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O.L. Tokareva, O.D. Thnatiev, O.V. Priadko
APPROXIMATION OF THE THERMOPHYSICAL PROPERTIES
OF HIGH-TEMPERATURE GAS

Annotation. For the numerical study of high-temperature gas-dynamic processes, approximating
dependences of the thermophysical properties of air on temperature are proposed. The
approximation error averaged over the temperature series does not exceed 0.87%.

Air at high temperatures in terms of molecular transport properties is quite close to other loose
multicomponent partially dissociated and ionized gas mixtures, such as products of rocket fuel
combustion in a rocket engine nozzle.

The advantage of the approach to the development of approximating dependences of the
physical properties of high-temperature gases is the possibility of their use in multifunctional
software packages for numerical simulation and engineering analysis.

The approximating dependences of thermo physical properties were used to study by means of
the ANSYS software package the processes occurring in the nozzles of rocket engines. The
physical characteristics of the air, calculated according to the proposed dependences, ensured
that the polytropic index corresponded to the data on the combustion products of a real rocket
engine. A mechanism is proposed for matching data from different sources due to the
deterioration of the approximation in the vicinity of the boundary. The use of the technique for
well-consistent data is acceptable and does not lead to a noticeable decrease in the
approximation quality near the boundary. An approach is proposed for approximating
multiparameter dependencies.

Keywords: high-temperature gas-dynamic processes, thermophysical properties, approximation,
multi-parameter approximation, data matching.

Introduction. The solution of practical problems arising in the study of high-
temperature gas-dynamic processes occurring in multicomponent media involves
the use of a large data array characterizing the thermophysical properties of gases in
the operating range of temperatures and pressures. Modern algorithms for solving
gas dynamics problems have high accuracy and the initial data on the physical
properties of gases should not yield to the general requirements for the solving
accuracy of the gas dynamics and heat transfer equations themselves.

© Tokareva O.L., Ihnatiev O.D., Priadko O.V., 2023
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The thermophysical properties of substances are most often presented in the
form of tabular dependencies on one (temperature or pressure) or two (temperature
and pressure) parameters. The main tasks are to select analytical dependencies that
can describe tabular data with satisfactory accuracy and to determine the parameters
of these approximating dependencies. This approach helps to compress and to
smooth (where necessary) the data. It also allows you to apply analytic
differentiation.

The possibility of analytical setting of the physical properties of working bodies
is integrated into the advanced multifunctional programs for numerical simulation
and engineering analysis. Figure 1 shows the user interface window of the ANSYS
program, demonstrating that, when using the program for numerical calculations,
the properties of working bodies (the thermal conductivity of an ideal gas in Fig. 1)
can be set by a constant value, piecewise linear, piecewise polynomial or polynomial

law.
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Figure 1 - Methods for setting thermal conductivity in the ANSYS software package

The optimal law for setting the values of the thermophysical properties of the
working fluid allows you to speed up the calculation process and improve the results.

The purpose of this work is to develop a mechanism for constructing
approximating formulas for complex temperature dependences, such as the
thermophysical properties of multicomponent partially dissociated gas mixtures. To
study high-temperature gas-dynamic processes using the ANSYS software package
it’s necessary to construct approximating temperature dependences for the
thermophysical properties of air.

Despite the important role of air as an atmosphere and technical gas, there are
quite a few direct definitions of the thermodynamic properties of air. Such charts
and tables [1-9], which have been published, are limited to a range of temperature or
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pressure, or both. Although there are convenient tables for air as an ideal gas [1,8],
there are no published tables that contain a complete consistent value set for the
thermodynamic properties of air, considered as a real gas, in the range of
temperatures and pressures required in modern research and development.

Air at high temperatures in terms of molecular transport properties is quite
close to other loose multicomponent partially dissociated and ionized mixtures of
gases, such as, for example, combustion products of rocket fuel.

In the region below 1500°K, the air composition is assumed to be fixed, and
corrections for gas defects are significant. Here, experimental state data and other
relevant data are required for an adequate representation. At temperatures above
1500°K in this pressure range, the corrections for gas imperfections are small, and
the dissociation degree of the air components has a predominant effect on the
thermodynamic properties. In this area, the air properties are based on the
contribution of each of the molecular and atomic varieties presenting in the
equilibrium composition at each temperature and pressure [5, 6, 10].

Main research.

The thermophysical properties of air were approximated for numerical
calculations by the ANSYS software package for the controlled supersonic gas flow in
a rocket engine nozzle and for numerical experiments on the methods of perturbing
the nozzle gas flow. Computational studies were carried out taking into account
changes in the main thermophysical parameters depending on temperature and
taking into account dissociation processes. The average calculated temperature was
3458°K, pressure 1 bar. The physical characteristics of the working gas ensured that
the polytropic index corresponded to the data on the combustion products of a real
rocket engine. The calculation results are verified by experimental data.

As a result of the analysis and generalization of the data [1 - 10] for the specific
heat Cp (J/kg/K), thermal conductivity A (W/m/deg) and viscosity p (Pa-s), three ana-
lytical formulas depending on the temperature range were obtained.

The specific heat capacity is approximated with a reasonable degree of accuracy
by the following polynomials:

- in the temperature range from 100°K to 1000 K

c, =—1,5736-10""T" + 6,5402 - 10~ **T°* - 1,1111 - 1071°T*5 49,9286

+1078T*—5,035-107°T3 + 0,0149T2 — 2,3688T + 1161,482;

— in the temperature range from 1000°K to 3000°K
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c, =1,1123- 1071°T7 —1,5655-10715T% +9,2375-10712T> — 2,9367 -

- 1078T* + 5,4216- 107°T3 — 0,058013T2 + 33,70605T — 7069,814;

— in the temperature range from 3000°K to 3600°K
¢, =—3,0-107°T*-5,0- 107573 —0,2523T? — 579,39T + 4912009.

The integration of the analytical specification of thermophysical properties
into the ANSYS program is shown in Fig. 2, demonstrated the user interface window,
in which the coefficients of the approximating formula for the heat capacity and the
limits of its application are set
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Figure 2 - Setting the approximating formula for thermal conductivity
in the ANSYS software package

For the thermal conductivity of gaseous air at a pressure of 1 bar, according to
the tables [2], the following polynomial dependences are defined for various tem-
peratures.

— in the temperature range from 200°K to 1900°K

A=-35-10"*T*+2,0-107*T3—4,35-10"T?+9,0- 107°T + 0,0012;

— in the temperature range from 1900°K to 3000°K
A=8,625-10"11T3—-4,94-107"T2 + 0,0001T — 0,59;

— in the temperature range from 3000°K to 3600°K
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The viscosity is approximated by the following polynomials:
— in the temperature range T= 200 K+1000.00 K
w=1361-10"T3—-4,199-10" T2+ 7,0- 107 8T + 8,17-1077;

— in the temperature range T=1000 K+2000 K
u=-8,0-10"*"T3+3,713-10"**T? - 2,9-10"°T + 4,235-105;

— in the temperature range T=2000 K+3600 K

ISSN 1562-9945 (Print)
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u=598-10"°T%—-2,95-10"*?T? +3,0- 10T + 1,6 - 10™°.

Multi-parameter dependences of the substance properties are mainly presented
in the form of tables for one of the parameters (let's call this parameter primary; as a
rule, this is temperature) with a number of fixed rest values, secondary (for example,
pressure). Approximation of such dependencies involves the initial stage of process-
ing, which consists in choosing the smallest possible number of dependency types
on the primary parameter that well approximates the data in all tables for a given
property. Next, coefficients of approximating dependencies for each table are found.
Usually, the number of these coefficients, as well as the number of tabular values of
the secondary parameter, is small, and to calculate the desired property, the proce-
dure that combines functional approximation with respect to the primary parameter
with interpolation with respect to the secondary can be the most convenient.

A more consistent approach is to study and then functionally approximate the
dependence of each of the coefficients on the secondary parameters. At the same
time, since functions of a more general form are used than is necessary for each of
the tables separately, interdependence of some coefficients is often found, which is
clearly visible when one of them is varied in the vicinity of the optimal value. Such
interdependence can manifest itself only in a certain subrange of changes in the sec-
ondary parameter and, in principle, is convenient for describing the dependences of
the coefficients on the secondary parameter, and since at smoothing the data in the
mentioned subrange, suboptimal solutions are obtained that are not much worse
than the optimal one. According to this fact, the approximation of the coefficients
should be carried out sequentially, refining the values of the remained ones.

In cases of inconsistency of data from different sources, an artificial matching
of separately constructed dependences is performed due to the deterioration of the
approximation in the vicinity of the boundary. Note that the use of this technique
for well-consistent data is also quite acceptable and does not lead to a noticeable de-
crease in the approximation quality near the boundary.

Let us illustrate the method of data matching by the example of a parameter
described by the function f(T, p) of two variables referred to the critical values of
temperature T and pressure p. Let suppose the dependence Ts(p) of temperature on
pressure is known, for example, on the saturation line and the dependence of the pa-
rameter on saturated vapor pressure fs(p) (here and below, relative temperature and
pressure are meant). For a smooth transition from data on the boundary to data in-
side the region of the function definition scopes f(T,p), one can use for p < 1 an aux-
iliary function of the general form:

ISSN 1562-9945 (Print) 7
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f(T.p)=f(T.p)+[fi —fTp)le —Ts),

where the values of fs and Ts are determined at pressure p, and the weight function

¢(x), Takag uto ¢(0) = 1, and rapidly tends to zero as x increases. As a function of

¢ the following dependence can be proposed:

qo(x)z{ CER T e (<2) e

0, T=T"

The values of the parameters T*, m, k are selected empirically.
A more reliable method, albeit giving less smooth data matching, is a linear in-
terpolation between the data at the boundary and at some point inside the region of

the described property:

~ T
}C*(T;p) — ﬁ)‘ [JF(RTSJP) )r')] {k I)T(‘ T < KT’)J

f(rp), T =K.

The coefficient k > 1 is chosen from the condition of the best approximation of
the transition region and it can be a function of pressure or Ts.

Below there are graphical dependences of the gas constant of N;O, vapors on
pressure and temperature, constructed from tabular data, as well as the correspond-
ing analytical dependences obtained using the developed tool.

Rkl kgK
180 T

165 A

135 -
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— — —_ saturation line
Figure 3 - Graphs of N,O4 gas constant versus pressure and temperature

The approximating function has the form
at7’'>0

R=R,+R,(T)+R,(T),
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where R, (T) = R.T,, (e /1T/0120721 _ =107y /1()

f, = (T/0,120721)%7%; f, = 3,50982 — 2,7909T, /T,y,;

R. and R. - the values of the gas constant and its derivative on the saturation

line, respectively;
T=(T~-T.)/Ty

For T < 0or T = 0 we accepted R = R..

Conclusions. To study the high-temperature gas-dynamic processes occurring
in the nozzles of rocket engines using the ANSYS software package, approximating
temperature dependences for the thermophysical properties of air have been devel-
oped. The approximation error averaged over the temperature series does not exceed
0.87%.

The approach for approximating multiparameter dependencies is proposed.

A mechanism is proposed for matching data from different sources due to the
deterioration of the approximation in the vicinity of the boundary. The use of this
technique for well-consistent data is also quite acceptable and does not lead to a no-
ticeable decrease in the approximation quality near the boundary.
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Anpokcumauia meniogizuuHux ésacmueocmeli 8UCOKoOmMmemnepamypHozo 2asy

s uucenvHo20 00CNiOHceHHS 8UCOKOMEMNepamypHux 2a300UHAMIYHUX NPOUecis
3anponoHo8aHO ANPOKCUMY0OUI 3a/excHOCmi meniogizuuHux eaacmueocmeli nogimps
8i0 memnepamypu. CepedHs no memnepamypHomy pady noxubka anpoxkcumayii He ne-
pesuuwiye 0,87%. Ilepesazoio darHozo nidxody € ix UKOPUCMAHHS Y 6azamo@yHKUiOHAIb-
HUX NpOo2paMHUX nakemax uuceibHo20 MoOeNB8AHHS MA IHHEeHePHO20 aHaNi3y. AnpokK-
cumyioui 3anexHocmi menno@izuuHux e1acmugocmeti 8UKOPUCMOBYBANUCA O OOCi-
OxceHHs 3acobamu npozpamHozo nakemy ANSYS npouecis, ujo npomikaroms y conaa pa-
KemHux 08uzyHis. 3anponoHo8aHo nidxid 0is anpokcumauii 6azamonapamempudHux
3anexcHocmeti.

TokapeBa OsieHa JleoHiniBHaA — MOJIOJIINIT HAYKOBUIA CITiBPOOITHUK [HCTUTYTY Te-
xHiyHO1 MexaHiku HAH Vkpaiun i IKA Ykpainn.

IrnatbeB OsekcaHap JIMUTPOBUY — CTapIinii HAYKOBUIT CIiBPOOITHUK [HCTUTYTY
TexHiuHOi MexaHikyu HAH Ykpainu i JIKA Ykpainu, K.T.H.

IIpsiapko Onekcanap BanepiiioBuu — iHxkeHep 1 kaTeropii IHCTUTYTy TeXHIYHOI Me-
xaHikyu HAH Vkpainu i IKA Ykpainu
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C.C. Bacuris, K.B. TepHoBa
MO/JIEJTIOBAHHA BAYBY IIPOAYKTIB JETOHAIIIT
B HAJZI3BYKOBY YACTHHY COIIJIA

AHomauis. AkmyanbHicms memamuKku O0aHoi pobomu BU3HAYAEMbCA HEOOXIOHICMIO pO3POOKU
cucmemu YHUKHEHHSA 3IMKHeHHS pakemu 3 eeMeHmamu KOCMidyHo2o cmimms. Mema po6omu -
yucesnbHe MOOeOBAHHA npouyecy 80yBy nNpodykmig 0emoHayli 8 conio pakemHo2o 0BU2YHA.
OmpumaHo 3anexHocmi BIOHOCHOT 60K0BOT cusu 8i0 Kyma 8Aysy npodykmis 0emoHayii 8 Kame-
pY 320pAHHA 3 NAUHOM Yacy. Po32/1saHymo cmpykmypy NnomoKy 3a KapmuHamu po3nooiny wauo-
Kocmi 8 conni. Po3pobsieHa cxemMa MoOxe BUKOPUCMOBYBAMUCH 014 MAHEBPYBAHHS BEPXHbO20
CmyneHsa nepcnekmusHoi pakemu-HoCIf, 01 YHUKHEHHA 3IMKHeHHS ii 3 eleMeHmamu KOCMIYHO-
20 cMimmas.

Knto4osi cnosa: 80ys, 0emoHayiliHut 0BU2YH, 3AKPUMUYHA YACMUHGA, KepyBAHHS BeKMOPOM
msau, conJo.

ITocranoBka mpoOysemu. TeHmeHIii CydacHOro pakeToOymyBaHHSI mepenoba-
Yal0Th BUKOPUCTAHHS KJIaCTePHUX 3aMyCKiB. BisbIIiCTh CydaCHMX Ta MepPCIIeKTUBHUX
BEepPXHiX CTYIIeHiB paKeT-HOCiiB MOBMHHI BUBOOUTY Ha HABKOJIO3eMHi OpOiTH Y pi3Hi
TOUKM MPOCTOPY IO AeKiJibka KOCMiUYHMX alaparTiB pi3Hoi macu. [laHa cxema mpu-
Ba0/MBAa MaKCUMaJIbHMM BUKOPUCTAHHSIM TOTEHIlia/ly paKeTH-HOCisI, Xoua i Ma€ He-
nomiku. IIpu MocaimoBHOMY PO3BaHTaKeHHiI KOCMIUHOIO CTYIIEHs Bim 06'eKTiB pi3-
HMX MacC BMHMKAE OTO MacoBa acMMeTpis, TOMy Ha OKpeMUX [Oi/ITHKaxX MOJIbOTY Ha
CTYMiHb TiITUMYTb JOJATKOBi JeTepMiHOBaHi 30ypIOI0Yi MOMEHTH, BeJIMUMHA SIKUX
MOXKe B KiJibka pa3iB mepeBuIlyBaTu AomycTumi. lle 3ymMoBiI0€ HeOOXioHICTh B Ke-
PYIOUMX 3YCUJIISIX, SIKI MAlOTh MOPSIAOK TSATY MaplIOBUX ABUTYHIB BEPXHiX CTYIIEHIB,
110 He 3aBXIY eHepreTM4yHo BUTIOHO [1]. OKpimM TOro, MOX/INMBaA aBapiiiHa CUTyallis
yepes HeBiICTUMKYBaHHI OAHOTO 3 KOCMiUHMX amnapatiB. Taki BUNaaku Bigomi.

Ha cborofiHi 3aj1aua BUBeleHHS Ha OpOiTy KOCMiUHOTO anapaTy yCKJIaJHIOEThCS
po6eMOI0 KOCMiUYHOTO CMiTTS. ToMy B HaitO/MIsKYOMy MaiibyTHbOMY Ha CUCTEMY
KepyBaHHS Oyje IOK/IaZieHa He TibKM 3a/Jadya KepyBaHHS ITOJIbOTOM, HOTPUMaHHS
IIPOrpaMHOI TPAEKTOPIi PyXy, a /i MaHEBPU YXMUJIEHHS BiJ, KOCMIYHOTO CMITTS [2].

© Bacwuinis C.C., Tepuoa K.B., 2023
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[1st migBUILleHHST HAAilfHOCTi KepyBaHHS IIOJbOTOM pakeTu Ta ii crabimizarlii
Ha op0iTi HeoOXiHO, 100 3amaui MapMpPyBaHHS OJMHOYHMUX HE PO3PaxXyYHKOBUX 30Y-
pPIOIOUMX MOMEHTIB BUKOHYBaJia JOIIOMiXKHA CUCTeMa KepyBaHHSI KOCMIUHUM CTyTIe-
HeM pakeTu. KocMiuHi CTyreHi pakeT-HOCiiB B 6i/IbIIOCTi BUIAIKiB MalOTh BeJIMKUIL
oiaMeTp i Masly JOBXKUHY i, IK 00'€KTU KepyBaHHSI, XapaKTepU3yIOThCS BJIACHOIO M-
HaMiYHOIO Ta CTPYKTYPHOIO HECTIlKICTIO, Y 3B'SI3KY 3 UMM CYTTEBO 3POCTAIOTh BUMO-
I'M OO0 MBUAKOMil BUKOHABUMX OPTaHiB CUCTeMM KepyBaHHS, 10 TOUHOCTI BeJIMUMHU
Ta yacy [Jii kepywouux 3ycuib [3, 4]. [lapupyBaTu oJMHOUHI Hepo3paxyHKOBi 30ypio-
I04i MOMEHTH IIPOTMIOHYETHCSI HE TOJIOBHOIO KEPYKUOI0 CUCTEMOI0, a iHILIOK JOMOMi-
>KHOIO.

MeTa po60TH — UKceIbHEe MOJE/I0OBAHHS IIPOLIeCY BAYBY IIPOAYKTIB JeTOHAIIil
B COIUIO PaKeTHOTO ABUTYHA [IJIsI CTBOPEHHS aJbTePHATUBHUX CIIOCOOIB KepyBaHHS
BEKTOPOM TSITM PAKETHOTO ABUTYHA BEPXHbOTO CTYTIEHSI.

Haii6inb11010 MIBMAKOMIEI0 PY KePYBaHHI JIiTAJIbHUM aIllapaToOM XapaKTepusy-
€ThCSI ra3oauHaMiyHa cucteMa. IIpuHIUI ii po60TM 3aCHOBAHO Ha BAYBi B HaJ3BY-
KOBY UaCTUHY COIIA PiAVHYM UM rasy, iKuii B3a€MO/i€ 3 OCHOBHUM ITOTOKOM.

IeToHallist — 11e Mmpoliec BMOYXOBOTO IepeTBOPEHHS, 3yMOBJIEHU ITPOXO/IKEH-
HSIM yIapHOi XBUJIi 110 BMOYXOBili peuoBMHI Ta iHillialli€elo XiMiuHMX peaxiliii Bigpasy
3a Helo. BiH mpoTikae 3 MoCTiitHOIO AJ1s1 JaHOi BMOYXOBOi peuOBMHM i JJIsT JaHOTO ii
CTaHy HaJ3BYKOBOIO IIBUIKICTIO, SIKa JIeKUTh B AianasoHi 1,2 — 9 km/c. Ha Bigminy
Bif, TOpiHHS JeTOHAllisl MaJIO 3aJIEXKUTh BiJ 30BHIIIHBOTO TUCKY i TeMmriepatypu [7].
Tomy 3acTOoCyBaHHSI JeTOHAIlii B paKeTHUX IBUTYHAX T03BOJISIE HAOIM3UTYU XapaKTe-
PUCTUKM OPTaHiB KepyBaHHS A0 HEOOXiMHOTO PiBHS, IO JO3BOJIWIO 6 peanisyBaTu
CUCTeMM KepyBaHHSI KOCMIUHMM CTYII€HeM pakeTy 3 MOXJIMBICTIO aKTMBHOTO MaHe-
BPYBaHHS [IJIs1 YHUKHEHHS 3iTKHEHHS 3 eJleMeHTaMM KOCMi4YHOT'O CMITTS.

B po6orax [8, 9] mpoBeneHe uucenbHe MOMENIOBAHHS, B XOi SKOro 6ys0 BU-
3HAUeHO, 1[0 IOTepeuyHuii BAyB MPOAYKTIB JeTOHAaIlil JOIJIbHO pO3MilllyBaT Ha
3pi3si coruia. JlaHa CTaTTs € MPOAOBKEHHSIM OOCTIIKEeHb i 30pi€HTOBAaHA Ha BUBUYEH-
HSI CTPYKTYPM MOTOKY B COILI Mif yac ioro 36ypeHHs JeTOHaIliifiHO xBuiIen. Cxema
CUCTeMM KepyBaHHSI BEKTOPOM TSITM BAYBOM MPOAYKTIB JeTOHAIlii pigkoi BUOYXiBKM

B HaJI3BYKOBY UaCTHMHY COILIA ITPOiIFOCTpOBaHa Ha puc. 1.
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BH 1 - Bentuib; PT 1 - pegykrop THcky; (3K 1 — 3K 5) — 3BOpOTHi K/IanaHu,
EIK 1 - enexktpornrHeBMoKIanaH; [13K 1 — mpeHaskHO-3aIl00iKHMI KiIamaH;
(ETK 1 - EI'K 4) — enekTporigpokiaanaHu
PucyHok 1 — [THeBMoOrigpocxema CUCTeMU KepyBaHHS BEKTOPOM TSITU

Ha pifiKiii BUOYXiBITi

MopaentoBaHHS IIPOBOAMJIOCS B HECTALIOHAPHIN MJIOCKi MOCTAHOBIII IPU KyTax
o oci kamepu 3ropaHHs 90°, 60°, 45°, 30° Ta mapasneabHo oci, - 0°. Micile po3Tarry-
BaHHS IE€TOHAIlIIfHOTO ra3oreHepaTopa 3HaXoamI0cs 6M3bKO 3pi3y coruia. 3a IMpo-
TOTUIT BUOpaHo ABUryH 11/125 TpeTboro cTymeHs pakeTu-Hocist «lIukiaoH-3». Mope-
JIIOBAHHS MTPOBOAMIIOCS B MPUKIAAHOMY IporpaMHoMy maketi SolidWorks. Po3Bsizok
piBHsSHb HaB’e-CTokca B HbOMY peasli3yeTbCs METOIOM KiHlieBUX 00’eMiB. Uucesb-
HMM MOJIEJIIOBAaHHSIM OYyJIO BUSIBJIEHO, IO BIUIMB I€TOHAIliifHOI XBWIi HA OCHOBHMIA
MOTIiK rasy B COIUIi BUKJIMKAE Ba CUIOBMUX akTopu [8,9]. 151 meprneHAUKYISIPHOTO
BIIyBY Iepinit cuioBuii pakTop 00yMOBJIEHMIT peaKTUBHOIO CUJIOK TP BUKUIAHHI
MPOAYKTIB IeTOHAllil B COIIJIO Ta 30HOK MiJBUIIIEHOTO TUCKY Ha Tiil CTiHIIi, Ae pO3-
MillleHO OeTOHaliViHuii razoreHepatop. OCKiIbKM rasoreHepaTop 3HAXOAUTHCS Ha
3pisi coria, TO MPOAYKTU AeTOHAallil JOCUTh MIBUAKO MOKMUIAIOTh COIUIO. B 1eii yac
yaapHa XBUJIS AOCSTa€ MPOTUIEXKHOI CTiHKM i, BimOMBa0UMCh, CTBOPIOE 30HY ITiABU-
IIEHOT'0 TUCKY Ha Hiii. Ile mpyruit cumoBuii pakTop, IKUii 00yMOBJIEHMT 3MiHOIO PO-
3MOZI/TY TUCKY IO MOBePXHi comuia. Mloro BIIMB MPOSIBASIETHCS CTPUOKOM 3HAUEHHS
60KOBOI CMUIM B MPOTUIIEKHY CTOPOHY [0 3HaueHHs 6;1msbko 100 % (puc. 2). Moro
HampsIMOK CITiBIIaZa€ 3 HampsSIMKOM BIYBY NMPOAYKTIB JOeTOHallii, i 3BOPOTHIii A0
Nepuioro. Brpayawoun iHTEHCUBHICTD yAapHa XBUJIS 3 4YaCOM «BUHOCUTBCSI» ITOTOKOM
3 CoIjia. MPM L[bOMY Ha CTiHIIi, Ha SIKili pO3MillleHO OeTOHAlliliHMi1 ra30reHeparTop,
30HA MiJBUILEHOTO TUCKY TAaKOX 3MEHIIYeThCS. Lle 3HMKy€e KOMIeHCalil0 BUIIUBY
yAapHOi XBUJIi HAa MPOTMJIEKHINM CTiHIli, IO i BiZmoOpaskae€ThCsl CTPMOKOM BigHOCHOI
O60KOBOi cuM A0 3Ha4YeHHSsT 6113bKO 60 %. [Tpy BOyBi MPOAYKTIB JeTOHALIil 3 KYTOM
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MeHIMM Bif 90° yrapHa XBUIS He J0CSTa€e MPOTWIEXKHOI CTiHKM coruia. JIjisl KyTiB
30°, 45° Ta 60° rpadiku 60KoBOiI cuaM Moxi6Hi (puc. 2) i 06yMOBIIeHi miIe CTBOpeH-
HSIM peaKTMBHOI CMJIM BUXOAOM MPOAYKTiB JeTOHaIlil 3 ra3oreHepaTopa Ta J0Kajb-
HMM ITiABUILEHHSIM TUCKY Ha CTiHIli COIUIa Ha Tiil )Xe CTOPOHI, e pO3MillleHO ra3o-

reHeparop.
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PucyHOK 2 — 3aieXHiCcTh BiTHOCHOI 60KOBOI CyIM Bif yacy

CTpyKTypy MOTOKY MO>XHA OL[IHUTU 3a KapTUMHAMM PO3IOAiTy IBUAKOCTI IO
corury. g kyra 90° Ta fJis iHIIMX BapiaHTiB BOHM IPMHLMUIIOBO Pi3HATHCS, TOMY
npoaHaisyemo aBa sunagxu - 90° ta 45° (puc. 3, 4).

B 060x BuItagKax BUXiJ MPOAYKTIB JeTOHAIlil iHillil0o€ yIapHY XBUJIIO BEJIMKOI
IHTEHCUBHOCTI, SIKa TepeMilyeThCS IMMPOTHU HAZ3BYKOBOTO MMOTOKY, raJibMyKUM OrO.
[Ipy 11bOMY 3a yAApPHOK XBUJIEID POCTe TUCK i, BiAMIOBIAHO, HA CTiHI[i 3’SIBJISIETHCS
60koBa cuja. 3a BeKTOpaMi IMBUIKOCTI Ha 3pi3i coria MOXKHA CYIOUTH, 0 KpiM po-
3Oy TUCKY OOKOBY CMUJTY TaKOK CTBOPIOE 3MiHEHMII TTOTiK rasy 3 cormia, ToOTO IIe
HeBim’eMHi yacTvHM omHOro mporecy. s kyra BAyBy 90° Takoxk BUIHO Bim6uTTS
yIOApHO1 XBWJIi BiJ, IPOTUJIEXKHOI CTOPOHU. TaM TaKOX raJibMy€TbCS MOTIK, ITiABUIILY-
€ThCSI TUCK i CTBOPIOETHCSI OOKOBA CIJIa, ajie OCKiJIbKM BOHA Ha MPOTUJIEKHIN CTiHIIi
COIuIa, TO 1 HANpsM ii MpOTUIEXHUI. BOHa KOMIIEHCY€E IMITy/IbC, OTPMMAaHMI1 KaMe-
POI0 BiJ, TTOYATKOBOT'O PO3IOBCIOJIKEHHS YIapHOI XBWJIi i BUXOAY Macu 3 ra3oreHe-
patopa. 3 4acOM iHTEeHCUBHICTb yIapPHOi XBWIi 3HUKYETHCS, IBUAKICTh 3MEHIIYETh-
Cd 1 ITOTiK «BMHOCUTD» i1 3 coIuia. B 060X BMUITafKaxX BUOHO 3HMKEHHS IIBMIKOCTI Ha
3pisi i, BimmoBimHO, TArM. TOBTO € 3HIDKEHHS MUTOMOIO iMIyabCy. Moro mMoxxHa
KOMITEHCYBaTV peaKTMBHOK CWJIOIO BiJl BUKMIY Macy 3 ra3oreHepaTopa 3i mBUAKiC-
TIO, 1[0 JIEXKUTD B Aiama3oHi 5 - 7 KM/c. Ajie ToAi BUXiJ IPOAYKTIiB AeTOHAIlii MoTpio-
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HO OPi€eHTYBATM IO OCi Kamepu 3ropaHHs. [Ijis1 CTBOpeHHsS 60KOBOi CM/IM MOKHA BMU-

KOPUCTOBYBATU TLJIbKYU BIUIMB YAAPHOI XBUJIi HA HAA3BYKOBUI MOTIK.
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a) 1o meToHalliitHoro BayBy; 6) 0,0001c micist BoyBY;
B) 0,0003c¢ micss BayBy; r)0,001c¢ micist BoyBy
PucyHOK 3 — Po3mofin mBUAKOCTI IO COTUTY IIPY KyTi BAYBY 90°
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a) o meToHailliitHoro BayBy; 6) 0,0001c micist BoyBY;
B) 0,0005c miciss BoyBy; r) 0,001c micas BaOyBy.
PucyHok 4 — Po3mofis mBUIKOCTI IO COTUTY IPY KyTi BAYBY 45°
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OpHak, MOJe/IIOBaHHS TaKOr0 BUITaAKY MMOKa3aa0 AyKe Majie 3HaYeHHS iMITy-
JIbCy OOKOBOI CMJIM, OCKIJIbKM Yepe3 3HAXO/sKeHHS BUXOJy Ta30reHepaTopa Ha Kpaio
CoIlIa Ipollec B3a€EMO/Iii BimOyBaeThcs 3a 3pi3oM. TOMy HAaCTYITHMM KPOKOM B J0C-
JimKeHHI Moyke OyTM ONITUMIi3allisl MicIlsI pO3MillleHHSI Ta30TeHepaTopa, OPieHTOBA-
HOTO ITapaJiejibHO OCi Ccoria.

BucHOBKU

Po3po6sieHO cXeMy CUCTeMM KepyBaHHSI BEKTOPOM TSIM pPaKeTHOTO JBUTYHa
BIUIMBOM [EeTOHAIIiiHOI XBWJIi Ha MOTiK ra3y B ioro cormui. [IpoBegeHO uuce/ibHe
MOZe/II0OBaHHSI MpolieCcy BAYBY NPOAYKTIB JeTOHAIlil B COIJIO NP Pi3HUX KyTax Ha-
XUy AeTOHAIliifHOrO ra3oreHepaTopy OO Oci kamepu 3ropaHHsi. Po3pobiieHa cxema
BAYBY IPOJYKTiB JIeTOHAIlil B COIJIO MOKe€ BUMKOPMUCTOBYBATUCH IJISI MaHEeBPYBaHHS
BEpPXHBOT'O CTYIIEHS TEePCIeKTUBHOI paKeTU-HOCis, IJisI YHUKHEHHS 3iTKHeHHS ii 3
eleMeHTaMM KOCMi4YHOT'O CMITTS.
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Study of the flow structure during the injection of detonation products
into the supersonic nozzle
The gradual unloading of the space stage by undocking objects from it or an emer-
gency situation due to the undocking of one of the spacecraft leads to mass asymmetry. In
outer space there is also the problem of the collision of a space object with elements of
space debris. Therefore, the relevance of the topic of this work is determined by the need
to develop a system for avoiding the collision of a rocket with elements of space debris
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and controlling the flight, observing the programmed trajectory of movement. The gas-
dynamic aircraft system is characterized by the highest speed control. Injection of deto-
nation products into the supercritical part of the nozzle was used as a gas-dynamic sys-
tem. Modeling was carried out in the SolidWorks application software package. The pur-
pose of the work is to develop alternative methods of the thrust vector control of the up-
per stage rocket engine. The scheme of the system for the thrust vector control of a rocket
engine by the effect of a detonation wave on the gas flow in its nozzle has been developed.
The simulation was carried out in a non-stationary flat model at angles to the axis of the
combustion chamber of 90°, 60°, 45°, 30° and parallel to the axis, - 0°. The location of
the detonation gas generator was near the nozzle section. Numerical simulation revealed
that the impact of the detonation wave on the main gas flow in the nozzle causes two
power factors. The first force factor is due to the reactive force when detonation products
are thrown into the nozzle and on the wall of the high pressure zone where the detonation
gas generator is located. The second force factor is due to the change in pressure distri-
bution on the nozzle surface, where high pressure zone creates reflecting on it. The de-
pendence of the relative lateral force on the injection angle of detonation products into
the combustion chamber over time has been obtained. The structure of the flow according
to the patterns of the velocity distribution in the nozzle during the injection of detonation
products is also considered. In cases when the injection is blown at 90° and 45°, the re-
lease of detonation products initiates a shock wave of high intensity, which moves against
the supersonic flow, retarding it. The developed scheme can be used for maneuvering the
upper stage of a prospective launch vehicle to avoid its collision with elements of space
debris.
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O.M. Hrechanyi, T.O. Vasilchenko, V.V. Badlo,
M.V. Chuvalskyi, O.0. Padalka, V.V. Parkhomenko
ANALYSIS OF CONSTRUCTIVE FACTORS AFFECTING
THE FATIGUE STRENGTH OF METALLURGICAL EQUIPMENT PARTS

Annotation. The causes of fatigue failure of metallurgical equipment parts were analyzed. The
correlation between the effect of the quality of surface treatment of the part on the fatigue
strength has been established. The influence of local stress concentrators on fatigue strength
has been determined. Recommendations for increasing the fatigue strength of the finished part
were given.

Key words: fatigue failure, stress concentrators, endurance limit

Statement of the problem

The specific conditions of operation of metallurgical equipment, caused not
only by dynamic loads, but also by the specialties of the course of the technological
process, require attention when designing their units considering reliability and
trouble-free operation [1].

In addition to ensuring reliability during operation, the components of the
technological equipment must allow for easy adjustment, and in case of emergency
breakdowns, allow for quick replacement or repair of individual components or
parts, which in turn strengthens the already strict design restrictions in the
development of components and aggregates of the metallurgical complex [2].

On the other hand, in the system for assessing the technical condition of
mechanical systems according to individual risk indicators of their elements - risk
analysis - failures of individual nodes or parts are "ranked" depending on the level of
damage [3], i.e. the situation of advance planning of more extended service periods
for the most responsible parts of nodes of metallurgical equipment is economically
justified.

Thus, establishing the factors affecting the fatigue strength of parts at the
stage of their design is an important task, the solution of which will allow not only to
use materials more rationally, but also to extend the life cycle of the part as a whole.

© Hrechanyi O.M., Vasilchenko T.O., Badlo V.V.,
Chuvalskyi M.V.,Padalka O.0., Parkhomenko V.V., 2023
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Analysis of recent research and publications

As you know, fatigue is a rather complex process of accumulation of material
damage under the influence of variable stresses. This process is gradual, extended
over time and leads to a change in properties, the formation of cracks, their
development and destruction. Its feature is that the accumulation of damage begins
long before the final loss of performance of the part and proceeds imperceptibly.
Statistical data show that the main reason for about 80% of equipment failures is
fatigue failure [4]. Thus, in terms of reliability and durability of metallurgical
equipment units, the problem of fatigue strength comes to the fore.

Cyclic loads are the main cause of fatigue failure. The parameters
characterizing any cycle of alternating stresses are shown in Figure 1.

Cycle asymmetry coefficients — R, or R, — is equal to the ratio (taking into
account the sign) of the minimum stress to the maximum [5]:

R, =2mn or R = mn D
(&) T

max max

Depending on the value of the asymmetry coefficient, cycles are distinguished:
— symmetrical (R = -1, 6max=- Gmin, 6m=0);

— pulsating (R = 0, 6min=0, 6m=0,56max);

— asymmetrical (R = 6min/ Gmax, Omax#Ominy Om70).
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Jm}r T

] o
t

omax (Tmax), MPa — the greatest in terms of the algebraic value of cycle tension;

omin (Tmin), MPa — the smallest in terms of the algebraic value
of the stress of the cycle;
om (tm), MPa — average cycle stress
Figure 1 — Parameters characterizing the cycle of alternating stresses
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Endurance limit or fatigue limit is the maximum stress at which the material
does not break under an almost unlimited number of stress changes [5].

Endurance limits are determined experimentally. The most common type of
endurance tests under uniaxial stress is bending and strain tests.

The results of fatigue tests have a significant dispersion, so the construction of
fatigue curves is preceded by statistical processing of experimental data. Fatigue
curves (Fig. 2) are built in natural or semi-logarithmic coordinates based on the
results of testing samples of 15-20 samples at each load level [6].

Endurance limit depends on values o, and o,. The graphic interpretation of this
dependence is the diagram of the limit amplitudes (Fig. 3).

The meaning of the diagram of limit amplitudes is that if you set the point M
with coordinates om and o, that characterize the cycle (Fig. 3, a), then by location of
the point M you can evaluate the strength of the sample. The area of the diagram
below the curve is the safe stress area.

% i% a, Mﬁal
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Figure 2 — Fatigue curves in natural (a) and semi-logarithmic coordinates (b)

Schematic diagram is used for calculation purposes in practice since obtaining
a diagram of the limit amplitudes requires considerable time spent on testing
samples for various combinations of o and o,, (Fig. 3, b).
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Figure 3 — Diagram of limit amplitudes in natural (a) and schematic (b) types

The performance of metallurgical equipment units is usually determined by the
basic structures, such as various types of frames, casings [7], which consist to a
greater extent of the same type of parts, the strength of which is a decisive factor for
the life cycle of the entire unit.

It should be noted that the strength of parts under variable loads is always
lower than the strength of smooth samples. Therefore, when calculating the
durability of parts, it is necessary to take into account the influence of a number of
factors on the reduction of strength characteristics.

Purpose of the study

The fatigue life of parts depends on many factors, the main of which are the
size of the parts (scale factor), stress concentration, quality (roughness) of the
surface of the part. Durability also depends on the chemical composition of the
material, its structure, modes of thermal and mechanical processing, surface
hardening, temperature, aggressiveness of the environment, etc. The purpose of the
study was to establish the relationship between the influence of such factors as the
quality of surface treatment of the finished part and stress concentrators.

Statement of the main research material

Given the fact that fatigue crack initiation occurs on the surface or near the
surface layers [8], it can be concluded that the condition of the surface of the part
has a significant effect on the resistance to fatigue failure, and is one of the main
characteristics of the volumetric mechanical properties of the parts.
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Fatigue strength can be increased by improving the quality of the surface layer
by its plastic deformation (rolling, shot blasting, etc.) [9] or by thermal and
thermochemical treatment (surface hardening, nitriding, cyanidation, etc.) [10].

In the first case, the strengthening is created due to the compaction of the
outer layers and the introduction of residual compressive stresses into them, which
contributes to increased durability.

During thermal and thermochemical treatment, the structure, chemical
composition, and physical and mechanical properties of the surface layer change,
which also cause compression stresses [11].

Taking into account the effect of surface quality [12] on fatigue strength can be
performed by entering into the calculation the surface quality coefficient, which is
determined [5,13]:

'

B, =&, 2)
cFR
or
B, =E—R 3)

where 6'r 'k — endurance limit of samples with a given surface treatment;
or, Tr - endurance limit of carefully polished samples;

On the other hand, numerous experimental studies of parts show that in places
of sharp changes in the shape of the cross-section, in the presence of slots, leaks,
holes, grooves, etc., as well as in places of contact of parts, increased local stresses
occur (Fig. 4). Therefore, stress concentration should be considered as a local or local
increase in stress caused by a sharp change in the cross-section of the part and the
presence of macrodefects in the structure [14].

The strength of parts with stress concentrators under the action of static loads
practically depends on local stresses [15].

It is also worth considering that with cyclically changing stresses in the zone of
the stress concentrator, a microcrack is creating, which gradually develops into
macrocracks and weakens the cross-section of the part to such an extent that a
sudden brittle fatigue failure occurs [8].
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Figure 4 — To determine stress concentrators

Taking into account the influence of stress concentration on the reduction of
endurance is carried out by entering into the calculation the effective concentration
coefficient, which is determined [13]:

K =7 (4)

where or — endurance limit of smooth samples;
ork — the endurance limit of samples with stress concentrators and cross-sectional
dimensions are the same as those of smooth samples;

Numerical values of K, for the most typical stress concentrators are given in the
reference literature. In the absence of reference data, K, can be determined
approximately by the formula:

K, =1+q(a,-1) )
where q - coefficient of sensitivity of the material to local stresses, for structural
steels q=0,6-0,8;

o, — theoretical coefficient of stress concentration.

It is worth noting that when the size of the samples increases, the endurance
limit decreases, especially in the presence of stress concentrators. This is due to the
fact that the natural increase in the size of the part increases the number of material
particles located near the surface and which are in the most stressed state. At the
same time, the probability of the presence of various defects in the surface layer,
which cause stress concentration, increases. With smaller parts, during mechanical
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processing, plastic deformation occurs to a relatively greater depth than with large
parts, which also contributes to an increase in fatigue strength.

Conclusions Therefore, when designing parts of metallurgical equipment,
taking into account the effect of stress concentration is possible by introducing the
sensitivity coefficient of the material (4). When varying the coefficient of sensitivity
of the material to local stresses in (4) in the numerical range from 0.6 to 0.8, it
causes a decrease in the fatigue strength of the finished part by 20-40% in relation to
smooth samples. Minimization of local stress concentrators such as holes, notches,
cutouts, protrusions, as well as sharp changes in the cross-section of the part, will
allow to increase the fatigue strength of the finished part in relation to the smooth
sample by at least 20%.
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AHani3 KOHCMpPYKmMueHuUXx (pakmopis, w0 eniuearms
Ha 6MOMHY MiuHicmb demanneii memanypeiiinozo 06J1a0HAHHSA

Cneyuciuni ymosu pobomu memanypeitiHozo 00J1a0HaHHs, 00YMO8JIeHI He MilbKu
OUHAMIYHUMU HABAHMAMCEHHAMU, d Ui 0cobaUBOCMAMU nepebizy MexHOo102iuH020 npoue-
Cy, 8UMAzarms y8azu npu KOHCMPYBAHHI IXHiX 8Yy3/i8 3 02190y Ha HadiliHicmb ma 6e3-
8i0M0B8HY pobomy. 3asuacHe naaHy8aHHs Oinbll NOO0BHCEHUX CMPOKi8 CYHOU HalibinbLU
gionogidanvHux demaJeii 8y3Jie MemasnypezitiHozo 00J1A0HAHHS € EKOHOMIUHO 0OTPYHMO-
8aHUM, Mo0OMO 6CMAHOBJIEHHS (hakmopie, Wo 8NaUBAI0Mb HA 8MOMHY MiyHicmb dema-
Jieli Ha emani iXHb020 NPOEKMYBAHHS € BAMIUBUM 3A80AHHSM, BUPIUIEHHS 1IK020 00380~
JUMb He MineKu OiIbll payioHanbHO 8UKopucmosysamu mamepianu, a i nodosxcumu
Hummesuti yuxa demarni 8 uiiomy.

Bmoma € 00801 CK1a0HUM Npouecom HaKONUUeHHs. NOWKOOXeHb mamepiany nio
8NJIUBOM 3MIHHUX HanpyxceHs. Lleli npoyec € nocmynosum, po3mszHymum y uaci ma
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npu3eodums 00 3MIiHU 81ACMUBOCMell, yme8opeHHI0 MPijUuH, iXHb020 pPO38UMKY ma pyli-
Hy8aHHs. M020 0coBMUSICMIO € Me, W0 HAKONUYEHHS NOWKOOHCEHb NOUUHAEMbCS 3400820
00 ocmamouHoi empamu pobomo3damHocmi demani ma nPomMikae HENOMimHo, Omice 8
po3pi3i HaditiHocmi ma 008208iUHOCMI 8Y3/1i8 MeMAnyp2iliH020 00/1a0HAHHS HA nepuiuli
niaH 8uxodums came npobaema MOMHOI MiyHOCMI.

BcmatosneHo, uio Ha 0o8zo8iuHicme demavseti MemasnypeitiHozo 00J1a0HAHHS 3HAY-
HO 8nusarmes maki pakmopu K AKicms 00poOKU No8epxHi 20mosoi demasi ma KoHue-
HMpamopu Hanpy1ceHs.

