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ABSTRACT

Context. The non-linear boundary value problem of heat conduction for a thermosensitive non-homogeneous strip-shaped ele-
ment of a radio-electronic system with a through inclusion has been solved whose analytical-numerical solution enables us to analyze
temperature regimes in the element.

Objective. Is to develop such a method of linearization of mathematical model of heat conduction which enables us to obtain an-
alytical numerical solution of the corresponding non-linear boundary value problem for determination of temperature field in ele-
ments of radio electronic devices, which are geometrically represented by a thermosensitive plate with a through inclusion.

Method. A linearizing function which enables us to partially linearize the initial non-linear mathematical model of heat conduc-
tion for a thermosensitive non-homogeneous element of a radio electronic system in the form of “plate-inclusion” structure has been
suggested. The introduced piece-wise linear approximation of temperature on plate-inclusion interfaces has enabled us to completely
linearize the corresponding partially linearized boundary value problem relative to the linearizing function. After this, it became pos-
sible to apply Fourier’s integral transformation to the obtained linear problem with respect to one of the spatial coordinates, as well as
to determine the linearizing function. The linear dependence of the coefficient of heat conductivity on temperature for structure mate-
rials with the use of the linearizing function has been considered. By solving the boundary value problem, the formulae for determi-
nation of temperature field in the “plate-inclusion” thermosensetive structure have been obtained.

Results. The obtained formulae for determination of temperature field in a thermosensitive non-homogeneous element of radio
electronic system were used to create the software which enables us to obtain distribution of value of temperature and to analyze
temperature regimes.

Conclusions. A mathematical model for the calculation for the temperature field in a “plate-inclusion” thermosensitive structure
is adequate to the actual physical process, because no jump of temperature at “plate-inclusion” interfaces is observed. The numerical
results for the chosen materials under linear dependence of the coefficient of thermoconductivity on temperature differ by 7% from
the results which are obtained for constant coefticient of heat conductivity. Prospect of further investigation will consider more com-
plicated geometric representation of elements of radio electronic systems.

KEYWORDS: temperature, heat conduction, nonlinear boundary-value problem, isotropic infinite thermosensitive plate with
insulated faces, through inclusion, perfect thermal contact, heat flow.

NOMENCLATURE K, is the part of the surface of the plate beyond the
28 is the thickness of a heat-sensitive isotropic with  jnclusion and is thermo-insulated:;
respect to its thermophysical parameters plate 5 Kih is the boundary surfaces of the inclusion;

2h is the length of a foreign through inclusion;
Q, is the domain of the inclusion; i
to the coordinates of space;
Q A(x,t) 18 the coefficient of heat conductivity of the et-
K_ is the boundary surface of the plate, the systemis  erggeneous heat-sensitive plate;
heated by a heat stream; heat stream, whose surface den- A (1) is the coefficient of het conductivity of the ma-
sity 18 g, = const; terial of the plate;

t(x,y) is the distribution of temperature with respect

. 1s the domain of the plate (beyond the inclusion);

© Havrysh V. 1., Baranetskij Ya. O., Kolyasa L. I., 2018
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A (t) is the coefficient of het conductivity of the ma-

terial of the inclusion;
S, (¢) are the asymmetric unit functions;

9(x, y) is the linearizing function;

A is the Laplace operator in the Cartesian system of
coordinates;

¢, are the unknown approximated values;

8, (&) is the asymmetric Dirac delta-function;

§(§, y) is the transform formula 3(x, y);
& 1is the parameter of Fourier integral transformation;
n is the number of intervals in the partition ]_[;[ [ ;

K% are basic coefficients of heat conductivity of the

materials of the inclusion (m=0); and the plate (m =1);
k, 1s the temperature coefficients of heat conductivity

of the materials of the inclusion (m=0); and the plate
(m=1);

¢ is the dimensionleess temperature;

x",y" are the dimensionless coordinates of space;

A(x) is the coefficient of heat conductivity of the

heterogeneous plate for the corresponding linear model.
INTRODUCTION

Composite materials, development of which is a liding
problem of modern materials science, have become espe-
cially valuable in radioelectronic device’s. The emergence
of new composite materials with improved physic-
mechanical performance will contribute to creation of
new technologies in air-space, naval, power-generating,
and electronic branches, in mechanical engineering, and
transport. Among the composite materials an important
place occupy structures with foreign inclusions, which are
widely used structures of microelectronic devices, in par-
ticular, in integral sensors for monitoring of temperature
and humidity, in light emitting elements for dynamic
LED-backlighting etc. Because the aforesaid structures
operate in a wide range of temperatures, their high per-
formances cause the necessity of considering and solving
of the problems which are non-linear due to the depend-
ence of thermophysical characteristics of the materials on
the temperature of the structure and on the conditions of
heat exchange, on the temperature of their surfaces; be-
cause the calculations of the temperature fields which are
performed on the basis of the linear mathematical models
of heat conduction processes do not always give us satis-
factory results [1]. Therefore, for creation of the most
adequate to actual process mathematical model, it is nec-
essary to take into account the dependencies of thermo-
physical characteristics of materials on temperature, on
density of surface heat fluxes, and on intensity of internal
heat sources; change of the shape of the body and possible
phase and structural transformations are also to be taken
into account [2, 3].

The object of study is the process of heat conduction
for an element of radio electronic devices presented by a

thermosensitive plate with a foreign inclusion.
© Havrysh V. 1., Baranetskij Ya. O., Kolyasa L. I., 2018
DOI 10.15588/1607-3274-2018-3-1

In order to create a non-linear mathematical model of
the process of heat-conduction in a thermosensitive non-
homogeneous element of radio electronic systems, theory
of generalized function has been used; and in order to
construct a numerical-analytical solution of the corre-
sponding boundary value problem, integral Fourier trans-
formation and methods of solving partial differential
equations were used.

The subject of study consists of non-linear mathe-
matical models of heat-conduction process and methods
of construction of numerical analytical solution of the
corresponding boundary value problems for thermosensi-
tive elements of radio electronic devices of piecewise-
homogeneous structure.

The purpose of the work is the development of such
a method of linearization of mathematical model of heat
conduction which enables us to obtain the analytical-
numerical solution of the corresponding non-linear
boundary value problem for determination of temperature
field in elements of radio electronic devices, which are
geometrically represented by a thermosensitive plate with
a through inclusion.

1 PROBLEM STATEMENT

Let us consider a heat-sensitive isotropic with respect

to its thermophysical parameters plate of 28 thickness

with thermo-insulated faces |z| =+8. The plate contains a
foreign through inclusion of 2/ length. The plate is refer-
enced to the Cartesian system of coordinates (Oxyz) with
whose origin is in the centre of the inclusion. In the do-
main of the inclusion O ={(x,~1,z):|x| <h,|y|<1|z| <8}

z|< 6} of
the plate, the system is heated by a heat stream, whose
surface density is g, =const, and the other part of the

of the boundary surface K ={(x,~/,z):|x| <,

surface of the plate beyond the inclusion and the surface
K, :{(x’],z):‘x‘ < o0,|] SB} are thermo-insulated. At the

boundary surfaces of the inclusion
Koy ={(£h,y.2):|y| < 1,|2| <8} perfect heat contact takes place
Ot,

fo=t,, A (1) P Xl(t)a_); for |x|=h (0 — for inclusion,

1 — for plane) (fig. 1).

Al

I r 1

‘l K J K I 1\

i O 0 h |

\J
J!

Figure 1 — Section of isotropic thermosensitive plate with for-
eign through inclusion by the plane z =0
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In the given structure, it is necessary to determine the
distribution of temperature ¢(x, y) with respect to the co-

ordinates of space.

2 REVIEW OF THE LITERATURE

The determination of temperature conditions, both of
homogeneous and non-homogeneous structures, draws
attention of many researchers [4, 10].

In the work [11], a mathematical model of quasi-
stationary temperature field in a continuous cylinder of
rotation made of a composite material with non-linear
boundary conditions is developed; the dependence of
thermophysical parameters of material on temperature
being taken into account. The obtained analytical expres-
sions for determination of temperature fields enable us to
select the composition of composite materials for cylin-
der-shaped parts in order to increase there are service life.

One-dimentional (plane, cylindrically symmetric, and
spherically symmetric) non-linear problems of heat-
conduction are considered for a given flux of heat at the
origin of coordinate systems in the form of exponential
function depending on time. Approximation solutions of
the aforesaid problems have been obtained, and there are
convergence has been analyzed [12].

An analytical solution of the non-linear problem of
heat-conduction has been constructed on the basis of inte-
gral method of heat balance [13]. In order to improve the
accuracy of the solution, the temperature function is ap-
proximated by high-degree polynomials. To determine the
coefficients of the polynomials, additional boundary con-
ditions have been introduced. It is shown that the intro-
duction of additional boundary conditions, as early as in
the second approximation, leads to considerable im-
provement of the accuracy of the solution of the problem.

In the work [14], numerical-analytical solution of the
non-stationary problem of heat-conduction for a hollow
sphere has been constructed; thermophysical parameters
of materials of the sphere being variable with tempera-
ture. In the particular case, a solution for a continuous
sphere has been obtained. On the basis of variational ap-
proach, a non-linear mathematical model of heat-
conduction process have been constructed for 2D-space
with a thin inclusion, this anable us to take into account
small thickness of a thick inclusion. For linearization of
the stated problem, the Newton-Raphson’s methods has
been applied. Discreatization with respect to temporal
variable has been carried out in accordance with interme-
diate point scheme. The Discreatization statement of the
problem is presented in the form of minimization of a
functional [15].

Investigations of temperature regimes for structural
thermosensitive elements of a piece-wise homogeneous
structure have been carried out in the works [16—19].

Article [20] solved a non-stationary problem on ther-
mal conductivity and thermoelasticity for functional-
gradient thick-wall spheres. Thermal-physical and ther-
moelastic parameters of materials, except for Poisson

© Havrysh V. 1., Baranetskij Ya. O., Kolyasa L. I., 2018
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coefficient, are arbitrary functions of the radial coordi-
nate.

Axisymmetric stationary problem on thermal conduc-
tivity and thermoelasticity of the hollow functionally gra-
dient areas relative to the heat source was considered. The
solutions are obtained as functions from spatial coordi-
nates for temperature, the displacement component vector
and stress tensor by using boundary conditions for radial
and angular coordinates [21].

In paper [22], a thermoelasticity solution for steady
state response of thick cylinders which are subjected to
pressure and external heat flux in inner surface is pre-
sented.

A general solution for the one-dimensional steady-
state thermal and mechanical stresses in a hollow thick
sphere made of porous functionally graded material
(FGPM) is presented in [23].

The boundary value non-linear problem of heat con-
duction is determined below, the technique of its lineari-
zation and calculation formulae for determination of the
temperature field in a heat-sensitive plate with a through
inclusion which is heated by a heat stream concentrated at
a surface of the inclusion is given. Numerical analysis
under the condition of linear dependence of the coeffi-
cient heat conductivity on temperature is performed.

3 MATERIALS AND METHODS
In the given structure (in problem statement), it is nec-
essary to determine the distribution of temperature f(x, y)
with respect to the coordinates of space which is obtained

from solving the nonlinear equation of heat conduction
[24, 25]

0 o, 0 ot
a[?b(x,t)a]+a|:}\.(x,f)a:|—o (1)

with the boundary condition

do-0 & o @l
‘x‘—)w > ax ‘x‘_)oo 6)} y:l s (2)
ot
Ao (f)a— = —qoS_(h—|x|)
Yl y=i

where A(x,0) =L (()+[L () =k ()] S_(h—]|x|) is the
coefficient of heat conductivity of the heterogeneous heat-
sensitive plate; Ay (¢), A (7)—are the coefficients of hat

conductivity of the materials of the plate and the inclu-
sion, respectively;

17 C > 05
S, (€)=40,5F0,5, (=0, is the asymmetric unit func-
0, (<0

tions [26].
Let us introduce the linearizing function
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t(x,y)

[ [*0©-

t(=h.y)

1(x,y)
8= [ 2(QdE+S_(x+h)
0
1(x,y) ®)
M©]+S.(x—h) | [7» 0 (&) —M (C)] e,

t(h,y)

having differentiated which with respect to the variables x
and y, we obtain

ot 09
;\‘(t,x)a = a,

x(z,x)S—;:g—i+{[xo(z)—xl(z)}g—;}

*{[M(O*M(ﬂ]%}

Taking into account the expression (4), the original
equation (1), assumes the following form:

S_(x+h)— (4)

x=—h

S, (x—h).

x=h

AS+%{[LO(I)—MU)JS—;} S_(x+h)—
x=—h
0 ot ©)
—5{[7~0(1)—k1(1)}@} . S (x=h)=0,
2 2
where A = —+t is the Laplace operator in the
Ox oy

Cartesian system of coordinates.
The boundary conditions with the use of the relation
(3), are written as follows:

09 09
~ =0, 9§ x>0 = 0, — =0, (6)
W [y=t O | o0
09 ot
o ——{QO S7<h—\x\){(xo(z)—xl(o)d e S_(x+h)-
(7
{(xoo)—xl(z))?} S,
vz

The linearizing function (3) has enabled us to reduce
the nonlinear boundary value problem (1), (2) to the par-
tially linearized equation with discontinuous coefficients
(5) and to the boundary conditions (6), (7).

Let us approximate the function f(+4,y) in the form

of Fig. 2 to the expression
n—1
t(ih,y)le+Z(tj+l—tj)sf(y—y/), (8)
j=1

where y, € ]_[;[ [; Y <y, <<y 5 on is the number of
intervals in the partition ]_1; 1[ s ( j:ﬂ) are the un-

known approximated values of temperature.
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Having substituted the expression (8) into the relations
(6), (7), we obtain the following partial linear differential
equation relating the linearizing function

n—1

AS:‘Z(’]H _tj)[xo(tjﬂ)_}“l (tj+l)i|S—(h_‘x
=

8 (r=2;) (9)

with the boundary condition

09
= =—goS_(h=|x]. (10)
oy |y=—I
Here Si(g):% is the asymmetric Dirac delta-
S

function [26].

Having applied Fourier integral transformation with
respect to the coordinate x to the equation (9) and to the
boundary condition (6), (10), we obtain the following
ordinary differential equation with constant coefficients

1(+h,y),
l'll

rJ.’

-

T30 Vua d "y
Figure 2 — Approximation of the function t(ih, y)

d’S 5 [2singn &t B
e \/; : Do (ta =t )[Rt

= an
—7»1(t,~+1)]51 (v-3,)
with the boundary conditions
ﬁ zo’ﬁ :_\/Zq_o sin A€, (12)
dy |y=1 dy | y=-1 LIRS

where g= 1 j 9% g¢¢ 1s the transform formula
2n
9(x,y); & is the parameter of Fourier integral transfor-
mation; > =—1.
Having solved the problem (11), (12), then having ap-
plied the inverse to its solution Fourier integral transfor-
mation, we obtain the expression of the function 9
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© n-l1
S:i'([ésinh&cosx&{jz_l(tﬁl —fj)P\.o(fjH)_

ch&(y+l)

—7“1(’]41)}[ h2il

she(1-y; )=
@ché(y—l)

T de. (13)

—che(y=y;)S_(y-v; )1+

Having substituted the temperature dependence of the
coefficient of heat conductivity of the materials of the
plate and that of the inclusion into the relations (3), (13),
after some transformations, we obtain the system of non-
linear equations for determining the unknown approxi-

mated values of the temperature ¢;(;j = I,_n) .

For the given system, the unknown temperature field
we determine by means of the obtained nonlinear equa-
tion with the use of the relations (3), (13) after substitu-
tion into them the concrete expressions of the dependence
of coefficient of heat conductivity of the structural mate-
rials on temperature.

4 EXPERIMENTS
To solve many practical problems, the following de-
pendence of the coefficient of thermal conductivity on
temperature is used [27, 28]:

A=20 (1=kpt), (14)

where 10 .k

-k, are basic and temperature coefficients of

heat conductivity of the materials of the inclusion (m=0)
and the plate (m=1).

Numerical analysis of the dimensionless temperature
£ =MAot/(qph) is carried out for the following initial

data: material of the layer is VK94-I ceramics, the mate-
rial of the inclusion is silver, =10 is the number of inter-
vals in the partition |-/;/[;//h=1. In the temperature in-

terval [20°C;1230°C], the temperature dependencies of

the the coefficient of heat conductivity for the given mate-
rials are expressed as follows:

w 1
Ap() =13,67——(1-0,00064 — 1),
10 K &

w 1
Ag(t) =422,54——(1-0,00031—1¢), 15
0(® Km( < ) (15)

which is a partial case of the relation (14).
Let us express the temperature field for the corre-
sponding linear model from the following relation

Ax) 1(x, ) = % [ é{(xo —a)It +

© Havrysh V. 1., Baranetskij Ya. O., Kolyasa L. 1., 2018
DOI 10.15588/1607-3274-2018-3-1

& kel ) L
+;(t,+1 tj)(—sh2§l she(l-y;)+
+(1=ch&(y—y NS (y—y DI[sinE(x + h) —sin (x — h)] +

, 2a,6hE =)

el cos&x sinEALdE,

The given expression enables us to obtain numerical
results represented in Fig. 3b for the considered structure
materials with the constant coefficients of their heat con-
ductivities

A, =13,4W/(Km), &, =419W/(Km).
The dependence of the dimensionless temperature f
on the special dimensionleess coordinate x =x/h and
y" =/ his shown in Fig. 3. Note, that the maximal val-

ue of temperature is reached in the domain of the action
of the concentrated heat stream, and at the edge k,, of
the inclusion, the satisfaction of the conditions of perfect
heat contact (no temperature jump) is observed; this is in
accordance to the considerate mathematical model.

The change in dimensionleess temperature ;" depend-
ing on the dimensionless coordinates ;" for x =0
(Fig. 4a) and on x* for y* =0 (Fig. 4b) is shown in Fig. 4.
The behavior of the curves indicates the adequacy of the
mathematical model to the actual physical process, since
at the surface of the inclusion the perfect contact is ob-
served (no jump in temperature).

e

Figure 3 — Dependence of dimensionless temperature ¢ “on

dimensionless coordinates X and Y for linearly variable (a)
and constant (b) coefficient of heat conductivity of materials of
structure
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Figure 4 — Dependence of dimensionless temperature ¢ " on di-
mensionless coordinates y* for x =0 (a)
and X for ¥ =0 (b).

5 RESULTS
Having taken into account the relationship (14), from the
expressions (3), (13), we obtain the formulae for determining
the temperature ¢ in the domain of the inclusion

t:L 1— l—k() ﬁ‘i‘gl N
7»0

ko 0

(16)

in the domain Q= {(x,y,z) : |x| >h, |y| <1, |z| < 6} of
the plate (beyond the inclusion)

=41 -2
ky M

(17)

Here

A
81: t 2—k0t——0(2—k1t) 5
}\«0 x=h

The formulae (16), (17) completely describe the tem-
perature field in a heat-sensitive layer with a foreign-
through inclusion (fig. 1).

The number of intervals n=10 in the partition ]_[; 1[

for the given thermophysical (basic and temperature coef-
ficients of heat conductivity for the materials of the plate
and that of the inclusion) and geometric (length and width
of the inclusion, width of the plate) parameters of the
structure enables us to perform calculations accurate to
e=10"
6 DISCUSSION

In the course of development and investigation of lin-
ear and non-linear mathematical models of heat conduc-
tion process for structures which are geometrically de-
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scribed by means of the presented piece-wise homogene-
ous structures, it is detected that the numerical results of
temperature field for the considered materials in the case
of constant coefficient of thermal conductivity differ by
7% from those for linear variable. This indicates that the
consideration of the dependence of thermophysical pa-
rameters on temperature of materials of structural ele-
ments of complex systems are important, since results
which are obtained with the use of nonlinear models are
more accurate. The conscideration of piece-wise homoge-
neous structure of elements of the object is also important
in the investigations presented; this makes the solving of
corresponding linear and non-linear boundary value prob-
lems considerably more complicated; but solution of such
problems describes temperature distribution in more ade-
quate way to the actual process.

CONCLUSIONS

The introduced linearizing function enables us to par-
tially linearize the original nonlinear boundary value
problem, and the suggested piecewise-linear approxima-
tion of temperature at the boundary surfaces of the inclu-
sion to completely linearize the equation and the bound-
ary condition. Due to this it became possible to apply
Fourier integral transformation to the obtained linear
problem relating the suggested function and to obtain its
analytical-numerical solution. The linear temperature de-
pendence of coefficient of heat conductivity of the mate-
rials of the inclusion and that of the plate is considered.
On the basis of this, the formulae for the calculation of the
values of the temperature in the considered “plate-
inclusion” structure are given. The obtained results for the
chosen materials under linear dependence of coefficient
of heat conductivity on temperature (Fig. 3a) differ from
the results obtained under the condition of constant coef-
ficient (Fig. 3b) by 7%. Their inconsiderable difference is
accounted for by the fact that the actual values of the tem-
perature coefficient of the heat conductivity for the con-
sidered materials are small.
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JOCTIIKEHHS TEMIIEPATYPHUX PEXKUMIB Y HEOJHOPIIHUX TEPMOYYTJIMUBUX EJJIEMEHTAX
PAJIIOEJIEKTPOHHUX ITPUCTPOIB
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AHOTAIIIA

AxTyanbHicTh. Po3B’s13aHO HeNiHilHY KpaiioBy 3amady TEIUIONPOBITHOCTI IS TEPMOYYTIMBOIO HEOJHOPIIHOIO eleMeHTa

PaioeNeKTPOHHOI CHCTEMH Y BHIVIALI CMyrM 3 HACKpi3HUM BKJIIOUCHHSAM, AHAIITUYHO-YMCIOBHH DPO3B’A30K SKOi Ja€ 3MOTY
aHaJli3yBaTH y HbOMY TEMIIEPATYpHI peXuMu. MeTta poOoTH — po3pobka MeToxy JiHeapu3alii HEeNMiHIHHOI MaTeMaTHYHOI MOJEINi
TETUIONPOBITHOCTI, KU 1a€ 3MOTY OTPHMATH aHAJTITHYHO-YHCIIOBHH PO3B’SI30K BiAIOBIAHOI HENiHIIHOT KpaifoBOi 3aadi sl BU3HA-
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YEeHHS TEMIIePaTypHOTO IIOJIS B €JIEMEHTI paioeIeKTPOHHNX IPHCTPOIB, SIKi TECOMETPHYHO 300pa’keHO TEPMOUYTIHBOIO INIACTHHOIO 3
HAaCKPI3HUM BKJIIOYEHHSIM.

MeTopa. 3ampornoHoBaHO JiiHeapu3ylody (yHKIIO, sKa Ja€ 3MOTy YacTKOBO JIiHEapH3yBaTH BHXIiJIHY HETiHIHHY MaTeMaTH4YHY
MOJIeJTb TEIIONPOBIAHOCTI Ul TEPMOUYYTIMBOIO HEOAHOPIAHOrO EIEMEHTa PaliOCICKTPOHHOI CHCTEMH Y BHUIVIAAI KOHCTPYKIIT
«IUIACTUHA-BKIIIOYECHH». BBeeHa KycKoBO-JIiHIiHA anpOKCUMALlis TEMIIEPATypH HA MOBEPXHSAX CIPSHKCHHS IUIACTHHY 3 BKIIOYEH-
HSM JI03BOJIMJIA MTOBHICTIO JIiHEApH3yBaTH BiAMOBIAHY YaCTKOBO JiHEAPU30BaHY KpaiOBY 3afady BiJHOCHO JIiIHEApU3yI0UOi (QyHKIIi.
[Ticnis pOTO CTAJIO MOXKIUBHM 3aCTOCYBATH 1HTETpaibHE NepeTBOpeHHsI Pyp’e 32 OJHIEI0 3 MPOCTOPOBUX KOOPAUHAT O OTPHMAHOT
JiHIHHOT 3a7a4i Ta BU3HAYMUTH JiHEapHu3yody QyHKIi0. Po3rsHyTO NiHIIHY 3a1eXHICTh KOe]illieHTa TeIUIONPOBITHOCTI BiJ] TeMIIe-
paTypH Ui KOHCTPYKIIIHUX MaTepialliB 3 BUKOPUCTaHHAM JiHeapu3ytodoi ¢yHkumii. [IlnsxoM po3B’si3aHHS KpaifoBoi 3amadi OTpH-
MaHO (HOPMYJIH JUIsl BU3HAYCHHSI TEMIIEPATYPHOT'O HOJIS B TEPMOYYTIMBIN KOHCTPYKLIT «IUIACTUHA-BKIFOUCHHS.

Pe3yabTaTh. I3 BUKOPUCTaHHAM OTpUMaHUX (HOPMYIT [UIsl BUSHAYCHHS TEMIIEPATYPHOTO MOJIsl y TePMOUYYTJIIMBOMY HEOIHOPIJHO-
MYy €JIEMEHTi paJioeJeKTPOHHOI CHCTEMH CTBOPEHO OOYMCIIIOBAJbHI HPOrpaMH, sIKi AalOTh 3MOTY OTPUMATH YHCIIOBI 3HAYCHHS
PO3MOALTY TEMIEPATYpH Ta aHaIi3yBaTH TEMIIEPATyPHI PEKUMU.

BucHoBkn. Po3pobieHa MaTeMaTH4Ha MOJIEIb PO3PAXyHKY TEMIEPATypHOTO MOJISL B TEPMOUYTIMBIH KOHCTPYKIIi «IIaCTHHA-
BKJIIOUCHHS» € aJICKBAaTHOIO JI0 peaJbHOro (Hi3sMYHOro MPOILECY TaK SIK HE CIIOCTEPIraeThCcs CTPUOKA TEMIIEPAaTypH Ha MOBEPXHAX
CIPSDKECHHS TUIACTHHH 3 BKIIOYCHHSIM. UHMCIOBI pe3yibTaTé Iuisi BUOpAaHMX MaTepialiB 3a JIIHIHHOI 3aIeXHOCTI KoedillieHTa TeIIo-
MIPOBIHOCTI Bil TEMIIEpaTypH BiJPIi3HAIOTHCS Bif pe3yNbTATiB, OTPHMAHUX JUIS CTANOro Koe(illieHTa TEIUIONpPOBiqHOCTI, HA 7%.
[epcrieKTHBY MOAANBIINX JOCII/UKEHb IHOJISITaTUMYTh Y PO3MVLII CKIAAHIMIMX I'€OMETPUYHUX 300pakeHb EIIEMEHTIB pajioesek-
TPOHHUX CHUCTEM.

KJIFIOYOBI CJIOBA: temmneparypa, TeIUIONPOBiIHICTh, HeliHIHA KpaiioBa 3a7aya, i30TporHa Oe3MexHa TepMOUyTIIHUBa IUIa-
CTHHA 3 TEIUIOI30JIbOBAHUMH JIMLEBUMH TIOBEPXHAMM, 4yXKOPi/lHE HACKpi3HE BKIIOYEHHS, 1/JealIbHUH TEIUIOBHH KOHTAKT, TEIIOBHH
TOTIK.

YK 536.24

HCCJIENOBAHHUE TEMIIEPATYPHBIX PEXXMMOB B HEOJHOPOJHBIX TEPMOYYBCTBUTEJIbHBIX
9JIEMEHTAX PAJJMOSJIEKTPOHHBIX YCTPOUCTB

T'aBpsim B. H. — 1-p TexH. Hayk, npodeccop kadenpsl nporpaMmMHoro odecrieuenusi, HarpmonansHeIi yHUBEpCHUTET «JIBBOBCKAS
ITonurexnukay, JIbBOB, YKpanHa.

Bapanenkuii SI. O. — kanxa. Gpus.-mart. HayK, JOUEHT Kadeapsl BbIcIIeil MaTeMaTnky, HanronanbsHeli yHEBepeHuTeT «JIbBOBCKas
ITonurexuukay, JIbBOB, YKpanHa.

Koasica JI. M. — xanx. ¢uz.-Mat. HayK, CTapIIMi IpenoaBaTens Kadeapsl BhICIIeH MaTeMaTHKU, HalnoHanbpHbI yHUBEpCHTET
«JIpBoBCKas Ilonurexnuka», JIbBoB, YKpauna.

AHHOTALUA

AkTyajabHocThb. [loyueHo penieHre HENMMHEHHON KpaeBo#l 3aJauM TEIJIONPOBOAHOCTH JJISi TEPMOUYBCTBUTEIBHOTO HEOJIHO-
POJHOIO 3IEMEHTA PaJUO3ICKTPOHHOM CHCTEMBI B BUJAE MOJOCHI CO CKBO3HBIM BKJIIOUCHHUEM, YUCICHHO-aHATUTUYECKOE PELICHUE
KOTOpPOI1 IO3BOJISICT aHAIM3UPOBATH B HEM TEMIIEpaTypHbIE pexnMbl. Llens paboTer — pa3paboTka MeTo/a IMHeapH3al[iy HEelTMHEH-
HOH MaTeMaTH4ecKod MOJEIH TEeIJIONPOBOAHOCTH, KOTOPBIA MO3BOJIACT MOJYYUTh YUCICHHO-aHAJUTUUECKOE PEIIEHHE COOTBETCT-
BYIOLICH HeIMHEHHON KpaeBol 3a1auu [yl OIpEeAEICHUs] TEMIIEPAaTyPHOrO MOJIs B MIEMEHTE PaJUO3JIEKTPOHHBIX YCTPOUCTB, KOTO-
pble TeOMETPUUECKN U300pa’keHbl TEPMOTYBCTBUTEIBHON MIACTUHON CO CKBO3HBIM BKIIFOUEHHEM.

Mertoa. IIperioxeHo auHeapu3upyoLyto (QyHKIHIO, KOTOpas M03BOJSET YACTUYHO JMHEAPU3UPOBATh UCXOAHYIO HEIMHEHHYIO
MaTeMaTHIECKYI0 MOZENb TEIIONPOBOAHOCTH IJISI TEPMOTYBCTBUTEIBHOTO HEOLHOPOJHOTO IEMEHTA PAANO3IEKTPOHHOI CHCTEMBI
B BHUJE KOHCTPYKINH «ITaCTUHA-BKIIOUCHUE». BBeeHas KyCOUHO-TMHEHHAS aNNpOKCHMAIHS TEMIIEPAaTyphl Ha IIOBEPXHOCTSIX CO-
MIPSDKCHUS MJIACTHHBI C BKJIIOYEHUEM II03BOJIMIIA [IOJHOCTBIO JIMHEAPH3HPOBATh COOTBETCTBYIOLIYI0 YAaCTHYHO JIMHEAPU30BAHHYIO
KpaeBylo 3a/iady OTHOCUTENBHO JIMHeapu3upyomeil ¢pynkimn. [Tocie 3Toro crano Bo3MOXXHBIM IPHMEHNUTH HHTETPAIbHOE peodpa-
30BaHue Dypre 10 0HON U3 MPOCTPAHCTBEHHBIX KOOPAMHAT K IOJYyYCHHON JIMHEHHOH 3a/laue U ONpelesIuTh JIUHEApH3UPYIOLIYIO
¢dyHkImI0. PaccMOTpeHO TMHEHHY0 3aBUCUMOCTD K03((GHIMEHTa TeIUIONPOBOAHOCTH OT TEMIEPATYPhI JUIsl KOHCTPYKIMOHHBIX Ma-
TEpUaJOB C UCHOJIB30BAaHHEM JIMHeapu3upyomei GpyHnkuuu. [TyremM pemenus kpaeBol 3aadu HOJy4YeHb! (OPMYIIBI JUIs Olpeielie-
HHSL TEMIIEPATyPHOTO TI0JIsl B TEPMOYYBCTBUTEIBHON KOHCTPYKIUN «IIJACTHHA-BKIIIOUEHUEY.

PesyabTarbl. C HCIIOJIB30BAHUEM IOJIYYEHHBIX (OPMYJI Ul ONPEIENICHUs TEMIIEPAaTypPHOrO MO B TEPMOYYBCTBUTEIEHOM He-
OJHOPOIHOM >JIEMEHTE PaJHOIEKTPOHHONW CHCTEMBI CO3/IaHBI BEIYHMCIUTENBHBIE MPOrPAMMBI, KOTOPHIE MO3BOJIIOT TOMYIHUTh UH-
CIIOBBIE 3HAUCHUS PACIpeeIeHIs TEMIIEPATyPhl U aHAIM3UPOBATh TEMIIEPATYPHBIE PEXKUMBL.

BriBoasl. Pa3paborana mMareMaTnueckasi MOJeNb pacyeTa TEMIIEPAaTypHOTO IIOJISI B TEPMOYYBCTBUTEILHON KOHCTPYKIMHU «ILIA-
CTHHA-BKJIIOYEHHE) SIBISICTCS aJICKBATHOM K peaJbHOMY (PU3MUECKOMY IIpOIecCy TaK Kak He HaOJIoJaeTcs CKadka TeMIepaTyphl Ha
MOBEPXHOCTSIX CONPSDKEHHS IUIACTHHBI C BKIIOYEHHEM. UHCIIOBBIE pe3ysbTaThl A BHIOPAHHBIX MAaTEPHANIOB 110 JIMHEHHOW 3aBHCH-
MOCTH K03((HIMEHTa TeIIONPOBOAHOCTH OT TEMIEpPaTyphbl OTIMYAIOTCS OT Pe3yJIbTaTOB, HONYYEHHBIX JJIs IIOCTOSHHOTO KO3 dH-
LHEHTa TETUIOMPOBOJHOCTH, Ha 7%. IlepcrekTHBEl JanbHEHIINX HCClef0BaHNi OyIyT 3aKII09aThCsl B PACCMOTPEHHHU CIIOXKHBIX I'€0-
METPUYECKHX U300paXKEHHUH 3IEMEHTOB PaANO3IEKTPOHHBIX CUCTEM.

KJIFOUYEBBIE CJIOBA: temneparypa, TEIUIONIPOBOJHOCTD, HEIMHEWHAs KpaeBasl 3a7ada, H30TPOIHAsT TEPMOUYYBCTBHTEIbHAS
IUTACTHHA C TEIUION30JIMPOBAHHBIMHE JIMIEBBIMU MOBEPXHOCTSIMH, HHOPOAHOE CKBO3HOE BKIIFOUCHUS, HACATBHBIN TEIUIOBOH KOHTAKT,
TEIIOBOM MOTOK.

© Havrysh V. 1., Baranetskij Ya. O., Kolyasa L. I., 2018
DOI 10.15588/1607-3274-2018-3-1

14



e-ISSN 1607-3274 PagnioenekrpoHika, inpopmaTuka, ynpasainsas. 2018. Ne 3
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2018. Ne 3

JITEPATYPA / JIUTEPATYPA

Casatoposa B. JI. Pemmenue ypaBHeHUsI TEIIO IPOBOJHOC-

Bicank JIeBiB. yH-Ty. Cep. Ilpmki. Mmaremarnka Ta
iHpopmaruka. —2002. — Ne 5. — C. 136-144.

. ” 15. CaByna 1. T'. JocmimkeHns BapianiiHol 3amadi
TH B HCO/HOPOAHOM CPEAC € yHETOM TEMICpaTypHOH TEIUIONPOBIAHOCTI y 0araromapoBHX —CEpeNOBHIIAX 3
3aBHCHMOCTH  KOOpULMEHTA  TemIonposoHocTH / ToHkuMH BrIroueHHsamu / 5. T. Casyia, JI. M. JIsIKoHIOK //
B.JI. Casatoposa /' OGospenne  mpuKIAHOH ¥ Bicuuk JIHY im. 1. ®panka, Cep. NpuKI. MaTeMm. Ta
MPOMBINUIEHHOW Matematuku. — 2009. — 17, Ne 1. — inpopmar. — 2000. — Ne 3. — C. 125-130.
C. 135-137. L. 16. T'aBpum B. I. MogentoBaHHs TeMIEpaTypHUX PEXUMIB y

2. Kynunos B. A. AHanu3 HenuHEHHOW TEMIONPOBOAHOCTU KYCKOBO-OJHOpiZHHX  cTpykTypax / B.I. Taspum,
Ha OCHOBE oOmpejeneHus (poHTa TeMMEpaTypHOro J. B. ®enaciok. — JIbiB : B-Bo Hau. yu-Ty «JIbBiBCBKa
Bosmymienus / B. A. KymunoB // Temnmodusuka BBICOKHX Homitexmikay. 2012. — 176 c.
remmneparyp. —2006. —44, Ne 3. — C. 577-585. 17. TaBpbiur B. Y. UncneHHO-aHAIMTHYECKOE peleHue

3. Kyapsmos H. A. IIpubmuKeHHbIC PEICHNA OHOMEPHBIX HENMHEHHOH CTalMOHAPHON 3a]a9d TEMIONPOBOIHOCTH
3ajad HEJIMHCMHOM  TEIUIONPOBO/HOCTH  TpH  33/1aHHOM A GECKOHEYHOH TEPMOYYBCTBHTENBHON MHOTOCIONHOM
noroke / H. A. Kyzapsmos // XKypran BbIYHCINTENBHOI mractuaet  / B. WL Taspei /I DuekrponHOe
MaTeMaTHKH M MaTeMatuueckoi ¢usuxu. — 2007. — 47, Mozemmposante. — 2014. — 36, Ne 3.— C. 59-70.

Ne l-f C-.HO*IZO' . . 18. T'appumr B. 1. JlocmimpkeHHS TeMIEpaTypHUX DPEXHMIB y

4. Carpinteri A. Thermoelastic mismatch in nonhomogeneous TePMOUYT/IMBiil TUTACTHHI 3 WUyKOPITHHM HACKPI3HHM
beams / A. Carpinteri, M. Paggi //J. Eng. Math. —2008. — BiimoueHHsM / B. 1. Taspmm // ®i3uko-maremaTnyHe
61, No. 2-4. —P. 371-384. . . . MOJIeIIOBaHHA Ta iH(opManuiiiHi TexHounorii. Haykosuit

5. Noda N. Thermal stresses in materials with temperature- 36ipuuk. — 2013. — Bunyck 18. — C. 43-50.
dependent properties / N. Noda // Appl. Mech. Rev. — 19. Tapum ~ B. 1. Heniniiina  kpailoBa  3ajaua
1991. —44. —P. 383-397. . . TEIUIONPOBIAHOCTI IJIs1 MIapyBaTOl MIACTUHI 3 BKIIIOYCHHSIM

6. Noda N. Thermal stresses in materials with temperature- / B. 1. Taspum // disuko-xiMiuHa MexaHika MaTepiaitis. —
dependent properties / N. Noda // Appl. Mech. Rev. — 2015. — 51. No 3 — C. 32-38.

1991. —44. fP~_38?*397' . » . 20. Bayat A. Thermo-mechanical analysis of functionally

7. Otao Y. Optimization of material composition of function- graded thick spheres with linearly time-dependent
ality graded plate for thermal stress relaxation using a ge- temperature [Text] / A. Bayat, H. Moosavi, Y. Bayat //
netic algorithm /Y. Otao, O. Tanigawa, O. Ishimaru // Scientia Iranica. — 2015. — Vol. 22, Issue 5. — P. 1801—
J. Therm. Stresses. —2000. —23. —P. 257-271. 1812.

8. Tanigawa Y. Transient heat conduction and thermal stress 21. Mohazzab A. H. Two-Dimensional Stresses in a Hollow
problems of a nonhomogeneous plate with temperature- FG Sphere with Heat Source [Text] / A. H. Mohazzab,
dependent material properties / Y. Tanigawa, T. Akai, M. Jabbari // Advanced Materials Research. — 2011. —
R. Kawamura // J. Therm. Stresses. — 1996. — 19, No. 1. — Vol. 264-265. _ P. 700-705. DOI:
P.77-102. . . , . 10.4028/www.scientific.net/amr.264-265.700

9. Tanigawa Y. Transient thermoelastic analysis of function- 22. Ghannad M. A thermoelasticity solution for thick
ally graded plate with temperature-dependent material cylinders subjected to thermo-mechanical loads under
properties taking into account the thermal radiation / various boundary conditions / M. Ghannad, M. P.
Y. Tanigawa, Y. Otao // Nihon Kikai Gakkai Nenji Taikai Yaghoobi // International Journal of Advanced Design &
Koen.Ronbunshu. —2002. - 2.~ P. 133-134. . Manufacturing Technology. — 2015. — Vol. &, No. 4. —

10. Yangian Xu. Analysis of steady thermal stress in a P. 1-12.

ZrO2/FGM/Ti-6Al-4V composite ECBF plate with tem- 23. Jabbari M. Radially symmetric steady state thermal and
perature-dependent material properties by NFEM / mechanical stresses of a poro FGM hollow sphere /
Xu. Yangian, Tu. Daihui //2009-WASE Int. Conf. on In- M. Jabbari, S. Karampour, M. R. Eslami // International
forma. Eng. — Vol. 2-2. — P. 433-436. Scholarly ~ Research  Network ISRN  Mechanical

11. F'omuupiaa E. B. KBasucrannonapHas TpexmepHas 3ajaua Engineering. — 2011. — Vol. 2011. — P. 1-7. Article ID
TCIUIOIIPOBOAHOCTHA BO BPALIAIOMIEMCSA CIUJIOIIHOM IIWJIWH- 305402, DOI: 10.5402/2011/305402
Ipe U3 KOMIIO3HMIHOHHOIO MaTepuana C HeNUHEHHBIMH 24. Tlonctpurau S C. TepMOYIPYTOCTE Tel HEOIHOPOHOI
rpaHu4HbIME ycinoBusiMu / E. B. Tonunsiaa, FO. P. Ocunos crpykrypst / S C. Tlogcrpuray, B. A. Jlomaxun
/| KOHCTpYKIMH M3 KOMIIO3HIMOHHBIX MAaTEpHalOB. — 0. M. Konstro. — M. : Hayka 1984.:368 c. ’
2007. - Ne 4. - C. 47-58. . 25. Konsno 0. M. Metoapl TEIIONPOBOAHOCTH |

12. Kyapsmos H. A. TIpuOmmkeHHbIC pelleHus nepeoil n TEPMOYNPYTocTH HeopHOpoaHoro Tena / 0. M. KonsHo. —
BTOPO# KpaeBhIX 3a1a4y HEIMHEHHOM TEIUIONPOBOIHOCTH Ha K. : HaykoBa mymka, 1992. — 280 c.
nonybeckoneunort  mpsmoit  / H. A, Kynpswos, 26. Kopa I'. CnpaBOYHHMK MO MATE€MATUKE IS HAy9HBIX
M. A. UmeixoB // Umxenepras ¢msuka. — 2007. — Ne 3. — paGoTHuKOB 1 nmxkenepos / I'. Kopn, T. Kopn. — M. :
C. 12-15. , . , Hayka, 1977. — 720 c.

13. Kudinov V. A. Analysis of nonlinear heat conduction based 27. Jlomaxus B. A. Teopus ynpyrocTd HEOIHOPOAHBIX Tel /
on determining the front of temperature perturbation / B. A. Jlomakun. — M. : Usn-Bo Mock. yu-Ta, 1976. —
V. A. Kudinov, B.V. Averin, E.V. Stefanyuk, 376 c. ’

S. A. Nazarenko // High Temperature. —2006. — 44, Ne 4. — 28. Bepman P.  TeIuIONpOBONHOCTh  TBEpABIX Tel  /
P.574-583. o . ) P. Bepman. — M. : Mup, 1979. — 288 c.
14. Ionoeuu B. C. HeniniliHa 3a1a4a TETIONPOBITHOCTI IS

kym 3 teroobminom / B. C. Iomosuy, K. C. IBankiB //

© Havrysh V. 1., Baranetskij Ya. O., Kolyasa L. 1., 2018
DOI 10.15588/1607-3274-2018-3-1

15



e-ISSN 1607-3274 PagioenexrpoHika, inpopmatuka, ynpasminsas. 2018. Ne 3
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2018. Ne 3

YAK 621.315.592 . .
BUKOPUCTAHHA TEPMOMIT'PALIII B TEXHOJIOI'TT CHJIOBUX
HAINBITPOBITHUKOBUX ITPUJTAIIB
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Hoayxin O. C. — nposinuuii imxenep TOB «Enement-IleperBoproBauy, 3anopixoks, Ykpaina.

AHOTAIIA

AkTyaiabHOCTh. [IpoBeneHi OOCTiKEHHS T03BOJIAIOTh YAOCKOHAIUTH TEXHOJOTIUHI MPOLECH BUTOTOBJIECHHS H/II MPWIAIiB Ta
KOHTPOJIB iX SKOCTI.

Meta poboTn — po3pobka i BrockonanenHs texnosnorii CHII 3 BukopucroBysanusm nponecis TM Al ta mocnimxeHHs pensedy
TpaBJIeHHS KpeMHilo B obmacTi p'-Si isomsmii. JlocmifkyBaBcs BIIMB dacy Bimmany Ha ocoGmmBocti MT KaHaBok B obmacti
TepMOMIrpaitii.

Metoa. O6’exTOM IOCIIDKEHHS OyJIM TEXHOJOTIYHI 0COOIMBOCTI IpoueciB (OPMYBaHHS CTPYKTYpP 3a PI3HUMHU MapLIPyTaMH,
110 BiZPI3HSIOTHCS MOCITIZOBHICTIO MPOBE/ICHHS MpoleciB GopMyBaHHSI aKTUBHUX CTPYKTYp, a came MPOLECiB BiAmady CTPYKTYp i
TepMmomirparii Al.

PesyabTaT. B po0oTi nmpoanaxi3oBaHi MpUYMHI 3MiHU HApYTH MPOOOI0 p-n-TIEPEXO/iB BEPTHKAIBHAX HACKPI3HUX 00JacTeid,
CTBOPEHUX TEPMOMITpali€lo, B 3aJI)KHOCTI BiJ Yacy BiAmamy H/I CTpyKTyp. Ha 3paskax 3 onTHMaabHHM PEXHMOM Bigmaiy B 16

roauH npu Temnepatypi 1250° C croctepiraloThesi MaKCHUMalibHI HANPyTu mpoOoro miapis i3omAwii ta MiHiMasibHi Benuuuan MIIT
KaHAaBOK TPABJICHHS KPEMHIIO Pi3HOTO THUITy MPOBiIHOCTI B 06aacTi i3ossauii kpucTaniB Hackpisuumu TM mapamu. Takuit MiHIMaIb-
HUI MiKpopeTbe(d) BU3HAYAE MIHIMYM 3aJIMIIKOBUX MEXaHIYHUX HANpykeHb. [lokazaHo, 110 MpHU BUTOTOBIICHHI H/I CTPYKTYp MpHia-
IiB OLIBIIOT TOTYXKHOCTI 13 3BOPOTHOIO Hampyroro 2000 B, onTuMansHUM € BapiaHT MapIIpPyTy, KOJH CIIOYATKY MPOBOISATH MPOLECH
3arOHKH JIOMIIIOK IINOOKHUX aKTHBHHX IIApiB, a IIOTIM NMPOBOAATE Iporieck TM npu ¢popmyBarHi mapis i3ommarii. Hagani npoBoasts

CYMIIIEHUH BiANal sIK 13011, TaK 1 akTUBHUX IIapiB. Take CyMIeHHs IPOIECiB BiIATy OKpAIy€ XapaKTePUCTUKH CTPYKTYP.
BucnoBkn. B po0oTi BU3HAUCHO ONTUMAIBHUI MapLIpyT, PEXKUM BiIaTy CTPYKTYp Ta MOKA3aHO, IO KOHTPOJIb 3MiH KiHETUKH
TpaBJICHHS IIApPiB KpeMHir0 B ob6acti TM TOMIIIKH aTFOMIHIIO TOTTOMArae y BU3HAUYCHHI ONTUMATBHUX PEXKUMIB.
KJUIFOYOBI CJIOBA: Bixnai, i3omsiwis, Mikpopenbed KaHABOK, JiHiKHI 300K, TM, CHJIOBI HamiBIPOBIAHUKOBI HPUCTPOI.

ABPEBIATYPA

H/T — HAIIBIIPOBIIHUK;

BO- BimokpemitoBaabHa 00J1aCTh 130111,

CHII - cuiioBi HaniBIPOBIAHUKOBI TPUIIAIN;

TM- tepmomirpauist Al, repMoMirpaniiiaumii;

®Me-— doTomitorpadis mo MeTany;

BB3 — BucokoreMmnepaTypHe BHOIpKOBE 3MOUYYBaHHS
Siy BiknHax SiO, posmiaBom Al;

OK — doronitorpadis «koHTakTH» (PopMyBaHHS Bi-
kxoH B SiO; mix TM);

MIIT — mikpopenbed MOBEPXHI TPaBICHHS B 00J1aCTi
™.

HOMEHKJIATYPA

Uy — Hanpyra mpo0o¥o apy i30Ji11ii;

dT/dx — rpajiieHT TeMneparypH;

p-Si— map TM kpemriro, neroasoro Al;

C — KOHIICHTpAIIiSl aTOMiB KPEMHIFO;

Al-Si — po3nnas niHiHOT 30HU;

n-Si — BUXITHUHA KPEMHIH N- THITY TPOBIIHOCTI;

C, *, Cz* — KOHIIEHTpaIlist Si BiIIOBITHO Ha XOJOAHIN
Ta raps4iii cropoHi po3miaBy 300U Al-Si;

T, — Temneparypa XOJOJHOI CTOPOHHU PO3ILIABYy 30HU
Al-Si;

T, — TemmepaTrypa raps4oi CTOPOHH pO3IUIaBy 30HHU
Al-Si;

tpo — Yac IPYyToro eTarry BiJmanry CTPYKTYp;

t); — 4ac MepIIOro eTamy Bifnanzy CTPYKTYp;

D4 — xoedinient qudysii anominio;

Cy, C, — piBHOBa)XKHa KOHIIEHTpaIist Si BiAMOBIIHO Ha
XOJIOIHIN Ta rapsAviil MOBEepXHi po3riaBy 30Hu Al-Si;

Cpo — xoHIeHTpanis gomimkn Al 8 TM kanai;

[100] — kpucranorpadiyna opieHTaris mwiacTuH Si;
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C,si — KOHIIEHTpallis JoMiliku $pochopy y BUXigHIN
maacTuHi Si;

CP — cranapTHUI PO3YUH JUTsl TPABJICHHS Si;

ps7 — TIOBEPXHEBUI1 OIIip IUIACTHH ITICIISt IPOBEICHHS
T™;

ps — TOBEPXHEBUH OTip BUXITHUX IJIACTHH;

h,,.si — TINOWHA KaHABKY TPaBICHHS n-Si;

Ahgis — BucOTa TOpOKa Si(C) 3 MEXaHIYHUMH HAIpy-
KCHHSMH BiTHOCHO PiBHS A,,.g;;

Ahy,.si — TIMOMHA KaHABOK y MICLAX 3arJIMOJIEHb p-Si
BiTHOCHO DPiBHA /,,.s;;

Lsis— MmpuHa o1HOTO ropOka Si(c) kanamy p - Si;

L — mmpuHa MK 30BHILIHIMU KpasMHU BUCTYMIB Si(o)
oxuoro TM xanany p - Si;

l,, — mmpuHa BikoH B Macui SiO, micist ¢oromiTorpa-
¢ii @K, craprosa mmpuHa 3001 TM;

l,— mmpuHa 3081 TM Ha piBHI £,,g;;

Al,, — BenuunMHA GOKOBOIO TPABJIEHHS 3arIMOJIEHHS
p'-Si;

L, — mmpuHa 3arau0ieHHs p+—Si Ha piBHI /,,.g;;

I — 3BOPOTHUI CTPYM IPOCOYYBAHHS;

Hg; — TOBIIMHA BUXIAHOI IIJIACTHHU 71-Si;

H,_s; — TOBIIMHA MJIACTHHH ITiCIIS TPABIEHHS B 00JacTi
n-Si;

Hg;;— TOBIIMHA TUIACTHHU B 00J1acTi TOpOKiB Si(G);

H,si — TOBIIMHA MIACTHHHU B MiClli 3ar1n0NeHb p+—Si;

Urmax — MaKCUMaJIbHA Harpyra npo0oio auisi BUOipKH
MPUJIaJiB OJJHOTO YacCy BiIIMamy;

V — mBuAKicTh pyXy ¢as3u posmiaBy 30 Al-Si;

d4 — BeMMYMHA JaTepaibHOI MuQy3il alfoMiHII0 TMpH
Bigmani BO;

Si(c) — map Si 3 MexaHIYHIMHU HaNpPy>KEHHSIMH 32 Me-
’)kaMu KaHainy TM.
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BCTYII

Cyuacui CHII ma ctpym mo 200-250 A i 3BOpOTHY
Hanpyry 10 3 KB BUTOTOBIIOIOTBCS, SIK IPAaBHUIIO, B MOAY-
JFHOMY BapiaHTi KOHCTPYKIi 3 INTaCTMAaCOBHM KOPITY-
COM, JIe YUNU CHJIOBUX EJIEMEHTIB (I10/1iB, THPHCTODIB,
CHUMHCTOpIB, (POTOTUPUCTOPIB Ta iH.) 3MOHTOBAaHI Ha 130-
JILOBAHIN TEIUIOMPOBIMHIN MiTKIAAII 3 METaai30BaHOT
kepamiku. Kpucranu, 3a3Buuail nmpsMokyTHOi abo KBaj-
patHO1 hopmu, POPMYIOTECS Ta BULIPOOYIOTHCS 3a TPYIO-
BOIO TEXHOJIOTI€I0 Ha IUIACTHHAX KpemHito. [lepen mMoH-
TaXeM Ha METali30BaHy MiAKIAAKY IJIACTUHHU PO3ILIS-
IOThCSI Ha YMINU. [30Js1is JI€roBaHMX AKTHBHUX INApiB
OKpEMHUX KPHCTATIB (POPMYETHCS 3aBISIKM CTBOPEHHIO TI0
nepudepii KPUCTATIB JIOKAIbHUX HACKPIZHUX TU(Y3IHHUX
BO.

OO0’eKTOM JOCII/DKEHHSI € TEXHOJOTisl (hOpMyBaHHS
ol 3a momomororo Jokansanx BO. BO na mmactu-
HaX CTBOPIOIOTH Pi3HUMHU METOJaMH: ABOOIUHOI0 audys3i-
€10, TepMOMIrpariero Ta iH. HaitbiapI nepceKTHBHUMHE €
po3po0bieHi Ta BAOCKOHAJIIOBAHHI TEXHOJIOTii Ha OCHOBI
npoueciB TM. [IpeaMeT 1ociiPKeHHSI CTAHOBIIATH CTPYK-
TYpH H/Il TpWIIaAIB, siKi c()OPMOBaHI i3 3aCTOCYBaHHSIM
npouecis TM.

MeToro po6oTH € po3poOKa i BAOCKOHAJICHHS TEXHO-
norii CHII 3 BukopucroByBanHsM mporeciB TM Al Ta
JOCIIKSHHS TIPOIIECiB TpaBIeHHs kpeMHito BO.

1 IIOCTAHOBA 3AJAYI

I'pymoBa texnomnoris BurotoBienHss CHII i3 3actocy-
BaHHSAM mporeciB TM amoMiHilo mependadae BUKOpPHUC-
TaHHS TIPOLECIB TpaBJICHHS KPEeMHII0 Ta (QOpMyBaHHS
Me3a-KaHaBOK Ha MOBEPXHi MIACTHH B obmacTi p'-Si i30-
Jsiii, sIKi BiAKPMBAIOTh BEPTHKaJIbHI BHIIPSAMHI p-n- Iie-
pexoqu BO. B kaHaBkax OcaiKyeTbesi Ta (OPMY€EThCS
130JIAIIHA JICTICKTPUYHA TUTIBKA, sIKa B TIOEIHAHHI 3 130-
namiero p-n- nepexogom TM p'-Si Bu3HAUa€e Bl1acTHBOCTI
Ta enekTpodizuuHi xapakrepuctuku i3omsamii CHIL. H/m
CTPYKTYpH [MiOXy, SIKi BHUTOTOBIICHI 32 TaKOI TEXHOJIO-
riero mokaszasi Ha puc. 1.

1 p-SiA+B) 4 1 NS 1
NS X AT
1 a) A"-Si 1 i-Si(Al+B) 6) pr-Si(Al)

Pucynox 1 — H/m ctpykrypu piony 3 izomsuiero TM Ta ser-
KOCIUIaBHUMH CTeKJIaMu: a popmyBaHHs kaHaBok 1 Hax TM
kaHatoM p -Si(Al) — 2; 6 — BUBe/ICHHS KOHTAKTY Bij
b oo + o
p -Si(Al+B) aHoxy Ha OIHY CTOPOHY 3 KOHTaKTOM 10 71 -Si
KaTOJly 32 JJOIIOMOTI'0I0 KaHaJly 2 BUIIPAMHHX p-7i- IEPEXOJIiB

®opma, rnrbuHa Ta penbed KaHaBOK BIUIMBAE HA Be-
JMUYHMHY CTPyMy INIPOCOYYBaHHS [p Ta Hampyry mnpooor
Uk, TOMy Ba)XXITUBE 3HAUYEHHS Ma€ TOCIIIHKCHHS OCOOIH-
BOCTEU IPOIECIB TpaBJICHHS IMapiB KPEeMHI0 B OOJACTi
(dbopmyBaHHs TepMmoMirpaiiitnux kanamiB. [Ipu dopmy-
BaHHI SKICHOT 130411 H/IT CTPYKTYp HOBHHHI BUKOHYBa-
THUCS TEBHI BUMOTH BIJIHOCHO €NEKTPO(]i3MYHMX BIACTH-
BoCcTel BepTHKaldbHUX BO, sKi HE MOBHHHI MOCTYNATHUCS
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BJIACTUBOCTSIM INIOCKHX aKTHBHHX Iepexo/iB. BukoHaHHS
TaKHX BHMOT IIOB’S3aHO 3 SIKICHUM BiJHOBJICHHSIM IOpPY-
IIEHb CTPYKTYpH, SIKi yTBOpHIHCS B mpoueci TM, a mo-
CII/UKEHHS KIHeTHKU TPaBJIEHHS KaHABOK JOIIOMAararoTh
KOHTPOJIIOBATH I mporiec. 3amaueto poOOTH € ONTUMI-
3alist TexHoJorii popmyBanHs H/m cTpyktyp CHII.

2 OIJiAd JIITEPATYPU

TM abo 30HHA HEPEKPHUCTANI3ALlIS TPATIEHTOM TEMIIC-
parypu [1] — cmoci6, moB’s3aHu 3 MOCIIJOBHOIO Tepe-
KpHUCTaNi3aIli€l0 H/T MaTepially piANHHOI 30HOK0 MeTa-
Jy — PO3YMHHUKA, IO PYXA€ThCS B TONI TPali€HTa TEM-
MepaTypH, 3aIUIIAI0YN 1033y cebe IepeKpucTatizoBa-
HUW 1Iap, JIECTOBAaHUN aToMaMU METally — PO3YMHHHUKA 3
KOHLICHTPAI[I€I0, SIKa BHM3HAYAETHCSI PIBHOBAXKHOIO PO3-
YHHHICTIO MIPpX TeMIlieparypi npouecy. Haiibinpm nepcre-
KTUBHUM criocobom ctBoperHst BO € TM mniHiiiHUX 30H
Ha OCHOBI afoMiHit0 [1—6]. OCKUTBKH TpoIIeC TPOXOIUTH
B YMOBaX, sIKi € OJM3BKUMH 110 piBHOBaXHHX [1], i KOH-
[EHTpAIliifHe TIePEOXONIOHKCHHS € HAJA3BHYANHO MalliM,
TO CTBOpeHi B Takuil croci6 BO BigmoBigaroTe BUMOram
JIOCKOHAIIOCTI eNeKTPO(]i3NIHNX BIACTUBOCTEH Ta KpHUC-
tanorpadiunoi goBepiieHOCTI. Peamizaiiss Hackpi3HOT
130JIA11iT, TUITXOM TPHUBAJIOi IBOCTOPOHHBOT Au(y3ii Oopy
abo Oopy 3 anroMiHieM, 30UIbIIye NPOOMBHY HAaIpyry
BHCOKOBOJITHUX p-7-TIepexofiiB, 3abe3mneuye edexTHB-
HHUH TEIUIOBIJBIJI, CIIPOIIYE MPOLIEC KOHTPOIIO KPUCTAIIIB
HA IUIACTUHI 1 MalKy X Ha IMiJCTaBY, BUKIIOYAE JIerpajia-
L0 3BOPOTHOI TUIKM BOJBT-aMIIEPHOI XapaKTEePHUCTHKU
yepe3 MeXaHiuHI Halpy)KeHHsS Ha IMasHOMY IIBi Ta iH. [0,
7]. Tlpote wac opMyBaHHS HACKPI3HUX OOJIACTEH IILIS-
XOM IBOOI4HOI mudy3ii € HempUIyCTUMO BENUKUM (s
60py — ONIU3BKO TXKHS, U1 O0PY 3 AFOMIHIEM — OJIH3BKO

72 ronuu tipu temmeparypi 1280 ° C). BmactuBocTi cTpy-
KTYp KPEMHII0 MiJl 4ac Takol JOBrOTPUBAIOI TEPMiuHOT
00poOKku moripurytoTbesi. BukoprcranHst TepMoMirpaiii
pinuHHOTO posruiaBy Si-Al B SKOCTI ajbTepHaTHUBH JIBO-
CTOPOHHBOMY JH(Y3iHOMY JIeryBaHHIO PO3IINOBHX p ' -
oOxacTeil TO3BOJISIE B COTHI pa3iB 3MEHIIUTH Yac iX ¢op-
MyBaHHA. BiAIlOBITHO 10 3MEHIIEHHS 4acy BHUCOKOTEM-
MepaTypHOTO TPOIECy 3MEHINYEThCS OOKOBE JIETYBaHHS
BO. [ns ¢opmyBaHHS SKICHOI 130JAIi1 3 MaJUMH CTPY-
MaMH{ MPOCOYYBaHHS BR)XIMBUM € HEBHCOKA KOHIIEHTpa-
st poHOBHX moMimok. B mporeci TM, 3a paxyHOK mipo-
[eciB KpucTamizamnii, BiZOyBaeThCs 3MEHIIICHHS KOHIICHT-
pauii OHOBUX IOMIIIOK, B TOMY YHMCJi 1 BUXIJHOI AOMi-
KU TUTacTUHM [2, 8].

Crporieno nporiec TM MOXHA MOSICHATH HA TPUKIIAI
NOBeAiHKY pinHHOI (ha3u posruiaBy Al-Si, mo 3aHypeHa
B 00’€M KpEMHIIO Ta Ma€ TPAAIEHT Temreparypu d1/dx
(puc. 2a). HmwxkHilt kpail piguHHOI a3y npu oMy Mae
temnepatypy 71, a BepxHii Binmosimuo 7 (7,>T17). Hum
TeMmepaTypaM 3TigHO (a30Bii miarpami BiIMOBINAIOTH
piBHOBaXkHI KOHIIeHTpamii kpemHito B posmiasi C; i C;
(Cy>Cy) (puc. 26). OckinbKy KOHIIEHTPALlis KPeMHi0 Oi-
JbIIe HAa «rapsiyii» CTOpOHI piAuHHOI (a3u, HIX Ha «XO-
JOAHIN», TO B piguHHINA (a3i BinOyBaeTbes AUQY3iHHUN
MEepPeHiC KPEMHII0 BiJ] «rapsa4oi» CTOpoHU 7, 10 «XOJO-
HOD» 7. 3a paXyHOK IIMX JIOJaTKOBHX aTOMiB KOHIIEHTpa-
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1List KPEMHIIO Ha «XONOHii» Mexi C) IepeBHIILye PiBHO-
BaXHY KoHIeHTpariro C), i BHACTIIOK YOTO B TAKHX IIa-
pax pinmuHHOT (ha3u MpoTiKae mpoiec Kpucraizamii «3aii-
BO1» YaCTHHH aTOMiB KPEMHIIO.

Tr il S 1.
T2}
r%-%i IV, MEM/C
) T2 T T
e N l_ﬂ,.-'{gX1 1 Rt
27 =11 [ /e f c oil
p+=Si _ Cp s CM
3 Tx CiCr+ C20C2e
a 9]

Pucynok 2 — Cxema nporecy TM:
a — pyx JiHiitHOT 308U Al-Si 2 B 1n-Si 1 3 dT/dx 3 yTBOpEeHHAM
+ s ..
neroBaHoro mapy p -Si(Al) 3; 6 — ¢parmenT ¢azoBoi miarpamu
30HH Al-Si 2 no6nu3y miHii nikBigyc 1 B 001acTi ciagaHHs KOH-
nenrpauii kpemHiro C 31 3HIKSHHSIM TeMIIepaTypl

Hapnaku, BHHHKalO4Ya HeCTaya aTOMIB KPEMHIIO Ha
rapsgiii Mexi, ne Cy <C,, CTHMYIIOE PO3UHHEHHS B pi-
JVHHIA (a3i aToMiB KpHcTally 3 OLIBLIOI TEeMIEpaTyporo
JUIS. BCTAaHOBJICHHSI PIBHOB)XHOTO CTaHy 3rifHO 3 (dazo-
BOIO giarpamoro. TakuM 4mHOM pinvHHA (paza pyxaeTbes
B TIOJII TpajlieHTa TeMreparypu (puc. 2), 3aJHIIardy 11o-
3amy cebe mepekpucTaNizoBaHuil map p -Si, skuii nero-
BaHO aromamu Al. A koHueHrpaiist Al Bu3HayaeThes io-
TO PO3YHHHICTIO B Si IIPH TEMIIEpaTypi IPOIECy i CKIaIae
(1...2):10" cm™. Tpu JOCTIKYBaHUX 3HAYCHHAX Iapa-
MeTpiB Impoliecy piinHHa (a3za Mae ToBKHY 2040 MKM,

3 mepenagoM Temreparyp Ha kpasx B 0,2-0,5°C, i pyxa-
€TbCs B 00’ €M1 KpHCTally KpEeMHilo 3i mBuaKicTio V=0,08—
0,8 MKMm/c.

®opmysanus BO i3 3acrocyBanHsaM nponeciB TM mi-
CTHUTbh HU3KY TEXHOJIOT1YHMX omepatiid. CriouaTtky Ha Io-
BEPXHI IJIACTHH Si CTBOPIOIOTH CITKY JIIHIHHMX 30H Bif-
MOBITHO JT0 TOmOJIOTii MaiiOyTHIX uumiB. [loTiM mpoBo-
JSITh MIrpariifo JiHIHHUX 30H Al-Si Kpi3b IUIACTHHY Y O
TeMIrepaTrypHoro rpanieHTa. Hamgani BUKOHyeTbCs permita
orepamniif TeXHOIOTIYHOTO MapIIpyTy BHTOTOBIICHHS Ha-
MiBIPOBITHUKOBUX CTPYKTYD.

®opMmyBaHHS JTiHIHHUX 30H Ha IJIACTHHAX 3 TONIPO-
BaHMM KPEMHIEM B MpakTHLi psay (ipM BTUIIOETbCS 3a
JIOTIOMOTOI0 HAaIMJICHHS CYIUJIBHOTO IIapy alOMIiHIi0
noTpiOHOT TOBIIMHM 3 HacTynHO PMe. ko miactuHa
Mae 1utioBaHy MOBEPXHIO, OTPIOHO Mepel HATUIICHHIM
JI0JIATKOBO MIPOBOJNTH TPABJICHHS Ta CTBOPIOBATH KaHaB-
KM KpeMHilo. He3Bakarounm Ha NPOCTOTY, TakWi METO.
Ma€ CYTTE€BY BaJy — HAasBHICTH Ha MeXI «MeTaj-
HAaITIBITPOBITHUK» MPOMIAPKy NMPHPOJHOTO OKHCIY Ta 3a-
OpyaHEeHb, 10 MPU3BOIUTH JO TaK 3BaHOI CTApTOBOI 3a-
TPUMKH 30HH IPU Mirpatii, sKa, B CBOIO 4epry, CIIpHsE
«(paceryBanHIO» 30H Ha cTapTi npouecy [8]. Tomy crabi-
JIFHA MITpallisi HEOpi€HTOBAHMX 30H, SIKI C(OPMOBaHI Ha-
NUJICHHSM, € MOXKJIMBOIO TUIBKHM JUISl IUTACTHH KPEMHIIO 3
noBepxHero (111).
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3 MATEPIAJIU I METOIN

B poboti BHKOpHCTOBYETBCA BapiaHT (hopMyBaHHS
30H 3 npumycoBuMm BB3 posmaBom Al-Si B obiacti Bi-
KoH. J[1s 1boTO Ha TUIACTHHI CTBOPIOETHCA IHTiBKa Si0O,,
sika 3a0e3neuye 3axXHuCT MOBEPXHI aKTHBHUX LIapiB Si Bix
Jii posmiaBy amominio Ha omepauii BB3. Ilicna ®K i
(dhopMyBaHHs BiKOH B IUTiBII Si0,, IVIACTHHU PO3MIIIYIOTh
y cremiabHoMy (opMyBadi — craiinepi aBTomata (op-
myBaHHs 30H OH 1878 (puc. 3a), ne npu 3anaHiit Temne-
parypi MoBepxHs KOXKHOI IUTACTHHH MOCHIZIOBHO IPHBO-
JIUTHCSI B KOHTAaKT 3 PO3ILUIAaBOM 30HOYTBOPIOIOYOTO MaTe-
piamy Al-Si. ITig gac Takoro mporecy Ha HOBEPXHI BiKOH
(hopMyrOTECS 3aruOIICHI B 00’ €M KPEMHIO 30HH, SIKI IIPH
TM mounHaIOTh pyXxaTHcs B 00°eMi 0e3 MoMiTHOI cTapTo-
BOI 3aTpUMKHU (32 PaxyHOK BiJICyTHOCTI HpOLECY yTBO-
pennsi 6ap’epHoro npomapky). [Tpoec TM  mpoBoanuTh-
cs B TepMiuHOMY BY31i yctaHoBku OH 1840, sxuit moka-
3aHO Ha puc. 30. 3aBIsSIKM TaKiii TEXHOJIOTI] BJa€ThCs 3a-
noOIrTH MPOTIKaHHIO MpoleciB (aceTyBaHHS 30H HPH IX
3aHYpEHHI 1 cTa€ MOXKJIMBOIO CTa0UIbHA Mirparis Heopie-
HTOBaHHUX JIIHIHHUX 30H, B TOMY YHCJI 1 Ha IUTacTHHAxX Si
3 kpucTanorpagiuaoro opienrarieto [100] i HaBiTh [110]
[9]. CenexTuBHICTB TIpOIECY OCAPKEHHS Ta BIPOBAKEH-
HS JTOMIIIIKK aIFOMIHII0 Ha TOBEPXHi BigKpHUTOTO Si BU-
3Ha4Yae WOro SIK CAMOCYMIiCHHM, IO pa3oM i3 IiBHIICH-
HAM sKOCTi (i3-3a BigcyTHOCTI ®Me), cipusie onTHMi3amii
TEXHOJIOTIi B IIJIOMY.

a §)

Pucynoxk 3 — O6naananns s BB3 ta TM, BignoBigHO:
a — cnaiiaep-hopmyBay JiHiiHEX 30H Al-Si;
0 —TepmiuHUi By301 ycTaHOBKH TM

[Ipu nopiBusHHI ocobmuBocteil mporneciB TM cro-
CTepIraroThCs JCsKi BIAMIHHOCTI B 3aCTOCOBAHOMY amapa-
THOMY o¢opmieHi. SIKII0 psx MINPHEMCTB 3a3BHYald
3aCTOCOBY€ TI'a30HANIOBHEHI YCTaHOBKU 3 OJHOCTOPOHHIM
iHppadepBOHUM BIAIMMAJIOM CHCTEMOIO KBapI[OBHUX Tallo-
reHHuX Jamil [3—5], To B 0a30Biif TEXHOIOTII 3aCTOCOBY-
IOTBCSL YCTAaHOBKM 3 OaraTomo3WIifHIM pPEe3HCTUBHIM
Bignasom [6, 7]. [Iporec 3a AOCHIIKyBaHOI TEXHOJIOTI-
€10 TIPOBOJNTHCS Y BakyyMmi ~ 10 MM.pr.cT., 1e amomi-
Hilf, pu JocsirHeHH] B npoueci TM ¢iHinHol ctopoHn
IUTACTHHU, BHUIIAPOBYETHCS, 1 HE BUHHKAE HEOOXIAHOCTI
MPOBEJCHHS MOJAIBIINX Ollepaliid 3 Horo BUIIyYeHHS 3
noBepxHi. HaTomicTh, BHKOPHUCTaHHS Ta30HANIOBHEHUX
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yCTaHOBOK, miciust TM momaTKoOBO MOTpedye TeXHOJOTil
BHIJIYYCHHS MIrpalifHuX 3anumKiB [9]. 30imbIIeHHS TOB-
LIVHY TUTACTHH Ha BEIUYUHY, SIKa BUAAISEThCA micas TM,
€ HebakaHWM SIK Yepe3 BTPATH BHXIAHOTO KPEMHII0, TakK i
Yyepe3 MPOBENCHHS J0IaTKOBOI MeXaHiqYHOI 00poOKH, 110
30iIblIy€e BIICOTOK OpakoBaHuX CTPyKTyp. Otpumani
pe3yabTaTH MOCTIMKCHb Pa3oM 3 HaOYTUM BHPOOHHYHM
JIOCBI/IOM JIO3BOJIMUIM PO3POOWTH Ta BIPOBAJAUTH TEXHO-
JIOTIYHHMI MapipyT BUroToBIIeHHS H/I cTpykryp CHII Ha
PO3pO06IEHOMY TEXHOJIOTIYHOMY 00JatHaHHi [6].

IIpu po3pod1i Ta BIPOBaIKCHHI Y BUPOOHUIITBO TEX-
HOJIOTIYHOTO Mapmpyty (opmyBanHs cTpykryp CHII
Ba)XJIMBUM € BU3HAYECHHSI ONTHMAIBHOTO PEKUMY BiAIamy
micts TM B mpoueci ¢opmyBanas BO Tta fioro ysro-
JUKEHHS 3 TIPOILIeCaMH OCHOBHOTO BiAmany Ipu (opmy-
BaHHI aKTHBHUX IapiB H/m crpykrypu CHIL. J{ns usoro
BU3HayaeThes Micue TM He B KiHII 4acOBOTO IHTEPBATY
OCHOBHOT'O Bijlajly BUTOTOBJIeHHSI H/ ctpykrypu CHII,
a Ha Horo noyaTKy abo B cepeanHi. SIKIIO 111 CTBOPEHHS
nopiBHssHO HeBenukux uumiB (1 A, 400 B, muroma 1x1
MM®) BUIpaBiaHuUM € nposeaeHHs TM micis cTBOpeHHs
BCIX IDIOCKUX (BHIIPSAMHHX i iHKEKTYIOUHUX) p-n- MEPexo-
QB aKTUBHUX CTPYKTyp [5], TO IpW BHUTOTOBICHHI H/II
CTPYKTYp TpWIagiB OiIpIIoi MOTYKHOCTI 3 OLIBIIOK0
IUIOMIEIO Ta 3BOPOTHOIO Hampyroro 1o 2000 B 3acTocoBy-
€THCS BapiaHT MapIIPYTy, KOJHM CHOYATKYy TEpMOMITparii-
€10 cTBOpIOIOTh BO, a Hamani akTHBHA CTPYKTypa popmy-
€ThCs B nporieci audysiinux Bignaiis [3]. Ilig yac audy-
3i{ BigOyBaeThest Takoxk Audy3iiiHa PO3roHKa BEPTHKAIb-
HUX p-n-niepexoniB BO. Take cyMmimieHHs] npoueciB Bij-
nary mokpartye BunpsiMui Biuacrusocti BO. [Ipore, sikmio
Opatu 10 yBaru mopiBHSIHO BUCOKHH KoediieHT nudysii

amoMinito, Dy = 4x107"" em¥/c npu 1250° C, tpuBana
posroHka nepexoniB BO Beze 10 BTpaTé KOpHCHOT IO
aKTHBHOI CTPYKTypu. TOMy BHUKOPHCTOBYETHCSI ONITHMi-
30BaHUI BapiaHT MapUIpyTy, Ipu KoMy Audy3is amomi-
Hif0 1 60py U1 CTBOPEHHS TIMOOKHUX IDIOCKUX BHUIPSM-
HHUX NEPEeXO/IiB POBOAUTECS B JBa eramu, a TM mpoBo-
IUTHCA B IPOMDKKY MK HuMmH [11]. BusHauaroun excre-
PUMEHTAIIEHO ONTUMANBHUN Yac Bixmamy micist TM o,
3HAXOJMMO 3HAYEHHS 7|; 4acy BilNaly aKTUBHUX LIapiB 3a
BUPA30M:

t;; = Tz~ tzo. (H

Takuil migxing ma€e HU3KY TEXHOJOTIYHHX TIepeBar i
BHUKOPHUCTOBYETHCS Tipu cTBOpeHHI unmiB CHII Ha Hampy-
ry 1o 2000 B i ctpym mo 200 A [6, 7]. [Ipu excriepumeH-
TAIBHUX JOCIIDKSHHIX H/Tl CTPYKTYpH, po3Mipom 20%20
MM, hopmyBanucs Ha nutipoBaHux miactTuHax n-Si KED-
40 miametpom 100 MM Ta ToBIMHOK 350 Mkm. TM Al
MIPOBOAMIIACS Ha PO3pPOOJICHOMY YCTaTKyBaHHI MpPU TEM-

neparypi 1220 ° C Ha npotssi 120 xB. 3anexHicts npoou-
BHOI HanpyrH H/I CTPYKTYp Bij 4acy BiIHajy IOCHiIKY-
BaJIach Ha 3pa3Kkax, ¢ BiJIaj MPOBOAMBCS Ha MpoTs3i 4, 9
ta 16 roxun npu Temneparypi 1250°C. I'nmubuna nudysii
Al npu Bianani BO Bu3nauanacs 3a ¢popmysnoro [12]:
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C
d g =yDuatpo 1H(CLO) , )

n—Si
1e Cpo=1...2:10" at/eM®, a Co5i=1,1...1,2:10" ar/em’.

Ha nnmactiaax TBOCTOPOHHE TPaBJIEHHS KAHABOK IPO-
BOJIMJIOCS] OJTHOYACHO (pHc.la) i3 3acTOCYBaHHAM METO/IIB
¢doromitorpadgii B craHmaptHomy TpaBHUKy CP —
HF:HNO;:CH;COOH = 1:4:0,5 na mpotsizi 12 XBHIHH.
[Ticns popmyBaHHS KaHABOK CTBOPIOBAJIACS 130JIAIIIS JIET-
KOCIUTaBHIMH cTekiamu. [IpoduBHa Hampyra Uy KOHTpO-
JIOBaJiach Ha IUIACTMHAX MIiX OOJIACTIO KPUCTANIB Ta IIa-
pom BO, sikuii migKiIr04aBcs O 3arajJbHOTO MiHYCY CTEH-
Iy KOHTDOJIIO Halpyru mpo6oro. Metonuka Ta pesyiabTa-
TH BUMIpy Hanpyru npusezeHi B poooti [11]. ITpu ananisi
pe3ynbTaTiB BUMIpIB Hampyru NpoOO0 s BUOIpKH
CTPYKTYp HPHWIIAJIiB OJHOTO Yacy BiJIajy BUKOPHCTOBY-
BaJIMCS MaKCUMAaJbHI 3HAYCHHSA Uppax, SKI KOPEIIOKOTH 13
cepenHimMu 3HaueHHsAMH Uy, aje HamJIAHIIIE XapaKTepH-
3yIOTh IIPOIEC BiJHOBIEHHS KpHcTajorpadidnoi mosep-
IIEHOCTI MOHOKpHcTany. JocmimkeHHsT (GOpMH KaHABOK
TicIsT TporeciB TpaBieHHs mapie BO cTpykTyp mpoBo-
JAIIOCST Ha EIIEKTPOHHOMY aBTOEMICIHHOMY MiKpOCKOTI
SUPRA 40WDS. ®ororpadii MIIT BukonyBaiuce B pe-
JKMMI BIIOUTHX €JIEKTPOHIB.

4 EKCHIEPUMEHTHU

[Min wac mpouecy TM, sikuii NPOXOOUTH y BaKyyMi,
crocTepiraiocs I0JaTKOBE JICTYBaHH TUTACTHHH aTOMaMu
AITIOMIHIO, 1110 BUMAPOBYIOTHCS, SIK TMiJl Yac 3aHYpEeHHS Ta
PYXy 30H BIJIHO IDTACTHHM, TaK 1 MCTS BUXOMY 30H Ha (i-
HimHYy 11 moBepxHIO. OCKUIBKH IS JIETYBAaHHS BCHOTO
00’emy BO BHKOpHCTOBY€ETBCS MeHII HDK 1% aioMiHifo,
skuit Oyno HaHeceHo mij 4ac ¢opMmyBanHs 30H BB3, To
pemita 99% aroMiB BHITApOBYIOTHCS 1 YacTKOBO Iepeca-
JUKYIOTBCS Ha TOBEPXHI AKTHUBHHX IIApiB H/I CTPYKTYp
NPUCTPOiB Ta AuQyHAyIoTh Brimo twactud [13]. Lei mo-
JIATKOBO TIEPEOCaPKeHUH alIFOMiHIA Mae MOBEpXHEBY KOH-
HEHTPALII0 TOPIBHIHY 3 KOHLEHTpamielo audysiiHoro Al,
SKUHA CTBOPIOETHCS 33 CTAHIAPTHOO IUTIBKOBOIO TEXHOJIO-
rieto. Hamani, min wac mpyroro eramy amdysii, mepeoca-
JUKSHUI alFOMiHIA TakoX JTUQYHIye BIIUO IUIACTHUHU, 11O
MOKpAIIlye KOHIIEHTPAIIHHAN MPOQLIb IIOCKOrO BHUIIPSM-

Horo mepexony. Ilpu crammaptaux ymoax TM (1220° C,
120 xB) micnsonepaliiHiii OBEPXHEBUU OIIp P,y 3MEH-
LIYETHCS Maike Ha MOPSIOK BIJHOCHO OMOPY Ps JJISl YHC-
THX BHUXIJHAX IUIACTHH 1 CKJIAJa€ BCIUYUHY Py
=125...130 Om/o. Take BHKOpUCTAaHHS IPOLECIB Iepeoca-
JOKEHHS alTIOMIHIIO € OaykaHUM 1 9acTo HeoOximaum [13].

3 ypaxyBaHHSM PO3TIIIHYTHX YWHHHKIB PO3pPOOIICHO
ONTHMI30BaHUN  BapiaHT MapmpyTy (HopMyBaHHS H/II
ctpyktyp CHIIL:

— MexaHi4Ha 00poOKa ruacTuH (pi3ka 3JIMBKY Ha TUia-
CTHHM, JBOOIYHE NUTIpYBaHHS MO MOTPIOHOI TOBIIMHH,
BiJIMHBKa, KOHTPOJIb);

— mudy3ist JOMINIOK Ha TOIeperHIo THONHY (3ariH-
ka). s mioniB e ogHOYacHa audy3is adroMiHiio 1 Oopy
3 OIHOTO OOKY TIACTHHH 1 Pochopy — 3 MPOTHIICIKHOTO,
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Juis 0araTomapoBUX KEPOBaHUX CTPYKTYp — IBOOIYHA
andysia 6opy i amominiro. Yac Binnany t;

— OKHCJICHHSI: CTBOPEHHSI OKHCHOI IUTiBKH Tiepe] Ghop-
MYBaHHSM 30H;

— ®K. B okwucHIH MacIi €IMHUM PUCYHKOM BiIKpH-
BalOThCs BikHA Min kaHamu TM, a Takox (opMyroThes
BiKHA ITiJ] 3arJIMOJIEH] perepHi 3HaKW JJIsl HACTYITHHUX CY-
MimmeHb. [Ipy CTBOpeHHI CTPYKTYp AiOMIB MPSIMOI MOJISAP-
HocTi (oTomiTorpadito MPOBOAATH 31 CTOPOHH IIapy 3
n" -Si; OJHOYACHOIO PO3TOHKOK BEPTHKAIBLHOTO p-it
nepexony BO. Yac Bimnany #zo. Hamani mapuipyT He Bin-
pI3HSETBCS Bil TOrO, IO HOro HABEJCHO B YHCICHHUX
HAyKOBHUX 1 MAaTEeHTHUX Jpkepenax [2, 3]. [lepeBaroro Ha-
BEJICHOTO MapIIPYTy € BiCYTHICTh ABOOIYHOTO mutidy-
BaHHs micas TM;

— ¢opmyBanHs 30H MeronoM BB3, BumanenHst okunc-
HOT Macku, npoBeieHHd TM;

— IUQy3igd TOMIMOK (PO3TOHKA) 3 TOBEICHHIM TIHOH-
HU IIIOCKOTO BHIIPSIMHOTO p-ni- TEPeXoly 10 3aJaHoi 3
OJIHOYACHOK0 PO3TOHKOI0 BEPTUKAIBHOTO p-# IEPEXOIy
BO. Yac Bignany #po.

Hapani MapuipyT He Bipi3HSETHCS BiJl TOTO, 1[0 HOTO
HaBEJICHO B YHCJIEHHUX HAYKOBHX 1 MaTEHTHHUX JpKepenax
[2, 3]. OnHiero 3 mepeBar HaBEAGHOTO MapIIPYTy € BiJCy-
THICTB IBOOIUHOTO nUTiyBanHs micis TM.

5 PE3YJIbTATHU

Ha puc. 4-6 mHaBemeHO (OTO  EINEKTPOHHO-
MIKpPOCKOIIIYHUX 300pa’keHb Mepepi3y H/I CTPYKTyp i3
copmoBaHuME KaHaBkamu B obOiacti BO. Kanasku ¢o-
pMyBalu Micis BiAnany Ha npoTsizi 4, 9 1 16 ronuH Bia-
MOBiHO. 3a MOJIOXKEHHSIM Mikpopesbedy TpaBieHHs TM
Ha CTapTOBii Ta (IHIIIHIA CTOPOHI IMJIACTUHU BH3HAYEHO
KyT Haxwiy OOKOBHX INOBEpPXOHb KaHaimy TM (¢ininmHa
CTOpOHA MIrpallii JOMIIIKK OLTBINI IUPOKA), SIKHA B cepe-
IHBOMY CKITa/ia€ GIM3bK0 9°.

0

Pucynok 4 — Ilepepi3 mnactuHu B 001acTi kaHaBku 3 BO micns
4-X TOIMHHOTO BiAmamy:
a — KaHaBKa TPABJICHHS ITifl i30JISLIif0 JIETKOIJIABKUMHU CTEKJIa-
M 6 — Mikpopenbed 3armubnens B obnacti p -Si
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Hocnimxenras MIIT 3pa3kiB 3 pi3sHUMHU PEKUMaMH Bi-
Anajny TOKasyloTh, IO 00MacTi KpemHio p ' -Si MaroTh
JIOKaNbHI 3ariuOieHHs sSMOK TpaBJICHHS 1 BiJIOBIIHO
HaOIBIY BIAHOCHY HIBUAKICTH TpaBieHHs (puc. 4—0).
Konnenrpanis jieryrodoi ZoMimk# #-Si Habarato MeHIa
1 IBWJAKICTH TpaBieHHs 7-Si MEHIIa, ajie HalMeHIIy
MIBUJIKICT TpPaBJICHHS MaroTh 00macti Si(G) Mo Kpasm
TM xanany p'-Si, Jie i yTBOPIOIOTHCS BUCTYIIH Ha HOBEP-
XHI y BUIIAALI TopOkiB (puc. 4-6). Iloxidna dopma TM
KaHaJiB Mirparii crocrepiraerecst i B iHmIMX poOoTax
[14].

Pucynok 5 — Ilepepi3 miactuHu B obnacti kanasku 3 BO micst
9-TH TOJMHHOTO BiJany: a KaHaBKa TPABJICHHS Mif 130710
JIETKOTIJIABKMMH CTEKIIaMU; O MiKpopeibed 3arindiaeHp B 00ma-
crip”-Si

Pucynok 6 — [lepepi3 mracturu B 06macTi kanasku 3 BO micis
16-TH TOMHHOTO BiATIAITY:
a — KaHaBKa TPABJICHH ITifT i30JAIiI0 CTeKIaMH; O — MiKpopelb-
ed 3arnubaens B o6nacti p-Si
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Bucrymu B Si(c) MaioTh HalOUTBITY BENHYHHY, OIH-
3pK0 12 MKM, Ha 3pa3kax 3 4-X TOAWHHUM BiImaioM, a
HaliMeHmy < 2 MKM Ha 3pa3kax 3 16-TH TOIUHHUM BiJ-
nasoM. Po3mipu BHCTymHIB Ha 3pa3kax 3 9-TW TrOAMHHUM
BiJasioM 3aiiMaloTh MPOMDKHI 3Ha4yeHHs. [lpu mocii-
JUKEHHSX MpOBeeHo Kiacuikailito ocodomuBocteit MIIT
KaHaBOK B 3aJIEKHOCTI Bi pexumy Biamany. [Ipu npomy
BHU3HAYEHHS TIHOWHHM KaHABOK /,.g Ta BIIHOCHI 3MIiHH
nornmubnens Ak, TpabineHHs p -Si Ta BACTYHIB Ahsi
TIPOBOAMIIOCS 32 JIOTIOMOTOI0 BHPas3iB, BiAMIOBIIHO:

husi = (Hsi — H,.5i)/2, 3)
Ahsic = hsic — hy.si = (H,.5i —Hsis)/2, “4)
Ahp-Si = hp-Si —hysi = (Hp-Si —H ,.5)/2. Q)

[Ipu BuMipax piBeHb 4, BU3HAYaBCS HA BiJICTaHI >
30 MM Bix kpato BuctymniB Si(c). JloBxkuHa L, mapy
Si(c) BU3HaUANACs 32 BUPA30OM:

Lsic = (L= Lu)/2, (6)

ne [, po3paxoByBayiacs i3 BEJIMYHMH ITOYATKOBOI IIUPUHU
BikOH [, (82 MKM), KyTa o Ta rMuOMHU /5. Benuuuna
Al,_, 6G0KOBOTO TpaBJIEHHS 3arIuONeHHs p'-Si Ha piBHi A,
si BU3HAYAJIAcsI 3a JIOMOMOTOI0 BHpasy:

Alp-n:(li(t - lmh)/z' (7)

Bennunna narepansHOi andysii amomiHiio da mpu
BiJImasi BU3HAYAIAcs 3a GopmyIioro (2).

Excniepumentanphi gani ocobmmBocteir MIIT kaHa-
BOK B 00macTi mapy p'-Si Ta enextpodizuuHi XapaKTepu-
CTHKH 130JIA11i1, B 3aJIE)KHOCTI Bij 9acy BiAmany mpuBese-
Hi B a0 1.

Tabnuis 1 — Brutus yacy Bianany Ha 0COOIHMBOCTI penbedy
TpaBJICHHS KaHABOK Ta eJEKTPO(I3HUHI XapaKTEPUCTHKH IIapy
isomsauii TM kanany p*-Si

Yac I'mubuna TpaBneHHs, Tosxuua

BiAmany, MKM Lsis, | mudy3il | Urmax,
XB. husi | Ahsic|  Ahysi Al,, | MKM | daj, MKM B
240 64,5 —12 +30 28 75 50 1175
540 64 -8 +25 16 74 75 1475
960 64,5 -2 +21,5 12,5] 76 100 2000

[Ticnst mpouecy TM Mikpopenbed TpaBieHHs oOJac-
TeH 130111 Ma€e BUCTYNH BEIMYUHOW Ahgis = —5,2 MKM
Ta 3araubneHns Ak, = 6,4 Mxum. [lpu npoMy 3a Mexamu
obmacreit TM BiacyTHI 00’e€MHI 001acTi 3MiHA BHCOTH
TOPU3OHTAJILHOTO  PIBHS TPaBIEHHS IOBEPXHI, sIKi
3’SIBJISTIOTHCS HA 3pa3Kax IMicysl MPOIIECiB Bimany.

[Ipn TpaBiieHHI 3pa3KiB i3 CTPYKTYPHUM BiJHOBJICH-
HSIM MOHOKpHCTally, sIK€ BiIOyBaeThcs NMpU 30UTBIICHHI
yacy Bimmaiy, croctepiraerbes 3MenmenHs MIIT. Hai-
GBIy MIBHAKICTh TpapieHHs mapy BO p'-Si mariorsh
3pa3kd 3 MiHIMAJIGHUM YacoM Bimmamy 4 roamHu. Haii-
MEHILY IIBHIKICTH MalOTh 3pa3Kd 3 MaKCUMaJbHHUM 4Ya-
coM Bignany 16 romun. Benuuwnna Hanpyru no6oro BO
3aJIeKHUTh BiJ] HAsBHOCTI MOPYIIEHh MK MEXKEIO IIapy
p ' -Si Ta p-n-nepexony, kUil GOpMyeThCA MpHU BiAmAali.
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JocuTh sIKiCHO 11i MOpYyIIEHHS BigoOpakae BemmunHa 00-
KOBOTO TpaBiieHHs Al,,, dKa 3MEHINYeThCs 2,2 pasu IpU
301NIbIICHH] Yacy Bianany a0 16 roauH.

3 TabmuIll BUIHO, IO ONTUMAIBLHAM 4acOM BiJIaly €
Bianan Ha npots3i 16 roaun. [Ipu skoMy crioctepirarTh-
csl MaKCUMaJIbHI Hanpyru npo0oto, siki OJIU3BKI 10 Teope-
THYHUX. J[JI 1BOTO  pEeXMMY BiANATY CIOCTEPIraeThCs
MEPEeKPUTTS APy 3 MEXaHIYHUMHU HampyxeHHsmu Si(c)
mudy3iiHUM 1apoM da) TOMIIIKK ITIOMIHIIO, PKEpesioM
sIKOI € 00J1acTi p+—Si. [epekputts da > Lg;; TOYNHAETHCS
micist 12 ronuH Bignany, ae da=88 MKM.

Tomy, 3 Touku 30py popMyBaHHS 001aCTi IPOCTOPO-
BOTO 3apsy B KpeMHiro 6e3 a0o 3 MiHIMaTbHIMH MEXaHi-
YHUMH HaNpyKeHHSIMH, Bignaia Ha Tpotssi 12...16 romguH
€ TEXHOJIOTIYHO OOYMOBJIEHHM Ta HEOOXiJHUM.

[Tpu tpaBnenHi kanaBok B obmacti MIIT crnocrepira-
0TbC nuciiokawigi ciign. Kagan TM  BinbHMI Bif auc-
JokanidHaux ciigiB. Ha 3paskax 3 4-x TOOWHHUM Bijma-
JIOM 1 3 TiJIBUIEHOIO KIIBKICTIO CEJICKTUBHO OCA/KEHOTO
B craiinepi Al B TOKampHHUX MicISX B 007acTi OOKOBOTO

TpaBieHHs Al,, criocTepirarotbes cign 60° aucIoKauii.
Taxi cmigu B obnacti 60koBoro TpasieHHs Al,, MounHa-

10Thes Outst Mexi kanany TM. Crinn 60° mucnokariii He
CIOCTEPIraucsl Ha CTPYKTypax, siKi GOpMyBaIUCS 3a OIl-
TUMAJTLHOIO TEXHOJIOTI€Er0 mporecy TM.

5 OBI'OBOPEHHS

OcobmmBocti MIIT, skuii yTBOpIOEThCS B IpoIeci
TpaBiieHHS KpeMHit0 B obmacti BO, MOXIHBO MOSCHUTH
YTBOPEHHSM Ta TpaHCQopmartliero, B iporieci TM i Tepmi-
YHUX 00pOOOK, MEXaHIYHMX HAIPYKEHb Ta KPHUCTAIOTPa-
¢iunnx nedekri. JocmimkeHHs 0coONMMBOCTEH TpaBIieH-
HS IIapiB KPEMHII0 3 MEXaHIYHHUMH HANpYKEHHSIMH Ta
orocepeIKOBaHa Bizyasri3allis TUIY Ta BETUYUHUA MeXaHi-
YHUX HaIPYXXEHb PO3MIIsIacThest B poborti [15]. [e moka-
3aHO, 110 KIHETHKa MPOLECIB TPaBJIEHHs LIaPiB KPEMHIIO
3MIHIOETBCSI B 3JISKHOCTI BiJl THITy Ta BEJHMYHHU TpH-
KJIaJICHAX MEXaHIYHHX HAMpPY)XEeHb, SIKI CTBOPIOBAIMCS B
KpeMHiro TutiBkaMu SizNy Ta SiO; 3 BiIIOBIAHO 3 MeXaHi-
YHUMH HANpPY>KCHHSIMH CTUCKAaHHS Ta PO3TATHCHHS B Ma-
ckoBanomy Si. [lokazaHo, 1m0 MexXaHIYHI HaNpYKCHHS
PO3TATHEHHS] TPU3BOIATH A0 30UTBIICHHS, 8 CTUCKAHHSA
IO 3MEHIIeHHS IIBHIKOCTI TPaBJICHHS MAacKOBAaHOTO
Si(111). IlpuBeneni B poboTi [15] 3anexHOCTI KiHETUKH
TpaBJICHHS KPEMHIIO 3 MEXaHIYHHMH HAINpyXCHHAMH 1O-
3BOJISIFOTH TIOSICHUTH NIPUYMHHU YTBOPEHHS JOCIIDKYBaHO-
ro MIIT. B TM kanani p -Si BHAac/iIoK 361IbIIEHHS Mi-
JKIUIOMIMHHOI BifCcTaHi (KOBaJIeHTHI pamiycu juist Si u Al
piBastoTeCst Binnosigao 0,117 ta 0,121 HM) BinOyBaeThCs
30UIbIIEHHS 00’€My Ta YTBOPEHHS MEXaHIYHUX HaIpy-
JKEHb PO3TSATHEHHS. SIKi MAFOTh CKJIAJI0BI SIK TAHT€HCHAIIb-
Hi, TaK 1 IEPICHANKYISIPHI 10 OOKOBMX MOBEPXOHBb KaHa-
niB TM. HampyskenHst B p -Si ypiBHOBaXYIOTbCS yTBO-
PEHHIM B CYMDKHHUX IIapax 00’€MHOTO KPEMHIIO 3yCTpi-
YHUX TAHTCHCHAJILHUX Ta IONEPEYHHX HallpyXeHb CTHC-
KaHHS, IKi CIPUYMHIOIOTH 3MIHH PYXJIUBOCTI HOCIiB 3apsi-
Iy, a TIpH iX 30UIbIIEHH] 1 YTBOPEHHS KpHCTaiIorpadidHux
ne(ekTiB. YTBOPEHHS AMCIOKAI[IMHUX HAMIBIETENb, SKi
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po3TamoBaHi 3a KaHajgoM TM, ajie TOYMHAIOTHCS Ha HOTO
MeXi, TOKa3aHO B po0OoTi [16] 3a JOmOMOTOI0 PEHTIEHIB-
CBKOTO TOMOrpadyBaHHs.

[Mpu audysii aToMiB anOMiHiO, KA BUHUKAE B TPO-
ueci Bianany, B TM kaHaii BiIOyBa€eThCsl yTBOPEHHS Me-
XaHIYHAX HAMpPYyXXEeHb PO3TSATHEHHS, 3PYIICHHS Ta MOIH-
¢ikamis kpucranorpadivHuX IeQeKTiB, U0 CHPUYUHIOE
3pOCTaHHs IIBHIKOCTI TpaBieHHs, BigmosimHo, Harpy-
JKEHHSI CTUCKAHHS, SIKI BAHUKAIOTP 110 MEPUMETPY KaHAITY
TM, CIPUYUHIOIOTH CIIOBUIBHEHHS MBHAKOCTI TPaBICHHS
Ta yrBopeHHs ropOkiB MIIT. I3 nopiBHSHHS rIMOWH Tpa-
BJICHHS TaOsl. 1 MOXJIMBO BH3HAYHTH, 10 MaKCHMaJbHY
BEJIMYMHY MEXaHIYHUX Halpy>XeHb PO3TATHEHHS Ta KOH-
meHTpariro nedexrie MIIT matoTs 3paszku 3 4-X TOAWH-
HUM BiJITaJIOM, a MiHIMaJIbHYy — 3pa3Ku 3 16-TH FOAMHHUM
Bignanom. [Iporiec TM 3 yTBOpEHHSIM MEXaHIYHHX Ha-
NPYXEHb TAKOX CYIPOBOKYETHCS YTBOPEHHSM IO Ie-
pumetpy BO MakcumyMmiB KOHIEHTpalii Kpucranorpadi-
YHUX Je(eKTiB, (OHOBUX Ta JIETYIOUHX JOMIIIOK, TAKUX
K ¢ocdop, kuceHs Ta iH. [14]. V Bumaaky He3HaYHOTO
Yacy BIANAy MOXKJIMBE 3POCTAaHHS HAMpPY>KEHb 32 paxy-
HOK TIOSIBH JIOJJATKOBUX MEXAHIYHUX HAMPYXEeHb, CIOPH-
yHEeHUX 1udysiero momimkun Al Ta popMmyBaHHIM p-n-
nepexony. [Ipu nudysii aTomiB amomiHio 3 obmacti TM
BiIOYBA€THCSA 1 BITHOCHO TNPHCKOPEHE HACHYCHHS HUMH
saep IUCIOKAIiH, SIKI po3TallloBaHi 1Mo MepuMerpy KaHa-
ny TM. Le npu3BOAUTh A0 3HAYHOTO JIOKAJIBHOTO 301Th-
LIEHHsI KOHIIEHTpaIlii aTOMIB aJOMIHIIO 1, JOJATKOBO IO
nuy31HUX TPOLIECIB JIETYBaHHS, CIPUYUHIOE YTBOPEHHS
mIapy KpeMHII0 3 MiJBHIIEHUMU MeEXaHIYHHMH Harpy-
JKCHHSIMH, a B TOJAJIbIIOMY BiJIIOBIHO 3MIHIOE IIBUJIKO-
CTi TPABJICHHS Ta CIPUYMHIOE YTBOPEHHS OiMbII PO3BH-
HYTOTO pesbedy, IO 1 CHOCTepiraeThesl B €KCIIEPUMEHTI.
3pocTaHHsT MEXaHIYHHWX HanpyXeHb, Ae(eKkTHOCTI B 00-
JIaCTi p-n- TEPEXoLy Ta MPOBITHOCTI B3OBXK IMCIOKAIIIH,
sKi HacudeHi atomMamu Al 1 IPOHU3YIOTH IIap MPOCTOPO-
BOTO 3apsiIy, MOXKYTh IIPH3BOJUTH O 3MEHIICHHS HAIpy-
T IPOOOIO Ta 3POCTAaHHS CTPYMIB IIPOCOYYBAHHS, SIK L€ 1
crnocrepiraiocst B podori [11]. TIpo Takuii BiTHOCHO MaK-
CHMaNbHUI PIBEHb JE(PEKTHOCTI MOXYTh CBIIYATH MaK-
CHMalnbHi BeIMYMHU O0KOBOTO TpapieHHs Al,, MIIT, ski
SKICHO KOPENIOIOTh 3 BEUUMHAMHU Ahigis Ta Ahy, ;.

J7nst oTpuMaHHS MaKCHUMAJbHUX HAMPYT eJICKTPUYHO-
ro Mpo0oI0 130l CTPYKTYp Yac BiJmany IMOBHHEH 30i-
TBITYBATHCS 10 BEJIMYUH, SKi 3a0€3MeuyoTh (GOpMyBaHHS
p-n- TIEPEXOoy 3a MeKaMHU Iapy KPEMHIO 3 MEXaHIYHIMHA
HaTnpy>XeHHsIMH Si(G), TPH IFOMY 3MEHIIYETBCSA 1 cama
BEJIMYMHA MEXaHIYHUX HAIPYXEHb Ta KOHICHTPALsl KpH-
cranorpadiuaux aeexTiB, Mo (GIKCYEThCs MiHIMI3aIiE
MIIT. BukoHanHs yMOBH ONTHMAJIBHOTO BIANANY KpHUC-
tanorpaiyHux Je(eKTiB MOXKIMBO 3aJaTH BUMOT'aMH JI0
ocobymBocterd 3minn MIIT mpu 3miHi yacy Binnamy, a
came BuMoramu MiHimizanii BeanauH MIIT i B mepury
gepry Al,.,.

BHUCHOBKU
[TokazaHo, 110 pW BUTOTOBJIEHHI H/I CTPYKTYp NpH-
naniB OUMBIIO] TOTYXHOCTI 13 3BOPOTHOIO HAIPYTOIO
2000 B, onTIMaIpHAM € BapiaHT MapuIpyTy, KOJH CII0Ya-

© Kpasuuna B. B., ITonyxin O. C., 2018
DOI 10.15588/1607-3274-2018-3-2

22

TKY TPOBOJIATH MPOIIEC 3aTOHKH JOMIIIOK TIIMOOKHX aK-
TUBHUX IIapiB, MOTiM Tipu (OpMYyBaHHI mapy i30Jsrmil
npoBosAThH mpoiiec TM, a Hajam NPOBOAATH CyMIlIEHHN
BiAMaN sIK 13011, Tak 1 akTUBHUX ImapiB. Take cymi-
IICHHS TPOLECIB BiANANy IOKpAIIye XapaKTePUCTHKU
CIPYKTYp.

B po06oTi po3KkpuTO 0COOIMBOCTI MEXaHI3My yTBOPEH-
Hs1 MIIT xaHaBoK B 001acTi TEPMOMIrpaIlifHIX KaHaiB.
MexaHiuHi Hamnpy>KeHHS CTHCKaHHS Ta pPO3TATHECHHS,
yTBOpIOBaHHI B nponeci TM, clipn4nHIOIOTE, BiAMIOBIIHO,
VIOBUTBHEHHS Ta MPUCKOPEHHS I[IBHAKOCTI TpPaBJICHHS
mapis Si. [IpoBeneHo aHami3 BIVIMBY Yacy Binmaiay Ha
MiKpopenbe] KaHABOK TPaBIICHHS, [Ie TTOKAa3aHO, IO SIKiC-
Hi 3MiHH eNeKTPO(I3MIHUX XapaKTepHCTUK KaHary TM
Ta Bigman Ae(eKTIB CYNPOBOIXKYEThCS MIHIMI3AIIE0
MIIT. Ipu uboMy BIIHOCHO 4Yacy BiINainy BHKOHYIOTHCS
IBl yMOBH: Ileplla, Iie HNEepeBUIIECHHS JaTepaIbHOI JOB-
skuan udysii Al Haja JIaTepaIbHOK JTOBKHUHOK 00J1acTi
MEXaHIYHUX HampyXeHb Si(c); a Ipyra, Le MiHimi3amis
MIIT xanaBku B o0nacTi kaHaiy TM.

MOJsIKHN

3a PO3MIIIHYTOI0 TEXHOJIOTIEI0 BIUTOTOBIISIETHCS HU3KA
YUITB A KOMIUIEKTamii MoayiiB Ha cTpyM Bim 20 mo
200 A. Tak v/m1 cTpykTypH mioniB Ha ctpyM 200 A BHKO-
pucToByIOThCsl Tipu QopmyBanni mMoaynis MJJ18/3. 1li
H/T CTPYKTYpU (HOPMYIOTHh Ha IUIACTHHAX 3 OPiE€HTAIIEI0
sk (111), Tak i (100), 1110 CTaIO MOXKIMBO 3aBJSIKH ITPOBE-
JICHUM JOCITI/DKSHHSIM Ta ONTHMI3allii mporieciB TM.

ABTOpPHM BHCJIOBIIOIOTh INUPY TOASKY bopTHIiKO-
By IO. M. 3a momomory B MpOBEACHHI EIEKTPOHHO — MiK-
POCKOIIIYHUX JIOCII/PKEHb CTPYKTYP.
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YJK 621.315.592
HUCIIOJIb3OBAHUE TEPMOMUI'PAIIMU B TEXHOJIOI'MU CUJIOBBIX ITIOJIYITPOBOJHUKOBIX ITPUBOPOB

Kpapunna B. B. — xanz. TexH. HayK, JIOLEHT, JOLEHT Ka(eapbl MHKPOIEKTPOHHBIX HH)OPMAIMOHHBIX CHCTEM, 3arlopoXKCKast
TOCy/IapCTBEHHAs MHXKEHEPHAs akaJeMus, 3all0poXKbe, YKpanHa.
Moayxun A. C. — Bexymmii umxenep OO0 «Onement- [IpeobpasoBarensy, 3anopoxse, YKpauHa.

AHHOTAIUSA

AKTyanbHOCTB. [IpoBe/ieHHBIE HCCIIEOBAHUS TO3BOJISIIOT YIIyUIIUTh TEXHOJIOTHYECKUE MTPOLIECCHl U3TOTOBJICHHMS 11/ IPHOOPOB
1 KOHTPOJIb UX Ka4ecTBa.

Iean padoTsl — pa3paboTka u coBepuieHcTBoBaHue TexHosorun CHII ¢ ucrons3oBanueM mpoueccoB Tepmomurpanuu Al u uc-
cresioBanue peibeda TpaBleHHs KpeMHMA B 001acTh p' -Si u3onsnuu. 3ajgadeii paGoThl ABIAETCA ONTHMHU3AIMS TEXHONOTHH (op-
muposanus CHIL

Meton. OOBEKTOM HCCIIEIOBAHUS SBISUIMCH TEXHOJIOTHYECKHE OCOOCHHOCTH MPOIECCOB (YOPMHUPOBAHUS CTPYKTYp MO pasimd-
HBIM MapIIpyTaM, OTJIHYAIOLIHMECs MOCIEeJOBATENBHOCTEIO MPOBEJICHHS MPOLECcCOB (POPMHUPOBAHUS AKTUBHBIX CTPYKTYP, OT)KHIa
CTPYKTYp M mporeccoB TepmoMurpanuu Al. VccienoBanock BiIusHHE BpEMEHH OTXKHIAa Ha OCOOCHHOCTH MHUKpOpenbeda TpaBICHUSL
KaHaBOK B 00JIACTH TEPMOMHMIPALIIH.

Pe3yasTaTsl. B pabore npoanann3upoBaHbl NIPUYMHBI H3MEHEHHUS HANPSDKEHHs IPO00s p-n MepexoJoB BEPTUKAIBHUX CKBO3-
HBIX 00JIacTei, CO3MaHHBIX TEPMOMHMIpALMell, B 3aBUCUMOCTH OT BPEMEHH OTXHra I/1 cTpykTyp. Ha oOpasnax ¢ onTUMalbHBIM pe-

KHUMOM OTHra B 16 wacos npu Temmeparype 1250 ° C HaGmoaroTcs MaKCHMAThHBIE HANPAKEHHS TPo00s CIIOEB H3OMAIEY H MH-
HUMAJIbHbIE BEJIMIMHBI MUKpOpeIbedha KaHABOK TPABJICHUSI KPEMHHUS Pa3HOTO THIIA IPOBOJUMOCTH B 00JIaCTH H30JISIIUK KPHCTAIIIOB
CKBO3HBIMH T€PMOMMIPAIIOHHIMH MIapaMH. Takoi MHUHHUMaJIBHBIH MUKpPOpENbed ONpenenseT MHHHIMYM OCTaTOYHBIX MeXaHHdec-
KUX HanpspkeHui. [lokazaHo, YTO NPU M3TOTOBJICHHHM I/II CTPYKTYp NPHOOPOB OOJbIIEi MOIIHOCTH W OOpaTHBIM HaNpsKEHHEM
2000 B, onTHMaNbHBIM SBISIETCS] BAPHAHT MapIlpyTa, KOrJa CHayajga IMPOBOASAT MPOLECCH 3aTOHKU IIPUMecel INIyOOKHX aKTHBHBIX
CJIOEB, a 3aT€M IPOLIECCHl TEPMOMHUIrpaLu (GOPMUPOBAHUS CIOEB M30LMU. B nanpHeiieM NPOBOIAT COBMELIEHHBIH OT)KHUI CIIOEB
CTPYKTYPBI KaK U30JIAIHHU, TaK U aKTHBHBIX. Takoe COBMEILEHUE MTPOLECCOB OTXKHUIA YTyUIlIaeT XapaKTEPUCTUKU CTPYKTYD.

BoiBoabl. B pabote onpezneneH oNTUMANBHBIN MapIIpyT, PEKUM OTKUTA CTPYKTYP U TOKa3aHO, YTO KOHTPOJIb U3MEHEHUH KHHETHKH
TpaBJICHHS CIIOEB KPEMHHS B 00J1aCTH TEPMOMHUTPALIIY IPHMECH aTIOMUHUS IOMOTAET B OTPE/IEIICHHN ONTHMAIIBHBIX PEXUMOB.

KJIIOUEBBIE CJIOBA: oTxur, H305s1ust, MUKpOpenbed KaHaBOK, JIMHEHHBIC 30HBI, TEPMOMHI DAL, CHIIOBBIC TIOJIYIIPOBOI-
KOBBIE IPHOOPEL.

UDC 621.315.592
APPLICATION OF THERMOMIGRATION FOR TECHNOLOGY OF POWERFUL SEMICONDUCTORS
APPLIANCES

Kravchina V. V. — PhD, Associate Professor, Associate Professor of Department of Microelectronics Informatian Systems,
Zaporizhya State-owned Inzhenernaya Academy, Zaporizhzhya, Ukraine.

Polukhin O. S. — Leading engineer, “Element- Preobrazovatel” Ltd, Zaporizhzhya, Ukraine.

ABSTRACT

Contex. The conducted researches allow to improve technological processes of manufacture of semiconductor devices and
control of their quality.

Objective is to investigate the relief of silicon etching in the area of p * -Si isolation and using of Al-thermigration processes for
further develop and improve technology of the power devises. The task of the work is to optimize these technology.
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Method. The object of the study was the technological features of the processes of forming structures on different routes,
differing in the manner of carrying out processes of annealing structures and processes of thermomigration Al. The influence of the
annealing time on the features of the microrelief of etching grooves in the region of thermomigration has been studied.

Results. The causes of change of breakdown voltage of vertical p-n- junctions formed by thermomigration vs post-migration anneal-
ing time and thermomigration process optimization are discussed. On these samples is observed minimal microrelief of the groove etch-
ing of various types of conductivity silicon in the area under the insulation of the crystals. Such a minimal microrelief determines the
minimum of residual mechanical stresses. The control of changes in the kinetics of etching layers of monocrystalline silicon in the field
of thermal migration of aluminum impurities helps in determining the modes of technology for the formation of semiconductor structures
with high breakdown electrical voltages. At the same time, two conditions are fulfilled: the first one is the excess of the lateral length of
aluminum diffusion over the lateral length of the region of mechanical stresses along the perimeter of the thermo-migration region; and
the second, it is a reduction and stabilization of changes in the rate of etching of the thermo-migration layers by minimizing the elastic-
mechanical, deformation component of the activation energy of the etching process of p*-Si.

It is shown that in the manufacture of chips of larger power devices with a larger area and a reverse voltage of up to 2000 V, the
optimal variant is the route variant, when the processes of impounding impurities of deep active layers are first carried out, then the
processes of thermomigration during the formation of insulation layers. Then there are annealing of isolation and active layers. This
combination of annealing processes improves the characteristics of structures.

Conclusions. The optimum route, the annealing mode of the structures are determined in the work, and it is shown that monitor-
ing the changes in the etching kinetics of silicon layers in the region of thermal immigration of aluminum impurities helps in deter-
mining optimal regimes.

KEYWORDS: annealing, insulation, microrelief of the grooves, linear zones, thermomigration, power silicon devices.
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KOMIT’'IOTEPHE MOJIEJTIOBAHHSI ® YHKIII IEPETBOPEHHS
OIITUYHUX CXEM 3ACOBY BUMIPIOBAHHS TEMIIEPATYPU,
HOBYIAOBAHOI'O HA E®OEKTI PAMAHA TA CTPYKTYPA
AJTOPUTMY IX JOCJIIKEHHSA
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yHiBepcuTeTy «JIpBiBChKa MOMiTeXHIKa», JIBBIB, YKpaiHa.

MlaxoBcbka H. B. — 1-p TexH. Hayk, nmpodecop, mpodecop kadeapu cucreM mMTyIHOTO iHTENEKTY HarioHanpHOTO
yHiBepcuTeTy «JIpBiBChKa MOMiTEXHIKaY, JIBBIB, YKpaiHa.

BoBk O. B. — xaHj. TexH. HayK, JOLUEHT Ka(eapu CHUCTEM IWITYYHOro iHTelnekTy HarlioHaabHOro yHIBEpCHTETY
«JIpBiBCBKA MOMiTEXHIKaY, JIBBIB, YKpaiHa.

MeabaukoBa H. I. — kanja. TexH. HayK, CTapiuii BUKiIaaa4 kadeapyu cucreM mTyqHoro inresnexTy HaiioHansHoOro
yHiBepcuteTy «JIbBiBChKa MojiTexHika», JIbBiB, YkpaiHa.

AHOTAIIA

AxTyanbHicTh. B mporeci BUMiploBaHHS TemIlepaTypH 3a 3CYyBOM YacTOTH KOMOIHAIiHOTO PO3CiIOBaHHS CBiTJIa, BUHHKAE
npo0JieMa BH3HAYCHHS €KBIBAJICHTHOI YacTOTH CHEKTpy. Lle MposBiISeThCsl BHACIIIOK MPOXO/DKEHHS BIIOUTOTO BHIPOMIHIOBaHHS
4yepe3 ONTHYHI eJIEMEHTH, AK€ CIIOTBOPIOEThCSA MOXMOKAMU KOMIUICKCHMX YAaCTOTHHUX XapaKTEPUCTHK LUX eieMeHTiB. Heroune
BU3HAYCHHS CGKBIBAJIECHTHOI YaCTOTH TATHE 3a COOOI0 BEJIMKY MOXMOKY BH3HAYEHHS TeMIepaTypu. TOMy aKTyaJlbHUM € CHHTE3
MPOTPaMHUX MOZEJEeH ONTHYHHX EJIEMEHTIB ONTHYHHX CXEM, a TaKOX CHEKTpy KOMOIHALIHHOTO pO3CiIOBaHHS CBiT/IA IUIS
MOZANIBLINX TX JOCII/UKCHB.

MeTta podoTH — cHHTE3 MOJieJIell eJIEeMEHTIB ONTHYHUX CXEM Ta CHEKTPiB KOMOIHALIIfHOTO pO3CiIOBaHHS CBITIIA JUIS ITOJAJIBIIOTO
JOCIIZKESHHS ONITHYHUX EJICMEHTIB Ta ONTUYHUX KiJI.

Meton. OcTaHHIM YacoM IIMPOKO 3aCTOCOBYIOThCS PI3HOMAaHITHI BHPOOM Ta CEHCOpH, po3poOiicHi Ha 0a3i Mikpo- Ta
HAHOCTPYKTYPOBaHHX MaTepiayiB. Po3po0sieHo Lilmy HHU3KY KOMIIOHEHTIB €JIEKTPOHHOI TEXHIKH, SIKi B COTHI pa3iB € MEHIIMMH 3a
CBOIiX MOMepeJHUKIB. B mporeci BUrOTOBJIEHHSI TaKUX MiHIaTIOPHUX KOMITOHEHTIB EJICKTPOHHOI TEXHIKH, HEOOXiJHO JOKJIaIHO
KOHTPOJIIOBATH TEMIIEpaTypy. XapakTepUCTHKHU iICHYIOUMX 3aC00iB BUMIPIOBAHb HE LIIJIKOM 3310BOJIBHAIOTE UM BUMoraM. OHuM i3
MEPCIEKTUBHUX HANPSIMKIB AJIs BUPIMICHHA Li€l IpOOIEMH € 3aCTOCYBaHHS METOLy KOMOIHAIHHOTO PO3CitoBaHHS CBiTIa. B Mexkax
METOAYy KOMOIHAiHHOTO pO3CIIOBaHHA CBITIA BIiZOMO JBa CIOCOOM BH3HAYEHHS TEMIIEpaTypu: MEpHIMK 3a BiJHOIICHHSIM
IHTETpaNbHOI IJIOMIi CTOKCOBOI KOMIIOHEHTH CIIEKTPY JI0 aHTUCTOKCOBOI, APYTHUif 32 3CYyBOM YacTOTH KOMOIHAIIHOTO PO3CIIOBaHHS
cBiTia. Jpyruii croci6 Mae Kpally MIBHAKOJIIO, IO IIEPEBHIIY€ NEPIIHii OLTBIIE SIK B 2 pa3y, OCKUIBKHU ITOTPiOHO BU3HAYATH TLTBKU
AQHTHCTOKCOBY KOMIIOHEHTY CIEKTpy. TakoX AaHWMi croci® Mae MEHIIy METOJWYHY MOXMOKY, sika BUHHMKA€E 32 PaxyHOK IIeperpiBy
JIOCJTI/KYBaHOTO 00’ €Ty J1azepoM. Tomy Oyi10 0OpaHO JaHWit METO Ta CHOCIO sl MOJATBIIUX JTOCIIIKCHb.

PesynbraTn. CHHTE30BaHO KOMIT'IOTEPHI MOJENI ONTHYHUX EJIEMEHTIB Ta ONTHYHHX CXEM, a TaKOX CIEKTPH KOMOiHALiitHOrO
PO3CilOBaHHS CBiTJIa. 3alpONOHOBAHO JBa METOIM BU3HAYEHHS 3HAYEHHS EKBIBAJICHTHOI YaCTOTH AHTHUCTOKCOBOI KOMIIOHEHTH
CIEKTPY KOMOIHAIIIHHOTO PO3CiFOBaHHS CBITIIA.

