9 2/27
Q 1 5/54 0 1 0 5/36 1/9 —-17/108
a 1 5/108 1 0 0 -13/72 1/18 37/216
A Wit (Yop) = 23/108 0 0 0 5/72 1/18 19/216
We solve optimization problem (15) by simplex W;B = yl*B + y;‘B + y;B — max,
method as per Table 5. . . .
From the last simplex table, we obtain: 3y, +7y, +8y; <1,
*B . *B *B *B
;B = ;B = X;B 22- Qp 37y, +8y, +y; <1, (28)
86 1 86 344 8y® + 4y 14y <1,
*B *B *B and *B
X\ 0 F Xy Xy = — Xi~ = —¢, s Y B .
v x Yo =y, 6[0,1], i=1,2,3.
i =1,2,3 we finally obtain: Us
. 28 4 29 o) m0r 1m0, ,
Xp = Telel [0.46,0.07,0.47] = [46%,7%,47%| We record a problem being dual to (15).
We solve optimization problem (16) by simplex
344
o = p_— 5.64. method as per Table 6.
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Table 5 — Solution of the optimization problem (15) by the simplex method

i a a az a as a
Basis C B
1 1 1 0 0 0
A 0 -1 -3 -7 -8 1 0 0
as 0 -1 -7 -8 —4 0 1 0
as 0 -1 -8 -1 -4 0 0 1
A WiX)=_ 0 -1 -1 -1 0 0 0
a, 1 1/3 1 7/3 8/3 - 1/3 0 0
as 0 4/3 0 25/3 44/3 - 173 1 0
as 0 5/3 0 53/3 52/3 - 8/3 0 1
A WiXp=_1/3 0 4/3 5/3 - 1/3 0 0
a; 1 /11 1 9/11 0 1/11 -2/11 0
a3 1 1/11 0 25/44 1 —7/44 3/44 0
as 0 1/11 0 86/11 0 1/11 —-13/11 1
Aj Wi(Xy) = 2/11 0 17/44 0 —3/44 —5/44 0
a, 1 7/86 1 0 0 7/86 — 5/86 — 9/86
a; 1 29/344 0 0 1 —57/344 53/344 —25/344
a 1 1/86 0 1 0 1/86 —13/86 11/86
Aj WiXep) = 61/344 0 0 0 —25/344 —19/344 —17/344
Table 6 — Solution of the optimization problem (16) by the simplex method
. a; =Y a3 ay as a6
Basis c B
1 1 1 0 0 0

a 0 1 3 7 8 1 0 0
as 0 1 7 8 1 0 1 0
as 0 1 8 4 4 0 0 1
A Wu(Yo)= 0 -1 -1 -1 0 0 0
a 0 4/7 0 2517 53/7 1 - 3/7 0
a; 1 1/7 1 8/7 177 0 177 0
as 0 - 1/7 0 -36/7 20/7 0 -8/7 1
A; wWu(YD=_ 117 0 1/7 - 6/7 0 1/7 0
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Table 6 continuation

a 0 1/8 —25/8 0 57/8 1 - 7/8 0
a 1 1/8 7/8 1 1/8 0 1/8 0
as 0 172 9/2 0 72 0 - 12 1
A; Wi (Y = 1/8 - 1/8 0 - 718 0 1/8 0
a 1 1/57 —25/57 0 1 8/57 - 7/57 0
a 1 7/57 53/57 1 0 - 1/57 8/57 0
as 0 25/57 344/57 0 0 —28/57 — 4/57 1
A; Wu(Y;)=  8/57 —29/57 0 0 7/57 1/57 0
a3 1 17/344 0 0 1 9/86 —11/86 25/344
a 1 19/344 0 1 0 5/86 13/86 —53/344
ay 1 25/344 1 0 0 - 7/86 - 1/86 57/344
Aj Wiu(Yep) = 61/344 0 0 0 7/86 1/86 29/344
Table 7 — Summary table of bimatrix game solutions
_
Bimatrix game
2 5 6 3.7 8
C,=|6 7 1 Co=|7 8 1
6 3 6 8 4 4
Solution for the first player A
108
X, = ﬁ,i’ﬁ ~[0.46,0.07,0.47] = [46%, 7%,47%)] A= ~4,70
61 61 61 23
Solution for the second player B
. 344
Xg = i&ﬁ ~[0.22,0.43,0.35] = [22%, 43%,35%)] g =——~ 5,64
23°23°23 61
Matrix game 256 (matrix of the first player)
C,=]6 7 1
6 3 6
Solution of primal and dual problems
15 6 19 «_ 108
Xy =|—,—,— [~[0.33,0.26,0.41 33%,26%,41Y% vy =——-~4,70
5 [46’23’46} [033.026,041] = [33%.26%.41%] A3
y=|2 08 ~[0.22,0.43,0.35] = [22%,43%,35%] A L)
A 23 2 23 bl 23 il bl el el 23
Matrix game 378 (matrix of the second player)
C,=|7 8 1
8 4 4
Solution of primal and dual problems
28 4 29 . 344
XM =22, 2 =2 12[0.46,0.07,0.47] = [46%, 7%, 47° Ly =——~5,64
E [61’61’61j| s s ) e~ 61
44
Y =[§,B,£}z[0,41,0‘31,0.28]:[41%, 31%, 28%) vy =L~5,64
61 61 61 61
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From the last simplex table, we obtain:
B 25 19 sa 17 _As

— > *A = > =
YZWmsagr Y T T3
B

* * * 1 * .
y1B+yzB+y3B:_yand iB=y_I

vy’
B B
i =1,2,3 the game solution looks as follows:
Y;={3§ﬁ2}1}z[04L03L028}:[41%H31%,2@%r
61 61 61
ué:gﬂi~564
61
5 DISCUSSION

The summary table of solutions to the bimatrix game
and its respective matrix games is given in Table 7.

Having analyzed the calculation results, we formulate
several important statements:

— The optimum mixed solution of the first player

X, = ﬁ,i,_ in the bimatrix game coincides
61 61 61
28 4 29

with mixed solution X ;' = {a,a,a

} in the matrix

game given by payoff matrix C_ of the other player B.

