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Hakazom MinicrepctBa ocBith i Hayku Ykpainu Ne 409 Big 17.03.2020 p.
«[Ipo 3arBepmkeHHs pimeHb ArectamiitHoi konerii MiHicTepcTBa 110710
JUSsUTBHOCTI CrieniatizoBaHuX BYeHHX paj Bix 06 Oepesus 2020 poky» :KypHAI
BKJIIOYEHHIi 10 nmepetiKy HayKoBHX (axoBHX BHIAHb YKpaiHH B KaTeroii
«A» (HaBHIIiK piBeHb), B SAKHX MOXYTh ITyONKyBaTHCSA pPE3yJIbTaTH
JIMcepTaliifHuX pobiT Ha 3100y TTs HAYKOBUX CTYTICHIB JOKTOpA HAyK i JOKTOpa
¢inocodii (kanaMIaTA HAYK).

Kypnan Brmouenuit 10 nonscekoro Ileperniky HayKOBHX >KypHAIiB Ta
PCLICH30BaHMX ~MaTepiaiB MDKHApOAHMX KOH(EpeHLiii 3 MPHUCBOECHOIO
KiIbKiCTIO GaniB (D0oAaToK 40 oromomeHHs MiHicTpa HayKd Ta BHIIOI OCBITH
Pecrry6miku ITonbma Bixg 31 ymmas 2019 p.: Ne 16981).

B sxypHami 6e3k0IITOBHO MyOIIKYIOTHCSI HAyKOBi CTATTi aHIIIHCHKOIO,
POcCiiichbKOI0 Ta yKpaTHCHKOIO MOBaMHU.

IIpaBuia o opmieHHsI crareit
http://ric.zntu.edu.ua/information/authors.

XKypnan 3abe3neuye 6e3K0OITOBHUIT BiAKPHTHII OH-TaiiH KocTynm 10
MMOBHOTEKCTOBHX ITyOJIiKaIlii.

JKypHan 1o3Boiisie aBTopaM MaTH aBTOPCHKI IpaBa i 30epiraTu mpasa Ha
BUJaHHA Oe3 oOMexenb. JKypHan J103Bojs€ KOPUCTYBauyaM UMTaTH,
3aBaHTa)KyBaTH, KOIIIOBATH, IOLIMPIOBATH, JPYKyBaTH, IIyKaTH abo
MOCHIATHCS Ha TOBHI TEKCTH CBOIX crareil. JKypHan H03BOJIsE€ MOBTOpHE
BUKOPHCTaHHs #oro BMicTy y BiamosigHocTi 3 CC minensiero CC-BY.

Omy06uiKOBaHUMH CTaTTSM NPHCBOIOETHCS YHIKAJIBHUN ineHTH]iKAaTOpP
mudpooro 06’exra DOL

7KypHaJ BXxoauTh 10 HaykoMeTpuuHoi 6a3u Web of Science.

JKypnai pedepyerbest Ta iHAEKCYETBCS Y IPOBITHUX MDKHAPOJHUX Ta
HalliOHANBHUX pe)epaTHBHHUX JKypHAllaX i HAyKOMETPHYHUX 0a3ax JaHHMX, a
TaKOX PO3MIILYeThCsl Y IN(pPOBUX apxiBax Ta 06i0gioTeKax 3 GE3KOIITOBHUM
JOCTYIIOM y pexuMi on-line, MOBHHMI Hepenik SKMX MOJAHO HA CaifTi:
http://ric.zntu.edu.ua/about/editorialPolicies#custom-0.

7KypHan posnoscloKyeThest 3a Katazorom mnepioquuHuX BHIaHb
VYkpaiuu (nepeamuiatHuii inaexc — 22914).

TemaTHka JKypHaJy: TeJICKOMYHIKalii Ta  pajaioeseKTPOHIKa,
nporpamHa iHXeHepisi (BKII0Yal0ud TEOpilo aJrOpUTMIB 1 MpOrpamMyBaHHs),
KOMIT'IOTepHI Haykd (MaTeMaTH4YHE 1 KOMII'IOTEpHE MOJICTIOBaHHS,
ONTHUMI3aNis 1 JOCHi/KEHHs Omepaliif, ynpaBiliHHs B TEXHIYHHX CHUCTEMaXx,
MDKMalliHHA 1  JIIOAWHO-MAlIMHHA — B3a€MOJIS, IITYYHUH  IHTEJEKT,
BKJIFOYAIOYM CHCTEMH, 3aCHOBaHI HAa 3HAHHAX, 1 eKCIEPTHI CHCTEMH,
iHTENEeKTyalbHII aHAJi3 JaHHUX, PO3Mi3HABaHHSA 00pa3iB, IITYYHI HEHPOHHI
i HeHpo-HeuiTKi ~ Mepexi, HEeUiTKy JIOTiKy, KOJICKTHBHHH  iHTEIEKT
i MyJIPTHAr€HTHI CHCTEMHM, TiOpHAHI CHCTEMH), KOMII'IOTEpHA IHXKEHEepis
(amapaTHe 3a0e3ne4eHHs OOUMCIIIOBATBHOI TEXHIKM, KOMII'FOTEPHI MEpexi),
iHdopMalliiiHi CHCTEMHU Ta TEXHOJOTIi (CTPYKTYpH Ta 0a3H JaHHUX, CHCTEMH,
3aCHOBaHI Ha 3HAHHSX Ta eKCIEPTHI CHCTeMH, 00poOKa JaHHX | CUTHAIIB).

Vei crarri, nmpornoHoBaHi 10 myOuikarii, OAEpKyIOTh 06’€KTHBHHIl
PO3IUIsi, IO OLIHIOETBCS 3a CYTTIO 0e3 ypaxyBaHHsS pacd, CTarTi,
BIPOCIOBI/IaHHSA, €THIYHOIO MOXO/PKEHHs, I'POMAJHCTBA a00 IONITHYHOT
¢inocodii aBropa(is).

VYeci craTTi MpoXoAaTh ABOCTYIIHYACTE 3aKpUTE (AHOHIMHE ISl aBTOPA)
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JIOLeHT Kadyepu mporpamMHuX 3aco6iB, HamionanbHuii yHiBepcHTeT «3amopizbka
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MagiaikoB Bosoaumup BosoAHMMHPOBHY — JOKTOp TEXHIYHMX HayK,
CTapIINii HAYKOBHil CIIBPOOGITHUK, IPOPEKTOP 3 HAyKOBOI poboTH, HauioHansHuit
aepoxocmiuHnii yHiBepcuteT iM. H.E. XKykoBcpkoro «XAl», Ykpaina;

Hammuoskuii Mapuin  — goktop Hayk, mpodecop, mpodecop Bimmimy
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Jlicusiucpkuii  AHaToniii — kaHomaar  Qi3MKo-MaTeMaTMYHMX — HayK,
TOJIOBHHI HAayKOBHIl eKcHepT, I3painbcka enekTpuuHa Koprioparis, Xaiida,
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Mappury Xpuctian — gokrop dinocodii, mpodpecop daxynbrery iHxeHepii
Ta iHpopMauifiHuX TexHoNOTIi, YHiBepcHTeT NpUKIagHMX Hayk Kapunoii,
ABcTpis;

Mapkocsin Mrep BapakecoBHd — JOKTOp TEXHIYHHX HayK, mpodecop,
JIUPEKTOp €PEeBaHCHKOr0 HAYKOBO-IOCIIHOTO IHCTUTYTY 3ac00iB 3B’513Ky, Ipodecop
kadenpu  TenekoMyHikaiii, Pocilicbko-BipMEHCBKUI yHiBEepcHTET, M. €peBaH,
Bipmenist;

PyGeas Outer BosioAMMHpPOBMY — KaHIUAAT TEXHIYHUX HAyK, JOLECHT
(akynbrery imkenepii, YHiBepcuter MaxkMactepa, I'aminsTon, Kanana;

TaBxeqiaze ABTaHILT — KaHAUIaT Bi3UKO-MaTEMAaTHYHUX HayK, mpodecop,
npodecop 1Ko Hi3Hecy, TeXHOIOTIT Ta ocBiTH, [epxaBHuil yHiBepcuTeT iM. I
Yapuyasay3e, Toinici, ['pys3is;

Ypeyreio Jlopy — 10KTOp (i3nKo-MaTeMaTHYHHX HayK, mpodecop, mpodecop
Kadeapy eNeKTPOHIKM Ta OOYMCIIIOBANIBHOI TeXHiKH, TpaHCHIbBAHCHKUH
yHiBepcutet B Bpaiosi, PymyHisi;

Hlyasy IiTep — qoKTOp TeXHIYHKX HayK, mpodecop, mpodecop GakyabTeTy
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Hayunblii xkypHaa «PaamodiiekTpoHnka, HHPOPMATHKA, yHpaBJieHHe»
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ABSTRACT

Context. There are a large number of RCS estimation methods in synthetic-aperture radars (SAR), which differ by precision, RCS re-
covery time of an observation area and complexity of implementation. At the same time, the optimal method, which is a generalization of all
existing ones and characterizes both spatial and temporal optimal signal processing, has not been synthesized. Also, usually problem state-
ments do not take into account the stochastic structure of signals reflected from most underlying surfaces. As a result, further ways of im-
proving resolution, optimal SAR structure and maximum achievable precision of estimation of RCS are not determined.

Objective. The goal of the work is to solve the problem of synthesis of the optimal method of RCS surfaces restoration as a statistical
characteristic of spatially-inhomogeneous random scattering coefficient in aerospace-based radio engineering systems with moving linear
antenna arrays and adaptive spatio-temporal signal processing.

Method. Applying the method of maximum likelihood estimation and taking into account a priori information about the statistical character-
istics of the received spatio-temporal fields a super-resolution method of RCS estimation on spatial coordinates is derived. The generalized prob-
lem statement has shown the optimal method of surface observation that allows to overcome the contradiction between the size of the observation
area and the accuracy of the parameter estimates. The obtained method allows to achieve highest resolution (as for SpotLight mode) of radar
images for wide area of observation (as for Stripmap mode). It is shown that the general algorithm can be adapted to particular solutions with
limited statements of the problem. In contrast to the well-known method of aperture synthesis the processing of the received field in the antenna
array and receiver is adaptive and depends on the signal-to-noise ratio.

Results. The optimal method of area scanning in onboard SAR with antenna arrays and the corresponding method of adaptive spatio-temporal
signal processing can be used to describe the receiving path of cognitive on-board radar for remote sensing.

Conclusions. The obtained optimal method can be considered as a modified method of aperture synthesis with a multi-beam spotlight
mode with the possibility of adaptive radiation pattern formation and signal time processing. In contrast to the classical method performing
matched-filtering of the received signal with the reference signal, the modified method additionally decorrelates signals reflected from the
earth’s surface. As a result of this decorrelation the characteristic intervals of speckles (the size of the spotted pattern of the image) will be
significantly smaller than with match-filtering. Therefore, their subsequent smoothing with the same efficiency can be performed by win-
dows of smaller width. Such processing together with a multi-beam spotlight mode will significantly increase the resolution of the SAR with
an expanded area of view.

KEYWORDS: synthetic aperture radar, radar cross section, statistical optimization, optimal acquisition mode, superresolution method,
cognitive radars.

ABBREVIATIONS SAR is a synthetic-aperture radar;
RCS is a radar cross section; ScanSAR is a scanning synthetic aperture radar;
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TOPS is a terrain observation with progressive scan;
ITOPS is an inverse terrain observation with progres-
sive scan.

NOMENCLATURE

® is a convolution operator;

(.)* is a complex conjugation operator;

A(") is an envelope of the probing signal;

A(") is a complex envelope of the probing signal;

C is a speed of light in vacuum;

D is an observation area;

D’ is an antenna surface;

dr is a surface element of the D ;

dr’ is a surface element of the D';

By (T) is an energy of the reference signal;

F(F) is a complex scattering coefficient of dF ;

Fy {-} is a discrete Fourier transform in spatial coor-
dinates;

Fo'{} is an inverse discrete Fourier transform in spa-
tial coordinates;

Fr_l {} is a Fourier transform in time coordinates;

Fr_l {} is an inverse Fourier transform in time coordi-
nates;

'iD’ () is aradiation pattern of the antenna;

fy is a central frequency;

Ggr (") is a two-dimensional Fourier transform of cor-
relation function R, (") ;

Gy (1) is a two-dimensional Fourier transform of in-
verse correlation function W(:) ;

Gy p'() 1is a spectral characteristic of adaptive in-

verse filter for spatial processing;

Gw T (1) is a spectral characteristic of adaptive inverse
filter for time processing;

H 1is an aircraft flight altitude;

[(X") is a complex amplitude-phase distribution;

I, is an amplitude-phase distribution for antenna ar-
ray;

lwmk () is an optimal amplitude-phase distribution of
the transfer coefficient of the elements of the antenna ar-
ray;

ImF () is an imaginary part of the complex scatter-
ing coefficient;

j 1is a unit imaginary number;

k is a wave number;

Non is a power spectral density;

Nn(:) is a white internal noise;

P(x,y) is a point on the surface with coordinates

XY

Plu(t,x")| GO(F)] is a likelihood functional;

Ry (T,t) is a range to surface element ' for time t;

RF (1) is a correlation function of the scattering coef-
ficient F(T);

Ry () is a correlation function of a white noise;

Ry() is a final correlation function for cognitive
SAR;

I =(X,Y) is a coordinate of the surface element;

ReF (F) is a real part of the complex scattering coef-
ficient;

So(t) is a unit signal;

So (jo) is a spectrum of $y(t);

St (t) is a signal transmitted in the direction of the sur-
face;

§(t,x") is a signal, received by the registration area;

Sow () 1s a pulse response of the optimal and adaptive
spatio-temporal filter;

T 1is an observation time;

t is a time;

ty(F,X) is a signal delay time during propagation
from the transmitting antenna to the surface and vice
versa,

U(jo) is a spectrum of the observation equation;

u(-) is a complex envelope of the observation equa-
tion;

u(-) is an observation equation;

Um(t)) is an observation equation for antenna array;

V is a velocity of the aircraft;

W (") is an inverse correlation function;

Wpn () is an adaptive inverse correlation matrix of the

received signals in space;
Wi () is an inverse correlation function in time;

X' is a coordinate of each element of the antenna;

Xn is a coordinate of n-th element of the antenna ar-
ray;

Y(F) is an optimal output effect for continuous an-
tenna;

Yk () is an optimal output effect for antenna array;

3(+) is a delta function;

€ is an attenuation of the signal along the propagation
path;

6, (-) is an azimuth angle;

0,k (-) is a discrete value of k -th azimuth angle;

94 () is the direction cosine of the coordinate X ;

Yy () is a discrete value of K -th direction cosine;

9y is a vector of direction cosines;
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K[GO(F)] is a coefficient in the likelihood functional
depending on the desired energy parameter o (r);
X(?) is an estimated parameter;

o () is a RCS for scattering surface;

¢ is an initial phase;

‘PW (1) is a complex ambiguity function;
@y is a circular frequency.

INTRODUCTION

Synthetic-aperture radars are a key component of the
modern aerospace equipment for aircraft and artificial
Earth satellites. The images formed by them are in high
demand due to high resolution, commensurate with opti-
cal images, weatherproof and non-dependent time of day
measurements. At present, space SARs implement a sig-
nificant number of views (high-precision Spotlight Mode,
wide-range strip Strip-map Mode, multi-view mode, etc.),
use planar phased antenna arrays for measurements, proc-
ess signals by advanced methods of digital signal process-
ing. From the analysis of their technical characteristics it
follows that the spatial resolution of radar images is con-
stantly improving and has already reached a sub-meter
value. At the same time, the variety of technical solutions
and methods of forming an artificial aperture of an an-
tenna in moving radars does not have an optimal theory of
creating methods and means of spatio-temporal signal
processing. This, in turn, imposes restrictions on the crea-
tion of cognitive radars with optimal spatio-temporal sig-
nal processing. Also, the synthesis of new methods usu-
ally does not take into account the stochastic nature of
reflected signals from real underlying surfaces, which
limits the potential characteristics of SAR. Consequently,
the problem of optimization of spatio-temporal signal
processing in modern on-board SARs, synthesis of new
methods of estimation of RCS of surface as a statistical
characteristic of the complex scattering coefficient and
determination of the potential of radar systems with an-
tenna array located on aerospace carriers are relevant.

The object of study is the process of radar imaging of
surfaces as a statistical characteristic of their random scat-
tering coefficient.

The subject of study is the methods and devices for
optimal spatio-temporal signal processing in SAR with
linear antenna arrays.

The known methods [1-25] are synthesized with al-
ready specified spatial processing of signals in an antenna
array, that is given in problem statement, without the pos-
sibility of its change, which does not allow to obtain a
generalized method with the best resolution and extended
area of observation. Also, existing methods do not take
into account the statistical characteristics of the reflected
signals from surfaces and the possibilities of adaptive
processing in spatial and time.

The purpose of the work is to increase spatial resolu-
tion and expand the area of observation of the SAR, using
modern achievements of the statistical theory of optimiza-
tion of radio engineering systems.

1 PROBLEM STATEMENT

Suppose that on the board of an aircraft moving
straight at a constant velocity V and height H , there is a
linear array antenna with coordinates (x',z), as it is

shown in Fig. 1. The coordinates of the phase center of
the antenna at an arbitrary point in time t are equal to
(x=Vt,y=0,z=H). A signal is transmitted in the direc-
tion of the observation area D , in a wide sector of angles
St (t) = A(t)cos(2rfyt + §) = Re{A(t)e J.(”Ot} . 1)
In the general case A(t) represents a wide class of radio

engineering signals, both simple and complex (with
modulation).

Transmitted signal reaches the surface D with coor-
dinates T =(X,Y,0) € D, reflects from it (scattered by its
inhomogeneities) and is received by each element of the
antenna with coordinates X' and a complex amplitude-
phase distribution I(x').

Figure 1 — Geometry of the underlying surface observation
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The signals received by the registration area are sto-
chastic and have the following form [26, 27]:

$(t,X') = [ F(F)$ (LT, x)dF, )
D

where

$o(t, P, x") = e [(X)A(t—tq (F, X)) x

_ o A3)
xexpl j2nfo (t—tq (F, X)),

— unit signal reflected from a surface element dif with
Ii[F,X(f)]: 1. From the analysis of Fig. 1 it follows that
the signal (3) with the rectilinear motion of the aircraft

with constant velocity V has the form

$o (67, x) = el (X exp(j2k 9y (F,t) X') At — 2Ry (F,t)c 1)
xexp(—jKV 2 (t—tg)? Ry | (F, ty)sin” 0, (F,ty)) x
xexp( J2k(Vt =Vt;)cos OX(F,tO))exp( j27tf0t) @

There is internal noise in any receiver that is why we
write the observation equation in the following form

u(t,x") =Res(t,x)+n(t, x"), (5)

where n(t,x’) is a white internal noise with a correlation

function
Rn(t,ty, X(,X5) =0,5Ng, 3(t —t)3(X] —X3).  (6)

The correlation function of the scattering coefficient
F(F) for the most practical problems of terrain mapping
has the form

Re (fu7) = (FR)F*(R)) = o* (BB 7). (D)

For our problem GO(F) is an estimated parameter, the

desired image.
Taking into account (2), (6) and (7), we present the
correlation function of (5) in the following form

’ ’ 0 7 ’ !
Ry (tysty, X7, X5,6" (F) = (Ut X u(ty, %)) =
=0,5Re [ 6” (F)$o(ty,F. xS0 (L, F.x) )P+ (8)
D
+0,5Ngp 8(t] —t5)8(X] —Xx5).
This correlation function contains all the necessary in-
formation for the adaptive work of cognitive SAR.

According to the reception of stochastic reflected sig-
nals $(t,x") by each element of the antenna array D',

observed against the background of additive Gaussian
noises n(t,x"), it is necessary to optimally estimate the

RCS 6°(F) of the underlying surface as a statistical char-
acteristic of the complex scattering coefficient F (F) us-

ing onboard radar with linear antenna array.

2 REVIEW OF THE LITERATURE

The method of artificial synthesis of an aperture of an
antenna located on board of the aircraft was proposed
approximately 70 years ago [1]. Since then, methods of
area scanning [2—6], technical means of implementing
spatio-temporal signal processing [7-9], a set of orthogo-
nal probing signals [12, 13], post-processing of SAR im-
ages [14, 15] and applications of these images [16—18]
have been constantly developing. At the same time, most
of the results presented are obtained more as a generaliza-
tion of engineering experience in operation and develop-
ment of such systems, rather than as a result of solving
statistical problems of optimization of radio devices and
systems. As a result, the further development of high-
precision SAR for a long time could not exceed the deci-
meter resolution [19-21]. In recent years, developers of
the RAMSES-NG system have succeeded in building a
radar image with a subdecimeter resolution [22, 23]. Such
results have been achieved through the use of the full po-
tential of the frequency range, which covers the
waveguide. The improvement in accuracy leads to de-
creasing the observation area and increasing the global
monitoring time. Such a contradiction has long been
known in the practice of aerospace radio-vision. Possible
ways of further development are noted in the works [24,
25]. The presented radar schemes are logical and will give
results in practice, but at the same time, this approach
does not allow to determine the potential (best) method of
spatio-temporal signals and will reveal further ways of
development. It should also be noted that most algorithms
do not take into account the stochastic nature of signal
reflection from most underlying surfaces, which is also
informative for further optimization of SAR systems.

In contrast to the above results, it is proposed to syn-
thesize an optimal method of RCS estimation for underly-
ing surfaces as a statistical characteristic of their random
complex scattering coefficient in onboard radars with
linear antenna arrays. It is proposed to use modern meth-
ods [28] of statistical optimization and decision theory to
optimize the radar structure.

3 MATERIALS AND METHODS
We can obtain the optimal method of the c°(F) esti-
mation by the maximum likelihood method. We will write
the likelihood functional for the stochastic model of re-

ceived signals, as shown in [29-32], in the following
form:
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P[U(t,X')IGO(F)]=K[GO(F)]eXP{—% [T [ ut.x)x

TTD'D'
W (112,61, (F) uta. )l dtaciics |, (9)

where W(tl,tz,xl' ,X’z,co(f)) is found from the inverse

integral equation

[ Ry (tlatzaxf,XQ,GO(F))X
TD

AW (t,5,5, %4, 67 (F) | iy dty = 84 ~t)8(0 = ). (10)

Applying the variational derivative to (10)

5InPu(t.x) | o*(F)]
56 (F)

| -0 (1)
o (M=ogp (1)

we obtain the likelihood equation
.2 1 0/ o2 —
YO =5 [ 6" (R)[ER[ df +Nop By (F) . (12)
D

The left side (12) is the optimal method for processing
received signals

V()= [ utxsow (4.0 Jasiat . (13)
TD

the essence of which is the matched filtering of the re-
ceived oscillations in the optimal and adaptive spatio-
temporal filter with a pulse response

. ' 0,/
Sow [t, X160 (F)] =

= [ [Wt.t5.%. x4, 0% (P8 (5.7, x5 ) dity . (14)
TD

Expression (13) form the basis of the modified aper-
ture synthesis method in airborne radars with antenna
arrays. In contrast to the classical method, the modified
one additionally performs decorrelation of signals re-
flected from the earth's surface in the adaptive filter

W(tl,t3,X{,X§,GO(F)). As a result of this, the speckle

intervals (spot sizes) of radar images will be significantly
smaller than with classical aperture synthesis. Therefore,
their subsequent smoothing with the same efficiency can
be performed with windows of smaller width, which ulti-
mately allows to increase the resolution of the SAR.

The right side is the square-smoothed o’ (F]) by am-

biguity function

W) = [ [ (.70 Sow (4, T x")dxi dty - (15)
TD
and the offset estimate of the desired radar image by the
amount Ny, By (F), where

oLl BN
EW(r):EfI‘SOW (t3,F, X )‘ dx; dt; . (16)

TD

We will consider in more detail the structure of the
unit signal and its effect on the processing of the received
field u(t,x’), assuming that the antenna consists of a dis-
crete set of isotropic emitters. In this case, the inverse
correlation function can be factorized

w (tl,t3,x;,x§,o°(r)) -

=Wmn ('[,GO(F))~WT ('[1,'[3,0'0(F)), m=1LM,n=1N. (17)

Substituting (4) and (17) into (13), we obtain the op-
timal output effect of a moving radar system with a linear
antenna array in a vector-matrix form

TT
xexp( 2K S (7. 1)x0) JWa (8,0 (F)dy 127 x

io=]] nzzl[mzzlumal)wmn (. (r))Jlnx

xexp( j2k(Vty —Vig)cos Oy (F,ty)) Aty — 2Ry (F,t3)c ) x

x exp(— jk

The essence of processing the space-time signals
Un (t)) received by the antenna array according to (18) is

V(13 -tp)?

.2 -
0, (r,t dt,. 18
Ry(F 1) sin” By ( o)j 3. (18)

as follows. Firstly, the received oscillations from the out-
put of each antenna array element are whitened in the

spatial filter Wy, (tl,GO (f)). This is followed by the op-

eration of compensating phase shifts of reflected signals
from each point on the surface (multiplication by

exp( j2k 9y (F,t))Xp, ) ) and coherent summation with am-

plitude-phase distribution I'n. These operations corre-

spond to the operation of the adaptive beam-forming cir-
cuit, which forms a set of moving rays focused on each
point on the surface. This type of review allows to in-
crease the observation time and expand the range of view-
ing angles. The signals observed by each diagram in time
are decorrelated in the filter with the impulse response

Wy (tl,t3,co(f)), which leads to the broadening of the

spectrum band of the observed oscillations. The broaden-
ing of band width is adaptive and depends on the amount

of Go(f). Multiplication by exp( j2nfyt;) transfers the
0'3
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observed signals to an intermediate frequency. Multiplica-
tion by the next exponent compensates the Doppler fre-
quency shift of the reflected signals in the anterolateral
and posterolateral observation. The next stage of process-
ing is the coherent detection of amplitudes in the filter

grating with impulse characteristics A(t3 -2Ry(F,13)/¢),
each of which is tuned to the range R, (F,t3) in the case

of impulse operation of the radar. The last exponent re-
veals the essence of the classical method of synthesis of
the antenna aperture, which consists in the coherent ac-
cumulation of reflected signals with a quadratic phase
shift along the flight path of the aircraft. Coherent phase
shift in the reference signal leads to the formation of an
artificial aperture, the length of which is equal to the
product of the velocity of the aircraft and the synthesis
time. In this case, the synthesis time is determined by the
time of focusing on the selected point.

The described processing combines two methods an-
tenna aperture synthesizing in the case of a Spot-Light
and multi-look observation of the underlying surface. At
the same time, it implements the advantages of each of
them. The obtained method has the highest spatial resolu-
tion in azimuth (along the flight path) due to the constant
focusing on the selected area of space and covers a sig-
nificant area of the surface as a result of the formation of
many partial antenna patterns.

The form of adaptive decorrelating filters in (18) and
the whole method (18) depend on the signal-to-noise ra-
tio, the type of the probing signal, the parameters of the
antenna array, sounding geometry, and RCS of the studied
one. This result gives a wide range of possible changes
and can be used for describing of the receiving path of the
cognitive radar.

The principle of the formation of a multiple rays, each
of which focuses on a selected area of the underlying sur-
face, followed by coherent processing of the path signal is
shown in Fig. 2. The given geometries show the process
of radar imaging of a surface with high spatial resolution
without gaps.

For a physical interpretation of the decorrelation proc-
ess in obtained algorithm (18), we divide the procedure of
imaging into two stages: spatial and temporal processing.

Spatial processing. At coinciding moments in time
t, =t; =t (at the current time t), spatial processing is
determined by the internal sums of expression (18)

. N M 0 .
YD’| (tl,f)z Z[Z Um(tl)Wmn (t]ac (F))Jlnx
n=1\m=1

M .
xexp(j2k9y1 (F,t)X) | = 3 U ()l (4,7), (19)

m=1

where

N

lwmi (6, F) = D [ exp(j2kSy (T, t))xp) x
" =" " ) (20)

Wi (t,6° (F)).

The discrete Fourier transform in spatial coordinates
Fy {} of (20) is the radiation pattern of the antenna sys-

tem

Ry {I.Wml (, F)} =

= Fy {I oxp(12k8,0 (7.t X} By (W (1.0 (7)) 21)

The first factor is the radiation pattern Fpy (9 (T,t))

of an antenna with amplitude-phase distribution I'n
shifted on coordinate 9, by the number of angles
9y (F,t)) . Physically, this factor indicates the procedure

for the formation of many radiation patterns oriented to
each point on the surface I and changing their angular
direction as the aircraft moves creating a focusing effect
at every point P(X,Y) of the surface. By selection I'n the
shape of the antenna pattern can be adjusted. This type of
review allows to increase the observation time and expand
the range of viewing angles. The second factor of expres-
sion (21) is an adaptive spatial decorrelation filter with a
spatial characteristic

Gw (4,951 (P, 1)) =

- 1 22)

. . = 2 Npp
o (91 (7.) S (. 81 (7o) + 2"

where So (t, 9y (T,1))) is the spectrum of (4).
Taking into account (22) the expression (19) will be

Yoy (t,7) =

_ Fx_rl U(t,9X| (r,0) I:.D'(le (r,1) . (23)

= . .12 N
o (81 (F.0)[So(t. 90 (F.0)[ + 0"

The numerator of expression (23) indicates the selec-
tivity of the antenna array in angular coordinates in the
form of a radiation pattern. The denominator extends the
observation area limited by the antenna array radiation
pattern due to inverse filtering in the adaptive filter

Wi (t,6° (F)) -
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Figure 2 — The principle of the formation of a multiple radiation beams with coherent processing in each of them

Temporal processing. The temporal processing in (18)
is defined at some point X, =0, n=m in the following

form

Y1 (F) = Juct) [ $o (5, F) Wr (45,07 (M)dtadty,  (24)
T T

where

$9(t3.7) = Aty ~2Rg (T, ty)c )7 obx
xexp( j2k(Vt; —Vty) cos Oy (F,tg)) x

20 2
X exp —jkwsin2 0, (T, 1y) |.
Ro(F.tp)

(25)

We will find the inverse correlation function using the

inverse Fourier transform in temporal coordinates F{l {}

W[t,6°(F)] = Fr H{GR'[0,6°(F)]} =

= FrH{(e” () [ So(jo) * +0.5Ng) '3, (26)
where GR[m,GO(F)] is found at some point X, =0,
n=m.

Taking into account (26), algorithm (24) in spectral
domain takes the form

-
H
N -\,,\)-:
Yi(r) = K U o) —— 002D @7)

In (27) U(jo) = Fy {u(t,x' = 0)} and S;(jo,F) is the

spectrum of signal reflected from each point of the sur-
face with coordinates . From the analysis of expression
(27) it follows that the numerator corresponds to the clas-
sical method of synthesizing the aperture in the form of
coordinated processing of received signals with a refer-
ence signal. The denominator describes the operation of
an adaptive inverse filter with a pulse response (26). The
gain of the inverse filter increases at those frequencies at
which the spectral components of the received signal are
reduced. As a result, the effective spectrum width of the

received oscillations expands. The addition 0.5N, in the

denominator eliminates the incorrect division by zero
operation and is a regularizer of this unconventional sta-

tistical solution inverse problem of o° (F) recovery. An

inverse filter decorrelates the received signal making it
closer to white noise.

4 EXPERIMENTS
To understand quality of proposed method of aperture
synthesizing is reasonable to investigate ambiguity func-
tion. We will write (15) taking into account (3) in the
following form
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For the case of a discrete aperture of the onboard an-

YF.R) = [ 30 (4 —tg(F) [ $0 (4 —tg (7)) x
(r.n) I 0( 17 ta( ))I 0( 3~ 1)) tenna array, the spectrum of the inverse correlation func-

T. , . T , tion can be factorized and written (29) in the following
x [ [ T0q)exp(j2k9y (F,t)x) x form
D' D’
AW (8,5, 5,0° () ) d ¥(0,9¢(F,1) = (| So(jo) * Gy 1 (@,6° (M)
X1 (x3) exp (— j2k 9y (F, ty)x4 ) dx§ dtydty = x(| For (9 (F,0) [ Gy (8 (F,0),5°(F),  (30)
—5(t) ®[s‘3 ®® [(I(x)exp(j2k9y (F.HX) ® where

O (t,x,60 (F) ® I () exp(— j2k8, (F.tx)||. 28) e |
Gwr(0,67(F) =(c"(F)[Se(Jo) |~ +0.5Ngp) ~, 31)
The two-dimensional Fourier transform in spatial and

temporal coordinates of the ambiguity function takes the Gy b (9 (Fo1) 50 (F) =
X st ) -

form ) 32)
, = (6 (F)| So(t, 95 (F,1) [* +0,5Ngy) .
Y(w,9(T,1) =

=[S0 (o) [For (9 7.0 G (@.84(7.0.0°(F). (29)

| li’(',‘”: 7.1) |
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Figure 3 — Moduli of normalized ambiguity function for a sine-wave signal with a rectangular envelope and uniform amplitude-
phase distribution: a — algorithm without decorrelation,

b-d — algorithms with decorrelation and signal-to-noise ratio 26° (f)/ Ng, =10, 25, 50
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Figure 4 — The cross sections of the moduli of ambiguity functions in following coordinates: a — range, b — azimuth,
1 — algorithm without decorrelation, (2—7) — algorithms with decorrelation and signal-to-noise ratio

26%(F)/ Ngy =1, 5, 10, 15, 20, 50

In contrast to the classical ambiguity functions the
decorrelation filters make the received signals closer to
white noise. In this case, the speckle dimensions are re-
duced in width, the number of speckles per unit area in-
creases, which allows them to be averaged more effi-
ciently and adaptively increase resolution with respect to

the restoration of the function c° (r).

Ambiguity functions W(F,f;) and their cross sections

for different signal processing algorithms are shown in
Fig. 3 and Fig. 4.

For validation of proposed method it is necessary to
specify observation equation correctly, i.e. model of re-
ceived signal should take into account stochastic character
of scattered electromagnetic field. Simulation is per-
formed according to the scheme shown in Fig. 5.

Fig. 5 contains the following blocks: White Gaussian
Noise is the block of simulation of spatial white Gaussian
noise with unit variance; Test Image is test image genera-

tor, +/0,56° (F) is the block of the test image normaliza-

tion; x is product, + is sum, ® is two-dimensional con-
volution, Ambiguity Function is ambiguity function gen-

erator, ||2 is square modulus, Radar Image is block of

radar images visualization. In the upper and lower chan-
nel we count real ReF () and imaginary ImF () parts

of the complex scattering coefficient F(f'). Thereafter
we form F(F)=ReF(F)+ jImF(F) and convolve it
with a complex ambiguity function. At the output we
form estimates of desired RCS 6°(F).

White
Gﬁugwan

Ambiguity Function

_|__.®_.|.|2

| I

Radar

White
Gilussian v

Complex
| Conjugation [—

Figure 5 — The algorithm of radar images simulation

5 RESULTS
Test image is shown in Fig. 6. Fig. 7 shows a radar
image formed using the classical SAR (ambiguity func-
tion in Fig. 4a) and modified algorithm (ambiguity func-
tion in Fig. 4b).

e

{ n» T ¢ y
Figure 6 — Test image (RCS) (F)
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Figure 7 — Radar images reconstructed with: a — classical
method, b — modified method

Images simulated using classical methods are more
distorted. Resolution of modified SAR significantly ex-
ceeds the classical methods. Further image filtering by
means of different rectangular windows (filters with rec-
tangular spatial impulses response), exponential windows,
Hemming weight functions, atomic functions [33, 34],
median filters, Li and Frost filters allow to reduce speckle
noise.

6 DISCUSSION

The obtained method (18) can be used for description
of whole receiving part, means procedure of beamforming
and signal processing in receiver, of cognitive radar. It is
possible not only because of adaptive signals decorrela-
tion, but also modified method of surface observation.
Taking into account some restrictions it is possible to de-
rive already well-known methods of SAR operation. We
will discuss some of them.

A multi-view mode. This method is widely used in
practice to compensate the speckle noise in radar images.
The essence of this method is the formation of multiple
rays in the azimuthal plane, the reconstruction of the RCS

surface at different angles and the summation of the shifted
images. Assuming in (18) that the radiation beams are fixed
in the given directions 8y (F,t)) = 8y (), we obtain the

method for processing signals in a multi-view mode.
SpotLight mode. This method shows the opposite
situation when one beam is formed 3y (7,t;) = 9,;(F,t;),

which is focused on one fixed observation area. In this
case, it is possible to achieve the highest resolution, but
only local sections with the size of a spot pattern.
StripMap mode. For this mode, only one fixed beam
in the direction 8y (F,t;) =9, () is used. This is a clas-

sic method for generating a continuous radar image with a
resolution equal to the size of the aperture of a non-
synthesized airborne antenna.

Scanning modes. The calculations performed in the
work show that the rate of change of the angle
9y (F,t) = (Xx=Vt)/Ry(F,1) is consistent with the veloc-
ity V of the aircraft. At the same time, with arbitrary
change of the 3, (,t;), any of the known scanning meth-

ods can be implemented: ScanSAR, TOPS, ITOPS.

So at the stage of radar designing it is possible to
choose several programs of observation based on the pro-
posed method.

CONCLUSIONS

The problem of further developing signal processing
methods of RCS estimation in SAR with linear antenna
array and adaptive receiver is solved.

The scientific novelty of obtained results is that the
method can satisfy two contradictory requirements to ra-
dar vision — high spatial resolution and a wide strip of the
observation. The obtained optimal operations supplement
already existing results with new methods and algorithms
of high-precision formation of radar images, the organiza-
tion of interrelations between the adaptive transmitter, the
receiver, the phased array, and show potential which it is
necessary to approach.

The practical significance of obtained results is that
they can be used for the development of cognitive radar
systems with aperture synthesizing, which country-owner
will be able independently to apply, to export, lease and
sell the results of observations. At the same time, the price
of radar images of the required area will be defined by
two factors: resolution and efficiency of imaging. These
contradictory requirements to radar imaging are satisfied
in this work.

Prospects for further research are to study the
method of RCS estimation in SAR with planar antenna
array.
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AHOTAIIIA

AKTyanbHicTh. IcHye Benuka KinbkicTs MetoniB ouinku EITP B 60pToBHX pajsax 3 CHHTE30M anepTypH, sKi BiAPI3HIIOTHCS TOY-
HicTio, yacoM BinHoBieHHs EITP 3amanoi obnacti i ckiagHicTio peanizaiii. Y Toi ke 4ac ONTUMAIIbHUI METOJ, SIKMH € y3arajibHeH-
HSM BCiX ICHYIOUHX 1 KU XapakTepusye sSK IMPOCTOPOBY, TaK 1 YaCOBY ONTHUMAaJIbHY 00pOoOKy CHrHaliB cuHTe30BaHUil He OyB. Ta-
KO IPH MMOCTaHOBI OUIBIIOCTI 3aBJaHb HE BPAaXOBYETHCS CTOXACTHYHA CTPYKTYpa CHTHAJIB, BIZOMTUX BiA OLIBIIOCTI MiACTHIAIO-
YHX IOBEPXOHb. B pe3ynbrari He BU3HAUCHI MOJANBII UUISXU TOKPAICHHS PO3AIBHOI 3aTHOCTI, ONTHMalIbHA CTPYKTYpa pajiapa 3
CHHTE3YBAaHHSIM anepTypu aHTCHH | IPAHIYHO JOCSHKHA TOYHICTH oriHroBaHHs EITP.

Meta. MeToro po6oTH € pillleHHs] HACKPI3HOT 33/1a4i CHHTE3y ONTUMAIBHOTrO MeToxay BigHoBieHHs EITP moBepxoHs, sik cTaTHC-
THYHOI XapaKTePUCTHKU MPOCTOPOBO-HEOTHOPIIHHX BHUIAJKOBUX IPOIIECIB, B PAJiOTEXHIYHUX CHCTEMAaX acpoOKOCMiuHOro Ga3yBaH-
HsI 3 PyXOMUMH JITHIHHUMH aHTCHHUMH PELIITKAMH 1 aJalITHBHOIO TPOCTOPOBO-4aCOBOIO 0OPOOKOIO CUTHAIIB.

Metoa. BukoprcToByroun MeTOI MAaKCHMAaIbHOI MPaBIONOAIOHOCTI Ta BPaXxOBYIOUYM ampiopHy iH(GOpMALil0 OPO CTATHCTHYHI
XapaKTEPUCTUKH MPHUHHATHX MPOCTOPOBO-YaCOBUX IIOJIiB, OTPUMAHUI METOX Haapo3pisHeHH: ouinku EIIP 3a mpocTopoBrMu KoOp-
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JMHaTaM. Y3arajipHeHa MOCTaHOBKA 3ajadi J03BOJIMIA BH3HAYMTH ONTHMAIBHHHA METOJ CIIOCTEPEKCHHs ITOBEPXHi, IO JJ03BOJISE
HOJIOJIATH MPOTUPIYYS MK PO3MIPOM 30HH CHOCTEPEKCHHS 1 TOYHICTIO OL[iHOK mapaMetpiB. OTpUMaHH METO/ A03BOJISIE JOCATHYTH
HAMKPAIIoro po3pi3HEHHS (K B MPOKEKTOPHOMY PEKUMI) paliofOKaIliHHUX 300pakeHb JJIsl IMUPOKOI 00JacTi COCTepEekKEeHHS (Ta-
KOi, K B CMyroBoMmy pexumi). [Toka3aHo, 110 3arajbHUil QJITOPUTM MOXKHA aJaNTyBaTH O YaCTKOBHX PO3B’S3KIB 3 OOMEKEHUMH
MMOCTaHOBKaMH 3aBnaaHHs. Ha BiMiHy Bif BiZOMOro METOAy CHHTE3y amepTypu oOpoOka HMPHUHATOrO MOJsl B aHTCHHIN pemnTii i
npuiiMayi € aJanTUBHOIO 1 3aJISKUTH Bij BIAHOLICHHS CUTHAI/IIYM.

PesyabTaTn. OnTHMaNBHINA METO/ CKaHyBaHHS 00JIacTi criocTepexeHHs Ha 60pTy PCA 3 aHTEeHHUMU peIiTKaMH i BiATIOBiqHAN
METOJ aJIalITUBHOI IIPOCTOPOBO-YaCOBOI 0OPOOKH CHUrHAILy MOXKYTh OYTH BUKOPHUCTaHI JUIsl OMUCY POOOTH BXiJHOTO TPAKTy HpHilMa-
4iB KOTHITUBHOTO OOPTOBOTO pajiapa AUCTAHIIHHOTO 30HIyBaHHS.

BucnoBku. OTpuMaHHUii ONTUMAIIBHUN METOJ[ MOXKHA PO3IIISIATH K MOIH(DIKOBAHMI METOJ| CHHTE3yBaHHs alepTypH 3 6araro-
IPOMEHEBHM NPOXKEKTOPHUM OTJISIIOM 1 MOXKJIMBICTIO aIalITUBHOTO JiarpaMOyTBOPEHH:I, 1 4acoBOIO 0OpobKoto curHaniB. Ha BigMi-
HY BiJ] KJIACHYHOTO METOAY, SIKHI 3/11HICHIOE Y3ro/KeHy (ijbTpaiiio NPUHATOr0 CUrHAIY 3 OHOPHHM CUTHAJIOM, B MOAU(DIKOBAaHOMY
METO[i JOAATKOBO 3/1iHCHIOEThCS IeKOPEILil CUIHAIB, BITOMTHX BiJ 3eMHOI MOoBepxHi. B pe3ynbTati Takoi nexopensiuii xapakTepHi
IHTepBaJIU CIEKIIB (PO3MIPH IUIIMUCTOI CTPYKTYPH 300pakeHHs) OyAyTh 3HAYHO MEHIIe, HIK MPH y3romkeHid ¢inprparii. Tomy ix
MOJaJTbINe 3TJIa/DKYBAHHS 3 TIi€I0 K €(EKTHBHICTIO MOKe OyTH BHKOHAHO BiKHaMH MeHIIOi mmpuHU. Lle B migcymKy B pe3ynbTarti
CIIBHO 3 6AaraTONPOMEHEBHM IMPOXKEKTOPHHM OIJISIOM JI03BOJIHMTH 3HAYHO MiJBUIIUTH PO3ALIbHY 3aaTHiCTH PCA 3 pO3IIMPEHOI0
00J1aCTIO CIIOCTEPEIKEHHS.

KJIFOYOBI CJIOBA: panap 3 CHHTE30BaHOK alepTyporo, epeKTUBHA IUIOIIA PO3CIFOBAHHS, CTATHCTUYHA ONTHUMI3allis, ONTH-
MaJIbHHI PEKHM OTJISIIY MOBEPXHIi, HaJApO3/iIbHUI METO/1, KOTHITHBHI paiapH.
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AHHOTALUA

AkTyanbHOCTb. CyIIecTByeT 3HAYUTENbHOE KOIMYECTBO METOAOB oueHKH OIIP B OOPTOBBIX pamax ¢ CHHTE30M amepTyphl,
KOTOpBIE OTJIMYAIOTCA TOYHOCTBIO, BpeMeHeM BoccTaHoBJIeHUs DI1P 3amanHO# 00MacTH U CIOKHOCTBIO peann3aiin. B Toxe Bpems
ONITHMAJIBHBII METOJ], SIBIIIONIMICAS 000OIICHHEM BCEX CYIIECTBYIOIIMX W XapaKTePH3YIONIMH KaK IPOCTPAHCTBEHHYIO, TaK M
BPEMEHHYIO ONTHUMANbHYI0 OOpa0OTKy CHTHAJOB CHHTE3MpOBAaH He ObUI. Takke NHpH INOCTAaHOBKE OOJBIIMHCTBA 3alad HE
YUYHUTBIBACTCS CTOXaCTHYECKasl CTPYKTypa CUIHAJIOB, OTPAYKEHHBIX OT OOJBIINHCTBA ITOJICTUIIAIOIINX TIOBEepXHOCTeH. B pesyibrare He
OIpe/eNeHbl NajbHEeHIINe MyTH YIIy4IIeHUs pa3peliaronield CrioCOOHOCTH, ONTHMAalbHAs CTPYKTypa pajgapa ¢ CHHTE3MPOBaHHEM
aTniepTyphbl aHTCHHBI U NIPEAEIbHO JOCTHXKUMAs TOYHOCTh oteHuBanus OIIP.

Heasb. Llenpio paboTHl ABISETCS pELIEHHE CKBO3HOW 3aJadyd CHHTE3a ONTUMAaJbHOTO MeToda BoccTaHoBieHus OIIP
MOBEPXHOCTEH, KaK CTAaTHCTUYECKOH  XapaKTePUCTUKH IPOCTPAHCTBEHHO-HEOAHOPOMHBIX  CIyYaHHBIX  IIPOIECCOB, B
PaTMOTeXHHYECKHX CHCTEMaxX a’pPOKOCMHYECKOTO Oa3HpOBaHUS C IBIKYIIUMUCS JHHEHHBIMA aHTEHHBIMH pEIIETKAMH M
aJlalTHBHOH NTPOCTPAaHCTBEHHO-BPEMEHHOM 00pabOTKOM CHTHAJIOB.

Mertona. Vcnons3yst METOR MaKCHMAIBHOTO TIPABIONONO0US U YUUTBIBAs allPHOPHYIO HHPOPMAIUIO O CTATUCTHIECKHUX XapaKTepH-
CTHKAaX IPUHATHIX IPOCTPAHCTBEHHO-BPEMEHHBIX ITOJICH, MONydeH MeTo]| cBepXpaspemeHns: oneHky JIIP 1mo nmpocTpaHCTBEHHBIM KO-
opauHaTam. O600IeHHast TTOCTAaHOBKA 33124y O3BOJIHIIA ONPEISIUTh ONTHMAJIBHBIA METO ] HaOIIOACHNS TOBEPXHOCTH, TTO3BOJISTIOLIHI
NPEOJIOJIETh NIPOTHBOPEUHE MEXKIY Pa3MepoM 30HBI HAOIIOJEHHST M TOYHOCTHIO OLICHOK mapaMerpoB. [ToyrydeHHbIH MeTo[| MO3BOIIseT
JOOUTHCST HAMITYUIIEro pa3pelleHus (Kak B MPOXKEKTOPHOM PEXHMME) PaAHOIOKALMOHHBIX M300paXeHUH I IIMPOKOH 00JIacTH Ha-
OmrozieHust (Takoi, Kak B MOJI0COBOM pexknMe). 11oka3aHo, 4To OOIIHMA anropuT™ MOXKHO aJalTHPOBATh K YAaCTHBIM PELIEHUSM C Orpa-
HUYEHHBIMHU TTOCTAaHOBKAMU 337a4i. B oTnmdme oT M3BECTHOTO METOa CHHTE3a alepTyphl 00paboTKa IPHHUMAEMOTO OIS B AHTEHHON
pelIeTke 1 NPHEMHHKE SBIISIETCS aIallTHBHON M 3aBHCHT OT OTHOIIECHMS CHTHAJ/IIIyM.
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PesyabTarel. OnTuManbHBIE METOJ| CKaHMpOBaHWs oOnacTn HaOmomeHus Ha Oopry PCA c aHTeHHBIMH peleTKaMu H
COOTBETCTBYIOLIMIT METOJ| aJalTHBHOW IPOCTPAHCTBEHHO-BPEMEHHOHW 00pabOTKM CHrHaia MOTYT OBITh HCIIOJNB30BaHBI IS
onucaHus paboTHI BXOJHOI'O TPaKTa MPUEMHHKOB KOTHUTHBHOTO OOPTOBOTO pajapa JUCTAHIIMOHHOTO 30HANPOBAHNSI.

BoiBoabl. [lony4yeHHbI ONTUMANbHBIA METOJ MOXHO pPaccMaTpuBaTh Kak MOAW(DHIMPOBAHHBIA METOJ| CHHTE3MPOBAaHHS
amnepTypbl C MHOTOJYYEBBIM IPOXKEKTOPHBIM 0030pOM M BO3MOXKHOCTBIO aJaNTUBHOTO JAHAarpaMooOpa3oBaHUs U BPEMEHHOM
00paboTKOi CHrHANOB. B oTim4me OT KI1acCHIecKoro MeTo/a, OCYIECTBISIONIET0 COTTIaCOBAaHHYIO (PUIBTPALIUIO IPHHSATOTO CHTHAIA
C OTIOPHBIM CHUTHAJIOM, B MOTH(UIIMPOBAHHOM METOJE AOMOIHUTENHFHO OCYIIECTBIAETCS JEKOPPEISINSA CUTHAIOB, OTPAXXEHHBIX OT
3eMHOH NOBEpXHOCTH. B pesyinprare Takol IEKOPPEISIMU XapaKTepHbIE MHTEPBAJbl CHEKIOB (pa3Mephl ISITHUCTOH CTPYKTYPHI
n300pakeHust) Oy IyT 3HAUNTENHEHO MEHbIIe, YeM IPH CoTrfIacoBaHHON (uuibTpanuy. [losToMy UX mocienyromniee CrilaKMBaHHEe C TON
ke 3 (PEKTUBHOCTHIO MOXKET OBITh BBIIIOJIHEHO OKHAMH MEHBILEH IIMPHHBI. JTO, B KOHEYHOM HUTOTe, COBMECTHO C MHOTOJIyYEeBbIM
MPOKEKTOPHBIM 0030pOM TMO3BOJIUT 3HAYMTEIBHO TMOBBICHTh pa3pelnaronlyto crnocobHocte PCA ¢ pacumpeHHOH 005acThio
HaOJIIoAeHHSI.
KJUIFOYEBBIE CJIOBA: pagap ¢ CHHTE3UpOBaHHOM anepTypoil, 3 pekTrBHas MUIOLalb paCCeSHHS, CTATUCTUYECKAsT ONTHMH-
3aIys, ONTHMAIIBHBIN PEXUM 0030pa MOBEPXHOCTH, CBEPXPA3PEMIAIONINN METO, KOTHUTHBHBIE Pafaphl.
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METO/] CTPYKTYPHO-TIAPAMETPUYECKOM AJAIITAIIUU
ITPOCTPAHCTBEHHOI'O ®NJIBTPA

Iuza JI. M. — g-p TexH. HayK, npodeccop kadeaps! «PannoTexHnka U TeIeKOMMyHHKanum» HannoHanpHOTO yHU-
BEpCUTETAa «3aopoXkcKas MOJIUTEXHUKay, T. 3all0poXkKbe, YKpanHa.

CemenoB JI. C. — miaBHbIA KOHCTPYKTOP 0030pHBIX pamapoB llentpa Mccnenoanuii u Koncrpyuposanus Kasen-
Horo npeanpusttus «HayuHo-nipou3BoacTBeHHBIN KoMIUTeke «Mckpay, . 3anopoxbe, YKpauHa.

AHHOTAIUA

AkTyanbHoOcTb. [Ipy 3amuTe pagnoIOKAOHHBIX CTAHINI OT aKTHBHBIX IIYMOBBIX OMEX, AEHCTBYIOIINX IO OOKOBBIM JIeTIe-
CTKaM JHarpaMMbl HAallPaBIEHHOCTH aHTEHHBI, HCTIOIB3YIOT IPOCTPAHCTBEHHYIO (PUIBTPALINIO, KOTOPAs peann3yeTcs IyTeM HUCTIOIb-
30BaHUs aHTEHH, PA3HECEHHBIX B IIPOCTPAHCTBE. B 3TOM citydae pa3iudue HalpaBIeHHI IIpHeMa M0JIe3HOTO CHTHAIAa ¥ IIOMEXH I10-
3BOJIsIET c()OPMHUPOBATH ONTUMAIBHOE 3HAYEHHE BECOBBIX KOA(P(OUINECHTOB aTaNTUBHEIX MPOCTPAHCTBEHHBIX (HMIBTPOB JUIS IOJaB-
nenust moMexu. OHAKO, €CJIM MCTOYHMK IOMEXHM CMEIIaeTcsi B 00JacTh IVIABHOTO JIy4a, TO IPOCTPAHCTBEHHBIC PA3IHYUS MEXIY
MOJIE3HBIM CUTHAJIOM W ITIOMEXOH YMEHBIIAIOTCS. DTO MPUBOAUT K CYNIECTBEHHOMY MCKa)XKEHHIO JUarpaMMbl HaIpaBJIEHHOCTH OC-
HOBHOII aHTEeHHBI. B pe3ynpTarte 3TOro0 yxXyamaercs TOYHOCTh U3MEPEHHs YITIOBBIX KOOPAUHAT, a TAKKE UyBCTBUTEIBHOCTD NPUEM-
HOTO YCTpOICTBA.

Iesb paboOTHI COCTOUT B MOBBIICHUH 3P (HEKTUBHOCTH (yHKIMOHUPOBAHHS PAAUOJIOKALIMOHHON CTAaHLMH B YCJIOBHSX BO3MOX-
HOTO BO3AEHCTBHS MOMEXH O TIaBHOMY JIydy AMAarpaMMbl HaIPaBICHHOCTH OCHOBHOH aHTEHHBI KaK IPH MEPEeMEICHUH HCTOYHHUKA
aKTHBHOM MOMEXHU B MPOCTPAHCTBE, TAK U MPU CKAHUPOBAHUH AHTCHHOH CHCTEMBI.

MeTtoa peanusyercs ITyTeM HUCIIOIb30BaHMS KaK IapaMeTPHYEeCKOl alaNTallid U3BECTHBIX IPOCTPAHCTBEHHBIX (DMIBTPOB, TaK U
CTPYKTYpPHOI aJanTaIuy CHCTEMBbI ToMexo3amuThl. CTpyKTypa 00pabOTKH pafioJIOKAIIMOHHBIX CHTHAJIOB H3MEHSETCS ITyTeM TEeKy-
IIeil OLCHKU HalpaBJICHUs] BO3JCHCTBUS IOMeXH. [IpH 9TOM ynpaBIsIFOIIMil CUTHA JUIsl CTPYKTYPHOH ananTanuu Gopmupyercs 1o
TEKyIleMy 3HaUYeHUIO MOYJIsl BECOBOTO KOd(dHUIMEHTa TPOCTPAHCTBEHHOTO (pUIIbTpa.

Pesyabrarhl. Paspaborana CTpyKTypHasi cXeMa IPOCTPAHCTBEHHOTO (GMIIbTpA CO CTPYKTYPHO-NAPAMETPUUECKOll ajanTanuei
BECOBBIX K03(duIeHTOB, obecneunBaronias 3GGeKTHBHYI0 paboTy PaaMOJIOKAMOHHONW CTAaHIIMU B YCJIOBHAX BO3JCHCTBHS aKTHB-
HOHM NOMEXH, ASHCTBYIONmEeH Kak M0 OOKOBBIM JICTIECTKAM JHArpaMMbl HAIIPaBICHHOCTH, TaK U IO TIaBHOMY Iydy. Pa3paboTana u
MIPOTECTHPOBaHA MaTeMaTHIECKasi MOJETb MPOCTPAHCTBEHHOTO (PHIIBTPpa CO CTPYyKTypHO-IIapaMeTPUIECKON afganTanueil. B pe3ymns-
TaTe IPOBEJICHHOTO MOAEINPOBAHHUS ITOATBEPKICHBI BO3MOXKHOCTH ITOBBIIIEHHS TOYHOCTH U3MEPEHUS YIIIOBBIX KOOPAWHAT M UyBCT-
BUTENBEHOCTHU NIPUEMHOTO YCTPOICTBA PaJNOIOKAIIMOHHOI CTaHIINH.