BucHoBku. IIpoBeneHi JOCHIDKEHHS I[OKa3ajid, IO IEPBHHHE KOJO ONTHYHO! CXeMH HE BHOCHTH ITOXHOKH B pE3yJbTar
BUMIPIOBAaHHSI TEMIIEpPAaTypH 3a 3CYBOM YacTOTHM KOMOIHAIIMHOTO pO3CifoBaHHS CBiTJA. JIOBENEHO IOIIBHICTE IPOBEICHHS
JOCIIIJDKEHHST BTOPHHHOTO KOJIA ONITHYHOI CXEMU.

KJIFOUYOBI CJIOBA: BuMipioBaHHS TeMIIepaTypH, CIIEKTPH KOMOAHIHOTO pO3CioBaHHs CBiT/Ia, PamMaHiBCBbKHUiT TepMOMETD.

ABPEBIATYPU My [j] — maremarmune cmoxpiBanHs EYAKC KPC,

KPC — komOiHariiiHe po3citoBaHHS CBiTIIa;

EYAKC - ekBiBaJleHTHa 4YacTOTa AaHTHCTOKCOBOI

KOMIIOHEHTH CIIEKTPY.
HOMEHKJIATYPA

D[/l — mucnepcisn EYAKC KPC, 3nHaiinena
MeIIaHHHM METOJIOM;

D,wlj] — mnucnepcin  EYAKC KPC, 3naiineHa
METOJIOM LIEHTPY Mac;

H,. (v)—KOMIUIEKCHA YacTOTHAa XapaKTEPUCTUK

OINTHYHOI CXEMH;

Iyux(v) - BUXiTHUI crieKTp;

Ix(v) - BXiTHUH CHEKTp, IO MOTpAIUIse HA BTOPUHHE
KOJIO ONITHYHOI CXEMH;

Krok, — po3minbHa
CIICKTPOaHaIi3aTopa;

My [J] — MaTematuune cnomiBanus EUAKC KPC,
3HaMIeHe MeIiaHHUM METO/IOM;

30ATHICTE 34  YacTOTOIO

3HalICHE METOJIOM LICHTPY Mac;

N, — KUIBKICTb 3Ha4yeHb PO3IUIBHOI 37aTHOCTI 3a
4acTOTOIO;

]viTep -
KPC;

P- OTYXHICTB J1a3epHOTO BHUIIPOMIHIOBAaHHS,

¢ — Yac BUMipIOBaHHS;

Uit nenesHicte Bu3HaueHHs EYAKC KPC,
3HaiIeHa MeIIaHHUM METOJIOM;

Uy HENEBHICT, BU3HAYEHHS
3HalIcHa METOJIOM LICHTPY Mac;

v — KPOK 32 PO3IUTEHOIO 3JIATHICTIO JI0 YaCTOTH;

Vmax — MAKCUMAaJIbHE 3HAYCHHS PO3AUTFHOI 37aTHOCTI;

Vmin — MiHIMaJIbHE 3HAYEHHS PO3AUIHHOI 30aTHOCTI;

vwuli] — EYAKC KPC, 3HaiinmeHa MemiaHHEM
METOAOM;

vim[i] — EHAKC KPC 3HaiizeHa 3a METOAOM LEHTPY
Mac;

KUTBKICTh BHIIAQJIKOBO T€HEPOBAHMX CIIEKTPIiB

EYAKC KPC,
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Av — po3miNTBHI 3MaTHOCTI TS JOCIIHKEHHS;

Opx — BITHOCHA TOXMOKA BTOPHHHOTO ONTHYHOTO KOJIa;

0, — BiIHOCHA YacTOTHA MOXHOKa Ja3zepa;

0,,— BIAHOCHA METOAMYHA ITOXHOKA;

0,x— BITHOCHA TTOXWOKA TIEPBUHHOTO ONTHYHOTO KOJIA;

d.,— BITHOCHA NIOXHMOKA CIIEKTPOAHAIII3aTOPa,;

OT— BigHOCHA NTOXHOKa BUMIPIOBaHHS TEMIIEPaTypu
METOIOM KOMOIHAIIHHOTO PO3CIIOBAaHHSI CBITIIA;

o, /] — cepemabo kBamparuune BinxwieHHs EHAKC
KPC, 3unaiieHe MeiaHHUM METOIOM;

Oy [/] — cepennbo kBagpaTuuHe BigxuneHHs EUAKC
KPC, 3naiineHe MeToIoM LIEHTPY Mac.

BCTYII

CTpiMKHMif  pO3BHUTOK  HAHOTEXHOJOTIH  Xapak-
TEPU3YETHCA CTBOPEHHSIM HOBHX MaTepiamiB, MIKpo- Ta
HAaHOCTPYKTYPOBAaHUX OO0’€KTiB, SKi 3HAXOIATH LIMPOKE
3aCTOCYBaHHA Y PI3HHX Taly3sX HAyKH, TEXHIKH 1
HPOMHCIIOBOCTI. Hduns HaJIS)KHOTO nepe0iry
TEXHOJIOTIYHOTO TMpOLIECY TPU BHUTOTOBJEHHI TaKuX
MarepiangiB HEoOXiIHO 3a0e3NeudTH BUMIPIOBaHHS Ta
KOPCTKMH  KOHTpoJIb  Temmeparypu. Ilpm  1mpomy
3pO3yMiJIo, IO J0 3aco0iB BHUMIpPIOBaHHS TEMIIEpaTypu
TaKuX OO’€KTIB CTaBIATHCS BHCOKI METPOJIOTIUHI Ta
eKCILTyaTaIliiiHi BUMOTH.

Peamizamiss mpomecy KOPEKTHOTO  BHMipIOBaHHS
TEeMIEPaTypyd Uil KOXKHOTO KOHKPETHOTO —BHIIAJKY
BHMAarae IOKJIATHOTO aHaJli3y yMOB TEIIOBOI B3a€MOZIl
cucTeMu 00’ €ekT-TepMoMeTp. B GimbmiocTi BUMAAKiB mix
Yac BUMIPIOBaHHS TEMIIEPATypy OJJHO3HAYHO 3MIHIOETHCS
TEIUIOBAa KapTWHA JOCHTI[DKyBaHOrO 00’ekTy. Tomy
HEOOXITHUM € MPOBEACHHS OI[IHKH HEIOIKIB Ta IepeBar
METOMIB Ta 3aco0iB BHMIPIOBaHHS TeMIEPaTypH, Ui
BU3HAYECHHS HaNOLIBII ONTUMAaIBLHUX METO/IB
BUMIPIOBaHHS TEMIIEPATypH 00’ €KTIB MaJIUX PO3MIpiB.

MeTo0 DOCTIXKEHHSI € CHHTE3 MOJeJNel elIeMEHTIB

ONITUYHUX CXEM Ta  CHIEKTPIB  KOMOIHAIIHOTO
PO3CIIOBaHHS CBITJIA 1X JJIsl OAAJBIIOTO JOCIIIKESHHSI.
0O0’ekTOM JOCTiTKeHHS [3 nepegaBagbHa

XapaKTepUCTHKA CIIEKTPY KOMOIHAIIfHOTO pPO3CilOBaHHSI
CBITJIa Yepe3 ONTHUYHI EIeMEHTH.

IIpouecom ocizKeHHsI € CHHTE3 MOJIEIICH CIIEKTPIB
KOMOIHAI[IHHOTO PO3CIIOBaHHS CBITIIa Ta ONTHUYHHUX
€JIEMEHTIB ONTHYHMX CXEM 3 METOI0 BH3HAYCHHS
HalMEHIIOI TOXUOKH NepeaBajIbHOI XapaKTEpPUCTUKHU Ta
BCTaHOBJICHHS ~ HAaWKpamioro  METOJy  BH3HAUCHHS
eKBiBaJICHTHOI YacTOTH aHTHUCTOKCOBOI KOMIIOHEHTH

CIIEKTDY.

1 IIOCTAHOBKA 3AJJAUI
Sk BimomoO, yCi KOHTAaKTHI METOAU CIIOTBOPIOIOTH

TEMIIEpaTypHe T[oJie, SK HACHIIOK I1X HE MOXHA
3acTOCyBaTH  JI0  TCPMOMETpYBaHs  MIKpo-  Ta
HAHOCTPYKTypoBaHux  00’ektiB.  Cepexm  BioMuX

0E3KOHTAKTHUX METOIB OJHHUM 3 HAMOUIBII IiAXOMSIINX
METOMIB € MIpOMETPHUYHMH Ta METOA KOMOIHAIiHHOTO
po3citoBanHs cBiTna. [Ipore, mipoMeTpu4HUi METOA Mae
CyTT€BUHI HEJIOJIK: HEBIIOMHI KoeQiIieHT
BUIIPOMIHIOKOYOT 3HaTHOCTI KOXKHOTO 00’€KTY, IO TATHE
3a  CcO0OK JIOCHTh BEIHMKY METOIUYHY IOXHOKY

BAMIPIOBaHHS TeMIlepaTypu. Meron KOMOIHAmiHHOTO
pO3CifOBaHHS CBITJIa TM030aBJICHUH TAaKOTO HEIOIIKY,
TaKO)X BaroMoOIO IIePeBarold METOIy € Te, IO TOBLIMHA
Ja3epHOTO TPOMEHA € JOCUTh HEBEIMKOIo, IO Ja€
MOXITHBICTh Cc(OKyCyBaTH HOro Ha HaiiMeHIi 00’€KTH
JIOCHI/DKeHHsI. BpaxoByloun pesynbTaTd IPOBEICHOTO
aHaji3y, AJsl BUMIPIOBaHHsI TEMIIEPAaTypH 00’ €KTIB MaJIUX
pPO3MIpiB  ONTUMAaJbHUM € 3aCTOCYBaHHS  METO.IY
KOMOIHAIIITHOTO PO3CiIOBaHHS CBITIIA.

BximHuMu [aHMMU € TiepenaBaibHI XapaKTEPUCTUKH
ONTHYHMX EJIEMEHTIB Ta iX BIUIMB Ha IOXHOKY
BU3HAYCHHS SKBIBaJICHTHOT YacTOTH CIIEKTPY
KOMOIHAITIITHOTO PO3CiFOBaHHS CBITIA.

BuxigHuMu napaMeTpamu € 3Ha4YeHHs TEMIIEpaTypH, a
TaKOX MOXHOKa 3 KO0 BOHA MOKE OyTH BU3HAUCHOIO.

2 OTJIs1 A JITEPATYPU

B Vkpaini i 32 KOpZOHOM OCTaHHIM YacOM IIHMPOKO
3aCTOCOBYIOThCS PI3HOMaHITHI BHPOOM Ta CEHCOpH,
po3pobneHi Ha 0a3i MiKpo- Ta HAHOCTPYKTYPOBaHHX
MmarepianiB. Po3pobneHo 1midy HHM3KY KOMIIOHEHTIB
€JIEKTPOHHOI TEXHIKH, SIKI € B COTHI pa3iB MEHIINMH 32
CBOiX NONEPEeTHHKIB. Y TMpOIECi BHUTOTOBJICHHS TaKUX
MIHIQTIOpHUX  KOMIIOHEHTIB  EJIEKTPOHHOI  TEXHIKH
HEOOXiZHO JOKJIAaIHO KOHTPONIOBATH TEMIEPATYpYy.
XapaKkTepucTUKN ICHYIOUHX 3ac00iB BHUMIPIOBaHb HE
IIJIKOM 3aJI0BOJIBHSIOTE 1M BUMoTaM [1—4]. Ogaum i3
MEPCIEKTUBHUX HAMPSIMKIB IS BHpIMIEHHS MpoOiIemMu
TaKOTO THITy € 3aCTOCYBaHHSI METOAy KOMOIHAIIIfHOTO
PO3CiIOBaHHs CBITJIA 3@ 3CYBOM 4acToTu [5—7].

OCHOBOIO METOJy CTaJI0 KOMOIHaIlii{He pO3CilOBaHHS.
Moro cyTh monsrae B TOMy, IO TNpH B3aeMOMii 3
CEpPE/IOBHIIEM DPO3CISIHHS CBITIIOBa XBWJIS MOJYIIOETHCS
MOJIGKYJISIPHUMH  KOJMBAaHHAMH  CEpEAOBHINA, IO
NIPU3BOJUTE 10 TOSIBM B PO3CISTHOMY BHITPOMIHIOBaHHI
HOBHX [IOBXKMH XBWJIb. Y 3apyObKHIH HayKOBIiH
JmiTepaTypi KoOMOIHAIliifHe pO3CiIOBaHHS HOCHUTH HAa3BY
epexty PamaHa, a JOCHIIDKCHHS 3 BHKOPHCTaHHSAM
KOMOIHAITIHOTO PO3CilOBaHHS HAa3WBalOTh PaMaHiBCKOIO
CHEKTPOCKOMi€ro [5, 6].

Taxwuii e minxin Bukopuctano i B MEMS [7]. V [8]
BUKOPHCTaHO MOJIEKYJIsIpHI AaBadi. [Ipore BUKOpHCTaHHS
TEXHOJIOTI IITYYHOTO IHTEJNEKTY JUIA KOHTPOIIO Ta
aHaJi3y 3aMipiB 3HAYHO MiJBUMIYE IIHHICTH METOJIB Ta
3aco0iB BHMIPIOBAHHS TeMIEpaTypu y JIa0OpaTOpPHUX
YMOBax, a TaKOX YyMOXJIUBIIOE B MOJAJBIIOMY
BUKOPUCTaHHS B JITANGHHX amapaTax mId Ha3eMHOTO
CIIOCTEPEIKECHHSI.

[poBenenuit anamiz [9] mokazaB 1o, Ui
po3pobieHHsT 3aco0y BHUMIpPIOBaHHS TeMIEpaTypH Ha
OCHOBI MeTOAy KOMOIHAIlifHOTO pO3CiIOBaHHS CBiTJIa
ONTHMAJBbHUM €  3aCTOCYBaHHS  CIOcoOy,  SIKHH
IPYHTYETBCSL Ha TEMIIEpaTypHId 3aJIe)KHOCTI 4YacTOTH
KOMOIHaIiifHOrO po3citoBaHHa cBiTia. lle mae 3mory

MOKPALIUTH  METPOJIOTIYHI ~ XapaKTEpUCTUKH  3aco0iB
BUMIpDIOBaHHS ~ TeMIlEpaTypd Ta  3MEHIIMTH  4Yac
BUMIpIOBaHHSI. Orxe,  po3poOJICHHS  amapaTHO-

NPOTpaMHUX 3ac00iB BUMIPIOBAHHS TeMIlepaTypd Ha
OCHOBI MeTOIy KOMOIHAI[IfHOTO pO3CIFOBaHHS CBITIA €
AKTyaJbHOIO 331a4CHO0.
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3 MATEPIAJIM I METOAHN Tabmuns 1 — MeTposnoriuHi XapakTepUCTUKH

CrpykrypHa cxeMa 3aco0y BHAMIipIOBaHHS CIEKTPOAHANI3aTOPIB
TemrepaTypu 3a 3cyBoM dvactotu KPC (puc. 1), CrexrpanbHuii Bixnocka '
CKIaNacThcss 3  Jlasepa,  ONTUYHOI  CXeMH  Ta Hassa npunazy Bniliiﬁzzgm Hoxu6Ka Hina, rpu.
CIIEKTpOaHAII3aTopa. OntuyHa  cxemMa  YMOBHO 205 000
MOISIETBCS HA MBI YaCTHUHM: MEPBHHHE KOJIO (ONTHYHI MS 3501i 267-800 uM 0,5%
€JIEMEHTH, SIKI PO3TAIIOBaHI JI0 JOCIIHKYBAHOTO 00’ €KTY) 330000
Ta BTOPUHHE KOJIO (ONTHYHI €IEMEHTH, sIKi PO3TalIOBaHi EnSpectr R332 400528 Hu 0.02%

TICJIS JOCIHKYBAHOTO 00’ €KTY).

I'pannyna moxuOka BUMIPIOBAHHS TEMIIEpaTypu ) ) 16 890 000

TAKAM 332¢060M CTAHOBHTE: X-Rite Colori 7 360-750 am 0,01%
OT =8, +8; +3,, + 0, +0¢, - (1)

Y r1abn. 1 HaBegeHO OCHOBHI  METPOJIOTivHI Tabmuus 2 — MeTpoJIoriyHi XapakTepUCTUKH J1a3epiB
XapaKTePUCTHKH CTEKTPOAHAI3ATOPiB, a y Tabn. 2 — Hassa sasepa | Totysiers | Uacrora | BVAHOCH noxiGKa
TEXHIYHI XapaKTEepPUCTUKH Jia3epiB. 32 1aCTOTOIO

3a pe3ynapTaTaMHu JIOCHIDKCHh MiHIMAJbHA TOXHOKa HeNe-Laser 15 MBr 632.8 i 0.00008 %
cniekrpoananizatopa craHoButh 0,01%, a moxubka G040813000
nmazepa— 0,00003%. Metoauuna noxubka Oyna ggﬂ;gggég 10 MBt 632,8 uM 0,00003 %
JociimkeHa B poooti [1]. Takox crmparounck Ha AaHy HeNo-Laser 0.6 MBT 632.8 i 0,00015 %
po0OTy MOCHIKEHO 3aJIeKHICTh METONMYHOI TOXHOKH G040801000
Bi uacy BHUMIpIoBaHHS (puc. 2) Ta 3aJeKHICTh HeNe-Laser 5 MBr 632,83 um 0,00003 %
METOAMYHOI IMOXMOKHM BiJ TOTYXHOCTI Jazepa Ta G040807000

TPUBAJIOCTI BUMIPIOBaHHS IPEJCTABICHO Ha pHC. 2.

OrnTuyHa cxema

! :
! 1
! 1
! 1
! 1
1
1
1
Tasep ! HepBI/IH}'{'C KOJIO |
] OITHUYHOI CXEeMH |
1
1
1 . o
\ : JocmikyBannii
: | 00’€eKT
! :
! 1
1
CIIEKTpO-
KIp : Bropunse kono
aHaIr3aTop < T R
OIITUYHOI CXEMH
1
1
1
1
1
1

OT, By o™
%

008 . Ty
0.06 = .
0.04

P,Bm

Pucynok 2 — 3anexHicTs METOAMYHOT MOXMOKH BiJ OTYKHOCTI Jla3epa Ta TPHBAJIOCTI BUMIPIOBaHHS
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Pucynoxk 3 — 3anexHicTs METOAMYHOT MOXUOKHU BiJl HOTYKHOCTI JIa3epa 3a TPUBAJIOCTI BUMIprOBaHHS 1¢

BpaxoBytoun Bupa3 (1), ocHOBHy yBary mnoTpiOHO
OPUIUTATH  JOCTIDKCHHIO TMOXHOOK MEPBUHHOIO Ta

BTOPMHHOTO KOJa ONTHYHOI CXEeMH Ta IIOXHOKH
EKCIIepPUMEHTAIILHOTO BU3HAYCHHS 3aJIeKHOCTI
eKBIBAJICHTHOI YaCTOTH aHTHUCTOKCOBOi KOMIIOHEHTH
CHEKTpYy KOMOIHAIIHHOTO PO3CIIOBaHHSI CBITJIA BiJ

TemrepaTypu. [IpoBeleHi MOCHIKECHHs MOKa3aid, IO
BIJHOCHA TOXHMOKAa EKCIIEPUMEHTAILHOTO BHU3HAYCHHS
EYAKC KPC Bix Temneparypu cranoButs 0,00032% st
OKCHIIy aNFOMIHII0 Ta MOX€ 3MIHIOBATHCS 3aJEKHO BiJ
00’ €KTY JIOCIIHKEHHS.

4 EKCIEPUMEHTHA

Peanbni ciektpu KPC maroth pisHy Gopmy [2, 3, 4, 5,
6], cepen HHX HaWyacTilmie 3yCTpiYalOTBCS CIEKTpPH,
ONM3bKI 10 MPSIMOKYTHOI, TPUKYTHOI, TparemienoaioHol
Ta muikononionoi ¢opmu. Ilpuximaam cnekrpis KPC
HaBeICHO Ha puC. 4.

Jus mocmimkeHHS Mojenelt (QyHKIIN mepeTBOpeHHS
ONTHYHHUX €JEMEHTIB Ta BTOPUHHHUX KiI ONTHYHHX CXEM
cuaTe30BaHo Mojeni cuektpiB KPC pizaux dopwm (puc. 5)
13 TAKIMH XapaKTePUCTUKAMHU:

— NpsSIMOKYTHUI 3 KoopauHartamu (1k, 2k, 3k, 4K) 3a
gactoTor 1k — 2200 cm ', 2k — 2200 cM ', 3k — 2400cMm ',
4k — 2400 cm ';

— Tpamnenienomionuii 1k — 2200 CM’I, 2k — 2250 CM’I,
3k—2350 cM ', 4k — 2200 oM

— TpukytHHH 1k —2200 cM ', 2k—2300 cm ', 3k —
2400 e '

— mikonomioauit 1x — 2200 CM’I, 2k — 2200 CM’I, 3K —
2400 cm .

Mozeni [03BOJISIIOTh 3MIHIOBATH LIMPHHY CIIEKTPIB
KPC.

EYAKC KPC MokHa BU3HAYHUTH JBOMa METOIAMU:

— METO/IOM LIEHTPY Mac;

— MeJIaHHUM METOOM.

Bci ¢yHknii nepeTBOpeHHS ONTHYHHUX EJIEMEHTIB
JOCIIKYBAINCS 13 BpaxyBaHHSM JIiHIHHOI, HENiHIHHOT,
BUIAKOBOI CKJIAJOBUX IOXHOKM Ta MOJIENIEH CIIEKTpiB
KPC.
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Pucynox 4 — ®opmu cnexrpis KPC

JlazepHe  BHUOPOMIHIOBAHHS, MPOXOMAYM  KPIi3b
MEpBUHHE KOJO ONTHYHOI CXEMH, MOXE 3MIHHUTHCS 32
IHTCHCUBHICTIO,  OCKUIBKM  MpPONYCKHA  3IaTHICTh
onTu4yHUX eneMeHTiB He nopiBHioe 1 (100%). Koxen
ONTUYHUN CJIEMCHT Ma€ IHAMBIMyalbHY IEpeIaBaIbHY
XapaKTepUCTUKY. 3MiHA  3HAYEHHS  IHTEHCUBHOCTI
JIA3ePHOTO MpOoMeHs He 3MiHIoe popmy crektpy KPC [7,
8], a nmme mpoOMOpHIKHO 3MEHITye abo 30iTbIIye
IHTEHCHUBHICTH YacTOTHHX cKkiaanoBux KPC.

Jns mociKeHHST BIUIMBY iHTEHCHBHOCTI JIA3€PHOTO
BUIIPOMIHIOBAaHHS Ha 3HAYECHHS EKBIBaJCHTHOI YacCTOTH
anTrcTOKCOBOi KommoHeHTH crekTpy (EUAKC) KPC,
3HaueHHss EYAKC KPC BuzHayanoch METOAOM IIEHTPY
Mmac.

Ha puc. 6 mpeacTraBiaeHO pe3ysbTaTH JOCHIHKCHHS
3anexxHocti 3HaueHHs EUAKC KPC Bin iHTEHCHBHOCTI
JIa3epHOTO BHIPOMIHIOBAHHS JUISL NPSIMOKYTHOI Mozeli
cnekrpy KPC 3 ypaxyBaHHAM cymMapHOi MOXHOKH (DyHKIIT
TIEPETBOPEHHS EIIEMEHTIB OINTUYHOT CXEMH.
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Pucynok 6 — 3anexxnicts EHAKC KPC Bix iHTEHCHBHOCTI BUITPOMiHIOBaHHS JIa3epa

JocnipkeHHsT TIPOBOIMIIOCS 33 TaKUX IapaMeTpiB:
umpuHa cextpy 2200-2400 cM ', BUIMaKOBa CKIanoBa
MOXUOKM TepenaBajIbHOI XapaKTEPUCTHKH ONTHYHUX
eneMeHTiB — 1%, miHifiHa cknamgoBa — 5%, HemiHiliHa
ckianoBa 5%. PiBens nocmabnenns curaanxy — 10%, 40%,
60%. Po3ninbHa 3xaTHicTs 32 yactoToro 1 em .

3nauenast EUAKC KPC pospaxoByBajocs METOAOM
LEHTPY Mac JUIsi KOXKHOTO 3 CHEKTpiB. st KoxkHOro 3
JIOCITIDKYyBaHHUX CIEKTPIB, SKi BIAPI3HSUIHCS JIUIIE 32 PIBHEM
nociaOleHHss CHUTHAlTy, 3HAYeHHS KOXKHOI TapMOHIKU
CTEKTPIB TMPOMOPINHHO 3MIHIOBAIMCS BIJHOCHO PiBHSI
nocimabnenHs: curnany, otpumane 3HadeHHs: EHAKC KPC
6y10 ozHaKoBe, a came 2290 cM .

TakuM 4MHOM, IPOBEAEH] TOCIIPKESHHS TIOKa3aJIH, 110
3MiHa IHTEHCHBHOCTI JIa3€pHOTO NPOMEHS HE BIUIMBA€E Ha
moxu6OKy Bu3HaueHHs 3HadeHHs EUAKC KPC.

BpaxoByroun, mo CKIagoBi MOXHOKH BUMIPIOBaHHS B
(1) 8y, Oy, Oco-€ BiTOMHUMHU, a O HE BILIMBAE HA IMOXUOKY

BusHauenus 3HadyenHs EYAKC KPC, pouwinsHO €
JIOCTIIXKYBaTH BTOPUHHI KOJIa ONITUYHUX CXEM 1 IX Oy [9].

Jlnst  MOCHIPKEHHS ~ HENEBHOCTI  3HAXOJKCHHS
€KBIBAJICHTHOI YaCTOTH AaHTHUCTOKCOBOI KOMITOHEHTHU
cnektpy KPC nBOMa MeTomamMu CHHTE30BaHO IPOTPAMHY
MOJIEJTb, AITOPUTM POOOTH SIKOi TIPECTAaBICHO Ha pHUC. 7.

[IpoBeneHo nOCHIMKEHHS 3ale)KHOCTI HETEBHOCTI
BHU3HAYEHHS 1 €KBIBAJEHTHOI YacTOTH aHTHCTOKCOBOI
komrnoHeHTH crekTpy KPC Big KidbKOCTI BHUIAJKOBUX
nmocigoBHOCTeH (N) (QyHKINT HMEpeTBOPEHHS EICMEHTIB
ONTHYHOT cxeMu (puc. 8).

JlocnimKeHHs 1oKa3ajo, U0 MPH Pi3HUX KUIBKOCTSIX
BUIIAJKOBUX IIOCIIIJIOBHOCTEH HEIEBHICTh BHU3HAUYEHHS
Henepuocti EUAKC KPC 6yne pisaoro. s 10
BUIAJKOBUX IIOCIIJOBHOCTEH HENEBHICTH CTAHOBUTH
10,79862%, 100 nocaigoBHOCTEH — 6,18%, mns 1 THesdi
IMOCJII IOBHOCTEMN 1,49%, a gas 10 Tucau
nocaigoBHocrer — 0,45%.
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Pucynok 8 — 3anexnicts BuzHaueHHs HereBHOCTI EHAKC KPC Bix KijIbKOCTI BUITAIKOBHUX MOCIIIOBHOCTEH

5 PE3YJIBTATH

[loOynoBana mporpamMHa  MOJENb  BH3HAUCHHS
nenieBHocTi EYAKC KPC nosBosisie mparioBatu 3 Oynb
SIKOIO KUIBKICTIO BHIAIKOBUX IIOCIHIZOBHOCTEH, MpOTE,
mpu  30UTBIICHHI  KUTBKOCTI  TOCTINOBHOCTEW, dYac
BUKOHAHHS CYTTEBO 3pOCTa€. 3 ypaxyBaHHSIM IIbOTO,
mociimkeHHs mpoBomwimcsa g 1000 BHmagkoBHX
MOCITIJOBHOCTEH, 3a SIKOTO 4Yac BHKOHAHHS IIPOrpaMu
cranoBuTh 0,96 ¢, no nopiBHsHHA npu 10000 BUagKoBUX
MOCJIITIOBHOCTSIX Yac BUKOHAHHS mporpamu — 40 ¢ [9, 10].

Ha mincraBi mnpoBelNeHUX JOCIHIKEHb OTPUMaHO
BHpa3 BIMHOCHOI NOXWMOKM 3aco0y BHMIpIOBaHHS
TEeMIlepaTypy, MOOYyZOBaHOIO Ha OCHOBI  e(exTy
KOMOIHAIIfHOTO ~ pO3CiIOBaHHS  CBITJIA 33  3CYBOM
eKBIBAJICHTHOI YaCTOTH AHTHUCTOKCOBOi KOMIIOHEHTH
CIIEKTDY; CHHTE30BaHO Mozeni AHTHUCTOKCOBOI
KOMIIOHEHTH CIIEKTPY KOMOIHAMIHOTO pO3CIIOBaHHS
CBiTIIa pi3HOi (OpPMH; CTBOPEHO TIPOTPaMHI MOJENi
ONTHYHHUX €JIEMEHTIB Ta ONTHYHUX CXEM 3acoly
BUMIPIOBaHHA  TEMIIEpaTypd Ha  OCHOBI  e(deKkTy
KOMOIHAIIIfHOTO pO3CilOBaHHS CBITJIA.

6 OBI'OBOPEHHSI
OTxe, po3poOiieHa NporpaMHa MOJENb BU3HAYCHHS
nenieBHocTi EHAKC KPC nae 3Mory 3MEHIIUTH NOXHOKY

BUMIpDIOBaHHSI ~ TeMIlepaTypd 3a 3CYBOM  4YacTOTH
KOMOiHAIIIfHOTO po3ciroBaHHs cBiTIa Ha 10%.
Y TOpiBHAHHI 3 BHUMIPIOBAaHHIM TEMIIEPaTypu

MeToJoM, momaHuM y [l], Mm oTpuManm Kpaimry
uBHAKOAII0 B 40 pa3iB Ta 3MEHIICHHS BiJHOCHOI
MOXUOKM BUMIpIOBaHHS Ha 6%, 3a PaxyHOK 3MEHILCHHS
Yyacy HarpiBy IOCHiKyBaHOTO 00’e€kTa jazepoM. Takox,
MOPIBHSAHO 3 MIPOMETPUYHMM METOJOM, TOBIIMHA
JIa3epHOTO0 TIPOMEHS € JOCHTh HEBEJIHMKOI0, IO Ja€
MOXIIUBICTh c(OKycCyBaTH iforo Ha HaiiMeHmI 00’€KTH
nociimkeHHs. OKpiM [bOro, po3poOJIeHHH amnapaTHO-
MIPOTPaMHUN KOMILIEKC MOXKE OYyTH BHKOPUCTAHMH JUIs
KamiOpyBaHHS MATPHIIL ITKCETIB TEIUIOBI30pa, Ky MOXKHA

3aCTOCYBAaTH JUIsl OH-JIaliH CIOCTEPEXKEHHS 32 TEeIJIOBUMHU
300paKEHHSIMU Ta pO3TalllyBaTH Ha OOpPTYy OE3MiIOTHOIO
JITaNBHOTO arapary, OCKUIBKM HOro Bara HE IEpeBHUIILy€E
200 rpam.

BUCHOBKH

OTxe, B pe3yibTaTi CHHTE30BaHO KOMII IOTEPHI
MOJIEINTi ONTHYHHX EJIEMEHTIB Ta ONTUYHHAX CXEM, a TaKOX
CHEeKTpU  KOMOIHAlifHOTO  pO3CIIOBaHHS  CBITIA,
3allpOTIOHOBAHO JIBA METOJM BHM3HAUEHHS 3HAYEHHS
€KBIBaJICHTHOI YaCTOTH AHTHUCTOKCOBOi KOMIIOHEHTH
CHEKTPY KOMOIHAIIITHOTO PO3CIFOBaHHS CBITJIA.

[TpoBeneHi noOCHiIPKEHHS IMOKa3aiM, L0 IEPBUHHE
KOJIO ONITHYHOI CXEMH HE BHOCHUTH IOXMOKH B PE3yJbTaT

BUMIPIOBaHHS ~ TEMIEPAaTypd 3a 3CYBOM  YacTOTH
KOMOIHAIIfHOTO ~ po3cifoBaHHA cBiTIa. Ha migcrasi
OTPUMAaHUX 3HAa4YeHb BIAHOCHOI MOXWUOKH  3aco0y

BUMIPIOBaHHS TEMIIEPATypH, MOXKEMO CTBEPAKYBaTH IIPO
JIOLITBHICTH MPOBEICHHS IOCIIHKEHHS BTOPHHHOTO KOJia
ONTUYHOI CXEMH.

HaykoBoro HOBH3HOIO € CHHTE30BaHi IIpOrpaMHi
MoJedi AHTHUCTOKCOBOI KOMITOHEHTH CHEKTPY
KOMOIHAIIITHOrO PO3CiIOBaHHS CBITJa Ta ONTHYHHUX
€JIEMEHTIB ONTHYHUX CXEM, IIO0 JIa€ 3MOTY IIPOBECTH
TEOPETHYHI JIOCIIPKEHHSI METPOJIOTIYHUX XapaKTEPUCTUK
3ac00iB BHMIpIOBaHHS TEMIIEpPAaTypH, IOOYJOBaHMX Ha
OCHOBI e(peKTy KOMOIHAIIITHOTO PO3CifOBaHHS CBITIIA.

MNOJSAKHA

Pobora Bukomana B pamkax Temu JB\KPC
Ne0113U003188 ta mponoBxyeThes B [Ib«IHpopmaniiina
TEXHOJIOT 15 (dhopmyBaHHS COLIIOKOMYHIKaIiHHOTO
Cepe/IOBHIIA TEPUTOPIAJIBHUX TPOMaIy sl KOHTPOIIO
TEPUTOPIi.

JITEPATYPU / ITUTEPATYPA
1. Cerema O. B. BumiproBaHHs TeMIlepaTypu MiKpooO €KTIB 3a
JIOTIOMOTOI0 CHIEKTPY KOMOIHAIIITHOTO PO3CitOBaHHS CBITIA -
aBTOped. mmC. KaHA. TEXH. HaykK 05.11.04 /

© Kpusenuyk lO. I1., llaxoscbka H. B., Bosk O. b., Menbuukosa H. 1., 2018

DOI 10.15588/1607-3274-2018-3-3

31



e-ISSN 1607-3274 PapioenexrpoHika, inpopmatuka, ynpasminsas. 2018. Ne 3
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2018. Ne 3

O. B. Cerena; Ham. yH-T «JIpBiBChKa momiTexHikay. — JI.,
2012.-20c.

derochette.be/Raman_Microscope/raman_spectra_Metamor
phic.htm.

2. Komusaa cnekrpockomisi / [Enextponnuii pecypc]. Pexxum 7. Hesketh P.J. Bio Nano Fluidic MEMS / P. J. Hesketh //
JOCTYIIy: http://chem.Ilnu.edu.ua/kah/Patsay/fmd/lecture- Springer Science & Business Media, NY, 2007. — 267 p.
S5.pdf. 8. Zhang J. X. Molecular Sensors and Nano devices / John X J

3. Kowm0inamiiine po3citoBanHs cBitna / [EmextpoHHuMit Zhang, Kazunori Hoshino // Springer Science & Business
pecypc]. Pexxum noctymy: http://lektsii.com/1-34316.html. Media, USA, 2013. - 302 p.

4. IlposB y cmekrtpax ¢oromominicuennii Ta KPC BmmBy 9. Kpuenuyk [O. Meroq xoMmOiHAmiHHOTO —pO3CiIOBaHHS
npenapary y 6epoepuny na JJHK / [Enextponnuii pecypc]. CBITIa y TepMOMeTpii TOBEepXHI MIKpooO’ekTiB /
Pexum JIOCTYIy: 10. Kpusenuyk, O. Cerena, C. Suumus, // BumiproBansHa
http://www.ekmair.ukma.edu.ua/handle/123456789/7608. TexHika Ta merposoris. —2012. — Ne 73. — C. 28-31.

5. Paman-cmextpu i cTpykTypa amopduux miiBok Bi2S3 ta  10. The Method of Big Data Processing for Distance

As2S3 / [Enextponnuii pecypc]. Pexum mocrtymy:
http://www.pu.if.ua/inst/phys_che/start/pcss/vol10/1003-
10.pdf.

Educational System / [N. Shakhovska, O. Vovk, R. Hasko,
Y. Kryvenchuk] // Advances in Intelligent Systems and
Computing, Springer, Cham. — 2017. — Vol. 689. — P. 461—

6. Raman Spectra of Metamorphic Rocks Minerals / 473.

[Enexrpornmit pecypc]. Pexum moctymy http:/jm - Crarrs Hagiiinna o penakuii 13.02.2018.
Micns nopo6ku 26.03.2018.

YK 536.51.083:535

KOMIIbIOTEPHOE MOJIEJIMPOBAHUE ®YHKIIUI IIPEOBPA3OBAHUSA ONTHYECKHAX CXEM
CPEACTBAMMU U3MEPEHUS TEMIIEPATYPBI, IOCTPOEHHOI'O HA D®®EKTE PAMAHA U CTPYKTYPA
AJI'OPUTMA UX UCCIIEJOBAHUSA

Kpuenuyk IO. II. — kaHI. TeXH. HayK, acCHCTEHT KadeApbl CHCTEM HCKyCCTBEHHOrO HHTelnekTa HaruonambHOTO
yHUBEpCUTETA «JIpbBOBCKas MONMTEXHUKA», Y KpauHa.

laxoBcska H. B. — 1-p TexH. Hayk, mpodeccop, 3aBeAyIomuil kKadeapbl CHCTEM HCKYCCTBEHHOTO HHTEIIeKTa HanronansHOTO
yHUBepcuTeTa «JIbBOBCKas HOIIMTEXHHUKAY, YKpauHa.

BoBk O. B. — kaHx. TexH. HayK, JOLEHT KadeApbl CHCTEM HCKYyCCTBEHHOTO HHTEIeKTa HanmoHaabHOTO yHHBEpCHTETa
«JIpBOBCKas MOIUTEXHUKAY, YKpaKUHa.

MeasnukoBa H. WM. — xaHn. TexH. Hayk, CTapIiuii IpernojaBareib Kadeapbl CHCTEM HMCKYCCTBEHHOTO HHTEIJIEKTa
HanmonansHoro ynuBepcureTa «JIbBOBCKas MOJIUTEXHUKa», YKpauHa.
AHHOTANUA

AKTyalIbHOCTB. B mporiecce usmepeHust TemMeparypbl MO CABUTY 4acTOThl KOMOMHAIIMOHHOTO PacCeMBaHUS CBETA, BOSHUKAET
mpo6iieMa OIpeieNIeHUs] SKBUBAJICHTHON 9acTOTHI CIEKTpa. DTO MPOSBIIETCS B Pe3yIbTaTe MPOXOXKACHUS OTPAKEHHOTO M3Ty4CHUS
4yepe3 ONTHYECKHE SJIEMEHTHI, HCKa)KaeTcs MOTPEITHOCTIMH KOMIUIEKCHBIX JaCTOTHBIX XapaKTEPHCTHK 3TUX 31eMeHToB. Herounoe
OIIpe/IeNICHNEe SKBUBAIECHTHOH YacTOTHI BiIEUEeT 3a co0Oif OoJbIIyI0 OMMOKY OHpeNeNeHust TeMIepaTypsl. [109ToMy akTyalbHBIM
SIBISIETCS. CHHTE3 IIPOTPAMMHBIX MOJENEH ONTHYECKHX O3JIEMEHTOB ONTHYECKMX CXEM, a TaKXKe CIeKTpa KOMOMHAIMOHHOTO
paccerBaHus CBeTa JJIs JAJIbHEHIINX UCCIIeJOBaHUH.

ILleap padoThl — CHHTE3 MOJEJNeH DJIEMEHTOB ONTHYECKUX CXEM M CIIEKTPOB KOMOWHAIIMOHHOTO pPacCceWBaHMsl CBETa IS
JambHEHIIEro UCClIeI0BaHUs ONTHUECKUX JIEMEHTOB U ONTHUYECKUX oOnacTeil.

Metoa. B nocnennee BpeMsi IIMPOKO NMPUMEHSIOTCS pa3iIMYHbIE H3JEIHS U CEHCOPHI, pa3paboTaHHbIE Ha 0a3e MHUKpPO — U
HAHOCTPYKTYPUPOBAHHBIX MaTepHanoB. Pa3paboTaH melnslil psii KOMIIOHEHTOB JI€KTPOHHOH TEXHUKH, KOTOPBIE B COTHU pa3 MEHBIIE
CBOMX IIPEAIIECTBEHHUKOB. B mpomecce M3roTOBICHUS TAKWX MHHHATIOPHBIX KOMIIOHEHTOB JJIEKTPOHHON TEXHHKH HEOOXOIMMO
TOYHO KOHTPOJHMPOBATH TEMIIEPAaTypy. XapaKTEPUCTHKH CYMIECTBYIOIINX CPEICTB M3MEPEHHH HE BIOJNHE YHOBIETBOPSIOT THM
TpeboBaHmsaM. OIHUM W3 TIEPCHEKTHBHBIX HANpaBICHHH [UI pPEMICHHS JTOH MpoOJIeMBI SBISIETCS INIPUMEHEHHE MeToxa
KOMOMHAIIMOHHOTO DPAcCEeMBaHMs cBeTa. B pamMkax MeToJa KOMOMHAIMOHHOTO pPAaCCEMBAHMS CBETa M3BECTHO 1Ba cHocoba
OIIpe/ICJICHUS] TEMIIEPATYPhI: MEPBBIIl 110 OTHOIICHUIO HHTEIPAJIbHON IUIOMIAAN CTOKCOBOM KOMIOHEHTHI CIIEKTPa K aHTHCTOKCOBOIA,
BTOpOW IO CIBHIY 4YacTOTHI KOMOMHAIIMOHHOTO pacCceMBaHWS CBeTa. BTopoil cmoco6 wumeeT Jyuiiee OBICTponeHCTBHE,
MpeBBIIIAoNIee MEePBhI Ooee 4eM B 2 pasa, Tak Kak Hy>KHO ONPENENSATh TONbKO aHTUCTOKCOBOIO KOMIOHEHTY CIieKTpa. Takxe,
JAHHBIA CIIOCOO MMEET MEHBIIYI0 METOAMYECKYIO MOTPEIIHOCTh, KOTOpas BO3HUKAET 3a CUET MeperpeBa HCCIelyeMoro o0beKTa
na3epoM. [ToaToMy ObUT BBIOpaH AaHHBIH METOA U CIIOCOO IS JTbHEHITNX UCCIICAOBAHUIA.

PesyabTarbl. CHHTE3MpOBAaHBI KOMIIBIOTEPHBIE MOJIENM ONTHYECKHX 3JICMEHTOB M ONTHYECKMX CXEM, a TaKXkKe CIEKTPHI
KOMOMHAIIMOHHOTO PaccerBaHMs cBeTa. [IpeasioskeHo Ba MeTo/a ONpEeAesICHNs 3HaUCHHs SKBUBAJICHTHON YaCTOTHI AHTUCTOKCOBOM
KOMITOHEHTHI CIIEKTpa KOMOMHAIMOHHOTO PaCCEUBAHUS CBETA.

BruiBoasl. [IpoBeneHHbIe HCCIEIOBaHHMS MOKAa3aiH, YTO NEPBHYHBIA KPYr ONTHYECKOW CXEMBI HE BHOCHUT IIOTPEIIHOCTH B
pe3yibTaT M3MEpEeHUsl TEeMIlepaTyphl II0 CIBUIY YacTOThI KOMOWHAI[MOHHOTO paccemBaHMs cBera. JlOBEIEeHO Lenecoo0pa3HOCTh
MIPOBEAEHHUS HCCIIEJOBAHUS BTOPUUHOM IIETTH ONTHYECKOI CXEMBI.

K/IFIOYEBBIE CJIOBA: wusmepeHue TeMmepaTypbl, CHEKTPbI
TEPMOMET.

KOMOMHAIIMOHHOTO pacceMBaHMs CBeTa, PoMaHOBCKUil
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COMPUTER MODELING OF FUNCTIONS FOR THE TRANSFORMATION OF OPTICAL SCHEMES OF
MEASUREMENT OF TEMPERATURE CONSTRUCTED ON RAMAN EFFECT AND STRUCTURE OF THE
ALGORITHM OF THEIR RESEARCH

Kryvenchuk Yu. P. — PhD, Assistant of the Artificial Intelligence Department, Lviv Polytechnic National University, Lviv,
Ukrglrll;i(hovska N. B. — Dr.Sc., Professor, Head of Artificial Intelligence Department, Lviv Polytechnic National University, Lviv,
Ukr$2$k 0. B. — PhD, Associate professor of the Artificial Intelligence Department, Lviv Polytechnic National University, Lviv,
Ukrla\ilneﬁi.nykova N. L. — PhD, Senior Lecturer of the Artificial Intelligence Department, Lviv Polytechnic National University, Lviv,
Ukraine.

ABSTRACT

Context. In the process of measuring the temperature for the frequency shift of the combination scattering of light there is a
problem of determining the equivalent frequency of the spectrum. This is manifested by the passage of reflected radiation through
optical elements, which is distorted by the errors of the complex frequency characteristics of these elements. Large error in
temperature determination is result of inaccurate definition of the equivalent frequency. Therefore, the synthesis of software models
of optical elements of optical circuits, as well as the spectrum of combinational light scattering for further research is relevant.

Objective — synthesis of models of elements of optical circuits and spectra of combination scattering of light. That makes it
possible to investigate the uncertainty of the transfer characteristics of the optical transformation function.

Method. Recently, various products and sensors, developed on the basis of micro and nanostructure materials, are widely used. A
number of electronic technology components are developed that are hundreds of times smaller than their predecessors. In the process
of manufacturing such miniature components of electronic technology need to carefully monitor the temperature. Characteristics of
existing measuring instruments do not fully meet these requirements. One of the promising directions for solving this problem is the
use of the method of combining light scattering. Two methods of determining the temperature are known in the framework of the
method of the combination scattering of light: the first with respect to the ratio of the integral area of the Stokes component of the
spectrum to the anti-Stokes, the second by the shift of the frequency of light scattering. The second method has a better performance
at least 2 times, since it is only necessary to determine the anti-Stokes component of the spectrum. Also, this method has a lesser
methodological error, which arises due to overheating of the object being studied by a laser. Therefore, this method and method for
further research was chosen.

Results. Synthesized computer models of optical components and optical circuits and Raman spectroscopy. Two methods for
determining the value of the equivalent frequency of an anti-Stokes component of the light scattering spectrum are proposed.

Conclusions. The conducted studies have shown that the primary circle of the optical circuitry does not make any errors in the
result of measuring the temperature at the shift of the frequency of the combination light scattering. It’s proven expedient to conduct
a study of the secondary circle of the optical circuit.

KEYWORDS: temperature measurement, spectra of combinational light scattering, Raman thermometer.
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KOPPEJISIIIMOHHBINA METOJ] ®OPMUPOBAHUSA OBYYAIOIIEN
BBIBOPKU J1JIAA AZAIITAIIMUA TPOCTPAHCTBEHHOTI'O ®UJBTPA

Muza . M. — o-p TexH. Hayk, npopekrop no HITP u BIIP, 3anopoxckuii HaliMOHaIbHBINA TEXHUYECKUI YHUBEPCHU-
TeT, 3aMopoxbe, Y KpauHa.

Pomanenxko C. H. — kanz. ¢pus.-mar. Hayk, JoUeHT kKadeapsl 3ammTsl nHGopManuy, 3aropoXCKUil HallMOHATbHBIN
TEXHUYCCKUN YHUBEPCUTET, 3alIOPOXKbE, YKpanHa.

CemenoB /I. C. — HavansHUK oTaAena, KasenHoe npenmpusatre «HaydHo-ipon3BOACTBEHHBIN KoMImieke «Hckpay,
3amopoxbe, YKpanHa.

AHHOTALNMUA

AKTyanbHOCTB. [l o0ecreyeHns TOMEX03aIUIIEHHOCTH COBPEMEHHBIX PAaJMOIOKAIMOHHbBIX CTAHLIUH HCIOIb3YIOT IBYX3Tall-
HYIO IIPOCTPAHCTBEHHO-BPEMEHHYIO 00paboTKy curHainoB. OfHAKO, IIPH OAHOBPEMEHHOM BO3/IEHCTBUM aKTHBHOW LIyMOBOI U mac-
CHBHOMW TIOMEXH IOCIIEHAS ICKOPPEIUPYET aKTHBHYIO ITOMEXY. DTO CyLIECTBEHHO OIPAHMYMBACT IIOMEX03aLINIIEHHOCTh KOTePEeHT-
HO-MMITYJIbCHBIX PaJANOJIOKAMOHHBIX cTaHIUH. [ToaToMy opmupoBaHue KiaccupUIMPOBaHHONW 00yualoleld BHIOOPKH, HOPOXKACH-
HOM TOJIBKO aKTUBHOM IIyMOBOM IIOMEXOM, SABISIETCSA JOCTATOYHO AKTyaJIbHOM 3aauei.

Leabto paboThl ABISETCS UCCIEAOBAHUE KOPPEISIIUOHHOTO MeToia (OPMHUPOBAHUS KiIacCH(PHINPOBaHHON 00yUaromiei BEIOOp-
KH B peabHOM Macmrtabe BpeMEeHH ITyTeM TEKYIETo aHalli3a MOIYJISI MEXKKaHAIBHOTO KOd(QUIMeHTa KOPPEIISIAY 110 TaNEHOCTU B
Ka)XJIOM [EepPHOJie IOBTOPEHUSI CHTHAJIOB PaI0JIOKAIIMOHHOM CTAHIIUH.

Mertoa peanusyercs GOpMUPOBaHHEM MHTEPBAILHOW CHHXPOHHOH OLICHKH KaK MOAYJI MEKKaHAIBHOTro Ko3(duuueHra xoppe-
JUSIIUH, TaK U BECOBBIX KOd((HUIMEHTOB mpocTpaHcTBeHHOro (rubTpa. [Ipn 3TOM, HHTEpBAJ ¢ MAaKCHMMaJIbHBIM 3HAUYCHUEM MOJYJIS
MEKKaHAJIBHOTO K03 duLMeHTa KOppesiiuK onpenessiercs Kak kiaccuuuupoBanHas o0y4aromiasi BbIOOpKa, a chOPMUPOBAHHBII
Ha 3TOM MHTEpBaJIe BECOBOI KOI()OHUIMEHT UCIOIb3YeTCs I aJaNTalid BeCOBOro Ko3((UIMEHTa POCTPAHCTBEHHOTO (HIBTPa
IIPY KOMIICHCALIMY aKTHBHO# IIyMOBOM TOMEXH B CJIEAYIOLIEM EepHO/ie MOBTOPEHHUS CUTHAJIOB PaJUOJIOKAIIMOHHOI CTAHIMH.

Pe3yabTaThl. PacCMOTPEHBI TEOPETHYECKUE U NMPAKTUYECKHE acTeKThl (JOPMUPOBAHUS KiIacCU(GUINPOBAHHONW 00ydaroliei BbI-
Oopku. Pazpaborana cTpykTypHasi cxeMa IPOCTPAHCTBEHHOTO (QHIBTPA ¢ KOPPEISIIMOHHBIM aHAJIM30M TEKYILETO pacHpeeleHHs
MIACCHBHON MOMEXHM II0 JaJbHOCTH IIOCPEACTBAM OIECHKH MOXYJS MEXKAaHAIBHOTO KOd((UINEHTa KOPPEIUU CHTHANOB, NEHCT-
BYIOIIMX B KaHallaX IPOCTPAHCTBEHHOro (uibTpa. PazpaboTaHa M mpoTecTUpoBaHa MaTeMaTHYeCKas MOJENb aJalTUBHOTO IIPO-
crpancTBeHHOTo (unbrpa. [loxTBepKAeHa BO3ZMOXKHOCTE PabOThI IPOCTPAHCTBEHHOTO (uibTpa ¢ GopMUpoBaHUEM KiacCHPHIUPO-
BaHHOHU 00y4Yalolei BHIOOPKH B peabHOM MacIiTade BpeMEHH.

BriBoabl. Hayunas HOBH3HA MPOBEAECHHOTO UCCIEIOBAaHHUA COCTOMUT B AalbHEHIIel pa3paboTke HOBOro MeToaa (hOpPMUPOBAHUS
KiIaccu(UIUPOBAaHHON 00yyaromieil BIOOPKH ISl aJanTaliy IpOCTPaHCTBEeHHOTo (uibTpa. [lokasaHo, 4To TeKyLHil aHATN3 MOJY-
75l MEXKKaHAIBHOTO KOd()(GUIMEHTa KOPPEISLMH MO3BOJISAET B PEabHOM MaciuTabe BPEMEHH ONpPENeIMTh WHTEPBAN, HA KOTOPOM
OTCYTCTBYET IAaCCHBHAs TOMeXa, U COPMUPOBATH 00yUaroI[yl0 BEIOOPKY [UIS aZaNTalldl BECOBBIX KOX(D(UIIMEHTOB MPOCTPAaHCT-
BEHHOTO (UIIbTpa.

IIpakTHdeckas 3HAUNMOCTH OIIPEAEINISETCS Pa3pabOTKON CTPYKTYPHOI CXEMBI IIPOCTPAHCTBEHHOT'O aJalTHBHOTO (HIBTpa U MHO-
JTy4YCHHBIMU Pe3yJIbTATAMU MOJEIUPOBAHMS, IPU STOM aJ€KBATHOCTb MOJIEIIH IIOJTBEPIK/ICHA aHATUTHYECKUMH PACUCTaMH.

KJIIOYEBBIE CJIOBA: anantuBHasi NpOCTPaHCTBEHHAs 00paboTKa, KOMOMHUPOBAHHAS TIOMEXa, KIacCH(PUIMPOBaHHas 00y-
Yarolas BEIOOPKa, MOJIEIUPOBaHHE.

ABBPEBUATYPBI U x — kommiekcHoe 3HaueHue AIIII u ITI1 B kommnen-
AIIT — akTHBHAS IIyMOBasi IOMeXa;

CallMOHHOM KaHaJIe;
JAHA — nuarpamma HarpaBI€HHOCTH aHTEHHBI;

.k
KOB - xnaccudunuposanHas o0y4aromasi BEIOOpKa; Uk — xommekcHo — conpsikenHoe suauenne AL n
MMKK — Mojynb MexKaHaIbHOTO Kodddurimenta [1I1 B xOMIIEHCalIMOHHOM KaHaJIE;
KOppCJBILHHT, U 4o — xommtekcHoe 3HadeHue AIIIl B ocHOBHOM

IIIT — naccuBHas ToMexa;

I1® — npocTpancTBeHHBIH QUIBTD; i
PJIC — paJHonoKaLHOHHas! CTAHLS; U 4x — xommiekcHoe 3HaueHue AIIII B xommeHca-

KaHaje;

OKOB — ¢popmupoareis kaccupUIMpOBaHHON 00y-  HOHHOM KaHalle;

o . %
Harolel BHIGOPKH. U 4x — xoMIuleKkcHO-comnpsikeHHoe 3HaueHne Al B

HOMEHKJIATYPA KOMIICHCAIlMUOHHOM KaHaJIC;

; U0 — xommuiekcHoe 3Hauenue III1 B ocHOBHOM Ka-
k; — xOMILIIEKCHOE 3HaYeHHEe BECOBOro ko3 duienra

. Haje;
I1® Ha i- ToM UHTEpBaJie JAIBHOCTH; ;

Koy — ONITUMAJIBHOE KOMILIEKCHOE 3HAYEHHE BECOBO- Upg — xomnekcHoe snauenne IIII B xommencaim-

OHHOM KaHaJl€;

ro koapdunuenta [1D;
: p|. — MOMyIb MEKKaHATBHOrO HOPMHPOBAHHOTO KO-
1

Uy — xommekcHoe 3Hadenue AIIIT u IIIT B ocHOB-

HOM KaHATE; s duIeHTa KOPPEISIHHU B § -OM UHTEpBaJe NAITbHOCTH;
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|p|max — MaKCHMAIbHOE 3HAUYCHHME MOXYIS MEXKKa-

HaJIbHOTO KOX((QHIMEHTa KOppENslMA Ha HWHTEpBaie
JaTbHOCTH.

BBEJEHUE

Hns obGecrieuennst 3¢ GeKTUBHON pabOTHI paanoIoKa-
LUOHHBIX CTAHIHWI B YCIOBUAX BO3NCHCTBUS KOMOHHUPO-
BaHHBIX MOMEX HCIOJIB3YIOT IBYXITAIHYI MPOCTPAHCT-
BEHHO-BPEMeHHYI0 00paboTKy curHanoB. OpHako, Ha
HWHTepBaNax nansHOcTH, rae Ha PJIC ogHOBpeMeHHO BO3-
JEeHCTBYeT aKTHBHAS IIyMOBas M MacCHBHas IOMeXa, IMO-
CIeHAA [EKOPPENUPYET AaKTHUBHYIO LIYMOBYIO IIOMEXY
[1]. D10 yxymmaer koadduument nonasinenus AILLIT
NpocTpaHCcTBeHHBIM (uibTpoM. B [2, 3] Takke mokaszaHo,
YTO MPHU OJHOBPEMEHHOM BO3/ICHCTBUM MACCHBHOW IOMe-
XM CKOpPOCTh aJaNTallii IPOCTPaHCTBEHHOTO (MIIbTpa
CylllecTBEHHO 3amemisiercs. B [4] oTmedaercs, 4To B yc-
JIOBHSIX BO3JCHUCTBUS KOMOHMHHPOBAHHBIX IIOMEX IIOTEPH B
BBIXOJTHOM OTHOIICHWH CHTHAI/TIOMeXa + IIyM IpH Hpo-
CTPaHCTBEHHO-BPEMEHHOW 00pa0OTKe CHUTHAJIOB JOCTH-
rafor 10-30 gb. IlosTOoMy IS yMEHBIICHHUS TOTEPh MpU
MIPOCTPAaHCTBEHHO-BPEMEHHOH 00paboTKe, A aganTauu
3HA4YEHHUH BECOBBIX KO3((HIMUEHTOB MPOCTPAHCTBEHHOTO
¢bunbTpa, HEOOXOIUMO TEM WIIM UHBIM 00pazoM chopMu-
poBaTh KJIACCU(PHUIMPOBAHHYIO OOYYaloOIlyl0 BBIOOPKY,
nopoxaeHnyo Toiabko AL

1 IOCTAHOBKA 3AJIAYN

UzBecten wuactotHbi Meton ¢QopmupoBanust KOB.
Merto1 OCHOBAaH Ha MCIOJIb30BAHUM CIIEKTPAIBHBIX OTJIU-
yuil B ctpykrype ALLIT u III1. B [5, 6] B pe3ynbrare uMu-
TallMOHHOTO MOJICITMPOBAHMS MOKA3aHO, YTO HCIIOJIb30Ba-
HHE PEXEKTOPHBIX (UIBTPOB B HeEIX (HOPMUPOBAHUSA
BECOBBIX KO((UIIMEHTOB, HACTPOCHHBIX Ha MOAABJICHUE
NACCUBHBIX TOMeX, obecneunBaeT (opmupoBanue KOB,
nopoxxaenHoi Tonbko AT, Hemoctatkom metozna siBis-
eTcs yXyALICHHE KOMIICHCAI[MH NMPHUIETIbHBIX 110 9acTOTe
AINII. Eme onHUM HEAOCTAaTKOM METOJIa, OTPaHUIUBAIO-
M ero npuMenenue npu 3ammre PJIC ot AIIII, pefict-
BYIOIMX B HAIPABJICHUN OOKOBBIX JIETIECTKOB INArpaMMEl
HaINpaBJICHHOCTH aHTEHHBI, SIBISAETCS PAa3HOC aHTEHH OC-
HOBHOTO M KOMIEHCAIIMOHHOTO KaHAJIOB B IPOCTPAHCTBE
[7]. HoaTomy omeHka BozmoxkHOCTH (opmupoBanuss KOB
KOPPEISILMOHHBIM METOJOM HPH COITACOBAaHHOH (HIBT-
panuy CUTHAJIOB B PEalbHOM MacITabe BPEMEHH SIBIISCT-
¢s JOCTaTOYHO aKTyalbHOU 3aJauei.

2 OB3OP JIMTEPATYPBI

Hnst hopmupoBaHus KiacCUPUIIMPOBAHHONW 00y4aro-
el BBIOOPKU B [8] MpeIoKeHO HCIOJIb30BaTh BPEMEH-
HOM MHTEpPBaJl, PACIOJI0KEHHBIA B KOHIIE JAIBHOCTU JEH-
cteus PJIC. TIpenoxeHHOe TEXHUIECKOE PEIICHHE OCHO-
BBIBAJOCH HA TNPEIIIOJIOKECHUH, YTO WHTEHCHBHOCTD I1ac-
CHBHOM ITOMEXH 110 MEPEe YBEINYEHHS TATBHOCTH CYIIECT-
BEHHO yMeHbInaercs. OpHaKo, NpH MPOCTPAHCTBEHHO
pacIpeieneHHbIX Ky4eBO-I0KIEBbIX OOJTAaYHBIX CHCTE-
Max, Jake Ha TpenenbHOW mampHOCTH aeiictBus PJIC,
MHTCHCUBHOCTh TTACCUBHBIX ITOMEX MOXKET CYIIECTBEHHO
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MIPEBBIIATH YPOBEHb COOCTBEHHBIX INYMOB IPHEMHOTO
YCTpPONCTBA.

B [9] npennmoxen merox ¢opMupoBaHUS Kiaccupu-
MUPOBAaHHHOW OO0ydYaromeil BBIOOPKH, WCIIONB3YIOMIHI
€CTECTBEHHYIO HECTallMOHAPHOCTh MACCHBHBIX MOMEX IO
naneHocTH [10]. IIpemnokeHHBI METOJ OCHOBaH Ha WC-
MOJTb30BaHMH allOCTEPHOPHON MH(OPMANNU OTHOCHTEIb-
HO pacIpeleleHus] TaCCHBHOW COCTAaBIIAIONIEH KOMOMHH-
POBaHHOMW MOMEXH MO0 AanbHOCTH. IlocKONbKY IIpU OIHO-
BPEMEHHOM BO3ACHCTBUM aKTUBHOM IIYMOBOW M IIaCCHUB-
HOMW NMOMEXU MOCIeIHS JEKOPPENUPYEeT aKTUBHYIO ITOMe-
Xy, TO B YIIOMSHYTOH pa0OTe NMpeIoKEHO NMPOU3BOIANTH
TEKYILYI0 OLIEHKY PacIpeeeHus MOyl MEXKKaHAIBHO-
ro K03 QUIeHTa KOPpeNsy 10 JanbHocTH. [Ipu sTom
BesiecTBHE HecrannonapHoctu 1111 mo mampHOCTH Tpen-
CTaBJSTIOCh BO3MOXHBIM BBIOpaTh BPEMEHHOW WHTEPBaI
s popMHpOBaHUS KIacCH(PHUIUPOBAHHON 0Oydaromei
BeIOOpKH. HacTosimast craTtesi sBIsSeTCS MPOJOKEHUEM
paboT, BEIITOJTHEHHBIX aBTOPAMH PaHEe.

3 MATEPHUAJIBI 1 METO/JbI

CTpyKTypHasi cxema MpOCTPaHCTBEHHOTO (HUIbTPA C
IPSIMBIM BBIYMCIICHUEM BECOBBIX KO3()(HUIIMEHTOB U KOp-
PEJIUOHHBIM aHAIHM30M PaCIpeeICHUsI MOy ISl MEXKa-
HAJIBHOTO KOA(QQUIMEHTa KOPPESIIMU 10 JaJIbHOCTH
npexacTasieHa Ha puc. 1, rae Uy n U — KOMIUIEKCHbIC
3HaueHust AT u I1I1, koTopsle AEHCTBYIOT B OCHOBHOM
¥ KOMIICHCAIIMOHHOM KaHajaxX, K KOTOPBIM ITOJIKIIOUYECHBI

ocTpoHarmpaBieHHas aHTeHHa Al u ciaGoHampaBiIeHHas
anTenHa A2, COOTBETCTBEHHO.
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Pucynox 1 — CtpykTypHas cxeMa NpOCTPaHCTBEHHOTO
¢duneTpa

AD

B mpencraBnennoit cxeme Omoxu 1, 2, 3, 5, 6 u 7
MpeaHa3HAYCHBI 7S BBIYMCICHUS KOMIUIEKCHOTO 3Hade-

HUs BecoBoro kod(pduumenta II1® &, Ha uHTepBanax

JATBHOCTH B K&XJIOM MeEpHOJE IOBTOPEHMS] CHI'HAIOB
PJIC. B OGnoke ¢opMupoBaHus KiIacCUPHUIMPOBAHHOM
oOyyatomieit BEBIOOPKH 9 MPOHU3BOIUTCS BEIOOP ONTHMAIIb-
HOTO 3HAa4YEHHsI BECOBOTO Koa(duieHTa, KOTOphIA COOT-
BETCTBYET MAaKCHMAIIbHOMY 3HAUYCHHIO MOMYJS MEXKa-
HaJBHOTO KO3((HIMEHTa KOPPEISLHMU B Ipeaenax Iie-
pHoJa OBTOPEHHS Ha BCEX HHTEPBANax JaJbHOCTH.
CrpykrypHas cxema ®KOB mpencraBnena Ha puc. 2.
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Pucynok 2 — CtpykrypHasa cxema ®KOB

31ech paccuMTaHHBIC HAa MHTEpBalaxX JAJbHOCTH 3Ha-
YeHHs BECOBBIX KOO(DMUIMEHTOB £; TOCIETOBATEILHO

MOCTYNAOT HAa BXOJ MHOTOOTBOJHOW JIMHUU 33ICPIKKU
JI31. 3agepxka mexay Berxomamu JI31 paBHsETCS MHTEp-
BaJly YCPEAHEHHs] BECOBBIX K03(duuueHToB. BrruncieH-
HBIE 3HAYEHUS BECOBBIX KOA(HUIMEHTOB ¢ BhIX0A0B JI31
MOCTYIAIOT Ha BXOJIbI #-KaHAIBHOTO KoMMyTaTopa 2. [la-

PajIeNbHO C BBIYMCIIEHHEM BECOBBIX KOO(UIMEHTOB K,

B Onoke 1 BemomasieTcs pacaer MMKK Ha Tex ke ore-

HOYHBIX MHTEpBajiax AAIbHOCTH. [loydyeHHbIe 3HauCHUS

MMKK' |p|. mocnenoBarenbHO MOCTYNAOT Ha MHOTOOT-
1

BOJHYIO JHHHUIO 3aaepkku JI32. 3amepxkka MeXIy OTBO-
Aamu JI32 paBHseTcAd MHTEpBAly YCPEIHEHHS OLEHKH
senmuunbl MMKK |p| . C BbiBOsI0B JMHMHK 3as1epskkn JI32

paccunrannsie 3HaueHns MMKK moctynarot Ha 1, 2,...n
BXOJIBI YCTPOMCTBA BBIOOpAa MaKCHMyMa 3, T/Ie aHAIH3H-
pyercs n 3Hauennii MMKK u ¢popmupyercs ko nosuim-
OHHOT'O HOMEpa BXOJa, Ha KOTOPOM peau3yeTcsi MaKCH-
MaJbHOE 3HAYCHHE |p|max . DTOT KOj HOCTYNaeT Ha

YOPaBISIONUN BX0OJ KOMMYTaTopa 2 M 3allOMHMHAIOIIEro
ycrpoiictBa 4, B KOTOPOM (PUKCHUpYETCS ONTHMalIbHOE

3Ha4YeHHEe BECOBOro Kod(duieHTa . 3HaueHue £k,

OIT * OIT
NOCTYIIaCT Ha BXOA KOMILJICKCHOI'O YMHOKUTCIIA 10 (CM.

puc. 1), Tie yMHOXaeTcsl Ha CUTHaJl KOMIICHCAIlMOHHOTO
kaHana U . Pe3ynbraT yMHOMKEHHS ITOCTYNAET HA CyMMa-
Top 11, B KOTOPOM MOCIIE CIOKEHUSI C CUTHAJIOM OCHOB-

noro kanana U o » Iporcxoaut komnencauus AILIL.

4 OKCIIEPUMEHTBI

MonenupoBanne  NPOCTPAHCTBEHHOTO  (pmibTpa,
CTPYKTYpHasi CXeMa KOTOpPOrO IpEJCTaBlIe€Ha Ha puc. 1,
OCYILECTBIISUIOCH C MCIIOJIL30BAaHUEM IaKkeTa rpaduaecko-
ro pacmmpenust SimuLink cuctemsr MATLAB. Mogemnu-
poOBaHHE MPOBOJIWIOCH NP ycioBuAx, koraa AIIII Bos-
JiefiCTBOBaJla ¢ HampaBlieHUs OOKOBBIX JemnectkoB JIHA
OCHOBHOTO KaHaia. Ilpu sToM B HampaBnenun Ha AILII
KO3(D(OUIMEHT yCWIIeHHS KOMIIEHCAIIHOHHOW aHTEHHBI
paBHsUICS KOI(QQUIMEHTY YCHJIEHHUs 10 OOKOBOMY Jiere-
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cTKy ocHoBHOU aHTeHHbl. 11 geiicTBoBana ¢ Hampase-
Husi riaBHoro Jenectka JIHA ocHoBHoro kanama. Ilpu
9TOM KOX(QUINEHT YCHICHHS OCHOBHOW aHTCHHBI Ha
20 nb mpeBpIman KOAQQPHUIUEHT YCUICHUS KOMIICHCAIIH-
OHHOM aHTEHHEI.

5 PE3YJIBTATBI
B nponecce uccnenoBaHui IIpu ONOBOPEHHBIX YCIO-
BHSAX MOJIENUpPOBaHU i ciydast Bo3aericTeust ALLIT mo
OOKOBBIM JICTICCTKAM U BO3JCHCTBUU MACCUBHOW MOMEXH
no riaaBHoMy Jiyay JIHA mpousBeneHa OIEHKA BIUSHUS
naccuBHOM nomexu Ha komnencauuto AILII. Moaenupo-
BaHUE IIPOBEJECHO IIPU Pa3IUYHOM OTHOILLIECHUU JUCIEPCUH

aKTHUBHOM HIyMOBOﬁ IIOMEXHU 6%4[[[[7 K JUCIIEPCUM IacC-

CHBHOH ITOMEXH G%YH‘ Pe3yJ’IBTaTI)I MOJCIMPOBAHUA

npejcTaBieHsl Ha puc. 3. U3 puc. 3 cnenyert, 4To 3aBUCH-
MocTh Kodddurmenta momasienus Al ot oTrHOmEHUS
JIICTIEPCUI COCTABIISIOIINX KOMOMHHUPOBAaHHOM IMOMEXH
031 Vil da c%m MMeeT HeIMHEHHBIH xapakrtep. IIpuuem
HEJIMHEHHOCTh TIOTyYeHHOH 3aBUCHMOCTH B OoIbIIei
CTEINICHN NPOMCXOAUT B 00JACTH OONBIINX MPEBBIIICHUH
[IACCUBHON NOMEXH Haj akTUBHOW. IIpu mMonenupoBaHuMn
JUISL PAa3IMYHBIX OTHOIIEHMH IUCHEPCHN COCTABIISIOLINX
KOMOWHUpOBaHHOW noMexu (ukcupoBaiics MMKK ‘p‘
MoI

npu ¢popmuposannu KOB.
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-2 -15 -10 -3 0 5 10 15 20
(oin/Sfn), 2B
Pucynox 3 — MoaenupoBaHue NpoCTPaHCTBEHHOTO
¢dunbTpa

PesynpTaTel MoaenupoBaHMsl CBEIEHBI BO BTOPYIO
CTPOKY MPHUBEICHHOW HIKE TAOJUIIBL.

IIpu wuccnenoBaHuM MPOBOAMIACH TaKXKE MPOBEPKA
JIOCTOBEPHOCTH IONYYCHHBIX pPE3YJIbTATOB MOZICIHPOBaA-
HUS aHATUTHYeCKHM MetonoM. M3eectHo [11], 9To B ciy-
yae ogHoro ucrounuka nomexu MMKK Brruucnsercs mo
CIIEIYIOMIEMY BBIPAKCHHUIO:

% —12 |2
i =[a0z ]/ ool ] - (n

B cny4yae nByx HEKOpPpETMPOBAHHBIX MCTOYHUKOB I10-
MeX BbIpakeHHe (1) yCloHIeTcs ¥ IPUHUMAET BUIL:

. ) . -k
U 40U ax *UnoUnx

—2 - 2 - 2 - 2 ’
‘UAO‘ +‘UHO‘ : ‘UAK‘ +‘UHK‘
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rne U o u U g — xommnekcHsle 3HaueHust AL, peiict-
BYIOIIEH B OCHOBHOM M B KOMIIEHCAIMOHHOM KaHane; U rpq

n U g —xomiuekcHsle 3Hauenus [1I1, neficTByronye B Tex

e KaHaiax. Pesynprarel mpoBeneHHBIX pacderoB MMKK
|p|,,, cBenenb B Tpetbo cTpOKY Tabn. 1.

Tabnuna 1 — Pe3ynbrarel MOAEIMPOBAHUS U pacueTa

OrtHoIIeHne

2 2

S /O > 20 10 0 -10 | -20
b

‘p‘ 0,996 | 0,960 | 0,770 | 0,573 | 0,770
MO
‘p‘aﬂ 0,996 | 0,963 | 0,774 | 0,575 | 0,774

Cnenyer OTMETUTD, YTO 3HAYCHHUSI ‘p‘mu OpaJIiCh B KOHIIE

BPEMEHHOT'O OIIEHOYHOTO WHTEpBaJa JAJbHOCTH, KOTJa
aBTOKOMIICHCATOP YK€ BBIXOJUT HA YCTOWYMBBIH PEKHM
pabotsl. [IpencraBneHnpie B TaOnuile pe3ynbTaThl AAIOT
OCHOBaHHUE CUUTaTh, 4TO TeKyuas onenka MMKK moxer
obecrieunTh (HOPMHUPOBAHKE OOYYAIOIICH BBIOOPKH IS
ajanrtaluu BecoBbIX Kod(duipentoB [1d B peasbHOM
MacmrTadbe BpeMeHH.

AHanu3 JaHHBIX, NPEJCTaBICHHBIX B TaOJHIlE, MOKa-
3bIBAE€T BBICOKYIO TOYHOCTH COBIQJICHHS pPE3YJIbTaTOB
HMMHTAIOHHOTO MOJEIHMPOBAHUS C pe3yjbTaTaMH, IOJy-
YEHHBIMH aHAJITUYECKHM METOOM. DTO AaeT OCHOBAHHUE
CUUTATh pa3pabOTaHHYI0 MaTeMaTHYECKYI0 MOJIENb aJeK-
BATHOM CTPYKTYPHOM CX€M€ aJalTUBHOTO IPOCTPAHCT-
BEHHOTO (UIIBTpA.

6 OBCYXXJIEHHUE
BriepBbie ycTaHOBIIEHO, YTO 3aBHCHMOCTH KOd(duIm-
€HTa TIOJIaBJICHHs B 00JIACTH MaJIbIX 3HAUEHUI OTHOLICHHS

(7124[[11]/ o%m HUMeEeT CYIIECTBEHHO HEIMHEHHBIA Xapak-
tep. Kpome Toro, u3 puc. 3 cneayer, 4To 4eM BBIILE YPO-
BEHb ITACCHBHOW MMOMEXHU, TEM MEHBIIEe KO3 UIMEHT 1mo-
nasiienust AT DToT pe3ynpTar COBHAgaeT ¢ OLEHKAMH,
MIpUBEICHHBIMH B paboTax AOpamosrya 0. 1. [2, 3].

[Ipu nmpoBeneHNN nanbHEHIIEH pabOTH aBTOPHI CTaThH
IUTAHUPYIOT MCCIIEIOBATh TUHAMHUICCKHE XapaKTePUCTHKU
nporecca komnencarmu AT mpu Bo3geldCTBHE MHOTO-
MO/JIOBOM MAacCHBHOM MOMEXH, a TaKXKe MPU HATUYUHU T10-
JIE3HOT'O CUTHAJIA.

BbIBO/IbI

1. Pa3paborana u mpoTecTHpOBaHa MOJENb aJanTHB-
HOTO TPOCTPAHCTBEHHOTO (uibTpa ¢ (GopMHUpOBaHHEM
KJIacCU(QUIIMPOBAHHOW 00ydYaroIiell BEIOOPKH IIpU T10/1aB-
nenun AIIII B kananax PJIC.

2. Texymmii aHaIW3 MOXIYJNS MEXKaHAJIBFHOTO KO-
¢unrenTa KOppesIiy MO3BOJISIET B PealbHOM MacuiTade
BPEMEHH OIpPEJeNUTh BPEMEHHOM HMHTEpBaJl NaTbHOCTH,
Ha KOTOPOM OTCYTCTBYET IIACCHBHAs 1oMexa, 1 chopMu-
POBaTh KIacCUPUIMPOBAHHYIO 00YUAIOLIYI0 BBIOOPKY LISt
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aJanTald BECOBBIX KO3()(UIIMEHTOB MPOCTPAHCTBEHHO-
ro GpuIbTpA.

3. Pe3ynpTaThl MOAETUPOBAHUS C BBICOKON TOUHOCTBIO
COBITAJIAIOT C JAHHBIMH TCOPETUYECKUX PACUCTOB, UYTO
JTAeT OCHOBaHHME CUYHUTATh Pa3pabOTaHHYI0 MaTeMaThde-
CKYIO MOJENb aJeKBaTHOW CTPYKTYpHOM CX€Me€ aJanTHB-
HOTO MIPOCTPAHCTBEHHOTO (HUIBTPA.
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KOPEJSLIMHUI METO/ ®OPMYBAHHS HABYAJIbHOI BUBIPKU JJISI ATAIITALII IPOCTOPOBOI'O
OUJIBTPA
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CemenoB /1. C. — HauanpHuK Bianiny, Kazenne mignpuemctBo «HaykoBo-BupoOHIUMiA kKoMmIutieke «Ickpay, 3amopixoks, YkpaiHa.

AHOTAULIA

AxTyanbHicTh. 1 3a0e3neueHHs 3aBag03axXHIIEHOCTI CyJaCHUX PafioOKalifHNX CTAaHIIH BUKOPHUCTOBYIOTh JABOETAIHY IIPO-
CTOPOBO-4acOBY 00poOKy curHaiiB. OJHAK, IPH OJHOYACHOMY BIUIMBI aKTHBHOI IITyMOBOI Ta ITAaCHBHOI 3aBa/Jjl OCTAHHS JEKOPEIIOE
aKkTHBHY 3aBaxy. Lle icToTHO oOMexye 3aBa/I03aXUILIEHICTh KOTePEHTHO-IMITYJIbCHUX pajioyIoKaIliiHuX craHuii. Tomy dpopmyBaHHs
kiacudikoBaHOT HaBUAILHOT BUOIPKH, TTOPOPKEHOI TIJIBKH aKTHBHOIO IIIYMOBOIO 33aBaJI0I0, € IOCHTh aKTyaJbHUM 3aBJIaHHSM.

MeTto po0OTH € AOCTIPKeHHsI KopelsiuiiiHoro meroxy (opMyBaHHS KiacH(ikoBaHOI HaBYaIbHOI BHOIPKH B peaJbHOMY
Maciitabi yacy HUIIXOM IIOTOYHOIO aHai3y MOAYJIsl MiXKKaHAIbHOTO KoedilieHTa KOpemsil o AalbHOCTI B KOXKHOMY Hepiozi mo-
BTOPEHHS CUTHANIB PaioNIOKaiifHOT CTaHIIii.

MeTton peani3yeTbess GOpMyBaHHSAM IHTEPBAJIBHOI CHHXPOHHOI OLIHKH SK MOIYJIS MDKKaHAIBHOTO Koe]ilieHTa KOpeIsii, Tak i
BaroBux KoedirieHTiB mpocropoBoro ¢inprpa. IIpm mpomy, iHTepBad 3 MaKCHMAaJIbHHM 3HAUCHHSIM MOIYJIS MIXKKAaHAJIBHOTO
koedilieHTa KOpeysIii BH3HAYaeThes SIK Kiacu(ikoBaHa HaB4anbHa BHOIpKa, a c)OpPMOBaHMI Ha IbOMY IHTEpPBAJi BaroBHil
KOe(Ili€HT BUKOPUCTOBYETHCS JUISl aJanTalii BaroBoro koedirieHTra IpocTopoBOro (Gijabrpa MpH KOMIEHCALIT aKTHBHOI IIyMOBOT
3aBajiil B HACTYITHOMY TIePiOJIi MOBTOPCHHS CUTHAIIIB PaIi0JIOKANiHHOT CTaHIIIi.

PesyabraTi. Po3rmsinyTo TeopeTnuHi Ta mpakTH4HI acriekTH (popMyBaHHS KiacugikoBaHOi HaB4yaibHOI BUOIpKU. Po3pobieHo
CTPYKTYPHY CXEMy MPOCTOPOBOro (inbTpa 3 KOPENSIiHHAM aHaIi30M MMOTOYHOTO PO3IMO/IIY MACHBHOI 3aBajy 10 AalIbHOCTI 3a J10-
TIOMOTO0 OLIIHKH MOJIYJIsl MKKaHAJIBHOTO KOoeilieHTa KOpesii CUTrHAMiB, 0 MIF0Th B KaHAJIAaX MPOCTOPOBOro ¢gimprpa. Po3pob-
JICHO 1 IPOTECTOBAHO MaTEeMaTHYHY MOJIEIb aJallTUBHOTO IPOCTOPOBOro (GinbTpa. [linTBepIyKeHO MOKIHUBICTh pOOOTH MPOCTOPOBO-
ro ¢inpTpa 3 GopMyBaHHIM KiIacH(iKOBaHOI HABYATHEHOI BUOIPKH B pealbHOMY MacIiTadi Jacy.

BucnoBkn. HaykoBa HOBH3HA NPOBEICHOrO MOCITI/PKCHHS ITOJSITa€ B MOJAIBIIIA po3poOmi HOBOrO MeTOmy (GopMyBaHHS
kiacudikoBaHO! HaBuyajbHOI BHOIpKM I ajmanrtanii mpoctopoBoro ¢inbrpa. IlokasaHo, IO NOTOYHMH aHANI3 MOMIYJIS
MDKKaHaIBHOTO KoeQillieHTa Kopessiii J03BoJIsie B pealbHOMY MaciTadi yacy BH3HAYHMTH IHTEPBAJI, HA SKOMY BiJCYTHS HAacHBHA
3aBaja, i copmyBaTH HaBUalbHY BHOIpKY Ui ajanranii BaroBux koedirieHTiB mpoctopoBoro ¢inbrpa. [IpakTryHa 3HAYUMICTH
BH3HAYAETHCS PO3POOKOIO CTPYKTYPHOI CXEMM IPOCTOPOBOTO aJaNTHBHOIO (iIbTpa i OTPUMAHMMM PE3yJIbTaTaMU MOJICITIOBAHHS,
MIPU IbOMY aJICKBaTHICTh MOJEII MiATBEPHKEHA aHATITHIYHUME PO3PAXYHKAMH.

KJIFOYOBI CJIOBA: amantuBHa mpocTopoBa 00poOKa, KOMOIHOBaHA 3aBaja, KiacH(pikoBaHa HaBYalbHA BHOIpKa, MOJIEIIO-
BaHHSL.
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ABSTRACT

Contex. To ensure noise immunity of modern radar stations, two-stage space-time signal processing is used. However, with
simultaneous exposure to active and passive interference, the latter decorrelates the active interference. This significantly limits the
noise immunity of coherent-impulse radar stations. Therefore, the formation of a classified training sample, generated only by active
noise interference, is quite important task.

Objective. The aim of the work is to investigate the correlation method for the formation of a classified learning sample in real
time by the current analysis of the interchannel correlation coefficient module over distance in each period of repeating the radar
signal.

The method is realized by forming an interval synchronous evaluation of both the interchannel correlation coefficient modulus
and the spatial filter weight coefficients. In this case, the interval with the maximum value of the interchannel correlation coefficient
modulus is defined as the classified training sample, and the weight coefficient formed on this interval is used to adapt the spatial
filter weight factor when the active noise interference is compensated in the next period of repeating the signals of the radar.

Results. The theoretical and practical aspects of the formation of the classified training sample are considered. It was developed a
block diagram of the spatial filter with a correlation analysis of the current passive interference distribution over distance by estimat-
ing the interchannel correlation coefficient modulus of the signals acting in the channels of the spatial filter. A mathematical model
of the adaptive spatial filter was developed and tested. The possibility of working a spatial filter with the formation of a classified
training sample in real time has been confirmed.

Conclusions. The scientific novelty of the study is to further develop a new method for the formation of a classified training
sample for the adaptation of a spatial filter. It is shown that the current analysis of the module of the interchannel correlation coeffi-
cient allows in real time to determine the interval on which there is no passive interference and to form a training sample for adapta-
tion of the weight coefficients of the spatial filter.
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Practical significance is determined by the development of the structural scheme of the spatial adaptive filter and the obtained simu-
lation results, while the adequacy of the model is confirmed by analytical calculations.

KEYWORDS: adaptive spatial processing, combined interference, classified training sample, modeling.
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ABSTRACT

Context. When constructing specialized and programmable mobile systems, there arises the problem of system restructuring, un-
der system functioning conditions breach because of changes in the noise-signaling environment or the system operating conditions.
Any rearrangement of the system’s digital frequency-dependent components leads to the occurrence of transient process, which dura-
tion is determined by the components characteristics. The traditional approach to the transient process analysis refers to the zero ini-
tial conditions, however, the intelligent sensors and specialized computer systems operation as well as parameters adjustment as well
as other system components can be performed under non-zero initial conditions. This implies the need for a large number of compu-
tations, not feasible sometimes in real time. Here essential is to assess the duration of process’ transition to readjustment process to
provide the system operability under new conditions.

Objective. To estimate the transient process’ maximum duration when rearrangement, to determine the possible rearrangements
range and width, taking into account the system stability.

Method. This research carrying out improved is the indirect method of transient process duration estimating by the transfer func-
tion poles simplifying the irrational function expansion.

Results. The effected analysis with relevant modeling and theoretical verification allowed obtaining relations to estimate the
transient process maximum duration and to determine possible modifications range and width taking into account the system stabil-
ity. Upon research results we built the dependencies of transient process duration onto the cutoff respective frequency. Simplified is
the representation of relation used to determine the transient process length at the expense of decomposing into order series.

Conclusions. The results obtained allow us to estimate the transient process duration upper limit by improving the indirect
method of estimating the transient process duration along the transfer function poles, while simplifying the irrational function expan-
sion, that making possible, before the rearrangement beginning, considering the given new relative cutoff frequency and the compo-
nent order, to predict the component stability afterwards. From a practical point of view, this reduces the calculations amount and due
to the predicted result, increases the specialized computer system overall and by-components efficiency for specified performance
criteria. The results obtained are applicable to the design of computer systems’ microprocessor components.

KEYWORDS: filtering, intelligent sensors, transient process duration analysis, filter parameters rearrangement.

ABBREVIATIONS
DTC — discrete transient characteristics;
LO FDDC — low-order frequency-dependent digital
components;
LPF — low-pass filter.

NOMENCLATURE
trp — transient process time;

ab — real coefficients;

N —transient process duration;

A — constant depending on the initial conditions at an
equivalent relative damping constant T;

B — complex root modulus;

1 — relative damping constant;

¢ — relative cutoff frequency;

H(z) — transfer function;

T — quantification period;

f4 — linear discretisation frequency;
f —linear cutoff frequency;

z — complex variable;
A — some given number.

INTRODUCTION
A rapid microprocessor equipment development, its
computational power growth, along to the cost decrease,
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enabled modern microprocessors’ incorporation into vari-
ous specialized computer systems components. The com-
bination of a measuring transducer and a microprocessor
at such systems allows performing basic operations to
transform and increase the measurement information reli-
ability at those data origination point [1-6]. Such sensors
are called smart sensors.

In accordance with the Fieldbus Foundation ideology and
t standard, typical algorithms for measurement information
processing (filtration, scaling, linearization, etc.), control and
regulation are transferred to the lowest control level; this one
of intelligent sensors and actuators [1, 4-6]. For example, the
choice of filters and their parameters in accordance with the
interference characteristics is based on the sensor signal
analysis or the control command.

Such situation involves the need to develop adjustable
LO FDDC, because their connection considering it is pos-
sible to construct a FDDC of any order. It should be noted
that the FDDC concept is broader than this one of digital
filter. Such structure of an adjustable high-order digital
filter allows much easier tuning and rearrangement [7, 8].

1 PROBLEM STATEMENT
The operating conditions at an intelligent sensor may
vary. When some operating conditions change the filter
shall readjust to control these changes in accordance with
the specified criterion. If the changes are slow, i.e. occur
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over time exceeding the filter transient process duration,
the filter, as a rule, is tracking them [9, 10]. The change
speed increasing the adjustable filter efficiency will de-
crease, because the filter does not have time enough to
fully retune during that change time (in this case, its tran-
sient process has not been ended).

Then, there arises the problem of analyzing the tran-
sient process duration and type, as well as estimating the
similar LO FDDCs; transient process maximum duration
when the transfer functions coefficients are rearranged.

2 REVIEW OF THE LITERATURE

It is known from the systems theory that the transient
process duration is most often determined by the transfer
function root at minimal real part [11-15]. A classical
approach to the transient process duration analysis of the
implies zero initial conditions. However, the operation of
intelligent sensors, specialized computer systems, and
parameters adjustment can occur even under non-zero
initial conditions. Such an analysis is rather complicated
and requires large calculations with different variants of
the transient process, which sometimes is not feasible in
real time.

When creating intelligent sensors and specialized
computer systems, which include a large number of com-
ponents, such an analysis is rather problematic. Therefore,
several authors suggest setting, at the design stage, the
system critical frequency, that shall be higher than the
frequency of possible interference or effects on the system
[11, 16].

In addition, it is proposed to estimate not the time of
the transient itself, but only the exponential time constant,
serving to approximate the transient process or time of the
studied transient process [16].

When engineering analysis of the system, it is proposed
to take as the first approximation departing point the tran-
sient process duration at zero initial conditions [17].

Since basically systems operate under non-stationary
conditions, several foreign authors suggest analyzing the
quasi-stationary duration, for example, based on statistical
linearization methods. In this case, the quasi-stationary
regions should overpass the system transient process du-
ration [18].

All these approaches determine the range of possible
changes or rearrangements when system adaptation or
restructuring takes place.

Works [19, 20] expose results of transient processes’
analysis for digital automatic control systems.

Usually, the transient process quality is estimated by
direct or indirect indicators [12]. Direct indicators charac-
terize immediately the transition process itself, as a re-
sponse to a typical impact (usually stepwise). Indirect
indicators evaluate the transient process by locating the
characteristic equation roots or the poles of the transfer
function, according to the system frequency characteris-
tics or integral estimates. In general, the transient process
quality is affected by both the transfer function’s poles
and zeros location.

3 MATERIALS AND METHODS

To analyse the transient process, we use the discrete
transition characteristic (DTC) influenced by the 5-pulse,
thus analysing the transient process free component and
the single step response, as well as the studied transient
process forced component [10, 20-21].

The transient process duration is defined as the time
interval from the time, e.g., the stepwise action has been
applied to the time point after which the deviations of the
output value from its new steady-state cipher become less
than a certain predetermined number A. In general, this
value is determined by the device task and condition, but
usually this cipher is taken at a level 5% of the steady-
state value. Depending on the device, such time is speci-
fied as the number of output value oscillations or as (4-5)
T, where 7 is the relative attenuation constant. Therefore,
everything depends on the type of transient process: oscil-
latory, aperiodic or monotonic [12, 19, 20].

4 RESULTS
Let us consider the effect on the first-order and sec-
ond-order FDDC transient process duration and type on
the example of the low and high pass filters transfer func-
tions when the relative cut-off frequency . changes on

2th

Ja

0_302[0,1+0,9], where 0_)c= )
T

the segment,

o e[0+1].
The transient process duration was determined in rela-
tive units: cycles, as N =t - f; . Such representation of

the result allows comparing different FDDCs at different
sampling rates.

The analysis results are given in Tables 1-4, showing
the relative frequency, transfer function poles, and the
components’ transient process duration in cycles.

Table 1 — Duration of the first-order FDDC transient process free component

e 0.1 0.26 0.42 0.58 0.74 0.9

B 0.7265 0.3959 0.1263 —0.1263 —0.3959 —0.7265
HP 7 5 4 4 5 7

LP 7 5 4 4 5 7

Table 2 — Duration of the first-order FDDC transient process forced component

e 0.1 0.26 0.42 0.58 0.74 0.9

B 0.7265 0.3959 0.1263 —0.1263 —0.3959 —0.7265
HP 11 5 4 4 4 6
LP 11 5 4 4 4 6
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Table 3 — Duration of the second-order FDDC transient process free component

e 0.1 0.26 0.42 0.58 0.74 0.9

z 0.7805 +0.1793i 0.4517 £ 0.3401i 0.1476 + 0.4065i —0.1476 + 0.4065i —0.4517 £ 0.3401i —0.7805 + 0.1793i
HP 11 6 6 6 4 7

LP 7 7 5 6 6 11

Table 4 — Duration of the second-order FDDC transient process forced component

e 0.1 0.26 0.42 0.58 0.74 0.9

z 0.7805 £ 0.1793i 0.4517 £0.3401i 0.1476 £ 0.40651 —0.1476 + 0.40651 —0.4517 £ 0.3401i —0.7805 + 0.1793i
HP 11 8 6 5 4 6
LP 16 7 5 4 6 9

5 EXPERIMENTS The results obtained in a generalized form for digital

To analyze and evaluate the transient process duration,
a simulative modeling was carried out with the mathe-
matical package SciLab.

In Fig. 1 and Fig. 2 shown is the free component tran-
sient process type when the 5-pulse is applied to the first
and second order low-pass filters.

It can be seen from the figures that, for relative cut-off
frequency small values, the transient process is aperiodic,
and for relative cut-off frequency large values the process
is oscillatory with a damped amplitude.

Based on the above, the dependence between transient
process duration and the relative cutoff frequency is plot-
ted, Fig. 3 and Fig. 4.

The obtained data allow estimating the transient proc-
ess maximum duration to select the range of possible ef-
fects on the component operation and the component
transfer function coefficients adjustment range.

6 DISCUSSION

Theoretical research and simulative modeling showed
that to estimate the transient process duration upper limit,
the relations proposed in [11-12] can be modified.

For example, in [12] the author shows that the tran-
sient process duration is determined only by the complex
root module B or by the module of the bigger (from
among two) real root. The process discrete values at the
points of time quantization will be located inside the re-
gion bounded by the symmetric envelopes

1 o .
where T = —— quantization period, A — constant, de-
d

pending on the initial conditions, containing an equivalent
relative damping constant t. In accordance with these
provisions, obtained is the theoretical curve shown in
Fig. 3 and Fig. 4.
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systems can be represented by the relation [21]
a
N=——+b, 1
i) M

where ab — real coefficients (1<a<3,2<b<4), B —
complex root module or module of the bigger real root,
0<B<l.

However, in this form the obtained ratio is difficult to
use at microprocessor and computer systems. Therefore,
we replace ln(B) by expanding into power series [23, 24].
Then transforming and simplifying, we obtain the follow-
ing representation

1 ()
1+

A , 1-p)’
n(p) 31+pY  5(1+p)

After modeling and experimental verification, it is
possible to relay onto the first term

_n(p)=212P
1n([3)—21+B.

In this case, relation (1), taking into account the sim-
plification, can be represented as follows

—_

+

=

N = +b.

4.
2

—_
=

Graphically the theoretical dependence between of the
transient process duration upper limit in cycles that shall

be N=f (60) , where oc — the relative cutoff frequency,

determined by the component transfer function coeffi-
cients a and b has the form shown in Fig. 5.
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Figure 2 — 2" order low-pass filter transient process at:
a— =026, 2=0.4517+0.3401i ; b — ¢ =0.74, z=-0.4517+0.3401i
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CONCLUSIONS

At the issue of analysis, simulation and experimental
verification carried out, we obtained relationships allow-
ing us to estimate the transition process upper limit as a
function of the relative cut-off frequency and the fre-
quency-dependent component. Such a representation of
the transient process duration upper limit estimation ren-
ders possible to analyze the of the specialized computer
system components capacities when their parameters or
transfer function coefficients and whole system properties
undergo changes, therefore to determine the possible rear-
rangements ranges and widths, taking into account the
system stability. This is especially important when adjust-
ing the coefficients of frequency-dependent components
in adaptive systems. Results obtained therefore are appli-
cable to the design of specialized computer systems ad-
justable frequency-dependent components, for example,
an ultrasonic rangefinder [6].
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AHOTAIIS
AxTyanbHicTs. [Ipy noOy1oBi crienianizoBaHHX i MPOrpaMOBAaHUX MOOIIBHUX CHCTEM BHHHKAE 3aBJIAHHS Iepe0yIOBU CUCTEMH,
KOJIU TIOPYILIYIOThCS YMOBH (DYHKLIOHYBaHHS CHCTEMH 4epe3 3MiHM HOMEXO-CHI'HAJIbHOTO OTOYEHHS abo yMOB POOOTH CHCTEMH.
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Bynp-ska nepedynoBa HUGPOBUX YaCTOTHO-3aJI)KHUX KOMIOHEHT CHCTEMH IPHU3BOAUTH 10 BUHHKHEHHS B CHCTEMi MEPEXiJHOro
MPOIIECY, TPUBATICTD SKOTO BU3HAYAETHCS XAPAKTEPUCTHKAMU KOMIOHEHT. TpaIuiiifHAil miaxig O0 aHaji3y MepexiHOro Mpolecy
3IIHCHIOETHCS NIPH HYJIBOBHUX ITOYaTKOBUX YMOBAX, OJHAK POOOTA IHTENICKTyalbHUX JaTUMKIB, CHEIiaTi30BaHUX KOMIT IOTEPHHUX CHC-
TeM i repeOymoBa mapaMeTpiB MoXe 3/iHCHIOBATHCS NIPH HEHYJIHOBUX MOYATKOBUX yMoBax. Lle mpu3BoauTh 10 HEOOXiJHOCTI BEIH-
KOT'0 4HCJIa 00YUCIICHb, 110 1HOI HE MOXIIMBO y pealbHOMY MacmTadi yacy. ¥ nuxX yMoBax HEOOXIIHO OL[IHUTH TPUBAIICTh Iepexi-
JIHOTO TIpoLIeCy JI0 TpoLecy nepedynoBH, o0 3abe3neunT podoTy CHCTEMHU IO HOBOT epeOyI0Bu.

Iinb. OuiHUTH MaKCUMalbHY TPUBANIICTh MEPEXiAHOTO MPOLECY, BU3HAYUTH Jiana3oH 1 LIMPHHY MOXIJIMBHX 11epeOy 0B 3 ypaxy-
BaHHSM 3a0€3M1eUCHHS CTIHKOCTI CHCTEMH.

MeTtoa. Y po0OTi BIOCKOHAJICHO HENPSAMHIA METOJ OLIHKH TPHBAJIOCTI MEPEXiJHOTO MPOIIECY IO MOI0Ccax MepeaaBaibHol PpyHK-
1ii 32 paxXyHOK CHPOLICHHS PO3KIaJIaHHA ipallioHaTbHOT QYHKIII.

Pe3yabsTarn. [IpoBenennit anasi3, MOAENTIOBAaHHS 1 TEOPETHYHA IEPEBipKa TO3BOIMIN OTPUMATH CIIBBIJHOMICHHS IS OLIHKH
MaKCHMAJBHOI TPHBAJIOCTI MEPEXiJHOTO MPOIeCy, BU3HAYNUTH Jiala30H i ITUPHHY MOXKINBUX IepeOyoB 3 ypaxXyBaHHIM 3a0e3re-
YeHHs CTIHKOCTI CHCTeMH. 3HalieHa 3aJISKHICTh BTy MEPEXiJHOro MPOLeCy Bij BiTHOCHOT YacToTH 3pi3y. [loOymnoBaHO 3aneHOCTI
TPUBAJIOCTI MEPEXiTHOTO MPOLECY BiJ BiIHOCHOI yacTOTH 3pi3y. CHpOIIEHO NpeICTaBICHHS CIiBBIAHOMICHHS ISl BU3HAUCHHS TPH-
BAJIOCTI MEPEXiAHOrO MPOLECY 3a PaXyHOK PO3KJIaJaHHS B CTYIICHEBUH PAA.

BucHoBku. OTprMaHi pe3yJibTaTH JO3BOJISIOTH OLIIHUTH BEPXHIO MEXY TPUBAJIOCTI MEPEXiTHOTO MPOLECY, MOKIHBOCTI KOMIIO-
HEHTH CIIeHiali30BaHOi KOMIT I0TEPHOT CUCTEMH NPH 3MiHi TapaMeTpiB, IPH LEOMY 3a0e3MeYNBIIHN ii CTiHKicTh. Pe3ynpTaT 3acToco-
BYIOTH IIPU MIPOEKTYBAaHHI MIKPONIPOIIECOPHUX KOMIIOHEHT KOMII FOTEPHHUX CHUCTEM.

KJIFOYOBI CJIOBA: dinbrparnisi, iHTENEKTyallbHI JATYMKH, aHATI3 TPUBAIOCTI IIEPEXiTHOTO Mpoliecy, epedyoBa mapaMeTpiB

¢buIBTPY.
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AHHOTANUA

AKTyanbHOCTB. [Ipy mocTpoeHHH CIeNUaNTu3MpPOBAaHHBIX U IPOrPaMMHPYEMBIX MOOWMIBHBIX CHCTEM BO3HHKAeT 3ajaya Iepe-
CTPOMKM CHCTEMBI, KOTJa HApyIIalOTCs ycnoBus (yHKIIMOHUPOBAHUSI CHCTEMBI U3-3a M3MEHEHHUS IOMEXO-CUTHAIBHON OOCTaHOBKH
WU yCIIOBHUH paboTsl cucTeMsl. JIo6ast mepecTpoiika Uu(POBLIX YaCTOTHO-3aBUCHMBIX KOMIOHEHT CHCTEMBI IPHUBOJUT K BOZHHKHO-
BEHHIO B IEPEXOTHOTO MPOIECCa, ITHTEILHOCTh KOTOPOTO ONPEAENACTCS XapaKTePHCTHKAMH KOMITIOHEHT. TpauInOHHBIN TOAXO0 K
aHANM3y MEPEeXOJHOTO MPOIecca OCYIIECTBISIETCS MPH HyJIEBBIX HaYalIbHBIX YCIOBHUSX, OJHAKO paboTa MHTEINICKTYalbHBIX JaTdH-
KOB CHELMAIN3UPOBAHHBIX KOMIIBIOTEPHBIX CUCTEM U IEPECTpOiiKa apaMeTpoB, a TAKXKE APYIMX KOMIOHEHT CUCTEMBI MOXKET OCY-
IIECTBIATHCS NPH HEHYJIEBBIX HAYAIBHBIX YCIOBHSAX. DTO NMPUBOAUT K HEOOXOAUMOCTH OOJBIIOTO YHCIIA BEYUCICHUH, YTO HHOT/A
HE OCYILECTBHMO B pEaJIbHOM MaciuTabe BpeMeHU. B 3THX ycnoBus HE0OX0JUMO OLIEHUTH JUIUTENIBHOCTD NIEPEXOJHOrO0 Iporecca 10
nporecca NepecTpoiky, 4ToObl 00eceynTh paboTy CHCTEMBI B HOBBIX YCIIOBUSIX.

Heap. OneHNTs MaKCUMaNBHYIO IIUTEIBHOCTh TIEPEXOJHOTO IpoLecca MPH MEePecTpoiike, ONMPEAeNUTh IUANa30H U IIHPUHY
BO3MOXHBIX IIEPECTPOEK C YUETOM OOECIICUEHHSI yCTOHUMBOCTH CUCTEMBI.

Metoa. B paboTe ycoBepmieHCTBOBaH KOCBEHHBII METOJ] OLIEHKU JUIUTENFHOCTH MEPEXOAHOr0 Mpolecca Mo MoIiocaM Iepesa-
TOYHON (PyHKITHH 3a CUET YHPOIIEHHUS Pa3I0KEHNS HPPAHOHATFHON (yHKIIUH.

PesyabTatsel. IIpoBencHHbIC aHAIN3 U MOAEIMPOBAHUE MO3BOJIMIN IOIYyYUTh COOTHOLICHUS AJISL OLCHKM MaKCHUMAJIbHOU IJIM-
TEIBHOCTH TIEPEXOHOTO MpoIecca, ONPENETIUTh AUara3oH U IMUPHHY BO3MOXKHBIX NEPECTPOEK C YIETOM OOECIICUSHUs YCTOHINBO-
CTH cHCTeMBI. I10CTpOEHBI 3aBUCHMOCTH JUINTENBHOCTH IEPEXOJHOrO MPOLECCa OT OTHOCHTENBHOH YacTOThI CPe3a. YTPOILEHO
MIPE/ICTAaBIEHNE COOTHOILIEHUS 1JIsl ONIPEe/IENIEHNUs] JUTUTENLHOCTH TIEPEXOTHOTO MPOIIecca 3a CUET Pas3lIOKEHHs B CTEIIEHHOM sl

BoiBoabl. [lomyueHHbIE pe3ynbTaThl MO3BOMAIOT OLEHHTh BEPXHIOI TPAHHUIy ATMTEIBHOCTH MEPEXOAHOrO MpoIiecca, 3a CUET
YCOBEPIIEHCTBOBAHUSI KOCBEHHOTO METOJa OIEHKH JUIUTENBbHOCTH MEPEXOIHOr0 MpoIiecca Mo MOMocaM MepeaaTouHol (yHKINU
MIPH YNIPOIICHUH Pa3JIOKCHUS UPPALUOHATBHON (YHKIMH, YTO JacT BO3MOXKHOCTH JI0 Havaja MEPEeCTPOUKU MpHU 33JaHHON HOBOU
OTHOCHTEIIBHON 9acTOTE cpe3a U MOpsIKe KOMIIOHEHTHI JaTh IIPOTHO3 00 YCTOWYMBOCTH KOMIIOHEHTSI ociie mepectpoiiku. C mpak-
THYECKOH TOYKM 3PEHHMS 3TO COKpAaIlaeT 00beM BBIYMCICHHH M 3a CYET MPOTHO3a IOBHIMIAET d(PPEKTHBHOCTE PAOOTHI CHCTEMBI U
KOMITOHEHTHI CIEIHaIN3NPOBAaHHON KOMIIBIOTCPHOH CHCTEMBI IIPH 3aJaHHBIX KPUTEPHUSIX Ka4ecTBa paboThl. Pe3ybTaThl PpUMEHNMBI
IIPY IPOECKTUPOBAHUH MUKPOIIPOLECCOPHBIX KOMIIOHEHT KOMIIBIOTEPHBIX CUCTEM.

KJ/JIIOUEBBIE CJIOBA: ¢dunbrpanus, MHTEIUIEKTyalbHbIe NaTUYMKH, aHAIN3 JUIMTEILHOCTH INEPEXOAHOro IIpoliecca, Iepe-
CTpo¥iKa napamMeTpoB (UIbTpA.
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ABSTRACT

Context. A relevant problem of an approach development used to reduce system or random errors which occur during business
process models design is solved. The object of the research includes graphical and mathematical models which describe business
process structure.

Objective. Minimization of systematic or random errors based on the development of an approach to formation and analysis of a
business process structure in IDEF0 notation.

Method. The approach to formation and analysis of a business processes structure in IDEF0 notation is proposed. Balancing co-
efficient, which was modified and augmented, considering weight coefficients of arcs of various types, is used for IDEF0 diagrams
analysis. Cohesion types defined in the ISO/IEC/IEEE 2476 standard, which weight coefficients are calculated using their values
normalization, are used to define values of arc weight coefficients.

Results. The approach to IDEFO0 diagrams analysis, which allows defining structural changes of diagrams to satisfy balancing re-
quirements, has been developed. Recommendations obtained as a result of IDEFO diagrams analysis, which describe product pur-
chase and software release processes, and also recommendations of DevOps concept and SCOR supply chain reference model have
been used to transform the source diagrams according to the balancing requirements. Further research may consider using of expert
judgments for making decisions on recommendations development.

Conclusions. The proposed approach can be used to support activities of collecting, storing, and sharing organizational knowl-
edge allowing to analyze and improve business process models before they are added into an enterprise repository for future reuse to
design new solutions. Next studies will consider various approaches to business process models representation in an enterprise re-
pository, corresponding to Archimate, ARIS, and other notations.

KEYWORDS: business process, modeling, IDEF0 diagram, business process model analysis, balancing, cohesion.

ABBREVIATIONS D is a matrix of nxm size, which elements dj; repre-
ARIS is an Architecture of Integrated Information sent a number of arcs of the j-th type related to the i-th
Systems; block of diagram, i =1,n, j=1,m;

DFD is a Data Flow Diagram;
RUP is a Rational Unified Process;
SCOR is a Supply Chain Operations Reference.

NOMENCLATURE
A; is a number of arcs related to the i-th block of
IDEFO diagram, i =1,n;
B is an optimization criterion that represents balancing
coefficient that considers weights of arcs of various types,
as well as tunneled arcs usage;

© Godlevskyi M. D., Orlovskyi D. L., Kopp A. M, 2018
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AD is a matrix of nxm size, which elements Adj; rep-
resent changes within a number of arcs of the j-th type
related to the i-th block of diagram, i = 1,_n , j= L_m ;

AD i, is @ matrix of N xm size, which elements repre-
sent lower boundaries of elements of the matrix AD;

AD.x is @ matrix of nxm size, which elements rep-

resent upper boundaries of elements of the matrix AD;
Ky is a balancing coefficient;
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m is a number of arc types (input, output, control,
mechanism, and call), m = 5;

n is a number of blocks on the IDEFO0 diagram;

T is a matrix of nx(m—l) size, which elements #;

represent a number of tunneled arcs of the j-th type re-

lated to the i-th block of diagram, i =1Ln, j=1,m—1;

w; is a weight coefficient of the arc of j-th type, which
is related to the i-th block of diagram, wj; € [0,1], i=ln,
J=lm;

A is a tunneling coefficient, A € [0,1];

W is a weight coefficient of the /-th cohesion type,
1=06.

INTRODUCTION

Today process approach is extremely popular man-
agement approach. It assumes considering an organization
as a set of business processes that produce value for cus-
tomers. Business process might be described as a set of
activities that takes one or several types of resources at
the “input” and produce a product that is valuable for a
customer at the “output” [1].

Graphical models of business processes were widely
disseminated in the modern practice of organizational
management. There were developed and successfully
used various notations and modeling tools intended to
create business process models. This paper considers the
methodology of functional modeling and graphical nota-
tion IDEFO [2]. It is focused on the development, analy-
sis, reengineering, and integration of information systems
as well as supported business processes. Business model-
ing is one of the core processes of the RUP software de-
velopment methodology [3, 4].

Business process modeling, including usage of the
IDEFO notation, is a subjective activity that might cause
random or systematic errors related to the analyst’s indi-
vidual perception, the lack of domain research, etc. At the
same time, modeling tools provide only formal validation
of developed diagrams especially by checking only the
syntax compliance according to the certain modeling no-
tation.

The object of study includes graphical and mathe-
matical models that describe business process structure.

The subject of study is development of an approach
to decrease a number of random or systematic errors oc-
curred during business process modeling.

The purpose of the work is minimization of a num-
ber of systematic or random errors which are based on the
development of an approach to formation and analysis of
a business process structure in IDEFO notation.

1 PROBLEM STATEMENT
The considered problem assumes business process
models described using IDEFO0 diagrams as the input data.
IDEFO shows logical relations between functional blocks
(business processes, sub-processes, tasks) which are rep-
resented by arcs of five types: input, output, control,
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mechanism, and call (fig. 1). Particularly, the call arc il-
lustrates relations between blocks (or even between parts
of models) across different models and provides connec-
tion between models or different parts of the same model.

Control
Y - A J

»
Input Function R Output

—a
e v
Mechanism Call

Figure 1 — Connection of arcs to blocks on IDEF0 diagrams

The earlier known balancing coefficient is used to
analyze structure of IDEFO0 diagrams [5, 6]:
1 n

Ky == 4 —max{Al-){.
iz

i=l,n

However using of the balancing coefficient provides
only common estimation of IDEFO diagrams but does not
allow analyzing their balancing in terms of various im-
pacts (input, output, control, mechanism, and call) on
diagram’s blocks. This might be considered as the signifi-
cant shortcoming of the approach.

Hence, it’s important to develop criterion and restric-
tions that allow forming recommendations in order to
design optimal structure of business process models using
the IDEFO notation.

2 REVIEW OF THE LITERATURE

Besides graphical business process models widely
used in the modern practice of the organizational man-
agement, the well-known and powerful analytical tool has
existed for a long time. Petri nets are used in the area of
discrete systems research. Since business processes be-
long to this class of systems, it is possible to analyze
those using Petri nets [7].

In order to apply modeling features of Petri nets, busi-
ness process models should be trans-formed into the cor-
responding nets [8]. Earlier Petri nets were used to ana-
lyze business process models in the IDEF0 notation [9].
But analysis of business process models in the IDEFO
notation requires transformation of these models into Petri
nets which causes difficulties related to the various types
of IDEFO diagrams arcs related to the diagrams blocks
according to the certain rules (fig. 1).

Proper design of IDEFO diagrams requires achieving
the value of balancing coefficient which is close to 0 and
decreasing when the decomposition level is increasing
[5]. IDEFO diagrams should be balanced which means
that situations when numbers of arcs connected to various
blocks are significantly different are not allowed [6].
These situations usually indicate errors related to the de-
sign and execution of business process [5].

Thus, balancing analysis of IDEFO diagram should
consider cohesion types of functional blocks [10, 11]. The
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cohesion types defined in the ISO/IEC/IEEE 2476 stan-
dard (table 1) are used to analyze IDEFO diagrams and
data flow diagrams DFD for the functional and data cohe-
sion respectively [10]. Earlier the balancing coefficient
that considers various cohesion types was used to analyze
data flow diagrams [12].

Hierarchical relations within the units of business sys-
tem called “silos” are typical for the functional manage-
ment approach. Such functional areas cause isolation of
processes and, therefore, resources involved in the proc-
ess executions [13]. Cohesion types with levels 4—6 are
the most important to obtain diagrams of good quality
(table 1). Developers should achieve a maximum number
of relations of these types [10, 11]. Cohesion types with
levels 0-3 indicate that relations between blocks are weak
or do not exist at all (table 1) [11]. In this case direct rela-
tions between organizational units (departments, manu-
factories, branches, etc.) almost do not exist which means
that “silos” exist in an organization. These shortcomings
might be eliminated by implementing process manage-
ment features that assumes creation of the direct relations
between business processes [13].

IDEFO0 notation assumes domain modeling as the hier-
archical system of diagrams. This hierarchy could be ob-
tained as the result of decomposition of the functional
block and, therefore, the so called child diagram is ob-
tained. In case when several arcs don’t need to be consid-
ered on the parent and/or child diagram, IDEFO diagram
feature called tunneling might be used [2]. There might be
situations when some interface arcs do not need to be con-
sidered in child diagrams lower or upper than certain de-
composition level within a hierarchy. On the other hand, it
might be necessary to hide detailing of some “conceptual”
interface arcs below certain threshold. The arrow marked as
the tunnel near the block means that data associated with
this arc are not necessary to be considered on the next level
of decomposition. The arrow marked as the tunnel near the
borderline means that data associated with this arc does not
exist on the parent diagram (fig. 2) [14].

Arcs 12 and C2 of the parent diagram A1l do not exist
on the child diagram A12. An output O2 of the child dia-
gram A12 is not related to the parent block and does not
exist on the diagram Al (fig. 2). Analysis of IDEFO dia-
grams requires considering various types of impacts on
the diagram blocks, as well as considering presence of the
tunneled arcs.

Table 1 — Cohesion types of IDEF0 diagrams blocks

Cohesion type Level, / Description
Coincidental 0 Blocks aren’t related at all
Logical 1 Blocks of diagrams of various de-
composition levels
Temporal 2 Blocks of diagrams of the same
decomposition level
Procedural 3 Blocks of the same diagram
Communicational 4 Blocks have common inputs, out-
puts or mechanisms
Sequential 5 Output of the preceding block is the
input of the subsequent
Functional 6 Output of the preceding block is the
control of the subsequent
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F igure 2 — Example of tunnel arcs on IDEFO diagrams

As the result of the literature review we summarized
that existing formal approaches [5, 6-9] does not provide
solutions of the considered problem. Therefore, this study
should be focused on the development of the approach to
formation and analysis of a business process structure in
IDEFO notation.

3 MATERIALS AND METHODS

Some diagrams might not fit the recommendation of
the minimum value achievement of balancing coefficient
because of features of business processes these diagrams
describe (e.g., manufacturing process consumes a lot of
components and produces one product) [5]. The weight
coefficient of arcs related to the diagram blocks should be
considered in order to resolve this problem. This allows
considering roles of each arc within the described busi-
ness process execution.

The weight coefficients of arcs w; are proposed to be
defined using cohesion types (tab. 1). The weights of co-
hesion types ,; should be calculated using normalization
of their levels that in-crease from the coincidental (0) to
functional type (1) according to the ISO/IEC/IEEE 24765
standard [10]:

l _
W, mal{l}’l 0,6.
1=0,6

Hence, the weight coefficients of arcs w;; of the IDEF0
diagram will take various values p; according to the cho-
sen cohesion type (tab. 1). This study does not consider
problems related to selection and explanation of expert
judgment methods (e.g., Saaty’s pairwise comparison)
used to de-fine weights of cohesion types. This might be a
subject of future research.

The integer matrix D represents the number of arcs of
various types, which are related to the IDEFO diagram
blocks. The matrix AD represents structural changes that
allow obtaining the IDEFO diagram suitable for balancing
requirements. The elements Ad); of this matrix are also inte-
ger values. The upper and lower boundaries of values that
represent changes within numbers of arcs of various types,
which related to the IDEFO diagram blocks, are represented
using matrices ADp, and AD,,,x. Moreover, there are restric-
tions that each IDEF0 diagram block might be connected to
at least one arc of each type except call.
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The following optimization problem allows obtaining
required structural changes AD that will provide the
minimum value of balancing coefficient:

-\ U)+

ni (dy +Ad;

L
n

F'Mx

+ Wim '(dim +Adim)_

i=ln

m—1
— max Zwy (d +Ady; =\ y)+
Jj=1

d l’nll’l

Wim '(dim +Adim)} }
ij

dij +Ad; >0, i=1n, ]—lm
AD iy SAD < ADjpax -

The optimization criterion B represents the balancing
coefficient that considers weight coefficients of arcs of
various types, which are related to the IDEF(Q diagram
blocks, as well as possibility of tunneled arcs usage.

The tunneling coefficient A might be defined using the

following equation:
m—1

n
IR
ropo_ i=LiE

n m-1 ’
> Xy +ady)
i=l j=1
The value A = 1 indicates that the IDEFO diagram does
not contain tunneled arcs, while value A = 0 indicates that
the IDEFO0 diagram contains only tunneled arcs.

4 EXPERIMENTS

IDEFO notation might be used for business process
modeling in various areas. Further design and analysis of
IDEFO diagrams is outlined as an example. The example
includes a sample pair of business processes related to the
software release and product purchase respectively.

The following IDEFO diagram (fig. 3) describes busi-
ness processes of the software release.

The number of blocks on this diagram is n' = 5. The
matrix of the numbers of arcs related to the IDEFO dia-
gram blocks as well as restrictions matrices are following:

21130 0 000 O
41210 “1 0100
D'=/2 2 2 1 olaDL,. =0 0 0 0 0}
12210 0 000 O
22210 00110
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Since the IDEFO diagram (fig. 3) does not contain
tunneled arcs, matrix of tunneled arcs T’ ! is zero-matrix.

The next considered IDEF0 diagram describes product
purchase processes (fig. 4).

The number of blocks on this diagram is n* = 4. The
matrix of the numbers of arcs related to the IDEFO dia-
gram blocks, as well as restrictions matrices, and matrix
of the number of tunneled arcs are following:

4112 1 10100
o121 21, 0 0000
Dol 12 ofPmn=l g 0 0 0 of

12120 0 0000

00100 000 1
o2 00200, fo0 01
00 0 2 0 0f 000 O0f
00200 000 0
5 RESULTS

Calculated for the considered IDEFO diagrams values
K,' =1 and K,* = 2 do not correspond to balancing re-
quirements. It is necessary to define structural changes
that will provide minimum values of the balancing coeffi-
cient K, and optimization criterion B based on the solu-
tion of proposed optimization problem.

The weights , that were calculated using the cohesion
types levels (tab. 1) [10] are shown in table 2.

