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ABSTRACT

Context. Thanks to its unique properties piezoceramics has applications in various fields of engineering and technology. Disk
piezoelectric devices are widely used in the elements of information systems. Research has shown that piezoelectric transformers can
compete with traditional electromagnetic transformers on both efficiency and power density. The final goal of mathematical
modeling of the vibrating piezoelectric elements physical condition is a qualitative and quantitative description of characteristics and
parameters of existing electrical and elastic fields.

Objective. The purpose of this paper is to set out the principles of mathematical models construction that are sufficiently
adequate to real devices and occurring physical processes using the simplest example of axially symmetric radial oscillations of the
piezoelectric disk.

Method. Mathematical models of piezoelectric transformers working with axially symmetric radial oscillations of piezoceramic
disks are constructed with a minimal number of assumptions simplifying the real situation. This allows us to state that the proposed
construction scheme delivers mathematical models that are sufficiently adequate to the real objects and physical processes that exist
in them.

Results. Main results of this work can be formulated as follows: mathematical model of piezoelectric transformer with ring
electrode in the primary electrical circuit is constructed; high sensitivity of frequency characteristic of piezoelectric transformer to the
values of the output impedance of the electrical signal source in the primary electrical circuit is demonstrated.

Conclusions. As a result of research of real device’s mathematical model a set of geometrical, physical and mechanical and
electrical parameters of a real object can be determined which provides realization of technical parameters of piezoelectric functional
element specified in technical specifications. The cost of the saved resources is the commercial price of the mathematical model.
Prospects for further research can be to build a mathematical model of a piezoelectric transformer with sector electrodes.

KEYWORDS: piezoelectric transformer, axially symmetric oscillations, physical processes, mathematical model.

NOMENCLATURE
U, is an amplitude value of electric potential

I; is an amplitude value of the electric current in the
conductor, which connects an input electrode 1 with a

difference;

i =+v—1 is an imaginary unit;

o is an angular frequency;

1 is a time;

X, are coordinates of the point, in which it is
determined the displacement of the piezoelectric material
particles from the equilibrium position;

Il is a set of geometrical and physical and
mechanical properties of the piezoelectric transformer;

Z, is an electrical impedance of the input electrode 1;

© Bazilo C. V., 2018
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source of the electrical signals;
2d; is a width of the input ring electrode;

H, E are vectors of the conjugate magnetic and
electric fields;

B, D are vectors of the magnetic and electric
induction of the electromagnetic field components;

u,,u, are amplitude values of the radial and axial

components of the material particles displacement vector
of dynamically deformable piezoelectric disk.
INTRODUCTION
Thanks to its unique properties piezoceramics has
applications in various fields of engineering and
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technology. The relevance of the use of various functional
elements of piezoelectronics in radio electronics,
information and power systems is explained by their high
reliability and small dimensions, which solves the
problem of miniaturization of such systems. Piezoelectric
disks with surfaces partially covered electrodes are often
used to create various functional piezoelectronic devices.
Disk piezoelectric devices are widely used in the elements
of information systems. In disk piezoelectric elements
with surfaces partially covered by electrodes we can
simultaneously excite oscillations of compression-tension
and transverse bending vibrations. Manipulating the
geometric parameters of electrodes and their location
relative to each other, you can have a significant effect on
the energy of oscillatory motion particular type of
material particles of piezoelectric disk volume. It should
be especially noted that this piezoelectric element has
compatibility with microsystem technology, so it can be
made as microelectromechanical structures (MEMS) [1].
One of the main elements of functional piezoelectronics is
piezoelectric transformer (PT). Research has shown that
PTs can compete with traditional electromagnetic
transformers on both efficiency and power density [2—4].
PTs are therefore an interesting field of research [5]. The
favorable attributes of the PT are low weight and size and
potentially low cost. One additional important
characteristic is the high voltage isolation of the ceramic
materials used to build PTs [6]. In addition, a
piezoelectric transformer is more suitable for mass
production than traditional, coil-based transformers [7].

1 PROBLEM STATEMENT
The operation principle of piezoelectric transformers
is generally known [8].
When applying an electrical potential difference

UleiCOt to pair of electrodes that are partially cover the

front and bottom surfaces of the piezoelectric plate,
harmonic oscillations of material particles are excited in a
volume of the plate, which, in general, can be described
by the displacement vector of material particles

a(x)e'".

accompanied by dynamic deformations &g, (Xk)eimt of

Fluctuations of material particles are

infinitely small elements of a piezoelectric volume. Due
to the direct piezoelectric effect the harmonically varying

in time according to glet polarization charges with a

ot in a deformable

surface density g, (Xk )e arise

piezoelectric. Some of these charges are collected by the
second pair of electrodes, which like the first pair,
partially covers the surface of the piezoelectric plate. The
polarization charge on the second pair of electrodes
ot

causes an electric current i(t) = 1e™ in the conductor,

which connects one of the electrodes of the second pair to
the load impedance Z,. The voltage drop

U,e' = Z,1e'" is an output signal of the piezoelectric

© Bazilo C. V., 2018
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transformer.  Obviously, the transformation ratio

K (m ,H) is equal to the ratio of the output signal to the
input one, i.e.
U Z, 1
K (o,T)=—2 =<0
U u
and is a mathematical model of a piezoelectric
transformer [9].
The practical value of the analytical structure

K ((o, H) that adequately describes the physical processes

in the real object is evident.

2 REVIEW OF THE LITERATURE

Many publications have been devoted to the
construction and research of mathematical models of
piezoelectric transformers. Starting with the monograph
[8], the basics of the calculation of piezoelectric
transformers’ transfer characteristics were considered, for
example, in [10-13].

However, in many papers only processes occurring in
a piezoelectric disk with a surface, fully covered by
electrodes, are described. There are also a number of
works of a disparate character devoted to the solution of
the problem of electromechanical oscillations of
piezoelectric  elements with separated electrodes
(transformer type). The constructions of piezoelectric
transformer of a planar transverse-longitudinal and rod
type are considered in [10] and [11], respectively. In [12]
the analysis of the dependence of transformation
coefficient of disk piezoelectric transformer on the
location of secondary electrode, on the width of
secondary electrode, and on the value of electrical load
applied to secondary electrode was made. In [13] the
radial axisymmetric oscillations of thin piezoceramic disk
with a surface, partially covered by electrodes, are
considered.

In many papers [14-19] the described methods of
piezoelectric transformers models constructing are mostly
based on the use of equivalent electrical circuits and it
does not allow analyzing of stress-strain state of solids
with the piezoelectric effects.

Based on the above, it can be argued that currently
there are no reliable and valid methods of constructing of
mathematical models of piezoelectric transformers, which
could be used as a theoretical basis for characteristics and
parameters calculating of this class of functional elements
of modern piezoelectronics.

The purpose of this paper is to set out the principles
of mathematical models construction that are sufficiently
adequate to real devices and occurring physical processes
using the simplest example of axially symmetric radial
oscillations of the piezoelectric disk.

3 MATERIALS AND METHODS
Let us consider the disk with the radius R and the
thickness o (Fig. 1) made of piezoelectric ceramics PZT
with thickness polarization during its manufacture i.e.
along the coordinate axis z of the cylindrical coordinate
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system (p,¢,Zz). Electric polarization direction defines

the properties and the matrices
piezoceramic disk’s material constants.

construction of

| ]]Cit-\l
-
0| I:cim ;7
7m 7|
X .
l lUC!ml
. o '
! 0] P
R> Ry R
e -
2d> 2d,

Figure 1 — Diagram of the piezoelectric disk transformer that
operates on radial vibrations

The matrix of elastic moduli of piezoceramic disk
polarized across the thickness looks like

E E E

i ¢ ¢3 0 0 0
¢, ¢ 0 0 o
E
oE |- Gz 0 0 0 .
il , (1
Cy 0 0
44
E
Cis O
E
C66
I ‘ot indicec: oE — oE E .
where A,B =1;...;6 are Voigt indices; Cj7 = Cy # C33;
E E_ E. . E_E..E_(sE _E
C2 = C13= 0335 Cuy = Css Ces = (Cn - Clz)/z-
The matrix of piezomoduli ep

(k=1;2;3;p=1,2;...;6) can be written as follows
[10]

0 0 0 0 es5 0
leg|=|0 0 0 e 0 0f,
&3 0 0 0

2

€31 €y

where €= €y, # €555 €5= €y, = (&5 — e31)/2.

The matrix of the dielectric permittivity tensor ¥,

has diagonal structure and

m 0 0
| =] 2% 0], (3)
133

€ € €
where %= %2 # X33 -
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Let us assume that the thickness of the electrodes is
negligible in comparison with the disk thickness.
On the ring electrode 1 (its width is equal to 2d, (Fig.

U from a

1)) the electrical potential difference Ulei(D
source of electrical signals with the output impedance Z;
is applied. Obviously, on the electrode 1 we will have
another value of the electrical potential eri‘”t , where

|U0| < U, , that can be written as follows

_ U4

Zi+Z, @)

0

Electrical impedance Z, can be determined from
Ohm’s law for electrical circuit section

Z,=U,/l, . (5)

If on the surface of the electrode 1 we have
harmonically time varying electric charge q(t) = Qlei"’t ,

the electric current amplitude value is determined as
follows [20]

= —i0Q,. ©)

The amplitude value of the electric charge Q, is
determined by the axial component D, (p,oc) of the

electric induction vector

Ry +d;
Q=2n [ pD,(p,a)dp. )
Ri—dy
Electrical condition of any material object is
determined by Maxwell’s equations
rotH=J + Q, (®)
ot
- 0B
rotE= - —, 9
o1 €)]

where J = rE is a surface density of the conduction

current; I is a specific electric conductivity of the
material. Since the piezoelectric ceramic is a fairly good
isolator it can be considered that r = 0. In this case,

Maxwell’s equation (8) for harmonically varying fields
takes the following form

rotH=ioD. (10)

Calculating the divergence of the left and right side of
(10), we can come to the following conclusion
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divD=0. (11)

Equation (11) has the meaning of the condition of
absence of free carriers of electricity in a volume of the
ideal dielectric.

In [21] it is shown that at a frequency range up to 10
MHz, the magnetic component of the electromagnetic
field in a deformable piezoelectric ceramics by several
orders less than electrical component. It gives the basis
for (9)

rotE= 0. (12)

Equation (12) suggests that the electric field in a
volume of the deformed piezoceramics is irrotational, i.e.
potential and it can be described by a scalar electric
potential, and

E=-grad ®. (13)

With the definition (13), known [20, 21] expression
for calculating of the m-th electric induction vector
component in a volume of a deformable piezoelectric can
be written as follows

Dy = €&y — Xmn (grad @) , (14)
where e, < €., (B is a Voigt index, by which it is
changed a couple of symmetrical tensor indices K, j ) is

an element of the matrix of piezoelectric constants; € is

a component of infinitesimal deformations tensor; y,, is
a component of the dielectric permittivity tensor;
(grad cD)n is the n-th component of scalar potential
gradient vector. When writing the equation (14) in a
cylindrical coordinate system we should consider the
following correspondence between the symbols (p, 0, Z)
of the coordinate axes of the cylindrical coordinate system
and the numbers k =1,2,3 of the coordinate axes X, of
the Cartesian coordinate system: 2 < 0;
oz,

From the general expression (14) the next follows

l<p;

ool
— _ €
Dp_ 26158p2 X1t 8_p ) (15)
. @q)(‘)
D, = 831800 T €380y T €338, — X33 = —
aq)(‘)
=& (%p + SW) + €338, — X;T’ (16)
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where D, = 0 because of the axial symmetry of the

problem under consideration;
€y = (6 u,/0z + 8uz/6p)/2 is a shear deformation. In

(16) piezoelectric moduli of the same value €;;, and e,

(see comment to the matrix (2)) are written, as is usual in
solid mechanics, by the same symbol €,,. Components

gy = 0U, /0P, &, =U,/p €, =0U,/01
determine compression and expansion deformations along
the coordinate lines of a cylindrical coordinate system.
CD(I) is an electrical potential in the ring area
{R —d, <p<R +d; 0<@<2r; 0<z<0} the
electrode 1.

Expressions (15) and (16) substituting into condition

(11) gives a second order differential equation in partial
derivatives relative to the required scalar potential

CD(I)(p,z) of the electric field in a deformable

and

under

piezoelectric.
In the particular case of a sufficiently thin disk when

a/R < 1, it can be argued that in the frequency range in
which the length of the elastic wave is larger than the
thickness of the piezoelectric disk, electrical and elastic
fields in its volume is almost independent of the axial
coordinate values z, i.e., practically do not change their
values according to thickness of the disk.

If the disk is gently fixed along the surface
{p: R; 0<p<27m; OSZSOL} , the shear deformation
becomes zero on this surface and on surfaces z = 0 and
Z =a. In addition, on the surface covered by the

electrode z = 0 the radial component D, = 0. The
radial component Dp =0 on the side surface of the

piezoceramic disk [21], on the surface of ring electrode 1
and on the disc symmetry axis, i.e. on the axis Oz . The
combination of these facts suggests that in thin
piezoceramic disk, in a first approximation, it can be

considered that D, =0 V(p.9.z)eV, where V is a

volume of the disk. In this case, the vector of electric
induction is completely determined by only one non-zero

axial component D, , and the condition (11) takes the

Z b
form

op\/az 0, (17
where Dgl) further underlines the fact that we are talking
about electric induction vector at the
{Rl —d,<p<R +d;; 0<p<2m; OSZSOL}

electrode 1.
From condition (17)

ring area

under the

it implies that the axial
component Dgl) is a function of the radial coordinate p
and is independent of the axial coordinate values z,
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which is in full agreement with the above mentioned
adopted suggestion about a weak dependence of the
physical characteristics of the fields on the axial
coordinate values in the frequency range in which the
following inequality holds A >> o (A is an elastic wave

length.
Because of

Eop + o = 8up/8p +U,/p = [6(pup)/6p}/p,
definition (16) can be written as follows

aul ool

4 €

Dgl) (p): %_li[pu;(al):' T €3 , (18)

where ugl) (p.z) and ugl) (p,z) are amplitude values of

the components of the material particles displacement
vector in the ring area
{R —d, <p<R +d;; 0<p<2r; 0<z<al.
Integrating with respect to z the left and right side of
(18), and taking into account the condition (17), we obtain
the following result

p op
33 [“gl (pror) -l (P:O)]_X§3 [(D(l) (o)) (0)]
Let
U ()= =T (p.2)dz. (20)
Ao

and u‘()l) (p) is an averaged over the thickness of the disk

radial component of the material particles displacement
vector in the ring area under the electrode 1. Since

o) (a) - o (0) = Uy, then (19) takes the form

M _ &1 0 (1)
D’ (p)= P 6p[pup (p)]+
U
A ST

Substituting (21) into definition (7) of the amplitude
value of electric charge, we can obtain
Ry +d;
1
Q =2n {631 [P UE, ) (P)} +
Ri—dy

Ry +d

&3 (1) _ 0 _
v RIJdlp[Uz (p.a) — U (p,O)]dp
XS
22 [(R, +d) - (R dl)z}uo} 22)
We set

© Bazilo C. V., 2018
DOI 10.15588/1607-3274-2018-4-1

R +d;

W 1 0]
u,’(z) 4R Rl[dlpuz (p.z)dp,

(23)

where ugl) (Z) is an averaged over the area of the ring
{R—d,<p<R +d;0< < 275} axial component of
the material particles U( P, Z) displacement vector in the

ring area under the electrode 1. With the definition (23)
relation (22) can be written as follows

Q = zne3l[(|q1 wd)ul) (R +d))-
~(Ri = d)ul) (R - 0,) |+

rardR 2 [ (@) - ) (0)] - Ciu,, 29)
o

z z

where C/ = 4nd,R x5, / o is a static electric capacity of

the piezoceramic volume under the ring electrode No. 1.

Since by definition the piezoelectric transformer is a
linear physical system, the averaged components of the
material particles displacement vector can always be
represented as follows

() =UFY (), U (2) =UFP(2), (@5)

p z

where functions Fp(l) (p) and FU (z) differ from the

averaged components ugl) (p) and ugl) (z) of the material
particles displacement vector only by a constant factor
U, , and have the meaning of displacements sensitivity in
the ring area {R1 —d, <p<R +d,; 0<@<2m; OSZSOL}
to the amplitude values of electrical potential difference

on the ring electrode 1. The dimension of Fp(l) (p) and

F(l)(z) is m/V. Functions Fp(l)(p) and FZ(I)(Z)

z

numerically equal to the material particles averaged
displacements of the ring area under the electrode 1 when
the electric potential difference with the amplitude value
of U, =1V is applied to this electrode.

Following suggestions (25), the expression (24) for
the electric charge Q, calculation can be written as
follows

Q =UC/F ((D’Hl) > (26)

where dimensionless function F (m,Hl) is defined as

follows

11
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€,

d
1+ L |FD(R +d)-
2X§3d1 |:( Rl] ) ( 1 1)
d
—(1—#]Fgl)(Rl—dl)}+

1

Fl(w’nl) =

+ 22 f0 @) - F ()] -1. @)

%3
Substituting (26) into the definition (6) of the electric
current amplitude, and the obtained result into Ohm’s law

(5) for the circuit section, we can get the estimated ratio
for the electrical impedance Z, :

1

y A —
ioC/ F (co,l_[l)

(28)

If the dielectric under the ring electrode 1 does not
have piezoelectric properties, i.e. €;; =€;; =0, the
function K ((o,Hl) =—1 and the expression (28)

becomes as well-known formula for capacitor reactive

resistance  calculation with capacitance C/, i.e.
Z, =1f(ioCf).
Substituting (28) into the formula (4), we obtain
U
Uy = 1 (29)

1 - i0CF (0,11,)Z;

It should be emphasized that the potential difference
U, is determined by components averaged values of the
material particles displacement vector of the ring area
{R —d,<p<R +d;; 0<p<2r; 0<z<oa}. This fact is
of fundamental importance, since there is the possibility
of equations joint solutions of a deformable piezoelectric
motion.

In the case when a strong inequality a/R<< 1 takes
place, i.e. when the disk can be considered as infinitely
thin, the situation is considerably simplified, since the
deformation €,, becomes linearly dependent on the sum

of deformations ¢ op 0"

From the generalized Hooke’s law [20] for the elastic
media with piezoelectric properties

and €,

0o

E
O.:. = C.: € + e, —
ijkl <kl kij ’
0%y

U]

where o; i

stresses tensor, follows that in a polarized across the
thickness piezoceramic disk normal stresses ©

is a component of the resulting mechanical

pp cS(P(P

© Bazilo C. V., 2018
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and o, correspond to compression and expansion

deformations €op s Egp

following expressions:

and ¢,, and can be defined by the

_ _E E ood
Opp = Cli€pp + Cp2 (8@@ + szz) + e31—az s (30)
E E E oD
Opp = Ci2€pp + Cpi8pp T CiaEy + €5 57 3
_ E E ooP
c,=Cp (spp + S(p(p) + Cp€,y + B4y _62 . 32)

In expressions (30)—(32) material constants of the
same value (the elements of matrices (1) and (2)) are
written by the same symbols.

On the bottom (z = 0) and top (Z = o) surfaces of

the piezoceramic disk free from mechanical contacts with
other material objects in accordance with Newton’s third
law the following conditions should take place:

=0 =0.

y24 z2=0;a

GZP|Z:0;Q (33)

Since the disk is very thin, it can be argued that the
quantitative characteristics of its stress-strain state does
not depend on the axial coordinate values z, i.e.
do;; /02 = 0. 1t follows that the condition (33) must be

satisfied at any point of the volume V of a thin
piezoceramic disk. Substituting into the left side of (32) a
zero, we obtain the following definition for the
compression and expansion deformations in the axial
direction:

&3 0@

E
__Cl_z(
= )

i, 0z

- (34)
¢

z Eop T ‘C'qxp) N

Substituting expression (34) into (30), (31) and (16), it
produces the following results:

. 0D

Gpp = Cli€pp T+ Cia€gp + 6315’ 35)
« 0D

Opp = Cia€pp + C1Epe + €& 57’ (36)
" oD

DZ = €5 (Spp + S‘P‘P) - X§3E’ (37)

2

_ AE E E . _ AE E /.E).
where ¢, = ¢ - (Clz) /033 s Cp = Cpp (1 - C12/C33)’
ey =€ — e33(:1E2 / C3E3 are material constants for planar
stress-strain state of the polarized across the thickness
c € 2 E :
X33 = A3z T e33/(333 15 a
dielectric permittivity of the polarized across the
thickness piezoceramic disk for constancy mode (equality

piezoceramic  element;
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to zero) of the normal mechanical stresses &, . Equations Q, = C5U,F, (m,n 2) - CjU,, (42)
(35) and (36) in combination with

G, =0, = OV(p, Z)eV suggest that U, =0 in the where C; = 4nd,R,x5; /cx is a static electrical

zp
entire oscillating disk.
The expression (29) takes the form

Y,

U, =
"1 -iectRY (0,11,)Z,

; (3%)

where C] = 4nd,R\x3; /a is a static electrical
capacitance of the ring area of infinitely thin disk under

the electrode 1;

R (o,11,) = L Kl + ST]J FOR +d,)-
1

2y5,d

—( - %J FO(R - dl)}— 1.

Now let us consider the processes that occur in an area
of the ring electrode 2, i.e. output electrode of the
piezoelectric transformer.

Obviously, in the ring

{RZ—dZSpSR2+d2; 0<p<L2n; OSZSOL}

39)

area 2
the

amplitude values ugz)(p,z) and ugz) (p,z) of the
harmonically time varying components of the material

particles  displacement vector of the oscillating
piezoelectric disk can be represented as follows:

u? (p.2)= Uy £ (p.2).

u? (p,2) =U, F (p.2), (40)

where U, is an electric potential difference on the exciting
ring electrode 1 (Fig. 1); Fp(z) (p, z) and Fz(z) (p , z) are

displacements sensitivities in the ring area 2.
The amplitude value U, of the voltage drop on

electrical load Z,, i.e. on the input impedance of the

n-»
electronic circuit which is directly connected to the ring
electrode 2, is defined as follows

u,=27,1,,

n

(41)

where |, = —i0Q, is an amplitude of the electric current

in the conductor, which connects the electrode 2 and the
electrical load Z,; Q, is an amplitude value of the
electric charge on the ring electrode 2.

Acting in the same manner as in the determination of
the electrical impedance Z,, we can obtain the following

definition of the charge Q,:

© Bazilo C. V., 2018
DOI 10.15588/1607-3274-2018-4-1

capacitance of the ring area 2;

€

d 2
1+ =2 [FP (R, +d,) -
21339, K RJ ’ (R + )

] [1 ] g_z] FO) (R, - dz)} £ e (o) - 70

&
2 X33

F (w,l'[z) =

Fp(z) (p) and FZ(Z) (z) are averaged sensitivities.

Substituting (42) into current definition I,, and
obtained result into (41), we can come to the conclusion
that

U, = fy(0)UoF, (0,11,), (43)

where f, (0)=-— iwaZn/(l - i(x)CZSZn) is a switching

on function or load characteristic of the output ring
electrode of the piezoelectric transformer.
In the short-circuit mode (Z,=0)

f,(®)=0 and U, = 0. This fact is very clear and does

function

not require any mathematical calculations to prove its
validity. In idle mode, when Z, — c, switching on

function f (w) if ® =0 is equal to zero, and at an

arbitrarily small ® >0 f (0)=1, ie. in this mode
switching on function is a function of Heaviside. It
follows that the piezoelectric receiver of elastic vibrations
is not capable to register the static pressures and
deformations. This statement is not so obvious to
practitioners actually cancels a large group of devices of
piezoelectronics, which are presented in [22].

The rate of change of the switching on function

fy (o) is determined by the time constant t, = C;Z, of

the circuit that connects the receiver electrode to an
electrical load. The function module values f (m),

depending on the value of the dimensionless quantity
Q, = ot, are shown in Fig. 2.

|fn ((’).‘J|

1.0

(.6

..L:_zn..

0 2 4 & 8 10
Figure 2 — Changing of switching on function module of the
acoustic waves piezoelectric receiver

13
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After substituting (29) into (43), we can write the
following definition of the transformation K (o),l'[) of
the piezoelectric transformer

K((D,H):U—zz f?((”)Fz((”’Hz) _
U 1-ieCF(0I1)Z

(44)

In the case of very thin piezoceramic disk, when a
strong inequality oc/ R <<1 takes place an expression
(44) can be written as follows
1 (0) K (0.11,)

2 n

K(O) o,Il)=—== .
(@) U 1-ieC’ FI(O)(m,Hl)Zi

C

(45)

where f”) (0)= - iconZn/(l - iwaZn);

C; = 4nd,Ryx3, /oc;

- [1 - (Ii_zj F? (R, — d, )], Fl(o) (©,11;) is defined by
2
(39).

Expressions (44) and (45), which have a sense of
mathematical models of piezoelectric transformers
operating on axially symmetric radial oscillations of
piezoceramic disks, are built with a minimal number of
simplifying assumptions.

To fill the definition (44) or (45) by a specific physical
meaning, it is necessary to determine the components of
the material particles displacement vector of the
oscillating piezoceramic disk. This procedure is the
subject of a separate investigation.

4 EXPERIMENTS
Let us consider a disk piezoelectric transformer
(Fig. 3), primary electrical circuit of which consists of

electric potential difference generator Uleicut (where U,

is an amplitude value of electric potential difference) with
output electrical impedance Z; and ring electrode

(position 1 in Fig. 3). The secondary electrical circuit
consists of an electrode in the form of a circle (position 2)
with connected electronic circuit to it with input electrical
impedance Z,, on which an electric potential difference

U2ei"’t is formed. The primary and secondary circuits of

piezoelectric transformer do not have a galvanic
connection. The energy exchange between the primary
and secondary circuits is carried out by means of
axisymmetric radial vibrations of the piezoceramics
material particles in the volume of thickness polarized
disk (position 3 in Fig. 3).

© Bazilo C. V., 2018
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R =
. - i R, -
Figure 3 — Calculation scheme of disk piezoelectric transformer

It is obvious that the work of function piezoelectronic
element, which is schematically shown in Fig. 3, is fully

described by transformation ratio K (a),H) =U, /U1 ,

which is a mathematical model of the device under
consideration. Scheme of construction of piezoelectric
transformer’s mathematical model is outlined in [23].

The elastic stresses and displacements of material
particles of piezoelectric ceramics in the areas under the
electrodes, and in the areas where there are no electrodes
are determined in [24]. Following the method which is
described in [24] we can write that

a0 ( L0 U
Opp (p) Ci pap( )+ Ci2 . ( + e31F2’ (46)
oul (p) L ul(p)
o (p)=cf 5 e R @)
2y L0 y
GE‘):?)) (P): Chy gp(p + ( + 6;1:03 (48)
2yl L
ohy (p)= cf "ap(p) cep e ) )

2
E E E . E E /nE ).
where ¢, = ¢} - (Clz) /033’ C2=Cp2 (1 - 012/033)’

D _ «\2 c . D _ «\? c
Chi=Cn+ (&) /X335 Co=Cnpt (&) /s
moduli of elasticity for the mode of axially symmetric

radial oscillations of the piezoceramic disk material
particles in the areas under the electrodes (area No.l,

where p € [O, Rl] , and area No.3, where p € [Rz , R3])
and in the areas where there are no electrodes (area No.2,
pe[Rl,Rz], No.4,
pe[Ry.R).

The amplitude values of the radial components of the

material particles displacements vectors in the areas No.1,
..., No.4, are defined as follows:

are

where and area where

(50)
(51

u? (p)= AJ, (),
uf(>2) (p)= A, (Ylp) + AN, (Y1P) )
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U£3) (P)= AJ, (vp) + AN, (vp),

u‘() ) (P)= Adi (vip) + AN (1,p).

(52)
(53)

where A,
the radial displacements of material particles in various
areas; J,(z), N;(z) (z=1yp; z =v,p) are Bessel and

Neumann functions [25] of the first order;

y = m/JC“/pO and vy, = (D/wfch] /po are wave numbers

of the radial oscillations in the areas under the electrodes,
and in the areas where there are no electrodes; p, is a

, A, are frequency-dependent constants of

piezoceramics density.

In the conditional separation boundaries the
amplitudes of displacements and stresses should satisfy
the conditions of dynamic and kinematic coupling, which
can be written as follows:

W(R)-o(R) =0, (54)
W (R)-u? (R) =0, (55)
G&?(Rz)_ Gp?(Rz)zoﬂ (56)
u? (Ry)- ulY (R,) = 0. (57
GE»?(R3)_GE)?(R3):0’ (58)
ut) (Ry)- ul! (R,) = 0. (59)

If boundary p= R of the piezoceramic disk is free

from mechanical contacts with other material objects,
then on the contour p= R next condition should be

satisfied

o

(R)

Substituting expressions (46)—(53) into conditions
(54)—(60), we obtain an inhomogeneous system of linear
algebraic equations, which consists of seven equations,
that contain seven sought constants A, ..., A,. It is
obvious that this system of equations is solved in one

way. In general terms, mentioned system of equations can
be written as follows:

(60)

7 -
Z MicAc = P, (J.k=12,..7). (61)

The coefficients m i and right-hand parts P; of

equations (61) have the following form:
= (1=K) 3, (R)/(R):

m11=J0(YR1) k=cp/cs

© Bazilo C. V., 2018
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mlzzé[‘]o 1_k) (v Rl)/(lel)];
E= 1+ K3 K31—(e31) /(ngcu); ki=cB/ch;

M3 = é[No (YlRl) (1=k)N, (YIRI)/(VlRl)];
Myy =Mys = Mg =Mmy; = 0; B =-qU,/Q;
q= e;lR/(C“oz); Q=1vR; m, :Jl(le);
m22=J1(Y1R1)§ my; =0 My =N, (YlRl);

My, = Mys =My = My; =0; P, =03
m32=§[Jo(Y1R2) -(1=k)3, (Yle)/(Yle)J;

m33=§[N0(Y1R2) —(1- k)N, (Vle)/(Vle);
My =3, (YRy) = (1 - k)3, (YRz)/(YRz)?
Mys =Ny (YR,) = (1 = k)N, (YR, )/ (1R, )

My =My =05 P =qU,/Q; my; =0; my, =J, (7,R,);
=N (1Ry): My =3, (YR,): mys =N, (1R,);
m46_m47_0 Py =0; ms = ms, = ms; = 0;
ms, =J, (YR;) = (1 - k)Jl(VRz)/(YF%)’
mss =Ny (YR;) = (1= k)N, (vR;)/(¥Rs)

Mys =&[ 3o (1/Rs) = (1= k)3, (1R )/(1Rs) |5
m57=§[N0 (viRs) =(1 = k)N, (YIR3)/(VIR3);
Py=—qU,/Q; mg = mg, = mg;=0; m64:‘]1(VR3);
Mes =N (YR )5 Mgg =3, (1,R3)5 Mgz =N, (1,Ry);

Po=05 My =My =M= My =m;=0;
Mo =Jo (1R) = (1= k)3, (1, )/(le)
m;; =N, (YlR) - (1 - kl)Nl(YlR)/(YlR); P, =0.

Solutions for constants A, A, and A, that define

the radial displacements of disk material particles under
the electrodes of primary and secondary electrical circuits
of piezoelectric transformer are as follows:

B B
A=—— ( 2A11+U0A12) Ay :#§A12—D;2s (62)
o o
q B,, By,
=L (U, A, + UyA S AL, =R (63)
A, Q( 2Ay 0 42) Ay = D, Ay, D,
B B
A=—— ( 2A51+U0A52) A5 _SI;ASZZD_SZ’ (64)
o o

where D, is a determinant of the system of equations
(61), and B, ..
matrices:

., Bs, are determinants of the following

15
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—-m,, —My, 0 0 0 0
My My My —Mys 0 0
B, = My My —My -M 0 0 :
0 0 Ms,  Mss  —Msg —Msy
0 0 Mes  Mes  —Mgg —Mgy
0 0 0 0 m, My
-m, —m;; 0 0 0 0
—m,, —m,, 0 0 0 0
B, = ms, Ms3 My + My —Mys +Mss —Msg Ms; :
My, My3 My —Mys 0 0
0 0 Me4 Mes —Mge —Meg7
0 0 0 0 m,, m,,
My My —My 0 0 0
0 my My -m 0 0
B, = 0 my my -my o 0 0 :
0 Mss  —Msg  —Msy
0 Mes  —Mgg  —Mgy
0 0 0 m, My
m, My, M3 0 0 0
My, —my, —Mys 0 0 0
B, = 0 M3, M3 M35 +Mss Mse Ms; :
0 Mgy My3 Mys 0 0
0 0 0 Mgs ~Mge Mgy
0 0 0 0 m,e m,,
My =My -My 0 0 0
0 my myo -my 0 0
By, = 0 my my -my 0 0 :
0 0 0 My M5 —My
0 0 0 My -Mg —Mg
0 0 0 0 My, My
My, m;, —m;3 0 0 0
my, —My, —My3 0 0 0
B,, = 0 ms, M3 —Myy +Msy —Mse Ms;
0 Mgy My3 My, 0 0
0 0 0 Mgy ~Mes —Me7
0 0 0 0 My m,,
Substituting definition (62) of the constant A into the U, =U,K, (Q,H) : (65)
equation (50), and obtained result into the formula for 2
p?)tential galc)ulating U, we can come to the conclusion K, (Q,H): 2f ((”) K31A2 [‘]1 (QRI/ R)/ (QRI/ R)] :
that 1- 2fe ((’)) K321A11 [‘Jl (QRI/R)/(QRl/R)]
€3,0
U,=2f, ((D) Xg,BRlQ(UzAu + U0A12)J1(YR1)5 where K321 _ (e; )2/(011)(;53) < . squared
which implies that electromechanical coupling coefficient for the mode of

© Bazilo C. V., 2018
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radial oscillations of thickness polarized piezoceramic
disk material particles.

Let us define the amplitude value U, of electric
potential difference on the electrode of the piezoelectric
transformer’s primary electric circuit.

It is obvious that

Uo:&, (66)
Zy+ 24

where Z; is an electric impedance of the area No.3 under
the ring electrode of the piezoelectric transformer’s
primary electric circuit. In accordance with Ohm’s law for
the electrical circuit section Zy=U,/l; , where |5 is an
amplitude of the alternating current in the conductor,
which connects the generator of electrical potential
difference with the ring electrode. As before, we assume

that |;= —iwQ,, where Q; is an amplitude value of

polarization charge under the ring electrode, which is
defined as follows:

NG
Q3=27IRI pD;” (p)dp =

208,
Ry (1 —31132)u0 R (R

(67)

:C3GU0

where Cj = my3, <R32 - R? ) /(x is a static electrical

capacitance of the ring electrode; B=R,/R, is a

geometrical parameter of the ring.
Substituting (63) and (64) for the calculation of
constants A, and A into definition (52), and taking into

account the expression (65), we obtain the following

formula for the calculation of displacements uf(f) ( p) :

*
_ U,Re;
Qc, o

+[K, (Q.m) A + ASZ]NI(Qp/R)}.

u“)(p)

P {[KZ (Q.IT) A+ A42]~]1 (Qp/R) +

(68)

. 3 3
After calculating the values ur() ) (Rz) and ug ) (R3)

according to the formula (68) it can be written that

Q; = CjU K, (Q,H) , where

2Ok, (@.m)A + A3 () +
+[K2 (Q.1) A + Asz} N (Q)} -1

3(2) = [3,(QR,/R) - BJ, (BOR/R) /(R /R);

N (Q)=[N, (QR,/R) = BN, (BQR;/R) |/(QRy/R).

© Bazilo C. V., 2018
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2
K, (Q.1T)= f;;z

After charge determining Q, the electrical impedance
by the
Z,=- 1/[iooC3S K, (Q,H)J, from which the definition of

Z, is determined expression

potential difference on the ring electrode follows

U
UO_ 1

= . (69)
1 - i0CfZyK; (Q,1T)

Substituting (69) into (65) we can come to the
conclusion that

Ko (1)

U =U s
P i0CSZ Ky (QT)

from which the formula for the transfer ratio calculation
follows

_Ky(em)
U 1-i0CJZ Ky (Q,IT)

(70)

Analytical structure (70) is a mathematical model of
piezoelectric ring-dot transformer with ring electrode in
the primary circuit.

5 RESULTS
Expression (70), which determines the transfer ratio of
piezoelectric device, has a structure which is typical for
electronic devices with negative feedback. It is clearly
seen that the depth of feedback is directly proportional to
the value of the signal source output impedance Z, . If

the value of Z, = 0 the feedback disappears and transfer

ratio is completely determined by a frequency dependent
function K, (Q,H).

Feedback physical content which exists in
piezoelectric  transformers is practically obvious.
Displacements levels of piezoelectric disk material
particles increases significantly at a frequency of
electromechanical resonance of radial oscillations. This is
accompanied by an increase of deformations and as a
consequence, by an increase of levels of polarization
charges on the electrodes of the primary electrical circuit.
Because of this the amplitude of the electric current in the
primary circuit increases, which is accompanied by an
increase of voltage drop on the resistance Z, and,

accordingly, by a decrease of potential difference U,
(see. Fig. 3).

The transfer ratio modeling of piezoelectric
transformer according to (70) have been conducted, the
results of which are shown in Fig. 4. As follows from the
results shown in Fig. 4, the parameter change Z, is

accompanied by significant changes in the frequency
characteristic of piezoceramic disk transformer.
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Fig. 5 illustrates an influence of mechanical Q, - JKenl (D:Ku.z.nq
T T T il T T T T T T
factor of disk material on a change of transformation ratio ] l
350 b St

in a narrow band near the first electro-mechanical
resonance of the radial oscillations of free (not fixed)
piezoceramic disk. The numerical values of quality factor
are indicated near the corresponding curves.

All calculations were performed for piezoceramic disk

with radius R=33-10"m and thickness
o =3-10"m , made of thickness polarized PZT type
piezoceramics with following parameters:
po=T7400kg/m’;  cE=112GPa; cf=62GPa;
c5,=100GPa; e,=20C/m?>; e,=-9C/m?;

25=18007,; x,=8,85-101"2 F/m is a dielectric
constant; Q, =100 is a quality factor of piezoceramics;

Z,=10 kOhms is an electrical load value; Q = w1, is a

dimensionless quantity, where 1, = R/ G /Py is a
piezoceramic disk time constant. The frequency
f =15206 Hz corresponds to the value Q =1. The

value of the electrical impedance module of the electrical
signal source is shown in the figures field.

Kl

Z2,=10 Ohms

20 b

10

T

] 2 0
Kl 1) _|kle,mi
14 —r— 7 g -
Zg= 20 Chms | Z,J= 50 Ohms
10 ST O S SN S N S - 5
8 1
6 2
4 2

4.6 8 10
c
Figure 4 — Influence of the signal source output impedance Z g

on a frequency-dependent change of the transfer ratio module,
when R/ /R=12/25, R,/R=15/25 and R;/R=0.999:

a—Zy=>50hms; b—Z;= 10 Ohms;
¢ —Zy= 20 Ohms; d — Z; = 50 Ohms
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Figure 5 — Influence of the signal source output impedance Z g on
a frequency-dependent change of the transfer ratio module, when
R /R=12/25, R,/R=15/25 and R,/R=0.999:
a—Zy=>5Ohms; b—Z;=10 Ohms;
¢ —Zy=20 Ohms; d — Z; = 50 Ohms

From the results shown in Fig. 4, 5 it can be concluded
that each set of physical and mechanical piezoelectric
parameters, each primary and secondary circuit electrodes
configuration and fixed electrical load of piezoelectric
transformer is corresponded to a fixed value of electrical

signal source output impedance Zys with which the

maximum transfer ratio is realized in a specified frequency
range.

In Fig. 6 it is shown the calculated (solid line) and the
experimentally obtained (dashed line) curves of the
frequency dependence of the modulus of piezoceramic ring-
dot disk transformer’s transformation coefficient. The
calculation is based on the same parameters as in the

calculation of the curves |K(Q,H)| shown in Fig. 4.
Naturally, the dimensions of the disk transformer in the
calculation and experiment are chosen to be the same, i.e.,
the radius R =33-1073 m, the thickness o = 3- 107> m and

R/R=12/25, R,/R=15/25, R;/R=0.999 . The values

of the modulus of transformation coefficient of the
piezoceramic disk transformer are plotted along the ordinate
axis, and the frequency f (dimensionless value Q) — on the

abscissa axis. The frequency f =15206 Hz corresponds to
the value Q =1.
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Figure 6 — Calculated (solid line) and experimentally obtained
(dashed line) curves of the frequency dependence of the
modulus of piezoceramic ring-dot disk transformer’s
transformation coefficient

6 DISCUSSION

When building the model, it was assumed that the
thickness of the electrodes located on the surfaces of the
disk is very small in comparison with the thickness of the
disk « . In other words, the thickness of the electrodes,
which, as a rule, does not exceed 15 um, was not taken
into account for constructing a mathematical model of
piezoelectric transformer based on piezoceramic thin disk
(a/R << 1). It should also be noted that mathematical

model (70) was built for ring-dot piezoelectric
transformer (see Fig. 3) with surfaces partially covered by

electrodes (area 1, p € [O,RJ, and area 3, where
pe [Rz,RJ) and in the areas where there are no
electrodes (area 2, where p € [Rl,Rz], and area 4,
where p € [R3 , R] ).

As expected, the absolute values of the frequencies of
resonances in calculation and experiment differ from each
other. So, following the calculation, the frequencies of the
first second and third electromechanical resonances are
respectively equal to f, =37193 Hz, f, =88194 Hz

and f; =135330 Hz;  the  frequency  ratio
=/ =237,
rl
The experimental values of the same quantities are,
respectively, f,, =34491 Hz, f, =83728 Hz ,

=2.428. If the

f,=132325Hz and (= fr%

rl
experimental data are assumed to be true, the error in
determining the frequency ratio is AL =2.3%. The

obtained results are explained very simply. The numerical
values of the frequencies of resonances s are determined
by the dimensions and physicomechanical parameters of
the material of disk element. The ratio of the resonances
frequencies of the same disk is determined practically
only by its dimensions. For this reason, a very satisfactory
match between the theoretically and experimentally

© Bazilo C. V., 2018
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determined resonance frequency ratios is observed. The
discrepancy between the absolute values of the resonance
frequencies is explained by the discrepancy between the
physicomechanical parameters of the piezoceramics,
which were incorporated into the calculation and which
are inherent in the experimentally investigated object.
Comparing the curves, we can conclude that the quality
factor of the material of the experimentally investigated
sample is at least 1.2 times larger than included in the
quality factor calculation.

Thus, it can be asserted that the character of the
variation of both curves, shown in Fig. 6, in a fairly wide
frequency range coincides with accuracy to details. This
means that the qualitative content of the expression (70) is
adequate to the processes that occur in real object. In
other words, expression (70) is a mathematical model of
piezoelectric ring-dot transformer with ring electrode in
primary electrical circuit and sufficiently adequate to the
real object and the processes occurring in it. The latter
allows us to assume that the mathematical description of
the stress-strain state of the disk transformer also
corresponds quite well to the real state of things.

CONCLUSIONS

Physical processes in piezoelectric transformers,
which operate using axially symmetric radial oscillations
of the piezoceramic disk, are considered. The scheme of
mathematical models constructing of the ring-dot
piezoelectric transformer that is sufficiently adequate to
real objects and occurring physical processes is proposed.

Main results of this work can be formulated as
follows:

— mathematical model of piezoelectric transformer
with ring electrode in the primary electrical circuit is
constructed;

— high sensitivity of frequency characteristic of
piezoelectric transformer to the values of the output
impedance of the electrical signal source in the primary
electrical circuit is demonstrated.
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INPUHIOUIIA TA METOAU PO3PAXYHKY INIEPEJATOYHHUX XAPAKTEPUCTHK JUCKOBHX
IPE3OEJEKTPUYHUX TPAHC®OPMATOPIB

Basino K. B. — xaHa. TexH. HayK, JOIEHT, IONIEHT KadeIpH NIpuiIafo0yayBaHHS, MEXaTPOHIKM Ta KOMII IOT€PU30BAHHX
TexHoJIoTiH YepkachKoro Jep)>kaBHOTO TEXHOJIOTIYHOro YHiBepcuteTy, Uepkacu, YkpaiHa.

AHOTAIIA

AKTYyaJIBHICTh. 3aBISKH CBOIM YHIKaJIbHHM BIACTHBOCTSIM IT’€30KepaMiKa 3HaXOAUTh 3aCTOCYBAHHS B Pi3HUX 00JIACTSIX TEXHIKH
1 TexHOJOTIi. /INCKOBI I’ €30€IEKTPUYHI PHCTPOI IMUPOKO BUKOPUCTOBYIOThCA B €IEMEHTax iHpOpMaIiifHuX cucteM. JlocmimkeHHs
TTOKAa3aJIy, IO 11" €30€IEKTPUYHI TPaHCPOPMATOPH MOXKYTh KOHKYPYBATH 3 TPAAUIIHHUMH €JIEKTPOMAarHiTHUMH TpaHc(hopMaTopaMu
SIK 32 e(eKTHBHICTIO, TaK 1 3a IMUIBHICTIO TOTYXHOCTI. KiHIIEBOIO METOI0 MaTeMaTHYHOIO MOJENIOBAaHHS (i3HYHOTO CTaHy
KOJIMBAIIBHHX I’ €30KEPaMidHUX €JIEMEHTIB € SKiCHHI 1 KUIBKICHUH OITIC XapaKTePUCTHK 1 MapaMeTpiB iCHYIOUHX B HUX €IEKTPUIHUX
Ta eIaCTUYHHX HOJIIB.
MeTa poGoTH — 3anpPONOHYBATH NPUHLMIN MMOOYA0BH MaTeMaTHYHUX MOJEJNeH, sKi B JOCTATHIH Mipi aJleKBaTHI peaybHUM
HOPHUCTPOSIM i Bi3UIHUM TIpoLecaM, U0 BiA0YBaEThCS B HHX.
Meton. MaremMaTudHi Mopeni I’€30€JISKTPUYHUX TpaHC(HOPMATOPIB, LIO MPALIOIOTh 3 BHKOPHCTAHHIM BiCECUMETPHYHUX
pajianbHUX KOJMBAHb I1'€30KEPAMHYHMX IHUCKiB, MOOyIOBaHI 3 MiHIMAaJbHUM YHCIOM IPHITYLHICHb, IO CIPOIIYIOTH PEaNbHY
© Bazilo C. V., 2018
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cutyauiio. e 103BoJIse CTBEPIKYBATH, L0 3aIPOIIOHOBAHA cXeMa 100y JOBH JAOCTABIIsIE MAaTEMaTUYHI MOJIEI, SIKi B JOCTaTHIi Mipi
a/IeKBaTHO BIAMOBINAIOTH peabHUM 00’ €KTaM 1 Pi3HYHUAM MpoIiecam, sIKi B HUX iCHYIOTb.

Pe3yabTaTn. OCHOBHI pe3ynbTaTd Li€l poOOTH MOXKHA COPMYITIOBATH HACTYITHHM YHHOM: MMOOYJOBaHA MaTeMaTH4HA MOJEIb
I’ €30€JIEKTPUYHOT0 TpaHCc(opMaTopa 3 KiJIBLIEBUM €JIEKTPOAOM B IIEPBUHHOMY €JIEKTPUYHOMY KOJIi; TI0Ka3aHa BHUCOKA Uy TIHBICTh
YaCTOTHOI XapaKTEePUCTHKH II’€30€JIEKTPUYHOTO TpaHchopMaropa MO 3MIiH 3HAUCHb BHXIJHOTO OHOpY IDKEepena eIeKTPUYHOIO
CUTHAJIy B IIEPBUHHOMY €JIEKTPUYHOMY KOJIi.

BucnHoBkn. B pesynbrari JOCHIJUKEHHS MaTeMaTH4HOI MOJENI PEaTbHOro IPHCTPOI0 MOXKHA BHM3HAYMTH TOH HaOIp
TEOMETPUYHHX, (i3UKO-MEXaHIYHUX Ta EIEKTPHUYHUX IapaMeTpiB peajbHOro 00’€KTa, sIKMW 3ade3nedye peaizaliio TeXHIYHHX
MOKAa3HHKIB (QYHKIIOHAIILHOTO €IEeMEHTa I’ €30eJICKTPOHIKH, 00YMOBJICHHX B TEXHIYHOMY 3aBIaHHi. BapTicTh 30epexxeHnx pecypciB
CTAaHOBHTh KOMEpLIHHY I[iHy MaTeMaTH4yHOI Mojemi. [lepCrekTHBH MONANbIINX AOCTIIKEHb MOXYTh IONSTaTH B MOOYHOBI
MaTeMaTHYHOT MOJIEJIi I’ €30€IeKTPUIHOTO TpaHc(opMaTopa 3 CEKTOPHUMH EIICKTPOJaMH.

KJIIFOYOBI CJIOBA: 1’e30eneKTpuyHHN TpaHCHOPMATOp, BiCECUMETPUYHI KOJIHMBaHHS, (i3UUHI MPOIECH, MaTeMaTHYHA
MOJIEIb.

VK 621.373.826.032:534.232.082.73

NPUHOUIIBI U METOJbI PACYUHETA IEPEJATOYHBIX XAPAKTEPUCTHUK JUCKOBBIX
HNBE3O2JIEKTPUYECKUX TPAHCO®OPMATOPOB

Ba3nno K. B. — kxaHn. TexH. HayK, IOIEHT, JOIEHT Kadeapsl MpHOOPOCTPOEHHMS, MEXATPOHHKH M KOMITBIOTEPHU30BAHHBIX
TexHoaorui Yepkacckoro rocy1apCTBEHHOIO TEXHOJIOTHYECKOI0 YHUBEpCUTETa, Uepkacesl, YKpauHa.

AHHOTANUA

AKTyanbsHOCTb. biarojapsi CBOMM yHUKaJbHBIM CBOMCTBaM IIb€30KEPAMMKA HAXOMUT NPUMEHEHHE B Pa3iIM4HBIX 00JIacTsX
TEXHUKM M TEXHOJIOTMH. JIMCKOBBIC IBE303JIEKTPUUECKHE YCTPOMCTBA IIMPOKO HCIOJB3YIOTCA B JIEMEHTaX HH(OPMALMOHHBIX
cucteM. HccienoBaHus NOKa3alld, YTO IbE303JIEKTPUYECKHE TpaHC()OPMATOPBl MOIYT KOHKYPHPOBaTh C TpaJULMOHHBIMU
JNIEKTPOMATHUTHBIMU TpaHC(HOpMAaTOpaMH KakK 10 3(GEKTHBHOCTH, TaK M 10 IUIOTHOCTH MOIMHOCTH. KOHEUHOH mensio
MaTeMaTHIECKOTO MOJCTHPOBAHHUSA (DH3MIECKOTO COCTOSIHUSI KONEONIOIUXCS IhEe30KEPAMHYECKHX 3JIEMEHTOB  SBISCTCS
KayeCTBCHHOE U KOJIMYECTBEHHOE OIIMCAaHUE XapaKTEPUCTUK U IAPaMETPOB CYILECTBYIOIUX B HUX AJICKTPUYECKUX U YIIPYTUX HOJIEH.

Leanb paGoThl — IPEAIOKUTH IPUHIMIILL IOCTPOCHUS MAaTEMAaTHYECKUX MOJEIEH, KOTOpble B JOCTaTOYHOW Mepe aJeKBAaTHBI
peaNbHBIM YCTPOICTBAM M IIPOMCXOJSIIMM B HUX (DU3HYECKHM IIPOLIECCaM.

Metoa. MaremaTHueckue  MOJEIM  IbE302JIEKTPUUECKHX  TpaHC()OpMaropoB, paboOTaOIUX C  HCHOJIb30BaHUEM
O0CECHMMETPHYHBIX PaJUaIbHBIX KONeOaHMH MbEe30KEPaMHUYECKHX IUCKOB, MOCTPOEHBI ¢ MUHUMATBHBIM UYHCIOM YHPOIIAOIINX
peanbHYI0 CHUTyalMIO TPEANONIOKEHUH. OTO TO3BONAET YTBEPXKIaTh, YTO MPEANOKEHHAas CXeMa MOCTPOECHHs JOCTaBIISET
MaTeMaTHIECKHE MOJENHU, KOTOPBIE B JOCTaTOYHONW Mepe afeKBAaTHBI PealbHBIM 00BEKTaM M (PU3MUECKHM IpoleccaM, KOTOphIE B
HUX CYyIIECTBYIOT.

PesyabTatel. OCHOBHBIE pe3yNbTaThl HACTOSIICH pPabOTBI MOXHO CGOPMYJIHpPOBAThH CIEAYIOIIMM 00pa3oM: IIOCTPOSHA
MaTeMaTH4YecKass MOJIEIb ITbe303ICKTPUIECKOTr0 TpaHCc(opMaTopa ¢ KOJBLEBBIM JICKTPOAOM B IIEPBUYHON IIEKTPHUECKON IEIH;
IOKa3aHa BBICOKAs YyBCTBHTEJIBHOCTh YaCTOTHOM XapaKTEpHCTHKU IIbE30ICKTPHYECKOro TpaHchopMaTopa K H3MEHEHHUSIM
3HA4YEHUH BBIXOJHOIO COIIPOTUBIICHUS HCTOUYHUKA JIEKTPUYECKOr0 CUTHAJIa B IEPBUYHOM JIEKTPUYECKON eTn.

BruiBoabl. B pesynbraTe mcciemoBaHUS MaTeMaTH4eCKOW MOJENH PEAJbHOIO YCTPOWCTBA MOMKHO ONpPENeNuTh TOT Habop
TEOMETPUIECKHUX, PU3NKO-MEXaHWUECKUX U EKTPUIECKHX MapaMeTPOB PealbHOr0 00BEKTa, KOTOPBII 00eCIeYrBaET peannu3alnuio
TEeXHUYIECKUX MOKa3aTesed (pyHKIHMOHAIFHOTO 3JIEMEHTA NbE30eNICKTPOHNKH, OTOBOPEHHBIX B TEXHHYECKOM 3amaHnd. CTOMMOCTH
COXPAHECHHBIX PECYpCOB COCTABISICT KOMMEPUYECKYIO IIeHy MaTeMaThdeckod mopenu. IlepcrneKTHBBI JadbHEWIINX HCCIIeIOBaHUIT
MOTYT 3aKJIFOYaThCSI B TIOCTPOSHUH MaTeMaTHIECKOI MOIENN MbEe303JIeKTPHIECKOro TpaHc(hopMaTopa ¢ CeKTOPHBIMHU JIEKTPOAAMH.

KJIIOYEBBIE CJIOBA: mbe3037eKTpHYecKuil TpaHC(opMaTop, OCECHMMETpHUYHbIE KOJeOaHWs, (H3HYECKHe IPOIECCH,
MaTeMaTH4yecKas MOAEb.
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AHAJIN3 TUAT'PAMMBbI HAITPABJIEHHOCTH
INPUEMO-IIEPEJAIOIIEN KOJIBIHEBOU AHTEHHOU PEIIETKHU
C MAJIBIM YPOBHEM BOKOBBIX JIEIIECTKOB

TroTionHuk B. A. — kaH7. TeXH. HayK, C.H.C., HAYAJBHUK OTAeNa, HAyIHBIH neHTp Boszmymmaeix Cuil, XapbKOBCKHUIA
HalMOHAJILHBIA yHUBepcuTeT Bo3nymneix Cun umenn Visana Koxeny6a, XappkoB, YkpauHa.

Adynyur A. C. — xaHJ. TeXH. HayK, CTaplIMi npernojaaBarenb Kadeapbl paaro3IeKTPOHHBIX CPEJICTB HH(POPMAIMOH-
HOTO 00eCIedYeHUs] U yIpaBJICHUS! 3€HUTHBIMH PaKETHHIMM KOMIUIEKCAMH M CHCTEMaMM 3E€HHTHBIX PaKETHBIX BOWCK
XapbKOBCKOT0 HallMOHAJILHOTO yHUBepcHuTeTa Bozaymneix Cuit umvenn MBana Koxxeny6a, XappkoB, YkpanHa.

®opoB A. . — KaHJI. TeXH. HayK, JIOLEHT, Npodeccop Kadeapbl BOOPYKEHHSI 36HUTHBIX PaKeTHBIX BOWCK Xapb-
KOBCKOT'O HaIlMOHAIBHOTO yYHHBepcuTeTa Bo3mymusix Cun nmenn MBana Koxeny6a, XappkoB, YkpanHsa.