BoiBoasl. Haywnas HOBHM3Ha IIPOBEJCHHOTO HCCIEIOBaHWS COCTOMT B pa3pabOTKe HOBOIO METOJa CTPYKTYpHO-
rapaMeTpUYecKoil aganTayy MPOCTPaHCTBEHHOTo (GUiIbTpa, obecrnednBaromero 3pQGpeKTuBHy0 paboTy paauoIOKallMOHHON CTaH-
LUK TIPU BO3JEHCTBUU aKTUBHOM IIyMOBOH MOMEXU KaK C HalpapJleHHs OOKOBBIX JIENECTKOB, TaK U C HANpaBJIEHHs TJIABHOTO Jyda
JMarpaMMbl HalPaBJICHHOCTH OCHOBHOM aHTEHHBI.

IIpakTHdeckas 3HaYMMOCTB PAOOTHI ONPEAENAeTCs pa3pabOTKON CTPYKTYpHOH CXEMBI MPOCTPAHCTBEHHOTO (PMIIBTPA CO CTPYK-
TypHO-TIapaMEeTPHUYECKOM aganTanueld, pa3padoTKON MaTeMaTHYECKO MOJIEITH U €€ TECTUPOBAHUEM.

KJ/IIOUEBBIE CJIOBA: akTtuBHas IIyMOBas IOMeXa, MPOCTPAHCTBEHHBINH (HIBTP, CTPYKTYPHO-TIapaMeTpHIecKas afanTanus,
K09(GUITHEHT TIOaBICHUSL.

ABBPEBHUATYPbI
AK — aBTOKOMIIEHCATOp TTOMEX;
AIIT — akTHBHAA IIyMOBas TIOMeXa;
BK — BecoBoii koadduIieHT;
JHOA — nuarpamma HanmpaBI€HHOCTU OCHOBHOM aH-
TEHHBI,
KOB — xnaccu¢punnpoBanHas 00ydaromnias BHIOOpKa;

m — KOJIMYECTBO OTUYCTOB B UHTEPBAJIC NAJIbHOCTH,
N — KOJIMYECTBO MHTCPBAJIOB JAJIbHOCTH,
r— TeKyI_HI/Iﬁ JUCKPET B UHTCPBAJIC NJAJIBHOCTHU,

Uy— KOMIUIEKCHOE 3HAa4YEeHHE IOMEXH B OCHOBHOM
KaHae,
U — KOMIUIEKCHOE 3HaYCHUE MOMEXHU B KOMIICHCAIIH-

MMKK - Momyms MexKaHaTBHOTO Kod(dduimerrta
KOppeJsIIng;

[IBO — mpocTpaHCcTBEHHO-BpEeMEHHAsT 00paboTKa;

IIIT — maccuBHas TTOMEXa;

[1® — npocrpancTBeHHBIH QUIBTD;

OKOB — ¢opmupoBaTesb KiaccuPpUIPOBaHHON 00y-
YaroIei BHIOOPKH.

HOMEHKJIATYPA
k — KOMIIJICKCHOE 3HAYEeHHE BECOBOT0O Ko3(duimen-
Ta;
I — TeKyIIUi MHTEPBA JaIbHOCTH;
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OHHOM KaHaJe;

U} — KOMILIEKCHO-COTPSKEHHOE 3HAYCHHE TOMEXH B
KOMITCHCAI[HOHHOM KaHaJIe;

|p| — MOJlyJIb MEXKaHaIbHOTO KoadduimenTa xoppe-
JSILNY;

G,, Ok, — cpenHekBaapaTHdeckue 3HadeHus AIII B

kaHanax [1®;
K; — Monyns BK;
K, — koaprmment momasmenus ALLIIL
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BBEJIEHUE

Jlid 3a1uTsl paguoIoKalMOHHBIX CPEACTB OT BO3/EH-
CTBHSl aKTHUBHBIX HIYMOBBIX ITOMEX MOTYT OBITH HCIOJb-
30BaHbI KaK IPOCTPAHCTBEHHBIE, TAK U MOJIAPU3ALIMOHHEIE
OTIMYUS B CTPYKTYpE HOJE3HBIX U MOMEXOBBIX CUTHAJIOB
[1-3]. IpoctpaHcTBEeHHYIO (GUIBTPAIMIO CHUTHAJIOB HC-
nonb3yoT npu Bozaeicteuu Al geiicTByromMX MO
OOKOBBIM JIETIECTKAM JHarpaMMBlI HAIlPaBICHHOCTH OC-
HOBHOI1 aHTeHHHI [4]. Ilomsapm3annoHHyIO (QHUIBTpaNHIO
MIPEUMYIIECTBEHHO HCIOIB3YIOT IPH 3alllUTe PaguoioKa-
LMOHHBIX CHTHAJIOB OT MOMEX, IEHCTBYIOMNX B HalpaB-
nernu rinaBHoro ay4a JJHOA [5]. B xauecTBe anmemeHTa
aJanTalyuy MPOCTPAHCTBEHHOIO MM MOJISPU3ALMOHHOIO
(UIBTPOB HCIONB3YIOT PA3IMYHOTO BHJA aBTOKOMIIEHCA-
TOPBI IOMEX WY alalTUBHBIE aHTEHHBIE PEIIETKH.

B peansHbIx ycnoBusax pabortst Ha PJIC moryT oznHO-
BpeMeHHO Bo3aelicTBoBaTh kak ALUII, Tak u maccuBHbIE
nomexu. AT co3naercsi pacnoyioKEHHBIMH B JalibHEN
3oHe aHTeHHB! PJIC TOYeYHBIMH 1O JaTbHOCTH H II0 YyT-
JIOBEIM KOOpPIMHATAM HMCTOYHHUKAMH IITyMOBBIX H3IIyde-
Hull. [TaccuBHasi moMexa BO3HMKAET BCIEIACTBUU IEPEOT-
paKEHUH 30HIUPYIOIIEr0 CUTHANA OT MECTHBIX IpeaMe-
TOB, 'MIPOMETEOpOB, AunonbHbIX nomex. IIIT nexoppe-
mupyer AIIIT B npuemnsix kananax PJIC, mostomy Ha
UHTEpBaJIaX NAJIBHOCTH, IIe OAHOBPEMEHHO BO3JEHCTBY-
I0T 00€ cocTaBisonie KOMOMHUPOBAHHOH IIOMEXH,
koMmmeHcarus Al cymecrtBenHo yxymamaercsi. [ToaTo-
My B COBPEMEHHBIX afanTuBHbIX 11D ucnoms3yroT ecre-
CTBEHHYI0 HecTanuoHapHOcTh I1I1 1 Tem uinm MHBIM Me-
tonom ¢opmupyror KOB, mopoxnenayio Tonpko AT
[6-9], mst amanTanuu BK.

OpnHako, B pEANbHBIX YCJIOBHSAX TIPH BO3ACHCTBUU
AIIT mo rnasHoMy siyuy JJHOA mu3BectHsle I1d ¢ napa-
METpPUYECKOW ajanTaliedl CYIECTBEHHO OTPaHWYMBAIOT
a¢pdexruBHocTh padotel PJIC. Tak, B MoHorpaduu [10]
nokaszaHo, uyro npu BozaeiictBuu AIIl mo rinaBHOMY
Jy4y AuarpaMMbl HalpaBJICHHOCTU OCHOBHOW aHTEHHHI B
I1®, npenHazHayeHHOM JIsl KOMIIEHCALIUK TTOMEXH, JeH-
CTBYIOILICH B HaNpaBiIeHUH OOKOBBIX JICIIECTKOB, CYIIECT-
BEHHO MCKa)KaeTcs TTIaBHBIN Jy4. DTO MPUBOIMT K yXYA-
IICHUIO TOYHOCTH U3MEPEHHS YTIOBBIX KOOPIUHAT IIeNei,
a TaKkKe K YXYIIIEHUIO YyBCTBUTEIHFHOCTH INPHEMHOTO
ycrpotictBa PJIC. Ilocnennee oObscHIETCS BO3pacTaHU-
€M BECOBOr0 KO3 (HIMEHTa MPOCTPAHCTBEHHOTO (PHIILT-
pa W, KaK CJIEICTBHE, K YBEIWYCHUIO YPOBHSA COOCTBEH-
HBIX ITyMOB KOMIIEHCAIIUOHHOTO KaHalla Ha BBIXOZE Ipo-
CTPaHCTBEHHOTO (DUIIBTPA.

Takum oOpazom, s addexrunoit padorsr PJIC B
YCIIOBUSIX TUHAMUYIHOM 00cTaHOBKH, Korjaa ALIIT moxer
BO3JIeHiCTBOBATh Kak 1Mo 00KoBBIM JieniecTkaM JJHOA, Ttak
¥ TJIABHOMY Jy49y HE0OXOAMMO JOTOIHHUTEIHHO olecrie-
YUTH CTPYKTYPHYIO aJalTalllI0 CUCTEMBI TIOMEXO03aIIHTHI.

exp pabGoTHI COCTOUT B MOBBIICHUU YPPEKTHBHOCTH
paboter PJIC B ycHOBHSX BO3MOMKHOTO BO3ICHCTBHUS
AIIIT mo rmaBHOMY nyuy JHOA kak mpu mepeMerneHun
nocranoBimka AT, Tak u mpu ckaHUPOBAHUM AHTEHHBI
PJIC.
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1 IOCTAHOBKA 3AJAYHN

[Mpu 3ammre PJIC ot AUIII, neiicTBytomeit mo 60ko-
BBIM  JIENIECTKAM, HCHOJB3YIOT  INPOCTPAHCTBEHHYIO
(GUIBTpanuio, KOTOpas peaan3yeTcs IMyTeM HCIOIb30Ba-
HUSl aHTEHH, PAa3HECEHHBIX B NIPOCTPAHCTBE. B aToM city-
Yyae pa3inyusl HalpaBIICHWHA MpPUEMa IOJIE3HOTO CHTHAJA
n AIIIT mo3BossitoT cOopMHPOBATH ONITUMAJIBHBIN BeCo-
BOH KOX(pQHUIMEHT aganTUBHOTO IIPOCTPAHCTBEHHOTO
¢unbTpa o nogasneHus momexu. Ilpu 3Tom BeaencTBun
pa3IMYHBIX HANpaBlIeHHH BO3IEHCTBHSA CHUTHAjda, OTpa-
»keHHoro oT 1enu, ¥ AT nmone3Hslid cUrHAI HAa BBIXOJE
anantuBHoro I1® e komnencupyercs. [To Mmepe comike-
HUS HaIlpaBJICHUH IpueMa OMEXH U CUTHajla MpOCTpaH-
CTBEHHBIC DPA3JIUYUS MEXKIY HUMH YMEHBIIAIOTCS, YTO
MPUBOJUT K HCKaxkeHUto rinaBHoro jyda JJHOA [10]. B
CIy4ae COBIAJCHWS HAIpaBICHUN IMOMEXH ¥ CHTHAja
c(hopMHUpPOBaHHEI BECOBOH KOA(D(GHUIMECHT SBISIETCS OI-
TUMAIBHBIM Kak mis nomaBiaeHus AlLILI, Tak u mog mo-
JTABJICHUS TIOJE3HOTO curHamna. [Ipu 5ToM BO3HHKaeT (-
ekt «ocneruenus» PJIC [9]. CrienctBreM 3TOTO SBIISCT-
Csl HEBO3MOXKHOCTh OOHApYKEHUsI MOJIE3HOr0 CUTHANIA Ha
Bbixozie [1® naxxe B ciaydyae MpeBbIIEHUSI €T0 Haj ypOB-
HeM AIIT Ha BXOze CHUCTEMBI TOMEXO3aIIHTHI.

IMoatomy 3amaueit HacTosIIel PaOOTHI SBJISCTCS pas-
paboTKa M HCCIIeOBaHME HOBOTO METOJa CTPYKTYPHO-
apaMeTpUIecKon ajanTanun MPOCTPAHCTBEHHBIX
¢mIbTpOB, obecrieunBaronmx 3¢ pexTrBHyI0 padoty PJIC
npu Bo3zercteuu ANl xak ¢ HampaBleHUs TJIABHOTO
aydya JJHOA [11-12], Tak u ¢ HampaBiIeHWA OOKOBBIX
JIETIECTKOB.

2 JUTEPATYPHbBII OB30P

[MoBbimenuto 3¢ GEeKTUBHOCTH  MPOCTPAHCTBEHHOMN
00paboTKKM PaJMOJOKAIIMOHHBIX CUTHAJIOB B YCIOBHSX
BO3CHUCTBUSI KOMOMHHPOBAHHBIX MOMEX ITOCBSIIEHO PS
nyOmukanuii. Hanbosee nepcrekTHBHBIMU B 3TOM OTHO-
IICHUH SIBJISIOTCS a/IalITUBHBIE CUCTEMBI, CIIOCOOHBIE 0e3
anpUOpHON UH(POPMAIUK O TIOMEXOBOW OOCTaHOBKE aB-
TOMAaTHYECKH TIOJABIIATh CUTHAIBI TIOMEX, YITydInas MpH-
€M ToJIe3HoTo curHana [13].

W3BectHa onTHManbHas KIacCHYECKash CTPYKTypa
[IBO paanonoKaMOHHBIX CHUTHAJIOB B BUAC JMHHUN 3a-
JIEPKKU C OTBOAAMH B KaKJIOM ITapIHaIbHOM KaHale (ha-
3UPOBAaHHOW AHTEHHOW PEILETKHA U BECOBBIX CYMMATOpPOB
[3, 7]. Ona mo3BoJsIET IyTeM COBMECTHOIl 00pabOTKH
chopMUpoBaTh HEOOXOANMYIO MPOCTPAaHCTBEHHO-
YAaCTOTHYIO XapaKTEPUCTUKY, KOTOpas II03BOJIsIET obec-
MEYUTh OJHOBPEMEHHOE IIOJIaBJICHHE COCTABIISIOIINX
KOMOMHUpOBaHHOH nomexu. OnqHako, mpyu OOJBIIOM KO-
JUYECTBE MPOCTPAHCTBEHHBIX KaHAJIOB, YTO HEOOXOIMMO
JUI 00ecrieueHNsl TOYHOCTH HU3MEPEHUS YTIIOBBIX KOOP-
MUHAT PaIUOIOKAIIMOHHBIX IeNIeH, Takas CTPYKTypa OKa-
3BIBACTCS HETIPHEMJIEMOI BCJIECTBHE CIIOKHOCTH peal-
3aliU ¥ MAJIOM CKOPOCTH amantanu [7, 14].

CymiecTBeHHOE yHpoIeHne 00paOOTKH CHUTHAIOB U
ymeHblieHne Bpemenn agantammy BK I1® moxHO momy-
YHUTh ITyTeM UCToNb30BaHus pasaensHoit [IBO. IIpu atom
JJI1 YMCHBUICHUSA BJIUSAHUA MacCUBHOM IIOMEXH Ha mpo-
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nece amantanud BK TI® HeoOXoauMO TeM WIH HWHBIM
meronoM copmupoBars KOB.

CyIIecTByeT MHOTO DPAa3IHYHBIX METOJOB (hOPMHPO-
Banuss KOB, koTopble MCHONB3YIOT BPEMEHHBIE, YaCTOT-
Hble ¥ KOPPEJSILIMOHHBIE Pa3jMuus B CTPYKType aKTHB-
HbIX M MAacCUBHBIX momex [15]. OgHUM U3 HOBBIX MEp-
CHEKTHBHBIX MeToH0B (opmuposanns KOB MoxHO cum-
TaTh KOPPEIIINOHHBINA MeTon [16], ocHOBaHHBIN Ha HC-
MTOJTE30BAaHNUU AIIOCTEPHOPHON WH(POPMAIIUHA OTHOCHUTEIh-
HO paclpeleNieHUs] NacCUBHOW IMOMEXH IO JaJbHOCTH.
B mpennokeHHOM MeTOfie, ¢ y4eTOM SIBJICHHUS JeKoppe-
UM aKTUBHOM IIOMEXU IIaCCUBHOM COCTAaBIISIONICH
KOMOWHUPOBAHHOM MMOMEXH, OI[CHKA OTCYTCTBHS/HATMYHS
MacCMBHOM MOMEXM Ha HHTEpBaJaX JaIbHOCTH MPOBO-
JIUTCSI IyTEM JUCKPETHOTO TEKYIIETO aHajIn3a BEJIUYUHBI
MMKK.

[IpocTpancTBeHHBIE (GUIBTPH TPH HCIOIB30BAHUN
MIPOCTPAHCTBEHHO-BPEMEHHOH 00pabOTKH B UMITYJIbCHBIX
PJIC apganTupyioTcss 1O KOMIUIEKCHBIM aMIUIATYJaM
BXOJHBIX CHTHAJIOB, PACIIOJNIOKEHHBIM B «CKOJB3SIIEM)
OKHE oOrpaHudyeHHoW murenbHOCTH. Ecnu mnpenmnosno-
KHUTbh, YTO B IpeJesiaX IepHoAa MOBTOPEHUS 30HAUPYIO-
IIMX CUTHAJIOB aKTHUBHAs IIyMOBas MOMEXa HMEET CTa-
LMOHAPHBIA XapakTep, TO, YUYUTHIBASS HECTAIIMOHAPHOCTh
TaCCUBHOM MOMEXU 10 JANbHOCTH, B «CKOJIB3SIIEMY OKHE
MOJKET HAaXOJIUThCS MO0 TOJBKO aKTHBHAS MOMEXa, TU00
CMech aKTHBHOW W MAaCCHBHOM IMOMexH. B mpemioxkeHHOM
merone [16, 17] unTepBan NajdbHOCTU C MaKCUMalIbHBIM
3HaueHueM MMKK, KOTOpBbIi COOTBETCTBYET OTCYTCTBHUIO
MIACCHBHOM ITOMEXH, HCHOJB3yeTCs ISl (POPMUPOBAHUS
KOB mnpu amanTannu BeCOBBIX KOX(PQHUIMEHTOB IIPoO-
CTPaHCTBEHHOTO (MIIBTpA.

OO0mMUM HEIOCTATKOM H3BECTHBIX METOJIOB IMOCTPOE-
Hus [ID ¢ napamerpuueckoil agantanued BECOBBIX KO-
a¢¢urrenToB npu cMmenieanu ucrounuka AIII Ha Ha-
npasienue ranaBHoro gyya JJHOA sBnsercst yxy/uieHue
TOYHOCTH M3MEPEHUs YTIIOBBIX KOOPAMHAT IeNel, YyBCT-
BUTEJIHHOCTH NIPUEMHOTO ycTpoiicTBa [10], a Takke «oc-
neruienue» PJIC B ciiydae coBlajeHus] HAIPaBIECHUS BO3-
neiictus curHana u AlIIIl B MakcuMyMe ITIaBHOTO Jryda
JHOA [9].

3 MATEPUAJIBI U METO/IbI

M3BectHast cxema [1® [18] ¢ mapamerpuueckoil agan-
Taryel, npsaMeiM BerarcienueM BK [19] u texynum ana-
mu3oM pacnpenenenus MMKK no nansnoctu [16] mpu-
BeJleHa Ha puc. 1.

B npexncraBnenHoit cxeme Onoku 1, 2, 3, 5, 6 u 7
MpeIHa3HAYeHBI IS BBIYUCICHHUS KOMILIEKCHOTO 3Hade-
HUS BECOBOTO KOA((HUIMEHTa MPOCTPAHCTBEHHOTO (PHIIh-

Tpa k; Ha n UHTEpBaNax AATbHOCTH

—
_ WoUyp);
UUp);

k; , i=1,2, ..n. (1)

[Tpn 3TOM Ha KaXkKIOM i-TOM W3 1 MHTEPBAJIOB AAIBHO-
CTH, COJEpIKAIEM 71 OTCYETOB, B COOTBETCTBHHM C BBIpa-
skeaneM (1), Ha BBIXOJle MEMUTENS 5 GOPMHUPYETCS OIEH-

Ka YCPpEAHCHHOT'O 3HAYCHUA ki Ha OCHOBaHWH BBIYMCJICH-

—"
HBIX 3HA4YEHUI KOppelmsiuoHHOro MoMmeHTa UygU; u

muctepenn U kUZ . Ilpuuem, B CTpyKTypHOH cxeme,
MPEeACTaBICHHON Ha PUC. 1, ycpeqHeHHe KOPPeOHHO-
0 MOMEHTA, a TaK)K€ AUCIEPCUH MOMEXU, JEHCTBYIOIEH
B KOMIICHCAIIMOHHOM KaHaJIe Ha KaXJIOM i-TOM HHTEpBaje
JTATBHOCTH 00eCIIeYnBaeTCsl HHTErparopaMu 3 u 6, cOOT-
BeTcTBEHHO. C y4eTOM TOTrO, YTO OINEpaIys HHTETPUPO-
BaHWA TpH IM(POBOH peanm3aliy OCYIIECTBISAETCS C
WCTIONIb30BaHIEM HAKAIUTUBAIOUIUX CyMMAaTropoB, TO BbI-
paxxenue (1) MOXeT OBbITh 3aITUCAHO B CICAYIOIIEM BUJIE:
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Ui . A nHIEKC | COOTBETCTBYET HOMEPY paccMaTpHBac-
MOI0 MHTEpBajia JalbHOCTH. BbIuKMcleHHBIE TeKyLHe
3HaueHus k; 3anomuHatorcst B DKOB.
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B 65oke ®KOB 9 npousBoanTcs BEIOOP ONTUMAIBHO-

ro 3Ha4YeHHs BecOBOTO Kod(duuueHta k KOTOPBII

onm >
COOTBETCTBYET MAKCHMAJIBHOMY 3HAYEHHIO MOJYJISI MEX-
KaHAJIBHOTO Kod((duImeHTa KOppensiuy B Ipeaesax Ie-
pHoJa MOBTOPEHUS Ha BCEX UHTEPBAaxX AalbHOCTU.
OreHka pacnpeneseHns ITaCCUBHON ITOMEXH IO Jaib-
HOCTH (hopMHpyeTCsl MyTeM TEKYIIEro BBIYMCICHHS yC-

penHEeHHBIX o m oTcuerax 3HaueHni MMKK |p ,-| Ha Tex

Ke n MHTepBalax, 4ro u k; [15, 16], B cOOTBETCTBUH ¢

BBIPAXKCHUEM!

m *
=@y,

Pl = :
JZZﬁU&A”JZimUwﬂz

(€)

3HaueHune £k, MOCTYHAaeT Ha BXOJ KOMIIJIEKCHOTO
ymHOXHTeNns 10, rie yMHOXaeTcs Ha CUTHAJI KOMIICHCA-
LUOHHOro KaHana U , 3aJep>KaHHbIA Ha NEpUOJ 30HIU-

poBaHus B TMHUY 3aaepKku JI3 8. PesynbraT yMHOXKEHUS
MOCTyMaeT Ha cymMMmarop 11, B KOTOpoM HocCHe CIIOKEHUS

C CUrHajioM OCHOBHOI'O KaHalia UO, 3aJCpKaHHBIM Ha

NepuoJ 30HIUPOBaHUA B JHHUU 3anepxku JI3 4, mpouc-
XOJUT KOMIIEHCAllMsl aKTUBHOM LIyMOBOH nomexu. bonee
NOAPOOHO CTPYKTypHasi CXema, TMpeJCTaBlICHHAs Ha
puc. 1, onucana B [16].

OTMeueHHbIE HEAOCTATKH H3BECTHBIX METOAOB IO-
ctpoenust II® ¢ mapamerpuueckod amantanueil B Mpo-
1iecce TPOBENCHHBIX MCCIENIOBAaHMH OBUTH IPEOJOTECHBI
IyTEM HCIIOIb30BaHUSI CTPYKTYypHO-TIAPAMETPUIECKON
apantanuun [I®D. ABropamu B Ipolecce BBITOTHEHUS
MIPOEKTa TPEUIOKEHO JIBa BapHaHTa CTPYKTYpHO-
napamerpudeckoii aganrtanuu 1D [11, 12], koTopslie uc-
KJIIOYal0T BO3MOXKHOCTh YXYAILIEHHS TOYHOCTU H3Mepe-
HUS KOoOpAuHAT U gyBcTBUTENbHOCTU PJIC npu Bo3zaeicT-
Buu AIIII B Hanpasnenuu riasHoro jgyda JJHOA. Ha
pHC. 2 IpencTaBlIeH OAWH U3 BapUaHTOB peanusanuu 11D
CO CTPYKTYPHO-ITapaMETPUIECKON afanTaryen.

Uy

TIpHeMHHK

[locraBneHHast 3afgaya peayiM3yercs TeM, YTO B H3-
BecTHYIO cxemy [1® nmomnoigHNUTENHHO BBEIEHBI KOMMYTa-
TOp 12, mepBBIil CUTHANBHBIM BXOA KOTOPOTO MOJKIIOUEH
K OCHOBHOMY BXO0Xly cymmaropa 11, a Taxke mocienoBa-
TEJIFHO COEAMHEHHBIE BBIYNUCIUTENb MOIYIA 14, TIOAKIIIO-
yeHHbI K Beixoxy PKOB, u ¢popmuposarens nopora 13,
BBIXOZl KOTOPOTO TOJICOEINHEH K YNPABILFOIIEMY BXOIY
KommyTaTtopa 12. BTopoii curHamsHBIN BX0J KOMMYTaTO-
pa 12 moxkirodeH K BeIxoay cymmaropa 11.

Anroput™ paboThl MPOCTPAHCTBEHHOTO (HIBTPA CO
CTPYKTYPHO-IIApaMETPUUYECKOM ajanTauueldl COCTOUT B
cnenyronieM. Beipaxkenue (1) MokeT OBbITh IPENICTABICHO
B CJIEIYIOLIEM BUE:

. . . 00O . (e}
ki =pi( Ozk)=Pi(—0), 4)
(o) O

rue p;— KOMIUICKCHBII HOPMHPOBAHHBIH KO3 (HIHEHT
koppemsauun AL, 6y U G, — cpeaHEeKBaJpaTHUECKHE

3HayeHus: Al B OCHOBHOM M B KOMIIEHCAI[MOHHOM Ka-

Hane I1®. C BopaxkeHus (4) HEMOCPEACTBEHHO CIEIYET,

YTO MOXYJb BecoBOro koddduimenra ‘k , chopmmupo-
onm

BaHHBIII B cXeMe, MPEACTAaBICHHOW Ha pHUC. 2, MOXKET
CIYXUTb Mpu3HakoM cMmeuleHust uctounuka AIIII ¢ nHa-
TpaBIeHUsT OOKOBBIX JICTIECTKOB Ha HAIPaBIICHHE TIaBHO-
ro ayda JJHOA u obecmeunth (hOpMHUpOBaHHE YIIPaB-
JISIIOLLEr0 CUTHaja JUIsl CTPYKTypHOU afgantauuu [10.

Ecnu aktuBHas momexa JieiCTBYeT 10 OOKOBBIM JICTIECT-
KaM JHarpaMMbl HallpaBIEHHOCTH aHTEHHBI, TO 3HaUYEHHE
Monyns BK Ha BeIxone Beraucnutens Mmoayins 14 He mpe-
BBILIIAET MOPOT € B popMuUpoBaTesne nopora 13 u pe3yib-
TaT KOMIIEHCAllUU ¢ BbIXoJa cymmaTopa 11 gepe3 kommy-
tatop 12 moctymaer Ha Beixon I1®. B cmyuae, koraa B
pe3yibTrare CKaHUpoBaHUs aHTeHHOM cuctembl AILLITT
cMellaeTcs U HauWHaeT JNeHCTBOBATH MO IVIABHOMY JIydy
JHOA, monmyms BK mpeBrplmmaeTr ypoBeHb moOpora ¢ u
kommyTarop 12 mopkmogaer Ha Bbixox 1D curman,

4 11
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Pucynok 2 — CtpykrypHas cxema [1® ¢ cTpykTypHO-IapaMeTpU4ecKoi aganTanuen
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JefcTByIOINI Ha OCHOBHOM Bxoje cymmaropa 11. Ilpu
3TOM CTPYKTypa 0OpabOTKH pPajMOJIOKAIIMOHHBIX CHUTHA-
JIOB U3MEHSETCS, YTO MCKIII0YAaeT BO3MOXHOCTh yXy.IIe-
HUSI TOYHOCTH M3MEPEHUS YIJIOBBIX KOOPAMHAT M YYBCT-
purensHocT PJIC. Ilpu stom Ha Bxoasl AK mocrymaer
AUIIT n oH mponokaeT (HOPMHUPOBATH BECOBBIE KO-
¢unueHTs. DTO MO3BOJISIET OTCIEKHUBATH MOMEHT, KOT/Ia
AIIIl maumHaeT AEWCTBOBATH IO OOKOBBIM JIEIIECTKAM
JHOA. Ecmu cutyanust m3mensiercss u Al naumHaet
JefiCTBOBATh C HANPaBJICHUs] OOKOBBIX JIEHECTKOB, TO I10-
por ¢ B dopmupoBarene nopora 13 He mpeBbIIAETCS
(BciencTBUE YMEHBIIEHHST YPOBHS IOMEXH B OCHOBHOM
kaHaje) u Beixox [ID cHoBa moxkiroyaeTcsi K BBIXOIY
cymmaTopa 11 u mponecc komneHcauuu AT nponon-
KaeTcs.

4 OKCIIEPUMEHTbBI

Marematuueckass wmogenbs I[I® co cTpyKTypHO-
mapaMeTpuvecKoil amanTanueil pa3paboTaHa B COOTBET-
CTBUU CO CTPYKTYpPHOM CXEMOM, MpEACTAaBICHHOW Ha
puc. 2. Ilpu cozmanum MatemaTudeckod mojenu 11D B
KayecTBE OCHOBHOM AaHTCHHBI HCIOJH30BaHA AaHTEHHA C
AMIUTUTYAHBIM pacIpee/icHHEeM OIS B PaCKPBIBE SINX/X
C YPOBHEM IIepBOTO OOKOBOTO JiernecTka, paBHoro 13 nb.
B kadecTBe KOMIEHCAIlMOHHOW AHTEHHBI HCIOIb30BaHa
ciaboHampaBlieHHAs] aHTEHHA, KOTOpasi HaKphIBaeT OOKO-
BBIE JICTIECTKA OCHOBHOI aHTEHHBI, KaK 3TO MOKa3aHO Ha

puc. 3.
11
! JH ocHonxa
=== JTH xosnescay.
04
08
07
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-2 -13 -1 -05 0 X 1 15
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PucyHok 3 — JluarpaMMa HanpaBJI€HHOCTA OCHOBHOM (CILIONI-
Hasl JIMHUS) U KOMIICHCAIMOHHOH (IIyHKTHUpHAs JIUHUS) aHTCHH

"

Peanmuzanus npemioxxeHHOro anroputMa padotsl [1D
CO CTPYKTYpHO-TIapaMeTpHUUYEeCKOl ajanTanueil u ero uc-
clieloBaHUE 00ECIeurBaIOCh C MCIOJIb30BAaHHEM IaKeTa
rpaguyeckoro pacmupenns SimuLink cucrembl MaTema-
THYecKoro mojenupoBanus MatLab. Pabora BbImonHs-
Jlach B J[Ba dTara.

Bragane Ha OCHOBe pa3pabOTaHHON CTPYKTypHOU
CXEMBbI, TpeACTaBICHHOW Ha puc. 2, pa3pabareiBajach
MareMaTuueckas moaens 11®, koTopas npeacTaBieHa Ha
puc. 4.

B monenu rayccoBckue reHeparopsl myma Noise2 u
Noise3 yepe3 ycunurenu Gain3 u Gain4 3aqaioT ypoBHU
COOCTBEHHBIX HEKOPPEIMPOBAHHBIX IIYMOB B KaHallaX
npuema I[1®. Brnok Stair momenupyer ypoenb Al B
ocHOBHOM kaHaye [I® mo 3akoHy SinX/x, UMHTUPYS -
¢exr ckanuposanust JTHOA. bnox AK mpencrasmnser co-
00l aBTOKOMITEHCATOp MOMEX C NPSIMBIM BBIYHCICHHEM
BK [19]. OcrampHBIe 31€MEHTHl MOJEIH: BBIYHCIUTENb
moayns BM, dopmuposarens nopora @I u kommyTaTop
KOM peanm3yroT QyHKIIUIO yIPaBICHUS TpU CTPYKTYp-
HoW amanTauuu I11OD.

Ha BropoMm stame Obiia copMupoBaHa KOHKPETHAsS
noMexoBasi 00CTaHOBKA JJIsl TIPOBEACHHS HMCCIIEIOBAHHMA.
[Tpn cxaHWpOBaHWM AaHTEHHOW CUCTEMBI, B 3aBHCUMOCTH
oT azumyTa o, aucnepcuss AUl B ocHOBHOM Jiyde U B
nepBbIX O00KOBBIX JienecTkax JTHOA wm3meHsutach mo 3a-
KOHY SinX/X. DTO MOJEIHUPOBAIOCH ITOCIEIOBATEIHHO-
ctbto uMIrysscoB AIIIT ¢ nourensHOCTBIO 1,5 MKC. IIpu
sTom MakcuMmanbHas aucnepcus ALLIT cocraisuia 40 o1b
B MakcuMyMe riaBHOTO yda JJHOA. ducnepcus AILII B
KOMIICHCAIITMOHHOM KaHalle paBHsu1achk 25 nb B nuamazone
a3UMYTaNbHBIX yrioB [—2°, +2°].

5 PE3YJIbTATHBI MOJAEJINPOBAHUA

B mpornecce mMopmenupoBaHUsl HCCIENOBaHA Kak H3-
BecTHasg cxema [I® c¢ mapamerpuueckoil amanTanuen
(puc. 1), Tak ¥ mpeIOKEHHass aBTOPaMH M 3alaTeHTo-
BaHHasl CXeMa CO CTPYKTYypHO-IIapaMeTpUUecKoi ajamnra-
el (puc. 2). B NpUHATBIX YCIOBUSX MOJEIMPOBAHMS
IIPU UCCIICAOBAHNH, B 3aBUCUMOCTH OT a3UMYyTa JACHUCTBHS
AIIIII, mosiydeHbl pe3yJbTaThl, KOTOPbIE NPEACTABICHBI
Ha puC. 58, MoyuyeHHbIe MPH MapaMeTPHUYECKON ajiam-
Taruu [10.

Noise 2 Gaind >
> 1
Sum1 1]
L‘. > : - 0
> Uo Us . Bux. Mo
. > 0 .l:’ )
Stair2 D Product 3 :
0 AK k . Out
Gaint k : KOM
> >{ K2
> BM >
Noise 1 . Subsystem on
Gain2
Sumz2 c
Noise 3 Gaind

Pucynok 4 — Maremaruueckast mozeins [1® co cTpykTypHO-TIapaMeTpUuecKol afanrtanyuei
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Ha puc. 5 mpencraBneH curHai, IEeHCTBYIOIIMA Ha
BXOjie OCHOBHOro kanaia [I1®. CurHan umMuTuUpyer mpo-
1lecc CKaHUpoBaHuUsl aHTeHHOH cucteMbl PJIC B nuanaso-
HE a3UMYTaJIbHOTO CEKTOPa YIJIOB OTHOCUTEIBHO a3uMyTa
JHOA,

TJIaBHOT'O nyqa
[-2,4°...42,4°.

KOTOpBIﬁ COCTaBJIAACT

YpoBeHb

24 -16 -0.8 0 0.8 16 24
AanmyT, rpag,
Pucynok 5 — Curnan, 1elicTByIOIIHIA, HA BXO/I€ OCHOBHOTO
kaHaia [1D

Ananmuz ¢pynkiuonnpoBanus [1® ¢ mapamerprnueckoi
ajanTanyeil Mo3BOJSET CAENAaTh BBIBOM, 9TO KO3 duUIm-
ent nmopaenenus K, AILIII, koTopas meicTByeT ¢ HampaB-
JICHWS TJIABHOTO Jy4a, OTpaHHIUBAETCs Ha YpOBHE 26 nb
(cMm puc. 6) mpu ee MaKCHMalbHOM YypPOBHE, PaBHOM
40 gb. 210 00ycnoBneno ysenuueHunem moxayisi BK I1O
npu aeicteuu Al no rmaBHomy nyqy JTHOA. U3 puc.
6 TaKKe CIeAyeT, YTO MaKCUMAIIBHBIH KOI((QHUIUEHT I10-
nmainenus K, AIIII, peficTByromniel mo OOKOBBIX JICTIECT-
Kax, paBHAeTcs 23 nb, YTO COOTBETCTBYET TEOpeTHYe-
CKOMY TIpeJieIy.

24 18 08 o8 16 24

9
AJNMYT, TR
Pucynok 6 — Koapdunpent nomasnennst AILIT npu mapamerprde-

ckoit aganrrauyy [T

W3 puc. 7 BuaHo, uro npu aeiicteun AL ¢ Hanpasme-
HUs1 OOKOBBIX JieriectkoB : (0=1,6°, wmm o=+1,6°), Moayib
BK paBen equnuie. Korga AL neiicTByeT mo riiaBHOMY
nydy c¢ Hampasienus 0=0°, to BK yBemuuuBaercs 10 5-ti
emuauil. [Ipy 3TOM ypoOBEHb COOCTBEHHBIX IIIYMOB KOMIICH-
CAIlFIOHHOTO KaHasa Ha BbIxoze cymmaropa AK cymiectBeH-
HO yBemmunBaeTcs. CIIeICTBHEM 3TOTO SBILICTCS YXYIIICHHIES
YyBCTBHUTENBHOCTH NpueMHoro ycrpoiictsa PJIC. Oto Heno-
CPEICTBEHHO CJIEAyeT U3 pUcC. 8, Ha KOTOPOM ITOKA3aHO yBe-
JIeHre HeckoMneHcupoBanHoro octatka AL Ha Bexozme
.

Amnanms puc. 9, Ha KOTOPOM IMPUBEACH KOIPMHUIIUESHT 110~
nasnenust AL B pexxume pabotel T1® co crpykrypHO-
TapaMeTPUUECKOM ananTtauueld, JAaeT OCHOBAHHE CUMTATH,
YTO W3MEHEHHE CTPYKTYPBHI 00Pa0OTKU pPaHOIOKAIIOHHBIX
CHTHAJIOB HUCKITIOYACT BO3MOXKHOCTh YXY/IICHUS YYBCTBH-
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Pucynox 7 —Momyns BK AL npu napameTpruyecKkoi
ananrauyy [1®

hl.iLul.
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Pucynox 8 — HeckomnencupoBanHslii ocratok AITT
Ha BeIxojie [1D

terpHOcTH PJIC M TOUHOCTH U3MEpEHHsI YIIIOBBIX KOOPIMHAT
nenel. JleficTBUTENBHO, OCKONBKY Npu Bo3aeiicteru AITT
no rnaBHoMy Jyuy JHOA BbIXOA MpPOCTPaHCTBEHHOTO
(rIbTpa MOAKITIOUEH K OCHOBHOMY BXO/Ay CyMMaropa, TO
xomrieHcarmst ALl we mpomcxomur, 4to obecrieynBaeT
HOpMasbHOe (yHKIHoHNpoBanue PJIC.

I I
08

[} 08 16 24
AmaayT, rpag

Pucynok 9 — Koapdurment nopasnernst AT npu cTpykTypHO-
napamerpuieckor aganrauuu [1d

6 OBCYXJEHUE

MOXHO CcuuTaTh, YTO MPEAJIOKEHHBIH aBTOpaMU Me-
TOJ CTPYKTYPHO-TIAPAMETPHYECKOW aJanTaliy Mpo-
cTpaHCTBeHHBIX (GuiabTpoB [11-12] obecreunBaer Gomee
BBICOKOE KayeCTBO OOPa0OOTKH paJaMOJIOKAIIMOHHBIA HH-
tdopmaruu. ITlonmydeHHble pe3ylbTaThl ONPENEICHHBIM
00pa3zoM IMOJATBEPIKAAIOT MHEHHE, M3JI0KEHHOE B padboTe
[9], oTtHOCHTENBHO «ocnemnenus» PJIC mpu oTrcyTrcTBUN
MIPOCTPAHCTBEHHBIX OTJIMYUA MEXIy HarpaBJIeHUSIMA
Bo3zeiicTBus nonesHoro curnana u AL Oto oObscHs-
ercst obmum «mpoBaigom» B JJHOA, dro He mo3BOISCT
BeCTH OOHapy)KeHHE IMOJIE3HOTO CUTHANIA JaXKe TPH HEKO-
TOPOM HECOBHAJCHUU HaIIPaBICHUN BO3JEUCTBUS CUTHa-
ma u AL B mpenenax rmasHoro yda JJHOA. Ongnako, B
JTATbHEHINIEM MTPEACTABISAECTCS IEIeCO00pa3HbIM OILICHUTH
BEJIMYMHY IOTEPh B OOHApPYKEHUH MOJIE3HOIO CHUTHANA
IIPY HECOBIIAJCHUY HAIPaBJICHUM BO3IECHCTBUS CUTHANIA U
AIIT B npenenax riaaBHoro ayda JJHOA. Takue uccrue-
JIOBaHMS aBTOPHI IIAHUPYIOT IIPOBECTH B JaIbHEHIIIEM.
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obecnieunBaromux 3¢ ¢exTuBHyo padoty PJIC kak npu
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HOCTHU TOBBIIIEHUS TOYHOCTH U3MEPEHUS YITIOBBIX KOOP-
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JHOA.
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Cemenos [I. C. — ronoBHuil KOHCTpYKTOp orsiioBux paaapiB Lentpy docnimpkens i KoncrpytoBanus KaszenHoro mignpuemct-
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AHOTAULIA

AKTyaabHicTb. [Ipu 3axucTi pagionokamifHIX CTaHIIH Bil aKTHBHUX IIYMOBHX 3aBaJ, IIIOYMX IO OOKOBUX IENIOCTKAX Jiarpa-
MH CHPSIMOBAHOCTI aHTEHH, BHUKOPHCTOBYIOTH IIPOCTOPOBY (IIIBTpALiIO, KA peani3yeThcs IUITXOM BHKOPHCTAHHS aHTEH, pO3Hece-
HHX B IPOCTOpi. B 11bOMY BHIIaJIKy BiAMIHHICTH HANpPsIMiB NIPUIOMY KOPHCHOTO CUTHAILY 1 3aBajiH, 103BOJIsIE CHOPMYBATH ONTHMAIIb-
HE 3HAYCHHS BaroBHX KOC(IIiEHTIB aJalTUBHUX MPOCTOPOBUX (UIBTPIB i KomreHcarli 3aBaau. OqHaK, SKIO JHKEPENo 3aBai
3MIIY€THCSl HA HAMPSIM TOJIOBHOTO MPOMEHS, TO HPOCTOPOBI BiIMIHHOCTI MiXX KOPHUCHHM CHI'HAJIOM 1 3aBaJIOI0 3MEHIIyIOThes. Le
HPUBOJUTE 110 CYTTEBOTO CIIOTBOPEHHSA [iarpaMi CIIPSMOBAHOCTI OCHOBHOI aHTEHM. B pe3ynbTari 1IbOro MOTipIIyeThCS TOYHICTH
BUMIpPY KYTOBHUX KOOPJIMHAT, @ TAKOXK Yy TIMBICTh HPHIAMAIBHOTO TIPUCTPOIO.

MeTta poboTH mosirae B migBHIICHHI e()eKTUBHOCTI (YHKIIOHYBAHHS PafiofoKaiifHol CTaHIil B yMOBaX MOXJIMBOI Jii 3aBaju
10 TOJIOBHOMY NPOMEHIO JiarpaMH CIPSMOBAaHOCTI OCHOBHOI aHTEHH SIK MPH MEPEMIlleHHI pKepena 3aBagd B MPOCTOpi, Tak 1 mpu
CKaHyBaHHI aHTEHHOI CHCTEMH.

MeToa pealti3y€eThesl IUIIXOM BHKOPHCTAHHS SIK TAPaMETPUYHOI afanTamii BiTOMHX IPOCTOPOBHX (UIBTPIB, TaK i CTPYKTypHOL
ajanranii cucTeMu 3aBafo3axucty. CTpyKkTypa 0OpoOKH palioNOKAIiHHIX CUTHATIB 3MIHIOETHCS IIIIXOM IIOTOYHOI OLIHKH HAIpsIMy
nii 3aBanu. [lpyu HbOMy yNpaBIIsIFOUMHA CUTHAJ JUIs CTPYKTYpHOI ajanranii (JOPMYETHCS 110 IIOTOYHOMY 3HAYEHHIO MOJYJISl BATOBOTO
Koe(ilieHTa MpocTopoBoOro GiabTpa.

PesyabTaTu. Po3pobieHa cTpyKTypHa cxeMa HpOCTOPOBOro (inbTpa 3 CTPYKTYpPHO-NApaMETPUYHOIO aJaNTalliel0 BarOBHX Koe-
¢iuienTiB, sika 3abe3nedye epeKTUBHY POOOTY pamiofoKaliiHol cTaHLii B yMOBax Aii aKTUBHOI 3aBajy, Ail040l 5K 10 OOKOBUX Iie-
JIOCTKAX JliarpaMu CIPSMOBAHOCTI, TaK i 10 TOJIOBHOMY IpoMeHI0. Po3po0biieHa 1 mpoTecToBaHa MaTeMaTHYHA MOJEIb IPOCTOPOBOTO
(binbTpa ¢ CTPYKTYpHO-TIApaMETPUYHOIO afamTamieo. B pe3ynpTaTi mpoBEeAEHOr0 MOJAENIOBAaHHS MiATBEPIKEHI MOXKIUBOCTI IiABH-
IICHHS TOYHOCTI BUMIpy KYTOBHX KOOP/AHHAT Ta Yy TIMBOCTI NPUIIMAIBHOTO MIPUCTPOIO PAIiOJIOKALIHOT CTaHIII.

BucnoBkn. HaykoBa HOBH3Ha IPOBEIEHOTO JOCII/UKEHHS IIOJISITa€ B PO3pOOIl HOBOTO METOAY CTPYKTYPHO-TIapaMeTPHYHOL
ajanrauii mpocTopoBoro GinbTpa, sikuil 3abe3nedye eGexTHBHY poOOTY palionoKaliifHOl cTaHLii NpH il aKTHBHOI IIyMOBO{ 3aBai
SIK 3 HaIpsIMy OOKOBHX IEJIOCTKIB, TaK i 3 HAIIPSIMY TOJIOBHOTO IIPOMEHS JliarpaMy CHPsIMOBAHOCTI OCHOBHOI aHTEHH.

IIpakTnuHa 3HAYMMICTH POOOTH BHU3HAYAETHCS PO3POOKOIO CTPYKTYPHOI CXEMH IPOCTOPOBOrO (igbTpa 3 CTPYKTYpHO-
MapaMeTpUYHOIO aJIaNTalli€l0, pO3pOOKOI0 MaTeMaTHIHOI MOJIeli Ta ii TeCTyBaHHSM.

KJIFOYOBI CJIOBA: akTHBHA IIyMOBa 3aBajl, IPOCTOPOBHHA (QiIBTpP, CTPYKTYPHO-TIApaMETPHYHA aanTallisl, KoeQilieHT moaa-
BJICHHSL.
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METHOD FOR STRUCTURAL-PARAMETRIC ADAPTATION OF A SPATIAL FILTER
Piza D. M. — Dr. Sc., Professor of Radio Engineering Department, National University ‘“Zaporizhzhia Polytechnic”,
Zaporizhzhia, Ukraine.
Semenov D. S. — Chief designer of surveillance radars of Scientific and Technical Department SE “Scientific and Production
Complex “Iskra”, Zaporizhzhia, Ukraine.

ABSTRACT

Context. To protect radars from active noise interference (jamming) acting along the side lobes of the antenna pattern, spatial fil-
tering is used, which is realized by using antennas that are placed apart in space. In this case, the difference in the directions of the
useful signal reception and the interference reception makes it possible to form the optimal value of the weighting coefficients of the
adaptive spatial filters for interference suppression. However, in the case where the source of interference is in the main lobe, the
differences between the desired signal and the interference are reduced. This leads to significant distortion of the antenna main lobe
pattern. As a result, the accuracy of angular coordinates measurement deteriorates, as well as the sensitivity of the receiving device.

Objective. The goal is to increase the radar operation efficiency under conditions of possible interference along the main lobe of
the antenna pattern, both when the source of active interference moves in space, and when scanning the antenna system.

Method. The method is implemented by using both parametric adaptation of known spatial filters and structural adaptation of the
interference protection system. The structure of the radar signal processing system is changed by the "on the fly" assessment of the
interference direction. In this case, the control signal for structural adaptation is formed according to the magnitude of the current
spatial filter weighting coefficient value.

Results. A block diagram of a spatial filter with structural-parametric adaptation of weight coefficients has been developed,
which ensures efficient operation of a radar under conditions of active interference acting both along the side lobes of the antenna
pattern and along the main lobe. The mathematical model of a spatial filter with structural-parametric adaptation has been developed.
As a result of the simulation, the possibilities of increasing the accuracy of measuring the angular coordinates and the sensitivity of
the receiving device of the radar been confirmed.

Conclusions. The scientific novelty of the research is the development of a new method of structural-parametric adaptation of the
spatial filter. Such method provide the efficient radar operation under conditions of active noise interference both from the direction
of the side lobes and from the direction of the main lobe of the antenna pattern.
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adaptation, the development of a mathematical model and its testing.

10.

The practical significance of the research is in the development of a block diagram of a spatial filter with structural-parametric

KEYWORDS: active noise interference, spatial filter, structural-parametric adaptation, cancellation ratio.
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ABSTRACT

Context. Various radio electronic devices are being continuously developed and refined in order to improve the quality
indicators according to the consumers’ requirements for their use in multiple operational modes, each with separate subsets of
elements. Given fact is not taken into account when assessing the reliability indicators, which leads to a decrease in their value, and,
as a consequence, to an increase in the products cost.

Objective. The purpose of the article is to improve the quantification accuracy of reliability values of electronic devices with
variable structure by using a new model, which takes into account the operational time of individual subsets of elements of the object
in its possible operational modes.

Method. The paper analyzes the structures of radio electronic devices and their influence on reliability using methods of set
theory, probability theory, discrete search theory and metrology. This allows objective quantification of reliability indicators values
depending on the conditions of the product use: operating time for failure, average recovery time and the readiness coefficient.

Results. An improved model of reliability of multiple mode objects with variable structure, which takes into account the features
of structural design of the product, the features of its intended use (operating time in separate modes), and the influence of the quality
of metrological support on the average recovery time has been obtained. This allows increasing the estimation of the real value of the
complex indicator of reliability — readiness coefficient, and, as a consequence, reducing the value of the readiness coefficient.

Conclusions. The use of the proposed model of quantitative estimation of the reliability indicators’ values of radio electronic
devices with variable structure can reduce the cost of products while providing the required values of failure time and the average
recovery time by reducing the requirements for the reliability of the base elements. The results obtained should be used in the design
of perspective radio electronic devices to justify the choice of element of the minimum cost base while meeting the required
requirements for the reliability of the product as a whole.

KEYWORDS: radio-electronic devices with variable structure, rating of reliability indicators, mean time between failures,
average recovery time.

ABBREVIATIONS
RED is a radio-electronic devices;
MTBEF is a mean time between failures.

t is an average time for performing the parameter
check;
tmr 1s an average time for malfunction repair;

NOMENCLATURE Ki 1is an average checks quantity to find defects in a

Z; is a parameter failure flow of individual elements; ~ Subset of elements L;;

L is a total RED elements;

Tetr 18 an estimated time of recovery of the RED;
modes; A

uj is a value of the relative coefficient of each

Tpi is a operating time of the product in individual

is a complex product reliability indicator —
readiness coefficient;

element usage;
Tp is a total time of the product operation in all

possible modes;

N is a quantify rate the number of each element
failures;

T /Tp = N; is the MTBF for the separate subsets of

elements

T is the MTBF for the RED as a whole;

n is a quantity of subsets of RED elements, which are
used in various modes;

Z is a parameter failure flux parameter.

Tart 1s an average recovery time RED;
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U =1- A is an unreadiness coefficient;

P is a probability of correct diagnosis;

p is a probability of correct estimation of the result of
the RED performance parameter check;

P(t) is a metrological reliability of the measuring
instruments;

T is a period of measuring instruments verification;

Tperm. is a permissible values for the operation time
for failure;

Tart. perm. 1S @ permissible average recovery time;

X is a parameters, which affect the product reliability;
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X * is a value of parameters X in the problem solving;

A is an area of allowable parameters values change
limits.

U' is a relative reduction
coefficient;

M, is a set of elements used in the “transmission

in the unreadiness

mode”;
M, is a set of elements used in the “receive” mode;

M, is a kernel used in both operation modes.

INTRODUCTION

RED of various purposes are instantly developing and
improving the quality indicators according to the
requirements of consumers, by introduction of new
diagram and constitutive solutions, as well as the use of
modern elements of the base. This causes a corresponding
complication of products, which does not lead to an
improvement in the values of their reliability indicators.
Therefore, the issue of providing the required level of
modern RED reliability is very important for both
manufacturers and consumers.

Extension of the capabilities of REM is achieved by
their multi-mode regime, such that different sets of
elements are used to satisfy individual consumer
requirements. However, such an approach implies that the
structure of the object changes in the course of its
exploitation. This direction in the theory of technical
reliability has not been explored enough yet, which results
in the underestimation of the values of the time between
failures of products, and this, in its turn, requires the use
of a more reliable and thereby a more expensive element
base.

The object of study is the reliability of technical
objects with variable structure, and the subject of the
study is the process of quantifying the values of the
reliability of many mode objects.

The purpose of the article is to increase the accuracy
of the quantitative assessment of the reliability of radio
electronic devices with a variable structure through the
use of a new model that takes into account the operation
time of individual elements of the object in different
operation modes and increases the calculations accuracy,
taking into account the construction features and intended
use of these objects.

1 PROBLEM STATEMENT

To increase the accuracy of the quantitative
assessment of the reliability indicators of the objects with
a variable structure, one has to develop a mathematical
model, which will take into account the properties of
multi-mode regime (the use of various subsets of elements
depending on the operational mode), as well as the time
of the functioning of the object in each mode. In addition,
when quantifying the average recovery time, it is
necessary to take into account the quality of metrological
support  (metrological  reliability of  measuring
instruments). For a quantitative description of the variable
structure of an object, it is advisable to use the
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mathematical apparatus of the set theory with the
introduction of the coefficient of exploitation for each
subset of elements during operation. This will allow one
to evaluate the parameter of the flow of failures, for each
individual operating mode as well as for the product as a
whole, which are needed for further calculation of the
mean time between failures. The accuracy of the
quantitative assessment of the average recovery time can
be improved by taking into account the failure
probabilities of subsets of elements and the characteristic
parameters of diagnostic algorithms. The order of
localization of faults is estimated by the average number
of inspections needed to find faulty elements in a subset.
This will allow one to assess the probability of a correct
diagnosis. To our best knowledge, the directions
mentioned above have not been yet comprehensively
considered in the literature.

Their implementation is aimed to minimize the value
of an integral indicator of reliability, i.e. the coefficient of
unavailability. The problem is solved by the variation of
the controlled variables in the range of permissible values.

Thus, the target studies function is to minimize the
value of the complex product reliability indicator — the
unreadiness coefficient with restrictions on the allowable
values for the operation time for failure (Tperm, ) and the

average recovery time (Typ perm ), determined by the
guidance documents, at a given operating mode (T , Uj),
is presented like the following:
U (x) = minU (x*); x* € A;
X = (L, Ui, Tpin Ziun, Pt 1 (), T, Tare )s
T =Ty,
Tart. (G, K, P, P(D) < Tart. perm.

Ui, Zi,n) 2T perm 5

Unmanageable parameters groups:

Lj,n,Z; — depend on the product scheme and the
reliability of the element base.

Parameters groups, manageable during the product
usage:

Ti, Uj —depends on product operating mode;

t, tyy — depends on operators qualification and work
efficiency restoration conditions;

K — depends on the quality of diagnostic support and
the form of conditional algorithms for defects searching;

p, P(t) — depend on the measuring equipment used
during the current maintenance to estimate the values of
the signals at the control points of the product.

In this case, as an indicator of efficiency, it is
appropriate to use a relative reduction in the unreadiness
coefficient, whose value is calculated using known
techniques (U'") , in comparison with the suggested model

of reliability of variable structure objects (U)

n=100-U"-U)/U%.
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To solve this problem, it is necessary to develop a
mathematical model for estimating the values of
reliability indicators of RED with variable structure,
which is presented in this article.

