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ABSTRACT

Context. The mass spread of Wi-Fi networks is facilitated by the simplicity of their deployment, high speed, universality, and
convenience of use. The development and dissemination of these networks continue despite a number of shortcomings. One of the
shortcomings is their vulnerability to various types of attacks, including those based on the forgery (imitation) of identification data.
At the same time, there are physical layer characteristics, knowledge of which expands the understanding of the network’s state, can
contribute to increasing the reliability of network subscriber identification, and thus prevent a number of attacks. This research is
aimed at the theoretical and practical substantiation of the possibility of their application.

Obijective. The aim of the study is to assess the application of detailed analysis of signal spectra emitted by devices connected to
wireless Wi-Fi networks for their identification. To achieve this goal, it is necessary to analyze the experimentally measured spectra
of wireless devices connected to the Wi-Fi network and evaluate the possibility of using the spectrum for the identification of mobile
devices.

Method. This work proposes a method for processing the results of measuring the spectra of Wi-Fi device emissions by evaluat-
ing the asymmetry coefficient of the Wi-Fi device spectrum’s cross-correlation function. Mathematical modeling was used to assess
the effectiveness of the method.

Results. The research results show that the minimum value of the asymmetry coefficient when comparing the template with dif-
ferent positions of one’s own device, and large values of the asymmetry coefficient when comparing templates with foreign spectra.
Therefore, this characteristic can also be used for the identification of Wi-Fi devices.

Conclusions. The research results suggest the possibility of applying the proposed method for the identification of mobile de-
vices, which will qualitatively complement existing security models with another feature for detecting unauthorized access.

KEYWORDS: security, Wi-Fi, identification, spectrum, asymmetry coefficient, mobile device.

ABBREVIATIONS i is a spectral component number;
A is a smartphone Redmi note 4X; j is a difference in spectral components;
ACF is an autocorrelation function; K is a number of mobile users;
B is a smartphone Redmi note 4X, similar to “A”, but ms is a central empirical moment of the third order;
the second copy; N is a number of spectral components;
C is a smartphone MeizuM5 Note; P () is a power of each spectral component;
CCEF is a cross-correlation function; Po(f) is a power of each spectral component of the
D is a smartphone Honor 09 Lite; connecting subscriber;
E is a smartphone MeizuM6 Note; P ,(fivj) is a power of each spectral component dis-
IDS is an intrusion Detection System; placed spectral components;
10T is an Internet of Things; S(t) is a harmonic signal;
MSD is a mean squared deviation; S(t-1) is a harmonic signal is shifted in time;
OSl is a open system interconnection; o is a mean squared deviation;
Wi-Fi is a wireless fidelity; A is a spectrum width at the level of 0.5.
WPA is a Wi-Fi Protected Access. INTRODUCTION
NOMENCLATURE The rapid development of Wi-Fi networks covers all
A is a coefficient of asymmetry; spheres of human activity. The principle of building wire-
B(t) is a degree of signal difference; less networks carries not only advantages in the form of
B(j) is a correlation function; free movement in the coverage area, sufficient data
B is an average value of the correlation function;
© Antipov I, Vasylenko T., 2024
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transmission speed and low deployment cost, but also a
lot of vulnerabilities and threats.

The main advantage of a Wi-Fi network is the trans-
mission of information over radio waves without using
wires, but at the same time it is the greatest threat to
transmitted information, because controlling information
transmitted through the air is not an easy task. Analysis
of threats and attacks on wireless networks [1, 2] shows
that most often for the removal or modification of infor-
mation transmitted or stored in the network is the use of
foreign equipment, which is very often disguised as net-
work subscribers. In almost every type of attack there is
an element that is disguised as a network subscriber.

To protect wireless networks from attacks, IDS is
used. They are able to detect and prevent attacks by re-
stricting access to the network or changing the configura-
tion of communication equipment. Signs of attacks in
existing IDS are the parameters of network traffic (node
network activity, node network settings, data on files and
processes) that is, the signs of channel, network and
higher levels of the OSI model. This approach is fully
justified in leading or fiber-optic networks, where physi-
cal connection to the network for intruders is difficult, and
therefore the identification of equipment as such is absent
(only user authentication is carried out). However, con-
necting to a Wi-Fi network at the physical level is not a
problem for intruders through a torn radio interface.

Therefore, standard protection measures do not pro-
vide adequate security [3, 4]. According to Kaspersky Lab
[5], any WPA-WPAZ3 encrypted Wi-Fi network is unpro-
tected and can be attacked by reinstalling the key.

Since it is not possible to control the transmission space
of information of a wireless network, then you need to fo-
cus on the control (identification) of users of such net-
works. Each device has its own unique features as a person
fingerprints, retina, stroke or handwriting. The equipment
of the device included in the Wi-Fi (frequency generator,
modulator, radio transmitter, filter, antenna-feeder system)
can have their own characteristics [6, 7, 8, 9].

Given the many shortcomings and vulnerabilities that
allow malicious influences to successfully overcome the
system of information protection, it is important to con-
sider research aimed at comprehensive security, using
additional parameters to detect unauthorized access and
detection of intruders, namely the search for new methods
of comparing spectra, that will allow their use in real pro-
tection systems wireless Wi-Fi networks.

The object of study is the process of recognizing
similar spectra from different mobile devices from each
other. This process is influenced by many factors: techni-
cal features of devices, position, distance, signal level and
many others.

The subject of study is the evaluation of methods of
comparing similar spectra by correlation analysis of the
frequency dependence of the signal amplitude.

The purpose of the work is to recognize and identify
similar spectrums of mobile devices of wireless Wi-Fi

© Antipov I, Vasylenko T., 2024
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networks to increase the security indicators of the net-
work.
1 PROBLEM STATEMENT

For the input parameters, which are: energy spectra
Pu(f) (i=0,1,..., N) (obtained experimentally [10], two
of them are presented in Figure 1) K legal network users,
together with their MAC-addresses stored in the database
in the form of a matrix with dimensions [N’K]; energy
spectrum of signals of subscribers connected P, ,(f;}) and
subject to the identification procedure; the correlation
function B(j), is calculated, which is a function of the dif-
ference in frequency readings j = -N+1... .N-1.

dBm

} ol N e
=70 ; L . |
Prah) e /,_...‘—N’"’r\ F il e X N Yo e
_,'“I L u , - ", .

Flsify -BOE:_.._»-—'\_/,M q\r’w—.‘::

s s 4 2 o 2 a4 s
Figure 1 — Spectra of devices

8 Mhz

The initial data are parameters B(j) such as o, A, A.

The task of the work consists in choosing such a pa-
rameter B(j) (o, A, A) that would allow in the future to
quickly and with minimal error determine whether the
subscriber who joined the wireless network is the one he
claims to be (whose MAC address he uses). For the pos-
sibility of identification, the condition must be fulfilled:
ACF (o, A, A) — min, and for CCF (o, A, A) — max.

2 REVIEW OF THE LITERATURE

The literature review showed that a fairly developed
theory of calculating spectra by incomplete time series,
using various window functions, various methods of aver-
aging and smoothing them. In particular, the methods of
Bartlett, Welch, Blackman-Tewkey, modified periodo-
gramm and others. They can be used to detect weak fre-
quency components in the signal, or bands where its
maximum energy is concentrated, as well as for other
similar tasks.

Many studies are conducted to identify by spectra,
they use a variety of technologies and methods of com-
parison. From the calculation of the average amplitude
value to neural networks [11, 12]. But all of them are
aimed at distinguishing technologies according to fre-
guency and modulation. In our case, we need already
existing spectra, and almost identical ones that work at the
same frequency, use the same modulation, accurately dis-
tinguish as fingerprints in humans.

The biometric identity perspective can be found in
[13, 14].

In [15] the authors conduct research on the passive ra-
diometric identification system of the PARADIS devices.
This system is its own development of authors. The au-
thors claim that PARADIS identifies unauthorized de-
vices by comparing the radiometric signature of the de-
vice with known sanctioned signatures. PARADIS per-
forms identification using two classifiers. One uses the
support vector machine algorithm, while the other uses
the k-nearest neighbor algorithm. Before a new network
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card is allowed to access the network, the administrator
measures and records its radiometric signature. The calcu-
lated signature is sent to the PARADIS server for identifi-
cation. The system then compares the signature obtained
with the known radiometric signatures of authorized net-
work cards. If the radiometric signature does not match
the network card that is allowed to use the secret key,
PARADIS notifies the administrator of a possible security
breach.

The accuracy of the studied systems is simply impres-
sive — 99%. But the material in [15] does not provide de-
tailed technical information on how radiometric signa-
tures are calculated, it is not specified what exactly is un-
derstood by the concept of “radiometric signature” and on
what it is based. And the nodes of the network are identi-
fied by the last four digits of the MAC address, which is
the most vulnerable.

The non-standard identification approach for IoT is
presented in [16]. This method is based on the use of not
the entire spectrum, but the duration of the transition
process, which is achieved in the obtained smooth version
of the instantaneous amplitude characteristics of the sig-
nals of the transmitter using the method of averaging the
sliding window.

The classification characteristics of the spectral prints
proposed by the authors are evaluated using experimental
data and described by a matrix of confusion. The effi-
ciency of spectral prints is quantitatively determined by
the criterion of class resolution. The effectiveness of the
proposed method in the influence of noise through Monte
Carlo simulation is shown.

In the article of the authors of this work [10] experi-
mentally obtained spectra in visual analysis (with simple
consideration of drawings) have something in common,
and in some ways differ. The similarity of the spectra of
Wi-Fi signals of the same device in different positions
and differences in the spectra of radiation in different de-
vices are established, which can be used to identify them.
For comparison, the method of calculating the mean
square of the difference between the corresponding spec-
tral samples was used, taking into account the difference
in the average power of different signals, which allows
comparing the spectra obtained in different conditions
with the patterns. The study [10] shows that each device
has its own individual signal spectrum, which can be seen
even visually and the results of analysis of spectra based
on the calculation of the mean square of the difference
indicate their difference. But the method under considera-
tion gives in some cases similarity of results, so you need
to look for other methods that can reduce the probability
of a first kind error.

For signal analysis has a great practical application
correlation statistical analysis of experimental data. The
essence of correlation analysis is reduced to the estab-
lishment of the equation of regression (algebraic equa-
tion), that is, the type of rectilinear or curved relationship
between the values, the estimation of the tightness (force)
of the relations and the reliability of the measurement
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results [17]. Similar solutions have been found in the field
of voice identification [18].

Therefore, the actual task is to find new methods for
comparing the spectra of mobile devices, which will al-
low their use in real protection systems wireless Wi-Fi
networks.

3 MATERIALS AND METHODS
To quantify the degree of difference between the S(t)
signal and its offset copy S(t—), the operation uses the S(t)
signal’s ACF, which is equal to the dot product of the sig-
nal and its copy:

B(t) = TS(t)S(t—r)dt. (1)

—00

We apply the expression (1) to compare the spectra:

N-1
B() =y L Pu(f)PLo(fe ). @
i=0

The specified expression (2) is used to calculate the
correlation of the template (ACF) and the spectrum of the
template with the spectra of “alien” devices (CCF).

The calculation of the MSD for the functions obtained
is calculated by the formula:

B 1 NAC _
G—\/mj%g[l(l)] 'B(J)), 3)
1 Nt
Bcp:mjzg\l?l(n- 4

An important indicator of correlation processing is the
asymmetry coefficient. The calculation of the asymmetry
coefficient in the work is realized as the ratio of the cen-
tral empirical moment of the third order to the cube of the
mean squared deviation:

my
A= 2 5)
c

where, the central empirical moment of the third order
was calculated by the formula:

1
my=—-————

NTO 2.,
SN B 2. (i=igp) B(J). (6)

cp j=—N+1
In relation to our case, asymmetry was calculated:
1

2N -B
A=

N-1 )
2 (i) B()

cp j=—N+1

\/ZNlB ¥ (P 209)

p j=—N+1
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4 EXPERIMENTS

In accordance with the task, the spectra of mobile de-
vices were calculated and modeled in the Mathcad envi-
ronment. The simulation was conducted sequentially in
accordance with (1)—(7).

The results of the simulation are displayed in the form
of tables, graphs of dependence on the drug of ACF and
CCF for the studied spectra and in the form of drawings.

5 RESULTS

Figure 2 shows that the peaks of correlation functions
are at different levels, which makes it impossible to com-
pare them. This is due to the fact that the signal level
when removing the patterns of spectra of different mobile
devices differ. In practice, the signal level from the de-
vices may be quite insignificant. Therefore, for the con-
venience of comparing the correlation functions, they
were normalized according to the maximum signal
strength level when the peaks of the correlation functions
are in 1, as shown in Figure 3.

There was no significant difference in the dependen-
cies shown in Figure 3. The results of the calculation ¢ for
one of the templates (A) in relation to the different provi-
sions of the devices are shown in Table 1, showing simi-
lar results. Thus, this indicator can not be used to identify
mobile devices.

240 } » 5 ."'-,‘_-_ ]

210 210 0 240 410 N
Figure 2 — ACF and CCF in a non-normalized form (ACF
smartphone D with a smartphone D template)

CF CF

-5+-10 0

CCF
AcF

CCF

-5 10 0 50N e -
c d
Figure 3 — ACF and CCF in the normalized form
A — ACF smartphone A with a smartphone A template;
B — ACF smartphone D with a smartphone template C;
B — ACF smartphone C with A smartphone A template;
G — ACF smartphone with a smartphone pattern D
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Table 1 — o calculations for pattern A

template | Al Al | A3 | Ad ] Bl1 B2 B3 B4
c 945 | 943 | 940 | 937 | 937 | 949 | 952 | 952
template | C1 | C2 | C3 | C4 | D1 | D2 | D3 | D4
c 955 | 953 | 942 | 943 | 944 | 954 | 940 | 932

The study of the width (in the amount of reprint) of the
ACF for templates and CCF for all devices with respect to
the template at level 0.5 are shown in Table 2.

Table 2 — the results of measuring the width of the ACF and
CCF by level 0.5

Position The width of the ACF (CCF) on level 0.5
Pattern A A B C D E
1 2650 2655 | 2715 | 2864 | 2701 | 2929
2 2650 2688 | 2726 | 2879 | 2833 | 2937
3 2650 2675 | 2796 | 2817 | 2588 | 2844
4 2650 2635 | 2796 | 2785 | 2459 | 2807
Middle 2650 2663 | 2758 | 2836 | 2645 | 2879

From Table 2 it is clear that the width of the CCF of
other devices can be narrower than the ACF.

On the basis of the completed calculations, we can say
that:

— There is no significant difference in the mean
squared deviation of the CCF for the template with its
own device and other people’s ones;

— The difference in the width of CCF by level 0.5 is
also not detected. When normalizing, all functions are
almost identical;

— A significant shift in the central frequency in the
CCF is also not observed.

Thus, parameters up to the second order inclusive do
not allow to detect the difference between the two spectra.
But from Figure 3 it is clear that the CCF have a certain
“bias”, which can be characterized by an estimation of
asymmetry for the empirical distribution.

Table 3 shows the results obtained for (7) the
asymmetry coefficients. The average value of the
asymmetry coefficient was calculated by summing each
element by the value of the module. The number near the
letter means the number of position of the mobile device,
and the index "sr. average for four positions.

For greater observation, the results of this study are

presented in graphic form in Figure 4, which shows the
A
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Figure 4 — The results of the values of the asymmetry
coefficients in the graphic form
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Table 3 — results of the value of the assymmetry coefficients

Device patterns
A A B B, C Cep a Mep E Eep
Al 0.013 0.008 -0.07 0.075 0.038
AZ 0002 0.0057 0005 0.007 —007 0.07 0.06 0.06 0.03 0.03
A3 0.004 -0.007 0,07 0.06 0.029
A4 0.004 -0.008 -0.066 0.059 0.017
Bl 0.005 -0.007 -0.066 0.049 0.026
B2 0003 0.008 —0.0004 0.0048 —0.076 0.074 0.074 0.07 0.038 0.04
. B3 0.016 0.011 -0.075 0.087 0.046
é B4 0.006 0.0007 -0.079 0.077 0.036
g C1 0.077 0.079 -0.008 0.057 0.093
% ¢z 0077 0.07 0.08 0.07 0.011 00055 | 992 | ¢025 0.065 0.09
.“;; c3 0.063 0.067 -0.002 0.022 0.093
g C4 0.064 0.069 0.001 0.017 0.094
§ D1 -0.077 -0.083 0.038 -0.023 -0.08
. D2 -0.07 e -0.075 ol0T -0.039 0,04 0.016 0,01 -0.05 0.06
D3 -0.051 -0.057 -0.056 0.012 -0.049
D4 -0.048 -0.022 -0.022 0.002 -0.068
El -0.012 -0.022 -0,098 0.08 0.016
£2 ~0012 0.024 —0.019 0.03 —0.114 0.09 0.08 0.07 0.022 0.016
E3 -0.038 -0.044 -0.078 0.052 -0.014
E4 -0.038 -0.045 -0.078 0.051 -0.012

ranges of the obtained values of ACF and CCF. The
letters in the figure show the ranges of values for the
template and its device, and the letter with an asterisk
shows the ranges of values for the template with other
devices.

As can be seen from Figure 4, the values of the
asymmetry coefficients for a template with its own device
are in the range from 0 to 1.5. And the value for templates
with other devices can be from 0.7 to 8. In most cases, the
values of templates and other devices do not overlap. But
still for some mobile tristroi (A and B) we see that there is
a small range of values. In this range, additional research
of the spectrum should be carried out (visually they differ
significantly from each other) in order to prevent errors of
the first kind.

6 DISCUSSION

The considered method of identification of devices in
wireless networks Wi-Fi uses the sign of the state of the
network at the physical level, which allows to detect and
together with intrusion detection systems to prevent a
number of attacks and thereby increase the security of
Wi-Fi networks.

The obtained results showed the minimum value of
the asymmetry coefficient when comparing the template
with different positions of your own device.

© Antipov I., Vasylenko T., 2024
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Therefore, this feature can also be used to identify Wi-
Fi devices in a model to detect abnormal network states
[19]. Previous studies [10] which were based on the cal-
culation of the mean square of the difference due to dif-
ferent signal levels can give a large error in the results, in
contrast to the proposed method where the obtained val-
ues of the correlation functions were normalized.

Further research is advisable to develop in the direc-
tion of finding additional methods of analysis in ranges
that do not give an unambiguous answer to the belonging
of the mobile spectrum to the template. It is also neces-
sary to confirm the effectiveness of this method in the
presence of noise and experimental studies of the deci-
sion-making model on the abnormal state of the network
[19] taking into account the parameter under considera-
tion.

CONCLUSIONS

1. The method of processing the results of measuring
the radiation spectra of Wi-Fi devices by assessing the
asymmetry coefficient of the intercorrelation function of
the spectrum of Wi-Fi devices is proposed.

2. It is shown that the asymmetry coefficient of the
CCF for the template and the corresponding device is
significantly less than for the template and other device,
which can serve as an identifying sign.




p-ISSN 1607-3274 PanioenextpoHnika, indpopmatrka, ynpasninns. 2024. Ne 4
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2024. Ne 4

3. Set the range of the asymmetry coefficients, which
can correspond to both the same device in different posi-
tions and different devices. To identify devices in this
range, it is necessary to carry out a more detailed analysis
of the spectrum.
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YK 621.396.946
INEHTA®IKALISI MOBLIBHUX IMTPUCTPOIB 3A KOPEJIALIMHUMHA OCOBJUBOCTSIMM iX CUTHAJIIB

AwnTinos I. €. — 1-p TexH. Hayk, npodecop, 3aBigyBad kadeapr KOMII IOTEPHOI paioiHKeHepil Ta CHCTEM TEXHIYHOTO 3aXHUCTy
indopmariii, XapkiBCchbKkuii HalliOHAILHUH YHIBEPCUTET PaioeIeKTPOHIKH, M. XapKiB, YkpaiHa.

Bacuienko T. O. — kaHI. TexH. HayK, CTapIInil BUKJIaad Kadeapu KOMII IOTEpPHOI palioiHKeHepii Ta CHCTeM TeXHIYHOro 3aXu-
cTy iHpopMmanii, XapKiBCbKUH HalllOHAIBHUI yHIBEPCUTET paioeNeKTPOHIKH, M. XapkiB, YkpalHa.

AHOTAIIA

AxTyansHicTb. MacoBoMy nommpenHio Wi-Fi Mepex crpusie npocToTa iX po3ropTaHHs, BUCOKA MIBH/KICTh, YHIBEpPCAIbHICTb i
3pY4HICTh BUKOPHCTAaHHS. PO3BUTOK i NOIIMPEHHS LIX MEPEX TPUBAE, HE3BAKAIOUHM HA HASIBHICTB psiAy HenoiikiB. OJHUM 3 HeoIi-
KiB € iX Bpa3JMBiCTh 10 Pi3HUX BUIIB aTak, y TOMY YHCJIi, OCHOBaHHX Ha miapo6ui (imitauii) ineHTrdikamiinnx nanux. Pasom 3 Tum
iCHYIOTh O3HAaKM (Di3UYHOTO PIiBHS, 3HAHHS SIKMX PO3IIMPIOE YSBICHHS MPO CTAH MEPEXi, MOXKE CIPUATH MiJBHUIICHHIO HaJiHHOCTI
izeHTudikamii abOHEHTIB Mepexi i TAKUM YMHOM 3amobiraHHio psay aTtak. Lle mocmimKeHHs HampaBieHe Ha TEOPETUYHE OOIPYHTY-
BaHHs MOJKJIMBOCTI 1X 3aCTOCYBaHHS.

Meta. MeTOI0 IOCHIIKEHHS € OLIHKA 3aCTOCYBaHHS JETAIBHOTO aHAaJi3y CIEKTPIB CHTHAJIB, BHIPOMIHIOBAHUX MPUCTPOSMH,
miaKIroYeHnMu 10 6esnpoigaux mepex Wi-Fi, must ix imenrudikarii. s JOCSATHEHHS MOCTaBICHOI METH HEOOXiIHO Ha OCHOBI
CKCIEPUMEHTAJILHO BUMIPSHUX CIEKTPIB GE3MPOBIMHUX MPUCTPOIB, migkiodeHux 1o mepexi Wi-Fi, mposectu ananmi3 orpumanux
Pe3yJIbTATIB Ta OL[IHUTU MOXIIMBICTh BUKOPUCTAHHS CIIEKTpa sl iieHTUdIKail MOOITEHUX NPUCTPOIB.

Mertoa. B naniit po6GoTi 3arponoHoBaHO METO 0OpPOOKH pe3y IbTaTiB BUMIpIOBaHHS CIIeKTpiB BunpomintoBanHs Wi-Fi mpucrpo-
1B LIUISXOM OL[HKH Koe(ilieHTa acuMeTpii B3aeMokopesiiiHol gpyHkuii criekrpy Wi-Fi npuctpois. st oiHKH e()eKTHBHOCTI Me-
TOJly BUKOPUCTOBYBAJIOCS MaTeMaTHYHE MOJICITIOBAHHS.

PesyabTaTn. PesynpraTti mociimkeHb MOKa3yoTh, IO MiHIMaJlbHE 3HaUeHHS Koe(illieHTa acCUMeTpii P MOpiBHAHHI IA0IOHY 3
PI3HUMH TOJI0KEHHIMH BIACHOTO IMPHUCTPOIO, 1 BETHKI 3HAYCHHS Koe(illieHTa acHMeTpii Mpy MOPiBHAHHI MAOIOHIB 3 TyKUMH CIICK-
tpamu. OTXKe, 1 03HAKa TAKOXK MOXKe OyTH BUKOpHCTaHa 1uist ineHTHdikawii Wi-Fi npucrtpois.

BucnoBkn. Pe3ynprati 10CiiKeHb TOBOPSATH PO MOXKINBICTE 3aCTOCYBAaHHS 3aIIPOIIOHOBAHOTO METOY JUIS ieHTH]iKaIii Mo-
OUTPHUX TPHUCTPOIB , IO JO3BOJHTH SKICHO JIOMOBHUTH iCHYHOUI MOJeNi 3a0e3rmeucHHs OC3MeKH IIe OTHIEI0 03HAKOK BHSBICHHS
HECaHKIIIOHOBAHOTO JIOCTYILY.

KJIFOYOBI CJIOBA: 6e3neka, Wi-Fi, inenrudikaris, criekrp, koeditieHT acumeTpii, MOOLITBHIH IPHUCTPIii.
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METHOD OF CONTROL THE MECHANICAL STATE OF THE OPTICAL
FIBER OF THE DIELECTRIC SELF-SUPPORTING OPTICAL CABLE
DURING OPERATION

Bondarenko O. V. - Dr. Sc., Professor, Laureate of the State Prize in Science and Technology, Odesa, Ukraine.
Stepanov D. M. — PhD, Associate Professor, Associate Professor of the Department of Switching Systems of Elec-
tronic Communications, State University of Intelligent Technologies and Telecommunications, Odesa, Ukraine.

ABSTRACT

Context. One of the issues of theoretical and practical research studying phenomena that occur over time and lead to violations
of the normative work of optical cables (OC) are ways to ensure and control their reliability during operation.

Today, electronic communication (telecommunications) has already gained significant integration and widespread use due to the
urgent need to exchange large volumes of information between users or network devices at high speeds and over long distances, as
well as the provision of a wide range of electronic communication services.

The electronic communication service has a high level of demand and consists in receiving and/or transmitting information
through electronic communication networks, which is transmitted using electronic communication networks and services.

In an electronic communication network, the transmitting/receiving of optical signals is provided by the fiber optic transmission
system (FOTS). It is capable of converting electrical signals from a variety of digital devices into optical signals and transmitting
them over fiber-optic communication lines (FOCL), which is the main transmission medium in an electronic communication net-
work.

The problem of ensuring the reliability of the FOCL, which includes a wide range of issues related to the development and pro-
duction of all its elements, design, construction and technical operation of the communication line, continues to gain more and more
importance.

In general, the transmitting/receiving of information between end users equipment, communication nodes, network devices (serv-
ers, databases, etc.) takes place through an electronic communication network.

Normative and technical documentations for fiber-optic communication lines regulates the control of the mechanical state of the
optical cable during operation, but do not provide the full control of the mechanical state of the optical fiber to ensure the quality and
reliability of the line during the specified service life.

As known, to ensure the reliability of the optical cable, as a rule, the permissible elongation of the optical fiber (OF) is
gpor < (0.2...0.25) %, adopted during the designing of the cable. However, during operation, the appearance of multiple excess of
elongations exceeding these values is possible in the fibers.

Thus, the development and substantiation of methods for evaluating the mechanical characteristics of a dielectric self-supporting
optical cable (DSOC) and the method of full control of the mechanical state of the optical fiber is necessary. The last can lead to
premature failure of the optical fiber.

Objective. Development and substantiation of the method of control the mechanical state of an optical fiber of the suspended
DSOC, as well as assessment of the conditions of deformation of optical fibers in its core with the appearance of longitudinal ten-
sile/compressive loads during operation.

Method. Two ways of evaluating the mechanical characteristics of DSOC and the method of control the mechanical state of its
fibers have been developed and proposed. For this, the following characteristics of the cable and fiber are adopted in the work: rela-
tive elongation of the cable and fiber (e, €or.), Span length (Lg,) of the line, cable sag in the span (f,) and tensile load (TL) of the
cable (Fy,), which causes longitudinal deformation ¢. At the same time, the method proposes to control the mechanical state of the
optical fiber during the operation of the DSOC by determining its effective relative elongation according to the mechanical, physical
and climatic conditions of the line location.

In the paper, it is proposed to measure and calculate the following mechanical characteristics, due to the developed reference data
for the selection of the cable type and the climatic zone of the line location, measuring equipment and mathematical tools:

— equivalent mechanical tension in DSOC;

— calculated and actual cable sag in the span;

— actual effective relative elongation of the cable;

— actual tensile load acting on the cable.

The ways and method presented in the work allow a complete evaluation of the mechanical characteristics of the cable and con-
trol of the mechanical state of the optical fiber during operation of the DSOC. It creates an opportunity to monitor its changes to pre-
vent the appearance of excessive loads during operation and failure of the fiber-optic communication line.

It is possible to recommend this method for use by relevant departments for technical operation of telecommunication lines and
networks based on hanging optical cables.

Results. The work presents the results of the development and justification of the method of control the mechanical state of opti-
cal fibers of dielectric self-supporting optical cables during operation. For example, using the developed method, it is shown that in
the cable OKL-3-D2A14 produced by PJSC “Odeskabel” in the conditions of the Odesa climate zone (Black Sea region), optical
fibers with a span length of 100 m are subject to elongation by 0.16 %, and DSOC is subject to an actual tensile force of 2.722 kN.
This result of the control of the mechanical state of the OF established that such span of the line ensures its mechanical integrity
within the limits of the permissible deformation of 0.25 % adopted in the design of the cable, but exceeds its permissible tensile load
of 2.6 kN.

Conclusions. The scientific novelty of the work results is that, for the first time ways of fully evaluating the mechanical charac-
teristics of the DSOC during operation and the method of fully control the mechanical state of its optical fiber have been developed.
It allows to monitoring changes in the mechanical state of the optical fiber of the cable.

KEYWORDS: relative elongation, dielectric self-supporting optical cable, optical fibers, mechanical stresses, longitudinal ten-
sile load, physical and climatic loads.
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ABBREVIATIONS

FOCL is a fiber-optic communication line;

OC is an optical cable;

OF is an optical fiber;

DSOC is a dielectric self-supporting optical cable;

TL is a tensile load;

OFOCL is an overhead fiber-optic communication
line;

CSE is a central strength element;

PSE is a peripheral strength element;

RTD is a domestic regulatory and technical documen-
tations;

ADSS is an All-Dielectric Self-Supporting cable;

BR is a Brillouin reflectometer;

MPTL is a maximum permissible tensile load;

FR is a fiberglass rods;

AT is an aramid thread;

MPC is a maximum permissible relative elongation of
a cable;

OM is an optical module tube of a cable.

NOMENCLATURE

€por IS a permissible elongation of the optical fiber;

€axor 1S an excess length of the optical fiber;

€per 1S @ permissible elongation of the optical cable at
some condition;

€, 1S a relative elongation of the cable at some condi-
tion;

€apex 1S @N actual additional relative elongation of the
cable under certain climatic conditions;

empc 1S @ maximum permissible relative elongation of a
cable;

€0k, IS a relative elongation of the fiber at some condi-
tion;

L. is aspan length of the line at some condition;

f, is a cable sag arrow in the span at some condition;

Fy. is a tensile load of the cable at some condition;

Fma IS @ maximum permissible tensile load;

¢ is a longitudinal elongation;

P. is a weight of the cable;

D. is a diameter of the cable;

aoc is a temperature coefficient of linear expansion of
the cable;

Eeq is an Young’s modulus of the cable;

v is a wind pressure;

Aty is a thickness of hoarfrost;

At; is a thickness of ice;

o is an equivalent mechanical stress of the cable;

L; is a length of the span of the OFOCL,;

v1 is a specific load of the own weight of the cable;

f is a cable sag arrow in the span;

S is a cross-sectional area of the cable;

n is an overload factor;

oy is a equivalent mechanical stress;

v« 1S a specific load on the cable under physical and me-
chanical conditions of the climatic zone;

t, is a cable temperature under certain conditions;

Ssg is a cross-sectional area of all strength elements of the
cable;
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g is a Galilean constant;

h is a dimensions of the OFOCL in the span;

R is a radius of the spiral arrangement of the element
around the CSE;

AR is a distance between OF (or OF bundle) and the
inner surface of the wall of OM tube;

hs is a step of spiral laying of elements (OM or filler
element) of the cable core around the CSE;

Ga 1S an actual mechanical stress of the cable along
the length of the line span;

fax is an actual cable arrow sag in the span of the line;

F.ux is an actual tensile load of the cable under the in-
fluence of certain conditions of the operating environ-
ment;

G4 IS an actual mechanical stress of the cable obtained by
measuring fy;

Gaxc IS @n actual mechanical stress of the cable obtained
by calculating fy.;

fa Is @ measured arrow of cable sag in the span of the
ling;

fac IS @ calculated arrow of cable sag in the span of the
line.

INTRODUCTION

During the operation of a dielectric self-supporting
optical cable, its optical fiber, as a rule, is under certain
local or distributed along its length mechanical loads that
create mechanical stresses. The mechanical stresses of the
DSOC itself, suspended on the supports of the overhead
fiber-optic communication line (OFOCL), appear under
the influence of mechanical (cable weight, the radius of
its bending in the clamps of the pole) and physical and
climatic factors of the operating area (temperature, wind
pressure, hoarfrost, ice, etc.). As known, changing the
longitudinal mechanical actions on the cable leads to its
tension or compression, that is, changes in its span length,
sag and tensile load. Therefore, when choosing the design
of the DSOC and calculating the conditions for its sus-
pension and operation, it is necessary to take into account
the constant action on the cable of mechanical, physical
and climatic factors of the location of the OFOCL. At the
same time, ensuring the proper technical condition of the
line during the expected service life requires monitoring,
first of all, the mechanical characteristics of the cable.

In turn, the sag of the DSOC in the span of the line
under the worst conditions of its operation makes it possi-
ble to check the actual tension in the cable according to
the value of the initial tension, which was during the
building of the line. Therefore, during the year, the opera-
tion of the OFOCL takes place with a change in the me-
chanical condition of the DSOC and its fibers.

A complete assessment of the mechanical condition of
the DSOC is based on the determination of the specific
loads on the cable in the span of the OFOCL and its me-
chanical characteristics. The action of excess stresses in
the optical fiber leads to the appearance of multi-zonal
cracks in its material, which eventually destroy it, thereby
reducing its service life. In general, ensuring the quality
and reliability of the line during the specified period of

OPEN ACCESS




p-ISSN 1607-3274 PanioenexTpoHnika, inbopmatrka, ynpasninss. 2024. Ne 4
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2024. Ne 4

operation requires monitoring the mechanical characteris-
tics of the cable and the mechanical state of the fiber in
combination with its maintenance.

Control of the mechanical state of the optical fiber
during cable monitoring should be simple and easily ac-
cessible to the line operator’s linear personnel.

In the regulatory and technical documentations for the
projecting, building and operation of the OFOCL, there
are no ways for assessing the mechanical characteristics
of the DSOC and the method of control the mechanical
state of its optical fiber. Therefore, the development of a
method for improving the control of the mechanical state
of optical fibers of dielectric self-supporting optical ca-
bles along the length of the OFOCL span is necessary and
timely.

The object of study is the control of the mechanical
state of the optical fiber of a dielectric self-supporting
optical cable with a central strength element (CSE) made
of a fiberglass rod and a peripheral strength element
(PSE) made of aramid threads during the operation of the
DSOC of the electronic communication network.

The subject of study is the mechanical state of the
optical fiber of the DSOC, depending on the length of the
OFOCL span and the conditions of its location in the elec-
tronic communication network.

The purpose of the work is development and justifi-
cation:

— ways of assessing the mechanical characteristics of
the DSOC along the length of the OFOCL span during
operation;

— the method of control the mechanical state of the op-
tical fiber of cable;

— analysis and discussion of the results of research of
DSOC and its fiber according to the developed ways and
method.

1 PROBLEM STATEMENT

Suppose there is DSOC model with a modular design,
which contains a certain number of optical fibers and has
technical characteristics that depend on its design features
and purpose. First of all, these are: weight P, and diame-
ter D, of the cable, equivalent temperature coefficient of
linear expansion of the cable aoc and the Young’s
modulus of the cable E.,, permissible relative elongation
of the cable ¢, and fiber eor,, maximum permissible ten-
sile load of the cable Fy,. Such DSOC will be suspended
on the poles of the OFOCL in a certain climatic zone of
operation, which is characterized by the length of the line
span Lg, the cable sag arrow in the span f,, the range of
environmental temperatures, the pressure of the wind v,
the thickness of hoarfrost At, and ice At; at the worst cli-
matic conditions. Under the influence of mechanical,
physical and climatic loads, excessive loads may appear
in the structure of the cable and optical fiber, which can
lead to fiber breakage and failure of the communication
line.

The task of control the mechanical state of the optical
fiber and cable, determining the suitability of DSOC for
successful operation in such climatic zone consists in de-
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termining and monitoring the implementation of the fol-
lowing conditions: eor, < gpor , Fux < (0.65...0.70)Fry.

In turn, the problem of assessing the mechanical state
of the optical fiber and DSOC consists in that it is neces-
sary to determine the actually acting loads on the OF and
DSOC, which depend on the physical and climatic condi-
tions of OFOCL operation, i.e. €of,, Fy. = f (Pc, De, ooc,
Eeq, Lsx, fx, tx, v, Ath, Ati )

For this purpose, it is necessary:

— to create a reference base of the method with the
geometric and structural parameters of the DSOC ele-
ments, equivalent temperature coefficient of linear expan-
sion aoc and Young’s modulus Eeq of the cable, physical
and climatic conditions of operation;

— to develop and justify ways of assessing the me-
chanical characteristics of the DSOC during operation and
the method of control the mechanical state of its optical
fiber;

— analyze the results of control the mechanical charac-
teristics of the DSOC along the length of the line span
and, based on the values of the relative elongation of the
optical cable, give conclusions about the mechanical state
in the selected climatic zone;

— to determine the value of the actual mechanical char-
acteristics of the DSOC and the mechanical state of its
optical fiber;

— analyze the results of control the actual mechanical
state of the optical fiber.

2 REVIEW OF THE LITERATURE

Analysis of international and domestic regulatory and
technical documentations (RTD) and number of works by
well-known authors in the field of fiber-optic communica-
tions, in particular, the development, production and op-
eration of optical cables [1 — 12] showed the lack of com-
pleteness of research in this direction, and especially in
the field of control of mechanical state of an optical fiber
in DSOC during operation.

Thus, in the IEEE international standard “Standard for
Testing and Performance for All-Dielectric  Self-
Supporting (ADSS) Fiber Optic Cable for Use on Electric
Utility Power Lines” [1] there are requirements for the
design, mechanical, electrical and optical characteristics
of DSOC used on suspended engineering networks. Spe-
cial attention is paid to maintaining proper optical fiber
reliability and assessing overhead power line sag using a
simple optomechanical system with optical fiber parame-
ters.

In [2] it is shown approaches and recommendations
for the selection of materials and the calculation of modu-
lar structures of cables and, first of all, strength elements
in accordance with the requirements of international stan-
dards. The authors of the paper [3] proposed the method
of evaluating the economic efficiency of multi-module
optical cable designs based on mass-dimensional indica-
tors, the results of which can be used for the selection of
DSOC when designing OFOCL.

Some foreign and domestic authors [4-6] paid some
attention to the study of some of the mechanical charac-
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teristics of DSOC and control of the mechanical state of
the optical fiber. As it is known, during the projecting,
building and operation of the OFOCL, the assessment of
the mechanical characteristics of the DSOC and the con-
trol of the mechanical state of the optical fiber are neces-
sary. However, the results of studies in [4, 5] of the
stresses of the DSOC and the mechanical state of the opti-
cal fiber under the influence of tensile forces and the op-
erating temperature of the line are insufficient. The last is
proof of the need for a full assessment of the mechanical
characteristics of DSOC and control of the mechanical
state of the optical fiber.

Real elongation of an optical fiber can be both short-
term and long-term. It can reach an undesirable value
during cable operation, that is, greater than the calculated
value in the cable design [5].

In [6], the results of the study of the influence of me-
chanical stress in a special single-mode optical fiber,
which can maintain the state of polarization of transmitted
light and have the ability to resist the effects of the envi-
ronment, are presented. These results also confirm the
need to control the mechanical state of the optical fiber of
the DSOC during the operation of the OFOCL.

In addition, the current regulatory and technical
documentations of Ukraine on the projecting, building
and operation of OFOCL provides for compliance with
the required technical state of the cable and its fiber. In
the rules for the arrangement of electrical installations [7],
it is recommended to perform the calculation of the me-
chanical state of the DSOC based on the value of the de-
sign loads using the allowable stress method, taking into
account the residual deformation in the cable and the al-
lowable loads on the fiber.

The regulatory and technical document of Ukraine in
recommendations for hanging optical cables P 45-010-
2002 [8] provides recommendations for hanging optical
cables on the supports of overhead lines, power lines,
railway contact networks and recommends cables with
maximum tensile and crushing loads that have an increase
in the coefficient OF attenuation is no more than 0.05 dB.
The last also requires monitoring of the mechanical state
of the DSOC and its fibers during the operation of the
OFOCL.

In [9, 10], the method of control the reliability of an
optical cable using a Brillouin reflectometer (BR) is
shown, which works on the basis of the method of repro-
ducing the physics of the effect of multi-zone cracks in
the quartz fiber material. Depending on the stress in the
material and the area of its location, the reliability and
service life of the OFOCL is evaluated. In general, by BR
establishes the nature of the dependence of the service life
of an optical fiber on its tension, namely on the action of
stresses.

The main drawback of the method is the complexity
of operating the reflectometer and its cost, which is be-
yond the reach of most operators of fiber-optic communi-
cation lines.

Thus, the review of literatures sources shown that in a

limited number of works the requirements and methods of
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assessment and even monitoring of some mechanical
characteristics of the optical cable in the span of OFOCL
are given. But they do not give a full assessment of the
mechanical state of the DSOC and its optical fiber. In this
regard, the development and substantiation of a cheap and
easily accessible method of controlling the mechanical
state of OF in DSOC during operation is necessary.

3 MATERIALS AND METHODS

To begin with, it is necessary to perform theoretical
foundations of the method.

The peculiarity of the operation of DSOC suspended
on the poles of OFOCL, compared to the operation of
cables laid, for example, in the soil, in cable ducts, etc., is
the effect on them of dynamic mechanical, physical and
climatic loads. As noted earlier, these loads cause a
change in the length of the cable in the span between the
line supports and the appearance of its mechanical tensile
(compression) of stresses. The last makes it necessary to
determine the cable sag in the span and the tensile load to
which it corresponds.

The conditions for hanging the DSOC and its me-
chanical state during operation are determined by the val-
ues of: cable mechanical stress (o), relative elongations
of the cable and its optical fiber (e, €or.), Span length
(Lso), sag (fy) and tensile load (TL) of the cable (Fy),
which is caused by the longitudinal deformation e. At the
same time, under any operating conditions, it is necessary
to ensure that the tensile force of the cable Fy, is less than
its maximum permissible tensile load F.,y (MPTL), which
is indicated in the technical conditions, i.e.
Fux < (0.65...0.70)-Fy. In turn, the tensile loads acting on
the structure of the DSOC will make it possible to deter-
mine the mechanical state of the OF in the core of the
cable and its changes.

According to, for example, [11] hanging and installa-
tion of communication network cables can be carried out
at temperatures from minus 5 °C to plus 50 °C, and opera-
tion — from minus 40 °C to plus 70 °C. In addition, differ-
ent designs of DSOC provide different values of the
maximum allowable tensile loads due to central and pe-
ripheral strength elements or their combination. This is
due to the difference in the conditions of their suspension
and operation (length of span, climatic conditions, etc.).

In the absence or effect of external physical and cli-
matic loads (hoarfrost weight, ice weight) on the cable, in
addition to when it is affected by its own weight and the
temperature of the environment, it is possible to evaluate
the mechanical state of the DSOC structure by the of sag
arrow in the line span during operation. In order to control
the mechanical state of the optical fiber, it is necessary to
perform calculations of the sag arrow f, for an extended
temperature range (-5...+70) °C. It is possible to estimate
the results of the f, calculations based on the data of its
measurements using special equipment. In addition, the
measured values of f, make it possible to find out about
the value of the actual mechanical stress o, (or longitudi-
nal deformation ¢,,) in it and to determine the actual ten-
sile load acting at this moment. This will make it possible
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to monitor changes in the mechanical characteristics of
the cable over time to prevent the appearance of excessive
TL and breakage of optical fibers.

In order to solve the given problem, it is possible to
choose the following modular constructions of DSOC as a
research subject, which contain:

— CSE and PSE from fiberglass rods (FR);

— CSE from fiberglass rods and PSE from winding
aramid threads (AT).

Since the ways of assessing the mechanical state of
these cable structures are the same, and the results will
differ only due to the values of their equivalent tempera-
ture coefficient of linear expansion and Young’s modulus
of the cable, the second structure of the DSOC was cho-
sen for research.

At the same time, the following assumptions are ac-
cepted in the work:

— fiberglass rods work within the limits of elastic de-
formation;

— the relative longitudinal elongation of aramid
threads creep is not taken into account in the calculation
of the PSE tensile load;

— the cable suspension points on the overhead line are
at the same height.

As an example, let’s solve the given problem for a ca-
ble produced by PJSC “Odeskabel” (Fig. 1), which is sus-
pended on a OFOCL located in the conditions of the
Odesa climate zone.

In this work, the following expressions are used to es-
timate the specific loads of the DSOC and its mechanical
characteristics during operation.

© N o N wN e

Figure 1 — Design of DSOC with strength elements from FR
and AT: 1 - optical fiber; 2 — optical module tube (OM); 3 -
CSE (fiberglass rod); 4 — filling compounds; 5 — fastening ele-
ment; 6 — intermediate shell; 7 — PSE (winding of aramid
threads); 8 — outer shell

The equivalent mechanical stress c;, which appears in
the cable due to its suspension and the action only the
self-weight of the DSOC, can be determined using the
transformed formula for determining the sag arrow [11]:

2
Lsv1

= —, 1
of )
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The last expression is valid with sufficient accuracy
for engineering calculations when the cable is suspended
at the same heights.

The specific loads on the DSOC (y;...y;) characterize
the physical and climatic loads on the cable under operat-
ing conditions and include the load from its own weight,
wind pressure, the weight of hoarfrost and ice.

The specific load from the self-weight of the DSOC
can be determined by the expression [11]:

n=gn 2

It is possible to determine the equivalent mechanical
stress in the DSOC o, under the influence of physical and
climatic loads using the equation of state of the suspended
cable in the span under the condition of the equality of the
suspension points (Fig. 2) [11]:

Ac® +Bo’+C=0. 3

2
here A=(1+oc(t, —t))(1+ 2L

4612J’

LviE, LUy
B:(l+aoc(tx—t))(ﬁ—%—cl +
1
_LzyiEe
+oloc By (8, —1) 5 C—Tq-

It is possible to solve equation (3) to find the values of
the equivalent mechanical stress in the presence and ab-
sence of external climatic loads using the Cardano for-
mula.

>
<

N
>

X

Figure 2 — The sag of the DSOC in the span of the OFOCL
with the same height of the suspension points A and B (L — the
length of the span, f - the arrow of the cable sag, h — the dimen-

sions of the OFOCL in the span)

The magnitude of the sag of the DSOC f, on the length
of the span Ls with the known equivalent mechanical
stress under certain external climatic influences o, and the
specific load vy, can be determined by the expression [11]:

OPEN a ACCESS




p-ISSN 1607-3274 PanioenextpoHnika, indpopmatrka, ynpasninns. 2024. Ne 4
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2024. Ne 4

Ly,
f o= —=ix 4
= @

x

Based on the obtained value of the equivalent me-
chanical stress oy in the suspended DSOC, which is under
the influence of certain mechanical and physical-climatic
loads, it is possible to determine the value of the tensile
load of the cable Fy, of the cable according to the expres-
sion [11]:

Fiy =0y 'SSE g. 5)

The last makes it possible to check the correspondence
of the Fy, value to the MPTL value of the cable.

According to [5, 11], the permissible equivalent me-
chanical stress in the DSOC acquires its maximum value
under the action of the cable’s own weight and the highest
or lowest temperature, depending on the type of design of
the DSOC. Thus, the construction of the DSOC, which is
shown in Fig. 1, has the greatest value of permissible
equivalent mechanical stress at the minimum temperature,
and the cable design with strength elements made of fi-
berglass rods — at the maximum.

In the DSOC selected for research, this is due to the
presence in the design of elements with different tempera-
ture coefficients of linear expansion of materials. Due to
the presence of PSE from aramid threads, a tensile stress
appears in it at negative temperature, which compensates
for the total mechanical compressive stress of all other
elements of the cable. In the design of the DSOC with
strength elements made of fiberglass rods, the TCLE of
the materials of all elements is positive, which explains
the change in the equivalent stress of the cable in propor-
tion to the operating temperature.

Since the compatible elements in the design of the
DSOC are in close contact with each other, its mechanical
properties can be equated to the mechanical properties of
a continuous linear element. Then, with relative elonga-
tion/compression (deformation), the equivalent mechani-
cal stress of the cable, according to Hooke’s law, will be
equal to:

Oy = Epey Eeg. (6)

Thus, with the help of (6), it is possible to calculate
epex and evaluate the deformation processes in the cable
and the mechanical state of the OF in it. Therefore, ey,
which  characterizes the processes of elonga-
tion/compression, allows us to estimate the permissible
change in the length of the DSOC when acting on it by a
longitudinal mechanical force. At the same time, the main
task of the OC design is to ensure during operation that no
mechanical stress is applied to the optical fibers located in
the core of the cable. That is why the DSOC designs with
loose tube cable have gained the greatest use in the world.
These designs of the cable allow to ensure its permissible
relative elongation. It provides additional fiber length in
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the tube of the optical module before it begins to stretch
under the action of tensile forces.

Therefore, the maximum allowable relative elongation
of such a cable (MPC) ey is determined by its design
features and the arrangement of OF in it. According to
[2], it can be determined by the expression:

gmpc = gpc + eexOF + SpOF . (7)

The permissible relative elongation of the cable gy is
determined by the expression given, for example, in [2,
5]:

4.7%.R®* (2AR AR?
SPC:_1+\/1+ h2 ( R - RZ ' (8)

Permissible relative elongation of OF gyor is allowed
within the limits of up to 0.25 % for the entire period of
operation [2]. As a rule, in practice, during the develop-
ment of OC eg,or is taken equal to 0 in order to obtain a
technological reserve for the permissible elongation of the
cable.

Additional relative elongation of the cable under cer-
tain climatic conditions can be calculated based on ex-
pression (6):

Cpo = ©)

The actual additional relative elongation of the cable
€apexs SUSpended under certain climatic conditions on the
OFOCL, can also be determined based on expression (6):

Caper =7 - (10)

The measurement of the actual sag of the DSOC in the
span of the OFOCL (f,) during the operation of the line
makes it possible to determine the value of its actual me-
chanical characteristics. Thus, the actual mechanical ten-
sion of the cable, based on expression (1), can be deter-
mined by the formula:

Li Y1

O =——. 11

BT (11)

In turn, the actual tensile load of the cable under cer-

tain climatic conditions can be determined by analogy to
expression (5) using the formula;

Fatlx = Gax : SSE ' g : (12)

The value of these mechanical characteristics of the

OC will make it possible to estimate the actual elongation
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of the cable and the mechanical state of the optical fiber
in it under certain climatic conditions.

Evaluation of the mechanical characteristics of the
DSOC and control of the mechanical state of the OF
along the length of the span of the OFOCL in the condi-
tions of the given climatic zone require a number of refer-
ence data. These data include:

— cable brand and specifications;

—cable design characteristics (cable diameter D,
weight of the cable P, equivalent temperature coefficient
of linear expansion of the cable aoc and Young’s modulus
of the cable E¢, number and type of aramid threads and
fiberglass rods from their TCLE, permissible relative
elongation of OF in the cable ,or according to the data of
the manufacturer’s factory);

— the span length of the OFOCL and the value of the
sag boom of the DSOC during installation at t °C;

— physical and climatic characteristics of the area of
cable operation (wind speed during hoarfrost and ice v,
maximum radial thicknesses of hoarfrost and ice walls At;
and At;, maximum and minimum temperatures of the cli-
matic area of cable operation);

— corresponding specific loads and mechanical charac-
teristics of DSOC.

In the absence of data from the DSOC developer on
aoc and Egq, their values are determined according to [12],
and the value of g,or is taken as 0.25 %.

Determination of specific loads on DSOC is per-
formed according to [11].

In this work, it is proposed to evaluate the mechanical
state of the DSOC during operation by two ways:

— calculating according to expressions (1), (3)-(5) and
9);

— measuring and calculating according to:

a) the results of the measurement of the DSOC sag in
the span of the OFOCL (fy) under the influence of
t = -5 °C, hoarfrost and ice without wind and its calcula-
tion (f4) at the temperature t = — 5 °C, hoarfrost and ice
with wind;

b) calculation of its mechanical characteristics (eapcx,
64 and F4yy) according to expressions (10)—(12).

When implementing the methods, the specific load v,
is taken according to reference data of the OFOCL opera-
tor.

The last method can be implemented based on the re-
sults of the f,, measurement during the maintenance of the
OFOCL. Currently, some methods of its measurement
using various equipment, including drones and unmanned
aerial vehicles, are used.

According to the measured value of f, there is the ac-
tual mechanical stress of the DSOC in the span of the line
under the influence of temperature of minus 5 °C, hoar-
frost and ice without wind, and the calculated value of f,,.
under the influence of temperature of minus 5 °C and ice
with wind. The value of the actual mechanical stress of
the cable is found by the expression transformed from
expression (4):
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Determination of the permissible relative elongation
of the cable is carried out according to expression (10),
and its tensile load — by (5).

Thus, the results of the evaluation of the mechanical
characteristics of the DSOC during operation, obtained by
the first way, should be considered as reference for the
technical personnel of the OFOCL operator.

The results of the assessment of the mechanical char-
acteristics of the DSOC obtained by the second way
should be considered as actual, that is, those that must be
used to monitor the mechanical state of the optical fiber.

This way was developed on the basis of an assessment
of the actual mechanical characteristics of the DSOC dur-
ing operation and the results of experimental studies:

— measurement of the actual cable sag in the span of
the OFOCL and calculation of its value when the cable is
affected by the temperature of t = — 5 °C, the weight of ice
with wind pressure;

— calculation of the actual mechanical stress, addi-
tional elongation and tensile load of the cable at different
span lengths.

The last made it possible to determine and establish
the presence/absence of excessive tensile forces on the
optical fiber in the cable.

According to the results of the calculation of the
maximum permissible elongation of the cable (7), its
permissible relative elongation — expression (8) — with the
values of the permissible elongation of the OF and its
excess length in the OM tube, according to the data of the
developer of DSOC, it is possible to assess the mechani-
cal state of the OF in the researched cable of the brand
OKL-3-D2A14. Therefore, at the determined value of
€mpe, @ limit is obtained, i.e., the maximum elongation of
the DSOC, the value of which, when compared with the
elongation of the cable under certain mechanical and
physical-climatic conditions, makes it possible to control
the mechanical state of the optical fiber.

Therefore, the values of gnyc and eqpcx Obtained during
the operation of DSOC create the possibility of control
the mechanical state of both cable and optical fibers. The
last makes it possible to monitor them and take preventive
measures at the OFOCL to ensure its service life.

The value of the cable sag in the span of the OFOCL
under the influence of the temperature of minus 5 °C, ice
with wind (f;) is calculated according to the parabolic
curve of the dependence of f,,, f.. on the specific loads
(yan, ysi and y4,) of the OFOCL. An example of calcula-
tion f is given in next chapter. Studies of the theoretical
foundations of the method of control the mechanical state
of OF were carried out with the help of software imple-
mentation in the Python environment in accordance with
the graphic model presented in Fig. 3.
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4 EXPERIMENTS 1. Calculation of specific loads to DSOC.
Control of the mechanical state of OF and DSOC un- 2. Calculation of the equivalent mechanical stress of
der the influence of current mechanical, physical and cli- DSOC.
matic conditions of operation requires:
[ BEGINNING ]
v
Determination of mechanical Determination of the mechanical
characteristics of the cable state of the optical fiber
v v
Ls: 50, 75, 100 m
v v
Creation of a reference base of geometric and structural Control of the mechanical state of the optical
parameters of cable elements, its coc, Eeq, ¥x active fiber under the influence of various
physical and climatic factors: mechanical factors, according to:
v v v
Evaluation of the mechanical values of mechanical characteristics mechanical state of
characteristics of the cable based on of the cable gaper, Fatix the optical fiber
the results of the determination: Y i

by calculating way o,,
€pers x, Fuy N the range
of different temperatures
of the operating
environment and
t =5 °C in hoarfrost and

ice with wind
\ 4
by measuring-calculating The mechanical state of The mechanical state of the
way according to the the cable and its optical cable and its optical fiber do not
determined values of fy fiber meet the meet the requirements of the
and fycatt=-5°C, requirements of the RTD RTD line
hoarfrost and ice without line
wind (cax, Epexs Fauy) and * v
with wind , ,
F (IGE)‘XC Faperc Measurements of the OTDR reflectogram of
athe signal attenuation in an optical fiber
v v

v

Recommendations for repair and restoration works to
reduce the mechanical load on the DSOC and its OF

Comparison and analysis of the
values of mechanical characteristics
of the cable in hoarfrost and ice

with wind
v v

.

Figure 3 — Graphic model of the study by the method of control the mechanical state of the optical fiber depending on the cable brand
and the climatic zone of operation
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3. Determination of the arrow sag of the DSOC in the
span. Comparison of the obtained value f, with the meas-
ured actual cable sag. In the case of a difference in results,
make an appropriate analysis of the reasons for the
change in cable sag from the expected value and foresee
the possibility of implementing preventive measures.

4. Determination of the tensile load acting on the cable
and its comparison with the value of MPTL of DSOC,
which is specified in its technical characteristics (or tech-
nical conditions for the cable). In case of exaggeration
(65...70) % of the MPTL, make an appropriate analysis of
the reasons for cable overload in order to ensure its me-
chanical integrity and foresee the possibility of imple-
menting preventive measures.

5. Determination of the actual effective relative elon-
gation of the cable (e.) and its value according to ex-
pression (11) to estimate the mechanical state of the fiber.

As an example, in this paper, the specific loads from
mechanical and physical-climatic influences and the cor-
responding mechanical characteristics of the DSOC type
OKL-3-D2A14 made by PJSC “Odeskabel” were deter-
mined based on the ways of evaluating the mechanical
characteristics of the DSOC during operation. In the cal-
culations it was assumed: the diameter of the cable D,
13.6 mm, the specific weight of the cable P,
155 kg/km, the equivalent TCLE of the cable ooc
6.226-10° K, the equivalent Young’s modulus of the
entire cable (Eeq = 20010 N/mm?, determined according to
[12]), the conditions of the Odesa climate zone (Black Sea
region) — wind speed during hoarfrost and ice V =
= 28.3 m/s, the maximum radial thickness of the hoarfrost
wall on the cable At, = 0.5 mm and the ice wall At; =
= 28 mm, the initial sag of the DSOC at the temperature
of 20 °C is equal to 1 % of the span length, the span
length of the OFOCL 50 m, 75 m and 100 m. As PSE in
the calculations aramid threads of the type “Twaron
D1052 8050” with TCLE a, = — 3-10° 1° K™ and a fiber-
glass rod of the type “Polystal P20” with TCLE o =
=6.6-10° 1° K™ are used.

Determination of the reference data of OFOCL was
carried out in accordance with the theoretical foundations
of the method and ways of assessing the mechanical char-
acteristics of DSOC in the Odesa climatic zone (chap-
ter 3).

In Odesa climate zone, the air temperature varies from
maximum of plus 37 °C to minimum of minus 28 °C. Due
to the fact that the cable has a black sheath, the maximum
temperature was assumed to be plus 50 °C in the calcula-
tions of its specific load and mechanical characteristics.

Let’s perform the evaluation of mechanical character-
istics of DSOC by calculating method.

The results of the calculation of the specific loads on
the cable and its mechanical characteristics during opera-
tion in the Odesa climatic zone according to this way of
assessment for different span lengths and the effect of
mechanical and various physical and climatic factors are
given in the Table 1.

The results of calculating the values of the mechanical
characteristics of DSOC, which are given in Table 1,
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shown that they increase, primarily, from a change in
temperature from plus 50 °C to minus 28 °C. Their worst
values appear at t = -5 °C during hoarfrost and ice. In
turn, changes in the values of the mechanical characteris-
tics of DSOC brand OKL-3-D2A14 in absolute value
(Table 1) are given in Table 2. These characteristics were
calculated for three values of the length of the line span:
50 m, 75 m and 100 m.

Let’s perform the evaluation of mechanical character-
istics of DSOC by measuring-calculating way.

The results of determining the mechanical characteris-
tics of DSOC during operation in the selected climatic
zone by the measuring-calculating way are given in
Table 3. At the same time, the values of the arrow sag f,
were taken based on the results of two measurements at
the temperature t = -5 °C and the effect of hoarfrost and
ice without wind on span lengths 50 m, 75 m and 100 m.
The value of the cable arrow sag at the temperature t = -5
° C, hoarfrost and ice with wind were calculated accord-
ing to the parabolic curve of dependence of f,,, f,.c on the
specific loads of the cable: ys, — hoarfrost, ys; — ice and y7,
— hoarfrost. The value of f, at y;, was found according to
the data in the Table 1. The dependence of the cable sag
arrow of the brand OKL-3-D2A14 at L, = 100 m on the
specific loads of the OFOCL are shown in Fig. 4.

2.5
2.29

fa.w
fa)CC,

m from the weiaht of cable, ice and wind

1.79~from the weight of cable and ice_ . -
1.5
1.2§

0.79
0.9
0.25

rom the weight of cable, hoarfrost and

from the weight of cable,

0 5x<10°0.01 0015 002 0.025 0.03 0.035 0.04
Ve, kg/(m mm?)

Figure 4 — Dependence of the cable arrow sag at
Ls = 100 m on the specific loads of OFOCL, obtained
by — calculating and — — measuring-calculating

Ways('_faxr O_faxc)

Table 3 shows the results of determining the mechani-
cal characteristics of the DSOC (Gax, €apexs Fatlx), Meas-
urements and calculations of the cable sag in spans with
different lengths (f., fac) during its operation in the se-
lected climatic zone when acting on the OFOCL hoarfrost
and ice without wind.

As noted earlier, this way of assessing the mechanical
characteristics of DSOC gives their actual values under
the conditions of the location of the line under the influ-
ence of hoarfrost, ice without wind. Therefore, in order to
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compare the results of determining the mechanical char-
acteristics of the cable according to the first and second
ways, an analysis of the data in the Table 1 and Table 3
was carried out. This analysis shown that the difference in
the values of mechanical characteristics obtained by these
ways is from 3.98 % to 4.50 %.

Let’s perform the evaluation of the method of control
the mechanical state of the optical fiber.

As noted earlier, certain physical and climatic loads on
the DSOC cause its longitudinal deformations, which lead
to the elongation of only the cable structure and/or its
elongation together with the optical fiber. Excessive elon-
gation of DSOC can lead to decreasing the size of the line
and exceeding the norms of the cable parameters accord-
ing to the Technical Specifications. The last, with a sig-
nificant and long-term effect of influential factors, leads
to a difference between F, and F.y, which can cause a
breakage of the OF and a complete failure of the cable.
Thus, the work establishes a clear mathematical toolkit,
which allows to control the mechanical state of the optical

fiber and the mechanical characteristics of the cable as a
whole under the influence of physical and climatic influ-
ences of the operating environment.

As an example, in the study of the method of control
the mechanical state of an optical fiber, the values of the
actual effective elongation of the fiber and the actual ten-
sile load on the cable were determined using expressions
(10) — (12). The values of eupex and Faux were obtained
when the temperature changed from plus 20 °C to minus
5 °C, hoarfrost and ice according to chapter 3. When
studying these mechanical characteristics at t = +20 °C,
the cable’s own weight was taken into account, and at t =
= -5 °C its own weight, the weight of hoarfrost and ice,
and the wind pressure. For the analysis of the mechanical
state of OF under the above conditions, gnpex Was calcu-
lated according to the reference data. At the same time,
using expression (8), it was determined that for the stud-
ied design of the DSOC, the permissible relative elonga-
tion of the cable is 0.34 %. Then gn,. according to (7)
with €exor =0 and €poF = 0.25 % is 0.59 %.

Table 1 — The value of the specific loads vy, on the cable brand OKL-3-D2A14 and its mechanical characteristics, obtained by the
calculating way

Ne ¥+, Kg/(m-mm?), in the Odesa climate Mechanical characteristics of DSOC along the length of the line span
zone under the influence of various Lo, M

factors o, kg/mm’ £ %0 fom Fux, N
weight of cable, 50 0.675 0.033 0.602 181.8
1 t =+50°C, 75 1.040 0.051 0.879 280.1
v1 =0.00130 100 1.416 0.069 1.147 381.4
weight of cable, 50 0.813 0.040 0.500 218.8
2 t =+20°C, 75 1.219 0.060 0.750 328.2
y: =0.00130 100 1.625 0.080 1.000 437.6
weight of cable, 50 1.150 0.056 0.353 309.6
3 t =-28°C, 75 1.600 0.078 0.571 430.9
v =0.00130 100 2.037 0.100 0.798 548.5
weight of cable and hoarfrost, 50 1.018 0.050 0.445 274.0
4 t=-5°C, 75 1.462 0.072 0.697 393.8
yan = 0.00145 100 1.896 0.093 0.956 510.5
wind pressure at hoarfrost, 50 1.024 0.050 0.449 275.7
5 t=-5°C, 75 1.470 0.072 0.703 395.9
ysn = 0.00147 100 1.905 0.093 0.965 512.9
weight of cable, hoarfrost and wind 50 1.444 0.071 0.628 388.7
6 pressure, t=-5 °C, 75 1.999 0.098 1.020 538.2
Y= 0.00290 100 2.522 0.124 1.437 679.2
weight of cable and ice, 50 5.260 0.258 1.465 1415.0
7 t=-5°C, 75 6.970 0.342 2.486 1877.0
vai = 0.02464 100 8.520 0.417 3.617 2293.0
weight of cable, ice and wind 50 6.827 0.335 1.694 1838.0
8 pressure, t=-5°C, 75 9.026 0.442 2.882 2430.0
¥7i=0.03700 100 11.005 0.540 4.203 2963.0

Table 2 — Changes of the values o,. gy, f, and Fy, DSOC in absolute value at the temperature t = +50 °C relative to their values
at t =5 °C in hoarfrost and ice with wind obtained by the calculating way

Ne Changing the values of the mechanical characteristics of the cable
characteristic name
o, kg/mm? at: £pen, %0, A f, m, at: Fu., kN, at:
Lewy M g g g g
&= @ = @ = @ = @
S 2 S 5] S 2 = 5]
= = = =
1 50 0.769 6.152 0.038 0.302 0.026 1.092 0.207 1.656
2 75 0.959 7.986 0.047 0.391 0.141 2.003 0.258 2.150
3 100 1.106 9.589 0.055 0471 0.290 3.056 0.298 2.581
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Table 3 — Values of the mechanical characteristics of OKL-3-D2A14 DSOC, obtained by the measuring-calculating way under
the influence of the weight of the cable, hoarfrost, ice without wind pressure and temperature t = -5 °C

Ne Ls, m fan M, at: Values of the mechanical characteristics of the cable
Gax, kg/M?, at: €ar, %0, at: Fau N, at:
g g g g
€ 8 £ 8 £ 3 € 8
o — [+ - [+ - © -
2 2 2 2
1 50 0.463 1.524 0.979 5.052 0.048 0.248 263.5 1361
2 75 0.725 2.585 1.406 6.702 0.069 0.329 378.7 1805
3 100 0.994 3.762 1.823 8.187 0.089 0.401 491.0 2205

In addition, an analysis of the mechanical state of the
optical fiber is provided (Table 4) for line span lengths of
50, 75, and 100 m.

The results of the analysis of the mechanical state of
the optical fiber in the investigated structure of the DSOC
under the influence of physical and climatic influences of
the operating environment are given in Table 4, Fig. 5 and
Fig. 6.

Data analysis (Table 4) shown that when:

— the maximum permissible relative elongation of the
DSOC &mpc = 0.59 % on all lengths of the span, the addi-

tional relative elongation of the cable is less than this
value;

— the length of the span of the overhead line 100 m,
the actual tensile load of the cable Fy,. = 2.722 kN is
greater than the norm of its permissible tensile load ac-
cording to [7] Fny = 2.600 KN.

Therefore, the cable brand OKL-3-D2A14 in the
Odesa climate zone at Ly = 100 m cannot be used on the
OFOCL.

Table 4 — Results of the analysis of the mechanical state of the optical fiber in DSOK OKL-3-D2A14 under the influence of physical and
climatic influences at different lengths of span at the temperature of plus 20 °C and minus 5 °C

Ny ktI%I (rg-(;nmz), Mechanical characteristics of DSOC on the length of the span
in the Odesa
climate zone €ape, Eaperey 20, at span lengths of the Fau, Fane, N, at span lengths of the Mechanical state of the OF at the
under the OFOCL, m OFOCL, m span length of the OFOCL, m
influence of 50 75 100 50 75 100
various factors
28| s2l28 2| 28| 2|28 =| 28| =2|z¢ = 50 5 100
5 u‘? % 5 § 3 5 § W W w w Www g LL
! Ctazblzeow‘e:iaﬂf 0.040< | 0060< | 0.080< 218.80< | 32820< | 437.60< OFﬁé{fﬁ’SfQﬁ?.ﬁ‘ﬁ core g;‘ld is
Ole Welgnt, 0.340 0.340 0340 |  2600.0 2600.0 2600.0 ) ong
v:=0,00130 elongation
2| t=-5°C, weight . . .
ofcableand | 0.048 < 0.069 < | 0.089 < 263.50< | 378.70< 491.00 < OF:;:‘;'SSF:QE}L”IET o g;‘ld 1S
hoarfrost,  yan 0.340 0.340 0.340 2600.0 2600.0 2600.0 Jelon atior?
=0,00145 g
3| t=-5°C, wind . . .
pressureat | 0.050 < 0.072< | 0.093< 27570 < | 395.90 < 512.90 < OFnsézaS'SQ.t:c”ftgnlg:f o sgld 1S
hoarfrost, 0.340 0.340 0.340 2600.0 2600.0 2600.0 Jelon atior%
ven = 0,00147 Y
4| t=-5°C, cable . . .
weight, 0.068 < 0097< | 0125< 37090 < | 53150 < 685.00 < OFﬂ%@SSF:&iL”éT core s;‘ld is
hoarfrost, wind, 0.340 0.340 0.340 2600.0 2600.0 2600.0 Jelon atior?
v = 0,00290 9
5 OFis
OF straightens in the subject
120 O Weldht | 0248 < 0.329< | 0.401 > 1361.0< | 1805.0< | 2205.0< Cogigldct'st(;“’t .
= ! 0.340 0.340 0.340 2600.0 2600.0 2600.0 J . 9
s = 0,02464 longitudinal on
elongation by 0.06
%

6 OFis
t=-5°C weight o | oFis S“kt)(‘)ed
of cableand ice, | 0.31< 0.418 > 0.496 > 1702.0< | 2298.0 < 2722.0> tensgi]n subject to elonaati

wind pressure, 0.340 0.340 0.340 2600.0 2600.0 2600.0 the elongation or?
.= 0,
vz = 0,03700 core | BYO0B% | T
%
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5 RESULTS

In the work, the method of control the mechanical state
of the optical fiber of DSOC during operation was created.
Based on the developed theoretical basis of the method, ex-
perimental studies were performed to evaluate the mechani-
cal characteristics of the cable OKL-3-D2A14 at three span
lengths of the line located in the Odesa climatic zone and the
mechanical state of its fiber. On the basis of the developed
reference data of the method and measurements and calcula-
tions of the cable arrow sag, an analysis of the results of the
study of ways for evaluating the mechanical characteristics
of cables was carried out. These results proved the possibility
of using the measuring-calculating way at controlling the

mechanical state of the optical fiber during the operation of
the OFOCL.

The results of a comparison of the measured values of the
sag of the DSOC (Table 3) and those calculated under the
influence of the weight of the cable, the weight of hoarfrost
and ice without wind pressure (Table 1) shown that the
measured values are greater than the calculated values by up
to 4 % both in hoarfrost and in ice at all span lengths.

The analysis of the obtained values of mechanical char-
acteristics of DSOC by these methods shown that their dif-
ference is also up to 4 %.

The obtained values of the actual sag of the cable in the
worst operating conditions during icing with wind (Table 4)
allow us to determine the dimensions of the line and the
value of the tensile load of the DSOC.

Eapes % €pOFs %
060 T T == 0.25
054 f oo LZI00mMm o 0.2
Y S N 2 0.1
040 75 m
034 ="~ "TTTTTTTTRU T 0
0.20

L.
) at hoarfrost with wind
Ls=50m
0
1 2 3 Fatlxc, kN

Figure 5 — Assessment of the mechanical state of OF under the influence of physical and climatic influences

from the weight of the cable, ice and wind

3x10°

Fatlx:
Fatlxc: 25><103
N

normalized value of TL

2x10°
from the weight

1.5x10° of cable and ice

1x10° from the weight of the cable,

hoarfrost and wind pressure

500
from the weight of cable, hoarfrost

0 5><1073 0.01 0.015 0.02 0.025 0.03 0.035 0.04
¥,, kg/(m-mm?)

Figure 6 — Dependence of the tensile load of the cable on the
specific loads of the OFOCL on the length of the span of 100 m

The developed method of control the mechanical state of
OF shown that:
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a) for all span lengths and temperatures from plus
20 °C to minus 5 °C during hoarfrost with wind, the optical
fiber is not subject to longitudinal elongation;

b) at temperature t = -5 °C:

—and at ice without wind, the optical fiber is straightened
in the tube of the optical module at Ly =50 m, 75 m, and at L
=100 m it is subject to elongation by 0.06 %;

— and ice with wind, the optical fiber is straightened in
the tube of the optical module at Ly = 50 m, and at
Ls = 75 m it is subject to elongation by 0.08 % and at
L, =100 m - by 0.16 %.

So, the research results proved that the cable brand OKL-
3-D2A14 in the Odesa climate zone on lines with a span
length of 100 m or more is inadmissible for operation.

6 DISCUSSION

The approaches presented in the work in the created
method are confirmed by their necessity, given in the interna-
tional and Ukrainian regulatory and technical documentation
for the building and operation of the OFOCL.

The method is cheap and easily accessible to operators of
overhead communication lines. Therefore, its use improves the
monitoring of the mechanical state of the pipeline and leads to
a reduction in the costs of its operation.
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The proposed method of control the mechanical state of
the optical fiber in DSOC allows:

— choose the brand of cable when designing the OFOCL
for hanging on various engineering structures in the given
climatic zone and the length of the span with the same height
of the cable suspension points;

— monitor the technical state of the line based on the results
of the assessment of the mechanical characteristics of the cable
and control of the mechanical state of the optical fiber and
measurements of its attenuation coefficient;

— the studies carried out in the work allow to ensure the
specified service life of the lines with proper maintenance or
repair and restoration works of DSOC. This is confirmed by
the results of the experiment performed in the work. There-
fore, the method will help the service personnel of the lines to
take timely measures to eliminate problems in the mechanical
states of the cable and its fiber.

CONCLUSIONS

The research carried out in this work made it possible to
draw the following conclusions:

1. The international and domestic regulatory and techni-
cal documentations of the OFOCL and a number of scientific
works regulate the control of the mechanical characteristics
of the optical cable during operation, but the control of the
technical state of the fiber in full to ensure the quality and
reliability of the line during the specified service life is not
provided.

2. In this work, the method of control the mechanical
state of the optical fiber of dielectric self-supporting optical
cables during operation has been developed due to the devel-
oped ways of evaluating the mechanical characteristics of the
cable along the length of the span under the influence of
mechanical, physical and climatic factors of the area where
the line is located.

3. With the help of the developed method, the determina-
tion of mechanical stresses and the study of additional rela-
tive elongations of the cable and its tensile loads in the span
of the line during operation on the OFOCL under the condi-
tions of various mechanical and physical-climatic loads (ice,
wind pressure, the affect of temperature and their combina-
tion) of the Odesa climatic zones at three span length values.
It was established that changes in mechanical and physical-
climatic loads of operating conditions cause different magni-
tudes of longitudinal deformations of DSOC and OF as a
whole. Using this method, it was established that the cable
brand OKL-3-D2A14 with the specified design parameters at
a span length of 100 m under the worst climatic conditions
ensures the mechanical integrity of the OF with an additional
relative elongation of 0.16 %, but in terms of actual tensile
strength, it does not meet the norm — 2.6 kN.

As the mechanical state of cable and optical fiber deterio-
rates over time, it is very important to monitor them to pre-
vent fiber breakage.

4. The proposed method of control the mechanical state
of the optical fiber on the suspended DSOC on the OFOCL
allows monitoring changes in the mechanical state of optical
fibers and the cable as a whole to prevent the additional ap-
pearance of unacceptable tensile forces and failure of the
communication line. This method can be used for application
by the relevant departments for the technical operation of
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telecommunication lines on communication networks based
on suspended optical cables.
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METOJ KOHTPOJIIO MEXAHIYHOI'O CTAHY OIITUYHOI'O BOJIOKHA JIEJJEKTPUYHOI'O CAMOYTPUMHOI'O
OINTHUYHOI' O KABEJIO MPU EKCIUTYATAIIIT

Bonpapenko O. B. — 1-p Texn. Hayk, npodecop, Jlaypear epxasuoi [Ipemii Ykpainu B ramysi Hayku i TexHiku, Ozneca, YkpaiHa.
CrenanoB JI. M. — kaH/I. TeXH. HayK, JIOLICHT, JOLEHT Kadeapu KOMyTalliiHIX CUCTEM eIIeKTPOHHUX KOMYHiKailii, [lep>xaBHuil yHiBep-
CHUTET IHTEeNEeKTyalIbHUX TEXHOJOTH 1 3B 513Ky, Oneca, YkpaiHa.

AHOTALIS

AxTyanabHicTh. HopMaTHBHO-TeXHIUHA TOKYMEHTALlis I BOJIOKOHHO-ONTUYHUX JIiHil 38 513Ky (BOJI3) periiaMenTye KOHTPOJIb MEXaHIYHOTO
crany ontuaHoro kabemo (OK) mix gac excruryaTaii, ajze KOHTPOJIb MEXaHIYHOTO CTaHy BOJIOKHA B MOBHIN Mipi /Uit 3a0e3MeyeHHs SIKOCTI Ta Haiil-
HOCTI JIiHIT TPOTSATOM 3a/IaHOTO TEPMiHY CITy>KOU He rependayac.

SIk BigoMo, 1o Juist 3a0e3neyYeHHs Ha[iHOCTI ONITUYHOTO Kabellto, sIK PAaBMIIO, JI0IYCTUME BHJIOBXKEHHS ONTUYHOro BojokHa (OB) ckianae €,0p
< (0,2...0,25) %, npuitnsTe MpU KOHCTPYIOBaHHI Ka0emo. Alle MPU eKCIUTyaTallii B BOJIOKHAX MOXJIHBA MOsBa 0araropa3oBUX HA/UTHIIKOBUAX BHIOB-
JKEHb, 1110 IEPEBHILYIOTh i 3HAYCHHSI.

Takum 4uHOM, po3poOKa Ta OOIPYHTYBAHHS CIIOCOOIB OLIHKM MEXaHIYHHX XapaKTEPHCTUK IiCTEKTPHYHOTO CAMOYTPHMHOIO ONITHYHOTO Kabesro
(ACOK) ta MeToay IIOBHOIO KOHTPOJIF0 MEXaHIYHOTO CTAHY ONTHYHOIO BOJIOKHA SIBISIETHCS HEOOXinHNM. OCTaHHE MOJKE MPHBECTU 10 AOCTPOKOBOTO
BHUXO/Iy i3 J1a/ly ONTHYHOT'O BOJIOKHA.

Merta. Po3po6ka Ta 00IrpyHTYBaHHS METOLY KOHTPOJIIO MEXaHIYHOrO CTaHy ONTHYHUX BojokoH minBicHux JJCOK, a Takox orinka yMoB aedop-
Mallii ONTHYHHUX BOJIOKOH B 1X OCEp/Ii 3 MOSBOIO MO30BXKHIX PO3TATYBAIBHUX/CTUCKAIBHIX HABAHTAKEHB [IPH SKCILTyaTallii.

MeTona. Po3pobieHo Ta 3anpornoHOBaHO J{Ba CIIOCOOM OLHKHM MexaHiqHuX xapakTepucTHk JJCOK Ta MeTox KOHTPOIIO MEXaHIqHOTO CTaHy HOro
BOJIOKHA. Jiist 1bOro B poOOTI MPUAHSTI TaKi XapaKTEPUCTHKU KaOelio Ta BOJIIOKHA: BiJIHOCHE BUJIOBKEHHs Kabeio Ta BOJIOKHA (€, €opy), AOBKHUHA
1postboTy (Lupy) JiHi, cTpina npoBucanus kabeno B nponsori (f,) Ta posrsarysansue HaBantaxenus (PH) xabemro (Fpu), 110 00yMOBIIIOE TO30BXKHIO
nedopmatiito e. [Ipy 11bOMy B METOAI 3alpOIIOHOBAHO KOHTPOJIb MEXAHIYHOTO CTaHy ONTHYHOrO BOJOKHA npu ekciuryatauii JJCOK BukoHyBaru 3a
PaxyHOK BU3HAYEHHI HOro JIF0YOro BiJHOCHOIO BUIOBKECHHS 32 MEXaHIYHUMH Ta (i3HKO-KIIIMATHYHUMU YMOBaMH PO3TALlyBaHHSI JIiHii.

B po06oTi 3anponoHoBaHoO, 3aBASKH PO3POOJICHUM JIOBIIKOBUM JJAHUM Ul BUOOPY THUITy KaOelto Ta KJIIMAaTHYHOT 30HU PO3TAlllyBaHHS JiHil, BU-
MipIOBJILHOMY 00JIaJHAaHHIO T2 MAaTEMaTHYHOMY 1HCTPYMEHTapilo, BUMIpPIOBaTH Ta PO3Pax0OBYBATH TaKi MEXaHIYHI XapaKTEePHCTHKIL:

— exBiBaleHTHY MexaHiuHy Hanpyry B JICOK;

— PO3paxyHKOBY Ta (paKTHUYHY CTPLIM IPOBUCAHHS KAaOEIIO B MPOJIbOTI;

— (paKTHYHO JIif0Ue BiJIHOCHE BUIOBXEHHS Kabelo;

— (haxTHYHE PO3TATYBaJIbHE HABAHTAXKECHHS, IO JIi€ Ha KaOelb.

TIpuBeneni B podoti ciocobu Ta MeTo] 103BoIsitoTh npy ekcrutyatanii JJCOK 3ailicHIOBaTH NOBHY OLIIHKY MEXaHIYHMX XapaKTEPUCTUK KalOelto
Ta KOHTPOJIb MEXaHIYHOIO CTaHy OITHYHOIO BOJIOKHA. Lle CTBOPIOE MOXKIIMBICT MOHITOPHHIY iX 3MiH [UIss HEJOIYILICHHS [OSIBH HaJAMIPHHX HaBaH-
Ta)KEeHb TPU eKCILTyaTallii Ta BUXO/AY 3 JaJy BOJIOKOHHO-OITHYHOI JiHI1 3B’ 3Ky .

JlaHuii METOA MOXXJIMBO PEKOMEHAYBATH JJIsl 3aCTOCYBAHHS BIJIOBITHUMH HiIPO3JIiIaMH 3 TEXHIYHOI eKCIUTyaTauii TeJIeKOMYHIKaliitHuX JTiHil
Ta MepexK 3B’sA3Ky Ha 0a3i MiJIBICHMX ONTHYHUX KaOeliB.

PesyabTaT. B po0oTi nmpuBeseHi pe3yabTaTi po3poOKH Ta OOIPYHTYBAHHS METOAY KOHTPOJIIO MEXaHIYHOTO CTaHy ONTHYHHUX BOJIOKOH JieIEKT-
PUYHMX CAMOYTPHMHHX ONTHYHHX KaOemiB nmpu ekcrutyarauii. /s npukiaay, BAKOPUCTOBYIOUYH PO3POOICHUI METOI, ITOKa3aHo, 0 B Kabenl MapKu
OKIJI-3-/12A14 Bupobuuursa [TAT «Oneckabens» B ymoBax Ojecbkoi kiaiMaTnyHOi 30HH ([IpUYOPHOMOPCHKOTO PErioHy) ONTHYHI BOJOKHA IPH
nokuHi npoaboty dinil 100 M migsiraiors BunosxenHo Ha 0,16 %, a JICOK mimsirae ¢pakTHIHOMY pO3TSryBatbHOMY 3ycuwiumio — 2,722 kH. Lei
pe3yIbTaT KOHTPOMIO MeXaHiuHoro crany OB BcTaHOBUB, IO Takui IPONBOT JiHI 3a0e3medye HOro MeXaHidHy IiTiCHICTh y MeXaxX JOIyCTHMOI
nedopwmartii 0,25 %, npuitHATOT IPY KOHCTPYIOBaHHI Kabelto, ajie MePEBHUIILY€ HOTro JOMyCTUME PO3TATyBalbHE HaBaHTaXeHHs 2,6 KH.

BuchoBku. HaykoBa HOBU3HA pe3yibTaTiB poOOTH MOJIATae B TOMY, IO BIEpIIE PO3POOICHO CHOCOOH MOBHOT OLIHKH MEXaHIYHHX XapaKTepHc-
Tuk JICOK npu excrutyaranii Ta METOJI MOBHOI'O KOHTPOJIIO MEXaHIYHOTO CTaHy MOrO ONTHYHOTO BOJOKHA. BiH 03BOJIsIE BUKOHYBAaTH MOHITOPUHT
3MiH MEXaHIYHOTO CTaHy ONTHYHOTO BOJIOKHA KabeIIto.

KJIFOYOBI CJIOBA: BiiHOCHE BHIOBKCHHS, TiCICKTPUYHUI CAMOYTPUMHHI ONTHYHUN KaOelsb, ONTHYHI BOJIOKHA, IO3/I0BXKHE PO3TATYBaIbHE
HaBaHTAXEHHs, (i3MKO-KIIMaTUYHI HABAaHTA)KEHHSI.
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ONTUMIZALIS CTPYKTYP PAJIOCUCTEM NEJIEHT AL
JUKEPEJI BUITIPOMIHIOBAHHSA CUT'HAJIIB
3 IIOBHICTIO BITIOMUMMU TAPAMETPAMMU
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LiOHAJIBHUN aepokocMiyHMi yHiBepcuteT iM. M. €. JKykoBchkoro «XapkiBCbKHMH aBialiiHMK 1HCTHTYT», XapKiB,
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Inkap6aeBa O. C. — g1-p ¢inocodii, crapmmii BUKIagad Kagenpu acpoOKOCMIYHUX padioeIeKTpOHHUX chucTteM, Ha-
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JBHAHN aepokocMigHui yHiBepcuTeT iM. M. €. JKyKkoBchKkoro «XapKiBCbKHH aBialliiHUNA iHCTUTYT», XapKiB, YKpaiHa.

AHOTANIA

AxTyanbHicTh. PagioneneHraropy € KIIOU0BUMH KOMIIOHEHTAMH CHCTEM PaJiojoKamil Ta pagioHaBiramnii, 0coONIMBO KO BOHH
BCTAaHOBIIOIOTECS Ha OopTy BIIJIA. Bucoki BUMOTH 10 TOYHOCTI HeJeHramnii Ta IHUPOKOro KyTa OJHO3HAYHUX BUMIipPIOBAaHb CTalOTh
0COOJIMBO aKTyaJbHHMH B YMOBAaX 301IbIICHHS 3aCTOCYyBaHHs Oe3minoTHUX cucTeM. OCHOBHA mpobiiemMa roJjsirae y JOCATHEeHHi Oa-
JIAHCY MDK BHCOKOIO TOYHICTIO Ta IMIMPOKUM Jialla30HOM KyTiB OJJHO3HAUHHMX BHMipIOBaHb.

Mera. OnHOYacHE MiJBUILEHHS TOYHOCTI IENeHralii Ta pO3IMPEHHS KYTiB OJHO3HAYHUX BHMIpPIOBaHb 33 PaXyHOK CTaTUCTHY-
HOT'O CHHTE3y METOiB 00pOOKH (pyHKIIOHATbHO-IETEPMIHOBaHUX CHT'HAIIIB B OaraTOKaHAIBHUX palioNeIeHraTopax.

Mertoa. IpyHTYETbCSA Ha CTATMCTHYHIM TeOpii onTUMizamii pamioTeXHIYHMX CHCTEM IMCTAHIIMHOTO 30HIYBaHHS Ta PaJiONOKAIlii.
Jnst oOMexxeHoro B AaHiil poOOTI THITy CUTHAMIB, IO 33AAI0ThCS (PYHKIIOHATBHO-IETEPMIHOBaHIMHI MOJCIISIMH, CKOHCTPYHOBaHO (QyH-
KIIiF0 TIPaBIONOAIOHOCTI Ta BU3HAUCHO 11 MAKCHMYMH IS pi3HUX KOH(]Irypamiii 6araToaHTeHHUX TeleHraTopiB. Pe3ynprati cratuctu-
YHOTO CHHTE3y HepeBipSIOTECS METOaMH IMITalliifHOr0 MOJIEIOBAHHS Ta HATYPHUMH eKCIIEPUMEHTAMH.

Pe3yabTaTn. TeopeTHdHIMU TOCTI/DKSHHSAMY Ta IMITAIifHAM MOJEIIOBAHHSM MiJTBEPUKEHO, IO B IBOAHTEHHUX PaJliOIeIeHraTopax
ICHy€ TPOTHPIUYsI MDK BHCOKOIO PO3IUIGHOIO 3/IaTHICTIO Ta IIMPUHOIO Jiarla3oHy KyTiB OJHO3HAYHOrO pajioneneHryBanHs. OTprMaHo
YIOCKOHAJICHNH MeTo] 0OpOOKH CHTHAIIB B YOTHPHOXaHTEHHOMY PajlioNesIeHraTopi, [0 Mae rnapy BUCOKOCHPSIMOBAHHX Ta Mapy HU3bKO-
CIIPAMOBAHUX aHTeH. J[JIs OTpUMaHHS IPaHUYHO JOCSHKHOI TOUHOCTI NEJICHTYBaHHS y MEKax Jliana3oHy OJHO3HAYHHUX BHUMIpIOBaHb pajio-
TeJICHraTopy CHHTE30BaHO HOBHiT METOJ 0OPOOKH CHUTHAIIB B IIECTH SIEMEHTHOMY paionpHiiMadi, 10 KOMILIEKCYE 0OpOOKY B IBOX aMII-
JITYIHUX TEICHraTopax Ta OAHOMY (ha30BOMY IETICHIaTOPi.

BucHoBKkH. 3anponoHOBaHUIA MiIXiJ JO3BOJISE JOCSATTH ONTUMAIBHOTO 0aJaHCy MK PO3IUTBHOIO 3[ATHICTIO 1 Iialmla30HOM Ky-
TiB, 1[0 0COOJIMBO BaXKIIMBO YISl 3aCTOCYBAaHHS y OOPTOBHX CHCTEMax OE3MJIOTHUX JiTaJbHUX amapariB. Pesynbpraté MozxemoBaHHS
MATBEPIUKYIOTh ()eKTUBHICTD 3aIPONOHOBAHOTO METOAY, IO POOUTH HOT0 MEepCIIeKTUBHAM JUIsl BIIPOBA/DKEHHS B CydacHi paJiocH-
CTEMH.

KJIFOYOBI CJIOBA: 6aratoaHTeHHI NEICHraTOPH, CTATUCTHYHA ONTUMI3allis, ONTHMAaIbHE 0OPOOJICHHS CUTHAIIIB, iMiTalliitHe
MOJICITIOBaHHS.

ABPEBIATYPH HOMEHKJATYPA
BILJIA — Ge3ninoTHuMiA JliTanbHKUi anapar. $;(t,65) — npuitHsTi pagioneneHraropoM KOPHUCHI CH-
rHalu,
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Koi — koediuieHT miacuieHHs |-ro HpHiiManbHOTO
KaHaiy;

Gj(0—06g;) — miarpama crnpsiMoBaHOCTi i-i aHTeHH,
IO Opi€HTOBaHA CBOIM MAaKCHMYMOM Y HalpsiMKy 0 ;

0pj — HampsM MakCUMyMy JiarpaMu CIIpSMOBAHOCTI
i -1 anTeny;

d(0—065) — nenbra-yHKLs, 1110 BU3HAYAE IPOCTOPOBE
TIOJIOXKEHHSI TOYKOBOT'O JKepena PalioBUIPOMIHIOBAHHS Y
Hanpsamky 6 ;

S(ty —t,) — menmbra-(yHKIs y Haci;

A(t) — KOMIUJICKCHa OOBIJIHA CHUTHAIY, IO BUIIPOMI-
HIOETBCS JHKEPETIOM;

J — MHHMa OJUHUIIS;

fo — Hecyda yacToTa,;

t —uyac;

yi(0s) — dasoBuii 3cyB curHamy B KOXKHOMY IIpHU-
HManbHOMY KaHaJli BiTHOCHO (ha30BOTO IEHTPY IOJS aH-
TeH;

0 — KOOpIOMHATH KYTIB,;

¢ — IIBUAKICTH PO3MOBCIOKEHHS EIEKTPOMArHiTHUX
XBHIIB;

Al (6g) — pisHnLs BincTaHeil, 1O MPOXOAATH €NEKT-
POMArHITHI XBHIII BiJ[ [Kepelia 10 KOXKHOT aHTCHH;

n; (t) — BHYTpilHI UIyMH B IPUIMAIbHUX TPAaKTaX;

0,5Ngp — cmekTpaibHy MUIBHICTH MOTYKHOCTI BHYT-
PILIHIX IyMiB;

Rni (t, —t,) — xopemsmiitHa GyHKIiS BHYTPIIIHIX IIy-
MiB;

U(t) — BeKkTOp PiBHSHB CIIOCTEPEKEHHS;

Re{} — omepartop ailicHOT YaCTHHH KOMILIEKCHOTO
CHTHAITY;

PlG(t) |A] — ymoBHMIi (HYyHKIIOHAT HITBHOCTI HMOBI-
pHocTi Bumaakoeoro npouecy U(t);

A — mapamerTp, 10 MiJIsTae OMiHIOBAHHIO;

Atrye — ICTHHHE 3HaYEHHS MapameTpa A ;

Kk — koedimient B P[U(t) |A], mwo He 3amexuts Bif

apaMeTpiB, IO MiJIATal0Th OLIHIOBAHHIO,
T —yac crocTepexeHHs;
05 — KyToBe IOJIOXKEHHS JDKepella BUIIPOMiHIOBAHHS

KOPHCHOTO CUTHAILY;
6, — PIBHOCUTHAJIbHUII HAIIPSAMOK;

05 — KyT Ha sIKMH PO3HECEHI JiarpaMu aMILIITyIHOTO

THIeJICHTaTopa;
kei — KpyTH3Ha HOPMOBAHHUX JiarpaM CIIPSIMOBAHOCTI

i -1 anTeny;
h (t) — ONTUMAJIBHUHN PLIBTD;
Y (93) — ONTHUMAJIBHUN BUXITHUH e(eKT pajiorneneH-

raropy;
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Y() — meneHramiiiHa XapaKTepUCTHKA paliornelieHra-

TODY;
E — eHepris curHaiy, o BUIIPOMIHIOE JKEPEIo;
d — BimcTaHp MiXk aHTeHAMH (pa30BOTO MEICHTATOPY
8y — aMIUNTyIHMI MHOXHHMK B MOJENI AlarpaMu

CIPSIMOBAHOCTI;
AO — mupuHa JiarpamMmu CrpsiMOBaHOCTI;

cs;% — TpaHUYHA AUCIIEPCIs OIIHKU A |

Ll — CIIBBIJIHOIIEHHS CUTHANI-3aBaja.

BCTYII

PamioneneHratopn € BaXKJIIMBOIO CKJIAIOBOIO Maibke
BCiX CyJaCHMX CHCTEM i KOMIUIEKCIB pamioiokamii [1],
paniomoniTopunry [2], pamionasirarii [3], pamionase-
JeHns [4] 1 6LIbIIOCTi BUIAAKIB BU3HAYAIOTH iX TEXHIYHI
XapakTepucTuku. Jliama3oH poOOYMX YaCTOT, TOYHICTH
nenieHranii, rabapuTHi po3Mipu 1 AianasoH KyTIiB OHO-
3HAYHUX BUMIPIOBAHb € OCHOBHMMH XapaKTEPHUCTHKAMU
nenenraropis [5, 6]. OcobaMBO BUCOKI BUMOTH JIO IIHX
XapaKTEPUCTHK Ta CHCTEM B MIJIOMY BHUCYBAIOTh, KOJIU
mesieHraTop BcTaHOBMIOEThess Ha Oopt BIIJIA. CywacHi
TeHaeHmii [7-9] 36inpuieHHs Tamy3eit 3acrocyBaHHs 6e3-
MIJIOTHUX JIITATBHUX arnapaTiB, O0e3eKiMaXHUX MOPCHKHX
CylIeH Ta Ha3eMHHX TPAHCIOPTHHX 3ac00iB BHUMAraroTh
MIABHUIICHHS SKOCTI poOOTH OOPTOBHX CHCTEM BH3HAYCH-
HSl KyTOBOTO IOJIOXKEHHS JPKEpeIT PaioBUIIPOMIHIOBAHHS.
[Mpn npoMy HaWOUIBII AKTYaJIbHUMHU € MUTaHHS BHPi-
IIEHHSI OCHOBHOT'O MPOTHPIY4sl B pOOOTI pajiomneseHraro-
PY MDK BHCOKOIO TOYHICTIO TIEJIEHTAIll Ta MIUPOKHM Ky-
TOM OJIHO3HAYHUX BUMIpPIOBAHb.

O0’€KTOM HOCTITKeHHS € TPOLIEC BUMIPIOBaHHS Ky-
TOBOTO TTOJIOKEHHS JDKEPEN padioBUIIPOMIHIOBAHHS Oara-
TOAHTEHHUMH Pa[I0CUCTEMAMHU.

IpeamMer mocaizkeHHsI — ONTHMAaIbHI METOIU Ta ai-
TOpUTMH OOpOOKH CHTHAJIB aMIUTTyIHUX Ta (pa3oBUX
pazioneneHraTopax.

Meta Aoc/IifKeHHsl TOJSrae B OJHOYACHOMY IIiJBH-
IICHHI TOYHOCTI MEJICHTaIlil Ta PO3IIMPEHHI KYTiB OIHO-
3HaYHUX BHMIPIOBaHb 32 PaXyHOK CTaTUCTUYHOIO CHUHTE-
3y METOAiB 00pOoOKH (DYHKITIOHATBEHO-ICTCPMIHOBAHUX
CUTHAJIIB B 0araTOKaHAJILHUX PaioNeIICHraTopax.

1 IIOCTAHOBKA 3AJJAYI

3 aKTyaJbHOCTI 3a/adi BUIUTHBAE IpPOOJIeMa CTaTHC-
TUYHOTO CHHTE3Y Ta aHali3y METOIIB BHCOKOTOYHOTO Ta
OJTHO3HAYHOTO BU3HAYECHHS KYTOBHX IIOJIOXKEHB IDKEpEl
BUIIPOMIHIOBaHHS (DYHKITIOHAIBHO-ICTEPMiHOBAHUX CHI-
HaJTiB B OaraToaHTEHHHX padionesieHraTopax.

Jlyist BupineHHs npoojeMn HeoOXiTHO BUPIIIUTH Yac-
TKOBI 3aBJJaHHS:

1) Bu3HAuYCHHS MOJeNel MPUIHATHX PaioNeNeHraTo-
POM CHTHAIIB, IIYMIB Ta iX CTaTHCTHYHHMX XapaKTEpHC-
THK,

2) PO3BHUTOK TCOPETUYHUX OCHOB CTATHCTHYHOI ONTH-
Mi3allii MEeTOJliB BUMIpPIOBaHHS KYTOBHX IOJOXCHb JIKe-
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pen pamioBHIPOMIHIOBAHHS B OaraToOaHTCHHUX pajiore-
JICHIaTopax,

3) BUpIIIICHHS YaCTKOBHX 3aj1a4 ONMTUMI3aIlil CTPYKTYP
paniorneneHraTopis 3 pi3HOIO KOH]Irypariero,

4) aHaIi3 TOYHOCTI Ta [Iiama3oHy KyTiB OJHO3HAYHHX
BHMIpIOBaHb B OTPUMaHHUX METO/IaX.