Table 2 — Weights of cohesion types

[l 101 2 3 4 5
w|0]0171]0331]05]067]083]1

The weight coefficients of arcs w;', w,;’ related to
blocks of the considered IDEF(Q diagrams were selected
from the set of the obtained weights p, based on the con-
sidered cohesion types (tab. 1):

1) input and output arcs correspond to the sequential
cohesion (they connect output of the preceding block with
the input of the subsequent):

1 1 . 1
wip=wp=us=083,i=Ln,

wh =wi =ps =083, j=Ln’;
2) control arcs correspond to the procedural cohesion
(they impact on the blocks of the same diagram):

W}3 = U3 =0,5, i=1,n1, W]2-3 =U3 =05, j=1,}’l2
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3) mechanism arcs correspond to the communicational
cohesion (they are common for the blocks):

wig =pg =0,67, i=Ln', wiy=py =067, j=1Ln>;

4) call arcs correspond to the logical cohesion (they
are related to the blocks of different model):

w_§5 =u =017, j=1,n2.

As the result of optimization problem solution, the fol-
lowing values of balancing coefficients of the considered
IDEFO diagrams were obtained (tabl. 3).

Table 3 — Balancing coefficients values

Coefficient Description Diagram 1 | Diagram 2

Balancing Before transformation 1 2
coefficient K, After transformation 0 0,5
Optimization Before transformation 0,83 1,03

criterion B After transformation 0,17 0,15

Calculations were performed using Microsoft Excel
tool “Solver”. Since a number of blocks on the diagrams
according to the IDEFO standard might be from 3 to 6, the
size of proposed optimization problem allows performing
calculations using Microsoft Excel.

The matrix of structural changes and the matrix of
numbers of arcs connected to the blocks of IDEFO dia-
gram that describes software release processes are the
following:

00110 212 40
00100 41310
AD'={0 0 1 1 olD'+AD'=|2 2 3 2 0]
00120 12330
00110 22320

The matrix of structural changes and matrix of numbers
of arcs connected to the blocks of IDEF0 diagram that de-
scribes product purchase processes are the following:

~1 0100 31221
, lo0200 , 5 |12321
AD? = ,D? + AD? = .
00200 12320
00200 12320

6 DISCUSSION

The DevOps concept allows development, testing, and
maintenance units to implement cur-rent business re-
quirements of the continuous software release by organiz-
ing interaction of these groups [15]. The implementation
of the process management features according to the De-
vOps concept and obtained recommendations related to
the structural changes 4D' allowed obtaining the follow-
ing IDEFO diagram (fig. 5).
© Godlevskyi M. D., Orlovskyi D. L., Kopp A. M, 2018
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For example, the original IDEFO diagram (fig. 3) con-
tains planning, development, and assembly processes that
were related to the deployment process only because they
were executed during the same software release iteration
which corresponds to the procedural cohesion. Now the
transformed diagram (fig. 5) contains these processes re-
lated because they are executed by the same resources (De-
vOps team) which corresponds to the communicational
cohesion. This improvement eliminates functional areas
called “silos” that are typical for the functional manage-
ment approach.

The obtained recommendations related to the structural
changes AD?, as well as the recommendations of the sup-
ply-chain reference model SCOR (processes, best practices,
metrics, etc.) allowed obtaining the following IDEF0 dia-
gram (fig. 6) [16].

The sample calculations required to check the validity
of the proposed approach were per-formed for the IDEF0
diagrams that describe business processes of various do-
mains — software release and product purchase. The con-
sidered IDEFQ diagrams were developed using the trial-
version of Erwin Process Modeler.

Unlike the reviewed formal approaches [5, 6-9], the
proposed approach allows analyzing balancing of IDEF0
diagrams in terms of various types of impacts and presence
of tunneled arcs as well as defining structural changes that
provide IDEFO diagrams suitable for the balancing re-
quirements [10, 11].

The shortcomings of the proposed approach are com-
plexity of the considered optimization problem at big size
(for hierarchical system of diagrams) and high require-
ments for business analyst’s skills (deep knowledge of the
IDEFO0 methodology).

CONCLUSIONS

In this paper we proposed an approach to formation
and analysis of a business process structure in IDEF0 no-
tation.

The scientific novelty of the obtained results is that
the earlier known approach based on the use of the bal-
ancing coefficient of IDEF0 diagrams was modified and
augmented with considering the weights coefficients of
arcs of various types. In order to calculate the values of
these coefficients the cohesion types defined in the
ISO/IEC/IEEE 24765 standard are used. The weights of
these types are calculated using normalization of theirs
levels. The approach to analysis of IDEF0 diagrams al-
lows defining structural changes in which diagrams will
fulfill balancing requirements.

The practical significance of the achieved outcomes
is that the recommendations obtained as the result of
analysis of IDEFO0 diagrams, which describe product pur-
chase and software release processes, as well as the rec-
ommendations of the DevOps concept and supply-chain
operations reference model SCOR, allowed transforming
original IDEFO diagrams according to the balancing re-
quirements.
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The proposed approach might be used to support ac-  business process models before they are stored into the
tivities related to storing and sharing of the organizational  enterprise repository for their future reusing to create new
knowledge by supporting analysis and enhancement of  solutions.
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CTPYKTYPHHI AHAJII3 TA OITUMIBALIIA ®YHKIIOHAJIbHUX IDEF0-MOIEJIEM BI3HEC-IIPOLIECIB

TopneBcwbknuii M. [I. — 1-p TexH. Hayk, npodecop, 3aBigyBad kadeapu nporpamHoi iHxeHepii Ta iHQOPMAaLiHUX TEXHOJIOTIi
ynpasiiHHsg HarioHansHOro TeXHIYHOTO YHIBepcuTeTy «XapKiBChbKHH MOTITEXHIYHUH IHCTUTYT», XapKiB, YKpaiHa.

OpaoBcebknii 1. JI. — kaHa. TexH. HayK, JOLEHT, JOLEHT KadeapH mporpaMHoi imxeHepii Ta iHpopMaLiifHIX TEXHONIOTIH ypaB-
ninHs HanioHambHOTO TEXHIYHOTO YHIBEPCUTETY «XapKiBCbKUil MOMITEXHIYHHUN IHCTUTYT», XapKiB, YKpaiHa.

Konn A. M. — acnipant kadenpu nporpamHoi imkeHepii Ta inbpopManiiiHnx TexHonoriit ynpasinas HarioHansHOTo TeXHi4HO-
T'O YHIBEepCHTETY «XapKiBChKUI MOMITEXHIYHUI IHCTUTYT», XapKiB, YKpaiHa.

AHOTANLIA

AxTyanbHicTh. BupimeHo akryanbsHy 3amady po3poOKH METOAY, SIKH {03BOJISIE 3HU3UTH KUIBKICTh CHCTEMHHX 200 BUITaIKOBHX
TIOMHJIOK, [0 BUHHKAIOTH IIiJ] 9ac moOyRoBH Mojenei OizHec-mponecis. O6’ekToM fociimKkeHHs € rpadidai Ta MaTeMaTHIHI MOAeI,
SIKi BiIOOpa)aloTh CTPYKTYpy Oi3Hec-mporeciB. MeTa po60OTH — MiHIMi3allisi CHCTEMHUX a00 BUITaJAKOBHX IIOMUJIOK Ha OCHOBI PO3-
pobOku MeToy GopMyBaHHS Ta aHai3y CTPYKTypH Oi3Hec-mporieciB B HoTalii IDEFO.

Mertopn. 3anponoHoBaHo Meton (OpMyBaHHsS Ta aHaii3y CTpykrypu OizHec-mpouecis B Hortauii IDEF0. [nst ananmisy mgiarpam
IDEFO BuKOpHCTOBY€EThCsI KOS(iLieHT 30a1aHCOBAHOCTI, SIKUi Oys10 MOAU(IKOBAHO Ta ZOMOBHEHO 3 ypaxyBaHHIM BaroBux Koediri-
€HTIB IyT pi3HUX BUAIB. {715 BU3HAUeHHS 3HAYCHb JaHUX KOe(illi€HTiB BUKOPUCTOBYIOTHCS THIIU 3B’ SI3HOCTI, BU3HAUCHI Y CTaHAAPTI
ISO/IEC/IEEE 24765, BaroBi koeillieHTH SKHX PO3PaxOBYIOTHCS 3a JONOMOTOI0 HOPMYBaHHS iX 3HAUYIIOCTI.

Pe3yasTaTn. Po3zpobieno meroxn ananizy piarpam IDEFO, skuit mo3Bosisic BU3HaUaTH CTPYKTYpHI 3MiHH, 32 SKUX JiarpaMu Oy-
JyTh 33JJ0BOJIHATH BIMOTaM 30aJJaHCOBAHOCTI Ta (DyHKITIOHAIBHOI 3B’ A3HOCTI. PexomMeHanii, OTprMaHi B pe3yJIbTaTi aHali3y miar-
pam IDEFO, 1o onucyroTs npolecy 3akynky npoaykuii ta Bunycky I13, a Takoxx pexomenaauii konnernii DevOps Ta pedepenTHOi
MoJieni orepariiif y yaHirorax noctaBok SCOR, 103BoNMIM MEPETBOPUTH BUXIIHI JAiarpaMu BiIIOBIIHO JO BUMOT 30a1aHCOBAHOCTI.
V nofanpiioMy Opu OPUHHSTTI pillieHb IPO BUPOOITKY peKOMeHIaliit MOXKyTh OyTH BUKOPHCTaHI €KCIEPTHI CYIKSHHSI.

BucHOBKH. 3anponoHOBaHUN METOJ MOKe OyTH BUKOPMCTAQHHH UL MIATPUMKM JisUIBHOCTI IO HaKONHYEHHIO Ta PO3IOBCIO-
JDKEHHIO OpraHi3allifHuX 3HaHb, NO3BOJIIOYH aHANI3yBaTH Ta BIOCKOHAIIOBATH MOAENi Oi3HEC-pOLECiB, MEpII HiX BOHU OyIyTh
JOJaHi 0 KOPIOPATUBHOTO PEMO3UTOPII0 IS iX TIOBTOPHOT'O BUKOPHCTAHHS MIPH CTBOPEHHI HOBHUX PillIeHb. Y MOJANBIIOMY OyIyTh
PO3IIISHYTI Pi3HI COCOOU MPEACTaBICHHS MoJieieil Gi3Hec-TPOIeciB y KOPIOPATHBHOMY PENO3UTOpIl, [0 BiIIIOBIAIOTH HOTAIISIM
Archimate, ARIS Ta iH.
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KJIFOYOBI CJIOBA: 6i3Hec-poriec, moxaemoBanns, miarpama IDEF0, anamiz mozeni 0i3Hec-mporieciB, 30aIaHCOBaHICTb,
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AHHOTAIUSA

AKTyanbHOCTb. Pemiena axkTyanpHas 3afada pa3paO0OTKH METOAA, IMO3BOJSIONIETO CHU3UTh KOJIMYECTBO CHCTEMHBIX WIIH CIY-
YaiHBIX OIIHOOK, BO3HUKAIOIINX TP MMOCTPOCHUH Mojieneii OuzHec-nporeccoB. OOBEKTOM HCCIIEIOBAHUS SBIAIOTCS rpadUuecKie U
MaTeMaTHIeCKHe MOJIEIH, 0ToOpakaromye CTpyKTypy OnusHec-nponeccoB. Llemb paboTel — MUHUMH3AINS CUCTEMHBIX MJIM CIydai-
HBIX OIMIMOOK Ha OCHOBE pa3pabOTKH MeTona (OpMHPOBAHMS M aHAIN3a CTPYKTYpHI Or3Hec-TporieccoB B Hotarmu IDEFO.

Merton. IIpennoxeH MeToa (OPMUPOBAHKS M aHAIM3a CTPYKTYpbl OusHec-mponeccoB B HoTarmu IDEFQ. Jins anamisa muarpamMm
IDEFO ucnionb3yercst ko3 unreHT cOanaHCHpOBaHHOCTH, KOTOPBIi ObLT MOIM(HIMPOBAH U JIOTIONHEH C YYETOM BECOBBIX K0d(hHIMeH-
TOB JIYT PA3IM4HbIX BUJOB. J[JIst onpezeieHus 3Ha4eHHiH JaHHBIX KOI()UIIEHTOB UCIIONBb3YIOTCS THIIbI CBSI3HOCTH, ONPE/ICIICHHBIEC B CTaH-
napte ISO/IEC/IEEE 24765, BecoBbie KOI()MHIMEHTI KOTOPBIX PACCUUTHIBAIOTCS ITyTEM HOPMUPOBKU UX 3HAYMMOCTH.

PesyabTarthl. Paspaboran meron ananmza auarpamm IDEF0, mo3Bosstronuii onpenensTh CTPYKTypHbIe H3MEHEHUS, IPH KOTO-
PBIX AuarpamMel OyIQyT yZOBIETBOPATH TPEOOBAHUSIM COANAHCHPOBAHHOCTU. PekoMeHJanuy, MONydeHHbIE B Pe3ylbTaTe aHAIN3a
quarpamM IDEF0, onuchiBaromux npoueccsl 3aKynky npogykuuu u Beinycka 110, a taxke pexoMmennanuu konuenuuu DevOps u
pedepentHoit Monenu omepanuii B nemnsx nocraBok SCOR, mo3Bommmm mpeoOpa3oBaTh HCXOAHBIE AUAarpaMMBI B COOTBETCTBUH C
TpeOoBaHUAMH COANAHCUPOBAHHOCTH. B nanpHeieM npu NpUHATAN pelIeHHH 0 BBIpaOOTKE peKOMEHIAINI MOTYT OBITh HUCIIONB30-
BaHbI SKCIEPTHBIE CYXKJICHHUS.

BeiBoabl. IIpesnoxeHHbIil METOI MOXKET OBITH UCIONB30BaH AT MOMAEPKKH JEITENLHOCTH TI0 HAKOIIEHHIO M PacIpOCTpaHe-
HUIO OPraHH3aIl[MOHHBIX 3HAHMH, MO3BOJIASA aHAIM3UPOBATh M COBEPIIEHCTBOBATh MOJEIH OHM3HEC-TIPOLIECCOB, MPEXAE YeM OHU Oy-
IyT no0aBiieHB! B KOPHOPATHBHBIA PENO3UTOPUI U MX MMOBTOPHOTO HCIONB30BaHMS MPH CO3JAaHUU HOBBIX pelneHuid. B manpHei-
meM OyIyT pacCMOTPEHBI pa3lIMIHbIE CIIOCOOBI IPECTaBICHHUS MOJieIel OM3HeC-IIPOIEcCOB B KOPIIOPATHBHOM PEIIO3UTOPHH, COOT-
BeTcTBytomue HotanusMm Archimate, ARIS u np.
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ABSTRACT

Context. The interval problem of mixed Boolean programming having numerous economic applications is considered. The
object of the study was a model of the integer programming.

Objective. Development of methods for constructing suboptimistic and subpessimistic solutions of the mixed Boolean
programming interval problem.

Two methods for constructing suboptimistic and subpessimistic solutions of mixed Boolean programming problems with interval
initial data are introduced. These methods are based on some economic interpretation of the model considered.

Method. Two methods for constructing suboptimistic and subpessimistic solutions of mixed Boolean programming problems
with interval initial data are introduced. These methods are based on some economic interpretation of the considered model. In the
first method a criterion of selecting unknowns for assigning values, which is based on the principle of profit maximum for each unit
of expenditure is introduced. Since the coefficients of the problem are intervals, two strategies are chosen: optimistic and pessimistic.
In the optimistic strategy, the idea of choosing unknowns is used, which corresponds to the maximum ratio of the corresponding
maximum profit to the minimum expenditure. And in the pessimistic strategy, the idea of maximum ratio of the minimum profit to
the maximum expenditure is used. In the second method, the concept of a non-linearly increasing penalty (price) for using a unit of
the remaining resources is introduced, that on the right side is bounded. Taking into account the principles of the above first and
second methods, using this concept of penalty (price), methods for constructing suboptimistic and subpessimistic solutions have been
developed.

Results. The algorithms for constructing suboptimistic and subpessimistic solutions to the interval problem of mixed Boolean
programming are developed.

Conclusions. A software package was developed for constructing suboptimistic and subpessimistic solutions to the interval prob-
lem of mixed Boolean programming. A number of computational experiments have been carried out over random problems of vari-
ous dimensions.

KEYWORDS: an interval problem of mixed Boolean programming, optimistic, pessimistic, sub-optimistic and sub-pessimistic
solutions, upper and lower bounds, errors, experiments.

NOMENCLATURE ri, r; — use of the i-th resource for the optimistic and
N -the number of all variables,

n — the number of boolean variables, . -
m — number of bounders, Q i’ Qj — the total penalty for using the remaining

I =[1,....,n] — set of indexes of variables, taking

pessimistic solutions, respectively;

resources for the unknowns x; for an optimistic and

boolean values; imistic solutions, respectively;
R=[n+1,n+2,...,N] — set of indexes of variables, PESSIMISHC SOIULons, respectively;

taking continuous values; fop> fp — upper bounds of the suboptimistic and sub-

¢j. Cj. & ,Tiij , b, , bi — given positive integers; pessmistic values of the objective function, respectively;
1 2 ¢l 2 1 2 1 2
j« — fixed item; fso» fsos fsosnt> fso.snts fspa fspa fsp.sht’ fsp.sht
Xj — j-th unknown; suboptimistic. and subpessimistic values of the objective
function obtained by the 1-st and 2-nd methods (non-linearly

X — N — dimensijnal vector; increasing penalty) corresponding to the 1-st and 2-nd ap-

X P _ an optimistic solution; proaches;
P _ an optimistic value; X %% — a suboptimistic solution;
X P — a pessimistic solution; £ — a suboptimistic value;
f P —a pessimistic value; X P _ a suppessimistic solution;
ai» g - a penalty (price) for using the i-th f* —a subpessimistic value;
resource for the optimistic and pessimistic solutions, 8150, 830, Slso.shts 8§O_Sht, Sép, Sgp, Sép.shts 8§p.5ht — rela-

respectively; tive errors of the suboptimistic and subpessimistic values of
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the objective function from the optimistic and pessi-
mistic values obtained by the 1-st and 2-nd methods
(non-linearly increasing penalty) corresponding to the
1-st and 2-nd approaches;

Kso> Kso.shts Ksps Ksp.she — the number of remaining

continuous variables after the application of the 1-st
and 2-nd methods (nonlinearly increasing penalty) with
the second approach for construction suboptimistic and
subpessimistic solutions, respectively.

INTRODUCTION

At the begining of the mixed Boolean programming
problems with interval data, we give some economic
interpretation.

Let there are many objects. Some of these objects
can be used or ignored, and the rest of the objects can
be used to some extent. Suppose for the use of these
objects, the resources belonging to a certain interval
were distinguished.

If a fixed object is selected for use (or partial use),
then the possible costs will be within the specified in-
terval.

In this case, the profit also belongs to a given other
interval. It is required to choose for use (or partial use)
such objects, the total costs of which do not exceed the
allocated resources included in the corresponding in-
tervals, and the total profit will be maximum. Taking
the corresponding variables, we obtain a mathematical
model of mixed-Boolean programming with the inter-
val initial data. Here the aim is to develop methods for
solving of the obtained problem, taking into account
the basic properties of the model. In addition, carry out
comparative computational experiments to identify the
quality of the developed methods.

1 PROBLEM STATEMENT
The following problem is considered:

Slepei]x+ 3 [epei]xomax
j=n+l1

j=1

Zn:[gij,éﬂ X; + Z [gij,éi,} X; < [Qi,BiJ,(i =1,m), )

0< xjﬁl,(jzl, ), 3)
X =1v0,(j=Ln),(n<N). )
Here it is assumed that

¢j >0, ¢j>0, a; >0, aj >0, b; >0,

ij
bi >0 (i= 1,m, j= I,_N) are given integers.

We note the following natural conditions for the
coefficients of the problem (1)—(4). First, for each

N _
conditions must be satisfied Z ajj > bi,(i=1,m).
j=1
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Conversely, if for all these conditions are not satisfied,
then the solution X =(1,11,...,1) will satisfy the system (2)—

(4) and it will be the optimal solution. On the other hand, if

N
for some fixed i, the condition ) ajj<h; ,(i=1,m) is
j=1
fulfilled then the inequality i, is not a restriction and it is
excluded from the system (2). We assume that the above
natural conditions are fulfilled for the problem (1)—(4).

This problem is called the problem of mixed-Boolean
programming with interval data or simply the interval
problem of mixed-Boolean programming. The considered
problem (1)—(4) is a generalization of the Boolean
programming  problems, interval Boolean programming
problems, and linear programming problems. In the case of
n=0 we obtain the linear programming problem with
interval data, in the case of n=N an interval Boolean
programming problem is obtained, in the case of

Cj =cCj.a; =aij, b; =bi, i =1,_m, j =1,_N) the well-known
Boolean or mixed-Boolean programming problem is
obtained.

In the beginning, for problems (1)—(4) we give some
economic interpretation. Let there are N objects. From each
object n(n < N) you can use or ignore, and for other objects
N—-n you can use to some extent. Assume that the

resources included in the interval [Qi,Ei](i :L_m) are

allocated to use these objects. If the j-th object (] = I,_N) is
selected for use (or partial use), then the possible costs enter
the interval [&j;.» aij J=1,m;j=1,N), while the profit

belongs to the interval [C; ,Ej 1(i=LN).

It is required to choose for use (or partial use) such ob-
jects, which total costs did not exceed the allocated re-
sources involved in the interval [Qi,Bi](i :I,_m) , and the
total profit was maximum. Obviously, taking variables
{l, if j-th object is taken

0, otherwise, (] = 1,_n),

Xj = and

0< x j< L(j=n+1,N), then the mathematical model of

the problem will be in the form (1)—(4).

To construct solutions for problem (1)—(4), we have in-
troduced two criteria for choosing the number of unknowns
and assigning specific values. Based on these criteria, two
methods for constructing solutions have been developed.

2 LITERATURE REVIEW

It should be noted that since all the particular cases of
problem (1)—(4) are in NP-complete class, this problem also
belongs to the class NP-complete; difficult-solvable [1-2].
As far as we know, the interval problem of mixed Boolean
programming has not yet been investigated. In spite of this,
some classes of interval integer-programming problems
were investigated in [3—6].

In this article, for the problem (1)—(4), the concepts of
admissible, optimistic, pessimistic, suboptimistic and sub-
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pessimistic solutions are introduced and methods for
their solution are developed. These concepts are an
extension of the concepts introduced in [7, 8]. It should
be noted that a number of approximate and exact
algorithms for solving the classical Boolean
programming problem are presented in [9, 10]. And in
[11] specific methods for construction of a suboptimal
(or approximate) solution of Boolean programming
problems were developed. The basic principles of in-
terval calculus are presented in [12]. It should be noted
that the concepts of a linearly-increasing penalty to
construct an approximate Boolean programming solu-
tion were introduced in [13]. And in this paper a more
powerful criterion is introduced, which we call a
nonlinearly-increasing penalty for a more general class
of problems.

3 MATERIALS AND METHODS

First we introduce an analog of the concepts intro-

duced by the authors in [7, 8] for a more general class
of mixed Boolean programming problems.

Definition 1. N -dimensional

X =(X{,...,Xy) satisfying the system of conditions
(2-(4) for Vajelay.aij] and Vb e[b;,bil,

(i=1,m; j=1,N) is called an admissible solution of
problem (1)—(4).

From this definition it immediately follows that the
concepts of the optimal solution and the optimal value
of the function (1) must have a different meaning, in
contrast to the known ones. Because it is necessary to
ensure that the sum of some intervals is not exceeded

vector

from a given specific interval [t_)i,Bi] and that the

maximum of some other intervals is reached. To this
end, we introduce a few more definitions.
Definition 2. An admissible

XOP — (xlop, Xgp X&p ), is called to be an optimistic

solution

solution of problem (1)—~(4) if that satisfies the ine-

qualities Z 3 X(J)p <b,, for vh; e[b;,bil,

(i=1,m;j= 1, N), and in this, the value of the function

N _

fOoP = z ijcj)p will be maximal.
j=1

Definition 3. An

admissible solution

XP= (le,xzp,...,x,f’l ) is called to be a pessimistic so-
lution of problem (1)—(4) if that satisfies the inequali-
ties

Zauxp<b for v, e[Qi,Bi],

(i=Lm

m;j=1, N) and in this, the value of the function
N
z ]p will be maximal.
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From these definitions it is clear that in order to find the
optimistic and pessimistic solutions of problem (1)—(4) it is
necessary to solve many problems of mixed-Boolean pro-
gramming, which is included in the class of NP-complete
ones. And this requires unreal time to find the solution of
large size problems. Therefore, we have introduced the fol-
lowing concepts of suboptimistic and subpessimistic i.e.
approximate solutions of problem (1)—~(4) and have devel-
oped algorithms for finding them.

Definition 4. An

XS0 _ (

solution of the problem (1)—(4) if that satisfies the conditions

admissible solution

X350, XSNO) is called to be a sub-optimistic

Zauxio <b forVh, e[bi,Ei] (i=1,m;j=1,N) and the
N _

value of the function f%° =3"c;j X?O will take a large value.
j=1

Definition 5. An admissible solution

X 5P —( PP X&p) is called to be a sub-pessimistic

solution of the problem (1)—(4) if that satisfies the conditions

N _ _ _ _
> aijx{® <bj for Vb e[bj.bil. (i=Lm:j=1N) and in
j=1

N
this, the value of the function f%° = Zg J-X?p will take a
j=1
large value.
Theoretical justification of the 1st method.
Using the above economic interpretation of problem (1)—
(4) introduced in paragraph 1, we derive the criterion of
choosing unknowns for assigning specific values. Let the j -
th object (j = I,_N) be selected for use (or partial use). Then,
the necessary expenses should be included in the interval
['E‘ij ,aij](i=1,m; j=1,N) . In this case, the obtained profit is
included in the given interval [C Cj il=1, N) Obviously,
the profit per unit of consumption included in the interval
[gij ,aijJ(i=1,m; j=1,N) will be at least
[ej.cil  [ejejl
min— = =GN,
i [a,aij] max[a;,aij]
I

From here it is directly visible that it is necessary to choose a
number j, , which is determined from the following condi-

tions:

X, =1v0,(j=1Ln),(n<N). 4)

[QJ,CJ] [gj*’cj*]
max == = (5)
J max[ay,ajj] max[a; ,aij,]
i i
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Using the formula (5) and taking into account the
above definitions 4 and 5, we obtain the following cri-
teria for choosing the number j, of unknowns X i. for

construction of suboptimistic and subpessimistic solu-
tions, respectively:

. Cj
= arg max .
Jx g | max QU (6)
|
J» = argmax - 7)
i max ajj
I

Thus, to construct a suboptimistic solution, one can
use criterion (6), and for a sub-pessimistic solution, (7).
In this case, it is necessary to take into account the case
in what interval is j« ie. j«€[l,..,n]=1 or

jse[n+L,n+2,..,N]=R .

Theoretical justification of the 2nd method
(nonlinearly-increasing penalty method). We write
the problem (1)—(4) in the following equivalent form

for fixed b, , by e[b;,bi], (i =1m):

Ylepa ]+ Y [e,6]x omx )

j=1 j=n+l1

i[gij,aiijjJr_z [gij,aidxj < L=Lm), (9

0< X, <L(j=LN), (10)

X, =1v0,(j=1Ln),(n<N). (11)
Here ajj = ajj /by, &ij :Eij /b, bj=1,
(i:r;jzl,_N). It is obvious, that oF >0, Ej >0,

0<oj <1, 0<aij <lay 20, ajj 20,(i=1m, j=1N).
Proceeding from problem (8)—(11), we construct
the following problem (12)—(15) and (16)—(19) which

we call optimistic and pessimistic, respectively.
n N

ZEij-i- > c_;jxj — max, (12)
j=1 j=n+1
n N L —
20 X+ 2 g Xj < Li=1m), (13)
j=1 j=n+1
0< x;<L(j=LN), (14)
X =1v0,(j=Ln),(n<N). (15)
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n N
20X+ D € X - max, (16)
j=1 j=n+1
n _ N _ L —
D aiiXj+ Y aijxj < L3 =1,m), (17)
j=1 j=n+1
0< x, <L(j=1N), (18)
X, =1v0,(j=Ln),(n<N). (19)

For optimistic problems (12)—(15) below, a method for
constructing  suboptimistic solutions was developed.
Similarly, it is possible to develop a method for constructing
subpessimistic of solutions of problems (16)—(19).

The process of constructing of a suboptimistic solution

begins from an admissible solution X*° =(0,0,...,0) . Then
we accept ©o=¢ and ;= O,(i =1,_m) Let some

coordinate X 5_10 -1.

J J
Then on the right-hand side of the system (13) there are

(i = I,_m) . Obviously, these

f take the value of unit, for example X

resources for further use 1— ij,

resources are different. With a view of constructing a final
solution containing a larger number of units, i.e. in order to
uniform use of the remaining resources, it is necessary to
assign a penalty (price) for the use of each resource. It is
clear that the penalty (price) should have such property, that
at reduction of the remaining resources, the penalty for their
use should increase.

If Xi) =1 is selected, then on the right side of the system
(13) l—gijl —Qj, (i :I,_m) remains. In the general case,
1-r; (i :L_m) is on the where

=Y o (i=1,m), o={j[x{° =1}.

jeo

right  side,

We note that in [13] a penalty is imposed, which
increases linearly (proportional to) with decreasing right-

hand sides, ie. t;=r; (i :L_m) is accepted . And in this
work as a penalty t; (i :I,_m), t=1/0-r)( :L_m) is
acCObviously, with increasing used resources r; (i =1,m),

the penalty for using the remaining resources increases
nonlinearly, i.e. faster than linear. Therefore, this method
will be called the method of non-linearly increasing fine. In

other words lim t; =co. This ; (i =l,_m) provides a high
I -1

price (penalty) for the use of scarce resources.

Note that the penalty in the form t; :L (@ :F)

was first introduced in the work for Boolean programming
problems [11]. In this paper, these concepts were extended
for a more general problem of partial Boolean programming
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with interval data. It should be noted that in order to
fewer use of the remaining smaller resources (right-
hand parts of the system (13)), it is possible to increase

the penalty t G :I,_m) as follows:
t; :;k (i :L_m), here k is a fixed natural
(-r;)

number. Computational experiments have shown that
the best results are obtained mainly for k =2 . Then the

total 0 will be

penalty  Xj for acceptance

At the same time, the profit per unit of the total
penalty for constructing of a suboptimistic solution to

take xj?" =1 will be QJ. :cj/gj (j=LN).
Obviously, it is necessary to choose xf° =1, where the

number J, is determined from the following criterion:
_ ¢ci Cci —

max Q ; :—J:i:Q- or
; J Ji

J 95 9

J» = argmax Q; (20)

J
To construct a suboptimistic solution using criterion
(20), it is necessary to take into account the

circumstances j, €l or j,e€R. The use of these
circumstances in the construction of solutions are given

below. To construct a subpessimistic solution, the
process is carried out similarly as mentioned above,

using the following criterion:
g &
maxg :m?lx—_Z_—':gj .
Heére a5 aj ’
L TR NP
qj =2 aijti (=LN), ti=—= (i=1m),
i=1 1—rj
ri= 2 aij (i=1m), o={j|x; =1} o
jeo

At the beginning of the constructing process of a
sub-pessimistic solution o ={J} and

ri=0, (i=L,m), ie. XSP = (0,0,...,0) are accepted.
Using the criteria (20) or (21) to construct a
suboptimistic ~ or  subpessimistic  solution two
approaches were developed, respectively. These
approaches to the construct of a suboptimistic solution
was presented as follows.

I approach: In the case when for the first time it is

impossible to assign to an unknown xi°, (jeR) a

unit , then for this unknown we take the possible
fractional values, and for the remaining variables we
assign zero.
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In other words, if j, €l , then on can take the values
either 0 or 1. If % <I-r; (i=l,_m), then xj?" =1,

rp=r+o;, (@ :L_m), I :=1\{j.}, is accepted, and if at

Zij, >

least for one 1 (i :I,_m), @jj, > I-r; (i :L_m), X?O =0,

I :=1\{j,} is accepted. If J, € R, then the unknown X?O
must take any values from the interval [0,1]. In this case, if

o, < 1-r; ,forall i (i :L_m), then we accept ng =1,

Ni= 4+, (i :I,_m), R:=R\{j.}. And if at least for
one i (i=Lm) oy >1-r; (i =1,m), then we accept
1-r; .
x° =min—=", R:=R\{j.}, Ij=rj+o; x°. And for
) i Ol:: )« Jx

the rest j itis accepted x° =0, (je | UR).

(i=1Lm,
of constructing a

Obviously, in this case, at least for one I

ry=1 is obtained, the process

suboptimistic solution is completed.
To continue the construction process of a suboptimistic

solution X%° = (x{°,x3°,...,x3"), we find the next number
j. from the criteria (6) or (20). Construction process of this

solution is completed, if | =& and R=O.
Note that it is possible to construct a subpessimistic

XP =P, %P ,...x ) of problem (16)~(19)

similarly to the above, only using criteria (7) or (21).

solution

II approach: Here, in the case of |, € | , the first part
of the I approach still stands, and in the case of J, € R, i.e.

When the unknown Xio should take any values from the

interval [0,1], we proceed as follows: if &,

SO
=1
J« ’

(i :L_m) R:=R\{j.}. And if it is impossible to assign a

<I-r; forall

i (i=1,_m), then we accept X Ni= i+,

unit to an unknown X?O, i.e. at least for onei (i :I,_m)

the condition oy >1-r; (i=1m) is fulfilled, then for

jel weaccept X;:=0.And for the rest XJS-0 (jeR) we

construct a linear programming problem and solve it by
some well-known method. Obviously, the dimension of the
obtained problem will be much smaller. These
circumstances are confirmed once again in computational
experiments.

Finally, we will write an algorithm for constructing of a
suboptimistic solution by the nonlinearly increasing penalty
method (The algorithm for constructing of a subpessimistic
solution is compiled similarly).
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Algorithm of the non-linearly increasing penalty
method (I approach)

Step 1. Input

N n:a”aa'])C]:C]:bpb"(l m J 15 )
_ A _ 5
Step2. Accept by =bi,q; :b—”, o :b_”’
i i
b :=L(Gi=1m;j=1N).
Step 3. Accept
X°,(j=LN),o={@},r;:=0,(i=1,m)  and sets

I={2,...,
Step 4.

n},R={n+1Ln+2,.N}.
t=1/(1-r)(i=1m),

Compute

Zocu t;, jelUR.
Step 5. Compute Q _cj /g (jeluUR) and find
=i
j* from relation j, =arg maxaj .
j

Step 6.1f j, el andforall i (i =1,m) the relation

o; <1-r. is fulfilled, then X% =1
b

oy < accept

ri=r; +oc” ,

Step 7. If j, el and at least for one i (i :l,_m)
is fulfilled, then accept

I :=1\{],} and pass to step 4.

the relation o;; >1-T;

1)
x;?:=0, 1:=1\{],} and pass to step 4.
Step 8. .

the relation

(i=1,m)

then accept

If j, €R and at least for any |

o;i <1-r; is fulfilled,

Y&, =
x; =1, rj=rj+o; , R=R\{j,} and pass to step

Step 9. If j, R and at least for one i (i= I,_m),

relation  a;; >1-1; is fulfilled, then

i,

I-r;
X3 =min—=", rp=rp oy X3

BT g, i

accept

, R=R\{j,} and
x7’=0, jel UR.

Step 10. Compute

N _
SO .__ SO
=20
j=t

Step 11. Print %, x% =(x,X5°,...,Xy) -

Step12. Stop.

Note that, a suboptimistic solution of the problem
(1)~(4)is found by the application of the above algo-
rithm . And to construct sub-pessimistic solution, you
can use the same algorithm completely, but instead of
using the criterion (20), you need to use criterion (21).

It is important to note that the algorithm for con-
structing suboptimistic and sub-pessimistic solutions
by the second method, one can use this algorithm, but
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in the case of j, el and at least for one 1 (i= I,_m), the

relation o;; > bi is satisfied, then we take for X; = 0, and

1«
for je | butfor all other non-fixed variables j, jeR we

compose and solve a linear programming problem of smaller
dimension. Then we add the obtained solution to the fixed
coordinates of the solution.

To estimate errors of the obtained suboptimistic and
suboptimistic values from the optimistic and pessimistic
values, the original problem is solved as a linear

programming problem and corresponding values Top and

Tp are obtained, respectively. Then the relative errors are

estimated as follows:

Top — fs fop — fo
1 op~ 'S0 .2 op ~ 'so
Bgo < T 2950 < T ’
op op
fo fop— fea
1 op ~ 'sosht o op ~ 'so.sht
Bdso.sht < 3 s O50.sht < i >
op op
r3 1 3 2
5! <fp_f5p 52 < o= T
sp=" ¢ > Op-= ?—v
p p
3 1 3 2
f p fsp.sht 2 f p fsp.sht
8sp sht = ?—, sp.sht ﬁ?—-
p p

It must be noted, that in development of methods for
solving problems (1)—(4), the ideas of work [9-12] were
used.

4 EXPERIMENTS
To identify the quality of the developed algorithms in
this paper, the programs of these algorithms are compiled
and a number of computational experiments were carried out
on problems of large dimension. Using the work [11], the
coefficients of these problems are chosen as randomly two-
digit or three-digit numbers as follows:

LO<a; <99,1<ay; <99, 1<c; <99,
1<c;<99,(i=1,m; j=1,N).
1L 0<a; <999,1<a; <999,1<¢; <999,
1<¢;<999,(i=1,m; j=1,N).

135 |l el i e =i,
b, ._[32%}, b [312_;&.,},0 1,m)

j=1

Here [z] denotes the integer part of the number z.

The results of the computational experiments are
presented in the following tables, where for each dimension,
5 different problems were calculated.
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5 RESULTS
Table 1 — Experiments with two-digit coefficients (N =500;n =300;m =10)
No 1 2 3 4 5
? 22948.176 | 22737.032 22307.446 | 22490.986 | 21982.270
op
f 1 22458.800 | 22234.909 21877.868 | 21908.750 | 21598.278
—S0
f2 22499.599 | 22244.156 21885.093 | 21916.256 | 21607.766

1 22867.500 | 22646.917 | 22175.650 | 22419.818 | 21853.667

2 22875.682 | 22700.419 22223.520 | 22438.152 | 21878.973
—so.sht
sl 0.021 0.022 0.019 0.026 0.017
SO
82 0.020 0.022 0.019 0.026 0.017
SO
51 0.004 0.004 0.006 0.003 0.006
so.sht
82 0.003 0.002 0.004 0.002 0.005
s0.sht

119 109 97 102 103
S0
k 108 97 93 102 100
so.sht
? 14039.384 | 14183.660 13947.478 | 13755.646 | 13584.626
p
fl 13949.091 | 14082.000 13809.471 | 13609.842 | 13466.579
—sp
fz 13949.091 | 14103.551 13824.456 | 13611.735 | 13487.778
—sp
1 13973.145 | 14121.324 13877.356 | 13696.894 | 13502.867
—sp.sht
2 13980.549 | 14133.362 13887.259 | 13716.408 | 13507.457
—sp.sht
5l 0.006 0.007 0.010 0.011 0.009
Sp
52 0.006 0.006 0.009 0.010 0.007
sp
81 0.005 0.004 0.005 0.004 0.006
sp.sht
82 0.004 0.004 0.004 0.003 0.006
sp.sht
k 140 139 128 136 139
sp
k 143 138 129 136 135
sp.sht

Table 2 — Experiments with two-digit coefficients (N =1000;n = 600; m = 10)

No 1 2 3 4 5
T 45911.804 | 45296.379 | 44437.319 | 45092.610 | 44435.775
op
f 1 44627.593 | 44136.731 | 43596.684 | 44301.667 | 43647.305
—s0
fz 44679.811 | 44198.527 | 43610.339 | 44358.495 | 43675.640
—s0
1 45828.458 | 45178.727 | 44385.097 | 45017.759 | 44376.333
—so.sht
2 45896.308 | 45217.426 | 44394.583 | 45021.415 | 44397.888
—so.sht
81 0.028 0.026 0.019 0.018 0.018
SO
82 0.027 0.024 0.019 0.016 0.017
SO
81 0.002 0.003 0.001 0.002 0.001
so.sht
62 0.000 0.002 0.001 0.002 0.001
s0.sht
k 199 225 211 213 220
S0
k 183 211 193 196 25
s0.sht
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Table 2 continuation

? 27827.451 | 28181.955 | 28069.358 | 27822.487 | 27432.328
p

fl 27642.257 | 27889.179 | 27762.000 | 27613.937 | 27139.276
—sp

fz 27642.720 | 27903.243 | 27762.000 | 27630.092 | 27153.737
—sp

1 27775.275 | 28094.640 | 28007.694 | 27751.538 | 27359.500
—sp.sht

2 27780.474 | 28127.185 | 28019.607 | 27768.076 | 27362.182
—sp.sht

5l 0.007 0.010 0.011 0.007 0.011
Sp

82 0.007 0.010 0.011 0.007 0.010
Sp

81 0.002 0.003 0.002 0.003 0.003
sp.sht

52 0.002 0.002 0.002 0.002 0.003
sp.sht

k 266 271 269 276 280

Sp

k 264 269 260 277 275
sp.sht

Table 3 — Experiments with three-digit coefficients (N =500;n =300;m =10)

Ne 1 2 3 4 5
T 207813.440 | 204799.686 | 201112.681 | 203689.588 | 199601.713
op
f 1 203492.135 | 198601.718 | 196161.118 | 197544.935 | 193740.212
—s0
f 2 204080.969 | 198679.476 | 196336.007 | 197629.799 | 194101.881
—s0
1 207116.555 | 204110.132 | 200646.886 | 202920.037 | 198132.469
—so.sht
2 207142.991 | 204348.405 | 200734.420 | 202993.009 | 198240.447
—so.sht
sl 0.021 0.030 0.025 0.030 0.029
SO
52 0.018 0.030 0.024 0.030 0.028
SO
81 0.003 0.003 0.002 0.004 0.007
50.sht
62 0.003 0.002 0.002 0.003 0.007
50.sht
120 115 105 110 112
so
k 112 106 95 108 105
s0.sht
? 141571.166 | 142834.086 | 139843.917 | 138310.900 | 136465.802
p
f 1 140092.684 | 141415.095 | 138470.466 | 136071.083 | 134879.129
—sp
§2 140104.789 | 141629.340 | 138705.641 | 136149.312 | 134982.791
—sp
1 140808.383 | 142269.891 | 139219.236 | 137639.519 | 135628.630
—sp.sht
2 140849.800 | 142344.442 | 139375.527 | 137692.414 | 135778.228
—sp.sht
5l 0.010 0.010 0.010 0.016 0.012
sp
52 0.010 0.008 0.008 0.016 0.011
sp
61 0.005 0.004 0.004 0.005 0.006
sp.sht
52 0.005 0.003 0.003 0.004 0.005
sp.sht
k 139 136 133 135 139
sp
k 141 135 131 133 137
sp.sht
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Table 4 — Experiments with three-digit coefficients (N =1000; n = 600; m =10)

No 1 2 3 4 5
? 416772.431 | 407262.286 | 400559.019 | 410320.331 | 402729.978
op
fl 403111.858 | 396721.293 | 390388.890 | 401217.913 | 392177.833
—S0
f2 403492.387 | 396912.010 | 390687.146 | 401814.400 | 392573.481
—S0
1 416005.141 | 406270.986 | 399687.804 | 409494.837 | 401871.992
—s0.sht
2 416238.934 | 406405.856 | 399782.798 | 410041.511 | 402047.775
—s0.sht
81 0.033 0.026 0.025 0.022 0.026
o)
62 0.032 0.025 0.025 0.021 0.025
o)
61 0.002 0.002 0.002 0.002 0.002
so.sht
62 0.001 0.002 0.002 0.001 0.002
so.sht
218 237 214 226 232
SO
k 195 223 204 214 210
so.sht
? 280754.495 | 284249.634 | 282822.257 | 280536.958 | 277027.700
p
fl 278290.868 | 280818.009 | 279785.821 | 278534.584 | 274033.651
—sp
fz 278305.366 | 280972.875 | 279895.739 | 278678.161 | 274132.534
—sp
1 279728.741 | 283343.339 | 282041.765 | 279638.956 | 276478.038
—sp.sht
fz 280001.797 | 283362.542 | 282256.459 | 279670.043 | 276552.316
—sp.sht
81 0.009 0.012 0.011 0.007 0.011
sp
62 0.009 0.012 0.010 0.007 0.010
sp
61 0.004 0.003 0.003 0.003 0.002
sp.sht
62 0.003 0.003 0.002 0.003 0.002
sp.sht
k 265 274 265 279 279
sp
k 263 269 261 278 273
sp.sht
6 DISCUSSION 0.002-0.006 respectively. And this means that using the

As will be seen from the above tables it is clear
that the suboptimistic and subpessimistic values ob-
tained by 1 and 2 methods of the objective function
differ from each other (non-linearly increasing
penalty). Taking into account that in the second
approach the apparatus of the linear programming
method is being used, which gives the best result both
for the 1-st and the 2-nd methods. The more practical
method can be considered the 2-nd method
corresponding to the 2nd approach. Because this
algorithm works faster than the application of linear
programming apparatus. The above experiments of the
I-st method show that the relative errors of the
suboptimistic and sub-pessimistic values of the
objective function from the upper and lower bounds of
the suboptimistic and pessimistic values for the Ist
method vary within the limits of 0.016-0.033 and
0.006-0.016, and for the 2-nd method 0.000-0.007 and
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methods developed in this article, the relative errors are not
greater than 3.3%. On the other hand, in order to apply the
2-nd approach for constructing of suboptimistic and sub-
pessimistic  solutions for problems with two-digit
coefficients, for the 1-st method on the average remains 106
and 136 variables out of 500 respectively, 214 and 272 out
of 1000 wvariables respectively, and to construct
suboptimistic and subpessimistic solutions for the 2nd
method, the remaining number of variables is 100 and 136
of 500, 198 and 269 of 1000 variables. The above
experiments once again confirm the efficiency and
practicality of the developed methods in this work.

CONCLUSIONS
Proceeding from the above, the following conclusions
may be drawn. In this article effective methods for solving
problems of mixed Boolean programming with interval data
have been developed. As far as we know, the problem of
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JBA METOJIA JIJIA HIOCTPOEHUSA CYBONITUMUCTHYECKOI'O U CYBIIECCUMHACTUYECKOT'O PEINIEHAI
HHTEPBAJBHOMN 3ATAYA YACTHYHO-BYJEBOT'O TIPOTPAMMMHPOBAHUSA

Mawmenos K. L. — 1-p ¢us.-mat. Hayk, npodeccop bakunckoro 'ocynapcTBeHnoro Yuusepcutera u 3aB. otaenoM WHCTHTYTa
Cucrem Ynpasienust HAH Aszep0aiimkana, AzepOaiimxan, baky.
Mawmenin H. O. — noxropant Mucturyra Cucremusix Yupasiennii HAH AzepOaitmkana, AzepOaiimkan, baky.

AHHOTAIUSA

AKTyalbHOCTb. PaccMoTpeHa MHTepBaJIbHas 3ajavya 4acTHYHO-ByieBOro mporpaMMHpoBaHMs, WMEIOIasi MHOTOYHCIICHHBIC
9KOHOMHYECKHE TpuMeHeHusl. OGbEKTOM UCCIIeI0BAHMS SIBIISIACh MOJEINb LIEIOYHCICHHOTO TPOrPaMMHUPOBAHUSL.

Heab padorsl. PazpaboTka METONOB HOCTPOEHHS CYOONTUMHCTHUYECKOTO U CyONECCHMHCTHYECKOTO PELIEHUH HMHTEpBAIbHON
3a/1a4M 4aCTUYHO-ByJIeBOro nporpaMMHpOBaHHMSI.

Mertoa. BeeneHsl aBa METOJa U MOCTPOCHHUS CyOONTHMHUCTHYECKOTO U CyOIIECCHMUCTHYECKOTO PEIICHHH 3a/iad 4aCTHYHO-
ByseBoro mporpaMMHpOBaHHUSI C MHTEPBAIBHBIMHA HMCXOJHBIMU IaHHBIMH. DTH METOZBI OCHOBAaHBI Ha HEKOTOPOW KOHOMHYECKON
HHTEpIPETalNH PACCMOTPEHHOI MOZENN.

B nepBoM MeToze BBEIEH KpuUTepHil BEIOOPAa HEM3BECTHBIX JJISI IPUCBOCHHS 3HAUCHUI, KOTOPHIH OCHOBAH MO NPHHIUITY MaKCH-
MaJIbHOCTH NPUOBLIM Ha KOKAYI0 SOUHHIY pacxona. [1ockoibKy Kod(Q@UIMEHTH 3afaun sBISIOTCS WHTEpBajaMU, BBIOPAHEI JIBE
CTpPaTEerHy: ONTUMHUCTHYECKOE M IECCUMHUCTHYECKOE. B ONTHMHCTHYECKON CTpaTerHy MCIOJB3YeTCsl Wiaesl BHIOOpa HEM3BECTHBIX,
KOTOpasi COOTBETCTBYET MAKCHUMAIBHOCTH OTHOLIEGHMS COOTBETCTBYIONIEH MAKCUMaJIbHON NPUOBLIM HA MUHUMAIIbHBIA pacxon. A B
MECCUMUCTHYECKON CTPATEerny MCIOJIb30BaHa UJIE] MaKCUMaJbHOCTH OTHOIICHHS MHHUMAJIbHOWH NMPUOBUIM HAa MakCHMMaJbHbIA pac-
XO0[.

Bo BTOpOM MeTo/Ie BBECHO NMOHATHE HETMHEHHO-BO3pacTatoniero mrpada (LeHsl) 32 HCIIONB30BAHUE SANHHUIIBI OCTABLINXCS Pe-
CYPCOB T.€. B IPaBOi YaCTH OrpaHHIECHHBIN.

Y4uTHIBas IPUHIOUIIEI BHIIIEYKa3aHHBIX IEPBOTO M BTOPOT0 METOMOB C MCIIOIb30BAHMEM TOTO MOHATHUS mTpada (LeHs), pa3pa-
00TaHbI METO/IbI IOCTPOCHUSI CYOONITHMUCTHIECKOTO U CyOIIeCCUMUCTHYECKOTO PEILICHHUH.

Pe3yabTaTthl. PazpaboTaHbl alrOpuTMbI TOCTPOCHUSI CyOONTUMUCTHYECKOTO ¥ CyOIIeCCUMUCTUYECKOTO PEICHNH HHTepBaIbHON
3a/1a4M 4aCTUYHO-by/IeBOro nporpaMMHpoOBaHHUSI.
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BeiBoabl. CocTaBlieH MPOTpaMMHBIM KOMIIIEKC JUIsl MTOCTPOCHUSI CyOONTHMHUCTHYECKOTO U CyONECCHMUCTHUECKOTO pELIeHHUH
HMHTEpPBaIBHON 3a/1aun acTHIHO-byneBoro mporpammuposanus. [IpoBeaeH psi BEIMHUCIUTENBHBIX SKCIIEPUMEHTOB HaJ| CITyJaif HBIMU
3a7a9aMy Pa3IuIHOH Pa3MEPHOCTH.

KJ/IFIOYEBBIE CJIOBA: unTepBanbpHas 3a/aua 4acTUYHO-ByrneBoro mporpaMMupoBaHusi, ONTUMUCTHYECKOE, ECCUMHUCTHYC-
CKOe, CyOONTHMHUCTHYECKOE U CyOIIECCUMHUCTUYECKOE PEIICHMS, BEPXHSS M HIDKHSS TPAHMIIBI, MOTPEIIHOCTH, BBHIYMCIUTENBHBIH
9KCIIEPHMEHT.

YK 519. 852.6
JABA METOAY JUIA NOBYJOBU CYBOINTIMICTIHECKOI'O I CYBIIECCIMICTIYECKOI'O PIIIEHb
IHTEPBAJIBHOTI'O 3ABJAHHSI YACTKOBO-BYJIEBOT'O TIPOT'PAMYBAHHSI

Mawmenos K. III. — 1-p ¢i3.-mar. Hayk, npodecop bakuHcbka JlepxaBHOr0 YHIBEpCUTETY Ta 3aB. Big-minoM [HeTuTyTy CHcTeM
VYupasninas HAH Asep6aiimpkany, Azep0Oaiimxan, baxy.

Mamenai H. O. — tokropanr [ncturyty cucremuoro Ynpasnine HAH Azep6aiimxany, AsepOaiimpkan, baky.

AHOTAIIA

AKTyanbHicTh. Po3riisiHyTa nHTEpBaIbHA 337a4a YacTKOBO-ByneBoro nporpamyBaHHs, 110 Ma€ YUCICHHI €KOHOMIYHI 3aCTOCY-
BanHs. O6’€KTOM J0CHTIPKEHHsI OyJ1a MOZIENb LIIOYHCEIBHOTO IPOrpaMyBaHHS.

Merta podorn. Po3pobka mMeToniB o0y 10BH CyOONTUMICTHYHOTO i CyONeCCHMICTHYHOTO PillieHb iHTEPBAILHOTO 3aB/IAHHS Yac-
TKOBO-ByJ1eBOro nporpamyBaHHsI.

Meton. Breneno nBa meroau misi moOynoBH CyOONTHMICTHYHOTO 1 CyONEecCHMiCTHYHOTO pillleHb 3a7ad 4acTKOBO-ByieBoro
IIporpaMyBaHHs 3 IHTEPBAIFHUMH BHXITHUMHU maHuMH. Lli MeToxu 3acHOBaHI Ha JesKii €KOHOMIYHIN iHTeprperanii po3TIIHYyTOI
MOJIETi.

VY mepuiomy MeToi BBEICHUH KpUTepiit BUOOPY HEBITOMUX IJIsl IPUCBOEHHS 3HAUCHB, SIKMI 3aCHOBAHUI 3a MPUHLUIIOM MaKCH-
MaJIbHOCTI IPUOYTKY Ha KOXKHY OAMHHMII0 BUTpAT. OCKUIbKH Koe(illieHTH 3aBJIaHHs € iHTepBaJaMM, o0paHi JBi cTpaTerii: onTuMic-
TUYHHH 1 TecuMicTHYHMI. B onTUMICTHYHIN cTpaTerii BAKOPHCTOBYEThCA iZiesi BUOOPY HEBiIOMHX, siKa BiINOBia€ MaKCUMAaIbHOCTI
BIZIHOCHHH BiJITOBiJIHOT MAKCUMAJILHOTO MPUOYTKY Ha MiHIMaJIbHY BUTPATy. A B MECUMICTHYHIN cTpaTerii BUKOPUCTaHA i/1esl MaKCH-
MaJIbHOCTI BiTHOCHHHU MiHIMaIBHOTO MPUOYTKY Ha MAaKCUMAJIbHIH BUTpATi.

VY apyromy MeToi BBEACHO MOHATTS HENiHIHHO-3pocTarouoro mrpady (LiHM) 32 BUKOPHCTAHHS OJUHUII PecypciB, IO 3aJTUIIH-
JHcst TOOTO B IPaBiil 9acTHHI OOMEKEHUI.

3 oAy Ha NMPHHIMITK BUIIEBKA3aHUX IMEPIIOTO 1 JPYroro METOMAIB 3 BUKOPUCTAHHIM IIOTO NOHATTA mtpady (IiHK), po3poo-
JICHI METO/IU MO0y TOBU CYOONTUMICTUYHOIO 1 CyOIIECCUMICTHYHOTO PillicHb.

PesyabTaTn. Po3pobieHo anroputmu moOynoBH CyOONTUMICTHYHOIO i CyOIECCUMICTIYHOTO pillleHb iHTEPBAIBLHOIO 3aBIAHHS
4acTKOBO-ByieBoro nporpamyBaHHs.

BucHoBku. CkjaeHo MporpaMHUN KOMILIEKC [Uisl TOOYZI0BH CYOONTHMICTUYHOTO i CyOIIeCCHMICTUYHOTO PillleHb IHTEePBaIbHO-
T0 3aBJIaHHA YaCTKOBO-ByneBoro nporpamyBanHs. [IpoBeneHo psa 00YMCITIOBAIbHUX €KCIEPUMEHTIB HaJl BUIIAAKOBUMH 3aBJIaHHAMU
Ppi3HOI PO3MIPHOCTI.

KJIFOYOBI CJIOBA: inTepBanpHa 3a/1a4a 4acTKOBO-ByreBoro mporpaMyBaHHS, ONTUMICTHYHE, TIECUMICTHYHE, CyOONTHMIC-
THYHE 1 CyOIecCUMICTUYHE PillIeHHs, BEPXH 1 HIDKHS MEXi, TOXHOKH, 00UHCITIOBAIbHIN €KCIIEPHMEHT.

JITEPATYPA/IMTEPATYPA ByneBoii 3amaun 0 paHLE C WHTEPBAIBHBIMU JAQHHBIMH /
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W. B. Cepruenko // XXypnan Berauciutensaoir MaremaTuku nporpammupoBanne) / M. M. KosameB. — M. : YPCC,
u Maremarnyeckoii Pusmku. — 1990. — T.30, Ne5.— 2003.-192 c.

C. 786-791. 11. baGaeB [Ix. A. Meroasl TOCTpOEHHS CyOONTHMAaIbHBIX
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OyJieBOIi 3a/1aud O PIOK3aKe C UHTEPBAIBLHBIMH JaHHBIMH / K. II. Mamenos, M. T'. Mextues // XKypHan Berauciurens-
M. B. [lepsarepukona, A. A. Komokonos, A. I1. Konocos // HOW MaremaTtuku u Matematudeckoir @usuku. — 1978, —
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problems of 0-1 programming / V. A. Emelichev, D. P. Pod-  13. Toyoda Y. A simplified algorithm for obtaining approximate
kopaev // Discrete Optimitation. — 2010. — Ne 7. — P. 48—63. solutions to zero-one programming problems / Y. Toyoda //
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CKOTro H CYGHGCCI/IMI/ICTI/I‘-ICCKOFO peI_HeHI/Iﬁ YaCTHUYHO-
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MOJEJII I METOY IHTEJIEKTYAJIbHOI IHOOPMALIIHOT
TEXHOJIOTTi ABTOHOMHOI HABIT AL JJIS1
MAJIOTABAPUTHHMX BE3NIJIOTHUX ATIAPATIB

Mockasenko B. B. — kaH1. TexH. HayK, JOIEHT Kadeapu KOMIT FOTepHUX HayK, CyMCBKHI JepKaBHUIN YHIBEpCH-
teT, CymHu, YkpaiHa.

Mockanenko A. C. — KaHJl. TeXH. HayK, aCUCTEHT Kadeipu KOMIT FOTepHUX Hayk, CyMChKUii Jep)KaBHUN YHIBEpCH-
teT, Cymu, YkpaiHa.

Kopo6os A. I'. — acriipant xadenpu KoM 10TepHuX Hayk, CyMCbKHi aepkaBHUi yHiBepcuTeT, Cymu, YKpaiHa.

AHOTANIA

AKTYaJILHICTB TEMH CTATTi IOJSITAa€ B TOMY, L0 MUTAHHS BUOOPY ONTUMAIBHUX B iHQOpPMaLifHOMY Ta BapTiCHOMY CEHCaxX MO-
Jesiell 1 MeTOIB aHali3y JaHWX B CHCTEMax aBTOHOMHOI HaBiraiii 3a yMOB anpiopHoi HEBU3HAYEHOCTI, PeCYpCHUX Ta iH(opMariii-
HUX OOMEXEHb € HeIOCTaTHBO JOCTIKEHUM 1 B TIOBHIK Mipi 10ci He BUpIIIeHe

Merta cTatTi — niABUIINTH B iHQOpMaLifHOMY Ta BapTiICHOMY ceHCax e(peKTUBHICTh (PYHKIIOHYBaHHS aBTOHOMHOI CUCTEMH Ha-
Biramii MaorabapuTHOTo OE3IMIJIOTHOTO anapaTy Ha MICIIEBOCTI 32 JAHUMHU BiJl Bi3yaJbHUX Ta IHEPLIHHUX CEHCOPIB, 10 (HYHKIIOHYE
B PeXXMMaX HaBUYAHHS Ta €K3aMEHY 32 YMOB 0OMEXEHHX 00UHCIIOBAIFHUX PECYpPCiB Ta 00CATIB HaBUAILHOT BUOIPKY.

MeToan focimzkeHHs1 6a3yrOThCS Ha BUKOPHCTaHHI TEXHOJIOTIi 3rOPTKOBHX HEHPOHHHMX Mepex IJisi (JOpMyBaHHS 03HAKOBOTO
OIUCY Bi3yaJIbHUX CIIOCTEPEKEHb, AITOPUTMIB PO3PiHKEHO-KOIYI0UOr0 HEHPOHHOTO a3y JUlsl HaBUYaHHS 3rOPTKOBHX (UIBTPIB, MO-
JeJTi ONOPHHUX BEKTOPIB /Ul perpeciiHOro aHaji3y JaHHX, Ha MPUHIMIIAX MaTeMaTHYHOI CTATUCTHKU Ta Teopil iHdopmarii s mo-
Oy10BH Ta OLIHKK (YHKLIOHATBHOI epeKTUBHOCTI Kiacu(ikaliiiHUX BUPIIIAIbHUX IPABUIL.

PesysabTaTu. Po3pobieHo HOBI Mozelni 1 METOAM 1HTENEKTyallbHOI iH(QOpManifHOT TeXHONIOT1l aBTOHOMHOI HaBirarii Ui Maio-
rabapuTHUX OE3MIIOTHUX amaparis, IO JO3BOJISE 3MIMCHIOBATH HaBUYAHHSA HAHOLIBII 0OUMCIIOBAIEHO TPYAOMICTKOI CKIIQZ0BOI CHC-
TEMH, — eKCTPAKTOPa 03HAKOBOT'O OIHCY CIIOCTEPEkEHb, — 0€3 YUHUTEeNs B IIPOIECi PSIMOro MOIUPEeHHs curHany. [1pu oMy 3ampo-
TIOHOBAHO KpUTEpiii BUOOPY ONTHMAaJIbHUX B iH(GOpManifHOMY 1 BapTiCHOMY CEHCax MapaMeTpiB MOJENi aHalli3y JaHUX i IIOKa3aHO
3a pesyJbrataMu (i3MYHOrO MOJEJIOBAaHHS, L0 JOCTOBIPHICTH COPMOBAHUX BHPILIATBHHUX HMPABHJ MPUHHSATHA [UIS NPAKTHYHOTO
BHKOPHCTAHHS.

BucHOBKH. 3anponoOHOBAHO apXiTEeKTypy 3ropTKOBOI Mepexi 1 MeTox il HaBuaHHsS Oe3 BUHTENs Uil (POPMyBaHHS O3HAKOBOTO
OIUCY CIIOCTEPEKEHb y 3a/1aui aBTOHOMHOT HaBirailii Ha OCHOBI aJrOPUTMY PO3Pi[KEHO KOAYIOYOro HeipoHHOro rasy. Po3pobieHo
KpHUTepiil BHOOPY MapaMeTpiB aHaTi3y JaHHX i 3a pe3ylpTaTaMH (i3HYHOTO MOJEIIOBAHHS TOBEICHO NPUAATHICTH 10 MPAKTHIHOTO
BHUKOPUCTAaHHS PO3POOJICHUX AJTOPUTMIB HaBiramii Ha HeBigoMiil MicreBocTi. [IpakTW4yHa IIHHICTH OTPUMAaHHMX PE3YIbTATIB VIS
Oe3minoTHOI aBiawil mossrae y ¢popMyBaHHI Cy4acHOI HayKOBO-METOIOJIOTIYHOI OCHOBH MPOEKTYBAHHS 3[aATHUX HAaBYATHCS aBTOHO-
MHHX CHCTEM HaBiramii MajiorabapuTHUX anaparis, 0 (YHKIIOHYIOTh 32 YMOB PECYpCHUX Ta IHPOPMAIIHIX 0OMEXKEHb.

KJIFOUOBI CJIOBA: Hagiraris, Bi3yanbHa OIOMeTpisi, OS3MIJIOTHHH JiTaJbHUM anapar, 3ropTkoBa HEHpOHHA Mepexa, Held-
POHHUI Ta3, iHpOPMALIHHUI KPUTEPill, METO ONIOPHUX BEKTOPIB.

ABPEBIATYPH Cpin — MIHIMaIBHO MOJXIIMBE 3HAYEHHS KPUTEPIro

GPS — cucreMa ri1o0aabHOTO MO3UITIFOBAHHS,

IMU - iHepmiifHi BUMIipIOBadbHI OMUHHMII (TiPOCKOIL,
aKCceIepoMeTp, MarHITOMETp);

LiDaR — TexHomnorist oTpumanHs Ta 00poOku iH(OP-
Mariii mpo BifnmaneHi 00’€KTH 3a JOIOMOTOI0 AKTHBHHUX
ONTHYHAX CHCTEM, IO BUKOPHCTOBYIOTh SBMINA TOrNMM- ~ HHMil KPHUTEpii e(eKTHBHOCTI HABYAHHS PO3IMi3HABATH
HaHHS 1 PO3CISIHHS CBITJa B ONTHUYHO NPO30PHX cepeno- — EPEHIKOAN;

BUINAX; E .« — MakCHUMaJIbHO MOXJIMBE 3HaueHHs iHdopma-

NED - reorpadiuHa cucrema KOOpPAMHAT, OCi SKOI
crpsimoBasi Ha [TiBaiu, CXiJ i B3JOBX MiCIIEBOT BEPTHKAII;

TPYZOMICTKOCTI JITOPUTMIB CUCTEMH BiJIIIOBITHO;
D — MHOXWHA 6a3MCHUX BEKTOPIB (CIOBHUK);
d,, —6a3ucHuUi BEKTOpP (HEHPOH 3rOPTKOBOIO LIAPY);

E — ycepennenwuii 3a andasiToM KiaciB iHdopmarriii-

LiIfHOrO KpUTEpiro HaBUaHHS KiIacH(ikaTopa;
G — 00macTh IOMyCTUMHUX 3HaUYEHb NMapameTpiB QyHK-

SLAM - cuctema 0JHOYACHOI JIOKaITi3allii Ta KapTo-
rpadyBaHHS;

BJIA — Ge3minoTHWMIA TiTaNBHAHN amapar.

HOMEHKJIATYPA

a, — KOMaH/ia oIlepaTopa LI0JI0 peakiii Ha MepemKo-
Ay;

br(]l-) — [ -Ta O3HaKa JIBIHKOBOI'0 0O3HAKOBOT'O IOJAHHS
J -TO CIIOCTEpEKEeHHS B 7 -My KJIaci po3Ii3HaBaHHS;

C — kputepiii 00UNCITIOBAIILHOT TPYJOMICTKOCTI airo-
PUTMIB;
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IOHYBaHHS CHCTEMHU;

g — BEKTOp mapaMmeTpiB (YHKIIOHYBaHHS HaBiTamiii-
HOT CHCTEMU,

J — KOMIUIEKCHHH KpHTepili epeKTUBHOCTI iHTEJeK-
TyaJIbHOI HaBIraIliifHOT CHCTEMH;

K| — KUIBKICTh NOCNIZOBHUX KaJpiB 300pakeHHS B
CipuX TOHax, LIO IHTEPIPETYIOThCS SIK KaHaJIM BXiJIHOTO
0araTokaHaJILHOTO 300pa)KEeHHS;

K, — KoedilieHT KiNBKOCTI 3rOPTKOBHX (QUIBTPIB Y
KOYKHOMY IlIapi 3rOPTKOBOT MepexKi;
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L — KUTbKICTh JIOITYCKIB Ha 3HAYCHHST KOXKHOT O3HAKH;

N — KUTBKICTh O3HaK pO3Ii3HaBaHHS;

7 — KUIBKICTB CIIOCTEPEKEHb;

R — motyxHIcTh andapiTy KIIaciB po3mi3HABaHHS;

T; ;; — HWKHIH mopir / -ro fA0mycKy Ha 3HaYeHHs i -i
O3HaKH;

Ty ;; — BepxHiil opir / -ro 10nycKy Ha 3Ha4eHHs I -
O3HaKH;

v, —300pakeHHs KaJpy B MOMEHT Jacy f;

xU) _ osnaxose noxanms J -TO CTIOCTEpEe)KEHHS;
X; — JOKaJIlbHa KOOpAMHATAa KaMepH, OTpUMaHa 3a Ja-

HHMMH TJ100aJILHOT CHCTEMM MO3HUI[IFOBAHHS,
¥; — JOKaJbHa KOOPJWHATAa KaMEPH, OTPUMaHa 3a Ja-

HHUMH TJI00aIBHOT CHCTEMH TIO3HMIIIOBAHHS;

Z, — JIOKaJIbHa KOOpJAHHATa KaMCpH, OTpUMaHa 3a Aa-

HUMH TJ100aJIbHOT CHCTEMH MTO3HLIIIOBaHHS;

Ax — BITHOCHI TepeMillleHHs KaMmepu 10 OCi X MiX
KaJ[paMu 300paKeHHS;

Ay — BIJHOCHI TEpeMIIIEHHsI KaMepu 10 Oci y MiX
KaJ[pamMy 300pakeHHS;

Az — BIZHOCHI TiepeMillleHHS KaMmepH 0 OCi Z MiX
KaJpaMu 300paKeHHS;

o, B, — HOMMJIKH HEPIIOTO Ta APYroro poay Bilmo-

BiJTHO AJISl 7 -TO KJIACy PO3Ii3HABaHHS,
0, /,0nax — HOTOUHE Ta MaKCUMaJbHE 3HAUCHHS Ia-

pameTpa [ -ro KOHTPOJIBHOTO JOMYCKY Ha 3Ha4eHHS i -1
O3HAaKWY;

€ — 3HAUCHHS CEpeHbO-KBAJPATUYHOI MMOMUIIKH pe-
rpecii mpyu BU3HAYCHHI 3MiHH KOOPIMHAT KaMepH B IPOC-
TOpI;

€min — MIHIMAJIBHO JOIYCTUME 3HAYECHHS MOMUIKH
perpeciiiHoi Moiei;

Tlurloa

nfmal
KoeilieHTa MBUIKOCTI HABYAHHS IBUIKOCTI HABYAHHS,

AisA
tsM0> .
— IIOTOYHEC, NIOYATKOBE Ta KIHICBC 3HAYCHHSA

— IIOTOYHEC, IMMOYAaTKOBE Ta KiHI_[CBC 3HA4YCHHA

7“ﬁnal
pO3Mipy OKOJTy CYCiJICTBa HEHPOHIB;
¢o(x) — OGyHKUOIF0O HETMHIHHOTO BimoOpa)XeHHS

CIIOCTEPEXKEHHS X 3 BXIJHOTO IPOCTOPY O3HAK Yy
6araToBUMIpHHI MPOCTIP BTOPHHHHUX O3HAK.

BCTYII

BesminoTHa aBiarisi 3HAXOOUTH IIUPOKE 3aCTOCYBAHHS
Yy TOYHOMY 3eMJIEpOOCTBi, PO3BIAYBAIEHUX Ta PATYBab-
HUX OIepalisx, TPaHCIOPTI Ta Bifeo 3iiomin. IIpoTe Ha
CHOTOJIHIIIHIKM JIeHb MPAaKTHYHO BiJICYTHI MasiorabapUTHI
BJIA 3arajgpHOrO NpU3HAYCHHS, 30aTHI 3MIHCHIOBATH B
ABTOHOMHOMY pEXHMi HaBiramiro Ta igeHTH]ikaIio
00’€eKTIB iHTEpecy Ha micieBocTi. IcHyroul pilieHHs abo
He 3/aTHI 70 TNepeHalaIlTyBaHHS 1 ajanrarii mig HOBY
MPUKIIATHY 3a8]a49y 1 YMOBH eKCIUTyaTalii, abo BUKOpHUC-
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TOBYIOTh JIOPOTe MpPOTpPaMHO-anapaTHe 3a0e3MmedYeHHs 1
MAaIOTh MOPIBHAHO BUCOKY Bary.

Po3pobOka iHdopmauiiiHux TexHOJOriH, 1o 3abe3ne-
YYIOTh 3HIDKEHHSI BUMOT JI0 arnapaTHux pecypciB BJIA Ta
iABUINCHHS JTOCTOBIPHOCTI PIllIeHb, SKi aBTOHOMHO IIPH-
HMaloThCsl OOPTOBOIO CHCTEMOIO, 32 YMOB HecTalioHap-
HOCTI CEepeloBHINA Ta MIHIUBOCTI O0’€KTIB iHTepecy €
aKTYyaJIbHOIO 3a71a4el0. [i BUpIleHHs J03BOJIAE 3MEHIIUTH
Bary, BapTiCTh Ta PO3MINPUTH (PYHKI[IOHAIEHI MOKIHBOC-
Ti 60pTOBOI cucTeMH, 110 3poduTh BJIA KoHKYypeHTo31a-
THUM Ha pUHKY Oe3mninoTHol aBiawil. [Ipu npoMy nuTaHHs
BUOOpY ONTHUMAJBbHUX B IHPOPMAIIHHOMY Ta BapTICHOMY
CeHcax MoJieNied 1 METOJIB aHami3y IaHUX B CHCTEMax
aBTOHOMHOT HaBirailii 3a yMOB amnpiopHOi HEBH3HAYCHOC-
Ti, pECypCHUX Ta iH(POPMAIIHHUX 0OMEXKEHb € HeJOCTaT-
HBO JIOCJTI/PKEHUM 1 B TIOBHIH Mipi JI0Ci HE BHUpIIIICHE.

O0’exT mocaimxkennsi — cnabohopmanizoBaHui Tpo-
[[eC MPUHHATTS PIlIeHh OOPTOBOIO CHCTEMOIO Majorada-
PUTHOTO OE3IIJIOTHOTO amapaTy IiJ Jac aBTOHOMHOI Ha-
Birarii 3a yMOB pecypcHHX Ta iH(QOpMaIifHIX 0OMEXCHb.

IIpenMeToM AOCTIIUKEHHS € MOZETI 1 METOAM IHTE-
JeKTyabHOI iH(pOPMAIIHHOI TEXHOJIOTIT 00pOOKH JaHHX,
NPUAHATTS PIllIeHb Ta ONTUMI3alii mapaMeTpiB QyHKIIio-
HYBaHHSI CHCTEMH aBTOHOMHOI HaBiraumii jjist Maioraba-
PUTHHX OE3MUJIOTHUX amaparis.

Merta cratri — nigBuinTH B iHQOpMaliiiHOMy Ta Ba-
pTicHOMY ceHcaX e(eKTHBHICTH (DYHKIIOHYBaHHsS aBTO-
HOMHOI CHCTEMH HaBiramii majora0apuTHOro Oe3MijIoT-
HOTO arapary Ha MICIIeBOCTi 3a JaHWMH BiJl Bi3yalbHUX
Ta IHEPUIHHMX CEHCOpPiB, M0 (YHKUIOHYE B peKMMax
HaBYaHHS Ta €K3aMEHYy 32 YMOB OOMEXCHHX OOUMCIIIOBa-
JBHUX PECypciB Ta 0OCATIB HABYAIEHOI BUOIPKH.

1 IOCTAHOBKA 3AJIAUI
Hexaii cdopmoBaHo aHOTOBaHMII Halip BijeOKaapiB

_ o =
{c, =<V, X%, Vs zpoa, >|t=1n }, a, {4 |r=1LR},
ne A Kimac po3mi3HaBaHHSL, IO XapaKTEPU3ye MEPELIKOTY.

JlaHO CTPYKTYpOBaHHH BEKTOpP MPOCTOPOBO-YACOBUX
napaMeTpiB (yHKIioHyBaHHS cucTeMu Hapiramii BJIA,
SKUH y 3araJlbHOMY BHIIAJKYy Ma€ CTPYKTYpY

g =<ep,.ls sl fl,...,f(’z2 ,...,fEZ > (1)
E+E8,=E
[Tpu npoMy BifiomMi OOMEXKEHHsS Ha BIAMOBIIHI TMapa-
METpHU (YHKI[IOHYBAHHS:

R, (el,...,eé.l,...,esl)ﬁ 0; R, (fl,...,féz,...,sz)SO.

Heo0xigHO B mporieci MAIMMHHOTO HABYaHHS CHCTEMU
HaBiTalii BU3HAYATH ONTHMAaJbHI 3HAYCHHS KOOPAWHAT
BekTopy (1), sKi 3a0e3nedyroTh MaKCUMYM KOMILIEKCHOTO
Kpurepito J

J= E Emin__ Chnin )
Epax. €& C
g =arg m(e;lx{J(g)} . 3)
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2 OTJISI ] JIITEPATYPU

VY nparix [1, 2] ZOCTiIKYIOTECS METOAM TJI00aIbHOTO
TIO3UIIFOBaHHS, OCHOBaHI Ha KOMIUIEKCHOMY aHaNi3i Ja-
Hux Bigx GPS Ta IMU 3 BUKOpPHCTaHHSIM pPO3MIUPEHOTO
¢inprpa Kanmana. [lanuii migxin T03BOJIHB KOMIICHCYBa-
TH HEAOJIIKN 000X CEHCOPHUX CHUCTEM, OJTHAK BU3HAUCHHS
MICIIe3HaXOKEHHSI BCEPEIHI 3a1i300eTOHHUX OyIiBeib
YM MPHU HECTIPUATIMBUX MOTOJHMX YMOBAaX 3aJMIIA€THCS
mpobreMaTnyHuM. KpiM TOro TOYHICTB TI100aIBHOTO TO-
3MLIIOBAHHS CKJIAaJa€ ACKiJIbKa METpIB, IO YCKJIaJHIOE
peanizaiito HaBiraiii B CKJajal pol 4YM Ha MICLEBOCTI 3
nepemkonamMu. Y 3B’S3Ky 3 UM 0arato JOCHiKeHb
CIPSIMOBAHO HA MiJBUINCHHS ¢(EKTUBHOCTI i HAMIMHOCTI
GPS/IMU Hagirauii 3a paxyHOK BUKOPHCTaHHsI JOAATKO-
BHUX CCHCOPHHUX CHCTEM, HAaWOUIBII iH(POPMATUBHOKIO 3
SIKUX € Bimeokamepu BJIA [3].

OmHUM i3 CyYacHHX MiIXOMIB JO BHUPIMICHHS 3amadi
HaBiramii Ha OCHOBI aHali3y 300pakeHb, BIIBHATHX 3 00-
PTOBOI BiieOKaMepH, € BUKOPUCTAHHS allTOPUTMIB CITiBC-
TaBieHHs cxoxux o3Hak (Feature-Based Navigation) abo
KOHTPOJIBHHUX TOYOK MicrieBocTi [4]. Jlanuit miaxiz ocHO-
BaHUM Ha IMOPIBHSAHHI MOTOYHHX 300pa)KCHb 3 TOIEpe-
MHIMH €TAJTOHHHMHU 300paKCHHSIMH, SK IPABHIIO, OTPHU-
MaHuMH, Ko GPS curnan OyB rapaHTOBaHO KOPEKTHHUM.
Cucrema MOPIBHIOE MICIIE CXOXKHX O3HAK OTPHUMAHUX 30-
OpakeHb (111 SKMX B OOPTOBIM mMam’ATi MOXYTb OyTH
3amucaHi KOOpAUHATH), 00 3 iX JONOMOror BH3HAYUTH
Micre3HaxomkeHHs: BJIA. OmHak Takuil miaxin moTpedye
HasiBHOCTI 0a3u eTaloHHUX 300pakeHb 1 Moke OyTH He-
MIPUIATHAM B CHTYyalisX HEOOXiITHOCTI ONEpaTUBHOI pea-
KIii Ha 3MiHA 30BHIITHBOI OOCTAHOBKH 1 NMPHUHATTS Pi-
LIeHb B PEATbHOMY TEMITi 4acy.

Y mpapix [3, 5] po3poOsStOThCS METOAM Bi3yallbHOT
OJIOMETPIT, Jie TOJIOKEHHS arapary OIHIOETHCS TOKPOKO-
BO 3aJIe)KHO BIl TOrO, SIK 3MIHIOIOTBCS 300pakKeHHs,
OTpuMaHi 3 Bijeokamepu mij 4yacy pyxy BJIA y HaBko-
JUIIHBOMY cepenoBuini. J{is Toro, mo6 Bi3yasibHa 010-
MeTpist e()eKTHBHO TMpaIfoBajia MOTPiOHI JOCTATHSA OCBIT-
JICHICTh, CTaTHYHE CEpEOBHUINE, HACHYCHA TEKCTypa Ta
HASBHICTh JOCTATHHOTO MEPEKPHUTTS MOCITITOBHUAX KaJpiB
3 METOIO BiICTE)XEHHSI CIUIBHUX O3HAK Ha Pi3HUX KaJpax
300pakeHHs. [y HaBiramii y HEBiIOMii MICIIEBOCTI y
mpamsx [6, 7] po3BuBaetscs TexHomoriss SLAM nmns on-
HOYAcHOI JIoKaiizauii Ta kaprorpadyBanHs, e 1oOymo-
BaHa KapTa J03BOJISIE OOMEXUTH MOMIJIKY OLIHKH I10JIO-
xenHst BJIA. Tlpu npoMy BpaxyBaHHS y cUCTEMax Bi3ya-
apHOT omometpii un SLAM indopmanii Big IMU no3Bo-
JIsi€ 3MEHIIUTH MTOMWJIKY BHUKJIMKaHY HECTATUYHUMU elie-
MeHTaMu cepenouiia. [Ipote modynosana B SLAM 3D-
CTPYKTypa 4acTo € Hee()eKTHBHOIO B CEpeNOBHINAX, Je
BIJICYTHI BIICTEXYBaHI O3HaKM (HANpHKIAL, CTiHH).
SLAM, ocHOBaHMI Ha CcTepeo30pi /I OLIHKK TIHOMHH,
TaK0)X Ma€ HU3bKY NMPOIYKTUBHICTH y perioHax 0e3 Tekc-
TypH Ta MOXKE MOCTPaXKAATH BiJ I3epPKAIbHUX BiIOWUTKIB
[7]. Kpim Toro, cyuacHi peanizamii SLAM Ta BisyanbHOI
OJIOMETPIT € JOCUTH TPYJOMICTKUMH 1 IX 3alycK Ha ciad-
KUX OOYHCITIOBAILHUX IPUCTPOSX MOXE HPU3BECTH [0
O0OMEXEHUX MOXKIIMBOCTEH y pealbHOMY TEMIll 4acy Ta
HeaZieKBaTHUX PE3yJIbTATIB.
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HasiBHICTh HAKONMYEHUX BiNEOJAHUX CIIOCTEPEIKEHHS
MOJICTIIYE 3aavyy pO3POOKHM HAaBITaIiifHOI CHCTEMH.
OTtpuMaHi 1aHi MOXXYTh OyTH BUKOPHCTaHI JUIsl HAaBUYAHHS
OararomapoBUX HEHPOHHHMX MEpEX BHpINIyBaTH 3a1adi
BU3HAUYCHHS KOOPAWHAT Ta YHUKHEHHS ITEpeIKkos. Y mpa-
X [8, 9] BUKOPHUCTOBYBAIMCS 3rOPTKOBI HEHPOHHI Me-
peXi uid HaBiramii 3a 300paKeHHAMH CTEpeo KaMepw,
ONHAK OIBIIICTh 3arallbHONOCTYIHHX OE3MUIOTHHUX ara-
patiB MaloTh JIMIIE OJHY BOyIOBaHY KaMepy, a HaBUYAHHS
3rOPTKOBOT Mepexi NMOoTpedye BENUKUX OOCSTIB po3mive-
HHUX 3pa3KiB Ta OOYMCIIOBaIBHUX PECYpCiB, IO POOHUTH
MOMiOHI pilieHHs HenpakTUYHUMHE. [IpoTe 3anponoHoBaHi
y mpani [10] meTtoau HaBYaHHS PO3PIIHKEHO-KOIYIOUHX
3rOPTKOBHX (UIETPIB 0€3 BUUTENS J03BOJIIE 3MCHIIUTH
BUMOTH 1O OOCSTy pO3MI4€HHMX 3pa3KiB Ta 3MEHIIUTH
obuncmoBaibHe HaBaHTaXeHHs. [Ipy npoMy 3amporoHo-
BaHi y mpamsix [11, 12] Meroau HaBUaHHS 3 y4HTENEM,
OCHOBaHI Ha METOJli OIIOPHUX BEKTOPIB Ta IHTEIEKTYyalb-
Hill iHpOpMAIiiTHO-eKCTpeMaIbHIiH TEXHOJOTII TO3BOJIS-
I0Th TTOOYIyBaTH OOYMCITIOBATIFHO €(EKTHBHI BHpPIIIaIbHI
IpaBUJia 3 MPUHHATHOIO ISl IPAKTUYHOTO BUKOPUCTaHHS
TOYHICTIO 32 BUOIPKaMU 0OMEKEHOI'0 00CHTY.

TakuM 4MHOM, HAHOLIBII EPCIIEKTUBHUM HAIPSIMKOM
PO3BUTKY CHCTEM HaBiraiii aBTOHOMHHX Majiorabapur-
Hux BJIA € BUKOpHCTaHHS 3rOPTKOBHX HEMPOHHHUX Me-
pex IuIs aHami3y BidyasbHOI iHpopMaii. [Tpu upomy ox-
HUM i3 OUISXIB 3MEHIICHHS OOYMCIIIOBAIGHOTO HABaHTa-
JKeHHSI Ha OOpPTOBY CHCTEMY IIiji 9ac HaBYaHHS Ta €K3a-
MEHy € pealizalisi METOAIB HaBYaHHSA pO3PiIKEHO-
KOAYIOUHX 3TOPTKOBHX (PIIBTpiB O€3 BUMTENS IS EKCT-
paxiiii 03HaKOBOTO OMHCY CHOCTEPEKEHb Ta METOIIB iH-
TEJNEeKTyalbHOI iHpOPMaLiHHO-eKCTPEMAIIEHOI TEXHOJIOTI1
1 OTTOPHUX BEKTOPIB.

3 MATEPIAJIU TA METOIHN

Jns ¢opMyBaHHS BXiTHOTO MaTE€MAaTHYHOTO OIUACY
IHTEJIeKTyallbHOT  1H(OPMAIIMHOI CHCTEMH BUKOpPHC-
ToBYIOThCsl HaByanbHi Habopu KITTI Vision Dataset [9],
IO MICTATh SK TOCHIJOBHICTh KaApiB 300pakeHHS 3
BiZICOKaMepu, M0 pyXaeTrbcs, Tak 1 JaHl 1po
MepeMilieHHs] 3a TPbOMa KOOPAWHATAMM, BHUMIpSHI 3
BukopuctanHsaiM GPS Ta LiDaR [9]. ns HaBuaHHA
MOJelli JaHi PO MepeMileHHs IIEPEBOAATHCS B JIOKAIBHY
cucremy koopauHat NED Ta BH3HaualoThcs BiIHOCHI
nepeMimieHHss Kamepu  Ax, Ay, Az  MDK CycimHIMH
Ka/IpaMu BiJIe0300pakeHHsI.

CxeMa iHTeNeKTyaJ bHOI HaBiramiHOT CHCTEMH MaJlo-
rabaputHoro BJIA noka3zana Ha puc. 1.

Jlist  excTpakmii  O3HAKOBOTO ONMCY  Bi3yaJbHHX
CIIOCTEPEXKEHD MIPOTIOHY€THCS BHKOPUCTOBYBAaTH
3TOPTKOBY HEHPOHHY MEpeXy, Ha BXiJl SKOI MOHAETHCS
OararokaHajgbHE 300pakeHHs, YTBOpPEHE BHOIPKOIO cepii
MOCIIOBHUX  BifleOKajpiB y cipux ToHax. Jnsa
(dopMyBaHHS  BHCOKOPIBHEBOTO  O3HAKOBOIO  OIHUCY
CIOCTEPEXKEHb 3TrOpPTKOBa Mepeka Mae OararourapoBy
CTPYKTYpy, GUIBTpU SIKOT HABYAIOThCS 0€3 BUMTENS
MOCTIIOBHO Imap 3a mapoMm. Jlias mnporHo3yBaHHS
MEPEeIKOl PyXy 1 BHUPOONEHHS BIMOBIAHOT peakIii
BHUKOPHCTOBY€ETHCS 1HPOPMAIIHHO-eKCTPpEMaIbHUH KIIACH-
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(l)iKaTOp, 10 HAaBYA€THCA 3 YUUTCJIIEM 3a HaBYaJIbHUMHU

3pa3kaMy, 3aKOJOBAaHWMH  BIAMOBIIHUM  O3HAKOBHM
ormcoM. Perpeciiina Mozenb B paMKax METOXY OHNOPHHUX
BEKTOPIB  BUKOPHCTOBYETHCS  JUId  BioOpakeHHs

Bi3yaJIbHUX O3HaK Ta JaHWX Bill IHEPIIIMHUX CEHCOPIB y
BIJIIOBiTHY OLIHKY ITEPEMIIIICHHS KaMEepPH B IIPOCTOPI.

Ha puc. 2 nokazana 4-x miapoBa apxiTeKTypa 3ropT-
KOBOI HEMPOHHOI MEpEXi, Ha MEPIIOMY IIapi sIKOi 3HaXO-
JAThCSA TPUBUMIpPHI PinbTpu pi3HUX MacwTadiB : 5x5x K|,
3x3x K, Ta 1x1xK,. Kinbkicts QUIBTPIB peryroeTbes
napamerpoM K,. s 30epexeHHs 0JHAKOBOTO PO3MIpy

KapT O3HaK, copMOBaHMX pi3HOMacmITaOHUMHU (iIBTpa-
MH, BUKOPHACTOBYETHCS TEXHIKa JOTIOBHEHHS HyJsMH [9].
VY IOpyromy Ta TpeThboMy IIapax KPOK CKaHyBaHHSA KapTu
O3HaK pi3HOMAacmTaOHUMHU (QiTbTpaMu MopiBHIOE 3 Ta 2
BiANOBiHO.

Ha puc. 2 He nokazaHo (yHKILiO akTHBaIii, M0 3a-
CTOCOBYETHCS 70 KOKHOT KapTu o3HaK. [[nsg oOumcieHHs
aKTHBalil HEHPOHIB IPOIOHYETHCSI BHKOPUCTOBYBAaTH
METOJl OPTOTOHAJIBLHOTO Y3TOPKEHOTO IepecliyBaHHs
(Orthogonal ~ Matching  Pursuit) Tta  dyHKIiO
y =max(0,x), npore Al YHUKHEHHS BTpAT iHpopMaii
MOKHa IIOJIBOITH KapTy O3HAaK BUKOPUC-TOBYIOUH (YHK-
uito Burisiny v = {max(0, x), max(0,—x)} .

HaBuanus 0e3 BUMTENS 3rOpTKOBHX (UIBTPIB MPOIIO-
HYETBCSl 3AIHCHIOBATH 3a QJITOPUTMOM PO3PiIKEHO-
KOAYIOYOTO HEHPOHHOTO Ta3y, IO PO3TIIAaBcs 1 TOCi-
JoKyBaBcs y mpai [ 10]. BXimauMu JaHAMY TS alNrOpHT-

N NOCIIiTOBHUX
Kazpis y cipux —

\\
TOHax
Jani Bin |t
iHepuiitHux >
CEeHCOpIB (WicTh '
CTYNeHiB cBo0oaH)
~
l‘ -------- “I
oo : bararowmaposwuii 3ropTkoBHii
1 DineTp 4
] : EKCTPaKTOp 03HAK
. :
uessdpanat (napuanus Ge3 yunTensa)
I "
\

Perpecop na onophux
BeKTOpax (IHKpeMeHTanbHe |
HaBYaHH# 3a CHI'HAJIOM

GPS)
J
Y
(
g Ay IHhopManiliHo-eKCTpeMaTbHHIA
i DinbTp | Knacudikarop
\ ! (HaBYAHHSA 3 YUUTENEM)
o K L
AX,A){,AZ Komanau sMinu

TpaekTopit

Pucynok 1 — Y3aranpHeHa cxema iHTENeKTyalbHOI HaBiraminHoi
cucremu Manoradbapursoro BJIA
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X

— 2K,
K, dineTpis

11x11x3K;‘E\/% 7x7x3K,

N
— 3K,

K, dinsrpin

—

K, q)li,mmB:\Kz (binbTpiB

K, dinbrpis |
= = z
3x3xK,

SXSXKI = Ix1xK,

1

Pucynok 2 — ApxiTekTypa 3ropTKOBOi Mepexi Juis
(hopMyBaHHS 03HAKOBOI'O OIHCY Bi3yalIbHUX CIIOCTEPEKEHb
B HaBiramiigiii cucremi BJIA

MY PO3PIiIPKEHO-KOIYI0UOro HEHPOHHOIO rasy € MOTYX-
HICTh CIIOBHHKA 0a3MCHUX BEKTOPiB M, pO3MipHICTh TIpo-
cTopy 03HaK N, Ag, Afp, — TOYaTKOBE Ta KiHIIEBE 3Ha-
yeHHs KoedilieHTa po3Mipy OKOIy CyCimiB, Mg, Nfinal
MMOYaTKOBE Ta KiHIIEBE 3HAYCHHA KOe(ili€eHTa MIBUIKOCTI
HaByaHHs. PO3IIITHEMO OCHOBHI KPOKH aJITOPUTMY:

1) Imimiamizamiss cloBHMKAa 0a3MCHHX BEKTOpIB
D=(d,,...,d),) BUIaIKOBUMH YHCIAMHU 3 PIBHOMIPHOTO
PO3IOILTY.

2) Imimiamizamis JYAIPHAKA HaBYAIBHAX BEKTOPIB
t=1.

3) BuOip BHIAAKOBOTO BEKTOPY X 3 MHOXHHHU
HaBYAIIBHUX BEKTOPIB X .

4)  Hopwmanizaris BEKTOPIB i3 CJIOBHUKA
D=(d,,..,dy) LIIXOM IpUBEJEHHA O OIMHUYHOI
JTOBYKMHH.

5) OOumcieHHs TOTOYHUX 3HAYCHb KoedilieHTa
PO3MIpY OKOJIy CYCiZiB A, Ta IIBHIKOCTI HABYaHHS 1), :

A=A Mgy I Ag) ™5
nt = n() (nﬁnal /nO )t/tmax .

final

6) OOuMcleHHS MIpU CXO0XOCTI BXIIHOTO BEKTOpPY
X 710 6a3uCHUX BEKTOPIB d;, € D s ix copTyBaHHs

—(d, x)" <..<~(d;x)* <...<~(d, x)'.

IM ~1
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7) OHOBJIEHHSA KOOpAMHAT O0a3MCHUX BEKTOPIB

d, €D 3anpasuiom Oita [10]

dlk = dlk +n, exp(—k/?»,)y(x—yd,k ) ’
y:=ch, k=0,M—-1.

8) JSxmo t<t

t:=t+1 Ta mepexizn 10 KPOKy 3.
IadopmariiiHo-eKkcTpeMansHAI KitacupikaTop, Mo 3aii-
CHIOE OIIHKY TIePEIITKOIM, 3AIHCHIOE alalTHBHE KBaHTYBaH-
HSl 03HAKOBOTO OMNFCY Ha OCHOBI aJlTOPUTMY TPyOOTO IBiif-
KOBOTO KOIyBaHHS HABYAIBHOT MaTpuLi

{xfi.) li=L,N;j=Ln,;r= 1,_R} , 1[0 TIOJISITa€ Y TIOPIBHSHHI

TO IHKPEMEHT JIIYMIbHUKA

max 2

3HA4YeHHs! I -1 O3HAKM 3 BIAIIOBIAHMM HIDKHIM 7, ,, Ta Bepx-
HiM T, MeXaMu [ -0 HECHMETPHYIHOTO TIOJISl KOHTPOJIb-
HUX JIOMYCKIB, 5IKi pO3pax0OBYIOTHCS 3a (popmymaMu

il T

1- > TU,l,z' = Xi max > I=1L.

TL,l,i = X; max
max

@®opmyBaHHA ~ OiHapHOi  HaBYaIbHOI  MaTpHUIl

(B |i=1,N-L; j=1,n;r=1,R} 3aiiicHioeTscs 3a mpa-

BUJIOM
: ) .
) L l/[ TL,/,i Sxr,i STU,[,:"
r N+
0, else.
OOuucieHHs  3Ha4YeHb  KOOPJIMHAT  JBIMKOBOTO

€TAJIOHHOI'0 BCKTOpPY X BiHHOCHO SIKOI'O Bi[[6yBa€TBC$I

mo
noOyzoBa B paJiabHOMY 0a3ncCi KOHTEHHEpIB KIaciB,
3IACHIOETHCS 32 IPABIIIOM

n,

" )

r-N+i >

Mx

1 & 1
)
b _J1, axmo E by >
rI-N+i nr Jj=1 n.

J=1

i

0, iHakIIe.

Sk xputepiii e(eKTHBHOCTI MAaIIMHHOTO HABYaHHS
kinacudikaropa po3rIAAaE€ThCS HOPMOBaHA MoAM(DiIKaLlis
iHpopmaniiiHoi mipu Kynsbaka [13]:

B 1-(a, +B,) 2—(a, +B,)+¢ @)
" log,(2+¢)+rlog,10 | (o, +B,)+c |
Je o,,, — IOMMIKM @EpIIoro Ta JAPyroro poxy

KIacuiKamMiiHUX PIMICHh MIONO HAIEKHOCTI BXITHHUX
BEKTOpiB 10 Kiacy A’; ¢ — Oyap-sike Maie HOIaTHE
YHCII0, SIKE BBOAUTHCS JUIl YHUKHEHHS HEBU3HAUEHOCTI
NpY JIUJICHH] Ha HYJIb.

TpynomicTkicTh iHpOpMaLiiHO-EeKCTPEMaIbHOTO Ma-
[IMHHOTO HaBYaHHsS 30UTBIIYEThCS IIBHIIIC KBaApaTy
KUTPKOCTI HaBYAJILHUX BEKTOPIB, TOMY JUIS IiJABHUICHHS
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OIMEPATUBHOCTI HABYAHHS BUKOPHUCTOBYETHCS 3BEACHHS
OaraTokiacoBoi kiacugikarii 10 cepii TBOXKIACOBUX 3a
TOPUHIMIIOM «KOXKEH MPOTH KOXKHOTO», J¢ OyayeThes
M - (M —1)/2 nBoxkiacoBux kiacudikaropis [12]. YV
POKHMI €K3aMeHy PIlIeHHS IMPO HAJIEKHICTh BEKTOPY-
peanizanii x omHoOMy 3 KinaciB andasity {4’} mpuiima-
€THCSI 32 TEOMETPUYHOI (YHKIIIEI0 HAICKHOCTI, OmHca-
HOIO B mpaui [12].

Jnst HaBuaHHS perpeciitnol yHkuii y = f(x), BUXia-
Ha 3vinHa y" € R AKkoi BiAmoOBiZae 3MiHi KOOpAMHAT
kamepu Ax, Ay, abo Az, BUKOPHCTOBYEThCS HaOip Ha-

(t t (1) N
<, ¥y, me xVeRY, mo
CKJIAZIA€ThCs 3 Bi3yaJbHUX O3HAK Ta BUMIpIB iHEPIIHHUX
ceHcopiB. Perpeciiina QyHKIis € NiHIITHOI y BTOPUHHOMY

MPOCTOPI 03HAK 1 MA€ HACTYITHHUIA BUIJISIL

BYAJIbHUX  JaHHUX

J(x) = (o, p(x)) +b, (6]

¢0:R">H,0eH. (6)
Je ® i b e koedilieHTaMH, IO 3HAXOAATHCS MiJa Yac
HaBuaHHs; H — 0araTOBUMIpHHWHA IMPOCTIp BTOPHMHHHUX
O3HaK.

Koedimientn ® i b MOXyTh OyTH 3HAWICHI LIIIXOM
MiHi3aI[il HACTYITHOTO BUPA3Y:

min R(e, &, &) = §||oa||2 PEYE L) ()

Y =(0, (x)-b<e+E;
(@, 9(x) +b—y" <e+E, ®)
£,€ 20,i=1,2,..,n,£>0.

.. e * . .
me Y — xoedimieHT perymapmsamii; &, & — 3MiHHI
HEB’SI3KM, IO BHUMIPIOIOTh IMOXMOKY 3HU3Y Ta 3BEPXY
BIZIMOBITHO; € -HEUYTNIMBICTb  (yHKWii BTpar, sKa
O3Hauae, moO AKmo f(x) 3HAXOOUThCA B Jiala3oHi
" + &, To MOMHIIK He BPaXOBYEThCA.

Onrtumizaniiina 3anada (7) € 3a1auero KBaApaTUIHOTO
MpOTpaMyBaHHS 3 JiHIHHAMH OOMEXCHHSMH, SIKa MOXKE
OyTH BHpilIeHa BBEICHHSIM MHOXXHUKIB Jlarpamka i 3a-
crocyBanHAM yMmoB Kopyma-Kyna-Takepa (Karush-
Kuhn-Tucker) mis Bupitenns nxyanpHoi 3aaayi [11]:

n .
min R(v, v = Z(Vj —v, )(Vj' -v; )K(x(t),x(-/)) n
- ©)
n % n t) "
+SZ(Vt +Vt)—Zy( (Vi =vy),
t=1 t=1

> (v +v,) =0,
=1 (10)

v
0<v,,v, ST,t:l,2,...,n,
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. * .o .
ace v, 1 v, € MHOXHHKaMH Harpacha, acoliMoBaH1 3

oomexennsimu (10); K(x(t), x(j)) = (p(x(t)) . (p(x(j)) .

TurnoBuii mpukiazn saepHoi GYHKIII € mosiHOMIiaTbHE
sapo 1 ["aycoBe siipo. YV 3araipHOMY BHUIAIKY perpeciiiia
(YHKIISL Ma€ BATIIS

n
f@) =X 07 -v)KGED, x)+b.
t=1

B anroputmi HaB4aHHS perpeciiiHoi Mojielni Ha omop-
HHUX BEKTOpax He BCi HaBYallbHI 3pa3KW MOXYThb CTaTh
OTTOpHHUMH. JIWIie BEeKTOpH, IO 3HAXOAATHCS Ha TPaHMIl
MaroTh WMOBIPHICTb CTAaTH ONOPHUMHM. | paHMYHHIT Bek-
TOp HE 000B’S3KOBO € ONOPHHUM, IPOTE OTIOPHHUN BEKTOP
000B’s3K0BO MOBHHEH OyTH rpaHUYIHAM. OCKIJIBKH YacT-
Ka OTIOPHUX BEKTOPIB B TOBHOMY Ha0Opi 3pa3KiB € MOCHUTH
MaJIolo, TO BHOIp TSI HABYAHHS TPAHUIHUX BEKTOPIB, IIIO
MOXXYTb CTaTH OIOPHUMH, IO3BOJISIE 3HH3HMTH PECYpPCHI
noTpedH anroput™my. IHKpeMeHTanbHe HaBYaHHS perpe-
CIifHOT MOJIeJTi Ha OMOPHUX BEKTOpaxX MOXHA peai3yBaTh
LUISIXOM BH3HAUEHHS OIYKJIOI MEXi JIUCKPETHUX TOYOK
py BUOOPI MHOXKUHM TPaHUYHHUX BEKTOPIB K MHOXKHUHH
HaBuaJbHUX. [IpH 1IbOMY OITyKJla MeXa JUCKPETHHUX TO-
YOK € MEXEI0, 10 MOXKE OTOUYBaTH BCl AUCKPETHI TOYKH,
SIKi, SIK TIpaBmiIo, chOpMOBaHi K HaWBIITATEHIN TOYKH
yepes 3’exHaHHA. ToMy micis 0OpoOKu mepioi miaBubip-
Ku c()OpMOBaHi OMOPHI BEKTOPH MOPIBHIOIOTHCS 3 BEKTO-
paM# HaCcTYIMHUX MiIBUOIPOK 3a KyTOM Haxwiy, s (op-
MYBaHHsS MHOXHHU TDaHUYHHX BEKTODIB, SK BEKTOPIB
MaKCHMaJIbHOTO Haxuiy. KojkeH KpoK Takoro JIONMOBHEH-
HsI MOXKE CYIPOBOJKYBATHUCS TIEPEeHABUYAHHM.

TakuM YMHOM, 3alPOIIOHOBaHAa MOJEIb EKCTpaKTopa
O3HaK J03BOJISIE 3MIHCHUTH MOCHIJOBHE IOIIApOBE Ha-
BYaHHs 0e3 BUMTENS SIK Ha PO3MIYEHHMX TaK 1 Hepo3Mide-
HUX JaHuX 1 copMyBaTH BHCOKOPIBHEBHH O3HAKOBHH
OIIHC CIIOCTEPEKEeHb, IO BPAaXOBYE IPOCTOPOBO-YACOBI
3aKOHOMIPHOCTI, @ 3alpONOHOBaHI METOIM MAIIMHHOTO
HABYAHHS 3 yYUTENEM € HEeBHOArNIMBUMH JI0 PECypCiB i
30aTHAMH 3a0€3NEeUHTH NPUIHATHY Uil NPAaKTHYHOTO
3aCTOCYBaHHS JOCTOBIPHICTH BUPIMIANBFHUX MPABHI HaBi-
ramiiiHoi cucremu BJIA.

4 KCIEPUMEHTHA

Jlns HaBYaHHS eKCTPAKTOpPa O3HAK BHKOPUCTOBYIOTh-
s K HaBYallbHI, TaK 1 TECTOBI BiZE€OMOCIiJOBHOCTI HAbO-
py KITTI Vision Dataset 0e3 BpaxyBaHHs OyIb-SKHX
aHoTauiil. [lns 3MeHIIeHHS 004YHCITIOBAIBHOI TPYIOMICT-
KOCTi alnTOpUTMiB 300payKeHHS CTHCKAIOTh JI0 PO3IUTBHOT
3natHocTi 200200 mikcenis. Ilpu 1ipoMy mporenypa 1mo-
BTOPIOEThCA IS Pi3HUX 3HaueHb Hapamerpa K, ta K,,

10 BIUTMBAIOTH SK HAa iHHOPMATHUBHICTH O3HAKOBOT'O OIIH-
Cy, TaK i Ha OOUUCIIOBAIIBHY TPYIOMICTKicTh. Tpynomic-
TKicTh C TIPOTIOHYETHCS BUMIpPIOBATH KiTBKICTIO OIepa-
it Mul Ta Add, 1110 BUKOHYIOTBCS TiJT 4ac 3ropTKH (ib-
TpIiB 3 300pa)KEHHSIM UM KapToro 0o3HaK. [lyist apxiTeKkTypu
MepeKi, ToKa3aHoi Ha pHUC. 2, TPYIOMICTKICTh MOXKe OyTH
obuuciieHa Tak

C = K,(2706472K, +4438784K,) . (11)
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Jlns xnacudikaropa Ta perpecopa onTuMaibHa KOH)Iry-
pallist 3rOPTKOBOrO SKCTPAKTOPA MOKE BiIPI3HSATHCS, OCKLTh-
K{ BOHM BiJIIOBINAIOTH 32 i3Hi 3aaaui. ToMy KOMIpOMiCHUI
BapiaHT 3 TOYKH 30py TOYHOCTI BUPIMIAIBHUX HPABMI 1 004H-
CITFOBAJIGHOI TPYZOMICTKOCTI €KCTPAKTOpa Bi3yaIbHHX O3HAK
00HPAETHCS 32 KOMIUICKCHAM KpHATEPIEM (2).

YV perpeciitHiif Mo#emi Ha ONOPHHUX BEKTOPAx IPOIIO-
HY€THCSI BUKOPHCTOBYBATH pajiaibHO-0a3ucHE S1po, do-
pMyJIa SIKOTO Ma€ BUTIISA

. 112
K(x(’),x(”) = exp(y "x(t) _x(j)" ), 7>0,
ge Y — koe(ilieHT siapa, 3HAYEHHS SKOTO 33 3aMOBYY-
BaHHSM JlopiBHIOE Y =1/ N .

Andasir knaciB {4’} posmi3HaBaHHA, IO ONUCYIOTh

XapakTepHI TEePEIIKOAN 1 BiIMOBITHI KOMaHIHM peakilii,
Ma€ MOTYXHICTh piBHy R =35. Ilepmmii kiac posmizHa-

BaHHI A XapakTepusye HOPMAJbHHI CTAaH CIIiyBaHHS
B3/IOBX 3a7aHoi TpaekTopii. Kimacu 4, Ta A; Binmosima-
I0Th TIOBOPOTY BNiBO Ha 45 Ta 90 rpamyciB BiJIOBiIHO.
Knacu 4] ta A BigNOBiNaIOTh MOBOPOTY BIPaBO Ha 45

Tta 90 TpamyciB BimmoBigHO. OOCAT HaBYANBHUX 3pa3KiB
KO>KHOT'O KJ1acy CTaHOBUTH 7, = 500 .

Onrumizaliis mapameTpiB Mojsi KOHTPOJILHUX JOIMYCKIB
{8, ,;} Ta IHIMKX TEHOTWIHUX MapaMeTpiB Wi iH(opMa-
LIHHO-eKCTPEMAIBHOTO KJIach]ikaTopa MOJSrae B IMOIIYKY
excTpeMyMy (YHKLIT KpuTepito (4) B TineprnpocTopi pillieHs.
IMpy oMy SIK TIOLTYKOBHI aJrOpUTM B JaHiii poOoTi 1po-
TIOHYEThCS BUKOpUCTaTH piii yactuHOK (Particle Swarm
Optimization, PSO), skuii XxapakTepu3yeTbCsS MPOCTOTOIO
peaizartii Ta iHTeprperadespHicTio [12, 13].

Onrtumizailis CIOBHHKA KJIIOYOBUX (PparMeHTiB Ta
(heHOTHITHHUX TapaMeTpiB BUPIMIATBHUX TpaBwi (paaiycu
KOHTEHHEpIB KJaciB) MOXe€ 3[iHCHIOBATHCS METOJIOM
npsIMOTo Tiepebopy 3 3aJaHUM KPOKOM, OCKUIBKH KiJlb-
KICTh KPOKIB TaKOTro IOLIYKY € BiJHOCHO Manoro. Edek-
TUBHICTh KOXXHOI YaCTHHKH HOMYJIALIHHOTO anropuTMy,
TOOTO ii OIHU3BKICTH 10 TIIOOATEHOTO ONTHMYMY, BUMIPIO-
€TbCS 3a JIONOMOTOI0 Halepea BH3HAUeHOI (iTHecC-
(GyHKIIi, poIb AKOi B JAHOMY BHUIIAAKY BUKOHYE (DYHKIIiS
Kkputepito edexruBHOCTI HaB4aHHA (4). KoxkHa j-Ta dac-
TUHKa Kpim ii mosuuii P, 36epirae HacTynHy iHdopma-

m,l,i

Iifo: Vj — MOTOYHA MIBHAKICTH YAaCTUHKH, Pbest/. — Kpa-

1112 TIepCcOoHaNbHA MO3HUIIIs YacTHHKU. Kpata nepconanbpHa
TIO3HUILIS j-1 YACTHHKHU — 1€ MO3MLIs j -1 YaCTHHKH, B SKil
3Ha4YeHHsA ¢iTHeC QYHKIIT 11 YacTHHKU OyIl0 MakchMa-
JHHAM Ha TIOTOYHHH MOMEHT 4acy. KpiM 11p0r0, 3 METOI0
MOIITYKY TJIOOANBHOTO eKCTpeMyMy (iTHec-QyHKI Haii-
Kpallla YaCTUHKA IIYKAEThCS B YCbOMY poi, a Ti mo3umis
no3HavaeTeest K Gbest . Ilpn 11boMy 3amaHO Taki mapa-
METpU HACTPOHKH MOIJAMIIHOTO alTOPUTMY : MaKCH-
MaJlbHa IIBUJAKICTh YaCTHHOK V. = 2, KOHCTaHTH NpH-

max,i
CKOPEHHS YaCTMHOK ¢ =Cp =1, KUIBKICTb areHTiB polo
n, =100, xoedinient inepuii w =0,95 Ta KUIbKICTb iTe-

paiii Ky, =3000.
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5 PE3YJIbTATHU
Jnst BUSBIICHHSI TEHJCHINI 3MiHH yCepeJHEHHX 3Ha-
YeHb YACTKOBHUX Ta KOMIUICKCHOTO KPUTEDIIO MPHU 3pOC-
TaHHI mapameTpiB K, Ta K,, fiKi BIUIMBAaIOTh HA PO3MIp
3rOpPTKOBOTO eKcTpaktopa (puc. 2), Oyno 3xificHeHO ¢i-
3UYHE MOJICNIOBAaHHS ISl TPbOX (PIKCOBAHMX 3HAUYCHb
KOXKHOTO 3 ITUX IapameTpis (Tadi. 1).

Tabmms 1 — 3anexHICTh YaCTKOBHX Ta KOMIUIEKCHOTO KpHTe-
pito Bix napamerpiB ekcTpakropa o3nakosoro omucy K, ta K,

K] KZ E / Emax 8min /8 Cmin qe J

3 4 0,083 0,112 1,000 0,009296
5 4 0,101 0,188 0,827 0,015703
7 4 0,098 0,200 0,705 0,013818
3 8 0,28 0,688 0,297 0,057214
5 8 0,29 0,756 0,264 0,057879
7 8 0,29 0,775 0,238 0,053491
3 16 0,39 0,968 0,082 0,030957
5 16 0,55 1,000 0,077 0,04235
7 16 0,51 1,000 0,072 0,03672

Amnani3 tabn. 1 mokasye, o 30UIbIIEHHS 3HAYEHb Ta-
pamerpiB K, Ta K, y 3arajJbHOMY BHIAJKy IIPU3BOIUTD

JI0 3pOCTaHHSI TOCTOBIPHOCTI 1 00YHCIIOBAILHOI TPYIOMi-
CTKOCTi BHPIMIAJIFHUX TIPABII KIach(pikaTopa Ta perpe-
copa. Ilpu npomy 30inblieHHS Hapamerpa K, Maio

BIUIMBAaE Ha eQEeKTUBHICTh Kiachudikaropa BHACHTIZIOK
3HIKEHHS e()eKTUBHOCTI POHOBOTO IMOUTYKY IPH 3HAYHO-
MYy 3pOCTaHHI PO3MIPHOCTI IIPOCTOPY O3HAK, B TOH Yac SIK
HOMMJIKA perpecii B piBHil Mipi uyTiiuBa 10 3HaueHHI K,

ta K,. OfHaK BpaxoByIOYH Te, 110 JOCTOBIPHICTh BHpi-

MIATFHUX TIPABIJI POCTE IMOBUIBHIIIE 32 OOYMCIIOBANIBHY
TPYJOMICTKICTb IIpH 3pocTanHl K, Ta K,, To KOMIpoMi-

CHHMH BapiaHT OOMPAETHCS 3a 3HAYEHHSM KOMILJIEKCHOTO
kpurepito J. ToOTO onTHMaTbHUMH BBa)KAEMO TaKi 3Ha-
uenns napametpis K, =5 Ta K, =8.

IIpn omrumaneHill KOHQITYpalii eKcTpakTopa O3Ha-
KOBOTO OMNWCY YCepelHEHe 3Ha4deHHA iH(OpMAIiifHOTO
KpUTEpilo  (YHKIIOHATIbHOI e(EeKTHBHOCTI TOPIBHIOE
E=0,29, TIpH SIKiH TOYHICTH 32 HABYAILHOIO MATPHUIICIO
CTaHOBUTH 95,2%, a TOYHICTH 3a TECTOBOI MATPHIICIO
cranoBUTh 94%. KinbKicTh AOIyCKIB HAa KOXHY O3HAKy
po3mi3HaBaHHA JopiBHIOE L =3 i oOupaeThcs K MiHIMa-
JEHE 3HAYCHHS, IpU AKoMYy iH(popMariitanii kputepiit (4)
3a TECTOBOIO MaTpHILEI0 mepectae 3pocratu. Ha puc. 3
nokaszaHo rpadik 3MiHH ycepeaHeHOro iH(popMaliifHOro
KpUTEpito eeKTUBHOCTI (4) Bl KUIBKOCTI iTepalliii poio-
BOT'O [IOIIYKOBOT'O aJTOPUTMY.

Amnati3 puc. 3 nokasye, mo Bxe 3 1000-1 iTeparii 3po-
cTaHHs iHpOpMauiiHOrO KpHuTepito (4) ynoBiuIbHUIOCS, a
3 2500-i iteparrii Maibke He 3MiHIOBaJIoCcs. Taka TuHaMiKa
3MIHM KpPHUTEPIlO0 CBIIYMTH MPO T€, IO MOAAJIBIIEC 3pPOC-
TaHHS 1H(OPMAIIMHOIO KPUTEPII0 MOXIIMBE JIMIIE IPU
MiIBUIIEHHI iHPOPMATHBHOCTI O3HAKOBOTO OMHCY IILIS-
xoM 30inbmenHs K, Ta K,, abo ylOCKOHaJeHHS CTPYyK-

TypH eKcTpakTopa (puc. 2).
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Pucynok 3 — I'padik 3anexxHocti iHpopmariitHoro kpurepito (4)
BiJl KIIBKOCTI iTepaliif poii0BOr0 alropuTMy ONTHUMI3allil mapa-
METPIB KOHTPOJBHUX NOITYCKIB Ha 3HAYCHHSA
O3HAK PO3IM3HABAHHA

TakuM YUHOM, 3aPOMIOHOBaHA MOAMDIKAIIis 3rOPTKOBOT
HEHPOHHOI Mepexi 03BOJIsIE c(HOPMYBATH O3HAKOBHI OIMUC
CIIOCTEePSIKEHB, MPUIATHHI JUTS 38124 HaBiraiii.

IMpu npomy, 3poctanHs iHGOPMALIIHHOTO KPUTEPIiIO Kiia-
cudikaTopa KOPETIOe 31 3MCHIICHHSM TOMIIIKH perpecii,
ToMy iH(MOpMamiiiHUi KpuTepili e(peKTHBHOCTI HaBYAHHS
Kiacudikaropa Mo)Ke BUKOPUCTOBYBATHCS ISl ONTHMI3arlii
mapameTpa ekcrpakrtopa K,, SKHil BIUIBAa€ Ha KiIBKICTb
¢itpTpiB B KOkHOMY 1api. OHak BuOip napamerpa K, , o
XapaKkTepu3ye IJIMOMHY 03HAKOBOT'O OMHKCY B Yaci, CIIi 3/ik-
CHIOBATH 3 YpaxXyBaHHSM BHUMOT' TO TOYHOCTI perpeciiHoi
MOZIeNi TSl OLIHKY NepeMillleHHsT Kamepy. 30UIbIIeHHS Ta-
pamerpiB K, Ta K, 0OMeXyeTbCs 3pOCTaHHAM OOUHCIIOBA-

JBHOI CKJIAIHOCTI, TOMY IOJANBII YIOCKOHAJICHHS 3aIpo-
TTOHOBAHMX MOJIETIEH 1 METOIB TIOJISATAIOTh B YIOCKOHAIICHH]
apXITEKTYpH 3rOPTKOBOT MEPEXKI.

6 OBTOBOPEHHSI

Jlyist HarnsAHOT OIHKY €()eKTUBHOCTI MAIIMHHOTO Ha-
BYaHHS HABIralliiHOT CHCTEMH MOKHA MOPIBHSTH €TaJOH-
HY TPaeKTopito, BUMIpsiHy 3a nornomoroto GPS Ta LiDaR,
3 PEKOHCTPYHOBaHOIO TPAEKTOPI€I0, TOOYIOBAHOT 3 BUKO-
pPHCTaHHSAM HaBYCHOI MOJIeNi aHamizy naHux. Ha puc. 4a
II0KAa3aHO ETAIOHHY TPAEKTOPil0 (IMMyHKTUpHA JIHIisA) Ta
PEKOHCTpYHOBaHy TPaeKTOPifo (CyLIbHA JIiHIs), TOOYmO0-
BaHy 3a 3alPOIIOHOBAaHMMH aJITOPUTMAaMH Ta TECTOBUMHU
Bxiganmu paanmu 3 6a3u KITTI [9]. Ha puc. 46 mokasza-
HO pe3yJIbTaTH aHAJOTIYHOTO EKCIEPUMEHTY, ajle 3 BUKO-
PHCTaHHSIM MOJIEJI, 3aIPONIOHOBAHO1 y mpaiii [9].

Amnani3 puc. 4 nokasye, 1m0 TOYHICTh PEKOHCTPYKIIT
TpaeKTOpii B 000X BHUIAIKaX € MPUHHIATHOIO JUIS ITPAKTH-
YHOTO BUKOPHCTAHHS 1 CyTTEBO HE BIIPI3HAETHCS, OJHAK
y po3poOJcHIA MOJENi aHai3y NaHWX HabaraTto MEHIIE
TapaMeTpiB 1 € MOXKJIMBICTD /IO HABYAaHHs Oe3 BUMTEIIs 03
BUKOPUCTaHHS OOYHCITIOBAIBHO TPYAOMICTKOIO aJrOPUT-
MY TPaJi€EHTHOTO CITyCKY.