2 REVIEW OF THE LITERATURE

Known methods for providing the required values of
REDs reliability indicators by reserving the least reliable
structural units, increase their cost and mass-grossing
indicators, as well as the amount of spare parts,
instruments and accessories for realizing the maintenance
by the aggregate method [1, 2]. The directions of
automatization of RED reliability indicators calculations
and their changes with time [3] are also researched.

The promising direction of RED development in the
communications area is the implementation of software-
controlled devices, counting that the quality of devices
software also affects the reliability of individual products
and communications systems in general [4].

Not only the MTBF, but also the average time of
recovery [5] substantially affects the value of a complex
REDs reliability indicator — their readiness coefficient,
therefore, in the special technical literature [6, 7], research
and dissertation papers pay attention to the elevation of
quality of the diagnostic maintenance provided. However,
during the quantitative assessment of the values of RED
reliability indicators, which are determined by the design
tasks, the properties of multi-mode are not taken into
account, which leads to a change in the structure of
objects during their intended use.

Nowadays, the engineering methods and theoretical
developments of the analysis of the technical systems
with variable structure reliability, which is due to its
multi-functionality and  multi-mode, when the
corresponding sets of elements are used in certain
operation modes [2], are not presented. Multi-mode
properties are used in the development of diagnostic
support [6, 7], but when reliability is rated, it is
traditionally believed that all elements of the object work
simultaneously [5, 8], which significantly reduces the
value of the operation time for failure.

Currently, modern domestic and foreign publications
on the topical issues of complex technical objects and
systems reliability consider separate directions of
increasing the values of their reliability indicators [9—14].
However, these publications do not consider the issues
complex account of the individual components reliability
of programmed-controlled multi-mode communications
devices with a variable structure during the evaluation of
their indicators both in the design process and in
specification during the experimental operation.

3 MATERIALS AND METHODS
The task of development upgradable and perspective
samples of multi-mode RED is to normalize the value of
the operation time for failure and the average time for the
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repair of existing ones. Therefore, during design, it is
necessary to perform a reliability calculation with a
quantification of all reliability indicators, which are then
checked during experimental operation.

The communications devices relate to a class of
objects with a variable structure, which can be uni- and
multifunctional, multi-mode with a fixed or random
change of operation modes. For example, the radio station
is in “reception” or “transmission” mode, while the order
of operation modes changes is not fixed. The system of
the operations control of a high power radio transmitter
successively, in a fixed order changes the number of
elements as it turns on (input, cooling, heating, biasing,
high voltage).

To simulate these objects, the well-known
mathematical apparatus of the theory of sets [1, 7] is used
but only during the development of diagnostic support.
Multiple-theoretical models allow us to rate the power of
sets of elements used in individual operation modes, as
well as their interconnections. For example, when a fixed
change of modes it is appropriate to use a “garland”
model, when with each step the number of involved
elements of the object increases. This leads to a decrease
in the operation time for failure and an increase in the
average recovery time, which impair the value of the
complex reliability indicator — the readiness coefficient of
the object.

When using a random change of the modes of the
radio receiver or radio station, it is appropriate to use the
multiple-theoretical model with intersections of elements
subsets, which have a kernel (for example, amplifiers,
power supply or generator equipment). In this case, the
reliability of individual subsets of the elements is
significantly influenced by their operation time in the
given mode (for example, the time of the radio station in
the “receiving” mode is few times greater than
“transmission”), i.e. the technical resource of the elements
varies unevenly.

In order to take into account this circumstance, it is
suggested to apply a coefficient of the intended use of
each subset of elements in the possible operation modes
of the product, which is calculated as the ratio of the
working time of the subset of the elements to the total
operating time of the product in all possible modes. Its
value can be rated quantitatively from the analysis of the
communications devices usage, as reflected in the
hardware logs of the communications centers.

Let us consider the order of using these suggestions
with an example of a multi-mode object, the scheme of
which is shown in Fig. 1. The object works in three
modes, each of which uses five of the eight common
subset of elements. This is a multiple-theoretical model
with strong intersections of a subset of elements and a
kernel, consisting of elements 7 and 8, which are used in
all operation modes.
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Figure 1 — Example of the multi-mode technical object with a
kernel and powerful intersection of the subset of elements

In the traditional indicative calculation of reliability,
the minimum and maximum values of the parameter
failure flow of individual elements ( Z; ) are being added,
and then the boundaries of change and the average value
of the operation time for failure are determined [3, 5, 8].

In this case, the real work time of individual elements
is not accounted.
If the value of the parameter Zg; of the individual

product elements failure, then for each mode we get:
ZRI :Zl +Z4 +ZS +Z7 +Zg;
ZR2 :Zz +Z4 +Z6 +Z7 +Zg;
ZR3 :Z3 +ZS +Z6 +Z7 +ZS'
In that case, the operation time for failure of the

product in every mode is equal to:

LI S
ZR, ZR, ZR,
If there exists an extra data on the operating time of
the product in individual modes (Tp;), it is possible to

T

calculate the value of the relative coefficient of each
element usage (Uj ), respectively:

Tor . Tp2 | Tps .

ul =—; u2 =— U3 =—;
Tp TP TP
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Tpl +Tp2 ) Tpl +Tp3 ) sz +Tp3 )

U4:—, u5:—5 6= = >

T Tp T
us =1, ug =1, Tp :Tpl +Tp2 +Tp3.

This allows accounting the specific MTBF for each
element, to quantify rate the number of their failures (N )
and the product as a whole:

The MTBF accounting for the operation time of
elements subsets in separate modes, respectively

T=Ty/N.

Suppose that all subsets of the elements in the
example considered are equally reliable (Zj =Z ), and in

each mode the product runs at the time

(Tpi =T /3), then we obtain:

same

U] :Uz :U3 :1/3, U4 :US :U6 :2/3, U7 :U8 =1.

Total failure count of the product for 1 working hour
T, is:
p

8
N=Z-TpYu; =52 T,
i=1
and MTBF is T =1/5Z .

Under the same conditions, with a traditional
indicative calculation of reliability, get T'=1/8Z , that is,

the real value of the product's failure, accounting its
property of multi-mode, has increased in T/T'=1.6
times, or by [(T ~T//T")]-100% = 37.5% .

Obviously, the greater the number of possible
operation modes of the product is, the more accurate the
rate of the value of the work time failure, accounting the
properties of multi-modes, is. However, it requires
additional output data for the estimated operation time of
the product in each mode. Currently, when designing new
or updating existing RED and special communications
devices, an indicative and specified calculation of
reliability indicators is performed [1, 2].

In the first case, all elements of the product are
divided into groups (resistors, capacitors, transistors,
diodes, microcircuits, etc.) with approximately the same
value of the failure rate; both the minimum and the
maximum values obtained from the reference books are
considered. Then we multiply the number of elements of
each group to the limit values of the failures intensity and
sum the results. In this way, the limit values of the
product failure flow parameter are calculated and the
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value of the operation time for failure value is calculated.
If the required value stays in these limits, then a specified
calculation of reliability is performed. If not, you need to
change the elements for more reliable and repeat the
calculation.

When the specified reliability is calculated, the
average values of the failure rate of each element takes
into account the coefficient of its electric load, as well as
the climatic conditions (temperature, humidity, pressure)
and mechanical load (vibration, impact) depending on the
conditions of further products operation. In both cases, the
operation time of the elements in separate modes (T ) is

not accounted, which understated the real value of the
operation time for failure [1-5] of the RED in general.
The MTBF (T ) for the RED as a whole depends on
this indicator for individual parts of the product, which
are used in various operating modes (T ), which, in turn,

is determined by the failure parameter of this subset of
elements (Z;)

T =1/Z;.

The property of many RED modes is accounted by
introducing the coefficient of individual sets of elements
usage depending on the relative time of their work (T ;)

Ui =Tpi [Tp: i=Ln.

In that case, the total failure count of product per hour
Tp is

N Ty n
N=>-2=7,3uz,

i=1 i i=1

and RED failure flux parameter in total equals
T 1
p
T=—= UiZj =—.
N E "tz

Another reliability indicator of a RED, that is
normalized and specified by the guidance documents, is
the average recovery time T,y It depends on the

qualification of the performers (t is the average time for
performing the parameter check, t;,, is the average time

for malfunction repair), the quality of the metrological
and diagnostic support [6—8], the power of the subsets of
the elements used in the individual operating modes of the
product, and the probability of their failure.

When looking for defects during the current
maintenance of the programs, based on the use of
conditional algorithms of the minimum form, the average
checks quantity [6, 7] is

Ki=log, Lj; i=Ln.

An average checks quantity during the current
maintenance of the product, in total is
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n

1
K=—=>log; L;
Nzt

here with, total RED elements quantity
n
L=> L
i=1

provided that subset elements are used only in separate
work modes, where average checks quantity is

1
K :FZ?zllogz L.

The probability of product failure due to defect
appears among the elements L; equals

Ni Tpi

UiTp Uiz

- > -
N Tt uiZi ZlTpZ z

>

here with

n
TZZiui =1.
i=1

The average recovery time of a product is a discrete
random variable, whose mathematical expectation is the
sum of the multiplication of their possible values ( K; ) for

the probability of their occurrence (u;Zi/Z ) [15]. Then,

the estimated time of recovery of the RED (without
accounting the metrological reliability of the measuring
instruments) equals

t n
Tetr =tmr +?zuizi log, Lj.
i=1

In that case, the complex product reliability indicator —
readiness coefficient, equals

n n
Lz/{IHZUiZi 10g2 Li +tmr ZUiZi .

T+ Tagr i=1 i=1

This expression does not account the probability of
correct diagnosis [16]

P= pK.

The obtained results are summarized in table.1, which
stands as mathematical model for rating the values of
reliability indicators of radio-electronic devices with
variable structure.

The suggested model differs from the known ones,
by accounting the work time of product in individual
operation modes, the failure probability in each operation
mode and metrological reliability of the measuring
equipment.
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Table 1 — Mathematical model for rating the values of reliability indicators of radio electronic devices with variable structure

Functional Dependences

Indicator Without accounting multi-mode operations Accounting multi-mode operations
n n
Failure flux parameter Z'= z Zi Z'= z Ui Zi
i=1 i=1
MTBF T'=1/2' T=1/7
Total failure count n n
" . — 7.
perhouer N —szz| N—TDZ:UIZI
i=1 i=1
tQ tQ
Estimated average recovery time Tletr =tmr + HZIng L Tetr =tmr + quizi log, Lj
i=1 i=1
) 1
Quantity of average checks K=— z log, L;
Nici
Probability of correct diagnosis P=p
T T,
. etr etr
Average recovery time Tt = Tyt =———
art P art P.P (T)
d d ffi ' T A T
Product readiness coefficient e — Il —
THT 4t T+Tant
T T
Product unreadiness coefficient U'= % U= —art
THT '3t T+Tant
u'-u
Model using effect n=——---—100%
U 1

The adequacy of the model is confirmed by the fact
that the formulas, obtained in the right column of the
table.1 for uj =1 and P(t)=1 without accounting the
failure probability of subsets of elements L;, are

converted into expressions, which are given in the left
column of table 1.

4 EXPERIMENTS
Let us consider the order of using the obtained results
in the example of rating the values of reliability indicators
of the new generation radio station [17]. Multiple-
theoretical model of the radio station is shown in Fig. 2,
where M; — the set of elements used in the “transmission
mode”, M, — in the “receive” mode, M, — the kernel

used in both operation modes (power supply subsystems,
control and operation, generator equipment, antenna).

Mpr=(M M NI DURM N Mz ) =24, My =MD M UMMM =M,

Miz= M2
Figure 2 — Multiple-theoretical radio station model of the
tactical control unit

The total number of radio station elements is
L =4096, of which both modes use the total number of
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L; =512 elements, in the “receive” mode L, =3072
elements and in the “transfer” mode L; =1024 elements.

At the same time Z,=307- 10™%hrs™!,

Z,=532-10"%rs%, Z5=154-10"hrs™".
Excluding multi-mode properties, we have (n=3)
3
2'=32;=993-10"Chrs !,

i=1
the MTBF is T'=1007 hrs. during the current
maintenance of radio stations using measuring equipment
with  metrological characteristics p=0,997 and
P(t) =0,96 [16]. If the conditional diagnostic algorithms
are used during the current maintenance, then K = 8,86.
Assuming that the qualification of specialists provides
t=35min and t,, =8min, we obtain the average
recovery time T'y =43 min. These indicators are fully
meet the requirements for the reliability of similar objects
Toerm. 21000 s, and  Typy perm, <60 min.,  with
A'=0,9993 (U'=0,0007 ).

Results of calculations for the same output data

applying the mathematical model of reliability of Table 1,
accounting the properties of the radio station in two

modes, depending on the work time to “reception” or
“transmission” is shown in Fig. 3—6.
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Figure 3 — Dependance of the radio station operation time for
failure to from the relative time of work in the “reception”
mode”
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Figure 4 — Dependence of average time of radio stations
recovery from the relative time of operation in the mode of
“reception”
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Figure 5 — Dependence of the readiness coefficient of the radio
station from the relative time of operation in the “reception”

mode
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Figure 6 — Dependence of the unreadiness coefficient

of radio station from the relative time of operation in the
“reception” mode
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5 RESULTS

The analysis of the received dependencies shows that
with an increase in the relative operation time of the radio
station in the “receive” mode:

— the MTBF is reduced, since most radio station
elements are used in this mode (Fig. 3);

— the average recovery time also does not significantly
increase as the value of the probability of failure in the
receiving part of the radio increases, and this pattern is
maintained at any time during the verification of t
(Fig. 4);

— as a result of a decrease in the value of the
operations time on failure of T and an increase in the
average recovery time T,¢, the complex reliability

indicator is also reduced — the readiness coefficient A
(Fig. 5) and, accordingly, the value of the unreadiness —
U-coefficient (Fig. 6) increases;

— the indicated tendencies are maintained at any
values of the average check time t, moreover, its
reduction leads to an increase in the readiness factor (A)
by increasing the skills of the operators and improving the
diagnostic support (the selection of checks with smaller
losses).

Comparison of the results with the prototype
(calculation of similar indicators without accounting
multi-mode radio station) shows that when radio station
operates 90% of the time in the mode of “reception”
(u, =0.9), which often takes place in practice, we have a

specification of the operating time for a failure on 33 %
(T =1507 hrs.), the average recovery time on 14%

(Tart =50min.) and the reduction in the unreadiness

coefficient by 28% (U =0.000548 ). Thus, it was possible
to use less expensive elements to provide the necessary
requirements for the reliability of the radio station during
its design and production.

6 DISCUSSION

The analysis of the results shows that the proposed
mathematical model of evaluation of reliability indicators
values of REDs with variable structure (Table 1) allows to
get real values of working time for failure, average
recovery time and complex indicators of reliability —
coefficients of readiness and unavailability of multiple
mode objects depending on real-time operation of subsets
of elements in each mode. The adequacy of the model is
confirmed by the transformation of the obtained
mathematical relations to the known assumptions about
the required work of elements subsets, the metrological
reliability of measuring equipment, and the independence
of the failure in the elements subset power.

The example of use of the received results for the
evaluation of radio station reliability is given, the
functional dependences of values of reliability indicators
on the relative operating time in the “receive” mode are
provided. It is established that at 90% of work in this
mode there is a refinement in working time for failure by
33% and average recovery time by 14% in comparison
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with the existing models. Without taking into account the
multi-mode property of the radio station, the operating
time for failure meets the requirements, but only if it is
considered 1.5 times more. That is, to ensure the
requirements for the reliability of the radio station a
different element base can be used, which reduces the cost
of the product.

The following should be stated as a restriction on the
use of the proposed model:

— in different product operational modes not all
subsets of elements work simultaneously (in this case
existing models should be used);

— relative time of using a subset of elements in
separate modes is known in advance.

Application of the results obtained in the framework
of the research project devoted to the development of the
tropospheric communication station with a complex
signal allowed one to improve the specification of the
operating time for failure by 29%, the average recovery
time up to 12% and to increase the readiness during the
trial operation by 26%.

Research findings should be used to evaluate the
reliability of objects with a limited power supply (for its
ecology, a subset of elements that are not required to
perform tasks are disabled), which include spacecraft,
automatic planetary exploration stations, deep-sea
research vehicles, and others.

CONCLUSIONS

The traditional assessment of the operations time for
failure of the technical objects without accounting of their
multi-mode operation reduces the value of this reliability
index. Consequently, if it meets the requirements, then the
actual value of the operations time for failure will be
greater, which affects the cost of the product. Considering
the properties of the multi-mode radio electronic devices,
it is possible to specify the value of the operations time
for failure and the average recovery time: the existing
models underestimate the value of operating time for
failure and the average recovery time.

Using the suggested model of the quantitative
evaluation of reliability indicators of radio-electronic
devices with variable structure allows reducing the cost of
products, by providing the required values of operations
time for failure and average recovery time by reducing the
requirements to the reliability of the element base.

The closest to the subject under consideration is the
method of proportional distribution of reliability but it
cannot be used to create new promising samples based on
a new element base because the data on the operation of
analogs are not available.

The scientific novelty of the research results consists
in the development of a mathematical model for assessing
the reliability indicators of objects with a variable
structure. The model takes into account the operating time
of subsets of the elements of the object in possible modes,
and also account for the influence of the quality of
metrological and diagnostic support on the maintainability
of the object as a whole.
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The practical importance of the obtained results
consists in the possibility of providing the required level
of reliability of objects with a variable structure at the
minimum necessary values of the failure rate of the
element base, which will lead to a decrease in the cost of
products for the required values of quality indicators.

The obtained results are appropriate to use during
the design of advanced communications devices in
assessment of their operations time for failure, which
provide a possibility to reduce the cost of products due to
the rational choice of elements of multi-mode RED
objects.

Further research should be directed to the
development of a method for evaluation of reliability
indicators of objects with a variable structure using the
resulting model, as well as to assess the reliability of
systems in general with their usage [18-20].
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crienianbHOro 3B’s3Ky Ta 3axucty iHdopmariii KIII imeni Iropst Cikopebkoro, M. KuiB, Ykpaina.

AHOTANIA

AxTtyanbHicTb. PanioenexkTpoHHI  3acobu  PI3HOMAHITHOrO  NpU3HAUEHHS  OE3MEpepBHO  PO3BUBAIOTHCS 1
YIOCKOHAITIOIOTHCS B HANPSIMKY IMOKPANICHHI MOKA3HHUKIB SKOCTI BiIOBIIHO 0 BUMOT CIOXKHBAYIB MO0 TX BUKOPHCTAHHS B
0araTbOX peKUMax poOOTH, B KOXKHOMY 3 SKHUX MPAIIOIOTh OKpEMI IMiAMHOKHUHH elleMeHTiB. {10 00cTaBHHY HE BpPaXOBYIOTh
IiJ] Yac OLIHKM INOKa3HUKIB HAAIWHOCTI, 110 BEAE /1O 3HIKEHHS X 3HAYEHHS, 1, AK HACNiJOK, JO MiJABHMIIEHHS BapTOCTi
BUPOOIB.

Meta. MeToro CTaTTi € MiABUINEHHS TOYHOCTI KUIbKICHOI OIL[IHKM 3HAa4€Hb IOKA3HMKIB HAJIMHOCTI pafioelIeKTPOHHHX
3ac00iB 31 3MIHHOIO CTPYKTYPOIO 32 paXyHOK BUKOPHCTAHHS HOBOI MOJIEINI, 5SIKa BPAXOBYE Yac POOOTH OKPEMHX ITiIMHOXHH
€JIEMEHTIB 00’ €KTa B MOXIIMBUX PEXXUMax HOro podortu.

Metoa. B po6oTi BUKOHaHO aHaNi3 CTPYKTYp PaaiOeNeKTPOHHHUX 3ac00iB Ta 1X BIUIMB Ha HAMIHHICTh 3 3aCTOCYBaHHSIM
METOIIB Teopii MHOXUH, Teopii IMOBipHOCTEH, Teopii AUCKPETHOro MOLIYKy Ta Merpoiorii. Ile mo3Boisse 00’€KTHBHO, B
3aJIGKHOCTI BiJI YMOB eKCIUIyaTallii BUpOOy, KiJbKICHO OLIHUTH 3HAYCHHS MOKA3HMKIB HAIIHHOCTI: HapoOiTOK Ha BiJMOBY,
cepeHiii uac BIIHOBIEHHS 1 KOe(illieHT FTOTOBHOCTI.

PesysabTraTH. OTpUMaHO YAOCKOHAJIIEHY MOZEIbh HAIIHHOCTI 0arato pe:KUMHHUX O0’€KTIB 31 3MIHHOK CTPYKTYpORO, siKa
BPAaXOBYE OCOOIMBOCTI KOHCTPYKTUBHO-CXEMHOI 100Y10BH BUPOOY, 0COOIMBOCTI 1Oro BUKOPUCTAHHS 3a IPU3HAUCHHAM (4ac
poOOTH B OKpEMHX PEKHUMAXx), BIUIUB SKOCTI METPOJIOTIYHOTO 3a0e3MeUeHHs] Ha cepelHiil yac BimHoBNeHHs. lle mo3Bossie
30LIBIINTH OLIIHKY pPEeajJbHOTO 3HAUYEHHS KOMIUIEKCHOTO ITOKa3HMKa HalilHOCTI — KoeQilieHTa TOTOBHOCTI, 1, SIK HACIHIJOK,
3MEHIIUTH 3HAYCHHS KOe(DII[iEHTY HE TOTOBHOCTI.
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BucnoBku. BukopucTaHHs 3alpOIOHOBAaHOT MOJENi  KUIBKICHOT OIIIHKM 3HaueHb MOKAa3HHUKIB  HAAIWHOCTI
PafioeneKTPOHHUX 3ac00iB 31 3MIHHOIO CTPYKTYpPOKO JO3BOJISIE€ 3HM3UTH BapTICTh BUPOOIB IpH 3a0e3MEUYCHHI HEOOXiJTHUX
3HAa4YCeHb HAPOOITKY Ha BIIMOBY 1 CEPEHBOTO Yacy BiJIHOBIICHHS 33 PaXyHOK 3HM)KEHHS BUMOT JI0 HAIIHOCTI €JIEMEHTIB 0a3H.
OtpumaHi pe3yabTaTH JOLIIBHO BUKOPUCTOBYBATH IIil 4ac MPOEKTYBAHHS MEPCIEKTUBHUX PaNiOeIEKTPOHHUX 3ac00iB A
0OIpyHTYBaHHSI BUOOPY €JIeMEHTOI 0a3u MiHIMalbHOI BapTOCTI NpH 3a0e3MeueHHi 3aJlaHuX BUMOT JI0 HAJiHHOCTI BUPOOY B
LiIoMy.

KJIFOUOBI CJIOBA: panioenekTpoHHI 3ac00H 31 3MIHHOIO CTPYKTYPOIO, OIliHKA IMOKa3HUKIB HaJiHHOCTI, HAPOOITOK Ha
BiZIMOBY, CepeHill uac BiAHOBIEHHS.

VK 621.396.6
OIIEHKA HAJIEXKHOCTH PAJIMORJIEKTPOHHBIX CPEJCTB C IEPEMEHHOM CTPYKTYPOM

PoixkoB E. B. — kaHn. TexH. HayK, Ha4aJlbHUK Hay4YHO-HCCIIENOBATENHCKOH JabopaTopuu (MHOOPMAIIMOHHBIX W
reonHopmanuonubix cucreM) Hayunoro nientpa CyxomyTHbIX Boiick HarponaneHOl akafeMun CyXOIyTHBIX BOMCK UMEHU
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IIyukoB A. A. — xanj. ¢punocodc. Hayk, mpodeccop, HauaabHUK IHCTUTYTa CIeNUaNbHON CBA3U U 3allUThl UH(GOPMALUU
KIIN nmenu Urops Cuxopckoro, r. Kues, Ykpanna.

Hebecnas SI. J. — HavanbHHUK CEKTOpA IUIAHMPOBAHHS W KOHTPOJs yueOHOro mporuecca ydeOHoro oraena MuctutyTta
crienuaibHOU cBsI3H U 3amuThl nHGopMmanmu KITU nmenn Urops Cukopcekoro, r. Kues, YkpauHa.

AHHOTALIUA

AKTYanbHOCTb. Pano31eKTpOHHbIE CPEICTBA PA3INYHOIO HA3HAYECHHSI HENIPEPHIBHO PA3BUBAIOTCS U COBEPIICHCTBYIOTCS
B HAIIPABJICHUH YITy4IIeHHs MOKa3aTelell KauecTBa B COOTBETCTBHU C TPEOOBAHMAMH IOTpeOHTENel M0 UX MCHONB30BAHHIO
BO MHOTHX PEXHMax pabOThl, B KaXJOM U3 KOTOPHIX PabOTaIOT OT/JEIbHbIE IOMHOXKECTBA JIEMEHTOB. DTO 00CTOSTENLCTBO
HE YYHTHIBAIOT ITIPH OICHKE IIOKa3aTelled HaJe)KHOCTH, YTO BENET K CHIDKGHHWI0 HX 3HAYEHMS, W, KaK CJIEACTBHE, K
TOBBIIIEHHIO CTONMOCTH M3AEIHH.

Heab. Llenbio cTaThby SABIACTCS MOBBLIIIEHUE TOYHOCTH KOIMYECTBEHHOM OLIEHKM 3HAUCHUIl NOKa3aTenedl HaJeXHOCTU
PaIrOdIEKTPOHHBIX CPEACTB C MEPEMEHHOH CTPYKTYpOH 3a CUET HCIONB30BaHUS HOBOW MOMEINH, KOTOPAsk yUUTHIBAET BPEMS
PabOThI OTAENBHBIX IIOAMHOXKECTB 3JIEMEHTOB O0BEKTA B BO3MOXKHBIX PEKUMaX €ro paboThL.

Metoa. B paGore BBIMONHEH aHAaNM3 CTPYKTYp PaAMOdIEKTPOHHBIX CPEACTB M HX BIHAHHE HAa HAZEXKHOCTh C
IIPUMEHEHUEM METOJOB TEOPUU MHOXKECTB, TEOPHUU BEPOSTHOCTEH, TEOPUU JUCKPETHOIO IOUCKA U METPOJOruu. ITO
MO3BOJISIET OOBEKTHBHO B 3aBUCHMOCTH OT YCJIOBHI SKCILTyaTalluy W3/ s, KOMMYECTBEHHO OIICHUTH 3HAYCHHS ITOKa3aTeseH
HAJIS)KHOCTU: HapabOTKa Ha 0TKa3, CPEJJHEE BPeMs BOCCTAHOBJIECHUS U KO3()(DULUEHT TOTOBHOCTH.

PesyabTaThl. [lomydeHO yCOBEpIICHCTBOBAHHYIO MOJENb HAAEKHOCTH MHOTOPEXKHMHBIX OOBEKTOB C II€PEeMEHHOM
CTPYKTYpOH, KOTOpas Yy4YHMTBIBAET OCOOEHHOCTH KOHCTPYKTHBHO-CXEMHOIO IOCTPOEHMS M3JEIHs, OCOOEHHOCTH €ro
HCIIONB30BAHUS MO HAa3HAYECHHIO (BpeMs pabOTHI B OTAENBHBIX PEKHMAX), BIUSHAE KA4eCTBA METPOIOTHIECKOTO 00eCTIeUeH s
Ha CpefiHee BpeMsl BOCCTAHOBIEHUS. DTO MO3BOJIAET YBEIUYUTH OLEHKY PEalbHOrO 3HAUEHMs KOMILIEKCHOIO IOKa3aTells
HaJeKHOCTH — K03 (HUIIEHTa TOTOBHOCTH, H, KaK CI€ACTBUE, yMEHBIIUTh 3HaUeHHE K03 PUINEHTa HETOTOBHOCTH.

BoiBoabl. lcnonb3oBaHue MPEATIOXKEHHOW MOJAENU KOIMYECTBEHHOH OLIGHKM 3HAaueHMH IOKa3aTeneil HaJeKHOCTU
PanMOdIEKTPOHHBIX CPEICTB C TIEPEMEHHOI CTPYKTypOil MO3BONSAET CHU3HTH CTOMMOCTh H3AENUHA TpH 00ECTICUeHHH
TpeOyeMbIX 3HAaueHMH HapaOOTKM Ha OTKa3 M CPEAHEr0 BPEMEHHM BOCCTAHOBJIEHMS 3a CUET CHIXKEHHS TpeOOBaHUM K
HaJeKHOCTH O3JIeMEHTHOH 0a3pl. [lomydeHHBIE pe3ylbTaThl ILENecOoOO0pasHO WCIONB30BaTh INPH  HMPOSKTUPOBAHUH
NEPCHEKTUBHBIX PAJHOAIEKTPOHHBIX CPEACTB Uil OOOCHOBaHMS BBIOOpA AJIEMEHTHOW 0a3bl MHHUMAJIbHOH CTOMMOCTH TP
obecTieueHNH 3aJaHHBIX TPEOOBAHMIT K HAISKHOCTH H3/IENHUS B IIEJIOM.

KJIIOYEBBIE CJIOBA: paano3neKTpoHHbIE CPEICTBA C MEPEMEHHONH CTPYKTYypOH, OlleHKa IoKa3aTenell HaJeXHOCTH,
HapaboTKa Ha OTKa3, CpeIHee BPeMsI BOCCTAHOBIICHHUS.
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ABSTRACT

Context. The constant increase in the number of radio electronic equipment leads to an ever-increasing complication of the
electromagnetic environment. That requires constant monitoring to ensure electromagnetic compatibility, as well as the development
of high-quality universal antennas for radio monitoring systems.

Objective. The goal of the work is construction of a mathematical model of an antenna system for radio monitoring stations and
calculation of its main accuracy characteristics.

Method. The most important metrological characteristics of a measuring instrument are methodical and instrumental errors, that
is, the dependence of these errors on the parameters of structural elements of the signal processing device, which is integrated with
the antenna array. Consequently, the mathematical model of the antenna system should take into account not idealized, but real
transmission coefficients of the most critical structural components. Besides, to ensure transparent functional relations between the
voltages in the mathematical model is necessary to limit the number of variables informative voltages. With this approach, the
determination of instrumental errors is greatly simplified, and analytical expressions become more suitable for assessing the
influence of structural elements on the accuracy of measuring processes.

Results. Analytical relations were obtained that reveal the influence of different elements and circuits of the device on the
measurement accuracy of the radiation fields parameters.

Conclusions. The present findings confirm that the presented antenna system provides a measurement of the main parameters of
the radiation field both in the conditions of a satisfactory electromagnetic environment. Moreover, in the conditions when another
frequency of radiation acts at the frequency of the useful signal. The angular resolution, that is, the ability to separate signals with an
insignificant angular spacing of signal sources and interference, depends not only on the directivity characteristics of the antenna
array but also on the accuracy of establishing the distances between the phase centres of real and virtual vibrators. The operating
frequency range of the antenna array is limited not only by the deformation of the radiation pattern as well by the errors in the design
of the antenna structural elements.

KEYWORDS: radio monitoring systems, antenna array, accuracy characteristics, methodical errors, instrumental
€rTors.

ABBREVIATIONS E,, E;, are vectors of field intensities from sources
AFC is an amplitude-phase corrector; a and b:
AFTU is an amplification and frequency )

. ; F(8,0) is a directivity characteristic;
transformation unit;

BNT is a block of nonlinear transformations; k is a wave number ;
COU is a controlled oscillator unit; K is a transmission coefficient from vibrator
DDRS is a device of display and recording signals; terminals to the input terminals of frequency converters;
DIRS is a device for indication and registration of k, , kj, are wave numbers for the waves of sources a
signals; and b;
EMC is electromagnetic compatibility; a - o a
. . o K, is a sensitivity factor of the voltage U; to
EMRD is an electromechanical rotary device; o Y g !
ID is an identification device; azimuth error of the source b;
LC is a linear converter; K¢ is asensitivity coefficient of the voltage U} the
MT is a measuring transducer; o )
RMS is a root-mean-square; estimation error of the distanced between the phase
SCU is a switch control unit; centers of vibrators;
SID is a signal identification device; K¢ s a sensitivity coefficient of the voltage Uj' to
TVG is a test voltage generator. b )
the estimation error of the distance d . between the
NOMENCLATURE . )
. . . phase centers of vibrators and screen;
a is a transmission coefficient of frequency b o b
converters and amplifiers of intermediate frequency; Ky, 1s a sensitivity factor of the voltage Uy to
d 1is a distance between phase centers of antenna ) .
clements: inaccurate setting of the angle 6, = 90";
d,. 1is a distance from the screen to antenna
elements;
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K g is a sensitivity factor of the voltage Ulb to the
1

error in the azimuth of the source b;
K fc is a sensitivity coefficient of the voltage Ulb to
Lad!
the estimation error of the distance between the vibrators
and screen.
K (‘; is a voltage sensitivity coefficient of the source
2

a to the inaccuracy of the azimuth bearing to the source
b;

K, is an ellipticity coefficient;

Ky is a sensitivity of the ellipticity coefficient to
the errors of the value m ;

K; is a sensitivity of the ellipticity coefficient to the
errors of the angle v ;

K $ is a sensitivity of the ellipticity coefficient to the
errors of the angle v .

K59 is a sensitivity factor of the voltage Uy to

instrumental error of the voltage U.;
Kg is a sensitivity factor of the voltage U, to the
error of the voltage Uy ;

K;l is a sensitivity factor of the voltage U, to the
error of the voltage US ;

Kél is a sensitivity factor of the voltage Uy to the
error of the voltage US .

K(;V is a sensitivity to change of the voltage U, ;

Kﬁ is a sensitivity to change of the voltage U, ;

K f is a sensitivity of the calculation result to the
azimuthal angle error;

Kf is a sensitivity of the calculated value of the
field intensity to the errors in the distances between the
elements of the antenna array;

K 5 is a sensitivity of the calculated value of the

field intensity to the errors in the distances from the
vibrator to the screen.
[ is a length of the vibrator arm;

lofr s an effective length of the vibrators;

m 1is a ratio of the meridional component of the field
intensity to the azimuthal value;

P(6,9) is an unit polarisation vector;

T} is a transmission coefficient of the measuring

transducer;
t.q 1 a transmission coefficients of adders;

t, is a transmission voltage coefficient of detectors;

tr is a transmission coefficients of a filter;

Ty is a circuit transmission coefficient;
¢, 1s a transmission coefficients of a rectifier;

t,, 1s a transmission coefficients of a squarer;

sq
U is a complex voltage;
Uy, is a particular threshold value;

wp is a function that takes a value wp:O if

p=5,8911and w, =1 if p=1,2,3,4,6,7,10,12;
al is a derivative of the phase a ;

a . . .
O, is a phase shift, which occurs when the waves

fall from the source a to the antenna aperture;

OL? is a phase shift that occurs when the waves fall

from the source b;

a . . . .
Ysc 18 a phase shift, which occurs due to mirror
images of vibrators, for wave source a;

yfc is a phase shift of the waves source b, which is
caused by the screen;

v is a derivative of the phase y%. with respect to
the azimuthal angle;

y! is a derivative of the phase yfc with respect to
the meridional angle;

da, dlyr, OK are the relative errors of the
amplification factor a, of the effective length /,; and
the feeder transmission coefficient K ;

AB, is a determination error of the angle 0, ;

A@ is an error of the azimuthal angle;

AB is an error of the meridional angle;

0 is a meridional angle of the spherical coordinate
system;

09, ¢, are unit vectors of the spherical coordinate
system,

A is a length of the electromagnetic wave;

csEe

o, OE? are mean square errors of the estimates

of the field intensity components;

0T2 is an errors in transmissions of detectors and

adders of the LC block of the 2nd level,
oTy is a relative RMS error of the transmission

coefficient 7;;
G\llg is a RMS error of function wg;
¢ is an azimuth angle of the spherical coordinate

system;
¥ 1s an angular separation of radiation sources;

\|IZ , \4/[1’, are products of harmonic quantities.
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INTRODUCTION

Radiomonitoring antenna arrays are used not only as
a means of monitoring the electromagnetic environment
but also as measuring devices for onboard and ground
equipment. The antenna array makes it possible to
determine the angular coordinates of the radiation
sources, the polarization characteristics of the
electromagnetic waves, to estimate the intensity of the
electromagnetic fields and others.

In this regard, there is a need to provide a
radiomonitoring antenna with metrological
characteristics as part of the measuring device. Such
features can be obtained as a result of experimental
research of the finished product.

However, the possibility to provide an accuracy
requirement of the device is lost, or its level is
ascertained. It is quite challenging to improve it
practically. From the other hand, some analytical
expressions show the influence of different elements and
circuits of the device on the accuracy of measurements of
radiation field parameters. In this case, the measurement
errors can be reduced to the required level by choice of
specific components.

The object of study is the process of constructing the
antenna systems with signal processing for radio
monitoring stations.

The subject of study is the process of constructing
the antenna systems with signal processing for radio
monitoring stations.

The purpose of the work is to build a mathematical
model of the antenna system with the characteristics of
accuracy, which took into account the real transmission
coefficients of the most critical structural components.

1 PROBLEM STATEMENT

Since the antenna monitoring system is primarily a
measuring device, there is a need to provide the system
with  accuracy characteristics. Methodical and
instrumental errors are the most critical characteristics
of the measuring devices. It means that dependence of
these errors on the parameters of the structural elements
of a signal processing device is integrated with the
antenna array. Therefore, it is necessary to construct a
mathematical model of the antenna system, which would
take into account the real transfer coefficients of the
most critical structural components. Besides, to ensure
transparent functional expressions between voltages in a
mathematical model, the number of variable informative
voltages should be limited. With this approach, the
definition of instrumental errors is significantly
simplified. Analytical expressions become more suitable
for evaluating the influence of structural elements on the
accuracy of measurement processes.

2 REVIEW OF THE LITERATURE
As known, an increase in the number of radio-
electronic means leads to a complication of the
electromagnetic environment and, accordingly, requires
a solution to the problem of ensuring electromagnetic

compatibility (EMC) [1, 2]. In other words, there is a
need for the use of measuring means of radiomonitoring
[3-5], which in their composition have an antenna
system. In radiomonitoring systems, antennas of various
configurations are used — from the simple vibrator [6] to
complex antenna arrays [7, 8].

In the article [9] an ultra-wideband monopole
antenna for EMC measurements is presented. The
proposed EMC measuring antenna can be used for EMC
radiations detection in printed circuit boards (PCB) and
many digital devices such as mobile handsets, PDAs and
other mobile communication systems. An article [10]
presents two new types of ultra-wideband antennas for
EMC measurements. Both antennas have a compact size
and can have multiple ports for flexibility in
measurement tests. The radiation patterns of the
antennas can be directional or of multibeam. The
antennas have a low manufacture cost and lightweight,
easy for installation, which is especially crucial for low-
frequency antennas. The designed tapered TEM horn
antenna [11] has the merits such as wideband, simple
feeding network, low profile compact size with
reasonably good antenna performances such as return
loss, peak gain and radiation patterns. A paper [12]
presents a new biconical broadband antenna, which is
used for EMC test application. Compared with the
conventional biconical antenna, the proposed antenna is
small in size and good in electrical characteristics.

Smart antenna arrays provide more opportunities for
monitoring the electromagnetic field. The adaptive
beamforming algorithm can aim at the direction-of-
arrival of jammer automatically. In an article [13], a new
robust beamforming control method is presented to
widen nulls of an adaptive antenna array. In this
proposed method, the weight vector is optimized to
involve the minimization of a quadratic function. The
presented method can provide improved robustness
against the interference angle shaking and suppress the
interference signals. In a letter [14], the performance of
smart antennas with uniform circular arrays (UCAs) is
examined. The primary motivation for this selection is
the symmetry UCAs possess. That provides UCAs with
a significant advantage. It lies in the fact that the beam
azimuthally through 360 with little change in the
beamwidth or the sidelobe level can be scanned. A paper
[15] describes an approach to interference suppression
by adaptively thinning the array to reject sidelobe
interference. Changing the random thinning can lower a
sidelobe or place a null in the direction of interference.
In a paper [16], a novel symmetric weighted thinned
array with pattern reconfigurable antenna is proposed to
achieve wide-angle scanning performance.

Designs of four-element antenna systems with signal
processing have been developed for measuring the
parameters of the electromagnetic field [17]. An example
of calculating the metrological characteristics of this
antenna system was also presented, as well as possible
measurement errors and their main sources [18]. It should
be noted that the measurement errors of the output values
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were presented as the sum of the components with
specific influence coefficients. They did not include the
transmission coefficients of real elements of the structural
diagram.
3 MATERIALS AND METHODS

To study the accuracy characteristics of
radiomonitoring antenna systems a four-element antenna
system was selected (Fig. 1) [19, 20]. The operation
mode of the antenna system is given by the processor
and switches Sw1-Sw4. The main mode is where the
switch outputs are connected to the terminals of the
antenna unit 1', 1", 2' and 2". The signal processing
device consists of the following parts: an
electromechanical rotary device (EMRD), switches
Sw1-Sw4, test voltage generator (TVG), controlled
oscillator unit (COU), switch control unit (SCU),
amplification and frequency transformation unit
(AFTU), amplitude-phase correctors (AFC), subtractor
Al1-A4, adders X1-X4, amplitude detectors D1-DS§,
squarers Q1 and Q2, filters F1 and F2, rectifiers R1 and
R2, the device of display and recording signals (DDRS),
the identification device (ID).

The block diagram in Fig. 1 can be divided into two
main parts — an antenna array and a block of
amplification and frequency conversion of signals.

The latter consists of the following parts:

— a measuring transducer (MT) creates voltages that
are proportional to the components of the electric field
intensity in a linear orthogonal polarization basis;

— double-level linear converter (LC) is based on
linear adders and consists of a block of the 1st level (1
LC) and a block of the 2nd level (2 LC);

— block of nonlinear transformations (BNT);

— signal identification device (SID);

— processor and device for indication and registration
of signals (DIRS).

The combination of these blocks and the functional
connections between them are shown in Fig. 2.

A new (simpler) voltage numbering was introduced
for the convenience of further analysis of the block
diagram. The transition from the voltages indicated in
the structural diagram [19, 20] to the voltages used in
the block diagram is given in Table 1.

'I " 1 L 2’ 2"'
—» EMRD » 3 3 4 4
I [ :
e e &) o & lz-';" 2 5
-+ SCU I L Sw2 L Sw4 TVG e

Swil

L

¥

(AL Je—

O
1
1

i 4

Processor

.

DDRS

Figure 1 — Structural diagram of the antenna system [19, 20]
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Table 1 — The equivalence of the voltages of the structural diagram [19, 20] and the block diagram is shown in Fig. 2
Structural . . . . . . . . . . . . . .
diagram U5 U6 U7 U8 U9 UlO Ul 1 U12 U13 U14 U15 Ul 8 U19 U22

Block . . . . . . . . . . . . .
diagram Ul U2 U3 U4 US U6 U8 U9 UlO Ul 1 U12 U13 U14

l‘]l 02 ﬁ} 0 4

r—_—— b b} =

1LS

Us |Us |U, |Us

|
218 i
|

BNT SID

!

Us|Us | U7 | Us | Uy |U1o|Uns|Ur2|U13|U14

Y VvV V V V Vv N ¥

Processor

!

DIRS

Figure 2 — Block diagram of the antenna system

The antenna unit consists of four elements located on
the tops of an imaginary quadrilateral [19]. Each antenna
element consists of two mutually perpendicular vibrators
(symmetrical or non-symmetrical). Vibrators axes
coincide either with the perpendicular to the surface of
the earth or with the horizon line. So, the vertical
vibrator has the directivity characteristic:

F(6)=sin0, (1)

and the unit polarization vector [7] takes the form
pP,(6,9) =0y, where 0 is the meridional angle of the
spherical coordinate system; ¢ is the azimuth angle; 6,

is a unit vector of the spherical coordinate system.
The directivity characteristic of a horizontal vibrator
is defined as:

F(0,p) =+1-sin? 0Osin’ ¢, 2)

and the unit polarization vector is pj(0,¢)=¢@,, where
¢, 1s a unit vector of the spherical coordinate system, in
which the angle ¢ is measured from the normal to the

antenna aperture.

Expressions (1) and (2) are valid when /<<Ai,
where [/ is the length of the vibrator arm, and A is the
length of the electromagnetic wave. This condition is
satisfied when wusing active antennas. Therefore,
formulas (1) and (2) are characterising the properties of
active antennas with high accuracy.

The antenna array through the line switch in the
transmitter operates in three configurations, which
provide the ability to work in three modes. In the first,
basic mode (mode A4) the antenna array consists of two
elements — two vertical and two horizontal vibrators.
The phase centers of the vibrators are horizontally
separated by a distance d (the square side length). In
mode B, four vertical vibrators are used, which are
located on the square tops. There is a distance d
between their phase centers. In mode C, the same
antenna array is created as in mode B, but with
horizontal vibrators.

The set of vibrators are located at a distance d,
from the screen. This is a reason that in any mode, in the
analytical expression for the output voltage of the
vibrator the multiplier i2sin(kd,.sinOcosp) appears,

where k =2n/A isthe wave number.

The following matrix equation determines the
dependence of the output voltages from the intensities of
the electric fields in mode A:

U 09F (0,)e'™ 0F (0,)e'™

l:]2 T (PoF(Oa,(Pa)éijg (P()F(eb,(pb)'ei:‘? )

l{s GoF(ea)eﬂaA: a eOF(eb)e*’“f 1o
Us PoF (B0 )e ™ @oF (Bp,¢p)e”"™

{Ea sinyf(.]

X >

E, sinyfC

where o =k,dsin0,sing, is a phase shift, which
occurs when the waves fall from the source a to the
antenna aperture (Fig. 2); a?:kbdsineb sing, is a
phase shift that occurs when the waves fall from the
source b; Ye. =k,d. sin0,cosp, is a phase shift,
which occurs due to mirror images of vibrators, for
wave source a; y2. = k,d,, sinB,cosp, is a phase shift
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of the waves source b, which is caused by the screen;
k, =2mn/\,, k,=2m/L, are wave numbers for the

waves of sources a and b; E,, E, are vectors of field
intensities from sources a and b;T) =2al,zK is a

transmission coefficient of the measuring transducer; a
is a transmission coefficient of frequency converters and
amplifiers of intermediate frequency; /I, is the

effective length of the vibrators; K is a transmission
coefficient from vibrator terminals to the input terminals
of frequency converters.

Equation (3) takes into account that electromagnetic
waves, which are emitted by two independent sources at
almost the same frequencies with wavelengths A, and

Ay, act on the radiomonitoring antenna.

The transmission coefficients 7,; of the adders
should be taking into account. Then received signals
with voltages Ul s ...,U4 , are transformed into the first
level following the equation:

US tyd 0 - tad 0 Ul
U 0 ¢ 0o ¢ U

' 6 _ ad ad x| 2 . (4)
U7 laq 0 lad 0 U3

Us 0 tw O —tu] |U,

The absolute nominal values of the transmission
coefficients ¢,;, of adders are the same. However, when

considering instrumental errors, the value cannot be
regarded as a common factor. It cannot be taken out of
the limits of the transfer matrix. The transmission
coefficients #,; for each voltage are set independently.

Therefore, the errors of any element of the transmission
matrix must be taken into account without regard to
different transmission coefficients.

Signals with voltages obtained by the second level of
linear transformations:

U9 tyd 0 0o - tud US

Ug| | 0 —twg tw 0 Us
o= x| . (%)
Uil |tae 0 0 iy U,

U12 0 tad tad 0 US

The block of nonlinear transformations (BNT)
incorporates 12 amplitude detectors, which form direct
voltages proportional to the amplitudes of the
corresponding alternating voltages. As the result, at the
outputs of the BNT the voltages are obtained:

U =td|U3

,5=5,6,..,12, (6)

where ¢; is the transmission voltage coefficient of the
detectors.

Voltages U5 and U8 are used in the block of

nonlinear  transformation. Based on this, for
determination of angles ¢, and ¢, indicator signals

U13 and U 14 are created.

More simplified notation for some quantities should
be introduced before writing expressions for indicator
voltages of the azimuthal angles of radiation sources. It
is advisable to present it in the form the voltages, which
are used in equations (3), (4), and (5):

T

T rra..a tb. b iW?’E
Up - (Up\llp + Up‘l’p )e 2 (7)
where U% and U? are amplitude factors that depend on
p p

field intensities Ea, Eb and index p; \y?, and \4/1}), are

products of harmonic quantities; w, is a function that

P
takes a value w, =0 if p=5,89,11 and
p=12,3,4,6,7,10,12.

The quantities that are used in equation (3) are
written for the static mode. That is for the antenna
system state, when the normal to the aperture of the

wpzl if

antenna array coincides with the angles 0=90° and
¢ =0. Or they coincides with the direction to one of the

radiation sources.

In the case of direction-finding, the aperture of the
antenna rotates in the meridional and azimuthal planes.
Therefore the phase shifts acquire the following values:

oy =k,d cos(0, —0)sin(o, —);

ocf = kpd cos(8;, — 0)sin(@y, — ¢);

Vi = kydc c05(0, ~0)cos(e, —0);|
Yoo = kyd e cos(8, — 8)cos(@, — ),

where 0, ¢ are the angular direction of the normal to

the aperture of the antenna array, that is, the angles 6
and ¢ are the deviation of the antenna from a given
initial state.

Formulas for the directivity characteristics (1) and
(2) are converted in the same way:

F(®,)=cos(8,-0), g=a,b;

F(©,,94) :\/1—cosz(eq —9)sin2((pq - Q).
In the exponential indexes, the minus sign refers to
other indexes of functions v , that is, to p=3,4. The

expressions for the amplitude factors U¢ and U
change depending on the index p. Thus, to p = 1,_4 have
the following voltage values
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. -0

Ol [wi wh oo o] |Ya

U a b U

S A £ A N R N
Uy vy vz 0 0| |UR

. b

Uy 0 0 wi il |po

where functions \uf, are defined as

wiy =™ cos(0, —0)siny L, if ¢ = a,b;

€)

yis= et \/l—cosz(Gq —O)Sinz((pq —@)siny?..

The voltages that are included in the right column
matrix equation (8) are such values

70 _ 0.
be =t (10)
U:]P :TlEc(Ip,qza,b,

where 7 =2alyK and Eg =(90,Eq), Eg’ =((p0,Eq).
The expression for the voltages U,; and U,, can be
written in the form using this notation:

07,0 a b,
Uiz =TinUaUp W5 Vs (11

a. b

Ui =TnUJUwE R,
where Ty =4t,4t4t 155t ; 1s the circuit transmission
coefficient, which consists of an adder with a
transmission ¢, , a detector with a transmission #;, a
rectifier with a transmission ¢., a squarer with a

transmission 7y, and a filter with a transmission 7 ;

v =cos®, —0)sinaf sinyf, ,

yd = \/l—cosz(eq -0) sin2((pq —@)sinad siny?,

g=a,b.

From expressions (10) it follows that the voltages
U3 and U4 acquire a zero value at ¢, =¢ and
¢, = ¢ . That is, the antenna aperture must be rotated in
a horizontal plane until the indicator voltages U;; and
U,, are zero. Thus, the azimuthal directions of the

sources a and b are located.
To estimate the error in determining azimuth,
consider the case where the angle ¢ is close to the angle

¢, . Antenna position setting is completed when the
voltages U;; and U,, nearer to a particular threshold

value U, .

Considering that ¢, —¢ = Ag , from expressions (11)

with A, <<1 the following expressions can be

obtained:

sin[k,d cos(0, —0)sinAp,] < Mé’;

’ (12)
sin[k,d cos(0, —0)sinAg,] < M,

where the right-hand side of the equations (12) the

values M 3 and M q[; represent the next functions

Mg _u, Cy cos(6, —0)cos(0;, —0)sin[k,d cos(0, —0)siny]x :
LA™ sin[k,d,. cos(8, —0)cosy]sin[k,d,,. cos(0, —0)]

M=, C(p\/l—cosz(ea—G)Sinzxsin[kadcos(ea—e)sinx]x :
xsinfk,d. cos(, —0)cosy]sin[kyd,. cos(©; —0)]
Co=TNUSUY, Co=TyUSUY lues th
0 =1inUaUp, Co=1inUgU, are values that are
independent of coordinate angles; x=¢, —¢,; is the
angular separation of radiation sources. The value of the
meridional angle 0 in the functions M g and M(g is

equal to /2.
From equations (12) it follows that

. b
. | arcsin M
Ag), < arcsin| ———9
kpd sin 6y,

or (13)

arcsin M (};

A@j, < arcsin
b kyd sin 0,

The azimuth error ¢, is determined by the same
formulas (13) when the index b is changed to index a.

For estimation of the measurement error of the
meridional angle 6, it is necessary to consider the
operation of the antenna system in mode B. Since the
perpendicular to the aperture coincides with the
azimuthal angle ¢,, the matrix equation (3) is

somewhat simplified:

U, eia? ez’ai’ eiaf
ca . a ) 0 s

U, _ ells gm0z IO y U, cos(0, —0)sinyy, (14)
_ina a b . . >

Us e Psel % Uy cos(0, —0)siny?.
. a . a

U, P (I (e

where af =k,d cos(0, —0)siny ; oci’ =0;
Y?c =k,d. cos(0, —0)cosy ;
Y?C = kpd . cos(8, —0) ;
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af =k,dsin(0,-0); g=a,b.

After the first level of linear transformations, two
voltages are formed. They depending only on the field
intensity of the source a. Their values according to
equation (4) equal to

Us =202 sina? cos(6,, — 0)siny%.e'*

Ug =202 sinad cos(8, —0)siny%.e %

At the second level of linear transformations of these
voltages, two more voltages are formed:

Uy = i4U2 cos(8, —0)sina? siny“ sino,

Uyy =409 cos(0, —0)sinad siny%, cosa .

By rotating the aperture of the antenna array in the
meridional plane, it was achieved that the value U9 is

less than the threshold value Uy, >Uy. Which can be

interpreted as the orientation of the normal antenna
aperture to the direction of wave radiation from the

source a. When this voltage U 11 takes on the value

Uy =400 sin(k,,d siny)sin(k,d . cosy).  (15)

The determination error of the angle 0, depends on
the threshold voltage level U, , and if Ug =0 is equal
to

a

AB, < arcsin( arcsinBé’j ,

U '
4U2 sin(k,d sin ) sin(k,d. cosy)

where B§ =

The amplitude value of the voltage Uy; (15) makes

it possible to calculate the meridional component of the
intensity field vector of the radiation source a. Using the
relation (10), it follows

£ _ Un
a 2 . . :
4t 4t 54Ty sin(k,d siny) sin(k,d . cosy)

(16)

In the case when the horizontal component EJ more

than the vertical component ES , the meridional angular

coordinate of the source a is better to determine in the
mode C of operation of the antenna system. In this
mode, the antenna array, as noted earlier, consists of
four horizontal vibrators. The matrix equation (14)

varies only at the expense of multipliers in the right
matrix column, which are the direction characteristics of

the individual vibrator, namely: Ug cos(®, —0) changes

to U;p\/l—cosz(ea ~0)sin®y , and Ul?cos(eb -0) to
¢
Uy -
As a result of such a simple transformation of
equation (14), it can be written that

A9, < arcsin(kaarcsianP’ ),

U '
40U cosy sin(k,d siny)sin(k,d . cosy)

a _
where B(p =

The azimuthal component of the field intensity vector
equal
Uni

EY = .
‘ 4tdt§dT1 cosy sin(k,d siny)sin(k,d . cosy)

(17)

After determining the angular coordinates of the
radiation sources, the antenna system returns to the main
mode of operation — mode 4.

Assume that the radiation of the source b is
suppressed. In this case, the polar axis of the spherical
coordinate system is parallel to the axes of the vertical

vibrators when 0, =90°. The direction to the radiation
source b coincides with the perpendicular to the antenna
aperture, that is ¢@; =0°.

Denote the angular separation of radiation sources in
the azimuthal plane as y=¢,—-¢,, and in the

meridional plane as yg =0, —0;,. The phase shifts,

what occurs due to the difference in beams paths,
acquire the following values:

af =k,dsiny;
océ7 +Aoci7 =0=x(kpd cosyg)Ao; (18)

Y?c = kadsc COS X5

b
Vse =kpd g cOSYg.

Taking into account the phase shifts values and the

fact that aj <<1 from formula (9) expressions for the

functions 7 is obtained

a _ *iad . a.
Vi3 =¢€ TSIy e

W3 +Ayls = (1+iAk,d cosy ) cos g sinyl.; (19)
’ ’ 1

+iod .
Y44 = e cosysiny;

\Vg,“ = (1xiA@kyd cosyg)sin Y.[s)c"
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Voltages U, (when p=l,_4), using expressions

(18) and (19), are written in the form (7). That make it
possible to obtain a ratio for calculating instrumental
errors. It is necessary to bear in mind the fact that the
individual components of the total error AU, differ

both in amplitude and phase. Therefore, the correct error
estimate is the root-mean-square (RMS) value. It should
also be noted that the RMS errors of voltages U; and

Uz, U, and U, are the same, that is cUz =cU; and
cUy =oU,.