BusHaueHo, wo 8paxy8aHHs 8NauU8Y 1KOCMi N08epxHi Ha 8MOMHY MIYHICMb MOXHA
BUKOHAMU 88€0€HHSIM Y PO3PAXYHOK Koeiyienma sikocmi nosepxHi. KoHuenmpauiio Ha-
npyxceHb 8apmo po3sensdamu siK micyese abo J0KaabHe Ni08UUEHHS HANPYHCEHb, BUKIIU-
KaHe pi3KoW 3MIHOKW NnonepeuHo20 nepepizy demani ma HAs8HICMI0 Maxkpooegpekmis
cmpykmypu.

IIpu xoHcmpytoeaHHi demaneti memanypeziliHo2o0 001A0HAHHS 8PAXYBAHHS 8NJIUBY
KOHUeHmpauii HanpyxceHb Moxciuge 88edeHHIM Koepiyienma uymausocmi mamepiany.
Ipu eapiweaHHi KoegiyicHmy uymaugocmi mamepiany 00 Micyesux HanNpymeHsv 8 Uuc-
no8ux mexcax 6id 0,6 do 0,8 BUKNUKAE 3HUNCEHHS BMOMHOI MiYyHOCMi 20mo8oi demani no
gidHOWeHH 00 2nadeHbKux 3paskie Ha 20-40 %. MiHimMizauyis makux KOHYUeHmpamopie
Micyesux HaNpy#eHs KK 0Meopu, 6UMOUKU, 8UPI3U, BUCMYNU, A MAKOXC Pi3Ki 3MIHU NO-
nepeuHozo nepepisy demarsi, 003801ums hidsuwumu 8MoMHY MiyHicms 20moeoi demarni
no 8i0HOWeEHHO 00 21a0eHbK020 3pa3ka MiHimym Ha 20 %.

I'pevannit Onekciit MukonaiioBuu - goktop (¢inocodii (PhD), cT. BukIagau, Ka-
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M.A. Poliakov, P.D. Andrienko, I.Yu. Vittsivskyi, A.M. Poliakov
PRINCIPLES OF CONSTRUCTION OF THE INFORMATION
AND CONTROL SYSTEM OF THE DEPARTMENT OF THE UNIVERSITY

Annotation. The concept of the information and control system of the university department,
which trains specialists in the electrical engineering profile, is systematized. The principles of
construction and the block diagram of such a system are proposed. The variants of application in
the educational process are described. A feature of the proposed system is the integration of the
computer and microcontroller educational infrastructure of the department with the "smart
home" system of the premises of the university building.

Keywords: information and control system, department, "smart home", microcontroller boards,
computer laboratory.

Formulation of the problem. The general digital transformation of society
has also affected the sphere of university education. Digital transformation in the
field of education and science is a priority for the Ministry of Education and Science
of Ukraine. This is complex work, which includes, among other things, the creation
of the necessary digital infrastructure of educational and scientific institutions,
automation of data collection and analysis [1]. The achieved level of infrastructure of
the university departments, with computer classes with Internet access, does not re-
flect all the advantages of digitalization.

Another area in which revolutionary changes are taking place is the introduc-
tion of "Smart X" type systems, where X is some object: an apartment, a house, a
building, a city, a garage, a vehicle, a machine tool, etc. [2]. Unfortunately, this list
does not include the university department, which increases the operating costs of
the university infrastructure, reduces the level of comfort in the department’s prem-
ises and the quality of the educational process.

The third component of the current situation is the full-scale introduction of
distance learning with problems of remote laboratory work in technical
specialties [3].

Promising for use in the information control system (ICS) of the department is
the direction of the Internet of Things (IoT) [4], which implements the collection of

© Poliakov M.A., Andrienko P.D., Vittsivskyi I.Yu., Poliakov A.M., 2023
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information from remote sensors and remote control of actuators, which is relevant
in the technological processes of education.

Analysis of publications. The work [5] describes the cyber-social system
Smart Cyber University (CyUni), developed at the Kharkiv Institute of Radio Elec-
tronics, which is characterized by: the presence of a digitized space of regulatory
rules, accurate monitoring and active cyber control of the addressable components
of scientific and educational processes, automatic generation of operational regula-
tory influences, independent of managers making cyber-decisions on the manage-
ment of financial and human resources, the exclusion of paper media from scientific
and educational processes. At the same time, the subsystem of the smart chair is not
detailed in this work. On the other hand, the works [6, 7] describe the structures of
individual computer laboratories of the department, but do not cover the issues of
integrating these laboratories with the information system of the department
leading the training in the specialty "electrical engineering".

The purpose of this work is to increase the level of digitalization of the
Department of Electrical Engineering by creating an information control system that
integrates the educational process that is conducted at the department with the
infrastructure of the department's premises.

Presentation of the main material. The term "department" is usually used to
define an element of the organizational structure of an educational institution, but
not as an object of information management. In connection with the task set, we de-
fine the department as a system that is immersed in the external environment. This
environment includes:

» Open space E1, which begins outside the windows of the department prem-
ises;

» Educational building E2, along the corridors of which physical access to the
department is provided;

» Heating networks E3;

» Power supply networks E4;

e University Information Network E5;

» Water supply network E6;

« University telephone network E7;

« Security network ES8;

« Fire alarm network EO.
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Between the department and the listed elements of the environment there are

material and information flows, in relation to which the department performs cer-

tain tasks given in Table 1.

To fulfill the tasks and effectively conduct the educational process, the depart-

ment has the structure shown in Fig. 1.

In accordance with the principle of integration of information flows of the de-

partment, all elements of the ICS of the department are combined into a local net-

work. The central element in this system is a computer class, which receives infor-

mation flows from other elements and, in turn, is connected to the information net-

work of the university.

Table 1

Tasks of the ICS of the department in relation to the elements

of the external environment

Element
designation Task name
El Temperature and humidity control. Receiving solar energy
E2 Access control to the department. Corridor lighting control.
Formation and display of relevant information in the corridor
E3 Accounting for water consumption and carrier temperature
E4 Power consumption control, mains voltage and current monitor-
ing, overload protection.
E5 Network traffic control, distribution over internal networks, access
control
E6 Water consumption accounting and leak detection (not considered
in this paper)
E7-E9 Maintenance (not covered in this paper))
Teaching Teaching Remote
Cp AR laboratory laboratory laboratory
F———
bl Corridor De partment
equipment of ki il Lecture hall
the building
Figure 1 — The structure of the department
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Educational laboratories are classrooms with special laboratory stands that do
not currently have nodes with a computing resource in their composition. For exam-
ple, there is the laboratory of high-voltage electrical devices.

Auditoriums are rooms in which, at the moment, there is no laboratory equip-
ment. Under the external equipment of the building is meant the equipment placed
on the outer wall or roof of the educational building. The equipment of the corridor
is mounted on its walls. In the premises of the remote laboratory there are stands for
laboratory work by remote students, that is, students who are in other rooms or out-
side the university.

The administration of the department also needs to exchange information,
store the archive of the department and, therefore, the administration computer is
also included in the department's local network.

The structure of the computer class is shown in Fig. 2. When building a class,
the principle of integrating the processes of managing the infrastructure of the de-
partment with the educational process was used. At the same time, infrastructure
management objects are studied in the educational process, and monitoring the
state of infrastructure elements improves the quality of the educational process. The
class structure contains three servers. WEB server provides connection with the
server of the university and schedules sessions of remote experiments for students.

External infrastructure of University network Network of jobs
the department
JAL @ JAL

Teacher's

Sensorsand C— ‘".;Ef?jr:frr' CZD .C:b workplace:

actuators ofthe computer,

laboratory room projector, video
CEMEra,
microphone,
portable
laboratory

(::b i Student Workplace
SETVET

Educational ﬁ 1:

equipment: 30 Computer,

printer, smart home, portable

voltage converter, v lsboratory

active surface-

polygon
Student Workplace
Computer,
portable
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Figure 2 — The structure of the computer class of the department
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The workplace server stores the necessary software, methodological materials,
and results of students' laboratory work and provides Internet access for workplaces.

The infrastructure server controls the educational equipment of the computer
class, receives the current values of the results of changes in various physical pa-
rameters in the classroom and stores them in disk memory. The educational equip-
ment includes a 3D printer, on which students produce parts designed by them in
CAD packages.

The "Smart Home" stand and outdoor portable weather station are designed for
students to work out complex solutions for controlling sensors and actuators of the
control object. Particular control tasks are worked out with the help of portable labo-
ratories.

The voltage converter is used in conjunction with a solar battery (external
building equipment) to study renewable energy sources.

An active surfaces-polygon is understood as a surface in a computer class room,
along which, for a given purpose, models of vehicles equipped with microcontrollers
for space sensors move. The polygon equipment dynamically changes the obstacles
in the way of vehicles and the purpose of their movement. The purpose of training
using an active polygon is to test the effectiveness of algorithms for overcoming ob-
stacles. The principles of constructing active surfaces-polygon are considered in [8].

In addition, the infrastructure server controls the equipment of the computer
room (lighting, air conditioning, video cameras, projector, acoustic system, access
control systems) and the external infrastructure of the department.

A specific element of the workplace in a computer class is a portable laboratory.
The main requirements for such a laboratory are to ensure low cost, functional com-
pleteness and flexibility, scalability of experiments, safety in operation, installation
of experimental circuits without the use of soldering, compactness, ease of deploy-
ment, power supply of the experiment control circuit from a personal computer via a
USB connector, use of a freely distributed software for designing control algorithms
for objects of study. The principles of building such a laboratory include software
control of the experiment, portability and reconfigurability.

The principles of building such a laboratory include software control of the ex-
periment, portability and reconfigurability. These principles are implemented in the
Smart EA portable laboratory [9], which consists of a set of individual stands. Each
stand is stored in a separate organizer and connected to a personal computer for the
duration of the laboratory work. The hardware part of the stand consists of a basic

set and a variable part. The basic kit includes an Arduino Uno/Mega2560 microproc-
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essor board with a USB cable, an 830-point MB 102 breadboard, a set of wires, and
basic radio elements.

Basic radio elements include limiting resistors, LEDs, buttons, and a potenti-
ometer. The elements of the stand are placed in a plastic organizer that can be car-
ried in a student's briefcase. The price of the basic set of the stand lies within 500-
1000 UAH. General view of the laboratory stand is shown in Fig. 3.

Figure 3 — General view of the portable laboratory stand

The composition of the variable part of the stand depends on the topic of the
laboratory work and includes additional radio elements (seven-segment indicators,
piezoelectric emitters, digital and analog microcircuits), devices (various sensors,
electric motors, modules with relays, displays, keyboards) and shields - boards with
some functionality that are structurally are compatible with microprocessor board
contacts and reduce the number of connecting wires. A fragment of the equipment
of the variable part of the stand is shown in Fig. 4.

On the personal computer to which the stand is connected, the Windows oper-
ating system must be installed, with the microprocessor board driver, the freely dis-
tributed Arduino IDE [10] design environment with the necessary libraries. Work
with a real board is preceded by work with simulators of the control object. Such sys-
tems as UnoArduSim [11], TINKERCAD [12] and others, of course, are a step forward
in increasing the visibility of educational experiments with programming control al-
gorithms.

Another important direction, which is supported by the equipment of the Smart
EA stand, is the study of programming languages for industrial controllers. The main
problem in the field of engineering training in programming industrial controllers is

ISSN 1562-9945 (Print) 35
ISSN 2707-7977 (Online)



«CucreMHi TexHouorii» 2 (145) 2023 «System technologies»

the unavailability, for economic reasons, of both the controllers themselves and the
environments for programming them in the languages of the IEC 61131-3
standard [13].

F ™ SH

Figure 4 — Elements of the variable part of the stand

Another important direction, which is supported by the equipment of the Smart
EA stand, is the study of programming languages for industrial controllers. The main
problem in the field of engineering training in programming industrial controllers is
the unavailability, for economic reasons, of both the controllers themselves and the
environments for programming them in the languages of the IEC 61131-3 standard.

At the same time, when studying object control algorithms, controller boards of
the Arduino and other families, which are available for purchase, are widely used. In
this case, the C programming language is used and the languages of the IEC 61131 -

3 standards are not used, which is a disadvantage of this approach.

In the computer class, the freely distributed OpenPLC platform [14] was used to
teach programming of industrial controllers in the languages of the IEC 61131-3
standard. The programs developed by students are executed both in the built-in
logic controller and in real controller boards, for example, from the Arduino family.

The OpenPLC platform includes a programming environment in a universal
(not tied to a specific platform manufacturer of controller boards) language and a
tool for loading a program into a real OpenPLC RunTime board. When configuring a
project in the OpenPLC Editor environment, the programming language is selected.
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Language options are Instruction Language (IL), Structured Text (ST), Ladder Dia-
grams (LD), Function Block Diagrams (FBD), and Sequential Function Steps (SFC). At
the same time, LD, FBD, SFC languages are high-level graphic languages that con-
tain hundreds of standard instructions available for use when building control pro-
grams in a package. The program in the LD language visually resembles a relay-
contact circuit of electroautomatics. An example of a simple program for imple-
menting the self-latching relay function is shown in Fig. 5.
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Figure 5 — Screen fragment of the OpenPLC Editor program

To bind the program variables to the pins of a specific controller board, the en-
tries in the Address column are used. These records are generated based on the
lookup tables available in the package documentation. So digital pin 2 of the Ardu-
ino Uno board configured as input will have address %I1X0.0, and pin 7 configured as
output %0QX0.0.

The Smart EA laboratory has been introduced into the educational process of
preparing bachelors in the specialties 141 - "Electric Power Engineering, Electrical
Engineering and Electromechanics" and 172 - "Telecommunications and Radio Engi-
neering" at the National University "Zaporozhye Polytechnic". In particular, labora-
tory work was carried out on the study of programming in the C language of the
tasks of interfacing a microprocessor board with sensors and actuators, the imple-
mentation of automatic control algorithms, and on the study of programming in the
Ladder Diagram language of the tasks of implementing logic functions, timers and
counters with the execution of programs in a programmable logic simulator control-
ler (with distance learning) and in a real Arduino Uno microcontroller.
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Currently, work to expand the functionality of the portable laboratory contin-
ues. It is supposed to be used in the course “Fundamentals of electronics and micro-
circuitry to study the principles of building analog and digital nodes.

The corridor of the building in the context considered by the ICS is a place
where a student spends a significant amount of time and it can carry an additional
information load or contribute to psychological relief.

To implement these functions, it is supposed to use a plasma panel connected
to one of the computers of the department. The screen of this panel displays infor-
mation about the department, its employees, history and achievements; various
schedules, announcements, assignments, teaching materials, videos of the best lec-
tures of teachers.

An interesting idea of “immersion” in digitalization can be borrowed from col-
leagues from the University of Technology Ilmenau (Germany). This is a wall clock
that shows the time in binary code (Fig. 6).

Figure 6 — Wall clock with binary digits (current time 08-54)

A useful element of corridor equipment is a lighting control subsystem, one of
the modes of which is to reduce power consumption during lectures or when there is
no movement along the corridor.

A useful element of corridor equipment is a lighting control subsystem, one of
modes of which is to reduce power consumption during lectures or when there is no
movement along the corridor.

The subsystems for monitoring the temperature and humidity conditions and
controlling the lighting of the premises of the department, which have already been
discussed above, should be integrated into the computer network of the department.
In justified cases, student access to the premises of the department should be organ-
ized using radio frequency identification technology (RFID, Radio Frequency IDenti-
fication) and the RFID RC522 module connected to the Arduino board [15].
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To automate the process of experiment in the educational laboratory of the
electrical profile, stands are used that contain microcontroller boards, current, volt-
age, temperature sensors and electricity meters. For example, it is a stand for study-
ing thermal processes in a coil when an electric current flows through it. The stand
contains a coil with built-in thermocouples. These thermocouples are connected to
the analog inputs of the Arduino board. The received information is accompanied by
timestamps and transferred to the server for storage and analysis. The exchange of
information with the server occurs via a serial channel.

Due to the fact that almost 100% of students have laptops, and the experimen-
tal objects are small and have low power consumption, lectures and laboratory ex-
periments can be alternated in the classrooms of the department, even within the
same lesson, using the Smart EA laboratory.

In the direction of electrical engineering, students study about 10-15 depart-
mental disciplines, for each of which, as a rule, they perform 5-10 laboratory work. If
we also take into account that classes are held simultaneously for students of differ-
ent years of study, not only laboratory, but also research work of students is carried
out, and up to 20 students are present at one lesson, then we can estimate the scale
of the problem. At present, the main ways to solve it are: cooperation of laboratories
within the university, an increase in the duration of the working week of laborato-
ries, the use of portable stands by students outside the university, cooperation of
remote laboratories between universities, the use of laboratory stands based on mul-
tifunctional modules, the use of reconfigurable laboratory stands.

The key elements of the remote laboratory of the department are laboratory
stands with the ability to remotely configure the electrical circuit of the experiment.
Configuration involves changing the parameters and/or structure of the electrical
circuit under test, input sources, loads and meters. The set of elements of such a
stand is determined by the type of research object in the student’s laboratory work.
The reconfiguration of digital circuits is solved by forming prohibitions / permissions
for the passage of logical signals in the object of research by the controller circuit of
the laboratory stand. A remotely controlled change in the structure of an analog
node is made using relay modules interfaced with a microcontroller, Arduino. A mi-
crocontroller-controlled change in the resistance of electrical circuits is performed,
for example, using modules based on digital potentiometers (RDAC, digital POT)
from leading manufacturers of integrated circuits [16].

Conclusions. The main factors influencing the process of creating information
and control systems of the university department are: digitalization requirements
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from the Ministry of Education and Science and university management; achieve-
ment of "smartization" of industrial, office, household facilities; internet of things;
the need to adapt the laboratory complex to the conditions of online learning.

The main direction of the creation of ICS is: integration of all laboratories,
classrooms, computer classes and administration of the department into a local net-
work; the use of the computing power of the department to build a "smart space" in
which the educational process takes place; transition to portable microprocessor
laboratories for use both in the computer class and outside it; creation of modular
remotely reconfigurable remote laboratories.
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Ipunuunu nobydosu iHpopmauiiiHo-Kepyrouoi cucmemu
Kagpedpu yHigepcumemy
3aedanHs  yugposizayii  yHigepcumemy SUPIIYOMBbCS SK HA  BEPXHBOMY
KibepcouianbHoMY piBHi, Mak i Ha HUXCHLOMY pieHi asmomamu3sayii 1a6opamopHoz0 00-
nadHauus. Kagedpa, sk 06’ekm ynpaeninHs iHgopmauiero, uio 3atimae cepedHili pieeHs 8
ynpaeniHceKiti iepapxii, y eidomux pobomax He po3znsdaemovcsi. Mema pobomu -
nidsuwjumu pigeHv yugposizayii kagpedpu enekmpomexHiku WiLXoM CMBOPEHHS CUC-

ISSN 1562-9945 (Print) 41
ISSN 2707-7977 (Online)



«CucreMHi TexHouorii» 2 (145) 2023 «System technologies»

memu ynpasniHHs iH(hopmayiero, KA NOEOHYIOMb HA8UAILHULL Npoyec, Wo NPo8oouUMuCs
Ha kagedpi, 3 iHppacmpykmypoiw npumiwieHs kagedpu. Cucmemamu308aHo KOHYenuio
iHpopmayiliHo-ynpasnswuoi cucmemu Kagedpu yHigepcumemy, sKa 30iliCHIOE
nideomoeky axisuie enekmpomexHiuHozo npogin. 3anponoHo8aHo npuHyunu noby-
008U ma CMpYKmMypHy cxeMy makoi cucmemu, 8 SIKiti 06°€0HAHI 8 JIOKANIbHY Mepexcy
KomMn’romepHull Kaac, HasuaasHi nabopamopii, adminicmpauis, ayoumopii, giodaneHa
Jnabopamopis i Hasime KOpudop HasuaibHo20 Kopnycy. OnucaHo eapiaHmu 8uxKopu-
cmauus enemenmis IKC y HasuanipbHOMY npoyeci ma npoyec MOHImMopuHzy napamempis
06nadHauHa ma npumiujeHv Kagedpu. Lle exnouae onuc nopmamueHoi nabopamopii
011 8UBUEHHS eJIeKMPOHIKU, MIKpONpouecopis, NpozpamosaHux 102iuHuUX KOHmMpoJiepis
ma enekmpuuHux npucmpois. Takum uuHOM, OCHOBHUM HANPSIMKOM uyugposizayii Ka-
¢edp yHisepcumemy € cmeopenHs IKC, axa 006’€dHye eci nabopamopii, aydumopii,
KoMn’romepHi Kaacu ma aomiHicmpayiro Kageopu 6 JOKAIbHY Mepexcy; 8UKOPUCIAHHS
obuucniosanvHoi nomyxHocmi kagedpu 01 nobydosu «po3ymMHO20 NPOCMOPY», 8 AKOMY
8i00y8aemuvCcsl HA8UanbHUll npoyec; nepexio HA NOpMAMuHi  MIKPONPoyecopHi
nabopamopii 0 UKOPUCMAHHS SIK 8 KOMN’IOMePHOMY KJACI, MaK i no3a HUM; cmeo-
PEeHHS MOOYJIbHUX OUCMAHUYILIHO peKOHizyposaHux eiddaneHux 1abopamopiti.
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C.B. Amxamcbkuii, I''A. Kononenko, P.B. I[TogonbcbKuii
OBI'PYHTYBAHHS TEXHOJIOTTYHUX PEJKMMIB
OJIsS1 @OPMYBAHHS CTABIZIbHOI'O OAVMHNUYHOI'O TPEKY
ITPY TOBUIVIHI HIAPY 30 MKM 3I CIVTABY INCONEL 718

AHomauis. llpu cenekmusHomy nasepHomy naasnaenHi (dani -C/11) supi6 cknadaemscs 3 MHO-
JKUHU 0OUHUYHUX WAapiB, AKI 8 CBOIO Yepay CMBOPIOIMbCA 3 MHOXUHU 00UHUYHUX mpeKis. Bnius
XapakmepucmuK BaHHU po3naasy Ha AKICMbe NoOy0osu mMpusumipHux demanel 3 pizHUX mame-
pianig 6yn0 WUPOKO BUBYeHO. [lowyK onmuMaabHUX MexHO021YHUX napamempis € KOMNpPOMi-
CoM MiX NnpoOyKkmuBsHicmIo i AKicmio npoyecy nobydosu. [lna nesHux YUHHUKIB OpyKy (Mamepia-
ny/ 061a0HaHHs/ Oemani) He0bXiOHO 3Haxooumu yeli onmMuUMyM, OCKIIbKU Ye € 0OHUM 3 MOXJ1U-
BUX W/IAXIB NOAINWEHHA CMpyKmypu ma saacmusocmedl. Mamepianom, BUKOPUCMAHUM 8 UbOMY
0ocnioxeHHi, 6ys memanesuli NOpowoK 3 po3mMipoM yacmuHok 8i0 10 00 45 mkm. XimiyHuli
cknad nopowky Inconel 718 8 % no maci: (r=17,79; Ni=53,5; Mo=3,12; Mo=3,01; Ti=0,85;
Nb=5,12. Y daHili po6omi 00UHUYHT MpeKU CMBOPIOBAUCA Ha 6A3080MYy MAOAHYUKY, BU2OMOB-
JleHoMy 3 mozo x mamepiany. [pu ybomy nomyxHicme nasepy 3miHosanu 8 0ianasoni 100...150
Bm 3 kpokom 10 Bm, a wsudkicmb pyxy npomerto nazepa — 8 diana3oHi 1300...3500 mm/c 3
Kpokom 100 mm/c. Bcbozo 6yno docnioxeHo 108 pexumis OpyKy 0OUHUYHUX MpPeKis, po3matio-
BAHUX Ha BiOcmaHi 1,5...2 MM 00uH 810 00H020. [lobydosaHO Homozpamy napamempis OpyKy
00UHUYHUX mpekig 31 cnaasy Inconel 718 npu moswuHi wapy 30 MKM. 3 GHANI3Y 30BHIWHbLO20
8U21A0y 00CNIOHUX 3pA3KIB8 BCMAHOBAGHO, W0 npu nomyxHocmsax 100..150 Bm ma wsudxkocmsx
ckaHysaHHs 1800...3400 mm/c popmyembcs cmabinbHUll mpeK, a npu 3MeHWeHHT WeuoKocmi
8106YBAEMbCA PO36PU3KYBAHHA Ma nepensiasieHHs 0CHOBHO20 memasny. Cnid 3a3Ha4yumu, Wo
3pa3zku 3 nepekpummsam 0,05 ma 0,06 MM npu 36i/bLWeEHHT WBUOKOCMT CKAHYBAHHA YMBOPIOKOMb
HecmabinbHUll mpeK: nepepusdyacmud, 3 KpanieymsopeHHaM. BcmaHosneHo obnacme payioHa-
JIbHOT WinbHocmi eHepeii 37...41 [lx/mm’ dns nobydosu demanelii 3i cnaasy Inconel 718 npu
mosuwuHi wapy 30 MKM.

Knioyosi cnosa: cenekmusHe nazepHe NAaBAeHHA, 0OUHUYHULU mpek, napamempu, HOMO2pama,
Inconel 718.

BcTyn
[Ipu cenekTMBHOMY Jia3epHOMY InaBieHHi (masi -CJIIT) Bupib ckiaamaeThes 3
MHOXVHM OOUMHUYHMX IIaPiB, SIKi B CBOIO Yepry CTBOPIOKTHCS 3 MHOXWHM OOUHMNY-
HMX TpeKiB. BI/IMB XxapaKTepuCTUK BaHHM PO3IUIABY Ha SIKiCTh ITOOYA0BM TPUBUMIp-

HUX JleTajiei 3 pi3sHMX MaTepialiB 6y/10 MIMPOKO BMBUEHO [1-4].
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Manuit po3mip BaHHM pO3IIaBy IPU3BOAUTHL [0 3HMKEeHHS edeKTUBHOCTI
TIpoliecy yepes 30i/bIIeHHST Yacy BUTOTOBJIEHHS. Benka BaHHA pO3IIIaBy MOsKe ITi/JI-
BUIIUTY e(PeKTUBHICTb BUPOOHMUIITBA, ajle MOXe BUKIMKATU BUIIAPOBYBAHHS ITiJIK-
JaaKky abo MOPOIIKY, IO Befie 10 YTBOPEHHS TOp i 30ibIlIeHHS 3arajJbHOI KiJTbKOCTi
nedeKTiB MaTepiasiB.

Tomy sKicTb BMpOOY, BKIIOUAOUM KiHI€BY IIJIBHICTh MeTasy i MOPCTKICTh MO-
BEpXHi, B IIePIIy Yepry, 3a/IeXXUTh Bif XapaKTepMUCTUK BaHHM PO3ILIiaBy (popma i po-
3Mip), SIKi B 3HAUHili Mipi yIIpaBAsIIOThCS 3MiHOIO IIiJIBHOCTi €Heprii Jia3epHOTo Mpo-
MeHIo, 1110 € TI0 CyTi Mipolo eHeprii, 1110 MiZABOAUTHCS B MpoIieci ApyKy [5-6]. Ypas-
JIiHHS IIJIBHICTIO eHeprii Moke OYTM IOCSTHYTO 3MiHOIO BiAIIOBiZHMX MapameTpiB,
10 KOHTPOIIOIThCA. [ToTykKHiCcTh Jla3epa P (BT), mBUAKICTh CKAaHyBaHHS V (MM / C),
BiICTaHb MiX Tpekamyu (TIepeKpUTTS BaHHM po3iviaBy) d (MM) i ToBIIMHA Iapy t
(MM) € HalOiIbII BasKIMBMUMY ITapaMeTpaMM i ITOB'sI3aHi 3 IIiIbHICTIO eHeprii ja3epa
SIK:

E =P/ (V-d-t) (1)

BriMB TaKoro TeXHOJIOTiYHOTO (PaKTOPY SIK MOTYXKHICTh Jia3epa Ha MIOPCTKiCTh
MOKe 3MiHIOBATUCS B JBOX HAIpPsSIMKax: 3 OOHOIO OOKY, OiJIbIIl BMCOKi ITOTYKHOCTI
CTIIpUSIIOTH TOBHOMY TeperviaBieHHI0 Iapy i HagamTh edeKT 3TIaaKyBaHHS, a Ta-
KOX 3 iHIIOro 60Ky, HagMipHa MOTYKHICTb Jia3epa CIIpUsE€ pO30PM3KYBAHHIO PO3II-
JIaBY i NPUJIINIIAHHIO OTOYYIOUMX YaCTMHOK A0 PO3IUIaBY, 1[0 TBEPAHE, JOTUUYHOMY 3
ITOPOLLIKOM.

[Tpu mocmimkeHHI BIUIMBY HIiIIBHOCTiI eHeprii jasepa Oy/0 IOKa3aHoO, 110 MPU
HM3bKOMY 3HAU€HHi I[bOTO IapaMeTpa B'SI3KiCThb BaHHM PO3IUIaBY Oyle BYUCOKOIO.
OTke, MeHIIle TIOPOIIKY Oy/e po3IlIaBleHO, i 3T0I0M OyIe BUTpaueHo Oisibllle Jyacy.
[TpoTe, Ipy HU3bKiil MBUAKOCTI CKAHYBaHHS JIa3epoM OyJe AOCSITaTUCsT BUCOKMIA Yac
BUTPUMKM HaJl TIOPOIIKOM, TOMY Oyae BUTpauyaTuCs MeHIie Jacy. SIK mpaBuio, pu
BMCOKIii1 IIITbHOCTI J1a3epHOi eHeprii JocaraeTbCcs KPYIHiNa i 3 6iJIbII BMCOKOIO Te-
MIIepaTypol0 BaHHA pO3IUIaBy [8]. A IOCUTh BenMKa BaHHA PO3IUIaBy NpuU3Bene A0
XOPOIIOT0 PO3IO/iy PO3IIaBY i 10 MOBHICTIO IIiJIBHOTO APYKY.

[Tpn BMUCOKIN WIiIBHOCTI eHepril (BMCOKa MOTYKHICTh 1 HM3bKa HIBUIKICTH),
CIIOCTEPiraeThest 6i/IbII IN1MO0Ke MTPOHMKHEHHS, sIKe MOXKe IocsraTy Bifg 5 go 25 ma-
piB. IIpu Takiit cuTyallii oguH i TO¥ ke MiKpoo6'eM MeTaly IiAmaeTbcsl 6araTopaso-
BOMY IepeIliaBy, L0 HEeCIPUSTIMBO MO3HAYAETbCS HA SIKOCTI MeTany. Kpim Toro,
IIpU BeJIMKii I/IMOMHI BaHHM PO3IUIaBy, a OT)Ke i BeJIMKOoMYy ii 06'eMi, BUHMKAE 3HAY-
HUI TeMIlepaTypHUII TPaieHT MiK OCTUIVIMM MeTaJIOM OiJbIIl HVKHIX IIapiB i pif-

KM METaJIOM, IO TIPU3BOAUTH 0 GOPMYBaHHS CIIPSIMOBAHOI KPYITHOKPUCTATIYHOI
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MiKpPOCTPYKTYPU i BUCOKMX HAIPyKeHb, B IESIKUX BUMAIKaX i 10 GopMyBaHHS MiK-
poTpinimMH. 30BHI TpeK, BUKOHAHMIi B IIiii 06/1aCTi, BUI/IsiAAae cTabiTbHO, Maibke He
Ma€ 30BHilIHIX medekTiB. OmHaK B IMMOMHI Tepepi3y TPeKy YTBOPIOIOTHCS BeJIMKi
TIOpU, PO3CisiHI Y3 0BX BCbOTO TPEKY, 110 IJIsI HAAPYKOBAHOI IeTali € HEBUIIPAaBHUM
OpakoM.

Takum 4MHOM, TMONIYK ONTMMAaAbHOI IMIBUAKOCTI CKAHYBAaHHS € KOMIIPOMiCOM
MiX IPOIYKTUBHICTIO i SKiCTIO mpolecy nmooymoBu. sl MeBHUX UMHHUKIB JIPYKY
(MaTepiany/ obmagHaHHS/ HeTasli) He0OXiTHO 3HAXOAUTHU 1€ ONITUMYM i 1le € OTHUM
3 MOSK/IMBUX IJISIXiB MOJIITIIIIEHHSI CTPYKTYPU Ta BJIaCTUBOCTEN BUPOOiB.

ITocTaHOBKa MeTH i 3aBIaHb JOCTiI’)KeHHS

BcTaHOB/IeHHS palliOHAIbHMUX PEXMMIB APYKY OJAMHUUHUX TPEKiB, BU3SHAUEHHS
ONTUMaJIbHOI MMTOMOI eHeprii 3a pobouoi TOBIIMHM IIapy MopoIiky Inconel 718 -
30 mkM. [To6ymoBa HOMOrpamMyu 3 BM3HAUEHHSM pallioHaJIbHOI 06j1acTi mapameTpiB
BUTOTOBJIEHHS TPEKiB_3a TEXHOJIOTi€I0 CEJIEKTUBHOIO JIa3€PHOTO MJIaBIeHHS.

MeToauKa nmpoBeJgeHHs OCHiI)KeHb

HocniaKkeHHsT TPOBOAMINCH Ha 3pa3Kax, BUTOTOBJIEHMX 3 MIOPOIIKOBOrO MaTe-
piany. [Ipyk 3paskiB rpoBoauBcs Ha 3D mpuHTepi Alfa-150 BupoOHMIITBA KOMITaHii
TOB «AJIT Vkpaina» [7-9]. MaTepiasioM, BUKOPUCTAHUM B LIbOMY IOCTi[IKeHHi, OyB
MeTaJIeBMii MOPOIIOK 3 PO3MipoM YacTUMHOK Bif 10 mo 45 MkM. XimMiuHMIT cKaaj Imo-
pomiky Inconel 718 B % mo maci: Cr=17,79; Ni=53,5; Mo=3,12; Mo=3,01; Ti=0,85;
Nb=5,12. V ganiit po60Ti OIMHMUYHI TPeKM CTBOPIOBAINCS Ha 6a30BOMY MaiiaHUMKY,
BUTOTOBJIEHOMY 3 TOTO X MaTepiany. [Ipy iboMy NOTY>KHICTh 3MiHIOBaIX B Jlianaso-
Hi 100...150 BT 3 kpokom 10 Bt, a mBuaKicTs — B Aiana3zoHi 1300...3500 mm/c 3 Kpo-
KoM 100 mm/c. Beboro 6ys1o gocitimskeHo 108 peskumiB IpyKy OOMHUYHUX TPEKiB, po-
3TallOBaHMX Ha Biacrani 1,5...2 MM oguH Bim omHoro. KokeH 610K MiCTUTD 6 I'PYII 3
3 OOVHUMYHUX TPeKiB, BUTOTOBJIEHUX 3a OAHAKOBMMM pexumamu. TOBIIMHA IIapy,
1110 3aCTOCOBYBaJIach B ekcriepuMmeHTax — 30 MKM, giameTp rpomMeHio 0,12Mm.

BuximHuit maTepian 6yB JOC/iIKeHMI1 32 TOTIOMOI0I0 pacTPOBOr0 eJIeKTPOHHO-
ro mikpockoria PEM-106 (puc. 1, a) njis BusHaueHHsT GopmMM i po3MipiB YaCTUHOK.
Ha puc. 1, 6 HaBemeHO pe3yabTaTy aHasi3y. Ha puc. 2 mpeacraBiieHa cxema po3Ta-
IIIyBaHHY 3pa3KiB 3 OOMHUYHUMU TPEKAMU.
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PucyHok 1 - YacTuHku BuxigHoro martepiany Inconel 718 mpu 36inbiienHi 500 (a)

Ta pesyJbTaTy FPAHYJIOMETPUYHOIO0 aHai3y (0)

Po3paxyHOK MpOBOAMBCS Ha MiZICTaBi YMOBHO IMOCTiMHOI BiACTaHi M)XK TpeKaMu
0,05 mm, 0,06 mm, 0,07 MM BigmoBigHo (Tabs. 1). Posmipy 6a30BOro MaiiiaHUMKY:

IOBXMHA — 32 MM, IIMpUHA — 7,6 MM, IIiITPUMKN BUCOTOIO 4-4,5 MM.
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PucyHok 2 — Cxema po3TallyBaHHS JOCTiIKYBaHUX 3pa3KiB Ha IMiAKIaa1li TPeKiB (a),
reoMeTpPUYHi MapamMmeTpy OAUHUUYHOTO TpeKy (6):
W — mmpuHa TpeKy, P — rmmbuHa tpeky [1,10]

OCHOBHMMM TeOMETPUUYHMMM TTapaMeTpamMy OOUMHMUUHOTO TPeKy € TaMbuHa Ta
mypuHa. CxeMaTMYHO 30BHIllIHiMi BUIJSAA OOMHMYHMX TpEKiB IOKa3aHMUii Ha
puc. 2,6. AHasIi3 30BHIIIHBOTO BUTJISIAY TPeKiB MpuBeAeHNUIT Ha puUc. 3.

BcTaHOB/IEHO, 1110 TIPM Mastilt MTOTYKHOCTI Jla3epa TpeK HecTabiibHMIT Ha ManUX
IMIBUAKOCTSIX (puUcC. 3, a) Ta MPU3BOAUTDH A0 HedeKTy KalieyTBOpPeHHS, a 3i 306i/b-
IIEHHSIM IIBUAKOCTI Tpek He ¢dopmMyeTbcs. IIpy 36i/ibIIeHH]I MOTYKHOCTI CTabiab-
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HiCTb TPeKy 3pOCTa€, Ha Majux MIBUAKOCTSIX TOJIOBKA TPEKY CTa€ Oiblll BUPaskeHO0
(puc. 3, 6). [Tpu roganbiIoMy 36i/IbIIeHH] eHeprii MpoMeHI0 Ha XBOCTaX TPEKiB MOXKe
dbopmyBaTucst TyHKa. 3i 30i1/IbIIIEHHSIM ITOTY>KHOCTi Ta 3MEHILIeHHSIM IBUIKOCTi CKa-
HyBaHHS BigOyBaeThCs MeperiaB 6a30BOr0 MaiiIaHUMKy Ta pO30pU3YKyBaHHS TPEKY
(puc. 3, B).

dopma i po3Mipyu rojlOBKM TPeKy HaiOinblI 3aekHi BiJi BIUIMBY BUITAAKOBUX
yyHHMUKIB [11-12]. B igeanpHMX ymMOBaxX po3Mipu TOJOBKM TPEKY BM3HAUAIOTHCS Be-
JIMYMHOK TIUTOMOI eHeprii. 3i 3MeHIIeHHSIM BeJMUYMHU MUTOMOI eHeprii ToJoBKa
TPEKy CTa€ Bce OiJblll BUpPaskeHOI0 — ii mMpuHA i BMCOTa 30iJIbIIYETHCS IO BiTHO-
IIeHHIO 10 IUPUHHU i BUCOTU CTAJIOrO TPeKy. IIpy BUCOKMX 3HAUEHHSIX MUTOMO]I eHe-
prii 1 pi3HMIISI 3MEHILIYETbCS, ajle BCe OJHO 3aJMIIaeThCs. I[HOAI BMCOTA TOJIOBKU

TPEKY MOXKe IIepeBUITYBATM TOBIIVMHY LIAPY, 110 IIPU3BOAUTDL OO 3ITKHEHHS 3 JIe30M

paKeJis i cueCyBaHHS BepXiBKM I'OJIOBKHA.

PucyHOK 3 — 30BHIIlIHili BUTJISA OOMHUYHOTO TPEKY IIpU PisHMX KOMOiHAIIiSIX ITapa-
MeTpiB: a — Tpek 3 fedeKTOM KaryieyTBOPeHHSI, 6 — CTabi/IbHMUIT OMMHUIHUI TPEK,

B — IleperviaBJIeHHs] OCHOBHOTO MeTasTy (pO36pu3KyBaHHS TPEKY)
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3a pesynbTaTaMy AOC/TiIkKeHb 0y/0 MOOyA0BaHO HOMOTrpaMy MapameTpiB Apy-
KY OJMHUYHUX TPeKiB 3 ciuiaBy Inconel 718 (puc. 4). B pe3ynibTaTi Bi3yaqbHOI OIIiH-
KM, BCTAHOBJIEHO 00J1aCTh palliOHAJbHUX ITapaMeTpiB IJIs1 APYKY JeTasneit B 061acTi
37...41 IIsx/MM°>.
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PucyHok 4 - Homorpama 3 06/1aCTI0 pallioHa/JIbHUX TTapaMeTpiB IiTbHOCTi eHeprii
nst ooymosu metaseit 3a CJIIT 3 Inconel 718 mpu 30 MKM

3 aHaJTi3y 3pasKiB BCTAHOBJIEHO, 1110 Mpy NOTYKHOCTSX 100...150 Bt Ta mBug-
KocTsix ckaHyBaHHS 1800...3400 mm/c dopmyeThest cTabimbHMUII Tpek, a TPy 3MeH-
IIeHHI IIBUAKOCTI BimOyBa€TbCS PO30OPU3KYBAHHS Ta TeperviaBJIeHHS OCHOBHOTO
MeTasny, (puc. 3, B). Ciim 3a3HaUMTH, 1O MPYU 30iAbIIeHHI MIBUAKOCTI CKAaHYBAHHS
YTBOPIOETHCS HECTAOIIbHUI TPEK, TIPePUBYACTHIA, 3 KpaTJIEyTBOPEHHSIM (pUC. 3, a).

BucHoBKU

1. Tlo6bymoBaHO HOMOrpamMy IlapamMeTpiB APYKY OAMHUUYHMUX TPEKiB 3 CIUIABY
Inconel 718 mpu ToBIIMHI mapy 30 MKM.

2. 3 aHaji3y BCTAHOBJIEHO, 110 Mpy MOTYKHOCTSX 100...150 BT Ta mMIBUAKOCTSIX
ckanyBaHHs 1800...3400 mm/c opmyeThcs CTabiNbHMUIT Tpek, a MpM 3MeHIIeHHi
MIBUIKOCTI YTBOPIOETHCS PO3OpM3KYBaHHS Ta IeperuiaBjeHHSI OCHOBHOTO MeTasy.
Cnig 3a3HaYMTH, 1O P 301IbILIIEHH] IBUAKOCTI CKAHYBAHHSI YTBOPIOETHCST HeCTAbi-
JIbHUI TpeK, IPePUBUYACTUI, 3 KpAIlJIEyTBOPEHHSIM.

3. BctaHoB/IEHO 00J1aCTh PalliOHAJIBHOI IIIIbHOCTI eHeprii 37...41 Ixx/MM> mjist
1oOyI0oBM meTasieil 3 criaBy Inconel 718 ripu ToBuyMHI mapy 30 MKM.
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Justification of technological modes for the formation of a stable single track
at a thickness of a 30- » m layer of INCONEL 718 alloy

In selective laser melting (hereinafter - SLP), a single layer is created from a set of
single tracks. The influence of the characteristics of the melt bath on the quality of con-
struction of three-dimensional parts from various materials has been widely studied.
Thus, finding the optimal scan speed is a trade-off between performance and quality of
the build process. For certain printing factors (each material/equipment/part) it is neces-
sary to find this optimum and this is one of the possible ways to improve the structure.
The material used in this study was metal powder with a particle size of 10 to 45 um.
Chemical composition of INCONEL 718 powder in % by mass: Cr=17.79; Ni=53.5;
Mo=3.12; Mo = 3.01; Ti=0.85; Nb=5.12. In this work, single tracks were created on a base
platform made of the same material. At the same time, the power was changed in the
range of 100...150 W in steps of 10 W, and the speed - in the range of 1300...3500 mm/s
in steps of 100 mm/s. A total of 108 printing modes of single tracks, located at a distance
of 1.5...2 mm from each other, were investigated. The thickness of the layer used in the
experiments is 30 um. A nomogram of printing parameters of single tracks made of
INCONEL 718 alloy with a layer thickness of 30 microns was constructed. From the
analysis of the nomogram, it was established that at the selected powers and scanning
speeds of 1800...3400 mmy/s, a stable track is formed, and when the speed is reduced,
spattering and remelting of the base metal is formed. It should be noted that samples
with an overlap of 0.05 and 0.06 form an unstable, discontinuous track with droplet for-
mation when the scanning speed is increased. The range of rational energy density of
37...41 J/mm3 was established for the construction of parts from the Inconel 718 alloy
with a layer thickness of 30 um.
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0.0. XyxkoB, B.I. Top6eHKo
BUKOPUCTAHHS APXITEKTYP INIMBOKHUX
3rOPTKOBUX HEMPOHHNX MEPEJX TA TENSORFLOW
Y 3A0JAYI BUBHAYEHHS BI>KIJTI HA 30BPAYKEHHI

AHomayia. boxonu € BaXKuBUM eleMeHmMoM ClJIbCbKO20CN00apCbKoi npomMuciosocmi, ase yepes
3MeHUeHHs ix nonynauii pocme HeobXxiOHICMb BIOCMeXYBAHHS cmaHy 60xoauHuUX cimel, Hanpu-
Knao, 3a donomo2oto homo- ma gideomamepianis. Y yiti nybaikayii HasedeHo aHaNi3 eppekmus-
Hocmi pobomu apximekmyp 27UBOKUX 320pPMKOBUX HEUPOHHUX Mepex ma @pelimBopKy
Tensorflow Ha 3a0a4i Bu3HayeHHs 60xin Ha pomoezpaghiax. [na docnidxeHHs byn0 BUKopucma-
HO n’ame pi3Hux modenel 3 B8iOKpumozo peno3umopia TensorFlow 2 Detection Model Zoo, wo
Oy/lu mpeHOBAHI HA AHOMOBAHOMY Bpy4YHY damacemi 3 pomozpacili 60xin. 3 mpeHOBAHUX MO-
Oeneli Halikpawuli pe3ynsmam 80% BuU3Ha4YeHHS 6OXIN ma ix YacmuH noKasana apximekmypa
SSD MobileNet.