In other words, the optimum behavior of the first player is
a result of solving the primal optimization problem for the
second player, i.e. the first player will not take account of
own matrix — all the attention is paid to the matrix of the
other player; but at the same time, the value of win

u£:19§z470
23

is a result of solving dual optimization problem

01:19§z470
23

for the matrix game given by own matrix Ca.
— The optimum mixed strategy of the other player

_[5 108
8 23723723

coincides with the calculation of dual optimization prob-

. 5 10 8
YA = DU R R
23723723

for the first player. Therefore, the optimum behavior of

lem

the second player is fully derived from matrix C, of the

first player — the values of own wins do not matter.

— The value of win
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is equal to the value of benefits of matrix game

of the dual problem for the second player.

— Solutions of the dual LO problem for the first
player’s matrix game and of the primal LO problem for
the second player’s matrix game give the full result of the
bimatrix game solution. Thus, we can skip the calculation
of the bimatrix game in general, but solve two separate
matrix games.

— The players’ behavior in the bimatrix game is some-
times subjected to strange transformations — the players’
behavior strategies begin not to depend on the value of
their own benefit. The players start to be only concerned
about what the other player’s benefit would be. We en-
counter the effect of behavior confrontation or antago-
nism. This fact can be related to the modern direction in
the game theory — the behavior game theory and requires
further research.

The approach proposed is taken as the basis of the rec-
ommendation system.

CONCLUSIONS

For a project team, it’s extremely important to begin
implementing a project in compliance with the calendar
schedule. The proposed method of analyzing the team
members’ proposals contributes to avoiding or solving
conflict situations at the stage when they get into closer
interaction. The provided calculation of the model exam-
ple shows that using the proposed method enable the pro-
ject manager giving a well-grounded advantage to the
other team member as the expected average win of this
player is bigger than of the first player . In this case, the
manager has the possibility to model situations for the
players (for the team) and to promptly respond to prob-
able departures of their behavior strategies from the opti-
mum, to establish sound relations between the team
members and to select the best proposals for solving the
project tasks. Further research provides for designing an
information system as a project manager’s tool that is
based on the method elaborated.
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BUKOPVCTAHHS IMTOBEJTHKOBOI'O AHTATOHI3MY TA BIMATPUYHOI TEOPII ITP B YIIPABJITHHI
IT-TIPOEKTAMUA

Yepuos C. K. — 1-p Texs. HayK, npodecop, 3aBixyBad kadeapy ynpasiiHHs MpoekTaMu HarioHamsHOTO yHIBEPCUTETY KOpabdiie-
OymyBaHHS iMeHI agMipana MakapoBa, M. MukouaiB, YkpaiHa.

Yepuosa JI6. C. — kaH1. TeXH. HAyK, JAOLCHT, JOUEHT Kadeapu iHPOpMAaLifHUX yIPaBIITIOUYNX CHCTEM Ta TexHojoriii Hariona-
JIBHOTO YHIBEPCHTETY KopabneOyayBaHHs iMeHi axmipana Makaposa, M. Mukonais, YkpaiHa.

Yepuosa Jla. C. — 1-p TexH. HayK, JOICHT, TOLCHT Kadeapu iHGpopMaIiifHUX yIpaBIIsSIOYUX CUCTEM Ta TexHouorii Harionans-
HOTO yHIBEepCHTETYy KopabieOyayBaHHs iMeHi aqmipana MakapoBa, Mukonais, YkpaiHa

Kynaneus H. E. — 1-p Hayk, npodecop, 3acTynHuk 3aBigyBada kadeapu inbpopmaniiinux cucreM i Mepex HarioHanbHoro yHi-
BepcuteTy «JIpBiBChKA MOMiTEXHiKay, M. JIbBIB, YKpaiHa.

TitoB C. [I. — noneHT kadeapu Buioi MareMaTuku HamioHanpHOTO yHiBepcUTeTy KopabyieOyayBaHHS iMeHI aaMipaia Makapo-
Ba, M. MukounaiB, Ykpaina

Tpymasikos E. I. — n-p texn. mayk, mpodecop, mpodecop kadenpu konaumionyBaHHs Ta pedpexeparii HamionamsHOro
yHIBepCHTETY KopabieOyayBaHHs iMeHi anmipaia Makaposa, M. Mukouais, Ykpaina

AHOTAIIA

AKTyaJIbHICTB. Y CTaTTi 3alpONOHOBAHO METOIUKY aHAJi3y MPOMO3HUIIN WICHIB KOMaHIM 3 METOI YHHKHEHHS KOH(MIIKTHHX
CUTYyaliil Ha eTari GopMyBaHHSI KOMaHIIH.

O0’€KTOM OCHTIPKEHHS € METOAUKY aHaJli3y MPOTO3MIiN YYACHUKIB KOMaHIH MIPY BUPIIICHHI 3aBIaHb MIPOCKTY.

Meta podotu — [IpoananisyBatu po3poOieHy METOAMKY aHaji3y MPOMO3MLill Y9aCHUKIB KOMaHAH I0J0 YHHUKHCHHIO ab0 BUpI-
IIEHHIO KOH(IIKTHUX CUTYaIlilf Ha eTalli CIpanbOBYBaHHS KOMaH/II