A voltage error Ujcan be obtained, taking into
account all the above

1

0 2 2 a a2 by
ocU, =U 9{(0T sin +(o }2 +
1=Uq 1) Yse +(OWT) 20)

+Up {(cmz cos? 1o sin v, + (o) 22,

where the content of the component of the error cU; is

defined as oT; :\/(Sa)z +(Blyy)* +(8K)* s the
relative RMS error of the transmission coefficient 7 ;

da , SIeﬁf, 0K are the relative errors of the
amplification factor a, of the effective length /. and

the feeder transmission coefficient K ;

1
c\y? = {(KglA(p)z +(K§16d)2 +(K5618dsc)2ﬁ )

1
2 2 2
c\yfz{(KglAe) +(K(’;1Aq>) +(K§’618dsc) E;

K(‘;l = \/(OLZ siny®)? + (y? cosy%)? is the sensitivity
factor of the voltage U{' to azimuth error of the source
b, o =k,dcosy is derivative of the phase
af ;v =k,d,. sinyis derivative of the phase y§. with
respect to the azimuthal angle; Ksl =dy siny§. is the
to the
estimation error of the distanced between the phase

sensitivity coefficient of the voltage U}

. a4 _.a a - o
centers of vibrators; Ko = YscCOSYye 18 the sensitivity

coefficient of the voltage U{' to the estimation error of
the distance d,. between the phase centers of vibrators
and screen; Kg] = sin Xesinyfc —y% cos xecosyfc is the
sensitivity factor of the voltage Ulb to an inaccurate
setting of the angle 0, =90°; yf =kpdgesinygy is

derivative of the phase yfc with respect to the

meridional  angle; K(bpl = kyd cos? X g Sin v is  the

sensitivity factor of the voltage Ulb to the error in the

azimuth of the source b; Kfcl = vb. cos Yo €OS b is the

sensitivity coefficient of the voltage Ulb to the

estimation error of the distance between the vibrators
and screen.

Instrumental error for the voltage U, (Uy)

1
oUy =US{oT)? cos” gsin v, +(owd)? 2 +
1
+UZP{(GT1)2 sin”y?, +(Gw§)2}5=
where

1
oy§ = {(ng A@)? +(a? cosysiny%.8d)? + (v cosy cosy?dd, ) E;

ng = \/((1? cosy sin y?c)2 + (sinysiny%, + 4 cosy cos y?c)z

is the voltage sensitivity coefficient of the source a to
the inaccuracy of the azimuth bearing to the source b;
1

b (yé’ cosyi’CAE))2 + (kpd cos? xsinyi’cA(p)2 2
oy, = is
b b 2
+ (YSC COSYSCSdSC)
RMS error of function ) .
Similarly, using equation (4), the errors of the

voltages Uy, ..., Ug are found.

Since the amplitudes of the voltages U, for s =18

(6) are used by the processor to calculate the parameters
of the radiation field, formulas for the voltage errors on
the right side should have one more component. That is
due to the inaccuracy of setting the transmission
coefficient ¢, of the amplitude detectors. For example,

formula (20) takes the form

1
oU, = thf{[(GTl)z +(otg)*Isin? v +(oyf)? }2 +

1
+th§’{[(ch)2 +(cstd)2]cos2 Yo sin’ y[S)C +(0\yf)2 F,

where ot; =At;/t; is a relative error of detector
transmission coefficient.

Similarly, the expressions for voltages UZ, U3 and

U 4 are written.

The expression for the error of the voltage U 5 varies

as follows
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GUS =2tdtadU(? X

1
2

8t cosa)? +
( ad c) +(wa)2 +

x{sin? y%,

+(ot, cosad)? +(oT; )2

1
2 2 2 2
0 (8t4q)™ +(3t4) +(GT]) x| 2
+2t,4t,,Up .
X c0S > Yo sin? yfc + (csw{’)2
Similarly, the inaccuracies in the transmission of
detectors in the errors of the voltages Ué, U7 and U8

are taken into account.

In the process of detection, variables can be formed.
However, they can be filtered entirely, and their
influence can be almost neglected.

In mode 4, in the presence of noise (source b) the
voltages U9 and Ulo (5) are used. For the analysis of

errors, the values of their amplitudes can be written as:

ngtd\ug\=

= 1\ (aaUs)? +(t0qUs ) = 2tqUs taqUs ) 0S5

Ull =ld‘U11‘:

=14 \/(fadUs )2 +(taaUg )* +2tqqUs Nt 4qUy ) cos y,
where y is the phase shift between phases of vectors
E® and E9; the
Us:

Us = 21,,U% sina % siny?, s
amplitude of voltage
Ug =2t,,UQ cosysina§ siny§. is the amplitude of the

voltage Uy .
The following notation is introduced to obtain

Ug = 21,12, sina? siny%US;

Uy = 2tdta2d sinod siny?cUE;

Ua =\/(U2)2+(U2°COSX)2—2U,?U§,P COS Y, COS Y ;

Uy :\/(U3)2+(U;p cosy)? +2U2U¢ cosy cosy.

RMS errors of the voltages Ug and Ull are
expressed through the coefficient of sensitivity

6Uy =57, Uy ) + (KoUs)? + (KfoUs)?:

sU,, =\/(8T2 U +(K'oUs)? +(K§'aUg)?,

where o7, :\l(Std)ZJr(&ad)z is the errors in

transmissions of detectors and adders of the LC block of

UY —U? cosy cosy
Uy

the 2nd level (7, =t,t,, ); K59 =T

is the sensitivity factor of the voltage U, to the

instrumental error of the voltage U 55

U? cosy —U? cosy
b

a

Kg =T, is the sensitivity factor

of the voltage Uy to the error of the voltage US;

U + U9 cosy cosy
T

11
K5 = A
Ua

is the sensitivity factor of

the voltage U,; to the error of the voltage US;
U cosy +U? cosy

11
K =T, <
Ua

is the sensitivity factor of

the voltage U, to the error of the voltage US .

On the next step, the received voltage in the mode 4
with noise is used to calculate the parameters of the
electromagnetic field of the source a.

The phase shift calculated by the formula

Ui -Ug
CosyY =—————.
4AT2UL U,

From this formula, it follows that the error of the
trigonometric function is equal to

2 2
(K;VGUg) "r(Kl\VlGU”) +

c(cosy) =
+cos? (28T, )? +(cUs)* +(cUg)?],
U2
where K;" =—— 2 is the sensitivity to change of
2T*UUy
U2
the voltage Uy ; Kl“; =+ is the sensitivity to
2T°UsUg

change of the voltage U, .

The ratio of the meridional component of the field
intensity to the azimuthal value is estimated as

Us
m =—=-cosYy, .

8

The mean square error of the ratio m is defined as

om :m\/(ch5 )2 +(cUg )2 +(tg)(A(p)2 . (21)
The tangent of the double angle of inclination of the
polarization ellipse is equal

tg2y = 2mcosy (22)

m* -1

© Shcherbyna O. A., Ilnitskyi L. Ya., Mykhalchuk I. I., Kozhokhina O. V., 2020

DOI 10.15588/1607-3274-2020-3-4

51



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

Using the formula (22) can be found

1
oY= n {(mz ~ 1)’ (sinyay)” +}2 (23)

(m? +1)? —4m? sin® y |+ (m? +1)*(cosyom)?
Another important polarization parameter is the

ellipticity coefficient, which is calculated by the formula

. . 1
msin’ Yy —sin2ycosy + = cos’ Y
K, = ”} .29

mcos> Y +sin2ycosy + ~sin? Y
m

The errors of his calculation are defined as

m* +1

K07 \/(K,encm)z +(KSop)? + (KoM, (25)

oK, =

e

. 1 .
Q:mcos2 y+sm2ycosw+—s1n2y;
m

2
m2—
Ky = 5

m(m~ +1)
sensitivity of the ellipticity coefficient to the errors of the

2

the

siny cosy cos\y — 3 cos2y is
m”+1

is the

m .
value m; Kyez siny cosy —cos2y cosy

sensitivity of the ellipticity coefficient to the errors of the
angle v; K =sinycosysiny is the sensitivity of the
ellipticity coefficient to the errors of the angle v .

Measurement errors of the meridional and azimuthal
components of the vector of the electric field intensity are
determined from the correlations. This correlations bind

magnitudes Es and EJ with the voltages U5 and US,

or from the expressions (16) and (17) in modes B and C.
According to the formula, which is shown in the work
[19], can be written

0 _ Us
‘ 2T, T, sin(k,d siny)sin(k,d . cosy,)

Based on this ratio, the RMS value of the absolute
error can be obtained

N | —

(ch U)Z+GT2+<5T 2y
oEY = £ s /US| +(T)? +(oTy) ’

+(KEAQ)® +(Kf8d)” +(K ) 8dy,)?

Kf =[k,d cos yctg(k,dsiny)—

where is the sensitivity

- kadsc sin XCtg(kadsc cos )]
of the calculation result to the azimuthal angle error;

Kf =k,dsinyctg(k,dsiny) is the sensitivity of the
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calculated value of the field intensity to the errors in the
distances between the elements of the antenna array;

K dE =kyd. cosyctg(k,d, cosy) is the sensitivity of

the calculated value of the field intensity to the errors in
the distances from the vibrator to the screen.

The formula for the azimuthal component of the
electric field intensity is written as

Ug

E? = .
2T, T, cosysin(k,d siny)sin(k,d cosy)

The error in calculating the azimuthal component of
the field intensity is equal to

(ch8 /118)2 +(T))? +(0Ty)? +

GE;O - E;p E 2 E 2 E 2
+(Kppho) +(Kfdd)" +(Kj 3dy,)

where the sensitivity coefficient to the errors of the
azimuth angle is somewhat different from Kf , namely

Kf(p =K, —tgy[sin(k,d siny)sin(k,d, cosx)]_l.
From the expressions for the sensitivity coefficient
K f , it follows that the inaccuracy in the dimension d can

limit the resolution of the antenna system.
In the absence of radiation at frequencies that are
close to the frequency of the source a (E, =0),

processes in the antenna system differ significantly from
methods with interference suppression. In this case the
formula (21) is simplified

om :m\/(GUé)2 +(c5U7)2 .

The remaining polarization parameters and their
errors are calculated by the formulas (22), (23), (24) and
(25).

The meridional and azimuthal components of the
electric field intensity vector can be calculated by the
voltages U; and Ug:

U
E 2 S A
2T, T, sinkd,,
U
EQ = 6

2T, T, sinkd,,

The mean square error of the estimates of the field
intensity components are equal to

2020
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[(6T})? +(0Ty)* + (kdg,ctgkd,, )

0 2
GEa = U7

x(8d )V UESY: 4| ———1
(5dyeNED +| e

[(6T))? +(cT)? + (kdctgkd , )* X

2
GEZIP = U6

x(8d )V NE?)? +| ——6
(8de)"WEq) 2T\ T, sinkd,,

From last formulas it follows that the bandwidth of
the antenna system depends primarily on the error &d,,.,

that is the accuracy of establishing the distances between
the phase centers of the antenna elements and the screen.

4 EXPERIMENTS

The Mathcad was used to construct experimental
graphs. The study of dependences of measurement errors
of polarization parameters was chosen as an example for
proving the correctness of the derived relations. For this
reason, the above formulas (23), (24), and (25) were used.
It was decided in these formulas to fix the next
components of the relative and absolute errors in
measuring the inclination angle of the polarization ellipse
and the ellipticity coefficient. The error in determining the

ratio of the meridional component Eg of the field

intensity to the azimuthal £ is om =0.01. This error

om , following formula (21), in turn, depends on errors in
determining voltages Us and Ug, angle of separation of

radiation sources and error in determining the azimuthal
angle in case of operating mode 4. Ay =1deg is the error

in determining the phase shift between the phases of the
vectors E 2 and E®. An increase in these components

leads to a sharp increase in errors in measuring the
polarization parameters and changing like their
dependences.

5 RESULTS

In Fig. 3 dependences of the error in measuring the
angle of inclination of the polarization ellipse on the ratio
of the meridional component of the field intensity to the
azimuthal value are shown.

To build the dependence of the error in determining
the polarization coefficient on the inclination angle of the
polarization ellipse (Fig. 4). The error in determining the
inclination angle of the polarization ellipse was chosen as
oy=0.5 grad (= 0.009 rad). The value of the error in

determining the coefficient of ellipticity inadmissibly
increases with an increase in this error.

2 0025 ;
< ’
=
S s
= :
50 > (.02 Ja—
£E v=o0| 7
= g e
22 =75
s = 0.015 ’
£ y=600 s\
2 =
E 2 \y|=45° 7z
£ Z om y=300_, rmrmtmslm i .
- = y=15° N
°g - [ PR ——
§ = sae T SR vy PP Cervaerisiss
£ 9 e
b o I i
=
=
0 0.2 0.4 0.6 0.8 1.0

The ratio of the meridional component of the field intensity to the
azimuthal value, m

Figure 3 — Dependences of error in measuring the inclination
angle of the polarization ellipse on the ratio m
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—

The error of the ellipticity coefficient , 6K,

=)

0 0.262 0.524 0.785 1.047 1309 1.571
The inclination angle of the polarisation ellipse , y

Figure 4 — Dependences of error in measuring the polarization
coefficient on the inclination angle

6 DISCUSSION
From the results of modelling errors in measuring the
polarization characteristics of the wave, the following
conclusions can be drawn.
From the formula (23) and Fig. 3 it follows that

when y =90° and m=1, the error in measuring the

inclination angle of the polarization ellipse %7 becomes
uncertain. Under these conditions, the wave polarization
of the understudy becomes circular. Moreover, the angle
of inclination y of the polarization ellipse loses its

meaning. It was using the formula (25) and graphs in
Fig. 4, it can be concluded that when v=90° and
m =0, the measurement error oK, of the ellipticity

coefficient also becomes uncertain. In this case, the
wave polarization becomes linear, and the ellipticity
coefficient K, loses its meaning.

The smallest errors in measuring the polarization
parameters are possible for the cases of linear
polarization (when measuring the inclination angle of
the polarization ellipse) and circular polarization (when
measuring the ellipticity coefficient).

Based on the formulas obtained in work, the first level
of the linear converter, which is built on linear adders, has
the most significant influence on the errors in measuring
the parameters of the investigated wave (polarization
parameters, components of the electric field intensity).
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CONCLUSIONS

In summary, this paper argued that the errors of
measuring the electromagnetic field parameters by
radiomonitoring antenna systems were researched. As an
example, the low-element antenna array with a primary
signal processing device was chosen. This antenna system
provides the essential functions of radiomonitoring
include the following: automated space inspection and
radiation source detection, automatic determination of the
angular coordinates of the radiation sources, interference
suppression at frequencies close to the frequency of
controlled radio emission, measurement of electric field
intensity, measurement of the polarization parameters of
the radiation field. The synthesized structural diagram of
the antenna system is provided with auto-control circuits,
which guarantees timely detection of failures and
maintenance of the system in working order, as well as it
is functioning within the precision characteristics laid
down in the design.

The scientific novelty. In the article, the mathematical
model of the antenna system for radiomonitoring stations
was built. The mathematical model takes into account the
transmission coefficients of the most important structural
components. To simplify the determination of
instrumental errors, the number of variable informative
voltages were limited.

The practical significance. As a result of
mathematical analysis, analytical expressions were
obtained to assess the influence of structural elements on
the accuracy of measurement processes. The dependences
of the measurement errors of the main field parameters on
the RMS errors of the voltages at each stage of the signal
processing in the structural diagram are shown. That
makes it possible to accurately determine the circuit node
that most affects the measurement error of a specific
parameter of the electromagnetic field.

It was found that angular resolution depends not only
on the directivity of the antenna array but also on the
accuracy of establishing the distances between the phase
centres of real and virtual antenna elements. The
operating bandwidth of the antenna array is limited not
only by the deformation of the pattern but also by the
errors of the antenna element design.

Prospects for further research. Future studies could
fruitfully explore the accuracy of the antenna system
operation further by simulation using MATLAB software.
Additionally, an experimental study is planned using
different types of elements in the antenna array.
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V]K 621.396.67
XAPAKTEPUCTHUKHU TOYHOCTI AHTEH PAJIOMOHITOPHUHI'Y

Mlep6una O. A. — kaH. TeXH. HayK, AOLEHT KadeIpu eIeKTPOHIKH, pOOOTOTEXHIKH 1 TEXHOJIOTiH MOHITOPHHIY Ta IHTEPHETY
peueit, HartionanpHuii aBiauiiiuuii yaisepeuret, Kuis, Ykpaina.

Lnbuunskuii JI. S1. — n-p TexH. Hayk, mpodecop kKadenpu pagioeNneKTpOHHUX MPUCTPOIB Ta cucTeM, HarioHanpHUi aBiamidiHui
yHiBepcutet, KuiB, Ykpaina.

Muxansuyk I. I. — acucrent kadenpu enekTpoHIKH, pOOOTOTEXHIKM 1 TEXHOJOTili MOHITOPHMHTY Ta IHTEpPHETy pedeH,
HanionansHuii aBiamiiauii yHiBepcuret, Kuis, Ykpaina.

Kosxoxina O. B. — kanj. TexH. Hayk, JOIEHT kadeapu aBioniku, HarioHanbHui aBianiitauii yHiBepcutet, KuiB, Ykpaina.

AHOTAULIA

AxTyanbHicTh. [TocTiliHe 301bIICHHS KiJTBKOCTI PafioeIeKTPOHHOTO 00IaAHAHHS IPU3BOAUTH 10 BCE OUIBLIOTO YCKIIaIHEHHS
€JIeKTPOMAarHiTHOI 0oOcTaHOBKH. [y 3a0e3ledeHHs EJIEKTPOMArHiTHOI CyMiCHOCTI MOTpiOCH MOCTIMHMIT MOHITOPHHT, a TaKOX
Ppo3po0Ka SAKiCHOI yHIBEpCAIbHOT aHTEHH JJIsl CUCTEM PaliOMOHITOPHHTY.

Meta podoTH — mnoOynoBa MaTeMaTHYHOI MOJETl AaHTEHHOI CHCTEMH JUIS CTAaHLIH pPaJiOMOHITOPHHTY Ta PO3PAaXyHOK Il
OCHOBHHX XapaKTEPUCTUK TOUHOCTI.

Metoa. Haii6inpl Ba)KIMBUMU METPOJIOTIYHUMY XapaKTEPUCTHKaMH BUMIPIOBAIBHOTO 3ac00y € METOJMYHA 1 IHCTpYMEHTAIbHA
MOXHOKH, TOOTO 3aJICKHICTh IMX MOXHOOK BiJl MapaMeTpiB KOHCTPYKTUBHHX CJIEMEHTIB, Ha SKUX OyIyeTbcs MPUCTPii 0OpoOKU
CHUTHAJIIB, 110 IHTETPYETHCSI 3 aHTEHHOIO pemriTkol. OTxe, NOTPiOHO MOOyAyBaTH MaTeMaTHYHY MOJENb aHTCHHOI CHCTEMH, B SIKii
BpaxoBaHi Oyiu 0 He izeanizoBaHi, a peaubHi Koe(illieHTH epeaadi HaOIIbII BaXXKIMBUX KOHCTPYKTHBHHX CKJIanoBux. KpiM Toro,
TS 3a0e3MevYeHHsI MPO30puX (PYHKUIOHAIBFHUX 3B’ SA3KIiB MK HANPYraMd B MaTeMaTHYHIM MOJEINI CiTiJ OOMEXHUTH KUTBKICTh 3MiHHUX
iHpopMaTHBHUX HampyT. [Ipy TakoMy miaXoXi BU3HAYEHHS 1HCTPYMEHTAJIBHUX MMOXHOOK CYTTEBO CIHPOCTHUTHCS 1 aHANITHYHI BUpa3H
CTaHyTb OLTBII IPUIATHUMH I OL[IHKU BIUIMBY KOHCTPYKTUBHUX €JI€MEHTIB Ha TOUHICTh BUMIPIOBAILHUX IIPOIIECIB.

PesyabTaTn. OTprMaHi aHATITHYHI CHIBBIHOLIEHHS, SIKI PO3KPHBAIOTH BIUIMB PI3HMX €JIEMEHTIB i CXeM IPUCTPOIO Ha TOYHICTH
BHMIPIOBaHHS TapPaMEeTPIB MOJTiB BUIIPOMiHIOBaHb.

BucnoBkn. [IpencrtaBnena aHTeHHa cucTeMa 3a0e3lieyy€ BHMIPIOBAaHHS OCHOBHUX IIapaMETpIiB IIOJISI BHIPOMIHIOBAHHS SIK B
YMOBaX 330BUJIBHOI €JICKTPOMArHiTHOI OOCTAaHOBKHM, TaK i B yMOBAaxX, KOJM Ha YacTOTi KOPHCHOTO CHTHANy [i€ iHIIE IKepeso
BUNpOMiHIOBaHHA. KyToBa po3pi3HIOBaJIbHA 31aTHICTb, TOOTO MOMJIMBICTh BHOKPEMIIIOBATH CHIHAIM IIPU HE3HAYHHX KYyTOBHX
PO3HECEHHSX JKepell CUTHALY 1 3aBail 3aJCKHTh HE TUIBKH BiJl XapaKTEPUCTHKH CIPSIMOBAHOCTI aHTEHHOI PEIIITKH, ane i Bix
TOYHOCTiI BCTA@HOBJICHHS BifcTaHed MiXK (Pa30BHMH LIEHTpaMH peajbHHX 1 BipTyadpHHX BiOpaTopiB. PoGoumii miama3oH yacToT
QHTEHHOI PEUIiTKH OOMEXYETHCS He Juie AeopMalli€io AiarpaMy CHpsIMOBAHOCTI, ae i HOXHOKaMU BUKOHAHHS KOHCTPYKTUBHHX
CJICMEHTIB aHTEHH.

KJIIOUOBI CJIOBA: cucremu paaiOMOHITOPUHTY, aHTEHHA pEIIiTKa, XapaKTEePUCTHKH TOYHOCTi, METOJIMYHI ITOMHIIKH,
IHCTPYMEHTAJIbHI TOMHJIKH.

VJK 621.396.67
XAPAKTEPUCTHUKHU TOYHOCTU AHTEHH PAIMOMOHUTOPUHT A

lepouna O. A. — KaHA. TeXH. HayK, JOUEHT Ka(eapsl AEKTPOHUKH, POOOTOTEXHUKH U TEXHOIOTHIl MOHHUTOPHHTA M HHTEPHETA
Beleil, HanmonanbHbli aBualiuoHHbI yHUBEpcUTeT, Kues, Ykpauna.

Libanuekmii JI. SI. — n-p texH. Hayk, mpocdeccop kadexpbl paarodIeKTpPOHHBIX IPHOOpOB M cucteM, HammoHanbHBIH
aBUALMOHHBIN yHuBepcureT, Kues, Ykpauna.

Muxansuyk I. I. — accucteHT Kadenpsl dJIEKTPOHUKH, POOOTOTEXHHKHM M TEXHOJIOTMH MOHHUTOPHHIA W MHTEpHETa BelleH,
HanmonanbHblil aBUalinoHHbIi yHUBepcuTeT, Kues, Ykpauna.

Koxoxina O. B. — xanj. TexH. HayK, JOLUESHT Kadeapsl aBUOHNKH, HanmoHa bHbIi aBHAlIMOHHBIN yHUBepcuTeT, Kue, Ykpauna.

AHHOTAIUA

AKTyanbHOCTb. [IOCTOSHHOE yBEIMYEHHE KONMYECTBA PAAMOICKTPOHHBIX CPEICTB BEAET K BCce OOMIBIIEMY YCIOKHEHHIO
JIEKTPOMATHUTHOI 00CTaHOBKH. DTO TpeOyeT MOCTOSIHHOIO MOHUTOPHHTA JUI 00ecIeYeH s JIEKTPOMAarHUTHON COBMECTUMOCTH, a
TaKKe pa3padOTKM YHUBEPCAIbHBIX AaHTEHHBIX CUCTEM PaJIIOKOHTPOJIS.

Hean padoTbl — NOCTPOEHHE MAaTEMaTHYECKOM MOJEJIM aHTEHHOM CHUCTEMBI Ul CTaHIMH PaJUOMOHMTOPHHIA U pacdeT ee
OCHOBHBIX XapaKTepPUCTHK TOUHOCTH.

Metoa. Haunbonee BaXHBIMH METPONOTMYECKUMHU XapaKTEPHCTHKAMK H3MEPHUTENLHOTO CPEJCTBA SABIAIOTCS METOAMYECKas U
MHCTPYMEHTaIbHas MOTPEIIHOCTH, TO €CTh 3aBUCHMOCTh 3THX IIOTPENIHOCTEH OT MapaMeTpOB KOHCTPYKTUBHBIX 3JIEMEHTOB
ycTpoiicTBa 00pabOTKM CUTHATOB, KOTOPOE HHTETPUPYETCS ¢ aHTEHHOH pemeTkoi. CremoBaTenbHO, MaTeMaTHYecKas MOJAEIb
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AQHTEHHOH CHCTeMBI JOJDKHA YYHTHIBATH HE HACAIM3MPOBAHHBIC, a peajbHble KO3(GUIMEHTH Mepenadd Haubojee BaXKHBIX
KOHCTPYKTHUBHBIX COCTaBIIsIIOIMX. Kpome Toro, st obecredeHns: npo3payHbiX (QyHKIMOHAIBHBIX CBS3CH MEXTy HalpsSHKCHHUSIMU B
MaTeMaTH4YeCKOi MOJeNM ObUIO OrpaHWYeHO KOJMYECTBO MEPEeMEHHBIX HMH(OpPMATHBHBIX HampspkeHud. [Ipum Takom momxone
OIPE/IENICHNs] MHCTPYMEHTAIbHBIX IOTPEIIHOCTEH CYIIECTBEHHO YMPOINAETCS U aHAIUTHYECKHE BBIPAKEHUS CTaHYT Oolee
MPUTOAHBIMU IS OL[EHKH BIMSHUS KOHCTPYKTHBHBIX 3JIEMEHTOB HA TOYHOCTh M3MEPHUTENBHBIX MPOLECCOB.

PesyabTarsl. [lomydeHs! aHAaIUTHYECKHE COOTHOIICHHS, KOTOPBIE PACKPHIBAIOT BIMSHHWE PA3MIHBIX 3JIEMEHTOB M Ieel

mpubOpa Ha TOYHOCTH H3MEPEHHUI TapaMEeTPOB MOJICH M3ITydCHUH.

BUOpaTOpOB.

BruiBoasl. [lpencraBneHnas aHTeHHash cHCTeMa OOECHEYMBAET M3MEPEHHE OCHOBHBIX IapaMETPOB IO M3IyYCHUS KaK B
YCIIOBHSX YIOBJIECTBOPUTENBHON >JIEKTPOMarHUTHOM OOCTAHOBKM, Tak M B YCJIOBHSX, KOTJa Ha YacTOTE IIOJIE3HOTO CHUTHAaia
JIEWCTBYET IPYroil MCTOYHUK M3IydeHWs. YTJIOBas pas3peliaromas CIlocOOHOCTb, TO €CTh BO3MOXKHOCTH BBIIGNSTH CHTHAJIBI IPH
HE3HAUUTENIbHBIX YIJIOBBIX Pa3HECEHHs] MCTOYHUKOB CUTHAJIA U IOMEXH, 3aBUCUT HE TOJBKO OT XapaKTEPUCTHKH HAIpPaBIECHHOCTU
AQHTEHHOM PpEIIeTKH, HO M OT TOYHOCTH YCTAHOBJICHUSI PACCTOSHUHA MexTy (a30BBIMHM IEHTPAMHU PEalbHBIX U BHUPTYaJIbHBIX

PaGoumii fguama3oH YacTOT AHTEHHOW pEIISTKH OrPaHHYMBACTCS HE TOJNBKO JAedopMmaneil auarpamMMbl

HarpaBJICHHOCTHU, HO U MOTPEIIHOCTAMHU BBIIIOJTHEHUA KOHCTPYKTHUBHBIX DJIEMECHTOB AaHTCHHBI.

KJ/JIIOUEBBIE CJIOBA:

OH_II/I6KI/I, HUHCTPYMCHTAJIbHBIC OIIHOKH.
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MATEMATHUYHE
TA KOMII'IOTEPHE MOJAEJIIOBAHHA

MATHEMATICAL
AND COMPUTER MODELING

MATEMATHYECKOE
N KOMIIBIOTEPHOE MOJAEJIMPOBAHUE

VJIK 004.9

AHAJII3 NIAXOJIB 1O MOJAEJIOBAHHS TA BEPUDIKAIIIL
KIBEP®I3UYHUX CUCTEM

Kopotynos C. FO. — acmipanT kadenpu nporpamanx 3aco0iB HamioHamsHOTO yHIBEpCHTETY «3amopi3bKa MoiTeX-
HiKay, 3amopixoks, YKpaiHa.

Tadynmuk I'. B. — kaHn. TexH. HayK, IOLEHT, npodecop kadeapu nporpaMHux 3acobiB HarionansHOTO yHIBEpCH-
TeTy «3amopi3bKa MoJiTeXHiKay, 3anopixxs, YKpaina.

AHOTANIA

AxTtyansHictb. Cy4yacHi TEHICHLIT B IPOAYKTHBHOCTI Ta CKJIAJHOCTI BUMOT 0 BUKOPHCTAHHS CHCTEM BUMAratoTh HPHHIUIIOBO
HOBHX MIAXOIB J0 MPOEKTYBaHHSI, B SIKMX KiOepHETHYHI Ta (i3M4YHI KOMIIOHEHTH IHTEIPYIOThCS Ha pi3HMX eramax. Kibepgismuni
CHCTEMH OTOUYIOTh JIFOJUHY Maiike y BCiX cepax iCHyBaHHs, IOYMHAIOYN 3 IOMEUIKaHb Ta TPAHCIIOPTY 1 3aKIHYYIOYH MEIUYHUMHU
armapaTaM# Ta MDKPEriOHaJbHUMHU eleKTpoMepexamu. ToMmy Bepudikaliis Ta nepeBipka poOOTH TaKHX CHCTEM € aKTyalbHOIO 3aj1a-
Yel0 ChOTOJICHHS. B Takux cucremax mporpamue 3a0e3rnedeHHs Ta (isuyHi MiICHCTEMH NPALIOIOTh Y Pi3HUX YaCOBHX Ta MPOCTOPO-
BUX BHMipax, B3a€EMOMIIOTh Pi3HUMHU crocobamu. Po3risiHyTo OCHOBHI migxoau a0 Bepudikaiii kidepdizuunux cucteM. O6’ekToM
JOCHIKEHb € Tmporuec Bepudikamii kibephizHIHUX cHUCTeM, MPEIMETOM — MeToAM Bepudikarii kidepismyHUX cHCTeM, MOAENTI Ta
JIOTIKH [0 BUKOPUCTOBYIOTHCS MpH (pOpMaibHiil Bepudikarii.

MeTta. Meta po0oTH Hosrae B IPOBEICHHI aHA3y MiAXOAIB 10 BepHdikanii kKidepdisnaHUX cHCTeM, 3 JeTaNi3alielo OKPEMHX
eTamiB, TaKUX K BUOip Mojelnel, iHcTpyMeHTIB BepHudikarlii, Ta, BITacHO, METOAIB BepHQikamii.

Meton. OCHOBHUMH METOJIaMH, [0 BHKJIAJICHI B po0OOTI, € MeToan (opMaibHOi Bepudikamii KibepdisudHUX CHCTEM, a came —
CUMYJISILS, IOBEJCHHS TEOPEM, CUMBOJIIYHE BUKOHAHHS Ta IepeBipka MoJei. J[eTallbHO pO3IiIsIHYTO METOIO0JIOTII0 METOLy HepeBip-
KU Mogeni — Mozens Kpinke Ta TeMropalibHi JIOTIiKK: JIoTiKa AepeB 00YHCIeHb Ta JIOTiKa JiHiiHHOro Yacy. Takox MpoBeAeHO Mojie-
JIOBAHHA 3 BUKOPUCTAHHIM CKIHYEHUX aBTOMATIB.

PesyabTaTn. BukoHaHo MonenmoBaHHs KiOep(i3HyHOT CHCTEMH Yy BHIUIAAI CTBOpEHHsS Mogeni Kpinke, Mo 103BONMIO OMHCcaTH
BCi CTaHU CUCTEMH, HEOOX1THI I BUKOHAHHS (OpMaIIbHOI BepUdikarii.

BucnoBku. [IpoBeneHo noCiikeHHS XapaKTEPUCTHK KiOep(i3HIHUX CHCTEM, BUKOHAHO aHaJi3 METOAIB BepH(ikamii Takux cH-
cTeM. 3a3HaueHi HEIOJIKH CTaHAAPTHOI METOMOJIOT], sSIKi OLIBII 3a BCEe CTOCYIOTBCS €Tally MOJETIOBAHHS KiOep(i3MUHUX CHCTEM.
JloBeieHO HaWOLIbITY NEPCIEKTUBHICTH METOY MEPEBIPKH MOJEI, JJIs SIKOTO PO3MIITHYTO OCHOBHY METOJoJorif0. JlaHo xapakTe-
puctuky Mozensm Kpinke Ta TeMmopanbHUM JIOTiKaM SIK OCHOBHHMM e€JIEMEHTaM METOAy HepeBipku Mojeni. [lokazaHo MOXKIMBICTE
BUKOPUCTaHHS CKIHYEHHUX aBTOMATiB, a came mojeied Kpimke, st MonentoBaHHs eneMeHTiB Kibepdizuunoi cuctemu. HaykoBa
HOBH3HA pOOOTH TOJISITaE B TOMY 110 0yJI0 po3pobiieHo Moesi KibepdisnuHUX cucTeM, sKi, Ha BiAMIiHY Bij iCHYIOYHX, 3aCHOBaHi Ha
mozensx Kpinke, 1110 103BosIsie 3p0OUTH ACTAIBHUN ONMC YCIX CTaHIB CHCTEMH, 10, y CBOIO Yepry, € BAYKIIMBUM KPOKOM IS BUKO-
HaHHA Bepuikarii Takoi cucremu. [IpakTHYIHOIO HIHHICTIO POOOTH € PO3pOOIICHI MOJIENi EINEeKTPOHE3AIEKHOI CTaHIIIi aTbTepHATHB-
HOI €HEepreTHKH, IO JA03BOJIITH aBTOMATH3yBATH IPOIEC 3apsIKU SIEKTPUYHUX TPAHCIIOPTHHX 3aco0iB. Bymu pearnizoBani nmudposi
JBIMHUKH, SIKi TO3BOJISAIOTH MOJEIIIOBATH MPOIECH EICKTPOHE3ANISKHOI CTaHMIl alNbTepHATHBHOI eHepreTHky. Po3polieni ABIHUKI
BUKOPUCTOBYIOTBCS IIPH BUBYEHI JMCIMIUIIH IIPH IiIrOTOBKU OaKaiaBpiB Ta MaricTpiB crieniaibHocTi 121 KOMIT I0TepHI HayKH.

KJIFOYOBI CJIOBA: Bepudikaris, xibepgizuyna cucrema, Mozess Kpinke, CKiHUeHHUH aBTOMAT, TEMIIOpaIbHA JIOTIKa, Tepe-
BipKa MOJEJIi, CUMYJISILIiSL.

ABPEBIATYPU K®C — kibepdiznuna cucrema;
NCSWT — networked control systems wind tunnel; JIIO — norika nepeB 0OUNCIICHB;
SPF — symbolic pathfinder; JIUTY — norika niHiitHOTO Yacy;
STHA — spatio-temporal hybrid automata; HCA — HenerepMiHOBaHUI CKIHUCHHUI aBTOMAT;
WCPS — wireless cyber-physical simulator; CA — ckiHYeHHUH aBTOMAT.

JCA — nerepMiHOBaHU#1 CKIHYCHHUI aBTOMAT;
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HOMEHKJIATYPA

O — psin mepexiTHuX QyHKIIH;

7 — IIsIxX B Moxeni Kpimke;

Y — KIHIIeBUH HEIyCTUH BXiTHUN anaBiT;

¢ — hopMyIa TEMIIOpaIbHUX JIOTIK;

v — (hopMyTa TEMIOPaIBHUX JIOTIK;

AP — Ha0ip eneMeHTapHUX TBEPIKEHb;

a — MIBUAKICTH po3nany (BKasye Ha MIBUAKICTH 3MiHU
TeMIIepaTypu);

F — GyHKIig 3MiHM CTaHYy CHCTEMU;

G — HaOip npuiiMarouux CTaHiB;

L — ¢pyHKuis MmapKyBaHHS, siKa MMO3HaYa€ KOXKHUI CTaH
CTPYKTYypH HaOOPOM aTOMHHX TBEP.KCHB;

M — mozmens Kpinke;

P — IOBUIBHE elleMEHTapHE TBEPDKCHHS 3 HAOOpy
aTOMHHX TBEP/KCHB;

Q — kiHILIEBHI HAOOD CTaHIB,;

( — [JOBiNBbHE eJEeMEHTapHe TBEpIKEHHS 3 Habopy
ATOMHHUX TBEPIKEHb

(o — TOYATKOBUH CTaH;

R — mepexinHe BiTHOMICHHS;

S — CYKyIHICTb CTaHiB;

Sy — HaOip MOYATKOBHX CTaHIB;

S| — IOBLIBHUH CTaH MOZETI 3 HA0OPY CTaHIB;

S, — IOBLTBHUH CTaH MOZETI 3 HA0OPY CTaHIB;

S; — IOBLTBHUH CTaH MOZETI 3 HA0OPY CTaHIB;

T — Temmeparypa B KiMHATI;

Theater — TEMIIEpATypa HarpiBada (HOMiHaJIbHA MTOTYX-
HICTB);

Tinax — MAKCUMAJIBHO JIOIyCTUMA TEMIIEpaTypa;

Tomin — MIHIMaJIBHO JOIICTHMa TeMIIepaTypa;

Tou — TEMIIEpATYpa N032 KIMHATOIO;

t — yac;

U— CUTHaJI, SIKUH BKa3ye YM BBIMKHEHHUI HarpiBay;

X — CTaH CHUCTeMH (CKaJISIpHUIA a00 BEKTOPHUH).

BCTYII

Tepmin KOC 6yB BnpoBamkenuit y 2006 pori Hario-
HanbHUM HaykoBuM ¢ormom CIHA [1]. Bin omucye mmu-
POKWUIA CIIEKTP CKIaTHIX, OaraTonpodinbHAX 1HKECHEPHUX
CHCTEM HACTYIHOTO IMOKOJIHHSA, SIKI IHTErpyIOTh BOYIIO-
BaHi 00YMCITIOBAJIbHI TEXHOJIOTIT (KIOEpHETHUHY YacTHHY)
B ¢iznuny cucremy. KOC HaOyBaloTh MOIYJISIPHOCTI Ta
PpO3MoBCIOKeHHS. [IpakTHYHO KOXKEH MPHUCTPiil CbOro/Hi
Mae KOHTPOJIEp, SKUH 34NTye BXiAHI JaHi 4yepes3 JaTIUKH,
00po0iroe iX, a MoTiM BUKOHYE Aii 3a jornoMororo ¢izud-
HUX TPUBOJIB Ta MexaHi3MiB. KOC HagaroTh 3MOry Io-
enHyBaTH (Pi3MYHI MOKIMBOCTI (Taki sK pyX, podoTa, abo
iHmn) 3 kibepHEeTHYHUMH (OOYMCICHHS, 3B’S30K, TOIIO)
JUIA BUPIMICHHSA TpoOJieM, SKi HEMOXXJIMBO BHPIIINTH
BUKOPHCTOBYIOYH BUKJIFOYHO OJIMH BUJI MO>KIIHBOCTEH.

Jlitaxu [2], xapaioctumyssitopu [3], cydacHi enexT-
pomepexi [4] € NpUKIaIaMH TaKHX CHUCTEM, TOMY IO
poboTta ()i3MYHMX KOMIIOHEHTIB BHU3HAYAETHCS AJTOPUT-
MaMH{ MPOrpaMHUX KOMIOHEHTIB, TOOTO KiOEpHETHYHOIO
cknaznoBoto. [lonynsapricts KOC 3pocrae B ocTaHHI pokn
SIK B TIPOMHUCIIOBOCTI, Tak i B HAYKOBHX JIOCHIZaX, ChOTO-
JIHI BOHHM TpEJCTaBjeHI OararbMa Pi3HOMaHITHUMH KpH-
THYHO BOXJIMBUMHM JTOJAaTKaMH [S].
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B K®C mporpamue 3abe3nedeHHs i (Qi3uUdHI ITiaCHC-
TEMHU TIiCHO TOB’s3aHI MK C0000, BOHH MPAITIOIOTH B
PI3HUX YacOBHX i MPOCTOPOBHUX BHMipax, JEMOHCTPYIOUH
pI3HOMaHITHI TOBEOIHKOBI CTPYKTYpH 1 B3a€MOIIIOTH
pizauME ciocobamu [6]. CydacHi TeHIEHIii B POIYKTH-
BHOCTI Ta CKJIJZHOCTI BUMOT 10 BUKOPHUCTAHHS CHCTEM
BUMararoTh TPHHIUIIOBO HOBHX IIJXOIIB JO IPOEKTY-
BaHHS, B SKHMX KiOepHeTHYHI Ta (DI3M4YHI KOMIIOHEHTH
IHTErpYIOThCS Ha PI3HUX eTamnax.

o ocnoBuux Biactusocteit KOC HanexaTh HacTyImHI
[7]:

— BUCOKHUH CTYIiHb aBTOMATH3AIlii,

— peopranizartist / pekoH(}Irypamis JHHAMIKH,

— KiOepHETHYHI MOMJIMBOCTI KOXXKHOTO (Di3UIHOTO
KOMITOHEHTA,

— 3[aTHICTP MPALIOBATH HA PI3HUX MacmTadax,

— IHTeTpamis Ha Pi3HUX YaCOBUX 1 IPOCTOPOBHUX BUMi-
pax.

Uepe3 BHCOKY CKIAIHICTh CyYaCHHUX KOMII IOTEPHUX
cucteM (MUIBHOHU PSAKIB KOAY Ta MIJIbSIPIU TPAH3UCTO-
PiB) HEMOJKJIMBO MOBHICTIO YHHKHYTH TOMHJIOK. Lle cro-
CYETBCSl HE TUIBKU TNPHKJIAJHOTO MpPOrpamMHOro 3abesme-
YEHHsI, ajle i KpUTUYHUX KOMIIOHEHTIB, TaKuX SK arapar-
Hi 3aco0m (TIPUCTPOi BBOIY-BUBOMY, MIKPOIPOIIECOPH) i
MPOTPAMHOTO 3a0e3MeUeHHsT (KOMIIUIATOPH, OIepalliifHi
cucremn). OUeBUIHO, IO CUCTEMH, B PO3POOIIi Ta peai-
3amii SKUX 3poOJIeHI NOMMIIKHM, MOXYTh B Till 9M 1HIIIH
CHUTYyarlii BecTu cebe HemependadyBaHUMH CIIOCOOaMHU.

BaxumBo po3ymiTH, II0 TMOMHIIKHA B KOMIT IOTEPHHUX
CHCTEMAaX HE € BHHATKOBMMH. 3TiJHO 31 CTATHCTHKOIO,
cepenHs KUTbKICTh TIOMHMJIOK Ha THCSAYY PSAKIB HEHallaro-
JOKCHOTO KOy KOJIMBAEThCsA B Mekax 15-50 [8]. Binbiie
TOTO, iICHY€ TEHAEHIIIS 10 Jerpajamii SKoCTi KOHCTPYKIii
(MalyTb, LIe € HACHIKOM 3pPOCTAI0Y0i CKJIAJHOCTI CHCTEM
1 onTuMi3alii BUTpar Ha ix ctBopeHHs) [9].

[MoenHaHHS KOMII'IOTEPHUX HAyK Ta I1HKeHepil s
peamizanii KOC BukinKae 3HaYHI TEXHOJOTIYHI MpoOITe-
MH, AKi poOmATs BepuQikaiito (yHKIIOHYBAHHS TaKHUX
cucteM KpuTHdHO HeoOximHor. KOC moTpebyioTs Koop-
JTUHYBaHHS MDK PI3HOPITHUMH MiICHCTEMaMH, SKi CKJIa-
JIAFOTHCSL 3 OOYMCIIOBAIBHUX HPUCTPOIB, PO3NOALICHUX
JIATYMKIB Ta BUKOHAaBYMX MexaHi3miB [10]. Jdarumku Ta
BUKOHABYI CJICMCHTH MMOBHHHI 3a0e3neuyBaru iHTepdeiic
MDK (i3MYHHM Ta KiOEpHETWYHUM PIBHSAMH Ta aJamTy-
I0ThCA JI0 Yacy, IO 3MIHIOEThCs B (Di3MIHOMY Ta KibepHe-
TUYHOMY KOHTEKCTI.

006’exToM qocaimxkeHHs € mporec Bepudikarii KOC.

IpenmeroM pocaimKeHHS — MeTonw Bepuikarii
K®C, moneni Ta j0riky 0 BHKOPUCTOBYIOTECS TIpH (o-
pManbHiH Bepudikarii.

Meta po60TH — IPOBEICHHS aHAII3Y MiAXOIIB 10 Be-
pudikanii KOC, neramizyrodn OKpeMi eramu, Taki SK
BUOIp Mozene, iHCTpyMeHTIB Bepudikalii, Ta, BJIAcHO,
METO/IiB BepHudikariii.

1 IOCTAHOBKA 3AJTAYI
K®C — ne ckimanHi Mepexi 00YHCIIOBAILHIX CUCTEM,
KOXKHa 3 SIKUX B3a€MOJI€ 31 CBOIM (hi3MYHHM CEperoBH-
meM IUixoM oOMiHy iHQopmariero Ta eHepriero [11].
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[MoniOHi cKmagHi CHCTEMH JEMOHCTPYIOTH CIEHU(IIHY
MTOBEIIHKY, IO CIIOCTEPIra€ThCs JUIIE TOIi, KOIH Mepe-
JKeBa CHCTEMa PO3TIIANAETHCS B LIJIOMY, 1 HE MOXE OyTH
OIliHEeHA MPOCTHUM JIOJaTKOM HOBEIIHKH OKPEMHUX KOMIIO-
HeHTiB. [IposBaMu Takoi MOBENIHKH MOXYTh OyTH MakKpo-
CKOTIIYHI BIIaCTHUBOCTI, SIKi BIUIMBAIOTH Ha [Iii KOHTpOJepa,
CHOXKMBAHHS PECYPCIB Ta €KCIUTyaTalliiiHi XapaKTepHCTH-
ku [12].

OnHUMU 3 KIIFOYOBUX IHCTPYMEHTIB, IO BHKOPHCTO-
BYIOTBCSL JUIsl TIpOeKTyBaHHS Ta po3pobku KDC, € dop-
MaJIbHEe MOJIeTIIOBaHH: Ta aHaii3. @opmainbHi Mozei — 1e
MaTeMaTH4Hi KOHCTPYKIII, sIKi MO’KHa BHKOPUCTOBYBAaTH
JUTsl KOHKPETH3alii MOBEAIHKH CKIaIHOI CHCTEMH 3 OTJIs-
Iy Ha TUCKpeTHY abo Oe3nepepBHY 3MiHY ii mapaMeTpis.

BukopucroByroun ¢opmansui moneni, KOC moxna
CKOHCTPYIOBaTH, BUKOPHUCTOBYIOYH TpH eTamnu [13]:

— (opmanpae MozaemoBaHHA: oBeAiHKY KOC moxHa
BiTOOpa3WTH 3a MOMOMOTOI0 ICKUIBKOX Oe3mepepBHUX
a00 MCKPETHHX MapaMeTpiB CUCTEMH;

— Bepuikalis: Mozesi MOXKYTh OyTH 3MOJIENIbOBaHI y
Yaci 4 mpocTopi abo TEOpPEeTHYHO IpoaHali30BaHi, 100
BH3HAYUTH, YH BiAMOBIIa€ MOJIENb BUMOTaM;

— Baijamis: Mojaedi MOXYTh OyTH peaii3oBaHi Ta
OIliHEHI B peallbHOMY CepefoBUIII abo y BipTyabHii
eMYJIAMIi, M0 IMITye CepelOBHIINI PeasbHOTO CBITY, MO0
TIEPEeBIPUTH, Y Bi/MIOBiTaE pearizalisi BUMOTaM.

OpmHUM 3 HAWOUTBII aKTyaJbHUX PO3ALIIB Y BUBYCHHI
K®C croroani € came Bepudikariss Takux cucrem [14].
Amxe npu noBciogHOMYy po3noBciopkeHHi KOC, Bkpait
BOXJIMBUM CTa€ MOXJIMBICTh JIOBECTH IO TaKi CHCTEMH
OyAyTh BiIMOBOCTIHKAMH Ta HAAIMHUMH HABITh B KPUTH-
YHI MOMEHTH Ta NPU Henepea0aueHUX CUTyallisX.

2 0TJIA 0 JIITEPATYPHU

Bepudikaris — me mnporec nepeBipkd BiANOBIIHOCTI
cuctemu (11 Mofelni) BUMOTraM, IO TIPeX SIBISTIOTHCS 1O
Hel. SIKImo BOHA BIZNIOBia€ BUMOTaM, Taka CHCTEMa Ha-
3MBAETHCSI KOPEKTHOIO. B 1HIIOMY BHMAaKy — HEKOPEKT-
HOIO, a (paKT HEBiAIMOBITHOCTI CHCTEMH BUMOTaM — IIOMH-
nkoro. TakuM 4rHOM, BepudiKaIliro MOKHA BU3HAYUTH SIK
MPOIEC aHali3y CHCTEMU Ha HAasSBHICTH abO BiICYTHICTh
MOMUIIOK B Hiil. HeBU3HaueHMI BUPOK TaKOX MOXKJIMBUI,
KOJIM TOMWJIKM HE 3HalJeHi, aje iXHs BIACYTHICTh He
JOBEJICHA.

Mertou nepeBipkH MOKHA PO3JUTUTH Ha TPU OCHOBHI
rpynu [15]:

— ¢opManbHi METOIH, IKi BUKOPHUCTOBYIOTh MaTeMa-
THYHO CTPOTHH aHANi3 MOJIENi MPOTrpaMy Ta MOJAETI BH-
MOT;

— METOAM TECTYBaHHS], IO IEPEBIPAIOTH (aKTHIHY
MTOBEIIHKY IIPOrpaMu Ha IIEBHOMY Ha0Opi clieHapiiB;

— EKCIIEpTH3a, MPOBECHA JIIOABMH HA OCHOBI IX 3HaHb
1 JocBigy Oe3rmocepesHbO WLIONO PE3YNbTaTiB MPOEKTY-
BaHHs (HAIPHKJIIA/, IHCIIEKIS KOAY).

KoskHa 13 3a3HaYeHUX IpyI METO/IIB Mae CBOI IepeBa-
TH 1 HEOJIKH, KO)KHA Ma€ CBOIO 00JIaCTh 3aCTOCYBaHHS.
[ToBHa Bepuikarist CKIagHUX CHCTEM BiANOBIAAIBHOTO
MIPU3HAUCHHS! HEMOXIIMBA 0€3 CHUIBHOTO BHKOPWCTAHHS
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pizaux migxoniB. Lls poborta mpucBsueHa (QOopMaIbHUM
MeTojaM Bepudikamii mporpam.

®dopmanpHa BepHudikaiiss 0a3yeThcss Ha MaTeMaTH-
HOMY (JIOTIYHOMY) MOJETIOBAaHHIO Ta BUMOTaX IO HBOTO
[16]. Imes Taka *, SK 1 IpHM BUKOPHUCTaHHI MOJAEIECH B
IHIINX 00JIACTIX 3HAHB:

— CTBOpEHA MOJIEeNb — i7Ieali30BaHUil OMUC AOCIIIKY-
BaHOro 00’ekra abo SIBUIIA;

— MOJIENb JOCIIIDKYEThCS 3 BUKOPHCTAHHIM MaTeMa-
TUYHHUX METO/IB;

— PEe3yJIbTaTH AOCIIKEHb NEePEeNaroThCsl PeaTbHOMY
00’ekTy abo ABUIIY.

3aranpHuil anropuT™ GopMaibHOI Bepudikamii [17]
HACTYIHUMN:

— CTBOPIOETHCA (hOpMalIbHA MOJIEITH POTPAMH;

— CTBOPIOETHCS (popMasIbHA MOJEITH BHMOT

— (opmanbHO BepuQIKYETHCS BIANOBIAHICTE MOJEINI
IIporpamMy BUMOTaM MOJIEi;

— Ha MiJICTaBi Pe3yJIbTATIB TECTY, POOUTHCSI BUCHOBOK,
Y BIJINOBia€e peaibHa IMporpaMa pealbHHM BHMOTaM
(iHmMMU cioBaMu, 110 B mporpami € abo HeMae MOMH-
JIOK).

Jlist pencraBieHHsT MPOTpaMHHUX MoOJeeld Ta Mojie-
Jeld BUMOTI' BUKOPHCTOBYIOThCS MOBH (DOPMAJIBHOI cCIie-
mudikamii mporpaM (MOBH MOJEIIOBAHHS) Ta MOBHU (op-
ManbHO] crierudikamii BUMOT BiAMIOBIIHO.

®dopmansHa Bepudikaris KOC e HeTpuBianbHUM 3a-
BJAHHAM 4Yepe3 iX CTOXaCTHYHY MPHUPOIY, HETiHIHHICTB,
TUMYacoBicTh. Hapa3i Bimomi Aekiipka OCHOBHHX IIiJIXO-
niB no gopmanbhoi Bepudikanii KOC: cumyssiuisi, noe-
JICHHS TEOpeM, CHMBOJIIYHC BHKOHAHHS Ta IMEpeBipka
MOZEI.

Cumysnisi, a6o tectyBanHss KOC mmpoko BUKOpHC-
TOBYETBCSI TIPH TIPOEKTYBAHHI OE37POTOBUX MEPEX JUIs
Bepuikanii B3aeMofii (i3UYHOTO CBITY Ta MEpPEKEBHX
KOMMOHEHTiB. Tak, npeacraBienuii cumyisatop TrueTime
[18] mnsa ouintoBaHHS epekTy Ha MPOAYKTUBHICTE MEpEexi
Oe3nepepBHUX cructeM ympasiiaas. WCPS [19] cumyiroe
e(eKTH 3aTPUMKH MEepexi 1 BTpaTh JaHWX IPU POoOOTi 3
YOpaBIiHHS OUBUTBHOIO iHppacTpyKkTyporo. PiccSIM [20]
ta NCSWT [21] iHTerpyroTh cucreMu KepyBaHHs 3 0e31-
POTOBHMH MEpEKaMH ISl TOCATHEHHS OLIBII peaicTHY-
HUX Mojerel. Takox 06arato poOOT MPUCBIUCHO CUMYJIS-
1ii nocriiinoro tpadixky B KOC [22, 23, 24].

MertoJ1 TOBe/IEHHSI TEOPEM BHKOPHCTOBYE MaTeMaTH-
YHy apryMeHTamio ais Bepudikamii KOpeKTHOi poboTn
K®C. Tacrpyment moBemeHHs TeopeM KeYmaera [25]
BUKOPHCTOBYETHCS PA30M 3 CHUMBOJIYHUMH OOYHMCICHHS-
MU U Bepudikamii riopuaaux cucreM. s Bepudikamii
K®C Buxopucroyerbcs STHA [26], mo BpaxoBye mpoc-
TopoBy Ta yacoBy mpupoxy K®C. Kpim 1mporo goctaTHe0
BEJIMKA KiJIBKICTh POOIT IpUCBSYEHA PO3POOI aBTOMATH-
YHUX ab0 HaNiBaBTOMAaTHMYHUX IHCTPYMEHTIB JUIS BHKO-
HaHHS Bepudikailii MeTo0M ToBeeHHs TeopeM [27, 28].

MetoJi CHMBOJIIYHOTO BUKOHAHHS BHUKOHYETHCS Y
skocti ananizy KOC 3 MeToro aBTOMaTtudHOi reHepariil
TECT-KEHCIB, 110 MOXXYTh BUSIBUTH TOMIJIKH Y poOOTi
K®C. [Ipu nipomMy 3MiHHI CHCTEMH NPEJCTaBIIeHI y SKOCTI
cuMBOIiB, a erarmm pobotn KOC — BupasziB Ham muMmu
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CHUMBOJIAaMH. TaKkUM YMHOM, METOJX CHMBOJIYHOI'O BHKO-
HaHHS MOXXE€ AaBTOMAaTUYHO CTBOPIOBATH TECT-KEWUCH JUIs
nporpamuoro 3abe3neueHHss KOC, ski micns mboro Mox-
Ha CUMYJIOBaTH Ha (I3WYHIA CKIAJOBill cHCTEMH IS
anarnizy po6otu Bciei KOC mpu pi3HHX BXiTHHX AaHUX
[29, 30]. Ille omHUM MPHUKIAZOM BHKOPHCTAHHS TAaHOTO
merony € SPF [31], mo BUKOpUCTOBYEThCS It BepHi-
kauii kony KOC, nanucanomy aist JAVA komminsropa.