Knioyosi cnosa: HelpoHHi mepexi, 600U, 2UBOKe HABYAHHS, MexXHO/M02ii KoMn'lomepHo20
30py, tensorflow, 320pmKoBi HelipoHHT Mepexi, i0eHmuikayis Komax, i0eHmugikayis 60Xin,
BUABNIEHHA 06'€EKMIB.

ITocTanoBKa mpoo6emMu. BIKoiu € BasKIMBUMM 3aII/IIOBAYaMM Pi3HUX BUJIIB
POCJIMH i BilirparoTh BasK/IMBY POJIb Y MiATPUMILI 6i0pi3HOMAaHITTS HAIIOi IJIAHETH,
Hagaouy IpuobaM3HO 14% 3anmiloBaHb Yy CiIbCbKOTOCIIOAAPCHKOMY BUPOOHUIITBI.[1]
AJle OCTaHHIMM pOKaMM TTOMYJISIIIisI O/KIJI CKOPOUYETHCST Uyepes3 pisHi haKkTopu, 30K-
peMa uepes3 XBOpoOU Ta mapasuris.|[2]

Yepe3 CKOpOYEHHS umcia 6Kisl 0 BCbOMY CBiTY BMHMK/IA TTOTpPeba B MOHITO-
PUMHTY CTaHy OmKin Ta 6mkonMHMUX BYAMKiB. Tpaauiilini metogu imeHTMikamii ix
cTaHy 6a3yIOTbCS Ha Bi3yaJIbLHOMY CIIOCTEPEsKeHHi OKOIsIpeM, 10 MOXKe 3aiHSITU
6araTo uacy, Ta Taki moTpeOylTh CIelliajai30BaHuX 3HaHb BiJl TIOOMHNA.

3 pPO3BUTKOM TIJIMOOKOTO HAaBUAHHS Ta TEXHOJIOTi/i KOMIT'IOTEPHOTO 30Dy, iie
3pOCTaHHS IHTepeCiB 0 MOXJIMBOCTENM 1X BUKOPMUCTAHHS IJISI aBTOMAaTHU3allil CIo-
CTepeXXeHHS 3a CKIaJHUMM OioJOTiYHMMM CUCTEeMaMM, 30KpeMa 3a OIKOIMHUMU

ciM’amu.
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BaxxniuBuMM IUIIOCOM BMKOPUCTAHHSI HEMPOHHUX MepeX Ta TeXHOJOTi
KOMIT'IOTEPHOTO 30py € iX MBUAKICTh PpoOOTM Ta MaciiTaboBaHicTh. CUCTeMMU, IO
BUKOPUCTOBYIOTh IVTMOOKe HaBUaHHS, MOXKYTh OyTM TOUHIIIMMM Yy 3a7avax ITiJapaxy-
HKY OJIKiJT Y BYJIMKY, @ TAKOX iM He TTOTpi6bHa 060B’SI3KOBA MPUCYTHICTb JIIOAVHU JIJIS
OTpMMaHHS pe3yabTaTiB. Ha BimMiHy Bif TpaauliiiiHMX METO/iB CIIOCTepesKeHHs 3a
OIKOMMHVMM CiM’SIMM, HEVPOHHI Mepeski MOXXyTb 00pOOJISITH BeJIMKi 00’eMM JaHUX
IIBMJIIIIE Ta TOYHIIlle, IO POOUTh IX MOTYKHUM iHCTPYMEHTOM [JISl JTOCJIiJIsKeHHS
SKUTTST OIKOMHMX CiMeil y BYJIMKax.

ImenTudikailisgs 6[Kiy Ha 300paskeHHi — e BasKIMBUII MEpUINii KPOK, IO J10-
3BOJIMTh BUKOPUCTOBYBATHM Pe3yabTaTy AJISI aHAJTi3y KiJIbKOCTi O/KiJ Ta iX 340pOB’S
Ha ¢OTO Ta Bizeo.

AHauni3 gocmimkeHs i myoOsikamin. Sk mmcamocst Buile, 3 poCTOM 3allikaBie-
HOCTi [0 3aCTOCYBaHHS I[VIMOOKOTO HaBYaHHSI Ta KOMII'IOTEPHOIO 30Dy, IToYaam
3’SIBJISITUCST TOCJTi/IKEHHSI Ha TEMY iX BMKOPMCTAHHS B 00jacTi imeHTHdikamii crany
cKIagHux GiosoriyHux cucrem. Hampuknanm, 6yiu mpoBeeHi TOCTiIKeHHS imeHTy-
dikanii merenukis[3], oc[4], maBykKiB[5], Ta Myx[6]. Takox, 6ynu mpoBeneHi AoCi-
IKeHHSI BUKOPUCTAHHS LIMX TE€XHOJIOTiN AJjisi KOHTPOoJo napasuTis[7][8]. Bci wi moc-
JMiIKeHHST  YCIIIIHO  BMKOPMCTaJXM  METOAM  MANIMHHOTO HaBYaHHSI  abo
KOMIT IOTEPHOTO 30pY IJ1s imeHTHUdikaiii 06’eKTiB.

CXOXi 3 MOTOYHOIO 3aJaui CTaBWINCh y CTATTi 3 ifeHTUdiKanii komax[9]. B Hilt
aBTOPMU TeX BMKOPUCTOBYBA/IM apXiTE€KTypU 3rOPTKOBUX HEPOHHUX MepesK, 30Kpe-
Ma Faster R-CNN, SSD MobileNet ta SSD Inception mjist imentudikamii Ta xracudi-
Kallii komax Ha doTo.

KO po3rIsmaT BUKOPUCTAHHS HEMPOHHUX MepeXk IJIs BM3HAUEHHST OMIKiJ
Ha 300paskeHHi, To icHye mocimkeHHs[10], me 3ropTKOBa HelipOHHA MepeXka BUKO-
PUCTOBYETHCSI y 3B’5I311i 3 iHQpauepBOHOIO Kamepoio Ta po6OTOM /ISl BM3HAUEHHS
IITBHOCTI O/IKiJI Ha OKpeMiit 30Hi ByJIMKa.

TakosK SIKIIO PO3T/SIAT BUKOPUCTAHHS KOMIT'IOTEPHOTO 30pPY [IJIsI 00UMCIeH-
HS KibKOCTi 6/Kin, To aBTopm Iiiei crarti[ll] 3a mormomorow Kamepwu, MiKpo-
KomIT'toTepa Raspberry PI ta 6i61ioTekn OpenCV po3pobmin cucteMmy Ojsi o6umc-
JIEHHS KiJTbKOCTi O/IKijT Ha KOHTPOJIbOBAHIl HiMSHII 3i cTaTMYHMM (OHOM I103a BY-
JIMKOM.

3 iHIIoro 60Ky, SIKIIO PO3IISAAaTH 6e3IIocepeIHbO JOC/iIKeHHS 110 MOETHYIOTh
BUKOPUCTAHHS KOMIT'IOTEPHOTO 30py Ta HEMPOHHMUX Mepex sl imeHTudikarlii
6/1KisI, TO B IbOMY BUTIAAKYy [12] aBTOpU BiACTEXyBalM BUKOPUCTAHHSI apXiTEeKTypu

Faster R-CNN py1s1 BU3HaueHHs MeTonoHiHOBMUX O/KiJl Ha 300paskeHHi. B 1ibomMy mo-
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CJTiIKeHHI BOHM TOCSIT/IM Pe3ybTaTy TOYHOCTI BUM3HAUEHHS OIKil Ha 300paskeHHi y
74%.

Merta i 3aBAaHHS JOCTiAKeHb. MeTo0 poOOTH € aHa/li3 Ta BU3HAYEHHS apXi-
TEKTypU 3TrOPTKOBOI HEPOHHOI Mepexi, 0 HalKpalle MiaxXoAuTb OJs 3aAadi BU-
3HauYeHHs 6/3Kia Ha poTorpadisx.

Marepianu, MeToau Ta MeTOAMKU AOCTiAKeHb. Y SIKOCTi JKepena AaHUX
ILJIS MOCJTiI)KeHHST BUKOpUCTOBYBaucs ¢ororpadii, 3pobseHi Ha kamepy cMapTdhoHa
Samsung A20. Koxxny doTorpadito posmipom 4128x3096 mikceniB 6e3 rnomnepeaHboi
00poOKM OY/I0 po3aisieHo Ha 9 piBHMX YacTUH po3Mipom 1376x1032 mjist mosierimeH-
HS TIpoIIecy aHoTallii Ta rmojganbiioi po6otu 3 HUuMH. 1i yacTuHM Oy/IM BUKOPUCTAHI
IJISI aHOTAallii Bpy4HY 3a JoIomoroio nporpamu Remo. ITicis nmpouecy aHoTarii 6yJ1o
cTBOpeHO GiHaIbHMIT JaTaceT IIJITXOM BMPi3aHHSI aHOTOBAHMX 30H 3 YaCTUH (HOTOTr-
padiii. TakuM UYMHOM, KOKHE 300paskeHHSI MiCTUTb OKpeMy O6mKojy abo ii yacTuHy
(skmo Ha ¢GoTo Oysa MOCTYIHA TiJIbBKM TOJIOBa UM CcIiMHA), y Tabnuii 1 HaBemeHO
MIPUKIAAN TaKUX 300paxkeHb.

Tabmuisg 1

AHOTOBaHi 300paskeHHS OKiJ

3a migcymkom, diHambHMIA AaTaceT MiCTUTh 1246 aHOTOBAHUX 300pakeHb
6/Kis. 3 HbOro (OPMYIOTHCSI ABi BUMOIpKM: HaBYajJbHA Ta TECTOBA, IO BiJMNOBiTHO
MmicTaTb 1004 Ta 252 300pakeHHSI.

Jnst HaBUaHHs 6y/10 o6paHo 5 Moesneit 3 Bimkpurtoro perno3sutopist TensorFlow
2 Detection Model Zoo, getanbHa iHbopMallist Tpo HUX MiCTUTbCS y Tabauii 2.

st poboTH 3 MMM apXiTeKTypaMu, 3 maTaceTy 6yyo 3reHepoBaHoO ¢aitn (op-
maTy TFRecord, 110 masi 6yge BUKOPUCTOBYBATUCS AJIs iX HaBUaHHS. 1151 TOpiBHSIH-
HS pe3yJIbTaTiB pob60TH BMOPAHMX apXiTEKTyp 3rOPTKOBUX HEMPOHHMX MepesK Ha 3a-
naui imentTudikamii 6/Kia Ta MogaablIoi MO6YLOBM MaTPULli HEBiATIOBIIHOCTEN BU-
KOPMCTOBYBAaTUMYThCSI HACTYITHI METPUKU: iCTMHHO TO3UTUBHI pe3ylbTaTy, XMOGHO

HeraTUBHi, YyTJIUBICTb, TA TOYHICTb.
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Tabanig 2

IHdopmaliiiHMit aHasi3 apXiTeKTyp INIMOOKMX 3TOPTKOBUX HEMPOHHUX Mepesk

N? | ApxiTekTypa

CTtucanit onuc

1. | Faster R-
CNN
ResNet152
V1

Faster R-CNN ResNet152 - e apxiTekTypa I7M60K0i 3rOpTKOBOI
HeIpOHHOI MepesxKi, 1o Oyn1a cTBOpeHa Ay poOOTH 3 3aJadaMu
110 BUSIBJIEHHIO 00’€KTiB. Briepiile Taka apxiTekTypa Oyia mpe-
craBieHa y 2016 poili SIK po3MIMPEHHS iCHYIOUOr0 QpeiiMBOPKY
Faster R-CNN, 1mo sBJisie cOO00 KOHBeEEp, SIKMI CKIaAEThCS 3
CiTKM 3ampoIloHOBaHMX 30H (region proposal network, RPN) Ta
06a30BaHOI HA 30HAX 3rOPTKOBOI HEPOHHOI Mepexi (region-
based convolutional neural network, RCNN)

Apxitektypa ResNet Gyna npexacraBieHa y 2015 poiii sik Bupi-
IIeHHS Mpo6JieMy 3HMKAHHS TpajJlieHTa y AyXe IMMOOKMX Heil-
pOHHUX Mepexax. ResNet MiCTUTh 3aJMIIKOBiI 3’€THAHHS, SIKi
3a0e311euyIoTh MOTIK iHdopMalii yepe3 Mepexy, HaBiThb KON
Mepeska CTa€ myxke rynbokoro. LI apxiTekTypa mocsria Haikpa-
VX pe3ylbTaTiB Ha Pi3HMX 3a7avax 3 po3Ii3HaBaHHS 300pa-
’keHb, BKIouarouM ImageNet Large Scale Visual Recognition
Challenge (ILSVRC) 2015, me BoHa mepeBepImia iHIi Moaesi Ta
3100yI1a mepiiie Micile y 3aBJaHHi BUsSIBIeHHS 00’ €KTiB [13].
Vcnix ResNet ripuBiB o i1 HIMPOKOTO BUKOPUCTAHHS Y 3aCTOCY-
HKaX 3 KOMIT'IOTEPHOTO 30py Ta CTMMYJIIOBAB IOJasblile JOC/Ti-
IKeHHSI MOKpallleHb apXiTeKTyp IMMOOKUX HEPOHHUX MepeX.

V Bumaaky Faster R-CNN ResNet152, 119 apxXiTekTypa MiCTUTb
152 ResNet 6710KkM.

2. | Faster R-
CNN
Inception
ResNet V2

Faster R-CNN Inception ResNet V2 € rn160K00 HeITpOHHOI Me-
pexkero i BUSBIEHHS 06'€KTiB Ha 300paskeHHSX, SIKa IMOETHYE B
cobi aBi momynsipHi apxitekTypu — Faster R-CNN Tta Inception
ResNet V2. OctaHHs MicTUTh 6arato 6JIOKiB, fKi Ha3MBaIOTHCS
Inception ResNet 6siokamyu. KoskeH OJI0K MiCTUTh pi3Hi TUIN
3TOPTOK Ta ITYJIiHTiB, IO JTO3BOJISIE 30iMBIINUTY KiJIbKiCTbh (YHK-
11i1, [0 MOXYTb OYTUM BMBUEHi HelipoHHOI0 Mepeskeio. Kpim To-
ro, 6;10Kku Inception ResNet MicTSITh TaKOK 3BOPOTHI 3B'SI3KM, 1[0
IoTrioMarae€ 3aro6irTu mpo6ieMi 3HMKAWUOro rpagieHTa IIij yac
HaBYAHHS TJIMOOKMX HEMPOHHUX MEPEX Ta MOKPAIIUTHA TOYHICTh
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HelipOHHOI Mepesxi [14].

3. | SSD
MobileNet
V2 FPNLite

List Momenb moemHye y cobi aBi apxitekTypu — SSD Ta MobileNet.
OcHoOBHa ifies 3a apxiTeKTypoio SSD mossirae B TOMY, IO Mepeska
BUKOPUCTOBYE JIMIIIE OOVH MPOXiZ MO 300paskeHHIO IS BUSIB-
JIeHHs 00'eKTiB Ta ix Kimacudikallii, TO6To BOHa He MOTpebye I10-
TepegHbOTO BiIOKPEeMJIEHHSI PETiOHiB 300paskeHHS, SIK Y iHIINUX
MeToJlaX 00'€eKTHOTO BUSIBJeHHS, Hampukiaan, R-CNN. Kmouo-
BOIO OCOOJIMBICTIO IIi€i apXiTeKTypu € BUKOPUCTAHHS OaraToma-
CIITAOHUX BUXOMIB 3rOPTKOBMX PaMOK, MIPUETHAHUX 10 HAGOpYy
MacCHUBIB O3HAaK y BEpXHili 4yaCTUHI HelpoHHOI Mepexi. Takuit
crioci6 mo3Bossie epeKTMBHO 3MOIEeNI0BATY MOX/INBI Miclsl pa-
MOK [15].

MobileNet V2 — 1e HelipoHHa Mepeyka IIMOOKOrO HaBYaHHS,
CIIpOEKTOBaHAa IJIsl pOOOTM Ha MOOITbHUX IPUCTPOSIX Ta 3abe3-
IeYeHHsI BMCOKOI TOYHOCTI Kiaacudikailii 306paskeHb IMpyu MiHi-
MaJIbHMX PO3Mipi Mofesii Ta KiibKOCTi ornepatiii. OCHOBHa igest
MobileNet V2 mossirae B po3po06l1ii JIerkoi Ta MIBUIKOI apXiTekK-
TYPU HEMPOHHO1 Mepexki 3a JOMOMOrOol0 ABOX KIHOUYOBUX TEXHO-
noriii: residual connections Ta inverted residuals. Residual
connections — 1ie TEXHOJIOTiS, IKa JO3BOJISIE IepemaBaT iHPop-
Mallifo 3 TomnepeaHixX mapiB 6e3mocepegHbO M0 HACTYITHUX, IO
JloTiomMarae€ 3amno0irtv mpobsjemMi BUBUEHHSI HETTIMOOKMUX (PYHKILii
Ta 3a6e3neunTy 6B eeKTUBHE HABUaHHS HEIPOHHOI Mepe-
Ki. Inverted residuals — 11e TexHoJIOris, 110 J03BOJISIE 3MEHIINUTHA
KiJIbKiCTh TTapaMeTpiB MepesKi, 3SMeHIIMBIINM PO3Mip IIapiB Ta 3a-
CTOCOBYIOUM iXHE 30i/bIIeHHS 3 BUKOPUCTAHHSIM 1x1 3ropTok Ta

JiHiViHKX wapis [16].

4. | SSD
ResNet50
V1 FPN

SSD ResNet50 — 11e rimboka HelipoHHA Mepeska, sika IMO€IHYE B
cobi nBi apxitekTypu: ResNet50 Ta Single Shot Detector (SSD).
ResNet50 - 11e apxiTekTypa Ha 6a3i ResNet 3 rinn6mHow0 B 50 ma-
piB, IKa Ma€ BMCOKY TOUHICTh Kaacudikailii 306paskeHb Ta BUSIB-

JICHHS 00’ €KTiB.

5. | CenterNet
Resnet50 V2

CenterNet — 1e apxiTeKTypa IJIMOOKOi 3rOpTKOBOI HEPOHHOI
Mepexi, CTBOpeHa JIJis1 3a/1au 3 BUSIBJIEHHST 00’eKTiB. Lle ogHoe-
TallHUII [EeTEeKTOp OO6’€KTiB, SIKMII BUKOPUCTOBYE KOHIIEIIIIiIO

KJIIOUOBMX TOYOK Ta ILIEHTPOIIiB ISl BUSIBJEHHS 00’€KTiB. 3a-
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MiCTh TOrO, 1106 BUKOPMUCTOBYBATU IETEKTOP 0bJacTei Ajisi J10-
Kamizamii o6'ekra, CenterNet Resnet50 V2 BUMKOPUCTOBYE
LIEHTPOiIM, SIKi BU3HAUAIOTh IIeHTPaIbHy TOUKY 00'ekTa. Lle mo-

3BOJISIE Mepexki GisbIl TOUHO Ta e(peKTUBHO BU3HAYATU PO3MipU

o0'eKTa Ta 10ro Mmo3uiiito Ha 306pakeHHi [17].

PesynbTaTy HOCIiAKeHb. BUKOHAHO MOPiBHSIHHS METPUK pe3yJbTaTiB pobo-
T 5 pi3HUX apXiTeKTyp INIMOOKMX 3TOPTKOBUX HEMPOHHMUX Mepesk Ha 3a7aui ileH-
tudikaii 6/Kia. OQHi€0 3 OCHOBHUX METPUK IIiJl Yac HaBUaHHSI HEMIPOHHUX Mepesk
€ 3HaueHHs ¢yHKIii BTpaT (Loss function). ®yHKIIiS BTpaT HO3BOJISIE BUMIpSITH Bijic-
TaHi 260 Pi3HMUIII0 MiX IPOTHO30BAaHMM BMXOIOM MOJIeJIi Ta OCHOBHOIO iCTMHOIO Ha-
BUEHOI MOJIeIi.
V tabnuili 3 HaBeeHO MPOrpec HaBYaHHSI HEMTPOHHMX Mepesk Ta 3HaueHHS ¢y-
HKIIii BTpaT Ha BiATIOBIAHMX eIloXax.
Tabnuig 3
Bisyasnizaiiis 3HaueHHs QyHKIIii BTpaT i yac HaBYaHHS

MoOJiejieli HeMiPOHHMX Mepesx

ResNet152
SSD ResNet50

M

5,000 TOK 1 5 20k,

‘Mﬂ.ili |
(o

Faster R-CNN

Faster R-CNN Inception
ResNet V2
SSD Mobilenet V2
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CenterNet Resnet50 V1

Mopenb R-CNN ResNet152 V1 criouatky HaBuanacs 45 000 ernox, mporTe Imic/ist
25 000 emoxu Mojesb He ITOKa3yBaja 3HMKEHHS 3HaueHHS (yHKIii BTpart. 1106
YHUKHYTU MPUCYTHOCTI (aKTOpy MepeTpeHyBaHHS B pe3yabTaTax, Jajli BUKOPUCTO-
BYBaTUMEThCST UeK-1MOiHT 3 eroxyu 25 000. OCHOBHI rinmeprnapaMeTpu, 10 BUKOPUC-
TOBYBA/IMCH [IJISI TPeHYBAaHHS MoJiesielt, 3HaueHHs QYHKIIii BTpaT Ta BUTpaueHMt Ha
HaBUYaHHS Yac, HaBedeHi B Tabuiii 4.

[ns1 TecTyBaHHS pe3y/abTaTiB HaBUaHHS Mojeseii 6yyio BuKopuctaHo 28 ¢oro-
rpadiit Tpyn 6[Kis Ha coTax, IO He BXOAMIM IO CK/IaAy MOYaTKOBOIO JaTaceTy. 3a
rorepeqHiM MiIpaxyHKOM, 3arajibHa KiJIbKiCTh OKia Ha 1ux ¢oTorpadisix mopis-
HIO€ 775. Pe3ynbTaTu aHali3y y BUIJISIAI MaTpuIli HEBiAIOBiMHOCTI HaBedeHi Yy

TabuIi 5.
Tabnuig 4
lnepmapameTpu Ta migcyMKoBe 3HaUeHHS QYHKIIii BTpaT Mojesiei
ApxiTeKkTypa Po3smip rpynu | KisibkicTb enox | @yHKIIisg BTpaT | Yac TpeHyBaH-
HS
Faster R-CNN | 8 25000 0.0024 2 TOOVHU
ResNet152
Faster R-CNN | 32 40 000 0.1367 2 TOOVHU
Inception
ResNet V2
SSD ResNet50 | 8 40 000 0.0533 6 roguH 40
XBWJIVH
SSD Mobilenet | 64 45 000 0.0528 4 rogyau 20
V2 XBUJINH
CenterNet 48 35000 0.1685 5 ropyx 07
Resnet50 V1 XBWINH
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Tabanuig 5
MaTpulisg HeBiATIOBIJHOCTEN Ta cepeHili uac Ha aHaJi3 TeCTOBUX ¢aiiliB
ApxitekTypa | [cTUHHO XubHO BigcoTtok TouHicTb CepepHiii
MMO3UTUB- HeraTUBHUX | imeHTUdi- yac, MC
HUX KOBaHMX
Faster R- 477 2 61.55 0.995 401
CNN
ResNet152
Faster R- 412 12 53.16 0.971 541
CNN
Inception
ResNet V2
SSD 474 4 61.16 0.991 695
ResNet50
SSD 620 27 80.00 0.958 675
Mobilenet
V2
CenterNet 532 5 68.64 0.990 662
Resnet50 V1

Buxonmsum 3 HaBeOeHMX Yy MaTpullli HEBIANOBIZHOCTI pe3yJ/bTaTiBb,

SSD

Mobilenet V2 moka3sasia HaiiKpaly ITpoJIyKTUBHICTbh 3 pPe3yJbTaTOM KOPEKTHOTO BU-

3HaueHHs 80% O6/13KiJI, ajle TaKOX Majo HaMTipIInii MOKa3HMK XMOHO HETaTUBHUX BU-

3HAueHb, 0 y 2.7 pasy BUIIMIi 32 cepelHE 3HAYEHHS cepel, JOCTiIKeHUX MOIeIeii.

3 HaBeleHMUX y TabiuIli 6 Bisyasisalliii, M1 MOKeMO MOOAUYMTH, IO TaKMii TOTaHMIA

pe3yibTaT BimOyBCsl yepes3 Te, 10 MOJEb BUIIISIIA 0OMEXYBaJbHOIO PAMKOIO Kpai

daitnis, mycTi MicIig, a TaKOXX MOBTOPHO BigMivasia ieHTUdiKOBaHUX OIKiJI.

Takox € ceHc BimmiTuTu pesynabratu Faster R-CNN ResNet152 V1. Xou 1151 Mmo-

nenb i He 3HaxXoAM/a APiOHI yacTHMHM 6K i Uepe3 1ie Majia Majuii BiICOTOK y IIiJi-

PaxyHKy 0/1Kis1 Ha GOTO, IToKa3aja Joopi pe3ynbTaT Y BU3HAUEHHI O/KiJI ITOBHICTIO.

60

ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)




«CuctemHi TexHomnorii» 2 (145) 2023 «System technologies»

Tabauiisa 6

Bisyasizaiiis TecToBMX 3060paskeHb 3 00MeKyBaJIbHUMM paMKaMu

Apxite- | 306paskeHHs 1
KTypa

R-CNN

Faster
ResNet152

Faster
R-CNN
Inception
ResNet V2

SSD ResNet50

SSD Mobilenet
V2

CenterNet
Resnet50 V1

300paskeHHS 2

306paskeHHs 3

BucHoBku. 3a pe3yjibTaTaMy BUKOHAHUX JOCiIKeHb BCTAHOBJIEHO 1110 MeTa-

apxitektypa SSD MobileNet V2 noka3sye Halikpamuii pe3yiabTaT y 80% y 3amaui ime-
Hrudikamii 6/3kia Ha poTorpadii. Xou Faster R-CNN ResNet152 moka3saa HaiKpaiii

pe3yJbTaTy Y NIBUAKOCTI Ta TOYHOCTI imeHTHiKaIlii 6/1KiJ1 Ha TeCcTOBii BMOipIi do-
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TO, 3 il JOMOMOr0I0 BAAJOCH YCIIIIIHO BU3HAUMTU Ha 20% MeHIe OKia Ha (OTOr-
padisx.
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Using deep cnn architectures and tensorflow
for bee identification on images

Problem statement. Bees are important pollinators for various plant species and
are essential in maintaining our planet's biodiversity. With the decline in the number of
bees worldwide, monitoring the bee hive state has become increasingly important.
Purpose. Individual bee identification is an important task that, if performed well, will
help to track the bee hive population and its health state in general. Related work. With
the development of deep learning and computer vision technologies, several studies were
done on their application in detecting insects like wasps, spiders, or fruit flies. Materials
and methods. Photographs of bee hive frames with bees on them are being used as a data
source for model training. These photographs were manually annotated using Remo
annotation software. This study uses five widely used deep learning architectures (Faster
R-CNN ResNet152, CenterNet ResNet50, SSD ResNet50, Faster R-CNN Inception ResNet
V2, SSD MobileNet V2) for the purpose of bee detection on test images. These models
were trained on the same dataset and evaluated on the same bee image set. Results and
discussion. According to the confusion matrix, SSD MobileNet V2 architecture showed
the best detection performance with 80% detected bees on test files, but it also had the
falsest negative entries. On the other hand, Faster R-CNN ResNet152 model showed the
best results in accuracy and evaluation speed, but successfully identified only 61% of the
bees. Conclusions. The experiment showed that state-of-the-art CNN architecture SSD
MobileNet V2 is a better performer with detecting 80% and 95% accuracy on bee images
test set.
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[.0. Kaniuina, O.I1. T'oskmit, O.I1. Heuaxin, C.I. lInsH
CUHTE3 ITIAPAMETPIB HEJITHIMTHOI ITPOTHO3HOI MOIEJII
3A IOIIOMOI'OIO TEHETUYHOTI'O AJITOPUTMY

AHomauyis. B cmammi po32120aembca BU3HAYEHHA Ma OYIHKA napamempis HeniHiliHOi peepe-
CitiHoi modeni 3a donomo2oto 2eHemuy4yHo20 aneopummy. OUiHKa napamempis, € pi3HOBUOOM 3a-
dayi onmumizayii, wjo 0ae 3moay ii po3s’a3ysamu 3a 00NOMO2010 CMOXACMUYHUX A/20pUMMIB, Le
npeocmasisSie MOXUBICMb BUKOPUCMAHHA MAKUX a120pummis, ujob 8ionosioamu mMooesiam He-
NiHilHOT pezpecii. byno docnioxeHo Habip OaHux trees, Akull BI006PAXAE HENMTHILHY 3aeXHICMb
MIX 03Hakamu. B Habopi micmumecs 1200 cnocmepexeHs 1 mpu 3miHHUx: ID depesa; 8ik Oepe-
8a; 06’em OepesuHu. byna npoananizosara 3anexHicme 06’emy depesuru (Vol) 8i0 8iKy depesa
(Age). Ysaza Ha nokayii depes 0o3s8osuno nidibpamu nozicmuyHy ¢yHKyil Pivapoca 8 sKocmi
(YHKUIOHANbHOT 3a1@KHOCMI, HeNlHILHOK AK 3a napaMmempamMu, mak i 3a 3MIHHOK. /1A OUIHKU
napamempis QyHKuii Piyapdca 6ys10 sukopucmaHo 2eHemuyHul anzopumm. byau o6yucneHi Ko-
ediyieHmu HeniHiliHux modeneli 0/ BUNAOKOBO 0b6paHux nokayil Oepes. [ns oyiHKu sKocmi
mooesiell BUKOPUCMAHO KoegiyieHm demepmiHayii R2.

Knioyosi cnosa: leHemuy4Hul anzopumm, memod HaluMmeHwux KBaopamis, HeMIHI(HA MoOess,
¢yHKyia Pivapdca, napamempu modeni.

Bcryn

CTaTUCTMUYHE MOJETIOBAaHHSI Ma€ BaykK/MBe 3HAUEHHS IJIS IMiATPUMKU GyHOa-
MEHTAJIbHUX i HAYKOBUX TilIOTE3 B TEOPETUYHMUX IOCIIIKEHHSIX, & TAKOX MPOLIECiB
MO/Ie/IIOBaHHS peajbHUX IPOlieciB Ha MpakTuili. OAHi€I0 3 TOTOBHMUX MPoOIeM, sIKa
BMHMKAE TP MOOYIOBi Mojeseil € BpaXyBaHHS HEIiHifHOCTeH, SKi MpuTamMaHHi
Tpoliecy, SIKMii MoOJeTIoeThcsl. Momeni 3 HesiHiltHOCTSIMM, ab0 HeMiHiliHI Mogeti
MaIOTh BEJIMKY KiJIbKiCTh MPUKIAAHUX 3aCTOCYBaHb Y QisMUHMX, 6iOTOTiYHMX Ta CO-
LiaJIbHUX HayKax, 6i3Heci, iHXkeHepii, eKOHOMIIli Ta yrpasiiHHi [1-3]. Ha cborogHi-
IIHil IeHb BM3HAUeHa Ta YCITIIIHO 3aCTOCOBAHa BeJiMKa KiJIbKiCTh HeiHITHUX Moe-
Jieli 0Jisl BUpilleHHs pisHUX 3aBAaHb. OIHAK iCHYE BeMKa KiIbKiCTb CUTYallii, SIKi He
MOKYTh OYTY HeJIiHiiTHO 3MOJIe/IbOBaHi uepes3 Te, M0 CUTYaIlii MOXYTb OYTU CKJIa/I-
HUMM 200 MaTeMaTUYHO, UM CTATUCTUYHO BasKKOpPO3B’sa3yeMi. HeniHiliHa moBemiHka

IesIKUX BiJHOCHH YCKJIAJHIOE 3aBIAaHHS MiHiMi3allili BTpaT KOHKPeTHOI MOJei, sSKa

© Kauninina I.0., T'osknit O.I1., Heuaxin B.B., Illusu C.I., 2023
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MOsKe OYTM JOHATKOBO yCKIaJHeHa MaTeMaTUUHMMU XapaKTepUCTUKaMU TIPUKIA[I-
HOI MO eJIi.

OpnHiM i3 3aco0iB MOJOMAHHS TaKMX MIPOOJIEM € 3aCTOCYBAHHS HENiHITHUX pe-
rpeciiinux Mopmeneil. HemiHiliHa perpeciiiHa Momaenb — Ilie HediHiliHa QYHKIiS 3
MIpUHAMHI OFHI€0 He3aJeXXHOI 3MiHHOIO Ta OAHI€I0 3a/JIeXKHOI 3MiHHOIO [2]. Oc-
HOBHMM 3aBJaHHSIM 151 TOOYI0BY HeJTiHifiHO1 perpeciiiHoi MojiesTi € BU3HAUYEHHSI Ta
oliHKa mapameTpiB. OIiHKa MMapaMeTpiB, 10 CyTi, € TUIIOM 3aJa4i ONTMMi3allii, 10
Jla€ 3MOry ii po3B’sI3yBaTy 3a AOIMOMOI0I0 CTOXaCTUUHUX aJITOPUTMIB, 1ie IMpeJCcTaB-
JISIE MOSK/IMBICTh BUKOPUCTAHHS TaKMX aJTOPUTMIB, 11100 BiAIOBigaTH MoaensiM He-
niHitHOI perpecii. OgHaK Taki aArOpUTMM MalOTh 0OMeXEeHHS MOA0 CTabiTbHOCTI Ta
CTilKOCTi iX pe3ynbTaTiB [1]. [Ipuknamom € reHeTnuHMit anroputm (T'A).

F'eHeTUYHI aATOPUTMU € €BPUCTUUHMMU MEeTOAAMM IIOIIYKY, SIKi eMYJIOITh
MIPUPOAHY FeHEeTUKY Ta JapBiHiBCbKi MIPUMHIUIIA eBOIOIiMHOTO Bigoopy [4]. [eHeTu-
YHi aITOPUTMM BUKOPUCTOBYIOTD [IJISI BUPillIeHHS MIMPOKOro KoJjia 3aBAaHb, TAKUX SIK
IMCKpeTHA OITMMi3allisi, 6araToKpuUTepiiiHa ONTUMi3allis, IOIIYK i reHepallisi HOBUX
pillleHb, a TaKOXK [J1s1 BUPillleHHs 3a/1a4 HeJliHiitHOo1 onTuMisalii [5]. BiH cknagaeTsb-
s 3 HAO6OPy MOTYKHMX MOITYKOBMX 3aCO0iB €BPUCTUKM [6] i TpUAATHMIA IJIs1 TIPOTHO-
3yBaHHS HEJHIHUX ITapaMeTpiB, 3aBASKM CBOIl OCHOBHIN XapaKTePUCTUKU OTPU-
MaHHSI KiJIbKOX pillleHb 3 KOXHOI0 iTepaiii€elo [7]. BpaxoBywoun 1ie, Ta oOMekeHHS
TPAOUIITHNX HEeJiHIMHUX aJTOPUTMIB OITMMIi3allii, TAaKMX SIK aJroputm JleBeHoOep-
ra—MapkBap/Ta, KoM MMOYaTKOBI MPUIYIleHHsI TTapaMeTpiB MaloTh OyTM BM3Haue-
HYMM Ta IPU3BOAUTY 0 30iKHOCTI OI[IHOK ITapaMeTpiB, METaeBPUCTUKM, TO reHe-
TUYHUI aJITOPUTM MOXKe OYTU BUKOPUCTAHO, IJIsI TOTO 1106 06paxyBaTy mapaMeTpu
HeJiHIIHUX MoJeieil.

ITocTaHoBKa MpooG/ieMu

MeTo10 maHoi poOOTH € TOCTiAKeHHS MTPOolleCcy BM3HAUEHHS Ta OI[iHKM TapaMe-

TPiB HENiHITHMX IPOTHO3HUX MOJIeJieli 32 JOTIOMOTOI reHETUYHOTO aJlTOPUTMY.
AHaJi3 ocTaHHIX JOCTiI)KeHb

[Mopsin i3 YMCIeHHMMHM YCITIITHUMMM 3aCTOCYBAaHHSIMU B IIMPOKOMY PSIAL OUCLIM-
TUTiH [4-6], TeHeTUYHi aJiropuT™Mu OyJM 3alPONIOHOBAHI JJIs1 BUPillleHHS 3aBlaHb pe-
rpeciiiHOro aHasisy. BimnmoBigHi mociimkeHHSI MOKHA pO3AIMIUTU Ha Tpu rpynu: I'A
IJIS1 OLIiHKM TTapaMeTpiB perpeciitHoi mogeti, I'A siki imeHTMUGiKyIOTh perpeciiiHy mMo-
Ienb IJ1s maHoi mpobsemu, i I'A sIKi BUKOPUCTOBYIOTh SIK JIJISI OI[iHKM, TaK i i igeH-
Tudikailii perpeciitHoi mogerri.

Jlo mepiioi rpynu MOXKHa BiJHECTU HACTYITHI HayKoBi myb6Jtikaliii. B po6ori [5]
OIL[iHEHO TapamMeTpu JIiHiliHOI Ta IBOX HEeJiHITHUX perpeciiiHuxX mMojesei 3a A0I0-
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moroio I'A. B pob6ori [8] BukopucToByioTh ['A s BupillleHHS 3aAadi igeHTudikarii
rnapameTpiB JiHiiHUX i HemiHiIHKUX 1MdpoBUx GinbTpiB. ABTOPU poboTU [9] BUKO-
PUCTOBYIOTH HediTKuit ['A mjisi 3HaxomkeHHs (QYHKI[IOHATbHUX 3B’SI3KiB MiXX HeUiT-
KuMM 3MiHHUMMK. B pobori [10] aBTOpamMu 6y/s0 BMKOHAHO aHaji3 TPbOX TeCTOBUX
3aBJIaHb 3a IONTIOMOTOI0 T€eHETUYHOTO aJIrTOpUTMY. ABTOpU poboTu [4] pospobwim I'A,
CTilikKMii 1O BUKUZAIB, i TIepeBipuiIn 1Oro Ha ITSITU TECTOBUX 3amavax. B poboTi [6]
BUKOPUCTOBYETHCS IBi TECTOBI 3a/iaui, SIKi TeHETUYHMIA aJITOPUTM MOKe BUKOPUCTO-
ByBaTU 151 OL[IHKM napaMeTpiB. B [7] nmpencrasieHo 3actocyBaHHs ['A 1151 3aBaHb,
SIKi BKJIIOUA/IM 3a7ayi OL[iIHKM MapameTpiB JiHiIiTHOI, MHOKMHHOI JIiHilfHOI Ta Joric-
TUYHOI perpecii.

o apyroi rpynu BiZHOCSTbCS HACTYIHI po60oTHu. B [8] BUKOPUCTOBYIOTH reHe-
TUYHUIA aITOPUTM, SIK TIOYaTKOBe 3HAUe€HHSI MEeTOAMKM OIiHKM IlapaMeTpiB perpe-
ciitHoi momesni. B po6oTi [9] BUKOPUCTOBYIOTH MiAXiJ HA OCHOBi FeHETUYHOTO aJIrO-
PUTMY IJis1 MEeTOJly TOIIYKY HaliMeHIIOro abCOMIOTHOrO BimxuiaeHHs. B po6ori [10]
O0yB MpeacTaB/JeHUii TeHETUYHII aJITOPUTM /ISl BUSIBJIEHHSI (QYHKI[iIOHAJIbHOI CTPYK-
TYpU MOJEeJi, B SKOMY 3a JIOIIOMOI010 ajaroputmy JleBeH6epra—MapKBap/Ta OlliHIO-
I0ThCSI TapaMeTpHu.

B TpeTtio rpyny BxogaTh po6otu [11-13]. B po6oTi [14] BBOASTH B HEJiHiliHY
MOJieib aJITOPUTM imeHTMUdiKallii Ha ocHOBi I'A /IS HeMHIMHMX pallioHaJIbHUX MO-
neneit. B pobori npencrasnaeHo [15] iepapxiuHuii miaxin, sKuii BUKOPUCTOBYE TeHe-
TUYHUI aJTOPUTM He TiJIbKM JJisl TOTO, 11006 BUSIBUTU (YHKIIOHAIBbHY CTPYKTYpPY
MOJeJIi, a ¥ JIs1 OL[IHKM ITapaMeTpiB MOZeJTi.

Pe3ynbTaT JOCTiI)KeHHS Ta iX 00rOBOpEeHHS
PosrisisHeMO BMKOPUCTAHHSI HENiHIHOrO MeTony HaviMeHmux ksaapartie (MHK),
171 3HaXOJIsKeHHST KoedillieHTiB perpeciifiHOro piBHSIHHS 3a JOIOMOI0I0 reHeTUYHO-
ro aJITOPUTMYy Ha HabOpi JaHMX trees, M0 HAIEXUTDb A0 6ibmioTekn spuRs. YV bomy
Habopi mictutbes 1200 crocTepeskeHb i Tpu 3MiHHUX: ID mepeBa, sIKuii BKJIIOUA€E
HOMep po3TallyBaHHS, JIOKallii Ta HOMep JepeBa; BiK JepeBa; 00’eM ImepeBUHMU B
Ky0. 1M. PosrisamaeTbcs 3anexkHicTh 06’emy gepeBunu (Vol) Bim Biky mepeBa (Age).

Burnsig Habopy JaHUX Tic/Ist 3aBaHTaXKeHHS MIPeCTaBIeHO Ha PUCYHKY 1.

Rows: 1,200
Columns: 3
§ ID

1, 1.1.1, 1

1.1.1
.1.2
§ Age 9.6
9.2
5.0

, 1.1.1, 1.1.1, 1.12.1, 1.1.1, 1.1.1, 1.1.1, 1.1.1, 1.1.1, 1.1.1, 1.1.1, 1.1.
1.1.2, 1.12.2, 1.1.2, 1.

19.67, 29.67, 39.67, 49.67, 59.67, £9.67, 79.67, 89.67, 99.67, 109.67, 119.
67, 129.67, 19.21, 29.21, 39.21, .
§ vol 38.0, 123.0, 263.0, 400.0, 555.0, 638.0, 820.0, 928.0, 1023.0, 1104.0, 1156.

0, 1219.0, 6.0, 53.0, 152.0, 286.0, 465.

1]
Pucynox 1 — Habip nanux trees
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Jyist aHami3y XapakTepy 3aB’SI3KiB aHaJi3yeThcsl Ipadik 3a/IeXXHOCTI 06’eMy ne-
peBuHu (Vol) Bif Biky nepeBa (Age) (puc. 2a).

[Tpu BidyanbHOMY aHasli3i BUSIBJIEHO HAsIBHICTb AOAATKOBMX O3HAK, SIKi BILJIU-
BalOTh Ha 00’e€M JlepeBMHMU. 1151 TOAAbIoi po60TH 06MpaloThCs uilie NaHi IS fe-
peB 3 MeBHMM MicClleM po3TalllyBaHHsI, Hampukiazm, ID = 1.3.11 (puc. 26). B pe3ynbTa-

Ti BUbipKa Mae 12 cmocTepeskeHb Ta ABOMAa 3MiHHUMM (pUC.3).

2000~
1000~

tree$Vol
tree$Vol

1000

: __..J«f.ffrg-f

tree$Age

tree$Age

PucyHnok 2 -I'padiku 3aneskHocTi 06’emy mepeBunu (Vol) Bif Biky gepeBa (Age)
a) IJ1s1 IIOBHOTO Habopy maHux; 6) g Bubipku ID = 1.3.11

Rows: 12

Columns: 2

§ Age 2.44, 12.44, 22.44, 32.44, 42.44, 52.44, 62.44, 72.44, 82.44, 97.44~
g vol 2.2, 20.0, 93.0, 262.0, 476.0, 705.0, 967.0, 1203.0, 1409.0, 1659.0~

PucyHok 3 — Bubipka 3 Habopy maHux trees

3anexxHicTb 00’eMy aepeBMHM (Y) Bill 0TO BiKy JepeBa (X) OMMCYETHCS 3a [I0-
MoMOrolo JiorictuuHoi dyHKkii Pivapzaca [5]:
y=a(l—e ?¥)".
HacTyrmHuM KpoKoM OyJe 3acTOCyBaHHSI MeTOJy HaiMeHIIMX KBaApaTiB
(MHK). [TapameTpu SIKOTO BXOOSTb B HEJIHIUHY MOJIENb:
12 2
a,b,c:argminz(Voli—a(l—e_bx)c) :
a,b,ci=1
MiHimizallisi cyMu KBaJipaTiB MOMMJIOK BUPIIITYETHCS, 32 JOIIOMOTOK TeHeTUY-
HOTO ajnroputmy. B cepenoBuiii mporpamMyBaHHS R reHeTUUYHMIA aJiTOPUTM peatizy-
€TbCS 3a Joromorol (yHKIi ga, sska makcumisye fitness-yHkiiito. BoHa 3amaHa
3a37ajeriib.
Tak sIK ITOCTaB/IeHO 3aBJAaHHS MiHiMi3allii, TO CKOPUCTAEMOCSI HACTYITHUM (aK-
TOM:

arg mén(@) = arg mén(— O).