Tpopumon U. H. — xarn. TexH. HAyK, CTApIINN HAYYHBIA COTPYTHHK OTAeNa, Hay4HbIH meHTp Bosgymaex Cr,
XapbKOBCKHN HAIMOHANBHEIN yHUBepcuTeT Boznymaeix Cun umenn MBana Koxxeny6a, XapekoB, YkpanHa.

AHHOTALNMUA

AKTyalbHOCTD. [IpeMyIIecTBOM KOJBIEBBIX aHTEHHBIX PEIICTOK SIBIISETCS BO3MOXHOCTh KPYTOBOT'O 3JIEKTPOHHOTO CKaHHPO-
BaHU JIy4oM 0e3 MCKaKeHUS XapaKTEePUCTHK JUarpaMMbl HalPaBJICHHOCTH 3a CYET U3MEHEHHs PAcIpe/ieieHHs] TOKa Ha ee 3JIeMCEH-
tax. JlaHHas 0COOCHHOCTb, B COYETAHWH C COBPEMEHHBIMU TEXHOJIOTMSIMH U LIM(POBBIMH METOAAMHU JHArpaMMOOOpa30BaHHs OT-
KPBIBAaeT MEPCIIEKTUBY MIPUMEHEHHS KOJBbLIEBBIX aHTEHHBIX PEIIeTOK B 0030pHBIX PJIC BOeHHOTO 1 rpask1aHCKOrO Ha3HAUCHUS BMe-
CTO QHTEHHBIX CHCTEM C MEXaHNYECKUM BPAIICHUEM.

Heas. MccneqoBanue BO3MOXHOCTEH yMEHBIICHHS! yPOBHS OOKOBBIX JIETIECTKOB JUArpaMMBbl HAIIPABICHHOCTH OJHOKOJIBIEBOH
IIpUEeMO-TIepealoNIel aHTEHHOW PEeIeTKU NPH HCIOJIB30BAaHUH W3BECTHBIX aMIUIUTYAHBIX PacIpeieNICHUH, IPUMEHIEMBIX IS JIH-
HEWHBIX aHTEHHBIX PEIIETOK.

Meton. [{ns npoBeneHus: MCCIEIOBAHUS UCIIOIB30BaH MeTOJ (Pa30BBIX MOJ, IIPU KOTOPOM HPOU3BONIBHAST (GYHKIMS BO30YKe-
HYSI KOJIBLIEBOI aHTEHHOW PEIISTKU MPECTaBIsIeTCS B BUJE CyMMbBI KOMIIOHEHT (MOx) (a3oBoro Bo30OyXKICHHs, a IuarpaMma Ha-
MIPaBJICHHOCTU KOJBLIEBOI aHTEHHOM PELIETKH SIBISIET COOO0M CYNMEPNO3UIHI0 JUarpaMM HalpaBIeHHOCTH, CO3JaBaEMbIX OTAEIbHBI-
MU (ha30BbIMH MOAAaMU BO30YxkIeHHS. [laHHBIA METOA MO3BOJISET IIPUMEHATH K KOJIBLIEBBIM aHTEHHBIM PEILETKaM METOJbI, HCIIOJIb-
3yeMble A CHHTE3a JUarpaMM HAlpaBICHHOCTH M YMEHBIICHHUsS YPOBHS OOKOBBIX JEHNECTKOB JMHEHHBIX aHTEHHBIX PEIICTOK 3a
CUeT HCHOJIb30BAHMS CHEUANBHOI TPaHC(HOPMAIIOHHON MaTPHIIBL.

PesyabTatsl. PazpaboTana uMHTaIMOHHAS MaTeMaTHUECKast MOJCTb TUCKPETHOW OJHOKOJBIEBOI aHTEHHOH PEIIETKH, KOTOpas
obecrieunBaeT BO3MOXKHOCTh HCCIENOBaHUS 3(P(HEKTUBHOCTH HCHONB30BAaHMS AMIUIMTYIHBIX pacIpeieNICHNH, U3BECTHBIX VIS JIH-
HEWHBIX aHTEHHBIX PEIIETOK, JUI YMEHBIICHNS €€ YPOBHSI OOKOBBIX JEHIECTKOB.

BriBoasl. [IpoBeieHHbIE BEIMHUCIUTEIBHbBIC SKCIIEPUMEHTHI IOATBEPAMIN BOZMOKHOCTE IPUMEHEHHsI MeToa (a3oBBIX MOJ IS
(OopMHpOBaHUS AMArpaMMbl HAIPABJICHHOCTH C MAJIBIM YPOBHEM OOKOBBIX JICIECTKOB B IPUEMO-TIEPEIAIOLINX KOJIBLEBBIX aHTEHHBIX
pemrerkax. [Toka3aH BapuaHT NPAKTHMYECKOIO NPUMEHEHMS aMIUTUTYAHOro pacnpeneneHus Jonbda-Ueobimesa mist GopMUpOBaHUS
JMarpaMMbl HaIPaBJIEHHOCTH KOJIBLIEBOH PEIIETKH.

KJIFOUYEBBIE CJIOBA: konblieBasi aHTEHHAsI peIIeTKa, Teopus (pa3oBOro BO3OYXKICHHS, YPOBEHb OOKOBBIX JICTIECTKOB, AWa-
rpamma HarpasieHHOCTH Jlonbga-YeObimena.

ABBPEBUATYPbI
JH — nuarpamMMa HanpaBJI€HHOCTH;
KAP — konblieBast aHTEHHas pelleTKa;
JIAP — nuHeliHas aHTCHHAs PELIETKA;
YBJI — ypoBeHb OOKOBBIX JICTIECTKOB.

K — BoTHOBOE YHCIIO B CBOOOHOM MPOCTPAHCTRE;

M — MakcuManbHOE YHCIIO MOJ TOKa, UCIIOJIB3YEMbIX
1utst Bo30yxneHust KAP;

N — MOPSIKOBBIN HOMEP 3JCMEHTA AHTCHHON PEIICTKH
or 1 mo N;

R — panuyc okpyxHocT KAP;

suca() — KOMIUTEKCHBI BekTop BO30OykmeHust KAP,
coKyCHpPOBaHHOI B HANpaBICHHU ¢, C JIEMEHTAMU

HOMEHKJIATYPA
b() —Bexrop amImHTYXx Y;...Ym (Da30BBIX MOI mONA

skBUBajieHTHOH JIAP B nannHel 30HE;

D() — AH muckpetnoit KAP B a3umyTanpHOH IIIOCKO-
CTH;

Da() —AH mnenpepsiBHOit KAP B a3sumyransHoi
TUIOCKOCTH;

Dn() — mone n-ro anementa KAP B HanpasieHun @, ;

Dryx () — AH nuckpernoii KAP B pexume npuema;
D1y () — AH muckpetHoit KAP B pexxume nepenaun;

feuLa() — MHOXHTENL CUCTEMBI SKBUBaIEHTHOH JIAP;
Ji [¢] — dynkims Beccenst 1-ro poaa k-ro nopsiaxa;
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X1...XN5

T —TpaHchopMaliOHHas MAaTpHLa, ONUCHIBAIOMIAs
B3aMOCBSI3b MEX]Ty BeKTopamu Syca() u b();

W —BEKTOp aMIUINTYIHBIX BECOBBIX MHOXKHUTEJEH
Wi...Wpn;

o — rmapamerp, omnpenesnsieMblid Tpedyembiit YBJI s
pacnpenenenus Jonbda-UeOblena;

A — pabouas 1IMHA BOJIHEI,

(¢ — yIJIOBOE NONOKeHUE N-ro 31eMenTa KAP;

[o] — CHMBOJI IPOM3BENCHNS Alamapa.
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BBEJIEHUE

YacTHBIM ciiy4aeM KOH(QOPMHBIX aHTEHHBIX PEIIETOK
¢ oceBoil cummerpueit apnstoTcst KAP, usnyuarenu korto-
PBIX PACIIOJIOKEHBI BIOJb OJHOU (01HOKOINEIEBEIe KAP)
WM HECKOJIBKUX KOHIIEHTPUYECKUX OKpYyxkHOcTel. Ilpo-
pPBIBOM B BOmIpocax aHanu3a U cuHTe3a KAP cuutaercs
co3maHue Teopuu (a3oBoro Bo3OyxkmeHus [1-5]. Orto
1o3BosTII0 puMeHsATh K KAP n3BecTHBIE METOIBI CHHTE-
3a JIH n YBJI, pazpaborannsie mst JIAP.

Yka3aHHBIE TPEUMYILECTBA B COYETAHUU C COBPEMEH-
HBIMH METOJaMU U TEXHOJOTHSIMU JHarpaMMooOpa3oBa-
Hus [3, 6—8] MO3BOJNAIOT peaIn30BaTh OBICTPOE KPYroBOE
AJIEKTPOHHOE CKaHUpoOBaHKE JiyuoM [9] u obecnieunBaroT
nepcrnektuBy npumenenuss KAP B 063opubix PJIC u cuc-
TeMax CcBs3u. HauOombIuii MHTEpEC MPEACTABISIOT OJ-
HoKouiblieBbie KAP, mo3Bosisitomne nomyuuts Tpedyemble
xapakrepuctuku JIH mpu rabapuTHBIX M BECOBBIX Orpa-
HUYCHUSX.

HccnenoBanust alropuTMOB HarpaMMOOOpa3oBaHUS
Juts ogHOKOubIEeBBIX KAP, OCHOBaHHBIX Ha ITPUMEHEHHH
MTOJIOKEHUH TeopruH (a30BOTO BO3OYKICHHUS, YKAa3hIBAIOT
Ha cyllecTByomre pasnuuus B ¢opmupoanun IH B
pexxumax npuemMa u nepenauu [1, 3, 4]. IIpumenenue ox-
HOTO ¥ TOTO K€ aJTOpUTMa MPUBOJIUT K PA3IUUHUIO Mapa-
MetpoB JIH KAP B paznuunsix pexxumax. [Ipu onenusa-
HUHM BO3MOXKHOCTHU co3sanus coBMmemnieHHbIX PJIC Ha oc-
HoBe KAP munTepec mpencrasiseT Uccie0BaHUE B3aUMO-
cBsa3u napamerpoB KAP u xapakrepuctuk /IH B pexxumax
IpreMa M Iepeladdl Mpu HMCIOJIB30BAHUK OOIIETo ajro-
putma. KputeprieM ONTHMaabHOCTH B 3TOM CIydae MO-
ket ObTh HamMeHbIMH YBJI cymmaproit ITH mpuemo-
nepenaromei KAP.

1 IOCTAHOBKA 3AJIAYHN
Paccmorpum omrokombieByto KAP (puc. 1), cocros-
mryto U3 N M30TpOnHBIX u3nydarenei. [lomoxkeHne kax-
JIOTO N-TO 3J€MEeHTa 3a7]aH0 B MECTHOM MOJISIPHON cucTe-
Me KOOpJAMHAT paJnyCcoM OKpYyXHOCTH R wu yriiom

¢n =27(n—=1)/N, n=1,N. MHOXuTeIb CHCTEMBI Ta-

koit KAP onpenensercs cootHomenueM [3]:
N -
fuca (¢) =D exp[ - jkRcos(9p—@y)]. (1)

n=1

rne K=2m/A — BomHOBOE 4MCIO B CBOGOJAHOM MpO-
CTPAaHCTBE; A — JUIMHA BOJIHEL

CooTHOIICHUE I pacyeTa KOMIUICKCHOTO BEKTOpa
B030yxaeHus choxycupoBanHoit KAP nmeer Bup [3]:

N
suca(®o)= 2 exp[ - jkRcos(pg — ¢ ) | )
n=l1

rIe ¢ — HampasieHHe raBHoro makcumyma JIH KAP B

TOPU30HTAIBHOM IJIOCKOCTH.
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Pucynok 1 — I'eomerpus oxgHokomnbieBoii KAP

®opmyna mis pacuera choxycuposannoit JJH muc-
KpeTHOH oxHokonbeBoii KAP B a3uMyTanbHOM miuocko-
CTH MOXXET OBITh NIPE/ICTaBIICHA B BUJIE:

N

D(¢) = Dg; - fuca (@) -suca (®o) = D Dn (0 —0n )x 3
n=l1

xexp| JkR (cos(¢—pn)—cos(9o —n )]

rae D, ((p—(pn) — 1oJsie N-ro 3J€MEHTa PELIETKH B Ha-

HpaBJICHAN Qp .

[Morenumansuo Bo3MmoxHas (upeansHast) JH KAP,
COCTOSIIEH N3 OECKOHEYHO OOJIBIIOrO YNCIa H30TPOIHBIX
3JIEMEHTOB, B TOPH30HTAIBHON IIIIOCKOCTH BBIPAXKaeTCs
¢dopmyoit [1-3]:

Dy, (99) = Jg {Mz sinw—;} ,

rae Jy [0] — ¢ynknus beccens 1-ro poxa 0-ro mopsaka.

I'paduku IH nenpepoiBHoit KAP u muckpernoit KAP
npu pacctostHun Mexay smementamua 0,40 u 0,60 u
IPSMOM TPUMEHEHHH AaMIUINTYAHOTO pPacIpeeeHNs
Jonbda-YeGbmmesa' mst tpebyemoro YBJI o = —20 1b
MIpeJCTaBJIeHbI Ha pUC. 2.

[TosmyueHHbIE pe3ynbTaThl MO3BOJISIOT BBIACIUTH CIE-
nytorme ocodeHnoctu Gopmuposanus JIH KAP B ropu-
30HTAJIBHOM MIOCKOCTU:

1) ucrop30BaHNe M3BECTHBIX aMIUTUTYIHBIX pacripe-
nenenuid, npumensiembix B JIAP, nns ymensiienust YBJI
JH nuckpernoit KAP He obecrmieumBaeTr jxemaemblil pe-
3yapTaTr. YBJI cocraBnsier Tonbko MuHYC 8 O1b BMecTO
oxxumaeMbix MuHyc 20 1b;

3) HE3HAYUTENBHOE YMEHBIICHHE KOJIHMYECTBA 3Je-
MeHTOB KAP (yBenmuueHHe pacCTOSHUS MEXIy HUMH)
IIPUBOJUT K 3HauUTeNIbHOMY Bo3pacranuto YBJI JIH nuc-
kpeTHOit KAP.

! Menomssosanacs BerpoenHas pynkuus MATLAB chebwin( N,a),
rae o — tpedyemsbrit YBJI s JIAP
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Pucynoxk 2 — JluarpaMMbl HanpaBJIeHHOCTH HENPEPHIBHON U AuCKpeTHOH KAP

3agaya 3aKI04YaeTCs B IOWCKE METOJA YMEHBIICHUS
VBJI B KAP nipu ucnonb30BaHUM U3BECTHBIX aMIUIUTYI-
HBIX pacnpeaeneHuil, npumeHsiemMsix B JIAP.

2 OB30P JIMTEPATYPBI

B pabote [5] JleliBrcoM BriepBbie MpEAIOKeH METO]
($a30BBIX MO, KOTOpPBIH OOecleunBacT BO3MOKHOCTD
npuMeHeHHs B npueMHbIXx KAP Bce MeTonpl, ucnonb3ye-
mble 17 cuates3a JJH u ymensinenust YBJI JIAP.

B pa6orax [1, 3] moiyunn manpHeiIIee pa3BUTHE Me-
Tox aHanu3a u cuHre3a KAP, ocHOBaHHEBIN Ha mpexacTas-
neranu [IH KAP B Buge cymmsl (ha30BBIX MO (YTIOBBIX
TrapMOHHK). B OCHOBe MeTOna JIEKHUT AOMYIIEHHE O He-
MIPEPHIBHOM pACIpEeICHHH TOKOB BJIOJb Koibma. Ilo-
CKOJIbKY pacIpeeIeHIE TOKa B KOJbLE SBISIETCS IEPHO-
JIMYecKoil (yHKIMEH yria ¢ mepuoaoM 27, TO OHO MO-
JKET OBITh Pa3I0kKEHO B 000OMICHHEIH psi Dypbe 1O JIto-
001t ynoOHOI cucTeMe OPTOTOHAIBHBIX (DYHKIIHH.

Kaxxaprii wieH psma mpencTaBiseT co00i TapMOHUKY
(Momy) TOKa ¢ TOCTOSHHOM aMIUTUTYAON W JHHEHHO W3-
MeHsrommeics mo yriry ¢asoit. Kaxxmoit rapMoHuKe cooT-
BeTcTByeT mapruanbHas [IH (mmarpamma, ompernensemas
MOJIOM TOKa COOTBETCTBYIOLIETO MOpsAKa) C HEe3aBUCH-
el OT yriia aMIUTUTYA0N U (a30H, sBISIOIICHCS JTHMHEH-
HOW (QyHKuMeil yrna HaOmoxeHus. [lapuuanbHble ana-
IpaMMBI IIPEACTABISIOT c000if Dyphe-KOMIOHEHTHI CyM-
mapHoit JIH KAP, sBusromelicst nepuognyeckoit GpyHk-
LUEH yria B INIOCKOCTH KONbLA.

IIpencrasnenue IH KAP B Buze cyMMbl MOJT aHAIOT Y-
HO CYMMHpOBaHHIO BKJaJoB, BHOocuMbIXx B JIH JIAP ort-
JIETBHBIMH €€ M3ITydaTessiMi. Takoi moaxos oOecrednBaeTt
BO3MO>KHOCTH OTMCaHMs pabOTHI KOJIBIIEBOH MHOTOMOIOBOM
PEIIETKH MOYKHO C TTOMOIIIBIO SKBUBaNEHTHOH JIAP.

B pabortax [l, 4] npuBemeHsI pe3ynbTaThl MPaKTHUE-
CKUX HCCIIeIOBaHHUN TUCKPETHBIX OJHOKONbLEBBIX KAP,
KOTOpPbIE JOKa3aJl BO3MOXKHOCTH OJHOBPEMEHHOI'O BO3-
Oy>XIeHUsI BceX HE3aBUCHMBIX MO/ (KaK MOJIOKUTENbHbBIX,
TaKk ¥ OTPHUIATENBHBIX) OT Hyas m0 N /2 myTem mon-
xmogeHnss KAP u3 N a1eMeHTOB K BBIXOJaM MaTpUYHOM
CXeMbl U ompejesieH OOIIui BUI TpaHCHOPMAIIMOHHON
MAaTpHILBL.

3 MATEPUAJIbBI U METO/IbI
PaccMoTpUM JUCKPETHYIO OJIHOKOJIBLIEBYIO IPHEMO-
nepenaomyto KAP, snemeHTsl KOTOpOH MOIKIIOYEHBI K
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pazpemMaM MaTpuyHOM cxembl (puc. 3). s oGmHOCTH
aHalm3a JOMyCTUM, 4TO 31eMeHTsl KAP sBustoTcs uzo-
TPOTHBIMH U3Ty4aTEISIMU.

Ha puc. 3 moxa3zaHsr:

Suca (<Po) = [X1
B030yxkneHns KAP;

b(¢g)=[yi

BBIX MOJI IOJISI DKBHBajeHTHON JIAP B manpHel 30He, rae
M =0, £l1,..., i(N —1)/2 ecm N

M =0,+1,...,+£(N-2)/2,N /2 ecm N uernoe ;

T o
XN] — KOMIUICKCHBIM BEKTOP

-
yM] — BEKTOp aMIumryn ¢aso-

HCYCTHOC nim

T
W= [Wl W ] — BEKTOp aMIUIMTYAHBIX BECO-

BBIX MHOJKUTEIIECH.

OTpesKH MHHHH
— PABHOH ITTHHEI

Yy

Cxema (pOpMHPOBAHHA

TPAHC( OPMALTIOHHO
MaTpHLBL T

IlepemeHHEIE

o« (azopamaTent

Pucynok 3 — Ctpyxkrypa npuemo-nepenatomeiit KAP

[Tyctp KommekcHbIi BekTop Bo30OyxneHuss KAP B
peXuMe Ipuema Ajsl y3KOMOJOCHOTO CUTHANA ¢ YaCTOTON
fp =C/A 3amaH B a3UMyTaIbHON IUIOCKOCTH BEKTOP-

0

cron6uom Syca(@g) pasmeproctn Nx1. Torma, B co-
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orBeTcTBUM C (1.2), N-H 35eMEHT BekTOpa SUCA((PO)a

n= 1, N , OIPEACIIACTCA CICAYIOLIUM BbIPpAKCHUEM !

[suca (@9 )]n = exp| — JkRcos (9 —¢n) |

Tpanchopmanmonnass marpuna T, onuceiBaromas
B3aMMOCBSI3b MEK/Iy KOMIUICKCHBIM BEKTOPOM BO30YKIe-

Hus KAP SUCA((PO) U BEKTOPOM aMIUTHTYZ (a3oBbIX

MOJI IT0JIs SKkBUBaJIeHTHOM JIAP B mannHeii 30He b((po ) ,B

oOrreM Bujie onpeaensercs kak [1, 3]:

T=C-D. 4
Matpuist C u D pasmeprocreit NxN moryT GbiTh
PaCcCYHMTAHBI MO CIICAYONIUM BBIPAKECHHUSIM:

-1
C =diag (im_l_H Im-1-H {%D ;

(m-1-n) 20D

[D],, =exp] ] :

rae m=1LN; Jy [0] — ¢yukius Beccens 1-ro poaa k-ro
nopsinka; H = ( N —1) /2 — ecom N HeweTHOe WK
H =N/2 —ecnu N yerHoe.

Bekrop amruutys (a3oBbIX MO HOJIS 9KBUBAJIEHT-
Hoii JIAP B manbHeN 30HE HAXOAUTCS Kak:

b(¢g)=T-syca(®o)- (5)

Kaxnpiit m-ii a1eMeHT BEKTOpa b((po) MIPEACTABIISET

co00if rapMOHHKY (MOJ/y) TOKa C HOCTOSIHHOW aMILIUTY-
JIO¥ ¥ JIMHENHO W3MEHSIIOIIEHCs B Tpeenax 27 (asoii.

Wcnone3yst meton ¢aszoBeix mon [1...5], mpoBemem
aHanu3 Bo3MoxkHocTH cuHTe3a JIH KAP ¢ 3amaHHbIM
VYBJI nyreM ucnonws3oBaHusi usBectHoro st JIAP am-
wmTygHoro pacnpeneneans Jomnbda-Ueopmmena. [Ipu
stom JIH KAP B pexume mpuema OyIeT ONHCHIBATHCA
MaTpPUYHBIM BBIP2KEHHEM BHJIA:

Dy () = feura(®)-[b(9g)ow]. (6)

N
rne feuia (@)=Y exp[—j(m—-1-H)o] — muoxurens
m=1

cucremsl skBuBanentHoi JIAP; [o] — cumBon npousse-

neHus: Amxamapa.
CgoiictBa pesynsrupytomiein IH (3) Oyayt naeHTHY-
HBI cBoiicTBaM JIAP, HO Temepp maHHas GyHKUIUS Ompe-

neneHa B auanaszose yrios 0...360° u npomnopLuoHaIbHa
MEPEMEHHOI ¢ .
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IIpu cuntese JIH KAP B pexume nepenaum cHauana
HE00X0AMMO HaWTH pacHpesiesieHue TOKa Ha BXOJax MaT-
puuHO#t cxemsbl. [{yis penieHus: JaHHOM 3a1a4u 11enecoo0-
pa3HO HCHOIB30BATh H3BECTHbIE MeToAbl cuHTe3a JH
JIAP. B 3toMm cirydae HE0OXOIUMOE pacIpe/ieICHUE TOKa
Ha BXO/1aX MaTPUYHON CXEMbI MOXET OBITh HAIJICHO KaK:

b(0g) =seuLa(@)ow,

N
rae sgyia (@)= X exp[ j(m—1-H)kRsingg | — cxa-
m=1

HUPYIOIIUN BEKTOp 3KBHBaJleHTHOW JIAP; W — BexTop
AMIUIUTYIHBIX BECOBBIX MHOXKHUTEJIEH, COOTBETCTBYIOIUI
ontumansHoit IH JIAP.

B cootBercTBUM ¢ Teopueil (azoBOoro BO3OYKICHHUS,
MOJIYYEHHBI BEKTOP aMIUIUTYJHOTO PacHpEelesICHUs K-
BuBaneHTHOH JIAP mpencraBmser co0ol BEKTOp aMILTH-
Ty ¢azoBeix mox noist KAP B nameHeit 30ne. [Ipumene-
HHEe MeTofa (a30BBIX MOJ IO3BOJIAET YCTaHOBHTH CBS3b
mexay nosieM KAP B nanbHell 30HE U KOMIUIEKCHBIM BEK-
TopoM BO30yxkaeHusi KAP. B cooTBeTcTBHH C 3TUM BEK-
TOp, MOJIy4aeMbIil MOCJE MPOXOXKICHHs] CUTHAJIOB Yepes
MaTpPUUHYIO CXEMY, UMEET BUJI:

suca(©0)=T""-b(p).

IonyueHHOEe pacnpeneneHue TOKOB SIBISIETCS KOM-
TUIEKCHBIM ~ BEKTOPOM  BO3OYXKHEHHS  C(OKYCHPOBAHHOM
KAP. Ilpu 3TOM cremyer OTMETUTb, YTO HCIIOJb30BaHUE
Bcex M mocTymHbIX MOJ TOKa [Uist (JOPMHUPOBAHKS BEKTOpA
B030YykneHusa muckpetHor KAP MoxeT mprBecTH K IOSB-
JIEHUIO pa3nuiui oT mnoreHuuanbHoi JIH HempepbiBHOM
KAP [4]. Ocoberno Oopimie pa3midrs Oy IyT UMETh MECTO
B 00JacTH JanbHUX JenectkoB. IlosToMy mis momyueHus
Hanbornee Ommskoil k morteHmmansHol [IH KAP B pexmme
Hepefaud MaKCUMAJIBHOE YHCIIO HCIOJIB3YEMBIX MOJ TOKa
M  nomkHO BBIOUpATHCS U3 yCaoBust [3]:

M <2kR+1<N .

Bripaxenue ans pacgera chokycuposannoi JJH KAP
B PEKMME Nepeadn PUMeT BUJI:

Dry (¢) = fuca(®)-suca(®o)-

4 DKCIIEPUMEHTbBI

Ha ocHoBe onucaHHBIX TPOLENYp C UCIOIb30BaHHEM
nakera Phased Array System Toolbox cuctemsr Matlab
ObUTa pa3paboTaHa MMUTAIIMOHHAS MaTeMaTHUYeCKas MO-
JIeNlb TMCKPETHOW OJTHOKOJIbIIEBOW AHTEHHOW pPEIIETKH,
MO3BOJISIIOINAS TIPOBOJUTE aHaIN3 (PPEKTUBHOCTH TPH-
MeHeHHs MeToza (a3oBeix Mox i cuHTesa JIH KAP ¢
MainsiM YBJL

Anamm3 3¢ dexkTrBHOCTH TpUMEeHEHUS MeTona (azo-
BbIX Mo st cuHTe3a JIH KAP ¢ mansim YBJI npu wmc-
MOJIb30BAaHUU AMIUINTYAHBIX BECOBBIX MHOXKUTEJIEH HpO-
BOJWJICSI [UISl CIEAYIOIIMX MCXOAHBIX IAHHBIX: paccMat-
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puBanack perrerka 3 N =32 H30TPOMHBIX U3ITydaTeNei;
paccrosiHEe MexIy snemeHTamu coctaBimsuio 0,4, 0,5 u
0,6A; I pacdeTa aMIUTUTYIHBIX BECOBBIX MHOXHUTEJCH
MIPUMEHSUIOCh aMIUINTYJHOE pactupexaencHue Jlombga-
Yeobpmmea ¢ YBJI o =-20, —30u —40 ab ; a1a Bo3-
OyxneHus s1eMeHTOB KAP nMcmonbp30Bamichk MOJIBI C HO-

mepamu M =0, £1,...,+(N-2)/2,N/2.

S PE3YJIBTATHBI

Pe3ysnbraThl pacdyeToB NpejcTaBlIeHbl B BHJE rpadu-
koB /IH KAP B pexxumax npuema (puc. 4-6, a), nepeaauu
(puc. 4-6, 6), a Taxxe pesynpTupytomeit JIH mpuemo-
nepenatomeit KAP (puc. 4 — 6, B), noday4eHHOH MyTeM
nepeMHoxeHnus JIH B pexumMax mpuema u nepeaadu.

ITomyueHHble pe3yabTaThl MO3BOJIMIN BBIIBUTH CIe-
JIYIOIINE 3aKOHOMEPHOCTH:

1) mpu paccTosHuN MEXITy 3JIEMEHTaMHU
2nR/N =0,41: OIH KAP kak B pexume nepenauu
(puc. 4, a), Tak u B pexume npuema (puc. 4 6) UMeOT
npakTUdecku paBHOMepHbI YBJI, To ecTh MakCHMalIbHO
npubmKeHsl K noreHnuansHoit JIH HenpepriBHolt KAP;
peanusyemsiii YBJI B pexxume nepenauu Al BceX 3aAaH-
HBIX 3HAYEHUH Iapamerpa o OCTACTCS OJMHAKOBBIM M
cocrasiger nopsaka —20 nb; YBJI B pexume npuem He
TIPEBBIIIACT 3aJJaHHBIX 3HAYCHUH napameTpa
o=-20, —30u —40 nb, COOTBETCTBEHHO; s

[H KAP na nepepna4y

HopmupoBanHas amnnutyna, o6

-60
-180

160 140 120 100 80 60 40 20 0

AzumyT, rpag.

o =-20 1b mmmpuaa JIH COOTBETCTBYyeT MOTEHIMAIb-
no#t /IH nernpepsiBaoii KAP (puc. 2), B TO Bpems Kak Juist
3HaueHU# o =-30u —40 1b nMmeer MecTo pacmupeHue
JH cootserctBenHo Ha 10% u 20% B pexxumMe nepenaqu
u Ha 20% u 40% B pexume npuema;

2) npu paccTostHun MEXIY JJIEMEHTaMHU
27R/N = 0,5\ : IO Mepe yMEHBIICHHs 3HA4YE€HUN mapa-
MeTpa 0 YpOBeHb OMmKHIX 00KOBBIX JienecTkoB JIH KAP
B pexkuMe Tiepenayn (puc. 5, a) IUIaBHO MEHSETCS OT PaB-
HOMepHO crmajatomero (—15...-30 ab st o =-20 1b) 10

PABHOMEPHO BO3DACTAKOWIETO (-39...—281B i .= —40 1b)
B jauana3one yrioB ¢ =190° oTHOCHTENbHO Hampasie-

HUSI TJIABHOTO MAaKCHMyMa; B O0JAacTH AAlIbHUX JICTIECT-
KOB HabmromaeTcs pe3koe Bo3pactanue YBJI mo 3HaueHwmit
—15...-20 nb; uMeeT MeCTO HE3HAUMUTENHHOE HCKAXKECHUE
(dopmMbl  OOKOBBIX  JIEIECTKOB B pEXHME HpUEeMa
(puc. 5, 6), MHTEHCHBHOCTb KOTOPBIX YCHIIUBAETCS MO
Mepe YMEHBIIEHHs 3HaueHWH mNapaMeTpa o; NpU 3TOM
YBJI IH KAP B pexxume mpuema ocTaercsi B mpenenax
3alaHHBIX 3HaueHW mapamerpa o =-20u—-30 1b u
JMIIb HE3HAYMTEIBHO NPEBBIIIACT 33aHHOE 3HAYCHHE B
obnacTn JambHUX JieTecTKoB it oo = —40 nb ; xapakrep
n3meHenus mupunsl JIH KAP octaercs takoif xe, kak u
IIPH PACCTOSIHUH MEXAY daeMeHTaMu 0,4 ;

[H KAP na npuem

HopmupoeakHas amnnutyna, 06

S N N I I N S
0

20 40 60 80 100
AaumyT, rpag.

120 140

[H npuemo-nepenaromen KAP

HopmuposanHaa amnnutyana, o6

chebwin{M,20)

chebwin({N.30) ]

""""" chebwin(N.40)
T

-150

150

AauwyT, rpag.

B

PucyHok 4 — Jluarpammel HanpasiienHocTH quckperHoid KAP (N =32, 2rR/ N =0,41)
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3) npu paccTosiHuU MEXIY JJIEMEHTaMHU
2ntR/N =0,61: JH KAP B pexume mnepenauu

(puc. 6, a) xapakTepusyeTrcs pPaBHOMEPHO CIHaNAIONIHM
YBJ -12...-14 ab, -19...-23 16 u -27...-371b
mis oo =-20, —30u —40 16, COOTBETCTBEHHO, B IHa-
mazoHe yriaoB ¢ =180° OTHOCHTENBHO HAMpPABICHHS

TJIABHOTO MAaKCHMyMa;, B OOJIACTH JalbHUX JICTICCTKOB
YBJI B pexxume mepemaun BospactaeT mo —10...—17 nb;

IH KAP Ha nepepaydy
T T

0 : : :

HopmuposarHan amnnwtyaa, ab

-60
-180

-160 -140 -120 100 -80 -60

AgumyT. rpaa.

JH KAP B pexxume npuema (puc. 6, 0) xapakrepusyercs
MIPaKTUYeCKU paBHOMEpHbIM YBJI co 3HaueHus MU BBILIE,
yeM st ciryyas curdasHoro Bo30yxaenun KAP (puc. 2);
mwmpuna JIH KAP B obeux pexnmax COOTBETCTBYET II0-
teHimansHoil JIH nempepsiBHOM KAP u nums He3Haun-
TEJIHO pacmupsiercss B pexume nepepaun (~10%) mpu
o=-40 1b.

HopraupoeanHan amnnutyaa, a6

140

160
AanmyT, rpaa.

HopmuposanHan amnnntyaa, ab
o
=1

===== chebwin{N.30) [
""""" chebwin(M,40)

T
0 150

A3numMyT, rpag.

B

PucyHok 5 — [Tuarpammsl HanpasinenHoctu quckperHoil KAP (N =32 ,27R /N = 0,54 )

IOH KAP na nepegauy

HopmuposanHas amnnutyaa, oAb

-140 120 -100 -80 -60

AzumyT, rpag.

[H KAP na npnem

HopmuposanHas amnnutyga, o6

20 40 60 80 100
AzumyT, rpag.

120 140 160 180

HopmupoeanHas amnnutyaa, ob

chebwin(M,20)
—==== chebwin(N,30)
""""" chebwin{N,40)

AanmyT, rpaa.
B

Pucynoxk 6 — JInarpammsel HanpasiaeHHOCTH auckpeTHod KAP (N =32, 27R/N = 0,61 )
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6 OBCYXXJIEHHUE

I'padukn auarpamMm HampaBIEHHOCTH KOJIBLIEBOW aH-
TEHHOH pEelIeTKH, NIPeJICTaBICHHbIE Ha puC. 4—0, MOKa3bI-
BAIOT, YTO HM3MEHEHHE DPACCTOSHUS MEXIY DJIEMEHTaMHU
muckpetHoi KAP npu ncnons3oBanuu 00IIEro anropuT-
Ma QopmupoBanus JJH oka3siBaeT pa3indyHOE BINSHHE Ha
mapameTpel JJH KAP B pexxumax mpuema u mepemadu.
310, B CBOIO 0YepenIb, AT BOZMOXXHOCTh MOMCKA Palno-
HAJIBHBIX COOTHOIIEHMH Mexny nuamerpoM KAP n mma-
HOM BOJIHBI, a TaK)Ke BbIOOpa BUJA AMIUIUTYIHOTO pac-
IpeneneHus, KOTopoe 00ecreduT TpedyeMble mapamMeTpsl
cymmapsoii /JIH npuemo-nepenaromeit KAP.

Ilytu ymy4imenus napamerpos cymmapsoin JIH npue-
Mo-niepenaronieit KAP cBsi3aHHBI ¢ TOMCKOM alnropUTMOB,
obecrieunBaronx 00paTUMOCTh MIPeoOpa3oBaHKs, OCHO-
BaHHOT'O Ha MCIIOJIL30BaHUH MeTO/a (ha30BBIX MO/I.

BbIBO/bI

B craree MeTogaMu IMHUTAMOHHOTO MAaTEMaTH4ECKO-
rO MOJEIIMPOBAaHMS IPOBEACHO HCCIEAOBAHUE XapaKTe-
PUCTHK HaIpPaBJICHHOCTH JUCKPETHOM O/IHOKOJIBIIEBOH
AQHTEHHOW PEIIETKH NPH HCIOJIB30BaHUH MeTo1a (pazoBhIX
MOI W o0mero aiaropurma (OPMHPOBAHHUS IHATPAMMEI
HaNpaBJIeHHOCTH B peXHWMax IpueMa W mepemaun. Ha
IpUMepe  aMIUTUTYyIHOTO  pacrpeneneHus  [lonbga-
YeObleBa, HCIOIB3YEMOTO IS JIMHEHHBIX AHTEHHBIX
pelLIeTOK, MOKa3aH IOAXOJ K CHHTE3y IuarpaMMbl Ha-
IIPaBJICHHOCTH KOJIbLIEBOM aHTEHHOW PEILETKU B PEXKUMAX
npueMa M Tepelayd, a TakKe CYMMapHOH AuarpaMmbl
HAaIpaBJIeHHOCTH MPUEMO-TIEPEAIOIIeH PeIeTKH.

Hay4nasi HOBHM3Ha COCTOMT B pa3palbOTKe MMHTAIMOH-
HOU MOJIENN JUCKPETHON OHOKONBIEBONH aHTEHHOM pereT-
K{, peam3yromeil anroputM (GopMHpOBaHUS HarpamMMBbl
HaIpaBJIeHHOCTH C MaJIbIM YPOBHEM OOKOBBIX JICIIECTKOB B
pexnMax mpHeMa M Iepeladn 3a CUeT HCIOIb30BaHusI Me-
Toza (ha30BBIX MOJ M M3BECTHBIX JUIS JIMHEHHBIX aHTCHHBIX
PEIIETOK aMIUIUTYIHBIX PacTIpeieICHUH.

[TpakTHyeckass 3HAUUMOCTb OIpENENAETCsl IPOBEICH-
HBIMH 3KCIIEPUMEHTAJIBHBIMH HCCIIEIOBAaHUAMH d(Pdek-
THUBHOCTH HCIIOJIb30BaHUS aMIUTUTYIHOTO pacHpeesIeHUs
Honbga-YebObimea it CHHTE3a JUarpaMMbl HalpaB-
JICHHOCTH KOJIBLIEBBIX AHTEHHBIX PEIIETOK C 33JaHHBIM
ypoBHeM OOKOBBIX JerecTkoB. [lomydens! rpaduku ana-

YK 621.396.677.4

rpaMm HalpaBJICHHOCTHU ,JIHCerTHOﬁ OHHOKOHLHCBOﬁ
aHTEHHOU PCHICTKH B pEKUMaX IMpUEMa U Mnepeaadn 1npu
Ppa3JIMYHBIX MapaMeTpax pCIICTKHU.
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AHAJII3 IIATPAMHA HAITPABJIEHOCTI IIPUMMAJIBHO-TIEPEJIABAJIbHOI KUIBIIEBOI AHTEHHOT
PEIIITKH 3 MAJIUM PIBHEM BIYHUX IEJIOCTOK

ToTionnuk B. O. — kaHj. TexH. HayK, C.H.C., HadalbHUK Bimimy, HaykoBuil meHtp IloBirpsamx Cun, XapkiBchKuit
HauioHanbHUH yHiBepcuteT [ToBiTpsinux Cuin imeni IBana Koxeny6a, Xapkis, Ykpaina.

Hdynymr A. C. — kaHA. TeXH. HayK, CTapIINi BUKJIaga4d KadeapH pamioeleKTpOHHNX 3acobiB iH(popManiitHoro 3abe3neyeHHs Ta
YOPaBIIiHHSA 3CHITHUMHM paKeTHHMMH KOMIUIEKCAaMHM 1 CHCTeMaMM 3CHITHHX paKeTHHX Bificbk XapKiBChbKOTO HalliOHAJIbHOTO
yniBepcutery IloBitpsiaux Cun imeni [Bana Koxxeny6a, Xapkis, Ykpaina.

®uopos O. I. — KaHA. TeXH. HAyK, OOIEHT, mpodecop Kadernpu 030pOEHHS 3CHITHHUX pPAKETHHX BIMCBK XapKiBCHKOTO
HatrioHaibpHOTO yHiBepcuTeTy [loBiTpssaux Cun imeHi [Bana Koxeny6a, Xapkis, YkpaiHa.

Tpodumon I. M. — kaHI. TeXH. HayK, CTapIIMi HAYKOBHI CIIBPOOITHHK BimJily, HayKOBHUH

nentp Ilositpsanx Cui,

XapkiBcbkuii HarioHansHUH yHIBepcuTeT [loBiTpssHux Cuit imeni IBana Koxxemy6a, XapkiB, Ykpaina.
AHOTAIIA
AKTyanbHicTh. [lepeBaroro KilblEBHX aHTCHHHX PEIIITOK € MOKIIMBICTh KPyrOBOTO EICKTPOHHOIO CKaHYBaHHS MPOMEHEM 0e3 Crio-
TBOPEHHSI XapaKTePUCTHK JiarpaMy HAPBIICHOCTI 32 paxyHOK 3MiHH PO3MO/UTy CTpyMy Ha 1i eneMenTax. Jlana 0COOIMBICTD, B TIO€JHAHHI 3
CYYaCHUMH TEXHOJIOTISIMH 1 IMPPOBHUMH METOIAMH [[iarpaMOyTBOPEHHSI BiIKPUBAE MEPCIIEKTHBY 3aCTOCYBAHHSI KiJIBLIEBUX aHTEHHHUX PEllli-
ToK B orysiioBux PJIC BiliCbKOBOTO i IMBUTPHOTO IPU3HAYCHHS 3aMIiCTh aHTCHHHX CUCTEM 3 MEXaHIYHUM OOEpTaHHSM.
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Lins. JlocmikeHHs MOXKIMBOCTEH 3MEHIICHHS PiBHS OIYHHX IENIOCTOK JAiarpaMH HaNpaBJICHOCTI OJHOKIIBLEBOI MPHHMAaIBEHO-
nepeaBalibHOI aHTEHHOT PEHIITKH MPH BUKOPUCTAHHI BIZIOMHUX aMILTITYIHUX PO3MOJILIIB, IO 3aCTOCOBYIOTHCS JUIs JIIHIHUX aHTCH-
HHX PELIiTOK.

Mertopn. [{i1s mpoBeAeHHS AOCTIKSHHsI BUKOPHCTAHO MeTO (pa30BUX MOJ, IPH SKOMY NOBiNbHA (YHKIs 30yMKEHHS KiNbLEBOT
AHTEHOI PEIIiTKU MPEACTABIAETHCS y BUIIISAI CyMH KOMIIOHEHT (MoJ) (a30Boro 30yDKEHHs, a AiarpaMa HalpaBJICHOCTI KiNbILEBOT
AHTEHOI PEIIiTKH SBJISIE COOOI0 CYTEPIIO3UIII0 AiarpaM HAIPaBIeHOCTI, [0 CTBOPIOIOTHCS OKPEMHUMH (pa30BHMHU MOAAMH 30y KESHHSI.
JlaHuii MeTo I03BOJISIE 3aCTOCOBYBATH 1O KUIBLIEBUX AHTCHHUX PELIITOK METOAH, L0 BUKOPUCTOBYIOTHCS IS CHHTE3Y Iiarpam
HAIpaBJICHOCT] 1 3MEHIICHHS PiBHS OIYHUX IEOCTOK JIHIHHUX aHTEHHHUX PEIITOK 32 PaXyHOK BUKOPHCTaHHS CIIEI[iaNbHOI TpaHC-
¢dopmaniitnoi MmaTpumi.

PesyasTaTn. Po3pobieHo imMiTaniliHy MaTeMaTHYHa MOZENb AUCKPETHOI OJJHOKIJIBLIEBOT aHTEHHOT PELIiTKY, sKa 3a0e31edye Mo-
JKIJIUBICTH JIOCITIKCHHST ¢(EKTUBHOCTI BUKOPUCTAHHS aMILTITYJHUX DPO3MOMALIIB, BiIOMHUX JJsI JIHIMHUX AQHTCHHUX PEUITOK, IS
3MeHIICHHs 1 PiBHs O1YHUX MENTIOCTOK.

BucHoBku. [IpoBesieHi 064UCITIOBANIBHI €KCIIEPUMEHTH ITiATBEPANINA MOXKIIHBICTD 3aCTOCYBaHHSI MeTOAy (azoBux mMox ajst dop-
MYBaHHS JiarpaMH HarpaBJIeHOCTI 3 MAJIUM PiBHEM OIYHUX IMETIOCTOK B MPHUMAIBLHO-TIEPEAABATBHUX KiTBIEBUX aHTEHHHUX PEIiT-
kax. [lokazaHuii BapiaHT MPAKTUYIHOTO 3aCTOCYBaHHS aMILTITYAHOTO po3noniry donsgpa-Uebumesa s GopMyBaHHS JiarpaMu Ha-
MIPABJICHOCT] KibIEBOT PEIIiTKH.

KJIIOYOBI CJIOBA: kinblieBa aHTEHHA pelIiTKa, Teopis (pa3oBoro 30y LKEHHS, PiBeHb OIYHMX MEIIOCTOK, JiarpaMa Harpas-
nenocti lonbda-Yedumena.
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ABSTRACT

Context. A particular advantage of uniform circular arrays is the possibility of scanning the beam within 360° in azimuth without
distorting the characteristics of the directivity pattern only by changing the amplitude-phase distribution of the current on its ele-
ments. This feature, combined with modern beamforming techniques and digital methods of beamforming opens the prospect of us-
ing circular arrays in surveillance radars for military and civil purposes instead of antenna systems with mechanical rotation.

Objective. Investigation of the possibility of reducing the sidelobe level of a uniform circular transmit-receive array using known
amplitude distributions used for linear arrays.

Methods. For the study, a phase-mode excitation technique is used in which an arbitrary excitation function of a uniform circular
array is represented as a sum of phase excitation components (modes), and the circular array antenna pattern is a superposition of
patterns produced by individual phase excitation modes. This technique makes it possible to apply for circular arrays the methods
used to pattern synthesis and reduce the side lobe level in linear arrays due to the use of a special transformation matrix.

Results. An imitation mathematical model of a discrete uniform circular array has been developed that provides an opportunity to
study the efficiency of using amplitude distributions, known for linear arrays, to reduce its side lobe level.

Conclusions. The computational experiments have confirmed the possibility of using the phase-mode excitation technique for a
pattern synthesis with low sidelobe level in the uniform circular transmits-receive array. A variant of the practical application of the
Dolph-Chebyshev amplitude distribution for the synthesis of a circular array pattern is shown.

KEYWORDS: uniform circular array (UCA), phase mode excitation theory, side lobe level (SLL), Dolph-Chebyshev array pat-
tern.

REFERENCES IEE, 1965, 112 (11), pp. 2041-2045. DOL:

1. Rudge A. W., K. Milne, A. D. Olver, P Knight The Hand- 10.1049/piee.1965.0340.

book of Antenna Design. London, Peter Peregrinus Ltd., Somov A. V., Vavriv D. M. Antenna Systems with Circular

1983. Vol. 2, 940 p. Transmit Array: Potentialities, Radio Physics and Radio As-
2. Perunov Ju. M., Macukevich V. V., Vasil’ev A. A.; pod red. tronomy, Vol.18, No. 2 (2013), pp. 152-160.

Perunova Ju. M. Zarubezhnye RES, v 6 kn. Moscow, Radio- Balaban M. V., Somov A. V. Povyshenie napravlennosti

tehnika, 2010, Kn. 3, Antenny, 2010, 304 p. izluchenija kol’cevoj antennoj reshetki, Radiofizika i Elek-
3. Josefsson L. Conformal array antenna theory and design / tronika, 2014, Vol. 5(19), No. 3, pp. 9-19.

Lars Josefsson, Patrik Persson. New Jersey, John Wiley & Sen B., Cansiz G., Boran H. L Band Multi-Channel Trans-

Sons, 2006, 472 p. mit/Receive Module For Circular Phased Array Radar, Proc.
4. ShelegB. A Matrix-Fed Circular Array for Continuous of IEEE International Radar Conference. — Arlington VA,

Scanning, IEEE Trans. on Antennas and Propagation, 1968, USA, 2015, pp. 1-4. DOI: 10.1109/RADAR.2015.7130960.

Vol. AP-56, No. 11, pp. 2016-2027. DOL Trofimov I. N., Dudush A.S., Shevchenko A.F. Multi-

10.1109/PROC.1968.6778. Frequency Signals Forming for MIMO Radars with Fast
5. Davies D. E. N. A transformation between the phasing tech- Electronic Scanning, Telecommunications and radio engi-

niques required for linear and circular aerial arrays, Proc.

© Tiutiunnyk V. A., Dudush A. S., Florov A. D., Trofymov I. N., 2018
DOI 10.15588/1607-3274-2018-4-2

30

neering, 2015, Vol. 74, No.
10.1615/TelecomRadEng.v74.i5.40.

5, pp.409-422. DOI:



e-ISSN 1607-3274 PagioenexrpoHika, inpopmaTuka, ynpasainss. 2018.

Ne 4
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2018. Ne 4

YK 621.39, 004.7

BEPUOPUKALNUSA TPOTOKOJIOB TPEYI'OJIBHBIX
KOMMYHUKAIIMOHHBIX PEHIETOK BECKOHEYHBIMHU CETAMU
IHETPH

IlImeneBa T. P. — kaHxa. TexH. HayK, JOLEHT, JOLEHT Kadeapbl KOMMYTAallHOHHBIX cucteM O/eccKoil HalnOHAIIb-

Hoit akanemuu cBsizu uM. A. C. TTonoBa, Onecca, Ykpauna.
AHHOTANMUA

AKTya/IbHOCTb. BbruciuTensable 1 KOMMYHUKAIMOHHBIC PEIIETKH SIBISTFOTCSI MOIIHBIM CPEACTBOM ITOBBIIMICHHS! TPOU3BOAN-
TEIBHOCTH U KauecTBa 00CITyKMBaHUS COBPEMEHHBIX ceTeil. B IByMepHBIX pelIeTkax OCHOBHBIMU ()OpMaMU SUCHKU SBIIIOTCS Tpe-
YTOJBHUK, YETBIPEXYTOJIHAK M IIECTHYTONBHHUK. TPeyroibHbIC PEIIeTKH NMPUMEHSIOTCS P PEIICHUH KPAeBhIX 3a1ad C TPEyTrob-
HBIMH KOHEYHBIMH 2JIEMEHTaMH B CHCTEMax paJuoBellaHus 1 TeaeBuaeHns. Hanbonee npocToie 1 3 peKTHBHBIE COCOOBI peanu3a-
LMK PEIIETOK MOTYT 00J1aaTh CKPBITHIMU Je(eKTaMH M YSI3BUMOCTSIMH C TOUKH 3peHHs1 Oe3omnacHoro oomena nudopmannu. Takum
00pa3om, Bepr(UKaLKs PEIISTOK SBISETCS aKTyaJbHOM 3a1a4eii.

Ieas padoThl — IOCTPOCHHE MOJEINEH TPEYrONbHBIX KOMMYHHUKAMOHHBIX penieTok B hopme OeckoHeuHbix ceteil [letpu u nc-
CIIeI0BaHME UX CBOMCTB IS JOKA3aTeIbCTBA KOPPEKTHOCTH (BEPH(HKAINN) IPOTOKOJIOB.

MeToabl ucciieg0BaHuil 0a3UPYIOTCS HAa OCHOBHBIX MOJOXKEHUSIX TEOPUH TpadoB, TMHEHHON aareOpbl, TEOPETUIECKIX OCHOBAX
cereii [lerpn, MaTeMaTH4eCKOro ¥ IMUTAIIIOHHOTO MOJIEIPOBAHNSI.

Pe3yasTatsl. [TocTpoeHo mapaMeTpryeckoe OIMMCAHNE TPEYTOIbHONH KOMMYHHKAIIMOHHOH PEIIeTKH Ha INIOCKOCTH B IIPSIMOH 1
JBOMCTBEHHOM (hopMme. Y3ea KOMMYTalllK pean3yeT IOJHOIYIUIEKCHBII pexnM paboThl 1 Oy hepHr3aliio NakeToB ¢ OrpaHNYCHHBIM
pasmepoM BHyTpeHHero Oydepa. [lonydyeHsl aHaIMTHYECKUE BBIPAXKEHUS 1l OLICHKH YMCia KOMIIOHEHTOB MoJenu. Pemenue Gec-
KOHEYHBIX CUCTEMBI JINHEIHBIX YpaBHEHHH B MapaMeTpHUecKol (Gopme MO3BONMIO JOKA3aTh HHBAPUAHTHOCTh MOJAENHU MPOU3BOIb-
HOTO pa3Mepa. IHBapyaHTHOCTH SIBIISIETCS] OIHMM M3 OCHOBHBIX CBOWCTB MOJIENHU HJIEATBHOTO MPOTOKOJIA, ONPEAEISAIONNX Oe3omac-
HOCTB paboTHI ceTu. [IpakTHdeckast 3HAYNMOCTD TTOMYYEHHBIX PE3yJIbTaTOB 3aKJII0YAETCS B IIOCTPOSHUH CXEM 0€30IacHBIX PEIIeTOK
JUIS TAJTbHEWIIel MporpaMMHOI U alllapaTHOW peanu3anuy, 9To o(QUIHaIbHO MOATBEPKACHO BKIIOYCHUEM MOZETCH TPEyTroIbHBIX
peurerok B apxuB Mojenel cereit [lerpu Jlaboparopun Mudopmatukn yansepcutera [Tapmxk 6.

BriBoasl. Briepsrle ocTpoeHa MaTeMaTH4ecKasi MOJIENb TPEYTOIBHBIX KOMMYHHUKAIMOHHBIX PEIIECTOK C PETYISIPHON CTPYKTY-
poii mpon3BoJIBbHOTO pa3Mepa B hopMe OeckoHeuHbIX ceTel [leTpu st Bepudukanuy mpoToKoJIOB Iepeaadyn HHPOPMALUH B PeleT-
kax. [IpuMeHeHne METOANKY JUIsl BepU(HKAIIMU TPEYTOJIbHBIX KOMMYHHKAIIMOHHBIX CTPYKTYpP MO3BOJISET BBIIOIHHUTH JajbHeHIIee
pa3BHUTHE TEOPHU OECKOHEUHBIX ceTeil [leTpu Iuisl mocTpoeHnst M MCCIENOBaHUs MOJEJIel IPOM3BOJIBHBIX PELIETOK C PeryJIsipHON
CTPYKTYpOH.

KJ/IFOYEBBIE CJIOBA: BhIYMCINTENBHbBIE PEILIETKH, TPEYTodbHAs KOMMYHUKAIIOHHAS CTPYKTypa, OeckoHeuHas cets [letpu,
MapaMeTpUIecKoe MPeACTaBICHNE, INHEIHBIN HHBAPUAHT, BEPH(UKALUS IPOTOKOJIOB.

HOMEHKJIATYPA
i — HoMep ypOBHS (CTPOKH) B TPEYTOJIbHOU PELIETKE;
j — HOMeEp cros61a B i-M YpOBHE TPEYroJbHOM perieT-
KH;
K — pasmep TpeyroJpHOI peIieTKy;
Narc — KOJIMUECTBO IyT B TPEYTOJIBHOM DEIIETKE pas-

W, — 4ncrio siueek Ha YpOBHe i;
Wi, — 4MCII0 OCHOBHBIX STY€EeK Ha YPOBHE i}
Wi, — 9HCII0 DOMONHAUTENBHBIX SIMECK Ha YPOBHE .