[TepeBipka Mozeni 1€ 1€ OJUH METOA (OpMalIbHOT
Bepudikanii, mo MoxxHa BHKOpucTOoBYyBatu miasi KOC
[32]. Lleit MeTox BUKOHY€ NEPEBIpKYy MaTeMaTHYHOI MO-
JIeTIi Ha BIIMOBIAHICTH BUMOTAaM JI0 CUCTEMH, BUPAKEHUM
3a3BUUall y TeMIopansHuX JIoTikax [33, 34].

[Ipu BUKOHAHHI aHANI3Y iICHYIOYOI JiTepaTypu MOKHA
BHUSBUTH TI€BHI TEepeBard Ta HEOONIKH Y BCIX iICHYIOUHX
MeToaax ¢popmanbHoi Bepudikarii KOC.

Tak, Meron cuMyJALil (TeCTyBaHHA) I HaHOLIBII
LIBUJIKUH Ta IPOCTHH CHOCIO BUABUTH HOMWJIKH Y CHCTeE-
Mi. BiH jerko miggaeTbcs aBTOMAaTH3allii Ta MOXKE BHKO-
pHUCTOBYBATHCS SIK IS KIOEPHETHYHOT, TaK 1 st hizndyHOoT
ckinagoBoi KOC. OnHak, BiH He BpaxoBye y BepHdikarii
BUHUKHCHHS TOMIA Ta iXHIA TaWMIHT miJ Yac poOOTH
K®C. Taxki nozii MOXyTh HaBiTh 3MIHIOBATH IapaMeTpH
CHCTEMH, THM CaMHM BIUIMBAIOYH Ha pe3yJibTaTh BepHdi-
Kallii. A HEeMOXJIMBICTb YTOUYHEHHS TaliMIHI'y IPH3BOJIUTh
JI0 TIOTIPIICHHS SKOCTI Ta BHHHWKHEHHIO IOXHOOK IpH
mepeBipIi. A HaHOUTBPIIMM HEJOJIIKOM € Te, III0 X04Ya Tec-
TyBaHHA 1 € HAAIHHUM IHCTPYMEHTOM [UIS BUSBICHHS
MIOMHJIOK, BOHO HE 3/1aTHE JIOBECTH Ta IIOKa3aTH MOBHY IX
BiCYTHICTB [35].

Mero JOBENEHHS TEOpEM € MOTYXXHUM IHCTPYMEH-
TOM i Bepudikallil CKIagHuX cHUcTeM. BiH 3a3Buuaii
CTpSIMOBAaHMI Ha JJOKa3 MOBHOI (DYHKIIOHAIBHOI KOPEKT-
HocTi cuctemu. OfiHaK BiH, y CBOIO YepTy, HE JyXke edek-
TUBHMH TIpU CrIpoOax aBTOMAaTH4HOI BepH(ikaii, OCKiJIb-
KA OTPHMaHi JIOKa3h MOXYTh OyTH Iy)e NOBIHMH Ta
BaXKUMH JJIS PO3YMiHHS HABITh EKCHEPTIB y TPEAMETHIN
obmacri [36]. KpiM mporo, OL1bIIiCTh pOOIT MIPUCBIICHUX
IFOMY METOAY BHKOPHCTOBYIOTH iHBapiaHTHI HapameTpH
CHCTeMH, POOJISTYM HEMOXKIIMBUM BepuQikaiii KpUTHIHUX
nofiit [37].

MerTo/; CHMBOJIIYHOTO BUKOHAHHS BHKOPHUCTOBYE al-
roputMu Uit Bepudikanii. BiH Bigmoigae cemaHTHIN
TpPaJULIHHAX MOB NMPOTPaMyBaHHS Ta 3a3BHYall OCHOBHY
yBary npupiise eeKTUBHOCTI cuctemu. JloOpe aBTOMA-
TU3Y€THCS, ONHAK, SIK 1 METOJX JIOBEIEHHS TEOpeM Mae
mpobiemMu pu Bepudikamii KputnaauX moxid. Kpim mpo-
TO OCHOBHHH (POKYC 3aliMae KOa pPo3poOIIeHOI Iporpamu,
a He MOJICJIb BCi€i CHCTEMH.

Meton mepeBipkr MOJelNi BUPINIye MEBHI MpobiemMu
TepesiueHNX METOMIB, aJkKe OIMCYE BCi CTAHU CHCTEMH, 3
ypaxyBaHHIM IMOJiH Ta KPUTHYHHX BUMAIKiB. Kpim Toro
ICHy€ MOJIJIUBICTh aBTOMATH3YBaTH JaHUH METOJ, a OTKE
NPUCKOPUTH Ta TMOJETIIUTH Bepudikaiito 0e3 3aydyeHHs
excriepra. llle ofHi€EI0 BaXJIMBOIO TEPEBAror0 € MOXKJIH-
BicTh Bepuikauii napanenbHux cucreM. Cepell HEOIMIKIB
METO/y IepeBIpKH MOJENI MOXKHA HAaBECTH T€, IO BEpH-
¢ikamis ckmagHux cucreM, 30kpema KOC, mpu3BoauTh
JI0 KOMOIHaTOPHOTO 3POCTaHHS KITBKOCTI CTaHIB CHCTEMH
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JUTSl TIEPEBIPKH, 110, Y CBOIO Yepry, MPHU3BOAUTH 10 3pPOC-
TaHHS Yacy Ta HeoOXimHoi OoOYHCIIOBANLHOI MaMm’sTi B
TTOPIBHSHHI 31 3raJaHUMU BHIIE MeTomamu|38].

3 MATEPIAJIX I METON

[lepeBipka Mozl y 3araJbHOMY BUTJISAL CKIIaIA€THCS
3 HACTYIHHX CKJIaJ0BuX [39]:

— MOJIeTIb — HEOOXIJIHO BHKOPUCTOBYBaTH TaKy MO-
JIelb, 10 3MOKE aJIeKBaTHO BiOOpPA3UTH BCi CTaHU Ta
nepexoau K (iznyHOi, Tak 1 KiOep¢i3zuuHOi yacTUHM
K®C (a Takox KOMyHiKallii Mi>k HUMH);

— cnenudikarii — 3a3BU4ail BAKOPUCTOBYIOTHCS (op-
MaNbHI JIOTIKH, SKi JO3BOJSIOTH MPHUPOIHBO OIHCATH
BUMOTH 110 KopekTHoi moseninku KOC;

— ITOPUTMHU — Y iX SIKOCTI BHKOPHUCTOBYIOTHCS IPO-
HeAypY IPUAHATTS PillIeHb PO KOPEKTHICTH CHCTEMH (U
BIANOBiTa€ MOAETHh BKazaHil (opMydi TeMITOpaIbHOL
JIOTIKH).

3a3Buuai, mepeBipka MojENed J03BOJISIE HE TUIBKU
OIHUTH KOpekTHiCTh KDC, a it HaBeCTH KOHTP-TPUKITAH
y pa3i BUCHOBKY IPO HEKOPEKTHY MOBEIIHKY CHCTEMHU.

[Ipouec Bepudikamii MeTomoM TmepeBipkH Mopeiel
MTOYMHAETHCSI 31 CTBOPEHHS MOJENI CHCTEMH. Y SKOCTI
MOJIETII CTaHiB Ta MEpeXoiB HaWvacTille BUKOPHCTOBY-
eTbes Moens Kpinke. Jlani cnenudikariii cuctemMu Bupa-
JKaroThes y (opMynax (HopMalbHUX JIOTIK, 3a3BUYail BU-
KOPHCTOBYIOTECS] TEMITOPaJbHi JoTikH. [licns oTpuMaHHs
¢, TIpoIleypa TPUUHATTS PIMICHHS OLIHIOE YW BUKOHY-
eTbes BUpa3 M F @, To6To un € M Mmonemto hopmyiu ¢.

Mogeni Kpinke Oynm BBemeni y kiHmi 1950-x pokis
Caymom Aaponom Kpinke mis noriuaoro i ¢inocodcbko-
ro BukopuctanHs [40]. Y 3arajgbHOMY BHUIIISIAI MOJENb
Kpinke € cucTteMor0 MOXIIMBHX CBITIB 1 IIEPEX0/iB MiX
HUMH: KOXKEH CBIT € CTaTUYHHMM 1 IHTEPHPETYEThCS Tpa-
IUIIHHAM 9HHOM. 11 niarpama HaBezleHa Ha puc. 1. Mo-
nenb Kpinke 1ie KopTex HacTyITHOTO BHIY:

Sp<Ss 2

R < SxS; )

L:S — 2AP . “4)
Sy Sa
{p.q} {a}

Pucynok 1 — Jliarpama moneni Kpinke
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Mopnens Kpinke — e aHOTOBaHU Tpad MEpexomiB 3
KiHIIEBUM cTaHOM. JlMHaMi4Ha TIOBEHiHKAa CHCTEMH Y
Mozenm Kpinke nmpencrasiena nuraxoM epes rpad. Hmax
=Sy, Si, Sy, ... Lle KiHIEBa a00 HECKIHYEHHA IIOCIIIIOB-
HICTh CTaHIB CHCTEeMH, mpH yMoBi 1o (Sj, Si+|) € R s
BCix i > 0. Takum ymHOM, Bepudikaitisi cucremMn BinOyBa-
€TBCS METOJIOM IepeBipku HUIIXiB Mojeni Kpinke Ha
BIJITIOBIHICTh CICU(IKAI[ISIM CHCTEMH.

Po6ora KOC onucyeTbest B TepMiHaX MOCHTIOBHOCTEH
MOJTi, PO3MOIUICHUX Y Yaci. SIk 3a3Havanocs BHIIE, Hal-
yacrime s cnerudikamii Bumor 10 KOC Bukopucto-
BYIOTbCS TEMIIOPaJIbHI JIOTiKH. TeMIopaipHi JIOTIKH €
(bopManbHUMH MOBaMH, IO JO3BOJISIFOTh BU3HAYUTH B3a-
€MO3B’SI3KH TIOJiH y Yaci: MPUIMHHO-HACIIIKOBI 3B’ S3KH,
00OMe)KeHHS BITHOCHOI IOCTIIOBHOCTI, BEIMYMHU 3aTpPH-
MOK MDK mopisMu Tomio. HaiGimbmn momysipHUME OIS
MeToy nepesipku moneneit € JUIY [41] ta JIAO [42].

HHO*[43] e MHOXKHHA, 1o 00’exuye JIJIY ta JIJIO.
Bona noeaHye B co0i KBaHTOpU HUISXY Ta TEMIIOpaJbHi
orepatopu. KBaHTOpH 1LIAXY IHTEPIPETYIOThCS 10 CTa-
HaM CHUCTEMH, B TOH Yac SIK TEMIOpPaIbHI OllepaTopy — Mo
msixam B cuctemi. JIJIO” micTuth 182 KBaHTOPU LLIAXY:
MepIIni, 10 IT03HAYa€e «III KOXHOTO HECKIHYCHHOTO
LUISAXY 3 HBOTO CTaHy» Ta APYTHil — «ICHY€ HECKIHUCHHHI
LIISX 3 IBOTO CTaHY.

Temmopanbhi omeparopu JIJIO™ MoxHa iHTEpHpery-
BaTH HACTYIIHUM YHHOM.

1. ®opmyna @ € iCTHHOIO B HACTYITHUII MOMEHT 4acy —
Xo.

2. ®opmyna y € ICTUHHOIO 3apa3 abo 00OB’S3KOBO
CTaHe ICTUHHOIO B Mail0yTHbOMY, ajie 10 I[bOr0 MOMEHTY
(He BKIJIIOYHO) ( MoBHHHA OyTH icTHHOIO — UV,

3. ®opmyia ¢ € icTHHOIO 3apa3 abo CTaHe ICTUHOIO y
MaiioytHpomy — trueUo, mo Takoxx mMoxxe OyTH BimoOpa-
KeHe 5K Fo.

®dopmya —@ € HEBIpHOIO 3apa3 i HIKOJIH HE CTaHE ic-
THHOIO Yy MaiiOyTHhOMY (3aBXKIHU, BiaTemep, @ € iCTH-
HO0) — ~F—( sika Takox mpencrasneHa Ik Go.

JIJIO ne cunrakcnanmii Gpparment JIJIO", B sikomy mi-
CIIsl KOXHOTO KBaHTOPY LUIAXY CIIAy€ TEMIIOpalbHUI
orepatop. PopMyity 1aHOT JIOTIKH MOXKHA ITO3HAYHUTH TaK:

P:=pl(@ v 9)I(¢ A 9)[~O|AX|EXe )

[AFQIEFOIAGOIEGo|AeUo|EpUp

JUIY e apyruit ¢parment JIJO', skuii He MicTHTH

KBaHTOPIB NUIAXY, KpiM mepemoBoro A. ®opmyna JIJITU
Ma€e HACTYITHUH BUIJIS:

0:=pl(@ v 9)|(9 A @)~ Xo|Fo|GoloUp . (6)

B uinomy, xnac cknagnocti JIZIO kpammuit vix y JIJIY,
OJTHAK Il KOMIIEHCYEThCS THM, 1o y JIJIY nabararo ser-
nre Ta MMBHJNIC BUBOAWTH KOHTP-TIPUKIAIH, TOII SK Y
JIJIO BOHH MOXXYTh JOCSTaTH BCIiX CTaHIiB BepHUQiKyeMOl
Mozeni. 3a3BUUail Ha MPaKTHIIl PO3MIip IPOCTOPY CTaHIB €
OUTBII KPUTHYHUM HIXK JOBXKHHA TEMIOPATBHOI crierudi-
kariil. Tomy JIJTY 3a3Buuaii eekTuBHILIA.
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[lincymoByr04H, MOKHA 3pOOUTH BHCHOBOK IO TI€pe-
BipKa MOJENi € HaiOULTbII MEpCIEeKTHBHAM METOJIOM Be-
pudikamii KOC 3 Hapasi icHyrounx. OmHak, i BiH Mae
MpobJeMH Ta TMEePCIEeKTUBU ISl pO3BUTKY. Lle moB’s3aH0
MepeayciM 3 THM, IO iHCTPYMEHTapilo aHOTOBAHOTO Tpa-
¢y mepexoniB MOXKe HE BHCTayaTH ISl Cy4acHUX Hal-
cxiaamgaux KOC. Kpim 115010 Moxe BUHHKATH TaK 3BaHa
«rpobieMa BUOYXYy CTaHiB» — KOMOIHATOPHOTO 301JIb-
IICHHS KUIBKOCTI CTaHIB CHCTEMH, IO YCKJIAIHIOE, abo
HaBiTh YHEMOJKJIMBIIIOE CTBOpeHHS Mojeni Kpinke s
Bcix craniB KOC. Tomy nomyk anpTepHaTHB Ta po3poOka
HOBHUX minxoxiB mia moxaemosanus KOC e Haazsuyaiino
AKTYaJIFHOIO 3a/1a4ero.

4 EKCIIEPUMEHTH

B sKOCTI excrepuMeHTaNbHOI YacTHHH POOOTH Oyiio
BupinieHo noOyayBaru moneni Kpinke mis cucremu Ke-
PYBaHHS €JIEKTPOHE3AJCKHOIO0 EIEKTPOMOOLIBHOIO 3apsi-
nHOM cranui€eto [44]. Taka craniis siBise co6oro KOC i
CKJIaZIA€ThCsl 3 COHSIYHOI IaHeNi, BITPOreHeparopy, AxKe-
peia >KUBJICHHS, HABAHTAXCHHS, aKyMyJSITOPY Ta KOHT-
ponepa 3apsimy. Cxema MiIKIIOYEHHS KOMITOHEHTIB 30-
OpakeHa Ha puc. 2.

|

&

e
5
8

!

N

Pucynok 2 — Cxema eJIeKTpOHe3aIeKHOI CTaHLIiT
AIIbTEPHATHBHOI CHEPIeTUKH

Mogenb eleKTpOHe3aJIeKHOI CTaHIIl aJbTepHATUBHOI
EHEePreTHKN JI03BOJIIE OOMpATH JDKEPETO JKUBIICHHS
(Oynb-sike oxpemo abo 2-3 JpKepena OJHOYACHO), KOHT-
POITIOE TIPOIIEC 3apsily aKyMyJsATOpa (3aXHCT Bi mepepa-
3psimy abo mepesapsiny), AO3BOJSIE «IPOJABATH» 3AJHII-
KOBY €HEpTi0 Ta BMUKATH/BUMHUKATH HABAHTAKCHHSI.

Jxepeno >KMBJICHHS MOMIYEHO JITEpol0 A, HaBaHTa-
KeHHA — B, mpomaxk Hammumky 300pakeHO y BHIUIAIL
ciTioaiony — C, akyMyJIsITOp Ta KOHTpoJiep 3apsay — D.

Bapiantu pobotu MoyIr0 3apsay akymyasitopa [45]:

— 3apsia MeHbie 20%: BigkpuTH perne 5 Ta 7, 3aKpuTH
1 Ta 6;

— 3apsn Big 20% mo 90%: Bimkpurtu pene 1, 6 Ta 7, 3a-
KpHUTH 5;

— 3apsn Outeire 90%: 3akputn pene 5 Ta 7, BIIKpUTH
4 Ta 6.

Anroput™m poboTu [46] maHOi MOAeni HaBeICHUN Ha
puc. 3.
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MovaTok

MepeknHKTI
HaBaHTaXeHHA Ha
F0BHILWHE ¥MMBNEHHA

apAA aKyMynATopd
MeHble 205

MepaknounTi
HABAHTa¥EeHHA Ha
BHYTPIWHE XHBNEHKA

Cnoxmeady

BAKOPACTOBYE @Heprikg

YMYNATOPA, COHAYHMX
naHeneld Tak BiTpAKA

FEAPAL aKyMynNATOPA BT
20% no 80%

HEPrA COHAMHMX
aHenel Ta BiTpAK
OOKTE Ha NPOoL;

KiHeus J

Pucynok 3 — PoGoTa eHepreTHyHO1 cUCTEMU

T'otoBa Monens mudpoBoro nBiiiHHKa 300pakeHa Ha
puc. 4.

Jus moOymoBu Moneni Kpinke HEOOXimHO BH3HAYNTH
CA cuctemu [47]. Ilicna mporo, 3 ypaxyBaHHSM BIIACTH-
BOCTEH CHCTEMH, MOXKHa ToOyayBaTu Mozaenb Kpimke,
6azyrounch Ha CA.

CA € 004HCITIOBAILHIUMHU MOJEISMH, SKi CTBOPIOIOTH
peryssipHi MOBH Ta MOKYTh OyTH BUKOPUCTaHI JUIs MOJie-
JIIOBAHHS TMOCHIJOBHOI JoTikM. IcHyroTh nBa Tumu CA:
JCA i HCA. JICA omucyeThbCs I SITHEIIEMEHTHAM KOp-
TEXEM:

P
BuMiprosanHA SHDH,‘y

So

3apan Ginblue 80%

3apAn 20-80%

3apAag 3MIHUBCA

S:

TpaHcnayia CurHany 3

e—————3apAn 3MIHUBCA

fSBPﬂA MeHwe 20%——»

<Q,Z,8,Q0 ’G> . (7)
JI1st KOXKHOTO BXiTHOTO CHUMBOJNY Ma€ OyTH ogHa QyH-
KISt Hepexony X 3 KOXKHOTO CTaHy.
MMoxiono mo JICA, HCA onwmcyeTbes BHIIE3ralaHUM
I’ siTHeeMeHTHHM  KopTeskeM. Ha Bigminy Bim JCA,
HCA He noBuHHI MaTi QYHKIIH Nepexoy Uit KOXKHOTO
CHUMBOJTY B X, 1 MOXKYTb MaTH JIeKiIbKa (QyHKIIH mepexo-
JIy B OTHOMY 1 TOMY  CTaHi JJIsl OJHOTO i TOTO 5K CUMBO-
ay. Kpim toro, HCA MOXyTh BUKOPHUCTOBYBAaTH HYJIHOBI
nepexoau. HynpoBi nepexoan 103BOJSIIOTH EPEXOUTH 3
OJTHOTO CTaHy B iHIIMI 0e3 HEOOXiJHOCTI 3YUTYBAaTH CHUM-

“/

PucyHok 4 — Mojenb enekTpoHe3aiekHOi CTaHii
aJbTePHATUBHOI €HEPTETUKH

HCA € nacrinpku x notyxuumu, sk 1 JICA. Ilpore
JCA notpebyBaTime Habarato OLIBIIEC CTaHIB i MEPEXo-
niB, Hixk HCA s BupinieHHs Tiei )k camoi mpoOieMu.
IeperBopenns 3 ICA B HCA 1 HaBmaku MOXIIMBE, IO
POOHTH TX €KBIBAJICHTHUMH.

5 PE3YJIbTATH
B pesymbrati excnepuMmeHTy Oyio MOOYyIOBaHO [Bi
Mozem Kpinke mist poboTu enekTpoHe3ae)kHOI CTaHIil
aIbTEpPHATUBHOI CHEPTeTHKH, SIKi HaBEACHI Ha pUC. 5 Ta
puc. 6.

S

TpaHcnAauia CurHany 1

3apAn sMiHKBCA

Se

TpaHcnauia CurHany 2

Pucynox 5 — Mogens Kpinke eHepreTHaHoi cucteMu
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So

BWKOPUCTAKHA eH2Pril ansTepHATUBANX
[BKepen Ta npaabaHHA eHepril 2 30BHIWHLOT
Mep2i Ara 3apaay akyMmynsTopy Ta
3a00BONEHHA NOTPEDW CNOXUBAYIB

Cwurnan 2

CurHan 1

S

BUKOPHUCTAHHA HEPTIT 3 anbTepHATUBHNX
[L¥epen ANA 2apAay akyMynaTopy Ta
3a00BOMEHHA NOTPEeDN CnoXuBadis

CurHan 3

Cuvmian 2

Sz

BUKOpWUCTAHHA akyMynATopy ANA
AANORONEHHA NoTpeNu cnoxueadir MNponam
EHepril 3 ansTepHaTUBHWX [Hepen

Pucynok 6 — Mogens Kpinke enexrpoHe3asnexHoi cTaHil
aJbTEPHATUBHOI EHEPIETUKH

Y koxxHOMYy 3i craniB Mozeni Kpimke, 300paxeHoi Ha
pHc. 6 KOXKHE pesie MoXKe OyTH y IBOX CTaHax — BIJJKpUTE
(1) ta 3akpure (0).

PesynbraTi MOJETIOBAaHHS €NEKTPOHE3AJICKHOI CTaH-
Iii aTbTepHATUBHOI CHEPreTHKH HaBeneHi y Tabm. 1. Ha
Hiif HEBEIeHI BiIOMOCTI PO CTaHHW BOCBMH peie, 300pa-
KEHHX Ha puC. 2.

Tabmunst 1 — Pe3ynbTaTi MOAEIIOBaHHS EJICKTPOHE3ICIKHOT
CTaHIii aIbTepHATHBHOI CHEPTeTUKH

Howmep PesysbraTu MOJIeNIIOBaHHS
pene VY crani S VY craHi S; VY crani S,
1 1 0 0
2 1 1 1
3 1 1 1
4 1 1 0
5 0 0 1
6 1 1 0
7 0 0 1
8 1 1 1

Sk MoxHa O6aunTH 3 Pe3yIBTATIB, PO3pPOOICHA MOICITH
JI03BOJISIE KEPYBaTH CTaHAMH peElie EJIEKTPOHE3aNeKHOT
CTaHIii aJbTEPHATHBHOI CHEPreTUKH [JI JOCSTHEHHS
ONTUMAJIBHOT €()EKTUBHOCTI CHCTEMH.

Bukonane monemoBanns KOC no3Bonsie onucaru Bei
CTaHM CUCTEMH, HEOOXiJHi /Il BUKOHAHHS (OPMaIBbHOT
Bepudikarii.
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6 OBT'OBOPEHHSI

ByB mpoBexeHuwil aHamiz migxomiB a0 Bepudikarii
K®C. Byno po3rissHyTO METOOJIOTII0 HaHWIepCIeKTHB-
HIIIOTO MiAXOIy Ta BUSABJICHO NEBHI HENOMIKH. B skocTi
eKCIIePUMEHTAIBHOT YaCTHHHU JOCHTIHKEHHS Oy CIIpOeK-
ToBaHi Moznem Kpimnke elekTpoHe3anekHOi CTaHIl ab-
TEPHATUBHOI EHEPIreTUKU.

[lepuia Momesnp peaitizye aaropuT™M poOOTH MOei
eHepreTn4Hoi cucteMu. Tak, 3aleXHO BiJ PiBHS 3apsay
aKyMyJISITOPY, MOZETIb MOKE TPAaHCIIOBATH TPH THUIH
curHaiy. Jpyra mozens, y CBOIO 4epry, BUKOPHCTOBYE
TaKi CUTHAJIM JJIsl TIEPEBEICHHS MO eJIeKTPOHE3aIexk-
HOI CTaHIil aJbTEPHATUBHOI CHEPTeTHKH Yy BIAMOBiIHI
cranu. [lepexomm MK craHamMH BiOYBarOTHCS 3aBISKH
nepeximHuM QYHKIISAM, SKi TaKOX BioOpaskeHi Ha MoJe-
1i. Kpim 116010, KOXEH CTaH MOJIENi Ma€ aTOMapHi MPOIo-
3WMii, SIKi ICTHHHI B IbOMY CTaHi.

[MopiBHIOIOYH METOJ MEPEBIPKU MOJEINI 3 IHIIHUMHU Me-
Togamu QopmanbHOl Bepudikaiii, MOXHa 3pOOUTH BU-
CHOBOK IO BiH Ma€ IepeBary, ajpke OIMCYE BCl CTaHU
CHCTEMH, 3 YPaxyBaHHSM MO Ta KPUTUYHUX BHIIAJIKIB.
OxpiM 1IbOTO, METO/] MIEPEBIPKN MOJIENI MOXHA BUKOpPHC-
TOBYBATH HE TUIBKH JUISl IOBHICTIO PO3POOJICHOT CHCTEMH,
a 1 Ha eTanax MPOEKTYBaHHS Ta PO3pOOKH, TOOTO 3HAXO-
JUTH TIOMWJIKM paHime. TakuM YHHOM, OUYEBHIHHM €
(axT TOTO, IO JAaHUK MeTOJ BepHdikamii OimbmIe miaxo-
JUTh 1711 poOOTH 3 MapalieIbHUMHU CUCTEMaMH, SIKUMH 1 €
K®C, a omke Bepudikallis TAKUX CUCTEM MOBUHHA BHUKO-
HYBaTHUCS caMe€ METOJIOM MEePEeBipPKH MOJIENI.

BUCHOBKHU

B pobGori nmano xapakrepuctuky K®C, nposeneHo
aHaJi3 MeToAiB Bepudikamii TaKUX CHCTeM. 3a pe3ynbTa-
TaMH JIOCJI/DKEHb 3pO00JEHO BHCHOBOK IPO HaWOUIbIIY
MEpPCIIEKTUBHICTh METOMY MEpPEeBIpKU MOJEINi, JUIs SKOTO
PO3TISIHYTO OCHOBHY Metoposorito. Moxeni Kpinke Tta
TEMIOpPAaJbHI JOTIKM OXapaKTEepPHU30BaHI K OCHOBHI ele-
MEHTH METOAY MePEBipKA MOJIECTI.

[IpoananizoBaHO HEIONIKK CTAHAAPTHOI METOMOJIOTI,
sIKi OUTBIII 32 BCE CTOCYIOThCS eTarry MozemoBaHHs KOC.
Joseneno moximBicTh BuKopuctanus CA, a came Moze-
neit Kpinke, mus momenmtoBanus po3pobienoi KOC. Ha
npukiaai moOymoBanux Moxenenr Kpinke st craHmii
aNbTEPHATUBHOI €HEPreTHUKH I0Ka3aHO MOXKJIMBICTh BH-
KOPHUCTaHHS JAaHHUX MiXO/IB 0 MOJETIOBaHHS (Di3MYHUX
Ta KiOEpHETUUHHX eJeMeHTiB peanbHoi KOC.

3a3HaueHo, 110 BHKOpPHUCTaHHS Mojenei Kpimke mo-
3BOJIUTH (POpMaii3yBaTH MoOJIeNb IH(POBOTO IBifTHHKA
€JIEKTPOHE3AIeKHOI CTAHIII1 AIbTEpHATHBHOT CHEPTETHKH.
o, y cBoto uwepry, HeOOXiMHO A BUKOHAHHS BepHdi-
Karii cucremu. Bepudikamis enekTpoHe3aie)kHOI CTaHIii
QIbTEPHATHBHOI EHEPreTHKH (OPMaJbHUMHU METOJaMHU
JIO3BOJIUTH IMITJIEMEHTYBAaTH Taki MiAXOIH y PEalbHOMY
CBITI.

HaykoBa HOBH3HA pP0o6OTH IOJATa€E B TOMY 1[0 OYJ0
po3pobieno mozeni KOC, siki, Ha BigMiHYy BiJ] iCHYIOUHX,
3acHOBaHI Ha Mozensx Kpimke, mo mo3Boisie 3poOUTH
JIETaJIbHAN OTIHC YCIX CTAaHIB CHCTEMH, IO, Y CBOIO Yepry,
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€ B)XJIMBUM KPOKOM JJIsi BUKOHaHHS BepH(ikalii Takoi
CHCTEMU.

IpakTH4YHO0 WiHHICTIO POOOTH € PO3POOIIEHI MOIe-

7 eJEeKTPOHE3aIeXHOI CTaHLIl aJbTepHATHBHOI eHepre-
THKH, [0 JIO3BOJISATH aBTOMATH3YBAaTH HPOLEC 3apsIKH
SJIEKTPUYHHX TPAHCIIOPTHHX 3aCO0IB.

Bynu peamizoBani udpoBi IBIHHAKH, SIKi JO3BOJISIOTH

MOJICIIOBATH IPOLIECH ENEKTPOHE3aJIeKHOI CTAHLIl ajb-
TepHATHBHOI eHepreTHKU. Po3po0iieHi IBIHHUKH BUKOPH-
CTOBYIOTbCS TIPH BUBYEHI AWCIMIUIIH IIPU MiATOTOBKH
OakanaBpiB Ta MaricTpiB cneniatbHOCTI 121 KOMII IOTEpHi
HayKH.

HactynauM eramom poOOTH HPOMOHYETHCS MPOJIOB-

XKYBATH JOCIIDKEHHS aJbTePHATUBHUX METOIIB MOJEIIO-
BanHa K®C, Bukonanus (opmanbHoi Bepudikaiii mMeTo-
JIOM TIEpEeBIpKM MOJENi Ta BUKOPHCTaHHS OTPUMAaHUX
pe3ysbTatiB Uil CTaHI aJbTEpPHATUBHOI €HEPreTUKU 3
METOIO ONTUMI3allil CIIOXKMBAYiB Ta JPKEPEI eHEeprii.
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AHHOTAIUSA

AKTyansHocTh. COBPEMEHHBIC TEHICHIMK B MPOM3BOJMUTENBHOCTU M CIOXKHOCTH TPeOOBAaHMH K MCIIONB30BAHHIO CUCTEM TpE-
OyIOT HPMHLMITHAIBHO HOBBIX IMOJXOAO0B K NPOCKTHPOBAHUIO, B KOTOPBIX KHOCPHETHYECKHE U (PU3MUCCKUE KOMIIOHEHTBI HHTEIPH-
pyIOTCs Ha pasHbIX dTanax. Kubepdusnueckne cHCTEMBI OKpYXKAIOT YeloBeKa IIOYTH BO BCEX C(epax CyIIeCTBOBAHMS, HAUMHAS C
JIOMOB U TPAHCIIOPTa U 3aKaHYMBasi MEAUIMHCKUMH allapaTaMy U MEKPETHOHAIBHBIMU dJIEKTpoceTaMu. [loaToMy Bepudukamms n
IIpoBepKa paboThl TAKUX CHCTEM SIBIISICTCS] CErOJHS aKTyaJbHOM 3aadeil. B Takux cucremax mporpaMMHoe oOecrieueHue U Gpusude-
CKHE IOJICUCTEMBI pabOoTaloT B Pa3HBIX BPEMEHHBIX U MPOCTPAHCTBEHHBIX M3MEPEHHSX, B3aMMOJEHCTBYIOT Pa3HBIMU CIOCOOaMHU.
PaccMOTpeHbl OCHOBHBIE NMOAXO/b! K Bepudukauu kubepdusnueckux cucreM. OObEKTOM UCCIENOBAHUI ABISETCS MPOLECC BEPH-
¢dukanuy knOepPpuU3NIEeCKuX CUCTEM, NPEAMETOM — METOJbl BepHu(pHUKALUKY KHOSPPUZNUECKHX CUCTEM, MOJEIN U JIOTHKH, KOTOPbIS
HCTIONB3YIOTCS TP (hopManbHO# BepupUKaIHy.

Ieasb. Lenb paboThl 3aKiI04aeTcsi B MPOBEICHUN aHAIN3a MOXO00B K Bepu(pHKauu KHOepHU3NIECKUX CUCTEM, C JIeTaln3alH-
e OT/IeNIBHBIX JTAIOB, TAKUX KaK BBIOOp MoJesell, HHCTPYMEHTOB BepHupuKanun, 1, COOCTBEHHO, METOZIOB BEpPU(PUKAIINIL.

Metoa. OCHOBHBIMH METOIAaMH, KOTOPbIE M3JI0XKEHBI B paboTe, SBISIOTCS METOAB! (hopMalbHON BepH(HUKaK Kubepdusnde-
CKHMX CHUCTEM, 2 UMEHHO — CHMYJISLIUS, JOKa3aTelbCTBA TEOPEM, CHMBOJINYECKOE BBINOJIHEHHE U IpoBepka mMozenu. [ToxpobHo pac-
CMOTpEHa METOJIOJIOTHS POBEPKU MOJIENIH — MoJeib KpHIKe M TeMIopaibHbIC JIOTHKHU: JIOTHKA JICPeBbEB BBIYUCICHUH ¥ JIOTHKa
JMHEHHOro BpeMeHH. Takoke IpoBeIeHO MOACINPOBAHUE C UCIIOJIL30BAHUEM KOHEUHBIX aBTOMATOB.

PesyabTarhl. BoinonHeHo MoaenupoBanue KMOEpHU3NUECKOH CHCTEMBI B BUJIE CO3/1aHus MoJiean Kpurke, 4To 03BOIMIIO ONH-
caTh BCE COCTOSIHUS CHCTEMBbI, HEOOXOIMMBIC JUISl BBIIOJTHEHUS (HOPMaIIbHOMN BepHpHUKALIUH.

BbiBoabl. TIpoBe/ieHO HCCIIeIOBAaHUE XapaKTEPUCTHK KHOEP(HHU3NUECKUX CHCTEM, BHIIIOJIHEH aHAJIN3 METO/I0B BepH(HUKALUK Ta-
KHX CHCTeM. YKa3aHbl HEJJOCTATKH CTAHJAPTHON METOMOJIOTHH, KOTOphIEe OoJiee BCEro KacaroTcsl dTara MOJACIHPOBAHHS Knoephu3u-
4YecKux cucreM. JlokazaHO HanOOJbIIAs IEPCIIEKTHBHOCTH METO/Ja IIPOBEPKH MOJIEIH, JUIl KOTOPOTO PAcCCMOTPEHa OCHOBHASI METO-
nonorust. Jlana xapaktepucTHka MojesiM Kpurke v TeMopaabHBIM JIOTHKaM KaK OCHOBHBIM 2JIEMEHTaM METO/Ia IIPOBEPKH MOJIEIIH.
IToka3zaHa BO3MOXXKHOCTH HCIIOJIb30BaHMsI KOHEYHBIX aBTOMATOB, @ HMEHHO Mojeied Kpumke, Uit MOIETHPOBAHUS JJIEMEHTOB KH-
6epusmnyeckoit cuctembl. Hay4ynast HOBH3HA pabOThI 3aKJII0YASTCSl B TOM, 4TO ObUIM pa3paboTaHbl MOAENN KHOep(PH3UICCKUX CHC-
TeM, KOTOpbIE, B OTIMYHE OT CYIISCTBYIOLINX, OCHOBaHHbIC Ha MOJeNsIX Kpurike, 4To mo3BoJIseT clieaTh AETaIbHOE ONMCAaHNE BCEX
COCTOSIHUI CHCTEMBI, YTO, B CBOIO OYEPE/ib, SBJISETCS BAKHBIM IArOM JUIS BBINOJHEHHS BepH(UKALUK TaKOW CHCTEMBI. IIpakThye-
CKO#i [IEHHOCTBIO PaboThI SBJIAIOTCS pa3pabOTaHHBIC MOJEIH EICKTPOHE3aBUCUMON CTaHIINH AJIbTEPHATUBHOMN SHEPIeTUKH, KOTOPHIC
TI03BOJISIT aBTOMATH3UPOBATH IIPOIIECC 3apsIKU AIIEKTPUIECKUX TPAHCIIOPTHBIX CPeACTB. BEIM peann3oBaHbl IU(GPOBEIE JBOMHUKH,
KOTOpBIE ITO3BOJISIIOT MOZEINPOBATH MIPOLECCH! ICKTPOHE3aBUCHMON CTAaHIINH albTepPHATUBHON SHEpreTHKH. Pa3paboTaHHbIE ABOM-
HHUK{ HCIIOJIB3YIOTCS NPY M3YYSHUH AWCLUIUIMH IPH IIOJrOTOBKE 0aKalaBpOB M MarMcCTPOB CIEHUAIBHOCTH 121 KOMIIBIOTEpHBIE
HayKH.

KJUIIOUYEBBIE CJIOBA: Bepuduxanus, kudepdusuueckas cucrema, Monenb Kpunke, KOHSUHbIH aBTOMAT, TEMIIOpaIbHAas JI0-
T'HKa, IPOBEPKa MOJEIIN, CUMYJISLIHS.
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ANALYSIS OF APPROACHES TO THE SIMULATION AND VERIFICATION OF CYBER-PHYSICAL SYSTEMS

Korotunov S. U. — Postgraduate student at the Department of Software of National University “Zaporizhia Polytechnic”,
Zaporizhzhia, Ukraine.

Tabunshchyk G. V. — PhD, Professor of the Department of Software of National University ‘“Zaporizhia Polytechnic”,
Zaporizhzhia, Ukraine.

ABSTRACT

Context. Current trends in the performance and complexity of system requirements require fundamentally new approaches to de-
sign, in which cybernetic and physical components are integrated at different stages. Cyber-physical systems are systems that provide
close interaction between physical and cybernetic components, integration of computing, physical processes and networks. In such
systems, software and physical subsystems operate in different temporal and spatial dimensions, interacting in different ways. Cyber-
physical systems surround humans in almost every area of existence, from housing and transportation to medical devices and interre-
gional power grids. Therefore, verification and validation of such systems is an urgent task today. Approaches to verification of cy-
ber-physical systems are considered. The object of research is the process of verification of cyber-physical systems, the subject is the
methods of verification of cyber-physical systems, models and logic used in formal verification.

Objective. The purpose of the work is to analyze approaches to the verification of cyber-physical systems, detailing the individ-
ual steps, such as the selection of models, verification tools, and, in fact, verification methods.

Method. The main methods outlined in the paper are methods of formal verification of cyber-physical systems, namely simula-
tion, theorem proving, symbolic execution, and model checking. In addition, the methodology of the model checking method — the
Kripke structure and temporal logics: logic of computational trees and linear time logic is discussed in detail. Modeling using finite
state machines is also performed.

Results. The paper deals with modeling of the cyber-physical system in the form of creation of the Kripke structure that allowed
to describe all states of the system necessary for executing of formal verification.

Conclusions. The paper describes the characteristics of cyber-physical systems, analyzes the methods of verification of such sys-
tems. After analysis the conclusion is made about the most promising method of model verification, for which the basic methodology
is considered. Characteristics of Kripke structure and temporal logics are described as the main elements of the model checking
method. Following the review, the shortcomings of the standard methodology most relevant to the modeling stage of cyber-physical
systems are concluded. The possibility of using finite state machines, namely Kripke structures, for modeling elements of a cyber-
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physical system is shown. The scientific novelty of the work is that models of cyber-physical systems have been developed, which,
unlike existing ones, are based on Kripke structures, which allow to make a detailed description of all states of the system, which, in
turn, is an important step to verify such a system. The practical value of the work is the developed models of the independent power
station of alternative energy, which will automate the process of charging electric vehicles. Digital duplicates have been imple-
mented, which allow modeling the processes of an independent energy station of alternative energy. The developed duplicates are
used in the study of disciplines in the preparation of bachelors and masters in 121 computer science.

KEYWORDS: verification, cyber-physical system, Kripke structure, finite state machine, temporal logic, model verification,
simulation.
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RESEARCH OF TWO SYSTEMS E,»/H,/1 WITH ORDINARY AND SHIFTED
DISTRIBUTIONS BY THE SPECTRAL DECOMPOSITION METHOD

Tarasov V. N. — Dr. Sc., Professor, Head of Department of Software and Management in Technical Systems of
Volga State University of Telecommunications and Informatics, Samara, Russian Federation.

ABSTRACT

Context. In the queueing theory, the studies of G/G/1 systems are relevant because it is impossible to obtain solutions for the
waiting time in the final form in the general case with arbitrary laws of distributions of the input flow and of the service time.
Therefore, the study of such systems for particular cases of input distributions is important. The problem of deriving a solution for
the average waiting time in a queue in closed form for a pair of systems with ordinary and with shifted Erlang and hyperexponential
input distributions is considered.

Obijective. Obtaining a solution for the main system characteristic — the average waiting time in queue for two queuing systems
of type G/G/1 with conventional and with shifted second-order Erlang and Hyperexponential input distributions.

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

Results. For the first time, spectral expansions of the solution of the Lindley integral equation are obtained for two systems, with
the help of which the formulas for the average waiting time in the queue are derived in closed form.

Conclusions. Spectral expansions of the solution of the Lindley integral equation for the systems under consideration are
obtained and their complete coincidence is proved. Consequently, the formulas for the average waiting time in the queue for these
systems are the same, but with modified parameters. It is shown that in the system with a delay in time, the average waiting time is
less than in a conventional system. The resulting for waiting time formulas expand and supplement the known queuing theory
incomplete formula for the average waiting time for G/G/1 systems with arbitrary laws distributions of input flow and service time.
This approach allows us to calculate the average latency for these systems in mathematical packages for a wide range of traffic
parameters. All other characteristics of the systems are derived from the waiting time. In addition to the average waiting time, such
an approach makes it possible to determine also moments of higher orders of waiting time. Given the fact that the packet delay
variation (jitter) in telecommunications is defined as the spread of the waiting time from its average value, the jitter can be
determined through the variance of the waiting time. The results are published for the first time.

KEYWORDS: delayed system, E,/H,/1 system, the average waiting time, Laplace transform, the spectral decomposition
method.

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

M is an exponential distribution law;
W is an average waiting time in the queue;

W*(S) is a Laplace transform of waiting time density

function;
NOMENCLATURE A is a parameters of the erlangian distribution law of
a(t) is a density function of the distribution of time the input flow;

between arrivals;

A"(s) is a Laplace transform of the function a(t);

b(t) is a density function of the distribution of service
time;

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

C, is a coefficient of variation of time between

arrivals;

Cu is a coefficient of variation of service time;

E, is an erlangian distribution of the second order;
E, is a shifted erlangian distribution of the second

order;

H, is a hyperexponential distribution of the second
order;

H, is a shifted hyperexponential distribution of the

second order;
G is an arbitrary distribution law;
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p is a parameters of the erlangian distribution law of
service time;
ly,u, 1s a parameters of the hyperexponential

distribution law of service time;
p is a system load factor;

T, is an average time between arrivals;

?;% is a second initial moment of time between

arrivals;

T, 18 an average service time;

tfl is a second initial moment of service time;

@_ (s) is a Laplace transform of the PDF of waiting
time;

v,(s) is a first component of spectral
decomposition;
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second component of spectral

y_(s) is a
decomposition.

INTRODUCTION

This article is devoted to the analysis of E»/H,/1 QS
with ordinary and with shifted erlangian; (E,) and
hyperexponential (H,) input distributions. In [1], results
are presented on the study of QS with time delay with
shifted  hyperexponential and exponential input
distributions, obtained by the classical method of spectral
expansion of the solution of the Lindley integral equation
(LIE) [2-4]. In [1], it is shown that the average waiting
time of a queue in the QS with a time lag is less than in
the usual system with the same load factor due to the fact
that the coefficients of variation of the arrivals ¢, and

service times ¢, become less than one with the lag

1
parameter £, >0 .

In this paper, based on the results of the above works,
the method of spectral decomposition of the solution LIE
is developed on the E,/H,/1 system. As a result, we have
new QS with a delay, which is qualitatively different from
the usual system. The considered QS with ordinary and
shifted input distributions are of type G/G/1.

In the queueing theory, the studies of G/G/1 systems
are relevant because they are actively used in modern
teletraffic theory, moreover, one cannot obtain solutions
for such systems in the final form for the general case.
The laws of the Weibull or Gamma distributions of the
most general form, which provide the range of variation
of the coefficients of variation from 0 to co depending on
the value of their parameters, are not applicable in the
spectral decomposition method. This is because the
Laplace transform of the density function for these
distributions cannot be expressed in elementary functions.
Therefore, it is necessary to use other private laws of
distributions.

In the study of G/G/1 systems, an important role is
played by the method of spectral decomposition of the
solution of the Lindley integral equation and most of the
results in the theory of mass service are obtained using
this method.

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

The subject of study is the average waiting time in

systems E,/H,/1 and E, /H; /1.

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

1 PROBLEM STATEMENT
The paper poses the problem of finding a solution for
the waiting time of requirements in a queue in the E»/Hy/1
and E; /H, /1 QS. To solve the problem, it is necessary

first to construct spectral decompositions for the indicated
systems based on the theory of this method. When using
the method of spectral decomposition of a LIE solution,
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we will follow the approach and symbolism of the author
of the classical queuing theory [2].

We need to find the law of waiting time distribution in
the system through the spectral decomposition of the form

A*(=s)-B*(s)—1=wy, (s)/y_(s), where v, (s) and
v_(s) are some rational functions of s that can be

factorized. Functions w, (s) and y_(s) must satisfy

specific conditions according to [2].

2 REVIEW OF THE LITERATURE

The method of spectral decomposition of the solution
of the Lindley integral equation was first presented in
detail in the classic queueing theory [2], and was
subsequently used in many papers, including [3,4]. A
different approach to solving Lindley’s equation has been
used in [10]. That work used factorization instead of the
term “spectral decomposition” and instead of the

functions w (s) and w_(s) it used factorization

components ©, (z,¢) and ®_(z¢t¢) of the function

1-z-%(¢), where y(¢) is the characteristic function of a

random variable & with an arbitrary distribution function
C(¢), and z is any number from the interval (—1, 1). This
approach for obtaining results for systems under
consideration is less convenient than the approach
described and illustrated with numerous examples in [2].

In [1], the results on systems with delay H,/H,/1,
H,/M/1, M/H,/1 are given, in [5] — on system with delay
HE,/HE,/1, in [6] — on systems with a delay based on the
QS Ey/Ey/1, Ey/M/1, M/E,/1, and in [7] — on systems with
a delay based on the QS HE,/M/1. Article [9] presents the
results for a system with a delay M/HE,/1, and article [8]
summarizes the results for eight systems with a delay in
time.

In [11] presents the results of the approach of queues
to the Internet and mobile services as queues with a delay
in time. At the same time, the scientific literature,
including web-resources, the author was not able to detect
results on the waiting time for the QS with Erlang and
Hyper exponential input distributions of the second order
of the general form. Approximate methods with respect to
the laws of distributions are described in detail in [4, 13—
15], and similar studies in queuing theory have recently
been carried out in [16-24].

3 MATERIALS AND METHODS
For the E,/Hy/1 system, the distribution laws of the
input flow intervals and the service time are given by the
density functions of the form:

a(t)=a2e M (1)

b(t) = qule_“‘t +(1—q)u2e_“2t . 2)

We write the Laplace transform functions (1) and (2):
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2
2\ * H Mo
A (s)= B (s)= 1-q)—2—.
(S) (2X+sj ’ (S) qs+u1+( q)s+u2

The expression A *(—s)-B*(s)—l =y, (s)/\y_ (s)

for the spectral decomposition of the solution of the LIE
for the system E,/H,/1 takes the form:

_@_ﬂLi_lz
Ky +$

W+(S):( 2 T{q [

\y_(s) 2h—s Hy+s

_ —s(s+51)(s+57)(s—53)
(2= 5) (s +1)(s + 1)

because the fourth-degree polynomial in the numerator of
expression (3) can be represented as an expansion

+(1

»(3)

—s(s° - czs2 —c15s —c¢q) with coefficients

co = 402q(1y —p) + 4y (ny — W],
e =4Mu +Hy — M)~y , & =4h -~y
In turn, the cubic polynomial
5 —02S2 -8 —¢g “)
with such coefficients it has two real negative roots
—s1,—S, and one positive root s; in the case of

stationary mode, i.e. when 0<p=T7,/T, <1. Based on
the rules of the construction of functions v, (s) and

y_ (s), from the expression (3), we take the function

vy (s )
s(s+sp)(s+sy)
v, (s) =),
(s 1) (s +Hp)
because the zeross =0, —s;, —s, of the polynomial (4),
and the poles s=-p;, s=-u, lie in the half-plane
Re(s) < 0. For the function y_(s) from the expression
(3) we take
21 —s5)?
v (s)=— ="
(s—s3)
because its zero s =2\ and pole s=s5 lie in the half-
plane Re(s) 2D.

Now the fulfillment of conditions [2] for the
constructed functions is obvious. This is confirmed by
figure 1, where the zeros and the poles of the obtained
decomposition (3) are shown on the complex s — plane. In
Figure 1, the poles are marked with crosses, and zeros are
indicated by circles.

Im(s)4

H—H—O—O— O O—O——H——>
‘W -Hp =51 -Sp 53 2A Re(s)

Figure 1 — Zeros and poles of the function y,_ (s)/y_(s) for the
system E,/H,/1
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The constant K required to obtain the solution is
K= tim Y B) _ 55
Hik2
probability that the demand entering the system finds it

free.
Using the function and constant K, we define the

Laplace transform of the PDF waiting time  (y):
K SISy (Ss+Hu )ls+u
(I)+(S)= _ 12( 1)( 2) ]
Wi (s)  s(stsp)(s+s2)ppy
From here, the Laplace transform of the waiting time
density function W' (s) =s-®, (s) is
W* (S) _ $152 (S+H1)(S+].l2) .
(s+s1)(s+57 )y
To find the average waiting time, we find the

. The constant K determines the
s—>0 S

)

derivative of the function W~ (s) with a minus sign at

the point s=0:

sk
_daw (s)| :_slsz(s+u1)(s+p.2) _
ds 7 (s+51)(s+53 )y s=0
r 1 1 1
=t —
StoS2 W W2
Finally, the average wait time for the E»/H,/1 system
_ZL+L_L_L’ (6)
S S2 M K2

where s;, s, the absolute values of the negative roots are
—sy, —S, of the cubic polynomial (4) with the coefficients
given above, and p;, p, — the distribution parameters

(2). Thus, for the average waiting time in the QS E,/Hy/1,
the solution in closed form (6) is obtained.

From the expression (5), if necessary, you can also
determine the moments of higher orders of the waiting
time, for example, the second derivative of the
transformation (5) at the point s=0 gives the second
initial moment of the waiting time, which allows you to
determine the dispersion of the waiting time, and hence
jitter [12].

For the practical application of expression (6), it is
necessary to determine the numerical characteristics of
the distributions (1) E, and (2) Ho.

Note that for the distribution of E;: T, :7»71,

oy =1/+/2. This problem for the distribution law (2)

using both the first two moments, and using the first three

moments was considered in detail by the author in [4]. To

do this, we write the expressions for the three initial

moments of the distribution (2):

T :1+M, rfl =2—Z+2(1—2q), ri =6—(3]+6(1—3q) (7
I ) M ) W

Then the square of the coefficient of variation of the

service time will be equal to

71
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2= (-g*)uf —2q(1-mmy +4(2 - @n3 C®
g (1= +qn, T

In this case, to determine the unknown parameters
using the first two moments in [4], the following
expressions were obtained

w=2q/7,, np =2(1-9)/7,,

q=%[1i1/(c&—l)/(c&+l)].

In this case, for the probability ¢ you can take any of
these values. It follows that the coefficient of variation
Cu >1. It now remains to determine the values of the

desired roots —s;, —s, polynomial (4) to use formula (6)

for the given input parameters.

When approximating using the first three moments, in
order to find the distribution parameters (2), it is
necessary in the Mathcad package to solve the system of
three equations (7) obtained by the method of moments.
In this case, a necessary and sufficient condition for the
existence of a solution is the fulfillment of the condition:

5 -1 21,51 [13].

Next, we consider a system that is fundamentally
different from the QS studied. For the E,/Hy/1 system
with shifted laws of distributions of input flow intervals
and service time, these laws are defined by density
functions of the form:

20—
(l(t): 47\.2(1‘—1‘0)5 (t lo)’ t>t03. (9)
0, 0<t<1,,

b(t): qule—m(f—to)+(1_q)uze—uz(f—fo)’ > 1, (10)
0, 0<t<¥g,.

Such a QS, unlike the conventional system, is denoted
as E; /H, /1.

Statement. The spectral expansions
A*(=s)-B*(s)~1=wy(s)/w_(s) of the LIE solution

for systems E, /H, /1 and E,/H,/1 completely coincide

and have the form (3). Consequently, the Laplace
transforms of the waiting time density function for them
also coincide.

Proof. The Laplace transforms of functions (9) and
(10) will be respectively:

2
A (s)= ( 27;%) e s,
s+

B (s) = [qL—i- (1 - q)u—z]e_tos .
S+ S+Hp
The spectral decomposition

A*(=s)-B*(s)-1=wy, (s)/y_(s) of the LIE solution
for the E, /H, /1 system will be:
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Ha ]e*tos 1=

Vo (s) :[ 2
S+Hy

y_(s) -5
_ =S(s+s)(s+5,)(s—53)

@1 =5)7 (s+p)(s + 1)

Here, the exponential functions due to the opposite
signs of the exponents are zeroed out and thus the shift

operation is leveled. We thereby obtained the same
expression (3). Therefore, the spectral expansions for the

2
j etosx[qL+ 1-
S+

E; /H; /1 and E,/H,/1 system completely coincide and

have the form (3). Thus, all the above considerations for
the E,/H,/1 system are also valid for the system, but
already with the changed numerical characteristics of the
shifted distributions (7) and (8). The statement is proved.

Thus, considering the E; /H; /1 system, we can fully

take advantage of the results obtained above for the
E,/Hy/1 system, but with the changed numerical
characteristics of the shifted distributions (9) and (10).
We define the numerical characteristics of the
interval between the arrivals of requirements and service

time for the new E; /H, /1 system. To do this, we use

the Laplace transforms of functions (9) and (10).

Now we write the equations for the first two initial
moments for determining the unknown distribution
parameters (9):

T =A 4y, (11)
- 2
o =1 Jo 3 (12)
L2

Define the square of the coefficient of variation of the

interval between the arrivals of requirements
2 =2 /()2 —1=1/2(14+ My ).
Hence the coefficient of variation:
¢ =[N2(+n) 7" (13)

The value of the first derivative of the function B (s)
with a minus sign at the point s=0 is equal to

dB*(s) -1 -1
- =qu +(1-q)uy +1.
ds $20

Hence, the average service time will be equal to

T, =gy + (- + 1. (14)
The value of the second derivative of the function

B (s) at s=0 gives the second initial moment of service

.2 ) 2,2 -1 -1
time 7, =2[gu " +(1-q)a" 1+ +21p[quy +(1-q)uy 1.

From here we define the square of the coefficient of
variation of the service time:
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25,2 2
2 _[A=g9ny —2mpgd-9)+q(2-gu3] (15)
" .
[toktty + (1= @)y +qpp 1
Note that the coefficients of variation 0 <c¢; <1/ 2

and ¢, >0 for the shift parameter 7, > 0.

Considering expressions (11), (13) and (14) (15) as a
form of recording the method of moments, we find the
unknown distribution parameters (9) and (10). We
determine the distribution parameter (9) A from (11) and
get the value A =1/(T; —1;).