[l 11boro HeoOXimHO 3amaT QyHKIIito Pivapaca. BoHa 6yme BuKopucTaHa Ajist
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fitness-¢yHKIIiI0, IKa BKa3aHa B apryMeHTax (QyHKIIii ga. 3amaeTbcs dyHKIis fit cy-
MM KBaZpaTiB moMmiaoK. OyHKIIis Tpyu pob0Ti BUBOAUTH B KOHCOJIb 3HaUeHHS fit Ha

KOXKHIil1 iTepallii anroputmy (puc. 4).

iter = 1 | Mean = -71956884. 8 Best = -543228.9
iter = 2 | Mean = -63488550. 80 Best = -60568. 38
iter = 3 | Mean = -54229145.71 Best = -16069.03
iter = 4 | Mean = -49497174,27 Best = -16069.03
iter = 5 | Mean = -42940214. 660 Best = -4380.708
iter = 6 | Mean = -38641933.25 Best = -4024.16
iter = 7 | Mean = -30580733.91 Best = -4024.16
iter = § | Mean = -23764633. 39 Best = -4024.16
iter = 9 | Mean = -15770500.00 Best = -4024.16
iter = 10 | Mean = -11832425.11 Best = -4024.16

PucyHok 4 — 3HaueHHs fit Ha KOKHil iTepailii aaropurmy

Pe3ynbTaT pob0TM T€HETUUHOTO aJITOPUTMY 3aJ€KUTh Bill TOrO, SIKUM YMHOM
HaJIallITOBaHi itoro mapameTpu. [Ipu peasnisallii reHETUUHOTO aJTOPUTMY OYyJIM BCTa-
HOBJIEHi HACTYIIHI TapaMeTpu:

- Popsize=500 — po3mip mnormynsiiii;

- Maxiter=5000 — MmakcuMaJibHe YMCJIO iTepalliit, micas SKoro po60oTa reHeTu-
YHOTO aJITOPUTMY MPUITUHSIETHCS;

- Run=200 - 4ucia0 MOC/IiTOBHMX IIOKOJiHb 6€3 Oyab-sSIKOro ITOKpallleHHS B
3HAuUeHHi fitness-QyHKIIii mepe 3yIIMHEHHSIM aJITOPUTMY.

Ilns omepallii cesiekilii BUKOpUCTaHa BUMNaaKoBa cxema. [Ipu omepaiiii myTaiiii
BUKOHYETHCSI 3MiHa BMUIIAIKOBO 0OpaHoro 6ita. By omepariiii KpocoBepy — OqHOTOU-
KOBUi1. KpocoBep BUKOPUCTOBYETHCS A1 80% XpOMOCOM KOKHOTO IMOKOJIiHHS.

KiH1eBMM pe3yiabTaTOM 3aCTOCYBAHHSI TeHETUUYHOTO aJITOPUTMY € Tifmbip ma-
pameTpiB ¢yHKIii Piuapmaca. Ha pucyHKy 5a mpeicTaB/IeHO pes3yabTaT poOOTH TeHe-
TUYHOTO A/ITOPUTMY (TTig60p mapameTpiB QyHKIIi1).

B pesynpTari migbopy mapamerpiB OTpMMaHO HACTYIIHE PiBHSHHS perpecii:

y:3597.809(l_efb0.015x)2.780.

O6unceHe 3HaUeHHS KoedinieHTy netepminaiii R2 = 0.9996 cBiguuTh mpo Bu-
COKy sIKicTb Mopmesni. Ha ocHOBi mociigskeHOI Mojesli OTpUMMAaEMO IMPOTHO3 00’eMy
InepeBUHU BiJl BiKy mepeBa. ToukoBuit rpadik BUXiTHUX TAHUX, MOOEe/bHI 3HAUEeHHS
o ¢yHkuii Pivapaca (rmagka yopHa JIiHisI) Ta IPOTHO3 00’€My JlepeBUHM Bif BiKy
nepesa o 200 pokiB (Iy1afKa YepBOHA JIiHisT) ITpeIcTaB/IeHO Ha PUCYHKY 50.
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GA settings:
Type
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Population size

Number of generations

Elitism

crossover probability
Mutation probability

Search domain =

ab
lower 3000 0
upper 4000 1

GA results:
Iterations

Fitness function value

solution =

d
[1,] 3597.B809 0.01541044 2.780185
a)

c
2
4

500
5000
25
0.8
0.1

503

(=2

real-valued

-2774.012

C

3000 -

[S]
o
o
o
1

tree$Vol

1000 7

100 150
tree$Age

6)

PucyHoK 5 - a) pesynbTaTyt migbopy nmapameTpiB PyHKIIii;

6) rpadik BUXigHUX JaHMX Ta OTpuMaHoi QyHKIii Piuapaca

3 MPOTHO30M 00’€MY JIepeBMHM BiJl BiKy mepeBa 1o 200 pokiB

200

Ha pucyHky 6 mpepacTaB/iieHO 3MiHM 3HaueHb fitness - GyHKIIiI Big umcia ite-

palliii reHeTUYHOTO aJTOPUTMY.

Fitnags valua

=1e=07

“Bas+07

i +0T

-
'

~Te+l7

W#me

+— Pt
Mean
edian
| ] ] ]
100 200 300 400 SO0
Generation

PucyHOK 6 — 3MiHa 3HaueHb fitness-yHKIIii BiJ yMcia iTepailii
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Tabanig 1
[TapameTpu HemiHitHOI GyHKIIT Pidapaca ajist pisHuX BUOipoK 3 HAOOPYy JaHUX
Ne ID n a b c R?
1 1.3.11 12 3597,809 0,015 2,780 0,999
2 2.4.7 13 3999,838 0,014 3,367 0,995
3 1.1.3 14 4000,000 0,013 2,624 0,998
4 5.7.21 13 3000,418 0,002 2,000 0,993
5 3.1.12 14 3346,793 0,010 2,822 0,999
6 5.4.10 13 3001,146 0,010 3,226 0,999
7 4.7.15 11 3999,981 0,007 2,837 0,992
8 4.5.37 12 3000,001 0,005 2,192 0,999
Becb Habip ga-
i 1200 | 3999,999 0,007 2,078 0,497

Iyig aHasTi3y 3MiH mapamMeTpiB HeiHiliHOI QYyHKIii 6epeTbcs BUIAIKOBO pPi3Hi
BUOIpKM JaHUX i3 reHepaabHOI CYKyITHOCTI 3a Joromoroio osHaku ID. ITapameTrpn
HeJTiHilHO1 ¢yHKIii Pivapaca mpencraBiaeHo B Tabauili 1. ISt OLiHKYM TOUYHOCTI MO-
nesi B Tabmuili 1 TakoX MpeAcTaBIeHO BiAMOBiAHI 3HaUeHHS KoeillieHTy AeTepMi-
Hanii R2.

BucHoBKU

B po6oTi mpeacTaBaeHo MOC/TiIKeHHS MOITYKY MapaMeTpiB HeliHiliHOi perpecii
3a JOIOMOTOI0 TeHETUUYHOTO aJIrOpuUTMy. Byrno mocigskeHo Habip JaHUX «trees», 110
BimoOpaskae CKIaJHMII HelTiHiitHuit poliec. [Is1 aHaIi3y 3MiH mapamMeTpiB HesliHii-
HOi GyHKIIii, 6y BUKOPUCTAHi BUIIAAKOBi BUOiIpKM MaHMX i3 TeHepaIbHOI CYKYITHO-
cti. l'onoBHa yBara B Habopi gaHux 6ysna chokycoBaHa Ha Jyiokallii gepes. Ile mo3Bo-
JIAJTO Tixi6paTy oricTuuHy QyHKIIi0 Pivap/ca B IKoCTi GyHKITIOHAIBHOI 3a/I€KHOC-
Ti. BOHA € HeJliHITHOIO SIK 3a mapamMeTpaMu, Tak i 3a 3MiHHOM. [IJ1s OLIiHKM ITapaMeT-
piB dyHKIIii Piuapaca 6y/10 BUKOPUCTAHO TeHETUUHMIT aJITOPUTM. BUicOKe 3HaUeHHS
KoedillieHTy meTtepMiHallii R? miaTBepAMIO SIKiCTh MOZe/ielt Ha BCiX AOCTiIKyBaHUX
BUOipKax 3 HAOOPY JTaHUX.
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Synthesis of the parameters of a nonlinear predictive model

using a genetic algorithm

The article deals with the definition and estimation of the parameters of a
nonlinear regression model using a genetic algorithm. Parameter estimation is a type of
optimization problem that can be solved using stochastic algorithms, which presents the
possibility of using such algorithms to fit nonlinear regression models. The trees data set,
which displays the non-linear relationship between traits, was investigated. The
nonlinear method of least squares (NLS) was used to find the coefficients of the
regression equation using a genetic algorithm on the trees data set belonging to the
SpuRs library. The set contains 1200 observations and three variables: tree ID; age of the
tree; volume of wood. Visual analysis revealed the presence of additional signs that affect
the volume of wood. Only data for trees with a certain location are selected for further
work. As a result, the sample has 12 observations and two variables. The dependence of
the volume of wood (Vol) on the age of the tree (Age) was analyzed. Attention to tree
locations made it possible to choose the Richards logistic function as a functional
dependence, nonlinear both in terms of parameters and variables. A genetic algorithm
was used to estimate the parameters of the Richards function. The result of the work of
the genetic algorithm depends on how its parameters are configured. When implementing
the genetic algorithm, the following parameters were set: population size; the maximum
number of iterations after which the work of the genetic algorithm stops; the number of
consecutive generations without any improvement in the value of the fitness function
before stopping the algorithm. A random scheme was used for the selection operation. A
mutation operation involves changing a randomly selected bit. The type of crossover
operation is one-point. Coefficients of nonlinear models were calculated for randomly
selected tree locations. The coefficient of determination R2 was used to assess the quality
of the models.
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M.I. TBepmocTy1
OCOBJIMBICTG PIIIIEHHSA 3AJJAY MIHIMI3ALII BYJIEBUX ®VHKIIINA

AHomauis. lowyk mMiHiManbHoOi ghopmu 6ynesoi pyHKUIT € 0608°a3K08UM 018 NO6YO0BU N02T4HOT
cxemu yugposozo asmomamy, skuli npoekmyemscs. Ha npuknadax miHimizauii 6ynesoi yHKyii,
3a0aHOT aHANTMUYHUM BUPA30M MA KOOPOUHAMHUM cnocobom y suensadi diaepamu Beliya, niom-
BepPOXKeHOo, W0 pilleHHAM 3a0ayi MIHIMI3auii € 3HAXO0KEeHHS He 00H020 BUNAOKOBO20 300paXeH-
HA, G MHOXUHU BCIX MOX/UBUX 300paxeHb 015 3a6e3nedeHHs 8 N0OANbWOMY MOXIUBOCMI BU-
6opy onmumanbHo20 pilieHHs npu nobydosi yugposo2o asmomamy.

Knwoyosi cnosa: anzopumm KealiHa, 6ynesa ¢yHKkyis, diaepama Beliya, Ou3’toHKYis, KOHCmumye-
HmMa 00UHUY], KOH IOHKUIA, 10219HA CXema, MIHIMI3ayid, npocma iMnaiKaHma.

ITocraHOBKa mpo6siemMmu. BuBueHHsT cTygeHTaMu OUcHUILiHY «KoMm’'ioTepHa
JIoTiKa» Tependavyae oraHyBaHHS MeTOJaMM MiHiMizallii 6yn1eBux yHKIIiI /IS 1Mo-
O0yIoBYM HaOLIbII ONITUMAIbHMX JIOTIYHUX CXeM IIMOPOBUX aBTOMATIB.

Bimomo, mo moBinbHa OyneBa (YHKIiSI MoOske MaTu 0e3jliu eKBiBaJeHTHUX
dopm[1, 2], Tinbku mOCKOHa/Ma O3 IOHKTUBHA (200 KOH'IOHKTMBHA) HOpMaJibHa (o-
pMa Mae€ onHe 300paskeHHs. Pe3yibTaToM MiHimi3allii, B3arasi, Mmoxke OyTu He OfHe,
a JeKisbKa piBHO3HAUHMUX 300pakeHb Oy/eBOi (QyHKIII 3 HaMEHIIOK KibKiCTIO
3MiHHMX i JIOTIYHMX oIlepalliit 3 HuMu. [IpoTe, MOKIMBY MHOXMHY 300paskeHb MiHi-
MajbHOI dopmu 6yneBoi GYHKIIii He 3aBXAM BpaXxOBYIOTb IIpM BUPIllleHH]i 3a/1a4 Mi-
Himiszarii. JlocuTh 4acTo pe3yJbTaTOM MiHiMi3allii IpUBOAATh TiIbKM OIHE 300pa-
>KeHHSI, BBaXKalouu IIpu 11bOMY, 1[0 3a7jauya BUpillleHa OCTaTOYHO. Take pillleHHSIM €
IaJIeKO HeMOBHMM, BOHO B TTOAAJIbIIOMY He J1a€ MOSKIMBOCTI [IJIsI BUOOPY ONMTUMAaIb-
HOI JIOTiUHO1 CXeMM CTBOPIOBAHOTO LIM(PpoBOro aBToMarty|[3] .

Merta pociimxkeHHsi. MeTowo pob60TH € 0OrpyHTYBaHHSI HEOOXiTHOCTI TMOIIYKY
BCiX MOK/IMBMX 300paskeHb MiHiMa/IbHOI popMu OyyieBOi PYHKIIii [1j1s1 3a6e3meueHHs
MOSK/IMBOCTi BMOOPY ONITUMA/IbHOTO PillleHHS.

OcHoBHa vacTuHa. [locTaBieHe 3aBAaHHSI BUPIIIMMO LIISIXOM aHaJli3y MiHi-
Mi3aliii gestkoi moBibHOI OysieBoi PyHKIIii f, Ika Ma€, HaIPUKIad, BUTTIS,

f=YE +n Xy, M

© Teeppoctym M.I., 2023
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Kanoniuna ¢dopma mnouaTtkoBoi ¢yHKIi (1) Moxke OyTM mpeicTaBjeHa SIK
I3 I0OHKTYBHA HOpMasibHa hopma y BUTTISAL
f=X¥VZ +YVZ Xy | (2)
IIpoBememo MiHiMi3alio 6yneBoi ¢yHkuii (1) aHaTITUUHMM CIIOCOGOM 3a Bi-
nomum anroputmoMm Ksaiina[2]. Lleit airopuTm BuMMarae ob60B’SI3KOBOi HAsIBHOCTI
JIOCKOHAJIO1 AM3’IOHKTUBHOI HOpMaIbHOI hopmu OyneBoi GyHKIIii, Ky Tpeba MiHi-
mizyBaTu. [IJisI 1IIbOTO eleMeHTapHi KOH’IOHKIIii 300paskeHHS (2) MEepeTBOPMMO B
KOHCTUTYEHTU OAVHMUILII IIVISIXOM AOMOBHEHHS BiACYTHIMM apryMeHTaMu X Ta Z (s
IPYroi Ta TpeThOl KOH IOHKIIi/ BiAIIOBILHO), ONMMMPAOYMCh HAa TaKi IepeTBOPEHHS
VZ=Vz(x +X)=xVz + XVZ, 3)
Xy =xy(z+2z)=xyz +xyZ. 4)
3 ypaxyBaHHSIM (2), (3) Ta (4) 3anuineMo 300pakeHHSsT ToYaTKoBoi GyHKIIi (1) y
BUIJISIZI JOCKOHAIOI AM3’ IOHKTMBHOI HOpMasIbHO1 hopmm
f=XVZ+XVz+ Xxyz + XyZ + xyz . (5)
o (5) 3acTocyemo orepaliilo HeIIOBHOI'O A3 IOHKTMBHOTO CKJI€IOBAHHS BiJIIlo-
BiJHMX KOHCTUTYEHT, a came: Iepuioi 3 OPYyrow, APYyroi 3 TPETbOK, TPEThOI 3
IT’SITOI0, YeTBepTOi 3 IT’SIT010. CKIIeI0OBaHHS Ja€ MOKIMBICTb 3HANTU MPOCTi iMITiKa-
HTM XV, ¥z, XZ 1 Xy, £AKi BUKOPUCTAEMO [yiI CTBOPEHHS CKOPOYEHOi

I3’ IOHKTUBHOI HOpMajbHO1 hopMM 3amaHoi 6yneBoi GpyHKITii (1)

f=xXy+yz+xz+xy. 6)
Bynyemo imrutikaHTHY Tabnuiio KBaiiHa i3 KOHCTUTYEHT OJMHUIIL i MPOCTUX
IMITTIKaHT.
Tabmuisg 1
IMITikaHTHA Ta6MIIS 10 MiHiMizarii QyHKIii f
IMpocrTi KoHcTuTyeHTU oguHuUIli GyHKIIT f
N? | iMniikaHTH xyz xyz Xyz XyZ xyz
1 | xz
2 | xy
3 | yz
4 | xy

I3 Tabmuii 1 BUAHO, IO MPOCTi iIMIUTIKAHTY 32 HOMepaMM JBa i YOTUPH € S1-
poMm, 60 TiJTbKM BOHM MTOKPUBAIOTh UETBEPTY i IT’SITy KOHCTUTYEHTH, OTXKe, iMITiKaH-
TU 32 HOMepaMM ABa i YoTupu 6yayTh 000B’SI3KOBO BXOAUTY A0 CKIATy MiHiMa/JIbHO1

dyukirii. i iMImIikaHTY TaKoXX MTOKPUBAIOTh MEPITY i TPETI0O KOHCTUTYeHTH. [Ijis T10-
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KPUTTSI KOHCTUTYEHTH 3a HOMEpPOM JBa MOKHa 00paTy mepury iMIutikaHTy. BuaHo,
10 Habip iMITikaHT 3a HOMepamu 1, 2 i 4 TOKPUBAE BCi KOHCTUTYEHTU OAUHUIT (y-
HKIIii f, TpeIcTaBaeHOI0 y BUTJISIAL 300paskeHHSI JOCKOHAIOI A13 IOHKTUBHOI HOpMa-
nbHOI dhopmu (5). Lleit Habip iMIUTIKaHT 06’€IHYEMO OIepalli€ro 13’ I0HKIIi i, B pe-
3yJAbTaTi, OTPUMYEMO 300pa’keHHSI MiHiMa/JbHOI  (TaKOX 1  TYIIMKOBOI)
I3’ IOHKTUMBHOI HOpMasibHOI opmu OyneBoi dyHkiii f, 3amaHoi y Burisimi 306pa-
>keHHSIM (1)
f=xy +Xy¥ + xz. (7)

CaMe Ha IIbOMY MiCIIi, TOCUTh YaCTO, BBAXKAIOTh, 1110 3a/Jaua BXe BuUpilieHa, 60
niicHO 3HalimeHa MiHiMasbHa dopma (7) 3amaHoi 6yneBoi ¢yHkiii (1). IIpoTe, i3
MOJAJIBIIIOTO PO3MISAY IMIUTIKAHTHOI Tab/INIlI BUTUIMBAE, IO AJISI TOKPUTTS KOHCTU-
TYeHTU 32 HOMEpPOM JIBa MOXXHA 3aMiCTh iMILIIKAaHTY 32 HOMEPOM JIBa 00paTy TaKOK
MPOCTY iMIUTIKAHTY 32 HOMEPOM TpH, IO BiAMOBiIHO A€ 300paskeHHS ile omHiei
MiHiMasbHOI (popMu 6yneBoi GyHKIii [

f=xy +xy + yz. 8)

OT:Ke, TOBHUM pillleHHSIM 3aJa4i MiHiMi3allii, B lbOMY BUIIAJKY, € 300paskeHHSI
(7) i (8), camMe BOHM CKJIa[al0Th MHOXMHY PiBHOIIpaBHMUX 300paykeHb OyyeBOi GQyHK-
1Iii, Ika B IMMOJAJBIIIOMY MOXe OyTM BMKOpPMUCTAHA [IJisI 3a0e3TMeueHHS] MOKJIMBOCTI
BMOOPY IPY KOHCTPYIOBAaHHI LIM(PPOBOro aBTOMATY.

[IpoBememo MiHimizaliito 6yneBoi pyHkiIiii (1), peacTaB/ieHOi He aHATITUUHUM
crocoboM, a iHmMM, HANpUKIaA, KOOPAMHATHMM Y BUIVIALI JiarpaMu
Beitua [2], HaBemeHOi Ha puc. 1. B Tabauili KOHCTUTYeHTU oauHuULi GYHKILii f po3Ta-
IIOBAaHi B KIiTMHAX 3 KOOPAMHATAMM, SIKi BiZIIOBiZar0Th caMe TMM Habopam apryme-
HTIB 1 IX 3HaueHb, KOH’IOHKIIiSI SIKMX OOPiBHIOE OAMHMIII. BMKOHaeMO orepaiiiio
CKJIEIOBAHHS CYCiIHiX HAOOPiB, SKi BiIpi3HSAIOTHCSI 3HAUEHHSIMM TiJIbKM OJHOTO ap-
rymMeHTa KOHCTUTYeHT. OAMH 13 MOX/IMBUX BapiaHTIB CKJI€I0BAHHSI KOHCTUTYEHT I10-

Ka3aHOo Ha puc.l TOHKMMM JIiHiSIMM OBaJIiB, @ came: KOHCTUTYeHTU Iepuioi i Apyroi
KITITVH BEPXHbOTO PsIIKa CKIEIEMO 3a 3MiHHOIO £ | 1[0 (GOpMYE MPOCTY iMIUTIKAHTY
XYi: KOHCTUTYEHTY B APYTilt KIiTUHI BEPXHbOTO pSIAKa CKIEIOEMO 3 KOHCTUTYEHTOH)

IpYyToi KIITMHM HWKHBOTO psiAKa 3a 3MiHHOWIO Y | lie Ja€ iMIUIiIKaHTy X< ; B HUXK-
HbOMY DPSIIKY CKJIEIOEMO KOHCTUTYEHTU B TPETiii i ueTBepTili KIiTHMHaX 3a 3MiHHOIO
Z i orpumyeMmo imrutikanTy XY. Imrutikantu XY, XY 1XZ 06’eguyeMo omepauieio
IM3’IOHKIIII i OTpMMYyeMO 300paskeHHSI MiHiMasbHOI (popmMM TTOYATKOBOI (PYHKIIii Y
BUTJISIO]

f=xy +iy+ xz. )
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PucyHok 1 — Minimisaiist 6yneBoi @yHKIlii f 3agaHoi

y BUIJISIAL giarpamu Beiiua

IOpyruii BapiaHT (HaBeJEeHO IOTOBIIEHOK JIiHI€I0) CKIEOBAHHSI KOHCTUTYEHT
Ipyroi i TpeTboi KIiTUH HMKHBOTO PSiiKa 3a 3MiHHOIO ¥ Ja€ MOK/IMBICTb OTPUMATU
npocTy iMIutikadTy YZ samict XZ i cpopmMyBaTy ile ogHe 306paskeHHsT MiHiMallb-
HOi hopMM MoYaTKOBOiI QPYHKIII /'y BUTJISIII

f=xy +xy + yz. (10)

OTpumyemo Habip piBHOMpaBHMX 300paskeHsb (9) i (10), sIKuit € MOBHUM pillleH-
HSIM 3a7avi MiHiMi3allii 3 BUKOpUCTaHHSIM KoopauHaTHOro MeTtony. Habip (9), (10)
MIOBHICTIO CcHiBmajae 3 Habopom 300paskeHsb (7), (8), paHille OTpMMaHMUX aHATITUAY-
HMM CITOCOOOM, IIIO CBiIUMTD PO IIPaBUIbHICTh pillleHHS 3aJa4i MiHimi3aIlii, MeTo
SIKOi € 3HAXOJKeHHSI MHOXMHY 300pakeHb OyeBoi MyHKIIiil 1/ 3a6e3meueHHsT MO-
SKJIIMBOCTi BUOODY.

B HaByasnbHOMY IIpoOLieCi NP ONAaHYBAaHHI CTyJeHTaMM MeTOAiB MiHiMi3aril
HeBpaxXyBaHHSI HasIBHOCTI MHOXMHM 300paskeHb MOsKe MPUBECTU IO CIIOTBOPEHHS
OIIiHKM SIKOCTi BifmoBifi . Oco6iMBO 1ie aKTyaJbHO Ha BCTYITHMX iCIIMTaX B Maricrpa-
TYpY, e, JOCUThb UacTo, IepeBipka eK3aMeHalliifHMX PO6iT MTPOBOAUTHCS MOPiBHSIH-
HSIM BiJITIOBizi abiTypieHTa 3 BigMOBiAi0 i3 3a3/aJ1eriib MPUTOTOBIEHOTO TIEPeTiKy,
SIKUI, Ha KaJIb, MiCTUTD TiJIbKM OfHE 300paskeHHs OyeBoi QYHKIIii, [0 TaKOX IpU-
BOJUTD 10 CTIOTBOPEHHS OLIiHKM POOOTH.

BucHoBoOK. IlinTBepakxeHO, [0 KOPEKTHMM DpillleHHSIM 3ajaui MiHimisaliii
oyneBoi GyHKIIii € 060B’sI3KOBe 300pakeHHsT He ofHiei MOX/IMBOI QYHKIIii, a MHO-
SKMHY 300paskeHb BCiX MOXKIMBUX MiHiMaabHUX Gopm 6yneBoi QyHKIILii.
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A peculiarity of solving problems of minimization of Boolean functions

Minimization of Boolean functions is mandatory for the construction of logic
circuits of digital automata. The result of minimization, in general, can be not one, but
several equivalent images of the Boolean function with the smallest number of variables
and logical operations with them. However, a possible set of images of the minimal form
of a Boolean function is not always are taken i nto account when solving minimization
problems. Quite often, the result of minimization results in only one image, while
considering that the problem is finally solved. Of course, such a solution is far from
complete, it does not provide an opportunity to choose the optimal logic scheme of the
digital automaton to be created. The purpose of the work is to justify the need to find all
possible representations of the minimal form of the Boolean function. The task was
solved by analyzing the minimization of an arbitrary Boolean function. The minimization
was carried out analytically according to the Quine algorithm and coordinate using the
Veitch diagram. In both cases, matching sets of images of the minimal form of the
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Boolean function are obtained, regardless of the chosen method of minimization. This
testifies to the correctness of the solution to the minimization problem, the purpose of
which is to find a set of images of the Boolean function to ensure the possibility of
choosing the optimal solution when constructing a logic circuit of a digital automaton. It
has been confirmed that the correct solution to the minimization problem is a mandatory
image of not one possible function, but a set of images of all possible minimal forms of
the Boolean function.

BukopucmanHsam memodie MiHimizauii 3a anzopummamu Keatina ma diazpam Beli-
ua niomeepoxceHa 0608’°13K08a HEOOXiOHICMb 3HAXOOHEHHS. MHOMCUHU 300paxceHb MiHi-
ManvHoi popmu Oynesoi pyHkuii 015 3a6e3neueHHs: MOWAUBOCMI 8UOOPY ONMUMAILHOT
JI02IUHOT cCXemMu NPoeKmosaHo20 Uuudposozo agmomanty.

TBepaoctyn Mukosna IBaHOBMY — IOIEHT, K.T.H., JOIIeHT Kadeapu eIeKTPOHHUX
00UMCIIOBAIbHUX MallMH IHIMIPOBCHKOrO HaIliOHAJIbHOTO YHiBepcuTeTy im.Osecs
['oHuapa.

Tverdostup Mykola Ivanovych - Associate Professor of Computer Systems Engi-
neering Department of the Oles Honchar Dnipro National University.
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B.€. Bino3bopos, B.I'. 3aiities, O.B. [Toropenos, O.JI. Xmxa
BUKOPUCTAHHSI METOY HEJIIHITHOI'O PEKYPEHTHOT'O AHAJII3Y
JO TUII3ALIIl JAHMUX YACOBUX PSIIB EJIEKTPOEHIIE®AJIOTPADIL

AHomauyis. Y cmammi po32n1a0aEmbCA NUMAHHA BUKOPUCMAHHA Memody HeniHiliHO20 peKy-
peHmHo20 aHanizy 0o npobaemu munizayii iHpopmayii, wo HadaHa y Buena0i 0aHUX 4aCOBUX
pAois enekmpoeHyedanoepam 3HAMuUx 3 nayieHmy. OnucaHo mMemoOuKa BU3HAYEHHSA CXOBAHOI
iHGpopmayii 015 ybo2o pady ma ii BUKOpucmaHHA 015 nobydosu BiON0BIOHOT peKypeHmMHOi
diaepamu (recurrence plots, RP) y moyku cbomy iHgopmayii. [lokazaHo, wo sukopucmanHsa RP
Mae cymmesi HeOONIKU, AKI NOB'A3GHT 3 BI3yani3ayielo THoOpMayii Ha eKpaHi MOHImopy
Komn’tomepa, momy 3anponoHOBAHO HACMYNHUL KPOK OOCNIOXeHHS - 06paxyBaHHS YuCesbHUX
nokasHukis RP. Ix o6paxysaHHs nompi6Ho 30ilicHUMU 018 KOXHOT MOYKU CbOMY THGOPMAUYi, 8
AKocmi AKux 6yno 3anponoHosaxo y3amu moyku (0, 0, Pz) - ye npase ma nise nomunu4yHe ma
mim'sHe 810Be0eHHA. []4 OMPUMAHHSA YUCeIbHUX 3HAYeHb NOKA3HUKIB RP nponoHyemscs BuKO-
pucmosysamu cepedosuwje Mamnab ma po3pobreHuli 013 uybo2o nakem crptools. HasedeHi
06paxoBaHi NokazHuku RP do3sonunu 30ilicHUMuU munisayito ompumMaHux 0aHUx ma su3Hayumu
mun akit ompumas Ha3sy «HEALTHY-RP», w0 8i0pi3HA€E eninenmuyHi ma HeeniienmuyHi munu
EET.

Kntoyosi cnosa: pekypeHmHull aHanis, enekmpoeHuyeganozpagis, yacosul psao, peKypeHmHa
diaepama, napamemp 3ampuMKU, po3MIpHicme npocmopy skaadeHHsA, JRAQA aHani3, cepedosuuye
Mamna6.

Bctynm i mera. Ha cyyacHoMy eTami aHasli3 peajibHMX JaHUX YaCOBUX PSIiB
pi3HOMaHITHUX MpPOIeCiB HAaOyB IIMPOKOTO IMOMMpPEeHHS. MeToau HeiHiitHOi
OVHAMiKM 6yJI0 YCITIIIHO MPOJEeMOHCTPOBAHO Ha BCUISKMX BiZOMMX MOIEIbHUX
npoiecax. 3a3HauMmMo poboTtu [1, 2], IKi mocaiauam ik pisHOMaHITHI MOJieNbHi 3aB-
OaHHS, Tak 1 peaJbHi  mpolecu,  HANpUKIAL,  BUBYEHHS  JAaHUX
enexrpoeniiedanorpadii (EED) [3-5, 6]. OgHak y 3a3HaueHUX pobOTax MILIOCS MPO
CIIpoOM PEKOHCTPYKIIii cucTeM 3BUYaiMHMX audepeHIiiiHux piBHIHb (3IP) Ha
ocHoBi iH(opmalii ganux yacoBux psaiB EET. ITotim 3'sBunucst pobotu [3, 5, 6] 3i
cripo60I0 BUKOPUCTAHHSI HOBUX ITiIXO/IiB JIJIsSI 3aBHaHb, OB 'I3aHMX 3 KIacudikalliero

© Bino3bopos B.€., 3aiiieB B.T'., [Toropenos O.B., Xmka O.J1., 2023
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inbopmariii ganux enexrpoxkapmiorpadii (EKT) ta EEI. IIpobaema € ckiaamHoIo, ajie
1Ie BUKJIMKAJIO iHIIle 6aueHHs ii po3B’sI3aHHS.

Meta maHoi po0OOTi - 3aIpOIIOHYBATH ITiAXiHd peasisallii IMOIIYKY IlapamMeTpiB
TuUisalii HelpodisiosorivHMx IMaTTepHiB ab0 IATOJIOTi/i TOJIOBHOTO MO3Ky Ha
ocHOBi gaHux EEI' 3a mormomMoromw uuceabHUX IMTOKa3HMKIB HeJTiHITHOTO peKypeHTHO-
ro aHasmi3y.

Ornsap mpooseMu Ta ii aHaxis. ['ojoBHA mpobjiemMa aHaIi3y 4acOBOIO PSIY
TIOJISITA€ B TOMY, IO JJISI TTIOOYIOBM peKypeHTHOi miarpamyu (RP) HeoOXigHO JOCUTH
TOUYHO BM3HAUUTH MIPUXOBaHi mapamMeTpy m i 1. m -1ie po3MipHiCTh IIPOCTOPY BKJA-
IIeHHST 4YaCOBOTO PSIAY, IS SIKOTO BUKOHYETHCS aHasli3, a T - mapaMeTp 110oro 3aTpuM-
Ku. [1o BU3HAUeHHS AAHUX MapaMeTpiB JesiKi JOCHiHUKHA [3, 5-6] MOCTaBUIUCS CYyTO
dbopmanbHO, M0 € IOMMIKOBMM 3 TOUKM 30pY CUMHEPreTMKM, a TUM OislbIie
HeJliHiliHO1 muHaMiku. Lle muTaHHS IOB’sI3aHe 3 MMPaBWIbHOIO IT00YI0BOI0 RP, TOMY
110 J1aJTi, Ha ii OCHOBIi, OYAY€EThCS TOV UM iHIINIE aATOPUTM ab0 IMiAXid 10 BUpPilIeHHS
npobiaemu Kiaacudikaimii. Ko Ha HAHOMY eTari 3poOMTM MMOMMIKY, TO HaBiTh
mtydyHuii intenexkt (LII) y Burisigi HelipoHHOI Mepeski HaBpsiZ, UM MOTIM 3MOKe J0-
nmoMorTu. IlifTBepAsKkeHHS 1IbOMY MO’KHA 3HaTU Y po60Tax OJJHOTO 3 aBTOPiB peKy-
peHTHOTO a”anizy H. MapBaHa [4]. Ha mauuit uac po3pobsieHo Ta peanizoBaHO 6araTo
aJITOPUTMIB, 110 AO3BOJISIOTh BU3HAUNUTY 3a3HaUeHi TapaMeTpu.

Y poborax [3, 5] nns o6panux curHaniB EET mobymoBa peKypeHTHOI JiarpaMu
Ta il moJa/bllINiA aHaJi3 MPOBOAMBCS 3a AOMOMOTOK HelipOHHOI Mepexki. HaBeneHi B
pO0OOTi 3HAUEHHST MapaMeTpPiB M i T BUK/IMKA€E NMUTAHHS, HAa SKi ITOKM IO BigmoBimi
Hemae. Y pobori [6] s curHamy EKT Texk 6ymyBanacst RP, 06po6ka sikoi rmpoBomia-
csi rpadiyuHMMmM Mertomamu. 3HAUEHHS IMX IlapaMeTpiB TeXK He HaBOIUTHCS.
CTBepIKy€eThCS, 110 OTPUMAaHI pe3yabTaTy € 3aJ0BUIbHUMU. TUM He MeHIl, i 1eii, i
iHIIII MiAXOAM MAKTh ITPABO HA KUTTSI.

[IpoTe oTpuMaHi crieniajgicTaMy B Taay3i MPUKIaAHOI MaTeMaTUKU pe3yabTaTu
He € 3pO3yMiIMMM [Jisi HeBPOMaToJoTiB [7]. Bouu BXe maioTh rpadiku CcUrHaiis,
oTpumaHi muisxoMm EEI, 3 g9kuMM 3BMK/IM IpailoBaTH Ta IX aHajdisyBatu. Mu K
HaMaraemocs 3alpoNoOHyBaTH iHIIIi BUAM Bisyasisallii oTpumMaHoi HuMM iHpopmairii:
PeKypeHTHi miarpammu, aTpakTopy ToIno. IHdopMaliisi B TaKOMY BUIJISIIL iX, MaOGyTh,
TeXK He BiamTye. TOMy Ma€ CeHC CIpSIMyBaTM 3yCWIIsS Ha OUIbIl AeTalbHe
IOCiIKeHHS ITapaMeTpiB m i T, a TAKOX YMcenbHUX MOoKasHuKiB RP. MoxinBo, came

TYT i XOBA€THCSI CYyTHICTb MPOOIEMIU.

ISSN 1562-9945 (Print) 83
ISSN 2707-7977 (Online)



«CucreMHi TexHouorii» 2 (145) 2023 «System technologies»

[y migTBepAsKeHHS abo CIpOCTyBaHHS 1bOTO TBepIKeHHSI BUKOHAHO aHasi3
indopmariii 3 6a3u manux EET, HagaHux Kadempoio HeBpoJiorii IHimpoBcbKoro Me-
IUYHOTO YHiBEepCUTETY.

YV pob60oTi BUKOPUCTOBYBAIOCS IIporpaMHe 3abe3rneueHHs, po3pobseHe i
peastizoBaHe y cepenoBuili Ty Matiab (Okrasia) — crptool [8] mig OC Windows.

Ommc Hagauux gaHmux EEI. [Ing nocaigkeHHs TuMmuyacoBux psaiB 3 EET' meTto-
IaMM HeJTiHiifHOro peKypeHTHOIO aHaji3y Oyja BMKOpMCTaHa YHiKaJibHa 0asa pe-
aabHUX NaHMX. BoHa BKiIouasa iHdpopMmallito 7 maijieHTiB:

[Mamient 1. 47 pokiB, aiarHo3 eminerncisi, EEI 3usiTo - 03.06.2016, 28.11.2016,
02.10.2017, 11.03.2019, 09.06.2020.

[Mauient 2. 34 poxu, BCH, EET 3HsATO - 02.06.2003, 04.03.2004, 15.11.2014,
03.07.2018, 23.06.2020.

[MamienT 3. 70 pokiB, giarHo3 emierncisi, EET 3usTO - 01.06.2017, 10.06.2020.

[TawieHT 4. 76 poKiB, giarHo3 eninencisi, EET 3HsTO - 12.12.2018, 10.06.2020.

[MamienT 5. 60 pokis, miarHo3s erminercist, EET susaTo - 21.09.2015, 23.06.2020.

[MamieHT 6. 45 pokiB, AiarHO3 CyIOPOSKHI MiC/IsT OMIepaTMBHOTO BUIATIEHHS MTyX-
nunau, EET 3HsTO - 28.07.2014, 31.07.2015, 26.07.2016, 22.07.2019, 20.07.2020.

[TawieHT 7. 23 poku, aiarHo3 3goposuii, EET" susTo - 02.02.2021.

Ons 3ugtTst iHdopmaiii EEI' BMKOpUCTOBYBABCS CTaHAAPTHUIT TIPUCTPIit
HEMPOKOM (MedicXAI 21- kaHaabHMIt) 3 po604oro yactoToro 250 I'.

IIpo6ieMu mouryky mapameTpiB. Bimomo, 1m0 ogHielo i3 3amau aHasisy JaHux
€ 3amava kmacudikaiii TumiB abo Tumisanii iHdbopmartiii. Ile mo3Bossie po3o6UTH
MHOXMHY O0’€KTiB Ha CTBOPEHi TUIIM, Ha OCHOBi aHaJi3y OTPUMAaHMUX UMCETBHUX
nokasHukiB EET, 110 m03BoJisI€ TIPUCKOPUTHU TIPOIeC TMOAAbINOi 00pOOKM HaHUX.
[Mpu Tumiszanii KoxkeH 00’€KT CIIOCTEpeXKeHHS BiJHOCUTHCS M0 MEBHOTO TUITY Ha
OCHOBI JIesTKO1 SIKICHO1 BJIaCTUBOCTi 260 CYKYIMHOCTi BIaCTUBOCTel MoKa3HUKiB EET.

3agauam kiacudikamii mpucBsgyeHo 6arato po6iT. [0 uMciaa IOIMMPEeHUX
METOZiB pO3B’sI3aHHS 3amady Kiaacu@dikaiii BiZHOCSTbCSI: HEMPOHHI Mepexi;
JIOTiCTMYHA i ITPObiT-perpecis; AepeBa pillieHb; MEeTO/I HaOIVKUOro Cycima; Mallm-
HJ OIIOPHMX BEKTOPIiB; IMCKPMMiHAHTHMUIT aHamni3 [9-10].

Tpagumiiini migxomy, 3acHOBaHI Ha MaTeMaTMYHOI CTaTUCTUMKM abo
imiTariiitHoMy MozeoBaHHI He MO3BOJISIIOTh OyoyBaTyU afeKBaTHI MOJeli B yMOBax
0OMEXeHOCTi YacoBMX, OOUMCIIOBAIbHUX i MartepianbHux pecypciB. Tomy mnpu
pO3B’sI3aHHI 0araTbOX MPAaKTMUYHMX 3a7ad4, IMOB’SI3aHMX 3 Kiaacudikalliero 00’€KTiB,
LIMPOKO 3aCTOCOBYIOTHCS MOJEJi i MeTOAU IUTYYHOrO iHTeNeKTY 3 BUKOPUCTAHHIM

TeXHOJIOT}1 iHTeIeKTyaJIbHOrO aHaJli3y AaHux [11].
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[lepen Hamu Oysa mocTaB/ieHa 3ajaya: Mo-Tepiie, BUSHAUUTU 3 peaJbHUX Ja-
Hux EET iHndopMaliito, 3a BUKOPUCTAaHHSM $SIKOi MOSK/IMBO IIPOBECTYU aHali3 AeSKUX
MOKA3HMKIB, 10 Oibil (OpMaJbHO Ta CTUCAO XapaKTepPU3YIOTb OIMC I1ATOJIOTrii
IOCTiI)KyBaHOTO Talli€HTa; IMO-Apyre — IPOBECTM aHali3 3HaliIeHUX ITOKa3HMUKIB,
BU3HAYUTU MOJIEJIb LIO/I0 MONIYKY TUX 3 HUX, SIKi MOSKJIMBO BM3HAYAIOTh Ty 260 iHIITY
TUITi3allilo.

SIK B>Xe BKa3aHO BUIIE, B SIKOCTIi MaTeMaTUYHOIO anapaTy BUKOPUCTOBYBABCS
HeJTiHiliHMII peKypeHTHMIT aHai3. Moro sactocyBaHHs Jjisl MOGYIOBY PEKypEeHTHUX
JiarpaM pi3HUX MOJe/JbHUX Ta peaJbHUX IPOIECIB y JaHMI1 YacC € JOCUTh L[iKaBUM i
cydacHuM [12]. Ane i10ro BMKOPUCTaHHS MOTpebye AJisi peayibHUX NaHUX TOYHOTO
3HaHHS [JBOX CXOBaHMX I[lapaMeTpiB: IapamMeTpa 3aTPUMKM Ta 3HAYEHHS
PO3MipHOCTI MPOCTOPY BKIameHHS [4]. B pe3ynbraTi po3B’sa3aHHi 1ii€i mpobiemu 6y-
JIa 3aIpPOIIOHOBaHA HACTYIIHA MeToaMKa 00pobku peanbHOoi iHDopMmariii EETI' KoskHO-
ro IMalli€eHTa, sika CKiaganacs 3 HaCTYITHUX KPOKiB:

1. Hamauus rpacgiky 06po6soBaHoro curHany y toukax (Oi, O, P,) - 1ie mpaBe
Ta JliBe MOTUJIMYHE Ta TiM'sIHE BiBeJeHHS.

2. O6bpaxyBaHHS 3HaYeHb ITapamMeTpa 3aTPUMKM T (0 TPhOX 3HAUEHbD).

3. Bu3HaueHHs1 3HaUeHHS PO3MIPHOCTI MPOCTOPY BKJIAJEHHS m (s min Ta
max-HOPMM) 3 YpaxyBaHHSIM BKe BM3HAYEHMX Yy ITyHKTi 2 3Ha4Y€Hb MapaMeTpa 3a-
TPUMKM T.

4. Tlo6ymoBa RP miarpamm njs1 BU3HAUe€HMX ITapaMeTpiB T Ta m. 3HAUEHHS &
obupaeTbcs He Ginbie 10-20%.

5. Po3paxyHOK [Jisi BU3HAUeHMX 3HAuUeHb T Ta M UMCEIbHMUX IMOKa3HMKIB RP
niarpamu - JRQA aHamis.

6. OTpuMaTH yCi 3HaUE€HHSI YMCeNbHUX MOKa3HMKIB RP giarpamu, BU3HAUUTU
HNUISIXY TUITi3alii HagaHUX JaHUX.

HeobxigHo BKa3aTu, 1[0 MacIITaOyBaHHSI eKpaHy MOHITOpa He Ja€ 3MOTu II0-
6aunTy gyke 4iTko RP miarpamu. BkaszaHa mpo6siema Mae Miciie i mpyu BUpaskeHHi ii
MamioHKy RP Ha nmcTi dopmaty A4.

BusHaueHHs uMce/IbHUX MOKa3HMKiB RP miarpammu. I'padik peKypeHTHOCTi
- e rpadik, o sBJsg€ cOO0I0 ABiIKOBY CMMETPUYHY KBaJpaTHY MaTPULI0, B SIKiii
CTOBIILi TA PSIAKM CTAHOBJISITh YaC BUHMKHEHHS CTaHy. Y MaTpulli 3HaYeHHS KOXKHO-
ro eJleMeHTa BiJI[TOBiZla€ TeBHii Mmapi pasiB, 106 BKa3aTy, Yy MOBTOPIOIOTHCS CTaHY,
TOOTO 3HAUeHHS 1 O3HAuae, 10 CTAH MOBTOPIOETHCS, TOMi SIK 3HaUeHHS1 0 03HAYae
3BOpPOTHe. 3 iHIIOTO 60Ky, rpadik MoBTOpeHHST € MaTtpuiieio NXN, 110 CKIagaeThCs
TiJTIbKY 3 YOPHUX i 611X TOUOK 3 XapaKTepUCTUKaMMU, SIKi YOpHA TOYKA 300paskye 1o-
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BTOPEHHs, MOpS/, 3 JBOMa ocIMM dacy. ['padik MOBTOPIOBAHOCTI BUPAXKaeTbCsl Ha-
CTYHHMM MATEMATUUYHVM piBHHHHﬂM:
RLJ _B(Ei_ E_§J‘|)J §] ERm L]_ 1; ---;N

Ie po3IISmaloTbCsd CcTaHM Xi MalOTh KibKicTb N; €i- IOporoBe 3HaYeHHS
Bimcrani (okonuist); .l - Hopma; & (+) — dyukuis Xeicaigy. Konu BimcTaHb Mixk
nBoMa craHamu, To6To Xi ta Xi, MeHIIa 3a MOpPOroBe 3HAYeHHS ¢ , BU3HAYAETHCS
TMOBTOPEHHSI.