BBEJEHUE
Koneunsle ceru Ilerpu sBIAIOTCA TpagHLUOHHBIM

Mmepa K;

Niax— MaKCHMalbHOE KOJUYECTBO (HUIIEK B JIOOOH
MapKUPOBKE;

N, — KOJIMYEeCTBO MO3MIMII B TPEYroibHOW peleTke
pasmepa k;

N¢ — KOJIMYECTBO MEPEXOJI0B B TPEYrOJIbHOU pEIIeTKe
pa3mepa k;

Pmax — MaKCUMallbHOE KOJUYECTBO (uIek B Oydepe
KOMMYTaTOpa;

R™ — y3en TpeyrobHO# pemeTky;

Sy — o0l1iee YKCIIo SYeeK B PEIeTKe C YPOBHIMU;

Sk; — oOliee YUCIO OCHOBHBIX SIYEEK B pEIIETKE C
YPOBHSIMUY,;

Syp — 00IIIee YUCIIO AOMOTHUTEIILHBIX SYSCK B PEIICT-
K€ C YPOBHSMU;

U — HOMEp TEKYIIIEro MmopTa y3ia;

V — HOMEp MOpTa Ha3HAYEHHs JJIsI [Iepe/laud MaKeTOB
B CETH;
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CpeACTBOM BepH(pUKAIMN TEIEKOMMYHHUKAIIMOHHBIX MPO-
TokosioB. OOIIKe BONPOCHI CHENU(PHUKALUKE TTPOTOKOJIOB
u3ydeHsl B [1]; OCHOBHbIE MeTOIbI BepU(HUKALIUH, OCHO-
BaHHbIC Ha MPOCTPAHCTBE COCTOSHUH U JIMHEHHBIX WHBa-
puanrtax cetu lletpu, mpencrasiensl B [2]. PemeruaTsie
CTPYKTYpBI, OpraHM3aIlus KOTOPBIX HCcleAoBaHa B [3],
TpeOyIoT BepudUKaMKM CeTH MPOU3BOIBHOIO pasMepa ¢
HEOTPaHUYCHHBIM YHUCIIOM B3aUMOJCHCTBYIOUIMX Y3JIOB.
Jlnist pemieHnst TakuxX 3a1a4d ObLI IpeUIoKeH (HopMatnM
6eckoneunsix cereit [lerpu. [Tapamerpuzanus cTpyKTypsl
peLIeTKN U pelIeHne OECKOHEYHBIX CHCTEM YPaBHEHHUH B
napaMeTpuuecKoil popme Mo3BONIIOT HAXOIUTH CBOMCTBA
peIeToK MPOU3BONBEHOTO pa3Mmepa. B paborax [5, 7] wuc-
CJIEZIOBaHBI CBOMCTBA MPSIMOYTOJIBHBIX PELIETOK Ha IJIOC-
KOCTH M B MHOTOMEPHBIX NPOCTPAHCTBaX. IIpakTnieckoe
UCIIOJIb30BaHKUE TPEYTOJILHBIX PEIIETOK B CUCTEMAX CBS3U
JieNlaeT aKTyallbHOM 3a/auy MOCTPOSHHS U BepUPHKALIH
MOJIeJIel TPEYTOJIbHBIX PEIIETOK, PEIICHHIO KOTOPOH Io-
CBSIILIEHA HACTOSIIAs padoTa.
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1 IOCTAHOBKA 3AJTAYHN

[TycTh paccmarpuBaroTCss METONbI BepH(DUKALUU Te-
JIEKOMMYHHMKAI[HOHHBIX TPOTOKOJIOB OECKOHEYHBIMHU Ce-
Tsimu [letpu. Mozens neansHOro TeNeKOMMYHHKAIHOH-
HOTO MPOTOKOJIA JI0JDKHA 00JIaiaTh CBOWCTBAMH OTPaHU-
YEeHHOCTH ¥ KOHCEPBATUBHOCTH, OE30ITIACHOCTH, >KHBOCTH
U CTalMOHApHOH moBTOpsieMocTu. Mccaenyem Tpeyroib-
Hble KOMMYHHKallMOHHBIE PEIIETKH IPOU3BOIBHOTO pa3-
Mepa C PEryJISIpHOUN CTPYKTYpOH.

Torna 3amaga moka3arenbcTBa KOPPEKTHOCTH MPOTO-
KOJIOB TPEYTOJIbHBIX KOMMYHHKAIMOHHBIX PEIIETOK 3a-
KIIFOUaeTCs] B HAXOXKACHHUsSI MHBAPUAHTOB IO3UIMH U Iie-
pexoJoB (JyIs aHaIM3a OrPAaHUYEHHOCTH M KMBOCTH COOT-
BETCTBEHHO) MOJIEJIEH TPEYTOJIbHBIX KOMMYHHKAI[HOHHBIX
PELIETOK, MPEJICTaBICHHBIX B (hopMe OECKOHEUHBIX CeTei
[erpu. Iloctpoenne moneneit Gasupyercs Ha NpaBUiax
KOMITO3MLIMK  TPEYTOJIHOM pEIIeTKH IPOU3BOJIBHOTO
pasmepa. st pacyera nHBapuaHToB cetu [leTpu ucmosb-
3yeM IpsSMOEe M JIBOWCTBEHHOE IMapaMeTpHIECKHe Ipen-
CTaBJICHUSL.

2 IUTEPATYPHbI OB30P

TeneKkoMMyHUKAIlMOHHBIE CHUCTEMBI M CETH, O0OIIas
OpraHu3aIysl KOTOPBIX n3ydeHa B [1], 3aHUMarOT Beaylee
MECTO B COBPEMEHHOM HH(OPMAaIMIOHHOM IPOCTPAHCTBE.
HagexHoCTh, CKOPOCTh M JOCTOBEPHOCTH IEpeaaBaeMoil
nHpOpMaAMK 00ecTeYnBaeTCsl CIOKHEHIIMMH amrapar-
HBIMH U IIPOTPaMMHBIMH CpeAcTBaMU. be3onacHOCTh mc-
MOJIb3YEMBIX CPEJCTB TOATBEPHKAAETCS CIELUATbHBIMU
MIPOLEAypaMH MPOBEPKH KOPPEKTHOCTH TEIEKOMMYHHKa-
[MOHHBIX MPOTOKOJIOB [2] 1 0obopymoBanns. HoBrIit 3Tan
pa3BUTHS TENEBUACHUS U paauoBelIanus [4], moBceMecT-
HOE HCIIOJIb30BAaHUE, BHEAPEHHE M pa3paboTKa odepen-
HBIX TTOKOJICHUH MOOWJIBHOW CBSI3HM [6], BBIUMCICHHS Ha
pemrerkax [3] TpeOyrOT pa3BUTHS METOJIOB BepH(PHUKALINU
MPOTOKOJIOB CJIOXHBIX TEJIEKOMMYHUKAIIHOHHBIX CHUCTEM
C HEOTpaHMYECHHBIM KOJMYECTBOM B3aMMOJCHCTBYIOIINX
y370B [5].

B o0meMm ciayuae KOMMYHHKAalIOHHYIO CETh MOXKHO
NIPEACTaBUTh B BHJE peIIeTKH [3] ¢ KOMMYyTHPYIOILUM
(BBIMMCIUTENEHBIM) Y37I0M [5, 7]. Bompockl mocTpoeHus u
Bepu(UKAIMN MOJIENIeH MPOTOKOJIOB B popme cereit [letpu
[9] uccnenoBaHo A COBPEMEHHBIX CETEBBIX IPOTOKOJIOB
B [2] ¥ 114 CTPYKTyp pemeToK B [7] C pa3nuaHBIMH Ipa-
HUYHBIME ycioBusaMH [§]. Panee Opum M3y4deHBI YeThIpex-
YTONBHBIE pelIeTKH [7] Ha IUIOCKOCTH M N-MEPHOM IIpO-
CTPAHCTBE C TOMOIIBI0 OeckoHeuHbIXx cereil [letpu. st
MOCTPOCHMSI MOJIieNied yKa3aHHOro pasMmepa B (opmare
Mozenupytomei cucreMbl Tina [10] ObuM TpeIOKEHBI
rereparopsl [11] moneneii cereit [letpu, ucnonb3lyembie
JUTSl IPOBEPKH NapaMETPUUECKUX PELICHHH.

B Hacrosimielt paboTe MoCTpOEHO MpsIMOE W JIBOWCT-
BEHHOE MapaMETPUUYECKOE ONHMCAHWE MOJEIH TPEYroib-
HOW KOMMYHHKAIMOHHOHN pEIIeTKH, KOTOPOE IO3BOJISIET
aBTOMATH3MPOBaTh TeHepauuio [12] Momenn pemieTkn
MIPOM3BOJIEHOTO pa3Mepa U B AaJbHEHIIIEM HMPOBECTH HC-
cneqoBanue [10, 13] CTpyKTypHBIX H IOBEIEHYECKHX
CBOMCTB [9] Monenn.
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3 MATEPHAJIBI U METOJbI

Crarbsi pa3BHBAaeT HOBYIO METOJOJIOTHIO BEpU(HKa-
IIUH [IPOTOKOJIOB OECKOHEUHBIMH ceTssMu IleTpu, KoTopas
SBJSIETCSI pEIICHNeM Hay4YHOW mpoOisieMbl BepHpuKarmn
MIPOTOKOJIOB C HEOTPAHHUYCHHBIM KOJMYECTBOM B3aMMO-
JICUCTBYIOIINX CHCTEM. B cTaThe MoKa3aHO MPaKTHIECKOE
MIPUMEHEHHE METOJOJIOTHH JUI BepU(HUKAINN TPEYTOIIb-
HBIX PEIIETOK M yKa3aHa CBS3b TAKUX CTPYKTYp C JEHCT-
BYIOIIVMH U TIEPCIIEKTUBHBIMH CETEBBIMH PEIICHHUSIMH.

Jlns penieHus MoCTaBIEHHBIX 3a/1a4 BBEJIECHBI IIPaBUIIa
KOMITO3ULIMYU TPEYTOJIbHOH KOMMYHUKALMOHHON PEILETKU
MIPOU3BOJILHOTO pa3Mepa, ONpeAeeHbl TUIbl Y3J0B U UX
KOJIMYECTBO Ha Pa3HBIX YPOBHIX pemeTkd. IlocTpoeHsl
IpsIMOE€ U ABONCTBEHHOE MapaMeTpUYECKHUEe IMPeCTaBIIe-
HUS TPEYTONbHOM KOMMYHHUKAIIMOHHOM PEIETKH.

PaccMOTprM KOMITO3MIIMIO TPEYTOJIBHOM pEIIeTKH B
COOTBETCTBHUH C PHC. 1a; U1 KOMITO3HUIINH UCIIOJIb30BAHBI
JIB€ PA3HOBUIHOCTH YCTPOMCTB, HW300paKCHHBIX Ha
puc. 16 u 1B, oTIM9aronTecs HymMmepanuei mopToB U rpa-
(buuecKkuM pacroyoKEHHEM, YTO B JAIBHEHIIEM BIIHSET
JIIIb Ha MOPSIIOK COEANHEHHSI TOPTOB.

BEINOTHUM KOMMO3HIUIO TPEYTOJbHOM pelieTku. 3a-
HyMepyeM sYelKHU (y371bI) CBEpXy BHU3 U CJIeBa HAIpaBo.
Jlyist KOMIO3UIMKU peleTKH Heo0X0IMMO BBECTH 0003Ha-
YEHHE JIByX Pa3HOBHUJIHOCTEH SUeeK: OCHOBHOM s4elKoil
OyzeM Ha3bIBaTh HAYAIIBHYIO SIYEHKY PEIIETKH C HOMEPOM
Rl’l; JIOTIOJTHUTEIBHON sYCKON OyneM HasblBaTh ¢
HUKHETO coce/ia ¢ HOMEPOM R>2.

Vreepkaenue 1. Uncno staeex Ha yposue i (1) pas-
HSIETCSI:

W;=2-i—1. 1)

JoxaszarensctBo. KomuuectBo sdeek Ha IepBOM
ypoBHe paBHO emuHune, W;=2-1-1=1; xomuyectBO
S4YeeK Ha BTOPOM ypoBHE paBHO Tpem, W, =2-2-1=3;
KOJIMYECTBO SYE€EK HA TPEThEM YPOBHE PaBHO IISTH,
W; =2-3-1=5. Jlanee BBINOJIHUM JIOKA3aTEILCTBO IO
HHIYKIHH, TPEAIOIOKUM, YTO KOIHMIECTBO SIECK Ha | -M
ypoBHe paBHO W =2-i—1. IlogcuMTaeM KOJIHYECTBO
syeek Ha ypoHe (i+1). Ilo mocTpoeHHIO TpeyroibHOH
pELIeTKN Ha KaXJIOM IOCIEIyIOIEeM YPOBHE J100aBIIsIOT-
cs JIBE HOBBIE STYEHKH,
Wi =W +2=2-i-1+2=2(i+1)-1.

Vreepxaenne 2. OO6Iee 9nuciio sueek B pemerke ¢ K
ypoBHSMH (2) paBHSETCSA:

k k k
Sk=2W;=>(2-i-1)=X2i-k=>. )
i i i=1

i=1 i=1

JokasatenbeTBo. KoMM4ecTBO sueek B OJHOYPOBHE-
8 2,2
Boii penretke k=1 pasuo 1=1"=k",
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P1 P2
R2?
R>! R2?
R R P3
Rx 1 R3,3 R3 5
0
R*? R R*S
R*! R RS RY7
RS RS RS RS P3
R R R3S R R
R62 R R66 RS R0 P2 Pl
R(,J R(,‘3 R6,5 R(,J Ré.‘) Rb,l 1
a B

Pucynox 1 — CxemMa KOMIO3UIMY TPEYTOIbHON PEIIETKU:
a — KOMITO3UIIMS PeIIeTKN; O — OCHOBHOM y3€eJ; B — JOTIOJIHUTEIBHBIH y3el

KonuyecTBo siueek B IBYXYpOBHEBOHM peruerke k=2
paBHO 4=2°= k%, KOIMHYECTBO sYEeK B TPEXyPOBHEBOI
peurerke k=3 paBHo 9=3°= k*. Jlanee BBITOTHHM J0Ka3a-
TENBCTBO 10 MHAYKIWH, MPEMOIOKIM, YTO KOJIHMIECTBO
siaeek Ha K-m yposre paBHo (2). IlomcuuraeM KOIHYECT-
BO stueek Ha yposhe (k+1). Ha crneayromem ypoBHe B pe-
HIETKY 100aBISIETCS] KOJIMUYECTBO SIUEEK B COOTBETCTBHH C
(1), Torna
Si =S+ W, =k>+2(k +1) - 1=k> +2k + 1= (k +1)*.

YrBepkaeHue 3. Unciio OCHOBHBIX M JIONIOJIHUTEIb-
HBIX slYEEK Ha YpOBHE i (3) paBHseTCS:

W, =i, W,=i-1. 3)

HoxkasatenscTBo. Ha mepBom ypoBHe pernetku i=1
YHCIIO OCHOBHBIX sueek paBHo W), =1=1i u xonomHu-

tenbHBIX W, =0=1i-1; Ha BTOpOM ypoBHE I=2 4mciO
OCHOBHBIX siueek paBHO W,, =2 =1 W JONOJHUTEIHHBIX
W,, =1=i-1; konn4ecTBO sTYeEK HA TPETHEM YPOBHE =3
paBHO ocHOBHBIX W, =3=i H JONOJHHUTEIBHBIX
W,, =2=i-1. Jlanee BBIIONHUM JIOKa3aTENbCTBO IIO

WHAYKOWUW, OPEATIOJIOKNM, YTO KOJIMYCCTBO OCHOBHBIX U
JOTIOJIHUTENBHBIX sT9eeK Ha ypoBHe | paBHsercs W, =1,
W,, =i—1. IloacuntaeM KOJIHMYECTBO SYEEK HA YPOBHE
(i+1). TTo HOCTPOEHHIO TPEYTOJIBLHON PELIETKH Ha KaKIOM
HOCIeYIOIEM ypOBHE H00ABIAIOTCS OfHA OCHOBHAS M
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oJlHa JIOTIOJTHUTENbHAS SYEHKH, Tor/Ia
Wiy =W +1=i+1, W;,, =W, +1=i+1-1=i. To-
raa oOliee YucIO OCHOBHBIX M JOTIOJHUTENBHBIX SYEeK
(4) B perreTke ¢ K ypoBHAMHU paBHSETCS:

k Ko ke(k+1
Sk =2 Wi :Z(')=—(2Jr ),
i=1 i=1 4)

k k K e
S2 =W = 31 =yi- k=K1
i=1 i=1 i=1

Jis onmcaHMs KOMIO3WIMU PELIETKH 3aHyMepyeM
MOPTHl JABYX YKa3aHHBIX THUIIOB SUEEK: OCHOBHOM M J0-
MOJTHUTENBHOM B cooTBeTcTBHU C puc. 1 u [5, 12]. Ilpu
TaKoil HymMepauuu MOpTOB B KOMIO3HUILIUU COCETHUX sue-
€K BcerjJa COeQUHSAETCs Iapa MOPTOB C OJUHAKOBBIMU
HoMepamH. Takum 06pazom, st GOPMAIIEHOTO OIHCAHMS
KOMITO3MIIMK HEOOXOIUMO YKa3zaTh HMHIEKCHI COCEIHUX

y3JI0B MPOM3BOJIBHOTO 33IaHHOrO y3.a pemerkd R .
Ecin j newerHoe (jmod2#0), TO 3TO TeKylIui

y3eJl OCHOBHOT'O THIIA, OH MOXET MUMETh COCEeH ClpaBa,
cHu3y, cieBa. Ecnu | uwernoe (jmod?2=0), To TeKymuii
y3ell JIOMOJHUTEIBHOTO THUIIA U MOXET HMETh COCelei
crpaBa, ClIeBa, CBEPXY.

Urak, mms seiikn R“) (jmod2#0) cocenunmu
Ri+l,j+1

sueiikamu spastotes R s R+ s , Bce Ho-

33
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(jmod2=0)
Ri,j+1

MOJIHUTENIBHOrO THna. [[ns sueiiku R"J
=18 j-1 ,
Ri-L Jfl, BCE OCHOBHOTO THUIMA. 3aMETHM, YTO B CIIydae
i-1<1, j-1<1, i+1>k, j+1>k coorBeTcTByIOMIIHE

COCeIIHHE SYEHKH OTCYTCTBYIOT; BO3MOXKHO, JIMIIb IIPH-
COCAMHCHUC TCPMUHAJIbHBIX AYCCK HAa I'paHULIaX.

3aMeTnM, YTO B TPEYTOJbHOM pEIIETKE J0CTaTOYHO
JIMIIb UCTIONb30BaHUE MMEH KOHTAKTHBIX MO3HILUH y3JI0B
OCHOBHOTO THIIa, MOCKOJbKY OHHM OKPY)KalOT y3JIBI JIO-
MOJIHUTENbHOrO THHA. TakuMm o0Opa3oMm, MbI H30eraer
JBOMHON HyMepalMd HO3ULUHA, KOTOPble 00bEANHSAIOTCS
npu oOpa3oBaHuM penieTkd. Kpome Toro, Ha rpaHunax
PEIIETKH HaXOAATCS TOJIBKO Y3716l OCHOBHOTO THIa. Omnu-
CaHMe KOMITO3MIHH (5) OTKPBITON TPEYTONBHONW PEIIeTKH
pa3mepa K :

COCCIHUMH sTYEHKaAMH  SIBJISTFOTCS

p' plljupoljl

pil!*) = pill] U pol17,

poli’j = po{’j v pilli’j‘l,

poli’j = poli’j v pili’j‘l,j >1;
pllj _ pll L] U pol j+1
pil"J = pil5 biy polg’j“,
po} ,J _ pol ,J U plll’jH, . (5
polb) = potdd U pilh I *! j <wi;
p|3j _ pll N U po|+1 j+1

pn"~— p||'J LJp0g+hJ+t
p03J.—-po L}pﬂ%*Lj+ﬂ

polg’J = polg’J U pilyt

<k

=1k, ,i=LW, jmod2 =0

B mpeacraBnenHoM onmcaHuu (5) HE HCHOIB3YIOTCS
(YyHKIMH, BO3BpAIIAIONINE 3HAYCHUE WHEKCA JUT COCe-
HEro yCTpOWCTBa WJIM HOMEp COCEIHETo MopTa, He Tpe-
OyroTCsl CHeLUaIbHbIEC COTJIAIICHUS] TI0 UMEHOBAHMIO I10-
3HUIUH TOPTOB B OTIMYHUH OT [5].

ITocTponM mpsiMOe MapaMeTPUIECKOe IpeCTaBICHHE
TpeyrojibHOW pemieTkd. Ha OCHOBaHMM KOMIIO3MLMHM pe-
meTky (5) mpsMoe MapaMeTpuyecKoe MpeICTaBIeHUE OT-
KPBITOH TPEYTONBHOHN peleTky pa3mepa umeeT BUf (6).

st cTpyKTypHOTO aHai3a MOJIEIH PELISTKH B (op-
Me cetu [leTpu m uccnenoBaHUS CBOMCTB MOJENHU HJie-
AIBHOTO TEJIEKOMMYHHUKAIIMOHHOTO TPOTOKOJA J100aBUM
B MOJENb TEPMUHAJbHBIE YCTPOHCTBa [8], KOTOpPHIE BBI-
MONTHSIOT MpOCTeHIIyI0 00paboTKy coobuienunit. [Ipsamoe
MapaMeTPUYECcKoe IIPEACTaBICHNUE 3aKPBITOM TPEyroib-
HOM pemnreTky pasmepa K coctout us mpeacrtasieHus (6) K
KOTOpOMY [100aBJICHO TapaMETPHUYECKOE OIMCAHUE Tep-
MUHAJIBHBIX YCTPOUCTB (7).
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pbl-1y,
(tifd - piid, pbi™ = > pbd_pitky, |
v=13,v=uU

oot api i,
(tof;! : pol;!, pb 1> poj;!,

u=13, jmod2#0

(told - pil I+ ppl i pilI*l ppitdy,
(tiJ < pop ™!, pbl™J—> pbyd, polfI*h,
v=13,v#1,

(toh ) pill I~ pbld— > pib It ppitd),
(tiz < poy ™", pbt™—> pbpd poly 1™, | | 6
v=13v=#2, 8
(toy )« pily ™71, byl >
piy 171, pbl™)),
tird: poy M7, pbit i >
pby 1, poly ™17,

v=13v=#3
jmod2=0
=Lk j=1W;

Ha puc. 2 mpencraBieHbl MOJETH y3JI0B TPEYTOIBHON
pemetku B ¢popme ceru Ilerpu. I'padudeckne nzobdpasxe-
HUSI MOJIEIM OCHOBHOTO y3J1a ¢ TEPMHUHAJIBHBIMH HEpEX0-
JlaM{ TIOKa3aHO Ha pUC. 2a; MOJENHU JOMOJHUTEIBHOTO
y371a Ha puc. 20.

@ ok pitk I s pot¥d pikd),

j=LW; , jmod2 0,

"0 pold, pillJ—> polJ, pilly, j=1, -
Wit ol i, W
i=1k

[Ipsimoe mapaMeTpu4ecKkoe NPeACTaBICHUE UCIOIb3Y-
eTcs Il pacueTa MHBapHAHTOB  mepexofoB  (p-
WHBAapHaHTOB) ceTH IleTpy u HaXOXKIEHUSI CBOWCTB Orpa-
HUYCHHOCTH ¥ KOHCEPBATHBHOCTH.

ITocTpouM [BOWCTBEHHOE MApPaMETPUIECKOE TMpea-
craBneHue [5, 7] TpeyronsHO# pemeTku B popme Hecko-
HeuHbIX cerell [leTpu ¢ perynspHoOil CTpYKTypoOH, 10 MO-
Jleny y371a W IpaBuUaM KOMIIO3HLIMU peleTKu. [[BoiicT-
BEHHOE MapaMeTpUdecKoe INpeJICTaBICHUE HCIIONIb3yeTCs
JUId pacdera l-MHBapuUaHTOB (WIM MHBAPHAHTOB IEPEXO-
noB) cetr [leTpu u HaXOXIEHUST CBOWCTBA CTAIMOHAPHOU
nosropsieMocTd. OIUCaHuEe COCTOUT U3 CTPOK CIEXyIO-
LIETO BUAA:

Pj :tinik *a'[inik ... = tout; *atou'[iI ,..., indices_range,
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Pucynok 2 — Mogesnu y3/10B TPEYTroJIbHON PeIIeTKH:
a — OCHOBHOM y3€I1 C TEpMUHAIBHBIMU NEPEXOAAMHU; O — TOMONHUTENbHBIN

[fe P; — onuChIBacMas MO3ULUSL, tinik — €€ BXOJHBIE IIe-
pexozbl; tOUt; — ee BBIXOJHBIC IEPEXOJbI; BEIMYMHbI
atinik,atoutiI ONPEAEIAIOT KPaTHOCTh COOTBETCTBYIOIIUX

nyr; indices_range — anana3oH W3MEHEHHsI HHICKCOB; €CITH
BEC JyTM PaBeH €IMHUIIC, TO BEIMYMHBI HE YKa3bIBAIOTCS U
Taxasl CeTh Ha3bIBaeTCs OpAUHapHOH ceThlo [letpu.

JIBoiicTBEHHOE NapaMeTpHUYEecKOe OIHCAHUE 3aMKHY-
TOTO y3Jla OCHOBHOT'O THIIa, IPE/ICTaBICHHOTO Ha pHC. 2a,
TPEYTOJNBHON pereTkn umeeT Gpopmy (8):

poy :to, —>t”)

(
Epolu Y —>t0u)
(
(

pi, :t' — tiu’\,,v=1,—3,v¢u))

pil, :(tiu’v,v=1,_3,v¢ u)—>t“)

c
Il
—_
[*8)

®)

pby :(tiv,u,v=1,_3,v¢ u)—>t0u)

(’[iv,u V= 1,_3,v * u)]

u=13

pbl :(tou,u=1,_3)—>[

[pencraBnenue (8) sBisieTcs Takke creluduKarei
pewetku npu k=1, rae t* rpaHudHble MEpexobl, HHACKC U
3TO HOMEp TEKYIIETro MopTa y3ia, HHAEKC V — HOMep Iop-
Ta HA3HAYCHHS JJIS MEpefadd MakeToB B ceTd. Omwuiem
JIBOWCTBCHHOC IApaMETPUUYCCKOE MPEICTABICHUE 3aMK-
HYTOH TpEyroibHOM pelleTkH, MoKa3aHHOW Ha pHc. la,
HCTOJB3ys TOCIE0BAaTENFHOCTh BhIpaxeHuit (9)—(13).
B (9) mokazaHo mpeacTaBICHUAE BCEX BHYTPEHHHX JOIOJI-
HUTEIBHBIX U OCHOBHBIX Y3JIOB PEIICTKH:
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(pbf;j : (tivizj,v =13,V u)—> tol‘jlu =13,
pbl'] :(to;‘j,u :1,_3)—> (tihj'ﬁzl’ VU
u=1,
i=2k, jmod2=0,j=2W,—1
(pof’j to/) — (tll'vH,V = 2,3)1
(poI]"j :(ti]‘;V‘",v=2_,3 —to! ’)
(pif’j o) (tif’v",v = _3))
(pit : (i v = 23) > o7
(po‘z’j ‘tol) — (ti;:j”,v =13,v#2 )
polbd : (titi* v =13,v % 2) > to}!
(pot: : i )0l
(pit stobit > (tib),v =13,v = 2))
(pil;" : (ti;:j,v =13,v=2)> to;’j*ll
(po;’j ‘toy) — (ti;fvl’i*‘,v=1,_2))
(pol}j :(ti;fv”“,v=1,_2)—>t0;'jl
(pit stoii 5 (i) v =12))
(pit « (i) v =12) > to 1)
(pbf;j : (tivi:j V=13,V u)—> to)) lu =13,
pbl ] :(toﬂ,'j,u :1,_3)—>
((tijjj,v —13,v# u)u :E)
i=3,k—1,jmod2#0,j=3W —2

)

JleBble ocHOBHBIE TpaHWuHBIC Y31kl (10) 0e3 y3moB

TNEPBOTO U MOCIICAHCTO YPOBHH:
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(polJ tol'J—>t' H)
polIJ ti- - 1—>t0'1)
pif Ll (tll'\},v 23))

_3 7&2))

v22)0})
v=§ v¢2))
p||'J (tlH,v 13 v¢2)—>to' ”1)
poy obl togJ (tlHlHl :1,2))
poIIJ (tl'“‘“, :1,32)—>to;’j)
tlg\ll,v_lz))
ﬁ)—ﬂo'“ j+1)

¢u)—>toli;j)u:

_O
.
—_
O_
R
+
/‘\

(10)

[IpaBbie OCHOBHOrO THIMA IpaHHuHbIC y31bl (11) Ge3

Y3J10B IEPBOI'0 U MOCJICIAHETO YPOBHS:

(i v=13)
(tl"‘v 23)—>to")
(tll"vl,V=23))
pil (tll'vj,v 23)—>to'”),
St
Oy t041)

pi;’j R (tlgé,v 13v¢2)l

(pot
(
(
(
(pot
(
(pllIJ (n;a,v_13 v#£2)>th ’*ll
(
(
(pi
(
(

(pof*j o)) —
pift :to] 1 —

po;’J to -l

- (tlgfvl"“ V= 1,2))

poli : {ii2!i*! v =132) > tol )
pitt st} (ti3"vi,v :E))
pill ] : (tl" v—12)—>to'+”“)>

3,vo

po;J :t0’

pbl ™ ~(to” u—13)
( "v_13v¢u),u )

VU’

i=2k—1,j=W,
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pb] ~(t|v'd,v—13 v¢u)—>to”lu:

(11

OcHoBHbIC Y376l pemreTku K-ro yposHs (12) 6e3 mep-

BOI'0 U IMOCJICAHECTO 3JICMCHTOB:

(th’ V= 23))

(po{’j ‘to]l —

=

pi"" (o

O,

2,v?

po;J :to}! —>t'“”),

poly) : ") —>to;”l

piyt '] —>(t|3'j,v—12)l

it it v =12) > 001

3v>

e — — — — e e e

o
o

pbl I '(toL*j u :1,_3)—>
((H,v—ﬁv;tulu E)

i=k,jmod2=0,j=3W, -2

’(tl" v—13v;ae2)—>t0"*1

! -(“v'd v=13,v£u )—>tof;"),u

poI"j :(tii‘j ! 2_) to’ Jl
pi) o)) (t' 23))
plll'J‘(tll" V= 23)—>to"‘),
pol’ :tol) — (n;y‘, =1,3,v¢2)l
pol}! ~(t|;¢”, =13,v ¢2)—>to;’j),

iy, v:13v;ar&2))>

)

=13,

(12)

Tpu BepmHBI TpeyroiapHOH pemeTk (13), KoTopsIM
COOTBETCTBYIOT y31bl ¢ wmHAekcamu (1,1) — ommcanme
(13.1), (k,1) — onmcanue (13.2), (K,W\) — onucanue (13.3):

(po,“ to;) —thI- ‘),

ot )

(p bogh (tlIJ V= 23))
(pit? : it v = 23) > 117
(p tO'J _>t'1+'l

Ep o)

pi’ it

(
( iy =i3)
(pol" '(“Hl”l ~12)-> 10!}
(pit? -ty it v =12))
(p »(t|3'J V—12)—)t0'+1 j+ll
(

pb! '(tlIJ v—13v;zr&u)—>toIJ

v,u?

polt : tol!

pbl ™ '(to”u 3)
( "v—13v¢u),u )

VLl’

(n;¢ v=13v22)

pil}’ -(u;i,v_w V2 —>t'”'l

o

:13a

(13.1)
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VY3en ¢ unmekcamu (k 1)—(13.2):

p||'J (tlé\J/,V—l3 v¢2)

(13.2)
pog’J :toé’j —>t'+1>‘)
polg’j g —>to;’j)
pii’j it —>(tii’j,v=1,_2))
p||I ar (t|3J v_12)—>t“rl J)
pb' . (tl\,J v=13 v;tu)—)to' J) =13,
pbi ™ :(toli;j,u =1,_3)—>
((tif,:&,v=l?3,v¢u)u =l,_3)
i=k,j=1
V3en ¢ uapexcamu (K,W,) — (13.3):
(po"j ‘to]) — (tl V= E)),
(polIJ (tl" Tv= ) )
pill :to] 1 — ( v=23))
pil}"’ (tll'V',V 23)—>to" 1)
poi :to}’ —>t"’“l
pol)t :thi*! —>to‘2’j),
piy! th T — (u;¢ v=13,v# 2))
ti,j+ll
(13.3)

poi’ :to}’ —>t'“")

pollt ™ —>to”),

pitd ot —>(t|3',3,v—1 2))

pil}’ (tl;d,V-lZ)—)tH”)

pbil : (tl" v_13v¢u)—>to”) =13,

(

(pi

(

(

( 3
(pllIJ (tlgé,v—IB EW) )—>
(

(

(

(pi

(poi? 2,

pbl™ : (toIJ u-l3)

((tl" v-13v¢u) =E)

v,u?

i=k, j=W,
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[Mapamerpuueckue onucanus (9)-(13) moryt ObITh ar-
perupoBaHbl B OJHO 06]].[66 OIMMCaHuC, ¢ BBCACHHUCM H
HCIOJIb30BaAHUCM JOIMOJHUTECIbHBIX BHYTPCHHUX IMapa-
METPOB, HO TaKO€ YCJIO)KHEHHOE OIMCAHUE JIUIIAET eCTe-
CTBEHHOCTH (OPMY IPE/ICTABICHUS.

Jlist BBIMMCIIEHWS WHBapUaHTOB MO3MIMH Wil P-
WHBAPHAHTOB HCIOJIB3YETCS NPSIMOE TapaMeTpUIecKoe
NIPE/ICTAaBIICHNE PEUIETKH M TpaBwio [9] mo KoTopomy
Ka)XJIOMy ypPaBHEHHIO COOTBETCTBYET IEpEXOJ W3 Iapa-
METPUYECKOTO MPEACTABICHUS, YPAaBHEHUE COMIEPKUT
paBHBIE CyMMBI IJISl €T0 BXOJSIIMX M HCXOAAMINX JYT.
OO0miee mpencTaBICHNE yPAaBHCHHS HMEET CIIETYIOLIHHA
BUJT:

—apinjk -xpinjk

—...+apoutj| -xpoutjI +...=0;

indices _range,

rae X[:)injk , XpOUth — HCHU3BCCTHBLIC BCIIMYMHBI, COOTBCTCT-

BYHOIINE TIO3NIUAM CECTHU HeTpI/I; BCJIIMYMHBI

apin; ,apout; OmpemensAIOT KPATHOCTb COOTBETCTBYIO-

IIUX IYT, €CIM KPaTHOCTh AyTW paBHA €AWHMILE, TO BENU-
YUHBI He yKas3biBaroTcs; iNdiCes_range — auanasoH u3Me-
Henuss uHaekcoB. Cucrema (14) nnst BeMMCIEHUS -
WHBApUaHTOB 1715 (6) MMOKa3aHa B IApaMeTPUUECKOM BHJIE:

xpol!? + xpb! — pxo!’ — xpbl ™ =
xpir? + xpbl™ — pxbl! — pxill = 0, )
v=L13v=uU
u= 1,_3, jmod2 =0
xpil; ™! + xpb/ — xpi ' — xpbl™! =0
xpo; *! + xpbl ™ — xpb!! — xpol 1! =0,
v=13v=1,
xpil} 1™ + xpbid — xpil i — xpbl™ =0 (14)
xpos ™ + xpbl ™ — xpb! — xpoli™ =0,
v=13,v=2,
xpili ™7 4 xpbid — xpil ™ — xpbl™ =
xpoy 7+ xpbl ™ — xpb} — xpol} 1 = 0,
v=13v=3
jmod2=0
=Lk, j=1W,

JInst OTKPBITON TPEYTONLHOM pemmeTkn pasmepa K pe-
menue (15) cucrems! (14) momydeHo B mapaMeTpHUECKOH
thopme.

Kaxnas ctpoka (15) siBisieTcss pelieHHeM CHUCTEMBI
(14), nmokas3aTenbCTBO 3TOTO YTBEPXKACHUS aHAJIOTHYHO
MIPUBEJCHHOMY B [4, 6] U1 NpSAMOYTOJIBHOW pPEHIeTKH
poM3BOJILHOTO pa3Mepa. Torma cetsb Iletpu sBisiercst p-
WHBAapHaHTHOW M, CIIEA0BATENILHO, 00JagaeT cBoiicTBaMu
KOHCEPBAaTMBHOCTH M OTPAaHMYEHHOCTH JUIS IPOU3BOJIb-
HOTO HaTypaisHOTO uncia K.
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(pit T, pilh I u=13,i=1k, j=LW,

jmod2 = 0,
(poy 1, polyi)),u
jmod2 = 0;
(pbl"J, pbi-d, pbld pblt1),i =Tk,

73 zikj sWI,

i=1W;

(((pb{"}pb” pby)).i=1k, j
(pif ). pol . u=13i =1k, |
jmod?2 # 0));
(((pbI™ )i =1k, j =LW;

((pil}, polf),u
jmod?2 = 0));

_ 15
=1LWp), (15)
=LW;,
),
=13,i=Lk, j=LW,;,

Jlemma 1: B mo0oit MapkupoBke U ceTu [leTpu mak-
CHMaJIbHOE KOJHYECTBO (DHIIEK Pmax B OXHOM IO3UIMH
pby, onmceiBatorieit 6ydep KoMMyTaTtopa, 1 B OrpaHUYH-
tene 6ydepa kommyTaTopa mosummu pbl paswo:

Pmax = Do + P10+ Pao + Pos
rae Pio, Pao, P30 — KOMHMUYECTBO (pUmIeK B mo3mitusx phy,
(u=13) oxgHoro ys3ma mpu Ha4aJbHOW MapKUPOBKE [,
bo — xonmuuectBo Quimex B mozuiuu pbl 3TOro *Ke y3ma
NPU HAYaJbHOI MapKUPOBKE.

HoxazatenbctBo. [Tozuumu pby, u pbl ogxoro y3na se-
JSIFOTCS. KOMIIEMEHTAPHBIMH. TOrJa MakCHMajbHOE KO-
nmdecTBo (umek B mosunmu pbl pasuo by + pig, 1 pb=0;
MaKCHMaJIbHOE KOJIMUEeCTBO (uiiek B mo3urmu pbl pasuo
(bo + P10) + P20, 1 pb,=0, mpu pb;=0; makcumaNsEHOE KO-
mgectBo ¢urrek B mosurwmu Pbl pasro ((by + P1o) + Pao)
+ P3o, U pb3:0, npu pb1=0, pb2=0.

JleMma 2: MakCUMaJbHOE KOJIMYECTBO (pUIlIEK B JIFO-
00i1 MapKUpOBKE PaBHO:

Nax = 6:Siq + pmax'sk

Hoxa3atenbcTBo. Tak Kak CeTh CTPOro KOHCEPBATHB-
Ha, TO KOJIMYECTBO (PUILCK B TFOOO0I MApKHPOBKE (L PABHO
KONMYECTBY (HIICK B HAYAJIBbHON MapKUpOBKe L. Komu-
4ecTBO (IHIIEK B HAYAILHON MapKHUPOBKE |ly PABHO CyM-
Me: KoJinuecTBa (DUILEK B OrPAHUYUTENSIX TOPTOB, YMHO-
JKEHHBIX Ha KOJIMYECTBO OCHOBHBIX Y3JIOB, M KOJIUYECTBA
BCEX Y3JIOB PEIISTKH YMHOXXCHHBIX, HAa MaKCHMaJbHbIN
pa3mep orpaHuduTens Oydepa KoMMyTaTOpa.

JleMma 3: KOMMYECTBO MO3MIMUHA B OECKOHEYHOH Tpe-
YrOJIBHOM pemieTke pasmepa K paBHo:

N, = 10k* + 6k.

JoxazarensctBo. 110 MOCTPOEHUIO TPEYroJbHOM pe-
IIETKH KOJMYECTBO TO3UIIMKA B y3j1€ OCHOBHOrO THma 16
(Tpu TIOpTa MO YEeTHIPE MO3UIIUK U YESTHIPE TO3UIIUH, OITH-
chiBatoiue Oydep), B y3ie JOMOJHUTEIBHOrO THa 4
no3unuy. KommyecTBo s4eek OCHOBHOIO THIA Syj, JO-
MOJIHUTEIBHOTO Syo, TOTJA KOJIUYECTBO MO3UIHUH PaBHO:

k-(k+1)+4.k-(k—1)
2

N, =16- =8k (k+1)+2k-(k—1)=

=10k* + 6k.
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Jlemma 4: KONHMYECTBO INEPEXOJO0B B OECKOHEUHOU

TPEYroJbHOM perieTke pa3mepa K paBHo:
N = 9k* + 3k.

JHoxazarensctBo. [lo mocTpoeHuio TpeyroyibHOM pe-
IIETKH KOJIMYECTBO MEPEXOI0B B y3JI€ JIIOOOT0 THIA paB-
HO 9, Bcero kommuectBo y3imoB Sy. KommuectBo sueek
OCHOBHOTO THMA, K KOTOPBIM MPHCOCTUHSIIOT TCPMUHAIH-
HBIe TIepexopl, Ha k-M ypoBHe paBHO Wy, BCero cTopoH
TPH, TOTIa KOJIIMYECTBO TIEPEXOI0B PABHO:

N¢ = 9Sy + 3Wj, = 9K* + 3k.

Jlemma 5: KonmuecTBO AYT B OECKOHEYHON TPEYTOJh-
HO¥ pereTke pa3mepa K paBHo:

Nare = 36K + 12k.

JlokazarenscTBo. Ilo mocTpoeHuto TpeyroibHOU pe-
IIETKH KOJIMYECTBO YT B y3Jie JIt00oro Tuma 36 (Tpu mop-
Ta B KaXJ10M 12 1yr), Bcero KoiamdecTBo y3inoB Sy. Komu-
4ECTBO AYT sl IPUCOEAUHEHNs TEPMUHAIBHOIO Iepexo-
Jla 4eThIpe, slUeeK OCHOBHOIO THUIA, K KOTOPBIM IpHUCOe-
JMHSIFOT TEPMUHAIBHBIE TIEPEX0/IBI, Ha K-M ypOBHE paBHO
Wy, BCEro CTOpPOH TpH, TOTIa KOJHYECTBO IyT PABHO:

Nare = 3-12S, + 3-4Wj; = 36Sy + 12W,; = 36k* + 12k.

IloncunTaHHble XapaKTEPUCTHKH pa3Mepa MOJeNu
(KOIMYECTBO y37I0B, O3UINH, IEPEXO0JI0B U AYT) SIBISIOT-
Cs1 BCIIOMOTaTENbHBIMU U HCHOJB3YIOTCA B JaJbHEHIINX
JIOKa3aTeIbCTBAX BBIYHUCIUTEIIEHONW CI0KHOCTU METOJOB.
Taxoke, MOJy4eHHBIE PE3YJIBTaThl YUHUTHIBAINCH B XOHE
TECTUPOBAHUST MOJIETCH, METOAWYECKH IONOIHHUBILIETO
TEOPETHUYECKNE HCCIICIOBAHMS.

4 SKCIIEPUMEHTbBI

s mocTpoeHuss MOIENHM TPeyroJibHOM KOMMYHMKa-
IIHOHHOM pEIIETKU MTPOU3BOJIBHOIO pa3Mepa MPeAoKeHO
HCTIOJIB30BaTh NPOTpaMMHBIM TeHepaTop pemeTox [11,
12]. Ilpu reHepamuu MoJeneil pEHIeTOK HCIONb3yeTcs
npsiMoe TapaMeTpuueckoe omnucanue cetu I[lerpu, yuu-
TBIBAIOTCS XapaKTEPUCTHKH MOJIENN: pa3Mep pPEeLIeTKH,
EMKOCTh Oy(epa KOMMyTaTOpa M KOJIMYECTBO COOOIIEHUH
B KakIoM Oydepe komMmmyTaropa. [IporpaMmMHbIiA reHepa-
top mozenel Iletpu [12] HanKcaH Ha aNrOPUTMUYECKOM
s3pike Cu, THI BBIXOZHOTO (Qopmarta (GopMupyemMoro
¢aiina npencraieH B rpaduueckoM Qopmare mozpeiu-
pyromeit cucremsl Tina [10]. C momormipio MoIenupyro-
mei cucteMbl Tina BBIOTHSETCS BepH(UKAIUS HPOTO-
KOJIOB TPEYTOJbHBIX KOMMYHHKAIIUOHHBIX PCHICTOK,
Npe/CTaBlIeHHBIX B (GopMme certedd [leTpu, BeIUMCIseTCs
CcTaTUCTHUCCKass HWHGpopManus (KOJUYECTBO IO3UIUH,
MepexoJIoB, AyT B pelieTke pa3mepa K).

5 PE3YJIBTATBI

Pe3ynbTaThl MPOBENCHHBIX SKCIEPHMEHTOB IPEICTAB-
JIeHHI B Ta0J. 1, M3y4eHBI U IPOBepeHH B [13] st pa3HBIX
3HAYCHUI MapaMeTpoB pemeTku: K — pasmep pemerkd,
b — emkocts Gydepa KomMmyTaTopa, P — KOJIHYECTBO CO-
oOmieHnii B Kaxkaom Oydepe KomMyTaTopa.

ITomy4eHHbIe 3HAYEHUS] CTATUCTHYECKUX XapaKTepH-
CTUK MOJIEJIEH TPEyTroJIbHOM KOMMYHUKAlMOHHOM peuieT-
KU COBNAIM CO 3HAYEHHSMH, TOJyYCHHBIMH TIPH HCCIIE-
JIOBAaHUM CBOMCTB MOJIEIE C MOMOIIBI0 MOJECIUPYIOLIEH
cucremsl Tina [10].
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Tabmuua 1 — XapakTepucTUKH MOJIeNiel TPEYTroJbHOM KOMMYHUKAIIMOHHOMN pelIeTKN

KonnuecTBo mo- Konnuectso ne- Max Koj-BO Max koi-Bo umex
ITapameTps! peneTku . Konnuectso nyr
3ULHI pexoJioB (HUIIeK B MO3HIMH B MapKHPOBKE
k=1,p=20,b=0 16 12 48 60 66
k=1,p=50,b=0 16 12 48 150 156
k=3,p=1,b=1 108 90 360 4 72
k=3,p=2,b=6 108 90 360 12 144
k=5p=2,b=0 280 240 960 6 240
k=5p=4b=6 280 240 960 18 540
6 OBCYXJIEHUE IIpakTrdeckas 3HAYUMOCTB TIOTY4YEHHBIX PE3yJIbTATOB

IIpennoxeHHple NpaBUila KOMIIO3ULMKM TPEYrOJIbHON
pelIeTKH MO3BOJIIIN MOCTPOUTD NPSAMOE U JIBOMCTBEHHOE
napaMeTpHUecKUe MPEeACTaBICHUs] TPEYroidbHON KOMMY-
HUKAI[MOHHON pEIIeTKH MPOU3BOJIBHOTO pasMepa, ole-
HUTb CTATUCTUYECKUE XapaKTEPUCTUKU MOAETIEH.

Kak BumHO U3 Tabi. 1, KOMHYECTBO MO3HUIUH, TTEPEX0-
OB W IyT IUIsl PEIIeTOK OJHOTO pa3Mepa OIMHAKOBO.
MaxkcumanbHOE KOJHMYECTBO (PUIIEK B MO3UIMH U B Map-
KHPOBKE pa3HOEe, B 3aBUCHMOCTH OT 3HAYCHHUH EMKOCTH
Oy¢epa KOMMyTaTOpa W KOJMYECTBA COOOIIEHMHA B Kax-
oM Oydepe.

[Ipsimoe mapameTpudeckoe HpeACTaBICHHE TPUMEHE-
HO JJIs1 BBIYHCIICHMS HHBAPHAHTOB MO3MLIMN M aHaIM3a
CBOMCTB MoJieNieil TPEYToIbHBIX KOMMYTAIIMOHHBIX pelle-
TOK B (hopme OeckoHeuHbIX cereil [leTpu ¢ perynsapHoi
cTpykTypoit. Iloka3aHo, YTO MOCTpPOEHHas MOJENb B
¢dopme ceru [lerpu koHcepBaTHBHa M orpaHmdeHa. Kax
MOJATBEPHKACHUE TOCTOBEPHOCTH IOJIYUYEHHBIX PE3yJbTa-
TOB pPacCMaTpPHWBACTCS CIEAYIOMMA (akT: mpu ToiCTa-
HOBKE KOHKDPETHBIX pa3MEpOB CETEH B MapaMeTpHUIECKOe
pemrenue (15), 6a3uchl COBMAgarOT C pe3ysbTaTaMU BBI-
yucneHni cuctemsl Tina.

JIBOMICTBEHHOE IapaMeTPUUECKOE MPEACTABICHUE UC-
IIOJIb3YETCSL Il HAXOXKJCHUS CBOMCTBA CTALlMOHApHOH
MOBTOPSIEMOCTH, YTO SIBJSIETCS HAlpaBIEHHEM NallbHEH-
LIMX UCCIICJOBAHUMN.

BbIBO/IbI

B pabGoTe paccMoTpeHa akTyalbHas 3ajada BepU(U-
Kallii TPOTOKOJIOB TPEYTOJIFHBIX KOMMYHHKAIHOHHBIX
pemretok OeckoHeuHBIMU ceTssMu [letpu. Monens wmue-
AIBHOTO TEIIEKOMMYHHKAIIMOHHOTO IPOTOKOJA JIOJDKHA
ObITh P- U {-WHBapUAHTHOH, U, CIEOBATENHLHO, 00IaIaTh
CBOICTBaMHM KOHCEPBATUBHOCTH M CTALIMOHAPHOMN IOBTO-
psAeMocTH.

Hay4yHast HOBHM3HA NOJIYYEHHBIX PE3YJILTATOB 3aKIIO-
YacTCd B TOM, UTO BIEPBBIC MPCATOKCHDI ﬂBOﬁCTBeHHOC
U TpsAMOE TMapaMeTpHyecKue IPEJCTaBICHHUs MoJelen
TPEYTroNbHBIX KOMMYHHKAIIMOHHBIX penieTok. Ha ocHoBe
MIPSIMOTO  TTAPaMETPUYECKOTO TIPEJICTABIECHHUS MPOBEICH
pacdeT M aHaJu3 MHBAPHUAHTOB TO3UIUH, clieNlaH BBIBOJ O
KOPPEKTHOCTH MPOTOKOJIOB KOMMYHHKAITIOHHON pelIeT-
KH TIPOHM3BOJBHOTO pa3Mepa. [IpeniokeHsl mpaBuiia KoM-
MTO3UIIMN TPEYTOJIBHBIX PEIIETOK, HA OCHOBAHHH KOTOPBIX
MTOJTy4YeHBI (POPMYIIBI AJISI OLIEHKU CTATUCTHYECKHX XapakK-
TEPUCTUK MOZENEH TPEYroJbHOM KOMMYHUKALIMOHHOM
peLeTKy.
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3aKJII0YaeTcs B TOM, YTO pa3paboTaHHOE MPOrpaMMHOE
obecreyeHre TeHepUpPyeT MOJIENb TPEYTOIbHON PEeIEeTKH
MIPOU3BOJILHOTO pa3Mepa i JalbHeH el BepuhuKamm
C TOMOIIBI0 U3BECTHBIX MOJEIUPYIOLIUX CUCTEM M MpPO-
rpaMMHO-aNmnapaTHOW peanu3auuMu. Mojenu NpoTecTH-
POBaHEI, anpOOUPOBAHBI M MPUHATHL B apXWB MOJCICH
cereit [letpu.

IlepcnexTuBa nanbHEUIINX HCCIEIOBAHUN COCTOUT B
MPUMEHEHUH JBOMCTBEHHOIO MapaMeTpUYECKOro ONHca-
HUs OeckoHeuHBIX cereil [leTpu ¢ perymsapHO#l CTpyKTy-
PO U KOMIO3UIINH OECKOHEYHBIX CHCTEM U BBIYHCIIE-
HUsl t-MHBapUAHTOB HAa IPUMEPE MOJEIU 3aMKHYTOH Tpe-
YIOJIbHON PELIETKH.
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YK 621.39, 004.7

BEPU®IKAIIS ITPOTOKOJIB TPUKYTHUX KOMYHIKAIIIMHIX TPATOK
HECKIHYEHHUMMU CITKAMMU IIETPI

IImenvoBa T. P. — kaHa. TexH. HayK, IOLEHT, AOICHT Kadenpu KomyTauitHux cucteM Onecbkol HALllOHAIBHOI akaaemii
3B’s3ky iM. O.C. ITomoBa, Oneca, Ykpaina.

AHOTAIIA

AxTyanbHicTh. OOUNCITIOBANBHI Ta KOMYHIKAIIIHI IPAaTKH € TOTY>KHUM 3ac000M IiABUIIEHHS IPOAYKTUBHOCTI 1 SIKOCTI 00CITy-
rOBYBaHHSI Cy4acHHX Mepexk. Y IBOBHMIPHHX IPaTKax OCHOBHHUMH ()OpPMaMH OCEPEAKY € TPHKYTHHK, YOTHPUKYTHHK 1 [IECTHKYTHHK.
TpHKYTHI IpaTKy 3aCTOCOBYIOThCS HPH BUPILICHHI KpaiOBUX 3a/1a4 3 TPUKYTHUMH KiHI[CBUMH €JIEMEHTaMH, B CHCTEMaX PaliOMOB-
neHHst i renebayenus. Haiibinpin mpocti Ta edexTrBHI criocodu peanizawii IpaTok MOXYTh BOJIOAITH CXOBaHUMH JedeKTaMH i ypas-
JIUBOCTSIMU 3 TOYKH 30py OesmedHoro oominy iHdopmariero. Takum ynHOM, BepHudikallis IpaTok € akTyalbHUM 3aBAaHHAM. MeTa
pobotH — mobynoBa Moenel TPUKYTHUX KOMYHIKaIllifHUX IpaTokK B opmi HeckiHueHHUX citeit [leTpi Ta mocmimkeHHs X BIacTHBO-
CTeM, I JOKa3y KOPEeKTHOCTI (Bepuikarii) MpoTOKOIIB.

MeTtoa. Meroan mociipkeHb 6a3yl0Thesl HA OCHOBHHX ITOJIOXKEHHSX Teopii rpadis, JiHIHHOT anreOpu, TEOPETHIHIX OCHOBAX Ci-
teii [TeTpi, MaTeMaTHYHOTO Ta IMITalifHOTO MOJIEITIOBAHHSI.

PesyabsTaTn. [1oOynoBaHo nmapaMeTpuyHUi ONKMC TPUKYTHOI KOMYHIKAI[IHHOT IpaTKy Ha IUIOLIMHI B MpsMii i ABoicTol dopmi.
Byson komyTatii peanizye MoBHOAYIUIEKCHUH PeKUM poOOTH Ta OydepH3aliiio nakeTiB 3 00OMEeKEHHM PO3MipOM BHYTPILIHLOTO Oy-
¢depa. OTprMaHO aHANITHYHI BUPA3H Ul OL[IHKU YMCJIa KOMIIOHEHTIB MoJei. PilleHHs] HECKIHYEHHNX CHCTEMH JIiHIHHUX PiBHSHD B
napaMeTpu4Hoi HopMi JO3BOIUIO JOBECTH iHBAPIaHTHICTh MOJIEINi AOBUIBHOTO po3Mipy. [HBapiaHTHICTD € OJHOIO 3 OCHOBHHX BIIac-
THUBOCTEW MOJETI 11eaJTbHOTO MPOTOKOMY, 1[0 BU3HAa4Yae Oe3neKy poOoTH Mepexki. [IpakThdHa 3HAUMMICTh OTPUMAHUX PE3yJbTATIB
MOJISITa€ B MOOYAOBI cxeM Oe3MeYHNX I'PaToK T MOAaJIbIIoi IPOrpaMHo] 1 anapaTHoi peamizaii, o o(piliifHo MiATBEPHKEHO BKIIIO-
YEeHHSIM MoJIesIel TPUKYTHHX IPaToK B apXiB Moxenei citet [Terpi Jlaboparopii Indopmaruxu yHiBepcurery [lapmx 6.

BucHoBku. Briepiie noGyzoBaHa MateMaTiH4Ha MOJE/Ib TPUKYTHHX KOMYHIKAalHHHUX IPATOK 3 PErYISIPHOIO CTPYKTYPOIO JIOBi-
JBHOTO po3Mipy B (opmi HeckiHueHHHX ciTeit [leTpi st Bepudikanii nmporokomniB nepenadi iHpopmanii B rpaTkax. 3acTOCYBaHHS
METOJMKHU IS Bepr(iKalii TPUKYTHHX KOMYHIKAI[IHHUX CTPYKTYp JO3BOJIsIE BUKOHATH IOJANBIIHNA PO3BUTOK TEOPil HECKIHUCHHUX
citeii [Terpi a1 moOGYyI0BU Ta TOCIIHKEHHS MOJICICH JOBUILHIX IPATOK 3 PETYIISIPHOIO CTPYKTYPOIO.

KJIFOYOBI CJIOBA: o6uncioBaibHi IpaTKy, TPUKYTHA KOMYHiKaliifHa CTPYKTypa, HecKiHueHHa ciTh [leTpi, mapamerpuyne
NpeICTaBICHHS, JIIHIHHUI iHBapiaHT, Bepudikalis MpOTOKOIIIB.