Jlns omiHKY TOYHOCTI Kiacu(pikamiiHUX BHPIMATEHUX
MpaBWJI i/ Yac Po3Mi3HABAHHS XapaKTepy MEePenIKoIu Ta
BHOOpY peakii Ha Hel Ha puc. 5 mokas3aHo rpadiku 3aie-
KHOCTI 1H(pOPMAIIHHOTO KpHUTepil0 e(eKTHBHOCTI Ha-
BYaHHs (4) Bij paniycy KOHTEHHepa KOXXHOTrO 3 KJaciB
po3mizHaBaHHA anpaBiTy {4°}.
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AHai3 puc. 5 okasye, o K1ac A4, Mae Oe3MOMIIIKOBE

3a HaBYAJIBHOIO BHOIPKOIO pajlialbHO-0a3WCHE BHpIIIAJIbHE
MpaBWJIO, a 3HAa4YeHHs iH(OPMAIHHOIO KpPUTEpiIo BHpilIa-
JBHUX TIPaBWJI PEIITH KJIaciB HEe NOCSArac TPaHUYHOTO 3Ha-
YEeHHS, OHAK TOYHICTH BHPIITATEHIX TPABIJI KOXKHOTO KITa-
Cy 3a TecToBOIO BHOipKoto mepesuirye 90%. Tomy mnpormyck
MEPEIIKON YU XUOHE CIIPAIFOBAHHS HA IOTOYHOMY Kajpi
MOXXYTh OyTH KOMIICHCOBaHi IPU MPABUIILHOMY PO3Ii3HA-
BaHHI HACTYITHHX KaJIPiB BiICOTIOTOKY.

Yim] :
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PucyHnok 4 — ETasioHHa Ta peKOHCTPYOBaHa TPAEKTOPIT:

a — po3pobiieHa MoJieNb; O — MOJIeIb, 3alPOIIOHOBAHA
y mpati [9]

Taxkum 4unHOM, (i3U4HE MOJICIIOBaHHS MOKA3ajo0, 10 3a-
MPOINIOHOBaHI Mojeni 1 Metoau iHQopMmaliiHOT TexXHOMOTIi
aHaJi3y JaHUX JO3BOJSIOTH peali3yBaTH HpPUHHATHY IS
MIPAaKTHYHOTO BUKOPUCTAHHS CHCTEMY aBTOHOMHOI HaBiramii
ManorabaputHux BJIA Ha BigoMili MiCUEBOCTI, OCKUIBKU
HABYaHHS 1 TECTyBaHHS BiZ0OyBaJOCs 3a JAHUMH OJHI€T 1 Tiel
x 6asu KITTI [8, 9].

BUCHOBKHA

1. HayxoBa HOBH3HA OfIcp>)KaHUX PE3YJIbTaTIB:

— BIIEpIIIE 3aPOIIOHOBAHO MOJENh aBTOHOMHOI CHCTEMH HaBi-
rauii manoradbaputHoro BJIA, ckinagoBuMM yacTHHAMH SKOI €
3TOPTKOBHMH E€KCTPAKTOp O3HAK, SIKMH HABYAEThCS O€3 BUMTEIS,
perpecop Ha ONOPHHUX BEKTOPAX, SIKWil HABYAETHCS IHKpEMEHTa-
JBHO 3 BYMTENIEM 34 JAaHWMH BiJl Bi3yaJIbHUX Ta IHEPIIIHHNX
CEeHCOpiB, Ta iH(pOpMaLifHO-eKCTpeMalbHUN KIacu(ikaTop
HEPEIIKO, KU HABYAETHCS 3 YUUTENIeM KOMaHIaM PeakLii Ha
TIEPELIKO/IH, 1110 J03BOJISIE 3HU3UTH BUMOTH JI0 OOYHCITIOBANIb-
HHUX PECypCiB;

— BIEpILIE 3aPOIMIOHOBAHO MOJIEIb 4-X 1IapOBOI 3rOPTKO-
BOT Mepexi, fKa MPUIMae Ha BXIJ PsJl MOCTIIOBHUX KaJpiB,
110 IHTEPIPETYIOTHCS K KaHaJIU OJJHOTO 300paXKeHHs 1 CKa-
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Pucynok 5 — 3anexHicTs iHGopMamitHOro KpuTepito eheKTus-
HOCTI HaBYaHHS KJlacudikaTopa Bi pajiyciB KOHTEHHepiB

. o o
Kiacis : a—knac A4y ;6 —xnac 45 ;

BfKJ'IaCAg;F*KJ'IaC Aff; Il — KJ1ac A5O

HYIOTbCSl PI3HOMACIITaOHUMU (UIBTpaMU, Ta METOJ] HABYAHHS
3ropTKOBUX (PinbTpiB O3 BUMTENS HA OCHOBI PO3PIIHKEHO KO-
JIYIOUOr0 HEWpOHHOro Tra3y, L0 JO3BOJISE 3MIHCHIOBATH Ha-
BYaHHS B MPOLIEC] MPSIMOTo MOLIMPEHHS CUTHAITY 0€3 BUKOPHC-
TaHHS METOJY 3BOPOTHOTO HOIIMPEHHS OMFIKH;

— YJIOCKOHAJICHO METOJl OLIHKH e(EKTHBHOCTI MOJEII
aHali3y JaHMX Y 3ajadi HaBiramii HUIIXOM MYJIbTUILTIKaTHB-
HOI 3TOPTKH YaCTHMHHUX KpHUTEpIiB, 110 I03BOJsIE 0Opatu
ONTHMAallbHI B iH(pOpMaLiliHOMY Ta BapTiCHOMY CEHCax Ia-
pameTrpu (YHKIIOHYBaHHS CUCTEMHU.
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AHHOTADIUA

AKTYaJIbHOCTh TE€MbI CTAaTbU 3aKJII0YACTCS B TOM, YTO BOIPOC BHIOOpPA ONTUMANIBHBIX B MH(POPMAIMOHHOM M CTOMMOCTHOM CMBICJIaX
MOJIeJIEH U METO/I0B aHaIM3a JAAaHHBIX B CHCTEMaX aBTOHOMHOM HAaBUTAIlMM B YCIIOBUSIX alipMOPHOI HEONPEIEIEHHOCTH, PECYPCHBIX M WH-
(hOpMaIIOHHBIX OrPaHUYCHHUI HEJJOCTaTOYHO HMCCIIEIOBAaHHBIM U B MOJHOW Mepe JI0 cuX Imop He peuieH. Llenb cTaTtbi — HOBBICHTE B HH(OP-
MalMOHHOM M CTOMMOCTHOM CMBICHaX 3()(EeKTHBHOCTh (DYHKIMOHMPOBAHHSI aBTOHOMHOW CHCTEMbI HAaBHTAllMHd MajorabapuTHOrO Oecru-
JIOTHOTO amnmnapaTa Ha MECTHOCTH O JaHHBIM OT BU3YaJIbHBIX M MHEPIIMOHHBIX CEHCOPOB, paboTaeT B pexxuMax o0ydeHHs  9K3aMeHa B yc-
JIOBHSIX OIPaHMYEHHBIX BHIYMCIUTENIBLHBIX PECYPCOB M 00bEMOB 00yUarolel BHIOOPKH.

MeTtoap! HecsTea0BaHUs 0Aa3UPYIOTCS HA MCIOJIB30BAHNH TEXHOJIOTHH CBEPTOYHBIX HEHWPOHHBIX ceTel Uit (POPMUPOBAHUS TPU3HAKOBO-
r0 ONMHUCAHUS BU3YaJbHBIX HAONIOICHUH, aITOPUTMOB Pa3peKeHHO-KOIMPYIOIIEr0 HEHPOHHOTO ra3a s 00y4eHHs] CBEPTOUYHBIX (UIIBTPOB,
MOJIENIN OINOPHBIX BEKTOPOB JUIS PErpPEeCCHOHHOIO aHaln3a JaHHbIX, HA NPUHIMIAX MaTeMAaTH4YeCKOW CTATUCTHKU M TEOpUM HH(POpMALHN
VISl TIOCTPOCHUS U OLICHKU (PyHKIMOHAIBHOH 3 PEKTHBHOCTH KJIACCHU(PHUKAIMOHHBIX PELIAIOIINX PaBHIL.

Pe3yabTarbl. Pa3paboTaHbl HOBbIE MOJCIH M METOJIbI HHTEIUICKTYaIbHOI HH(POPMAILIMOHHONW TEXHOJIOTHHM aBTOHOMHOW HABUTAIUH JUIS
MaJorabapuTHBIX OECIHIOTHBIX aNIlaparoB, IMO3BOJISIET OCYIIECTBIATh O0yueHHe HauOoiee BBIYUCIMTEIBHO TPYAOEMKOH COCTaBISIOIIECH
CHCTEMBI, — 9KCTPAKTOPa MIPU3HAKOBOTO ONUCAHMS HAOMIOAEHUH, — 0e3 yuuTens B Ipolecce NpSIMOro pacrnpocTpaneHust curnana. [Ipu stom
NIPEAIOKEH KPUTEpHd BHIOOPA ONTHMAIBHBIX B HHPOPMAIIMOHHOM M CTOMMOCTHOM CMBICIIaX IIapaMeTpOB MOJICIH aHaJM3a JJAaHHBIX M ITOKa-
3aHO M0 pe3yJbTartaM (PU3MIECKOTO MOJCIUPOBAHUS, YTO TOCTOBEPHOCTh CHOPMUPOBAHHBIX PEIIAIOIINX MPABUII MpUEMIIeMast ISl PaKTH-
YECKOT'0 MCITIOIb30BaHMUS.

© Mockanenko B. B., Mockanenko A. C., Kopo6os A.T'., 2018
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BoiBoabl. [Ipe/ioxkeHa apXuTeKTypa CBEPTOUHOM CETH U MeTOJ| e¢ 00yueHust 6e3 yuurerst Juist GOpMUPOBAHMS IPH3HAKOBOTO OMMCAHHS Ha-
OmrofIeHuiA B 33/1a4e aBTOHOMHOW HABHIAIMK HA OCHOBE AJITOPUTMA Pa3pekeHHO KOAMPYIOIIETO HEHPOHHOro ra3a. Paspaboran kputepuii BEIOOpa
HapaMeTpoB aHAIM3a JaHHBIX U 110 pe3ysbTaTaM (PU3HUYECKOro MOZIEIUPOBAHMS JIOKA3aHO MPUTOJHOCTh K MPAKTHYECKOMY HCIOJIb30BAHUIO Pa3pa-
OOTaHHBIX AITOPUTMOB HABHUTALMM HA HEW3BECTHOW MeCTHOCTH. [IpakTHdeckasi IEHHOCTb MOJIyYCHHBIX PEe3yJbTaToOB Ul OSCHMIOTHON aBHALlN
3aKIII04aeTcsi B ()OPMHUPOBAHUM COBPEMEHHOW HAayYHO-METOIOJIOTHYECKOH OCHOBBI MPOSKTUPOBAHKS O0YUYAIOLIMXCSI aBTOHOMHBIX CHCTEM HABHUIa-
LMY MaJIOrabapUTHBIX alapaToB, ()YHKIIHOHUPYIOIIHX B YCIOBUSX PECYPCHBIX M HH(POPMAIIMOHHBIX OrPAHUYECHHIH.

KJIFOYEBBIE CJIOBA: nHaBuraius, BU3yallbHas OJOMETPHs, OCCIMIOTHBIN JIETATENbHBIA amnmapar, CBEpTOYHAs HEHPOHHas CEeTb,
HEHPOHHBIH ra3, HHPOPMAIIMOHHBIN KPUTEPHUIl, METOJ] OTIOPHBIX BEKTOPOB.
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ABSTRACT

Context of this article topics is that the issues of choosing the optimal in information and cost sense of models and methods of data
analysis in autonomous navigation systems under a priori uncertainty, resource and information constraints are not sufficiently investigated
and are still not fully resolved.

Objective — to increase the efficiency of the autonomous navigation system of a compact drone on the terrain, based on data from visual
and inertial sensors, operating in training and exam modes in the conditions of limited computing resources and the volume of the training
sample, in the information and value sense.

Methods of a research are based on the usage of technology of convolutional neural networks for the formation of a feature representa-
tion of visual observations, sparse-coding neural gas algorithms for the training of convolutional filters, the model of support vectors for
regression analysis of data, on the principles of mathematical statistics and information theory for constructing and evaluating the functional
efficiency of classification decision rules.

Results: new models and methods of information intelligent technology of autonomous navigation for compact drones have been devel-
oped, allowing the training of the most computationally labor-intensive component of the system, the feature extractor from observation, in
unsupervised manner in the process of direct propagation of the signal. In this case, the criterion for choosing the optimal parameters in in-
formation and cost sense for model of data analysis is proposed, and it is shown by the results of physical modeling that the validity of the
formed decision rules is acceptable for practical use.

Conclusions. The architecture of the convolutional neural network and the method of its unsupervised learning for the formation of a
feature representation of observations in the autonomous navigation problem based on the algorithm of sparse coding neural gas is proposed.
The criterion for choosing data analysis parameters is developed and according to the results of physical modeling, the suitability for practi-
cal use of developed algorithms of navigation on unknown terrain is proved. The practical value of the results obtained for unmanned avia-
tion is to form a modern scientific and methodological basis for designing capable of training autonomous navigation systems for compact
drones operating in the conditions of resource and information constraints.

KEYWORDS: navigation, visual odometry, unmanned aerial vehicle, convolutional neural network, neural gas, information criterion,
support vector method.
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ABSTRACT
Relevance. To solve most of the tasks facing the housing and communal services of the country, it is necessary to create and
implement new efficient energy-saving technologies and units, the development of which will solve the problem of reducing heat
consumption and metal consumption when using individual heat points in district heating systems.
Goal. Increase in the efficiency of autonomous heat supply systems (AHSS) for housing and communal services objects.
Ensuring effective means of analyzing complex systems and processes in multi-circuit heat exchangers for heating and hot water

supply systems.

Method. To achieve this goal, a systematic approach was applied to the analysis of thermal and hydraulic processes occurring in
the autonomous heat supply systems and modeling of heat exchange processes in multi-circuit heat exchangers. To solve the
boundary value problem, an iterative procedure is proposed. On the experimental stand, the model is explored, experimental data are

obtained.

Results. The dependence of the coolant consumption in the circuits and the amount of heat are established theoretically and
experimentally. An iterative procedure is developed. Studies were carried out on the basis of the experimental stand. Based on the
results of the experiments, a nomogram of thermal calculation of a multi-circuit heat exchanger was constructed.

Conclusions. The experiments carried out on the experimental stand developed by the authors of the experiment fully confirm
the correctness of the theoretical results obtained and provide an effective tool for constructing industrial samples.

KEYWORDS: autonomous heat supply system, heat exchangers of a coiled type, tank-accumulator, basic design parameters,

optimization of energy resources, experimental stand.

ABBREVIATIONS

HW — hot water supply;

AHSS — automated heat supply systems;

TA — tank-accumulator;

HE — heat-exchanging unit;

MHUT - a multi-loop unit with the accumulating
tank;

ITP — individual thermal point;

HAU - heating-accumulating unit.

NOMENCLATURE

Tenv — the environmental temperature;

At - the temperature of the premier contour;

T — the time period;

Q; —heat power;

G; — outlet temperature in the i-contour;

¢, — heat capacities of the incalescent heat carriers in the i-
contour;

tl»l — the temperature at the entry of the i-contour;
tl-Cp — average temperatures of the i-contour heat carriers;

t,-H — the temperature at the exit of the i-contour;
F,— diameter of the i-contour;
k; —heat consumption in the i-contour;

k — total heat consumption;

00wy
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4;
carrier contour (i=1), heat system contour coil (7=2), hot
water supply system coil (=3), hot water tank-

accumulator (=4).

— square of the tube cross-section of the heat

INTRODUCTION

Development and improvement of the energy-saving
technologies in the modern heat exchanging systems is
restrained in many respects by the absence of the
calculating method and modern computing complexes
allowing to adequately forecast the state of such systems
in the whole equipment load range. The list of unsettled
issues regarding the improvement of the centralized heat
supply systems requires the scientific search and
development of the recommendations for their practical
application. That is why the work efficiency and heat
supply systems exploitation increase at the expense of the
new models (units) development resources saving
technologies implementation is a highly relevant scientific
and technical problem for Ukraine. In this respect, one of
the heat exchanging unit prospective models is the model
of a heat exchanger of a coiled type with the tank-
accumulator patented by one of the authors [1].

In fig. 1 the MHUT cross-section, which heat
exchanging processes are investigated in this work, is
presented.
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Figure 1 - MHUT of a coiled type cross-section

The MHUT work is realized in the following way: the
premier heat carrier enters the HE intertube space, created
by the frame and the coiled tubes. Having given its heat
through the surface of the heating and hot water supply
systems coils and the surface of the tank-accumulator
frame goes back to the heat source. The running water
heats and enters the hot water supply system coil, where it
heats up to 55-60°C and afterwards it flows into the
accumulating container, from which the water is
consumed for the hot water supply needs. The heating
water is constantly circulating in the second coil with the
help of the noiseless pump.

1 PROBLEM STATEMENT
The known parameters in the heat-exchanging unit are

temperatures of the hot heat carrier tll and tIH at the entry
and exit of the heat exchanging unit frame; temperatures

of the incalescent heat carriers of the heating contour té

and tél with the consumption Gj; temperature of the
incalescent heat carriers of the third contour of the hot
water supply system t3H and t3[ with the consumption G,

which flows into the hot water tank-accumulator.

The unknown parameters are the following seven
parameters:

— consumption of the premier heat carrier G;;

— initial and terminal water temperatures ¢, in the tank-
accumulator;

— water consumption with the TA, entering the hot
water supply system according to the daily consumption
schedule Gy ;

— diameters of the first, second, third and fourth
contours of the heat exchanging unit , F,, F and F,.

It is necessary to solve the following tasks for the chosen
MHUT construction:

— to define the principles of the constructive
parameters basic meanings calculation in the fixed work
regime;

— to develop the algorithm of the energy resources
optimization during the MHUT exploitation.

© Stenin A., Pas’ko V., Drozdovych 1., 2018
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2 REVIEW OF THE LITERATURE

It is known that the most complete evaluation of the
created heat exchanger efficiency has to take into
consideration the convection, mass, volume and cost
characteristics, units and components workability and
unification degree indexes, exploitation indexes. Hence,
during the analysis of any heat exchangers, it is necessary
to take into consideration so many parameters that at first
sight there seems to be no use in the analytical solution
receiving trial, which might allow getting the desired
evaluation. Especially taking into account that the
analytical solution of the full Navier-Stokes equation has
not been found yet [3].

While creating the new and more effective heat
exchangers the aim is to decrease the specific
consumption of materials, work, resources, energy,
consumable during the work comparing to the existing
heat exchangers indexes. The specific consumption for
the heat exchanging units is the consumption related to
the thermal productivity under the set conditions [4].
Until recently the heat exchanging units calculation has
come to the fixed work regimes calculation and finding
such parameters as the temperatures average difference,
heat transfer coefficients, heat transfer surface and
hydraulic bearings [5]. However, during the modern
automated autonomous heat supply systems creation, it is
necessary to have the quantitative dependencies in the
form of mathematical models characterizing both fixed
and flexible heat exchanging units work regimes. Partially
these issues have been considered in the work [6] in
which the scientific foundations of the mathematical
description of heat transfer processes in the heat
exchanging units multithreaded stage have been
developed in the form of the ordinary linear differential
equations system as the simplified longitudinal model of
the full Navier-Stokes equation. In the article [7], the
modelling of the heat exchange process in the
intermediate heat exchanger of a coiled type, which is a
part of the heat extraction contour of the “UNITERM”
reactor unit fulfilled using the hydro and gas dynamical
package ANSYS CFX, is considered. The given article is
the further development of the works mentioned above
oriented towards the AHSS of the housing and communal
services.

3 MATERIALS AND METHODS

The calculation of the constructive parameters of the
heat exchangers of a coiled type for the independent
heating and hot water supply systems is based on the
thermal balance equation and the heat transfer equation
combined solution.

We define the MHUT thermal power for the heating
0O, and hot water supply Q3 system contours from the

formulae:
0, =Gy oyt ~13), (1)

0;=Gy-3(tf -13), @)
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where C, and Cj is the thermal capacity of the heat

carriers with the 75”7 and ;¥ average heat carriers

temperatures:
11 1
ty +t 13 +t
tgpzz 2 Ht§p=323, 3)

Considering the thermal losses through the external
surface of the tank-accumulator we define the premier
heat carrier consumption from the formula:

_ O+

= Nmor- @)
(el 1)

If the premier heat carrier is the vapor, then the
formula (4) becomes:

_ O +0s
(iﬁ—t,[()nHOT’ %)

where Acy is the premier heat carrier thermal capacity at
the average temperature; m,,,, — the heat losses through
the HE external surface coefficient. At that:

17 =05 ~1), (6)

t," - the saturated vapor enthalpy at the Psat pressure; t;' —
the water enthalpy on the saturation line at the Psat
saturation pressure;

Further, we write the thermal balance equations:

— heat exchange between the premier heat carrier and
the heating contour heat carrier:

O, =K -FK? —t§()) , @)

— heat exchange between the premier heat carrier and
the hot water system contour heat carrier:

O3 =Ky F(t? -15°) )

— heat exchange between the premier heat carrier and
the water in the HE through the heat exchanger frame:

04 =K3 R —15) )

At that, the average temperatures of the premier
warming heat carrier and the heat carriers incalescent in
the coils of the heating contour and the hot water supply
and the water in the TA are respectively equal:

17 =05+, (10)

157 =0.5(t5 +13),

(11)
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¢ I 1
t3p = 05(t3 +t3 ),

(12)
1 =054 +14), 13

The heat quantity which is perceived by the heat
carrier of the heat supply system contour:

i
0r =Gy -cp(ty +13).

(14

The heat quantity received by the heat carrier of the
hot water supply system contour:

03 =Gy c3(t] +17).

(15)

The heat quantity used for the TA water heating, at the
dewatering decrease for the water supply through the heat
exchanger frame:

C C|
Q4 :G4 'C4(tlp +t4p).

(16)

In that way, the unknown parameters calculation is
based on the thermal balance equation and the heat
transfer equation combined solution:

O =k - B (7 =15F)
O3 =ky - F3(t7 —15")
Or4 =ky - (T =1,F)
0y =Gy cy(t +13))
03 =Gy -c5(t5 +13))

C, C
04 =Gy -cq(ty? +1,1)

amn

where: 17 =050 —t), 1 =053 —13),

7 =058 —11), 1 =05 ~13)

temperature of the heat carrier in the respective contour.
The equations system (17) is the system of equations

with twelve unknown values: Q,_,, O3, Oi_4, >,

I I
F;’Fla G2at2’t2 > G4’ Q27 Q4'

In the given equations the tI2 value can be accepted
equal to the t, based on the MHUT construction
distinguishing features. Hence, the value (", —',) must be
close to zero. Its deviation from zero may serve as the
acceptable  simplifications  validity = measure. If

the average

(tél —té )0, it is necessary to increase the heat
exchanging surface of the MHUT heating contour coil
and if (té[ —té )0, the heat exchanging surface may be

left unchanging while the Gj premier heat carrier

consumption may be decreased. Setting a number of the
known constructive parameters it is possible to define the
others using the given fixed temperature regimes. The
received basic values of the constructive parameters have
to answer the total thermal balance equation:
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/i .1 1 a1 1
Gt =11 )=Gy-cr(ty —12)+G3-c3(t3 —13)+ Gy -4ty —14)+ Gy c4(ty —tox);

koo - F M =k - Fy (P — 1) + kg - Fy (6P =657 )+ ky - PO (1 —t8) + kg - F{A(E ~15,)

cp

We shall consider the power inputs optimization at the
given AHSS exploitation. The autonomous heat supply
system of the private building based on the MHUT is
shown in the fig. 2.

In fig. 2 the MHUT with the consecutive joining of
the pointed contours coils is shown for the heating and
HW contours presentation clearness. However, in the
given work the parallel joining of the coils (fig. 3) is
considered further as the more effective from the MHUT
composition and the heat exchange processes point of
view.

Here, Tif, T,, T3, T, T, T — are the
temperatures of the warming heat carrier and the heating
and HW heat carriers contours at the entry and the exit
respectively, 4, A4,, A; — are their cross-section

squares respectively.

In the given AHSS two main work regimes — the
transitional and the fixed — can be distinguished.

The transitional regime. In the given article the
MHUT AHSS heating contour outlet to the nominal
(fixed) work regime at the presence of the temperature
regime in the tank-accumulator and thus in the HW
contour is considered. As far as the temperature is

Heating 4

r

aPz

(18)

associated with the heating contour, the task is to settle
the set water temperature value both in it and in the
heating contour. It may occur through the coil of the
premier heat carrier in the form of the hot liquid from the
boiler or the geothermal source; through the coil of the
premier heat carrier in the form the heated gas; through
the special coil with the built-in electrical spiral.

In any case (except geothermal sources), the AHSS
outlet to the set temperature regime requires the energy
sources consumption. That is why the optimization from
the energy sources consumption in the transitional regime
minimization point of view is the important objective.

It is known that the heat transfer process is followed
by water mixing process, i.e. recirculation process. Hence,
this process can be described by the differential equations
system with the delayed argument, which are the
simplified model of the Navier-Stokes equations [3,5,9].
At that, the delay value t in our case can be defined on
the basis of the constructive parameters of the heating
contour and the nominal water circulation. As the result,
the heating contour structural scheme can be presented in
the following way (fig. 4).

v HW

Y,

—a
A

sewage

1 ET e

P

n
* —
‘ — &

from the aqueduct

E%% t.

makeup of the

heat network

suppoart

4P

Figure 2 — The autonomous heat supply system of the building based on MHUT
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T5.43

Figure 3 — The parallel joining of the heating and HW
contours coils

C |

| lT“m:mr l =T |

| | neaters il |

| heating u(n! .

I . I

! | heating -1 | cofl | hoiler
| | contor |

: heating contor :
S 1

Figure 4 — The heating contour structural scheme

For it, we can write the following differential-residual
equations with the afteraction system:

0O g0l karae- 9 -0}
dx;’t(t) = ky; k3 () =3, (1= 1)] (19)

under the set boundary conditions: x;(¢),x,(¢) is the
temperature in the batteries and the coil of the heating
Kp > xl(T):x2(T):T°

The optimal control objective is to ensure the heating

contour; x1(0)=x,(0)=T,

contour temperature outlet to the set value T° at the final
moment. For the objective setting the cost functional is
defined with the expression:

T
I= [xl (T) - T0]+ [euf @yt
0

(20)

Also, we will consider, that the temperature in the
tank-accumulator at the time period [-7,0] is equal to the

environmental temperature Tenv, which corresponds to the
real state of the heating system before the starting. The optimal
objective solution for the system (22) is very difficult and
impossible in the analytical form because of the afteraction
effect. The slack variable method, which allows bringing the
initial system with the afteraction to the ordinary differential
and transfer equations (to which the known optimization
methods are applicable) system is suggested by the authors.
Taking into consideration the aforementioned, we pass
from the recording (19) to the recording of the form:
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20 g, [0} ale20- 0}
dx, (¢
%() = kyu; = ks[x (1) = 7 (0]
@2y
dy(2,0) dy,(2,9) 0
+k =—k t,0)-T
Ul 4T 5 [yl( ) ]
dy,(1,0) dy,(,0) 0
+k =—k t,0)-T
0 4= 5 [yz( ) ]
under the boundary conditions:
yl(oae) :O’yZ(O’e) :0’ (22)

»1 (t’O) =X (t): Y2 (I,O) =X (t):

where Zl(l)zyl(t,e),Zz(t):yz(l‘,e),xl(l‘),)ﬁ(l‘)* is the
temperature in the heating radiator and the heating
contour coil respectively; y(¢,0);1,(¢,0)— is the

temperature in the pipelines; u=u is the equation
connected to the energy consumption for the heat carriers
temperature change (0<u; <upy,y); T° is the set
temperature; k; is the constant. The maximum method is

used as the optimization method [10].
Hamiltonians are composed for the equations of the
system (29) and (30):

Hy =yoe O+ w1 | T0 + ks (s (60— () |+
+\V2[ku“i —k3(x3()y; (l‘»f)l
K\, =—01ks [)ﬁ(f,e)—To]—

_¢2k5[y2(t’e)_T0]:

(23)

where ;,;—are auxiliary variables.

In this case, the conjugate equations system and the
boundary conditions have the form:

X0 _ o MO _ 4y ks (1) — ks (10),

ot ot
220 kg1~ ks92(0.0), (24)
Yo(T) = ey (T) ==2(x (T) = T,y (T) = 0.
%”ﬂ% = ks(Pl;aaitz+k4aaie2 =ks¢y,
91(4,7) =’;—iw2(t);<p2<t,r> =%wl(t), @5)

01(T,0)=0;0,(T,0)=0;t € [0,T}0 [0, 7]

As far as the optimal equation has to ensure the
hamiltonian maximum, therefore:
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0, whenk—”\VZ (0,
2¢

uheat (t) — k_u’ When0<k—u < umax s (26)
2c 2c

k
u
Umax When—“)ipay -
2c

To define the trajectory change rule vy, it is necessary
to solve conjointly the auxiliary equations (24), (25) and
equations (21), (22) using the optimal equation formula.
The combined solution of the stated equations is the
boundary-value problem solution. In the common case,
such problems solution requires calculus mathematics
methods application [8].

In this case, the next iterative procedure can be
suggested.

Step 1. To set some initial value x|(7’) and calculate

wi(T)=2-2(q(1)-T7).

Step 2. To integrate the conjugate equations system
(24) in the reverse time from =7 to t=0 and define
Y2 (2) and yy(7).

Step 3. To define u(¢) from (26).

Step 4. Having put the defined value u(¢) in (19) and
integrated the given system from ¢=0 to ¢t =T, to define
the new value x; (7).

Step 5. If the defined value x;(7') differs from the one

set initially, we pass to step 1. If they are close (according to
the set accuracy degree), the defined decision is optimal.

The fixed regime. It is concluded in the set
temperature regime stabilization (maintenance) at the
small changes of the environmental temperature and the
current volume of the hot water consumption. It is
considered that the premier heater temperature is stable
and corresponds to the set temperature regimes. The main
possibility condition for the heating contour is that the
heating time period in the heating contour coil has to be
much less than the water circulation time period in this
contour. In this case, the temperature regime stabilization
is ensured by the circulation pump with the corresponding
water circulation speed change. HW supply contour
temperature regime is totally defined by the tank-
accumulator temperature stability, which in its turn can be
ensured both by the constructive feedback, suggested by
the authors, and the water consumption automatic
compensation. At that, the main condition is that the
water heating time period in the HW contour coil, defined
from the MHUT dynamic model, has to be much less than
the water mixing time period in the tank-accumulator.

4 EXPERIMENTS

To carry out the experiments and approve the
correctness of the received theoretical results the authors
have created the MHUT experimental stand (fig. 5a, b).

!
N e
e 7
7
7 ) L
i / /1.

Figure 5 — The MHUT: a — experimental stand scheme; b — full-sized model
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Here: 1 — boiler (Novater.50); 2 tank-accumulator
(431.); 3 — radiators; 4 — expansion pneumatic tank
(4l); 5 — safety group (manometer, air valve, waste
valve 300...); 6 — heating contour coil; 7 — hot water
contour coil; 8§ — warming heat carrier circulation pump
(Wilo-StarRS25/4); 9 warming heat carrier
flowmeter ..—1.5..., 90°C, H=1..., G=1,5m’/h); 10 —
heating carrier flowmeter for the heating (..—1,5...,
90°C, H=1..., G=1,5 m3/h); heating contour circulation
pump (Wilo-StarRS25/4); 12 — cold water flowmeter
(..1.5..., 90°C, H=l.., G=1.5 m’h); 13 — step-up
station; 14 — bimetallic radial thermometer (... 0 —
150°C, 2.5 % accuracy class) — 7 pieces; 15 — globe
valve ¢ 20 mm.

Both coils are placed separately in the MHUT
frame, as it is shown in the fig. 5a. The coils heating is
arranged from the boiler 1 with the warming heat
carrier which is circulating in its contour with the help
of the pump 8, and the consumption is fixed according
to the flowmeter 9 indications, the temperature of
which may vary within the bounds from 40° to 90°C.
The water volume increasing at the temperature rising
is compensated with the help of the expansion vessel 4.
The secondary heating contour water is heated in the
coil 6 and circulates in the heating contour with the

Table 1 — Obtained results

help of the pump 11, and the heated water quantity is fixed
with the flowmeter 10. The cold tap water in the hot water
contour is heated in the coil 7 with the warming heat carrier
from the boiler 1 and flows into the HAU tank-accumulator
2, from which with the help 12 is forwarded into the hot
water supply system of the building with the temperature
50°-60°C. The first, second and third contours heat carriers
consumption is regulated with the help of the respective taps
15, and the total water consumption is fixed with the help of
the flowmeters 9, 10, 12 in each separate contour.

S5 RESULTS

On the basis of the experimental stand, the MHUT
research has been carried out for the independent heating
system as well as for the hot water supply system. The
obtained results are listed in the table 1, where 7t is the set
temperature regimes at the entry and the exit, F, Fheat, Fhw
is the coils surface for the heating...hot water supply systems
contours and the HE frame, m is the quantity of the
consumers. On the basis of the table 1, a whole range of the
temperature dependences for the MHUT energetic balance
check has been obtained. In particular, the diagrams
(presented in the fig. 6) have been built for the MHUT
energetic balance check.

Ne Consumption, kg/s Temperature Drop, Heat Quantity, (I:—I::; Velocity, m/s
K,
/ / / / / / /
S Gl ks | Ghxgs | 930 | Atoc | ancC | ancC | Qs | Qan | Q3| | WL | w2 |,
kg/s ki/s: | Ki/s: | Kl/s: . m/s m/s m/s
m-C
1 2 3 4 5 6 7 8 9 10 11 12 13 14
m=100 | 4.08 2.34 1.74 | 80 25 50 1370 | 786 584 2.08 | 0.374 0.278
m=10 | 0.408 0.234 0.174 | 80 25 50 137 78.6 | 584 0.408 | 0.491 0.354
F=3,636 m"; For=11,63m"; Fpy=432m"
- 4.08 2.34 1.74 | 80 25 50 1370 | 786 584 4702 2.080 | 1.194 0.888
g 2.04 1.17 0.87 | 80 25 50 685 393 292 2355 1.041 | 0.596 0.444
0 1.02 0.586 0.434 | 80 25 50 343 179 146 1179 0.520 | 0.298 0.222
u 0.51 0.293 0.217 | 80 25 50 172 98.5 73 591 0.260 | 0.149 0.111
0.255 0.146 0.109 | 80 25 50 86 49.25 | 37 296 0.130 | 0.075 0.056
o 5.44 3.12 232 | 60 25 50 1370 | 786 584 6280 2.775 | 1.592 1.184
S 2.72 1.56 1.16 | 60 25 50 685 393 292 3140 1.388 | 0.796 0.592
@ 1.36 0.78 0.58 | 60 25 50 343 197 146 1572 0.694 | 0.398 0.296
u 0.68 0.39 0.29 | 60 25 50 172 98.5 73 788 0.347 | 0.199 0.148
0.34 0.195 0.145 | 60 25 50 86 49.25 | 37 394 0.174 | 0.099 0.074
o 8.16 4.68 348 | 40 25 50 1370 | 786 584 9420 4.163 | 2.387 1.775
g 4.08 2.34 1.74 | 40 25 50 685 393 292 4710 2.082 | 1.194 0.888
— 2.04 1.17 0.87 | 40 25 50 343 197 146 2355 1.041 | 0.596 0.444
u 1.02 0.586 0.435 | 40 25 50 172 98.5 73 1177 0.520 | 0.296 0.22
- 0.51 0.293 0.218 | 40 25 50 86 49.25 | 37 589 0.26 | 0.149 0.111
- 10.87 6.24 4.63 30 25 50 1370 | 786 584 12560 | 5.546 | 3.183 2.362
g 5.44 3.12 232 | 30 25 50 685 393 292 6280 2.775 | 1.592 1.181
= 2.72 1.56 1.16 | 30 25 50 343 197 146 3140 1.388 | 0.796 0.591
v 1.36 0.78 0.58 | 30 25 50 172 98.5 73 1570 0.694 | 0.398 0.296
0.68 0.39 0.29 | 30 25 50 86 49.25 | 37 785 0.347 | 0.199 0.148
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Figure 6 — The heating and hot water supply consumption of the
premier heat carrier

6 DISCUSSION
We will show the calculating method of the MHUT
constructive parameters, which has been built in the form
of the experimental model, by the example of the
energetic balance check.
The energetic balance can be written in the form of the
equation:
O =03 +04 +Orp 27)

where Qé — is the heat quantity, transferred by the
premier heat carrier into the heating system
/ / / /
0 =Gy -Cpy(11 +13), (28)
Qé — is the heat quantity, transferred by the premier
heat carrier into the hot water supply system

It is easy to make sure, that the heating and hot water
supply consumption of the premier heat carrier, obtained
at the experiments carrying out (table 1) and the ones
presented in the fig. 6, coincide with the computation
data, calculated from the formulae (27)—(30).

Moreover, on the carried out experiments results
basis, the MHUT heating calculation nomogram
presented in the fig. 7 has been built. The heating
calculation nomogram allows choosing the MHUT
construction optimal parameters, i.e. heat-exchanging
surface value correlation to the tank-accumulator
capacity.

The heat exchanger construction, at which the input
and output sockets of the premier heat carrier are placed
tangentially to the heat exchanger frame (Fig. 3), assists
in turbulization of the flow around the heat exchanging
surfaces of the heating and hot water supply system,
which improves the heat exchange. The secondary heat
carrier in the coil moves in the reverse flow to the premier
heat carrier, settled in the intertube space, which
contributes to the heat exchanger warming surfaces
cleaning and prevents solid suspended particles
concretion on their surfaces.

Using nomogram greatly reduces time spent on the
MHUT calculation and projection stage and its optimal
size choice — the tank-accumulator construction and the
coils heating surface.

7 CONCLUSION

The MHUT basic constructive parameters calculation
method described in the article and the nomogram allow
choosing the optimal MHUT construction depending on
the exploitation conditions. For the effective practical
exploitation of the regarded AHSS, the algorithms of the
energy resources optimization in the fixed and non-fixed
MHUT work regimes are processed. The experiments

/ / / /
03 =G3-Cp3(11 +13), (29) . .
P carried out on the MHUT full-sized model created by the
. . . authors totally confirm the correctness of the obtained
Orr — s the heat losses into the environment theoretical results.
O =0.010; . (30)
FO, Mwt Scale of surfaces . FF,m* Vra, m?
oy 150°C 140°C 130°C 120°C 110°C_100°C -
0.5 : - d . g d - - = = = = = =
: ; oA I t s B =l
o '. A AT | =
: - 3
0.3 ... b RS -
V7 :
0.2 D1V
0.1 . il N
0 o i 1s s
4.75 9.5 14.25 19 23.75
Incalescent of network water . t/h
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Figure 7— MHUT heating
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VJIK 536.24.08

ITPOEKTYBAHHSI ABTOHOMHHX CUCTEM TEIUVIONNOCTAYAHHA TA ONTUMIBAIIA EHEPTETHYHHX
PECYPCIB ITPH IX EKCIIJTYATAIII

Crenin A. A. — 1-p TexH. HayK, npodecop Kadeapu TexHidHoi kibepHeTHkH, KuiBCchbKuil MONITEXHIYHUH IHCTUTYT iM. Irops
Cikopcrroro, KuiB, Ykpaina.

Iaceko B. Il. — xana. TexH. HayK, AOLEHT Kadenpu TexHiuHOI KibepHeTukH, KuiBCbKMi mosiTexHiyHuil iHCTHTYT iM. Irops
Cikopcekoro, KuiB, Ykpaina.

Jpo3nosud I. I'. — xaHa. TexH. HayK, HayKOBHIl CHiBPOOITHUK, [HCTUTYT TenekoMyHikauiil i robaigpHOrO iH(pOpMaIiiHOrO
npocropy HAH Ykpainu, Kuis, Ykpaina.

AHOTAULIA

AKkTyanabHicTb. Jlng BHpimeHHS OUTBIIOCTI 3aBHaHb, SKi CTOSATH TEpEld JKUTIOBO-KOMYHAJBHHM TOCIOAApPCTBOM KpaiHH,
HEOOXiJJHO CTBOPHTH 1 BIIPOBAaAUTH HOBI e(heKTHBHI eHepropecypco3bepirarodi TeXHOJOTII 1 yCTAaHOBKH, PO3pOOKa SKUX JO3BOJIHUTH
BUpIMIUTH Tpo0ieMy 3MEHIIEHHS BHTpPAT TEIUIOTH 1 METAIOEMHOCTI IIPU 3aCTOCYBaHHI B CHCTEMaxX IEHTPATi30BaHOTO
TEIUIONOCTaYaHHs IHIUBIqya bHUX TEIIOBUX MYHKTIB.

Merta. IlinBumieHHs e(QEKTUBHOCTI pOOOTH aBTOHOMHHX CHCTEM TEIUIONOCTa4aHHS Uil 00 €KTIB JKUTIOBO-KOMYHAIBEHOTO
rocrnojgapcTa. 3a0e3rneueH s pe3yIbTaTHBHUX 3ac00iB aHai3y CKIaIHUX CHCTEM i HPOLECiB B 0araTOKOHTYPHHX TEIIOOOMIHHHX
araparax JJs CUCTEM OIaJIEHHS Ta raps4oro BOJONOCTAuaHH.

Metoa. J{ns nocsrHEeHHS NOCTaBIEHOI 3amadi OyB 3aCTOCOBAaHMI CHCTEMHHH MiAXiA IO aHaNi3y TEIJIOBHUX Ta TiAPaBIIYHUX
MPOIIECiB, IO MPOTIKAIOTh B ABTOHOMHHUX CHCTEM TEIUIONOCTaYaHHs, 1 MOJICIIOBAHHS TEIUIOOOMIHHHUX TPOLECIB B 0araTOKOHTYPHHX
TEIJIOOOMIHHUX amapartax. Jlus BUpImIeHHS KpaioBoi 3amadi 3amponoHOBaHAa iTepamiiiHa mpomexypa. Ha mocmigHo-
eKCTIepUMEHTAILHOMY CTEH/Ii TPOBUANTD JOCHIIKEHHS MO/, OTPUMAaHI eKCIIepUMEHTANIBHI JaHi.

PesyabTaTn. TeopeTHUHO i EKCIIEPUMEHTAJbHO BCTAHOBJICHI 3aJI@KHOCTI BHMTpPATH TEIUIOHOCIS B KOHTYpax BiJ KUIBKICTI
teriotu. Po3pobinena iTepaniiina npouexypa. Ha ocHOBI JOCIITHO-€KCIIEPUMEHTAIBHOTO CTeHLy OYyJIH MpOBE/eHI JOCHiKEeHHs. 3a
pe3yJibTaTaMH IPOBEIECHUX eKCHepuMeHTiB Oyja 1oOynoBaHa HOMOrpamMa TEIIOBOIO PO3PAaxyHKY OaraTOKOHTYPHOrO
Tem1000MIHHOTO amapary.

BucnoBku. [IpoBeneHi Ha CTBOpEeHOMY aBTOpaMH IOCIiAHO-EKCIIEPIMEHTATBHOMY CTEHJI 0araTOKOHTYPHOTO TEIIOOOMiHHOTO
amapary eKCIIEPHUMEHTH TIOBHICTIO MiATBEPIKYIOTH KOPEKTHICTH OTPHMAaHHX TCOPETHYHHX pPE3YNbTaTiB 1 JaroTh e(eKTHBHUI
IHCTPYMEHT IS TOOYIOBU IIPOMHCIIOBHX 3Pa3KiB.

KJIIOYOBI CJIOBA: aBTOHOMHA CHCTEMa TEILIONOCTadyaHHs, TeINIOOOMIHHUKY 3Mi€BUKOBOTO THITY, OaKk-aKyMyJsiTop, 6a30Bi
KOHCTPYKTHBHI [TapaMeTpH, ONTHMIi3allisi eHepropecypciB, JOCTiTHO-eKCIIEPUMEHTAIBHUN CTEH].

VK 536.24.08

NPOEKTUPOBAHHUE ABTOHOMHBIX CUCTEM TEIIVIOCHABXEHUSA U OIITUMU3ALIUA DQHEPTETUYECKHUX
PECYPCOB ITPH UX SKCIUIYATALIUU

Crennn A. A. — 1-p TexH. Hayk, npodeccop Kadeapsl TeXHHYECKoi kuOepHeTHkH, KneBCKUi MOMUTEXHUIECKHH HHCTUTYT
uM. Urops Cukopckoro, Kues, Ykpauna.

Mackko B. II. — xanxa. TexH. HayK, JOLEHT KadeIpbl TEXHUYECKOH KuOepHeTnkH, KHeBCKUil MOIMTEXHHYECKHH WHCTUTYT
uM. Urops Cukopckoro, Kues, Ykpauna.
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Jpo3noBuu U. I'. — kaHA. TeXH. HAyK, HAYYHBIA COTPYAHUK, THCTUTYT TeIEKOMMYHUKAIMK U TII00aIHHOTO HH(POPMALTHOHHOTO
npoctpancTBa HAH Ykpaunsl, Kues, Ykpanna.

AHHOTAIMSA

AKTyanbHOCTB. J[y1s1 pemieHust GONBIIMHCTBA 3aJa4, KOTOPBIE CTOSAT Hepel MKHWINIHO-KOMMYHAJIbHBIM XO3SHCTBOM CTPaHbI,
HEoOXOMMO CO37aTh M BHEIPUTH HOBBIE J((EKTHUBHBIE DHEPropecypcocOeperarolux TEeXHOJOTMH M yCTaHOBKH, pa3paboTka
KOTOPBIX II03BOJIUT PEIIMTh HPOOIEMYy YMEHBIICHHS DPacxola TEIUIOThI M METaJLIOEMKOCTH HpH IPUMEHEHMH B CHCTEMax
LEHTPAIM30BaHHOTO TEIIOCHA0KEHUS MHAUBU/LY JIbHBIX TEIIOBBIX ITyHKTOB.

Heas. IloBemmenue 3¢ ¢exTuBHOCTH paboThl aBTOHOMHBIX cucTeM TertocHaOxkeHuss (ACTC) nms 0OBEKTOB IKHIIHMITHO-
KOMMYHAaJIBHOTO X03siicTBa. ObecrieueHHe pe3yJIbTaTHBHBIX CPE/ICTB aHaIn3a CIOXKHBIX CHCTEM U IPOLECCOB B MHOTOKOHTYPHBIX
TEIIOOOMEHHBIX aIlapaTax sl CHCTEM OTOIUICHHS M TOPSYEro BOJJOCHAOKEHHSI.

Metoa. s KocTHXEHHs TOCTaBICHHOH 3a/1auyl ObUT IPUMEHEH CHCTEMHBIN IMOJXOMN K aHAIN3Y TEIUIOBBIX M T'MAPABINYECKHX
MIPOLIECCOB, IPOTEKAIOMIMX B ABTOHOMHBIX CHCTEMax TEIUIOCHAOKEHUS, ¥ MOJCIMPOBAHUIO TEIUIOOOMEHHBIX IPOLECCOB B
MHOTOKOHTYPHBIX TEIUIOOOMEHHBIX ammapaTax. J[is pemenus kpaeBol 3aauu Ipe/UIo’KeHa UTepalonHas npouenypa. Ha onsirHo-
9KCHEPUMEHTAIBHOM CTEHJIE IIPOBEACHBI UCCIIE0BAHMS MOJEIIH, IOy YeHbI SKCIIEPUMEHTAIBHbIC JAHHBIC.

Pesyabrarbl. TeopeTHueckd M SKCIEPUMEHTAIBHO YCTAHOBJICHBI 3aBHCHMOCTH DAacxola TEIUIOHOCHTENs B KOHTypax OT
KOJIMYeCTBa TEIUIOTHI. Pa3spaborana urepaunoHHas nporeaypa. Ha 0CHOBE ONBITHO-OKCIIEPHMEHTAILHOTO CTEH/a OBUIH IIPOBEICHBI
uccnenoBaHusA. Ilo  pe3ynbTaTaM IIPOBEICHHBIX OKCIEPUMEHTOB ObLIa IOCTPOCHA HOMOTpaMMa TEIUIOBOTO — pacyeTa
MHOTOKOHTYPHOT'O TETUIOOOMEHHOTO alapara.

BriBoasl. [IpoBenieHHBIE Ha CO3JaHHOM aBTOPaMH OIBITHO-IKCIIEPHMEHTAIBHOM CTEHAE MHOTOKOHTYPHOTO TEIIOOOMEHHOTO
amnmapara AKCHEPHUMEHTBHI IOJHOCTBIO ITOATBEPXKIAIOT KOPPEKTHOCTH MOJNYYECHHBIX TEOPETHYECKUX pe3yJbTaToB M  IAl0T
3¢ eKTHBHBI HHCTPYMEHT Il IOCTPOCHHMS IIPOMBILIICHHBIX 00pa3IioB.

KJ/IFOYEBBIE CJIOBA: aBTOHOMHAs cHCTeMa TEIUIOCHA0XKEHUS, TeMII00OMEHHUKH 3MEEBUKOBOTO THIIA, 0aK-aKKyMYyJIATOD,
0a30Bble KOHCTPYKTHBHbIE IAPAMETPBI, ONTHMH3ALUS SHEPrOPECYPCOB, ONBITHO-3KCIIEPUMEHTANIHBIH CTEHI.
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ABSTRACT

Context. The article is devoted to the problem of a training data set forming for the automatic human emotions recognition
system on the basis of a multidimensional extended neo-fuzzy neuron. The aspects of choice the attributes vector’s dimension and
composition, their influence on the system learning rate are considered. The object of research is the method of multidimensional
data clustering. The subject of research is two-dimensional images geometric features systematization.

Objective. The main goal of the work is to develop an approach to person’s face expression description using geometric features
fixed set that can be obtained by video sequence frames processing.

Method. To study the facial expressions recognition system it is proposed to form a feature vector consisting of characteristic
points coordinates. There were selected points that relate to the location and shape of the eyelids, eyebrows, eye pupils, lips contours,
nose wings, nasolabial folds. Such points can be easily found during the automatic image processing using known contour detectors.
Also, the possibility of using for the human facial expression description not the coordinates of characteristic points, but the distances
between them, was investigated. From these distances a different feature vector was created, the properties of which were compared
with the points coordinates vector.

Results. The developed recognition system on the basis of a multidimensional extended neo-fuzzy neuron have been
implemented in software and investigated for solving the problem of facial expression classification. A comparison between the
attribute vectors that are different in composition and dimension is made. The structure for the feature vector, which provides high
system learning rate, and does not require the additional structural elements was chosen.

Conclusions. The experimental study fully confirms the effectiveness of the developed approach for the human facial
expressions recognition using a multidimensional extended neo-fuzzy neuron.

KEYWORDS: facial expressions recognition, characteristic features, neo-fuzzy neuron, membership function, fuzzy clustering,
computational intelligence.

ABBREVIATIONS SURF — speeded up robust features detector and

2D — two-dimensional; descriptor.

3D — three-dimensional;

FACS — facial action coding system; NOMENCLATURE

AU — action units; X; — input data vector;

N — feature points number; wj; — I-th synaptic weight;

MENFN - multidimensional extended neo-fuzzy i — number of nonlinear synapse in neo-fuzzy neuron;
neuron; | — number of membership function in nonlinear

PICS — Psychological Image Collection at Stirling  synapse;
image database; wi(X)) — the membership function on i-th input;

CK — Extended Cohn-Kanade image database;
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wo— synaptic weights vector;

fi(x;) — output signal of nonlinear neo-fuzzy synapse;
1(K) — output signal of system intermediate layer;
Y, (k) — output signal of system first layer;

m — number of emotion to recognize;

§(k) — system output signal.

X1,Y1, X2,Y2, ..., X35, Y35 — the coordinates of the
proposed 35 feature points;

D1, ..., D24 — the distance indicators of the proposed
35 feature points position;

K1, ..., K14 — the ratio indicators of the proposed 35
feature points position.

INTRODUCTION

The human face is a communicative system with
many inputs and many outputs, which is very flexible. To
transfer information in this system, several signal groups
are used [1, 2]:

1) static signals are relatively permanent signs, such as
bone structure, soft tissues and general proportions. These
signals are usually used to identify a person;

2) slow facial signals are changes in the person
appearance that occur gradually over time, such as
developing permanent wrinkles and changing the texture
of the skin. These signals can reduce the distinctness of
the facial features and prevent fast facial signals
recognition;

3) artificial signals are exogenous facial features, such
as eyeglasses and cosmetics. They can hide facial features
or, conversely, strengthen;

4) fast facial signals are temporary changes in
neuromuscular activity that can lead to visually detectable
changes in the face appearance. These person atomic
signals are the basis of facial expressions.

Given the significant role of the individual in social
life, it is not surprising that the potential benefits of
efforts to automate the facial signals analysis, in particular
fast facial signals, are diverse and numerous. Especially it
concerns human-computer interfaces. Automatic analysis
of fast facial signals is used in various vision subsystems,
including gaze tracking, lip reading, bimodal speech
processing, morphemes visual synthesis, and the
formation of commands based on facial expressions.
Among the areas where they are applied [3]:

— control the movement of one or more vehicles,
aircraft and car control;

— control of high-risk facilities;
— monitoring elderly patients in hospitals;

— video conferences, internet lectures and distance
learning.

In numerous facial expressions automatic recognition
systems, two approaches to encoding information are used
primarily: the detection of facial features changes and the
facial muscles action. These approaches are based on the
work of psychologists and physiologists. To use them in
automatic analysis, it is necessary to find corresponding

© Bodyanskiy Ye. V., Kulishova N. Ye., Tkachenko V. Ph., 2018
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changes in the image characteristics (static in the photo or
dynamic in the video sequence) for each psycho-
physiological feature. Such characteristics include
contour, structural and textural image descriptions. For
example, these are contour corners, contour extreme
points, individual regions color data, the texture
properties, etc.

The human-computer interface involves interaction in
real time. This means that the number of characteristics
that are calculated from the person’s face image during
the dialogue should not be too large. On the other hand,
for a precise identification of a person’s state, a set of
characteristics cannot be small, since the possible
emotional states number is large enough. Therefore, the
problem of a data set forming for the automatic person’s
expression recognition on the image remains unresolved.

The object of study is the method of
multidimensional data clustering.

The subject of study is two-dimensional images
geometric features systematization.

The purpose of the work is increasing the accuracy
of a person’s face expression automatic recognition in
real-time, when the sizes of the training data are small.

1 PROBLEM STATEMENT

Automatic facial expressions recognition is reduced to
solving the data clustering problem. If the data comes
from the video, it is obvious that it can contain
information about static, slow and exogenous signals that
do not change from frame to frame. However, the most
important are the fast signals that need to be registered,
processed and recognized in each frame. The changing
fast signals dynamics also indicate a psycho-emotional
state. Therefore, it is necessary to register and process the
information about fast signals formation rate in real time.
Such rigid limitations to the rate of facial expressions
automatic recognition method lead to the necessity of
using a compact but informative features vector that will
ensure the information preservation and high clustering
rate.

The main goal of this work is to choose a way of face
features detecting for an online human facial expression
recognition using a system based on multidimensional
neo-fuzzy neurons.

2 REVIEW OF THE LITERATURE

The task of automatic facial expression recognition is
complex and multistage. It includes the image pre-
processing and face area searching. After the face area is
detected, it is possible to recognize the emotion according
to the facial characteristic features set. Depending on the
chosen approach, the next stage of the problem solving -
the calculation of the characteristic vector. If the
recognition is performed in real time, then the 3D model
use could be inefficient due to the high time costs. For
online applications, the 2D image features vector
(received as a result of frame-based analysis) will be
justified.
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The recognition of faces and their expressions uses
several descriptor types. The most common are local
binary masks (Local Binary Patterns), attributes selection
using Gabor Facial Features, active and adaptive models
of the shape and appearance (Active Shape Model, Active
Appearance Model) [4]. Examples of these descriptors are
shown in Fig. 1. In addition, curvilinear contours can be
represented in the form of splines, as proposed, for
example, in [5]. Local binary masks can be attributed
more likely to textural features, since they represent
generalized histograms of the face image fixed segments.
Such a description will be less informative in emotions
recognition.

The Gabor filtering results are definitely interesting
for the facial expression recognition. Usually features
detected in the image are either geometric shape features
of the facial components (eyes, lips, wings of the nose,
etc.) or the singular points location (corners of the eyes,
mouth, etc.) or appearance elements, representing the skin
face texture, including wrinkles, bulges and furrows.
Typical examples of geometric characteristics are
described in [6], where a 19-point grid is used; in [7],
where a model of shape, defined by 58 landmarks for the
face is used, and in [8]. Some examples of a hybrid
description of the geometric features and appearance
model are the methods in [9], where the eye, eyebrows
and mouth shapes and wrinkles (crows and nasolabial
furrows) were used, and in [10], where 26 facial points
around the eyes, eyebrows and mouth were used and the
same descriptors as in [9]. Methods based on appearance
are the use of Gabor wavelets in [11, 12], and the
application of a holistic, monochrome, spatial and
temporal patterns of facial coefficients [13]. Adaptive
model in this sense is more useful, since it includes not
only nodal points, but also contours (eyelids, eyebrows,
lips, chin). Such signs, undoubtedly, convey exhaustive
information about the emotional state of a person, even if
it has a weak degree of expression.

Now, for the labeling of facial actions, the facial
action coding system is widely used [1, 2]. FACS links
the changes in the face to the muscles actions that produce
them. It defines 44 different action units, which are
considered to be the minimum visually perceptible face
movements. The face expression descriptors are most
often used for the six basic emotions (fear, sadness,
happiness, anger, disgust, surprise) suggested by Ekman
and theorists of discrete emotions. They assume that these
emotions are everywhere displayed and recognized from
facial expressions. FACS also provides rules for
recognizing AU time segments (start, culmination,
completion) in the front-end video. However, the main
disadvantage of this system for automatic video
recognition is the fact that the movements of the facial
muscles on 2D frame images can not always be detected
by filters, detectors, or other algorithms to numerically
evaluate the properties of images. The researchers noted
that methods based on geometric features, often exceeded
those that are based on the use, for example, of wavelets
or Gabor eigenvectors [11].

A separate problem is the definition of dimension of
such a model. It is directly related to the clustering
method, which is used for recognition. For example, the
model in Fig. 1c contains 83 points, taking into account
the number of their coordinates, the dimension of the
feature vector can be equal to N = 166 (in the 2D case) or
N = 249 (in the 3D case). If a neural network or neuro-
fuzzy system is selected for clustering, the number of
adjusting parameters can be 2".

For some types of neural networks, neuro-fuzzy
systems, it is possible to reduce the number of
configurable parameters to NxM, where M is the
dimension of the output vector (it is determined by the
number of recognizable emotions and their
combinations). Nevertheless, for real-time processing, the
represented dimension of the attributes input vector will
also be unacceptable.

@ Threshold Multiply
| [ 1
f 7112 102 4 1|10/ 4
{ 2 |(5)] s 8 16 0 16
; 513|0 32 |64 | 128 2|0
a
b c

Figure 1 — Examples of approaches to the face characteristic features determining: a — using local binary masks;
b — using the Gabor filter; ¢ — using the adaptive model of appearance
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3 MATERIALS AND METHODS
In this paper, the system of human face expressions
automatic recognition in real time, based on the
multidimensional extended neo-fuzzy neuron [14], is
considered.
This system implements a fuzzy Takagi-Sugeno
inference of an arbitrary order (p—1) in the form:

IF X; IS X;; THEN THE f (xi) IS
(1)

Wil Wi e Wi P = 1,2, h

Its architecture is shown in Fig. 2. The input layer of
the system consists of extended neo-fuzzy neurons, the
intermediate layer consists of elements performing non-
linear transform, and the output layer combines the output
values into the resulting vector.

In the input layer, the extended neo-fuzzy neurons

convert the input signals
X(K) = (% (K)o X; (K)o Xq (K))" s follows:
fi (%) =wl 5 (%) )

where

th nonlinear synapse in neo-fuzzy neuron; |=1,2,...,h,
i=12,..n; pji(x) — the I-th membership function in the

i-th nonlinear synapse, realizing the fuzzification of a
crisp component X; .

Elements of the intermediate layer compute the signal:

Vj(k):\y(yj(k)):tanh(yj(k)). @)

Output layer detects the maximums in the calculated

learning algorithm values v;(k), j=L2..m; m -

number of emotion to recognize:

5 m

y(k) =sjur1>{vj (k) 5)
which is necessary if the learning vector set in the range
[0, 1].

As a basis for the feature vector, it is proposed to use a
set of 35 characteristic points. Their location scheme is
shown in Fig. 3.

Taking into account the number of their coordinates
X1, Y1, X2, Y2, .., X35, Y35, the dimension of the
feature vector can be equal to N = 70 (for the recognition
by 2D images). These points can be localized in the face
area using contour detectors, for example, using SURF
[15] or Shi-Tomasi detectors [16].

The placement of such points can indicate the basic
facial actions of the FACS system in the facial dynamics.
The action unit codes and the numbers of the corresponding
characteristic points are presented in Table 1.
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Figure 2 — Multidimensional extended neo-fuzzy neuron
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Figure 3 — 35 feature points location

As noted in [1, 2], the basic human emotions (anger,
fear, disgust, happiness) correspond to the repetitive
sequences of certain AUs:

Anger A4+AS5+AT+A23
Disgust A9+A15+A16

Fear A1+A2+A4+A5+AT+A20+ A 26
Happiness A6+A12

Sorrow Al+A4+A15
Surprise A1+A2+A5+A26.

Then the emotion of anger, for example, can be
detected by changes in the position of proposed points as:

A4+AS+ATHA23 =(1,2,3,7,8) + (7, 8) + (3, 7, 8,

15) + (20, 21, 24, 29, 30, 31).
for the right side of the face and

A4+ASTATHA23 = (4, 5, 6, 11, 12) + (11, 12) + (4,
11,12, 16) + (21, 24, 22, 31, 32, 33).

for the left side of the face. Other basic emotions are
indicated using the proposed set of points in a similar
way.

Adaptive models of shape appearance use not only
positions of individual points, but also the location of
especial lines. These include nasolabial folds, facial
wrinkles and so on. In addition, the relative position of the
eyes, corners of the mouth, and the wings of the nose also
indicate a change in the state of a person. These indicators
can be calculated on the basis of the values of the
coordinates of the proposed 35 characteristic points.

Absolute and relative distances from the corners of the
lips to the outer corners of the eyes (Fig. 4) are calculated
in accordance with the formula (6):

DI = /(X17-X20)* +(Y17-Y20)?,

D2 = (X19-X22)% +(Y19-Y22)?,

m:\/(X18—X21)2+(Y18—Y21)2, ©6)
Kiz=2!

m
K13=22,

m

The distance from lips corners to the outer eyes
corners (Fig. 4):

D3 =4(X7-X20)% +(Y7-Y20)?,

(M

D4 =J(X12-X22)% +(Y12-Y22)}

The distance from the lips corners to the eyebrows
outer corners (Fig. 4):

D5 = /(X1 X20)* +(Y1-Y20)?,

®)

D6 = |(X6-X22)% +(Y6-Y22)°.

Table 1 — The action unit codes and the numbers of the corresponding characteristic points

. . . Numbers of the correspondin Numbers of the correspondin
Facial action units (AU) of the FACS characteristic points of thel;ight sigde of characteristic points of thﬁf left si(%e of
system
the face the face
Al 2,3 4,5
A2 1,2 5,6
A4 1,2,3,7,8 4,5,6,11,12
AS 7,8 11,12
A6 7,15,34 12, 14, 35
A7 3,7,8,15 4,11,12,16
A9+A10 1,2,3,7,8,9,34,17,20,21 4,5,6,10,11,12,35,19,20,22
All 17,34 19,35
Al2 20,21,24,34,29,30,31 21,24,22,35,31,32,33
Al3 20,21,24,34,29,30,31 21,24,22,35,31,32,33
Ald 20,21,24,34,29,30,31 21,24,22,35,31,32,33
Al5 20,21,24,29,30,31 21,24,22,31,32,33
Al6 20,21,24,30,31 21,2422,31,32
Al7 20,21,24,30,31 21,24,22,31,32
Al 20,21,24,34,29,30 21,24,22,35,32,33
A20 20,21,24,29,30,31 21,24,22,31,32,33
A22 20,21,24,34,29,30,31 21,24,22,35,31,32,33
A23 20,21,24,29,30,31 21,24,22,31,32,33
A24 20,21,24 21,2422
A25, A26,A27, A28 20,21,24,29,30,31 21,24,22,31,32,33
A41,A42,A43 1,2,3,7,8,9 4,5,6,10,11,12
A44,A45,A46 1,2,3,7,8,9,15 4,5,6,10,11,12,16
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The distance from the lips corners to the eyebrows
inner corners and their ratio (Fig. 4):

D7 =J(X3-X20) +(Y3-Y20)?,

D8 = /(X4 X22) +(Y4-Y22)?, )
KII:E.
D8
The mutual eyebrows and eyes position (Fig. 5):
DI10=Y2-Y8,
Dl1=Y5-v11, Dl4=Y8-YI5,
DI2=Y2-Y13, DI5=Y11-Yl6. (10)
DI3=Y5-Y14,
The eyebrows position and curvature (Fig. 5):
D17=Y3-Y],
D18=Y3-Y2,
3y
D19=Y4-Yé,
D20=Y4-Y5.

The mutual position of the eyes, wings of the nose and
cheeks (Fig. 5):

D21 =(X9- X34)% +(Y9-Y34),

2

>

(12)

( )
D23 =/(X17—-X34)" +(Y17-Y34)?,
( )

2

X19-X35)> +(Y19-Y35

(

D22 = \/(X10-X35)* +(Y10-Y35
(

D24 = 4/(

20

4
Figure 4 — Scheme for calculating the absolute and relative
distances from the lips corners to the outer eyes corners, the
distance from the lips corners to the eyebrows outer corners, the
distance from the lips corners to the eyebrows inner corners and
their ratio

;L S8
Figure 5 — Scheme for calculating the mutual eyebrows and
eyes position, the eyebrows position and curvature, the mutual
position of the eyes, wings of the nose and cheeks
© Bodyanskiy Ye. V., Kulishova N. Ye., Tkachenko V. Ph., 2018
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The relative mouth opening and width (Fig. 6):

a=Y24-Y2l,
b=Y31-YI8,
c=X19-X17,
(13)
d = X22— X 20,
kKi=2k2=9.k14=9.
b o a

31

Figure 6 — Scheme for calculating the relative mouth
opening and width, the relative eye size and inclination

The relative eye size (Fig. 6):

e=X9-X7,
f = X12-X10,
¢ (14)
K3=S:Kka=_.
C c
The eye inclination (Fig.6):
g =X10- X9,
h=X14-X13,
i=Y9-Y7, s
k=Y12-Y10, (15)
Ks=2iKk6=1:Kk7=" kg=X.
h h g g
4 EXPERIMENTS

For a comparative evaluation of the different in
composition and dimension characteristic points vectors,
photographs from two open image databases that were
designed to solve the problems of facial expressions
recognition were used: Psychological Image Collection at
Stirling [17], partly from the Extended Cohn-Kanade
database [18]. Another important question was the
verification of the recognition system on the basis of the
neo-fuzzy neuron, if the training sample is small (up to
1000 samples). Photographs were selected from the image
databases, where the person emotional state expression
degree is different — from barely visible, to strongly
noticeable.

The total number of photos in the training sample was
344, their distribution by basic emotions is shown in
Table 2.
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Table 2 — Dimensions of photos training sets for single emotions

Emotion Anger Disgust Fear

Happiness Sorrow Surprise Neutral

Data set size 49 66 35

45 19 50 80

For these photographs, the coordinates of the proposed
35 points were found: X1, Y1, X2, Y2, ..., X35, Y35, and
then calculated the indicators D1, ..., D24 and KI, ...,
K14. To test the possibility of the feature vector
dimension reducing, two sets of data were additionally
formed. The first set includes the coordinates of four
points from the original vector. These are points 13, 14,
18, 23 (Fig. 7a). In the second set — the coordinates of 22
points (Fig. 7b).

AJ" Jf

Figure 7 — Disposition of points in additional data sets

The resulting feature vectors were used to learn a
facial expression automatic recognizing system based on
a multidimensional extended neo-fuzzy neuron (Fig. 2).
In the power polynomial of this neuron nonlinear synapse,
the terms number equal to three is assumed. Thus, this
system implements the Takagi-Sugeno second order fuzzy
inference. The number of membership functions and
learning epochs was variable. The recognition system
learning results are given in Tables 3—6.

5 RESULTS

As a result of the experiment, it was found that the
reduction of the feature vector dimension can be
compensated by increasing the membership functions
number in the multidimensional extended neo-fuzzy
neuron structure. Characteristics in the form of distances
between feature points reduce the system learning rate.
This problem can also be solved by increasing the
membership functions number.

Table 3 — Percentage of unrecognized emotions, when the feature vector includes the coordinates of 4 points

Number of Basic emotions The average
learning . . . percentage of
epochs Anger Disgust Fear Happiness Sorrow Surprise Neutral unrecogmzed
emotions
Number of membership functions =7
10 55 80 100 86.7 100 92 53.8 93
30 67.4 72.7 100 82.2 89.5 82 50 77,3
50 63.3 65.2 100 77.8 89.5 76 50 75,3
70 65.3 63.6 100 77.8 89.5 72 48.8 86
150 61.2 59.1 100 77.8 84.2 68 47.5 84
2000 57.1 424 92.9 75.6 57.9 46 51.3 46
Number of membership functions =9
2000 [ 592 [ 379 | 80 | 733 [ 368 | 36 [ 438 ] 58
Number of membership functions = 11
2000 [ 571 ] 50 | 686 ] 66.7 [ 368 | 40 [ 475 ] 45

Table 4 — Percentage of unrecognized emotions, when the feature vector includes the coordinates of 22 points

Number of Basic emotions The average
learning ) _ ) percentage of
epochs Anger Disgust Fear Happiness Sorrow Surprise Neutral unrecogmzed
emotions
Number of membership functions =7
10 63.3 63.6 94.3 77.8 89.5 62 66.3 73.8
30 53 48.5 82.9 68.9 84.2 40 58.8 62.3
50 51 40.1 77.1 66.7 84.2 30 53.8 57.5
70 48.9 43.9 65.7 48.9 73.7 28 42.5 50.2
150 36.7 33.3 65.7 444 36.8 20 36.3 39.0
2000 18.4 4.6 25.7 15.6 15.8 6 17.5 14.8
Number of membership functions =9
2000 | 122 [ 106 [ 171 ] 6.7 [ 105 ] 4 [ 188 ] 11.4
Number of membership functions = 11
2000 [ 61 [ 46 | 143 | 22 [ 53 ] 2 [ 113 ] 6.5
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Table 5 — Percentage of unrecognized emotions, when

the feature vector includes the coordinates of 35 points

Number of Basic emotions The average
learning ‘ ) . percentag_e of
epochs Anger Disgust Fear Happiness Sorrow Surprise Neutral unrecogmzed
emotions
Number of membership functions =7
10 63.3 75.5 65.2 91.4 84.4 94.7 64 77.5
30 53 65.3 39.4 85.7 62.2 78.9 36 68.8
50 51 53.1 30.3 62.9 51.1 63.2 30 62.5
70 48.9 44.9 27.3 65.7 48.9 52.6 26 51.3
150 36.7 30.6 18.2 51.4 33.3 42.1 24 40
2000 18.4 12.2 6.1 20 6.7 15.8 4 11.3
Number of membership functions = 9
2000 [ 2 [ 46 [ 86 | 44 | 53 0 [ 63 ] 44
Number of membership functions = 11
2000 [ 2 ] 0 [ 57 ] 44 0 0 | 0 | 1.7

Table 6 — Percentage of unrecognized emotions, when the featu

re vector consists of the parameters D1, ..., D24 and K1, ..., K14

Number of Basic emotions The average
learning . . ' percentage of
epochs Anger Disgust Fear Happiness Sorrow Surprise Neutral unrecogmzed

emotions

Number of membership functions = 11

2000 26.5 6.1 28.6 222 15.8 4 15 16.9

4000 24.5 3 25.7 24.4 15.8 4 11.3 15.5

8000 22.5 3 25.7 17.8 15.8 2 12.5 14.2
Number of membership functions = 13

8000 | 184 [ 6.1 [ 17.1 ] 11.1 [ 158 ] 2 | 75 ] 11.1
Number of membership functions = 17

8000 [ 122 ] 4.6 [ 57 ] 4.4 | 53 4 | 5 | 5.9
Number of membership functions =21

8000 [ 41 ] 1.5 | 57 ] 0 0 0 | 1.3 | 1.8

6 DISCUSSION training data of tens and hundreds of thousands of

The experiment shows that for the system of emotions
recognition based on a multidimensional expanded neo-
fuzzy neuron, there is not enough a feature vector that
includes only the coordinates of four characteristic points
(position of the eyes, nose and mouth). The recognition
accuracy cannot be increased by increasing the training
duration or the nonlinear synapses number. Obviously, it
would be easier to find four characteristic features in the
video sequence using automatic detectors, but for the
clustering system will not be enough of these data.

On the other hand, the use of the distances between
facial features to describe the facial expression dynamics
leads to the need to increase the duration of the system
training. Since these distances are parameters that are to
be calculated from the coordinates (that is, in fact, they
are indirect data), their application for automatic analysis
of facial expressions is less preferable.

As a result of the experiment, a high efficiency of
vector consisting of 35 characteristic points coordinates
was established for automatic recognition of facial
expressions using a system based on a multidimensional
expanded neo-fuzzy neuron. High clustering accuracy is
achieved already for 2000 learning epochs with 11
nonlinear synapses in the neuron structure. The reduction
of the feature vector dimension (up to 22 points) leads to
an increase of training duration and can be compensated
by increasing the synapses number to 21. Let’s note here,
that the number of training samples does not exceed 1000.
This is quite important for many practical problems, when
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samples are inaccessible.

CONCLUSIONS

The problem of basic human emotions automatic
recognition in real time is considered. For this task, a
multidimensional extended neo-fuzzy neuron is used.

The scientific novelty of the work lies in the fact that
the feature vector dimensionality is determined for the
proposed computational architecture. It can include both
the coordinates of individual characteristic points, and the
distances between them. These data vector correlate well
with the well-known facial action coding system. The
system learning rate can be increased by increasing the
number of neo-fuzzy neuron membership functions.
Detection of characteristic points in the automatic
recognition system can be realized in real time using
standard detectors. Despite the small volumes of the
learning sample set, the system provides high recognition
accuracy. This factor is especially important in such
practical applications, where it is not always possible to
obtain thousands and tens of thousands of training
samples.

The practical significance of obtained results is that
the size of the feature vector has been found that provides
high accuracy of automatic recognition of basic emotions
from 2D images. The experimental results allow using
this vector to study the dynamics of facial expression by
video.
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®OPMYBAHHS BEKTOPY XAPAKTEPHUX O3HAK JUISI PO3III3BHABAHHS BUPA3IB OBJINYYST
3A JOITIOMOI'OI0 HEO-®A331 CUCTEMU

Boasinebkmit €. B. — n1-p TexH. Hayk, mpodecop, kepiBHHK [IpobieMHOI HayKOBO-AOCHIIHOI Jaboparopii aBTOMaTH30BaHHX
CHCTEM YTpaBIiHHA, Tpodecop Kadenpu INTYYHOTO iHTENIEeKTy XapKiBChKOTO HALlIOHAIBHOTO YHIBEPCHTETY paliOCNeKTPOHIKH,
XapkiB, YkpaiHa.

KyaimoBa H. €. — kaH1. TeXH. HayK, JAOLEHT, nmpodecop kadeapu MeaiacHCTeM Ta TEXHOJOTiH XapKiBCbKOTro HaliOHAJIEHOTO
YHIBEPCHUTETY pafioeneKTpoHikH, XapKiB, YkpaiHa.

Trauenko B. II. — xanza. TexH. Hayk, podecop, 3aBixyBad KaheapHu MeaiacucTeM Ta TEXHOJOTiH XapKiBChKOTO HalliOHAIBLHOTO
YHIBEPCHTETY paJliOeJICKTPOHIKH, XapKiB, YKpaiHa.

AHOTAULIA

AxTyanbHicTh. CTaTTs IPHUCBSYCHA BUBYCHHIO MpodieMu (GopMyBaHHsI HAOOpY HABUAJIBHHUX JaHHUX [UISI CHCTEMH aBTOMATHYHOTO
pO3Mi3HaBaHHS €MOLii JIOJWHU Ha OCHOBI 0araTOBUMIPHOTO PO3MIMPEHOTO Heo-(a33i HelpoHa. Po3rmsimaroThes acmekTH BHOOpPY
PO3MIpPHOCTI 1 CKJIagy BEKTOPY O3HAK, X BIUIMBY Ha MIBHIKICTH HABYAHHS CHCTEMH.

OO0’ €KTOM JOCHIDKEHHS € METOJI KllacTepr3allii 0araToBUMipHUX JaHUX. [IpeqMeT HOCHiPKeHHS — CUCTeMAaTH3allis TeOMETPHIHUX
O3HaK JIBOBIMIpPHUX 300pa<eHb.

OcHOBHa MeTa poOOTH — PO3POOKA MiXOY JI0 OMKCY BUPAa3y OOIHYYS JIFOIUHH 33 JOMOMOTOK0 (DiKCOBAHOIO HAOOPY reOMETPHYHUX
03HaK, sIKi MOXKYTh OyTH OTpPUMaHi B X0/li 0OPOOKH KaJIpiB BiCOPSIY.

Meron. [lns HaBYaHHA CHCTEMM pO3IMi3HABAaHHA BHUpa3iB OOJMYYS IPONOHYETHCS YTBOPUTH BEKTOpP O3HAK, LIO CKIANAEThCS 3
KOOpJIHMHAT XapaKTepHUX TOYOK. BrOpaHi Taki TOUKH, SIKi MOB’s13aHi 3 PO3TAIIyBaHHIM i ()OPMOIO 3iHUIIb 04, KOHTYypamu Ty0, HOBIK,
OpiB, KpWJI HOCA, HOCOTYOHUX CKJIanOK. [101i0HI TOUKM TOCHUTH JIETKO MOKHA BHIUIATH B aBTOMATHYHOMY PEXHMi 00pOOKH 300paKeHb
3a JJOOMOTOI0 BiZIOMHMX KOHTYPHHX AETEKTOpiB. TaKoX PO3IVISIHYTO MOXKIMBICTH BUKOPHCTaHHS JUISl ONMCY BHUPKEHHS O00JIMYYs HE
KOOpAMHAT XapaKTepPHUX TOYOK, a BiJICTAaHEH MK HHUMH. 3 LMX BiJICTaHEH CTBOPEHO IHIIMH BEKTOP O3HAK, BIACTHBOCTI SKOro OyIio
[OPiBHSHO 3 BIACTUBOCTSIMH BEKTOPY 3 KOOP/HHAT TOYOK.

PesyabTatn. Po3pobneHa cucreMa po3mi3HaBaHHA Ha 0a3i 0araTOBUMIPHOTO pO3IIMpPEHOro Heo-(assi Heilpona Oyna
peayizoBaHa y HporpaMHoMy 3a0e3redeHHi Ta JIOCIHiJKeHa Uil BUpIeHHs npobiemu kiacudikanii BupasiB obnuyus. 3pobieHo
MOPIBHSHHS BEKTOPIiB aTpuOyTiB, 1[0 BiAPIi3HAIOTHCS 3a CKIAIOM Ta po3Mipamu. OOpaHO TaKy CTPYKTYpy BEKTOpY O3HAK, IO
3a0e3reuye BUCOKY LIBUJIKICTh HABUAHHS CUCTEMHM, Ta HE BUMArae BBEJICHHS JIOIATKOBUX CTPYKTYPHUX €IE€MEHTIB.

BucHoBku. ExcriepuMeHTanbHe TOCTIIHKEHHS MMOBHICTIO MATBEPMKYE €(DEKTUBHICTH PO3POOICHOrO MiIXOAy A PO3Mi3HABAHHSI
BUpa3iB 00JIMYYs JIFOIUHY 3 BUKOPUCTaHHIM 0araToBUMipHOTO Heo-(a33i HeiipoHa.

KJIIOYOBI CJIOBA: po3nizHaBaHHs BUpa3iB 001MI4s, XapaKTepHi 03HAKH, Heo-(a33i HelipoH, (GyHKIis IPHHAIEKHOCTI, HeUiTKa
KJIacTepu3allisi, 00YNCITIOBATLHAN IHTEIICKT.
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YK 004.825:004.932.72°1
®OPMHPOBAHHME BEKTOPA XAPAKTEPHBIX ITPU3HAKOB JIJISI PACIIOSHABAHUSA BBIPAKEHWI JIMIIA C
IIOMOIIBIO HEO-®A33U CUCTEMBI
Boasinckuii E. B. — 1-p TexHn. Hayk, mpodeccop, pykoBoautenab [IpoGrneMHO# Hay4HO-HCCIEI0BAaTENbCKOW J1abopaTopun
aBTOMATH3UPOBAHHBIX CHUCTEM YIpaBieHMs, npodeccop Kadeapbl HCKyCCTBEHHOIO HHTEIIEKTa XapbKOBCKOTO HAIMOHAIBHOIO
YHUBEPCUTETA PAAUOIINEKTPOHUKH, XapbKOB, YKpanuHa.

KymumoBa H. E. — kana. TexH. Hayk, OOLEHT, mnpodeccop kadeapsl MeAHAaCHCTEM H TEXHOJOTWH XapbKOBCKOTO
HAIMOHAJIBHOIO YHUBEPCUTETA PaJUO3ICKTPOHUKH, XapbKOB, YKpauHa.
Trauenko B. ®. — xaHx. TexH. Hayk, mpodeccop, 3aBeAyromMi Kadeapsl MeIUacHCTeM M TEXHOJOIHH XapbKOBCKOTO
HAIMOHAJIBHOI'O YHUBEPCUTETA PAUO3IEKTPOHUKH, XapbKoB, YKpauHa.
AHHOTANUA

AxTyanbHocThb. CraThsi TOCBAIIEHAa H3y4YeHHIO MpoOiieMbl (opMupoBaHHs Habopa OOydYarOUIMX [OAHHBIX IJISI CHCTEMBI
aBTOMAaTHYECKOTO pACIO3HABaHHMS SMOIMH 4YeJoBEeKa Ha OCHOBE MHOTOMEPHOTO PpACHIMPEHHOro Heo-(a33u HelpoHa.
PaccmarpuBaroTcs acneKTsl BEIOOpa pa3MEpPHOCTH 1 COCTaBa BEKTOPA MPU3HAKOB, UX BIMSHUSA HA CKOPOCTh O0YIEHHS CHCTEMBL.

OOBEKTOM HCCIIE0BAHUS SIBISIETCS METOA KJIACTEPH3AI[MM MHOTOMEpHBIX JaHHBIX. [Ipenmer ncciaemoBaHus — CHCTEMaTH3AIHS
TEOMETPHIECKHX IIPU3HAKOB ABYMEPHBIX H300paKeHHH.

OcHoBHas LielTb paboTHI — pa3paboTKa IMOX0/a K ONHMCAHUIO BHIPA’KSHU JINIA YeI0BEKa ¢ IOMOIIbI0 (puKCHpoBaHHOTO Habopa
TeOMETPHYECKHX MTPU3HAKOB, KOTOPBIE MOT'YT OBITh OJIyYEHBI B X0J1e 00pabOTKH KaJlpOB BUIEOPsA.

Metoa. [Ins oOydeHHs: CHCTEMBI paclO3HABAaHMS BBIPOKCHUH JIMLA INpe/laraeTcsi co3ZaTh BEKTOP IPH3HAKOB, COCTOSIIMN M3
KOOPJMHAT XapaKTEpHBIX TOYEK. BpIOpaHbI Takue TOUKH, KOTOPHIE CBS3aHBI C PACIIONOXKEHUEM U (pOPMOI 3pavkoB Iiia3, KOHTYD Iyo,
BeK, OpoBeil, KpbUIBEB HOCA, HOCOTYOHBIX CKagoK. [1o100HbIE TOUKH JOCTATOYHO JIETKO MOXKHO BBIJENIATH B ABTOMAaTUUECKOM PEXXKUME
00paboTKH M300paKEHUH C MOMOIIBI0 M3BECTHBIX KOHTYPHBIX JETEKTOPOB. TakkKe PacCMOTPEHA BO3MOXKHOCTH HCIIONB30BAHHSA IS
ONMCAHMS BBIPKCHHE JIMIA HE KOOPAMHAT XapaKTEpPHBIX TOYEK, a PACCTOSHUN MEXTy HUMHU. M3 3TMX paccTOSHMII cO3MaH APYyToit
BEKTOp TPU3HAKOB, CBOHCTBA KOTOPOTO OBLIM CPABHEHBI CO CBOMCTBAMHU BEKTOPA U3 KOOPAMHAT TOYEK.

Pe3yabTarel. Pa3zpaGoranHas cucTeMa pacno3HAaBaHHMS Ha OCHOBE MHOTOMEPHOTO pAaCIIMPEHHOro Heo-(pa33n HelpoHa
peann3oBaHa B INPOrpaMMHOM OOECIIEYEHMH W HCCIIE[OBaHa JUIsl pEIIeHHs NpoOJeMbl KiacCH(UKALMK BBIPAXEHUH JIHIA.
BEeInonHeHO CpaBHEHHWE MEXIy BEKTOpaMHM aTpuOyTOB, KOTOpbIE OTJIHMYAIOTCS II0 COCTAaBy M pa3MepHOCTH. BriOpaHa Takas
CTPYKTypa BEKTOpa IPHU3HAKOB, KOTOpas OOECHEeYMBacT BBICOKYIO CKOPOCTb OOydeHHSI CHCTEMBI, M He TpeOyeT BBEICHUS
JOTIOJTHUTEIBHBIX CTPYKTYPHBIX JIEMEHTOB.

BbiBOABI. DKCIIEPUMEHTATBHOE HCCIEIOBAHUE MOJTHOCTHIO TMOATBEPKAaeT 3()(HEKTHBHOCTH pa3padOTaHHOTO TOAXOMAA LIS
pacno3HaBaHMs BEIPAKCHHUH JINIA YeT0BEKa C UCIONIb30BaHHEM MHOTOMEPHOTO Heo-(a33u HelipoHa.

K/IIOUEBBIE CJIOBA: pacrio3HaBaHue BBIDOKEHUH JIMIA, XapaKTepHbIE IPU3HAKH, Heo-(pa33um HeHpoH, (yHKIus
MIPUHAUIEKHOCTH, HeUeTKas KIIaCTepHU3alyisl, BEIYUCIUTSIBHBIA HHTEIUICKT.

JITEPATYPA / ITUTEPATYPA Q.Ji // IEEE Trans. Pattern Analysis & Machine

1. Ekman P. Facial Action Coding System / P. Ekman, Intelligence. — 2005. — Vol. 27, No. 5. - P. 699-714.

W. V. Friesen. — Palo Alto, USA : Consulting Psychologist ~ 11. Bartlett M. S. Fully automatic facial action recognition in
Press, 1978. spontaneous behavior / M. S. Bartlett, G. Littlewort,

2. Ekman P. Facial Action Coding System, A Human Face / M. G. Frank, C. Lainscsek, 1. Fasel, J. Movellan // Proc. IEEE
P. Ekman, W. V. Friesen, J. C. Hager. — Salt Lake City, USA, Conf. Automatic Face & Gesture Recognition. — 2006. —
2002. P. 223-230.

3. Pantic M., Bartlett M. S. Machine Analysis of Facial 12. Guo G. Learning from Examples in the Small Sample Case —
Expressions, Face Recognition/ eds: K. Delac and M. Grgic. — Face Expression Recognition / G. Guo, C.R. Dyer // IEEE
InTech Education and Publishing, 2007. —Available from: Trans. Systems, Man, and Cybernetics. — 2005. — Part B,
http://www.intechopen.com/books/ Vol. 35, No. 3. — P. 477-488.
face_recognition/machine_analysis_of facial_expressions. 13. Anderson K. A Real-Time Automated System for Recognition

4.  Handbook of Face Recognition / eds: S.Z. Li, A. K. Jain. of Human Facial Expressions / K. Anderson, P.W. McOwan //
Second edition. — London: Springer-Verlag, 2011. — 695 p. IEEE Trans. Systems, Man, and Cybernetics. — 2006. — Part B,

5. Kpusonoc FO. T'. MozenoBanHs Ta aHalli3 MiMi4HHX NpOsBiB Vol. 36, No. 1. - P. 96-105.
emouiii / FO. T. Kpusonoc, FO. B. Kpak, I'. M. €¢ivos Ta in. /  14. Hu Z. A Multidimensional Extended Neo-Fuzzy Neuron for
Jlonoeini HAH Yxpainn. —2008. — Ne 12. — C. 51-55. Facial Expression Recognition / Z. Hu, Ye. V. Bodyanskiy,

6.  Gokturk S. B. Model-based face tracking for view independent N. Ye. Kulishova, O. K. Tyshchenko // International Journal of
facial expression recognition / S.B. Gokturk, J. Y. Bouguet, C. Intelligent Systems and Applications (IJISA). —2017. — Vol. 9,
Tomasi, B. Girod // Proc. IEEE Int’l Conf. Face and Gesture No. 9. - P. 29-36.

Recognition. — 2002. — P. 272-278. 15. Bay H. SURF: Speeded up robust features / H. Bay, A. Ess,

7. Chang, Y. Manifold based analysis of facial expression / T. Tuytelaars, L. Van Gool // Computer Vision and Image
Y. Chang, C. Hu, R. Feris, M. Turk // J. Image & Vision Understanding. —2008. — Vol. 110. — P. 346-359.

Computing. — 2006. — Vol. 24, No. 6. — P. 605-614. 16. Shi J. Good Features to Track / J. Shi, C. Tomasi //

8. Pantic M. Facial action recognition for facial expression Proceedings of the IEEE Conference on Computer Vision and
analysis from static face images / M. Pantic, Pattern Recognition. — 1994. — P. 593-600.

L.J. M. Rothkrantz // IEEE Trans. on Systems, Man and 17. http://pics.psych.stir.ac.uk/2D_face_sets.htm
Cybernetics. — 2004. — Part B, Vol. 34, No. 3. — P. 1449-1461.  18. Lucey P. The Extended Cohn-Kanade Dataset (CK+): A

9.  Facial Expression Analysis. Handbook of Face Recognition / complete dataset for action unit and emotion-specified
[Y. L. Tian, T. Kanade, J. F. Cohn]; eds Li S. Z., Jain A. K. — expression / P. Lucey, J. F. Cohn, T. Kanade, J. Saragih,
New York : Springer, 2005. — P. 247-276. Z. Ambadar, 1. Matthews // Proceedings of IEEE workshop on

10. Zhang Y. Active and dynamic information fusion for facial CVPR for Human Communicative Behavior Analysis, San
expression understanding from image sequence/ Y. Zhang, Francisco, USA. —2010.

© Bodyanskiy Ye. V., Kulishova N. Ye., Tkachenko V. Ph., 2018
DOI 10.15588/1607-3274-2018-3-10

97



e-ISSN 1607-3274 PagioenexrpoHika, inpopmatuka, ynpasminsas. 2018. Ne 3
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2018. Ne 3

YK 004.023, 519.237

BUKOPUCTAHHSA JOBXXUHHOI MIPU IOJAIEHOCTI
B 3AJIAYAX KJIACTEPU3AILIL

Kounapyk H. E. — kaH7. TeXH. HayK, TONEHT, NOLEHT Kadeapu KiOepHETHKHY 1 IPUKIATHOI MATEMAaTHKH Y KT OPOJICH-
KOTO HAIliOHAIILHOTO YHIBepCUTETY, YKropoa, YKpaiHa.

AHOTANIA

AKTyanbHicTh. J[0CHiXKEHHST IPUCBSIUSHO PO3pOOLi THYYKOr0 MaTeMaTHYHOTO arapary, sSIKWid MaB OM JOCUTh LIMPOKHI CIIEKTp
3ac00iB JUIs TPYIyBaHHs 00’ €KTIB 32 pi3HUMH BHAaMH Mip noxiOHocTi. Lle 1ae MOXKIMBICTE B MeXax po3po0JIeHOTro Miaxoay edek-
THUBHO PO3B’s13yBaTH JOCTATHHO MIMPOKI KITACH MPHUKJIAIHUX 3a/]a4 i3 Pi3HUX MMPEAMETHHX obJiacTell Ta MPOBOAUTH PO3OUTTS 00’ EKTIB
KJIaCTePaMH Pi3HUX T'€OMETPUUHUX (OPM.

MeTo010 TOCTIKEHHS € MiIBUIIECHHS €(EKTUBHOCTI PO3B’sI3aHHS MPUKIATHUX 3a7ad KiIacTepu3alii MIIIXOM BHKOPUCTAHHS J0-
B)KHHHOI MipH MTOIOHOCTI BEKTOPHUX O3HAK 00’ €KTIB.

Metoan. Omncano HediTke OiHapHE BITHOIICHHS Ta HOTO (DYHKIIIO HAIEXKHOCTI, IO XapaKTePHU3y€e CXOXKICTh 00’€KTIB 3a OB-
KUHHOIO MIpOI0 MOAiOHOCTI iX BEKTOPHUX O3HaK. MoamQikoBaHO METOX OXHOPIBHEBOI KiIacTepH3allil, 3aCHOBAaHMI Ha HEWITKHX
OiHapHUX BIXHOIICHHSX IJIsi BUKOPHUCTAHHS JOBXHUHHOI Mipu moxiOHocTi. [Ipy 1iboMy 3a71at0Thest IIEBHI BEIMYUHU — TIOPOTH Ki1acTe-
pu3alil, o XapaKTepHu3yloTh CTYMiHb MOAIOHOCTI 00’€KTIB B cepeuHi KiacTepy. 3MIHIOIOYHM IOPOTH KJIacTepH3allii MOXHa Mpo-
aHaNi3yBaTH JUHAMIKY (OpMyBaHHS KJIAaCTEpiB, AOCHIAUTH iX CTPYKTYpY Ta B3a€MO3B’SI3KM MK 00’€KTaMH, BU3HAYUTH TPAHHYHI
00’€KTH, 3pOOHUTH I'PYHTOBHILIMI aHai3 OTPUMaHUX Pe3yJIbTaTiB. 3aponOHOBaHMUIl MiAXix He NOTPeOye MONepeJHHOr0 BU3HAUCHHS
KUTBKOCTI KJIaCTEPiB Ta JO3BOJISIE MPOBOJUTH KIACTEPU3AIII0 JAHUX KOHIICHTPUYHUMH cpepaMu B YMOBAX BiZICYTHOCTI JOJAaTKOBOI
anpiopHoi iH(}opMalii, TOMy MOYKE BUKOPHUCTOBYBATHCH 1 Ha €Talli ONEePEeTHHOTO aHAI3Y JaHUX.

Pe3yasTaTn. Po3pobiennii minxin peanizoBaHo y BHTILII IPOTPAaMHOI CHCTEMH, Ha OCHOBI SIKOT pO3B’SI3aHO aKTyaJIbHY HMpPHUKJIa-
JIHY 3a1aqy JOCITIPKeHHs IHTEHCUBHOCTI MIrpallifHOTO pyXy HacelIeHHs 3a perioHaMu YKpainu.

BucnoBkun. [IpoBeieHi eKkcriepUMeHTalIbHI JOCIIUKEHHS OKa3aIH 3pYYHICTh Ta e()eKTUBHICTh BUKOPUCTAHHS JOBKHHHOI MipH
NoAiOGHOCTI IPH PO3B’sI3aHHI NPUKIIAHUX 337124, 110 MOTPeOyIOTh IPYyNyBaHHs KiIacTepaMu Y BUIIIAAL KOHLIEHTpUYHuX chep. [Ipex-
CTaBJICHUH MiAXiJ 3a0e3MeyrB MOXKIMBICTh MMPOBOJUTH HOBI 3MICTOBHI JOCITI/DKCHHs BXiAHUX NaHUX. [IepCrieKTHBH MOAAIIBIINX
JOCII/KEHD MOJIATAI0Th y PO3POOLI CHCTEMHU MiATPUMKH MPUNHATTS PillleHb, AJI PO3B’I3aHHs 3a/1a4 IPyIyBaHHs 00’ €KTiB Ha KJlac-
TepU KOHLEHTPUYHUMH cepaMu, KOHyCaMmH, JIiNcaMu Ta iX MepeTHHaMH; peaizalii mapainenbHoi 0araTopiBHEBOI KiacTepH3aii
MPOBEICHOT OJJHOYACHO 32 EKIIbKOMAa KPUTEPiIMH MOAIOHOCTI 00’ €KTiB Ta ii 3aCTOCYBaHHI; JOCIiIKEHH]I PO3OUTTIB 00 €KTIB Pi3HH-
MH T€OMETPUYHUME (HOPMaMH KIIACTEpiB AJs OHI€T BUOIPKH BXIAHUX JaHHUX Ta MPOBEICHHI 3MICTOBHOI iIHTEpHpeTallii OTpUMaHIX
Ppe3yNbTaTiB.

KJIIOYOBI CJIOBA: HeuiTka KiacTepu3alis, KiacTep, Mipa Ioxi0HOCTI, aBTOMaTHYHE IPYITyBaHHS 00’ €KTiB, KJIaCTepPH3allis.

ABPEBIATYPU
FCM - Fuzzy C-means clustering Algorithm;
BSA — Backtracking Search optimization Algorithm;
DTW — Dynamic Time Warping distance;
SVNS - Single-valued neutrosophic sets.
HOMEHKJIATYPA
C — MHOXWHA BEKTOPIiB 03HAK 00’ €KTIB KIIACTEPH3aLlii;

R” — HeuiTke GiHapHe BiHOLICHHS, 110 XapaKTEPU3ye
BIJICTaHb M)XK BEKTOpaMH O3HAK;

Ul - MPOMDKKOBHH KJ1acTep /-ro KpoKy;

|| || — MOTY’KHICTh MHOKHHH;

B — koeimieHT po3TATY;

n j — QyHKUiS HaJIEXKHOCTI 10 HEYITKOro Kiacrepy

‘ci‘ — IOBXKHHA BEKTOpaA ¢; ; K/ -

2
—( ; . - HKIIisST HAJICXKHOCTI HEYITKOrO OIHAPHOTO
¢ (c{,clz,...,cj,) — BEKTOpP O3HaK 00’€KTiB KiacTepusa- () = dymn P

1if;

BigHOLIEHHS R;

¥ Hpp — HOPIr KIaCTepH3allii NP BHKOPHCTAHHI 10B-
€; — BEKTOP-TIPEICTABHUK /-TO KIaCTEpa;

i NV KIHHOI MipH MTOIOHOCTI.
K' — pe3ynbTyrounii i-it 9iTKuUii KIacTep;

Z — KUTBKICTh yTBOPEHHUX YiTKUX KIIAaCTEPiB; BCTYII

KnacrepHuii aHami3 € MOTY)XHUM IHCTPYMEHTOM iHTe-
JIEKTyaJbHOTO aHajli3y JaHuX, KOJHM BIJICYTHS ampiopHa
iHpOpMaIlis Mpo TpymHyBaHHS O0’€KTiB. VY 3B’S3Ky i3
IIBUKOIO JHHAMIKOIO 3MiH B COIIIaIbHO-€KOHOMIYHOMY,

K’ — dasudixosanuii knacrep K
m — KUTBKICT 00’ €KTIB KJIacTepHU3aIlil;
n — KUTBKIiCTh O3HaK 00’ €KTiB KJIacTepH3allii;

O; —i-11 00’eKT KIIacTepu3alii;

R — HediTke OiHAapHE BiJHOIICHHS,

RP — neuiTke GiHapHE BiXHOIICHHS, IO XAPAKTEPU3YE
PI3HUITIO TOBXHUH BEKTOPIB 03HAK;

RX — HeuiTke GiHapHe BiJHOIICHHS, 10 XaPAKTEPU3YE
KYT M)XK BEKTOpaMH O3HaK;
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CHOXHBYOTO KPEIUTY; BHABICHHI MOTEHHIHHUX XBOPOO
MaIfieHTiB; Mo0y/I0BI IMOKAa30BO-PENPE3eHTATUBHUX BHOI-
POK, TOILIO.

OTtxe, norpeba B KiacTepusalii BAHHKAE B THX 00-
JAcTSAX JISUTBHOCTI, J€ € HEOOXIIHICTh pPO3AUITUTH
00’€KTH Ha MIIMHOXHHH, Tak 100 KOXHHUU Kiactep
CKJIaZaBCsl 13 CXOKUX 00’€KTIB 3a NMEBHUMHU O3HAKaMH.
UiTkuii MOAUT HA KJIACTEPH MOXIJIMBHUH TUIEKU B imea-
JPHUX YMOBax 1 IpH 3HAYHO BIAMIHHMX O3HaKax
00’exTiB kiactepu3anii. ToMmy I BUPIIICHHS peaib-
HUX 3aBJIaHb BCE YacTillle 3aCTOCOBYIOThCS HEUITKi Me-
TOOHM, B AKUX PO3OHUTTA 00’€KTIB MPOBOAUTHCA i3 BH-
3HAYCHHSIM CTYIICHS HAJIEKHOCTI 00 €KTIB KilacTepam.
Ile nae momaTKOBY MOXJIMBICTH AJIS MPOBEAEHHS IPYH-
TOBHIIIOTO aHaNi3y OTPUMAaHUX Pe3yJIbTaTIiB.

Kpim Toro, OunbIIicTh po3po0JIEeHNX METOMIB KiacTe-
pusauii 3a0e3neuyloTh TIpynyBaHHsS O0’€KTIB JMILIE 3a
OJTHMM KpHTepieM MOAIOHOCTI BU3HAYCHUM JICSIKOIO MET-
pukoto BincraHi. IIpm 1bOMY YTBOPIOIOTBCS KIIacTEpH
TUIBKU eIincoinHoi ¢popmu. AJle icHye BelMKa KUTBKICTh
NPUKIIATHAX 3a/1a4, ¢ TaKHi BHJ IPYIyBaHHSA 00 €KTIB €
Hea/IeKBaTHUM ITOCTaBJICHIN MeTi i Hee(heKTUBHIM.

TakuM YMHOM, JOLUIBHOKO € pO3po0OKa THYyYKOro Ma-
TEMATHYHOTO amapary, SKUid MaB OW JOCHTH IIHMPOKHIHA
CHEeKTp 3aco0iB U1 TPyMyBaHHS OO’€KTIB 3a pPI3HUMH
reoMeTpuYHUME GopMaMu KiacTepiB. [[aHy BIacTHUBICTH
MOXe 3a0e3redyBaTH 3MiHa MipH MOJIOHOCTI B OJHOPIB-
HEBOMY METO/Ii KJIaCTepH3allil, 3aCHOBAaHOMY Ha HEUITKUX
OinapHux BinHOMEHHsX [1]. Ile mae MOXKIMBICTH B Mexax
PO3pOOIIEHOTO MMiAX0AY €PEKTUBHO PO3B’A3yBaTh JIOCTAT-
HBO IIMPOKI KJIACH NMPHKJIaJHUX 33/a4 i3 pi3HUX IpeaMe-
THUX oOnacteid. Tak emirncoigHii kimactepusamii Ta BUKO-
PUCTaHHIO BiICTaHEBOI MipH TMOAIOHOCTI MPUCBSYCHA
mpams [1]. KyToBy Mipy momiOHOCTI, KOHYCHY KJIacTepH-
3amil0 Ta BIAMOBIMHI MPUKIATHI 3a1adi MPEICTABICHO B
[2—4]. Jana poboTa € MPOJOBKEHHAM IUX IOCTIHKEHB 1
MIPUCBAYCHA BUKOPUCTAHHIO TOBKHHHOI MipH MOMIOHOCTI
NIPY HEYiTKiH Kiactepusailii, sika 3a0e3neuye rpynyBaHHs
00’€KTIB KOHIIGHTPHYHUMH cepamu Ta 11 3aCTOCYBAHHIO.

OTKe, METOIO JIOCIIDKEHHS € IMiJBUIIEHHS e()eKTHB-
HOCTI PpO3B’sI3aHHS MPUKIAJHAX 3aJad KiacTepHu3aiii
[IJISIXOM BUKOPHCTAHHS JIOBXXMHHOI MipH 1O/1IOGHOCTI BEK-
TOPHUX O3HAK 00 EKTIB.

Jnst  [OCSATHEHHS MeTH B
pO3B’sI3aTH HACTYIIHI 3aadi:

— OIUCaTH HeYiTKe OiHapHE BITHOMICHHS Ta Horo ¢y-
HKIIIF0 HAJIG)KHOCTI, 1[0 XapaKTePH3y€e CXOXKICTh 00’ €KTiB
3a IOBKHMHHOIO MIpPOIO MOAIOHOCTI IX BEKTOPHHUX O3HAK;

— MoudiKyBaTH METOJ OZHOPIBHEBOI KiIacTepu3allii,
3aCHOBaHMH Ha HEWITKUX OiHApHMX BimHOMIEHHAX [1] s
JIOBXKUHHOT MipH TOJIOHOCTI Ta MPOBEJCHHS KJIaCTepU3a-
i1 KOHIIEHTPHYHUMHU cdepamu;

— MPOLTIOCTPYBATH BUKOPUCTAHHS JIOBKMHHOI MipH ITO-
JIOHOCTI 17151 pO3B’SI3aHHST pealIbHOI MPHUKJIIaIHOT 3a1a4i.

poboti  HEoOXigHO

1 IIOCTAHOBKA 3AJIAUI
BincyTHICTP €IMHOTO 3araJbHONPUHHITOTO (popMy-
JIOBaHHS HEWiTKOT MOAMGiKaIil 3a1adi KI1acTepHOTO aHa-
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73y morpeOye WiTKUi 3MICTOBHHM OMNHC JOCIHIIKYBaHOT
mpooIeMH.

Po3risiHeMo 3aranbHy 3a/iadyy HEYiTKOTO KJIACTEPHOTO
aHaJli3y B HACTYIHIH MOCTAHOBII.

Hexaif nano neski o6’extu O,...,0,,, SKi XapakTe-

PU3YIOTBCS 1 KiTbKiCHUME 0o3Hakamu. KoxxHOMy 00’€KTy

0;,i=1,m OJHO3HAYHO CTABUTHCA y BIATOBIJHICTH BEK-
TOp O3HAK c,-(c{,c’z,...,c;), i=lm.
IMoTpibHO po30uTH 3anaHi 06’ektn O;,i=1,m Ha of-

HOPIJIHI TPYIH «CXO0KOCTD (KJIacTepH) 1Mo BCIX 7 O3HAKaX
3a JIOBKWHHOIO MipOI0 MOAIOHOCTI, IPHYOMY BU3HAUUTH i
Mipy X HaJeXHOCTI 10 OTpUMaHuX KiacrtepiB. /st 11p0-
ro, 3 MaTeMaTHYHOI TOYKH 30py, MOTPiOHO pO3B’s3aTH
3a7ady  HEYITKOi  KiacTepu3amii BEKTOpiB  O3HaK

112 n| .
c,-(c,-,cl» yeeesCj ), i=lm.

20IJIA JIITEPATYPHU

B Hamm yac MareMaTHYHHAN anmapaT HEYiTKOI KJIaCTepH-
3alil OypXJIMBO PO3BHBAETHCS 1 3a0e3Meuye CyqacHi 3aco-
O0M e(peKTHBHOTO PO3B’s3aHHs 0araThbOX MPHKIAIHUX 3a-
nmad. Tak B [5—8] omucaHo OIS Ta MOPIBHAHHS YITKHX
(>KOpCTKHMX) Ta HEUiTKHX (M’sKHX) 0a30BUX METOIB Kia-
crepusanii. Ayie pi3Ha MPHKIAJHA NIPUPOJA BXIIHUX Ja-
HUX, LJIEH, BUIB KiacTepu3alii NpUBOJIUTH 10 TPHHIH-
MOBOI HEMOXKJIMBOCTI MOOYMOBH OJIHOTO €IMHOTO e(eK-
THUBHOTO YHIBEpCATBHOTO MeToay rpymyBaHHs. Lle mpu-
BOJUTH IO HEOOXiHOCTI CTBOPEHHS HOBHUX METOJIB 200
Monudikarii BXe iICHyIOUMX TPH PO3B’S3aHHI MPUKIAJ-
HuX 3a7a4. Tak B poOoTi [9] Monn(ikoBaHO KIACHIHHHA
HewiTkuit c-means (FCM) anroputM i Kiactepm3amii
CEHCOPHHX BY3JIiB OE3IPOTOBUX CEHCOPHHUX MEpPEX Ta
BUKOPHCTaHO TPaBHJIO HewiTkoro BuBoay CyreHo uis
BU3HAueHHs1 iX npexactaBHUkiB. Y [10] mpencraBneHo
HOBHUI MeToJ KiacTepu3alii 300paKeHb Ha OCHOBI KOM-
6inanii FCM ta BSA anropurmy.

Sk 3a3Ha4a’IoOCh, BUKOPHCTAHHS BiICTAHEBHX METPHK
(EBkimima, Maxamanobica, MaHXETTCHCHKOI Ta iH.) s
BHU3HAYCHHS NOAIOHOCTI O0’€KTiB 3aKjaJeHO B OCHOBI
OumpmiocTi 0a30BMX METOMIB KiIacTepHu3allii. Aje icHye
LUK psiji IPAKTUYHKX 337124 JIe 1X BUKOPHCTAHHS TPH-
BOJWTH J0 HEBIAMOBITHOCTI OTPUMAHUX PE3yIBTATIB II0-
CTaBJICHUM LUISIM Ta 3aBIaHHsAM kiacrepusaiii. Tak B
po6oTi [11] oOrpyHTOBaHO HEOOXINHICTH Ta JOULIBHICTH
BUKOpHCTaHHSl AuHaMiyHOl Biactani yacy (DTW) mpu
KJIacTepHu3allil YacoBUX DPSJIB U OTPHMAHHS aJeKBaT-
HHUX pE3yIbTaTiB TPYIyBaHHS Ta 3alPOINOHOBAHO TPU
aNbTepHATHBHI METO/AM HEYiTKOI KiacTepu3auii Ha ii oc-
HOBi. B mocmimkerni [12] mpexacraBieHo moaudikarito
HediTkoro c-means (FCM) meromy i3 BHKOpHCTaHHAM
SOpO-iHIyKOBaHOI  BiAcTaHeBOI Mipn B 3ajgadax
cerMeHTanii 300paxkeHp. B [13] mma BupimeHHS
mpobieMu  BHOOPY  MOCTadalbHUKA  IPOIOHYETHCS
iepapXiYHAN METO[ KJIACTEepH3alii, OCHOBaHUI Ha HOBIH
¢dopmyni HeeBkIioBoi Bincrani. B [14] po3pobieHo
ITOPUTM KjIacTepu3allii 3a BiICTaHHIO, OCHOBAHOK Ha
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Mipi TOAIOHOCTI MIX OJHO3HAYHUMH HEHPOCODCHKUMU
MHOkuHaMH (SVNS).

OTxe, iCHyBaHHS BEJIMKOI KUIBKOCTI TaKHX JOCIHi-
JUKEHBb IIe pa3 MIATBEPIXKYE TOW (akT, 1o crerudika
NPUKIATHAX 3a7ad POOUTH HEMOXKIMBHM aBTOMATHYHE
MIEPEHECCHHSI METOJIB B IHINY NPUKIATHY 00JacTh 03
PH3HKY CBiIOMO OTpHMATH HEsKiCHHI po3B’s30K. Takum
YHHOM, JIOIIEHAM € PO3pOo0Ka Ta PO3BUTOK MaTeMaTH4-
HOTO amapary, SKkuil mependadae MOXIUBICTh MPOBEACH-
HS KJIacTepH3alii 3a SKICHO Pi3HUMH KPUTEPIsMH MOAi0-
HOCTi 00’ekTiB. Lle, B cBOIO "4epry, MO3BOIUTH MPOBOIUTH
IpyIlyBaHHs 00’ €KTiB PI3HUMH F'€OMETPUYHUMHU (HOpMaMU
KJacTepiB. 30KpeMa, BHKOPHUCTAHHS OBKHHHOI Mipu
MOIOHOCTI 3a0€3MeYHTh MPOBEACHHS KIIaCTepH3allil KOH-
LHCHTPUYHUMH cdepamMu  Ta J03BOJIUTH e(PEKTHBHO
PO3B’SI3yBaTH IIHPIIE KOJO MPUKIATHUX 3a/1a4.

3 MATEPIAJIM I METOAU

B 3amexxHocTi Bin miyieil KiacTepusalii reoMeTpU4Hi
¢bopMH TOTPIOHUX  KJIACTEPIB MOXYTh OyTH DI3HHUMH.
Kpim TOrO, OfHY 1 Ty X MHOXHHY JaHHUX MOXKHa po30u-
BaTH Ha Pi3HI BUAM KIIACTEPIB Ta OTPUMYBATH IPH [IHOMY
pi3HY 3MICTOBHY IiHTeprperanito pe3yibratiB. Jocmi-
JokeHHs1 [1-3] mokazaiy, 10 THYYKHM Ta e(EeKTHBHHM
araparoM JJisi IPOBEACHHs eMINTHYHOT Ta KOHIYHOI KJac-
Tepu3atlii € ogHopiBHeBui Meron 1. 6 B [1]. [Ipu upomy,
MOJIIOHICTh 00’€KTIB 3a JMESIKUM KPUTEPIEM XapaKTepU3y-
€ThCS HEYITKMM OIHAPHUM BiJHOIICHHSIM R Ha MHOXHHI

i =l,m} 13 (QYHKITIEIO HaJIeK-

BEKTOpHUX O3HaK C = {ci

HOCTI uR(cl-,c]-), e Ug T ORI [0,1]. Ynm Ginpme 3ma-
YEeHHS BENIWYMHH [lp (cl-,c j) O6mu3pke 10 1, TMM B OlLIb-

momy cryneHi 06’ektu O; Ta O; OyAyTh MOAIOHUMH 3a
UM KpuTepieM. 30KpeMa, sSIKiCHa 3MiHa BHIYy MipH ITOJi-
OHOCTI 00’€KTIB IPU3BOIUTH A0 3MIHH TE€OMETPHYHOI
(dhopmu KIIacTepis.

Tak [uIs yTBOpEHHS ENINTHYHO MOAIOHMX KIIAcTepiB
3pydYHO Ta €(heKTUBHO KOPUCTYBATHCH MIpOIO TMOAIOHOCTI
«BIJICTAHbY», IO OMUCYETHCS HEYITKMM OiHAPHHM BiJHO-
urernsm R’ [1].

HeuiTke Ginape BigHomenns R [2, 3] xapakrepusye
KyT BIIXHICHHS MDK BEKTOpaMH O3HaK ¢; 1 ¢; . Horo

BUKOPUCTaHHA [aj0 MOJIUBICTH NPOBOIUTH KJIACTEPH-
3aI1il0 KOHIYHUMH KJIaCTePaMHu.

«JloBxkuHHY» Mipy mOAiOHOCTI, IO JA03BOJISIE PO30OH-
BaTH BEKTOPHU O3HaK 00’€KTIB Ha KJIACTEPH KOHLIEHTPHY-
HUMH cepami, TPONOHYETHCS ONMUcATH OiHApHUM Bif-

HOILIEHHSIM R 13 ¢byHKII€0 HaJIS)KHOCTI
2 1
Hpp :C7 —|—,1| Tumy:
e
el
Woolenes)=e A, )
ae A :max‘ci‘—min‘cj‘ ,i=lm,j=1,
i J
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BukopucranHsi eKCIIOHEHIanbHOI (QYHKIIT HAJIEKHO-
CTI TaKOrO BUJYy HE € BHUIAJKOBUM. APryMEHTOM E€KCIIO-
HEHTH € MIPOHOPMOBaHA BEIMYMHA, [0 3MIHIOEThCS Bix 0
no 1. Tomy ii 3Ha4eHHsIMU OYAyTH BiAMOBIAHO BEIUYUHU

. 1 AV . .
Bix 1 no — . [Ipuuomy, MEHIIIH Pi3HULI JOBKUH BEKTOPIiB
e

03HaK 00’eKTiB Oyze BiamoBiiaTu Onvkde 10 1 3HaUCHHS
HpD - s BmacTHBiCTP BM3HA4a€e TOW (hakT, MO0 HEUiTKE

GinapHe BigHomeHHs R” XapakTephsye CXOXKiCTh BEKTO-

piB ¢ ic /38 JIOBKHHAMH.

[MpoBenemMo MomudiKallilo HiTKOIO METOILY OJIHOPIB-
HeBoOi kiacrepusauii m. 6 B [1] u1s BUKOPUCTaHHS JIOB-
YKMHHOT MipH IOAI0HOCTI 00’ €KTIB.

o *
Hexaif 3amana yucimoBa BeHYMHA | RD € [0; 1] — mo-

pir kiacrepusaii. Bin xapakTepusye HEOOXiHY CTYIIHb
MOIOHOCTI 00’€KTIB B MeXax OIHOrO Kiactepy. SIKio

sk . . . . o
Hpp = 0, To crymiHb OAIOHOCTI 00’€KTiB Oyze Haiicia-

Omroro, mo mpuBene 10 (OPMYBaHHS OJHOTO KIACTEPY
chepruHOro BHIY, Ky yBIHAYyTh BCi 00’ekTH. SIKIIO XK

* . . .
H pD =1, ToMi, HABMAaKK, 00’ €KTH 13 PI3HOI JIOBKHHOIO

BEKTOPIB O3HaK CHOPMYIOTH OKpeMi KiIacTep, 00 CTy-
ik oAi0HOCTI 00’€KTiB OyAe HaiBumoOK. OTXE, OIIK-

4OMY 3HAYEHHIO W pp JO OJMHHILI Oyzne BimmoBimaTu Oi-

JbIIA KiJIbKICTh c(hOPMOBAHNX KIIACTEPIB.

[TpoBeneHHs] NPaKTUYHHUX EKCHEPUMEHTIB II0Ka3alo,
0 «XOpOoIay YyTIHBicTs GyHKMIT TrIry (1) B OKOIIi CBO-
TO TPaHWYHOT'O 3HAYCHHSA (Sup L RD =1) nmo3Bosie MPOBO-

JIUTH KJIACTepHU3allito 00’€KTIB Ui BCIX MOXKJIMBUX BEIH-
4iH ToporiB npoMixky [0; 1] i3 meBHOI TOYHICTIO (Ha-
npukiai, i3 Tounictio 0,01). Ile 3abe3meuye MOKIHBICTD
MPOBOJIUTH JOCIII/DKCHHS BCi€l MUHAMIKM 3MIiHH KJIacTe-
PIB Ta iX CTPYKTYpH.

[TpuiiMaeTbCcs eBpUCTHKA: HA OCHOBI JIBOX «HAHOIIBIIT
CXOKHX» 32 JOBXHHHOIO MipOIO MOJIIOHOCTI HE3rpyImoBa-
HUX 00’€KTiB Ma€e pOpMyBaTHCh HOBHH KJIACTEP.

Jlai MOKpOKOBO OIMMCAaHO BHECEHi 3MiHU B /-y iTepa-
Iif0 pOOOTH YITKOTO METOAY OTHOPIBHEBOI KiIaCTepH3amii
00’exriB [1] mns #ioro amanmTarmii O BHKOPHCTaHHS IIOB-
JKUHHOT MipH MOA10HOCTI.

Kpoxk 1 3anumiaerbest 6e3 3miH. Crii 3ayBa)KHTH, 11O
JIOB)KHHA OOpaHOTO0 JIOMIHAHTHOTO BEKTOpa-IIEHTPOina

¢; 13 MHOXHMHHU {c_, | ieQ ,} Oyne BU3Ha4aTH pafiyc cde-
PH, HABKOJIO K01 Oyne popMyBaTHCh /-1 KiacTep.

[Tpu npoBeneHHI NpoOLENYpH LEHTPYBAHHS KiIacTepy
u! KPOKIB 2 Ta 3 JOBXHHA BEeKTOPA-IIEHTPOiAa YTOYHIO-
€ThCs, 3a popMyIIor0:

el

Tx cieUl %

¢ = / <Cy . (2)
v

SAxmo moTpiOHa iHGOpMaLid HE TIIBKU PO PO3IMOJILT
00’€KTiB IO KJIacTepaM, a i Ipo CTYIHb iX MpHUHAIEKHO-
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CTi KOXKHIH 13 MHOYKHH, TO HEOOXiIHO IMPOBECTH IPOIIC-
nypy hazudikarii.

3a 4iTKUM OJHOPIBHEBMM METOJOM II. 6 B [1], Ta omu-
CaHMMHU MOIUQIKAIIIMH TPOBOJIUTHCS KIIACTEPH3aIlis Ha
YiTKI KJIacTepu Kl, Kz, .., K, z<m i3 BignoBigaumMun

* ok * o
MIpeACTaBHUKAMH Cj , Cj,...,C, 3HAWICHUMH 32 (OpMYy-

7010 (2). OyHKIIi HATEKHOCTI [ jiC—> [O, 1] hazudiko-

BaHuX Knactepis K/, j =1,z IponoHyeThcs BU3HAYATH
3a (hopMyIor0:

i) (e s ()
R
a60 3a popmyior0:
2
] [l
ﬁj(ci): exp| — R 5 “)

3okpema, pospaxoBanuii koedimient f=0,0882 3a mpa-
BHJIOM TPBHOX CIrM.