Finding distribution parameters (10) p;, 1, ¢ will be
similar to finding these parameters for distribution (2).
Now, based on the form of equation (14), we set

W =2q/ (T ~to) s by =20-@)/ (T, 1) (16)
and demand the fulfillment of condition (15). Substituting

the particular solution (16) into equality (15) and
eliminating the trivial solutions ¢=0, ¢g=1 from the 4th

— 2

(Tp, - t() )
— 2 2-2

2ty —10)" + ey ]

respect to ¢, we obtain the solution for probability ¢ as the

roots of the quadratic equation:

=0 with

degree equation q2 g+

— 2
—1
g=Lle ! (Tu — %)

2 \4 2%, 1)+t

(17

and then we determine the parameters p; and p, from

(16). In this case, as the parameter ¢, you can choose any
of the two values. Consequently, the range of applicability

of the system E, /H, /1 will be determined by the

nonnegativity of the expression under the square root.
From expression (17) it follows that the input
parameters W, ¢y, are constrained ¢, 21-7,/7,, and

in turn, from (17) it follows that 0 <¢, <7 Thus, the
E, /H; /1
constraints

system is applicable when performing

CH21—t0/?H,O<t0<TH. (18)
Let us now estimate the effect of the shift parameter
fp on the coefficient of variation of the service time ¢, .
Comparison of expressions (8) and (15) shows that
c“ for distribution (10) decreases by

L+ 1501y /[y (1- ) + pog] times.

By specifying the values 7, , T,, ¢, ¢, o as the
input parameters of the system, we thus determine all
unknown parameters of the distributions (9) and (10)
using the known method of moments. Further, having
determined the absolute values of the negative roots s,
s, of the cubic polynomial (4), we can calculate the
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average waiting time by expression (6) for the ranges of
variation of the coefficients of variation ¢, € (0,1/ \E)
and ¢, €(0,0) depending on the value of the shift

parameter #, >0 .

4 EXPERIMENTS
Below in the table. 1 shows the calculation data for
the E»/H,/1 system for the cases of low, medium and high
loads p=0,1;0,5;0,9. Note that the E»/H,/1 system is
applicable for ¢, =1/ x/a, ¢y 21. The load factor p in
all tables is determined by the ratio of average intervals
p=T,/T, . The calculations given in all tables are

carried out for the normalized service time ?“ =1.

Table 1 — Results of experiments for QS E,/H,/1

Input parameters
Py €y Average waiting time for QS E,/H,/1
P ¢, =1 ¢, =2 ¢, =4 c, =8
0.1 0.030 0.160 0.795 3.448
0.5 0.618 2.094 8.082 32.079
0.9 6.588 20.072 | 74.065 290.063

Tables 2 and 3 show the calculation data for the
system with delay also for the cases of low, medium and
high load p=0,1;0,5;,0,9 for the values Cu =1 and
Cu = 2, accordingly, for the conventional system E,/H,/1
with the values of the shift parameter #, from 0,001 to
0,99 for the system with a delay.

Table 2 — Results of experiments for QS E; /H, /1 when

for system E,/H,/1 Cu = 1

Input parameters Average waiting time
P o N t ljor (%S For QS
E; /Hy /1 E»/H,/1
0.637 | 0.503 0.99 0.011
0.672 | 0.667 0.5 0.011
0.1 | 0.700 | 0.909 0.1 0.023 0.030
0.706 | 0.990 0.01 0.029
0.707 | 0.999 0.001 0.030
0.357 | 0.503 0.99 0.125
0.530 | 0.667 0.5 0.223
0.5 ] 0672 | 0.909 0.1 0.499 0.618
0.704 | 0.990 0.01 0.605
0.707 | 0.999 0.001 0.617
0.077 | 0.503 0.99 1.135
0.389 | 0.667 0.5 2.480
0.9 | 0.643 | 0.909 0.1 5.396 6.588
0.701 0.990 0.01 6.457
0.707 | 0.999 0.001 6.575
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Table 3 — Results of experiments for QS E; /H; /1 when
for system Ey/HEy/1 ¢, = 2

Input parameters Average waiting time
p oy M t ljor (%S For QS
E; /H, /1 E»/H,/1
0.637 1.005 0.99 0.055
0.672 1.333 0.5 0.065
0.1 0.700 1.818 0.1 0.128 0.160
0.706 1.980 0.01 0.156
0.707 1.998 0.001 0.159
0.357 1.005 0.99 0.504
0.530 1.333 0.5 0.877
0.5 0.672 1.818 0.1 1.716 2.094
0.704 1.980 0.01 2.051
0.707 1.998 0.001 2.089
0.077 1.005 0.99 4.544
0.389 1.333 0.5 8.473
09 [ 0.643 1.818 0.1 16.538 20.072
0.701 1.980 0.01 19.674
0.706 1.998 0.001 20.031
5 RESULTS

In the work, spectral expansions of the solution of the
Lindley integral equation for two systems E,/H,/I,
E; /H5 /1
completely coincide. Using the spectral decomposition, a
formula is derived for the average waiting time in the
queue for these systems in closed form. These formulas
complement and extend the well-known incomplete
formula for the average waiting time for G/G/1 systems.

The operation of the shift in time on the one hand,
leads to an increase in system load with a delay. For

are obtained, and it is proved that they

example, for a E;/H,/1 system with a delay, the load is

1+ oty /[qus + (1= gy ]
(1+Atg)

the usual system E,/H,/1. The time shift operation, on the
other hand, reduces the wvariation coefficients of the
interval between arrivals and the service time of
requirements. Because the average waiting time in the
G/G/1 system is related to the coefficients of variation of
the arrival intervals and service time by the quadratic
dependence, the average waiting time in the delayed
system will be less than in a conventional system with the
same load factor.

increased by compared to

For example, for a E; /H, /1 system with a load
p=0.9 and a shift parameter #=0,99, the coefficient of

variation of the arrival intervals ¢, decreases with for the

usual system E,/H,/1 to 0.077 for a QS E; /H; /1. The

service time variation coefficient decreases from 2 to
1,005, and the waiting time decreases from 6.59-time
units for a conventional system to almost 1.14-time units
for a latency system, i.e. almost 6 times (Table 2). The
situation is similar with the results of Table 3.

The range of variation of the E, /H, /1 system

parameters is much wider than that of the E,/H,/1 system
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therefore; these systems can be successfully applied in
modern teletraffic theory.

6 DISCUSSION
As can be seen from tables 2 and 3, the average

waiting time in the E,/H, /1 system with increasing shift

parameter decreases many times as compared with the
conventional system E,/H,/1.

As expected, the data table 2 and 3 fully confirm the
above assumptions about the average waiting time in a
system with a delay. In connection with the reduction of
the coefficients of variation of the intervals of arrivals of
requirements and the service time due to the input of the
shift parameter into the laws of distributions, the latency
of requirements in the queue decreases in the system with
a delay. Moreover, this decrease is many times. In
addition, with a decrease in the shift parameter #,, the
average waiting time in the system with delay tends to the
value of this time in the conventional system, which
further confirms the adequacy of the results obtained.

Thus, table 2 and 3 demonstrates the qualitative and
quantitative influence of the shift parameter on the
numerical characteristics of distributions (11) and (12), as
well as on the main characteristic of the system — the
average waiting time.

CONCLUSIONS
The article presents the solution to the problem of
determining the average waiting time for two queuing

systems E,/H,/1 and E,/H,/1 by the classical method of

spectral decomposition.

The scientific novelty the obtained results consist in
the fact that spectral expansions of the solution of the
Lindley integral equation for the systems under
consideration were obtained and with their help the
formulas for the average waiting time in the queue for
these systems in closed form were derived. These
expressions extend and complement the well-known
incomplete formula in queuing theory for the mean
waiting time for systems of type G/G/1 with arbitrary
laws of input flow distribution and service time.

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

Prospects for further research are seen in the
continuation of the study of systems of type G/G/1 with
other common input distributions and in expanding and
supplementing the formulas for average waiting time.
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JOCJIKEHHSA JIBOX CUCTEM E,/H,/1 31 3BBUMAVTHUMM TA 3CYHYTHUMM PO3MOALIAMU METOJIOM
CIIEKTPAJIBHOI'O PO3KJIAJJAHHSA

Tapaco B. H. — n-p TexH. Hayk, npodecop, 3aBigyBad Kadeapu MPOrpaMHOTO 3a0C3MEUYCHHS Ta YIPABIiHHS B TEXHIYHUX
cuctemax [10BOJI3BKOrO IepKaBHOTO YHIBEPCUTETY TeJIeKOMYHiKamii Ta iHpopmaTuku, Poccus.

AHOTALIA
AkTyaabHicTb. B Teopii macoBoro oOcmyroByBaHHs mociimkeHHs cucteM G/G/1 akryanbHi B 3B 3Ky 3 THM, IO HE MOXKHA
OTPUMATH PILLICHHS IS 9acy OYiKyBaHHs B KiHIICBOMY BHUIJISAII B 3arajJbHOMY BHIIQJIKy IPH AOBUIFHIX 3aKOHAX PO3MOALTIB BXiTHOTO
MOTOKY 1 4acy obOciyroByBaHHS. ToMy BaskJIMBI ITOCTIDKCHHS TaKMX CHCTEM JUIS OKPEMHUX BHIA[KIB BXiJHUX po3moxiniB. Byma
PO3IIIsIHyTa 3ajada BUBEJCHHS DIMIEHHS IS CEpeJHbOr0 4Yacy OWiKyBaHHS B 4ep3i B 3aMKHYTIH (opMi JUIi JBOX CHCTEM 3i
3BUYAIHUMU 1 31 3CYyHyTUMH €pJIaHTiBCbKUMHU Ta TiePEKCIIOHEHTHUMH BXiTHUMHU PO3HOAITaMH.
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Merta po6oru. OTprMaHHs pillIeHHs [JIsi OCHOBHOT XapaKTEPHCTUKK CUCTEMH — CEPEIHBOT0 Yacy O4iKyBaHHsS BUMOT B Yep3i s
JIBOX cHcTeM MacoBoro obcmyroByBanHs Tuiy G/G/1 3i 3BHYallHUMHM Ta 31 3CYHYTHMH €pJaHTIBCBKHMH Ta TilepeKCHOHEHTHHUMH
BXIIHUIMH PO3IIO/IIaMH.

Mertopn. /151 BUpilIeHHs] HOCTABJICHOTO 3aBAaHHsl OyB BUKOPUCTaHHN KJIACHYHUII METOJ CIIEKTPAIbHOrO PO3KJIAJAHHS PillICHHS
interpansHoro piBHsHHs Jlinmmi. Leit MeTox m03BoJsiE OTpUMATH PILlICHHS IS CEPEAHBOTO Yacy OUYiKYBaHHS Uil PO3IIISHYTHX
CHCTEM B 3aMKHYTiil popmi. MeTon ceKTpaIbHOrO PO3KIaJaHHs PillleHHS IHTETPAIbHOTO piBHAHHA JIIHAJI rpae BaXITUBY POJIb B
teopii cuctem G/G/1. [y mpakTHYHOTO 3aCTOCYBaHHS OTPUMAHUX PE3YJIBTATiB OyJI0 BUKOPUCTAHO BiJOMHI METOJ MOMEHTIB TEOPii
HMOBIpHOCTEH.

PesyabTaTi. Briepiie oTpUMaHO CrieKTpajibHE PO3KIAAaHHS PIiLICHHS iHTErpallbHOro piBHAHHS JIMHUTH ISl IBOX CHCTEM, 3a
JIOTIOMOTOIO SIKOTO BHBEACHO PO3PaXyHKOBE BUPA3 VISl CEPEIHBOTO Yacy OYiKyBaHHs B uep3i B 3aMKHYTIH (opmi.

BucnoBkn. OTprMaHO CIIeKTpajbHE PO3KJIAJaHHs PIllleHHs IHTerpajbHOrO piBHAHHA JIIHAII AJIs PO3IIITHYTUX CHUCTEM, Ta 3 iX
JOTIOMOTOI0 BHUBEJCHO PO3PAaXyHKOBE BHpa3 Ul CEPeIHBOrO 4acy OUiKyBaHHS B 4ep3i IUIsl LMX CHUCTEM B 3aMKHYTiH (Gopwmi.
IMokazano, mo B cHCTeMi 3 3alli3HEHHSIM Yy dYaci CepeiHiil 4ac OdYiKyBaHHS MeEHIIe, HDK y 3BHUaiHii cucremi. OTpumane
pO3paxyHKOBe BHpa3 [UIA 4Yacy OYIKyBaHHS pO3IIUPIOE 1 OMOBHIOE BiIOMYy He3aBepileHy (opMyily Teopii MacoBOTro
00CITyroByBaHHS ISl CEpeIHBOTO Yacy odikyBaHHS s cucteM G/G/1 3 ZOBUIBHIMHU 3aKOHAMH PO3MOALIIB BXiJHOTO TOTOKY 1 4acy
obciyroByBaHHs. Takuil miaXia H03BOJISE PO3paxyBaTh Cepe/IHii Yac O4iKyBaHHS JUIsl 3a3HAYCHUX CHCTEM B MaTEMAaTHYHHX [TAKeTaX
JUISL IIXPOKOTO Aiala30Hy 3MiHM IapaMeTpiB Tpadiky. Bei iHIm XapaKTepUCTUKH CHCTEM € ITOXITHUMH Yacy OUYiKyBaHHS.

KpiM cepenHporo 4acy OYiKyBaHHS, TaKHH IiJXiJ Ja€ MOXKIHMBICTh TaKOX BH3HAYMTH MOMEHTH BHIIHMX MOPSIKIB Yacy
OuiKyBaHHS. 3 OIJIIy Ha TOH (haKT, [0 Bapialis 3aTPUMKH MAKETIiB (JPKUTTEP) B TEJICKOMYHIKallii BU3HAYAETHCS K JUCIEPCis dacy
OYiKyBaHHS BiJ{ HOrO CEpeHbOr0 3HAYCHHS, TO JUKUTTEP MOXKHA Oy/ie BU3HAUMTH Yepe3 AUCIEPCilo Yacy OuiKyBaHHS.

OtpumaHi pe3ysbTaTh MyONiKyIOThCS BIIEpILIE.

KJIFOYOBI CJIOBA: cucrema 3 3amizHeHHsM, cuctema E,/H,/1, nmeperBopenns Jlammaca, cepenHiii yac odikyBaHHS B Yep3i,
METOJI CIIEKTPaIbHOTO PO3KIIaJaHH.

YK 621.391.1: 621.395
HUCCJIEIOBAHHUE IBYX CUCTEM E,/H,/1 C OBBIYHBIMHA 1 CO CABUHYTBIMHU PACIIPEJAEJTEHUSIMA
METOAOM CHEKTPAJIBHOI'O PA3JIOKEHUS
Tapaco B. H. — 1-p TexH. Hayk, mpodeccop, 3aBemyroumii kadeapoll mporpaMMHOrO OOCCICYCHHS W YIPABJICHHS B
TEeXHUYECKHX crcTeMax [I0BOIKCKOro rocyJapcTBEHHOTO YHHBEPCHTETA TEICKOMMYHHUKALMN 1 HHpOpMaTuKH, Pocis.

AHHOTADIUA

AKTyalIbHOCTB. B Teopuu maccoBoro obcmyxkuBaHusi uccienoBanus cucteM G/G/1 akTyalbHBI B CBS3H C TE€M, YTO HENB3S
MOJTYYUTh PEIICHUs Ui BPEMCHU OXXKUJIAHMS B KOHEYHOM BHJE B OOIIEM Clydae IpH IPOM3BOJIBHBIX 3aKOHAX pPaclpeneneHHi
BXOJHOTO ITIOTOKAa M BpPEeMEHH 00CITykuBaHMS. [109TOMy Ba’KHBI HCCIIEJJOBAaHUS TAKUX CHCTEM JUISl YAaCTHBIX CITy4aeB BXOJHBIX
pacnpenenenuii. PaccMorpena 3aa4ya BBIBOAA PELICHNS I CPETHEr0 BPEMEHH OJKHIaHMs B OUepely B 3aMKHYTOH (hopMe [UIs mapsl
CHCTEM C OOBIYHBIMH U CO CIIBUHYTBIMH 3PJIAHTOBCKUMH M TUIIEPIKCIIOHEHIIHAIBHBIMU BXOIHBIMU PaclpeeICHUSIMH.

Lean padorsl. [lonyueHne penieHus A1 OCHOBHOM XapaKTEPUCTHKU CHUCTEM — CPEIHEro BPEeMEHH OXHIaHus TpeOoBaHUI B
ouepear Uil [BYX cHUCTeM MaccoBoro obcmyxuanus tuna G/G/1 ¢ OOBIMHBIMH M CO COBHHYTBIMH T'MICPIKCIIOHCHIUATbHBIMUA U
9PIAHTOBCKUMH BXOJHBIMHU PACTIPEICICHUIMH.

Mertoa. [lns perieHuss NMOCTaBICHHOM 3alaud MCIOJB30BAaH KJIACCHYECKMH METOJI CHEKTPAJIbHOTO Pa3IOKEHHsI pEIIeHUs
HHTETpaNBHOTO ypaBHeHus JIuHmmm. JlaHHBI MeTOX IO3BOJISIET MOJYYHTh pEIICHHE VIS CPEJHEr0 BPEMEHH OXHIAHWS IS
paccMaTpuBaeMbIX CHCTEM B 3aMKHYTOH (opMme. MeTox CIIeKTPaNbHOTO Pa3JIokKEHHs pelIeHHs HHTETPaIbHOTO ypaBHEeHUs JInaamm
Urpaer BaxHyI0 poiab B Teopuu cucteM G/G/1. Jlns mpakTHYecKOro HPHMEHEHHMsS ITOJMYYEHHBIX pPe3yJbTaToB MCIOIB30BaH
W3BECTHBIH METOJI MOMEHTOB TEOPUH BEPOSTHOCTEH.

Pe3ynbTaThl. BriepBeie monydeHbl CIEKTPaIbHBIE PA3JIOKEHHS PEIICHHUS] HHTETPAIbHOTO ypaBHEHUs JIMHAIM U1 ABYX CHUCTEM,
C TIOMOLIBIO KOTOPBIX BBIBE/ICHBI PACUETHBIC BBIPAXKEHMS IS CPEAHET0 BPEMEHH OXKUJIaHus B O4eped B 3aMKHYTOH (opme.

BriBoasl. ITomydeHsl CieKTpaabHbIE Pa3IoKEHNs PEHICHHsI HHTETPAIBHOTO ypaBHEHUs JIMHIIH U paccMaTPUBAaEMBIX CHCTEM
U C UX HOMOIIBIO BBIBEJICHBI PAaCUETHBIEC BBHIPAKCHUS IS CPEJHETO BPEMEHH OXXHAAHMS B OYEPEAN JUIS STHX CHCTEM B 3aMKHYTOI
¢dopme. [lokazano, 4To B CHCTEME C 3ama3fblBAaHHEM BO BPEMEHH CpEIHEE BpEeMsl OXKHMIAHHS MEHBINE, YeM B OOBIYHOH CHCTEME.
[Momyuennsle GOpMyNBl JIS BPEeMEHHM OXXHJIAHUS PACIIMPSIOT M JIOHMONHSIOT HM3BECTHYIO HE3aBEPIICHHYIO (OpPMYIy TEOPHH
MaccoBOTr0 OOCIY»KHMBaHUS Ul CPEIHEro BpeMeHH oxunanus st cucteM G/G/1 ¢ MpOM3BOJIBHBIMH 3aKOHAMH pacIpe/ielieHui
BXOJIHOT'O TIOTOKAa M BPEMEHH 00CITy>KMBaHMs. Takol IOJIXO0J MO3BOJSIET PACCUMTATH CPEAHEE BpeMsl OXKHIAHHUS ULl yKa3aHHBIX
CHCTEM B MAaTEMaTMYECKUX IIaKeTax Ul IIMPOKOro JMana3oHa U3MEHeHUs mapaMeTpoB Tpaduka. Bee ocranbHble XapaKTEpUCTUKH
CHCTEM SBJIAIOTCS IPOM3BOIHBIMU OT BPEMEHH OXKUAAHUSL.

Kpome cpennero BpeMeHH OXUIaHUS, TAKOW MOAXOM AAa€T BO3MOXKHOCTH ONPEETUTh X MOMEHTHI BBICIINX HMOPSAKOB BPEMEHH
OXHJAHUA. YUHUTHIBAas TOT (DakT, UTO BapHaIMs 3aJCPKKU IAKETOB (JUKUTTEP) B TEICKOMMYHHKAIMAX OINpPEAENseTCs Kak pa3opoc
BPEMEHH OXKHJAHHS OT €r0 CPEIHEro 3HAUCHNUS, TO [DKUTTEP MOXKHO OYJIET ONPENenuTh Yepe3 JUCIEPCHI0 BPEMEHH OXKHIaHMsI.

INomyueHHbIe pe3yabTaThl Iy OINKYeTCs BIICPBEIC.

KJIFOUYEBBIE CJIOBA: cuctema ¢ 3ana3nsiBanueM, cucrema E,/H,/1, mpeoOpazoBanue Jlamnaca, cpeiHee BpeMsi OXKHIAHHS B
ouepesid, METO/ CIIEKTPAIbHOIO Pa3I0KEHUs.
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AHOTANIA

AxTyanbHicTh. JlieBi xiacndikaiiiini pilleHHs y Cy4acHHX CHCTEMax KOMII FOTEPHOTO 30py MOTPEOYIOTh MOTIHOICHOrO BH-
BYCHH NIPUPOH 00poOIoBaHNX NaHuX. KiactepHe nmomaHHs 1uist 6a30BOi CHCTEMH CTPYKTYPHHX O3HAK SIK MHOXHHH JIGCKPHIITODIB
KITIOYOBHX TOYOK 300paKeHHsI CIIPUsE 3HIDKCHHIO PO3MIPHOCTI Ta CYTTEBOMY CIIPOIICHHIO 3ac00iB aHami3y AaHuX. OCHOBHUM iH-
CTPYMEHTOM € CTaTHCTHYHE JOCHIIKEHHS JAaHUX OIUCIB y CKJIAJl KJIACTEPHOrO MOJAHHS, SIKe BioOpaXae y3araJbHEH! BIACTHBOCTI
Bi3yasibHOTo 00’€kTa. BripoBa/pKeHHs anapaTy JepeB IPYHTY€EThCS Ha CTATHCTUYHOMY aHasli3i KOMIIOHEHTIB JaHHUX 3aJU1s IPUHHSATTS
PILICHHS ITPO BiJHECEHHS Bi3yalbHOro 00’€KTY 10 BimoBigHOTrO Kiacy. [loOymoBa nepeB 0a3yeThcst Ha MOKa3HUKAX iHPOPMATUBHO-
CTi JIaHUX, 10 3a0e3MeUyI0Th MPOIIEC JIOTIYHOTr0 0OPOOICHHS MPU PO3IINICHH] Y TiKax AepeBa. Marouu €iuHy HMOBIpHICHY TIPUPO-
1y, 1i MOKAa3HUKU BUMIPIOIOTH i OLIIHIOIOTH CYTTEBO Pi3HY 3a 3MicTOM iH(opMmario. BaxxnuBum npenctaBisieTbesi BABYCHHS K 3ara-
JIBHUX BJIACTHBOCTEU LIMX KPUTEPIiB y 3aaadi kiacudikarii, Tak i OLiHIOBaHHS 1X IHAWBILyalbHUX XapaKTePUCTHUK.

Merta podoTu. BupimenHss 3aaaui knacugikaii BisyaqasHHX 00’ €KTiB 32 KIIACTEPHUM MOJAHHAM JaHHUX U CTPYKTYPHOTO OTHCY
300paKeHHS 13 32CTOCYBaHHIM arapary JepeB PilllcHb.

MeTopa. 3anpornoHoBaHo criocid kiracugikamii 300pa’keHb Ha OCHOBI KJIACTEPHOTO MOAAHHS JAHMX i3 BUKOPHCTaHHSM amapary
JiepeB pillleHb Ta IHCTpyMeHTapito Teopil iHdopmaii.

PesyabTaTn. [linTBeppkeHO mpare3 aTHiCTh i e(eKTUBHICTh MeToy KiacH@ikamlil IUIIXOM 3aCTOCYBaHHS arapary IepeB 110
KJIACTEPHOT'0 MOJIAHHS JaHUX CTPYKTYPHOTIO omucy 300paxeHHs. Ha nmpuxianax 3acTocyBaHHs Pi3HUX KpUTEpIiiB iHPOPMAaTHBHOCTI
JUIsL peallbHUX eKCHePUMEHTAIBHUX JaHUX 300paKeHb OLlIHEHa Pe3yJIbTaTHBHICTh CTBOPEHHUX JepeB. [0piBHAIBHIM YHHOM IIPOAHa-
Ji30BaHi 0COOIMBOCTI BIPOBAKEHHSI PI3HUX KPUTEPIlB iHPOPMATHBHOCTI JaHUX NPH NOOY/0BI epeBa pillieHb.

BucHoBkH. 3acToCyBaHHS PO3IIIHYTHX KPHUTEPiiB iHQOPMATUBHOCTI Pi3HUM YMHOM 3a/1a€ MOCHIIIOBHICTH BIPOBAIXKCHHS HE3a-
JISKHUX 3MIHHUX Y KIacH(IKaI[ifHOMY JepeBi, IKUMHA BHCTYTMAIOTh YMCIIOBI MOKA3HUKH KIACTEPHOTO MOJAHHS OMHCY 300paKeHHS.
IIpoBeneni po3paxyHKH cBiggaTh 1po Te, mo eHrpormis [llenHoHa Ta kKoedimieHT JKHHI € TOCTATHRO MOTYKHUMHU KPUTEPisIMH iHPO-
PMAaTHBHOCTI, 5IKi 3a0e31e4y0oTh NPaKTHYHY 1T0O0YA0BY KiIacudikamniiiHoro aepesa pimens. CxoxicTb QyHKIIT cyMicHOI iHpOpMaTH-
BHOCTI KOPEHEBOT'O By3JIa IS PI3HUX KPHUTEPIiB MIATBEPIDKY€E 00 EKTUBHICTH NTPOBEAEHOTO JIOCIILKEHHS, a TX BiMIHHICTb BigoOpa-
)Ka€ 1HAUBIyJIbHUI XapakTep 4y TIMBOCTI 10 aHANi30BaHUX JaHHX.

HaykxoBy HOBH3HY HOCII/DKEHHS CKJIaJla€ yIOCKOHAJICHHS Ta CTAaTUCTUYHE OOTPYHTYBaHHS MPOLELYp NPUHHATTS Kiacudikarii-
HMX pillIeHb /Ul JAHUX KJIACTEPHOTO MOAAHHS ONMCIB 300pa)keHb Ha OCHOBI BIPOBAKEHHS MOJIeNIeil AepeB.

[pakTnyHa 3HAYYyL[iCTh POOOTH MOJNATaE y MiATBEPKSHHI Pe3yIbTaTUBHOCTI 3apoBaPKEHHs arapary aepeB Ui Kiacudikaii
JaHMX HA MPHKIaAax 300pakeHb Y CHCTEMaX KOMII IOTEPHOTO 30Dy.

KJIFOYOBI CJIOBA: koM 10TepHHUIA 3ip, METOIU CTPYKTYPHOTO PO3Mi3HABaHHS 300pakeHb, MHOKIHA KIIFOYOBHX TOYOK, JIe-
ckpunrrop BRISK, kiactepHe momaHHs, peleBaHTHICTh ONMCIB, KpHUTepiil mpupocty iHpopmanii, entponis lllenHona, enTpomis
Pen’1, koedimient JxuHi.
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ABPEBIATYPH

BRISK - (Binary Robust Invariant Scalable
Keypoints) — MeTo/ BUSBJICHHS Ta OIUCY KIIIOYOBHX TO-
YOK;

OpenCV — 6ibmioTeka mporpamHOro 3abe3nedeHHs
JUISL CHCTEM KOMIT IOTEPHOTO 30DY;

KT — ximrouoBa Touka;

ID3 — meTox moOyI0BH AEpeB pillieHb.

HOMEHKIJIATYPA
Z — 0a3a OIMCiB €TAJIOHIB;
Zj — OIHC CTAIIOHY;

O - ommc aHani30BaHOTO 00’ €KTY;
J — 4KcIo KIacis;
Ki — xmacrep,

k — gucno kiacrepis;

hlZ jJ — BEKTOPHHII OIIMC €TaJOHy Yy KJIACTEPHOMY
TPOCTOPI;

hiJ — KUTBKICTh €JIEMEHTIB | -TO ETAIOHY, 10 Haje-
xatp kinacrepy Ki;

Gain — kpurepiii npupocTy iHhopmarii;

N — KUJIBKICTh TAHWX, IO PO3IUIAIOTHCS Y BY3IIi Jepe-
Ba;

N, Ny — YKCJIO €JEMEHTIB AOUIPHIX BY37iB OiHapHO-
IO JepeBa;

I(n) — kpurepiit iHGOPMATHBHOCTI JAHUX;

I5(n) — indopmariiina enrpomnis [llerHoHa;

P — oIiHKa MMOBIPHOCTI IOSIBU €JIEMEHTIB KJlacy ce-
pen eIeMEHTIB By3J1a;

I 5(n) —koedinient JxuHi;

I g (n) — entpomis Pen’s;

I+ (n) — enrpomis Tcamica.

BCTYII

[Ipouec BrpoBa/pKEeHHS Mi€BHX KiIacU(ikalidiHUX pi-
LIEHb Y CYYacHUX CHCTEMax KOMII FOTEpPHOT0 30py HOTpe-
Oye BUpILICHHS Py TpoOieM, MOB’S3aHUX i3 TOTITHOIC-
HUM BHBYEHHSIM MPUPOIN OOpOOTIOBAaHMX MJaHHX. Y
CTPYKTYpPHHX METO/aX PO3Ii3HaBaHHS 300paKCHb OITUCH
Bi3yaIbHUX O0’€KTIB TOMAIOTHCSA y BHUTISAI MHOXUHH
neckpunTopiB kimodoBux To4ok (KT) — ckiHueHHOT MHO-
JKUHU YHCIIOBUX BEKTOPIB IOCTATHHO BUCOKOI pO3MipHOC-
Ti [1-4]. ¥V Takomy BuIaaKy TpaHcoOpMamis MPOCTOPY
JIAHUX J0 MOJIeJIi KIIaCTEPHOT CUCTEMH CIPUSIE 3HUKEHHIO
PO3MIpPHOCTI, CyTTEBOMY CIIPOIICHHIO 3aC00iB 00pOOICH-
HS Ta MPHUKIAIHOTO 3acTocyBaHHs [5, 6]. OCHOBHMM iH-
CTPYMEHTOM TIPH IIbOMY BHCTYIA€ CTATHCTHYHE JOCIi-
JDKEHHSI JaHUX OMKCIB y CKJaji KJIACTEPHOTO MOJAHHS,
SIKe B acIleKTi po3Mmi3HaBaHHA BigoOpaxkae y3aralbHEHi
BIIACTHUBOCTI Bi3yaJlbHOTO 00’ €KTa [6, 7].

Pozknamenns maoxuHN neckpuntopie KT nuraxom ii
YHCENILHOTO MPECTABICHHS Y KIaCTEPHOMY IIPOCTOpi Jae
MOJKJIMBICTH BIIPOBAIWTH MOTEHINIO CYYacCHOTO amapary
data science mis aHanizy 3MiCTy KiIactepiB 3ayis moly-
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JIOBU JiiiioBoro Kiacudikaropa [5, 6]. OxHuM i3 BapiaHTiB
€ 3aCTOCYBaHHS JEpeB pillleHb, 110 POOUTH MpoIeC Kiia-
cudikamii npo3opum i 3po3yminum s goauau [8, 9, 10,
11]. BopoBamkeHHsI anapary JepeB IPyHTYEThCS Ha CTa-
TUCTUYHOMY aHaJli31 KOMIOHEHTIB IaHUX 3aJUIsl PUIHSAT-
TSl pilIEHHS TIPO BiJIHECEHHS Bi3yaJIbHOTO 00’ €KTY 3a HOTro
KJIaCTEPHUM OITMCOM JI0 BiamoBigHOro kiacy. IToOynosa
nepeB 0a3yeThCs Ha POl MOKa3HUKIB iHPOPMAaTUBHOCTI
JAHUX, MO0 3a0e3MeuyioTh iX JOoriyHe OOpOOICHHS NpHU
po3nineHHi y rinkax aepesa [9]. Ha cporomni mo Hai-
OUTPII BUKOPUCTOBYBAHMX MOXKHA BIZHECTH KpHUTEpii
[Tennona, Ixuni Ta Pen’i [8, 9, 12, 13]. He3Baxaroun Ha
€IMHYy HMOBIPHICHY NpHPOAY, Li MOKAa3HUKU HACIpaBIi
BUMIPIOIOTh 1 OIIHIOKOTH CYTTEBO Pi3HY 3a 3MICTOM iH(DO-
pmartito. BaxnuBuUM TpeNCcTaBiAThCS BUBUCHHS SIK 3ara-
JHHUX BJACTHUBOCTEH LMX KPHUTEPIiiB CTOCOBHO 3ajadi
knacuikaiii, Tak 1 BU3HAYCHHS iX 1HIUBIIyalIbHUX OCO-
OnuBocTEl.

O06’€KTOM TOCTITKEHHSI CTATTI € BEKTOPHA MOJICIb
KJIACTEPHOTO MOJAHHS CTPYKTYpHOTO OIHMCY 300pa’keHHS
SIK MHOXKUHH AECKPUITOPIB KIFOYOBHX TOYOK.

IIpeamerom nmociaimkeHHsi € modyaoBa aepeBa Kia-
cudikaniiiHnX pilleHb Ha OCHOBI KJIACTEPHOTO ITOJAHHS
ormucy.

Meta — BUBYCHHS BJIACTHBOCTEH KPUTEPIiB iH(pOpMa-
TUBHOCTI TIpH BIIPOBAJPKCHHI JIEPEB pillleHb 331 3a0e3-
TIEYCHHS pe3yJIbTaTUBHOI Ki1acHikalii.

1 IOCTAHOBKA 3AJIAYI
dopMaIbHOI0 OCHOBOIO CTPYKTYpHOI Kiacu(ikarii €

N\ .
baza Z = {Z ) }j:l omucis 306paxens eranonis Z ) (an-

¢aBiT K11aciB), 0 MOAAHA y BUIJIII CYKYITHOCTI 3HAYE€Hb
00’emnanoi MHokuHE Aeckpuntopis KT 6asu Z [1-3].
Take po30UTTS MOXe OyTH 37IMCHEHO OJHHUM i3 METOJIB
Kiactepusarii [5].

k
i=1"
ne Kj — HemycTi kiacrepy, o He MepPeTHHAIOTHCS. BBa-

BrpoBagumo Ha MHOXMHI Z po30uTTs Z = {Ki}

KaeMO eNeMeHTH Z € Kj eKBiBaJeHTHUMHU Mik C00OIO.
DakTUYHO MAaEMO JIBI CUCTEMHM KJIACIB HA MHOXKHHI JaHUX

bazu VzeZ:{Z J-} — 1t 300paxkeHs etayoHiB Ta {Kj} —
quis knactepiB. Po3ourrsam  {K; }E(:l omue 2 €TaJIOHy

TpaHchopmyeThes y Bektop h[Z J-] LUINX YHCEeT
hzl=!.n,... 0l h)), (1)

ne hi =card{zezl & zeK;} [6,7].

VY BignosigHOCTI 10 ¢opmaiizmy data science OyaemMo
po3risimaTH 3Ha4YCHHS BeKTOpy h sk cucremy Hesamex-
HUX (DaKTOpiB, SKi BIUTMBAIOTh HA BEIMYHMHY 3aJICKHOL
3MiHHOI — HOMepa kiacy | [10, 14-16]. Cnuparounch Ha

TaOJUINI0 BXIHUX JTaHUX, KA BKIFOYAE HAOOPU BEKTOPIB

h[Z!], oGuncneni mis Bapianiit onucis eranouis, moGy-
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JYEMO JIepeBO pIllleHb 13 3aCTOCYBaHHIM KPHUTEPIiB NpH-
pocty iHpopMalii, 3aCHOBaHMX Ha IH(POPMALIHHIN eHT-
pomii lllenHoHa, a-entporii Pen’i ta xoedimienti xuHi.
Knacudikaniiine nepeBo CIPHYMHUTH MOXIIUBICTH TPH-
WHSITH PILlIeHHsI MO0 HAJIGKHOCTI J0BLIbHOTO omnucy O,
noga”oro y Burisini h[O] 3a dopmysoro (1), mo geskoro
KiIacy A, sSIKUil MICTUTh 00’€KTH, BIIHECCHI IO OJHOIO 3
eranonie  Z! i3 ¢ikcosanum HOoMepoM | . 3ayBaxkmmo,
IO BIANOBIJHO 10 TEpMiHOJNOTII Teopii JepeB pilleHb
KJIaCTepH MOYKHA PO3IIIAJATH K KiJIbKiCHI aTpuoOyTH.

3aBIaHHIMH JIOCIIJDKEHHS € BUBYCHHS BJIACTHBOCTEH
QHAJII30BAaHUX KPHUTEPilB CTOCOBHO BIPOBAJDKEHHS MNPO-
IYKTHBHOI Kiacuikarrii.

2 OTJiA A IITEPATYPHU

dopmanpHa MOCTaHOBKA 3a4a4i Kiacugikariii i3 BHKO-
PHCTaHHSIM OINUCY 300paXKeHHS SIK MHOXKUHH JE€CKPUTITO-
piB KT chopmynboBana y [1-3], ne TakoX BUBYAIOTHCS
0COOJIMBOCTI Ta HENIOJIKH 3aCTOCYBaHHS MOJIEI CTPYKTY-
pHOTO OmMCy Uil TPajULiHHUX METOMIIB CTaTUCTUYHOL
knacudikamii [10, 14—17]. 3a3HadaeTbes, MO KIOYOBOO
BaJI0I0 € 3aBEJHKUI 00CIT 00YHMCITIOBATBHUX BUTpPAT MPU
00po0OIIeHHI MacHBiB OaraTOBUMIpHUX NaHUX Ta HEOOXis-
HICTh BHKOPHCTaHHS CTaTUCTUYHHUX TaONWIp. Y CTaTTIX
[3, 6] BuBuaroThCcs Momemi A MOOymoBH MOIMQiKaIliit
CHCTEMH O3HAaK 33Ul CKOPOUYEHHsS 00CITy OOYHCIICHB,
30KpeMa, PO3IIIAJaeThcs 3aCTOCYBaHHS METOMIB KilacTe-
puzanii manux. Monorpadii [5, 14—16] npucsiueHi 6e3-
HOCepeIHbO aHaNli3y MpPU3HAYEHHS Ta XapaKTepUCTHUK
CY4acHHMX METOJIIB KJlacTepu3allii JaHux.

VY crarti [4] 00roBOpIOETHCS TPHHIMI TOOYI0BH Jie-
ckpunropa BRISK, Bukopucranns sikoro st popmyBaH-
Ha aeckpuntopiB KT mae MOXIHBICTE BIIPOBaJAUTH OiHa-
pHE OOpOOJICHHS TaHHX.

HocmimkeHHs [6] MICTHTh pe3ylIbTaTH €KCIICPUMEHTIB
i3 KIacudikarii KIacTepHUX OMKCIB Y MeKaX MPUKIaTHOT
6a3u 300paxkeHp MeTenukiB. Y mparx [1-3, 18] Bukia-
JICHO pe3yJbTaTH 3aCTOCYBAHHS CTATUCTUYHHUX Mip Ui
OOYHCIICHHSI PEJIEBAHTHOCTI OIHMCIB, IO BHSBISE TiCHHUA
3B’130K METPUYHHMX Ta CTATHCTMYHUX MiaxoaiB. Pobora
[2] MicTHTB pe3ynbTaTh BUBYECHHs OJIOYHOTO MOAAHHS Ta
3aco0M (HparMEHTHOTO KOHCTPYIOBaHHS CTaTUCTUYHHUX
pO3MOUIIB, MIO JAalOTh MOJMJIMBICTH c(opMyBaTu y3a-
rajbHEHe IT0JIaHHS MHOXXHHHU JECKPHUNTOPIB SIK CHCTEMHU
yacTuH. [Ipy 11boMy OaraToBHMipHE ITOJAHHS TPAKTy€ETh-
sl SIK CYKYTIHICTh OJTHOBHMIPHUX, SIKi HA0arato mpocTimie
00pOOIIATH Ta aHANI3YBATH.

JlepeBa sk pe3ynbTaTHBHHUM amapaT anpoKCHUMAIlil Ja-
HUX 3aCTOCOBYIOTBCS Y CydacHHX MeTomax data science
[10, 14-16]. Y xuurax [8, 9, 11] BukiameHo cyTb OJHOTO
i3 Haitbinpm momynsapHux ainroputmis ID3 mma dopmy-
BaHHS JIEpeB, SIKMH BUKOPUCTAHO y MPAaKTUYHIM 4acThHI
HAILIOTO JTOCITIPKEHHSI.

Po6otu [7, 10, 14-17] BuKopucTaHo SK JpKepesa Kia-
CHUYHHMX METO/IIB CTATHCTHYHOTO OLlIHFOBAHHS.

Iy6mikamii [19, 20] MICTITh IEMOHCTPAIIO YCITIIIHO-
r0 3aCTOCYBaHHS 0a30BUX IIIXOIIB TEOpii JepeB pilllcHb
1010 BUPIMICHHS IPUKITATHAX KIacupiKaIlifHAX 3a1a4.
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3 MATEPIAJIM 1 METOAU

[Tpu noOynoBi GiHapHOTO JepeBa JUisi IPUHHATTS Kia-
cU(IKAI[IfHAX PIIIEHh CTOCOBHO HAJICKHOCTI JOCIIIKY-
BaHoro o6’exty O, momanoro y Bursiai (1), 1o aeskoro
kimacy A ckopucraemocs merogoMm ID3 [8, 9], 3a sxum
JUTS PO3IUIEHHSI MHOKHHU KOPEHEBOTO By3J1a 3 N 00’ €KTIB
obupaemo omuu 3 arpubytie Kj,i=1,...,k, BigmosixHo
II0 HBOTO OyIyeMo BiTKH i hopMyeMo modipHi By3md. [
IBOTO 3aCTOCYEMO (OPMATIi3M — MOKa3HUK MPUPOCTY iH-
dopmaii [9, 11] s pikcoBanoro kputepiro 1(n):

Gain(n,n;,n,) = I(n)—%l(nl)—%l(nz), @)

Jle BUKOHaHa yMoBa My +Ny =N .

Cytb Metony ID3 moOymoBu JqepeB MOJSATae y MOCIHi-
JIOBHOMY BHOOpi Ha 4eproBOMYy €Talli OJJHOTO 3 aTpUOyTIiB
K, skuii 3a0e3neuye HaiOinpmuii npupict iHdopmanii
(2) [9]. 3a pe3yabTaromM BHOOPY CTBOPIOETHCS YESPTOBHIA
BY30JI ZiepeBa.

3a3Ha4unMMo, 10 B SIKOCTI KpHUTEpito iHYOPMATHBHOCTI
I(n) MoxxHa oOupaTtu pi3Hi (QyHKIIi, cepen sSKUX Haii-
OinpIn mommpeHor € iHdopmamiiHa ertporis lerrnoHa
Ig(n), mo y Bunaaxy OiHapHOTO PO3JiJIEHHS OOUUCIIO-
eThbes 3a hopmysioro [9, 11]:

Is(M)=-plnp-(1-p)in(l-p), 3
y sKii Qirypye yacrora P X MOSIBU YMCIAa X eJIeMEeH-
n

TiB KJlacy A cepel N eleMeHTIB By3Ja.
PosrnsHEMO TakoX albTepHATHBHI KpUTepil iHpopMa-
tuBHOCTI |(N): xoedinient Jxuni |;(n) [9, 11], enrpo-

nito Tcanica [12, 21] 1§(n), a-entpomito Per’i Ig(n)
[12, 22], 30kpema, entpomito Per’i Ig(n) mpum a=2, sxi
004YHCITIOITHCS BiANOBIAHO 32 Gpopmysamu (4)—(7):

13(n)=1-p* - (1- p)%, (4)
I%=ﬁ(l—p°‘—(l—p)°‘),a20,a¢l, Q)

1
a—1
Ir(M) =—In(p? +(1- p)?). (7)

Sk 6auuMO, CIUTLHOIO OCHOBOXO MOOYIOBH YCIiX MOKa-
3HUKIB € 9acToTa P, II0 OOYHUCIIOEThCS Y BY3Ji JepeBa
JUIsl aHAJTI30BaHOI CYKYITHOCTI JaHUX.

Amnani3 xputepiiB (4)—(7) BusiBUB 11iKaBi ()akTH 11010
iX BJIACTHBOCTCH, B3a€MO3B’ 3Ky 1 BIJIMIHHOCTEH, IO,
0e3yMOBHO, Ma€ BiJOUTHCS Ha OCOONMBOCTSAX CTPYKTYPH
BIINOBITHUX KiIAcH]ikamiifHuX nepeB. HaBememo Haii-
OUTBII CYTTEBI TBEPMKCHHS, SIKI CIPUSATHMYTDH MOPIBHSIH-
HIO IIMX KPUTEpiiB IO JOLIIBHOCTI iX BIPOBAKCHHA y
mporieci moOyI0BH AEpeB.

In(p* +(1-p)*),a>0,a =1, 6)

Ig =
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[To-niepiiie, B po6oTi [23] BcTaHOBICHO (PYHKI[IOHATE-
Huii 38’130K Mixk entpornieto Pen’i 1§ (n) (6) Ta enrpori-
eto Tcamrica I¥(n) (5) y Burisui:

~ e(-IR (M) _y

o=

In((1-a) I (n)+1)
1-a '

IR (n) =

Li 3amexHOCTI MalOTh MiACTaBH 3yNMUHUTHCSA Ha 3a-
CTOCYBaHHI OJHIN 3 QyHKLi#H (5), (6). ABTOpamu Bupile-
HO obpatn QyHkiio |g(N) fK Kpalle BUBYEHY i TIpe-
CTaBJeHy y HaykoBid mitepatypi. KpiMm Toro, mpu a=2
enrporis Tcamtica (5) B TOUHOCTI criBmaaae 3 koedirie-
HTOM JIKMHI (4).

[lo-gpyre, y pobGoti [24] nOOBEOCHO CHAaHHSI O-
entpomii Per’i I§(n) (6) BinnocHo napamerpa a. [liiic-

HO, TIOKa3aHo, 110 noxiaHa Gpyukuii |§ () mopiBHIOE

o
dirm ___ 1 (leni-l—Zzln 2 J,
da (1-a)? p 1-p

o 1_ o
A o D a,Zzz 0.( b) o
p”+(1-p) p~+(1-p)

THOIO BEJTMYUHOIO MpH BCix o > 0,0 # 1, omke, QyHKIis

, 1 € Hemoa-

IR (N) He 3pocTae 3a MapamMeTPOM o.

Takwuii xapaktep noseainku Gynkuii |} (N) HABOAMTH

Ha AyMKY, IO TIpH BHOOpi aTpuOyTy At OOYI0BH Jepe-
Ba y BUNAAKy ONM3BKUX (CXOXHX 3a arpubyramu) pe-
3yJIbTATiB KpAIIOTO PO3PI3HEHHS MOXHA JIOCATTH IPH
3aCTOCYBaHHI HE3HAYHOIO 32 BEJIMYMHOIO 3HAYCHHS 0.
VY naniii po0oti 00paHO 0=2 SK OMHE 3 MOUITBHUX IS
MPAKTUYHUX OOYHCIICHb.

[o-Tpere, Haiibinpm mommpena enrpomis LllenHona

Ig(n) (3) € rpannynum Bumagkom eurpomii Tcamrica
I+ (n) (5) 1 o-entpomii Per’i 1§ (n) (6) mpu o —1 [12],

II0 JOBEICHO KIACHYHUMH METOJaMH MAaTeMAaTHYHOTO
aHawizy:

. o . o
lim I+ (N) = lim IR (N) =I5 (n).
a—1 a—l

HaBenenuit gakt € Oe3yMOBHAM IIOSICHCHHSIM 3aTpe-
Oysanocri enrporii [llennona Ig(n).

[To-4yeTBepTe, Ha KOPUCTH BUKOPUCTAHHS KoedimieHTa
Joxuni 15 (n) (4) TOBOPHTH JIETKICTh HOTO TIPAKTUIHOTO
3aCTOCYBaHHS, a TakOX HOro mpo3opuii WMOBIpHICHHH
smict: | 3 (n) mopiBHIOE MMOBIPHOCTI TOTO, IO BHUMAIKO-

BO 00paHuii (3a NEBHUM aTpuOyTOM) 00’ €KT HE HAJICKUTh
JI0 BUIIAIKOBO OOpaHOTO KJacy.
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3a3Ha4unMMo, 110 MiJICYMKOM IPOBEJEHOrO MOPIBHSLIb-
HOTO aHali3y HaBeAEHHX KpHUTepiiB iH(opMaTUBHOCTI
(3)- (7), sxi MOXyYTh OyTH 3aJIy4eHi O peaizallii KpuTe-
pito npupocty iHdpopmanii (2), Oyi0 pilleHHS MOAO J0-
LUIBHOCTI OOpaHHs Ul BUKOPUCTAaHHS y poOoTi iH(Op-

maniiinoi enrporii Llenmona lg(n) (3), xoedimienra

Joxuni 15(n) (4) i entpomnii Per’i 15(n) mpu o =2 (7).

3 TOYKH 30py 3a7adi TOCITiKCHHS, [IKABUM MPEICTa-
BIISIEThCS TIOPIBHSUIBHUN aHalli3 sl Pi3HUX KPHUTEpiiB
iHPOPMATHBHOCTI CyMiCHOI CTPYKTYPH JBOX MO>KIJIMBHX
JIOYIpHIX BY3JTIB OKPEMOTO arpuOyTy Il OTPHMAaHHS
BHCHOBKIB II[OJI0 NPUPOIHM BiIMIHHOCTEH 3HAYCHb IHX
KpPHUTEPIiiB, SKi JIS)KaTh B OCHOBI KPUTEPIIO MPUPOCTY iH-
¢dopmarii (2). Ak 6aunmo i3 hopmymu (2), A7 KOKHOTO
(ikcOBaHOTO By37Ia 3 KUIBKICTIO EIIEMEHTIB N TepImi
JIoaHoK Bupaszy |(N) € MOCTIHHOIO BEIMYHMHOIO, OTXKE,

JUIsl pO3IUICHHSI HOTO Ha JIBA JOYipHIX BY3JH 3 BIATOBII-
HOIO KUTBKICTIO €JIEMEHTIB JOYipHIX BY3IiB Ny, Ny MiHi-
Mi3allii moTpedyBaTHMe BUpa3

L(nnm) =L i)+ 22 1(ny),m +ny =0, (8)
n n

SKAHA HA3BEMO ITOKa3HMKOM CyMicHOi iH(opmaTHBHOCTI
By3JIa JIepeBa.

VY ekcrnepruMeHTANbHIN YacTuHI poOOTH JOCIIKEHO,
Sk 1pu (ikcoBaHOMY N 3MIHIOEThCS BennunHa (8) B 3a-
JISKHOCTI BiJl MOXJIMBHX HAOOpiB Ny, N, Ta BHYTPIIIHBOI
CTPYKTYPH AOUIpHIX BY3JIB IUIsi pi3HHX KputepiiB |(n)
BianoBinHo 1o popmyn (3), (4), (7).

3ayBa)XUMO TaKOX, L0 A NPAKTHYHOIO BIPOBa-
JUKEHHs1 KpuTepito (2) Tpeba BCTAHOBUTH MOPOTH 3aJyis
3MIACHEHHS AUCKPETH3allli 3HAYCHb aHAJII30BAHOI 3MIHHOT
y By3ui aepesa. SIk nmpasuiio [9], y BUNaAKy KUIBKICHOTO
aTpuOyTy JUIs BH3HAYEHHS ONTHMAJIBLHOTO THOPOTY pO3-
OWTTSI HasBHI 3HAYEHHS IIbOTO aTPHOYTY PaHXHUPYIOTH 32
3pOCTaHHAM 1 3IIHCHIOIOTH KBaHTYBaHHS, CIIOCIO SKOTO,
B3araii KaXXy4dl, Moke OyTH JOBUIBHHUM 1 OOMpaeThes
JOCTIMHUKOM. 3 ycCiX pIiBHIB KBaHTYBaHHS, SKAMH €
OKpeMi 3HaueHHSA aTpuOyTy, B SKOCTI MOPOTY OOHMPArOTh
TOHW, AKWi 3a0e3medye HaHOUIbIIEe 3HAYEHHS KPHUTEPIIo
npupocty iHpopmarii (2).

4 EKCHIEPUMEHTHU

[Ipoananizyemo nporec noOynoBu KiacupikariiHoro
JiepeBa 3a KputepieM npupocty iHdopmanii (2) Ha npH-
Kianal Tpeox kiaciB omwmciB (A, B, C) i3 15-tu 06’ekriB
(tabn. 1) y monanHi i3 10-Ti kinacTepis, siki B3sTi 13 [1] 1
OTpHUMaHI TIPU aHali3i 300pakeHp TepOiB MicT YKpaiHW.
Koxxauit 00’ €kt (psAmok TabnuIli) € pe3ynbTaToM KiacTe-
pHOTO MOoIaHHs 300pa)KeHHS BiATIOBITHOTO KIIacy y Kiac-
tepi K, i=1,...,10, ki po3risgaemMo y CeHCi KiTbKiCHUX
aTpuOyTIB.
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Tabmuis 1 — KiacrepHi mogaHHs omuciB 00’ €KTiB
1T p

Ne
06’-
exta | KI | K2 | K3 | K4 | K5 | K6 | K7 | K8 | K9 | KI0 |Kmac
1 7 9 9 9 | 14| 15| 6 | 11 | 11 9 A
2 6 |10 |11 |10 12|14 |7 |[10]10] 10 | A
3 51| 8 |11 |13]14] 8 |12|10] 8 A
4 g |1 |1 |12f2|11] 5 |10]14] 7 A
5 5|7 |12|1314]12]6 |9 |14] 8 A
6 8 | 11| 8 [ 16| 3 |14]13] 9 |11 7 B
7 9 | 12| 9 | 14| 2 |15[13|]10] 9 7 B
8 7138|125 1512|8109 11 B
9 8 [ 12| 9 | 17| 4 | 12| 14|10 ] 11 3 B
10 9 |10 | 7 [ 15] 4 |11 | 12|11 ]10] 11 B
11 15| 7 3013 9 |18 7 8 | 11 9 c
12 14| 9 4 |11 |10 17| 7 8 | 13 7 C
13 15| 8 s 1212 |15] 8 9 | 10 6 C
14 13| 7 4 |12 |11 ]16]| 6 7 12| 12 c
15 169 | 51011159 ]5]10] 10 C

3ayBaxMMo, 1110 HaBeJeHi 15 00’eKTiB AIHCHO CyTTEBO
BIZPI3HSIFOTHCS MPHHANISKHICTIO JI0 OJJHOTO 3 TPhOX KJia-
CiB, IIO MIATBEP/KYETHCS 3HAYYLIIMMH BiJMIHHOCTSIMH
MaHXETTCHCHKOT BIJICTaHI MiXk 00’€KTaMU PIi3HUX KJIaciB
A,BiC.

Bukonaemo no0y1oBy OiHapHOTO JiepeBa pillieHb CTO-
COBHO HAaJIS)KHOCTI 00’€KTy 10 Kiacy A, MO3HAYHBIIH
gepe3 H ximac, mo 06’ennye nBa inmmx kinacu — B i C.
Bynemo peamnizoByBaTH Kputepii (2) i3 3aCTOCYBaHHSIM
iHpopmaiiiHoi entpornii lllenHnona (3) sk kputepito iH-
(hopMaTHBHOCTI, a TAKOXX BHUKOHAEMO AHAJOTIYHI pO3pa-
XYHKH 32 jgornomoroto koedimienta [xui (4) i eHTporii
Per’i mpu o =2 (7), po3riisgmaroun iX SK albTepPHATHBHI
TTOKa3HUKH iH(POPMATUBHOCTI. 3MIHCHUMO TOPIBHAIEHUI
aHAN3 JepeB, OTPUMAaHHX 3a TPbOMa BKAa3aHUMHU IIOKa3-
Hukamu (kputepisimu). OKpeMy yBary MpHIUTIMO 1X SKO-
CTi, MOXJIMBIH BiJ]MIHHOCTI, JIOCII/DKEHHIO TIPHYMH TaKOT
BIAMIHHOCTI, a TaKO BIJIOBIJHUM BHCHOBKAM MO0
JIOLIBHOCTI 3aCTOCYBaHHSI TOTO YH IHIIOTO KPUTEPIFO.