UDC 621.39, 004.7
VERIFICATION OF THE TRIANGULAR COMMUNICATION GRIDS PROTOCOLS BY INFINITE PETRI NETS

Shmeleva T. R. — PhD, Associate Professor, Associate Professor of Switched System department, A. S. Popov National Acad-

emy of Telecommunications, Odessa, Ukraine.
ABSTRACT

Context. Computing and communication grids are a powerful means of increasing the performance and quality of service of
modern networks. In two-dimensional grids the basic cell forms are a triangle, a square, and a hexagon. Triangular grids are used in
solving boundary value problems with triangular finite elements, in broadcasting systems and in television. The simplest and most
efficient implementations of grids can possess hidden defects and vulnerabilities in terms of secure information exchange. Thus, the
verification of grids is an urgent task.

Objective. The goal of the paper is to construct the models of triangular communication grids in the form of infinite Petri nets
and to investigate their properties for proving the protocols (verification) correctness.

Method. Research methods are based on the basics of graph theory, linear algebra, the theoretical foundations of Petri nets,
mathematical modeling and simulation.
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Results. A parametric description of the triangular communication grid on the plane, in a direct and a dual form, is constructed.
The switching node implements full-duplex transmission and buffering of packets with a limited capacity of the internal buffer. Ana-
lytic expressions are obtained for estimating the number of model components. Solving infinite systems of linear equations in para-
metric form allowed us to prove the invariance of a model of arbitrary size. Invariance is one of the basic properties of the ideal pro-
tocol model which determines the safety of the network. The practical significance of the results obtained lies in the construction of
safe grid schemes for further software and hardware implementation, which is officially confirmed by the inclusion of triangular grid
models in the archive of Petri net models of the University Paris 6 Informatics Laboratory.

Conclusions. For the first time, a mathematical model of triangular communication grids with a regular structure and an arbitrary
size in the form of infinite Petri nets was constructed for verification of information transmit protocols in grids. The application of the
technique for verification of triangular communication structures allows the further development of the infinite Petri nets theory for
constructing and investigating models of arbitrary grids with a regular structure.

KEYWORDS: computing grids, triangular communication structure, infinite Petri net, parametric specification, linear invariant,
verification of protocols.
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EQUATION FOR INVESTIGATION OF FRACTAL PROCESSES
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ABSTRACT

Context. We consider a Volterra integral equation of the first kind which may be applied to the data filtration and forecast of
fractal random processes, for example, in information-telecommunication systems and in control of complex technological processes.

Objective. The aim of the work is to obtain an exact analytical solution to a Volterra integral equation of the first kind. The
kernel of the corresponding integral equation is the correlation function of a fractal random process with a power-law structure
function.

Method. The Volterra integral equation of the first kind is solved with the help of the standard Laplace transform method. The
inverse Laplace transform leads to the calculation of the line integral of the function of complex variable. This integral is calculated
as a sum of a residue part and integrals over the banks of cut. The corresponding integrals are obtained on the basis of the known
expansions of special functions.

Results. We obtained an exact analytical solution of the Volterra integral equation the kernel of which is the correlation function
of a fractal random process. The paper is based on a model where the structure function of the corresponding process is a power-law
function. It is shown that the part of the solution that does not contain delta-function is convergent at any point if the Hurst exponent
is larger than 0.5, i.e. if the process has fractal properties. It is shown that the obtained solution is a real-valued function. The
obtained solution is verified numerically; it is also shown that our solution gives the correct asymptotic behavior. Although the
solution contains an exponentially growing function of time, at large times the integral of the obtained solution asymptotically
behaves as a power-law function.

Conclusions. It is important to stress that we obtained an exact solution of the Volterra integral equation under consideration
rather than an approximate one. The obtained solution may be applied to the data filtration and forecast of fractal random processes.
As is known, fractal processes take place in a huge variety of different systems, so the results of this paper may have a wide field of
application.

KEYWORDS: Volterra equation of the first kind, Hurst exponent, Laplace transform, fractal process, exact analytical solution.

NOMENCLATURE X(t) is a fractal random process under consideration;

c(t) is a structure function of the fractal random I'(c, z) is a incomplete Gamma function;

process;

. . . . I'(z) is a Gamma function;
h(t,k) is a unknown function for which the solution

2 . .
. . . o~ is a process variance;
of the integral equation is obtained, t >0 ; p
H is a Hurst exponent;
i is a complex unity; H(p,k) is a Laplace transform of the function

R(t) is a correlation function of the fractal random  ht, k);

<a(t)>l is a time average of a random process a(t);

process;
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r(p,k)
R(t+k);
r(p) is a Laplace transform of the function R(t);

is a Laplace transform of the function

F.(a,B, z) is a confluent hypergeometric function;
B(u,v) is a Beta-function.

INTRODUCTION
This paper is devoted to the obtaining of an analytical
solution to a Volterra equation of the first kind which may
be applied to the data filtration and forecast of fractal
random processes. The kernel of the corresponding
integral equation is the correlation function of a fractal
random process with a power-law structure function.

The model of the power-law structure function is a
very popular model for the description of fractal
processes. For example, it is used in the description of
plasma fluctuations [1], in the description of the financial
market data on the basis of the statistical physics methods
[2—4], etc.

Self-similar processes take place in a huge variety of
different systems: industry applications, control systems
(see, for example, [5, 6]), information-telecommunication
systems, financial markets, physical systems (Brownian
motion, non-equilibrium fluctuations, etc.), geophysical
time series, etc., see [7] and references therein.

In this paper we consider only continuous random
processes. The problem of the solution of the Volterra
integral equation under consideration was discussed in [8]
where this problem was investigated in the framework of
the Kolmogorov-Wiener filter. We should stress that, to
obtain the weight function and the output of the
Kolmogorov-Wiener filter, a Fredholm integral equation
of the first kind should be solved rather than the Voterra
one (see, for example, [9]). But the Volterra integral
equation is of mathematical interest by itself. As is also
known, the Volterra integral equation is a special case of
the Fredholm integral equation, so it may be applied to
practical investigations of fractal processes.

In this paper the idea of the solution of the Volterra
integral equation is similar to that of [8], but the results of
paper [8] should be refined in some places, see the
corresponding discussion in Sec. 2.

The object of study is the Volterra integral equation
of the first kind, the kernel of which is the correlation
function of a fractal random process with a power-law
structure function.

The subject of study is the analytic solution of the
system under consideration.

The aim of the work is to obtain an exact analytical
solution to the integral equation under consideration and
to investigate its asymptotic behavior.

1 PROBLEM STATEMENT
We consider the following Volterra integral equation
of the first kind

© Gorev V. N., Gusev A. Yu., Korniienko V. 1.,2018
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R(T+k)=j.drh(r,k)R(T—r), (1)

where k <T is a finite positive constant,

o

R(t)=o -5t )

and h(t,k) is the unknown function. The problem is to
obtain an analytical solution to eq. (1) .

2 REVIEW OF THE LITERATURE
The models with a power-law structure function are
widely used to describe fractal processes (see, for
example, [1-4]). Fractal processes are widely used in
investigations of different systems (see [5-7] and
references therein).
In paper [8] a continuous random process X(t) is

given for te[0,T]. The process is assumed to be a
stationary and ergodic one. The structure function c(t) is
assumed to be a power-law function:
C(t)z<(x(t)—x(t—r))2> —o-T", 3)
t
where o is a positive constant, and H is the Hurst
exponent.

In the model (3) the corresponding correlation
function is

R(7) = ((x(t+)—(x(®), ) (xO) - (xV), )) =
“)

The Voterra integral equation of the first kind (1) is
considered in [8] in the framework of the Kolmogorov—
Wiener filter. Of course, it should be stressed that, in
order to obtain the Kolmogorov—Wiener filter output, the
Fredholm integral equation should be solved rather than
the Volterra one. Nevertheless, the Volterra integral
equation discussed in [8] is of mathematical interest by
itself. The Volterra integral equation is also a special case
of the Fredholm integral equation, so it may be applied to
data filtration and forecast in some cases (maybe even not
necessarily in the framework of the Kolmogorov-Wiener
problem).

The problem of the solution of the integral equation
under consideration is investigated in [8] with the help of
the standard Laplace transform method [10]. The authors
of [8] carefully divided the solution into two parts, one of
which contains the Dirac delta-function. However, the
results of paper [8] should be significantly refined. First
of all, eq. (19) in [8] contains a complex function as a
result because the incomplete Gamma-function
I'2H +1,-Ax) is complex-valued (see eq. (19) in [8]).
Besides, a pole residue is not taken into account in [§]
either.
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In this paper the integral equation (1) is analytically
solved and the results of paper [8] are refined.

3 MATERIALS AND METHODS
Let us introduce the following Laplace transforms:

r(p,k):deR(T +k)e P
0

r(p):deR(T)e”T, (5)

H (p,k)=[dTh(T k)™ .
0

Substituting &=T —1 into the right-hand side of (1),
multiplying the both sides of (1) by exp(-—p(t+k)) and
taking the integral over T , with account for (5) we obtain

0 T

[dT[dee "™ On(T e k)R(g)=r(p.k).  (6)
0 0

Multiplying the integrand on the left-hand side of (6)

by exp(—p&)exp(pg) and substituting x=T -&, y=§
into (6), with account for (5) we obtain

e H (p.k)r(p)=r(p.k). ()
which with account for (5) leads to
[dTR(T+K)e ™
H(p.k) == ®)

j dTR(T)e ™
0

The standard definitions and tabulated integrals for
The Gamma and incomplete Gamma functions are [11]:

[(a,x)=[de't"", T(a)=[de't"",
X 0

J' dxx''e™ = p™T (v, pu), 9)

‘J‘dxxv’le’“X =pT(v).
0

On the basis of (9) and (2) the integrals in the
numerator and the denominator of (8) are calculated:

TdTR(T)e’pT _o® al(2H+1)
0

10
5 2p (10)

2H+1 >
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o’ 0e™T(2H +1, pk)
?_ 2p

[dTR(T +k)e ™ =
0

With account for (10) and (8) the following expression
for H(p,k) can be obtained:

2p*"o’ —ae™ I (2H +1, pk)
H(p’k): 2 o2 :
p*o’ —al'(2H +1)

)

Let us investigate the behavior of H(p,k) when
p — . As is known [11], if X —> oo, then I'(a, X) can
be represented as a series:

-1)" ' (1-a+m)

(o, X =x*"'e™* - ( 12
(@) 2 o (ima) (2

On the basis of (12) and (11) we obtain

ak" _
H(p,k)|w=1— . +o(p1). (13)
According to (13), let us split (11) into two parts:
akZH

H(p,k)=1- +H'(p,k),

(pk)=1- 2t H (k) "
H '(p,k)|p% =0.

As is known [10], the inverse Laplace transform can
be calculated as

C+iono

h(t,k)=% [ dpH (p.k)e” =

C—ioo

=(1—0‘;2: Jé(t)+h’(t,k)

(¢

(15)

(here we use the fact that the inverse Laplace transform of
a constant is the delta-function).

The function h’(t,k) in (15) is the inverse Laplace
transform of the function H'(p,k):

C+ioo

h’(t,k):% [ dpH"(p.k) e

i

(16)

c—ioo

and in what follows we calculate it. It should be stressed that
up to this point all the results coincide with [8], but the
following result for h'(t, k) significantly differs from [8].

The singular points of the function H'(p,k)are the
branch point p=0 and the poles. The function H'(p,k)
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satisfies the conditions of the Jordan lemma (see (13)), so
the integral (16) is

h(t.k) =1 (tk)+J (LK), (17)
where |(t,k) is the sum of the integrals over the banks of

cut and J(t,k) is the pole residue part (see, for example,
[12]).

The following banks of cut should be chosen:
p=xe"and p=xe '™, so

L(tk)=1,(t.k)+

L (LK)

1 (t.k)= e deH xe'™ k)exp(xe‘“t), as)
I, (t.k) e j‘dXH e, k)exp(xe’i“t) .

As can be seen from (14) and (11), the function
H'(p,k) contains the functions p*", exp(pk) and

I'(2H +1, pk) . Obviously,

et =1, exp(xe““t) =exp(—xt),

2H 19
(xeii“) =x*" (cos(ZnH )+isin(2nH )) ) (12

1], the function I'(2H +1, pk) can be
expanded into a series:

As is known [1

. _l)” Xon
r 20
(ct nZ:; n!(a+n) 20)
With account for (20) and (19) one can obtain
Re(T(2H +1,ke™)) =T (2H +1)+
w (kX)H-n
+(k 2 H _—
() cos(2m nzn'(ZH +1+n)’
m(T(2H +1,kxe™)) =
(k) N

:(kx) s1n ZT[H i (kx)“"

= nl(2H +1+n)’

Re(T'(2H +1,kee ™)) = Re(I(2H +1, kxe"™)),

m(F(ZH +1 ke ") ):—Im(r (2H +1,kxe™ ))
It should be noticed that we consider processes with

fractal properties, i.e. we consider cases where
H €(0.5;1). In this range of parameters we have
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sin(2rH) <0, Im(T'(2H +1,kxe ™)) >0 . On the basis of
(18)—(21) the following result for I(t,k) is obtained:

I (t,k) :ljdxe-‘x f(x,k),
T

Y(X)O (X, Kk)=A(Xx)Q(x,k
O (x,k)=26"x""" cos(2nH )—ae ™ A(x,k),
Q(x,k)=20"x"" sin(2nH ) +ae *B(x,k),  (22)
A(x)=20"x"" cos(2nH )—al (2H +1),

¥ (x)=20"x"" sin(27H),
A(xk)=Re(T(2H +1,xke ")),
B(xk)=1m(T'(2H +1,xke ™)} >0,

We should stress that in contrast to [8] our result (22)
is a real-valued function. Let us investigate the
convergence of the integral in (22). On the basis of (22),
(20) and the property I'(at+1) = al'(a) one can obtain

ol (2H +1)sin (27H)
= X
X—>0 464

><(2($2 —ak?" ).X‘ZH +O(X—2H-1)

so f(x, k)|Hw

is convergent if

f(x.k)

(23)

~x" from which it follows that 1(0,k)
H e(0.5:1). I(t,k) is

convergent for t>0. So I(t,k) is convergent for any

Obviously,

t > 0 if the process has fractal properties.
Let us calculate the poles of the function H'(p,k)e™ .

Obviously, to calculate the poles, we should equate the
denominator of (11) to zero because of (14). The solutions
of the corresponding equations are

1
- .7n

z=[ a2F(2H+1)J2H e", nez. (24)
26

According to [12], only the poles with
arg(z) e[-m,m] contribute to J(t,k) in (17). We

consider the case where H € (0.5;1), so from (24) we can

see that the only pole that contributes to J(t,k) is

D, :(izr(zH +1))2H. (25)
20

Let us investigate the function H'(p,k)e™ in the

vicinity of the point p=p,. Let us introduce the
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parameter &= p—p,. As is known [11], if | y |<| X|, then
the following expansion is true:

(0 %)~

_xal“’ G F(l a+m __ymy_I (26)
mzo{ X"T'(1-a) (l ° .ZO“I!H'

On the basis of (11), (14), (25) and (26) one can
obtain that in the vicinity of the point p=p, (i.e. in the

vicinity of the point £=0)

I'(a,x+y)=T

H'(p.k)e™ =H'(p, +&k)e®
I'(2H +1)-e™ T (2H +1, p, ) .
2HT(2H +1)
[(2H +1)—e™ T (2H +1, pok)X
2HT (2H +1)

= p,e™
27

+0(&’) =
xp,e™ (p—p,)" +O((p— po)o).

As can be seen from (27), the expansion of
H'(p,k)e™ into a Laurent series of p—p, begins with
the minus first term, so p, is a simple pole and

J (t,k):E{:e;)s H'(p,k)e™ =e™p, x

I'(2H +1)-e™ T (2H +1, p,k)
2HL (2H +1)

(28)

>

it should be noticed that J(t,k) is not taken into account
in [8].
So, the following solution is obtained:

akZH

- JS(t)+I(t,k)+J(t,k),

2 29)

h(t,k)= [1 -
where the explicit expressions for I(t,k)and J(t,k) are
given in (22) and (28); the expression for p, from (28) is
given in (25).

4 EXPERIMENTS
Numerical calculations for some parameters are made
in order to verify the solution (29). The integral

(szH

foteion(r-)~[1-5 )

T-1) Idt.] (., k)R(T —1)

+Jd‘t| T, K)R(
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is compared to R(t+K), i.e. the right-hand side of (1) is

compared to the left-hand side of (1). The calculations are
made on the basis of Mathcad 14 package.

The incomplete Gamma function, which is a built-in
Mathcad function, is not defined for a negative second
argument. So the functions A(x,k) and B(X,k) in (22)

are introduced as

I(2H +1,2) '[dxe‘X X" +Idxe xxH

A(x,k)=Re(T (2H+1,—xk)),
B(x,k)=—Im(I'(2H +1,-xk)),

€2))

the sign “=” in B(x,k) in (31) is due to the fact that
Mathcad I'CH +1,-xk) from (31) as
C'(2H +1,xke'™) ; see (21).

We should notice that Mathcad fails to calculate the

interprets

function |(t,K) as the integral from 0 to c©, so I(t,k) is
treated as
1 233 1 +o0
L(tk) == [ dxe™f (xk)+= [ de™—,
T 0 TE233 ?
T (2H +1)sin (25H) .
sin (27
C= - (202 —ok?" ) ,
4c
ie. if x>233, then f(x,k) is replaced with its

asymptotics for X — oo ; see (32) and (23). Mathcad is

able to calculate the first integral on the right-hand side of

(32) in the range of parameters which is given in table 1.
The following results were obtained.

Table 1 — Verification of the obtained solution

k=3,H=08,a=0c=1
R(T + k) the integral (30)
T=4 —10.24934 —10.24935
T=5 —12.92881 —12.92884
T=10 —29.28861 —29.28809
T =30 —133.4598 —133.4534
k=3,H=08, a=n/2,06=08
R(T +k) the integral (30)
T=4 —17.03041 —17.03042
T=10 -46.93724 —46.93725
T=15 —79.43844 —79.44034
T=20 -117.89713 -117.89911
k=3,H=07,a=n/2,0=12
R(T +k) the integral (30)
T=4 —-10.53367 —-10.53367
T=10 —27.04465 —27.04475
T =20 —61.87533 —61.87372
T =30 -103.51651 -103.51531
T =40 —-150.5975 —150.61689
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As can be seen from the table 1, R(T +k) is in good
agreement with the integral (30), so the solution (29) is
true. In our opinion, the slight difference of the second
and the third columns in table 1 is due to machine errors.

Of course, Mathcad could not adequately calculate the
integral (30) at large values of T, ie. at T =10, 10*,
etc. In order to verify the solution (29) for large values of
T, we seek the asymptotics of the integrals in (30) if
T>wo.

Let us denote

I'(2H +1)—e™ T (2H +1, p,k)
2HT(2H +1)

Po > (33)

then
T T a
[dwd (1, K)R(T —7) = A[ dte™ [cz -5 ~t)™" j (34)
0 0
As is known [11],

u

Jxv’l (u- x)‘HeBde =

0 (35)
:B(H’V)uvﬂl—l.lFl (V5H+V9Bu)~
On the basis of (35) and (34) we have
T 2
jer (LKR(T-1)= A[G_(em _1)_
0 Py (36)
ooy F(2H +1)
— =T L E(L2H +2,p,T) |.
2 r(2H+2)”(’ +2,p,T)

As is known [13], the function |F, (o,B,z) has the

following asymptotics:
Fl (OC, B’ Z)|\z\—>ao,—z<arg z<3—n -
2 2

rEErt (e, (o),
I(a) = s!

77 %™ = o (o - B+1) s

_ f-a) SZ:(; (-2)°,

a,=a(a+1)(a+2).. (a+s 1), a, =1.

(37)

On the basis on (37) it can be seen that

Fl (1’ B’ Z)|\z\aw,—g<arg z<37n =
_LB)_‘_O(L\]
I (B-1) )

On the basis of (38), (36) and (25) we obtain

(3%)
=T (p)e’z"”

_ G A o
2p

T >0 0

]dtR (T-t)J(t,k) (39)
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It should be noticed that for T — o the integral in (39)
behaves as a power-law rather than an exponent function!
The integral of I(t,k) is as follows:

_T[dtR(T —-t)1(tk)=1,-1,,
T (40)
dtl (t,k), | :%jdn (t,k)(T =)™

||
o'—.—i

After substituting £ =T —t into |, we obtain

g fo (x,k)e’“]d&e%z” : (41)

With the help of the tabulated integral

J.dxxv’le’*lx =py(v,pu),
0 (42)

y(o,x)=T(a)-T(a, )
and egs. (41) and (20) we obtain
ol T f(xk)
===T"|dx——= T),
[x—"=g(xT)
n (43)
= (xT)™
T :e—Tx (
9(xT) Zn'(2H+1+n)

It should be noticed that

so with account for (23) the integral in (43) is convergent;
and the asymptotics of (43) for T — oo is not larger than
aT™" We assume that

where a 1is a constant.

2H
Iz |T o T ’
in what follows.
As for |,, we have

this assumption is confirmed numerically

:
I, =0 [dtl (t,k)=
0
. o (45)
=GZJde ;1-e7 <1,
0
so obviously |, is bounded by a constant and I, =o(1,)
if T >,
Obviously

47
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-4 i)

20

~ _3(1_ ak”" jTZH
2 2 ’
T 20 (46)

R(T +k)|m -~

So, the asymptotic behavior of the left-hand and right-
hand sides of (1) on the basis of (29) for T — o are

R(T+K),  ~-—T"
A
drh ’E k)R T2H -
I R(T -7) N [DO 47)
k2H
_[1— J T%nj‘dx xT)J,
see also (39), (43) and (46). So if
A ak?" 1%, f(xk)
Al i _lim—{d T)=
o, [ 202] fim 2] o ()= g

:_1,

then our solution (29) is true for T — o .

The validity of (48) is checked numerically with the
help of the Wolfram Mathematica 11 package, which is
able to calculate the integral on the left-hand side of (48).
The following results are obtained.

Table 2 — Verification of the obtained assymptotics

k=3,H=07,a=n/2,0=12
xk

T A [ ok™ J Id g(xT)
Py

10° —0.999798

10* —0.9998

10° ~0.999998

k=4,H=08,a=n/2,5=038

A kZH
! p‘[ E ]‘f S
0
10° —0.996715
10* —-0.999671
10° —-0.999967

As can be seen from table 2, eq. (48) is valid, which
justifies our solution.

5 RESULTS
An exact analytical solution to the Volterra integral
equation (1) is obtained, see (29). The kernel of the
corresponding Volterra integral equation is the correlation
function of the continuous fractal process with the power-
law structure function (3). Only the cases where the Hurst
exponent H €(0.5;1) are considered. The obtained

solution (29) is verified numerically. The asymptotic
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behavior of both sides of (1) for T — o is investigated. It
is shown that our solution gives the correct asymptotic
behavior.

6 DISCUSSION

The corresponding Volterra integral equation was
discussed in [8] in the framework of the Kolmogorov—
Wiener filter for the rather popular model with the structure
function (3). It seems that the use of the Volterra integral
equation in the framework of the Kolmogorov-Wiener filter
is in some sense inadequate because the Fredholm integral
equation of the first kind should be solved in order to obtain
the Kolmogorov-Wiener filter output.

Nevertheless, the Volterra integral equation is of
mathematical interest. It should also be noted that the
Volterra integral equation is a special case of the
Fredholm integral equation, which is rather popular in
investigations of fractal processes, so the Volterra integral
equation may be applied to some investigations of fractal
processes.

An exact analytical solution to eq. (1) is obtained. It is
shown that the term 1(t,k) in (29) which comes from the

integrals over the banks of cut is convergent for any t >0
if the Hurst exponent H €(0.5;1). In contrast to [8],

I(t,k) is a real-valued function. Also in contrast to [8],

the residue part of (29) is taken into account. The
obtained solution (29) is verified numerically on the basis
of Mathcad 14 package.

The asymptotic behavior of both sides of (1) for
T —> oo is also investigated on the basis of (29). It is
shown that our solution gives the correct asymptotic
behavior; the corresponding integral in (48) was taken
numerically with the help of Wolfram Mathematica 11
package.

CONCLUSIONS
The Volterra integral equation (1) of the first kind the
kernel of which is the correlation function (4) is solved.

The scientific novelty of the obtained results is that
an exact analytic solution to the corresponding integral
equation is obtained. The solution is verified numerically,
it is also shown that our solution the gives correct
asymptotic behavior. The results of the previous papers
devoted to the integral equation under consideration are
refined.

The practical significance is that the obtained results
may be applied to investigations of fractal random
processes.

Prospects for further research are to apply the
obtained results to practical problems.
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JO AHAJIITUYHOTI'O PO3B’S3KY IHTET'PAJIBHOT' O PIBHAHHS BOJIBTEPU JIJISA JOCJLIKEHHSI
DOPAKTAJIBHUX MPOLECIB

T'opes B. M. — xanj. ¢u3.-MaT. HayK, acHCTEHT Kadexnpu Gesmeku iHdopmarii Ta TenekomyHikanii, Hamionansanit TexHiqHmii
yHiBepcutet JlHinposcrka [loniTexHika, JJHinpo, Ykpaina.

I'yceB O. O. — kaun. ¢wus.-mat. HayK, JOLEHT, AoLeHT Kadeapu Oesmexu iHpopmauii Ta TelekoMmyHikamii, HamionambHuii
TexHiuHM# yHiBepcuteT Jninposcoka [lonitexnika, Juinpo, Ykpaina.

Kopnienko B. I. — n-p TexH. Hayk, HoLeHT, 3aBigyBay kadenpu Oesmexu inpopmauii Ta TerekoMmyHikauiii, HamioHampHuit
TexHiuHu# yHiBepcuteT [Hinposcbka [lonitexnika, Juinpo, Ykpaina.

AHOTANIA

AxTyanbHicTh. Po3riaHyTO iHTerpasbHe piBHAHHA BonbTepu mepmoro popy, sike Moxe OyTH 3aCTOCOBHUM 10 (inbTpamii Ta
NIPOTHO3YBAaHHS BHUIIQAKOBHX (PaKTAIbHUX MPOIECIB, HANPUKIAA, y iHPOPMALifHO-TENeKOMYHIKAIMHIX Mepekax Ta MpH
KepyBaHHI CKJIAJHUMH TEXHOJIOTIYHUMH HPOIECaMU.

MeTo10 podOTH € OTpPUMATH TOYHUH AHAJTITUYHUI PO3B’SI30K IHTErpalbHOro piBHsSHHA Bonbrepu meprioro poxy. Sapom
BiJITIOBITHOTO IHTETPAIILHOTO PIBHSAHHS € KOpemsiiiHa QyHKITisI ppaKTaIbHOTO BUIIAIKOBOTO MPOIIECY, CTPYKTYypHA (DYHKIIIS SKOTO €
CTETMEHEBOIO.

Metoa. IHTerpansHe piBHAHHA BombTepu mepuioro pogy po3B’si3aHO 3a JOMOMOIOI0 CTaHIAPTHOTO METOMAY INEPEeTBOPEHHS
Jlammnaca. 3BopoTHe nepeTBopeHHs Jlamnaca mpuBOAUTE 0 KOHTYPHOTO iHTEerpaty Bix QyHKuii KommiekcHoi 3MiHHOI. Llei inTerpan
00YHCIIEHO K CyMy YacTHHH, IIO MIiCTHTh JIMIIOK, Ta 1HTETrpajliB B3AOBX OeperiB po3pily. BinmomiaHi iHTerpany mopaxoBaHO 3a
JIOTIOMOTOIO0 BIJJOMHX PO3BHHEHb CHEIiabHUX (QyHKITIH.

Pe3yasTaTn. Hamu oTpumaHo TOUHMIT aHATITHYHAN PO3B’SI30K IHTETPAIbHOTO PIBHAHHS BoibTepH, sIpOoM SIKOTO € KopelsmiiiHa
GyHKLiS (pakTaTbHOrO BHMIAAKOBOTO Ipouecy. Pobora 6asyerbcss Ha Mojewdi, B sIKilf CTpyKTypHa (YHKILIS BiIIOBIIHOTO
(pakTaILHOTO TPOIIECY € CTereHeBO PyHKIier. [Toka3aHo, 10 Ta YacTHHA PO3B’A3KY, sIKa HE MICTUTh JeIbTa-PyHKIIT, € 301’KHOI0
B OyIb-siKiil To4Li, SKIIO MOKa3HUK Xepcra € OinbumM 3a 0,5, ToOTO sKIIO mporec Mae ¢pakranbHi BracTUBOCTI. [lokazaHo, 1110
OTpHUMaHHi pO3B’sI30K € AificHOI0 QyHKUie0. OTpUMaHUil PO3B’ 30K MEPEBIPEHO YUCENBHO; TAKOX MOKA3aHO, L0 HAIll PO3B’ 30K A€
MPaBUIbHY AaCHUMIITOTHYHY MOBEAIHKY. Xo0ua OTPUMAaHUH PO3B’A30K MICTUTh EKCIIOHEHHIHHO 3pocTarouy (YHKLIIO dYacy, Mpu
BEJIMKHX YacaX iHTerpaj Bil OTPUMAHOTO PO3B’SI3Ky aCHMITOTHYHO BeZie ce0e sK CTerneHeBa (pyHKILiS.

BucnHoBkn. BaximBo migkpecnuTH, m0 HAMH OTPHMAHO TOYHUM, a HE HAONMKEHHI PO3B’S30K IHTETPAIBHOTO DPIBHSIHHS
Bombrepn, sike nmocmimkyerses. OTpHMaHUE PO3B’SI30K MoOXe OyTH 3aCTOCOBHUM 10 (IUIbTpamii Ta MPOrHO3YBaHHS ITaHHX
BHIIAJIKOBOTO (ppakTaybHOro mnporecy. Sk Binomo, (pakraibHi HpoIecH MalOTh MiCLE y BEINYE3HIH KiNBKOCTI Pi3HOMaHITHHX
CHCTEM, TOMY PE3YJIbTATH i€l CTATTI MOXXYTh MaTH LINPOKY 00JIaCTh 3aCTOCYBaHb.

KJKOUYOBI CJIOBA: inTerpaibhe piBHsAHHS BonbTepu mepiuoro pofy, HokasHuk Xepcra, meperBopenHs Jlamaca,
(bpakTanpHUi Mpolec, TOYHUIT aHATITHYHUH PO3B’A30K.
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K AHAJIMTHYECKOMY PEHIEHUIO UHTEI'PAJIBHOI'O YPABHEHUS BOJIBTEPPBI U151 UCCJIEJOBAHUA

®OPAKTAJIBHBIX ITPOLIECCOB

I'opeB B. H. — xann. ¢i3.-mar. Hayk, accucteHT Kadeapbl 6€30MacHOCTH MHPOPMALMK U TeJIeKOMMYyHHKauii, HarponansHbli
TeXHUueckui ynusepcuret [Inenposckas [lonurexuuka, J{nenp, YkpanHa.

I'ycee A. FO. — kaHg. ¢i3.-mar. Hayk, OOLEHT, AOLUEHT Kadeapsl Oe3omacHOCTH HHGOPMAIMH U TEICKOMMYHHKALUH,
Hanmonanbublil Texunueckuil yausepeutet [Inenposckast [lonutexnuka, Jnenp, Ykpauna.

Kopunenko B. M. — n-p TexH. HayK, JOLEHT, 3aBeAyromuil kadenpsl Ge30macHOCTH MHOOPMALMH U TEIEKOMMYHHKAIHH,
Hanvonansuelil TexHudeckuil yausepcuret JJnenposckas [lonurexnuka, Juenp, Ykpausa.

AHHOTAIUSA

AKTyaJIbHOCTb. PaccMOTpeHO HMHTerpajibHOE ypaBHEHHE BonbTeppbl mepBoro poaa, KOTOpOE MOXKET OBITh NMPUMEHEHO K
(GuUIbTPaLMK ¥ NPOTHO3MPOBAHHUIO CIyYaWHBIX ()PaKTaIbHBIX MPOLECCOB, HAPUMEDP, B HH(POPMALMOHHO-TEIEKOMMYHHKALMOHHbBIX
CeTSX ¥ MPH yNPaBICHUH CIOKHBIMHA TEXHOJIOTMUECKUMU TIPOLIECCAMH.

Heabio padoThl SBISIETCS TOYHOE AHAIUTHYECKOE PENICHHE HMHTETPAlbHOTO ypaBHEHUs BombTeppsl mepBoro poga. Sapom
COOTBETCTBYIOIIETO HHTETPAIbHOTO YpPaBHEHMS SABIAETCS KOPPEISIHMOHHAs (GYyHKIUS (PaKTANbHOTO CIydaifHOTO Ipomecca,
CTPYKTypHasi pyHKIHS KOTOPOTO SIBISIETCS CTETICHHOM.

Metoa. VurerpansHoe ypaBHeHHE BoibTeppbl IepBOro poja pemeHo C MOMOINBI0 CTaHJAPTHOTO METola NpeoOpa3oBaHUS
Jlarumaca. O6patHoe npeoOpasoBanue Jlamiaca IPUBOJUT K KOHTYPHOMY MHTErpajly OoT (yHKIMM KOMIUICKCHOW NMepeMeHHOi. DToT
HHTErpaJl MIOCYUTaH KaK CyMMa 4acTH, COZepIKalllel BBIUET, U MHTErpaloB BHOJb OeperoB paspesa. COOTBETCTBYIOIINE HHTETPAJIbI
IOJIy4€Hbl Ha OCHOBE M3BECTHBIX PA3JIOKEHUH CHEUAIbHBIX (yHKIMH.

Pe3yabTatel. Hamu nomyueHo TOUHOE aHAIMTHYECKOE PEIIEHUE MHTETPaIbHOTO ypaBHEHHs BonbTeppsl, SApoM KOTOPOro ecTh
KoppensnuoHHass (QyHKIMS (paKTambHOrO CIydalHOro mporecca. Pabora ocHOBBIBaeTCS Ha MOJENH, B KOTOPOH CTPYKTypHas
(YHKINS COOTBETCTBYIOIIETO (hPAKTATBEHOTO Iponecca sBIseTcs cTeneHHol ¢ynkmueil. [Tokasano, 9To Ta 4acTh peIIeHNs, KOTopas
HE COAEPXHT AeNbTa-QYHKIUH, CXOTUTCS B JI00OI TOYke, eciaM IokaszaTenb Xepcra Gombme 0,5, TO ecTh eciaM Ipomecc MMeeT
¢paxraneHble cBoicTBa. [loka3zaHO, YTO MONYyYEeHHOE pEUIEHHE SIBISCTCS AeHCTBHTENbHOH (yHkunued. [lomydeHHoe pemeHue
[IPOBEPEHO YMCJICHHO; TaKXe I0Ka3aHO, YTO Hallle pPelleHUe JaeT MPAaBUIBHOE aCUMITOTHYECKOE IOBEJIeHHE. XOTS IMOJYy4YEHHOE
pelLIeHre COACPIKUT SKCIIOHSHIMAIBEHO BO3PACTAIONIYI0 (DYHKIWIO BPEMEHH, NpU OONBIINX BPEMEHAX HMHTErpal OT IOJIyYeHHOTO
pELICHNS aCUMIITOTHYECKH BeIeT ce0s Kak cTeneHHast QyHKIHA.

BeiBoabl. CiemyeT MOAYEPKHYTh, YTO HAMH TOJYYE€HO TOYHOE, a He MPHUOIIKEHHOE PEIIeHHEe HCCIIeLyeMOro WHTErpalbHOro
ypaBHeHus: Bonbreppel. [lomydeHHOE aHaMMTHYECKOE PEIICHHE MOXKET OBITh MPUMEHEHO K (MIBTPAIMU M IIPOTHO3MPOBAHUIO
JaHHBIX CIydYaiiHoro (pakrampHOrO mpomecca. Kak u3BecTHO, (pakTalbHbIE HMPOIECCH MMEIOT MECTO B OTPOMHOM KOJIHYECTBE
Pa3HBIX CHCTEM, IOATOMY Pe3yJIBTATHI 9TOH CTaTHH MOTYT MMETh IHUPOKYIO 001aCTh IPUMEHEHUS.

KJIIOUEBBIE CJIOBA: unrerpansHoe ypaBHeHHEe BoibTeppsl epBoro poja, mokasareib Xepcra, npeodpasosanue Jlamnaca,
(paxTaNBHBIA IPOIECC, TOYHOE AaHATUTUIECKOE PEIICHUE.
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ABSTRACT

Context. The problem of justifying methods for constructing models of optimization procedures as dynamic objects, taking into
account the features of the training procedures, is considered. The object of the study were models of the dynamics of training
procedures.

Obijective. The goal of the work is to solve the tasks of formalizing the training procedures, developing methods for constructing
mathematical models of the learning processes, the processes of searching for the optimum of the learning tasks, and for evaluating
dynamic training procedures.

Method. The learning process is a totality of sequential and interrelated actions of a teacher and learners, aimed at providing a
conscious and durable assimilation of knowledge, abilities, and skills. As a result of systematic analysis, main, basic patterns of
training procedures are defined. The notion of “information flow” is justified as the sequence of messages carrying information for
building models of interactions in information systems. The important property of the information flow is determined — the direction
from the source to the receiver. Two possible variants of information interaction of objects are singled out — information transfer and
information compensation. The use of optimality principle for information processes of learning is offered. It is shown that the
dynamics of learning processes is determined by the characteristics of the used optimization procedure. The gradient procedure for
finding the extremum of the goal function is described by the autonomous motion of the dynamic system. For a strictly convex goal
function, according to sufficient optimality conditions, the optimization procedure is described by the dynamics of the autonomous
motion of a stationary linear unbound dynamic object. The choice of the multiplier for the gradient significantly affects the dynamics
of the process, and for a strictly convex goal function the multiplier is equal to the increment vector. The use of a dynamic model
determines the number of steps required to achieve the given accuracy.

Results. The created models received software implementation and were investigated in practice when solving the tasks of
modeling the dynamics of training procedures in the teaching process of the Information Technologies Department of Kherson
National Technical University.

Conclusions. The carried out experimental researches have allowed to confirm practically operability of the created
mathematical apparatus and to consider it expedient for application with the purpose of increase of efficiency of modeling and
realization of training procedures. Further perspectives of the research are seen in the coverage of more types of dynamic training
procedures, optimizing approaches to their software implementations, and increasing the scale of their coverage with confirmatory
experiments.

KEYWORDS: training, formalization of training procedures, teacher, student, information flow, optimization procedures.

ABBREVIATIONS
GDP is a gross domestic product;
IT are information technologies;
KhNTU is Kherson National Technical University.

NOMENCLATURE

A is a matrix of the partial differentials dfy/dy;|y;

B is a control matrix that leads to correction of the
optimization procedure;

C is some object of the information interaction;

D is another object of the information interaction;

dW is a differential for the resulting learning
effectiveness;

dX is a differential for the variable X of the function

SfO;

dy is a differential for the variable y of the function
JO;

de is a differential for the costs of training;

fO) is an integrated function associated with the
dynamic learning procedure;

/s a specified value of the goal function;

fo 1s an initial value of the goal function;

gradf() is a gradient calculation function associated
with the function f{);
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I is an information flow of the object C;

Ip is an information flow of the object D;

Izis a difference of the information flows;

[n is a mathematical calculation of the natural
logarithm;

min is an operation for determining the minimum of
the goal function;

R is a remainder of the power series representing the
function f);

t, 1s a time for finding the optimal solution for the
number of steps m;

u is a control leading to correction of the optimization
procedure;

W is a resulting effectiveness of training;

W, is a initial learning effectiveness;

x is an integrated input variable of function f{);

v is an integrated output variable of function f{);

y" is the specified value of the variable y of the
function f);

v, 1s a n-th unordered value of the variable y*;

Vn+1 18 @ (n + 1)-th increment value of the variable y*.

of/dyly” is a partial differential of the function f{) with
respect to the variable y at the local point y*;
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of/oyly” is a partial differential of the i-th local
function f{() on the i-th variable y; at the local point y*;

AX is an increment of the variable X of the function f{);

Ay is an increment of the variable y of the function f);

Ag is an increment of training costs;

o is an integrated speed for the dynamic training
procedure;

o; is a local speed associated with the f{) function of
the dynamic training procedure;

€ is a training costs;

n is a sensitivity of the effectiveness of education to
the costs of'it;

A is a specified accuracy of determining the minimum
value of the target function;

% 1s an other costs.

INTRODUCTION
Knowledge is the basis of modern technologies
including teaching ones.
Preservation and accumulation of knowledge is an
indispensable element of the development of society.
A reliable way to save and gain knowledge is the
learning process.

Training is a kind of educational activity in which the
quantity and quality of the elements of knowledge and
skills of a trainee are brought to the proper level (average,
standard, possible) by a teacher that makes up the learning
goal.

The activity of training is considered complete, and its
goal is achieved if quantity and quality of the educational
material in the re-manufactured product of a trainee will
correspond to the objectives of the training or form the
proper level (average, standard, possible) presented for
the training purpose.

The learning process is a set of sequential and
interrelated actions of an instructor and learner aimed at
providing a conscious and lasting assimilation of the
system of scientific knowledge, skills, the ability to use
them in life, to develop independent thinking, observation
and other cognitive abilities of trainees, mastering the
elements of culture and mental work as well as formation
of the worldview foundations.

The object of study is a set of the models for the
dynamics of the training procedures.

The subject of study is a set of the conceptual
approaches and ways for modeling dynamic learning
procedures.

The purpose of the work is to solve the tasks of
formalizing the training procedures, developing methods
for constructing mathematical models of the learning
processes, the processes of searching for the optimum of
the learning tasks, and for evaluating dynamic training
procedures.

1 PROBLEM STATEMENT
Despite the existence of certain results of studies of
convergence rates of search procedures of optimal [22],
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the question of justifying the methods for constructing
models of optimization procedures as dynamic objects at
the moment has not been sufficiently developed.

In accordance with the above, the main problematic
issue of this work is the solution of the problems of
formalization of training procedures, the development of
methods for constructing mathematical models of
learning processes, the processes of searching for optimal
learning tasks and evaluating dynamic training
procedures.

2 REVIEW OF THE LITERATURE

Let’s start with the question of tasks
characteristics of education.

Considering education as a holistic, purposeful
process it is possible to distinguish four stages of
formation and implementation of the learning objectives:

a) study of objective factors and definition of the
general goal of education (requirements of the society to
education, the level of development of fundamental
sciences, etc.);

b) embodiment of the general goal of education in
curricula, textbooks, technical means of teaching,
methodological aids;

c) implementation of the goals and objectives of
training in the actions of teachers while training students;

d) awareness of the goals and objectives of education
and self-training of the students and their conscious
desire to adjust their education accordingly.

In the specific cycle of the educational process the
goals and objectives of the training are determined on the
basis of the requirements of the curriculum taking into
account the characteristics of the given class (group), the
level of its preliminary preparation, education, upbringing
and development as well as considering the possibilities
of a teacher, a classroom equipment, didactic teaching
aids.

Teaching methods use information and
communication technologies [1-3] the essence of which
is to use modern high-tech means of information transfer
such as computers, laptops, digital projectors, simulators.
Information is presented in the form of a visual-shaped
series to students, and the phenomenon or process can be
detailed and presented in dynamics.

A significant difference of modern computer learning
technologies is their interactivity achieved by simulating
situations and feedback of a learner with the information
support system of a teacher.

The principle of feedback in pedagogy and of
scientific teaching methods is presented in [4-6] which
emphasizes that learning is the process of transferring
knowledge and skills from a teacher to a student until the
student acquires the ability to independently reproduce
the teacher’s activity.

Negative feedback is emphasized in the training
system.

Next we consider the question about characteristics of
teaching technologies.

and
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Generalized modern teaching technologies are based
on advances in information technology [7, 8].

To build models we use the concept of information
flow.

As the information flow we will understand the
sequence of messages carrying information.

Actually, this is the simplest definition, and in this
case the information stream has only one property which
is directed from the source to the receiver.

We denote the information flow by an arrow
indicating the flow direction, emphasizing the flow
belonging to a particular source.

With this approach we get only four possible cases for
two objects C and D, namely: C — source, D — receiver;
C —receiver, D — source; C — source and D — source; and,
in the latter case, C is the receiver and D is the receiver.

It is obvious that only case C is a source, D is a
receiver where information is transmitted from source C
to receiver D, and the case when C and D are sources is
the case of compensation or comparison of information
flows when a “difference” information stream carrying
information about the difference of information in streams
Cand D.

To denote the operation of comparing flows we use
the symbol of algebraic summation and in this case we
can obtain two elements for constructing the scheme
which we call the conditional model depicting interaction
of information flows (Fig. 1, Fig. 2):

CAD

Figure 1 — The transmission of information by /. stream from
source C to receiver D

L' 11‘)

D

Figure 2 — Compensation of information flow /by information
flow Ip and formation of information difference flow in /- and
Ip streams or “difference of the flows” I

Actually, these are two “bricks” from which the
description of information flows can be constructed.

The processes in the source or the receiver can be
complex but within the accepted definition of the
information flow the information interaction is limited
only by these two processes.

The model is important in the training system as a
means of describing the outside world.

But when constructing a model the most important is
the notion of an adequate model — its correspondence to
an object.

The model constructed with the smallest possible error
is optimal in the sense of its construction based on the
implementation of the procedure for finding conditions
for which a minimal estimate of the deviation in the
model from the object is characteristic.
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To describe the learning processes it is advisable to
use the principle of optimality — the processes of
information processing while training are described by
optimization procedures.

Proceeding from the above we have a simple scheme
of the system structure — the conditional structural model

(Fig. 3).

Estimation of eviation

Algo-
rithm

Transfor-
mation

Optunization
Procedure

Figure 3 — Enlarged system structure

The above enlarged structure (Fig. 3) takes into
account the compensation of the information flow created
by the object from the information flow side in
accordance with the created modelling algorithm which is
determined by the procedure for minimizing the
“difference” information flow.

Thus, we have the ability to represent information
flows in the system.

Let’s call it the structural modelling of information
systems — learning systems.

For all its simplicity, the proposed method allows to
obtain an algorithm for processing information in the
learning system on the basis of a “structural” model.

For various objects and transformations of algorithm
steps into a model compared to an object, the general
requirement is the requirement of optimality to achieve a
minimum deviation of the model from the object.

Transferring the principle of optimality to the training
system, we can evaluate the dynamics of the training
procedure.

Modern information technology is largely based on
the use of optimization procedures that ensure high
efficiency of their implementation [9].

At the same time the complexity and coherence of the
tasks being solved causes the appearance of significant
time-consuming optimization which is manifested as the
effect of the dynamics in optimization procedures [10].

It should be borne in mind that with the development
and improvement of information technology the task to
find the best solutions takes an increasing share among all
processes.

The desire to increase the productivity and accuracy of
information processing processes led to a revision of the
approach in determining the amount of information and
the transition to the analysis and synthesis of information
systems in the information space [11].

The dynamic properties of the optimization procedure
are manifested with decreasing step of the procedure.
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It is obvious that with the development of information
technology optimization procedures will acquire the
properties of an independent dynamic object.

As a consequence it becomes necessary to build
mathematical models of the dynamics for the optimization
procedure.

We conclude with the question of the research
purpose.

Nowadays there is the number of studies on the rate of
convergence of a procedure for finding an optimum [22],
but the question of justifying the methods for constructing
an optimization procedure model as a dynamic object is
poorly illuminated.

Thus, the goal of the study is to solve the problems of
formalizing the training procedures, developing methods
for constructing mathematical models of the learning
processes, the processes of searching for the optimum of
the learning tasks, and for evaluating dynamic training
procedures.

3 MATERIALS AND METHODS
To construct a model for the time behavior of the
gradient procedure, let us consider an autonomous
stationary nonlinear dynamical object of the first order
[13] by the formula (1):

dy

oAty ()

We perform the linearization of the right-hand side of
the equation (1). To do this we assume that the function
on the right-hand side of the equation (1) can be

represented by a power series [13] around point y* by the
formula (2):

1=yt d

Ay +...+R.
1!6y‘y*

2

After transferring the origin to point y* we obtain in
(2) the first approximation of the right-hand side function
in (2) by the formula (3):

=i ay,

1 dy |- 3)

Using the linear approximation (3), we obtain the
formula (4):

LA
ax oy

Taking into account (4) and returning to increments,
we have the formula (5):

y+Ay-y zi
AX dy

A )
y

LAY (5)
y
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Moving the origin to the point y* and going to
increments in (5), we obtain the formula (6):
d
dy )

Denoting Y =Y, and Y +Ay =y, in (6), we obtain the
model of the Runge-Kutta method of the first order [14]
by the formula (7):

Yoe1 = Yn t (7)

Linearization is performed at each point of the
trajectory.

We have the case of transition to new variables and
the product AXy, = a determines the speed of movement
for the procedure.

Introducing o into (7), we obtain the expression (7) in
the form of the formula (8):

af
Ynt1=YptOo——
Vs

Replacing the derivative in gradf(y) in (8), which is
true for (1), we obtain (7) as a gradient procedure [14] by
the formula (9):

®

Yne1 = Yn t (x-gradf‘yn . (9)
Therefore, the dynamics in the free movement of an
object described by the linear differential equation (1)
corresponds to the motion of the gradient optimization
procedure with a correction factor before the gradient o =
= AXY,.
Similarly, as for a one-dimensional object (1) a

multidimensional linear dynamic object can be
represented by the formula (10):
dy
— = Ay. 10
Vil (10)

Matrix A in (10) can be regarded as the matrix of a
linearized object by the formula (11), consisting of the
functions gradients in the right-hand side:

9ho N .
%Y, Y gradj,
A=| oo o -l
(11
U U
51 ay—” . g}"adfn y*

y

The Runge-Kutta method of the first order gives the
procedure in the form of the formula (12):

Cr o (ALY
Yi+1 Ye | | oy oy, Yk
= |+ - .. 10 AX
gl Ll 12 |
k+1 k||~ -~ k
' ayl ayn *
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In the vector notation procedure (12) has the form of
the formula (13):

Vi1 = Vi + Ay YiAX. (13)

On the other hand, in the problem of finding the
minimum of a target function that depends on the vector
of the formula (14):

y" —min £(y), (14)

the gradient procedure (9) takes the form of the formula

(15):

Vi1 = Yi +o-gradfy, . (15)

In componentwise recording, the gradient procedure
(15) has the form of the formula (16):

1 1 i 0
Yi+1 Yk oy, o
Sol=l [+ O 0
16)
P (
Via| |vi| | o 5{1 La

y

Thus, first-order Runge-Kutta procedure for system
(12) differs from the gradient procedure for problem (16),
first, in that matrix A for the gradient procedure is
diagonal and, secondly, by the fact that the factor a in the
gradient procedure is chosen from considerations of
convergence, and in (12) the factor is defined.

Proceeding from this, it can be asserted that the model
for the dynamics of the gradient procedure is the model of
free motion of a disconnected linear object if the
following condition in the formula (17) is true:

o y}ch

: 17)
o, Y AX

In the general case, taking into account (17) the model
for the dynamics of the gradient procedure (16) is
described by the Runge-Kutta procedure of first order,
and correction of the optimization procedure is described

as the control u with the matrix B by the formula (18):

Vel = Vi + Ay ViAX + BUgAX. (18)

For the identity control matrix procedure (18) takes
the form of the formula (19):

o

Vea| W] {3 O W] (1o o)

F e T TR O A e e e tAX

1 n (/y‘ 1 " 7 (19)
Y | | 6| | O - il Vi 0 L)y | Y
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Consequently the dynamics of a simple gradient
procedure with a factor o satisfying condition (17) is
described by the system with a next structure (Fig. 4).

uy N
i | 3\
o
n ¥’
........................ be
u, - Vn
— X I
FJ’}F |_1“

Figure 4 — Model for the dynamics of the gradient procedure

In this case, the sequence of transitions in the gradient
procedure that determines the motion of the system is
associated with transitions in the space of variables and
the change of state — the value of the goal function.

Actually, the change of the value in the target function
determines the transient process in the model (Fig. 5, 6):

Figure 5 — The process of minimizing the function

5« 0.00343537
1= 0.33330175

fin)

82 1.0

Figure 6 — The transient process of the dynamic model
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As it can be seen from Fig. 5, 6 the transient process
in the dynamic system coincides with the process of
changing the value of the objective function in the
gradient procedure.

We can perform an analysis of the assumptions made
using the standard quadratic goal function.

Thus, for the processes shown in Fig. 3, 4 the
objective function f{(X,y) is chosen to be convex by the
formula (20):

fx,y)=x*+y% (20)

The gradient procedure was used with the formula
(21):

o
yllc+1 yllc o 0
: =+ |+| - e - AX.
Ve | |YE| | O 4 o
+
Ny

\v"

For the chosen target function (20) and constant step
AX we obtain the formula (22):

In this case it gives the model for the dynamics of the
gradient procedure in the form of a discrete Runge-Kutta
model of the first order for the autonomous motion of an
object by the formula (23):

X4l = X —2Xp - AX

22
Vi1 = Yi —2Yj - Ay (22)

2 — _2y
dt

The solution of the disconnected system (23) gives a
combination of exponentials by the formula (24):

}.

After substituting the coordinates in (20) we obtain the
trajectory of the objective function by the formula (25):

FOy) = X0 +y@) =2-¢7,

Thus, taking into account the sufficient conditions of
the optimum [10] around the optimum point the dynamics
of the gradient procedure is described by the free motion
of the linear dynamical system.

For the factor a containing the coordinate, we obtain a
procedure with nonlinearity and, as a consequence, the
transient process loses exponentiality.

Let’s consider the procedure with the formula (26):

X(t)=1-¢

y(o=1.¢ 4

(25)

Xg+1 = Xk - Xy - AX
aX‘xk
o (26)
Yir1 = Yo == — Vi - &Y
ay\)’k
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We obtain a transient process with the approximation
of the transient process by the fractional function a) and
the exponent function b) by the formula (27):

Q) x=i, f9=— 20
1+0.5x+0.05x 27
by x=i f(x)=2¢ %X,

The graphs of the transient process are shown in
Fig. 7, 8.

5 = OLOOZOZEN
o = [ 4FRU9S0

fin)

n
Figure 7 — Approximations of the transient process by the power
function

5 = 00821566
o 0L I

fin)

200

Figure 8 — Approximations of the transient process by the
exponent function

As it can be seen from these graphs, the transient
process is described by a fractional-rational function for
the procedure (26).

An essential advantage of this approach is the ability
to determine the required number of steps to achieve
specified accuracy in determining the minimum value of
the goal function. Indeed, it follows from (25) that for the
initial value of the target function f = f; and the given
value f=f* for a given A we obtain the formula (28):

£
li,[= ——lnf—.
Ao fo

The obtained expression allows us to estimate the time
of finding the optimal solution.

Thus, it is possible to estimate the time of “learning”
which is essential in planning the learning process.

(28)
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The second essential point in the learning task is the
concept of effective learning.

There are methods for evaluating learning outcomes,
from simple assessments based on desirability scales to
elaborate calculations, e.g., the ratio of the average score
of trainees.

To have a true assessment, we use the following:
suppose that the gross domestic product (GDP) depends
on many factors, including the costs of education.

Then, having designated GDP as W and education
costs as g, we can determine the efficiency of education as
a component of the series taking into account other costs
by the formula (29):

W = WO +d—W
de ‘X=const

Ae+...+ R.

(29)

Thus, we have the current value of GDP and the GDP
derivative for educational expenditures, while other
expenditures are constant, in fact, the assessment of the
effectiveness of education is determined by the sensitivity
of GDP to the costs of education by the formula (30):

_aw

de ‘chonst' (30)

4 EXPERIMENTS

To carry out experimental studies, computer software
was created, supplementing existing standard software,
which allowed to implement the developed models of
training procedures in practice and perform their expert
evaluation.

The proposed software was applied consistently to all
developed key models of training procedures.

The output test data for each key model of training
procedures contained 100 data sets, as well as the values
of the allowable number of steps and errors.

On the basis of the output test data, validity estimates
of the models of the training procedures were obtained.

It was found that the real and reference values of the
validity estimates for the developed models of dynamic
training procedures coincide, taking into account the
permissible errors.

5 RESULTS

After having completed the studies the following
results were obtained.

1. The notion of “information flow” is justified as the
sequence of messages carrying information, for building
models of interactions in information systems.