Metona. Po3pobiennii meron 6azyerbest Ha Teopil MaTpu4HUX irop. KoHQUIIKTH MiJK OKpEeMHMH 4IeHAaMH KOMaHIHW B OCHOBHOMY
BHHHKAIOTh Ha eTami GopMyBaHHs KoMaHIH. J[isl KepiBHUKA MPOEKTY BaXKIMBO BYACHO BUSIBUTH KOH(IIIKTHY CHTyawLilo i 3HAHUTH 3
Hel BUXif, 11100 3aJOBOJEHUTH 000X WICHIB KOMaHAM 1 0e3 KoM st KoMaHIHoT po6oTyu B wiomy. KoManna, cTBopeHa Juis peati-
3anii IT-npoeKTy, 4acTo CTUKAETHCS 3 CUTYAIII€I0, KOJIH JBOE 1i yYaCHHKIB MArOTh pi3He GayeHHs MiAXO/IB 10 CTBOPEHHS KiHIIEBOTO
npoaykty. [Ipu bOMy KOXEH 3 HUX Ma€ BEIUKHIA JOCBIA PO3pOOKH MOAIOHUX MPOTrPaMHUX MPOAYKTIB 200 CEPBICIB pi3HUMH KOMaH-
namu. [ eeKTHBHOTO BHUPILICHHS 3a3HAYCHOI CUTYallii MH POIIOHYEMO BUKOPHCTOBYBATH ITiIXOIH, XapaKTEPHi I OIMaTPpUIHIX
irop, KOJIM KOXKEH 13 IUX YYaCHHUKIB KOMaH/AN PO3TIISAAEThCS K TpaBelb. [Ipu IboMy BpaxoBY€eThCS TOH (akT, M0 B OCHOBI Oimar-
pHUHOT Teopil irop JIeXHUTh KOHQIIIKT ABOX IPaBIiB, IHTEPECH SIKUX IMPOTHIEKH] — aHTarOHICTHYHA I'pa 3 HyJIHOBOIO CyMOIO SIKpa3 i €
OCHOBOIO PO3POOJICHOTO MiXOTY.

Pe3yabTaTH. 3anponioHOBaHA METOJMKA aHANI3y NMPOIO3HIIH yYaCHUKIB KOMaH/M CIIPHsE YHUKHEHHIO a00 BUPIIICHHIO KOH)III-
KTHUX CUTYyalliii Ha eTami 1X OimbII TicHOT B3aemomii. [l e(eKTUBHOTO BUPINICHHS 3a3HAYEHOI CUTYyAIlil MU MPOMOHYEMO BUKOPHC-
TOBYBATH MiJIXOIH, XapaKTepHi sl OIMATPHYHUX irop, KOJNK KOXEH i3 IMX YYacHHKIB KOMaHIU PO3MILIIAETHCS SIK TpaBelb. [lpu
LIOMY BPaxOBYETHCsI TOM (akT, 1110 B OCHOBI OiMaTPUYHOI TEOPii irop JexuTh KOHQIIIKT BOX I'PABLIB, IHTEPECH SIKUX HPOTHIICKHI —
AQHTaroHiCTUYHA Ipa 3 HyJbOBOK CYMOIO € caMe TaKHM EJIIEMEHTOM, SKHH 1 € OCHOBOIO pO3pOOJICHOTO MiAXOY.

BucnoBku. HaBeneHuii po3paxyHOK MOJIENBHOTO NPUKIIALY IOKa3ye, [0 BUKOPHCTAHHS 3alPONIOHOBAHOIO METOAY J03BOJISIE
KEpiBHUKY NPOEKTY HaJaBaTH OOIPYHTOBaHy IepeBary iHIIOMY YICHY KOMaH[H, OCKIIBKH OYiKyBaHMIl cepelHiil BHrpall LbOro
rpaBIsl € OUTBIINM, HDX HEpIIOro TPaBIil. Y IIbOMY BHUIIAQJKY MEHEKEP Ma€ MOXKIMBICTH MOJIEIIOBATH CHTYyawii Ul TpaBIiB (JuIst
KOMaH[IM) 1 OIIepaTHBHO pearyBaTH Ha WMOBIpPHI BIIXWJIEHHs CTpaTeriil iX IMOBEMIiHKH BiJ] ONTUMAIBHHX, HaJaroJUKyBaTH 310POBi
CTOCYHKHM MDK WICHaMH KOMaH/M 1 BUOUpATH HaWKpallli POIO3ULIT 010 BUPILICHHS 3aBJIaHb IIPOCKTY.

KJUIFOYOBI CJIOBA: 6imarpuuHi irpu, Teopii MaTpu4YHUX irop, ynpasiinss [T npoektamu, popMyBaHHI KOMaH/IH.
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ABSTRACT

Context. In this article, a generalized parametric identification procedure for linear nonstationary systems is proposed, which
uses spline functions and orthogonal expansion in a series according to the Walsh function system, which makes it possible to find
estimates of the desired parameters by minimizing the integral quadratic criterion of discrepancy based on solving a system of linear
algebraic equations for a wide class of linear dynamical systems. The accuracy of parameter estimation is ensured by constructing a
spline with a given accuracy and choosing the number of terms of the Walsh series expansion when solving systems of linear alge-
braic equations by the A. N. Tikhonov regularization method. To improve the accuracy of the assessment, an algorithm for adaptive
partitioning of the observation interval is proposed. The partitioning criterion is the weighted square of the discrepancy between the
state variables of the control object and the state variables of the model. The choice of the number of terms of the expansion into the
Walsh series is carried out on the basis of adaptive approximation of non-stationary parameters in the observation interval, based on
the specified accuracy of their estimates. The quality of the management of objects with variable parameters is largely determined by
the accuracy of the evaluation of their parameters. Hence, obtaining reliable information about the actual nature of parameter changes
is undoubtedly an urgent task.

Obijective. Improving the accuracy of parameter estimation of a wide class of linear dynamical systems through the joint use of
spline functions and Walsh functions.

Method. A generalized parametric identification procedure for a wide class of linear dynamical systems is proposed. The choice
of the number of terms of the expansion into the Walsh series is made on the basis of the proposed algorithm for adaptive partitioning
of the observation interval.

Results. The results of modeling of specific linear non-stationary systems confirm the effectiveness of using the proposed ap-
proaches to estimating non-stationary parameters.

Conclusions. The joint use of spline functions and Walsh functions makes it possible, based on the proposed generalized para-
metric identification procedure, to obtain analytically estimated parameters, which is very convenient for subsequent use in the syn-
thesis of optimal controls of real technical objects. This procedure is applicable to a wide class of linear dynamical systems with con-
centrated and distributed parameters.

KEYWORDS: linear non-stationary systems, spline functions, Walsh functions, operating matrix, Tikhonov regularization
method, piecewise constant approximation.