11 TOKa3HMKIB, SIKi BUKOPUCTOBYEMO, MPEeACTaBMMO 1X BM3HAUEHHS, 110 Ha-
IAHO Y PeKypeHTHOMY aHasti3i. [IJig o6uMCcaeHHs Mip, sIKi BUKOPUCTOBYIOThCST V RP,
3HAUYEeHHs nopora £ € (piKCOBaHMUMI.

Mipa pexypenmuocmi (recurrence rate, RR)

N
1 m,s
RR = Z R

ij=1
MOKa3ye UIiJIbHICTh PEKyPEeHTHUX TOYOK, ITPOCTO HifipaxoBy0un iX. N - KiJIbKiCTb TO-
YOK Ha TpaekTopii y ¢asoBomy mpocTtopi. [laHa mMipa rmokasye MOXKIUBICTh 3HAXOI-
>KeHHSI peKypeHTHOiI TOuky B RP (1iMOBipHiCTbh MOBTOPEHHS CTaHY).

HactynmHa mipa posrisimae miaroHasibHi JiHii. YacTOTHMIT pO3IOAia HOBXUH 1
miaronanpuux mimiii 8 RP PE(D)={l;i =1, ...,N;} ne N; - a6comorHa KinbKicTh
IiaroHaJbHMX JiHiN (KOXKHA JIiHiSI HAJa€ThCS TibKU oAMH pas3). [Ipouecu 3i cToxac-
TUYHOIO0 MOBEJIHKOI MOXYTb IOPOJIKYBATU AyKe KOPOTKI AiaroHasi 4u B3araji He
MOPOAKYBaTU iX, TOHi SIK IeTepPMiHICTChKi MpoLiec Jal0Th AOBri AiaroHasni i mamy
KiJIBKiCTh OKPEMMX PEKYPEHTHUX TOUYOK.

OTKe, BiTHOILIIEHHS PEKYPEHTHUX TOYOK

N, IPED

I=ly
DET — rmm _
SN

i.j=1

)

Ha3MBAaEThCS Mipow demepminiamy (determinism, DET) abo Tmiepen6aqyBaHOCTi CUCTe-
Mu. Citig 3a3HAYUTH, IO 11eii 3aXi[l He Ma€ 3HAUEHHS peaJibHOrO JeTepMiHi3My Ipo-

uecy. IloporoBe 3HaueHHS lmin BUKJIIOYA€E€ [iarOHaJIbHI JiHii, YyTBOpeHi
TaHreHIliaIbHMM  PyXOM  TpaekTopii y  ¢asoBomy  1mpocrtopi.  SKkiio
Imin=1 DET=RR. Binble 3HaueHH: IleTepMiHi3My BKa3ye OiIbll AiarOHAIbHY
niHio B RP i, oTke, 6i/blll CWJIbHY Tlepe;0auyBaHiCTh CUCTEMMU.

IliaroHa/IbHi CTPYKTYpU IOKA3YyKTh Yac, MPOTATOM SIKOTO JiISTHKA TPAEeKTOPii
MiIXOOUTh JOCUTh OJIM3bKO IO iHIIOI HiASTHKM TpaekTopii. Takum umMHOM, I JIiHii

IO3BOJISTIOTh CYIUTY IIPO PO30isKHICTH €JIEMEHTIB TPAEKTOPIiA.
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CepenHs IOBKMHA [iarOHAJIbHUX JIiHil
=V, IPED)
- E E-?‘T’lli"l
EJE\I:ImJ'n PC(D

1le cepedHiil yac, MPOTSIrOM SIKOTO ABi HiJITHKM TPAaeKTOpii MpOXoasTh 61M3bKO OfHA
0 OIHOI, i MOKe pO3T/SIIaTUCS SIK CepelHilt Jac repemdbauyBaHocTi. Yum Oinblie
3HaueHHS L, TMM MeHIlIa BUIIaJKOBiCTh, TOOTO JIeriie BUSHAUUTY ITOBEIiHKY O3HAKU
CUCTEMMU.

Mipa enmponii (entropy, ENTR) cniBBiZHOCUTbCSI 3 eHTpoIi€o IlleHHOHa
(Shannon) 4acTOTHOTO PO3MOIi/Ty TOBXKWH AiarOHaJbHUX JTiHil

ENTR = i MO Inp(l) O = oV
I - .lrzfmirrp i | g - J;\;.‘ri‘ﬂii’lp:s(’!),

Ta BimobOpaskae CKIaaHICTh JeTepMiHiCTChKOI CKJIaA0BOi y cucTeMi. Bennke 3HavyeH-
HSl €eHTpOoMii Ma€ Ha yBasi MepioAMYHICTh CUCTEMU, @ HU3bKE - XaOTUUYHICTb. [HaKIIe
Ka>ky4u, BeJiKa eHTPOIIis CJIi/Iy€e 3a CKAaAHIII00 CUCTEMOIO.
Mipa 3aemupanns (laminarity, LAM)
il vPf (W)

U=Vmin
LAM = N pme
fj=1"".]

)

BU3HAUAETbCS BiJHOIIEHHSIM KiJIbKOCTI PEKYPeHTHUX TOYOK, IO YTBOPIOITH
BepTUKaJIbHI JIiHil, 70 3arajbHO1 KiJIbKOCTi peKypeHTHIX TouoK. LAM XapakTepusye
HasIBHICTh CTaHiB 3aBMMpaHHS cuUcTeMM (TOOTO KoM pyxX cuctemu @as3oBoi
TPAaEKTOpii 3yNMHSAETbCI ab0 MPOCYBAEThCS MOykKe IOBiJIbHO). JlaMiHapHICTh
00YICITI0E IMOBIPHICTh TOTO, IO CTaH 3JIUIIUTHCS IJISI HACTYITHOTO TMMYacOBOTO
KPOKY.
CepeniHs TOBXMHA BEPTUKATbHUX CTPYKTYP
=N vPE W)

=1
TT — ‘i‘ﬂli’l
V. _ PE@)

f.j=1

)
HAa3UBAETBLCSI MIpPOI0 uacy 3ynuHku (trapping time, TT) i XapakTepusye cepenHil yac,
KU1 CUCTeMa MOKe IPOBECTM Yy MeBHOMY CTaHi abo TPUBAIiCTh 4acy, MPOTATOM
SIKOTO KO>KEeH CTaH repedyBae€ y macTiii.

Po3paxyHOK JaHMX XBOPOroO Mali€eHTa. SIK B’ke BKa3aHO B METOAMIL, pO3paxyH-
KU Besiucs ajs Touok O, O; Ta P,.
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Figure 1 components solution O1, 02, Pz 5
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PucyHok 1 - Tpaektopis nnoBeniHku curHaiiB y T. Oi(cuHs), Oz(3eneHa), P, (uepBoHa)

1) PospaxyHku fjist Touku O;.

= AGRLD
1.4 ! ! ! ! ! ! ! @ﬁ@ University of
1.2 I I I I I I I Fotsdam
PP A-=——- - t-———-- == === - == - - === l—— === =
l l l l l l l
17" b oo T e i T Mumber of hins
=}
& : l l l l : l
0.8R--"—7- "~~~ 7- "~~~ i CTTTT T T rrax. Lag
E | | | | | | | .
B 06F--——a———- S T S S - - —_— G
- | | | | | | |
o} | | | I I I I Show components
b\— - = N i - — — — — 4 - - - — — — - — - — J
g 0.4 | | | | | | | 1 e WEL ]
| | | | | | |
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| | | | | |
OpF---- qH---== e : ***** #‘ ***** : ****** 1= = = — Apply
| | | | | | |
0.2 : : : : : : : Close
(0] 10 20 30 40 50 60 70
Lag
PucyHOK 2 - BusHaueHHs rapaMeTpa 3aTpUMKM T IJ1s1 TOUKM O,
(3HaueHHs 17, 40, 66)
1 ‘ ‘ ‘ W e o ] £
ool S ] Patedam ] Py
, ‘ | ‘ | Waw Om_ 5 Blar i B
8 — — — h— — — — P -
EZ?,,,,‘,,,,L,,,‘,,,J 77777 Dby 17 B Dol | 17
g T\ : T\ : Falgaraz 10 Py 10
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F Y R N SR Print | Stors | Print | Store
I R — 1 |
o ‘2 ‘3 ,‘; ‘5 6 Cose | 6 o
Dim n

PucyHok 3 - O6paxyBaHHst m a1 Touku O , t =17 (mepie 3HaYeHH 11iyie Hyokue 0.1)
m =5 3;iBa Ta m=4 cnpasa (HagaHO [JisI 000X HOPM)
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O ACHLD
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Dimension

PucyHok 4 - O6paxyBanHs m a1 Touku O; , T =40 (371iBa), 66(cripaBa) m =5 31iBa

Ta m=5 cripaBa (HajgaHO AJ1s1 HOPMM Max)

PesynbTaTyt 100 HOPMM Min Taki, IK Ha pUC.3 IJisI HOpMMY min m=4.

time

6000

5000

4000

3000

2000

1000

RD signal kn

L - 1
1000 2000

L
3000

1
400

0

time

i
5000

1
6000

PucyHoOK 5 - PexypeHTHa miarpama curHainy O; (m=4, 1 =17, € = 0.1 )
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o o
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1 1
o
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Ll
o .. o ..
1000 2000 3000 4000 5000 6000 1000 2000 3000 4000 5000 6000
1 1
05 0.0750 1E o5 2.1389
o o
1000 2000 3000 4000 5000 6000 1000 2000 3000 4000 5000 6000
1 1
05 36286.5561 =~ 05 37798.4959
0

1000 2000 3000 4000 5000 6000

1000 2000 3000 4000 5000 6000

i @ AGHLD
e Hniversity of

Potsdarmn
Ernbedding
Dimension: 4
Delay: 17
Meighbourhood

Maxirmurm ...

Threshold: 01

JRQA parameters
min. Diagonz 2
min. Yertical 2
Theiler wind.: 1
Window size B157
Window step 1

Print Store

Spply

Close

i

PucyHok 6 - O6paxyHok JRQA napameTpiB g5t Touku O; (m=4, t =17, € = 0.1 )

2) Inst Touku O, 3HAUEHHS IapaMeTpa 3aTPUMKM T aHAJIOTiYHO puc.2. 6yJI0 BU-

3HAUeHO Ta MaJIo HACTYIIHi 3HaueHHs: Tt =15, 41, 68.

= &hbogs = =
> > = > o

=
w

False Nearest Nei

fam

(1 '.l""'l'lir':]
Pkl
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Doy |
Py 10
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0 L | |
2 3 4 5 Hoee |
Dimension

PucyHok 7 - O6paxyBaHHs m a1l TOuku O,, T =15(11epiine sHaueHHS 11ije Hiskue 0.1)

90

m =5 3;iBa Ta m=4 cnpasa (HagaHO [JisI 000X HOPM)
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= | | | | Rt go's ! ! ! ! Haighaust  nf
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R o N ——_——— o«
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Sp oo oo e L et CREEEUEEEEEEEEE M
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) M R R W — Print | Stoe 02k - 37777; 7773 77777 i 77777 Print | Store
| | | ! 1 | | | |
e i shbi SR T I (. T N iy _|
| | | | | | |
" ) ; ’ ; § o 0 2 3 4 5 6 Close |
Dimension Dimension —_—

Pucynok 8 - O6paxyBaHHs m aj1st Touky O2 , 1 =41(repiie 3HaueHHS 11ijie Huskde 0.1)

m =5 3/1iBa Ta m=4 crpaBa (HaJaHo IJi1 060X HOPM)

PesynbTaTyt momo Touku O, s t =66, m =5 19 max HOpMM Ta m=4 11T min

HOpMM. TakiM YMHOM BOHM aHAJIOTIUHI [IJIS1 YCiX 3HAUYEHb IapaMeTpy 3aTPUMKMN.

RD signal kn
6000 + B B
5000 - E
4000+ - -
é 3000+ E
2000 - B ' 3
1000 . . ]
oy - L - I . I -t "l - I
1000 2000 3000 4000 5000 6000
time

PucyHok 9 - PekypeHTHa miarpama curdany O, (m=4, t =15, € = 0.1)

SIkI0 nMBUTHUCS Ha pUC. 9 Ta pUC. 5, TO MOKIMBO BiAMITUTHU iX IESIKY CXOXKiCTb.

Ane 3po6uUTH SIKiCh BUCHOBKM TOCUTH CKJIAJHO Vi HE3PYUHO.
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1 1 Theiler wind.: 1
i ize 6157
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YWindow step 1
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1 1 Print Store
.~ 0.5 23882.7837 I~ 05 25086.5531 Apply
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Pucynok 10 - O6paxyHok JRQA mapameTpiB st Touku O; (m=4, 1 =15, € = 0.1)

dkuio 3BepHyTH yBary Ha puc.10 Ta puc.6, TO 3pO3yMiJIOI0 CTa€ iX PiI3HULS
BiTHOCHO HaJaHMX UMCEJbHMX 3HAU€Hb BiAMOBIAHMX MOKA3HMKIB OJHOIO ¥ TOTO X
MaljieHTa, ajie B Pi3HMX TOUKAX IOBEPXHi MO3Ky. TyT MOTpiOHO mam’saTaTu, 1o lie
(dakTMYHO YMceabHi mapaMeTpH, sIKi HamaoTh RP dopmanbHy XapaKTepuUCTUKY.

3) Touka Pz.
S AShLD
1.6 T‘ ‘F 7‘ ‘T .w. University of
Potsdam

Murmber of bins
=]

max. Lag
175

Show components

v IO iaua 1

- e .

Frint | Stare
Apply
Close

PucyHok 11 - BusHaueHHs 1 aJ1s1 Touku Pz (3HaueHHs 5, 80)
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Pucynok 12 - O6paxyBaHHSI m [JisT TOUKM Pz , T =5(Tiepiiie 3HaUeHHS 11iJie HUXK-

ye 0.1) m =5 3;miBa Ta m=4 crpaBa (HaJgaHO JJiT 000X HOPM)
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PucyHok 13 - O6paxyBaHHs m 1j1s1 TOUKM Pz , 1 =80 m =4 3yiBa Ta m=4 cripaBa
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PucyHok 14 - PexypeHTHa giarpama RP curnany Pz (m=4, 1 =80, € = 0.1 )
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BigHocHo RP, HamaHux Ha puc.5 Ta puc.9, Maemo JesiKy CXOXiCTbh 3 puc.14 B
OHMX MaJeHbKMX KBaZpaTax aHasli3y Ta JesKy POo30isKHICTb B iHIIMX KBajipaTax Ha-
IaHUX PEKYPEeHTHUX Jiarpam. 3p0o3yMiJio, 110 B JaHOMY BUITaJKy HeOOXigHO HamaTU
repeBary Ipy BUKOHAHHI aHasli3y OiibIn opmMaabHMM, CKOpillle 3a Bce, YMCeIbHUM
rnoxkasHukam RP.

JlJist 1IbOTO HAJTa€EMO HACTYIHMI 00paxXyHOK UMCeTbHUX IMOKa3HMKiB RP, 1m0 Ha-

BeJleHMi1 Ha puc. 15 mJist Touku Pz.
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Pucynok 15 - O6paxyHok JRQA napamertpis curgany Pz (m=4, 1 =80, ¢ = 0.1)

[epmmit aHaai3 oTpuMaHoOi iHpopMalii J03BoJIsIE 3pOOUTH BUCHOBOK, II[0 BU-
KopucTtaHHs camoi RP miarpamu pgjst Gyab-sIKOro Bi3yaJIbHOTO aHali3y € OBOJIi
ckIagHMM. HassBHMMM € TaKOK Jesiki pobieMu 3 BM3HAUEHHS 3HaUeHb IMapameTpy
3aTPUMKM 3 TIpencTaBieHoro rpadiky (Puc.2, Puc.11). Jani 06pobiieny iHndopmariiito
nst 3usiToro 2020.06 poky 3 nartienTa EEI 3anmcyeMo B HACTYITHY TaGINIIIO.

Tabmuig 1
2020.06 | RR DET ENTR L LAM TT
01 0.0000 | 0.1735 0.7445 | 2.3421 0.0750 2.3189
02 0.0000 | 0.1419 0.6885 | 2.3125 0.0934 2.0563
Pz 0.0001 | 0.3812 1.2343 | 2.8685 0.2776 2.2879

[ToTiM, BMKOPUCTOBYIOUM HaJaHy METOIMKY, 0OpPOOJSIEMO Ta PO3PaXOBYEMO
3HATy iHdopmarito EET s ycix maiieHTiB 3 Haioi 6a3u maHMX, SIKi MalOTh Pi3Hi
HeBPOJIOTiuHi maTosorii. BimmiTuMo, 1m0 gaji 6yge HaBeeHO OCTaTOYHY TabJMIfI0, B
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sSIKiii BimobpaskeHO 06po6JieHi MOKA3HMKM YCiX IMAallieHTiB 3a yciMa JaTaMy 3HSITTS
EET.
Pesynbratu 06po6ku mauux EEIl maiiieHTiB, 110 OMMcaHi y mepiiomy po3mifi,

MpefCTaB/IeHo y MiICYMKOBii Tabauiii 2.

Tabauig 2
[TincymKkoBa Tabiuiist 06paxoBaHMX JTaHMX MAIi€HTIiB
IMamieHT 1
2016.11 [ RR DET ENTR (L LAM TT
01 0,0575 |1 0,364 | 1,1628 | 2,7121 0,4822 | 2,8246
02 0,0584 | 0,38 1,1603 | 2,7099 | 0,5029 | 2,9048
Pz 0,0586 | 0,3718 | 1,1196 | 2,6649 | 0,4984 | 2,8481
2016.06 | RR DET ENTR |L LAM TT
01 0,0679 | 0,3884 | 1,04 2,6816 | 0,608 |2,7932
02 0,0803 | 0,5726 | 1,3386 | 2,9332 0,7197 | 3,2194
Pz 0,0629 | 0,4742 | 1,0509 | 2,5925 0,6047 | 2,8404
2017.10 [ RR DET ENTR (L LAM TT
01 0,0591 | 0,3804 | 1,0467 | 2,5883 | 0,5085 | 2,7381
02 0,0609 | 0,3973 | 1,0771 | 2,6193 | 0,5226 | 2,8487
Pz 0,0567 | 0,4523 | 1,1704 | 2,7216 | 0,5929 | 2,9402
2019 RR DET ENTR |L LAM TT
01 0,0011 | 0,5289 | 1,1835 | 3,4821 0,5567 | 2,6237
02 0 0,0756 | 0,753 | 2,3529 |0,0662 |2
Pz 0,0574 | 0,3888 | 1,1109 | 2,6552 0,5149 | 2,8209
2020 RR DET ENTR (L LAM TT
01 0,0638 | 0,5515 | 1,3639 | 3,0565 0,7023 | 3,6087
02 0,0567 | 0,3845 | 1,1629 | 2,7129 | 0,5107 | 2,9011
Pz 0,0564 | 0,4269 | 1,1607 | 2,7104 | 0,5649 | 2,9545
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[MamienTt 2(BC)

2003.06 | RR DET ENTR |L LAM TT

01 0,0002 | 0,1699 | 0,6218 | 2,2614 | 0,1737 | 2,0839
02 0,0568 | 0,3726 | 0,9695 | 2,5135 |0,491 |2,7296
Pz 0 0,0723 |0 2 0,0602 | 2
2004.03 | RR DET ENTR (L LAM TT

01 0,0275 | 0 2 0,0467 | 2

02 0,0207 | 0O 2 0,031 |2

Pz 0,0297 | 0 2 0,0297 | 2
2014.11 | RR DET ENTR |L LAM TT

01 0,031 |0 2 0,0245 | 2,1111
02 0,0072 | 0O 2 0,0217 | 2

Pz 0,0068 | 0 2 0,0305 | 2
2018.07 | RR DET ENTR (L LAM TT

01 0,0037 | 0,9913 | 4,3127 | 93,0352 | 0,9913 | 64,9825
02 0,0321 | 0,822 1,441 3,524 0,8956 | 4,5377
Pz 0,0039 | 0,9956 | 4,4162 | 99,0192 | 0,9952 | 68,5908
2020.06 | RR DET ENTR |L LAM TT

01 0,0804 | 0,5894 | 2,2857 | 0,0716 |2

02 0,0083 | 0 2 0,029 |2

Pz 0 0,2432 | 0 2 0,0811 | 2
ITaieHT 3

2014.04 | RR DET ENTR (L LAM TT

01 0,0418 | 0 2 0,0334 | 2

02 0,0341 | 0,4101 | 2,1429 0,0318 | 2

Pz 0,0463 | O 2 0,0428 | 2,0556
2015.04 | RR DET ENTR |L LAM TT

01 0,0017 | 0,9624 | 3,5394 | 59,2067 | 0,9558 | 42,3088
96
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02 0,004 |0,988 |4,7004 | 116,271 |0,9861 | 88,6061
Pz 0,0132 | 0,9956 | 6,0337 | 285,5738 | 0,996 | 215,1959
2016 RR DET ENTR |L LAM |TT

01 0 0,244 |0,9197 | 2,4872 0,0732 | 2

02 0 0,3128 | 0,7624 | 2,3662 0,1173 | 2,4231
Pz 0 0,3674 | 1,0532 | 2,6196 0,1707 | 2,1748
2019 RR DET ENTR |L LAM |TT

01 0,0048 | 0,9938 | 4,6792 | 128,3688 | 0,9943 | 84,9472
02 0,0003 | 0,8878 |2,9879 | 81,6622 | 0,9017 | 12,4742
Pz 0,0016 | 0,9841 | 4,7266 | 142,5762 | 0,9849 | 42,6238
2020 |RR DET ENTR |L LAM |TT

01 0 0,0486 | 0 2 0,0486 | 2

02 0 0,0446 | 0 2 0,0557 | 2,1429

Pz 0 0,1014 | 0,4677 | 2,2 0,0515 | 2,0938
[MamieHT 4

2020.06 | RR DET ENTR |L LAM |TT

01 0,1179 [0,9849 | 1,784 | 85,3606 |0,9923 | 155,54
02 0,0188 | 0,9993 | 6,6501 |409,9846 | 0,9994 | 287,9239
Pz 0,0268 | 0,9996 | 6,8157 | 476,941 |0,9997 | 369,1939
2018.06 | RR DET ENTR |L LAM |TT

01 0 0,0211 |0 2 0,0176 | 2

02 0 0,0287 | 0 2 0,0115 | 2

Pz 0,0028 |0,4849 | 0,87 2,5713 0,6144 | 2,5018
[TamieHT 5

2020.06 | RR DET ENTR |L LAM |TT

01 0 0,1735 | 0,7435 | 2,3421 | 0,075 | 2,1389

02 0 0,1419 | 0,6885 | 2,3125 | 0,0934 | 2,0563

Pz 0,0001 |0,3812 | 1,2343 | 2,8685 | 0,2776 | 2,2879
2019.09 | RR DET ENTR |L LAM |TT
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01 0 0,0751 | 0,4293 | 2,1538 | 0,0489 | 2,0278
02 0 0,141 10,6699 |2,3478 | 0,0431 | 2,0625
Pz 0 0,0426 | 0 2 0,0426 | 2
[MaiieHT 6(CyIOMHMUIA CUHAPOM)

2020.06 | RR DET ENTR | L LAM |[TT

01 0 0,1564 | 0,417 | 2,1525 0,0967 | 2,059

02 0 0,2153 | 0,6564 | 2,2838 0,1268 | 2,0947
Pz 0,0001 | 0,1157 | 0,8398 | 2,4186 0,1167 | 2,1868
2017.06 | RR DET ENTR |L LAM |[TT

01 0,0002 | 0,6956 | 1,5608 | 13,2638 | 0,6298 | 6,8087
02 0,0006 | 0,9449 | 3,6527 | 64,6065 | 0,9394 | 18,6792
Pz 0,0107 | 0,9926 | 4,3295 | 134,2469 | 0,9937 | 126,1628
I[MatieHT 7(300pOB)

2021.02 | RR DET ENTR | L LAM |TT

01 0,0006 | 0,9641 | 3,54 78,7448 |0,9669 | 25,878
02 0,0191 | 0,9994 | 6,6187 | 392,7604 | 0,9994 | 295,1036
Pz 0,0077 | 0,9997 | 6,1649 | 256,9337 | 0,9997 | 163,1964

Bumipsiai curnany EET MoXXyTb OyTM po3[ilieHi Ha Iepioau, SKi xapakTepusy-
10Th (QYHKI[IOHATbHI CTaHM KOpU TOJIOBHOTO MO3Ky. Hampukian, mJis TaiieHTy, o
Ma€ emiJienTUUHI 3aXBOPIOBAHHS 1Ie MOXYTb OyTH:

- npeikmanvHutll (repep, HaINagoM) — Iepiof, 10 XapaKTepU3YETbCS MOSBOIO
MOMITHUX BiAXWJI€Hb Bi, HOpPMaJbHOI'O CTaHY;

- IKmanvHuli (BJ1acHe CaM Hamaj) — HasBHI XxapaKTepHi MpOsiBU IMATOJIOTIYHOL
aKTUMBHOCTi MO3KY;

- nocmikmanvHutl (TIiCJIS HaMaay) — 3aracaHHs MaToJIOTiYHOI aKTUBHOCTI;

- iHmepikmanvHuiti (MiXX HamagaMu) — BiACyTHi TMpOSIBM IMATOJOTIUHOI
aKTUBHOCTI.

BesnocepenHiit MOPiBHSVIbHMIT aHATi3 3HAYEHb, SIKMI 3HAMIIOB BimoOpaskeHHS
y Tabyuili 3, MO3BOJIMB BUSIBUTHU JIesIKi HEUITKI Meku LMOA0 pSioy 0OpaxoBaHUX UM-
CeJIbHMX MOKa3HMKIB. 1li MOKa3HMKM [TO3BOJISIIOTh BUKOHATY PO3MOAiJ IAlli€eHTiB Ha
TUIM IIOL0 BKA3aHMX JAaHMX. [X aHaji3 [03BOJSE CTBOPUTU HEUITKY MOZE/b, SIKY
MOXJIMBO BMKOPUCTATU AJISI PO3POOKM Ta CTBOPEHHSI BiAIIOBiIHOTO ITPOTPaMHOTO
3a0e3IeueHHs.

98 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



«CuctreMHi TexHosorii» 2 (145) 2023 «System technologies»

ITpu emninerncii Tunu EEI' He € ogHOopimHMMM. Bpanocst BUminuTu 3 Tumm, Ski
CYTTEBO BiJIPi3HSIIOTBCS Mik CO00I0, KOXKE€H 3 HMX Ma€ CYTTEBi BimMiHM Bim He-
enimentuuHux TuniB EEI' 3a mapameTpamu: Mipa peKypeHTHOCTi, Mipa
JIleTepMiHi3My, cepefHsl TOBXMHA [iarOHAJIbHUX JIiHil, Mipa eHTpOIIii, Mipa 3aBMMU-
paHHS, cepenHs TOBXMHA BEPTUKAIbHUX CTPYKTYP, Mipa yacy 3ynuHku. i Tunm xa-
PaKTepU3YyIOTbCS HACTYITHUMM O3HAKaAMU:

T 1:

e mnoxka3Huku RR(01,02,Pz) mawTh yci 3HaueHHs 6issg Hys1 (<0.011);

e miokaszuuku DET(01,02,Pz), LAM(0O1,02,Pz) 3HaueHHs pi3Hi, aje 3 OAHOTO
HeBeJIMKOro Aiana3oHy (Hampukiam, [0.095-0.22] abo [0.62-0.99));

o gkuo nmokasHuky ENTR(01,02,Pz) matoTh 3HaueHHs(>0 Ta <1), TO ITOKa3HU-
ku L(01,02,Pz), TT(01,02,Pz) matoTh 3HaueHHS (<3.0),

e abo0 gkio nokasHuky ENTR(01,02,Pz) maiote 3HaueHHs (>1.0), TO IOKas-
Huku L(01,02,Pz), TT(01,02,Pz) matoTh 3HaueHHS (>6.0).

THI 2:

e mnoka3Huku RR(01,0,,Pz) 3HaueHHsI MasieHbKi 6ist HyJs (>0 Ta <0.2);

e tokasuuku DET(0,,0,,Pz), LAM(0,,0,,Pz) yci pi3Hi, ajie 3 0HOTO HEBEJINKO-
ro miamasony, abo >=0.88;

e gkuo nokasHuku ENTR(O;,0,,Pz) maroTh 3HaueHHs(>0 Ta <1.4), TO nmokas-
HukM L(04,02,Pz), TT(01,0,,Pz) MmatoTh 3HaueHHs ( >=2 Ta <=3.65); ab60

o gkuo moka3Huku ENTR(0,,0,,Pz) marorp 3HaueHHs(>1.7), TO MOKAa3HUKU
L(04,0,,Pz), TT(0,,0,,Pz) 3HaueHHs1 MalOTh ( >=12).

TUII 3:

e mnokas3Huku RR(01,0,,Pz) yci 3HauenHs 6ins vy (>=0 ta <0.06);

e mnokasHuku DET(01,0,,Pz), LAM(0O1,0,,Pz) 3HauenHs 6insg Hyng (>=0 Ta <0.5)
a6o ix 3HauenHst DET ta LAM (>0.8 Ta <1.0);

e gkino nmokasuuku ENTR(0;,0,,Pz) mators 3HaueHHs (>=0 Ta <1) abo ix 3Ha-
yeHHd (>1.4);

e mnokasHuku L(0,,0,,Pz), TT(01,0,,Pz) 3HauenHst maioth ( >=2 ta <3) a6o L, TT
(>=3.5).

Bigminm Bif eminenntuuHux tiiiB EEI BcTaHOB/IEHO 32 TaKMMM O3HaKaMM:

THII 4

e mnoka3Huku RR(01,0,,Pz) 3Hauenns 6insg aynst(>0 Ta <0.02);

e mokasHuku DET(0,,0,,Pz), LAM(01,0,,Pz) 3Hauenns 6ins omuuanii(>0.96);

e mnoka3Huku ENTR(O,,0,Pz) 6inbmie (>3.5);
nokasuuku L(01,0,,Pz), TT(01,0,,Pz) 6inbie (>25.0).
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Ha migcTaBi nmpoBeneHOTro 0O0UMC/IIOBAIbHOTO €KCIIePUMEHTY, SIKUii TO/ISITaB y
MPOBEeJIeHHI TIpoLlelypu — PO3PaXyHKiB UMCEJbHUX IMOKA3HUKIB pPEKypeHTHUX
niarpam (RP)- aBtopam Bmanocs Bupuintu oguH Ttum — «HEALTHY-RP», skiit
Bifpi3Hse emnisiennTuyHi Ta HeermienTuuyHi tunu EET. [Ipn HeemisenTUUYHMX TUMAX
EET 3HaueHHS 1IbOTO TUIY Ta Oro MOKAa3HMKIB HamaHO y Tumi 4. [IJ1s elenTUYHUX
TUITiB CUTHAJIIB: 1Ie Tum 1, Tun 2 abo Tum 3 .

O6roBopeHHSsI pe3y/ibTaTiB. Y HACTYITHOMY ITPOIMOHYETHCSI PO3T/ISIHYTHU:

1. 3amauy Twumisailii 00’€KTiB 3a O3HaKaMM MeETOAY HEUiTKOi Jioriku . [Ijis
aBTOMaTHM3allii po3B’I3aHHS 3a7a4i Oyae 3alpOOHOBAHO BUKOPUCTOBYBATU HEUITKY
MO/IeJIb TIpeiCTaB/JIeHHS 3HaHb, MTOOYA0BaHY 3 BUKOPMCTAHHSIM HaBUAJIbHOI BUOIpKM
Ta CUCTEeMYy HEUiTKOTO JIOTiYHOTO BMBOZAY. ABTOMaTuMuHe (OPMYBaHHSI CUCTEMMU
HEUiTKMX JIOTIYHMX TIpaBWI BifOYBa€ThCS B IIpolleci HaBUaHHS. Y Ipolleci HaBYaHHS
BimOyBa€eThCs ¥ HAJMAIITYBaHHS ITapaMeTpiB Moe/li — HeUiTKUX TpaHUIlb TEPMIB.

2. 3amauy 1obya0BY MaTeMaTMYHOI MO/Ie/li 3aXBOPIOBAHHS eITijiencii y BUTJISIAi
CUCTEeMU 3BUYANHUX AUdepeHIiaIbHUX PiBHSIHb 5-T0 MOPSAKY, TOMY 110 M=5, 3 BU-
KOPUCTAHHSIM peasibHUX AaHuX yacoBux psaaiB EEI ta SYNDy nigxony.

BucHoOBKM

1.V poboTi HaBeoeHO METOAMKY PO3PaxyHKIB UMCEJIbHUX ITOKA3HUKIB
pekypeHTHOi1 miarpamu (RP) Ta BM3HaueHHs HelpodisziomorivuHoro 3HavyeHHS ii
rnapaMmeTtpiB — mipa pexkypeHmHocmi (RR 7AMOBIpHICTb TIOBTOPEHHSI CTaHy), Mipd
Ooemepminizmy  (DET 6inpiie 3HaueHHS OeTepPMiHi3My BKasye OiJbIll CHJIbHY
nepead6avyBaHiCTb CUCTEMM), cepedHst D08HCUHA JiazOHANbHUX JNIHITI(IMM Oiblile 3Ha-
yeHHSI L, TMM MeHIIa BUIIAJKOBICTb, TOOTO Jieriie BU3HAUMUTM MOBEHiHKY O3HAKMU
cucremu), mipa enmponii (ENTR Bimobpakae CKIAQOHICTh JeTePMiHiCTChKOI
CKJIaJI0BO1 y cucTeMi. Benike 3HaueHHSI eHTPOITii Ma€ Ha yBa3i mepiogMYHICTh CHUC-
TeMM, a HM3bKe - XaOTUYHICTb. [HakIie KaKyuyu, BeJMKa EHTPOIlisl CJiaye 3a
CKJIAIHIIIOI CUCTEMOI), Mmipa 3aemupaHHs (LAM jaMiHapHiCTb 0OUYMCITIOE
MMOBIPHICTb TOTO, [0 CTaH 3aJUIINUTHCS IJIS HACTYITHOTO TUMYaCOBOIO KPOKY), Mipd
uacy 3ynunku (TT xapakTepusye cepenHiil 4ac, SK1ii CMcTeMa MOXe IMPOBECTU Y TeB-
HOMY CTaHi ab0 TPUBAJIICTh Yacy, IIPOTSITOM SIKOTO KOXKeH CTaH IepebyBa€ y IMacTIli)
st EEI' maHMX maluieHTiB 3 KIIHIYHO ITiATBEPIKEHOIO eITijiericielo Ta 6e3 Takoi.

2. AHami3 orpumaHoi iHdopmarllii HO3BOJIMB BMU3HAUUTH 3 TUIIM HTAHUX Y
TAIli€HTIB 3 elTiJiernicieo Ta 1 TUIT JaHUX y Ialli€eHTiB 6€3 TaKoi:

Heeninentuuni Tunu EEI MaioTh Taki 03HaKu:

e moka3Huku RR(01,0,,Pz) 3Hauenns 6insg vyss (Big 0 o 0.02);

e mnoka3uuku DET(0;,02,Pz), LAM(O1,0,,Pz) 3Hauenns 6insg ogyani (>0.96);
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e moka3Huku ENTR(O,,0,,Pz) 6inbie 3.5;
e mnokasuuku L(04,0,,Pz), TT(0,,0,,Pz) 6inbmre 25.0.

3. Bigminm natosoriuaux tuiriB EET Bim HeemisienTUMUHMX OOLIIBHO OL[IHIOBATH

3a napametrpamu DET(0.,0,,Pz), LAM(O,,0,,Pz). ko 11i mokasHuMKM MarwTb 3Ha-
yeHHs Big 0.88 mo 0.999 abo e cnonyuenHst napameTtpiB DET, LAM 3i 3HaueHHSIMU
siki meHii 0.5; mokasuuku ENTR(0,,0,,Pz) matoTs 3HauenHs Big 0.0 mo 1.4, a mokas-
Huku L(0;,02,Pz), TT(01,0,,Pz) matoTs 3HaueHHs1 Big 2.0 7o 3.65 a6o ENTR(0,,0,,Pz)
MalTh 3HaueHHd Oiynpmre Big 1.7 Ta L, TT 6inbiie Bim 12.0 To € BucOKa BipOTigHiCTh
HasIBHOCTI eMiJIeNITUYHOrO MaTepHy abo xapakTepy po60OTH MO3KY Y PO3yMiHHi Ji0ro,
SIK [IUTICHOI HeVipOHAJIbHOI CUCTEMM.

4. B pe3ynbTaTi 00UMCIIOBAJIBHOIO €KCIIEPMMEHTY TaKOX BMHAMIEHO Ta 3a-
MponoHoBaHo Buainutu oguH ™o — «<HEALTHY-RP», sKiii Biapi3Hsi€ eniienTUYHI
ta HeemienTuuHi Tunu EEI. I[lpu HeeminenTtuuHux tumax EEI' 3HaueHHSs1 7i0TO
MTOKA3HMKIB HALAHO Yy THII 4. [IJis eIeNTUUHUX TUTIiB CUTHAJIB: 1ie Tuil 1, Tum 2 abo
TUIL 3 .
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Using the method of nonlinear recursive analysis
for typifying electroencelography time series data
This paper considers the issue of using the method of nonlinear recurrent analysis
to the problem of typing information provided in the form of time series data of
electroencephalograms (EEG) taken from a patient. A technique for determining hidden
information for this series and its use for constructing the corresponding recurrence
diagram (RP) at the points of information retrieval are described. It is shown that the use
of RP has significant drawbacks associated with the visualization of information on a
computer monitor screen, so another way of research is proposed - the calculation of
numerical indicators of RP. Their calculation must be carried out for each point of the
seventh information, for which it was proposed to take the points (O, O, Pz) - these are
the right and left occipital and parietal taps. The given RP indicators made it possible to
typify the obtained data and determine the type of which was called "HEALTHY-RP",
which distinguishes epileptic and non-epileptic EEG types.
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€.C. Cynema, A.I. [Inuka
MIIBUIIEHHS 3ABATIOCTIMKOCTI BATATOKOJIIPHUX
HITPUXKOOOBUX 30BPAJKEHD

AHomauyis. bazamoKkonipHi wmpuxosi KoOu 00380/140Mb y OeKI/IbKa pasis niosuwumu iHgpop-
MauiliHy WinbHiCmb NOOAHHA OAHUX NOPIBHAHO 3 YOPHO-6inumMu wWmpuxosumu kodamu. OOHaK,
npu yboMy YCKAAOHIKMbLCA NPoyecu po3ni3HaBaHHA Ma 0ekodyBaHHA 6a2amoKONIPHUX WmpU-
XK000BUX 300paxceHb. Memoto 00CniOXeHHA € po3pobumu cucmeMmy KOHMPOJK CNOMBOPEHb
2pagiyHUX KOMNOHeHMi8 6a2amMoKONIPHO20 WMPUXKOO0B020 306paXeHHs, AKa 6 3a6e3neqysana
HaodiliHe BIOMBOPeHHsA OaHUX NPpU CKAHYBAHHI 6A2aMOKONIPHO20 WMPUXOBO20 KOOY BENUKOT €M-
Hocmi. [loka3aHo, wo 043 HadiliHo2o 36epieaHHA 0aHUX B 6A2amMOKONIPHUX WMPUXKOOOBUX 30-
OpaXkeHHAX BeJUKOi EMHOCMT HeobxiOHo npoekmysamu LLIK-no3Hayku 3 0soma pisHAMU 3a6e3-
ne4eHHs 3agadocmilikocmi. 3anponoHOBaHO Memod nioBuLeHHS 3aBadocmilikocmi 6a2amoKo-
JIPHUX WMPUX0BUX KOOTB, AKUU rpyHMYeMbCA HA 3ACMOCYBAHHT 0BOPIBHEBO20 KOHMPOJIKO NOMU-
JIOK 3 BUKOPUCMAHHAM 080X MHO203HAYHUX KOPeKmMyB8aibHUX K00is: Kooy bYX — Ha pisHT wmpu-
XKOOO0BUX 3HAKTB (HUXHIU pigeHsb), ma Kooy Pida-ConoMoHa — Ha piBHI WMpPUXKOO0BOT NO3HAYKU
(8epxHili piseHb). Lle dae moxnusicms cmsoprosamu 6a2amoKONIpHI WMpPUxosi KOOU 3 noain-
WeHuUMU xapakmepucmukamu 3asadocmilikocmi, ki 3a6e3neyyloms HaodiliHe BI0MBOpeHHs 0a-
HUX Ni0 4ac CKaHyBaHHA 6A2aMOKONIPHUX WMPUXKOO0BUX 300paxkeHb BeNUKOI EMHOCMIT B CUC-
memax asmomamuyHoi 10eHmudgikayii.

Knioyosi cnosa: wmpuxose KoOyBaHHS, 6A2aMOKONIPHT WMPUX0BI KOOU, MHO203HAYHUL KOO
b4X, ko0 Pioa-ConomoHa, asmomamuyHa i0eHmugikayis.

ITocTraHoBKa MpooGIemMu

[lITpuxoBe KOAyBaHHS JAHUX € OOHUM 3 BUiB aBTOMAaTMUHOI imeHTHUdiKaIlii.
Matounu OesmepeyHi mepeBarM - BUCOKY IIBUIKICTb BBEIEHHS HAHUX, HU3BKY
BApTICTh BUTOTOBJIEHHS WITPUXKOAOBMUX IMO3HAYOK (IIIK-mm03HA4OK), 3py4dHICTh 3a-
CTOCYBAHHSI — IWITPUXKOAOBA TEXHOJIOTISI AO3BOJISIE 3HAYHO IIOBHIllle peasi3yBaTyu
MO>XJIMBOCTi aBTOMAaTM30BaHMX CUCTEM KepyBaHHS. [IpoiIOBIIN TTIEBHY €BOJIOLi0 —
niHiiHI mwtpuxoBi koau (LK), cTekoBi, MaTpMyHi — IITPUXKOAOBA TEXHOJIOTiS
aBTOMATUYHOI imeHTMdiKallil MPOJOBXKYE OYyTM TEpPCIeKTUBHOI KOMIT I0TEPHOIO
TEXHOJIOTi€10, SIKa OXOIUTIOE Medasi mupiii cdepu a0aChbKOi OisyibHOCTI. IIpoTsirom
OCTAaHHBOTO IECSITUIITTS CIIOCTEePIiraeThCs CTiliKa TeHAEHIIsI 10 PO3MIMUpPeHHS chepn
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3aCTOCYBaHHS 0araTOKOJipHMX IITPUXOBUX KOJiB, OCKiIJIbKM OaraTOKOJIipHi
IITPUXKOIOBi 300paskeHHS T03BOJISIIOTh Y JIeKi/ibKa pa3iB MigBUIIUTY iHGopMaIliitHy
IIiIbHICTh TOJAHHS TaHUX MOPIiBHSIHO 3 YopHO-OimMu IIIK 6e3 3MiHM reoMeTpuy-
HUX pO3MipiB eneMeHTiB 300pakeHHs1 [1 - 5, 8]. OmHak, mpu 3acTOCyBaHHi
6aratokosipaux K ycKaagHIOIOTBCS TMpOLieCcH po3Mi3HAaBaHHSI Ta JeKOLyBaHHS
HMITPUXKOJIOBUX 300paskeHb. JocaigHuku B [4 - 7] 3a3HaUYalOTh, 1[0 IPUUMHAMMU 11bO-
TO MOXXYTb OYTU: CIIOTBOPEHHS F€OMETPUUYHMX PO3MipiB eJieMeHTiB 300paskeHHS 3
pi3HMM 3a6apBJIEHHSIM ITiJl Yac 3UYMTYBAHHS uepe3 MeBHi ONTUYHI eeKTH; CTapiHHS
O6apBHMKIB; 3rOpTaHHS Ta PO3IUIMBAaHHSA ¢Gapbu rpu BurotosieHHi IIK-mo3Havyok
TOIIO.
AHaJti3 ocTaHHIX JOCTiIKeHb i myoJiKai

[IpenmeToM pociifgkeHHs B [6] cTana CHeKkTpalbHa BiIMiHHICTh B KOJIPHUX
KaHanax nOpucTpoiB ApykyBaHHS IIIK-mo3Ha4yoK, Ae BUKOPUCTOBYIOTh KOJipHY
namitpy C, M, Y (C - cyan, 6nakuTHMiT; M — magenta, myprnypoBuii; Y — yellow, sk0oB-
TUIi), Ta KOJipHMX KaHajaxX NpuUcTpoiB 3unuTyBaHHS IIK-mo3HAUOK, B IKMX BUKOPU-
cTOBYIOTh NamiTpy R, G, B (R — red, uepBonmii; G — green, 3enennii; B — blue, cuniit).
[I106 MOM’IKIIUTY BIUIMB MiXKKaHaJIbHMUX 3aBaj, B KOJipHMX KaHa/IaX IIpU IPyKyBaHHi
[IIK-1103HaYOK Ta KOJipHMUX KaHAIiB MPUCTPOiB 3UMTYBAHHS, aBTOPM pPO3pOOWIN asl-
TOPUTM YCYHEHHS 3aBaj, IIpM peasisallii IpoleciB APYKyBaHHS Ta CKaHyBaHHS.
BHacC/IigoK 1bOTO BOAIOCh iCTOTHO 3HU3UTU MMOBIpHICTh ITOMMJIOK Ta MiJABUILIUTUA
IIBUAKICTh NE€KOLYBaHHS.