2. The important property of the information flow is
determined — the direction from the source to the receiver.

3. There are two possible options for information
interaction of objects — the transfer and compensation of
information.

4. The use of the principle of optimality for
information learning processes is proposed.

5. It is shown that the dynamics of learning processes
is determined by the -characteristics of the used
optimization procedure.
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6. The gradient procedure for finding the extremum of
the goal function is described by the autonomous motion
of the dynamic system.

7. For a strictly convex goal function, according to
sufficient optimality conditions, the optimization
procedure is described by the dynamics of the
autonomous motion of a stationary linear disconnected
dynamic object.

8. The choice of the multiplier for the gradient
significantly affects the dynamics of the process, and for a
strictly convex target function the factor is equal to the
increment vector.

9. The use of a dynamic model determines the number
of steps required to achieve the given accuracy.

The created models received software implementation
and were investigated in practice when solving the tasks
of modeling the dynamics of training procedures in the
teaching process of the Information Technologies
Department of Kherson National Technical University.

Let’s analyze the obtained demonstrative experimental
data presented in Table 1, where the following types of
trainees target categories are considered, depending on
their academic performance: category A — “very strong”;
category B — “strong”; category C — “medium”; category
D — “weak”; category E — “very weak”; category F —
“unsuccessful (receiving positive assessments only after
retake)”.

As results, in Table 1 are presented: increment 1 —
increment of saving time for passing training procedures
by trainees; increment 2 — increment in the amount of
learning by the trainee learning information; increment
3— improving the quality of learners’ learning
information; increment 4 — increment of the integral
indicator of the training procedures effectiveness (in
scoring points).

Table 1 — Indicative fragment of the summary experimental
data on the results of the research and development performed
(with a sample size of 100)

Trends
e |3 in the success
£ %D of training
8 E after applying
,Qg) e the proposed modeling
Type g 8 _ methods:
No of target S 5 2
trainees g w S
=) — ~ ) <
category § £ = = = =
= <] 5] 3) 3] 3]
o k) = £ £ =]
& = = 2 2 =
'S S 5] o 5] o
o] = .8 g g g
a | £
1 Category A 10 92 3 5 4 4
2 Category B 20 86 4 6 5 5
3 Category C 20 78 6 8 7 7
4 Category D 20 69 11 | 11 8 10
5 Category E 20 62 16 14 ] 12 14
6 Category F 10 40 20 | 16 | 24 | 20
Average 16,6 | 8.5 | 10 [ 10 | 10 | 10
for all
categories
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As can be seen from Table 1, the tendencies of the
training success after applying the proposed modeling
methods progress in a positive direction for all trainees
target categories, while the improvement of the learning
success is most pronounced for the more “weak” trainees.

6 DISCUSSION
It is important to note that the modeling methods
proposed by the authors and the corresponding

mathematical apparatus on the basis of information theory
should be considered as complementary to existing ones,
which we combine into an integral system for
optimization modeling methodology of the activities
procedures dynamics related to educational processes and
training, in particular.

Questions on optimization modeling for the activity
procedures dynamics in educational processes were
considered by a number of other authors from the point of
view of separately singled out aspects, such as: didactic
and psychological-pedagogical, connected with the
processes for feeding portions of teaching material and
controlling the results of their assimilation; cognitive-
communicative, using modern network computer
technologies; socio-economic, etc.

Let’s characterize some of the most revealing works
that can be classified as research on optimization of
activity procedures in the educational sphere, taking into
account the dynamics factor.

The paper [15] raises the questions on dynamic
modeling for the controlled process of competences
acquisition by trainees on the basis of the cognitive
modeling methodology, based on a valid assessment for
the level of formation in the trainees competence.

In [16], carried out research and development in the
field of mathematical modeling on professional
orientation and knowledge control, taking into account the
dynamics factor, based on the mathematical apparatus of
deductive logical conclusion, fuzzy estimation methods,
boundary-value problems for second-order differential
equations such as Kolmogorov equations, probability
theory, self-organization theory.

A complex of economic and mathematical models for
mapping the demand dynamics on higher education
institutions services based on logistic approaches,
forecasting models, closed-loop control methodology,
nonlinear dynamic modeling using iterative equations,
reflexive control modeling using graph theory, is
described in [17].

The peculiarity and uniqueness of this work is as
follows.

The basis of the methods and mathematical models
proposed by the authors is the concept of a
comprehensive study of the learning process as an
integral, purposeful dynamic information process that
encompasses the entire spectrum for classes of
interconnected activity procedures that form the given
level of trainees knowledge, skills and habits as their
“information richness” level.
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Proceeding from the revealed specific features of the
subject area corresponding to the chosen conceptual
approach, the authors step-by-step selected and formed
the mathematical modeling apparatus.

Thus, there is a situation where:

— in the works of several authors, the set of local
aspects and aspects tied to individual parties of the
education sector, for the general problem on modeling
educational processes and procedures, taking into account
the dynamics factor, is studied;

— a similar consideration for certain partial criteria at
the moment does not give a sufficiently complete
approximation to the general model;

— the methods and models proposed by the authors
supplement the existing approaches, contributing a certain
significant part, and, accordingly, contribute to a
significant increase in the effectiveness of the educational
process in accordance with Table 1, the integral indicator
of the learning processes effectiveness increases by 10%.

As evidenced by the results of the experiments, with the
increase in the dynamics of the training procedures within
the  established (allowed) situations of  their
implementation, the validity estimates of the proposed
models remain within the established interval reference
values (taking into account the permissible errors).

Along with the above, non-standard (force majeure)
situations of learning processes and their dynamics require
additional research and refinement of models.

CONCLUSIONS

The carried out experimental researches have allowed
to confirm practically operability of the created
mathematical apparatus and to consider it expedient for
application with the purpose of increase of efficiency of
modeling and realization of procedures of training.

The scientific novelty of the results is that for the first
time the method in optimization modeling of the activity-
based learning procedures dynamics on the basis of the
information theory is proposed, which is based on the
conceptual model of the learning process as an integral,
purposeful dynamic information process represented by a
full-scale complex of interrelated activity information
procedures that form, on the whole, at a given level, the
information base of knowledge, abilities and skills of
trainees. The method makes it possible to obtain optimal,
in accordance with a given accuracy, models for the
behavior over time of gradient training procedures; in this
case, it is possible to determine the number of steps
necessary to achieve a given accuracy in obtaining the
minimum for the objective function, as well as the time to
find the optimal solution. This makes it possible: to
shorten the time for students to undergo training
procedures; increase the volume and improve the quality
of assimilation by the trainee learning information. In
turn, this allows students to receive higher scores.

Within the framework of the proposed method, basic
principles and main mathematical models of dynamic
training procedures are defined.
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VK 510.6
MOJEJII MIPOLUEAYP HABUYAHHS

XonakoB B. €. — 1-p TexH. Hayk, mpodecop, 3aBimyBad Kadeapu iHPOpMaLiHHUX TEXHOJOTIH XEepCOHCHKOrO HAaI[iOHAIBLHOTO
TEXHIYHOTO YHIBEpCHUTETY, XepcoH, YkpaiHa.

CoxonoB A. €. — KaH]. TeXH. HayK, JIOLEHT, JOUCHT Kadeapu iHGopmaiiitHux TexHomorii XepcoHChKOro HAI[IOHATBHOTO TEXHIYHOTO
YHIBEpCUTETY, XepCcoH, YKpaiHa.

BecenoBebka I'. B. — kaHi. TexH. Hayk, JOLEHT, JOLEHT Kadeapu iHGopMaliiHUX TEXHOJIOTiH XEepCOHCHKOro HalliOHAIBLHOIO
TEXHIYHOTO YHIBEpPCHUTETY, XepcoH, YkpaiHa.

AHOTALIA

AKTyaJbHicTh. Po3risiHyTO 337124y 0OIpYHTYBaHHS METO/IB OOYIOBU MOJEIel ONTHMI3AIlifHUX NPOLEAyp, SIK AUHAMIYHUX 00’ €KTIB,
i3 ypaxyBaHHSIM OCOOJIMBOCTEH Ipoueayp HaB4aHHA. OO0 €KTOM JOCITIIDKEHHS € MOJENi JAWHAMIKK Npoueayp HaBuaHHsA. Merta podotn —
po3B’s3yBaHHA 3a4a4 QopManmizanii Iponeqyp HaBYaHHS, PO3POOKH METONIB IOOYJOBM MaTeMAaTHYHHMX Mojeleil IpoleciB HaBYaHHS,
MIPOLECIB MOIIYKY ONTUMYMY 3a/1ad HaBYaHHS, VISl OLIHKU JUHAMIYHMX TPOLIEAYP HABYAHHSI.

Merton. Ilporec HaByaHHS — 1€ CYKYNHICTh MOCIHIZOBHHMX 1 B3a€EMOIIOB’S3aHHMX Jiif TOrO, XTO HaBYa€, Ta THUX, KOIO HABYAIOTh,
CIIPSMOBAaHUX Ha 3a0e3MEYeHHS CBIOMOTO Ta MIIIHOTO 3aCBOEHHS 3HaHb, YMiHb, HABUYOK. Y pe3yJbTaTi CHCTEMAaTHYHOTO aHAIIi3y,
BHU3HAYCHI OCHOBHI, 0a30Bi 3aKOHOMIpHOCTI mpouexyp HaBuaHHsi. OOIpyHTOBaHE MOHATTS «iH(GOPMAIIWHHUIA MOTIK», SK MOCHTIJOBHICTH
MOBiIOMJICHB, 1[0 HECYTh iH(opMaLiro, Ui MoOYyA0BH Mojenel B3aeMoiil B iHQopMalliiiHnX cuctemMax. Bu3HaueHO BaKIMBY BIACTUBICTH
iH(opManiifHOro MOTOKY — HaNpsIMOK BiJ Jxepena a0 npuilMada. Bupineni aBa MoxJIMBHUX BapiaHTH iH(pOpMaLiiHOi B3aeMoii 00’ €KTiB —
nepezada Ta KOMIeHcanis iHpopMarii. 3armpornoHoBaHe BUKOPUCTAHHS MIPUHIUITY ONTHMATBHOCTI A1 iH(OpMaNiifHUX MPOIeCiB HABYaHHS.
TTokasaHo, 1110 JUHAMIKA MTPOIIECIB HABYAHHS BU3HAYAETHCS XapaKTEPUCTUKAMH BUKOPHCTOBYBAHOI ONTHMI3alliiHOI mpoueaypu. ['pagienTHa
MpoIeypa MOUIYKY eKCTpeMyMy (YHKIIT METH OMHCY€EThCS aBTOHOMHHMM PYXOM JHHAMIYHOI cucteMu. J{ist ctporo omykinoi GyHKII MeTH,
3riHO JOCTaTHIX YMOB ONTHMAJBHOCTI, MPOLEAypa ONTHUMI3allii OMUCYETHCS IMHAMIKOIO aBTOHOMHOI'O PYyXy CTal[iOHApHOrO JIiHIHHOro
HE3B’A3aHOTO JMHAMIYHOTO 00’€KTy. BHOip MHOXHMKa JIf Ipaji€eHTy iCTOTHO BILUIMBA€ Ha JUHAMIKY IIPOIECY, Ta I CTPOrO OIyKIOL
(byHKIIT METH MHOXHHUK [OPIBHIOE BEKTOpY 30inbllieHb. BukopHcTaHHS QUHAMIYHOT MOJeNi BHU3HA4Yae HEOOXIAHY KUIBKICTh KPOKIB
JOCSTHEHHS 3a[]aHOi TOYHOCTI.

PesyabTaTtn. CTBOpeHI MOJeNi OTPHMAaNd IPOTpaMHy peali3amilo Ta OylId NOCHIIKEHI Ha IPaKTHII IPU pO3B’A3yBaHHI 3amad
MO/ICITIOBaHHS ANHAMIKH TPOLEYP HaBUYAHHS B HABYAJILHOMY Tpolieci Kadeapu iHGopMaIiitHuX TeXHOIOTi# XepCOHCHKOTr0 HAI[lOHATBHOTO
TEXHIYHOTO YHIBEPCUTETY.

BucnoBkH. BuKOHaHI eKCIIEpUMEHTANBHI MOCHIIDKCHHS JO3BOJNIUIM HPAKTHYHO MIiATBEPOUTH HPAE3NaTHICTE CTBOPEHOTO
MaTeMaTHYHOT0 anapaTy Ta BBa)KaTH HOTo NOLIJIBHUM JUIs 32CTOCYBaHHS 3 METOIO ITiIBHIICHHS e()EKTHBHOCTI MOJICIIOBAHHS Ta peaizalii
nporenyp HaB4yaHHs. [lomanmblii MEpCHEKTHBH MPOBEACHUX MOCHIIKCHb 0auaThCsi B OXOIUICHHI OINMBINOI KiTBKOCTI BHAIB JAWHAMIYHUX

© Khodakov V. Ye., Sokolov A. Ye., Veselovskaya G. V., 2018
DOI 10.15588/1607-3274-2018-4-5

59



e-ISSN 1607-3274 PagioenexrpoHika, inpopmaTuka, ynpasainss. 2018.

Ne 4
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2018. Ne 4

IpoleAyp HaBUaHHS, ONTHMIi3amii MigXoAiB mo IiXHIX HporpaMHUX peali3amiff, 30UIBIIEHHIO MAcCIITAOHOCTI IXHBOTO OXOIUICHHS
MiITBEPIKYBAIbHUMH EKCIIEPHIMEHTaMH.

KJIIOYOBI CJIOBA: HaBuaHHs, (opMaiizailis Npoleayp HaBYaHHs, BYMTEb, TOM, XTO HABYAETHCS, 1H(OpPMALIHUI TOTIK,
OINITHUMI3aLi}HI IpoLeaypH.

YK 510.6
MOJEJIM TPOLUENYP OBYUEHMUS

Xonakos B. E. — 1-p TexH. Hayk, npodeccop, 3aBeayrouuii kadeapoir nHPOPMAaLMOHHBIX TEXHOJIOTHH XEepPCOHCKOr0 HAlMOHAIBLHOTO
TEXHHUYECKOTO YHUBEPCHUTETA, XEPCOH, YKpanHa.

Coko0B A. E. — KkaHI. TexH. HayK, JIOLCHT, JOLUCHT Kadeapsl HHPOPMAMOHHBIX TEXHOJIOTHH XEpPCOHCKOTO HAIMOHAIBHOTO
TEXHUUYECKOI0 YHUBEPCUTETa, XEepCOH, YKpauHa.

BecennoBckasi I'. B. — kanza. TexH. Hayk, JOLEHT, JOLUEHT Kadenpbl MHGOPMALMOHHBIX TEXHOJIOrHH XepCOHCKOro HalMOHAIBHOIO
TEXHHYECKOTO YHUBEPCHUTETA, XEPCOH, YKpauHa.

AHHOTADUA

AKTyalIbHOCTB. PaccMoTpeHa 3a1aua 000CHOBAaHUS METOJOB MOCTPOSHHSI MOZENIEH ONTHMHU3ALMOHHBIX NPOLENYp, KaK AMHAMHYECKUX
00BEKTOB, C y4eTOM 0cOOEHHOCTEH Iporeryp o0yueHns. OOBEKTOM HCCIeIOBAaHUS SBISINCH MOJICIN TUHAMUKH Ipoueayp ooyuenus. Lens
paboThl — perieHre 3ana4d GopManu3anUy Opoleayp 00ydeHus, pa3paboTKH METOHOB MMOCTPOCHHS MAaTEeMaTHUSCKUX MOJeel MPOIeCCOB
00y4eHus, TPOLIECCOB TIOMCKA ONTUMYMA 3a1a4 00y4YeHHMs, ISl OLEHKH AUHAMUYECKHX TPOLEAYp O0yUeHUsL.

Merton. IIpouecc oOydeHHss — 3TO COBOKYIHOCTb MOCIICIOBATENBHBIX M B3aMMOCBS3aHHBIX JCHCTBUI 0Oydaromero u o0ydaeMsblx,
HAIPaBJICHHbIX Ha OOECIIEeUeHUE CO3HATENBbHOrO0 M IIPOYHOrO YCBOEHMs 3HAHUH, yMEHHMH, HaBBIKOB. B pesyibrare cHCTEMaTH4eCKOro
aHaNn3a, ONpeleeHbl OCHOBHBIE, 0a30BbIe 3aKOHOMEPHOCTH Mpouenyp o0y4yeHus. OOOCHOBAHO MOHATHE «MH(OPMAIIMOHHBINH MOTOKY, KaK
MOCJIeIOBATENILHOCTE COOOIIEHUH, HecylMX MHGOPMAIHIO, ISl MOCTPOEHHsT Mojeneil B3auMozaeicTBUil B MH(MOPMAIMOHHBIX CHUCTEMaXx.
OmnpezieneHo Ba)KHOE CBOWCTBO MH(OPMAIMOHHOIO IIOTOKA — HAIpaBJICHWE OT HWCTOYHHMKA K NPUEMHUKY. BBIIEICHBI J1Ba BO3MOXKHBIX
BapuaHTa HMH(OPMALMOHHOTO B3aMMOJACHCTBUS OOBEKTOB — Mepeqada U KoOMIeHcanus HHpopMmanud. [IpemiokeHO HCIoIb30BaHue
MPUHLMIIA ONTUMAJIBHOCTH ISl MH(POPMAIIMOHHBIX TpoueccoB o0ydeHus. [lokazaHo, 4To IMHAMHMKA MPOLECCOB OOYYEHHsS ONpEeAelsieTcs
XapaKTepUCTUKAMH HCIOJIb3yeMOH ONTHMHU3ALMOHHON mpouenypsl. I'paaneHTHas npoleaypa MHOMCKa SKCTpeMyMa (YHKIMH LEIH
OIHCHIBACTCS] aBTOHOMHBIM JIBHXKCHUEM JMHAMUYECKOHN cUCTeMBI. [JIs CTpOro BBIMYKIOH (DyHKIIMH LEITH, COTTIaCHO JI0CTATOYHBIM yCIOBHSIM
OINITUMAJBFHOCTH, MPOLEIypa ONTUMHU3ALIN OIICHIBACTCS AMHAMHKONW aBTOHOMHOTO IBH)KCHHUS CTALMOHAPHOTO JMHEHHOTO HECBSI3aHHOTO
JMHAMHYECKOTO 00BbeKTa. BbIOOp MHOXHUTENs Ul IpajJueHTa CYIIECTBEHHO BIIMSET Ha JAMHAMHKY IIpOIecca, M ISl CTPOTO BBITYKIOH
(YHKUMM LeJTM MHOXKHTEIIb PaBeH BEKTOPY MpUpaleHuid. Mcnonbp3oBanue IMHAMUYECKOH MOJENHN olpeiessieT He0OX0AUMOe YHCIIO IAaroB
JIOCTHKCHUS 3aJaHHOM TOYHOCTH.

Pesyabratbl. Co31aHHbIe MOJENH TOMYYMJIM HPOrPaMMHYIO PEATH3alMI0 M OBUIM HCCIIENOBaHbI HA MPAKTHKE MPU PELICHUH 3a/1ad
MOJICJINPOBAHUS JUHAMUKH mporenyp oOydeHus B yueOHOM mponecce Kadeapsl HHOOPMALMOHHBIX TEXHOJIOIHH XepcOHCKOro
HALMOHAIBLHOIO TEXHUYECKOTO YHUBEPCUTETA.

BrbiBoabI. BrimomHeHHBIE SKCTIEPUMEHTATIBHBIE HCCIIEIOBAHNS TTO3BOIMIN NMPAKTHYECKH ITOATBEPANTH PAbOTOCIIOCOOHOCTH CO3/ITaHHOTO
MaTeMaTUYeCKOro anmnapaTa U CYMTATh €ro 1eNecOO0pasHbIM Ul NPUMEHEHHUS C LeJbl0 MOBBILECHHUS YP(OEKTHBHOCTH MOACIUPOBAHUSI U
peanu3anuu npouenyp odyuenus. JlanpHeime nepcrekTUBbI MPOBEICHHbBIX UCCISA0BAaHUI BUAATCS B OXBATe OOJIBIIEr0 KOJIMYECTBA BUIOB
JUHAMHYECKUX MpOLEAyp OOyYeHHs, ONTHMH3ALUH MOJXO00B K MX IPOrPaMMHBIM PEaN3alysM, YBEIMYCHUIO MAacIITA0HOCTH MX OXBaTa
MOATBEPIKAAIOLUIMMHU SKCIIEPUMEHTAMH.

KJIOYEBBIE CJIOBA: o60yuenue, ¢opManusanus OpoueaAyp OOyYeHHs, Y4YHTENlb, YdYalliuiics, WH()OPMALMOHHBIA IOTOK,
OINTHMM3AIIMOHHBIE TPOLIEYPHI.
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AHAJIN3 U CPABHEHHUE JIBYX CUCTEM MACCOBOI'O
OBCJIY KUBAHUA C I'NITEPOPJIAHI'OBCKUMHM BXO/IHbBIMH
PACHPEJAEJEHUAMUAU

Tapacos B. H. — 1-p TexH. Hayk, npodeccop, 3aBenyronuil kadeapoil mporpaMMHOTo 00ECIICUCHUS U YIIPaBICHHS
B TEXHMYECKHUX cucTeMax [IOBOJDKCKOrO TOCyAapCTBEHHOTO YHUBEPCHTETa TEJICKOMMYHHMKAIMH M HMH(pOPMATHKH,
Poccuiickas @eneparusi.

AHHOTAIUA

AKTyanbHOCTB. PaccMoTpeHa 3a/1a4a BbIBO/IA PELICHHUS JUIS CPEAHEr0 BPEMEHH OKMAAHUS B OUCpPEaN B 3aMKHYTOH (opme mis
OOBIYHOI CHCTEMBI C THIEPIPIAHIOBCKIMHU BXOAHBIMH PACIIPEASNICHUSIMU BTOPOTO MOPSAKA M CHCTEMBI CO CABHHYTBIMH THIEPIP-
JIAHTOBCKUMH BXOIHBIMH PaCIIPeCIICHUSIMU.

Leap padorsl. [lonmydyenne pemenus aIs OCHOBHON XapaKTEPHCTHKH CHCTEMBI — CPEJHET0 BPEMEHH OXUAAHMS TpeOOBaHWH B
odepeH ULl CUCTEMBI MaccoBoro obciykuBaHus tumna G/G/1 ¢ oOBIYHBIMU M CO CABHHYTHIMH C THUIIEPIPIIAHTOBCKUMH BXOJHBIMHU
pacrnpezesIeHUs MU BTOPOTo HOPsIIKa.

Meton. [l peleHus MOCTAaBISHHON 3a/ladyl HUCIIOJIb30BAaH KIIACCHYECKUIH METOJ| CIEKTPAIBHOTO PA3JIOKEHHs PEIICHUS] MHTe-
IpagbHOTO ypaBHEHUs! JIMHAIM, KOTOPBIH MO3BOJSET MONYYHTh PEIIEHUE Ul CPEIHEr0 BPEMEHH OXKUAAHUS AT PacCMaTPUBAEMbIX
CHCTEM B 3aMKHYTOH (opme. MeToa CHEKTPaNbHOTO pas3ioKeHHs PEIIeHHs] HHTErPalbHOTO ypaBHeHUs JINHIUTN 3aHUMAaeT BaXKHYIO
gacTh Teopuu cucteM G/G/1. [lnst mpakTHUECKOTO MPUMEHEHUS TOMYYEeHHBIX Pe3yIbTaTOB HCIOIb30BaH M3BECTHBIH METOA MOMEH-
TOB TEOPUU BEPOSITHOCTEM.

Pe3yabTaThl. Briepsbie 0o/Iy4eHbI CHEKTPAIBHBIE PA3JIOKEHHS PEIICHUS] HHTETPAIBHOTO yYpaBHeHHs JInHmm 11 o0enx cucreMm,
C TTIOMOIIBIO KOTOPHIX BEIBEICHBI PACUSTHBIE BEIPAXKEHHMS JUTS CPETHET0 BPEMEHHU OXKUJIAHUS B OYEPEN IS BBIICYKa3aHHBIX CHCTEM
B 3aMKHYTO# (opme. Takoil MOAXOM MO3BOJISIET PACCUUTATh CPEIHEE BpeMs OXKUAAHUS JUIS yKa3aHHBIX CHCTEM B MAaTeMaTHYECKUX
MaKeTax Ul MIMPOKOro JHara3oHa M3MEHEHHsl mapaMeTpoB Tpaduka. Bce ocTanbHble XapaKTEpHUCTHKU CHCTEM SIBISIFOTCS TTPOM3-
BOJIHBIMH OT CPEAHETO BPEMEHU OXKUIaHUSL.

BeiBoabl. Iloka3aHo, 4TO runep3piIaHroBCKUM 3aKOH PACHpPEENIEHUs] BTOPOTO MOpsAKa, KaK M T'MIIEPIKCIIOHEHIIUAIbHBIH, SB-
JISIOIIMIACSA TPEeXMapaMeTPUIeCKUM, MOXKET ONPEIEIAThCs KaK IBYMsI HEPBEIMH MOMEHTAMHM, TaK M TPEMS MEPBHIMH MOMEHTAMH.
Br16op Takoro 3akoHa pacrpenesieHus: BEPOATHOCTEH 00YCIOBICH TeM, UTO ero KOI(PHUINESHT BapHAaIlMH OXBAaTHIBACT OoJiee MHUPO-
KM JWama3oH, 4eM y THUIEpIKCIIOHCHIHANIBFHOTO pactpeneneHus. s COBHHYTOTO THMIEPIPIIaHrOBCKOTO 3aKOHA PaCIIpeiesICHUS
K03(GHIMEHT BapHallii OXBATHIBAET elle OoJiee MIMPOKUI TUara30H, YeM y 0ObIYHOr0. BBejeHIe CABUHYTHIX BO BPEMEHH pactipe-
JeneHuil pacumpsier oonacts npuMmeneHuss CMO ¢ y4eToM u3BeCTHOro (akra U3 TEOPHH MACCOBOrO OOCIY)KHUBAHMUS, UYTO CPEIHEE
BpeMsI OXKHaHHs CBA3aHO ¢ Kod(duIMeHTaMy BapHalnii THTEPBAJIOB ITOCTYIUICHUH 1 BpEeMEHH 00CITy )KUBaHUsI KBaIpaTHIHON 3aBHU-
CHMOCTBIO. MeTO/] CIIEKTPATbHOTO Pa3I0XKEHUs PEIICHUs] MHTETPalbHOTO ypaBHeHUs JIMHAIM 111 CHCTEMBI MAacCCOBOTO OOCITy KHBa-
HHS C THIIEPIPIAHTOBCKUMHU BXOJHBIMHU PAcIpeAeNeHUsIMUA BTOPOTO MOPSAKA MO3BOJISET MONTYyYUTh PEIICHUE B 3aMKHYTOH (dopme H
9TO peleHne myonukyeTcs Brepssie [lomydeHHOE pemieHne JOMONHAET U PaclIupsieT H3BECTHYIO (OPMyYITy TEOPHH MaccOBOTO 00-
CITy>KUBAHHMS AJISI CPEHETO BPEMEHH OXKUIaHHS TPeOOBaHUI B OUepeIn U CHCTEMBI MaccoBOTo obcykuBanus Tumna G/G/1.

K/IIOYEBBIE CJIOBA: runepspiaHroBCKUi 3aKOH pacIpe/iesieHHs, HUHTErpalbHoe ypaBHeHUe JIMHUIM, MEeTo] CLIEKTPpaIbHO-
TO pa3noXkeHns, npeodpaszosanue Jlammaca.

ABBPEBHUATYPbI Cu
WNVYJI — unrerpansHoe ypaBHeHue JIunm;
CMO — cucreMa MaccoBOTO 00CITy>KHBaHHS;
G/G/1 — CMO c npon3BoJIbHBIMH 3aKOHAMH pacrpe;ie-

— K03((ULMEHT BapHallMd BPEMEHH OOCITy)KHBa-

HUS,
D, — nmucrmepcus cily4ailHOro MHTEpBala MEXKIy IO-

JICHUH WHTEPBAJIOB MEXK/Ty TOCTYIUICHUSIMH TPEOOBaHUH M
BpPEMEHH 00CITyKHBaHNS;
O®PB — ¢yHKIHUS pacupenercHns BEPOSTHOCTEH.

HOMEHKJUIATYPA
a(t) — GyHKIMA TUIOTHOCTH pacIpeneNeHus HHTEpBa-
JIOB MEXy OCTYIUICHUSIMHU TPeOOBaHUIf;

A" (s) — mpeobpazosanue Jlaraca Gpyukimu a(t);

b(t) — GyHKIMS MWIOTHOCTH pacrpenelieHus BPEMEHH
00CITy)XKUBaHMS,

B*(s) — mpeoGpasosanue Jlannaca Gpynkunn b(t);
C(u)— ®PB ciyuaiinoii Benmuuasl U =X —1 ;
C, — k03(hGUIMEHT BapHallMd MHTEPBAJIOB IIOCTYII-

JIeHnit TpeboBaHuii;

© Tapacos B. H., 2018
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CTYIUICHUSIMU;
D, —aucnepcus BpeMeHH 00CITy)KUBAHHS,

HE, — runepspiaHroBCKMil 3aKOH paclpelesieHus
BTOPOTO TIOPS/IKA;

HE, — caBuHyTOE T'MIIEP3PIIAHTOBCKOE paclpeseie-
HHUE,;

H, — runepskcrnoHeHIMaNbHBIA 3aKOH pacIlpeeieHus
BTOPOTO MOPSJIKA;

| — cpenHee 3HaYeHHE MEpHO/IA POCTOSE;

12 — BTOpOIt HAYAIbHBINH MOMEHT IIEPHO/IA IPOCTOS;

p — mapameTp THIIEPIPIAHTOBCKOTO 3aKOHA pacIpeie-
JICHUS] BXOJHOTO TIOTOKA;

( — mapameTp THIIEPIPIIAHTOBCKOTO 3aKOHA pacriperie-
JICHUS] BPEMEHH O00CITY KUBaHHUS;
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W — cpenHee BpeMs OKHJIaHUS B OUEPENH;
W*(s) — mpeoOpazoBanune Jlamiaca GyHKIUHN TUIOTHO-

CTH BPEMEHU OXKHJaHHUS;
W (y) — ®PB Bpemenn oxunanus TpeboBaHus B O4e-

penu;

X — ciy4aiinoe BpeMst 00CITyKUBaHUs TPEOOBAHUS;

t — ciryyalHBII MHTEpBaJI BPEMEHHM MEXIY MOCTYI-
JICHUSIMH TpeOOBaHUIA;

Z — moboe yucio u3 uHrepsaia (—1, 1).

A — MHTEHCUBHOCTb BXOJHOI'O ITOTOKA,

A1, Ay — IMapaMeTphl TUIIEPIPIAHTOBCKOTO 3aKOHA pac-

TIPEACICHU BXOJHOTO ITOTOKA,
W — MHTEHCUBHOCTbH O6CJ’Iy)Kl/IBaHl/Iﬂ;

M1, Hp — HDapaMCETPbI THIICPIPIIAHIOBCKOI'O 3aKOHA pac-

npeIeIiCHHs BPEMEHHU 00CITy)KUBAHUS
p — KO3(DULIMEHT 3arpy3KH CUCTEMBI;

T, — CPEIHMH MHTEpBAJl MEXIy MOCTYIUIEHUAMH Tpe-

OOBaHMIA,
T, — Cpe/Hee BpeMsi 00CIy KHBAHHSE

@_(s) — mpeobpazopanue Jlarmlaca ®PB Bpemenu

OXKUIaHMS,
v, (s) — nepBasi KOMIIOHEHTa CHEKTPAJIBLHOTO pasio-

JKCHHS,
y_(s) — BTOpasi KOMIIOHCHTA CIICKTPaJBHOTO Pa3iio-

JKEHUS;
x(t) — xapakrepucruueckas (GyHKIUs CIydyaiHOU Be-

IUYHMHBL & ¢ MPOW3BONBHOM (YHKIMEH pachpeneiaeHus

C(b).

BBEJEHUE

Jnst MopenpoBanust Tpaduka COBpEMEHHBIX CeTed Te-
JIEKOMMYHHKAIMH ITUPOKO HCTIONB3YIOTCS SKCIIOHEHIINAb-
HBIE paclpeereHys, KyJja BXOIAT pacnpenenenus BeilOyn-
Jla, TaMMa, JIOTHOPMAIBHOE, THIEePIKCIIOHCHIINAIBHOE, TH-
MIePAPIAHTOBCKOE U 1p., Y KOTOPBIX IIPH OINpPEeNeHHBIX
3HAUCHUSX TapaMeTpoB KO3((HIMEHTHI BapHaIliX CIydaii-
HBIX BEJIMYUH 00Jblle WM paBHO 1 (C, = 1) WM xKe MeHb-

me 1 (¢, <1). Koaddument papnammn, Gompmmii 1 cBu-

JIETETIbCTBYET O TOM, YTO BEPOSTHOCTH TIOSIBTICHHS OOJIBIIIIX
3HAYEHUN CITy4alHOW BEJIMYMHBI 3HAUMTENILHO BBIIIE, YEM Y
KJIaCCHYECKOTO JKCIOHEHIMAJIBHOTO —paclpeieNieHus, a
MEHBIIHH 1 — Ha00OPOT.

Kaxk m3BectHO, Hampumep, u3 [1], s cucremsr G/G/1
CpeHee BpeMsl OJKUIAHUS ONPE/ICISICTCS BRIPAKCHIEM

D, +D, +(1-p)* /2> |2

2(1-p)/ A 2

W=

)

CrnenoBaTenbHO, IEpBOE caraeMoe B IpaBoii yactu (1)
CBsI3aHO C KO3((HLMEHTaMH BapUalUi MHTEPBAIOB I10-
CTYIUICHHS W OOCIY>KMBaHHsl KBaJpaTUYHOH 3aBUCHMO-
cteio. Bropoe ciaraemoe B mpaBoii yactu (1) ocraercst B
001IIeM CiTydae HEM3BECTHBIM U BIIOJIHE BEPOSITHO, YTO OHO
MOXET 3aBHCETh OT MOMEHTOB MHTEPBAJIOB IIOCTYIUICHUS 1
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BpPEeMEHH OOCIy)KHBaHHsS 0oJice BBICOKOTO TOPS/Ka, YeM
niepBble Ba. [loatomy npu ananmmze CMO G/G/1 Heobxo-
JIUMO YYUTBIBAaTh HE TOJIBKO IIEPBBIC JIBA MOMEHTA CIlydaii-
HBIX MHTEPBAJIIOB BPEMEH IOCTYIUICHHUS U OOCITY)KHBaHHS,
HO U MOMEHTHI 00JIee BBICOKOTO MOPSIKA.

Teneps nepeiifieM K ONMPEICTICHAIO THIICPIPIAHTOBCKO-
T'0 3aKOHa pacIpeesieHus. PacpeeneHue ¢ IIOTHOCTHIO

R kin (ki
f(t)= 20—

>0 &
i (ki =1)! > 2.0 =1
0, t<o '

e kit ¢

Ha3bIBAIOT THIIEPAPIIAHTOBCKUM Iopsiika R U 0003HavyaoT
HER [1]. 'unepapnaHroBckoe pacmnpeseneHue MpeacTan-
JsieT co00i BEpOSATHOCTHYIO CMECh HOPMHPOBAHHBIX pac-
npeneneHuid Dpaanra nopsaka K ¢ GpyHKuumel mioTHOCTH
k-1
KA (kAt -
BHUIIA fk (t) — ( ) e kAt
(k-1)!
UM paclpee’eHleM HEeOTPULATENbHBIX HelPephIBHBIX
CIly4yalHBIX BEJIMYHMH, IOCKOJBKY HMEeT KOd(p(PHUIUECHT

U sABIsIeTCsS Hambosee 00-

Bapuaiuu C. B uHTepBasue ot 0 qo o [5].
B nanHO# paGoTe MBI OrpaHHYMMCS] THIIEPIPIIAHTOB-
CKMM pacnpesie/ieHHeM 2-ro nopsijaka npu k; =2 ¢ GyHk-

Uel IIOTHOCTHU

f(t)=4prite Mt +4(1- p)adte 22, )

B CBA3HM C TEM, YTO NPH Kj >3 NaNbHEWINME BBHIKIAIKU

CTaHOBSITCS YPE3BBIYAIHO TPYHOCMKHMHU.
Kak Oyzmer mokazano Hmke, KO3QQHUINEHT BapUauu

JUI TaKoro pacnpezneneHus €, >1/ V2. Pacnpenenenne

(2) B HayuHoi#i muTEeparype obo3HavarT yepe3 HE,. Ono
comepxuT Tpu mapamerpa 0<p<l, A;,A, >0 u Takum
00pa3zoM, HO3BOJISIET ANNPOKCHMHUPOBATH IPOU3BOJILHBIC
BXOJ/IHBIE paclpesielieHuss Ha YPOBHE TpeX IIEPBBIX MO-
MEHTOB C HCIIOJIb30BaHUEM H3BECTHOI'O METO/JAa MOMEH-
ToB. Hmke Oyzner mokaszano, uto pacupezaencane HE,, kak
n H, 0THO3HAYHO MOXKET OIPEAENIATHCS KaK IBYMs, TaK U
TpeMsI TEPBBIMH MOMEHTaMH.

Oo0bexToM wuccaegoBanusa ssisiercs CMO Tuma
G/G/1.

IIpeameTom Hccaeq0BaHMS SBISIETCS CpEHEE BPEMS
oxuganust B oosraHor cucrteme HE,/HE,/1 u B cucreme
HE,/HE,/1 co cIBHHYTHIMHA THUIEPIPIAHTOBCKAMH BXOJI-
HBIMH paclpeIeIeHHsIMH.

Hebio paGoThI ABISCTCS MOTYYCHUE PEIIICHHS B 3aMK-
HyTO#i (opMe 1T OCHOBHOW XapaKTEPUCTHKU CHCTEMBI —
CpEIIHETO BPEMEHH OXKHIaHHs TPeOOBaHWA B OUEpen Ui
00bIYHOM cucTeMbl MaccoBoro oociyskuBanus HEy/HE,/1 n
HE,/HE,/1 cO CABHHYTBIMH C THIIEPIPIAHTOBCKMMH BXOJI-
HBIMH PaCIIPe/ICIICHUSIME BTOPOTO HOPSIIKA.

1 IIOCTAHOBKA 3AJJAYHN
B pabore craBuTcs 3a1a4a HaXOXK/JICHUS PEILCHUs IS
BpEMEHU OXHUJaHMsi TpeOoBanuii B ouepenqu B CMO
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HE,/HE,/1 u noctpoeHust MexaHu3Ma arimpoKCUMAIIUH [PO-
U3BOJIBHBIX 3aKOHOB paclpe/ielIeHH THIIep3PIaHT OBCKHIM.

Jnst nccnemoBanus cucreMbl G/G/1 kak H3BECTHO,
Hampumep, u3 [1-4], ucnonb3yercs UHTErpajibHOE ypaB-
Henue Jlnnym. OnHa u3 GopMm ypaBHeHMs JIMHAIM BbI-
TIISIAT TaK:

}W(y—u)dc(u), y>0;

W(y)=
0, y <0.

BaxHO 3amMeTHTh, 4TO Takas WHTErpaibHas (opma
ypaBHeHUs JIMHUIH MMeeT MECTO TOJIBKO Ul HEOTpHLa-
TEJIbHBIX 3HAYEHUIl aprymeHra Y, T.K. AJs OTpHULATelb-
HBIX 3HaUYEHUH aprymenta Qpynkuus W (y)=0.

[Tpu kpatkom u3noxeHun Merona perienus MYJI Oy-
JIeM MPUIEepPKUBAThHCS MOIXO0AA U CUMBOJIMKH aBTopa [1],
Kak 3To ObLJIO mpojenaHo B paborax aBropa [6, 7] ¢ ru-
MEPIKCIOHEHIMAIbHBIME BXOJHBIMU PACIpEACICHUSMHU.

Jns storo uepes A*(s) u B*(s) 0603HaumM npeobpaso-

Banus Jlarnaca (yHKUMH TUIOTHOCTH pacrpejieicHus
MHTEPBAJIOB MEX/Iy TOCTYIUIEHHSIMU M BPEMEHH 00CIy-
KHUBaHUA cooTBeTcTBeHHO. CyTh pemtenus UYJI meronom
CIEKTPAILHOTO PA3I0KEHUs COCTOUT B HAXOXKJIEHHH TS
BeIpakeHns  A*(—s)-B*(s)—1 mnpexcranenns B Buie

NPOU3BEICHHS ABYX MHOJKHTEJIEH, KOTOpOe HaBaio Obl
panroHanbHy (GyHKIHIO oT S. CliefoBaTeNbHO, Ul Ha-
XOJKICHHSI 3aKOHA PACIPEIEICHUs BPEMEHH OXHIaHHUs
HEOOXOAMMO  CIIEAYIONIEE CIEKTPAIBHOE PasiOKeHHe:
A*(=8)-B*(s)=1=y.(s)/v_(s), rae v, (s) 1 v_(s)
HEKOTOpbIC PalOHANIbHBIE PYHKIMH OT S, KOTOPbIC MOX-
HO Pa3JOKUTh Ha MHOKHUTEH. DyHKIH v, (S) U y_(s)

JIOJDKHBI YJIOBJIETBOPSATH CIEAYIOUIMM YCIOBHUSIM COTJIAC-
HO [1]:

1. st Re(s)>0 dynxuns y, (S) smmsercs aHa-
JIUTHYECKON 0e3 HyJIeH B 3TOH IOJIYTUIOCKOCTH;
2. nns Re(s)<D dynkums y_ (S) SIBIISICTCS aHa-

TUTHYECKON 0e3 Hynel B 3To# momyruiockoct, D —
HEKOTOpas IOJOKUTENbHAs KOHCTAaHTa, OIpene-
nsiemMas U3 yCJIOBUS:

a(t)

lim —%* <.
t—ow e_Dt

3

Kpome Toro, GyHKumn v (s) 1 y_(S) A0mkHb 06na-
J1aTh CIEAYIOIIMMH CBOMCTBAMMU:

v_(s)

li v.(s) L lim
‘S‘—)oo, Re(skD S

m =
‘s‘—)oo,Re(s)>0 S

=-1. @

IMocTtpoenue byHKIUH +(s) u y (s) ¢ yudeTom yc-
noBuii (3) u (4) Oyner npoJeMOHCTPHPOBAHO HIXKE.
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2 JUTEPATYPHBIA OB30P

Hcnonp3yemblit B paboTe METOJ CHEKTPAIBHOTO pa3-
noxenus peutenuss MYJI BrnepBble moApoOHO MpencTaB-
JIeH B KJIACCHKE TEOPHH MaccoBoro obcimyxuBanus [1], a
BIOCJIEJICTBHHY TTPUMEHSIJICS BO MHOTHX pa0OTax, BKIIOYast
[2, 3]. Hpyroii noxxoxn k pemenuto UYJI ucnons3oBan B
[4]. 3meck BMECTO TepMHHA «CHEKTPAIBLHOE PA3IOKEHHUE
HMCTIONTb30BaHa (hakTopusalys, a BMECTO QyHKIMH i, (s)

M y_(s) — KOMIOHEHTh (akTopusauu o, (z,t) u
o_(z,t) dysximu 1-2z-y(t). Takoi noaxon s momy-

YeHHs1 KOHEYHBIX pe3ynbTaToB uisi cuctembl HEy/HE,/1
MeHee yao0eH, 4eM OAXO/, ONUCaHHbIH B [1] u mpommtio-
CTpI/IpOBaHHI:Jﬂ MHOTI'OYUCJIICHHBIMU IIPUMEpaMU.

Merton cnekTpanbHOro pasnoxeHus pemenus MYJI
TaKKe MPUMEHEH IS UCCIIEZIOBAaHMS CUCTEM C THIIEPIKCIIO-
HEHIMATGHBIMU BXOJHBIMH paclpefieNieHHssMi B paboTax
[6-8]. B To ke BpeMms1, Hay4HOI JUTEpaType, BKIIoYas web-
PeCypcHI CrielaTn3UpOBaHHBIX JKypHAJOB [13, 14], aBTopy
HE yIajIoch OOHAPYKHUTH PE3YJIbTATHl 10 BPEMEHH OXKHA-
Hua At CMO ¢ runepspriaHroBCKUMU BXOAHBIMH PacIipe-
JIeTICHISIMH 2-TO TIOpsiaKa oo1iero Buza (2).

Kpome Toro, B Hay4yHOI1 IuTEpaType HET YIIOMUHAHUN O
CMO co cABHHYTBIMH BXOIHBIMH PACIpEACICHUSAMH, HIN
xe npyrumu cnoBamu CMO c 3ama3aplBaHHEM BO BPEMEHHU.
Breparie pesynbrarel 1o CMO ¢ 3ama3apiBaHHEM U Ki1ac-
cuueckorl cucteMbl M/M/1 cO COBMHYTHIMU SKCIIOHCHIIH-
TBHBIMA paclpeeNieHIsIMU OITyOJIMKOBaHbI B paboTe aBTo-
pa [9]. Pe3synbratsl [9] NO3BOIWIN Pa3BUTh TEOPHIO METOJIA
CIEKTpabHOrO pasnoxeHus pemeHus MYJI Ha cmecu
CIIBUHYTBIX BIIPaBO OT HYJICBOW TOYKH HOPMHPOBAHHBIX
pacmipenienieHnii JpiaHra, T.e. Ha CIBHHYTOE THMIIEpIpJaH-
TOBCKoe pactperneneHre. Takum o0pa3oM, B OCHOBY JaHHOH
cTaThu Jeram padots [1, 6, 9].

3 MATEPHUAJIbI U METO/1bI
B CMO HE,/HE,/1, untepBaibl MEXay COCECTHUMHU
TpeOOBAHUSAMH BXOJHOTO TOTOKA paclpelesieHbl MO 3a-
KOHY:

a(t)=4 padte Mt 4 4(1- p)x%te’m2t , Q)
a BpeMs 00CITy )KUBaHUS —
b(t) = 4quite M +4(1-q)pte 22" (6)

[Ipeobpaszosanue Jlamnaca ¢pyakouu (5) nmeer BUA:

2 2
2h 2h
O e IR0 e R
a GpyHkIuu (6) —
2 ’ 2uy ’
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IlepeiineM K oOIpeneseHHIO CIEKTPAILHOIO pa3joxKe-
Hud pemierus MYJI B Buae OTHOIIEHUS BYX palMOHalb-
HBIX (QYHKIUI A*(— S)~ B*(S)—l = \|/+(S)/\|f_(s) B ClIy4ae
pactipenenenuii (5) u (6) ¢ yaerom npeodpazosanuii Jla-
aca (7) u (8), a camu pyHKIUH \|/+(s) u \V_(S) B OT-
JIETIHOCTH MOTYT OBITh ONpPEeNIeHbl TOIBKO MOCE MOIY-

YCHUA ITOJIHOT'O PasJIoKCHUA. HOJ’Iy‘II/IM CJICAYIOIIEC BbI-
PaXCHUC NJIs1 OTHOILICHUSA:

2 2] (2}

2 2
x q[z“lJ +(1—q)[2“2] -1
2u; +s 2uy +8

[TepBBIii COMHOXHTENH B TIPABOM YacTH B KBAPATHBIX
CKOOKax paBeH:

2 2
) ool |
. p(162125 —16xfx2s+4x%sz)+
(24 —5)* (21, —5)?
. (1- p)(m%x% —16x1x§s+4x§sz)
(2n —s)2 (22, —s)2

=h) —als+a252

) (20 =) (21, -5)*

31€Ch
ay = 161123,
8y =4[pit +(1-p)23].

AHaNOTUYHO MPEACTaBUM BTOPON COMHOXHTEIb:

HCIIOJIb30BaHbI MMPOMCIKYTOYHBIC

al = 167\.17\42[[)7\,] "r(l—

HapaMeTphl
P)Aa],

2 2
2 2
(98] +S 2},12 +S
q(1617H3 + 1617 y5+ 4u7s” |
+
(2“1 +S)2 (2}12 +S)2
(1-a)(1617R3 + 16w 35+ 4n3s”)
(2my +s)2(2u2 +s)2
_ by+bs+bys?

(2w =) (2, -5)
31€Ch HCIIOJIB30BAaHbI HpOMG)KyTO‘IHLIe HapaMeTpLI
by =16p7u3, by = 16pp,[qu; +(1-q)us ],

2
by =4[qu{ +(1-q)u3].
Torzla NCKOMOC BBIpa)KeHI/Ie JJIs1 CHeKTpaJ'II)HOFO pas-
JIOXeHUs1 OyIeT IMETh BH/I:
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v, (s) (ao—als+a252)(bo +bls+b232) )
V() (2 -5)? (20 —5) (2 +5) (21 +5)°
(20 -5)° (20 =5) (2 +5)° (20, +5)

(20 =5)? (20y =) (21 +5)* (25 +5)°

)

MHoOrou4JIeH B YUCIIUTEIIE B [IPABOW YaCTH Pa3JIOKEHUS
(9) xak mpaBwio Bcerma umeer oamH Hyis S=0 [1].
B nanHOM ciyuae cBOOOJHBIA WIEH Pa3IOKEHHS TaKkKe

paBen 0: ayhy —2567»12k§u12u% =0. B uucnurene npodu B

npaBoﬁ YacTU Pas3JIOKCHHUSA MOJYyYUJIU MHOTOYICH BOCH-

MO CTCIICHU
—s(s7 - C656 - c535 - c4s4 - c3s3 - 0252 —CS—Cy), Koap-

(UIMEHTH KOTOPOTO PABHBI:

Co = gy —ayby — 2564 Aapy iy [AAg (kg +1p) -

i (A +A2)],

¢ = agb, —ayby +a,by — 64[A{23 (M12 +13 ) +

A3 (A7 423 )1 256X 2 apyp x

X(MAy = My —Aqbg = Aoty —AgHy + My ),
Cy = aghy —ayhy — 64{[A{A5 + s (AF +143)1%
X(y + 1) = (AP kg + M A3 (W] +p13) +

HUTH (g + AT} + 256R Aatypn (Mg + g — g — M),
C3 = ayhy —16[ATAS +ufp3 + (AF +A5)(uf +u3)]+
+O4[(A) + X))y + 1) (MAgp +yHy) = (10)

2,2 2,92
My (U] +12) — i (A +A5) =40 A, ],
Cq =16[(Ag +22)(MA + 41y ) = (1 +1p) %
2 52 2.2
XM +A5 + 40 A + ko) + (A + ) (M +12)]
Cs =16[(A) +22) (1 +12) = Ay —pyky —
2,92, 2, 2
4\ +A i )]
Co =4(A + Ay —py —1y).

JlanHbie K03(G(UIMEHTH! OIYyYeHB! C IOMOIIBIO BBI-
HOJIHEHUS CHMBOJIBHBIX —OIepaliii MaTeMaTHYeCKOIo
nakera Mathcad Han wucnutenem paznoxenus (9), T.K. B
YHCIUTENE pa3fokeHus: monydaercss 90 ciaraeMbiX, U
BpY4YHYI0 00paboTaTh W MPHUBECTH MOAOOHBIC WICHBI MO-
Clie PacKphITH CKOOOK IOBOJBHO TpobieMaTHdHO. Bos-
MO>KHO [TO3TOMY 3Ta 33/1a4a pellanack BICpPBbIC.

Brigenum MHOTOWICH B YHCIUTEIE PA3TI0KCHUS

7 6 5 4 3 2
§' —CS° —C58” —C4ST —C3S” —CpS° —CS—Co,  (11)
T.K. ONPE/ICICHNE ero KOpHeil i paboTa ¢ HUMH SBISIETCS
BOXHBIM MOMEHTOM METOJa CHEKTPAIbHOIO Pa3lioKEHHUSI
pewenust UYJL.

HccnenoBanne muorowrena (11) ¢ xoadduimentamu

(9) ¢ ucnonw3oBanneM Qopmyn Buerra moaTBepkmacT

HaJIM4YuEe YETBIPEX OTPULATENBHBIX JCHCTBUTEIBHBIX
KOpHEH Jn00 JBYX OTPHUIATEIBHBIX JICHCTBUTEIBHBIX
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KOpHEW M JIByX KOMIUIEKCHO COTIPSDKEHHBIX KOPHEH C OT-
pHLIATETbHBIMU BELUIECTBEHHBIMH YaCTSIMHU, @ TaKXKe TPeX
TIOJIOKUTEJIBHBIX JEHCTBUTEIBHBIX KOPHEW JHOO0 OJHOTrO
MOJIOKUTETBHOTO M JIByX KOMIUIEKCHO COIPSDKEHHBIX
KOpHEH C TMOJOKUTEIbHBIMH BEIIECCTBEHHBIMHM YacCTSMH.
Hccnenyem 3Hak Mitaamiero ko3¢ ¢HuurueHTa MHOTOYJICHA
(11). TTocre HECTOKHBIX TIPEOOPa30BAHIH MTOTYIHM

Co = 256X Mok {ypo[ PR +(1= p) 2y 1+

+ha Ay +(1-0) w13,
CIIEI0OBATENBHO, Cy >0. C yueToM 3HaKa MHHYC B MHOIO-
unene nepen kodpduimentom ¢, Gopmyisl Buerra ne

MPOTHBOpeYaT (aKTy HANWYIHUS YETHIPEX OTPHULATEIBHBIX
KopHei y MHorowieHa (11). B oOuiem xe ciydae, Hamu-
YHe TaKUX KOPHEH CliefyeT U3 CyIIeCTBOBAHUS U €IUHCT-
BEHHOCTH CICKTPAIILHOTO pasnoxenus [1] wim ke dak-
Topuzanuu [4].

O6o03naunB kopHHM MHOrowieHa (11) ¢ oTpunareins-
HBIMHA BEIICCTBCHHBIMH YacTsAMHU IS yA0OCTBa depe3
—S1,—Sp,—S3,—S4, @ C IOJOXKUTEJILHBIMI BELIECTBEH-

HBIMH 4acTIMU yepes S5, S¢, Sy, OTHOIIICHHUE
\J +(S)/ \u_(s) OKOHYaTEJIbHO MOXHO DPa3JIOXKWUTh Ha Clie-

AYHONINE MHOXXUTEIIN:

Y. (S) _ —S(S+85)(S+8,)(S+53)(S+54)(S—S5)(S—S6)(S—$y) .
y_(s) (20 —9)* (21, —8)* (2 +5)* (20, +5)°

IMostomy ¢ yuerom ycmoBuit (3), (4) 3a ¢GyHKUUIO
vy, (S) mpuUMeM

_ S(S+S)(S+S,)(S+S3)(S+S4)
[(s+21p)° (5 +21,)"]

v..(8)

T.K. Hynu MHorowneHa (11): s=0, —S§,—S,,—S3,—S4, 1

MOJMIOCHl S =-2, nexar B o0nactu

Re(s) <0, a 3a pyHKInIo

$=-2u,

v_(8)=—(24; =5)* (24, —)* /[(5 = 35)(5 — S5 )(s = $7)]-

Teneps BeIMONHEHNE ycinoBuA (3) VI MOCTPOSHHBIX
dymxumii y, (S) 1 y_(s) oueBuIHO. DTO MOATBEPHKIACT
Y PUCYHOK, TIe OTOOPa)XEHBI HYJIU U MOTFOCHI OTHOIICHHS
\|;+(s)/\|/7(s) Ha KOMIUIEKCHOH S — IIIOCKOCTH ISl HC-

KIIIOYEHHs OIIMOOK ITOCTPOCHUS CIIEKTPaJIbHOTO Pasiio-
xeHus. Ha pucyHKe MOJIOChl OTMEUEHbl KPECTHKAMH, a
HYJH — KPY>KKaMH.
Teneps ocraercsi MPOBEPUTH BHINOJHEHUE YCIIOBUH
.18 (S) =1; lim L*(s) = lim —24s =-1
|s| >0 248 ’
CJIe/IOBATENIFHO, YCIOBUSL (4) Ui TIOCTPOEHHsSI CHEK-
TPaJIBHOTO PA3JIOKEHHNS TAKXKE BHITIOJHEHBI.