NOMENCLATURE —(i) : .
- ) g, - vector of estimates of all unknown parameters;
F(t) — state vector; _
%(t) — derivative of state vector; Q(El(') ) — an integral quadratic discrepancy criterion;
u(t) - control vector; d @ c - bitwise addition modulo 2.

A(t) — matrix parameters aij(t);

B(t) — matrix parameters by(t); INTRODUCTION

& (t) — estimates of unknown parameters a; (t); It is known that all real control objects are nonlinear
and non-stationary to one degree or another. The analysis

b (t) — estimates of unknown parameters by (t) ; and synthesis of control systems for such objects is a

S, (r) —vector of spline functions of the state vector; complex mathematical problem, the solution of which has
_ ) ) so far been obtained for some special cases [1-4]. How-
Sy (7) — vector of spline functions of the vector of ever, most control objects make it possible to accept a
controls; non-stationary and linearized system of equations as a
<7;>— discrete grid with increments Ay ; mathematical model and apply the developed mathemati-

cal apparatus for solving linear non-stationary differential
. . . . equa synthesis of optimal equation systems for such ob-
Rxn) — operational integration matrix; jects remains a difficult task due to the non-stationarity of
the parameters. Often this problem is complicated by the
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fact that the parameters of dynamic models of control
objects are unknown in advance and their preliminary
assessment is required. In this regard, the subject area of
research in this article is limited to the class of continuous
linear non-stationary systems with monotonic and sign-
constant parameters that describe a significant number of
control objects.

The object of research is the identification of pa-
rameters of a wide class of linear dynamical systems and
its implementation for systems with non-stationary pa-
rameters.

The subject of the research is a generalized algo-
rithm for parametric identification of the parameters of
linear dynamic systems, in this case, systems with non-
stationary parameters.

The aim of the research is to develop an efficient al-
gorithm for the parametric identification of linear dy-
namic systems based on the combined use of spline func-
tions and Walsh functions.

1 PROBLEM STATEMENT
The task of parametric identification in this case is as
follows. For a model of a linear dynamical system de-
scribed by a system of differential equations of the form

X(t) = ADX() + BOT(O).t € to, Ty }X(t) =x@, @)

where A(t) = {a,-j (t)}, B(t) = {b,k(t)}, — matrices of size X
and nxm, respectively, whose elements are sign-constant

signla; (t) | = const, signlby (t)] = const, )
monotonous
sign|day (t)/ dt|= const, sign[dly (t)/dt]=const  (3)

functions that have continuous first derivatives and
bounded domains of definition on a time interval[ty,T; ],

it is necessary to evaluate unknown

ters ay; (T,), by (T)).
The parameters will be evaluated based on minimizing
the square of the discrepancy

parame-

to+Ts
| = min{ [ [x@®)-Amx®) - B(t)U(t)]zdt} 4)
to

2 REVIEW OF THE LITERATURE
Currently, there are many methods for evaluating the
parameters of control objects, which can be divided into
two large classes: adaptive and non-adaptive [10-12].
When considering linear objects, the mathematical de-
scription of which is given in the state space, and the co-
efficients of differential equations provide complete in-

formation about the dynamic properties, estimates of un-
© Stenin O. A., Drozdovych I. G., Soldatova M. O., 2023
DOI 10.15588/1607-3274-2023-2-17

known parameters can be obtained by both adaptive and
non-adaptive methods. At the design stage, non-adaptive
identification methods are usually used, which, although
they require a large amount of calculations, also allow
obtaining more accurate values of the estimated parame-
ters over the entire observation interval. To obtain esti-
mates of the variable coefficients of differential equations,
various direct methods are used, among which the follow-
ing methods have become most popular: least squares and
its various variants, differential approximation, stochastic
approximation, sequential integration, etc. [13-16]. Each
of them has its advantages and disadvantages, but all of
them are applicable if the assumption of quasi-stationarity
of changing the parameters of the control object is ac-
cepted. In the case of non-stationarity of the parameters of
the control object, orthogonal functions have found great
practical application. Traditionally, approximation by
finite sums of orthogonal functions has been used to
evaluate such dynamic characteristics of objects as a tran-
sient function or an impulse transient function [17, 18]. In
recent years, many papers have appeared on the use of
orthogonal systems of functions for estimating the pa-
rameters of a mathematical model given by differential
equations, both for stationary linear objects with distrib-
uted parameters and for linear non-stationary objects with
concentrated parameters, and differing from each other
mainly by the choice of one or another system of or-
thonormal functions. Here the basic approach is as fol-
lows: the initial model, represented by ordinary differen-
tial equations for concentrated systems or partial differen-
tial equations for distributed systems, is transformed into
integral equations: all known and unknown functions are
decomposed into finite series according to the selected
orthogonal functions and then substituted into the trans-
formed model; the so-called operational matrix [19, 20] is
introduced to integrate the selected system of functions,
which allows further obtaining an identification algorithm
in the form of algebraic equations. A great interest in the
theory of estimation has also arisen due to a significant
change in the possibilities of applying the theory of esti-
mation associated with the enormous capabilities of mod-
ern computers. Taking into account the last remark, the
use of the apparatus of orthogonal Walsh basis functions
is of undoubted interest for identification [20-22]. Firstly,
this is due to the fact that Walsh functions take values
only £1 and represent an apparatus closely related to bi-
nary decomposition. And, since the decomposition of
variables according to the Walsh function system requires
their analytical representation, the paper uses the mathe-
matical apparatus of polynomial approximation in the
form of spline functions, in particular, cubic splines [23].
It is obvious that the use of functional (4) in paramet-
ric identification problems presupposes the presence of a
well-known analytical expression for both the vector of

state variables x(t) and its derivative %(t). The known

difficulties associated with the definition of these expres-
sions are proposed in this article to overcome using the
mathematical apparatus of spline functions [23]. The

OPEN a ACCESS m

167



p-ISSN 1607-3274 PanioenextpoHnika, indpopmaTrka, ynpasminss. 2023. Ne 2
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2023. Ne 2

question of the possibility of decomposing functions into
a series according to the Walsh function system boils
down to finding out the possibility of approximating this
function by a piecewise constant function.