[Hwi pocnigHukM, 3okpema B [9, 10] 3ampomnoHyBaau crocobu 30iablIeHHS
iHbopmairiitHoi miiibHOCTi QR-KOAIB 3a paxyHOK BUMKOPUCTAHHS B CTPYKTypi QR-
KOy 6araToKO/IipHOCTI ITPUXKOAOBUX €JIeMEeHTIB, a B npaijsx [1, 11] mponoHyeTbest
3aCTOCOBYBATY MYJIbTUIIJIEKCYBAHHS Ta 6araToIIapoBiCTh KOMiPHUX HMITPUXKOAOBUX
300paskeHb.

VY 6araToKoJipHOMY HITPUXOBOMY KOIyBaHHiI HaJ3BMYAiHO BaXK/IMBOIO € IPO-
6yiema 3a6e3IevueHHsT 3aBaJOCTIMIKOCTI IITPUXKOAOBMUX 300paxkeHb. AHAII3 OCTaHHIX
mociimkeHb i my6mikarii, 3okpema [2, 12, 13 - 15], B SIKMX 3aIl04aTKOBAHO
PO3B’SI3aHHS JaHOi IIPo6IeMMu, CBiTUNTD ITPO Te, 0 KOMILIEKCHE BUPIIIeHHS TaHOTO
MMMTAHHS BiACyTHE, HAsIBHI JIMIlle OKpeMi IPOIIO3uIlii, 1[0 He YTBOPIIOTb €IUHOTO
uijioro. HeBupilieHMM 3aBAAHHSIM € BiJCYTHICTb CUCTEMHOIO IigXomy IIpu
3a0e31ievyeHHi HaiifHOCTi 30epiraHHs iHdopMaliii y Burisai 6aratokomipaux K.

MeTa gociiaKeHHSA
s 3a6e3meyeHHsT HAJiMHOTO 30epiraHHs AaHUX B 6araTOKOMiPHUX MITPUXKO-

OOBUX 300pakeHHSX BeIMKOI €MHOCTI (#ekimbka Tucsad andaBiTHO-IMPPOBUX
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CMMBOJIIB) HeoOximHO  mpoekTyBaTu  IIK-mosHauku 3  [OBOMa  PiBHSIMU
3aBaJOCTIMKOCTi: 1) HMKHIN piBeHb (piB€Hb HAVIMEHIIMUX CTPYKTYPHUX OJUHUIb —
IIIK-3HaKiB, komu IIIK-3HakM CTBOPIOIOTH Tak, 00 BOHM MalM BJIACTUBICTH
3aBaJIOCTIMIKOCTI y BUMAAKy CIOTBOPEHHS OJHOIO-IBOX e€JleMeHTiB 3Haka; 2)
BepxHili piBeHb (piBeHb yciei IIIK-mo3HauKm), KoM y BUITAAKY CIIOTBOPEHb IT€BHOI
KinbkocTi IIK-3HaKiB, Takux, sIKi HEMOX/IMBO YCYHYTU B MeXXax HMKHBOIO PiBHS,
3a0e3I1euyeThCs IiJTiCHICTh 3UMTYBAHUX JaHUX.

MeTol0 AOCHIAXEHHSI € CTBOPEHHS CUCTEMM KOHTPOJI CIIOTBOpPEHbD
KOMITOHEHTIB 6araToKoJIipHOTO IITPUXKOJOBOrO 300pakeHHsI, siKa 6 3abe3revyBaja
HajiliHe BiATBOpEeHHSI JAHUX IMPY CKaHYBaHHi 6araTOKOJiPpHOIO IITPUXOBOTO KOOy
BEJIMKOI €MHOCTI.

Buknag 0CHOBHOIO MaTepialy JoCaiayKeHHS

CrpykTypHo IIIK-1103HauKa ckinagaeTbcsl 3 MacuBy IIK-3HaKiB, ynopsagKOBaHMUX

y BUIJISIAI TIPSIMOKYTHMKA ab0 KBagpara (puc. 1).

PucyHok 1 - CTpykTypa 6araToKo/IipHOI IITPUXKOAOBOI [TO3HAYKMN:
a — 1IK-3Hak; 6 — IIIK-1mo3Hauka

Bynb-sikuii IIK mae cBiii Habip IIK-3HaKiB, KOkeH 3 SIKMX [MO3HA4Ya€ CUMMBOJ
(abo KoMOiHaIliI0 CMMBOJIIB) KOMIT' I0TepHOT0 ajdasity. lleit Habip IIK-3HaKiB Ha3u-
BalOTh CMMBOJIiKOIO IITPUXOBOTO KOAY.

Hexait HeOOXigHO CTBOPUTY CMMBOJIIKY 3aBaJOCTiIKOTO 6araTOKOJipHOTO MaT-
puuHoro LK 3 napameTpamu q, S; Ae ¢ — KUIbKICTb BUKOPUCTOBYBAHUX KOJIbOPIB [JIsT
po3dapboByBaHHs eneMeHTiB IIIK-3Haka, Koiu q>2; S — KiJIbKiCTh €JIeMeHTiB (4apy-
HOK) y lIK-3HaKky (ouB. puc. 1).

Konbopu, skumu MOKyTh 6yTy 3ab6apBieHi enemeHTH IIIK-3HakiB, mosHavaTu-
memo umudpamu: 0, 1, 2, ..., g-1. IlIK-3HaKy, 1[0 CKIAJAETLCS 3 S €JIEMEHTiB, ITOCTa-
BMMO Y BilIOBiAHIiCTb I poBUii eKBiBasieHT — BekTop IIIK-3HaKa

Z=(z0z1...Zs1), Be zi€ {0, 1, 2, ..., q-1}.

s Toro, mo6 IIK-3Hak 6yB 3aBafOCTiiIKMM, 10r0 BEKTOpP Z Ma€ OYTU KOHO-
BMM CJIOBOM MHOTO3HAyHOTO (g>2) KOPEeKTYBaJbHOTO KOAY, 3JaTHOTO BUIIPABJISITU
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CIIOTBOpPeHHS (MTOMMJIKM). BBaskaTuMemo, IO IIiA 4yac 3umMTyBaHHS 3 Hocig K-
3HAKiB HAMOIIbII IMOBIpHMMM € BUIIAJIKM YIIKOJIsKEHHS (CTIOTBOPEHHS) OAHOTO abo
IBOX eynieMeHTiB y Meskax IIIK-3Haka. Y TakoMy pasi Bektop Z IIIK-3Haka Mae 6yTu
KOAOBMM CJIOBOM KOPEKTYBaJIbHOTO KOOy 3 MiHIMaJibHOK KOJIOBOK BiJICTaHHIO
dnin=5. TakMM KOpPEKTYBaJIbHMM KOIOM MOKe OyTM MHOTO3HAUHMI1 (G-KOBMII) KO,
BUX (kox boy3a-Yoynxypi-XokBiHrema), q>2.

Kog BUYX € IMUKIIYHMM KOpPeKTYBaJbHMM KOJIOM, Y SIKOMY KOJYBaHHS

u—1 X
iHbopmailii 3BOAUTHCS A0 MHOKEHHSI MHOTOUJIeHa B(x)= > b;x' cremeHs u-1, aKuii

i=0

BiINIOBiZla€ (-KOBOMY U-PO3PSAAHOMY iH(pOpMaLiiiHOMYy CJIOBY B=(hyp,.--b, ), Ha
v .

TBIpHMI1 (TeHepaTOPHMIT) MHOTOU/IeH g(x)= Y. g, x=g 0t Xt g, x’ CTeIeHs v:
i=0

Z(x) = B(x)g(x) ,

s—1 . . .
ne Z(x)=) z,x - MHOTOYIEH CTeIleHs S-1, 10 BiAMOBiga€ S-pO3PSIHOMY G-KOBOMY

i=0
KOJIOBOMY CJIOBY Z =(zz---z,_,) » SIKUIA € uudpoBuMm ekBiBasieHnToM IIIK-3HaKa; s=
u+Vv; b,g,z; €GF(g)[15].

SIKIIO BiZOMMIT TBipHMIT MHOTOWIEH g(x), TO TBipHY MaTpulllo G(su) (S, U)-KOmy

bUX nomaroTh y BUTJISII:

g(x) g8 --- & 0 .0

_[xe) | [0 go--- gy-18,0--0
G(s,u)_ -

xu_lg()(,’) O O Ogo gl gv

BOHA MAa€ PO3MIpPHICTb UX S.

Hesiki q-koBi (q>2) moBHi Koy BYX 3 dmin=5 HaBemeHo B Tabs. 1. Kog BUX Ha-
3MBAIOTh MOBHUM, SIKILO S=q"-1.

Hexait q=4 (Bunamok 4-komipHoro IIIK). PosriasHemo, Hampukiaj, 4eTBipKo-
Buit (15, 9)-kom BUX (auB. Tabm. 1).

Iy moOymoBM TaKOro KOOy BMKOPMCTOBYIOTH nBa Iojsi: GF(2?) - 1ose
cuMBOJIiB (puc. 2) Ta GF((2%)?) — mone mokaTopiB (Tabi. 2), IKe € po3MMPeHHSIM Ha/l
GF(2?).
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Tabanug 1
Iesiki TIOBHI q-KOBI (s, u)-kogyu BUX

KinpkicTb q=3 q=4 q=>5 q=7 q=8
KOJIbOPiB

[Tone GF(3) GF(2?) GF(5) GE(7) GF(23)
CUMBOJIiB
(s, u)-xog, (8, 3)- (15, 9)- (24, 16)- (48, 40)- (63, 55)-

BUX (26, 17)-

[Tone GF(3?) GF((2%?) GF(5?) GE(7?) GF((2%)?
JIOKaTOpiB GF(3%)

V nionti GF(2?%) ornepyioTh 3 YoTupMa cumBoamu: 0, 1, 2, 3.

Ha ocHoBi TBipHOi MaTpuili Ggs, ¢ Komy BUX 3 dmin=5 MOkHa IOOymyBaTu
CMMBOJIIKY 3aBaJOCTiAKOTO IITPUXOBOTO KOAY 3 MOX/IMBICTIO KOPEeKIIil JBOKPaTHUX
rnomunok y IIK-3Hakax.

Jlng 1uporo u-pospspHe iHopmaliiiHe q-koBe cnoBo B =(pyb;...b,_1)

HeOOXiZIHO TIePeTBOPUTY B S-PO3psifiHe KOfIoBe ¢lI0BO Z =(z( zy...Z, 1), SIKE € BEK-

TopoM (umdpoBum ekBiBameHToM) IIIK-3HaKa, TOGTO 3aKOmyBaTu CI0BO B (S, u)-
KoaoM BUX, a moTiM BeKTOpYy Z MOCTaBUTU Y BiAmoBigHicTh IIK-3Hak.

Omnepailito KOgyBaHHS 33[4al0Th PIBHAHHAM Z=B-G(s,) Ta BUKOHYIOTb 3a IPaBU-
namu nonst GF(2?).

[IIK-3HaKkM HAHOCATH Ha HOCii1, popmytoun IIIK-mo3HaUKY.

Ha ocHoBi TBipHOi MaTpuili Ggs, o) Kogy BUX MoxkHa 1mo6yayBaTy cuMBoJIiKy K
MOTY>KHOCTI 4°=262144 IIK-3Haku. OgHaK, IS MPaKTUYHUX TOTPed MITPUXOBOTO
KOIYBaHHS JaHUX HEOOXiTHO MaTM CMMBOJIiKM MEHIINX MOTYKHOCTeIA. [IJ1s1 iX OTpu-
MaHHS$ CJIiJ, pO3IJIsiAaTV CKOpOUeHi (HernmoBHi) koau BUX.

[lIo6 orpumaTu ckopodeHmit Konm BUX HeOOXiZIHO CKOPOTUTM TBipHY Ta
nepeBipHY MaTpuili moBHOTO Koxy BUX (Bci 3a3HaueHi B Tab/1. 1 KOAM € MOBHUMM).

Hanpuknanm, Ko B TBipHii maTpuili Ggs, ¢ moBHOrO (15, 9)-komy BUX Bukpec-
JIUTU [IBa KpayiHi CTOBMI COpaBa Ta 2 HMWKHI PSAKM, a B MEpPeBIipHiA MaTpuiii
Hgs9 — ABa CTOBIILI CIpaBa, TO OTPUMAEMO TBipHY Matpuiio Gas 7) Ta MepeBipHY
maTpuuo Hsz yeTBipkoBOro ckopoueHoro (13, 7)-koxgy BUX.

[TocnimoBHO BUKpecawun B Ggs, 9 IpaBi CTOBIIL Ta HMXKHI PSIAKA, a B Hiso) —
BiATIOBiHI MpaBi CTOBIIIi, OTPUMAEMO HU3KY UYETBipKOBUX CKOpOUYeHUX KOJiB BUX:
(14, 8)-; (13, 7)-; (12, 6)-; (11, 5)-; (10, 4)-5 (9, 3)-; (8, 2)-.
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Ha ocHOBi 1ux ckopoueHux KoAiB BUX Mo)XHa CMHTe3yBaTU CUMBOJIIKU
3aBaJOCTIKMX IITPUXOBUX KOAIB Pi3HOI MTOTY>KHOCTI.

Hampuknan, Ha ocHOBi TBipHOi maTpuiii G, 3 (puc. 3), oTpumaHoi 3 Ggs, 9),
MOOYIyEMO CUMMBOJIIKY UYOTMPUKOJIPHOTO 3aBaJIOCTiIKOTO IITPUXOBOTO KOOy 3

MOXJIMBICTIO KOpeKIlii ABOKpaTHMX MomMuiok y IIIK-3Hakax.

o p) 2 ~3 4 S a =7 =8
L 1 2 1 1 1 0
Goa™ 1 2 2 1 1
0 0 1 2 2 1 1
zy 2y, z, 3 z, Z 25 Z'; Z'g
01 1 3 1 0 2 2 1
10 2 2 1 2 0 3 3
1 1 2 1 3 1
1 1 0 3 3
Ho 3y~

1 3 1 0 2 2 1
11 3 1 0 2 2 1

PucyHok 2 - TBipHa (G) Ta nnepeBipHa (H) MaTpuili 4eTBipKOBOTO
ckopoyeHoro (9, 3)-kony bUX

IIIK-3HaKM CKIaJal0ThCS 3 9-TU eJleMeHTiB (pyC. 4), KOKEH eJIeMEeHT MOKe OyTu
po3dapboBaHuit OJHUM 3 YOTMPbOX KoabopiB. IIIK-3HaKky BifmoBigae 9-po3psimHmii
BekTop HIK-3HaKa Z=(202122232425262723).

Ins orpumanHs Bektopa IIK-3Haka Z=(Zoz:...zs) HEOOXiZHO BUKOHATU MHO-
>keHHS iHQopMaliiHoro cimoBa B=(bob:bz) Ha TBipHY MaTpuiilo Geos B momi GF(2?%)
(ouB. puc. 2): Z=B- Go3).
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PucyHok 3 - ®opmyBanHs [IIK-3HakiB 4-KojipHoro 3aBagocTiiikoro 11K 3
MOXJIMBICTIO BUTIPABJI€HHS JIBOKPATHUX CIIOTBOPEHbD (momMuiiok) y lIIK-3Hakax:
a — crpykrypa IlIK-3Haka; 6 — BekTop IIK-3HaKa; 8 — MOPSIOK 3alIOBHEHHS
IIK-3Haka; 2 — IK-3HaK, skoMy Bignosigae BekTop Z=(230332 12 3)

Hexai1 B=(2 0 3).

Topi: zo=2-1+0-0+3-0=2; z,=2-2+0-1+3-0=3; 2,=2-2+0-2+3-1=0; z3=2-1+0-2+3-2=3;
Z24=2-1+0-1+3-2=3; z5=2-3+0-1+3-1=2; z,=2-1+0-3+3-1=1; z;=2-0+0-1+3-3=2;
Z5=2-0+0-0+3-1=3.

OTxe, Z=(230332123).

Mwu oTpumMaau KoJoBe CJI0BO B HeCHMCTeMaTUUHii ¢opmi (Miclie3HaXOIKeHHS
KOHTPOJIbHUX PO3PSIAiB — HEBiIOME).

OTpumaHOMY KOJIOBOMY CJIOBY Z BiAmnosigae IIIK-3HaK Ha puc. 4e.

Bepyun Bci MoxknuBi 3HaueHHs iHQopmaiiiiiHoro ciioBa B — Bim 000 1o 33 3 ta
BUKOHYIOUM MHOXeHHSI cjioBa B Ha Matpuillo Goz oTpuMaeMo 4°=64 pisni K-
3HaKMU, SIKi YTBOPIOIOTh CMMBOJIIKY 3aBaZoCTiikoro 4-kosipHoro IIK, B sikomy B K-
3HaKax MpU iX 3YUTYBaHHI 3 HOCiSI MOX/IMBE BUITPABIIEHHS OJHO- 260 ABOKPATHUX
CIIOTBOpPEHb eJIeMeHTiB (ITOMWIOK) (Tabs. 2). Llifi cuMBOJiIli MOXKHA IOCTaBUTU Y
BiATNOBigHICTh uncyioBy MHOXuHY Q={0, 1, 2, ..., 62} (IIK-3Hak, sKOMY BiAmoBigae
B=00 0, He BUKOPUCTOBYETHCSH).

Hns ctBopeHHs IIK-mo3Haukyu andaBiTHO-UMMPOBY MOCTiILOBHICTh, SKa
MiJJIIrae MOAAHHIO B MITPUXKOJOBOMY BUTJISIZI, ITEPETBOPIOIOTh Y UMUCJIOBY (popmy,
BUKOPUCTOBYIOUM uMciaa 3 aianasoHy 0 — 62, a mOTiM KOKHOMY UMCIY CTaBJISITh Y
BimnmoBimHicTe IIIK-3HaK 3 Ta6. 2. ani [IIK-3Haky HAaHOCSITh HA HOCIIA.
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Tabanig 2

CTpyKTypa CMMBOJIiKM 4-KOJipHOTro 3aBagocTilikoro 1K 3 MoknuBicTiO

BUIIPABJIEHHS OBOKpAaTHMUX MOMMIOK y [IIK-3HaKkax

[Hdopmariiiine Howmep IIK-3Haka B
BekTop IIK-3Haka [IIK-3HaK o
CJI0BO CUMBOJIIITI
000 000000000 -
001 001221131 0
002 002332212 1
[ ::.E‘.: N
333 323312213 >==._a_ N 62

Hexait y IITpUXKOJOBOMY BUIJISIAI He0OXimHO momaTtu k IIIK-3HaKiB, 110 yTBO-

piooTh iHdopmaliiiiHe c10BO A=(A-1 Ak-2... A1 o), IKOMY TTIOCTaBMMO y BiITIOBiIHICTb

k-1
MHOTOWIeH a(x)= Zai xi . Koken HIK-3HaKk yTBOpeHO Ha OCHOBi kopy BUX. s
i=0

3abesneueHHsT ILiicHOCTI maHmxX (ockigbky IIIK-mmo3Hauka € BigKpUTUMM HOCieEM
iHbopmairii, 10 MoXe IigmaBaTHCs HebakaHMM 30BHIIIHIM BIUIMBaM, 3aBajaMm)
JoJlyyae [0
iHpopMaliitHOro cjioBa A r KOHTPOJIbHMUX PO3pPsAiB. BHAC/IIOK IIbOTO HA HOCiH Gye

3aCTOCYEMO  KOpeKkTyBaJibHMIT  Kop,  Pima-ConmomoHa,  sKkuit

HaHeceHO n LIK-3HakiB, sIKi yTBOPIOIOTh KOJOBE CJIOBO C=(Cn-1 An-3... C1 Co), IKOMY

n—1
MIOCTaBMMO Y BiJIOBiAHICTP MHOTOWIEH c(X)= ) ¢ jXxi,men - k =r. Cnoso C or-
Jj=0

PUMYIOTh SIK pe3yJjbTaT MpOoLeAypyu KOAyBaHHS: c(X)=a(X) ¢(x), ge @(x) — TBipHUI
MHorouieH Kony Pima-Conmomona. BBakaTumemo, 110 ornepaiiii Hajg koedirieHTamu
MHOT'OWIEHIB BUKOHYIOTh 3a MOZYJIEM IIPOCTOrO umncia P. Ko MOTYXHICTb CMMBO-
niku IIK cranoButs W=g" llIK-3HaKiB, TO P Mae 3a70BOJbHATU YMOBY P<W. Ilpu
uboMy P IIK-3HaKiB CMMBOJIIKM BUKOPUCTOBYIOTD [JIS1 IOOAHHSI JAHMX Ha HOCIi, a
pemita R=W — P IlIK-3HaKiB € cy>k00BUMM, i BUKOPUCTOBYIOTHCS [JISl HACTPOIOBAHHS
CKaHepa IWITPMUXOBOTO KoAy. BBaxkatumemo, 1m0 MakcumaabHa e€eMHicTh LIK-
no3Hauku He nepeBuiye P-1 [IIK-3HakiB, To6TO n<P-1.
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TBipHMIT MHOTOUJIEH ¢@(x) Koay Piga-ConoMoHa BM3HAYaKOTh SIK
PR)=(X = B)(x = B7)..ct (X = B)= X+ @ raX" e ixt @y,
Ie B — mpuMiTUBHMII ejieMeHT 110J1s1 GF(P). IIpumiTuBHuM enemeHTOoM 110Jist GF(P) €
11iJIe YMCJIO BCi MOXK/IMBI CTeMeHi SIKOTO 3a Moay/aeM P aloTh BCi HEHYJIbOBI eJleMeH-
TH 1ons, Tooro unucna 1, 2, ..., P-1.

Kopn Pima-ConmomoHa Mae MiHiMaJIbHY KOJIOBY Bifgctanb d=n —k+1=r+1.3
iHImoro 60Ky, BiIoMO, 110 KOPEKTYBaJIbHMIT KOJ, 3 MiHiMa/IbHOIO KOJIOBOIO BiJICTAaHHIO
d’ mo3BoJsi€ AeKOyBaTH OyIb-sIKy KOHDIrypailito 3 t TOMWIOK Ta p CTUPaHb 32 YMO-
BU, o d > 2t + 1 + p, me i MIOMUJIKOIO pO3YMiIOTh TaKe CIIOTBOPEHHS y ¢JioBi C, KO-
JI/ He BiJlOMe Hi 10r0 MiClle3HaxXOA KeHHS y CJIOBi, Hi AIOTO BeJIM4YMHA; a il CTUpaH-
HSIM — CIIOTBOPEHHS, MiClie3HaXO/I)KeHHS SIKOTO Y CJIOBi Bijome, ajie He Bijoma
TUJIBKY Ji0T0 BenuMHa (Y JAHHOMY pas3i CTUpaHHS € MaTeMaTUYHUM ITOHSITTSIM, a He
bisnunum) [16].

OTxe,

rz2t+p (1)

Ile cmiBBigHOIIEHHS A€ MOXKIMBICTD KOPUCTYBauy o0OMpaTu IOTPiOHY
KiJIbKiCTh KOHTPOJIBHMX PO3PSAiB OIS 3aXMUCTY LUIICHOCTI JaHUX 3aJieXKHO Bif
emHocTi IIIK-mo3HaukKu Ta cepemoBUIlla BUKOPUCTAHHSI HITPUXOBOTO KOAY, pery-
JIIOIOUM TaKMM UYMHOM piBeHb 3aXUIEeHOCTI.

Harmnpukinam, Ko € morpeda BUIIPAB/STY B CJIOBAaX t = 2 TIOMWJIKU Ta p=3 CTU-
paHHS, TO KiIIbKiCTb KOHTPOJIbHUX PO3PSIAiB Ma€ CTAHOBUTH 7.

3i crmiBBigHOmeEeHHS (1) BUIIMBAE, M0 MJISI KOPEKIlil KOXKHOI IMMOMMJIKM B KOAI
Piga-CosoMOHa BUTpaAvyarThCS Ba KOHTPOJbHI PO3psan, a AJjs KOpeKiiii KOXXHOTO
CTUPAHHS — OOUH KOHTPOJIbHUI O3PSI,

Hexait y IITPUXKOZOBOMY BUIJISIAI HEOOXiJTHO MOJATU MOBiTOMJIEHHS, SIKOMY
BignmoBigawTh 6 IIK-3HaKkiB yoTupukosipHoro LK, cumBoJiiKa SIKOrO HaBegeHa B
Tabj. 2. BBaskaTMMeMo, IO B I[ili CMMBOJIiIIi JJIsI TIOJaHHS JAHUX BUKOPUCTOBYIOTH
59 IlIK-3HakiB, 3aHymMepoBaHux Big 0 mo 58, a pemta IIK-3HakiB — caysk60Bi. HeBe-
JMKa JTOBXMHA MoBimomyieHHs (6 IIIK-3HaKiB) oOpaHa [jis1 CIPOIIEHHS ITPUK/IAIiB
KOJyBaHHS-IeKoayBaHHs; peainbHi [IIK-1mo3HaukM y CBOeMy CK/IaZi HajliuyylOTb Bif
KIJIBKOX COTeHb 0 KiIbKOX Tucsy IIK-3HaKiB.

BBaykaTuMeMo,110 ITOBiTOMIEHHIO BiAIloBigae 6-pospsaHe iHpopMaliiliiHe cjo-
BO A=(asasasa;aiao)=(31 28 0 12 58 4), po3psau SIKOTo € LMGPOBUMU
ekBiBajieHTaMu BimmnoBigHux IIK-3HaKkiB cMMBOJiIKM 3 Ta6ia. 2. 3aJaMO KiJIbKiCTh
KOHTPOJbHUX PO3PsSAiB, HANpUKIaA, r =6. Taka KiJbKiCTb KOHTPOJbHUX PO3PS/iB
IO3BOJISIE BUMTPABJISITM TaKi KOHpirypaiiii mommsox (t) Ta ctupasb (p) : t=3,p=0; t
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=2, p=2;t=1, p=4; t = 0, p=6. Toni TBipHMII MHOTOWIeH Koay Pima-ComomoHa
OOPiBHIOE @(X)=(X — 2)(Xx — 22)-...- (x — 26)= x® —8x° +16x* — 13x° + 42x> — 33x + 56= x° +
51x>+16x* + 46x3 + 42x% + 26x+56 (KoediLieHTH 06UMCcaeHO 3a mod 59) .

3aKkoayeMO CI0BO A KOpeKTyBaabHUM KomoM Pima-CosomMoHa:
c(x)=a(x)@(x)=(31x°+28x*+12x*+58x+4)-(x*+51x°+16x*+46x°+ 42x> +26x+56)=

=31x1+16x10+36x7+57x8+15x"+3x5+18x5+25x +4 1 x3+4 Tx*+48x+47.

Kopose c/10BO IOpiBHIOE:

C=(31 16 36 57 15 3 18 25 41 47 48 47) (2)
Ci1 Cio C9 Cg C7 C6 C5 C4 C3 C2 C1 Co.

KoxkHomy pospsmy cioBa C Bimgnosimae IIIK-snak 3 Ta6na. 2. IIK-3Haku
TIOCJIiIOBHO HAHOCSATD Ha HOCi hopmytoun mpssMoKyTHY IK-1mmo3Hauky, 1110 MiCTUTh
12 IIK-3HaKiB.

[Tlinmz vac 3uYMTyBaHHSA 0araTOKOJiPHOIO INITPUXKOIOBOrO 300pa’keHHS
MoCHigoBHO  BMOKpeM/olTh  IIK-3HakM, ¢dopmylounm n-po3psiiHe  CJIOBO
(omHoBuMipHUI MmaccuB IK-3HaKiB) C'=(C'n-; C'n-2 ... C'1 C'o). [IpuOMy, HAa MOMEHT Jie-
KOAyBaHHS Aekoaepy koay Pima-CosmoMoHa Bigomi mapameTpu n ta r (n — 3arajibHa
KinbKicTh IIK-3HakiBy IIIK-1mmo3Hauli, r — KiJibkicTb KOHTpoJibHUX IIIK-3HakKiB). [Ipu
IeKOooyBaHHI 3uMmTaHoro cjoBa C' AekoAep Ma€ BUIPAB/SITUM CIOTBOPEHHS ABOX
BUJIB — CTMPAHHS Ta IOMMIKMA.

[Tpouec mexomyBaHHSI PO3r/AsiHEMO Ha Tpukiaaai 3umtyBaHHS IIK-mo3Haukwy,
sIKiit ripu ii popMyBaHHI Ta HaHeCeHHi Ha HOCil BiiIoBigaso KomoBe cyioBo (2). He-
Xalil BHACIIOOK YIIKOIXKEeHb 3a3Hanu crotBopeHb yotupu IIK-3Hakm, a came K-
3HaK C'o Ta C'5 ileHTU(iKOBaHi SIK CTUPaHSI, a C'7 Ta 'z IK IOMUWIKA:

L: 42 21 402010 5 3216 8 4 2 1
BI: 211 210 29 28 27 26 25 24 23 22 21 20
C= (3116 0 5743 3 0 25 41 18 48 47) (3)
C'11 CioCo CsC7 Cs Cs5 CaC's C2C1CHo

[ns 3pydyHOCTI [OeKOAyBaHHSI CTMPAHHS 3aMiHeHi Aekomepom Kkoay Pina-
CosloMOHa Ha HYJIbOBI 3HaYeHHS (Ll 3araJibHOBM3HAHMUI TPUIAOM), SIKi BUIiINIEHO
SKMPHUM, a IOMWJIKOBI pOo3psiau nigkpecaeHo. KoxkHomy po3psiy ciioBa C' CTaBSTh
y BiATIOBiIHICTH JIOKATOpP, KU1 TIOAIOTh ab0 y cTerneHeBoMy BuUIsiAi ), abo y BuU-
sl mecsiTkoBoro umcia L=(BY)mod P.

IlekoyBaHHS MPOBAJISITh B TaKii IMOC/TiJOBHOCTI.

1. O6pobssioun cioBo C' (3) cripaBa HaliBo Aekojep dikcye Homepu po3psiziB
€1=5 Ta £=9, 110 MICTSITb CTMpPAHHS, a TAKOX KiJIbKiCTb cTUpaHb p=2. [lepeBipsioTh

BiJHOIIIEHHS pS 1. SKIIO p> r, TO KiJIbKiCTb CTMPaHb IlepeBUIIYE KOPEKTYBAJIbHY 3/a-
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THICTb KOZY, i IeKOAyBaHHS CJIifl IPUIIMHUTY Yyepe3 HeBUIIPaBHi CIIOTBOPEeHHS. SIK-

O P<r, TO 3HAXOMATD JIOKATOPU CTUPAHD [, = 2°=32, L= 2° =40 (3a mod 59).

2. 3HaXOAsIThb MHOTOWIEH JIOKATOPiB CTUPaHb
P

A(x)= 11— L, x)=(1-32x)(1-40x) =41 x>+ 46x +1.
i=1 !

3. BusHauaioTp, IKy MaKCMMaJIbHY KUJIBKICTb MOMMJIOK t Ije MOXXe BUIIPaBUTU
JIleKoAep micJist BUSIBJIEHHS p CTUPaHb: t=int((r - p)/2).

HasiBHA KUJIBKICTh U MOMWJIOK Y 3UMTAHOMY CJIOBi Ma€ 3aJ0BOJIbHSITY YMOBY
ust.

OcKinbKM r=6, TO MakKCMMa/IbHa KiJIbKICTb t TOMMWIOK, SIKy MOXe BUIPaBUTU

JIleKoep micJisi BUSIBJIEHHS ABOX CTUPaHb, CTAHOBUTD t=int((6 - 2)/2)=2.

4. O6buncaoioTh KoMmmoHeHtT™M Wi, ¥, ..., Y. CUHIpPOMY CIIOTBOPEHb
Y=(Y\¥; ... ¥r): ¥Y,=c'(B"),w=1, 2, ..., 1,
n—1 .
ne c'(x)= Zc'ixl ; C'i — pO3PSIIM 3UUTAHOTO CJIOBA. SIKIO BCi KOMIIOHEHTYU CUHIPO-
i=0

My CIIOTBOpeHb W NOPIBHIOIOTH HYJIO, TO NPUIMAIOTh pillleHHS IPO BifACYyTHICTb
CIIOTBOPEHb Y 3UMTAHOMY CJIOBI.

Wi=c'(2Y)=31(2H)1+16(21)10+57(21)8+43(21)7+3(21)5+25(21)4+41(21)3+

+18(21)2+48(21)+47=36(mod59);

Y,o=c'(2%)=54; Ws= c'(2%)=15; W,= c'(29)=29; Ws= c'(2°)=1; W¢= c'(2%)=18.

Ockinbkut W#0 — cmoBo C' MiCTUTD CIIOTBOPEHi pO3pSian.

5. YTBOPIOIOTh CMHAPOMHMII MHOTOUJIEH

r
Y(x)=1+ YW, x" =1+36x+54x> +15x° +29x* + x° +18x°.
w=1

6. 3i criBBigHOIIEHHS W (X)A(X)=V(Xx)(modx™') 3HaxoasTh MoaAUDIiKOBaHUI CUH-

IPOMHMIT MHOTOUJIEH CIIOTBOpEHb, fe V(x) =1+ Zr:waW, aViy, Vs, ..., V, — KOMIO-

w=1

HeHTU MOAM(iKOBAHOTO CMHIPOMY CIIOTBOPEHb:

(14 36x +54x% +15x° +29x* + x° +18x%)(41x% + 46x + 1)(modx”) =

=1+ 23x +40x% +22x° + 42x* +3x° +14x5.
KomMmmnoneHT MoauGbikKoBaHOTO CUHAPOMY CIIOTBOPEHD JIOPiBHIOKOTh:

V=23, V=40, Vs=22, V=42, V=3, V,=14.

7. 3HaXOOSITh CMHAPOM IMOMMJIOK. [Ij151 1iboro 3 mocaimoBHocTi Vi, Vo, ..., V, BU-
OUISIIOTh MiANoCaigoBHICTD Vi, Vi, ..., V,, Oe j=r-2t+1, eJleMeHTH SIKOi € KOMIIOHEH-
TaMy CMHAPOMY ITOMWIOK: D=V}, D;=Vjs1, ..., Dy=V,.
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Ockinbku j=6-2-2+1=3, TO KOMIIOHEHTaMM CUHIAPOMY IMOMMJIOK €: D;=V3=22,
Dy=V,;=42, Ds=Vs=3, Ds=V=14.

Vi .
8. 3HaXOASATh MHOTOWIEH JIOKATOPiB MOMMIOK y Burasaai n(x)=1+ >.n jx’;
J=1
KoeilieHTN 7 j 00UYMCIIIOIOTh Ha OCHOBi KOMITOHEHT D CMHIPOMY ITOMMUJIOK CITOCO-

6om Bepnekemmna-Mecci [16]. 3Hatoun D;...Ds 3a 1M CITOCOO0OM 3HAAEMO MHOTOY-

JieH yokatopis mommiok: 77(x)=1+45x+ 40x°.
9. Posp’sa3ytorh piBHsgHHS 7)(x)=0 B momi GF(P) Ta 3HaxoOsTh KOpeHi

X1, X2, ..., Xy, @ HA 1X OCHOBI — JIOKQTOPY ITOMMJIOK: Le)> Lej>Le, -
u°
PiBustuust 1+ 45x +40x% B GF(59) mae kopeHi x1=6, x,=15. OTsKe, JJoOKaTOpamu

MOMMIIOK €: [, = xl_l =10, , = xgl =14,

10. 3HaxoasiTh MHOTOWIEH 3HaueHb CIIOTBOpeHb Q(X) cTemeHs 3i r CHiBBiAHO-
menns ¥ (x)n(x) = O(x)(modx' )

O(x) =V (xX)n(x)(modx’) = (1+23x + 40x? +22x> + 42x* +3x° +14x°) -

-(1+45x +40x?)(modx”) =36x* + 28x> +53x* +9x +1.

11. ®opmytoTh criibHy MHOXUHY L={L1, L,, ..., Ly+,} TOKaTOpiB CIIOTBOpPEHD, [0
SIKO1 BXOISITh JIOKaTOpU CTUpaHb (Lg ) Ta T0KaTOPU MOMMIOK (L), BIIOPSIAKOBYOUM 11
3a 3pOCTAHHSIM 3HaYEHb eJIeMEeHTiB, KiJIbKiCTb SIKMX CTAaHOBUTD p+1L.

VY Haliomy BUITAJKy
L={L. =4 L, =10, [, =32 [, =40{={4,10,32,40}.

12. O6uMcI0Th BeTMuMHN Ey ClIOTBOpEeHb, TOOTO SIK CTMPaHb, TaK i IOMMIIOK,

3a Gopmynoio @opHi [16] 1 _ oL,
v Pt
H (1 o L;IL])

y=1,j=Ly=j

Hns enemenTa Li=4 MHOKMHM L 3HaigemMo 3HaueHHs E;:

_ 0(4™)
(1-47"10)1-47"-32)1-47"-40)

IJIST pellTy eJleMeHTiB MHOXUHMU L: E»=28, Ez=41, E«=23.

—3()- 32 QHAJIOTi€10 3HAXOAMMO 3HaueHHs E

E

13. BunipaBasioTb cOTBOpeHHs. [is koxkHoi napu (Ly, Ey) nogawTs Ly, y BU-
i L= (nuB. (5)) Ta BUKOHYIOTh KOPEKIIilo Y po3psifi f mpuitHsTOrOo cjioBa C' SIK Cf
=(c'r— Ey)mod P:

(L1, Ev)=(4, 30)=(22, 30),

116 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



«CucteMHi TexHoa0rii» 2 (145) 2023 «System technologies»
(La, E2)=(10, 28)=(27, 28),
(Ls, Es)=(32, 41)=(25, 41),
(L, E)=(40, 23)=(2°, 23).
30Kkpema,
c2=(c'z — E1)mod59=(18-30) mod59=47
c7=(c'7 — E;)mod59=(43-28) mod59=15
cs=(c's — E5)mod59=(0-41) mod59=18
Co=(C'9 — E)mod59=(0-23) mod59=36.

OTKe, BCi YOTUPYM CIIOTBOPEHHS y PUITHITHOMY cJ10Bi C' (3) BUIIpaB/ieHO, BHA-

CJTIIOK YO0 OTPMMAaHO KomoBe cyioBo C (2).

[l HamiiiHOrO BiITBOPEHHS JaHMX, IO 30€piraloThCsl y BUIJISIII 6araToKOIip-
HOTO HITPUXKOJIOBOTO 300paskeHHSI BeJMKOi €EMHOCTI, CJIiJl 3aCTOCYBaT! ABOPiBHEBY
cucTemMy 3abe3rneueHHs 3aBaAOCTiiiKOCTi — Ha piBHi IIK-3HaKiB, KoM MiHiMaJbHM-
MM iHGOpMAaLiiHMMM OOUHUIISIMU € KOJipHi eJleMeHTU (YapyHKM), 10 YTBOPIOIOTh
IIIK-3HaK, Ta Ha piBHi IIK-mmo3Hauku, KoaM MiHiMaJbHUMM iHQOpMaLiiHUMMU ONM-
Huusmu € [IK-3Haku.

Ha piBHi IIIK-3HaKiB 11 3a6e311eueHHs iX 3aBaJOCTiIKOCTi CJTif 3aCTOCOBYBATH
MHOro3HauHmi kop, bUYX 3 KOpeKkTyBajnbHOIO 3[aTHICTIO =2, a Ha piBHIi yciei HIK-
MO3HA4YKM - KOpeKTyBaJibHUI1 Ko, Pima-ConomoHa (puc. 3), IKMii 30aTHUIT BUIIPaB-

JIITU CIIOTBOPEHHS OBOX BI/I,I[iB — MOMWJIKH i CTMPaHHS.

. - . Bepmiii pipenr
“TIoMIInKA CCOTIIpaHHA ,1 P
1aoenTIet eI
A A .
1apage CTUIROCTL
‘wog Piaa-ComosMoHa b
— (6 — 2012 (71— 94,
TTOMITTETT MO TTopnnkn, wo Hik il pieeHs
MiTIAETBCA ePERIIVIOTE TTomMIrakn. mo nadelIeueHHg
BIII[ ABTeHHE KOpPeKTVBATILHI TIIIIEe BILABILA- nARaTOCTIRG oTL
oy BUX O1ITAKOTECT
TR -smag” ' FADTIOTLC an; O
HIIK-:nak { BIMIP ADILIOTL O BIIIPARTEIIIIC }
BLUIPAB. 1CHO P ABIILIIO }

CCrepTn IR -3ma8”

PucyHok 3 - CTpyKkTypa IBOpiBHEBOI cucTemy 3abe3reyeHHsT 3aBalOCTiIKOCTi
HITPUXKOJIOBUX 300pakeHb

ISSN 1562-9945 (Print) 117
ISSN 2707-7977 (Online)



«CucreMHi TexHouorii» 2 (145) 2023 «System technologies»

I[Tig yac 3uMTyBaHHS 6araTokojipHoro LK mporpama mociigoBHO BMOKPEMITIOE
[IIK-3HaKkM 3i HITPUXKOIOBOTO 300pakeHHSI (OPMYIOUM TaKMM UYMHOM CJIOBO KOIY
Piga-ConomoHa, B skoMy kKoxkeH IIIK-3Hak € okpeMuM po3psaoM C0Ba. Y BUOKpPEM-
neromy ILIK-3HaKky mpaiioe mporpaMHuii nekomep kogy bUX, pesynbratrom pob60oTn
SIKOTO MOXYTb OyTM Tpu BUCHOBKU: «IIIK-3HAK He YIIKOKeHO» (1eil BUIIaJ0K He
IMOKa3aHo Ha puc. 6), «llIK-3Hak BunpaBiaeHo», «Cteptuii lIIK-3HaK».

BucHoBok «IIIK-3HaK He YIIKOMKeHO» (POPMYIOTb, SIKIIO CUMHIAPOM MOMMJIKU
IOPiBHIOE HYIIIO.

Pimenns «IlIK-3Hak BuIpaBieHO» (GOPMYIOTh TOHi, Koau nekodep komy BUX
BUITPABJISiE OAHO- 2060 NBOKpATHY MOMMIKY y BekTopi IIK-3Haka. dkuio x [IK-3HaK
MiCTUTb TpU ab0 Oisibllle YIIKOIKEeHb, a JAekodep koxy BUX crpuiimae iX SIK oHO-
abo IBOKpaTHY MOMMJIKY, i, BiZMMOBiZHO, BUIIPAaBUTb ii HEMpaBMIbHO (a TaKUX
BUITIQ[IKiB, HAIIPUKIIA/, OJISI YeTBipKOBUX KOIiB, - 0/M3bKO (6-29)%, To Takuii I1IK-
3HaK CIIPUIMaTUMETbCS JekogepoM Kony Piga-ComoMOHa K «ITOMUIIKa».

Pimenns «Creptuit IIK-3HaKk» dopmyeTbesl mekomepom Koay BUX, gKio BiH
BusiBuTh y IIK-3HaKy croTBOpeHHSI TpbOX abo Oinblie egeMeHTiB. s 3rajaHuUx
BHIIle YEeTBipKOBUX KOiB Ile MaTume micue y (71 — 94)% Bunanakis. Taka cuTyairis
KBaJTiQiKyBaTUMeThbCsI JeKomepoM Koy Pima-CosioMOHa SIK «CTUPAHHS».

Bimomo, 110 Aj151 BUIIpaBieHHSI KOKHOI IIOMMJIKM Y CTPYKTYPi KOJOBOTO CJIOBA
Komy Pima-CosioMoHa MawTh OYyTU TependaveHi Ba KOHTPOJbHI PO3psian, a IJisl BU-
SIBJIEHHSI KOYKHOTO CTUPAHHS — OOVH KOHTPOJIbHMUI po3psia. TomMy, BUKOPUCTAHHS Ha
HISKHbOMY DiBHi 3a6e3reueHHs 3aBafocTiiikocti 6araTokonipHoro IIIK MHOrosHau-
Horo koxy BUX, sikuit, OKpiM BUIIpaBJIeHHSI OOHO- Ta OBOKPATHUX YIIKOIKEHb, 0-
3BOJISIE TAKOX BUSIBJSITM TIOHAH 71% 6araToKpaTHUX (Tpu i Ginbliie) yIIKOIKEHb
eneMeHTiB y IIK-3Hakax, MOiaCUII0E KOpPeKTYBaJbHI MOXIMBOCTI Komy Pina-
ConoMoOHa 3a paxXyHOK Ilepeaui Ha BepXHilt piBeHb 3abe3revyeHHsT 3aBalOCTiKOCTi
CUTYaLIill «CTUPAHHSI» 3aMiCTb CUTYAL[iil <ITOMUIKa».