(4): umeem ‘51‘13;

S ‘S‘ﬁoo S
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-2|14-51-2H0- 55~ 53- 54 2252055 Sg S7

Re(s)
Pucynok 1 — Hynu u nomocst byHkimu y, (s)/y_(s)
s cuctemsl HE,/HE,/1

I[anee MO0 MCTOJAUKE CIEKTPAJIbHOT'O Pa3JIOKCHUA OIl-
peaciinM NOCTOSTHHYTO

K = 1im Y (8) _ i B+ +8)E+8:)(5+8y) _ 519938
(5+2u) (5+2u,)° 160712

s—>0 S s—0

IMocrosHuas K ompexenser BepoOsSTHOCTh TOTO, YTO
NOCTyIafoIIee B CUCTEMY TpeOOBaHHE 3aCTaeT €€ CBO-
6oxHOM. DYHKIUSA \|/+(S) MO3BOJISIET HAWTH TpeoOpaso-

Banue Jlaraca ®PB Bpemenu oxunanus W (y):

o (5= K _ §15:5384 (5 + 211 ) (5 +21,)?
N TR

W (S)  16u7p3s(s+85)(S+5,)(S+83)(S+54)
CJ'ICZ[OBaTeJ'H)HO, npeo6pa303aHI/IeM Jlammaca 1A

(hYHKIMY TUTOTHOCTH BPEMEHU OXHIAHHS OyJeT QyHKIIHS
s-®,(s), T.e.
W *(s)= 51528384 (5 + 211 (5 +21,)°
160713 (5+5)(5+5,)(S+53)(S+54)

(12)

Cpentee Bpems OKHIAHUSI B OYEped PaBHO 3HaYe-
HHUIO IIPOM3BOAHON OT mpeoOpazoanust Jlarmmaca (12)
(YHKIMM ITIOTHOCTH CO 3HAKOM MHHYC B TOUKE §=0:

_dw*(s) L S SO SR S B

OKOHYATENbHO, CPEIHEE BPEMsI OKUJIAHUS B OUEpe/n
s CMO HE,/HE,/1:

(13)

W3 Boipaskenns (13) Taxke MOXKHO ONPENENUTDH JIUC-
MEPCUI0 BPEeMEHH OXXUAaHUSA. BTopas mpousBomHas OT
npeoOpazoBanus (13) B Touke S=(0 JgaeT BTOpPOH Ha-
YaJbHBIH MOMEHT BPEMEHH OXHIAHUS, YTO II03BOJISIET
OTIPENETINTh JHUCIEPCHUI0 BPEMEHH OXKUIAHMS. YUUTHIBAs
oTIpeJieNIeHne DKUTTEpa B TEIEKOMMYHHUKAIMAX KaK pas-
Opoc BpemeHnu oxwumanus [10], TeM caMbIM IOITyYUM
BO3MOKHOCTH €TO OTPENEICHUS Yepe3 IUCIIEPCHI0. DTO
SIBIISICTCST BAKHBIM PE3yJIbTATOM [UIA aHaim3a Tpaduka,
YyBCTBUTEIHFHOTO K 3a7CPIKKaM.

Tenepp mepeiineM K 3agade anlpoKCUMALMKA 3aKOHA
pacnpenenenus (5) no ananoruu ¢ [11, 12] ¢ ucmomnn3o-
BaHUEM JIByX IMEpPBBIX MOMEHTOB. [JI1 3TOro BOCIHOJB3Y-
eMcsl CBOMCTBOM TpeoOpa3oBanusi Jlaruiaca BOCIIpon3Be-
JICHUS. MOMEHTOB M 3allMIIEM HadaJlbHble MOMEHTHI 110
BTOPOTO MOPsIKA Jist pacnpeneicHus (5):

65
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- _p (-p (14)
g }\‘1 )\’2 '
2.3 0 (-p)| (15)
P a2

PaccmarpuBas pasencta (14) u (15) xak 3ammch Mme-
TOJJa MOMEHTOB, HaiJeM HEM3BECTHbIC HapaMeTpbl pac-
npenenenust (5) A, A,, P. Cucrema ABYX ypaBHEHH
(14), (15) npu >TOM fBISETCA HEOOONPENEICHHON, IO0-
9TOMY K Hell 100aBMM BBIpaKEHHUE Uil KBajpaTa Kodd-
(unrenTa Bapualmu:

% - (%)’ ,
@)’
Kak cBszyroniee ycaosue Mmexay (14) u (15). Kpome toro,
koa(ddunment Bapnanuu OyZeM HCIOIB30BaTh B pacye-
TaxX B KA4eCTBE BXOAHOTO TAPaMETPa CUCTEMBI.
Ucxons n3 Buna ypasuenus (14) monoxum

(16)

¢ =

A =2p/T,, Ay =2(1- p)/T, 17)

u norpedyeM BoinosHeHust ycnosus (16). [logcraBus BbI-
paxenus (14), (15) u gactnoe pemenue (17) B (16) u pe-
IIMB YpaBHCHHE OTHOCUTEIBHO Tapamerpa P, BeIOCpeM

2(1+¢3)-3
8(1+c7)

cienyer, uTo ko3 GUIUEHT BapHaluu ¢, > 1/ 2. Takum

1
OJHO HY’KHOC 3HAa4YCHHUC: p=5+ . Orcrona

00pa3oM, TOJy4eHO YaCTHOE PEIICHHE HEIOONpPEIeNCH-
HOM cucteMsl ypaBHeruit (14) u (15) meTogom moxbopa.
AHaJIOTUYHO TOCTYNHB C 3aKOHOM pacmpernencHus (6),
OIIpe/IeNieM €r0 HEU3BECTHBIE TAPAMETPBI |1, L5, ( -

Takoil e MmoaxojJ K anmpoKCHMalliud 3aKOHOB pac-
IpesieNieHus THIIEPAKCIIOHEHINAIBHBIM PacpeieIeHuEM
npuMeHeH B padotax aBropa [5—7]. Takum oOpaszom, ru-
MIEPOPJIAHTOBCKUI 3aKOH paclpeseeHlss MOXKeT OIpeie-
JSITHCS TIOJTHOCTBIO IBYMSI TIEPBBIMH MOMEHTAaMH U Tiepe-
KpBIBaTh BECh JHMana3oH M3MeHeHUs kodddummeHra Ba-
puanum oT 1/+/2 10 o0, YTO mIHMpe, YeM y THIEp3KCIIO-
HEHIMAJIBHOTO pacnpeneneHus (1, o).

VYuursiBas TOT QakT, yro pacnpenenenne HE, sBusercs
TPEXMapaMeTPUIECKUM, AMMPOKCUMAIMI0 MOXKHO BBITION-
HHUTh U HA YPOBHE TpeX IIEPBBIX MOMEHTOB. /st 3TOTO 3a-
IIUIIEM BBIPAKEHUS JUI HAYAIBHOI'O MOMEHTA TPETHETO
MOPsIZIKa, TIOJTy9IeHHOE Yepe3 mpeobpasosanue Jlamiaca (7):

Ti:if+3(1§p)- (18)
N X

Teneps nmpucoenuauB ypasaeHnue (18) x ypaBHeHUIM
MoMmeHTOB (14) u (15) u pemmB cucteMy TpeX HEIHHEH-
HBIX ypaBHEHHH C TpeMsi HEM3BECTHBIMHU B makere Math-
cad HaxomuM Bce Tpu mapameTpa. Kak mokaszaHo B padote
[5] Ha mpuMepe THIep3IKCIIOHEHIINATIBHBIX BXOJHBIX pac-

© Tapacos B. H., 2018
DOI 10.15588/1607-3274-2018-4-6

66

MpeIeTICHU, anmnpoKCUMalysi C HUCIHOJIb30BAHUEM JBYX
MEePBBIX MOMEHTOB B OTJIMYHE OT TPEX MOMEHTOB, MOXKET
3aHIKATh BEJIMUMHY CPEJIHET0 BPEMEHHU OXHUIAHUS JI0
10% B 3aBUCUMOCTU OT 3arpy3Kd U BEJIUYUHBI TPETHETO
MOMEHTA.

[epetinem k uccmepoBanmio cuctembl HE,/HE,/1 co
CABUHYTHIMH BXOJHBIMH PACIPENICIICHUSIMH, T.€. K CHC-
TeMe C 3ama3gbIBAaHIEM BO BPEMEHH.

PaccmoTrpuMm cuctemy, 00pa3oBaHHYIO IBYMS IOTO-
KaMd ¢ (YHKIUSAMH IUIOTHOCTEH pacrpeae/icHusi HHTep-
BaJIOB BHA:

— ISt BXOJHOTO ITOTOKA

a(t)=4prl(t-ty)e ) L 4(1- p)a3t—ty)e 22, (19)

— IJIs1 BpEMCHU 06CJ'Iy)KI/IBaHPIH

b(t) =4qu? (t—tg)e 1) +4(1-q) 3t —ty)e =) (20)

Takyto cucremy o6o3Hauum yepe3 HE, /HE; /1.

Hac unTepecyer cpenHee BpeMst OXXATAHUS IS CHCTe-
mel HE, /HE, /1.

YTBepxKICHHE. CriekTpaibHOe pasyioKeHUe
A*(~s)-B*(s)-1=wy,(s)/y_(s) mns cucremsr ¢ 3a-
nasaeiBanneM HE, /HE; /1 mMeeT TOYHO TakoH e BHZ,
uto u 11 00br9Hoi cucremsl HE,/HE,/1:

Wi (S) _ —S(S+8)(S+8)(S+83)(S+54)(S—85)(S—=Ss)(S—=S7)
v_(5) (2% —9)* (2%, —5)*(2u; +5)* (2u, +5)°

Hoxazarensctso. [na cucremsr HE, /HE,; /1 cnek-

TpaJibHOE pasjioxKeHne OyneT UMeTh BH/I:

2y

2 2
W+(S): p +(1-p) 2 gl x
v_(s) 2h -5 2%y -5
2 2
x q[ 24 ] +(1q)[2”2] et o=
2“14’5 2“2 +S
2 2
2,
= 1—
p[le—sj + p)(zxz—sJ -
2 2
x q(z“l] +(1—q)[2“2] -1
2“14’5 2“2 +S

3/ech MoKa3aresid CTeNeHN Y IKCIIOHEHT OOHYJISIFOTCS
U TEM CaMbIM OIEpalysi CABHIA B CIIEKTPAILHOM paslio-
KCHUM TIOJIHOCTBIO HUBENUpyeTcsa. TakuM oOpazom,
CHEKTpaJbHBIE DPA3JIOKEHUs] PEIICHUS WHTErpajbHOTO
ypaBHeHUs JIMHIUTH IS ABYX CHCTEM COBIAJAIOT. YT-
BEPIKICHUE JIOKA3aHO.

Teneps MBI MO’KEM BOCIIOJIB30BaThCS JUIST HOBOM CHC-
TEeMBI pesynbTaraMu i o0braHoi cuctemsl HE,/HE,/1,
HO TIpek]ie HEOOXOIUMO OMPEICITUTh YUCIOBBIEC XapaKTe-
puctuku pactpeneneanii (19) u (20). Jma storo Boc-
MOJIb3yeMCsl CBOICTBOM mpeoOpaszoBaHus Jlammaca mpo-
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U3BOUTH MOMeHTHI. [IpeoOpa3oBanue Jlarmaca GpyHKImN
(19) umeer Bux:

2 2
21 2\ _
A*(s) = 1 1— 2 | q7.a7tS
(S) [p{s+2x1] +( p)(anj I-e

3HaueHne MepBoil mpoussoHON (yHKkmuE A’(S) co

3HAaKOM MHUHYC B TOYKE s=0 paBHO

dA*(s)

s = pA + (1= P +tg -

s=0

OTcrona cpenHee 3HAYEHUE WHTEPBANIOB MEXKAY CO-
CEeJJHUMU TpeOoBaHUAMHU OyJeT paBHO

T, = pry + (1= PR, +t,. (21)
3HaueHne BTOPOHW NMPOM3BOIHON (PYHKINH A*(S) B

Touke S=0 maer BTOpOH HauyadbHBIH MOMEHT HWHTEpBala
TOCTYILJICHUSI

D, 0-p), 30 30-p)

(22)
M Ay 2%12 27»%

=15 + 2t

Otcrona ompenenuM Kpampar koddduimeHra Bapua-
I[UM MHTCPBAJIOB MOCTYILICHHS:

A =2phihy + P =2P)0ky —2y)”

> (23)
2AtoMAy = Py —Ap) + 2]

cf =

AHaJIOTUYHO ONpeAessieM cpeaHee BpeMs 00CITyKUBaHHS

T, =0 (- +t, (24)
BTOPOIi HAYAILHBIA MOMEHT BPEMEHH 0OCITY)KHBAHHUSI
%:tg+2t0[&+(1_q)]+3—qz+73(1_2q) , (25)
Hi Mo 2p 2u5

M KBaJIpaT Kod(pHIMEHTa Bapuallid BPEMEHU OOCITYKH-
BaHHS:

2 _ BE = 20up) +901-20)( —py)”

c
2torky — Ay —po) + 1y 12

(26)

PaccmarpuBas Beipaxxenus (21)—(23) xak 3anmch Me-
TOJJa MOMEHTOB, HalJeM HEM3BECTHBIE IapaMeTphl pac-
npenenenus (5) Ay, Ay, P. Cucrema ABYX ypaBHEHHH
(21), (22) npu 3TOM SsIBISIETCS HEAOOMPENEIECHHOM, IT0-
9TOMYy K Hel 100aBMM BBIpaKCHHE IUISi KBajpaTa Kodd-
¢unuenrta Bapuanuu (23) B BHIE CBS3YIOIIETO YCIIOBHS.
Ucxons u3 Buma ypaBHeHuUs (21), MOI0KIM

M=2p/ (T 1), Ay =2(1-p)/ (T, ~ 1)) @7
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u notpedyeM BbinonHeHus ycnosus (23). [loacTaBus BbI-
paxenus (21), (22) u yactHoe pemenue (27) B (23), pe-
11aeM NOJTy4YE€HHOE ypaBHEHUE UETBEPTOH CTENEHH OTHO-
CUTEJIBHO Iapamerpa P, ¢ yderoMm ycioBus 0<p<l, a

3aTeM onpeziensgeM U3 (27) mapameTpsl A, B Aj .

[Mocrymass aHamorudHo ¢ BEIpaxkeHUsMH (24)—(26),
ompejeNsieM HEU3BECTHbIE MMapaMeTphl PAaCIpee/iCHUs
(20) g, 1y, 1y € yueroM ycnoBus 0<q<1. Takum obpa-

30M, aIrOPUTM pacyera CPEIHEr0 BPEMEHU OXUIAHMA
NpH 3aAHHBIX BXOMHBIX MapameTpax T, T,,Cy,Cy, 1

CBOJIUTCS K MOCIENOBATENBHOMY PELICHHUIO0 YKa3aHHBIX
ypaBHeHuil. [Jlanee omnpenensieM Ko3(hQUIMEHTb! MHOIO-
wriena (11) n HaXomUM HyXHBIE KOPHHU C OTPHUIIATEIbHbI-
MM BELICCTBEHHBIMH YaCTAMH —S;,—S,,—S;, —S,. lloa-

CTaBUB aOCOJIIOTHBIC 3HAYCHUSI STHX KOPHEW B BhIpaXKe-
uue (13) ompenensiem cpemnee Bpems oxupaHus. Hamm-
Yyhe TaKuX KOpHEHl OOYCIOBJICHO CYIIECTBOBAHHEM U
€IMHCTBCHHOCTBIO CIIEKTPAIbHOrO pasiokeHus. IIpose-
JOCHHBIC MHOI'OYHMCJICHHBIC 3KCHepI/IMeHTI:-I TOJBKO IIOJI-
TBEPXKJIAIOT JaHHBIH (aKT.

Teneps olleHUM BIUsHKUE MapameTpa capura ty >0 Ha

YHCIIOBBIC XapaKTepUCTUKU pactpeneicuuit (19) u (20).
Hac unTepecyer mpexzae Bcero kaapar kodd¢uuneHra
Bapuanuy, T.K. CpeJHee BpeMs OXHAAHUS B CHCTEME
G/G/1 cBsizaHo ¢ ko3(¢uIMEHTAaMH BapHaluil KBajpa-
TUYHOH 3aBUCUMOCTHIO (1).

KBagpar xos¢duimenTa Bapuanuy Ui pacipenese-
Hus (5) paBeH

A =2phhy + PA=2P)(ky ~1y)*
2 - (A =1

2 = (28)

CpasHuBast Belpaxenus (23) u (28) ybexxgaemes, 94To
orieparys CIIBUra BO BPEMEHH YMEHBIIAeT KO3(GHUINECHT
BapHaliu MHTEPBAJIOB MOCTYIICHUH B

toAAy

(M (1=p)+A;p]
KOX(PHUIMEHTOM BapHaldl BpPEeMEHH OOCITy)XWBaHUSI —

fotiMo
[y (1=0) +p0]
cucTeMa ¢ 3ama3iblBaHueM O0ecIeYnBaeT MEHbIIEEe Bpe-

Ms OKHIAHUS 10 CPABHEHUIO ¢ OOBIYHOW CHCTEMOW IpH
OJIUHAKOBOH 3arpy3ke p . JTO 3aMedaTelbHBII Pe3ynbTaT

pas. AHAaJIOTHYHO OOCTOUT JIEJIO U C

yMeHbIenne B 1+ pa3. CnenoBaTtelbHo,

B Teopru CMO!

4 SKCIIEPUMEHTBI
Hwxe B Tabnumax 1 1 2 npuBeaeHs! pe3yJIbTaThl pac-
yertoB B makere Mathcad cpennero BpemeHHM OKUIaHMS
mis cuctemsl HE)/HE,/1 mo momydeHHOH pacueTHOM
dopmyne (13) mrs cirydaeB Mayoi, cpemHeil U BBICOKOM
Harpy3ku p=0,1;0,5;0,9.
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Tabmuua 1 — Pe3ynbTars! A1t BpeMEeHU 0XKUAAHHS PU
ko3 duumenTax Bapuanuii (Cy, C, ), MCHbIINX 1

Bxonusie nmapa-
MeTpEL CpenHee BpeMst O3KHIaHUS
Jlnst cuctemsr | Jlst cucteMbr
c,,C
P ©) | “HEHE E,/E,/1
0,1 (0,71;0,71) 0,02 0,02
0,5 (0,71;0,71) 0,40 0,39
0,9 (0,71;0,71) 4,40 4,36

Tabmuma 2 — Pe3ynbTatTs! A1t BpeMEHN 0)KUAAHHS
npu ko3¢ durrenTtax Bapuauit (C, , C“) , bonpInmx 1

Bxonusle ma- Coeiee Bes O
pamMeTpbl penl D bt
Jlns cucre-
p ©n. ) MBI IIH;I{ C/Iil_;tT/eiM},I
HE,/HE,/1 22
(2;2) 0,34 0,45
0,1 (4:4) 1,68 178
(8:8) 7,16 711
(2;2) 3,98 4,04
05 @) 1653 613
(8:8) 66,73 64,18
(2;,2) 36,21 36,20
0,9 (4:4) 145,31 144,83
(8;8) 580,56 577,86

KoaddunmeHt 3arpy3ku B JaHHOM Cilydae ONpeaess-
eTCsl OTHOLICHHEM CPEIIHHMX MHTEpBANOB p=T, /T, . Pac-

YeThl IPOBEICHBI JJIsI HOPMUPOBAHHOTO BPEMEHHU 00CITy-
KUBaHUA T, =1. B Tabn. | mpuBeneHBI pe3yabTaThl s

KOX(pPUIUEHTOB BapHannit (¢,,C,), MeHBIIX 1, a B

Tabs. 2 — oonpmx 1. IIpu 3TOM I CpaBHEHUS MCIIOJb-
30BaHbl M3BecTHBIC pe3yibTathl it CMO Ey/E,/1 u
H,/H,/1 cooTBeTCTBEHHO.

B rtabmume 3 mpuBeneHBl pe3yibTaThl pacyera s

cucrembl HE; /HE; /1.

Tabmuua 3 — Pesynbrars! skcriepumenToB it CMO

Bxopausle napa-
eI CpenHee BpeMsi OXKHIAHUS
JIS CHCTEMBI p - s cuc-
p ©; C”) 8 HE; /HE; /1 TEMBI
=09 | t=0,5 | t=0,1 | HE/HEy1
(0,71;0,71) 0,01 0,01 0,02 0,02
01 (2;2) 0,29 0,32 0,33 0,34
’ (4:4) 1,21 1,55 1,66 1,68
(8:;8) 4,93 6,48 7,05 7,16
(0,71;0,71) 0,27 0,31 0,39 0,40
05 (2;2) 2,32 3,15 3,82 3,98
’ (4;:4) 9,35 12,94 15,85 16,53
(8:;8) 37,50 52,13 63,96 66,73
(0,71;0,71) 3,06 4,11 4,39 4,40
0.9 (2;2) 24,42 33,36 35,88 36,21
’ 4:4) 97,71 133,3 143,8 145,31
(8:;8) 390,90 532,7 574,5 580,56
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C yMcHbIIGHMEM 3HA4YCHUs IIapaMeTpa t, CpeaHee

Bpemst oxxupanust B cucteme HE, /HE, /1 crpemurcst K

cpenHemy BpeMenu oxunanus B cucteme HE,/HE,/1, aro
MOATBEPKAAET MOJHYI aJeKBATHOCTb M JIOCTOBEPHOCTH
MOJIyYE€HHBIX PE3YJIbTaTOB.

5 PE3YJBbTATBI

Kaxk BranO 13 Tabmui 1 u 2, pe3ynbTaTel B 00eHX CIIyda-
SIX JIOCTaTOYHO OJM3KU K M3BECTHBIM pe3yibTaraM. JlaHHbIE
Tabn. 3 TOATBEPKMAIOT aJeKBAaTHOCTb W JIOCTOBEPHOCTH
MIPOBEICHHBIX BBIIIIE MATEMATHUECKHUX BBIKIIA/IOK.

Beipaxenue (13), nomydeHHOe BIEpBbIE C HCHOIB30Ba-
HHEM KJIACCHYECKOTO METO/A CIICKTPATBLHOTO Pa3IoKCHUS
peIICHIsT HHTETPATbHOTO YpaBHEHHs JIMHIUTH, CTIpaBeTHBO
JUISL OTIPENICNICHUS] CPEITHErO0 BPEMEHH OXKHIAHWS KaK JUIs
o0brunoi crctemsl HE,/HE,/1, Tak u 1 CHCTEMBI ¢ 3aras3-

apiBaneM HE; /HE; /1. OHO paciumpsieT ¥ JONOJHSET

u3BecTHy0 Gopmyny (1), a Takke pacmmpsieT 001acTh Mpu-
Mmenernst CMO 3a cyer yMeHbIeHUS KO3 QHUIMEHTOB Ba-
pHaImii MHTEPBAIOB TTOCTYIUICHHS U BPEMEHH OOCITYKHBa-
HUS 0 1/+/2 — U1 0ObIMHO# cucTeMsl, 1 10 0 — /Ui CHc-
TEMEI C 3ala3IbIBAHACM U TEM CaMbIM ITO3BOJIIET TIEPEKPhI-
BaTh TUAMa30H X U3MEHEeHHs OT 0 J10 0.

6 OBCYKJIEHUE
B pabore momydeHO aHATUTHYECKOE pEIICHHE IS
cpemHero BpeMeHHu oxxumanus s cucrembl HE,/HE,/1 ¢
HCIOJIh30BaHHEM CHMBOJIBHBIX Orepanuii makera Math-
cad. DTo ke pelleHHe MO3BOJIIET €ro MCIOJIb30BaTh IS

cucteMmsl ¢ 3amasasiBanueM HE; /HE, /1. HUcnomns3ys

NPEAJIOKEHHbIH MOJAX0J,, TOMHUMO CpEIHEr0 BPEMEHU
OKHJIaHUSI, MOXHO OIPEIEIUTh JUCIEPCHI0O ¥ MOMEHTBI
BBICIINX HOPSIKOB BPEMEHH OXKHIAHMS.

[Tomy4eHHBIH pe3yNbTaT, C OXHON CTOPOHBI, JTOTIOTHS-
er cucremy H,/H,/1, a ¢ apyroii cropoHsl, pacumpsier
JTUaITa30H U3MEHEeHUs K03(pPUIIMEHTOB BapuaIiii HHTep-
BAJIOB MOCTYIUIEHUH M BPEMEHH 0OCTYXKUBAHHUA OT 1/~/2
J0 oo. Jlns ybeanTenbHOCTH, NaHHBIE PacyeToB JUIsl CUC-
tembl HE,/HE,/1 cpaBHuBaroTCS ¢ pe3yiabTaTaMu s
cucreM E,/E,/1 u Hy/H,/1, uTo nemoHCTpHpyeET UX 0CTa-
TOYHYIO OJIN30CTb.

BbIBO/IbI

HayuyHasi HOBHM3HA TONYYEHHBIX pE3YyJIbTaTOB 3a-
KIIFOYaeTCsl B TOM, YTO BIIEPBBIC TIOTyUCHBI CIIEKTPATIbHBIC
pa3lIokKEHUs PELICHUs] MHTETPAIIbHOTO ypaBHeHus JInHI-
I A7 pacCMaTPUBAEMBIX CHCTEM U C IOMOILIBIO CIEK-
TPalbHBIX PA3JI0KEHUH BBIBEJCHBI PacyeTHBIC BhIpaXKe-
HUS JUIS CPEJHEro BPEMEHU OXHIAHHS B OYEPEAM JUIs
9THX CHUCTEM B 3aMKHYTOH (popMe. DTH BBIpAXKEHHS pac-
MIAPSIOT U AononHsoT Gopmyiry (1) st cpenHero Bpe-
MeHn oxkunmanus s cucrteM G/G/1 ¢ mpon3BOIBHBIMA
3aKOHAaMH PaclpeieNIeHHH BXOAHOTO MOTOKa M BPEMEHH
o0cITy)KnBaHUS.

IIpakTHyeckoe 3HaYeHHe DPaOOTHI 3aKIIOYACTCS B
TOM, YTO IIOJyYEHHBIE PpE3yJbTaThl C YCIIEXOM MOTYT
OBITH IIPIMEHEHBI B COBPEMEHHOH TEOpHH TeseTpaduka,
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YK 621.391.1:621.395

AHAJII3 I HOPIBHAHHSA IBOX CUCTEM MACOBOI'O OBCJIYI'OBYBAHHA 3 I'NTEPEPJIAHIIBCBKUMHM
BXITHUMH PO3INOAINIAMH

Tapacos B. H. — n1-p TexH. Hayk, npodecop, 3aBigyBad KageapH NporpaMHOro 3a0e3nedeHHs iylpaBIiHas B TEXHIYHUX CHCTe-
Max [10BOJI3BKOTO AEPKABHOTO YHIBEPCUTETY TeJIeKOMYHiKallii Ta inpopmaruky, Pocilicbkka deneparis.

AHOTAIIA

AKTyalbHicTh. Po3riisHyTO 3a1a4y BUBEACHHS PIIICHHS Ul CEPEAHBOTO Yacy OUiKyBaHHS B 4ep3i B 3aMKHYTIi (opMi st 3BU-
YallHOI CHCTEMH 3 TillepepIaHTiBCKUMH BX1THHUMH PO3MOIUIAMH APYTOTO MOPSIKY i CHCTEMH 31 3CYHYTHUMH THUIIEPEPIaHTiBCHKIMHU
BXITHUMH PO3TOALIAMH.

Merta po6oTH — OTPUMAaHHS PillICHHS U1l OCHOBHOI XapaKTEePUCTUKK CUCTEMH — CEPEJHBOTO Yacy O4iKyBaHHs BHMOT B Yep3imis
cucTeMH MacoBoro oociayroBysaHHs Ty G/G/1 31 3BHYaliHUMH 13 3CYHYTHMH 3 TillepepiIaHTiBCbKUMH BXiHUMH PO3NOJIIaMH JIpy-
TOro HOPSIAKY.

Merop. J{jist BUpILICHHS TOCTABIICHOTO 3aBJaHHS BUKOPUCTAHMH KIIACHYHHI METOJI CIIEKTPAIIbHOTO PO3KIIa/IaHHs PIllICHHS iHTerpasib-
HOro piBHsHHs JIiHUTI, SIKKiT 103BOJISIE OTPUMATH PILLICHHS IS CEPEIHBOr0 Yacy OUiKyBaHHS ISl PO3IJIIHYTHX CHCTEM y 3aMKHYTIH (Gopmi.
MerTo/1 CIeKTpaIbHOTO PO3KJIaIaHHs PillieHHsT iHTerpasibHOrO piBHsHHA JIiHUT 3aiiMae BakuBy dactuHy Teopil cuctem G/G/1. [lnst npax-
THYHOTO 3aCTOCYBaHHSA OTPUMAaHUX PE3YJIbTATiB BUKOPHCTAHUH BIJOMHUIA METOJ] MOMEHTIB TEOpii HIMOBIPHOCTEH.

PesyabTaTn. Boiepme oTpuMaHo CHEKTpalibHI PO3KIIAJIaHHS PillIeHHS 1HTETpajbHOTo piBHAHHA JIiHMTI U1 000X cucTeM, 3a J10-
IIOMOTOI0 SIKMX BUBEICHI PO3paxyHKOBI BUpA3U [UIs CEPEIHBOIO Yacy OUYiKyBaHHS B 4ep3i [JUIs BHILEBKA3aHHX CHCTEM B 3aMKHYTIH
dopmi. Takuil MiAXig 103BONISE PO3paxyBaTH CEPEHIN Yac OYiKyBaHHs JUIS 3a3HAYCHHUX CHCTEM B MATEMAaTHYHHUX ITaKeTax JUisl IH-
pOKoOTro Jiana3oHy 3MiHH ITapaMeTpiB Tpadiky. Yci iHII XapaKTepUCTUKH CHCTEM € MOXiJHUMH BiJl CepeIHhOr0 Yacy O4YiKyBaHHS.

BucHoBku. TTokasaHo, 110 rifepepiIaHriBChbKUi 3aKOH PO3IOALITY IPYroro HOPSIIKY, K i TiNEpeKCIIOHCHIIHHUI € TpUmapamer-
PUYHUM, MOJKE BU3HAYATHCS K IBOMA IIEPIIMMH MOMEHTAMH, TaK i TphOMa IEPIIMMHI MOMEHTaMH. BUOip Takoro 3akoHy po3nozity
HMOBIpHOCTEH 00YMOBICHHIA THM, 1110 HOr0 KoedilieHT Bapiallii OXOIUII0€e GBI HIMPOKHHI Aiana3oH, HiK Y THIEPEKCIOHSHIIHHOMY
po3nonimi. J{JIst 3cyHOTOT0 TimepepIaHriBCbKOTO 3aKOHY PO3NOALTY Koe(illieHT Bapiamii OXOIUTIOE e OB IMUPOKHUA Aiana30H, HiXk
y 3BUYaifHOTO. BBeeHHS 3CYHYTHX Y Yaci po3moautiB po3ummproe chepy 3actocyBanHs CMO 3 ypaxyBaHHSIM BiIOMOTO (hakTy 3 T€O-
pii MacoBoro 0OCIyroByBaHHS, IO CEpeIHIN Yac O4iKyBaHHS HOB’sI3aHMI 3 KoedilieHTaMU Bapialliil iHTepBaliB HAAXOKEHb i 4acy
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00CITyroByBaHHS KBaJIpaTUYHOIO 3aJICXKHICTIO. MeTOJI CIIEKTPaIbHOTO PO3KIAJaHHs PIllIeHHs iHTerpanbHOro piBHsHHs JIiHIMI s
CHCTEMH MacOBOT0 O00CITyrOBYBaHHS 3 TillepeplIaHTiBCEKUMHU BXiJHUMHU PO3IOIUIAMU APYTOro MOPSAKY J03BOJISIE OTPUMATH PillleH-
HsI B 3aMKHYTIil (opmi 1 Le pimeHHs myOnikyerses Brepuie OTpuMaHe pillieHHs JOIOBHIOE 1 pO3IMIMPIOE BinoMmy (opmyity Teopil
MacoBOro 00CITyrOBYBaHHS [UIsl CEPEIHBOT0 Yacy O4iKyBaHHs BUMOT B 4ep3i Ul CHCTEMH MacoBoro oociyrosyBanus tuiy G/G/1.

KJIFOYOBI CJIOBA: rinepeprnaHriBcbKuii 3aKOH PO3MOALTY, iHTerpanbHe piBHSHHS JIiHIUI, METOJ CIIEKTPaIbHOIO PO3Kia-
JIaHHs1, IepeTBopeHHs Jlarmaca.

UDC 621.391.1:621.395

ANALYSIS AND COMPARISON OF TWO QUEUEING SYSTEMS WITH HYPERERLANGIAN INPUT
DISTRIBUTIONS
Tarasov V. N. — Dr. Sc., Professor, Head of Department of Software and Management in Technical Systems of Volga State Uni-
versity of Telecommunications and Informatics, Samara, Russian Federation.

ABSTRACT

Context. The problem of finding the solution for the mean waiting time in a closed form for a conventional system with hyperar-
langian input distributions of second order and for system with shifted hypererlangian input distributions is considered.

Objective is obtaining a solution for the main characteristic of the system-the average waiting time for queuing requirements for
a queuing system of the type G/G/1 with normal and with shifted hypererlangian input distributions of the second order.

Method. To solve this problem, we used the classical method of spectral decomposition of the solution of the Lindley integral
equation, which allows one to obtain a solution for the mean waiting time for of the systems under consideration in closed form. The
method of spectral decomposition of the solution of the Lindley integral equation occupies an important part of the theory of systems
G/G/1. For the practical application of the results obtained, the well-known method of moments of probability theory is used.

Results. For the first time, spectral decompositions of the solution of the Lindley integral equation for both systems were ob-
tained, with the help of which the calculated expressions for the average waiting time in the queue for the above-mentioned systems
in closed form were derived. This approach allows us to calculate the average latency for these systems in mathematical packages for
a wide range of traffic parameters. All other characteristics of the systems are the derived from the average waiting time.

Conclusions. It is shown that the hypererlangian distribution law of the second order, like the hyperexponential, which is three-
parameter, can be determined by both the first two moments and the first three moments. The choice of such a law of probability
distribution is due to the fact that its coefficient of variation covers a wider range than the hyperexponential distribution. For the
shifted hypererlangian distribution law, the coefficient of variation covers an even wider range. The introduction of shifted distribu-
tions extends the scope of the QS with considering the well-known fact from queuing theory, that the average waiting time is related
to the coefficients of variations in the intervals of receipts and the time of service by a quadratic dependence. The method of spectral
decomposition of the solution of the Lindley integral equation for a queuing system with hypererlangian input distributions of the
second order makes it possible to obtain a solution in closed form and this solution is published for the first time. The solution ob-
tained supplements and extends the well-known queuing theory formula for the average waiting time in the queue for a queuing sys-
tem of type G/G/1.

KEYWORDS: hypererlangian distribution law, Lindley integral equation, spectral decomposition method, Laplace transform.
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ABSTRACT

Context. The article summarizes the statistical learning theory to evaluate the long-term operation results of the automated
speaker recognition system of critical use (ASRSCU) taking into account the features of the system’s operation object and the
structural specificity of such a class of recognition systems.

Objective. The goal of the represented work is the development of a complex set of methods for the ASRSCU’s quality
parameters stabilization during its long-term operation.

Method. The article formulated set of methods for the ASRSCU’s operational risks estimation of its long-term operation. In
particular, the dependence of the risk of an incorrect speaker recognition on the features space dimension is described. Based on the
formulated measure of informativity, obtained a set of methods to analyze the training sample to identify examples that lead to
increased risk. The influence of the phenomenon of the drift of the speech signal parameters on the quality indicators of the ASRSCU
is described analytically. An estimation of the operation duration of the ASRSCU, during which it is impractical to re-train its the
classifier, is carried out. Recommendations for choosing an optimal ASRSCU’s classifier are formulated from the position of its
complexity minimization, taking into account the risks of the ASRSCU’s long-term operation and the possibility of re-training.

Results. Represented in the article theoretical results are verified by the DET-curves experiments data, which summarize the
information from long-term experiments with the ASRSCU, in which, during the features space configuration were taken into
account the features based on the power normalized cepstral coefficients based and the features based on the spectral-temporal
receptive fields theory. Within the framework of the created theoretical concept, an estimation of the influence of the features space
configuration and the type and complexity of the classifier on the stability of the ASRSCU’s quality parameters during its long-term
operation has been carried out.

Conclusions. For the first time the theoretically analyzed the problem of average risk minimization by empirical operation results
of a ASRSCU, where, unlike existing approaches, non-stationary input data with the drift of individual speech signals features and
the characteristic parameters of the recognition system classifier were taken into account, which allowed to estimate the risk’s
confidence interval for conditions for re-training sessions.

KEYWORDS: automated speaker recognition system of critical use, experiment planning theory, factor analysis, statistical
learning theory.

ABBREVIATIONS NOMENCLATURE
ASRSCU is automated speaker recognition system of A is a impulsive variable;
critical use; Q is a parameter of temporal impulse filter
CNN is a convolution neural network; responses;
STREF is a spectral-temporal receptive fields; o is a set of parameters of the classifier;
VAD is a voice activity detection; € is a accuracy of classifier training;
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0 is a phase of spectral impulse filter feedback;
K; is a weight constant;

K, is a time constant;

K3 is a constant, which set the CNN parameters;

K4 is a constant, which set the CNN parameters;

K5 is a constant, which set the CNN parameters;

K¢ 1S a constant, which set the CNN parameters;

K7 1S a training rank;

&, 1s a set of n independent, equally distributed
random variables;

p is a probability that, at least in one of the N
functions Q(z,ak), k=1,...,N, the upper limit of the
risk R

T is a mathematical expectation of the interval

between sequences of re-training;
¢ is a phase of spectral impulse filter feedback;

max €xceeds R, ;

¢(...) is a function of estimation of the drift degree of

the input data;

o is a density parameter of the spectral impulse
response filters;

{(xl-, Vi )} is a the element of the training sample, X

and Y are the set of empirical input and output data of the
system,;
1-3 is areliability of the classifier’s training;

b, is a offset for n -i source map,

d is a degree of complexity of the training algorithm;
H (t,(n) is a SNRF-individual feature;

F,(t,®) is a SNRF-individual feature;

F (t,k) is a SNRF-individual feature;

f is a frequency;

G(l ) is a measure of the learning process complexity;
g(x) is a classification function;

h is a measure of Vapnik-Chervonenkis;

h is a Gilbert transformation;

hg is a spectral impulse response;

hSC
hy temporal impulse response;

is a spectral scale factor;

h,; is a temporal scale factor;

h(t, f ) is a impulse response of each filter in bank;

H is a class of hypotheses of indicator functions g ;

i is a iterator;

I(...) is a informative measure of rejection of

empirical data from educational,
j 1is a iterator;

L, (1) is a loss function, which describes the average
difference between a random variable ¥ and 4(X);

A

L, (h) is a empirical risk;
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[ is a basic length of the training sample;
[, is a expected average durability of the recognition

system exploitation term without re-training;
m 1s a iterator;

M*"" is a number of entrance maps;
n is a iterator;

N, is a number of elements #_, ;

N, dimension of the feature F; (z,k);

k is a iterator;

O is a degree of sufficiency of the training sample;

P, is a probability of the first kind errors of
ASRSCU;

By is a probability of the second kind errors of

ASRSCU;

P is a unknown probabilities distribution;

B, is a empirical risks by sampling S, subset 4 ;

P, is a empirical risk by sampling S, subset A4 ;

P'(-+) is a function of estimating the marginal size of
the initial sample;

P is a probability of a situation, when testing the
system on a plurality m of elements, the empirical risk
R, will exceed the threshold value of risk R _;

Q(. . ) is a set of corresponding indicator functions;

R assessment of empirical risk R, ;

R(O.) is a functional risk;

R, (o) is a functional of empirical risk;

R, is arisk of incorrect classification when training a

classifier on a sample from which elements were removed
at the initial sample length, estimated by the error rate;

R, is a threshold value of the risk, determined by the
testing results;
R .« 15 a upper limit of risk;

STRF (t, f,Q,0,0, 9) is a operation of allocation of
SNREF features;

¢t is a time;

w,'j,m is a convolution core between m -input and 7 -
output source maps;

x}y, is a input feature map m of a layer u ;

y(t, f ) is a SNRF spectrogram;

Yy (t, f ) is a model of hair cells work;

yelt,f) is a affine wavelet transform of the speech
signal frame s(t);

VLIN (t, f) is a model of the lateral inhibitory
network;

yu is a output feature map n of a layer u ;

Z ={z; =(x;,5; ) 22.....2} is a set of empirical data.
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INTRODUCTION

The automated speaker recognition system of critical
use [1], as well as all speaker recognition systems,
performs the speaker’s person recognition by analyzing
the individual attributes isolated from the phonogram with
the recording of the speech signal. Of course, the speaker
is characterized by the pronunciation variability, due both
to internal and external factors. To the internal speech
variability factors, we will relate the style, tempo and
volume of speech. External speech variability factors are
characterized by the type and level of noise in the acoustic
and hardware channels of the speech signal propagation,
as well as distorted perception of the speech signal due to
the reverberation of the speaker’s spatial surroundings.
Also highlighted such high-level individual characteristics
of speech as dialect and speech style, which manifests
itself in the acoustic characteristics of the speech signal
and the tempo of speech. To establish in ASRSCU the
potential for distinguishing internal variability factors,
taking into account the high-level individual
characteristics and resistance to external variability
factors, can be used in the systematic approach to forming
the features space, the selection and parameterization of
classifier, the formation of a training sample and the
regulation of the training process. There are other
"extreme" volatility sources of the amplitude-frequency
characteristics of the speech signal due to the state of the
speaker’s health, the acoustic parameters and the
geometry of the room where the system is operate, the
parameters and the location of the microphones.
However, these types of variability are so significantly
distorting the meaning of informative speech recognition
features that they are reasonably easily identifiable and
taken into account when deciding on the result of a speech
recognition session, taking into account the degree of
distortion and the scope of use and the type of the
recognition system.

However, the study [2] showed that during prolonged
use of the speaker recognition system, the speech signal
parameters drift is due to simple normal physiological
processes in the articulatory apparatus of the human, as a
result of which the time difference between the training
session of the ASRSCU classifier and the recognition
session can significantly affect the quality system
performance. Consequently, the possible critical use of
the speaker recognition system necessarily requires the
study of the influence of the operating time on the
qualitative performance indicators of the recognition
system in order to stabilize them.

The object of study is the individual features of the
process of human speech activity and the process of
hearing perception of speech signals by a human being
and their analysis by the auditory cerebral cortex.

The subject of study is the methods of the pattern
recognition theory for the modeling of the recognition
system, the methods of the statistical training theory for
the analysis of the risks arising from the long-term use of
the recognition system, the methods of the neural
networks theory for the implementation of the optimal
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classifier for the recognition system and methods of
spectral-temporal receptive fields to describe the process
of perception speech signals to the acoustic cerebral
cortex of a human.

The purpose of the work is to estimate the risks of
long-term operation of the ASRSCU and to propose
measures to reduce them.

1 PROBLEM STATEMENT
Let there exist an abstract teacher who offers the
ASRSCU’s classifier a finite set of examples of an
unknown indicator functiong over the domain X . On

the basis of a sequence of examples {(xi, Vi )}, i=1..,1,
x;eX, y;eY, where y; :g(xl-), 1<i<m, and
XcR, Y= {0,1} , randomly selected in accordance with
an unknown distribution of probabilities above X, it is
necessary to train a classifier with given accuracy € >0
and reliability 1-8. Suppose the existence of an
unknown probabilities distribution P over XxY, a
classifying function g(x):E(Y |X =x) and a limited
trainning sample with examples {(x,-, yl-)}, i=1...,1,
where (xi,yl-) are taken independently, respectively P

over X xY . The classifying function belongs to the
hypothesis class H , which does not necessarily contain
g . Determine the loss function L, (h), which describes

the average difference between the random variable Y

-1
and h(X): Lq(h):(E|Y—h(qujq , and the empirical

/ -1
risk iq(h): l:q(h):l_IZGi—h(xi)qy , where the
i=1

q 21 averaging takes place in accordance with P . If we
take into account ¥ = g(X), then the loss function will
take the form Lq(h):"g_h||Lq(P) , that is L, the norm
over P . Suppose the existence of a classifier training
algorithm, a coincidence [(,5) for examples of a
training sample, for any objective function g and any
probability distribution P on X, if the hypothesis is
heH fulfiled L, (7)< L, +& with probability greater
than 1-8, where L, , :glellt;”g—h"Lq(P) — the loss of
the optimal hypothesis A . This assumption suggests that
it is possible to minimize the empirical risk by using the
classifier training algorithm, which h is the result of a
choice h# with H a minimum value ]:q (), and

formulate the purpose of the training procedure as the
choice of an element from H , which minimizes the

generalization error R = _[ H(z)dP(z) based on empirical

data Z = {zl :()?,-,yi),zz,...,zl}. Next in the article, we
will develop the concept formulated above in direction of

73



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

Ne
Ne

4
4

identifying the relationship between the performance
indicators of the ASRSCU and the training process
parameters and the recognition system classifier
parameters for its long-term operation.

2 REVIEW OF THE LITERATURE

In the theory of pattern recognition, one of the applied
applications of which is the speaker recognition systems,
one of the central problems is to minimize the average
risk based on the analysis of empirical data, which
developed into the theory of statistical learning [3]. In this
theory, many complex problems are investigated, in
particular, the restoration of dependencies and
distributions density (pattern recognition) and the
interpretation of the indirect experiments results. As
already noted, the speech signal parameters are inherent
in drift, which over time leads to a decrease in the
qualitative characteristics of the ASRSCU. In studies
[4.5] a hypothesis is formulated on the insignificant effect
of the drift of the speech signal parameters on the quality
of speaker recognition and is proposed to be compensated
by introducing a number of corrective coefficients. So in
[6] on the basis of the assumption of constant in time, but
a small absolute value of the drift of the speech signal
characteristic parameters, its probabilistic estimation is
based on the study of the sequence of recognition sessions
results and the upper limit of the degree of drift with the
given error probability is estimated and taking into
account the recognition system classifier training
algorithm, but the question of the influence of the number
of evaluated data on the reliability of the estimates isn’t
investigated. The paper [7] describes a method for
determining the maximum drift rate allowed for a
corresponding recognition system classifier, among
which, however, there are no neural networks. In papers
[8, 9], the phenomenon of drift recognizes and formulates
the requirements for optimizing the parameters of the
speaker recognition system classifier re-training process
stating, in particular, the requirements regarding the
phonetic composition of language materials for re-
training, thereby reducing the total amount of study
sample. In work [10] the influence of “extreme”
variations of speech signals on the quality of the speaker
recognition system is estimated, and the permissible
limits of variation of spectral individual parameters are
estimated. However, in all the aforementioned works, a
priori assumptions are made about the nature and
parameters of drift in speech signals, therefore, an urgent
task is the generalization of the theory of statistical
learning to the problem of a speech signal parameters drift
in the long-term operation of the speaker recognition
system.

3 MATERIALS AND METHODS
In an unknown distribution P(x,y) you can only

/

estimate the empirical risk R, :l_IZQ(z,-). This goal
i=1

can be achieved by adjusting the parameters of the
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classifier a according  to the condition

o =argminRe(0L,l), evaluating the complexity of the
o

=2 ifi<ad,
<), if i>4,
d+1 — the smallest size of the set, under which the
condition G(/)= 2! is violated.

On the basis of the foregoing, we consider the
problem of minimizing the risk functional

R(oc) = jQ(z,oc)P(z), aeA,

as a task of minimizing the functional of empirical risk

/
Ra(o) =300z 0) e A
i=1

training process as G(l){ , Wwhere

(1

2

over a set of indicator functions Q(z,&)=1{0,1}. In this
case (1) is characterized by the probability of incorrect
classification A4, ={0(z,a)=1}, and (2) — by the
frequency of occurrence of such an event. If all empirical
data z are taken from the same distribution, then with
probability 1—mn simultaneously for all N functions from

a set Q(z,oc k), k=12,...,N, inequality is performed
R(uk)< Rmax(ak)z Re(ak)"_lil(lnN_lnp)'

(1+\/1+2Re(ak)l(lnN—lnp)_l )

The equation (3) allows us to describe the dependence
of the incorrect classification risk on the factor space
dimension, which can be reduced by applying, in
particular, the principal component analysis [11], thus
reducing the computational complexity of the recognition
task. However, in the context of the critical use of the
recognition system, the increase in the wrong
classification risk is unacceptable, which can be prevented
by removing examples that increase risk from the training
sample. This operation is proposed to be carried out on
the basis of Shannon’s informativeness [12]:

Ry =R(s)+x (d(ln(Zd’l (p- s))+ 1)s(1n(ps*1 )+ 1))

(p=s)".

If the parameters of the initiating probability
distribution are unknown, then it is suggested to use the
test to identify the distribution point in the context of the
speaker’s identity, which will be recognized by the
ASRSCU [13]:

WR.P)= st;pQPl ~ Py|(min(0.5(R + Py L1-0.5( + B, )} %>

3)

“4)

®)
where sup|S1 - S2| =0.5dist(S,,S,) — the empirical
measure of the distance between the samples S| and S, .
This test also allows us to determine the marginal sample
size P(§(S,P)>¢)<(21)? 025" and the boundary of

the second kind of errors probability

P21 (¢(S1,S2)> 8)§ (2])d 8'0'25182 ' (6)
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In addition to the parameters of the training procedure
on the quality parameters of the ASRSCU, the drift of the
speech signal parameters is also influenced by the
physiological changes in the speech apparatus of the
human. If ASRSCU will operate for a long time, the
quality of recognition will decrease, as the initiating
distribution of input data will change. Next, we call this
phenomenon a drift of a compatible distribution P(E, y).

The theory of machine learning regulates the definition of
the adequacy of the amount of training sample O for

2(¢+10g57") [13].
However, the relevance of the relationship of drift with
the empirical and true risk is relevant. Assume that the
recognition is performed by the Bayesian classifier in
terms of deterministic connection P(x,y)e {0,1}. If the

“drifting” data in the form O=¢"

example provided for classification x; is close to the the
data then the

classification is carried out in accordance with a reliable
estimate of conditional probability, and the error
probability is min{P()_c,A),P(E,B)}zO , and informative

X; — I(k) ~1 . I(k)z —1Og1‘7k(jk = yk|Zl,22,...,Zk,1,)?k)
which defines the deviation degree of the input data from
the data of the training sample. That is, if x; is mach

training sample min”)_c + xl-" <eg,

different from the data of the training sample, then the
error probability can be estimated as 2P(4)P(B)~0.5,

2. In the field of drift, these

indicators will generally take a form
max{P()_c, A), P()?, B)} ~1, 1] (k) — oo . Consequently, there
is a link between the need for re-training of the classifier
and the value of empirical risk, embodied in the value of
informativity. When creating critical systems, risk
management is necessary, so we will combine the re-
training operation with the situation of exceeding the
value of the empirical risk of some threshold. That is, we
will carry out repeated training if with a probability p in

and informative [ (k)z

at least one of an N functions Q(z,ock), k=1,...,N the

upper limit of risk exceeds the thresholds by the testing
results on the sample no less than from the m clements:

Rinax (oc k ) >R, , or by revealing this relation:
Re(ock)+Kl(1+qll+2Re(ock)Kl—1j>Rm where
=(InN-Inp)l "l I>m. Given the previous

transformations we obtain R, (a ) >R

o — 2R, K, or

R, (o )> Rm—\/ZRm(lnN—lnp)l_1 . (7

Inequality (7) describes the ratio of empirical risk to
threshold values for any one />m . If the recognition
system is used, then based on the generalization of the
results of its work for a certain time you can calculate the
empirical risks R, (o) for the various classes of system

parameters, for example, the length or content of the
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passphrase, the number of microphones for its recording,
acoustic space parameters where the system is operating,
etc. If for some class the empirical risk exceeds the
threshold Re(ak)z Ry, , then for the data of this class, you
need re-training.

Let’s describe the probability of a situation when after
testing a system on a set of elements the empirical risk
will exceed the threshold Ry, :

= su o |—R,,ﬂ ” Ll(l -R, )J
o 1<ka[, 1% m-|[|_RtrleK ) (1= Rle)) (8)

where unknown true risks R(o;) are used, the limit
values of which can be obtained by analyzing the
empirical risks, but taking into account the limited sample
size, these estimates will be understated. However, it is
possible to obtain a reliable lower boundary » providing
for a monotonous increase in the likelihood of re-training
P. with growth R(ay). Let (£,,7>1) be a sequence of

14

intervals between the re-training procedures of the
recognition system, measured in the number of
recognition sessions performed. Assume that &,

independent randomly distributed probability variables,
then the probability that re-training will occur through

sessions will describe by p{&n = t} q"- lPr , where
q =1-P,., and the probability that re-training will occur
no more than through the sessions we describe like

t
plén <ti=1-¢
interval between sequences of re-training will describe by

-en)- S e, - 5[ S0 .-l b

t=1\x=t

. The mathematical expectation of the

o0
:th_l :Pfl, from where the expected average

N
Il
—

operation duration of the recognition system without re-
Also,
mathematical expectation of the number of re-training

training is [, =mr=mPr_1 we obtain the

0
procedures for sessions: H(t)= Zp(sn <t),
n=1
lim H(t)t_l == pP,.
t—©

Determine the effect of re-training on some limited
positive rational function G > g(t)> 0 taking into

account the corrective operator V. For a given P,

correction, the evaluation (8) is based on the
decomposition of a complex phenomenon on a complete

set of incompatible events P(4)= > P(B)P(A|B):
B

p{ sup Rlog )~ Ry (o NR(o, )03 >g}_

I<k<N

©)
< NPa(l—a)™ + N(l -P.(1-a)" )a’,
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where a =ge "¢™ _ Using inequality (9) we establish a

connection between & and reliability taking into account
that
1 -1 ~0.5¢2m
po > NPra(l - a) =a< po(po + NP,) =qe
-1
<po(po+NP, ) :

e> o =y-2m " nlpg((p + NP, X1-P,)").  (10)
We simplify inequality (9) taking into account the fact

that the values a and (l—a)_1 decreases with growth €
determine what value ensures reliability 1-p, p>pg,
account that

taking into

2
p>po+Nga' = q'e 3™ < (p—vy \Ng) ' = —0.5¢2m

<tnf(p-p v g +1):

£> € :\/—Zm_l(ln((p—po)N_] )—(t+l)ln(l—Pr)). (1

Using the above considerations, we obtain on the basis
of (9) taking into account (11) the expression to determine
the true risk:

Rloy )< Re(ak)+81(l+1/1+2Re(ak)sl_1 ) =
= Rolag J++=2m~ (o —pg Vg~V

x[l + \/1 + 2Re(ock)(— 2m7! ln((P—Po)N g ) )TO'S ] :

and generalizing (10) and (11) we obtain the constraints
on the choice p for (12):

(12)

p>po> O.SN(Pr + q’)+ O.Sp[\/4NP,~ + (Np*l (Pr + q[)—l)z —1] - (13)

We formulate measures on the practical use of the
aforementioned theory of the risk assessment of ASRSCU
taking into account the procedure of the classifier re-
training as a result of the drift of the speech signal
parameters. In the context of the foregoing, ASRSCU
requires a classifier designed to take into account the
balance between the reduction of the empirical risk and
the increase in the difference between the empirical and
true risk with increasing complexity of the classifier, by
which we mean the capacity of the set of input data that
the classifier is capable of recognizing. The indicated
balance is proposed to be ensured by minimizing the
upper limit of true risk for the specified values of
reliability and duration of the training sample. Based on
[14] we formulate a kind of indicator function that
minimizes empirical risk with probability 1—p:

R, —+J0.5¢(1 SRSRe+O.58(l{1+\/1+4Re(s(l))_lj, (14)

where (1) =4h1~(in{2ta™!)+1)- 417 1n(0.24p).

If the re-training procedure is implemented, it’s
expedient to minimize the true risk, and estimate the limit
of the empirical risk for the specified re-training risk. It
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has been previously grounded that re-training of the
classifier with reliability 1—p willn’t occur, if ¢’ >1—p,

that allows (14) to obtain an analytical expression for
calculating the boundary that describes the effect of re-
training on the choice of a classifier:

R, <R, + O.SS(m{l +y 1+ 4R, (e(m))™! j+
+ \/O.SS(mi_ln(l - p)(ln(l —-P. ))_1 _D .

Consequently, the authors proposed a set of measures
for assessing the operational risks of long-term use of
ASRSCU. In particular, using (3) describes the
dependence of the risk of incorrect classification from the
dimension of the factor space. Based on the formulated
measure of informativity with the help of (4) it is possible
to analyze the study sample on the presence of examples
that lead to increased risk. With the help of (8) we
describe the influence of the phenomenon of drift of input
parameters on the qualitative performance indicators of
the ASRSCU, and with the help of (13) an estimation of
the operation duration of the ASRSCU is performed,
during which it is impractical to re-train the classifier.
Also (15), it is possible to choose the optimal classifier on
the position of minimizing its complexity, taking into
account the risks of long-term use of the ASRSCU and
the possibilities of re-training. In general, the above-
mentioned material for the first time comprehensively
describes the problem of minimizing the average
operation risk of the ASRSCU under empirical data,
generalized taking into account nonstationary input data
with drift patterns and parameters of the recognition
system classifier. The limits of confidence intervals of
risk are calculated taking into account the procedures of
classifier re-training.