3 MATERIALS AND METHODS

Since the observation intervals differ in duration, it is
advisable to bring them to a normalized interval [0,1]. To
do this, it is necessary to introduce a dimensionless time
T :%, equal to and leading the control interval to the

‘-
normalized interval [0,1].

In addition, to obtain analytical expressions of state
variables taken at discrete time points, provided that the
state vector is fully measurable and meets conditions (2)
and (3), as mentioned earlier, it is advisable to use cubic
splines. Considering the above, the following parametric
identification procedure based on spline functions and
Walsh functions is proposed:

Step 1. On the normalized interval, set a grid with a

step<z; > (i :(),_N;tN =1) . Determine the values of the
state X(z;)and control U(z;) vectors.

Step 2. On the selected grid perform interpolation, ob-
tain an analytical expression for evaluating the vector
function of the state and control, respectively, in the form

of cubic splines S,(z) and Su(2).

Step 3. For the found functions S,(z) and S,(z) for n

unknown, time-normalized parameters of the system (1),
we apply the orthogonal expansion into the Walsh series.
Step 4. Normalize the initial system (1) in time and bring
it to an integral form.

Stage 5. Using the properties of Walsh functions, we
replace the Walsh functions in the transformed form with
a square integration matrix of the form Py of dimen-
sion N = 2" [20]. The essence of this property is that the
integral of the Walsh function remains in the class of the
Walsh function system, i.e.

Py (X)dX = Piyxny@n (X)

O = X<

where g (x) ={@(X)..(X)} — @ vector whose components

are Walsh functions.

By reducing the left and right sides of the resulting
equation by the vector of the selected system of Walsh
functions, we obtain a system of algebraic equations.

Step 6. We solve the resulting algebraic system of
equations with respect to unknown parameters repre-
sented by a set of coefficients of the interval [0,1], recal-
culating the model parameters found accordingly.

The procedure proposed above for parametric identifi-
cation of a linear non-stationary system of the form (1)
uses spline interpolation and orthogonal decomposition of
functions into a Walsh series and allows us to obtain es-
timates of non-stationary parameters in the form of ap-
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proximations by Walsh series. Let us show a practical
implementation of this parametric identification proce-
dure for system (1).

The state vector (t) is defined on the interval [0,1] by

its values x W =X(t) in a finite number of points
t; e[to,Tf ](i =0,N). As before, to obtain an analytical
expression for X(t) and X(t), we use cubic spline func-
tions S (t) , making the transition from X ()G :O,_N) to
S_(t),te[to,Tf].

U (),Si(t),5(t)  and

éij(t),t;ik(t)(i,j:1,_n),(k:1,_m) of unknown parameters

Functions estimate

a;j (t), by (t) of matrices A(t), B(t) , assuming their inte-
grability on a segment [tO,TfJ, can be approximated by
decomposition into a Walsh series of the following form:

R-1
u ) ~ YuMe 1) =a Tz (1),
r=0

R-1 . VT —
Si(t) ~ gosﬁ%ar ©=5""2: 1),

) S o
Si(t) ~ Z%)S @ (1) =5"" r (1), )
=
i —(i)T
a; (t) = Rzlapj)(or t=a ’ Pr (1),
. r=0
-~ R-1 . —(ik)T —
bi® = Yoo 1) =b" o)
r=0

_T R .
where @g (t) = {2 (0),.... 0 (t),... 05 4 (t)}  — R-dimensio-
nal vector of Walsh functions.

Here:

—(k)T k k k

u :{u(g ),,u|§ ),,U(R,)]_},
(
0

sV _fs,. 5™, 50} _
ST _ *a),__,g(n,___,gu)}

R-dimensional vectors of constant Fourier coefficients of
the Walsh series of functions u,(t),S;(t),S;(t), respec-
tively, whose elements are defined as

Tf . Ty
ul =1/(T¢ ~to) [ u O, M)t s& =1/(T; —to) [S; (), (),
t0 to

T

O =1U(T¢ —t5) | S, (H)dt(r=0,R-1);
to
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. j j Y T _ _ _
2Vl a®, _a® |5 Z o p®  p]

R-dimensional vectors of unknown constant coefficients
of the Walsh series of estimated parameter functions

a; (1), by ()
Then, given the ratio (5), the model of the system (1)
will have the form

- G SO T

The vector of the desired parameters a(')(izl,_n)

equations (6) can be written as a vector of estimates of the
constant coefficients of the Walsh series

5(‘”:{éé”),...,égi’l,...,éé‘“,...,éE‘”,...,éSP ] aé'”) é(m) (7)
B, B, B, 5890 BGK),.. ™. }
and the integral quadratic discrepancy criterion of the
form (4) of the model (6) , taking into account (7), is rep-

resented as

a@”) - {|s7 - Z 2" gp)

f

2
s &R)—Z(B“k”&R)x(ﬁ““ErR)} di=in)  (8)
k=1

The number of identifiable model parameters (6) is
equalto nx (n+m)xR .

It is obvious that the task of parametric identification
is to find estimates 6(') @i =]71) that provide a minimum
of the functional (8). Using the necessary conditions for
the minimum of criterion (8) for the desired parameters

Qi (g") /08 =o,
oQ(g") 16" =0, :
(z=1n),(t=1m),(p=0,R-1),(i=1,n)

we obtain a system of equations

Ty —()T—
f{(mw Z(a(" 7)) - Z O™ )" rﬂR)}[-‘/’p(S( ﬁ%)}dlzoi

to

) [ sy Z(a(” o)

t

2 T — ~ (T — —(OT —
kZ(b('k)T(/)p)(U «)R)H—fpp(s pe) =0
=1 1

which we will write in a form convenient for the follow-
ing transformations, namely:
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| {(Za“”(pr)(q)p)@s, o }dw

j=ltyL r=0

+ g: J.HRZ:lBr Pr ]( p{%lUSk)Wr j(%lslw(/’r J}dt =
k =t r=0 r=0

TR

= Hz sV0, j( {Zs%}rﬂdt(z—ln)(p 0,R-1);

r=0 r=0

T S

=Tf{[R§s: (p]( {zur q),ﬂdt(t=1,m),(p=aT—1),(i=ﬁ).