Hexaii OaraTtoaHTeHHHUI pajiomeleHTaTOp MpUitMae
CHTHAJIM, IO ONHCYIOTHCS 3arajbHOI0 (YHKIIOHAJIHHO-
JIETEpMIHOBAHOIO MOJIEIUTIO

$ (t,65) =
= Koi [ Gi(0-001)5(0 - 65) Atye 17 ote Vi(®)gq, (D
(©]
i (05) = 2o AR (B)c L, A (85) = X; COS 6 + y; Sin B ,
e~ J2mhot _ TapMOHIHHE KOJIMBaHHS y KOMILIEKCHIH (opmi 3
Hecydoro wactotoro fp, i =1,_N. T'eomeTpist, o Jsiria B
ocHoBy mojeri (1), mokasana Ha puc. 1.

){’ ry
N3 oo Source
\\\‘\x} . NS
\“" .’JJ Il‘
b S '
‘f?o,- """ 1Y2 ¥
N\
y| b e Y. A]
AR |
X X
- N Arl I
Y —————————————————————— ] ) -
¥i .

Pucynok 1 — 3araibHa reoMeTpist BUMipPIOBAaHHS KyTOBOTO TIOJIOXKEHHS JUKEpelia PagioBUIPOMIHIOBaHHS SOUICe B 6araToOaHTCHHOMY
nesnenraropi (Equiphase Wavefront pisaodasuuii XBuinboBHii HpoHT)

Takox BU3HAUMMO OOMEXEHHSI, 1[0 HAKJIaAalThCsl Ha
anpiopHi BiZIOMOCTI NPO BIUIMB IIYMIiB Ha NPUIHATI CUT-
Hany. BHyTpiliHi mymu B npuiiMansHux Tpakrax N (t)
OynemMo BBayKaTH OUIMMH TayCiBCHKHMH IIIyMaMH, IIIO B3a€-
MHO HE KOPEJIbOBaHi, IIPOTE MAIOTh OJHAKOBY CIIEKTPAIbHY
minbHiCTs noTyxHocTi 0,5N . Kopernsuiiina ¢yHkiis BHY-

TPIMIHIX TYMiB Ma€ BT

Ry, (t —t2) = 0,5No3(ty —t5). )

Mopienb 3B’513Ky MK CHTHAJIaMH Ta IIyMaMH BU3HAYUMO
y BUIIISAL TX aTUTUBHOL CyMiITi

() = Re{S(t,05)}+ (D) @)
U(t) =]y @), up(©), ..o uy @) O]
S(t,05) =[$1(t,65), $5(t,05). .. Sy (1.65))], ®)
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A(t) = (), na(t), ... ny @) - (6)

B Takux OpHIyNIEHHS 33ja4a BUMIPIOBAHHS KyTOBOTO
HOJIOXKEHHS O JDKepera pafioBUIIPOMIHIOBAHHSA MOJIATAE B

HEOOXIJHOCTI CHHTE3yBaTH ONTUMAIIbHHUN, HaWKpalii y
MeKax MEBHOTO KPHUTEPit0, METOA OOpOOKH MPUHHATHX KO-
PHMCHUX CHTHAJIIB Ha (hOHI BHYTPIIIHIX IIIyMiB.

2 OIJISI JIITEPATYPU

IcHye nmexinpka 0Aa30BUX MPUHIIMIIIB PaJiOTEICHT AL,
IO TPYHTYIOThCS Ha BUMIPIOBaHHI MAapaMETPiB Ta CTATUC-
THYHUAX XAPaKTCPUCTHUK MPUHHATHX curHaiIiB. OCHOBHI
THUTIH TIEIEHTaTOPIB — aMILTITYIH], ()a30Bi, KOPEISMiHi.

B ammityqaux nenenraropax [10] OyBatots HacTymHi
BapiaHTH peai3allil BUMipOBaHb.: 0OCpTaHHSA OJHI€l BU-
COKOCIPSIMOBAHOI aHTEHH, ITEPEMUKAHHI MK AEKiIbKOMa
BHCOKOCIIPSIMOBAaHMMH aHTEHAMH, EIEKTPOHHA KOMYTaIlis
HU3BKOCTIPSIMOBAaHUX aHTEH B KPYTOBif aHTEHHIN penIiTii
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CTBOPIOIOYM e(eKT oOepTaHHs BY3bKOTO IPOMEHIO IO
KOJy, TPOBENICHHS BHMIPIOBaHb NAapol aHTeH AJKOKa.
OcTaHHI PO3pOOKH METOJIB Ta CHUCTEM IOKa3yIOTh Iij-
BHUIIIEHHS TOYHOCTI aMILTITYZHOI MeJieHramii JpKkepen pa-
JIOBUMIpIOBaHb, NpoTe Oynu po3pobieHi 6e3 oOMekeHb
Ha rabapuTHI pO3MipH HOCISI pajionesIeHraTopy.

®azoBi nenenraropu [11] peanisyroThes 3a HacTym-
HUMH TPUHIAIIAME. Oe3I0CepeTHE BUMIPIOBaHHS Pi3HUII
¢a3 y npuiimMagax 3 aHTEHaMH, IO PO3MIIICHHI Ha BiA-
CTaHAX MCHILINX 3a IIOJIOBHHY JOBXHHH XBUII, iH(peme-
poMeTpuYHEe BUMIpIOBaHHS pi3HHII (a3 B ACKIJIBKOX MPO-
CTOPOBO-PO330CEPEIDKCHNX INpHIiMayax, BHUMIPIOBAHHSA
(a3 MpUHHATUX KOJHMBaHb 3 (pa30BOI0 MOAYJIALIEIO, HIO
cTBOpeHa edekroM Jlomiepa npu KpyroBoMy oOepTaHHi
(un cTBOpeHi edekTy Takoro obepTaHHs) MpUlMATBHOL
aHTeHH. AHaJi3 HAyKOBHX PO3POOOK Ta PHHKY HPOIYKIIT
TaKUX IIEJIEHTaTOpiB TOKa3ye 3HA4HE IMiJABHIIEHHS TOCTI
TeNieHranii, y/I0CKOHaIEHHS IU(PPOBUX METOIB 00poOKH
CUTHAJIIB Ta 3MEHIIECHHS iX TabapuTHHUX po3MipiB. B Toii
caMuii 9ac BUMIpIOBaHHS (a3u y OyAb-SKUX pallioCHCTe-
Max JI03BOJISIE BUPIITYBaTH 3a]adi B Ay)Xe By3bKOMY Ilia-
Ma30H1 3Ha4YEHh a00 3 HEOJHO3HAYHICTIO 3 MONAIBIINAM i1
YCYHEHHSIM BTOPHHHOIO 00po0Ko. JlaHe mpoTupivds TaK i
HE BUPILICHO B Cy4YacHil JiTepaTypi.

Kopensiiitai menenratopu [12] 06’ eanyoTh nepeBaru
aMIUTITYAHUX Ta (DAa30BUX IIEJCHraTOpPiB, BHU3HAYAIOYH
HaINpsIMOK Ha JDKEPENo pajioBHIIPOMIHIOBaHHS METOJIaMU
CTaTHCTUYHOI OOPOOKHM KOMIUIEKCHUX aMIUTITYA MpUHHS-
THX CHTHAJIIB. 3a HAsBHOCTI JOCTAaTHLOI 0a3W aHTEHHOIL
PELIITKH B TAKHX IPHCTPOSIX MOXIIUBE PO3IiJIbHE METIeH-
TyBaHHS CHTHAIY i 3aBaJy B CyMIIIICHOMY KaHalli Ta BHIi-
JICHHSI CUTHAJTY Ha TJi KOTePEeHTHHX 3aBal. Y HUX 3aCTO-
COBYIOTBCSI Tak 3BaHi alTOPUTMU MHOXKHHHOI Kiacudika-
mii curnany (MUSIC), GaratopiBHeBi METOIH OIlIHKA
MakcuManbHO1 mpasronoxiorocti (MLE), a takox anro-
putMu Haapo3aineHOT 3matHocti (SR-DF). Kopensmiiai
TMeJICHraTOpy MaloTh HaWKpalll XapaKTepHCTHKH, MPOTEe
NoTpeOyIOTh 3HAUYHKUX alpiopHUX Bigomocted. st mpu-
KJlaqy peajidyBaTH MoBHHMI moTeHmian meroxy MUSIC
MOXIIMBO JIMIIE TpH  00podui  (yHKIIOHAJIBHO-
JeTEPMIHOBAHUX CUTHANIB, KOJIM BilOMa YacTOTa BHIIPO-
MIHIOBaHHS 1 KUJIBKICTh JDKEpEN paJiOBHUIIPOMIHIOBAHHS.
Takox KOpeNsIiiiHI METOIU CKIAJHI 3a peati3amiclo Ta
MalOTh BHCOKY IIiHy BHPOOHHIITBA Yepe3 HEOOXiTHICTh
00pOOIATH KOMIUIEKCHI aMILTITYTH KOTEPEHTHO.

3 MATEPIAJIU TA METOAU

Jnist po3B’si3aHHS IOCTABJICHOI 33/1a4i CHHTE3Y METOY
00poOKHM cuTHAIB B OaraToKaHAJILHUX PajioMNeNeHraTo-
pax OyZeMo BHKOPHCTOBYBAaTH CTaTUCTHYHY TEOPilO ON-
TUMI3aIl1 PaJiOTEXHIYHAX CHCTEM JAUCTAHIIHHOTO 30H1Y-
BaHHs Ta PaJioJIOKallii, 0 PO3BUHYTA B poOOTax mpode-
copa Baepist Bomocroka [13, 14]. 3rigHo miei Teopii mst
BHUPILICHHsI 3a3HAYeHOT MPOOJIEMH JIOUIIBHO BHKOPUCTO-
BYBaTH METOJ] MaKCHMyMy (YHKIi IPaBIOMOAiOHOCTI.
CyTHICTh 1IbOTO METOJY MOJATae B TOIIYKY Mapamerpy
A, IO MakcuMmizye (YHKIIOHaJI MpaBaONOAiOHOCTI
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P[G(t)|A] — ymoBHHIi (GyHKIIOHAT MIJIBHOCTI HMOBIp-
HOCTi BUMaaKoBoro mporiecy U(t) npu ¢ikcoBaHomy 3Ha-
YyeHHi mapameTpa A . 3amicte ¢ynkmionamy P[G(t)|A]

gacTime MaKCUMI3yIOTh Horo jorapudm, Tak SK QyHKITis
norapuMy € MOHOTOHHOIO 1 HE 3MiHIO€ TOYKY MaKCHUMY-
my P[U(t)|A]. Jdns 3HAXOMKEHHS! ONTUMAIBHUAX OLIHOK

mapameTpa A HEOOXiTHO pO3B’s3aTH CUCTEMY PiBHSIHb

dInP[a(t) 2]

dn =0, )

A=Mhtrue

ne d/dXA — omeparop moximHOi, sika OepeTbCs B TOHII
ICTUHHOTO 3HAUCHHS Ay NApaMeTpa A .

OpHUM 13 HaWBaXJIMBINIMX €TaIliB PO3B’SI3aHHS  OIl-
THMi3amiiHol 3amaui € BusHauenns P[U(t)|A]. B [15]
HaBe/IeHa METOIWKa KOHCTPYIOBAaHHS (YHKIIOHATIB IIpa-
BIOITONIOHOCT] I IIMPOKOTO KoJa 3a/Jad paIioiioKarlii
Ta JAWCTAHLIHHOTO 30HIyBaHHA. B mpomy mocmimkeHHi

OyzaeMo BUKOPUCTOBYBAaTH (DYHKIIIOHAI MPaBIONOAi0HOC-
Ti HACTYIIHOTO BUIJIALY:

PLa(t) |1 = 0,]=

= Kkexp ——Z j [ui () -Re{s; (1,0 )}} ®)

0|—1T

ITapamerp A =04 € MOCTIHHOIO BEJIMYHHOIO.

[Mincramsroun (8) B (7), oTpUMaeMo cucTeMy piBHSIHb
MPaBAOIOAI0HOCTI

—Zj[u(t) Re{s;(t,0,)} ]Re 95i0O9) 4 o (g
Oi=1 T 9s
abo
N ds(te)
Zju(t)R }dt—
=T (10)

>

i=1

ds; (t,6
IRe $(t,05)} Re Id(e s)
T
Jliea yactuna (10) BM3HAYae OCHOBHI ONTHUMANbHI
orepariii, 10 HeoOXiTHO BUKOHATH HaJl IPUHHATUMH KO-
auBanasmu U; (t) B xoxHOMy kaHami. JIiBy 4acTuHy He-

00XiIHO TOPIBHATH 3 MPaBOI0 YacTHHOW. [IpaBa yacTuHa
— Il TeJCHraIliifHa XapaKTepUCTHKa OaraTOKaHaJIbHOI'O
pajioneneHraTopy, 0 MOKa3ye peakilifo BUMipioBaya Ha
3MiHY KyTOBOT'O IOJIOXEHHSI JDKEpesia BHITPOMIHIOBAHHS
0y . Ha nepiioMy erani BU3HaYalOTh aHAIITHYHUHA BUITIS]]

MEJICHTAI[IHOT XapaKTePUCTUKA HA OCHOBI 3aJaHUX I1a-
paMeTpiB CHUTHAIIB, IO BHIIPOMIHIOE JDKEPENOo, 3 ypaxy-
BaHHS MPOCTOPOBUX XapaKTEPUCTHK aHTEH, TeoMeTpii ix
PO3MIllIEHHS, Yacy CIIOCTEPEKEHHs Ta IapaMeTpiB BXif-
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HUX TpaKTiB. B monampiioMy oTpumaHy melleHraniiHy
XapaKTEPUCTHKY HEOOXIAHO TMPAKTHYHO IMiATBEPIAUTH
EKCIIEPUMEHTOM 1 B peai3oBaHOMY IPHUCTPOI IiJICTaBIIs-
TH pe3yJbTaTH BUMipIOBaHb. BinMiHHICTE Bix Teopii 00y-
MOBJICHA OaraTbMa acreKTaMH (QyHKIIOHYBaHHS KOXHOTO
OKpEeMOTo eJieMeHTa MpuiiMaya, BIAXHICHHSIM Horo napa-
METpIB BiJl HOMIHAIEHUX, BIUTUBOM (IIiKep-IIyMy, pi3HHU-
MU TIOKa3HUKaMu y3romkeHocti HBY enemeHTIB ToIIO.

KonkpeTnsyroun KOpHCHI CHTHANIHM B PIBHSAHHI CITO-
cTepekeHHst, Ha ocHOBI Bupasy (10) MOXIHBO OTpUMATH
BHpIIIEHHS YaCTKOBHX ONTHUMI3aIlifHUX 3a/Jad CHHTE3Y
QITOPUTMIB B Pi3HHUX THUIAX PaJiONeNIeHTaToPiB.

Jliis cuHTEe3y METOMy pajiorelieH allil, 1o MoaoaB ou
NPOTUPIYYSl MK BHCOKOIO TOYHICTIO BHU3HAUCHHS KyTa Ta
HIAPOKKM Jiarna30HOM OIHO3HAYHUX BHUMIPIOBaHb JIOIIBHO
CIIOYaTKy BUPILIATH YacTKOBY 33/1ady ONTHMI3allii CTPyKTY-
PH JIBOKQHAIBHOTO aMIUTITYJHOTO TEeJIEHraTopy i MOKa3aTH
Horo Henomiku. [Inst yCyHEHHS HENONIKIB ITPOIIOHYETHCS
CHHTE3yBaTH YOTHPHOXaHTEHHUI aMIDTITYJHUN TIEIICHTaTop.
Takox MpUitMarOYd 10 yBard, 10 HAHBHIIY TOYHICTH Ma-
10Th (a30Bi TIENICHTaTOPH, BAKINBO PO3POOHUTH alrOpHTM
KOMILJIGKCYBaHHSI BHMIPIOBaHb B aMIUTITYJHUX 1 (ha3oBux
nenienraropax. [lami OyayTe BUpIIIeHi Il 9aCTKOBI 3aBIaHHS.

CHHTE3yEMO METOM 00OpOOKH CHUTHAJIB B JBOAHTCHHOMY
aMIUTITYyZIHOMY TiesieHraTopi. byJieMo BBakaTH, 1110 CHTHAIN
BiJl JDKepesia BUIIPOMIHIOBAaHHS MPUHMAIOTBCS IBOMa aHTe-
HaMH, [0 MAaIOTh JICHTUYHI, aJic PO3HECEHI Y MPOCTOpi Ha

Kyt Oy miarpamu crpsimoBatocti, G;(0) = G, (0) . Hanps-
MOK 3 SIKOTO B 000X NMpHAMAaNBHAX KaHaJaX OyIyTh CIIOCTe-
piratucs piBHI 3HAYCHHSI CUTHANIB HA3UBAETHCS PIBHOCHTHA-
JIBHUM 1 No3HaueHo 6}, . Turosa reomeTpis onucy BUMIpro-
BaHb KyTa Og B JIBOAHTEHOMY II€JIEHIaTopi IOKa3aHa Ha
puc. 2. Ilpu Bu3Ha4eHi KyTa Opi€HTAIlil MAKCUMYMY Jiarpam
cnpsimoBadocti anteH B (1) mpwmifHsTO M0 yBard, IO
001 = (6p +0,565) , B2 = (6 —0,505) .

Mopierni KOpUCHMX CHTHANIB IS 3a3HAUYEHHX YMOB BH-
MIPIOBaHHS B JJBOAHTCHHOMY IeJICHraTopi HaOyBalOTh BHU-
LIS

S.1(tves) =
= [ G(6-65 ~0,50,)8(0 - 05) A(t)e™ 12t d, (11)
®
$(,65) =
= [ G(0-0y +0,505)5(0 - 05) A(t)e 120! do (12)

(C]

B maBemenux mogemsix (11), (12) Bimcytas iHdopmarrist
npo (azoBuif 3cyB yi(0s), ToMy o mependadaeThCs MO
00po0OKa BeACThCS B KOXKHOMY KaHANi HEKOTEPEHTHO.

PiBHOCHTHANBbHMI HAIPAMOK Op B IBOAHTEHHUX IEJIEH-
raropax 3a3BuYaii OOMpAEThCs HA JIHIHNHUX IULTHKAX IIep-
mioi Ta Apyroi Jiarpam i BCl BUMIPIOBaHHSI TaKOXX BHKOHY-
IOThCS Ha JIHIWHHUX JUISTHKaX. PO3MIISTHEMO Ui TPHUKIALy
JliarpaMy CIIpSIMOBAHOCTI JIBOX aHTEH B IOJSPHINA CHCTeMi
KOOPJIMHAT Y BUIJISI JIBOX JIHCHUX I'ayCIBCHKUX (DYHKIIIH,
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puc. 3. Y Mexax ninitHuX aimsHok Gi(0) i G, (0) MoxyTs
OyTtH poskiajeHi B psg Teiiopa B okosuIl HaNpAMKy O 1

00MeKeH1 JIHIMHUM HaOIKEHHIM

G(6-0p —0,505) =G (6 ) (1+kgy (0—6p)),

13
G(0—0y +0,505) =G (0p ) (L+kg (0-6p)). 49
ae
dG(6 -6, —0,50;)
o, = do |
0=0y
dG(6 -6y +0,50
ke, = ( 5’ 5) . (14)
o 0=0
b

Jis oHAaKOBUX 1 CUMETpPUYHHMX BiHOCHO 6 niarpam
k62

nuimre Kg 3 pisHUMH 3HAKaMU.

=—kel. B nopanbuniomy OyneMo BHKOPHCTOBYBATH

[pwuiimaroun 10 yBaru (13) piBHAHHS CIIOCTEPEIKESHHS
IPUMMYTb BULJIS]

u (t) = Re{G(eb)j(l—ke (0-0,))x
Q]

x8(0—0)A(t) e 12t de} 1y (1), (15)
2(t)=Re{G () [ (1+ky (0-6y))x
®
x3(0—0g)A(t)e 120t de} T, (1). (16)
v A
Jlxepeno

up (0 u; () X
ny (1) ny (1)
Pucynok 2 — ['eomeTpist BUMipIOBaHb B IBOAHTEHHOMY
neJjeHraTopi
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[Mincrasmsiroun (11), (12), (15), (16) B (10) oTpumye-
MO HEpIBHICTb

[un) A(t)e 1270tdt— [ u, (1) A(t)e 270" dt =
T T

=%j § (1,05 ) A" (t)ed 2ot gt —

T

—%j S (1,05) A" (t)ed2otqt
]

BBomsiun xoedilieHT nepepadi ONTUMANBHOTO (QUIBT-

(17)

py h(t) = A(t)e_Jznfot OTPUMYEMO B JIiBil YaCTHHI HEpi-
BHOCTi (17) onTHUManbHUI BUXIAHUIA epeKT pajionencH-
raTopy

Y (65) = [up@h(t)dt—[uy(t) h(t)dt.  (18)

T T

IIpaBa yactrna (17) € meneHramiitHOK XapaKTepPUCTH-
KOI0, 1[0 HaOyBa€ BUIJISAY JIiHIHHOT QyHKUii micms mif-
cranoBk# (11) i (12)

W (0s)=x(0s—6p). (19)

ne x=ko [ |A(t)|2 dt.
T

[xepeno

G(O) A

G(u—nb+0—5] i
2 .
— )

'

i |

0 0, 0,

Pucynok 3 — Jliarpamu clipsIMOBaHOCTI B JBOAHTCHHOMY II€JICH-
raropi

GR

of0-o0,-%)

\ 4

Jlnist BBeIeHOTO y JIaHil 4acTKOBIH 3a7a4i CIIPOILEHHS
[OJI0 PO3PaxXyHKIB y MeXax JIHIHHOI MUISHKH Iiarpam
CIIPSIMOBAHOCTI MOXXJIMBO OTPHUMATH aJTOPUTM BHMIpIO-
BaHHs Og , migcrasusum (19) i (18) B (17)

=3l (20)

OCHOBHUMH MAaTEeMAaTHYHAMH OIEpaIissMin 0O0poOKH
CUTHAJIB B JIBOAHTEHHOMY aMILTITYJJHOMY paJiorneieHra-
TOpi € y3rozpkena (inbrpauis B insrpi h(t) Ta onepauis
BiJJHIMaHHS pe3yJbTaTiB (QinbTpalii B pI3HUX KaHamax.
KoedimienT 7 momepeaHbOro mNpakTHYHOTO BHMipIOBaH-
HsI 7T peattizanii anmroputmy (19).

Jiana3oH OJHO3HAYHHUX BUMIPIOBAaHb B OTPHMAHOMY
ITOPUTMI BU3HAYAETHCS PO3MIPOM JIHIHHOI IUISHKH, a
TOYHICTh HpomnopuiiiHa kpyTusHi Kg. 3i 30inbLIeHHAM

KPYTH3HU OTPUMYEMO BHILY TOYHICTH IeJIeHramii, aie
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NpU 1IbOMY 3BYXKYETBCS [ialla30H KYTiB OAHO3HAYHOTO
BUMIPIOBaHHS IIOJIOKEHHS JDKEpesia PaaiOBHIIPOMIHIO-
BaHHS.

CuHTe3yeMo MeTozi OOpOOKH CHUTHAIIB B YOTHPHOXAH-
TCHHOMY aMIUTITYJHOMY TIefeHratopi. s momoiaHHs
MPOTUPIYYS MK TOYHICTIO Ta OJHO3HAYHICTIO BUMIpIO-
BaHb y IMUPOKOMY Miara3oHi KYyTiB IPOIMOHYETHCS BUKO-
pHCTOBYBaTH IBi mapu aHTeH. [lepiia mapa aHTeH Mae
IIMPOKI JiarpaMu CIIPSIMOBAHOCTI, a Apyra mapa — By3bKi.
TakuM 4YMHOM NIPH KOMIUIEKCYBAaHHS BHMIpPIOBaHb MOX-
JUBe 00’ eIHAHHS TIepeBar ABOX PaaioNeIeHraTopiB.

I'eoMeTpist MPOBEJACHHS BUMIPIOBaHb YOTHPHOXAHTCH-
HHUM DaJIioINeIeHraTopoM Noka3aHa Ha puc. 4.

PiBHSIHHSI CIIOCTEpPEXKEHHS 3a IeOMETpielo Ha puc. 4
Ma€ BUTJISA

uy (t) =

=Re{[ Gy(0-0p —e—gl)s(e—9S)A(t)e*12"f0‘de}+ m (1),

up (t)=

=Re{[ G, (0- 6 +e%)5(e —0,)At)e 12t g o+ n, (1),
®
uz (t)=

=Re{[ G, (00, —9%)5(9 —05)A(t)e 120t g0} + ng (1),
(€]

Ug (t) =

=Re{[ G, (00, +9%2)5(9—eS)A(t)e*iZ“fO‘de}+ ng (®).
®

(21)

Pucynok 4 — ['eomeTpist BUMipIOBaHb B YOTUPHOXAHTCHHOMY
neJeHraTopi
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[TincraBnsiroun piBHsiHHES cnoctepexents (20) 1 kopu-
CHI CHTHAJTH, IO B HBOTO BXOJATH, B (9), oTpuMyeMo piB-
HSHHS TIPaBAOIOAIOHOCTI

dGy (6 -6y, —0,505 )|
do |9=65 T
+ 961065 +0.505) Ju®h(t)dt+
do 0=05 T
96208, ~0,5655) J.u3(t)h(t) dt +
e 0=65 T
+dGz(9—9b +0’5952) IU4(t)h(t)dt:
do 6=05 T

1
=5 Es ¥(05,0,051,052),

fu®h(t)dt+

(22)

ne Eg = I|A(t)|2dt :
T

¥(0s,6p,051,052) =
_ dG;(6-6p —0,505)
- do 60,
, 4G1(0-6; +0,505)
do 6-0,
, 4G,(0-65 ~0,505,)
dé 0=0,
L 4G,(0-6, +0,505,)|
de lo—o,

Gy (65 —0p —0,5051) +

Gy (05 — 0y +0,505) + (23)

G2 (93 - Gb - 0'5952) +

Gz (95 - 6b + 0, 5682)

— IeJeHraliiHa XapakTepUCTUKa YOTUPbOXAHTEHHOI pa-
JiONOKaniiHOT CHCTEMH BHMIPIOBAHHS KyTOBOT'O IIOJIO-
JKEHHS DKepes palioOBUIIPOMIHIOBAHHS.

OTpuMaHHi aarOpUTM AOBOJI CKIAIHHM 3 TEXHIYHOI
TOYKH 30py Ta HPaKTUYHUX OCOOJIMBOCTEH HOro peaiza-
1ii, aJle OCHOBHI MaTeMaTHYHi OTIeparii 3p03yMLilIi.

Ha BigmiHy Bif meneHramiiiHol XapaKTEpUCTHUKU Y
JBoaHTeHHOMY meseHraropi (18), mo Mae BUrIsAA MiHiM-
HOoi (yHKIIi, B IMX pO3paxyHKaX MW BHUPIIIMIA OUIBII
3arailbHy 3ajady aHaiizy poboTtm menenraropy. Ilo-
mepiie, B orpuManiii popmyni mis W(-) ommcye Oyman-
SIKUA BUTIISA JiarpaMu CIIPSIMOBAHOCTI, IO MOXKE Biapi3-
HATHCS U nap aHTeH. [lo-apyre, MU He 0OMEXyBaTHCh
JIMIIE JIIHIMHOIO JIUISTHKOI0 pOOOTH pajiomeNeHraTopy i
dGi()

0

OTPUMAJIH 3arajbHi MHOXHHKH LIBUAKOCTI 3MiHU

¢ynkuiii Gj() B xoxxHOMy Kanaii. Ile m03BOJHMTH Hpo-

aHaJi3yBaTH BECh MOXJIMBHH Jiana30H KyTIiB OTJISIY aH-
TEeHaMH 1 00paTH HaWOUIBII IIMPOKUH 3 OJAHO3HAYHUMH
BUMIpIOBaHHSIMH.
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JliBa yactuna (21) € 3BUYaliHMM BaroBUM J10J[aBaHHIM

pe3ysbTaTy BUMIPIOBaHHS 1 HE TIOKa3ye B SIBHOMY BHTJISII
BiOMI anropuTMiuHi omepamnii. B Tol cammii wac
dG; () . . N
———= BaroBi Koe(illieHTH MaTHUMyTb Pi3HUH 3HAaK MO-
OsM3y pIBHO CHTHAIBHOIO HANPSMKY 1 NPHU3BELYThH IO
BIJOMHX aJNTOPUTMIB BiJHIMAHHS pe3yIbTaTiB BHMIpIO-
BaHb B PI3HUX KaHaiax.

Binmpir meranpHUIA aHATI3 OTPUMAHHUX BUPA3iB IS BH-
maaKy (QyHKIIIOHATBHOTO OMHUCY JAiarpaM CHpPSIMOBAHOCTI
Oyzne HaBeleHO Jaii MpU IMiTalifHOMY MOJIENIOBaHHI
TMeNIeHTalliTHAX XapaKTEePUCTHK.

OTpuMaHi anropuTMH 00’ €IHYIOTH IIEPEBardl TBOAH-
TEHHHX IIEJICHraTopiB 3 BY3bKUMH Ta IIUPOKUMH Jiarpa-
MaMH, JT03BOJISIIOTh MOAOJIATH MPOTHPIYYsS MK TOUHICTIO
Ta Jiala30HOM KYTiB OJHO3HAYHUX BHMIpIOBaHb. B TOl
caMHii 4ac NPENCTaBIsi€ iHTEpEC OTPHMATH AITOPUTM 3
HAWBHUIIIOI TOYHICTIO TMejeHralii 0e3 BTpaTu CUrHaly y
IIMPOKOMY Jiama3oHi KyTiB.

CuHTe3yeEMO MeTOx OOpOOKM CHTHANIB B IIECTHAHTEH-
HOMY aMIUTITYAHOMY TienieHraropi. JIst JOCSITHeHHs Haii-
BUIIOI TOYHOCTI BHMIpIOBaHHS KYTiB IPOIOHYETHCS JI0-
JlaTH O YOTHPHOXAaHTEHHOTO IIEJICHraTopy IBa KaHan
BUMIPIOBaHHS pi3HuIi (a3 curHaais. B Takiii cxemi Bumi-
proBaHHSI aHTeHU (Ha30BOrO IEJNEHraTopy MOXYTh OyTH
HECIIPSAMOBaHi, POTe B NMPUHHATUX CHI'HAIAaX HEOOXiIHO
BpaxyBaTu 3cyB (a3 BiTHOCHO (pa3oBoro meHTpy. ['eome-
Tpist BUMIPIOBaHb [TOKa3aHa Ha pHC. 5.

[Iymu B KO)KHOMY KaHaJli TaKOX BBKAEMO TayCiBCh-
KMMH OUTMMM BHUITaJIKOBUMHM IPOLECAMH, II0 HEKOPEIhO-
BaHi 32 9aCOM Ta MK KaHaJIaMHU

R, (tl—tz):an (tL-tp)= R, (L-tp)=
=Ry, (1 —12) =Ry (L —12)=Rn (L —tp) =
Ry (t—t2) =Ry, (1 —tp) = Ry, (ty ~tz)=

:Rn4 (tl_tz)anS (tl—tz):RnG (tl_tZ): (24)
=0,5Ngd(t; —t5).
KopucHi curHamu MaloTh HACTYITHI MOZEIII:
St (t' 05 ) =
= K01.[ G (G—Gb —0,5951)6(9_es)A(t)eijnfotdey
®
$5(t,05) =
=Ko J G, (e_eb +0,5951)6(6—QS)A(t)e—jZHfotde,
()
$3(t,05) =

= Kp3 j G, (e—eb _O’5952)S(G_GS)A(t)e_jznfOtde,

(C]
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$4(t,05) =
= K04JGZ (G—Bb +0'5952)8(9_93)A(t)€_j2”f°tde,
)
- jznfo[tiwj
$5(1,05) = KosG3 (6p ) A(t)e 2 ,

—j2nf0(t+1d cos(es—eb)j
$6 (t,05) = KogGs (0 ) A(t) e 2« .(25)

. . x| cos
[TizcTaBmsiodn piBHAHHA CHOCTEPEKCHHS, IO CKIIaza- ( (

FOTBCSI 3 AIUTHBHOI CYMIllli KOPHCHUX CHUTHAIIB Ta JENbTa-
KOpeNnbOBaHKX LIyMiB, B HepiBHICTH (10), oTpumyeMo

dG; (66, —0,50 )|

KOlJ.U]_(t)h(t)dt-i—
do |e=eS T
dGy (66, +0,50 .
4 961(0-0 +0.505) Koo [Up (1) dt 7
de 0=0g T

dG, (6-6, —0,505,)
+
de

Kos [us (®)(t) dt+

0=6, T

X

, 4G (6-6y +0,505,)
do

Kog [ ug (®) h(t)dt—
|e:es T

—G3 (Gb )Sin(@s - Ob)x

x[cos(nfo dcos(9s =) _eb)j+ jsin [nfo d.cos(0s ~0)
c c

x(imfode ™ Kos [ us (0 (t)dt +
T
+G3(Bp) sin(Bg — 6y ) x

Ldcosds o —eb)]— j sin[nf

fn —
TT 0 2
x(jmfode™)Kog [ ug (N (L)t =
T

d cos(65 —6y)
) ————P~

c c

)

Gl (65 —Ob +0,5651) 1Es +
2
0=04

dG, (6-6;, —0,503,)
de

01

dG, (66, +0,505)
de

1
+K02 Gl(es—eb—0,5951)§Es+
0=0,
dG, (06, —0,505 )

de

+K03 Gz (95 —Ob +0, 5982)% ES +
6=04
dGz (O—Gb +O’5962)

+K
04 do

1
Gz (65 —Gb _0’5652)5 ES +
0=05

+(Kos — Kos ) G5 (8 )sin(0; —eb)(ﬂfo %j%Es . (26)

Jlxepeno

05

Pucynok 5 — 'eomeTpist BUMiprOBaHb B IECTHAHTEHHOMY HEJIEHTaTopi
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Sk i panirre, miBa yactuHa (26) mokasye onTUManbHi
omepaiiii, 110 HeOOXiHO BUKOHATH HAa MPUAHSITAMU CHUT-

Hanamn U(t) B KOXKHOMy NpHAAMAIbHOMY KaHAli NeJeH-

raropy. [lepmri 4oTupy piBHSIHHS ITOBTOPIOIOTH OIlepartii,
10 HEOOXi/ZHO BHKOHATH B YOTUPHOXAHTCHHOMY IIEJICH-
raropi. [I’aTwif 1 moCTH AOTAHOK TOBOJISIFOTH OTPUMATH
OIIHKY KYTOBOTO TIOJIOXKEHHS JDKEpelia paliOBHIIPOMIHIO-
BaHHS 3 TOYHICTIO peami3arii (a3oBux BuMiproBanb. Oc-
HOBHI omnepanii HacTynHi: 1) piBusHHA Ug(t) Ug(t) He-
00XiZTHO TPOIMYCTUTH uepe3 (UIBTP, HapaMmeTpu SIKOTO
Y3TOJDKEHI 3 KOMIIEKCHOIO OOBIJTHOIO 1 YaCTOTOIO CHUTHa-
NIy BUIIPOMiHIOBaua, 2) pe3yJbTaT JeTCKTYBaHHS HA HU3b-
Kiif 9acTOTI MHOXXaThCS HOPMYIOWi Ha KOeQiieHTH
Gs (eb)(jnfodcfl)KOG, 3) HOpPMOBaHI aMIUTITYIH HEOO-
XiTHO 00poOWTH B KBagpaTypHOMY IOETEKTOpi, IO Hala-
IOITOBAaHWHA HAa BUMIPIOBaHHS 3CYyBY (a3dl IO BHHUKAE
yepes BIAXWICHHS JKepesia BUIPOMIHIOBAHHS Bix PiBHO-
CUTHAJIbHOI 30HHU. Pe3ynpraTtét 00po0KH mepepaxoByIOTh-
Cs1 B KYTH 3a JIOTIOMOTI'OI0 IEJICHTaIliiHOT KPUBOT, 110 PO3-
paxoByeThCs B mpasiit yactuni (26). [Ipu 3amanux mapa-
MeTpax PO3MILIEHHS Ta Opi€HTallli aHTeH B IIEJIEHTaTopi
npasa 4yactuHa (26) € dyHkuiero kyra Og. AHaMiITHYHO

JIaTH OLIIHKY OTPUMaHUM BUpa3aM abo MPOBECTH iX aHaIi3
0e3 koHKpeTh3amii GopMm aiarpam cpsSsMOBAHOCTI HEMO-
JKIMBO. JIOIIIEHO BHMKOHATH IMITAIliifHE MOJETIOBAHHS
MEJICHTAIIHHIX XapaKTEPUCTHK Ta PO3PaXYHOK TpaHHY-
HUX MOXHUOOK BUMIipPIOBAHHSI.

4 EKCIEPUMEHTU

CrnouaTky IpoaHalli3yeMO BXXE OTPUMAaHH pe3yJbTar
— NpaBi YaCTHHU piBHAHB mpasronoaioHocti (16), (21) i
(24), mo mpencTaBIAOTL COOOIO TIENEHTAIlIMHI XapaKTe-
PUCTHKH Pi3HHUX THIIIB OaraTOaHTEHHUX pPaIioNesIeHraTo-
piB. Otpumane piBHsuus (18) € nuime miHilfiHa YacTHHA
TaKol XapaKTEPUCTHKH, 110 HE 3aJCKHTh BiA BUAY Jiar-
pamM crpsiMOBaHOCTI 1 1X opieHTauii y npoctopi. J{ns Ha-
OYHOT'O TOPIBHSIHHS BCIX OTPUMAaHHUX METOJIB IeJieHra-
[ifiHy —XapaKTepHCTHKY JBOAHTEHHOTO IIEJIEHraTtopa
OTPUMAEMO 3 aHami3y MeNeHTalliiHOT XapaKTepUCTUKH
YOTUPHOXAHTEHHOTO TeNeHrartopa. IMiTariiiHe Moemro-
BaHHs Oy/i¢ BUKOHAHE 338 HACTYITHUMHU BHPa3aMu:

1) anst ABOXaHTEHHOTO aMILTITYAHOTO MEJIEHraTopa

dGy (6 6y — 0,505 )|
do

| 4G1(0-6; +0,505)|
do

P (0s) = G165 — 6 —0,505) +

|e=eS

Gy (65 —0p +0,5051),
0=0,

2) Ais 4OTHPHOXAHTEHHOTO aMILIITYHOTO IeJeHra-
TOpa
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dG,(6-6y, -0, 5951)|

| Gl(OS —Gb _0’5651)+
6=0g

Gl(es — Ob + 0, 5981) +

\Ij(es) = de
+ dGl(G —Ob +O,5951)
, 4G5 (0-0 ~0,505)
do

+dGz(6—6b+O,5652)|
do

3) I IIECTHAHTEHHOIO
Hraropa

‘{’(95) = KOl

|e=9s

dGy (0-6;, - 0,505 )|

Gz (63 — eb — 0, 5652) +

0=04

Gz (65 — Gb + 0'5652)’

aMILTITYJHO-(a30BOTO Ieie-

de

+K02 dGl(G—Gb +O,5651)

do
dG, (6-6;, —0,565,)

+K03 40

+K04 dGZ (G—Gb + 0,5952)

de

Gl (65 - Ob + O, 5951)+
0=0g

Gl(GS -0 —0,5651)+
0=0,

GZ (95 - Ob + 0, 5952)+
6=04

Gz (93 — Sb — 0,5952)+
0=0g

+(K06 - K05)G32 (Ob)sin(es —Gb)(nfo %j

Bci 3MiHHI B HaBeIEeHUX

BUpazax, okpiM Oy, OyayTh

KOHCTaHTaMu. Y sKOCTi (YHKIIH, 110 ONKHCYIOTh Aiarpa-
MH cipsiMoBaHoCTi Gj(-) pO3IIISIHEMO HACTYIIHI:

1) byukuis I'ayca

Gi (6) = aje

2) Sinc-dyHkrrist

oy — o cine| 0~ 00
G,(G)—a,smc[—Ae j

(6-60i)°

2762 (@7)

(28)

HopmoBaHi 10 ofuHMII KPHBI TeJEHTaMii JKepern pa-
JHOBUITPOMIHIOBAHHS MPU BHKOPHCTaHHI QyHKii (27) 3

napameTpamu 6, = 9,

Ko1 = Koz = Koz = Kos = (Kgg —Kgs) =1,

o

A8, =5,
a =0,

AB; =30,

a, =1, 05 =60, 05, =10", Gg(6p) =1, fy=1GHz,

d =0,1 m mokasani Ha puc. 6a.

[enenrarmiiini XapakTEpUCTHKH U BXKE HaBEICHHX
nmapaMeTpiB MPU BUKOPHUCTAHHI aHTEH 3 Jiarpamamu (28)

MoKa3aHi Ha puc. 60.
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PucyHok 6 — HopMoBaHi 10 oanHULI neneHramiiHi Kpui (0JaKUTHHIT — IBOAHTEHHHH, YePBOHHUI — YOTHPHOAHTCHHHUI, YOPHHUIA —
[IECTH aHTEHHUH MEeJIEHraTop): a — JiarpaMu CIpsIMOBaHOCTI y BUIIIsAl GpyHKIii [ayca, 6 — miarpaMu CipsAMOBAHOCTI Y BUTIISI
Sinc-gyHkii

3 aHanizy oTpuMaHMX rpadikiB ciigye, o0 B ABOXaH-
TEHHOMY TI€JIEHTaTOpi MiHCHO iICHY€e IpOTHUpPIYYs MiX Iia-
MMA30HOM KYTiB OJHO3HAYHHWX BHMipIOBaHb, IO BiAIOBI-
JTATOTh JTHIHHIN JUISHII TeIeHTaIlitHOT XapaKTePUCTHKH,
Ta peaxIliero mpuitMaya Ha 3MiHy KyTa (TOUHICTIO).

B doTHpROX aHTEHHOMY TEJEHraTopi MPOTHUPITIS
BIAJIOCS momosiaTv. 3 rpadikiB BHUIUIMBAE, IO ICICHra-
LiifHa XapakTepucTUKa Mae 30uiblieHnid y 4 pas3u Jiamna-
30H OJJHO3HAYHUX BHUMIPIOBaHb, POTE MA€ JIBI TUITHKH 3
PI3HOIO KPYTH3HOIO.

LleHTpanbHa YacTHUHA TEJIEHraliiHOT XapaKTepUCTUKU
Ma€ OBy KPYTH3HY 1 JI03BOJISIE B MEKaX JIHIHHOT JiJIs-
HKH BY3bKHX aHTEH BHUDIIIYBaTH 3a[a4y 3 BUCOKOI TOY-
HICTIO. 3a MEXaMH IIi€i TUITHKA KPYTH3HA MCHINA, aje
IIPY I[bOMY 3pHB CIOCTEpEXEHHs a00 HEeOoJHO3HAYHICTh
BHUMIPIOBaHb HE CITOCTEPIraeThCs.

Po0oTy 1IeCTHAHTEHHOTO MENCHraTopy Kpalie MOsSICHUTH
HA TPUKIAI HOTO BKIIFOYEHHS B CUCTEMY aBTOMATHYHOTO
CYIIPOBOJDKEHHS 32 KyTOBHUMH KOOpAMHATaMu. Taka cucre-
Ma TOYMHAE TIPAIOBATH MICIsl BUPILNICHHS 3aadi MOIIYKY
KyTOBOTO TIOJIOXKEHHSI JDKepena  pajiOBUIIPOMIHIOBAHHSI.
ToOto Ha HayankHOMY eTarl LTb BXKE 3HAXOIHUTHCS Yy Me-
»ax poOoYoro Jiarna3oHy KyTiB pagionesieHratopy. Hampu-
K131 KyTOBE TOJIOXeHH 1t gopiHioe 110°, Toni Ha BUXO-
i TeneHraTopy Oy/Je MO3UTHBHE 3HAYCHHS HAMPYTH, IO B
MOJAJIBIIOMY TIPUBEJE B [0 aHTCHO-IIOBOPOTHHI MEXaHi3M
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JUIs CyMillleHHs KyTiB O 1 O . 3 KO)KHUM HOBUM BHMIpIO-
BaHHAM Hampyra Oyje CragaTd 0 MOMEHTY ITOKH KyTH He
OyIyTh IOPIBHIOBATH 1 HA BUXOJI MaTHMEMO 3HAYCHHs Ha-
npyru 0. CyuinpHa 4opHa KpHBa Ha puc. 6 Bil 3HAYCHHs
kyta 110° mo 90° Maemo AUISHKY 3 pi3HOIO KpyTH3HO. Haii-
BHIIIA KPYTH3HA HAaBKOJO pPiBHOCHTHAIBHOTO HATPSMKY
JIaCTh HAalBHUIIly TOYHICTH BUMIPIOBaHb, IHIII AUITHKA MaTH-
MYTh MEHIIY TOYHiCTh. B To# camuii wac Big 110° mo 90°
MAa€eMO CIIaHy KpUBY 0€3 MHO>KMHHHX MaKCHMyMIiB, Ha BiJl-
MiHy BiJ MeJeHTaliifHOi KPUBOI JBOAHTCHHOTO MENECHraTo-
py. Leit dakT mokasye, mo 3 KO)KHAM HOBHM ITHKJIIOM BHMi-
PIOBaHb CHCTEMa aBTOMATHYHOTO CYIPOBODKEHHS 33 KyTO-
BUMH KOOpIMHATAMH TpPHiIE N0 ICTHHHOTO HANpsMKy Ha
05 . IlepeBara IIECTHAHTEHHOrO HaJl YOTHPHOXAHTCHHHM
HPOSIBIIAETHCS caMe Ha KiHIIEBOMY €Tarli CITiIKyBaHHs 32 Oy .
IIpn 1bOMY ABOAHTEHHHWI Ma€ HaWBHUILY KPYTU3HY, ale y
JIy’)Ke MaJIoMy Jiiara3oHi KyTiB. Mo)KHa CTBEpIKYBaTH, IO
IIIECTHAHTCHHUH MTEJICHraTop Ma€e KOMITPOMICHI XapaKTepHc-
THK{ MDK TOYHICTIO Ta Jiarna3oHOM KyTiB OJJHO3HAYHHX BU-
MIPIOBaHB 1 JI03BOJISIE MOOJIATH ICHYFOUE POTHPIYYSL

5 PE3YJIbTATU
[epeBipuTn OTpuMaHi pe3yJabTaTH TaKOX IOLIIBHO
Ha TIPUKJIAAi aHaJi3y BUpA3iB ISl TPAaHUYHHUX HOXHOOK
BHAMIPIOBAaHHS pajioneeHraTopis. B cratuectiaHiit Teopii
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ONTHMI3allil pagioTexHiYHuX cucTeM [16] rpanuuny auc-
MepCito MOXUOKM OIIHIOBAHHS IMapaMeTpa A 3HAXOIATH 3
HepiBHOCTI Kpamepa-Pao

1
G;%Z— ,

< d—z In P[a(t) |A]> ' Mrue
da

(29)

Je <-> — 3HaK CTATUCTUYHOTO yCEPEIHECHH, d2/da?
— CHIMBOJI BTOPHHHOT ITOX1HOT.

3araipHUM AHATITHYHAN BUpPA3 ISl TPAHUYHOI TIOXH-
Oxu omiHku O¢ BCIX paJiolereHraTopiB Mae HACTYIHUI

BUTJIS;

+ (30)

85=05 true

I'panmuni nucnepcii MOXMOOK OIIHIOBaHHA KyTOBOTO
MOJIOKEHHS JDKepena Ui PO3TJSIHYTUX B Il CTAaTTi BU-
MaJIKiB MalOTh HACTYIHUI BUTJIS;

1) Ui IBOXAHTEHHOT'O aMIUTITYAHOTO TI€JIEHraTopa

;2 _ 1 ][ dGL(0-6 ~0,50,)
% uo do 0=0
2 -1
dG, (0- 6y, +0,505)
do 6=t
85=0s true

2) [ YOTHPHOXAHTEHHOTO aMIUITYIHOTO TIeJeHra-
TOpa

2 _ 1 ]| dGy(6-6p-0,505)
Gy =— +
S Mo do 0=0
2
dGl (6— Gb + O, 5951)
+
de 0-0,
2
dG, (6-6, —0,505; )
+
do o-0,
2 -1
dG2 (9 -0y + 0, 505, )
do o-0,
05=05 true
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3) Ay MIECTHAHTEHHOTO aMILTITYAHO-(ha30BOro meje-
Hraropa

2
2 1 ][ dGy (06, —0,505 )
oy =— +
S Ho do 0=0,
dG, (6-6,, +0,56 ?
j— + ,
. 1(0-0p 51) N
de =05
dG, (0- 0y —0,505,)
+
de 0=0s

2
dGZ (e—eb +0’5662) +(K55+K§6)><

de

0=0g

) -1
x(nfodc_l) GZ (69 )sin (6, —eb)} ,

05=0s true

Ie Lo =O,5ESN61.

OTprMaHi BHpa3u JOIUTHHO MPOMOJCITIOBATH TIPU THX
caMUX TapaMmeTpax, Mo i MMeJICHTaIliiHI XapaKTepUCTHKA Ha
puc. 6. Pesymbrar Takoro MOJCIIOBAHHS HABENCHO HA
puc. 7. Ha prucyHkax 300pa’keHb cepeTHbOKBAIPATHYHI T10-
XHOKH OINIHIOBaHHS KyTOBOTO TOJIOXKCHHS JDKEpena pamio-
BUIPOMIHIOBAaHHS Y Tpajycax B 3aJeXKHOCTI BiJl KyTa CIO-
CTEpeXEHHs I ABOX THIB jgiarpam (25) i (26). O6pani
kytH Big 70° no 110° BinnoBifar0Th HAWIIUPIIIOMY Jliara3o-
HY OJTHO3HAYHHX BUMIPIOBAaHb B IIIECTUAHTCHHOMY IICJICHTa-
TOPI.

3 aHaNi3y OTPUMAHUX 3aJICKHOCTEH CITiye, IO B IBOX-
AHTCHHOMY paJioNeieHraTopi HalBHIIA TOYHICTH 30Cepe-
JUKEHa Ha JIHIMHUX JUITHKAX TIETCHTallifHIX XapaKTepuc-
TUK. YOTHPHOXaHTEHHUH TIEJICHTaToOP TAKOXK Ma€ KOJMBAHHS
TPAaHWYHUX MOXHOOK, ajie TIPH IIbOMY 32 paxyHOK 30ibIie-
HOI KUTBKOCTI HE3aJISKHUX BUMIPIOBAHB IIi KOJIWBAHHS He-
3HAYHi 1 3arajoM TpaHWYHI MOXWOKWA MEHII HiK B JBOXaH-
TeHHOMYy. lllecTHaHTEHHMI MENEHraTop Ma€ HalBHILly TOY-
HICTb, 10 332 PAaXYHOK JIOJIAaHKY Y BHUIJISIII IIBUIIKOCIIAJHOT

byHKIi sin? (65 —6y) 3HauHO crazae 3a MeXaMH PIBHOCH-
THAJBHOTO HANpsIMKy. B Hanpsamky 6y, , Tiibku B oxHiil To-
Yi, TPaHHYHI MOXHOKM IIECTHAHTCHHOIO MeJICHraTopy

CIMIBIA/IAI0Th 3 YOTUPHOX AHTEHHUM, ke SiNn 2 (0)=0.
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PucyHok 7 — CepeTHbOKBAIpaTHYHI MOXUOKH OIIHFOBAHHSI KYTOBOTO MOJIOXKEHHSI JUKEpesIa paioBUNPOMiHIOBaHHS (ONaKUTHUIA —
JIBOAHTEHHWH, YEPBOHHMI — YOTHPbOAHTEHHHI, YOPHHUIA — [IIECTH AHTEHHHH MEJIEHraTop): a — [iarpaMu CIPSIMOBAHOCTI Y BHIJIS
¢byukuiii 'ayca, 6 — miarpamu copssMoBaHOCTI y BUJIAI Sinc-dyHkiit

BUCHOBKH

KemOpumkcpkoro yHiBepcurery (Benuka Bpuranis),

HaykoBa HOBHM3HA 1bOrO JAOCITIIDKCHHS MNOJISITAE B JICPIKABHUIA peecTpauiiHuii HOMeEp HPOEKTY
po3pobui Ta cHHTE31 HOBOro Merony oOpoOku curHamis, 0124U003671.
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KyTOBHX IIOJIO)KE€Hb IDKEpeNl paliOBUIIPOMIHIOBAHHS B JITEPATYPA

0araToaHTEHHUX padioleleHraTopax.

IIpakTHyHa 3HAYUMICTH TIOJIATAE Y MOXIIMBOCTI 3a-
CTOCYBaHHS PO3pOOJIEHUX METOIB AJIsI MiBUILEHHS ede-
KTHBHOCTI pOOOTH OOPTOBHUX CHCTEM OE3IIOTHUX JIiTa-
JILHUX araparis.

Jast mMaif0yTHIX JocailskeHb BaXJIMBO BPaxyBaTH,
0 OTPMMaHi AJITOPUTMH MPAMIOITh 32 YMOBH ITOBHOI
BiZIOMOCTI Mozeli curHaity. ToMy mepcneKTUBHUM Hampsi-
MKOM € JIOCTI/DPKEHHS METOAIB TeNeHramil CTOXaCTHYHUX
CHUTHAJIB, SIKI XapaKTepU3YIOThCA JIUIIIE MOIYJIEM Ta Kope-
JAIHHAMY XapaKTepUCTUKaMH. Lle T03BOJHMTE pO3IIUPHTH
MOJIJIMBOCTI 3aCTOCYBaHHSI pO3POOIICHUX METOIB y OLIBII
CKJIQTHUX YMOBax poOOTH palionesIeHraTopiB.
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ABSTRACT

Context. Direction finders are critical components of radar and radio navigation systems, particularly when installed onboard
UAVs. The increasing use of unmanned systems has heightened the need for precise direction finding and wide-angle unambiguous
measurements. The primary challenge is to strike a balance between achieving high accuracy and maintaining a broad range of un-
ambiguous measurement angles.

Objective. To simultaneously enhance direction finding accuracy and expand the range of unambiguous measurement angles
through the statistical synthesis of functionally deterministic signal processing methods in multichannel direction finders.

Method. The approach is grounded in the statistical theory of optimization for radio remote sensing and radar systems. For the
specific type of signals considered in this study, represented by functional-deterministic models, the likelihood function is con-
structed, and its maxima are determined for various configurations of multi-antenna direction finders. The statistical synthesis results
are validated through simulation and in-situ experiments.

Results. Theoretical analysis and simulation modeling confirm that in dual-antenna direction finders, there is a trade-off between
high resolution and the range of unambiguous direction finding angles. An improved signal processing method is developed for a
four-antenna direction finder, utilizing a pair of high-gain and a pair of low-gain antennas. To achieve the maximum possible bearing
accuracy within the range of unambiguous direction finder measurements, a new signal processing method is synthesized for a six-
element radio receiver, combining the processing of signals in two amplitude direction finders and one phase direction finder.

Conclusions. The proposed approach achieves an optimal balance between resolution and angle range, making it particularly
suitable for onboard systems of unmanned aerial vehicles. Simulation results confirm the effectiveness of the proposed method, high-
lighting its potential for implementation in modern radio systems.

KEYWORDS: multi-antenna direction finders, statistical optimization, optimal signal processing, simulation modeling.
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ABSTRACT

Context. Modelling the spread of tuberculosis in Ukraine is particularly relevant due to the increasing number of cases, espe-
cially in 2023.

Obijective. The aim of this study is to solve modeling tasks by applying modern machine learning methods and data analysis to
build predictive models of tuberculosis spread at the regional level.

Method. To model the spread of tuberculosis at the regional level in Ukraine, it is proposed to use several approaches, such as
the SIR model, cellular automata, and Random Forest. Each of these methods has its unique advantages and can provide a more de-
tailed understanding of the dynamics of disease spread. The SIR model (Susceptible-Infectious-Recovered) is a classical epidemiol-
ogical model that describes the spread of infectious diseases in a population. The model assumes three groups of the population: S
(Susceptible) — susceptible to infection; I (Infectious) — infected and capable of transmitting the infection; R (Recovered) — those who
have recovered and gained immunity. Cellular automata are a discrete model that uses a grid of cells to simulate spatiotemporal proc-
esses. Each cell can be in different states (e.g., healthy, infected, immune) and change its state depending on the states of neighboring
cells. Random Forest is a machine learning method that uses an ensemble of decision trees for classification or regression. This
method can be applied to predict the spread of tuberculosis based on a large number of input parameters. Using these methods will
allow for a deep analysis and comprehensive results regarding the spread of tuberculosis at the regional level in Ukraine. This, in
turn, will facilitate the development of effective strategies to combat the disease and improve public health..

Results. The results of applying the Random Forest and SIR methods were described and analyzed in detail. For Random Forest,
the metrics MSE and R? were evaluated, showing high prediction accuracy. In the case of the SIR algorithm, visual assessment of the
results revealed insufficient accuracy due to model limitations. Comparing the chosen methods with other studies, a conclusion was
made about the need to consider more complex algorithms to obtain more accurate results.

Conclusions. Based on the research results, it can be concluded that the Random Forest method is sufficiently effective for pre-
dicting vulnerable social groups and that the SIR algorithm is less effective for modeling the spread of tuberculosis. For further re-
search development, it is recommended to consider more complex algorithms and account for additional factors influencing the
spread of the disease. Moreover, to better understand further actions to combat the disease, it is advisable to simulate the spread of
tuberculosis among the population of Ukraine.

KEYWORDS: method, metric, tuberculosis, Random Forest, Susceptible-Infectious-Recovered, modeling, algorithm.

ABBREVIATIONS the pandemic, and requires a comprehensive approach to

TB is a tuberculosis; its study and control [1, 3].
WHO is a World Health Organization; The scientific development of this problem includes
DT isa Decision Tree; various methods and approaches. Currently, statistical
SIR is a Susceptible-Infectious-Recovered; methods, epidemiological models, and machine learning
MSE is a Mean Squared Error. methods are already being used to analyze and predict the
spread of the disease. However, there are significant gaps
INTRODUCTION in understanding the dynamics and specifics of

Modeling the spread of tuberculosis in Ukraine at the  tuberculosis spread at the regional level in Ukraine [5].
regional level in 2024 is particularly relevant due to the Object of the study: The social and demographic
increasing number of cases, especially in 2023.  a5pects of tuberculosis spread by gender and age.

Tuti)elrculosifs rr:\jmains _ort1e Oft.thf Isigni;i]cant tglotba]l Subject of the study: The methods and algorithms for
problems oF modern society, particularly in the context o studying the spread of tuberculosis in the regions of

Ukraine.
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The aim of this study is to address these issues by
applying modern machine learning methods and data
analysis to build predictive models of tuberculosis spread
at the regional level. The conclusions drawn from this
research can make a significant contribution to the
development of effective strategies for disease control and
prevention in Ukraine.

Tasks of the research:

— Data collection and preparation: Assess the available
data on the number of tuberculosis cases in each region of
Ukraine for 2024, considering age and gender distribu-
tion.

— Data analysis: Study the distribution of tuberculosis
cases by region, age, and gender to identify possible de-
pendencies and correlations.

— Develop a predictive model: Apply machine learn-
ing methods, particularly the Random Forest algorithm, to
build a predictive model for tuberculosis spread at the
regional level. Consider risk factors such as age and gen-
der to identify the most vulnerable population groups.

— Evaluate model effectiveness: Analyze the results
and evaluate the accuracy and reliability of the predictive
model. Identify the most vulnerable population groups.

The advantages of modeling for such tasks lie in the
ability to predict disease spread dynamics, identify the
most at-risk population groups, and determine effective
control strategies. Models allow for the consideration of
various factors, such as demographic and socio-economic
characteristics, which helps in understanding the complex
relationships affecting disease spread. They can also be a
useful tool for decision-making and developing
preventive and treatment strategies.

The relevance of the topic reflects the importance and
significance of the problem being studied and its
alignment with contemporary scientific and practical
needs. Modeling the spread of tuberculosis in Ukraine is
particularly relevant due to the increasing number of
cases, especially in 2023. The study is driven by the high
incidence rate and potential threat to public health, which
requires thorough analysis and effective management
strategies [2].

Understanding the spread of tuberculosis and
identifying the most vulnerable population groups is
crucial for further control and prevention of this disease.
Research in this area not only provides a scientific
component but also has a direct practical impact on the
health of citizens and the healthcare system of the country
[6].

Moreover, modeling the spread of tuberculosis with
the identification of the most vulnerable population
groups by gender and age is significant for the further
development of medical science and practice. Discovering
new connections and factors influencing disease spread
can contribute to improving tuberculosis diagnosis and
treatment methods, as well as developing effective control
and prevention programs.

© Boyko N. I., Rabotiahov D. S., 2024
DOI 10.15588/1607-3274-2024-4-4

42

The main focus of the research is on identifying the
connections between various social and demographic
factors and the spread of the disease, as well as
determining the factors contributing to the risk of illness
among different population groups. Thus, the object and
subject of the research reflect the key aspects investigated
within this work to address the problem of tuberculosis
spread and improve public health.

1 PROBLEM STATEMENT

The relevance of this research lies in its ability to
forecast disease spread dynamics, identify the most at-risk
population groups, and determine effective control strate-
gies. The models developed will consider various factors,
such as demographic and socio-economic characteristics,
to understand the complex relationships affecting disease
spread. These models can also serve as a valuable tool for
decision-making and developing preventive and treatment
strategies.

Let:

— N be the total population of a region;

— S(t) be the number of susceptible individuals at time

— I(t) be the number of infectious individuals at time t;
— R(t) be the number of recovered individuals at time

— P be the transmission rate;
— v be the recovery rate.

The SIR model is described by the following set of
differential equations [5, 7]:

ds(t) _

dt
di (t)

S (t) 10N

B

BS(t)l(t)

dR(t)
dt

Objective Function for SIR Model: Minimize the error
between the model predictions and the actual data [8, 9]:

(),
=7I(t).

13 2
MSE =HZ[|actuaI (ti) =1 predicted (ti )] .
i=1
For the Random Forest model, let:

— X be the feature matrix (including age, gender,
socio-economic factors, etc.),

— y be the target variable (number of tuberculosis
cases).

The objective is to train the Random Forest model to
minimize the mean squared error:

MSE = Z[y. ,
i=1

where y; is the predicted value from the Random Forest

model.
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Using these methodologies, we aim to develop accu-
rate predictive models to understand the spread of tuber-
culosis and identify the most vulnerable groups, thereby
contributing to better disease control and prevention
strategies.

2 LITERATURE REVIEW

To perform this research there will be used various
methods aimed at analysing the socio-demographic as-
pects of the spread of tuberculosis and identifying the
most vulnerable groups of the population. One of the
main methods is the analysis of statistical data, which will
provide objective results on the distribution of the disease
among different categories of the population. Machine
learning methods such as regression or clustering algo-
rithms will also be used to identify complex relationships
and patterns in the data. To analyse the geographical dis-
tribution of the disease, datasets on different regions over
a long period of time will be used. In addition, epidemiol-
ogical models will be used to predict the spread of tuber-
culosis and evaluate the effectiveness of control strate-
gies. Such a comprehensive approach to research will
allow us to gain a deeper understanding of the problem
and identify the best ways to combat the disease.

linytskyi H. 1. (2021) [4, 10] in his research work in-
vestigated the epidemiological situation with tuberculosis
in Ukraine. In addition to analysing statistical data and
conducting sociological research, the author also devel-
oped a mathematical cellular SIS model to predict the
spread of tuberculosis in Ukraine. The methods are based
on a system of differential equations that describe the
dynamics of tuberculosis spread in a population. The
methods take into account factors such as TB incidence,
TB mortality, infection rates and treatment effectiveness.
This approach is not very suitable for the real world, as it
assumes that an individual becomes infectious immedi-
ately after infection, which is not true, as the disease has
an incubation period. The author also considered the SEIS
model. The SEIS model considered here can be inter-
preted as an SIS model with an effective delay in the
spread of the disease. It performed better under conditions
close to those of the real world.

Researcher Rogovskyi V. O. (2023) [11, 18] devel-
oped a mathematical model for predicting the success of
tuberculosis treatment. The model is based on a system of
differential equations that describe the dynamics of the
number of tuberculosis pathogens in the body. The model
takes into account the following factors: the sensitivity of
the pathogen to chemotherapeutic drugs, the patient’s
immune status, and the patient’s compliance with the
chemotherapy regimen. As analysed by the author, the
model makes good predictions for short periods of time,
as evidenced by the margin of error, but applying this
model over longer periods of time can lead to an increase
in the prediction error.

According to the Public Health Centre of the Ministry
of Health of Ukraine [5, 12], 23,788 new cases of tuber-
culosis were registered in 2022, which is 60.1 per 100,000
people. Expectations for reducing TB morbidity and mor-
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tality in 2022: 10% reduction in morbidity and 5% reduc-
tion in mortality. Actual results: 8% reduction in inci-
dence and 7% reduction in mortality.

The section “Creating a Bayesian Network of Risk
Factors for COVID-19” of the thesis by Yaroslav
Shevchenko [13, 15] describes two methods used to build
a Bayesian network: the method of expert opinion (the
author interviews 10 experts (infectious disease doctors)
about their opinion on the impact of 12 risk factors on the
likelihood of contracting COVID-19). Based on these
opinions, a Bayesian network is built. Pros: simplicity and
accessibility (the expert opinion method is easy to use and
does not require special programming knowledge), flexi-
bility (Bayesian networks can easily adapt to new data
and information), visuality (Bayesian networks provide a
convenient visual representation of the relationships be-
tween risk factors). Cons: subjectivity (the method of ex-
pert assessment can be subjective, depending on the opin-
ion of experts), data requirements (the training algorithm
of the Bayesian network requires a large amount of data),
difficulty of interpretation (interpretation of the results of
the Bayesian network can be difficult for people without
special knowledge).

From the journal Chemistry, Ecology and Education,
section “Mathematical modelling of the spread of viral
infections in local urban ecosystems” [17, 20], one can
learn about the process of spreading respiratory viral dis-
eases, which are most often transmitted by airborne drop-
lets. Infection by this route is most likely in crowded
places. It is important to note that people start infecting
others before they become ill. The following modelling
techniques were used: a mathematical model (the authors
developed a mathematical model to predict the spread of
respiratory viral infections), Langevin dynamics (the
model uses Langevin dynamics to model the movement of
agents in the system), Levy flight modelling (the model
allows for the sudden movement of infected agents over
long distances). Advantages: adequacy (the model ade-
quately reflects the main spatial and temporal components
of the urban ecosystem), versatility (the model is univer-
sal and can be adjusted according to needs), effectiveness
(the model can be used to predict epidemics and evaluate
the effectiveness of prevention methods). Cons: Complex-
ity (the model can be difficult to understand and use),
need for the large amounts of data (data on the urban eco-
system and human behaviour are required to parameterise
the model), limitations (the model cannot take into ac-
count all factors that affect the spread of infections).

Artificial intelligence can be a powerful tool for pre-
dicting the spread of TB and developing effective control
strategies. An article titled “Prospects for the application
of artificial intelligence to predict the spread of tuberculo-
sis infection in the WHO European Region” [14, 19] only
confirms this. In the study, the authors describe various
Al methods that can be used to predict TB. TB spread
models, that were mentioned in the paper:

— the classic SIR model:

— The model uses three states for agents: suscep-
tible, infected, and recovered.
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— The model takes into account factors such as
the number of agents, speed of movement, probability of
infection, duration of the disease, etc.

— Urban environment model:

— The authors propose to develop a model that
takes into account the life, behaviour and interaction of
people in the city.

— This model will be integrated with the infec-
tion spread model for more accurate forecasting.

— Advantages of the proposed approach;

— Better forecasting: The combination of models
will allow for more accurate forecasting of the spread of
the epidemic at the regional, national and global levels.

— Incorporating geospatial data: The use of geo-
graphic maps and the location of buildings will allow us
to study the spatial spread of the epidemic.

— Speed of calculations: The model should be
fast enough to run a large number of computer experi-

ments.

— Parallel computing: The possibility of parallel
computing will allow modelling the spread of the epi-
demic at the macro level of countries and the world.

— Disadvantages of the proposed approach:

— Complexity of development: Developing an
urban environment model is a complex task.

— The model must take into account many factors
such as age, immunity, building types, etc.

— Data requirements: Large amounts of data are

required to develop and train the model.

Table 1 provides an analysis of the research on this
topic, which is subject to careful scientific review in order
to understand the direction of change.

Table 1 — Review of related papers

Title of
the work | Methodology ;r;iggg;g ggglsoof the meth-
(author) 9y 9y
Simole. de- Does not take into
. Mathematical npee, laccount the incuba-
lnytskyi H. scribes the dy- | .
1. (2021) cellular model namics of TB tion period, not very
' SIS/SEIS suitable for the real
spread well
lworld
Allows to take
Mathematical into account
Ro0ovskyi model of the susceptibility to [Not very accurate
v % (20y23) dynamics of the |chemotherapy, |over long periods of
T number of TB  |immune status, [time
pathogens adherence to the
regimen
E'Légllltﬁ Expectations and
actual results in . .
Centre of reducing mor- A simple Does not take into
the Ministry bidit a%d mor- method of fore- |account the impact of
of Health of 1ty casting arious factors
Ukraine tality from tu-
berculosis
(2022)
Bayesian net- S .
Shevchenko work of risk Simple, flexible, Subjective, requires
Yaroslava - lot of data, difficult
(2020) factors for visual {0 interpret
COVID-19
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Summing up the results presented in Table 1, the
analysis of the literature confirms the relevance of the
problem of studying tuberculosis in Ukraine. Despite a
certain decline in the incidence rate in recent years, the
country’s TB rate remains higher than in the European
Union.

3 MATERIALS AND METHODS

In order to predict the spread of tuberculosis and to
model it, we need a dataset that contains sufficient infor-
mation to make the predictions accurate. That is why the
dataset [17, 20] was chosen for the paper, which contains
data on the incidence of tuberculosis in Ukraine for a long
period from 2007-2022. The data is presented in tabular
format and describes the following characteristics: the
number of cases by date and region, age and gender, TB
form and treatment outcome.

Although the dataset does not provide direct informa-
tion on the causes of TB, it does allow for the study of
risk factors such as age, place of residence, socioeco-
nomic status, and comorbidities.

The data describe both men and women of all age
groups, with detailed age categorisation.

In addition to information on the forms of TB, the
dataset also contains data on treatment outcomes, which
allows for an assessment of treatment effectiveness.

The existing dataset will be split 7:3 for training and
testing, respectively.

For a better understanding of the approaches and to
solve the tasks, let us consider the proposed methods
listed in Table 1

The methodology of the mathematical cellular model
SIS/SEIS described by Ilnytskyi G. 1. (2021) has the ad-
vantages of ease of use and a good description of the dy-
namics of the disease spread, however, an important nega-
tive factor of the methodology is that it does not take into
account the incubation period of the disease, which is why
its use in this work is inappropriate [16].

Researcher Rogovsky V. O. (2023) proposed a
mathematical model of the dynamics of the number of
tuberculosis pathogens, which perfectly allows taking into
account sensitivity to chemotherapy, immune status, and
compliance with the regimen, but the lack of need to in-
clude these parameters in the analysis, along with the in-
sufficient accuracy of predictions over long periods of
time, make this methodology inappropriate for use in this
work.

The data provided by the Public Health Centre of the
Ministry of Health of Ukraine (2022) only shows com-
parative statistics on the expected and actual results of
reducing the incidence and mortality from tuberculosis.

To address this issue, Yaroslav Shevchenko’s thesis
proposes a Bayesian network of risk factors for contract-
ing COVID-19. The advantages of this method are the
flexibility of the model and a good opportunity to visual-
ise the results, but the model requires a large data set,
which contradicts the above description of the data set,
and the results of the algorithm are difficult to interpret.
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The problem of the need for a large data set was also
encountered by the methods of Langevin dynamics and
Levy flight modelling described in the journal Chemistry,
Ecology and Education (2023), although they had such
advantages as the versatility of the algorithm and its effi-
ciency.

The article “Prospects for the application of artificial
intelligence to predict the spread of tuberculosis infection
in the WHO European Region” presents the classic SIR
model, an urban environment model that has such advan-
tages as the inclusion of geospatial data, calculation
speed, and the possibility of parallel computing. There are
also disadvantages of the methodology, including the
complexity of development and the need for a medium to
large data set.

However, for a comparative analysis, the methods de-
scribed in Table 1 should be considered, as well as addi-
tional tools that are best suited to the task at hand.

To address the issue of predicting the most vulnerable
populations by age and gender in terms of TB incidence,
decision trees can be used, namely Random Forest. Ran-
dom Forest is a machine learning algorithm that uses a
combination of DTs to improve accuracy. It works well
with medium-sized datasets, because in our case, the se-
lected dataset contains information for each of the 24 re-
gions of Ukraine and the city of Kyiv in the time period
from 2007-2022, which makes it possible to track the
dynamics of the disease in each of the regions over an
average period of 15 years.

Random Forest can help us to:

— Identify risk factors: Random Forest can help iden-
tify factors (gender, age, other) that influence the likeli-
hood of getting TB.

— Classifying people into risk groups: Random Forest
can classify people into risk groups based on their likeli-
hood of getting the disease.

— ldentify the most vulnerable groups by gender and
age: Random Forest can help you identify the populations
that are most at risk for TB.

The model will make predictions about the most vul-
nerable groups based on the number of cases, age groups,
gender, and year. As a result of processing the data, the
model will output the age group and gender of people
who may be most affected by the disease.

The model works as follows:

— Random sampling: A set of random subsets is gen-
erated from the data.

— Training of the DTs: A DT is trained for each subset
of the data.

— Aggregation: The forecasts from all the DTs are
combined to produce the final forecast.

Here is the pseudo-code of the algorithm:

Algorithm Random Forest: pseudocode

1: To generate c classifiers:

2: for i =1 to c do

3: Randomly sample the training data D with
replacement to produce D;;

4: Create a root node, N;, containing Dj,
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Call BuildTree(N;)

end for

BuildTree(N):

if N contains instances of only one class

then

9: return

10: else

11: Randomly select x% of the possible split-
ting features in N

12: Select the feature F with the highest in-

formation gain to split on

o~NO O

13: Create f child nodes of N, Nj,.... , Ng,
where F has f possible values (Fy,
Fe)

14: for i = 1 to f do

15: Set the contents of N;, to D;, where

Di, is all instances in N that match F;
16: Call BuildTree(N;)
17: end for
18: end if

Random Forest algorithm:

— You need to set the following parameters:
— Number of trees;
— Depth of trees.

— Next, you need to train the model, for this(for each
tree):

— Select a random subset of the data;
— Train the DT on the subset of data.

— The next step is to make a prediction, for this(for
each tree):

— Make a prediction for a new data instance;
— Combine the predictions from all the trees.

Also, for a better understanding of how the algorithm
works, we can look at the flowchart of its operation in
Fig. 1.

In Fig. 1 the following notation is used:

Vp: This is the entire dataset used to train the algo-
rithm. It consists of n data points, where each data point is
represented by a pair (x;, y;). Here, xi is the feature vector
for the ith data point and y; is the corresponding objective
value.

v: This is the number of decision trees to be created in
the algorithm.

Vi, Vy, ..., Vi These are the random data sets used to
train each decision tree. Each data set V; consists of k data
points that are randomly selected from V.

k: This is the number of features that are randomly se-
lected for each decision tree.

Ay, A, ..., A These are the predictions made by each
decision tree for a new data instance X.

A: This is the final prediction made by the Random
Forest algorithm. It is calculated as the average of the
predictions made by all decision trees.

The R%-measure (coefficient of determination) can be
used to assess the accuracy, and the mean square error
(the average of the squared differences between the pre-
dictions and the actual values), which will be referred to
as MSE, can be used to assess the model error.
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Figure 1 — Block diagram of the Random Forest algorithm

The next step, after identifying the most vulnerable
part of the population, is to model the spread of TB in the
regions of Ukraine. To perform this part of the task, it was
decided to use the SIR model. The SIR model is a simple
cellular automata model used to simulate the spread of
infection. It divides people into three groups:

— Susceptible (S): People who can contract an infec-
tion.

— Infected (1): People who are infected with the infec-
tion and can transmit it to others.

— Recovered (R): People who have recovered from an
infection and can no longer be infected.

The SIR model works as follows:

— Infected people transmit the infection to susceptible
people with a certain probability.

— Susceptible people who are exposed to the infection
become infected.

— Infected people eventually recover.

Fig. 2 shows an image of a compartmental diagram of
the SIR model, where N, S, lg, Rq are the total population,
the initial value of susceptible people , the initial value of
infected people, and the initial value of people who can
no longer get sick, respectively, B is a symbol is the sym-
bol for the infection rate (describes the probability that a
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N, Sg, g, Rp

Figure 2 — Compartmental diagram of the SIR model

susceptible individual will become infected through con-
tact with an infected individual), p is the symbol for the
mortality/cure rate (describes the probability that infected
individuals will die of the disease or recover without the
possibility of contracting the disease again).

The values of S;, I;, and R; are calculated from the dif-
ferential equations at each iteration of the simulation as
follows, respectively [12, 15]:

_ B
N#S g%l
_ p
N*Sig*lig*(1-p)’
Ri = * .

Here is a pseudo-code of the algorithm:

Algorithm SIR: pseudocode

1: function MAIN

2: S?tnt, fixed = (™, t), bounds = range for

p ca

for run = 0 to Number_of runs parallel do
call single run (bounds, fixed)

end for

read and assembles results from single runs

end function

function SINGLE_RUN(bounds, fixed)

call differential_evolution (Objective func-

tion, bounds, fixed)

10: save results of a single run

11: end function

12: function OBJECTIVE_FUNCTION(p, t)

13: s = SIRmodel (p)

14: objfun=Oycs),c(P)

15: return objfun

16: end function

17: function SIRMODEL(p)

18: initialize Syini

19: for n = nNjyi + 1 O Ny + N _

20: compute s, from s,; by (10)

21: end for

22: return s

23: end function

©oOo~NOO U~ W

1 do

Before dividing the data into training and testing sub-
sets, it is necessary to filter the data. To do this, it is nec-
essary to delete the tables that will not be used in the
analysis, for example “Block 4. Information about TB
facilities”, “Block 5. TB treatment”, “Block 6. Bed capac-
ity of TB facilities”, and other separate tables. Other ta-
bles should be combined by years and regions, and the
data should be cleaned (filling in gaps if any, normalisa-
tion, standardisation, etc.). Examples of table blocks di-
vided by the information they store are shown in Fig. 3.
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Block 3. Tuberculosis / HIV infection

Table 2 — Description of data set elements for the Random

Table 44 Incidence of tuberculosis in combination with AIDS Forest algorithm
(new cases + relapses) . Feature name Description
Table 45 Registration of HIV-positive persons with tuberculo- - -
sis AgeCategory Age categories represented in
Table 46 Tuberculosis patients died from the disease caused by t%eoongmal dataset from 0 to
AIDS 100 years
Table 47 Prevalence of all forms of active tuberculosis in Sex Sex
combination with the disease caused by HIV Year The year, used for reference
Block 4. Availability of doctors in anti-tuberculosis institutions TotalPopulation Country population
Table 48 Availability of phthisiologist doctors in the institu- Infected Amount of infected people
tions of the Ministry of Health of Ukraine Dead Amount of dead people
Table 49 Medical positions in medical and preventive institu- peop
tions of the Ministry of Health of Ukraine, 2021 ..
Block 6. Bed fund of anti-tuberculosis institutions Table 2 presents a descrlptlon of the feat"_”es that
Table 69 The network of anti-tuberculosis healthcare institu- make up the data set for the Random Forest algorithm.
tions of the Ministry of Health of Ukraine For the dataset that will be used by the SIR algorithm
Table70 | Availability of hospital beds for tuberculosis patients | 4 mqdel the spread of the disease, we will design a data-
in health care institutions of the Ministry of Health of L. .
Ukraine set consisting of the following columns: Year, Infect-
Table 71 Indicators of the use of the bed fund of anti- edTB, DeadTB, Region, TotalPopulation, RecoveredTB.
tuberculosis health care institutions of the Ministry of An example of the generated data is shown in Fig, 5.
Health of Ukraine, 2021
Table 72 Hospital and sanatorium care for tuberculosis patients -
by the territorial location of health care institutions of Year | Infect | DeadT Region Total- Recov
the Ministry of Health of Ukraine edTB B Population erEdT
Figure 3 — Examples of table blocks from the data set
2022 405 93 Volyn 1018628 150
— To perform the analysis, it is necessary to design 2 2022 | 2450 340 Dniprollﬂ()et- 3093176 | 1013
- - - - rovs
data sedts. The tflrst get, \:‘vhlch I\Nlllhbe used totpreldlct the 057 T 133 3 Sonstsk TRIZE] =3
age an se>.< ca e_gorles _0 people wnho are most vu ne_ra e 2022 491 98 Zhytomyr 1179801 189
to further infection using the Random Forest algorithm, 2022 | 880 136 Zakarpattia | 1241643 358
will consist of the following columns: AgeCategory, 2022 | 595 161 Zaporizhzhia | 1637673 209
Year, Sex, TotalPopulation, Infected, Dead. An example 2022 | 378 44 'VaQO- y 1349096 161
: : : ; Frankivs
from this dataset is shown in Fig. 4. 055 T 857 59 Kyiv 1785300 30
2022 607 100 Kirovohrad 897297 244
AgeCategory | Sex | Year | TotalPopu- | Infected | Dead 2022 13 78 Luhansk 666801 =32
lation 2022 846 195 Lviv 2459763 313
0-1 M 2007 46650000 15 2 2022 952 85 Mykolaiv 1091106 417
1-4 M 2007 46650000 113 0 2022 2927 249 Odessa 2340332 1286
59| M 2007 | 46650000 107 1 2022 700 70 Poltava 1344445 303
10-14 M 2007 46650000 99 1 2022 530 67 Rivne 1140724 223
15-17 M 2007 46650000 300 1 2022 271 88 Sumy 1033580 88
18-24 M 2007 46650000 2445 162 2022 280 29 Ternopil 1018462 121
25-34 M 2007 46650000 6195 1365 2022 965 181 Kharkiv 2583325 377
35-44 M 2007 | 46650000 6310 2405 2022 476 100 Kherson 1000166 181
45-54 M 2007 46650000 5958 2890 2022 441 50 Khmelnyt- 1225666 188
55-64 M 2007 46650000 2831 1195 skyi
65-100 M 2007 46650000 1895 586 2022 419 95 Cherkasy 1157115 156
0-1 F 2007 46650000 7 1 2022 406 42 Chernivtsi 887392 175
1-4 F 2007 46650000 83 3 2022 469 78 Chernihiv 950773 188
9| F | 2007 | 46650000 90 0 Figure 5 — Example of a designed dataset for the SIR model
10-14 F 2007 46650000 107 1
15-17 F_ | 2007 | 46650000 | 303 1 o
18-24 F 2007 | 46650000 1707 91 Table 3 — Description of data set features for the SIR model
25-34 F 2007 46650000 2821 464 algorithm
35-44 F 2007 46650000 2118 512 Feature name Description
gg‘gj E ;88; jggggggg 1;0862 1"7‘91’ Year Year, used for reference
65-100 F 2007 26650000 1303 205 Region Region of Ukraine (not included city of Kyiv)
65-100 RecoveredTB Amount of recovered people

Figure 4 — An example of a designed data set for the Random
Forest algorithm
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Table 3 provides a description of the features included
in the dataset for the SIR algorithm.
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4 EXPERIMENTS

Conducting experiments for the topic “Modelling the
spread of tuberculosis in the regions of Ukraine for 2024
with the identification of the most vulnerable groups by
gender and age” is of great importance, as it allows us to
understand how accurately the selected models or algo-
rithms have worked, namely, to understand how accu-
rately the Random Forest model predicts the number of
infections in the upcoming years, which we can use to
make conclusions about the most vulnerable part of the
population. In addition, the experiments make it possible
to visually see the modelled dynamics of the spread of the
disease in each of the country’s regions using the SIR
cellular automata model.

The software implementation was done using Python,
a high-level general purpose programming language with
a simple and readable syntax. It has a large number of
libraries for a variety of tasks, making it a very powerful
tool for solving problems in research, data analysis, and
machine learning. Python’s advantages include ease of
learning, broad community support, and ease of use. In
particular, the following libraries and tools were used to
develop the application:

— Pandas is a data processing and analysis library that
provides data structures and functions for working with
them. It allows you to easily perform operations on large
data sets, such as reading, writing, filtering, and aggregat-
ing data.

— NumPy is a library for scientific computing in Py-
thon. It provides support for arrays and mathematical
functions, allowing you to easily perform calculations on
numerical data.

— Scikit-learn is a machine learning library for Python.
It contains implementations of many machine learning
algorithms, such as classification, regression, clustering,
and others, as well as tools for estimating and fitting
model parameters.

— Seaborn is a Python data visualisation library based
on the Matplotlib library. It provides high-level functions
for creating attractive and informative graphs and charts.

— Matplotlib is a graphing and data visualisation li-
brary in Python. It allows you to create various types of
graphs, such as line, pie, and bar charts, and customise
their appearance.

— Scipy is a Python library for scientific and technical
computing. It contains implementations of many algo-
rithms for numerical computation, optimisation, signal
processing, and other functions for working with scien-
tific data.

The dataset for the Random Forest algorithm de-
scribed in the previous section, an example of which can
be seen in Fig. 6, is stored in .csv format, so you need to
write a function that reads data from the file and returns it

in the pandas Data frame format:
Function readDataFrame(file path):
1: initialize an empty DataFrame called df_rf
2: read the contents of the file using
"pd.read_csv(Q"
3: add the contents of the read file to df_rf
4: return df_rf
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Ne Age- Sex | Year | TotalPopu- In- Dead
Category lation fected
0 0-1 M 2007 46650000 15 2
1 1-4 M 2007 46650000 113 0
2 5-9 M 2007 46650000 107 1
3 10-14 M 2007 46650000 99 1
4 15-17 M 2007 46650000 300 1
347 25-34 F 2022 41167000 753 63
348 35-44 F 2022 41167000 1119 134
349 45-54 F 2022 41167000 952 121
350 55-64 F 2022 41167000 644 79
351 | 65-100 F 2022 41167000 787 77

Figure 6 — Data set in the pandas DataFrame format

Fig. 7 shows an example of data from a loaded data-
set. After reading, you need to check the data types that
are stored in the set. The result of the check can be seen in

Fig. 8.

For the model to work, you must first clean the data,
check for spaces, and convert it to the required types, after
which the data set looks like this:

AgeCategory object
Sex object
Year int64

TotalPopulation object
Infected object
Dead int64

dtype object

Figure 7 — Data types of

the downloaded dataset

Ne AgeCa | Sex Year | TotalPopul | Infected | Dead
tegory ation
0 0-1 M 2007 | 46650000 15 2
1 1-4 M 2007 | 46650000 113 0
2 5-9 M 2007 | 46650000 107 1
3 10-14 M 2007 | 46650000 99 1
4 15-17 M 2007 46650000 300 1
347 | 25-34 F 2022 | 41167000 753 63
348 35-44 F 2022 41167000 1119 134
349 | 45-54 F 2022 | 41167000 952 121
350 55-64 F 2022 41167000 644 79
351 | 65-100 F 2022 | 41167000 787 77
Figure 8 — Data after cleaning

Fig. 9 shows an example of data after data cleaning

operations.
AgeCategory object
Sex object
Year int64
TotalPopulation int64
Infected int64
Dead int64
dtype object

Figure 9 — Data types after cleaning the dataset
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Fig. 10 shows the types of data from the dataset for
the Random Forest algorithm after data cleaning opera-
tions.

AgeCategory
Sex
Year
TotalPopulation
Infected
Dead 0
dtype int64

Figure 10 — Checking for gaps in the data set

ojo|lo|o|Oo

As can be seen from Fig. 10, the data in the dataset
has no gaps, so we can proceed to normalise the required
data columns, namely TotalPopulation, Infected and
Dead, and perform label encoding for the Sex and Age-
Category columns. Normalisation will be performed using
the following function:

Function min_max_normalize(dataset column):
1: We look for the minimum value in the column
and set it in the col_min variable
2: We look for the maximum value in
and set it in the col_max variable
3: We calculate the updated value of the column
elements according to the formula (column
value — col_min) / (col_max — col_min)
4: We return the column with the updated values

the column

The label encoding operation will be performed using
the LabelEncoder function, which we import from the
sklearn.preprocessing library.

After performing the operations, mentioned above, the
new view of the dataset for the Random Forest algorithm
can be seen in Fig. 11.

Ne Age- Sex | Year Total- Infected Dead
Cate- Popula-
gory tion
0 0 1 2007 1.0 0.00146 | 0.00068
1 1 1 2007 1.0 0.01574 | 0.00000
2 8 1 2007 1.0 0.01487 | 0.00034
3 2 1 2007 1.0 0.0137 | 0.00034
4 3 1 2007 1.0 0.043 0.00034
34 5 0 2022 0.0 0.109 0.02152
7
34 6 0 2022 0.0 0.162 0.04578
8
34 7 0 2022 0.0 0.13805 | 0.04134
9
35 9 0 2022 0.0 0.0932 0.027
0
35 10 0 2022 0.0 0.114 0.02631
1

Figure 11 — View of the dataset after its preparation

To better understand the relationship between the data
in the dataset, let’s illustrate the correlation table shown in
Fig. 12.
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Figure 12 — Correlation table of the dataset

Cells in the correlation table with values from 0.7 to
1.0 will be considered strong correlations, while the me-
dium correlation will be considered to be cells with values
between 0.3 and 0.69. As we can see from Fig. 12, the
features Infected and Dead, AgeCategory and Infected,
Sex and Infected have an average correlation, while the
features TotalPopulation and Year have a strong inverse
correlation.

Before starting the algorithm, it is necessary to select
the target variable, which will be the Infected feature, and
all other features will be used for prediction. Also, it is
necessary to divide the data set into training and testing,
which will be done in the ratio of 7:3.

Finally, we can move on to the model that will be used
for prediction. Given that the target feature is a continu-
ous value, we used the RandomForestRegressor algorithm
taken from the Python library sklearn.ensemble, where
the number of trees to be used is set to 100 as a parameter.

Once the model is trained, we run the test, and evalu-
ate the model’s performance, using the metrics of root
mean square error and R? estimation. The following re-
sults are obtained:

Mean Squared Error (MSE): 0.0028
R-squared: 0.92

As you can see, the value of the mean squared error is
quite small, while the value of the R? estimate is quite
high, with the highest possible value of this estimate be-
ing 1.

We also test the model by checking which population
group, by age and gender, is most vulnerable to infection.
We have the following results:

Based on the model,
highest predicted number of deaths
year 2024 is:

Age Category: 35-44

Sex: M

the group with the
in the
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Based on these results, we can conclude that men aged
35 to 44 will have the highest number of infections in the
next year. Also, to better understand the situation of infec-
tion for other categories of sex and age, we visualise the
graph of the predicted spread of the disease among them,
which is shown in Fig. 13.

Predicted Infacted Cases (2024)

o A

Brescted infected Cave

R R R *
ot gt 4 S T 2 J 5
R g i i AR i St i L S

Age Category_Sex

Figure 13 — Statistics of subsequent diseases for all categories of
gender and age

From Fig. 13, we can see that the age group of men
aged 35-44 is the most susceptible to infection, while the
second place is occupied by the group of women of the
same age category. The values for other age groups for
both sexes were also illustrated in Fig. 13.

To model the spread of the disease in each of the 24
regions of Ukraine and in the city of Kyiv, it is necessary
to use the data set, an example of which can be seen in
Fig. 14. From the example of this data set, we have in-
formation on the number of infected, the number of re-
covered, the number of deaths, the year, the name of the
region, and the population of the respective region.

Let’s load the data set into the program in the pandas
DataFrame format using the readDataFrame function.

Ne | Year In- Dead Region Total- Recov-
fect- B Popula- | eredTB
edTB tion

411 | 2022 | 441 50 Khmel- 1225666 188
nytskyi

412 | 2022 | 419 95 Cherkasy | 1157115 156

413 | 2022 | 406 42 Chernivtsi 887392 175

414 | 2022 | 469 78 Chernihiv 950773 188

415 | 2022 | 644 102 KyivCity | 2910994 261

Figure 14 — Example of a data set in the DataFrame format

Fig. 14 shows an example of data from a dataset for
the SIR algorithm after conversion to the DataFrame for-
mat. After reading, it is necessary to check the data types
stored in the set, which results in the following result:

Year int64
InfectedTB object
DeadTB int64
Region object
TotalPopulation object
RecoveredTB int64
dtype object

Figure 15 — Data types of the loaded dataset before cleaning
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From Fig. 15, we can see that some numeric features
that should represent numeric values do not have the re-
quired data type set, for which it is necessary to perform
preliminary data cleaning and convert the required fea-
tures to the required data types, and then we have:

Year int64
InfectedTB int64
DeadTB int64
Region string
TotalPopulation int64
RecoveredTB int64
dtype object

Figure 16 — Data types of the loaded dataset after cleaning

Fig. 16 shows a description of the data types for the
features of the dataset for the SIR algorithm after the pre-
paratory operations. Also, let’s check the data for com-
pleteness, that is, whether it has any empty fields. The
result of this check is shown in Fig. 17.

Year
InfectedTB
DeadTB
Region
TotalPopulation
RecoveredTB
dtype

o|lo|o|o|o|o

int64
Figure 17 — Checking the dataset for completeness

As we can see from Fig. 17, the data has no voids.
Also, to better understand the relationships between the
features in the dataset, let’s illustrate the correlation table
shown in Fig. 18.

infectedTE Wear

DeadTd

RecoveredTB TotalPopulation  Region

TotalPopulation Recovered TR

Figure 18 — Correlation table for a data set

wear nfectedTs DeadTn Region

Describing the correlation table for the Random Forest
dataset shown in Fig. 18, we defined the terms strong and
medium correlation, so that the features InfectedTB and
RecoveredTB, DeadTB and RecoveredTB, InfectedTB
and DeadTB have a strong correlation, while almost all
features at the intersection with the feature Year have a
strong inverse correlation.
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Before starting the SIR algorithm, it is necessary to
describe the initial values of the parameters S, I, R, which
stand for the number of susceptible people, the number of
infected people, and the number of people who can no
longer get sick. In the latter category, we included both
people who have recovered and people who have already
died from the disease. Among the parameters, there is
also one that determines the number of days during which
the disease spread will be modelled. In our case, it is set
to 700 days. Also, for the algorithm to work, it is neces-
sary to set the parameters B and p, which act as coeffi-
cients in calculating the number of people moving from
state S to state | (transmission coefficient or the rate at
which susceptible people become infected when they
come into contact with infected people. It indicates the
rate at which the disease spreads in the population), and
from state | to state R (the rate of recovery or the rate at
which infected individuals recover from the disease and
become immune), respectively. Thus, for the above pa-
rameters, which are necessary for the algorithm to work,
we have set the following values:

S = TotalPopulation — InfectedTB — RecoveredTB —
DeadTB;

| = InfectedTB;

R = number of recovered TB cases + humber of dead
TB cases;

B = 4/10 (which means that every 10 days 4 people
become infected);

p = 1/10 (which means that every 10 days one person
recovers);

Finally, when the algorithm is finished, we have the
following results of modelling the number of eligible,
infected, recovered or dead people for some regions in
Fig. 19-21:

Modeiing for the 700 days for region with Drepropetrovik s center(mn thousands]

o o 0 ) 800 o

Figure 19 — Modelling results for Dnipro region

Modeling for the 700 days for region with Kyiv s center(m thousands}

Figure 20 — Modelling results for Kyiv region
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Figure 21 — Modelling results for Luhansk region

To consider examples of modelling results shown in
Fig. 19-21, we have selected 3 regions of Ukraine that
differ in population size, namely Dnipro re-
gion(population of almost 3 million people), Kyiv re-
gion(population of almost 1.8 million people) and Lu-
hansk region(population of almost 0.7 million people). As
we can see, regardless of the initial population (or people
eligible for the disease), the largest increase in infected
persons occurs in the first 100 days of the simulation,
after which the number of people who can be infected and
the number of infected persons drop to 0, moving to the
recovered/dead state, the number of which is close to the
initial number of people who can be infected.

To better understand the state of the disease in each of
the oblasts in comparison to other oblasts, let us illustrate
the maximum percentage of infected people in each of the
oblasts for the entire modelling period relative to the total
population in the oblast in Fig. 22.

Figure 22 — Comparative hiéfogram of the maximum num-
ber of infected people in relation to the total population of the
region

From Fig. 22 shows that the maximum number of in-
fected individuals relative to the total population of the
region was approximately the same for the entire model-
ling period, fluctuating around 40%. The region with the
lowest value of the maximum number of infected indi-
viduals is Vinnytsia, and the highest is Donetsk.
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5 RESULTS

Chapter 4 described the algorithms and demonstrated
their results. It is important not only to evaluate the results
visually, but also with the help of metrics. As we can see
from Section 4.2, the MSE and R? metrics were evaluated
for the Random Forest algorithm. Under ideal conditions,
the value of the MSE metric should be close to 0, while
the value of the R metric should be close to one.

Table 3 — Metrics values for the results of the Random For-
est algorithm

Metric Volue

MSE 0.0028
R? 0.9204

As we can see from Table 3, the actual values of the
metrics are quite close to the values of the metrics under
ideal conditions, and the prediction provided by this algo-
rithm is quite accurate, as can be seen in the statistical
analysis of the data set.

The operation of the SIR algorithm was also described
in section 4.3, after which, by calculating the results sepa-
rately for each of the regions and visualising the maxi-
mum number of infected individuals relative to the total
population of the region for the entire modelling period in
Fig. 4.17, we were able to verify the lack of accuracy of
the modelling of the disease spread, since the average
value for all regions in Fig. 25 reaches 39%, which cannot
be true in reality. Such inaccuracies in the results can be
explained by the fact that risk factors for the disease, the
possibility of moving from a state of recovery to a state of
infection, and some others are not taken into account.
Also, the parameters that are taken into account when
transitioning between the states of healthy-infected and
infected-recovered/dead, are an important part in this al-
gorithm. These parameters need to be better tuned, which
requires a larger scientific base.

In general, comparing the selected algorithms with
those chosen by other researchers in related topics, we can
clearly see that the selected models are architecturally the
simplest in their field, and of course, their simplicity takes
away from their high accuracy of results.

For further analysis of this topic, it is worth choosing
more structurally complex algorithms, the accuracy of
which will be higher, namely recurrent neural networks,
or forecasting using time series.

6 DISCUSSION

Conducted research aimed at studying the spread,
modeling of tuberculosis and forecasting the most vulner-
able social groups of the population. During the analysis
of the literature, the relevance of the problem was re-
vealed and methods for modeling the disease were cho-
sen.

A comparative analysis of other methods used in pre-
vious studies was conducted to determine the most effec-
tive methods in this context. The use of the Random For-
est method has demonstrated sufficient effectiveness in
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predicting vulnerable social groups of the population in
the context of the spread of tuberculosis.

The SIR algorithm proved to be less effective in mod-
eling the spread of the disease due to its shortcomings
identified during the study. It is necessary to consider
more complex algorithms to obtain more accurate results
in predicting the spread of tuberculosis.

For the further development of the research, it is rec-
ommended to take into account additional factors affect-
ing the spread of the disease.

It is recommended to carry out a simulation of the
spread of tuberculosis among the population of Ukraine
for a better understanding of further actions in the fight
against this disease.

CONCLUSIONS

Comparing the selected algorithms with other studies
in related topics, one can understand that they are
architecturally the simplest in their field.

The simplicity of these models takes away the ability
to provide high accuracy results, but for further analysis
of the topic, it is recommended to consider more
architecturally complex algorithms, such as recursive
neural networks or time series forecasting, which can
provide even greater accuracy of predictions.