5)

4 EXPERIMENTS

The statistical data for the empirical assessment of the
adequacy of the above theoretical concepts for the
operational risks analysis of the ASRSCU is obtained on
the basis of the analysis of the results of long-term use of
ASRSCU at the Department of Computer Control
Systems of Vinnytsia National Technical University. The
mentioned ASRSCU has a classical architecture, which
includes a block of preliminary speech signal processing,
a block of informative features allocation and a
classification block.

In the pre-processing block, the detection of speech
activity intervals in phonograms was performed using a
two-channel VAD algorithm [16]. Intervals of linguistic
activity lasting 3 seconds were segmented into frames of
duration 30 ms with 15 ms shift. To compensate for the
Gibbs effect, the signal was weighed by the Hemming
window. Effects of channel distortions at the factor level
were offset by the calculation of the cepstral mean
subtraction and, taking into account the sufficient duration
of the analysis frameworks, the implementation of the
feature warping [17].
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In the block of informative features extraction from
each of the received from the block of preliminary
processing frames extracted 19 normalized by the power
cepstral coefficients [18], their energy and their first and
second derivatives. Also, for the presentation of speech
signals, the position of the theory of spectral-temporal
receptive fields was used, which describes the work of the
human auditory system with the involvement of the
results of psychoacoustic and neuropsychological studies
of the peripheral and central auditory system of mammals
in the spectral and temporal spaces [19, 20]. The STRF-
description of the speech signal included two stages. At
the first stage, the auditory spectrum was obtained as a
result of the simulation of the peripheral auditory system.
At the second stage on the basis of the first stage results
the high-level representations of linguistic representations
as the results of simulation of the auditory cortex of the
central nervous system of human ware synthesized.

For the implementation of the first stage, an affine
wavelet transform yc(t, f ) of the speech signal frame

s(¢), was initially carried out, which was passed through
a bank of cochlear filters: y (¢, f)=s(¢)*, Az, ), where

1000
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2000 2500

1000

£
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500 %
£
w

250
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500 1000 1500 2000 2500
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*, —1is a convolution operation in the time space. Further,
the work of hair cells y (¢, /) was modeled, which was

consistently performed: the operation of high-frequency
filtration to emulate the process of converting sound
pressure into the speed of hairs; nonlinear compression
operation g(u); low frequency filtering operation w(t) to
emulate phase blocking of the auditory nerve:
yalt.f)=g(8,yc(t, 1)), wlt). Next, the work of the
lateral inhibitory network of the cochlear nucleus
yuN(t, f ) was modeled in the form of a frequency
selection operation, for which the partial derivative of the
y A(t, f ) frequency was passed through a half-period

rectifier: y v (e, /)= max(6fyA (t,f),O). And the first
stage was ended by receiving the auditory spectrogram
y(t, f ) by convolution yj (t, f ) in the time space with
function u(z,c,):

1
. In

a short-term window

At )=y (6. )% nlt ks ), where plr,t)=e™™
Fig. 1 we can visually compare examples of Fourier and
STRF-spectrograms.
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Figure 1 — Visual representation of a speech signal: a, b — Fourier spectrographs of the speech signal without / with noise
respectively; ¢, d — STRF spectrograms of the speech signal without / with noise respectively
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The ongoing second phase was based on obtaining the
STRF-function as a result of the combination hg and 4y :

STRF = hg -hy , Where hg(f,0,0)= hy(f,0)cos0+hy.(f,0)sin®
hy(£,92,0) = hy, (£,Q)cos @ + };rt (t,Q)sing . Operation
STRF (t, 1,90, (p,e) on a spectrograph y(t, f ) describes
like STRE(r, ,9,0,9,0)= y(t, /) s (f,0,0)- hr (.2, 0)].
where *, is the convolution operation in both time and
frequency spaces. Fig. 2 shows a scalable STRF

representation of one of the speech signal frames from
Fig. 1 in hg./h,, space and MFCC- representation of the

same frame.

In the investigated ASRSCU from the frames of the
speech signal, according to the results of the STRF
analysis, three informative features were distinguished.
The first feature Fi(f,®) was obtained by summing the
values of all elements of the STRF representation in
hge [hyy spaces:

F(t,0)=Y > |STRF(t, /.9,,0,0) (16)
7 Q

where ®=12,...,N,, N, —1is the number Ay elements,
and the values of the phase parameters ¢ and 0, given
their small informativity for a speaker recognition task

n

0.50

[19], was considered equal to 0 for a simplification of
calculations. The second feature was obtained by
logarithm Fl(t, oa):

Fy(t,0)=log(F (1,0)). (17)
The third STRF feature was obtained using the
discrete cosine transform (DCT) [20] to F, (t, oa):

N(J)
F(t,k)= ZFz(t,m)cos(2nc0kN;I),
o=l
where k=12,...,N,, Ny < N.

Thus, the vector of informational attributes for one
frame of the input speech signal after its processing
consisted of 79 elements that are visually represented in
the form of a spectrogram-like structure, where the axis of
the ordinates is postponed by the number of frames along
the abscissa, the values of the ordinate axes correspond to
the numbers of informative features, and the intensity of
the color shows the value of the corresponding features
within the frame, multiplied by the corresponding
weighting factor. Such a way of presenting informative
features is due to the type of ASRSCU classifier.

(18)

soofF— — "‘_‘_'1 s00F

4.00 1 4,00+

2.00 | 200F {

ht 1.00 4 ha 100}

050 4 nsok

Figure 2 — Visual representation of a speech signal: a, b — MFCC-presentation of speech recording without noise / with noise; ¢, d —
STRF-representation of spectrographs of speech recording without noise / with noise in space /g, / hy
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In the classification block of the ASRSCU, a
convolutional neural network [21] was implemented. Its
architecture is designed taking into account the
recommendation (15) regarding the complexity of the
recognition system classifier, taking into account the features
space parameters, operating conditions and the purpose of
the ASRSCU. The structure of network (see Fig. 3) includes
two convolution layers for features extraction, two sub-
sampling layers to reduce features dimension, two local
normalization layers, three full-connected layers and
finalized by an output SOFTMAX layer.

The convolutional layer of the neural network
performs a two-dimensional convolution operation of the
fragment of the input image and a filter to extract the
height-level features based on the activation functions of
the Rectified Linear Units:

Mu—l
yp =max| 0, > wy , *x,+b, |. To reduce the data
m

dimension, the sub-sampling MAX-pooling type layers
are used, at the outputs of which the maximum values of
square pieces are obtained in size 3x3, on which the
input card is broken off without overlapping. In order to
prevent a decrease in the network training process speed
the Local Response Normalization procedure

implemented, in which the normalized response Bj (x, y)
at the output of y (x, y) MAX-pooling sub-sampling
layer at the position (x, ) is obtained as BY(x,y)=

K¢

H}”’l{ ('x’ y)z >

n=max(0,n-0.5x,)

min(M“,n+0.5K4)
=H"(x,y) k3 +x5

where M" — is a total number of cores in the layer u,
and the values xk3=2, x4=5, k5= 1073, kg =0.75
defined empirically. Dropout technology is implemented
to prevent overhaul on the full-connected network layer.
SOFTMAX classifier on the output layer of the network
determines the probability distribution y,, of membership

of the central pixel of the input fragment x,, to C

A < A B
speakers classes like y,, =¢e™" Ze " |, where
n=1

M
}‘n = Z(Wn,m
m=1
a stochastic gradient descent method with step 128 was
used. The rule for updating weight w; on k iteration
looks like
Ak+1 = O9Ak —0.004K7Wk — K7 6L/6Wk and 6L/6wk isa
derivative. The initial values of the neuron weights on
each layer were set using the zero mean Gaussian

distribution with a standard deviation of 1. The training
error was 0.0002.

* X, + bn), M =100 . For network training

Wiyl = Ak+1 + Wy, where

5 RESULTS

The main purpose of the experiments carried out with
the above-described ASRSCU was to assess the impact of
the operation duration on the recognition system quality
performance with the generalization of data on the
informativity of the attributes space elements. For this
purpose, the ASRSCU software was installed on three
computers at the Department of Computer Control
Systems of the Vinnytsia National Technical University,
which operated for two years. Experiments were attended
by 6 speakers (4 male and 2 female), each of whom
conducted regular recognition sessions at least once every
five days (total of over 2000 recognition sessions per
speaker per study period) with fixation of results . The
possible result of the recognition session was the correct
speaker’s recognition, the speaker’s confusion (the first
kind error, Miss) or denial access (second kind error,
False Alarm). The results of experiments are presented in
the form of detection error trade-off curves, which show
the dependence of the likelihood of the first kind errors F,

occurrence from the second kind errors Pﬁ occurrence

Cl:
24 maps
<]5x15 i
MI: C2: Fl-
[ o %‘_‘ 24 maps *7x7 48 maps #7=7 A
nput layer M2: 100 maps=1=1
1%79=<250 48 maps *3x3 Output layer
C classesx< =1
i T R
5%5 33 e 3%3
. : 5%5 . .
Convolution Max pooling . . 37 Full
Convolution ] . .
Max pooling connection

Figure 3 — Architecture of the ASRSCU’s convolutional neural network classifier
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probability, with the same threshold decision making
recognition system’s classifier. In particular, Fig. 4 shows the
DET curves depending P, / By on the operation duration of

the ASRSCU without the re-training of the classifier, to
evaluate the drift of the individual features that characterized
the speakers in the recognition process.

Fig. 5 shows the DET curves for P, /PB compliance

with the recommendations for the re-training frequency

0.2
0.1

010205 1 2 5 10 20 40
P!_'..IJU
Figure 4 — DET curves P, / PB of ASRSCU depending on the

0.001 0.0

duration of operation without re-training of the classifier

Pu.%
401

201 ke,

10 i

wn

]

0102 05 1 2 5 10 20 40
Pp.%0
Figure 5 — DET curves Py / By of the ASRSCU, depending on

0.01

the observance of the recommendations for the re-training
frequency and the length of the training sample, taking into
account the drift of individual speech parameters
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and the length of the training sample, taking into account
the drift of individual speech parameters. Parameters of
the periodicity of re-training and the length of the training
sample were determined for the ASRSCU by the formulas
(8) and (13) respectively.

Fig. 6 shows the DET curves P, / By depending on

the configuration of the ASRSCU features space, which
regularly passed re-training procedures with the
parameters of the training sample, regulated by the above
theoretical results.

p...”u

40

20

10

010205 1 2 5 10 20 40
Pg,%

Figure 6 — DET curves P(x/PB of the ASRSCU, depending on

0.001 0.0l

the feature space configuration

The obtained DET curves confirm the theoretical
assessments adequacy of the sufficiency of the classifier’s
complexity to make decisions on the speaker personality
of the ASRSCU, confirming the expediency of the re-
training procedure of the ASRSCU classifier and
correctness determined on the basis of theoretical
estimates of this procedure parameters.

6 DISCUSSION

The results of the experiments on a Fig. 4 show that
the quality indicators of the ASRSCU during a long-term
exploitation process are reduced stochastically without the
possibility of identifying an adequate tendency that to
some extent allows the use of the speaker recognition
system for its intended purpose, but makes its critical
application impossible, one of the conditions of which is
predictability of the work results.

The results shown in Fig. 5 clearly confirm the
expediency of the re-training procedure of the classifier,
whose parameters are regulated by the theoretical results
obtained in part 4 of the article. It should be noted that, in
addition to observing the periodicity of re-training, the
obtained results reveal the relationship between the
ASRSCU’s first and second kind errors probabilities and
the composition and the size of the training samples used
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for re-training. On the basis of the results analysis of a
long-term exploitation of the ASRSCU, the effect the
informative features drift on the quality of the system’s
operation was found which provides objective material
for optimization of the ASRSCU factor space by
reevaluating the weight of the informative features, which
are  subsequently visualized before using the
convolutional neural network classifier.

The results shown in Fig.6 on the one hand show a
greater informativeness of the features based on the
power-normalized cepstral speech signals analysis.
However, the features that result from the practical
application of the theory of spectral-temporal receptive
fields make up only about 4% of the features space, but
not only can significantly increase the quality of the
ASRSCU, but also make the DET curves more linear, that
is, in general, stabilize the decision-making process by the
system critical use.

CONCLUSIONS

In the article a theoretical analysis of the long-term
operation process of the ASRSCU was conducted, on the
basis of which the practical recommendations for the
stabilization of the quality indicators of the recognition
system are formulated.

The scientific novelty of the obtained results can be
attributed to the fact that for the first time a theoretical
analysis of the problem of an average risk minimization
has been made on the empirical operation results of the
speaker recognition system for critical use, in which,
unlike the existing approaches, non-stationary input data
with drift patterns and characteristic features of the
recognition system classifier are taken into account,
which allowed to estimate the limits of the risk
confidence intervals, provided that the re-training sessions
were carried out. The practical consequence of the
theoretical analysis is the formulated set of measures for
assessing the operational risks of long-term use of the
ASRSCU. In particular, using (3) the dependence of the
wrong classification risk on the dimension of the factor
space is described. Based on the formulated measure of
informativity (4), an analysis of the training sample on the
identification of elements that lead to increased risk was
made. Using (8), we describe the influence of the
phenomenon of drift of the speech signals parameters on
the qualitative performance indicators of the ASRSCU.
With the help of (13), an estimation of the operation
duration of the ASRSCU was carried out, during which it
was impractical to re-train the classifier. Applying (15)
the optimal classifier was chosen from the position of
minimization of its complexity, taking into account the
risks of long-term use of ASRSCU and the possibility of
re-training. In particular, the resulting ASRSCU-based
convolutional neural network classifier has a compact
structure and confirmed the predicted efficiency. The
formulated recommendations correctness is confirmed by
empirical results presented in the form of DET curves.

Subsequent studies are planned to devote to the
detection of the final potential of the spectral-temporal
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receptive fields theory in the context of the informative
features for speaker recognition synthesis. As the results
of experiments have shown, their use not only
significantly increases the qualitative performance of the
ASRSCU, but also make the DET curves more linear,
that’s, in general stabilizes the decision-making process
by a system of critical use. It is planned to investigate the
potential of introducing into the list of information
features used in the ASRSCU the human speech source
parameters and to make the final factor space
optimization.
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AHAJII3 PE3VJIBTATIB EKCILTYATAIII BTOMATU30BAHOI CHCTEMM PO3NI3HABAHHA MOBIISI KPUTHYHOT O
3ACTOCYBAHHA

Bicikano O. B. — 1-p TexH. Hayk, npodecop, AeKkaH (paKyJIbTeTy KOMII'FIOTePHHX CHCTEM i aBTOMATHKH BiHHUIBKOr0O HAI[IOHAIBHOTO TEXHIYHOTO
yHiBepcHuTeTy, Binnuipt, Ykpaina.

Kostyn B. B. — xaH/. TexH. HayK, [OLEHT, JAOLEHT KaheApH KOMII FOTEPHHUX CHCTEM YyIpAaBIiHHS BiHHMIBKOrO HAiOHAIBHOTO TEXHIYHOTO
yHiBepcuTeTy, BinauI, Ykpaina.

FOxumuyk M. C. — kaHA. TEXH. HAyK, JOLEHT, JOLUEHT Kadeapyu KOMII IOTepPHUX CHCTeM YNpaBiiHHA BiHHMIBKOro HaliOHATBHOTO TEXHIYHOTO
yHiBepcuTeTy, Binnurs, Ykpaina.

BoiiTiok 1. ®. — kaHJ. TeXH. HayK, JOLEHT Kaeapu KOMITIOTEPHHX HayK TepHOMIIBCBKOrO HAI[IOHAIBHOIO €KOHOMIYHOTO YHIBEpCHTETY,
TepHomnins, YkpaiHa.

AHOTALIA

AKTyaJbHiCTb. Y CTaTTi y3arajJbHIOETHCS TEOpisl CTATHCTUYHOTO HABYAHHS JUI OL{HIOBAHHS DPE3YJbTATIB IOBrOTPUBAIOl EKCILUTyaTallii
aBTOMATH30BaHOI CHCTEMH PO3Ii3HABAHHS MOBIS KPHTHYHOTO 3acTocyBaHHA (ACPMK3) i3 ypaxyBaHHAM 0COOIMBOCTEH 00’€KTY, i3 SKHM Ipamioe
CHCTEMa, Ta CTPYKTYPHOI crieni ikl TaKOTo KJIacy CHCTEM PO3ITi3HABaHHS.

Merta po6oTu. Po3pobiieHHs LiIICHOro KOMIUIEKCY 3aX0/iB s cTabimizauii skicaux napamerpisB ACPMK3 npu ii noBrorpusaiii ekcrutyaTtariii.

Metoa. Y po6oTi chopMyIb0BaHO KOMILIEKC 3aXOJiB A OIIHIOBAHHS EKCILTyaTallifHUX PH3UKIB TpuBanoro BukopucTaHHs ACPMKS3.
30KpeMa, ONMCaHO 3AJICKHICTh PU3NKY HENPaBWIBHOI Kiacudikanil Bix po3MipHocTi (akropHOro mpocropy. basyrouncs Ha cdopMysboBaHii Mipi
iH)OPMATHBHOCTI, IPOAHATI30BAaHO 3aXOAU ILIOJ0 aHATI3y HAaBYAIbHOI BUOIPKU [UISl BUSIBJICHHS NPHKIAMAIB, SKi MPU3BOIATH 10 3POCTaHHS PU3HKY.
AHaNITHYHO OIICAHO BILUIUB SBUINA Apeiidy mapaMeTpiB MOBHUX CHIHAJIB Ha AKiCHI moka3sHUKH epektuBHOCTI ACPMKS3. 31ilicHeHO OLiHIOBAaHHS
tpuBasiocTi ekcruryaranii ACPMK3, Ha npoTs3i sikol 3xiiicHIOBaTH IOBTOPHE HaBYaHHS Kiacudikaropa HexouiibHO. CHOpMyIIBOBaHO peKOMEHIALT
o0 Bubopy ontuMansHoro kinacudikaropa ACPMK3 3 mosuwii miHiMi3awil #oro CKIagHOCTI i3 ypaxyBaHHSIM PH3HKIB TPUBAIOi €KCILTyaTalii
ACPMKS3 Ta MOXJIHBICTIO IPOLIELypU IOBTOPHOTO HABUAHHS.

PesyabTaTh. IlinTBep/mKkeHO aJeKBaTHICTh OTPHMAHHX y POOOTI TEOPETHUYHHX PE3yJIBTATIB IpesacTaBieHuMu y Bursini DET-kpuBux naHumu,
SKI y3arajbHIOIOTH iH(GOpMAII0 Bix JOBrotpuBanux ekcrmepuMenTiB i3 ACPMK3, y skiit mpu ¢opmyBanHi KoHIirypauii mpocropy O3HaK
BPaxOBYBAJIMCS HOPMOBAaHI 32 MOTY)XHICTIO KENCTpalibHI KOe(ILiEHTH Ta MOXIiJHI BiJl HUX XapaKTEPUCTUKH 1 O3HAKH, OTPUMaHi Ha OCHOBI Teopii
CIIEKTPAIBHO-TEMIIOPAIBHUX DPELENTHBHAX IONIB. B paMkax CTBOpeHOi TEOpETHYHO! KOHIENIIl IPOBEACHO OLIHIOBaHHS BIUIMBY KOH(Irypamii
MPOCTOPY O3HAK Ta BUAY 1 CKIAIHOCTI KiacH(pikaTtopa Ha cTabiabHicTh sikicHux napamerpiB ACPMKS3 npu ii goBrorpuBaniii ekcrutyararii.

BucHoBku. Brepiie TeopeTHYHO INpoaHai30BaHO MpoOyieMy MiHiIMi3alii CepeHbOrO PU3HMKY IO eMIIPUYHMM pe3ysibTaTaM eKCILTyaTawil
CHCTEMH PO3Mi3HAaBaHHS MOBLI KPUTUYHOTO 3aCTOCYBAHHs, 1€, Ha BiIMiHYy BiJ iCHYIOUHX ITiJIXOXIB, BPaXOBAaHO HECTAI[IOHAPHICTh BXIJHHUX JAaHHX i3
napeiioM IHIMBIIyaTbHUX MapaMeTpiB MOBHHX CHTHAUIB Ta XapaKTEPHCTHYHI MapaMeTpu KiacH(ikaTtopa CHCTEMH PO3Mi3HaBaHHSI, IO J03BOJHIO
OILIIHUTH ME3KI IOBIPYMX IHTEPBAIIB PU3HKY 32 YMOBH 3iiICHEHHS CEaHCIiB IOBTOPHOTO HABYAHHS.

KJIIOYOBI CJIOBA: aBTOMaTH30BaHa CHCTEMa PO3IIi3HABAHHS MOBIIB KPUTHYHOTO 3aCTOCYBAaHHS, IUIAaHYBAaHHS EKCIIEPUMEHTY, (paKTOpHUH
aHaJi3, TeOPisi CTATUCTHYHOTO HABYAHHSL.

V]IK 681.327.12

AHAJIN3 PE3YJBTATOB IKCILUTYATAIIUA ABTOMATU30BAHHO CUCTEMBI PACIIO3HABAHUS IUKTOPA
KPUTUYECKOI'O IPUMEHEHUSA

Bucukano O. B. — n-p TexH. Hayk, mpodeccop, AexaH (aKyipbTeTa KOMIBIOTEPHBIX CHCTEM M aBTOMATUKH BHHHMIIKOTO HAI[MOHAILHOTO
TEXHUYECKOTro YHUBepcUuTeTa, BunHuua, YkpauHa.

KopTyn B. B. — kaH/I. TeXH. HayK, JIOLCHT, JOLEHT Kadeapbl KOMIbIOTEPHBIX CUCTEM YIIPABICHHUS BUHHUIIKOrO HALIMOHAIBHOIO TEXHUYECKOTO
yHHUBepcuTeTa, Bunnuna, YkpanHa.

HOxumuyk M. C. — KkaHA. TeXH. HayK, IOLCHT, JOIEHT KadeApbl KOMIBIOTEPHBIX CHCTEM YIPABICHWS BHHHUIKOrO HAI[MOHAIEHOTO
TEXHUYECKOro YHUBepcuTeTa, BuHHuIa, YKpauHa.

BoiiTiok U. ®. — xaH]. TeXH. HayK, JOIEHT Kadeapbl KOMIBIOTEPHBIX HayK TepHOMOIBCKOr0 HAIMOHATIBHOTO SKOHOMUYECKOTO YHHUBEPCUTETA,
TepHormoins, YkpauHa.
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AHHOTAIMUA

AKTyaabHOCTh. B cratbe 0000mIaeTcs TeOpUsl CTaTHCTHYECKOro OOYyYeHHsS JUIi OLEHKH pPe3ylbTaToOB JIUTENBHOH OKCILTyaTaluH
ABTOMATH3UPOBAHHOW CHCTEMBbI paclo3HaBaHUs AUKTOpa kpurudeckoro mpumenenus (ACPIKII) ¢ ydyerom ocoGeHHOCTEH 00BEKTa, ¢ KOTOPHIM
paboTaeT cHCTeMa, U CTPYKTYPHOH crienu(UKK TaKoro KJIacca CHCTEM PaclOo3HABaHUsA.

Lens paborel. Pa3paboTka IENOCTHOTO KOMILIEKCA Mep IO CTaOwmin3anuu KadecTBeHHBIX mapaMerpoB ACPJKII mpu ee amuTenbHOH
9KCIUTyaTalllH.

Meroa. B pabore chopmyaupoBaH KOMIUIEKC MeEp JUIS OLEHKM O3KCIUIyaTAal[MOHHBIX PHCKOB JUIMTENbHOro wucmosibzoBanusi ACPIKIL. B
YaCTHOCTH, OIMCAHO 3aBUCUMOCTb pHCKa HENPaBUIBHON KIACCH(HUKAIMK OT pPa3sMEPHOCTH (aKTOPHOrO IpOCTpaHCTBA. OCHOBBIBAsCh Ha
copMyIMPOBAaHHOH cTerneHr MHOOPMATHBHOCTH, C(OPMYIMPOBAHBI MEPhI 110 aHAIN3y O0yYaroluel BBIOOPKH I BBISBICHHS HPUMEPOB, KOTOPbHIE
MPUBOIAT K POCTY PHUCKA. AHAIMTHYECKU OIMCAHO BIMSAHHE SBICHUs JApeiida mapaMeTpoB pedeBBIX CHIHAJIOB Ha KaueCTBEHHBIC IIOKA3aTeNIH
s¢dexruBroctn ACPJKII. OcymecTBieHa OIEHKAa 3aBHCHMOCTH AIHTeNbHOCTH dSKciutyatanuun ACPJIKII, B TeyeHHe KOTOpOH OCYIIECTBIATH
HOBTOPHOE 00y4eHHue Kiaccupukaropa HeuenecoobpazHo. CHopMyIpoBaHbl PEKOMEHAALMH 1O BBIOOPY onTHMAabHOTro Kiaccudukatopa ACPKIT
¢ MO3ULUM MHHHMH3AIUH €r0 CJIOXKHOCTH C Y4eToM pPUCKoB anurenbHOd skcmayatamun ACPIKII # BO3MOXHOCTH IpOLEdyphl HOBTOPHOTO
00y4eHus.

Pesyabtarel. [loaTBepkaeHa aaeKBATHOCTH MONYYEHHBIX B pabOTe TEOPETHYECKHX PE3YNIbTATOB MpeiacTaBieHHbIMH B Buae DET-kpuBbIx
JAHHBIMH, KOTOpbIe 0000mAT HMHpOpMALUIO OT UIMTENbHBIX AKcnepuMeHToB ¢ ACPJIKII, B koTopoil mpu (GopMHpOBaHHM KOH(UTypanuu
MIPOCTPAHCTBA IPH3HAKOB YUUTHIBAINCH HOPMHPOBAHHBIE I10 MOIIHOCTH KEICTPalbHble KOY(QOUIUEHTH U IPOU3BOJHBIC OT HUX XapaKTePHCTUKH H
MPU3HAKM, TOJIyYeHHbIE Ha OCHOBE TEOPHHU CIIEKTPaJbHO-TEMIOPATbHBIX PELENTHBHBIX Nojeil. B pamkaX co3maHHOH TeopeTHYecKoi KOHIEeNIuH
MIPOBEJCHa OLIEHKA BO3JCHCTBHSA KOH(UIYpallMy IPOCTPAHCTBA NPU3HAKOB U BUJA U CIOKHOCTH KIacCH(UKATOpa Ha CTAOMIBHOCTH KaueCTBEHHBIX
napamerpoB ACPJIKII npu ee QIUTeNbHON SKCIITyaTaIuH.

BriBoabl. BriepBrie TeopeTHuecKy NpoaHaau3upoBaHa NpodieMa MHHUMH3AIUH CPEHEr0 PUCKA 110 SMIIUPHYECKHM Pe3yIbTaTaM dKCIUTyaTalluu
CHCTEMBI PACIO3HABAHUS AUKTOPA KPUTUUECKOTO IPUMEHEHHUS, I/ie, B OTINYUE OT CYIIECTBYIOIHUX ITOJXO0AO0B, yITEHAa HECTAHOHAPHOCTh BXOJHBIX
JIAHHBIX C Apeii(h)oM MHANBUIYAIBHBIX IAPAMETPOB PEUEBBIX CHTHAJIOB M XapaKTepHBIE MapaMeTpPhl KIacCU(PUKATOpa CHCTEMBI PACIIO3HABAHUS, YTO
TI03BOJIMJIO OLIEHUTH MPEJIEIIbl JOBEPHTEIbHBIX HHTEPBAIOB PHCKA C YCIIOBUEM OCYIIECTBICHHS CEAaHCOB IIOBTOPHOTO 00yYEHHS.

K/IFOYEBBIE CJIOBA: aBTOMaTH3MpOBaHHAS CUCTEMa PACIIO3HABAHUS JUKTOPAa KPUTUYECKOTO NMPUMEHEHUs, TNIAHUPOBAHHUE SKCIIEPUMEHTA,
(aKTOPHEIN aHAIN3, TEOPUSI CTATHCTHIECKOTO 00YICHHS.

JITEPATYPA / TUTEPATYPA http://www.cs.otago.ac.nz/cosc453/student_tutorials/principal_com
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neighbourhood structure [Electronic resource]. — Access mode: MOBIIB IPH BHUKOPUCTAaHHI 3rOpTalbHUX Helipomepexx / M. M.
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VJIK 519.86

TH®OPMAIIMHE MOJEJTIOBAHHS HEUITKUX 3HAHb

Bosommn O. ®. — n-p texH. Hayk, npodecop, npodecop kadeapu MoJeNOBaHHS CKIQJIHUX cucTeM KHIBCHKOTO
HauioHanbHOTO yHiBepcutetry imeHi Tapaca llleBuenko, KuiB, YkpaiHa.

Mauasp M. M. — kaHJ. TEXH. HayK, IOLUCHT, IOLEHT KaheapH KiOEepHETUKH i MPUKIATHOT MATEMATHKU Y KIOPOJCh-
KOT'O HalliOHAILHOTO YHIBEPCUTETY, Y Kropoa, YKpaiHa.

Monimyx B. B. — kaHxa. TexH. HayK, TOLUESHT Kadeapu nporpaMHOro 3a0e3nedeHHs CHCTeM Y KropoJIChKOro Halio-
HaJIBHOTO YHIBEpCUTETY, YKropon, YKpaiHa.

Hlapkani M. M. — kaHI. eKOH. HayK, AOLEHT Kadenpu KiGepHETHKH 1 MPUKIaJHOT MaTeMAaTHKH Y KIOPOACHKOTO
HAaIlIOHAIILHOTO YHIBepcUuTeTy, YKropoa, YKpaiHa.

AHOTAIIA

AxTyanbHicTh. [IpoBeseHO TOCIIKEHHS aKTyaIbHOI 3a1a4i po3po0iaeHHs iHGOPMaLiHHUX MOJIeNel MPEACTaBICHHsI HeUiTKUX
3HaHb Ul iHPOPMALITHUX TEXHOJIOTIH HA MPUKIAAI PI3HUX MPUKIAAHUX 3aadaXx, siKi 3yCTpidaloThes npu (QYHKIIOHYBaHHI COLIO-
CKOHOMIYHMX CHUCTEM i3 3aCTOCYBAHHSI allapaTy HEYITKUX MHOXHWH, HEUiTKOI JIOTIKH i CHCTEMHOTO i IXOAY .

MeTto10 naHOi poOOTH € pO3pOOICHHS iIHPOPMALIITHUX MOIENel IpeACTaBICHHS HEUITKUX 3HAHD U IPUUHATTS yIPaBIiHCHKAX
piteHs npu GyHKIIOHYBaHHI COL[I0-eKOHOMIYHUX CHCTEM B YMOBaX HEBH3HAYCHOCTI 3a BX1THHUMH €KCIICPTHUMH OI[IHKaMH.

O0’€KTOM IOCTIKEHHS € TIPOIIEC MOJICIIOBAHHS HEUITKUX 3HAHB HA OCHOBI (DYHKIIIH HaJIEKHOCTI IS BXITHUX €KCIIEPTHHUX OLli-
HOK 32 KPHTEpIisSMH.

IIpeqMeToM JOCIIDKEHHS € METOIH 1 MOJIEII MPEeCTABICHHS HEUITKUX 3HaHb JUIS IPUAHSATTS PIlllCHb B YMOBaX HEBU3HAYCHOC-
Tel.

MeTton. Briepiire 3ampornoHoBaHo iHpopMalliiiHe MOJCTIOBAHHSI HEUITKMX 3HAHb HAa OCHOBI (DyHKIIIN HAJIC)KHOCTI OIIIHOK 33 KpH-
TEPIAMH 1 X MOXKIIMBICTIO 3aCTOCYBAHHS IS PI3HUX MPUKIATHUAX 33/1a4. Y TOCKOHAJICHO MOJIEIb [IPE/ICTABICHHS HEUiTKUX 3HAHb IS
OLIIHIOBaHHSI IIJIATOCIIPOMOIKHOCTI ITiAMPUEMCTB Ta IHBECTHLIIHUX MTPOCKTIB, CHOpMyBaBIIN MHOXKHUHY KPUTEPIiB [JIsI OLIHIOBAHHS Ta
HaBeJICHO MPUKIagu NoOyAoB (YHKLIH HAJIEKHOCTI I/ MOPIBHIOBaHHS BXiOHHX AaHUX. Brepiie 3amponoHOBaHO iH(popMaLiiiHy
MOJIENTb TIPE/ICTABIICHHS HEUITKUX 3HaHb Yy BXIJHUX EKCIEPTHUX OLIHKAX, Ha MPUKIAJl OIIHIOBAaHHS CTapTall MPOEKTIiB, IO JA03BO-
JIUTH OTPUMATH JIIHTBICTUYHE 3HaYECHHS Ta OIIHKY JOCTOBIPHOCTI aJbTepPHATHBHUX BapiaHTIB.

Pesyabrati. OTprMaHUM PE3yJIbTaTOM JIOCIIDKEHHS € iHpopMaliiiHe MOJIECTIOBaHHS MPEACTABICHHS HEUiTKHX 3HAHb Ha MpPH-
KJaax moOyI0BM MOJIENCH OIIHIOBAHHS IIATOCIIPOMOYKHOCTI MiJAMPUEMCTB, IHBECTUIIIMHUX Ta CTApTAll MPOCKTIB 332 BXITHUMH CKC-
MIEPTHUMH OLIHKaMH. Po3pobnieHa Moienb Jae MOKIIMBICTD [UIsl HAOPAHUX €KCIEePTHHX OajiB c1abo CTPYKTYpOBaHOT a00 HECTPYKTY-
pOBaHOI 3a/1a4i OTPUMYBATH TIyMAuyeHHsI, PO3KPHBAIOYU Cy0’€KTHBI3M €KCIIEPTiB Ta MAaTH KiIbKICHY OLIHKY Yy HehopMai3oBaHHUX
3amavax. ParioHanbHICTh OLIHKK JOBOJUTH [IEPEBAry pO3poOICHUX MOJEIICH.

BucHoBkHu. Y po0OTi po3B’s13aHO HAYKOBO-TIIPHUKJIAJHE 3aBAAHHS pO3pOoOIeHHS 1HQOpMaLifHIX MOJeNeil IpeACTaBIeHHS HEUiT-
KHX 3HaHb I iHQOPMAaLitHOT TEXHOJIOTI] Ha MpUKIagax mo0yI0BA MOJeJeH OLiHIOBaHHS IIATOCTIPOMOKHOCTI HMiAIPUEMCTB, 1HBEC-
THLIHHMAX OPOEKTIB Ta CTapTall MPOCKTIB 32 BXiJHUMH CKCIICPTHUMH OLiHKaMU. PO3po0IIeHHsT MOiesiell HediTKUX 3HAaHb JaCTh MOJK-
JIUBICTH a/I€KBATHO MiJIWTH 10 OLiHIOBAHHS aJbTEPHATUBHUX PillleHb MiBUIIYIOUH IIPU IOMY CTYIiHb OOIPYHTOBAHOCTI HPHHHSTTS
pimens. 3anpornoHoBaHi iHGopMailiHi MoJeNi HEYiTKMX 3HAaHb OLIHIOBAHHS IUIATOCHPOMOXKHOCTI IiJIPUEMCTB, IHBECTULIIHHUX Ta
cTapTar IPOeKTiB MOKYTh OyTH BTiJIEHI Y poOOTY IHBECTULIIHHUX yCTaHOB.

KJIFIOYOBI CJIOBA: indopmauiiina Moaenb, HEUITKI 3HAHHS, HEYITKI MHOKHHH, (QyHKIIS HAJEKHOCTI, EKCIIEPTHA OLiHKa,
OPUHHSITTS PilllCHb.

HOMEHKJIATYPA Q= ignomenus ciuigysanus = { Cruinye, Ckopiiie
AH— H3060P0?H1 AKTHBH, BCBOT'O CIIJYE, ..., He cuinye};
Ao — obopoTHi aKTHBH, A = BigHowenHs 3B’s13ky = {I /ABO, Ckopirre Bcbo-
Bk — B1acHMH KamiTan, ro 1/ABO, ...};

Bm — matepianbHi 3aTpaTH, BUTPATH HA OIUIATY IIpari

e o u() — byHKIisS HATEKHOCTI;
Ta iHIIi OmepaniitHi BUTpaTH;

T3 — IOBFOCTOKOB] 30608’ A3aHHS @; — EIeMEeHTH TEePM-MHOXKHHH JIIHTBICTUYHOI 3MiH-
3 — moTOYHI 30008’ I3aHHS; HOI,
3HB — 3a0€31eYEeHHs HACTYITHUX BUTpAT 1 1iIboBe (i- a — JMCJIOBMH I1apaMeTp;

HAHCYBaHHS; @; — eNeMEeHTH TepM-MHOXXUHHM JIIHTBICTHYHOI 3MiH-
I — moTouHi (iHaHCOBI iHBECTHLIIT; HOT;

IT — indopmaniiiHi TeXHOIOTI;

K8 — rpomroBi xomrw;

OITP — ocoba, o npuitmMae pilieHHS;

UYn — ynctuii npulyTOK;

ot — (YHKIISI HAJISKHOCTI «Oa)KaHUX 3HAUCHBY;

E= BimHomeHHs HanexHOCTI = {Hanexurts, Cropiire

BCHOTO HAJICXKHTH, ..., He HaNeXuTh};
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b — uncrnoBwii MapameTp;
B — niHrBicTh4Ha 3MiHHa;

CF{) — moyaTkoBa IHBECTHUIIIS;
CFj, — noTik maTexis Ha k-BoMy Kpolii, a00 B K-BOMY

nepioi;
Cs — cyma kpenuty (OCHOBHHI O0pr);
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g; — 3ropTKa cyMmHu OaliB 10 rpajaliifHii mxam amis
PO3TIIsAYBAHOTO CTApTaIly;

G, — cyTb izef;

G, — aBTOpH i7€7;

G3 — MOpiBHsUIbHA XapaKTEPHCTHKA i1el;

G4 — KoMeplliliHa 3HAYUMICTb 171€1;

G5 — odiKyBaHI pe3yJbTaTH;

[{ —4ucTa IpUBeeHA BapTiCTh IIPOEKTY;

1, — npocTuil TEpMiH OKYIHOCTI IIPOEKTY;

13 — cHiBBIJHOIIEHHS KPEUTY IO BapTOCTI IPOEKTY;

14 — CIIBBITHOLIEHHA KPEAUTY IO LIiHHOCTI IIPOEK-
Ty/00’€KTY;

IC — 3arampHa BapTiCTh (IHBECTHIIIHHMIA
MIPOEKTy 0€3 ypaxyBaHHS BiJICOTKIB;

K — MHOXWHa KpUTEpiiB ePeKTHBHOCTI;
K, —3Ha4YeHHs 1-TO KPUTEPIIo;

O10KeT)

K| — xoedilieHT MUTTEBOT JIIKBIIHOCTI;

K, —xoedimieHT 3araapHOT JTIKBIIHOCTI;

K3 — xoedinieHT GiHaHCOBOT HE3ATIEKHOCTI;

K4 — xoedilieHT MaHEBPEHOCTI BIIACHUX KOIITIB;

K5 — xoedilieHT JiAIbHOCTI MUHYIIHX POKIB;

K¢ — koediuieHT peHTa0eIbHOCTI BUPOOHULITBA;

K 11 — 3aMpPOIIOHOBAHA 1/1esT — 11 MPOIYKT ab0 MOCiyTa;

K; — JI0 SIKOi TaJTy3i BITHOCUTBCS PO3pOOIICHA ifes;

K% — coliajbHe 3HaYeHHS i71ei;

K}; — cuia iaet;

m — IIKaJIa KpUTEpialbHUX OL[HOK;

my — OLliHKa 00’ €KTy AOCIIKEHHS Ay>K€ HU3bKa,;

my — OLIIHKA 00’ €KTy AOCIIKEHHS HU3bKa;

m3 — OILIHKA 00’ €KTy JOCIIIKEHHS CEepeHs;

m, — OLIHKA 00’€KTy JOCHiMXKEHHS BHIIE CepPeaHbO-
ro;

ms — OLIHKA 00’ €KTY JOCIIDKCHHS BUCOKA;

m() — OIiHKA aNbTEPHATHBH,

1 — KUIbKICTb aJIbT€PHATHUB;

n— cepetHE POCTOT0 TEPMiHY OKYITHOCTI;

O;; — ouiHKa j-I aJbTEPHATHBY 110 i-My KPUTEpit0;

P — MHOXMHa anbTepHATHBHUX BapiaHTIB;

¥ — CTaBKa JUCKOHTYBAaHH:,

* . .
U —MipKyBaHHS eKCTIepTa 010 TEPMY OILIHIOBAHHS;

U;| — «omiHKa Ipyny KpUTepiiB 3HAYHO HIKYA BITHO-
CHO «0a)KaHOTO 3HAYCHHSIM;
Uj — «omiHKa Tpymu KpUTEpiiB HMXKYA BiXHOCHO

«0a)XaHOTO 3HAYCHHSY;
U;3 — «o1iHKa Ipynu KpuTepiiB O6iamu3bka 1o «Oaxa-

HOT'O 3HAYCHHAN»
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U;4 — «oliHKa TPy KPUTEpiiB TPOIIKU Kpama Bix-
HOCHO «0a)KaHOTO 3HAYCHHS»»;

U;s — «oIiHKa Irpyny KpUTEPiiB 3HAYHO Kpalia BiHO-
CHO «0a)xaHOTO 3HAYCHHS»;

Vv — BaroBuil KoeQiIlieHT;

VM — PUHKOBA BapTiCTh AKTUBY;

W — HOPMOBaHHH BaroBuii KOoedillieHT;

X,

; — 3HAYEHHS JIIHIBICTUYHUX 3MIHHUX;

Xi
CTapTaimy I10 rpynax KpuTepiis;

Y — 3HauYeHHs JIHIBICTUYHOI 3MIHHOI.

— 3Ha4YeHHS (QYHKLIi HAJIEKHOCTI PO3IJIIsyBaHOTO

BCTYII

Buxopucranas iHQOpMaIitHIX TEXHOJOTIH y pi3HUX
cdepax IOIACHKOI TiSUTBHOCTI CYIIPOBOIKYETHCS PO3POO-
KOIO IHTENEeKTyalbHHX CHCTEM, $IKi BHKOPHUCTOBYIOTH
3B’A30K 3HaHb Yy 3arajJbHOMY BHIAIKy 3 HaBKOJIHIIHIM
ceitoM. [locTaHoBka 1 po3B’s3aHHA 10001 3amadi
3B’s3aHa 3 KOHKPETHHUMH MPEIMETHUMHU OOIaCTAMH, SIKI,
SK IPaBWIIO, € TMOTaHO abo CIabKO CTPYKTYpPOBaHHUMH.
[ToHATTS «3HAHHS» 33 CBOEIO CYTTIO SIBIISIETHCS Oararo-
3HAUYHUM. 3HaHHS y IIUPOKOMY CEHCI — CYKYITHICTB IO-
HATh, TEOPETUYHUX MOOYIOB i ySABICHb. 3HAHHS y BY3b-
KOMY CEHCi — II¢ 3aKOHOMIPHOCTI NpEeAMETHOI Tay3i
(mpuHIMIH, 3B’S3KH, 3aKOHM), OTPAMAaHI ITiJ] 9ac MpaKTH-
YHOI JisuTbHOCTI Ta mpodeciitHoro nocBixy moauHu. Cpo-
TOJHI y TaXy3i IITYYHOTO iHTENEKTy HE icHye cTporo ¢o-
pPMaTi30BaHOTO BHM3HAYEHHS IOHSITTS <«3HAaHHM». bib-
ICTh (axiBIiB, PO3POOHHKIB IHTENEKTYAJILHUX CHUCTEM
BUKOPHCTOBYIOTh TaKe BU3HAYCHHS: 3HaHHA — 1ie J00pe
CTPYKTYpOBaHa iH(opMarrisi, o 30epiraeTbcsi B CUCTEMI i
MICTUTB YCi BIIOMOCTI IpO HpeAMETHY 00JacTh Ta mpa-
BWJIa BHBOJY, IO HEOOXiMHI JJis pO3B’s3Ky Oe3nmivi 3a-
BIaHb iHTenekTyanbHoi cucremu [1]. Ilix wac mpoekry-
BaHHSA Ta PO3POOKM IHTENEKTYyalbHOI CHUCTEMH, 3HAHHS
MPOXOASTh AHANOTIYHY TpaHCcOpMAIlI0 TaHWX — Bif
OUMBII y3araJbHEHUX MHOXXHH IO OLTBIN BY3BKHX, KOHK-
pETU30BaHUX IS AaHOI mpeaMeTHol obmacti. [Ipu pospo-
Omi iHTeNeKTyaJbHHX CHCTEM 3HAaHHSI NP0 KOHKPETHY
MpeaMeTHY 005acTh, I SIKOi pO3pOOISIETHCS CHCTEMAa,
pinko OyBaroTh MOBHMMH U JIOCTOBIpHUMH. Bukopucran-
HSl TOYHHMX METOJIB HE JI03BOJISIE BpaxyBaTh BepOalbHY
HETOYHICTh Ta cy0’€KTHBI3M ekcrepTHoi iHdopmarii, mo
y CBOIO Uepry Hakjamae OOMEXCHHs Ha sKiCHE BimoOpa-
JKCHHSI 3HaHb IS IPUHHSTTS PillICHb.

Ha croromuimHiil AeHs iCHY€ BeTHMKa KiJIbKICTh MOJC-
JIel TIPEeJCTABICHHS 3HAHb B IHTEJIEKTYAJIBHUX CHCTEMaX.
‘YMOBHO BCi MO/Iei MOKHA PO3AUTUTH Ha HACTYITHI TPYIIH
[1]: morivni, MPOAYKIiKHI, CEMAaHTUIHO MEpEXeBi, (ppen-
MOBI, MaTeMaTHYHI.

[ToOymoBa MaTeMaTHYHHX MOJEJICH, B HiIOMY, 0a3y-
€TbCsl Ha 00’ ekTHBHIHN iH(OpMarii Ipo 00’ €KT, X04a MOXK-
JIMBO 1 HA HETOYHIH, OCKIJIBKM NpU 1MOOY0BI MOJEINi BU-
KOPUCTOBYIOTBCSI BIJIOMOCTI OTPHMaHi €KCHEPTHUM 4YH-
HOM, SKi BiJIOOpa’karoTh 3MICTOBHI OCOOJHBOCTI JTOCITi-
JOKYBaHOTO 00°€KTy 1 (hOpMYITIOIOTHCS HA IPUPOJIHIA MO-
Bi. Onuc 00’€KTy y TakoMy BHUINAJKy HOCHTH HEYITKHH
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xapakrep. Tomy ans BimoOpakeHHS 3HAHB NIPO 00’ €KT
JOUITHPHO BHKOPHUCTOBYBATH TEOPil0 HEUITKMX MHOXKHH.
TakuM 4HHOM, IPOXOAUTH IEpeXif 3HaHb y KIACHYHOMY
PO3yMiHHI /10 3HaHb HEYITKHX.

HewiTki 3HaHHS y 3aralbHOMY BHITQAKy MOYKHA OIIH-
caru uyepes JIHrBicTH4HI 3MiHHI. Hanpuknan,

Sxmo (@) By X[ AjayEy Xy Ay.ooa) 5 X)), TO
Q,BE;Y.

OCHOBHUM €JIEMEHTOM IIpH MOOYIOBI MOJENI HEeiT-
KHX 3HaHb € 3HAUYEHH JIHTBICTUYHHUX 3MIHHUX, SKi OTpH-
MYIOTBCA Yepe3 MOJIENb BiAMOBIAHOI (QYHKIIIT HAJIE)KHOCTI
HEYiTKOI MHOYKHHH.

AKTyanpHICTE PO0OTH ToOJsIrae y iHdopMariitHomMy
MOJICITIOBaHHI MPEICTABICHHS HEUITKUX 3HAHb JJIS Pi3-
HUX MPUKIAIHUX 3a]adax i3 3aCTOCYBaHHS anapary Hedi-
TKHX MHOHH, HEYITKOT JIOTiKH 1 CHCTEMHOTO IiJXOIy J0
noOyZOBH JaHUX MOJENEH, 110 Ha CHOTOJHI € HEPO3KpH-
TAM JOCTaTHIM 4YHHOM. Y poOoTi HaBeIeHO iH(popMamini-
HE MOJEIIOBAHHSA HEUITKHX 3HaHb, HA HPHKIAIl TPHOX
NPUKIAJHAX 33/1a4: OLHIOBAHHA IUIATOCHPOMOXKHOCTI
MiIITPUEMCTB, OIIHIOBAHHS 1HBECTHIIIHHUX IPOEKTIB Ta
OILIIHIOBAaHHS CTapTam MpOoeKTiB. [HpopmamiiiHne Momemro-
BaHHS HEYITKHUX 3HaHb JJACTh MOXKJIMBICTh aJ€KBaTHO ITi-
JTIATH 10 OI[iHIOBaHHS AJbTCPHATHBHHUX PIIICHb ITiBHU-
LIYIOYW MPU [[BOMY CTYIIHb OOTPYHTOBAHOCTI IPUIHATTS
pilleHb.

O0’exkTOM JOCTINKEHHS € MIPOLEC MOJICIIOBAHHS HE-
YiTKMX 3HaHb HAa OCHOBI ()YHKIIH HAJEKHOCTI JUIS BXiJ-
HHX EKCIIEPTHHUX OIIIHOK 38 KPUTEPIsIMH.

IIpenMeToM T0CTiTKeHHSI € METOOM 1 MO Tpea-
CTaBJICHHS HEYITKUX 3HAaHb ISl NPUHAHATTSA pilleHb B
YMOBaX HEBU3HAUEHOCTEH.

Mertoi0 podoTH € po3poOieHHs iHQOPMAIIfHUX MO-
Jernell peICTaBIeHHs HEYITKMX 3HaHb Ha MPHUKJIagax Mo-
OyZ0BH MOJIENICH OLIHIOBAHHS IUIATOCIPOMOXKHOCTI ITif-
NPUEMCTB, IHBECTHUI[IHHUX Ta cTapTan MpPOEKTIB 3a BXij-
HHMH €KCIIEPTHUMH OLlIHKaMH.

1 IIOCTAHOBKA 3AJJAYI

Jnst mocATHEHHST METH HayKOBOTO JOCIHIIKEHHS He-
00XiJTHO BUPIIINTH TaKi 3aBIaHHI:

— BIeEpIIC 3alpONOHYyBaTH iH(pOpMAIliifHe MOIEIO-
BaHHS HEUITKMX 3HAHb HAa OCHOBI (DYHKIIH HaJIEKHOCTI
OIIHOK 3a KPHUTEPisIMU 1 X MOXIHUBICTIO 3aCTOCYBAaHHS
JUTS pI3HUX NPUKIAJHAX 337ad;

— YAOCKOHAJHMTH MOJIeNb IPEJCTaBJICHHS HEYITKUX
3HaHb JUIsl OIHIOBaHHS IUIATOCIIPOMOKHOCTI MiJIIpH-
€MCTB Ta IHBECTHUIIHHUX MPOEKTIB, CHOPMYBATH MHOXKH-
HY KpUTEpiiB 11 OLIHIOBaHHS TA HABECTH NPHUKIAIN T10-
OynoB (YHKIIHA HAICKHOCTI I OPIBHIOBAHHS BXIJTHUX
JaHUX;

— BIIEpIIE 3alpONOHYyBaTH iHPOPMALIHHY MOMIETH
MIPEACTAaBICHHS HEUITKNX 3HAHb IS BXITHUX €KCIIEPTHUX
OIIIHOK, Ha TIPUKJIaJli OLIHIOBAHHS CTapTal MPOEKTIB, IO
JIO3BOJINTH OTPUMATH JIHTBICTUYHE 3HAYECHHS Ta OLIHKY
JIOCTOBIPHOCTI aJIbTE€PHATUBHIX BapiaHTIB.

CdopmyitoemMo 3a1a4y JTOCHIPKEHHST HACTYITHUM YH-
HoMm. Hexali MaeMo Ha BXOi JeSIKy MHOKHHY aJIbTepHA-
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TUBHUX pimens P =(A,P,...,P,), 111 sIKuX NOTpiOHO
noOyayBatu iX paH)XyBalbHHH psiji Ha OCHOBI iH(oOpMa-
LIITHOIO0 MOJENIIOBAHHS HEYITKUX 3HAaHb. PO3risIHEMO Me-
TOJI MOJICTIFOBAHHS 3a7adi 0araTOKpUTEePIaIbHOTO BUOOPY
3a JIOTIOMOTOI0 anapary HEYITKHMX MHOXHUH Ta MOOYI0BU
ix ¢yHkuii HanexHocti. MHOXXKMHA P Moke OyTH SK CKi-
HYEHOI0, TOOTO JIOMYCTUMI AIBTEPHATHBH MOXHA Mepe-
paxyBaTH, TaKk 1 HENEPEPBHOIO, 3aJaHOI0 YMOBaMH-
0OMEKECHHSIMH. [Mo3naunmo
K ={(XK;,.M(K;)),i =1,2,...,m} HediTKy MHOXXHUHY KpHTE-
piiB eeKTUBHOCTI, 332 JOMOMOIOI0 SIKUX IPOBOIUTHCS
OLIIHIOBaHHS KOXHO{ aJbTepHATHBH 13 MHOXHUHU P.
W(K;) — ouiHka ¢yHKII{ HaJEKHOCTI BiJIOBIAHOTO KpPH-
Tepiro, MoOymIOBaHOK iH(GOPMAIIHHUM MOJIEITIOBAHHIM
MPE/ICTABICHHS HEYITKUX 3HAHb.

TakuMm 4nHOM, 33724y BHOOPY MOKHA CHOPMYJITIOBATH
HACTYITHUM YMHOM: BHOpaTH HaWKpally ajbTepHATUBY 13
MHOXXHHMA P, Koiau BIigoMi Ha Iiii MHOXHHI OL[IHKH
(K, W(K;)),i=12,....m.

2 OIJiAd IITEPATYPHU

OcraHHI HayKOBi JIOCIHI/DKEHHS CBiI4aTh IMPO HEOO-
X1THICTH 1H()OPMAIIIHHOTO MOJICITFOBAHHS HEUITKUX 3HAHb,
110 /I03BOJIATH HA OCHOBI HEYITKOi, HETTOBHOI, 8 OCOOINBO
eKcriepTHOi  iHpopMallii OTpPUMYBAaTH aJCKBaTHI Ta
00’€KTHBHI 3HaHHSA PO 00’ €KT mociimkeHHs. JJoOyBaHHS
BEJIMKMX MAcCHUBIB JaHUX Oe3 iX HaJe)XHOI'0, a T'OJIOBHE
SIKICHOTO OTIPAIffOBaHHS HE Ma€ 3MiCTy.

BuxkopucToByoun cydacHi METOIM JOCTIIKEHb, IPO-
aHaJI3yeEMO JDKEpena, [0 CTOCYIOTHCS BHKOPUCTaHHS
amapary HeYiTKOI MaTeMaTHKU JUIs CTBOPEHHS y CHCTe-
Max MIITPUMKH HPUHHATTS YINPaBIiHCHKUX PillIeHb MO-
JieNield TIpeJICTaBlICHHsl HEYiTKMX 3HaHb. Hampukian, y
pobotax [1-2] po3risHyTi 3aranbHi ifei Ta nepesaru, Ha
AKAX 0a3ylOThCsl CydacHi HOTJLIIU IIOAO0 BHKOPUCTAHHS
HEJITKOI JIOTIKH B CHCTEMaX IiATPUMKH TPUHHATTS pi-
meHb. Y npandx [3—4] npencraBieH0 BUKOPHCTaHHS He-
4iTKOi JIOTIKH B PI3HUX c(epax 3acTOCYBaHHA, IO JA€
3MOTy BHM3HAQUEHHS ONTHMAJIBHHX IIapaMeTpiB 3a YMOB
HEBU3HAYEHOCTI BXIOHWX 3MIiHHUX. Y poboTi [5] wiTkO
OKPECIICHO 1 BBEJICHO OCHOBH BUJI00YTKY AaHuX. [Iutanns
BUI00yTOK JaHUX PO3MIISAAETHCS TOJIOBHUM YMHOM 3 TO-
YKHM 30py MAlIMHHOTO HAaBYaHHS i CTATHCTHKU PO3IJIsja-
I0ThCS Y poboTi [6].