Taking into account the multiplicativity property of
the Walsh function system, after a series of transforma-
tions, we obtain at a given interval, equations (9) in the
form

3 {[ 5000 j(z (g, Hdwz f bi('k)""@”ﬂ

j=1t, k=1t
xzh(mcoq)]dtf J ¢ ; sr¢,@p)(2s%,)]dt(z Ln).(p=0.R-1);

> I [(Za(’)wr@p)(z wiVg, )t + 5 I [(Zb(k)(pr@p)x

j=lt, r=0 k=lt, r=0

x Zv(“)w,,)]dt— j[( z srwr@pxzw‘)wr)ldt(t:Tm),(p:o,R—l),(i =1n),

r=0

where d @ ¢ — bitwise addition modulo 2;

(kZ)T

T (i) (i) (i} (i)
={100,., 110 10y Jhiy,

W Wi o iy kT
=, ,...,Wé,l},v

{0
vy

_ gy (kt) (kt)

={v, oo Vi yee VRO F—

R-dimensional vectors whose elements are composed of the
sum of products of known Fourier coefficients S,(j)and
s@, u®and  S@ s and  u® u®  and
uﬁt) (r=O,R——1) of the orthogonal expansion into the
Walsh series of splines and control functions S (t) and
S,(t), uc(t) and S,(t), S;(t)and u(t), uc(t) and

U (t), respectively, determined from the following rela-
tions:
100 = ZOS(J) s, (10)
r
k k
h{ = zu“ s, (11)
jt t
Wl = Tsul) | (12)

r=0

OPEN a ACCESS m

169



p-ISSN 1607-3274 PanioenextpoHnika, indpopmaTrka, ynpasminss. 2023. Ne 2
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2023. Ne 2

R-1 -
k k
vé = Zs)uﬁ )u%rl,(rl =0,R-1).
r=

(13)

or

S ECE P [ g, d))+
i o

ron

Y6 N [ gy, t)) =
k t

ron

NORSIN o -
=206 s I Prop?, ) (z=1n),(p=0,R-1);
f

o

S @ W [ gop0,d) +
j t

ron

Y6 [ g, p,6)) =
K t

ron

NOR o L o
=Y (s U [ pope,dt) (t=1m),(p=0,R-1),(i=Ln).
fo

ron

Due to the orthogonality property of the system of
Walsh functions on a given interval, the latter system of
equations is transformed into (n+m)x R a system of lin-

ear algebraic equations to obtain an estimate of the vector

of parameters E(i) (i=1,n) (7) of the form
SEA )+ SRS -

o)) . .
=35 8B,(z=1n),(p=0,R-1);
r

i) (i i (14)
S (Za W) + X (X =
]r r
o) o
=Y s ufdpt=1m),(p=0,R-).
.
Equations (14) can be written as
chg® _gq®. (15)

Here C® is a size (n+m)Rx(n+m)R matrix having
a block structure

Fn(li?)an Hr(li?)me
ch _ '

Widaor © Viar

mRxnR

the elements of which are defined as follows:
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T A
ol e el e
Tg;) e ) i
F0) f(pi) HO =7 H.(’JZ) wo = W(;) AVAO Qé;)
f<R;_>1 h :‘Rzll V;gll vﬁh
7 R w’ ||
f(R;)1 _h:(R"_)l_ _W:(Rm’l_ _vé{“i_

where

- Y g @i =1n),(r =0 R-D-1x1R - di-
mensional vector whose elements are determined from the
relations (10);

— B =Yk =L1n),(r =O,R—-D-1xnR - di-
mensional vector whose elements are determined from the
relations (11);

= wy ={w 3G =1n),(r=0,R-D-1xnR - di-
mensional vector whose elements are determined from the
relations (12);

-V = Yk =1m),(r=0,R-D-1xmR - di-

mensional vector whose elements are determined from the
relations (13);

SOT i i i i i i
R T O I O ORI TG

el ,...el..ef0,.el0 el ... e{M}-

= d" —gd®, L dD dD L dD 3 (e mR— di-
mensional vector of free terms of equation (15), whose
elements are determined from the relations

(i2) R-1e(i) @)
qp =Zsr Sr@p(p=O,R—1),(Z=1,n), (16)
r=0
i _ S0 o SE T T
Up’ =28 Ugp(p=0,R-1),(t=1m) 17)
r=0

To ensure the required accuracy of parameter estima-
tion, it is necessary to solve the problem of optimal choice
of the number of terms of the Walsh series expansion. To
solve this problem, an algorithm for adaptive partitioning
of the observation interval based on piecewise constant

approximation is proposed below.
OPEN a#CCESS m
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Thus, the desired unknown coefficients of equation
(15) are determined from relations (10)—(14), (16), (17).
The algorithm is constructed as follows:

Step 1. We accept I=1. An estimate §|(I) is obtained in
the interval [t,t01], where tOF =t® 45,6 >0

according to the generalized parametric identification
algorithm given above.

Step 2. In the interval [tOF tW7],  where

t8 =t®" 47,6, according to the equations of state of

the model (1) with estimates E,(i) , the state of the model

X" (t) is  calculated, while  we  assume
SRR ERAURY)

Step 3. In the neighborhood
[t =5t <t —tOH) of the interval

. . P
O £0)], the functional 1 =1/P zl(xi (tp) =X (t,))°
p:

is considered.
If | > ¢then the parameter 7, is reduced, the parame-

ter 7, = uny (0 < <1, =const) is entered and the tran-

sition to step 2 occurs. If after m steps 7, = #"n =0,
then the transition to step 4.
Otherwise, when | <¢. the interval [t ,t1)] s

formed, where the estimate g, [t ,t®)] is taken and
the transition to step 2. Otherwise, go to step 4.

Step 4. In the intervalt?”),t!}] the estimate
g,(')(i =1,n) is taken.

Step 5. We assume | =1+1 and make the transition
to step 1. The algorithm provides for viewing the entire
observation interval.