3rigHo anroputMmy 1D3 nnst po3nineHHs MHOXHHH KO-
peHeBoro By3na 3 15-ti 00’exTiB (3a qaHnmu Tabdi. 1) Ha
nepmoMy kpoui obupaemo oxus 3 10-ti aTpuOyTiB, Bil-
MIOBIJTHO JIO SIKOTO OyayeMo BITKM i (OpMyeMO JOUipHi
By31u. Ockinbku yci atpubytu K; € kiibkicHUMH, Lie

noTpedye MOINepeHbOr0 BCTAHOBJIEHHS Uil KOXKHOTO 3
HUX TIOPOTiB It po30HTTs. sl BU3HAYEHHS ONTUMAJb-
HOTO 3HAUYCHHS MOPOTY BIICOPTYEMO 3HAYEHHS KOXKHOTO
aTpuOyTy 3a 3pOCTaHHSM, 1 PO3IVITHEMO MOXKJIMBI pO3-
OUTTSA 3a JOMOMOIO MemiaHu, a takox 0,25- 1 0,75-
KBaHTHJIIB OTPUMAHOTO psify. B sikocti mopory Biarnosin-
HOTO aTpuOyTy 00epeMo Te 3 TPhOX BKAa3aHHX 3HAYCHb,
sKke 3abe3medye HaWOLTbmid mpupict iH(GopMarmii (2).
Omxe, s JaHOrO TPHUKIALY, OCKIJIBKH KUIbKICTh
00’exTiB € HeBenukor (15), Oymemo BBakaTH TOCTaTHIM
po30MBaTH 3HAUEHHS KOKHOTO 3 aTpUOYTIiB TiNBKH Ha /B
YaCTHHH, TOOTO 32 JIOIOMOTOI0 OJTHOTO Iopory. Y BUNaj-
Ky 3Ha4HOI KiJIBKOCTI 3alMCIiB MPOIIOHYEMO BUKOHYBATH
OinbII IpiOHE KBAaHTYBAHHS 1, TAKMM YWMHOM, 371HCHIOBA-
TH po30HUTTS HAaOOpy 3HA4YEHB U KOYKHOTO aTpHOyTy Ha
KiJIbKa 9acTHH (OLIbIIE JBOX).
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3a pe3yibTaTaMd pPO3pPaxyHKIB Ha MiJACTaBl JaHUX
Tabn. 1 HalOUIbIIKI npupicT iHbopMarii (2) it po3mi-
JICHHSI KOPEHEBOro By3ina 3abesneudye atpudyt K1 y Bu-
najKy Bukopucranus entpornii lllennona (3nauenns 0,28)
i arpubyt K3 — y Bumanky BUKOpHCTaHHS KoedimieHTa
Joxuni 1 enrpomnii Per’i (o0 =2) (BiINOBIAHO 3HAYEHHS
0,22 1 0,33). Buxonytoun po3nileHHS KOPEHEBOTO By3Ia
3a KpuTepieM iHpopMaTuBHOCTI (3) BiIMMOBITHO 0 aTpH-
oyty K1, mpuxoanmo B pe3yibrari 10 KiacupikaiiHoro
JlepeBa, HaBeIEeHOTo Ha pHc. 1.

Pucynok 1 — JlepeBo pilieHb 3 BAKOPHUCTAHHIM SHTPOIIT
[lennona (3)

AHaJIOT1YHO BHKOHYETHCS IOOY/I0BA JIEPEB 3 BUKOPH-
cranHsM Koedinienta [Dxuni (4) 1 entponii Pen’i (7)
(po3ninenusam 3a arpudyrom K3 3 moporom 9), siki BusiBu-
JUCS OOHAKOBUMHU JIJIS IIMX KPHUTEPiiB iHPOPMATHBHOCTI.
OtpuMmaHe JAepeBo pillleHb HaBeICHEe Ha PHC. 2.

Pucynok 2 — JlepeBo pilieHb 3 BUKOPHCTaHHAM KoedimieHTa
JlxuHi (4) Ta enrpomii Pen’i (7)
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Sk ©6aumMo, NIepeBo pilleHb HA pUC. 2 TPUBOIMTH JIO
pe3ysbTaTy OUThII KOPOTKUM IUIsixoM. Ile mMoxxHa mosic-
HHUTH TUM, 110 eHTporis Pen’1 1 koedinient xuni kparie
PO3pI3HIOIOTE HasiBHI O00’€KTH JaHUX, HDK CHTPOIIiS
Illennona. B Toll camuii yac, WBUAKUNA pe3ylbTaT He
3aBXIIM MTPHUBOJUTH JI0 SIKICHOT Kiacu(ikalii yepes ayxe
TiCHY NpHB’ 3Ky c(POpMOBAHOTO AepeBa IO HABYAIBHOI
mepeHaB4YaHHA [9, 25]. OTxe, Qakr 3amydeHHS MOOyHO-
BaHUM [ICPEBOM DIllICHh HEBENUKOI KUTBKOCTI aTpuOyTiB
(Hanpuknaa, Tpu arpudyTH B JEpPEBi, OTPUMAHOMY 3 BH-
KopHcTaHHAM Koegimienta Jxuni Ta enTpomii Pen’i mpo-
TH YOTHPHOX aTPpUOYTIB B AEPeBi, OTPUMaHOMY 3 BUKOPH-
cranHsM eHrtpomnii [lleHHOHA) He € CBIAYEHHSIM KpaIoro
pe3yabTary, ajie i He MO)ke OyTH OJJHO3HAYHO BH3HAYCHO
SIK TIPILUHA pe3yJbTaT.

3ayBa)KMMO, II0 B yMOBaxX JaHUX TaOj. | MOKa3HUK
cymicHoi iH(opmaTtuBHOCTI By3na (8) mpu po30OHUTTI
KOpeHeBoro By3ida (N=15) y BUMAagKy 3acTOCYBaHHS
enrponii Illennona 3a ¢opmynoro (2) moxe Oytn
3anCcaHuil y BUTIISIAL:

M)

15-x-y((_ 5-x 5-x 10-y 10—y
lsy)=1""15 L(ls—x—yjln[ls—x—ijr(lS—x—y]ln[lS—x—y)} ©

sk 0<x<5, 0<y<10, (x+y)15-x-y)#0, xeZ, yeZ;

0,64, sxmo x=0, y=0 abo x=5, y=10.

e X,Y — BiINOBiTHO KiTBKOCTI eleMeHTiB kiacy A i H B
MepIIOMYy JOYipHBOMY BY31i. 3a3HayMMo, IO B Teopii
iHpopMarii 3aranpHONpUitHATO BBakaTH In0 =0 [9].

AHaJNOTIYHO IS K IIOTO MPHKIIALy TTOKa3HHUK CyMic-
HOi 1H(GOPMAaTHBHOCTI KOPEHEBOTO BY3Ja Yy BHIAAKY
3acrocyBaHHA Koedimiera J[xuHiI 32 dopmynoo (3)
HaOyBa€ BUTIIAAY:

X 2 2
x+y F(LJ _(L] .
15 X+Yy X+y
15 5 10—y Y
1y (xy)={ 152X 17[ X ]7( -y ] | (10)
15 15-x-y 15-x-y

ko 0<x<5, 0<y<10, (x+y)15-x-y)=0, xeZ;

0,44, sxmo X=0, y=0 abo x=5, y=10.

[TokazHuk cyMmicHOi iH(OPMAaTHBHOCTI KOPEHEBOTO
By3Ja y BHMAJKY 3acTOCyBaHHs eHTporii Per’i (a=2)
3a ¢dopmyroro (7) y IbOMY BHITAOKY PO3PAXOBYETHCS 3a
¢dbopmyoro:

2 2
Cxay o )y Y
15 X+y X+y

tay)={_ 152Xy [ sox P ((10-y Y (an
15 15-x—y 15-x-y) ||

sxmo 0<x<5, 0<y<10, (x+y)I5-x-y)#0,xeZ,yeZ;

0,59, sxmo Xx=0,y=0 abo x=5,y=10.

Sk 6aunmo, 3anaya MiHiMizamil GyHkuil Bursay (9)—
(11) € HENMHIAHOIO MITOYUCETLHOI0 ONTHMI3AIlifHOI 3a-
Jmadero 3 oOMexxeHHsMH. KpiM Toro, KoXHa OKpema Ha-
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BYaJbHA MHOXXHMHA 00’€KTIB, MPH3HAYEHA /sl TIOOYI0BU
KJacuQikaniiHoOro JepeBa pilleHb, Ma€e J10JaTKOBI oOMe-
JKCHHS Ha 3HAYCHHA aprymMEeHTIB B TOMY CCHC1, IO YC1
HPUITYCTHMI TTapu (X, y) YTBOPIOIOTH JIMIIE JEAKy ITif-
MHOKHHY MHO>KHHHU yCiX MOX/IMBUX LITOYHCENBHUX Hap
(X, y), 110 33J0BOJBHSIOTH yMoBaM 0 < x <5, 0<y <10.
Ha puc. 3 HaBenemo rpadix ¢yskuii (9).

Pucynox 3 — I'padix dpynkuii (9)

5 PE3YJIbTATH

OCHOBHUM pe3yJIbTaTOM JIOCHI/DKEHHSI € MiATBep-
JUKEHHST MOXIIMBOCTI 3aCTOCYBaHHS amapary AepeB pi-
IIEHb 10 00’ €KTIB KIIACTEPHOTO IOJIAaHHS JJAHUX CTPYKTY-
pHOTO onucy 300pakeHHs. He3anexxHUMH 3MIHHUMH TYT
BHCTYTAIOTh KUIBKICHI TIOKa3HUKH €JIEMEHTIB OIHCY, IO
NOTPaIIM y CKJIaJ OKpeMoro kiactepy. Ha mpukiamax
PO3TIIHYTHX KOHKPETHUX KpPUTEpiiB 1H(POPMATHBHOCTI,
AKi BIPOBA/UKEHO M PEANTbHUX EKCIIePUMEHTAIBHUX
JIAaHUX 300pakeHb, MMOKa3aHa Mpale3JaTHICTh MiAXOMIB i
pe3yJIbTaTUBHICTH CTBOPEHUX JepeB. [IpoaHaizoBaHi
TaKOX OCOOJIMBOCTI 3aCTOCYBaHHSI KpUTEpIiB AJIS JaHUX
KJIaCTEPHOTO MOJAHHS.

AHami3 3acTocyBaHHA KpHUTEpiiB iHOOPMATHBHOCTI
JaHUX JUIA KIACTePHOTO ITOJAaHHs IMOKa3aB, IO iX BUOIp
npu MoOyAOBI JAepeBa AUKTYETbCS HE TUIBKH 3MICTOM
JTAaHHX, a TAKOX 1 (hOpMaTOM X IpeACTaBICHHS.

6 OBI'OBOPEHHSI
VYci TouKH MOBEPXHI 3 MIIOYHACSIIEHUME KOOPAWHATA-

MU X, ¥ (0<x<5, 0<y<10) BiamoBigaoTh JeAKil
CTPYKTYpi TOUipHIX BY3JiB AepeBa. YuM HIDKYE Taka TOY-
Ka Ha rpadiky, THM Kpallle pO3JUICHHS KOPEHEBOI'O BY3-
na. Sk 6aunmMo, Tpu HaOJIMKEHHI TOUkK (X;Y) [0 aiaro-

Hami npaMokyTHHKa 0 <X <5, 0<y <10, mo BUXOIUTH

3 TI0YaTKy KOOPIAHMHAT, PO3ALICHHS KOPEHEBOTO BYy3Ila
HOTipIIy€eThCsi (OCKIIBKY MOKa3HUK CyMiCHOT iH(OpMaTH-
BHOCTI By3na (9) 30UIblIyeThCs, a 3HAYCHHS KPHUTEPIIO
npupocty indopmarii (2) 3MmeHmyerbes). HaBnaku, mpu
HaOMIDKeHHI TOYKKA (X;Y) MO BEpIIMH NPSAMOKYTHHKA
(0;0) Ta (5;10) pozaineHHs: KOPEHEBOTO By3Ja ITOKpAIIly-
€TbCsl (OCKUIBKM IIOKa3HMK CyMicHOi iH(opMaTHBHOCTI
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By3na (9) 3HMKY€ThCS, a 3HAYCHHS! KPUTEPII0 HPUPOCTY
iHpopMmaii (2) miIBULLYETHCS).

LlikaBo BiaMmiTuTH, mo rpadiku ¢yskuii (10) i (11)
MaloTh BWIJIS/L, YK€ CXOKHI 3 HaBeICHMM Ha pHC. 3
rpadikom ¢yskuii (9). Lle moscHioe Toil dakt, mo po3-
TIISTHYT] aBTOpaMH 1HIII TPUKJIaJH HAaBYAIEHOI MHOKHUHU
00’€KTiB MPUBOAMIIN, HAa BiIMIHY Bill pO3TJIIHYTOTO IIPH-
KIIaay, i 10 OMHAKOBHUX KIACHQIKAIIMHUX IEpeB pilllcHb.
3 iHmoro OOKy, OTpHMaHHS PI3HUX IEpeB AJIs HaBEIACHO-
TO MPUKIIAAY CBIIYUTH PO HASBHICTH MEBHUX ITTMOMHHUX
BiIMIHHOCTE! y BIacTUBOCTAX (pyHKIiH (9)—(11), a Takox
1po iXHIO Pi3HOILIAHOBY Yy TJIMBICTH JO MOXJIMBOI CTPYK-
TypH JIOYIpHIX BY3JiB JiepeBa. PerenbHuil NOPiBHSIBHUNA
aHaJli3 MPOBEACHUX PO3PaxXyHKIB MOKa3aB, 1[0 CHTPOIs
[IleHHOHa Kpallle pearye Ha JOCHTh HEOIHOPIAHI, aye
HEBEJMKI 3a po3MipoM By3nH, a koedimient JDxuHi Ta
enTpomnis Pen’ € OUIbII YyTJIMBUMH JIO0 IOCTaTHHO OJIHO-
pisHUX 1 3HaYHO OLTBIINX 32 po3MipoM By3idiB. Came Taka
BIIMiHHICTh TIOBEHIHKH IMOKa3HHUKIB CyMicHOI iH(opMma-
tuBHOCTI By3ma (9)—(11) i mpuBena 10 OTpUMaHHS Pi3HUX
ZepeB, HaBEJCHUX Ha puc. 1, 2.

IIpoBeneHi po3paxyHKH CBiq4aTh MPO Te, IO K EHT-
pomisi IllenHona, Tak i koediienT /[kuHI € AOCTATHHO
NOTY)KHUMH KpHUTepisiMH 1H)OPMATHBHOCTI, sIKi 3a0e3me-
YyIOTh NPaKTH4YHY 1M00yn0BY KiacudikauiiHoro jaepesa
pitieHb. BBaxkaemMo 3a OMIIBHE CKOPUCTATUCS] KPUTEPIEM
(2) mocninoBHoO i3 3acTocyBanHsM eHtporii [llennona (3)
i koedimienta [xuni (4) ans ycyHeHHs KinacuikamiiHux
MTOMHUJIOK, BUXOJASYH 13 BCTaHOBJEHOTrO (hakTy pi3HOILIA-
HOBOi YyTJIMBOCTI BKa3aHMUX KpPUTEPIiB JO MOMKIHMBUX
CTPYKTYp BY3JIiB JepeBa, Mo Oyay€eThCsl.

Ha puc. 1 Ta 2 mokasaHni cuHTe30BaHi OiHAapHI AepeBa,
110 NOOY/I0BaHI MO MPUHIKIY «OAMH HPOTH BCIX» 1 HAIIi-
JIeHI Ha NPUAHATTS PIlICHHS MPO HAJIEXKHICTh JaHUX [0
OJTHOTO i3 KJIaciB (y JaHOMY BHMAJKY 10 Kimacy A). 3po-
3yMLJIO, 110 3aBEepIICHHS MOOYI0BH MOBHOLIIHHOTO JepeBa
MOJKHA JIOCATTH aHali30M naHux peintd kiacie (B ta C).
[Ipu upoMy, SIK TpaBHIIO, 3aCTOCOBYIOTh OJHMH 1 TOH ke
KpuTepiii iHnpopmaTuBHOCTI. Hapsny 3 mum, mpoBeneHi
HaMHM JOCJII/PKEHHS OKa3yl0Th TaKOX MOKJIMBICTb BUKO-
pHUCTOBYBaTH KOMOIHOBAaHY TIOCHIJOBHICTh Pi3HOMAHITTS
KpHUTEPIiB.

BUCHOBKHU

PosrisiHyTi iHpOpMaliiHI KpuTepil pi3HUM YHHOM 3a-
JIAl0Th TOCIIIOBHICTh BIIPOBA/DKEHHs y KiacupikariitHo-
My JepeBi HE3aIeKHHX 3MIHHHMX, SKHMH BHCTYNalOTh
YHCENIbHI MOKAa3HUKH KIJIACTEPHOTO IIOJIaHHS OIHUCY 30-
OpakeHHs1. CX0XicTh (YHKIIT cyMicHOI iH(pOpMAaTHBHOC-
Ti KOPEHEBOTO BY3Ja ISl PI3HUX KPHUTEPIiB MiATBEPIIKYE
00’€KTHBHICTh TPOBEICHOTO JOCIHIIKEHHS, a iX BiAMIH-
HICTh BiioOpakae HIUBIAyallbHUA XapaKTep UyTIMBOCTI
JI0 aHAJTi30BaHHX JaHHX.

HayxoBy HOBHM3HY NOCHiUKEHHS CKIaga€ yIOCKOHA-
JIeHHS Ta CTaTUCTHYHE OOIPYHTYBaHHS IPOLEAYp HPHHH-
ATTS KJIacuQikauiiHUX pillieHb Al JaHWUX KIaCTEpPHOTO
MOJIaHHsI ONMCIB 300pakeHb Ha OCHOBI BIPOBAKCHHS
MozeleH nepes.
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[MpakTryHa 3HaUyH(icTh POOOTH MOJSrae y MiATBEp-
JOKCHHI pe3yJIbTATUBHOCTI 3alpOBa/DKCHHS amapary Je-
peB ais kiacudikamii JaHUX KIIACTEPHOTO OINHUCY Bi3ya-
JBHOTO 00’€KTa Ha IPUKIAgax 300paKeHb y CHCTEMax
KOMII FOTEPHOTO 30Dy .

[epcriekTHBH TOCTIMKEHHS OB s13aHi i3 BUBYCHHSM
Pe3yJIbTATUBHOCTI IHTENEKTYaIbHUX MPOLEAYyp Kiacudi-
Kalii Ha MiJICTaBi JepeB pillleHb IS JaHUX OIHUCIB 30-
OpaxkeHb y 00’ eMHUX 0a3ax Bi3yaJbHUX JTaHHX.
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poHiku «[ MMOuHHI TiOpUAHI CHCTEMU OOYUCIIOBAaJIBHOTO
IHTEJIEKTY ISl aHaJli3y MOTOKIB JaHUX Ta iX MIBHUAKE Ha-
BuanusD (Ne JIP0119U001403).

JITEPATYPA / IUTEPATYPA

1. Tapeupka C. B. 3acTocyBaHHs CTaTUCTHYHHX MIp pejieBaH-
THOCTI JJIsl BEKTOPHHUX CTPYKTYPHHX OIHCIB 00’€KTIiB y 3a-
nadi kinacugikamii 300paxkens / C. B. T'amenpka, B. O. T'o-
poxoBatcekuii // CucTeMu ympaBiiHHS, Hapiramii Ta
3B”s3Ky. — 2018. — Ne4 (50). — C. 62-68.

2. TopoxoBarcekuil B. O. BuBueHHs CTaTUCTUYHUX BJIaCTUBO-
cTell MoJieni GJI0YHOro TMOJAHHS ISl MHOKHHH JIECKPUIITO-
piB KJIIOYOBHX TOYOK 300paxkeHb / B. O. ['opoxoBaTchkuii,
C. B. T'ageuska, H. I. Crarnuk // Pagioenekrponika, ingo-
pmatuka, ynpaeiinas.—2019. — Ne 2. — C. 100-107. DOI:
10.15588/1607-3274-2019-2-11.

3. Gorokhovatsky V. O. Determination of Relevance of Visual
Object Images by Application of Statistical Analysis of
Regarding Fragment Representation of their Descriptions /

V. 0. Gorokhovatsky and S. V. Gadetska /!
Telecommunications and Radio Engineering. — 2019. —
No. 78 3). - P. 211-220. DOI:

10.1615/TelecomRadEng.v78.i3.20.

4. Leutenegger S. BRISK: Binary Robust Invariant Scalable
Keypoints / S. Leutenegger, M. Chli and R. Y. Siegwart //
Computer Vision (ICCV). —2011.— P. 2548-2555.

5. Aggarwal C. C. and Reddy C. K. Data Clustering.
Algorithms and Application / C. C. Aggarwal and
C. K. Reddy. — Boca Raton : CRC Press, 2014.

6. Gorokhovatskyi O. Analysis of Application of Cluster
Descriptions in Space of Characteristic Image Features /
O. Gorokhovatskyi, V. Gorokhovatskyi, O. Peredrii //
Data.— 2018. — No. 34). - P. 52. DOLIL
10.3390/data3040052. Available online:
https://www.mdpi.com/2306-5729/3/4/52

7. T'opoxoBarckuii B. A. MccnepoBaHue pe3yabTaTUBHOCTU
CTPYKTYPHBIX METOJOB KIacCH(pUKAIMH H300paKeHuil ¢
MIPUMEHEHHEM KJIacTepHOH Mozenu naHHbIx / B. A. T'opoxo-
Batckuii, E.IL Ilytsatun, B. C. Cromsipos // Pamuoanexrpo-

Huka, uH(pOpMaruka, ynpasiuenue. — 2017. — Ne3 (42). —
C. 78-85.
8. Nong Ye. Data Mining: Theories, Algorithms, and

Examples (1st. ed.) / Ye. Nong. — CRC Press, Inc., USA,
2013.

9. Tlaxmua H. b. Bu3Hec-aHanmuTHKA: OT JaHHBIX K 3HAHUSIM:
yueb. moco6. / H. B. Maknun, B. . Opemkos. — CII6. : TTu-
Tep, 2013.-704 c.

10. Cy66otun C. A. MeTonbl cuHTE3a MOAENEH KOJINYECTBEH-
HBIX 3aBHCHMOCTE B 0a3uce IepeBbEB PErpecchu, peasv-
3YIOIIMX  KIIACTEP-PErPECCHOHHYI0  alIPOKCHMALUIO 10



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

npenenenram / C. A. Cy66otun// Panioenexrponika, ido- https://rd.springer.com/chapter/10.1007/978-3-030-26474-
pmaTuka, yrpasiinas. — 2019. — Ne 3. — C. 76-85. 1_35

11. Witten I. H. Data Mining: Practical Machine Learning Tools ~ 19. Decision trees: an overview and their use in medicine /
and Techniques. 3rd Edition / 1. H. Witten, E. Frank, and [V. Podgorelec, P. Kokol, B. Stiglic, I. Rozman] // Journal
M. A. Hall. — Morgan Kaufmann Publishers, Burlington. — of Medical Systems, Kluwer Academic/Plenum Press. — Oc-
2011. tober 2002. — Vol. 26, No. 5. — P. 445-463.

12. Yymak O. B. DHTpornuu u ¢pakransl B aHanuze AaHHsAX /  20. Grzymala-Busse J. W. Selected algorithms of machine
O. B. Uymak. — Mocksa-Ixesck : HULL «PeryinsapHas u xa- learning from example / J. W. Grzymala-Busse //
oTHYecKas JUHAMHKa», MHCTUTYT KOMIIBIOTEPHBIX HCCIIE- Fundamenta Informaticae. — 1993. — No. 18. —P. 193-207
nmoBanwmid, 2011. — 164 c. 21. Sumiyoshi Abe. Axioms and uniqueness theorem for Tsallis

13. bamkupoB A. I'. Durpomusi PeHpM Kak CcTaTHCTHYECKas entropy / Abe Sumiyoshi // Physics Letters. — 2000. — A.
SHTpOnuUsl Ui cHoXHbIX cucteM / A. T'. bamkupos // 271.—P. 74-79.

TM®. — 2006. — T. 149, Ne 2. — C. 299-317. DOI: 22.Renyi A. On  measures of  entropy  and
http://dx.doi.org/10.4213/tmf4235 information.[Enextponnmii pecypc] / A. Renyi. — Pexum

14. Kacprzyk, J. Springer Handbook of Computational JIOCTYIIY:

Intelligence / J. Kacprzyk, W. Pedrycz. — Springer-Verlag, http://l.academicdirect.org/Horticulture/GAs/Refs/Renyi 19
Berlin Heidelberg, 2015. 61.pdf.

15. Computational intelligence: a methodological introduction /  23. Nielsen F. On Rényi and Tsallis entropies and divergences
[R. Kruse, C. Borgelt, F.Klawonn et. al.]. — London : for exponential families / F. Nielsen & R. Nock, CoRR.
Springer-Verlag, 2013. — 488 p. abs/1105.3259, 2011.

16. Clarke B. Principles and theory for data mining and machine ~ 24. Beck C. Thermodynamics of Chaotic Systems: An
learning / B. Clarke, E. Fokoue, H. H. Zhang. — New York : Introduction (Cambridge Nonlinear Science Series) /
Springer, 2009. — 781 p. C. Beck & F. Schogl. — Cambridge : Cambridge University

17. Duda R. O. Pattern classification, 2ed. / R. O. Duda, Press, 1993. DOI:10.1017/CB0O9780511524585
P. E. Hart, D. G. Stork. — Wiley, 2000. — 738 p. 25. Kadranauko U. JI. OcobeHHOCTH NPHMEHEHHsS JEPEBHEB

18. Gorokhovatskyi V. Recognition of Visual Objects Based on pemennii B 3aaavax knaccuduxamun / U. JI. Kadranuukos,
Statistical Distributions for Blocks of Structural Description A. B. Ilapacuu // Bectauk IOYpI'Y. Cepus «Kommbrotep-
of Image. Lecture Notes in Computational Intelligence and HBIE TEXHOJIOTHH, YIMPABJICHHE, PAIMOIICKTPOHUKAY. —
Decision Making / V. Gorokhovatskyi, S. Gadetska, R. Po- 2015. - T. 15, Ne 3. — C. 26-32.DOI: 10.14529/ctcr150304
nomarenko // Proc. of the XV Int. Scientific Conf. “Intellec-
tual Systems of Decision Making and Problems of Computa- Received 19.05.2020.
tional Intelligence” (ISDMCI’ 2019). — Ukraine, May 21— Accepted 27.08.2020.
25, 2019. - P.501-512. Available  online:
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MN3YYEHUE KPUTEPUEB UH®OPMATUBHOCTHU JAHHBIX ITPU BHE/IPEHUU AIIITAPATA JTEPEBBEB
PEIIEHHUI B METOJIAX CTPYKTYPHOM KJIACCUAPUKAIIMA U30EPAKEHUN

T'ageuxas C. B. — xana. ¢us.-Mar. HayK, JOLEHT, JOUCHT Kadeapsl BBICIICH MaTeMaTHKH, XapbKOBCKUI HALIMOHAIBHEIN aBTO-
MOOMIIEHO-JJOPOXKHBIN YHUBEPCHUTET, XapbKOB, YKpanHa.

TI'opoxoBatckmii B. A. — 1-p TexH. Hayk, npodeccop, mpodeccop kadenpsl HHPOPMATHKH, XapbKOBCKUI HAIIMOHAIBHBIA YHH-
BEPCUTET PaJluONIEKTPOHUKH, XapbKOB, YKpauHa.

Crarauxk H. W. — xann. nex. Hayk, 3aBenylommid kagenpsl HHGOPMAIMOHHBIX TEXHOJOTUi, XapbKOBCKHN 00pa3oBaTENIbHO-
Hay4HBIH HHCTUTYT TOCYJAPCTBEHHOTO BBICLIEr0 yueOHOr0 3aBeIeHHs « Y HUBEPCUTET GaHKOBCKOTO A€Na, XapbKoB, YKpanHa.

AHHOTADIUA

AKTyalIbHOCTD. JleficTBeHHbIE KITaCCH(HUKAOHHBIE PEIICHHS B COBPEMEHHBIX CHCTEMaX KOMIBIOTEPHOTO 3pEHHS TPEOYIOT yT-
TyOIeHHOTO N3y4deHHs IPUPOAEI 0OpabaThiBaeMbIX AaHHBIX. KitacrepHoe mpezncraBieHue it 6a30BOH CHCTEMBI CTPYKTYPHBIX IPH-
3HaKOB KaK MHOXKECTBA IECKPHUIITOPOB KIIOYEBBIX TOUEK M300pa’KeHUSI CIIOCOOCTBYET CHIIKEHHIO Pa3MEPHOCTH M CYIECTBEHHOMY
YIPOILICHUIO CPE/CTB aHanu3a JaHHBIX. OCHOBHBIM MHCTPYMEHTOM SIBJSIETCS CTaTHCTHYECKOE MCCIIEAOBAHHE JAHHBIX ONMUCAHHUI B
COCTaBe KJIACTEPHOT0 MPEJICTaBICHUs, KOTOpPOE OTpa)kaeT 0000IeHHbIE CBOICTBAa BU3yalbHOTO 00BeKTa. BHenpenue ammnapara jae-
PEBBEB OCHOBBIBAETCS HA CTATHCTUYECKOM aHAIM3€ KOMIIOHEHTOB AAaHHBIX ISl IPUHSTHS PEIIEeHUs] 00 OTHECEHHH BU3yallbHOTO 00b-
eKTa K COOTBETCTBYIolLIeMy Kiaccy. [ToctpoeHue nepeBbeB OasUpyeTcs Ha MoKa3aTensX HHHOPMATUBHOCTHU JaHHbIX, 00eCIIeuHBa0-
IIMX TPOIECC JOTHIECKOH 00pabOTKH MpH pa3/eNieHNH B BETBSX AepeBa. VMes eAnHyI0 BEPOSTHOCTHYIO MPHPOMY, STH MOKA3aTeNIN
H3MEPSIOT M OIIEHUBAIOT CYIIECTBEHHO PA3INYHYIO 110 COJCPIKaHUIO HHPOPMAINIO. BaKHBIM IIPEACTaBIACTCS H3yUeHHE KaK OOIIIX
CBOMCTB 9THX KPUTEPHEB B 3a/jade KIIaCCU(HKAINH, TAK ¥ OLICHUBAHUE UX WHIMBHIYaTbHBIX XapaKTEPUCTHK.

ILeab padorsl. Pemenne 3amaun xaccuduKaniuy BU3yaIbHBIX 00BEKTOB MO KIACTEPHOMY HMPEICTABICHUIO JAHHBIX JUIS CTPYK-
TYPHOTO OIMCAHWs U300paKEHHs C IPIMEHEHHEM arapara AepeBbeB PEIICHUH.

Merton. [IpemtoxeH crocod kiaccupukayuy 1300pakeHni Ha OCHOBE KJIACTEPHOTO IIPE/CTaBICHHS JaHHBIX C MCIOJIB30BaHUEM
anmnapaTa JIepeBbeB PEIICHUH U HHCTPYMEHTApHUs TEOPUH HHPOPMaLH.

PesyabTtarbl. [ToareepxaeHa paboTocnocoOHOCT U 3 GEKTUBHOCTD METOA KiIacCH(UKALUK ITyTeM IPUMEHEHHUS anmnapaTa Jie-
PEeBBEB K KIACTEPHOMY INPEACTABIEHMS JaHHBIX CTPYKTYpPHOTO ONMHMCaHHA H300paxeHws. Ha mpuMepax NMpHUMEHEHUS Pa3IHYHBIX
KpHUTEpHEB HHPOPMATHBHOCTH JUIS PEaTbHBIX KCHEPHMEHTATBHBIX AAHHBIX M300paK€HHI OIEHEHAa Pe3ylbTaTUBHOCTH CO3JAHHBIX
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nepeBbeB. CpaBHUTEIBHEIM 00pa3oM MPOaHATN3UPOBAHEl OCOOEHHOCTH BHEAPEHHS Pa3IMIHBIX KPUTEPUEB HHPOPMATUBHOCTH JaH-
HBIX [IPU IOCTPOCHUU JIepeBa PELICHUH.

BriBoabl. [IpuMeHeHNe pacCMOTPEHHBIX KPUTEPUEB HHPOPMATHBHOCTH PA3IMYHBIM 00pa3oM 3aJaeT I0CIeI0BaTeIbHOCTh BHE-
JPEHUs] HE3aBUCHMBIX NIEPEMEHHBIX B KIaCCH(HKAI[MOHHOM JIepeBE, KOTOPBIMH SIBIAIOTCSA KOJHMYECTBEHHbIE MOKA3aTENMH KIACTEPHO-
IO NPEACTABJICHUs ONucaHus u300paxenus. [IpoBeneHHbIE pacueThl CBUAETENBCTBYIOT O TOM, uTo SHTponus llleHHOHa M K03 du-
ueHT JKWHY SBISIOTCS JOCTATOYHO MOIIHBIMH KPUTEpUSM MH(GOPMATUBHOCTH, KOTOPbIE 0OECIIEUNBAIOT MPAKTUIECKOE MOCTPOe-
HHE KIacCH(UKAMOHHOTO AepeBa pemeHnid. CX0ACTBO (yHKINH COBMECTHOH MH(GOPMATHBHOCTH KOPHEBOTO y3I1a A Pa3IHIHBIX
KPHUTEPHEB MOATBEPKAeT 00bEKTHBHOCTH MPOBEICHHOTO MCCIICIOBAHMUS, a UX OTIMYNE OTpakaeT MHANBHUIYIBHBIH XapakTep dyB-
CTBUTEIBHOCTH K aHATIM3UPYEMbIM JAHHBIM.

HayuHyio HOBM3HY HCCIIEIOBaHHSI COCTaBJISET YCOBEpIICHCTBOBAHHE M CTaTUCTHYECKOE OOOCHOBAHWE MPOLEIYpP NPUHSITHS
KJTaCCU(HMKAIIMOHHBIX PEIICHUH Ul JaHHBIX KJIACTEPHOrO MPEICTABICHUS ONMCAHNIT M300pakeHNiT Ha OCHOBE BHEIPEHMST MOAEIeH
JIEPEBBEB.

IIpakTuyeckas 3HAYMMOCTh PAOOTHI 3aKIIFOUAETCS B MOATBEPIKACHUH PE3yJbTaTUBHOCTU BHEAPEHHs ammapara JepeBbeB IS
KIIacCH(HKAIMY JaHHBIX HA IPEMEPax N300paxKeHHil B CHCTEMaX KOMIIBIOTEPHOTO 3PEHHSI.

KJIFOYEBBIE CJIOBA: KOMIIBIOTEPHOE 3pEHUE, METOIBI CTPYKTYPHOTO PACIO3HABAHUS H300paKCHUH, MHOXKECTBO KITFOUEBBIX
Touek, aeckpunrop BRISK, kmacrepHoe nmpencTaBieHne, peleBaHTHOCTh ONMCAHUN, KpUTEPHI IPHPOCTa HHPOPMAIIAHN, SHTPOITHS
[lennona, saTponus Pensn, kosddunment JHxunu.
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STUDY OF STATISTICAL PROPERTIES OF THE BLOCK SUPPLY MODEL FOR A NUMBER OF DECORATORS
OF KEY POINTS OF IMAGES

Gadetska S. V. — PhD, Associate Professor, Associate Professor of the Department of Higher Mathematics, Kharkiv National
Automobile and Highway University, Kharkiv, Ukraine.

Gorokhovatsky V. A. — Dr. Sc., Professor, Professor of the Department of Computer Science, National University of Radio
Electronics, Kharkiv, Ukraine.

Stiahlyk N. I. — PhD, Head of the Department of Information Technology, Kharkiv Educational and Research Institute of the
University of Banking, Kharkiv, Ukraine.

ABSTRACT

Context. Effective classification solutions in modern computer vision systems require an in-depth study of the nature of the
processed data. The cluster representation for the basic system of structural features as a set of descriptors of key image points helps
to reduce dimensionality and significantly simplify data analysis tools. The main tool is a statistical study of these descriptions as part
of a cluster presentation, which reflects the generalized properties of a visual object. The implementation of the tree apparatus is
based on a statistical analysis of data components to make a decision on assigning a visual object to the corresponding class. The
construction of trees is based on indicators of informativeness of data that provide the logical processing process when dividing in
tree branches. Having a single probabilistic nature, these indicators measure and evaluate information that is significantly different in
content. It is important to study both the general properties of these criteria in the classification problem and the assessment of their
individual characteristics.

Objective. The solution of the problem of classifying visual objects according to the cluster representation of data for the struc-
tural description of the image using the apparatus of decision trees.

Method. A method for classifying images based on a cluster representation of data using the apparatus of decision trees and tools
of information theory is proposed.

Results. The efficiency and effectiveness of the classification method is confirmed by applying the tree apparatus to the cluster
representation of the structural image description data. Using examples of various informational content criteria for real experimental
image data, the effectiveness of the created trees is estimated. The features of the introduction of various criteria for information con-
tent in the construction of a decision tree are analyzed comparatively.

Conclusions. The application of the considered informational criteria in various ways sets the sequence for introducing inde-
pendent variables in the classification tree, which are quantitative indicators of the cluster representation of the image description.
The calculations show that the Shannon entropy and the Gini coefficient are quite powerful informational criteria that provide practi-
cal construction of a classification decision tree. The similarity of the joint informational function of the root node for different crite-
ria confirms the objectivity of the study, and their difference reflects the individual nature of sensitivity to the analyzed data.

The scientific novelty of the study is the improvement and statistical justification of the procedures for making classification de-
cisions for cluster presentation data of image descriptions based on the introduction of tree models.

The practical significance of the work is to confirm the effectiveness of the implementation of the tree apparatus for classifying
data using examples of images in computer vision systems.

KEYWORDS: computer vision, structural image recognition methods, many key points, BRISK descriptor, cluster representa-
tion, description relevance, information growth criterion, Shannon entropy, Renyi entropy, Gini coefficient.
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YAOCKOHAJIEHHA AJI'OPUTMY BUABJIEHHA TUHAMIYHUX
OB’€EKTIB HA BITEOITIOCIIAOBHOCTAX

Kartepunuyk I. C. — 1-p texH. Hayk, npodecop, npodecop kadeapu TerekoMyHikaliil Ta pagiorexHiku Hariona-
JIbHOT akazeMii Jlep:kaBHOT IPUKOPIOHHOI ciyk0u Ykpainu imeHi bornana XmenbHUIBKOTO, XMENbHUIBKUH, YKpai-
Ha.

Ba6apuxa A. O. — ax’10HKT ax 10HKTYpH HarionanbsHoi akagemii Jlep»xaBHOT MPUKOPAOHHOI Ciry»k0n YKpainu ime-
Hi bormana XMeapHHAILKOT0, XMEIEHUIIBKHMA, YKpaiHa.

AHOTANIA

AxTyanbHicTh. BripoBamkenHs (yHKIIH BiJeOaHATITUKH B CUCTEMHU BiJCOCIIOCTEPEKEHHS A€ MOXIIMBICTD IiJBHIIATH edek-
THBHICTb 3aCTOCYBaHHs BHIIEBKa3aHUX cucteM. OnHi€ro i3 QyHKUiN TaKUX IHTENEKTyalbHUX CHCTEM BiICOCIOCTEPEIKCHHS € BHSB-
JICHHS IWHAMIYHUX 00’€KTiB B CEKTOPaxX OIIAAY KaMep Bi€OCIOCTEpEKEHHS. ICHYyI04i MeTOIU BHUIUICHHS (OHY Ta pO3MMi3HaBaHHA
00’€KTiB MarOTh CYTT€EBI HENOJIKH, [0 OOMEXYIOTh iX 3aCTOCYBaHHS Ha MPAKTHUII, a caMe: 32 YMOBU HH3bKOT KOHTPACTHOCTI aJropH-
TMH HE B 3MO31 BUJIUIUTU 00’€KT 3 (OHY; JIesKi pyXoMi 00’€KTH MOXYTH PO3IMi3HaBaTHCS K (DOH, alNTOPUTMHU KPUTHUHI 1O YMOB
ocsiTieHHs Toio. CaMme TOMY, akTyaJbHHUM 3aBIaHHIM € pO3po0Ka Ta BJOCKOHAJICHHS METO/IB BUSBJICHHS AUHAMIYHHUX 00 €KTIB Y
BiICOTIOCITIIOBHOCTSIX.

Mera. JlocnipKeHHs IPUCBIYCHO PO3POOIII YIOCKOHAICHOTO METO/TY BUSBJICHHS JUHAMIUHHX 00 €KTIB y BiICOMOCIIIOBHOCTSX.

Merton. [Ipu nmoOymoBi MeToqy BUSIBICHHS IMHAMIYHHX O0’€KTIB Yy BiI€ONOCIIOBHOCTSIX BUKOPUCTOBYBAIUCS IIIXOIH LIOIO
BUIICHHS (OHY Ha OCHOBI HOIMIKCEILHOTO aHAII3y KapiB i3 3aCTOCYBAHHSM €JIEMEHTIB TEOPii eKCIePTHUX CHCTEM.

PesyabTaT. B po6oTi npencraBieHo yIO0CKOHAJICHHH METO/ BUSBICHHS AWHAMIYHHX 00 €KTIB y BiZCOIMOCIHITOBHOCTSX, SKHI
OocHOBaHMII Ha anroputMmi ViBe. 3amponoHoBaHMH MiAXiA BIiIPi3HAETHCA Bill OPUTIHAIBHOTO 3aCTOCYBAHHSAM KOJIPHOI CXEMH
U*V*W* BUKOpHCTaHHSAM NOABIHHUX MOPOTOBUX PIBHIB Ta EIEMEHTIB TEOPii EKCIIEPTHUX CHCTEM Ul YCYHEHHS HEeBH3HAUYECHOCTEH
y kiacudikanii mikceniB (MaTemarnuHuii amapat Teopii Hemcrepa-llledepa), a Takok, BUKOPHUCTaHHSIM JHHAMIYHOTO IIAXOXY B
OHOBJIEHHI (OHOBOT MOJIEN 32 PaXyHOK CYCIHIX IiKcesliB. MeTo | BUSBICHHS JUHAMIYHUX 00 €KTIB y BiJICOIOCTIJOBHOCTSIX BKIIIO-
yae Taki eTamnu: iHimiamizamis (GoHOBOI MO (U1 KOXKHOTO MIKCENsl 3 BiIOMAMH KOOpIHHATAMH 30epiraeThcs KUIbKICTh HOTO IMO-
Hepe/HiX 3Ha4YeHb Y IIOTOYHOMY KaJpi); BUSBICHHS NEPEIHBOTO IUIAHy; HACTYIIHUM KPOKOM € OOYHCIICHHS KIBKOCTI TOYOK, KOTpi
HaJIeXaTh JIO TMEPEJHBOrO IUIaHy Ta 10 (OHY. 3 METOI YCYHEHHS HEBH3HAYCHOCTI, KOJIM IIKCENb OJHOYACHO MOXKE HAJeXKATH K
JUHAMIYHOMY 00’€KTy Tak i (oHy, Ta oxHO3HAa4HOI Kiacu(ikauii 3acTocoBaHo maTematuuHuii amapar teopii Jemcrepa-Illedepa;
MICJISL BUSIBIICHHA MEPEAHBOTO TUIaHY BiZOyBaeTbcsi OHOBIEHHS (pOHOBOI Mozenmi. B ocHOBY sKoi mokjaneHa TpupiBHEBa moOynoBa
OKOJIy IOCHI/PKYyBaHOTO IKCENS Ta 3aCTOCYBaHHsS PIBHOMIPHOTO 3aKOHY PO3MOALTY BHIIQJKOBHX BEIHYHH BCEPEAMHI KOXKHOTO i3
TPHOX PIBHIB.

BucHoBku. ExcriepuMeHTaIbHE JTOCIIDKEHHS YI0CKOHAICHOI0 METOYy y HMOPIBHSAHHI 3 opuriHansHuM ViBe mpoBoaumitics 3 Bu-
KopHcTaHHSIM TecToBHX (peiimiB 3 Habopy CDNET y pisHOMaHITHHX BapiaHTaxX HaBKOJMIIHBOTO CEPEJOBHIIA Ta 3 PI3HUMHM BapiaH-
TaMH po3ALTEHOI 31aTHOCTI. KOHCOMIOBaH] pe3ysIbTaTH BKa3ylOTh Ha MMOKPAIIEHHS Pe3yJIbTaTiB 3alpPOIOHOBAHOIO METOAY B ITOPIB-
HSHHI 3 opuriHaneHuM ViBe B cepennbomy Ha 6,7%.

KJIFOYOBI CJIOBA: anroputm, METO/I, BiZICONOCIIIOBHICTh, BUAUICHHS (OHY, TUHAMIYHHN 00’ €KT, KOJIipHA CXeMa, MiKCelb,
¢oH, ViBe.

ABPEBIATYPU D-score — MeTpHKa, IO XapaKTepU3ye JIOKalli3allifo
CIE — Commission Internationale de I’Eclairage; MTOMIJIOK BiJIIIOBIZTHO IO PO3MILIICHHS 00’ €KTa;
CDNET - ChangeDetection.NET; F-measure — xapakTepu3ye CIUIbHY OIIIHKY TOYHOCTI
GMG — Goodberg-Matsukawa-Goldberg; Ta TIOBHOTH;
MOG - Mixture of Gausian; FN — xuOHO-HeTaTHBHI PillIeHHS aJTOPUTMY;
ViBe — Visual Background extractor — meron Bui- i —— HOMep MTOTOYHOTO Kapy;
JIeHHS QOHY. J — HOMep NONepeIHBOTO Kazipy;
k — xinmpkicTe ['aycciBChKUX PO3MOALIIB 3HAYCHD IiK-
HOMEHKJIATYPA celniB Uil BU3HA4YCHHS (DOHOBUX ITKCENIB B aJITOPUTMax
A — mnosHaueHHs rimore3n B Teopii Jlemcrepa- < MOG;
[Hedepa; K, — ¥iMoBipHicHuii Kkoedilient BHGOpY piBHS

AR _ rinotesa mono MpMHANEKHOCTI miKCes 0
JUHAMIYHOrO 00’ €KTa;

AR _ rinoresa momo TPHHAIEKHOCT] THKCENSA JI0
dony;

B — no3HaueHHs NiAMHOXUH, SKI HaleXaTb HEBHIH Rhigh T Rhigh.
MHOXxuHI (tinoresi 4) B Teopii Jemcrepa-1ledepa; m(A™*") - Barosa q),yHKH,M rinoresu 4™

bel(A) — dymxiis rocToBipHOCTI B Teopii JlemcTepa- M(p) — MHOXXMHA TIKCEJiB, 3HAYCHHS KOTPUX TOTpa-
Iledepa; AN Y (1)0'HOB.y MOJICJIB; . .

N — KiJBKICTh 3HAa4eHb MiKcells p, sfka 30epiraeTbes
npu iHimiamizarii ¢oHOBOI Mozei;

OKOILY;
K — KINBKICTh MKCENB, 3HAUEHHS AKUX MEHIII 3a R;
m — BaroBa (QyHKIIis;
m(A"'”") — parosa dyuxuis rimoresn 4%°";
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n — KUIBKICTh KaJApiB JJIs TMOYATKOBOI iHII{iati3amii
(hoHOBOT MOJIEITI;

p — HOMep TIKCeJs;

P(A) — Touna #iMOBipHIiCTb rinore3un 4;

P (A™") — dymxuis noBipuoi mozeni rimoresu 4*";

P AREM) ¢yHKIiS moBipuoi MozelNi TirmoTe3n
ARhigh;

pl(A) — dynxmis mpaBmonoxidHocTi B Teopii Jemcre-
pa-lledepa;

precision — TIOKa3HUK TOYHOCTI, SKHHA XapaKTephU3ye
oo 00’eKTiB (MIKCETB YW TPyl MiKCeNmiB), AKi BIpHO
kiacudikoBaHi K (OHOBI,

R — paniyc okoy miKcess, o AOCIiIKY€EThC;

recall — IOKa3HUK TIOBHOTH, SIKUI XapaKTEpU3YE, Ky
JIOJTI0 00’ €KTIB ICTUHHOTO KJIACy 13 yCiX 00’€KTiB MO3UTH-
BHOT'O KJIACy 3HAHIIIOB AJITOPUTM;

R, — 3HaYCHHS HU3BKOTO (/oW) MOPOTOBOTO padiycy
OKOJTy TKCEJIsl, IO AOCIIIKYEThCS;

Rjign — 3HAUEHHS BUCOKOTO (high) moporoBoro pazaiycy
OKOJTy TIKCEJIs, IO AOCIHIIKY€EThC;

SSIM — iaexc CTpyKTypHOi MoIiOHOCTI;

TP — iCTHUHHO-TIO3UTHBHI PillICHHS aITOPUTMY;

#, v — 3HAYEHHS KOJIPHUX 3MiHHHX;

Uy, Vo — 3HAYECHHsI KOJIPHUX 3MIHHHX NPU ONOPHOMY
O11I0My KOJIbODI;

v(p) —3HAYCHHSI MIKCEIS p;

v(p;) — 3HAYCHHSI TIKCENs pj;

V,(p) — 3HAUEHHS 1-TO MIKCENs p 3 KOOpIUHATaMu (X,
¥) B IOTOYHOMY KaJIpi;

W — aBTOpCBKa METpHKa, IO XapaKTEepU3ye y3araib-
HEHi XapaKTepHCTUKY AITOPUTMY BUIUICHHS (OHY;

X, Y — KOOPJMHATH MiKCEJIs;

#min — 3HAYCHHSI TTOPOTOBOTO PiBHS MiHIMAIBHOI Kijlb-
KOCTI TiKceliB, KOTpi MeHIIi 3a R, mae 3Mory Kiacugiky-
BaTH MPHUHAICKHICTh MIKCENS 0 AWHAMIYHOTO 00’ €KTYy
4u 10 Qony;

AE((p;).v(p;)) — EBkrinoBa BigcTaHp MiX 3HAUEHHAMU
HiKcesst B IOTOYHOMY Ta HONepeTHbOMY KaJpi.

BCTYII

[Iupoke 3acToCcyBaHHS CHCTEM Bi€OCIOCTEPENKECHHS
00yMOBJIEHE JOCTYITHICTIO TEXHIYHUX 3aC00IB, MOMKIIUBO-
CTSIMH TIOPIBHSHO JIETKOTO PO3TOPTaHHS, Ta HE MOTpedye
BHCOKOi KBamiikamii ormeparopiB BiICOHATIISALY TOIIO.
[Ipu oMy, aHami3 3aJOKyMEHTOBaHOI BimeoiH(opMariii
3IIACHIOETBCS OomepaTopoM 0e3 3acTOCyBaHHS 3aco0iB
aBToMaTm3amii. 3a3HadeHe, 3HAYHO 3HMKYE OIEepaTHB-
HICTh OTPHUMaHHS JOCTOBIpHOi iH(oOpMali Mpo HasBHI
nozii. BukopucraHHs iHTENEKTyaJbHUX CHCTEM BiJeoC-
MOCTEPEKEHHS CHPUSTHME aBTOMATH30BAHOMY aHaJi3y
HECTAaHJIAPTHUX CUTYyalill. 3Ha4yHa poJb B IHTEJEKTyalb-
HUX CHUCTEMax BiJICOAHAIITUKH HAJEXHUTh BUSBIICHHIO
JUHAMIYHHX 00’ €KTiB y Bifgeomoromi. [cHyrodi Mofernmi Ta
ANTOPUTMHU BHIUICHHS (POHY Ta po3mi3HaBaHHSA 00’ €KTIB
MarOTh CyTTEBI HEAOMIKH, IO OOMEXYIOTh iX 3aCTOCYBaH-
HS Ha MPAKTHII, a caMe: 32 YMOBH HU3bKO1 KOHTPACTHOCTI
ITOPUTMU HE B 3MO31 BHIUTHTH 00 €KT 3 (oOHY; HesiKi
pyxoMi 00’€KTH MOXYTh PO3IMi3HABATUCS SIK ()OH, alro-
PUTMHU KPUTHYHI 10 yMOB OCBiTJIeHHS Tomio. Came ToMy,

© Karepunuyk I. C., babapuka A. O., 2020
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3aBIaHHS I0JI0 YJAOCKOHAJICHHS aJrOPUTMIB BHUSBJICHHS
JMUHAMIYHUX 00’€KTIB y BiJICOMOCIIOBHOCTSIX BBAKAETh-
CSl aKTYaJIbHUM.

MeTor JOCHiKEHHS € pPO3p0o0Ka yIOCKOHAICHOTO
METOJy BUSBJICHHS NUHAMIYHHX OO0 €KTIB y BiJCOMOCIi-
JIOBHOCTSIX.

OO0’€KTOM IOCIIDKEHHS € METOIM BUSBICHHS IHUHA-
MIYHMX 00’€KTIB Ha BiIEOIMOCIITOBHOCTAX CHUCTEM BIJIEO-
CHOCTEPEKEHHS PEALHOTO Yacy.

[IpeameTrom nOCTiTKEHHS € aJrOpUTM BUAUICHHSA (O-
Hy ViBe.

1 IIOCTAHOBKA 3AJTAYI

Po3rnsnaioTecs cUCTEMH BifeocrocTepeskeHHs 3 (y-
HKI[IIMH aBTOMAaTH30BaHOI 0OpOOKM BimeoiHpopmarrii.
Hexaif, B AKOCTI BXIJHHMX €JIEMEHTIB CHUCTEMH, 3aJaHO
BiJICOTMOCIITIOBHICTh, KOTPa MPEJCTABIISIE COOOI0 MOCTiIO0-
BHICTh KaJIPiB, 1[0 3MIHIOIOTHCS B YaCi 3 IEBHOO IIBUKI-
cT0. KoxkeH KaJip € MacHBOM ITIKCENIB p 3 KOOpAHMHATAMHU
(x, ) Ta 3HaYCHHAMH IHTEHCHBHOCTI BHIIPOMIHIOBaHHS
v(p).

Tomi, 3amadya BUABICHHS IMHAMIYHHX 00’ €KTIB IOJISI-
rae y mobymoBi (oHOBOI Mosemi TMiKcens Ha OCHOBI N
Horo monepeHix 3Ha4YeHb V(p), Ta 3[ificHeHHs Knacudi-
KaIlii (BU3HAUCHHS TPUHAJICKHOCTI IMIKCENA 10 TUHAMIY-
HOTO 00’€KTy 4M 10 ()OHY) 3HAUYEHHS IIKCEJIst p 3 KOOp-
JMHATaMH (X, y) B IOTOYHOMY KaJpi, sIKE ITO3HAYUMO SIK
v,(p) Ha OCHOBI BU3HaueHHX KpuTepiiB. Kpurepii, 3a sxu-
MU OyJie BU3HAYATHCh MPHHAICKHICTH MIKCENs, TIOBUHHI
3a0e31evuyBaTH BUAUICHHS KOPUCHOTO CHTHATY Bi IIyMy
Ha JIOCTaTHBOMY PiBHi, Ta MiHIMi3yBaTH KUIbKICTh IIOMH-
JOK TepLIoro Ta APYroro poxy. BUXigHUMH TaHHMH €
kiacu(ikoBaHi 3HAUEHHS V,(p) KOKHOTO TIKCENS Kaapy.

Ha BXimHl BIZEOMOCIIIIOBHOCTI HAKJIAZAIOThCI OOMe-
JKCHHS: OTPHMAaHi 3 KaMmep 31 CTamioHapHUX (HEPYXOMHX )
KaMmep BiJIEOCIIOCTEPEKEHHS 3 PO3/IUIBHOIO 37IaTHICTIO HE
MeHIn Hik 320x240 mikceniB, MIBUIKICTh 3MIHA KaIpiB —
HE MEHII HiK 15 kaapis/cek.

2 OIJiAd JJITEPATYPU

AJNTOpHUTMH, II0 BUKOPUCTOBYIOTHCSI B aBTOMaTH30Ba-
HHUX CHCTeMax BHSBIICHHS PYXOMHX 00’€KTiB y peajibHO-
My Yaci, IIOBUHHI BiAMOBIIATH OCHOBHUM KPHUTEPIsIM OTie-
PATHBHOCTI, TOYHOCTI Ta TOCTOBIpPHOCTI iH(pOpMAIii.

B poborti [1] aBTOpamMu 3ampomoHOBaHO Kiacugika-
I[iI0 METOMIB BHSIBIICHHS PYXOMHUX 00’€KTIB: METOIH, IO
OCHOBaHI Ha MDKKaJIPOBiH pi3HUII, 00YHCICHHI ONITHYHO-
r'0 IOTOKY Ta BUAUICHHI (OHY.