Bukopucranns ¢yHkuii Hanexsocti tTuny (1) Ta 3a-

cTocyBaHHs Qopmyiu (3) HEe € 3araJbHONPUIHATUM IS

- ~ 1 .
asuikauii nanux, Tak sk p;:C— [Z;l} , TOOTO Mipa

HAJISKHOCTI HaWBIAICHIIINX 00’ €KTIB JI0 j-TO KIacTepy

1
Oyze He MEHINIa, SIK 4UCI0 —. AJle, B IbOMY BHIIQJKY,
e

MOJKHA 3pOOWTH SIKICHHI aHalli3 OTPUMAHHUX Pe3yNbTaTiB
KJIacTepu3ariii Ta YMCIOBHX 3HAYEHb [ j BTILHO LIKAIH

6axcanocti Xappinrrona [1]. Bukopucranns ¢yHkuii Ha-
JISKHOCTI rayCiBChKOTO THITY (4) MPUBOJUTH A0 11 HOpMa-
mizanii, To6to fi;:C — (0;1].

4 EKCIEPUMEHTH

Jis mpoBeNeHHS EKCICpUMEHTIB Oyiia po3policHa
KOMII'FOTepHA TIpOoTpaMa, II0 peati3ye 3ampOrOHOBaHUI
MIX1 TIPH KiacTepu3amii 00’ €KTiB 3a JOBKUHHOIO MipOFO
moniOHoCTi. BoHa € MOTOBHEHHSM A0 BXKE iCHYOUOTO
MPOrPaMHOI0 3a0e3MeYCHHS /11 IIPOBEACHHS €IICOITHOT
[1] Ta konycHoi [2, 3] kiactepu3anii i 3abe3nedye po3-
OUTTS 00’ €KTIB KOHIICHTPUYHUMU CHEPaMH.

BxinHoto iHdopMali€ero 1ist IpOBeeHHS TPYITyBaHHS

. . *
00’€KTIB € YKCIIOBI BEIUYHNHU n, m, HRD Ta KOOpAWHATHU

BEKTOpiB ¢; . Jlami Jms uiTkoi kiacTepu3samii 3aCTOCOBY-
€ThCS METO]T OJTHOPIBHEBOI KilacTepu3allii i3 1. 6 [1], ana-
NTOBAHHUN 0 BUKOPUCTAHHS JOBKHHHOI MipH MOIiOHOC-
Ti, mo omucana ¢gopmynoro (1). Pasudikaris kmactepis
npoBoanThes 3a popmymnamu (3) Ta (4).

BpaxoByroun Te, IO SKICTh MALIMHHOI KJIaCTepH3allii
BH3HAYa€eThCs 11 BIANMOBINHICTIO Kilacuikalii, o mpose-
JICHa JIONWHOK, BepHQIKaIifo po3poOICHOTO IMiIXomy

© Kongpyx H. E., 2018
DOI 10.15588/1607-3274-2018-3-11

Oyzne mpoBeneHO Ha MPUKIAAHINA 3a1adi KiacTepu3amii y
JBOBUMIpHOMY nipoctopi. Lle nacth 1oaaTkoBy Bi3yanbHy
MOXKJIMBICTh OLIHUTH OTPHUMaHUH Pe3yiIbTar.

Bce 6intbIn r100aabHUMHU CTAKOTh MPOOJIEMH 3POCTAI0-
YMX MaciuTa0iB Mirpauii HaceneHHs YKpaiHu Ta 1 pery-
JIIOBAaHHS, MOJIepHi3alii MirpauiitHol IMOJIITHKKA JepiKaBH.
Bonn nmotpedyroTh BUCOKHII Ta Cyd4acHHH piBEHb HAyKO-
BUX 3ac00iB BUBYCHHS MIrpaIlifHAX MPOIECIB HACCICHHS
B Cy4YaCHMX EKOHOMIYHHX, CYCHUIBHMX Ta MOJITHYHHX
yMoBax. 30KpeMa, CHCTEeMHHUH MiAXix A0 aHami3y Mirpa-
MifHUX SBUIN Tiependavae MOCHIIKEHHS IHTEHCHBHOCTI
MITpaLiifHOTO PyXy HaCelIeHHSI.

OTxe, NPOIOHYETHCS, POIJIIHYTH aKTyalbHY 3agady
JIOCTI/PKEHHS! IHTEHCHBHOCTI MITPaliifHOro pyxy HaceleHHs
perioHiB YKpaiHU, Halpukiaj, 3a cideHb-aucromnan 2017
poky. Bxinni naHi otprmai i3 ogiuiiiHoro caity Jlepikko-
Mcrarty YKpaiHu, Ipe/IcTaBieHi B HACTYITHIH TaOJIHII.

Tabmuns 1 — Mirpauiiiauii pyx HaceJeHHS y CiuHi-
mucronani 2017 poky

N Perionn Ykpainu Kinbkicth . KiJ’IBKiCTL‘
npudynux oci6 | BHOyimX ocid
1 Binannpka 5454 9816
2 Bousnncbka 7608 8405
3 | JuinpomeTrpoBchka 48663 24741
4 Jonenpka 6686 30039
5 Kuromupcbka 12857 13649
6 3akapraTchbka 5271 5451
7 3arnopi3bka 6411 9215
8 | IBano-®paHKiBChKa 13963 12588
9 KuiBcbka 50611 22098
10 KipoBorpazacska 9847 11395
11 Jlyranceka 2203 20918
12 JIbBiBCHKA 26483 24031
13 MukonaiBcpka 7215 8939
14 Onecbka 20712 17430
15 ITonTaBchka 18137 18962
16 PiBHEHCBKa 13909 15591
17 Cymcbka 15207 15957
18 TepHominbchka 5889 7384
19 XapkiBcbka 52007 40497
20 XepcoHchka 4091 6673
21 XMeJbHULIbKA 6368 9060
22 Yepkacbka 14720 15093
23 YepHiBerpka 4828 4787
24 YepHiriBcbka 7485 9499
25 m.Kui 32363 28881

BxigHotO iHpOpPMALiEIO I eKCIEPUMEHTANBHUX [10-
CIDKEHb TPYIyBaHHS PETiOHIB YKpaiHW OyiH MpOHOp-
MOBaHi faHi Tab. 1 Ta pi3Hi MOPOTH KiIacTepu3allii.

5 PE3YJIbTATH

3rigHo mikamu 0a)xxaHoCTi XappiHITOHA Ta MPOBEIC-
HUX IOTIEPEHIX MPAKTUYHUX JOCTIPKeHb [1] HaiOIbII
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3HaYMMHUMHU Ta 3MICTOBHHMHM IIPH PO3B’S3aHHI MPaKTH4-
HHX 33/1a4 BHUSBHJIMCH BEJIMYHMHM IMOPOTIB KIacTepu3amii
6mm3bki no 0,8. Orpumani ¢parmeHTapHi pe3ynbTaTh
YiTKOI KJacTepu3ali 3a JOBKHHHOIO0 Miporo MoAi0HOCTI 13
¢ynkuieto HanexHocti (1) mpencrasneHo B Tabn. 2 Ta
puc. 1.

Tabmuns 2 — @parMeHTapHi pe3yabTaTH YiTKOI KIacTepu3a-
ii pO3TISIIYBaHOI CYKYTTHOCT1

YucIioBi 3HAYESHHS

PesynbraTn kiacrepusanii
[OPOTY KiIacTepH3amii

Knacrep 1:
00’exTH 3 HOMepamu 1, 2, 5, 6-8, 10, 11,
13, 16-18, 20-24;

Knacrep 2:

*
p'RD €1[0.64; 0.84] 00’extH 3 HOMepamu 4, 12, 14, 15;

Knacrep 3:
00’exTH 3 HOMepamu 3, 9, 19, 25.

Knacrep 1:
00’extH 3 HOMepamu 1, 2, 5, 6-8, 10, 11,
13, 16, 18, 20-24;

Knacrep 2:
00’extH 3 HOMepamu 4, 12, 14,15, 17;

Knacrep 3:

*
l“lRD €10.85;0.86] 00’€eKT 3 HOMEpoM 25;

Kiacrep 4:
00’ekTH 3 HOMepamu 3, 9;

Knacrep 5:
00’€eKT 3 HOMepoM 19.

14777 24777 M a7 84777

Pucynok 1 — I'eomeTpHudHa iHTEpIIpeTaLlist pe3yIbTaTiB diT-
KOT KJIaCTepH3allil 3a JJOBKHUHHOIO MipOI0 TOAI0HOCTI TIPH

p.;D €[0,64; 0,84]

Ha puc. 1 myHKTUpHUMH JiHISIMH ITO3HAYEHO OYTH
KOHIICHTPUYHHUX KiJ, IO BiANOBITAIOTh IpPEACTaBHIUKAM
BIZIMIOBITHHUX KJIACTEPIB.

Jns inTepriperanii HEYITKMX PE3yJIbTATIB KIaCTepH-
3amii Oy/l0 BHKOPHCTAHO MATPUIIl HEYITKOI'O PO3MOALIY
00’ekTiB Mo Kiactepax (tabm. 3). Ilpoanamizyemo, Ha-
MPUKIIAA, MATPHIO BIAMOBIIHOTO HEYITKOTO PO3OUTTS

(Tabm. 3) mpu “;D €[0,64; 0,84] Ta iioro miHiitHI miarpa-

Mmu (puc. 1-2).
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[ Bi3yaJlbHOTO NMPEACTABIEHHS HEUYITKUX pe3yJibTa-
TiB 10OyIoBaHa JIiHIHA JiarpaMa HE4iTKUX PO3OHTTIB.
ITo oci opauHAT JHiarpamu BiAKIAAIOTHCS 3HAYEHHS CTY-
MEHIB HAJIC)KHOCTI, a M0 OCi adCIUC — HOMEpPH 00’ €EKTIB.
HanexxHicte 00’€KTIB KJ1acTepy BH3HAYAETHCS TOYKOIO
NepeTuHy JIiHIH, 1110 BimoBinac HoMepy 00’€kTa Ta CTy-
MEHs HaNeXHOCTI 00’ekra Kiactepy. Homep kiactepa
BKA3YEThCS TIOPSI 3 TOUKOIO.

Tabnuws 3 — MaTpuili He4iTKOro po30HTTsI AOCHIKYBaHOT

CYKYITHOCTi 00’ €KTiB IPH “*RD €[0,64; 0,84]

Mipu HaleXHOCTI Mipu Hae)XHOCTI
Buay (3 Buny (4
Ne — N o — g\l o
00’exTa §' @ § §' @ §
3 2 3 3 2 3
2l 2 | 2] 2| 2| =
1 0,98 |1 0,43 | 0,05 | 0,95 | 0,73 | 0,48
2 0,98 | 0,44 | 0,05 | 0,96 | 0,73 | 0,48
3 0,06 | 0,27 | 1,00 | 0,50 | 0,66 | 1,00
4 0,50 | 1,00 | 0,28 | 0,75 | 0,99 | 0,67
5 0,93 10,71 | 0,09 | 0,92 | 0,83 | 0,54
6 0,89 1 0,32 | 0,03 | 0,90 | 0,68 | 0,45
7 0,98 1 0,43 | 0,05 | 0,95 | 0,73 | 0,48
8 0,93 1 0,71 | 0,09 | 0,92 | 0,83 | 0,54
9 0,06 | 0,25 | 1,00 | 0,50 | 0,65 | 0,99
10 1,00 | 0,57 | 0,07 | 0,98 | 0,78 | 0,51
11 0,87 1 0,80 | 0,12 | 0,89 | 0,86 | 0,57
12 0,34 1091 | 0,42 | 0,69 | 0,91 | 0,72
13 0,98 | 0,44 | 0,05 | 0,96 | 0,73 | 0,48
14 0,64 | 0,97 | 0,20 | 0,80 | 0,95 | 0,63
15 0,67 1 0,96 | 0,19 | 0,81 | 0,94 | 0,62
16 0,87 [ 0,80 | 0,12 | 0,89 | 0,86 | 0,56
17 0,83 1 0,84 | 0,13 | 0,87 | 0,87 | 0,57
18 0,94 |1 0,38 | 0,04 | 0,93 | 0,71 | 0,46
19 0,02 1 0,09 | 0,72 | 0,42 | 0,54 | 0,83
20 0,89 1 0,33 | 0,03 | 0,90 | 0,69 | 0,45
21 0,97 [ 0,43 | 0,05 | 0,95 | 0,73 | 0,48
22 0,86 | 0,80 | 0,12 | 0,89 | 0,86 | 0,57
23 0,86 | 0,30 | 0,03 | 0,89 | 0,68 | 0,44
24 0,99 1 0,46 | 0,05 | 0,97 | 0,74 | 0,49
25 0,18 1 0,63 | 0,71 | 0,61 | 0,80 | 0,82
1,00 *3e2 *3e
0904 * e .‘.‘-1.‘ 3 15.2.1.2.3‘5.:_ "“3}.1”
E 0801 ”-2 L SE T | .3 - 1
g 0701 t10 Ll att . el g ggt® s
% 060 | T Y
§050- v 3031 sgha vt .3 e3 43%3 ,5*3
2 040 =1
€ 030
E 0,20
0,10
000 sty bttt s
012345678 910111213141516171819202122232425
oG'eKTH

Pucynok 2 — JliniliHa giarpama HE4iTKOTO pO30UTTS PO3IJIsi-
JIyBaHOI CYKYITHOCTI 13 MipOI0 HAJIS)KHOCTI,
BU3HAUYEHOIO 3a hopmytoro (3)

Ha puc. 2 myHKTHPHOIO ITHIEO TPEICTABICHO YMOBHY
MEXY CTYIEHS 3HauHOI (CHIIBHOI) MOMiOHOCTI OO’€KTIB B
MeKax OJHOTO KJacTepy. 3 Aiarpamu puc. 2 BHIHO, IIO
00’€KT 13 HOMEpOM 17 € rpaHuyYHUM IS KiactepiB 1 ta 2.
Tomy npu MOBTOPHII KiacTepu3arlii i3 301IbILIEHHSIM TOPOTY
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BiH MOKe OyTH MepexiiHUM MDK UMM KJIacTepamu (IvB.
Tab. 2). O0’exTH i3 HOMepamu 5, 8, 11, 16, 22 xoua 1 BimHe-
ceHi 710 1-ro KiacTepy NpH YiTKild KiacTepusallii Takox Ma-
I0Th BHCOKY CTYIiHb HOMIOHOCTI 10 00’€KTIB 2-TO KJacTepy.
O0’ext 13 HOMepoM 25 3-T0 KJIacTepy Mae CUIIbHY TOJi0-
HICTB 10 00’€KTIB 2-TO Kiactepy, a 14 ta 15 00’ektu i3 2-ro
KJ1acTepy HoibHi 10 00’eKTiB 1-r0 KIIacrepy.

Jami mpezncraBieHO OTpUMaHy JIiHIMHY Jiarpamy
(puc. 3) npu BUKOpUCTaHHI (JOPMYIIH HOPMYBaHHS (4).

100 1 4 gpqe3e2 g 43

CTYNIHE HanexHocTi
oo
[ 0-]
oo
b —
.
"

ez* 3 .3

0,10 + .3 v3, .40 e3t3 L, .

T . e tp1p3td eatd

78 91011 12131415161718192021 22232425
of'exTH

Pucynox 3 — JliniliHa miarpama HE4iTKOTO PO3OUTTS PO3-
TIIAYBaHOI CYKYITHOCTI 13 HOPMOBAHOIO MipOO HAJICKHO-
CTi, BU3HAYEHOIO 3a (popmyioro (4)

Sk BuAHO 3 Aiarpamu Gopmysia (4) He 3MIHIOE KapTHHY
po30uTTs, a e yrouHroe ii. [TyHKTHpHORO NiHi€I0 BHI-
JICHO BCI TOYKH i3 MAaKCHUMAaIbHUMH 3HAUCHHSAMH (DYHKLIT
HajiexxHocTl. OO ekt 3 HOMepamu 25 Ta 19 maroTh Hail-
MEHIII Mipy MOJIOHOCTI A0 CBOIX YITKUX KJIACTEpIB cepen
BCIX BHIUICHHX (TIOAIOHICTh IIUX 00 €KTIB € «HAKWCIIA0IIOI0»
B Meax BIJIOBIIHOTO KiacTepy), TOMY IIpW 30UIbIIEHHI
Topory Kiactepusamii 00’€KTiB BOHH OyIyTh KIFOUOBHMH
ipu (popMyBaHHI HOBHIX KJIAacTepiB (I¥B. TAOI. 2).

Orxe, (aszudikamis UITKAX KIACTEPIB Ja€ MOMKIH-
BICTh MPOBECTH TOJATKOBHI aHai3 B3aEMO3B’SI3KIB MIXK
00’€KTaMH, YTOYHIOE 1X CTYMiHb MOXIOHOCTI Ta Ja€ 3MO-
Ty BU3HA4YUTH I'PaHUuHI (TIepexinHi) 00’ eKTH.

3rilHO OTPUMaHUX pPE3yJbTaTIB MOXKHA 3pOOWTH Ha-
CTYIIHY 3MICTOBHY iHTEPIIPETAIIi}0 MOCTABJICHOI 33/1a4i:

— JI0 perioHiB YKpaiHu i3 MacHBHUM MIrpauiiiHuM py-
XOM HaceNeHHs 3a ciueHb-ymcronan 2017 poxky MoxHA
BigHecTH: BinHnipKy, BommHcbky, XXuromupcsky, 3aka-
pHarceky, 3amopi3bKy, IBaHo-®pankiBchKy, KHiBCEKY,
KipoBorpanceky, Jlyranceky, MukomnaiBcbKy, PiBHEHCH-
Ky, TepHONiIBEChKY, XepCOHChKY, XMEIbHUIBKY, Uepka-
cbKy, UepHiBenbky, UepHITiBChbKY 001acTi;

— B CyMchbkili 00DacTi crocTepiraetThCs TpaHUYHUMA
MaCHBHO-TIOCEPE/HIA MirpaliiHii pyX HacelleHHs 3a
ciuenp-nucronan 2017 poky;

— 710 perioHIB YKpaiHH 13 MMOCepeaHiM MirpamiiHuM
PYXOM HacelleHHs 3a cideHb-nucronan 2017 poky MokHa
Bigaectn: Jlonenpky, JIbBiBcbKy, Onechky Ta [lonraBch-
Ky obiacTi;

— JI0 perioHiB YKpaiHH i3 MOCHJICHHUM MirpauiiHuM
pyXoM HaceleHHS 3a ciueHb-nucronan 2017 poky MokHA
BimHecTn: JIHIMpOTMETpOBCEKY, KuiBCBKY, XapKiBCBKY
obuacti Ta M. Kuis.

[epexigHa muHaMiKa MIirpamiliHoOro pyxy crocrepira-
€TBCA B!
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— Cywmchbkill, Jlyrancoekiii, PiBHeHChKi#, Uepkachkiii,
XKutomupceekiii Ta IBaHO-DpaHKIBCBKiN oOsacTi Bia mna-
CHBHOTO JI0 IIOCEPEIHBOT0 TEMILY;

— Opecekiit Ta [TonTaBepkiit o0sacTi BijJ noceperHbo-
T0 JI0 TACHBHOTO TEMITY;

— M. KuiB BiZi OCHIIEHOTO /10 TIOCEPETHBOTO TEMITY.

6 OBI'OBOPEHHSI

[NopiBHSIHHS METOAIB KJIACTEPHOrO aHaNi3y He € 30-
BCIM KOPEKTHUM 00 He iCHy€ €IMHOTO KpUTEPilo ONTHMa-
JTBHOCTI OIIIHKH pe3ynbTaTiB kiactepmsaiii. Koxken i3
HHUX Ma€ CBOI HEOJIIKM Ta IepeBaru i Moxe O0yTu edek-
TUBHILIMM TIPH PO3B’sI3aHHI IEBHOTO KJIacy 3a/1ad.

30kpema, MPOBECHI eKCIIEPUMEHTAIBHI JOCITIHKSHHS
MOKa3alu 3py4YHICTh Ta €(EeKTHBHICTH METOMY OJHOPIB-
HEeBOi KyacTepu3arliii . 6 B [1] aganToBaHOro 10 BUKOPH-
CTaHHsS JOBXUHHOI MIpH TOAIOHOCTI Ui pO3B’S3aHHS
JESKUX KIAaciB MPUKIATHUX 3a[a4, KOJIU BiJCTAHEBI MET-
PHKH He € KOPeKTHUMHU. [Ipu 1IbOMY MOXKHA BU3HAYUTH
OCHOBHI IIepeBary 3arporoHOBaHOTO MiIX0y:

— JTa€ MOKJIMBICTh TIPOBOIUTH KJIACTEPU3AIlil0 KOHIIE-
HTPUYHAMHU c(epaMu Ta OTPUMYBATH SKICHO HOBI 3Mic-
TOBHI pe3yJIbTaTH;

— (hasudikariis 4ITKAX KITACTEPIB TO3BOJISIE BU3HAYATH
CTYMiHb MOAIOHOCTI 00’€KTIB, BHSBJIATH TPaHUYHI
00’€KTH, pOOWUTH TPYHTOBHILIMK aHaji3 OTPUMAHUX pe-
3yJIBTATIB;

— BUOIp pI3HUX IOPOTIB KIIacTepH3allil 1a€e T0aTKOBY
MOXIIMBICTh CIIOCTEpIraTH 3a IUHaMiKowoo (opMyBaHHS
KJIACTEPiB, 3MIHOIO iX CTPYKTYPH Ta BUSBISTH IPUXOBaHI
B3a€MO3B’SI3KH M 00’ €KTaMH;

— MOxe OyTH BHKOPHCTaHHH SIK JJIS IONEPEIHBOTO
aHaJi3y JaHUX, Tak i JJI MPOBEACHHS CaMol MpOUeIypH
KIIaCTepH3aLlii.

BHKOPUCTAHHS HEYITKOTO GiHApHOro BimHOMmEHHS R
B METOZi OJHOPIBHEBOI MOCTIMOBHOI Kiactepusarii [1]
3a0e3MeUMII0 MOXKIIMBICTh IMPOBOAWTH HOBI 3MIiCTOBHI
JTOCTIJIKCHHS BX1THUX JTaHUX.

JlaHa mpans € IpOJOBKEHHSIM Ta PO3BHTKOM JOCIIi-
JokeHb [1-3]. B moganeiiomMy nepemdayaeTsesi po3pooiie-
HUH MiIXi] BUKOPUCTATH JJIS:

— pearizamii mapaiensHOi OaraTopiBHEBOI KilacTepH-
3allii OJJHOYACHO MPOBEICHOI 3a NEKUIBKOMA KPUTEPisIMU
MOMiIOHOCTI Ta ii 3aCTOCYBaHHS;

— PO3pPOOKH CHUCTEMH MIATPHUMKH MPUHHSATTS PilIeHb,
o 3a0e3MeYnTh TPYITyBaHHS 00 €KTiB Ha KIacTepH KOH-
LEHTPUYHUMU chepaMu, KOHycaMH, eJIiIcaMH Ta ix mepe-
THHAMU;

— MOCIIKEHHSI BUKOPHUCTAHHS KlacTepu3arii 00’ €KTiB
3a PI3HUMH TEOMETPHUYHMMH (OpMaMH KJacTepiB Juist
onHi€T BUOIPKHM BXiAHMX NAHWUX Ta MPOBEICHHS 3MICTOB-
HOI IHTepIpeTarii OTpIMaHUX Pe3yJIbTATIB.

BHUCHOBKHA
Bupinryetscst mpobiema po3BUTKY METOJIB KIIACTEPH-
3amii, OCHOBaHMX Ha HEYITKWX OiHAPHUX BiTHOIICHHSIX
JUIS TIPOBEACHHS PO3OUTTS 00’ €KTIB KOHIEHTPUIHUMH
chepamu.
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YIIK 004.023, 519.237
HNCIOJb30BAHUE JUINHHOBOM MEPBHI CXOJICTBA B 3AJJAYAX KJIIACTEPU3ALINA

Konapyk H. 3. — xaHI. TeXH. HayK, JOLEHT, JOLEHT Kadeapbl KHOCPHETHKH U MPHUKIATHON MaTeMaTHKH Y KTOPOACKOTO HAMOHABHO-
ro YHUBEPCHUTETa, YKIropoHd, YKpanuHa.

AHHOTALUSA

AKTyalbHOCTB. VccrenoBanne MOCBAIICHO pa3paboTKe MMOKOTr0 MAaTeMaTHYECKOTo arapaTa, KOTOPbIH HMEeT JOCTAaTOYHO IIHPOKHN
CIEKTpP CPEACTB Ul TPYIIIMPOBKH OOBEKTOB MO PA3TUYHBIM BHIAM MEpP CXOJCTBA. JTO JACT BO3MOXKHOCTh B paMKax pa3pabOTaHHOTO MOJI-
xoza 3()(eKTUBHO pemarh JJOCTATOYHO MIMPOKHE KJIACCHI IPHUKIIAIHBIX 3a/lad U3 Pa3HbIX NPEIMETHBIX 001acTel U MPOBOAMUTH KiacTepH3a-
LU0 KJIACTEPaMH Pa3IMYHbIX TE€OMETPHYECKHX (HOpM.

Heabio uccienoBanus SBIsSETCS MOBBIMICHHE YPPEKTHBHOCTH PEIICHUS MPHUKIAAHBIX 337ad KJIACTEPU3alMd MyTeM HCIIOJIb30BaHMUS
JUTMHHOBOI MEpBI CXOJICTBA BEKTOPHBIX MPU3HAKOB OOBEKTOB.

MeTtoapl. OnncaHo HedeTKoe OMHApPHOE OTHOIICHHWE M €ro (YHKIMIO MPUHAUICKHOCTH, XapaKTepU3UPYIOIIUE 110J00He 00BEKTOB IO
JUTHHHOBO# Mepe CXOJCTBAa MX BEKTOPHBIX NMPU3HAKOB. Momu(UINPOBAHO METO/ OJHOYPOBHEBOW KIIACTEPU3ALUH, OCHOBAHHBINH Ha HEYET-
KUX OMHAPHBIX OTHOLICHUSIX JIJIS MCIIOJIb30BAHMS JUTMHHOBOM MEpbI CXOACTBA. [Ipy 3TOM 3aat0TCsl OMpe/Ie/ICHHBIE BEITHYMHBI - TIOPOTH Kiia-
CTEepH3aLNH, XapaKTePHU3YIOIIe CTENEeHb 010011 00bEKTOB BHYTPH KilacTepa. VI3MeHsisi TOporH KilacTepr3alni MOYKHO ITPOaHAIN3UPOBATh
JTUHAMHUKY (OpPMHPOBAHMS KIIACTEPOB, UCCIECIOBATh UX CTPYKTYpPY M B3aHMOCBSI3M MEXAY OOBEKTaMH, ONPEICIUTh MpeebHbIE 00BEKTHI,
MpoBeCTH OoJiee TIIyOOKHH aHAIU3 MOJIYUYSHHBIX Pe3y/bTaToB. [Ipe/ioxKeHHbIN 0IX0/] He TpeOyeT NpeIBapUTEILHOTO OMPEASIICHUs KO-
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YecTBa KJIAaCTEPOB M MO3BOJISICT POBOIUTH KIACTEPH3ALMIO JAHHBIX KOHIICHTPUYECKUMH c(hepaMH B YCIIOBUSX OTCYTCTBUSI JJOIIOIHUTEIEHON
anpHOpPHON MH(OPMAIIUH, TIOITOMY MOKET HCIIOIb30BaThCs U Ha ATAlle MIPEIBAPUTEILHOTO aHAITH3a TaHHbIX.

PesyabTathl. Pa3paboTaHHbIil MOX0/] peaan30BaH B BHJIE MPOrPAMMHOI CHCTEMbI HA OCHOBAHHWH KOTOPOW pellieHa aKTyallbHas MpH-
KJIaJHasl 3a/1a4a UCCIIeJOBaH!Us HHTEHCHBHOCTH MUTPAILIMOHHOTO BHIKEHUS HACEJICHUS 10 PETHOHAaM Y KpauHbI.

BeiBoanbl. [IpoBeneHHbIE SKCIICpIMEHTAIBHBIC UCCIIEI0BAHNS TOKA3IN yI00CTBO U 3((EKTUBHOCTD HCIIOJIB30BAHUS JUTMHHOBON MEpHI
CXOZCTBA NPU PEIICHUH MPHKIAJHBIX 33ad, TPEOYIOIMX IPYNIHPOBKH KIACTEpaMH B BHIC KOHLEHTpUUYeCKUX cdep. [IpencraBneHHbIi
MOAX0/1 00eCIeun BO3MOXKHOCTb IPOBOANTD HOBBIE COJICpPIKATENIbHBIC HCCICA0BAHUS BXOAHBIX NaHHbBIX. [lepcriekTHBBI HanpHEHIIMX uccle-
JIOBaHUH 3aKII0YAIOTCS B Pa3pabOTKe CHCTEMBI TOJUICP)KKH NPHHATHS PeLIeHHH ISl peleHHs 3a1a4 TPYIIUPOBKA 00BEKTOB Ha KIAaCTephl
KOHLICHTPUYECKUMH cepamMy, KOHYCaMH{ U DJUTUIICAMH U UX MEPECEYCHIUSIMU; PEeaIN3aliy TapalieIbHOM MHOTOYPOBHEBOH KilacTepHU3alui
0 Pa3IMYHBIM KPUTEPHSM U €€ MPUMEHEHHHU; UCCIICIOBAaHUH pa30MeHns] OOBEKTOB DPa3HBIMH T€OMETPHYECKMMH (OpMaMK KIaCTEePOB JUIs
OJIHOM BBIOOPKU BXOJHBIX JAHHBIX Y MPOBEJICHUH COJEPIKATEIbHON HHTEPIIPETALIMH MOITYyYEHHBIX PE3YJIbTaTOB.

KJIFOUEBBIE CJIOBA: Hewerkast kiacTepu3anys, KiacTep, Mepa CXOJCTBA, aBTOMAaTH4ecKasi TPyMITMPOBKa 00BEKTOB, KilacTepH3a-
s,

UDC 004.023, 519.237
USE OF LENGTH-BASED SIMILARITY MEASURE IN CLUSTERING PROBLEMS

Kondruk N. E. — PhD, Associate Professor, Associate Professor of Department of Cybernetics and Applied Mathematics, Uzhgorod Na-
tional University, Uzhgorod, Ukraine.

ABSTRACT

Context. The study is devoted to the development of a flexible mathematical apparatus, which should have a sufficiently wide range of
means for grouping objects into different types of similarity measures. This makes it possible, within the framework of the developed ap-
proach, to efficiently solve sufficiently broad classes of applied problems from different subject areas and to partition objects with clusters of
different geometric forms.

Objective. The aim of the study is improvement of the efficiency of solving cluster problems by applying a similar measure of the vector
characteristics of objects.

Method. A fuzzy binary relation and its membership function describing the similarity of objects according to the level of similarity of
their vector attributes are described. The method of single-level clustering, based on fuzzy binary relations for the use of a similarity meas-
ure, is modified. In this case, certain values are set — the thresholds of clusterization that characterize the similarity degree of objects within
the cluster. By changing the thresholds of clusterization, one can analyze the dynamics of cluster formation, investigate their structure and
interrelationships between objects, determine the ultimate objects, and make a thorough analysis of the obtained results. The proposed ap-
proach does not require a preliminary determination of the number of clusters and allows clustering of data in concentric spheres in the ab-
sence of additional a priori information, so it can be used at the stage of preliminary data analysis.

Results. The developed approach is implemented in the form of a software system on the basis of which the actual applied problem of
investigating the intensity of population migration by regions of Ukraine is solved.

Conclusions. The conducted experimental researches show the convenience and efficiency of using the similarity measure for solving
applied problems requiring clustering in the form of concentric spheres. The presented approach provides an opportunity to conduct new
meaningful studies of input data. Prospects for further research are development of a decision support system, to solve the problems of
grouping objects into clusters by concentric spheres, cones, ellipses and their intersections; implementation of parallel multi-level clustering
carried out simultaneously by several criteria of similarity of objects and their application; study of the partitioning of objects by different
geometric forms of clusters for a single sample of input data and carrying out a meaningful interpretation of the obtained results.

KEYWORDS: fuzzy clustering, cluster, measure of similarity, automatic grouping of objects, clustering.
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ABSTRACT

Context. The task of automation of diagnostic models synthesys in diagnostics and pattern recognition problems is solved. The
object of the research are the methods of the neuro-fuzzy diagnostic models synthesys. The subject of the research are the methods of
additional training of neuro-fuzzy networks.

Objective. The research objective is to create a method for additional training of neuro-fuzzy diagnostic models.

Method. The method of additional training of diagnostic neuro-fuzzy models is proposed. It allows to adapt existing models to
the change in the functioning environment by modifying them taking into account the information obtained as a result of new obser-
vations. This method assumes the stages of extraction and grouping the correcting instances, diagnosing them with the help of the
existing model leads to incorrect results, as well as the construction of a correcting block that summarizes the data of the correcting
instances and its implementation into an already existing model. Using the proposed method of learning the diagnostic neural-fuzzy
models allows not to perform the resource-intensive process of re-constructing the diagnostic model on the basis of a complete set of
data, to use the already existing model as the computing unit of the new model. Models synthesized using the proposed method are
highly interpretive, since each block generalizes information about its data set and uses neuro-fuzzy models as a basis.

Results. The software which implements the proposed method of additional training of neuro-fuzzy networks and allows to re-
configure the existing diagnostic models based on new information about the researched objects or processes based on the new data
has been developed.

Conclusions. The conducted experiments have confirmed operability of the proposed method of additional training of neuro-
fuzzy networks and allow to recommend it for processing of data sets for diagnosis and pattern recognition in practice. The prospects
for further researches may include the development of the new methods for the additional training of deep learning neural networks
for the big data processing.

KEYWORDS: data sample, diagnosis, additional training, neuro-fuzzy model, parameter, membership function.

ABBREVIATIONS €3 1s a minimum acceptable change in the value of
BPSad is a back propagation for additional training the criterion J:
based on sample Sy ; M is a number of features in the sample of observa-
BPS is a back propagation for re-training based on tions S;
sample S; Umin 1S @ parameter that determines the minimum ac-

MATDNFM is a method for additional training of the

. . ceptable membership degree of the instance § to the
diagnostic neuro-fuzzy models; p b deg new

NFN is a neuro-fuzzy network. set S'=< P’ T'> of data on the basis of which the cor-
recting block NB was synthesized,;
NOMENCLATURE Npg is a number of model NFN rules;
byj is a parameter of the membership function; P is a set of features (attributes) of observations in the
|CS’| is a number of instances csg of the set CS’; given sample;

. . . is a value of the m-th feature (attribute) of the g-
CSmgq is @ m-th coordinate of the g-th instance Pam ( ) a

th observation;

' r.

Csq €S pm(snew) is a m-th coordinate of the evaluated in-
Cpj is a m-th coordinate of the center of the j-th  stance Spey €S ;

cluster Cj; Q is a number of observations in the given sample of

observations S;
Round(a) is a function that returns the result of
€min 18 @ minimum acceptable difference between the  rounding the number a to the nearest larger integer;

real and model values of the output parameter; S is a sample of observations (training sample);

dmj is a parameter of the membership function;
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1, 1s a value of output parameter of the g-th observa-

tion;
t;[ is a measured value of the output parameter of the

g-th instance sy of sample ' =<P",T">;

tél (NFN ) is a value of the output parameter of the g-th
instance s:] of sample S’ =< P',T' >, calculated by sub-
stituting the measured values of the input attributes py,,

of the g-th instance in the model NFN ;
T is a set of output parameter values;

Igmod 18 @ model value of the output parameter of the

g-th instance cs,, calculated from the synthesized model

YNBj 5

ug; is a value of membership function of the g-th in-

stance csy to the j-th cluster;

Wy, 1s a customizable parameter of the function

YNBj -

INTRODUCTION
During operation of intelligent diagnostic systems,
new information about diagnosed objects arises. In doing
so, the information newly obtained from the measure-
ments of the diagnosed objects can significantly contra-
dict to the existing diagnostic models built on the results
of previous observations. In such cases, it becomes neces-
sary to re-synthesize diagnostic models using the data

from previous and new measurements.

The object of study are the methods of the neuro-
fuzzy diagnostic models synthesys.

However, when working with big data, the time for re-
synthesis of such models can be significant, which in
some cases is unacceptable. Therefore, during the opera-
tion of diagnostic systems, the task of adapting trained
models by modifying them, taking into account the in-
formation obtained as a result of new observations, is
relevant.

The subject of study are the methods of additional
training of neuro-fuzzy networks.

The purpose of the work is to create a method for
additional training of neuro-fuzzy diagnostic models.

1 PROBLEM STATEMENT
Suppose we have:
1) a sample of data S =<P,T >, containing Q in-

stances, each of which is characterized by the values of
the parameters pgi, pgr, ..., pgy and the output pa-
rameter lys

2) a neuro-fuzzy model NFN = NFN! (struct, param)
synthesized from a set of observations S =< P,T > with
a definite structure struct (a set of computational ele-

ments connected in a certain way) and set of parameters
param = param(strucz);

3) adataset S'=< P',T' > obtained as a result of new
Q' measurements of the object being examined (diag-

nosed).
Then it is necessary to synthesize the new model

NFNN = NFNN! (structN, paramN) by modifying the
existing model NFN(struct, param) taking into account
the new data S’ =< P',T'> in such a way that an accept-

able value of the specified quality criterion G of the neu-
romodel NFNN: G(NFNN,SUS')— min is provided.

For example, a minimum of recognition error (in prob-
lems with a digital output 7) or a minimum mean-square
error (in the case where the output parameter 7 can take
real values from a certain range 7 € [tmin;tmax]) can be

used as the target criterion G for additional training neu-
ral-fuzzy models.

2 REVIEW OF THE LITERATURE

The additional training of diagnostic and recognition
models built in the form of neural-fuzzy networks usually
involves the modification of the existing network by in-
cluding (adding) information about new observations to it.
Such information is added to the constructed network in
the form of new rules, represented by so-called singletons.
This approach is simple enough to implement. However,
in the case of a significant number of new observations,
the application of this approach is little effective. The
reason is that in this case the structural and parametric
complexity of the network is significantly increased (each
new observation, in fact, is added to the network in the
form of a new rule), and its generalizing capabilities are
also reduced.

Another approach involves a complete reorganization
of the structure and parameters of the network with the
appearance of new essential information about the objects
under study. Consequently, the already synthesized model
is re-trained on the basis of available S =<P,7 > and

new S'=<P.T'> information. When processing big

data, re-training the model is also undesirable, since this
process takes a lot of time and requires a large amount of
computational resources.

Therefore, it is advisable to develop a new method for
adapting trained neural-fuzzy models to changing the
functioning environment by modifying them, taking into
account the information obtained as a result of new ob-
servations.

3 MATERIALS AND METHODS
In the developed method of training the neuro-fuzzy
models, it is proposed to correct the existing model
NFN! (struct, param) by introducing additional structural
computational elements that take into account the attrib-
utes of the new data set S' =< P',T' > .
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In the proposed method, the first step is to extract the
correcting instances from the sample S’ =< P',T' > . Cor-

rective instances cs/, will be considered those observa-

q
tions of the sample S’ =< P',T' >, diagnosing them using
the existing model NFN (struct, param) leads to incorrect
results. Consequently, the diagnosing model NFN used
needs to be adjusted precisely with the help of instances
cSq -

Therefore, to construct a set of corrective instances

CS', all sample S'=<P',T"> instances s are passed

through the model NFN , as a result of which the value of
the output parameter té/ (NFN ) of each g¢-th instance of

sample S’ =< P',T' > is calculated. Then, the real 1y and
model ¢, (NFN) values of the output parameter are com-
pared:

|t;1 -t (NFNH >E (1)

Condition (1) is used in solving estimation problems
(for continuous values of the output parameter 7). When
solving recognition problems (with discrete values of the
output parameter 7) the following condition is used:
t;, #1,(NFN).

When the above conditions are met, the g-th instance
sy of sample S"=<P",T"> is counted as corrective and

entered into the set CS': CS'= CS'Us;]. Thus, as a re-

sult of the step of extracting the correcting instances,
those instances of sample S’ =< P',T’ > that are similar
to the instances of the original sample S=<P,T > are

excluded from further consideration and, therefore, do not
affect the quality of recognition or estimation by model
NFN .

Later, instances cs'q of set CS’ can be used as single-

tons in constructing a new block
NB(structNB, paramNB), introduced along with the al-
ready existing model NFN(struct, param) in the new
model NFNN = NFNN| (stmctN , paramN )

However, when processing big data, the number of
set's CS’ instances can be significant, which will lead to
a significant increase in the structural and parametric
complexity of the new model NFNN . In addition, many
instances of the set CS’ can be close to each other in the
attribute space and, in fact, be similar. Therefore, includ-
ing all instances cs; € CS" as rules for a new model

block can also lead to a loss of its generalizing abilities.
Accordingly, before building a block NB, it is advis-
able to perform the step of grouping the correcting in-
stances of the set CS” with the selection of the most sig-
nificant of them cslnfq' , concentrating around themselves

a certain number of similar closely located specimens.

To do this, it is suggested to perform cluster analysis
of the CS’set's instances in the attribute space P . The
number of clusters Ny in the developed method is de-

termined in proportion to the number of rules Ny in the
existing model NFN , as well as the proportion of in-
stances |CS '| of the set CS’ in relation to the number of

instances Q intheset S =<P,T > (2):

o)
NC[ = Round ?NR . (2)

After determining the number of clusters Ny, the ini-
tial partitioning of instances cs, € CS" over clusters is

centers
where

performed. For this, a set of cluster
C={C.Cy.....Cnc1} is defined,

C;= {Clj,Czj,...,CW} is the center of the j-th cluster,
Jj=L2,...N¢;. The centers C j can be selected randomly

among instances cs,, of the set CS ". Tt is also possible to

create a set C= {Cl,Cz,...,CNC/} taking into account the
spatial arrangement of the instances csy € CS'. For this,

an instance cs;, is first randomly selected from CS’,

which is considered the center of the first cluster

Cy = {¢s} 3¢Sy nCS)ye - Then, as the center of the sec-
ond cluster C,, the instance cs;, most remote from the
instance cs, is selected. The center of the third cluster C5
is selected in such a way that it is as far away from the
centers of the first and second clusters. This procedure
continues until Ny is formed. With a large value Ny,
this approach will be associated with the need for com-
plex calculations due to the search for instances character-
ized by the greatest distance to the current set of already
defined cluster centers. Therefore, this approach is advis-
able to apply for small values of the number of clusters
N¢y or to combine it with an approach that involves the
random  formation cluster centers
C = {C19C2""’CNCI} .

Then, the generation of elements u,; determining the

of multiple

’

q

C; is performed. In contrast to the method of fuzzy c-

means used as a basis, in the developed method, when
creating the initial division of the instances, the genera-
tion of elements u,; will be performed not randomly, but

membership of the g-th instance cs, to the j-th cluster

taking into account the location of the instances

csy € CS' in attribute space P . For this, the distances

D(cs'q,C j) from the instance cs(']

each cluster j=1,2,...,N¢; are determined. As a metric

to the center C Ji of

for determining the distance D(cs;,C j ), we can use the

Euclidean metric (3):
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%(cs,’nq - Cm~)2 . (3)

m=1

D(cs('],Cj):

The membership u,; of the g-th instance cs; to the j-

th cluster C; is calculated by the formula (4):
-1

Ney D(cs',C~) mp-1
ug =| Y, £ : )
4 ,
JA=1 Dcsq,CJA

In the case where the instance cs;] is the center of the

J-th cluster C; (D(csél,C j):O), then it is established:
Ugj =1, UgjA =0,\V/JA¢j.

Further, according to the formula (5), the value of the
function J (R(i),u(i ),C(i )) determining the quality of the
fuzzy partitioning RY in the i-th iteration of the cluster
analysis is calculated:

CS'INg
i i j 2| o

J(R(’),u(’),C(’))z > Z(quyy’pD (csq,Cj). (5)

g=1 j=1

After that, the criteria (6) and (7) of the completion of
the cluster analysis procedure are checked:

‘ I (R(i),u(i),C(i))— J(R(i),u(i),cml <e; (6

i > maxlterCIA. (7
In this case, inequality (6) reflects a condition, the ful-
fillment of which characterizes too small a change in the
value of the target function J (R(i),u(i),C (i)), and accord-
ingly, the inexpediency of further searching for the opti-
mal partition RY . Condition (7) displays the situation
when the current number of iterations reaches the maxi-
mum allowed value maxlterCIA . 1f both conditions (6)
and (7) are not fulfilled, the new values of the coordinates
of the cluster centers are determined using formula (8):
cs’
Z <qu y"p CSimg
q=1
Coj =g ()

Z::1 (”qi )mp

Then, using the formulas (3)—(5), a new fuzzy parti-

tion RV is searched (allocation of accessories u;).
This procedure is repeated until at least one of the condi-
tions (6) or (7) is satisfied.

Consequently, as a result of the step of grouping the
correcting instances, a plurality of cluster centers

C ={C1,C2,...,CNC/} and a plurality of cs instance at-

tachments u_; are formed to the respective clusters.

9
After grouping the correcting instances, the stage of
construction of the correcting block NB is performed.

In case the modifiable model NFN(slruct, param)
uses as a basis a neuro-fuzzy ANFIS network, then the
structure of the correction block NB will also be based on
the ANFIS network. The graphic representation of the
correcting block NB is shown in Fig. 1.

In this case, the number Nppp of nodes of the second
layer corresponding to fuzzy rules in the correcting block
NB is proposed to be taken equal to the number of clus-
ters (rules) allocated in the previous step: Npyg = N¢y.

Given the nature of calculating parameter N¢; in the
proposed method, the number of NB-block rules Npyp
will be proportional to the number of rules Ny in the

existing model NFN , as well as the proportion of in-
stances |CS’| of the set CS’ in relation to the number of

instances Q in the set S =< P,T >. Therefore, the struc-

tural complexity of the correcting block Npzyg will be

proportional to the analogous value of the original model
NFN and the proportion of new instances of the CS’ set.

Neural elements of the first layer that determine the
membership degree of the value of the input parameter
Pm to the corresponding fuzzy term  fi,,;

(j=L2,...,Ngyp) are connected with the corresponding
nodes of the second layer. Thus, in aggregate, the nodes
of the first and second layers form antecedents of fuzzy
rules NR;.

The information obtained at the previous stages of the
developed method of additional training the neural-fuzzy
models (a multiplicity of correcting instances CS’, a mul-
tiplicity of cluster centers C = {Cl,Cz,...,C NCI} and a

r

q
sponding clusters) will be used to determine the configur-
able parameters of  membership functions

p_g\%mj (m=12,.,.M, j=12,.,Ngyg). As functions

multiplicity of instance cs; accessories uy; to the corre-

u%;mj that determine the membership degree of the val-

ue of the m-th input parameter p,, to the j-th fuzzy

term fi,,; in the correcting block NB, we use the mem-

bership functions (9):
(pm - bmj)2

2d,,;*

Mg&’}?m]( m): eXp| —

®

As a parameter b,

m,

(m=1,2,..M,

j=L2,...Ngyp), that determines the shift of the center
of the function relative to the center of coordinates of the
characteristic axis p,,, we will use the m -th coordinate

of the j-th center C; from the set

J
C= {Cl,Cz,...,CNC/} formed in the previous step.

cluster
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Figure 1 — Graphical interpretation of the correcting block NB when modifying models NFN using as a basis a neural-
fuzzy ANFIS network

As a parameter d, ;, we will use the standard devia-

mj >
tion of the correcting instances cs, € CS’ relative to j -th
center of the cluster C; along the m-th characteristic
axis. It also takes into account the membership u,; of g-

th correcting instance cs; € CS' to j-th cluster C;:

| oS '
dyj = W(El”qj(csmq_cmi)z : (10)

Using formulas (10) and (11) to define custom pa-
rameters b, and d,; membership functions pg%mj, in

the process of evaluating new instances S,,,, €S using
the correcting block NB, activate those fuzzy terms fi,;

that together (m =1,2,..., M ) correspond to certain clus-
ters C; (NR; fuzzy rules).

. . 1 .
Having determined Mgvgimj with account of the calcu-
d
values of the outputs of the second layer of the network

p(]\%}gj that determine the degree of fulfillment of the j-th

lated estimates b, it is possible to calculate the

mj > “mj >

rule NR;, according to the formula:

an

The nodes of the third layer determine the relative de-
gree of fulfillment of the j-th rule NR; :

M
“S\%t)?j (Snew) = ﬂ H%mj (pm (Snew )) :
m=1

(2)_(S )
3) (S ): KU NB; \Snew
HNBj new Neng ' (12)
2 (Spen)
2 Mgss Snew
JB=1
Neural elements of the fourth layer u%gj

(j=L2,..,Ngyp) correspond to functions yyp; that
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determine the value of the network output in the case of
the operation of the corresponding rule NR; . Thus, each

j-th node of the network determines the contribution of
the fuzzy rule NR; to the common output of the network

Yng- Functions yyp;, as a rule, are represented in the

form of a linear regression, therefore, the values of the
outputs of the nodes of the fourth layer p(4) can be cal-

culated from the formula (13):

ug\é}i)?j( new) “Ssz?j(slzew)yNBj(Slzew) =

8] St

It is assumed that po(snew)zl, and wp; coefficient

(13)

corresponds to the value of the free linear regression term
(13). The function yyp; can be simplified as follows:

M
YNBj = ZW mjPm - More complex nonlinear dependen-
m=0

cies can also be used as a basis of functions yyp; .
Therefore, in order to synthesize a correcting block

NB, it is necessary to restore the functions yp; , having

determined the values w,,; of the adjustable parameters

for this.

To determine the values of parameters w,,; in the de-

veloped method, it is proposed to use 1nformat10n not
only about the values of the coordinates of the correcting
instances cs,'] e CS', but also information on their mem-
bership degree u,; to each of the clusters C/; (in fact, the
NR;) the
C= {CI,CZ,...,C NCI}' This will take into account the im-
e CS' for restoring the

fuzzy rule determined by centers

portance of the instances csy

functions yyp; corresponding to clusters Cl;, and in

determining the w,;

increase the contribution of those specimens that are char-
acterized by high estimates of the membership degree of
ug; to the cluster C/;.

parameters of the function yyp;,

There are two approaches to determine the parameter

Wij values.

The first approach involves building models yyp; on

the basis of corrective instances cs/ with the maximum

q

estimates u,; of membership to the corresponding clus-

9

ters Cl;. For each cluster Cl/; (NR; rule), the instances

cs’q are selected. So, it is

considered that the instance csél

Clj(csy €Cl;) when the condition uqi:max(uq]«) is

with the largest values of u;

belongs to the cluster

met. If this condition is met, then the instance cs is add-
ed to the set Set J
Set j = Set ; chq.

Set ; , the function yyp; is restored using the known pa-

of instances related to the cluster CI IE

Further, using instances of the set

rametric synthesis of models.
The second approach involves the use of all instances

csy of the set CS’ to construct all models yyg; . When
restoring the function yyp; that determines the output of

Jj-th node of the fourth layer of the correcting block NB,
all instances cs; € CS" are used, and also the membership

ug; of each of them to j-th cluster CI; (rule NR)) is tak-

en into account.
In the process of restoring the function yyp; as the

objective function E, we will use the function (14),
which is a modified mean-square error function:

> uq/-(tq —lqmod)z .
q=1
The model value 7,44 of the output parameter of the

J :W (14)

g-th instance cs;, is calculated from the synthesized mod-

q
el yNB] :

fgmod :yNBj(CS/) Z m/(pm(cséz))‘ (15)

This function, in addltlon to the deviation between the
actual 7, and model value 7, ,,q of the output parameter

e also uses information about the

¢ of this instance to j-th cluster C/; as an

of the instances cs,
membership u
estimate of the importance of the instance cs(’I for restor-
ing the function yyp; .

Substituting (15) into (14), reducing obtained ex-

. . 1 L
pression by a multiplier |— and taking into account

Cs'|
that p,, (cs ) Pgm » We obtain the objective function of
the form (16):

cs| M 2
E; zuq/[q ZWMJpqm} =
q=1

(16)

\CS\

M 2
( )2 2u Zwmqum+u [Zwmqumj

m=0
To determine the values of adjustable parameters w,,; ,

find their values at which optimum target criterion
E; —opt is reached. To do this, define the partial deriva-

tives by the parameters w,

mj Of the target criterion E; as

functions of several variables: E; = E; (wo oW wMj), then

solve the system of equations (17):
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aE]. Performing further transformations, obtain that the m-
8w. _ =0, m=0,12,..M. (17)  th equation of system (17) can be written in the form (19):
mj
Expression (17) is a system consisting of (M +1) lin- (&Y s’
ear equa‘tior‘ls of the form (18) Wo Z(qupqmpq0)+ Wi Z(qupqmpql )+
OF: CS'| M q= q9=
J , , (19)
v = Z [—Zqutqpqm +2qupqm{ ZwmqumB =0 (18) lcs lcs
mj  g=1 m=0 F Wy zl(“qipqmqu): zl(qutqpqm)
cs’ 9= 9=
Z(qupqm(WijqO'FW]qul +""+WA/(quM)): ) ] )
or g=1 Substituting the values m=0,1,2,..,M in (19), we
|cs’ ( l obtain a system of linear algebraic equations (20):
:Zu-tp m=0,1,2,..,.M.
q] q qm b 9 b
q=1
cs' cs’ cs’ cs'
w0 2 (ugipgopgo 1w Xt pgopg ot wiy 3 lugipgopaar )= Xty pgo):
gq=1 g=1 g=1 gq=1
|cs’ cs’ |cs’ |cs’
Yo Z(”qipqlpqo)+ M Z(”quqlpql)+""+wﬁffj' Z(”qipqlqu): Z(”qitqpql); 20)
g=1 q=1 g=1 g=1
‘CS" ‘CS" ‘CS" ‘CS'
o gyt Pgo 1w g grs P Vet wagy X lugipgnt paar )= 2t pone )
g=1 g=1 g=1 g=1

Further, solving the system (20) by the known meth-  correcting block NB can be calculated from formula (13).
ods of linear algebra, the required values w,,; are found. Then, the total output of the block NB (21) is calculated:

As noted above, not only linear functions of the form Nryp (4) ( )
Snew *

yNB(Snew): z “NBj (21)
j=1

M
(ynpj = Zij Pm ), but also more and more complex
=0 Then, the stage of combining the existing model

nonlinear dependencies can be used as functions yyp; . In ~ NFN and the correcting block NB is performed. At this
stage, the information about the data sets S =<P,T >
and S'=<P',T">, approximated by the model NFN
. . _ _ and the correcting block NB, is generalized, respectively.
functional (14) using known gradient (in the case of func-  The modified model NENN by adding the correcting
tions yyp; that are differentiable) or stochastic methods. block NB to the existing model NFN(stru ct, p amm) is
After determining the values of the adjustable parame-  shown in Fig. 2.
ters w,,; of the functions y,p; , the values of the outputs

m

such cases, the search for configurable parameters w,,; of

ynp; function is performed by optimizing the target

”%l)?i of the neural elements of the fourth layer of the

Pr— Existing model Ynen
) NFN (struct, param)
y
Correcting block -
NB H(Ai;j
Puy—

Figure 2 — Graphical interpretation of the modified model NFNN
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To evaluate the value of the output parameter t(snew)
of a new instance s, € S using the model NFNN mod-

ified (adapted to the new conditions) based on the new
data S'=<P',T'>, it is proposed to use the formula
(22):

NRNB

Yy NB(S}’IEW)’ U “5\211)3/ > Umins
=1

t (snew) =) NFNN(Snew) = (22)

Nrng
Y NFN(Snew)’ U HS\%%] < Hmin-
=1

As can be seen, if the new instance s,,,, €S is char-
acterized by a sufficiently large degree of belonging

NRNB
( U pg\% > Wmin) to the rules NR; of the correcting
j=1
block NB (accordingly, to clusters CI; synthesized on
the basis of a new data set S'=< P',T' >), the final value
ynENN 1s calculated using the correcting block NB.

Otherwise, it is considered that the instance s,,,,, is more
relevant to the source set S =<P,T >, and the value

yNENN 1s taken equal to the output value yypy by the

model NFN base.

It is important to note that the proposed approach to
the construction of correcting blocks NB allows to syn-
thesize and introduce into existing models new blocks
with the appearance of new information S'=<P',T' >,

the diagnosis of which leads to incorrect results of the
model NFNN . Thus, the model shown in Fig. 2, can be
consistently expanded by adding new blocks NB that
generalize information about new observations of the in-
vestigated objects.

Consequently, the proposed method of additional
training the neuro-fuzzy diagnostic models allows to
adapt existing models to the change in the functioning
environment by modifying them taking into account the
information obtained as a result of new observations. The
proposed method assumes the stages of extraction and
grouping of correcting specimens, diagnosing with the
help of the existing model leads to incorrect results, as
well as the construction of a correcting block that summa-
rizes the data of the correcting instances and its introduc-
tion into an already existing model. When determining the
adjustable parameters of the correction block in the de-
veloped method, it is proposed to use information about
the values of the coordinates of the correcting instances,
as well as information on the degree of their membership
to clusters in the feature space (and, accordingly, to the
fuzzy rules presented in the correcting block). This allows
one to take into account the importance of corrective in-
stances for restoring the functions of the fourth layer of
the correcting block and, when determining custom pa-
rameters, to increase the contribution of those specimens

that are characterized by high estimates of membership
degree to a particular cluster.

Using the proposed method of additional training the
neural-fuzzy diagnostic models allows not to perform the
resource-intensive process of re-constructing the diagnos-
tic model on the basis of a complete set of data, to use the
already existing model as the computing unit of the new
model. In addition, models synthesized using the pro-
posed method are highly interpretive, since each block
generalizes information about its data set and uses neuro-
fuzzy models as a basis.

4 EXPERIMENTS

For testing the effectiveness of the developed method
training of neuro-fuzzy models training, the problem of
constructing diagnostic models for predicting the health
status of patients with hypertension was solved [30].

Hypertension is a widespread disease that can threaten
the life and health of the patient [30]. The nature of the
course of hypertension is influenced by various factors
(weather and climatic conditions, concomitant diseases, as
well as the state of health in previous moments) [30]. In
order to prevent significant pressure surges that can cause
deterioration of the patient’s condition, and possibly lead
to death, it is necessary to predict the development of hy-
pertension in the short term (for the next half of the day or
day). This will allow timely implementation of preventive
measures related to the intake of necessary medicines to
prevent the expected negative consequences.

For prediction the health of a patient with hyperten-
sion, it is necessary to have a model that will be unique
for each individual patient. Building such a model re-
quires processing a large array of observations distributed
over time.

Thus, since such a disease is of an individual nature
[30] (the features of the disease are different for each pa-
tient as a result of which for each patient it is necessary to
synthesize its own unique diagnostic model) and in con-
nection with obtaining new information about the course
of the disease over time, there is a need for periodic ad-
justment (additional training) of existing models for indi-
vidual prediction of the patient’s condition on the basis of
constantly growing arrays of observations.

The initial sample of data on the state of health of a
patient with hypertension was obtained in Zaporizhzhia
(Ukraine). The sample S =< P,T > included observa-

tions from 2004 to 2014, where each sample was a set of
data characterizing the patient’s condition at a certain part of
the day.

As objective clinical and laboratory features were
used: p; is observed blood pressure (systolic and dia-
stolic, mmHg); p, is a pulse (beats per minute (BPM));
data on medication ( p; is an Amlo (0 is for patient that
do not take medicines, 1 is for patient take medicines),
p4 1is an Egilok (0 is for patient that do not take medi-
cines, 1 is for patient take medicines); ps is a Berlipril (0
is for patient that do not take medicines, 1 is for patient
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take medicines)). As subjective features used characteris-
tics of health ( pg is the presence of premature heart beat

(0 is present, 1 is absent), p; is the presence of headache
(0 is present, 1 is absent), pg is the presence of neck pain
(0 is present, 1 is absent), pg is the presence of pulsation
(0 is present, 1 is absent), p;q is the presence of pain in
the left side (0 is present, 1 is absent), p;; is presence of
pain in the heart (0 is present, 1 is absent), p;, is lack of
air (0 is present, 1 is absent), p;3 is presence of stomach-
ache (0 is present, 1 is absent), p;4 is general weakness

(0 is present, 1 is absent)). As meteorological characteris-
tics used [30] ( py5 is an air temperature (°C )), pj¢ 1S an

atmospheric pressure (mmHg), p;; is type of cloud cover

(0 is not cloudy, 1 is small cloudy, 2 is cloudy, 3 is over-
cast), pg is the presence of thunderstorms (0 is present,

1 is absent), pjo is wind direction (0 is a windless, 1 is a

northern wind, 2 is a northeasterly wind, 3 is a easterly
wind, 4 is a southeasterly wind, 5 is a southern wind, 6 is
a southwesterly wind, 7 is a westerly wind, 8 is a north-
westerly wind), p,( is a wind speed (m/s), p,; is a solar

phenomena data (Mg II index). As characteristics of time
were used: date (year, month, day), identification of the
day of week ( py,), time (hour) of observation ( py3),
identification of the part of day (0 is a morning, 1 is an

evening) ( py4 ).

The observations obtained by the method of “Short-
time transform” were used to form a sample to solve the
problem of qualitative forecasting of the patient’s condi-
tion for the next second half of the day according to the
previous observations: as input features were used data
for the previous (morning and evening) and the current
day (morning), and as an output — the patient’s condition
in the evening in the current day (0 — normal, 1 — aggrava-
tion of symptoms, accompanied by an increase in blood
pressure).

To carry out experiments on the researching of the de-
veloped method additional training of neuro-fuzzy diag-
nostic models the training sample S=<P,7 > was di-

vided into two parts, the first S;,. of which was used for
training (synthesis) of the
NFN = NFN(struct, param), and the second S,

additional training of the already synthesized model
NFN in order to obtain a new model

model
— for

NFNN = NFNN (structN, paramN). 1t is worth noting
that the following conditions were met when splitting the
sample S=<P,T>: S5, US,;=S and S,, NS,y =9

Let the variable ® represents a relationship (23) of the
cardinality of the sets S,; and §,,.:

o= . (23)

The higher the value of the variable ®, the more new
observations appeared after the previous construction
(reconstruction) of the model NFN .

In the process of experimental studies will be applying
different methods and approaches to the training of the
constructed models at different values of the variable o :

— additional training of the synthesized neuro-fuzzy
model NFN using sample S,; by the Backpropagation
method (BPSad) [1, 2]. In this case, the parameters of the
existing model NFN , pre-synthesized by sampling S,
were used as the initial parameters of the new model
NFNN ;

— re-training of the neuro-fuzzy model using the data
of the combined sets S,. US,; =S (BPS);

— using the developed method for additional training
for finishing the diagnostic neuro-fuzzy models
(MATDNFM). Herewith, the finish of the model was
performed on a sample S,;, base model NFN was syn-

thesized based on a sample S, .

As criteria for comparison the methods additional
training of the neuro-fuzzy models shall be using:
— training time ¢,; is an amount of time that was

spent on building the model NFNN (without taking into

account the time that was used to synthesize the base
model NFN );

—error Eg of the model NFNN on the sample data
S=<P,T>;

—error Eg,. of the model on the sample data ;

—error Eg,,; of the model on the sample data ;

—model error E; on test data (observation data not re-
flected in the sample S =< P,T >).

5 RESULTS
The results of the experiments are given in table 1.

Table 1 — The results of experiments on the study of methods of neural-fuzzy networks training

. % Laq ES EStr ESad Et
| BPSad | BPS M’;IADN BPSad | BPS M?I/IDN BPSad | BPS MAI‘:I/IDN BPSad | BPS M?—I{/IDN BPSad | BPS M?:"Il\“/[DN
1 0.8139 | 82.632 | 0.6918 | 0.0936 | 0.0296 | 0.0296 | 0.0945 | 0.0299 | 0.0299 0 0 0 0.1756 | 0.0572 | 0.0555
10 7.4727 | 82.632 | 6.7255 | 0.0591 | 0.0296 | 0.0296 | 0.0649 | 0.0270 | 0.0324 0 0.0556 0 0.1109 | 0.0572 | 0.0555
20 13.7 | 82.632 | 11.645 | 0.0542 | 0.0296 | 0.0296 | 0.0592 | 0.0237 | 0.0237 | 0.0294 | 0.0588 | 0.0588 | 0.0637 | 0.0572 | 0.0555
50 27.4 | 82.632 | 20.824 | 0.0443 | 0.0296 | 0.0345 | 0.0519 | 0.0296 | 0.0296 | 0.0294 | 0.0294 | 0.0441 | 0.0521 | 0.0572 | 0.0647
100 41.1 | 82.632 | 25.893 | 0.0345 | 0.0296 | 0.0345 | 0.0294 | 0.0294 | 0.0294 | 0.0396 | 0.0297 | 0.0396 | 0.0406 | 0.0572 | 0.0647
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6 DISCUSSION
Table 1 shows that the additional training time ¢, ,
that was spent on the construction of the model NFNN
using the method of BPS is constant (¢,; =82.632 sec.)

and does not depend on the value of the variable @, be-
cause before training the neuro-fuzzy network with this
approach is performed by using the entire data sample
S =< P,T > and does not depend on its division into the
sample S,., which was used to train the basic model
NFN , and the sample S,; for the additional training of
the already synthesized model NFN (building a new
model NFNN . It should be noted that for small amounts
of data (a low number of instances of the training sample
S =< P,T >), the synthesis time of the model is accept-
able. However, the use of this approach in the processing
of BPS large data sets for the restructuring of the already
synthesized models is undesirable, and in some cases im-
possible, because the process of learning (re-training) will
require significant time and hardware resources of the
computer.

The additional training time ¢,; in the case using the

method BPSad depends on the value of the variable ®
(changes from 0.8139 sec. with @ =1% to 41.1 sec. with
®=100% ) due to the fact that a reduced sample S,; is
used as the sample for which the neuro-fuzzy model is
being trained. Similar results shows the proposed method
MATDNFM. However, the additional training time a few
below (changes from 0.6918 c. with ®=1% to 25.893 c.
with ©®=100%) compared to additional training time
with using BPSad. This is conditioned by the fact that the
proposed method is pre-grouping of new instances, there-
by significantly reducing the number of new rules that are
introduced in the neuro-fuzzy diagnostic model, and this,
in turn, reduces the number of configurable parameters
and, accordingly, the time of model learning.

The error Eg on the sample S =< P,T > for the BPS

method is constant ( E¢ =0.0296) and such, which does
not depend on the value of the variable ®, because the
additional training (re-synthesis of the model) is per-
formed throughout the data sample S=S,.US,;. The
error Eg for the BPSad method is slightly worse in com-
parison with the BPS (especially at low values of ®:
E¢=0.0936 with ©=1%, Eg¢=0.0345 with
®=100% ), because a reduced sample S,; is used for
additional training , which is only a certain part of the
sample S=<P,T >. As can be seen from the table, the
error Eg for the BPSad method decreases with increasing
value of . This is conditioned by the increase in the
sample §,; share relative to S=<P,T > the increase
. It is worth noting that in solving practical problems
the number of new data (value of ®) is usually signifi-

cantly lower than the amount of initial information (sam-
ple S=<P,T >). This confirms the expediency of using

the proposed method, in which the error Eg on the sam-
ple S=<P,T> is almost unchanged (does not signifi-
cantly depend) when the value of the variable » change
and is commensurate with the magnitude of the error Eg
using the BPS approach. This is due to the use of formu-
las (22) to calculate the values of the output parameter 7,
which takes into account both the preliminary compilation
of data samples S;,. in the form of the underlying model
NFN (output parameter value #(s) is calculated according
to the basic model NFN in the case that the instance s has

NRNB
low degree of belonging [ J “S\%l)?j < Umin to the rules of

Jj=1
the new structural element of the model in the form of the
correction unit) and a new data sample S,;, summarized
in a correcting block NB (the value of the output parame-
ter #(s) is calculated by correcting block NB in the case, if
the s instance is characterized by a high degree of belong-
NRNB

ing U HS\%};j >Wmin to the rules of the new structural
j=1
element).

The error Eg, value on the sample S,. for the BPS
method (ranges from 0.0237 to 0.0299) is similar to the
error value Eg . The error Eg, calculated on the basis of
the sample S;. using the model built using BPSad me-
thod is high enough for small values of the variable ®
(Egy =0.0945 with ©=1%, Eg, =0.0649 with
0=10%, Eg, =0.0592 with ®=20%). This is an un-
acceptable result, which is justified by the using of sample
S,q instances when building a new model NFNN. Error
Eg, when using the method MATDNFM is quite low,
including at small values of the index o ( Eg, =0.0299
with  ©=1%, Eg. =00324 with ©=10%,
Eg, =0.0294 with ®=100% ). Such values Eg; con-

firm that the proposed method is appropriate to use at low
values of ®, that is, in cases where the volume of new

information S,; about the objects or processes is signifi-
cantly lower than the amount of available information S,
that was used to build the basic model of NFN.

The table shows that the value of the error Eg,; cal-
culated on the basis of the sample S,; at small values of
the variable ® (1% and 10%) is zero for all methods (ex-
cept for the value Eg,; =0.0556 for the BPS method

with © =10% ), what indicates their ability to implement
new data into the existing model. However, comparing
the values of the values Eg,;, Eg, and Eg, we can
conclude that the method BPSad, in contrast to the pro-
posed method MATDNFM, loses its ability to approxi-
mate the model (the value Eg increases to an unaccept-

able value at low levels of value of ®). The BPS method
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is similar to the proposed method and provides synthesis
(training) of neuro-fuzzy models with acceptable ap-
proximating properties ( Eg =0.0296), but the time be-

fore additional training (re-synthesis) of the model using
the BPS method is high enough (#,; =82.632 sec.) and

commensurate with the training time of the basic model
that, unlike the proposed method MATDNFM
(t;g =0.6918sec. with w=1% and ¢,; =25.893 sec.

with ©®=100% , what is significantly less than when us-
ing the method BPS), significantly limits its use in prac-
tice, especially when processing big data.

Low values of the error £, of model NFNN on test

data (with the exception of the method BPSad at low val-
ues of the variable ), calculated for the test sample data
(data about observations, which are not reflected in the
sample S =< P,T >) confirm the ability to the generali-

zation data by neuro-fuzzy diagnosis models which
passed the additional training process .

Thus, the proposed method of MATDNFM is advis-
able to use at low values of ®, that is, in cases where the

volume of new information S,; about the objects or

processes is significantly lower than the amount of avail-
able information S, that was used to build the basic

model of NFN.

Given that the number of new data (variable ®) is
usually significantly lower than the amount of initial in-
formation when solving practical problems, the use of the
proposed method is appropriate, since the model NFNN
error Eg on the sample S=<P,T > does not change

almost when the values of the variable ® change, and the
additional training time is much less than when using the
BPS method.

CONCLUSIONS

The urgent problem of automation of the process of
assessing the informativeness of features in solving prob-
lems of diagnosing and pattern recognition has been
solved.

The scientific novelty of obtained results is that the
method has been developed for additional training of di-
agnostic neuro-fuzzy models, which allows to adapt exist-
ing models to the change in the functioning environment
by modifying them taking into account the information
obtained as a result of new observations. The proposed
method assumes the stages of extraction and grouping of
correcting specimens, diagnosing with the help of the
existing model leads to incorrect results, as well as the
construction of a correcting block that summarizes the
data of the correcting instances and its introduction into
an already existing model. When determining the adjust-
able parameters of the correction block in the developed
method, it is proposed to use information about the values
of the coordinates of the correcting instances, as well as
information on the degree of their belonging to clusters in
the feature space (and, accordingly, to the fuzzy rules
presented in the correcting block). This allows one to take

into account the importance of corrective copies for re-
storing the functions of the fourth layer of the correcting
block and, when determining custom parameters, to in-
crease the contribution of those specimens that are charac-
terized by high estimates of the degree of belonging to a
particular cluster. Using the proposed method of learning
the diagnostic neural-fuzzy models allows not to perform
the resource-intensive process of re-constructing the diag-
nostic model on the basis of a complete set of data, to use
the already existing model as the computing unit of the
new model. In addition, models synthesized using the
proposed method are highly interpretive, since each block
generalizes information about its data set and uses neuro-
fuzzy models as a basis.

The practical significance of obtained results is that
the practical tasks of diagnosing and recognizing images
are solved. The results of the experiments showed that the
proposed method makes it possible to carry out additional
training of diagnostic neuro-fuzzy models on the basis of
new information and can be used in practice for solving
practical problems of diagnosing and pattern recognition.

Prospects for further research are to develop the
new methods for the additional training of deep learning
neural networks for the big data processing
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AHOTAIIA

AKTyanbHicTh. BupimeHo 3agady aBroMaru3anii CHHTE3y JIarHOCTMYHUX MOJIEJIeH NpH AiarHOCTyBaHHI Ta po3Ii3HaBaHHI 00-
paziB. O0’€KT DOCIIPKEHHS] — METOJM CHHTE3y HeHpO-HEeUITKUX JIarHOCTHYHUX Mozeneil. [Ipeamer nociikeHHs] — METON JIOHaB-
YaHHs HeHpO-HediTKUX Mepex.. Mera poOOTH — CTBOPEHHSI METO/ly AOHABYAHHS HEWPO-HEUITKUX IIarHOCTHYHUX MOJEIICH.

MeTopa. 3aporOHOBaHO METO/ AOHABYAHHS JIarHOCTHYHUX HEHPO-HEUITKUX MOAENeH, IK1ii 103BOJIsIE alalTyBaTH 10 3MiHH ce-
penoBunia GYHKLIIOHYBaHHS iCHYIOUI MOJENi NUIAXOM iX Moaudikamii 3 ypaxyBaHHAM iH(OpMaLii, OTPIMAaHOI B pe3yIbTaTi HOBUX
crocTepekeHb. Jlanuit MmeTos nependadae BUKOHAHHS €TaliB BUIOOYBaHHS Ta YTPyIlyBaHHS KOPUTYBAIBHHUX CK3EMIULIPIB, AiarHOC-
TYBAHHS 3a SIKIMH 3a JIOIOMOTOI0 iCHYIOYOI MO IPU3BOAUTE JI0 HEKOPEKTHHUX PE3yJIBTATIB, a TAKOXK IOOYOBY KOPHI'YBaJILHOTO
OJI0KY, SIKHI y3arajbHIOE JJaHI KOPUTYBaJBHUX €K3eMIUIIPIB, I BIPOBA/LKEHHS HOTO Y BXKe iCHyI0ouy Mojeib. Bukopucranns 3ampo-
IIOHOBAHOTO METOJY MOHABYaHHS JIarHOCTMYHUX HEHPO-HEUiTKHX MOAENeil N03BOJSE HE BUKOHYBAaTH PECYPCHOMICTKHMH IIPOILEC
MOBTOPHOI MOOYJOBH iarHOCTMYHOI MOJEJi Ha OCHOBI NOBHOro HabOpy JaHHMX, BUKOPUCTOBYBAaTH BXKE HAsBHY MOJENb B SKOCTI
00UMCITIOBAJILHOTO OJIOKY HOBOI MoJeri. Mojeni, CHHTe30BaHi 3a JONOMOTOI0 3alPOIIOHOBAHOTO METO/Y, XapaKTEePU3YIOThCS BUCO-
KOO IHTEPIIPETOBHICTIO, OCKIIBKH KOKeH OJIOK y3aranbHioe iH(opMallito npo cBii Habip mAaHMX i B SIKOCTI 6a3uCy BHKOPHCTOBYE
HEeHpo-HEeUiTKI Moeri.

PesyabTaTu. Po3pobneHo nporpamue 3abe3neucHHs, SKe pealizye 3aIpolOHOBaHUI METOA JOHABUAHHS HEMPO-HEWITKUX MEPExX
1 103BOJIsIE BUKOHYBATH NepeOyoBy iCHYIOUMX AIarHOCTUYHHMX MOJIeled Ha OCHOBI HOBOI iHQopMarii mpo JoCIiKyBaHi 00’ €KTH
a0bo mporiecy.

BucnoBkn. [IpoBeneHi ekcriepuMeHTH HiITBEPMIN IPaLe31aTHICT 3aIIPOIIOHOBAHOTO METO] TOHABYAHHS HEHPO-HEUiTKIX Me-
PEX 1 JO3BOJIIOTH PEKOMEH/TyBaTH HOT0 JUIs BUKOPHCTaHHs Ha IPAKTHUI IpH 00poOIli MaCHBIB TaHUX JUIsl 1iarHOCTYBAHHS Ta PO3Ii-
3HaBaHHA 00pa3iB. [lepcreKkTHBH MOJANBIIMX AOCHIKEHb MOXYTh IOJAraTH B PO3pPOOL HOBUX METOAIB JOHABYAHHS INIMOOKHX
HelipoMepex A7t 00poOIeHHS BEIUKHUX JaHUX.

KJIFOYOBI CJIOBA: Bubipka 1aHHX, JiarHOCTyBaHHS, JOHABYaHHS, HEHPO-HEUiTKa MOJEIb, MapaMeTp, PyHKIis HAJICKHOCTI.
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AHHOTALUA

AKTyanbHOCTB. Peniena 3agaua aBToMaTH3aiK CHHTE3a JUArHOCTHIECKUX MOJIeel IpU THarHOCTHPOBAHUN M PACIIO3HABAHUH
00pa3oB. OOBEKT HCCIIEIOBaHMSI — METOIbI CHHTE3a HEeHPO-HeUeTKNX UarHOCTHIeCKHX Mojesel. [IpenmeT nceiaenoBanus — METOMBI
Jnoo0yueHus Helipo-HedeTKux cereil. Llens paboTel — coznanne MeTona 1000yYeHUs HeHPO-HEYeTKUX AUAarHOCTHYECKUX MOJIEIICH.

Metoa. [Ipeanoxen metoa 1000yyeHUsI TUArHOCTUUECKUX HEHPO-HEUETKUX MOJENEH, KOTOPBIH MO3BOJISET aJalTHPOBATh K H3-
MEHEHHMIO cpezibl (PyHKIMOHUPOBAHHS CYIIECTBYIOIINE MOJCIM IIyTeM MX MOAMGMKALMU C y4eToM HH(OPMAIMH, MONY4YEHHOH B
pe3ynbTaTe HOBBIX HaOMroAeHUH. JlaHHBIA METOJ NMPEeoyCMAaTPHUBAET BBHIMOIHEHHE JTAllOB M3BICUYEHMS U TPYNIUPOBKH KOPPEKTH-
PYIOIUX 3K3EMIUISIPOB, TUATHOCTUPOBAHUE IO KOTOPHIM C ITOMOINBIO CYIIECTBYIOIEH MOJETH MPUBOANUT K HEKOPPEKTHBIM PE3yiTh-
TaTaMm, a TaKKe IIOCTPOCHUE KOPPEKTHPYIOMIEro 0JI0Ka, KOTOPHIi 000011aeT JaHHbIe KOPPEKTUPYIOIINX SK3EMILIIPOB, U €T0 BHEAPE-
HHE B YK€ CYIIECTBYIOLIYI0O MOZEIb. VICIonbp30Banue MPeaioKeHHOTO MeTOAa O00OyYeHNs TUArHOCTHIECKUX HEeHpO-HEeUeTKUX MO-
JieNiel TO3BOJISIET HE BBINOJHATH PECYPCOEMKHII MPOIECC OBTOPHOIO IIOCTPOCHMS JUArHOCTHYECKOH MOJIENU Ha OCHOBE IIOJHOTO
Habopa aHHBIX, UCIIOIB30BaTh YK€ MMEIOIIYIOCS MOZENb B KaUeCTBE BHIYUCIUTEIBHOrO OJI0Ka HOBOM Mozaenu. Monenu, CHHTe3H-
POBaHHBIE C MOMOILBIO MPEUIOKEHHOTO METO/A, XapaKTePU3YIOTCsA BBICOKOH HMHTEPNPeTabeIbHOCTBIO, MOCKONBKY KaXKAbIH OJIOK
00001maeT nHGpOpMaNKIo 0 CBOeM Habope TaHHBIX U B KayecTBe 0a3uca HCIOIb3yeT HeHpOo-HeUeTKUe MOJIEIH.

PesyabTathl. Pa3paborano mporpammHoe oOeclieueHre, peaqus3yrolee MpeIoKEHHbIH METOA A000Yy4EHHS HEHpO-HEYETKUX
ceTell M MO3BOJISIONIEE BHINOIHATH IEPEHACTPOHKY CYIIECTBYIOIINX AMAarHOCTHYECKUX MOJETel Ha OCHOBE HOBOU mH(opManmu 00
HCCIEIyEeMBIX 00BEKTaxX MM IIPOLeccax.

BruiBoasl. IIpoBeneHHBIE HKCIIEPHMEHTHI MOATBEPAWIN PadOTOCHOCOOHOCTH IPEATIOKEHHOTO MeToAa J000ydeHHs HeHpo-
HEYETKHUX CEeTeH M MO3BOJISIOT PEKOMEHI0BATh €ro JJIsl HCIIOJIb30BaHUs Ha MPAKTHKE IPH 00paboTKe MAaCCUBOB JTAaHHBIX AJIs JUArHO-
CTUPOBaHMS U pacrio3HaBaHus o0pa3oB. [lepcrekTHBEI JadbHEHIINX UCCIIET0BaHUH MOTYT 3aK/II0YAThCS B pa3pabOTKe HOBBIX METO-
JI0B 1000y4eHus ITyOoKuX Helipocereil 11 00paboTky OOIBIINX JaHHBIX.

KJUIIOYEBBIE CJIOBA: BbiGopKka AaHHBIX, AMAarHOCTUPOBAHUE, NOOOyUYeHHE, HeWpo-HedeTKas MOJesb, mapaMerp, QyHKIHs
MIPUHAATIEKHOCTH.
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ABSTRACT

Actuality. There is considered the actual problem of an optimal decision making on financing of information and cyber security
means in the conditions of active counteraction to the side of the attackers of information and communication systems of the logistics
and situational transport center.

The aim of the work is to develop a model for the decisions support system of the financing process of the information and cyber
security means of the logistics and situational transport center in conditions of active counteraction to the attacking party, which
differs from existing approaches by solving a bilinear differential quality game with several terminal surfaces.

Method. Solving a bilinear differential quality game, that allows to reflect adequately the essence of the problem, there was used
a discrete approximation method. The method allowed not only to find a solution of the bilinear differential quality game with
dependent motions, but also became an effective at the software implementation of the decisions support system in the field of
financing information and cyber security means for information and communication systems of the protected logistics-situational
transport center.

Results. The developed model allows to obtain optimal financing strategies by the cyber security means protection side for
information and communication logistics and situational transport centers at any ratio of parameters describing the financing process,
no matter how financially the party tries to attack the security perimeters.

Conclusions. In this article there was firstly considered the model within the framework of the bilinear differential quality game
scheme for the decisions support system of the process of cyber security means financing for information and communication
systems of protected logistics and situational transport centers. For such differential games there were previously developed no
effective solution methods. In the proposed solution there were firstly used the differential equations that define the interaction
dynamics, describe the dependent motions by means of bilinear functions.

KEYWORDS: cyber security, differential game, optimal strategies, hacking and protection, decision support system.

ABBREVIATIONS NOMENCLATURE
IS - 1nforrpat10n se'curlty; L g* — coefficient determining the balance beam;
ICTS - information and communication transport ) )
systems; M, — terminal surface for the 1st player;
CS — cyber security; No — terminal surface for the 2nd player;
LSC — logistics and situational centers; I — efficiency of financial resources investments in

ISS — information security systems;
DSS — decision support system;
GT - game theory.

the means of IS and CS ICTS;
r, — efficiency of financial resources investments in

the means of overcoming the boundaries of ICST
protection;
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R? — positive orant;
t — time parameter;
us — optimal strategy of the Ist player;

U — strategies of the 1st player;

V — strategies of the 2nd player;

x — the value of the financial resource of the Ist
player (ICST protector);

y — the value of the financial resource of the 2nd

player (hacker);
Z, —aset of preferences for the 1st player;

Z, —aset of preferences for the 2nd player;

o — the growth rate of the financial resource of the 1st
player for the ICTS protection;
B — the growth rate of the financial resource of the

2nd player for the ICTS hacking.

INTRODUCTION

The rapid development of digital technologies in
various fields, particularly, in ICTS, stimulate the active
development of IS and CS systems. Analyzing the
problems of ICTS protection it is advisable to consider
the transformation of the situation in the context of
actions of two parties (players): party 1 — IS and CS
services; party 2 — intruder (hacker). In accordance with
[1] the party 2 is regarded as a set of potential threats. As
the threats there can be seen both the incompetent actions
of individual performers inside the ICTS and the planned
targeted cyber attacks. It is noted in works [2, 3] that in
such situations the most adequate models describing the
behavior of a system with two or more opposing sides are
the models based on TI. In fact, if the strategies of both
parties 1 and 2, the win/loss for the players (for the cases
under consideration) are known then we can talk about
solving the problem of rational financing in the IS and CS
systems. At the same time, the party 2 (hacker) does not
have enough financial resources to overcome the
perimeter of the ICTS protection. The reverse problem
will be the situation in which the party 1 (the ICTS
protector) did not have enough financial resources to
protect it.

The object of the research is the process of financing
in the means of information and cyber security of the LSC
transport and its ICTS.

The aim of the work is the development of a model for
the decision support system of the financing process in
the means of information and cyber security of the LSC
transport, in conditions of active counteraction to the
attacking party, which differs from existing approaches by
solving a bilinear differential quality game with several
terminal surfaces.

1 PROBLEM STATEMENT
One of the most important tasks, facing the services
ensuring the ICTS functioning, is the task of their IS and
CS. This requires adequate financial investment. In turn,
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the decision-making on ICTS means investing should be
based on procedures that allow financing taking into
account all the factors inherent to CS. This is possible if
the DSS is developed and implemented, allowing to make
optimal (rational) decisions on investing financial
resources for the development of ICTS protection tools.
There is considered a model for a DSS on a continuous
procedure for financing of IS and CS of ICTS in LSC
from the penetration of intruders (hackers) into them. The
model is based on solving a bilinear differential quality
game with two terminal surfaces. Mathematical
statement: there are two players that control a dynamic
system, given by a system of bilinear differential
equations with dependent motions. The sets of strategies
of the players U and V are determined accordingly.

Two terminal surfaces M, Ny are defined. The aim of

the first player is to put the dynamic system using its
control strategies to the terminal surface M), despite the

second player actions. The aim of the second player is to
put the dynamic system using its control strategies to the
terminal surface N, despite the first player actions. The

solution is to find a set of initial states of objects and their
strategies that allow objects to put the system to that or
another surface.

2 LITERATURE REVIEW

In recent years, there has been a tendency to replenish
traditional mathematical approaches to the selection of
compatible hardware and software systems for CS and IS
[4, 5]. In the context of the problem there was carried out
the analysis of the literature data for works using the
games theory [6] choosing the means of CS. A general
approach to the use of TI for the analysis of interactions
between participants of the protection process and
attackers was presented in [7, 8]. The authors did not
cover all the interests of the decision-making parties. In
work [9] there was proposed the TI apparatus for the
problems of selecting the protection means against
unauthorized access. The work was not implemented in
the format of completed recommendations. In work [10]
there was carried out a review and analysis of game-
theoretic methods in the problems of IS and CS
providing. The authors were limited by simulating the
total cost of ISS without taking into account the
behavioral strategies of the parties. In work [11] there
were considered the models of step games in cases of
incomplete information prior to the construction of
protection mechanisms from DoS / DDoS attacks. A
certain disadvantage of the work is the fact that in order to
find a successful strategy for the player 1 (an information
protector) it requires experimentally to collect statistics on
the types of ISS. In work [12] there was considered a final
non-cooperative game with at least one balance situation
with mixed strategies of the parties. The authors do not
give any data on how to find the balance situation by
standard TI methods.
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As the performed analysis of the latest researches in
the field of TI application for determining the strategies of
parties 1 and 2 has shown the problem of further
development of models for the ISS in the tasks of
financing process control in the means of the IS and CS of
LSC transport and its protected information and
communication systems remains relevant.

3 MATERIALS AND METHODS

Here is a mathematical model for the ICTS protection
means financing. In task 1 the confederate player is treated
for the protector, the enemy player is treated for the hacker.
And vice versa — in task 2, the confederate player is treated
for the hacker, and the enemy player is treated for the
protector. The first player seeks to protect his ICTS for LSC
[13]. The second - to hack the ICTS. For this purpose, both
players need financial resources. We assume that for a given
period of time [O,T] (T is a real positive number) the first
player has X(O) financial resources, while the second player
has y(0). These parameters determine the predicted, at
t =0, amount of financial resources that players 1 and 2
have to achieve their goals. At the initial moment of time t
the first player multiplies the value X(O) by the coefficient

(rate of change, growth) (x(t). Then, the player 1 selects a
value u(t) (u(t)e[0,1]) that determines the share of the
resource o(t)- x(t)of the 1st player allocated by him at the
CS at time t. Similarly, at time t the player 2 multiplies the
value y(t) by the coefficient (rate of change, growth) B(t).
Next, the player 2 selects a value v(t)(v(t)e[0,1]) that
determines the share of the resource B(t)- y(t) of the second

player’s allocated by him for ICTS hacking at time t .
Let denote by 1 the effectiveness of financial

resources investment in the means IS and CS of ICTS. In
fact, n-coefficient that shows how much financial

resources a hacker will need to hack the IS (in our case,
ICTS), for the protection of which there was expended the
unit of financial resource of the first player. Let designate
by r, the effectiveness of financial resources investment

in IS hacking tools (ICTS). Or r, -coefficient that shows

how much financial resources an ICTS protector will need
if there was expended the resource unit on hacking. Then
the dynamics of financial resources changes of the first
and second players is given by the following system of
differential equations:

o )+l x0)-ut) olt) ()12 V)P EE (1)

% ==y(t)+B(t) y(t)-v(t)} BO)- ¥(t)-r -u(t) olt) x(t)  (2)
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Then at the moment U it is possible to fulfill one of
three conditions: 1) x(t)> 0, y(t)=0; 2) x(t)=0, y(t)>0;
3) x(t)>0, y(t)> 0.If the first condition is fulfilled, then

we will say that the financing procedure for the CS
systems is completed. And the ICTS hacker has not
enough financial means to overcome the protection. If the
second condition is fulfilled, then we will say that the
procedure for financing the CS systems is completed and
the protection side did not have enough financial
resources for its efficient organization. If the third
condition is fulfilled, the procedure for CS financing
systems CRB continues further.

The values X(T ), y(T) show the CS systems financing

result on the planned interval [O,T] .

The IS and CS financing systems process is
considered within the framework of a positional
differential game with complete information. [14] In this
case, the process generates two tasks: from the point of
view of the first confederate player and the second
confederate player [2]. Because of the symmetry we
confine the problem statement from the point of view of
the first confederate player. The second problem is solved

similarly. Let denote T* by the set [O,T].
Definition. The pure strategy of the first confederate

player is the function u:T" - [0,1]- [0,1]—> [0,1], that puts the
state  of the position  (t,(x,y))  the

u(t,(x,y)):0<u(t,(x,y)) <1.

Therefore, the pure strategy of the first confederate
player is the function (rule) that puts the state of
information (position) at the moment t the value
u(t,(x, y)) The value u(t,(x, y)) determines the share of

the financial resource of the player — ICST protector,
which he planned to spend for the protection at a time t.
Regarding the awareness of the enemy player (within the
framework of the positional differential game scheme), no
assumptions are made. This is equivalent to the fact that
the confederate player chooses his controlling influence
based on any information. After defining the strategies in
task 1, it is necessary to determine the set of preferences
Z, for the first player. Therefore, Z; — this set of such
initial states (X(O), y(O)) of financial resources of the
defender and the hacker, which has the following
property. The property of financial resources of the
players: for the initial states there is a strategy of the first
player, which for any realizations of the second player
strategies put the state of the system in (x(0),y(0)) at
which the condition 1) will be fulfilled. However, the
second player does not have a strategy that can lead to the
fulfillment of conditions 2) or 3). The strategy Us(.,.) of
the protector-player that possesses to the states2) or 3) is

called optimal. The solution of Problem consists in
finding the sets of “preferences” of the protector and his

value
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optimal strategies. Similarly, the problem is posed from
the point of view of the second confederate player.

The solution of the problem 1 is found using the tools
of the differential quality games theory with complete
information [14, 15], which allows to find it at any ratio
of game parameters. We give the solution of the game, i.e.
sets of preference Z; and optimal strategies for the first
player.

The case 1. -1, =1, B > a. Then we will receive:

2, = {x(0).¥(0): (x(0), y(0)) e int RZ, 1-a-x(0)> B-y(0)}  (3)

Ue(X, )= {5 - - x(0)> B- y(0)}, (x,y) e intR?, and is not
defined otherwise.
The case 2. -1, =1, B < a. Then we will receive:

2, = {0} y(0): (<O} Y(0)) <t R, 1 - x(0)> B y(0)f  (4)
u*(X,y)z{O,npn B-y<rl-oc-x<a-y,(x,y)eintRf},

{], mpu - X>a-y, (X, y)eint Rf}, and is not defined
otherwise.

The case 3. -, =1,B>n-o-r,. Here u*(.), Z, are
defined in the same way as in Case 1.

The case 4. - >La<B<n-o-r. Then we will

receive:
1

2= (KOLO-KObO) R, 5-.50) - 1 0. (5)

1
u*(x,y):{l,npn nooax>(-an-Bz-y, (x,y)eint Rf} (x,y)eintRZ,

and is not defined otherwise.
. a
The case 5. -1, -1, (r1~r2)<[3<(x'

Here us (), Z, are defined in the same way as in Case

The case 6. -1, >1, <y .
=L ()

2, = {0} Y(0): (O} yO) <int R, a-%(0)> 1, B-y(0)} (6)

u*(x,y):{o,npn r1-oc-rz-y<rl-oc-x<[3-y,(x,y)eintRf£
, IpH r1~a~x>B~y,(X,y)eintRf}, and is not defined

otherwise.
Thecase 7. ;-1 <1, B=a.

Here U«(.), Z; similarly to Case 1.

The case 8. ;- <L, [-a-KHL<P<a.

Then we will receive:
2, = {x(0).y(0): (x(0), yO)) it R, @-x(0)> - y(0)} ()
us(x,y)= {O,npu h-B-rh-y<n-a-x<a-y,(xy)eint Rf}
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%, opuh-a-Xzo-y, (X,y)eint Rf}, and is not defined
otherwise.

The case 9. -1, <1, B<K-a-r,.3nech u*(.), Z, are
defined in the same way as in Case 8.

The task from the point of view of the second
confederate player is solved similarly.

The sets of preference (cones) from the point of view
of the second confederate player “join” to the sets of
“preference” of the first confederate player. These sets are
divided among themselves by the balance beams. The
balance beams have the property if the pair (X(O), y(O))

belongs to the beam, then the players have strategies that
enable them to be on the balance beam for all subsequent
moments of time. This can allow, at given (X(O), y(O)), to

find the relations to the interaction parameters, under
which the pair (X(t), y(t)) will be located on the balance

beam.
4 EXPERIMENTS

The computational experiment was conducted in the
PTC Mathcad 4 environment. The software module for
the DSS «SSDMI» is also implemented in the RadStudio
(Delphi) environment, see Fig. 1 [16]. As the initial data
there was accepted the technical task data for the
development of protected LSC transport of Ukraine and
the Republic of Kazakhstan.

[ 77 P s+ s b e

Sl Cople’ Mobbss Tips Cisioe Hefpales Chied  Crpsies

I Yi| = * &3 OHE N
_ DER +4L 20T PRPOD
|24 Y financial resource
{26+ of the 2nd player
| Z2 an area
121 of preferences
B for the 2nd player
L84
ls Balance beam
il Z1 an area
12 of preferences
|10 for the 1st player
" -
i+
: X financial resource
1 of the 1st player
i ] 1 ] 4 g &

Figure 1— General view of the DSS module of the CS means
financing process for the bilinear differential game quality
scheme

5 RESULTS

Table 1 and Fig. 2-5 show the results for 4-x test
calculations during the computational experiment. There
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were considered situations when two players control a
dynamic system. The purpose of the experiment is to
determine the set of strategies of the players U and V .
There are also considered the cases when the players'
strategies deduce them on the corresponding terminal
surfaces M, N . In the course of the experiment, there

are found sets of initial states of objects and their
strategies that allow objects to bring the system to one or

another terminal surface. On the plane, the axis X is the
financial resources of the 1st player. Axis Y — financial
resources of the 2nd player. The area under the beam —
Z, (the “preference” area of the first player). The area

above the beam — Z, (the “preference” area of the second
player).

Table 1 — Computational experiment results

Calculations

Modeling results *

x(0)y(0)

x(), y) X@2)y@) | xG)yG) X4)y4) 9

1 3,11

4,10.2 5,8.5 6,7.3 6.5,3.2

2 5,10.5

4.2,11 3.7,11.2 2.8,123 1.6,13.1

3 5,15

4.2,12.6 3.4,10.2 2.8,8.4 13,39

4 (in comparison to MathCad) 3,11.3

ENI VSN O] RN

4,10.5 5,8.9 6,7.9 6.5,3.6

0 } t t t t t t
0 1 2 3 4 5 6 7

-

Figure 3 — Computational experiment results 2
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Figure 4 — Computational experiment results 3
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Figure 5 — Computational experiment results in DSS in
comparison to MathCad
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The obtained results demonstrate the effectiveness of
the proposed approach. During the testing of the model in
the PTC Mathcad 4 environment, as well as in the DSS
“SSDMI” [16] there was established the correctness of the
results.

Approbation of DSS “SSDMI” was carried out for real
investment projects in the field of cyber security of
Ukraine and Kazakhstan [15, 16].

6 DISCUSSION

Fig. 2 illustrates the situation where the first player
has an advantage in the ratio of the initial financial
resources, i.e. they are in the set of preferences of the 1st
player. In this case, the 1st player, using his optimal
strategy, will achieve his goal, particularly, put the state
of the system to its “own” terminal surface. Fig. 3 shows
a situation in which the 2nd player, using the non-optimal
behavior of the first player at the initial moment of time,
put the state of the system to the “own” terminal surface.
Figure 4 corresponds to the case when the initial state of
the system is on a balance beam. And the players,
applying their optimal strategies, “move” along this beam.
This “satisfies” both players simultaneously and
illustrates the “stability” of the system. At small
deviations choosing the implementation of the optimal
strategy by the 1st player (see the section on which the
round and triangular markers coincided) he will reach his
goal, but somewhat later. Fig. 5 shows the acceptable
accuracy of the software module DSS “SSDMI” in
relation to the results of computational experiments in
PTC Mathcad 4. The discrepancy does not exceed 2—6%.
The proposed model is the process of predicting the
results of CS ICTS LSC means investing. The
disadvantage of the model is the fact that the data of the
forecast estimate obtained through the DSS at the
selection investing strategies in CS means do not always
coincide with the actual data.

In the course of computational experiments and
practical data approbation [15, 16] it was established that
the proposed model allows adequately to describe the
dependent motions by means of bilinear functions. This
provides an effective tool for the participants of the
investment process in the CS ICTS LSC means. In
comparison with existing models, the proposed solution
improves the efficiency and predictability for the investor
by an average of 11-15%[8, 9, 11, 17, 18].

CONCLUSIONS

There is proposed a model for the decisions support
system of the financing process in the information and
cyber security means of the LSC transport, in conditions
of active counteraction to the attacking side. The model
differs from existing ones by solving a bilinear
differential quality game with several terminal surfaces.

The scientific novelty of the results obtained in the
article is that for the first time there was considered a new
class of bilinear differential games that allowed
adequately to describe the process and to find the optimal
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financing strategies by the cyber security means
protection side. The solution was carried out on the
example of optimizing the financial components of the
strategies  for  protecting the information and
communication systems of the LSC transport at any
parameters ratio describing the financing process, no
matter how financially acts the party which tries to hack
the security perimeters was. A special feature of this
approach was the use of a solution based on a bilinear
differential quality game with several terminal surfaces.

The practical significance of the results is that there
was developed a module in the RadStudio programming
environment for the decision support system — SSDMI. In
“SSDMI” module there is implemented the proposed
model, based on the application of methods of the theory
of differential games. The developed module, allows to
reduce the discrepancies between the forecast data and the
real return from investing in CS means. The solution
allows to obtain optimal financing strategies by the
protection side of cyber security means for ICTS of LSC
transport. The software implementation of the DSS
module allows to choose the optimal financial component
of the protection side strategy at any parameters ratio that
describe the financing process, no matter how financially
the second party acts, trying to hack the security
perimeters.

Further perspectives for the development of this
research are the transfer of accumulated experience to the
real practice of optimizing investment policy in protected
LSC in Ukraine and the Republic of Kazakhstan.
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AKTyaJIbHiCTh. PO3MIISIHYTO aKTyalbHy NpoOiieMy NMPUHHSTTS ONTHMAIBHOTO pillieHHs 11100 (iHaHCYBaHHA 3ac00iB iH(opMaliitHol Ta
kibepOe3neky B yMOBaxX aKTUBHOI NPOTUAIT CTOPOHI 371aMyBaviB iH(POPMAIIHHO-KOMYHIKAI[IHHIX CUCTEM JIOTiICTHYHO-CUTYAI[IHHOTO LEHTPY
TPAHCIIOPTY.

Meta podoTu — po3poOKka MOJEi AJsl CHCTEMH MiATPUMKH pillieHb Tpolecy (GiHaHCyBaHHS B 3aco0Ou iH(opmaiiiHOT Ta KibepOe3neku
JIOTICTUYHO-CUTYALlIfHOrO LIEHTPY TPAHCIOPTY, B YMOBAaX AaKTHBHOI NPOTUAIl HamaJHUKaM, 10 BIJPI3HAETbCA BiJl YMHHUX IIJIXOMIB
pinreHHsM OiiHINHHOT TU(epeHIiabHOI I'PH IKOCTI 3 IeKiIbKOMa TepMiHATbHUMH HOBEPXHAMH.

Mertoa. Ilpu BupimenHi OiniHifHOT HUdepeHIiaTbHOT TPH SIKOCTI, 110 J03BOJISIE a[ICKBATHO MMOKA3aTH CYTHICTh PO3MIISTHYTOI mpobiiemMu,
BHKOPHCTOBYBABCSl MCKPETHO-AIIPOKCUMANLiHHUK MeToA. MeTo J03BOJIMB HE TUNBKM 3HAWTH pillieHHs OUTIHIAHOI qudepeHianbHoi rpu
SKOCTI 13 3aleKHUMHM pyXxaMmMM, a N BUSBHMBCA €(EKTUBHUM IIiJi 4ac IPOTpaMHOI peaizauii CHCTEMH HIATPUMKH pilleHb B cdepi
¢inancyBaHHA 3aco0iB iHpopManiiiHOl Ta Kkibepbesnmeku iH(pOpManiffHO-KOMYHIKAaI[IHHUX CHCTEM 3aXHINEHUX JIOTiCTHYHO-CHTYAI[iHHUX
LEHTPIB TPAHCIIOPTY.

PesyabraTu. Po3pobiieHa Mozenb 103BONISE OTPUMATH ONTUMANBHI CTpaTerii (piHaHCYBaHHS CTOPOHOK 3aXHCTy 3ac00iB KibepOe3nekn
s iHGOopMaIifHO-KOMYHIKAiffHUX JOriCTUYHO-CUTYallifHUX LEHTPiB TPAaHCIOPTY NpU OyAb-fKHX CIIIBBIJHOIICHHAX IapaMeTpiB, IO
OMHUCYIOTH Mpotiec hpiHaHCyBaHHS, K O (HiIHAHCOBO HE MisjIla CTOPOHA, SIKa HAMATra€ThCs MOI0IATH IEPUMETPH 3aXHCTY.

BucHoBkH. Y cTaTTi BHeplle po3risHyTa MOJAEIb B paMKax CXeMH OumiHiitHOT qudepeHianbHol TPy SKOCTI s CUCTEMHU IiITPUMKH
pimens npouecy (iHaHcyBaHHS 3aco0iB KibepOesneku ais iHpopMaliiHO-KOMYHIKAIHHUX CHCTEM 3aXMILEHUX JIOTICTUYHO-CUTYaI[IHHUX
LEHTpiB TpaHcmopTy. Jlng Takux JIudepeHNianbHUX irop paHime He Oylno po3poOneHO e(pEeKTUBHHX METOAIB BHpIMICHHA. Y
3aMpOIIOHOBAHOMY PIIlICHHI Briepiie qudepeHIiaibHi PiIBHAHHS, [0 33al0Th AMHAMIKY B3a€EMO/Iil, OMUCYIOTh 3aJIeXKHI PYXH 33 JTOMOMOTOI0
OUTIHIMHUX QYHKIIIH.

KJIFOYOBI CJIOBA: kibep6e3neka, audepeHiiaabta rpa, onTUMaIbHI CTpaTerii, 3710M 1 3aXUCT, CUCTEeMA MiATPUMKH PillleHb.
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MOJEJb ®PUHAHCUPOBAHUS B KHBEPBE3OIACHOCTH B PAMKAX CXEMbI BUJIMHEAHOM
JA®DEPEHIIUAJILHON UT'Pbl KAYECTBA

AKTyalIbHOCTb. PaccMoTpena akrTyanbHas mpoOieMa NpPHHATHS ONTHMAIbHOIO pelleHHs 10 (UHAHCHPOBAHHIO CPEICTB
nHpOpMaMOHHON ©  KUOepOEe30MacHOCTH B YCIOBHSAX AKTHBHOIO IPOTHUBOJACHCTBUSI CTOPOHE B3JIOMINMKOB HH(OPMAIMOHHO-
KOMMYHHKAIIMOHHBIX CHCTEM JIOTHCTHYECKO-CUTYAIIMOHHOTO IEHTPa TPAHCIIOPTA.

Leab pa6oTsl — pa3paboTKa MOJENH /IS CHCTEMBI TOICPKKH PELICHHH mpoliecca (UHAHCUPOBAHUS B CPEICTBA MH(POPMAIIMOHHON U
KnOep0e30nmacHOCTH JIOTHCTHYECKO-CUTYAIIMOHHOTO LIEHTPa TPAHCIOPTa, B YCJIOBHAX aKTHBHOTO NPOTHUBOACHCTBHUS aTaKylolleil CTOpOHE,
OTJIMYAIOUIAsACS OT CYIIECTBYIOIIMX ITOJXOJOB pEIICHHEM OWIMHEHHON nuddQepeHIHanbHOl Wrpbl KadecTBa C HECKOJIBKHMHU
TEePMUHAIBLHBIMU TOBEPXHOCTSIMH.

Merton. Ilpu peuiennu OwnuHeiHOW auGQepeHIManbHON WIPHl KadecTBa, IMO3BOJSIONICH aJeKBATHO OTPa3UTh CYILIECTBO
paccMarpuBaeMoil poOJIeMbl, ObIT UCIIOIB30BaH AWCKPETHO-aNPOKCHMAIIMOHHBIA MeTol. MeTo/] MO3BOJMII HE TOJBKO HAWTH pElIeHHE
OwnuHeitHON U QepeHIHanbHOi HIPhl KauecTBa C 3aBHCUMBIMH JIBIDKCHHSMH, HO M OKasajcsi S(QQEKTHBHBIM INpU MPOrpaMMHON
peanu3aiiy CHCTeMBbI MOIEPXKKH PelIeHui B cepe HUHAHCHPOBAHUS CPEACTB HH(POPMALIMOHHOM U KnbepOe30macHOCTH HH()OPMAIHOHHO-
KOMMYHUKALMOHHBIX CUCTEM 3aLIUILEHHbIX JOTHCTHYECKO-CUTYalMOHHBIX LIEHTPOB TPAHCIIOPTA.

Pesyabrarsl. PazpaboTaHHas Mozenb MO3BOJISET MONYYUTH ONTHMAJIBHBIE CTPATErMd (PMHAHCHUPOBAHWS CTOPOHOW 3aIlUTHI CPEICTB
kubepbezonacHocTH Uil MH()OPMALMOHHO-KOMMYHHKAIIMOHHBIX  JIOTUCTHYECKO-CUTYallMOHHBIX IIEHTPOB TPAHCIOPTAa MPH  JIFOOBIX
COOTHOILICHHUSAX MapaMeTpPOB, ONMHMCBHIBAIOIIMX Ipolecc (UHAHCHMPOBaHWS, Kak Obl ()MHAHCOBO He JECTBOBAja CTOPOHA, MbITAIOIIASCS
B3JIOMaThb IEPUMETPbI 3ALHUTHI.

BoiBoabl. B crathe BHepBble pacCMOTpeHa MOJIECIb B paMKaX CXeMbl OWIIMHEHHON M (pepeHInatbHON UIpbl KauecTBa ISl CHCTEMbI
MOAJCPKKH pEIICHUH Tpouecca (UHAHCUPOBAHHUS CPEACTB KHOEpOE30macHOCTH Ui MH(OPMAIMOHHO-KOMMYHHMKAIIMOHHBIX CHCTEM
3aIIUIICHHBIX JIOTHCTUYECKO-CUTYAIMOHHBIX LEHTPOB TpaHcmopra. [ns Takux auddepeHIranbHblXx Urp paHee He ObUIO pa3paboTaHo
9 PEeKTUBHBIX METOJOB peuieHHus. B MpeIoKEeHHOM peuieHHd BriepBble AubdepeHIaNbHble YpaBHEHHS, 33/alolHe JTHHAMHKY
B3aUMO/JICHCTBHSI, ONUCHIBAIOT 3aBUCUMBIC JIBHKECHHUS ITOCPEICTBOM OMIIMHEHHBIX (yHKIHIL.

KJIOYEBBIE CJIOBA: kubepbe3omnacHocth, aunddepeHinanbias Wrpa, ONTHMAlbHBIC CTPATErdd, B3JIOM M 3allMTa, CHCTEMa
MOJACPIKKH PELLICHUH.
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ABSTRACT

Context. A large number of web resources of different organizations requires checking of relevance and correctness of the
content, in particular, concerning characteristics of the organization, staff, etc. For this, it is necessary to develop a system of the
automated content analysis. This task causes the need to develop a method and software for structuring and recognizing of web
resources content. Existing parsing systems do not provide solving of the specified task, since they do not contain elements of
machine learning. The object of the research is the process of automated analysis of the web resources content.

Objective. The goal of the work is the creation of the system for web resources content structuring and recognizing.

Method. The system of structuring and recognizing of text content of web resources with elements of machine learning is
considered. Models of the system functioning are proposed. The architecture for realizing of software system for structuring and
recognizing of text content of web resources is developed. Example of implementation of the model of developed system for
structuring, recognizing and revealing of outdated and incorrect information about personnel on the web resource of educational
institution is given.

Results. The developed software may be used by support services in order to update and correct the information content.

Conclusions. The system of structuring and recognizing of content of web resources with the machine learning elements has
been considered. The proposed system compared with the known ones, ensures automated content structuring, recognizing of
outdated, non-relevant or wrong information. Represented example of the structuring and recognizing of outdated and incorrect
information on the website of educational institution confirms the effectiveness of the proposed system.

KEYWORDS: Content analysis, parsing, machine learning.

NOMENCLATURE INTRODUCTION
PrO is a parent element and the attribute; Structuring and recognizing of text information is one
of the areas of intelligent information systems. The main
component of such systems is machine learning [1].
Machine learning is a process in which a system
processes a large number of examples, detects patterns
and uses them to predict the characteristics of new data.

Id Type is an identifier of type which allows to
improve the belonging of an object to a group that already
has more common characteristics than Dsc characteristic;

O _Phr is a characteristic of the object analyzed,

allows different linguistic representation in the form of Machine learning deprives the programmer of the
phrases; need to “explain in details” to the computer how to solve
O_Frm is a word and that define specific the problem. Instead, the computer learns to find a
characteristics presented in word forms; solution on its own [2].
O Bs is the words and their bases; In this paper, the system for structuring and

recognizing of web resource content, which includes the

ldLg is an identifier of language implementation; elements of machine learning, is proposed. This system

IdBs is an identifier of words base; can be used for identification of incorrect and outdated
WBase is a base of the word,; information on websites.

IdFm is an identifier of words form; The object of study is the process of automated
WForm is a form of words; analysis of web resources content.

The subject of study is the system for web resources
content structuring and recognizing.

The purpose of the work is the development of
method and software for web resources content

IdO is an identifier of object;
IdPh is an identifier of features;
Id Pr Bs _ is an identifier of the parental basics of the

object; o structuring and recognizing using machine learning
KDrO is a set of key characteristics; elements.
IdPg is an identifier of the analyzed web page; 1 PROBLEM STATEMENT
IdO is an identifier of the analyzed object; Let us consider a system that performs searching,

structuring and recognizing of text information on web
resources, recording to a database and comparing it.

© Dyvak M. P., Kovbasistyi A. V. Melnyk A. M. Turchyn L. Y., Martsenyuk Y. O., 2018
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The processed object of this system is the input data in
the form of text information. The structure of such
information is represented in the form of tree-like
relations.

Therefore, the objects that are used to analyze the
relevance of their content are modeled using following
structure for machine learning:

O _Dsc=<1dO,PrO,1d Type,Dsc >, (1)

which includes the object identifiers 1dO , parent element
identifiers PrO and the attribute Id Type that allows to

highlight the belonging of an object to a certain group that
already has more common characteristics than Dsc
characteristic. At this, general object differs from
particular ones by the absence of parent element, for
which, PrO = NULL .

Each characteristic of the analyzed object allows
different linguistic representation in the form of phrases
O _Phr. Words that define specific characteristics, are

represented by phrases O Frm and by their bases
O Bs. Phrases are used to represent the concepts to

users, and bases are used for automatic identification of
equivalence of language representations between
analyzed data and reference data. The attributes of
introduced notions can be grouped into the following
structures for machine learning:

O _Bs=<ldLg,IdBs,WBase >, )
O _Frm=<IdLg,ldFm, IdBs,WForm >, (3)
O _Phr =< 1dCn, IdLg, IdPh, ldBs, IdFm, Id Pr Bs >. @)

Thus, the input data for system for web resources content
structuring and recognizing functionality is represented by
the set of tuples (1)—(4).

As a result of transformation of given structures, we
obtain a tree-like structure in such form:

O Dsc =< 1dO,Dsc >, 5)

where O Dsc is resulting set of text structures, the

relevance of content for which is established.

The relevance of obtained results of tree-like
structures transformation depends on completeness of
available content representation in existing databases that
are the basis for comparison. Thus, in the content analysis
process, the main database must be renewed using
machine learning tools. The problem of defining of
indicators of content representation completeness in
existing databases is beyond the scope of research
represented in the paper.

2 REVIEW OF THE LITERATURE
Machine learning can appear in many guises. We now
discuss a number of applications, the types of data they
deal with, and finally, we formalize the problems in a

somewhat more stylized fashion. The latter is key if we
want to avoid reinventing the wheel for every new
application. Instead, much of the art of machine learning
is to reduce a range of fairly disparate problems to a set of
fairly narrow prototypes. Much of the science of machine
learning is then to solve those problems and provide good
guarantees for the solutions [4, 5].

Machine learning algorithms are organized into
taxonomy, based on the desired outcome of the algorithm.
Common algorithm types include [6]:

— Supervised learning — where the algorithm generates
a function that maps inputs to desired outputs. One
standard formulation of the supervised learning task is the
classification problem: the learner is required to learn (to
approximate the behavior of) a function which maps a
vector into one of several classes by looking at several
input-output examples of the function.

— Unsupervised learning — which models a set of
inputs: labeled examples are not available.

— Semi-supervised learning - which combines both
labeled and unlabeled examples to generate an
appropriate function or classifier.

— Reinforcement learning — where the algorithm learns
a policy of how to act given an observation of the world.
Every action has some impact in the environment, and the
environment provides feedback that guides the learning
algorithm.

— Transduction — similar to supervised learning, but
does not explicitly construct a function: instead, tries to
predict new outputs based on training inputs, training
outputs, and new inputs.

— Learning to learn — where the algorithm learns its
own inductive bias based on previous experience.

The performance and computational analysis of
machine learning algorithms is a branch of statistics
known as computational learning theory. Machine
learning is about designing algorithms that allow a
computer to learn. Learning is not necessarily involves
consciousness but learning is a matter of finding statistical
regularities or other patterns in the data. Thus, many
machine learning algorithms will barely resemble how
human might approach a learning task. However, learning
algorithms can give insight into the relative difficulty of
learning in different environments [6].

The components of machine learning tools provide the
ability of software systems to analyze automatically the
text information in order to structure it, determine
incorrect and wrong information [5].

Especially important is to develop the machine-
adapted procedures for structuring the text information
published on the web resources. Automated analysis and
structuring of the web resources content makes it possible
to solve complex applied problems in economy, ecology,
medicine and more [7, 8].

Today, there are tools that can solve these problems to
some extent.

In the paper [9, 10], the systems that allow parsing
content of the entire website as well as its particular
pages, obtaining data from dynamic pages and uploading
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information in the appropriate format for its comparison
are considered.

All these systems have the main drawback — they do
not deal with the machine learning.

3 MATERIALS AND METHODS

The characteristics of specific object are understood as
tree-like system of meaningful notions (concepts) that
describe its certain meaningful properties. Some separated
typical characteristics for determination of its belonging
to a particular group and generalized characteristics for
the whole object are included for this.

Let input content of web resource is represented in the
form of tree-like structures (1)—(4). Description of the
main information structures is represented in Fig. 1.

For comparison of analyzed characteristics values and
their corresponding reference data, it is necessary to
analyze the information represented on corresponding
web pages [11].

The structure of description of information about
analyzed objects is unknown a priori and may vary
depending on the subject, content and technical
realization of these websites. It is expedient that
information on websites must be structured, not just
divided into blocks or paragraphs [12]. This requirement
can significantly simplify the content relevance analyzing
process. In this case, structuring means the representation
of information in the form of defined structures.

—| analiz hd
id INT(11)
id_tag INT{11)

id_page INT(11)
description V ARCHAR{100)

_1 object v |
id INT(11) I
name VARCHAR{45) |

2 id_type INT{11) |
pr_o INT{11)
dsc VARCHAR(45)

> id INT(11)

url VARCHAR{200)

description VARCHAR{200)

:l h P = content VARCHAR{45)
Ccharacierisucs

|
|
|
id INT{11) |
~id_page_of_site INT(11) I
id_o INT(11) — |
name VARCHAR(45)
tab INT(11)

To analyze information about a particular object, the
set of key characteristics KDrO is formed. To support the
analysis of the web pages content, the following auxiliary
structure AS was created [13, 14]:

AS =< IdPg, 1dO, IdIt, 1dBs, IdFm, Id PrBs >, 6)

During analysis of HTML code of next web page of
specialized website, its identifier is set:

CurPgld := max (n1dLPg (BF ))+1, )

Then, we distinguish the elements LSTIt of
corresponding characteristics that fill corresponding tags.
These elements are used further for comparison with the
elements of reference characteristics of objects OE _Dsc

of specific database. It is described by the following
structure:

OE Dsc =< IdO,PrO,1d TypeE, DscE >, 8)

Let Wrdy (Itpg’ Lst) is some k-th characteristic

distinguished from the corresponding object Itpg, Lst- In

this case, machine learning procedure is described by
such structure:

BsWHd =y (chcE:Dsc(Wrdk(ltpg, Lst)(O- DSQOE_DSC)) - (9

I _ tags hd
| id INT(11)
_ type v name YV ARCHAR{45)
id INT(11) T 7% description VARCHAR(100)
— 4| “*name VARCHAR({45) tab INT{11)
tah W ARCHAR{45) >
>
:i:
I
I
} _| real_object ¥
I id INT {11}
i name Y ARCHAR(45)
- __ — Cid_type INT(11)
pr_o INT{11)
dsc VARCH AR (45)
>
| rezult ¥
id INT(11)

2id_page INT{11)
descr VARCHAR{45)

>

Figure 1 — Structure of the information processing and storage subsystem for the program of detecting irrelevant and
inaccurate information on web resources and comparison with the existing database
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If this characteristic coincides with relevant
information, then its O Dsc coincides with the
corresponding relevant value. If values of these

corresponding characteristics do not coincide, then the
information needs to be updated [15, 16].

Based on the analysis of existing systems for websites
content analysis, we can formulate the basic requirements
for automated algorithms for detection of outdated and
incorrect information Fig. 2:

— setting of URL filters, in order to not to parse some
extra pages;

— setting of parsing depth;

— high quality content downloading;

— multi stream processing and saving of content in
various formats.

After the parsing, generated results must be processed
in order to provide the representation of information in
such form that is suitable for further use. The exact format
depends on how, in future, the collected data will be
processed. Quite often, from parsed content, RSS-stream
is formed using XML Fig. 3. It is convenient for using the
data without rewriting procedure.