The study compared in detail the effectiveness of two
different modeling approaches — machine learning
(Random Forest) and epidemiological model (SIR). The
Random Forest method was found to provide higher
prediction accuracy, which is important for further
research and practical work in the field of healthcare. A
preliminary data analysis was carried out with the
selection of the most suitable sets for the study, which
increases the relevance and accuracy of the results
obtained.

Practical significance of the results: Conclusions
about the effectiveness of the Random Forest method can
be used to create programs for predicting and controlling
the spread of tuberculosis, which is an urgent task for the
health care system.

Recommendations for further research: Based on
the obtained results, recommendations have been
developed regarding the use of more complex algorithms
and consideration of additional factors that may affect the
accuracy of models, which contributes to the development
of a scientific approach to the study of the spread of
diseases.

These aspects ensure the scientific novelty of the
work and emphasize its significance in the context of
tuberculosis research and forecasting of vulnerable social
groups.

Prospects for further research are to study the pro-
posed algorithms for a wide class of practical problems.
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YJIK 004.94
MOJIEJTIOBAHHS ITOMUPEHHSA TYBEPKY.JIbO3Y 3A PETIOHAMM B YKPATHI

Boiiko H. 1. — xaHa. eKoHOM. Hayk, JOLEHT, AoueHT Kadeapu CucTeM WITydyHOro iHTenekTy, HauioHanbHUI yHiBEpCHTET
«JIpBiBCBKa MoMiTexHiKa», JIbBiB, YKpaiHa.

PagGorsaros J. C. — crynent kadenpu CHCTEeMH IUTYYHOrO iHTeNekTy, HamioHanpHuii yHiBepcuTeT «JIpBiBChKa MOMITEXHIKAY,
JIbBiB, YKpaiHa.

AHOTANIA

AKTyanbHicTb. MoJeIIOBaHHs IOMKMPEHHs TyOepKyIb0o3y Ha TepHTOpii YKpaiHH € 0COOIMBO aKTyaJbHHM Y 3B’S3Ky 3i 3poc-
TAHHSM YHCJIa BUIMAJKIB 3aXBOPIOBaHHs, 30kpeMa y 2023 porii.

MeTa po6oTH € BUDILICHHS 331a4 MOJEJIIOBAHHS IIUIAXOM 3aCTOCYBaHHS Cy4aCHHX METOZIB MAalIMHHOTO HAaBYAaHHS Ta aHAII3Y
JaHMX JUIs OOYZOBU MPOTHOCTHYHHUX MOJielIeil HoMMpPeHHs TyOepKyJIb03y Ha perioHaJbHOMY PiBHI.

Merton. [y MOJeMOBaHHS MOMIMPEHHS TyOepKyIb03y Ha PErioHaIbHOMY PiBHI B YKpaiHi MPOMOHY€EThCS BUKOPUCTOBYBATH Ki-
nbKa miaxomniB, Takux sk SIR Moxmens, kinitnani apromaru Ta Random Forest. Koxken 3 ux MeToiB Ma€e CBOI yHIKaIbHI mepeBary Ta
MOJKe 3a0e3MeUrTH JeTallbHIIe PO3yMIiHHS AMHAMIKHM MOIIMPEHHs 3axBoproBaHHs. SIR mozxens (Susceptible-Infectious-Recovered) e
KJIACHYHOIO €ITiIEMiOJIOTIYHOI0 MOJICIIIIO, SIKa OIUCY€E PO3MOBCIO/DKEHHS 1H(PEKIIMHIX 3aXBOPIOBAHb y MOMyJIsiii. Moxens nependa-
yae Tpu rpynu HaceseHHs: S (Susceptible) — cnpuitastinei no indexuii; | (Infectious) — indikoani Ta 3aaTHI nepexaBaty iHpEKIIO;
R (Recovered) — Ti, XT0 ofy)aB Ta oTpuMaB iMyHiTeT. KiliTHHHI aBTOMAaTH € JUCKPETHOI MOJCILIIO, [0 BUKOPHCTOBYE PELIITKY
KJIITHH JUTsl MOJEITIOBAHHS IPOCTOPOBO-YacOBHX MporeciB. KoxHa KiniTHHa MOKe rmepe0yBaTu y pisHHX cTaHax (HAmpUKIai, 310po-
Ba, iH(iKOBaHa, iMyHHA) Ta 3MIHIOBaTH CBill CTaH 3aJIeHO Bijl cTaHy cyciaHix kmiTuH. Random Forest € MeTooM MamuHHOTO Ha-
BYaHHS, 110 BUKOPUCTOBYE aHCAMOJIb JepeB pilieHs A knacudikanii abo perpecii. Lleit MeTox Moxke OyTH 3aCTOCOBAaHHHN 1S TIPO-
THO3YBaHHS MOUIMPEHHS TyOepKyJIb03y HAa OCHOBI BEJIMKOI KiJIBKOCTI BXiJHHX MapameTpiB. BUKOpUCTaHHS UX METOMIB JO3BOJIHUTH
[POBECTH IIIMOOKHIT aHAITi3 Ta OTPHUMATH KOMIUICKCHI Pe3yJIbTaTH 11010 MOIIMPEHHS TYOepKyJIbo3y Ha perioHanpHOMY piBHI B YKpa-
iui. Lle, B cBOIO Yepry, cupusiTuMe po3poOui epeKTHBHUX CTpaTeriii 60poThOH 3 XBOPOOOIO Ta MOKPAIIEHHIO 310POB’ Sl HACEICHHSI.

PesyabTaTu. Bynu nertanbHo onucani Ta mpoaHati3oBaHi pe3ynbrati 3actocyBanHs Meroais Random Forest i SIR. JTns Random
Forest 6y onineni Merpuku MSE Ta R?, 1110 nokasanm BECOKy TOUHICTS epeaGadenn. Y BUIAAKY MOACIIOBAHHS anroputmoM SIR,
3a JOMOMOTOI0 Bi3yaJbHOI OL[IHKM Pe3yJbTaTiB, OyJI0 BUSBICHO HEJOCTATHIO TOYHICTb, 1[0 00yMOBJICHO Henonikamu moneni. [Topis-
HIOIOYH 00paHi METOH 3 IHIIMMH JOCIiKEHHAMH, 0yJI0 3p00JICHO BUCHOBOK MPO HEOOXiHICTh PO3MIISAY OUIBII CKIaJHUX allrOpH-
TMIB I OTPUMaHHS OB TOYHHUX PE3YJIbTaTiB.

BucHoBku. Ha OCHOBI pe3ynbTaTiB JOCTIIKSHHS MOKHA 3POOUTH BHCHOBOK PO IOCTaTHIO e(eKTHBHICTH MeToxy Random
Forest st Ta MpOrHO3yBaHHS Ypa3IMBHX COLIAIBHUX IPYI HaceleHHs Ta cabKy edexTuBHicTh anroputMy SIR s monenroBaHHs
MOIIMPEHHS Ty6epKybp03y. I MOAANBIIOr0 PO3BUTKY JOCIIIDKEHHS PEKOMEHIYEThCS PO3IUIS[ OUIBII CKIAJAHHX aJlrOPHTMIB Ta
BpaxyBaHHS J0JaTKOBUX (aKTOpiB, 110 BIUIMBAIOTh HA MOLIMPEHHS 3aXBOPIOBaHHs. KpiM TOro, s Kpamoro po3yMiHHS MOAANIBIINX
It 11 MopoTHOU 3 XBOPOOOIO, IOIIIEHO OYy/Ie MPOBECTH CUMYJISIIIO MONIMPEHHS TyOepKYJIb03y Cepel HAacelIeHHs YKpaiHu.

KJIIOYOBI CJIOBA: meton, MeTpuka, TyOepkyb03, Random Forest, Susceptible-Infectious-Recovered, monentoBanssi, anro-
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ABSTRACT

Context. The article considers a technique for the use of fuzzy numbers and the annealing method for solving the traveling
salesman problem, which is formulated as the problem of finding a route to visit a given number of cities without repetitions with a
minimum duration of movement. The task of formalizing the algorithm for solving the traveling salesman problem by the annealing
method using fuzzy numbers for subjective time perception is posed. The use of fuzzy numbers to increase the accuracy to represent
real-world circumstances is proposed.

Obijective. The goal of the work is to develop an algorithm for solving the traveling salesman problem based on the implementa-
tion of the annealing method with fuzzy numbers representing the subjective time perception for traveling between the cities with the
minimum perceived duration of movement along the route.

Method. This paper proposes a method for solving the traveling salesman problem by the annealing method with fuzzy numbers
for subjective time perception. A scheme for formalizing the procedure for solving the traveling salesman problem with the minimal
perceived duration of movement along the route is described. A variant of the original traveling salesman problem is proposed, which
consists in using fuzzy numbers to represent the uncertainty and subjective time perception in traveling between cities as opposed to
regular crisp numbers to show regular distance and/or time of traveling. The results of the proposed algorithm for calculating solu-
tions to the traveling salesman problem with minimization of the perceived duration of movement are presented, the obtained solu-
tions are compared with the solutions found by other heuristic methods.

Results. The method for solving the traveling salesman problem using the annealing method with fuzzy numbers for subjective
time perception is developed. A variant of the original traveling salesman problem is proposed, which consists in using fuzzy num-
bers to represent the uncertainty and subjective time perception in traveling between cities as opposed to regular crisp numbers to
show regular distance and/or time of traveling. The application of fuzzy numbers makes it possible to perform calculation over possi-
bly uncertain or subjective data, making results more accurate in the case of realistic deviations from the expected mean values in
distance coverage. The results of the proposed algorithm for calculating solutions to the traveling salesman problem with minimiza-
tion of the perceived duration of movement are presented, the obtained solutions are compared with the solutions found by other
heuristic methods.

Conclusions. The paper considers a method for formalizing the algorithm for solving the traveling salesman problem using fuzzy
numbers for subjective time perception. The use of fuzzy numbers to increase the accuracy to represent real-world circumstances is
proposed. The scheme for formalizing the procedure for solving the traveling salesman problem with the minimal perceived duration
of movement along the route is described. A variant of the original traveling salesman problem is proposed, which consists in using
fuzzy numbers to represent the uncertainty and subjective time perception in traveling between cities as opposed to regular crisp
numbers to show regular distance and/or time of traveling.

KEYWORDS: traveling salesman problem, fuzzy numbers, simulated annealing, combinatorial optimization, subjective percep-
tion of time, imprecision, uncertainty.

ABBREVIATIONS x;j are the elements of matrix X, which equal to 0 or

TSP is a traveling salesman problem. 1

_ - NOMENCLATURE vj is a vertex of graph, i=1,n;
p is acyclic permutation of numbers; t is a moment of time:
Ji is a city number; S is a set of all system state;
n is a number of cities; f(s) is a state change function;
djj is a travel time between all pairs of vertices; Si is a system state on i-th step;
D is a matrix of moving cost (distances or times); Sk is a new state (candidate);
i, j are the indexes; tmin IS Minimal temperature;

I is a set of vertex indices;
X is a binary matrix of transitions between vertices;
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t; is a current temperature of annealing process;

T(t) is a temperature change function;
E(s) is an objective function value;
A'is a fuzzy set;

E is a set of numbers;

1z (x) isamembership function;

(a, b, c) isatriangle fuzzy number;
F1(A) is a rank of a fuzzy number A;

g(x) is a weight function;
M is a random number.

INTRODUCTION

The way decisions are made in society in many cases
depends on the emotional state of a person. Feelings are
like a reference point that is determined by a goal that is
influenced by various factors. Emotions can be the reason
for behavior that is appropriate for a particular situation,
even when it is not the most efficient, but allows you to
avoid any consequences that may arise from exceeding a
certain time limit.

Special attention should be paid to these factors in the
processes of formation and improvement of many theo-
retical ideas in the field of modeling human behavior, one
of which is the adaptation of physical and mathematical
models to real life. This makes it possible to combine the
power of computational methods with the peculiarities of
human behavior. Such tasks are common in the context of
the application of artificial intelligence methods and algo-
rithms, the creation of decision-making support systems,
the resolution of resource allocation issues taking into
account the human factor, etc.

Time is an important resource in activities involving
human participation. Estimation of time intervals is fun-
damental to understanding time frames, even though the
exact boundaries of the interval may not be defined until
the process reaches a certain stage. Thus, a period of time
is usually defined by an indefinite interval that can be
roughly predicted given the nature of the passage of time,
if the given limits of the interval are taken as a given. To
measure time intervals, they can be expressed in phrases
such as “quick response”, “normal timing” or “long wait”.
This means that when solving problems that require ver-
bal terms to refer to time, it is important to take time
variation into account. It is clear that emotions have a
great influence on the understanding of time in processes
that involve a person [1].

In order to find the most successful or effective solu-
tion to problems, it is necessary to take into account fac-
tors that affect human emotions and, therefore, the speed
of time perception, resource allocation and calendar plan-
ning. The paper proposes to develop an approach to the
formalization of accounting for the flow of time based on
fuzzy numbers and to apply it to solving certain fuzzy
optimization problems related to taking into account the
fuzzy perception of time arising from the subjectivity and
irregularity of the time count.

© lvohin E. V., Adzhubey L. T., Makhno M. F., Rets V. O., 2024
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The object of study is the process of optimal route
search for the fuzzy traveling salesman problem with a
minimum duration of movement.

The subject of study is the algorithm for solving the
fuzzy traveling salesman problem based on the combina-
torial methods in combination with triangle fuzzy num-
bers.

The purpose of the work is to develop an algorithm
for solving the fuzzy traveling salesman problem using
one of the combinatorial methods of the approximate so-
lution of the problem in combination with fuzzy numbers
as a way to define subjective perception of time to travel
between cities.

1 PROBLEM STATEMENT

The traveling salesman problem is one of the most
famous computational optimization problems. The task is
to find the shortest route that passes through each city
exactly once for a given number of cities. The search for
such a path was formulated as a mathematical problem in
1930 and is still one of the most intensively researched
optimization problems [2].

The number of alternative paths for a TSP with n
nodes, where the nodes are cities and the edges are the
cost of moving between two cities, is (n-1)!. Therefore,
even for small problems, such as the one presented with
only 20 nodes, the number of alternative paths is about

1.2*107, to which there is no adequate computing power
to explore through exhaustive enumeration.

The traveling salesman problem is one of the famous
combinatorial problem [3]. To reduce the problem to a
general form, we number the cities by numbers (1, 2, 3,
.., N), and describe the traveling salesman’s route by a
cyclic permutation of numbers p=(jy, Joyenr Jn» J1) s
where all j;,..., j, are different numbers.

The set of cities can be considered as the vertices of
some graph with given distances (or travel time) between
all pairs of vertices dj; that form the matrix D=(d;;),

i,j=1,n. We assume that the matrix is symmetric. The
formal problem then is to find the shortest route (in time
or length) t that goes through each city and ends at the
starting point. In this formulation, the problem is called
the closed traveling salesman problem, which is a well-
known mathematical integer programming problem.

Let us formulate a mathematical model of the TSP
problem. Let I1={1,...,n} be the set of vertex indices of the
problem graph. The objective function is the total distance
or time of the route, including all the vertices of the task
graph. The parameters of the problem are the elements of
the matrix D=(d;;), i,je .

Shift tasks are elements of the binary matrix of transi-
tions between vertices X = {x;;},1,] 1, which are equal

to 1 if there is an edge (v;,v;) in the constructed route for

the task, O otherwise [4]. The shortest route in terms of
distance or time is optimal:
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n n .
> Zdijxij — min 1)
i=1 j=1, j=i
with constraints
n _
inj =1, i:1,n s
j=1, ji
n L —
2% =1, j=1n, )
i=Li= ]

Vi—vj+nx; <n-1, 1<i# j<n.

The last inequality ensures the connectivity of the ver-
tex traversal route; it cannot consist of two or more un-
connected parts.

The dynamic traveling salesman problem (DTSP) is a
TSP defined by a dynamic cost (distance) matrix as fol-
lows:

D=d j (t)}n(t)xn(t) :

where djj(t) is the amount of moving cost from city (node)
i to city j at time t. In this definition, the number of cities
n(t) and the cost matrix are time dependent. The traveling
salesman’s dynamic problem is to find a minimum-cost
route that contains all n(t) nodes.

In other words, having all n(t) nodes j;,..., jnq) and

the corresponding cost matrix D(t)=(d;;(t)), i,j=1n(t),

we need to find a route with the minimum cost containing
all n(t) points, where t is the moment of time, d;(t) is the
distance or time between the points i and j:

n(t) n(t)
D> > dy(t)x; — min 3)

i=1 j=1, j=i

with above constraints (2).

The change in the cost matrix D over time is a con-
tinuous process. Practically, in order to build analytical
models, it is necessary to discretize this process of
changes. Thus, D becomes a series of optimization prob-

lems D(tk ):(d” (tk )), i,j:1,n(tk), k=0,1,2,.. m-1,

with time windows [ti, t1], where {t } is a sequence
of time points.

2 REVIEW OF LITERATURE

Algorithms that allow solving the problem of finding
the optimal route are divided into exact and heuristic. In
the case of exact methods, the search for solutions is
based on optimization methods such as linear program-
ming, dynamic programming, or the branch and bound
method [5]. However, it is convenient to use exact meth-
ods only for small-scale problems (for example, for the
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purpose of primary design of a small-sized transport net-
work), since their implementation requires large comput-
ing power.

Heuristic methods do not guarantee finding an optimal
solution, but are aimed at quickly finding a locally opti-
mal solution. Traditionally, “trial and error” approaches,
such as random search or greedy algorithm, are used to
quickly explore the solution space and find a promising
solution [6]. Heuristics are more flexible and can be ap-
plied to larger problems, but the solution they offer may
not be optimal. Among such heuristic methods, attention
should also be paid to methods that imitate biological (ant
colony algorithm and genetic algorithm [7, 8]) or physical
processes [9, 10].

One of the methods of solving the traveling salesman
problem using the combinatorial optimization technique is
the annealing method [9]. By analogy with the annealing
process of various physical materials, in which by raising
its temperature to a high level and then gradually lower-
ing it, the algorithm accidentally disturbs the output path
(“heating”) for further gradual lowering of the “tempera-
ture” [10].

When modeling the annealing process, the analog of
temperature is the level of randomness, with the help of
which changes are made to the path, which in the future
improves in its duration. When the “temperature” of the
process is high, changes occur to avoid the danger of
reaching a local minimum, followed by control at the op-
timal value as the “temperature” is successively reduced.
“Temperature” decays in a series of steps on an exponen-
tial decay curve, with each step the temperature being
lower than before.

3 MATERIALS AND METHODS

Let’s describe an annealing method. The approach
implemented in the simulated annealing method is bor-
rowed from physical processes. It is based on the process
of crystallization of a substance, which metallurgists
found to increase the homogeneity of the metal.

As is known, metals have crystal lattices that deter-
mine the geometric position of the atoms of the substance.
The set of positions of all atoms will be called the state of
the system; each state corresponds to a certain energy
level. The purpose of annealing is to bring the system to
the state with the lowest energy. The lower the energy
level, the “better” the crystal lattice, that is, the fewer de-
fects it has and the stronger the metal.

During annealing, the metal is first heated to any tem-
perature, which causes the atoms of the crystal lattice to
leave their positions. Slow and controlled cooling then
begins. Atoms tend to get into a state with lower energy,
but with a certain probability they can go into a state with
higher energy. This probability decreases with tempera-
ture. The transition to a worse state, oddly enough, helps
as a result to find a state with less energy than the original
one. The process ends when the temperature drops to the
set value.

Such a complex scheme with probabilities of transi-
tion from point to point is necessary so that the algorithm
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does not get stuck on a local minimum, taking it for a
global optimum. To get out of this situation, you need to
increase the energy of the system from time to time. At
the same time, the general tendency to search for the low-
est energy remains. This is the essence of the simulated
annealing method.

To describe the algorithm scheme for formalizing the
simulated annealing method, we introduce the notation:

S — set of all system state;

f(s) — state change function;

Sj — System state on i-th step;

Sk — new state (candidate);

tmin» By tmax— Minimal, current and output tempera-
ture respectively;

T(t) — temperature change function;

E(s) — objective function value.

The algorithm starts working from the initial state s, ,
with the initial temperature t; =ty and with the
specified minimum temperature tp,i, -

For every steps with numbers i=1.2,...
ti > tmin repeat:

1) s, ="F(siz);

2) AE=E(sx)-E(sj1);

3)if AE<O,then s; = sy ;

4) otherwise, acceptance of a new state occurs with
some probability exp(—AE/t;) ;

5) choose a random number A/ on interval (0,1);

6) if exp(—AE/t;) >M, perform the transition s;=s,,

otherwise, go to the next step;

7) reduce the temperature t: t,; =T (t;);

8) return the last state s;, i= i+1.

while

Fuzzy passage of time

In everyday life, expressions such as “almost six”,
“quite tall”, “not short enough” are often used to define a
certain size in an approximate format. As a result, this
method of evaluation requires the formalization of insuf-
ficiently clearly defined evaluations for their practical
application in mathematical models. For this purpose, you
can use concepts that allow you to present the subjective
or intuitive meaning of fuzzy concepts in a constructive
way. One of these concepts of uncertainty formalization is
fuzzy numbers [11].

Fuzzy numbers are used to obtain results in problems
related to decision-making and analysis. Fuzzy numbers
defined in the number space are an extension of real num-
bers and have their own properties that can be attributed
to number theory. To understand fuzzy numbers and their
subspecies — triangular and parabolic numbers, consider
the concept of a fuzzy set.

Let E be a set with a finite or infinite number of ele-
ments. Let A be the set contained in E. Then the set of
ordered pairs (x, pj (x)) defines a fuzzy subset A for E,

where x — is @ member of E, and p 3z (x) — degree of be-
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longing of x to A. The set of elements from A for which
w5 (x)>0 form the support of a fuzzy set.

A fuzzy number is a generalization of an ordinary real
number. It refers to a connected set of possible values,
where each possible value has its own weight between 0
and 1. Thus, a fuzzy number is a special case of a convex
normalized fuzzy set in the space of real numbers. Among
the possible types of fuzzy numbers, triangular and para-
bolic numbers are considered in the work.

A fuzzy number A = (a, b, c) is called a triangular
fuzzy number if its membership function looks like this:

0,x<a;
(x—a)/(b—a),a<x<b;
(c=x)/(c—b),b<x<c;
0,x>c.

nz(x)=

Above the triangular numbers (Fig. 1), you can deter-
mine the main arithmetic operations for further use in
calculations.

Let A =(a, b, c)and B = (al, bi, c1) be two trian-
gular numbers. Then:

— The sum is defined as A + B = (a+al, b+bl, c+cl).

— The difference is defined as A-B = A+ (-B) =
=(a—cl, b-b1, c-al), where —B = (-c1, -bl, —al) is de-
fined as the opposite of B.

In other words, opposite triangular numbers and their
sum and difference are also triangular numbers. It is also
worth noting that the results of inversion and multiplica-
tion of triangular numbers do not preserve this property
and do not always represent triangular numbers.

The parabolic number (Fig. 1) is given similarly and
has the same properties, but has a different membership
function:

0,x<a,
nz(x)= ~((x-b)/(a-b)}’ +1,a<x<b, ©
~((x=b)/(c—b)? +Lb<x<c,
0,x>c.
ha ()

Figure 1 — Example of triangle and parabolic fuzzy number
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Although uncertainty information can be formalized
using fuzzy numbers, the decision-making procedure
must be precise. For example, the final output of fuzzy
systems and the selection of appropriate solutions should
be justified on the basis of the value characterized by the
confidence (importance) indicator. To obtain a clear
value, methods of calculating ranks (defuzzification) of
fuzzy numbers are used, which are essentially “crisp”
representative numbers, and can be used as generalized
values for further calculations. One of the methods for
calculating the rank of a fuzzy number is the Jaeger
method, which calculates the Jaeger rank of the first type
in the form [12]:

1
_ Ja0uz(0dx
F1(A) =0, ®)
[uz (x)dx
0

where g(x) is a weight function that measures the impor-
tance of the value of x. If g(x) = x, the index can be con-
sidered as the geometric center A, as shown in Figure 1.
The support of the fuzzy number in this case is the seg-
ment [0, 1]. If the reference sets of the fuzzy numbers
being compared do not coincide with [0, 1], then they can
be scaled by dividing each of the numbers by max[sup
Sg 1, where Sz denotes the i-th reference set fuzzy

number. Using this scaling procedure will give a factor of
1/ max[sup S;\i 1 (1, if no scaling is used). The limits of

integration in this case will be min[inf S,Ki] and
max[sup S K ], respectively.

If g(x) = x and the fuzzy number is triangular, the
index F1 reduces to a simpler form:

F1(A) = ¥ (a+b+c), @)
and in the case of a parabolic number:

F1(A) = % (3a+2b+3c), 8)

where a = inf SA mz(b)=1,c=sup SZ\- .

This method of defuzzification is also called the
method of the center of gravity (COG) [13] (Fig. 2).
Among other well-known methods, it is also worth noting
the bisector of area (BOA) method [14], according to
which there is such a value of x that a vertical line drawn
through it divides the fuzzy number into two equal parts
by their area.
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Figure 2 — Defuzzification by method of the gravity center

4 EXPERIMENTS

In the course of the study, the described algorithm was
implemented based on the annealing method using fuzzy
numbers to represent the subjective perception of the pas-
sage of time on road sections between cities. A multi-
threaded Python implementation is proposed for numeri-
cal calculations. In the process of work, the method of
calculating the rank of fuzzy numbers is chosen and the
rank values of different methods (use of the peak abscissa,
BOA, COG) are compared with the average value of ran-
dom route passes. It was concluded that the best result
was obtained by the center of gravity (COG) method. A
comparison of the route estimation methods is given in
the table, where the random route characterizes the time
of travel along the route taking into account the average
speed, the calculated route is the duration estimate ob-
tained by the chosen method (see Table 1).

Table 1 — Rezults of the route estimation

Method Random route Calculated route
The peak abscissa 5367.78 5046.0
BOA (triangular FN) 5332.54 5291.72
BOA (parabolic FN) 5369.91 5341.70
COG (triangular FN) 5332.40 5332.86
COG (parabolic. FN) 5369.67 5368.72

During the program processing, three possible ap-
proaches to finding solutions are compared (using crisp,
triangular, and parabolic numbers, respectively). As initial
conditions, the TSPLib library was used, which has
known TSP conditions in its catalog in the form of arrays
of coordinates or matrices of the conditional distances
between cities (e.g. ul6, fr4, etc.). Fuzzy initial conditions
were randomly generated with possible deviation from the
expected value in either direction. To test the proposed
approach, the time of the best constructed results for each
type of fuzzy numbers was compared with the average
value of the time taken for 10"5 random passes along the
constructed route.

5 RESULTS
The results of the numerical experiments are shown in
the Table 2, in which the best solutions are defined with
actual time for trip for the different conditional distances

between cities.
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Table 2 — Rezults of the method’s comparison

Task Fuzzy E_stimated Actual time
type time

ul6 crisp 6859.0 7247.38
triangular 6859.0 7129.38
parabolic 6859.0 7128.92

fr4 crisp 5046.0 5369.57
triangular 5071.0 5369.30
parabolic 5070.0 5363.88

pr76 crisp 108273.0 115105.75
triangular 108894.0 114102.55
parabolic 109295.0 114563.41

rd100 crisp 8185.0 8653.50
triangular 7975.0 8390.85
parabolic 8049.0 8447.22

rd400 crisp 18070.0 19087.33
triangular 18089.0 19008.33
parabolic 17808.0 18713.72

Thus, it was concluded that the use of fuzzy numbers
in the annealing algorithm allows to obtain constructive
results when solving the traveling salesman problem with
fuzzy input parameters.

6 DISCUSSION

Given that the “cost” of travel between cities in time
measurement can vary depending on the situation, a more
accurate representation of such cost can be given in the
form of triangular or parabolic numbers. If the subjective
perception of time is chosen as the value, the relative du-
ration of the trip between cities may vary depending on
the factors affecting the path — traffic jams, bad weather,
etc. Note that even in a simpler perception of the dynamic
duration of the road between cities, when the actual time
required to cover the path at the recommended average
speed is measured, the same factors change the given du-
ration, and therefore it makes sense to represent the stud-
ied travel time in the form of triangular or parabolic num-
bers.

Using one of the combinatorial methods of the ap-
proximate solution of the traveling salesman problem in
combination with fuzzy numbers (and the corresponding
method of calculating their rank), it is possible to achieve
an effective result from the construction of the optimal
path taking into account the dynamic features of roads
between destinations. At the same time, better calcula-
tions can be obtained when using fuzzy parabolic hum-
bers, since their essence is closer to reality. For the sub-
jective overestimation or underestimation of the percep-
tion of the passage of time, the rule is valid: the greater
the possible deviation in perception, the less likely it is to
be obtained. For the numerical implementation of the ac-
tions of the annealing algorithm on fuzzy numbers that
determine the time perception of the duration of move-
ment between cities, operations according to the above
schemes are used, and the different routes formed at the
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same time are compared with each other by finding and
comparing the ranks of fuzzy numbers using one of the
specified methods.

CONCLUSIONS

This paper investigates the use of fuzzy numbers and
the annealing method to find a solution to the traveling
salesman problem, which involves finding the shortest
route for a given set of cities. Fuzzy numbers are used to
model the inaccuracy and uncertainty of input data, and
an annealing method is proposed to find solutions. The
solutions obtained on the basis of the developed program
in the Python language were analyzed. A comparison of
the results of the TSP problem using crisp and fuzzy
numbers using the annealing method was carried out. The
results of numerical experiments are given, which show
that the use of fuzzy numbers, in particular triangular and
parabolic, with the annealing method leads to a significant
improvement in the results of the TSP problem compared
to the use of crisp numbers. This approach can be applied
to real-world optimization problems involving imprecise
or uncertain data and can be useful for optimizing proc-
esses with subjective time perception. A conclusion was
made about the need for further research using the theory
of fuzzy numbers, in particular in the direction of the cor-
rect choice of the type of numbers in accordance with the
conditions of the task. Another direction of research in-
volves further development of the proposed methodology
for solving fuzzy dynamic traveling salesman problems
and the use of other effictive (for example, genetic), ap-
proximate and greedy methods.
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PO BUKOPUCTAHHA METOAY BIAIAJY AJIS1 PO3B’SI3AHHSA 3AJAYI KOMIBOSIZ)KEPA
3 HEYITKUM COPUMAHSTTAM YACY

IBoxin €. B. — 1-p ¢i3.-maT. HayK, npodecop, mpodecop Kadeapy CHCTEMHOT0 aHaNi3y Ta Teopil MpUIHATTS pimens KuiBcpkoro
HalliOHAJIBHOTO yHiBepcuTeTy iMeHi Tapaca llleBuenka, Kuis, Ykpaina.

Amxy6eii JI. T. — xaun. ¢i3.-MaT. HayK, IOLEHT, JOICHT Kadeapu oOUYHCIIOBaIbHOT MaTeMaTuku KHiBCHKOrO HalliOHAIBHOTO
yHiBepcutety imMeHi Tapaca IlleBuenka, KuiB, Ykpaina.

Maxno JI. T. — xaHJ. TexXH. HayK, JOLEHT, JOLEHT KaQeapu CHCTEMHOT0 aHali3y Ta Teopii NpUUHATTS pilteHb KuiBcbkoro Harfi-
OHaIIBHOTO yHiBepcutety iMeHi Tapaca IlleBuenka, Kui, Ykpaina.

Peup B. O. — acmipasdT kadenpu CHCTEMHOTO aHANI3y Ta TEOpii MPUUHATTA pimieHs KUIBCHKOTO HAliOHAIBHOTO YHIBEPCUTETY
imeni Tapaca IlleBuenka, KuiB, Ykpaina.

AHOTAIIIA

AKTyaabHicTh. [HTErpallis HEUITKUX YKCEl B ITOPUTMH Ma€ BUPILIAIbHE 3HAYCHHS JUIS BJOCKOHAJICHHS O0UHCIIOBAIBHUX Me-
Tomosoriid. HeuiTki yncna 3 BIACTHBOIO iM HETOUYHICTIO MPOMOHYIOTH OLUIBLI PeaniCTUYHE YSBJICHHS IPO SIBHIIA PEaJbHOrO CBITY.
Apanrauisi Ta iHHOBALii{HI alTOPUTMHU IJIsl BKIFOUCHHSI HEUITKHX YHCEN € BXIMBUMH Ul BHPILICHHS CKJIaAHUX IPOOJIEM, KOJIU
JIaHI MOXYTh OyTH HETOUYHHMH a0O HEOTHO3HAUYHMMH. Lle BIOCKOHAJICHHS MomoMarae OuTbII OOTPYHTOBAaHO MPHUHMATH PillICHHS
3Ba)KaIOUM Ha TOHKOII PEaJbHOTO CBITY, IO Y CBOIO YEpTy CIIPHSE MPOTpecy B Pi3HHUX cdepax i J03BOJSLE MPOBOJUTH AOCIIIKEHHS
Y KOHTEKCTi Cy0’ €KTUBHOTO CIIPUHHATTS 4acy.

Lins. Meta poGoTH — po3poOHUTH aITrOPUTM PO3B’I3aHHS 3a/1adi KOMIBOSDKEpa 3 BUKOPUCTaHHIM HEUITKUX 4Hcel Ut (opMalti-
3a1lii HEeBU3HAUCHOCTI Ta HETOYHOCTI BXiJHUX JaHUX, MOB’SA3aHOI 3 BIUIMBOM Cy0 €KTHBHOCTI B OIIHKaX TPUBAJIOCTI HEOOXITHHX
IPOMIKKIB 4acy.

Metopa. V cTaTTi po3MIIsIHYTO METO/ BiANady 3 HEYITKUM MPEICTABICHHIM Yacy A PO3B’sI3aHHS HEUIiTKOI 3a/1a4i KOMiBOsDKepa,
110 opMyITIOEThCS SIK 3a/1a4a 3HAXOPKSHHsI MapIIpPyTy BiABIAyBaHHS 33/1aHOT KiIbKOCTI MicT 63 IMOBTOPEHb 3 MiHIMAJIBHOIO TPUBA-
JICTIO PyXy 3 HEUITKUMHU YUCIIAMH, IO HPEACTABISIOTh Yac, HEOOXIMHUIA IS MOIOJaHHS BiICTaHeH Mk Mmictamu. IloctaBieHo Ta
BHpIIICHO 337a4y (opmaizamii anroputMy po3B’sa3aHHS IpoOIeMH KOMIBOsDKEpa Ha OCHOBI METOAY BiJlIaly 3 BUKOPHUCTAHHSIM He-
YiTKHX YUCEJI. 3aI[POIIOHOBAHO MOYKJIMBI METO/HM AalPOKCHUMALlil HeYiTKMX YHUCEN B KOHTEKCTI ITOCTaBIICHOI 3a1a4i. Po3po06iieHo KoHC-
TPYKTHBHHUIT aIrOPUTM PO3B’si3aHHs 3a1a4i. [IpoBejeHO 00UHCITIOBANIbHI €KCIICPHMEHTH.

PesyasTaTn. Po3poGieHo MeTo po3B’si3aHHS 3a7adi KOMIBOSDKEpa 3 BUKOPHCTaHHSIM METOXY BiIIaly Ta HEYITKUX 4ucel. 3a-
IIPOIIOHOBAHO BUKOPHUCTAHHS HEUITKUX YUCEN Ul (opMalti3alil HeBU3HAYCHOCTI Ta HETOYHOCTI BXiJJHUX JaHHX, IIOB’3aHOI 3 BILIH-
BOM Cy0’€KTHBHOCTI B OLIHKAaX TPUBAJIOCTI HEOOXiAHMX MPOMIXKKIB 4acy. [IpercTaBiaeHO pe3ysbTaTH PO3pPaxyHKIB 3a JOMOMOIO0
3ampONOHOBAHOIO ANTOPUTMY B 3a/1a4ax KOMiBOsDKepa 3 MiHiMi3amiero cy0’€KTHBHOI TPUBAJIOCTI PyXy, MOKa3aHO MOMIIMBI METOAN
ampoKcUMallii HeJiTKUX YHCEI Ta iX MOPIBHAHHS B KOHTEKCTI MIOCTABICHOI 3a1a4i, MPOBEACHO MOPIBHAHHSA OTPUMAHUX PO3B’SA3KiB 13
PO3B’s3KaMu, 3HAIIEHUMH 32 JOMIOMOTOIO 1HIITNX €BPUCTHYHUX METOJIB.

BucnoBkH. Y cTaTTi po3risHyTO MeTo[ (hopMatizarii anropuTMy po3B’s3aHHS 3a7adi KOMiBOSDKEpa 3 BUKOPUCTaHHSIM aJlTOpPHT-
My METO/Iy Bifllajly Ta HEHiTKHX YKcell. 3alporOHOBaHO BUKOPHCTAHHS HEYITKHX YMcel uis popmartizaliii HeBU3HAYEHOCTI Ta HETO-
YHOCTI BXiTHUX JaHHX, [TOB’A3aHOI i3 BILTMBOM Cy0’ €KTHBHOCTI B OI[IHKaX TPUBAJIOCTI HEOOXITHUX MPOMIXKKIB yacy. OMUCaHO CXeMy
(bopmanizanii npoueaypru BUKOPHCTAHHS METOILY BiANAaly 3 HEUiTKHMH YHCIAMH, IO HPEICTABISAIOTH Cy0 €KTHBHE MPEACTABICHHS
4acy, He0OXiJHOTO JUlsl TIOI0JIaHHs BiCTaHEi MK MiCTaMH.

KJUIFOYOBI CJIOBA: 3amaua KkoMiBOsDKepa, HEUiTKI YKCIIa, METOA Biamaity, KOMOIHATOpHA ONTHUMI3aLisl, Cy0’€KTHBHE CIIPHIi-
HATTA IUIMHY 4Yacy, HeTOYHICTh, HEBU3HAYCHICTb.
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ABSTRACT

Context. Mathematical models of many optimization problems encountered in economics and engineering are taken in the form
of an integer knapsack problem. Since this problem belongs to the class of “NP-complete”, that is, “hard to solve” problems, the
number of operations required by known methods to find its optimal solution is exponential. This does not allow solving large-scale
problems in real time. Therefore, various and fast working approximate solution methods of this problem have been developed.
However, it is known that the approximate solution provided by those methods can differ significantly from the optimal solution in
most cases. Therefore, after taking any approximate solution as a starting point, there is a demand to develop methods for its further
improvement. Development of such methods has both theoretical and great practical importance.

Obijective. The main purpose solving of this issue is as follows. The main purpose in performing this work is to first find an ini-
tial approximate solution of the problem using any known method, and then work out an algorithm for successively further improve-
ment of this solution. For this purpose, the set of numbers with which the coordinates of the optimal solution and the found approxi-
mate solution can differ should be determined. After that, new solutions should be constructed by assigning possible values to the
unknowns corresponding to the numbers in that set, and the best among these solutions should be selected. However, the algorithm
for constructing such a solution should be simple, require a small number of operations, not cause difficulties from the point of view
of programming, be new and be applicable to practical issues.

Method. The essence of the proposed method consists of the following. First, the initial approximate solution of the considered
problem and the value of the objective function corresponding to this solution are found by a known rule. After that, the optimal
solution of the problem is easily found by a known method, without taking into account the condition that the unknowns are integers.
Obviously, this solution can take at most one coordinate fractional value. It is assumed that the coordinates of the optimal solution of
the integer knapsack problem and the initial approximate solution may differ around a certain fractional coordinate of the optimal
solution of the continuous problem. Then, the minimum number of non-zero coordinates and zero coordinates in the optimal solution
is found. Corresponding theorems have been proved for this. It is assumed that the different coordinates of the optimal solution and
the initial approximate solution located between those minimal numbers. Therefore, the best solution can be selected by successively
changing the coordinates between those minimum numbers one by one.

Results. Extensive calculation experiments were conducted with the application of the proposed method.To have a high quality
of this method was confirmed once again through experiments.

Conclusions. The proposed method is new, simple in nature, easy to consider from the programming point of view, and has
important practical importance. Thus, we call this solution the innovative improved approximate solution.

KEYWORDS: Integer knapsack problem, initial approximation solution, minimum number of zeros and non-zero coordinates in
optimal solution, innovative improvement of initial approximation solution, error estimation and experiments.

NOMENCLATURE

. flP — optimal value of the objective function in the
N — number of issues resolved,;

n — number of unknowns;
aj,cj,dj(j=1n) andb are given positive integers;

Xj. (] =1,_n) — j-th unknown;

X! — approximate solution;

f' — value of the approximate solution to the
objective function;

X" - optimal solution of the problem;

- optimal value of the objective function;

XP o optimal solution of the appropriate linear

programming problem;

k — number of the fractional coordinate in the

numerical xP solution:
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appropriate linear programming problem;
X, — coordinate , that fractional coordinate in the xP

solution;
p, g, 8 —mentioned positive integer;

61k , 68 — certain integers expressed as a percentage;

n() and n(0) - minimal number of non-zero

coordinates and zeros, respectively, in the optimal
solution of the considered problem;
ay,®, — certain set of numbers, respectively;

n(wy),n(®,) — number of elements of matching sets;

X" and X_Ip — optimal solutions of certain problems;
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m and n - respectively, is the minimum number of

non-zero coordinates and the maximum number of zero
coordinates in the optimal solution of a certain problem;

X _innovative improved final solution;

fit — value of the objective function according to the
solution X';

& and & respectively, are the relative errors (in

percent) of the initial approximate solution and the
innovative improved solution from the optimal solution.

INTRODUCTION
Consider the following integer knapsack problem:

n
D.CjXj = max, (1)
j=1
n
anij, (2)
j=1
0<x;<dj, (j=Ln) (3)
xj— integer (j=1n). (4)

Here, without breaking generality, we accept that —
aj>0,;>0d;>0, (j=Ln) and b>0 are given

integers.

The problem (1.1)—(1.4) is called the integer knapsack
problem or the one-constrained integer programming
problem in the literature [1-3], etc.

Note that, Since the problem (1)—(4) belongs to the
NP-complete class, that is, to the class of “hard-to-solve
problems”, the maximum number of operations required
by known methods (branches and bounds, dynamic
programming and some combinatorial type) to find its
optimal solution is exponential is from the compilation.
Therefore, it is not possible to solve large-scale problems
with these methods in real time. Therefore, certain
approximate solution methods of problem (1.1)—(1.4)
have been developed [2, 3, 6, 7], etc. These methods
mainly based on the criterion

c. i
max— = &
ioaj aj,

()

So, for the number |, found from relation (5), the
coordinate X;, is given the maximum value that satisfies
the conditions (2)—(4). Then, the next new number j. is
found from relation (5) and the corresponding coordinate
Xj, is given a value.

The process of constructing such a solution ends after
evaluating all n number of coordinates. In this case, the
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value is found by looking at each coordinate only once,
and the number of operations required is at most O(nz)

compilation.

Without violating generality, let us assume that the
coefficients of problem (1)-(4) satisfy the following
relations:

>C_k> >C_n
B > 2 . (6)
a & ak an

Then, if we ignore the completeness condition on the
variables x;, (j=1,n) in the considered problem, the

received continuous problem (1)—(3) turns into a simple
linear programming problem. The optimal solution of this
obtained problem is easily found analytically, and only
one coordinate may not be an integer in this solution.

Suppose, this is k-th coordinate and is like x =%.

We assume that the coordinates of the optimal
solution of the integer knapsack problem (1)—(4) and the
coordinates of the initial approximate solution differ
around a certain k-th coordinate. Note that, we came to
this conclusion after numerous numerical experiments,
and the same result was also given in [8, 13]. If we can
find those different coordinates and give a new value, it is
natural that a better solution can be obtained. Such a
solution algorithm is proposed in this work. For this
purpose, a suitable theorem for finding the minimum
number of coordinates with “0” values and values
different from “0” in the optimal solution of problem (1)-
(4) has been proved. In this time, we assume that the
initial minimal number of non-zero coordinates and the
minimal number of zeros in the easily found optimal
solution of the continuous problem (1)—(3) also coincide
with the optimal solution of the integer knapsack problem
(1)—(4). Therefore, the initial approximate solution may
have coordinates that differ from the optimal solution in
that range. Because, in this range, cj/a; ratios are not

significantly different from each other. Therefore, we can
get a better solution by changing the coordinates in this
range within the conditions (2)—(4).

Note that such an idea was used in works [4, 5].

1 PROBLEM STATEMENT
Suppose we consider problem (1)-(4) and here
relations (6) are satisfied. Then the approximate solution

of that problem X'=(x,%5,...,x}) is found by the
following formula:

-1
dj,lf ajdjsb—Zaixit,

J j— j—
b->aix |/aj |if a;dj>b->ax.

i=1 i=1
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Here, j=1,2,...,n takes values and [z] is the integer

part of the number z. Substituting this solution in the
function (1), we get the approximate

value of that problem.
If the optimal solution of the problem (1)-(4) is

X" = (xf, xz x;) , then the maximum  f~ value of the
function (1) in this problem is as follows

n
f*:Zijj.
=1

Obviously it must be f'<f". However, since

finding the optimal solution X~ = (xf, xz x:) is related
to serious difficulties, it is necessary to find the upper
limit of the approximate value of f*. Because the

approximation of the approximate solution to the optimal
solution should be evaluated. For this purpose, we need to
solve a simple linear programming problem, ignoring the
completeness condition (4) in problem (1)-(4). We call
that issue an unbreakable issue. Because here the
condition of being integers is not imposed on the
unknowns. Note that the optimal solution of obtained
unbreakable issue (1)-(3), i.e. simple linear programming

problem X'P = (x{p,xlzp,...,xﬁ]p) is found by the following
well-known formula.

j-1
. |
dj,lf ajdj Sbfzaixip,
i=1

-1 j-1
xP =1(b- Y aixP)/a;,if ajd; >b- Y axP (k:=j), (8)
i=1 i=1

0, if j=k+1,k+2,..,n.

So, in this solution, only the k-th pr variable can take

a fractional value. It is known that, if the coordinate x is

an integer, then this solution is the optimal solution of
problem (1)-(4). By substituting the solution of (8) into
the function (1) we will get the number

n
Ip _ P
f —Zc]xJ )
i1

it is clear that, the number ' is the upper limit of

the approximate number f'. Because we do not take into

account the condition of (4) being integers over the
unknowns, the set of possible solutions of the problem
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increases, and the maximum value obtained at this time
will also be a large value. So, the following relation is
true:

fl<f™<[f'P].

Here, the symbol [f Ip] indicates the integer part of

the number £ . Thus, if we denote [fP]=T, this
number will be the upper limit of the approximate value
of f'. Asaresult weget f'< f"<f . This relationship
allow us that, to estimate the approximation of the found

fl approximation to the optimal solution, that is, the

absolute or relative error.

Numerous experiments and the solution of real
practical problems show that the approximate solution of
(7) found by the known classical way and the

corresponding approximate value of f' can differ

significantly from the optimal solution X" and the
corresponding f" number. Therefore, our goal in

performing this presented work is to develop an algorithm
to find a better solution than the solution

Xt =(4,x5,...x5). However, this algorithm should be
simple, give a greater value to the function (1) than the
initial solution, should not be difficult from the
programming point of view, and should be suitable for
solving real practical problems. Therefore, we will call
such a solution found an innovative improved
approximate (suboptimal) solution.

2 REVIEW OF THE LITERATURE

First of all, let us note that the integer knapsack
problem, including the Boolean programming problems,
have been known since the last century. Since these issues
have wide practical applications, various solution
methods have been developed to find their optimal
solutions [1-3]. Since these issues have wide practical
applications, various solution methods have been
developed to find their optimal solutions [1-3]. But it
soon became clear that none of those methods had
polynomial time complexity. In other words, the Boolean
programming problem, as well as the integer bag
problem, belong to the NP-complete class, that is, to the
class of hard-to-solve problems [4]. Therefore, various
approximate  (suboptimal) solving methods were
developed for this class of problems [2, 3, 5-6, etc]. On
the other hand, taking into account that these issues are of
wide practical importance, their more generalized models
began to be applied [7-10, 14, etc.]. Here, generalization
means that the given coefficients are located in certain
intervals. In some works, the methods of finding the
stability interval of the optimal solution and finding the
generalized solution in certain problems whose
coefficients are intervals have been developed [11-12

etc.].
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Despite all this, certain studies have been conducted to
further improve the approximate solutions found in
integer programming problems [8, 9, 13, etc.]. In the
article we have presented, the problem of finding an
initial approximate solution to the integer knapsack
problem has been considered.

In [15, 16, 20-23], certain approximate solution
methods of knapsack problems described by various
models were developed. Certain methods of solving the
knapsack problem, whose initial data are in the form of
intervals, are given in works [17-19]. A certain
relationship between the optimal solution of the linear
programming problem and the approximate solution of
the integer programming problem was considered in [24],
and the average case analysis of solutions of the knapsack
problem with greedy algorithms was considered in [25].

3 MATERIALS AND METHODS
First, let’s note that we can write formulas (7) and (8)
more concisely as follows. Because such writing is more
convenient from the point of view of programming. For
each j,(j=12,...,n) numbers

X :min{dj,{(b—gaixf)/aj}, 9)

j-1
| .
xjp=mm{dj,(b—;aix})/aj}. (10)
=
Note that when finding the solution of the continuous
problem (1)-(3) X P = (xllp,xlzp,..., xIP)  with the formula
(10) for a certain first number j=k
j-1
(b—Zaidi)/aj de,
i=1
then we remember that number k and it is clear that
lep =0 for the numbers j=k+1k+2,...,n.

Thus, the optimal solution of the continuous problem
(1)—(3) with the formula (10) is in the following form:

X P :(dl,d2,...,dk_1,%,0,---,0)- (11)

If the number x =% in the solution (12) is an

integer, then this solution is the optimal solution of the
integer knapsack problem (1)—(4) and no further research
is needed.

o . .
Assume X :E is a fractional number.
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Conducted numerous experiments show that the
coordinates of the optimal solution X = (xf, xz x;) of
the problem (1)-4) are approximately
X'=(x¢,%5,...,x} ) solution  coordinates ~ differ only

around the k-th XLp coordinate in formula (11). Because,

around certain je[k—p;k+q] of the xll(p coordinate,

C .

a_J ratios do not differ significantly from each other. The
i

selection of numbers p and g will be reported below.

Note that according to formula (11) x'jp:O for

numbers j=k+1k+2..k+q and x'jp;tO for

numbers j=k-p,k—p+1,...k. Therefore, in order to
get a better solution, we can construct the new solution

X' with the formula (7) by successively writing
xj=d;-1d;-2..0 for each number

j=k+Lk+2,..,k+q to the right of number k and for
number j=k-p,k—p+1..,k to the left of number k.
At this time, for each approximate solution of X 'we
calculate the new f' value of the function (1) and

remember the largest value and the corresponding X t
solution. We called this last-mentioned solution an
innovative improved solution. Obviously, this solution
will not be worse than the original solution found by the
known formula (7).

It should be noted that the number p used in the
interval [k— p;k+q] in this article is the minimal n(2)
number of non-zero coordinates in the optimal solution of
the problem (1)-(4) and the number q is found through
the minimum n(0) number of zeros in that solution. More
precisely, it is chosen as p=k—-n(l),q=n-n(0)—k. We
will give the procedure for finding or evaluating the
numbers ~ and n(0) below.

It should be remembered that the issue of finding a
better solution by choosing a certain neighborhood of the
k-th coordinate in the formula (11) and finding a better
solution was discussed in [8,9,13]. In [13], the number p
was chosen as follows to determine the neighborhood of
the k-th coordinate [k—p,k+p], which received a

fractional value.

C, —i ¢ +i
p=arg maxk—_—k—_SS.
i ag—1 ag+l

Here 3 is the positive integer specified previously. As
it can be seen, if the number k is close to the last
coordinates or the first coordinate of the solution (11),
then it may not be possible to select the symmetric
interval [k —p,k+p]. In the works of [8,9], only the

knapsack problem with Bul variable was considered and
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the neighborhood of the k-th coordinate [Slk,SE] was

selected there.
1 q 0 q ;
Thus, & =[k 100], Sk =[(n—k) 100] are defined,
and the number g is the minimum number of ones or
zeros in the optimal solution of the continuous knapsack
problem. Here, too, the selection of the number g can
cause some misunderstandings. So, when the number g

indicates the number of units, the interval 8&,68 differs

from the interval obtained when the number q indicates
the number of zeros.
In this work, the neighborhood of the coordinate

Xk =% in the solution of (11) is chosen as
[k —p;k+q]=[n@),n-n(0)].

As you can see, the relation n(l)<k<n-n(0) is
fulfilled. On the other hand, in order not to look at all the
numbers located in this interval, in other words, to get the
same result with a small number of operations, we need to
find the minimal number n(1) of non-zero coordinates and
the minimal number n(0) of zeros in the optimal solution
of problem (1)—(4)..In this case, in the process of
constructing a better solution, we should not change the
first n(1) number of non-zero coordinates and the last n(0)
number of zeros in the solution (11).

For this purpose, let’s look at the following issues:
n

2 Xj — min, (12)
j=L
n
anj Sb, (13)
j=1
4 t
Cixj =1, (14)
j=1
0<x;j<dj, (j=1n), (15)
Xj— integer (j =1,_n) (16)
and
n
D Xj = max, (17)
j:
n
Y.ajxj <b, (18)
j=1
4 t
Zlcjxj > f (19)
j=

© Mamedov K. Sh., Niyazova R. R., 2024
DOI 10.15588/1607-3274-2024-4-6

68

(20)

X; = integer  (j=1,n). (21)

Note that by solving problem (12)—(16), we can find
the minimum n(1) number of non-zero coordinates in the
optimal solution of problem (1)—(4) as number n(wy) is

the number of elements of the set o .
Thus, o ={jlx]>0}, and X" =(x{,Xp... X;) is

the optimal solution of problem (12)—(16).

It is important to note that, the problem (12)—(16) is
the special constrained integer programming problem.
Obviously that, this problem from NP- complete class too
and it is not easy to find their optimal solution L*.
Therefore, if we do not take into account the
completeness condition (16) imposed on the unknowns in
that problem, the range of possible solutions of this
problem will expand. Therefore, by solving the obtained
linear programming problem (12)—(15), can be found the
solution X' = (x?, xP,...,xIP) . Then the number n (1) of

non-zero coordinates in this solution is found as follows:

n() =n(wy).
Here is y ={j |5'J-p >0}.

It is clear that, it should be n(1) <n(l) . Because, when
the area grows, the minimum price can decrease.
However, since finding the number n(2) is related to the
solution of the linear programming problem (12)-(15)
with mixed constraints, we can still encounter certain
difficulties. Therefore, instead of problem (12)-(16), can
be considered the following problem with a larger
domain.

n
ij — min,

J

=1

t
ZCij >f,
j=1

0<xj<dj, (j=1n).

In this problem, without breaking generality, let us
assume that the relation c¢;>cp>..>chq2Cy IS

satisfied. Then the minimal number of non-zero
coordinates n; in the optimal solution of this problem can

be found as follows:

My
2.¢id;
=1

n+l
< ft < chd] .
j=1

It is clear that, the relationship ny <n(l) <n() is

satisfied.
OPEN 8 ACCESS
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Thus, we can take the number n; which is easily

found, as the number of coordinates different from zero in
the optimal solution of the problem (1)-(4).

Now let’s find the minimum number of zeros in the
optimal solution of problem (1)—(4). For this purpose, by
making judgments according to the above, we have to
solve the problem (17)-(21) or the problem (17)—(20),
and finally the problem (22)—(25):

n

D Xj — max, (22)

=

n
zanj <b, (23)

=1
0<x; <dj, (j=1n), (24)
X; — integer (j=1n). (25)

In the case of (22)—(25), let us assume, without
violating the  generality, that the relations
a3 <ay <...<a, are fulfilled in the condition (23). Then

the maximal number n of non-zero coordinates in the
optimal solution of this problem is found from the
following relationship:

n+l

n
Zajdj <b< Zajdj
j=1 j=1

It is clear that, we can take the number n(0)= n-n

instead of the minimal n(0) number of zeros in the
optimal solution of problem (1)—(4).

Thus, we proved the following theorem.

Theorem: The inequalities n@)<n(l) and
n(0)<n(0) for the minimum n(1) number of non-zero

coordinates and the minimum n(0) number of zeros in the
optimal solution of problem (1)-(4) it is true.

Let’s note that the coordinates of the optimal solution
of the problem (1)-(4) with the solution (11) can differ in
the interval [ n(2),n—n(0)].

It is clear that dj numbers are to the left and only

zeros are to the right of the k-th coordinate in the solution
of (3.3). Therefore, for each number j,
(=n@),n@)+1..,k) to the left of the x;=12..,d;,

Xj=djq,dj,.,0 and x;=12,.,d; for each (j=k+1,

k+2,..) numbers on the right, new solutions can be
constructed by formulas (7) or (9). We will select the best
of those solutions and consider it as an innovative
improved approximate solution.

Now, let’s write the algorithm for the innovative
approximate solution method described above.
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ALGORITHM

Step 1. Enter the numbers n,b,c; dj(ji=1 n) and

jr@j
accept bb:=b;
Step 2. For each number j,(j=12,...,n) you need to

find the solution X'P = (xIIO x2, xl'(p, ,xIP) with the
formula

dJ,If a]d <h- Za. s

i-1 j-1
X = (b-%aixi'p)/aj, if ajdj>b—§aixi'p,(k:= i
= =

0, when j=k+1, k+2,...,n

and from here the fractional coordinate number K should
be noted. kk:=k; r:=0;

Step 3. If X” is an integer, then the solution X "

is the optimal solution of problem (1)-(4). At this time
we should calculate

X" = (%, X, Xn) = (4°, 30, xIP) , print £ and go to

step 21.

Step 4. To find the approximate solution of
Xt =4, xb,....x}) we need to calculate

j-1
dj, if ajd; sb—%aixit,
1=

-1 j-1
[(b-Y axi)/a;], if ajd;>b-—> ax,
i=1 i=1

for each number (j =1,2,...,n).
Step 5. Calculate the numbers

n
flp - ZCJXIP ft= chxtj.
=t

Accept f" = f!
Xt = (xS, xh) with £

Step 6. Coefficients cj,(j =

and remembered the solution

1_n) should be arranged

as ¢; 2Cy >...2 ¢, and to find the minimal n; number of

non-zero coordinates in the optimal solution from the
relationship
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n ; n+1
Zdeij SZCJdJ
j=1 j=1

Step 7. Numbers a;,(j=1n) should be arranged as

ap<aj<..<a, and find the maximum n number of

coordinates different from zero in the optimal solution of
the problem (1)—(4) from the relationship and note

n(0)=n—ﬁ

n+1

n
Za]dj <b< Zajdj
j=1 j=1

and note n(0)=n-n.

Step 8. Set x| :=[xL]; b:=bb—a, x x{.
Step 9. For the numbers j, j=12,..n j=Kk

j-1
dj' if aJdJ Sb—Zaixit,
t i=1
X; = . .

J j-1 j-1
[b-Y ax)/a;], if a;d;>b—> ax.
i=1 i=1

Step 10. Calculate

n
fl= chxtj .
i=1

If f'>f" then should be accept f':=ft,
X1t = G
Step 11. If r=0, then should be accept

Xt =[xt1+1; b:=bb—a, xxk ; r:=1and go to step 9.
Step 12 Set be accept r:=0
Step 13. Foreach J,(j=12,..,n;j=k)

j-1
f t
dj,lf a]djﬁb—g aiXj,
X =

-1
it ajdj>b-Y ax.
i=1

[(bffaix})/a,-],
i=1l

with the formula X'=(x{,x5,...x}) calculate the

number f!
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Step 14 If f'> £t ther  fiti=ft,

Xt~ (x{,xg,...,xﬁ,) should be written and memorized. If
r:=1 goto Step 18.

Step 15. If  xk <d,, then go to Step 17.

Step 16. k:=k+1 If k>n(0) k:=kk and go to the
Step 18.

Step 17. xﬁ =12,...,d, and accordingly by taking
b:=bb—a, xx} go to the Step 13.

Step 18. r=1 |If xﬁ =dy , then k:=k-1, If
k <n(2) go to the Step 20.

Step 19. xk:=12,..,d, k values corresponding to
b:=bb—a, xx} and go to Step 13.

Step 20.  Print U XUt XL K.

S=(f"P1-ft/f'1and &' =(F'P]-F/f'P].
Step 21. STOP.

4 EXPERIMENTS

Numerous computational experiments have been
conducted to investigate the quality of the innovative
improved solution method we proposed above.

During the experiments, problems with a different
number of variables were solved (n=100, n=300, n=500,
n=1000). The coefficients of these problems were chosen
as random numbers with two digits and three digits at
most.

Thus, 0<c;<99 0<a;<99d; =10,(j:1,_n) or
0<c;<999, 0<a; <999 d; =10,(j=1n),

1 n
b=[—ZaJdJ]
3J:l

It should be noted that 4 different problems, each with
the same number of variables, were solved.
The results are given in the following tables and
notations are adopted as follows.
N — the number of the solved problem with the same
number of unknowns.
f — the upper bound of the optimal value of the
problem (1.1)—(1.4).
f'— the value of the function (1.1) according to the

approximate solution of the problem (1.1)—(1.4) found by
the known classical method.

'~ the value given to the function (1.1) of the

improved approximate solution.

8 — the relative error of the approximate value found
by the classical method, expressed as a percentage of the
optimal value. It mean that,

r3 t
gt f
f
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§' — an innovative improved approximate persentage

Table 5 — Problems with three-digit coefficients

is relative error. (n=100)
g N 1 2 3 4
8 = n -100. T 343742. | 346062.00 | 375258.0 | 336331.00
ft | 343485.00 | 345998.00 | 375018.00 | 336155.00
SRESULTS N £t | 343660.00 | 346040.00 | 375227.00 | 336305.00
Table 1 — Problems with two-digit coefficients
(n =100) S 0.07477 0.01849 0.06396 | 0.05233
N 1 2 3 7 5 0.02386 0.00636 0.00826 | 0.00773
T 34211.00 34493.00 37378.00 | 33508.00
: 3930500 3928600 3735300 | 33492.00 Table 6 — Problems with three-digit coefficients
f (n=300)
Fit 34209.00 34491.00 37376.00 | 33506.00 N 1 2 3 2
S 0.01754 0.02029 0.06688 0.04775 T 1035261.00 | 993336.00 | 976972.00 | 1002027.00
Si 0.00585 0.00580 0.00535 0.00597 ft 1035236.00 | 993265.00 | 976948.00 | 1001939.00
fit | 103525100 [ 993307.00 | 976948.00 10019
Table 2 — Problems with two-digit coefficients 95.00
S 0.00241 0.00715 | 0.00246 0.00878
(n=300)
N 1 > 3 7 N 0.00097 0.00292 | 0.00246 0.00319
T 103013.00 | 98887.00 | 97245.00 99692.00
: 103010.00 98884.00 | 97244.00 99684.00 Table 7 — Problems with three-digit coefficients
f (n=500)
fit | 103012.00 98885.00 | 97246.00 99693.00 N 1 2 3 4
5 000201 0003051 0.00103 0.00802 T | 1620326.00 | 1718600.00 | 1712542.00 | 1689749.00
5 0.00097 0.00202 | 0.00103 0.00100 ft | 1620292.00 | 1718561.00 | 1712502.00 | 1689670.00
fit | 1620303.00 [ 1718587.00 | 1712528.00 | 1689739.00
Table 3 — Problems with two-digit coefficients
(n=500) S 0.00210 0.00227 0.00234 0.00468
N 1 2 3 4 5 0.00142 0.00076 0.00082 0.00059
T | 161131.00 | 171036.00 | 17055500 | 168122.00
gt | 161128.00 | 171033.00 | 17055500 | 168115.00 6 DISCUSSION
T 161130.00 | 17103400 | 17055500 | 168122.00 Based on the tables, the following conclusions can be
f! ‘ ' ‘ ' drawn.
S 0.00186 0.00175 0.00000 0.00416 In most cases, the initially found approximate solution
i 0.00062 0.00117 0.00000 0.00000 has been further improved. Rather, in 24 out of 28 solved
5 problems, the initial approximate solution was further
improved. In the remaining 4 problems, the initial
) o o approximate solution has not improved. It can be assumed
Table 4 - Problems vzlltgg\(/)vo-dlglt coefficients that this solution is the optimal solution. The relative
N I z(n_ ) 3 2 errors of the found approximate values from the optimal
— 39005001 33000750 1 53955600 | 335635 00 value are very small and do not exceed 1%. This is very
f ' ' ' ‘ important for solving real practical problems. It should be
t 339009.00 | 330003.00 | 329555.00 | 335832.00 noted that the algorithm proposed in the article does not
f count options, so it takes seconds to solve problems.
git | 339009.00 | 330007.00 | 329556.00 | 335834.00 Therefore, we did not mention the computer time in the
S 0.00000 | 000121 | 000030 | 0.0089 tables.
5 0.00000 0.00000 | 0.00000 0.00030 CONCLUSIONS
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A new approximate solution method of the integer
knapsack problem is given in the presented article.
Through this method, any initial solution found by known
methods is successively improved. At this time, the
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interval where the coordinates that do not coincide with
the optimal solution are located is determined. After that,
it is possible to build a better solution by assigning new
values to the coordinates in those intervals.

The proposed method is new, simple in nature, easy to
consider from the programming point of view, and has
important practical importance, so this method is called
an innovative improved approximate solution method.
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YK 519.852.6

THHOBAIIMHWI BIOCKOHAJIEHAA METO]I HABJIMKEHOT'O PIINEHHSA JIJTA 3ATAYT
HIJTOYNUCEJBHOI' O PAHIISI, CTUCHEHHS TIOMWJIOK TA OBUNCJIIOBAJIBHI EKCIEPUMEHTH
Mawmenos K. II. — g-p di3.-mar. Hayk, npodecop BakMHCBKOro JepKaBHOrO YHIBEpCHTETYy Ta 3aBijyBad Bimminy [HCTHUTYTY
cUCTeM ynpaBiiHHI MiHiCTEpCTBa HAYKH 1 OCBITH.
HiszoBa P. P. — noxTopaHT, HayKoBuii criBpoOiTHUK [HCTHTYTY cucTeM yrnpaBiiHHS MiHiCTEpCTBa OCBITH 1 HAYKH.

AHOTAIIA

AKTyaJbHiCTb. MaTeMaTHyHi MOfIeNi 0araThoX 3a/a4 ONTUMI3allil, 0 3yCTPIYarOThCsA B €KOHOMIIlI Ta TEXHilll, PO3TIIAAaI0ThCS
y dopMi 3amadi mpo MIIOYHUCENbHUN prok3ak. OCKUIBKH I 3aJada HaJekKHTh a0 kKiacy «NP-moBHHX», TOOTO «Ba)KO
PO3B’sI3yBaHUX», KIJIbKICTh OMepaliif, HEOOXiAHMUX BIiZIOMHM METOJaM [Uisi 3HAXOMKEHHs II ONTHMAaJbHOTO pPO3B’S3KY,
eKkcroHeHwiaabpHa. Lle He mo3Bossie BUpinryBaTy MacuTaOHI 3aBIaHHS B PeXKHUMI peanbHOro yacy. ToMy po3po0ieHo pi3HOMaHITHI Ta
IIBUIKOIIPALIOI0YI METOIHM HAOIIDKEHOTO po3B’si3aHHA wi€el 3axadi. OqHak BiioMo, o HaOMmKeHe pilleHHs, OTPUMaHe IIMMH METO-
JaMH, y OUIBIIOCTI BUMAIKIB MOXKE CYTTEBO BiAPI3HATHCS Bill ONTHMAIBbHOTO. TOMYy micis MPUHHATTA OyIb-IKOTO HAaOIMKEHOTO
pilIeHHS 3a BUXIJHY TOUKY BHHHKA€ IOTpeba po3poOHTH MEeTOAN HOro MOJAIBIIOro BIOCKOHANeHHS. Po3poOka Takux METOAIB Mae
SIK TEOPETUYHE, TaK i BEJIMKE MPAKTHIHE 3HAUCHHSI.

Meta po6oru. OCHOBHA MeTa BHpILIEHHS LLOTO IUTAHHS IoJsirac B HacTynmHoMy. OCHOBHA MeTa BHKOHAHHS JaHOI POOOTH
MOJIATAE B TOMY, 1100 Oy/Ib-IKMM BiJIOMHM METOZOM CIIOYaTKy 3HAWTH BUXiIHUH HaOIMKEHUH pO3B’sI30K 3a/adi, a MOTiM po3poOHTH
QJITOPUTM JUIS TIOC/TIZIOBHOTO MOJAJBIIOrO BJOCKOHAJIEHHS 1IbOT0 POo3B’sA3Ky. s 1[bOro HEOOXiHO BU3HAYMTH HAOIp YMCEl, IKUMU
MOXYTb BIIPI3HATHCS KOOPAMHATH ONTHUMAJBHOIO i 3HaiieHOro HabmmKeHOro po3B’si3ky. Ilicnms 1poro ciig moOymyBaTH HOBI
PO3B’S3KH HIISAXOM IPUCBOEHHS MOKJIMBUX 3HAU€Hb HEBIIOMHUM, IIO BiINOBIAAOTH YUCIaM I[bOT0 HAOOpy, 1 BUOpaTH HaWKpamie 3
IuX po3B’sA3KiB. Alle anropuT™M MOOYAOBH TAaKOTO PIilICHHS MOBHHEH OyTH MPOCTHM, BHMAaraTH HEBEJIWKOI KUTBKOCTI omepamiil, He
BUKJIMKATH TPYJHOLIIB 3 TOUKH 30pY IPOTrpaMyBaHHs, OyTH HOBHM i1 3aCTOCOBHHM JIO IIPAKTHYHUX 3aBJaHb.

Metoa. CyTbh 3alpOIIOHOBAHOIO CHOCOOyY mosisirae B HacTynHoMy. CHodyarky 3a BiZIOMHM HPaBHJIOM 3HAXOASTh [MOYATKOBHIM
HAOJIMKCHUI PO3B’SI30K 3ajadi, M0 PO3MIISAAETHCS, 1 BIAMOBIMHE HOMY 3HAueHHS I1ib0BOT (yHKii. [licis 1pboro ontumanbHUR
PO3B’S30K 3a7avi JIErKO 3HAXOIUThH BIJIOMHM METOZOM 0e3 ypaxyBaHHs yMOBH IIJIOCTi HeBimomux. O4eBHIHO, 11O LEil PO3B 130K
MOJKE NMPUMMATH He OUIbIIE OJHOTO JPOOOBOro 3HAUYCHHS KoopAuHaTH. [lependavyaeTnes, 1110 KOOPAUHATH ONTUMAIILHOTO PO3B’SI3KY
IIJIOYMCEIbHOT 3a/adi Mpo paHelb 1 MOYaTKOBOIO HAOJIM)KEHOTO PO3B’SI3KY MOXYTh BIAPI3HATHCS HABKOJIO MEBHOI Ipo0OoBOi
KOOPJMHATH OINTHUMAJILHOTO PO3B 3Ky HeENepepBHOI 3amadi. [loTiM 3HaiieH0 MiHIMANIbHY KUIBKICTH HEHYJIBOBHUX KOOPIHHAT 1
HYJTBOBUX KOOPOMHAT B ONTHMAJIGHOMY poO3B’sa3Ky. [lns mporo moBereHo BimmoBimHi Teopemu. [lepembauaerscs, mo pisHi
KOOPJIMHATH ONTHMAJIBbHOTO PO3B’SI3KY Ta [I0YATKOBOTO HAOJIMIKEHOTrO PO3B’S3KY 3HAXOAATHCS MK MMM MIHIMAJIbHUMHU YHCIAMH.
Takum YWHOM, HaWKpamie pilIeHHsS MOKHA BHOpATH MUITXOM TOCIIJOBHOI 3MiHH KOOPIMHAT MK IIMMH MIHIMAIEHUMH YUCIAMA
OJIMH 32 OJHHM.

Pe3yabTaTn. [3 3acTocyBaHHSM 3alpOIIOHOBAHOTO METOAY OyJIM HPOBE/CHI YHCICHHI PO3paxyHKOBI eKcriepuMeHTH. Bucoka
SIKICTh IIbOTO METOJIY III¢ pa3 MiATBEPKCHA CKCIICPUMEHTAIBHO.

BucHOBKH. 3anpoONOHOBAaHUH METOJ € HOBHM, IIPOCTHM 3a CBOEIO CYTTIO, JIETKMM IS IPOrPaMyBaHHs Ta Ma€ BaXJIMBE IIPakK-
THUYHE 3Ha4YeHHs. TakuM YMHOM, MM Ha3UBA€EMO L€ PIillICHHS iIHHOBALifHUM NOKPAICHUM HAOIMKSHHM PillICHHSIM.

KJIFOYOBI CJIOBA: 3a1a4a npo 0ijo4ncenbHUN paHelb, po3B’ 30K MOYaTKOBOTO HAOIIKEHHS, MiHIMallbHA KUIBKICTh HYJbO-
BHX 1 HEHYJIOBUX KOOPAMHAT B ONITUMAJIBHOMY PO3B’A3KY, IHHOBaLilfHE BIOCKOHAJICHHS PO3B’SI3KY IMOYaTKOBOTO HAOIMKEHHS, OLli-
HKa ITOXHOKHU Ta eKCIIEPUMEHTH.

JITEPATYPA 7. Libura M. Integer programming problems with inexact

1. Erlebach T. Approximating multi-objective knapsack objective function / M. Libura // Control Cybern. — 1980. —
problems / T. Erlebach, H. Kellerer, U. Pferschy // Man- Vol. 9, N 4. - P. 189-202.
agement Science. — 2002. — Ne 48. — P. 1603-1612. DOI: 8. Niyazova R. R. An innovative improved Approximate
10.1287/mnsc.48.12.1603.445 Method for the knapsack Problem with coefficients Given in

2. Kellerer H. Knapsack problems. / H. Kellerer, U. Pferschy, the Interval Form / R. R. Niyazova , S. Y. Huseynov // 8-th
D. Pisinger. — Berlin, Heidelberg, New-york : Springer- International Conference on Control and Optimization with
Verlag, 2004. — P. 546. DOI:10.1007/978-3-540-24777-7 Industrial Applications, Baku : 24-26 August, 2022. Vol II.

3. Martello S. Knapsack problems: Algorithm and Computers —P. 210-212.

Implementations. / S. Martello, P. Toth. — New York : John 9. Mammadov K. Sh. Innovative approximate method for solv-
Wiley & Sons, 1990. — P. 296. ing Knapsack problems with interval coefficients. /

4. Garey M. R. Computers and Intractability : a Guide to the K. Sh. Mammadov, R. R. Niyazova, S. Y. Huseynov // In-
Theory of NP-Completeness. / M. R. Garey, D. S. Jhonson. ternational Independent scientific journal. — 2022, Ne 44. —
— San Francisco, Freeman, 1979. — P. 314. P. 8-12. doi.org/10.5281/zenodo.7311206.

5. Vazirani V. V. Approximation algorithms / V. V. Vazirani.  10. Mamedov K. Sh. Two methods for construction of subopti-
- Berlin : Springer, 2001. - P. 378 mistic and subpessimistic solutions of the interval problem
DOI:10.1057/palgrave.jors.2601377 of mixed-Boolean programming / K. Sh. Mamedov,

6. Bukhtoyarov S. E. Stability aspects of Multicriteria integer N. O. Mammadli // Radio Electronics, Computer Science,
linear programming problem / S. E. Bukhtoyarov, Control. — 2018, Ne 3(46). — P. 57-67. DOI 10.15588/1607-
V. A. Emelichev // Journal of Applied and Industrial 3274-2018-3-7.
mathematics. - 2019. - V(13), N 1. - P. 1-10. 11. Vladimir Emelichev Quantitative stability analysis for vec-
DOI:10.33048/dai0.2019.26.624 tor problems of 0-1 programming / Vladimir Emelichev,

© Mamedov K. Sh., Niyazova R. R., 2024

DOI 10.15588/1607-3274-2024-4-6 OPEN a ACCESS




p-ISSN 1607-3274 Panioenextpownika, indpopmatrka, ynpasninns. 2024. Ne 4
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2024. Ne 4

12.

13.

14,

15.

16.

17.

18.

Dmitry Podkopaev // Discrete Optimization. — 2010. -
vol. 7. - P. 48-63. DOI: 10.1016/j.disopt.2010.02.001.

Li W. Generalized solutions to interval linear program-
mers and related necessary and sufficient optimality condi-
tions / W. Li, X. Liu, H. Li // Optimization Methods Soft-
ware. — 2015, Vol. 30, Ne 3. - P. 516-530. DOI:
10.1080/10556788.2014.940948

Mamedov K. Sh. Method of Constructing Suboptimal
Solutions of Integer Programming Problems and Successive
Improvement of these Solutions / K. Sh. Mamedov,
S. Y. Huseinov // Automatic Control and Computer Science.

- 2007. - Vol. 41, Ne 6. - P. 312-319. DOL:
10.3103/S014641160706003X

Mamedov K. Sh. Ponyatie suboptimisticheskogqo i
subpestimisticheskoqo resheniy i postroeniya ix v

intervalnoy zadache Bulevogo programmirovania / K. Sh.
Mamedov, A. H. Mamedova // Radioelektronika,
Informatika, Upravlenie. - 2016. — No. 3. — P. 99-108.
DOI: 10.15588/1607-3274-2016-3-13

Hifi M. An efficient algorithm for the knapsack sharing
problem / M. Hifi, S. Sadfi, A. Sbihi //.Computational Op-
timization and Applications. — 2002. — Ne 23. — P. 27-45.
DOI:10.1023/A:1019920507008

Hifi M. The knapsack sharing problem: An exact algorithm.
/ M. Hifi, S. Sadfi // Journal of Combinatorial Optimization.
—2002. — Ne 6. — P. 35-54. DOI:10.1023/A:1013385216761
Hladik M. On strong optimality of interval linear program-
ming / M. Hladik // Optimization Letters. — 2017. —
Vol. 11(7). — P. 1459-1468. DOI:10.1007/s11590-016-
1088-3

Devyaterikova M. V. L-class enumeration algorithms for
knapsack problem with interval data / M. V. Devyaterikova,
A. A. Kolokolov // International Conference on Operations

© Mamedov K. Sh., Niyazova R. R., 2024
DOI 10.15588/1607-3274-2024-4-6

74

19.

20.

21.

22.

23.

24.

25.

Research: Book of Abstracts. — Duisburg, 2001. — P. 118.
Devyaterikova M. V. L-class enumeration algorithms for
one discrete production planning problem with interval input
data / M. V. Devyaterikova, A. A. Kolokolov, A. P. Kolosov
/I Computers and Operations Research. —2009. — Vol. 36,
Ne 2. — P. 316-324. DOI:10.1016/j.cor.2007.10.005

Babayev D. A. Reducing the number of variables in integer
and linear programming problems / D. A. Babayev,
S. S. Mardanov // Computational Optimization and Appli-
cations. — 1994. - Ne 3. - P. 99-109. DOI:
https://doi.org/10.1007/BF01300969.

Basso A. Linear programming selection of internal financial
laws and a knapsack problem/ A. Basso, B. Viscolani // Cal-
colo. — 2000. - V. 37, N 1. - P. 47-57.
DOI:10.1007/s100920050003

Bertisimas D. An approximate dynamic programming ap-
proach to multidimensional knapsack problems. /
D. Bertisimas, R. Demir // Management Science. — 2002. —
Ne 48. — P. 550-565. DOI:10.1287/mnsc.48.4.550.208
Billionnet A. Approximation algorithms for fractional knap-
sack problems / A. Billionnet // Operation Research Letters.
— 2002. — Ne 30. — P. 336-342. DOI:10.1016/S0167-
6377(02)00157-8

Broughan Kevin An integer programming problem with a
linear programming solution / Kevin Broughan, Nan Zhu //
Journal American Mathematical Monthly. — 2000. — V. 107,
Ne 5. — P. 444-446. DOI:10.1080/00029890.2000.12005218
Calvin J. M. Average-case analysis of a greedy algorithm
for the 0-1 knapsack problem / J. M. Calvin, J. Y-T. Leung
/I Operation Research Letters. — 2003. — Ne 31. — P. 202-
210. DOI:10.1016/S0167-6377(02)00222-5

OPEN a ACCESS




p-ISSN 1607-3274 PanioenexTpoHnika, inbopmatrka, ynpasninss. 2024. Ne 4
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2024. Ne 4

UDC 519.85

SOLUTION OF A MULTICRITERIA ASSIGNMENT PROBLEM
USING A CATEGORICAL EFFICIENCY CRITERION

Novozhylova M. V. — Dr. Sc., Professor, Head of the Department of Computer Science and Information
Technologies, O. M. Beketov National University of Urban Economy in Kharkiv, Ukraine.

Karpenko M. Yu. — PhD, Associate Professor of the Department of Computer Science and Information
Technologies, O. M. Beketov National University of Urban Economy in Kharkiv, Kharkiv, Ukraine.

ABSTRACT

Context. The paper considers a problem of assigning a set of employees to a finite set of operations in a multicriteria statement,
under condition of a hierarchical structure of a partial efficiency criterion of performing a set of operations, being presented in such a
way that each employee possesses a finite set of competencies and each operation has a finite set of characteristics. Numerical and
categorical data types are provided for the use as exogenous parameters of the problem. The relevance of the assignment problem
being considered is determined by an extremely wide range of practical applications, both in the classical statements and new
modifications, the high demand for which is constantly generated by the dynamically developing economic environment. At the same
time, a critically smaller number of scientific publications propose means of modeling and solving multi-criteria assignment
problems, despite the importance of this type of problems in decision-making, both in theoretical and practical aspects. In general, in
conditions of lack of information, the exogenous parameters of the problem cannot be specified in numerical form, therefore there is
a need to use categorical data with further numerical coding.

Obijective. The goal of the work is to build a multicriteria mathematical model and, on this basis, carry out a numerical study of
the optimization assignment problem, taking into account a hierarchical structure of a partial efficiency criterion of the selection of
«operation — employee» pairs.

Method. The study proposes a novel method of solving the assignment problem that implemented as a multi-stage process,
which includes the stage of transformation of exogenous parameters of the model, given by categorical variables, based on the
implementation of the Pareto principle and logistic mapping, the stage of constructing linear scalarization of the efficiency and the
cost criteria.

KEYWORDS: mathematical and computer modeling of an assignment problem, multicriteria optimization, Pareto set,

categorical parameters, logistic curve.

ABBREVIATIONS
NP-complexity is an nondeterministic polynomial
complexity;
DM is a decision maker.

NOMENCLATURE
i is an index of operation;
j is an index of employee;
k is an index of operation characteristics;
I is a number of operations;
J is a number of employees;
K is a number of operation characteristics;
A is a matrix of weighting coefficients;
B' is a binary Kx3 matrix;

bfm is an element of binary matrix B';

cjj is a cost of performing the i-th operation by the j-th
employee;

C is a cost matrix;

C"is a normalized cost matrix;

Ci™" is an element of the normalized cost matrix;

e;i(vi, Sj) is a similarity measure of vectors (v, ;) ;

¢™" the minimum value of cost matrix elements;

™ the maximum value of cost matrix elements;

E is a performance effectivity matrix;

G(C,X) is a cost criterion of the problem;

f(M) is a function of digitalization of categorical
variables;
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Ke is an effectivity function;
VAN

K e is an approximation of an effectivity function;

Kcis a cost function;

M is a set of categorical values;

N; is a value from the interval (0,1);

N, is a value from the interval (0,1), N; < Ny;

N is a number of labels in dummy coding;

R? is a reliability of approximation;

s; is a vector of competence levels of an j-th employee;

Sk is a level of competence of an j-th employee
regarding k-th characteristic of operation;

S is a matrix of levels of employees’ competencies;

Xii IS a binary endogenous variable of the assignment
problem;

X is a matrix of endogenous variables of the
assignment problem;

v; is a vector of operation 6; characteristics;

Vi¢ is a k-th characteristic of operation 6;;

w; is a ordered set of operation 6; characteristics;

o IS a assessment vector of operation 6
characteristics;

ok is a k-th component of the vector o;;

® is a set of operations;

0;is an i-th operation;

= is a team of employees;

oj is a j-th employee;
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A1, A2 is a weighting coefficients of partial criteria in a
assignment problem;

®O(E,X) is an efficiency criterion to select optimal
pairs (6;, o);

x is a cartesian product of sets.

INTRODUCTION

Assignment problems as a scientific direction propose
instrumental tools to optimal use of production capacities
and resources for the livelihood of consumers that is one
of the urgent problems today. To solve this problem is
even more important when functioning of enterprises is
under pressure of hostile external environment and all the
production and economic activities are forced to take
place in the conditions of an emergency situation, and the
conduct of continued military operations.

Thus assingment problems both in the classical
statement and in new modifications belong to the most
widespread  optimization  problems of  resource
distribution, which arise in business practice, in particular
in the urban economy of large cities, as well as when
providing services to the population, individuals and legal
entities in the field of retail, medical care, hotel business,
transport and repair services, supply organization, etc.,
and the demand for which is constantly generated by life
itself.

The obvious practical and theoretical importance of
the problem for the development of the theory of
algorithms and the theory of optimization in general at
least because a quadratic assignment problem belongs to
the class of combinatorial optimization problems and it is
NP-complex — causes continiuos interest of scientists.

Without losing generality let’s consider this problem
in the statement about the assignment of employeers
having various qualifications for operational, repairing,
monitoring activities that relate to one or a group of
complex technical or social objects.

Thus, let there be a set ® = {6;}, i=1,...,1, of certain
operations (objects) and a team (set) = = {w;}, j=1,...,J, of
employers (resources), in general | # J.

We need to assign at least one operation to each j-th
employee, and only one employee to each i-th operation.
For each such pair (6;, ;) the cost ¢; of performing an
operation 6; by an employer w; is determined. According
to the classical formulation, the objective function models
the total costs. It is necessary to find the minimum value
of objective function.

Assignment problems admit  of  several
generalizations. We will further consider multicriteria
problems as a natural generalization of the classical
statement. In multicriteria problems, a partial cost
criterion is considered along with a partial criterion of the
effectivity of operation performance [1].

Thus, along with the cost of performing operations,
the effectivity function of performing operations is also
considered, which, depending on the specific statement,
can be both a dimensionless and a dimensional value
(monetary equivalent, quantity of products, etc.).
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However, when solving practical problems, situations
arise when the effetivity functional of the pair (0;, ;) is a
vector and not a scalar. In addition, the exogenous
parameters of the effectivity function can be specified as
categorical characteristics in case of uncertainty or lack of
input information.

In this study, the multicriteria assignment problem is
considered, provided that in addition to the cost ¢; of
assignment j-th employee for a certain operation 6;, a
concept of categorical vector that measures effectivity Ej
to perform i-th operation by j-th employee is proposed.

The object of the study is the process of solving a
multi-criteria assignment problem in conditions of lack of
input information.

The subject of the study is an optimization method for
solving a multi-criteria assignment problem with
categorical exogenous parameters.

The purpose of this work is to build a mathematical
model and, on this basis, to carry out a numerical study of
the optimization assignment problem taking into account
matrix representation of the effectivity criterion to select
optimal pairs (6;, «;) on the Cartesian product of sets © x

—
—

To achieve this goal, the following tasks have been
solved further:

— to develop and substantiate the methodology of
numerical coding of categorical data;

— to determine a means of reducing a multicriteria
problem to a set of scalar optimization problems;

— to carry out the software implementation of the
model based on the creation of a software simulator, and
to build the Pareto set of the assignment problem;

— to justify the possibility of generalizing the proposed
tools to other classes of assignment problems.

We chose Python as the working programming
language, which, thanks to the availability of numerous
scientific libraries and cloud computing tools, allows to
create the necessary tools for the implementation of
numerical experiments.

1 PROBLEM STATEMENT
Let for each operation 0; of the set ® = {6;}, i=1,...,1,
be given an ordered set

V| = (Vlll Vi27"'1vikl"'1 VIK)’ izll"'Tli

containing assessments of operation characteristics and

each employee o; of team = = {w}, j=1,...,J owns an
ordered set of values

S = (Sjl, Sj2se ey Sjkye s SjK), jzl,...,J,

of competence levels, respectively.

Moreover, each value vy of i-th operation
characteristics v; as well as value sy of j-th employee
competence level s; is defined as a categorical parameter.

For each pair (6, o), defined on the Cartesian
product of sets ® x Z, the cost ¢ of performing an
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operation 6; by an employer o; has been set. So, as input
data, we also have a matrix of values

As the endogenous variables of the assignment
problem under consideration, we will take the binary
assignment: x; = 1 of j-th employee for the i-th operation
and x;; = 0 otherwise.

Then the assignment problem in the two-criteria
statement is to define the optimal values of two
performance criteria, namely the cost of execution G(C,X)
and the effectivity of execution ®(E,X) of operations:

{ G(C,X) = min, ®(E,X) »> max } 1)
subject to
J
ZXij Sl,i =1..1;
j=1
I -
2 X%i=1i=1..3; (2)
i=1

x;j {0,1}, i=1,...1, j=1,....J.

The cost G(C,X) of performing operations of the set ®
is given by the formula

I J
G(E.X) Iz z Cijxij .

i=l j=1
The efficiency ®(E,X) is given as follows

I J

@(E,X)Z z z einij,

i-1 j=1

where the elements e;j(v;, s;) of the effectivity matrix E

are functional values defining similarity of the vectors (v;,
Sj).

In other words, functional e;i(vi, S;) represents
numerical measure of how well j-th employee fits to i-th
operation.

2 REVIEW OF THE LITERATURE

Various approaches to solve both deterministic
assignment problems and problems under conditions of
uncertainty in scalar and multicriteria formulations are
proposed by researchers in [1-5] and other studies. At the
same time, not only the namely assignment problems
have been considered, but also derived classes of
problems, for example, the linear problem of ranking
alternatives [2]. The total cost and quality of work, the
number of performers and the time of work are partial
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objective functions. An interesting result is the
formulation of the assignment problem in fuzzy set terms
[1].

E. Acar and H. S. Aplak [4] examine the problem of
dynamic distribution of resources for the service
provision on the set of locations in urban areas. Service
requests occur spontaneously, resources are distributed
dynamically. Real-world examples of such applications
include dispatching traffic police officers to accident sites
and dispatching mechanics to repair sites. It is proposed to
use the so-called policy gradient approach, according to
which performers are distributed by location in order to
minimize the delay.

It is generally not possible to describe exogenous
parameters of the mathematical model in numerical form
for practical assignment problems. Therefore, certain
characteristics of the research objects are presented in a
categorical form. Sets of values containing a limited
number of separate categories are called categorical
(qualitative) ones, while the possible values are parameter
levels as it proposed by Kondruk N. E. [6]. At the same
time, there is a problem of developing effective distance
metrics and measures of similarity for such features, in
particular categorical ordered features.

When choosing an approach to the digitization of
categorical data from the set of assignment pronlem (1) —
(2) input data, a comparative analysis of available
classical methods of numerical coding [7] was carried out
with the following results:

1. Uniform coding (One-Hot coding) is a process of
converting categorical variables into a numerical
representation in a binary format, where each category is
represented by a binary vector.

Applying the concept of uniform coding to a vector of
categorical variables v; = (vi;, Vi, Vik) generates a binary

the matrix B' corresponds to the categorical variable vy
and contains only one unit, that is, it satisfies the
condition

. .
> by =1, bk, {03
i=1

2. Dummy Encoding is a slight improvement over
uniform encoding, which uses N-1 functions to represent
N labels/categories.

3. Ordinal Encoding is used when the categories in the
variable have a natural order. In this method, categories
are assigned a numerical value based on their order, such
asl, 2, 3,etc.

4. Binary Encoding is similar to One-Hot encoding,
but instead of creating a separate column for each
category, the latter is represented as binary number.

5. Count Encoding is a method of coding categorical
variables by counting the frequency of occurrence of a
category in a data set.

6. Target Encoding is a more advanced encoding
method used to work with categorical features of high
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power, that is, features with many unique categories. An
average target value for each category is calculated,
which in turn is used to replace the categorical feature.

Given the conditions of Proposition 1, the most
adequate for the case of ordered categorical variables
among those mentioned are ordinal or target coding
methods.

The Python implementation of these methods,
allowing encoding categorical data, is performed using
the LabelEncoder and OneHotEncoder encoders from
SciKit Learn scientific library [8].

Solving multicriteria assignment problems does not
guarantee the generation of a single, best solution,
therefore it is important to create and use software tools
for constructing a set of Pareto-optimal solutions [9, 10]
of problems of this class and conducting numerical
experiments.

Currently, such tools are offered as part of a wide
range of software products — so-called solvers, i.e.
hardware and software for solving complex optimization
problems. According to the set of conditions, solvers go
through the solution options and choose the best one.
They are convenient modern means for creating an
information environment to model and solve assignment
problems in various fields: in logistics when building the
optimal delivery routes and calculating the optimal
loading of vehicles; in the retail, medical service, hotel
business when generating employee work shift schedules;
in industry when solving the ussies of optimizing product
warehouses, taking into account the available raw
materials.

The market of software products includes commercial
developments by IBM or Gurobi, as well as Open Source
solvers: OR-Tools, COIN-OR, SCIP, GLPK and others
[11-14]. Among the latter, the most developed is the
Google OR-Tools solver [11], which is used in the future
when creating a software simulator.

3 MATERIALS AND METHODS

The statement of the multi-riteria assignment problem
(1)-(2) contains numerical (in particular, binary) and
categorical types of parameters.

Therefore, at the first stage of processing the
mathematical model (1) — (2), there is a need to unify its
exogenous parameters.

Let us assume that the characteristics of a certain
operation 0; constitute a vector of ordered categorical
multi-positional variables Vi = (Vis, Viz,--Viki--or  Vik),
where each variable vy takes a value on a set of M
categorical values

M = {*low”, “medium”, “high”}.

Similar representation has been introduced for vectors
S;j.

Taking into account the structure of categorical
parameters here we propose a novel approach to the
digitization of categorical data different from the well-
known ones discussed in the previous section.
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The approarch involves constructing a function f(M)
of the form:

M —f>[0,1], ®)

defined on the set M. The range of the function f(M) is a
unit segment.

A method of digitalization of categorical parameters
being proposed in this study is based on the
implementation of the well-known Pareto principle [15]
and functional-cost analysis [16]. The Pareto principle is
one of the universal principles of optimization, whose
informal definition is as follows: “20% of the effort
provides the opportunity to obtain 80% of the result, and
the rest — 80% of the effort — gives only 20% of the
result” [17]. In general, an 80/20 ratio often occurs, but
does not necessarily have to be exactly 80/20. It can be
90/10, 70/30, etc., which also confirms the observation
formulated above.

First of all, we will apply interval estimates of
categorical variables, considering the coding problem as
continuous. Categorical values must then be encoded by
numerical half-open intervals of the form

M=
{“low”, “medium”,  “high”}.
* ¢ ¢ 4)
{ [0,Ny), [Ny, Np), [Nz, 1] }

We apply the Pareto principle to determine the
distribution of the employees’ competence levels and
construct the function f(M) of the form (3).

Proposition 1. Based on the Pareto principle, we
consider the following distribution of the employees’
competence levels:

[0, 0.2), [0.2, 0.8), [0.8,1]. (5)

Thus, we will assume (Table 1) that the «high» level
of a competence s;, is estimated by the segment [0.8, 1]
and means the immediate readiness of proven successful
application of knowledge and skills in practice.

The “medium” level of competence means the
readiness to apply existing knowledge and skills along
with the need for additional training that does not have a
critical impact on the quality and time of operation
performance, and finally, the “low” level designates the
absence or insufficient availability of knowledge that
requires additional specialized training.

Table 1 — Interval coding of ordered categorical data

Ne Categorical Numerical
of category value value

1 low 0...<0.2

2 medium 0.2..<0.8

3 high 08..1
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Proposition 2. The distribution (3) for the digitization
of the characteristics vy which are inherent to i-th
operation from the set ® can be explained as follows: the
“high” level of the characteristic vj, as a resource of the
operation is estimated by the segment [0.8, 1] and means
the critical importance of the presence of this resource,
the “medium” level means an optional requirement that
does not have a critical impact on the execution time of
the operation with acceptable quality and, finally, “low”
level makes it clear that the presence of this resource is
desirable to support the quality assurance of the operation.

In favor of this hypothesis there is the ideology of
functional-cost analysis [16]. Within the framework of
this paradigm we know that a qualitative dependence of
effectivity Kg on cost K¢ is described the same way for
many technical, economic, and social processes.

Cost K¢ can be perceived, for example, as the time or
cost of retraining and upgrading the skills of employeers.

Such a dependence is well described by a logistic (S-
shaped) curve of a kind (Fig. 1):

:m- (6)
M
0,5
0,25

me
o-§j§§g§§§\\\ Ll

¥

-8 4 6 8

0
=]

0

Figure 1 — Decomposition of the logistic curve “effectivity
Kg —cost Ko”

Fig. 1 shows a graphical presentation of dependence
(6) (to within its own affine transformation) together with
a horizontal decomposition of the logistic curve into three
segments belonging to

—Zone: [0, N,
—Zone Il : [Ny, N,],
—Zone I : [N, 1], N; < N,.

Table 1 contains the results concerning approximation
of the logistic curve parts belonging to Zones I — I1I.
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Table 1 — Approximation of logistic curve
Ne Type of approximation dependence R?
of Zone

A

KEe
[ n R 0.934
0.0074K2-0.0555K ¢ +0.093

I 0.2261 Kc—-1.76 0.998
1l A ~ 0.943
0.0087 KCZ—O.2768 Kc+1.201

Thus, estimates of the reliability R? of the

A

approximating dependence Kg confirm the use of such a
decomposition. At the same time, horizontal boundary
lines of the zones I-111 (Fig. 1) practically coincide with
the boundaries of the coding ranges (5) of ordered
categorical data: N, ~ 0.198, N, ~ 0.785.

In this connection, it is interesting to turn to the
analysis of the second derivative of the logistic function
(6), which has the form:

d2Keg
dK 2

2exp( —2K.) —exp(-K )
(1+exp(—K; ))

On the graph of the second derivative of the logistic
function (Fig. 2), two extrema can be distinguished, the
arguments of which coincide with the border values N;
and N,.

So, in terms of the main research problem, it can be
interpreted as follows: the improvement of the
employee’s qualification, that is, the improvement of his
efficiency, within the limits of a low level, occurs quickly
at insignificant costs. We can see that the second
derivative is positive and increases, that is, the growth
rate of function increases.

0,15
0,1

0,05

-0,05

-0,1

-0,15

Figure 2 — Second derivative of the logistic curve “effectivity Kg
— cost K¢”

Within the average level, the second derivative
linearly decreases, so that the growth rate of the efficiency
function decreases.

This means that more costs are required to improve
efficiency within the medium range.
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In the zone of a high level, the second derivative of
the logistic function (6) from negative values approaches
0, that is, the rate of change of the function becomes
constant.

The type of approximation dependence (Table 1) is
convenient to use in the case of the need to implement
continuous numerical coding of categorical data.

Let us investigate a scalarization procedure for of
partial efficiency criteria, being considered.

In the problem under consideration, the functional
d(E, X) of operational efficiency is dimensionless, while
the cost G(C,X) of operations according to the statement
is a dimensional parameter. Therefore, when choosing a
scalarization of partial criteria further, we will normalize
the cost matrix C and obtain a normalized matrix

C"=|| cff°™ | according to the formula

min
chorm _ Gij —¢
1 cmax _ -min ’
Carrying out numerical coding of categorical

characteristics v; = (Vi1, Vi2,...,Vik,-.., Vix) Of operations and
levels of competences Sj= (Siz, Sizse-+s Sikr-+-» Sik) Of
employers according to the scale of Table 1 makes it
possible to consider the formalization of the following
observation. In practice, certain properties of some
operation are more important for its development than
others, regardless of the level of qualification features or,
in general, the quantity and quality of the necessary
resources.

Proposition 3. Let us assume that the characteristics of
each i-th operation make up the following vector v; = (viy,
Vi2, Vik), Which assumes a partial or complete ordering by
its importance:

Qi
Vi > W,

where the arguments of the vector w; are the components
of the vector v;, weighted by the components of the vector
of preferences

ai={0li1, Qip,... Cik}.