Hexait ipu cTBopenHi IIIK-mo3nauku 6aratoxkosipHoro IIK Benmkoi eMHOCTI
(mexinpka Tucsy IIK-3HaAKIB) /15 3aXUCTY JaHMUX 3aCTOCOBAHO JIMIIe BEPXHili piBeHb
3a0e3mevyeHHs 3aBafOCTiiikocTi Ha ocHOBi Koxy Pima-CosioMoHa, MpUUOMY CTaBUTh-
cs BumMora Bumpasiasaty g0 100 ymkomxkenux IIK-3HakiB. [Ijs 1iboro B KoAi Pima-
ConomoHa mae 6yTu nepenbaueHo 200 KOHTPOJIbHUX PO3PSIiB.
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Tabanig 3
BifgcoTok 6araToKpaTHMUX IIOMUJIOK, SIKi BUSIBJISIIOTCSI CKOPOUEHVMM

yeTBipKOBUMMM Komamu BUX, moximaumu Big (15, 9)-komy

Kopn BUX KpaTHiCcTh MOMUIKHA
3 4 5 6 7
(13, 7)- 79% 73% 71% 71% 71%
(12, 6)- 83% 78% 75% 75% 75%
(11, 5)- 88% 82% 79% 79% 79%
(10, 4)- 92% 86% 84% 83% 83%
(9, 3)- 94% 89% 87% 86% 86%

SIKII0 3K 3aXMCT JaHMUX 3[1i/ICHIOBATY Ha OCHOBIi JBOPiBHEBOI cuCcTeMM 3abe3rie-
YeHHS 3aBaJIOCTIMKOCTI — Ha HMKHbOMY PiBHiI 3aCTOCOBYBAaTH, HAIlPUKJIAZ, OOVH 3
YyeTBipKOBMX KOiB (Tabs. 3), a HAa BepXHbOMY PiBHI — Ko Pima-ConomMoHna, To 3i cTa
MOXIUBUX yiikomkeHux LIK-3HakiB mpubansuo 70 6yayTh ineHTUdiIKOBaHi SIK «CTe-
ptuit lIK-3HaK» (To6TO «CTUpaHHS»), a pemrta 30 — 9K «I[lommika» (BiIMOBigHO 40
CTaTUCTUYHUX OaHMUX 3 Ta6:. 3). Iy BumnpaBieHHs: 70-Tu cTUpaHb HeoOXigHO 70 Ko-
HTPOJbHUX PO3PSAiB, a IJis1 BulipaBiaeHHS 30-Ty NOMMIOK — 60 KOHTPOJIbHUX PO3-
psifiiB, OTXe, 3arasioM 130 KOHTPOJIbHUX PO3PSAiB. AJjle OCKIJIbKM B KOJIOBE CJIOBO KO-
ny Pima-CosioMoHa 3a yM0OBOI0 3akjiageHo 200 KOHTPOJIbHUX PO3PsAiB, TO, OTXKe, 70
KOHTPOJIbHUX PO3PSIiB MOKHA «BUBUIbHUTU». 111 «BUBiJIbHEHI» KOHTPOJIbHI PO3pSan
IO3BOJISIIOTh JIOKAjAi3yBaTM Ta BUIPABUTU OOAATKOBO Ie 35 ymkomkenux K-
3HaKiB. TakKMM YMHOM, MOK/IMBOCTi kKoxy Pima-CosomoHa 6yayTh migcuieHi Ha (135-
100)/100=35%.

3Bifcy BUIIIMBAE ¥ iHIIMIT BUCHOBOK. IIpy IBOpiBHEBII cucTeMi 3a6e3meueHHS
3aBaJIOCTIMKOCTI IITPUXKOAOBUX OaHUX Yy KoAi Pima-CosomMoHa AOCTaTHBO MaTu He
200, a e 200-70=130 KOHTPOABHUX PO3PSIAiB, 1100 3a0€3MeUnTy TaKy camy 3aBa-
IOCTilKICTb, i, OT>Ke, HAa 35% 3HU3UTU HAIJIUIIKOBICTb KOMY.

BucHoBKU

VY po6oTi BupillleHo aKTyaJIbHy HayKOBY 3a/1a4y IiIBUIIEHHS 3aBaJ0CTiIKOCTi
06araTOKOJIipHUX IITPUXKOTOBUX 300pakeHb.

HaykoBa HOBM3Ha poOOTHU MOJIATAE B TOMY, IO BIlepiiie 3apOIIOHOBAHO METO/]
MiJIBUIIEHHS 3aBaJOCTiIKOCTi 6araToOKOJMipHUX MTPUXOBUX KOMIB, SIKUI I'PYHTYETHCS
Ha 3aCTOCYBaHHI IBOPiBHEBOTO KOHTPOJIIO IOMMIOK, 1[0 BUHUKAIOTh IPU CKAaHYBaH-
Hi 6araTOKOJIipHOTO IITPUXKOIOBOTO 300paskeHHsI, 3 BUKOPUCTAHHSIM IBOX MHOTO03-
HAYHMX KOPEKTYBaJIbHUX KOAiB: Koay BUX — Ha piBHI IITPUXKOLOBUX 3HAKIB (HMXK-
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Hili piBeHb), Ta koay Pima-CosioMOHa — Ha piBHIi yci€i HITPUXKOAOBOI MO3HAUYKMU
(BepxHiii piBeHb).

Oco6MBICTIO 3aCTOCYBaHHSI MHOTO3HAYHOTO KOPEKTYBaJIbHOTO KOJY Ha HIK-
HbOMY PiBHiI KOHTPOJIIO TIOMWJIOK € Te, 10 IIMPPOBUIi eKBiBaJIeHT (BeKTOp) 6ararto-
KOJIipHOTO IITPUXKOIOBOTO 3HAKa MAa€ OYTM KOJOBUM CJIOBOM IIbOTO KOPEKTYBaJlb-
Horo komy. Haminenns IIIK-3HaKiB Tako0 BJIACTUBICTIO BifOyBA€ThCS ITiJI Uac Mmoody-
OOBM (CHMHTE3y) CHMMBOJIIKM 0araTOKOJIIPHOTO HITPUXOBOTO KOmy. BasknmuBum mpu
IIbOMY € Te, 06 KOPeKTYBaJIbHUI KOJ HMKHBOTO PiBHSI, KPiM BUIIPABIE€HHS TTIOMM-
JIOK (BiZIMOBiIHO 0 J0T0 KOPEKTYBaJIbHOI 3JaTHOCTi), BUSIBJISIB TaKOX YaCTUHY Oa-
raTOKpaTHUX MOMUJIOK. BUKOHaHi aBTOpamMu AOCTiIKeHHs TTOKa3aJiu, 1110 BCi MHOTO-
3HAYHi KOV BUSIBJISIIOTh 3HAUHY YaCTUHY OaraTOKpaTHUX MOMMUJIOK, KPATHICTh SIKUX
TepeBuIlly€ KOPEKTYBaJbHY 3[IaTHICTh KoAy. [IpMuomy, 11 BJIACTUBICTb Ma€ Miciie
HaBiTb Y BUMAAKY ITOBHOT'O KOy, YOTO He CIIOCTePIiraeThCs y ABiAIKOBMUX KOAAX.

Hamnpwukian, TpifikoBuit moBHui1 (8, 3)- kox BUX 3abesneuye BusBaeHHs (34,4 —
46,4)% TOMMWIOK KpaTHOCTI 3 — 7. [lociIKeHO 30aTHICTb BUSIBJASTU (3 - 7)-KpaTHi
nmoMmiku ajst 23-x koaiB bBUX. Tak, yeTBipkoBi koay BUX mo3BonsaTe BUSBASITHA (71-
94)% 6araToKpaTHUX IMOMWIOK, IT’SITipKoBi — (70 - 96)%, a cimkoBi — (97 - 98)% mo-
MWIOK BiAIoBigHO. BiacTuBicTh BUSBAATM OaraTOKpaTHi IMOMWIKM Ha HUKHbOMY
piBHi KOHTpoJ10 (Ha piBHIi IIIK-3HaKiB) € BM3HAaUaJbHOW, OCKIJIbKM caMe uepes 1eit
rnapaMmeTp 3[i/CHIOETHCS 3B 130K 3 BEPXHIM PiBHEM KOHTPOJIIO TOMMUJIOK.

Oco6MBiCTIO 3aCTOCYBaHHS MHOTO3HAUHOTO KOPEKTYBaJIbHOTO KOAY Ha BepX-
HbOMY PiBHI KOHTPOJIIO TIOMWJIOK € Te, IO BiH Ma€ BUIIPABJISITU CIIOTBOPEHHS IBOX
BUJIB — MOMWIOK Ta CTMpaHb. Taky BiacTuBicTh Ma€ kop, Pina-ComomoHa. @aKT BuU-
SIBJIEHHSI TIOMWJIKM Ha HVWKHbOMY PiBHI KOHTPOJIO CHOpUIAMAETBCS KomoMm Pima-
ConoMoHa Sk cTupaHHs. | came 3a paxyHOK IIbOTO AOCSTa€ThCS eeKT MiABUIeHHS
3aBaAocCTiikocTi. Tomy 10, OJ1s1 BUMIpaBaeHHs cTUpaHHS B Koai Piga-CosiomoHa Bu-
Tpavya€eThbCs JUIle OOAVH KOHTPOJIbHUIA PO3PSA, a I BUIIPABIE€HHS MTOMUIKA — [Ba
KOHTPOJbHI po3psan. Lle mae MOXIUBICTD iICTOTHO TMOJIMIIUTY 3aXUILEHICTh LiiTiC-
HOCTi IITPUXKOOOBMX OAaHUX. Y pasi 3aCTOCYBaHHS Ha HWKHbOMY PiBHI KOHTPOJIIO
MTOMMJIOK TPilikoBMux KomiB BUX — Ha 45%, a mpu 3acTOoCyBaHHI 4eTBipKOBUX KOZiB
BUX - Ha 35%.

[Mopanbuii gOC/HiIKEeHHS OOLJIBHO 30C€peIUTH Ha BIOCKOHAJIEHHI MeXaHi3My
B3a€MOJOIOBHIOBAJIbHOTO 3aCTOCYBAHHS KOPEKTYBAJIbHUX KOAIB IPU JIBOPiBHEBOMY
3a0e31eueHHi 3aBaIOCTiKOCTi 6araTOKOMipHMUX IITPUXKOAOBUX 300paskeHb.
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Improving the interference resistance of multi-color barcode images

A method of improving the interference resistance of multi-color barcodes is
proposed, which is based on the application of two-level control of errors that occur when
scanning a multi-color barcode image, using two multi-valued correcting codes: the BCH
code - at the level of barcode patterns (lower level), and the Reed-Solomon code - at
barcode symbol level (top level).

The proposed method makes it possible to create multi-color barcodes with
improved immunity characteristics, which ensure reliable reproduction of data during
scanning of large-capacity multi-color barcode images in automatic identification
systems.

Cynema €BreHis CraHiciaBiBHa — 1.T.H., IOLIEHT, 3aBigyBau Kadenpu nporpamMmHo-
ro 3abesnevyeHHs] KOMIT'IOTepHUX cucTeM HallioHaJbHOTO TeXHIYHOTO YHiB€PCUTETY
Vkpainu «KniBcbkuii mosiiTexHiuHMi iHCTUTYT iMeHi Iropst CiKOpCbKOTO».

Ouuka AHzApiit IBaHOBMY - acmipaHT Kadeapyu MPOTPaMHOTO 3abe3IeueHHs
KOMIT'IOTEpHMX cucTeM HallioHabHOTO TEXHIYHOTrO YyHiBepcuTeTy YKpaiHu
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B.V. Irnatkin, B.C .Iygxikos, T.P. Jlyunimus, C.B. AjiekCce€HKO,

O.I1. OmkeBny, T.I1. Kapmosa, T.C. XoxsioBa, }0.C. Xomomr, B.A. TixoHOB
MOJEJIb OLIIHIOBAHHS ITPABUJIBHOCTI BUBOPY TA E®EKTUBHOCTI
BUKOPUCTAHHS 3A BUBHAYEHUM KPUTEPIEM 3ACOBIB
CITIOCTEPEJXEHHS TA KOHTPOJIIO OB'€EKTIB PI3HOI'O ITPU3HAYEHHS

AHomauyis. IHgpopmayilHul nidxi0 0o supiweHHA 3a0a4 cnocmepexeHb Ma KOHmMpoto 0o me-
nepiwHb020 4acy, He BUKOPUCMOBYEMbLCA. B ocHOBT meopii BUMIDIOBAHb IeXKUMb NOHAMMA NPO
eHmponito BUNAOKOBUX BeNUYUH - AK MIpU iX Hesu3HayeHocmi  ( MHOXUHU CyKynHocmed ix mMo-
XIIUBUX 3HAYeHb). Yum 6inbwe 3HayeHb Moxe npulimamu OUCKpemHa BUNAdKOB8A BeUYUHA, YU
yum 6inbwuli diana3oH b6e3nepepsHoi BUNAOKOBOT BeUYUHU, miM — 6iabwa ix eHmponis. Kinb-
Kicmb THopMayii, AKa 00epXyeEMbCA Npu BUMIPIOBAHHI, KOHMPOJI, 00CNI0XeHHI B10N0BIOaeE
3MeHWeHHI0 eHmponii 810 3HAYEHHS, KOMpe Xapakmepu3ye HesU3HA4eHICMb, AKA 3aULIAEMbCA
nic/ig 00epXaHHA pe3yibmamy BUMIPIOBAHHS 0esKux napamempis 06’'ekmus, asuwy mowo. [o-
BOpUMbCS NPO 38'A30K MOYHOCMI, eHepaoBUMPAm ma weuoKodii 3acobi8 BUMIPHOBAILHOT mex-
HIKU. BucgimneHi nNumaHHA BU3HAYEHHS NOPO2Y 2pAHUYHO MOX/UBOI MOYHOCMI BUMIPIOBAHb
aKmuyHUX BeNUYUH, @ MAKOX 00PIKAHHSA Y3a2abHIOYUX THHOPMAYIiHO-eHepaemuYHUX cnis-
BIOHOWEHb, AKI 00380/1A10Mb ONMUMI3yBamu npoyedypy BUOOPY OCHOBHUX NOKA3HUKIB SKOCMI
3acobis sumiptosansHoi mexHiku (3BT). llpu ybomy, pobasyu cnpoby 8ce moyHiwe BUHAYUMU
3HAYeHHA BUMIPIOBALHOT BEIUYUHU, MU HA 0eAKOMY emani HeMuHyYe 3iMmKHeMOoCs 3 NPUHYUNo-
BOI0 HEMOXIUBICMIO NOOA/ILLIO20 iX YMOYHEHHS, AKe N0B'A3AHO, Y KIHUEeBOMY PAXYHKY, 3 Qi3uYHO
MOX/IUBUM CmyneHeM BU3HAYeHOCMi (Ha BIOMIHy BI0 eHmponii, AKAa XapaKkmepu3ye HesBuU3Haye-
Hicme, 1 AKG 38embCA HexeHmponielo) 6yOb AKOT BUMIPIOBA/IbHOT BENUYUHU, KA 0OYMOBIEHA YU
i ocobucmoro duckpemHicmio (Hanpukaad, npu BUMIPIOBAHHT YUCIa amoMiB ByOb-AKOT pe4yosuHU
V cymiwi 6e32/1y300 2080pumu Npo MoyHicme NiOpaxyHkKy, sxe dopisHioe 0,1 yu 0,01 amomy) yu
ii mennosumu (monexkynapHumu) aykmyayiamu. Lis mexxa susHaveHocmi y mikpocgimi gioomudli
Ak «llpasuno HesuzHayeHocmi [elizeHbepaa». ¥ cmammi 3anponoHOBAHO MOOe/b OYiHIOBAHHSA
ma egekmuBHO20 BUKOPUCMAHHSA CnocmepexXeHHA ma KOHmposo 06'ekmig pi3Hoi npupoou. 3a-
nponoHoBaHo "iHgopmayiliHuli nioxio" do supiweHHs 3a0a4 8u6OPY Ma BUKOPUCMAHHA 3aC00618
BUMIPIOBA/IbHOT MexXHIKU 8 ymMoBax nepexody 810 mpaduyiliHux Memposao2iYHUX NOKA3HUKIB MO-
yHocmi 3BT do iHgpopmauiliHux. [TpusedeHo npuknad subopy 3BT i kinbkocmi sumipis yum 3BT.

Knto4osi cnosa: modens, iHhopmayis, ehekmusHiCmMb, HEBU3HAYEHICMb, BUNAOKOBA BEUYUHA

© Irnartkin B.VY., dyguikos B.C., Jlyunmua T.P., Anekceerko C.B.,

FOmxkeBuu O.I1., KapmnioBa T.II., Xoxnosa T.C., Xomom 10.C., TixoHos B.A., 2023
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ITocTaHOBKa 3agaui

Po3po6uTy Mojienb OIiHIOBaHHSI ITPaBUIBHOCTI BMOOPY Ta e(eKTUBHOTO BUKO-

pUCTaHHS (32 BU3HAUEHUM KpUTepieM) 3aco0iB BMMipIOBaIbHOI TEXHIKM.
BukiageHHsI OCHOBHOTO MaTepiamxy
Hesiki eremeHTH iHdopmariiiHoi Teopii BUMipiB

Indopmaniiidi migxoau g0 BUpillleHHS 3arajJibHUX MPo6jeM BUMipIOBaHb Ta
BJIOCKOHAJIEHHSI BUMipIOBaJbHOI TeXHiKM, po3BuHeHi B 60-70-X pokax y poboTax
BueHux JI. bpimtoena, Hosuinbkoro I1.B, TemuikoBa @.€., llanenko M.II., I'tymkoBa
B.M. i iHmmux [1-13], A0 TenepilIHLOrO Yacy B METPOJIOTiUHii MPaKTUILi, IO CyTi, He
BUKOPUCTOBYIOTHCS. Lle MOSICHIOETBCSI TUM, IO B XOA1 AOCTIIKEHHS i TPAKTUIHOTO
BUIIPOOYBAHHSI He BUSBWIOCS CKiJIbKM-HeOYIb IMOMITHMUX mepeBar iHQOpMaIiiiHux
MiIXOM4iB, 3apaau SIKMX BapTo Oyj0 O jamMaTy Tpammilii, o ckianaucs. IIpoTe BOHM
MIPeICTaBJISIOTh Oe3IIepevyHnit iHTepec IK OOMH i3 MOK/IMBUX HaIpPsSIMiB OIIiHOK y3a-
raJIbHEHMX XapaKTepPUCTHUK SIKOCTi BUMipIoBasibHOI iH(popMallii Ta TeXHIYHUX 3aCO-
6iB ii omepskaHHSI.

B ocHOBi iHpopMalliitHOi Teopii BUMipiB JI€XXUTh MOHSITTS PO €HTPOIIiI0 BUIIA-
IKOBOI BeJIMUMHH, SIK 3aX0OAM i1 HeBU3HAUEHOCTI (MHOXKMHHOI CYKYITHOCTI i1 MOKIN-
BUX 3HaueHb) UMM Oisbllle - 3HaUeHb MOXKe IMPUIIMATHU IMCKpPeTHA BUIIQAKOBA BeJjIy-
yyHa ab0 yuM OGijblie giarnasoH 6e3nepepBHOI BUIIAIKOBOI BeJIMUMHM, TUM OiJbllle -
X eHTpoImisa [14].

3rigHo 3 K. [lleHHOHOM, eHTpomis H aucKpeTHOI BUNAaAKOBO1 BeanumHu X', sIKa
Moske HabyBaTu n 3HaueHHd (i = 1,2,..., /,... , n) 3 BiANOBigHMMMU JiMOBipHOCTSIMMU P;,

BUPAXaAETHCA K

n
H(X:': - ZPL IOgPE.
i=1 1)

EHTporist 6e3nepepBHOI BUITAIKOBOI BeJIMUMHM X, sIKa Ma€ IIiJIbHICTh PO3MO/Ii-
7y p (X), BU3HAUAETHCS CITiBBIIHOUIEHHSIM

L

vy — 1
ii vajg—

-

(2)
Iie Xu, Xs — HVDKHS Ta BEPXHSI MEXi [jialla30Hy 3HaueHb BeJIUMUMHU X.

3asiexxHo Big BMOOpPY ocHOBM jorapudmy y dopmynax (1) i (2) eHTporis Moske
BUpPAXKaTUCSI B OuTax (IIpM BUKOPUCTAHHI JECATKOBUX jorapudmis), y 6itTax (mjis
nBiikoBMX ysiorapudmiB) a60 B HUTAX (/I HATypaIbHUX JorapudMmiB).

BigmoBimHO mo 3araJibHUX IIOJOXKeHb Teopii iHdopmallii, 3alpoONOHOBAHUX i
obrpyntroBanux K. llleHHOHOM, KiJIbKiCTh iH(OpMALIlii q, 10 OTPUMYETbHCSI TIPU BUMi-
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proBaHHi X (a6o X'), mopiBHIO€ pi3HMIIi anpiopHOi (Mo BuMipoBaHb) H (X) i amocTe-
piopHOI (mic/sT OTpUMMaHHSI pe3yJabTaTy BUMIPIOBaHb — Xp) — H(X/X,) eHTpomii 1iel
(BMMipIOBaHO1) BeJIMUMHHA, TOOTO.

q=HO-H (*/x,) 3

OTxe, KiIbKiCTh iHDOpMallii, omepsKyBaHOi IIPM BUMipi, BiAIIOBigae 3MeHIIIeH-
HIO eHTpoTrii Bixg 3HaueHHs H (X), sike XxapakTepu3y€e HEBM3HAYEHICTb BUMipIOBAHOI
BeJIMUMHM Tepe]i BUMiproBaHHSIM, 10 3HaueHHS H (X/X,), sike xapaKTepusye pelTy
TIiCJISI OTPMMAHHS Pe3y/bTaTy X, HEBU3HAUYEHICTh .

TobTo. y pasi (3 3araJbHMX IMMO3UIIilt Teopii iHGopmaliii) BUMip MoXke TpaKTyBa-
THUCS SIK ,.CKOPOUYEHHS 00/1aCTi HeBM3HAYE€HOCTi BUMipIOBAHOI BeJIMUMHN” .

Bennuuny H (X/Xp) Ha3MBalOTh YMOBHOIO €HTPOIII€I0 (32 YMOBMU, 1110 OTPMMAaHO
Xbp).

Hexaii mo mpoBefieHHsI BUMipIOBaHb OyJIO Bimomo, 110 BeanunuHa X, 10 BUMi-
PIOETHCS, MOXKe ITPUIIMATY 3HAUEeHHS B Jialla30Hi BiJl X, J0 X (HaIlpUKIIad, poooumii
Jliara3oH IMOoKa3aHb BUMMIipPIOBAJIbHOTO MpuUIamy) i MMOBIpHICTh 3HaueHb X B IIbOMY

JiarnasoHi 0JJHaKoBa, TOOTO

1
p(X): .

B XH .
Topni BimmoBigHO 1o popmynu (2) BUXimHa (ampiopHa) eHTPOIIisl TOPiBHIOBATH-

Me

Xg 1 1
HX)= — J_;_H - x"mgx“ . dx =log (x, — x.). @

[Tics mpoBeleHHS BMMipIOBaHHSI Ta OTPUMAHHS Pe3yJbTaTy X, MU MOKEMO

CTBEePAKYBaTH, 10 BMMiploBaHa BeauuuHa (11 AilfiCHe 3HAUEHHS) JIEKUTh Y MeXax
Bill Xp — Au 10 Xp + As, 1€ Ay, As — HVDKHSI T BEPXHSI MEXi MTOXMOKM BUMipIOBaHHS A.
[Tpuiimemo (Ij1s1 HAOYHOCTI BMCHOBKIB), 1[0 TTOXMOKA JIESKUTHh Y MeXaxX *A i IIiib-

HiCTb PO3IOiTy 3HAaUEHb —

py= .
2A
Topmi yMOBHA €HTPOIIis, 0 3aJUIIMIIACS MiC/IsI OTPUMAHHS Pe3yabTaTy Xp, OO-
piBHIOBaTUMe:
X, +A 1 1
HX/X )=|" —log—dx=1log2A. 5
(X1X,)=[" log——dr=log 5)

OTXe, oTpMMaHa MIpPM BUMipIOBaHHi KiJIbKicTh iHpopMallii, Ha migcTaBi hopmy-
mm (3), ckiage
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2A
=log(X, - X,)—log2A=-log———. 6
q =log(X,; - X,)~log 8% —x (6)

H

TobTo KinbKicTh iHbOpMaIlii, OTpuMaHa IMPY BMMipIOBaHHi, TOPiBHIOE HeraTu-
BHOMY 3HAaueHHIO Jiorapu¢My HaBeIeHOi A0 Aiarna3oHy BUMipIOBaHb IMOXMOKM iX pe-
3yJbTaTy.

V 3amiHi onepanil moxiny A Ha (Xs — Xu), 10 BUKOPUCTOBYETHCS IIPY BU3HAUCH-
Hi MBI JeHHOI ITOXMOKM, Ha omepaililo BifHIMaHHS BUXigHOI i HEBM3HAYEHOI, 1110
3aMMmIacs, * XxapakTepusyTbhCs BiAMOBIAHMMN 3HaYEHHSIMM €HTPOIIil, i MMoJIsirae
OCHOB-; HUJ TIpUIiOM aHaJIi3y iHpopMalliiiHOi Teopii BUMipiB.

HeBakko MmokasaTy, 110 YMOBHA €HTPOITisI BEJIMUMHHU, 1O MiJKOPSIETHCS HOP-

xz

.. . 1 = .
MaJIbHOMY PO3MOI1TY 13 IIIIBHICTIO P(x) = e *° IOpIBHIOE
\J2no
H,(X/X,)=log(v2me o). (7)

SIK BUIHO 3 MopiBHSHHS ¢opMyit (5) Ta (7) yMOBHA €HTPOITiS AJis HOpMaJbHOTO
PO3TOAITY ITOXMOKM BiIpi3HSETHCS BiJi YMOBHOI €HTPOIIii piBHOMipHOI'O pO3IIOIiTY
JIMIlle TBOPOM, IIIO CTOITh ITiJi 3HAKOM Jiorapmudmy. 3BiacK BUILIMBAE BMCHOBOK IIPO
Te, 110 3 iHdOopMaIliiiHOI TOUKM 30Dy, pe3yabTaT, 10 MaE HOpMaJIbHUI BUITaJ0K I10-
XMOKM, TACTh TaKy X KiJbKicTh iHQopmarliii, Ik i pe3yabTaT 3 piBHOMipHUM pPO3IIO/Ii-
JIOM TIOXVGKM, SIKIIO TUIbKY 2A =~/27e G . [Tpu upomy aucnepciss piBHOMiIpHOTO pO3-
MOy Ha TOPSA0K MePeBUIIY€E NUCTEePCit0 HOPMAJIBbHOTO PO3IOIiTy.

3a3HaueHe [J03BOJISIE BBECTU MOHSTTS PO SIKYCh y3arajJbHeHY XapaKTepUCTUKY
TOYHOCTi BUMipIOBaHb (i 3ac00iB BMMipiOBaHb) — €HTPOMiliHy MOXUOKy. IIpu 1ibomy
EHTPOITiITHOI0 TTOXMOKOI BBAKAETbCS IMOXMOKA 3 PiBHOMIPHMM pO3IOAINIOM, SIKa
BHOCUTb TaKy X Je3iHdopMalliiiHy 1i0 (3abe3redye Taky X OCTAaTOUHY HeBM3HaUe-
HIiCTb), SIK i mOXMOKa 3 IIMM (peaJbHUM) 3aKOHOM PO3TIO/IiJTy.

MaTeMaTUYHO eHTPOITil/iHe 3HaUeHHS MOXMOKM, [0 BM3HAYAETHCS SIK TTOJIOBU-

Ha iHTepBany HeBI/ISHaquOCTi, BUPaAXXa€TbCA TAK:

€

I ®)

3aJIeXXHICTh MiXK €eHTPOITIHMM i cepeqHiM KBaApaTUIHUM 3HAUEHHSIMU ITOXMO-

. A, :
KN MO>Xe 6YTI/I npeacraBjieHa 4K Ae =K o, e KOEd)lL[lGHT K = , 10 3aJIEKUTD B1[,
€ € G

BUJIY 3aKOHY PO3IOJiTy MTOXMOKM, HA3MBAETHCS 1IOTO €HTPOITiIITHUM KoedilieHToM.
Haii6isbIlI0I0 eHTPOITi€I0 TPM 3aJaHOMY 3HaUeHHI Ma€ HOPMaJIbHMIT PO3IIOLIiJ.
Tomy BiH Mae€ HaOiNbIINMIA, TPAHUYHO MOK/IMBUIA .eHTPOMiiiHUI KoedillieHT, piB-
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HUiA Buxoasium 3 criBBigHomeHb (7) i (8) (mast HaTypadbHUX Jorapudmis):

K == =207.
eH 2

Came TOMY IOCUTDb 4aCTO B HEBM3HAUEHil cUTYyallii (3a BifCyTHOCTi JOCTYITY 1O
IaHUX) SIK MOJIeJIb PO3MOMAiTY MOXMOKM MpM 3afaHiil gucrepcii mpuiiMaeTbcs HOP-
MaJIbHUI PO3MOIiI.

JJ1s1 piBHOMipHOT'O PO3IOAINY G = A3, Ta K =3 ~1,73.

AHAJIOTiYHYM YMHOM MOXYTb OyTy O6uMcIeHi 3HaueHHss K Jyist OyAb-sIKMX

iHIIMX 3aKOHIB PO3MOALTY.

3B'SI30K TOYHOCTi, eHeprocIIOKMBAHHS Ta IIBUAKOIII 3ac00iB BuMiploBaHb. Lle
MIUTaHHS, JOCUTH ITOBHO PO3pobiieHe B paMKax iHpopMaliiiiHoi Teopii BMMipiOBaHb,
Mae€, MabyTbh, HA CbOTOMHIIITHIN AeHb HAMOIbII iCTOTHE 3HAUEHHS OJIS1 MpUIagy Ta
NpakTUKN. [IpaKTUYHO Ba>KIMBUMM pe3yJbTaTaMM MOTO pillleHHS € MOo-Iepile, BU-
3HAUeHHSI MTOpPOora IPaHUMYHO MOXJIMBOI TOYHOCTI BMMipIOBaHHS (PAKTUUHUX BeJIM-
YMH i, TIO-ApyTe, OTPMMaHHS y3araJibHeHUX iH(popMalliiHO-eHepreTUYHUX CIIiBBiI-
HOIIIEHb, 1110 JO3BOJISIIOTh ONTMMIi3yBaTy IIPOIleAypy BMOOPY OCHOBHMX IMOKa3HMKIB
SIKOCTi 3aC00iB BUMipIOBaHHS.

Hamarawouncp BCe TOYHillle i TOUHIille BU3SHAYUTU 3HAYEHHS BMMIipPIOBAHOI Be-
JMYUHU, MU Ha IKOMYCh €Talli HEMMUHYYe 3iTKHEMOCS 3 TIPUHIUITIOBOK HEMOXJINBIC-
TI0O MOJAJIBIIIOTO OTO YTOUHEeHHSs. Lle 1MoB's3aHO 3pemniTo 3 (isMYHO MOSKIMBUM
CTyIleHeM IIeBHOCTi (Ha BifMiHy BiJ eHTpOmMii, [0 XapakKTepu3ye HeBU3HAUEHICTh,
3BaHOI HEXEHTPOITi€i0) Oyab-sIKOi BMMipIOBaHOI BeJIMUMHM, 00YMOBJIEHOi abo ii Bia-
CHOIO IMCKPETHICTIO (HalpUKJIa, IIPY BUMipIOBaHHI 4McIa aTOMiB Oy/Ib-SIKOi peuo-
BUHM B CyMillli 6€3 CBiJloMO TOBOPUTH IIPO TOUHICTh BifjIiKy, 1m0 gopiBHioe 0,1 abo
0.01 aToma), ab6o ii TerIOBMMM (MOJIEKYISIPHUMM) DIYKTYaLiSIMMU.

LIs Mexka BM3HAUYEHOCTI B MIKpOCBiTi Bigoma $K ,IIpaBUJIO0 HEBU3HAUYEHOCTI
T'eit3enbepra”.

EHepris TepmoayiHaMiuHOi GQyKTYyallii MOIeKyASIPHUX SIBUILL BUSHAUAETHCS Pi-
BHSHHSIM HalikBicTa

N, =4KoNf 9)
ne N, - IOTYXHICTb TeruioBux GiayKryauii; K ~1,38%102% [Ixx*K™! - nocriiiHa Bosb-
IMaHa; & — abcoJyiloTHA TeMIlepatypa; Af — CMyra 4YacTOT BUIIAJKOBUX QUIYKTYalliii,

10 SIKO1 HaJIEKUTh 3HAMAeHA IOTYKHiCTh.
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Skmo 3a yac (t) 6yme BupobieHO (n) OKpeMUX BifjIiKiB BUMipIOBaHOiI BeIUuM-
HM, TO TIOTYKHICTb (IYKTYyalliii cepeTHbOrO 3HAUeHHS Oy/e 3MeHIIyBaTuCs obepHe-
HO IIPOMOPIIifHO YMCTY N, TOOTO. 6y/ie piBHA

- _AKeN

w

n
OnHak Take 3MEHIIeHHS TMOTYKHOCTI (GIYKTyallilfHMX Tepemko BimOyBaTu-
MeTbCS JiUIlle 10 TUX TMip, TMTOKMU BifJiikKu, IO yCcepeaHIOIOThCS, He3alesKHi OIMH Bif
opHoro. BinmosinHo no Teopii KorenbHukosa [17,18] , unciio He3alexXHUX BifjIiKiB
BUIaAKOBO1 YHKIIil 3 T(PAHMYHOIO YAaCTOTOI Af 3a yac (t) JOpiBHIOE n=2Aft .
Toni MakcMMaabHO MOX/IMBE 3MEHIIEeHHS ITOTYXKHOCTi (UIyKTyallifiHoi Iepel-
KOJIY TIpU yCcepeAHEHHI 3a yac t BU3HAYMUTHCS BUPA30M
4KONf  2K6
N ymin = = .
2Aft t

SIK BiZloMO, TeIJIOBUIA IIYM MiAMOPSIAKOBYETbCS HOPMaabHOMY 3aKOHY 3 IMC-

(10)

nepcieo . =N, .
OTke, MiHiMaJIbHa BiZHOCHA (BimHeceHa A0 poOOYOro Jiara3oHy)
i cepenHst KBagpaTMyHa MOXMOKa pe3yJbTaTy BUMipIOBaHb, OOYMOBJIEHA Terl-
noBMMU GQIYKTYallisSiIMU BUMipIOBaHOI BeJIMUMHU, OPiBHIOBATUME:
B = =J2K‘9 an
N N,

t

Ta BiJHOCHA €HTPOIIiifiHa MOXMOKa:

SCmma/%* 2K0, (12)
2 \/ N,

ne N — ToBHA IOTYKHICTbh HECYYOTO ITpoIlecy (MOTYXHICTb, 10 BilOMPAETHCS 3aCO-

60M BMMipIOBaHb Bif 00'€KTa, [0 BUMipIOETHCS).

CriBBigHomenHs (11) i (12), cmpaBeuBi I OyIb-IKUX BUMipIOBaHMUX BeJy-
4iH, 6yb-SIKMX TIPOIIECiB Ta 3aC06iB BMMipIOBaHb, BU3HAYAIOTh BUXiAHY ONTUMAJIb-
HOT'O KJIaCy TOYHOCTiI HEXEHTPOITil0 BUMipioBaHOi (i3sMUHOI BeIMUMHM MPU BigMiH-
Hii1 BiJy aOCOJIIOTHOIO HYJISI TEMITepaTypi Ta FPAHMYHO MOXKJIMBY TOUHICTD ii BUMIpY.

TerutoBi mepemKkoay 3a/JeXaTh BiJ 3HaUueHb BMMiPIOBAHOI BeJIMUMHM, TOOTO. €
CYyTO aAUTUBHMUMMU. 3a IIMX YMOB MaKCUMMaJibHa KiJIbKicTh iHQopMaliii (y AuTax), sika
MOsKe MiCTUTU BUMipIOBa/IbHUI CUTHAI 3 eHepri€io Ny, Ha migcTaBi popmyinn (6) mo-
piBHIOE

1 N,

=lo— t 13
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Jlorapudmytoun Bci MOCTiiHI BenunHu (1, e, k), 1o BXoAsITh 10 Gopmynan (13).
OTPUMAEMO OCTATOUYHY 3a/JIeXKHICTh MiX KiJIbKiCTIO iHpopMaliii B AuTax, eHeprisi B

IIKOYJISIX i aBCOMIOTHOIO TeMIlepaTypolo B KenbBiHax:
1, N
= 10,66+—1g—~. 14
T 587 (14)

OcHOBHe 3HaueHHSI CITiBBiIHOIIIEHHS IOJIsATa€ B HacTynHomy. [lepemaua iHdo-
pMaliii Big ojHOro 06'eKTa 10 iHIIOro, HAIIPUK/IAJ BiJ 06'eKTa BUMipIOBaHb 10 BUMi-
PIOBAJIbHOTO TIPUCTPOI0, MOXKe BimOyBaTUCS TiTbKM HMUISIXOM iXHBOI eHepreTUJHOi
B3aemogii. [Tpu BigcyTHOCTI 06MiHY eHeprieio Mixk 06’ektamu 3BT nepemaua iHdoOp-
Mallii, a OT>Xe i BUMip — HEMOXJIMBI.

[Tpu 36i/bIlIeHHI eHepreTMYHOro 0OMiHY 3pOCTe i MOXK/IMBICTh OTPUMaHHS Oi-
npinoi iHdopmaliii, a mpu 3aaHOMY 3HaYeHHi eHepreTMYHOro 06MiHy oOMekeHa Ki-
JIbKiCTb OTPMMAHOI Ta MepemaHoi iHdopmariii.

PeasibHa TOYHICTb 3ac06iB BUMiploBaHb, 00YMOBJIEHA iX BJIACHUMMU BIACTUBOC-
TSIMM, Y BCiX BUIAJKax OyJe MEHIIO0, HijXK XapaKTepu3y€eThCSI MiHiMaJbHO MOXKJIU-

BOIO €HTPOIIiTHOI MOXUOKOI & Tomy, SIK TTOKa3HUK «MeTpPOJIOTiYHOI TOCKOHA-

emin *

. . . . d
JIOCTi» 3aco0biB BMMI1PIOBaHb, MOXHa BBE€CTU BIOJHOIIIEHH OL=8 <, ne 86- peajibHe

emin
eHTPOIITi/iHe 3HaUeHHS ITOXMOKM 3ac00iB BMMIipIOBaHb, SIKE HA3MBAETHCS MOKA3HU-

KOM BTpPATU TOYHOCTI.

1 . w .
Be]II/I‘lI/IHy n,=—%>» SIKa O3HAa4a€ BIOJHOCHY YaCTMHY KOPMCHO1 BUMKOPUCTAHOI1
(24

eHeprii, gKa BimiOpaHa Bin 00’eKTy, Ha3uBalTh eHepreTuuHuMm KKII 3aco6iB BuMi-
pPIOBaHHS

[Mopsig 3 UMMM MOKa3HUKAMU, 110 XapaKTepu3ylThb JOCKOHATIICTh BUKOPUCTO-
BYBaHOI BMMipIOBaJIbHOI anapaTypy, iHpopmaliiiiHa Teopist BBOOAUTD i MOKA3HUK iH-
dbopmaliifiHoi MTOCKOHAJIOCTI caMOro Ipoliecy BMMiploBaHHS. SIK Takuii MMOKa3HUK
BUKOPUCTOBYETHCSI BiJHOIIEHHS KiJIbKOCTi iHpopMmaliii q, peaabHO OJI€P>KYBaHOTO B
pe3yybTaTi BUMipIOBaHHS, 10 MeXKi KiJibKOCTi iHpopMaIllii gmax 0OMEKeHOTO Terio-
BUMM (QIIyKTyallisiMy BUMIipIOBaHOI BeJIMUMHM TMPU 3aJaHUX YMOBax BUMipIOBaHb
(abcomoTHOI TeMITepaTypi cepenoBuilia &, TOOTO, MOKA3HUK:

n,=—-:
9 nax
Lleit moka3HMK oTpMuMaB Ha3By iHbopmairiitHoro KK mpoiiecy BuMipy.
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3BUBIIM BOEAMHO PO3TJISIHYTI MOKAa3HMKY, Ha TiAcTaBi (12) oTpuMaemMo 3arajb-

He CIIiBBIJHOLIEHHS, 10 3B'S3y€ TOUHICTb J,, €eHeProCIOXMBAHHS Ta WIBUAKOAII t

3aC00iB BUMipIOBaHHSI:
82N, =, (15)
1.

ne w,=K6@ me - eHepris TeIIOBOTO LIYMy IpM abCOMIOTHI TemniepaTypi 6 (Hampu-
KJIafZ, ITpU HOpPMajbHi Temmeparypi 6=293°K Tta w, =n%1,38%102%%*293=
=3,5%102°[ Jorc].

Ik BumHO i3 cmiBBigHOmeHHs (15), BOMOCKOHa/JIEeHHS 3aco0iB BMMipioBaHb 3a
SIKMUM-HeOyIb i3 MOKa3HMUKIB (TOUHOCTi, eHEPTOCIOKMBAHHS 260 MIBUIKO/il) MOX-
JIMBE JINIIIEe 32 PaXyHOK MigBuilneHHs ix eHepreTuuyHoro KK a6o 3a paxyHOK 3HM-
’KeHHSI (TIOTipIneHHs) iHIIMX ITOKa3HMKiB. OCTaHHil BMUIIAJOK € OiJbII TUIIOBUM,
ocKinbky migBuieHHs: eHepretuyHoro KK nmpunaniB (K i KK 6yab-SIKUX JOCUTh
IOCKOHAQINX €eHePreTUYHUX CUCTEM) Iy>Ke CKIagHO.

Takummu € gesiki eeMeHTH iHDOpMallifiHOI Teopii BMMipiOBaHb Ta BUMMipIOBa-
JbHUX MPUCTPOiB, 3HAHHS SIKMX HEOOXiHe, Ha Halll MOIJISI, CyYaCHOMY METPOJIOTY
xoua 6 1151 opieHTaLii y CKIagHMX OMCKYCIMHUX MUTAHHSIX METPOJIOridyHoi Teopii i
MPaKTUKMU.

Mopaenb OLiHIOBAaHHS MIPAaBWJIBHOCTi BUOOPY Ta e()eKTUBHOTO BUKOPHC-
TaHHA 3ac00iB BUMiproBaibHOI TexHiku (3BT)

[yis1 oGI'pYHTYBaHHS ONTMMAJIBHOI KiJIBKOCTi BMMiploBaHb Ta Bubopy 3BT, 1o
3a0e311euyioTh HeOOXiIHY TOUYHiCTb, XapaKTepUCTUKM HAAiHOCTi, MiHiMaabHi BU-
TpaTu Ha BMUMIipIOBaHHS MMapaMeTpiB SKOCTI MpoayKiiii Ta pobounx 3BT, HeOOXimgHO
MaTeMaTUYHO OMMCaTU IIPOlleC BUMipIOBaHb, pPO3POOUTM KPUTEPii OIiHOK I[bOTO
nipotecy [15-17].

MaTemMaTUYHO TIpOLeC BUMipiB MOKHA OMMCATV HACTYITHUM YMHOM. BUKOHY-
€TbCS Z BUMIPIOBaHb OJHOIO ¥ TOT'O X KOHTPOJIbOBAHOI'O ITapameTpa j3, B pe3yjbTa-
Ti YOrO BUXOOUTD PSIT, 3HAYEHD B 1, B2, ..., f..

JlivicHe 3HaUeHHS ITapaMeTpPy 3HaXOAUTHCS B MeXaXx :
Bo- ASBZBotA, (16)
3 JOBipyolo ViMOBipHicTIO P'. JJoBipumii iHTepBas A, IOB'SI3aHMII 3 KiJIbKiCTIO
BMMIipIOBaHb Z Ta JOBipYOI0 IMOBIpHICTIO P HACTYITHMM UMHOM:
ot
A=—= 17

z—1
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lie o - cepeiHe KBaZipaTMUHe BiIXMIEHHS MOXUOKM BUMIDIOBAHHS; ¢, - apaMeTp,

SIKUIA 3aJ1€5KUTD BiJl BUAY 3aKOHY PO3MO/IiTy TOXMOKYM BUMipioBaHb: P' Ta Z.

Takum 4MHOM, 3a pe3yJibTaTaMi BUMipIOBaHb HEMOXJIMBO BU3HAUUTU [iliCHE
3Ha4YeHHs MapamMeTpa 3, a MOXKHA JIMIIIE BKa3aTu iHTepBaJ, B SKOMY 3 IIEBHOIO /iMO-
BipHiCTIO P' BOHO 3HaXOOUTBCS.

Hexait HeoOXigHO 3a6e3MeunTy NOBipuMii iHTepBal A 3 IOBipYOIO IIMOBipHic-
TiI0 P, TOnmi MoskHa 3anpornionyBaTtu psp 3BT i3 cepefHiMM KBaApaTUUHUMU BiIgXu-
NeHHSIMU:  ©,,0,,..,0,, SIKUM OyOoyTb BiAmoBizatu KiJIbKOCTi  BUMipIOBaHb
21,22y ..., Zi, ...

IlikaBo BM3HauUMTU Kjaac TouHocTi 3BT, 110 3a/0BOJIbHSIE IMM BUMoram A, P’
IesIKUM ONTUMAaAbHUM UMHOM. [IpUMyCTUMO, 0 KPUTEPiEM ONMTUMAJbHOCTI BUMi-

ploBaHb MPUITHITA TUTOMA iHGOpMaIlis:

h1=£{6um} (18)

Z | eum.

ne [ = Jlogz [f(®)]f (t)dt —log, A - kinbkicTs iH(OpMALi A5 pi3HMX 3aKOHIB PO3IIO-

Iy mig yac BUMiploBaHHS apameTrpa £ (tabm. 1);

f(t) - minpHICTD PO3MOAITY ITOXMOKM BMMipIOBaHb.