Sometimes, the result of parsing is saved into CSV-file,
because this text format is very simple for further processing,
easily converted to SQL queries and able to work with in
Excel. In special cases, it is needed to represent the final data
in form of XLS spreadsheets Fig. 4.

User

—] -

r’j,EET{eE'
_r

Query Parser ]"'

g [nmumm»«
Valid WebQAL Query

Keywords .
Category LlstRoncF;ilj'lsked
Keywqrd_s / Keywords/
Description o Description
,-"'.-’ “_""“—;
Search Engine| |Search Engine| |Web Data IWebSile ]
L Source L

Figure 2 — Architecture of software system for structuring and
recognizing of text content of web resources with the machine
learning

Andriy Pukas

Ph.D, Associated Professor

Head of department of Computer Science
E-mall: aputneu.eduua

L

Parsing

0

Segment Type: Full Name

Andriy Pukas

Segment Type: Title
Ph.D, Associated Professor

Figure 3 — Schematic illustration of information collecting using
parsing, and its storing

Segment Type: Title
Ph.D, Associated Professor

parsing result set of valid
set values

I 1

Ph.D., Associated Ph.D., Associated
Professar Professor

The result of the comparison

values

Figure 4 — Schematic illustration of the method for detecting of
outdated and incorrect information on web resources and
comparison with the existing database

4 EXPERIMENTS

In the process of analysis of text information obtained
from web pages, attention must be paid to the process of
text normalizing. This will allow to increase the
percentage of establishment of equivalence between
analyzed and reference.

At the normalization stage, we decrypt some of the
abbreviations using corresponding subject dictionaries. In
Table 2, for example, the abbreviation “Can. Tech.
Sciences” is decrypted as “Candidate of Technical
Sciences”. Also, we convert a part of the text into a new
form. For example, the human initials that are identified
in the parsing process, are transformed as it is shown in
Table 1. Some phrases are also transformed into more
familiar corresponding phrases that are used in the subject
area. For example, “The head of the department” is
transformed into a “Head of department”, as it is shown in
Table 2.

Table 1 — Normalization of text information

Input Output Type
Can. Tech. Sciences Candidate of Technical Degree
Sciences
ANDRIY PUKAS Andriy Pukas Name
The head of the Head of department Staff
department

Table 2 — Normalization of text information

Term (Full Form/word) Abbreviation
Doctor of Philosophy Ph.D., PhD
Master of Science M.S., MS, MSc
Bachelor of Computer Application BCA, B.C.A.

5 RESULTS
Let us consider, in more details, developed system for
structuring and recognizing of outdated and incorrect
information on the example of the Faculty of Computer
Information Technologies of Ternopil National Economic
University website (staff information page) Fig. 5.
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Figure 5 — Example of the structuring and recognizing of outdated and incorrect information on the website of educational institution

The lifecycle of the system includes the following
stages:

— Choosing a web page or the entire website.

— Checking the validity and relevance of information.

— Selecting object.

— Selecting object attributes.

— Parsing the content of a web page or a website.

— Saving parsing results into database.

— Viewing of selected profile.

— Validation of data with the possibility of updating in
a database.

— Comparison of data obtained from the website and
data from the organization’s database.

— In case of obtaining of insufficient results, we
supplement the rules (parsing, connecting dictionaries).

6 DISCUSSION

Thus, created system for web resources content
structuring and recognizing unlike existing ones, contains
elements of machine learning. At the same time, the
system was built based on parsing algorithms. Similar of
them are used in known systems: DataCol, Sjs-parser
program system, Content Downloader software system.

The advantage of proposed system is also its cross-
platformism. It means that description language of content
structure is universal. Realization of the system is adopted
for using with different types of relational database
management system. Multiple examples of system
applying one of which is represented above, showed high
performance in recognition, structuring and analysis of
content on different types of web resources.

At the same time, developed system has some
disadvantages. In particular, the presence of machine
learning elements allows to expand the capabilities of the
main database which is used for the content analysis,
which increases the completeness of content coverage.
But, on the other hand, the presence of this element at the
same time reduces the reliability of the recognition results
and establishment of relevance between analyzed content
and basic one.

The development of this work is advisable to be
directed into the research of indicators of completeness of
content representation in existing databases. And in cases
of application of machine learning elements — into
determining the relevance of representation of the content
structure elements characteristics.

CONCLUSION

The problem of structuring and recognizing of content of
web resources with the machine learning elements has been
considered.

Scientific novelty of obtained result consists in creation of
mathematical tools of system for structuring and recognizing of
content of web resources with the machine learning elements. Its
main difference is the presence of machine learning
components. The proposed system compared with the known
ones, due to the above mentioned fact, ensures automated
content structuring, recognition of outdated, non-reliable or
wrong information. Represented example confirms the
effectiveness of the proposed system.

Practical significance of obtained result consists in
developing of software that may be used by support services in
order to update and correct the content information. The
software was develop based on the algorithms that execute the
following functions: setting of URL filters, in order to not to
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YK 004.774
CUCTEMA CTPYKTYPYBAHHS TA PO3II3HABAHHS KOHTEHTY BEB-PECYPCIB 13 EJEMEHTAMU
MAIIMHHOI'O HABYUAHHS
JuBak M. II. — n-p texH. Hayk, mpodecop, aekaH (akylnbTeTy KOMIT'IOTepHHUX IHPOpMALifHUX TEeXHONOri TepHOMIbCHKOTo
HAIIOHAJBHOTO EKOHOMIYHOTO yHiBepcuTeTy, TepHomiib, Ykpaina.

Kosbacicruii A. B. — acmipanT kadeopu KOMIT'IOTepHHX HayK [epHOIITBECHKOTO HAI[IOHAIBHOTO EKOHOMIYHOIO YHIBEpPCHUTETY,
Tepuominb, YkpaiHa.
MeabHuk A. M. — KaHJ. TEXH. HayK, JOLEHT Kadeapu KOMII'IOTEPHHMX HayK TepHOIIBCHKOTO HAI[lOHaJbHOTO EKOHOMIYHOIO

yHiBepcutety, TepHominb, Ykpaina.

Typuun JI. fl. — kaHA. €KOH. HayK, DOLEHT KadeapH MiANPHEMHHITBA, TOPTiBIi Ta MapKeTHHrY TepHOIIBCHKOTO HAIiOHAIBHOTO
€KOHOMIYHOTO yHiBepcuTety, TepHomisib, YkpaiHa.

Mapueniok €. O. — kaHJI. TexXH. HayK, JIOLUEHT Kadeapu KOMITIOTEpHHX HayK TepHOMIIBCHKOrO HAI[iOHAJIBHOTO EKOHOMIYHOTO
yHiBepcurety, TepHoninb, Ykpaina.

AHOTALISA

AKTyanbHicTh. HasBHICTh BENUKOI KiBKOCTI BeO-pecypciB pi3HHX OpraHi3aliii BUMarae NepeBipKH aKTyaJlbHOCTI Ta JOCTOBIPHOCTI
KOHTEHTY, 30KpeMa, SKHH CTOCYEThCS XapaKTEPUCTHK OpraHizauii, mepcoHamy i T.O. s LDbOro HEOOXiZHO PO3POOHUTH CHCTEMY
aBTOMATH30BAHOTO aHAJIi3y KOHTEHTY. 3a3HauyeHa 3ajada MOpPOKYye MoTpedy y po3poOii MeTomy Ta MpOrpaMHOro 3abe3MedeHHs JUist
CTPYKTYPYBaHHsSI Ta pPO3Mi3HaBaHHS BMICTy BeO-pecypciB. IcHyrodWi cucTeMH MapCHHTY HE 3a0e3MedyloTh pPO3B’sS3yBaHHS 3a3HAYCHOTO
3aBIaHHsl, OCKIJIBKH HE MICTSTh €JIEMEHTIB MallIMHHOTO HaB4aHHs. 00’ €KTOM JTOCIIKEHHS € MPOLIEC aBTOMAaTH30BaHOTO aHaJi3y BMICTYy BeO-
pecypcis.

Meta po60oTH — CTBOPEHHSI CHCTEMH CTPYKTYpYBaHHS Ta PO3Mi3HABaHHs BMICTy BeO-peCypCiB 3 elIeMEHTaMH MAIIMHHOTO HABYaHHSI.

Meroa. PosmisHyta cuctema CTPYKTYpyBaHHsS Ta pO3Mi3HABaHHS TEKCTOBOTO BMICTY BeO-pecypciB i3 e€leMEHTaMH MAIIWnHHOTO
HaBYaHHS. 3alponoHOBaHi MoAeil (YHKIIOHYBaHHS CHCTEMH. Po3poOlieHO apXiTeKTypy Juis peaii3aiii MporpaMHoOl CHCTEMH JUIst
CTPYKTYpyBaHHSI Ta pO3Ii3HAaBaHHS TEKCTOBOIO BMiCTy BeO-pecypciB. HaBeneno mnpukian peanizauii Moaeni po3poONIeHOi cCHCTeMH Juls
CTPYKTYpyBaHHSI, BU3HAHHS Ta BUSBIICHHS 3aCTapiiuX Ta HEBIPHUX BIJIOMOCTEH PO MEepCcoHas Ha BeO-pecypci HABUAILHOTO 3aKIay.

Pe3yabraTu. Po3pobnennii popmaiizoBaHHil OMUC €IEMEHTIB MAIIMHHOTO HABYAaHHS Ta Ha HOTO OCHOBI IpOrpaMHe 3a0e3eUeHHST MOXKe
BHKOPHCTOBYBATHCS CITY>KOOFO MIATPUMKH ISl OHOBJICHHS Ta BUIIPABICHHS KOHTEHTY BeO-peCcypcCiB pi3HHX opraHizamii.

BucHoBkH. Po3misiHyTa cucteMa CTPYyKTYpyBaHHS Ta pPO3IMi3HABaHHS BMICTY BeO-pecypciB i3 eleMEHTaMH MAUIMHHOTO HaBYaHHS.
[IpomonoBana cucrtema B MOPIBHSAHHI 3 BiIOMUMH, 3a0e3Meuye aBTOMAaTUYHE CTPYKTYypPYyBaHHS BMICTY, BU3SHAHHS 3acTapiioi, HEIOCTOBIPHOT
abo HenpaBmwIbHOI iH(popMarii. [IpencraBneHuii IpUKIIaa CTPYKTYpYBaHHS Ta BU3HAHHS 3acTapiiol Ta HEKOPEKTHOI iH(popMallii Ha BeO-calTi
HaBYAJIBHOTO 3aKJIa/ly MiATBEPKYE e(EKTHBHICTh 3apOMOHOBAHOI CHCTEMH.

KJIFOYOBI CJIOBA: anani3 KOHTEHTY, IIapCHHT, MAIIIHHE HABYAaHH.
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YK 004.774
CUCTEMA CTPYKTYPUPOBAHUS U PACIIO3BHABAHUSA KOHTEHTA BEB-PECYPCOB C JIEMEHTAMHU

JpiBak H. II. — 1-p TexH. Hayk, mpodeccop, IekaH (akynpreTa KOMIBIOTEPHBIX HH(OPMALHMOHHBIX TEXHONOTHH TepHOMOIBCKOTO
HALMOHAIFHOTO SKOHOMHYECKOro yHuBepcuTera, TepHomnons, YkpanHa.

Kosoacucteiii A. B. — acriupant kadeapbl KOMIBIOTEPHBIX HayK TepHOMOJIbCKOrO HAIMOHAIBLHOIO KOHOMHYECKOTO YHHBEPCHUTETA,
TepHomnons, YkpanHa.

Meabnbik A. H. — xaHA. TexXH. HayK, JOIEHT Ka(eapbl KOMIBIOTEPHBIX HayK TepHOIOJBCKOTO HAIIMOHAIBHOIO YKOHOMHYECKOTO
YHHUBepcHUTeTa, TepHoIoib, YKpauHa.

Typusin J1. 51. — kaHA. €KOH. HayK, TOIEHT Kadeapsl MpeIPHHIMATEIHCTBA, TOPTOBIM M MapKeTHHTa TepHONOIBECKOTO HAMOHAIBHOTO
SKOHOMHYECKOTO YHUBEPCHUTETa, TepHOMNOMb, YKpanHa.

Mapuenwok E. A. — kaHa. TexH. HayK, JOUEHT Kadeapbl KOMIBIOTEPHBIX HayK TepHOMONBCKOTO HAIMOHAIBHOTO KOHOMHYECKOTO
yYHHUBepcHUTeTa, TepHOIoib, YKpauHa.

AHHOTAL U

AxTyajabpHOCTb. Hamuume O0JBIIOrO KOJIMYECTBAa BEO-PECYPCOB Ppa3iIMYHBIX OpraHu3aluil TpeOyeT NPOBEPKH aKTYalbHOCTH H
JOCTOBEPHOCTH KOHTEHTa, B YaCTHOCTH, KACAIOIMHCS XapaKTePUCTHK OpraHU3aliy, IIepcoHana u T.4. st 5Toro HeoOxoauMo pa3paborarh
CHCTEMY aBTOMATM3MPOBAHHOTO aHAJIM3a KOHTEHTAa. YKa3aHHas 3ajada IMOPOXKAAeT MOTPeOHOCTh B pa3paboTKe MeToga M HPOrpaMMHOIO
obecrieueHuns JUIst CTPYKTYPUPOBaHHS U pacliO3HABaHUS COAEPKUMOTO BeO-pecypcoB. CymiecTBYIOMINE CUCTEMBI TAPCHUHTA He 00eCIIeunBalOT
pelIeHns] yKa3aHHOW 3a/la4yu, MOCKOJIBbKY HE COIAEpKaT 2JIEMEHTOB MAaIIMHHOTO 00y4eHHs. OOBEKTOM HCCIIeIOBAHHS SIBISIETCS IMPOLECC
aBTOMATH3UPOBAHHOTO aHAJIN3a COEPIKMMOTO BeO-peCypcoB.

Ilexs padoThI — CO3/1aHHUE CHCTEMBI CTPYKTYPHPOBAHHUS M PACIIO3HABAHHS COIEP)KUMOTO BEO-pECypcoB.

Meton. PaccmoTpena cucTemMa CTPYKTYpHpPOBAaHHMS M PAacliO3HABAaHMS TEKCTOBOTO COAEPKHMOTO BEO-PECYpCOB C 3JIEMEHTaMHU
ManMHHOro 00y4eHwus. [Ipemioxensl Monenu (GyHKIMOHMPOBaHMSI CHCTeMbl. Pa3paboTaHa apXuTeKTypa Ul pealu3aly MpOorpaMMHON
CHCTEMBI [UISl CTPYKTYPUPOBAHHWS M PAaclO3HABaHUs TEKCTOBOIO COAEPXKHUMOro Bed-pecypcoB. IlpuBeneH mpumep peanusauud MOAEIn
pa3paboTaHHOM CHCTEMBI ISl CTPYKTYPHPOBAHUS, BBISBICHHS YCTapeBIIMX W HEBEPHBIX CBEACHHH O IEepcoHaie Ha BeO-pecypce yuyeOHOro
3aBE/ICHUS.

Pe3yanbrarbl. Pa3paboTanHoe MporpaMMHOE OOECIEUYEHHE MOXET HCIIONb30BaThCsl CIYXKOOH MOMACPKKH Aas OOHOBICHUS U
HCTIpaBIeHUs HHPOPMALIMOHHOTO COZIEPIKaHUSL.

BreiBoabl. PaccMoTpeHa cucreMa CTpPYKTypHpPOBaHMS M PAcIlO3HABAHHS COJIEPKUMOTO BeO-pecypcoB C 3JIEMEHTaMH MAIlMHHOTO
oOyuenus. [lpemnaraemasi cucreMa MO CPaBHEHHIO C M3BECTHBIMH, O0ECIIEUMBAET aBTOMATHYECKOE CTPYKTYPHPOBAaHHE COZCpPIKaHUS,
BBISIBJICHHS YCTapeBlICH, HEIOCTOBEPHOW WIIM HenpaBWIbHOW HH(popMauuu. IIpeacraBieH npumep CTPYKTYpUPOBaHUS M IIpPU3HAHHUE
ycTapeBIIei 1 HEKOPPEKTHON HH(POPMALIMK Ha caiiTe yaeOHOTO 3aBe/IeHHs TONTBEpKAaeT 3P HEeKTHBHOCTD NMPEATIOKEHHON CHCTEMBI.

KJ/IIOUEBBIE CJIOBA: ananu3 KOHTEHTA, HAPCHHT, MAIIMHHOE O0y4YEHHE.
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INPUMEHEHHUE KOMBUHUPOBAHHOI'O PESEPBUPOBAHUA
ITPHU OIITUMHU3ALIUUA SHEPT'OO®P®EKTUBHOCTHU U HAJTEZKHOCTH
BbIYMCJ/IMTEJIBHBIX CUCTEM

Kamenckux A. H. — kaHJ. TexH. HayK, JOLEHT Kadeapsl «ABTOMATHKA U TelleMeXaHHKa» [IepMCKOro HallMOHAIb-
HOT'O UCCJIEJOBATEIBCKOr0 MOJIUTEXHUUYECKOIO YHUBEpCUTETa, Poccust.

Tropun C. ®. — 1-p TexH. HayK, nmpodeccop, mpodeccop Kadeapsl «ABTOMATHKA U TeJIeMeXaHnkay [lepmckoro Ha-
LIMOHAJIBHOTO MCCIIEA0BATENBCKOTO MOIUTEXHUUECKOTO YHUBEpCUTETa, Poccust.

AHHOTALNUA

AKTyaJIbHOCTD. 33/1a4a MOBBIIICHHs] SHEProd(GEeKTHBHOCTH M HAJEKHOCTH CHCTEM YIPABICHHS M BBIYUCIUTEILHOH TEXHUKH
MO-TIPEKHEMY OCTACTCs OJHOM U3 BaykHEHIUX B 21-0M Beke. OcOOCHHO B 00JaCTH a3POKOCMHUYCCKON MUKPOIJICKTPOHUKH, TIIE Tpe-
OyeTcsi 00ecreunTh YCTOIYMBOCTh K BO3JCHCTBHIO OJMHOYHBIX 3(G(EKTOB, MOPOXKIAEMBIX 3apsSIKEHHBIMHM YacCTHI[AMM, M OJHOBpE-
MEHHO 00€ecCNeunuTh MHUHIMAIbHOE YHEPronoTpediaeHne, Tak Kak BO3MOXKHOCTH 10 €€ TeHepalluH CyIIeCTBEHHO orpaHuueHsl. Ilpu
BCEM 3TOM IPOM3BOAUTENHHOCTh OCTAaeTCS BaXKHBIM IapaMeTpaM Ul pa3pabOTUMKOB 3IEKTPOHHBIX ycTpoicTB. Takum oOpasom,
MOTydYaeTcs CIOXKHAs ONTUMU3AIMOHHAS 337ada ¢ BApbUPYEMbBIMHU [IEPEMEHHBIMH — HACKHOCTH, HEProdpHEeKTUBHOCTH U MPOn3-
BOJUTEIBHOCTH, IIPU CYILECTBYIOIUX IIPOU3BOACTBEHHBIX OIPAHUYCHUSAX.

Ileab padoThI — pelICHNE ONTHMHU3ALMOHHON 3aJady CHHTE3a HU(POBBIX YCTPOICTB, CIIOCOOHBIX padoTax B IIMPOKOM JHAIa3o-
He TeMIIepaTypbl U HANPsDKCHUS IPU OTPAaHUUCHUAX 110 HaJIS)KHOCTU U IPOU3BOJUTEIILHOCTH.

Metoa. CaMOCHHXPOHHBIE CXEMBI, 00eCIIeunBalOIUe CTA0OMIBHYIO PaboTy 110 peabHBIM 3aJepiKKaM, B TOM YUCIIE M MPHU YJIIbT-
PaHU3KOM HANPsDKCHUH NMUTaHMS, 3apEKOMEHI0BANIN cebsl KaK XOpolllee PeIleHne [l yKa3aHHOW BbllIe o0nacTi npumMeHeHus. Js
TIOBBIIIEHUS] HAJISKHOCTH B KPUTHUECKUX CHCTEMAX 4acTO UCIOIb3yeTCs Pe3epBHPOBAHUE, HAPUMEp, TPOITHOE MOIYJIbHOE pe3ep-
BHUPOBaHKE, MO0 KOABI X3MMHMHTA U CXeM C MamsThio. OIHAKO B CAMOCHHXPOHHBIX CXEMax NPHMEHEHHE YKa3aHHBIX METOIOB
3aTpyAHSACTCS BHICOKOW M30BITOYHOCTHIO M BHOCUMOH 3ajepkkoil. Kpome Toro, cranmaptHas Moaens Majuiepa He TO3BOJSET YUH-
TBHIBaTh BIIMSHHE HAa CHCTEMY OJMHOYHBIX OTKAa30B MM cOOEB, B pe3yNbTaTe Pe3CpBHPOBAHUE MPHBOJUT K HAPYIICHUIO KIIOYEBOTO
CBOMCTBA CAMOCHHXPOHHBIX CXEM — IIOJIyMOAYJIIPHOCTH. B cTaTbe pa3BUBaeTCs MPEAIOKECHHBII METO PE3EPBUPOBAHUS HA TPAH3U-
CTOPHOM YPOBHE, KOTOPBIH B COUETAHHUH C y)KE€ XOPOILIO M3BECTHHIMU METOJaMH O3BOJISET HOJYYUTh HOBBIE Y()(DEKTUBHBIE pelie-
HUSL.

Pe3syabTartel. Pazpaborana Momens OTKa30yCTOMYMBBIX CAMOCHHXPOHHBIX CXEM, MO3BOJSIOIIAS AHATUTHYECKH IOATBEPXKAATh
MIPUHAATIEKHOCT OTKa30yCTOMYMBON CXEMBI K KIacCy CaMOCHHXPOHHBIX. IIpesioxkeHa MeToanka KOMOMHHPOBAHHOTO Pe3epBHPO-
BaHM, MO3BOJISIOMIAS IPOBOJUTH CHHTE3 OTKA30yCTOHUMBEIX CAMOCHHXPOHHBIX CXEM C ONTUMH3AIMEH M0 KIIFOUEBBIM ITapaMeTpaM.

BriBoasl. [IpoBeneHHoOe HccienoBaHNE OITBEPAMIO, YTO TONEKO KOMOMHHPOBAHHOE PE3EPBUPOBAHNE 00ECTIEUNBACT TOCTHKE-
HHUE ONTHMyMa (YHKIUH B IIOCTaBICHHOH 3amade. B manpHeimeM MepCcHeKTHBHO PACIIMPUTH OOBEKT MCCIEHOBAHMS 3a CUET CHH-
XPOHHBIX ¥ THOPHHBIX IT(POBBIX YCTPOUCTB.

KJIIOUEBBIE CJIOBA: sHeprosh¢pekTHBHOCTD, HalKHOCTb, OTKA30yCTOIYMBOCTb, CAMOCHHXPOHHBIE CXEMBI, pe3epPBUPOBa-
HUE Ha TPAH3UCTOPHOM YPOBHE, KOMOMHHPOBAHHOE PE3CPBUPOBAHUE.

ABBPEBUATYPbI

DVEFS — dynamic voltage and frequency scaling;

BMK — 6a30Bble MaTpU4HbIC KPUCTAILIEI;

BBP — BeposATHOCTD 6€30TKa3HOU PabOTHI;

MP — MakxopUTapHOE pE3epBHUPOBAHNE;

HP — cxema 6e3 pe3epBUpOBaHHUS;

111 — nocnenoBaTenbHO-NapalieIbHbIH;

PTVY — pesepBupoBaHue Ha TPaH3UCTOPHOM YpPOB-
HE;

CCC — caMOCHHXPOHHBIE CXEMBI;

CCCAO — caMOCHHXpOHHBIE CXEMBI C AKTHBHOI
O0TKa30yCTONYHUBOCTBIO;

CCCIIO — caMOCHHXPOHHBIE CXEMBI C MAaCCUBHOM
0TKa30yCTOHUUBOCTBIO;

TD — aneMeHT ToepaHTHBIN K 0TKa3aM TPaH3UCTO-
PpoB;

OH — sHepro3arparsl/Ha e>KHOCTb.

HOMEHKJIATYPA
A,B,C,F — cxema nnppoBOro >neMeHTa WIH YCT-
poiicTBa;
E — suepronorpetiieHue;
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f— NpOM3BOIUTENBHOCTD;

FT — cxemy 0TKa30ycTOHYMBOTrO HHU(POBOTO dJIEMEHTA
WJIM yCTPOMICTBA;

I — MTHOUKATOp OKOHYAHMS TIEPEXOIHBIX POLIECCOB;

k — morycTiMasi KpaTHOCTh OTKA30B;

MJ — MaXXOpHUTapHBINA JIEMEHT;

N — cocTosiHuE creiicepa;

P — BeposiTHOCTD G€30TKa3HOH paboTHI,

(O — KOHCTaHTHas1 HEUCTIPABHOCTH CXEMBI;

q — OrpaHUYCHHE OMOJIMOTEKU 3JICMEHTOB JJIsl 3aJaHHOM
TEXHOJIOTHUH,

S — YIPaBJISIOMINI CUTHAN B CAMOCHHXPOHHBIX CXeMaXx;

SMA — npenukaT NpoBEPKU MOIyMOAYISIPHOCTH, 3a1aH-
HBIM Ha Mozienu Majuiepa;

SM; — xnacc JIOKaJIbHO NOIYMOIYJISIPHBIX CXEM;

¢ — BpeMsI IEPEKIIIOUEHHS CXEMBI;

1, — BpeMsl pEMOHTA;

U — HanpsbKeHHe TUTaHus.

BBEJIEHUE
Hcnonp3oBaHNEe METOAOB PE3EPBHPOBAHHUS B MHUKPO-
AIIEKTPOHUKE JJISI TAKMX KPUTHUYECKHX oOJiacTeil mpumeHe-
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HUSL KaK a’3pOKOCMMYEcKas OTpacilb, CUCTEMBI YIpPaB-
JICHUS SIIEPHBIMH DJIEKTPOCTAHIMSAMH, MEIUIMHCKAs,
BOGHHAs M T.[. SABISETCA O0s3aTEIbHBIM YCIOBHEM.
OcobeHHO aKTyajbHA 3a7ada OOECTe4eHHs OTKa30-
YCTOWYHMBOCTH B KOCMHUYECKOW OTpaciy, IJe ammapa-
Typa TO/ABEpraeTcs BO3JACHCTBHIO pajUalid, B TOM
YHUCIe W TSDKENBIX 3apshKeHHbIX dactum. OOmee Ha-
MIpaBJICHHE Pa3BUTUS MHKPOIIEKTPOHUKH ISl BCEX
MIPOM3BOANTENICH 3aKII0YACTCS B CHIDKEHHH SHEProIo-
TpeOyeHusI He B ymepO MPOM3BOAWUTENHFHOCTH. B TOM
YHCIIe U VIS almnapaTypsl CIIyTHHUKOB, KOTOPBIE CyIIe-
CTBEHHO OIPAHUYEHbl BO3MOXKHOCTSIMH TEHEpaLUH
3JEKTPOIHEPTUH.

Takum 00pa3om, Ha NEPECCYCHUHM STHX YCIOBHUI
HOSIBJISICTCSL aKTyalIbHAsl HAy4YHO-TIpaKTHYecKas 3a/1a4a,
3aKJIIOYaromasicss B HEOOXOAUMOCTH OJHOBPEMEHHO C
MaKCHMAJIbHBIM ~ CHI)KEHHEM  SHEprornoTpedieHus
00ecreunTh BHITOJIHEHUE BCEX CIIEIHATbHBIX TpeOoBa-
HUH 110 HaJIS)KHOCTH, IPOU3BOAUTEIbHOCTH. [IpH 3TOM
HEOOXOJMMO YUYHUTHIBATH BO3MOKHOCTH JOCTYITHOMN
2JIEMEHTHOM 0a3bl, OMOIMOTEKH DJIEMEHTOB, TEXHOJIO-
THYECKNE OTPAHUUCHUS.

W3BecTHBI W XOpOWIO ampoOHMpPOBAaHBI METOBI
TPOHHOI0 MOJYJIBHOTO PE3epPBUPOBAHUS U KOJUPOBA-
HUs 10 X3MMHHTY. OZIHaKO, METOABl KOMOMHHPOBAH-
HOTO pPE3epBHUPOBAaHMUS PA3BUTBl HEJAOCTATOYHO, a
MMEHHO KOMOMHHUPOBAaHHE METOJIOB OTKPHIBAET ILUPO-
KM€ BO3MOXKHOCTH JJIsI PEUICHUS ONTUMH3aHOHHBIX
3a7ad.

Ieab padoTbl — penieHHe ONTUMH3ALUOHHON 3a-
Jayll CHHTE3a LU(POBBIX YCTPOHCTB HA OCHOBE KOM-
OMHUPOBAaHHOTO PE3EPBUPOBAHMS, CIOCOOHBIX paboTax
B IIMPOKOM JMAaIa30HE TEMIEPaTypbl M HaNpsDKEHUS
IIPY OTPAHMUYCHUSX 110 HAZEKHOCTH U MPOU3BOIUTEIb-
HOCTH.

i mocTuxeHus 1eIH HE0OXOAMMO PEUIMTh Cclie-
JYIOIIUE 3a7aun:

— paszpaboraTh Mojenu oTkazoycTonduBbix CC-
CXEMBI;

— TmpoBecTH aHaIu3 3((PEKTUBHOCTH METOJOB pe-
3epBUPOBAHNS;

— pa3paboTaTh METOJUKY KOMOMHHPOBAHHOTO pe-
3epBHPOBaHUS.

1 MOCTAHOBKA 3AJAUHN
Hano F, 3amanHas rpadudecku, HaOOpoM OyIeBBIX
ypaBHCHHH, TAOJHYHBIM METOJOM H T.1. [lonyunuts FT
¢ 3aja4yeil E—min, npu orpanuuenusix no P > P, f >
f; 1 g < q,. Kpome TOro, JONOIHUTENBHO HEOOX0IUMO
YVYUTBIBaTh, YTO B PSAIC CHCTEM HE JIOITyCKAETCS Ipe-
pbIBaHHE pabOTOCIOCOOHOTO COCTOSIHHSI YCTPOHCTBa
JUIS €0 PEMOHTA, B TAKOM CIIy4ac MCIIOJB3YIOT TOJIBKO
METOJBI OOCCIIeUeHUs IMACCHBHON OTKa30yCTONYMBO-
CTH (HaImpuMep, MaKOPUTapHOE pe3epBupoBanue). s

ydeTa 3Toro ()akTopa BBEJIEM OIPaHUYEHHE ..

2 OB30P JIMUTEPATYPbI
B HacTosimee BpeMs OCHOBHBIM METOIOM CHIDKE-
HUs dHepronoTpednenus ssnsercs DVFS [1, 2]. On-
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HAaKO €ro IpUMEHEHHE OIPaHWYEHHO, TaK Kak BIMSET Ha
HaznexHocTh (BBP, momexoycToilunBOCTh, yCTOMUUBOCTE K
panuaioHHbM 3¢ dexram) [3-6]. [Ipu nposeneHue uccie-
JIOBaHMsI OBUIM MPEAJIOKEHBI CIIEAYIONINe OCHOBHBIC NPHH-
IUITBI, KOTOPBIE 33/1al0T HalpaBJIeHUE NCCIIEJOBAHMS:

1. B paborax [7, 8] moka3sBaetcsi, 4to ucnos3osanue CC-
CXEMBbl TO3BOJIJIO CHHU3HTH SHEProNOTPeOIeHHE YCTpPOICTB
OTHOCHTENFHO CHHXPOHHBIX aHatoroB. CienoBaTeNbHO, TPH-
meHeHne CC-cxeMbl cielyeT pacimpsTh 1 Ha HU(pPOBbIE yCT-
poiicTBa IS KPUTHYECKUX 00IacTel MpUMEHEHHSL.

2. IlpumeHeHHe pe3epBUPOBAHMS Ul TOBBIIICHUS Ha-
JESKHOCTH BCErJa YBEIWYMBACT 3HEProONoOTpeOseHHe, HO
KOKIbI METOJ PE3CPBUPOBAHMs YBEJIUUYUBAET €r0 B CBOCH
Mepe. CreioBaTeNIbHO, BCE METOABI PE3EPBUPOBAHUS JTOTDK-
HBI OBITh aKKypaTHO M JOCTAQTOYHO MOJIHO OLIEHEHBI U JI0JI-
JKEH HMCIOJIb30BaThCs TaM, TJe 3TO HanOosee 3¢ HeKTUBHO.

3. Hayunble ucciieioBanust Mojienieid, METO/I0B U TEXHO-
JOrui IUQPOBBIX YCTPOMCTB Ul KPUTHYECKUX OOJacTer
MPUMEHEHHUS BCET/Ia JOJDKHBI OBITh MPAKTUYECKH OPHUEHTH-
POBaHHBIMHU.

4. Vcionp30BaHHE METOJOB M TEXHOJOTHH «3E€JICHBIX)
SHeprod(PEeKTUBHBIX BBIYUCICHUA MOXET OO0eCIeYnBaTh
CHIKEHHE YHEPrONOTPEOIEHHS, HO IOJDKHO OBITh YUTEHO X
BJIMSAHUC HAa HAACKHOCTD U APYTUC BAXKHBIC XapaKTCPUCTUKHN
YCTpOUCTBA.

PyKkoBOACTBYSICh TPETBUM MPHHIIMIIOM OCHOBHBIM 0a31COM
peammmzarmy BeiOpansl BMK, koTopble IIMPOKO MPUMEHSIOTCS
B MUKPOJICKTPOHUKE CIEMAIBHOTO Ha3HaUeHuUs [9].

Jlst caMOCHHXPOHHBIX CXEM XOPOIIO Pa3BHUTHI METOJBI
CaMOpPEMOHTa M PEKOH(UTypaluy Ha OCHOBE CKOJIB3SILIETO
pesepBupoBanus [10]. OpHako Ui mENoro psna KpUTHUe-
CKUX obOnacTtel TpeOyeTcs IpHUMEHEHHE METOI0B odecieye-
HUS TACCUBHOM OTKA30yCTONYHUBOCTH.

MaskoputapHOe pe3epBHPOBAaHHE OIWMH M3 CaMbIX IOILy-
JSIPHBIX CIIOCOOOB ObOecredeHusI MaCCHBHOM OTKa30yCTOM-
YUBOCTH B LUQPOBHIX ycTpoiictBax [11-14], oHO mmMpoOKo
MPUMCEHACTCA Ha CaMbIX PAa3HBIX YPOBHAX OT LECJIBIX MUKPO-
MIPOIIECCOPOB /10 OTACIBHBIX JIOTHUYECKUX 3JIeMeHTOB. OHa-
KO HCIIONb30BaHUE MaXOpUTHUpoBaHUst B mpoekrax CC-
YCTPOMCTB NMpoOJIEMaTHYHO, TaK KaK B Pe3yJbTaTe pe3epBH-
pOBaHMS TepseTcs OCHOBHOE CBOMCTBA CaMOCHHXPOHHBIX
CXeM — IOYMOYIIApHOCTE. bornee moapoOHO MpHYIMHEI 3TO-
ro xoH(pmukTa paccmorpeHsl B [3]. Takum oOpaszom, mis
KOPPEKTHOTO CHHTE3a OTKa30ycTOHUuBBIX CC-yCTpOHCTB
HEOOXO0AMMO 0Ka3aTh MX MPUHAIJICKHOCTD K KJIAacCy Camo-
CHHXPOHHBIX M pa3paboTaTh MOAENb OTKAa30yCTOHUYMBBIX
CC-cxeM Ha OCHOBE Ma)XOPUTapHOTO PEe3epPBUPOBAHMUS.

I[J'I)I peuieHuA 3aaadyd ONTUMHU3AINU HCIOJB3YETCA MC-
To TpagueHTHON ontumm3auuu [11]. CaMOCHHXpOHHBIE
CXEMBI MPOEKTUPYIOTCSl C TIOMOIIBI0 MeTona IBYX(asHOU
peanuzanuu anepuonunyeckoro asTomara [15]. IIposepka
MOJYMOIYJISIPHOCTH U JIOTHYECKOE MOJICIMPOBAHKE OCYIIe-
cTBIsIeTCS ¢ mpuMeHeHneM nporpamMmel BTPAH, paspa6o-
taHHON B WMHCTHTYyTe mpobiieM mHpopMaTtuku Poccuiickoit
akageMuu Hayk [9].

3 MATEPUAJIBI U METO/bI
Ha oCHOBE JaHHBIX JIOTHYIECKOIO MOJCIHPOBAHUS CXCMBI
C Ma)KOpUTapHBIM pe3epBUpPOBaHHEM ObLI COCTaBIEeH Tpad
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MOpP(]HBIE UCXOJHOMY C TOYHOCTBIO JI0 DKBHBAJICHTHBIX CO-

COCTOSIHUHM M YCIIOBUS I1epexoAoB. BBuny cioxHoCTH
(monHbIA Tpad COAEPKUT CBBINIEC 4-X THICSY COCTOS-
HUI), Ha pUCyHKax | u 2 mpezacraBiieHbl Tpadbl 130-

CTOSTHUH.

ABC, I(ABC),
s=1

(A7) BT)
(tT) V(1)

MJt— It
C = const

Q(C)

cT

A (@)
£ > v+ D)) (A)) XOR (B))
RN (t.1) XOR (ty))
t. <(t, v )+, viy) C3>
MI| — 1]

(A]) XOR (B))
(tad) XOR (tsl)

N

Pucynok 1 — I'pad cocrosamii oTkazoycroitunBoii CC-cxeMsl IpH Mepexo/ie U3 COCTOSHMS clielicepa B COCTOSIHUE NaHHBIC, The T U |
— CUMBOJIBI IIEPEX0/1a CXEMbI B COCTOSIHUE JIOTHUCCKON €IUHULIBI WM HyJIs

______ AlBTClIL
S=1
(Al)=(Bl)
(AT (BT)
(A1) XOR (B1)
2)
(At C1) XOR (B1)
{Avcrsin O

S=0

Pucynok 2 — I'pad coctostHmit oTKazoycroitunBoii CC-cXeMbl IpH BO3BpaTe B COCTOSIHUE CIieiicepa
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Hapymenust moryMOaynapHOCTH CBS3aHBI C NEPEXo-
noM T, 4. YciioBUeM 3TOro mnepexoja sBJISETCS HaIU4Yue
JBYXKpaTHbIX omnOok. Takum oOpazoM, HapyllIeHHE I10-
JYMOJYJISIDHOCTH HaOJIIofaeTcss TOTAa M TOJNBKO TOTJa,
KOrJla KpaTHOCTb HEUCIPABHOCTU IMPEBBIAECT 33JaHHYIO
mwm MmaxopurapHas Qynkuuss CCCIIO He MOHOTOHHA
BCJICACTBHUE pa3/ieNIbHOM 110/1a4l BXOIHBIX NTEPEMEHHBIX B
noacxeMbl. IIpn BO3HMKHOBEHHMH OTKa3za B HE OTKAa30-
ycroitunBoi CC-cxeMbl Takke HaOmoqaeTcss HapyIIeHHe
MIOTYMOZIYJISIPHOCTH, TOXE MOXKHO CKa3aThb U BO BTOPOM
Cllyyae: HE JIONyCKaeTcs HE COONIOJNEHUE AMCLMIUINHBI
CHTHAJIOB.

CymecTBytonias MoAens Majuiepa He MO3BOJISET YUH-
THIBATh OTKa3bl M COOM, KaK 4acTh HOPMAIBHOTO (YHK-
LIMOHUPOBAHUS CHUCTEMbl. MoJenb OTKa30yCTOMUYUBBIX
CC-cxeM mpezcTaBisieT U3 ce0sl YCOBEpPIICHCTBOBAHHYIO
Mozens Maiiepa, B KOTOPOM BBIMOJHSIOTCA CIEAYIOIIHE
IIpaBUIA:

HpaBuao 1: Cxema FT nomkHa NPUHAANEXKATH K
KJIacCy JIOKaJIbHO MTOYMOAYJISIPHBIX CXEM:

Vj-[SMAX", Y1, YBI,II(Y1,YB!),S))] = {FTeSM}, (1)

Mpasuio 2: Eciu FT CCCIIO ¢ ronocoBaHUEM n-H3-
m (KpaTHOCTb OTKa30B k=mi-#), TO MAaKCUMYM Kk TTOJICXEM,
B KOTOpBIX nepexo] Crieiicep— JlaHHbIE He 3aBepIINIICS K
MOMEHTY BO3Bpara n-k IIOICXEM B COCTOSIHHE CIIeicepa,
MIPUHUMAIOTCS 32 HepaboTocrocoOHbIE (B pe3yibTaTe
OTKa3a WM c00s), 10 MOMEHTa BO3BpaTa 1>k TOJCXEM B
COCTOsIHUE crielicepa:

(A T ALA ) L = QM) A {aR TeT))1,

2
(A" TIA{AM 4 = Q@). @

CoBokymHOCTh TipaBwI 1-2 u Moxenn Mamepa mgaet
MO/JIETTb OTKa30YCTOHYMBBIX CAMOCHHXPOHHBIX CXEM.

B cooTBeTcTBHE ¢ MOCTABICHHON 3amauei HEOOXOIH-
MO DPacHpeNesIUTh BCE HCCIELyeMbIe METOIBI obecreue-
HUSL OTKa30yCTOWYMBOCTH MO WX 3PQeKTHBHOCTU. {7t
KaueCTBEHHOI'O aHaJIM3a BBEIeM KOMIUIEKCHBIE TIOKa3aTeNu:

IlepBrlii MOKa3aTenb IO3BOJIET OLICHUTh, KaKHE Me-
TOJbI HAJISKHOCTU ITO3BOJISIIOT OOJIbILE CHU3UTH SHEPro-
3aTpaThl ¥ MEHBIIE CHU3UTh HAJI€KHOCTb NIPU U3MEHEHUU
HanpspKeHust muTanust. TakuMm o0pa3oM, mosydaercs rpa-
JMEHTHBIH 1okaszatens (OH’), KOTOpBIA OTpakaeT NpH-
pamieHne (CHIDKeHHE/yBETMUCHNE) 3HEPro3aTpar OTHOCH-
tenbHO npupamerus BEP (3):

L 3We(U)
BT (3)
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Mertonbl obecriedeHus] 0TKa30yCTOHYMBOCTH pacipe-
JICNSIIOTCSL 10 yObIBaHWIO ToKazatens (3), nmpuopurer
MMEIOT METOABI, Y KoTopbiX OH * Gombie.

Bropoii mokaszatenb MO3BOJISICT OLICHUTh HE TOJIBKO
NpUpalieHne SHEepro3arpar OTHOCHUTEIBHO NpPUPAIICHHS
HaJIS)KHOCTH, HO M CaMH BEJIMYMHBI YHEPro3arpar M Ha-
nexxHoctu. st Toro 4ro0bl o0ecrieunTh BO3MOKHOCTH
CPaBHEHHUSI METO/IOB OOECIIeUeHHsI OTKa30yCTOHYNBOCTH,
TpejyIaraeTcs moka3arens (4):

1
BH(U) = Wg P (3)

Metompl obecriedeHus] 0TKa30yCTOWYMBOCTH pacIipe-
JICJIAIOTCS. IO BO3PACTaHUIO IMOKaszaTens (4), mpHOpHTET
HMEIOT METOABI, Y KOTOPbIX DH MEHbIIE.

B cyurHoCTH, npeasioskeHHas METOAMKAa KOMOWHHPO-
BaHHOTO pe3epBUpoBaHusl (puc. 3) TMO3BOJSET CHUBUTH
SHEPromoOTpeOIeHHe OTKa30yCTOMYMBBIX YCTPOMCTB 3a
CYeT MpUMEHEHUsI Haubosee d(PPEKTUBHBIX METOMIOB pe-
3epBUPOBAHUS Ha BBINENEHHBIX ydacTkax cxembl. Oco-
OEHHOCTBIO METOAWKH SIBJISETCS MCIOIb30BaHNE METOJI0B
«3eneHpIx» YHeprodQPeKTUBHBIX BRIMHUCIEHHH [ 1], Takux
kak DVFS wmm energy-modulated computing. Eciu B
pe3ynbrare pesepsupoBanus BBP u npousBoauTensHOCTD
BBIIIIE 33JJaHHOTO MHHHMYMa, TO INIPEUIaracTcsi CHU3UThH
HanpspkeHue nuTaHus. TakuM oOpa3oM JIOCTHraeTcs OIm-
TUMAJIbHBINA YPOBEHb SHEPTONOTPEOICHNUS.

4 SKCIIEPUMEHTBI

CpaBHeHHE TPOBOAWIIOCH Ul (PYHKIMOHAIBHO aHa-
JIOTUYHBIX YCTPONCTB PEAIN30BAHHBIX C NPHUMEHEHHUEM
pasHbIX METONOB O0ECHEYECHUs] OTKa30yCTOWYHBOCTH.
PaccmaTpuBanuch Takve THIOBBIE YCTPOMCTBA KaK CyM-
MaTopbl, YMHOXHTEIH, PETUCTPHI, CUSTUUKH, PsiJl KOMOH-
HAIMOHHBIX cXeM. I TEOpeTHIECKUX PacuyeToB HAIEXK-
HOCTH HCIIONB30Banack Mojens BelOymna-I'menenko. B
Ka4yecTBE MAaTEPHAIOB B3SATHl MOJCIH TPAH3UCTOPOB bsim
v3.3 COOTBETCTBYIOLINE TEXHOJOTHSAM IPOU3BOJCTBA
BMK 1,6 MM 1 180 uM. Pesynbrate! nomyuens! B CAIIP
NI MultiSim ¢ momomsio MetonoB SPICE monenuposa-
HUs, IPEACTABJIICHHBIX B JAHHOM ITaKETE.

Teoperndeckn pacueThl HaJEKHOCTH W DPE3yJIbTATHI
MO/JICTIMPOBAHMSI YHEPrONOTPEOICHUSI W MTPOU3BOANTEIb-
HOCTH, TIOAPOOHO OmHCcaHHBIC B [16], OKa3amu ciemyro-
IIee pacrpeneiIeHie METOIOB OOECICUCHHSI IMaCCHBHOU
0TKa30yCTOMYMBOCTH, PHC. 4.

5 PE3YJIBTATBI
Metoauka Oputa anpoOupoBana npu paspadorke I1T1-
MOpTa CaMOCHHXPOHHOTI'O MHKpOIIponeccopa. Pe3ynprarst
MOJy4eHbl Ha OCHOBE MOJIECJIMPOBAHMUS, MOJEIH TPaH3H-
CTOPOB aHAJIOTHYHbBIE OMUCAHHBIM B pazjeiie «IKCHepH-
MEHTBI», pUC. 5.
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ITocnenoBarenbHO-NIapaUIENbHBIA TIOPT HA OCHOBE
KOMOMHHUPOBAaHHOTO PE3ePBUPOBAHUSI, OCHOBHOI TpHT-
rep — LORREA4F, no cpasuenuto ¢ IIII-mopTom Ha oc-
HOBE MaXOPUTApHOTO pe3epBUpoBanus [17]:

— ObIcTpozelicTBre Ha 3—5% BbILIE;

— MOIIHOCTb Ha €MHUILY 4acTOThl Ha 25-40% Hu-
Ke;

— BEP (1pu HOopMaNbHBIX YCIOBHSX) BhITIE 1,73
pasa;

— ammapartHbIe 3aTpaTsl — i 8-bit peructpa B 1.28
pa3 BbIIIE.

6 OBCYXJIEHUE

MeToarka TMO3BOJSIET CHHTE3UPOBATh  OTKAa30-
yCTOﬁ‘-IPIBbIe CaMOCHUHXPOHHBIEC CXEMbI C YYETOM MHO-
KecTBa ycnoBui. JlocTmkeHHe pe3ynbTara IOATBEp-
kKIaeTcs pa3pabOTKON 0TKa30yCTOWYMBOTO MOCTICIOBA-
TEIBHO-TTAPAIICIEHOTO TIOPTa CAMOCUHXPOHHOT'O MHUK-
pormporieccopa. Vcnonp30BaHNEe OJHOTO MeToJa oOec-
MEYCHUST 0TKa30yCTOMYMBOCTH OBLTO HE MPHEMIIEMO B
BHIY UMEIOIINXCA OTPAHWYCHUH, U TONBKO Onaromaps
KOMOWHHUPOBAHHIO METOAOB OOECIEYeHUs] OTKa30-
YCTOHYMBOCTH YJAlOCh JOCTHYB PEIICHUS TOCTABIICH-
HOM 3a/1auu.

[IpemnoskeHHass METOAMKA OIHMPACTCS HA H3BECT-
HblE W anpoOHMpOBaHHBbIE METOAbI OOecredeHHs OTKa-
30yCTOWYMBOCTH, a 3HAYUT HE PEIIacT TJIABHON 3aauu
— pa3pabOTKH CHCHUANBHBIX METOJOB JUIS CaMOCHH-
XPOHHOHM CXEMOTEXHHKH, B JaTbHECUIIEM TUIAHUPYCTCS
YAETUTH 3TOMY OOJbIllee BHUMAHHE.

MOXHO OTMETHTH, YTO MOJYyYCHHBIC OIICHKU CIIpa-
BE[UIMBHl Il METOJOB MPOCKTHPOBAHUS CaMOCHH-
XpOHHBIX CXEeM, B CHHXPOHHBIX M CMEIIAaHHBIX CHCTe-
Max pe3yJabTaThl MOTYT OTIH4YaThea. lccimemoBanme
METOJI0B KOMOMHUPOBAHHOTO PE3EPBUPOBAHUS B TAKHX
CHCTEMAX SIBJISIETCS CJIEAYIOLIEH BaXKHOU 3a/1auei.

BbIBO/bI

CaMOCHHXPOHHBIE CXEMBI SIBIISIIOTCS BaXXHBIM Ha-
MPaBJIEHHEM pPAa3BUTHSI MHUKPOSJICKTPOHHUKU. OIHaKo
HeoOXoauMa pa3paboTKa OpPHTHHAIBHBIX METOIOB
obecrieueHnsl OTKa30yCTOWYNBOCTH CaMOCHHXPOHHBIX
CXeM, TaK KakK MpsiMOe KOMPOBAHUE TaKMX METOIOB M3
CHHXPOHHOI CXEMOTEXHHUKH TPHBOAUT K OTPUIATEINb-
HBIM pe3yibTaTaM. lccrienoBaHue MOKa3ano, 4TO pe-
IIEHWE IMOCTABICHHONW ONTHMHU3alHOHHOW 33Ja4u Jie-
XKHUT B 00JIaCTH KOMOMHUPOBaHUS MeTONOB. [[yist aTOro
ObUTH pa3paboTaHbl — MOJEIHM OTKa30yCTOHUYMBBIX ca-
MOCHUHXPOHHBIX CX€M, IpOBe/ieH aHau3 3((PEeKTUBHO-
CTH METOZIOB oOecredyeHHs NacCHBHOW OTKa30yCTOM-
YMBOCTH M MPEJIOKEHA METOJMKa KOMOMHUPOBAaHHOTO
pe3epBUPOBAHMS, KOTOPAsk U TIO3BOJISIET CHHTE3UPOBATh
CXEMBI B COOTBETCTBHU C YCIIOBHSIMH IIOCTABICHHOM
3agauk (E—min, P> P, f > f,, 4 <q,, t,)

CHMXEHHUE YHEPTONOTPEOICHUS 0TKa30yCTONINBON
HU(POBOIi anmapaTypbl OCTAETCs AKTyaJbHOW 3aaden.
[TotpebHOCTh B 3HEProdPEeKTUBHBIX OTKA30YyCTOWUH-
BBIX YCTpo¥cTBax OyneT B JaIbHEHIIEM TOJIBKO PACTH.
B nanbHeiimiedi paboTe mpenmnosiaracTcst OOJbIIE BHH-
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MaHUsl yIeJIUTh TPUPOJIe OTKa30B (COOEB), B YACTHOCTH BO-
IpOcaM MOJEIHUPOBAaHMs PAAUALMOHHOW CTOMKOCTU Ipen-
JOXKeHHbIX perieHuil. Ocoboe BHMMaHHE B JajbHEHIIEM
IUTAaHUPYETCSl YAENUTHh DPa3BUTHIO METOJOB OOecTedeHHs
aKTUBHOH oTka3zoycToiunBoctu CC-cxeMm.
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3ACTOCYBAHHS KOMBIHOBAHOI'O PE3EPBYBAHHS ITPA ONITUMI3AILIN EHEPTOE®EKTHUBHOCTI TA
HAQIMHOCTI OBYUCJIIOBAJIbHUX CUCTEM

Kamencskux A. M. — kaHI. TeXH. HayK, JOIEHT Kadeapu «ABTOMATHWKa i TeleMeXaHika» [lepMChKOro HaliOHAaJIBHOTO
JOCIILTHHIIPKOTO HOJIITEXHIYHOTO yHiBepcuTeTy, Pocis.

Tropin C. ®@. — n1-p TexH. Hayk, npodecop, npodecop kadenpn «ABToMaTnKa i TerneMexaHika» [IepMCHKOro HamiOHAIBHOTO
JOCIIITHHUIIBKOTO HOJIITEXHIYHOTO yHiBepcuTeTy, Pocis.

AHOTAIIA

AKTyalIbHiCTB. 3aBIaHH MiABUIICHHS eHEProe(eKTHBHOCTI Ta HAAIMHOCTI CUCTEM YMpPaBIIiHHS i 00YHCITIOBAIBHOI TEXHIKH SIK 1
paHillie 3aHIIAETHCS OHIEI0 3 HalBaXJUBILIKMX B 21-My cTouiTTi. Oco61BO B rajigy3i aepOKOCMIYHOI MiKPOCIEKTPOHIKH, e HOTpi-
OHO 320€3MEeYNTH CTIMKICTh O BIUIMBY OJMHOYHUX €(DEKTiB, IO MOPOIKYIOTHCS 3apsIKCHUMHI YaCTHHKAaMU, 1 OTHOYAaCcHO 3a0e3re-
YUTH MiHIMaJIbHE EHEPrOCHOKMBAHHS, TaK SK MOXIHMBOCTI MmO Ii TeHepamii icTOTHO oOMexeHi. IIpm mboMy HpPOXYKTHBHICTH
3aJIHIIAETHCS BAXKIUBUM NAapaMeTPOM ISl pO3POOHHKIB €IEKTPOHHUX NPUCTPOiB. TakKMM YMHOM, BUXOJMTDH CKIIa[[HE ONTHMI3alliliHe
3aBIaHHS 3 BapiHOBaHUMHU 3MIHHHMH — HaJiHHOCTI, CHEproe()eKTUBHOCTI Ta MPOIYKTHBHOCTI, IIPH ICHYIOUHX BHPOOHHYMX 0oOMe-
KCHHSIX.

MeTta pod0oTH — BUpIIICHHS ONTHMI3aliiHOI 3aa4i CHHTE3Y LIM(POBUX IPHCTPOIB, 3MAaTHHUX MPALIOBATH B IMIUPOKOMY Jiana3oHi
TEMIIepaTypH i Hapyry npu 0OMEKEHHSX 110 HAAIHHOCTI 1 MPOLYKTHBHOCTI.

Meton. CaMOCHHXPOHHI CXeMH, HIO 3a0e3NedyloTh CTabiIbHy pOOOTY 3a pealbHUMH 3aTpPUMKaMd, Y TOMY HYHCIi 1 mpu
YIBTpAaHU3bKIA HAmpy3i JKUBICHHSA, 3apEKOMEHIYBalH ceOe K pilleHHS A 3a3HAa4eHOi BHINE Taily3i 3actocyBaHHS. [lis
ITIBUILEHHS HAAIHOCTI B KPUTHYHUX CHCTEMax YaCTO BUKOPHUCTOBYETBCS PE3CPBYBaHHS, HAPHKIIAJ, TOTPiHHE MOYJIbHE PE3CPBY-
BaHHs, a00 koxu Ieminra s cxeM 3 mam’sttio. OfHAK B CAMOCHHXPOHHHX CXEMaX 3aCTOCYBAaHHS 3a3HAYCHUX METOIB
YCKJIaHIOETHCSI BUCOKOIO HAJIMIPHICTIO i BHOCHTBCS 3aTpUMKOI0. KpiMm Toro, cranmaptHa Mojeis Majuiepa He J03BOJISIE BPaxoByBa-
TH BIUIMB Ha CUCTEMY OJAMHOYHHX BiIMOB a00 3001B, B pe3yJIbTaTi pe3epByBaHHs IPU3BOANUTD 10 MOPYIICHHS KIFOYOBOI BIACTUBOCTI
CaMOCHHXPOHHHUX CXEM — HaliBMOJIYJISIPHOCTI. Y CTaTTi PO3BHBAETHCS 3alPOIIOHOBAHMIT METO]] Pe3epBYBaHHS HA TPAH3HCTOPHOMY
PiBHI, SKuil B TOEAHAHHI 3 B)Ke 100pe BiIOMUMH METOaMH JJO3BOJISIE OTPUMATH HOBi €()eKTUBHI PillICHHS.

PesyabraTn. Po3pobieHo Monenb BiMOBOCTIHKHX CAMOCIHXPOHHHX CXEM, IO [O3BOJSIE aHAJITHYHO MiATBEPIKYBaTH
HAJICKHICTh BiIMOBOCTIHKOI CXeMH 0 KJIacy CaMOCHHXPOHHHX. 3alpONOHOBAHO METOAMKY KOMOIHOBAaHOTO pE3epBYBaHHSA, LIO
JIO3BOJISIE TIPOBOIUTH CHHTE3 BiIMOBOCTIMKIX CAMOCHHXPOHHHX CXEM 3 ONTHMI3aIli€l0 3a KIIIOYOBUMH HTapaMeTpaMH.

BucnoBku. IIpoBeieHe TOCIIKEHHS IiATBEPIMIIO, IO TiIIHKH KOMOIHOBaHe pe3epBYBaHHS 3a0e3Meuye JOCATHEHHS! ONTUMYMY
(GyHKIiN B mocTaBiIeHOMY 3aBaHHI. Hamami mepcreKTHBHO PO3IIMPHTH 00 €KT JOCIIHKEHHS 32 PaXyHOK CHHXPOHHHX 1 TiOpHIHHX
H(POBHUX MPUCTPOIB.

KJIFOUYOBI CJIOBA: eHeproedekTHBHICTb, HaiHHICTh, BIIMOBOCTIHKICTh, CAMOCHHXPOHHI CXEMH, Pe3epBYBaHHs Ha TPaH3U-
CTOPHOMY piBHi, KOMOIHOBaHE pe3epBYBaHHS.

UDC 004.05

THE OPTIMIZATION OF ENERGY-EFFICIENCY AND RELIABILITY USING COMPLEX REDUNDANCY IN
COMPUTING SYSTEMS
Kamenskih A. N. — PhD, Associate Professor Of “Automation and remote control” Department in Perm National Research Poly-
technic University, Russia.
Tyurin S. F. — Dr. Sc., Professor, Professor Of “Automation and remote control” Department in Perm National Research Poly-
technic University, Russia.

ABSTRACT
Context. The increase of energy-efficiency and reliability of computing systems is still important task in 21st century. It is espe-
cially important in the field of computing systems for aerospace because both the radiation-tolerance should be provided and the
energy-consumption are very limited. Moreover, the developers should take care about performance of a computing system. There-
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fore, all of this result in difficult optimization task with key-parameters — reliability, energy-efficiency and performance in conditions
of existing technologies limits.

Objective. The solution of optimization task — the synthesis of digital devices that can work in wide temperature and voltage
range at restrictions on reliability probability and performance.

Method. Delay-insensitive (or Self-timed according to Russian terms) circuits can stable operate in delay variation including op-
eration under ultra-low-supply-voltage (ULSV). That is why it became a good solution for considered task. To increase reliability in
the critical fields of application, the redundancy is often used. For example, the triple modular redundancy or the Hamming codes.
However, the implementing of these methods in delay-insensitive circuits faces problems — excessive increase of complexity or de-
lays in critical paths. In addition, the Muller’s model are not provide possibilities to take into account failures as normal part of sys-
tem operations. Thus, the definitions of fault-tolerance and semi-modularity (the basic feature of delay-insensitive circuits) have a
conflict. In the paper the method of redundancy at transistor level was developed. The combination of proposed and known methods
allows receiving new efficient solutions.

Results. The model of fault-tolerant self-timed circuits was developed. The method of complex redundancy for self-timed cir-
cuits was proposed. This method provides synthesis of digital devices with optimization in key parameters.

Conclusions. The research proved that only the combination of methods provide the achievement of function’s optimum. It is in-
teresting task to expand the object of research to synchronous and globally asynchronous locally synchronous computing systems in
further research.

KEYWORDS: energy-efficiency, reliability, fault-tolerant, self-timed circuits, redundancy at transistor-level, complex redun-
dancy.
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ABSTRACT

Context. Nowadays there is a constantly increasing interest to the application of the intelligent systems (IS) in different areas
such as information technologies (IT), engineering, medicine, biology, ecology, geography, jurisprudence etc. At the heart of
architecture of modern IS’s knowledge bases (KB) are used, which are formed due to the subject area (SA), where the given IS is
used. The main part of KB is ontology as clearly structured SA’s model, systematic set of terms, which explain the connections
between objects of this SA. Ontologies are generally accepted and widely used in different branches of science such as knowledge
engineering, presentation of knowledge, information search, knowledge management, database design, information modeling and
object-oriented analysis. In particular, Gather company in their researches of IT-market attributed the use of taxonomy/ontology in
his area. Consequently, research of syntactic ontological structures of KB, construction and research of optimal algorithm for syntac-
tic analysis of Ukrainian language texts and the development of software-algorithmic means of content, automatic referencing of
texts, gathering knowledge, translation etc. are relevant.

Objective. The goal of the work develop a software system for formalizing the rules of syntax of the Ukrainian language in the
form of an ontological basis of knowledge for the purpose of its use for working out natural language texts in the Ukrainian language.

Method. Methods of solving the problem of creating a consolidated resource based on ontological KB were chosen decision
trees, IDEF5 methodology and ontology construction methodology. The results of syntactic analysis work are taken into account by
associative-semantic context analysis to optimize the process of constructing associative context relationships between words and
sentence combinations within the hierarchical network of ontological BB.

Results. A consolidated information resource is created — an ontological KB of parsing analysis of Ukrainian-language text
documents with the help of Protégé 3.4.7.

Conclusions. The method of data extraction based on ontological BZ and FPGA language is developed for the further develop-
ment of a consolidated information resource for the syntactic elaboration of text documents. As a result, an ontological type of KB
with FPSM was created. The syntactic structure of the input sentence is the foundation and frame for the next, not less important step
— semantic analysis. This ontological KB of the consolidated LR of syntactic elaboration of Ukrainian-language text documents

serves as a powerful basis for further development of an automated IS for parsing Ukrainian-language texts.
KEYWORDS: analysis, content-analysis, ontology, content management system.

ABBREVIATIONS
KB is a knowledge base;
Al is an artificial intelligence;
IS is an information system;
IT is an information technology;
SA is a subject area;
PIR is a processing of information resources;
LR is a linguistic resource;
RSUL is a rules of the syntax of the Ukrainian lan-

guage.

NOMENCLATURE

O is an ontology;

X is a finite set of concepts for the subject area for de-
scribing the Ukrainian language;

R is a finite set of relations between concepts;

F is a set of interpretation functions;

Morphology is a finite set of concepts of the morphol-
ogy of the Ukrainian language;

Punctuation is a finite set of concepts of the punctua-
tion of the Ukrainian language;

Structure is a finite set of concepts of the structure of
the Ukrainian language;
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Syntax is a finite set of concepts of the syntax of the
Ukrainian language;

Semantic is a finite set of concepts of the semantics of
the Ukrainian language;

WordsCombination is a finite set of concepts of the
formation of phrases;

Sentence is a finite set of concepts of the creation of
sentences in the Ukrainian language;

SignWords is a finite set of signs of the formation of
phrases;

LexicalSign is a finite set of lexical signs of the forma-
tion of phrases;

SyntacticSign is a finite set of syntactic signs of the
formation of phrases;

Noun is a finite set of registered signs of the formation
of phrases;

Adjective is a plurality of adjective signs of the forma-
tion of phrases;

Numeral is a finite set of numerical signs of the for-
mation of phrases;

Pronoun is a plurality of pronoun signs of the forma-
tion of phrases;
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Verb is a finite set of verb signs of the formation of
phrases;

Adverb is a finite set of adverbial signs of the forma-
tion of phrases;

Coordinated is a finite set of coordinated signs of the
formation of phrases;

Inferior is a finite set of subordinated signs of the
formation of phrases;

SimpleWord is a finite set of simple signs of the for-
mation of phrases;

ComplicatedWord is a finite set of complex signs of
the formation of phrases;

AdversativeComt is a finite set of signs of dividing
signs;

ConnectiveComt is a finite set of connecting signs;

DividingComt is a finite set of signs of opposing
communication;

ContactComt is a finite set of signs of agreement;

ManagementComt is a finite set of signs of manage-
ment;

AdjoiningComt is a finite set of signs of adjoining;

SignSent is the finite set of signs of the creation of
sentences in the Ukrainian language;

SentenceMembers is a finite set of signs of the identi-
fication of sentence members;

NarrativeSent is a finite set of signs of the formation
of narrative sentences;

PronouncedSent is a finite set of signs of the forma-
tion of questionnaire;

IncentiveSent is a finite set of signs of the formation of
inductive sentences;

EmotionallyNeutral is a finite set of signs of the for-
mation of emotionally neutral sentences;

EmotionallyColored is a finite set of signs of the for-
mation of emotionally colored sentences;

SimpleSent is a finite set of concepts of the formation
of simple sentences;

ComplicatedSent is a finite set of concepts of the for-
mation of complex sentences;

MainSentMemb is a finite set of signs of identification
of the main members of the sentence;

SecondSentMemb is the set of signs of identification
of secondary members of the sentence;

AffirmativeSent is a finite set of signs of the formation
of affirmative sentences;

NegativeSent is a finite set of signs of the formation of
negative sentences;

SgSpSt is the finite set of signs of the formation of
simple sentences.

INTRODUCTION

In the ontology study, questions arise from the first
steps. Until now, there is no single definition for the con-
cept of ontology. The concept of ontology comes from the
Greek. “Ontos” — the existence, “logos” — the doctrine,
the concept, this is a section of philosophy that studies
existence. In computer science, this is an attempt of com-
prehensive and detailed formalization of a certain area of
knowledge through the conceptual scheme [1]. Under the
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conceptual scheme should be understood a set of concepts
+ information about the concept (properties, relationships,
constraints, axioms and assertions about the concepts nec-
essary to describe the processes of solving problems in
the selected software) [2]. Among the specialists in com-
puter linguistics, the most established (classical) is the
definition of ontology given by Gruber T. : “Ontology is a
specification of conceptualization” [3—4]. In addition to
problems with the exact definition of the concept of “on-
tology”, there is a number of problems with the descrip-
tion of the model of ontology in the formal language [1].
However, not all existing ontological LR fall under the
given definition. Today, the evolution of applied IS goes
toward increasing their intellectualism. This significantly
affects the direction of scientific and technological re-
search related to the use of computers, and also gives the
society practically important results. However, at the cer-
tain stage of development, further improvement of IT by
nowadays available resources becomes impossible. In
such periods, a qualitative leap is required for the devel-
opment tools. One such leap in the field of Al, aimed at
further intellectualization of the interactions between sys-
tems and users, was the emergence of ontologies.

The purpose of the work is to design and develop the
system of formalization of RSUL in the form of an onto-
logical KB with the aim of its use for processing the
Ukrainian-language content of Web-resources and extrac-
tion of data from it.

The object of the research is the processes of extrac-
tion from Ukrainian language content of Web-resources
based on the ontological approach taking into account the
syntax and semantics of texts.

Subject of research is methods and means of tech-
nology for processing information resources and extract-
ing data from them based on the ontological approach.

1 PROBLEM STATEMENT

To develop a software system S of the formalization
of RSUL in the form of an ontological knowledge base
for its use for the processing of natural language texts
written in the Ukrainian language (for example, for auto-
mated referencing, extracting knowledge from texts,
translating texts into other languages, etc.). At the input of
the system there are verbal rules for the syntax of the
Ukrainian language, which are given in textbooks and
other books about Ukrainian grammar rules.

At the output of the system there is an ontological
model of the rules of the syntax of the Ukrainian language
O = <X, R, F>. The taxonomy of the ontology concepts X
defines the syntax of the language (the root concept of
ontology). The optimal determination of the plurality of
relations between these concepts R and the set of rules F
of the syntax of the Ukrainian language, formalized with
the help of descriptive logic DL, will allow to effectively
process the nature-language texts in the Ukrainian lan-
guage, that is: S: RSUL —O.
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2 LITERATURE REVIEW

The authors of works [5—13] believe that in designing
of ontologies conditionally distinguish two directions,
which for some time developed separately. The first (for-
mal) — based on logic (predicates of the first order, de-
scriptive, modal, etc.) [14-15]. The second (linguistic) —
based on the study of natural language (in particular, se-
mantics) and the construction of ontologies on large text
arrays, the so-called buildings [16-27]. Formal ontology
is a set of concepts and assertions about these concepts,
on the basis of which the classes, objects, relations, func-
tions and theories are constructed [28-31]. Most models
of ontologies contain the following components: concepts
(concepts, classes); properties of concepts (attributes,
roles); relationship between concepts (dependence, func-
tion); additional constraints that are defined by axioms
[32-39]. The role of the concept is a description of the
task, function, action, strategy, process of reasoning, etc.
The main difference of the ontological system from the
usual vocabulary is internal unity, logical interconnection
and consistency of the concepts used. The second kind of
ontologies is hierarchical lexical resources such as
WordNet. They describe the lexical relations between the
meanings of words given in the form of individual units
in the hierarchical network — sinsets. The relationship
between lexical units reflects the relation of objects of the
outside world, therefore, such resources are often re-
garded as a special kind of ontology — lexical or linguistic
ontologies. The main characteristic of linguistic ontolo-
gies is that they are tied to the meanings of verbal expres-
sions (words, names groups, etc.). Linguistic ontologies
cover most of the words of the language and at the same
time have an ontological structure that manifests itself in
the relation between concepts. Therefore, linguistic on-
tologies are considered as a special type of lexical data-
base and a special type of ontology. The main difference
between linguistic and formal ontologies is the degree of
formalization. It is assumed that the development of such
resources builds a hierarchy of lexical meanings of the
natural language, and for a more rigorous description of
the knowledge about world, they compare such resources
with any formal ontologies. Thus, the content of one of

the projects is the establishment of the relationship be-
tween WordNet and EuroWordNet, on the one hand, and
the formal ontology SUMO - Standardized Upper
Merged Ontology — on the other. The project is to estab-
lish a match between the WordNet Sinsets and the con-
cepts of ontology, in which each WordNet sinset is di-
rectly related to the concept of ontology, or is a hypo-
nomy for some concept or instance (element) of the on-
tology concept. Participants in another OntoWordNet
project consider that it is not enough to hold formal glue
of a resource such as WordNet and formal ontology: a
significant restructuring of the source lexical resource is
required.
3 MATERIALS AND METHODS

The primary task of creating an ontological KB of
syntactic analysis is to create diagrams of the syntax
classes of the Ukrainian language, which are transformed
into taxonomy of the concepts of X. Such diagrams are
shown in Fig. 1-6.

In the production of data on the basis of ontological
KB and the development of rules of the syntax of the
Ukrainian language for the further development of a con-
solidated information resource of syntactic processing of
text documents, it is necessary to focus on the concept of
Syntax =< WordsCombination, Sentence >, in the first

place. We will submit a finite set of concepts of the for-
mation of phrases in the Ukrainian language as a cortage:

WordsCombination =< SignWords,,

SignWords,, SignWords;, SignWords, >, M

where the signs of the formation of phrases in the Ukrain-
ian language are divided into four main groups
SignWords; =< LexicalSign, SyntacticSign >,
SignWords, =< Noun,Adjective,
Numeral,Pronoun,Verb,Adverb >, )

SignWords, =< Coordinated, Inferior >,
SignWords, =< SimpleWord, ComplicatedWord > .

ZAN
Phrases
/\
AN AN AN AN
| [ | L[ |
| Lexical | | Syntactic ||Nominal| |Adjed. | |Numer. | |Pronoun| | Verb || Adverb | |Compound| |Complex| | Simple | |Complex|
[ \ \ [
| Dividing | Connective || Controversial Coordination| | Management Adjoining
Connection Connection Connection Connection Connection | |Connection

Figure 1 — A class diagram for representing the hierarchy of the classes “Syntax PhraseCombination”
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Composite signs of SignWords; are described by the
following sets of concepts:
Coordinated =< AdversativeComt,
ConnectiveComt, DividingComt >,
Inferior =< ContactComt, )
ManagementComt, AdjoiningComt > .

Accordingly, the finite set of concepts of the forma-
tion of sentences in the Ukrainian language (Fig. 2) will
be presented as a tuple

Sentence =< SignSent,, SignSent,,

“4)

SignSents, SentenceMembers >,
where the signs of the formation of sentences in the Ukrain-
ian language are divided into several main groups as
SignSent, =< NarrativeSent,
PronouncedSent, IncentiveSent >,
SignSent, =< EmotionallyNeutral,
EmotionallyColored >, 5)
SignSent; =< SimpleSent, ComplicatedSent > ,
SentenceMembers =< MainSentMemb,
SecondSentMemb >,
NarrativeSent =< AffirmativeSent, NegativeSent > .

To determine the simple sentence, it is necessary to
analyze the sentences by using the eighth signs (Fig. 3), as
described by the following tuples (6). Similarly, classes
have been constructed to determine the members of a so-
lution and a complex solution (Fig. 4-6).

SimpleSent =< SgSpSt,, SgSpSt,, SgSpSts,

SgSpSt,, SgSpSts, SgSpSt, SgSpSt,, SgSpStg > ©

One of the promising directions for further refinement
of IS for PIR is the development of methodological, onto-
logical and logical foundations of the design of KB in-
tended for the analysis of text documents. Ontological
aspects include a range of issues, ranging from the scope
of application and to the formal description of the compo-
nents of computer ontology SA. The main vector of re-
search is aimed at formalizing the stages of construction,
structuring and presentation of SA’s material during the
analysis and integrated with the information resource of
the problem space, which allows for an effective combi-
nation of processed text materials. In turn, the effective
implementation of these stages and obtaining the final
result (in the form of a library ontological KB with SA) is
impossible without conducting a system-ontological
analysis of a given set of information LR. The informa-
tion model of the SA, which is the basis of the function-
ing of this system, in order to record its state in time, must
contain a time component. From this we can conclude that
our information model has the following characteristics:
the decomposition of the essence, depending on the time
parameters; fixing the status of an object (registering
changes in the values of a subset of the object’s attributes,
as changes in the status of an object); object archiving
(extracting an object from the current state of the informa-
tion model). The main contextual diagram reflects the
external connections of the highest-level IS (Fig. 7a).

Sentence

AN

/\ /\
| |

|Declarative| |Interrogative| | Imperative |
neutral colored

Emotionally | | Emotionally

| | Simple | | Complex |

Affirmative || Negative |

|Members of the sentencel

ZAN

members members

| Minor

| Main

Figure 2 — A class diagram for representing the hierarchy of the classes “Sentence”

Simple sentence

AN
| | |
| Sign 1 | | S|gn2 | | Slgn3 | | S|gn4 | | Slgn5 | | Sign 6 | | Sign 7 |
Uncommonl | Common | |Uncompl|cated| | Simple | |Comp||cated| With With With
uncomplicated separated appeals
parts ey With With
of sentence fhe sentence build-n | | embedded
components | |components
Noun Verb

Figure 3 — A class diagram for “Simple sentence
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Sentence members

Main sentence members

| Second sentence members |

ﬂl

[owpave ] [P |
ﬂl ZAN ZAN
| Simple | |Composite| | Simple | | Composite | |Coordinated| |Uncoordinated| | Direct | | Indirect
Figure 4 — A class diagram for “The members of sentence”
Adverbial modifier
AN
| Of purpose | | Of time | | Of manner | | Of place | | Of cause | | Of condirion | |Ofconcession|
Figure 5 — A class diagram for “Adverbial modifier”
N\
Complex syntactic construction |
7\ ZAN ﬁk
[ 1
hom:JMg:\eous heterxgg:\eous With coordinated With conjunctive and
The compound The complex m er%bers members and subordinate unconJunytlve
sentence sentence of the sentence of the sentence connection connection
[ | \ 5 \ \
With With Attributive Subject Adverbial With few
connectivity opposites clauses clauses clauses subjects
connections connections
Figure 6 — A class diagram for “Complex sentence”
Rules of UL Rules detailed level, then it should be noted that each of the
J J “g’fﬁ(‘;‘g;” object classes contains a number of specific external enti-
Sentence 1 ties, each of which describes its attributes and specifies
Text Sentence 2 the relationship between the classes of objects (Fig. 8).
&,/ Syntactic analysis entence —
1.2
Sentence N Data about text Data about IS T
Text input Defining the
User The ontology of UL extinpu analysis Data
Data about IS conditions about IS
a
Dataabout | 1 | The ontology of UL
The ontology of UL text and 12
conditions Elaborated
Data about text (rules) Conditions (rules) text
13 Processing the
Text Sentence result
processing . .
. Analysis The result of analysis
N Analysis
Conditions
(factors) Conditions (fact . - .
il e Figure 8 — Detailing of the process “Analysis”
b
Figure 7 — Diagram of IS «Parsing Analysis»: a — IDEFO0; b — Essences that make up IS and are real objects of a spe-
DFD

The object is the real essence of the software, which
changes the state over time. In the developed SA there are
such classes of objects: Text and Worked Out Sentence.
The interaction of two data classes of objects, that is, the
structure of the IS, is given in the context diagram of
Fig. 7 b. If we consider the information model at a more

© Lytvyn V. V., Vysotska V. A., Hrendus M. H., 2018
DOI 10.15588/1607-3274-2018-3-16

148

cific SA: IS, text, rule. We give the properties of the es-
sence of the IP (all attributes of objects are static values).
1. Information system is a description of IP, which
processes the Ukrainian-language text.
2. Text — displays information about the text, that is
being analyzed.
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3. The rule is the rules of the Ukrainian language,
which are followed by the analysis of the text.

In the center of most ontologies there are classes. Pro-
tégé and other frame systems describe ontology in a de-
clarative manner, clearly defining the class hierarchy and
the affiliation of individual concepts to the corresponding
classes. Ontology in OWL has similar components to
frame-based ontologies. OWL terminology is based on
the concepts of individual concepts or objects and proper-
ties that are generally consistent with Protégé, respec-
tively, instances of classes and slots. Objects are separate
instances of the subject field. An important difference
between Protégé and OWL is that OWL does not use
Unique Name Assumption (UNA). This means that two
different names can, in fact, be sent to the same object.
For example, the names “Queen Elizabeth”, “Queen” and
“Elizabeth Windsor” mean the same object. In OWL it
should be clearly defined that objects are the same or dif-
ferent from each other, otherwise the names may belong
to the same or different objects. Properties are binary
links between objects. For example, the property “to have
a color” ties the object “gold” with the object “yellow”, or
the property “used in” connects the object “gold” with the
object “electrical engineering” (Fig. 9 a).

Based
on color
metal

G

Metal-
ceramic

Alloys

has a color Yellow
I .
Gold G Electrical
engineering

Iron carbon

used in @

a b

Figure 9 — Presentation: a — properties of the object; b —
class structures.

In Protégé, properties are represented by slots, in de-
scriptive logic — roles, in UML and other object-oriented
views — by links. Properties can be inverse. For example,
inversion to the property of the object “has a color” — “to
be color”. Properties can be functional (limited to a single
value), transitive or symmetric. Classes in OWL are con-
sidered as sets containing objects that are described for-
mally (mathematically) for the exact representation of
their membership in a particular class. Classes organize a
class-subclass into a hierarchy-taxonomy. The OWL sub-
class means the need to add. For example, “cast iron” and
“steel” objects (Fig. 9b) belong to the “iron-carbon al-
loys” class, which together with “metal-ceramic alloys”
and “non-ferrous alloys” is a subclass of “alloys”. The
OWL subclass means the need to add. For example, “cast
iron” and “steel” objects (Fig. 9b) belong to the “iron-
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carbon alloys” class, which together with “metal-ceramic
alloys” and “non-ferrous alloys” is a subclass of “alloys”.
In the case of building a deeper hierarchy, the objects
“iron” and “steel” are regarded as separate classes with
their subclasses and objects. In OWL classes, they create
descriptions that specify the conditions for the matching
of the object to become part of the class instances.

4 EXPERIMENTS

The main stage of the realization of the task is to cre-
ate an ontological KB based on the rules of the syntax of
the Ukrainian language for the further development of a
consolidated LR syntactic elaboration of Ukrainian-
language text documents. For this purpose, the software
program Protégé 3.4.7 was used to create a hierarchy of
classes and subclasses of the hierarchy of syntactic con-
cepts based on the rules of the syntax of the Ukrainian
language (Fig. 10a). Information about the selected class
is displayed on the right side of the window. The upper
part of this window allows users to add comments, labels
and other annotations. The bottom part displays the logi-
cal characteristics of the selected class, which are speci-
fied using certain buttons on the panel when you click on
the “Create new expression” icon (Figure 10 b).

An example of creating a logical class characteristic is
the expression: “A phrase with a junction bond has some
united connection” (Fig. 11 a—e). The next step in build-
ing a KB is to enter the class representatives in the Indi-
viduals tab (Fig. 11e), for example, representatives of the
class of lexical unbound phrases. Next, the relationship
between certain classes and subclasses is created in the
Properties tab in the main panel (Fig. 11f). The created
KB has the following relationships: compoundOf (con-
sists of); hasConjunctive (has a connector); hasMember-
sOfTheSentense (has sentence members); hasPunctuation
(has a punctuation mark). The SWRL Rules tab creates
rules for parsing using Semantic Web Rules of Language
(SWRL) and the use of a handy expression editor
(Fig. 12). When writing rules, classes (subclasses), rela-
tionships, and representatives that interact with specific
operands in the expression editor panel are used.

One of the benefits of Protégé 3.4.7 is the ability to
create queries through the Open SPARQL Query panel.
At the bottom of the main window, there will be two more
windows: Query - for the query itself, Results - to output
the result of the query (after pressing the button Execute
query) (Figure 13). In fig. 14a the query reflects the sub-
classes of the Complex sentence without conjunctions,
and in Fig. The 13b request reflects simultaneously the
subclasses of the Sentence and Phrase Class, and also
sorts their comments in alphabetical order.
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Figure 13 — Examples of sample requests

5 RESULTS

The proposed and developed procedure for extracting
data from the Ukrainian-language test on the basis of
parsing analysis makes it possible to supplement the con-
ceptual graphs of text documents comparable to the con-
text of the SA determined by the ontology. Recognizing
the content of a text document in the first stage is to “rec-
ognize” the concepts and statements of this document by
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defining the degree of similarity of these concepts to their
likely counterparts in the ontology of the IRS, taking into
account the results of the parsing analysis. A set of recog-
nized concepts is complemented by ontology with all the
concepts associated with elements of such a set by gener-
alizing links “IS-A” on one level up, as well as by other
semantic ties whose weight exceeds a given threshold
value. This add-on provides the recognized text with the
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conceptual context of the given SA. The relationships
between concepts in the text under investigation, in turn,
are recognized and used to eliminate the ambiguity of the
recognition of concepts if terms with a similar name are
present in an ontology in a different context and, accord-
ingly, in different meanings. Recognized in this way, the
text, supplemented by a semantically related conceptual
structure from ontology, forms a coherent graph of the
semantic image of this text. After that, comparing the
similarity of the texts will be to calculate the semantic
distance between the documents (Fig. 14).

Example Text
xamp document Ontology
"create” Conceptual “create”
graph 1
"create” Conceptual |, create”
graph 2
Find balance of
CaG1 Find balance of
Uretur' ) "return” | CG2
Find distance between
CG1and CG2 =
Figure 14 — The scheme of semantic comparison of
documents

The procedure for comparing the text and its ranking
according to similarity is included in the general algo-
rithm of the search system of text documents by the
model and consists of constructing:

1) weighted graph G of the text document.

2) supplemented by the ontology of the weighted
graph of the model document, applying to each vertex of
the graph G the procedure for finding his father in accor-
dance with the connections between the concepts.

3) graph G=G UG’ taking into count the results of the
parsing analysis.

4) Reducing the redundant elements of the graph.

5) other graphs of documents for their ranking, apply-
ing paragraphs 1-4.

6) the calculations of the three centers of the impor-
tance of the graphs and the semantic distance between the

graphs G and G'.

The effectiveness of the developed method on an ex-
ample analysis of annotations is shown by comparing this
method with the method of the vector-spatial model and
the Dies coefficient [2]. An experiment with annotations
of publications in the field of creativity T. G. Shevchenko
(Fig. 15), which showed that the approach proposed on
this basis on the basis of adaptive ontology increases the
accuracy of the search of documents by an average of
20%. For this purpose from the keywords of an annota-
tion-model the request is generated on the Internet. As a
result, 25 annotations from sites corresponding to publica-
tions were received. In three methods: the method of con-
ceptual graphs (Montes-Gomes), the Dies coefficient
(variant of the vector-spatial model) and the method of
adaptive ontologies, a comparative analysis of the annota-
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tions obtained with the model was made (Table 1). The
estimation of the effectiveness of these methods for in-
formation search is made by the parameter - the accuracy
of the search:

the amount of found relevants (exp erts)

precision =
the amount of all found (programs)

Table 1 — Results of comparison of methods
Methods

Precision ¥ »
10/15=0,66, (66 %)

The method is based on the Dys coefficient

The method is based on the vector-spatial 9/12=0,75, (75 %)
model

Method of adaptive ontologies (developed)

11/12=0,916, (92 %)

6 DISCUSSION

The need for ontologies is related to the inability of
adequate automatic processing of natural language texts
by existing means. Creating thesauri does not solve the
problem, since different user groups and communities use
special terminology that is used by others in the second
context to process and analyze information. Also, differ-
ent communities often encounter different notations for
the same concepts. Therefore, for qualitative elaboration
of texts it is necessary to have a detailed description of the
SA with a plurality of logical connections, which show
the relationship between terms. The use of ontologies
allows the submission of natural-language text in a suit-
able form for automatic processing. In addition, ontolo-
gies are used as an intermediary between the user and the
IS, which allows formalizing the terms used among all
users of the project.

Using this approach, account is taken of the context of
documents and the context of the semantics of the terms
and phrases they take. This makes it possible to automate
the search for the documents most relevant to the proto-
type request and to reject those that are of minor impor-
tance and not in accordance with the SA.

According to the results of the experiment, we note
that the method of comparison by Dace in 40% deter-
mined the most similar to the model those annotations
that had the largest number of common words, in addi-
tion, the least consistent with the prototype of the content.
The method of the vector-spatial model also did not give a
satisfactory result. At the same time, taking into account
the prior information about the SA, through weighing the
vertices and links of the conceptual graphs of the refer-
ence and the annotated research, it was possible to select
the most relevant annotation model.

This experiment illustrates the effectiveness of using
the approach developed to work to automate the search
for documents that are most relevant to the prototype
query and can be used in constructing intelligent meta-
search systems.
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Figure 15 — The result of using syntactic analysis in Ukrainian language

CONCLUSIONS

The article deals with the scientific and practical task
of extracting data from Ukrainian-language content based
on the ontological approach, taking into account the fea-
tures of syntax and semantics of this language.

The scientific novelty of the results obtained is that for
the first time an ontological KB has been created on the
basis of RSUL — for the further development of a consoli-
dated LR syntactic elaboration of Ukrainian-language text
documents. As a result of the system analysis of the soft-
ware for the first time was designed KB, which contains
consolidated information on RSUL-taking into account its
features. The ontological aspect of designing the KB of
analytical purpose is considered, which is one of the im-
portant practical applications of the direction of ontologi-
cal engineering. The proposed approach solves and im-
proves the results of solving the following urgent tasks for
the processing of text documents: automated development
of analytical and syntactic KB on the basis of lingual-
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semantic analysis of large volumes of texts using original
instrumental means (the source text is used from a variety
of sources, for example from tested ones in educational
institutions of textbooks in Ukrainian with SA); structur-
ing terms and concepts in information resources from a
specific SA; a significant reduction in the complexity of
compiling the KB analytically and syntactically. For the
first time, a method of data extraction was created based
on ontological KB and RSUL for forming a consolidated
information resource for syntactic processing of text
documents. As a result, an ontological type KB with
RSUL was created. It serves as a powerful foundation for
further development of an actual ultra-complicated proc-
ess of an automated system of parsing text analysis in
Ukrainian. The practical significance of the results ob-
tained is to develop a programmatic system for formaliz-
ing the RSUL by means of Protégé 3.4.7 in the form of an
ontological knowledge base for its use for the processing
of natural-language texts in the Ukrainian language (for
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example, for heading out, referencing, extracting knowl-
edge, translation, etc.). The created KB is sufficiently
developed and allows you to perform the following im-
portant functions: creating a hierarchy of classes and sub-
classes of SA concepts; the introduction of representatives
of classes and subclasses, which extends the possibilities
of understanding and using KB; creation of a system of
links between classes and subclasses; creation and execu-
tion of requests of various character; construction of rules
for processing data; application of IT in the development
of applications, etc. Perspectives for further research are
the development of rules for analyzing the semantics of
texts in Ukrainian for the more efficient extraction of
knowledge from Ukrainian-language Web-resources. Us-
ing the method of evaluating the similarity of text docu-
ments on the content, based on the adaptation of its ontol-
ogy to the user’s SA, enables to increase the efficiency of
automated search of relevant documents. However, we
note that the developed method is not an alternative to
well-known methods for searching documents, but their
additions. For example, you first need to search for key-
words, and then add the result to the contextual search.
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METO/]I BUJIJOBYBAHHSI JAHUX 3 YKPATHOMOBHOI'O KOHTEHTY HA OCHOBI OHTOJIOTTYHOTI'O
naxoany
JlutBun B. B. — n1-p Texn. Hayk, mpodecop, 3aBimyBau kadeapu «lHpopmarmiiiHi cuctemn Ta Mepexi» HamioHampHOTO

yHiBepcuTeTy «JIbBiBChKa MoJiTeXHikay, JIbBiB, YKpaiHa.

Bucounbka B. A. — kaHI. TexH. HayK, IOLEHT, JIOHeHT Kadpenpu «lHpopmaniiiHi cuctemu Ta Mepexi» HarionansHoro
yHiBepcuTeTy «JIpBiBChKa momiTexHikay, JIbBiB, Ykpaina.

I'pennyc M. I'. — acucrent kxadenpu «lHdopmamiiiHi cuctemun Ta Mepexi» HaiionansHoro yHiBepcuteTy «JIbBiBChKa
noJjitexHikay, JIbBiB, YkpaiHa.

AHOTAIISL

AKTyasIbHicTB. Y IaHuWii 4ac MOCTiIHO 3pocTae iHTepec 10 3acTocyBaHHs iHTenekTyanbHux cucteM (IC) y pisHHX raiyssx sik
iHpopmaniitai Texaounorii (IT), MmammHOOYIyBaHHS, MEeIUIKHA, O10JIOTis, €KOJOTis, Teorpadis, IOpPUCHPYICHLIsS Tomo. B ocHOBI
apxitektypu cydacHux IC BukopucToByIoTh 6a3u 3HaHb (b3), siki popMyroTh BignosigHo 1o npeametHoi obmacti (I10), xe 3acToco-
By1oTh any IC. OcHoBHOIO yacTHHOIO B3 € oHTOINIOTIA SIK WiTKO CTpyKTypoBaHa Mozens 10, cucremaTn3oBaHuii Habip TEPMIHIB, sIKi
TIOSICHIOIOTH BiftHOMIEHHS 00’ ekTiB I1i€i I10. OHTOMOTIT € 3arabHOBU3HAHI Ta IIMPOKO 3aCTOCOBYBAHI B TAKHX Pi3HUX rally3sX HayKH,
SIK 1H)KEHepisl 3HaHb, NTOJIAHHS 3HaHb, iIHQOPMaLiHHNUIT ONIYK, YIPaBIiHHS 3HAHHSIMH, IPOSKTYBaHHs 0a3 AaHMX, iHopMaliiiHe Mo-
JICTIOBaHHs Ta 00’€KTHO-opieHTOBaHMH aHaii3. 3okpema, ¢ipma Gartner B nociijpkeHHi IT-puHKY BigHecia BUKOPHUCTaHHS
TAKCOHOMIi/OHTOJIOTT Ha TPET€e MiCIle B JAECATIII MePEeJOBUX TEXHOJIOTIH y NaHii ramysi. ToMy € akTyanbHUM JOCHTIIKEHHS CTPYKTYD
CHHTaKCHYHUX OHToOJOriyHMX b3, mobymoBa Ta AOCHIUKEHHS ONTHMAIBHUX AJITOPUTMIB CHHTAKCHMYHOTO aHANi3y yKpaiHOMOBHHX
TEKCTIB, Ta PO3POOJICHHS MPOrPaAMHO-aITOPUTMIUYHOIO 3ac00y CHHTaKCHYHOTO OIpAIIOBAHHS TEKCTiB, HANPHUKIAN, A pyOpuKamil
[HTEpHET-KOHTEHTY, aBTOMAaTUYHOTO pedepyBaHHs TEKCTiB, BHAOOYBAaHHS 3HAHb i3 HUX, IEPEKIIaAy HA 1HIII MOBHU TOIIO.

MeTtonamu po3B’si3aHHS IPOOJIEMH CTBOPEHHS KOHCOJNIJOBAHOTO pecypcy Ha OCHOBI oHTonoriunoi b3 Oymm oOpani nepesa
pimens, meronosoris IDEFS ta merononorii moOynoBn oHTtojoriii. Pe3ymprat poOOTH CHHTAaKCHYHOTO aHAI3y BPaXOBYIOTHCS
acoNiaTHBHO-CEMAaHTHYHNM KOHTEKCTHHM aHaJi30M IJIsl ONTHMi3amii mporecy moOyJOBH acOLiaTHBHHX 3B’SI3KIB KOHTEKCTY MiX
CJIOBaMH Ta CJIOBOCIIOJYYEHHSIMU PEYECHHsI BCEPEanHi iepapXiuHol Meperxi onTonoriuynoi b3.

Pe3yastaTn. CTBOpEeHO KOHCOJNToBaHMH iH(opMaLiiHuil pecypc — oHTOJNOriYHy B3 CHHTaKCHYHOro aHaiily yKpaiHOMOBHHX
TEKCTOBHX JIOKYMEHTIB 3a gornomMororo Protégé 3.4.7.

BucHoBku. CTBOpEeHHO MeTo]] BUA0OYBaHHs JaHUX Ha OCHOBI oHTOJOr 4HOI b3 Ta [ICYM MOBH /I OAANBIIOrO PO3POOICHHS
KOHCOJIIIOBAHOTO 1H(QOPMAIIHHOTO pecypcy CHHTAKCHYHOI'O OIpAlIOBaHHS TEKCTOBHUX JOKYMEHTIB. B pesynbraTi ctBopeHo b3
onronorigHoro tumy i3 [ICYM. CuHTakcH4Ha CTPYKTypa BXiJHOTO peUeHHs € (YHIaMEHTOM Ta KapKacoM Ui HACTYITHOTO HE MEHII
Ba)XIMBOTO KPOKYy — CEMaHTH4YHOro aHamisy. [laHa ontonoriguna B3 koncomigoBanoro JIP CHHTakCHYHOTO OIPAIIOBAHHS
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YKpalHOMOBHHX TEKCTOBHUX JIOKyMEHTIB BHCTYIIA€ OTY>KHOIO OCHOBOIO JUIS OAANIBIIOr0 po3pobiieHHs aBToMaTi3oBaHoi IC cuHTaK-
CHYHOT0 aHaJIi3y YKpPalHOMOBHUX TEKCTIiB.
KJIFOYOBI CJIOBA: anaini3, KOHTEHT-aHaIi3, OHTOJIOTIS, CHCTEMa YIPaBIIiHHSI KOHTCHTOM.

YK 004.9
METO/J U3BJIEYEHUA JTAHUX 3 YKPAMHOA3BIYHOI'O KOHTEHTA HA OCHOBE OHTOJIOTHYECKOI'O
MNOAXOJA

JIerrBbiH B. B. — 1-p TexH. Hayk mpodeccop, 3aBenyromuii kadenps! «MHbpopMannoHHble cucTeMbl U ceTny» HamumonansHOTO
yHHBepcuTera «JIbBOBCKas MOJIUTEXHUKAY, Y KpauHa.

Briconkast B. A. — kaHAWAT TEXHUYECKHUX HAYK, JIOLEHT, NOIeHT Kadenps! «HdopManmoHHble ciucTteMsl U ceTn» Harponas-
HOT0 yHUBepcHuTeTa «JIbBOBCKasl MOJIUTEXHUKA», YKpauHa.

I'pennyc M. I'. — acucrent kadenps «HPpOpMaLOHHBIE CUCTEMBI U ceTi» HarmonanbHoro yHuBepcureTa «JIbBoBcKas mou-
TEXHMKa», YKpauHa.

AHHOTADIUSA

AKTyalIbHOCTb. B HacTosImee BpeMst HOCTOSHHO PacTeT HHTEPEC K MPUMEHEHHIO HHTeIeKTyanbHbIX cucteM (VC) B pasmuaHbIx
obnactsax kak uHpopMmanuonHsle Texuonoruu (UT), MammHOCTpOCHNE, MEANIIMHA, OHOJIOTHS, SKOJIOTHS, Teorpadus, IOpPUCIIPYACH-
s u T.4. B ocHOoBe apxurektypsl coBpeMeHHBIX MC ucnonbe3yior 6a3el 3Haunui (B3), koTopele GOpMUPYIOT B COOTBETCTBHU C
npenmerHoii obnactio (I10), rae npumensitor nannyio MC. OcHOBHO# yacThio b3 sIBIsieTCs OHTONIOTHS KaK YeTKO CTPYKTYypPHPOBAaH-
Hast Mogenb [10, cucteMaTn3upOBaHHBI HAOOP TEPMHHOB, KOTOPBIE OOBSCHSIOT OTHOIICHHST 00beKTOB €Toit [10. OHTONOTNY ABIS-
I0TCS OOLIENpPU3HAHHBIE U LIMPOKO MPUMEHAEMbIE B TaKUX PAa3IMUHBIX OONACTAX HAyKH, KaK MH)KCHEPUs 3HAHU, MpeCcTaBICHUS
3HaHUH, HHOOPMAIIMOHHBII IOUCK, YIIPABJICHHE 3HAHUSAMH, IPOCKTYBAHHAT 0a3 JaHHBIX, MHGOPMALMOHHOE MOJICIMPOBAHUS U 00b-
€KTHO-OpPHEHTHPOBAaHHbIN aHann3. B wactHocTH, dupma Gartner B uccnegoBanun M T-pelHKa OTHECIA UCIIONB30BaHHS TAKCOHOMHH /
OHTOJIOTHH Ha TPEThe MECTO B JECSATKE MEePEOBBIX TEXHOIOTHI B faHHOU oTpacid. [losToMy sSBISeTCS aKTyaabHBIM HCCIEJOBaHUE
CTPYKTYp CUHTaKCHUYECKHUX OHTONOrndeckux b3, mocrpoeHue u uccneqoBaHue ONTUMAIBHBIX AITOPUTMOB CUHTAKCHYECKOIO aHaIU-
3a YKPaUHOS3BIYHBIX TEKCTOB, U Pa3pabOTKa IIPOTrpaMMHO-aITOPUTMIYECKOTO CPEACTBA CHHTAKCHIECKOr0 00pabOTKH TEKCTOB, Ha-
npuMep, st pyopukanun VHTepHeT-KOHTeHTa, aBTOMAaTHYECKOro pedeprpoBaHHs TEKCTOB, N3BJICUCHUS 3HAHUH M3 HUX, epeBoa
Ha JIpyrHue s36IKH TOMY M0JI00HOE.

MeToaamu pereHus mpo0iaeMsl CO3IaHKs KOHCOMMIUPOBAHHOTO pecypca Ha OCHOBE OHToJorn4eckoi b3 Obln BeIOpaHb! aepe-
BbA pemeHuid, merogonorus IDEFS n merononoruu moctpoeHus: OHTONOTHNA. Pe3ynpTaTel paboThl CHHTAKCHYECKOTO aHaIu3a y4H-
TBHIBAIOTCS] ACCOLMATHBHO-CEMAHTHIECKUM KOHTEKCTHBIM aHAIN30M ISl ONTHMH3AIIHK TIPOIECcCca MOCTPOSHUS ACCOINATUBHBIX CBSI-
3eil KOHTEKCTa MEXKIy CIIOBAMHU H CIIOBOCOYCTAHMSIMH MPEATIOKEHIUS] BHYTPH HEPapXUIEeCKON ceTH oHToNormdeckoii b3.

PesyasTarsl. Co3aH KOHCOJNMAUPOBAHHBIN MH(QOPMAIIMOHHBIH pecypc — OHTOJIOTHYECKYI0 B3 CHHTaKCHYECKOro aHalm3a yK-
PaMHOS3BIYHBIX TEKCTOBBIX JJOKYMEHTOB ¢ IToMobio Protégeé 3.4.7.

BuiBoasbl. Co31an MeTo1 100BIYH JaHHBIX HAa OCHOBE oHToNormdeckoil b3 u [ICY S s nanpHeimeid pa3paboOTKH KOHCOIHIU-
POBaHHOTO MH(OPMAIIMOHHOTO pecypca CHHTAKCHUECKOro 00padOTKH TEKCTOBBIX JIOKyMEHTOB. B pesynbrate coznana b3 onTonoru-
yeckoro tuna ¢ [ICYS. Cunrakcuyeckasi CTPYKTypa BXOJHOTO HPEUIOKEHUS SBIsIETCS PyHIaMEHTOM U KapKacoM JUIsl CIEIYIOLIEero
HE MeHee Ba)KHOTO I1ara — CEMaHTHYeCKoro aHanu3a. [lanHas onTonoruyeckas b3 konconuauposannoro JIP cuHTakcHueckoro o0-
PpabOTKH yKPaHHOS3BIYHBIX TEKCTOBBIX JOKYMEHTOB BBICTYMAET MOILIHOW OCHOBOM IUIs AanbHEHIIeN pa3paboTku aBTOMaTU3UPOBaH-
Ho#t VIC cHHTaKCHYECKOT0 aHAIIN3a YKPAUHOS3BIYHBIX TEKCTOB.

KJIFOYEBBIE CJIOBA: ananu3, KOHTEHT-aHAIIN3, OHTOJIOTHSL, CHCTEMA YIPABICHHS KOHTCHTOM.
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ABSTRACT

Context. The problem of estimating the software size in the early stage of a software project is important, since the information
obtained from estimating the software size is used for predicting the software development effort, including open-source Java-based
information systems. The object of the study is the process of estimating the software size of open-source Java-based information
systems. The subject of the study is the regression models for estimating the software size of open-source Java-based information
systems.

Objective. The goal of the work is the creation of the non-linear regression model for estimating the software size of open-source
Java-based information systems on the basis of the Johnson multivariate normalizing transformation.

Method. The model, confidence and prediction intervals of multiply non-linear regression for estimating the software size of
open-source Java-based information systems are constructed on the basis of the Johnson multivariate normalizing transformation for
non-Gaussian data with the help of appropriate techniques. The techniques to build the models, equations, confidence and prediction
intervals of non-linear regressions are based on the multiple non-linear regression analysis using the multivariate normalizing
transformations. The appropriate techniques are considered. The techniques allow to take into account the correlation between
random variables in the case of normalization of multivariate non-Gaussian data. In general, this leads to a reduction of the mean
magnitude of relative error, the widths of the confidence and prediction intervals in comparison with the linear models or nonlinear
models constructed using univariate normalizing transformations.

Results. Comparison of the constructed model with the linear model and non-linear regression models based on the decimal
logarithm and the Johnson univariate transformation has been performed.

Conclusions. The non-linear regression model to estimate the software size of open-source Java-based information systems is
constructed on the basis of the Johnson multivariate transformation for Sg family. This model, in comparison with other regression

models (both linear and non-linear), has a larger multiple coefficient of determination, a larger value of percentage of prediction and
a smaller value of the mean magnitude of relative error. The prospects for further research may include the application of other
multivariate normalizing transformations and data sets to construct the non-linear regression model for estimating the software size
of open-source Java-based information systems.

KEYWORDS: software size estimation, Java-based information system, non-linear regression model, univariate normalizing
transformation, non-Gaussian data.

ABBREVIATIONS N(0,]) is a Gaussian distribution with zero
HTML is hypertext markup language; mathematical expectation and unit variance;
JSP is Java server pages; P is a non-Gaussian random  vector,
KLOC is the thousand lines of code; T
LB is lower bound; PZ{Y,XI,XZ,...,XK} ;
MD is Mahalanobis distance; R? is a multiple coefficient of determination;

MMR is a magnitude of relative error;
MMRE is a mean magnitude of relative error;
PHP is hypertext preprocessor; T is a Gaussian random vector,
PRED is percentage of prediction; T

SQL is structured query language; T= {ZY’Zl’ZZ’“"Zk} ’
UB is upper bound; t

S\ is a sample covariance matrix, Sy = [Sij] ;

is a quantile of student's t-distribution with v

VBA is visual Basic for application. a/2,v
degrees of freedom and o/2 significance level;
. NOMENCLATURE X is a total number of classes;
b is estimator for vector of linear regression equation X, is a total number of relationships;
parameters, b = {b;,b,,...,by }T ; X5 is an average number of attributes per class,
b, is estimator for the i-th parameter of linear Y is an actual software size in KLOC;
regression equation; ZJ{( is a matrix of centered regressors that contains
k is a number of independent variables (regressors); the values Z, —=Z,, Zy —Zy, ..., Zy —Zy;

N is a number of data points; ) )
Zy 1s a vector with components Z;;
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(zy )T is a transpose of zy ;

Z, is a sample mean of the values of the variable
Zy;

ZY is a prediction linear regression equation result;

o is a significance level,
B, is a multivariate kurtosis;

Y is

multivariate translation, y = (yY SY15 Y255 Vk )T ;

a vector of parameters of the Johnson

¢ is a Gaussian random variable which defines
residuals, &~ N(O,l);

n is
multivariate translation, n = diag (ny Mse-->MNk ) ;

A is a vector of parameters of the Johnson
multivariate translation, A = diag (kY Y ST Xk) ;

a vector of parameters of the Johnson

v is a number of degrees of freedom;

XY is a covariance matrix, X = [Zij ] ;

¢ is a vector of parameters of the Johnson
multivariate translation, ¢ = ((py O, P25 Pk )T ;

y is a

transformation, y = {\VY WL W, Yk }T .

vector of multivariate normalizing

INTRODUCTION

Java is a programming language and computing
platform first released by Sun Microsystems in 1995
(https://www.java.com). Now Java is used practically
everywhere from laptops to datacenters, game consoles to
supercomputers, cell phones to the Internet, including
information systems. Software size is one of the most
important internal metrics of software including software
of open-source Java-based information systems.

The information obtained from estimating the
software size are useful for predicting the software
development effort by such well-known model as
COCOMO 1I. This leads to the need to develop
appropriate models to estimate the software size [1-4].

The paper [2] proposed the linear regression equations
for estimating the software size of some programming
languages including Java. The proposed equation is
constructed by multiple linear regression analysis on the
basis of the metrics that can be measured from conceptual
data model based a class diagram. However, there are
four basic assumptions that justify the use of linear
regression models, one of which is normality of the error
distribution. But this assumption is valid only in particular
cases. This leads to the need to use the non-linear
regression models including for estimating the software
size of Java-based open-source information systems.

The object of study is the process of estimating the
software size of open-source Java-based information
systems.
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The subject of study is the non-linear regression
models to estimate the software size of open-source Java-
based information systems.

The known regression equation for estimating the
software size of open-source Java-based information
systems [2] is linear and generally have large widths of
confidence and prediction intervals.

The purpose of the work is to construct the non-
linear regression model for estimating the software size of
open-source Java-based information systems. The
software size prediction results by constructed model
should be better in comparison with other regression
models, both linear and nonlinear, primarily on such
standard evaluations as the multiple coefficient of
determination and mean magnitude of relative error.

1 PROBLEM STATEMENT
Suppose given the original sample as the four-
dimensional non-Gaussian data set: actual software size in
the thousand lines of code (KLOC) Y, the total number of
classes X, the total number of relationships X, and the

average number of attributes per class X; in conceptual

data model from N information systems developed using
the Java programming language with JSP, HTML and
SQL. Suppose that there are bijective multivariate
normalizing transformation of non-Gaussian random

vector P:{Y,XI,XZ,...,Xk}T to Gaussian random

vector T = {Zy,Zl,Zz,...,Zk }T is given by
T=y(P) Q)

and the inverse transformation for (1)

P=y(T). 2

It is required to build the non-linear regression model
in the form Y :Y(Xl,Xz,X3,8) on the basis of the

transformations (1) and (2).

2 REVIEW OF THE LITERATURE
In paper [2] the linear regression equation for
estimating the software size of open-source Java-based
information systems was proposed in the form

Y’\=60+61X1+62X2 +63X3, (3)

where by =-10.121,

b; =0.726..

A normalizing transformation is often a good way to
build the models, equations, confidence and prediction
intervals of non-linear regressions [5—8]. According to [7]
transformations are made for essentially four purposes,
two of which are: firstly, to obtain approximate normality
for the distribution of the error term (residuals) or the

by=1.201, b,=1439 and

159



e-ISSN 1607-3274 PapioenexrpoHika, inpopmatuka, ynpasminsas. 2018. Ne 3
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2018. Ne 3

dependent random variable, secondly, to transform the
response and/or the predictor in such a way that the
strength of the linear relationship between new variables
(normalized variables) is better than the linear
relationship between dependent and independent random
variables.

Well-known techniques for building the equations,
confidence and prediction intervals of multivariate non-
linear regressions are based on the univariate normalizing
transformations (such as, the decimal logarithm, Box-Cox
transformation), which do not take into account the
correlation between random variables in the case of
normalization of multivariate non-Gaussian data.
Application ~ of  such  univariate = normalizing
transformations for building the non-linear regression
models does not always lead to good normality and linear
relationship between normalized variables. This leads to

the need to wuse the multivariate normalizing
transformations.
In [9] the techniques to build the equations,

confidence and prediction intervals of non-linear
regressions for multivariate non-Gaussian data on the
basis of the bijective multivariate normalizing
transformations were proposed. The techniques consist of
three steps. In the first step, a set of multivariate non-
Gaussian data is normalized using a bijective multivariate
normalizing transformation. In the second step, the
equation, confidence and prediction intervals of linear
regression for the normalized data are built. In the third
step, the equations, confidence and prediction intervals of
non-linear regressions for multivariate non-Gaussian data
are constructed on the basis of the equation, confidence
and prediction intervals of linear regression for the
normalized data and the multivariate normalizing
transformation. Note there is no the error term in non-
linear regression equation. The absence of the error term
in non-linear regression equation does not allow modeling
the random dependent variable for its prediction. This
leads to the need to develop the non-linear regression
model for estimating the software size of open-source
Java-based information systems.

3 MATERIALS AND METHODS
After normalizing the non-Gaussian data by the
transformation (1) the linear regression model is built for
normalized data. The linear regression model for
normalized data according to (1) will have the form

ZY:ZAY+8=Z_Y+(Z;—()B+S. (4)

After that the non-linear regression model is built on
the basis of the linear regression model (4) for the
normalized data and the transformations (1) and (2). The
non-linear regression model will have the form

Y :\y?l[Z_Y +(Z;’( )f)+8] . )
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The technique to build a confidence interval of non-
linear regression is based on transformations (1) and (2),
and a confidence interval of linear regression for
normalized data

Zy £ ta/2,VSZY

vl s 23 T(zi b e

’ \T

Mz

1
where S% =—
Y Vi
i=1
is the k xk matrix

SZIZI Szlzz SZIZk
(Z_;( )TZ§ _ SZIZZ 82222 Szzzk ’
Szlzk Szzzk Szkzk

N
where SZqu :Z‘;[Zqi —ZqIZ,.i —Zr], g,r=12,....,k .
i=
The confidence interval for non-linear regression is
built on the basis of the interval (6) and inverse
transformation (2)

7|20 stynan, ol e 23 ] )

The technique to build a prediction interval is based
on multivariate transformation (1), the inverse
transformation (2) and a prediction interval for
normalized data

2yt 52, 14+ ok [(ﬁ( [ 2 T(z; [

The prediction interval for non-linear regression is
built on the basis of the interval (7) and inverse
transformation (2)

~ 12
will 2y ita/2,vszv {1+ﬁ+(l§( )T [(Z;“( )T Z;} l(z;( )} '

For normalizing the multivariate non-Gaussian data,
we use the Johnson translation system. In our case the
Johnson normalizing translation is given by [10]

T:y+qh[r1(P-(p)] ~N,(0,,,%), ®)
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where

hl(yy . Yoo il = o O Ly P

hi(-) is one of the translation functions

ln(y), for S| (lognormal) family;
In[y/(1-y)],  forSg (bounded) family;
") Arsh(y),  forSy (unbounded)family; )
y for Sy (normal) family.

Here y=(X —¢)/A; Arsh(y)zln(y+\/ y2 +1) . In our

case X equals Y, X;, X, or Xj3 respectively.

The equation, confidence and prediction intervals of
non-linear regression to estimate the software size of
open-source Java-based systems are constructed on the
basis of the Johnson multivariate normalizing
transformation for the four-dimensional non-Gaussian
data set: actual software size in the thousand lines of code
(KLOC) Y, the total number of classes X;, the total

number of relationships X, and the average number of
attributes per class X3 in conceptual data model from 30

information systems developed using the Java
programming language with JSP, HTML and SQL.
Table 1 contains the data from [2] on four metrics of
software for 30 open-source Java-based systems.

Table 1 — The data set and squared MDs

No Y Xq Xy X3 - Sguared MD -
univariate |multivariate
1 11.717 8 6 4.25 0.99 0.99
2 47.52 23 19 9.565 1.65 1.50
3 84.01 26 40 11.462 10.13 6.55
4] 26.999 15 14 8.933 1.33 1.89
5 41.72 20 15 5.9 0.25 0.50
6 13.015 5 6 124 5.89 6.64
7 | 30.402 18 7 6.6011 1.59 3.10
8 | 29.159 23 10 6.957 2.26 3.13
9 | 53.443 28 25 4.179 3.53 4.02
10| 18.694 13 9 6.615 0.39 0.89
11| 26.384 16 6 5.125 2.23 4.06
12| 38.721 19 16 6.579 0.19 0.19
13| 75.643 26 30 6.154 1.87 2.74
14 46.72 21 24 6.048 1.31 1.66
15| 6.413 7 5 4.143 2.41 6.07
16| 79.534 20 37 4.85 7.06 8.20
17| 36.343 18 17 5.333 0.35 0.47
18| 59.684 22 31 6.182 2.49 2.62
19| 50.454 15 20 11.6 2.51 3.35
20| 3.055 4 1 7 10.83 7.10
21| 63.257 34 17 3971 9.16 8.29
22| 91.28 35 28 13.571 17.73 11.22
23| 32.707 11 17 7.545 0.98 1.54
24 11 5 5 3.6 6.15 6.36
25| 5.543 6 4 3.833 2.54 5.16
26| 22.686 12 11 6.667 0.11 0.22
27| 3911 3 2 6.667 7.26 5.52
28| 20.841 14 7 3 8.17 721
29| 9.269 6 5 3.5 3.23 2.82
30| 7.732 7 2 11.143 542 5.98
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For detecting the outliers in the data from Table 1 we
use the technique based on multivariate normalizing
transformations and the squared Mahalanobis distance
(MD) [11]. There are no outliers in the data from Table 1
for 0.005 significance level and the Johnson multivariate
transformation (8) for Sg family. The same result was
obtained in [12] for the transformation (8) for Sy family.
In [2] it was also assumed that the data contains no
outliers. The values of squared MD for normalized data
by the Johnson univariate transformation (9) for Sg

family from Table 1 indicate the data of system 22 is
multivariate outlier, since for this data row the squared
MD equals to 17.73 is greater than the value of the
quantile of the Chi-Square distribution, which equals to
14.86 for 0.005 significance level. Although note that
without using normalization, the data of system 11 is
multivariate outlier, since for this data row the squared
MD equals to 15.44.

Parameters of the multivariate transformation (9) for Sg

family were estimated by the maximum likelihood method.
Estimators for parameters of the transformation (9) are:

7y =9.63091 7, =15.5355, 7, =25.4294
75 =0.72801, fiy =1.05243 , f; =1.58306 ,
1, =2.54714 iy =0.54312, By =—1.4568,
b, =-1.8884, ®r =—6.9746 , by =3.2925,

Ay =153102.605, A, =243051.0, A, =311229.5 and

i3 =13.90. The sample covariance matrix Sy of the T is
used as the approximate moment-matching estimator of X

1.0000
0.9514
N"10.9333
0.1574

0.9514
1.0000
0.9006
0.1345

0.9333
0.9006
1.0000
0.0554

0.1574
0.1345
0.0554 |
1.0000

After normalizing the non-Gaussian data by the
multivariate transformation (9) for Sg family the linear

regression model (3) is built for normalized data

(10)

Parameters of the linear regression model (10) were
estimated by the least square method. Estimators for

ZY :ZY +8=60+6121+6222+63Z3 + €.

parameters of the equation (10) are such: 60 =1.02-107 ,

by =0.56085, b, =0.42491, by =0.05846 .
After that the non-linear regression model (4) is built

5 R Yt |
Y:@Y+xY[1+e‘(ZY+8‘YY)/“Y} . (11)
Xi—o;i
where Z.=y:+m;l I 1 e <Xi<oi+Ai,
PN T S X <oy

j=123.
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The model (11) is the non-linear regression model to
estimate the software size of open-source Java-based
information systems.

4 EXPERIMENTS

For comparison of the model (11) with other models
two non-linear regression models are built on the basis of
the data from Table | and two univariate normalizing
transformations: the decimal logarithm transformation
and the Johnson transformation.

The non-linear regression model is constructed on the
basis of the linear regression model (4) for the normalized
data and the decimal logarithm transformation

Y =105*P0 X Prx B2 x B (12)

where the estimators for parameters of the model (12) are:

by =-0.04536, b =0.64235, b, =0.56305

b, =0.18045 .

The non-linear regression model is constructed on the
basis of the linear regression model (4) for the normalized
data and the Johnson univariate transformation for Sg

and

family. In this case the estimators for parameters of the
model (11) are:  yy =0.46387,  ¥;=0.38093,

7, =0.60545 73 =0.65592 fly =0.50326,

A =0.62689 , A, =0.62215, 3 =0.72789
Gy =2.817, & =2.634, (,=0.700, G{3=2.839,
Ay =89.930, A;=33.711, A, =41428, A;=11.780,

bp =0, by =0.46976, b, =0.53539 and by =0.11397..

The computer program implementing the constructed
models (11) and (12) was developed to conduct
experiments. The program was written in the sci-language
for the Scilab system. Scilab (http://www.scilab.org) is
the free and open source software, the alternative to
commercial packages for system modeling and simulation
packages such as MATLAB and MATRIXx.

5 RESULTS
If the Gaussian random variable & equals zero the
regression models (11) and (12) are the non-linear
regression equations for which the prediction results for
values of components of vector X ={X;, X5, X3} from

Table 1 and values of MRE are shown in the Table 2. The
prediction results by model (11) and values of MRE are
shown in the Table 2 for two cases: the Johnson
univariate and multivariate normalizing transformations.
Table 2 also contains the prediction results by linear
regression equation (3) from [2] for values of components
of vector X from Table 1 and MRE values. Note, all
prediction results by linear regression equation (3), non-
linear regression models (11) and (12) are positive.