As an initial approximation for each i-th operation, a
vector of preferences o={ois, @i,... Oix}. can be
considered, which specifies the ordering of the
operation’s characteristics by importance and is calculated
according to the formulas

K
i =Li=12,...,1.
k=1
K

K -1
Ojk €4M E:k
k=1

In total, the vectors of preferences form a matrix
A={ai}i=12..1 k=12...x Of weighting factors for a set of
operations ©. Accordingly, the vectors s; = (Sj1, Sz, ..., Sjk)
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of the employers’ competencies are also ordered using the
matrix A, forming the vectors ri= (ajiriz, Gizliz, - OikFik)-)-

Convolution of this information can be done by
several means. This study develops an approach in which
the efficiency e;; is estimated by the value of the cosine of
the angle ¢ between K-dimensional vectors v; and s; using
the scalar product <v;, s> of these vectors of the form:

<Vi,Sj >

Thus, as a result of the performed transformations, it
is possible to apply a scalarization of the partial criteria
G(C,X) and @(E,X).

In so doing we find that the mathematical model of
the multicriteria assignment problem being considered
takes the form

I J 1 J
max| A1 Y’ Y X —Aa > D Ci X @)

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

subject to restrictions (2) and additional conditions
regarding weighting factors Ay, A,:

}\.1, )\,2 > O, )\,1 + 7»2 =1.

4 EXPERIMENTS
To conduct numerical experiments based on the
obtained mathematical model of the multicriteria
assignment problem, such software development tools as
Google Colab [18] and Google OR-tools [11] were
involved in the work (Fig. 3).

# Importing necessary libraries

# Google OR-tools and Python

from ortools.linear solver import
pywraplp

import numpy as np

import matplotlib.pyplot as plt
import random

from numpy.linalg import norm

Figure 3 — Application of Google OR-Tools libraries and
scientific Python libraries for modeling

Google OR-Tools is a set of open source software
(Apache 2.0 license) developed by Google for solving
optimization  problems, including  mathematical
programming, vehicle routing, assignment problems, and
others. Google OR-Tools contains a set of ready-made
components written in such well-known programming
languages as C++, Java, .NET and Python

The assignment problem was solved using the
MIPSolver shell, which is a component of OR-Tools,
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designed for linear programming and mixed integer : :
programming (MIP) problems. MIPSolver interacts with § Setting input data - Block 1
the SCIP tool, a platform for solving integer problems # exogenous parameters:
with constraints (CIP) and mixed integer nonlinear iﬁ—:::i:r;;’
problems (Fig. 4) nm:charact ¢
efficiency workers 5[] []
# Creating MIP solver, that calls SCIF charact tasks #VI][]
¢ backend cost_werkers #c[][]
sotver = # sStandardi 1 J‘f‘]-th
pywraplp.Solver.CreateSolver ("SCIP") 3 co:rtz ;::;zz:lzz.ﬂ:_woriera Block 2
41
Figure 4 — Call a MIPSolver # Digitization of esxocgencus Block 3
$ categorical parameters:y det[][]
The stages of numerical modeling and solving the
assignment problem in the Google Colab cloud Ll
environment using OR-Tools are presented in Fig. 5. # Problem endogenous variables Block 4
The experiments were conducted on a set of input data x[i,j] = solver.Intvar(0, 1, "")
{l,J, K, C, S} (Block 1 in Fig. 5). gl
At the same time, at the choice of the DM, the - : B
parameters of the dimensionality of the problem and the # Problem constraints o Block 5
matrices of efficiency E and cost C can be randomly set solver.hdd(solver.Sum([x[1, 3]
by calling the Python functions random.randint and for J in range(num_tasks)]) <= 1)
random.random() or read from a data file. solver.Add(solver.Sum([x[2, 31
Blocks 2 and 3 of the information model being for 1 in rangs(num werkers)]) == 1)
described are preparatory for calling required functions T
from OR-Tools arsenal. # Objective functional Block 6
Blocks 4-6 serve to describe problem independent & Weiohtl: by Weightl: )
(endogenous) variables, constraints, the specification of (CraTETE MTERGRERE A2 X
linear scalarization of two partial criteria of the original Obiezilng']a—fe;mfs'Ziifna{éwﬂgztl -
problem: efficiency criteria and the cost ones, after that i—[]c[)]) =e SestwerkeEs
and the transfer of this information is carried out to
MIPSolver. At the same time, we consider that the JL
relation | > J is fulfilled. # Sclwving the problem Block 7
Further, the function solver.Solve() call (Block 7) status = solver.Solve()
implements the process of solving two-criterion igh
assignment problem with the given values of the : :
weighting coefficients A, and A,. # Analysis of Parsto-optimal Block §
t sclutions
5 RESULTS t Definin:i_ng "irljdif{ferenciz" riilnges
The last stage of modeling (Block 8) is intended to ¥ of partial objective criteria

construct and analyse a set of Pareto-optimal solutions of
the two-criteria assignment problem under consideration.

The set of Pareto-optimal solutions, which is the result
of solving the two-criteria assignment problem for
definite set of exogenous parameters {I, J, K, C, S}, is
constructed in the space of partial criteria based on the
variation of their weighting coefficients A; and 2,
accordingly.

Thus, the procedure for numerical modeling of the
assignment problem necessarily involves the visualization
of a set of Pareto-optimal solutions in the space of partial
target criteria, an example of which is shown in Fig. 6.

© Novozhylova M. V., Karpenko M. Yu., 2024
DOI 10.15588/1607-3274-2024-4-7

Figure 5 — Numerical modeling of the assignment problem in
the Google OR-Tools environment

The analysis of a set of Pareto-optimal solutions
enables the DM to make flexible decisions regarding the
final choice.

Numerous numerical experiments with various data
sets provide the basis for the following constructive
remarks.

Remark 1. Values of partial effectivity and cost
criteria are unchanged (indifferent) on certain ranges of
values of weight coefficients A;, A, despite different
values of the generalized criterion (7).
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The Pareto set of the two-criteria assignment problem
9.2 1

—
9.0 4

8.8 1

8.6

8.4 1

8.2 1

8.0 A

Effectivity criterion ®(E,X)

7.8 1

1.6 1

2(‘10 25’0 3[.10 35‘0 460 45:0
Cost criterion G(C,X)
Figure 6 — Construction of the Pareto set for one of sets {l, J, K,
C, S} of exogenous parameters

This result is statistically significant, because it was
observed in a critically large part of the numerical
experiments. An illustration of this conclusion is shown in
the Fig. 6, which provides an example of solving a
certain assignment problem, where the ranges for
determining the weighting factors A;, A, contained 10
values each. And only five pairs of them generated
different results. In other words, sets of A;, A, values
{(0;1), (0.1;,0.9)}, {(0.2;0.8)}, {(0.3;0.7),(0.4;0.6)},
{(0.5;0.5), (0.6;0.4), (0.7;0.3), (0.8;0.2)} {(0.9;0.1),
(1;0)}, enclosed in curly braces, generate the same results
respectively. In Fig. 6 different values pairs of partial
criteria are shown by dots (markers) — generated different
results. The solid line in Fig.6 represents an approximate
shape of the Pareto set.

Remark 2. Further processing of information
regarding the set of Pareto-optimal solutions obtained
allows to define set of ranges, which are characterized by
relative indifference of partial criteria values. In so doing
the DM can apply of a certain concession on the values of
the partial criteria which he considers as acceptable.

6 DISCUSSIONS

The proposed mathematical model of the two-criterion
assignment problem, unlike the classical formulation,
takes into account the possibility of specifying exogenous
parameters with categorical values, which expands the
range of model applications. Introducing logistic mapping
into consideration at the stage of digitization of
categorical variables, in contrast to known methods, the
analysis of which is carried out in the section “Review of
the literature”, allows for finer adjustment to the specifics
of the problem and, if necessary, to apply elements of
continuous analysis.

The proposed algorithm and software form a simple
flexible and reproducible environment for the numerical
study of multi-criteria assignment problems. The
presented calculation results confirm the validity and
efficiency of the developed mathematical model and
solution method for multi-criteria assignment problem
being considered.
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7 CONCLUSIONS

Modeling and numerical research of the multi-criteria
assignment problem was carried out under the condition
of vector presentation of the efficiency criterion and the
presence of categorical exogenous parameters.

The scientific novelty.

We proposed a novel method of solving the
assignment problem that implemented as a multi-stage
process, which includes the stage of transformation of
exogenous parameters of the model, given by categorical
variables, based on the implementation of the Pareto
principle and logistic mapping, the stage of constructing
linear scalarization of the efficiency and the cost criteria.

A generalization of the multi-criteria assignment
problem has been developed, where the partial criterion
for the performance of i-th operation by j-th employee is
defined as the scalar product of the digitized competences
of the employee and the characteristics of the operation.

The practical significance.

We applied cloud software development tools of
Google Colab and Google OR TOOLS as well as Python
scientific libraries to conduct numerical experiments on
the basis of the mathematical model proposed for the
main research problem.

Numerical experiments conducted on multiple sets of
input data using this optimization mathematical model
showed that the proposed constructive means of
mathematical modeling and information environment
developed in this study provide flexible methodology for
researching other types of optimization assignment
problems.

Prospects for further research consist in developing
the proposed tools in two directions. First, it is an
adaptation of the proposed model by considering
exogenous parameters of assignmet efectivity as functions
of time and/or cost. The second direction of research is in
developing the solution method to reach refined
approximation of the set of Pareto-optimal solutions for
considered multi-criteria assignment problem.
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PO3B’SI3AHHS BATATOKPATEPIAJIBHOI 3A TAYUIT
PO NPU3HAYEHHS 3A YMOBU KATET'OPIAJIBHOI'O KPUTEPIIO EOEKTUBHOCTI

Hoso:xnnoa M. B. — 1-p ¢i3.-maT. Hayk, npodecop, 3aBigyBau Kaeapu KOMIT IOTEPHUX HAyK Ta iHPOPMALIIfHUX TEXHOJIOTIH,
XapkiBCcbKuil HaLlIOHATBHUN YHIBEPCHTET MichbKoro rocmozapcrsa imeHi O. M. Bekerosa, Ykpaina.

Kapnenko M. FO. — kaHi. TexH. HayK, IOLCHT, JOLUEHT KadeIpu KOMIT IOTEpHHX HayK Ta iH(GOpMAUiifHUX TEXHOJOTIH,
XapKiBChKUI HAIllOHATIBHUHN YHIBEPCHTET MichbKOro rocrogapctsa imeHi O. M. bekerosa, YkpaiHa.

AHOTAIIA

AxTyanbHicTh. B po6oTi po3rismaerscs 3azada mpo IMpU3HAYEHHS MHOXKHWHHU BHKOHABIIIB Ha CKiHUYeHHI Halip omepamiil B
OaraTOKpUTEpiaJIbHI ITOCTAHOBII 3a YMOBH i€papXiuHOI CTPYKTYpH YacTHHHOTO KpHUTEpil0 e()eKTHBHOCTI BMKOHAaHHS Habopy
orepaitiif, MoJaHOro TAKMM YHHOM, IO KOXKHUI BUKOHABEIb BOJIOJI€ CKIHYEHHM Ha0OpOM KOMIIETEHTHOCTEH 1 KO)KHA oreparis Mae
CKiHYeHMH Habip XapakTepHCTHK. B SKOCTI eK30reHHHMX IapaMeTpiB 3ajadi mepeabdadeHO 3acTOCYBAHHS YHCIOBHX Ta
KaTeropiaJlbHUX THIIB JaHUX. AKTYaJIbHICTb 3a]a4i PO NPU3HAYCHHS, 10 PO3IIIAAAETHCS, 00YMOBIIIOETHCS HaA3BUYaiHO HIMPOKUM
CIIEKTPOM IPaKTHYHUX 3aCTOCYBaHb SIK B KJIACHYHIH MOCTaHOBLI, TaK i HOBUX MoAu(iKallifX, 3aMMT Ha SKi MOCTIHHO TeHEPYETHCS
E€KOHOMIYHHM CEpEIOBHUIIEM, IO TUHAMIYHO PO3BUBAETHCA. [IpM HBOMY KPHUTHYHO MEHIIA KUTBKICTP HAayKOBUX ITyOJiKamii
MpUCBSYEHa 3aco0aM MOJENIOBAHHS Ta PO3B’S3aHHA caMme OaraTOKpUTEpialbHUX 3aJad NIpo MpPU3HAYCHHSA, HE3BAKAIOUM HA
BaKJIMBICTh 3a/1a4 TAKOT'O THILy B IPUHHATTI pilllcHb, SK B TCOPETHYHOMY, TaK 1 B IPAKTHYHOMY acleKTax. B 3araipHOMY BHIAJIKY B
yMoBax HecTadi iH(oOpMalii eK30TeHHI IapaMeTpH 3aiadi He MOXYTb OyTH 3aJaHi B YHCIOBIH (opMi, TOMy BHHHKae morpeda
3aCTOCYBaHHS KaTeropiallbHUX JaHHX 3 ITOJAJIBIINM YHCIOBUM KOJYBaHHSIM.

MeTorw poboTH € MoOyI0Ba MaTEMaTHYHOT MOJIENI Ta MPOBEJACHHS HA Iiil OCHOBI YHCEIBHOTO JOCIKCHHS ONTHMI3aIliifHOT
3a7adi Mpo MPU3HAYEHHS 3 YPaxyBaHHSIM MOXJIMBOCTI i€papxidyHOi CTPYKTypH YaCTHHHOTO KPUTEpil0 e(eKTHBHOCTI BUOOPY map
«oreparlisi — BUKOHABELbY.

Meton po3B’si3aHHS 3a1adi — e OaraToeTarHUH MpoIlec, M0 BKIIOYAE eTal TPaHCOpMaIii eK30reHHUX MapaMeTpiB MOAEN],
3aJaHUX KaTeropialbHUMH 3MiHHMMH, Ha OCHOBI BTUICHHA MpuHIOMIY [lapeTo Ta JIOTricTHYHOrO BimoOpaskeHHs, eTan moOyIoBH
JIHIHHOT 3rOPTKH YaCTUHHHUX KPHUTEPiiB €(EeKTUBHOCTI Ta BAPTOCTI BUKOHAHHS POOIT.

Pe3yabtatn podorn. IIpoBeneHO CHCTEMOJNOTIYHMM aHANi3 ICHYIOUMX IJXOAIB Ta 3alpPONOHOBAHO METOJHKY UHCIOBOTO
KOJyBaHHSI KareropianbHux naHux. OOIpyHTOBaHO 3aci0 3BeAeHHs OaraTOKpUTEpiaJbHOI 332 MOCTAHOBKOIO 3ajmadi 10 Habopy
OJTHOKPUTEPIAIbHUX ONTUMI3aI[ifHUX 3a7a4 Ha OCHOBI JIiHIIHOI 3ropTKHM Ta (yHKLIOHAJIBHO-BAPTICHOTO aHaii3y, Mo0yaIoBaHO
MHOXXHUHY [TapeTo OCHOBHOI 3aadi JOCTiPKSHHSL.

BucnoBku. [IpoBesieHe MO/ieIIOBaHHS Ta PO3B’A3aHHS 331a4i PO NPU3HAYCHHS HA OCHOBI CTBOPEHHS IIPOrPAMHOIO CUMYJISITOPA
i3 3acrocyBanusaM cosiBepy Google OR-TO0OIS miaTBepauio MOKIHBICTD y3araabHEHHsI 3alPOMOHOBAHUX IHCTPYMEHTAIBHHUX 3aC00iB
HAa 1HII KJIacH 3a/1a4 PO MPU3HAYCHHS.

KJIIOYOBI CJIOBA: marematnuHe Ta KOMITI'IOTEpPHE MOJCIIOBAHHA 3aJadi IO IPH3HAUCHHS, OaraTOKpHUTepialbHa
ontuMizamisi, MHOkHHA [lapeTo, kaTeropialibHi TapaMeTpH, JIOTICTHIHA KPHBA.
© Novozhylova M. V., Karpenko M. Yu., 2024
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ABSTRACT

Context. This paper provides a new approach in concept drift detection using an ensemble of simple spiking neural networks.
Such approach utilizes an event-based nature and built-in ability to learn spatio-temporal patterns of spiking neurons, while ensemble
provides additional robustness and scalability. This can help solve an active problem of limited time and processing resources in
tasks of online machine learning, especially in very strict environments like 10T which also benefit in other ways from the use of
spiking computations.

Obijective. The aim of the work is the creation of an ensemble of simple spiking neural networks to act as a concept drift detector
in the tasks of online data stream mining.

Method. The proposed approach is primary based on the accumulative nature of spiking neural networks, especially Leaky Inte-

grate-and-Fire neurons can be viewed as gated memory units, where membrane time constant T, is a balance constant between

remembering and forgetting information. A training algorithm is implemented that utilizes a shallow two-layer SNN, which takes
features and labels of the data as an input layer and the second layer consists of a single neuron. This neuron’s activation implies that
an abrupt drift has occurred. In addition to that, such model is used as a base model within the ensemble to improve robustness,
accuracy and scalability.

Results. An ensemble of shallow two-layer SNNs was implemented and trained to detect abrupt concept drift in the SEA data
stream. The ensemble managed to improve accuracy significantly compared to a base model and achieved competitive results to
modern state-of-the-art models.

Conclusions. Results showcased the viability of the proposed solution, which not only provides a cheap and competitive solution
for resource-restricted environments, but also open doors for further research of SNN’s ability to learn spatio-temporal patters in the
data streams and other fields.

KEYWORDS: machine learning, online learning, spiking neural networks, concept drift, drift detector, artificial neural
networks, data stream mining, artificial intelligence, leaky integrate-and-fire neuron.

ABBREVIATIONS
ANN is an artificial neural network;
GRU is a gated recurrent unit;
LSTM is a long short-term memory;
ML is a machine learning;
PLIF is a parametric leaky integrate-and-fire neuron;
RNN is a recurrent neural network;
SEA is a streaming ensemble algorithm;
SNN is a spiking neural network.

NOMENCLATURE
Ty, IS @ membrane time variable that determines the

h;(X) is an ensemble’s j-th base model function;

N is a number of base models used in ensemble;

T is a number of iterations the SNN receives the input;
V. is a membrane potential at a time point t;

X; isan input vector at a time point t;

Xj is a data stream’s i-th feature;

y is a data stream’s true label.

y' is a model’s output of drift detection.

INTRODUCTION
Data stream mining in the online manner is a complex

task that involves strict restrictions on time and process-
ing resources, while still requiring adequate results and a
need to process huge volumes of data. This implies con-

OPEN 8 ACCESS

decay rate;
f (Vi_1, X¢) is a LIF’s neural dynamics function;
g(X) is an ensemble’s function;
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siderable limitations on used algorithms, even making
many state-of-the-art ML models unusable. In addition,
many models are unable to adapt quickly to the changing
environment and therefore become obsolete. This is espe-
cially prominent with ANNs which fail to adjust their
trainable parameters to the concept drift without utilizing
resource-hungry recurrent architectures [1].

Many approaches have been proposed to solve existing
online learning problems. In recent years, interest has spiked
greatly in applying more biologically inspired systems to
solve ML tasks. SNNs are one such system. They are con-
sidered to be the third generation of ANNs that closely
mimic the inner work of biological neurons in human brains
[2]. In comparison to regular ANNS, spiking neurons imple-
ment biological mechanisms like the accumulation of mem-
brane potential, refractory period, charge decay and simula-
tion of neurotransmitters’ explosions. Such mechanisms
result in lower power consumption [3], analogue and event-
based nature, as well as an ability to learn temporal patterns
in the data [4].

These characteristics make SNNs a viable solution for
listed problems of online learning, especially in the most
resource limited environments like 10T, which also bene-
fit from other advantages of spiking computations. Recent
research showcased that SNNs are able to adapt to the
concept drift [5] and to be used as drift detectors as well
when combined with evolving architectures [6].

But overall, the research on spiking drift detectors is
very limited. In addition to that and to our knowledge, no
research was proposed to utilize ensembling techniques
with SNNs to detect the concept drift, while ensembles of
ANNSs were showcased to be efficient in such task, as
well as improving SNNs performance (as described in
section 2).

The object of study is the process of concept drift de-
tection during online learning and data stream mining.

The subject of study is the use of spiking neural net-
works as concept drift detectors.

The purpose of the work is to broad the existing re-
search by exploring how SNN’s built-in abilities to learn
spatio-temporal patterns can be utilized to build spiking
detectors with shallow architectures and exploring how
ensemble of such detectors can create a more robust sys-
tem.

1 PROBLEM STATEMENT

This study aim is to develop an ensemble of simple
SNNs to identify the abrupt concept drift in the artificially
generated data stream and to analyze whether such ap-
proach improves the performance of the base model.

To do so, a training pipeline is to be implemented that
trains a model in the online manner by providing the input
vector X that consists of both the input features and the
true label of the data stream:

X=X, X2, %ns ¥) s D)
where x; represents a stream’s feature and y is its true
label.
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As a result, two experiments are to be performed: one
with just the SNN model and one with the ensemble; and
their metrics are to be compared.

2 REVIEW OF THE LITERATURE

In regular ANNSs, memorization is achieved by im-
plementing recurrent layers or by using gating mecha-
nisms, like in LSTM [7] or GRU [8]. Previously, re-
searchers tried to reimplement similar memory blocks for
SNNs [9], but recently, they focused more on built-in
short-term memory capacity. SNNs have an accumulative
nature due to the membrane potential and authors of [10]
noted that the Leaky Integrate-and-Fire (LIF) model can
be viewed as a gated memory unit if the formula is rewrit-
ten the next way:

f(Veg, X¢) =V +Ti(—(Vt—1 ~Vreset) + X¢)- 2

m

Which in case of Vgt =0 looks like:

1 1
f(\/t—l’xt):(l_T_ b +— X (3)

m Tm

As noted in the original research, the integration proc-
ess and the leak can be viewed as update and reset gates,
while the accumulated membrane potential V;_; functions

as a hidden state. With such interpretation, the membrane
time constant t,, is a balance constant between remem-

bering and forgetting information. A larger <, allows for

a better estimate of the frequency of input spikes, but
requires more time to charge and fire, which works well
with a stable input signal. On the contrary, a smaller <,

means a faster voltage decay, which makes the LIF neu-
ron sensitive to time-varying input signals and able to
respond quickly — at the cost of losing the accuracy of
distinguishing between different input signals. Further-
more, the same research proposed to make the t,, train-

able to help to find the balance without an additional
hyperparameter tuning. Such solution they named as PLIF
model.

Therefore, LIF nodes can be used as a cheap memory
unit which also have an event-based nature. In addition,
LIFs have perks of regular dense layers, like being able to
combine inputs and capture relationships between differ-
ent features. In this context, LIF nodes can function as
two layers at the same time. This makes them even more
suitable to be used as concept drift detectors, especially
when faced with sudden or recurring drifts.

A popular and a common technique in ML is usage of
ensemble learning techniques. Ensembles combine pre-
dictions of multiple base models which provides an im-
proved generalization, better handling of class imbalance
and overall robustness. In addition to that, ensembles can
be more resource-efficient than training a single and com-
plex model. Due to these, ensembles gathered attention to
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be used in online learning scenarios and have been al-
ready showcased to be effective in them [11, 12], espe-
cially when used in 10T systems [13] (where SNNs shine
as well [14]). They also showcased the ability to detect
the concept drift [15].

The human nervous system also appears to utilize
some ensemble effects or techniques: groups of neurons
or neural circuits act together to improve motor skills, as
was noted in the [16]. The same research also developed
and tested Spiking Voter Ensemble Network which was
built on ensemble of simplified three-neuron models with
utilization of the input timing dependent synaptic plastic-
ity. The proposed model achieved improved MNIST [17]
performance. Other research also showcased general
improvements for simple SNNs when combined with
ensemble techniques: authors of [18] achieved state-of-
the-art results for MNIST, NMNIST [19] and DSV Ges-
ture [20] datasets while lowering the number of trainable
parameters by half; and authors of [21] also achieved
state-of-the-art results for MNIST and CIFAR-10 [22]
datasets.

3 MATERIALS AND METHODS

The key part of any ensemble algorithm is a base
model. As was noted previously, the use of online learn-
ing sets restrictions for such models: the model should be
simple to not consume large amounts of resources, while
also being able to adapt to new patterns in the data stream.
In our proposed solution, we utilize a shallow two-layer
PLIF-based with the next key characteristics:

1) The first layer takes the input vector X to learn pat-
terns between the features and the labels;

2) The second layer consists of a single PLIF neuron,
activation of which indicates if the concept drift occurred;

3) The PLIF’s membrane state does not reset between
the iterations. This allows the model’s internal state to
accumulate information over time and capture subtle
changes in the data stream that may indicate a potential
drift.

The architecture is shown in Fig. 1:

'
———————»Y
{has. drifi happened?)

Figure 1 — The proposed model architecture

This approach does not use any additional helping
models and only analyzes the stream’s data. Ideally, it can
learn both virtual and real drifts. In addition, the refrac-
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tory period, that comes after the action potential, prevents
excessive neural activity. Meaning, it won’t fire again
right after the drift detection. This lowers chances of
recurring false-positive activations and removes the need
to develop additional timeout mechanisms for the model
when it successfully detected the drift. Also, as was men-
tioned in the section 2, the initial t,, controls how sensi-

tive the neuron is. Though it is different for each task,
normally it is expected that data stream will be stable and
concept drift won’t occur often. Because of that, higher
values of the initial t,, will prevent the fast charge decay

and can further decrease false-positive activations.

The main drawback of such SNN model (which will
be referred as the base model) comes from its simplicity,
meaning it will fail to learn complex patterns without
changes in the architecture. To overcome this, an ensem-
ble is used. The ensemble trains up to N base models,
each receiving the input vector X. The verdict whether
concept drift has occured is determined by the formula

4):
g(X) = max(hy (X),hp (X),...hy (X)), 4)

where h;(X) represents the base model function. If any

of the models are activated, then we conclude that the
drift has occurred.

For the model training, a backpropagation algorithm is
used. And to ease the experiment, it has a few restrictions
on the concept drift: an abrupt concept drift occurs after
the set number of iterations and a new drift cannot occur
before the previous one was successfully detected.

The whole process is visualized in the Fig. 2.

4 EXPERIMENTS

The developed training algorithm was tested using the
SEA (streaming ensemble algorithm) artificial data stream
generator [23] with an abrupt concept drift. This data
stream generates 3 features {x;,X,,X3} (where x3 doesn’t
take part in the classification) and a binary target variable
that is calculated by one of the (5-8) equations that switch
during the drift:

y=04q+x)<8, ©)
y=(X+xp)<9, (6)
y=0a+x2)<7, ()
y=(X +Xp)<9.5. 8)

As was mentioned in section 1, two experiments were
performed: one with just the base model and second one
with the ensemble of multiple such models. Both experi-
ments run with the next configuration;

— the initial membrane time variable was set at t,, =5

for slower charge decay;
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Can new drift happen?

Do nothing———N
Change function

Artificial Data Getd sample

Stream Generator

Unite X and Y

Is stream drifted? (true, target).

A

b

A
Y Is stream drifted?
(pred)
Forward Backward
A

Figure 2 — Flowchart of the training algorithm

— training is done with 20000 iterations, testing is
done with 2000 iterations;

— spiking neurons “see” the data only for a T =1
number of iterations;

— a new drift occurs once in 200 iterations.

Initial weights are randomly generated and no
additional hyperparameter tuning was performed. The
ensemble uses N =5 base models which are trained on
the same data. Also, the random seed was freezed.

The tools used for the program realization are Python,
PyTorch [24] and SpikingJelly [25].

The results of these experiments are shown in the
section 5.

5 RESULTS
The first experiment with a simple base model did not
yield good results. While this SNN was capable of identi-
fying the drift, the accuracy of predictions stayed very
low, with the last accuracy being equal to 29% and the
average accuracy stagnating only around 34%. The accu-
racy history graph is shown in Fig. 3.

(train) Drift Detection Accuracy History

1.0 — accuracy

T T T T T T
7500 10000 12500 15000 17500 20000
Time

Figure 3 — The training accuracy history of the base spiking
model

T T T
0 2500 5000

The situation with the testing is similar with the last
accuracy being equal to 43% as shown in Fig. 4 (it also
shows when the drift has happened and has been identi-
fied). Though, the fact that the metric stayed consistent
between the training-testing phases is promising. In addi-
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tion to that, on average, SNN required 285 iterations be-
fore identifying the drift. Also, the overall efficiency is
very sensitive to the initial hyperparameters.

(test) Drift Detection History Chart

i+ ) — Accuracy
—--- Drift
—-- Drift Detec ted

084

0.6 4

0.4+

021

0.0 4

T T T T T T T T T
0 250 500 750 1000 1250 1500 1750 2000

Figure 4 — The testing accuracy history
of the base spiking model

The ensemble method managed to produce much bet-
ter results: the average train accuracy increased to 87%
(as shown in Fig. 5) on the train data and maintained the
test accuracy around 91% (as shown in Fig. 6). In addition
to that, the drift detection time improved as well: on aver-
age, the drifts were detected in 22.65 iterations during the
training and in 8.44 iteration during the testing.

(train) Drift Detection Accuracy History

104 —— accuracy
o) k\x‘—w\‘___ﬁ

=4
o

Accuracy

o
=

0.2 4

0.0

T T T T T T T T T
0 2500 5000 7500 10000 12500 15000 17500 20000
Time

Figure 5 — The training history of the ensemble
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(test) Drift Detection History Chart
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Figure 6 — The testing accuracy history
of the ensemble

6 DISCUSSION

As evident from the results, the provided base model
was very weak and non-robust, making it non-applicable
to real-world tasks, especially with more complex data.
Still, it showcased the ability to learn the patterns. But
when it was used within the ensemble, the overall accu-
racy and detection time improved significantly.

Moreover, the achieved results are comparable to the
current state-of-the-art accuracy which include classical
ML algorithms [26] like Naive Bayes with an 86% accu-
racy and another ensemble-based Hoeffding Tree classi-
fier which also produced an 86% accuracy score (or 88%
when combined with the adaptive sliding window algo-
rithm [11]). Besides, the proposed solution achieved simi-
lar results to the current state-of-the-art RNN-based (re-
current neural network) solution [27], which produced an
accuracy of 91.70%, in addition to having a much smaller
number of trainable parameters.

This indicates the viability of the proposed solution to
be used in data streams analysis when faced with re-
source-restricted environments. Also, such methodology
allows for an easier integration into the IoT systems,
where each SNN can be implemented as a small separate
circuit with analogue sensors as an input. Also, it can
function as a plausible alternative to the deep learning
with which SNNs often struggle [28].

Nonetheless, additional testing on different data
streams is required to improve the proposed architecture
and algorithm and to test robustness. As already men-
tioned, the solution has its own disadvantages: it will
struggle with more complex data and will likely require
significant changes in the base model architecture.

CONCLUSIONS

This paper proposed a new approach in developing
concept drift detectors that focuses on utilizing SNN’s
abilities to spot the changes in spatio-temporal patterns in
data stream inflicted by the drift, and further improving it
with ensembling techniques. Experiments with a common
for such tasks artificial data were performed that gave
adequate and competitive results, which validated the
viability of the approach.

The scientific novelty of this work is that the method
of using an ensemble of simple spiking drift detectors is
firstly proposed. Ensemble’s base models take in features
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and label to learn spatio-temporal patters and fire if the
abrupt drift has occurred; while the ensemble of multiple
such models itself significantly improves the overall accu-
racy and gives state-of-the-art results on the tested artifi-
cial data, in addition to having small number of trainable
parameters.

The practical significance of obtained results is that
such approach provides a cheap and efficient solution for
extremely resource-limited environments that face con-
stant dangers of concept drift occurrences, like many loT
systems that also benefit from analog and event-based
nature of SNNs. Moreover, the use of ensembles provides
an additional scalability by allowing the increase or de-
crease of model quantity to fit the practical needs.

Prospects for further research are to applying similar
approach of drift detection to more complex data struc-
tures, as well as a further study of SNN’s ability to learn
spatio-temporal patters in the data streams.
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AHCAMB.JIb IPOCTUX CIIAMKOBHUX HEPOHHUX MEPEK
B SIKOCTI JETEKTOPIB IPEV®Y KOHIEIIIIi

Boasincbkmit €. B. — 1-p TexH. Hayk, npodecop, npodecop Kadeapu IUTyYHOTO iHTENEKTY XapKiBCBKOTO Hal[lOHAIBHOTO
YHIBEPCHTETY pa/lioeJIeKTPOHIKH, XapKiB, YKpaiHa.

CagenkoB [[. B. — acmipanTt kadenpu MITYYHOrO iHTENEKTY XapKiBCHKOTO HAIIOHAIBHOTO YHIBEPCHTETY PaliOCieKTPOHIKH,
XapkiB, YkpaiHa.

AHOTAIIA

AKTyaJbHicTb. Y Il CTATTi 3alpONOHOBAHO HOBHH MiAXiJ [0 BUSABICHHA Ipei(y KOHIEMIi 3 BUKOPUCTaHHIM aHCaMOIIO
MPOCTUX CHAHKOBHX HEHPOHHHUX Mepex. Takuil Imiaxis BUKOPUCTOBYE MOAIEBY NPHPOIY Ta BOYAOBaHY 3[aTHICTh HEUPOHIB BUBYATH
IIPOCTOPOBO-YACOBI ITAaTEPHH, a aHCAMOJIb 3a0e3Ieuye JONATKOBY pOoOACTHICTH Ta MacmTaboBaHicTh. Lle MoXke TONOMOTTH BUPIIINTH
aKTyaJlbHy Ipo0JeMy OOMEXEHOCTI 4aCOBHX Ta OOYMCIIIOBAJIBHUX PECYPCIB y 3ajavyax OHJIalH MalIMHHOTO HaBYaHHSI, OCOOJMBO B
JIy’Ke CyBOPHX Cepe/IOBHUINAx, TakuX K |0T, sKi Tako)K MaroOTh iHIII TEPeBary BiJl BAKOPUCTAHHS IIHITIHT-004UCIICHb.

Meta po6orn. MeToro poOOTH € CTBOPEHHS aHCaMOJIIO MPOCTHX CHAHKOBUX HEHPOHHUX MEPexk Ui pOOOTH B SIKOCTI IETEKTOPa
KOHILIETITYaJIbHOTO peiidy B 3aa4ax iHTEICKTya bHOIO aHali3y MOTOKIB JaHUX B [HTepHETi.

MeTton. 3anpornOHOBaHUH MiAXiJ] B IIEPILIy Yepry 0a3yeTbesi Ha HAKOMUYYBaJIbHINA MPUPOII CIIafKOBUX HEHPOHHUX MEpEX, 0C00-
JIMBO HETEPMETHYHNX HEHPOHIB IHTETpaIii-Ta-MOCTPiTy, SKi MOXHA PO3TIIAIATH SK OAWHHIN MaM STi i3 3aTBopaMu, 1e MeMOpaHHa

IOCTi}iHa 9acy Ty, € KOHCTaHTOIO OanaHCy MiX 3araM’sATOByBaHHAM Ta 3a0yBaHHAM iH(opMarii. PearizoBaHo aaroput™ HaB4aHHS,

SKUH BUKOpUCTOBYe HeruMOOKy nsomiapoBy SNN, 10 BUKOPHCTOBYE O3HAKM Ta MITKM JaHHX SK BXiIHMH Liap, a APyrHid Liap
CKJIQIA€ThCsl 3 OMHOTO HeWpoHa. AKTHBAIlisi [bOrO HEHpoHa oO3Hauyae, mI0 BigOyBcst piskuit apeiid. Kpim Toro, Taka momenb
BHKOPHUCTOBYETHCS SIK 0a30Ba MOJIENb B aHCAMOTi JJIs MOKPAIEHHS pOOaCTHOCTI, TOYHOCTI Ta MacIITabOBaHOCTI.

PesyabTatn. AncamOimp HernmuOokux asomapoBux SNN Oyno peami3oBaHO Ta HaBYEHO Ui BUSBICHHS PIi3KOTo Ipeidy
KoHIenIii B moroui gaHnx SEA. AHcamOio BAaIOCS 3HAYHO MiABHIIWTH TOYHICTH MOPIBHSHO 3 0a30BO0 MOJEIUIIO Ta JIOCATTH
KOHKYPEHTHHUX PE3YJIbTATiB i3 Cy4aCHUMH MEPEIOBUMH MOJICIISIMH.

BucHoBkH. Pe3ynbTaTi MOKa3aili JKUTTE3IATHICTH 3aIPOIIOHOBAHOrO PIllICHHS, SIKe HE TLNbKH 3a0e3Ieuye JeHIeBe i KOHKYpEH-
TOCITPOMOJKHE PIiIlICHHS JUIS CEPEIOBHII 3 OOMEKECHUMHU PECYpCcaMH, ajie i BIIKpUBAE JABepi Ul MOAANBILINX AOCITIIKEHb 3aTHOCTI
CIaiKOBUX HEHPOMEPEK BUBYATH IIPOCTOPOBO-YACOBI IATEPHHU B MIOTOKAX JAHUX Ta IHIIUX 00JIACTAX.

KJIFOUYOBI CJIOBA: marinHHe HaBYaHH, OHJIAiiH HABYaHHS, CTIAHKOBI HEHPOHHI Mepexi, apeiid KOHUemnil, 1eTeKTop Apei-
Gy, WTy4HI HEHPOHHI Mepexi, IHTeIeKTyalbHUI aHaNi3 MOTOKY JAHUX, IITYYHHUN IHTENEKT, HerepMEeTHYHUI HeipoH iHTerpaiii-Ta-

MOCTpiTY.
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ABSTRACT

Context. Significant challenges facing hardware developers of artificial intelligence systems force them to look for new non-
standard architectural solutions. One of the promising solutions is the transition from von Neumann’s classic architecture to neuro-
morphic architecture, which at the hardware level tries to imitate the work of the neural network of the human brain. A neuromorphic
processor built as hardware implementation of a spiking neural network consists of a large number of elementary electronic circuits
that structurally and functionally correspond to neurons. Thus, the design of hardware implementation of a spiking neuron as the
basic building element of a neuromorphic processor is of great scientific interest.

Obijective. The goal of the work is to design an analog spiking neuron hardware implementation with digital control of input sig-
nals by binary synaptic weighting coefficients.

Method. Designing is performed at the logical/schematic and topological levels of the design flow using modern tools of elec-
tronic design automation. All proposed schematic and layout solutions are verified and simulated using computer aided design tools
to prove their functionality.

Results. The schematic and layout solutions have been developed and investigated for the hardware implementation of the spik-
ing analog neuron with digital control of input signals by binary synaptic weighting coefficients to be the basic building element of a
spiking neural network of the neuromorphic processor.

Conclusions. The proposed hybrid design of the spiking neuron hardware implementation benefits by combining the simplicity
of analog signal processing methods in the neuron with digital control of the state of the neuron using binary weighting coefficients.
The simulation results confirm the functionality of the obtained schematic/layout solutions and demonstrate the possibility of imple-
menting logical functions inherent in the perceptron. The prospects for further research may include the design of hardware imple-
mentation for a spiking neural network core based on the developed schematic and layout solutions for the spiking neuron.

KEYWORDS: neuromorphic processor, spiking neural network, neuron, synaptic coefficient, layout design.

ABBREVIATIONS INTRODUCTION

Al is artificial intelligence; The growing interest in building Al systems based on
ANN is an artificial neural network; neural networks prompts the search for new architectural
SNN is a spiking neural network; solutions for hardware, which would be more adequate to
VLSI is very large-scale integration; the methods of solving problems in the neural network
IC is integrated circuit; basis. It becomes clear that using arrays of graphics proc-
CAD is computer aided design; essors for the hardware of Al systems has significant limi-
EDA is electronic design automation; tations in terms of energy efficiency, autonomy, mobility,
DRC is design rule check; scalability, etc., and can only be considered as a tempo-
ERC is electrical rule check; rary solution. Therefore, in recent years, more and more
LVS is layout versus schematic; attention has been drawn to neuromorphic computer sys-
LIF is leaky integrate-and-fire; tems that are built and function similarly to the biological
STDP is spike timing dependent plasticity; neural network of the human brain. A neuromorphic
GPU is a graphics processing unit; processor in such a system is a VLSI circuit organized as
MOS is metal-oxide-semiconductor; a spiking neural network of computing elements that
Si-IPD is silicon-based integrated passive devices; functionally correspond to neurons. The design of neuro-
DC is a direct current. morphic processors, their basic elements and the hardware
implementation of neuromorphic calculations is an actual

NOMENCLATURE problem of modern computer engineering.
~ Voo is a positive power supply voltage for integrated The object of study is the process of signal process-
circuits; ing control in the hardware implementation of the analog

Venp Is a zero voltage reference point in the circuit  gpiking neuron.
used as a baseline for measuring the voltage of other cir-
cuit components;

Vhase. 1S @ reference voltage for the excitatory or inhibi-
tory circuits of the synaptic input;

Vorrset 1S @ decremental or incremental voltage for the
excitatory or inhibitory circuits of the synaptic input;

wi; is a synaptic weighting coefficient of the i-th synap-
tic input of the neuron.

© Gnilenko A. B., 2024 a
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The subject of study is the methods for the design
and verification of the hardware implementation of the
analog spiking neuron for a neuromorphic processor neu-
ral network.

The purpose of the work is to develop and study
schematic and layout solutions for the hardware imple-
mentation of the analog spiking neuron with the digital
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control of input signals by binary synaptic weighting co-
efficients.

1 PROBLEM STATEMENT

The key problem of neuromorphic computing is the
design and fabrication of neuromorphic chips based on
the hardware implementation of spiking neurons and spik-
ing neural networks as VLSI circuits [1, 2]. The spiking
neural network of a neuromorphic processor can be built
based on the use of analog or digital circuits [3-6]. Both
approaches have some advantages and drawbacks. But the
best option would rather be a hybrid circuit as a combina-
tion of analog and digital parts. The optimal choice for the
hardware implementation of a neuromorphic processor is
the LIF model of the spiking neuron. In [7, 8], a simple
implementation of the synapse of the LIF model of an
analog spiking neuron was proposed, which uses circuits
of parallel-connected MOS transistors that control the
current at the output of the synapse to weigh the input
signals. However, no method has been proposed to con-
trol the weighing of input signals based on the values of
the weighting coefficients. That is why the problem is to
design the hardware implementation of a spiking analog
neuron with digital control of input signals weighing
based on the synaptic input model described in [7]. The
hardware implementation of the hybrid spiking neuron
must be designed at the schematic and layout level of the
VLSI design flow using CAD tool Tanner EDA with ap-
propriate verification procedures.

2 REVIEW OF THE LITERATURE

Growing demands of modern Al systems reveal prob-
lems and limitation their hardware implementation based
on traditional architecture solutions. Using supercomput-
ers and GPU arrays as the hardware platform of Al sys-
tems results in the problems of huge energy consumption,
limited scalability, and the lack of autonomy. In recent
years, it has become obvious that the most promising way
to solve these problems would be the transition to neuro-
morphic systems. Such systems at the hardware level im-
plement the concept of spiking neural networks for the
organization of massive parallel processing of informa-
tion.

Spiking neural networks belong to the third generation
of neural networks. SNN is a type of artificial neural net-
work that mainly relies on methods of transmitting and
processing information in the form in which they exist in
the biological nervous system. As in its biological origi-
nal, in a SNN, information is transmitted through connec-
tions between neurons using short pulses — spikes, which
are generated by neurons when they are activated. In the
biological nervous system, a spike corresponds to a nerve
impulse.

An important feature of the SNN is the asynchronous
nature of the work of neurons, due to which there is no
constant flow of data across all synaptic connections be-
tween neurons, as in a conventional artificial neural net-
work. Each neuron in SNN works independently of the
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others, responding only to the arrival of a spike from one
of the pre-synaptic neurons by changing the membrane
potential. This event-driven and asynchronous nature of
the work makes it possible to build an energy-efficient
hardware implementation of a spiking neural network as a
neuromorphic chip.

The method of processing spikes in an artificial neu-
ron depends on the neuron model used in the spiking neu-
ral network. There are various models [9] of the neuron,
many of which have been implemented in hardware,
which can be divided into biologically plausible, biologi-
cally inspired, integrate-and-fire models, and derivatives
of the original McCulloch-Pitts model. Biologically plau-
sible models such as Hodgkin-Huxley model [10] try to
describe the physical processes in the biological neuron as
accurately as possible in terms of ion’s transferring
mechanism through the neuron cell membrane. Biologi-
cally inspired models are simplified variants of the Hodg-
kin-Huxley model, for example, Fitzhugh-Nagumo [11],
Hindmarsh-Rose [12] models, or the popular Izhikevich
spiking neuron model [13], which accurately model the
behavior of the biological neuron rather than its physical
activity. Although those models are more computation-
oriented and have a simpler hardware implementation
than for the Hodgkin-Huxley model, they are still too
complex to practically build neuromorphic systems based
on them.

Less biologically realistic and more computationally
simple are a set of integrate-and-fire models of the spik-
ing neuron. These models and their more advanced vari-
ant — Leaky Integrate-and-Fire model offer a balance be-
tween the accuracy of the description of the neuron’s be-
havior and the simplicity of calculations [14].

The dynamics of the LIF model of a neuron is illus-
trated in Fig. 1 [15]. Spikes from pre-synaptic neurons are
first modulated by the weights of synaptic inputs, then
currents at synaptic inputs are integrated into the mem-
brane potential of the neuron, which exponentially de-
creases over time due to leakage. If the membrane poten-
tial exceeds the threshold value, the neuron generates an
action potential in the form of a post-spike, after which
the membrane potential decreases to the level of the rest-
ing potential.

Pre-spikes  Synapses
LIF Neuron
o, LIl
W, Vom Threshold
Vis) Post-spikes, 8,
o, A 1,3

- 11l 1 1
[ [
HZ!

Figure 1 — Dynamic of the LIF model

The behavior of LIF model accurately imitates bio-
logical neural network dynamic. That is why this model
of a spiking neuron is currently the most popular in the
hardware implementation of neuromorphic systems.

Classical ANN training methods based on the back-
propagation algorithm, are hardly applicable to spiking
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neural networks, since the SNN is digital in nature, and in
addition, backpropagation does not comply with the prin-
ciple of biological plausibility. That is why there are two
approaches to train SNN. First one is the method of Spike
Timing Dependent Plasticity [16] based on the principle
of locality [17]. According to this method the synapses
which activate the post-synaptic neuron shortly after re-
ceiving spikes increase their weight, while the synapses
that received spikes shortly after post-synaptic neuron
activation decrease their weights. The STDP method is
ready for the hardware implementation of learning
mechanisms and makes it possible to train SNN directly
on the neuromorphic chip. The second approach [18,19]
applies the method of out-of-chip training that implies the
construction of the classical ANN as a continuous ana-
logue of the SNN and teaching this auxiliary network
using backpropagation method with a host computer. Af-
ter training, obtained synaptic weight coefficients are
translated into synaptic memory on the neuromorphic
chip.

For more than two decades of research in the field of
neuromorphic systems and computing, there have been
several significant projects, most of which continue to this
day [17]. One of the first projects was SpiNNaker,
launched in 2011 at the University of Manchester and
continued as a part of the European Human Brain Project
on the SpiNNaker 2 hardware platform [20]. The SpiN-
Naker is not a neuromorphic processor but it is rather a
massively parallel computing system that was specially
built for simulating a spiking neural networks to model
human brain structures. The first industrially produced
neuromorphic chip was the TrueNorth chip [21], created
in 2014 by IBM under the auspices of the DARPA SyN-
APSE program. The spiking neurons of the chip cores
were built as simplified digital circuits that allow only
addition and subtraction operations to be performed. Syn-
aptic weight coefficients were coded with 2-bit values,
that is why only out-of-chip training was possible using a
different hardware platform with the translation of weight
coefficient values obtained as training results into synap-
tic memory of the TrueNorth chip. The first neuromorphic
chip with the ability to learn directly on the chip was the
Liohi chip [22] created by Intel in 2018 using a 14 nm
technological process, and the Liohi 2 chip that was pre-
sented in 2021 and was already made by a 7 nm technol-
ogy. Synaptic weights in the Liohi chip can already be
encoded with 8-bit values, which makes it possible to
perform on-chip training. Synaptic weights are modified
in the process of local training according to the rule of
synaptic plasticity, which is formulated in the form of a
simple formula with only addition and multiplication op-
erations implemented in a set of microprograms. The
Tianjic neuromorphic chip presented by Beijing Xinhua
University in 2019 became the first hybrid chip that com-
bines the architecture of the classical artificial neural net-
work and the spiking neural network in one neuromorphic
system. [23,24]. The Tianjic chip is not designed for on-
chip training. Therefore, training is carried out on the
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platform of graphic processors, and the results of training
are implemented in the synaptic memory of the chip.

There are other successful projects in the field of de-
velopment of neuromorphic systems and their number is
constantly increasing. The commercial success of artifi-
cial intelligence systems that we have observed in recent
years and the apparent inability to support this success
with adequate hardware platforms leads to the need for
further research in the field of neuromorphic systems and
their hardware implementation.

3 MATERIALS AND METHODS

Let’s consider the block diagram of an analog spiking
neuron shown in Fig. 2. The neuron circuit contains a
Schmidt trigger that implements the threshold function of
activation and a ring oscillator that generates spikes. A
leaky integrator forms the membrane potential of the neu-
ron, ensuring the accumulation of the potential to a
threshold value upon the arrival of input signals and its
gradual reduction to the resting potential in the absence of
input spikes. The addition of input signals in the analog
neuron is carried out as the usual sum of currents in an
electric circuit.

Excitatory Weights

b o, . B

Synaptic
Input Signal 1 %— |§DU?1

T T

Inhibitory Weights

Schmitt | Ring | Neuron Cutput

Excitatory Weights Trigger | Oscillator

Iy Y

Synaptic |
Input Signal 2 p— Iﬁpu?E

IPEY

Inhibiory Weaghts
Figure 2 — Block diagram of an analog spiking neuron with two
synaptic inputs [25]

Leaky Integrator

But the most significant components of the neuron are
the synaptic inputs, which produce weighted input signals
that are amplified or attenuated according to the values of
the synaptic weights. To weigh the input signal, the hard-
ware implementation of the synapse has been proposed in
[7,8] which uses excitation and inhibition circuits consist-
ing of several MOS transistors connected in parallel, as
shown in Fig. 3.

vdd

S p—

:
:

e "R w—f

OUTPUT

Figure 3 — Circuit diagram for_the synaptic input [7]
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By changing the voltage levels on the gates of the
transistors in the excitation and/or inhibition circuits, the
input signal can be weighted. This can be done by alter-
nately switching these transistors to the subthreshold
mode of operation, which allows us to gradually increase
or decrease the current at the synapse output. Regardless
of the number of transistors in the circuits, it is sufficient
to use two voltage levels — Viyae and Vosset, Where Vpp >
Viase™ Voitset fOr the excitation circuit, and Venp < Viase <
Votiset TOr the inhibition circuit, which are alternately ap-
plied to the gates and switch the transistors one by one in
the subthreshold mode of operation. Three MOS transis-
tors in the excitation and inhibition circuits, as shown in
Fig. 3, provide a possibility to obtain four levels of cur-
rent at the synapse output and, accordingly, four levels of
the post-synaptic potential at the leaky integrator.

The selection of the post-synaptic potential level is
carried out by switching the gates of the transistors in the
excitation and/or inhibition circuits with one of two power
sources — Viase OF Vosiser. 10 control this selection for exci-
tation and inhibition circuits consisted of three MOS tran-
sistors, 2-bit values can be used acting as synaptic weight-
ing coefficients.

The circuit diagram for digital control of voltage on
the gates of MOS transistors in the excitation and inhibi-
tion circuits is shown in Fig. 4, with voltage switches
built on two transmission gates [26].

The layout design of the voltage control circuit is
demonstrated in Fig. 5.

e

Al
HLELE

Figure 5 — Layout design of the voltage control circuit

The circuit diagram of the synaptic input with two
blocks of digital control with excitatory and inhibitory
weighting coefficients is shown in Fig. 6. Unlike a bio-
logical neuron, this hardware implementation allows us to
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use both excitatory and inhibitory weighting coefficients,
which adds additional functional flexibility to such a neu-
ron implementation.

control of input signal by synaptic weights

The advantage of the analog implementation of the
neuron is the simplicity of adding new synaptic inputs to
the neuron, since the summation of weighted input signals
occurs naturally according to Kirchhoff’s law as the sum
of currents.

For the hardware implementation of the threshold ac-
tivation function, a Schmitt trigger is used, based on the
circuit on MOS transistors, as shown in Fig. 7. The
Schmitt trigger converts the analog input signal of the
membrane potential into a digital output signal that acti-
vates a spike generator if the membrane potential of the
neuron exceeds the threshold level. A classic ring oscilla-
tor consisting of an odd number of inverters arranged in a
ring is used as a spike generator.

Figure 7 — Circuit diagram of the Schmitt trigger

The layout design of the neuron activator based on the
Schmitt trigger and the generator of spikes based on the
ring oscillator are shown in Fig. 8 and Fig. 9, respectively.

Based on the developed components of the spiking
neuron, a neuron circuit with two synaptic inputs was
designed in accordance with the block diagram shown in
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Fig. 2. The layout design of the neuron with two synaptic
inputs and the digital control of input signals weighing by
binary synaptic weighting coefficients is shown in Fig.
10. It should be noted that capacitive and resistive ele-
ments of the leaky integrator are formed on the back side
of the silicon wafer using 3D Silicon-based Integrated

Activ

Passive Devices (Si-IPD) technology and through-silicon
vias used to integrate passive components such as induc-
tors, resistors and capacitors on a chip. The characteristics
of those elements were directly added to the netlist ex-
ported from the neuron layout for its verification.

uT

Fiédre 10 - Layout design of the analog spiking neuron with two synaptic inputs and digital control of input signals weighing

4 EXPERIMENTS

The spiking analog neuron hardware implementation
is designed using Tanner EDA software which is a pro-
fessional standard in the field of \VLSI design. The Tanner
EDA provides a complex software solution for the design
and verification at the schematic and layout levels of the
design flow for full-custom analog and mixed signal inte-
grated circuits. The design flow can be demonstrated us-
ing the diagram shown in Fig. 11.
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After defining circuit specifications, a logic/transistor
circuit is designed at schematic level using S-Edit compo-
nent of Tanner EDA. To simplify the design of larger
structures, a symbolic designation (Symbol) is created and
associated with the circuit. Simulation of the circuit at the
schematic level is carried out to determine its functional-
ity and, in case of errors, the circuit is revised. The veri-
fied circuit is exported to the netlist of schematic level.
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Figure 11 — Design flow diagram

According to the transistor circuit, a topological draw-
ing (Layout) of the placement of diffusion areas of tran-
sistors, gates, interconnects, power buses, etc. on a silicon
crystal is developed using L-Edit component of Tanner
EDA. Layout verification is carried out for compliance
with design rules and technological standards using De-
sign Rule Check, (DRC) and Electrical Rule Check
(ERC) procedures. If non-compliance with the design
rules is detected, the layout design is corrected.

Next, the layout is exported to the netlist of the layout
level and is verified by comparing the netlists of the
schematic and layout levels using Layout versus Sche-
matic Check (LVS) component. When inconsistencies are
detected, the layout design is redone. At the final stage of
design flow, Post Layout Simulation is carried out at the
layout level to compare with that of schematic level.
Simulation results at schematic and layout levels are ob-
tained as waveform probing of signals at reference nodes
of the circuit.

5 RESULTS

It is well known that a neuron with two inputs is an
elementary perceptron capable of implementing simple
logical functions. Let’s investigate the functionality of
proposed schematic solutions using the example of calcu-
lating logical functions.

We will apply periodic signals to the pre-synaptic in-
puts of the neuron, which provide all four binary combi-
nations possible for a device with two inputs. Waveforms
probing is registered at some reference nodes of the neu-
ron as input signals, membrane potential of the neuron,
activation signal and output signal of the neuron. Since
synaptic weighting coefficients are two-bit binary values,
it is easy to estimate the effect of all possible combina-
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tions of weighting coefficients of the synaptic inputs on
the output signal of the neuron. Assume that the input
signals are affected only by the excitatory weighting coef-
ficients of the synaptic inputs. Then, for a neuron with
two synaptic inputs, we have sixteen possible combina-
tions of two-bit weighting coefficients w; and wy.

Some simulation results for combinations of excita-
tory synaptic weighting coefficients which provide the
implementation of different logical functions are shown in
Fig. 12 as signal waveforms at reference nodes of the neu-
ron.

The generalized result of modeling the neuron’s proc-
essing of input signals for sixteen combinations of excita-
tory synaptic weighting coefficients with interpretation in
terms of logical functions is shown in Table 1 where A
and B stand for signals at the pre-synaptic inputs.

Table 1 — Logical functions generated at neuron’s output

Wy Wy Neuron Output
00 00 0

00 01 A AND B
00 10 A

00 11 A

01 00 AAND B
01 01 A AND B
01 10 A

01 11 A

10 00 B

10 01 B

10 10 AORB
10 11 AORB
11 00 B

11 01 B

11 10 AORB
11 11 AORB

To implement the logical NOT function, it is neces-
sary to use inhibitory weighting coefficients. The input
signal to be inverted is applied to the first synaptic input
of the neuron, while at the same time the second input is
applied with DC signal whose level corresponds to Vpp
value. The signal at the first synaptic input is affected by
inhibitory weighting coefficient only while the signal at
the second synaptic input is neither amplified nor inhib-
ited. The signal waveforms at the reference nodes of the
neuron are shown in Fig. 13 for inhibitory weighting coef-
ficient of the first synaptic input w;=10 while the others
weighting coefficients are zero.

Thus, the designed circuit of an analog neuron with
digital control of input signals weighing using binary syn-
aptic coefficients acts as an elementary perceptron and
can implement logical functions AND, OR and NOT.
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Figure 12 — Signal waveforms at reference nodes of the neuron for some combinations of weighting coefficients:
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Figure 13 — Logical NOT function implementation using
inhibitory weighting coefficient w;=10
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6 DISCUSSION

The spiking neuron is a node of a spiking neural net-
work that forms a neuromorphic chip. That is why the
spiking neuron can be considered as a basic building ele-
ment for the neuromorphic processor. The main results of
the paper are schematic and layout solutions for the hard-
ware implementation of an analog spiking neuron with
digital control of input signals weighing. Analog nature of
the neuron allows us to simplify signal processing imple-
mentation, but the state of the neural network should be
saved as digital values of weighting coefficients in dis-
tributed memory devices. This fact determines require-
ments to provide the digital control of input signals
weighing using binary values of weighting coefficients.

The proposed solutions are based on the synaptic input
schematic described in [7] which is the closest analogue
to the considered hardware implementation. In [7], au-
thors discus simple approach to weigh input signals using
the excitation and inhibition circuits consisted of parallel
connected p-type and n-type MOS transistors. But any
methods to control the amplification and attenuation of
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input signals using synaptic weighting coefficients have
not been proposed. In the presented research for the syn-
aptic input the schematic solution is developed to digitally
control voltage on the gates of MOS transistors in the
excitation and inhibition circuits. This allows us to control
input signals of the neuron using binary values of the syn-
aptic weighting coefficients.

The practical significance of the research is related to
the layout design of the analog spiking neuron. This de-
sign can be used as the basic building block of a semicon-
ductor intellectual property core to produce a neuromor-
phic chip as an application-specific integrated circuit.

The schematic solutions for all neuron blocks and the
neuron as whole are verified by the simulation using CAD
tools with obtaining waveforms of signals at reference
nodes of circuits. The layout solutions are verified with
DRC, ERC, LVS checks and post-layout simulations.

The simulation results obtained for all combinations
of two-bit weighting coefficients demonstrate how the
neuron processes input signals to calculate logical func-
tion which is the classical problem for the perceptron. The
weighting coefficients for a specific problem can be found
as the result of off-line learning and then translated to
two-bit binaries.

The advantage of the proposed hybrid solution for the
spiking neuron consists in the simplicity of neuron circuit
scaling by adding new synaptic input blocks. The sche-
matics of the neuron core and synaptic input blocks re-
main the same with adding new inputs to the neuron. That
allows us to easily build neuron circuits with multiple
inputs for a spiking neuron network of the neuromorphic
processor.

The simplicity of scaling the neuron schematic and
layout solutions opens up prospects for further research in
the direction of developing spiking neural network struc-
tures of a neuromorphic processor.

CONCLUSIONS

The problem of controlling the weighing of input sig-
nals for an analog spiking neuron using binary synaptic
weighting coefficients has been solved.

The scientific novelty of obtained results is that the
digital method of controlling the weighing of input sig-
nals for an analog spiking neuron is proposed. The hybrid
design of the neuron improves the previously developed
schematic of the synaptic input making possible to control
input signals of the analog neuron using binary values of
weighting coefficients. This allows us to use analog na-
ture of signal processing by neurons while the state of
neurons is determined by binary values of weighting coef-
ficients stored in memory devices.

The practical significance of obtained results is that
the layout is designed for the analog spiking neuron with
digital controlling the weighing of input signals by binary
synaptic weighting coefficients. This layout design can be
used as the SIP core basic building block to produce a
spiking neural network of a neuromorphic chip.

Prospects for further research are to develop and

study structures of SNN for a neuromorphic processor
© Gnilenko A. B., 2024
DOI 10.15588/1607-3274-2024-4-9

based on the designed spiking analog neuron with the
digitally controlled weighing of input signals.
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ATIAPATHA PEAJIIBAIISL AHAJIOTOBOT'O IMITYJIbCHOI'O HEMPOHA
3 TUO®POBUM KEPYBAHHSAM 3BAKYBAHHSAM BXITHUX CUTHAJIIB

I'nnnenko O. B. — xanz. ¢i3.-Mar. HayK, JOLEHT, JOUECHT Kadeapy eNeKTPOHHUX OO0UYHMCIIIOBAIbHUX MallvH JHITPpOBCHKOTO Ha-
LioHaJBHOTO yHiBepcuTeTy iMeHi Onecs ['onuapa, Jlninpo, Ykpaina.

AHOTAIIA

AKTyaibHicThb. 3HaUHI BUKJIMKH, 10 MOCTAIOTh MEPE PO3POOHUKAMH alapaTHOro 3a0e3MEUCHHS CHCTEM LITYYHOrO iHTEJICKTY,
3MYLIYIOTh LIYKaTH Ul peaji3alil Takux CHCTeM HOBI HECTaHAAPTHI apXiTeKTypHi pimeHHs. OTHUM i3 TaKUX MEPCICKTUBHUX Pi-
IICHb € Mepexil Bif kiacudHol apxitektypu (on Heilimana 1o HeiipoMop(hHOT apXiTeKTypH, sika Ha amapaTHOMY PiBHI HaMAara€eThCst
iMiTYBaTH poOOTY HEHPOHHOI MEpeXi JTOICHKOro MO3Ky. Hefipomopduuii mpouecop, moOyaoBaHuMi SK amapaTHa peai3amis iMITyIb-
CHOi HEMPOHHOT Mepexi, CKIaaeThCs 3 BENUKOI KUTBKOCTI €JIEMEHTapHUX EJIEKTPOHHUX CXeM, SIKi CTPYKTYPHO Ta (YHKIIOHAIBHO
BiANOBigal0Th HeifipoHam. ToMy, MPOEKTYBaHHS amapaTHol peari3alil iMITyJIbCHOIO HEHpOHa SIK OCHOBHOT'O Oy/iBEIBHOIO €JIEMEHTY
HelipoMopdHOro npouecopa mnpeacrasise o600 3HAYHHI HAYKOBHUI Ta MPaKTHYHHUIN iHTEpeC.

Meta podoTn. MeToro po6oTH € po3pobka anapaTHoi peanizalii aHaJIOrOBOTO IMITyJILCHOI'O HeHpoHa 3 HU(POBUM KepyBaHHIM
3Ba)KyBaHHSIM BXiJHUX CUTHAJIIB JBINKOBUMH CHHAITHYHHUMH BarOBUMH Koe(ilieHTaMu.

Merton. [IpoexTyBaHHS BUKOHYETBCS HAa CXEMOTEXHIYHOMY Ta TONOJIONTYHOMY PIiBHAX HACKPI3HOTO MapIIPYTY NPOEKTYBAHHS iH-
TErpaJbHUX CXEM 3 BUKOPHCTAHHIM Cy4acHHX 3ac00iB aBTOMAaTH3allii NPOEKTYBAHHS €JIEKTPOHHUX MPUCTPOIB. s MmiaTBEpIOKEHHS
(DYHKIIOHANBHOCTI yCiX 3allPOMIOHOBAHMUX CXEMOTEXHIYHHX Ta TOIMOJIOTIYHHX PIlICHb MPOBEACHO iX BepUQiKalilo Ta MOAETIOBAHHS
3aco0aMH aBTOMATH30BAHOI'O TIPOEKTYBAHHS,.

Pe3yabsTaTn. Po3pobieHo Ta 1oCiimKeHO CXeMOTEXHIYHI Ta TOMOJIOTIYHI PillIeHHs JUTS arapaTHOI peasti3amnii aHaJIoroBOTO iMITy-
JIbCHOT'O HEHpOHa 3 U(PPOBUM KEPyBaHHIM 3Ba)KyBaHHIM BXiJHHUX CUTHAIIIB JBIHKOBIMH CHHAITHYHUMY BaroBUMH KoedillieHTaMu
SIK OCHOBHOT'O €JIeMEHTa 100y I0BH iMITYJIbCHOT HEHPOHHOT MeperKi HelpoMopdHOTo mponecopa.

BucnoBkn. 3anpornoHoBaHa ribpHaHa KOHCTPYKIIS anapaTHol peanizalii iMITyJbCHOrO HeHpoHa Mae NepeBary 3aBJSIKH MOEN-
HAaHHIO [POCTOTH AHAJIIOTOBUX METOIIB OOpPOOKM CHIHAB B HEHPOHI 3 LM(POBUM KEpyBaHHSAM CTAHOM HEHpPOHA 3a JIOIOMOIOI0
JBIMKOBHX BaroBux Koe(ilieHTiB. Pe3ynbraTu MOJACIIOBAHHS MiATBEPKYIOTh (YHKIIOHAIBHICTE OTPUMAHHUX CXEMOTEXHIUYHHX Ta
TOTIOJIOTIYHHX PIIICHb 1 IEMOHCTPYIOTh MOKIIMBICTE peaji3amii JIOTiYHUX (QYHKIIH, MpUTaMaHHUX mepcentpony. [lepcnektruBu mo-
JAIBIINX JOCTIIKEHb MOXKYTh BKJIIOUaTH PO3pOOKy amapaTHOi peamizamii sipa iMITyJIbCHOI HEHPOHHOI Mepexi HelpomMopdHOTO
poIiecopa Ha OCHOBI PO3POOJICHUX CXEMOTEXHIYHHX Ta TOMOJIOTIYHIX PIlIEHb JUIS IMITyJIbCHOTO HEWPOHa...

KJIIOYOBI CJIOBA: netipomophHHit Ipomiecop, iMITyIbcHAa HeHpOHHA Mepexa, HeHpOoH, CHHANTHYHUH Koe(illieHT, TOIoIoTi-
YHE POEKTYBAHHS.
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ABSTRACT

Context. Automatic segmentation of medical images plays an important role in the process of automating the detection of vari-
ous diseases in the spine and the use of radiography is the most accessible means of predicting diseases. Over the years many studies
have been conducted on the topic of image segmentation. One of the many methods for improving image segmentation is the use of
neural network ensembles.

Obijective. The aims of this study were to investigate the impact of preprocessing and compare the main methods of neural net-
work ensembles and their effect on the segmentation of the thoracic region, in this study the area was considered which consists of
the vertebrae: Th8, Th9, Th10, Thil.

Method. To begin with, the influence of preprocessing of X-ray images was considered, which included the following methods:
histogram equalization for contrast enhancement, contrast-limited adaptive histogram equalization, logarithmic transform method,
median filter, Gaussian filter, and bilateral filter. To study the influence of neural network ensemble on segmentation quality, several
methods were used. Averaging method — a simple half-averaging method. Weighted averaging method — an improved version of the
averaging method which uses weights for each network, the higher the network weight, the greater its influence on averaging. Meth-
od of cumulative averaging — a modified averaging method in which each ensemble receives an averaged image, after which all the
results of the ensembles are averaged. Bagging — method of averaging networks trained on different data, n networks are used, the
training sample is divided into n parts, and each neural network is trained on its own subset of data, as a result, the averaging method
is used for predictions. Averaging method for a large number of networks — in this method, 100 neural networks were trained, after
which the averaging method was used. Method of averaging mask shapes — this method uses a distance transform to average multiple
masks into one shape average.

Results. It was investigated that the use of different methods of image preprocessing does not guarantee an improvement in the
quality of segmentation of the spine region on X-ray images, but even on the contrary worsens the quality of segmentation. Different
methods of combining predictions of neural network ensembles were considered, which made it possible to find out the pros and
cons of specific methods for the task of segmentation of X-ray images.

Conclusions. The experiments conducted allowed us to conclude that the use of any preprocessing methods should not be used
for segmentation of X-ray images. Also, due to a large number of architectures and methods for combining predictions, the behavior
of ensemble methods was studied, which will allow us to further determine the necessary approach for segmentation of X-ray im-
ages. Further study of the weighted averaging method and the mask shape averaging method will make it possible to improve the
obtained result and achieve even greater success in segmentation.

KEYWORDS: machine learning; image recognition; neural network; image segmentation, computer vision.

ABBREVIATIONS c is a constant that scales the value after a logarithmic
BF is a bilateral filter; transformation;
CLAHE is a Contrast-Limited Adaptive Histogram dt() is a function that calculates for each pixel the dis-
Equalization; tance to the nearest zero pixel;
DICE is a Dice-Sgrensen coefficient; FN is a false negative;
GF is a Gaussian filter; FP is a false positive;
HE is a histogram equalization; g(l) is a method of combining predictions from differ-
loU is an Intersection over Union; ent networks;
LT is a logarithmic transformation; I is an image matrix;
MF is a median filter. lijis a matrix element at position (i, j);
k is a half size of filter window;
NOMENCLATURE M is a width;
A is a total number of networks in an ensemble; N is a height;
acc(S,P) is a method for determining the similarity of N, is the number of architectures in an ensemble;
two images; None IS @ NUMber of networks of the same architecture;
Bw is a block width; ne is a number of ensembles;
By is a block height; n, is a number of networks in an ensemble;
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P is a sequence of ground truth masks;

pi is a prediction of i-th model;

S is a sequence of predictions of different networks;

TP is true positive;

v is a value of pixel;

Vp, is a value of one metric out of three;

X is a pixel sequence;

X is an input image;

o is a standard deviation that determines the degree of
blurring;

o, is a degree of spatial smoothing;

o, is an intensity smoothing degree;

~mask is an inverted mask.

INTRODUCTION

Automation of the spine segmentation process can
significantly improve automatic diagnostics of diseases
that require precise vertebrae selection. In the absence of
a radiologist or his workload, a doctor who needs a radi-
ologist’s opinion can make a conclusion himself using the
obtained results of automatic segmentation.

A large number of diseases of the spine require a bet-
ter study of ways to improve its segmentation. The causes
of Andersen’s lesion are not completely clear, one of the
theories accepted today is that primary inflammations are
part of ankylosing spondylitis [1]. Cryptococcosis is an
infectious disease, the cells of development of which can
be vertebrae [2]. Fractures at the level of the 3rd and 4th
vertebrae can injure the esophagus. As a result of ankylos-
ing spondylitis, there is also a possibility of damage to the
esophagus [3].

By using neural network ensembles, it is possible to
improve the accuracy of X-ray image segmentation. Since
the quality of X-ray images depends on many factors, this
complicates the segmentation process. Analysis and com-
parison of different neural network ensemble methods can
help determine the statistical pattern and select the best
algorithm.

The object of study is the process of constructing en-
sembles of neural networks for segmenting the vertebral
region. Different prediction-averaging algorithms are used
to construct an ensemble of neural networks. The use of
different averaging methods gives different results, which
affects the result of using ensembles. The use of ensem-
bles can cause an ambiguous effect, which in turn leads to
the need to study these methods for segmenting the lum-
bar region since different methods have different effects
on different objects.

The subject of study is methods of averaging ensem-
bles of neural networks and preprocessing methods. Exist-
ing ensemble methods are considered in the context of
certain tasks. The use of averaging algorithms provides
different results for different objects. The study of exist-
ing methods and the development of new ones for seg-
mentation of the vertebral region is a necessary part of the
field of studying the segmentation of a certain region of
the spine to compare their behavior with methods in an-
other area.
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The purpose of the work is to study the effect of
preprocessing of vertebral images and compare neural
network ensemble methods to determine the best one, the
use of which will provide a guaranteed improvement in
the segmentation of medical images.

1 PROBLEM STATEMENT

For segmentation of X-ray images, images of different
quality are used. The images used can be represented as I,
a two-dimensional matrix with the size MxN . Each pixel
of the image I;; has a value from 0 to 255.

An ensemble of neural networks consists of n net-
works. The creation of ensembles implies the use of neu-
ral networks of varying accuracy, which in turn, with a
large number of neural networks, worsens the accuracy of
segmentation. To solve this problem, it is necessary to
supplement existing methods for obtaining ensemble re-
sults with new methods or modify existing ones. There
are various methods for combining the results of neural
network predictions, the most famous of which is the pix-
el averaging method. For each method that combines en-
semble predictions, images are required:

s={i i}inzl-

Due to the problems faced by various ensemble meth-
ods, it is necessary to define a method for which the fol-
lowing condition will be satisfied:

acc(g; (), P)> acclg i) P)
where i, je{L,2..,n} and i= j.

2 REVIEW OF THE LITERATURE

Vertebral segmentation plays an integral role in dis-
ease diagnosis, preoperative preparation, and subsequent
observation. Different quality of X-ray images requires
the development of different approaches to extracting the
necessary features from images. One of the reasons for
obtaining poor-quality images is artefacts in the form of
improper exposure. One study has shown that improper
breathing technique significantly affects the quality of X-
ray images [4]. In different countries, radiologists have
different attitudes towards poor-quality images and im-
ages with poor image criteria. Non-compliance with im-
age criteria, as well as poor image quality, are reasons for
rejecting this image [5]. The dilemma of the impact of
radiation on the patient and improving image quality forc-
es doctors to make different decisions. After all, an in-
crease in the dose entails an improvement in image qual-
ity, but at the same time, the risk for the patient increases.
This issue creates the problem of finding a compromise to
select the required radiation dose [6].

The use of machine learning methods for medical im-
age segmentation is a very popular and in-demand ap-
proach nowadays. The use of this technique has signifi-
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cantly helped to improve the quality of identifying various
types of objects in X-ray images. In the process of im-
proving neural networks and their modernization, various
approaches have been proposed, one of which is an en-
semble of neural networks. Thanks to ensembles of neural
networks, it has become possible to combine less accurate
classifiers, resulting in more accurate classifiers [7]. Deep
learning models have one main problem — this is the need
for a large amount of data and setting up optimal hyper-
parameters to achieve minimal error. The article [8] dis-
cusses the use of several ensemble methods for further
application in a wide range of areas. Tests conducted in
the article [9] showed that the resulting decrease in Boost-
ing performance was due to overtraining in the presence
of noise, which negatively affects the averaging result.

When considering ensembles of neural networks as an
approach to improving the quality of segmentation, we
should not forget about the methods that are based on the
use of only one network. Studies of which have proven
their ability to improve the search for specific objects in
images. For example, a two-stage method using position-
ing of lumbar vertebrae and their subsequent segmenta-
tion due to the use of several networks at different stages:
U-Net and XUnet, showed good performance [10]. The
choice between using one network or several is not al-
ways obvious. In the article [11], the authors use only one
network, since they claim that this approach tries to min-
imize redundancy in order to reduce the complexity of the
network and reduce the training time. They note that this
result can be obtained without sacrificing accuracy. The
use of a two-branch multi-scale attention module that
extracts the necessary information needed for segmenta-
tion of the vertebrae and the selection of key information
in feature maps was proposed in the article [12]. In the
paper [13], the authors proposed a vertebral segmentation
method that segments one row of vertebrae as one indi-
vidual spine object without training data using only man-
ual identification for at least one vertebra. In the second
step, they merge the shape prior to the segmentation flow
of individual vertebrae. A method for localizing the lum-
bar spine using YOLOV5 and then passing the localized
vertebrae through HED-U-Net to obtain the vertebrae and
their edges was proposed in the paper [14].

Most of the studies on medical image segmentation
use either neural networks specially designed for a spe-
cific task or general-purpose medical networks such as U-
Net. The use of U-Net and deep learning for segmentation
of the lumbar spine in MRI images demonstrated high
segmentation accuracy [15]. Combining spinal canal
segmentation using deep learning and morphological op-
erations to solve the redundancy problems and improve
the segmentation accuracy was proposed in the paper
[16]. As can be seen from the extensive use of single neu-
ral networks for vertebrae segmentation, which shows
good results, the use of ensembles of neural networks can
further improve the results already obtained.
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3 MATERIALS AND METHODS

Any machine learning method starts with data prepa-
ration. In some studies, on image segmentation you can
find a stage of initial image preparation which may in-
clude: histogram equalization, median filter, Gaussian
filter, etc. To begin with, it is worth considering these
methods, because, in the case of medical X-ray images,
they may not provide a positive result, but on the con-
trary, provide a negative result. Since the use of the same
Gaussian filter can lead to deterioration in the quality of
the boundaries.

The first method worth considering is the well-known
histogram equalization algorithm. First, we need to build
an initial histogram that will count the number of pixels
for each intensity:

HO=2 2= 0,otherwise’

NI {LI(x,y):i
x=0 y=0

The next step is to normalize the histogram:

H norm (') = MHS?\I .

The third stage is the definition of the cumulative func-
tion:

CDF(i) = z H norm (J)
j=0

Function to align each pixel:
Inew (X, ¥) =255x CDF (1 (X, Y)).

Finally, we need to align all the pixels:
|neW:{|neW(x,y)|Os Xx<M,0<y< N}.

The second method for improving the contrast of
CLAHE. The adaptive method differs from the usual one
in that it calculates several histograms at once, each of the
histograms corresponds to a separate section of the input
image.

First of all, the core of the block is determined By, xBy.
Then for each block b(i,j) need to create a histogram
Hij(v). To prevent excessive contrast enhancement for
each histogram, each block is limited by a threshold T.
This is done in order to redistribute all values above a
given threshold among the remaining values:
H's (V) =min(H;(v),T).

The next step is to determine the cumulative function:

CDFi,j (v)= ZHi,j (n).
n=0

OPEN 8 ACCESS




p-ISSN 1607-3274 Panioenexrpownika, indpopmatrka, ynpasninns. 2024. Ne 4
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2024. Ne 4

And at the very end, we need to update the pixel val-
ues:

Inew (X, Y) =
cDFi j(1(x, Y))—mi”(CDFi,j)
round -
(Bm> Bn)-min(CDF ;)
The third method is the logarithmic transformation

method. This method is used to highlight details with a
low contrast level. The method looks like this:

Inew (X, y) =c-log(1+1(X,y)).

The fourth method is the median filter. This method is
designed to remove unwanted noise by dividing the image
into windows in which all pixel values are grouped, after
which the median value is determined. First, we need to
define a window W with the size MxN, after which it is
necessary to extract the values of all pixels from this win-
dow:

x 255 |

X ={il.y<i<M1<j<N|

After which we will get a sorted array in ascending
order Xered. Let’s extract the median value
Med=median(Xsreq), after which we write down the new
value len(X,y)=Med.

The fifth method is Gaussian filter, which allows us to
remove noise from an image by blurring it. First, the ker-
nel is determined:

1 2+ y?
G(x,y)= exp| — !
(x,y) -~ p( J

The value of the new pixel after applying this filter can be
written as:

k

k
Inew(X, )= > XG0, J) 1(x+i,y+]).

i=—k j=—k

Bilateral filter is used in image processing to remove
noise and smooth the image. The filter is calculated using
the following formula:

1 X & o
——— > S U(x+i,y+j)

W ¥) ik =k
Gs (i, 1)-Gr (1(x+i,y+ 1)=1(x y))

Inew (X, Y) =

Gaussian distribution:

2, i2

Gs(i,j)=ex|0[—i ) J

20?

Gaussian distribution is also used:

2
Al
Gr(Al)=exp —% :
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The normalization coefficient has the following form:

W(x,y) =
k  k
> 2650 )Ge(1(x+iy+ ) -1(xy))
i=—k j=—k

After it became possible to obtain good results using
image segmentation with machine learning, a new method
was proposed — an ensemble of neural networks. By com-
bining the predictions of several networks, it became pos-
sible to improve the performance of the model. One of the
most famous methods that is used to combine the predic-
tions of neural networks is the averaging method. This
method has the following form:

1
Mean(ng)=— " p;
Nnj=1

The next ensemble method that was used was the
weighted averaging method. The main difference from the
averaging method is that each model is assigned a weight
— this is a certain coefficient that is multiplied by the pre-
dictions in order to strengthen or weaken the final result
of the network. This coefficient can be selected by differ-
ent features, for example: DICE, loU, and Recall. The
formula for weighted averaging:

Nn
_ZWi P;
Weighted =%

n

2 Wi

i=1

If using the averaging method can give a better result,
then we can also assume that if we create an averaging
method for already averaged results, we can improve the
indicators even more. The idea of this method is that we
need n results of averaging different ensembles, after
which we average these results using the following for-
mula:

Ne
CumulativeMean = iz Mean; (nn)
Ne j=1

The last prediction fusion method worth considering is
the proposed mask shape averaging method. It is based on
the idea of transforming the distance of n masks. For each
mask, the distance from each pixel of the binary image to
the nearest zero pixel is calculated. For zero pixels, the
distance will be zero. The following formula displays the
distance calculation for one mask:

d = dt(mask ) dt(~ mask ).

General formula for calculating the distance for all masks:

n
dan = 2. d(maski)
i1
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In order to obtain the resulting mask, we sum up the
obtained distances and if the sum of the values is greater
than 0, then the pixel acquires the values 1 and O other-
wise:

maskres = dail > 0.

4 EXPERIMENTS

For this study, open-source images were used [17].
The dataset consisted of 1098 chest X-ray images in lat-
eral projection. The X-ray images depicted men and
women. 1020 images were selected for training, the re-
maining 78 images were used for testing. There were 183
original images, and the remaining 915 were the result of
augmentation. The following augmentation operations
were performed: 1) random rotation in degrees [-15, 15];
2) random shift in percentage vertically and horizontally
[-10, 10]; 3) random scaling in percent [0.8, 1.2]; 4) ran-
dom change in brightness [0.8, 1.2]; 5) random change of
contrast [0.75, 1.5]. All images were reduced to the same
resolution of 512x512 pixels. Figure 1 demonstrates an
example of the image used and its masks that were in the
dataset.

Figure 1 — The example of the image used and its mask

To study the diverse behavior of ensembles, it was de-
cided to train ten models to study their behavior. The list
of models used: Fcn8Mobilenet, Fcn8Resnet50,
Fcn8Vgg, MobilenetUnet, Pspnet50, Pspnetl01, Res-
netS0Pspnet, Resnet50Segnet, Resnet50Unet, VggUnet.
Each used neural network architecture was trained five
times. The number of epochs was set to 150, the batch
size was eight, and EarlyStopping was used to prevent
overfitting, which stopped training if the validation loss
value did not improve over ten epochs.

To compare the predictions of neural networks and
true masks, the Dice-Sgrensen coefficient was used.
Which serves as a binary measure of similarity and is
expressed by the formula:

2X Y|
DSC=—+—".

[X]+¥|

Task 1. To study the meaning of using preprocessing
methods, five Fcn8Mobilenet neural networks were used.
Different filters were applied to each test image: histo-
gram equalization, CLAHE, logarithmic transformation,
median filter, Gaussian filter, and bilateral filter. After
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one of the above filters was applied to the image, a pre-
diction was made for it from five networks.

Task 2. First, the averaging method was investigated.
The main goal was to determine in which cases the best
result can be achieved, due to the combination of which
networks the model performance can be improved. First,
ensembles of one architecture with different numbers of
networks in the ensemble were used. Then, the possibility
of combining different architectures with different num-
bers of networks in ensembles was considered. In the first
case, for ensembles of one architecture, the following
number of networks in one ensemble was used: 2, 3, 4, 5.
In the second case of a combination of different architec-
tures, the number of networks of one architecture in the
ensemble was also: 2, 3, 4, 5, but the total number of net-
works in the ensemble was calculated as follows:
A=n, Xnge. It is assumed that combining different archi-
tectures in an ensemble can have a good effect on the
segmentation process due to different feature extraction
and their combination. Each architecture will be assigned
a code name to make it easier to write down combinations
of names in the table. Architecture code names: A —
Fcn8Mobilenet, B — Fcn8Resnet50, C — Fen8Vgg, D —
MobilenetUnet, E — Pspnet50, F — Pspnet101, G — Res-
net50Pspnet, H — Resnet50Segnet, | — Resnet50Unet, J —
VggUnet. Due to the large number of variations of net-
work combinations, all results cannot be displayed in the
table, so only a part will be displayed.

Task 3. The weighted averaging method requires a
careful selection of weights for each network. In this case,
it was proposed to use the following metrics: DICE, Pre-
cision, and Recall. Precision indicates the proportion of
positive predictions that were specified correctly from all
positive cases. The Precision formula is as follows:

TP

Precision = ————.
TP+ FP

The third metric, Recall, shows how many true positive
cases were correctly predicted:

TP

Recall = ———.
TP+ FN

The weight for each network was obtained as follows:
R
=

2 Vi

i=1

W

Task 4. To study the cumulative averaging method,
ten architectures were used, for each architecture four
ensembles were used. The result of this algorithm was the
combination of the results of the four ensembles. For each
cumulative ensemble, averaging ensembles with the same
number of networks were used, namely: an ensemble of
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two networks, an ensemble of three networks, an ensem-
ble of four networks and an ensemble of five networks.

Task 5. To implement this method, the training sample
was divided into five parts. After that, five Fcn8Mobilenet
networks were trained. Each network was trained on dif-
ferent data, so all networks had different images during
the training process, which should have expanded the
capabilities of the model for image segmentation. After
the networks were trained, they were tested in four en-
sembles.

Task 6. In all previous studies in this article, a maxi-
mum of five networks of the same architecture were used,
in this method it is proposed to check the influence of a
large number of up to 100 networks of the same architec-
ture on the segmentation result. Fcn8Mobilenet was
trained 100 times on the same data.

Task 7. The last method that was used to combine the
predicted masks was the method of averaging the shapes
of masks based on the transformed distance. For its study,
ten architectures were used and ensembles of 2, 3, 4, and
5 networks were created. Visually, the work of the algo-
rithm can be seen in Figure 2. Where the white mask is
the true mask of the image, the multi-colored contours are
the contours of the masks used for averaging, the gold
contour is the contour of the averaged mask.

Figure 2 — The example of the method of averaging mask
shapes with distance transformation

5 RESULTS

All trained neural networks are shown in Table 1. For
greater clarity when comparing with ensemble methods,
maximum, minimum and average values are also added.

The obtained results of the study of the application of
image preprocessing methods are shown in Table 2. Only
for two cases out of 30 a positive result was obtained, in
the remaining cases these methods could not positively
affect the image, which in turn did not lead to any im-
provement in the quality of segmentation, but on the con-
trary, worsened it. And even in these two cases, the result
improved insignificantly. The application of these meth-
ods can have a good result in other areas, but in the study
of X-ray images, they only harm. These methods blur or
make the boundaries less clear, as a result of which the
extraction of the necessary features suffers.
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It was assumed that with the increase in the number of
networks in the ensemble, DICE should increase, but this
did not happen. Moreover, in most cases, with the in-
crease in the number of networks, the DICE value de-
creased. Table 3 shows that in 12 cases out of 40 using
averaging, it was possible to achieve a positive result
compared to single networks. Only in the case of Res-
net50Pspnet was it possible to achieve a positive result for
all four ensembles. Fcn8Mobilenet was next with three
positive results, and Pspnet50 closes the list with two suc-
cessful ensembles, all other positive architectures had
only one ensemble.

Using different architectures to build ensembles gave
a positive result in the case of using nine and ten architec-
tures simultaneously, which is demonstrated in Table 4.
Combining a smaller number of networks in an ensemble
had different results, and to achieve good results, it was
necessary to use a large number of ensembles. It can be
said with confidence that the simultaneous use of net-
works with a DICE difference greater than 0.05 will not
bring a good result. Otherwise, a positive result could be
seen with both a small and large difference in this value.

Table 5 shows the results of weighted averaging, in
the process of studying which 90 cases were identified,
using this method 22 positive results were obtained com-
pared to the best single networks of the corresponding
architectures. The best result was demonstrated by the
Resnet50Pspnet architecture, which was able to achieve
seven positive results out of nine, which is an excellent
result.

The study of the use of the cumulative averaging
method revealed that this method can improve the similar-
ity of predictions and true masks compared to the best
results of single networks in five cases out of ten. As for
the comparison of this method and the averaging method,
this method was able to surpass the competitive method in
two cases out of ten. The results can be found in Table 6.

Training five networks of the same architecture on dif-
ferent data sets allowed us to minimize errors due to the
ability to respond differently to input data. Using different
data sets makes it possible to reduce the correlation of
model errors. Table 7 shows the DICE for five trained
networks. Studying the data provided in Table 8, we can
conclude that in three out of four cases, using such an
ensemble had a better result compared to the maximum
result of a single network.

The use of a large number of networks of the same ar-
chitecture in the ensemble is shown in Table 9. The ex-
pected increase in the result at each step of increasing the
number of networks in the ensemble did not occur, but
nevertheless, the best result was achieved using 100 net-
works. Although it is worth considering that the weight of
100 trained networks was 252 GB.

The last method considered was able to show the best
result of all. 40 ensemble cases were considered, in 20
cases this method was better than maximal single net-
works and in 29 cases this method outperformed the aver-
aging method, this can be seen in Table 10.
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Table 1 — Similarity measure for trained neural networks

Architecture name Network number _ Statistics
1 2 3 4 5 Min Max Avg
Fcn8Mobilenet 0.9179 0.9142 0.9061 0.9035 0.8933 0.8933 0.9179 0.9070
Fcn8Resnet50 0.9539 0.9397 0.9272 0.9218 0.9188 0.9188 0.9539 0.9323
Fcn8Vgg 0.9457 0.9135 0.8896 0.8885 0.88442 0.8844 0.9457 0.9043
MobilenetUnet 0.9119 0.9078 0.9045 0.8780 0.8755 0.8755 0.9119 0.8956
Pspnet50 0.9338 0.9121 0.9091 0.9040 0.8897 0.8897 0.9338 0.9097
Pspnet101 0.9480 0.9358 0.8978 0.8767 0.8446 0.8446 0.9480 0.9006
Resnet50Pspnet 0.8938 0.8933 0.8920 0.8865 0.8553 0.8553 0.8938 0.8842
Resnet50Segnet 0.9420 0.9154 0.8941 0.8934 0.8788 0.8788 0.9420 0.9048
Resnet50Unet 0.9315 0.9157 0.9120 0.9115 0.9043 0.9043 0.9315 0.9150
VggUnet 0.9151 0.9067 0.8955 0.8849 0.8757 0.8757 0.9151 0.8956

Table 2 — Similarity measure for image preprocessing results

Method Network number Statistics
name 1 2 3 4 5 Min Max
HE 0.8998 0.8971 0.8831 0.8871 0.8804 0.8804 0.8998
CLAHE 0.9206 0.8872 0.9037 0.8949 0.8772 0.8772 0.9206
LT 0.9108 0.9041 0.8771 0.9094 0.8595 0.8595 0.9108
MF 0.8997 0.8928 0.8890 0.8894 0.8860 0.8860 0.8997
GF 0.9156 0.9023 0.9026 0.9003 0.8933 0.8933 0.9156
BF 0.8730 0.8795 0.8684 0.8676 0.86062 0.8606 0.8795

Table 3 — Ensembles of neural networks of the same architecture

Architecture name Number of networks in the ensemble . Statistics
2 3 4 5 Min Max
Fcn8Mobilenet 0.9194 0.9192 0.9136 0.9185 0.9136 0.9194
Fcn8Resnet50 0.9449 0.9493 0.9449 0.9466 0.9449 0.9493
Fcn8Vag 0.9312 0.9372 0.9260 0.9280 0.9268 0.9372
MobilenetUnet 0.9104 0.9144 0.9057 0.9047 0.9047 0.9144
Pspnet50 0.9208 0.9407 0.9360 0.9324 0.9208 0.9407
Pspnet101 0.9382 0.9513 0.9330 0.9474 0.9330 0.9513
Resnet50Pspnet 0.8943 0.9090 0.9062 0.9049 0.8943 0.9090
Resnet50Segnet 0.9261 0.9352 0.9295 0.9289 0.9261 0.9352
Resnet50Unet 0.9261 0.9352 0.9295 0.9289 0.9261 0.9352
VggUnet 0.9062 0.9124 0.9146 0.9147 0.9062 0.9147

Table 4 — Ensembles of neural networks of different architectures

Combinations Number of networks of same architecture in ensemble _ Statistics
1 2 3 4 5 Min Max
A+B 0.9337 0.9383 0.9440 0.9399 0.9411 0.9383 0.9440
A+B+C 0.9524 0.9494 0.9467 0.9443 0.9432 0.9432 0.9524
A+B+C+D 0.9480 0.9468 0.9449 0.9423 0.9399 0.9399 0.9480
A+B+C+D+E 0.9496 0.9485 0.9470 0.9447 0.9428 0.9428 0.9496
A+B+C+D+E+F 0.9510 0.9510 0.9490 0.9473 0.9458 0.9458 0.9510
A+B+C+D+E+F+G 0.9525 0.9496 0.9484 0.9451 0.9437 0.9437 0.9525
A+B+C+D+E+F+G+H 0.9519 0.9509 0.9478 0.9466 0.9449 0.9449 0.9519
A+B+C+D+E+F+G+H+I 0.9549 0.9513 0.9490 0.9472 0.9463 0.9463 0.9549
A+B+C+D+E+F+G+H+I+] 0.9541 0.9512 0.9489 0.9474 0.9464 0.9464 0.9541
A+D 0.9138 0.9216 0.9269 0.9247 0.9210 0.9138 0.9269
A+E 0.9278 0.9321 0.9331 0.9348 0.9387 0.9278 0.9387
A+G 0.9042 0.9164 0.9222 0.9237 0.9240 0.9042 0.9240
A+] 0.9315 0.9323 0.9361 0.9311 0.9312 0.9311 0.9361
A+K 0.9177 0.9253 0.9248 0.9216 0.9240 0.9177 0.9253
C+E 0.9471 0.9450 0.9465 0.9441 0.9335 0.9335 0.9471
C+F 0.9529 0.9493 0.9447 0.9429 0.9431 0.9429 0.9529
C+H 0.9468 0.9467 0.9427 0.9433 0.9416 0.9416 0.9468
C+J 0.9519 0.9429 0.9458 0.9421 0.9378 0.9378 0.9519
D+E+] 0.9445 0.9402 0.9401 0.9413 0.9395 0.9395 0.9445
D+E+K 0.9368 0.9397 0.9388 0.9360 0.9354 0.9354 0.9397
D+E+G 0.9388 0.9369 0.9373 0.9329 0.9316 0.9316 0.9388
D+E+G+] 0.9407 0.9428 0.9434 0.9413 0.9393 0.9393 0.9434
D+E+G+K 0.9373 0.9388 0.9373 0.9358 0.9345 0.9345 0.9388
D+K+E+] 0.9393 0.9425 0.9423 0.9418 0.9417 0.9393 0.9425
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Table 5 — Weighted averaging

Results
Architecture name Precision R?\Ta" | DSC
n
3 4 5 3 4 5 3 4 5
Fcn8Mobilenet 0.9141 0.9181 0.9185 0.9141 0.9168 0.9169 0.9141 0.9181 0.9185
Fcn8Resnet50 0.9308 0.9465 0.9466 0.9308 0.9465 0.9466 0.9308 0.9465 0.9466
Fcn8Vag 0.9312 0.9403 0.9385 0.9132 0.9333 0.9280 0.9312 0.9403 0.9385
MobilenetUnet 0.9144 0.9144 0.9144 0.9031 0.9118 0.9047 0.9031 0.9118 0.9047
Pspnet50 0.8981 0.9372 0.9324 0.8981 0.9378 0.9329 0.8980 0.9372 0.9324
Pspnet101 0.9382 0.9382 0.8726 0.9520 0.9513 0.8723 0.9382 0.9504 0.8722
Resnet50Pspnet 0.8860 0.9074 0.9049 0.8943 0.9082 0.9050 0.8860 0.9074 0.9049
Resnet50Segnet 0.8983 0.8939 0.9095 0.9321 0.9321 0.9321 0.9338 0.9399 0.9405
Resnet50Unet 0.9142 0.9285 0.9289 0.9142 0.9285 0.9289 0.9143 0.9285 0.9289
VggUnet 0.9162 0.9127 0.9130 0.8952 0.9118 0.9181 0.8952 0.9084 0.9147
Table 6 — Cumulative averaging
Architecture code name
Score A B C D E F G H | J
DSC 0.9193 0.9490 0.9379 0.9088 0.9348 0.9504 0.9054 0.9324 0.9296 0.9164
Table 7 — Fcn8Mobilenet trained on 5 different datasets
Score Network number Statistics
1 2 3 4 5 Min Max Avg
DsC 0.9004 0.8441 0.8607 0.8881 0.8773 0.8441 0.9004 0.8741
Table 8 — The result of averaging Fcn8Mobilenet trained on 5 datasets
Score Number of networks in the ensemble Statistics
2 3 4 5 Min Max Avg
DSC 0.9023 0.8789 0.9023 0.9006 0.8789 0.9023 0.8960
Table 9 — Result of averaging a large number of Fcn8Mobilenet in one ensemble
Score Number of networks in the ensemble Statistics
10 20 30 40 50 60 70 80 90 100 Min Max Avg
DSC | 0.9240 | 0.9252 | 0.9242 | 0.9251 | 0.9254 | 0.9259 | 0.9257 | 0.9250 | 0.9255 | 0.9261 | 0.9185 | 0.9261 | 0.9246
Table 10 — The result of applying the mask shape averaging method
Architecture name Number of networks in the ensemble Statistics
2 3 4 5 Min Max Avg
Fcn8Mobilenet 0.925156 0.92502 0.920583 0.922195 0.920583 0.925156 0.923239
Fcn8Resnet50 0.951575 0.945714 0.944762 0.944422 0.944422 0.951575 0.946618
Fcn8Vag 0.938029 0.930131 0.93025 0.927827 0.927827 0.938029 0.931559
MobilenetUnet 0.913377 0.91427 0.910609 0.906647 0.906647 0.91427 0.911226
Pspnet50 0.934716 0.933914 0.935697 0.931073 0.931073 0.935697 0.93385
Pspnet101 0.94993 0.944895 0.93448 0.856578 0.856578 0.94993 0.921471
Resnet50Pspnet 0.905457 0.909698 0.912497 0.906793 0.905457 0.912497 0.908611
Resnet50Segnet 0.935092 0.93356 0.932842 0.92569 0.92569 0.935092 0.931796
Resnet50Unet 0.937276 0.937114 0.931678 0.929995 0.929995 0.937276 0.934016
VggUnet 0.919379 0.915692 0.912555 0.916767 0.912555 0.919379 0.916098

6 DISCUSSION

Having considered the comparison of different pre-
processing methods, we can conclude that the use of such
methods is undesirable for the tasks of segmentation of
chest X-ray images. The use of these methods did not
produce the desired result, but on the contrary, made it
worse. The use of these methods reduced the visibility of
boundaries, blurred the image, and some methods even
increased noise. The presence of these methods in the
segmentation algorithm complicates the extraction of the
necessary features from images and is definitely not rec-
ommended.