Tabmuig 1
KinpkicTb iHboOpMaliii st pisHUX 3aKOHIB pPO3IIOILTY
3aKOH PO3IOLIiTy IibHICTD PO3IIOALTY Indopmais npo BuUMipio-
11(0):¢/ (610} 4 MOXMOKU BaJIbHUII TTapaMeTp s
2 ,
HopmanbHui (L,,/ 27)e” log, (\/27e %)
(o)
. . . 1 b—a
PiBHOMIipHMit 5 log,
—da

HasBeMo moka3sHuK h; iHdpopmaliiiiHow ebeKTUBHICTIO BUMipioBaHb. OnTHMa-
JpHOMY Kiacy TouHocTi 3BT Oyme BimmoBigaTu MakcumasabHe 3HAUeHHST iHDopma-
1iitHOi edekTuBHOCTI. [/ 3aJaHMX 3HAUeHb t,, Z, P po3paxoBaHi 3a JOIOMOIOI0
EOM 3unauenHs ¢yHKIIii h; Ta mo6ynoBaHi rpadikm, sKi HagaHi Ha puc. 1-4, KoTpi mo-

3BOJISIIOTh BUMOMpPATH OINTMMAaJbHI 1Mo h; KiJbKicTh BUMIipiB Ta BiIHOCHMII IOBipumMii

. A ‘
INPOMDKOK — OJid 3aJaHMX 3HAUE€Hb P.
(o)

[IpomeMOHCTPY€EMO CKa3aHe Ha MPUKIIAZ.
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IMpuxknan. B TOCT 8.051-81 BcTaHOB/IEHO, 1110 AJ1s1 po3MipiB Bifg 360 mm 1o 500
MM (kBajiTeT 1) momycTuMa MmoxmubKa BUTOTOBJIEHHS JOpiBHIOE 10 MKM, JOMyCTUMA
roxm6ka BUMMipIOBaHb CKaamae 3,5 MkM 3 KoeditlieHTom HagmiriHocTi P'=95%. 1o puc.

4 BMOMpaeMo onTUMaIbHy (MakcumMyM h; mjs P'=95%) KinbKicTb BUMipiB Z MOpiB-

HIoe 5. Jam 1o puc. 3 BubMpaemo A i BoHO pmopiBHioe 1,388. 3Bimcu
o)

, A
o =
1,388

TakuM YMHOM [JIs1 HOMiHa/JIbHMX Po3MipiB Big 360 mm go 500 mm, 3momycTu-

~ 2,52 mxm

MOIO TIOXMOKOI0 3,5 MKM i P' = 95 % ciiip BuOpaTu knac toudocti 3BT 3 o = 2,52 MKM
i 3pobutu 5 BuMipiB. IIpu 1bOoMy BMMip OyIme MNpoBeaeHO HaliepeKTUBHillIe
(y ceHci hy).

3a3Buuait, mpyu IpoBeneHHi IepeBipok 3BT ixHS MoxmbKa OIiHIOETHCS B [Ie-
KiJIBKOX TOYKax [iama3oHy BMMIiplOBaHb. 3BMYaiHO, 0 3BT ciif MOBIipSTU TiIBKYU
B TMX TOYKAaX JIialla30HY, B SIKMX € CYTT€BA MOBipHiCcTh Buxoay moxuokyu 3BT 3 1o
nomycky. ko rmoxm6ka 3BT B opmHilt Toulli giama3oHy oKa3ajgach y Meskax AOoITyC-
KiB, TO JIpyra TOYKa [JisI MMOBipKM MOBMHHA OYyTM OOpaHa Tak, 1006 KyMY/SITMBHA
IMOBipHICTb BMXO/y MOTPIIIHOCTI 3a IOITYCK BUSIBMUJIACS B Hili 6i/IbIIOI0 32 BCTAHOB-
JIeHy.

V mpoiieci BUMipioBaHHsI 6epyTh yuacTb ornepatop Ta 3BT. AHaini3 iHpopma-
1i7iHO1 eeKTUBHOCTI BMMipioBaHb Iokasye, 1mo 3BT edeKTUBHO IIpU KiJIbKOCTSIX
BUMIpiB, BeJIMKMX a00 PiBHMX ABOM, HAIIPUKJIAI, IIPU OOBipuiil iimoBipHOCTi P'=0,95;
Z = 5. ToobTo My cTukaemocs 3 akToMm, 10 edeKTuBHE (B CeHCi hi) BUKOpUCTaHHS
3BT npu3BOOUTH 10 30i/bIIEHHS] TPMUBAIOCTI 3 BUMipIOBaHHS Ta HeeeKTUBHOI po-
60Ty orepaTopiB. ToMy IpeACTaBISIETHCS LiIKaBUM BM3HAUEHHS TaKOi KiJIbKOCTi BU-
MipioBaHb, sSIKa IPU3BOAUTD A0 edekTMBHOrO BuKopuctanus 3BT i gocTaTHbO 3a/10-
BiJIbHOI po60TH omepaTopis. [Ij1s1 1IbOro 30yaIyeMO HACTYITHY IiJIbOBY (QYHKILiIO:

=c,, z+cy (100-h), (19)

ne c,,, - BapTicTb BUMipioBaHb 6e3 BapTocTi 3BT; Z — KibKiCTb BUMIpIiB; ¢,,, - Bap-

ticTb 3BT; A, - iHbopMmaniiiHa eheKTUBHICTb BUMipIOBaHb, %.

BusHauMMo onTMManabHy KiJbKiCTh BMMIipIOBaHb, MiHIMi3ylOuM IO I[I/IbOBY
dyHki0. 15 mporo BisbmMemo mnoxigHy Bif 1 mo Z i mpupiBHsIeMoO ii 7o HyJs. B pe-
3y/IbTaTi pSIAy HECKIaAHUX MepeTBOPeHb OTPUMAEMO PiBHSIHHS, 3 SKOTO MO’KHA BU-

3HAUYUTU Zonr

dhy _ ! ~log, (J27elt,)+log,\Z,,, 1. (20)

dz 2m2z (Z, -1
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3a momomorow EOM mast psimy sHadeHb P'(99,9; 99; 95; 90; 50; 10%) Ta Z

(2,3, ..., 10) MO>kHa BU3HAUNTHU 3HaUeHHS QyHKIIii. Pe3yibTaTu po3paxyHKiB

nojgaHo y BuUmsimi rpadika (puc. 5). 3 aHasisy mporo rpadika BUIHO, IO 3
P'=90; 95; 99; 99,9 % piBHsiHHS (20) Mae pileHHs JauIe y 3aIlITPUXOBaHil 06acTi
(ouB. puc. 5). Kpim Toro, npu P = 10 ... 50% dyHK1ia 4 gocsirae cBOro HaibinblIoro
3HavueHHs npu Z = 2, a ipu P = 90.... 99,9% My cTuKkaemocs 3 06CTaBMHOIO, IO 3a-
IMITPUXOBAHOI 00/1aCTi ONMTMMAaIbHUX KiJ BUMIipiB BifIloBigae 06/acTb HEraTMBHUX

3Ha4eHb iHGopMallii, 1110 BU3HAYAETHCS 32 POPMYJIOIO.

I =log,(N27e> j =1y 22,05 +1og2(—“zt_1). 21)
Ty
§ — s
— | gl',:l
i
-‘:QM
o0
_— -

2 i ' . . . .
s " b PucyHOK 2 — 3a/IeskHiCTb KiJIbKOCTi iHdoO-

PucyHOK 1 - 3anexxHicTh mapametpy t, Bim ~ PpMaii N Bif KiZbKOCTi BUMipIOBaHb Z
KiJIbKOCTi BUMIpiB Z NpU pi3HUX 3HAUEH- IIpU Pi3HUX 3HAUEHHSIX IOBipYOl

HSIX JOBip4YOi IMOBipHOCTIi P’ JiMOBipHOCTi P

===

e — i ]
2 4 6 & 1t 1 14 € @

PucyHOK 3 — 3anexxHicTb BITHOCHOI TOY-

HOCTi BUMipIOBaHb — Bif KinbKocTi BU-  PUCYHOK 4 — 3anexHicTh WinbHOI iH)O-

. . . pMmariii h; Bif KiJlbKOCTi BUMipIOBaHb Z
MiproBaHb Z IIpU pi3HMUX 3HAYEHHSX [OBi- . . .
L . . [PV Pi3HUX 3HAUEHHSX NOBIpYOl IMOBi-
puoi MoBipHOCTi P .
pHOCTi P

lle BUK/IMKAHO TUM, 1[0 MM He nudepeHIliiioBaHO Mimiimuim 0o Bubopy dop-
myau s iHdbopmailii nipu pisHux P'. lleit Hegomik MOXXHA YCYHYTU, BM3HAUMBIIN
inpopmatiiito 3a Gopmyioio
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I=C(P")+log,(

). (22)

PucyHOK 5 — 3a/ieXXHiCTb BigHOIIIeHHSI BAPTOCTi BUMipioBaHb Cyyy 0 BapTOCTi 3BT

Cser Bif, KiZIbKOCTI BUMIPIOBaHb Z IIPY Pi3HUX 3HAUYEHHSX NOBipUOi BiporigHOCTi P’

[Mepexin Big Gopmynn (21) mo (22) BUKAMKAHUIL TUM, IO MIPU TTepeBipKax Mu
oTpumyemo iHgopmaiiito mpo 3BT, i KinbkicTh iHbOpMaIlii, IO OTPUMYETHCS TIPU
1bOMY, Ma€ 6yTu MO3UTUBHOI. Y pesy/bTaTi oTpumyemo C(P') =log,?, i BinmoBiaHy
Ta0JIMINIO IJIS YTOYHEHMX MapaMeTpiB 3a pisHux P' (Tabi. 2).

PiBHsHHS (20) mpuiiMae BUTTISIA:

dhy _ c | C(P)
dZ_(c3BT) { z } (23)

Ha puc 5 nyHKTMpoM HaHeceHi rpadiku GyHKIIiN, 10 T03BOJSIIOTh OibII 00-
I'PYHTOBAHO Bu3HauaTu. OTpuMaHi 3a/JIeXKHOCTI, MpeacTaBiaeHi Ha rpadikax (puc.5

C
Ta PUC.3), JO3BOJISIIOTD, 3a4AI0UMCh 3HAUEHHAMM —2“  (P') Ta (A),
3BT

BM3HAYaTM ONTUMAaJIbHY KiIbKICTh BUMIpPIOBaHb Zonr Ta Kiac TOYHOCTI 3BT
(puc. 6), a 0T>Ke, OLIIHIOBATY IPAaBUIbHICTh BMOOPY Ta e()eKTUBHOTO BUKOPUCTAHHS
3BT BiamoBigHO M0 MpuitHITOro iHGopMaliiliHoro kputepisi. Ciig 3a3HauUUTH, 11O
PO3TJISIHYTU y IIbOMY PO3/ii «iHpopMaIliiiHuit miaxig» o BUpilieHHs 3aBOaHb BU-
60py Ta BukopucTaHHs 3BT Moxke 6YyTV BUKOPUCTAHUI B yMOBaX OJJHO3HAYHOTO ITe-
pexojy Bif TpaguIliiiHMX MEeTPOJIOTIUYHMX TTOKa3HMKIB 0 iHhopMalifiHuX.
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IloBipua JiMOBI-

pHicTh P’

Tabmuig 2
VTouHeHi mapameTpu 3a pi3Hux P’
P\’ % IJ; hl* dhl*
dz
10 [-4,71 4,71 c, 471
h = e
Z Cypr Z
50 I-2,05 2,05 C. 2,05
= = T
Z Cyr Z
90 [+0,6 0,6 c 0,6
h = —eun_ 4 —
Z Cyr Z
95 I+2 h _ g Ceww 2
17 2
Z Cyr Z
99 I+4 I = 4 C. 4
1 ~ T2
Z Cyr Z
99,9 I+8 p=3 Cow , 8
'z Cpr Z°
HoBipunit IHbopmarrist Inbopma- LlinboBa OnTumasnb-
iHTepBan TPV BUMi- LiHa DyHKIs Ha KUJIbKIiCThb
3Ha4YeHb BU- . edeKTuB- ~ . BUMipIOBaHb
MipIoBa-HOToO PIoBaH-HI HiCTb BU- O=I+H > mi |5 Zonr 1 KJ1AC
rnapameTpy I=log, Vame*o! MipIo- n TOYHOCTI 3B
OJt A BaHb 7N 7N
A = e ]
Z-1 h =—
VA
ExoHOMiuHMIA

C
MMOKa3HMK —&4-

3BT

PucyHoK 6 — biiok-cxeMa BM3Ha4YeHHS ONTUMAaJIbHOI KiJIbKOCTi BUMiIPIOBaHb Zonr T

KJIaCy TOYHOCTi 3ac00iB BMMipIOBaHHS

BucHoOBKU

1. IIpuBemeHO MOENb MPABUJIBHOCTI BMOOPY Ta e(eKTUBHOTO (3a BU3SHAYEHUM
KpuTepiem) Bukopuctanus 3BT.

2. 3aJaBIINCh BiZHOIIEHHSIM KOIITOBHOCTI BMMipIOBaHb 0 KOIITOBHOCTI ca-

mux 3BT ( CBuM/Cspr), AOBipuoi0 MOBipHicTIO (P'), IMMOXMOKOI0 KOHTPOJIO TOCTi-

IKeHHS A, BUBHAUAETHCS KiJIbKiCTh BUMipIOBaHb IapamMeTpy O0’€KTY, SIKMit AOCTi-

IKYETBCS Ta Kiac TOUHOCTiI 3BT, siKi BUKOPUCTOBYIOTHCS IIPU JOCTigKEeHHI.
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3. 3anpornoHOBaHO KpuTepiit iHdDopmalliiiHoi eheKTMBHOCTI BMMipIOBaHb Ia-
pameTpiB Ipu AOC/TiIsKeHHi pi3HMUX 00’eKTiB ( hi-1/Z).

4. 3arpoIioOHOBAHO MiJXi[ Mepexody Bif TpaaMULiiHUX MeTPOJOTiYHUX MMOKa3-
HMKiB BUMipIOBaHb i KOHTPOJIIO ITapaMeTpiB 00’€KTiB 10 iHbopMallifiHuX.

HaykoBa HOBM3Ha0. 3alIpOIIOHOBAHO Tlepexi/ B OL[iHIli TOYHOCTi BUMipIOBaHb
Big TpamuiiitHux 10 iHhopMaIliitHuX.
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A model for evaluating the correctness of the choice and efficiency
of use according to the specified criterion of means of observation
and control of objects of various purposes

The informational approach to solving the problems of observation and control is
not used until now. The theory of measurements is based on the concept of entropy of
random variables as a measure of their uncertainty (a set of sets of their possible values).
The greater the number of values that a discrete random variable can take, or the greater
the range of a continuous random variable, the greater their entropy. The amount of
information obtained during measurement, control, research corresponds to the
reduction of entropy from the value that characterizes the uncertainty that remains after
obtaining the result of measurement of some parameters of the objective, phenomena,
etc. We are talking about the relationship between accuracy, energy consumption and
speed of measuring equipment. The issue of determining the threshold of the maximum
possible accuracy of measurements of actual values, as well as obtaining generalizing
information-energy ratios, which allow optimizing the procedure for choosing the main
quality indicators of measuring equipment (MT) are highlighted. At the same time,
making an attempt to more accurately determine the value of a measurement quantity, at
some stage we will inevitably encounter the fundamental impossibility of their further
clarification, which is ultimately related to the physically possible degree of certainty (in
contrast to entropy, which characterizes uncertainty, and which is called non-entropy) of
any measurement value, which is determined either by its personal discreteness (for
example, when measuring the number of atoms of any substance in a mixture, it is
meaningless to talk about the accuracy of the count, which is equal to 0.1 or 0.01 atom)
or by its thermal (molecular) fluctuations . This micro-scale uncertainty limit is known as
Heisenberg's Uncertainty Rule. The article proposes a model of evaluation and effective
use of observation and control of objects of various nature. An "informational approach”
to solving the problems of choosing and using measuring equipment in the conditions of
the transition from traditional metrological indicators to informational ones is proposed.
Let's give an example of the choice of FTA and the number of measurements by this FTA.

IrHaTkiH Basepiit YcTMHOBUY - [TOKTOp TEXHIUYHMX Hayk, IMpodecop, mpodecop
Kadenpyu aBTOMaTM3allii Ta KOMIT'IOTEPHO- iHTErpOBaHMX TeXHOJOriii  IBaHO-
®paHKiBCbKOT0 HAIliOHAJIbHOTO TEXHIUHOTO YHiBepcuTeTy HapTH i rasy.

JynHikoB Bonogumup CrenmaHOBMY - KaHAMUIAT TEXHIUHMUX HAYK, JOLIEHT, JOLEHT
Kadenpu MexaHOTPOHiKM [IHITPOBCHKOTO HAliOHAJILHOTO YHiBepcuTeTy iMeHi Onecs
['onuapa.
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PE®OEPATU

YK 533.6.013.14 : 629.1.025.3

Tokapesa 0.J1., Irnatbes 0.[., Mpsagko 0.B. Anpokcumauis TennodismuHmux BnactuBocTein
BMCOKOTeMnepaTypHoro rasy // CuctemHi TexHonorii. PerioHanbHWii MiXBy3iBCbKMIA 30ipHUK
HayKoBUX npaup. - Bunyck 2(145). — Oxinpo, 2023. —C.3 - 10.

[na 4yncenbHOro BOCNiIKEHHA BMCOKOTEMNEPATYPHUX ra30AMHAMiYHKUX NPOLECIB 3anpono-
HOBAHO anpPOKCMMYIOYi 3aN1eXHOCTI Tennodi3nyHUx BNACTMBOCTeN NoBiTpa Big Temnepatypu. Ce-
penHs no TemnepaTypHoOMy psifly noxmbka anpokcumalii He nepesuuwye 0,87%. MepeBaroto gaHoro
Niaxody € ix BUKOPUCTAHHA y 6aratoyHKLioOHaNbHUX NPOrpaMHMX MakeTax YMCenbHOro Mopenio-
BAHHA Ta iHXEHEPHOro aHanizy. ANpoKcUMytoYi 3anexHocTi Tennodi3nyHUX BNACTUBOCTEN BUKO-
PUCTOBYBANWUCA ANA AOCHiAXeHHs 3acobamm nporpamHoro nakety ANSYS npouecis, Wo npoTikaloTb
y Conna pakeTHWUX ABWUTYHiB. 3aNMponoHOBAHO MifXiA ANs anpoKcMMaLii 6araTtonapaMeTpuyHuxX 3a-
nexHocren.

bion. 11.

YIK 629.76/.78; 629.78; 629.76

Bacunis C.C., TepHosa K.B. MopenioBaHHA BAYBY NPOAYKTIB AeTOHAL{T B HAA3BYKOBY 4ac-
TUHY conna // CuctemHi TexHonorii. PerioHanbHMit MixBY3iBCbKMIA 361pHUK HayKOBUX npaup. - Bu-
nyck 2(145). — [xinpo, 2023. -C.11 - 18.

AKTyanbHiCTb TEMATUKN AaHOT pobOTU BU3HAYAETLCA HEOOXIAHICTIO PO3POOKM CUCTEMU YHUK-
HEHHSA 3iTKHEHHA PaKeTU 3 eleMEHTaMM KOCMiYHOro cMiTTa. MeTa pob0TH - MOAENIOBAHHA NpoLecy
BAYBY NPOJYKTIB [LETOHALLiT B CONJIO PAKETHOrO AABUIYHA 1 CTBOPEHHSA afibTepHATUBHUX CNOCO6iB
KepyBaHHS BEKTOPOM TATM PAKETHOTO [BUIyHA BEPXHbOro CTyneHs. Po3pobneHo cxemy cuctemu
KepyBaHHS BEKTOPOM TATM PAKETHOTO ABUIyHA BMIMBOM AeTOHALiHOT XBUAT HA NOTIK rasy B #oro
conni. MpoBefeHO yncenbHe MOAENIOBAHHA NpoLecy BAYBY MPOAYKTIB AeTOHaUii B conno npu
Pi3HWX KyTax Haxuy AeTOHALiHOro ra3oreHepaTopy 0 0Ci KaMepyu 3ropaHHs.

bi6n. 9., in. 4.

YIK 620.169.1

lpevanunit 0.M., BacunbueHko T.0., bagno B.B., Yysanecbkuit M. B., [lapanka 0.0.,
MapxomeHko B.B. AHani3 KOHCTPYKTMBHUX (DaKTOpiB, L0 BNAMBAIOTb HA BTOMHY MilHicTb fe-
Tanen MetanypriiHoro o6napgHaHHA // CuctemHi TexHonorii. PerioHanbHWU MiXBy3iBCbKMiA
36ipHWK HayKoBWX npaup. - Bunyck 2(145). — [Hinpo, 2023. -C.19 - 29.

lpoaHani3oBaHi MPUYMHM BTOMHOTO PyiHYBaHHA [eTaneil MeTanypriiiHoro o6nagHaHHS.
BcTraHoBNeHO B3aEMO3B'A30K BNAMBY AKOCTI 0OPOOKM MOBEPXHi feTani Ha BTOMHY MiliHicTb. HaBe-
[E€HO BW3HAYEHHA BMIMBY KOHLEHTPATOPiB MiCLEBMX HanpyXeHb Ha BTOMHY MiuHicTb. [aHi
peKoMeHAaLii Woao NiABMLULEHHA BTOMHOT MiLLHOCTI rOTOBOT AeTani.

bi6n. 15, 1in. 4, 7abn. 0

YOK 004.9: 005.4

Monsikos M.0., AHgpieHko M.[., Bitukiscbkuit 1.10., Monskos 0.M. MpuHuMnu nobyayBaHHA
iHdopmauiiHo-Kepylouoi cuctemu Kadepapu yHiBepcutetry // CuctemHi  TexHonorii.
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PerioHanbHMit MixBY3iBCbKMIA 30IPHUK HAyKOBMX npaub. - Bunyck 2(145). — [Owinpo, 2023. -
C.30 - 42.

CuctemaT30BaHO NOHATTA iH(OpMaLiiiHO-KepytoUoi cucTeMu Kadeapu yHiBepcuTeTty, fika
Bele MiArOTOBKY CrelianicTiB eNekTpoTexHiYHoro npodinto. 3anponoHOBaHO MpUHLMNK NOOYAY-
BaHHA Ta CTPYKTYpHY cxeMy Takoi cuctemu. OnucaHo BapiaHTM 3acTOCYBaHHA Y HaBYaNbHOMY
npoueci. OcoGnuBiCTIO  3anNponoOHOBAHOi  cucTeMM €  iHTerpauis  Komn'loTepHoi Ta
MiKPOKOHTPONEPHOi HaB4YaNbHOi iHGPACTPYKTypM Kadeapu i3 CUCTEMOIO «PO3YMHOr0 [OMY»
NpUMiLLeHb KOPNYCY YHIiBEpCUTETY.

bi6n. 16, Tabn. 1, in. 6.

YOK 621.762. 621.76.621.79

Apxkamcekuit C.B., KoHoHenko [.A., Moponbcbkuii P.B. OGrpyHTYBaHHA TeXHOMOriYHMX
pexxumis ana ¢opMyBaHHA CTaGiNnbHOro OAUHUYHOrO TpeKy Npu TOBLWMHI wapy 30 MKM 3i
cnnaBy INCONEL 718 // CuctemHi TexHonorii. PerioHanbHuit MixBY3iBCbKMI 30IpHUK HAYKOBUX
npaub. - Bunyck 2(145). — iHinpo, 2023. -C.43 - 52.

Mpu cenekTMBHOMY nasepHomy nnasnenHi (gani -CJ1M) BMpi6 ckNapaeTbCa 3 MHOXWUHU OAU-
HUYHUX WWAPIB, AKi B CBOK YEpry CTBOPIOIOTLCA 3 MHOXWHU OAMHUYHMX TPeKiB. Y paHiii poboti
OLMHWYHI TPEKM CTBOPIOBANNCA Ha 6a30BOMY MaiaHYMKy, BUrOTOBIEHOMY 3 TOFO X MaTtepiany. 3
aHani3y 30BHILWHbLOIO BUINALY [OCAIAHMX 3pa3KiB BCTAHOBEHO, WO Npu noTyxHocTsax 100..150 Bt
Ta WBUAKOCTAX CKaHyBaHHA 1800...3400 mm/c hOpMYETbCA CTAbGINbHMI TPEK, @ NPU 3MEHLEeHHi
WBMAKOCTI BigOYBAETbCA PO3OPU3KYBAHHA Ta NepennaBieHHs OCHOBHOrO MeTany. BcTaHoBneHo
061acTb pauioHanbHOT wWinbHocTi eHeprii 37...41 [x/MM3 ans nobynoBu Aetaneit 3i cnnasy
Inconel 718 npu ToBIWWMHI Wwapy 30 MKM.

bibn. 12, in. 4.

YIK 004.8

Xykos 0.0., Flop6eHko B.I. BAKOPMCTaHHA apXiTEKTYp MIMOOKMX 3ropTKOBUX HEMPOHHUX
Mmepex Ta tensorflow y 3apgaui Bu3HaueHHA 6aKin Ha 306paxkeHHi // CuctemHi TexHonorii.
PerioHanbHMit MixBY3iBCbKMIA 30IPHUK HAyKOBMX npaub. - Bunyck 2(145). — [Owinpo, 2023. -
C.53 —65.

Po3rnsapaerbcs eheKTUBHICTb BUKOPUCTAHHA apXiTEKTYp FIMOOKMUX 3rOPTKOBUX HEMPOHHUX
Mepex ans igeHTudikauii Ta nigpaxyHky 64xin. B skocTi gxepena gaHux ans Mogenen HempoHHKUX
Mepex Oyno BUKOPUCTAHO aHOTOBAHi BpYYHYy doTorpadii 6axin. Po3rnsHyTo Ta npoaHani3oBaHo
edeKTUBHICTb pOOOTU HAaBYEHUX MOZLENEN HA TECTOBUX 300PAKEHHSX.

bi6n. 17.

Kaninina I1.0., Toxuit 0.M., Heuaxin B.B., Wwuan C.I. CuHTe3 napameTpiB HeniHinHO1
NPOrHO3HO1 Mopgeni 3a AONOMOrow reHetuyHoro anroputmy // CuctemHi TexHonorii.
PerioHanbHMit MixBY3iBCbKUIA 30IPHUK HAyKOBMX npaub. - Bunyck 2(145). — [Owinpo, 2023. -
C.66 -75.

B cTatTi po3rnagaEeTbcs BM3HAYEHHA Ta OLiHKA MapaMeTpiB HeNiHiiHOT perpecinHoi mopeni
3a J0NOMOrot0 reHeTMYHoro anroputmy. OuiHka napameTpie, € pi3HOBMAOM 3afay4i onTUMi3alii, Wwo
A€ 3MOry ii po3s’A3yBaTH 3a [OMNOMOrol CTOXaCTUYHUX aNroOpuUTMiB, Lie NPeACcTaBAse MOXIUBICTb
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BUKOPUCTAHHA TaKWUX anroputmis, wWo6 BianoBigatM Mopensm HeniHiiiHoi perpecii. byno
AOC/TiAXKeHo Habip faHux trees, AKMI BifoOpaKa€e HeNiHiliHy 3aneXxHicTb MiX 03Hakamu. B Habopi
micTutbcs 1200 cnocTepexkeHb i Tpu 3MiHHMX: ID pepeBa; Bik AepeBa; 06’'em aepeBuHu. byna
npoaHanizoBaHa 3anexHicto 06'emy nepesunu (Vol) Big Biky aepeBa (Age). Ysara Ha nokauii ge-
peB [03BONMNO MifibpaTh norictuyHy dyHKuilo Piyapaca B AKOCTI yYHKLiOHaNnbHOT 3anexHocTi,
HEeNiHiliHOIo K 3a NapaMeTpaMmy, TaK i 3a 3MiHHOI0. [1ns ouiHkK napameTpis dyHKLii Pivapaca 6yno
BUKOPUCTAHO FeHETUYHWIA anroputm. bynu obuncneHi koedilieHTH HeNiHinHUX Moaenen ans Bu-
NagkoBo 00OpaHWMXx Nokauiii AepeB. [Ins OUWiHKM SKOCTI MOAeneil BMKOPUCTAHO KoedilieHT
AeTepMiHauii R2.

bi6n. 15.

Y]IK 681.32(075.8)

Teepgoctyn M.I. Oco6amBicTb pileHHa 3aaay MiHimizauii 6yneBux dpyHkyin // Cuctemni
TexHonorii. PerioHanbHUn MixBY3iBCbKMWIA 30iIpHUK HayKoBKMX Mmpalb. - Bunyck 2(145). — [Hinpo,
2023. - C.76 -81.

BukopuctaHHamM MeTofiB  MiHiMi3auii 3a anroputmamm KsaitHa Ta pgiarpam Beitua
niaTBepAXeHa 060B'A3K0Ba HEOOXiHICTb 3HAXOAXKEHHS MHOXMHMW 300paXeHb MiHiMaNbHOT hopmu
OyneBoi hyHKUiT ans 3a6e3neyeHHs MOXIMBOCTI BUOOPY ONTUMANbHOT IOTYHOT CXEMM NPOEKTOBA-
HOTO LM POBOro aBTOMATy.

bi6n. 3,in. 1, 7a6n. 1

YK 519.2:004.9

binosbopos B.E., 3aitues B.l., Moropenos 0.B., Xuxa 0.J1. BukopuctaHHa metopy
HeNiHINHOrO  peKYpPeHTHOro  aHanisy Ao  Tumisauii  AaHMX  4YacoBuX  pAAiB
enektpoeHuedanorpadii // CuctemHi TexHonorii. PerioHanbHWi MiXBY3iBCbKMI1 30IpHUK HayKO-
BMX npaLb. - Bunyck 2(145). — fininpo, 2023. - C.82 -104.

Y paHoi poboTi po3rnAfaeTbCA NMUTAHHA BUKOPUCTAHHSA MeTOAY HENiHINHOTO peKypeHTHOro
aHanisy o npobnemu Tunizauii iHbopmauii, Wo HagaHa y BUrNALI AaHUX YACOBUX PSAAIB €NeKTpo-
eHuedanorpam (EET) 3HATMX 3 mauieHnTy. OnMcaHo METOLMKA BU3HAYEHHS CXOBAHOT iHQopMaLii
A5 LbOro pAAyY Ta il BUKOPUCTAHHA Ans nobyaoBuW BiANOBILHOT peKypeHTHOT Aiarpamu (recurrence
plots, RP) y Touku 3bomy iHdopmauii. MokasaHo, wo BukopuctaHHa RP mae cyTTeBi Hegoniku, aKi
noB'a3aHi 3 Bi3yanizaui€lo iHopMauii Ha eKpaHi MOHITOpY KOMn'toTepa, TOMY 3anpornoHOBaHO
HWWA WAAX AOCNIMKEHHA - 06paxyBaHHA YMCenbHUX NokasHukis RP. Ix o6paxysaHHs noTpi6HO
3AINCHUTY IS KOXKHOT TOYKM CbOMY iH(OpPMALLii, B AKOCTI AKUX OYI0 3aNpONOHOBAHO Y3ATU TOUKM
(01, 02, Pz) - ue npaBe Ta niBe NOTUAMYHe Ta TiM'AHe BiaBeAeHH:A. HaBefeHi 06paxoBaHi NoKasHu-
ku RP no3Bonunu 3giiiCHUTW TUNi3auito OTPUMAHMX [AHUX Ta BU3HAYUTW TUN AIKIN OTPUMAB Ha3By
«HEALTHY-RP», wo Bigpi3Hse eninentuyHi ta HeeninentuyHi tunu EET.

bi6n. 12,1in.15, Tabn. 2.

YK 004.627

Cynema E.C., Inuka A.W. MoBbIweHME NOMEXOYCTOMYMBOCTU MHOTOLBETHbIX LUTPUXKOZ0-
BbIX M306paxkeHun // CucTeMmHi TexHonorii. PerioHanbHUI MiXBY3iBCbKWII 36IPHUK HayKOBMX
npaup. - Bunyck 2(145). — Oninpo, 2023. - C.105 —-124.
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MpennoxeH MeTod NOBbILEHNS NOMEXOYCTOMNYMBOCTU MHOTOLBETHbIX LUITPUXOBbIX KOLOB, OC-
HOBAHHbII HA NPUMEHEHWUM [ABYXYPOBHEBOrO KOHTPOJSA OWMOOK, BO3HUKAIOLWMX NPU CKAHUPOBAHUM
MHOTOLBETHOIO LUTPMXKOLOBOrO U300paXeHUs, C UCNOb30BAHMEM [IBYX MHOFO3HAYHbIX KOPPEKTH-
pytolwmx KofoB: koaa bYX — Ha ypoBHe WITPUXKOLOBbIX 3HAKOB (HUXHWIA YpOBEHb), U Kopa Pupa-
ConomoHa — Ha ypOBHe LITPMXKOLOBOrO CMMBONA (BepXHWii ypoBeHb). MNpepnaraembiil METOA No-
BbILIEHUS NMOMEXOYCTONYUBOCTM WTPUXKOZOBbIX M300paXKeHMt LaeT BO3MOXHOCTb CO3AaBaTb MHO-
rOUBETHbIE WTPUXOBbIE KOABI C YNYYLIEHHbIMU XapaKTEPUCTUKAMU NMOMEXOYCTONYUBOCTH, KOTOpbIE
obecneynBaioT HaieXHoe BOCNPOU3BELEHNE AAHHbIX NPU CKAHUPOBAHWUM MHOTOLBETHBIX LUTPUXKO-
AOBbIX M300paXeHMit 60/bLIOK EMKOCTU B CUCTEMAX aBTOMATUYECKON UAEHTUDUKALMUM.

bubn. 16, un. 4, 1ab. 3.

YK 519.281: 621.317.088

Irnatkin B.Y., QynHikos B.C., Jlyunwun T.P., Anekceenko C.B., Owkesny 0.11., Kapnosa T.I1.,
Xoxnosa T.C., Xomow H).C.TixoHos B.A. Mopenb OUiHIOBAaHHA NpaBUAbHOCTI BUGOPY Ta
e(heKTMBHOCTI BUKOPMCTAHHA 33 BU3HAYEHUM KpUTepieM 3ac06iB CnocTeperkeHHsA Ta KOHTPO-
nio 006'ekTiB pisHOro npusHayeHHa // CuctemHi TexHosorii. PerioHanbHUil MiXBY3iBCbKMIA
30ipHMK HayKoBuWX npaupb. - Bunyck 2(145). — OHinpo, 2023. - C.125 -142.

Y cTaTtTi npuBeaeHo mogenb BUOOPY eheKTUBHOTO, 33 BU3HAYEHUM KPUTEPIiEM, BUKOPUCTAHHSA
3aco6iB BuMiptoBanbHoOi TexHiku (3BE). 3apaBlwmch BiHOWEHHAM KOLWTOBHOCTI BUMiplOBaHb (KOH-
TPONO) A0 KOWTOBHOCTI camux 3BT, a Takox [LOBipyYol MMOBIPHICTIO i MOXWUOKOI BUMipIOBaHb
(KOHTPONIO), BM3HAYAETLCA KiNbKiCTb BUMiptOBaHb (KOHTPOJD) napameTpy 06'eKTy AOCHiAXKEHHS
Ta Knac ToyHocTi 3BT, KMt BMKOPWUCTOBYETbCA NPM LOCHIAXKEHHi. 3anponoHOBAaHO KpuTepii
iHdopMaLinHOi edeKTMBHOCTI BUMiptoBaHb (KOHTPO/O) napaMeTpiB NpW JOCHIAXKEHHI Pi3HMX
00’€KTiB, TOOTO 3aNPONOHOBAHO Nepexif Bif TPAANLiAHUX METPOOTIYHMX NOKA3HWKIB BUMiptOBaHb
i KoHTposo [0 iHdopMauinHux. Mpu LboMy, pobasyM cnpoby BCe TOYHilE BU3HAYUTU 3HAYEHHS
BUMipIOBaNbHOT BEIMYMHM YW SIKOTOCb MapameTpy OO’EKTYy, MW Ha [AesKoMy eTani HeMuHyye
3iTKHEMOCA 3 MPUHLMNOBOK HEMOXJIMBICTIO MOAANBWIOr0 iX YTOYHEHHA Ha niacTasi «[pasuno
HeBU3HauYeHocTi [eii3eHOeprax.

6i6n.18,in.6, Tabn. 2.
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UDC533.6.013.14 : 629.1.025.3

Tokareva 0., Ihnatiev 0., Priadko 0.V. Approximation of the thermophysical properties of
high-temperature gas // System technologies. N 2(145) - Dnipro, 2023.- P.3 - 10.

For the numerical study of high-temperature gas-dynamic processes, approximating
dependences of the thermophysical properties of air on temperature are proposed. The
approximation error averaged over the temperature series does not exceed 0.87%. The advantage
of this approach is the possibility of their use in multifunctional software packages for numerical
simulation and engineering analysis. The approximating dependences of thermo physical
properties were used to study by means of the ANSYS software package the processes occurring in
the nozzles of rocket engines. An approach is proposed for approximating multiparameter
dependencies

Bibl. 11.

UDK 629.76/.78; 629.78; 629.76

Vasiliv S.S., Ternova K.V. Study of the flow structure during the injection of detonation
products into the supersonic nozzle // System technologies. N 2(145) - Dnipro, 2023.-
P.11 - 18.

The relevance of the topic of this work is determined by the need to develop a system to
avoid the collision of a rocket with elements of space debris. The purpose of the work is
simulating injection process in rocket nozzle to develop alternative methods of controlling the
thrust vector of the upper stage rocket engine. The scheme of the control system of the thrust
vector of a rocket engine by the effect of a detonation wave on the gas flow in its nozzle has been
developed. Numerical modeling of the process of blowing detonation products into the nozzle at
different angles of inclination of the detonation gas generator to the axis of the combustion
chamber was carried out.

Bibl. 9.ill. 4.

UDC 620.169.1

Hrechanyi 0.M., Vasilchenko T.0., Badlo V.V. Chuvalskyi M.V, Padalka 0.0.,
Parkhomenko V.V. Analysis of constructive factors affecting the fatigue strength of
metallurgical equipment parts // System technologies. N 2(145) - Dnipro, 2023.- P.19 - 29.

The causes of fatigue failure of metallurgical equipment parts were analyzed. The
correlation between the effect of the quality of surface treatment of the part on the fatigue
strength has been established. The influence of local stress concentrators on fatigue strength has
been determined. Recommendations for increasing the fatigue strength of the finished part were
given.

Ref.15, fig. 4, tabl. 0.

UDC 004.9: 005.4

Polyakov M.A., Andrienko P.D., Vittsivskyi I.Yu., Polyakov A.M. Principles of construction
of the information and control system of the department of the university // System
technologies. N 2(145) - Dnipro, 2023.- P.30 - 42.
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The concept of the information control system of the university department, which trains
specialists in the electrotechnical profile, was systematized. The construction principles and
structural diagram of such a system are proposed. Variants of application in the educational
process are described. A feature of the proposed system is the integration of the computer-
microcontroller educational infrastructure of the department with the "smart home" system of the
premises of the university building.

Bibl. 16, tab. 1, ill. 6.

UDC 621.762. 621.76.621.79

Adjamskiy S., Kononenko A., Podolskyi R. Justification of technological modes for the
formation of a stable single track at a thickness of a 30- m layer of INCONEL 718 alloy //
System technologies. N 2(145) - Dnipro, 2023.- P.43 - 52.

With selective laser melting (hereinafter - SLP), the product consists of a set of single layers,
which in turn are created from a set of single tracks. In this work, single tracks were created on a
base platform made of the same material. From the analysis of the appearance of the test samples,
it was established that at powers of 100...150 W and scanning speeds of 1800...3400 mm/s, a
stable track is formed, and when the speed decreases, sputtering and remelting of the base metal
occurs. The range of rational energy density of 37...41 J/mm3 for construction of parts from the
Inconel 718 alloy with a layer thickness of 30 microns.

Bibl. 12, ill. 4.

UDK 004.8

Zhukov 0.0., Horbenko V.I. Using deep cnn architectures and tensorflow for bee
identification on images // System technologies. N 2(145) - Dnipro, 2023.- P.53 — 65.

Individual bee identification is an important task that, if performed well, will help to track
the bee hive population and its health state in general. Photographs of bee hive frames with bees
on them are being used as a data source for model training. These photographs were manually
annotated using Remo annotation software. The study uses five widely used deep learning
architectures for the purpose of bee detection on test images. These models were trained on the
same dataset and evaluated on the same bee image set.

Bibl. 17.

Kalinina I.0., Gozhiy 0.P., Nechakhin V.V., Shiyan S.I. Synthesis of the parameters of a
nonlinear predictive model using a genetic algorithm // System technologies. N 2(145) -
Dnipro, 2023.- P.66 - 75.

The article deals with the definition and estimation of the parameters of a nonlinear
regression model using a genetic algorithm. Parameter estimation is a type of optimization
problem that can be solved using stochastic algorithms, which presents the possibility of using
such algorithms to fit nonlinear regression models. The trees data set, which displays the non-
linear relationship between traits, was investigated. The nonlinear method of least squares (NLS)
was used to find the coefficients of the regression equation using a genetic algorithm on the
trees data set belonging to the spuRs library. The set contains 1200 observations and three
variables: tree ID; age of the tree; volume of wood. Visual analysis revealed the presence of
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additional signs that affect the volume of wood. Only data for trees with a certain location are
selected for further work. As a result, the sample has 12 observations and two variables. The
dependence of the volume of wood (Vol) on the age of the tree (Age) was analyzed. Attention to
tree locations made it possible to choose the Richards logistic function as a functional
dependence, nonlinear both in terms of parameters and variables. A genetic algorithm was used to
estimate the parameters of the Richards function. The result of the work of the genetic algorithm
depends on how its parameters are configured. When implementing the genetic algorithm, the
following parameters were set: population size; the maximum number of iterations after which
the work of the genetic algorithm stops; the number of consecutive generations without any
improvement in the value of the fitness function before stopping the algorithm. A random scheme
was used for the selection operation. A mutation operation involves changing a randomly
selected bit. The type of crossover operation is one-point. Coefficients of nonlinear models were
calculated for randomly selected tree locations. The coefficient of determination R2 was used to
assess the quality of the models.

Bibl. 15.

UDK 681.32(075.8)

Tverdostup N.I. A peculiarity of solving problems of minimization of Boolean functions
// System technologies. N 2(145) - Dnipro, 2023.- P.76 - 81.

Using methods of minimization according to the algorithms of Quine et Veitch diagrams
confirmed the mandatory necessity of finding a set of images of the minimal form of the Boolean
function to ensure the possibility of choosing the optimal logic circuit of the designed digital
automaton.

Bibl. 3,ill. 1, tabl. 1

UDC 519.2:004.9

Belozyorov V.Ye., Zaytsev V.G., Pohorielov 0.V., Khizha A.L. Using the method of nonlinear
recursive analysis for typifying electroencelography time series data // System technologies.
N 2(145) - Dnipro, 2023.- P.82 — 104.

This paper considers the issue of using the method of nonlinear recurrent analysis to the
problem of typing information provided in the form of time series data of electroencephalograms
(EEG) taken from a patient. A technique for determining hidden information for this series and its
use for constructing the corresponding recurrence diagram (RP) at the points of information
retrieval are described. It is shown that the use of RP has significant drawbacks associated with
the visualization of information on a computer monitor screen, so another way of research is
proposed - the calculation of numerical indicators of RP. Their calculation must be carried out for
each point of the seventh information, for which it was proposed to take the points (01, 02, Pz) -
these are the right and left occipital and parietal taps. The given RP indicators made it possible to
typify the obtained data and determine the type of which was called "HEALTHY-RP", which
distinguishes epileptic and non-epileptic EEG types.

Bible 12, ill.15, tab. 2.

Sulema Ye.S., Dychka A.I. Improving the interference resistance of multi-color barcode
images // System technologies. N 2(145) - Dnipro, 2023.- P.105 - 124.
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A method of improving the interference resistance of multi-color barcodes is proposed,
which is based on the application of two-level control of errors that occur when scanning a multi-
color barcode image, using two multi-valued correcting codes: the BCH code - at the level of
barcode patterns (lower level), and the Reed-Solomon code - at barcode symbol level (top level).

The proposed method makes it possible to create multi-color barcodes with improved
immunity characteristics, which ensure reliable reproduction of data during scanning of large-
capacity multi-color barcode images in automatic identification systems.

Ref. 16, il. 4, tab. 3.

Ignatkin V.U., Dudnikov V.S., Luchyshyn T.R., Alekseenko S.V., Yushkevich 0.P., Karpova T.P.,
Khokhlova T.S., Khomosh Yu.S., Tikhonov V.A. Model for evaluating the correctness of the
choice and efficiency of use according to the specified criterion of means of observation and
control of objects of various purposes // System technologies. N 2(145) - Dnipro, 2023.-
P.125 - 142.

The article presents a model for choosing an effective, according to a defined criterion, use
of measuring equipment (ME). Given the ratio of the value of measurements (control) to the value
of the FTAs themselves, as well as the confidence probability and error of the measurements
(control), the number of measurements (control) of the parameter of the research object and the
accuracy class of the FTA used in the study are determined. A criterion for the information
efficiency of measurement (control) parameters during the study of various objects is proposed,
i.e. a transition from traditional metrological indicators of measurement and control to
information ones is proposed. At the same time, making an attempt to more accurately determine
the value of a measurement quantity or some parameter of an object, at some stage we will
inevitably face the fundamental impossibility of their further clarification on the basis of the
"Heisenberg Uncertainty Rule".

Bibl. 18, ill. 6, table. 2.
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