Table 2 — The prediction results and confidence intervals of regressions for 30 open-source Java-based systems

Non-linear regression

Linear regression

univariate normalizing transformation

the Johnson multivariate

Z
o

the decimal logarithm

the Johnson transformation normalizing transformation

Y RME LB UB Y RME LB UB

Y RME LB UB Y RME LB UB

11.205

0.0437

8.301

14.109

12.197

0.0410

10.923

13.620

10.671

0.0893

8.989

12.756

11.978

0.0223

10.322

13.263

51.784

0.0897

48.396

55.171

53.248

0.1205

47.404

59.812

55.919

0.1768

49.992

61.568

52.316

0.1009

48.849

57.132

86.989

0.0355

79.427

94.551

90.515

0.0774

77.073

106.302

87.586

0.0426

83.866

89.805

87.262

0.0387

82.880

89.624

34.523

0.2787

31.823

37.223

33.653

0.2465

30.525

37.102

35.152

0.3020

30.502

40.115

33.719

0.2489

31.087

37.648

39.765

0.0469

36.726

42.804

39.052

0.0639

35.787

42.615

40.333

0.0333

35.838

44.986

38.969

0.0659

35.830

42.245

13.516

0.0385

6.843

20.188

10.941

0.1593

8.918

13.424

10.900

0.1625

7.968

15.255

11.602

0.1086

9.430

15.320

26.365

0.1328

21.326

31.404

24.255

0.2022

21.099

27.884

24.630

0.1898

20.414

29.485

23.956

0.2120

20.880

26.937

(| ||| |—

36.937

0.2668

30.570

43.305

35.027

0.2012

30.424

40.326

37.853

0.2982

31.806

44.302

35.358

0.2126

31.382

39.866

el

62.516

0.1698

57.570

67.462

60.729

0.1363

52.927

69.681

64.288

0.2029

57.204

70.537

62.131

0.1626

56.682

67.124

10

23.243

0.2433

20.890

25.595

22.674

0.2129

21.041

24.433

22.251

0.1903

19.396

25.446

22451

0.2009

20.399

24.563

11

21.446

0.1872

16.885

26.006

19.692

0.2536

17.110

22.665

18.897

0.2838

15.560

22.881

19.239

0.2708

16.405

21.492

12

40.496

0.0459

38.185

42.808

39.963

0.0321

36.836

43.355

41.354

0.0680

37.021

45.812

39.831

0.0287

36.978

43.139

13

68.744

0.0912

64.647

72.842

68.808

0.0904

61.557

76.912

70.832

0.0636

65.599

75.335

68.708

0.0917

64.545

72.542

14

54.028

0.1564

50.795

57.260

52.739

0.1288

47.735

58.266

55.262

0.1828

49.875

60.436

53.278

0.1404

49.565

57.466

15

8.487

0.3234

5.441

11.534

10.056

0.5681

8.926

11.329

8.703

0.3571

7.338

10.443

9.863

0.5379

8.468

10.966

16

70.670

0.1115

61.411

79.928

62.671

0.2120

53.424

73.519

73.437

0.0767

64.730

79.996

70.101

0.1186

64.881

77.099

17

39.831

0.0960

37.362

42.300

38.454

0.0581

35.184

42.028

39.331

0.0822

34.828

44.018

38.677

0.0642

35.425

41.986

18

65.401

0.0958

59.939

70.864

63.010

0.0557

55.949

70.961

66.982

0.1223

60.723

72.447

64.714

0.0843

60.331

69.576

19

45.094

0.1062

39.943

50.244

43.124

0.1453

37.198

49.994

47.605

0.0565

39.805

55.417

44.662

0.1148

40.487

51.875

20

1.200

0.6071

—2.531

4.932

3.118

0.0206

2.525

3.850

3.430

0.1227

3.180

3.849

3.173

0.0388

2.947

3.480

21

58.055

0.0822

47.956

68.154

54.860

0.1328

45.880

65.597

70.088

0.1080

58.879

78.528

62.201

0.0167

56.926

73.899

22

82.053

0.1011

75.043

89.064

92.398

0.0123

77.034

110.827

88.089

0.0350

84.129

90.284

88.102

0.0348

84.265

91.745

23

33.031

0.0099

28.529

37.532

29.837

0.0878

26.096

34.113

31.165

0.0471

26.305

36.522

31.086

0.0496

27.987

35.574

24

5.692

0.4826

1.975

9.408

7.899

0.2819

6.666

9.359

6.502

0.4089

5.391

8.063

7.677

0.3021

6.421

8.778

25

5.622

0.0143

2.367

8.878

7.921

0.4290

6.917

9.071

6.795

0.2259

5.745

8.199

7.745

0.3972

6.621

8.678

26

24.958

0.1002

22.712

27.204

24.148

0.0644

22.338

26.104

23.874

0.0524

20.862

27.219

24.192

0.0664

22.075

26.610

27

1.197

0.6938

-2.722

5.117

3.796

0.0295

3.169

4.547

3.548

0.0929

3.253

4.038

3.763

0.0378

3.404

4.254

28

18.942

0.0911

14.883

23.001

17.897

0.1413

15.224

21.039

13.423

0.3559

9.477

19.245

15.903

0.2369

11.765

18.810

29

6.820

0.2642

3.356

10.284

8.835

0.0468

7.597

10.274

7.279

0.2147

5.991

9.053

8.532

0.0795

7.117

9.686

30

9.248

0.1960

3.644

14.851

7.176

0.0719

4.599

11.199

7.022

0.0918

5.480

9.390

7.094

0.0825

5.826

8.605
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MMRE and PRED(0.25) are accepted as standard
evaluations of prediction results by regression models and
equations. The acceptable values of MMRE and
PRED(0.25) are not more than 0.25 and not less than 0.75

respectively. The acceptable value of R? s
approximately the same as for PRED(0.25). The values of

R?, MMRE and PRED(0.25) equal respectively 0.9621,
0.1734 and 0.7667 for linear regression equation (3), and
equal respectively 0.9541, 0.1441 and 0.8667 for the
model (12), and equal respectively 0.9574, 0.1579 and
0.8000 for the model (11) for the Johnson univariate

transformation. The values of R?, MMRE and
PRED(0.25) are better for the model (11) for the Johnson
multivariate transformation in comparison with all
previous equations, and are 0.9672, 0.1389 and 0.8667
respectively.

The confidence and prediction intervals of non-linear
regression are defined for the data from Table 1. Table 2
contains the lower (LB) and upper (UB) bounds of the
confidence intervals of linear and non-linear regressions
on the basis of univariate and multivariate transformations
respectively for 0.05 significance level. Note the lower
bounds of the confidence interval of linear regression (3)
from [2] are negative for the two rows of data: 20 and 27.
All the lower bounds of the confidence interval of non-
linear regressions are positive. The widths of the
confidence interval of non-linear regression on the basis
of the Johnson multivariate transformation are less than
for linear regression (3) from [2] for 21 rows of data: 1, 3,
6-8, 10, 11, 13, 15, 16, 18, 20-25, 27-30. Also the widths
of the confidence interval of non-linear regression on the
basis of the Johnson multivariate transformation are less
for more data rows than for non-linear regressions
following the univariate transformations, both decimal
logarithm and the Johnson. The widths of the confidence
interval of non-linear regression on the basis of the
Johnson multivariate transformation are less than
following the decimal logarithm univariate transformation
for 24 rows of data: 2-5, 7-9, 11-14, 16-25, 27, 29 and
30. And ones are less than following the Johnson
univariate transformation for 27 rows of data: 1, 2, 4-21,
23-26, 28-30. Approximately the same results are
obtained for the prediction intervals of regressions.

Table 3 contains the lower (LB) and upper (UB)
bounds of the prediction intervals of linear and non-linear
regressions on the basis of univariate and multivariate
transformations respectively for 0.05 significance level.
Note the lower bounds of the prediction interval of linear
regression (3) are negative for the eight rows of data: 1,
15, 20, 24, 25, 27, 29 and 30. All the lower bounds of the
prediction interval of non-linear regressions are positive.
The widths of the prediction interval of non-linear
regression on the basis of the Johnson multivariate
transformation are less than for linear regression (3) from
[2] for 16 rows of data: 1, 3, 6, 7, 10, 11, 15, 20, 22, 24—
30. Also the widths of the prediction interval of non-linear
regression on the basis of the Johnson multivariate
transformation are less for more data rows than for non-
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linear  regressions following the univariate
transformations, both decimal logarithm and the Johnson.
The widths of the prediction interval of non-linear
regression on the basis of the Johnson multivariate
transformation are less than following the decimal
logarithm univariate transformation for 17 rows of data:
2-5, 8,9, 12-14, 1622 and 27. And ones are less than
following the Johnson univariate transformation for 26
rows of data: 1, 2, 4-19, 21, 23-26, 28-30.

Table 3 — The bounds of the prediction intervals

. Bounds for non—linear regression

Bounds for linear — —
No regression Johnson umva_mate Johnson multlYarlate

transformation transformation

LB UB LB UB LB UB
1 —-0.004 22.413 5.679 22.412 7.536 19.277
2 40.441 63.127 32.573 75.467 36.600 68.504
3 73.784| 100.194 77.736 91.114 73.863 96.264
4 23.365 45.680 17.436 58.472 21.814 48.847
5 28.521 51.009 20.726 63.360 25.763 54.772
6 0.799 26.232 5.559 24.105 7.061 19.398
7 14.424 38.305 11.701 46.283 14.924 36.873
8 24.378 49.497 18.875 61.455 22.764 51.145
9 50.614 74.418 40.607 80.655 45.398 77.523
10 12.164 34.321 10.693 42.556 14.102 34.502
11 9.699 33.192 9.052 37.791 11.900 30.337
12 29.427 51.566 21.431 64.236 26.458 55.673
13 57.169 80.319 49.028 83.854 52.398 82.637
14 42.730 65.325 32.094 74.958 37.508 69.345
15 -2.759 19.733 4.920 18.108 6.290 15.899
16 56.425 84.914 51.026 85.596 52.840 84.458
17 28.727 50.935 20.068 62.454 25.536 54.455
18 53.275 77.527 43.924 81.998 48.094 79.560
19 33.105 57.082 25.246 70.052 29.796 61.411
20| -10.250 12.651 3.009 4.748 2.516 4.443
21 43.250 72.859 45.506 84.384 44.137 78.697
22 69.156 94.951 78.586 91.334 74.127 97.180
23 21.307 44,755 15.088 54.334 19.782 45.949
24 -5.754 17.138 4.077 13.054 4.988 12.419
25 —5.682 16.927 4.203 13.643 5.062 12.421
26 13.902 36.014 11.471 44.858 15.245 36.852
27| -10.316 12.711 3.048 5.105 2.834 5.520
28 7.380 30.503 6.446 29.640 9.577 26.119
29 —4.546 18.186 4.360 14.963 5.483 13.826
30 —2.942 21.438 4.206 14.773 4.601 11.617

Following [13] multivariate kurtosis B, is estimated

for the data on metrics of software from Table I and the
normalized data on the basis of the decimal logarithm
transformation, the Johnson univariate and multivariate
transformations for Sg family. The estimator of

multivariate kurtosis given by [13]

B :ﬁ%{Zi -Z) syl(z; —Z)}Z' (13)

i-1

In our case, in the formula (13), the vectors Z and Z

should be replaced by the vectors P and P or T and T,
respectively, for the initial (non-Gaussian) or normalized
data. It is known that B,=m(m+ 2) holds under

multivariate normality. The given equality is a necessary
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condition for multivariate normality. In our case 3, =24.

The estimators of multivariate kurtosis equal 27.17,
22.38, 32.05 and 24.02 for the data from Table 1, the
normalized data on the basis of the decimal logarithm
transformation, the Johnson univariate and multivariate
transformations respectively. The values of these
estimators indicate that the necessary condition for
multivariate normality is practically performed for the
normalized data on the basis of the decimal logarithm
transformation and  the Johnson  multivariate
transformation, it does not hold for other data.

6 DISCUSSION

As it evident from the Table 2 and Table 3, the values
of lower bounds of the confidence and prediction intervals
of linear regression (3) from [2] for estimating the
software size of open-source Java-based information
systems are negative for some data rows. In our opinion,
the presence of negative values may be explained by two
reasons. Firstly, for the initial data from Table 1, four
basic assumptions that justify the use of linear regression
model, one of which is normality of the error distribution,
are not valid. Secondly, there is reason to reject the
hypothesis that the sample of data from Table 1 comes
from a multivariate normal distribution. Note all the lower
bounds of the confidence and prediction intervals of non-
linear regressions are positive.

Also note that in our case for the data from Table 1,
the poor normalization of multivariate non-Gaussian data
using the Johnson univariate transformation leads to an
increase in the widths of the confidence and prediction
intervals of non-linear regression for a larger number of
data rows compared to both the Johnson multivariate
transformation and the decimal logarithm transformation.

The widths of the confidence and prediction intervals
of non-linear regression on the basis of the Johnson
multivariate transformation are less for more data rows
than for linear regression and non-linear regressions
following the univariate transformations, both decimal

logarithm and the Johnson. Also the values of R? s
MMRE and PRED(0.25) are better for the model (11) for
the Johnson multivariate transformation in comparison
with all previous equations and models, both linear and
non-linear, based on univariate transformations. This may
be explained best multivariate normalization and the fact
that there is no reason to reject the hypothesis that the
sample of data, which normalized by the Johnson
multivariate transformation for Sg family, comes from a

multivariate normal distribution.

CONCLUSIONS

The important problem of increase of confidence of
software size estimation for open-source Java-based
information systems is solved.

The scientific novelty of obtained results is that the
techniques to build the non-linear regression model for
multivariate non-Gaussian data on the basis of the
multivariate normalizing transformations is firstly
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proposed. The non-linear regression model to estimate the
software size of open-source Java-based information
systems is constructed on the basis of the Johnson
multivariate transformation for Sg family. This model, in

comparison with other regression models (both linear and
non-linear), has a larger multiple coefficient of
determination, a smaller value of the mean magnitude of
relative error, a larger value of percentage of prediction
and smaller widths of the confidence and prediction
intervals of non-linear regression.

The practical significance of obtained results is that
the software realizing the constructed model is developed
in the sci-language for Scilab. The experimental results
allow to recommend the constructed model for use in
practice.

Prospects for further research may include the
application ~ of  other  multivariate = normalizing
transformations and data sets to construct the non-linear
regression model for estimating the software size of open-
source Java-based information systems.
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HEJIIHIAHA PETPECIHHA MOJEJb JJIS1 OITHIOBAHHSI PO3MIPY ITIPOT'PAMHOTO 3ABE3ITEUEHHSA
CHUCTEM 3 BIAKPUTHUM KOJJOM HA JAVA

Ipuxonbko H. B. — xana. ekoH. HayK, JOLEHT, NOIEHT Kadenpu ¢inanciB HarionansHoro yHiBepcuTeTy KopabieOy yBaHHS
iMeHi agmipana Makaposa, MukonaiB, Ykpaina.

Mpuxonpko C. b. — 1-p TexH. Hayk, mpodecop, 3aBigyBad Kadenpu NMporpamMHOro 3abe3leueHHs] aBTOMATH30BaHHX CHCTEM
HaunionanbHoro yHiBepcuteTy KopabieOyayBaHHs iMeHi axmipaia MakapoBa, Mukonais, YkpaiHa.

AHOTALIA

AxTyanbHicTs. [Ipobiema oOLIHIOBaHHS PO3Mipy MPOrpaMHOro 3a0e3ledeHHs Ha paHHid CTajii HpOrpaMHOro IMPOEKTY €
BaXJTUBOIO, OCKUIBKH iH(OpMAIlisl, OTpMMaHa MpPU OIIHIOBaHHI PO3MIpy HpPOrpaMHOr0 3a0e3NEUCHHS, BUKOPHUCTOBYETHCS [UIS
MPOTHO3YBaHHS TPYAOMICTKOCTI MO po3poOii mporpaMHOro 3abe3ledeHHs, BKIOYaloud iHpopMariiiHi cucteMd Ha 0asi Java 3
BIZIKPUTUM BHXiTHUM KomoM. O0’€KTOM JOCIIKEHHS € IPOIeC OLIHIOBAHHS PO3MIpy MpOrpaMHOro 3abes3redeHHs iHpopMaIiifHmx
CHCTEM 3 BIIKPUTHM BHXiJHUM KOJIOM Ha Java. [IpeqmMeTom NOCIIDKEHHS € MOJel perpecii yIs OMiHIOBaHHS PO3MIipy IPOTPaMHOTO
3a0e3MneyeHHs 1HPOPMAIIMHUX CHUCTEM 3 BIIKPUTHM BHXIJIHUM KOJOM Ha Java. Mera poOOTH — CTBOPEHHS MOJAET HETiHIHHOI
perpecii U1 OLIHIOBaHHS PO3MIipy MPOrPaAMHOTO 3a0e3MeucHHs iHPOPMAIIfHUX CHCTEM 3 BIAKPUTHM BHXITHHM KOJIOM Ha Java Ha
OCHOBi 6araTOBUMipHOT'O HOPMAJTi3yI04OT0 IepeTBOpeHHs J)KOHCOHa.

Meton. Mopeni, noBipui iHTepBaay Ta iHTepBaNy mepeadadeHHs 6araTOBUMIpHOT HENiHIHHOT perpecil [uist OL[iHIOBaHHS po3Mipy
MIpOTpaMHOro 3a0e3nedeHHs iHpOopMaiiHIX CHCTEM 3 BIAKPUTHM BHXITHIM KOJIOM Ha Java moOymoBaHi Ha OCHOBI 6araTOBUMIipHOTO
HOPMaJIi3yl04oro nepeTBOpeHHs [[)KOHCOHA IUId HErayCiBCHKHX MaHWX 3a JOIOMOTOI0 BiANOBIAHMX MeTOHiB. Meroan moOynoBu
Mozenell, piBHSIHb, MOBIPYMX IHTEpBANiB 1 IHTEpBAIIB IepefOaueHHS] HENIHIHHMX perpeciii 3acHoBaHI Ha OaraToBHMipHOMY
HENHIHHOMY perpeciiiHoMy aHaji3i 3 BHKOpPHCTaHHSIM 0araTOBUMIPHHX HOPMANi3yIOUHX IEepPEeTBOpEHb. PO3MIITHYTO BiAMOBimHI
merou. L{i MeToan NO3BOJAIOTH BpaxOBYBAaTH KOPEJLSILII0 MDK BHUITQJAKOBHMH BEJIMYMHAMH B pa3i HOpMaii3auii 6araToBHUMipHHX
HETayCiBChbKMX JaHMX. 3arajoM, Li¢ HPU3BOAUTH JI0 3MEHIICHHS CEpeAHbOI BEJMYMHHU BiIHOCHOI MOXUOKH, IIMPHHH JOBIPYMX
iHTepBaJIiB i iHTepBaliB mepenbavyeHHs B MOPIBHAHHI 3 JIHIHHUMH MoAensMH ab0 HENiHIHHUMH MOICNSIMH, MOOYIOBaHUMHU 3
BUKOPHCTAHHSIM OJHOBUMIPHHMX HOPMaJIi3yIOUHX NEPETBOPEHb.

PesyabTaTn. 3ailicHeHO MOPIBHAHHS MOOYI0BaHOI MOJETI 3 MOJCISIMH JIiHIIHOI perpecii Ta HeMHIMHIMU PErpecisiMi Ha OCHOBI
JIECSITKOBOTO JIorapu(My Ta 0THOBUMIPHOTO TEpeTBOPEHHs JKOHCOHA.

BucHoBku. Mozenb HeniHIHHOT perpecii /Ul OWIHIOBAaHHS PO3MIpy MPOrpamMHOro 3a0e3MedeHHs! iHQOPMAIIHHUX CHCTEM 3
BIAKPUTHM BHXIJHHM KOJIOM Ha Java moOyaoBaHa Ha OCHOBi GararoBuMipHOro meperBopenHs JpkoHcoHa juis cimeiicta Spg . Ll

MOJIeTIb B MOPIBHSHHI 3 1HIIMMHU perpeciiiHiii Moneni (SK JiHIHHUMHU, Tak 1 HENIHITHUMHM) Mae OUIBIIMKA MHOXHHHUM Koe(illieHT
JeTepMiHamii 1 MeHIIe 3HAa4YeHHS CePefHbOI BENMYMHU BiAHOCHOI MOXMOKH. llepcHeKkTHBM MOAANBIINX AOCHIIKEHb MOXYTh
BKJIIOYATH 3aCTOCYBaHHS 1HIIMX OaraTOBUMIpHHX HOPMAaIli3yIOTh MEPETBOPEHb 1 HAOOPIB AaHUX AJIS MOOYIOBH MOJEIN HETiHIHHOT
perpecii U1 OLiHIOBaHHS PO3Mipy MPOrpaMHOTo 3a0e3nedeHHs iHPOPMAIIIfHUX CHCTEM 3 BIIKPUTHM BHXiIHUM KOJOM Ha Java.

KJIIOYOBI CJIOBA: omiHIOBaHHS po3Mipy IporpamHoro 3abesmnedeHHs, iH(popMamiiiHa cucTeMa Ha OCHOBI Java, Mojeib
HeNiHIHOI perpecii, OJHOBUMIpHE HOPMaJli3ylode IIepeTBOPEHHSI, HErayCiBChKi aHi.
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HEJIMHEWHASI PETPECCHOHHASI MOJIEJIb JJIs1 OLIEHKU PASMEPA IIPOTPAMMHOI'O OBECIIEUEHU S
CHUCTEM C OTKPBITBIM KOJIOM HA JAVA

Mpuxoabko H. B. — kana. exkoH. HayK, JOLEHT, NOUECHT Kadenpu QinaHciB HamioHaIsHOTO YHIBEpPCUTETY KOpadlieOyryBaHHS
iMeHi agmipana Makaposa, MukonaiB, Ykpaina.

Mpuxonpko C. b. — 1-p TexH. Hayk, mpodecop, 3aBigyBad Kadenpu NMporpaMHOro 3abe3leueHHs] aBTOMATH30BaHHX CHCTEM
HanionanbHoro yHiBepcuteTy KopabieOyayBaHHs iMeHi axmipaia MakapoBa, Mukonais, YkpaiHa.

AHHOTAIUSA
AxkTyanbHoOcTh. [Ipobiema oneHkH pazMepa MpOrpaMMHOTO OOECIIeueHUsI Ha paHHEeH CTaAWH MPOrPaMMHOTO IPOEKTa BaXKHA,
MOCKONBKY MH(OpMarms, MoTydeHHas IPH OLEHKE pa3Mepa IPOTrpaMMHOTO O0EeCHEedEHHs, MCIONIb3YeTCsl Ul NPOTHO3MPOBAHUS
TPYJIOEMKOCTH II0 pa3paboTKe IPOrpaMMHOrO oOecHedeHHs, BKIIOYas HWH(OpMalMOHHBIE CUCTEMBI Ha 0a3e Java ¢ OTKPBHITBIM
HUCXOTHBIM KomoM. OOBEKT HCCIEeOBaHUS — IPOIECC OLEHKH pa3Mepa IPOTrpaMMHOT0 oOecrieueHusI HHPOPMAIMOHHBIX CHCTEM C
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OTKPBITBIM HCXOIHBIM KoxoM Ha Java. Ilpeamer uccinenoBaHHs — MOAENM PErpeccU A OLICHKU pa3Mepa IPOrpaMMHOIO
obecriedeHns MHYOPMALMOHHBIX CUCTEM C OTKPBITBIM MCXOIHBIM KojoM Ha Java. Ilens paboThl — co3naHne MOJeIH HEJIMHEHHOMH
perpeccus It OLIEHKH pa3Mepa MporpaMMHOro obecredeHHs: HHYOPMAIMOHHEIX CHCTEM C OTKPBITHIM HCXOAHBIM KOJIOM Ha Java Ha
OCHOBE MHOT'OMEPHOTO HOPMAaJIU3HPYIOIIETO Npeodpa3oBanus JOHCOHA.

Metoa. Moaenu, NOBEpUTENbHBIE MHTEPBAJIbI U MHTEPBAJbl IPOTHO3MPOBAHMS MHOTOMEPHOM HEJIMHEMHOHN perpeccun Ajs
OLIEHKH pa3Mepa MpOrpaMMHOT0 obOecredeHuss HHPOPMAIIOHHBIX CHCTEM C OTKPBITHIM MCXOIHBIM KOJOM Ha Java IOCTPOEHBI Ha
OCHOBE MHOTOMEPHOTO HOPMAIM3UPYIOIETro IpeoOpazoBaHus JIKOHCOHA M HETayCCOBCKMX JAHHBIX C ITOMOIIBIO
COOTBETCTBYIOIUX METOAOB. MeTOAbl OCTPOCHUS MOJEICH, ypaBHEHUH, HHTEPBAJIOB JOBEPUS U IPOrHO3UPOBAHUS HEIMHEHHBIX
perpeccuif  OCHOBaHBl HAa MHOIOKPAaTHOM HEIMHEHHOM PEIPECCUOHHOM aHalIM3€ C MCHONB30BAaHMEM MHOIOMEPHBIX
HOPMaJIM3UPYIOIINX Npeodpa3oBaHuid. PaccMOTpeHbI COOTBETCTBYIOIIME METOIbI. MeTOIbl MO3BOJAIOT YUYHUTHIBATH KOPPEISLHIO
MEXly CIy4ailHbIMHM BEIMYMHAMHU B ClIydae HOPMAJIM3alli¥ MHOTOMEPHBIX HErayCCOBCKHMX JaHHBIX. B o0IimeM, 5TO NPHUBOAMT K
YMEHBIIEHUIO CpeIHEeH BEIMYMHBI OTHOCUTENBHOH TOTPENIHOCTH, HIMPUHBI JOBEPHTENBHBIX HMHTEPBAJOB U HHTEPBAJIOB
NpeJCKa3aHus 0 CPaBHEHMIO C JIMHEHHBIMH MOJENSMU WM HEIUHEHHBIMH MOJENSMHU, MOCTPOCHHBIMU C HCIOJIB30BaHUEM
OJHOMEPHBIX HOPMAIN3UPYIOIIUX TPe0Opa30BaHHUH.

Pesyabratpl. IlpoBeneHo cpaBHEHHE IOCTPOCHHOM MOJEIM C JMHEHMHON MOJEIBbI0 M HEJIMHEHHBIMH PErpecCHOHHBIMU
MOJIEIISIMH Ha OCHOBE JIECSATHYHOTO JIOrapu(Ma 1 OTHOMEPHOTO Ipeodpa3oBanust JMKOHCOHA.

BreiBoasl. Mogiesib HETMHEHHON perpeccuH AT OLECHKU pa3sMepa MporpaMMHOTO oOecredeHHs: MHPOPMAIHOHHBIX CHCTEM C

OTKPBITBIM HCXOAHBIM KOAOM Ha Java IIOCTPOCHA HAa OCHOBE MHOTOMEPHOT'O HpeO6pa30BaHI/I${ ,Z[)KOHCOH& JUIST CeMEHCTBa SB . Ora

MOJIETb TI0 CPABHEHUIO C JPYTMMH PETPECCHOHHBIMH MOJEIMSIMHU (KaK JMHEHHBIMH, TaK WM HEIMHEHHBIMH) HMeeT OOobImit
MHO>KECTBEHHBIH KOY(DOUIMEHT [eTepPMUHAMM W MEHbIIee 3HA4YEHWE CpEeJHEH BEIWIMHBI OTHOCHTENBHOHW IOTPENIHOCTH.
[NepcrieKTHBBI TaTBHEHIINX MCCIICIOBAHNI MOTYT BKIIIOYATh IPHIMCHEHHE JPYTHX MHOTOMEPHBIX HOPMAIH3YIOMKX Ipeodpa3zoBaHuit
1 HaOOpOB JaHHBIX IS IOCTPOCHUS MOJCIHM HEJIUHEHHOW perpeccHd s OIEHKH pa3Mepa IIPOTpaMMHOTO OO0ecIieueHuUst
NH(OPMAIIMOHHBIX CUCTEM C OTKPBITBIM HCXOAHBIM KOJIOM Ha Java.

KJIIOUEBBIE CJIOBA: oreHka pa3Mepa IporpaMMHOro oOecredeHus, HHpOpMaIoHHasl CUCTeMa Ha OCHOBe Java, MoJesb
HEJTMHEWHO perpeccuu, OAHOMEPHOE HOPMaIU3yIollee TpeoOpa3oBaHNE, HETayCCOBCKUE AHHBIE.

JIITEPATYPA / JIUTEPATYPA 9. Prykhodko S.B. Developing the software defect prediction
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and Software Technology. — 2004. — Vol. 46, Issue 9. — Testing of the Applied Software : the Research and Practice
P. 589-601. DOI: 10.1016/j.infsof.2003.11.001 Seminar (PTTAS-2016), Poltava, Ukraine, May 25-26,
2. Tan H. B. K. Estimating LOC for information systems from 2016 : abstracts. — P. 6-7.
their conceptual data models / H. B. K. Tan, Y. Zhao, 10. Stanfield P. M. Multivariate input modeling with Johnson
H. Zhang // Software Engineering : the 28th International distributions / [P. M. Stanfield, J. R. Wilson, G. A. Mirka, et
Conference (ICSE '06), Shanghai, China, May 20-28, 2006 : al.] // the 28th Winter simulation conference WSC'96,
proceedings. — P. 321-330. DOI: 10.1145/1134285.1134331 Coronado, CA, USA, December 8-11, 1996 : proceedings,
3. Tan H. B. K. Conceptual data model-based software size ed. S. Andradyttir, K. J. Healy, D. H. Withers, and
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VIK 004.056
BUBIP IIEPEBAKHOI'O AJITOPUTMY BbYJIOBYBAHHSA HU®POBUX
BO/JAsIHUX 3HAKIB B BIZIEO®ANJIN

IMocrak H.B. - acmipantr kadeapu iHdOpMAaIiifHO-MEPEKHOI imKeHepii XapKiBCbKOTO HAI[IOHAIBHOTO
YHIBEpCHUTETY palioeIeKTPOHIKH, XapKiB, YKpaiHa.

Be3pyk B. M. — 1-p TexH. Hayk, npodecop, 3aBigyBau kKadenpu iHpopMariitHo-MepexHOi imxeHepii XapKiBCbKOTO
HalliOHAIBHOTO YHIBEPCUTETY PajioeNeKTPOHIKH, XapKiB, YKpaiHa.

AcTtpaxaHueB A.A. — KaHJ. TeXH. HayK, IOIEHT, JOUEHT Kadeapu iHPpopManiiHO-MepexHOl iHXeHepil
XapKiBCHKOT'O HAIlIOHAJILHOTO YHIBEPCUTETY PaJliOeIEKTPOHIKH, XapKiB, YKpaiHa.

AHOTANIA

AKTyaJpHicTh. 3a OCTaHHIM Yac 3HAYHO 30UTBIIMIIACH KIJIBKICTH aTaKk Ha IHTEJIEKTyallbHY BJIACHICTB, $Ka, BIAMOBITHO IO
pe3ynbTaTiB ONHUTYBaHb, 3aliMa€e MPOBIIHE MICIE y CTPYKTYpl Cy4acHOrO CycCIHijbcTBa. BeeOiuHMi PO3BUTOK KpaiHU HEMOXIIMBHI 0e3
reHeparlii BJaCHHUX IHTEIEKTyalbHUX NaHUX 1 IX 3aXUCTY, KU HA T iHGOpMAIHUX BifH € HaWOUIBII aKTyaJdbHOK 3a/1a4ei0 B
cydacHOMY cycninbeTBi. OCKUTBKH 1HTEIEKTyallbHI IJaHI MarOTh HE JIUIIIE TeHEepYyBaTHCs Ta 30epiraTics a il nepenaBaTHCs 10 BiIKPUTHX
KaHaJlaX 3B 53Ky, TO MiABUILYETHCS BaXKIUBICTh Ta aKTYaJIbHICTh JTIOCIIJDKEHHS CTIMKOCTI METO/IB 3aXHUCTY IHTENEKTYaIbHHUX JTAaHUX JI0
nii 3aBaj] B KaHAJIaX. BUpIIICHHIO L€ akTyalbHOI 3aa4i IPUCBsIUeHA JaHa poOoTa.

Merta poOOTH — BHM3HAYCHHS CTEraHOrpa(iyHOro aaropuTMy MNPUXOBYBAHHS HHU(POBOrO BOASHOTO 3HAKY B BiJCOKOHTEHHEpI,
ONTUMAJBHOTO 32 KPUTEPISMHU IMIBHIKOIII, CTIHKOCTI 1O aTak, NMPUXOBAHOCTI Ta MPOIYCKHOi 37aTHOCTI 3a JIOTIOMOTOI IPOrPaMHOIO
MOJICITIOBAHHS Ta METOY aHaJI3y iepapXiii.

Metoa. Jlocmimkeni anropuT™Mu BOyIOBYBaHHS LU(POBUX BOASHHX 3HAKIB B pyxoMi 300paxeHHs. OcTaHHIM 4acoM 0araTo yBaru
MIPUIISETBCS aJrOPUTMaM BOYZIOBYBaHHS, 1110 MAIOTh TaKi BIIACTUBOCTI, SIK CTIHKICTB JI0 aTaK Ta NPUXOBaHICTh BOym0BaHOi iHpopmarii. L1i
ITOPUTMH MOXKHA Kiacu(iKyBaTH 3a THIOM 00JIaCTi, B sIKy BOYIOBYEThCs ab0 BHIIydaeThcs LU(POBHIl BOISIHUN 3HAK, X HPOILyCKHOI
30aTHOCTI, IPOJYKTUBHOCTI B PEKUMI PEAIbHOTO Yacy Ta CTIHKOCTI 10 KOHKPETHHUX THIIB aTak. [CHyro4i anroputMu BOYJOBYBaHHS B Bijico
MO>KHa YMOBHO TOAUTUTH HA TPU OCHOBHI IPYITH, B 3aJISKHOCTI Bij 00sacti B Ky BOya0ByeThest [[B3: MeTou BOYJOBYBaHHS B IPOCTOPOBIit
00JacTi, B 00J1aCTh IEPETBOPEHB Ta METOIM BOYJJOBYBaHHS B BifIeo, 110 cTHCHEeHe 3a crangaptoM MPEG. Anroputmu BOynoByBanHs LIB3 B
MIPOCTOPOBii 00JIaCTi 3aCTOCOBYIOTHCS ISl HECTHCHEHOTO Bineo. 1IB3, mo BOyHOBYeTHCS, 3a3BHYail 101a€ThCS 10 KOMIIOHEHTY SCKPaBOCTI
Ta JSSIKMX KOMIIOHEHTIB KOJIbOPIiB, 200 TIIBKM JJO KOMIIOHEHTIB KOJIbOpiB. B anropurmax BOyZOBYBaHHS B 00JIaCTh IEPETBOPEHb, BOSHHUI
3HAK, PO3MOAUISETHCS MO 00JIACTI MEPETBOPEHHS 1 SIKMH BaXKKO BUAAIUTH Ticist BOymoByBaHHs. {1 aqropuTMiB B 00IaCTi MEpeTBOPEHb,
ICHY€ KiJIbKa KJ1aciB METO/IB, 10 0a3yl0ThCs Ha Pi3HUX (YHKI[SIX IEPETBOPEHHS, OCHOBHUMH 3 SIKHX € JUCKPETHE KOCHHYCHE MEPETBOPEHHS,
JIMCKPETHE BEiBIET-NEPETBOPEHHS Ta IUCKPETHE NepeTBOpeHHs Dyp’e.

PesyabTaTu. 3a pe3ynbTaTaMi pO3paxyHKIB BH3HAUCHI ONTUMANBHI 32 CYKYIHICTIO KPUTEpIiB aJrOpUTMH NPUXOBYBaHHS IH(PPOBUX
BOJISTHHX 3HAKIB B Bijeo(aiiny.

BucHoBku. B naHiii cTaTTi BUKOPUCTAHO METOJ| aHAJII3Y i€papXiil U BU3HAUSHHS [1€PEBAXKHOTO 3a CYKYITHICTIO MTOKa3HHUKIB SKOCTI
anropuTMy BOyIOByBaHHS iH(opManii y Bineodaiinu. IlepeBaxxHUH anropuT™ OTPUMAaHO Ha OCHOBI CPOPMOBAHHX MATPHIb HOPIiBHIHb
BIZIHOCHOI Ba)XXJIMBOCTI MOKA3HUKIB SIKOCTI Ta Pe3y/IbTaTiB MPOrPaMHOTO MOJCITIOBAHHS CTEraHOrpadivyHuX anropuTMmiB BOYIOBYBaHHS B
Bigeodaiinu. SIKiio, B SKOCTI HepeBakarodoro Kputepito Oyina oOpaHa NMpOIyCKHA 3[aTHICTh, TO HAaWKpalll 3HAUYCHHS 3a BKa3aHUM
KputepieM 3abesnedye meron Ha ocHoBi H3b, minBuiueHHs CTIHKOCTI sIKOro 3a0e3nedyeThcsi OJATKOBUM BHKOPHCTAHHSM KOIY
XeMiHra 3 3Ha4€HHAM BeKTopy mpiopureriB 0,24. IIpn BUKOPHUCTaHHI B AKOCTI ePeBa)Kal0uoro KPUTEPIilo CTIMKICTh JIO aTak pe3ylIbTaTH
JOCITI/DKeHb TOKa3alud e(eKTHBHICTh METOLy AWCKPETHOTO BEHBICT-TIEPETBOPEHHS 3 MOXIHUBICTIO BOyIOBYBaHHs 2 0iTiB 1udpoBOrO
BoJsiHOTO 3HaKa B 6yok JIKII B wactotHy obnacte LH. HaykoBa HOBH3HA poOOTH TOJISITae B TOMY, L0 BIEpIlE BU3HAYCHHI MEPEBaXKHUH 3a
KPHUTEPIsIMH MIBUAKO/I, IIPOIYCKHOT 3aTHOCTI Ta CTIHKOCTI 70 3aBaJ B KaHaJlaX 3B’s3Ky MeTOJ BOYZOBYBaHHs Yy Bineodaitnn ta Habynma
[TO/IATIBIIIOT0 PO3BUTKY TEOPisi MpUXoBaHHs iHpopMallii y Bizeodaiiiax MUIIXOM ITiABUIIECHHS 3aBaJOCTIHKOCTI ICHYIOYHX AIITOPUTMIB.

IIpakTiuHa 3Ha4UMICTh POOOTH BU3HAYAETHCS 3aCTOCOBAHICTIO TOCHIPKYBaHHX aJlTOPUTMIB JUIS 3aXHCTY IHTEJIEKTYyalIbHOI BIACHOCTI Ha
BIJICONPOYKIIiI0, III0 NEpeIacThCs KaHATaMH 3B s3Ky 3 3aBa/IaMH, BUPIMICHHS L€l 3a1a4i € aKTyaIbHOIO IIPOOJIEMOI0 B Cy4aCHOMY CBITI.

KJIIOYOBI CJIOBA: creranorpadis, Bineo, anropurym, LIB3, Metox aHani3y iepapxiii.

ABPEBIATYPH
LSB — naiimeHm 3Havymuii OiT;
11B3 — uudpoBuii BoASHUIN 3HAK;
MAI — MeTon aHamizy iepapxii;
JKIT — nuckpeTHe KOCHHYCHE NTepPEeTBOPEHHS;
JBII — nuckpeTHe BeUBIET-NEPETBOPEHHS.
HOMEHKJIATYPA
MSE — cepeqHbOKBapaTHYHE BiIXHICHHS;
V' — 3Ha4YeHHs MIKCEJI0 BUXIJTHOTO 300paKeHHS;
V" — 3HaueHHs MKCEII0 CTEro300paXKeHHs;
m — KUTBKICTh PAIKIB KazIpy;
1 — KIJIBKICTh CTOBIIIIB Kapy;
PSNR — nikoBe BiIHOLIEHHSI CUTHAJI/LITYM;
MAX — MakcuMalbHE 3HAUEHHS ITIKCEIIO;
@;; — OUIHKH TTAPHKX TOPIBHSAHE CIICMEHTIB BHOODY;

Vj — KOMITOHEHTH T'OJIOBHOT'O BJIACHOT'O BEKTOPA,

Pj — KOMIIOHEHTH BEKTOpa NPIOPUTETIB TOKA3HHKIB

SIKOCTI;
C; — KOMIIOHEHT BEKTOPa I1100aIbHUX NPIOPUTETIB;

N — 4UHCIO TPOEKTHHX BapiaHTIB CHUCTEM, IIO
TIOPIBHIOETHCSI.
BCTYII
CreraHorpadis — Hayka @pO METOIU 3aXHCTY

iHpopMarii TUIIXoM MPUXOBaHHA (akTy il iICHyBaHHA B
ToMy abo iHmomy cepenoBumli. IlpuxoBaHHS QakTy
ICHyBaHHSI TAEMHOTO ITOBIZIOMJIEHHS 3aB)XAU BHIABAIOCS
JMOUITPHUM JJIsI HWOTO 3aXWCTy, a HasABHICTD pI3HHX
TEeXHIYHUX, XIMIYHUX, OQI3UYHAX 1 TICHXOJOTIYHUX
METO/IIB TAKOTO NMPHUXOBAHHS 3a0e3MeuyBajo MOKIUBICTh
fioro peamizaiii. Cboroani creraHorpadisi sBjsie co00r0

© Illocrax H. B., be3pyk B. M., Actpaxannes A. A., 2018
DOI 10.15588/1607-3274-2018-3-18

167



e-ISSN 1607-3274 PapioenexrpoHika, inpopmatuka, ynpasainas. 2018. Ne 3
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2018. Ne 3

CYKYIHICTP aQNTOPUTMIB 1 TEXHIYHHX pillleHb, MI0
peanizyloTh 3axucT iH(pOpMaIllii, 3aCHOBaHUH Ha PIZHUX
npuHounax. OJHaK B yMOBax CTPIMKOTO 3pOCTaHHS
iHpOpMaIIHO-TENEKOMYHIKAI[IHHUX ~ TEXHOJIOTIH  Haii-
OLIbII aKTHBHO PO3BUBAIOTHCS KOMIT IOTEPHI aITOPUTMU
cTeraHorpadii Ta crmocoOw iXHBOTO 3aCTOCYBaHHS B
kibepHetnuHOMy mpoctopi. Lludpose Bimeo € ogHuUM 3
HaWMOMyJSIPHIIIMX ~ MYJIbTUMENIMHUX  JaHWX, IO
MommproeTbess B Mepexi IarepHer. Tomy HaOyBaroTh
IIMPOKOTO BIPOBA/DKEHHS alTOPUTMH BOYAOBYBaHHS
1 pOBUX BOASHUX 3HAKIB B Bifeodaiinu.

O0’eKT  AOCHIIDKEHHS: TIPOLIECH  IPUXOBYBAHHS
KoHGimeHiitHOT  iHpopManii B  cTeraHorpaiqHUX
KOHTelHepax (Bimeo-dainax), sKi NepenaroThCs IO
BIZIKDUTHX KaHaIaxX 3BS3KY 3 3aBaJIaMH.

[Mpeamer pocinimkeHb — KOMOIHOBaHI METOAU 3aXUCTY
MYJbTUMEIIMHUX  JaHUX 13  3aCTOCYBaHHSIM  CTe-
raHorpadii, 3aBaJIOCTIIKOro KOJyBaHHS Ta MapalielIbHOT
00pOOKH TaHUX, a TAKOXK OI[IHKU CTIMKOCTI Ta IIBHIKOJIT
cTeraHorpagpiqHuX METOIB.

Meroro JTaHo1 pobotn € BU3HAYCHHS
CTeTaHOTpa(igHOTO ANTOPUTMY TPHUXOBYBAaHHSA (-
pPOBOTO BOISHOTO 3HAKy B BiJCOKOHTEHHEpi, OINTH-
MaJIBHOTO 3a KPHUTEPisIMH MIBUIKOAII, CTIIIKOCTI IO aTak,
MIPUXOBAHOCTI Ta MPOITYCKHOI 3JaTHOCTI 3a JAOIOMOTOIO
MIPOTrPaMHOT0 MOJICTIOBAHHS Ta METO/LY aHaJi3y iepapxiil.

1 IIOCTAHOBKA 3AJJAYT

3agaHo0 MeToaM MPUXOBaHHs iH(oOpMarii, sKi MarTh
LIMPOKE TOIMPEHHS Ta 3a0e3NeYyI0Th BUCOKI ITOKa3HUKH
skocti — metoan H3B, Koxa-)Kao ta mMeTrom Ha OCHOBI
JBII-JIKII. Bxazani meromu MarooTh OyTH TpOTpPaMHO
pealizoBaHi Ta MO OTPUMAaHHX pealizalliix MalTh OyTH
OIIiHEH] HACTYIHI KPHUTEPii AKOCTI: MPOITyCKHA 31aTHICTD,
IIBUKICTH BOY/TOBYBaHHS Ta BUTATHEHHS ITOBiTOMIICHHS,
CTyNiHb CIIOTBOPCHHS II0YAaTKOBOTO KOHTEHHEpy Ta
CTIMKICTh HO aTak. BHUKopHCTOBYIOUM MeTOOM aHaji3y
iepapxii Ta MaTeMaTHYHOTO MOJENIOBaHHS HEOOXiTHO
BU3HAYUTU METOJM HaHKpami Mo CyKYMHOCTI KpPHUTepiiB
3a YMOBM MakcuMmiszauii TpOIyCKHOI 37aTHOCTI Ta
CTIHKOCTI J10 aTak. B sSKOCTI pe3ynbTyl0UHX 3HauYCHb Mae
OyTH OTpUMaHHM{ TJI00ATBHUH BEKTOP NPIOPHUTETIB, LIO0
MICTUTh IHTETPOBaHY OLIHKY HaBEJCHUX KpPUTEPIiB.
JonaTkoBi 0OMEXEHHS HaKJIagae HEOOXIIHICTH
BUKOPHCTaHHS METOZIB OOpPOTHOM 3 3aBafaMH B KaHalax
3BS3KY JUIA TIIBUIICHHS CTIHKOCTI JTOCIIIKYBaHUX
METOJIB 3aXUCTy iH(popMaIii.

2 0TJis1d IITEPATYPU

Anroputmu  BOYIOBYBaHHA LH(PPOBUX BOISHUX
3HAKiB B HEPYXOMIi 300pa)kKeHHsI Ta B BiJIeO MOXKYTh OyTH
pO3aiJicHI Ha 3 OCHOBHI IPYNH B 3aJ€KHOCTI BiJ 001acTi,
B 5Ky BOynoByerbesi 1IB3: anroputmu BOYIOBYBaHHS B
IIPOCTOPOBY 00J1aCTh, B 00J1aCTh IIEPETBOPEHB Ta B BifIEO,
mo crucHeHe 3a crtaHaaptoM MPEG. OcHoBHuUMU
nepeBaraMd MpPOCTOPOBHX AJITOPUTMIB € Te, [0 BOHHU
KOHIIETITyaJJbHO TPOCTI 1  MamTh OyXKe HHU3BKY
O0YHCITIOBANIFHY CKJIAAHICTh. B pe3ynpTaTi BOHH cranu
HaWOIIpII PUBAOIMBUMHE U 3aCTOCYBaHHA B Bizneo, 1€
(YHKIIOHYBaHHS B PeXXHUMi PEaTbHOTO Yacy € TOJIOBHUM
3apraHHsiM. OCHOBHOIO IIEpEBaroro alropuTMiB B 001acTi
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HEePEeTBOPEHb, € Te, IO BOHH MOXXYTb BHKOPHCTaTH
0COOMIBI BIACTHUBOCTI ANbTEPHATHBHHUX OOJIACTEH I
yYCYHEHHS  OOMEXeHb MeTOJiB  BOYJIOBYBaHHI B
MPOCTOPORBIi oOyacTi ab0 sl MIATPUMKH JOJATKOBUX
bynkuii [1, 2, 3].

3 MeTo BH3HAYEHHS IIEPEBAKHOIO AITOPUTMY
BOyZOBYBaHHs LM(POBOTO BOASHOTO 3HaKy OyJo
BUKOHAHO PO3paxyHKH CYKYIHOCTI IOKa3HHKIB SIKOCTI
JUTS piI3HUX aJTOPUTMIB, IO HaBeAeHUH y [9], a moTiM Ha
OCHOBI iX MOPIBHSUIBHOTO aHAaJi3y BUKOPUCTAHO OIUH i3

MeTOAiB  0araToKpuUTepialbHOTO  BHOOPY  €IMHOTO
BapiaHTy — MeTOJ aHami3y iepapxiii [10].
3 MATEPIAJIXM I METOHN

Mero/ 3aMiHM HaMEHIII 3HAYYIIOTO OiTy € HaWOLIbII
MOUIMPEHHM cepej] anropuTmiB BOymoByBanHs [[B3 B
MPOCTOPORBIM  0o0yacTi. 3arajpbHUi MPUHIMI  I[HOTO
ANropuUTMy nojasrae y 3aMiHi Ha/IMIpHOCTI,
MaJIO3HAYyI[Oi YaCTUHH 300pakeHHs 0iTaMM CEKPETHOTO
MoBiAOMIICHHS [1].

OnHYM 3 HAWIONIMPEHIIINK aITOPUTMIB PHXOBYBAaHHS
KOH(iIeHIiifHOT iHpopMarii B o0NacTi IepeTBOpeHb
300pakeHHS TIOISra€ y  BIMHOCHIM 3aMiHI  BEIHYHH
KOe(IIiEHTIB TUCKPETHOTO KOCHHYCHOTO TIEPETBOPEHHS,
skuit onmcyetbess Koxom ta XXao [2]. dns 3acTocyBaHHS
ATOPUTMY 3aMiHM YacTOTHHX KoedillieHTiB, Bigeodaiin
HEOOXIJJTHO pO3IVIAAaTH SK IIOCHIIOBHICTh KanupiB. KoxxeH
KaJp PO3MIMAEThCS SK HesalekHe 300paxenns 1 1[B3
BOYJIOBY€ETHCS Y KOXHHHN KaJIp.

ITix gac mociiKeHHs OyNM 3alPOTIOHOBAHI HACTYIIHI
Moaudikarii anropuTmy:

— B skocti obmacti BOymoByBaHHA Oynma BHOpaHa
mobivyna giaronams Marpumi JKII;

— pearizoBaHa MOXIHUBICTh BOymOBYBaHHS 10 4 OiTiB
B3 B koxen Omox JKII. VY xoxHOMY Oiomi
BHOHpaeThes 110 4 map pizHux enementiB matpuii JIKII i
B KOXKHY 3 IuX map BOyzoByethcs O0iT LIB3;

—  peami3oBaHa  HopMaii3amis  OJOKy  mmicns
3popotHboro JIKII. Slkmo indopmariss BOyZOBYEThCS B
OJIOK, IO Ma€ eJEMEHTH 31 3HAYCHHSIMH SICKpaBoCTi Y,
OJIM3BKUMU /10 3HaY€Hb T'PaHUYHUX EJIEMEHTIB Jiana3oHy
(0 ta 255), micna 3BoporHboro JKII 3HaveHHS IuX
€JIEMEHTIB MOXYTh BHHTH 3a TpaHU4YHI 3HAYCHHS
nianasony. Ilpu 3ammcyBaHHI y Bimeodaiii Ii eIeMEeHTH
OyIyTbh NMPU3BOJMTH O 3HAYHUX CIIOTBOPEHb, HABITH 1O
MTOBHOI iHBEpCii KOMBOPY MiKceNs. Y 3B’S3KYy 3 UM IiCIs
3BoporHeoro JIKII Omoky moTpiOHO HOpMaTi3yBaTH
3Ha4YeHHA eleMeHTiB Onoky. Hopmamizamis momsrae y
JIETEKTyBaHHI 3Ha4Y€Hb, 10 BUHIIUIA 32 MEXI Jiana3oHy, i
MPUBE/ICHHI IUX 3HAYCHb JI0 3HAYCHHS HAHOIIKIOT MEXI
Jliara3ony;

— JI0JIaHO 3aBaJIOCTiHKe KOyBaHHS KOJIOM XeMiHra.

Hns Bunydenns [[B3 3 Bimeodaiiny HeoOXimHO
3poOWTH Ti cami omeparii, IO W Ui BOYZOBYBaHHS, ax
o JKII.

XapakTepuCTHUKH ~ CTIMKOCTI 10 MEBHHX  arak
MOIU(IKOBAHOTO ~ ANTOPUTMY  MOXKHA  MOKPAIIWTH,
BUKOpUCTOBYIOUM Komu Xeminra. Komm Xewminra e,
HMOBiIpHO, OmHI C  HalBimOMImMX  KOXiB, IO

CAMOKOHTPOJIIOIOTBCSI 1 caMOKOpHTyloThcsl.  Koam
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XeMiHra J03BOJSIIOTH BHUINPABISATH OAWHUYHY MOMMIKY
(mommnka B ogHOMYy OiTi) 1 3HAXOZWUTH MOJBIHHY
MTOMUJIKY. I[Ipu  peamizamii  OBOTO  AITOPUTMY
BUKOpHCTOBYBaiucs koau Xeminra (7,4). Lle oznauae, mo
yotupu Oita 1[B3 komyBamucst ceoma Oitamu koxmy. B
JaHOMY Koji 4otupu Oita OyayTh iHQOpMAaTUBHHUMH, a
TPU — KOHTPOJIEHUMH.

[Ie omHUM MOMIMPEHUM AJITOPUTMOM BOY/IOBYBaHHS B
00JIaCTb TIEpeTBOPEHbh € METOJA IUCKPETHOTO BEHBIET-
neperBopeHHs. OCHOBHa imes AWCKPETHOTO BEHBIIET-
MIePETBOPEHHS y MpoIieci 00poOKH 300paKeHHS MOJIATAE B
poO3KJIaaHHI 300pakeHHS B MiI300pakeHHS PI3HUX
MPOCTOPOBUX Ta dYacToTHUX obmacteir. JBII po3minse
300pakeHHs Ha ampPOKCHMAIIi0 TICPBUHHOTO KaJIpy Bimeo
(300paXkeHHsT 3 HU3BKOIO pO3ALIBHOIO 31aTHICTIO) (LL), a
TaKOX Pe3yNbTaTy MPOXOJPKEHHS HOT0 MO TOPU3OHTAIISIX
(HL), Bepruxamsx (LH) ta miaronamsx (HH). Ilotim
mporec Moke OYTH IIOBTOPEHHWH, /ISl PO3PaxyHKY
BEUBJICT-KOMITOHCHTIB OLIbIII BUCOKOTO MOPSAKY [3, 4, 5].

B mamiiti poboTi AnA  AOCHIIKEHHS BUKOPHC-
TOBYBAJIMCh TakKi JITOPUTMH: METOJ 3aMiHM HaHMEHII
3HAYymoro OiTy, METOA 3aMiHU BETHYWH Koe(illieHTiB
JOKIT (Koxa-)Xao) Ta Meron HOHMCKPETHOrO BeHBIET-
nepeTBopeHHs. Takox Ii anropuTMu Oyl peaizoBaHi 3
JIOJaBaHHAM KoaiB XeMmMiHra, a anroputMm Koxa-XKao Tta
JBII 3 moxiuBicTio BOynoByBaHHs 1, 2 abo 4 OirtiB
udpoBoro BoasHoro 3uaka B Omok JIKIT Ta JBII i
anroput™ JIBII 3 MoxuBicTIO BOYIOBYBaHHS B pi3HI
yactotHi obmacti (HL a6o LH ) [6, 7, 8].

Bcei 1i anroput™mu Oynu mpoaHaii3oBaHi i OLHEHi 3
BHUKOPHCTaHHSAM HAa0Opy HACTYNHHX METPHK (TIOKa3HMKIB
SIKOCTI):

— gac BOyIOBYBaHHS — II€ Yac, IKUH HEOOXIMHUH yIs
BOYIOBYBaHHS NPUXOBAaHOTO TIIOBiIOMIICHHS B BileO
Gaitm;

— Yac 34MTyBaHHS — II€ 4ac, AKWA HEOOXiTHWHA UII
BUJIyYCHHSI TPUXOBAHOTO TOBIIOMJICHHS 13 Bifeo (haiii;

— TPOIMYyCKHa CIPOMOXHICTh — KUIBKICTh OiTiB
NPUXOBAHOTO MOBIIOMIICHHS, SIKI MOXYTb OyTH mepenaHi
3a JIOIIOMOTOI0 1IbOTO METOJY B Bimeodaiiri (ikcoBaHOTO
po3mipy;

— MSE - BiiHOCHUIT TOKa3HUK PO3CIIOBAaHHS 3HAYCHb.
MSE mis Bigeodaitny e moka3HHK PO3CilOBaHHS 3HAYCHD
MMKCENiB BHUXIAHOTO 300pa)XCHHS 1 CTETr0300pakeHHS.
MSE po3paxoByeTbesi sl KOXKHOTO Kajapy Bineodaidimy

OKpPEMO 1 pO3paxoBY€ETHCS 3a POPMYIIOL0:
m—1n-1

1 *
MSE =——- 3 3, Vly)"s- M
i=0 j=0

— PSNR — moka3HHK CIHiBBiJHOILICHHS MaKCHMaJIbHO
MOXKIIUBOTO 3HAYEHHSI MIKCEJs 1 MOTYKHOCTI (BETHMIMHH)
CIIOTBOPEHb, 110 BU3BaHi BOymoBanuM L[B3. ¥V 3B’s3Ky 3
TUM, IO BCJIHWYHUHY CIIOTBOPCHb MOXXHa NPEACTAaBHUTHU 3a
nonomororo nokasauka MSE, PSNR moxxHa po3paxyBatu

3a  gomomororo MSE, BHKOpHUCTOBYIOUM HACTyNHY
dopmysy:
PSNR =10-1o (MAXZ) 2
£10 MSE
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Pe3ynbraT po3paxyHKIB TOKa3HHKIB SKOCTI ISt
aNTOPUTMIB, OMMCAHKUX BHIIE, HaBeIeHO Y pobori [9]. 3 ix
aHaJ i3y BUTIKAa€, IO TOKa3HUKH SIKOCTI CTEraHor-
padiuHUX aITOPUTMIB 3B’sI3aHI MDK CO0OK Ta €
aHTaronictTnyHuMu. lle o3Haudae, Mo Npu Hepexoxi Bin
OJJHOTO ~ alNrOpuTMy JAO IHIIOTO AJITOPUTMY  OJHI
MOKa3HUKHM CTAalOTh KpAIIMMM, a IHIII HOTipPIIYIOTHCA.
B TakoMy BHIaiKy Ui BUOOPY €IMHOTO HEPEBAKHOTO
cTeraHorpadiqHOrO aNTOPUTMY 3 YpaxyBaHHSM CYKyI-
HOCTI TIOKa3HUKIB SIKOCTI HEOOXiTHO BHKOPHCTOBYBATH
METO/I1 OaraTOKPUTEPiaabHOI ONTHMI3aLIii.

4 EKCIIEPUMEHTHN
Posrisinemo 0co0INBOCTI BUOOpPY  €IHMHOTO
MepeBaKHOTO ~ alnroput™My  BOymoByBanHs 1IB3 3
ypaxyBaHHSIM CyKYIHOCTI TIOKa3HHMKIiB  SIKOCTI  3a

JIOTIOMOT0I0 MeToay aHamiisy iepapxiit [10]. Cyts mporo
METOZy 3BOJMThCA 10 (opMyBaHHS JOCBIJUYCHUMH
SKCIIepTaMH TMapHUX MOPIBHSIHb BiTHOCHOI BasKIIMBOCTI
MMOKA3HUKIB SKOCTI TPOEKTHHUX BapiaHTiB (y HamoMy
BHMAJIKy CTETaHOTpaiuHUX aJIrOpUTMiB), a TaKOXK
OIIHOK BiAHOCHOI B@XJIMBOCTI CaMHX IPOEKTHUX
BapiaHTiB (cTeraHorpagiuHuX aJropUTMIB).

Pe3ysnbrati mnapHUX TOpIBHSHB €JIEMEHTIB BHOOpY
HaBOJAATHCS y MaTpU4Hii opmi:

aj .4y
e ay1ap)...ay 3
a4 a;;
Hami Haxm cPoOpMOBaHMMH MaTPUISMH  MApHUX

MOPIBHSHb BHKOHYIOTHCSI MaT€MaTW4Hi II€PETBOPEHHS,
30KpeMa, PO3PaXxOBYETHCSI TOJIOBHHH BIACHUH BEKTOD,
SKA{ BIJIIOBia€ MAaKCUMAaJIbHOMY BIIACHOMY 3HAUCHHIO
Marpuli. KOMIIOHEHTH TOJIOBHOTO BIIACHOTO BEKTOpa
MaTpUIli TMapHUX TOPIBHAHb  TOKAa3HUKIB  SKOCTI
OOYHCIIOIOTBCS K CepeHE TeOMETPHYHE 3HA4YCHHS B
PSIKY MaTpHIi TAPHUX TOPIBHIHB

“

JIe 1 — YHCIIO0 MTOKA3HUKIB SKOCTI.
Yepe3 KOMIIOHEHTH TOJIOBHOTO BJIACHOTO BEKTOPA

OOYHCIIOIOTRCS ~ BIONOBIAHI ~ KOMIOHEHTH  BEKTOpa
MPIOPUTETIB MOKA3HHUKIB SKOCTI SIK HOPMOBaHI 3HAYCHHS
V. .
P-:fj, j:1’n3 (5)
8
n
ne S=2V,. ©)
j=1

AHaNOriYHO 3HAXOJATHCS OLIHKM MaTpHIb TapHUX
MOPIBHSIHb CTEraHorpadiyHUX ajJropUTMIiB OKpEeMO IO
BIZIHOIIICHHIO 0 KOXXHOTO ITOKa3HWKa sikocTi. Ha ocHOBI
IUX MaTpHUIb OOYHMCIIOIOTHCS KOMITOHEHTH BiITOBIIHHX
TOJIOBHUX BJACHUX BEKTOpPIB 1 BEKTOPIB MPIOPUTETIB
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CUCTEM Q] o Bi[[HOIlIeHHIO A0 OKpPEMUX IMOKaA3HUKaMHU

SKOCTi. 3 ~ BUKOPUCTAaHHAM  OTPHMaHUX  JTaHUX
OOYMCIIOIOTECST ~ 3HA4YeHHA  KOMIIOHEHT  BEKTOopa
_>

riobanpHUX mpioputeTiB C 3TITHO CITiBBIIHOIICHHS:

n J—

G = ,ZPjQij’izl’N' (7)
Jj=1

3a MakCHMaJIbHUM 3HAu€HHSM KOMIIOHEHTa BEKTOpa

riobanbHUX TpiopuTeTiB (7) BUOMpAETHCS BiIOBIIHUN

MIepEeBKHUN BapiaHT cTeraHorpaiqHOro  aJrOpUTMY

BOynoByBanns L[B3.
5 PE3YJIbTATHU
3rigHO  OmMHMCAaHOTO METOAYy aHami3y iepapXii

chopMOBaHa MaTPHUIIS TAPHUX ITOPIBHAHB IS IOKa3HUKIB
SIKOCTI cTeraHorpadiuaux aiaroputmiB (tabdn. 1). Jns
3aIIOBHEHHS i€l TAOIHI 32 JOMOMOI'OK0 JOCBIIUYEHOTO
eKcliepTa BUKOHAHI TapHi MOPIBHSIHHSA Ba)KIMUBOCTI
MOKa3HHUKIB SIKOCTI anroputMmiB BOynoByBanHs [[B3 B
Bimeodanu. [liaroHans 1iei MaTpuili 3amoOBHCHA

3HAUYCHHAMH «l», a eleMeHTH MaTpHIli, Mo JIeXaTh
HIDKYE JliaroHaJi, 3alI0BHEHI 3BOPOTHIMH 3HAYCHHSIMH.

Jani orpuMmaHi BIANOBIOHI MarpHIll MapHUX
MOPIBHSHB ANTOPUTMIB BOynoByBanHs [IB3 B Bineodaiin
OKpPEeMO 1O BiJHOLIEHHIO /0 OOpaHUX IOKa3HUKaMHU
SIKOCTI: 4Yac BOyJOBYBaHHs, d4ac 3uuTyBaHHs, MSE,
PSNR, a Takox i OTpuMaHi BilITOBIHI MATPUIli TAPHUX
nopiBHAHb. i mpukiagy B Tabn. 2 mpuBeneHa
MaTpHIS TapHUX MMOPIBHSAHD aJTOPUTMIB BOYZOBYBaHHS
B3 B Bizmeo 1Mo BigHOWICHHIO 0 Yacy 3YWUTYBaHHS, a
TaKOXK OOYMCIICHI BIACHHI BEKTOP i1 BEKTOP NPIOPUTETIB
(Tabmn. 2). AHanoriuHi MaTpulli MapHUX MOPIBHSAHBb
anroputMiB BOynoByBaHHs [[B3 oTpumaHi Takox 10
BIJIHOIIIEHHIO 1 1O IHIINUX ITIOKA3HUKIB SKOCTI.

Y Tabn. 3 3BeneHI OTPUMAaHI OIIHKA KOMIIOHCHT
BEKTOpa TIPIOPUTETIB TOKAa3HHUKIB SKOCTi, a TaKOX
BEKTOpIB TpPIOPUTETIB alrOpUTMiB BOYJOBYBaHHS B
BiJIeO, IO BIJIHOIIGHHIO 10 4acy BOYIOBYBaHHS, 4acy
3untyBaHHs, MSE ta PSNR. 3 BukopucraHHsM nux
BEKTOPIB MPIOPUTETIB OOYMCIICHI 3HAYCHHSI KOMIIOHCHT
mo0ansHOTO BeEKTOpa TpioputeTiB 3rimHo (7), sKi
HaBe/ICHI B OCTAaHHBOMY CTOBITYHMKY TaOII. 3.

Ta6nmurs 1 — Matpuist mapHAX TOPIBHSHB ITOKa3HUKIB SIKOCTI anropuTMiB BOygoByBanHs 11B3 B Bineodaiinu i o04ncieHi oiHku
KOMIIOHEHT BEKTOpa MPIOPHUTETIB

S =
z B « KommonenTu
g 3 g 2 TOJIOBHOTO K
%‘ E, é S & % OMIIOHEHTH
;E E E E 2 7] BJIAaCHOT'O BEKTOpa
& E 2 g A~ BEKTOPA, npiopurertis, £
=) g : ) V
Yac BOy10BYBaHHs 1 2 1/7 7 3 1,43 0,20
Yac 3unTyBaHHS 1/2 1 1/5 4 3 1,04 0,14
IIpomnyckHa 37aTHICTh 7 5 1 7 4 3,97 0,54
MSE 1/7 1/4 1/7 1 1/3 0,28 0,04
PSNR 1/3 1/3 1/4 3 1 0,61 0,08

Tabnuist 2 — Marpuiis napHUX IMOPiBHSHB adropuTMiB BOynoByBaHHs L[B3 B Bizieo 10 BiAHOIIEHHIO 10 Yacy 3YUTYBaHHS i
00uuCIIeH] OI[IHKY KOMITOHEHT BEKTOpa MPiOPUTETIB

Ay 1 As Ay As Ag Ay As Ay | Aw | An | A | A | Au Vi Py
A, 1 2 8 7 7 7 7 8 8 7 9 7 7 7 5,84 | 0,27
A, 172 1 9 7 7 8 7 8 8 7 9 6 6 8 531 | 0,24
A; 1/8 1/9 1 173 1/3 172 | 173 172 2 1/3 3 1/4 | 1/4 | 12| 043 | 0,02
Ay 1/7 1/7 3 1 2 3 2 3 4 2 5 1/3 1/3 3 1,27 | 0,06
As 7| 17 3 172 1 3 2 3 3 2 6 173 173 3 1,14 | 0,05
Ag /7 | 1/8 2 1/3 1/3 1 173 2 3 1/3 5 1/3 1/3 2 0,66 | 0,03
Ay V7| 17 3 172 | 12 3 1 3 3 2 5 1/3 173 3 1,02 | 0,05
As 1/8 1/8 2 1/3 1/3 172 | 173 3 1/3 4 1/3 1/3 2 0,58 | 0,03
Ay 1/8 1/8 172 14 173 1/3 1/3 1/3 1 1/3 3 1/4 /4 13| 035 ]| 0,02
Ay | 17| 17 3 172 | 12 3 172 3 3 1 5 1/3 1/3 3 0,92 | 0,04
Ay 1/9 1/9 1/3 1/5 1/6 | 1/5 1/5 /4| 173 1/5 1 1/5 1/5 173 1 0,23 | 0,01
An | 17| 1/6 4 3 3 3 3 3 4 3 5 1 2 3 1,90 | 0,09
A | 17| 1/6 4 3 3 3 3 3 4 3 5 172 1 3 1,72 | 0,08
A | 17| 18 2 1/3 1/3 172 | 173 172 3 1/3 3 1/3 173 1 0,52 | 0,02
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Tabnuust 3 — Pesynpratu 004nCICHHS OLIHOK KOMIIOHEHT ITI00AJIbHOTO BEKTOPA NPiOPHUTETIB
Memoou 6byoosysanHs Ql" é
LSB 0,24 | 0,27 | 0,15 | 0,18 | 0,02 | 0,18
LSB + HammingCodes 0,28 | 0,24 | 0,25 | 0,25 | 0,02 | 0,24
Koch-Zhao (1 bit / block) 0,06 | 0,02 | 0,03 | 0,12 | 0,16 | 0,05
Koch-Zhao (1 bit / block) + Hamming Codes 0,02 | 0,06 | 0,01 | 0,12 | 0,16 | 0,04
Koch-Zhao (4 bit / block) 0,07 | 0,05 | 0,19 | 0,03 | 0,10 | 0.13
Koch-Zhao (4 bit / block) + Hamming Codes 0,04 | 0,03 | 0,09 | 0,03 | 0,10 | 0,07
DWT-DCT HL (1 bit / block) 0,04 | 0,05 | 0,02 | 0,02 | 0,07 | 0,03
DWT-DCT HL (1 bit / block) + Hamming Codes | 0,05 | 0,03 | 0,01 | 0,01 | 0,07 | 0,03
DWT-DCT HL (2 bit / block) 0,05 | 0,02 | 0,07 | 0,01 | 0,07 | 0,06
DWT-DCT HL (2 bit / block) + Hamming Codes | 0,04 | 0,04 | 0,03 | 0,01 | 0,07 | 0,04
DWT-DCT LH (1 bit / block) 0,03 | 0,01 | 0,03 | 0,04 | 0,05 | 0,03
DWT-DCT LH (1 bit/ block) + Hamming Codes | 0,03 | 0,09 | 0,01 | 0,06 | 0,04 | 0,03
DWT-DCT LH (2 bit / block) 0,03 | 0,08 | 0,07 | 0,05 | 0,03 | 0,06
DWT-DCT LH (2 bit / block) + Hamming Codes | 0,02 | 0,02 | 0,03 | 0,06 | 0,03 | 0,03
P 0,20 | 0,14 | 0,54 | 0,04 | 0,08
6 OBT'OBOPEHHSI Ha OCHOBI C(OpPMOBaHMX MaTpullb IOPIBHSIHB

3axXUCT aBTOPCHKUX IpaB Ha BiZCOMPOAYKIIIO MOXKE
3a0e3nevyBaTHcs 3a AOMOMOror BOynoByBaHHs 1[B3 B
pi3HHX oOmacTsax. HaiiGinblie moniMpeHHs OoTpuMaliv
METOJIM IIPUXOBaHHs B IIPOCTOPOBIiii o0nacTi, 4acTOTHIN
obnacti Ta oOnmacti BeliBiueT-mepeTBOpeHHS. [l
BH3Ha4YCHHS HAWKpaIloro ajiroputMmy Ha (oHi 3aBax B
KaHaJIax 3B’s3Ky Oyiam oOpaHi aNropuTMH, SKi MaioTh
HaWKpaIlli MOKa3HUKH B KOXKHIN 3 mux obmacreil. Takum
yuHOM Oymu nocmikeHi mapamerpu Mertonis H3B,
Koxa-Xao, ABII-JIKII. 3rigHo 3 METOIOM aHai3y
iepapXxiii mepeBakHUH MPOCSKTHUIH BapiaHT BUOpaHUiT 3a
pe3yabTaTaMu aHajidy 3HaueHb KOMIIOHEHT BEKTOpa
mI00anbHUX TPIOPUTETIB, IO HaBeleHWH B Tabm. 3.
MakcuMaJlbHOMY 3HAYEHHIO KOMIIOHEHTH BEKTOpa
mI00aNnbHUX TIPIOPUTETIB  BIATOBIJNAE IEpPEBaKHUN
anroput™M BOymoByBaHHs [IB3 B Bimeodaiinm 3 ypaxy-
BaHHSAM BBEIECHMUX ITOKA3HHUKIB SKOCTI. BiamoBigHO 110
pe3ynbTaTiB  OCHI/DKEHb HalKpamuM 32 yMOBH
3abe3medeHHs] HaWBHIIOT KPUTEPISAMHU CTIMKOCTI 10 aTak
crap Merox JBII-JIKII, a Haiikpamium 3a YMOBH
3a0e3reueHHs HaWBumoi mBuakomii — meton H3b. 1M1
METOAM HE MaroTh 3aXWCTy BiJ il 3aBaJ B KaHalax
3B’SA3Ky 1 MOTPEOYIOTh IMOMAJBIIOrO YIO0CKOHAICHHS
IUISIXOM JIOJaBaHHS 3aBaJOCTIMKUX KOIIB, HAIPUKIIA]
kony Xewminra. [liBHUIEHHS TNPUXOBAHOCTI IS
BKa3aHMX METOMIB MOXKHA JOCATTH 3acTOCYBaHHSIM
JIOZIATKOBUX AJITOPUTMIB IIEPEMEXKIHHS JaHUX.

BUCHOBKH

B pmamiii crarTi BHKOPUCTAHO METOA aHAII3Y
iepapxiil s BU3HAYEHHS MEPEeBaXKHOTO 33 CYKYITHICTIO
MMOKa3HUKIB SKOCTI adropuTtMy BOyIZOBYBaHHA iH(pOp-
Maii y Bifeodaiinu. [lepeBakHuil anroputM OTpUMaHO
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BIIHOCHOI BaX{UJIMBOCTI MOKA3HUKIB SIKOCTI Ta PE3yiib-
TaTiB TNPOrPaMHOTO MOJEIIOBAHHS CTeraHoOTrpadiyHuX
anropuTMiB BOyHOBYBaHHS B Bineodaitmu. Skmio, B
SIKOCTI IepeBaskKHOr0 KpHUTepist Oyina oOpaHa MpoIrycKHa
30aTHICTh, TO HaWKpaml 3Ha4YeHHS 3a BKa3aHUM
KputepieM 3abe3medye Meron Ha ocHoBi H3b, minBu-
IIEHHS CTIHKOCTI sIKoro 3a0e3medyeThecsl JTOAATKOBHUM
BUKOPUCTAaHHIM KOLy XeMIHIra 3 3Hau€HHSIM BEKTOPY
mpiopureriB  0,24. Ilpm BuUKOpHCTaHHI B SKOCTI
MEPEeBaXKAKOUOTO KPUTEPIIO CTIHKICTh IO aTak pe3yJibTaTH
JIOCIIIJKEHb TOKa3adu e(eKTHBHICTh METOAY JUCKpEeT-
HOTO BEWBJIET-NIEPETBOPEHHSI 3 MOXKIIHMBICTIO BOYJOBY-
BaHHS 2 OiTiB nu¢poBoro BoAsIHOTO 3HaKa B 010k JIKII B
yacToTHY obnacts LH.

HaykoBa HOBH3Ha poOOTH mHONSIrae B TOMY, IO
BIIEpIIE BHM3HAYCHWH TEPEBAXHUH 3a KPHUTEPisIMHU
IIBUIKOMIl, TPOIYCKHOI 3IaTHOCTI Ta CTIHKOCTI OO
3aBaJ B KaHalax 3B’S3Ky METOJ BOYIOBYBaHHS Yy
Bimeodaiinu Ta HaOyla MOJAIBIIOTO PO3BHUTKY TeOpis
MpuxoBaHHA iH(opMmamii y Bigeodaimax mnUIIXOM
T IBUIIEHHS 3aBaI0CTIHKOCTI iICHYIOUHX alTOPUTMIB.

[IpakTHuHa 3HAYUMICTL pOOOTH BU3HAYAETHCS
3aCTOCOBAHICTIO  JOCIIDKYBaHUX  aJTOPUTMIB  JIJIsi
3aXKMCTy IHTEJIEKTyaJlbHOI BJIACHOCTI Ha  BiJeOI-
POAYKIIO, IO TEPEeNaETbCsl KaHajlaMH 3B SI3KY 3
3aBajJlaMH, BUPINICHHS 1€l 3a7a4i € aKTyalbHOIO
IIpO0OJIEMOIO B Cy4aCHOMY CBITI.

MNOAsAKHU

Pe3ymbraTté oTpuMaHi B paMKax acIipaHTCHKOI ITiJI-
TOTOBKH 1 BUKOPUCTaHI IPH BUKOHAHHI TePKOIOKETHOL
HAP  (NeIP0117U002528) XapkiBCBKOTO  HAIlio-
HaJIbHOTO YHIBEPCHUTETY Pai0eIeKTPOHIKH.
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VJIK 004.056
BbBIBOP ITPEAIIOYTUTEJIBHOT O AJITOPUTMA BCTPAUBAHUS HUP®POBBIX BOJASIHBIX 3HAKOB B
BUJIEO®AMJIBI

Iocrak H. B. — acnupanTt xadenpsl MHGOPMALMOHHO-CETEBOH HMH)KCHEPUH XapbKOBCKOTO HAIIMOHAJIBHOI'O YHUBEPCHUTETA
pazuo3IEeKTPOHUKHU, XapbKOB, YKpauHa.

Be3spyk B. M. — n-p TexH. Hayk, mpodeccop, 3aBeayiomuil kadeapsl HHPOPMALMOHHO-CETEBOW HHKEHEPUH XapbKOBCKOTO
HaLMOHATBHOTO YHUBEPCUTETA PaJH03TIEKTPOHUKH, XapbKoB, YKpanHa.

AcTpaxaHueB A. A. — KaHI. TEXH. HayK, JIOLEHT, NOLEHT KadeApbl WHPOPMAIIMOHHO-CETEBOW HHKEHEPUH XapbKOBCKOTO
HaIMOHAJIBHOTO YHUBEPCUTETA PaJHO3ICKTPOHUKH, XapbKOB, YKpanHa.

AHHOTAIUSA

AKTyaqbHOCTh. B mociienHee BpeMs CYIIECTBCHHO YBEIMYMIOCH KOJMYECTBO aTaK HA HMHTEIUIEKTYalIbHYIO COOCTBEHHOCTH,
KOTOpast, B COOTBETCTBHH € PE3yJIbTaTaMU OIIPOCOB, 3aHUMAET BEIyIllee MECTO B CTPYKTYpe COBPEMEHHOr0 obiecTBa. Beectoponnee
pa3BHTHE CTpPaHbl HEBO3MOXKHO O3 TeHepaluu COOCTBEHHBIX HMHTEUICKTYAJIBHBIX JAHHBIX M WX 3allUThl, KOTOpas Ha (oHe
nH(QOPMALMOHHBIX BOWH SBJsETCS Haubosiee aKTyalbHOW 3azaueld B COBpeMEHHOM oOrmiecTBe. ITOCKONBKY MHTEIUIEKTyaslbHbIE
JaHHbIE JOJDKHBI HE TOJNBKO T'€HEPUPOBATHCS M XPAHHTHCSA, HO U IMEPEJaBaThCs 1O OTKPBHITHIM KaHAlIaM CBSI3M, TO IMOBBIMIAETCS
Ba)XKHOCTb U aKTyaJbHOCTb MCCIEAOBAHHS CTOMKOCTH METOIOB 3al[UThl HHTEIUIEKTYa bHBIX JAHHBIX K JEHCTBUIO IIOMEX B KaHalax.
Pemennro 3T0i1 akTyanbHON 3a/1a4d TOCBSIICHA TaHHAsI padoTa.

Leap padoTbl — ONpeAENICHNE CTETaHOTPA(YUIECKOTO ANTOPUTMA CKPBITHS HU(PPOBOTO BOASHOIO 3HAKA B BHICOKOHTEHHED,
ONTHMAJIBHOTO TI0 KPUTEPUSIM OBICTPOACHCTBHS, CTOMKOCTH K aTakaM, CKPBITHOCTH M IIPOILyCKHOH CHOCOOHOCTH C ITOMOIIBIO
MIPOrpaMMHOT0 MOJICITMPOBAHMUS U METO/Ia aHAJIN3a HePAPXHH.

Metoa. PaccMoTpeHb! alropuTMel BCTpanBaHust HH(POBBIX BOASHBIX 3HAKOB B BU/IC0. B mocnenHee BpeMs orpoMHOE BHUMaHUE
yIensieTcss MeToJIaM BCTpauBaHMUsI, UMEIOIINE TaKHEe CBOMCTBA, KAK CTOMKOCTh K aTakaM M CKPBITHOCTb BCTPOCHHOHN MH(OpMaIuy.
OTH anropuTMbl MOXKHO KJIaCCH(GUIMPOBATH 110 THILY 00IACTH B KOTOPYIO BCTPaMBaeTCs MM M3BJICKAeTCs U(PPOBOil BOASHON 3HAK,
HX TPOIMYCKHON CIIOCOOHOCTH, MPOHU3BOJUTENLHOCTH B PEKUME PEATHHOIO BPEMEHH M YCTOMYMBOCTH K KOHKPETHBIM THIIAM aTak.
CyIIecTByIOIINE aNTOPUTMBI BCTPAaUBAHHSA B BUAEO MOXKHO YCIOBHO Pa3feNuTh Ha TPU OCHOBHBIC TPYIIIBI, B 3aBUCHMOCTH OT
obnacTu B KOTOpyIo BeTpanBaercs L[B3: MeToabr BcTpanBaHUs B IPOCTPAHCTBEHHOH 00JacTH, B 001aCTh MPeoOpa30BaHUi U METOBI
BCTpaMBaHUs B BHUJIEO, KoTopoe cxaro mo crangapry MPEG. Anropurmsl BerpamBanus 1[B3 B mpoctpaHcTBeHHOIT oGnacti
NPUMEHSIOTCS JUIl Heckatoro Bupaeo. BcrpamBaemsrii LIB3 00bYHO mpmmaraeTcst K KOMIIOHEHTY SIPKOCTH M HEKOTOPBIX
KOMIIOHEHTOB I[BETOB MJIM TOJIBKO K KOMIIOHEHTaM L[BETOB. B anroputMax BcTpauBaHUs B o0yiacTh npeoOpa3oBaHMil BOJSHON 3HAK
pacmpezensiercst 1mo obyacTh HpeoOpa3oBaHWs M €ro TPYIAHO yJNAIUTh HOcie BCTpauBaHus. [l anropurMoB B obnactu
npeoOpa3oBaHUil, CyILECTBYET HECKOJIBKO KJIACCOB METO/OB, OCHOBAHHBIX Ha PAa3IHYHBIX (QYHKIMAX NMPeoOpa3oBaHUs, OCHOBHBIMH
U3 KOTOPBHIX SIBISIIOTCA JMCKPETHOE KOCHHYCHOE MpeoOpa3oBaHME, OUCKPETHOE BEWBIIET-NPeoOpa3oBaHUE M AUCKPETHOE
npeobpazoBanue Pypoe.

PesyabTarel. Ilo pe3ynpraTaMm pacdeToB BBINONHEH BBIOOpP MPEMMYIIECTBEHHOTO ANTOPUTMa CKPHITHS HU(PPOBBIX BOISHBIX
3HAKOB B BUZICO(ANIIBL.

BriBoasl. B maHHOM cTaThe HCIONMB30BaH METOH aHANIN3a MEPapXUil A ONPEAENICHUS NPEATNOYTUTENHFHOTO 0 COBOKYITHOCTH
IoKa3aTesieil KauecTBa alropuTMa BeTpanBaHus nH(popmanuu B Buaeodaiiibl. [IpemouTuTenbHbli alnropuT™ MojgydeH Ha OCHOBE
CJIO)KMBLINXCSI MAaTPHUL] CPAaBHEHHUI OTHOCUTEIILHOW Ba)KHOCTH MOKa3aTelied KauecTBa U Pe3yJIbTaTOB IPOIPAMMHOTO MOJICIMPOBAHUS
cTeraHorpa)MuecKux airopuTMOB BCTpauBaHusi B Bunpeodaiisl. Ecim B kadecTBe mpeobiaialoiiero Kputepust ObLia BbIOpaHa
MPOMYCKHAs CIIOCOOHOCTh, TO HAWIYYIIIME 3HAUSHUS 10 yKa3aHHOMY KPUTEpHIO obecreunBaeT MeToa Ha ocHoBe H3b, noBsimenune
CTOMKOCTH KOTOPOTO 00ECHEYNBAETCS AOMONHUTEIBHBIM HCIIOIb30BAHUEM KOJa XEMMHUHTa CO 3HAYEHHEM BEKTOpa IMPHOPHTETOB
0,24. Ilpu uCTONB30BaHUHM B Ka4eCTBE MPEOOIANAIOIIETO KPUTEPHsl CTOMKOCTh K aTakaM pe3yibTaThl HCCICJOBAHHWN IOKAa3ailu
3¢ (EeKTUBHOCTE METOJa IHCKPETHOIO BEHBIET-peoOpa3oBaHMsl ¢ BO3MOXKHOCTBIO BCTPAaWBAaHHUS 2 OUTOB IU(POBOTO BOISHOTO
3Haka B Onok JIKII B wacrotHyro ob6macts LH. Hayunas HOBM3HA pabOTHI 3aKJIIOYAETCss B TOM, 4YTO BIIEPBEIEC OINpEAEIeH
NIPEUMYIIECTBEHHBII 10 KPUTEPHUSIM OBICTPOJIEHCTBHUS, MPOIYCKHOW CHOCOOHOCTH M YCTOWYMBOCTH K MOMEXaM B KaHAJIaX CBSI3U
METOJ] BCTpauBaHUs B BHAeo(dailbl M moiyymsia JajbHelInee pa3sBUTUE TEOPHs COKPBITHS MH(pOpMaluy B Buaeodaiiax ImyTeM
TMIOBBIIIEHUS TOMEX0YCTOHYMBOCTH CYLIECTBYIOLIUX aITOPHTMOB.
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IIpakTHdeckas 3HAYUMOCTb PAOOTHI ONPENIEISETCS NPUMEHUMOCTBIO HCCIIEYEMBIX alTOPUTMOB JUTS 3aI[HThl HHTEIUICKTYJIbHOM
COOCTBEHHOCTH Ha BHIEOIPOIYKIIMIO, IepeaBacMoi 10 KaHajlaM CBSI3M C IIOMEXaMH, PEIISHNE 3TOW 3a/1auM SIBISIETCS] aKTyaJIbHOM
npo0ieMoii B COBpEMEHHOM MHDE.

KJUIFOUYEBBIE CJIOBA: creranorpadus, Buneo, anroputym, 1IB3, meTox ananusa nepapxuii.

UDC 004.056
SELECTING THE PREFERRED ALGORITHM FOR THE EMBEDDING OF DIGITAL WATERMARKS INTO
VIDEOFILES

Shostak N. V. — Postgraduate Student, Department of Information and Network Engineering, Kharkiv National University of
radioelectronics, Kharkiv, Ukraine.

Bezruk V. M. — Dr.Sc. Professor, Superintendent of Department of Information and Network Engineering, Kharkiv National
University of radioelectronics, Kharkiv, Ukraine.

Astrakhantsev A. A. — PhD, Associate Professor, Associate Professor of Department of Information and Network Engineering,
Kharkiv National University of radioelectronics, Kharkiv, Ukraine.

ABSTRACT

Context. Recently, the number of attacks on intellectual property has increased significantly, which, according to the polls,
occupies a leading position in the structure of modern society. The comprehensive development of the country is impossible without
generating its own intellectual data and their protection, which, in the face of information wars, is the most urgent task in modern
society. Since intellectual data must not only be generated and stored, but also transmitted through open communication channels, the
importance and urgency of the study of the stability of methods for protecting intellectual data to the effect of interference in
channels is increasing. This work is dedicated to solving this urgent task.

Objective — definition of a steganographic algorithm for hiding a digital watermark in a video container optimal for performance
criteria, resistance to attacks, concealment and bandwidth using software simulation and hierarchy analysis method.

Method. The algorithms for embedding of digital watermarks in a moving image are considered. Recently, much attention has
been paid to embedding algorithms that have properties such as resistance to attacks and the concealment of embedded information.
These algorithms can be classified by the type of area in which the digital watermark is embedded or seized, their bandwidth, real-
time performance, and resistance to specific attack types. Existing embedding algorithms in a video can be conventionally divided
into three main groups, depending on the area in which the embedded digital watermark: embedding methods in the spatial domain,
in the region of transformation, and embedding methods in video compressed by the MPEG standard. The embedding algorithms of
the digital watermark in the spatial area are used for uncompressed video. The embedding digital watermark is usually added to the
brightness component and some color components, or only to the color components. In embedding algorithms in the transformation
region, the watermark is distributed over the transformation region and difficult to remove after embedding. For methods in the field
of transformation, there are several classes of methods based on different transformation functions, the main of which are the discrete
cosine transform, discrete wavelet transform and discrete Fourier transform.

Results. As a result of calculations the choice of the preferred algorithm of concealment of digital watermarks in a video file was
made.

Conclusions. In this article, a hierarchy analysis method is used to determine the preferred algorithm for integrating information
into video files according to a combination of quality indicators. The preferred algorithm is obtained on the basis of existing matrices
of comparisons of the relative importance of quality indicators and the results of software modeling of steganographic embedding
algorithms in video files. If the bandwidth was chosen as the prevailing criterion, the best method based on this criterion is provided
by a method based on the LSB, which is enhanced by the additional use of the Hamming code with the value of the priority vector
0.24. When the resistance to attacks was used as the predominant criterion, the results of the studies showed the effectiveness of the
discrete wavelet transform method with the possibility of embedding 2 bits of the digital watermark in the DCT block into the
frequency domain of LH. The scientific novelty of the work is that for the first time the method of embedding in the video file was
prevailing on the criteria of speed, bandwidth and resistance to interference in communication channels, and the theory of concealing
information in video files was further developed by increasing the noise immunity of existing algorithms.

The practical significance of the work is determined by the applicability of the investigated algorithms for protecting intellectual
property on video products transmitted by channels of communication with the obstacles, the solution of this problem is an actual
problem in the modern world.

KEYWORDS: steganography, video, algorithm, digital watermark, method of hierarchy analysis.

REFERENCES 6. Koch E., Zhao J. Towards Robust and Hidden Image Copyright
1. Gribunin V. G. Digital Steganography. Moscow, Solon-press, Labeling, IEEE Workshop on Nonlinear Signal and Image
2002, 272 p. Processing, 1995, Vol. 1, pp. 123-132.
2. Konakhovich G. F., Puzyrenko A. U. Computer steganography. ~ 7. Langelaar G., Setyawan L, Lagendijk R. Watermarking Digital
Theory and Practice. Kiev, MK-Press, 2006, 288 p. Image and Video Data, IEEE Signal Processing Magazine,
3. Essaouabi A., Ibnelhaj E., Regragu F. A. Waveletbased object 2000, Vol. 17, pp. 20-43.
watermarking system for mpeg4 video, International Journal of ~ 8. Hartung F., Girod B. Watermarking of Uncompressed and
Computer Science and Security, 2010, Vol. 3, Issue 6, P. 448. Compressed Video, Signal Processing, 1998, Vol. 66, No. 3.
4. Nikolaidis N., Pitas I. Robust image watermarking in the spatial pp. 283-301.
domain, Signal Processing, Special Issue on Copyright Protec- 9. Shostak N., Astrakhantsev A., Romanko S. Comparative analy-
tion and Control, 1998, Vol. 66, No. 3, pp. 385-403. sis of effectiveness video watermarking techniques, Science of
5. Arena S., Caramma M. Digital watermarking applied to Europe, 2017, Vol. 15, pp. 92-95.
MPEG2 coded video sequence exploiting space and frequency ~ 10. Bezruk V. M., Chebotaryova D. V., Skoruk J. V. Multi-criteria
masking, Proceedings International Conference on Image Proc- analysis and choice of means of telecommunications. Xar’kov,
essing, 2000, Vol. 3, pp. 438—441. SMIT, 2017, 268 p.

© Illocrax H. B., be3pyk B. M., Actpaxannes A. A., 2018
DOI 10.15588/1607-3274-2018-3-18

173



e-ISSN 1607-3274 PagioenexrpoHika, inpopmatuka, ynpasminsas. 2018. Ne 3
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2018. Ne 3

YIIPABJIITHHA
Y TEXHIYHUX CUCTEMAX

YIIPABJIEHUE
B TEXHUYECKUX CUCTEMAX

CONTROL
IN TECHNICAL SYSTEMS

VIK 629.764

BUKOPUCTAHHS IHOOPMAIIIL ITPO BEKTOP CTAHY BUKOHABYO-
'O MIPUCTPOIO B CUCTEMI CTABLII3AIIII OBEPTAJIBHOI'O PYXY
PAKETH

ABnees B. B. — 1-p TexH. Hayk, npodecop, npodecop Kapeapu cUCTeM aBTOMAaTH30BaHOTO YIpaBiliHHs JIHITPOBCH-
KOro HauioHaybHOTO yHiBepcureTy iM. O. ['onuapa, [{Hinpo, YkpaiHa.

AHOTANIA

AKTyaJabHicTb. Po3pobieHa MeToinKka OTpUMaHHS OIIHOK 3aJIeXKHOCTI 3amacy CTIMKOCTI 1 mpuBeaeHo1 pobOTH Ha TepexiTHOMY
IIporeci KoMITeHcanii MOCTiHHOro 30ypIoBAIBHOTO IIPUCKOPSHHS Bl HAsIBHOCTI B 3aKOHI PETYIIOBaHHS JAHHX IIPO IOTOYHI KiHEMa-
TUYHI TapaMeTPH BUKOHABYOTO MOPUCTOIO IIPH yMOBI 3a0€3Ie4YeHHs 3aITaHOT0 3HAYECHHS CTATHYHOI MOXUOKH, IO JacTh MOXKIIMBICTh
0OTPYHTOBAHO NMPUIMaTH PIilIEHHS PO PiBEHB CKIIATHOCTI BiAMOBIIHUX OJIOKIB cHcTeMH cTadimizamil.

MeTta podoTH — OLIIHKA BIUIMBY CIPOIIEHHS 3aKOHY PETYJIIOBAHHS 32 paXyHOK BIJIYYEHHS 3 HBOTO JAaHHX IIPO BEKTOp CTaHy BH-
KOHABYOT'O ITOPUCTO0 HAa BUMOTH JI0 HOTO IOTYXKHOCTI 1 3amac CTiliKoCTi.

Merton. [Ipuiinsrta niHiliHA CTal[iOHapHA B OKOJI MEBHOI TOYKU TPAEKTOPIT MOJIEIb IIFIOCKOT0 00epTaNbHOTO PyXy PakeTH KOCMi-
YHOTO MPHU3HAYCHHSI i3 BpaXyBaHHAM iHepLii BUKOHABUOTr0 mopucToro. OLiHKa 3amacy CTIHKOCTI MPOBOAUTHCS Ha MUIOMINHAX KOPEHIB
XapaKTePUCTUYHOTO IMOJIHOMY 1 JBOX KOe(]illieHTiB 3aKOHY peryiroBaHHs. BigHeceHa 10 KBaapaTy MOCTIHHOTO 30ypIOBaJbHOTO
TIPUCKOPEHHSI p0oOOTa BUKOHABYOTO MOPHCTOI0 BH3HAYEHA HUISIXOM AHATITUYHOTO PO3B’S3KY MU(EpEeHLIHHNX pPiBHAHb 30ypPEHOTO
00epTabHOTO PYXY B OIHIH i3 miomuH crabimizamii. s cTaTHYHO CTiHKOi 1 HECTIHKOI pakeTH HaBeACHI MPUKIATN 3aJICKHOCTI

Ha3BaHUX [TOKA3HUKIB BiJl KOeil[ieHTIB 3aKOHY PETYJIIOBaHHS IPH KOOPANHATAX BEKTOPY CTaHy.
PesyasTaTn. Ha npuxiazni pakeTs KOCMI9HOTO NPH3HAYCHHS BIEPIIEe BCTAaHOBJICHA 3AJICKHICTh HA3BAaHUX ITOKA3HHUKIB CHCTEMH
cTabii3alil BiJl HASIBHOCTI B 3aKOHI PEryJIIOBaHHS CHTHAJIIB IIPO HPUBEACHHI KyT HOBOPOTY PYJIbOBOTO OpraHy i HOro MIBUAKICT.
BucnoBku. [Toka3zaHa MOXJIMBICTD BJIOCKOHAJICHHs CHCTEMH CTa0iTi3alil IUISIXOM BKJIIOYEHHS B 3aKOH PEryJIFOBaHHS KOOPJHHAT
BEKTOPY CTaHy BUKOHABYOI'O IIOPUCTOIO 3 OISy MOKa3HHUKIB: 3aI1ac CTIKOCTI Ta eHepreTHy4Hi BUTPATH Ha NMEPEXiHUX IpoLecax.
KJUIFOYOBI CJIOBA: crabinizaliis pyxy, BEKTOp CTaHy, 3aKOH PETyJIIOBaHHSI.

ABPEBIATYPHU
BII — BukoHaBuwit mpUCTpiii;
3P — 3aKOH peryJroBaHHS;
OV — 00’exT ynpaBiiHHS;
PKII — pakeTa KOCMiYHOTO IPU3HAYEHHS;
CC - cucrema crabimizarii;
XIT — xapaKTepUCTUYHUH MOTIHOM.

HOMEHKJIATYPA
A —po6Gora BII Ha nepexinHomy mporeci;
a,b,c — koedimientn mapabonm, sika oOMexye 00-
JIACTH CTIMKOCTI;
am, bm, cm — Marpuri Mozelti 06’ €KTy yIpaBITiHHS;

Ay a ays — KoedilieHTH pIBHSAHb 00EpTAIBHO-

Yy Gyyo Gyd
TO PyXy pakeTH y IUIOMIKHI pUCKAHHS,
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B — mocriifHa cKJIamoBa aHATITHYHOTO PO3B’S3KY KyTa
MIOBOPOTY PYJIBOBOTO OPraHy;

Cl — »OPCTKICTh MOBOPOTHOT'O IPUCTPOIO EKBIBAJICH-
THOTO PYJIbOBOTO OpTaHy;

Dy...D; — KoedinieHTH aHAIITHYHOTO PO3B’SI3Ky KyTa
MIOBOPOTY PYJIBOBOTO OPraHy;

d - xoedimieHT meMndyBaHHS MOBOPOTHOTO MpPH-
CTPOIO PYJIBOBOTO OPraHy;

g0 — cratnuHa noxu6ka CC mpu mocTiiHOMY 30ypro-
BaJLHOMY IIPUCKOPEHHI;

| — MOMeHT iHepIii pyJBpOBOTO OpTraHy, MPHUBEICHHUN
JI0 OCi HOTO TIOBOPOTY;

kys Ky

" — xoediuientu 3P;
ks, Ks
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kyo, kyo — HOMiHaIbHI 3HaYeHHs ABOX KOeiuieHTiB
3P;

kyn k\ul — BEPXHE 1 HIDKHE 3Ha4eHHs k,, B oOmacti
CTIfKOCTI Ha IPsMIi Y =k ;

k

who Ky — BEPXHE 1 HIKHE 3HA4YCHHs k,, B oOuacti
'

yo >

M — o0epTanbpHUIl MOMEHT PYJIbOBOTO OPraHy;

m( — MOCTiliHe 30yproBaJIbHE IPUCKOPEHHS;

CTifKOCTI Ha psAMift x =k

0, qo0— g3 — XII, fioro xoediwieHTy;

q — Bexrop koedimientis XII;

S — 3MiHHa KOMIUIEKCHOTO THIIY;

Sxh> Syp — 3amac CTiKoCTI Ha wiommHi ky, ky, mono
0OMeXXeHb CIIpaBa 1 3BEpXYy;

S
oOMe)keHb 3HH3Y 1 3TiBa;

T — TpuBaNicTh NEPEXiTHOTO MPOLECY;

! — NMOTOYHMH Yac 3 MOMEHTY INpPHKJIAIaHHs 30ypro-
BaJIGHOTO TIPHCKOPEHHS;

Tac — mocriiiHa gacy BII;

4 — yIPAaBJIIHHS — CUTHAJl HAa BUXOZ1 PEryJisiTopa;

X,y —abcuuca i opAWHATA B PiBHAHHI MapadoiH, sSKa

1> — 3anac CTIHKOCTI Ha IIOWMHI ky, k, 10710

oOMexye 001acTh CTIHKOCTI;
xv — Bektop ctany OY;

8,5~ KyT IOBOPOTY PYJIbOBOTO OPramy, HOro moxii-

Ha 32 4acoM;
1 — 3amac cTiiikocTi Ha ruionuHi kopeHiB XI1;

1/ — QYHKUiS B aJITOPUTMI NOIIYKY MaKCUMyMy 3a-
nacy CTilKOCTi;
& —xoedimient nemmdysanas BIT;

W, Y — KYT PUCKAaHHS pakeTH, HOro moxiJHa 3a 4a-
COM.

BCTYII

PiBenp cknamHocti MatemaTnyHoi mozeni pyxy PKII
3aJICKUTH BiJl 337a4i TociimkeHHs. KiTbKicTh KOOpAUHAT
BEKTOPY CTaHy MOJKE 3MIHIOBAaTHCS BiJ JABOX, KOJH PO3-
risipaeTeest obepransauii pyx PKII sk TBepmoro Tina B
onHii mromuHi 6e3 BpaxyBaHHs iHepii BII, mo 20 i 6i-
JblIe, KOJM OepyThCs OO yBard KOJHBAJIBHI KOHTYPH,
00yMOBJICHI KIHIIEBOIO OPCTKICTIO KOPITyCy Ta KOIH-
BaHHAMH pigkoro mamusa [1]. Jl0 OCHOBHHX MOKa3HHKIB
CC BiZHOCSATBCS 3amac CTIHKOCTI, TOUHICTD 1 SIKICTh mepe-
X1THOTO Tpolecy Npu KommeHcauii 30ypeHb. KinbkicHO
3amac CTIMKOCTI MOe OyTH BHU3HAYeHWI Ha IUTOLIMHAX
kopeHiB XII, 4acTOTHOI XapaKTEpPUCTHKU pPO3IMKHEHOT
cucremu abo aBox BHOpanux koedinientis 3P [2]. [lns
OLIHKM TOYHOCTI MOXYTh OyTHM BHKOpHCTaHI BEKTOpH
KOeQiIieHTIB TOMIIOK [3], AKICTh MEPEXiTHOTO MPOIIEeCy
NPUHHATO XapaKTepU3yBaTH IHTErPaJbHUM KPUTEPIEM, 10
SIKOTO BXOJSATH KOOPAWHATH BEKTOPY CTaHy. Bumorm 1o
3amacy CTIMKOCTI i TOYHOCTiI cTalumizamii mporpamMHOTO
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pyxy PKII, sx mpaBuio, cynepedinBi, TOMy TpH BHOOPi
piBHs ckimagHocTi 3P i KoedillieHTiB TpH KOOpAMHATAX
BEKTOPY CTaHy NPHIMAIOTHCSI KOMIIPOMICHI pimeHHs. Bin
KUIBKOCTI JI0/1aHKIB 3P 3aleuTh YUCIO JATYUKIB Y CHUC-
TeMi, CHHMPAIOYUCh HA CHUTHAIN SKUX BH3HAYAIOTHCS KO-
OpAMHATH BeKTOpy cTaHy. Ha mouaTkoBoMy erami po3po-
6kxu CC mepIio4eproBoro € 3aaa4ya 3a0e3MeYeHHs CTIHKO-
cti obepranpHoro pyxy PKII sk TBepmoro tima, mpu
LBOMY TIPUHMA€EThCS NPUITYIICHHS IPO HE3AIEXKHICTh
PYXIB y PI3HHUX IUIOIIMHAX. 3aBISKH TOMY, LIO Jiarna3oH
YaCTOT, XapaKTepHHUH JUIs1 00€pPTAIBFHOTO PyXY, B IEPIIO-
My HaOJIIKEHHI BiIOKPEMIICHHH Bill YaCTOT PyXy LIEHTPY
Mac, KOJMBaHb NajJMBa Ta NPYXXHUX KOJHMBAaHb KOPIYCY,
MaTeMaTH4YHA MOJETh 30ypeHOro OO0epTalBFHOIO pPyXy
PKIT i3 BpaxyBauusm inepuii BII B okouni neBHOT TOUKH
TpaeKTOpii MOKe OyTH MPUHHATA y BUIIAAI CHCTEMH JIi-
HIlfHUX JUQEepeHIiHHIX pPIBHSHb YETBEPTOTO IOPSIKY.
Meromu cunresy 3P, mpu sikux 3a0e3nedyeTbcs MiHIMYyM
IHTErpaJIbHOTO KPUTEPII0 SKOCTI IMEPEeXiJIHOTO IPOIecy,
nepen0avyaoTh BpaxyBaHHS BCIX KOOPAWHAT BEKTOPY
CTaHy BIANOBITHO JO NMPHHHATOI MOJENi: KyT IOBOPOTY
KOpITyCy, HOro KyTOBa IIBHIKICTb, CKBIBAIICHTHUH KYT
ITOBOPOTY PYJBOBOTO OpraHy i HOro KyTOBa IIBHIKICTb.
Peamizamis Takoro 3akoHy mependadae HasBHICTh NaTYH-
KiB yCiX KOOpJMHAT BEKTOPY CTaHy, IO HE € 3aBKIH He-
00XiTHUM ISt 3a0e3MCUCHHS 3aIaHIX XapaKTCPUCTHK [4].
Tomy st odrpynroBaHoro Bubopy 3P nouineHO BcTaHo-
BUTH 3aJIeKHICTh Ha3BaHMX mnokasHukiB CC Bij Bpaxy-
BaHHA B 3P TMX KOOpJHMHAT BEKTOPY CTaHy, sIKi 3 MOTJISTY
texHiuHMX Xapaktepuctuk PKII He € HaitOuibi mpiopu-
TETHUMH, a caMe €KBIBaJICHTHUH KyT IIOBOPOTY PYJIbOBO-
T'O OpraHy i HOro MIBUAKICTE.

OO6’ekToM nociipKeHHSI € KOHTYyp ympasiinasa CC
wrockoro obepransHoro pyxy PKII, mpenmerom mocii-
JDKSHHS € 3aJIeXKHICTh OIIHOK 3aIacy CTIMKOCTI 1 mpuBe-
neHoi podoru BII Bim mapameTpiB KOHTYpPY yIpaBIIiHHS.
Metoro poOOTH € BCTAHOBJICHHS 3aJI€KHOCTI Ha3BaHUX
mokasuukiB CC Bing HasBHOCTI B 3P momaHkiB, mporop-
HMIAHUX KIHEMaTHYHUM mapamerpam BIT.

1 IOCTAHOBKA 3AJIAUI
[Tix OY maetbes Ha yBasi 30ypeHuid 00epTanbHIN pyX
paKeTH SK TBEpPAOTo TiNa y TUIOMIMHI pUCKaHHS. AHaJIOTI-
yHO [5] mo OV BritoveHi kiHemaruuHi nmapamerpu BII.
BinnoBigHO 10 I[FOTO KOOpPAMHATAMH BEKTOPY CTaHy XV

€ KyT PUCKaHHs  , KyTOBa LIBUIKICTb \f , KYT IIOBOPOTY

KyTOBa MIBHIKICTB O, TOOTO

pyias Kypcy O i
ol = [\y V3 6] B okouti neBHOT TOYKH TPAEKTOPIi MO-

nenb OY oNnuCyeThes pIBHSAHHSIM:
dxv
—=am-xv+bm-u+cm-my, (1)
dt
Jie eJIEMEHTH MaTpHIi am 3aiexarb Bix napamerpiB PKII

i Tpaexropii (a ays ), moctiitHoi wacy Tj,. BIL i

yy o Gy
KoedimienTy gemmdysaHHs & :
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0 1 0 0
_| %y Gy Gys 0 —1/72
o 0 o I M
0 0 —H _é'H'Tac

Oco0muBicTh ganoro OY B TOMY, IO YIpaBIiHHS

w=ky y+ky ks S+ks -5, )
Oe3nocepeIHBO BIUIMBAE TUIBKU HA KIHEMAaTH4HI rapame-
tpu BII, Toxi Ak 30yproBajgbHE NMPUCKOPEHHS My i€ HA

xopnyc PKII, tomy 4x1 — marpuni b 1 ¢ Taxi:
bmT =[000p], em’ =[0100]. 3)

ExBiBaJIeHTHI KiHEMaTH4HI MTapaMeTpH PYJILOBOTO Op-
raay 6,0 MOXYTh OyTH po3paxoBaHi TaKOX 0€3 BUKOpHU-

CTaHHS BiJNOBITHUX JATYHUKIB CHHPAIOYNCH HAa TaOIHIIO
GyHKUIT curHamiB  \y,\y, SKa 3 HEOOXiIHUM piBHEM

HIBUAKO/IT TOHOBJIIOETBCS Y peajbHOMY Yaci.

CraBuThCs 3a/ladya PO3POOUTH METOJMKY BHU3HAYCHHS
OLIIHKM BILMBY cripomieHHs 3P (2) 3a paXyHOK BHITyUeHHS
3 HBOTO J0/IaHKIB, IPOIIOPUIHHUX KyTy MOBOPOTY PYIbO-

BOro oprany O a0o/Ta HOro KyTOBii MIBUAKOCTI & Ha
3amac CTIHKOCTI, TOYHICTh cTaOumi3alii i IpUBEACHY PO-
6oty BII npu nmii mocTifiHOro 30yprOBaIbHOTO MPUCKO-
pEHHSL.

HasBHICTH Takoi METOIUKH TaCTh MOXKIIMBICTh Ha MOYa-
TKOBOMY etari po3pookn CC BusHauyath koedirientun 3P
BUXOJUSTYM 13 BIMOT 3aIacy CTIMKOCTI 1 SKOCTI IEpPEeXiTHOTO
TIpoLIeCcy TPH YMOBI 3a0e3MeUeHHs 3a0aH01 TOTHOCTI.

2 OIJIA 4 JJITEPATYPU

MMuranusm crabimizanii pyxy PKIT i kocmiunux ana-
paTiB IPUCBSIYCHI OSCATKHA POOIT, MEPINi 3 HUX 3 SIBIIUCS
B cepeauHi MuHynoro cropiuds. OCHOBHI OTpHMaHi pe-
3ynbTaTy o0 npoektyBaHHs CC sk CKIIa0BOI YaCTUHU
CHCTEMH YNpPaBIIiHHS PyXOM pakeTu i Bubopy 3P micTuthb
Monorpadist [1]. BcraHoBneHI BUMOTH 10 9acTOTHOI Xa-
paktepucTukd BII 3 ypaxyBaHHAM OCHUIATOPIB, 00YMOB-
JICHUX KIHI[EBOKO MKOPCTKICTIO KOPIYCY Ta PiIKHM Ialu-
BOM y 0akax.

KommBanus pinnHu B 6akax ab0 B KOHCTPYKIIAX KO-
PHCHOTO HABaHTAXXCHHS CYTTEBO YCKJIAIHIOE crabifiza-
L0 pyXy 1 BUMarae CreriajJbHUX 3aX0JiB IpU po3polii
MIPOEKTY, 30KpeMa, pallioHanbHui BUOIp (opmu OakiB i
ycTaHOBKY aemidepis [6].

Ko B maremarnuniii moneni CC GepyThCst 10 yBaru
KOJIMBAHHS PiJJKOTO MaJMBa 1 KiHIIEBa )KOPCTKICTh KOPITY-
Cy, TO, SIK TIPaBHJIO, PO3MIPHICTh BEKTOPY CTaHy Olniblie
yrcna goAaHkiB 3P, mo He qae MoxIMBOCTI Oe3mocepe/-
HbO BHKOPHCTaTH ONHCaHWi y pobortax KpacoBcbkoro
BIZIOMHII METOJ aHANITHYHOTO KOHCTPYFOBAHHS pPeryJs-
TOpiB, ne KoedimieaTn 3P po3paxoBYIOThCS BUXOASYH 3
KPHUTEPIIO SAKOCTI MepPexXiAHOTO Iporecy. Aje HeoOXiTHui
3amac CTIHKOCTI Moxxe OyTu 3a0e3lneveHuid mpu  yMOBI
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JOCTATHBOTO JEMII(YBaHHS B OCLMIATOPAX i HAJICKHOMY
BHOOPi YaCTOTHOI XapaKTEPUCTHKH peryisTopa [7].

Po3pobnena meroanka onrtumizamii 3P 3a kpurepiem
«AMOBIPHICTD CTIMKOCTI», ockinbku mapamerpu PKII Bi-
noMi 3 nmeBHOI0 nmoxu6koro [8]. Ti edexrupnicTs minTBEp-
JDKCHA Ha MOJEJIi BOCBMOI'O MOPSIKY, B SKii, KpiM 00ep-
TaJILHOTO, OEpyThCS IO yBard pyx LEHTPY Mac, HpyxK-
HICTb KOPITyCYy Ta JUHAMIi4YHi Xapakrepuctuku BIL.

CC obepranproro pyxy PKII i kocMmidHMX amapartiB
MAaIOTh CIILJIbHI OCOOJUBOCTI 3 MOTJISAY BHUMOT JO IXHIX
XapaKTEepUCTHK, MOOYAOBH CTPYKTYPHOI CXeMH i MaTeMa-
THYHOI MOZENi, B SIKiH 3aJIEKHO BiJ IIOCTaBJIEHOI 3a1advi
HEOOXiTHO MPHUUMATH 10 YBaru JUHAMIYHI BIIACTHBOCTI
BII.

Hnst 3menmiendss noxubok CC obepraibHOTO pPyxy
HU3bKOOPOITAIBHOTO CYIyTHHKA 3allpPOIIOHOBAHUN Bapi-
aHT BHKOPHCTaHHA MiJCUCTEMH 3MIIEHHS LEHTPY Mac [9]
i HemiHilHOTrO 3P, MapameTpu SIKOro BH3HAUCHI METOJIOM
JIsnmyHoBa. Lle# MeTo/ 3HAXOIUTh TaKOK BUKOPUCTAHHS B
MaJlUX CYIyTHHKaX, KOJW O0epTaIbHUHA MOMEHT yIpaB-
JIHHS CTBOPIOETHCS B3aEMOJIIE€I0 MArHiTHOTO IOJIS 3eMuti
3 MarHiTHUM TIOJIEM COJICHOiZa, >KOPCTKO 3B’SI3aHOTO 3
koprrycoM. [l meoro Bapianty CC po3pobneHuid anro-
PHUTM KyCOYHO HOCTii{HOTO MOMEHTY YNPaBJIiHHA, Y SKO-
My BiJOKpEMIICHI iHTEpBalM Yacy BHMIpY IapaMeTpiB
MarHiTHOTO moJis 3eMili i MOAAaHHSIM BiIMOBITHOTO CTpPY-
My B cosieHoin [10]. Sk Bimomo, yHiBepcalbHUN MeTO[
Bu3HadYeHHs (yHKIIT JIamyHOBa BimcyTHIH, ToMy cdepa
BUKOPHCTaHHS OTPUMaHUX pE3yJbTaTIB OOMEXY€EThCS
CTPYKTYPOIO BUOpAaHHX MaTeMaTUYHUX MOJEIICH.

OnHUM i3 METO/IIB PO3paxyHKY Koe(illieHTIB JIIHIHHO-
ro 3P, mpu sSKUX cTae HAaHMCHIIOK KUTbKICHA OIliHKA
(kpuTepii) SKOCTI TEPexXiJHOTO MpOIECy KOMIIEHCalil
30ypens CC, € BUKOPHCTaHHS CHCTEMH HENHIHHUX piB-
HaHb Pikkati. B poGorti [5] 1s cuctema HaBemeHa Ui
Mozeni CC geTBepTOrO MOPSIIKY, a y podori [11] mus
MOJZIeNi NIPYTroro TOPSOKY OTPUMAaHHMK ii aHATITHIHHIHA
PO3B’A30K 1 3aIIPONIOHOBAHUI aJITOPUTM BU3HAUCHHS elle-
MEHTIB CHMETPHYHOI MaTPHIIl KPUTEPis, MPH AKUX 3a0e3-
nmeuyroThest 3amani nmokasHuku CC, 30kpema, riobaiibHa
CTIHMKICTB.

B HazBanux BHIIE poOOTax BiIICYTHE OOIPYHTYBaHHS
HeoOxinHoro Juist 3a0e3nedeHHs 3a1anux rnokasHukis CC
piBHs ckiagHocTi 3P, 30Kkpema, BKIIIOYEHHS B HBOTO Ki-
HeMaTHYHHX napameTpis BII.

I3 BpaxyBaHHSAM 33aJaHOTO 3amacy CTIHKOCTI aHAJITH-
YHUMH METOJaMHU BU3HAYCHI 3aJIeKHOCTI IOKA3HMKIB, SKI
XapaKTepU3yIOTh MOXHOKY KOMITEHCAIIi JIIHIHHOTO Yy Jaci
30ypIOBaJIbHOTO MPHUCKOPEHHS Bifl KOe(Ili€HTIB PiBHIHb
pyXy, mapaMeTpiB BUKOHABYOTO 1 KOPETYBaJbHOTO IIPH-
ctpoiB [3]. Pesynbratu orpumani s mogeni CC mioc-
KOro 00epTalIbHOTO pyXy II'ITOro mopsaky, B 3P sikoi,
KpiM TpaAuUiiHUX, IPUCYTHI OJaHKH, MPONOPLIiHI Ky-
TOBOMY IPHCKOPEHHIO KOPITYCY 1 KYTOBIH HIBUAKOCTI
MIOBOPOTY E€KBIBAICHTHOTO pyJboBOro oprany. Lli ckia-
JIOBi JAFOTh MOKJIMBICTh 30UIBIIATH OOJIACTH CTIHKOCTI Ha
IUTONMHI pemTn JBoX KoedimieHtiB 3P 1 3meHmuUTH
OKpeMi KOOpAWHATH BEKTOPY MOXHOOK, ajie B CHTHAII
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peryisiTopa 3pocTa€e piBeHb BHCOKOYACTOTHOI CKIIAIOBOI
MIEPELIKOI.

Po3pobnena MeToamMKa BH3HAYEHHS KINBKICHHUX OIli-
HOK 3amacy ctiiikocti CC TIOCKOTo 00epTaIbHOTO PyXy
13 BpaxyBaHHSIM AWHAMIgHUX xapakTepucTtuk BII i Bximro-
YeHHSIM Horo KiHemaTMyHHX mnapamerpiB B 3P [2]. Sk
BiIoMO, Ha TUIOIIKHI KopeHiB XII 3amac CTIHKOCTI Belu-
YHHOIO MIHCHOI YaCTHMHU HAHOIMKYOro 10 YSIBHOI OCi
KOpeHs, TOJl 5K Ha IUIONIMHI JBOX KoediuieHtiB 3P Bin
BH3HAYAETHCSI OOMEKEHHSMH 00JacTi cTiiikocTi (37iBa,
CrpaBa, 3HU3Y 1 3BEPXY), BIJHECCHUMH /0 HOMIHAIBHUX
3HAa4YeHb KOOPIWHAT poO0dYoi TOUKH. 3amac CTIHKOCTI 3a
(azoro i aMIuTiTY10Y0 3rimHO KpuTepito HalikBicta pospa-
XOBYETBCSl CIMPAIOYNCh HA BIANOBIOHY A0 NPUHHATOI
MOJIEN YaCTOTHY XapakTtepucTuky posimkaenoi CC. Jlo-
ciipkeHHsT eekTy BpaxyBaHHs B 3P KiHeMaTuuHHX xa-
paktepuctuk BII 3 mormsay Ha3BaHWX MOKA3HHUKIB 1 AKOC-
Ti MEPEeXiJHOro Mpolecy NMPU YMOBI 33aHOTO 3HAYEHHS
CTaTHYHOT MOXHOKU HE MPOBOJUTHCS.

OTpuMaHi OIIIHKM TOYHOCTI KOMIICHCAIi JIiHIHOTO
30ypIOBAJIBHOTO TIPHCKOPEHHS Y BHITINI HECKJIQJHUX
aHATITUYHKX 3a1exHocTer Bix mapamerpis PKII i koedi-
mientiB 3P [12]. [TokazaHa MOXJIHBICTE KOMIPOMiCHOTO
Y3TODKEHHSI CYNEepewIMBUX BHMOT O TOYHOCTI 1 3amacy
crifikocti. AHami3 BuMor 1o nmotyxHocTi BIT Ha mepexin-
HUX TIpoIiecax KOMIeHcallil 30ypeHb He IPOBOJUTHCS.

AHaui3 JOCTYIHUX DKepes IMOKa3ye, Mo 3ajada BH-
3HAYEHHS BIUIMBY PiBHs ckiagHocTi 3P Ha mokaszuuku CC
obepranproro pyxy PKII i xocMiyHHMX amapartiB Ime He
Ma€ OCTaTOYHOTO PO3B’SI3KY.

3 MATEPIAJIM I METOAU

B naniii po0oTi mUIAXOM MaTEeMaTHYHOTO MOJEIIO-
BaHHS IPOBOJUTHCS OLIHKA BIUIMBY piBHS ckiagHOCTI 3P
(2) ma 3amac criiikocti CC i mpuBenery poboty ii BII
MIPOTSATOM IIEPEXiTHOTO MPOIeCy KOMIEH ALl ITOCTIHHOTO
30ypIOBaIBHOTO MIPUCKOPEHHS.

Ha3BaHi MOKa3HWKHM BH3HAYAIOTHCS MPH YMOBI 3a0€3-
TICUCHHS 33J]aHOT0 3HAYEHHS CTaTUYHOI Moxuoku el , Bix
SIKOTO 3QJICKHUTH KYT PUCKAHHS TICIS 3aKiHUCHHS Tepexi-
JTHOTO TIporiecy. AHali3 BeKTOpiB MOMMWIOK [12] mokasye,
L0 NpH 1iif yMOBI MK Koedinientamu &, 1 kg 3P (2)

Mae Miclie JIiHifHa 3aJeXHICTh:

1-k e0-|ays
W:Q; gzﬂ, 4)
g (I+ay,, -€0)

k

TOMY PO3MIPHICTh IPOCTOPY MOIIYKY OaKaHWX 3HAYECHb
nokaszuukis CC 3MeHuyeTbest 10 TpboX ( kg ks ky, ).