The use of averaging method is the simplest ensemble
method, which makes it easy to use. However as the result
showed, only in 12 cases out of 40 could an improvement
be achieved compared to using single networks. This
method, in the presence of a large number of predictions
of poor quality, has the property of deteriorating the re-
sulting prediction. The use of this method in problems
that require guaranteed accuracy is ambiguous and unde-
sirable. At the same time, the study of this method proved
that the use of ensembles of different architectures has an
advantage over the use of ensembles of the same architec-
tures due to the combination of different data extraction

methods.
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The weighted averaging method was able to show im-
provement over single networks in 22 cases out of 90,
suggesting that applying weights to networks would
strengthen strong networks and weaken weak networks.
However, this method did not show superiority over the
averaging method. As can be seen in Table 5, the weights
for this method were determined based on three metrics.
The result of this algorithm directly depends on the selec-
tion of the necessary weights, so further in-depth study of
this method can improve its accuracy.

The cumulative method, based on the idea of averag-
ing already averaged predictions, was expected to be bet-
ter than averaging method. But this is only guaranteed if
averaging is able to provide only positive results. Only in
five out of ten cases compared to single networks and in
two out of ten compared to ensembles of averaging did
this method show an increase in results. Such results indi-
cate that the use of averaging is unstable and further high-
light the controversy over the use of averaging.

Using an ensemble of networks of the same architec-
ture trained on different datasets helps to reduce the corre-
lation of model errors. In three out of four cases, using
ensembles with the usual averaging method was better
than using a single network with better accuracy. Al-
though the obtained result was small, it should not be for-
gotten that the used dataset also consists of augmented
data and if the opportunity to use a dataset with a large
number of unique images and its division into subsets was
provided, the result could have been significantly better.

Using 100 trained networks showed the same ambigu-
ous result. Although the ensemble of 100 networks was
the most successful in comparison with other numbers of
networks in the ensemble, the total weight of 252 GB of
all networks is hard to imagine in use in a medical institu-
tion.

The method of averaging mask shapes using distance
transformation was able to demonstrate a good result.
This method was better in 20 cases compared to single
networks, while conventional averaging brought a result
of 12. It managed to show a result better than averaging,
because the algorithm is based not on averaging pixel
values, but on calculating mask distances. But this method
has one nuance that stops it on the way to a complete im-
provement of the results. This method is poorly suscepti-
ble to artefacts in the form of growths on the mask, since
the shapes of masks are averaged, any mask used whose
shape will differ significantly from the shape of the de-
sired object crosses out all the positive aspects of its
work. To eliminate this interference, it is worth using
methods for removing artifacts on masks which will defi-
nitely lead to an improvement in the work of this algo-
rithm.

CONCLUSIONS
In this study, different methods of combining neural
network ensemble predictions for segmentation of the
thoracic spine region were examined. The extensive study
of different methods allowed us to further explore the
choice and advantage of specific methods. In any case,
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ensemble methods were able to demonstrate improvement
in segmentation, although not in all cases considered.

The impact of image preprocessing on X-ray image
segmentation tasks was also studied. The obtained results
gave reason to doubt the appropriateness of these methods
for solving such problems.

The scientific novelty of the obtained results is the ef-
fect of such neural network prediction fusion algorithms
using such neural network architectures was examined for
the first time, and the effect of six image preprocessing
methods for segmentation was studied. This allows us to
select the appropriate method for further spine segmenta-
tion studies.

The practical significance consists in the fact that a
comparison of several methods for combining mask pre-
dictions on chest X-ray images in the lateral projection
was made, which made it possible to apply this approach
to creating automatic segmentation of vertebrae or neces-
sary areas of the spine and implement them in medical
institutions.

Prospects for further research is a more detailed
study of the weighted averaging method with a more ex-
tensive selection of weights that may depend on a large
number of metrics or other parameters. Also, further im-
provement of the mask shape averaging method may
bring a more successful result than was obtained.
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BILIMB HOMNEPEIHbOI OBPOBKH TA IIOPIBHSIHHSI HEUPOMEPEKEBUX AHCAMBJIEBUX METO/IB 1JI5I
CEIMEHTANIISA 'PYAHOT'O BIAALTY XPEBTA HA PEHTTEHIBCBKHUX 3HIMKAX

KontoxoB B. JI. — acnipanT, [HcTuTyT eHepreTnuHux MamuH i cucteM iM. A. M. [lizropaoro HAH VYkpainu, XapkiB, YkpaiHa.
Mopryn O. M. — xanz. ¢i3.-mat. Hayk, qupekrop TOB «JlabopaTopist peHTTeHIBCbKOI MeIMYHOT TEXHIKK», XapKiB, YKpaiHa.
Hemuenko K. E. — 1-p ¢iz.-mar. Hayk, 3aBinysau kadenpn XapkiBchkuil HalfioHanbHuH yHiBepcuteT iMeni B. H. Kapasina,
XapkiB, YkpaiHa.
AHOTANIA

AKTyaJbHiCTh. ABTOMaTHYHA CEIMEHTAIlisl MEAUYHHUX 3HIMKIB Bifirpa€e Ba)JIMBY POJb y MPOLECI aBTOMAaTH3alii BU3HAUYCHHS
3aXBOPIOBAHb PI3HOI0 POy 007acTi XpeOTa, a BUKOPUCTAHHS peHTreHorpadii € HaliIOCTYMHIIINM 3ac000M Iepe10adeHHs 3aXBOPIO-
BaHb. 3a 6araTo pokiB Oyi0 ImpOBEIEHO Oe3Mid JOCIiKEHb Ha TeMy cerMeHTaril 300pakens. OMHUM 13 6araTb0X METOJIB IOKpa-
IIIEHHS CerMEHTAIlil 300pakeHb € 3aCTOCYBaHHS aHCAMOJIiB HEHPOHHUX MEPEK.

MeTo10 1aHOTO NOCIIUKEHHS OYJIO PO3IIISIHYTH BIUIMB IOIIEpeJHBOI 0OpOOKH 300pakeHb Ta BUBYHTH 1 IOPIBHATH TOJOBHI Me-
TOIH aHCaMOJIiB HEHPOHHUX MEPEX Ta IX BIUIMB HA CErMEHTaLil0 o0nacTi XxpedTa, B JaHOMY JOCHIDKSHHI po3risaaiacs o0nacTs ska
cknagaeTrhes 3 xpebuis: Th8, Th9, Th10, Thll.

Mertona. [ns novatky OyJ0 pO3IJsSHYTO BIUIMB MONEpPEIHBOI 00POOKH PEHTTEeHIBCHKHUX 300pakeHb, sIKa BKIIOYajIa B ce0e HACTY-
ITHI METO/H: BUPIBHIOBAHHS TiCTOTPaMU JUIS MOJIMIIEHH KOHTPACTy, alalTHBHE BUPIBHIOBAHHS TiCTOrpaMH 3 OOMEXEHHSIM KOHTpa-
CTY, METOJ JIOrapu()Mi4HOTO TEPETBOPEHHS, MemiaHnHui (ineTp, ['ayccoBo 3rmamkyBanHs. [ BUBUCHHS BIUIMBY aHCAMONIO Heii-
POHHUX Mepex Ha SKiCTh CerMEHTAIlii BUKOPUCTOBYBAINCS TaKi METOJIH: METO/] YCepPEeAHEHHs — HAHIIPOCTIMHH METO/ MOJIOBHHHOTO
yCepeTHEeHHS; 3BaXKEHE YCepPEeAHEHHs — MOKpAIlleHa BEPCisi METOLy YCepeAHEeHHs, TKa BUKOPHUCTOBY€E Baru It KOXKHOI Mepexi, YuM
Oiyplra Bara Mepexi — THM OUTbIIMH 1 BIUIMB Ha yCEpEeJHEHHS;, METOJ YCEpEIHEHHS YCepeIHEHNX 300pakeHb — MOAN(IKOBaHUIMA
METO]] YCePEAHEHHs B SIKOMY KOKEH aHCcaMOJIb OTpUMY€E ycepeqHeHe 300pakKeHHs], IiCiIsl Y0ro BCi pe3ysbTaTH aHcaMOIIiB ycepes-
HIOIOTBCS; METOJL YCEPEIHEHHS MEPEXX HABUCHUX Ha PI3HUX JaHUX — BUKOPUCTOBYEThCS N MEPEX, HaBualbHA BUOIpKa po3OUBAETHCS
Ha N 4aCTHH, KOXKHA HEHPOHHA Mepe)ka HAaBYAEeThCs Ha CBOTH MiIMHOXKMHI JaHUX, B PE3yJIbTaTi A1s nepedadeHb BUKOPHCTOBYEThCS
3BHYAWHUIA METOJ yCepEeIHEHHs; METOJ yCePEIHEHHS A BEJIMKOI KITBKOCTI MEpex — y boMy MeTosi Oyino HaBueHo 100 HelipoH-
HHUX MEPEeX, IICJIsl HOr0 BUKOPHCTOBYBABCS 3BUYAHHHI METO]] YCEPEHCHHS; METO/ YCEPEAHEHHSI KOHTYPIB — JaHUil METOA ycepen-
HIOE BC1 KOHTYPH B Pe3yJIbTATi YOr0 BUXOAUTE OAUH CEPeHiil KOHTYP.

Pe3yasTaTn. byno mociimpkeHo, 0 3aCTOCYBaHHS Pi3HHX METOJIB IOIEpeAHb0I 00poOKy 300paXkeHb HE TapaHTYE MOJINIICHHS
SIKOCTI cerMeHTanii obyacti XxpedTa Ha PEeHTTeHIBCHKMX 3HIMKaX, a HaBITh HaBIAKH MOTIPIIYeE SKICTh cerMeHTauii. byan posrisHyTi
pi3Hi MeToau 00’ eHAHHS NeperdauyeHb aHcaMOJIiB HEHPOHHUX MEpEeK, 10 TaJI0 MOXKIMBICTh Ji3HATHUCS TUTIOCH Ta MiHYyCH KOHKpET-
HHUX METOJIB IS 3aBAaHHs CErMEHTALI] PEHTTCHIBCHKUX 3HIMKIB.

BucHoBku. IIpoBeneHi eKCIEpUMEHTH [alyd MOXJIHMBICTb 3pOOMTH BHCHOBOK, IO 3aCTOCYBaHHs OyIb-sIKKX METOAIB IOIepe-
IHBOT 00POOKH HE BapTO BUKOPUCTOBYBATH AJISl CETMEHTAIlil PEHTIeHIBChKHX 3HIMKIB. Takok 3aBASKM BENMUKil KITBKOCTI apXiTEKTyp
i MeToziB 00’ eMHaHHS HepenOadeHp OyiI0 BUBUEHO MOBEAIHKY aHCAaMOJIEBUX METOIB IO JO3BOJHUTH Halalli BU3HAUYUTH HEOOXiTHUI
MAXiJ A1 cerMeHTanii peHTTeHIBChKUX 3HIMKIB. Ilonainblie BHBUYEHHS METOMY 3BaXKEHOTO YCEPEIHEHHS i METOLY YCEepeRHCHHS
(hopM Macok JacTb MOXKJIMBICTB MOJIMIIUTH OTPUMAHHUN PE3yJIBTAT i JOCATTH e OUIBIIOTO YCIiXy B CErMEHTAIil.

KJIFOYOBI CJIOBA: mamiHHe HaBYaHHS, pO3Mi3HABaHHS 00pa3iB, HEHPOHHA MEpeXka, CETMEHTAIlis 300paKeHHS, KOMIT I0Tep-
HHH 3ip.
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ENSEMBLE METHOD BASED ON AVERAGING SHAPES OF OBJECTS
USING THE PYRAMID METHOD

Koniukhov V. D. - Postgraduate student, A. Pidhornyi Institute of Power Machines and Systems of NAS of
Ukraine, Kharkiv, Ukraine.

ABSTRACT

Context. Image segmentation plays a key role in computer vision. The quality of segmentation is affected by many factors:
noise, artifacts, complex shapes of objects. Classical methods cannot always guarantee good success, depending on the quality of the
image and the existing noise, they cannot always achieve the desired result. The proposed method uses an ensemble of neural net-
works, which makes it possible to increase the accuracy and stability of segmentation.

Obijective. The goal of the work is to develop a new method of combining predictions of neural network ensembles, which can
improve segmentation accuracy by combining images of different image sizes.

Method. A method is proposed that averages the shapes of objects depicted on prediction masks. A pyramid of images is used to
improve segmentation quality, each level of the pyramid corresponds to an increased size of the original image. This approach allows
obtaining image characteristics at different levels. For a test image, a prediction is obtained from each neural network in the ensem-
ble, after which a pyramid is built for the image. All pyramid levels are combined into the final image using SAAMC. All obtained
final images for each neural network are also combined at the end using SAAMC. The use of an ensemble of neural networks com-

bined with the pyramid method allows for reducing the impact of noise and artifacts on the segmentation results.
Results. The use of this method was compared with the usual use of individual neural networks and the ensemble averaging
method. The obtained results show that the proposed method outperforms its competitors. Application of the proposed method im-

proved the accuracy and quality of segmentation.

Conclusions. The conducted research confirmed the sense of using an ensemble of neural networks and creating a new method
of combining predictions. The use of an ensemble of neural networks makes it possible to compensate for the errors and shortcom-
ings of individual neural networks. Using the proposed method can significantly reduce the impact of noise and artifacts on segmen-
tation. Further study and modification of this method will make it possible to further improve the quality of segmentation.

KEYWORDS: machine learning; image recognition; neural network; image segmentation, computer vision.

ABBREVIATIONS
DSC is a Dice-Sorensen coefficient;
DCNN is a Deep Convolutional Neural Network;
FCN is a Fully Convolutional Network;
FPN is a Feature Pyramid Network;
SAAMC is a Shape Averaging with Alignment to a
Mean Center.

NOMENCLATURE

A is a set of pixels of ground truth mask;

Accuracypey is an accuracy of new method;

AccuraCycompetitor 1S @n accuracy of competitive
method;

B is a set of pixels of a predicted mask;

Ciis i-th center of mass;

Crnean IS @ mean center of mass;

d is a difference between two distance maps;

dy is a difference between all distance maps;

dt() is a distance transformation function;

f(x) is a proposed method;

i is an index of an element;

l;is i-th image;

lesis @ resulting image;

liesized IS @ resized image;

k is a pyramid level number;

mask; is i-th image mask;

~mask is an inverted image mask;

M is a length of one side of an image;

n is a number of elements;

N is a number of pyramid levels;
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O is a length of one side of the input image;
P; is an i-th prediction;

R; is an image size at level i;

S is a set of images;

Xmean IS @ Mean value of x coordinates;

Ymean IS @ Mean value of y coordinates.

INTRODUCTION

Modern methods of image segmentation are mostly
based on neural networks. The use of neural networks for
segmentation tasks of various types of images has proven
its effectiveness compared to classical methods [1]. De-
spite the achievements brought by the use of neural net-
works, there were still some difficulties that had to be
faced: noise, artifacts, complex objects, instability of re-
sults. For this, new methods were developed, as well as
new neural networks that could minimize the impact of
various undesirable conditions on the segmentation result.

One of the improved approaches to solving such prob-
lems was the U-Net neural network [2], which had sig-
nificant success in segmentation of medical images. But
neural networks still continued to face significant chal-
lenges. For this, ensemble methods were proposed. This
approach included combining the results of several neural
networks and improving the quality of segmentation.
Thanks to ensemble methods, it became possible to in-
crease the accuracy and reliability of segmentation. En-
semble methods and image segmentation were not ig-
nored, the proposed methods: averaging, weighted aver-
aging, training one network on different data demon-
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strated their effectiveness compared to previously created
methods. The main role was played by the methods of
unification. The ease of their use is one of the advantages.
This article proposes to consider a new method that com-
bines the advantage of combining masks and using differ-
ent image sizes to extract image features at different lev-
els. This method is aimed at increasing the accuracy of
segmentation and smoothing out the bad influence of low-
quality images.

The object of study is performance of the proposed
method. The main focus is on combining the predictions
of different neural networks, as well as using a different
number of pyramid levels to extract different image char-
acteristics. This study includes an analysis of the methods
used and an assessment of their effectiveness on two data
sets.

The subject of study is ensemble methods and the
pyramid method. Existing methods have their pros and
cons. The application of these methods to different data
sets may have different results. The development of a new
method that can improve the accuracy of segmentation
and minimize the impact of existing noise is a necessity.

The purpose of the work is to develop a new ensem-
ble method that can improve the accuracy of image seg-
mentation and test its effectiveness.

1 PROBLEM STATEMENT

Image segmentation is a complex task in computer vi-
sion. Segmentation problems are especially relevant when
using this approach in complex areas such as medicine,
self-driving cars, robotics. The use of segmentation in
such areas requires high reliability and accuracy of re-
sults, which traditional methods cannot cope with. One of
the most difficult areas in which it is necessary to guaran-
tee maximum reliability and accuracy of segmentation is
the segmentation of medical images. The presence of
noise, artifacts, incorrect exposure or the influence of
poor-quality equipment creates significant difficulties in
performing successful segmentation. Let us assume that a
set of images of unknown quality is given:

S= {' i}in=1'

For a given data set, the problem of developing a new
ensemble method can be represented as:

Accuracyp,, = f(S)— max.

To solve the problems associated with poor segmentation
quality, it is necessary that the proposed method be better
than its competitors:

Accuracynew > Accuracycompetitor'
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2 REVIEW OF THE LITERATURE

Ensemble methods have proven themselves to be
highly effective methods for solving complex problems.
The main idea of the ensemble approach is to combine
several neural networks, which makes it possible to
smooth out the errors of individual networks. Thanks to
the use of ensembles, it became possible to combine dif-
ferent architectures, which in turn makes it possible to
take into account different aspects and extract the neces-
sary characteristics in different ways. Different neural
networks can produce results differently, depending on
the data used. Combining them makes it possible to min-
imize the receipt of erroneous predictions and get a better
result.

The earliest ensemble methods were: bagging [3],
boosting [4] and stacking [5]. Bagging allows training
several models on different subsets of data, and at the end
either voting for the final result or averaging. Boosting is
based on the idea of improving each subsequent model.
This method is used when a neural network gets bad re-
sults. Each neural network in the ensemble learns from
the errors of the previous one. In stacking, several models
are trained, after which their predictions are passed to a
meta-model, which forms the final prediction based on
the data.

In their paper [6], the authors present an analysis of
published works on ensemble learning and ensemble deep
learning. A new approach for retinal vessel segmentation
based on deep ensemble learning is presented in the study
[7]. The obtained results showed that the proposed model
outperforms existing methods on different datasets. In the
paper [8], a deep ensemble model was proposed for clas-
sification of histopathological images of the breast. The
proposed method was compared with others, as a result of
which it was able to provide an advantage of 5-20%. En-
semble learning for brain tumor classification was pro-
posed in the paper [9]. As a preprocessing of the data, the
authors used Gabor filters to remove noise. They used
three models: EfficientNet, DenseNet and MobileNet in
order to achieve diversity in feature extraction. The meth-
od proposed by the authors showed good results and
promising performance. In the paper [10], the authors
proposed a method for using ensemble learning to detect
skin cancer. The authors argue that the use of individual
models is not as reliable as desired and they cannot
achieve the required accuracy. In turn, thanks to the use of
an ensemble of neural networks, it was possible to
achieve a better result.

A three-phase approach for sclera segmentation in eye
images is presented in the paper [11]. In their study, the
authors use five deep learning models: Unet-DenseNet,
FPN with DenseNet, Unet-ResNet50, TransUnet, and
Swin-UNet. Using such models in an ensemble ensures a
different approach to extracting the necessary features and
improving the quality of segmentation. With this ap-
proach, the authors minimized the impact of errors and
were able to achieve a good result. The paper [12] dis-
cusses a heterogeneous ensemble approach based on
DCNN. In their work, the authors use weighted averag-
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ing. They assign larger weights to the models that showed
the best result during testing. This approach helped to
generalize the distribution and prove the advantage of
using the ensemble method.

In the paper [13], the authors propose a pyramid atten-
tion method for image restoration. This method captures
features that are located far from each other from a multi-
scale pyramid of features. The proposed approach can be
easily integrated into different neural architectures. A
multi-scale feature pyramid fusion network is proposed in
the paper [14]. The authors conducted the study on three
datasets and compared their method with U-Net. Ulti-
mately, the authors were able to achieve better results
than the competitive network. Spectral-Spatial Feature
Pyramid Network was proposed in [15]. This network
extracts multi-scale spectral information and multi-scale
spatial information using the attention mechanism and
feature pyramid structure. The obtained results indicate
that the network can achieve good results. In the paper
[16], the authors propose a context-aware network with a
two-stream pyramid (CANet). They use this network to
segment medical images on three datasets. Using this ap-
proach gave a positive result compared to 13 competitive
methods. By using a pyramid of multi-scale features [17],
the authors were able to demonstrate the effectiveness of
the pyramidal multi-scale structure for segmentation of
histopathological images. The authors focus on adapting
to changes in image resolution, which helps to improve
the quality of segmentation.

3 MATERIALS AND METHODS

At the beginning of the construction of the proposed
algorithm, n number of neural networks is selected, which
will comprise the ensemble.

First stage. Let there be an I; image of size MxM, in
grayscale. It is necessary to build a pyramid of levels for
it. This means building an image pyramid that will accept
an image of size from the data set as input, will contain n
levels, where at each level the size of the original image
will increase in size. In this study, the following image
sizes were used in the pyramid: 64x64, 128x128,
256x256, 512x512, 1024x1024, 2048x2048 and
4096x4096. The pyramid can be designated as:

Pyramid = {I1,12...1n},

where at each level of the pyramid the image is desig-
nated as:

IR
The image size was determined as follows:
Ri= {(O X 2i_1)>< (O X 2i_1]i IS [1,..., N ]}

Second stage. After the pyramid has been built, it is
necessary to obtain predictions for each level of the pyr-
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amid. The size of the prediction mask is equal to the size
of the image for which the prediction was made.

Third stage. Here it is necessary to bring each level of
the pyramid to a single size:

I MxM
resized,i

Vie {1,2..N}: Resize(];) =

After which all the images that are in the pyramid will
be presented in the same size.

Fourth stage. The method of combination of predic-
tions must be applied to all the obtained images at the
third stage, in this case SAAMC will be used. First, it is
necessary to find the average value of the center for all
the predictions used. Let n predictions be given {P4, P, ...
P.}, each object on the mask has a center of mass {C;, C,

.. C,}. The average value of the center for all objects will
be Cmean = (Xmean- ymean)a where:

1 n
Xmean = _Z Xj
Niz

and
1 n
Ymean = ;Z Yi-
i=1

After the average center has been obtained, it is neces-
sary for each prediction P; to shift the object relative to its
new center — the mean center. When all objects have been
shifted relative to the mean center, it is necessary to aver-
age the shapes of the objects using the formula:

n
dan=.d (maski).
i=1

where d(mask) is the function given below:
d = dt(mask) - dt(~ mask).

The distance transformation method calculates the
minimum distance from the object pixel to the back-
ground pixel. The final averaging of the object shapes is
as follows:

I'res =dan>0.

To average the shapes of objects, it is necessary to
sum up the obtained results and if the sum is greater than
0, then the pixels become white, otherwise black.

Fifth stage. For each neural network in the ensemble,
the final result was obtained at the fourth stage. At this
stage, it is necessary to apply SAAMC, which was de-
scribed in the fourth stage, to all images obtained at the
fourth stage. This stage is similar to the fourth, only the
input images need to be changed.
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To summarize all of the above, we can outline the
proposed method in the form of a list of tasks:

1. Create a pyramid.

2. Get predictions for all levels of the pyramid.

3. Resize all images resulting from the second step.

4. Perform averaging of objects depicted in the predic-
tions obtained in the third stage.

5. Perform averaging of objects depicted in the predic-
tions obtained in the fourth stage.

Visually, all stages of the proposed method can be
seen in Figure 2, the stage number is indicated in the cir-
cle.

4 EXPERIMENTS

Data obtained from open sources were used to conduct
the experiments [18, 19]. These were X-rays and lung
masks for them. In order to conduct the study in more
detail, it was decided to split this data set into two. As a
result, two sets were obtained: one contains masks of the
left lung, the second masks of the right lung. Each dataset
contained 703 images, where 630 images were used for
training and the remaining 73 were used for testing. All
images were presented in 512x512 size and in grayscale.
An example of the images used can be seen in Figure 1.
On the left in the image is the mask of the right lung, on
the right is the mask of the left lung.

The neural network used was FCN8-MobileNet. It
combines the FCN architecture and the MobileNet base
model. This network combines two architectures for more
efficient feature extraction and improved segmentation.
Its main advantage is also its lightweight architecture,
which helps reduce the number of adjustable parameters
and increase its speed.

Figure 1 — The example of thé images used and their masks

To check the similarity of the prediction and the
ground truth mask, the Dice-Sorensen coefficient was
used. It was represented by the following formula:
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First of all, it was necessary to study the behavior of
neural networks separately. For this purpose, 10 neural
networks were trained on each data set. The next step was
to obtain the DSC for different input image sizes. For this,
one neural network was used, and the same operations
were performed for each data set. An image resizing op-
eration was applied to each test image. The following
dimensions were used for this purpose: 64x64, 128x128,
256x256, 512x512, 1024x1024, 2048x2048 and
4096x4096. For each image with different sizes, a predic-
tion was obtained. Then, for all images, the average DSC
value was obtained and written down in a table.

The following experiment was used to justify the use
of the ensemble. For this, an ensemble of 10 networks
was used. Two methods were used to combine predictions
in the ensemble: the well-known averaging method and
SAAMC.

The use of the pyramid method for neural networks
separately was also considered. For the combination of
images obtained at each level of the pyramid, the same
two methods were used: the averaging method and
SAAMC. Table 1 shows the sizes of the images that were
used to create the pyramids. The cross indicates the sizes
of the images at each level of the pyramid. The images
used are square, so only one side will be listed in the ta-
ble.

Table 1 — Image sizes used at pyramid levels

Name Image sizes (MxM)
64 128 256 512 1024 2048 4096
A X X X
B X X X
C X X
D X X X
E X X X X
F X X X X X X X

And at the very end, the use of an ensemble of neural
networks for the pyramid method and methods of combin-
ing predictions was considered.

5 RESULTS

The DSC for all 20 trained neural networks is pre-
sented in Table 2. The obtained results indicate a good
degree of segmentation. The small spread between neural
networks indicates the stable operation of the model used.

Table 3 clearly shows how image size affects segmen-
tation accuracy. The datasets used images of 512x512
pixels. Comparing this size with others, we can see that
for this model, reducing the image size only worsened the
situation. Increasing the image size, on the contrary, in-
creased the accuracy of the prediction. For both sets, the
best result was using images of 4096x4096.

The advantage of the ensemble is shown in Table 4.
The segmentation quality of the ensemble is higher than
the average quality of the neural networks separately. For
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both data sets, the ensembles showed a better result. And
SAAMC showed better accuracy than its analogue.

The studies of the use of pyramids with different lev-
els for single networks were presented in Tables 5 and 6.
They considered two different methods of combining lev-
el images. In Table 5, for the left and right lungs, the best
result was using a pyramid that contained levels with the
following image sizes: 512x512, 1024x1024, 2048%2048,
4096x4096. The best result for the left lung was able to
exceed the average value for single networks. For the
right lung, the situation is worse, the result obtained was
less than the average of single networks.

In Table 6, for the left lung, to achieve the best result,
it was necessary to use a pyramid with the following lev-
els: 512x512, 1024x1024, 2048x2048, 4096x4096. For
the right lung, the following sizes helped to achieve a
good result: 512x512, 1024x1024, 2048%x2048. In both
cases, the results obtained exceeded the average for single
networks.

The results obtained using the proposed method are in
Table 7. For the averaging method, to achieve better re-
sults, it was necessary to use a pyramid with the following
levels: 512x512, 1024x1024, 2048%2048, 4096x4096.

Network-1 Network-N
P
M m- :
512x512 512x512 512x512
=
e’ BB .
1024)[1024 1024x1024  S12x512 n n
'} g" 512x512 512x512
" | Il a
204851{2048 2048x2048  12%312
= .
B B
W/ u N :
Sere: _ 512x512
4096x4096  4096x4096
512x512
Figure 2 — Step-by-step example of the algorithm’s operation.
Table 2 — Similarity measure for trained neural networks
Dataset Neural network number Statistics
1 2 3 4 5 6 7 8 9 10 Min Max Mean
Left lung 0.9540 | 0.9564 | 0.9559 | 0.9554 | 0.9553 | 0.9548 | 0.9575 | 0.9574 | 0.9560 | 0.9597 | 0.9540 | 0.9597 | 0.9562
Right lung 0.9485 | 0.9553 | 0.9519 | 0.9532 | 0.9488 | 0.9561 | 0.9580 | 0.9567 | 0.9568 | 0.9558 | 0.9485 | 0.9580 | 0.9541
Table 3 — Similarity measure for one neural network for different image sizes
Dataset Image size (MxM)
64 128 256 512 1024 2048 4096
Left lung 0.8906 0.9356 0.9478 0.9540 0.9555 0.9563 0.9565
Right lung 0.8360 0.9219 0.9408 0.9485 0.9490 0.9499 0.9502
Table 4 — Similarity measure for an ensemble of neural networks
Dataset Combining method
Mean averaging SAAMC
Left lung 0.9599 0.9638
Right lung 0.9588 0.9610
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Table 5 — Similarity measure using the pyramid method with mean averaging

Dataset | Approach Neural network number Statistics

1 2 3 4 5 6 7 8 9 10 Mean
A 0.9210 | 0.9272 | 0.9289 | 0.9241 0.9211 | 0.9297 | 0.9357 | 0.9319 | 0.9269 | 0.9308 0.9277
B 0.9418 | 0.9457 | 0.9471 0.9464 0.9417 0.9455 0.9499 | 0.9484 0.9454 0.9498 0.9462
Left C 0.9542 | 0.9567 | 0.9559 | 0.9555 0.9555 | 0.9549 | 0.9576 | 0.9575 | 0.9563 | 0.9598 0.9564
lung D 0.9543 | 0.9563 | 0.9574 | 0.9561 0.9544 | 0.9560 | 0.9588 | 0.9585 | 0.9561 | 0.9602 0.9568
E 0.9557 | 0.9577 | 0.9585 | 0.9570 0.9560 | 0.9573 | 0.9600 | 0.9598 | 0.9573 | 0.9613 0.9580
F 0.9539 | 0.9559 | 0.9572 | 0.9557 0.9540 | 0.9557 | 0.9586 | 0.9583 | 0.9557 | 0.9599 0.9565
A 0.9007 | 0.9278 | 0.9137 0.9172 0.9154 0.9220 0.9274 | 0.9291 0.9312 0.9267 0.9007
B 0.9335 | 0.9477 | 0.9377 | 0.9409 0.9370 | 0.9457 | 0.9501 | 0.9497 | 0.9485 | 0.9459 0.9335
Right C 0.9487 | 0.9555 | 0.9520 | 0.9533 0.9489 | 0.9562 | 0.9581 | 0.9568 | 0.9569 | 0.9559 0.9487
lung D 0.9479 | 0.9556 | 0.9515 | 0.9526 0.9489 | 0.9551 | 0.9578 | 0.9566 | 0.9569 | 0.9556 0.9479
E 0.9492 | 0.9563 | 0.9525 | 0.9538 0.9499 | 0.9559 | 0.9583 | 0.9571 | 0.9576 | 0.9566 0.9492
F 0.9472 | 0.9554 | 0.9509 0.9520 0.9485 0.9548 0.9575 | 0.9564 0.9566 0.9552 0.9472

Table 6 — Similarity measure using the pyramid method with SAAMC

Dataset | Approach Neural network number Statistics
1 2 3 4 5 6 7 8 9 10 Mean
A 0.9424 | 0.9474 | 0.9362 | 0.9377 | 0.9498 | 0.9425 | 0.9456 | 0.9476 | 0.9447 | 0.9494 | 0.9443
B 0.9539 0.9578 0.9529 0.9522 0.9574 0.9536 0.9563 0.9562 0.9552 0.958 0.9554
Left C 0.9560 | 0.9571 | 0.9578 | 0.9562 | 0.9558 | 0.9562 | 0.9590 | 0.9589 | 0.9571 | 0.9605 | 0.9575
lung D 0.9579 | 0.9591 | 0.9587 | 0.9575 | 0.9580 | 0.9580 | 0.9608 | 0.9606 | 0.9585 | 0.9622 | 0.9591
E 0.9580 | 0.9590 | 0.9594 | 0.9577 | 0.9577 | 0.9584 | 0.9612 | 0.9609 | 0.9586 | 0.9624 | 0.9593
F 0.9551 | 0.9580 | 0.9533 | 0.9518 | 0.9576 | 0.9550 | 0.9582 | 0.9580 | 0.9561 | 0.9600 | 0.9563
A 0.9229 0.9342 0.9157 0.9312 0.9260 0.9415 0.9343 0.9335 0.9370 | 0.9345 0.9311
B 0.9448 | 0.9515 | 0.9468 | 0.9501 | 0.9450 | 0.9548 | 0.9545 | 0.9528 | 0.9532 | 0.9525 | 0.9506
Right C 0.9486 | 0.9561 | 0.9522 | 0.9533 | 0.9496 | 0.9562 | 0.9581 | 0.9570 | 0.9571 | 0.9561 | 0.9544
lung D 0.9506 | 0.9568 | 0.9539 | 0.9550 | 0.9510 | 0.9572 | 0.9590 | 0.9577 | 0.9580 | 0.9575 | 0.9557
E 0.9505 | 0.9568 | 0.9536 | 0.9548 | 0.9511 | 0.9569 | 0.9588 | 0.9578 | 0.9580 | 0.9575 | 0.9556
F 0.9425 0.9510 0.9421 0.9492 0.9435 0.9548 0.9528 0.9515 0.9529 | 0.9530 0.9493
Table 7 — Similarity measure for an ensemble using the pyramid method with SAAMC
Dataset Approach - Method

Mean averaging SAAMC

A 0.9327 0.9524

B 0.9505 0.9629

C 0.9607 0.9646

Left lung D 0.9615 0.9666

E 0.9627 0.9666

F 0.9611 0.9634

A 0.9268 0.9396

B 0.9485 0.9573

Right lung C 0.9594 0.9612

D 0.9592 0.9623

E 0.9602 0.9622

F 0.9588 0.9561

When applying the proposed method for the left lung,
it was necessary to use a pyramid with the following level
sizes: 512x512, 1024x1024, 2048x2048. For the right
lung: 512x512, 1024x1024, 2048x2048, 4096x4096. As
can be seen from the tables, in all cases SAAMC was
better than average averaging. For the left lung, the im-
provement was 1.034, for the right 0.8236 compared to
using single networks.

6 DISCUSSION

Starting from studying the simple use of ensembles,
one can already notice the advantage of SAAMC over
averaging. The study of the use of different sizes
presented in Table 3 shows that the network that was used
extracted features from large-size images better. In this
case, the use of the pyramidal method made it possible to
improve the quality of segmentation by extracting from
different levels. This suggests that using higher resolution
images allows the model to detect finer details.

© Koniukhov V. D., 2024
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By combining the results of 10 networks, we were
able to prove the advantage of using the ensemble meth-
od. Using the ensemble allows us to smooth out the short-
comings of individual networks and enhance the final
result. In this way, we can minimize the impact of noise,
artifacts, and other undesirable moments.

The most important thing was the confirmation of the
advantage of SAAMC over averaging and using single
networks.

One of the main advantages of the method used is its
ease of use and guaranteed results. Using FPN imposes a
limitation in the form of increased computational costs.
The higher the image resolution, the longer it takes to
process, which means the model itself will take many
times longer to learn. It is worth noting that the improve-
ment in accuracy was noticed just when the resolution
increased and larger images were used. This proves the
main advantage of this method. To use it, there is no need
to train a special neural network, as well as configure a
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large number of parameters. All we need is to simply ap-
ply the proposed algorithm to an ensemble of neural net-
works. Naturally, we can combine different architectures,
which can further improve the accuracy of the prediction.
And using FPN as neural networks for an ensemble can
also improve accuracy, but do not forget about the speed.

CONCLUSIONS

A new ensemble method for combining predictions
was proposed. The proposed method demonstrated its
effectiveness in improving the quality of segmentation.
Using the pyramid method as a basis for the developed
method made it possible to extract features from different
levels. Using the ensemble approach made it possible to
smooth out the shortcomings of individual neural net-
works and combine their strengths. The main advantage
of the method is its simplicity in implementation com-
pared to the creation of FPN networks.

The scientific novelty of the obtained results is for
the first time, a combination method was proposed that
combines the advantages of the pyramid method and
SAAMC. The results obtained confirmed the effective-
ness of this method. The use of different resolutions at
different levels of the pyramid made it possible to extract
more detailed data, and the use of an ensemble of neural
networks made it possible to combine the strengths of the
neural networks used.

The practical significance of obtained results is that
the use of the proposed method was tested on two medical
data sets containing X-ray images. The use of this method
can be easily implemented in automated systems for seg-
mentation of medical images.

Prospects for further research are further develop-
ments of modifications of this method for further im-
provement of segmentation quality. For example, studies
of using a large number of neural networks in ensembles,
as well as using different architectures.
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AHCAMBJIEBHI METO/] 3ACHOBAHMIT HA YCEPEJHEHHI ®OPM OB’€KTIB, BAKOPUCTOBYIOUYM MIPAMITHUMN
METOJ

Konroxos B. Jl. — acniipant, [HcTuTyT eHepreTnunux MamuH i cucteM iM. A. M. Iliaroproro HAH Ykpainu, Xapkis, Ykpaina.

AHOTALIA

AKTyaibHicTh. CerMenTailis 300paxeHp Bijlirpae KJIHOUOBY pOJib B KOMIT IOTepHOMY 30pi. Ha sikicTs cermenTaitii BiutiBae 0arato ¢ax-
TOpIB: 1IyM, apTedakTy, ckiaaHi popmu 00’ ekrtiB. KitacuyHi MeToIu He 3aBX/IM MOXKYTh FapaHTyBaTH FAPHUH YCIIiX, B 3aJI€KHOCTI BiJI KO-
CTi 300paXCHHS Ta HasBHOTO IIyMY, BOHU HE 3aBXIH MOXYTbH JOCSAITH 0a)KaHOTO pe3yJbTaTy. 3alpOIOHOBAHMI METOJ BUKOPHCTOBYE aH-
caM011b HEHPOHHUX MEPEXK, 10 A€ 3MOT'Y IMiIBUIIUTH TOYHICTh Ta CTAOLIBHICTh CErMEHTALIII.

Meta po6oTu — po3poOUTH HOBHIT METOA KOMOIHyBaHHS mepeadaueHb aHCAaMOII0 HEHPOHHHX MEPEeX, SKUil 3MOKE MOKPAIIUTH TOY-
HICTh CErMEHTAIlil 32 paXyHOK KOMOIHYyBaHHS 300pa)KeHb Pi3HOTO PO3MIpy 300paKeHb.

MeTtoa. 3anporoHOBaHO METOJ SIKUI BHKOHYE ycepeaHeHHs (opM 00’ €KTiB 300pa)keHNX Ha MacKax-nepenoadeHHsx. s gocarHeHHs
HOKPAIICHHS SIKOCTI CErMEHTaIll BUKOPHUCTOBY€EThCS MipaMifia 300paxxeHb, KOXKEH piBeHb MipaMilu BilOBigae 301IbIIEHOMY PO3MIipy moda-
TKOBOTO 300pakeHHs. Takuii MmiAXix HO3BOJISIE OTPUMYBATH XapaKTEPUCTUKU 300pakeHHsS Ha Pi3HUX piBHsAX. [l TECTOBOro 300paskeHHs
OTPUMYETHCS NepedadeHHs BiJl KOXKHOT HEHPOHHOT Mepexi B ancamOuti, Iicist 4oro Juist 300pakeHHst OynyeThes nipamina. Bei piBHi mipami-
I¥ KOMOIHYIOTbCA B (hiHANBHE 300paXKeHHS 3a JJOIIOMOI0I0 METOJa ycepenHeHHs GopM 00’ekTiB. Bei orpumani dinanbHi 300paskeHHS 17T
KOXKHOI HEHPOHHOI Mepeki B KiHI[I TAaKOXK KOMOIHYIOTHCS 3a JOMOMOTOK METOAa ycepenHeHHs Gopm 00’ekTiB. BukopucranHs aHcamOIIi0
HEHPOHHHUX MEPEXK Ta MipaMiJIHOTO METOJY JTAI0Th 3MOT'Y 3MEHILMTH BIUIMB IIYMiB Ta apTe(aKTiB Ha Pe3yJIbTaT CerMeHTallii.

Pe3ynbTaTn. BuxopyucTaHHS JaHOTO MeTOAy OyJIO MOPIBHSHO 31 3BUYAifHMM BUKOPHCTaHHSAM OKPEMHX HEIPOHHHX Mepex Ta aHcamolie-
BUM METOZIOM ycepenHeHHs. OTpuMaHi pe3yIbTaTh MOKa3y0Th, 0 3aPOIIOHOBAHUI METO epeBEePIILy€e CBOIX KOHKYPEHTIB. 3aCTOCYBaHHS
3aMpPONOHOBAHOTO METO/IY MOKPAIIKIO TOYHICTh Ta SKICTh CErMEHTAIII1.

BucnoBku. [IpoBeneHe NOCITIDKEHHS MiATBEPAUIO CEHC BUKOPHCTAHHS aHCAMOJIO HEHPOHHHUX MEPEeX Ta CTBOPEHHS HOBOTO METOIY
KOMOiHYBaHHS NependadcHb. BUkoprcTaHHS aHCaMOII0 HEHPOHHUX MEPEeX JJa€ MOXKIIMBICTh KOMIICHCYBaTH HOMIIKH Ta HEJOIIKU OKPEMUX
HEHPOHHHUX MepeX. BUKOPHCTaHHSA 3aIpONOHOBAHOTO METORY MOXKE 3HU3MTH BIUIMB IIyMiB Ta apTedakxrtiB Ha cermeHramitoo. IlTomamsmre
BHBYCHHs Ta MOJM(DIKALisl [[bOTO METOY IayTh 3MOTY IIOKPAILUTH I1Ie OUTbIIE SKICTh CErMEHTALi.

KJIFOYOBI CJIOBA: maiiuHHe HaBUYaHHS, PO3ITi3HaBaHHs 00pa3iB, HEHPOHHA Meperka, CerMeHTallist 300pa)keHHs, KOMIT' IOTepHU 3ip.
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ABSTRACT

Context. Aircraft detection is an essential task in the military, as fast and accurate aircraft identification allows for timely re-
sponse to potential threats, effective airspace control, and national security. The use of deep neural networks improves the accuracy
of aircraft recognition, which is essential for modern defense and airspace monitoring needs.

Obijective. The work aims to improve the accuracy of aircraft recognition in high-resolution optical satellite imagery by using
deep neural networks and a method of sequential boundary traversal to detect object contours.

Method. A method for improving the accuracy of aircraft detection on high-resolution satellite images is proposed. The first
stage involves collecting data from the HRPlanesv2 dataset containing high-precision satellite images with aircraft annotations. The
second stage consists of preprocessing the images using a sequential boundary detection method to detect object contours. In the third
stage, training data is created by integrating the obtained contours with the original HRPlanesv2 images. In the fourth stage, the
YOLOv8m object detection model is trained separately on the original HRPlanesv2 dataset and the dataset with the applied preproc-
essing, which allows the evaluation of the impact of additional processed features on the model performance.

Results. Software that implements the proposed method was developed. Testing was conducted on the primary data before pre-
processing and the data after its application. The results confirmed the superiority of the proposed method over classical approaches,
providing higher aircraft recognition accuracy. The mAP50 index reached 0.994, and the mAP50-95 index reached 0.864, 1% and
4.8% higher than the standard approach.

Conclusions. The experiments confirm the effectiveness of the proposed method of aircraft detection using deep neural networks
and the process of sequential boundary traversal to detect object contours. The results indicate this approach’s high accuracy and
efficiency, which allows us to recommend it for use in research related to aircraft recognition in high-resolution images. Further re-
search could focus on improving image preprocessing methods and developing object recognition technologies in machine learning.

KEYWORDS: machine learning, image and contour recognition, optical image preprocessing, high-resolution imagery, aircraft

detection.

ABBREVIATIONS
Al is an Atrtificial Intelligence;
CNN is a Convolutional Neural Network;
FP is a False Positive;
FN is a False Negative;
FPS is a Frames Per Second;
loU is an Intersection Over Union;
ML is Machine Learning;
SAR is a Synthetic-Aperture Radar;
TN is a True Negative;
TP is True Positive;
UAYV is Unmanned Aerial Vehicle.

NOMENCLATURE
AP is an average precision for a single class;
mAP Is a mean average precision;
Precision is a is the fraction of TP detections among
all detections made at a particular loU threshold,;
Recall is the fraction of TP detections found among all
possible detections made at a particular threshold.

© Radionov Y. D., Kashtan V. Yu., Hnatushenko V. V., Kazymyrenko O. V., 2024

DOI 10.15588/1607-3274-2024-4-12

INTRODUCTION

In the contemporary information landscape, character-
ized by an exponential growth in data, object recognition
tasks have gained immense prominence. Artificial intelli-
gence and machine learning have emerged as pivotal
technologies for addressing these challenges. Beyond
their widespread application in socioeconomic spheres,
these technologies hold immense significance in the mili-
tary domain. The proliferation of satellite imagery, cou-
pled with the surge in the utilization of unmanned aerial
vehicles (UAVSs) of varying scales in military operations,
has generated a deluge of visual information far exceed-
ing the processing capabilities of human analysts.

Obiject recognition in the information age is a critical
task with far-reaching implications for both civilian and
military applications. Al and ML technologies offer a
promising approach to address the challenges posed by
the massive volume, complexity, and variability of visual
data.

The object of study is aircraft detection on high-
resolution satellite images using machine learning meth-

ods.
OPEN 8 ACCESS
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The subject of study is the method for aircraft detec-
tion on high-resolution satellite images using machine
learning methods.

The purpose of the work is to increase the accuracy
of aircraft detection on high-resolution satellite images
using machine learning methods.

1 PROBLEM STATEMENT

The burgeoning availability of high-resolution satellite
imagery has opened a new frontier for automated aircraft
detection in diverse applications, from surveillance to
environmental monitoring. However, achieving high rec-
ognition accuracy remains a formidable challenge. This
challenge stems from the inherent complexities of satellite
imagery, including variable backgrounds, fluctuating il-
lumination conditions, and indistinct object edges in raw
images. These factors significantly impede the feature
extraction capabilities of deep learning models, often re-
sulting in the misidentification of aircraft. Consequently,
a critical need exists for novel methodologies that en-
hance the effectiveness of deep learning models for air-
craft detection in high-resolution satellite imagery. This
research addresses this gap by proposing a novel pre-
processing approach that leverages the power of contour
detection techniques. This method aims to improve the
performance of deep learning models in aircraft recogni-
tion tasks by strategically accentuating the boundaries of
aircraft objects and suppressing background clutter.

2 REVIEW OF THE LITERATURE

Deep learning techniques, especially convolutional
neural networks (CNNs), have proven highly effective in
object recognition and classification tasks in recent years.
Researchers actively apply these approaches to analyze
aerospace imagery obtained from uncrewed aerial vehi-
cles, satellites, and other remote sensing platforms. These
tasks have gained significant importance in a wide range
of applications, including object detection in autonomous
vehicles [1], facial recognition [2], medical image analy-
sis [3], and remote sensing [4].

Machine learning techniques have notably advanced
remote sensing applications, particularly in automatically
extracting water bodies from satellite imagery. In work
[5], machine learning methods for water body detection
using Sentinel-2 imagery were investigated, showing sig-
nificant improvements in the accuracy and efficiency of
remote sensing techniques. Specifically, the paper [6]
proposed an enhancement to the YOLOV5 architecture,
resulting in a 3.5% improvement in model accuracy.

Also, in another paper [7], authors proposed a frame-
work that tackles small object detection in high-resolution
remote sensing images. It utilizes a deconvolutional mod-
ule to refine feature maps and recover spatial information
lost during pooling layers. Additionally, a squeeze-and-
excitation attention mechanism focuses on informative
features crucial for small object detection. This combina-
tion achieves high accuracy in detecting small aircraft
within complex backgrounds.
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RefineContourNet is a ResNet-based multi-path re-
finement CNN specifically designed for object contour
detection [8] could be explored for refining aircraft object
boundaries after initial detection by deep learning models.

In another study [9], authors developed an algorithmic
technique for aircraft segmentation based on fuzzy logic
that achieves an accuracy of 92.5%.

YOLO-extract algorithm [10] shows faster conver-
gence speed and reduces the calculation amount by
45.3GFLOPs and a number of parameters by 10.526 mil-
lion. At the same time, the algorithm increases mAP by
8.1% and detection speed by 3 times in aircraft detection
compared to YOLOV5.

The YOLO-class model [11] represents an enhanced
version of the YOLO-extract model, incorporating modi-
fications to the network architecture. These changes sig-
nificantly improved detection accuracy, increasing from
0.608 to 0.704, and in FPS, rising from 36.16 to 39.598,
when compared to the original YOLO-extract.

YOLO architecture can be used and improved for air-
craft detection using SAR data [12]. By adding Attention-
Efficient Layer Aggregation Network-Head (A-ELAN-H)
module that prioritizes essential features for improved
accuracy authors increased mAP50 by 2.1% and mAP50-
95 by 1.9%.

The current body of research has predominantly con-
centrated on one of two approaches: object detection or
contour detection. While these methods have achieved
notable success individually, their integration remains an
underexplored area of research.

3 MATERIALS AND METHODS

The aircraft detection technology proposed in the pa-
per consists of four stages, as shown in Fig. 2.

The first stage consists of downloading the
HRPlanesv2 [13] dataset the second iteration of HRPlanes
dataset. It contains 2120 very high-resolution Google
Earth images, with a total of 14335 aircraft labeled. The
dataset has been divided into three parts: 70% for training,
20% for validation, and 10% for testing.

The second stage is retrieving contours using OpenCV
contour detection. A technique, based on the border fol-
lowing algorithm [14], for identifying and analyzing con-
nected regions within an image that exhibit similar inten-
sity or color characteristics. It analyzes the binary image
to identify connected components, where all pixels share
the same intensity (white in our case) and are adjacent to
each other. These connected components represent the
object boundaries or contours. These regions often corre-
spond to distinct shapes or objects present in the image.

The four boundaries of an image are referred to as its
frame. An image with width w and height h can be repre-
sented as a matrix of order hx W, composed of individ-
ual pixels. The rows 1 and h, and the columns 1 and w,
form the image frame. A pixel with a gray value of zero is
defined as a zero pixel, while a pixel with a gray value of
one is termed a one pixel. In this algorithm, the frames of
the binarized image are treated as zero pixels. If the frame
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of the input image contains any one pixel, they are con-
verted to zero pixels.

An example of Suzuki’s algorithm is shown in Fig. 1,
where pixels with the same absolute value are associated
with the same boundary. The relationships between each
boundary are illustrated on the right side of the figure. In
this context, ob refers to the outer border, hb denotes the
hole border, and the parent border indicates that the outer
layer acts as the parent of the inner layer.

@ 1 1 1 1 1 1 frame
1 1 11
1 1 1 ¢
1 1 1 1 1 1 1
(a)
frame

2 2 2 2 2 2 -2 J
@ 1 -2 1 e
2 1 -2 *
2 2 2 2 2 2 -2

(b)
2 2 2 2 2 2 =2 frame
-3 ® 21 st
-3 3 -2 |
2 22 2 2 2 2 hb 3

© v
3. 2 2 2 22 2 ?m“
-3 -4 2 @ i
23 -4 2 A\
2 2 2 2 2 2 2 ¥

(@ v
2 22 2 3 2 @2 frame
= 4 2 -5 P
3 24 2 ob2 obs5s
2 22 2 2 2 2 2N\

hb3  hb4

(e)
Figure 1 — Example diagram of border-following algorithm [15]

The circled pixel points in (a—€) correspond to the
border descriptions for each link on the right.

OpenCV Contour Detection ‘ @

Input: Digital image

The circled pixel points in (a—€) correspond to the
border descriptions for each link on the right.

The third stage is data pre-processing by combining
contours with the original image. During the fourth stage,
we opted to train the YOLOv8m object detection model.
The architecture of the model is shown in Fig. 3.

Model selection was motivated by its favorable bal-
ance between model complexity (295 layers and 25.9 mil-
lion parameters) and reported performance. This charac-
teristic allowed us to balance object detection accuracy
and computational efficiency.

The YOLOV8 architecture adheres to a modular de-
sign principle and can be divided into two primary com-
ponents: the backbone and the head.

The backbone network serves as the foundation for
feature extraction. It consists of 53 convolutional layers
enhanced with cross-stage partial connections. YOLOv8
offers flexibility by employing a variety of backbone op-
tions, including CSPDarknet53 and EfficientDet. This
selection allows for a trade-off between the capability to
extract informative features and the associated computa-
tional complexity.

The head generates predictions based on the features
extracted by the backbone network and the neck architec-
ture. It predicts bounding box coordinates, objectness
scores, and class probabilities for each anchor box associ-
ated with a grid cell. The architecture uses anchor boxes
to predict objects of different shapes and sizes efficiently.

4 EXPERIMENTS

In the paper, we tested the proposed method on the
HRPlanesv2 dataset and compared different contour de-
tection techniques:

1. Canny edge detection. A multi-stage algorithm de-
signed for robust edge extraction in images. It achieves a
balance between high edge detection rates, accurate local-
ization of edges, and minimal false positives. The algo-
rithm employs a series of steps, including noise reduction
through Gaussian filtering, calculation of image gradients,
non-maximum suppression for thinning edges, and hys-
teresis thresholding for robust edge selection.

®

YOLOvB Object
Detection

Output: Aircraft bounding boxes

Figure 2 — Diagram of the proposed method
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Figure 3 — YOLOV8 architecture [16]

2. Border following algorithm for contour detection.

3. The Laplacian. A mathematical operator is em-
ployed in image processing for edge detection and image
sharpening. It calculates the second derivative of the im-
age intensity, highlighting regions with rapid intensity
changes, which frequently correspond to edges. Positive
Laplacian values signify regions where intensity brightens
towards the center (convex regions), while negative val-
ues indicate regions where intensity darkens (concave
regions). A zero value indicates flat areas or edges where
the direction of intensity changes flips.

4. The Sobel filter. A fundamental tool used for edge
detection in image processing. It approximates the image
gradient, representing the direction and magnitude of in-
tensity change within the image. The filter utilizes two
small kernels, one designed to detect horizontal edges and
another for vertical edges, to estimate these gradients. The
Sobel filter plays a crucial role in edge detection and fea-
ture extraction and serves as a building block for the
Canny edge detection algorithm.

5. Canny and Laplacian operators applied sequen-
tially.

Since YOLO measures the model’s accuracy in terms
of its ability to identify and locate objects of interest in an
image accurately, the mAP was used. mAP is a combina-
tion of precision and recall values calculated over multi-
ple confidence thresholds, also called the Intersection
over Union threshold. Varying the loU threshold will re-
sult in different True Positives and False Positives.

Precision is the fraction of TP detections among all
detections made at a particular loU threshold by the for-
mula (1):

TP

Precision= ———— Q
TP+FP
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Recall by the formula (2) is the fraction of TP detec-
tions found among all possible detections made at a par-
ticular threshold:

Recall = L (2)
TP+FN

The general formula for calculating mAP is shown in
formula (3):

1 N
MAP =-—>" AR, (3)
N n=1

where N is the number of object classes, and AP; is the
average precision for the i-th class. It’s common to denote
what loU thresholds are used with digits following the
mMAP, e.g. mAP50-95 uses a range of loU thresholds from
0.5 to 0.95 with a 0.05 step size while mAP95 uses a loU
threshold of 0.95.

The average precision for a given class is determined
by first sorting all detected objects in descending order
based on their confidence scores, then calculating the pre-
cision and recall at each threshold, and finally finding the
area under the precision-recall curve by integrating it
across all possible thresholds, as outlined in formula (4):

1
AveragePrecision (AP) = _[p(r)dr 4

r=0
In machine learning and computer vision, a confusion
matrix is an essential tool for evaluating the performance
of classification models. This matrix provides a clear
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visualization of classification results, helping to assess the
model’s accuracy. It records the number of correct and
incorrect classifications for each category. Specifically,
TP refers to correctly classified positive instances, while
TN denotes correctly classified negative cases. FP repre-
sents instances incorrectly classified as positive, and FN
refers to instances mistakenly classified as negative.

5 RESULTS

Table 1 summarizes the accuracy metrics the object
detection model achieved on datasets that underwent
various pre-processing techniques. The presented metrics
provide insights into the effectiveness of different pre-
processing methods in enhancing the model’s ability to
detect objects within the datasets.

The original, unprocessed dataset achieved the highest
Recall value and the second-highest mAP50-95. This sug-
gests that the raw images already contain sufficient in-
formation for the model to identify a significant portion of
aircraft present.

Its superior performance in Precision, mAP50, and
mAP50-95 demonstrates this. The results suggest that the
extracted contours significantly improve the model’s abil-
ity to accurately detect and distinguish aircraft from back-
ground elements. Consequently, this technique was cho-
sen for the proposed method.

The Laplacian operator and Sobel filter pre-processing
techniques demonstrated descent performance, but sig-
nificantly lower than the original dataset and border-

following contour detection. However, these methods led
to a considerable loss of information compared to the
original images. This indicates that, although they may
emphasize potential edges, they could introduce artifacts
or eliminate essential details needed for accurate object
detection.

The Canny edge detection algorithm produced the
lowest performance across all metrics. This could be at-
tributed to the presence of noise or inconsistencies in the
high-resolution satellite imagery.

The combined Canny-Laplacian approach yielded av-
erage results, falling between the single Canny and Lapla-
cian pre-processing performance. While it outperformed
Canny alone, it remained less effective than Laplacian
pre-processing. This suggests that the combined approach
might not have effectively leveraged the strengths of both
techniques, potentially introducing redundant or conflict-
ing information for the model.

These findings highlight the importance of selecting
appropriate pre-processing techniques for specific image
datasets and tasks. While edge detection can enhance fea-
ture extraction, the choice of method needs to balance
edge delineation with information preservation to achieve
optimal performance in deep learning models for object
recognition.

The confusion matrix, presented in Fig. 4, illustrates
the performance of the classification models by display-
ing the number of correctly and incorrectly classified ob-
jects across each category.

Table 1 — Aircraft detection accuracy metrics

Pre-processing type Precision Recall mAP50 mMAP50-95
None 0.990522 0.981679 0.991079 0.831246
Canny 0.902949 0.782908 0.859798 0.592251
Border-following 0.996403 0.975793 0.994272 0.863925
Laplacian 0.951500 0.885149 0.958168 0.713322
Sobel 0.965968 0.958904 0.982615 0.809901
Canny + Laplacian 0.948966 0.827006 0.897425 0.654177

= =

«© «©

35 31
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g g

o o
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aircraft True  background aircraft True  background
a b

Figure 4 — Confusion matrix for: a — original dataset; b — a dataset with the proposed technology

The results shown in Fig. 4 demonstrate the compari-
son of confusion matrices for two approaches: using the
original dataset (Fig. 4a) and the modified dataset using
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the proposed technology (Fig. 4b). In the original dataset,
the number of correctly classified objects in the “airplane”
class was 2,521, with 71 false positives and 34 false nega-
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tives. After implementing the proposed method, the num-
ber of false positives dropped to 31, reflecting an im-
provement in accuracy. However, the false negatives in-
creased to 45, which means a specific decrease in com-
pleteness. Thus, the proposed technology improves the
accuracy of classifying objects of the “airplane” class, but
this is achieved at the expense of a slight decrease in the
completeness index.
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Fig. 5 illustrates the detection outcomes for the origi-
nal dataset without pre-processing (a) and the dataset after
applying the border-following contour detection method
(b). In both images, cyan bounding boxes indicate ground
truth annotations, while blue bounding boxes show the
detections made by the respective model.
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Figure 5 — Results of proposed technology: a — original dataset [14]; b — dataset with proposed technology
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6 DISCUSSION

The proposed aircraft detection technology, leveraging
edge detection pre-processing in a four-stage pipeline
(Fig. 2), improved recognition accuracy compared to a
baseline model trained on raw images. By incorporating
pre-processed images with accentuated aircraft bounda-
ries, the model is better equipped to distinguish aircraft
from background clutter, improving recognition perform-
ance.

Our investigation into various edge detection tech-
niques yielded valuable insights. The border-following
algorithm, implemented in OpenCV, emerged as the most
effective. Intriguingly, the combined Canny-Laplacian
approach showed promise, suggesting potential for further
optimization in future research to explore potential syner-
gies between different techniques. While the proposed
method demonstrates a clear advancement in aircraft de-
tection using high-resolution satellite imagery, there are
limitations to consider. The evaluation was conducted
using a single dataset (HRPlanesV2). Future work should
expand upon these findings by incorporating a broader
range of datasets encompassing diverse image characteris-
tics and backgrounds. This will provide a more compre-
hensive understanding of the generalizability and robust-
ness of the proposed approach across different scenarios.
Additionally, exploring alternative deep learning models
with architectures specifically designed for high-
resolution image recognition tasks could potentially yield
further improvements. Furthermore, investigating even
more advanced edge detection techniques, leveraging
recent advancements in deep learning for image process-
ing, could be a fruitful avenue for future research.

In conclusion, this research effectively demonstrates
the value of incorporating edge detection pre-processing
into the aircraft detection pipeline. The proposed method
achieved superior performance in recognizing aircraft
within high-resolution satellite imagery. The findings
pave the way for further exploration and refinement, ulti-
mately contributing to developing increasingly accurate
and robust automated aircraft detection systems.

CONCLUSIONS

This study investigated the impact of pre-processing
techniques on the performance of a deep-learning model
for aircraft detection in high-resolution imagery.

Our results show that pre-processing techniques can
significantly improve a model’s precision in object detec-
tion tasks. The findings emphasize how pre-processing
enhances the model’s ability to extract critical features
from the data, leading to greater detection accuracy. Addi-
tionally, the study highlights the importance of under-
standing the interaction between pre-processing methods
and the selected deep-learning model architecture.

The scientific novelty o of the obtained results is that,
for the first time, a method is proposed to improve the
accuracy of aircraft recognition on high-resolution satel-
lite images, combining deep neural networks with the
technique of sequential boundary traversal to detect object
contours. The developed approach allows automating the
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process of aircraft detection and provides high recognition
accuracy, which is a significant improvement over the
existing classical method. The implementation of this
method allows for efficient image processing, increasing
the accuracy of object detection by optimizing the use of
preprocessing and modern machine-learning algorithms.

The practical significance lies in developing soft-
ware that implements the proposed method. The experi-
ments have confirmed the effectiveness of the new ap-
proach for recognizing aircraft on satellite images. The
research results suggest using this method for practical
airspace monitoring and aviation security tasks. Further
improvement of image preprocessing methods and object
recognition technologies can increase the efficiency of
these systems in various practical applications.

Prospects for further research are to improve image
preprocessing methods. In addition, it is advisable to ex-
plore the possibilities of expanding the functionality of
the developed software by integrating new neural network
architectures and advanced machine learning algorithms
to improve the accuracy and speed of real-time object
recognition. It also promises to apply the proposed ap-
proach to other objects and images, which can expand its
practical application and increase its versatility in various
fields.
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PO3MI3HABAHHSI JITAKIB 3A JONOMOI'OIO ITMBOKUX HEMPOHHUX MEPEX TA BUSABJIEHHSI KOHTYPIB
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HaJIbHOTO TEXHIYHOTrO yHiBepcuteTy «/IHinpoBchKa noiiTexHika», JHinpo, Ykpaina.
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AHOTAIIA

AKTyanbHicTh. Po3mi3HaBaHHS JiTakiB € BaXJIMBOIO 3/1auei0 y BiMiCEKOBIH cdepi, OCKIIBKM HIBHAKA Ta TOYHA iAEHTU]IKAIis
JITaNBHMX arapariB J03BOJISIE CBOEYACHO pearyBaTH Ha MOTEHIMHI 3arpo3u, epeKTHBHO KOHTPOJIIOBATH MOBITPSHUI IPOCTIp 1 Mif-
TPUMYyBATH HalliOHANbHY Oe3neKky. BUKOpHCTaHHs TIMOOKHX HEWPOHHHX MEpEX MiABHUILYE TOYHICTH PO3Mi3HABAHHS JIITAKIB, L0 €
Ba)KJIMBUM JUISl Cy4acHHX ITOTPeO 0O0POHHU Ta MOHITOPUHTY HOBITPSHOTO HPOCTODY.

Meta po00TH — MiJBHUIICHHS TOYHOCTI PO3Mi3HABAHHS JITAaKiB Ha ONTHYHUX KOCMIYHHUX 3HIMKAaX BHCOKOI PO3ALIBHOI 34aTHOCTL
3a JOIIOMOT'OI0 TIIHOOKUX HEHPOHHMX MEPEX Ta METOLY TOCIITOBHOTO 00X0Ay MEX ISl BUABJIICHHS KOHTYPiB 00’ €KTIB.

MeToa. 3anpornoHOBaHO METOX JUIS MiJABUICHHS TOYHOCTI PO3IIi3HABAHHS JITAKiB HAa CYIlyTHUKOBHX 3HIMKaX BHCOKOI PO3/LIb-
Hoi 31arHocti. Ha nepiromy erari 3aificHioeTbest 360ip ganux i3 Habopy HRPlanesv2, mo MicTuTh BHCOKOTOYHI CYITyTHHKOBI 300pa-
JKCHHS 3 aHOTallisIMK JiTakiB. Jpyruii eran nependavae monepeaHo 00poOKy 300paKeHb 3a TOMOMOTOK METOJY MOCIiIOBHOTO 00-
XO/y MEX JUISl BHSBJICHHS KOHTYpIB 00’€kTiB. Ha TpeTboMy eTami CTBOPIOIOThCS HAaBYaJbHI JaHi IUISIXOM iHTEerpamii oTpruMaHuX
KOHTYPIB 3 opuriHanpHuME 300paxenHsmu HRPlanesv2. Ha yerBepromy erami Mojens BusiBieHHs: 06’ extiB YOLOV8M Tpenyerhes
OKpeMo Ha opuriHanbHOMY Habopi nanux HRPlanesv2 ra Ha HaGopi AaHMX 13 3aCTOCOBAHOIO MONMEPEAHBOI0 0OPOOKOIO, L0 JO3BOJISIE
OIIIHUTH BIUIUB TOJATKOBUX OOPOOJICHUX XapaKTEPHUCTHK HA MPOAYKTHBHICTH MOJEII.

PesyabTaTn. Po3pobneno nmporpamue 3a0e3neyeHHs, SKe peani3ye 3alpollOHOBaHUH MeTol. TecTyBaHHS MPOBOIHMIOCS SIK Ha
MIEPBUHHMX JTAaHHUX JI0 IOIepeaHb01 00poOKY, TaK i Ha JaHUX MICIs i1 3acTOCyBaHHS. Pe3yibTaTy MiATBEpAMIIN IIEpeBary 3ampornoHo-
BaHOI'0 METOJY HaJl KIIACHYHHMH ITiIX0JIaMH, 32a0€3MeUyr0Ul BUILY TOYHICTh po3mi3HaBaHH JiTakiB. [Tokazauk MAP5S0 mocsar 0.994,
a mMAP50-95 — 0.864, mo Ha 1% i 4,8% BianmoBigHO, BUIIE, HIX Y CTAHAAPTHOTO MiIXOY.

BucHoBku. [IpoBesieHi eKCIIEPUMEHTH MiATBEPIUKYIOTh €(EKTHBHICTh 3alPOIIOHOBAHOIO METOJy PO3IIi3HABAHHS JIITAaKiB 3a J0-
HOMOT'O0 INTMOOKUX HEHPOHHHUX MEPEX Ta METO/Y IIOCI]IiZIOBHOTO 00XOLy MEX IUIs BUSBJICHHS KOHTYDIB 00’€KTiB. Pe3ynbraTn BKa-
3yIOTh Ha BHCOKY TOYHICTh i €(eKTHUBHICTh LHOTO MiJXOMy, IIO JO3BOJISIE PEKOMEHIYBaTH HOTO JJIs BUKOPHUCTaHHsS B 3ajadax,
OB’ AI3aHMX 13 PO3Mi3HABAHHSIM JITaKiB Ha 300paKEHHIX BHCOKOI PO3AUIBHOT 30aTHOCTI. [loganbiri JociKeHHs MOXYTh 30CepeIn-
THCS Ha BIOCKOHAJICHHI METOIIB MOMEePeIHB0I 0OpOOKH 300paeHb 1 pO3BUTKY TEXHOJOTiH pO3Mi3HABaHHA 00’ €KTIB Y MAIIHHHOMY
HaBYaHHI.

KJIIOYOBI CJIOBA: mamuHHEe HaBYaHHS, PO3IMi3HaBaHHS 00pa3iB Ta KOHTYPIB, MonepenHs oO0poOKka ONTHIHUX 300paKeHB,
3HIMKH BHCOKOI pO3/1iJIbHOT 3ATHOCTI, PO3ITi3HABAHHS JIITAKiB.
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ABSTRACT
Context. The significance of this work stems from the growing need for UAV technologies integrated with artificial intelligence,
aimed at detecting and identifying objects on the surface of water bodies. Modern needs in water body monitoring, especially in the
context of environmental monitoring, protection and resource management, require accurate and reliable solutions. This work
demonstrates methods for improving the performance of neural networks and offers approaches for processing NN predictions, even

if they are trained on irrelevant data, which increases the versatility and efficiency of the technology.

Obijective. The goal of the work is to solve the problem of false recognition of objects on the surface of water bodies, which is
due to a decrease in the accuracy threshold for the neural network. This provides more accurate and reliable detection, reducing the
number of false positive predictions and increasing the efficiency of the system in general.

Method. It is proposed to add a stage of post-processing of NN predictions, which inherits concepts of min-max suppression
used by YOLO models. This algorithm suppresses the re-detection of the object by the network and relies on the cross-sectional area
of the detected rectangles. It uses a threshold value of 0.8 for the two points of the rectangle, which can effectively reduce the number

of re-predictions and improve the accuracy.

Results. As a result of the implementation of the proposed algorithm and the script created on its basis, a result was achieved in
which groups from several predictions are combined and filtered. The received data is stored in the database as found and detected
objects. The proposed post-processing algorithm effectively removes redundant predictions while maintaining forecast accuracy.
This ensures the reliability of the system and increases its performance in real conditions.

Conclusions. Detected images of objects on the surface of water bodies are stored in the database in the form of records with
unique file name identifiers. After tests with pre-taken images algorithm proved it's persistence against data duplication scenarios.
This increases the efficiency and reliability of the monitoring system, ensuring accurate and timely detection of objects on the surface

of water bodies.

KEYWORDS: UAV, detection, recognized objects, water surface, neural network, dataset, model, image distribution, error
matrix, training metrics, magnification, image mosaicking, image post-processing, implementation script, mission log, database.

ABBREVIATIONS
Al stands for artificial Intelligence;
FC is a flight controller;
UAV is a unmanned aerial vehicle;
YOLO is the You Only Look Once;
NN is a neural network;
RS is a remote sensing;
SPI is a serial peripheral interface;
IS is a information system;
ConvN is a deep convolution neural network;
DB is a database;
AP is a indicator of average accuracy — average accu-
racy;
loU is a intersection over union;
NCU is a nonlinear model predictive control.

NOMENCLATURE
Xi, yi is the coordinates of the corresponding corner of
the rectangle;

TP is a true positive;

TN is a true negative;

FP is a false positive;

FN is a false negative;

GT is a ground truth;
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P is a prediction;
r is a recall value for one sample;
r is aaverage recall value.

INTRODUCTION
The importance of the project arises from the current
need for artificial intelligence integration into UAV tech-
nologies. This article shows bright example in context of
localization and identification problems for objects on the
surface of water bodies.

The object of study may be defined as algorithm de-
scription for task of quantity reduction of false recogni-
tion cases and further implementation into information
system.

The process of forming and downloading the
algorithm and the created script based on it, a result was
obtained where groups from several predictions are
combined and filtered. As a result, these findings are
saved in the database in the form they were obtained.

The subject of study is the implementation of the
proposed algorithm and the created script based on it, a
result was obtained where groups from several predictions
are combined and filtered. As a result, detected objects
are saved in the database in the form they were obtained.
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The purpose of the work is to solve the problem of
false recognition of objects caused by manipulations with
train and process parameters for neural network.

1 PROBLEM STATEMENT

The current state of development of artificial intelli-
gence technologies significantly expands the range of
tasks that can be solved by robotics tools [1], [2]. Most
needed areas of automatization for area of UAVs involve
such tasks as mission completion time reduction, more
efficient usage of computational powers and reduction of
time of human intervention into UAV control processes
[3]1, [4], [5]. Patrolling water bodies, searching, identify-
ing and classifying objects on their surface using tradi-
tional methods is a complex process with high require-
ments for time and computational powers that needs to be
enhanced with implementation of various modern tech-
niques such as artificial intelligence and mode [6], [7],
[8].

In the process of performing the mission, the UAV
finds a certain object, determines its coordinates, with the
help of a neural network, prediction rectangles are
generated, characterized by 4P, Pinterp, which must be
filtered. The same object can be recognized by the neural
network as several different objects, which causes
redundancy and duplication of data in the DB.

It is necessary to develop an algorithm (procedure,
technique, method) of filtering (elimination of
redundancy) generated rectangles in order to avoid
duplication of predictions. It is also necessary to test the
proposed algorithm, check the efficiency of the work,
determine the cut-off threshold value at which the object
will be detected, but there will be no duplication. This
coefficient is defined as the ratio of the cross-sectional
area to the areas of two rectangles. It is necessary to
expand the box with which the intersection is fixed to the
borders of the intersecting box. This achieves preservation
of detection quality while eliminating duplication.

It was found that the coordinates of the upper right
and lower left corners of the rectangle are considered for
each object. A set of rectangles at two points (x1, y1, x2,
y2) associated with objects that can intersect with each
other and thus create duplicate objects. The specified
rectangles are the result of neural network predictions.
The number of specified rectangles is inversely
proportional to the prediction accuracy threshold.

The job task is to eliminate duplication while
maintaining the accuracy of recognition. To do this, it is
necessary to filter this set of rectangles using the proposed
threshold filtering algorithm with an overlap threshold of
0.8, getting rid of duplicate markings and not reducing the
number of detected objects. It is imperative to investigate
the operability and efficiency of the proposed post-
processing algorithm.

2 REVIEW OF THE LITERATURE
For modern unmanned aerial vehicles, great variety of
tasks such as: classification, observation, research, and
classification are getting redirected to certain automated
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subsystems, which may enhance performance thanks to
the additional computational modules involved [9], [10],
[11]. Such type of an approach is appropriate and wide-
spread due to the availability of flight controllers on the
market [12], [13]. Available options suggest great variety
of sockets for external devices for variety of purposes:
exchange of GPS data, OSD frames and other types of
messages defined via MavLink. Such data can be clus-
tered into data sets for the variety of purposes: prioritized
task queuing and data processing routines [14], [15].
Computer vision systems implement various machine
learning algorithms and complex data processing tech-
niques for image processing and localization tasks The
complexity of the structure of a computer vision system
may vary depending on the type of task and the stack of
technologies used [16], [17].

As well as any other information system, computer vi-
sion system involves such functionality as data collection
processing and storage. Additional functions may vary
from performing computations for neural network up to
data generalization, clustering and image segmentation
with further additions in the form of decision-making
process. The design of UAV for computer vision tasks
includes the following structural elements: reconnaissance
equipment, UAV frame, propeller group and flight con-
troller. It should be noted that the range of use of UAVs
in water and coastal zones is very large and responsible,
since the functions of object detection, observation, iden-
tification, classification, etc. directly related to the secu-
rity, protection and territorial integrity of Ukraine. The
purpose of the research is to determine the accuracy of
object recognition, to find out the reasons for possible
unsatisfactory recognition quality, to form means and
strategies for improving the quality of image recognition
of objects. It should be noted that effective algorithms for
the detection and classification of objects on the water
surface have not yet been created, apart from artificial
intelligence and neural network tools based on it.

The technical system, which includes UAVs and Al
tools, will allow relatively fast and high-quality process-
ing of data frames representing any type of surface below
UAV, thereby providing efficient observation functions
performance, response and elimination of emergency
situations with minimal human involvement [18]. The
main task of the work is to detect and recognize the object
in the image. Mentioned area suggests great variety of
artificial intelligence scientific works and solutions to
study that differ in the structure of the neural networks
used, the dataset used, and are accordingly characterized
by the quality of object recognition. These works mostly
rely on such ML libraries as pytorch, theano, tensorflow,
chainer, ultralytics. The main goal of the work is to create
a data set regarding the recognized object, which in turn
requires the use of the Ultralytics API library, which pro-
vides a wide functionality for dataset gathering and mark-
ing and an interface for variety of new and aout of date
convolution neural networks from YOLO family. Due to
the support of dynamic typing, automatic garbage collec-
tion and the availability of a library API, the software in

OPEN ACCESS




p-ISSN 1607-3274 PanioenexTpoHnika, inbopmatrka, ynpasninss. 2024. Ne 4
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2024. Ne 4

the work uses Python programming language. Source [1]
explains in details (www.overleaf.com).

3 MATERIALS AND METHODS

The task of patrolling water surfaces and detecting as
well as identifying objects relies on interaction with a
neural network, the detailed workings, architecture, and
training of which are discussed in [20]. For this particular
neural network, it is necessary to develop tools for gener-
ating an on-board flight log and producing reports on the
detected objects. The Ultralytics APl was selected for
model interaction. Additionally, it is important to mention
that the OpenCV library was utilized for image processing
due to its ability to easily transition from handling test
data from media files to real-time camera data.

Since the task conditions require a difficult environ-
ment of use, namely working near water bodies and short
missions with the transfer of the payload, it was decided
to use a quadcopter. The basis for the choice was: a
smaller number of parts to be serviced, compared to other
members of the family, and optimal indicators of stability,
speed and maximum indicators of the weight that can be
carried. The use of the scheme of distributed current con-
trollers was chosen due to high wear resistance and econ-
omy. Due to the predicted high rates of wear of the parts,
this scheme will not replace the board with all four cur-
rent controllers, but replace only the controller that has
failed.

To build a UAV, you need to have a flight controller
or the ability to write all the necessary functionality. Since
writing your own flight controller is a time-consuming
task, which, in terms of time and effort, far exceeds the
defined time limits of the diploma project, we consider
FCs available on the market. Existing flight controllers
use a variety of software.

Software leaders include software from ArduPilot,
PX4 — open source projects with a large audience of us-
ers, and DJI — licensed software used on more expensive
UAV models and designed for flexible use with different
UAV models and configuration variations. It should also
be noted that ArduPilot is the most ‘general’ project, since
the range of tasks to be solved for this project ranges from
the design of UAV rotor group control systems to the
programming of autopilot systems. The PX4 is only a
draft autopilot system.

The family of platforms that use the ArduPilot code as
firmware is quite large, and usually the decision to use a
certain controller model is determined only by the user’s
budget. Thus, the decision was made to use the Pixhawk
2.4.8 flight controller. Among its advantages are: the pos-
sibility of connecting 2x GPS to combine data and in-
crease positioning accuracy, a built-in telemetry filtering
system, a large number of peripheral interfaces supporting
I12C, UART, SPI protocols, and a large number of drivers
for peripheral devices that are not can be ignored when
considering the perspective of development/complication
of the created information system during its life cycle.
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Also, a separate advantage is the presence of the
MavLink protocol, which allows you to organize the ex-
change of messages with peripheral devices, and thus
connect the on-board computer, which will be able to use
such data of the flight controller as: location assessment,
positioning quality, battery charge level, weather condi-
tions for making own decisions about the continuation of
the mission.

Since the flight controllers from Pixhawk do not pro-
vide functionality for deploying a neural network and a
database, and the presence of a network card is an excep-
tion, it was accordingly decided to install an on-board
microcomputer on the UAV for use as a control, process-
ing, storage and information transfer device. This ap-
proach will allow you to get a full-fledged operating sys-
tem, access to the package manager and, accordingly, to a
convenient setting of the environment, will facilitate the
process of writing and testing software.

The GPIO module will allow you to organize a con-
nection with your own module for water intake. The built-
in software application RealVNC and the ability to set a
static IP address will provide an opportunity to connect to
the UAV through the mobile network in the absence of
such computer components as a monitor and keyboard.
Built-in USB ports provide a convenient connection with
a flight controller for data exchange using the MavLink
protocol.

The use of a neural network on RaspberryPl is a typi-
cal step in the tasks of a limited number of resources for
building a robotic information system for analyzing the
state of water bodies and recognizing objects with the
help of Al technologies. This gives an absolute advantage
to this platform due to the large volume of available mate-
rials on solving problems and setting up processes.

Since the RaspberryPi has an OS with a package man-
ager capable of installing all the necessary functionality
with the help of sudo apt install commands, and because
of the low cost of the hardware and the prevalence of a
free license for the software, it was decided to use it.

Anything related to the use of Al can be classified into
one of the following categories: application use, applica-
tion development, model development, or infrastructure
design (Fig. 1).

Research is carried out in the area of application de-
velopment, since it is necessary to introduce artificial in-
telligence methods into the user environment, and to train
models, since the requirements for the use of any specific
model have not been set.

Since the experience of working with the ultralytics
API was gained during the training, it was decided to use
it. This module provides opportunities for training a neu-
ral network and for its integration into the application.
Also, during the training process, statistics are collected
and the metrics of a certain trained model are automati-
cally built. This simplifies the process of iterating be-
tween training stages, evaluating and changing training
conditions.
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Figure 1 — Al technology stack

The objects of observation are boats, ships, buoys,
people and piles of garbage on water bodies. Accordingly,
the task of the model is detection, since segmentation is
not suitable for this type of work, although it can be used
to improve accuracy or increase the functionality of the
application being created.

According to the conditions of the task, in which there
are significant limitations in computing power and the
ability of UAVs to carry loads, it is necessary to use the
second class of detection models, namely, single-stage
detectors, which, accordingly, filter the image once. This
approach reduces the accuracy of the forecast, reducing
the amount of consumed computing resources. Also, in
conditions when the dataset is collected from open
sources, training anomalies are inevitable, which will lead
to a decrease in accuracy even with a two-stage detector.
Accordingly, the dual use of UAVs is expedient: both to
perform the specified task and as a source of data for the
formation of a better dataset.

Since it was necessary to achieve such a classification
result that would not be completely wrong, with limited
resources in the computer vision problem, it was decided
to use the YOLOvV8 model, as well as the API from Ultra-
Iytics, which was created in order to give the opportunity
to train typical models on cash registers-volume datasets
for various tasks.

A compilation of video footage from a fishing boat,
video surveillance cameras of the pool, and photos from
ecologists’ boats was used as a dataset.

As it was mentioned in [24], 2 contenders were sin-
gled out among the family of YOLO models: YOLOVS,
YOLOV5. The developers independently compared the
accuracy of the classification, detection and segmentation
tasks of the data models (Fig. 2).

Accordingly, it was decided to make our own tests for
selected models in the Small dimension. Since we are
facing an image detection task, the expected advantage
towards YOLOVS is 20% on 640x640 images.

For training, an example from the developers was
used with arguments to improve the quality of training for
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Performance Comparison of
YOLOv8 vs YOLOVS

Model Size | Detection® |Sogmunl.aﬁtm’|¢luuiﬁcstinﬂ

Nano +33.21% +32.97% +3.10%

Small +20.05% +18.62% +1.92%

Medium +10.57% +10.89%

Large +7.96% +6.73%

Xtra Large +6.31% +5.33%

‘Image Size = 640 *Image Size = 224

Figure 2 — Comparative characteristics of the accuracy of dimen-

sional variations of two models depending on the type of task

the YOLOvV8 and YOLOV5 models, respectively. Training
was carried out for 100 epochs. The training results were
evaluated based on such quality indicators as:

— the confusion matrix is a metric that characterizes
how the neural network distinguishes between objects of
different classes;

— P curve — a curve that characterizes the process of
establishing the accuracy value as the number of correctly
defined objects of the class in relation to the total number
of defined objects of this class;

— R curve — a curve that characterizes the process of
setting the recall-y value, which characterizes the ratio of
the number of correctly defined objects of a certain class
to their total number in the data set;

— MAP (:50, 50-95) curve — which characterizes the
formation of the average accuracy value for the confi-
dence threshold of 50% and in the interval from 50 to
95%, respectively. This metric provides an opportunity to
evaluate how the model copes with different thresholds
for accuracy/

Based on the results of training on the created dataset,
the following diagrams describing the performance of 2
models were obtained. The results of the study of PR-
metrics of the models, which characterize the change in
the precision and recall of the parameters of the YOLOv5
and YOLOvV8 models are presented in Fig. 3.

For boats, the degree of correlation between precision
and recall indicators is 0.587 for the NN YOLOv5 model
and 0.617 for the NN YOLOv8 model. The recognition of
buoys occurs with a degree of correlation between the
precision and recall indicators of 0.291 and 0.282 for
YOLOvV5 and YOLOv8 NN models, respectively. For
ships, this indicator is 0.446 and 0.484, when recognizing
drowning people — 0.370 and 0.366, when identifying
swimmers, the correlation coefficient of precision and
recall indicators is 0.665 and 0.707 (there is an advantage
of the NN YOLOvV8 model), and when recognizing on the
other hand, with coefficients of 0.799 and 0.786, the
YOLOvV5 NN model is preferred in the bath of garbage
images.
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Precision-Recall Curve

boat 0,587
buoy 0.291
ship 0,446
sinker 0.370
swimmer 0.665
trash 0.799
—— all classes 0.526 MAPG0.5

08

Precision

0.0 0.2 0.4 0.6 08 1.0

Precision-Recall Curve

boat 0.617
buoy 0.282
ship 0.484
— sinker 0,366
swimmaer 0.707
trash 0.786
= all classes 0.540 mARE0.5

Precision

Figure 3 — PR-metrics of models NN:
a—YOLOvV5; b— YOLOvS

AP is the precision averaged over all completeness
values between 0 and 1[25]. AP is interpreted as finding
the area of the region below the precision-completeness
curve. The mAP50-95 indicator is the average value of
the average accuracy, calculated at different loU threshold
values, varying from 0.50 to 0.95. mAP@0.5 is the aver-
age accuracy calculated at an loU threshold of 0.50. This
is a measure of the accuracy of the model, taking into
account only ‘light” detections.

TP

Precision =———. (1)
TP+ FP
Recall =—1 . ©
TP+FN
area of overlap
loU = — . (3)
area of union

When studying the operation of the prediction filtering
algorithm for each of the detected objects, the ratio of the
planes of the rectangles shown in Fig. 4.

Figure 4 — Intersection of rectangles

AP = [ p(r)dr . @)

Precision and recall values are normalized in range
from O up to 1 that leads to AP being between values of 0
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and 1 also. In additions it is a common practice to smooth
zigzag pattern before calculating AP.

At every recall level, the precision value is adjusted to
match the highest precision observed at any subsequent
recall level on the graph:

Pinterp (1) = fDSX p(r). (5)

The curve spans all recall values (rq, 1y, ...), with a
drop occurring each time the maximum precision value
decreases. Such method provides exact area under pr-
curve after pre-processing steps. With this change, we are
measuring the exact area under the precision-recall curve
after the zigzags are removed. General AP definition
matches the definition of discrete integration of pr-curve.

There’s no need for approximation or interpolation.
We calculate AP by sampling p(r:) at each drop and sum-
ming the resulting rectangular areas:

AP =3 (1 —Tn)- Pinterp (Ma+1) » (6)
Pinterp (Th+1) = max p(r) .
interp \'n+1 For, (7)

The generalized index of precision and recall for all
varieties of studied object classes is higher for YOLOvV8
compared to YOLOV5 and is 0.540 versus 0.526, respec-
tively.

The results of the study of RC-metrics of the models,
which characterize the change in the recall and confidence
of the parameters of the YOLOv5 and YOLOv8 models
are presented in Fig. 5.

The generalized indices of recall and confidence for
all varieties of the studied object classes have roughly
equivalent values for YOLOvV8 compared to YOLOV5 and
are 0.87 versus 0.85, respectively.

The results of the study of PC-metrics of the models,
which characterize the change in the precision and confi-
dence of the parameters of the YOLOvV5 and YOLOv8
models are presented in Fig. 6.
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The generalized indices of precision and confidence
for all varieties of the studied object classes have roughly
equivalent values for YOLOv8 compared to YOLOV5 and

are 0.906 versus 0.905, respectively.

Recall-Confidence Curve

The confusion matrices shown in Fig. 7 a and b, illus-
trate the percentage with which an object of a certain class
will be determined (classified) by an object of another

class for the YOLOv5 and YOLOV8 models, respectively.

Recall-Confidence Curve
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Figure 5 — RC-metrics of models NN
a—YOLOvV5; b- YOLOvS
- Precision-Confidence Curve
— boat : I
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— ship
— sinker
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w— 3l classes 1.00 at 0.905
g H
0.0 0.2 u.ucmmmmn.ﬁ 0.8 10 ol P o"““mﬂnmo 2 08 X0
a b
Figure 6 — PC-metrics of models NN
a-YOLOv5; b—- YOLOvV8
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Figure 7— Confusion matrix for NN
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Examining in more detail the confusion matrices for
the corresponding neural network models for each of the
types of images recognized by objects, we get: the
number of correctly recognized images of boats using
YOLOVS5 is significantly less than YOLOvV8 and is 131
compared to 144 (9% difference); the number of correctly
identified buoys is significantly different, 37 versus 42
(almost 12%); ships are recognized in the number of 70
to 86 (a large difference — about 19%); the number of
images of drowning people is 4 compared to 6 (a very
large difference of 33%), which is due to the small
(unrepresentative) volume of the studied images; the
number of photos of correctly recognized swimmers is

For test purposes, images were mostly marked cor-
rectly without exceptions dependent on object scale. It
can be seen that model detects multiple objects at areas of
actual objects. That type of behavior may be changed with
implementation of bounding boxes filtering algorithm.
Such algorithm reacts on a large cluster of overlapping
detected objects, expanding single bound up to the bor-
ders of the biggest overlapping container so, grouping
object cluster into one large object.

Selective object allocation pattern can be seen with
objects being closer to the imaginary middle horizontal
line being recognized better than others sticking closer to
the top and bottom of the image. Such phenomenon can
be explained with train dataset nature, where most of ob-
jects were placed at horizon level. In advance it can be
seen that false object recognition is completely absent.

For the neural network, the training process of which
is described in the corresponding section, it was necessary
to write means for forming the on-board flight log and
reporting on the found objects. As already mentioned in
the analysis section, the Ultralytics APl was chosen to
interact with the model. It contains varitety of modules for
dataset gathering, processing and filtering and some mod-
ules implement functionality connected with NN training.
API depends on external libraries for some of its func-
tions that installs automatically while using pip. Thus, the
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163 against 176 (7%); recognition of garbage images was
performed with a slight difference of 53 vs. 55 (almost
4%), which leads to greater reliability and reliability of
using the YOLOV8 neural network model compared to
YOLOV5.

4 EXPERIMENTS
Examples below show classification process with re-
duced accuracy threshold down to 0.1 and with clas-
sification task dismissed. Recognized objects located cor-
rectly without explicit classification examples.
Test results depicted at Fig. 8.

b
Figure 8 — Reduced accuracy threshold test results with classification function turned off
a—YOLOV5; b-YOLOV8

script that processes data in OpenCV image format looks
like this:

import numpy as np

import cv2

from ultralytics import YOLO
yolo5_file = "_./models/best5.pt"”
yolo8_file = "./models/best8.pt"
under_test = YOLO(yolo5_Tfile)
test_set =

[cv2.resize(cv2.imread(F''test_images/{i}.pn
g"",cv2._ IMREAD_COLOR), (640,640)) for for
i,data in enumerate(test_set):

r = under_test(data,imgsz = 640,conf=0.1)
print(r)

for s in r:

print(F\n\nIMAGE #{i}'")

boxes = s.boxes.xyxy.tolist()

for box in boxes:

box = list(map(int,box))

print(box)

test_set[i] =
cv2._rectangle(test_set[i1],ptl=(box[0],box[1
D .pt2=(box[2],box[3]),color=(0,0,255), thic
kness=cv2.imshow(’hello’,test_set[i])
cv2.waitkey(0)

# closing all open windows
cv2.destroyAlIWindows()
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Fig. 9 a and b show images obtained after neural net-
work processing. Certain objects are surrounded by sev-
eral rectangles. This occurs due to the lowering of the
accuracy threshold, as a result of which one object is clas-
sified into different classes. This is usually remedied by
better training, but for the reasons mentioned earlier, an-
other solution must be devised. This can be the implemen-
tation of a filter for post-processing of predictions of a
neural network that will expand the boundaries of an ex-
isting rectangle in the case of a sufficient percentage of
overlapping planes or create a new one in another case.

Fig. 10 a and b illustrate the uncertainty of the model
regarding object ownership. We can see how due to the
uncertainty of the model regarding the belonging of the
object to a certain class, double allocation of objects ap-
pears. This can be avoided in two ways: retrain the model
on a new dataset (which is ineffective for the given condi-

tions of solving the problem) or write a filter that will
process the selected objects and combine rectangles in an
elementary way.

The specified block diagram of the algorithm performs
the functions of filtering objects obtained after recogni-
tion by the neural network, namely, it analyzes the pres-
ence of an intersection of the limiting border in the form
of a rectangle with a similar one for the case of the inabil-
ity of the neural network to qualitatively classify this ob-
ject.

Fig. 11 The block diagram of the algorithm shown in
the figure 25 performs the functions of filtering objects
obtained after recognition by the neural network, namely,
it analyzes the presence of an intersection of the limiting
border in the form of a rectangle with a similar one for the
case of the inability of the neural network to qualitatively
classify this object.

Figure 10 — An illustration of the model’s uncertainty about whether an object belongs to a certain class
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begin

Get results from neural network

h
Bring the results to the form of
rectangles with a description in

form of 2 points (top left and
bottom right)

For each resulting
rectangle

No Yes
The boundaries of the
ractangle intersect with the already

asting rectanzle by zt laast 534

h i h i

Initialize the new found
object

Expand the boundaries of
the existing object

Y

Until all predictions
are taken

Figure 11 — Block diagram of the post-processing algorithm

The computational complexity of the algorithm was
O(n). since the algorithm iterates through all received
predictions, the memory complexity is O(log(n)) on
average, O(n) in the worst case, because the resulting
number of predictions either decreases or remains
constant.

As a result of the implementation of the proposed al-
gorithm, the clusters detected by the neural network are
expanded. The set of rectangles in the previous step for
certain objects is combined into one, thus we get rid of
redundant predictions. The specified modification of the
process of recognizing objects against the background of
a reservoir, designed to eliminate redundancy in the pre-
diction process, led to changes in the program script.
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b
Figure 12 — Combining and filtering groupings from multiple
predictions

As a result of the functioning of the proposed script,
the number of recognized images was reduced. Fig. 12 a
and b show how groups from several predictions are
combined and filtered. Unprocessed predictions are
marked in red, combined using the proposed algorithm
and implemented using the created script are in green.

Original predictions are marked in red, post-processed
ones in green. Test results reuire storage in some kind of
logging system in order to perform system evaluation
tests these. TinyDb — built-in Python module was used to
secure image pathes in a single file. Mentioned tiny-db
module does not support image storage unlike more com-
plex systems such as PostgreSQL but this limitation may
be avoided by storing file path in log file separately from
the real extracted image. Limitations, provided in Al
training paragraph, tell that original images also must be
stored since such data may be used for gathering new
dataset.

The general image processing algorithm was adjusted
by implementing a filter to postprocess neural network
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predictions, which improved prediction results by reduc-
ing the number of duplicate recognitions of the same ob-
jects. Scripts are offered that implement the specified
post-processing and allow you to fix log directories of
recognized objects and input images.

5 RESULTS

Gathering all previously said we can come to a con-
clusion objects detection part of the system works fine
with exception of classification part being completely
non-functional. Explanation for this involves dataset ar-
chitecture, data sources, labelling process. These issues
are common among API users and one of authors com-
mented on ways of solving them. It is said that gathering
bigger dataset with relevant data and proper labeling may
reduce rate of misclassification cases.

Described system can be used with few extensions: as
a originally designed system without function of object
classification and also as a system for gathering relevant
data for further implementation in a form of new train
dataset since the current dataset contains of images taken
from sailor boat and cannot perfectly fit goals of UAV
reconnaissance.

A block diagram of the algorithm and corresponding
scripts are proposed, which perform the functions of fil-
tering the objects obtained after recognition by the neural
network, namely, analyze the presence of an intersection
of the limiting border in the form of a rectangle with a
similar one for the case of the inability of the neural net-
work to qualitatively classify this object. As a result of the
implementation of the proposed algorithm, the clusters
detected by the neural network are expanded. The set of
rectangles in the previous step for certain objects is com-
bined into one, thus we get rid of redundant predictions.
For dataset gathering purposes logging subsystem with
usage of tinydb was introduced.

The general image processing algorithm was adjusted
by implementing a filter to postprocess neural network
predictions, which improved prediction results by reduc-
ing the number of duplicate recognitions of the same ob-
jects. Scripts are offered that implement the specified
post-processing and allow you to fix log directories of
recognized objects and input images.
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CONCLUSIONS

The issue of reoccuring object recognition, caused by
lowering the neural network’s accuracy threshold, has
been addressed. An algorithm for filtering predictions
generated by a neural network, which excludes
duplication of predictions, was proposed and tested, and a
cut-off threshold was determined at which the object
would be detected, but there would be no duplication.
This achieves preservation of detection quality while
eliminating duplication.

The scientific novelty consists in adding post-
processing stage to NN predictions pipeline, which is
based on an algorithm similar to the filtering algorithm
already implemented in NN, which supresses NN-
provided reoccuring object detections with provided
algorithm based on image area intersection.

The practical significance of obtained results is
implementation of post-processing algorithm and the
created script based on it, a result was obtained where
groups from several predictions are combined and
filtered. As a result, these findings are saved in the data-
base in the form they were obtained.

Prospects for further research are to improve the
system by using UAVs as mobile cameras that will send
video data to a central station where a sophisticated detec-
tor trained on relevant data will be deployed. This will
make it possible to reduce the load on the UAV (both
physical and informational), as well as reduce the cost of
the UAV by the cost of the platform for deploying Al and
move from the perspective of considering the UAV as a
direct executor of the mission to the perspective of using
it as a manipulator for the human-system Al.
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YK 681.325

MMOCT-OBPOBKA ITPOTHO3IB JJIA NOJINIITEHHS SIKOCTI PO3III3HABAHHS OBF’€KTIB
HA ITOBEPXHI BOJIOMM

Cwmouiii B. M. — 1-p TexH. HayK, mpodecop, mpodecop kKadenpu iHPOpMaIIfHUX CHCTEM Ta TeXHOJorii HamioHansHOTO yHIBEp-
cUTETy 0iopecypciB i MPUPOJOKOPHUCTYBaHHS YKpainu, Kuis, Ykpaina.
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AHOTAUIA

AKTyaJbHiCTh Po00TH 00yMOBIIEHa MacIITAOHUM MOUIMPEHHSAM TEXHOJOT1H IITYYHOTO iHTENEKTY Ha MpOLEC BUSBICHHS i Jie-
Teklii 00’ €KTiB Ha MOBEPXHi BOAoiM 3a momomororo BITJIA. CydacHi noTpedu B MOHITOPHHTY BOIOWM, OCOOJIIMBO B KOHTEKCTI €KO-
JIOTIYHOTO HATJIIY, OXOPOHH Ta YHPaBIIHHS pecypcaMy, BUMAararoTh TOYHUX 1 HaaiifHUX pimens. Llg poboTa nemMoHCTpye MeToau
MMOKpAIEHHS POOOTH HEHPOHHHX MEPEXk 1 MPOIOHYE MiIXoau A0 o0poOku nependadeHs HM, HaBiTh SKIIO BOHU HATPEHOBAaHI Ha
HEpeJIeBaHTHHUX JaHMX, 10 MiJABUILYE YHIBEPCATBHICTD i €peKTHBHICTh TEXHOJIOTI].