The algorithm continues until the entire observation
interval has been viewed. The smallest segment of the
piecewise constant approximation determines the number
of terms in the expansion in the Walsh series for a given
accuracy €. The block diagram of the adaptive algorithm
for sampling the observation interval is shown in Fig. 1.

The smallest segment of the piecewise constant ap-
proximation determines the number of terms in the expan-
sion in the Walsh series for a given accuracy e.

As noted earlier, the system of equations (15) is a sys-
tem with approximately given initial data, the error of
which depends on the error of approximation of the state
of the system (1) by splines, the choice of the number of
terms of the expansion of functions into a Walsh series,
computational errors. To solve the system (15), the regu-
larization method of A. N. Tikhonov is used [24-26].
Thus, the algorithm for estimating the parameters of a
linear non-stationary system (1) is reduced to solving n
systems of linear algebraic equations of the form (15).

© Stenin O. A., Drozdovych I. G., Soldatova M. O., 2023
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Figure 1 — Block-diagram of the algorithm for adaptive parti-
tioning of the observation interval

4 EXPERIMENTS
As an example of the practical implementation of a
generalized parametric identification algorithm, consider
the problem of parametric identification of a non-
stationary object of the second order

a(t) = a, ()%, 1),
X2 (t) = b, (t)u(t),t € [01],
X, (0) =5,%,(0) =3,u(t) =-1.

The exact values of the estimated parameters are de-
scribed by the following functions:

ay, (t) =exp(-0,5t),b, (t) =1,5exp(-0,3t).

As an example of the practical implementation of the
algorithm for adaptive partitioning of the observation in-
terval, consider the problem of identifying a non-
stationary object of the second order

1(t) = ag, (0%, (1),

X, (t) = b, (H)u(t),t € [0,100].
We accept the following values
X (0) =30, x,(0) =50,b, (t) =L u(t) =-1.
The exact value of the estimated parameter
ay, (t) =0,000012t* —0,0014t2 + 0,033t + 2.

The parameters of the time interval partitioning algo-
rithms were set as follows:

of variable

L=10;P=5:6"=10, =1forall I;n,=10;6=0,2;4=0,5.

5 RESULTS
The results of parameter estimation &y, (t),b,(t) are

shown in Fig. 2 and Fig. 3, respectively, where the fol-
lowing designations are accepted: solid curve — exact

value a,(t),b,(t), respectively; black dots indicate the

values of the estimates 4;, (t),ﬁ2 (t) , respectively, using 8

Walsh functions; white — 4 Walsh functions.
OPEN 8#CCESS m
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The estimation results for fixed and adaptive partition-
ing of the observation interval are shown in Fig. 4, where

curve 1 is the exact value of a;,(t); curve 2 is the esti-
mate &;,(t) for a fixed partition; curve 3 is the estimate

a;,(t) for adaptive partitioning. The parameter estimation
accuracy is characterized by the value

M M
6% = 2 [ () Xla t)]
a5, 512 A
094

0.8+

074

061
z

Y8 14 3/8 12 58 34 7/8 1 t
Figure 2 — Parameter Estimation a;» (t)

0.90 ¢+

\\

178 14 3/8 1/2 518 34 7/8 1 t
Figure 3 — Parameter Estimation b, (t)

a |

N =
s AWJL
~
/

4 10 20 30 4C 50 60 70 80 90 10C t
Figure 4 — Plots of piecewise constant approximation
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6 DISCUSSION

From the above graphs Fig. 2 and Fig. 3, it follows
that with an increase in the number of Walsh functions,
the accuracy of parameter estimation increases, to ensure
which the required number of expansions in a Walsh se-
ries which is determined based on the algorithm for adap-
tive partitioning of the observation interval.

Comparison of the estimates obtained with a fixed and
adaptive partitioning (Fig.4) of the time interval for the
considered example allows us to conclude that the accu-
racy of the parameter estimate can be significantly im-
proved when using an algorithm with an adaptive choice
of the interval by choosing the number of expansion terms
in the Walsh series, based on the smallest segment of the
piecewise constant approximation of a non-stationary
parameter. Determination of non-stationary parameters of
linear dynamic systems in analytical form in the form of
Walsh series allows solving problems of analysis and
synthesis of optimal control systems [27]. When optimiz-
ing systems with a priori unknown non-stationary pa-
rameters, it is advisable to use this adaptive algorithm for
partitioning the observation interval in combination with
the well-known method MPC (model predictive control).

7 CONCLUSION

A generalized procedure for determining a wide class
of linear systems is proposed. Exact estimation of the
parameters controlled by the collection of a spline with a
given frequency and the choice of the number of expan-
sion terms in the Walsh series, when referring to the sys-
tem linear algebraic regularity rules A. N. Tikhonov. In
connection with the need for a regularity in the division of
the observation interval. The splitting criterion is the
weighted square of the residual between object control
state variables and model state variables. The choice of
the number of expansion terms in the Walsh series was
carried out on the basis of a responsible approximation of
non-stationary parameters in the observation interval,
based on the given value of their estimates. The results of
modeling models of linear non-stationary systems for the
efficiency of using the proposed approaches to estimating
non-stationary parameters are presented. The joint use of
spline functions and Walsh functions allows, on the basis
of the proposed generalized procedure, to obtain the pa-
rameter of determining the estimated parameters in an
analytical form, which is very convenient for use in the
synthesis of optimal controls for real technical objects.
This procedure is applicable to the distributed class of
linear distributions of systems with lumped and distrib-
uted parameters. For systems with distributed parameters,
spline interpolation is carried out by a two-dimensional
spline and, accordingly, a double Walsh series is used for
orthogonal decomposition of the population and unknown
functions.
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YJIK 004.93

3ACTOCYBAHHS CIUTAMH-®YHKIINA TA ®YHKIIIA YOJIIIA B 3ATAYAX ITAPAMETPHYHOT
ITEHTU®IKALIT JIIHIMHUX HECTAIIIOHAPHUX CUCTEM

Crenin O. A. — ipodecop kadenpu TexHiuHOiI kidepHeTuK HTYY «KueBcpkuii momitexHiyHuid iHCTUTYT iMeHi [rops Cikopcs-
koro», KuiB, Ykpaina.