MaremaTuuauil anapar A BUKOHAHHS IOCTaBJIEHO1
3amadi cimpaeThest Ha piBHAHHS OV (1-3) 1 Bimomi meTo-
IIM Teopii yrpaBIIiHHA.

Tak Ui TOIIYKy MakCHMyMy 3amacy CTiHKOCTI Ha
rionuHi kopeHiB XII 1 3 meroro Horo opranizauii npu
BUKOPHCTaHHI ICHYIOHYOTO HpPOrpaMHOro 3a0e3neyeHHs
CTBOPIOETHCS (PyHKIIis

N/ (ks ks ky) (5)
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IIpU BUKOHAHHI K01 BimmoBimHO 10 (1—4) mpoBOIUTHCS
pO3paxyHOK BekTopy ¢ koediuientiB XII

3
0(s)=>q; s +s*, (6)
i=0
qo(ks)
q1 (ks ks kyy)
q(ks. ks k) =| gy (ks kg) |=
q3(ks)
1

we(1=ks)-(ays|/ g —ayy)
-y - (ks ~&-Tac) ~ay;s -ky ~ayy, (1= k3)]
5l wlayy k- Tao)r1-ks]-ay, b (D)
~[ayy + 1 (ks =& Tao)]
1

HOro YOTUPBLOX KOPEHIB S(...S3 13amacy cTiikocTi
n = min[~Re(sp), ~Re(sy), ~Re(s ), ~Re(s3)].

Ie min — iM’S TpoUeAypH BH3HAYCHHS HAWMEHIIOTO

4ricia B 3aJaHOMY Habopi.

B oOmacTi momryky IMOBHHHI BHKOHYBATHCS SIK HEOO-
X1HI TaK i gocTaTHi yMOBH cTikocTi. HeoOxigHa ymoBa
mojsirae B TomMy, mo6 xoegimientu (7) XII (6) 6ymu 6i-
apmuMu Hyaa. OOMexeHHs 3BepxXy KOoe(ilieHTIB kg 1

ké 3P (2) natotb HepiBHOCTI g >0, ¢3 >0:
ks <1, ks <E-Tac—ay, /p, (8)

Hpyre oOmexeHHs 3BepXy KoedillieHTa kg BU3HaAua-

€TbCSI 3 HEPIBHOCTI ¢, >0, BOHO MOXke OyTH po3paxoBa-
He, KOJIU BifnoBinHo 110 (7, 8) BuOpanuii koediuieHT kg :

ks <1+ay, (ks —&-Tac)—ay,, /1. )

3 HeoOxixHOT yMOBH cTilikocTi ¢ >0 ciigye obme-

JKCHHS 3HU3Y KoediIlieHTa k\'u 3P (2) mpu dikcoBanux kg

i ké , BUOpaHuX 3 ypaxyBaHHsIM HepiBHocTeH (8, 9):

by > [ayy -(1—ks) —ayy - (ks —a-Tac)]/|aW5| = "

=ky1-

Takum unHOM OTpHuMaHi HepiBHOCTI (8—10) oOMexy-
I0Th TIPOCTIp iTepamifHOTO IMOMIYKY HaHOULIBIIOro 3Ha-
yeHHs QyHKIi (5).

o6 mocmiguty BrMB BKIoUeHHS B 3P (2) Koopau-

Hat BekTopy craHy BIl & i & Ha 3amac crifikocTi Ha
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ky Ky

BHUKOPHCTAaTH HOTO KUBbKICHI XapaKTEePUCTHKH.

IUIOMMHI ABOX KoedimieHtis 3P — HEOoO0XiTHO

Sk Bizomo, Ha IUIOWIKHI k\", 3P (2) obmacth cTiii-

kocti CC 3amkHyTa. s moneni (1-3) i po3ramryBaHHs
BU3HAYCHE IIIIXOM BHUKOPHCTAHHS HEOOXIAHHUX YMOB
CTIMKOCTI Ta BioMuUM MeTomoMm D — posmoainy, TOOTO
BiTOOpaXCHHSM Ha II0 IUIOMIMHY YSABHOI OCi IUIOIIMHHU
kopeniB XII [2].

OOMexxeHHs 311iBa 1a€ HeoOXiHa ymMoBa gg > 0

__ 9
ky >ky=——

na 7a0:“'a\y\y'(k8_1):
“ays

(11

Opne i3 oOMexeHp 3HHM3Y Bu3HadeHO B (10). [pyre
OOMEXEHHSI 3HH3y Ta OOMEKEHHs O00JacTi CTIHKOCTI
crpaBa 1 3BepXy JAa€ piBHsSHHs napaboJu, sika € Binoopa-

JKCHHSIM Ha IUIOLIUHY Ky, k\", YSIBHOI OCI IUIOLMHU KOpe-
HiB XII:
2 '
x=ky=a-y +b-y+e, y=ky, (12)

ac

_Hays gy —2a1/qs

q32 q3

a

2
a

e=(ag—L2a;+ Dy iu-ays).
q3 qs3

ay = w-[ayy (ks =& Tyc) +ay, (ks —D].

HApyre oOMesxeHHs 3HH3Y Kk, MOXe OyTH BCTaHOB-
JeHe michus BHOOpY B 007acTi CTIHKOCTI HOMIHAJIBHOTO

k

ITIOJIOKCHHSA p060‘101 TOYKH 3 KOOpAUHATAMU k\llo > Kyo

kyo ==min(y, ),

Ie ¥1,V, KOpEHi PiBHAHHA kyo = a-y2 +b-y+c. Oue-

BHJTHO JIO YBAaTH CIIiJ] IPUAHATH OUTBIIE i3 X 00MEKEHB,
TOOTO

by > gy = max(hy,1, kyo) -

3 piBusHHSA (12) MOXyTh OyTH 3HaleHI 0OMEKEHHS
obJacTi CTIHKOCTI crpaBa i 3BepXy BiJHOCHO HOJIO>KEHHS
po6o40i TOUKH:

' 2 '
k\V <k‘Vh = Cl'(k\u()) +b'k\4/0 +c,
k\V < k‘Vh = max(yl,yz).
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Jts KiTbKiCHOT OIIHKM 3aJIeKHOCTI 3aIacy CTiHKOCTI

CC na miomuHi koediuientis 3P (2) k\v k(‘, BiJ BKIIO-

YeHHS B HHOTO KOOpAWHAT BeKTOpy cTany BIT & i & mo-
KyTh OyTH BUKOPUCTaHI 4OTUPU OE3pO3MIpHI MOKA3HHUKH,
BHU3HAYCHI CIIMPAOYHCh Ha HABEICHI BHIIC OOMEKEHHS:

k\uh _k\uo k\uh _k\VO
th =k—7 Syh = >
y0 kyo
(13)
k\uO _k\vl k\uO _k\ul
Sil =T ST T
v0 k\uO

[epuri nBa mnokasnuku (13) XapakTepu3yroTh 3arac

CTIfKOCTI Ha IWIOWKHI K\, K, BIJIHOCHO OOMEKEHB 3BepXy i

CrpaBa, IpyTi Ba — BITHOCHO OOMEXEHb 37TiBa i 3HU3Y.

OpmHuM i3 BapiaHTiB KUTBKICHOT OIHKH SKOCTI HepeXi-
JTHOTO TIpoliecy € mpuBeneHa pobdora BII, mpomnopuiiina
BTpaTaM eHeprii mpu komreHcanii 30ypenHs. Pi3ni cro-
co0M yNpaBJIiHHS KYTOBUM IOJIOKEHHSI KOPITYCY PaKeTH B
NepIIoMy HaOJIVDKEHHI MOXKHA omucatu JudepeHiiHuM
PIBHSIHHSIM APYTOTO MOPSIIKY:

I-8+d-8+cl-8=M.

PobGoTa 3a iHTepBanm uyacy df O4YEBHIHO € JOOYTOK
00epTaTbHOTO MOMEHTY Ha KyT TIOBOPOTY PYJIBOBOTO Op-

rany, Toéro M - 5-dt,a MPOTSTOM TIEPEXiTHOTO MPOIIECy
TpuBanicTio 7' BOHA JAOPIBHIOE

T
A= HM(t)-S(t)‘dt . (14)
0

Hns 11 BU3HAuUeHHA MoXKe OYTH BHKOPHCTaHHH
PO3B’S30K cHCTeMH TudepeHminHuX piBHIHb (1-3) B aHa-
JITHIHOMY BUTJIAI TIPH TOCTIHHINA BETMYUHI 30ypIOBaIIb-
HOTO IPUCKOPEHHS 7 1 HyJIbOBHUX IIOYaTKOBUX 3HAYCH-
HAX. Tak KyT OBOPOTY PYJBOBOIO OpPraHy Ma€ 3py4HUi
JUIS OTPUMAaHHSI OX1THUX 32 4aCOM BHTJISII:

3
8(t)y=B+Y.D;-e"",
i=0

ne s; — xopeni XII (6), a Benmuuuan B, D; MOXyTh OyTH
BU3HAYCHI ONIEPATOPHUM METOIIOM.
Po6ota (14) mponopuiiina mg , TOMy Ul KUTBKICHOT

XapaKTePUCTHKH SKOCTI MEPEXiTHOTO TPOoIecy KOMIICH-
carfii TmOCTiHHOTO 30ypeHHS 3 TOIIAAY EHEepreTUYHUX
BuTpat BIIl f1OLiNTBbHO BUKOPUCTATH LIO BEJIMYMHY, BifHE-
CeHy 10 KBaJpaTy 30yprOBaJIbHOTO HPUCKOPEHHS, TOOTO
A/moz.
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TakuM 4MHOM alNTOPUTM OLIHKA €(peKTy BUKOPUCTAH-

wst B 3P (2) curnamis & i & 3 MOTJISITy 3armacy CTiHKOCTI 1
BUMOT 110 motyxkHocTi BII mpu ymoBi 3abe3neueHHs 3a-
JAHOTO 3HAYEHHS CTaTU4YHOI MOXHUOKH e(0 OymayeThes
CIHMPAOYHCh Ha 3aIPONOHOBAHI KiJIbKICHI XapaKTePUCTH-
KM Ha3BaHUX MOKa3HUKIB (5, 13, 14).

4 EKCIIEPUMEHTHU
EKcriepuMEeHT MPOBOMMTHCS YHCENbHUM IIISIXOM 3
BukopucTantaMm mozaeiai CC (1-3) i KUIbKICHUX XapakTe-
puctuk i nokasuukis (5, 13, 14) Ha npuxiani (tada. 1)
CTaTHYHO CTIHKOi paketn (@, <0) i cTaTu4HO HeCTIiA-

KOi (aw, > (). HeoOximHi a1 po3paxyHKy MpUBEIACHOT

pobotu mapamerpu BII HaBeneni y Tabn. 2. 3amane 3Ha-
YeHHs cTaTH4HOI oxuoku 0 = 0,6378 ¢°.

Tabnuns 1 — [apamerpu mozgeni OY

Ne Bapia- ayy ays ayy Tac &
HTy c? c! c -
1 -0,30 -0,200 -0,110 0,15 0,8
2 1,12 -0,256 -0,041 0,20 1,1
Tabmuusg 2 — IMapametpu BII
1 cl d
Kr-M* H-m/pan H-m-c
478 3372678 2 486

3riHO MJIaHy EKCIIEPUMEHTY MEepIIUM KPOKOM € I0o-
IIyK MAaKCUMyMY 3aIacy CTIMKOCTI 1| Ha IDIOUIMHI KOope-

HiB XII B oOMexxeHOMY HepiBHOCTsIMH (8—10) TpuBUMIp-
HOMY TIpoCTOpi kg ké k(‘, koediuienTis 3P (2).

Konm kyT mOBOpOTY pPyJBOBOTO OpraHy i HOoro mBua-
KICTb He OepyThcs 110 yBaru, To kg =0 1 ké =0, Tomy
JPYTHM KPOKOM €KCHEPHMEHTY OyB IOIIYK MaKCUMyMy
T 3aJIeKHO TITBKU BiJl k. , OCKUTBKH 3TigHO (4) Koedii-
€HT k,, BU3HAYAETbCS 3a1aHUM 3HAYCHHAM CTATHYHOL

MOXWOKN e(. IIOpiBHSIHHSA €KCTpeManbHUX 3HAYEHb 1),
OTPIMAaHUX Ha IIMX KPOKaX A€ MOMJIUBICTh KUTBKICHO
ouinuTH eekT BUKOpHCTaHHS B 3P curmamis & i & 3
TIOTJIS/TY LIBOTO TTOKAa3HUKA.

HactynHi 1Ba KpOKHM €KCHEPHMEHTY MPOBOAMINCS 3
METOI0 BU3Ha4YeHHs epekTy BukopucTanHs B 3P curnainis

8 1 8 3 mornszy 3anacy CTIHKOCTI Ha miowyHi ky, ky, —

YOTHPHOX KUTbKiCHUX OIiHOK (13) i mpuBeneHOi poboTH
BII. [ns mopiBHAHHS OyJM B3sITI €KCTpEeMaJbHI TOYKH
koedinientiB 3P, Bu3HaueHi iTepallifHUM NUIIXOM Ha
TIEpIINX ABOX KPOKax.

5 PE3YJBTATHU
BUKOpHCTaHHsSI HAa MEPLHIOMY KpPOLi CKCIICPHMCHTY
npoLeaAypy TOMIYKYy MakcuMyMmy ¢yHKIIT (5) — 3amacy

© Aszees B. B, 2018
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cTifikocTi M Ha mIonuHI KopeHiB XI1 — y TpuBUMipHOMY
npocTopi kg ké kiu koedirmientiB 3P (2) mokasye, mo Bo-

Ha Mae€ JEKibKa JIOKABHIX €KCTPEMyMiB, BUXiJ Ha SKi
3aJIeKHUTh Bl BUOOpPY MOYATKOBOI TOYKH mMOIIyKy. Jlis
JIBOX TPUKJIA/IB TaHUX B TaOM. 1 MOYAaTKOBI TOYKH 3 KO-

opmuHatamu ks, ksg, kyo » SKi IPUBENH 10 HaiOUIBLLIO-

rO 3Ha4YeHHs M), 1 KiHIIeBi, HaBeeHi B TaoI. 3.

OCOOJIMBICTh 3HAMIEHUX EKCTPEMALHUX TOYOK B TO-
My, II0 BpaxyBaHHS B KOOPIMHATAaX TLIbKH JBOX HUD
IMicAs KOMH MOXE JaTH 3MEHIIEHHsS 3HAWIeHOr0 MaKCH-
MyMmy 10 25%.

JocmimKeHHs 3aJIe)KHOCTI 3aracy CTIMKOCTI 1 TUIbKU

BiZl oJTHOTO KoedimienTa 3P k\v Ha JIPYroMy KpOIli eKcIie-
PUMEHTY IIpU HyIbOBHX 3HAUEHHIX kg 1 kg HOKasye, 1110

$yskuis M(k,) yHiMOZanbHA 1 BHXiL Ha EKCTpeMyM
(Tabi1. 4) He 3aJICKUTH Bifl MOYATKOBOI Toukd. Ha BimMiHy
BiJl EKCTPEMAJIbHOI TOYKH y TPUBHMIPHOMY IPOCTODI,
pU BPaxyBaHHI B 3HAa4eHHI k,, ABOX Lu(p micast KoMu

SMCHIIICHHA 3amacy CTIMKOCTI He NEpEeBUIIYE ACCATHUX
YacCTOK IpONCHTA.

Tabmums 3. — KoopauHaTH MO4aTKOBOI 1 KIHIIEBOT TO-
YKH MOUIYKY MaKCUMyMY 3aIacy CTIHKOCTI 1| Ha IUIOIIH-
Hi kopeHiB XI1

k ks k, Mo
Ne Bapian- 50 80 vo

Ty k8 kS k\l’ n

_ c _ ol
1 —0,31 —0,17 15 0,9279
—0,32334 —0,16888 12,66306 2,58876
2 0 -0,17 40 —0,09902
—0,76885 —0,18778 15,27949 2,50063

Sk cnigye 3 nopiBHAHHS 3amacy criiikocti CC n B

Tabn. 3 i tabn. 4, BpaxyBanHs B 3P (2) xiHeMaTW4HHUX
napameTpiB BIT Moxke gatu cyTTeBy mepeBary 3 MOTIISIILY
OTO TMOKa3HuKa. [l mpukiany gaHux B Tabi. 1 mpu
JMOTPUMAHHI TOYHOCTI KOOPAMHAT CKCTPEMATbHOI TOYKHU
IIBI TIpH IMicTs KOMH IS TiepeBara CTaHOBUTH 44% mis
cratuuHo cTitfikoro OV 1 60% st HecTiiikoro.

Jis BapiaHTy TaHUX CTaTHYHO cTiiikoro OV (tadm. 1)
1 KoediIieHTIB, IPH AKUX Ma€ Micle HaWOUTBIIMIA 3amac
crifikocti Ha TmonuHI KoperiB XII (Tadm. 3, 4), Bu3Haue-
HUI Ha TPETHOMY KPOIIi eKCTIEPIMEHTY €(EeKT BKIIOUCHHS
B 3P nmonaHkiB, MPONOPIIHHUX O i 5 , 3 TIOTJIAY TMOKa3-
HUKIB (13) KIJTBKICHO XapaKTepu3yeThCs MEPLIINMH JBOMa
CTOBMLAMY TabJl. 5: MOKAa3HUK Sy, 301TbIINBCS MPUOTH3HO
Yy YOTHPH pa3d, TOJi SK IMOKAa3HWK S,, — 3MCHIIUBCS Ha
32%, Sy —Ha 7,6%, S,; 3anuImBCs 0€3 3MiH.
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Tabnus 4 — HaiiOinpime 3HaUSHHAS 3a1acy CTiIHKOCTI

npu kg =01 kézO

Tabmums 6 — [IpuBenena poboTa Ha IepexigHOMY
npoueci (T =5¢, my =0,00132 2 )

Ne Bapianty k"" ! Ne s i) o ke Am107
c ¢! - c - c Hwm-c*

! 10,88 1,361 1 0 0 6,34 10,88 9,36

2 791 1,385 2 -0,32 -0,17 8,39 12,66 8,61

3 0 0 10,50 7,91 14,86

Jns BapiaHTy maHuMX cratndHO Hecrilikoro OV (apy- 2 077 019 18.57 158 11.68

THiA pAnok Tabm. 1) KimbKicCHa XapaKTepucThuKa e(ekTy
BxJIroYeHHs B 3P gomaHkiB 3 6 1 6 B croBmnusx 3 i1 4
Tabn. 5: mokasHUK Sy, 3pic Ha 42%, S,, — Ha 123%, S, —
Ha ~2%, Tofi K S,; 3aINIIMBCS 0€3 3MiH.

BpaxyBaHHs B 3HaYCHHSX KOCQII[IEHTIB TUIBKH TBOX
3HAKIB MICIII KOMH Jla€ Bapiallilo pe3ysibTaTy He OiIbIIe
OJTHOTO TIPOIICHTA.

Ha migcraBi mpoBeneHUX pO3paxyHKIB BCTAHOBJICHO,
[0 eKCTPEMaJTbHI TOYKH IMOKA3HUKIB 3aracy CTIHKOCTI Ha

IUIomHi ky, k,, He 30IraloThCs 3 EKCTPEMYMOM 1 y TpH-

BUMIPHOMY IpOCTOpi kg k(l/ k'5 Ha TIomyHi KopeHiB XI1.
Brxrouenns B 3P momaHkiB, IpOMOPIIHHUX KOOPAMHATAM

01 & Bekrtopy crany CC, Moke 30UIbIIUTH 200 3MCHIIIH-
TH OKpeMi IMOKa3HMKH 3aracy criiikocti (13) Ha necsaTs i
O1ITBIIIC TIPOTICHTIB.

Tabnums 5 — OuiHKY 3amacy CTiHKOCTI Y BITHOCHUX

OIMHUIIX HA IIOIIHAHI k\V k\v

Ne 1 2 3 4

ks 0 —0,32 0 0,77
ks’ 0 0,17 0 0,19
ky 6,34 8,39 10,50 18,57
ky’ 10,88 12,66 7,91 15,28
Sen 7,637 5,205 1,359 1,936
Su 1,237 1,237 0,583 0,583
Sun 1,390 5,634 1,546 3,445
Su 0,977 0,903 0,707 0,721

3HaueHHs npuBeneHoi podoru BII mpotarom mepexi-
JTHOTO TIPOIleCy KOMIICHcaIlii 30ypIOBAIIEHOTO TPHCKO-
PEHHSI 3aJICXKHO BiJl BKIIFOUCHHS B 3P KoOpIuHAT BEKTOPY
ctany BII (Tabmn. 5) HaBeneni y Ta0m. 6 it KOeIIieHTIB,
Ipu AKUX Mae MicIe HaHOUmbIIMii 3amac CTifikocTi Ha
mwiomuHi kopeHiB XII (tabxn. 3, 4), 3a7aHUX 3 TOYHICTIO
IBi U(PH MICIT KOMH.

B psnkax 1, 2 Tabn. 6 HaBeneHi pe3yIbTaTH PO3paxy-
HKiB nipuBeneHoi pobotu BII mis craTiyHo crifikoro OY

(ayy <0): Bpaxysanus B 3P koopauHar & i & nmamo

3HIKEHHA npuBeneHoi pobotu BII maibxe Ha 9%, Toxl sk
g CTaTU4YHO HecTiiikoro OV (aw, >0, pianku 3, 4 y

TaGI1. 6) 3HIKEHHS PUBEICHOI POGOTH A/m)> CTAHOBHT
27%. Ilpu BpaxyBaHHI TUIBKM JBOX HUQP MICIasS KOMHU B
koedinienrax 3P Bemuauay A/m,’ 3MIiHIOIOThCS He Oilb-
1Ie, HiJK Ha OJIUH BiJICOTOK.
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Ha mincraBi po3paxyHKiB HpHuBeneHOI poOoTH Juist
IBOX BapiaHTiB Janux OY BCTaHOBICHO:

a) Bukopuctanus B 3P BexTopy crany BII moxe mpu-
BECTH /10 3MEHIICHHS BHUTpAT €HEprii Ha IepexigHOMY
IpoIieci KoMIeHcalii 30yproBaIbHOTO IPHUCKOPEHHS;

0) ekcTpeManbHi TOYKH y TPUBHUMIPHOMY IIPOCTOPIi

ks ky ks 3amacy crifikocti Ha miommHi kopenis XII i

MpUBECHOT poOOTH He 30iraroThCs.

5 OBTOBOPEHHSI

3abe3mnedeHHs] CTIHKOCTI 00epPTaIbHOTO PyXy PakeTH
0e3 BpaxyBaHHS KiHIIEBOi >KOPCTKOCTI KOpPITyCy, KOJIH-
BaHHS PIJKOTO TajuBa i 30ypeHoro pyxy LEHTpYy Mac —
OJlHa 13 OCHOBHHMX 3aJiad MOYaTKOBOTO €TaIlly PO3poOKH
CC. Tloxubka koMreHcallii 30ypeHb 0OEpPHEHO MPOIop-
miftHa koedirientam 3P, ane BOHM 0OMEXeHi 3BepXy -
HaMiYHMMH Xapakrepuctikamu BII, HaOnmkeHa monens
SIKOTO y OLTBIIOCTI BUMAIKIB SIBIISIE COOOI0 MudepeHIiiHe
PIBHSHHS ApPYroro mopsiaky. ToMy po3MipHICTh BEKTOPY
crary CC y poMy BapiaHTI MOJEIi JOPIBHIOE YOTHPHOM,
3 SIKUX OCHOBHHMH HOTO KOOpJAMHATaMH € KyT i KyTOBa
MIBHJIKICTh TIOBOPOTY Kopirycy pakeTu. Skmio B 3P, xpim
HUX, BPaxOBYIOTbCS KOOpIMHATH BEKTOpYy cTany BII, To B
CC mnotpiGHO 301IBLIIMTH KUIBKICTh JaT4YMKiB 200 B OOp-
TOBIM OOYMCIIIOBAILHIM MAIIMHI MaTH BiAMOBIIHOI IIBH/I-
KoJii mporpamy iX BiZIHOBJICHHS, IO HE 3aBXIH HEOOXia-
HO I 3a0e3reueHHs] 3aJaHuX 3Ha4YeHb 11 MMOKa3HHKIB,
30KpeMa, 3amacy CTIHKOCTI 1 BUMOT 10 €HEpPreTHYHUX
xapakTtepuctuk BII.

Martepianu gaHoi poOOTH MOXYTH OyTH KOPHUCHUMH
s Bubopy piBHsA ckimagHocti 3P B CC obepraipHOTO
PYXY pakeTd Ta KOCMIYHOTO arapary.

BUCHOBKH

1. Po3pobneHnii anropuT™M BH3HAYEHHS HAMOLIBIIOTO
3amacy CTIHKOCTI Ha IiomuHi kopeHiB XII y TpuBuMIp-
HOMY mipocTopi koedirienTiB 3P nmpu yMoBi 3a0e3neucHHs
3a7]aHOTO 3HAYEHHSI CTATUYHOI ITOXUOKH.

2. Ha mpuxiiagax cTaTHYHO CTIHKOi 1 HECTIiiKOi pake-
TH TIOKa3aHa MO>KJIMBICTH HUISIXOM BKItoueHHs B 3P ko-
opauHaT BekTopy crany BII Bmockonanenas CC 3 morms-
Iy TIOKA3HUKIB: 3armac CTiKOCTI Ha TUIOmKHI KopeHiB XI1
1 Ha TUIOIIKHI ABOX KoedirienTiB 3P, a Takok eHepreTHd-
HuXx BuTpaT BII mpoTsarom mepeximzHoro mporecy Komie-
Hcaii 30ypIoBaIbHOTO MMPUCKOPEHHS.

3. Sxmo B 3P He BXomars xoopamHaté BII, TOo mpu
YMOBI 3a0e3reueHHs 3aaHoi CTaTHYHOT MOXHOKHU MOIIYK
KOMITPOMICHOTO PillIEHHsI MIXK TIOKa3HUKAaMU 3a1acy CTii-
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Ka3HUKH TOYHOCTI CHUCTeMH CTa0umizamii  paketn /
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UCIOJb30BAHUE HH®OPMAIIUU O BEKTOPE COCTOSIHUA UCIIOJTHUTEJBHOI'O YCTPOMCTBA
B CUCTEME CTABMIN3ALIMU BPAIIATEJIBHOT'O IBUKEHUS PAKETBI

Asnees B. B. — 1-p TexH. Hayk, npodeccop, npodeccop Kadenpbl CUCTEM aBTOMATH3UPOBAHHOIO yIpaBieHHs JIHEIPOBCKOro
HalMoHaNbHOro yHuBepcurera uM. O. ['onuapa, /lnenp, YkpauHa.

AKTyaJbHOCTB. Pa3paboTana MeTOaMKa MOIy4YEHHS OLIEHOK 3aBUCHMOCTH 3araca YCTOHUMBOCTH U IPUBEICHHONW pabOTHI Ha Iie-
PEXOAHOM IIpoLecce KOMIIEHCAMH MOCTOSHHOTO BO3MYIIAIONMIET0 YCKOPEHUS OT HAIWYUS B 3aKOHE PEryIHPOBAHUS TAHHBIX O Te-
KyIIUX KAHEMAaTHIECKUX IapaMeTpax HUCIIOTHUTEIHFHOTO YCTPOUCTBA MPH YCIOBHH OOECIICUSHNSI 3aJaHHOTO 3HAYEHHS CTATHIECKOI
OMMOKH, 4TO JAaCT BO3MOXKHOCTH OOOCHOBAHHO IIPUHHUMATH PEIICHHS PO YPOBEHD CIOKHOCTH COOTBETCTBYIOIINX OJIOKOB CHCTEMBI
cTabmnm3anum.

eab padoTbl — OLCHUTH BIMSHUE YIPOLICHUS 3aKOHA PETyJIMPOBaHUS 3a CUET UCKIIOYEHUS M3 HEro JaHHBIX O BEKTOpE CO-
CTOSIHUSI UCTIOJTHUTENILHOTO YCTPOWCTBA HA TPeOOBaHMS K €r0 MOIIHOCTH U 3arac yCTOWYHBOCTH.

Mertona. [IpunsTa 1uHeiHas cTaMOHapHas B OKPECTHOCTH ONPEEIIEHHON TOUKU TPAEKTOPUU MOJIENb IJIOCKOIO BPAIaTEIbHOTO
JBWKEHHS PAKEThl KOCMUYECKOT0 Ha3HAYEHHs C y4eTOM HMHEPLUH HCIONHHUTEIbHOTO ycTpoiicTBa. OIeHKa 3amaca yCTOMYHBOCTH
MIPOBOJUTCS HA IIIOCKOCTSIX KOPHEH XapaKTepPUCTHYECKOTO MOIMHOMA U ABYX KO3 (HIIMEHTOB 3aK0OHa perynupoBanus. OTHECEHHAs
K KBaZpaTy MOCTOSHHOTO BO3MYIIAIOIIETO yCKOPEHHS PoOOTa MCIOIHUTEIBHOTO YCTPOWCTBA OMpeJeNieHa IyTeM aHATHTHIECKOTO
peutenus qudGepeHHAIBHEIX YpaBHEHHH BO3MYIIIEHHOIO BPAIaTeILHOTO JIBIKEHHS B OJHON U3 IUIOCKOCTeH crabmmmsarmu. s
CTaTHYECK! YCTOWYMBOIl M HEYyCTOWUMBOII paKkeTsl IIPHBEACHEI IPUMEPHI 3aBUCHMOCTH Ha3BaHHBIX ITOKa3aTeneil 0T ko3¢ pHIHEeHTOB
3aKOHA PEryJIUPOBAHUS NIPU KOOPJUHATAX BEKTOPA COCTOSHMUSL.

PesyabTarel. Ha npumMepe pakeTbl KOCMHUECKOIO Ha3HAUCHHUS BIIEPBBIE YCTAHOBJICHA 3aBHCUMOCTb HAa3BAHHBIX IIOKa3aTelel
CHCTEMBI CTaOMIIM3ALUM OT HAJIMYMS B 3aKOHE PEryJIHPOBAHUS CUTHAJIOB O MPHBEAECHHOM YTJIE ITOBOPOTA PYJIEBOTO OpPraHa M €ro
CKOPOCTH.

BriBoasl. [Tokazana BO3MOXKHOCTh YCOBEPIICHCTBOBAHMSI CHCTEMbI CTAOMIM3AINH ITyTEeM BKIIOUEHHS B 3aKOH PEryIHPOBAHUS
KOOPAMHAT BEKTOPA COCTOSIHUS MCIIOIHUTENBFHOTO YCTPOWCTBA C TOUKM 3pEHMs MOKa3aTeNel: 3amac yCTOWYMBOCTH M YHEPreTHIe-
CKUE 3aTpaThl Ha IIEPEXOJHBIX MpoLeccax.
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UDC 629.764
USE OF INFORMATION ABOUT STATE VECTOR OF EXECUTIVE DEVICE IN STABILIZING SYSTEM OF A
ROCKET ROTATION MOTION

Avdejev V. V. —Dr. Sc., Professor, Professor of O. Gontchar Dniprovsk National University, Dnipro, Ukraine.

Context. A method for obtaining estimates of the dependence of stability factor and reduced work during the transient process
for compensation of a constant disturbing acceleration on the presence in law of control data about current kinematic parameters of
the executive device under condition of ensuring a prescribed static error is developed. It will give a possibility to take decision about
level of complexity for appropriate units in stabilizing system.

Objective. The purpose of the research is to estimate the influence of the law of control reduction by means of exclusion from
one the data about state vector of the executive device on requirements to its power and stability factor.

Method. A linear stationary in the vicinity of a certain point of the trajectory model of a plane rotational motion of a rocket for
space purposes has been adopted, with taking into account the inertia of the executive device. Estimation of the stability factor is
carried out on the plane of the roots of the characteristic polynomial and two coefficients of the law of control. Divided to the square
of constant perturbation acceleration, the work of the executive device is determined by analytical solution of the differential
equations of perturbed rotational motion in one of the stabilization planes. For statically stable and unstable rocket the dependence
examples of the named performances on coefficients of the law of control by coordinates of the state vector are made.

Results. For the application of the rocket for space purposes for the first time the dependence of the named indices of stabilizing
system on availability in the law of control data about angle of rotation of steering gear and its velocity is established.

Conclusions. It is proven the ability of improvement the stabilizing system by means of inclusion in law of control kinematic pa-
rameters of the executive device from the point of view of such performances as a stability factor and energy costs during transient
processes.

KEYWORDS: stabilization of motion, state vector, law of control.
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ABSTRACT

Context. Consideration of the transient process characteristics under current industrial conditions, i.e. a controlled object’s static
and dynamic characteristics when forming controlling impacts in automatic control systems of ore grinding and sizing is one of the
advanced ways to increase their efficiency.

Variations in characteristics of initial materials and equipment conditions while changing a command value in closed-loop
automatic control systems (ACS) result in transient processes when the granularmetric composition of output products of grinding
and sizing aggregates change in a wide range. It leads to additional losses of the recovered grade.

Duration of transient processes depends on how the controlled object’s current condition (its static and dynamic characteristics)
corresponds to the controller’s adjustment in the ACS. It causes the necessity to readjust the controller’s parameters from time to
time that is done in the adaptive ACS to the best advantage.

The authors suggest an algorithm of noise immune correction of the controller’s parameters in the closed-loop automatic control
system, which is based on preliminary identification of the controlled object’s static and dynamic characteristics in accordance with
parameters of the transient process starting in the closed-loop ACS of the transient process. There are determined limits to its
applicability at concentration plants.

Objective. The research aims to develop a noise immune algorithm of adaptive control over objects with variable static and
dynamic characteristics on the basis of the controlled parameter value and the rate of its changes on the initial stage of transient
processes in the closed-loop ACS.

Method. Current approaches and methods of improving ore concentration control are analyzed to substantiate the research
topicality, goals and objectives. The adaptation algorithm for local ACS of ore concentration is synthesized and analyzed by methods
of analytical design and computer simulation.

Results. Correction of the PI-controller according to the suggested algorithm reduces the transient time in the closed-loop ACS.

It should be done at the moment determined by the condition X (t,) =0 even in case of the optimal adjustment. The polynomial

presentation degree of the filter should not be lower than 2, i.e. m>2. In this case, filtration is satisfactory if fluctuation of the output
signal does not exceed 25% of its absolute value because of noises.

Conclusions. The theory of forming specified parameters of transient processes in the closed-loop ACS by means of objects with
variable static and dynamic characteristics on the basis of the controlled parameter value and the rate of its changes on the initial
stage of these processes is developed in the present research. It allows synthesizing adaptive ACS, in which the error ratio in the
transient process reaches zero in a minimum of time without changing its sign subject to disturbances and noises.

KEYWORDS: closed-loop system, regulation, control, algorithm, transient, adaptation, validity limits.

ABBREVIATIONS X, is a filtered value of the input value;
ACS is an automatic control systems; Y, is a filtered value of the measured value;
NFN is a neuro-fuzzy network;

PI is a proportionally integral: Fj(¢) is a orthogonal j-th order polynomials;

t, is a shift moment;

NOMENCLATURE G is a noise intensity.
K,i fficient of th trolled object transfi
s 01;.21 coefficient of the controlled object transfer INTRODUCTION
T is ’a time constant of the controlled obiect transfer Variations in characteristics of initial materials and
functlion' ) equipment conditions while changing a command value in

closed-loop automatic control systems (ACS) result in
transient processes when the granularmetric composition
of output products of grinding and sizing aggregates
change in a wide range. It leads to additional losses of the
recovered grade. Duration of transient processes depends
on how the controlled object’s current condition (its static

T" is a time constant of the controller transfer and dynamic characteristics) corresponds to the
function; controller’s adjustment in the ACS. It causes the necessity

T is a time delay;

Y(?) is a measured value;

XO() is a input value;

T is a measurement interval;

K is a coefficient of the controller transfer function;
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to readjust the controller’s parameters from time to time
that is done in the adaptive ACS to the best advantage.

The object of study is to develop a noise immune
algorithm of adaptive control over objects with variable
static and dynamic characteristics on the basis of the
controlled parameter value and the rate of its changes on
the initial stage of transient processes in the closed-loop
ACS.

The purpose of the work is to increase efficiency of
control of ore grinding and sizing processes.

1 PROBLEM STATEMENT

Current flow sheets of automation of grinding and
classifying aggregates of concentration plants are based
on local automatic control systems, which maintain
designed values of controlled parameters. Efficiency of
such control systems is conditioned by initial information
on a controlled process.

Research works [1-3] present the objective function of
controlling ore grinding and classifying as follows:

Qp —> max Qp Z Qp sets (1)

B 0,074 = B 0,074 set » 2

i.e., there is a formulated requirement of maximum (or no
lower than the desired one) efficiency of ore processing
equipment and the limit of the content (yield) of the
control size class of the ground material is introduced.

The most efficient automatic control systems are those
based on regulation or maintenance of the desired content
of the control size class of the solid material in slurry
considering granulometer signals. Research works [4-6]
indicate that such ACS allow applying grinding capacities
more efficiently due to permanent load, maintenance of
the circulating load value necessary to obtain the required
grind and improving concentration quality due to
manufacturing the product of the grinding circuit with
desired characteristics. In case of using an automatic
granulometer in ACS, the regulation strategy is based on
two approaches:

— maintaining the permanent size of the ground ore in
the classifier overflow product cnmBa kaccugpukaTopa;

— regulating the power value in the grinding circuit
LUKJIE N3MeIbUYeHns to maintain the maximum load of the
grinding aggregate.

One of the conditions of the objective function (1)
0,20, 5ot can be fulfilled by current control systems to
stabilize the grinding aggregate filling or the quantity of
the initial raw materials coming to the grinder. To make
technological aggregates more efficient it is necessary to
influence the command value, i.e. to change the
stabilization level of these control systems.

The second condition of the objective function (2) —
B.0,074=P-0,074set 15 fulfilled more efficiently by ACS with a
granulometer realizing the measuring method presented in
[7, 8]. The exact value of the control size class content of
the ground material in slurry is determined by the useful
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component content, which is measured by methods
presented in [9, 10].

The changed command value in systems of automatic
stabilization of technological parameters and various
disturbances cause transient processes the character and
duration of which are determined by current
characteristics of the controlled object. During transient
processes, the condition (2) of the reduced criterion is
fulfilled with considerable errors.

Thus, consideration of transient characteristics for a
current production situation, i.e. actually static and
dynamic characteristics of a controlled object in forming
controlling impacts in automatic control systems is one of
the promising ways to increase efficiency of ore grinding
and classifying.

2 REVIEW OF THE LITERATURE

Adaptive control algorithms realizing this approach
provide for preliminary identification of static and
dynamic characteristics of the controlled object and
further correction of the controller parameters according
to obtained estimates [10—12].

This approach allows reducing the operation time of
technological aggregates in transient modes when there
are considerable deviations of qualitative and quantitative
characteristics of their end products from optimal values.

Research works [9, 13] and some others investigate
variations of static and dynamic characteristics of
grinding aggregates by command links under the
influence of disturbing factors. For example, according to
the command link “water consumption in the classifier —
the content of the control size class of solid materials in
the classifier overflow” the range of the changed static
transfer coefficient makes +75-80%, that of the time
constant is 10-16% and that of delay time is +5%.

Optimal conditions of correcting PI-controller
parameters presented in works [14—16] indicate that the
transient process caused by changing the command value
in closed-loop ACS will be completed in a minimum of
time under the absence of its oscillation or its minimum.

Works [17-20] provide mathematical expressions on
the basis of which an adaptation algorithm for automatic
control systems is synthesized, the transfer function of
which is approximated by

ep
3 Ke

W (P)= s
P

3

where K, u T, are the statistic transfer function and the
time constant of the controlled object; t is time delay.

The adaptation algorithm is based on preliminary
identification of static and dynamic characteristics of the
controlled object by parameters of the transient process,
which started in the closed-loop ACS in accordance with
the following expressions

2
_ 7‘0 _Noon

= , “
® Nin-2oh
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Niohy =N A
K. = 10”0 00’ (5)
Nign—24
where
N+1 X X
= % X x
k=1
N+1 )
A= XY
k=1
N+1 )
n=> Y.
k=1

Y(¢) and X(f) are measured values and if the transient
process is initiated by abrupt changes of the input value

Y(t)=—K{X(x)+%jX(t')dt}, (6)

u o

If the command value is changed

t
Y(t)=K{(g—X(t))JrTLI[(g—X(t’)]dt}a (7
u o

The values of ¥(7) and X(f) functions are changed in
discrete moments of time in some period (O,NT), where T
is a measurement interval.

In arbitrary time moments ¢, parameters of the
PI-controller are corrected so that the following condition
is fulfilled:

a) the control error function &(f) should not be
alternating;

b) the control error should reach the zero value in the
shortest time.

In case of abrupt changes of the input value, the PI-
controller parameters are corrected according to

if 1=0

K+t" =2 K_tn M _L
" { T X K, ®
4K K
Tn+tn =T, "—02’ )
(1+K™K,)
if 10
2{KX(t,)+g+Y ()
K:“ = ~ ) -
X(t)-X(@ )t
(t,)—X(,) (10)

LX)+ X))
K, X(t,)-X(,x
where X (1)~ X(1-1).

In this case, the value of 7 is also determined by

formula (9).
If the command value is changed, the controller
parameters are corrected in accordance with the following

expressions
if 1=0
XK, '-Y (¢
Kl::»t“ :2 Kn—t“+ (n) 0 _(n) +L’ (11)
e(t,) K,
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TH":TO (1+K K+tn)2, (12)
if t#0
K" X )H)K'-Y
K =22 e(t)+X()K, () +L, (13)
e(t, —7) K,

In this case, the value of T is determined according

to expression (12).

The Purpose of the Article. The research is aimed at
determining validity limits of the given adaptation
algorithm, i.e. conditions under which the satisfactory
quality of condition (2) fulfillment remains if there are
changed static and dynamic characteristics of the
controlled object and various disturbances and noises in
the input signal.

3 MATERIALS AND METHODS
The above mentioned adaptation algorithm is aimed at
applying in the system controlling the object the transfer
function of which is approximated by one relaxation
circuit with time delay. Yet, for some technological

aggregates of concentration plants, the following
expression is true
Ke?
w,(P)= - ; (14)
(T, P+I)(T,P+1)
the ratio 7,; and 7, does not always meet the condition

Tor>>To.

The inverse Laplace transformation for X(P) from
expression (14) leads to the integral representation of X(¢)
value

K -1 t=t-u t=t-u
X() = o J' el _po
T TE)Z o

0

}Y(u)du , (15)

-
The conducted research is aimed at determining the

limit value of the ratio T, - T 0_11 under which correction

by formulae (8) and (10) is possible. This task is solved
by modelling the transient process of the object with the
transfer function (14) accompanied by further correction
of the controller parameters according to (8)—(10).

Some analysis results are given in fig. 1, which
reveals transient processes and corrected parameters of
the controller in various time moments under different
ratio of values T, and To,.

As is shown in the figures under 7, 7,;<0.2, the
controller parameters corrected by formulae (8) and (10)
generally meet correction requirements, namely, they
greatly reduce the transient duration. It should be noted
that, in this case, the alternating character of the
controlled value X(¢) cannot be avoided, yet, its oscillation
amplitude is not great.

The controller parameters should be corrected even if
they are optimal, i.e. they meet the conditions

KO‘KHZI; TOlzTH-
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Figure 1 — Correction of the controller parameters:

1 — Tyo/Ty=0; K;l“ =5.62; T,=48.6 sec; 2 — T;»/Ty,=0.1;
K" =5.63; T,=48.6 sec; 3 — Tyy/Ty=0.2; K™ =5.72; T,=48.4

sec; 4 — T,/Ty1=0.3; K;t" =5.97; T,,=48.1 sec; 1=10 sec;
K,=0.25; K,=1; T,,=50 sec; T(;=50 sec

It is shown in fig. 2, which depicts the transient
process of an object with optimal controller parameters.

X(t) &
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Figure 2 — Correction of the controller parameters:
1 — Tyy/Ty;=0; K;=9.31; T,;=42.0 sec; 2 — T»/T;=0.1; K;=9.0;
T,=42.6 sec; 3 — Tpo/Ty,=0.2; K,=9.73; T,=41.3 sec; 1=10 sec;
K,=0.25; K,=4; T,=50 sec; T,;=50 sec

Correction can be more steady if it is conducted in the
moment when the controlled value X(¢) reaches its
maximum. This moment can be determined from the
condition X(#) = 0. While performing the correction in

the given moment, the oscillations of X(#) will occur with
the minimum amplitude. It is shown in fig. 1 which
presents dependencies of X(f) after correction of the
controller parameters in various time moments.

As the analysis results reveal, it is also true for applied
expressions (11)—(13).

4 EXPERIMENTS

The above principles are realized while synthesizing
the noise immune adaptive control algorithm of ore
concentration.

In this case, in order to determine the system
parameters the values of x(¢), y(¢), (f) in discrete time
moments of 0, 7, 27,..., NT are measured. Corresponding
values of x(¢), y(¢), €(f) in these moments form arrays of
X1, [e], i=1,2,.... N+1.

© Morkun V. S., Morkun N. V., Hryshchenko S. M, Tron V. V., 2018
DOI 10.15588/1607-3274-2018-3-20

186

To filtrate random processes x(7), y(f), &(f) and
determine the system parameters of K, and 7, K, v and

T ; ' three matrices of coefficients are specified: 4 =[a;],

C =[c;] B =[b;].
For N =8 and m=3

1 1 1 1
1 3/4 14 -1/2
1 12 -2/7 -13/14
1 /4 -17/28 -9/14
A=l 0 -5/7 0o | (16)
1 —1/4 -17/28  9/14
1 -1/2  -2/7  13/14
1 -3/4  1/4 1/2
1 -1 1 -1
B =19 15/499/28 495/98 |, (17)
0 -1/4 ~6/7 ~181/84
0 -1/4 ~9/14 ~19/21
0 -1/4 ~3/7 ~1/84
0 -1/4 ~3/14 11/21
c=1l0 -1/4 0 59/84 |. (18)
0 -1/4 3/14 11/21
0 -1/4 3/7 ~1/84
0 -1/4 9/14 19/21
0 -1/4 6/7 ~181/84

The system parameters K, and T, and those of the
controller K/» and T/ are determined in the following
sequence:

1. The values of the coefficients oy, f3; and y; are found
by formulae

9
0,] :leal] /bj’
i=1
9
Bj=2%a,/bj, (19)
i=1
9

'Yj :Zglalj /b].
i=1
2. Filtered values of the measured X, 7, and

derivatives X, are determined in the same time moments
4

)?l' = z ajaij,
=1

_ 4

Y= X Bja (20)
=l

= 1 4 .

X; =T,§1°‘./Cij»’ =12,...9.

Linear filtration is used with representation of the
average value of the signal f{¢) in some time interval as
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a;F;(t)
<=0

where F() are orthogonal j-th order polynomials; a; are
real coefficients.
3. The system parameters K, and 7, are determined.

_ (Rn-A)
CT MR

_ (No}\‘l _xl}\‘o)
OOV

(e2))

Where

(22)

Time moments (#) can coincide with measurement
moments of the value of (f), ¥(¢) and y(¥), i.e. (,)=iT,
4+ 1=G+1)T, etc.

4. The controller parameters are corrected, i.e. their
optimal values are determine by

K" :L+2{
KO

where ¢, is the shift moment which can coincide with the
last measurement moment, i.e. #,=N¢ (the time reading
starts from the first measurement moment).

mwmnxmw&—Ym?,(B)
et, —1)

5 RESULTS

Fig. 3—4 reveal correction results after preliminary
filtration and identification of the object characteristics.
Identification was performed in the manner described
above.

The results in Fig. 3-4 correspond to the noise
intensity of 6=0.01; 0.05. The change in the command
value corresponds to the unit step (g=1).

© Morkun V. S., Morkun N. V., Hryshchenko S. M, Tron V. V., 2018
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Figure 3 — Correction results of the controller parameters after
preliminary filtration and identification of the object
characteristics. The noise intensity is 6=0.01
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Figure 4 — Correction results of the controller parameters after
preliminary filtration and identification of the object
characteristics. The noise intensity is 6=0.05

6 DISCUSSION

Under the noise intensity of 6=0.01 corresponding to
5% fluctuations of the value X(¢) filtration (under m>2)
and further identification produce good results (fig. 3).
The increased noise intensity finally affects correction
results. In this case, correction also reduces the transient
duration, but the controlled value appears in the new
established mode oscillating with the amplitude the value
of which greatly depends on the noise intensity (fig. 4).

As the observed value of Z(?) is measured within the
time interval (0, N7) in the discrete time moments
0,7,27,...,NT, the filtration quality depends on the
number of observations and the value of the measurement
interval T.

Results in fig. 34 are obtained under N=40 and

T-T,' =0.04.

CONCLUSIONS

Thus, we can draw the following conclusions from the
above:

1) correction of the controller parameters according to
expressions (8)—(13) reduces duration of the transient
process in the closed-loop ACS;

2) for an object approximated by two relaxation
circuits, the controller parameters can be changed
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4) the controller parameters should be corrected even 37 th IEEE International Conference on Electronics and
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AHOTAIIA
AxTyanbHicTh. O0JIIK XapaKTEepUCTHK MIEPEXiTHOTO MpoLEecy IS TOTOYHOI BUPOOHMYOT cuTyaii, To0TO (JaKTUYHO CTaTUYHHX i
JUHAMIYHUX XapaKTepUCTHK 00’€KTy yIpaBiiHHS NpH (GopMyBaHHI KEpYIOUHMX BIUIMBIB B CHCTEMax aBTOMATHYHOI'O PETYIIIOBAHHS
nporieciB noapiOHeHHs-Kacupikaii pya € OJHUM 3 MePCIEeKTHBHUX NIISIXIB MiIBUIIEHHS X e()eKTUBHOCTI.
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B pe3ynbraTi KOJMBaHb XapaKTePUCTUK BHXiJHOT CHPOBHHH 1 CTaHY TEXHOJOTIYHOTO O0IaAHAHHSI, @ TAKOXK MPHU 3MiHAX BEIHYUH
3aBJaHHSA B 3aMKHYTHX CHCTeMax aBTOMaTH4HOro perynoBaHHsS (CAP) BHHUKAarOTH mepexigHi OpOLEcH, 3aBISKU SKUM
TpaHyJIOMETPUYHHUH CKJIJ BUXIIHUX MPOAYKTIB I MOAPIOHEHHS Ta KIACH(IKYBaIbHUX arperaTiB 3MiHIOETHCS B IIUPOKHX MEKaX.
I oGcTaBMHA IPU3BOAUTE 0 HOJATKOBUX BHTPAT KOPHCHOTO KOMIIOHCHTY.

TpuBanicTh MepexiHUX MPOLECIB 3aJIEKUTH BiJl TOr0, HACKLIEKM TOYHO NOTOYHMI CTaH 00’€KTa yHpaBiiHHS (HOro cTaTW4Hi Ta
JUHAMIYHI XapaKTepPUCTUKH) BiANOBijac mnapameTrpaM peryisitopa B 3AP. 3Biicu BuIUIMBaEe HEOOXIIHICTH INEPiOJMYHOTO
1 JUTAIITYBaHHS IIApaMETPIiB PErysaTopa, 10 HaAHKpaIMM YHHOM 311iICHIOEThCS B afanTHBHUX 3AP.

3anponoHOBaHO AITOPUTM IEPELIKOI03aXHIIEHOCTI KOPEeKLiil mapamMeTpiB peryisTopa 3aMKHYTOI CHCTEMH aBTOPEryJIIOBaHHS,
3aCHOBAaHHI HA MONepeHill iTeHTU(IKAIil CTAaTHYHHUX 1 AUHAMIYHUX XapaKTePHCTUK 00’€KTY YHpaBIiHHS 3a MapamMeTpamu, sKuil
moyascs B 3aMkHYTiH CAP mepexigHoro mpomecy. BusHaueHo Mexi H10ro 3acTOCOBHOCTI B yMOBax 30aradyBajibHOI paOpuKy.

00’ext. Po3poOKa MEpemKo103axiUCHOTO aNTOPUTMY aIalTHBHOTO YTPABIiHHA OO0 €KTaMW 31 3MIHHUMH CTaTHYHHMH Ta
JIUHAMIYHUMU XapaKTepUCTHKaMH Ha 0a3i iH(popMamiii mpo BeIMYMHY KOHTPOJFOBAHOTO IIapaMeTpy i MIBHAKOCTI HOro 3MiHH B
TIOYATKOBIH cTaxii mepexigHux mnponecis B 3aMKkHyTiit CAP.

Metoa. BuxonaHo aHaymi3 iCHYIOYMX WiIXOJIB 1 METOJIB ONTHMIi3auii YHpaBIiHHSA IpouecoM 30aradeHHs pyau s
OOIPYHTYBaHHSl aKTYyaJbHOCTI, LJIEH 1 3aBIaHb JOCITIIPKEHb. MeToaMH aHaNiTHYHOTO KOHCTPYIOBAHHS Ta KOMII IOTEPHOTO
MOJICITIOBaHHS BUKOHAHO CHHTE3 Ta aHaJli3 aroputMy ajxanTtauii juis nokansHux CAP npouecis 30araueHHs pyau.

PesyabraTn. Kopekuiss nmapamerpis Ill-perymstopa BigmOBiAHO [0 3alpOIIOHOBAHOTO AaIrOPUTMY 3HAYHO CKOPOYYy€E Hac
nepexigHoro mporecy B 3amkHyTiii CAP. Kopekmiro OOUiNbHO 3IOiMCHIOBAaTH B MOMEHT Yacy, SKHH BH3HAYAETHCS 32 YMOBHU

X(t,) =01 npoBoauThcs HaBiTh B pasi Horo onTUManbHOI HacTPoiKH. CTYIiHb IIOJIIHOMHOTO YSBJICHHs (iIbTpa IOBUHHA OyTH HE

HIDKYE 2, TOOTO m>2, IpH LbOMY (QUIBTPALlisl BUSBISETHCS 33I0BUIBHOIO, SKIIO (UIYKTYallis CHOCTEPE)KYBAaHOTO BUXITHOTO CUTHATY
3a paxyHOK IIyMy He nepeBuinye 25% iHoro abCoOTHOTO 3HAYCHHS.

BucHoBku. OTpumaBuid B po0OTi MOAANBIINKA PO3BUTOK Teopis (HOpPMYyBaHHS 3aJaHUX MapaMeTpiB MEPEeXifHUX IPOLECiB B
3aMKHYTHX CUCTEMaxX aBTOMATHYHOTO YIPaBIiHHA 00’ €KTaMy 31 3MiHHUMH CTaTHYHUMH Ta JMHAMIYHUMU XapaKTePUCTUKaMU Ha 6a3i
iHpOpMaIii mpo BEeIWYWHY KOHTPOJIBOBAHOTO MapaMeTpy 1 MBUAKOCTI HOTO 3MiHM Ha MOYATKOBIM cTalii IMX MPOLECIB, JO3BOJISE
cuHTe3yBaTu agantuBHi CAP, B SKHX 1 py HAasIBHOCTI BIUTHBIB, IO OOYPIOIOTH 1 MEPENIKO B KOHTPOJIFOBAHOMY CHUTHAINI BEJIMYMHA
HEY3TODKEHOCTI B XO/Ii HEPEXiJHOrO MPOIECy JOCITae HyIbOBOTO 3HAYEHHS 32 MiHIMaJIbHUH Jac 0e3 3MiHU CBOTO 3HAKY.

KJIIOYOBI CJIOBA: 3amkHyTa cHcTeMa, PeryII0OBaHHs, KOHTPOJIb, AITOPUTM, epeXiJHa, afanTamnis, Mexi JiHCHOCTI.
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CHUHTE3 IOMEXO3AIIUINEHHOI'O AJI'OPUTMA VIS AJAIITUBHOI'O YIIPABJIEHUS ITPOLNECCOM
OBOT'AIIEHUSA PY 1Bl

MopxyH B. C. — 1-p TexH. HayK, npogeccop, IPOPEeKTOp MO0 HaydHOH paboTe KpHBOpOKCKOro HAIMOHAIEHOTO YHHBEPCHUTETA,
Kpusoii Por, Ykpauna.

Mopxyn H. B. — n-p TexH. Hayk, OOLEHT, 3aBexylomas kKadeapoil aBTOMaTH3allM, KOMIBIOTEPHBIX HAyK W TEXHOJOTHWIi
Kpusoporxckoro HanmoHansHoro ynusepcurera, Kpusoit Por, Ykpanna.

I'pumenko C. H. — xanxa. mex. Hayk, 3aBeAyrolias acHMPAaHTYpoOil W IOKTOpaHTypod KpHBOPOXKCKOTO HalHMOHAIBHOTO
yauBepcutera, Kpusoii Por, Ykpauna.
Tpous B. B. — xanag. TexH. HayK, IOLEHT, IOLCHT Kadeapsl aBTOMAaTH3alWM, KOMITBIOTCPHBIX HAayK W TEXHOJOTHH

Kpuoposxckoro HannonansHOro yHuepcurera, Kpusoit Por, Ykpanuna.

AHHOTALUA

AKTYaJIbHOCTh. YYeT XapaKTepHUCTUK MEPEeXOIHOTo Ipolecca JIs TeKyled MPOU3BOICTBEHHOH CHTyauuH, T.e. (pakTH4ecKu
CTaTHYECKUX M JTMHAMUYECKHX XapaKTEPUCTUK 00BEKTa yHpaBieHHs NpH (GOPMHPOBAHUM YHPABISIOINX BO3ACHCTBHH B CHCTEMax
aBTOMaTHYECKOTO DEryJIMPOBAaHHs IPOLECCOB HM3MENbUCHUS-KIaCCH(UKAIMU Py SBISETCS OJHUM M3 TEPCHEKTUBHBIX IyTeit
MOBBIICHUS UX Y()(HEKTUBHOCTH.

B pesynbrate koneGaHMH XapaKTEPHCTHK HCXOIHOTO CHIPhS M COCTOSIHHSI TE€XHOJIOTMYECKOro OOOpYAOBaHMS, a TakXkKe IpH
W3MEHEHUSIX BEIUYMHBI 3aJaHUsl B 3aMKHYTBIX CHCTeMax aBTomarmdeckoro perymuposanusi (CAP) BO3HMKAiOT mepexoiHbIe
MPOLECCH, B XOJA€ KOTOPHIX I'PAHYJIOMETPUYECKHH COCTAaB BBIXOAHBIX MPOAYKTOB H3MENBYUTENBHBIX U KIACCH(HIIMPYIOIINX
arperaToB U3MEHSETCS B IIMPOKHUX Hpejesiax. ITo 00CTOATEIbCTBO IPUBOAUT K JTOIOIHUTEILHEIM ITOTEPSIM HOJIC3HOTO KOMITOHEHTA.

JUTHTETbHOCTD TIEPEXOAHBIX MPOIECCOB 3aBHCHT OT TOrO, HACKOJIBKO TOYHO TEKYIIee COCTOSHHE OOBEKTa yIpaBIeHHs (ero
CTaTUYCCKUE U JMHAMHYCCKUAC XapaKTEPUCTHKH) COOTBETCTBYET HacTpoiikam peryisitopa B CAP. U3 atoro cnenyer He0OX0UMOCTh
MIEPHOIMYECKON MOCTPOUKH ITapaMeTPOB PEryJisITopa, YTO HAMIy4IIuM 00pa3oM ocylnecTBisieTcs B ananTuBHbIX CAP.

IIpennoxen anropuTM NOMEXO3aUIUILEHHON KOPPEKLMH MapaMeTpPOB PEryJsaTOpa 3aMKHYTOH CHUCTEMbI aBTOPETYJIMPOBAHUSA,
OCHOBaHHBIH Ha IpPEJBAPUTENILHON HMACHTH)HKALNM CTATHYECKUX M JUHAMMYECKHX XapaKTEPUCTHK OOBEKTa YIPABICHHUSA IO
nmapaMeTpaMm HadaBmerocsi B 3aMkHyToii CAP mepexomHoro mponecca. OnpeneneHsl TPaHHUIBI €T0 MPUMEHHMOCTH B YCIOBHSIX
oboratuTenbpHON (habpHKH.

O0bekT. Pa3paboTka MOMEX03aNUIIEHHOT0 allTOPUTMA aJallTHBHOTO YIIPABIECHUS! O0BEKTaMHU C NIEPEMEHHBIMH CTAaTHIECKHMH H
JUHAMUYECKUMH XapaKTepUCTHKaMU Ha 6aze MH(OpPManuy O BeIWINHE KOHTPOIMPYEMOTo IapaMeTpa U CKOPOCTH €ro H3MEHEHHUS B
HayaJIbHOM CTaJuy NEePexOIHbIX IPoLeccoB B 3aMKHYTOH CAP.

Mertopn. BrinonHeH aHaiM3 CyIECTBYIOIIMX [TOJX0A0B U METOIOB ONTHMHM3ALMH YIIPABJICHHS IIPOLIECCOM O0OTaICHHS Py IbI JUIs
000CHOBaHHS aKTyallbHOCTH, IeJell M 3a1au HcClefoBaHMN. MeToJaMH aHAIUTUYECKOTO KOHCTPYHPOBAHUS M KOMIIBIOTEPHOTO
MOJIENIMPOBAHHUS BHINOJIHEHBI CHHTE3 U aHAIN3 adropuT™Ma afanTtanuu st nokaiabHeix CAP nporeccos oGoraieHust pyasl.
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Pesyabrarbl. Koppekuust napamerpo IIM-perynstopa B COOTBETCTBHM C IPEIUIOKEHHBIM aJITOPUTMOM

3HAYUTCIIBHO

COKpall[aeT BpeMsl InepexofHoro mporecca B 3aMkHyTod CAP. Koppekuuro menecoo0pa3sHO OCYLIECTBISATH B MOMEHT BPEMEHH,

onpenensiemblit n3 ycnosus X (f,)=0, u npoBomuTh Jaxe B Cllydae €ro ONTHUMAJbHOH HacTpoiiku. CTeneHb NOIMHOMHOIO

IIpe/ICTaBIeHUs] (GUIIbTpa JOJDKHA OBITH HE HIDKE 2, T.e. m>2, NpU 3TOM (QUIBTpaLysi OKa3bIBACTCSl yIOBJIECTBOPHTEILHOM, €CIIU
¢urykTyanus HabN0AaeMOT0 BEIXOAHOTO CUTHANA 3a CUET IIyMa He MpeBbImaeT 25 % ero abCoN0THOrO 3HAUSHUSI.

BoiBoasl. [TonyuuBiuas B paboTe fajbHelilee pa3BUuTHe TeopHs GOPMHUPOBAHUS 3aIaHHBIX IaPaMETPOB IEPEXOIHBIX IPOLECCOB
B 3aMKHYTBIX CHCTEMax aBTOMATHYECKOIO YIPABICHUS OOBEKTaMH C HW3MCHSIOLIMMHUCA CTaTHYECKUMH M JHHAMHYECKHMHM
XapaKTepUCTUKaMK Ha 6a3e MHGOpPMAaLUM O BEIUYMHE KOHTPOJIUPYEMOIO MapameTpa M CKOPOCTH €ro M3MCHECHHs B HadaJbHOM
CTaJN¥ 3TUX IIPOLECCOB, MO3BOJSIET CHHTE3NPOBaTh aganTuBHble CAP, B KOTOPBIX ¥ IpH HAIWYNH BO3MYIIAIONINX BO3ACHCTBUH H
IIOMeX B KOHTPOJIMPYEMOM CHTHAJIC BEJIMYMHA PACCOTIIACOBAHUS B XOJI€ IIEPEXOJHOTO IPOIecca JOCTHraeT HyJICBOTO 3HAaYeHHS 3a

MUHHUMAJIbHOC BPEMA 0e3 U3MEHEHHsI CBOETO 3HaKa.

K/IIOYEBBIE CJIOBA: 3aMmkHyTasi cucreMa, peryjiupoBaHMe, YNpaBICHUE, allOPUTM, HNEPEXOJHBbIM mpolecc, aganTanus,

npeacibl JOYCTUMOCTH.
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BJIOCKOHAJIEHHA AJITOPUTMIB CAMOHAJIAFOI[)KYBAJII)HOE“QI/I-
CTEMMU KEPYBAHHA IS BABE3IIEYEHHSA E@EKTUBHOCTI 11
ITYCKOBHUX PEXXKUMIB

Xo00in B. A. — 1-p TexH. HayK, mpodecop, 3aBimyBad Kadeapu aBTOMATH3AaMii TEXHOIOTIYHUX IPOIECiB i podoToTe-
xHiYHUX cucTeM OJechKoi HalliOHATBHOI aKaieMil XapuoBHX TeXHOIOTiH, Oneca, YkpaiHa.

JleBinchkmii B. M. — kaHJ. TexH. HayK, JOLCHT Kadeapu aBTOMaTH3allil TEXHOJIOTIYHHUX TPOLECIB 1 pOOOTOTEXHIY-
Hux cucteM OnechKoi HAI[IOHALHOT aKajeMii XapuoBUX TexHosorii, Onmeca, YkpaiHa.

JleBinchkmii M. B. — xaHJ. TexH. HayK, CTaplIMi BUKJIa[a4d KadeIpy aBTOMaTH3aLlil TEXHOJIOTTYHHUX MPOIIECIB 1 po-
6oToTexHIYHMX cucTeM OJiechKoi HaliOHAIBHOI aKaaeMii Xap4oBHUX TexHoiorid, Oxeca, YkpaiHa.

AHOTANIA

AxTyanbHicTh. Llinuii psa 00’€KTiB TEXHOIOTIYHOTO TUITY BiJ3HAYAIOTHCS CYTTEBO HENIHIMHOI CTAaTUYHOIO XapaKTEPUCTHKOIO,
KOJIM Koe(ilieHT mepeaadi mo KaHaly peryIIoBaHHs 3MIiHIOETBCS B IECATh 1 Ounbiie pa3. [Ipy koMY THIIOBI CHCTEMU PETYJIIOBAHHS 3
HE3MIHHUMH MapaMeTpaMu PEryysTopa BTPa4aloTh CTIHKICTP i MEPEXOIATh Y MO3UIIHHUA peKUM poOOTH. 30€pert KOMIPOMIC MixK
MOKA3HUKAMH SIKOCTI 1 CTIMKICTIO TPOIECIB y CHCTEMi 3 TakMMH 00’ €kTaMu 103BOJIsiIoTh CAP 13 caMOHanmaromKxeHHsIM IapamMeTpis
perynsatopa. Ix anroputmu nouHHi 3a6e3medyBanu epekTHBHE (YHKIIOHYBAHHS CUCTEMH He JIHIIE B CTAIMX, ajle i B MEPEeXiIHUX Mo
KaHaIly 3aBJaHHS PEKHUMaX, KOJIH 00 €KT MIEPEBOJUTHCS 13 MOYATKOBOTO CTaHY, YaCTillle 3 «XOJOCTOTO XO/y», B CTaH HOMiHAIBLHOT'O
HaBaHTAXCHHs. PeryiiboBaHa 3MiHHA B IyCKOBHX PEXHUMaX HE MOBHHHA MOPYIIYBATH PETVIAMCHTHI 3HAYCHHS TEXHOJOTIYHOIO PO-
ecy, 60 11e MoXKe IPU3BECTHU JI0 BHHHUKHEHHS aBapiifHUX CUTYaIlii.

Merta. Baockonanutu anroputmu CAP i3 camoHanaro/pKeHHsIM [Uisi MyCKOBUX PEKHUMIB 00’ €KTY, 3a0€3MEUMBILH 32 4ac MYCKY
3aBepILIeHHS MTPOLIEyPH CaMOHAIATO/PKEHHS 1 3HIKEHHS IMOBIPHOCTI BAHUKHEHHS aBapiifHUX cUTyariil.

MeTtona. 3a paxyHOK aHaJi3y CIPHUATIMBUX 1 HECIPUATIMBUX (PAKTOPIB I CAMOHAIATOKEHHS EBPUCTHYHUM METOIOM 3aIlpo-
MMOHOBAaHE KOPEKTYBAaHHS AJITOPUTMIB, OTPUMAHHX LIS CTAJIOTO PEXKHUMY, Ha Mepiox mycKy 00’ ekra. [lepeBipka e)eKTUBHOCTI KOpEK-
TYBAHHS aITOPUTMIB IIPOBOJUTECS IIUIIXOM IMITaIlifHOT0 MOJIETIOBAHHS CUCTEMH B cepenoBuii Simulink makera nporpam Matlab.

PesyabraT. CriutaHOBaHI i IPOBEICHI KOMIT FOTEPHI EKCIIEPUMEHTH 3 MOJISIISIME AJIbTEPHATUBHHUX CTPYKTYP CaMOHAIIAro/KyBa-
npHOT cuctemu. OTprMaHi Tpadiky i YUCIOBI OKa3HUKH, SIKI XapaKTepHU3yIOTh e(eKTHBHICTh 1l pOOOTH B ITyCKOBUX PEKHMaX.

BucnoBkn. /[y 3aBepuieHHs MPOLEAYypPH CaMOHAJIArOKEHHS MPOTArOM Iepiofy MyCKy Ta Uil 3armo0iraHHs HEIPHITYCTHMHX
JUHAMIYHUX IOMUJIOK PEryJIFOBaHHs HEOOXiIHO: a) 301IbIINTH KoedillieHT mepeaadi peryisTopa i 3MeHIINTH iHepLiHHICTh QinbTpiB
B KOHTYpi CaMOHaJaro/XKeHHs1 Ha Mepioj MycKy; 0) BCTAHOBUTHU MOYATKOBI 3Ha4eHHs koedilieHTa mepenaydi Moaesi 00’ ekTa pery-
JIIOBaHHS Ha PiBHI MaKCUMaJIbHO MOKIIMBUX 3HAUCHb HOTo KoedimieHTa nepenadi.

KJIFOYOBI CJIOBA: CAP i3 camoHanaromkeHHsaM, KoeillieHT mepeaadi, CKIaJoBa BIACHOTO PyXy, ITYCKOBUH PEKUM.

ABPEBIATYPH
OP — 00’€KT perysroBaHHs;
IIKC — napameTpu KOHTYypy CaMOHAIAro»KEeHHS;

k, — xoediuieHT nepenadi perynsropa CAP;
k,» — xoediLlieHT nepesiayi peryasTopa KOHTYpy caMmo-
HAJIATOJKCHHS k,(£);

CAP — cucrema aBTOMAaTHYHOT'O PETYJIFOBAHHS
CAPC — CAP camoHanaromxyBaibHa;
®HY — ¢inkTp HU3BKOI YACTOTH.

HOMEHKJIATYPA
A” — koHCTaHTa 3amnacy critikocti CAP;
d’(t) — koedirienT MacuITabyBaHHs B PEXKHMI MyCKY;
e(t) — nomunka perymoBanns CAP;
e/(t) — TOMWJIKa PEryJloBaHHS KOHTYpYy CaMoOHaja-

TOKEHHS K, (£);

e)(f) — MoOMMJIKa PEryJIlOBaHHS KOHTYpy MacmiTaly-

BaHHA k,,(1);

fi(f) — KoOpaMHATHI HEKOHTPOJIHOBaHI 30ypEHHS;

J»(f) — mapamMeTpuyYHi HEKOHTPOJILOBAHI 30ypEHHS;
() — LIMPOKOCMYTOBI IIyMU;

1,, I; — moka3zuuku TogHOCTi podoTt CAPC;

ko(t) — xoedimient mepemayi OP;

kn(f) — xoeimient nepenadi moxem OP;

k,,(f) — 3HaYeHHs KoedilieHTa nepenayi moaeni OP Ha

L — moriunnit onepatop;

s — omepaTop JUQEpEeHIIIFOBaHHS;

tinod — 9aC MOJEITIOBAHHS,

t, —4ac nycky OP;

T, — nocriiina yacy nudepeHuiaropa;

T,. — NOCTil{HA Yacy ycepeIHIoUoro QibTpa;
T,,y— moCTiifHa Yacy MOTOKyBaJIbHOTO (BibTpa;
T, — mOCTiiiHA Yacy 3aJaTymKa,

u(f) — xepyrounii Bruu peryisaropa CAP;

ug (t) — cknanoBa u(t), BUKIMKaHA fi(1);

Uz (t) — cknamoBa u(t), BuKkaMKaHa )~ (f);

u;(f) — Kepyrounii BIUTMB OJIOKa repeBipku cHH(a3HO-

CTi 3MiHHHX

Us4(f) — KEpyIOUHid BIUTUB PETYIATOPA Gy}
(s) — mepenmaTHU onepaTop TUQepeHIriaTopa;
W°(s) — nepenaruwuii onepatop OP;
W'(s) — nepenatHuii onepatop peryisitopa CAP;
W(s) — mepemaruuit oneparop ®HY 1st 3MeHIICHHS

BUXO/Ii MOTO/KYBAILHOTO (iIbTpa; BILTHBY f,(£);

W"(s) — nepenatHuii oneparop mMozeni OP;
W"(s) — nepenaTHumii orepaTop cMyroBux (inbTpiB;

k7, — MOYATKOBE 3a/[aHE 3HAYEHHA KoedillieHTa nepe-

nmaui mozeni OP;
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W*(s,t) — iepeaaTHHI OTepaTop YCepPeaHIOIUNX (i-
JIBTPIB,

W™(s,f) — mepenaTHHI OMEPaTOp IOrOKYBATHHOTO
¢inbTpa;

WP (s,t) — epenaTHHi oniepaTop peryisaropa k,;

W*(s) — mepeaTHUIT OEPaTOp PEryIATOpa o))

W*(s) — mepeaTHUIA OTIepaTop 3aJaTUHKA;

Vo(f) — perynboBana 3minHa OP;

¥(f) — perympoBana 3minHa OP Ha Buxomi ®HY,;

V* — 3a/1aHe 3HAYCHHS PETYJIHOBAHOI 3MiHHOT;

V*(f) — 3a1aHa 3MiHHA Ha BUXO/Ii 33]1aTUHNKA;

y*(f) —3minHa Ha BEXOmi AudepeHtiaTopa;

Vreg — PETIIAMEHTHE 3HAUEHHS PETyJIbOBAHOI 3MiHHOI;

Vu(t) — 3MiHHa Ha Buxoai Mozeni OP;

Vu(©), Vg (t)— 3MiHHI HA BHXOHAX CMYTOBUX (inbT-
pis;

; k (t )s
rnam’SITTIO;

65, (ttoe) G5 (I,tye) — OLIHKH Cepe/IHbOKBaPATH-

Ymi(®) — 3MiHHI Ha BHXOJax KIIOYIB 3

YHHMX BIIXWJIEHb 3MIHHHX HAa BUXOJAX OOYHCIIIOBAYIB OIli-
HOK;

0(t), o,(t) — MamTaboBaHI 3HAUEHHS OL[IHOK;

0" — 3ajaHe 3HAYEHHs CEePEeJIHLOKBAAPATUYHOIO Bi-
XUJICHHS.

BCTYII

OO0’eKTH TEXHOJIOTIYHOTO THUITy AOCHTH 4acTO Xapak-
TEPU3YIOTBCSI CYTTEBO HENIHIHOI CTATUYHOIO XapaKTe-
puctukoro. KoeoimieHT nepenadi mo KaHaixy peryiroBaH-
Hi y HAX MOJXE 3MIiHIOBaTHCS OUIBIIE, HIX B JCCATH pa3
[1, 2, 3]. [Ipu BOMY THIIOBI CHCTEMH PETyJIOBaHHS 3
HE3MIHHMMH TapaMeTpaMH peryJjsitopa BTPadaroTh CTii-
KICTb 1 IEPEXOATh Y MO3UIIHHUI pekuM podoTu. 30epe-
I'TH KOMITPOMIC MDK MOKa3HHUKaMH SIKOCTI 1 CTIiHKICTIO
NPOLIECIB y CHUCTEMI 3 TaKMMH 00 ’€KTaMH JO3BOJISIOTH
CAP i3 camMoHanaroKeHHSIM MMapaMeTpiB peryisropa [4,
5]. Ix anropurmm mnoBuHHI 3a6e3nedyyBanu eeKTUBHE
(YHKIIIOHYBaHHS CHCTEMH HE JIMIIE B CTAIMX, aje 1 B
MEPeXiTHUX MO KaHAINY 3aBHAHHS PEXHMaxX, KOIH 00’ €KT
MEPEBOUTHCS 13 MMOYATKOBOTO CTaHY, YaCTIIIe 3 «XOJIOC-
TOTO XOJy», B CTAaH HOMIHAJIFHOTO HaBaHTaXXEHHs. Pery-
apoBaHa 3MiHHa OP B IyCKOBHX peXnMmax He IOBHHHA
HOpPYLIyBaTH pPErJaMEeHTHI 3HA4YeHHS TEeXHOJOTIYHOTOo
npoiiecy, 00 116 MOXe NMPHU3BECTH JJ0 BUHUKHEHHS aBapiii-
HUX curyamid. CKIamHICTh BHUpINICHHS i€l 3amavi 00y-
MOBJICHA alpiOpPHOI0 HEBU3HAYCHICTIO MOYATKOBOTO 3Ha-
YeHHs KoedilieHTa mepeaadi 00’ekTa Ha MOMEHT 3aMU-
KaHHs 3BOpOTHOrO 3B 513Ky B CAPC.

OO0’exT AOCHIPKEHHS B JAHIM CTAaTTi — caMOHANaro-
JUKyBaJlbHa CHCTEMa aBTOMATHYHOTO  PEryJIIOBaHHS
00’€KTOM TEXHOJIOTIYHOTO THILY.

[IpenMer moOCHiIKEHHS — aITOPUTMH CaMOHAaJaro-
JUKeHHS KoedimienTa nepenadi perymsaropa CAP mis cra-
JHUX PEeXHUMIB 1 1X Momudikamis Ui MyCKOBUX PEKUMIB
00’eKTa.

Mera nocnimkenb — BaockoHautu anropurmu CAPC
JUTSI ITCKOBUX PEXKUMIB 00’ €KTY, 3a0€3IEeUHBIIH 32 Yac ITyc-
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KY 3aBEpIICHHS IPOLEAYPH CAMOHANATOKEHHSI | 3HIKCHHS
WMOBIPHOCTI BUHUKHEHHSI aBapiifHUX CUTYaIlii.

1 IOCTAHOBKA 3AJIAUI
Martematuuna mojnenb CAPC onucyetbest JBOMa B3a-
€MO3AJIC)KHIMHU CHCTEMaMM JH(epeHIianbHIX pPIBHSIHD,
TIPE/ICTaBIICHNX B OIIEpaTopHii ¢opmi 3ammcy, 1 anredpa-
Tyanmu piBHsHEAME: (1) — s CAP 1 (2) — mis Onoky
caMOHaJIaropKeHHS [S]:

Vo) =W (8)-(u(®)+ f1.())-k, () + £,,(0)

¥ =W (5)-y,(t), ¥(t=0) (1)
u@) =" ()-[y7 =30} b, (0, u(e=0)

IO =W"(s)-u(z)

Ty =" (5)- 3(0)

Fna O =W (5)-3,,(0)

up (1) = LT, (1), T ()

- T up () =1

7 @)= {ia(t =) uy (1) =0

Fna (01 (1) =1

Fnat =1;),u, (£) =0

65, (t,100) =W () FE (0) @)
65, (t150) =AW () Ty (1)

01(t) = 65, (t,15.) - gq (1)

03 (1) =65, (L.1o) s (1) - iy (1)

k@) =W (5)-(01(1) =02 (1)), ey (1 =0)

g (0 =) (07 ~01(0), w1 =0)

k(1) = 47 1y (1),

;mk(t) :{

ne y(t=0), u(t=0), k,(t=0), u;(t=0) — moYaTKOBI 3HAUCHHS
BiJITIOBITHUX 3MIHHAX B MOMEHT IyCKY CHCTEeMH mpH =0.
TounicTe anbrepHaTHBHUX cTpyKTyp CAPC BH3Haua-
€ThCS 32 TIOKA3HUKAMHU:
t

mod

tmod g ¢ O, Iy :% T(ko(t)—km(t))zdt (3)

I =

mod 0

Ilpn myckoBi 06’exTa 3a 4ac £, KepoBaHa 3MiHHa )({)
He [IOBHHHA BUITH 32 PETJIaMEHTHI TOIYCKH Ve, TOOTO:

y(t)syreg opu ¢ (O, tp)' (4)

2 OIJIsL A JJITEPATYPH

VY crarmax [4, 5] posrmsananacs podora CAPC mpu
BIUIMBI Ha 00’ekT perymoBaHHs (OP) TexHONOTi4HOTO
TUTY KOOPIUHATHUX 30ypeHs fi(f) i mrymiB f,(¢) BUMaaKo-
BOTO XapaKTepy, a TaKoX MapaMeTpU4HHX 30ypeHb f,(1),
SIKI TPOSIBIBIINCA B 3MiHAX HOro KoedimieHTa mepemadi
ko(f). Tlpu 11boMy mependavanocs, Mo peryiboBaHa 3MiH-
Ha y(f) y’Ke BUHIILIA B OKOIHIIO 33aHOTO 3HAYCHHS ) =
const 1 mepexifHi CknamoBi B y(f), BUKJIMKaHI 3MIiHOIO

V(¢), BiACYTHI.
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VY naniit crarti posrisaaerses podora CAPC y 3Bo-
POTHI#t cuTyartii, Koy 3amane 3HaYeHHs )°(f) perynboBa-
HOI 3MiHHOI )(f) 3MiHIOETBCSI. OTHUM 3 HaHOLIBII CKIIAA-
HHX TSI €eKTHBHOTO YIpaBIiHHS € 3MiHa )(f) Bix 3Ha-
YeHHS, 0 BiANOBIZae BUXIAHOMY CTaHy 00’e€kTa (4acTi-
1€ «XOJIOCTOMY XOJIY»), 10 3Ha4eHHsI HOro HOMiHaJIbHO-
ro CTaHy, TOOTO KepyBaHHs IycKoBuMH pexxumamu OP.
Le cranmaptHa (THMNOBA) 3a/1a4a KepyBaHHS [0, 7, 8], an-
FOPUTMH SIKOi peanti3yioTh «Oe3yaapHuii» myck. Moro
0COOJIMBOCTI — Y3TOPKEHHS TIOYaTKOBUX 3HAYCHD 3a/1aHOL
1 peryyipoBaHOi 3MIHHHX, TOOTO 3a0e3leueHHs] PiBHOCTI
V(t=0)=y(¢t=0) i popMyBaHHS 3a JOMOMOTOI0 3a7aTINKa
«IUTaBHOD», HANPUKIIAJ, €KCIIOHEHTHOI TPAeKTOpil 3MiHU
V*(¢), mo BuBomuTs OP Ha HOMIHATBHUI PEXUM POOOTH.

Bumorn 1o CAPC y nmyckoBOoMy peXuMi — 3a 4ac Ie-
PEXiTHOTO TIpoIleCy, TOOTO AyXKe LIBHAKO, 3a0€3MIECUUTH
CaMOHAJIaro/UKEHHs KoeQillieHTa mepenadi TOJIOBHOTO
peryisTopa Ha anpiopi HeBiJoMe 3Ha4deHHS KoegilieHTa
nepesiavi 00’eKTa KepyBaHHS; 3a0e3neunTn Oe3ymapHUii,
IDUIABHUN TIepexil y poOOoTi CHCTeMH Bil ITyCKOBOTO [0
CTaJIOTO PEXUMY; MiHIMi3yBaTH PU3UKHU IOPYIIEHb PETy-
JHOBAaHOIO 3MIHHOIO PETJIAMEHTHUX 3HAYCHb.

[TepenyMoBH au1sl BUPILIEHHS 3a/1a4i HACTYIHI. Y myc-
KoBUX pekumax OP mposBIsOTHCS [Ba THIH crenugid-
HUX (DAKTOPIB: &) «CHPUATIUBUX» — IKI CIIPUSIOTH CKOPO-
YEHHIO Yacy CaMOHAJIAr0JDKEHHS; 0) «HECTIPHATINBUX) —
SIKI TiIBUIIYIOTh PH3UKH BHHUKHEHHS aBapiiiHUX CHUTya-
1iil yepe3 OLIBIII BiAXHUJICHHS PETYJIbOBaHOI 3MIHHOI (f)
Bij TpaekTopii 3MiH y*(f) 3a1aHOTO 3HAYCHHSL.

Jo cipusTimBuX (akToOpiB MOKHA BiTHECTH HACTYIIHI
Tpu. Ilepumii — y myCKOBHX peKUMax BILIMBOM KOOPIMHAT-
HUX 30ypeHb fi(f) Ha perynpoBaHy 3MiHHY }(f) MOXKHA 3HeE-
XTYBaTH, TOMY IIO: @) Y MOMEHT 3aMUKaHHS KOHTYpY pery-
JIFOBaHHS, TOOTO npH =0, aNropuT™MH «Oe3yIaPHOT0» MYCKY
KOMIICHCYIOTh HACHiZIKW BIUMBY fi(#=0) Ha perynboBaHy
3MiHHY W(f); 0) crekTpanbHuUid ckian fi(f) y MOpiBHSAHHI 3i
CIIEKTPAJIbHIM CKJIaJIOM KEPYIO4Ooro BIUIMBY (f) OLTbII HU-
3bKOYACTOTHHII 1 Ha iHTepBali yacy 3miHu )~ (f) 3HaYHI 3Mi-
HH fi(f) HeMoxumBI. JIpyruid — y MyCKOBUX peXHUMax CKIIa-
JI0Ba KEPYIOYOTO BIUBY 1 (f), KA BUK/IKAHA BIUIHBOM

fi(®) ma OP, Habarato MeHIIa 3a aOCONFOTHUM 3HAYCHHSIM
CKJIaZI0BOT Uz (t), BuknmkaHoi 3miHOMO )*(f). s Takux

YMOB MOKHA NPUHWHATH u(?) = Uz (t) . Tperiit — cxanoBa
KEpYIOHOro BILABY u (t) ommowacHo BmBae Ha OP i Ha

Horo Mozenb, ToMy (a3u KONMMBaHB 3MIHHUX J(f) 1 y,(f)
TIPAKTHYIHO 30iraf0ThCS.

Hecnpusitnueuii hakrop oauH. Bin moB’si3anuii 3 arm-
PIOPHOIO HEBHU3HAYCHICTIO (pakTHUHKX BiactuBocTeit OP,
TOYHIIIE — 3HAYCHHAM HOro KoedimieHTa mepeaadi
k,(t=0) Ha MOMEHT 3aMHKaHHS KOHTYPY PeryJrOBaHHS
CAPC. VY rtakux ymoBax (opManbHHHA TiIXin 10 BUOOPY
koedimienta nepenaui mozaeni OP £,(1=0) moxxe npusec-
TH JO TOrO, IO PO3PaxOBaHE MO CYTTEBO 3aHIKCHOMY
3Ha4YeHHIO £k, (t=0) mouaTkoBe 3Ha4YEHHS KoedimieHTa
mepenadi k,(t=0) TOIOBHOTO peryniaropa BUSBUTHCS He-
BHIIPaBIaHO BHCOKHMM. lle, ipm HasBHOCTI iCTOTHOTO 3a-
M3HEHHS B KOHTYpPi PEryIIOBaHHSA, TIPUBEAE 10 Mepexis-
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HUX TPOIIECIB 31 3HAYHUMH JWHAMIYHUMH BIAXUJICHHSIMH
¥(t) Bim y*(t—00)=)7, M0 CIPOBOKYE BUHUKHECHHS aBapiii-
HUX CUTYAIlii.

[poimtocTpyBatn nepepaxoBaHi (akTopu 3py4HO Ha
npukiazi pesyipratiB mojaemoBaus CAPC i3 po3iMkHY-
TAM KOHTYPOM CaMOHAJaro[LKEeHHs, Komu k,(1)=1,2 k,(f)
(nuB. puc. 1).

Amnani3z nporecis B Takiii CAPC mokasye HacTymHe: 3a
yac 3MiHn y*(f) HU3KOYACTOTHI KOOPIMHATHI 30ypeHHs
fi(t) cyrreBo He MiHAIOTECS (crpusaTiamBuid (akrop 1).
Kepyrounii BIuB u(f), Xo4a i CKIaIaeThesl 13 JBOX CKIla-
JIOBHX, QJI¢ OYCBHJIHO, IO BHECKOM U (t) y mopiBHAHHI

u . (¢) y myCKOBOMY PEeXKMMI MOXKHA 3HEXTYBaTH (CIpusi-
y

TmBui dakTop 2). 3MiHu 3MiHHHX J(f) 1 ,(f) mix BruH-
BOM CKIIQ/IOBOI  _ (¢) BiAAOYBAlOThCS MPAKTUYHO CHH(pa-
y

3HO (cnpusATIMBUE (akTop 3). Alle HaBITh MPH BiTHOCHO
HEBEJIMKIHA HEBIAMOBIAHOCTI KoeDillieHTiB mepenadi k,(¢) i
k() mMHAMIYHI BIIXWJIEHHS peryjboBaHOl 3MiHHOI V(f)
BIZIHOCHO V™ () y MyCKOBOMY PEXHMi JOCUThH Benuki (Oi-
abie 10), 1110 MoyKe TPHUBECTH 10 BUHUKHEHHS aBapiifHUX
cutyauiit (HecnpusTauBUi (akTop).
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Pucynok 1 — ®@parmenTs 3Mmin 3MiHHEX CAPC 3 po3iMKHYTHM
KOHTYPOM CaMOHAaJIar0/PKeHHs
B IIyCKOBOMY pexumi rpu k,()=1,2 k,,(f)

3 MATEPIAJIX I METOIHN

Bumoru 1o mponecy camonanaromkenas CAPC y my-
CKOBHUX PEXHMax BHMaraioTh KOPEKTYBaHHS aJIT'OPHTMIB,
ki Oynu po3poOyieH] Ui CTaluX pexXuMiB. AHaII3
00’eKTHBHUX (DAKTOPIB, MPOBCICHHIA BHINE, BHU3HAYMB
HACTYITHI palioOHAbHI NUISIXU KOPEKTYBaHHS:

a) 30UIBLIEHHS INBUAKONII KOHTYpPY CaMOHaia-
TO/DKEHHS JUIsl MOro 3aBEepIlEHHs 3a 4ac ITyCKOBOTO pe-
KHUMY — JOCSITAETHCS 32 PAXyHOK 30UIbIICHHS KoedimieH-
Ta mepenadi peryustopa k,(f) KOHTYpy caMOHaJIaro/KeH-
HS 1 3MEHIIEHHS IHepPIIIHHOCTI ycepeaHIoYnX (UIBTPIB;

0) Oe3ymapHe NEpeMHUKaHHA KOHTYPY CaMOHAaro-
JDKEHHSI 3 IIYCKOBOTO HA CTaJIMid PEXKUM — HOCATAETHCS 32
PaxXyHOK IDIaBHOI 3MiHH KoeQillieHTa mepeadi perysTo-
pa k,, KOHTYpYy caMOHaJIaro/PKeHHs 1 IHepIIIHHOCTI ycepe-
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JHIOIOUHX
dy*(¢)/dt;

B) MiHIMi3allis pPU3UKIB TOPYLUIEHb PETyIbOBAHOIO
3MIHHOIO PETJIAMEHTHUX 3Ha4YE€Hb — JOCSTA€ThCs 32 Paxy-
HOK BCTAQHOBJICHHSI TAKMX ITOYATKOBHMX 3HAYeHb Koedimie-
HTa nepenadi k,(t=0) momeni OP, mpu skux mnepeximHi
npouecu B KoHTYpi perymoBanuss CAPC HaBiTh npu He-
CHPUSTINBUX (AKTUYHUX 3HAYCHHSX f (1) — k™, OyAyTh

GuUIbTpiB,  HANpHKIAA,  MPOMHOPIIIHO

MaTH MiHIMaJbHI 3HAaYE€HHA MAaKCHMaJIbHUX IMHAMIYHUX
BizxwiieHs y(¢) Bim ) .

CrpykrypHa cxema CAPC, ska BimoOpaxae peaniza-
L0 3aMpONOHOBAHUX IUISIXIB KOPEKTYBaHHS, IPEICTaB-
neHa Ha puc. 2. Ha mii cxemi, y mopiBHsHHI 3 1 BapiaH-
TOM B [5], monarkoBi abo BUIO3MIHEHI €IEMEHTH CTPYK-
Typu CAPC BuiNIeHI TOHYBaHHSIM.

MaremaTiuHUH OIMC BUAIICHUX €JIEMEHTIB CTPYKTY-
pu CAPC 1 MakcHMaiibHO TIPOCTOTO BapiaHTa ix peairi-
3aLii NpeJcTaBICHUH HIKYE.

3amaTIuK BU3HAYAE TPAEKTOPIIO0 BUXOAY PEryIbOBaHOI
3MiHHOI )(f) Ha 3a/laHe 3HAYCHHS J* [0 HACTYITHOMY piB-
HSHHIO PyXYy, IPEACTaBICHOMY B OTIEPATOPHi Qopmi:

fi(t)

o (ko (D)

yEO =W (s)-y*, yP(t=0)=y(t=0). (5)

OnauM 3 HAWOLIBII TPOCTHUX BapiaHTIB 3aJaTdymKa €
foro peaimizamisi y BUTJISAI 1HEPIHOI JaHKH IEPIIOTO
nopsinky, ko W (s)=1/T.s+1). BcTaHOBIEHHs TOYaT-
koBuX yMoB V*(#=0)=y(t=0) 3abesmeuye OGe3yqapHiCTh
3aMUKaHHS KOHTYPY PEryJIIOBaHHSI.

ParionanbpHa cTpykTypa oOumciioBada KoedimieHTta
MaciTabyBauHs d°(f), sika 06IPyHTOBaHA B X0/ KOMIT FO-
TEpHUX EKCIICPUMEHTIB, MA€ BUTJISIT:

1+y%(0), npu 1+y% () <d* ™™
z —
d (I)_ zmax zd zmax (6)
d , mpu 1+y~(H)=d

YO =w(s)-y* )= (Tys /(02 Tys +1)- @) (7)

max . .

Koncranta d“™ oomexye sminu k, (1), T,o(?), T,(1) i

TOMY BIUIMBA€ HAa CTIHKICTP KOHTYPY CaMOHAaJaroi-
JKCHHS.

f. (0

P e o e e e e e +t———t—_———_———_—— e —_—— e ——— — -
st bl st oot | |
:l CAP | CAPC
! I | e 1) PerynsTop y(t) OP o] o : |
¥ | = y »e(t) - u(t) = Yo 1 I y(t) |
—r‘—’lw (S)I M QX woes) 0 w'(s . -
I : ‘ & ' )| | |
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i e s S e S i S |
! —— it g
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Pucynok 2 — CrpykrypHa cxema CAPC
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. . *
B [5] 6ynn Bu3Ha4YeHi onTHManbHI mapameTpu k o

7.7, r:f Ius cTaoro pexxumy ¢yHkuionysanns CAPC. B

PEeXUMI MycKy iX MaciuTaOyBaHHS BEAEThCS IO CITIBBil-
HOIICHHSIX:

kp () =k, -d*(t)» T, () =T, /d"(t)>
T, 0)=T, /d*(t)- (®)
Hapani naHe KOpeKTyBaHHS alrOpUTMIB CaMOHAlaro-
mokeHHss CAPC OyzaeMo CKOpPOYEHO Ha3WBaTH MacHITady-
BannsiM [TKC.

Besynapuuii mepexiz MiX ITyCKOBHM 1 CTaJIIM PEXH-
MOM po0oTH KOHTYpY camoHanaromkeHHss CAPC 3a0e3-
MEYYETHCS XapaKTepoM 3MiHM 3MiHHOI dF(t) y ¢iHanbHiH
CTalii IMyCKOBOTO PeXuUMy. BoHa 3MEHIIYeTHCS MPSIMO-
TIPOTOPIIHO IMBUAKOCTI 3MiHK )™ (f), IparHydu 10 OIH-
Huni. IIpyu 1mpoMy MOTOYHI 3HAYEHHS HapameTpiB Ky({),
Toe(t), T,[f) BinnoBinHO 10 (8) 3MiHIOIOTHCS, IPATHYYH 10

. *
CBO1X ONTHUMAJIBHUX IS CTAJIOTO PEXHUMY 3HAYCHb kpr

* *
T;e ’ T;nf :

BaxmBuM pecypcoM MiHiIMI3allil pU3UKiB HOPYIIEHb
KEpOBAHOIO 3MIHHOIO PETJIAMEHTHHX OOMEXEHb Y ITyCKO-
BOMY peXHMi € BUOIp TOYAaTKOBUX 3HAUYCHBb KoedilieHTa

. . L PN .
mepenadi moxem OP k,(t=0)=k 1 kmf (t=0)=k. ,sxi

i3 yacoMm OyIyTh MepepaxoByBaTUCS peryistopom W (s,t)
i srnamkyBatucs GinbTpoM Hu3bKOI wactoTH W"(s,f).
BcraHoBneHHSI IIMX TMOYAaTKOBUX 3HA4eHb 3iHCHIOETHCS
3a paxyHOK BCTAHOBIICHHS BIAMOBIMHUX (OJHAKOBHX)
MIOYaTKOBHX YMOB iHTErpaTopiB peryisropa i ¢inerpa. ¥
cuTyarii, Koiu (aKTHIHEe 3HaYCHHS Koe(illieHTa rmepeaa-
4i k,(t=0) OP HeBimome, MOUITHHO MPUUHATH B SKOCTI

k,,(t=0) i kmf. (t =0) 3Ha4eHHs k. = k™. Ile 3HM3HUTH

mepBicHe 3HaueHHs k,(t=0) xoedimieHTa mepenavi roio-
BHOTO PETYJIATOPA, SIKe OOYUCITIOETHCS B O0UHCIIOBaYi A,

. h . i
N0 BANEKHOCTI f (f) = A7/, (¢) VY pesyrnbTaTi BIUIUB HE

CTIPHUSTIMBOTO (hakTopa Oyae MiHIMI30BaHHH.

Cucremu piBHsHb (1-2) 3 nomnoBHeHHsMU (5—8) aHa-
JITUYHO BUpilIeHi OyTH He MOXYTb. KOHCTpYKTHBHA ajib-
TEpPHATHBA TAKOMY PIIICHHIO — iMiTaIliifHe MOICIIOBAHHSI
CAPC B cepenoumi Simulink/Matlab [9, 10].

4 EKCIEPUMEHTH

MeTor0 KOMIT' FOTePHHUX EKCIIEPHUMEHTIB OYJI0 MPOLITFO-
CTPYBATH MOXKJIMBOCTI BIUTMBY HA IIOKa3HUKH SKOCTI MPO-
HeciB perysroBaHHs 1 camonanaromxeHus B CAPC ne-
SKUX OCHOBHHX IlapaMeTpiB HaJaro/[pkeHHs. 3ajada Ia-
pametpruHoi ontuMizanii CAPC y myckoBux pexumax
HE CTaBUJIACH I10 AEKIJIBKOM 00CTaBUHAM:

a) MpH KEpyBaHHI 00’€KTaMU TEXHOJIOTIYHOTO THILY
MepexiiHi MpOIeCH B PEXUMI IYCKY CTaHOBISITH Maily
YacTKy 4Yacy B INOPIBHSHHI i3 CTAJIMMM IpoOLEcaMH, IO,
30KpeMa, pOOHUTh HEaKTyaJIbHOIO MiHIMi3alilo Jacy mepe-
X1THOTO TIpoIIecy;

0) y IYCKOBHX pEXHMax TpPH 3MiHI pPEryibOBaHOI
3MiHHOI Y(f) y caMOMy IIHPOKOMY [iama3oHi HEOOXiITHO

© Xo6iu B. A., JIeBincekuii B. M., JleBincekuii M. B., 2018
DOI 10.15588/1607-3274-2018-3-21

BpaxoByBaTH HeliHilHICTh BiactuBocteir OP, a y ¢op-
MAaJIbHI TIOCTAHOBII 3POOUTH 1€ MPAKTHYHO HEMOXKIIHBO.

Oco0IMBOCTI EKCIIEPUMEHTIB!

a) IXHBOIO OCHOBOIO CTaJIM Ti 5K MOJIEN, Ha SIKHX TPO-
Bonuiucs pociimkenns poboru CAPC y cramomy pexu-
Mi [5]. I[Ipu mbOMy OJAaTKOBO BBEACHI MOJEMTI 33aTINKa
i obumnciroBava koediuieHTa MacmTabyBaHHs d°, CKOPEK-
TOBaHI MOJeNl perynsrtopa k,, YCepeTHIOIOUHX Ta IOTo-
JOKYBAIBHOTO (DiTBTPIB;

0) iHTepBaJI MOJEIIOBaHHS OOpaHUHA PIBHHUM 7,,,,~50 .
3a wneit yac i Beix po3rsiHyTHx BapiantiB CAPC nepe-
XITHUH TPOLIEC MTYCKOBOTO PEXHMMY MPAKTUYHO 3aKiHYY-
BaBCS;

B) mnokasHuku edexruBHocTi CAPC (3) ananoriuni
[5], ane Mexi iHTErpyBaHHS BKIIOYAIOTh TUTBKU IHTEPBAI
IIYCKOBOTO PEXHUMY.

I') 3HaYCHHS IOCTIHHMX Yacy 3ajardynka 7, 1o 4depsi,
BcTaHOBIIOBanucs pisaumu: 7,=2 ¢, ,=5 ¢, T,=10 c;

II) MOJENb O0YHCITIOBaYa KoeilieHTa MacITa0yBaH-
ust d () Bigmosimae Bupaszam (6), (7), 3HAYECHHS MapameT-
piB SIKHX Ha OCHOBI MOTIEPEIHIX EKCIICPUMEHTIB MIPHHHSATI
HaCTymHuUMU: d *™ =20, T;=5c.

5 PE3YJIbTATHU

MoenmoBaHHS. MICTIIIO B COO1 JIEKiJIbKa TPYI SKCIIe-
PUMEHTIB, pe3yJbTaTh ABOX 3 HUX IPEICTABICHI HA PHUC.
3, 4. Ha puc. 3 — pesymeratu MonemoBanHsi CAPC 3a
cTpykrypoto [5] 6e3 macmtadyBanns [IKC s nBox pi3-
HUX (DaKTHYHUX 3HAYCHb KoedillieHTa nmepenadi k,(f)=>5 i
ko(£)=0,45 00’exta 3 HAWOIIBII IMOBIPDHUM IMOYaTKOBHM
3HaUeHHsM KoedilieHTta nepenadi k,(t=0)=1 moxueni OP.
Ha puc. 4 — pesynsratn MmogemtoBanHst CAPC i3 maciura-
OyBannsm [IKC mpu BCTaHOBJIEHHI TMOYaTKOBUX YMOB
k,(t=0) Ha piBeHD k,(t=0)=k. =kI™.

AHaii3 pe3ynbpTaTiB eKCIIEPUMEHTIB!

a) 3 puc. 3 nus CAPC 6e3 macmradysannst [TKC Bu-
TUTHBAE, IO Y BCIX BHUIMAAKAX CaMOHANATOKCHHS k(1) IO
3HA4YCHHS k,(f) BiIOyBa€eThCs paHile, HIK 3aKiHIYIOTHCS
nepeximHi mpomecH y(f) mMycKoBOro pexkxuMmy. SIKmo ¢ax-
THYHE 3Ha4eHHS KoedimieHTa nepemadi k,(1)=5 OP mepe-
BUIIyE€ IIOYAaTKOBE 3HAa4YeHHs KoedillieHTa mepenadi
k,(t=0)=1 ioro Mojeni, TO NMpW 3HAYCHHIX MOCTIHHOT
yacy 3azmatuuka 7,=2 ¢, T,=5 c¢ perynboBaHa 3MiHHa )(f)
MOpYIIye PETIAMEHTHI 3HA4eHHS J,,,—=60 (auB. puc. 3a,
30). IIpu 7,=10 c mepeximuuii mporec y(f) MyCKOBOTO
PEKUMY CHIIBHO KOJHMBAJILHHH.

SAxmo k,(1)=0,45, mo menme, HiX k,(t=0)=1, To Te-
peximni npouecu y(f), k,(f) MycKOBOro peXuMy MaroTh
amepiONUIHNN XapakTep, MOPYIICHb )(f) perIaMeHTHUX
3HAYEHb HE CIIOCTEPIraeThCs;

0) 3 puc. 4 must CAPC i3 macmrabyBanasm [IKC Bu-
IJIMBAE, 10 Yac CaMOHAIATOJKEHHS k,(f) MO 3HAUEHHS
k,(f)=5 y nopiBHsiHHI 3 puc. 3 ckopoTuBcs. [HTEeHCHiKa-
Iisl caMOHAJIArO/PKeHHs 3HAWIIIa CBOE BIIOUTTS 1y 3Ha-
YCHHSX TOKA3HUKIB /; 1 [;, sKi Ha pUC. 4 MEHIII, HiX Ha
puc. 3. [lepexinui npouecu ¥(t), k,,(f) MycCKOBOTO pexxumy
HaOyJM anepioTuuHui Xapakrtep. Buxin kepoBaHoi 3MiH-
HOT y(f) Ha 3ajaHe 3HAuYeHHs )~ BiAOyBaeTbCs 0e3 mopy-
IIEHb PETIAMEHTHUX 3HAYeHb ,,,—00 HaBiTh TOJi, KOMIH
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Pucynok 3 — ®parmenTn 3miH 3MiHHUX CAPC 6e3 macmtabyBanus [TKC
y IyCKOBHUX PEXHMMaXx 3 Pi3HUMH OCTIHHAMH Yacy T, 3a1aTdnKa:
a—-T,=2¢;6-T,=5c;B—T,=10 c npu k,(t=0)=1 1 pi3HUX 3HAUCHHSX k,(f)

TpaekTopis y*(f), sKa 3aa€ThCs 3aIaTYUKOM, IMBHIKA
(T=2 c, nus. puc. 4a). [lpaBaa, s Bunaaky k,(1)=0,45
CIIOCTEPIraeThesl JesKe MOTIpIIESHHs TOKa3HUKIB SKOCTI /;
i [; y mopiBHAHHI 3 puc. 3. Ane, BpaxOBYIOYH, IO Yac
ITyCKOBOTO PEXHMMY HE3pIBHSHHO MEHIIMH 4yacy poOoTn
OP TEeXHOJIOTIYHOTO THITY Y CTAJIOMY PEXHMi, TO JaHUMHU
MOTIPIICHHSAMH MOKHA 3HEXTYBATH.

I'padiku, npencraBneni Ha puc. 4, TAKOX ITOKA3YIOTh,
IO 32 paxyHOK IUIABHOTO 3MEHIICHHS 3Ha4eHb 3MiHHOI
d(¢) y diHanmbpHii cTamii MyCKOBOTO PEXUMY 3MiHHA K, (7)
TaKOX 3MIHIOETHCSI TUIaBHO, Oe3yJapHO MpH Mepexol 110
il 3HaueHp y craigomy pexxumi podboru CAPC.

6 OBI'OBOPEHHSA

Pesynbratu, otpumani npu gocmimkenai CAPC min
Yac MyCKOBHUX PEXHMIB, T0JJaTKOBO ITATBEPIKYIOTh Ipa-
BOMIPHICTh KOHIIEMIIi caMOHaJIaroKeHHsI PeryusTopa B
3amkHyTiHi CAP Ha OCHOBI TACHBHOI imeHTH]IKaIii
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00’€eKTa peryioBaHHS 3 BUAUICHHSM i3 3aTaJIbHOTO PYXY
PEryJLOBaHUX 3MIHHUX 00’€KTa 1 HOTO MOJIEITI CKIIaJOBUX
ixHporo BimacHoro pyxy. Ilix wac mycky ckiamoBa Biac-
HOTO PYXY PperyjbOBaHOi 3MIHHOI CYTTEBO IIPEBAIIOIOE
HaJ i1 BUMYIIEHOIO CKJIaJI0BOIO, III0 CTBOPIOE CHPHSITINBI
YMOBH 1151 iH’’TeHcudikamii mporecy caMOHaIaroHKeH-
HSl.

[Ipu xepyBaHHI 00’€KTaMH HETEPEPBHUX TEXHOJIOTIH
CIiJT BIAMITHTH, TIO U HUX MEPEXilHi MPOIECH B PEKHU-
Mi MYCKY CTaHOBIISITh, SIK IPABUIIO, MAJly YacTKy 4Yacy B
MOPIBHSIHHI 31 CTaMMU Tporecamu. Tomy 3amada MiHiMi-
3aniivacy mepexiiHoro (IMyCKOBOTO) MPOIECY JUIsl TAKUX
00’eKTiB HeakTyasibHa. [ 00’€KTiB 3 TMEPIOTUUHUMHU
TEXHOJIOTIIMK ~ 33/1a4y IIOIIYKY ONTHMAJb HUX 3HaY€Hb
napameTpiB CAPC muis IyCKOBOTO peXXUMY BKE JIOLUIEHO
BupinryBatu. OYeBHAHO, BOHA TOBMHHA 3BOJUTHUCS [0
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Pucynox 4 — ®parmentn 3min 3minHx CAPC i3 macmrabysanasam [IKC y myckoBux peskuMax Juist pisHHX IOCTiHHUX 4acy 7, 3ama-
TYHKA:
a-T=2c¢;6-T=5c;8—T~=10 c npu k,,(t=0)= k,"*=10 i pisHuX 3HAYEHHAX k(f)

MOLIYKY KOMIIPOMICY MIDXK 4acoOM MepeXiJHOTO Mpolecy i
PH3UKaMH HOPYILECHb PEryIbOBAHOK 3MIiHHOK PerjiaMeH-
THHUX 3HAYCHb.

BUCHOBKHU

1. CAPC, pozpobieHna B [5], mapameTpu sIKOT ONTHUMi-
30BaHi IS CTAINX PEKUMIB pOOOTH, MOXe OYTH BUKOpPH-
crana i1 kepyBanHs OP TexHonoriyHoro Tumy iy myc-
KOBHX pexuMax. [Ipy npomy, 100 3HU3UTH PU3UK MOPY-
IICHb PETYJIHOBAHOK0 3MIHHOIO CBOIX perJIaMEHTHHX 3Ha-
4YeHb, HEOOXiTHO BHOpPATH TPAEKTOPIIO 3MIHH 3aJaHOTO
3HAYCHHS, KA MOBUIFHO 3MIHIOETHCS, 1 pamioHaTbHE I10-
YaTKOBEe 3HaueHHs KoedilieHta nepenaui moxeni OP.
Hanpuknan, BCTAaHOBHTH TMOCTIiiHY 4acy amnepioanvyHOro
3ajaTynka Ounbiny, HiK 7...10 4aciB 3ami3HeHHs 00’€KTa
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peryJIIoBaHHsI, 1 IOYAaTKOBE 3HAuUeHHs Koe(illieHTa mepe-
nadi Mozeni OJU3BKUM 0 MaKCUMAJIbHO MOJKIIMBOTO 3HA-
4yeHHs KoedimienTa nepegadi OP.

2. TIpUCKOPHUTH TPOIIEC BUXOY PEryIHOBAHOT 3MIHHOI
Ha 33/1aHe 3HAYCHHS 1 NPHU IIbOMY MiHIMI3yBaTH PH3HMKU
MOPYIICHb PErIAMEHTHHX 3HAYCHb MOXKHA 32 PAXYHOK:

a) MaciuTaOyBaHHS MapaMeTpiB KOHTYpPY caMOHaJIaro-
JUKEHHS, a caMe — 30LIbLIeHHs KoedilieHTa mepenadi
perymsaTopa B KOHTYpPi CaMOHANArOKEHHS 1 3MEHIIICHHS
IHEPUIHHOCTI YCEePEIHIOIOUNX Ta MOTOHKYBAIEHOTO (Pib-
TPiB MPOTIOPIIIIHO MIBUAKOCTI 3MiHH 33JaHOTO 3HAYCHHS;

0) BCTaHOBJICHHS MOYATKOBHX 3HA4YeHb Koe(illi€HTa
nepenadi Mojeni 00’€KTa KepyBaHHSI Ha PiBHI MakcuMma-
JIbHO MOJKJIMBUX 3HaYCHb HOT0 Koe(illieHTa nepeaadi, sKi
BCTAHOBITIOIOTHCS Y BHUIVISIII MMOYATKOBHUX YMOB Ha iHTEr-
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COBEPIIEHCTBOBAHHUE AJITOPUTMOB CAMOHACTPAUBAIOIMIENCA CUCTEMBI YIIPABJIEHUSA
JJIAA OBECIIEYEHUSA D®PEKTUBHOCTH EE ITYCKOBbBIX PEXKUMOB

Xo6uH B. A. — 1-p TexH. Hayk, npodeccop, 3aBeyIoNuii Kadeapbl aBTOMATU3aLUK TEXHOJIIOTHYECKHX MIPOLIECCOB  POOOTOTEX-
Hudeckux cucteM Oniecckoil HallMOHANBbHOW aKa/leMUHU MHIIEBLIX TeXHoJorui, Onecca, YkpanHa.

Jleunckuii B. M. — kaHJ. TeXH. HayK, JOIEHT Kadeapbl aBTOMATHU3AINH TEXHOJIOTHIECKUX MPOLECCOB U POOOTOTEXHUIECKHX
cucteM Onecckoil HAMOHABFHOHN aKaJeMUH MUILIEBBIX TexHOnoruit, Onecca, YkpanHa.

Jleunckuii M. B. — xanx. TexH. HayK, CTapIInii IpenogaBarels Kageapsl aBTOMAaTH3ANH TEXHOJIOTMIECKHUX TIPOIECCOB U PO-
OororexHH4IecKuX cucteM Omecckoil HaIMOHAIBLHON aKaJIeMHH MHUIIEeBIX TexHooruil, Onecca, YkpauHa.

AHHOTALUA

AKTyanbHOCTD. L{enblit psit 00bEKTOB TEXHOJIOTMUECKOTO THIIA OTJIMYAIOTCS CYLIECTBEHHO HEJIMHEHHON CTaTHYeCKOi Xapakre-
PHMCTHUKOM, Koraa ko3 QHUIHMEHT Iepeiadn 0 KaHaly PeryJMpOBaHUS MEHACTCS B JECATh M Oouiblie pa3. [Ipu 3ToM THIMYHBIE cHc-
TEMBbI PETYJIUPOBAHUSA C HEU3MEHHBIMU TTapaMeTpaMHU PETYIATOPa TEPSIOT YCTOHYMBOCTD M MEPEXOAAT B MO3HULMOHHBIN PEXHUM pabo-
Tl. COXpaHUTh KOMIIPOMHUCC MEX/Iy MTOKA3aTeIsIMH Ka4ecTBa M yCTOHYMBOCTBIO TIPOIECCOB B CUCTEME C TAKUMHU OOBEKTaMU MO3BO-
0T CAP ¢ camoHacTpoiikoit mapaMeTpoB peryisitopa. VX anroputMel TobKHBI oOecriednBaTh 3P QekTuBHOE (YHKIHOHNPOBAHKE
CHCTEMBI HE TOJHKO B YCTAaHOBHBIINXCS, HO M B IIEPEXOAHBIX 110 KaHAY 3aJaHMs PEXKMUMaX, KOr/ia OOBEKT MEPEeBOIUTCS M3 HAYAIIb-
HOTO COCTOSIHUS, Yallle C «XOJIOCTOTO XOfa», B COCTOSHHE HOMHHAIBHOW HArpy3KH. PerymmpoBaHHas mepeMeHHas! B ITyCKOBEIX pe-
JKMMax He JOJDKHA HapyllaTh PerilaMeHTHBIE 3HAYCHUs TEXHOJIOTHYECKOTr0 MpoLecca, IIOTOMY YTO 3TO MOXKET IPHBECTH K BO3HHK-
HOBEHMIO aBapUIHBIX CUTyalUH.

Hexas. YcosepuieHctBoBath anroputmMbl CAP ¢ caMoHAcTpoiiKoii il MyCKOBBIX PEKUMOB 00BbEeKTa, 0OSCIIeUrB 3a BpeMs ITycKa
3aBepILEHUE MPOIETYPbl CAMOHACTPOIKH M CHI)KEHUE BEPOSATHOCTH BOSHUKHOBEHHUS aBapPUMHBIX CUTYaLlHH.

Mertoa. 3a cuer aHanu3a OJIArONPHUATHBIX M HEOIArONPUATHBIX (AKTOPOB I CAMOHACTPONKH IBPUCTUYECKMM METOJOM Ipea-
JI0)KE€Ha KOPPEKTUPOBKA aJITOPUTMOB, MOIYYEHHBIX IJISI yCTAHOBUBIIETOCS PEXHMa, HA MepHoA Imycka oObekTa. [IpoBepka ¢ dex-
TUBHOCTH KOPPEKTUPOBKH AITOPUTMOB MPOBOIUTCS ITyTeM HMHUTALMOHHOTO MOJIECIMPOBAHUS CHUCTEMBI B cpene Simulink makera
nporpamMm Matlab.

Pe3yabTarsl. CrulaHupoBaHbI M IPOBEICHEI KOMIIBIOTEPHBIE YKCHEPHMEHTHI C MOAEISIMH AJIBTEPHATUBHBIX CTPYKTYpP CaMOHa-
cTpauBaroleiics cucteMsl. [loaydeHbl rpagUky ¥ YHCIIOBBIE MOKA3aTelld, KOTOPbIE XapakTepH3yloT 3GQeKTHBHOCTE €€ paboThHl B
IYCKOBBIX PEKHMaXx.

BeiBoabl. [l 3aBeplieHHs MPOIEAypbl CAMOHACTPOMKM Ha MPOTSKEHHU MEPUOAa MycKa M AJs NPeJOTBpALIeHHs HEIOIyCTH-
MBIX JIMHAMHYECKHUX OMIMOOK PEeryJMpoBaHus HEOOXOAUMO: a) YBEIMYUTh KO3(D(UIMEHT nepefiaun peryisTopa i yMEHbIIUTb HHEP-
LUOHHOCTH (PUIBTPOB B KOHTYPE CAMOHACTPOMKHM Ha MEPHOA IycKa; 0) YCTaHOBUTHh HadaJbHOE 3HauCHHE KOX(PQHUIIEHTa epenadn
Mozenu 00BbeKTa PeryIMpoBaHus Ha YPOBHE MAKCUMAIbHO BO3MOXKHBIX 3HAUCHHUI ero Ko duIrenTa nepeaadu.

KJIIOUEBBIE CJIOBA: CAP ¢ camonacTtpolikoi, ko3p(hUnueHT nepeaadn, CoCTaBIsIONIas COOCTBEHHOTO IBIDKEHHS, ITyCKO-
BOM peXHUM.
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SELF-TUNING CONTROL SYSTEM ALGORITHMS IMPROVEMENT
FOR PROVIDING EFFICIENCY OF ITS STARTING REGIMES

Khobin V. A. — Dr.Sc., Professor, Head of a Chair of Automation of Technological Processes and Robot-Technical Systems De-
partment of the Odessa National Academy of Food Technologies, Odessa, Ukraine.

Levinskyi V. M. — PhD., Associate Professor of Automation of Technological Processes and Robot-Technical Systems Depart-
ment of the Odessa National Academy of Food Technologies, Odessa, Ukraine.

Levinskyi M. V. — PhD., Senior teacher of Automation of Technological Processes and Robot-Technical Systems Department of
the Odessa National Academy of Food Technologies, Odessa, Ukraine.

ABSTRACT

Context. A whole series of technological type control objects have substantially nonlinear static characteristic, when gain
through control channel changes in ten or more times. At the same time typical control systems with unchanged controller parameters
lose their stability and switch to the position mode of operation. Automatic control systems (ACS) with self-tuning of the controller
parameters allow to save a compromise between quality indicators and processes stability in the systems with such objects. Their
algorithms should provide effective system functioning not only in steady-state, but also in transient modes, when set point changes,
when control object is being transferred from the initial state, more often from idling, to the state of nominal load. The controlled
variable in the start-up modes must not violate the procedural limits of the technological process, since it can lead to emergency
situations.

Objective. To improve the ACS algorithms with self-tuning for the start-up conditions of the control object, ensuring the com-
pletion of the self-tuning procedure during the start-up period and lowering the possibility of emergency situations.

Method. Utilizing analysis of the advantageous and disadvantageous factors for the self-tuning procedure, using heuristic
method, correction for the algorithms, which were developed earlier for steady-states, was proposed for the start-up period. Algo-
rithms correction efficiency is verified by simulation of the system in the Simulink environment of the MatLab software package.

Results. Computer experiments with models of alternative structures of the self-tuning system were planned and conducted. Ob-
tained figures and numerical values characterize the efficiency of its operation in the start-up modes.

Conclusions. To complete the self-tuning procedure during the start-up period and to prevent unacceptable dynamic control er-
rors, it is necessary to: a) increase the controller gain and decrease the persistence of the filters in the self-tuning loop during the start-
up period; b) set the initial value of the control object model gain at the maximum possible level.

KEYWORDS: ACS with self-tuning, gain, own motion component, start-up period.
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