MeTta podoTn — BupimeHHs MpobiieMH TIOMUIKOBOTO PO3ITi3HaBaHHs 00’ €KTIiB Ha MOBEPXHI BOIOWM, 1110 00YMOBIICHO 3MEHIICH-
HSIM MOPOTY TOYHOCTI AJIs HeitporHoi Mepexi. e 3abe3neuye TouHilly i HaAIHHINTY JETEKILi0, 3MEHIIYIOYH KUTBKICTh XMOHOIO3H-
THBHHX Mepe10aveHsp 1 MiABUIYI0UH e()eKTHBHICTh CUCTEMH 3arajoM.

MeTtoa. 3ampomnoHOBaHO AOJABaHHA eTamy MocToOpoOku mepexdadens HM, sxuii 6a3yeTbes Ha aqTOPUTMI, CXOKOMY Ha BXKE
BrpoBakeHuit B HM anroputm ¢dinprpanii. Leit axroputm npurHidye moBTOpHE BHSABICHHS 00’€KTa MEPEKEIO Ta CIIUPAETHCS Ha
IUTONII MEepeTHHY BHUSABICHHX HPSMOKYTHUKIB. BiH BUKopucToBye moporose 3HaueHHs 0.8 uIs 1BOX TOYOK HPSIMOKYTHHKA, IO JIO-
3BOJIsI€ €(DEKTHBHO 3HMKYBATH KUIBKICTh TOBTOPHUX Hepea0adeHb Ta MOKPAIyBaTH TOUHICTb.

Pe3yabsTaTn. B pesynbrari BpoBayKeHHs 3aIPOIIOHOBAHOTO AJITOPUTMY i CTBOPEHOTO Ha HOTO OCHOBI CKpHITa OYJI0 JOCSTHYTO
pe3yabTaT, IPU SKOMY YIPYIIOBaHHS 3 KUIBKOX MepeadadyeHb MOEAHYIOThCA Ta GiibTpyroThes. OTpuMaHi aaHi 30epiraroThes B 0asi
JaHUX SIK 3HaiileHi Ta JeTekToBaHi 00’ €KTH. 3alponoHOBaHUIl aJropuT™M NOCTOOPOOKK e(pEeKTHBHO yCyBa€ HAUIMILIKOBI IHependa-
YeHHs, OpH 1bOMY 30epiraroun TOYHICTh mporuo3y. Lle 3abe3nedye HagifHICTh CHCTEMH 1 MiABUILYE i NPOAYKTUBHICTh B peaIbHUX
YMOBax.

BucnHoBku. [lerexToBaHi 300paykeHHsI 00’ €KTIB Ha TIOBEPXHI BOAOIM 30epiraroThes B 0a3i JaHWX Y BUIIIAIL 3aIHCIB 3 YHIKab-
HUMU ifteHTUdikaTopamMu (aifToBUX iMeH. 3aBASKU 3aIIPOIIOHOBAHOMY aJITOPHTMY IOCTOOPOOKH 300paskeHb (POPMYIOTHCS KypHAIN
JUISL BIJTIPAI[bOBAHOI MiCil 3 BUKOPUCTAHHSIM TECTOBHX 300pakeHb, IO 3a0e3nedye BUKIIIOUCHHS MOXIIMBOCTI MyOmoBaHHS iH(Op-
Mamii. Ile migBuITye eeKTUBHICTD Ta HAIHHICT CHCTEMH MOHITOPHHTY, 3a0€3MeUyI0ud TOYHY i CBOEYACHY AETEKIiI0 00 €KTiB Ha
MOBEPXHI BOJIOWM.

KJIFOYOBI CJIOBA: BIUIA, nerekiiisi, po3mi3HaBaHi 00’€KTH, MOBEPXHs BOAOWM, HEHPOHHA Mepexa, HaOIp JTaHWX, MOJCIb,
PO3MoAia 300pa)keHb, MaTPULs MOMUJIOK, HABYAIbHI METPHUKH, 301LIbLICHHS, MO3aldyHe PO3MilleHHsI 300paxkeHb, OcToOpoOKa 30-
OpakeHb, CKPUIIT peaizallii, )KypHaJl BipaboBaHoi Micii, 0a3a gaHHX.
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ABSTRACT

Context. The problem of algorithmization the search for formal solutions of the problem of algebraic synthesis of a finite state
ma-chine with datapath of transitions is considered. The concept of complete and partial solutions of this problem is proposed. The
object of research is the automated synthesis of the finite state machine in the part of the function of transitions without taking into
account the function of outputs. The basis of the algebraic implementation of the transition function is the author's approach to the
transformation of state codes using a set of arithmetic and logical operations. The search for formal solutions to the problem of alge-
braic synthesis is a complex process that requires the use of appropriate methods and algorithms aimed at special coding of states and
mapping of operations of transitions to individual state machine transitions. The use of partial solutions of the problem of algebraic
synthesis can contribute to reducing the executing time of such algorithms and reducing the overall design time of digital control
devices based on a finite state machine with an datapath of transitions.

Objective. Development and research of algorithms for finding complete and partial solutions to the problem of algebraic syn-
thesis of a finite state machine with datapath of transitions.

Method. The research is based on the structure of a finite state machine with datapath of transitions. The synthesis of the circuit
of the state machine involves the preliminary solution of the problem of algebraic synthesis. The result is the so-called formal solu-
tion of this problem, which contains two components. The first component is defined state codes, the second component is arithmetic
and logic operations mapped to separate state machine transitions. Finite state machine can be synthesized in that case if transforma-
tion of given state codes in the process of making transitions is possible using a given set of operations. Verification of this possibil-
ity is carried out using the known matrix approach. It involves the formation and element-by-element mapping of two matrices — the
matrix of transitions and the combined matrix of operations. As a result, a coverage matrix is formed, which reflects the possibility of
implementing (covering) of state machine transitions by specified arithmetic and logic operations. Changing the way of encoding
states or the set of operations can give different solutions to the problem of algebraic synthesis with a greater or lesser number of
covered state machine transitions.

Results. Using the example of an abstract graph-scheme of the control algorithm, it is demonstrated that the solution of the prob-
lem of algebraic synthesis of a finite state machine with datapath of transitions can be considered a situation when one or more state
machine transitions cannot be implemented using a given set of operations. It is proposed to call such situation as a partial solution of
the problem of algebraic synthesis. The implementation of all transitions by specified operations gives a complete solution of this
problem, but the number of complete solutions is always much smaller than the number of partial solutions. Therefore, in the general
case, the search for complete solutions takes much more time and, moreover, is not always possible.

Conclusions. The design of a logical circuit of a finite state machine with datapath of transitions is possible in the case of a com-
plete or partial solution of the problem of algebraic synthesis. In the case of a partial solution, those transitions that cannot be imple-
mented by any of the available operations are implemented in a canonical way using a system of Boolean equations. The search for
complete solutions generally takes more time than the search for partial solutions. This makes actual the development of algorithms
and methods of synthesis of this class of finite state machine, based on the search for partial solutions of the problem of algebraic
synthesis.

KEYWORDS: finite state machine, datapath of transitions, graph-scheme of algorithm, arithmetic and logical operations, alge-
braic synthesis, partial solution.
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ABBREVIATIONS
FSM is a finite state machine;
DT is a datapath of transitions;
GSA is a graph-scheme of algorithm;
TO is a transitions operation.

NOMENCLATURE
A is a sets of FSM states;
Xis a sets of logical conditions;
Y is a sets of microoperations;
M is a number of FSM states;
L is a number of logical conditions analyzed by FSM;
P is a number of microoperations formed by FSM;
R is a bit capacity of state code;
O is a set of transitions operations;
O; is an element of set O;
I is a number of TO;
B is a number of uncovered FSM transitions;
Buin is @ minimal number of uncovered transitions;
Tisa code of FSM current state;
D is a code of next state;
G is a graph-scheme of algorithm.

INTRODUCTION

Digital systems take a significant place in various
spheres of human activity [1]. An integral component of a
digital system is a control unit, the function of which is to
coordinate the operation of all elements of the system [2,
3]. One of the ways of implementing a control unit is a
finite state machine (FSM), in which a given control algo-
rithm is implemented in the form of a logic circuit [4-6].
Compared to other types of control units, FSM is charac-
terized by maximum speed due to the possibility of realiz-
ing multidirectional automatic transitions in one operation
cycle. The disadvantage of FSM circuit is hardware ex-
penses, which are maximum compared to other types of
control units [2, 3, 7]. This worsens such characteristics of
the FSM circuit as cost, energy consumption, dimensions,
reliability, etc. [8, 9]. In this aspect, the scientific and
practical problem of reducing hardware expenses in the
FSM logic circuit is actual [3, 9, 10].

One of the well-known approaches to reducing hard-
ware expenses in the FSM circuit is so-called operational
transformation of state codes [11]. According to it, the
transformation of state codes during state machine transi-
tions is carried out not according to the system of canoni-
cal Boolean equations, but with using of a given set of
arithmetic and logical operations (transitions operations,
TO), which are performed on the code of the current state
of the finite state machine. A set of such operations is
implemented in the form of a set of corresponding combi-
national circuits, which form the so-called datapath of
transitions (DT). The use of DT in the structure of FSM
gives rise to the structure of a finite state machine with
datapath of transitions (FSM with DT) [11]. The reduc-
tion of hardware expenses in the FSM with DT circuit
compared to the canonical FSM is achieved due to the
fact that as part of the DT, each combinational circuit is
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able to implement any number of FSM transitions with
fixed hardware expenses for their implementation.

The synthesis of FSM with DT involves two main
stages: algebraic synthesis and synthesis of the logic cir-
cuit of the FSM based on the results of algebraic synthesis
[12]. Algebraic synthesis of the FSM is currently not suf-
ficiently formalized and is not presented in the form of a
method or an algorithmic and software implementation.
This complicates the process of automated design and
narrows the area of application of this FSM class.

In [13], it is shown that the algebraic synthesis of
FSM with DT is reduced to the solution of the problem of
algebraic synthesis. The search for solutions of this prob-
lem is proposed to be carried out using the comparison of
special matrices, the first of which reflects the system of
transitions of the finite state machine with a given coding
of states, and the second reflects the possibilities of con-
verting state codes using a given set of arithmetic and
logic operations. The rules for constructing and compar-
ing such matrices are considered in [13].

The object of the study is the algebraic synthesis of a
finite state machine with datapath of transitions.

Algebraic synthesis is considered completed under
two conditions: if all states of the FSM are coded; if for
each FSM transition, the transformation of the current
state code into the transition state code can be performed
using one of the specified transitions operations.

The subject of the study are algorithms for finding
complete and partial solutions of the problem of algebraic
synthesis of FSM with DT.

The purpose of the work is the development and
comparative research of algorithms of finding complete
and partial solutions of the problem of algebraic synthesis
of finite state machine with datapath of transitions.

1 PROBLEM STATEMENT

Let the finite state machine with datapath of transi-
tions be given in the form of a graph-scheme of the algo-
rithm (GSA) [3, 10]. According to this GSA, a set of
states A={ay, ..., au}, a set of input signals X={xy, ..., x .}
and a set of microoperations Y={yy, ..., yp} are formed.
The set of transitions operations O = {Oy, ..., O} is also
given. Each element O; € O represents a certain arithme-
tic or logical operation, which provides an appropriate
interpretation of the binary codes of the FSM states. The
GSA and the set O are input data for the algebraic synthe-
sis of FSM with DT.

This article solves the problem of developing algo-
rithms for obtaining complete and partial solutions of
problems of algebraic synthesis of FSM with DT for
given GSA and a set of transition operations.

2 REVIEW OF THE LITERATURE
Known methods of optimizing the logic circuit of a fi-
nite state machine usually lead to changes in its structure
[3, 6, 10]. This article considers the structure of finite
state machine with datapath of transitions [11]. In it, the
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transition function is implemented on the basis of the
datapath of transitions, which provides a set of arithmetic
or logical operations for the transformation of state codes.
The synthesis of FSM with DT is considered in [12].

Let the FSM with DT be given by GSA G (Fig. 1).
The operation vertices of this GSA do not contain
microoperations and are shown empty. This is done in
order to focus precisely on the function of transitions of
the FSM, and not on the function of outputs. The output
function in FSM with DT is implemented in the same way
as in FSM with a canonical structure [2-5, 10] and is not
considered in this paper.

CSan ) a

End do

Figure 1 — Graph-scheme of algorithm G

GSA G contains 8 states of the Moore state machine
[10] & — a;, for coding of which R =3 binary digits are
sufficient. GSA contains both conditional and uncondi-
tional FSM transitions, the total number of which is 12.

Let the set of TO O = {0y, O,, Oz} be also given,
where

Ou:D=T+ 1y 1)
0, D=T v 010, (2)
O0::D=T® 110,. 3)

In expressions (1)-(3), the symbol T means code of
current state, the symbol D means code of transition state.
TO Oq represents the addition of one, TO O, is a disjunc-
tion with binary constant 010, TO Os is XOR operation
with binary constant 110.

© Babakov R. M., Barkalov A. A, Titarenko L. A., Voitenko M. O., 2024
DOI 10.15588/1607-3274-2024-4-14

The result of any TO is code of transition state of the
FSM. This means that result of TO must always have the
same bit size as the argument of TO (current state code).
This bit size in the article is denoted by the symbol R and
for GSA G is equal to 3. If TO O, and O3 are bitwise
logical operations, TO O is an arithmetic operation (in-
crement). If result of the increment is one digit greater
than the argument, R lower digits should be taken as the
result of the TO. Therefore, it is more correct to write TO
0, as follows:

O.::D= (T + 110) mod 8. (4)

Here, mod means modulo — the operation of taking the
remainder of a devision the value (T + 1;0) by 8, where
the number 8 is calculated as 2% This is equivalent to
taking three lower digits from the increment result.

All arithmetic and logical operations should be ar-
ranged in a similar way. For example, if the logical opera-
tion of a cyclic bit shift is used, the shift must be carried
out within R bits, that is, within the bit size of the state
code of the FSM. If the arithmetic operation of adding the
decimal constant 5 is used, its result is also taken modulo
2% =8. That is, (6 + 5) mod 8 = 3.

Now consider the algebraic synthesis of FSM with
DT. It consists in the coordinated execution of the follow-
ing actions [12]:

1) each state of the FSM is assigned an unique code
from a set of admissible state codes (usually from the
range of integers [0; 2R-1]);

2) each FSM transition is mapped to a certain opera-
tion from the set O (the same operation can be mapped to
several transitions).

The result of these actions should be the operational
implementation of all or the vast majority of state ma-
chine transitions. A transition has an operational imple-
mentation if the code of the initial state is transformed
into the code of the state of the transition using the TO
mapped to this transition. If none of the given TOs allows
such a transformation, the transition has no operational
implementation with the selected states coding and the
given set of TOs.

In Fig. 2 an example of operational implementation of
all transitions of GSA G for the set of TOs formed by
operations (1)—(3) is shown.

In Fig. 2, the decimal code of state and its binary
equivalent are recorded in each vertex marked by the state
of the Moore FSM. Decimal codes should be considered
when the transition to this state or from this state is car-
ried out using an arithmetic TO. Binary codes are required
in the case of using logical TO. Also in Fig. 2, each tran-
sition branch is marked by an operation mapped at this
transition. For ease of understanding, TO O, is marked
with “+1”, TO O, — with “v 010”, TO O3 — with “® 110”.

It can be noted that in Fig. 2, each FSM transition is
implemented (covered) by one of the given TOs. For ex-
ample, a conditional transition from state a; with code
310 =011, to state a; with code 555 = 101, is covered by
the operation “® 110", since 011, ® 110, = 101,.
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410 = 1002 a.()
> +1

do

Figure 2 — Example of operational implementation
of all transitions of GSA G

From Fig. 2, you can see that each TO is used to im-
plement several FSM transitions. However, as part of the
datapath of transitions, the circuit of each TO has fixed
structure and fixed hardware expenses, which do not de-
pend on the number of FSM transitions covered by this
TO [11, 12]. For a large-sized GSA, the incrementer cir-
cuit can implement dozens and hundreds of transitions
with fixed hardware expenses for their implementation.
This is the basis of the well-known class of counter-based
finite state machines [2]. FSM with DT is positioned as a
generalization of an FSM with counter for the case of
using a set of different arithmetic and logical operations.
It is the possibility of implementing many FSM transi-
tions with the help of a fixed set of TOs with fixed hard-
ware expenses that ensures the saving of resources for the
implementation the transition function of the FSM with
DT compared to the canonical FSM [11].

If the states are coded in a different way or a different
set of TOs is specified, part of the FSM transitions may
remain uncovered. Consider a fragment of Fig. 2, in
which codes of states of a, and a; are swapped (Fig. 3).

On this fragment, transitions a;—a,, az—»a; and
a3—a, cannot be realized by any of the TOs O; — Os;. At
the same time, the transition a,—a; can be implemented
using TO Os. So, changing the codes of the two states
added three FSM transitions, not covered by any of the
given TOs.
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110 = 0012 dg

Figure 3 — Fragment of GSA G with uncovered
state machine transitions

After carrying out the algebraic synthesis of FSM with
DT, there is a stage of synthesis of the logical circuit of
the FSM. This stage, in contrast to algebraic synthesis, is
sufficiently formalized and is discussed in [12].

In [13], the situation when all FSM transitions are
covered by given TOs is called a “formal solution to the
problem of algebraic synthesis of FSM with DT”. The
term “formal” here means that in the presence of such a
solution, the functioning of the FSM is possible according
to the principle of operational transformation of state
codes and the synthesis of the logical circuit of the FSM
is possible. The formal solution does not guarantee a re-
duction in the hardware expenses in the FSM circuit, but
only ensures the functioning of the FSM based on the
datapath of transitions.

The examples given in [13] demonstrate the possibil-
ity of the existence of a set of formal solutions of the
problem of algebraic synthesis for a given GSA. Also in
[13] the concepts of effective and optimal solutions are
introduced. These solutions form proper subsets on the set
of formal solutions. They are interesting in that their use
makes it possible to obtain a gain in hardware expenses in
the resulting circuit of the FSM with DT compared to
other FSM structures.

It should be noted that the synthesis of the logical cir-
cuit of FSM with DT is possible even if part of FSM tran-
sitions remains uncovered by existing transitions opera-
tions [14]. In this case, all transitions not covered by TOs
are implemented separately from other transitions accord-
ing to the same principle as in the transition circuit of
canonical FSM [2, 3, 10]. For them, a system of Boolean
equations of the form (5) is formed, for which a corre-
sponding combinational circuit is synthesized.

D =D (T, X). 5)

In expression (5), the transition function D depends on
the current state T and input signals X. The number of
system equations is equal to R (bit size of the state code).

The combinational circuit synthesized in this way is
considered as one of the operations of set O. It is added to
the datapath of transitions and receives a separate code,
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according to which its output is multiplexed with the out-
puts of other OPs circuits. For the considered example,
the structure of the datapath is shown in Fig. 4. Blocks
0O, — O3 correspond to transitions operations from the set
O. Block O, contains a combinational circuit constructed
according to equation (5). It can be considered that the O,4
block implements a non-standard logical TO, which is
performed on the code of the current state T and the input
signals X. The synthesis of such block is discussed in de-
tail in [14]. In Fig. 4, the multiplexer MUX under the con-
trol of the signals of the TO code W forms the code of the
next state D, which enters the memory register of the
FSM (not shown in the figure).

T » Ol
» 02 »
MUX+—» D
» 0O, »
X ——>» Os LA
w

Figure 4 — Structure of datapath of transitions
in case of canonical realization of several transitions

3 MATERIALS AND METHODS

According to the results of algebraic synthesis, two
situations are possible:

1. All FSM transitions are covered by the specified
TOs.

2. Part of FSM transitions remained not covered by
the given TOs and should be implemented in a canonical
way according to the system of Boolean equations.

Let us clarify the meaning of a formal solution of the
problem of algebraic synthesis of FSM with DT, given in
[13]. We will consider the result of algebraic synthesis to
be a formal solution, regardless of the number of covered
transitions. To distinguish between full and partial cover-
age of transitions, we introduce the following definitions.

A solution in which all FSM transitions are covered
by a given set of transitions operations will be called a
complete solution of the problem of algebraic synthesis of
FSM with DT.

A partial solution of the problem of algebraic synthe-
sis of FSM with DT will be called a solution in which part
of the transitions remains uncovered by a given set of
TOs.

In a partial solution, the number of uncovered transi-
tions can vary from 1 to the total number of all transitions
of a given FSM. In the extreme case, if all transitions re-
main uncovered, the FSM with DT degenerates into a
canonical FSM with the according structure [3, 10].

The purpose of differentiating complete and partial so-
lutions is as follows.
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Currently, there are no effective algorithms for finding
complete solutions to the problem of algebraic synthesis
of FSM with DT. It is not obvious what codes should be
assigned to the FSM states so that all transitions be cov-
ered by a given set of operations. With a fixed set of TOs,
the search for formal solutions can be reduced to enu-
meration of variants for coding states with a set of admis-
sible codes. For each encoding variant, a transition cover-
age check must be performed.

During the enumeration of variants of states encoding,
the complete solution can be found at the beginning of the
enumeration, at the very end of the enumeration, or not
found at all. At the same time, going through all possible
options for coding states requires considerable time. If the
GSA contains M states, for the coding of which R binary
bits are enough, then the number of state coding variants
N is determined by expression (6).

@

- , 6
@R-m) ©

For our example, with R=3, M=8, we have
N =40320 (taking into account O! =1). However, for
FSM with 10 states, we will get N = 29-10° coding vari-
ants. For GSA with M > 16, the number of state coding
variants does not allow considering all variants within
reasonable time limits.

We will proceed from the assumption that all com-
plete solutions will lead to the same or similar hardware
expenses in the FSM circuit. Therefore, it is sufficient to
find only one complete solution, after which the enumera-
tion of state coding variants can be stopped. This allows
us to propose an algorithm for finding a complete solution
to the problem of algebraic synthesis of FSM with DT,
the flowchart of which is shown in Fig. 5.

The peculiarity of this algorithm is that the search for
a solution takes place until the first solution is found. At
the same time, the algorithm does not guarantee finding a
complete solution, since a complete solution may not ex-
ist for a given GSA and a given set of TOs. The following
statements should be considered valid:

1. The probability of finding a complete solution in-
creases with an increase in the number of transitions op-
erations used.

2. The probability of finding a complete solution de-
creases with an increase in the number of FSM states with
a fixed set of TO.

It follows from the first statement that the smaller the
number of TOs used, the lower the probability of finding
a complete solution. However, the economy of hardware
expenses in the circuit of FSM with DT is achieved pre-
cisely due to the reduction of the number of TOs and the
simplification of the circuit of datapath of transitions.
Therefore, the desire to reduce the number of used TOs
contributes to the failure to find complete solutions.

It follows from the second statement that increasing
the complexity of the control algorithm implemented by
FSM also does not contribute to finding complete solu-
tions. The complexity of the algorithm in this case is
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measured by the number of its states, which affects the bit
size R of state code. Therefore, the more complex the
FSM is, the more difficult it is to cover all its transitions
with a given set of TOs, since the number of state coding
variants increases, according to (5), in a non-linear de-

pendence.
START

Choosing of the bit size of binary state codes
and formation of a set of admissible codes

" ", R
Assignment of a set of transitions operations
and determination of methods of interpretation
\of state codes for each TO

e . . A
Organization of a complete enumeration for
variants of coding states with codes from a set

of permissible state codes
N J

J

Choosing the next variant of state coding ’

Complete solution
found

All variants of
coding are considered

No

Yes

>
)l

END

Figure 5 — Flowchart of algorithm of finding
a complete solution of problem of algebraic synthesis
for given set of transitions operations

Thus, the desire to reduce the number of TOs and the
increasing complexity of control algorithms decrease the
probability and increase the time of finding complete so-
lutions to the problem of algebraic synthesis. The algo-
rithm shown in Fig. 5 should be used only if, for some
reason, it is inadmissible to have uncovered transitions
and to implement them in a canonical way using a system
of Boolean equations. The following can be considered as
such reasons:

— the task was set to reduce hardware expenses in the
FSM with DT to the minimum possible level;

— a pre-synthesized device is used as an DT, which
cannot be changed.

If the algorithm for finding a complete solution does
not find a result, the algebraic synthesis of FSM with DT
under the given conditions becomes impossible. To elimi-
nate this shortcoming, an algorithm for finding a partial
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solution is proposed, the generalized flowchart of which
is shown in Fig. 6.

START

(Choosing of the bit size of binary state codes\
and formation of a set of admissible codes

. J
- | N
Assignment of a set of transitions operations
and determination of methods of interpretation
\of state codes for each TO

. . N
Minimal number of uncovered transitions By,
is taking equal to total number of FSM transi-
\tions

J

J

e o - A
Organization of a complete enumeration for
variants of coding states with codes from a set
\of permissible state codes

J

P

[ Choosing the next variant of state coding ]

(Determination of the number of uncovered]

transitions B

Complete solution
found (B = 0)

Consider the current partial solution the best
and replace the By, value with B

The time for finding
solutions is over

All variants of state
coding are considered

No

Yes

A A

END

Figure 6 — Flowchart of algorithm of finding
a partial solution of problem of algebraic synthesis
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The differences between this algorithm and the algorithm
for finding a complete solution are as follows.

1. This algorithm always gives a result sufficient for the
synthesis of the logic circuit of the FSM. This result can be
either a complete solution or a partial solution, but it will
always be found. The algorithm for finding a complete solu-
tion (Fig. 5) may not give a result at all, which will make
algebraic and further synthesis of the FSM impossible.

2. If the time constraints are set, the algorithm in the
given time finds among the considered partial solutions one
that has the minimum number of uncovered transitions. This
makes it possible to maximally simplify the circuit that cor-
responds to the canonical implementation of uncovered tran-
sitions.

3. If time constraints are not specified, the algorithm after
enumeration through all possible states coding variants gives
the best possible result for a given GSA with a given set of
transitions operations. It can be either a complete or a partial
solution, which can be considered optimal under the given
conditions of algebraic synthesis.

As in the previous algorithm, when developing the algo-
rithm for finding partial solutions, the assumption was made
that all complete solutions that exist for a given GSA and set
of TOs lead to the same or close values of hardware ex-
penses in the circuit of FSM. So, in the case of finding a
complete solution, the algorithm finishes its work, and the
found result is considered the best among all possible ones.

4 EXPERIMENTS

As part of experimental research, the proposed algorithm
for finding partial solutions to the problem of algebraic syn-
thesis of FSM with DT (Fig. 6) was implemented as a Python
program. The implementation of the algorithm is universal
and can be applied to any GSA specified by a file in the
KISS format [15]. The purpose of the experiments was to
reveal the ability of the algorithm to find partial solutions
with the minimum possible number of uncovered transitions.
The course of the experiments was as follows.

1. The FSM is given by GSA G (Fig. 1).

2. The program implements an enumeration of all possi-
ble variants of coding states with three-bit binary codes. In
the process of enumeration, the set of TOs remained fixed.
When finding a complete solution, the program continues the
further enumeration of variants, and does not interrupt the
search, as the algorithm predicts.

3. To determine the number of uncovered transitions, the
matrix approach proposed in [10] is used. For fast processing
of matrices, the standard Numpy library of the Python lan-
guage is used.

4. Since GSA G contains only 12 transitions, the program
counts not only the number of complete solutions, but also
the number of partial solutions that contain one or two un-
covered transitions. Such solutions for small-sized GSA can
be considered as close as possible to a complete solution.
The number of found complete solutions is also counted.

5. The experiment was repeated for different sets of tran-
sition operations.

Each experiment (each enumeration of all variants of
states encoding for a certain set of TOs) lasted, in the case of
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GSA G, about one second. During this time, according to (5),
40320 state coding variants were enumerated.

5 RESULTS

Table 1 contains the results of research on the number of
complete and partial solutions for GSA G and three TOs.
Each row of the table 1 corresponds to the results of one
conducted experiment. The table columns contain the follow-
ing data:

1. The “Transitions operations” column shows three tran-
sitions operations used in each of the experiments. They are
artificially selected so that there is at least one complete solu-
tion for them. Operations have designations similar to the
designations in Fig. 2. For example, the mark “v 110,”
means the disjunction operation of the current state code
with the binary constant 110.

2. In the “0” column the number of complete solutions
found (i.e., solutions that have zero non-covered transitions)
is indicated.

3. Columns “~1” and “-2” indicate the number of found
partial solutions that have one or two non-covered transi-
tions, respectively.

Table 1 — Number of complete and partial solutions
for GSA G with using three TOs

Transitions operations 0 -1 -2
+1 +2 X2 1 18 80
+1 +2 x 4 1 17 58
+1 + 2 +4 8 16 184
+1 +2 ® 101, 8 56 200
+1 +2 ® 011, 4 20 122
+1 +2 ® 110, 4 4 58
+1 +2 v 111, 1 16 50
+1 +2 v 110, 2 10 41
+1 +2 & 001, 2 10 41
+1 +2 & 100, 2 12 70
+1 +2 +2 2 19 109
+1 +2 +4 1 19 78
+5 v 010, | @110, 4 4 58
+1 v 010, @ 110, 4 4 58
+3 +6 v 010, 4 4 58
+5 ® 010, @ 110, 8 8 160

Content of Table 1 demonstrates that in most cases the
number of partial solutions with one uncovered transition
exceeds the number of complete solutions. The number of
partial solutions with two uncovered transitions in the con-
ducted experiment always exceeds the number of solutions
with one uncovered transition.

The fact that the values in the “-2” column exceed the
values in the “~1” and “0” columns allows us to expect that
during a full search, a partial solution with two uncovered
transitions will be found earlier (and in less time) than solu-
tion with one uncovered transition or a complete solution. If,
with two uncovered transitions, the resulting circuit of the
FSM still has a satisfactory gain in hardware expenses, the
search for such partial solutions can significantly speed up
the process of algebraic synthesis.

Additional experiments showed that the number of solu-
tions with three uncovered transitions is several times greater
than the value in the “~2” column. Therefore, the search for
less efficient solutions takes less time on average than the
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search for more efficient solutions. This is relevant in cases
of GSA of large size, for which a complete enumeration of
state coding variants is impossible within acceptable time
limits.

Note that the third line from the bottom of the table
shows 4 found complete solutions, one of which is shown as
an example in Fig. 2.

The purpose of the following experiment is to determine
the number of partial solutions with one and two uncovered
transitions, provided that no complete solution exists for a
given set of TOs (column “0” contains zero values). The
results of the experiment are shown in the Table 2, the struc-
ture of which is similar to Table 1.

Table 2 — Number of partial solutions for GSA G
in the absence of complete solutions

Transitions operations 0 -1 -2
+1 +2 +3 0 40 312
+2 +3 +4 0 24 184
+2 +3 x 2 0 0 25
+1 x4 +2 0 0 26
+1 ® 011, +2 0 1 11
+2 v 011, +2 0 1 7
+1 &011, | @101, 0 3 28
+3 x 2 ® 110, 0 1 35
v 001, & 010, ® 011, 0 0 4
® 101, ® 110, @111, 0 0 96
+1 +5 @ 100, 0 128 320
x4 +2 @ 110, 0 2 12
x 2 +4 ® 011, 0 2 12
+2 +2 ® 011, 0 2 54
+3 & 101, v 110, 0 2 18
+2 ® 011, v 100, 0 2 20

Content of Table 2 demonstrates for each of the con-
sidered sets of operations the existence of partial solutions
in the absence of complete solutions. This allows for the
synthesis of FSM with DT, provided that the partial solu-
tion leads to a decrease in hardware expenses in the FSM
circuit.

6 DISCUSSION

The proposed algorithms for finding complete and partial
solutions to the problem of algebraic synthesis of FSM with
DT are based on the assumption that the set of transitions
operations is given and fixed. Even under this condition, the
number of variants of states encoding for GSA of medium
size is too large for the practical application of algorithms.
Reducing the time to perform enumerations of variants is
possible thanks to the application of methods and algorithms
of partial enumeration, as well as due to the parallelization of
the search process with an orientation to multiprocessor sys-
tems.

Meanwhile, fixing the set of TOs in the general case is
not mandatory. Nothing prevents you from making an “ex-
ternal” enumeration of various TOs, inside which there will
be an “internal” enumeration of states coding variants. This,
on the one hand, will increase the total number of iterations
of the algorithm, and on the other hand, it can contribute to
faster finding of effective solutions.

Algorithms for the rational formation of a set of TOs can
be developed instead of enumeration of TOs. In this aspect,
the algorithms proposed in this article will allow, on the ex-
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ample of small GSAs, to investigate the effectiveness of the
application of certain TOs, spreading the obtained results to
large GSAs.

CONCLUSIONS

The article proposes a solution to the scientific problem
of developing algorithms for finding complete and partial
solutions to the problem of algebraic synthesis of a finite
state machine with datapath of transitions. The conducted
research is a component of a broader scientific problem de-
voted to the design automatization of this class of finite state
machines.

The scientific novelty of the article lies in the fact that
for the first time algorithms for finding complete and partial
solutions to the problem of algebraic synthesis have been
developed, implemented and researched. Research of test
GSA using the developed algorithms showed that for various
sets of transitions operations, the number of partial solutions
significantly exceeds the number of complete solutions. This
emphasizes the relevance of the development of algorithms
for the search of partial solutions using a shortened enumera-
tion of state coding variants.

The practical use of obtained results is possible in the
development of methods and algorithms of synthesis of FSM
with DT within the framework of specialized CADs of digi-
tal control devices.

Prospects for further research consist in solving a
range of scientific and practical problems related to the op-
timization of work time of proposed algorithms due to de-
velopment of methods for shorted enumerations of variants
of coding FSM states. This will make it possible to apply
algorithms and carry out algebraic synthesis of FSM with DT
for large-sized GSA, as well as automatically generate
VHDL code for synthesizing FSM circuit in modern elemen-
tary bases [2, 5, 8, 9, 16].
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AHOTALIA

AkTyanbHicTb. Po3risiHyTO 3aauy anropuTMizauii nouryky GhopManibHUX po3B’s3KiB 3aaui anreOpaidtHOro CHHTE3y MiKpOIPOrpaMHO-
ro aBroMara 3 ONEpalliiHUM aBTOMATOM IEPEeXO/iB. 3apolOHOBAHO MOHSATTS MOBHOTO Ta YaCTKOBOTO PO3B’s3KiB i€l 3agadi. O6’eKTOM
JIOCITIKEHHS € aBTOMATU30BaHUI CHHTE3 aBTOMATa B YaCTHHI (yHKIIT epexo/iB 6e3 ypaxyBaHHs QyHKIIi BuxoaiB. B ocHOBI anrebpaivuHoi
peamizauii GyHKIIT nepexoiB 3HaXOAUTHCS aBTOPCHKUH MIiAXIN 0 MEPEeTBOPEHHS KOMAIB CTaHIB 3a JOMOMOIOK MHOXXHHHM apU()METHKO-
noriyeux omepaniid. ITomyk GopmaabHUX po3B’A3KiB 3a7aui aareOpaiyHOro CHHTE3Y € CKJIAJIHUM IPOIECOM, IO ITOTPedy€e BUKOPUCTAHHS
BIJIMOBIIHMX METOJIB i aTOPUTMIB, CIIPSIMOBAHHUX Ha CIeLiaJibHe KOJYBaHHS CTaHIB Ta 3iCTaBJICHHS ONepalliif Mepexo/IiB OKpeMUM aBTOMa-
THUM TepexonaM. BUKOpUCTaHHS 4acTKOBHX PO3B’S3KIB 3a7ayi anreOpaiyHOro CHHTE3y MOXKE CIPHUSITH 3MEHIICHHIO 4acy pOOOTH TaKhX
aJITOPUTMIB Ta 3MEHIICHHIO 3arajibHOr0 4acy MpOeKTyBaHHs HHU(POBHX MPUCTPOIB KepyBaHHs Ha 0a3i MiKpOIPOrpaMHOrO aBTOMara 3 Ore-
pauifHIM aBTOMaTOM IIEPEXOIiB.

Meta. Po3po0Oka i TOCIiDKEHHS aJIrOPUTMIB TOLIYKY HOBHOTO 1 YaCTKOBOTO PO3B’A3KIB 3a1a4i aareOpaiqHOro CHHTE3y MIKpOHIporpam-
HOTO aBTOMAaTa 3 OMepaliifHiM aBTOMaTOM MIEPEXO/IiB.

Meton. B 0CHOBY JOCIIDKSHHSI MOKJIAJCHO CTPYKTYPY MiKPOIPOrpaMHOIrO aBTOMaTa 3 OIepaliiiiHiuM aBToMaroM nepexoniB. CuHre3
CXEMHU aBTOMaTa Iependavac IomepeIHe po3B’s3aHHs 3anadi aaredpaiyHoro cuuresy. PesynbraroM € Tak 3BaHuUi (opManbHUIl PO3B’A30K
i€l 3a1ayi, sKuil MiCTUTH B c001 1BI CKki1agoBuX. [1epiioro CKi1aoBoOI0 € BU3HAYCHI KOH CTaHIB, IPYrO0 CKIIAJ0BOI0 — apr(METHKO-TOTI4H]
oreparii, 31CTaBIeHI OKPEMHMM aBTOMATHHM IepexonaM. ABTOMAT MOXe OyTH CHHTE30BaHMI B TOMY BHIIAJKY, SIKIIO IPH 3aJaHUX KOAAX
CTaHiB iX MEPEeTBOPEHHS B MPOIIECi BUKOHAHHS MEPEXO0/1iB MOXKJIMBE 3a JOIIOMOT0I0 33/1aH0T MHOXHUHH ornepaiii. [TepeBipka 1€l MOXIUBOCTI
3IiHCHIOETBCA 32 TOMOMOTOI0 BiJOMOTO MaTPHYHOrO minxoxy. Bim mepenbauae ¢popMyBaHHS i HOEIEMEHTHE 3iCTABICHHS IBOX MATPUIb —
MAaTpHIIi TIepexoIiB 1 00’ eqHaHOi MaTpHili onepailiid. B pe3ynbraTi popMyeThCss MaTPHUIIsL MOKPUTTS, sIKa BioOpakae MOXKIIMBICTh peasi3artii
(MOKPHTTS) aBTOMATHUX MEPEXO/IiB 3a JOMOMOrOI0 33/IaHUX apU(PMETHKO-JIOTIYHKUX oreparii. 3MiHa crocody KoayBaHHs cTaHiB abo Habip
orepauiil Mojke JaBaTH iHILII PO3B’SA3KH 3ajaui anredpaiyHOro CUHTE3y 3 OLIBIIOI0 YM MEHIION KUIBKICTIO MOKPUTHX aBTOMATHUX IMEpexo-
IUiB.

PesyabraTn. Ha npuxiazai abetpakTHOT rpad-cXeMHu allrOpUTMY KepyBaHHS IPOJIEMOHCTPOBAHO, 1110 PO3B’SI3KOM 3aj1adi anreOpaiqHoro
CHHTE3y MIKpOIPOrpaMHOTo aBTOMATa 3 OlepalifHiM aBTOMaTOM IMEPEXO/IiB MOXKE BBaXKATHCh CUTYaIlisl, KOJIH OJUH a0o0 OlIblle aBTOMAT-
HUX MEPEeXO/IiB He MOXKYTh OyTH peaii3oBaHi 3a JOMOMOr00 3aIaHOr0 Habopy omepauiii. Taky CUTyallilo 3aponOHOBAaHO Ha3UBATH YaCTKO-
BHM PO3B’SI3KOM 3ajavi anreOpaidHoro cuHTe3y. Peamizaiis ycix 6e3 BHHATKY MEpeXO/iB 3a JOMOMOrOM 3a/JaHHX OMepailiid 1a€ MOBHHI
PO3B’30K L€l 3a1a4i, OIHAK KUJIbKICTh MOBHUX PO3B’SI3KIB 3aBXK/AU € 3HAYHO MEHIIIOK 32 KUIBKICTh YaCTKOBHX pO3B’s3kiB. OTxke, B 3araiib-
HOMY BUIIJIKy TIOIIYK MOBHUX PO3B’sI3KiB 3aiiMae HabaraTo OUIbIIE Yacy i 10 TOTO X € HE 3aBKAN MOKINBUM.

BucHoBkH. [IpoekTyBaHHS JIOTTYHOI CXeMH MiKpOIIPOTPAaMHOTO aBTOMAara 3 OINEpaLliiiHIM aBTOMATOM IEPEXOiB MOXKIIUBE Y BHIAIKY
HAsBHOCTI TIOBHOTO 200 YacCTKOBOTO PO3B’sI3KY 3a/adi anreOpaidHoro cuHTe3y. Y BHUIMAAKY YaCTKOBOTO PO3B’S3KY Ti MEPEXOIH, SKi HE MO-
KyTh OyTH peasi3oBaHi )KOJHOIO 3 HAassBHUX OIEpalliid, peani3yloThCsi B KAHOHIYHUHN CHOCi0 3a JI0MOMOTOK CUCTeMH OylieBUX PiBHsHb. [1o-
LIyK MOBHUX PO3B’SI3KIB B 3araJILHOMY BHUIAJIKy IOTpedye Oiblle Yacy, HiK IMOLIyK YaCTKOBHUX Po3B’s3KiB. Lle poOUTh akTyanbHUM po3pob-
Ky aJIrOPUTMIB i METO/IIB CHHTE3y JIaHOTO KJIacy aBTOMATIB, OCHOBAaHHX Ha MOIIYKY YaCTKOBUX PO3B’s3KiB 3a/1a4i allreOpaiyHOro CHHTE3Y.

KJIFOUYOBI CJIOBA: mikporporpaMHuii aBTOMAT, OINEpaliifiHuil aBTOMAT MEepexoiB, rpad-cxemMa alroputMmy, apu(pMeTHKO-I0Ti4HI
omeparlii, aredpaiyHuil CHHTE3, YaCTKOBHUH PO3B’S30K.
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ABSTRACT

Context. Radar, thermal imaging, and video surveillance means are actively used in the protection of the state border. Together
with the appropriate communication equipment, they allow to create optoelectronic surveillance systems, which are the basis for the
intellectualization of border protection. The effectiveness of such systems is significantly affected by the peculiarities of their
functional and structural design. A rational structural design, even in difficult physical and geographical conditions, allows for a high
level of surveillance efficiency. However, the functional component also has a significant impact on improving the system efficiency.
In many cases, the functioning of the elements of the optoelectronic surveillance system occurs under conditions of power supply
restrictions. Such limitations determine the need for a rational choice of modes of use of certain types of surveillance equipment at
certain time intervals in order to ensure effective surveillance, taking into account the time of day and weather conditions. The
imperfection of the scientific and methodological apparatus for optimizing the functioning of optoelectronic surveillance systems
determines the relevance of this study.

Objective. The aim of the work is to develop a methodology for optimizing the optoelectronic surveillance system functioning
by rationally selecting the modes of operation of different types of surveillance equipment in certain time intervals, taking into
account the time of day and weather conditions in which they are used.

Methods. The paper sets and investigates the two-criteria problem of choosing the modes of operation of different types of ob-
servation equipment of an optoelectronic surveillance system at separate time intervals, taking into account the time of day and
weather conditions in which they are used, which ensures maximizing the efficiency of the optoelectronic surveillance system while
minimizing the power consumed by active types of surveillance equipment in the presence of boundary restrictions on the efficiency
and power consumed by the system.

The proposed indicator for assessing the effectiveness of the system allows us to assess the level of impossibility of uncontrolled
crossing of the perimeter of the protected area by an intruder. The peculiarity of this methodology is the possibility of ensuring a
significant reduction in the level of energy consumption by the system components due to a slight decrease in the efficiency of
monitoring.

Results. The paper proposes an alternative approach to assessing the effectiveness of the optoelectronic surveillance system, the
idea of which is that instead of assessing the effectiveness of surveillance over the entire sector of the controlled area of the border,
the effectiveness of control is assessed only along the perimeter of this area. This approach significantly reduces the computational
complexity of the problem of finding the value of efficiency which further simplifies the solution of problems of structural
optimization of surveillance systems. A software and algorithmic implementation of the methodology for optimizing the functioning
of an optoelectronic surveillance system is proposed. Using the developed software, a rational choice of modes of operation of
certain types of surveillance equipment at certain time intervals was carried out taking into account the time of day and weather
conditions.

Conclusions. The use of the proposed methodology makes it possible to optimize the modes of operation of the optoelectronic
surveillance system, taking into account the limiting factors in terms of efficiency and power consumption when using the same types
of surveillance equipment on all towers of the system. A possible direction for improving the methodology is its adaptation to cases
where different types of surveillance equipment are used on different towers of the system.

KEYWORDS: optoelectronic surveillance system, methodology, optimization, efficiency, power consumption, algorithm.

ABBREVIATIONS T — period of time during which the functioning of the
SBGSU - State Border Guard Service of Ukraine; OSS is studied;
OSS - optoelectronic surveillance system. t; (i=[0,s]) — start times of the studied elementary dis-
crete time ranges in the time interval during which the
NOMENCLATURE functioning of the OSS is studied;
Y — set of weather conditions; to — moment of the beginning of the first elementary
yi (i=[1,u]) - elements of the set of weather discrete time range in the interval T (the moment of the
conditions; beginning of the period T);
T, — time of day; t; — start time of the last elementary discrete time
T.,Tm— light, dark periods of the day; range in the interval T;
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N; (j=[1,k]) — number of surveillance devices of the j-
th type operating in the OSS during an elementary dis-
crete time range starting at t; time;

Pis (7=[1,k]) = power consumption of electricity by
the j-th type of observation means during an elementary
discrete time range starting at t; time, characterized by
specific y; weather conditions (for example, from a
weather forecast service) and the period of day;

P+ — power of electricity consumed by active types of
OSS monitoring devices during the T studied period T;

Po — maximum permissible power limit of the
consumed electricity by active types of OSS monitoring
equipment during the T studied period;

Ejy — effectiveness of the j-th type of observation

means during an elementary discrete time range starting at
t; time, characterized by specific weather conditions y; (for
example, from a weather forecast service) and the period
of day;

Er — effectiveness of the OSS during the T studied
period in detecting the fact of violation of the border
section perimeter;

Ey — minimum permissible limit of OSS efficiency
during the T studied period;

pvi(pij, Vi, X, y) — probability of detecting a target by a
surveillance device of the k-th type located at p;; point, in
an elementary section of the studied control area with a
centre at point (x, y) and under weather conditions y;.

INTRODUCTION

Reliable protection of Ukrainian borders is an absolute
guarantee of their inviolability in peacetime. In today’s
environment, effective protection is impossible without
proper engineering equipment and border arrangements.
This equipment, in particular, includes the latest technical
surveillance equipment, such as thermal imaging cameras,
modern radar stations and video cameras, as well as
modern communication means. The effectiveness of a
surveillance system built with such equipment depends
heavily on the perfection of its structural and functional
organization, as well as the compliance of the chosen
mode of use of the equipment with the weather and other
conditions in which the surveillance is carried out. When
solving the problems of structural optimization of the
surveillance system, the use of the effectiveness indicator,
which is focused on assessing the functioning of the entire
sector of the border area under study is not always
rational. In most cases for the effective organization of
border protection, the urgent task is to ensure the most
effective monitoring of the perimeter of the sector of the
studied area, and in case of its violation, the sector of the
entire area limited by the specified perimeter. Therefore,
it is important to clarify an objective indicator of the
effectiveness of monitoring the perimeter of the border
area.

In some cases, the operation of OSS must be carried
out with autonomous power supply of equipment through
the use of renewable energy sources. All of this makes it
important to optimize the use of a complex of surveillance
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equipment while maximizing their
minimizing their energy consumption.

It is assumed that under fixed observation conditions,
one of the monitoring devices can provide an efficiency
close to the total efficiency provided by the simultaneous
operation of all types of devices. In this case, a significant
improvement in the energy efficiency of the system can
be achieved by slightly reducing the efficiency of
monitoring when operating only one of the most efficient
means of monitoring in specific conditions.

The object of research is the functioning of the
optoelectronic surveillance system.

The subject of research are the methods of
optimizing the functioning of the optoelectronic
surveillance system.

The purpose of this work is to develop a
methodology for optimizing the functioning of the
optoelectronic surveillance system by rationally selecting
the modes of operation of different types of surveillance
equipment at certain time intervals taking into account the
time of day and weather conditions in which they are
used. This methodology provides the establishment of an
indicator of the effectiveness of the OSS in detecting an
intruder at the border of the area where control is to be
ensured.

efficiency and

1 PROBLEM STATEMENT

Suppose that OSS consists of n observation towers,
the location of which is stationary and optimized for the
problem under study [1]. Each tower has k types of
surveillance equipment. There are quite a few possible
types of surveillance equipment. Typically, optical,
optoelectronic, thermal imaging and radar stations are
used at OSS. The effectiveness of surveillance equipment
varies depending on the conditions of use. The conditions
of use include weather conditions and time of day.

Depending on the time of year, the duration of the
light T. and dark T, periods of the day T, are different and
variable.

Certain types of surveillance equipment on the towers
can operate independently of each other and regardless of
what types of equipment are operating on other towers.
For the purposes of this study, we will assume that during
an elementary discrete time range starting at t; time, the
same type of surveillance equipment can operate on all
towers.

Given that the Et indicator is for the T period, which
can be either partially occurred or fully occurred in the
future, to find Ey, you can use the values y;, which are
determined from the weather forecast service for each
elementary discrete time range starting at t; time.

The task is to determine for T period, taking into
account the set of y; values, which are determined from
the weather forecast service and are characteristic of T
period, the types of observation devices on the OSS
towers that will provide
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Er — max, (1)
Pr — min. )}
with restrictions
Er 2 Eo, @)
Pr <Py, (4)

In the optimization problem (1)-(4)

tS
ET = anvtiEjﬁti, (5)
ti=to,
J

tS
Rr= 24P (6)
tl =t0,

]

In the right-hand sides of expressions (5), (6), the
summation is performed by the values that determine the
active surveillance means for each elementary discrete
time range starting at t; time.

The solution of problems (1)-(6) makes it possible to
plan the operating modes of the OSS monitoring elements
for the T period, as well as (if necessary) to adjust these
modes if the time T interval is sufficiently long, or the
data from the weather forecast service is not accurate
enough, or is accurate enough only for small periods of
time.

2 LITERATURE REVIEW

A significant number of scientific papers are devoted
to the study of improving the functioning of surveillance
systems. A general overview of surveillance systems is
given in [2]. This study examines the features of the
construction of surveillance systems and the basic
procedures for processing information in them. Also, [2]
identifies trends in the development of surveillance
systems and relevant areas for further research in this
area.

Paper [3] discusses the improvement of air target
signal detection in complex surveillance systems.

Many researchers focus on the issues of efficient
information processing in surveillance systems to
automate object detection. For example, work [4]
considers the use of neural networks with deep-learning
algorithms for this purpose. Similarly to the previous
study, the issues of image classification using neural
networks are reflected in [5]. An interesting and
promising area of development of modern surveillance
systems is the acquisition and processing of images from
unmanned aerial vehicles [6]. Methods of image
comparison with mask construction are discussed in [7].

© Borovyk D. O., Borovyk O. V., Rachok R. V., Basaraba I. O., 2024
DOI 10.15588/1607-3274-2024-4-15

In the construction of surveillance systems, especially
when using surveillance equipment with limited
communication capabilities, attention is paid to
optimizing the transmission of video streams. Thus, in
[8], a model for classifying informative image segments is
proposed, on the basis of which information redundancies
in aerial photographs are eliminated.

Some studies in the field of surveillance systems [9—
10] are devoted to the integration of images in different
parts of the spectral range. Thus, [9] proposes to improve
the methods of forming integrated multispectral images
by taking into account their local features. Study [10]
identifies possible ways to increase the information
content of images based on the determination of the
operating modes of multispectral optical channels.

A number of works [1, 11-12] address the issues of
structural and functional optimization of OSS used in
border protection. However, these studies use an
efficiency indicator that reflects the ability to conduct
surveillance over the entire area to be controlled. At the
same time, in many partial variants of the use of
surveillance systems, it is sufficient to reliably control
only the perimeter of the site. And this requires an
appropriate adjustment of the performance indicator.

Along with the structural and functional optimization
of surveillance systems [12], it is also advisable to
rationally choose the mode of operation of surveillance
means in accordance with weather and other conditions in
order to reduce energy consumption and ensure
sufficiently high efficiency. All this determines the
relevance of further relevant research.

3 MATERIALS AND METHODS

An important component of the OSS, which
significantly affects the overall efficiency of its use, is a
complex of towers with installed surveillance equipment,
the functioning of which is based on the use of
electromagnetic radiation in different frequency range
(Figure 1).

Depending on the conditions in which the surveillance
is conducted, the surveillance equipment of the OSS
provides different efficiency. Each of the devices
consumes a certain amount of power from the power
source. In some cases, when the power supply is
autonomous, its resource is limited. This prompts the
search for ways to optimize power consumption.

Under certain weather conditions, the effectiveness of
surveillance using a particular type of sensor can be
significantly better than that provided by other types of
sensors. In this case, from the point of view of minimizing
energy consumption, it is inappropriate to use all
available types of surveillance equipment at the same
time. It is assumed that due to the rational choice of the
type of observation means for each elementary discrete
time range starting at t; time, corresponding to the weather
and other conditions in which the observation is carried
out, and possibly a slight decrease in efficiency,
significant savings in electricity consumption can be
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achieved. Such savings can be extremely important in
cases of using renewable energy sources (sun, wind, etc.).

For example, if three types of surveillance equipment
are used on OSS towers, the option of using separate
types of equipment on separate time ranges without taking
into account the restrictions on the power consumption by
them can be determined as follows. First of all, the
effectiveness of the observation means of j=1, j=2,
j =3 type on elementary discrete time points starting at t;
time moments during the studied period T is determined
(see Fig. 2), and then the option of using observation
means (see Table 1) is established as a choice of the type
of means j=1, j=2, j=3, for each elementary discrete

time band starting at t; time points which is characterized
by maximum efficiency.

Figure 1 — Example of OSS tower and devices

It should be noted that if it is necessary to take into
account restrictions on electricity consumption, the option
of using surveillance equipment may differ from that
given in Table 1. For example, if the power consumption
of the j=2 device is significantly higher than the power
consumption for the j=3 device , then the option of

using surveillance equipment may be as given in Table 2.
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Figure 2 — A possible variant of realization of efficiency by
means of observations of j=1, j=2, j=3 typeon

elementary discrete time ranges with a start at t; time during the
studied period T

Table 1

The research period T

The beginning of the studied
elementary discrete time ranges

The j type of observation device 111 2 .. | 3

that is appropriate for use in the
elementary discrete time range under
study

Table 2

The research period T

The beginning of the studied
elementary discrete time ranges

The ] type of observation devicethat | 1 | 1| 3 | ... | 3

is appropriate for use in the
elementary discrete time range under
study

At the same time, the decision to use a particular type
of surveillance device is formed on the basis of solving
the optimization problem (1)—(6). That is why the task set
out in this paper becomes relevant.

The analysis of expressions (5), (6) allows us to
conclude that the solution of the optimization problem
(1)-(6) directly depends on the type of E; function .

The task of determination this type of function was
studied in [1, 11-12]. In these works, an indicator similar
to Ej; , was determined on the basis of a probabilistic

approach, according to which, for each observation
means, the dependence of the probability of detecting an
object on the distance to it was experimentally determi-
nated, in accordance with the observation conditions. This
approach made it possible to take into account both
deterministic and stochastic factors that affect the
detection of objects in specific observation conditions. In
these works, such an indicator had the following form:

> @-T1@-pv(pij. Vi % ¥))
Ee = (X,¥)eSn ] )
S nSm '
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This efficiency indicator provided the possibility of
averaging the probability of detecting objects over all
(x,y) discrete elements of S;, observation band area (Fig-
ure 3).

The E; calculation takes into account the possible
fertilizing effect of the terrain. This is ensured by using
the capabilities of modern information technologies.

Figure 3 — Diagram of the layout of OSS elements:. }
1 - observation towers, 2 — perimeter of observation,
3 —border line, 4 — observation lane

If the element of (x,y) location is not visible (i.e., if the
(x,y) element belongs to the invisible zone), the
corresponding value of pvi(psj, Vi, X, y) is 0. If this element
is visible, then the following formula is used to calculate

PVi(Pij, Yir X, Y)
PLR(Pi, 2% YD K Y1), (% Y) € Ty

PVk (Pij» Ye: X, y):{ 0,(x, y)eTpij, )
where
_(R-mg (k.yi)
2
Pl(R,k,yi)=l— 20z (k,Y;) dR. (9)

1 fe
or(k, yi)V2n R

In expression (7), nSm this is the number of discrete
elements (x,y) of S,,.observation band area.

Expression (8) implements a probabilistic description
of the effectiveness of detecting an object by the k-th
observation means depending on the distance R to it. The
R distance is determined by the coordinates of the pj
observation point (corresponding to the OSS tower where
the equipment is installed) and the coordinates (x,y) of the
center of the elementary area under observation
According to the observation conditions and the type of
observation means, the parameters of the distribution law
(the mean and variance of the random variable R) are
selected in (9). These parameters are set experimentally
on the basis of statistical processing of tests of the
corresponding observation means in different conditions.
When applying formula (8), geoprocessing is used, which
consists in determining the correspondence of the area
(x,y) to the set of invisibility zones from the tower located
at p;j point.

However, such a determination of the efficiency
indicator (7) requires finding the visibility of each of its
discrete elements (x,y). This task for S, large areas even
when using optimized algorithms for determining
visibility has a great computational complexity.

© Borovyk D. O., Borovyk O. V., Rachok R. V., Basaraba I. O., 2024
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Taking into account the fact that in many cases it is
not necessary to observe the whole area of the observation
strip when controlling the border section, and to detect
objects it is enough to observe only the perimeter of the
section, then taking into account the probabilistic
approach implemented in dependencies (7)-(9), the effi-
ciency indicator can be represented as

> @-TT@- pv(pij, yi-x )
E.. - Oyelh i

it (10)

nly,

In contrast to (7), in (10), the summation and
calculation of pvi(pi;, i, X, y) with the determination of
visibility (x, y) is not performed over the entire area of the
Sy, observation sector, but only along I, perimeter.

Thus, this approach defines an original methodology
for optimizing the functioning of the optoelectronic
surveillance system by rationally selecting the modes of
operation of different types of surveillance equipment at
certain time intervals taking into account the time of day
and weather conditions in which they are used.

In the above methodology Ej the quantities may

have a complex characteristic (not necessarily the one
shown in Fig. 2). In this case the application of the
approach described in Fig. 2 and Tables 2-3 is not
obvious. Consequently, solving problems (1)-(6) can be
significantly complicated even though the computational
complexity of the problem is reduced by conducting a
study on the border of the perimeter of the observation
sector Sp,.

In order to specify the proposed methodology, we will
conduct additional analysis.

The time of day has a significant impact on the
effectiveness of surveillance equipment. For example, if
we compare two types of surveillance cameras operating
in the visible and far infrared ranges (thermal imaging
cameras), then during daylight hours, an optical range
camera will be preferable for detecting objects, as it
provides significantly higher resolution. At the same time,
the simultaneous use of these cameras will lead to
unnecessary energy consumption. However, the situation
will change dramatically with the onset of darkness. This
can be estimated from the graph shown in Fig. 4.

During daylight hours, the probability of detecting an
object using an optical range camera under favorable
weather conditions is quite high (Figure 4 — solid line).
However, this probability decreases significantly when
the light level decreases. For a thermal imaging camera
(Figure 4 — dotted line), the situation is significantly
different. At night, a thermal imager can clearly
distinguish objects even in the dark, making it an
indispensable tool for nighttime surveillance. However,
during the day, when the environment is warm, the
thermal imager may have more difficulty in detecting
objects because the temperature difference between the
objects and the environment is smaller.
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Figure 4 — Dependence of detection probability at a fixed
distance for two different types of surveillance equipment on
time

Weather conditions Y also have a significant impact
on the effectiveness of surveillance equipment. It should
be noted that the dependence of efficiency on time for
different types of surveillance equipment, taking into
account possible changes in the conditions of observation,
can be complex (Figure 5). This is influenced by a
combination of different factors.

»
|

T t

Figure 5 — Possible dependencies of the efficiency indicator (10)
for two different types of surveillance equipment on time taking
into account the conditions of observation

During the studied T time interval, within which one
of the types of surveillance means is chosen, the
efficiency for different surveillance means can change
dramatically. Thus, at the beginning of the studied
interval (Figure 5 — solid line), the best efficiency is
provided by the 1-st surveillance means. However, this
effectiveness for the 1-st means decreases sharply over
time, and the use of the 2-nd means becomes preferable.
However, after a short period of time, the 1-st means
again provides greater efficiency. All of this makes it
difficult to choose the surveillance tools for individual
discrete time periods.For a rational choice of an
observation tool, one can use a comparison of the

© Borovyk D. O., Borovyk O. V., Rachok R. V., Basaraba I. O., 2024
DOI 10.15588/1607-3274-2024-4-15

158

mathematical expectations of the Ej value over the T

time interval. However, it should be noted that the
minimum and maximum efficiency are also important.
Given that the minimum, maximum, and average
efficiencies for individual instruments are not always such
that they unambiguously determine the choice of an
instrument, it is necessary to determine a selection
criterion.

The analysis allows us to assume that it is advisable to
use the mathematical apparatus of fuzzy values for the
rational choice of an active surveillance means. The
effectiveness of each type of surveillance means in the
studied interval can be determined by the E,,fuzzy value
which is described by a triangular function that takes into
account the minimum, average and maximum values of
the corresponding effectiveness. In this case, the
membership function for fuzzy efficiency will be given as

0,Er <min Ej’ti,
W(Er)=4LEr =M[Ej.]
0, Er > max Ej,ti’

(11)

where M[] is the operator of mathematical expectation.

The concept of fuzzy maximum is used to compare
the fuzzy efficiencies (11) of different types of
surveillance means.

Thus, the concretization of the proposed methodology
for optimizing the functioning of the optoelectronic
surveillance system through the rational choice of the
mode of using different types of surveillance equipment
in accordance with weather and other conditions concerns
the mechanisms for determining E ;. values.

4 EXPERIMENTS

In order to automate the calculation of the value (10),
a software application was developed (Figure 6).

The application implements geoprocessing to
determine the areas of the sectors visible from the
observation towers. Observation conditions including
weather conditions are set using the appropriate interface
elements and, accordingly, the program selects the
parameters of the probabilistic description of the
operation of the observation means. In addition to
calculating a predefined indicator of the effectiveness of
monitoring the area (7), the application implements the
calculation of the effectiveness of controlling the
perimeter of a certain area (10). For convenience, the
storage and reading of the locations of observation
towers, which can be edited, is implemented.
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b

Figure 6 — An application for automating efficiency finding (10)

5 RESULTS

Figure 6 shows some examples of the results of
calculating the indicators of observation efficiency by
area (7) and by perimeter (10).

When calculating the corresponding indicators, the
window displays the total area of the areas for which
pvi(pij, Vi, X, Y) is calculated. These calculations constitute
the main computational complexity in solving the
problem. From the above examples of application use, it
can be concluded that the computational complexity is
reduced by more than 60 times.

An interesting fact is that in all variants, the absolute
values of the efficiency indicator (10) are lower than the
value of (7). On the one hand, this is explained by the fact
that the task of structural optimization of the OSS - the
placement of observation towers was carried out with the
maximization of (7). However, the main reason is that the
physical meaning of indicators (7) and (10) is to average
the values of the probability of detecting an object over all
elementary areas that make up the study area (in the case
of (7)) or perimeter (for indicator (10)). At the same time,
a significant part of the area is located relatively close to
the observation towers, where a high probability of
detecting targets is ensured. Therefore, the average value
can be quite close to 1. In the case of performance
indicator (10), most areas of the perimeter of the
surveillance strip are located at a considerable distance
from the towers, and therefore the averaged values are
significantly lower.

However, within the framework of using each of the
efficiency indicators, it is possible to compare different
means of surveillance in different conditions and choose
the most appropriate mode of operation of the system in
accordance with these conditions.

To choose such a mode, a technique is proposed that,
using the mathematical apparatus of fuzzy values, ensures
the determination of the observation device that provides
the best observation efficiency over T'time period.

© Borovyk D. O., Borovyk O. V., Rachok R. V., Basaraba I. O., 2024
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6 DISCUSSION

The methodology for optimizing the functioning of
the optoelectronic surveillance system developed in this
paper is unique due to the use of two optimization criteria,
unlike the existing ones [1, 11-12]. The solution of a two-
criteria optimization problem is not only of practical
importance, but also of theoretical significance which
consists in the development of the theory of
computational processes. In the studied problem, a new
indicator for assessing the effectiveness of the system’s
functioning is also used for the first time, which, unlike
the existing ones allows assessing the level of
impossibility of uncontrolled crossing of the perimeter of
the protected area by an intruder.

The peculiarity of the studied problem, which
somewhat idealizes the process of using the monitoring
elements of OSS, is that the same type of monitoring
equipment was chosen at all observation towers. The issue
of establishing the dependence of observation effectiveness
on the choice of different means on different towers under
certain observation conditions (a generalized problem) is
currently unexplored. However, the proposed approach to
solving the problem studied in this paper can be applied as
one of the stages of solving the generalized problem.

CONCLUSIONS

The problem of optimizing the functioning of the op-
toelectronic surveillance system in accordance with its
formulation in this study can be considered solved.

The scientific novelty of the obtained results lies in a
new approach to determining the efficiency of detecting
objects in the observation sector by an optoelectronic
surveillance system.

The paper sets and investigates a two-criteria problem
of choosing the modes of operation of different types of
surveillance equipment of an optoelectronic surveillance
system at certain time intervals, taking into account the
time of day and weather conditions in which they are
used, which ensures maximizing the efficiency of the
optoelectronic surveillance system while minimizing the
power consumed by active types of surveillance
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equipment in the presence of boundary constraints on the
efficiency and power consumed by the system.

The proposed indicator of the system’s functioning ef-
ficiency allows us to assess the level of impossibility of
uncontrolled crossing of the perimeter of the protected
area by an intruder.

The practical significance of the obtained results lies
in the programmatic implementation of the proposed
mathematical apparatus for assessing the efficiency of
0OSSs functioning in different conditions under which
observation is carried out.

Prospects for further research include solving the
problem under study by choosing different types of sur-
veillance equipment or their combinations, on different
towers as well as testing the hypothesis that this may
achieve better results in some cases.
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METOJMKA ONTUMIBAII ®YHKIIIOHYBAHHS CACTEMM ONITUKO-EJJEKTPOHHOI'O
CIIOCTEPEXXEHHASA
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JeprkaBHOT NpUKOPAOHHOT ciy»0u Ykpainu imeni borgana XMenbHUIBKOT0, XMENbHUIIBKHH, YKpaiHa.

Bacapa6a I. O. — 1-p dinocodii 3 ¢inonorii, Buknanau kadenpu iHozeMHUX MoB, HarioHansHa akagemis JlepxaBHOT
IIPUKOPJIOHHO] ciy>k0u Ykpainu imeni borgana XmensHunpkoro, XMenbHUNBKUH, YkpaiHa.

AHOTANIA

AkTyanbHicTh. [Ipu 0XOpoHI IepKaBHOTO KOPAOHY aKTHBHO 3aCTOCOBYIOTHCS PaJIioNOKaIliiiHi, TEIJIOBI3iHHI Ta Bileo 3a-
cobu cnocrepexxeHHs. Pa3oM 3 BiINOBiAHMM KOMYyHiKalliliHUM 00JaJHAaHHAM BOHU JO3BOJISIOTH YTBOPIOBATH CUCTEMH ONTHU-
KO-€JIEKTPOHHOT'O CIIOCTEPEXKEHH, AKI € OCHOBOIO /ISl IHTeIeKTyaizalii oXxopoHu KopJoHy. Ha edexTuBHICTS BUKOpUCTaHHS
TAaKUX CHCTEM CYTTEBO BIUIMBAIOTh OCOOIHBOCTI iX ()YyHKIIOHAIBHOI 1 CTPYKTYpHOI o0y 10BU. ParlioHanbHa CTPyKTYypHA I10-
OynoBa HaBiThb y CkIagHUX (i3uKo-reorpadiuHUX yMOBax N03BOJs€ 3a0e3leuyBaTu BUCOKHUI piBEHb €()EKTHBHOCTI CHOCTe-
pexxennst. OiHaK 3HAYHUI BIUIMB Ha MiZABHUIICHHS e(DEKTHBHOCTI CUCTEMU Mae€ 1 QyHKIiOHaIbHA cKilagoBa. DyHKIIOHYBaHHS
€JIEMEHTIB CHCTEMU ONTUKO-EJIEKTPOHHOIO CIIOCTEPEXEHHs B 0araTboX BHUIAJKaX BigOyBaeTbCAd B yMOBaX OOMEXEHb LIOM0
BUKOPHUCTAHHS €JICKTPOKUBJICHHS. Taki 0OMEKEeHHs BH3HA4YalOTh HEOOXITHICTh pallioHaJIbHOTO BHOOPY PEXHMMIB BHKOPHC-
TaHHS OKPEMHUX THIIB 3ac00iB CIOCTEPEXKEHHS HA OKPEMUX YacCOBHUX IHTEpBalax 3 METOI0 3a0e3ledeHHs e(eKTHBHOIO CIO-
CTEpPEIKEHHS 3 YpaxyBaHHIM Iepioay A00U Ta MOrOAHMX YMOB. HelocKOHAIICTh HayKOBO-METOJAUYHOTO arapaTy ONTUMIi3allil
(YHKIIOHYBaHHS CUCTEM ONTUKO-EIIEKTPOHHOTO CIIOCTEPEHKEHHS BU3HAYAE aKTYalIbHICTh JAHOIO JOCIILAXKEHHS.

Meta. MeToro po6oTH € po3poOKka METOIUKH ONTHMI3alii QyHKIIIOHYBaHHS CHCTEMH ONTHKO-EIEKTPOHHOTO CriocTepe-
JKEHHsI 33 PaXyHOK PaliOHAJIbHOIO BUOOPY PEKUMIB (DYHKLIOHYBAaHHS Pi3HMX THIIIB 3aC00IB CIIOCTEPEIKEHHS Ha OKPEMHX
JacOBHX iHTEpBaNax 3 ypaxyBaHHSIM Iepiofy JOOH Ta MOTOJHHUX YMOB, B IKHX BOHH BHKOPHCTOBYIOTBCS.

Metoa. Y po6oTi ocTaBiieHa Ta JAOCIiKeHa ABOKpUTEpialbHa 3aJada BUOOPY pexuMiB (YHKIIOHYBaHHS Pi3HUX THUIIIB
3aco0iB CIIOCTEPEKEHHS CHCTEMH ONTHKO-€IEKTPOHHOTO CIIOCTEPEKEHHS Ha OKPEMHX YacOBHX iHTepBalaxX 3 ypaxyBaHHSIM
nepiony 100U Ta MOTOJHUX YMOB, B SIKUX BOHH BUKOPHUCTOBYIOTHCS, 1110 3a0e3Iedye MaKCHUMi3aliio eeKTUBHOCTI (yHKIIiO-
HYBaHHS CHCTEMH OITHKO-EJICKTPOHHOTO CIIOCTEPEKEHHS P MiHIMi3allii HOTY>KHOCTI CIIOKHTOI €IeKTPOCHEPTil aKTHBHUMH
THUIAMU 3aCO0IB CIIOCTEPEKEHHS 32 HAsBHOCTI I'PAHUYHUX OOMEXEHb 1010 €(peKTUBHOCTI Ta IOTYKHOCTI CIIOXKMTOI CHUCTE-
MO0 €JICKTPOEHEPTii.

3anpornoHoBaHUN MOKA3HUK OLIHKU €()EKTUBHOCTI (PYHKIIOHYBAHHS CUCTEMHU JO3BOJIS€ OLIHUTH PIBEHb HEMOXIHBOCTI
HEKOHTPOJILOBAHOTO TIEPETHHY MOPYIIHUKOM IIEPHMETPY JIIISHKH, IO 0XOPOHAEThcsA. OCOOIMBICTIO 3a3HAUCHOI METONUKH €
MOXJIMBICTh 3a0€3M1€UEHHSI CYTTE€BOIO 3HIDKEHHS PIBHS €HEPrOCIIONKHMBAHHS CKIAOBHMHU CHCTEMH 3a PaXyHOK HE3HAUuHOTO
3HIDKEHHS e()eKTHBHOCTI CIIOCTEPEIKEHHSL.

PesyabTaTn. Y poOOTi 3ampornoHOBaHUN aIbTePHATUBHUIN MiAXiM ANA OLIHKH €(EeKTUBHOCTI (YHKIIOHYBAaHHS CHCTEMHU
OIITHKO-EIEKTPOHHOTO CHOCTEPEKEHHS, i7ies SIKOTO IOIATaE B TOMY, IO 3aMiCTh OI[IHIOBAaHHSA €()eKTHBHOCTI CIIOCTEPEKCHHS
0 BCill IO KOHTPOJILOBAHOT 00JACTi NUISTHKYA KOPAOHY, OLHIOETHCS €(EKTUBHICTh KOHTPOJIIO JIMINE 33 MEePUMETPOM L€l
obmacti. Takuil migXig CYyTTEBO 3MEHIINYE OOYMCIIIOBAIBHY CKJIAIHICTh 3a/adi BIALIYKAaHHS 3HA4YeHHS e(EKTHBHOCTI, IO B
HOAANBIIOMY CIPOILY€E BUPILICHHS 3a/a4 CTPYKTYpHOI ONTUMI3allil CHCTEM CIIOCTEPEXEHHs. 3alpoIOHOBAHO IPOrpPaMHO-
aNTOPUTMIUHY peali3amilo MeTOIUKHI ONTHMI3arii (yHKIiIOHYBaHHS CHCTEMHU ONTHKO-EJIEKTPOHHOTO CIOCTEPEKEHHS. 3 BHKO-
PHUCTaHHSIM PO3pOOIEHOr0 MPOrPaMHOro 3a0e3MeUeHHs [IPOBEACHO pallioHaIbHUIl BUOIp pexXuMiB QyHKLIIOHYBaHHS OKPEMHUX
THIIIB 3aC00IB CIIOCTEpEXCHHS Ha OKPEMHUX JaCOBHX IHTEpBaNax 3 ypaxyBaHHAM IIE€pioxy TOOH Ta IIOTOJHHUX YMOB.

BucHoBku. BuxkopucranHs 3ampornoHOBaHOT METOAUKH J03BOJISI€ ONTUMI3yBaTH PEXUMH (YHKIIOHYBaHHS CHCTEMU OII-
THKO-EJIEKTPOHHOTO CIIOCTEPEKCHHS 3 ypaxXyBaHHSIM OOMEKYIOUNX (haKTOpiB MOAO e()EeKTUBHOCTI Ta MOTYXKHOCTI €Hepro-
CIIOJKUBAHHS IIPU 3aCTOCYBAaHHI OJJHAKOBUX THIIB 3aCO0IB CIIOCTEPEXKEHHS HA BCIX BEXaxX CUCTEMU. MOXIIMBUM HaIpsIMOM
YJIOCKOHAJICHHS] METOJUKY € ii afanTalis 10 BUIAJKiB 3aCTOCYBaHHS Ha PI3HUX BEXaxX CHUCTEMU Pi3HUX THIIIB 3aCO0IiB CIIOCTE-
pEXKEHHS.

KJIIOYOBI CJIOBA: cucTeMa ONTUKO-EIEKTPOHHOIO CIIOCTEPEIKEHHS, METOAUKA, ONTHMIi3allisl, e(eKTUBHICTb, €HEPro-
CTIOXKHBAHHSI, aITOPHTM.
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ABSTRACT

Context. Modern video conferencing systems work in different noise environments, so preservation of speech clarity and
provision of quick adaptation to changes in this environment are relevant tasks. During the development of embedded systems,
finding a balance between resource consumption, performance, and signal quality obtained after noise suppression is necessary.
Systems on a chip allow us to use the power of both processor cores available on the hardware platform and FPGASs to perform
complex calculations, which contributes to increasing the speed or reducing the load on the central SoC cores.

Objective. To conduct a comparative analysis of the noise suppression quality in audio signals by an adaptive filtering algorithm
and a filtering algorithm using machine learning based on the RNNoise neural network in noise suppression devices on the
technological platform SoC.

Method. Evaluation using objective metrics and spectrogram analysis using the Librosa library in Python. Neural network
training and model design are performed on the basis of Python and Torch tools. The Vitis IDE package was used for the neural
network implementation on the platform SoC.

Results. The analysis of two noise suppression methods using the adaptive Wiener filter and the RNNoise neural network was
performed. In the considered scenarios, it was determined that the neural network shows better noise suppression results according to
the analysis of spectrograms and objective metrics.

Conclusions. A comparative analysis of the effectiveness of noise suppression algorithms based on adaptive filters and a neural
network was performed for scenarios with different noise environments. The results of objective SIGMOS metrics were obtained to
evaluate the quality of the received audio signal. In addition, the possibility of running the RNNoise neural network on the
technological platform SoC ZYNQ 7000 was verified.

KEYWORDS: embedded systems, system-on-a-chip, FPGA, adaptive filtering, digital signal processing algorithms, noise
suppression algorithms, audio signals, machine learning, neural networks.

ABBREVIATIONS
ARM is an advanced RISC machine;
CNN is a convolutional neural network;
DNN is a deep neural network;
FPGA is a field programmable gate array;
FPS is frames per second,;
GRU is a gated recurrent unit;

SNR is a signal to noise ratio;

SoC is a system on a chip;

VAD is a voice activity detector;

VISQOL is a virtual speech quality objective listener;
VolIP is a Voice over Internet Protocol.

NOMENCLATURE

a,b are coefficients of the biquadratic filter;

Dig is a set of signals to be investigated;

h(n) is a set of the corresponding coefficients for the
given filter;

GTCRN is group temporal convolutional recurrent
network;

GZIP is a GNU’s not unix ZIP;

HLS is a high level synthesis;

ISPisan ITU;

ITU is an international telecommunication union;
LPF is a low pass filter;

MOS is a mean opinion score;

PESQ is a perceptual evaluation of speech quality;

i is an index of the input signal;

j is an index of the noise sample;

k is an index of the frequency domain bin;

k(n) is a noisy audio signal with n samples in it;
L is a number of signals to be tested;

M is a length of the window function;

N is a length of the input signal buffer;

n is a index of count/sample;

S is a maximum number of counts in the signal;
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POLQA is a perceptual objective listening quality
analysis;

PSTN is a public switched telephone network;

RNN is a recurrent neural network;
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w(k) is a window function;

X[K] is a frequency domain representation of the
signal;

x(n) is an input signal with speech and noise
environment;

Xc(n) is an useful signal with n samples in it;

y(n) is an output signal.

INTRODUCTION

Currently, corporate video conferencing systems are
actively evolving, where the determining factors are
ensuring the reliability of information transmission,
improving the quality of the transmitted far-end and near-
end audio and video parts, and ensuring the reliability of
the communication device.

In the field of audio signal processing, one of the
improvement options of the quality and analysis is
adaptive filtering usage, which solves a wide range of
tasks. In particular, typical tasks are noise suppression
with the selection of human speech, dereverberation and
echo canceling, and signal separation. The different
nature of the suppressed noises complicates the design of
adaptive filters due to the need to constantly update the
coefficients and adjust to a specific type of noise.

In particular, it is worth noting that different noise
environments can have combined types of noise
(stationary and non-stationary), which makes the task of
adaptive filter design even more challenging.

Examples of such noise environments and their
combinations are office or street noise, industrial rooms
with ventilation. These types of noise are examples of
stationary noise and its combination with momentary
bursts in the spectrum, which can be from a keyboard (in
the case of an office) or different sources that have a
similar spectrum to human speech. Due to the different
nature of noise, the use of classical adaptive filtering
algorithms does not give a positive result for the user.

Machine learning algorithms based on neural
networks, which can determine the type of noise and
perform both Voice Activity determination (the presence
of a voice in an audio fragment) and noise suppression in
the resulting audio stream, have gained popularity in the
tasks of noise classification and separation. The use of
neural networks is a complex computational task that
cannot be solved on stationary hardware due to the need
for both a specialized software environment and
compliance with the time requirements set by the real
time audio streaming industry.

The main feature of using neural networks for
adaptive noise suppression is the ability to perform
training on a specific sample of noises, which improves
performance in a specific environment. Typical noise
suppression libraries for audio processing are RNNoise
and Speexdsp.

Deep learning is used in noise suppression tasks for
several key reasons, mainly because it allows significantly
improve results compared to traditional signal processing
methods. Traditional noise suppression methods are often
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based on linear models or statistical assumptions about
noise characteristics. Deep neural networks are able to
model complex non-linear dependencies between pure
signal and noise, which allows to more efficiently
separate the useful signal even in difficult conditions.
Deep learning models can adapt to different types of noise
and signals.

They can be trained on large data sets containing
examples of different recording conditions and noise
types, which makes them universal in use. Unlike
traditional methods, which often require the manual
design of features for each specific application, deep
neural networks can automatically extract relevant
features from raw data. It dramatically reduces the need
for feature engineering and allows the creation of more
general models.

Thus, the object of the study is adaptive filtering
procedures in digital signal processing systems.

The subject of the study are models, methods and
procedures for designing adaptive digital filters on the
technological platform SoC using machine learning
methods.

The objective of the study is to perform a
comparative analysis of the noise suppression quality in
audio signals using an adaptive filtering algorithm and a
filtering algorithm using machine learning based on the
RNNoise neural network in noise suppression devices on
the technological platform SoC.

1 PROBLEM STATEMENT

Due to the above features and requirements, one of the
options to solve the problem of adaptive noise
suppression is the implementation of the specified
algorithms on a specialized hardware platform from the
SoC family. This provides an opportunity both to
implement the business-logic of the firmware, executed
on the device, and to design and use specialized hardware
accelerators to ensure the optimal distribution of the data
processing path in the SoC, taking into account limited
resources both for processing time, and for maximum
system power consumption as a whole.

Let’s use a set of audio signals containing different
types of noise and human speech. Each input signal from
the set includes a noise environment in a given ratio to
human speech. Thus, the signal-to-noise ratio and the
present noise environment type characterize each element
of the set.

Let’s denote a set of audio signals as Dsq where each
element is characterized by a noise environment and its
SNR.

The data set can be expressed as Dgg ={x;(n)}, where
i=12,...,L — the number of signals, n=0,1,2,...,S — the
number of counts of the corresponding signal. Each i-th
signal is a combination of the useful signal x.(n) and the
j-th noise environment kj(n) in a given signal-to-noise
ratio.

Thus, the input sample of signals makes a set of

combinations  xj(n) = <xci (n),k; (n)>,
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corresponds to the index of the speech signal, j
corresponds to the index of the noise environment signal,
xj(n) corresponds to their combination with the given
SNR. In every noise suppression scenario, it is necessary
to suppress kj(n) as much as possible and obtain a clean
output signal y;i(n). According to the general filtering
equation yj(n)=hj(n)-xj(n), the final result of using
both a neural network and an adaptive filter is to find the
coefficients hj(n) for each of the combinations of noise
environment and speech during the processing of the
input audio signal.

The main task of adaptive filtering for noise
suppression is the quick response of the filter to changes
in the noise environment, preservation of the dynamic
range of the input signal, and suppression of signal
fragments where there is no human speech, i.e., quick
selection of coefficients. Several filtering algorithms are
designed for noise suppression, among which the adaptive
Wiener filter, LMS filter, and RNNoise neural network
are known.

At the same time, the output signal after filtering is
characterized by a set of objective metrics of audio signal
quality, such as discontinuity, noiseiness, reverberation,
coloration, and overall quality assessment, which can be
used for the quality characteristics of the noise
suppression algorithm.

When using the RNNoise neural network, a 10-
millisecond-long input signal buffer at a sampling
frequency of 48 KHz must be provided to its input; that is,
the input buffer should contain 480 counts of the input
signal.

The main criterion for comparing different noise
suppression algorithms is the analysis of the obtained
objective metrics of the output signal and visual
observation of audio signal spectrograms before and after
noise suppression.

Thus, the tasks of the study are the selection of an
adaptive filtering algorithm and a machine learning
method based on a neural network for noise suppression,
the determination of metrics that can be used to evaluate
the result of noise suppression, and the performance of a
comparative analysis of the selected methods.

2 REVIEW OF THE LITERATURE

Paper [1] considers the possibility of using primitives
of modern C++ standards for high-level synthesis.
Features of the latest language standards and their features
during synthesis are given and considered. A comparative
analysis of Catapult HLS with Vitis HLS in terms of
support for modern C++ primitives during synthesis was
conducted. The hardware-accelerated matrix determinant
calculator was implemented using C++03 and C++17.

Paper [2] considered the features of using high-level
synthesis during the development of image processing
algorithms. The main points related to synthesized and
non-synthesized constructions of different variants of C-
code to get maximum performance are given. As an
example, the implementation of the Sobel filter algorithm
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with the analysis of performance changes from 10 to 388
FPS was used. Analysis of changes of IP-core main code
to obtain a necessary performance was done.

Paper [3] analyzes the process of developing a cluster
to implement GZIP compression using the ZedBoard
debugging board. A comparative analysis of the energy
efficiency of the obtained implementations and the
productivity of the obtained cluster was conducted based
on the Wordcount and Terasort benchmarks. According to
the conclusions, a two-fold improvement in the energy
consumption reduction of the cluster was obtained.

In modern models the speech enhancement based on
deep learning has made significant strides compared to
traditional methods, but it often requires a large number
of parameters and significant computing power, which
makes them difficult to use on resource-constrained
devices in real conditions. In paper [4], a GTCRN is
considered, which uses group strategies to effectively
simplify the competitive model of Dual-Path Convolution
Recurrent Network. In addition, it applies subband feature
extraction modules and temporal recurrent models to
improve performance. The obtained model requires low
computational resources, having only 23.7 thousand
parameters and 39.6 million accumulation operations per
second. Experimental results show that the proposed
model not only outperforms RNNoise, a typical
lightweight model with similar computational load, but
also exhibits competitive performance compared to
current baseline models that require significantly more
computing resources.

Paper [5] proposes an accelerator for the Markov
decision process, implemented in the Al-Toolbox public
library using high-level synthesis tools using the “tiger-
antelope” problem as an example. The proposed approach
shows an acceleration of more than 7 times compared to
the original version of the algorithm.

Hardware accelerators for deep learning algorithms is
a relevant topic in the scientific and engineering
environment. The use of FPGAs as embedded co-
processors to accelerate algorithms has gained wide
recognition.

Decision-making games are critical tasks where their
real-time accuracy and efficiency directly affect the result.
Traditional FPGA  development using hardware
description  languages is associated with long
development cycles, high complexity, slow iterations, and
problems in fast responding to model algorithm updates.
In comparison, HLS-based design of FPGA provides an
appropriate  technology path to eliminate these
weaknesses.

Paper [6] considers the FPGA usage together with a
high-level synthesis to solve problems in the field of
decision-making algorithms design. A comparative
analysis of the algorithm implementation on the FPGA
with the software solution based on the x86 architecture is
carried out. A dedicated deep learning algorithm related
to decision making games was implemented, optimized
and deployed on FPGA using HLS. The FPGA is
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connected to the host PC via PCle as a co-processor.
Comparative testing with running the algorithm on an
eight-core ftd2000 CPU and an Intel i9-9900k processor
demonstrates that using the FPGA as a co-processor
significantly reduces the execution time of the algorithm,
resulting in a noticeable speedup effect.

Paper [7] presents an experimental study of the
implementation of a face mask detection system based on
the use of HLS and the concept of hardware and software
co-design. The target platform is a Xilinx PYNQ-Z2
FPGA board that connects to the host computer and acts
as a hardware accelerator for the face masks detection
task. To simplify the hardware implementation
complexity, the face mask detection algorithm uses the
ISP approach instead of complex CNN models. The
algorithm consists of color space transformation, skin
color detection, morphological operations, connected
component labeling and horizontal edge detection.
Implementation results show that the FPS for detection
can reach 18.

Deep neural networks are widely used to solve a
variety of tasks: from speech recognition to image
classification. Since DNNs require a lot of computing
power, their hardware implementation on FPGA or ASIC
has attracted significant attention. In turn HLS is widely
used because it significantly increases performance and
flexibility and requires minimal hardware knowledge.
Paper [8] proposes DeepFlexiHLS, a two-stage design
space exploration flow for searching a set of directives to
achieve minimum latency. The results form a Pareto
space from which the developer can choose whether his
FPGA resources are limited or should not be fully utilized
by the DNN module.

The growing trend of using deep learning techniques
for noise suppression has led to the creation of hybrid
noise suppression systems that combine classical signal
processing with deep learning. For example, paper [9]
focuses on expanding the RNNoise noise suppression
system by including additional features during the
training phase. The paper presents a detailed description
of the configuration process of the modified system and
the comparative results obtained from the performance
analysis using the existing version of RNNoise as a
benchmark.

Deep learning-based speech enhancement can provide
near-best performance when processing non-stationary
noise. Noise suppression methods, that combine classical
signal processing with a RNN, can be implemented in real
time due to their low complexity. However, in these
methods long-term speech information is missed during
features selection, which degrades the performance of
noise suppression. This paper extends the RNN-based
denoising method known as RNNoise by adding a long-
term spectral difference feature. The amount of noise
suppression is also limited to improve speech quality for a
better compromise between noise removal level and
speech distortion. The method proposed in [10]
outperforms the RNNoise algorithm by 0.12 MOS points
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on average according to the results of the subjective audio
test.

Background noise is a major source of quality
degradation in VolP and PSTN calls. Recent studies have
shown the effectiveness of deep learning for noise
suppression, but the datasets used were relatively small
compared to other domains (e.g., ImageNet) and the
corresponding evaluations were more concentrated. To
better support deep learning speech enhancement
research, paper [11] presents a noisy speech dataset that
can scale to arbitrary sizes based on the number of
speakers, noise types, and SNR levels. Increasing the
dataset size shows the improvement of the noise
suppression performance as expected. To demonstrate the
data set and evaluation structure, subjective MOS with
objective quality measures such as SNR, PESQ, POLQA,
and VISQOL, was applied, and reasons of MOS relevance
were demonstrated.

In teleconferencing scenarios, the speech is usually
degraded by background noise, which reduces speech
intelligibility and quality. Therefore, it is extremely
important to improve speech in noisy environments. Paper
[12] investigates a real-time speech enhancement method
for a far-end signal based on an improved RNN with a
unit of controlled GRU. The ideal amplitude masking
values of the reverberated target speech are used as the
target values for RNN training. Feature normalization is
applied and subband normalization technology were
proposed to reduce feature differences, which contributes
to better RNN learning of long-term patterns. In addition,
to suppress the residual interharmonic pseudo-steady
noise due to subbanding, the work integrates RNN with
the optimal modified log-spectral amplitude algorithm.
Experimental results show that the proposed method
improves speech quality and reduces distortion with low
computational complexity for real-time operation.

Paper [13] considers the implementation of the
Librosa software package for the analysis of audio data
and operations on it. The Librosa library is widely used in
research and development in digital signal processing and
machine learning for audio data processing. The main
capabilities and functions of Librosa are considered, such
as loading and saving audio files, spectrogram
calculation, mel-spectrograms and mel-frequency cepstral
coefficients, as well as methods for tonal analysis,
segmentation and extraction of sound features. Special
attention is paid to functions for pre-processing of audio
signals, including normalization, noise reduction and
changes in playback speed.

Paper [14] considers the implementation of the
Pyroomacoustics  package, designed for  rapid
development and testing of audio signal processing
algorithms using microphone arrays. The package
contains three main components: an object-oriented
interface on Python that allows quickly create various
simulation scenarios involving multiple sound sources
and microphones in 2D and 3D rooms; a fast C-
implementation of a source image model for general
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multifaceted rooms that efficiently generates room
impulse characteristics and models sound propagation
between sources and receivers; reference implementations
of popular algorithms for beamforming, direction
determination and adaptive filtering. Together, these
components form a package that significantly reduces the
time to implement new algorithms, reducing overhead at
the performance evaluation stage.

Paper [15] considers the problem of single-channel
speech enhancement in stationary conditions and proposes
the use of a Wiener filter with a recursive noise estimation
algorithm. The Wiener filter is a linear estimator and
minimizes the root mean square error between the original
and enhanced speech. The algorithm is implemented in
the frequency domain and it depends on the transfer
function of the filter, which varies from sample to sample
based on the statistics of the speech signal, in particular
the local mean and local dispersion. A recursive noise
estimation approach is used for noise estimation. In this
approach, noise estimation is performed based on past and
present spectral power values using a smoothing
parameter. The value of the smoothing parameter is
chosen in the range from 0 to 1. To evaluate the
effectiveness of the proposed speech enhancement
algorithm, objective evaluations and informal listening of
sentences from the NOIZEUS corpus, spoken by male
and female voices, distorted by white and pink noise at
different levels of the signal/noise, are conducted. SNR,
segmental SNR and perceptual assessment of speech
quality are used for objective measurements. The
measurement results prove that speech, enhanced by the
proposed algorithm, is more pleasing to the human ear
under both noise conditions, compared to traditional
speech enhancement methods.

3 MATERIALS AND METHODS

In the tasks of digital signal processing, the classic
solution for noise suppression is the use of adaptive
filters, which mostly work on the principle of minimizing
the root mean square error between the signal with a noise
component and the restored signal. Variations of Wiener
adaptive filter [15] can include the analysis of harmonics
in the signal, the use of VAD to determine the presence of
speech. The main disadvantages of using adaptive filters
are the need to determine the exact noise model and its
stationarity. In many real-world situations, these
characteristics can be unknown or difficult to estimate. In
real conditions, signals and noise are often non-stationary,
which can significantly reduce the effectiveness of the
adaptive filter.

This study uses the RNNoise neural network, which is
a RNN designed to work in environments with limited
computing power. Neural network training and model
design is performed on the basis of Python and Torch
tools on a PC with x86 architecture, after which the
interference (launch) of the model is performed in the
environment, developed on C. The interference part of the
trained model is performed on the ARM part of the SoC
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ZYNQ 7000 using the appropriate set of tools for bare-
metal launch. The architecture of the RNNoise neural
network is shown in Fig. 1.
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Figure 1 — General architecture of RNNoise neural network

Each block represents a layer of neurons, the number
of which is indicated in parentheses. Dense layers: dense
(24) and dense(1), are fully connected layers which are
not repeated. One of the network outputs is a set of gains
that are applied at different frequencies (gain outputs
(22)). Another result is the probability of the voice
activity that is not used for noise suppression, but is a
useful by-product of the network, which can be further
used to implement automatic signal level control after
noise suppression. According to this strategy, the level
equalization is performed taking into account the VAD
data, which allows for additional noise suppression
between speech fragments.

Note that, in general, filtering due to the use of an
adaptive filter can be represented by the equation (1):

y(n) =h(n)-x(n). M)

At the same time, in the case of using the RNNoise
neural network, stages related to the preparation of data
for processing by the neural network and data conversion
from the frequency range to the time range are added to
the signal processing path. RNNoise performs processing
on audio frames equivalent to 10 milliseconds of audio
stream with a sampling frequency of 48KHz. Signal
processing includes a biquad filter, convolution with a
window function and fast Fourier transform computation.

In general, the process of preprocessing of the input
signal can be expressed as follows. Let’s consider an
input signal buffer that contains 10 milliseconds of input
data stream. In general, the input signal buffer can be
represented as a one-dimensional vector with a given
number of elements: X=[x(0), x(1), x(2),..., X(N-1)].

If the input signal is represented as a vector x(t) and
the biquadratic filter has coefficients b = [by, by, b,] and
a = [1, —a;, —a,], where a, is usually equal to 1, then
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signal filtering using a biquadratic filter can be defined as

(2):

Xp[n] = box[n ]+ byx[n —1]+ box[n - 2]-ayy[n -1]-a,y[n -2} (2)

where y[n] - the output value of the filter, b(0...2) and
a(l...2) — filter coefficients, x[n] — the value of the input
signal at the corresponding time.

In turn, the next stage with the convolution of the
signal with a window function can be defined as (3):

yIn]= M 5th(n - k) - w(k). 3)

And accordingly, the fast Fourier transform using the
Kiss_fft library is generally defined as (4):

2mkn
X[k]=2gxln] e N @

After that, signal analysis in the frequency domain,
band gain calculation for opus frequency bands and
inverse Fourier transformation are performed.

Several examples of signal and noise combinations
were chosen for the study, namely road noise, street noise
and crowd noise. The SNR was chosen to be 5.10 dB and
15dB, respectively.

Processing with the help of the Wiener filter was
performed using the Pyroomacoustics package and its
module Denoise [14].

4 EXPERIMENTS

For effective study of noise suppression with the help
of the selected algorithms, the test signals of crowd noise,
road noise and street noise were selected in ratios with the
useful signal SNR5/SNR10/SNR15.

Spectrograms of some of the received resulting signals

and a comparative table of all conducted experiments are
given in the paper. As an example for further
consideration, we will use an input signal composed of
fragments of male and female speech with intervals
between replicas about 0.8 seconds. The spectrogram of
the input signal without noise is shown in Fig. 2.
An experimental study of the obtained processing speed
was performed on the hardware platform ZYNQ Zedoard
[16]. The analysis of spectrograms and the obtained
results of noise suppression in the study were performed
with the help of developed utilities based on libraries
Librosa, Libsndfile, Pyroomacoustics, Pyloudnorm,
Numpy and Matplotlib for the development and analysis
of DSP algorithms on an ARM-based PC.
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Figure 2 — Spectrogram of the input signal without noisy
environment

To obtain objective signal metrics before and after
processing, the SIGMOS package [17, 18] was used to
determine  discontinuity,  noisenes,  reverberation,
coloration, and overall quality assessment. Objective
metrics allow us to determine quickly the quality of the
received signal processing results and compare algorithm
implementations with each other.

During the research, objective metrics were obtained
for the input signal, for the signal with noise suppression
based on the adaptive Wiener filter, and for the signal
with noise suppression based on the RNNoise neural
network. SIGMOS metrics are calculated using a neural
network that was developed to evaluate echo and noise
suppression algorithms in telecommunications
environments. The quality of the received signal is
measured in the SIG according to ITU-T P.804
(subjective diagnostic test method for conversational
speech quality analysis). SIGMOS evaluates sound
quality parameters according to P.804. This model was
trained using subjectively annotated data from P.804 to
simulate human perception of sound quality.

5 RESULTS

For each example of an input signal and noise
combination, objective metrics were obtained and the
resulting spectrogram of the signal was analyzed before
and after noise suppression. Taking into account the
characteristics of the subject field, it is appropriate to
consider the ratio of SNR5 and SNR15 between the useful
signal and the noisy environment.

In the following experiments, noise of a certain type
(mixed/combined) will be added to this signal and it will
be suppressed by different types of filters.

The following diagrams show the results of the
obtained objective metrics for the input and cleaned
signal, obtained using Librosa. The order of the
spectrograms for each test scenario is as follows: the input
signal, the signal after processing by the Wiener filter,
and the signal processed by the neural network.

Fig. 3 shows the input speech signal with added road
noise with the ratio SNR5 (Fig. 3a). Second spectrogram
shows the result of noise suppression using the Wiener
filter (Fig. 3b), and the third shows noise suppression
using a neural network (Fig. 3c).
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Figure 3 — Spectrograms of road noise suppression results with

SNR5: a — input signal; b — noise suppression using the Wiener
filter; ¢ — noise suppression using neural network

The analysis of the second spectrogram (Fig. 3b)
shows that the Wiener filter in this case worked as a LPF
and slightly suppressed the fragments where there is no
speech. Spectrum leaks between 15 and 30 seconds in the
form of short-term high-frequency bursts are also visible.

During the analysis of the results of the objective
metrics calculation, it was found out that absence of noise
(namely Noiseness), is the best in the case of using a
neural network. It is advisable to display the results of the
SIGMOS calculation in the form of a histogram.

The data will be grouped into groups of three
elements. Each group contains the results of one of the
calculated MOS parameters for the input signal, the signal
after processing using the Wiener filter and for the signal
after processing with the RNNoise neural network. The
result of objective metrics evaluation SIGMOS for the
selected scenario is shown in Fig. 4.