OCHOBHOIO 1JI€€I0 METOIB, IO BUKOPHCTOBYIOTh
MDKKaJpOBY PI3HHUI0, € OOYMCIICHHSI MOMIKCEIbHOI Pi3-
HUIl MiDX JBOMa a00 OULTbIIC MOCTIIOBHUMH KaJpamu 3
METOIO0 BHSIBJIICHHS 00JIacTeH, 110 BiJIIOBIIAIOTH PyXOMO-
My 00’€exTy. AJTOPUTMH 3aCHOBaHi Ha 3a3HAYCHOMY ITijI-
XOIi HE3aJOBUIBHO CHPABISIOTHCA 3  BHSBICHHIM
00’€KTIB y BUIIaAKaX, SKIIO: 00 €KTH HIBUKO PyXalOThCH;
B KaApi HasBHUM IWHAMIYHUN (POH (XBWII, pyXd KpOH
JIepeB, CHIT YM JIOII TOIIO); 00 €KTH BEIMKOI Mol (TIpu
BOMY CepeIHs YaCTHHA TaKUX 00 €KTiB MOXKE TTOMHIIKO-
BO BH3HAYATHUCH SIK (POH).
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Meroau, 10 3acHOBaHI Ha OOYMCIIEHHI OITHYHOIO
NOTOKY, BHKOPUCTOBYIOTH BEKTOPH IIOTOKY PYXOMHX
00’€eKTIB /JIs1 BUSBJICHHS pyXOMUX obuacteil y kajpi. He-
JIOTIKaM# BKa3aHOTO IiJIXOJy € OOYMCIIIOBAIbHA CKIIAl-
HICTB Ta Yy TJIMBICTH A0 LIIyMY Y KaJpi.

Buninenns ¢oHy € HaWOUIBII TOMIMPSHUM MiIX0I0M
y BUSIBJICHHI pyXOMHX 00’€kTiB. OCHOBHA i7€sI TIOJISITAE Y
BiTHIMaHHI TOTOYHOTO Kajpy BiJl MOIEPEIHHO CPOpPMO-
BaHOI ()OHOBOI Macku. BkazaHui MmigXiJ € MPOCTHM B 00-
YHUCIIOBAJIGHOMY IUIaHI Ta JOCTYIHHM IJISL CHCTEM, IO
MPAIIOIOTh B PEXXMUMI pealbHOTO Yacy, ajie HeAONMIKaMH €
BHCOKa YyTJIMBICTh IO JMHAMIYHOTO (DOHY Ta Pi3KHX 3MiH
y Kazpi (pi3ki 3MIHM OCBITJICHHS, TPEMTIHHSI KaMepH Bill-
€0CIOCTEPEKEHHS TOIIO). BIIOK-CXeMy THIIOBOTO ajropu-
TMY BUIIIEHHS ()OHY HaBeAEHO Ha puc. 1.

IToTounriii ¢ppeiim |
) [ ] Briox oHOBIEHHA
] . (hoHOBOI MOIEI
brok nomnepeaHBOI
00po0bKH (ounuIeHHA I
300pakeHHA Bil .
PI3HOTO POy IIYMIB i BHOI,‘ BHRUICHEA
JAHHAMIYHOTO 0b'exTa
3apaj)
|
. Krnacngikarmis,
Broxk iHiniam3anmii BH3HAYCHES
¢oHOBOT MOIET TapaMeTpiB pyxy
I , v .
Pezynprar
\ J

Pucynok 1 — brok-cxema THIIOBOTO alNropuTMy BHSBICHHS
PYXOMHEX 00’€KTiB OCHOBaHOT'O Ha METOJaX BUIUICHHS (HOHY

JocnipkeHHsT BUpIMIeHHs 3a/1a4i BUALIEHHS (QoHY Y
BiJICOITOCTIIOBHOCTX po3moyvaiucs me y 1990-x pokax.
IcHye Benmka KiNBKICTh MiAXOMIB 10 BUAUICHHS TUHAMIY-
HUX 00’€KTIB Ha BiJCOMOCTIMOBHOCTSX. Y HaMmpoCTimIo-
MY BHIaJKy, IPOLEC CTBOPEHHS (DOHOBOI MOJIEINI MOJIsTae
B 0o0YmcieHHI aOCOMIOTHOI PI3HMINI MK HOTOYHHM Kaj-
POM Ta IONEPENHbBO BU3HAYEHHM CTATHYHUM 300parkeH-
HSIM, SIKE HE MICTUTh pyXoMmux 00’ekrtiB. Takuii meron
Mae Ha3By kanposoi pisuuil (Frame Difference) ta Buko-
PHUCTOBYE JHIIE OJWH TONEPEHId Kaap, OTKe, BIH HE B
3MO031 BM3HAayaTH pyX IMIKCEJIIB BCEPEANHI BEJINKOTO
00’eKTa, IO PYyXae€ThCsl PIBHOMIPHO Ta € YYTJIMBUM JIO
TaKUX 3aBaJl SIK TPEMTIHHS KaMepH, NOPUBH BITPY, pyX
KpOH JepeB, XBIJII Ha BOJI TOIIO.

C. Stauffer ta W. E. L. Grimson [2] 3anponoHyBau
METOJ, B SKOMY PO3IOILT KOJHOPIB KOKHOTO ITiKCENs
MIPEICTABISAETECA CYMOI0 HOPMAJIBHUX PO3IMOMALTIB iHTEH-
CHBHOCTEH BHITPOMIHIOBaHHS MIKCENIB i KOxeH (HOHOBUI
MKCeNb OMUCYEThCA 3a jJomomoroto cymimi (k) Tayccis-
CHKHMX PO3MOALIIB (aBTOPaMHU HPOIIOHYETHCS BUKOPHCTO-
ByBatu k Big 3 10 5). [loka3HUKH IUX CyMIIIeld po3MOIi-
JIB XapaKTepu3ylTh YacoBi NapaMeTpH, KOJHM IiKcei
BimoOpaxaroThes. [li3Hime et anroputm OyB yI0CKOHA-
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nennii Eric Hayman and Jan-Olof Eklundh [3]. Lli airo-
putmu ozxepkanu Ha3By MOG. 3azHaueHuil minxij cras
JIOCUTh TIOIIUPEHNUM 3aBJISKHM TOMY, IO 3/1aT€H BUIUISATH
(hoHOBY MOJIEIb TIPH HAsIBHOCTI TaKMX 3aBaJl SIK HEBEJHUKI
KOJIMBaHHS OCBITJICHHSI CLIEHHM. AJle TPH PI3KMX 3MiHax
OCBITJICHHS YM 3allyMJICHOCTI KaJpy IaHUH alropuTM
MOMIJIKOBO BH3Ha4yae (pOHOBY Mozenb. [yl BHpIIICHHS
OUX TPoOJIeM BKa3aHUW THIl AITOPUTMIB MPOJOBXYBaB
BJIOCKOHAIIOBATHCh OaraTbMa HAyKOBIIME [4—5 Ta iH.].
PesynpraTomM mocnmimkeHb CTadM YIOCKOHAJCHI aJrOpuT-
v MOG-2, GMM, GMG, TLGMM, STGMM, SKMGM,
TAPPMOG Tomio [6]. s mpukmamy, alroOputM BHITY-
yeHHst oy MOG?2 [5] ocHOBaHMI Ha NPUHIIMIAX METO-
Iy Ui BiHOBJEHHs (OHY Ta BHUSBICHHS PYXOMHX
00’€eKTIB 31 CTATHYHUX Kamep, 10 BUKOPUCTOBYE MOJEII
raycoBoi cywimi. YaockoHajeHHs anroputmy MOG2
MOJISITa€ y TOMY, 110 Y HbOMY BHOWPAETHCS MEBHA KiJb-
KicThb ['ayCiBCBKMX pO3MORUIIB ISl KOXKHOTO ITKCEJS.
Le#t migxiz JO3BONKB AOCSTTH Kpamloi agarnToBaHOCTI 10
Takoro (akropy, SK pi3ki 3MiHK OcBiTIeHHS. OcoOnuBic-
110 anroputMy GMG [7] € Te, M0 Y HBOMY BHKOPHCTOBY-
€TbCcA Tepln n KanapiB (32 pPEKOMEHIALisIMH AaBTOPIB
n=120) ana mozxemoBaHHs (oHy. B amropurmi xomOi-
HYIOThCS METOAM CTAaTUCTUYHOI OI[IHKH (POHOBOI Mozeli
Ta BaeciBChbKMIA MiAXiZ MO0 CErMEHTAIll MIKCETiB Mepe-
HBOTO MIaHy. Takox JJisi BUPIILIEHHS 33/1a4i BiJICTE)KEHHS
JMUHAMIYHUX OO0 €KTIB 3aCTOCOBYETHCS AampOKCHMAITis
TaKUX MiIXOMiB, K 0aHK (inbTpiB Kanmana ta anroput-
my [eiina-Illeruti (Gale-Shapley). OcHoBHOIO ifeero me-
tonry GMM [2] € MonmentoBaHHS (YHKIIH TYCTHHH pPO3-
MONUTy 3HAYCHb IHTCHCHBHOCTEH ITKCETIB HAa NEBHOMY
npoMikKy dacy. [ToOynoBani QyHKIII po3momiry copTy-
I0ThCS B MOPSIIKY 3MeHiieHHs. Jaii, npu knacudikarii,
BB)KAETHCS 1O 70 (OHY HaJekKaTh MIKCETl 3 BEIHKUM
3HAQUCHHSM Baru Ta HU3bKUM 3HAYEHHSAM auclepcii Bid-
MOBIZIHO JI0 3aJaHuX IOPOroBUX 3Ha4YeHb. Hemomikom
3a3HA4EHOT0 METOJly € HEOOXiJHICTh HaJallTyBaHHS I10-
POTOBHMX 3HAueHb BPYYHY J/JIsI KOXHOro ThIy (OHY.
Ockinbky, KO0 (POH MICTUTH Pi3Ki 3MIiHH 1HTEHCHBHOC-
TeH MiKCceIiB, TO MOJIENTb MOXKE TOMHIIIKOBO KJIacU]iKyBa-
TH pyXoMi 00’ €KTH K (OH.

ViBe — meron 3ampomoHoBaHui B poboTax [8, 9] €
JOCTaTHBO IPOCTHM B OOYHCIIIOBAJBHOMY IUIaHI Ta
MIBUIKOAIHHUM. AnroputMm ViBe moemnye y cobi Taki
MO3UTHBHI XapaKTEPUCTHKH SK BHUCOKA MIBHIKICTH POOO-
TH, SKICTh BHIUICHHS PyXOMHX 00’€KTiB, HU3BKa pecyp-
CO3aTpaTHICTh B OOYMCIIIOBAILHOMY IUIaHi. AJjie, MOnpu
BKazaHi nepesarn, ViBe Mae psja HenoONmiKiB, Takux SK
YyTIUBICTh IO PI3KUX 3MIH OCBITJIIEHHSI, HEIOCTATHIH pi-
BEHb IPHUIYLICHHS» TiHEH JUHAMIYHHUX 00’€KTiB. B opu-
riHaipHOMY anroputM ViBe, 3ampornonoBanoMy B po0oTi
[9], BukopucTOBY€eTHCS KonipHa cxemMa RGB. ABtopamu,
B MMOJAJIBIIOMY, 3 METOIO ITiIBUIICHHS IIBHIKO/II 3ampo-
TIOHOBAHOTO METOXY, HPOIOHYETHCS BHKOPHCTOBYBATH
300pakeHHs B TPaJallisx ciporo.

3a pe3yibpTaTaMH aHAJi3y IepeBar Ta HEOOJIKiB MO-
nmeneit Ta anroputMmiB [10-14] mpuifHATO HpHUIyIIEHHS
IIOA0 MOKJIMBOCTI 3aCTOCYBAaHHS IHIIMX KOJIPHHX CXEM
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okpim RGB, ski xapakrepusyerbcsi Kpamumu (HOTOMET-
PUYHHMU iHBapiaHTHUMH OCOOJIMBOCTSIMH.

B po0Oori [14] mpoBeaeHo AOCTIKESHHS ABA/ISTH KO-
mipaux cxem (XYZ, I11213, HSI, YIQ, Lab, YCrCb,
RGB, HSV, C1C2C3, Opp, Nopp, Copp, Luv, xyz, YES,
CMY, YUV, HSL, UVW, xyY) 3 METOIO BHUSBJICHHS OITI-
TAMAIBHUX JUIA BUSBJICHHS O0’€KTIB B PI3HUX YMOBax
OCBITJICHHS T2 OCOOJIMBOCTSAX TEKCTYPH TaKHX 00’ €KTiB. ¥
BKa3aHiil poOOTi, AJIS OWIHKH PEe3yIbTaTiB BUKOPHCTOBY-
BaJIMICh TaKi METPHUKH:

TP
recall = ———, 0
TP + FN
P
recision = ————, )
i TP + FP 2
F — measure = 2 x recall x precision . 5

recall + precision

ExcrniepuMeHTanbHI AOCTIHKEHHST TPOBOAMINCH SIK Ha
pea’bHUX 300paKeHHsIX, TaKk 1 INTy4yHHX. Pe3ynpraTtn
EKCIICPUMEHTY Ha peallbHUX 300pakKeHHSX BinoOpakeHi
Ha puc. 2 a, puc.2 b ta puc. 2 c.

recall

MG oD o @ > moa R
YRPEF0E 08 L85855F2 %
] = < = g ~ =]

o

PrcyHOK 2a — Pe3yJibTaTi eKCIIepHMEHTAIBHOTO AOCIIKCHHSL:
Recall (;uxepeno [14])

precision

0,18
0,16
0,14
0,12

01
0,08
0,06
0,04
0,02

7
|
.

T

Xrz
lap
Yergy,
RGg

PucyHnok 2b — Pe3ynbTaTti eKCliepuMEHTABHOTO JOCIIIPKECHHS:
Precision (mxepeno [14])

F-Measure

0.2
0,18
0,16
0,14
012
0,1
0,08
0,06
0,04
0,02
[1]

greg

e
-

My

0
&

Lag
YCrey

CMy

&
x

123

MmMaa >
geESIF
g

PucyHnok 2¢ — Pe3ynbraTu eKCIepUMEHTaNbHOTO
nocmimkeHs: F-Measure (mxepeno [14])
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[poaHaizyBaBIIK Pe3yIbTaTH BKA3aHUX TOCIIIKCHb,
MU MPUHANUIA 10 BHCHOBKY IIIOJ0 MOXJIMBOCTI 3aCTOCY-
BaHHs KoiipHOi cxemu U*V*W* s noganemioro Bopo-
BaJDKCHHSI B aITOPUTMI BUSBJICHHS JNWHAMIYHUX 00’€KTIB
Ha BIJICOMOCIITOBHOCTSX 3 KAMEP BiJICOCTIOCTEPEIKCHHS.

Komipaa monenms UVW 3anpononoBana y 1960 porti
Maxk-Anamom [15]. V 1964 p. TrorTepom Bumiaensxum
OyJI0 3aIpOIIOHOBAHO YAOCKOHANIEHy Mojens U*VHW*
[16].

BignosimgHo mo pexomenmauniii CIE xomipHy Moznens
U*V*W* MO)kHA IPEICTABUTH 32 JOIIOMOIO0 BUPA3iB:

U*=13W(u—-uy),

“4)
VE= 13 *(v—vp), (5)
wk=257"3 17, (6)

JIe Ug, Vo — 3HAYCHHS KOJIPHUX 3MIHHUX IIPU OTIOPHOMY
6inomy kosbopi, 0<Y <100 — BixnoBigHe 3HAYEHHS 3
KomipHOi cxemu XYZ.

4X
U=—— )
X +15Y +3Z
9y
®)

vV=—"T—"—7—.
X +15Y+3Z7

Iepexin 3 komipHOi Moxeni RGB B XYZ Bu3HavaeTh-
csl'y Takui crocio:

0,4124 0,3576 0,1805 R
0,2126 0,7152 0,0722| |G| )

X
Y =
Z 0,0193 0,1192 0,9505 B

MeTor0 TaHOTO TOCHIPKEHHS € YAOCKOHAJICHHS METO-
Iy BUSBJICHHSA IHMHAMIYHHUX 00’ €KTiB Ha BiIEOIOCIiIOB-
HOCTSIX, IO IPYHTYEThCS HA PEKYPCHUBHHX IMIAXOAAX 10
moOy/I0BH MOJIENICH 3aJHBOTO IIaHY Ha OCHOBI aarOpHUT-
My BufineHus Gony ViBe [8, 9].

3 MATEPIAJIM I METOAU

VYnockoHaneHUH METOJ BHSBJICHHS JHHAMIYHHX
00’€KTIB Y BiJICONOCITITIOBHOCTAX BiIPI3HAETHCS Bill OpH-
rinaneHoro ViBe 3actocyBaHHSIM KOJIIpHOI cXeMHu
U*V*W?*, BUKOpHUCTaHHSM IOABIHHUX MOPOTOBHX PIBHIB
Ta EJIEMEHTIB TeOpii eKCIIePTHUX CHUCTEM IS YCYHEHHS
HEeBH3HAYEHOCTEH y kiacudikaiii miKcemtiB, a TaKoX, BH-
KOPHCTaHHSAM IHHAMIYHOTO MiIXOAy B OHOBJIEHHI (hOHO-
BOI MoJIeNTi 3a paXyHOK CyCiIHiX mikcelniB. Poboty anro-
PUTMY MO’KHA PO3JUIMTH Ha HACTYITHI €Tamu: iHiliasi3a-
1is1 (POHOBOI MOJIEIIi; BHSBIICHHS MEPEIHBOIO IUIAHY (IH-
HaMiYHHX 00’ €KTIB); OHOBJIEHHs (DOHOBOT MOJIEITI.

Ha erami ininianizanii ¢poHOBOi Mozeni, Uit KOXKHOTO
KCeIst p 3 KOOpJUHATaMH (X, V) 30epiraeTbcs eBHa BH-
3Ha4YeHa KUTBKICTh N Horo mormepenHix 3Ha4eHs v(p). Tomi

91
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JUTS KOXKHOTO MIKCENsl MOTOYHOTO Kaapy MOXKHA MOOymy-
BaTH MOJIEb:

M(p)={vi(p)v2(p)eavy (D)) (10)

Ha erami BusiBIeHHsI IepeIHbOTO IIJIaHy, HEPI 3a BCe,
MIEPEBIPAETHCS, M HAJICKUTH TOTOYHHUHN IMiKCEIb (POHOBIH
Mozeni. Jyist 11boro, 3HaYeHHS IIKCeNs p 3 KOOpANHATAMHA
(x, ¥) B IOTOYHOMY KaJpi MO3HAUYUMO SIK V,(p) Ta o0y Iy-
€MO HaBKOJIO HBOTO cepy paniycoM R B KOJipHOMY TIpO-
cropi U*V*W*_ TIoTiM BH3HaYMMO KiJbKiCTh K 3HAYCHD
v(p) , 1110 OTpanuiy y 1o cdepy. s 1boro HeoOXiaHO

BU3HAYMTH BiJICTaHh MIX JIBOMa MiKCeIIMHU EBKIIiTOBOMY
IIPOCTOPI, Ta HOPIBHATH 11 i3 3HAUEHHAM R:

[v(p)=v(p )| > R

Aﬂﬁ%%wﬂ»z‘Wm%ﬁwﬂkR

(11

ne v(p;) — 3HAUEHHs ITiKCeNs 3 KOOPJMHATAMH Y OTOYHO-
My i-My Kajpi; v(p;) — 3HaUeHHs MiKcems 3 KOOpAUHATaMU
B IIOTIEPEIHBOMY j-MY KaJpi.

EBknifioBy BijfcTaHp Mik v(p;) Ta V(p;) B KOJipHOMY
npocropi U¥*V*W* nipeacraBuMo y HaCTYITHOMY BHTJISL:

AEW(p).v(p ) =AU ((p)~U " (v(p ) +
)1 ) +
JOr o) - (o))

(12)

VY BumajKy, SKIIO 3Ha4eHHS aOCOJIOTHOI PI3HHMII MDK
v(p;) Ta V(p;) OinbllIe 3a IEBHE TOPOTOBE 3HAYEHHS R, TO MiK-
CeJlb BBKAETHCS KaHANIATOM Ha NMPHHAJICKHICTh JI0 Tepe-
HBOTO IUIaHy (IPUHAICKHUM JIO JIMHAMIYHOTO 00 €KTa), B
HIIIOMY BUTJIKY — JIO 3aTHBOTO IU1aHy (QoHy).

dikcoBaHe MOpOroBe 3HA4YEHHS R, MPU 3aCTOCYBaHHI
ANTOPUTMY B YTPYTHEHHX YMOBax (pi3Ki 3MiHH OCBITIICH-
HS, TPEMTiHHS KaMepH, THHAMIYHIA (OH TOIO), Ha HAIITY
OYMKY, € HEIOCTaTHhO €(EeKTUBHHM pillleHHAM. AHai-
3YIOYH eMIIIPHYHUM IIIIXOM OTPHMaHi pe3yibTaTH eKC-
NEPUMEHTAIBHHUX JOCHIIIKEHb OPUTiHAIBHOTO alTOPUTMY
ViBe, My QiHNIIM HACTYTHUX BUCHOBKIB!

— SIKIIO BPY4YHY BH3HAuYaTH HU3bKE 3HA4YCHHS R, TO
(hOHOBHMM TTiKCENSIMH OyAyTh BU3HAYATUCS TLIBKHU Ti, IO
MaroTh OKA3HUKH Jy>ke ONN3bKi 10 €TaJIOHHUX (DOHOBHX.
BonHowac, oTprMaeMo MeBHY KUIBKICTH IHIIMX MIKCENIB,
SIK1 IificHO HanexaTh (POHY Ta HOMMJIKOBO OyJIM BU3Haye-
Hi TPUHAICKHUMH OO0 AWHAMIYHUX 00’€KTiB. B Takomy
BUITQJIKy MH OTPUMAEM IICBHY «3alIyMIICHICTB)» MOMHII-
KOBUMH KJIacH}ikarisiMu (POHOBUX MIKCEIiB;

— SKIIO BPYYHY BH3HA4YaTH JIOCTATHBO BHCOKE 3Ha-
YyeHHs R, TO miKcenl 3 MOKa3HUKaAMH «HaWIaJIbIIMMK BT
€TAJIOHHUX 3pa3KiB OyIyTh BU3HAUCHUMH IIPUHATICKHIMH
JI0 TUHAMIYHHMX 00’€KTiB. BigmoBimHO, KOJH TMOKa3HHUKU
MiKCeNs M0 MIHCHO HAJEXKHUTh TUHAMIYHOMY OO0’ €KTY €
MEHIIMMH 32 TOPOTOBHMH piBEHb, TO LEW IiKcelb Oyne
TIOMHJIKOBO KJIacH(iKOBaHUH SIK POHOBHMA.
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TakuM 4MHOM, IPONIOHYETHCS 3aCTOCOBYBATH JAWHAMI-
YHE 3Ha4YeHHsI MoporoBoro piBHsa R. CyTh migxomy moJs-
ra€ y 3acTOCYBaHHI IO/IBIHHMX NOPOTOBUX PIiBHIB Ta eJe-
MEHTIB TeOpil €KCHEPTHUX CHUCTEM JUIsl YCYHEHHS HEBH-
3Ha4YeHOCTeH y Kiacugikaii mkcesis.

[To3naunmo Ry, — BIIHOCHO HU3bKE 3HAYEHHS ITOPO-
TOBOTO PiBHS, Rjjp; — BITHOCHO BEJIMKE 3HAYEHHS I1OPOTo-
Boro piBHA (puc. 3). Toxi, s NPUHAHATTS PIlICHHS MH
MaTHMEMO yKe He ABa Bumaaku (Bupas (11)), a Tpu :

V(2= V(P )| < Rigy
AE((py), V(P ) =1 Rigwy <[M(p) = V(P ;)| € Rpigh> (13)
V()= V(P )| > Raigh-

-
Srm————

~. -
-

Prcynok 3 — Bisyanisanis snauenb nikcenis v(p;) ta v(p ;)
B KoJlipHOMY npocTopi U*V*W* 3 noporosumu pisHsMH R),,,

Ta Rhigh

HactymHuM KpOKOM € OOYMCIIEHHS KiIBKOCTI TOYOK,
110 HaJISKaTh 10 MEpeJHbOro Iiany Ta Ao ¢ony. Po3pa-
XyHKH 32 (opmynoro (13) npoBoasitecs N pasiB Ta OTpH-
MY€TbCSl PE3yJIbTaT Yucia CHIBIAAAI0YHNX IIKCENiB, SIKHH
nozHaynMo K. Jlani eMmipuyHUM IHDIIXOM BU3HAYAEThCS
MiHIMaJIbHA KUIBKICTD #;, €leMeHTiB K, 10 € KaHuma-

TaMH Ha 33/iHii miaH (GoH), A1 TOro MO0 MiKCeNb MOXK-
Ha Oyno 0 knacugikyBaru sk GoHoBuid. B iHmomy Buna-
JKY BB)KAETBCS IO LIEH MIKCENb HAICKHUTH NEPETHEOMY
wrany. B opurinansHOMY anroputMmi ViBe aBTopamu 3a-
IPONIOHOBAaHE HACTYITHE IPABUIIO:

I<R K <#uin»

Tlo=R K># (14

min*

Axmo K < #yn, TO TIKCENh HANCKHUTH THHAMIYHOMY
00’€KTY, B IHIIOMY BUIAIKY — (POHY.

B Hamomy BuIIagKy, MM OTpPUMAaIH iHTEpBaJ HEBU-
3HA4YCHOCTI, TOTPANMBIIHN Y KU ITIKCEIh MOXKE HaJekKa-
TH K IMHAMIYHOTO 00’€KTY Tak i1 (ony. Jns npuiAHATTS
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pIlIEHHsI Ha OJHO3HAYHY KJIACH(IKAII0 3aCTOCYEMO Ma-
TematnyHuid amapat teopii Jlemcrepa-Illedepa [17-20].
BinmoBimHO 0 OCHOBHHX IOJIOKEHB 3a3HA4eHOI Teopil,
(YHKIIIO T0CTOBIPHOCTI BioOpaxkae cyma ycix Bar Iij-
MHOXXHH B MHOXMHHU A (rinmore3a A) Ta Mae HacTyITHHN
BUTJIS

bel(A) = Zm(B). (15)
BcA

Barosa ¢ynkuis m(B) BimoOpaxae po3moiin Bar
BIIEBHEHOCTI.

Oynkuis npasnononioHocTi  pl(A) € cymor Bar
MHOKHUH B, KOTpPi IEPETHHAIOTHCS 3 MHOKUHOIO A:

pl(A) = Z m(B).

B|BNA#D (16)

[Tpu upomy, bel(A) < P(A) < pl(A), ne P(A) Touna
HUMOBIpHICTh rinoTe3n 4 .

[MozHaunmo A" sk rimore3y BipHOI Kiacubikamil

o Ryign .
NPUHAISKHOCTI mikcend 10 ¢ony, a A AK TINOTE3y

BipHOT KJacudikaiii NPUHAIEKHOCTI MIKCENsl 10 TUHAMI-
yHoro 00’exty. Toxai BaroBi GyHKIIT 1UX MOIii MOXHA
BiJJOOpa3HUTH y HACTYITHOMY BHIJISAI:

K
m(A"o) = —1’?” : (17)
K.
m(a ") = =2 (18)
K-K,, —K);
m(ARlow U ARhigh )= low ~ K high ' (19)

K

Jnst xoHCcOmiganii nux BaroBux (yHKIiH 3acTocyemMo
TpaHchopMoBaHy H0Bipay Moxenb Philippe Smets [21]:

m(4)

PBel(x): z |A| .

xedcX

(20)

3acTocyBaBIlU 3a3HAYCHY MOJEIb J0 3a/1a4i KOHCOJi-
Janii nux BaroBux (yHKIii, OTpUMaemMo ABi QyHKIIT 10-

. . Ry
BipuMX Mojenei PBe,(AR"’W) ta P, (A ""). Y punan-

R Ry; o .
Ky, Akmo Pg,,(A4"") > Pp (A "), 1o moTounMii mik-
Cellb KIIACH(IKY€EThCS K MPUHATICKHUNA 10 (OHY, iHAKIIIe
— SIK IPUHANISKHUHA 1O AMHAMIIHOTO 00’ €KTa.

[licnst BUSABICHHS TEpeNHBOTO IUIAHY BiIOyBaeThCs
OHOBIIEHHS (hoHOBOT Mozedni. SIKio mikcens p; B HOTOY-
HOMY KaJipi OyB KiacudikoBaHuil K (HOHOBHIA, TO BiOY-
BAIOTHCS HACTYITHI JIBi TIPOIIETyPH:
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— CIIOYATKY BWITQAKOBAM YHHOM i3 MHOXXHHH M (p)

BHOMPAETHCSI KOMIIOHEHTA, KA 3aMIHIOETHCS 3HAYCHHAM
HiKceJs B IOTOYHOMY i-My Kazpi v(p;) ;

— 3 OKOJIy MIKCENsl p; BHUIAaJKOBUM YMHOM BHOMpa-
€TBCS €IEMEHT, 3HAUeHHsI KOTPOTO TakoX Oy/e 3aMiHEeHO
Ha V(p;) .

TakuM 4MHOM 3a0€3IeUy€eThCsl MPOCTOPOBA Y3TrO/IKe-
HicTh (poHOBOI Mojeni, ajpke 3HaUeHHS (OHOBOI Mojeni
OJTHOTO MIKCEJsI TAKOXX MOTPAIUIIOTh Y (POHOBY MOJIEINb
cycimHix mikceniB. OfHUM i3 HENOJIKIB OpPHUTiHAIBHOTO
ViBe € Te, mo y BUIaaKy NOSBU JTUHAMIYHHX 00’ €KTIB
mig 4ac iHimiamizamnii (OHOBOI MOJENI CHOCTEpIiracThes
MOSIBa TaK 3BaHUX «(PAHTOMHHUX 00’ €KTIBY, sIKi BUIAIKOBO
Oynm knmacugikoBaHi K GOH.

3 MEeTOI0 BUJIAJNIEHHS LUX apTedakTiB, 3alPONOHOBAHO
BUKOPUCTaHHS TMHAMIYHOTO IiJXOAY B OHOBJIECHHI (oHO-
BOT MOJIeTIi 3a paxXyHOK CyCifHix mikceniB. CyTh 3amporio-
HOBAaHOTO MIAXOMY TOJATaE y TMOOYIOBI TPHUPIBHEBOTO
oKoIy. BBaXkaeThCs, M0 OKOJHIST KOHTPOJIBHOTO MiKCEIst
CKJIQJIA€ThCS 13 TPHOX PIBHIB Ha IEpPIIOMY PiBHI 1€ OKLI
3x3, Ha Apyromy piBHI Il OKiI 5X5, Ha TPETHOMY piBHI
e okin 7x7 (puc. 4).

Jocmupxyemuit 1+ mkces

&

Oxin 1-ro pisaa 3x3

\~

¢

Oxin 2-ro piua 5x5

5

Oxin 3-ro pisua 7x7

.
-

Pucynok 4 — Monenb TpHPIBHEBOTO OKOJIy KOHTPOJILHOTO
TTKCes.

Peamizamis BkazaHOTO MiAX0ay mependadae HMOBIpHi-
CHUI Tif0ip BENWYMHMA OKOJNHII (POHOBOTO IIKCENIS IMPH
OHOBJICHHI (POHOBOT MOJIEITi HA OCHOBI EMITIpHYHUM IILIS-

XOM OTpUMaHUX koe(ilieHTIB (K ;kol =023,

2 _ 3 _ . .
Koo =011, K iy =0,06) Ta 3acTocyBaHHS PiBHOMIp-
HOT'0 3aKOHY PO3IIOJily BUIAJKOBUX BEJIMYMH BCEPEIUHI
KOXKHOTO 13 TPhOX PiBHIB.

4 EKCOIEPUMEHTH

[IporpamMHO-aNTOPUTMIUHY peatizallilo yIOCKOHAaJe-
HOTO METOAy BHSBJICHHS NUHAMIYHHUX OO0 €KTiB PO3po0-
neHo Ha ocHOBi C++ B cepemosumii Visual Studio 2019.
JlociiIKeHHST POBOAMIINCH Ha TECTOBHMX BiICOMOCIIIOB-
HocTsax 3 pecypcy ChangeDetection.NET (CDNET), o
MPEJCTABISAIOTh COOOI0 IMOCIITOBHOCTI (peiiMiB y dop-
Mari jpg 3 TaKUMH OCOOJHMBOCTSIMH HaBKOJIMIIHBOTO Ce-
penosuina sik: nmorana noroxa (bad weather), tuHamivHAN
ton (dynamic background), BUKOpHUCTaHHS B 3BHYAHUX
ymoBax (baseline). Po3mineHi 37aTHOCTI TECTOBUX BiJeo-
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nociigoBHOcTel — 320%240, 720%576 ta 720%480 mikce-
JiB. 3apoNOHOBaHUI AJITOPUTM JOCIIIKYBABCS Y MOPIB-
HSHHI 13 opuriHaipHuUM ViBe, iMIuieMeHranito KOTporo
Oyno otpumano 3 marepianiB aBtopis O. Barnich Ta M.
Van Droogenbroeck [8, 9].

Ouinka edeKTUBHOCTI (YHKIIOHYBaHHS JOCIIIKYy€E-
MHX aJTOPUTMIB HPOBOJMIACH 32 TAKHMH METPHUKAMH 5K
« precision» (muB. dopmyny (2)), «recall » (quB. pop-

Mmydy (1)) Ta 3anporoHoBaniit B podori [6] meTpuni W :

_ (SSIM +(1-D — score) + (MCC)
3 .

w (21)

[Mapamerpu opwurinansHoro ViBe: N =20, R=20.
[Tapamerpu 3amponoHoBaHOTO ynockoHaneHoro ViBe:
N =20, Ry, =8, Rpjgp =25.

5 PE3YJIBTATHU

3a OTpUMaHUMH MTOKa3HUKAMH B XOZ1 €KCIIEpUMEHTa-
JILHOTO JIOCHI/DKEHHS, C()OPMOBAHO KOHCOJIIZIOBaHI pe-
3yJbTaTH, KOTPi HaBeIeHO y Ta0uI. 1.

B Tabn. 2 BimoOpaxeHo Bi3yalibHi pe3yJIbTaTH JIOCIi-
JDKEHHSI, aHali3 SIKUX MOYKHA HAJla€ MOXKJIMBOCTI 3poOUTH
BHCHOBOK IIPO IOKPAIIEHHS POOOTH 3arpoIioHOBAHOTO
METOMy B IOTaHMWX MOTOJHUX YMOBax Ta INPHIYIICHHS
JTUHAMIYHOTO (POHY.

KoHcoritoBaHi pe3ynbTaTé eKClepUMEHTAIBHOTO J10-
ciimkeHHs (Tabn. 1) BKa3ylOTh Ha NOKPALIEHHS pe3yJiib-
TaTiB 3aIPONIOHOBAHOTO METOJy B MOPIBHSHHI 3 OpUTiHa-
npHUM ViBe B cepennbomy Ha 6,7%.

Tabmui 1 — Y3araapHeHi XapakTepUCTHKH €(PeKTUBHOCTI po-
00TH AITOPUTMIB, IO OJIEPKaHi 3 TPHOX KAaTErOpill TECTOBUX
HA0OpIB IaHWX: «IIOTaHa MOTOaY, «THHAMIYHHN (HOHY, «BUKO-
pUCTaHHS B 3BUYAIHUX YMOBAX»

Hassa
Mertpuku
AIrOPUTMY
precision recall w

Opnrlganbmm 0.7521 0.6982 0.93321
ViBe

3anpornoHoBaHui 0,8126 0,7910 0,94185
METOJ

6 OBTOBOPEHHSI

BisyanpHi pe3ynpTat mociikeHHs (Tabn. 2) maroTh
3MOTY OLIIHUTH TIE€PEBaru Ta HEJOIIKH 3alPOIIOHOBAHOTO
METOAY Y NOPIBHSHHI 3 opUriHaIEHUM ViBe.

Tak, 3actocyBaHHS KoxipHOi cxemum U*V*W*  ska
XapaKTepU3YETHCS KpamuMi (OTOMETPUIHUMH iHBapiaH-
THUMH 0coOauBOCTsIMH HibXK RGB, nmano 3mory mokpariu-
TH BHIUICHHS OJIOKIB SIKi MAlOTh CXO0Ki KOJIIPHI mapamer-
pu (cipuii aBTOMOOITP Ha cipoMy acdaibTi, JIOJUHA B
3eJIeHOMY OJ15131 Ha ()OHI TPaBH TOLIO).

Ta6muus 2 — [TopiBHsUIbHUI aHAI3 (YHKIIOHYBaHHSI JITOPUTMIB OOPOKH TECTOBHX BiJCONOCHTITOBHOCTEN

IIBuaKicTs 0OpO-
Opeiim oTpumanuii 3 Buko- | Ppeiim oTpuMaHuii 3 BUKo-| Po3aine- iS/I::ZT){,;(I:[?"Ii;a—
Dpeiim, M0 AOCTIHKYEThCS Etanonnuii gppeiim PHCTaHHSIM OPUTiHAJIBHOTO | PUCTAHHSM yJIOCKOHAJICHO- | HAa 3/1aT- r;] LHIM Tapg AIDO-
anropurmy ViBe ro ajgroputmy ViBe HICTB P
TIOHOBAaHUM aJIro-
pHUTMaMu
720%x576 67/59
320x240 287/260
720%480 82/75
320%240 198/187
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3a JOMOMOTO TUHAMIYHOTO MiIXOAY J0 BHOOPY IO-
poroBoro piBHs R Ta Baanocs 4yacTKOBO YCYHYTH TOSIBY
JpiOHUX apTe(axTiB, 110 BUHUKAIM IIPU MOSBI TAKUX TH-
B JUHAMIYHOTO (DOHY SIK HEBENMKHHA PyX KpPOH JIEpEB,
TPEMTIHHS JIUCTS, KOJIMBAHHS XBUJIb Ha BOJHIN IMOBEPXHI.
Bkazanuii migxig mono BuOopy moporosoro piBHs R mo-
3BOJISIE TAKOXX NPHIYIIYBaTH LIYMH, IIO 3’ SBISAIOTHCS
BHACIIJJOK HEBEIMKUX 3MilleHh KaMepH BigeocmocTepe-
JKEHHS Y1 TIPH TMOSBI «TPEMTIHHS» NPH CHIBHHUX ITOPHBAX
BITpY.

B xomi excrepuMeHTy, eMIIpUYHUM I[UIIXOM, OYJI0
3MiACHEHO MinOip 3Ha4eHb WMOBIpHICHHX Koe(illi€HTiB
BUOOpPY piBHS OKOJHII. ONTUMATFHIMU 3HAYCHHSIMH Ha
JIOCITI/DKYEMHUX TECTOBUX HaOOpax BiZIEONOCHiIOBHOCTEH

BUSBIINCH  3HAYEHHA Kékol =0.83, ngol =0.11,

K Skol =0.06 . IIpote dikcopaHi 3HaUEHHA HMOBIPHICHHUX

Koe(]ilLlieHTIB € ONTUMAaJIbHUMHM JIMILIE ISl BKa3aHUX Ha-
OOpiB BiJICOMOCTIIOBHOCTEH, 1 HAa HAmly AYMKY, Ui Oi-
JBIIOT YHIBEPCATBHOCTI 3aIPOMIOHOBAHOTO METOAY JOLi-
JBHO MPOJOBXUTH JOCITI/DKEHHS MO0 peaialii JuHa-
MIYHOTO MIAXOTy J0 BHOOPY BKa3aHHX KoeirieHTiB. Ta-
KOX OIHHM 13 HAaIlPSIMKIB yIOCKOHAJICHHS 3aIpOIIOHOBA-
HHUX MIAXOMIB € JOCIIKEHHS 1HIINX METOIB IIOHO ITig-
00py NMOPOroBHX DPIBHIB Ry, Ta Ryg; JUIS TIPUMHATTA pi-
IICHHS Ha OJIHO3HA4HY Kiacuikaiiro oKpiM MaTeMaTny-
Horo amapary teopii Jlemcrepa-Illedepa. Ockinbku, npu
3[ificHeHHI mepeTBOpeHb 3 KoiipHoi cxemun RGB B
U*V*W?* xomipHi CKJIaloBi 3MIiHIOIOTbCSI HE MPOMOPIIiii-
HO, TOMY JOLIIBHO Oyno O JOCHIIUTH BIUIMB KyTOBHX
rapameTpiB JOCIIKYEMOTO IIKCeNs Ha 3HaYEeHHS HOpPO-
TOBUX PiBHIB Ry, Ta Riyjgh..

3acTocyBaHHS BHWIIEC3a3HAUCHHUX IIiIXOJIB HETATHBHO
BIUIMHYJIO Ha MIBUAKOLIF0O poboth amroputmy. IIpore,
piBeHp IMBHAKOAI MpH 0OpoOI KaapiB 3 PO3AUTEHOIO
3patHicTIO 320%240, 720x576 Tta 720%480 € mocraTHIM
U pOOOTH B PEXKIMI PEabHOTO Yacy.

BisyanbHi pe3ynbTaTH JOCHIIKEHHS BKa3ylOTh Ha
MOXIIMBICTh 3aCTOCYBaHHS 3aIIPOIIOHOBAHOTO METOY LIS
BUSIBIICHHS 1  CHOCTEpeXEHHS 3a  JUHAMHYHHMHU
00’eKTaMH Ha BOJHINM MOBEPXHI Ta cepel POCIMHHOCTI,
o € OCOONMBO aKTyaJlbHO B CHCTEMaxX OINTHKO-
SNEKTPOHHOTO CIIOCTepexeHHs JlepkaBHOI NMPUKOPHOH-
HOI ciTyk0n YKpaiHu.

ABTopamu opuriHampHOTO anroputMy ViBe O.
Barnich Ta M. Van Droogenbroeck 0yno iMmieMeHTOBa-
HO miporpamMHHi kKo B kKamepy Canon PowerShot SD8§70
IS, sxa 3xilicHIOBaNa TPAHCIAIIIO BiZCONOCTiOBHOCTEH 3
posaineHOIO 3natHicTio 320%x240 mikceniB. [Ipu npomy
HIBHIKICTE 00pOOKH KampiB ckiayia 6 kampis/cek [8]. Lle
BKa3ye MOXIIMBOCTI 3aCTOCYBaHHs 3allpOIIOHOBAHOTO
MeToMy B PoOOTi ONTHUKO-ENIEKTPOHHUX TEXHIYHHUX 3aCO-
6iB, 1m0 MPHHHATI Ha 030poeHHS B JleprkaBHIH IPHKOP-
JIOHHIH ciy01 YKpaiHu.

BUCHOBKHA
B po6oTi npecTaBIeHO YAOCKOHATICHH METOM BHSIB-
JICHHA JOUHAMIYHHX OO0’ €KTiB y BiJCOMOCTIIOBHOCTSIX,
SIKM OCHOBaHMH Ha anroput™i ViBe.
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HaykoBa HOBH3HA OTPUMaHUX pe3yJIbTATIB IOJSATAE
PO3pO0ITl YIOCKOHAIEHOTO METOAY BUSBJICHHS IUHAMIiY-
HUX 00’€KTIB Yy BIJICONOCIIIOBHOCTSX, SIKHi OCHOBaHHIA
Ha anroputMi ViBe. Y0cKOHaJIEHHS TPOBEAEHO 3acCTO-
cyBaHHAM KouipHOi cxemu U*V*W*  pukopucTaHHIM
MOJIBIHHUX MTOPOTOBHX PIBHIB Ta €JIEMEHTIB TEOpii ekcre-
PTHUX CHCTEM JUIS yCyHEHHS HEBU3HAUCHOCTEH y KIIacH-
(hikarmii mikcemiB (MaTeMaTH4HUI amapat Teopii Jemcre-
pa-lllecepa Ta TpanchopMmyema moBipIa MOJEITH po3po0d-
nena Philippe Smets), a Tako)k BUKOPHCTaHHSIM JTHHAMIY-
HOTO TIIXOAYy B OHOBIICHHI ()OHOBOI MOJEN 3a PaxyHOK
CYCIOHIX MiKCemiB. 3 METOI0 MPaKTUYHOI peamizamii 3a-
MPOIIOHOBAHUX PillIeHb Ta MiATBEP/PKEHHS €(PEeKTUBHOCTI
BKa3aHHUX MiAXOAIB OyJIO MPOBEICHO EKCIIEPUMEHTAIIbHE
JIOCITIZPKEHHS 3allpOIIOHOBAHOTO METOJY B MOPIBHSHHI 3
opurinaisHuM ViBe. ExcriepuMeHT mpoBOJMBCS 3 BHUKO-
puctanHsaM TecToBuX (peimie 3 Habopy CDNET y pis-
HOMaHITHHX BapiaHTaX HABKOJMIIHBOTO CEPEIOBUINA, SIKE
€ MaKCHMAJIHO HAOJIKEHUM JI0 PEAIbHOTO 3aCTOCYBaH-
HSl B CHCTEMax BiJICOCIIOCTEPEKEHHS Ta 3 PI3HUMH Bapia-
HTaMH PO3AUTBHOI 31aTHOCTI. KOHCOMiT0BaHI pe3ynbTaTu
eKCIICpUMEHTY 3a METpHKaMu ‘“precision”, “recall” Ta
3alpoINOHOBaHiIi B poOoTi [6] aBTOpCHKiH MeTpumi W
BKa3yIOTh Ha MOKPAIICHHS Pe3yIbTaTiB 3alIPOIIOHOBAHOTO
METOZy B MOPIBHSIHHI 3 OpHUTiHATHFHIM ViBe B cepenHbo-
My Ha 6,7%. OpepkaHi Bi3yanbHi pe3yJibTaTH IOCHi-
JUKCHHSI € KpalliMH B CEHCI CerMeHTallii JUHAMIYHHX
00’€KTiB, B MOTAaHUX IOTOJAHMX YMOBAaX Ta MPHUIYIICHHS
JTUHAMIYHOTO (OHY.

Jlo HemoJKiB 3amporoHOBAHOTO METOAY HAJIeKHUTh
3HW)KEHHSI IIBUIKOJII, SIKE € HEKPUTHYHUM Ta J03BOJISIE
3aCTOCOBYBaTH MOro B IPOIPAMHUX CHUCTEMax B PEKHMI
peasbHOrO Yacy.

IIpakTH4yHe 3HAYeHHS OTPHMAHMX PE3YJbTATiB IO-
Jsira€ y MOXKJIMBOCTI 3aCTOCYBaHHS YJJOCKOHAJICHOTO ajl-
TOPUTMY B IIPOTPaMHOMY 3a0€3ICUCHHI K CHCTEM Bieo-
CIIOCTEPEKEHHS 3arajJbHOTO MPU3HAYCHHS TaK 1 BIIOMUYNX
CHeIiaTi30BaHUX CHCTEM BiIEOCIIOCTEPEKCHHS, TaKUX,
HApUKIag SK IIJICHCTEMH BiCOCIIOCTEPEKEHHS, IO
(dyHKIiOHYI0TE Y ckiaai [Hrerpomanoi iHdopmariiiHo-
TeNeKoMyHIiKaIliiiHoi cuctemu «lap™ JlepkaBHOI MpHUKO-
PIOHHOI ciyx0u YKpaiHu.

OkpiM TOrO, 3aIPOIOHOBAHUI AJITOPUTM MOXKHA 3a-
CTOCYBaTH W B IHIIMX TEXHIYHHMX 3ac00aX CHCTEMH OXO-
POHH JIep>KaBHOT'O KOPJOHY, & CaMe B: CHCTEMI PaHHBOTO
nonepemkeHas «AEROS TT-RF-1-Ry; migcucremi onrtu-
KO-€JIEKTPOHHOTO CIIOCTEPEKEHHS; KOMIUIEKCI Ha3eMHOT
po3Binku «JIxeb»; Oe3MIIOTHHX aBiallifHUX KOMIDIEKCAX
TOIIO.

IlepcnexkTuBM (HANPSIMKHM) NOJAJBIIMX JAOCJTi-
JAKeHb TOJITAIOTh B IMIUIEMEHTAIlll 3alpOMOHOBAHOTO
ITOPUTMY Yy JETEKTOpaxX BHSBJICHHS NEPETHHY YMOBHOI
JiHii, 3aJMIIeHUX/3ary0JIeHUX TPEIMETIB, BUSBIICHHS
HECTaHJApTHUX CHUTYyalid B CHUCTEMax BiJeocrocTepe-
KEHHsI, 8 TAKOX JIOCII/PKEHHSI MOXIIMBOCTI 3aCTOCYBaHHS
BKa3aHOTO QJITOPUTMY ONTHKO-EJIEKTPOHHHUX TEXHIYHUX
3aco0ax, MO CTOATh Ha 030poeHHI Jlep:kaBHOI MPHUKOP-
JIOHHOT CITy’k0M YKpaiHu.

95



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

NOASAKHU
Po6oTy BUKOHAaHO B paMKax HAyKOBHX MOCITIKCHBb

kadenpu TeleKOMyHiKaliili ta pagioTexHiku HarjioHanb-
HOi akagemii Jlep>kaBHOI NMPHUKOPIOHHOI ciayk0u Ykpai-

HHU.
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AHHOTAIUSA

AKTyanbHOCTb. BHenpenne ¢yHKOWI BHICOAHATWTHKA B CHCTEMBl BHACOHAONIONCHUS [Ja€T BO3MOXKHOCTH IIOBBICHUTH
3¢ (PeKTHBHOCTD MPUMEHEHUS BBIMIEYKa3aHHBIX cucTeM. OgHON M3 (yHKIUH TaKMX WHTEIUIEKTYaIbHBIX CHCTEM BHACOHAOIIONCHUS
siBIsIeTcss  OOHapy>KeHHe IUHAMUYECKHX OOBEKTOB B CEKTOpax o030opa kamep BuiaeoHaOmoneHus. CyIIeCTBYIOINE METOMBI
BEIJIeTIeHHs (DOHA M PacIo3HaBaHUS OOBEKTOB UMEIOT CYIIECTBEHHbIE HEJJOCTATKH, OTPAaHNYHMBAIOIIIE X IPUMEHEHHE Ha NPaKTHKE,
a UIMEHHO: IIPU HU3KOH KOHTPACTHOCTH AJTOPUTMBI HE B COCTOSHUY BBIICIUTE O0BEKT M3 (hOHA; HEKOTOPHIE JABMIKYIINECS OOBEKTHI
MOT'YT pacno3HaBaThCs KaK ()OH, AITOPUTMBI KPUTHYHBI K YCJIOBUSIM OCBEILCHUS U TOMY 10oJo0HOe. FIMEHHO 103TOMY, aKTyaiIbHOM
3amadeil sBiseTCs pa3paboTka M COBEPLICHCTBOBAHUE METOIOB OOHAPYKEHHs AUHAMHUYECKHX OOBEKTOB B BHIEONOCIEAOBATEIBHO-
CTAX.

Hesab. MccnenoBanne MOCBSIIEHO pa3pabOTKe yCOBEPIICHCTBOBAHHOTO METOAA BBIIBICHHS AWHAMHYECKHX OOBEKTOB B BHEO-
MIOCJIEI0BATENbHOCTSIX.

Mertona. [Ipu moctpoennn mMeTona oOHapyKEHHs AMHAMHUYECKHX OOBEKTOB B BHAEOIOCIIEIOBATENFHOCTH HCHONB30BAINCEH MO-
JIXOIBI OTHOCHUTEIBHO BBIENICHUS (DOHA HAa OCHOBE MOMMKCEIHHOTO aHAIM3a KaJ[POB C IPUMEHEHHEM JIEMEHTOB TEOPHHU SKCIIEPTHBIX
CUCTEM.

Pe3yabTaThl. B pabote npencraBieH ycoBepIIEHCTBOBAHHBIH METO 0OHAPY KEHUs TUHAMUYECKHX OOBEKTOB B BHICOIOCIIENO-
BaTEJILHOCTH, KOTOPBI OCHOBaH Ha anroputMme ViBe. [IpeanoxeHHbIH NOAX0A OTIMYAETCS OT OPUTHHAIBLHOTO IIPUMEHEHUEM 1BETO-
Boii cxembl U¥*V*W* yicnionb30oBaHreM ABOWHBIX IMOPOTOBBIX YPOBHEH M AJIEMEHTOB TEOPUH IKCIEPTHBIX CUCTEM JJIsS YCTPAHCHHS
HeOoIIpeIeTIeHHOCTe! B Kiaccu(uKaiy nukcenei (MareMaTiuueckuid anmnapat treopun Jemcrepa-1lledepa), a Takxe HCIOIb30BaHH-
€M JUHAMUYECKOTO MOAX0/a B OOHOBIEHHH (POHOBOI MOJEIH C CUET COCEHUX MHUKCEeNeH. ANTOpUTM OOHAPYKEHHS JHHAMUYECKHX
00BEKTOB B BHAEOIOCIIEIOBATENFHOCTH BKIIIOYACT CICAYIONINE dTAIbl: HHUNUAIH3ays (GOHOBOH MOAeTH (A KaXKIOTO MHKCEIs C
H3BECTHBIMU KOOPJMHATAMU COXPAHSETCS! KOJIMYECTBO €r0 NMPEAbIIYINNX 3HAYeHHH B TEKYIEM KaJ[pe) BBISBICHUE NIEPEIHETO IUIaHa,;
CJIEYIOIINM IIIaroM SIBJISIETCS BEIUHMCIICHHE KOJIMIECTBA TOYEK, IIPHHAUISKAINX K IepeqHeMy IUiany U K ¢ory. C menbio ycrpaHe-
HYSI HEOTIPEIEIEHHOCTH, KOT/[a ITMKCEJIb OJHOBPEMEHHO MOXET IPHUHAJIekKATh KaK IMHAMIYECKOM 00BbeKTa Tak M (hoHa, U OJHO3HA-
YHOU KJIaccU(UKauuy NMpUMEHEeH MaTeMarmdeckuil ammapar teopuu emcrepa-llledepa; nocine oOHapyKeHHsS HEpeaHEero IUiaHa
MIPOUCXOANT oOHOBIIeHNE (POHOBOM Mozenu. B 0CHOBY KOTOpPOIi MONOXKEHa TPeXypOBHEBAs MOCTPOCHUE OKPECTHOCTH UCCIIETYEMOTO
MTUKCENs U TPUMEHEHNE PABHOMEPHOT'O 3aKOHA PACTIpeieIeHHs CIy4alHbIX BEIMYUH BHYTPH KaXKIOTO U3 TPEX YPOBHEN.

BrbIBoABI. DKCIIEpIMEHTAIBHOE UCCIIEA0BAaHNE YCOBEPIICHCTBOBAHHOTO AITOPHTMA 10 CPABHEHHIO C OPUTHHATBHBIM ViBe mpo-
BOJIWJIACH C MCIIOJIb30BaHHEM TecTOBBIX (hpeliMoB n3 Habopa CDNET B pa3snuuHBIX BapHaHTax OKPYKaloUIlel Cpeabl M ¢ pa3IudIHbI-
MH BapHaHTaMH paspemeHus. KoHCOMIpoBaHHbIe pe3yIbTaThl YKa3bIBAIOT HA YIIyUIICHHE Pe3yIbTaToB IPENIOKEHHOTO METo/a
TI0 CPaBHEHUIO C OpUTHHAIBHEIM ViBe B cpennem Ha 6,7%.

KJIFOYEBBIE CJIOBA: anropuTM, METOJ, BHICOIOCICIOBATCIBHOCTD, BBIACICHUS (OHA, TUHAMHYCCKHN OOBEKT, I[BETOBAs
cxeMma, mIKcenb, ¢poH, ViBe.
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ABSTRACT

Context. The implementation of video analytics functions in video surveillance systems makes it possible to increase the effi-
ciency of these systems. One of the functions of these intelligent video surveillance systems is to detect dynamic objects in the sur-
veillance sectors of video surveillance cameras. Existing methods of background subtractoin and object recognition have important
disadvantages that limit their application in practice: under low contrast algorithms can not select an object from the background;
some moving objects can be recognized as a background, algorithms critical to lighting conditions, and so on. Therefore, an impor-
tant task is to develop and improve methods for detecting dynamic objects in video sequences.

Objective. The research is devoted to the development of an improved method for detecting dynamic objects in video sequences.

Method. For moving objects detection in video sequences we used background subtraction methods based on pixel-by-pixel
analysis of frames using elements of the expert systems theory.

Results. In this paper, we propose an improved method for detecting dynamic objects in video sequences, which is based on the
ViBe algorithm. The proposed approach differs from original the using of U*V*W* color model, using double threshold levels and
some elements of theory expert systems for removal of vaguenesses in pixel classification (Dempster-Shafer theory) and dynamic
method for updating background pixel models. Proposed algorithm include following stages: initialization of the background model
(for each pixel with known parameters, the number of previous values in the current frame is stored); foreground detection; the next
step is a calculation amounts of points, that belong to the foreground and to the background. For removal of vaguenesses in pixel
classification we used some elements of Dempster-Shafer theory. After initialization of the background model and foreground
detection next stage is updating background model. For this we used a three-level constructed neighborhood of the studied pixel and
used of the even distribution of random values is into each of three levels.

Conclusions. Experimental research of the improved algorithm in comparing to original ViBe conducted with the use of test
frames from a set of CDNET in the various variants of environment and with the different variants of discriminability. The
consolidated results specify on the improvement of results of an offer method as compared to original ViBe on the average on 6,7%.

KEYWORDS: algorithm, method, video sequence, background subtraction, dynamic object, colour model, pixel, background,
ViBe.
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