Jpo3nosuu I. T'. — crapmmii HaykoBHil CHIBPOOITHHK BiIALTY NMPUPOIHIX pecypciB IHCTHTYT TeleKoMyHIKalii 1 rrodaasHOro
iHdopmariitHoro npoctopy HAH Vkpainu, Kuis, Ykpaina.

CoagatoBa M. O. — noneHT Kadepu aBTOMAaTH3UPOBAHHBIX cUCTeM 00paboTkn nHpopManmu 1 ynpasiaerus HTYY «Kuescs-
KHH NONITeXHIYHUH IHCTHTYT iMeHi [ropst Cikopcbkoro», Kuis, Ykpaina

AHOTAIIA

AKTyaJbHiCTh. Y CTaTTi 3alIPOIIOHOBAHO y3aralbHEeHy MPOLEeNypy MapaMeTpUyIHOi ineHTr}iKaLiil TiHIHHUX HecTalllOHAPHUX CH-
CTEM, SIKa BUKOPHUCTOBYE CIUIAH-(QYHKI] Ta OPTOrOHANBHE PO3KJIAJAAaHHS B PAA 32 CUCTeMOI0 (QyHKIIN Youlma, Mo 103BOJIsIE 3HaX0-
JUTH ONIHKM IIyKaHMX MapaMeTpiB MNIIIXOM MiHiMi3amii IHTErpanbHOTO KBAaApPAaTHYHOTO KPHUTEPil0o HEe30DKHOCTI Ha OCHOBI
PO3B’sI3aHHS CUCTEMH JTiHIIHUX anreOpaidHuX piBHSAHB IUIS IIUPOKOTO KIACy JIHIHUX IMHAMIYHUX CHCTeM. TOYHICTH OIIHIOBAaHHS
napaMeTpiB 3abe3nedyeTbesi HOOYJOBOIO CIUIaliHa i3 3aJaHOI0 TOYHICTIO Ta BUHOOPOM KiJIBKOCTI WIEHIB PO3KJIaLy B psii Youma npu
PO3B’s3aHHI CHCTEM JIIHIHHHUX anreOpaidHuX piBHSIHB MeTonoM peryisipusanii A. H. Tuxonosa. 1 miBHUINEHHS TOYHOCTI OIL[IHKA
3alPOIIOHOBAHO AJITOPHTM aIaNTUBHOTO PO3OUTTS iHTEpBaly crocTepexeHHs. KpuTtepiem po30UTTs € 3BakeHHI KBaapat po30iKHO-
CTi MK 3MIHHHMH CcTaHy 00’€KTa KepyBaHHsS Ta 3MIHHHMH CTaHy MoJieii. BUOip KinbKOCTI WwieHiB po3kiany B psia Youiua 3aiicHIo-
€ThCs Ha OCHOBI aIalTHBHOI alipOKCUMAIlii HECTAIllOHAPHUX MAapaMeTPiB Ha IHTEPBai CHOCTEPEKEHHS, BUXOASYH i3 3aaHO1 TOYHOC-
Ti iX OIiHOK. SIKiCTh ympaBiiHHS 00’€KTaMH 31 3MIHHUMH MapaMeTpaMy 3HAYHOKO MipOI0 BH3HAYA€THCS TOYHICTIO OLIHIOBAHHS iX
napaMeTpiB. ToMy oTpuMaHHS ZOCTOBipHOI iH(popMamii Ipo AiCHUHA XapakTep 3MiHH IapaMeTpiB €, Oe3MepPedHO, aKTyanbHOIO 3a/a-
qero.

Merta. [TinBUIIEHHS TOYHOCTI OLIHIOBAHHS MapaMeTPiB ITHPOKOTO KJAcy JIHIHHUX JUHAMIYHAX CHCTEM LIISIXOM CIIUIBHOTO BH-
KOpHCTaHHs CIUTalH-(QyHKIIH Ta GyHKUil Yomma.

Metopa. 3amnponoHOBaHO y3arajibHEHY MPOLEAYPY MapaMeTpHyHol ineHTH(iKalil MUPOKOro Kiacy JiHIHHUX TUHAMIYHUX CHC-
TeM. Bubip KimbKOCTI WieHiB po3kiiaay B psia Youla 3IiiiCHIOETCS. HA OCHOBI 3aIIPOTIOHOBAHOTO AJITOPUTMY aJallTUBHOTO PO30UTTS
iHTEepBaly CIIOCTEPEKEHHS.

PesyabTaTn. Pesynprati MomenoBaHH KOHKPETHHX JIHIHHIX HECTAlIOHAPHUX CHCTEM IMiATBEPUKYIOTh €(EKTUBHICTD BUKOPH-
CTaHHS 3aIIPOIIOHOBAHMX MiIXO/IB 0 OLIHIOBAaHHS HECTAIlIOHAPHHUX MapaMeTpiB.

BucnoBknu. CrinbHe BUKOPHUCTAHHS CIDIAHH-QYHKIIN Ta ¢yHKHiH Yoima no3BOIsSE Ha OCHOBI 3alPONOHOBAHOI y3araIbHEHOL
MIPOLeypH MapaMeTPUIHOI iTeHTU(IKAIl OTPIMATH OLIHKY MapaMeTpiB B aHATITUIHOMY BHTJIAI, IO € JyXe 3pyYHHM IS 1Toa-
JBIIOTO BUKOPUCTAHHS IIPH CHHTE31 ONITUMAJIBHUX CHCTEM YIPaBIiHHS peabHUMHU 00’ ektamu. [laHa mmpolexypa 3aCTOCOBHA 0 IIIH-
POKOTO KJIacy JIIHIHHUX AMHAMIYHHUX CHCTEM 3 30CEPEKEHIMH Ta PO3MOIIICHUMH MapaMeTpaMu.

KJUIFOYOBI CJIOBA: niniiiHi HecTanioHapHi cuctemMy, cruiaiH-QyHkuii, GyHkiii Yomia, onepariiHa MaTpuis, METOJ pery-
nsipu3anii THXOHOBA, KyCKOBO-CTajIa alpoOKCUMAILisL.
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