The next stage was the analysis of noise suppression
with a signal-to-noise ratio of 15dB. In this case, the
neural network also performed better, which is evident
from the given comparative spectrograms and objective
metrics, obtained for input and output audio streams. The
spectrograms of the input signal, the signal after cleaning
using a Wiener filter and a neural network are represented
in Fig. 5.
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Figure 4 — SIGMOS objective metrics obtained for the
corresponding human speech scenario with added road noise
with SNR5
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Figure 5 — Spectrograms of the the input signal for the scenario

of human speech with added road noise with SNR15: a — input

signal; b — noise suppression using the Wiener filter; ¢ — noise
suppression using neural network

It is appropriate to define that fragments are clearly
visible, where there is no speech and only the noise
component is present on the spectrogram after processing
by the neural network. In the objective metrics for this
recording, a trend with the best result of noise suppression
using RNNoise, similar to the previous one, is observed.
However, it should be noted that a small variation is
present in the results for Loudness and Discontinuity
between the input and output signals. The obtained
SIGMOS objective metrics for the corresponding scenario
with added road noise is shown in Fig. 6.

Next, a noise suppression analysis was performed for
the scenario of added street noise to the speech with

SNR5 and SNR15.
opeuancczss m
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Figure 6 — SIGMOS objective metrics obtained for the
corresponding human speech scenario with added road noise
with SNR15

During the result analysis of obtained spectrograms, a
similar trend of the Wiener filter in suppressing the high-
frequency component is visible, but without detecting
fragments where there is no speech. According to the
obtained objective metrics, the neural network shows the
best results in this scenario, compared to the Wiener filter.
Fig. 7 shows the received spectrograms for the input
signal, for the result of Wiener filter and RNNoise neural
network processing. The results of objective metrics
calculation for the scenario with added street noise with
SNRS5 is shown in Fig. 8.

Hz Source signal: street_15 dB

G 25
time
a
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- 2048
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c
Figure 7 — Spectrograms of the obtained results for the scenario
with added street noise with SNR5: a — input signal; b — noise
suppression using the Wiener filter; ¢ — noise suppression using
neural network
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Figure 8 — SIGMOS objective metrics obtained for a human
speech scenario with added street noise at SNR5

In the result of the analysis, tables, respectively, for
the adaptive Wiener filter and the RNNoise neural
network using Pandas tools were formed.

The obtained statistics of the objective metrics
SIGMOS according to the experiment are shown in
Table 1 and Table 2.

Metrics indicate the following characteristics of the
received signal:

- MOS_COL (or MOS_COLORATION) is an
indicator of audio coloration distortion. In the context of
audio, coloration refers to a change in the sound timbre
that can occur due to certain processing or
recording/playback conditions;

— MOS_DISC (or MOS_DISCONTINUITY) is an
indicator that characterizes the presence and degree of
audio signal continuity;

- MOS_ LOUD (or MOS_LOUDNESS) is an
indicator that characterizes the volume level of an audio
signal. It evaluates as much as an audio volume matches
the expected or desired level;

— MOS_NOISE is an indicator that evaluates the level
of noise in an audio signal. It determines the degree of
presence of background noise in the audio stream;

— MOS_REVERB (or MOS_REVERBERATION) is
an indicator that characterizes the level of reverberation in
an audio signal,

— MOS _SIG is an indicator that characterizes the
quality of the audio signal itself without taking into
account noise, reverberation or other distortions;

- MOS_OVRL (or MOS_OVERALL) is an overall
indicator that reflects the overall quality of the audio,
taking into account all the main aspects such as sound
clarity, presence of noise, reverberation, signal continuity
and other factors.

This is an integral indicator that combines all the other
individual scores (MOS_CoL, MOS_DISC,
MOS_LOUD, MOS_NOISE, MOS_REVERB,
MOS_SIG) to obtain a single value that reflects the
overall quality of the audio signal.

SIGMOS/MOS has an absolute scale from 0 to 5,
where a higher value indicates a better result for the
selected metric, for example, for MOS_NOISENESS a
higher value is a sign of the absence/suppression of noise.
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Table 1 — Statistics of results for the adaptive Wiener filter
MOS_COL | MOS DISC | MOS_LOUD | MOS_NOISE | MOS REVERB | MOS_SIG | MOS_OVRL

count 10 10 10 10 10 10 10
mean 2.648 2974 3.178 2.939 3.764 2.687 2.214
std 0.246 0.407 0.332 0.603 0.326 0.185 0.195
min 2.178 2.436 2.720 2.178 3.224 2.365 1.998
25% 2.56 2.648 2.89 2.579 3.586 2.583 2.079
50% 2.606 2.891 3.182 2.842 3.668 2.687 2.155
75% 2.836 3.288 3.420 3.096 3.988 2.751 2.309
max 3.021 3.674 3.672 4.359 4.236 3.046 2.651

Table 2 — Statistics of results for the RNNoise neural network
MOS_COL MOS_DISC MOS_LOUD MOS_NOISE MOS_REVERB MOS_SIG MOS_OVRL

count 10 10 10 10 10 10 10
mean 3.514 3.715 3.691 4.347 4.377 3.208 2.839
std 0.432 0.388 0.282 0.209 0.313 0.557 0.543
min 2.893 3.130 3.211 4.026 3911 2.300 2.052
25% 3.219 3.552 3.526 4.199 4.076 2.920 2.561
50% 3.454 3.738 3.735 4.344 4.485 3.265 2.845
75% 3.766 3.883 3.905 4.453 4.589 3.383 2.965
max 4.350 4.478 4.077 4,757 4.800 4.348 4.049

The 25% and 75% values correspond to the first (Q1) and
third (Q3) quartiles, respectively. These quartiles are part of
descriptive statistics that show the distribution and central
tendency of the data.

25% (first quartile, Q1) represents the value below which
25% of the data lies. This is the median of the lower half of
the data set. This metric is useful for understanding the lower
bound of the central 50% of the data.

75% (third quartile, Q3) represents the value below
which 75% of the data lies. This is the median of the upper
half of the data set, which is useful for understanding the
upper bound of the central 50% of the data.

According to the Tables 1, 2, it is noticeable that the
average value for all metrics of the neural network is higher,
as well as both minimum and maximum. It is also noticeable
that the noise suppression metric MOS_NOISE is 1.5 times
higher than the results after filtering with an adaptive Wiener
filter, which proves the effectiveness of using a neural
network to suppress noise in different noisy environments, as
well as MOS_COL, which indicates the coloration of the
signal and the absence of tonal distortions.

Also, as part of the study, the RNNoise neural network
was launched on the ARM part of the hardware platform
ZYNQ. In particular, the necessary software finalizations of
the source code were determined for the compilation of the
interference part for the bare-metal environment. With the
use of cross-compilation tools and refinement of the source
code, the model execution time on the hardware platform
was obtained, which allows us to perform the next stage of
its performance analysis in the case of the development of a
separate IP block using the Vitis-HLS toolkit.

6 DISCUSSION
Within the framework of this study, two approaches to
filter the noise in an audio signal based on SoC were
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considered: adaptive filters and neural networks. Models
with different bursts at random moments of time (non-
stationary noise models) were used as a noise
environment. Implemented adaptive filter and neural
network for filtering signals with non-stationary noise and
human speech in a given ratio were verified. The
simulation results showed that both methods have
significant potential for solving filtering problems, but
show different results in terms of evaluation criteria.

Adaptive filters (the Wiener filter was considered) are
relatively easy to implement (C, VHDL/Verilog), are
effective for uniform noise, echo suppression due to the
ability to achieve stable signal filtering without significant
degradation in a relatively small number of counts. But, if
the signal contains a non-stationary component (which is
usually the real conditions of use), then the efficiency of
the adaptive filter is significantly reduced.

A neural network can be implemented
programmatically using both built-in accelerators, which
are often found in SoCs, and with partial transfer of
complex computing components to FPGA. Simulations
have shown that neural networks can handle complex
nonlinear dependencies much better than adaptive filters.
For example, in the tasks of road and street noise filtering,
where the noises had a complex structure, the RNNoise
network showed a significantly better filtering result
according to the objective metrics and the obtained
spectrograms. Neural networks are effective in processing
real-time changing signals and can also extract important
features of the signal, which can reduce the need for
manual tuning and data pre-processing unlike an adaptive
filter. However, their implementation requires more
computing resources and training time.
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The results of the study show that the choice between
adaptive filters and neural networks depends on the nature
of the task. In systems, where stationary noise types
predominate, adaptive filters are an appropriate choice.
Their simplicity, transparency and adaptability make them
suitable for processing audio signals with a relatively
simple noise structure. Neural networks are appropriate
for tasks where there are complex, non-linear noises and a
high quality of noise suppression with maximum
preservation of the useful signal is necessary. Also, their
implementation in the SoC is possible due to the potential
distribution of calculations between system components
and due to the presence of hardware calculations
accelerators, specific for neural networks, in some SoCs.

Also, it is necessary to consider the possibility of
using during real-time processing of the audio stream
objective metrics calculation and parallel processing in
the situation, where combined approaches are possible,
that is using adaptive filters and neural networks together
to achieve maximum efficiency. For example, hybrid
systems can use adaptive filters for primary signal
processing, and neural networks — for more accurate
filtering of complex noises in the second stage. Further
research can be aimed at neural networks optimization for
real-time operation and reduction of their requirements
for computing resources and data volume.

Thus, the final choice between the specified filtering
methods should be based on a detailed analysis of the
specific task requirements, available computing resources,
and power consumption limitations.

CONCLUSIONS

During the study two methods of noise suppression using
the adaptive Wiener filter and the RNNoise neural network,
considered in different noisy environments, were analyzed.
The spectrograms of the output signals and the results of the
objective SIGMOS metrics for the received topologies of
signal transmission were obtained. During the analysis of the
received spectrograms it was discovered that in scenarios
with different noise environments, the Wiener filter works in
a similar way to a low-pass filter, which can be partly used to
suppress the high-frequency component or for restriction of
the frequency range of the signal.

Better results were found in the case of using the
RNNoise neural network in noise suppression tasks for
typical scenarios with a noisy environment due to a fast
response time to its change. According to the received
statistical data, formed in table 1 and table 2, it was found
that on average RNNoise shows the best results of
coloration, noisiness and discontinuity.

The scientific novelty is that the method of adaptive
filtering and noise suppression of the audio signal due to the
predetermination of adaptive filtering coefficients in the
process of machine learning based on neural networks has
been further developed, which made it possible to improve
the quality of noise suppression by an average of 20% for
specific types of noise and increase the quality of noise
suppression in different noise environments.

The practical significance of the study consists of
running the RNNoise neural network on the ARM part of the
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hardware platform ZYNQ Zedboard using Vitis-IDE tools
and obtaining objective signal metrics before and after
processing using the SIGMOS package. Also, the hardware
implementation of various adaptive filtering algorithms made
it possible to prove the advantages of a filter based on the
neural network for noise suppression in audio signals with
different parameters.

Prospects for further research are related to the
analysis of the possibility of the weight coefficients database
formation of trained neural networks, which implement
adaptive filtering for the corresponding types of noise. The
computationally complex part of the neural network can be
implemented using high-level synthesis and adapted for
loading into the SoC. This will significantly reduce the noise
suppression devices’ design time and allow novice designers
to use optimized and verified technical solutions for their
specific tasks.
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YHIBEPCUTET paliOeNeKTPOHIKH, XapKiB, YKpaiHa.

AHOTALIA

AxtyanbHicTh. CydacHi cHCTeMH Bileo KOH(EPEHIIHHOro 3B’A3Ky MPAIOIOTh y PI3HOMAHITHOMY IIyMOBOMY OTOYEHHI, TOMY
aKTyaJIbHIMH 3aBJaHHSIMH € 30€peKeHHs 4iTKOCTI MOBJICHHS Ta 3a0€3MeUeHHs MBUIKOI aIanTalil 10 3MiHH [[bOT0 O0TO4eHHs. [Ipu po3poOii
BOYZIOBaHMX CHCTEM BHHHKAa€ HEOOXiHICTh 3HAUTH OajaHC MIX CITOKMBAHHIM PECYpCiB, HPOJYKTHBHICTIO Ta SIKICTIO CHTHAJIY, OTPUMaHOTO
micist npuaymeHHs 1myMy. CHCTeMH Ha KPHCTall JO3BOJISIOTH BHKOPHCTOBYBATH IIOTYXHICTh SIK NPOLIECOPHUX sIAEp, MOCTYIHHX Ha
anapatHiii mardopmi, tak i FPGA, ans BuUKOHAHHS CKIaIHHX OOYHCIIEHb, 1[0 CHPHUSE MMiJBHIICHHIO MIBUAKOMAII a00 3MEHIICHHIO
HaBaHTa)KCHHsS Ha OCHOBHI siipa SOC.

Merta. IIpoBe/ieHHsI MOPIBHJIBHOTO aHaNi3y SKOCTI HPHIYIICHHS IIyMy Yy ayai0 CHTHajlaX aJrOpUTMOM aJanTHBHOI (inbTparii ta
AIrOPUTMOM (DibTpaIlii 3 BUKOPHCTAHHSIM MAIIMHHOTO HABYaHHS HA OCHOBI HEHPOHHOT Mepexki MMNOISE B IPUCTPOSIX MPHIYIICHHS IIIyMy Ha
TeXHOJIOTi4HiH miatdopmi SOC.

Merton. OriHka 3a JI0MOMOroK0 00’ €KTHBHMX METPUK, aHaJi3 CIIEKTpOrpaM 3 BUKOpHCTaHHAM Gibmioreku Librosa na Python. HaBuanms
HellpoMepexi Ta NPOEKTYBAaHHsS MOJENi BHKOHYETHCS Ha OCHOBI iHcTpymeHntiB Python rta Torch. [{ns peanizawii HeiipoHHOi Mepexi Ha
iargopmi SOC BukopucroByBascs mnaker Vitis IDE.

Pe3yabraTn. BukoHaHO aHani3 JABOX METOMAIB NMPHIYIICHHS IIYMy 3 BHKOPHUCTaHHSAM aaanTuBHOro (inbTpy BeitHepa Ta HeitpoHHOT
Mmepesxi RNNoise. V posrisHyTHX ciieHapisx 6yiio BU3HAUECHO 110 HEHPOHHA MEpeXka MOKa3ye Kpallli pe3yIbTaTH IMPUAYIIEHHS IIyMy 3TiJHO
JI0 aHaJIi3y CIEKTPOrpam Ta 00’ €KTHBHHX METPHK.

BucnoBku. Y poboti Oyn0 BUKOHAHO MOPIBHSJIBHUII aHami3 e(EeKTHBHOCTI alrOPUTMIB MPHUIYIICHHS IIyMy Ha 0a3i aganTHBHUX
(binpTpiB 1 HEHPOHHOI MEPEXKi Y CIEHApIsAX 3 PI3HUM LIYMOBUM OTOYEHHsSM. by otpumani pesynbrati 00’ exktBux Metpuk SIGMOS nnst
OIIIHKH SIKOCTI OTPHMMAHOTO aymiocurHany. JomaTtkoBo Oyiia BUKOHAHA TEPEBipKa MOXIMBOCTI 3amycky HeiiponHoi mepexxi RNNoise wa
TexHouoriuHii miatdopmi SOC ZYNQ 7000.

KJIFOYOBI CJIOBA: BOynoBani cucremu, cucteMd Ha kpucrtami, FPGA, agantuBHa (inbTpariisi, aaroputMu mudpoBoi oOpoOku
CHUTHAJIB, QJITOPUTMH MPUAYILICHHS IYMY, ay/Ji0 CHTHAJIM, MalllHHE HABYaHH:, HeWPOHHI MEpEexi.
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ABSTRACT

Context. The development of autonomous mobile robotic platforms has advanced rapidly, especially in cyber-physical systems
where integrating physical components and computational resources is vital. A key challenge in such platforms is the efficient real-
time processing of sensor signals under limited computational resources, enabling robots to operate independently of human inter-
vention. Traditional signal processing methods demand significant power, which may limit mobile platforms constrained by energy
and resources. This research focuses on restructuring sensor signal processing channels using digital bandpass filters while overcom-
ing technical challenges posed by limited resources.

Obijective. The goal is to create an efficient method for processing sensor signals in autonomous mobile platforms with con-
strained resources. This involves using low-order bandpass filters, capable of adjusting their characteristics and improving quality
through sequential connection of identical filters. Reducing the computational load allows for enhanced overall performance of cy-
ber-physical systems, improving efficiency under changing conditions and enabling autonomous task completion. New computa-
tional formulas are also proposed to simplify the design and better utilize onboard resources.

Method. The improved method for constructing sensor signal processing channels uses identical low-order frequency-dependent
components, sequentially connected to solve challenges faced by higher-order components. This approach simplifies coefficient cal-
culations for cutoff frequencies and improves filter performance by increasing the order and quality. The method achieves a quasi-
linear phase-frequency characteristic, ensuring minimal distortion in the processed signals, while significantly reducing computa-
tional requirements.

Results. The proposed method effectively reduces computational costs while maintaining high performance in sensor signal
processing. The new formulas allow for calculating filter coefficients with fewer resources, suitable for autonomous systems. Model-
ling and experimental verification confirm that this method lowers the computational load and enhances filter performance, enabling
more efficient sensor data processing, extended battery life, and improved system reliability.

Conclusions. This research presents an efficient approach to sensor signal processing for resource-constrained autonomous ro-
botic platforms. Sequentially connecting identical frequency-dependent components reduces computational costs while maintaining
high signal processing quality. These findings are recommended for real-time applications requiring efficient resource utilization,
contributing to improved autonomy and adaptability in mobile robotic systems.

KEYWORDS: autonomous mobile robotic platform, frequency-dependent components, filters, frequency characteristics, cyber-
physical system.

ABBREVIATIONS MD is a multi-dimensional polynomial approxima-
AGYV is an automated guided vehicle; tion;
AFC is an amplitude-frequency characteristic; NF is a notch filter;
AMP is an autonomous mobile platform; OCM is an operator-controller module;
AMR is an autonomous mobile robot; PFC is a phase-frequency characteristic;
AMRP is an autonomous mobile robotic platform; SBC is a single-board computer.
AP is an automated platform;
AU is an adjustment unit; NOMENCLATURE
BPF is a bandpass filter; ag,dy,ap,by,b, are the real coefficients of the filter
CPS is a cyber-physical system; transfer function numerator and denominator;
EA is an evolutionary algorithm; ¢ is a cutoff frequency level:

EESA'Si: ;rﬁzlljg_np%;r:ﬁ;%%r:z‘;c::;p;rrr'zg;t’ ~ D(w) is a denominator of frequency response func-
HPF is a high pass filter; tion;
LPF is a low pass filter; f is a linear frequency;

fy is a central frequency of the BPF’s AFC;
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fy is a left cutoff frequency of the BPF’s AFC;

f, is a right cutoff frequency of the BPF’s AFC;

fq is a sampling frequency;

H(z) is atransfer function in z-domain;

H (w) is a frequency response function;

H,(w) is a frequency response function of n con-

nected identical filters in series;

N (w) is a numerator of the frequency response func-
tion;

n is a number of identical connected filters;

Q is a quality factor of BPF;

z is avariable in the complex plane;
¢ is a phase-frequency characteristic;

w is anormalized angular frequency;
wgp IS a bandwidth of the BPF;

@, is an AFC cutoff frequency at level c;
w |, is apeak frequency of the AFC;

@y, IS a cutoff frequency at a new level Ve by main

AFC for quadratic equation;
Wents Benz 1S the cutoff frequencies at a new level

Ve by main AFC;

1L, 1R are the left and right cutoff frequencies at the
level c;

2L, 2R are the left and right cutoff frequencies at the

level %;

3L, 3R are projections of the left and right cutoff fre-
quencies 2L and 2R onto the new AFC.

INTRODUCTION

The modern development of society is characterized by
the increasing use of robotic systems in production proc-
esses and society. Such systems include AMPs, mobile
robots, and mobile manipulators, which are actively used in
factories and enterprises to perform complex and monoto-
nous tasks such as assembly, welding, painting, loading and
unloading operations. In the social environment, they are
employed for various service tasks: domestic, office, medi-
cal, monitoring, inspection, and search operations. It is es-
pecially important to note the role of AMPs in the military
field, where they are used for both reusable and single-use
specific tasks, as well as for reconnaissance, search, moni-
toring, escorting, and so on [1].

Within the framework of AMPs, it is possible to dis-
tinguish between AGV and AMR. APs are portable robots
that use floor markings for movement and employ radio
waves, video cameras and surveillance systems, magnets,
and lasers for navigation. In the presence of obstacles,
they typically stop. AMRPs, on the other hand, are plat-
forms controlled by software based on signals from a
large number of sensors and actuators, allowing them to
identify their position and surroundings in space and
move without operator intervention [2-5]. Moreover,
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modern AMRPs use elements of artificial intelligence to
make decisions during task execution.

Recently, there has been intense development in CPS
across various fields. To date, different definitions of such
systems exist, but many authors agree that they represent
a fusion of physical processes and cybernetic components.
This combination enhances the intellectual capabilities of
AMRPs in performing their functions [6-8]. In such sys-
tems, preliminary motion modelling is often used to en-
sure the safety of movement within a group of AMRPs
and the completion of tasks [9, 10]. Reliable data on the
state of the AMRP and its surrounding environment are
essential for this purpose.

Typically, AMRPs are constrained by size, power
supply, and computational capacity. This necessitates the
development of software and hardware components with
minimal energy consumption while ensuring task per-
formance, as data processing is also limited by the im-
plementation of processing algorithms. This fits well with
modern concepts of AMRP development — Industry 4.0-
6.0 [11, 12].

The object of study is the process of sensor signal
processing in AMRPs without operator intervention. With
a large number of sensors and the presence of interfer-
ence, filtering is required, with the ability to adjust the
parameters of the processing components in real-time.
This need for adaptation to operating conditions enhances
the reliability of the data for decision-making and task
execution by the actuators.

The subject of study is the model and method for
constructing the signal processing channel for sensors
with the ability to adjust the characteristics and configura-
tion to ensure the operational functionality of the path.
Known methods [13-19] are complex, time-consuming,
and costly, especially for single-use AMRPs.

The purpose of the work is to improve the efficiency
of the FDCs of an AMRP, as a CPS, by reducing the
computational complexity of their reconfiguration
through the analysis and improvement of the sequential
connection model of the components, taking into account
the features of their frequency characteristics.

1 PROBLEM STATEMENT

Let’s assume a CPS is given in the form of an AMRP
interacting with natural objects. This platform consists of
set of sensors, set of hardware components, set of soft-
ware components, and set of actuators, all of which must
operate in real-time to perform a given task. The primary
constraints for such a platform are power supply limita-
tions and computational resource limitations. The plat-
form has both high-level and low-level subsystems, which
prioritize the allocation of these resources.

For this platform, the task of constructing a sensor
signal processing channel, which belongs to the low-level
subsystems, can be represented as the problem of finding
the components of the channel, determined after research-
ing the possible structures and components of the channel.
The components of the processing channel must meet the
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requirements of simplicity, the ability for quick and mi-
nimal adjustments, and minimal costs for improving the
quality of the channel while maintaining limited power
consumption.

In this formulation, it is necessary to find formulas for
calculating new cutoff frequencies for the channel com-
ponent when n identical low-order components are se-
quentially connected with a transfer function H(z), in

other words, @¢ny cn2 = f(@j,b5,n,c), and also show

which phase distortions occur with such a connection
on f(n).

2 REVIEW OF THE LITERATURE

Development a processing channel based on FDCs,
several tasks are usually addressed: approximation, de-
veloping, and implementation. To create tunable compo-
nents, various approaches and methods are used by the
authors, allowing for control over the frequency charac-
teristics of the components. Let’s consider these ap-
proaches and methods using the example of digital filters,
as standard control system links are described by similar
transfer functions.

Many authors start the process by approximating and
normalizing the transfer function. In [13], the authors
propose transitioning to state space and adjusting charac-
teristics there, using the Faust language to achieve the
Chamberlin form. This approach is quite complex to im-
plement in AMRP.

Another approach introduces additional parameters
into the transfer function to control the cutoff frequency
[14, 15]. Retuning is easily done on non-recursive filters
since they do not have roots in the denominator of the
transfer function. This idea of controlling the cutoff fre-
quency then applied to recursive filters. Another approach
involves using MD polynomial approximation for recur-
sive filters with the introduction of additional parameters
into the transfer function. These approaches require prior
preparation, and with each retuning, the transfer function
needs to be checked for stability.

It is known that digital non-recursive filters are always
stable and have a linear PFC. However, since it is also
necessary to change the filter order to improve its quality
factor, higher-order filters are often required, which leads
to increased delay, and this is a problem for real-time sig-
nal processing. Therefore, moving to recursive filters, the
filter’s numerator coefficients are approximated using
polynomials with variable parameter. To solve this prob-
lem, the transfer function is transformed using semi-
definite programming in the frequency domain [16].

The problem of developing a recursive filter has
proven complex due to the presence of poles in its transfer
function. This leads to a non-linear phase characteristic of
the transfer function, and the amplitude characteristic is
also shifted due to the quantization of the denominator
polynomial coefficients, which leads to instability. In
[17], numerous efforts were made to achieve an optimal
filter characteristic using several optimization methods. A
task was formulated and solved to develop a recursive
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filter with various constraints using gradient methods,
which led to an optimal passband characteristic with an
almost linear phase, and in some cases, absolute linearity
was achieved. However, the obtained solutions were
suboptimal in many cases due to the conversion of the
multimodal filter design problem into convex optimiza-
tion. To overcome suboptimality, the authors used EA. It
should be noted that system identification was conducted
in the time domain, while in the frequency domain, vari-
ous error functions were developed for the obtained am-
plitude characteristics, bringing them closer to the desired
one.

This approach resulted in an optimal recursive filter
characteristic; however, the linearity of the phase charac-
teristic was not improved. The EA approach was applied
to lower-order recursive filters. This approach is the most
suitable since the filter characteristic is stable, almost lin-
ear, and the amplitude characteristic is also accurate.
However, there is a significant error at the edges of the
bandpass. The retuning process is complex, and requires
significant computational resources, though it provides a
satisfactory characteristic, and stability must be checked
during retuning.

The recursive filter structure has unique advantages
and disadvantages. The main advantage of this filter
structure is that it provides a frequency characteristic
comparable to that of a higher-order non-recursive filter,
resulting in fewer computations needed to implement the
filter. However, recursive filters can be unstable due to
the presence of feedback. As a result, they are more chal-
lenging to design, and caution is needed to prevent insta-
bility. Recursive filters have a non-linear phase character-
istic, which may make them unsuitable for certain appli-
cations requiring a linear phase. Additionally, because
recursive filters take into account past outputs due to
feedback, they are typically more sensitive to quantization
noise, making them harder to implement using 16-bit con-
trollers or fixed-point microprocessors. Generally, 32-bit
resources are preferable for implementing recursive fil-
ters.

For this reason, non-recursive filters are often recom-
mended for microprocessor-based implementations due to
their simplicity in description and realization [15, 16, 18].
However, many open questions remain regarding parame-
ter retuning and increasing filter order.

When implementing AMRPs, several tasks need to be
solved simultaneously. This requires developing a modu-
lar AMRP structure, often designed to solve current tasks
and expand for future capabilities. Using multiple micro-
processor blocks leads to a distributed system within a
single AMRP.

For instance, in [19], a concept of a modular and dis-
tributed architecture for a robotic system is presented. The
architecture is based on the OCM, which describes the
adaptation of distributed OCM for AMRP, taking into
account the requirements for such robots, including real-
time constraints and safety. The presented architecture
hierarchically divides the system into a three-layer struc-
ture of controllers and operators. Controllers directly in-
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teract with all sensors and actuators in the system, requir-
ing strict real-time constraints. However, the reflexive
operator processes information from the controllers,
which can be done using model-based principles with
finite state machines. A cognitive operator is used to op-
timize the system.

Further development of AMRPs is connected to the
advent of small SBCs as more energy-efficient and suit-
able solutions for mobile robot processor blocks. Multiple
SBCs or microcontrollers are combined into a distributed
system for greater computational power or better reliabil-
ity, and modular solutions make it easy to expand AMRP
capabilities. This approach positions AMRP as a CPS
capable of making decisions to improve signal processing
quality in the processing path under uncertainty, without
operator involvement.

At present, there are many definitions of CPS. In gen-
eral, CPS are systems consisting of various natural ob-
jects, artificial subsystems, and control controllers, allow-
ing such a formation to be considered a unified whole.
CPS provide close coordination between computational
and physical resources. Computers monitor and control
physical processes using feedback loops, where events in
the physical systems influence the computations and vice
versa. The main technological prerequisites for the emer-
gence of CPS are [20-24]:

— growth in the number of devices with embedded mi-
crocontrollers, microprocessors and data storage;

— integration that achieves maximum efficiency by
combining individual components into larger systems;

— availability of numerous sensors and actuators;

— limitations in human cognitive abilities, which
evolve more slowly than machines, leading to a point
where they can no longer handle the volume of informa-
tion required for decision-making.

Typically, this is an embedded system, a special-
purpose system where the computational element is en-
tirely integrated into the device it controls. Unlike a gen-
eral-purpose computer, an embedded system performs
one or several predefined tasks, usually with very specific
real-time requirements.

From a technical perspective, an embedded system in-
teracts with its environment in a controlled manner, meet-
ing several requirements for ensuring the quality and
timeliness of information necessary for task control and
execution.

CPS integrate cybernetics, hardware and software
technologies, and qualitatively new actuators embedded
in their environment, capable of sensing changes, reacting
to them, self-learning, and adapting.

It is worth noting that the general CPS architecture is
divided into five fundamental levels [20-22]:

— physical level (lays the foundation for CPS architec-
ture);

— network level (packet routing based on transforming
a unique identifier assigned to each active device into
network-based identifiers);

— transport level (packets are fragmented into smaller
parts);
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— intermediate level (terminal management, protocol
conversion);

— application level (stores, analyzes, and updates in-
formation).

Thus, the development of the sensor signal processing
channel fits into this CPS architecture, interacting actively
with sensors to provide the decision-making system and
actuators with reliable information. The path must be able
to adjust its properties according to the operational condi-
tions of the AMRP.

3 MATERIALS AND METHODS

In building the sensor signal processing path for
AMRP, there are two main tasks: adjusting the cutoff
frequency or bandpass and increasing the quality factor of
the AFC or enhancing the slope of the AFC rise and fall.

In addressing the first task, adjusting the cutoff fre-
quency for LPF and HPF, as well as the centre frequency
and bandwidth (rejection) for bandpass and NF, an analy-
sis of methods for adjusting recursive filters of various
orders was conducted. Several methods for tuning both
analog and digital filters were considered, some of which
are reflected in the works [13-19]. Particular attention
was paid to the simplicity of the method, the computa-
tional load for recalculating new filter coefficients, stabil-
ity, and the interdependencies between filter coefficients.
It should be noted that as the filter order increases, the
interdependence of coefficients during re-tuning grows.
This leads to a complex recalculation process, the range
limitations, and the need for mandatory stability checks.
For digital filters, the quantization of coefficients also
plays a significant role. Based on this analysis, the low-
order digital filters (first and second order) and an ana-
lytical method for calculating new coefficients are rec-
ommended [25].

To utilize the analytical method, models of FDCs
were developed, allowing the creation of systems of equa-
tions from which calculation formulas for retuning were
derived. The limited number of coefficients simplified the
calculations and reduced computational costs, and the
stability check was found to be fairly straightforward.

Enhancing the “intellectual capabilities” of the chan-
nel during retuning is possible based on an adaptive ap-
proach, as shown in [14]. The peculiarity of controlling
the main filter lies in the AU, which also defines its intel-
ligent properties. Currently, AUs widely use comb filters
for analyzing the input and output signals of the main
filter.

Based on the obtained theoretical and practical data,
the task of improving the quality factor of the AFC or
increasing the steepness of the rise and fall of the AFC is
proposed to be solved using similar FDCs of a low order.

It is known that when components are connected in
series, the resulting transfer function is the product of the
individual transfer functions of the components. If these
components are of the same type, this multiplication turns
into raising the individual transfer function to a power.
Moving to the complex transfer coefficient based on
complex variable theory, it is possible to point out that the
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module, i.e., AFC is raised to the corresponding power,
and the phase, i.e., PFC is multiplied by the indicator of
the degree.

It is also known that the quality factor of BPFs is de-
termined by the AFC. To do this, the bandwidth is de-
fined as the difference between the cutoff frequencies at a
level of 0.707 (approximately 3 dB) from the peak of the
AFC, as half of the signal’s power is concentrated at the
filter’s output at this level. Thus, the quality factor Q is

determined as follows

__fo
Q= @

Naturally, the higher the quality factor, the steeper the
AFC, i.e., the rate of rise and fall of the characteristic.
Let’s consider such a configuration using first-order iden-
tical BPFs as an example since they are often used in
AMRP. When connecting such filters in series, the AFC
of the new configuration becomes “compressed”, with the
cutoff frequencies shifting toward the central frequency,
and the AFC slope increases, thus improving the quality
factor of this configuration (Fig. 1) [26].

Hy(w). Hyw)

Figure 1 — AFC of first-order Butterworth digital BPFs con-
nected in series

The transfer function of the main first-order BPF in z-
domain is described as follows

_ap+ alz‘l + azz‘2
1+ blz‘l + bzz‘2

H(z)

)

For z=el®, a; =0 and a, =-ag, the transfer func-

tion (2) can be transformed into the following frequency
response function

H(m)=%, @)

where
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N (@) = 2ag sin(m) ,

D(w) = (1 by)? + b2 + 2by (1+ by) cos(w) + by cos? ().

It should be noted that the peak frequency of the AFC
remains unchanged and is determined by the equation

[ =arccos| — bl .
1+b2

Usually, the cutoff frequency level is defined as
c=0.707, then solving equation H(w.)=c, we deter-
mine the two cutoff frequencies 1L and 1R (Fig. 2).

When multiplying identical AFCs or raising them to a
power, the level remains the same, but to determine the
cutoff frequencies of the AFC of the new configuration,
when connected in series, it is necessary to extract the

corresponding root from the level c, i.e., Ve (Fig. 2). In
Fig. 1, these levels are shown as horizontal lines.

1
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08r
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Hyo). (@)
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02—

01/

o e — L
o 01 0.2 0.3 0.4 0.5 0.6 0.7 08 0.9 1
@

Figure 2 — AFC of the main first-order Butterworth filter and
AFC when connecting five identical first-order Butterworth
filters in series

In this case, from the AFC of the main filter, it is pos-
sible to calculate the cutoff frequencies of the AFC of the
new configuration. Figure 2 shows the correspondence
between the cutoff frequencies of the main first-order
AFC at the level ¢ and the AFC when five identical first-
order AFCs are connected in series. These cutoff frequen-
cies are determined by the main AFC, whose parameters

are known, and by the new level equal to ve. Figure 2
shows the level ¢ for the main filter and its cutoff fre-
quencies 1L and 1R, then the new level is determined
from the number of connections Q/E and based on it, the

new cutoff frequencies 2L and 2R are determined. Based
on these, as a projection onto the new AFC of the connec-
tion, it can be possible to get 3L and 3R [27].
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To determine the cutoff frequencies of the new AFC
after connecting n identical filters based on the main
AFC, it is necessary to solve the equation (4):

2
HZ(m):NZ—(“’)z'\‘/c_Z. 4)
D“(w)

The substitutions ag=(01-by)/2 and

sin(m)zwll—cosz(m) to the numerator of (3) yield the

following expression for N 2(ﬁs) :

N?(m) = (1—by)2(1-cos?(w)).

After transforming equation (4) can be written in the
form of a quadratic equation for cos(w) :

2
[4bycn + (L—by)2]cos? (w) + 20y (1+by) cos(wm) +
) 2 ®)

+¢b? +(1—by)?(cN -1) =0.

Solving this equation gives formulas for determining
the cutoff frequencies when n identical filters are con-
nected in series:

2
—b121+b2)c” s
4b2CH + (1— bz )2

Wen cn2 = arccos

2 2
(1-by) [ 1-cn || [ab, ~b2)en + @-by)? ()

- 2
4b,c™ + (1— b, )2

When creating such a new signal processing path for
sensors, a question arises as to how the PFC will look
compared to the direct calculation of a filter of the given
order and how linear it will be. The research of changes in
the PFC was based on the transfer function of the main
filter (2). For this, an analytical mathematical description
of the PFC was obtained, which after transformation
looks as follows

by + (b, +1) cos(w) J 0

Q= arctan( :

(1-by)sin(w)

As mentioned earlier, when connecting n identical

filters in series, the PFC of the new configuration is the

multiplication of the PFC of the main filter and the num-
ber of main filters connected, i.e.,
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Pp=N-Q. (8)

For other filters, when similar components are con-
nected in series, the AFC changes as follows:

— for the LPF, it shifts to the left, i.e., towards lower
frequencies with the quality factor increases;

— for the HPF, the characteristic shifts to the right, i.e.,
towards higher frequencies with the quality factor in-
creases;

— for the NF, unlike BPF, the characteristic does not
shift toward the central frequency, meaning it “expands”
outward from the central frequency rather than “com-
pressing”.

Such AFC behavior is not always suitable for solving
the signal processing tasks required for sensor data.

4 EXPERIMENTS

As a result of theoretical research, corresponding cal-
culations, modelling, and experimental verifications were
carried out using real AMRP.

In solving the first task of retuning, the computational
costs for recalculating the transfer function coefficients
were assessed. The computational load was evaluated by
the number of operations required to implement the pro-
posed formulas. The results were compared with the me-
thod based on variable substitution. Each processor has its
own values for the execution of addition operations.
Raspberry Pi 4 was chosen for evaluation. The results
were experimentally verified using it. Based on the results
obtained, the proposed method of recalculating transfer
function coefficients is 27% more efficient for first-order
LPF and HPF, 29% for second-order LPF and HPF, and
13% for BPF and NF.

Modelling and experimental verification of serially
connected similar BPFs resulted in a quasi-linear PFC
compared to equivalent filters calculated directly.

5 RESULTS
When verifying the obtained relationships, for exam-
ple, Fig. 3 shows the cutoff frequency dependencies de-
rived from formula (7).

05
045}
*
* :
% Right
04} k * g
* 4 . A
8 0asf
o3l L
*
* 7 * T
A * Left
025 :
*
02
1 2 3 4 5 6 7 8 9 10

Figure 3 — Graph of the cutoff frequency dependence on the
number of connected identical filters when filters connected in
series
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Based on these ratios, the bandwidth of such a connec-
tion is determined as wgp =|w ey — Wenz| (Fig. 4).

03
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021 *

Spp

0151

01F * *

0.05
1 2 3 4 5 6 T 8 9 10

Figure 4 — Graph of bandwidth wgp dependence on the num-
ber of connections

As seen in Fig. 4, the bandwidth decreases exponen-
tially. At the same time, it can be shown how much the
bandwidth decreases with a series connection, and accord-
ingly, the quality factor of such a configuration increases
in accordance with (1) (Fig. 5).

4

35

i 2 s 4 5 s 1 8 s 1

n
Figure 5 — Graph of the quality factor Q dependence on the
number of connections

For example, with connecting four identical compo-
nents, the bandwidth decreases by more than twice, with
connecting eight — by more than three times, with ten —
the bandwidth is reduced by 3.5 times. At the same time,
the quality factor increases by 2.4 times, 3.4 times, and
3.8 times, respectively.

Modelling and experimental verification of the series
connection of identical BPFs lead to a quasi-linear PFC
compared to similar directly calculated filters (Fig. 6).

Figure 6 shows that the PFC of the new configuration,
according to equation (8), i.e., ¢5=5-¢, five identical
filters, is quasi-linear compared to the PFC of a fifth-order
filter calculated directly. Additionally, when calculating
an identical filter, only three coefficients are computed,
whereas the fifth-order filter requires six coefficients in
the numerator and ten in the denominator, totaling 16
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coefficients that need recalculating and verification for
stability. For filters of this order, this is a challenging
task. Verifying the stability of first-order BPFs is a well-
known and straightforward task. Moreover, the serial
connection of stable filters results in the stability of the
entire configuration.
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Figure 6 — Graph comparing the PFC of a series connection of
five identical filters with the transfer function (1) (5H; is the
transfer function after connecting five main filters) and the PFC
of a fifth-order directly calculated filter Hg

When analyzing the PFC of the serial connection of
identical components, it was found that the PFC of the
new configuration is significantly more linear compared
to the directly calculated PFC of the required order. Under
limited computational capabilities, the proposed approach
is considerably better than the traditional one.

6 DISCUSSION

The technical implementation of this approach in digi-
tal form can be both hardware and software-based. The
hardware implementation relies on the serial connection
of n identical components. The main component is calcu-
lated based on data stream information and operating
modes. Cutoff frequencies, bandwidth, and gain coeffi-
cients are determined from this.

In the hardware implementation, one option consid-
ered was the serial connection of multiple identical filters
with registers at the outputs of these components. A
commutator handles the commutation of register outputs
to the device output, which reduces filter switching time
and the transition process time since the necessary data is
already in the registers. This implementation could also
be realized on an FPGA. However, this approach in-
creases the energy consumption of the entire processing
pipeline.

The software implementation was applied for process-
ing data from the ultrasonic obstacle sensor on an AMRP
using identical first-order components. This solution was
convenient for both implementation and operation, reduc-
ing computation time since some constants were precom-
puted and stored in memory cells. Additionally, there
were written a program for increasing filter order and the
steepness of the AFC. However, the transition process

time increased.
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CONCLUSIONS

A relevant problem has been solved: the comprehen-
sive retuning of sensor signal processing characteristics
with limited computational capabilities onboard AMRP
without operator involvement. This was demonstrated
using digital BPFs.

The scientific novelty of the results lies in the fact
that, based on a model of serially connected identical
FDCs described by first- and second-order transfer func-
tions with specific frequency characteristics, new calcula-
tion formulas for such a connection were obtained for the
first time. These formulas reduce computational costs
when calculating coefficients based on given cutoff fre-
quencies. Moreover, this connection allows for an in-
crease in the order and quality factor of the new configu-
ration, as well as achieving a quasi-linear PFC.

The practical significance of the results is that the
obtained relationships enable the calculation of new cut-
off frequency values with lower computational costs.
Modelling and experimental verification results recom-
mend this method and its formulas for practical use in
AMRP with limited real-time computational resources.

Prospects for further research include extending
this method to a wide range of practical tasks in robotics.
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AHOTAIIA

AKTyaJbHicTh. PO3BUTOK aBTOHOMHHX MOOUTEHUX POOOTH30BAaHHX ILTATGOPM IIBUAKO MPOTPECy€e, 0COOIMBO B 00JIACTI Kibep-
(GI3MYHMX CHCTEM, [ BaXKJINBA iHTErpamnis (pi3sMYHIX KOMIIOHEHTIB 1 009HCITIOBAIBHIX pecypciB. OHUM i3 KIFOYOBUX BHKJIHKIB IS
TakuX wIaTdopM € epeKTHBHA 00poOKa CUTHANIB JATUHUKIB y PEXXUMI PEabHOTO Yacy 3a YMOB 0OMEXEHHX 00UNCIIIOBANEHUX PECyp-
CiB, IO JIO3BOJISIE POOOTaM JisITH HE3aJCKHO BiJl BTPyUYaHHS JIIOAUHK. TpaauiiliHi MEeToau 0OpOOKH CHTHAJIB BUMAraroTh 3HAUHUX
pecypciB, 0 MOXe cTaTH MpobyieMoro JUisl IIaThopM 3 0OMEKEHOI0 eHepriero Ta pecypcamu. Lle mociipkeHHs 30cepekeHe Ha
nepeOyIoBi KaHaiy 0OpOOKH CUTHAIB 3a JOMOMOTOI0 HU(PPOBUX CMYroBHX (iNBTPIB, I0JAI0OYH TEXHIYHI TPYAHOLLI, [0 BUHUKAIOTH
4yepe3 0OMEKEHHs pecypCiB.

MeTta po60TH — CTBOPEHHS €()EKTUBHOTO METOLY OOpOOKH CHUTHAJIiB AaTYMKIB HA aBTOHOMHUX MOOUTFHHX Matdopmax 3 oOMe-
JKEHUMH pecypcaMu. Lle BKiIroyae BUKOPUCTAHHS HU3bKO-TTOPSIKOBIX CMYTOBHX (DIMBTPIB, SKI MOXKYTh 3MIiHIOBaTH CBOI XapaKTepHUC-
THKY 1 TiIBUIIYBATH SKICTh 32 JIOMOMOTOK TOCIITOBHOTO 3’€IHAHHS OJHAKOBHX ()UIBTPIB. 3HIDKCHHS OOUYHCIIOBAIHHOTO HaBaHTa-
XKEHHS ITOKpaIly€e 3arajlbHy MPOJyKTHBHICTh Kibep(hi3MIHNX CHCTEM, IiBUIIYI0UN e(eKTHBHICT POOOTH B YMOBAxX 3MiH Ta JI03BO-
JISIFOYM aBTOHOMHE BUKOHAHHS 3aBJaHb. 3alPOIIOHOBaHI HOBI PO3paxyHKOBI ()OPMYJIH CIPOIIYIOTh IPOIEC MPOEKTYBaHHS (iIbTpPIB
Ta JJO3BOJIAIOTH epeKTHBHIIIE BUKOPUCTOBYBAaTH OOMEXKEHI pecypcH riatdopmu.

Meropn. Ilokpamenuii mMeron moOymoBH KaHadiB OOpOOKM CHUTHAIiB BUKOPHUCTOBYE OJHAKOBI HHM3bKO-TIOPSIKOBI YacTOTHO-
3aJIe)KHI KOMITOHSHTH, MOCIIZOBHO 3’€[HAHI Ul BUPILICHHS MPOOJIeM, XapaKTepHHUX ISl BUCOKOMOPSAKOBUX KOMIOHEHTIB. Takuit
MiAXiA crpolrye ob4ncieHHs KoeilieHTiB U 3aJaHuX YacTOT 3pi3y Ta MiABHUILYE MPOAYKTHBHICTD (QiIbTpa 3aBASAKH 301TBIICHHIO
MOPSZIKY Ta SKOCTi. MeToJ mocsrae KBa3iliHiiHOI (a30-9acTOTHOI XapaKTEePUCTUKH, IO MiHIMI3y€ CIIOTBOPEHHS CUTHAITY, 1 3HAYHO
3HIDKY€ 00UMCITIOBAIBHI BUMOTHL.

Pe3yabTaTn. 3anponoHoBaHUi MeTO €()EKTUBHO 3HIDKYE O0UMCIIOBAIEHI BUTPATH P 30€pe’KeHH] BUCOKOT IIPOXYKTUBHOCTI B
06po6ui curnainis narunkiB. Hosi ¢popmyii 103BONSIOTE po3paxoByBaTh KoedillieHTH GiabTPiB 3 BUKOPHCTAHHIM MEHIIOT KiJIbKOCTI
pecypciB, o poOUTH 1X MPUAATHUMH JUIS aBTOHOMHUX cHUCTeM. MOJEeNoOBaHHS Ta eKCIepUMEHTaNIbHA MepeBipKa MiITBEPKYIOTb,
0 el MEeTOJI 3HM)KY€ HaBaHTA)XCHHS Ta IOKPAIy€ YaCTOTHI XapaKTEPUCTUKH (iIbTPIB, JO3BOJISAIOYM podoTaM OLIBII e(heKTUBHO
B3a€EMOJIISITH 3 OTOUYCHHSIM Y PEXUMI peasibHOro dacy. [linBuiieHa eeKTHBHICTH 0OPOOKH CUTHAJIIB TaKOX MOJOBXKYE 4ac poOOTH Ta
Mi/IBUIIY€ HAAIHHICTh CHCTEMH.

Bucnosku. Lle nocmimkeHHs npononye eheKTUBHUH Miaxia 10 0OpoOKH CUTHAIIB AJIs1 aBTOHOMHUX MOOUTRHHX TIatdopm 3 00-
MEXEHIMH pecypcaMu. MeToja MOCTiIOBHOTO 3’€THAHHS OJHAKOBHX YaCTOTHO-3aJCKHHX KOMIIOHEHTIB 3HIKY€E OOYHCIIOBANbHI
BUTPATH Ta MiITPUMYE BUCOKY SIKiCTh OOpOOKM CHTHAIIB. Pe3yibraTH MOJEIIOBAHHS Ta €KCIEPUMEHTIB MiITBEPIKYIOTh e(eKTHB-
HICTh HOBHX PO3pPaxyHKOBUX (OpMyJI JUIS IIOKpaNIeHHs IPOAyKTHBHOCTI cucteMH. L{ei minxix nodpe miaxoanTs st KidepdiznaHmx
CHCTEM, JIe KPUTUYHO Ba)XKJIMBA poOOTa B peajbHOMY 4aci Ta e()eKTUBHE BUKOPHCTAHHS PECypCiB.

KJIFOYOBI CJIOBA: aBroHOMHa MOOiTbHA POOOTOTEXHIYHA TIAT(OPMA, YACTOTHO-3AJISKHI KOMIIOHEHTH, (IIbTPH, YaCTOTHI
XapaKTepHCTHKY, KibephizuuHa cucrema.
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XapKiBChKUH HalliOHAIBHUN YHIBEPCHUTET PaliOeIeKTPOHIKH, YKpaiHa.

XaxanoB 1. B. — kaHza. TexH. HayK, acuCTEHT KadeIpu aBTOMAaTH3alil MPOCKTyBaHHS OOYMCIIOBAJIbHOI TEXHIKH,
XapKiBChKUH HalliOHAILHUN YHIBEPCHUTET PaiOeIeKTPOHIKH, YKpaiHa.

PoxxnoBa T. I'. — kaHA. TexH. HAyK, JOLEHT KadeIpu aBTOMATH3allii MPOCKTYBaHHS OOYHMCIIOBAIBHOI TEXHIKH,
XapKiBCHKUIT HAITIOHABHUH YHIBEPCUTET pagioeNeKTPOHIKH, YKpaiHa.

O6pizan B. I. — xaHa. TexH. HayK, JOKTOPAHT Kadeapu aBTOMATH3AIll MPOCKTYBaHHS OOYMCIIOBAIBHOI TEXHIKH,
XapKiBCHKHUI1 HAITIOHAIBHUH YHIBEPCUTET pagioeNeKTPOHIKH, YKpaiHa.

AHOTAIIA

AkrtyanbHictb. Texunonoriuni tpenan Design&Test komn’rotunry st | T-iHgycTpii Ta akageMidHOT HAYKH 3aBTPAIIHBOTO JTHS
BH3HAYAIOTBCS TAKMMH HAlpIMKaMu: iN-MEmMOry KOMIT IOTHHT, iMepCiiHUMA KOMIT' FOTHHT, Al-KOMIT'IOTHHT, OpIEHTOBAaHHMH Ha
CHepro30epeKeHHsI Ta CKOPOUCHHS Yacy 00YHCICHb IPY HaJaHHi cepBiciB. [IpOMOHY€EThCsSI MeXaHi3M MOJICTIIOBaHHS HECIIPABHOCTEHA,
SK afpec, Ha PO3yMHUX CTPYKTYpax JaHMX, SKi BUKIIOYAIOTh aJIFOPUTM MOJIEIIOBAHHS BXiJHHX TECTOBHX HAOOpIB JUIS OTPUMAHHS
TECTOBOI KapTH AJIS JIOTIYHOI (DYHKLIOHAIBEHOCTI. 3alpOIIOHOBAHUI MEXaHi3M OPi€HTOBaHUH Ha cepBicHe oOciayroByBaHHs SOC IP-
cores mig kepyBanHsaM crannapty |IEEE 1500, mo moxe OyTy cipuifHATO MO3UTUBHO iHkeHepaMu Ha EDA-puHKy.

Mera. Meta J10CIiPKEHHSI — eKOHOMIYHI 38 4acOM Ta CHEpProBUTPAaTaAMH MEXaHi3MH MOJCIIOBaHHS HECIIPABHOCTEH, K ajpec, 3a
paxyHOK BHKOpUCTaHHs read-write TpaH3akuiii iN-memory KOMIT'FOTHHTY Julsi TOOYIOBH KapTH TECTYBaHHs Oyab-sKOi
(YHKIIOHAIBHOCTI Ha PO3YMHHUX CTPYKTYPax JaHHX.

Meton. Po3ymHI CTPYKTypH JaHUX MPEICTABJICHI JIOTIYHUM BEKTOPOM Ta HOTO MOXiITHMUMH y BHIJISAAI TaOJIHIb iICTHHHOCTI Ta
Mmarpulb. Kapra TecTyBaHHS € MaTpHIEI0, KOOPAMHATH sKOI BU3HA4YeHI KOMOIHAWisSIMHM BCiX JIOTIYHHX HECHpPABHOCTEH, sKi
HEpEeBipsIIOTHCS Ha JABIMKOBUX HabOpax BHUYEPITHOro TecTy. [T00y/0Ba KapTH TECTyBaHHS Opi€HTOBAaHA Ha apXiTeKTypy in-memory
KOMIT FOTHHTY Ha OCHOBi read-write TpaH3akiiif, o poOUTh MeXaHi3M MOJETIOBAHHS CKOHOMIYHUM [0 4Yacy MOJICIIOBAHHS Ta
CHEPTOBHUTPAT 3aBISKH BiJICYTHOCTI LIEHTPAIBLHOTO Ipoliecopa. JIOridHHil BEKTOP K €MHUII KOMIIOHEHT BXiJHHUX JTaHHX HE BUMarae
CHHTE3y B TEXHOJIOTIYHO JI03BOJICHY CTPYKTYpy eieMeHTiB. CHHTE3 PO3yMHHX CTPYKTYp JaHHMX Ha OCHOBI YOTHPHOX MAaTPHYHHX
omepalliil CTBOPIOE KapTy TECTYBaHHS HECIIPABHOCTEH, SIK aJpec, Juisi Oy 1b-5KO1 JIOTiKH.

PesyasTaTn. Bekropn nemykTuBHO! MaTpuil e(eKTHBHO BHKOPUCTOBYIOTHCS JJIS MOJEIIOBAHHS HECIPAaBHOCTEH, sIK ajpec, y
U(POBUX CTPYKTypax Oyab-skoi KOH(Irypalil, BKIIOYAIOUN PO3TalyKEeHHS, 0 CXOIIThCS, 1 3BOpOTHI 3B’s3ku. OTprMaHa KapTa
TECTYBaHHS BHMKOPUCTOBYETHCS [UIsl 3HAXOJUKCHHS MIHIMAJIBHOTO TECTy IEPEBIPKM HECIPaBHOCTEH BXIAHMX 3MIHHHX.
3amponoHOBaHMI MEXaHi3M MOJENIOBAHHS HECIPABHOCTEH TEXHOJOTIYHO JIETKO BIHCYETBCS B apxiTeKTypy In-memory
KOMIT' IOTHHTY Ta BUKOPHCTOBY€E Tiibku read-write Tpanzaxiiii. BeKTOpHO-IOTIYHII MEXaHi3M MOXKHA TaKO)X BUKOPHCTOBYBATH IS
TECTyBaHHS TpadoBUX CTPYKTYP, AKi OMHUCYIOTHCS TaOJIUICIO ICTHHHOCTI a0 JOTIYHUM BEKTOPOM. AZPECcH TaOIuIi iCTUHHOCTI, IO
BHUKOPHCTOBYIOTBCS JUISI MOJCIIIOBAHHS HECTIPAaBHOCTEH, €peKTHBHO 3aCTOCOBYIOThCS ISl O€3MPOIIeCOpPHOi 0OpPOOKH BENUKHUX JTAHHUX
B apxiTeKTypi iN-Memory KoM FoTHHTY.

BucHoBkn. HaykoBa HOBH3HA — HPOMOHYETHCS MEXaHi3M BEKTOPHO-JIOTTYHOrO iN-MEmMOry KOMII'FOTHHTY MOOYIOBH KapTH
TECTYBaHHsS, II0 XapaKTepU3yeThcsi IMOOYJOBOIO PO3YMHHX CTPYKTYp [JaHHX, SIKi OOHYJIOIOTH alrOPUTM MOJICIIOBAHHS
HeclpaBHOCTeH. 3a MPOCTOTOI0 Ta MependavyyBaHICTIO PO3MIPIB CTPYKTYp JAHHX Ta BIACYTHICTIO aJrOPUTMY MOJCIIOBAHHS
TECTOBHX HAOOpiB 3alpOMOHOBaHMI MexaHi3M He Mae aHanori y design & test ingycrpii. IIpakTidHa 3HAYMMICTD BH3HAYAETHCS
3aCTOCYBaHHSIM MEXaHi3My JUIA TECTYBaHHS JOTIYHHX (YHKIIOHATBHOCTEH OyAb-sKOi CKIaJHOCTI Ha BHpILNICHHS 3aBIaHb
Bepudikamii. [lepcnekTuBu DOCHiIKeHHS — 30UIBIICHHS 00’€KTa MiarHOCTYBAaHHS J0 CXEMH, TOOTO MOOym0oBa KapTH TECTyBaHHS
CXEMHOT{ JIOTIYHOI CTPYKTYpH.

KJIFOUYOBI CJIOBA: Intelligent Computing, In-memory computing, joriuyauii BEeKTOp, JIOri4Ha MaTpHIsd, KapTa TeCTyBaHHS,
CTPYKTYpPH JaHUX, BEKTOPHO-JIOTIYHE MOJICIIIOBAHHS, HECIIPaBHICTh, TAOIHNIIS ICTUHHOCTI, aJpecH.

ABPEBIATYPHU FLASH - Flash Memory (¢err-mam’siTs);
DACS61 - 61st Design Automation Conference; RRAM - Resistive Random-Access Memory
EDA - Electronic Design Automation; (pe3ucTHBHA MaM’SITh i3 JOBLIBHUM JOCTYIIOM);
SRAM - Static Random Access Memory (cratuuna PCM - Phase-Change Memory (mam’sth i3 3MiHOO
mam’sITh 3 OBUIBHHM OCTYIIOM); (asoBoro crany);
DRAM - Dynamic Random Access Memory MRAM - Magnetoresistive Random-Access Memory
(mMHAMIYHA TTaM’SATh i3 TOBUIBHUM JIOCTYIIOM); (MarHiTOpe3uCTHBHA ONEpaTHBHA MaM’SITh);
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FinFET-fin  field-effect  transistor
MOJILOBH TPAH3UCTOD);

Al - Artificial Intelligence (Tyunwii intenexT);

DFX - Design for Excellence (mpoekryBauus st
JOCKOHAJIOCTI);

IFS - Intel Foundry Services (mocmyru Intel 3
JTMBAPHOTO BUPOOHUIITBA);

SLM - Silicon Lifecycle Management (ynpasminsst
JKUTTEBUM LIUKIOM KPEMHIIO);

ATPG - Automatic Test Pattern
(aBTOMaTHYHA reHepallis TECTOBUX Ia0IOHIB);

SoC — System-on-Chip (cuctema Ha KpucTai).

(pebpucTuii

Generation

HOMEHKJIATYPA

L — moriuHa MaTpwIs,

Y — nBilikoBHA BEKTOP JOTIYHOI (PYHKITIOHAIEHOCTI;

F — kapra TecTyBaHHs JOTi9HOI (QyHKITIOHATEHOCTI (F-
MAaTpHIis);

A — anpecu Tabuii icTHHHOCTI (KOMOIHAIiH JTOTIYHUX
HECIIPAaBHOCTEN);

H — marpuiii nepexojiyBaHHS;

T — TectoBi HabOpH;

D — nenyxtiBHA MaTpUIIS;

A'- 1-Gitu;

N — KITBbKICTH 3MIHHUX,

W — ToBXHHA pericTpy (cioBa).

BCTYII

VYV 2024 poui xoudepenmis DAC61 [1] 3i6pama 337
HayKOBHX mpaib 3 29 HanpsMkiB. L[boro poky KilbKiCTh
MMOJJaHUX MOCTIAHUIBKUX POOIT 3 yCiX HampsAMKIiB Ta 3
yCBOro CBIiTy 3pociia Ha 34%, a Takox OyJio 3a(ikCOBaHO
PEKOpAHY KimbKicTh momaHux 1545 3asBok — e micis
HeOyBaJIoro pekopay 32 KUJIBKICTIO 3asIBOK,
BCTaHOBJICHOTO MMHYJIOTO POKy. Byno Bijg3Hadeno, mio
OKpiM TpamuuiiHuX TeMm npoekTyBanHs EDA, IP Ta
BOYTOBaHUX CHCTEM, 3 SBHIIUCS TPU JTOJATKOBI TEMH —
MITYYHAH IHTENEKT, aBTOHOMHI CHCTEMH y TaM sTi Ta
Ocsmeka. KimpkicTh JOTOBiZeH MO0 3aCTOCYBaHHSA
MTY9HOTO  IHTENEKTy JJs  TPOCKTYBaHHA  YiMiB,
apXITeKTypH amapaTHOTO Ta MPOTPAMHOTO 3abe3IedYeHHs
3a OCTaHHI KiIbKa pOKIB OYKBaJIbHO 3pocia y pasu. Tyt
MPeICTaBlICHI  HAYKOBI  IHHOBAIli, IO  BaXKIUBO,
3aKIHUYHOThCS IHKCHEPHUMH METOIMKAMHM Ta JIO0JJaTKaMH.

Jns edexkTUBHOrO  NPOEKTYBaHHS, TECTyBaHH:,
BaJiJaIlil IHTErpaIbHUX CXEM Ta KOMIIOHCHTIB Ba)IIUBO
MaTh MPOCTy Ta PO3LIMPEHY MOBY OIKCYy poOOUYoro
mpouecy. Coorogni Python craB craHzapTHO MOBOIO
MporpaMyBaHHsl AJsi MAIIMHHOTO HAaBYAHHS, HAYKOBHX
obuucneHs Ta imkeHepii. IcHye Takox npobiiema mam’ sITi.
HesBaxaroun Ha Bci nuckycil mpo 3akoH Mypa, onHe
MOXKHA CKAa3aTH HAIeBHO: NIaM’ATh MacIITa0yeThCsl HE TaK
CWIbHO, sK Jorika. [Iporpamm Al, 1o HACTUIEKH
MOMYJISIPHI B HAIII JIHI, BAMAararTh BCe OLIBLIOr0 00CsTy
NIBHIKOIIFOYOI Ta JIEMICBOI mam’siTi Juls opraizarii in-
MEeMOry KOMIT IOTHHTY Ta 30epiraHHs JaHuX.

Ho nocnimauipkoi mporpamu Research Track Gyio
nomano mporpamy Engineering Track, npusHaueny mis
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ra;y3eBUX MPAaKTHKIB Ta TEXHIYHUX MEHEDKEpiB, sKa
(OKyCYeTBbCSI Ha  YOTHPHOX  KIFOUOBHX  0ONACTSX:
iHTepdeiicHe TPOEKTyBaHHS, BHYTPIIIHE MPOCKTYBAaHHS,
IHTEJIeKTyalbHa BIACHICTh, BOYJIOBaHI CHUCTEMH Ta
nporpamue 3abesneueHHs. TyT iHKEHepH rany3i JUIsSTbCs
OCTaHHIMM I1HHOBAI[ISIMH Ta KIIOYOBUMH TOCITHEHHSIMHU.
Ilporo poky KinbKicTh 3asBOK 30inbIIHIACh Ha 32 %, mpu
OpOMYy OcoONMBa yBara NpUAUIAIACA  IITYYHOMY
IHTEJIEeKTYy, IU3aiiHy Ta IHTENEKTyaJIbHIi BIIACHOCTI.
Hexinbka pgecatkiB momosimeit Ta wWorkshop Oymu
NPUCBSIYEHI CTBOPEHHIO KOMIT IOTEPHUX apXiTeKTyp ¥y
nam’siti. OcoOnmBO 1l TeMa 3Bydajla INpH peaizamil
Artificial  Intelligence  Mopeneli, eKOHOMHUX  3a
CHEProBHTpPATaMH Ta YacoM. TyT BUKOPUCTOBYIOTHCS TaKi
tur mam’gri;. SRAM, DRAM, FLASH, RRAM, PCM,
MRAM, a6o FinFET-Nanosheet as their memory
technology. Turerpamist Al 3 in-memory computing ramae
JIOACTBY HOBI MOXJIMBOCTI €KOHOMIKH BEJIMKHAX TaHHUX

(puc. 1).

RISC-V Instructions

u

In memory computing

Smart data structure

In memory, fault as an address simulation

. Test truth table -

Fault truth table

Logic vector Deductive matrix

0
PucyHok 1 — CtpykTypa in-memory KoMt F0THHTY 00poOKH
JaHHUX Ta MOJICIIFOBAHHSI HECIIPABHOCTEH: 8 — KOMIT FOTHHT Y
mam’siti; 6 —MOJIEeIIOBaHHs HECIIPABHOCTI Yy mam’sITi SIK afipec

Ha puc. 1 mosnaueno: In-memory computing -
KoMI'FOTHHT y Tam’ siti; Smart Data Structure — posymai
crpykrypu manux; RISC-V Instructions — imctpykmii
obuncimoBadya 3 HAabOpPOM  CIIPOIICHHUX/PEAYKOBAHUX
xomanz (Reduced instruction set computer); posymHi
cTpykTypu ganmx; Matrix Instructions — wmarpuuni
iHcetpykiii; In-memory, fault as address simulation —
MOJIEJIFOBaHHS HECTIPABHOCTI MaM’sITi K aapec; Test truth
table — tabnumus ictunHOCTI Tecty; Fault truth table —
Tabnuns iCTHHHOCTI HecmpaBHocTi; Deductive matrix —
JnenyktuBHa matpuilst; Big Data — Benuki mani; Results —
pesyibratu; Read — uwranns; Write — samumc; Logic
vector — JjoriuHui BekTop; Testing map — xapta
TECTYBaHHS.
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O0’ekr pocimimkenas — in-memory intelligente
KOMIT'FOTUHT, SKHWH 3HIDKYE CHEPreTHYHI Ta dacoBi
BHUTPATH IIiJT 9aC 0OPOOKM BETUKUX JAHUX.

Ilpemmer  mocmipkeHHs —  iN-Memory — amami3
€JIEMEHTIB Yi HU(PPOBUX cXeM Oynb-sIK0i PO3MIpHOCTI 3a

nomomororo  read-write  TpaHsakimii  Ha  JIOTIYHAX
BEKTOPax.
Bynp-ski  imKeHepHI pilIeHHS, OpIEHTOBaHI Ha

30epeKeHHs] eHeprii Ta 4Yacy NpOEKTYBaHHS, 3aBXKAN
Oynyte moTpiOHi Ha punky EDA. Buxonsum 3 uporo,
MOKHA C(HOPMYJITIOBATH Memy 00CAi0MNHCeHHs — CKOHOMIYHI
33 YacOM Ta CHEPrOBHTPATaMU MEXaHI3MH MOJICIFOBAHHS
HECTIPaBHOCTEH, AK aJpec, 3a PaXyHOK BHKOPHCTaHHS
read-write TpaH3akuiii iN-MemMOry KOMII'IOTHHTY IS
noOynoBU KapTH TECTYBaHHS Oynp-siKoi
(yHKIIOHATFHOCTI Ha PO3YMHUX CTPYKTYpax MaHHX.

1 IIOCTAHOBKA 3AJJAUI
Posrisinaerbes 3amaya MO/ICNIOBAHHSI HECTIPABHOCTEH
SK aJpec Ha PO3YMHHX CTPYKTypax JaHuX, sKi
BUKITIOYAIOTH AJITOPHTM MOJICTIOBAHHS BXiJHHX TECTOBUX
HaOOpiB Ui OTpPUMAaHHS KapTH TECTYBAaHHS JIOTIYHOT

(hyHKIIOHATEHOCTI.
Hexait 3amaHo  [OBIHKOBMA  BEKTOp  JIOTi4HOI
¢yakmionansHocTi Y.  Cmim  moOymyBath — KapTy

TecTyBaHHs F noriunoi ¢yHkmionansHocti Y. [IpakTiane
3aBIAHHS TIOJIATa€ y CTBOPEHHI BEKTOPHO-JIOTIYHOTO
MeXaHi3My MOJICTFOBaHHI HECTIPABHOCTEH.

3amaui, MO MUIATAOTh PO3B’A3Ky: 1) BHU3HAYEHHS

PO3yMHHUX  CTPYKTYp JAaHHMX, 10 (YHKIIOHAIBHO
3alie)XaTh BiJ JIOTIYHOTO BEKTOpa; 2) BH3HAYCHHS
MIHIMQJIBHOTO YHCla ONepauiii Juid  Cyneprno3uuii

PO3YMHHUX Ta SIBHHUX CTPYKTYp IaHUX, IO JO3BOJISIOTH
0e3 aNropuTMy MOZEIIOBaHHS BXIJHUX TECTOBUX HAaOOpiB
BH3HAYaTH KapTy TECTyBaHHS JIOT14HOT
¢yukmionaneHOCTI;  3)  Bepudikailis ~ MeXaHi3MiB
MOJZICITIOBaHHS HECHPAaBHOCTEH SIK aapec, Ha NPUKIAAAX
JOTIYHUX (DYHKITIOHAIEHOCTEH.

2 OTJIA A JITEPATYPHU

Kondepennis DAC61 [1] € wopiyHOW MOMITHOKO
TIOJTI€I0 Y CBITi, HA AKUX OOTOBOPIOIOTHCS TOII-TEXHOJOTIT
rI00aBHOTO  KOMITIOTUHTY — ChOTOICHHS. Lle  myxke
BOXIMBO SK AT KOPUTYBaHHS IporpaM akKaJeMidHOi
HayKd, Tak 1 BHKOpHUCTaHHA AI-TmJOTiB Ui OCBOEHHA
kypciB cryaentamu [2]. DAC61 23-27 uepsus 2024 poky
npoxoauB y Can-®paniucko mig mpanopom «The Chip to
Systems», 3ampomonoBanuMm  kommaniero Intel. Sk
3MEHIIUTH LUILX MDK 4imoM Ta cucrteMoro it |IT-
iHgycTpii. SIK BHUTOTOBISATH 4UiNM, OpIEHTOBaHI Ha
cucTeMd. SIK IMIBUIIKO 3aJIMBATH CHCTEMU y BUTOTOBJICHI
yinmn Ta wiuietn. Sk TecTyBaTh Ta BepH]IKyBaTH
CHCTEMHM, MI0 HANIYYIOTH TPUIBHOH TpaH3ucTopis [3].
Kpim Tpagumiiiaux Ttem mpoektyBanHi EDA, IP Ta
BOYIOBaHUX CHCTEM, 3 SBHJIHCSA TPH JOJATKOBI BasKJIHBi
TEMU. IITYYHUH {HTEJIEKT, aBTOHOMHI iIMEpCHBHI CHCTEMHU
Ta Oesneka. KiabpKiCTh TOMOBIACH 13 IITYYHOTO iHTEIEKTY
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3pocna B pa3u. BoHum Oymu TpHCBSYCHI BHPIMICHHIO
MMUTaHb MPOCKTYBaHHS Ta Bepu(iKallii JiIiB, arapaTHOTO
3abe3nedeHHs Ta apxitektypu. DAC61 3ampomoHyBaB
TPEHIOBI  YOTHPHM  YYyJIOBI  JOMOBiNi, TPHUCBSUCHI
IITYYHOMY IHTENIEKTY, CTBOPEHHIO OOYHCIIOBAIBHUX
CHUCTEM y Mam’ATi Ta IMMEPCHBHUM OOYHCICHHSIM, a
TakoXx Kinbka rikaBux BuctymiB SKYtalks ta Techtalks,
IO OXOIUTIOIOTh IIMPOKHH CHEKTpP TeM, IOB’SI3aHHUX 3
MiKpocXeMaMH, CHUCTeMaMH Ta jgonarkamu. Jlexinbka
SICKPaBUX TPHUKJIA/IIB CKa3aHOTO.

Andrew B. Kahng, Professor UC San Diego:
«OcTaHHI POKH MPHUHECIH MOTIK PillIeHb MI0/I0 MTYYHOIO
intenektry B EDA. TIlorenuiiini nepeBarm Al-EDA
BKJIIOYA€ TOKpAIIEHy SKICTh MPOEKTyBaHHS, aHaji3y Ta
MOJICJTIOBaHHS 3 MEHIIMMH YaCOBUMH, MaTepialbHUMH Ta
eHepreTHIHNUMHA BuTpatamu [4-11]. Ile He 3ammmmmocs

HENOMiYeHMM K B aKageMiyHUX KoJaX, TakK 1
MIPOMHCIIOBOCTI».
Dr. Gary Patton, Intel, npeacraBuB KOHIIEIIIi{O

CTBOPEHHS «JIMBAPHOI CHCTEMH» — YiIUIETH, HAIOBHEHI
mporpaMHUM 3a0e3nedeHHs M. PoOHWTBCS I MUITXOM
NPOEKTYBaHHS BHCOKOIPOJYKTHBHUX OOYHCIIIOBaYiB 32
enoxy ILITy4yHOro iHTenekry. Ilpomo3uuisi 3poOutn
exkocuctemy «EDA-IP» mae XUTTEBO BakKITMBE 3HAYCHHS
it crBopeHHss 3D-cucteM Ha  OCHOBI  IITYYHOTO
IHTEJIEKTY.

CEO Intel Iar Tenciurep 3assus, mo Intel Foundry
Services (IFS) BigkpuBae «epy CTBOPSHHS CHCTEM».
3amicTb TOro, moEO TPOCTO TMOCTayaTH KIE€HTaM
IJIACTHHY, WO € TPaIULiHHOI MOJICILIIO JIMBAPHOTO
BUpOOHHITBA, Intel Bke ChOromHI TPOTIOHYE IIACTHHH
KPEMHII0, KOPITYCH, IPOrpaMHe 3a0e3NeUCHHS Ta YilJIeTH.
«IFS Bigkpue epy CTBOpEHHsI CHCTEM, — CKa3aB BiH, —
Bi3HAYAIOYM 3MiHy TapaWrMH, OCKIIBKH (hoKyc
MepeMilaeTbcs  Bil CHCTEM Ha  KpHCTam 10
«cucTeM-B-kopiyci» (SOP) abo gimteram».

Yervant Zorian, Synopsys. Kpemsiit 3a cBo€ro cyTTIO
HCHAIIHUHA, a TPUCTPOi Ta BY3JIH HA WOTO OCHOBI
HaiOLTeI cnpuiiHaTiuBl 10 BimmoB. DFX — Design for
Excellence Ha mpocyHyTHX By3max mOTpeOye HOBHX
CTpaTeriii. Y JOMOBiIi pO3TIIATKHCA MEXaHI3MHU BiIMOB,
METOAM KEpyBaHHS, IO 3a0e3NedyroTh HagiHHUHA
YIOOCKOHAJEHHH BY30J KpeMmHito. KiroyoBi  Temnm
BKITIOYAIOTH Oe3MeKy, 3aXUIIeHICcTh, HaniiHicTh Ta SLM —
Silicon Lifecycle Management. Meromomorii Ta
CTPYKTYPH YIPABIIHHS XKUTTEBUM LUKIOM KPEMHIIO, SIKi
HEOOXI1IH1 TS 3a0e3reueHHs HaIIHHOCTI
00YHCITIOBAIBHUX CHUCTEM.

Sarita V. Adve Professor, University of Illinois.
IMepcuBHI 9K MPOCTOPOBI OOYHCICHHA — € 3arajbHa
KOHLIENIiSI HU3KKW TEXHOJIOTiH, sIKI OUU(POBYIOTH
NISUIBHICT, MAlIWH, MEXaHi3MiB, Jrofeid Ta 00’€KTiB, a
TaKOX CEpeloBHINE, B SKOMY BOHH BiZOyBalOThCs
(puc. 2). CTBOpeHHsS IEHTPY IMMEPCHBHHX OOYHCIICHD
IMMERSE, sxuii moemHye iMMEpCHBHI TEXHOJIOTII,
mporpamMu Ta JIOJACHKMH JocBia. IlokazaHo mpoekt
ILLIXR, s#axwmifi 0a3yeTbcs Ha HACKpI3HIA cHCTeMi 3
BIIKPUTHM BHXIHUM KOJOM JIs JEMOKpaTH3aIlil
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JIOCITIKCHb IMMEPCHBHUX CHCTEM Ta IX BIIPOBaKEHHS
mo IT-purky. ImepcuBHMH KOMITIOTHHT  BHPIIIyE
mpoOJIieMH  METPUYHOTO  VIPABIIHHA  ONHU(PPOBAHUMH
BIpTyaJbHUMH, (I3UYHUMHU Ta COLAIBHUMH IPOIIeCaMU

[7-9].

Virtual world Real
Reality

Virtual
Reality

Augmented
Reality

Augmented

ﬂ world

1 2 3 Realworld Immersive computing spectrum
Pucynok 2 — Ja nogauus iMepciiiHoro koM totunry: Virtual
word — Bipryansnuii cBit; Augmented world — nornoBaeHuit
ceit; Real world — peanbhuii cBit; Real Reality — peansna
(icuyroua) peanbhictsh; Augmented Reality — norosuena
peanbHicts; Virtual Reality — Bipryansna peansHicTs;Computer
generated — sreHepoBano komi’oTepoM; Immersive computing

Spectrum — crekTp iMEepCHBHOTO KOMIT FOTHHIY

Computer generated

Real word

Alan Lee, Chief Technology Officer, Analog Devices,
Itygnuii iHTENEKT 3MiHIOE HABKOJHWIIHIA CBIT, aje
OCHOBHa YyBara NPHUIUIIETHCS BEIUKHUM MOJIENSM, MIO
MIPaIOI0Th Ha BEJINYE3HUX 00YHCITIOBATEHUX
MOTY)XHOCTsX. IcHye rocrpa mnoTpe6a B IITYYHOMY
iHTeNeKTI B mepudepiiHMX JojJaTkax Ha  OCHOBI
apXiTeKTypu IN-Memory KOMIT FOTHHTY Ul 3MEHIICHHS
3aTpUMOK Ta eHeprocmoxuBanus [8-11]. 3amoBoseHHs
i€l moTpeOn BHMarae HOBHX IIIAXOJIB, IO TO3BOJSIOTH
3aI0OBOJIBHUTH OOMEKEHHS MaWOyTHIX IPOMHUCIIOBHX,
ABTOMOOUIBHUX  Ta  CIIOKUBYMX  margopM  Ha
iHTeNneKkTyanpHi nepudepii. Bapricte  excruryaramii
Oy/b-sIKOro KOMI'loTepa — I HacaMmIiepell BapTiCTh
€JIEKTPOCHEPTIi, CIOXKHUTOI IIUM TIPUCTPOEM.

MonentoBaHHsT HECTIPABHOCTEH IykKe Baxiuee [12—
16] nns ATPG, Bepudikariii, JiarHOCTHKH, Kiacudikarii
HecnpaBHOCTel. MeTpukorw edektuBHOCTI (Tabm. 1)
MIPOMHUCIIOBHX METOIB MOJEIIOBAHHS HECIPABHOCTEH €

IIBUAKICTD, aMm’siTh, CKJIAIHICTH ANTOPUTMIB
MOJICTIOBaHHSA (DYHKIIOHAJTBHUX OJIOKIB, 3aTPHUMOK,
€JIEMEHTIB, MOCIIIIOBHUX cXeM, OaraTro3HayHe

MOJICIIOBaHHSI HECIIPaBHOCTEH, 0OpoOKa HEBiJOMHUX
CUTHAJIIB X Ta BUCOKOIMITETAHCHUX Z.

BpaxoByeTbCcst  CKIAmHICTH CTBOPEHHS  MOZETEH,
ANTOPUTMIB MOJETIOBAaHHA €JEMEHTIB Ta CTPYKTYD.
3py4HicTh (OpMH TOTAHHS MOJENI CHPABHOI ITOBEHiHKH
Ta HecmnpaBHOCTeW. I[IpommcnoBuii mimep — CHiTbHE
MOJICIIIOBAHHSl ~ HECHpaBHOCTEH — 16 KepoBaHe
MoJIeoBaHHS 3 BHKopuctanHsM (ood/bad momiii. B
OTHOMY KaJpi MOJEIIOEThCS MiAMHOXKUHA HECHPaBHUX

CXeM, SKi BIAPI3HSAIOTBCS BiI CHOPaBHOI IOBEHIHKH
npuctporo. TyT BHHHKAIOTH NPOOJIIEMH YIPaBIiHHS
nam’saTTio.  [IpakTH4HO BCi  TPOMHCIIOBI  CHCTEMH
MO/IEJIFOBAHHS HECIPaBHOCTEH [14-18] MaroTh

Herepea0dadyBaHUH pPO3MIp CIIMCKY HECHpaBHOCTEH Ta
Herepen0adyBaHui po3Mip CTPYKTYp JaHUX. YCi IICTh

OCHOBHHMX METO/IB MOJETIOBAHHA BHKOPHCTOBYIOTh
IpOLECOp i3 BUCOKUM pPIBHEM EHEProCIOKXHBAHHSL.
MexaHizm BEKTOPHOTO MOJIETIOBAHHS [19-24]

HECHPaBHOCTEH BHUTPAE Iepe IPOMHCIOBUMH aHAJIOTaMH
MO BCIX MyHKTaX, KpiM OJHOTO — HE BPaxOBYIOTHCS
3aTPUMKH €JICMEHTIB.

3 MATEPIAJIU I METOAN

CyThb JOCIHIJDKeHHS, JIOBEACHOTO pIBHS I1HXKEHepa,
HOJISATAE Y Mapaie]bHOMY MOJETIOBAaHHI HECHpaBHOCTEH
JOTiKM Ha BUYEPIHOMY TecTi 0e3  ajIropurmy
MOJICTIFOBaHHS  BXiIHMX HaOopiB. [Hakme Kaxy4H,
NPOTIOHYEThCS  AJIPeCHE MOJEIIOBAHHS HECIPaBHOCTEH
JIOTIKM Ha IHTENEKTyaJIbHHX CTPYKTypax JaHuxX 0e3
ANTOPUTMY MOJICNIOBaHHS (puc. 3).

Fault
modeling

Fe 'f'..
sim.laion

f
[=]
—
o
Q
>
=
oo
(=]
o |

Pucynok 3 — MonentoBaHHsI HECIIPaBHOCTEH 0€3 alropuTMmy
MOJICIIFOBAHHA
[ToOynoBa Monenmi pO3YMHHX CTPYKTYp JAaHHX
BUKOPHCTOBYE YOTHPH TOCITIJOBHI MPOIEIypH CHHTE3Y
HACTYITHUX MaTpPHUIlb, 10 GOpPMYIOTh piteHus (puc. 4).

Ta6muus 1 — [TopiBHSIHHS IPOMHCIOBUX TEXHOJIOTIH MO/ICIIIOBAHHS HECIIPABHOCTEH

|___Fault simulation technigue __|Complexityl _Memory | Datastructure [ _Level | _Delay | Speed |Fault modell Multy-valued

3

Serial fault simulation (1963) Al Predictable coe ::Sll: IE::}dEI' Gate, system No problem  Slowest Any Easy

Parallel fault simulation (1965) %xn3 Predictable Register Memory Gate Not capable  Middle Logic Dificult
2

Deductive fault simulation (1972) n Unpredictable ?25:132: Gate Not capable  Middle Any Dificult

Concurrent fault simulation (1974) %-xnz Unpredictable . ff:::: Iri:;}dEL Gate, RTL Capable Faster Logic Easy

PPSFP — Parallel pattern single fault 1,3 Add fault model, .

propagation (1985) w Unpredictable fault list Gate Capable Middle Logic Easy
Differencial fault simulation (1989) ;.xnz Unpredictable g ff:lljlltt I?:;)del, Gate, RTL  Not capable Middle Any Dificult
Vector fault simulation (2023) %"%‘xnz Predictable g 55 Eiea I et Not capable  Faster Logic Capable

simulation System
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Pucynok 4 — CunTe3 KapTKu TeCTyBaHHS 0€3 aITOPUTMY MOJEIIOBAHHS

1) Cunre3 unoriunoi L-matpumi uwuissxom B3STTS
JIEKapTOBOTO XOr-KBaapaTy Ha 0iTaX JOTiYHOTO BEKTOpa
Bis N-3MiHHEX 32 hopmyoro: L=YXxorY=Y2or.

2) TloGymoBa Marpuili TepeKoAyBaHHs H IIIIXOM
B3STTA IEKaPTOBOTO XOf-KBajpaTa Ha ajapecax Tabmuimi A
ICTHHHOCTI  BiZ N 3MIHHHX 332  (OPMYJIOKO:
H=AX0rA=A2x0R. AZpecu BHKOHYIOTH pOJIb TECTOBHX
HaOopiB T Ta BHCTYNawTh KOMOIHALISMH JIOTIYHUX
HecnpaBHOCTeH A. OTpuMaHa MaTpHI € KOHCTaHTOIO
JUTSL BCIX JIOTTYHUX (DYHKIIH BiA N 3MIHHUX.

3) CrBopeHHst memyKTHBHOI Martpumi D muisxom
nepeajpecanii kKoopauHat Jjoriyaoi L-marpumi Ha H-
MaTpHlli epeKkoIyBaHHs 3a Takoto ¢popmyioro: D=L.

4) OtpumaHHS KapTH TeCTyBaHHS ab0 MaTpuil
HECIIPaBHOCTEH, ILI0 MEPEeBIPAIOTbCS Ha BUYEPITHOMY
TECTI, NUITXOM BUKOHAHHS KOOPMHATHHX Oleparlii Ha 1-
6itax A' 3 A Bekropis Tabmuui ictmmHOCTI B 1-
KoopauHaTax jaeayktuBHOi D-marpumi 3a ¢opmynoro:
F=A'(—T) a6o F=A'XorT. 3uaxu F mecmpasHoCTeii, 110
MIepeBIPAIOTHCS, BXIHUX 3MIHHMX B KOOpAMHAaTax KapTh
TecTyBaHHS F BH3HauYarOThCA iHBEpCi€rO0 OITIB TECTOBHX
BXimHnX HabopiB T. Tabmums icTHHHOCTI IS
(opMyBaHHS 3HAKIB TEPEBIPEHUX HECIPABHOCTEH Ha
KoopanHaTax F-marpuini HaBeneHa B TpaBii 9acTHHI
(muB. puc. 4).

4 EKCIEPUMEHTHU
Hani wHaBomuthest (parment (puc. 5) cTpykTypH
(opMyBaHHS 3HaKIB HECHPAaBHOCTEH, L0 MEPEBIPSIOTHCS
B andasiti {0,1, «.»} Ha KOOpAUHATAX KAPTH TECTYyBaHHS,
BIJNOBIAHMX 1-KOOpIUHATAM JIEAYKTHBHOI MaTpHUIL.

Truth table

addresses

D 0000 0001 0010 0011 [ReEGTolfe[EICH

0000 1 1 of truth table
0001 1 addresses

F 0000 0001 0010 001 -
0000 NRELE 1-coordinates
0001 ) of truth table

addresses

[ Be 1‘|

Pucynok 5 — ®opMyBaHHS KOOPAWHAT KAPTH TECTYyBaHHS

HecmipaBHocTi, mo mnepeBipstoThes, (GopMyroThes
TITBKKA TI0 OAWHWYHUX KOOpAWHATAX ajpec TaOJuIi
ictuaHOCTI. 1i 1-KOOpIMHATH BU3HAYAIOTHCS IHBEPCHUMU
3HaYCHHSMH OITiB JBIMKOBMX TecTOBHX HabopiB. O-
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KOOpIMHATH ajpec TaOmumi ICTHHHOCTI B  KapTi
TECTYBaHHsS JOBH3HAYAIOTBCS TOYKAMHM, SKi O3HAYaIOTh
BIZICYTHICTh HECIIPABHOCTEH, IO MEPEBIpPAIOTHCSA Ha LUX
BXimHMX 3MiHHMX. CuHHTE3 Yyciel KapTH TECTyBaHHS
(yHKIOIA BiX YOTHPHOX 3MIHHHX OyJle HAaBEOCHO HIDKYE
(puc. 9). Haiimpocrima peasizallis BEKTOPHO-JIOTi4HOTO
MOJICJIIOBAHHS HECHPABHOCTEH AK aJpec MOYMHAETHCS 3
(yHKIIIOHAIBHOCTEH, 10 MalOTh OJIHY 3MiHHY. Ha ocHOBI
noriuamx Bekropie (00, 01, 10, 11) OyayroTscs
JIeTlyKTUBHI MaTpHIi Ta KapTH TECTYBaHH:
HecnpaBHocTel (puc. 6). OCKimbKH JIOTiYHI BEKTOPH
01,10 Ta 00,11 € B3aeMHO-IHBEpCHHMH, TO BOHHU
TeHEPYIOTh €KBIBAJICHTHI JIOT1YHI Ta JEAyKTHBHI MaTpHIl
Ta KapTH TECTYBaHHS.

Logic vector 00

L H D F
YOO 01 01
0 01 0 0
0 1.0 0 1

Logic vector 01

L H D F
Y01 01 01
0T 01 O 0 1

11 10 1R 1 0
Logic vector 10

L H D F
Y10 01 01
10307 0EE 0 1
01 1081 1 0

Logic vector 11

L H D F
Y1i1 01 01
1 01 0 0
1 10 1

Pucynok 6 — CuHTE3 KapT TeCTyBaHHS ISl JIOTIKH 3 OJTHIEI0
3MIHHOIO

HecnpaBHocTi nepIoi Ta OCTaHHBOI JIOTIYHOT (PYHKITIT
HEe MOXYTh OYTH IEpeBipeHi, TOMy IO JIOTIUHI BEKTOpHU
00 ta 11 me maroth 3MmiH curHamiB. 11[o0 3’sBumucs
HECIIPaBHOCTI, SIKI MOXYTh OyTH IepeBipeHi, NOBUHHI
OyTH JIOTiYHI BEKTOPH, B SIKUX € X04a O OZMH HYJIb 1 X0ua
0 oJTHa OJJMHULIS.

HacTynmHUM NyHKTOM €KCHEpHUMEHTIB Ha MeXaHi3Mi
MOJICTIFOBaHHS € MOOYI0Ba KapT TECTYBaHHS JUISL KUIBKOX
JorivHuX (HYHKLIA JBOX 3MiHHHUX (puc. 7).

Ili marpuii MoOXKHa BHMKOPHCTOBYBATH ISl aHATI3y
HECIPAaBHOCTEl  JIOMYHUX CXeM 3  ypaxyBaHHAM
CTaHIAPTHHUX TEXHOJOTIYHO T03BOJICHHX eleMeHTiB. Kpim

Toro, ix moOyJoBa € HaBYaIbHOIO BHUOIPKOIO JUIS
CTYICHTIB, SKi 0aXarTb OCBOITH BEKTOPHO-JIOTiUHE
MOJICTIIOBAHHSI  HECIIPABHOCTEW K  ajapec  Tabmuil

ICTHHHOCTI JIOT19HOI ()YHKIIOHATTBHOCTI.
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Pucynok 7 — CuHTE3 KapT TeCTYBaHHs JJIsl JIOTiKH BiJl IBOX

3MIHHUX

HacTynmHUM IyHKTOM EKCIIEpUMEHTIB Ha MeXaHi3Mi
MOJICIOBaHHS € moOynoBa KapTH TECTyBaHHS JUIs
JIOTIYHUX QYHKINH B TpBOX 3MiHHHX (pHC. 8).

L-martix H-matrix D-matrix F-matrix
¥11100111 000001010011100101 110111 000001010011 100101 110
1 11 01234567 000 | E 000 A1 10
1 11 10325476 001 1 1 001 L 10
1 11 23016745 010 1 1 010 -1 10.
0111 111 32107654 011 5 L B e N R 011 .0 .0, 1. 1.0 10.
0111 111 45670123 100 13 s B A o A 100 -1 .1 3110, 0101
1 11 54761032 101 1 1 101 -0 01,
1 11 67452301 110 1 1 110 0. 0.1
1 11 76543210 111 11 111 00 0.

L-martix H-matrix D-matrix F-matrix
¥11000011 000001010011 100101110111 000001010011 100101 110
1 1133 01234567 000 -3 AR 4T 000 [ ESip o . WOl T B
1 1133 10325476 001 P B T 001 d0a01. 10
011 11 23016745 010 15131 010 0011, 11
011 11 32107654 011 - 0 B N 011 0. .00 1. 10
011 11 45670123 100 11 100 45320510
011 11 54761032 101 i111 101 4. 100, 0.0
1 1111 67452301 110 B B | 110 0. .010. 01
1 1111 76543210 111 i 111 111 0. .00 0. 0.0

Pucynok 8 — CHHTE3 KapT TECTYBaHHsI 1Jsl JIOTIKH BiJl TPHOX
3MIHHHMX

5 PE3YJBTATHU

JlesiKi BITacTHBOCTI MaTPHIIb:

1) noriuna L-marpuis 3aBXIM CHUMETPUYHA IIOJIO
rojoBHOi fiaronani. B3aeMHO-iHBepCHI JIOTi4HI BEKTOPH
TeHEePYIOTh EKBIBAJICHTHI JIOTiYHI MAaTpHIi, IeAyKTHUBHI
MAaTPHII Ta KapTH TECTYBaHHS,;

2) KiJIBKICTh OJIMHUIIb YM aKTHBHHX KOOPAMHAT y BCIiX
MaTpUIIX € HE3MIHHUM;

3) Bekropu D-MaTpuii BHKOPHCTOBYIOTHCS IS
MOJICITIOBaHHS HECTPABHOCTEW SK aapec MpH aHai3i
€JIEMEHTIB Y NU(POBUX JIOTIYHUX CXeMax; YuM JoBmie D-
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BEKTOp, THUM OUTBIINHA CTYIiHB MapanenizsMy oOpoOKu
HECTIPaBHOCTEH JIiHIN JIOTIYHOT CXEMH;

4) xapTa TecTyBaHHS — Ii¢ TTOBHHHN HaGip KOoMOiHaITiH
BXIIHUX  HECHpPaBHOCTEH, IO TEPeBIpAIOTBCA Ha
BUYepnHOMY TecTi. Ha OcHOBI aHami3y KapTé TECTyBaHHA
(F-marpuist) MOXHa JIETKO OTPHMYBAaTH MiHIMabHI
BXIJIHI TECTH JUIs TEPEBIPKH HECTIPABHOCTEW BXITHUX
3MIHHHX PO3B’SI3yBaHHSM 3a/1aui [IOKPUTTS,

5) nmecarxoBi koau H-marpuiii — e ABIMKOBI KOIu
HECIIPaBHOCTEH, IO NepeBIpSIOTHCS, BXIIHUX 3MIHHUX
abo BigcTaHi MK TECTOBHMH BXIJIHMMH JBIHKOBHMH
HaOopaMu Ta azapecamMH TaONWII ICTHHHOCTI JIOT1YHOT
(yHKIII.

3aKIIOYHIM IYHKTOM EKCIEPHMEHTIB Ha MEXaHi3Mi
MOJCIIOBaHHS € TOo0yooBa KapTH TECTyBaHHSA Ui
noriyrol ¢ynkmii 00111111111111100 Bix YOTHPHOX
3MiHHUX (IuB. puc. 9).

L-martix H-matrix

Y0011111111111100

0 111111111111 012345678 9101112131415
0 111111111111 103254769 8111013121514
111 1 230167 4510118 914151213
111 1 3210765411109 815141312
111 11 4567 0123121314158 9 1011
111 13 5476103 2131215149 8 1110
111 | 6745 23/01141512131011'8 (9
111 164 | 765 432101514131211109 8
111 11 8 91011121314150 1 2 3 4 5 6 7
111 11 9 81110131215141 0 3 2 5 4 7 6
111 11 10118 9141512132 3 0 1 6 7 4 5
111 11 11109 8151413123 2 1 0 7 6 5 4
111 11 121314158 910114 56 7 012 3
111 11 131215149 811105 4 7 6 1 03 2
0 111111111111 1415121310118 9 6 7 4 5 2 3 0 1
0 111111111111 1514131211109 8 7 6 5 4 3 2 1 0

D-matrix
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F-matrix
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1000 115 F121 0L 0T

1001 1. .110 0.. 0.0

1010 b featal 0.0. 0.01

1011 o b 0.0. 0.00

1100 sl [edd 00.. 00.1
1101 =10 510 00.. 00.0
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Pucynok 9 — CuHTe3 KapT TeCTyBaHHS JJIsI JIOTIKH BiJl YOTHPHOX
3MIHHHX
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6 OBI'OBOPEHHSI

ITepeBaroto MaHOTO BEKTOPHO-JIOTIYHOTO MEXaHi3MYy
MOJCIIOBaHHS ~ HECIPaBHOCTEH SIK  aapec  TaOmuii
ICTHHHOCTI € HOBHH HayKOBHIl pe3ynbTaT, JOBEICHUHA 1O
piBHS IHXKEHEPHOTO PO3YyMIHHS — K MOOYyIyBaTH KapTy
TecTyBaHHS a00 MIBHIKO Hamucath Kox s il
aBTOMaTUYHOIO CHUHTE3Y. OcHOBHUM HayKOBUHI
IHHOBAaLlIMHUH pe3yNbTaT — 1€ BUKOPHCTAHHS aJpec
TaOJHUIN ICTHHHOCTI SIK TECTOBHUX BXITHHX HAOOpiB Ta
KOMOIiHaIii JIOTIYHUX HecmpaBHocTeil. Cymsaunm 3
myOutikanii, nporo HixTo goci He pobuB. IlepcriekTrBa
BHUKOPHCTaHHS aJjpec TaOJMIi ICTHHHOCTI — 1e 0OpoOKa
BEIMKUX JaHWX Yy TaM’ATi, J€ BOHHU 30epirarTscs, 3a
ANTOPUTMOM  JIIHIHOT OOYHCIIOBATBHOT  CKIATHOCTI.
OOMeXCHHST BEKTOPHO-JIOTIYHOTO MEXaHI3My TeCTyBaHHS
HECTIPAaBHOCTEH MOB’s3aHI 3 Bi3yawli3alielo MaTpUIlb 1
KapT TecTyBaHHs Bim Bemukoro (>10) uwmcma moridHAX
3MiHHUX.

PunkoBa MpUBaOJIMBICT 3arpoIIOHOBAaHOT O
JOCHI/DKEHHSI BHU3HAUYA€ThCA HACTYIIHOI  METPHUKOIO,
nikaBoro s EDA-punky:

1. EKOHOMiKOI0 00pOOKH BETUKHX JaHHX SIK ajpec in-
Memory KOMIT'IOTHHTY, BUIBHHM BiA mpoiecopa [5-7],
110 JTa€ MOKJINBICTH EKOHOMHTH eJieKTpoeHeprito (36%) i
gyac 06poOKY BeMMKUX JaHuX (22%).

2. CyTTe€BUM  3HHXKCHHSAM  OOYHCIIOBAJIBHOI
CKJIaMHOCTI  3aIpONOHOBAaHHX  AlTOPUTMIB  aHANi3y
JIOTIYHUX CXEM 32 PaxXyHOK €KCIIOHEHIIITHOI HaaMipHOCTI
PO3YMHHX CTPYKTYp AaHHX.

3. IHBapiaHTHICTIO  3allPOIIOHOBAHMX BEKTOPHO-
JIOTIYHUX  CTPYKTYp  JaHUX  JUIsi  MOJENIOBaHHS
HECIIPAaBHOCTEH SIK aJipec BEHTHWJIBHOI'O, PEriCTpOBOro Ta
CHCTEMHOTI'0 PiBHSI OJJaHHS IIPOCKTIB.

4. TIlependauyBaHiCTIO poO3MipiB  mam’sTi Juist
30epiraHHs PO3YMHUX CTPYKTYD IaHUX Ta
00YHCITIOBAIIEHOT CKJIHOCTI aNTOPUTMIB TS

MOJIETIOBaHHS HECIIPABHOCTEH JIOTIKH Ta HIU(PPOBHX CXEM.

5. MiHIMabHOI KUTBKICTIO JaHUX IPO TMPOEKT IS
CHHTE3y TECTiB Ha OCHOBI MOJICNIOBAHHS JIOTIYHUX
HECIIPaBHOCTEH, SIK aapec.

6. BuxopucTaHHS YOTHPHOX BEKTOPHO-MaTPUYHHX
napaljelbHUX OIlepaliil Uil CUHTe3y KapTH TECTYBaHHS
JIOTTYHHX (PYHKIIOHAIBHOCTEH.

7. BigkpuTTAM TECTOBOI KOHCTaHTH — yHiBEpCaJIbHOT
MATpUIll JIOTIYHUX HECHPABHOCTCH SK BINCTaHEH Mixk
TECTOBUMH HabOpaMM Ta aJgpecaM TaOJHIi iCTHHHOCTI
joriuHoi (PYyHKII, IO Yy KiTbka pa3iB 3MEHIIyE
CKJIQJTHICTh aJlTOPUTMIB MOJICTTIOBAHHS HECIIPABHOCTEHA.

8. BekTOpHO-JIOriYHa MOIENb CTPYKTYpH JO3BOJIIE
TECTYBaTH HECTIPaBHOCTI NepexoidiB Oyapb-iKoro rpada
PO3pOOIIEHUMH MEXaHi3MaMy CHHTE3Y KapTH TECTyBaHHS.
3a OMOMOTOI0 KOJOBAHOTO YHITAPHOIO MAaHOTO Ha
YHIBEPCYMi TpPHUMITHBIB MOXXHa TOOYAyBaTH BEKTOP
JIOTIYHOT MoJeni OyAb-fKOTO COIIaJbHOTO MPOIIECY,
MOTIM HOTO MPOTECTYBATH PO3POOICHUMH MEXaHI3MaMH.
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BUCHOBKHA

Y3aranpHIOIOUM OTPUMaHi pe3yiabTaTH 3 BepUdikamii
BEKTOPHO-JIOTIYHOTO MeXaHi3My MOJICITIOBaHHS
HECTIIPAaBHOCTEH, MOXHa 3pOOMTH Taki HayKoOBi Ta
MPaKTAYHI BHCHOBKM: 1) IMIUIEMEHTAIliss MeXaHi3My
MOJIEIIFOBaHHSA B Koau MoBu Python 3aiimae 400 psikis;
2) JOTiYHOTO BEKTOpa JOCTATHBO IS MOOYIOBH KapTH
TecTyBaHHs (DYHKIIOHAJIBHOCTI, BIH € CYTO HPOCTOIO Ta
e(peKTUBHOIO 1HXXEHEPHOI METOIMKOIO Juisi Bepuikarii
SoC IP-cores; 3) 3BuuaiiHO, 10 MUTaHHS Yacy 0OpPOOKH
BEJIMKUX 33 PO3MIPOM JIOTIYHUX BEKTOPIB TYT HE CTOITh.
Yac ixHpoi 00poOkn — Mimicekynau. [IpoGiema mossrae
JUIIe y Bi3yamizamii BETMKHUX 32 PO3MIpOM KapT
TECTYBaHHS JIOTTYHUX (YHKIIOHATBHOCTEH, L0 MAalOTh
n>10 3MiHHKX; 4) BEKTOPH JAEAYKTHBHOI MAaTpHII
e(pEeKTHBHO BHKOPHCTOBYIOTBCS Ul  MOJCTIOBAHHS
HECIPaBHOCTEH, SIK aapec, y TH(PPOBUX CTPYKTypax Oymb-
Kol KOH(QIrypaiii, BKJIIOYAIOUYH PO3rajyXeHHs, M0
CXOJAThCS, 1 3BOPOTHI 3B’s3kM; 5) oTpuMaHa KapTta

TECTyBaHHsI  BHUKOPHUCTOBYETHCS  JJISl  3HAXODKEHHS
MIHIMaJIFHOTO TECTY INEpEeBipKMA HECTIPABHOCTEW BXIIHHUX
3MIHHUX, 6) TaHun MeXaHi3M MOJETIOBaHHS

HECIIPaBHOCTEH TEXHOJOTIYHO JIErKO BIIUCYETHCS B
apxiTekTypy iN-memory KoMmIT'IOTHHTY i BHKOPHCTOBYE
nurre  read-write  TpaHsakilii; 7) BEKTOPHO-JOTIYHHIHA
MEXaHi3M MO)XHa BHKOPHCTOBYBATH IS TECTyBaHHS
rpagOBUX  CTPYKTYp, SIKi ONHUCYIOTBCS  TaOIUIICIO
ictuaHOCTI 260 JMOTiYHUM BekTopoM; 8) anpecu TabimIi
ICTHHHOCTI, II0 BHKOPHCTOBYIOTHCS IUISi MOJCTIOBAHHS
HECIpaBHOCTEH, e(EeKTHMBHO  3aCTOCOBYIOTBCS  JUIs
6e3nporiecopHoi 00pOOKH BEIMKHX JAHUX B apXiTEKTypi
iN-Memory KoM’ FOTHHTY.

HaykoBa HOBM3Ha — TIPOIIOHYETHCS MEXaHI3M
BEKTOPHO-JIOT{YHOTO iN-MeMmMOry KOMIT FOTHHTY MOOYI0BH
KapTH TECTYBaHHS, II0 XapaKTEPU3YETHCS CTBOPEHHIM
PO3YMHHX CTPYKTYp JAHHX, SIKi OOHYJIOKOTH AJTOPHTM
MO/ICITIOBaHHS HECIIPaBHOCTEH.

[TpakTYHA 3HAUYMMICTh BH3HAYAETHCS 3aCTOCYBAHHIM
MeXaHi3My JUTS TECTYBaHHS JIOTIYHUX
(hyHKIIOHATBHOCTEH Oynap-sKoi CKJIaTHOCTI Ha
BUPIIICHHS 3aB/IaHb Bepudikarlii.

[MepciektuBH JOCTIKEHHS — 30UIbIIEHHS 00’ €KTa
JIarHOCTYBaHHSA D10 CXEMH, TOOTO MOOYyIOBa KapTH
TECTyBaHHSI CXEMHO] JIOT1YHOI CTPYKTYPH.

JITEPATYPA
1. Design Automation Conference «The chips to the systems»
[Electronic resource]. Access mode:

https://www.dac.com/Portals/0/DAC%2061/Program/DAC_
1352254-24_Digital-Onsite-Program-
7.pdf?ver=hfG38JtJIEImMK1HdWaAtD_g%3d%3d

2. News: Professors Rethink. How They Teach Coding
Students embrace Al copilots; teachers shift to problem-
solving [Text] / [R. D. Caballar, A. Jones, D. Genkina and
C. Q. Choi] // IEEE Spectrum. — Vol. 61, Ne 7. — P. 5-12.
DOI: 10.1109/MSPEC.2024.10589683.

3. Liu M. The Path to a 1-Trillion-Transistor GPU: Al’s Boom
Demands New Chip Technology [Text] / M. Liu and H.-S.

OPEN 8 ACCESS

191



p-ISSN 1607-3274 PanioenexTpoHnika, inbopmatrka, ynpasninss. 2024. Ne 4
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2024. Ne 4

10.

11.

12.

13.

© Xaxanos B. 1., Yymauenko C. B., JlutBuuosa €. 1., Xaxanosa I'. B., Xaxaunos L. B., Poxxxosa T. I'.,

O6p
DOI

192

P. Wong // IEEE Spectrum. — 2024. — Vol. 61, Ne 7. — P. 22—
27. DOI: 10.1109/MSPEC.2024.10589682.

MLiM: High-Performance Magnetic Logic in-Memory
Scheme with Unipolar Switching SOT-MRAM [Text] /
[B. Wu, H. Zhu, K. Chen et al.] // IEEE Transactions on
Circuits and Systems I: Regular Papers. — 2023. — Vol. 70,
Ne6. — P. 2412-2424. DOI: 10.1109/TCS1.2023.3254607.
Testing for Electromigration in Sub-5nm FinFET Memories
[Text] / [M. Mayahinia et al.] // IEEE Design & Test. —
2024. - June. - P. 1. DOI 10.1109/MDAT.2024.3411527.
Resistance-Sum Architecture for Voltage-Controlled SOT-

MRAM  based Computing-in-Memory with  Hybrid
References [Text] / [C. Xiao et al] // 2023 IEEE
International Magnetic Conference-Short Papers

(INTERMAG Short Papers), Sendai, Japan. — 15-19 May
2023: proceedings. — Sendai: IEEE. — P. 1-2. DOI:
10.1109/INTERMAGShortPapers58606.2023.10228265.

Al Accelerator Embedded Computational Storage for Large-
Scale DNN Models [Text] / [B. Ahn, J. Jang, H. Na et al.] //
2022 IEEE 4th International Conference on Atrtificial
Intelligence Circuits and Systems (AICAS), Incheon, Korea,
Republic, 13-15 June 2022: proceedings. — Incheon: IEEE,
2022. - P. 483-486. DOI:
10.1109/AICAS54282.2022.9869991.

OPC: A Distributed Computing and Memory Computing-
Based Efficient Solution of Big Data [Test] / [Z. Yang,
C. Zhang, M. Hu, and F. Lin] // 2015 IEEE International
Conference on  Smart  City/SocialCom/SustainCom
(SmartCity), Chengdu, China, 19-21 December 2015:
proceedings. — Chengdu: IEEE, 2015. — P. 50-53. DOI:
10.1109/SmartCity.2015.46.

Reliable ReRAM-based Logic Operations for Computing in
Memory [Text] / [M. Moreau et al.] // 2018 IFIP/IEEE
International Conference on Very Large-Scale Integration
(VLSI-SoC), Verona, Italy, 08-10 October 2018:
proceedings. — Verona: IEEE, 2018. — P. 192-195. DOI:
10.1109/VLSI-SoC.2018.8644780.

Kang W. Spintronic Memories: From Memory to
Computing-in-Memory [Text] / W. Kang, H. Zhang, and
W. Zhao // 2019 IEEE/ACM International Symposium on
Nanoscale Architectures (NANOARCH), Qingdao, China,
17-19 July 2019: proceedings. — Qingdao : IEEE, 2019. P.
1-2. DOI: 10.1109/NANOARCH47378.2019.181298.
Memory Sizing of a Scalable SRAM In-Memory Computing
Tile Based Architecture [Text] / [R. Gauchi et al.] // 2019
IFIP/IEEE 27th International Conference on Very Large-
Scale Integration (VLSI-SoC), Cuzco, Peru, 06-09 October
2019: proceedings. — Cuzco: IEEE, 2019. — P. 166-171.
DOI: 10.1109/VLSI-S0C.2019.8920373

Ulrich E. G. Exclusive Simulation of Activity in Digital
Networks [Text] / E. G. Ulrich // Communications of the
ACM (CACM). — 1969. — Vol. 13, Ne2. — P. 102-110. DOI:
10.1145/362848.362870

Armstrong D. B. A Deductive Method for Simulating Faults
in Logic Circuits [Text] / D. B. Armstrong // IEEE Trans. on
Computers. — 1972. - Vol. C-21. - P. 464-471.
DOI: 10.1109/T-C.1972.223542

i3an B. 1., 2024
10.15588/1607-3274-2024-4-18

14

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

. Ulrich E. G. The Concurrent Simulation of Nearly Identical
Digital Networks [Text] / E. G. Ulrich, and T. Baker // 10th
Design Automation Workshop, June 25 - 27, 1973:
proceedings. — USA: IEEE Press, 1973. — P. 145-150.
https://dl.acm.org/doi/epdf/10.5555/800124.804009
Donald M. Schuler. Random test generation using
concurrent logic simulation [Text] / Donald M. Schuler,
Ernst G. Ulrich, Thomas E. Baker, and Susan P. Bryant //
12th Design Automation Conference (DAC '75). — USA:
IEEE Press, 1975. - P. 261-267.
https://dl.acm.org/doi/abs/10.5555/800261.809076
Abramovici M. Digital Systems Testing and Testable
Design / M. Abramovici, M.A. Breuer, A.D. Friedman. New
York: IEEE Press, 1990. 657 p.
DOI:10.1109/9780470544389
Chul Young Lee. PROBE: a PPSFP simulator for resistive
bridging faults / Chul Young Lee and D.M.H. Walker // 18th
IEEE VLSI Test Symposium, Montreal, Quebec, Canada, 30
April 2000 — 04 May 2000: proceedings. — P. 105-110.
DOI: 10.1109/VTEST.2000.843833.
Riahi, Navabi. A VPIl-based combinational IP core module-
based mixed level serial fault simulation and test generation
methodology [Text] / Riahi, Navabi, and Lombardi // 2003
Test Symposium, Xi’an, China, 16-19 November 2003:
proceedings. — IEEE Press® 2003. — P. 274-277 DOI:
10.1109/ATS.2003.1250822.
Vector-logic computing for faults-as-address deductive
simulation [Text] / [W. Gharibi, V. Hahanov,
S. Chumachenko et al.] // IAES International Journal of
Robotics and Automation (IJRA). — 2023. — Vol. 12, Ne 3. —
P. 274-288. DOI: 10.11591/ ijra.v 12i3. P. 274-288.
In-Memory Intelligent Computing [Text] / [V.l. Hahanov,
V. H. Abdullayev, S. V. Chumachenko, E. I. Lytvynova, I.
V. Hahanova] // Radio Electronics, Computer Science,
Control. — 2024. — Nel. — P. 161-174. DOI: 10.15588/1607-
3274-2024-1-15.
Vector-Logical Fault Simulation [Text] / [V. Hahanov, S.
Chumachenko, E. Litvinova et al.] // Radio Electronics,
Computer Science, Control. — 2023. — Ne 2. — P. 37-51.
DOI: 10.15588/1607-3274-2023-2-5.
Vector-Driven Logic and Structure for Testing and
Deductive Fault Simulation [Text] / [A. Hahanova, V.
Hahanov, S. Chumachenko et al.] // Radio Electronics,
Comput. Science, Control. — 2021. — Ne3. — P. 69-85. DOI:
10.15588/1607-3274-2021-3-7.
Vector-Deductive Memory-Based Transactions for Fault-as-
Address Simulation [Text] / [W. Gharibi, A. Hahanova,
V. Hahanov et al.] // Electronic modeling. — 2023. -
Ne45(1). — P. 3-26. DOI: 10.15407/emodel.45.01.003.
Vector-Logic Synthesis of Deductive Matrices for Fault
Simulation [Text] / [W. Gharibi, A. Hahanova, V. Hahanov
et al.] // Electronic modeling. — 2023. — Ne45(2). — P. 16-33.
DOI: 10.15407/emodel.45.02.016.

Crarrs Hagilnuia no pexaxuii 17.09.2024.

Micst nopo6bxu 07.11.2024.

OPEN 8 ACCESS



p-ISSN 1607-3274 PanioenexTpoHnika, inbopmatrka, ynpasninss. 2024. Ne 4
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2024. Ne 4

UDC 681.326
VECTOR-LOGIC FAULT SIMULATION

Hahanov V. I. — Dr. Sc., Professor of the Design Automation Department, Kharkiv National University of Radio Electronics,
Kharkiv, Ukraine.

Chumachenko S. V. — Dr. Sc., Professor, Head of the Design Automation Department, Kharkiv National University of Radio
Electronics, Kharkiv, Ukraine.

Lytvynova E. I. — Dr. Sc., Professor of the Design Automation Department, Kharkiv National University of Radio Electronics,
Kharkiv, Ukraine.

Khakhanova H. V. — Dr. Sc., Professor of the Design Automation Department, Kharkiv National University of Radio
Electronics, Kharkiv, Ukraine.

Hahanov 1. V. — PhD, Assistant of the Design Automation Department, Kharkiv National University of Radio Electronics,
Kharkiv, Ukraine.

Rozhnova T. G. — PhD, Associate Professor of the the Design Automation Department, Kharkiv National University of Radio
Electronics, Kharkiv, Ukraine.

Obrizan V. I. — PhD, Post-Doctoral Sudent of the the Design Automation Department, Kharkiv National University of Radio
Electronics, Kharkiv, Ukraine.

ABSTRACT

Context. The technological trends of Design&Test computing for the IT industry and academic science are determined by the
following directions: in-memory computing, immersive computing, Al computing, focused on energy saving and reduction of
computing time when providing services. A mechanism for simulating faults as addresses on smart data structures is proposed, which
eliminates the algorithm for simulating input test sets to obtain a test map for logic functionality. The proposed mechanism is focused
on the service of SoC IP-cores under the control of the IEEE 1500 standard, which can be perceived positively by engineers in the
EDA market.

Obijective. The purpose of the research is time- and energy-saving mechanisms for simulating malfunctions, such as addresses,
by using read-write transactions of in-memory computing to build a test map of any functionality on smart data structures.

Method. Smart data structures are represented by a logical vector and its derivatives in the form of truth tables and matrices. The
test map is a matrix whose coordinates are determined by the combinations of all logical faults that are tested on the binary sets of the
comprehensive test. The construction of the test map is focused on the architecture of in-memory computing based on read-write
transactions, which makes the simulation mechanism economical in terms of simulation time and energy consumption due to the
absence of a central processor. A logical vector as a single component of input data does not require synthesis into a technologically
permitted structure of elements. Synthesis of smart data structures based on four matrix operations creates a fault test map like
addresses for any logic.

Results. Deductive matrix vectors are effectively used to model faults as addresses in digital structures of any configuration,
including convergent branches and feedback loops. The resulting test map is used to find the minimum fault-checking test of the
input variables. The proposed fault simulation mechanism technologically easily fits into the architecture of in-memory computing
and uses only read-write transactions. The vector logic engine can also be used to test graph structures that are described by a truth
table or a logical vector. The truth table addresses used for fault simulation are effectively used for processorless processing of large
data in the in-memory computing architecture.

Conclusions. Scientific novelty — a vector-logic in-memory computing mechanism for building a test map is proposed,
characterized by the construction of intelligent data structures that reset the fault modeling algorithm. The proposed mechanism has
no analogues in the design & test industry in terms of simplicity and predictability of data structure sizes and the absence of a test set
modeling algorithm. The practical significance is determined by the application of the mechanism for testing logical functionalities
of any complexity to solve verification tasks. Prospects of the research — increasing the object of diagnosis to the scheme, i.e.
building a test map of the scheme logical structure.

KEYWORDS: Intelligent Computing, In-Memory Computing, Logic Vector, Logic Matrix, Test Map, Data Structures, Vector-
Logic Modeling, Fault, Truth Table, Addresses.
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ABSTRACT

Context. As part of the automation of the fire control system of rocket artillery combat vehicles, in relation to the preparation of
data for firing and fire control, the information and computing process of this system has been improved, namely, the mathematical
model of the method of fully preparing the determination of installations for firing projectiles used in rocket salvo fire systems has
been improved. In the system of differential equations of the mathematical model of the information and computing process of the
component of the automated fire control system of combat vehicles of jet artillery, weighting functions for air temperature, wind
influence for the active and passive sections of the projectile flight trajectory and the section of the opening of combat elements have
been introduced, which allows determining the weighting coefficients for them for each projectile type.

Objective. To improve the information and calculation component of the automated fire control system of combat vehicles of
reactive artillery, by improving the mathematical model of the method of full preparation of the determination of installations for
firing on damage. Having proposed a system of differential equations that will take into account the weighting functions of air
temperature, wind influence for active and passive sections of the projectile flight path and the section of the opening of combat
elements, and will also give the opportunity to determine weighting coefficients for each type of projectile based on them, which in
turn will lead to an increase the accuracy of determining firing settings.

Method. The proposed analytical method allows: to calculate the weighting coefficients for each type of rocket, characterizing
the process of the approach of the rocket flight to the tabular trajectory and to set the initial conditions necessary for solving the
differential equations of the mathematical model of the information-computing process of the component of the automated fire
control system of combat vehicles of rocket artillery; to increase the accuracy of determining firing positions when performing firing
tasks, which makes it possible to quickly respond to a change in the combat situation by means of changes in the software-
mathematical process of the automated fire control system; effectively and efficiently ensure the development or clarification of
textual and graphic administrative and combat documents based on the results obtained using differential equations of the
mathematical model of the information-computational process of the component of the automated fire control system.

Results. The improved information and calculation component of the automated fire control system of combat vehicles of jet
artillery was tested during the conduct of hostilities. The system of differential equations of the mathematical model of the
information-computing process of the component of the automated fire control system of combat vehicles of reactive artillery ensures
a timely response to a change in the situation in the information-computational process of the component of the automated fire
control system of combat vehicles of reactive artillery during firing and fire control. Provides an opportunity to efficiently and
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quickly ensure the development or clarification of textual and graphic administrative and combat documents based on the

information received during the execution of fire missions.

Conclusions. The calculations based on the proposed system of differential equations confirm the improvement of the
information-calculation component of the automated fire control system of jet artillery combat vehicles and allow timely response to
changes in tasks in the information-calculation process during firing and fire control, as well as effectively and quickly ensure the
formation of formalized messages and documents based on the information received during the execution of a fire mission by units of
reactive artillery. Prospects for further research are the creation of agreed mathematical methods, models, algorithms and programs
for the implementation of the goals and tasks of firing and fire control when compiling Firing Tables for prospective or received

combat vehicles of reactive artillery from partners.

KEYWORDS: automated control system, information and calculation component, mathematical model, system of differential
equations, approximation of the functions of the real distribution law, weight functions for air temperature, wind influence.

ABBREVIATIONS

AFCSRSFS is an automated fire control system of
reactive salvo fire systems;

AMS is an automated management system;

ICC is an information and calculation component;

M is a mathematical model;

TAS is a trajectory active section;

TPS is a trajectory passive section;

WEFTS is a warhead flight trajectory section;

FP is a full preparation.

NOMENCLATURE

a, is arocket projectile jet acceleration;

P
a, is an azimuth of the rocket projectile launch;

a, is an acceleration of the air drag force of a rocket

projectile by TAS;
B is a width of the starting position;

V . . .
Cx(ij is an aerodynamic coefficient of the
a

respective projectile;

V . . -
Cy (ij is an aerodynamic coefficient of the
ET a

reference projectile;

d is a charge caliber;
EXlft is a total errors of full preparation by range for
the existing method without taking into account the
geophysical conditions of firing, combined influence of
air temperature, ground atmospheric pressure, wind
influence, with entered wind coefficients of direct and
cross wind for 9M21HE rockets separately for the
indicated sections of the trajectory;

EX% is a total errors of full preparation by range for
the existing method without taking into account the
geophysical conditions of firing, combined influence of
air temperature, ground atmospheric pressure, wind
influence, with entered wind coefficients of direct and
cross wind for 9M27HE rockets separately for the
indicated sections of the trajectory;

Ex% is a total errors of full preparation by range for
the existing method without taking into account the
geophysical conditions of firing, combined influence of
air temperature, ground atmospheric pressure, wind
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influence, with entered wind coefficients of direct and
cross wind for 9M55C rockets separately for the indicated
sections of the trajectory;

Eg(lﬂ is a total errors of full preparation by range for

the existing method, taking into account the geophysical
conditions of firing, the combined effect of air
temperature and ground atmospheric pressure, the effect
of wind, with the entered wind coefficients of direct and
cross wind effect on 9M21HE rockets separately for the
indicated sections of the trajectory;

E;(%1 is a total errors of full preparation by range for

the existing method, taking into account the geophysical
conditions of firing, the combined effect of air
temperature and ground atmospheric pressure, the effect
of wind, with the entered wind coefficients of direct and
cross wind effect on 9M27HE rockets separately for the
indicated sections of the trajectory;

E;(?1 is a total errors of full preparation by range for

the existing method, taking into account the geophysical
conditions of firing, the combined effect of air
temperature and ground atmospheric pressure, the effect
of wind, with the entered wind coefficients of direct and
cross wind effect on 9M55C rockets separately for the
indicated sections of the trajectory;

Ezlﬁ is a total errors of full preparation by direction
for the existing method without taking into account the
geophysical conditions of firing, the combined influence
of air temperature and ground atmospheric pressure, wind
influence, with the entered wind coefficients of direct and
cross wind influence on 9M21HE rockets separately for
the indicated sections of the trajectory;

Ez% is a total errors of full preparation by direction
for the existing method without taking into account the
geophysical conditions of firing, the combined influence
of air temperature and ground atmospheric pressure, wind
influence, with the entered wind coefficients of direct and
cross wind influence on 9M27HE rockets separately for
the indicated sections of the trajectory;

Ez% is a total errors of full preparation by direction
for the existing method without taking into account the
geophysical conditions of firing, the combined influence
of air temperature and ground atmospheric pressure, wind
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influence, with the entered wind coefficients of direct and
cross wind influence on 9Mb55C rockets separately for the
indicated sections of the trajectory;

Eélft is a total errors of full preparation by direction

for the existing method, taking into account the
geophysical conditions of firing, the combined influence
of air temperature and ground atmospheric pressure, wind
influence, with the entered wind coefficients of direct and
cross wind influence on 9M21HE rockets separately for
the indicated sections of the trajectory;

Eéﬁ is a total errors of full preparation by direction

for the existing method, taking into account the
geophysical conditions of firing, the combined influence
of air temperature and ground atmospheric pressure, wind
influence, with the entered wind coefficients of direct and
cross wind influence on 9M27HE rockets separately for
the indicated sections of the trajectory;

Eé% is a total errors of full preparation by direction

for the existing method, taking into account the
geophysical conditions of firing, the combined influence
of air temperature and ground atmospheric pressure, wind
influence, with the entered wind coefficients of direct and
cross wind influence on 9M55C rockets separately for the
indicated sections of the trajectory;

F (t, X) is a right part of the system;

O is an estimated turn on the target from the main
direction of fire of the respective firing range, considering
meteorological firing conditions;

0y is a turn to the target not
meteorological conditions;

Fsg (V; ) is an air resistance law;

considering

go is an acceleration of gravity;

AH is a deviation of ground pressure from the table
value at the height of the starting position;

AHg is a ground air pressure at the height of the
firing position;

iy is arocket projectile shape coefficient by TAS;

i,, is a coefficient of the shape of the rocket projectile
by the TPS;

Iy is atable value of a single traction pulse;

icy s a coefficient of the rocket projectile shape by
the WFTS;

K, is a coefficient that takes into account the effect of

the temperature of the reactive charge on a single thrust
pulse;
K, is a coefficient that takes into account the effect of

the jet engine’s operating time;
mg is a mass of the rocket projectile;
(o is a total weight of the projectile;
g, IS a rocket projectile weight by the TAS;
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Qcy s a rocket projectile weight by TPS;
g, is arocket projectile weight by the TPS;
Aq is a deviation of the projectile weight from the

table value;
Rg is an Earth’s radius;

S is a sight of the appropriate firing range taken from
the firing tables;

Se is an estimated sight of the appropriate range of
firing rocket projectiles considering meteorological firing
conditions;

AS. is a correction factors of the sight for deviations

of geophysical conditions from the table value;

ASy is a sight correction coefficient for the deviation
of the ground atmospheric pressure from the table value at
the height of the firing position;

ASy, is a sight correction coefficient for the

deviation of the ground atmospheric pressure from the
table value at the height of the target;
ASy is a sight correction factors for the target

exceeding the starting position;
ASr is a sight correction factors for ballistic

deviation of air temperature from the table value;
ASy_~is a sight correction factors for the combined

effect of deviations of air temperature and ground air
pressure from the table value;

AS is a sight correction sight correction
Toc

coefficient for the temperature deviation of powder
charges of the main engine;
ASTpC is a sight correction coefficient of the sight for
a

the deviation of the temperature of the powder charges of
the engine, which corrects the projectile on the trajectory,
from the table value;

ASy, s a correction coefficient of the sight

according to the longitudinal component of the ballistic
wind within the TAS;

ASy_is a correction coefficient of the sight
according to the longitudinal component of the ballistic
wind within the TPS;

ASy, is a correction coefficient of the sight
according to the longitudinal component of the ballistic
wind within the WFTS;

t" is a rocket projectile flight time;

t, is an estimated time of opening of the projectile
warhead of the respective firing range, considering the
meteorological conditions of firing;

ty is a jet engine start-up time;

Aty is a projectile warhead opening time correction

factors for deviation of the ground atmospheric pressure
from the table value at the height of the starting position;
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Aty is a projectile warhead opening time correction

factors for geophysical conditions deviation from the
table value;

At,, is a projectile warhead opening time correction
factors for for exceeding the target over the starting
position;

Aty is a projectile warhead opening time correction
factors for ballistic deviation of air temperature from the

table value within the entire trajectory of the projectile;
Aty s a projectile warhead opening time correction

factors for the combined effect in air temperature and
ground air pressure deviations;
AtTpc is a projectile warhead opening time correction

factors for deviation of the temperature of main engine
powder charges;
Aty is a correction coefficient of the opening time

of the main part of the projectile according to the
longitudinal component of the ballistic wind within the
limits TAS;

Aty is a correction coefficient of the opening time

of the main part of the projectile according to the
longitudinal component of the ballistic wind within the
limits TPS;

Aty is a correction coefficient of the opening time

of the main part of the projectile according to the
longitudinal component of the ballistic wind within the
limits WFTS;

AT is a ballistic air temperature deviation within the
full trajectory;

AT, is a ballistic air temperature deviation;

AT, is a ballistic deviation of air temperature from
the table value within the entire trajectory of the
projectile;

ATy is a deviation of the temperature of the main
engine charges from the table value;

ATpca is a deviation of the temperature of the engine

charges, which corrects the projectile on the trajectory,
from the table value;

Ty is a charge temperature;

V is a rocket projectile flight speed;

V is a rocket projectile acceleration;

V, is a relative speed of rotation of the rocket
projectile;

V,. is a relative velocity of the projectile, considering
the air temperature;

W, is an average wind speed value by TAS;

W,, is a longitudinal component of the ballistic wind
by TAS;

W, is a lateral component of the ballistic wind by
TAS;
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Wy is an average wind speed by WFTS;

Wcu, is a longitudinal component of the ballistic
wind by WFTS;

Weu, is a lateral component of the ballistic wind by
WFTS;

W, is a wind speed average value by TPS;

W, is a longitudinal and lateral wind components by
TPS;

W, is a longitudinal component of the ballistic wind;

W, is a lateral component of the ballistic wind;

Wy is a longitudinal component of the ballistic wind
by WFTS;

X, is a rocket active section projectile flight
trajectory length;

X, is a rocket projectile passive section flight
trajectory length;

Xce IS a rocket projectile warhead flight trajectory
length;

X, ¥, 2 is a current value of the velocity changes of
the projectile coordinates;

Y, is a rocket projectile active section flight
trajectory final point;

Y, is a rocket projectile passive section flight
trajectory final point;

Y, is a height of the rocket projectile flight trajectory;

y is a geometrical height;

AZ gy, is a correction in the direction of deviation of
geophysical conditions from the table value;

AZy, is a correction factor in the direction of the
lateral component of the ballistic wind within the limits
TAS;

AZy,  is a correction factor in the direction of the
lateral component of the ballistic wind within the limits
TPS;

AZy, is a correction factor in the direction of the
lateral component of the ballistic wind within the limits
WFTS;

oW, is an average value of the wind directional angle
by TAS;

oWgy is an average value of the wind directional
angle by WFTS;

oW, isan average value of the directional wind angle
by TPS;

Cy (V) is an aerodynamic coefficient of force of
frontal air resistance;

0 is a projectile throwing;

0 is a rate of change of the throwing angle;

v is a speed of change of direction of the projectile;
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Yaw 1S @ wind coefficient of direct effect of wind on
TAS;

Yam 1S @ wind coefficients of the cross effect of the
wind on TAS;

Tcu,, 1S awind coefficient of direct effect of wind on
WEFTS;

cu,, isawind coefficients of the cross effect of the
wind on WFTS;

ny is a jet engine of a rocket projectile fuel
consumption coefficient;

n(y) is an atmospheric pressure with height
distribution function;

o1 Is an interval on the abscissa axis, on which is
defined TAS;

G, Is an interval on the abscissa axis, on which is
defined TPS;

o3 is an interval on the abscissa axis, on which is
defined WFTS;

Tan IS @ table operating time of the rocket projectile
jet engine;

At is a deviation of the virtual air temperature by
TAS, TPS, WFTS from table value;

Ty is a distribution of virtual temperature with change
of height;

Ton IS a table value of the virtual air temperature on

Earth;
Y is a rocket projectile angle of penetration;
Qg is an angular velocity of the Earth’s rotation;

®q Iis a rocket projectile weight.

INTRODUCTION

The analysis of the liberation struggle in Ukraine from
the muscovites points to the imperfection of the existing
MM of the method of fully preparing the determination of
firing units of the ICC of the automated fire control
system of combat vehicles of reactive artillery. In real
conditions, the calculation using the existing MM of the
method of fully preparing the determination of firing units
of the ICC of the automated control system will be
accompanied by a large number of stages of calculation of
weighting factors taking into account ballistic deviations
of air temperature and ballistic wind, which will increase
the time for the formation of formalized reports and
documents on the basis of the received information and
will lead to the non-fulfillment of the combat mission due
to the irrelevance of the goal. And will also cause a
decrease in the accuracy of the projectile falling from the
target to 1.6-1.9% in the range and 0-05 — 0-13 divisions
of the protractor in the direction [15].

The existing MM of the method of complete
preparation of the determination of firing settings of the
ICC of the automated control system shows that
corrections for the deviation of meteorological, ballistic
and geophysical conditions from tabular values are taken
into account separately for each section of the projectile
flight path, and when calculating corrections for range
and direction approximately, correction coefficients are
taken into account that characterize the deviation of the
projectile in terms of range and direction from the tabular
point of fall at all heights of the trajectories (Table 1).

Table 1 — Correction coefficients for calculating corrections in sight and direction

Correction factors for calculating deviations in
sight direction
Rim | ASyay M ASyny, M ASpex, M | AS,,m AS,,m AZ oy, M AZ oy, M AZyyex, M
1m/s 1m/s 1m/s Imm.m.c 10° C 1m/s 1m/s 1m/s
30 76 22 70 49 60 15 11 56
40 46 16 41 45 34 22 26 42
50 49 48 35 62 14 30 36 37
60 59 56 42 78 16 39 42 40
70 68 55 52 90 53 47 43 45

Analyzing the data presented in Table 1, it can be
concluded that the effect of the longitudinal wind on the
movement of the projectile in the active section of the
trajectory (TAS), the passive section of the trajectory
(TPS) and the section of the flight trajectory of combat
elements (WFTS) is approximately the same, with the
exception of distances from 30 up to 40 km, where the
influence of the bucket on the PDT is 2-2.5 times less
compared to its influence within the ADT and on the
DTPBE, and the effect of the side wind within the ADT
and PDT is identical at all firing ranges, except for the
DTPBE in 2-3 times higher than the impact on ADT and
PDT at distances of 30-40 km.
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1 PROBLEM STATEMENT

The main shortcomings of the MM of the method for
the complete preparation of determination of settings for
firing the ICC of the automated control system during the
calculation of the values of the settings for defeating
individual and lightly armored targets are: the accuracy of
determining the median deviations in range and direction;
failure to take into account the weighting factors for
accounting for ballistic deviations of air temperature and
ballistic wind on the active and passive sections of the
trajectory, as well as on the flight section of combat
elements. And also the imperfection of: mathematical
(numerical) methods of solving problems in the ICC of
the automated control system regarding the approximation
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of the functions of the real law of distribution [2, 7, 12];
differential equations of the MM of the method of full
preparation for determining the installations for shooting,
the information-calculating component of the automated
control system for determining the meteorological,
ballistic, topographic and geophysical conditions of
shooting [1, 6]. An important direction of the accuracy of
the calculation of the correction values for the deviation
of the meteorological conditions of shooting from the
tabular values, using a MM of the method of full
preparation of the determination of the settings for
shooting information-calculation component of the
automated system management, there is an approach
based on the approximation of the functions of the real
distribution law of the deviations of meteorological
factors from tabular values, which can be described by the
corresponding distribution ratios expressed by the algebra
of intervals [18, 20].

The existing approaches to the approximation of the
functions of the real law of the distribution of deviations
of meteorological factors from tabular values in the
system of differential equations of the MM of the
information-computing process of the component of the
automated fire control system of combat vehicles of
reactive artillery have a number of significant
shortcomings.

The main ones are: replacing real distribution laws
with linear ones, which leads to significant errors in the

calculation of meteorological corrections and is
approximate; increased efficiency of calculating the
values of corrections for the deviation of meteorological

shooting conditions from tabular values, which
significantly  affects the calculation time, and,
accordingly, the efficiency and speed of forming

formalized messages and documents based on the
received  information;  separate  accounting  of
meteorological conditions on the sections of the
trajectory, which significantly complicates and reduces
the accuracy of calculations of weighting factors to take
into account ballistic deviations of air temperature and
ballistic wind [6, 9, 10].

The existing MM of the method for the complete
preparation of the determination of firing positions of the
ICC of the automated fire control system of jet artillery
combat vehicles, namely, the system of differential
equations does not take into account the weighting factors
on the active, passive sections of the trajectory and the
section of the flight of combat elements, which leads to
errors during calculation of firing settings and, as a result,
affects the deviation of the projectile from the target in
terms of range and direction by up to 5-7%. And this
significantly reduces the efficiency and speed of forming
formalized messages and documents on the basis of the
received information and, accordingly, defeating the
target (Table 2).

Table 2 — Deviation of projectiles by range and direction at the values of the determined meteorological conditions

Rem in sight, m in direction, m
Wy, =15m/s | Wy =20m/s | We =15m/s | AHg =20 mmm.c | T, =200C | W, =15m/s | W, =20m/s| W, =15m/s
30 1140 440 1050 980 1200 225 220 840
40 690 320 615 900 680 330 520 630
50 735 960 525 1240 280 450 720 555
60 885 1120 630 1560 320 585 840 500
70 1020 1100 780 1800 1060 705 860 675

Let’s consider one of the components of the
information and calculation process of the AMS. The
component is related to the determination of the settings
for shooting, the calculation of the values of corrections
for the deviation of meteorological conditions from the
tabular conditions by evaluating the proposed method of
their determination.

Calculation of settings for firing is carried out using
mathematical dependencies, taking into account the
tabular deviation values: ground atmospheric pressure at

the height of the firing position (AHg), ballistic air
temperature deviation within the full trajectory (AT),
ballistic air temperature deviation (AT, ), longitudinal

and lateral components of the ballistic wind (W, , W, ).

In the MM of the method of complete preparation of
the determination of firing units for hitting the ICC of the
automated fire control system of combat vehicles of jet
artillery, during the calculation of the values of
corrections for the deviation of meteorological conditions
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from the tabular ones, the flight path of the jet projectile is
divided into three sections: trajectory active section;
trajectory passive section; warhead flight trajectory
section (Fig. 1).

Therefore, it is necessary to calculate the values of the
calculated corrections, by range and direction, for the
deviation of meteorological conditions from tabular
values, taking into account geophysical conditions: the
deviation of the temperature of charges on the trajectory,
the combined effect of air temperature and ground
atmospheric pressure, as well as the effect of wind to be
determined by dependences (1, 2, 3), for each section of
the trajectory [2, 12, 15].

2 REVIEW OF THE LITERATURE
At present, during the experiments of projectile flight
research using a MM of the method of fully preparing the
determination of firing units of the ICC of the automated
fire control system of jet artillery combat vehicles, it is
very relevant to study the consideration of corrections for
the deviation of meteorological, ballistic and geophysical
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firing conditions from the tabular values separately for
each section of the flight path of this projectile. In
general, during calculations, with the help of a MM of the
method of full preparation of the determination of firing
units of the ICC of the automated fire control system of
combat vehicles of jet artillery, the values of corrections
for range and direction, taking into account the correction

coefficients characterizing the deviation of the projectile
in terms of range and direction from the table the drop
points at all heights of the projectile flight path are
approximate, which affects the accuracy of hitting targets
and is 1.6-1.9% in range and 0-05 — 0-13 protractor
divisions in direction [3, 11, 19].

Se =S +ASy Way +ASy Wiy +ASy, Wex +ASy AH +ASy AH? +AST +

+AT, +ASt Tpo +ASr ATpe, +ASge +ASt, +ATZ +ASy +ASy, AT'AH ’

)

ty =t+ Aty Wy + Aty Wiy + Aty Wey + Aty AH +ASy AT, + AtTchpC +Atge + Aty + Al AT,AH - (2)

O =0t + AZy Wy +AZy W, +AZy We, +AZ e ?3)

Y A TPS

WFTS

¥

A

Xn

A
A\

Figure 1 — Rocket projectile flight trajectory

In modern ballistics literature, there are no MM of the
method of fully preparing the determination of firing
settings of the ICC of the automated fire control system of
combat vehicles of reactive artillery [1-3, 16-18] which
would make it possible to calculate firing installations
taking into account corrections for the deviation of
meteorological firing conditions from tabular conditions
separately for each section of the missile flight path.

The paper [8] describes a new multidisciplinary
computational study conducted to simulate the flight
trajectories and free-flight aerodynamics of both a finned
projectile at supersonic speeds and a rotating projectile at
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subsonic speeds with and without aerodynamic flow
control. The method of effective formation of a complete
aerodynamic description for dynamic simulation of
projectile flight is described in [16].

The textbook [13] contains basic information about
the motion of an aerodynamic body, and gives the
equations of motion of aircraft for the active and passive
sections of the trajectory. In works [16, 17], a model of a
mobile solid-fueled aircraft is proposed, taking into
account the rotation and curvature of the Earth, the
influence of wind and other aerodynamic parameters; the
study of the impact of ramjet operation parameters on the
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realistic nonlinear model of flight dynamics was
developed to perform simulations to confirm the accuracy
of the presented algorithms [4, 5]. The analysis of
projectile flight dynamics with full six degrees of freedom 2=V cos6siny;

range and accuracy of rockets was carried out in [14]. A 2y
x=VcosOcosy/|1-—|;

E
y=Vsino;

is considered in [1, 17]. The article [14] presents a new , . 2y ).
approach to controlling the external ballistic properties of |V =@p ~8 C0SY—go sin® 1‘% '
spin-stabilized bullets by optimizing their internal mass ) , (4)
distribution. Currently, MM for the study of external 1. 25090 (1-2y/Re) a, cosyWysin6 Vcos6
ballistics are cumbersome. This work aims to define and v Wy Re +y
expand the theoretical procedure for determining the ~ O cos Bsin(ar, );
complex of indicators that accompany the movement of Y
the projectile, as well as the MM of the method of fully ; :_M+QE (sin B —cos By cos(a,_w)tge);
preparing the determination of firing units for the ICC of cos OVV,
the automated fire control system of combat vehicles of . n(y)y
reactive artillery, which is presented in the work and can it ( ):‘R[i
. . Ty +A’C:|
be used for calculating the values of corrections for the
deviation of the meteorological conditions of firing from g (|1N + KlATpc)
the tabular conditions in the firing units separately for  where, ap = ,
each section of the missile flight path. Mo [TaN —K2ATye ] (1—Hy)
3 MATERIALS AND METHODS ATpe =Tpe =15, mg = q%o )
To determine the correction factors for TAS, TPS and ,
WEFTS considering the geophysical conditions of firing, ny = o (t _tH)
. . y '
the combined effect of air temperature and ground doMo (TaN + KZATpc)
pressure of the atmosphere, as well as the wind effect, we o
will use the known system of differential equations of the _ i, 3 ton  T(Y)Fsg (Vrr)
) a, =0.474 10 ,
MM of the method of complete preparation of the o Ty + At 1-p,
determination of firing units of the ICC of the automated
fire control system of combat vehicles of reactive artillery C \ﬁ
[5], but when calculating the relative velocity of the i | a V. —v. |_TON
projectile and the acceleration of the air drag force, we @ Ve )’ re—°r Ty +AT
will introduce wind coefficients of range and cross wind CXET a
effects on projectiles separately for the specified sections
of the trajectory (4).
2W,y (€05 008 W + 7 0 Way SIN W —7 a0 Waz SiN 00S W —7 Y am WaxWaz t96 cOS )
V, =V v
' 2Wy (€08 08in W — 5y Wayx €05 W —7am Waz SiN 0Ny + 74,7 am WaxWaz 196 cOS ) +Wa2
\% v?2
at 0 — 0y +80, y =y + Ay, W2 =W2 +W2, Wy =W, cos oWy, W, =W, sinaW, ;
2Woy (cOS 0 €OS W + 72y Way SIN W — 7401 Way SIN 0.COS W +7 4,7 am Wax Wa g0 sin )
V, =V v
' 2W,y (€05 0SIN W + 72y Way COS W —7ap Waz SINOSIN W =74, am WaxWaz 196 COS ) +Wa2
\% V2
if 6—>07+00,y=yg—Ay;
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2W,y (€05 008 W —7 2y Way SIN W + 720 Waz SIN 00S W —7 4,7 am WaxWaz t90sin )

V, =V

\

2Woy (€0S 0SIN W + 73y Way COS W +Yam Waz SINOSIN W+ 74,7 am WaxWaz t96 cOS ) Wa2
- +

if 000 —380,y=yg—-Ay;

- 2
V. =V i 2(Wpy €O 6¢0s y +W,, cos0sin ) +W_n
Y V2

2 2 2
Wy =Wny +Wpz,

Vv v2

Wy =W, cosaW,, W, =W, sinaW,;

1

ZWCUX (COSGCOSW+"{CUWWCUX sin W_YCUMWCUZ sin eCOS\V—"{CUW'YCUMWCUXWCUZtQGSin \|!)

V, =V

\

_ Weu, (COS@Sin v-vcu,Weu, €0sv -vcu,,Weu, sin0siny +vcy,, vcu,, Weu, Weu, tg0 cos \IJ) +Wc2u

where WC?U =WCZU +W WCUX :WCU Ccos OLWCU )
X

2
cu,’
=WCU sin (X.WCU '
289.0-0.006328Y if 0<Y <9324,
230-0.006328(Y —9324)+0.000001172x

x(Y —9324)? if 9324 <Y <12000,
221.5if Y)12000.

Accordingly, in the system of differential equations
(4), the acceleration of the air drag force by the TPS will
be determined by the formula

i d? T
a, =0.474""_10° —ON_F (v ), 5
X o Ty+A‘CF58( I’r) ()

where g, =0, —®g, and the acceleration of the air drag
force by the WFTS will be determined by equation

L2
icud” .3 Ton

a, =0.474 10 Vo). 6

X deu ’Ey+A‘CF58( I"c) (6)

4 EXPERIMENTS
We will give the system (4) in a kind

dx =
E= F(t,X) (7)

We consider that system of nonlinear differential
equalizations of external ballistics of kind (5) relatively

XeR", tel=[0,0), thus

X(xy,2,V,0,y,m(y)) is
(n=6), fulfills conditions of existence, uniqueness and

variables

vector-line of variables
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V2
continuous dependence on the initial conditions of
decisions in a region [20] (t&X)c=Gy =IBy;

By = {X <" :[[X|(H}.

Then taking into consideration essence of the use of
procedure, which consists in that in the process of
calculation of relative speed of reactive to the shell and
we will enter acceleration of force of head-resistance of
air winds coefficients of the direct and cross influencing
of force wind on jet-projectiles separately for the
indicated areas of trajectory as a result providing of
exactness of implementation of this procedure is possible
by bringing in of principle of Borel-Lebeg [20], in
obedience to which it is possible with a confidence to
consider that in the case of reserved to the segment on an
axis OX it is always possible to select a complete
subsystem which fully will cover this segment; hereupon
complete trajectory of flight to the shell, certain on some
complete interval, will be covered by the complete set of
intervals, each of which will answer the separate areas of
complete trajectory of motion of shell.

Consequently, reserved interval LO; Xa+Xp+X feJ ,

which a curve, that is associated with flight to shell, is
certain on, always will be covered by some system of

segments > ={c} of the opened intervals which a
complete subsystem is selected from

Z*Z{C’llczﬁs}’ (7

WhEI‘EGl :TTAS =[O;Xa],02 :TTPS =[Xa;Xa +Xp:|,

o3 = Twrrs :|:Xa+xp;xa+xp +XfeJ — segments

of line on abscises axis, on which certainly active, passive
and opening of battle elements accordingly.
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5 RESULTS

The results of calculations of the values of the total
average errors by range and direction using a system of
differential equations (4) of the MM of the method of
complete preparation of the determination of firing units
of the information-calculation component of the
automated fire control system of combat vehicles of jet
artillery, considering the geophysical conditions of firing,
the combined effect of air temperature and ground
pressure, as well as the effect of wind, with the
introduction of wind coefficients of direct and cross wind
effects on rockets separately for the specified trajectory
sections for 122-mm combat vehicle BM-21 -9M21HE
projectile, 220-mm combat vehicle 9P140 — 9M27HE
projectile and 300-mm 9A52 9M55C fragmentation
projectile are given in Table 3.

From the data presented in the table, it can be
concluded that the calculations of the total average errors
by range and direction when determining firing settings
by the FP method, using the proposed system of
differential equations for 122-mm combat vehicle FM-21
— 9M21HE projectile, 220-mm combat vehicle 9P140 —
O9M27HE projectile and 300-mm 9A52 9M55C
fragmentation projectile are reduced by half during
firing.by range and direction when determining firing.
Calculations of the total FP errors according to the system
(4) in the range for 122-mm combat vehicle FM-21 —
9M21HE projectile, 220-mm combat vehicle 9P140 —
OM27HE projectile and 300-mm 9A52 9M55C
fragmentation projectile are given on the Fig. 2.

The following conclusions can be drawn from the
given data: direction when determining the firing settings
by FP method for accuracy depends on the firing range
and the multiple launch rocket system; when firing at
medium and long ranges, the value of the total average
range errors is reduced by 1.5 times, taking into account
the geophysical conditions of firing, the combined effect
of air temperature and ground pressure, as well as the

effect of wind, with the wind coefficients of direct and
cross wind effects on rockets separately introduced for the
specified trajectory sections; taking into account the
geophysical conditions of firing, the combined effect of
air temperature and ground pressure, as well as the effect
of wind, with the introduced wind coefficients of direct
and cross wind effects on rocket projectiles separately for
the specified trajectory sections, the total average
directional errors at the minimum firing ranges almost do
not change and make up a difference of 0-01 for 122-mm
combat vehicle BM-21 — 9M21HE projectile, 220-mm
combat vehicle 9P140 — 9M27HE projectile, and for 300-
mm 9A52 projectile 9IM55C is halved; taking into account
the geophysical conditions of firing, the combined effect
of air temperature and ground pressure, as well as the
effect of wind, with the introduced wind coefficients of
direct and cross wind effects on rockets separately for the
specified trajectory sections, the total average errors in the
direction at maximum firing ranges for 122-mm combat
vehicle BM-21 - 9M21HE projectile, 220-mm combat
vehicle 9P140 — 9M27HE projectile, and for 300-mm
9A52 projectile 9M55C is halved.

6 DISCUSSION

Determination of correction coefficients on the active
and passive sections of the trajectory and on the section of
the flight trajectory of combat elements, taking into
account the geophysical conditions of firing, the
combined effect of air temperature and ground
atmospheric pressure, as well as the effect of wind, is
carried out using a system of differential equations of the
mathematical model of the method of complete
preparation of the determination of firing installations of
the information and calculation component of the
automated fire control system of combat vehicles of
reactive artillery [2, 13, 17], or by the Dmitrievsky
method [21].

Table 3 — Total average errors in range and direction when determining the firing settings by the full preparation method, using a
system of differential equations with and without coefficients

Median errors, m
Attillery system Range, km with coefficients without coefficients

Ex, Ez, Ex Ez,

5 73 0-05 43 0-04

10 141 0-06 85 0-04

122-mm BM-21 15 215 0-08 121 0-05
20 283 0-10 165 0-05

10 81 0-04 67 0-04

20 262 0-07 167 0-05

220-mm 9P140 30 425 0-11 251 0-06
36 505 0-13 308 0-06

20 276 0-07 158 0-04

30 433 0-08 249 0-04

40 564 0-09 335 0-05

300-mm 9A52 50 717 0-10 425 0-05
50 904 0-11 509 0-06

70 980 0-13 595 0-06
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Figure 2 — Total errors of the full preparation
a — by range for: 122-mm combat vehicle FM-21 -9M21HE projectile, 220-mm combat vehicle 9P140 — 9M27HE projectile and
300-mm 9A52 9M55C fragmentation projectile
b — by direction for: 122-mm combat vehicle FM-21 -9M21HE projectile, 220-mm combat vehicle 9P140 — 9M27HE projectile and
300-mm 9A52 9M55C fragmentation projectile
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The system of equations (4) can be used for accurate
calculation of the trajectory elements taking into account
the wind coefficients of direct and cross wind effects on
rockets separately for the active and passive sections of
the trajectory and for the section of the flight trajectory of
combat elements in the mathematical model of the
method of complete preparation of the determination of
firing units of the information-calculating component of
the automated fire control system of combat vehicles of
reactive artillery.

The dependencies of the calculation of the trajectory
elements using a system of differential equations of the
mathematical model of the method of full preparation of
the determination of firing units of the information-
calculation component of the automated fire control
system of combat vehicles of jet artillery allow solving
the problems of external ballistics with a perspective
optimization of the trajectory of the projectile, which is
used in reactive systems of salvo fire, as well as to
determine a set of indicators that characterize the process
of projectile flight approaching the tabular trajectory [5]
and specify the initial conditions that are necessary to
solve the system of equations of motion of the projectile
on the active and passive sections of the trajectory and on
the section of the flight trajectory of combat elements,
which are considered as independent trajectories.

As the calculations showed, with the help of
differential equations of the mathematical model of the
method of complete preparation of the determination of
firing installations of the information and calculation
component of the automated fire control system of
combat vehicles of reactive artillery (4), the accuracy of
firing and the overall effectiveness of artillery fire depend
on how successfully the task of ensuring the calculated
movement of projectiles will be solved under the
conditions of the influence of direct and cross, constant
and variable wind on the trajectory.

CONCLUSIONS

The improved mathematical model of the method of
complete preparation of the determination of firing units
of the information-calculation component of the
automated fire control system of combat vehicles of
reactive artillery allows to significantly speed up the
process of preparing information for firing, and as a result
ensures the promptness of response to changes in — a
tribute to the software-mathematical complex of shooting
and fire control.

It also increases the accuracy of their calculation at the
same time.

The results of the calculated values show that the
influence of various sources of error on the accuracy of
the full training depended on the firing range, the artillery
system, and the charge number.

The proposed system of differential equations of the
mathematical model of the method of complete
preparation of the determination of firing units of the
information and calculation component of the automated
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system allows to take into account the weight functions of
the air temperature, the influence of the wind for the
active and passive sections of the trajectory of the
projectile and the section of the detection of combat
elements, to determine according to them, the weighting
coefficients for each type of projectile, which makes it
possible to quickly respond to changes in the tasks in the
information-calculation process.

The system of differential equations of the
mathematical model of the method for the complete
preparation of the determination of firing units of the
information and calculation component of the automated
fire control system of combat vehicles of jet artillery can
be used to calculate the values of corrections for the
deviation of meteorological conditions of firing from the
tabular conditions in fire divisions separately for each
section of the missile’s flight path, both existing and
prospective.

Information of numerical
ground to assert:

1. Compared with the existing mathematical model of
the method of full preparation for determining the settings
for firing, the information-calculation component of the
automated fire control system of combat vehicles of jet
artillery will allow to shorten the equation when
calculating the weighting coefficients for accounting for
ballistic deviations of the subjects — air and ballistic wind
conditions on active and passive sections of the trajectory
and flight section of combat elements.

2. 1t will also ensure that when approximating the
functions of the real distribution law, it is not replaced by
a linear law, which will significantly increase efficiency
and reduce the errors of calculating meteorological
corrections by range and direction to 1.5-2%, will allow
timely response to changing tasks in the information-
calculation process during shooting and fire control, as
well as effectively and quickly ensure the formation of
formalized messages and documents based on the
received information.

3. The improved mathematical model of the method of
complete preparation of the determination of firing units
of the information and calculation component of the
automated fire control system of combat vehicles of jet
artillery by solving the system of differential equations of
motion of 9M21XE, 9M27XE and 9M55C projectiles
allows hitting the specified targets with an accuracy of 0.5
- 0.9% in distance and 0-02 — 0-05 divisions of the
protractor in direction and reduce the time for the
preparation of installations.

calculations is resulted
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VIOCKOHAJIEHA MATEMATHYHA MOJIEJIb CIIOCOBY MMOBHOI NIJITOTOBKA BU3HAUEHHA YCTAHOBOK
JJISI CTPLIIBBM HA YPAJKEHHSI IHOOPMAIIAHO-PO3PAXYHKOBOI CKJIAJIOBOi ABTOMATH30OBAHOI
CHUCTEMM YIIPABJTHHSI BOTHEM BOMOBHUX MAIIIMH PEAKTHBHOI APTHAJIEPI{
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AHOTAIIA

AKTyadbHicTb. Y paMKax aBTOMATH3allii CHCTEMH YIPaBJIiHHS BOIHEM OOHOBHMX MAaIMH PEAKTHBHOI apTHiiepil, W00
MiJIFOTOBKU JaHUX JJIsl CTPibOM Ta YIPaBIiHHS BOTHEM, YJIOCKOHAJICHO iH(OPMAIiiHO-00YHCITIOBATIBHUI MPOIIEeC 1€l CUCTEMH, a
caMe YJOCKOHAJIEHO MaTeMaTH4Hy MOJE]b CIOCO0y MOBHOI IiJJTOTOBKM BU3HAYCHHS YCTAHOBOK JUIS CTPUILOM CHapsaaMH sKi
3aCTOCOBYIOTbCS B PEAKTHBHMX CHCTEMaxX 3ajlOBOrO BOTHIO. B cucremy audepeHLiHHMX pIBHSHb MaTeMaTH4HOI Mojei
iH(pOpPMaLiiTHO-00YHCITIOBAIBHOTO MPOLECY CKIAI0BOI aBTOMATH30BAaHOT CHCTEMH YIPABIiHHs BOrHEM 0OHOBHMX MAIMH PeaKTHBHOT
apTuiepii, BBEICHO BaroBi (GyHKIII M0 TeMmepaTrypi MOBITPs, BIUIMBY BITPY IJISl aKTHBHOI, MACHBHOI AUISHOK TPAEKTOPIi MOIBOTY
CHapsAy Ta AUITHKH PO3KPHUTTS OOMOBHX €JIEMEHTIB, MIO JO3BOJISE€ BU3HAYATH IO HUM BaroBi KOCQII€HTH IJI KOYKHOTO THUILY
CHapsiy.

MeTta po6oTH. Y I0CKOHAIUTH iH(GOPMAIIHHO-PO3pPaXyHKOBY CKJIJ0BY aBTOMAaTH30BaHOI CUCTEMH YIPaBIiHHSI BOTHEM 00HOBHX
MallIiH PeaKTHBHOI apTHIIEpil, IUIIXOM ITOKPAIICHHS MaTeMAaTHYHOI MOJEi ClIOocO0Y MOBHOI MiATOTOBKH BH3HAYCHHS yCTAHOBOK IS
CTPUILOM Ha ypaXKeHHs. 3alporoHyBaBIIH CHCTeMY AU(epeHLiHHNX PIBHIHB sika OyJie BpaxoByBaTH Baroi (yHKLIi 110 TemIieparypi
TIOBITPSI, BIUIUBY BITPY IUIsl aKTUBHOI, HACHBHOI JIITHOK TPAEKTOPIT ITOJIBOTY CHApSILy Ta AUISHKH PO3KPUTTSI OOHOBHX €IEMEHTIB, a
TaKOX JIaCTh MOXJIMBICTh BH3HAYaTH IO HUM BaroBi KOe(iLi€HTH Uil KOXKHOTO THUIy CHapsdy, L0 B CBOIO Yepry HpH3BEAC 10
ITiIBUICHHSI TOYHOCTI BU3HAYCHHSI YCTAHOBOK ISl CTPLJIbOH.

Mertoa. 3anponoHOBaHWN aHATITHYHUNA METOA JO3BOJISIE. MPOBECTH PO3PAXYHOK BArOBUX KOEQIIIE€HTIB A KOXKHOTO THITY
PEaKTUBHOTO CHapsay, L0 XapaKTepU3YIOTh MpPOLEC HAOIMKEHHS MOJbOTY PEaKTHBHOTO CHApsay N0 TAaOIMYHOI TpaekTopii Ta
3aaTH TOYaTKOBI yMOBM HEOOXigHI AT BUpIMIEHHS au(epeHIianbHUX pIBHIHB MaTeMaTHdHol Mojeni iHgopMmariiHo-
00YHCITIOBANEHOTO TIPOLECY CKIIAJOBOI aBTOMAaTH30BAaHOI CHCTEMHU YIPABIiHHSA BOTHEM OOMOBHMX MAIllMH PEaKTUBHOI apTHiiepii;
MJABUIIUTH TOYHOCTI BH3HAYECHHsS YCTAHOBOK JUIS CTPiIBOM IPH BHKOHAHHI BOTHEBMX 3aBIaHb, L0 HAJa€ 3MOTY OIEPATHBHO
pearyBaTH Ha 3MiHy OOHOBOi OOCTaHOBKM NDIIXOM 3MiH y IpOrpaMHO-MaTeMaTHYHOMY IIpOIleCi aBTOMATH30BaHOI CHUCTEMHU
yIpaBiIiHHS BOTHEM; e()eKTUBHO Ta ONEPATUBHO 3a0e3MeUnTH pO3pOOKY a00 yTOYHEHHS TEKCTyalbHHX 1 rpadidHUX pO3MOPSAYHX Ta
00ifOBHX JIOKYMEHTIB Ha OCHOBI OTPHUMAaHHMX pe3yJbTaTiB 3a JOMOMOroi Iu(epeHIialbHUX DPIBHSHb MAaTeMaTHYHOI MoJei
1H(POPMAaLiifHO-00YHCITIOBATBHOTO MPOLIECY CKIIAI0BOT aBTOMATH30BaHO! CUCTEMH YIPABIiHHS BOTHEM.

PesyabTaTn. Crucrema qudepeHiaTbHIX piBHAHD MaTEMaTHYHOI MozeN iH(QopManifHO-00YHCIIOBAIBHOTO MPOIIECY CKIIAJ0BOT
ABTOMATH30BaHOI CUCTEMH YIPaBJIiHHS BOTHEM OOMOBHX MalllMH PEaKTHBHOI apTHIIepii 3a0e3Meuye CBOEYacHe pearyBaHHs Ha 3MiHy
o0cTaHOBKHM B iH(OpMAaliHHO-00UNCITIOBAIFHOMY IIPOLEC CKJIQJOBOI AaBTOMATH30BAaHOI CHUCTEMU YIPABIiHHS BOTHEM OOHOBHX
MaIllMH PeaKTUBHOI apTHiepii miJ yac cTpinbOu Ta ynpasiiHHA BorHeM. Hajae MOXKIIMBICT €()EKTHBHO Ta ONEPATUBHO 3a0€3MeUNTH
po3polIieHHsT a00 YTOYHEHHS TeKCTYaIbHUX 1 rpadidyHUX pO3NOpSAYMX Ta OOMOBHX JOKYMEHTIB 3a iH(opMalli€o, OTpUMaHOIO Iij
Yac BUKOHAHHs BOTHEBHX 3aBJaHb.

BucHoBku. [IpoBesieHi po3paxyHKH Ha OCHOBI 3alIPOIIOHOBAHOI CUCTEMH AU(EPEHUIHHNX PIBHIHB MiATBEPKYIOTh TOKPAIICHHS
iH(pOpPMaLITHO-PO3PaXyHKOBOI CKIIaZ0BOi aBTOMaTH30BaHOI CHCTEMH YTIPABIIHHS BOTHEM OOHOBHX MAIllMH PEAaKTHBHOI apTuiepii Ta
JIO3BOJISIIOTH CBOEYACHO pearyBaTH Ha 3MiHY 3aBIJaHb B iH(opMamiiHO-pO3paXyHKOBOMY MpOLECi MiJ 4ac CTPLIBOM 1 yNpaBIiHHA
BOTHEM, a TakKOX €(QEKTHBHO 1 MBHIKO 3a0e3medyioTh (OpMyBaHHS (OpPMATi30BaHUX IOBIIOMIIEHb i JOKYMEHTIB Ha OCHOBI
oTpuMaHoi iHopMarii mia yac BUKOHAHHS BOTHEBOTO 3aBJaHHS IMiJPO3/iNaMU peakTHBHOI apTmiepil. IlepcrekTBaMu MoAaIbIInX
JIOCJTI/DKEHb € CTBOPCHHS Y3rOJKCHHUX MaTeMaTHYHHUX METOJIB, MOJEJCH, aifOPUTMIB 1 mporpam sl peatizarii Iijieil i 3aBaaHb
CTPLIBOU 1 yIIpaBIiHHS BOTHEM NPH CKiIanaHHi Tabiauip cTpiIbOH IS MepCIeKTHBHUX a00 OTPUMaHNX OOHOBUX MAIlINH PeaKTHBHOT
apTuiIepii Bix mapTHEPIB.

KJUIFIOYOBI CJIOBA: aBTOMaTH30BaHa CHCTeMa yMpaBliHH, iHGOpMaLiiiHO-pO3paxyHKOBa CKJIJ0Ba, MaTeMaTHYHA MOJCIIb,
cucreMa auepeHIiHHIX PIBHAHB, alpoKcuManis GpyHKIIH peaTbHOro 3aKOHY PO3MOALTY, BaroBi (GyHKIII M0 TeMIepaTypi moBiTps,
BIUIMBY BITpY.
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ABSTRACT

Context. The problem of synthesis, modeling, and analysis of automated control of complex technological processes of mining
production as a dynamic structure with distributed parameters.

Objective. On the example of the technological line of ore beneficiation, the general principles of formalization of control of
mining production processes as a dynamic system with distributed parameters are considered.

Method. The modeling of interactions between individual components of the control system is carried out using the methods of
coordinated distributed control. In accordance with this approach, the technological line is decomposed into a set of separate
subsystems (technological units, enrichment cycles). Under these circumstances, the solution to the global optimization problem is
also decomposed into a corresponding set of individual subproblems of optimizing the control of subsystems. To solve the global
problem, this formulation uses a two-level structure with coordinating variables that are fed to the input of local control systems for
technological units and cycles. At the lower level of control, sets of subtasks have independent solutions, coordinated by the
coordinating variables formed at the upper level.

Results. The paper proposes a method for forming control of a distributed system of technological units of an ore dressing line
based on the decomposition of the dynamics of the distributed system into time and space components. In the spatial domain, the
control synthesis problem is solved as a sequence of approximation problems of a set of spatial components of the dynamics of the
controlled system. In the time domain, the solution of the control synthesis problem is based on the methods of synthesizing control

systems with concentrated parameters.

Conclusions. The use of the proposed approach to the formation of technological process management at mining enterprises of
the Kryvyi Rih iron ore basin will improve the quality of iron ore concentrate supplied to metallurgical processing, increase the pro-

ductivity of technological units and reduce energy consumption.

KEYWORDS: mining, automation, ore dressing, distributed control, process, system.

ABBREVIATIONS

DCSs is a design and implementation of distributed
control systems;

ESRD is a system with Concentrated Input and
Distributed Output Variables with Extrapolator; CCD is a
system with Concentrated Input and Distributed Output
Variable.

NOMENCLATURE
Q, is a productivity of stages for the finished

product;

Qi3 is a set performance values;

By is a content of a useful component in the product
of the stage;

min s a limits of useful component content by

stage;

Bxgy is alosses of useful component in the tailings
by stages and in general at the outlet of the enrichment
line;

B%g is a restrictions on tail losses;
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& is a specific gravity for each technological type in

ore;

Q is a current, minimum and maximum amount of
concentrate produced, respectively;

B is a current, minimum and maximum proportion of

total iron in the concentrate, respectively;

E is a mass of ore that can be processed by the
concentrator;

Q is a total volume of ore processing of all
technological types;

Bd (I,s) is an output variable of this system is

equivalent to the output variable of a system with
distributed input and distributed output;

Q(E) is a productivity of the ore dressing line of
finished product;

[3(5) is a content of a useful component in the
finished product;

B is a vector of coordinating parameters of the second

level of control, which form the conditions for solving the
tasks of the first level;
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©H;(¢;,k) is a distributed impulse function of the
system;

OH;(¢,(k+£)T) is a distributed impulse response
transient function of a ESRD, consisting of a CCD and a
zero-order extrapolator unit Hi;

®Hi(€i ,t) is a partially distributed output variable in
the time domain at a point ¢;;

twi(K)};  is a sequences of input variables ESRD;

{G)Hi(fi’k)}i,j,k are the values of discrete distributed

impulse response functions;
g is a discrete transition time CCD;
QHR;(¢,0) is a constant values of the given transient

characteristics of the distributed parameters of the
technological line of beneficiation;

Bid (¢;,0) are the approximation parameters;

BY is a vector of optimal approximation;

(Bid)(f,k) is an approximation of the distributed

output variables of the identified object;
Ei(fi,s) is an appropriate transfer functions;

Ki(2) is a robust regulators;
QHR;(¢,0) is a constant values of the given transient

characteristics of the distributed parameters of the
technological line of beneficiation;

Bid (¢;,0) are the approximation parameters;

Ed:{gid(zi,oo)“:l,_n} is a vector of optimal
approximation;

(Bid)(f,k) is an approximation of the distributed
output variables of the identified object.

INTRODUCTION

The technological processes of mining production,
namely the extraction and preparation of raw materials for
metallurgical processing, are distributed in space,
characterized by various dynamics, many interrelated
variables and disturbing factors. An example of a
corresponding diagram of the chain of devices built on the
basis of a typical technological line of an ore processing
plant with the indication of control points for the
characteristics of ore material at different stages of iron
ore processing is shown in Fig. 1.

A characteristic feature of technological complexes of
concentration plants as control objects is the multistage
nature of production processes implemented using many
units, equipment, and transport links between them
through a multi-circuit water-sludge circuit and/or belt
conveyors. At the same time, positive technological
feedback (re-cycle) is organized through the water-sludge
circuit, both within and between the beneficiation stages.

Synthesis, modeling, and optimizati on of the
management of such mining structures is still a
problematic issue.

© Morkun V. S., Morkun N. V., Hryshchenko S. M., Shashkina A. A., Bobrov E. Y., 2024

DOI 10.15588/1607-3274-2024-4-20

Sands
Feed Yy
ore Mill Sizer . MS MS
i< I g IR " 1 ] 2
' |
Tailings Tailings
Sands
A\ 4
Hlc -1 Wil MS
2 B i )
J
Discharge
Tailings
v Sands
T MS Hic o Mill
> 1 La 3 —> > 3
' J
N v Discharge
Tailings Tailings Concentrate
Tr Mill \
‘BB
j j
v v
Tailings  Tailings

Figure 1 — Diagram of the chain of devices on the technological
line of the ore dressing plant

The object of study is processes of automated control
of the technological line of mining production in the con-
ditions of changing characteristics of raw materials and
the state of technological units/

The subject of study is the mathematical models, cri-
teria and methods of distributed optimal control of interre-
lated processes of mining production based on a dynamic
spatial and temporal structure

The purpose of the work of the research is to im-
prove the energy efficiency and quality of automated con-
trol of the technological line for the preparation of ore for
metallurgical processing, to increase the extraction of
useful components into concentrate during the processing
of iron ore by developing principles and approaches to
distributed optimal control of interrelated mining proc-
esses based on a dynamic space-time model.

1 PROBLEM STATEMENT
Multi-criteria control structures formed on the basis of
a complex indicator that includes the following goals are
widely used in the automated control systems of concen-
trating production: maximizing ore processing productiv-
ity, maximizing concentrate quality, and minimizing
losses of useful components in tailings [1].
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Q — max;
J ={BK — max; 1)
Bxg — min.

An expanded version of criterion (1), which
comprehensively takes into account the performance
indicators of individual stages of ore dressing, is proposed
in [2].

3y. qamin max . pmin max .
Q1> max(Q —> Q7 )i Br <Py <P1 ;Pxe1<Pxs1<PBxl:

3 =1Q2 > max(Qz - Q7)) Y™ <Py < BT BT, <Bxe2 < BYE:: )
Qk — max(Qx — Qi) BR™ <Py <BR™; BRE <Bxe <PYE

In the existing automated process control systems in
the mining and metallurgical complex, one of the most
important indicators along with technological indicators is
the energy efficiency indicator [3-6]. Increasing the
energy efficiency of the control of the technological
process of beneficiation, as shown in [7], is achieved by
applying a comprehensive criterion

‘E—g‘amin;
Q| SQSQh; (3)
Br <B<PBn;

Q/E —max.

This criterion ensures that the processed ore maintains
the optimal particle size distribution in terms of recovery
of the useful component, taking into account the mass
ratio of certain technological types, and that the
concentrate of a given quality is produced at the
maximum utilization rate of technological processing
equipment.

The analysis of control systems for the technological
process of iron ore beneficiation showed that the control
object should be represented as a distributed system [8, 9—
11] with a concentrated input and a distributed output. At
the same time, the output variable of this system is
equivalent to the output variable of a system with

distributed input and distributed output 8° (I,s) [12].

Based on the above results, it is advisable to use a
global optimization criterion when forming the control of
an ore dressing line as a dynamic system with distributed
parameters, which is generally described by the system

{Q(E)—> max;

- 4)
B1 <B(p)<Bp.
2 REVIEW OF THE LITERATURE
The DCSs are associated with many challenging
problems, including network-induced delays, time-
varying topology or throughput, or increasing complexity
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[12]. The need to solve these problems has stimulated the
development of methods for modeling, analyzing, and
synthesizing RSCs [13, 14].

Paper [13] presents the proposed methodology for
modeling and analyzing distributed control systems, con-
sisting of three modules, each of which is divided into
several submodules. The methodology includes steps for
analyzing communication interfaces and computational
processes, and also presents a method for creating models
of DCSs components in the form of colored time Petri
nets and finite state machines. The result of the applied
methodology is the analysis of the DSC, such as predic-
tion of the throughput and response of the system to vari-
ous input factors.

Computational processes and communication net-
works in DCSs can be viewed as systems with discrete
events, which can be conveniently modeled using a num-
ber of approaches, including finite state machines and
Petri nets [15-17].

In [18], the study of distributed control systems is
considered from the perspective of “network manage-
ment”, providing a snapshot of five control issues: sam-
pling control, quantization control, network control,
event-driven control, and security control.

A DCSs is characterized by a multi-level architecture
consisting of numerous subsystems deployed in a distrib-
uted manner, where control functions are distributed
among many controllers, and individual control levels are
connected by different types of communication networks
[19].

In many cases, these subsystems have three funda-
mental characteristics [20]. The first characteristic is
autonomy. Subsystems are usually autonomous or semi-
autonomous and can often exist and operate independ-
ently. The second characteristic is homogeneity. Subsys-
tems regularly have similarities and play relatively equal
roles. The last and most important characteristic is inter-
activity. Subsystems must be connected to the system
topology collectively so that they can communicate by
exchanging information or substance and cooperate with
each other.

Paper [21] analyzes the functionality, requirements,
and cost of installation and operation of industrial DCSs
systems based on PLC logic controllers. Particular atten-
tion is paid to the distribution of individual system com-
ponents by the corresponding layers contained in their
structure.

Distributed control systems offer numerous advan-
tages over traditional centralized control systems. The
main advantages of DCSs usually include the following
properties [22]:

— increased reliability: by distributing control func-
tions among several controllers, the DCSs eliminates sin-
gle points of failure;

— scalability: DCSs makes it easy to expand control
systems as industrial operations grow;

— flexibility: The DCSs provides full integration with
other control systems, such as PLCs and SCADA sys-

tems;
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— reduced operating costs: By automating complex
processes, the DCSs can help industries reduce labor
costs, minimize human error, and optimize resource utili-
zation;

— security: cybersecurity and physical security of the
system are ensured at the operator and engineer levels.

But, like other advanced technologies, the implemen-
tation of DCSs also has certain problems and limitations
[22]:

— high initial investment: the implementation of a
DCSs may involve the purchase and installation of many
controllers, 1/0 modules, communication networks, and
human-machine interfaces;

— complexity: designing and configuring a DCSs re-
quires specialized knowledge and experience;

— maintenance and support: Like any complex system,
a DCSs requires regular maintenance and troubleshooting
to ensure optimal performance.

In the mining and ore processing industry, DCSs are
effectively used to automate technological operations for
reducing ore size [23-25], classifying grinding products
[26-28], underground ore mining [29, 30], etc. The appli-
cation of this approach is well coordinated with the sys-
tems of non-destructive non-contact control of the charac-
teristics of raw materials and processed products as a
means of information support for control processes [28,
31, 32].

The results of the analysis of studies on the use of dis-
tributed control systems for complex technological proc-
esses show that their use helps to increase production ef-
ficiency by providing centralized monitoring and control
of distributed processes, allowing operators to make
changes in real time to optimize performance [22]. In
addition, RSCs use advanced control algorithms and data
analytics to optimize processes, reduce energy consump-
tion, and minimize waste.

3 MATERIALS AND METHODS

The characteristics of iron ore raw materials in the
process of multistage processing are presented as spatial
and temporal variables distributed over an interval. The
function of the distribution of the content of the useful
component in the particle size classes of the ore material
being processed is taken as the initial distributed variable
[4].

After applying concentrated control actions to the sys-
tem input, we obtain the system output signal as a distrib-

uted variable Y (¢,t). An example of the realization of

the output signal of the control object is, in this case, the
output of size classes (Fig. 2a) and the iron content in size
classes (Fig. 2b), distributed over the technological opera-
tions of the ore dressing line.
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Figure 2 — Distributed along the technological line of
beneficiation:
a) yield of solid of the pulp phase;
b) indicator of iron content content in the industrial product

The relationship between output and input variables is
described by convolution [11].

B (1,t)= ©i(1,t) i (1) 5)

In the event that \ui(t) is a single step function at the
output of the system, we obtain a distributed transition
function Qi(ﬁ,t). Similarly, we obtain the relationship

between the individual input variables {\yi(t)|i:ﬁ} and
the  corresponding  distributed  output  variables
B3 (1,0)li =1n/. The total distributed function of the

distribution of the content of the corrosive component by
size classes is described by the expression

B9 (00)= 30;(.0) i t)

=1

(6)

To increase the accuracy of identification of model
parameters, it is advisable to measure the characteristics
of ore material at the outlet of technological aggregates,
which in the considered system correspond to points with
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coordinates  /q,...,/,

application of controlling influences \yl(t),...,\un(t),

which can be, in particular [3, 4]: ore and water
consumption in the mill, water consumption in the
classifier, technological sump, hydrocyclone, magnetic
separator, deslimer, etc. At these points, the output

variables are partially distributed B (q,t),...,B4(¢n,t),
located on the respective surfaces of the distributed output
variables  B{(/,t)....B4(4t). Also, at the following

locations /4,...,¢ partial distributed impulse response

functions are determined on the surfaces of individual
distributed impulse response functions

©1(¢1,1),...,0,(¢,,t). Using the relation (5), we obtain

B (¢.1)=

Taking into account the discrete input variables and
the zero-order extrapolator {Hi} and the discrete outputs
of the model of the ore dressing technological line are
represented as a convolution

Bl (4, (k +e)T)=0H; (1, (k + ) )xyi(kT).  (8)

Let us assume T=1, £=0. Then, according to formula
(8), we obtain an expression for the function of the
distribution of the useful component by fineness classes at
the output of the ore dressing line

located near the points of

O;(¢i,t)*yi(t)i=1n. )

B (¢.k)=OH; (£.K)* (k) i=1n. ®)

Common distributed output variable B¢ (¢,k) of the

processing line as a control object with a concentrated

input and  distributed output with  zero-order
extrapolatorsy {Hi}i, and will be written as
n
BY(0,k) =D OH; (k) i (k). (10)

i=1

For points /¢y,...,¢, located around concentrated
input variables, partially distributed output variables can
be obtained BY(/1,k)....BS(¢,.k) and consequently,
partially  distributed impulse transition functions
OH;(¢4,k),...,0H,(¢,k). In this case, the following
convolutions are correct
wilk), i=Ln,

B (¢.k)=H;(¢;,k)* (11)

After applying the Laplace transform, moving to the
domains, we obtain

Bd(¢,5)==;(¢,s)yils), i=1n,

(12)
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B(1,5)= (1, hwi(9),

(13)

i=1
B (1,5)=Zi(¢i,s)wis) i=1n. (14)
In the case when the action of the elements of the
vector {\l!i(t)li:l n} is added at points /1,...,¢, at the
outputs of the units EHl(lél,s),...,EHn(/én,s) Partially
distributed output variables are formed
B (£1,k)....BS (¢, k). Distributed output variables of
blocks  ZHy(4,s)....BHy(4s):  BI(4K).....pY (¢ k)

move along these trajectories. Thus, the total output
variable of the technological line of ore dressing, as a
distributed object, is given by the ratio:

n

p(e.k)=> B (1.K).

i=1

(15)

When a discrete representation is considered, the
discrete dynamics of the system is given by a set of
discrete  distributed impulse  response  functions
{@Hi(ﬁ,k)|izln}. The given characteristics on this set
are written as follows

{OHR; (1,k) = OH; (£.k)/OH; (¢, K)li =Tn}.  (16)

This makes it possible to determine the output of the
distributed control system of the processing line as
follows

B! (£,k)=©H; (¢}, k)OHR; (¢, k)*yi(Kk), i=Ln
i=1n. (17)
The dynamics of the technological line of ore

dressing, as a distributed object, is decomposed into a
time component that depends on the continuous (t) or

discrete (k) time at fixed values of i, ¢;: {@Hi(ﬁi,t)}i K
and the spatial component, which depends on a simple
variable /; at fixed values of i, k: {OHRj(£,t)}; 1.

Steady state of the function of distribution of the
useful component by ore material size classes as
distributed along the technological line of beneficiation of
the initial Bd(f,oo) variable, in accordance with the

theory proposed in [8, 12], can be described by means of
a stable value of the transition  function,

{QHi(ﬁ, 00)| i =J]} that is obtained after applying a single
stepwise impact 1(k) to each input {\yi(k)l k :]]}

When forming the control, we use the following
decomposition of the distributed dynamics of the system:
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time component {EHi(Ei,S)lizﬁl}, spatial component

{OHR, (¢,00) i =11},

As a result of spatial discretization of the model with
discrete time of the ore dressing line, which has
concentrated  inputs  (adjustable  parameters  of
technological units and operations) and distributed output
(content of the useful component classes) at the points

{Zj l =1,_m} is obtained in scalar form

(18)

{Bd (Zi'k):iZ:i@Hi(Zi’k)*Wi(k)}

ki

Expression (14) is written in vector form as follows

B (11.k)= Z®H (¢ k) wi )

(19)
Considering that for a particular i, j,r > q The

following ratio is true: ®Hi(£j,r)=0,

discrete transition time CCD, expression (19) can be
written as

where q -

(k)| [©Hi(1,0) OH;(r,a) | wilk)
-5

. (20)
= OH;(¢1,0) ...

Bd(émrk) ®Hi(éle) \Ili(k—CI)

In expression (16), the individual matrices correspond
to the distributed discrete impulse transition functions of
the considered distributed object of controlling the ore
dressing process, which is represented by different
mineralogical and technological varieties (Fig. 3): FDV —
formers of distributed variables, EECV - executive
elements of concentrated variables.

[0
J,wl(s) l.,u:(s)
‘ FDV 1 ‘ ’ FDV 2
l 1
‘ EECV1 ‘ ‘ EECV2 ‘ EECVn

Ore dressing process

Distributed characteristics of ore material ﬁd (?5]

Figure 3 — Ore dressing process line as an object with
concentrated inputs and distributed outputs

Taking into account the above, the global criterion for
optimizing the control of the technological line of
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beneficiation as a dynamic object with concentrated
inputs and distributed outputs is written as follows

Q(B v.B )—> max;
21
pr < p.v.” <P )

The structure of a two-level coordinated distributed
control system for a technological line for the
beneficiation of iron ore raw materials as an object with
concentrated inputs and distributed outputs is shown in
Fig. 4.

At the upper level of system control (Fig. 4), the

formation of coordinating variables is carried out _p that

affect the value of AB? transformation of the function of

distribution of the useful component by particle size
classes of ore material at the i-th point, i.e., the load on
the i-th technological unit of the concentration line.

Coordinator
= Uper level of
| ﬁ r managEmEnt
{ } £ v A (coordination]
Model of the SRA
______ R i —
bl
Lower
Local 8AC 1 Local SAC2 Local BACN
MaHagemert
level
)
w BFow sl w i
Level gf
teclmolagical
SZR process

Figure 4 — System of two-level coordinated separated control of
the technological line of enrichment

At the lower level of control, concentrated control
influences are formed by local automatic control systems
for individual technological units and cycles.

4 EXPERIMENTS
The control of a distributed system of technological
units of an ore dressing line is formed on the basis of
decomposition of the dynamics of a distributed system
into time and space components [4]. In the spatial

domain, the control synthesis problem is solved as a
sequence of approximation problems of a set of spatial
components of the dynamics of the controlled system. In
the time domain, the solution of the control synthesis
problem is based on the methods of synthesizing control
in the

systems with concentrated parameters. Thus,

OPEN a ACCESS




p-ISSN 1607-3274 PanioenextpoHika, indpopmatrka, ynpasninns. 2024. Ne 4
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2024. Ne 4

structure of the control system, blocks of spatial and
temporal formation of control influences are distinguished

(Fig. 5).

{QHR (=)}, (=, (c,.2))

|

B w(k)

time formation ——

BY(£. k) Spatial formation

Figure 5 — Structure of the control system for the distributed ore
dressing process

To form spatial control, the corresponding component
is used {QHRi(f,oo)H =1,n}, obtained as a result of
decomposition of the distributed dynamics of the
technological enrichment line. At the output of the spatial
formation unit, a vector of concentrated variables is
formed BY(¢), which is the basis for the temporal
formation of control taking into account the
corresponding  component {EH i(0,8)]i=1, n}
distributed dynamics of the control object. The output of
the time control formation unit is a vector of zoned
control variables \T/(k) for local control systems of

individual technical units.

In this case, the control task is to form the following
sequence of control inputs \Tf(k), which is in a steady
control error at the

state k - oo, ensure minimal

quadratic norm
Je(¢,e0)] = HBd (¢,00)—p¢ (z,ooj‘ s min. (22)

The spatial control formation block (Fig. 5) solves the
optimization problem of approximation

—>min.  (23)

B (1) 3 Bid(zi,oopHRi@,oo*

In [11], it was shown that the solution to the
approximation problem (23) is guaranteed as a unique
best approximation

BY*(¢,00) = iéid (£;,50QHR; (¢, ).

(24)

The control vector BY is fed to the input of the time
shaping unit, which contains the corresponding number of
single-channel  control loops with  concentrated
parameters. Each of the control loops generates the
corresponding element of the vector of concentrated

control actions W(k) and consists of a regulator

{Ki(z)l i =1_n} and a control object with a zero-order
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extrapolator {EHi(Zi,z)|i:1,_n}. When forming the
control, the individual components of the vector
BY = {Bid(fi,oo)| i :1,_n} are inputs of separate control

circuits {Ki(z),EHi(éi,z)| i :1_n}

Thus, the synthesis of control of an open system is
carried out in two stages: temporal control — by forming
control loops with concentrated parameters; spatial
control — by solving the approximation problem.

Time components required for the formation of
control of the technological line of ore dressing

{EHi(¢;,5)li=1n| the distributed dynamics of the
control object are determined from the matrix of
distributed  discrete  impulse transition  functions
{@Hi(fj,k)| i=1n,j =1,m}. Multiple discrete reviews
{@Hi(ﬂ j,k)} correspond to the set of approximations

{@H,’(éj,k)|i:1,n, j:1,_m}. So, we get

B (£.K)= @H{(£,K)* yi(k) i=1n

(Bd ) (tk)= é@"'i (6.K)* i (k) (25)

(59 ) ()= MR 1. K)o 116 i ).

Since pd (¢,k) defined as a linear combination of

elements of discrete distributional characteristics of the
dynamics of the system under consideration
{®H;(¢,k)}; , — The accuracy of the models depends on

the accuracy of the approximation of these characteristics
and the physical constraints imposed on a particular
control variable w{" . Therefore, to ensure the required
accuracy of the model, the differential properties of the
set of elements {wimaX(BHi(f,k)}i’k should be determined

using a set of discrete values {oH;(¢ .k} (i These

discrete values are used to determine the discrete
continuity modulus, as well as the difference norms,
which are then generalized over the entire interval

Ee[O, L] in the corresponding functional spaces. Select
the element that has the maximum value of the
differential properties and mark it as " ©H™;(¢,k),

setting the approximation accuracy y = 5%, and defining
the norm || ||, the problem will take the form

b - e

At the same time, it takes into account the limitations
imposed on the control variables.
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5 RESULTS

The main internal controlling influences in the
enrichment line, which is shown in Fig. 1, are water
consumption in technological units [4]. Figs. 6-11 show
examples of the obtained qualitative and quantitative
dependencies that characterize the influence of this
parameter on the course of the technological process.
The dependence of the mass fraction of the solid phase in
the iron ore pulp on the water flow to the technological
units distributed along the concentration line is shown in . oS
Fig. 6. The dependence of iron content in the —0.044 mm ) Lt o )
class and the yield of this class on water consumption is ~ F19ure 8 — The output of the size class “-0.044 mm™ depending
shown in Figs. 7, 8. The dependence of the mass fraction ., ,, digtnritgft:;a;ﬁglt?g‘r’l_tci_ttje_,t,efgrrlgjlggt'i%ﬂsugr:tscb ordinate
of iron in the by-product on the mass fraction of the solid ’planes
phase of the pulp distributed along the concentration line
is shown in Fig. 9. The dependence of the mass fraction
of iron in the industrial product and the iron content in the
—0.071 mm class is shown in Fig. 10. 11.

amacy 0,044+0 wu, %

B

Water conpumgtion, mim

100 ~

=~
=
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L S Mass traction of the salid phase, %
00

@
=
i

Figure 9 — Mass fraction of iron in the industrial product as a
function of the mass fraction of the pulp solid phase:
‘---" — distributed function; “- - -” — projections on coordinate
planes
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Figure 6 — Mass fraction of the solid phase in iron ore pulp
depending on water flow to technological units:
‘---" — distributed function; “- - -” — projections on coordinate
planes
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I Figure 10 — Mass fraction of iron in industrial products as a
function of water flow to technological units:

i

\

BmicT 3anaa y anacl 0,044+ ww, %

: et “--- — distributed function; “- - -” — projections on coordinate
P planes
: —’vc . Water consumgtion, mam 6 DISCUSSION
Figure 7 — Iron content in the class “~0.044 mm” depending on _Thus,_the control of an _ore dressing _pro_cess line as an
the water flow to the technological units: object with concentrated inputs and distributed outputs
“---» — distributed function; “- - -” — projections on coordinate involves the SynthESiS of a Spatlally distributed control
planes influence, on the basis of which a vector of corresponding

time-dependent concentrated influences is formed.
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BmicT 3anisa y knaci -0.071+0.056 mm, %

Water consumption, m3/h

Figure 11 — Iron content in the —0.071 mm class depending
on the water flow to the process units:
“---” — distributed function; “- - -” — projections on
coordinate planes

The steady-state values of partial distributed transient
characteristics are used to calculate the control system.
The steady-state values of the transient characteristics are
obtained on the basis of the finite value theorem [11, 12].

Hi (¢, o) = lim S{Ei(f,s)%}:

lim E;(¢,s) =1lim zEH (¢,z) = H; (¢, ),

§—>© S—w

L
Hi (£, %) =ZA (0)=G; (O [E(£.60)T; (&)de.  (27)
0

Then the following feedback was given

Hi(l,0) _Hj(l,0) _
Hi(f,0) H;(l,0)

HR, (¢,00) = HR (4,0).  (28)

The results of calculating the constant values are
shown in Fig. 12.

66 — T T T s

0
FEG.OSIE-FO.'DM’ o

60

Cantrol points

Figure 12 — Steady-state values of transient characteristics for
individual inputs according to the control points of Fig. 1.

The given responses are determined as follows: first,
the maximum functional values of the responses at the
points {l;}j=111. Then the values at specific points {l;}j=111
divided by this value. The results of the reduction are
shown in Fig. 13.
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Figure 13 — Steady-state transient characteristics for individual
inputs according to
to the control points of Fig. 1.

When forming a sequence of control actions ;i (k)

robust regulators used K;j(z). The optimal parameters of
the controllers were determined in accordance with the
results obtained in [4].

The results obtained allow us to conclude that it is
expedient to represent the technological line for the
beneficiation of iron ore raw materials as a structure with
concentrated inputs and distributed outputs and to use
appropriate approaches to form the control of the system
of technological units of mining production.

The testing of this approach in the formation of
automated control of technological enrichment lines at ore
dressing plants of the Kryvyi Rih iron ore basin shows
that its application allows to reduce by 2-5% the
fluctuations in the material composition of enrichment
products, that go to the metallurgical processing, increase
the content of useful component in the concentrate by
0.3-0.8%, maximize the productivity of technological
units in conditions of variaty of static and dynamic
characteristics of control objects and reduce by 0.2 -
0.9% of energy consumption.

CONCLUSIONS

The technological line of enrichment is decomposed
into a set of separate subsystems (technological units,
enrichment cycles). Under these circumstances, the
solution of the global optimization problem is also
decomposed into a corresponding set of individual
subproblems of optimizing the control of subsystems.

The structure of the system of two-level coordinated
distributed control of the technological line of iron ore
beneficiation as an object with concentrated inputs and
distributed outputs is proposed.

The formation of control of the distributed system of
technological units of the ore dressing line is based on the
decomposition of the dynamics of the distributed system
into time and space components. In the spatial domain,
the control synthesis problem is solved as a sequence of
approximation problems on the set of spatial components
of the modeled system dynamics. In the time domain, the
solution of the control synthesis problem is based on the
methods of synthesizing control systems with
concentrated parameters.
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Using the proposed approach at mining enterprises in
the Kryvyi Rih iron ore basin will improve the quality of
iron ore concentrate supplied to metallurgical processing,
increase the productivity of technological units and
reduce energy consumption.

The scientific novelty. The paper proposes the struc-
ture of a two-level coordinated distributed control system
for a technological line for the beneficiation of iron ore
raw materials as an object with concentrated inputs and
distributed outputs. The formation of the control of a dis-
tributed system of technological units of the ore dressing
line is based on the decomposition of the dynamics of the
distributed system into time and space components. In the
spatial domain, the control synthesis problem is solved as
a sequences of approximation problems on the set of spa-
tial components of the dynamics of the controlled system.
In the time domain, the solution of the control synthesis
problem is based on the methods of synthesizing control
systems with concentrated parameters.

The practical significance. Using the proposed ap-
proach at mining enterprises of the Kryvyi Rih iron ore
basin will improve the quality of iron ore concentrate
supplied to metallurgical processing, increase the produc-
tivity of technological units and reduce energy consump-
tion

Prospects for further research. Prospects for further
research are to study the possibility of using the proposed

approach to solve a wide class of practical problems.
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3ATAJIBHI MPUHIIUIINA ®OPMAJIBAI KEPYBAHHS TEXHOJIOTTYHAMHA TPOIIECAMHY I'TPHAYOT O
BUPOBHUITBA SAK JUHAMIYHOIO PO3IIOAIVIEHOIO CUCTEMOIO

Mopxkyn B. C. — 1-p texH. Hayk, npod., mpodecop Baiiporcrkoro yHiBepcurery, baiipor, HimeuunHa.
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I'pumienxo C. M. — kaHA. e, HayK, CTapIIMK JOCTITHUK, DOICHT Kadeapu KOMI IOTEpHHUX Ta iH(popMamiiHUX TEXHOJOTIH i
cucreM Jlep>kaBHOTO MOJATKOBOTO YHIBEpCHUTETY, [pminb, YkpaiHa.
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AHOTAIIA

AxTyanbHicTh. [Ipo0nema cuHTe3y, MOIENIOBAHHS Ta aHANII3y aBTOMATH30BAaHOTO YIIPABJIIHHS CKJIAJHUMH TEXHOJIOTIYHHMH
IIpoLecaMy TiPHUYOTO BUPOOHUIITBA SIK THMHAMIYHOI CTPYKTYPH 3 PO3NOAUICHUMH TapaMeTPaMH.

Merta po6oru. Ha npuxiazni TexHomoriqHol JiHil 30aradeHHs pyaud po3risIHYTH 3arajibHi MPUHIMNK GopMaizamil yrnpaBiiHHs
MPOLIECAMH TIPHUYOTO BUPOOHHULTBA K JJMHAMIYHOI CHCTEMH 3 PO3NOAIICHUMH MapaMeTPaMH.

Metoa. MopeioBaHHs B3a€MOJIH MiXK OKpEMHMH KOMIIOHEHTAMU CHCTEMH KEpYBaHHsS 3iHCHEHO 3 BUKOPHUCTaHHSAM METOIB
CKOOPJIMHOBAHOTO PO3MOIIICHOTO KepyBaHHA. BiAMOBIIHO A0 HBOTO MiAXOAY TEXHOJIOTIYHA JIiHIS JEeKOMIIO3y€ThCS HA CYKYIHICTh
OKPEMHX IiACKCTeM (TEXHOJOTIYHUX arperaTis, LUKIIIB 30aradyeHHs). 3a TAKUX YMOB PO3B’s3aHH ITI00aIbHOT ONTHMI3aliiHOT 3a1a-
4l TaKOXK JEKOMIIO3YEThCS Ha BIANOBIIHY MHOXHHY OKPEMHX MiA3amad ONTHMI3alii ynpaBimiHHSA migcucreMami. [ BUpIICHHS
ry100anbHOT 3aa4i B Liif MOCTaHOBII BUKOPHCTOBYETHCS IBOPIBHEBA CTPYKTYpa 3 KOOPIMHYIOUMMH 3MIHHHUMH, sSIKi MOAAIOTHCS HA
BXIJ] JIOKQJIBHUX CHCTEM YIPaBIiHHS TEXHOJIOTIYHUMHM arperataMu i nukiamu. Ha HYIDKHbOMY piBHI yNpaBIIiHHS MHOXKHHH ITiJ3a1a4
MalOTh HE3aJICKHI PO3B’SI3KH, SKi KOOPIHHYIOTHCS KOOPAMHYIOUUMHU 3MIHHUMH, C(HOPMOBAaHUMH Ha BEPXHbOMY PiBHI.

PesyabraTn. Y crarTi 3anporoHOBaHO METOA (OPMYyBAaHHs YIIPABIiHHSA PO3MOALICHOIO CHCTEMOIO TEXHOJIOTIYHHX arperariB
ripHIY0-30aradyBaibHOl JIiHII HA OCHOBI JEKOMIO3HWII AMHAMIKH PO3MOAIICHOI CHCTEMH Ha YacOBY Ta HMPOCTOPOBY CKIIAJIOBI.
Y mpocTopoBiit 00nacTi 3amada CHHTE3y KepyBaHHsS BHUPIIIYETHCS SK MOCTIIOBHICTD 3a/1a4 anpoOKCHMAIlii MHOXHHH HMPOCTOPOBUX
CKJIQIOBUX AWHAMIKH K€pPOBaHOI CHCTEMH. Y 4acoBiif 001acTi po3B’si3aHHS 3a1adi CHHTE3y KepyBaHHS 0a3yeThcsl HA METO/IaX CHHTe-
3y CHCTEeM KepyBaHHS i3 30CepePKCHUMH ITapaMeTpaMHu.

BucHoBkHu. BukoprcranHs 3anponoHOBaHOTO MiAX0ay 10 GOpMyBaHHS CHCTEMH YIPaBIiHHS TEXHOJOTIYHUM IIPOLIECOM Ha Tip-
HUY0/100yBHHUX MifnpueMcTBax KprBopizpkoro 3aii3opyjHoro 6aceiiHy 103BOJIHTH MiABUIIUTH SIKICTh 3aJ1i30py/JHOTO KOHIIEHTPATY,
1110 HA/IXOAUTb Ha METAITYPriiHy 1epepoOKy, 301IbIINTH IPOLYKTUBHICTh TEXHOJIOTTYHUX arperaTiB i 3HU3UTH €HEProCIIOKUBAHHS.

KJIFOYOBI CJIOBA: Bi00yTOK, aBTOMATH3aLlis], 30araueHHs pyAd, pO3MOIiICHe YIPaBIiHHS, IPOLIEC, CUCTEMA.
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