BukoprcranHst METOZIIB HEUITKOTO aHali3y B OLHIOBAaH-
Hi MJIATOCIIPOMOXKHOCTI IMiANPHEMCTB Ta CTBOPEHHS BiJIO-
BIIHUX CHCTEM IATPUMKHU TIPUHHATTS PIlICHb IS eKCTIep-
TiB mpexacTaBieHo y [7-8]. OuiHrOBaHHs 1HBECTHIIIHIX
MPOEKTIB Ta CTapTal TNPOEKTIB 3a HEYITKMX Ta HEMOBHUX
BXIIJHUX JaHUX MPENCTaBiIeHo y poborax [9—10].

3 MATEPIAJIA 1 METO/IH
Po3KkpHUTTS HEBH3HAYCHOCTI B CTAaOUIBHIN cHTYyaIlii
MOX€  3IIMCHIOBATUCh  KIACHYHUMU  HMOBIpHICHO-

CTaTUCTUYHUMHU METOAAMH, alie MPHU 1[bOMY OTPHUMYIOTh
YCEepeIHEHI OIHKH, SIKi MAalOTh HE 30BCIM KOPEKTHUI
xapakrep. B HecTaOUIbHIN cUTyallil, 3aCTOCYBaHHS CTaTH-
CTMYHUX METO/IB HE € 30BCIM KOPEKTHUM 1 TOAI pilICHHS
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MMOBMHHI TPUHAMATHCSA MO TpaBHWJIaM, SKi BiIMOBITAIOTH
npuniunam OIIP, mo BimHOmIEHHIO 10 (peHOMEHA HEBU-
3HAYEHOCTI.

Po3B’s3yBaHHA 32124 3BOAUTHCS /0 BUSABJICHHS 1 J10-
crimpkenas ysasineab OIP, a Takox 1o moOymoBu Ha mid
OCHOBI aJIcKBaTHOI MOJIE/Il BUOOPY HaWKparoi albTepHa-
TUBU. BakiuBa 0COOJMBICTH 3a7ay MPHHHATTS PIIICHB
MOCTa€ y HEOOXITHOCTI BpaxyBaHHS CyO’ €KTUBHHX CY-
JoKeHb excriepTiB, abo OIIP npu dopmanizawii nmpeacras-
JieHb 1 BuOOpi Haiikpaioi ansTepHaTiBU. L1 ocoOnuBicTh
o3Havae, mo pizHi ekcneptr Ta OINP B oxHill 1 Tidl camiit
CUTYyaIlil IpUHAHATTS pillleHb, HA OCHOBI OXHOI i TIi€l X
MOJIeJTi, MOXYTh OTPUMATH Pi3Hi Pe3yIbTaTH.

B momiOHMX cHTyamisx HPUHHATTS PIlIeHb 3iHACHIO-
€TBCSI HAa EKCIIEPTHUX OLIHKAX, NPU I[bOMY PO3YMIETHCH,
0 «paIliOHATBHUI eKCIepPT» 3JaTHUH JAaTH TOYHY OLiH-
Ky. Tum He MeHIIe, HeOOXiTHO BiAMITHTH, MO OyAb-IKUil
eKCIIEpPTHUH BUCHOBOK, HaBiThb 3pOOJICHHH [0 TOYHHM
00’€KTUBHUM JJaHUM, 3HAYHO HEBU3HAYCHUI, YUM BHUCHO-
BOK, SIKMH OCHOBAaHWI Ha CKJIaJHI{ OaraToBUMIpHIH CyKy-
IMHOCTI JaHuX. TakuM YMHOM, XOY EKCIEepPTHI BHCHOBKH
MOXYTb MICTUTH NPaKTH4YHI IPOTHO3M, ajleé BOHU MICTSTh
y co0i HeBM3HAYEHICTh. B mocrasieHiit mpobiemi Bei BXi-
IHI JaHI OTPUMYIOTECS, B Till UM iHIIIH Mipi, eKCIIEPTHUM
IIJISIXOM.

He 3menmryroun 3aranpHOCTi, OyeMO pO3TiIsaaTH 3a-
nadi BUOOPY, Y SAKUX MHOXKHHA JIOIYCTUMHUX aJbTEPHATHUB
MUCKpeTHa 1 CKiHYeHa, TOZl OLIHKKA 3HAa4eHb (QyHKIIii
HaJISKHOCTI 110 albTepHATHBAX MOXYTh OyTH MpPEACTaB-
JIeHa y BUTJISA1 Taom. 1.

A00 MaTpH1Ii pillleHb:

0=(0y)i=lmj=1n. (1)

Ta6muus 1 — Ouinky 3HaYeHb QyHKIIH HaIKHOCTI
0 aJIbTePHATHBAX

AR | B B,
WKy | Oy | On Oy,
M(I:Q) Oy | O O2n
WKy) | Opt | Oma Opn

OyHKITT HAIEKHOCTI IS BIAMOBIIHUX KPUTEPIiB Oy-
JIeMO BHOHMpaTH BpaxOBYIOUM KOHKPETHY HPHUKIAJHY 3a-
nady. HaBememo mopeni mojo MOJaHHS, KPUTEPIiB OIli-
HIOBaHHS JUISl PI3HUX TNPHKJIaJHHUX 33/1a4 3a JOIOMOTOI0
amapaTy HEUITKIX MHOXKHH 1 (pYHKITIH HAIEKHOCTI.

PosrmsmgaeTscst BapiaHT iCHYBaHHS KiTBKICHUX 1 SIKiC-
HUX KPHUTEPiiB OIIHIOBaHHA. 3aIpOIOHYEMO MOOYIOBY
Mozenel HEediTKMX 3HaHb 3a JOMOMOTOI0 (opmaizamii
KpHTepIiB oliHioBaHHs (yHKIisiMUA HanexHocTi. [Tpuse-
JIeMO HaiOUIbII noMmuMpeHi BUaK GYHKIIT HaNeXKHOCTI, sIKi
MOXYTbh 1JEHTH(]IKYBaTH MHOXHUHY KPUTEPIIB IOCIIIKY-
BaHMX 3aja4.

Bci kputepii BU3HAYAIOTHCS 1 OI[IHIOIOTHCS SKCIepTa-
MH, TOMY BOHHM HecyTbh y coOi MeBHHI Cy0’ €KTHBI3M, He-
BU3HAUYCHICTh JaHWX Ta iH(popMmanii 1 HEoOXimHICTh
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00’eTHaHHSA KUTBKICHOT Ta sIKicHOI iH(opMarii. B pe3yis-
TaTi [BOTO, CTAa€ MOXIIMBHM BHKOPHCTOBYBAaTH amapar
HEJITKUX MHOXXHH IJIS PO3KPUTTS HEBM3HAYEHOCTI 1 (o-
pmanizanii sikicHoi iHdopmanii. Tomy, indopmariiine
MO/JIC/TIOBAHHS HEUITKUX 3HAHb depe3 (QyHKIiA HaleKHO-
CTI KpHUTEPIiB AaCTh MOJIMBICTh OUIBII aJCKBATHO Mifi-
WTH 10 po0IeMH OLlIHIOBAHHS.

HaBenemo neski kpurepii Ta miaxoau 1o moOymoB ix
(hyHKIIIH HaICKHOCTI, 1[0 BaPTO 3aCTOCOBYBATH JIJIS OIli-
HIOBaHHSI IJIATOCTIPOMOKHOCTI mignpuemMcts [11].

1. KoedimieHT MUTTEBOI JIKBIOHOCTI (CHIBBIiIHO-
IICHHS MMOTOYHUX (PIHAHCOBHX IHBECTHIIMI Ta BCIX Tpo-
IIOBHX KOIITIiB JI0 TOTOYHHUX 3000B’s3aHbB), PO3PAXOBY-
€THCS 3a (HOPMYJIIOIO:

_Ks+7

3 @

K

Jlaauit KoedimieHT XapaKTepu3yEThCS TUM, K LIBHI-

KO KOPOTKOCTPOKOBi 3000B’s3aHHSI MOXYTb OyTH IoTa-
IIEH] BHCOKOMJIKBIZHMMH aKTHBamMu. To00TO, 34aTHICTH
MiAMPUEMCTBA HETAaWHO JIKBILyBaTH KOPOTKOCTPOKOBY
3apoproBanicTh [12]. B Takomy Bunanky QyHKIis Haje-
KHOCTI Koe(il[ieHTa MUTTEBOI JIIKBIHOCTI MOXe OyTH
MpEe/ICTaBIeHa Y BUIIISL S-TT0/1I0HOT (DYHKIIIT HAJIE)KHOCTI:

0, x<a
2
2 2_“ . g<x<dth
—a
uS(Xaasb): b 2 b ) (3)
1—2[ —x] s i<x<b
b—a 2
1, x>b
e a, b— uucioBi mapameTpH, M0 MOXYTh IpHAMATH

KpHUTEpii OIIHKHA 1 BIIOPSITKOBAHI CIIBBITHOIICHHIM: a < b .
Jani yHKIIT HAJIeKHOCTI YTBOPIOIOTH HOPMaJIbHI BHITYKJTi
HEYiTKI MHOXHWHH 3 simpoM [b;+00) 1 Hociem (a;+0). Sk-
IO B3STH Ta MpPOAHAaNi3yBaTH JOCTATHHO BEJIHMKY BHOIPKY
CEepelHiX MiINPHEMCTB ONHi€l raimy3i (YHKLIIOHYBaHHS,
TOAL OTPUMAEMO, 110 IIpHU 3HaueHHi K| < 0,2 minnpuemct-
Ba HE 3JaTHi JIKBiyBaTH KOPOTKOCTPOKOBY 3a00proBa-
HICTB 32 KOpPOTKWH 4ac, a mpu Kj >0,25 — BinmosinHO
IIBUJIKO KOPOTKOCTPOKOBI 3000B’sI3aHHSI MOXYTb OyTH
ToralleHi BUCOKOJIIKBITHUMY aKTHBaMH. B Takomy BHmaj-
Ky, MOXEMO MoOy/yBaTH S-IOAIOHY (QYHKIIIO HaJIEKHOCTI
(popmyna (4)), Ha OCHOBI SIKOT Ma€MO MOXKJIMBICTB TTOPIB-
HATH JISUTBHICTD MiIPHEMCTR:

WKy 0,2, 0,25)=
0, K, 0,2
32(5K, 1), 0,2 < K <0,225; (4)
1-50(1-4K,)%,  0225<K; <0,25;
1, K, 20,25.

BukopucroByroun JaHuil MiAxig MOXHA PO3KpUBATH
HEBU3HAYCHICTh CTAaTHCTHYHOI iH(pOpMAIli aHATI3YIYH
TOW YN IHIIMH MOKa3HUK. Pemty HalnommpeHIimmx Kpu-
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TEpiiB OIIHIOBAHHS IUIATOCIIPOMOKHOCTI MiIIPUEMCTB Ta
moOyoBH iX (YHKIIN HaJEKHOCTEH HaBEIEMO Y pe3yiib-
TaTax JOCIiHKEHHS.

Hasenemo nesIKi 3 BiIOMHUX KpHTEpiiB
I=(I,1,,15,1;) Ta nobymyemo ix byHKIii HalneKHOCTI,
3TiIHO0 SIKHX MOXKEMO OIIHUTH IHBECTHLINHHI MPOEKTH
BPaxoBYIOUH (DaKTOpU HEBU3HAYCHOCTI Y HPUHHATTI pi-
IIICHb TA HEBMIEBHEHICTh CKCIEPTa y CBOIX BUCHOBKAX.

1. Yucra npuBeicHa BapTICTh MpoekTy [7, 13].

YucTy mpHBeeHY BapTiCTh MPOEKTY OyaeMo oGuwmc-

n
moBatu 3a popmyinoro: NPV = Zikk + CFy.
k=1(1+7)

PesynbraTom oOumcieHHs naHoi Gpopmyiu Oyzae rpo-
IOBa BapTiCTh MpoekTy. Y naHiit ¢opmyni modaTkoBa
IHBECTHIIiSI BUPAXKAETHCS, SK BJIACHI KOIITH. Y HAlIOMy
BUIIAJIKY, MM TTOBHHHI BPaxOBYBaTH 1 BKJIJI€HI KOLITH B
IHBECTHIIIIO (TAKOXK CIOIM MOYKEMO BKJIFOUUTH 1 BIJICOTKH,
SIKI HApaXOBYIOTHCS HA BKJIA/ICH] KOILTH).

Hexait [ = NVP flok TOJi (DYHKIIIFO HAJIEXKHOCTI IS

AHOTO KpuTepiro Oymemo OymyBaTH, SK S-TIOIOHY, Ha-
CTYITHUM YHHOM:

ul;; 02 =
0, 1,<0,2;
(51, -1)? .
| T 0,2<1,<0.,6; 5)
- 2
l—ﬂ, 0,6<1;<];
8
1, L >1.

2. IIpocTmii TepMiH OKYITHOCTI TpoeKTy (pokis). Yac,
HEOOXiTHUIA IS TOKPHUTTS BHUTpaT Ha iHBecthiii (6e3
ypaxyBaHHs AMCKOHTYBaHHs). DYHKIIiI0 HAJIEKHOCTI LIS
JIAHOTO KpUTepiro OyaeMo OymyBaTH sIK Z-OiI0HY:

1, Izﬁa
2
1—2(22 “j, a<l, <40
n.(I.a,b) = blaz , ©)
2( - 2), a0 1, <b
b—a
0, I>b

[TocTaBUMO @ — MiHIMAJILHO-MOXXJIMBUI TEPMiH OKY-
ITHOCTI 1HBECTHIIIHHOTO TPOEKTy, b — BiANOBITHO Mak-
CUMAaNbHO-TIPUHHATHUN UIS  1HBECTHIIWHOI YCTaHOBH.
Tak 3amaHa QyHKIisS HaNEKHOCTI OyJe MICTHTH HACTYI-
HH 3MICT: YMM MEHILUI TEPMiH OKYIHOCTI, TUM (yHKIIis
HaJISKHOCTI Oy/ie MpsSIMYBaTH JIO OJIUHUIIL, & B IPOTUIICK-
HOMY BHUMNAJKy [0 Hyss. SIK 4aCTKOBHiA BapiaHT, TEpMiH
OKYITHOCTI MOKEMO po3riisaaTy Ha intepsaii [1;5] pokis,

Toi (PYHKIIIS HAJISKHOCTI Oy/Ie HACTYITHOO:
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4
4
nly; 1 5)=
1 1, <1,
2
(=1
—— 1<, <3
e o b ™
- 2
G-h)” 812) , 3<1,<5;
0, I, 25.
3. CniBBiTHOIIEHHS KpeAUTY 10 BapTocTi [13].
Jlane CHiBBiAHOIIECHHS BH3HAYAMO  (HOPMYJIIOKO:

I3 = C%C' B nmanomy Bumanky, mij BapTiCTIO MPOEKTY
PO3YMIIOTECSI CyMapHi BHUTpaTh Ha IPOEKT. 3pO3yMilo,
mo kputepid I3 € (0;1]. Toni, z-noxibHa ¢yHKIis Haie-

JKHOCTI OyJle MaTé BHUTJIAL;

w3, 02, 08)=
1, 1502
2(515 —1)? _
I 02<13<0,5; ®
- 2
24-51
%, 0,5< 13 <08;
0, I3 >08.

4. CHiBBiJHOLIEHHS KpPEIUTy /A0 I[HHOCTI MpPOEK-
Ty/00’exty [13].
dopmyna a1t OOYMCICHHS JaHOTO KPUTEPII0 HACTYTI-

Ha: Iy :C%/M' 3amoBHIOETBCS TMIJICYMKOBAa PHHKOBA

BapTiCTh 00’ €KTY, KOJH MPOEKT Oyze 3aBepuicHuil. Y pa-
MKax [bOTO KPHUTEPio, M PUHKOBOIO BapTICTIO, PO3yMi-
€ThCS OIlIHHA BapTicTh 00’€KTy, BU3HAYyBaHA SK Haii-
OinbIn BipoOTifiHA IiHA, 33 Ky BiH MOXe OYTH MpOAaHHl
Ha BIJIKPUTOMY PHHKY B YMOBaxX KOHKYpEHLii. Z-1o/1i0Ha
(YHKIISI HAJISKHOCTI TOAL Oy/ie MaTH BUIIISL;

Wy 03; 09)=
1, 14 < 0,3,
(07, -3)° e
o L 03<U, 06 ©
- _ 2
%, 0,6 <1, <09;
0, 1,>09.

Takum 4mHOM, Ha COHOBI Mojeneil moOymoBu (yHK-
il HAJIOKHOCTI MO aHaJi3y AiSUIBHOCTI MiAMPUEMCTB 3ri-
JHO (DiHAHCOBMX 3BITIB, a TAKOXK aHaJi3y IHBECTUIIHHOI
IISTBHOCTI Ta HA OCHOBI OIPALFOBAHHS BEJIUKOT KiJTBKOCTI
CTaTUCTUYHOI iHpOpMallii, MaEMO MOXJIMBICTb ITOPIBHIO-
BaTH BXiJIHI JIaHi Ta PO3KPUTH HEBU3HAYEHICTh VISl aJIeK-
BaTHOT'O OIIHFOBAHHS IUIATOCIIPOMOYHOCTI MiZTPHEMCTB
Ta IHBECTHUIIIITHAX MTPOEKTIB.

Hagsenemo iHdopmaniiiHy MoJenb IpeICTaBICHHS He-
YiTKUX 3HaHb y BXIJHHX CKCIIEPTHUX OL[HKAaX, Ha IpH-
KJIa/1i OLIHIOBAaHHS CTapTal MPOEKTIB.

3anpononyeMo 3araibHy MHOKHHY KPHUTEPIiiB OIIHFO-
BaHHS «imei» Ta Kimacu(ikyemo iX 3a IT'SITbMa TpyHaMu
kputepiiB: G ={G,G,,G3,G4,G5} [9, 14].
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PosrisiHemo nepury rpymy kputepiiB G. [lana rpymna
KpuUTepiiB Mae HaHOUIBIINIA MPIOPUTET, OCKUIBKH Y Hill Mic-
TATBCSL KpUTEPIi, 0 BiOOpa)KatoTh 3MICT 1 3HAYEHHS «iei».
Jnis OTpUMAHHS OLIHKH 332 KOXKHUM KPHTEPIieEM, MPEICTABH-
MO HOro y BT 3alTUTaHHS i OIMHIIEMO BiIIOBIIHY Tpa-
JAIIHY MKy OMiHOK. J{Jis OIiHFOBaHHS HEOOXiqHO 00pa-
TH TOW BapiaHT, mo Omm3pkuii 1o icturM. o miei Tpymm
MOYKEMO BiJJHECTH, LTS IPUKIIALY, TaKi KPUTEPii.

Kll — 3ampOIIOHOBAHA i/1esl — 11e MPOIYKT abo mociyra?

(o npwuiinuia Ha Aeskuit yac (5 OaiiB); M0 B JaHWI Yac y
cranii po3poOKH, 3 MapKETHHIOBHMH JIOCII/DKEHHSMU Ta
6izHec-11aHoM (20 GaniB); 10 Ha eramni pobOYOro MPOTOTH-
Iy, SIKUH TECTYeThCS TOTCHLIHHNMY KiieHTamu (25 GaniB);
sika B JaHui 9ac otpumye noxomu (30 6aiis)).

K% — JI0 SIKOi Taiy3i BIIHOCHTBLCS po3pobiieHa ines?
(TpoIyKT Ma€ BIJHOLIEHHS IO HPOAAXY IS IIHPOKOTO
3araiy (po3apiOHa TOPTriBisl, Xap4yBaHHs, PO3Bard i T.J.)
(10 GaxiB); 3ampPOMOHOBAHY 1JICIO II[E HIXTO HE BH3HAE, 5K
npomuciioBicth (20 OamiB); mpoaykT OyB MOMyJSIpHHIA
cepell iHBECTOPIB KiJIbKka poKiB ToMy (20 6aniB); IpOIYKT
B JIaHWH Hac € TIONYJISIPHUH cepel iHBecTOpiB (MeAWYHi
MIpWIaad, HAHOTEXHOJIOTII, IporpaMHe 3abe3NeueHHs
0e3reKy, eKOHOMIT TpOIIei KOPIOpaTHBHOTO IPOTPaMHO-
ro 3abe3neduenns i 1.1.) (30 6amis)).

HaBenena mxkana GanpHHX OLIHOK 34 BIANOBIAAMH Ha
3aIUTaHHSA € EBPUCTHUYHOIO 1 XapaKTepHu3ye piBeHb CTap-
tarry. Yum OubIIa KUTBKICTh OajliB 3a BiAMOBIASAMH, THM
MEePCIEKTUBHIMINN TPOEKT. 32 KOXKHUM KPHTEPIEM eKC-
nepT BUOMpae O/IMH i3 BapiaHTIB BiANOBIACH, IKOMY MpH-
CBOIOETHCS BIAMOBITHUK Oan. Bu3HaumMo 3ropTKy olli-
HOK, HalpuKIiIaj, sk cyMy OaliB BiAnoBined rpaianiitHol
LIKaJIH JJIs TPYIH KpUTepiiB Gy , IO MO3HAYNMO — g .

TakuM YMHOM, OTPIMAEMO MHOXKHHY YHCIIOBHX 3MiH-
HUX g =1{g1,82,93,84,85} i IPYIH KPUTEPIiB OLIHOK
BianoBinHo G ={G},G,,G3,G4,G5}, 1o IpUIMAOTh
3HaYeHHs Ha IIEBHOMY YHCIIOBOMY NPOMDXKYy. KoxHy 3
LX YUCIIOBHX 3MIHHHX OyZEeMO PO3IJIAAATH SK MHOXKH-
HY-HOCIH JIHrBicTHYHOI 3MiHHOI U , MO CKJIQIAETHCS i3
HACTynHUX TepMiB: U;; — «oIiHKa Ipynu KpurepiiB G;
U.

3HAYHO HIDKYA BITHOCHO «0a)kKaHOTO 3HaueHH»»; Uj

«OLIIHKA Ipyny KpUTepiiB G; HUXK4a BITHOCHO «OaxaHOo-
ro 3HaueHH»»; U;3 — «omiHKa Tpynu KpurepiiB G; Omu-
3pKa 70 «0axxaHOro 3HaueHHs»»; U;; — «OIHKa Ipynu
KpuTepiiB G; TPOLIKHM Kpala BiIHOCHO «0a)XaHOTO 3Ha-
yeHH»»; U;5 — «OLiHKa Ipynu KputepiiB G; 3HAUHO

Kpalla BiIHOCHO «0a)KaHOTO 3HAYCHHSI»Y.

«baxaHi 3HaueHHs» — Ile YMOBHA 3ropTKa 0ajiB, 110
3aJI0BOJIbHSIE 0CO0Y, 10 NPUIMaE pillIeHHs IPH PO3TIII],
OLIIHIOBaHHI Ta BUOOpI cTapTaris.

Ockinbku OTpHUMaHi YHCIIOB1 3MiHHI
{€1,22.83,84,85} NPUIAMAIOTh Pi3HI YUCIOBI 3HAYEHH,

TO JUIA IX TMOPIBHSHHS MOTPIOHO MaTH HOPMOBaHI BEIH-
yuHU. []71s 1bOTr0 MO0y IyeEMO MOJENb HEUiTKHX 3HaHb, 5K
s-nofiOHy (yHKIi0 HanexxHoCTi [7, 15]:
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Ne 4
Ne 4
09 gisaa
—a\? a+b
2 gbl—a , a<g; < 5 ;
o, (gpasb)=y 777 . (10)
1-2 b__ga" L
1, i 2b.

Tyt a — 3ropTka cymMu MiHIManbHUX OaliB, b — 3ropTKa
CYMH MakCHUMaJIbHHUX OasliB IpafalliiiHoOl KM OLiHIOBaH-
Hi 3a Kputepiamu y rpymi G;. TakuMm 4uHOM, OTpHMaHi
BXi/IHI 1aHi OyIyTh HOPMOBaHI 1 TOPIBHIOBAJIBbHI.

Jist koxxHOT rpynu kputepiiB OITP mae BiacHi Mipky-
BaHHS, SIKUMH TTOBUHHI OyTH «0akaHi 3HAYCHHS», TOOTO
cyMa GaJliB BiIMOBIAHO I KOXKHOT Tpymnu KpuTepiis. Ix
no3HayuMo BekTopoM 1 =(f,t5,...,t5) BIAMOBIOHO IO

rpynax kpurepiiB G;,(i=15), npuduomy Iis KOXHOTO
3HAYCHHS 00YMCITIOEMO (DYHKIIIO HAJIEKHOCTI 32 popmy-
moro (10). Bexrop ¢yHKIii HamexxHOCTI «OakaHUX 3HA-
YyeHb» [O3HauuMO uepe3 o =(0,0p,...,05), J€

o =ug, (4),(=15).

Jlati BiTHOCHO «OakaHUX 3HAYCHBY» 1 OTPUMAHUX pe-
3yNIBTATIB U KOXHOI TPy KpUTepiiB G;, MPOEKTyeEMO
3Ha4YeHHS ()YHKIIi HAJIEKHOCTI HA MHOXKUHY HOCIH JIiHT-
BictiuHOi 3MiHHOT U . Ile J03BOJIUTH PO3KPHUTH CYTh PO3-
TJISTyBaHOI «ifie1» BITHOCHO «OaXKaHNX 3HAYCHD.

st koxuoro Tepmy U moOyayeMo (yHKIIT Hamex-
HocTi HacTyrmHUM uuHOM (11)—(15).

xo-Zia-2|=
Hut| X% 2’ 4
L x<o-2 (n
a 4
ORI I
Hy2| X ’ 4’
4x—20c’ _% <Y (12)
(04
M, o——<x<a
(03
o
uU3(x;cx——;oc;a+—j=
4
_ a
Sa—4x a
. a<x<o+—.
(08

89
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4
4

X'(L'(L-f—g'(lv-‘r-g =
l”l'U4 LRt 4: 2

dx—do a<x<a+d: (14)
_ a 4
60 —4x o o
-, o+—<x<a+—.
a 4 2
X0+t — | =
Hys| X 4’ )
dxosa Y < (15)
_ a 4 2
1, x2a+g.
2

B 3anexHocTi Bix TOTO, B SIKMIT iHTEpBaN MOMANAE X ,
JUIsL KOOKHOI Tpynu KputepiiB G;, BUOUpAEMO Ty UM IHILY
(yHKLiO HAIEXKHOCTI Wy BIHOCHO «OakaHOro 3Ha-
4yeHHs» o . O0UMCITIOEMO QYHKIIII0 HAJIEKHOCTI BiTHOCHO
tepmiB Uy, (i, j =15) s posrisiayBaHOrO CTapTany.
B pesynbTari, A1 KOXKHOI Ipynu KpuTepiiB G; oTpuMae-
MO JIIHTBICTUYHE 3HAYCHHS Ta OLIHKY JOCTOBIPHOCTI CTa-
pramy. To0TO, HOCTOBIpHICTH TOTO, IO OIIHKA TPYIH
KpUTEPiiB HAJICKUTH IO OTHOTO, 200 IHIIIOTO TepPMY.

Hexali excnepT 1O OIIiHIOBaHHIO Ma€ BIIACHI MipKy-
BaHHS BIJIHOCHO TOTrO, SKMMH MOBHHHI OyTH TepMH 3a

rpynamu kputepiiB G; — U : , Tabm. 2.

Tabnuns 2 — OTpuMaHi aHi 3TiHO IPYroro piBHI

. | HocroBipuicts TepMmy | «baxani
Ilzpp};:g s (T):p;MaHHH (3HaueHHsA ¢yHKUIT | 3HAUCHHS)
putep P HAJI)KHOCTI) TepMy

*

Gy Uy, Hy1; Uy
%

G Uy, Hy2;j Us;
U &

G mj Humj Unj

Ha HactynHOMY KpoIli 00YHCIIIOEMO OLIHKH BiJTHOCHO
OTPUMaHNX Ta OXKaHUX TEPMIB 3a JIOTIOMOTOI0 HACTYITHOT
¢yskii HamexxHOCTI (16):

w(0;) = max{u(4; );n(B;)}, (16)

*

Mui> Uy =Uy

w4;) = *
0, U =U;.
Ry ok e
wBy=1 2 Y=Y G,
*
0, Uigjzn # Ujj-
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OtprMaHa (QYHKIIS HAJSKHOCTI MMOKa3ye Ha CKUTBKA
00’eKT IocipKEeHHS 3an0BoibHIe mobaxxanasaM OIIP 3a
KO>KHOIO TPYIIOI0 KPUTEPIiB.

Ockinbku moOynoBani ¢yHKIil HanexHocTi (11)—(15)
MaroTh MEPETHHH, TO JUIs IPYI KPUTEPIiB OTpUMaEMO abo
onuH, a0 JTBa TEPMH 1 BIIOBITHO TaKy X KUIBKICTh YIS
HUX JocToBipHOCTEH. ToMy, SIKIIO MO TpymHi KpHUTEpiiB
Ma€eMo JIBl OIIIHKH, TO 1M0OynoBaHa (QyHKIsS HaJeKHOCTI
(16) s HacTynHOTO eramy BUOMpae OiIbIIy 3 HUX.

TakuM 4MHOM, JUIS OLIIHIOBAHOTO CTapTally BHXIiJTHH-
MU JJaHUMH MOJICNi OyJie OIliHKa «ijei» Ta ii JIIHrBICTHYHE
3Ha4YeHHA. Ha OCHOBI LbOTO MpUiMaeThCs MOIanbLIe Pi-
IICHHS CTOCOBHO O€3MeKH peanizalii ctapTal MpOEKTY
[16-17].

[ToOymoBana Mozens MOKe OyTH IpENCTaBIeHA, SK
iH(popMaliifHa MOJENs OTPUMAHHS HEUIiTKUX 3HAHb IS
OyIb-AKOi IPUKIAIHOI 3aa4i eKCIePTHOTO OLIHIOBAaHHS.
Jlyist HabpaHUX eKCIepTHHUX OalliB c1abo CTPYKTYpOBaHOT
a00 HeCTPYKTYpOBaHOI 3a7adi po3po0sIcHa MOCIb TacTh
MOXIIMBICTh ~ OTPUMAaTH TIYMAaueHHS, PO3KPHBAIOYH
Ccy0’€KTHBI3M EKCIIEPTIB Ta MaTH PO3yMiHHS JaHOI Ipo-
OyeMaTHKH.

4 EKCHIEPUMEHTH

BukoHaeMo eKcIiepHMEHTAJIbHE JOCTIIKECHHS PO3pO-
OneHux Mojenei Juisi 3ajadi NPUUHATTS pilieHs. s
MpUKIaLy, PO3IISHEMO HACTYNHY 3azady. Hexail Ham
3a/1aHo n — AIbTEPHATHBHAX BapiaHTiB
P={R,P,,...,P,} , aKuxX NOTPiOHO OLIHUTH Ta NOOYIyBa-
TH 1X pamXyBanbHUH psx [15].

Hexait OITP Bimomi ab0 Mo>ke 3amaT Barosi Koedimi-
€HTH KOXKHOMY KPHTEPIf0 e(PEKTUBHOCTI {V|,Vy,...,V;,} 13

intepBainy [0;/], /e N (Ha po3rsn ekcriepra i sk oMy
3pyuHo, Hanpukiaax Bix 0 go 10, ado Bix 0 go 100). Toxi
MOJKHA BHW3HAYNTH HOPMOBAHI BaroBi KOEQIMi€HTH I
KO>KHOTO KPHUTEPIIo:

cE=Lmw, e [031;

amn

SIK1 BIIMOBIIAIOTh YMOBI ZWI‘ =1,
i=1
OIiHKY aJIETEPHATHB MOXXEMO OOYHCIIUTH 3a JOIIOMO-
roto HacTynHoi ¢popmyiu [7]:

m _
m(P;) = Xwi-up,s j=ln. (18)

i=1

OTxe, SKIIO w=[w1,w2,...,wm]T — BEKTOp Koeilri-
Up Up

€HTIB Baromocrti, M = — MaTpHIlI 3Ha-
Wp Hp

n n
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4
4

4yeHb (DYHKIIH HAJIeKHOCTI 71 anbTepHatus A, P ,..., P, ,
t0 M' — Bekrop enemenriB m(B),m(P),....m(P,), mo

SIKMX OYyJYETHCSl paHXKyBJIBHMH Dsifi adbTEpHATUB 1 BiH
Ma€e BUTIIA:

M=MW. (19)

BBenemo minrBictuuHy 3MmiHHY L(m) — «oLiHKa
00’€KTY JIOCII/PKEHHSD. Y HIBEPCATBHOI0 MHOKHUHOIO IS
3MiHHOT L € Biapi3ok [0; 1], a MHOKMHOIO 3HaYeHb 3MiH-
HOI 7 —TepM-MHOXKHUHA L(m ) = {m,my,m3,my,ms}.

JIJis BCTaHOBJICHHS JIHTBICTHYHOI OI[IHKH 00’ €KTY JI0-
CII/DKEHHS OTpuUMaHe 3HaueHHs mo ¢opmydni (19) 3icra-
BUMO 110 OJHOT 3 TEpM-MHOXHH
L(m)={my,my,my,my,ms} . lllkamy OLIHOK MOXXEMO
BU3HAUUTU HacTymHUM uumHOM: m€(0,67; 1] — ms;
me (0,47, 0,67] — my; me(0,36; 047] -
me(0,21;0,36] — my ; me[0;0,21]— my .

TakuM YMHOM, /JIs1 OLIHIOBAHOTO OO0 €KTY IOCIHi-

JOKCHHS BUXIHUMH JaHUMH MoOJeli Oyne OIiHKa Ta ii
JIIHTBICTUYHE 3HAYEHHS.

ms;

5 PE3YJBTATHU

Po3pobneny iHdopMarliitHy MoIens TpeaCcTaBICHHS
HEYITKUX 3HaHb IJIs OLHIOBAHHS IUIATOCIPOMOXKHOCTI
MiIIPUEMCTB, TOKaKEMO Ha MPHUKIJIAAL OIIHIOBAHHS I TH
nignpuemcts B, P ..., Ps .

KoediieHTH maaTocnpoMoXHOCTI MiANPUEMCTB Ta iX
(GYHKLIT HAIEKHOCTEH MOXKEMO NPEACTABUTH HACTYITHUM
YHHOM.

1. KoedimienT MmutTeBO1 NMikBigHOCTI ((2)—(4)).

2. KoedimieHT 3aranbHoi JIKBIAHOCTI (BU3HAYAETHCA,
sIK 00OPOTHI aKTUBY PO3/IiJIEHI Ha IOTO4HI 3000B’I3aHHSI)
PO3paxoBYyeTHCS 3a GOPMYJIOLO:

Ky =—. (20)
3

AHani3yloun TaHui MOKa3HUK, OTPUMAEMO, 110 Halo-

nTuManbeHime komn K, B Mexax Bix 1 mo 2,5. Ilpu mpo-

My, 32 YMOBH HHU3bKO JIIKBITHIX aKTHBIB, MOXE ITOTipIIH-
THCsT (pIHAHCOBMH CTaH MiJNPHEMCTBA, & HAATO BHCOKA
JKBITHICTD OyIe CBIAYMTH MPO HEAOJIK Y BUKOPUCTAHHI
akTUBiB. B TakoMy BUManKy, qaHuii KOeimieHT TOMIITFHO
MIPEACTAaBUTH Y BUINISAII TPUKYTHOI QyHKIIi HaJIEKHOCTI,
110 HaliKpallle ONUCY€E JaHy CUTYaIiio:

WKy 1, 175 2,5)=
0, K2 < 1,
4K, -1) .
10—-4K
%, 1,75< K, <2,5;
0, Ky 225.
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3. KoeoimienT diHaHCOBOI He3alle)KHOCTI XapaKTepHu-
3y€ CTYIiHb HE3aJIEKHOCTI MiAIPHEMCTBA BiJl 30BHIIIHIX
3aI103u4eHb. BU3HavaeThCs, SIK BIIHOIIECHHS 3a0e3nedeH-
HSl HACTYIHHUX BHUTpAT 1 LiNbOBE (piHAHCYBaHHS, JOBIO-
CTPOKOBi 3000B’s13aHHS Ta NOTOYHI 3000B’A3aHHS 7O BIla-
cHoro kamitanmy. Llel koedillieHT XapakTepu3ye 4acTKy
BJIACHOTO KariTany B 3arajibHiii cymi 3aco0iB aBaHCOBa-
HUX Y #oro nisutbHicTh. KoedilieHT o04ncmoeTbes 3rij-
HO HACTYITHOT (pOpPMYJIH:

_ 3B+ /[3+3

K
3 Bk

(22)

KoedirienT (iHaHCOBOI HE3aJICKHOCTI, HaWKpalie
MOJICTIFOEThCS TPUKYTHOIO (DYHKIIIEI0 HAJEKHOCTI, SKY
MPEACTaBUMO 33 (HOPMYJIOI:

WKz, 0 1 2)=

0, K5 <0;

K3, 0<K;3<1; (23)
“2-ks, 1<K <2;

0, Ky >2.

4. KoedinieHT MaHEBPEHOCTI BIIACHUX KOIITIB (pi3HH-
151 MK BJIACHUM KalliTaloM Ta HEOOOPOTHUMH aKTHBaMHU
po3niicHa Ha BracHuU Kamitan) [12]. HaBenenuit mokas-
HUK TIOKa3y€, HACKUIBKH MOOLTBHI BIACHI JpKEpesa 3aco-
6iB 3 (iHaHCOBOI TOUKHM 30py. BiH € OJHUM 3 TOJIOBHUX
MOKA3HUKIB BIUIUBY CTPYKTYPH KamiTaly Ha HPUOYTKO-
BICTh MIANIPHEMCTBA 1 MOXKE BapilOBaTH 3ale)KHO BiJ
CTPYKTYPH KaIliTaly Ta Taly3eBOi HAICKHOCTI IiAPHEM-
ctBa. baxano, mo6 xoedilieHT MAaHEBPEHOCTI AEII0 3pO-
CTaB, alie He JIOLIBHO JOIyCKAaTH pi3Ke Horo 30LibIIeH-
HS, OCKIIBKA aBTOMAaTHYHO 3MEHIIYIOTHCS iHIII TOKa3HU-
KW, HAIPUKIa], KOe(Ili€eHT aBTOHOMII, IO MPH3BOIUTH
JI0 O1IBIIOT 3aJISKHOCTI T IIIPUEMCTBA BiJl KPEAUTOPIB.

KoedimieHT po3paxoByeTbCsl 32 HACTYIHOIO (GOpMY-
JIOKO:

_ Bxk—-An

K
4 Bk

24

I3 onucy noHATTS KOE(DIIEHTY MaHEBPEHOCTI Biac-
HUX KOUITIB BUJTHO, 110 HAWKpaIInii BapiaHT BUKOPUCTATH
TPUKYTHY (YHKIIO HAJI©KHOCTI, a JIOCTI/DKEHHSI Ha Be-
JMKIKA BUOIpII MiNPHUEMCTB JI03BOJISIE TIPEICTABUTH 3ara-
JIBHUHA BUTTISIL HACTYTHUI:

WKy 05 05 D=
0, K, <O0;
2K, 0<K, <05 (25)
“2-2k,, 05<Ky<1;
0, K, 21,
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5. KoedimieHT qisSMbHOCTI MIUHYIIUX POKIB. Tabaws 3 — BxigHi gaHi 0 TiAIPHEMCTBAX

Jannii xoedilieHT MICTHTH sIKiCHY iH(opMaIio mpo .| Barosikoe- | DYHKIis HANEKHOCTI KPHTEPiaTbHHX

: R . Kpurepii (inienTn OLIIHOK
MpUOYTKOBY MisUIBHICTE MIATIPHEMCTBA, SIKY MOYKEMO PO3- .
. OWHKH 1y e [1;10]; P P, P P P,

KpPHUTH 33 JONOMOTOI0 HewiTkuX umcen [11-12]. » Yl 1 2 3 4 5

i aHanmizy npuOyTKiB Ta 30MTKIB BBEAEMO HACTYITHY K, 9 087 | 0,78 | 0,65 | 045 | 0,9
rpajiaIiio: (Q, 1] - 36I/ITK01?? I[IF.IHBH‘IICTF. 3a IBa MI/IH}IJ'II/IX K, < | 08 06 05 |
poku abo 3BIT 3a MomepeaHii 3BiTHUI pik He HamaHui; (1;
2] - 30uTKOBA AisUIbHICTh 32 MUHYJIMI PiK; (2; 3] — misuib- K3 7 074 | 08 | 085 ] 054 | 087
HICTh 32 BIJCYTHOCTiI MPUOYTKIB Ta 30WMTKiB, a00 BiJCYT- Ky 9 057 | 054 | 078 | 0,7 | 0,65
HocTi xisutbHOCTI; (3; 4] — mpuOyTKOBa 3a MUHYJHUH PIK; % e 087 | 087 . . )
(4; 5] — npubyTKOBa 3a 1Ba MUHYJIUX POKH. > ’ ’

DYHKILIS HAICKHOCTI KOSDIUIEHTY TisUTBHOCTI MHUHY- Kg 8 0,9 | 083 | 074 | 054 | 085

JUX POKIB MOXKEMO TPEACTABUTH Y BUTJILAMAL S-TTOMIOHOT 1
oburcIroEMo 3a popMyItoro:

wWKs; L 5=

0, Ks<I;

(Ks-1)?

s I<Ks=3 e
- 2

-K

1—(5 85) , 3<K5<5;
1, Ks>5

6. KoedimienT peHTabempHOCTI BHPOOHHUITBA (CITiB-
BiTHOIICHHS YHCTOTO MPUOYTKY MiAIPHEMCTBA Ta BCIX
BHUTpPAT [iSUTBHOCTI) XapaKTepu3ye eQEeKTHBHICTh BKIIa-
JICHHSA KOIITIB y JaHe BUpOOHHMITBO. DopMmyrna i po3-
paxyHKy HacTyIHa:

_n

K. =
6BT

@27

OyHkiis HanexHOCTI KoedillieHTa PEeHTa0eIbHOCTI
BUPOOHMIITBA MOXXE OyTH IpeicTaBiieHa Yy BUIJISIII S-
O1I0OHOT (PYHKITIT HAJICKHOCTI 32 POPMYIIOF0:

WKeg; 0,05 0,1)=
0, K¢ <0,05;
2(20K¢ —1)%, 0,05<Kg <0075  (28)
1-8(1-10K¢4)?, 0,075< Kg <0,1;
1, Kg>0,1.

Ha ocHoBi ¢inaHcoBuX 3BITiB [7] AaHUX IMiJIPHEMCTB
00YHMCITIOEMO KpHUTEpil OLIHKH Ta iX (YHKII HaJIeKHOCTI.
OTpuMaHi pe3ynbTaTd Ta BaroBi KOe(illieHTH KpHUTEpiiB
TIPEICTAaBUMO Y BUTIIAAI Ta0I. 3.

Ha mepmomy kpori BU3HAYUMO HOPMOBaHI BaroBi KO-
edilieHTH 111 KOXKHOro KpuTepiro 3a ¢opmynoro (17):
w=(0,20; 0,17; 0,15; 0,20; 0,11; 0,17).

Jani o0umciIioeMO OLHKHM albTepHATHB 3a JIOTIOMO-
roto popmynu (18):

m(FA)=0,20*%0,87+0,17*1+...4+0,17*0,9 = 0,819.

m(Py) =0,758. m(Py)=0,751. m(P,)=0,596.

m(Ps) = 0,866.
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3riHO OTPUMAHMX OI[IHOK MOXEMO MO0y TyBaTH paH-
JKYBUIBHUH psAn anprepHatuB FPs, P, P, P, Py . Otxe,

HaMKpaIOI0 BUSIBUIIACH AIbTCPHATHBA P5 HA OCHOBI IbO-
ro poOMMO BHCHOBOK, OckKinbku m(Ps)=0,866, Hame-
’KUTH IO JIHTBICTUYHOI 3MIHHO ms5 — «OLIHKA 00’€KTY
JIOCIIIDKEHHS BUCOKAY.

5 OBTOBOPEHHSI

B Teopil HEWITKMX MHOXKUH BiJICYTHI YMOBH HEOOXi-
HOCTI CTaTHCTHYHOI OJHOPIIHOCTI 3MIHHHMX JOCIIKYyBa-
HOTO TIpOLeCY 1 OIHOPIAHOCTI BHKOPWUCTOBYBaHUX JUIS
HUX (yHKOi# HanexHocTi. Excnepr y BiamosimHOCTI 3
3araJbHUMH NpaBWJIaMH MOOYA0BH (yHKIIN HaJIeKHOCTI
IUIA Pi3HUX 3MIHHHX TPOIECY, BIAMOBIMHO JO CBOIX
Cy0’€KTHBHHX CYy/DKEHb, MOXKE B 3araJlbHOMY BHIAIKY
BUOWpATH pi3HI MO BHIY 1 mapaMeTpam (PyHKIII Hamex-
HocTi. OcoOuuBicTh nanoi Teopii € Te, o QyHKIIT Haje-
KHOCTI eKCIIepT Mo)ke OymyBaTH caM, TaK, SIK BOHU HE
BHU3HAYAIOTHCS CAMOIO TEOPIEI0 HEYITKMX MHOXHH. B ma-
Hill Teopii MOHATTS «CEpeIHE 3HAYCHHS» BUKOPHCTOBY-
€TBCSl HE B PO3YMiHHI CTATUCTUYHOTO CEPEIHBOTO, a JIU-
1I1€ SIK JITHTBICTUYHE 3HAYEHHS JesSKOI 3MIHHOI.

TakoxX, BaXKJIIMBUM € Te, 1110 IpoLeaypa MepeBeIeHHS
HEYITKAX JaHUX HE 3aJIeXaTh BiJl BUAY (QYHKIINA HaICK-
HocTi. ToMy, B Teopii HEUITKUX MHOXWH JOIYCKA€ThCS,
IO eKCIIePTH MOXYTh MAaTH Pi3HI MPEACTaBICHHS BHUIIB
(hyHKIIH HaJeKHOCTI 1 0a30BHX MHOXHH, HAa SKUX BOHH
BH3HAYEHI, a II¢ HE BIUIMBAE HAa KiHIEBUI pe3ynsTar. [Ipu
BUKOPHCTAaHHI Teopii HEHITKUX MHOXKUH y OIHII IJIaTo-
CIPOMOYHOCTI TiJIPHUEMCTB UM IHBECTHLIIHHHUX MPOEKTIB,
pa3oM i3 OTPUMAHOKO OIIHKOIO MU OTPUMA€EMO CTCIiHb
PU3UKY OIepalliif, OCKUIbKH OI[IHKH ITapaMeTpiB € HEYiT-
kumi. Ille onHi€l0 mepeBaror0 BUKOPUCTAHHS JAaHOI TEO-
pii € Te, mo (opMyITIOBaHHS MPUPOIHOI0 MOBOIO Ha CTa-
Jii OWIHKK € MPUPOIHUMH KOHCTPYKIISIMH /IS armapary
HEYiTKUX MHOXXHH.

BBeneHns Teopii HEWITKUX MHOXKHH yCYyBa€ CyMHIBH,
0 «palliOHATBHUI EKCIIepT TOBUHEH JaBaTH TUIBKH
TOYHI OIHKH. [I0SBIAE€THCS MOXIIUBICTh 3a7aBaTh iHTEP-
BaJI JIONYCTHMMHUX 3HaueHb, MPU [[bOMY, Ha BIAMIHY BiX
METO/IIB IHTEPBAJILHOT MAaTEMATHKH, Ha TAKOMY 1HTEpBaJIi
3aIa€ThCST PO3IMOMIT MOXKIMBOCTCH peajisallii Toro, 4u
IHIIIOTO 3HAYEHHSI y BUAI (QYHKIIH HaJIeKHOCTEH.

Pe3ynbraT 00UMCIIEHb TaKOXK MPEACTABISETHCS HEUIT-
KM YHCJIOM 1 TIPH IIbOMY OTPHMY€EMO HE MEHIIE, SIK TPH
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OILIHKW: HaHOUTBII parioHaNbHy (OYiKyBaHy), ONTHMICTH-
YyHYy 1 mecuMicTHuHy. KpiM 11pOT0, eKCIepT B3araii MOXe
BIIMOBUTHCH BIX 3aJaHHSI  YHUCIOBHUX  OI[IHOK 1
KOPHUCTYBAaTUCh JIIHTBICTHYHUMH, SKi 3a JOTOMOTOIO
3amaHHgd  (QYHKIOIA HAJEXHOCTI OTPUMYIOTH  CTpOTe
MaTeMaTU4HE mpeacTaBicHHsA. Jlami, meromu Teopil
HEUITKHX MHOXXHUH JIO3BOJISIIOTh 3MOJIENTIOBATH
MPaBIOMOAIOHI CY/DKEHHS, a IIe MOJKJIUBICTh
MOJI0JIaTH POOJIEeMy HE MOHOTOHHOCTI.

3BiJICH BHIUIMBAE, 1[0 3aCTOCYBaHHS arapaTry Hedir-
KHX MHOXXWH, HEYITKOI JIOTiKH 1 CUCTEMHOTO ITiX0Iy IO
noOyOBH MOJieTIel HEWiTKHX 3HaHb € HEPO3KPUTHM JIO-
CTaTHIM YMHOM. ATapaT HEYiTKMX MHOXXHH BUMarae BiJ
OIIP 3icTaBieHHs HE TOYKOBHUX WMOBIPHICHHX OIIIHOK, a
Ha iHTEpBai, IO MOKa3y€e KOPHIOP 3HAYCHb IMPOTHOZHUX
mapaMeTpiB. 3pydHICTh TaKMX METOIIB IMPOSBISIETHCI y
MiABUIIEHHI CTYIEeHS OOTPYHTOBAHOCTI PIillIeHb, OCKIIBKH
TYT BpPaxoOBYIOThCSI BCI MOXJIMBI ClieHapil pO3BUTKY, 30-
Opakarouu HENEepepBHUI CIEKTp, Ha BiAMiHY, HANPUKJIAL,
BiJ MeToza ['ypBina, o po3paxoByeThcs Ha JAMCKPETHIN
MHOHHI CIICHAPIIB.

OTpyMaHUM pe3yJIbTaTOM JOCIIDKEHHA € iHdopma-
niiffHa MOJENb NMPEACTABICHHS HEYIiTKMX 3HaHb HA NpH-
KJIagax noOyJOBH MOJENeil OLIHFOBAaHHS ILIaTOCIIPOMOXK-
HOCTI MiJIPUEMCTB, IHBECTHIIHHIX Ta CTapTal MPOCKTiB
3a BXIJHUMH €KCIIEPTHUMH OLIHKaMHu. J[OCTOBIpHICTH
OTPUMAaHHX DE3YNbTATIB 3a0e3NeUyeThCsl KOPEKTHHM BH-
KOPHMCTaHHSAM alrapary HEYiTKMX MHOXHH, IO MiATBep-
JUKY€TBCSI pe3yJIbTaTaMH JJOCIIKECHb.

[ToOynoBa iH(pOpMAIITHUX MOJEICH MPEACTABICHHS
HEYITKUX 3HaHb Ma€ psiji IepeBar, a caMme: TOYHICTb, po0o-
Ta 3 a0cTpakuismy, nepenava iHpopMamii JOTIYHO OJHO-
MaHITHIM CIIOCOOOM i MiIBUINICHHS 00’ €KTHBHOCTI eKCIIep-
THHX OLIIHOK, PO3KPHBAE CY0 €KTHBI3M €KCIEPTIiB, OTPUMY-
€THCS KUTbKICHA OIliHKA He(OpPMaTi30BaHUX 3a/1a4.

Jlo HemoMiKiB JAHOTO MMiIX0ILy MOYKHA BiTHECTH BUKOPH-
CTaHHS PI3HUX MoZeNed (YHKIi HaXeKHOCTI, IO MOXKE
MPUBOJIUTH IO HEOTHO3HAYHOCTI KiHIIEBUX PE3yIIbTATIB.

Jae

BUCHOBKHU

Y po0oTi po3B’sA3aHO HAYKOBO-IIPHUKIIAJHE 3aBIaHHS
po3po0ieHHs 1HQOPMAIIHHIX MOJENIeH MpeaCTaBICHHS
HEUiTKHX 3HaHb Ha MpHKJIagax MoOynoBH Mopeiel ori-
HIOBaHHS TIATOCITPOMO>KHOCTI MIANIPUEMCTB, iHBECTHIIIH-
HUX IIPOEKTIB Ta CTapTal IPOEKTIB 32 BXiJHUMH €KCIIEpPT-
HUMH OLIIHKaAMH.

HaykoBa HOBM3HAa IIPOBEICHOrO JOCIIIKCHHS Ha-
CTyITHA!

— BIEpIIE 3ampoIlOHOBaHO iH(opMalliiiHe Mozmemo-
BaHHS HEUITKMX 3HaHb HAa OCHOBI (DYHKIIH HaJIE)KHOCTI
OIIHOK 3a KPHUTEPisIMU 1 X MOXIHUBICTIO 3aCTOCYBAaHHS
JUISL pI3HUX MPUKJIaHAX 33734,

— YAOCKOHAJICHO MOJENb IPEACTABJICHHS HEYiTKUX

3HaHb IS OL[IHFOBAHHS TUTATOCIIPOMOYKHOCTI
MIJIPUEMCTB  Ta  IHBECTUIIHHMX  mpoekTiB.  Jlis
OIL[IHIOBAHHS TTATOCTIPOMOXKHOCTI MiIPUEMCTB,

HaBEJICHO NPUKIAAN 1M00yn0B (YHKIIH HAJIEXKHOCTI IUIs
MOpIBHIOBaHHA BXIMHUX JaHWX. Lle 1ae MOXIUBICTB
MTOPIBHIOBATH BXigHI JaHI Ta PO3KPUTH HEBHU3HAYCHICTH
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JUIS aJIeKBaTHOTO OI[IHIOBaHHA IUIATOCIPOMOYKHOCTI ITiJI-
npueMcTB. HaBenmeHo BimoMmi KpuTepii OIiHIOBAaHHS Kiia-
CHYHUX IHBECTHLIHHUX MPOEKTIB Ta PO3pOOJIEHO MiAXix
moOy10BH (QYHKITIH HaNEKHOCTI JUISI TPEACTaBICHHS He-
YITKUX 3HaHBb, 0 JO3BOJIE BPaXOBYBAaTH (PaKTOPH HEBU-
3HAYEHOCT] y MPHUUHSATTI pIllIEeHb Ta HEBIEBHEHICTh €KC-
[IepTa y CBOIX BUCHOBKAX;

— BIEPIIIC 3aPONOHOBAHO iHPOPMAIIHHY MOJIENb Mpe-
CTaBJICHHS] HEYITKUX 3HAHb JUIS BXIHUX CKCICPTHHX OIli-
HOK, Ha MPUKJIajli OIiHIOBaHHS CTapTall MPOEKTIB 32 I’ AThMa
Tpyrnamy KpUTepiiB, IO O3BOJUTH OTPHMATH JIHTBICTHYHE
3HAYCHHS Ta OIIHKY JOCTOBIPHOCTI aJbTCPHATUBHUX Bapia-
HTiB. Po3pobneHa Mozens a€ MOXIMBICTD IS HaOpaHUX
eKCTIepTHUX OaltiB cnabo CTPYKTypoBaHOi a00 HECTPYKTYpO-
BaHOI 3amaul OTPUMYBaTH TIyMAaueHHs, PO3KPUBAIOYN
Cy0’€KTHBI3M €KCIIEPTiB Ta MaTH KUIBKICHY OLIHKY Hedop-
MaJIi30BaHuX iHPOpMAIIHHIX 3a/1a4d.

IIpakTHyHe 3HA4YEHHsI OJICPKAHUX pE3yJbTaTIB, a
came po3pobicHHs iHGOPMAIIHHUX MOJECH MpencTaB-
JICHHS HEYITKMX 3HaHb Ha MPUKIaJax No0yI0BU MoJeen
OLIIHIOBAHHS TUIATOCIIPOMOXHOCT] MIiJNPHEMCTB, IHBEC-
TULIIHHUX Ta CTapTal MPOEKTiB 32 BXIAHUMH EKCIIepPTHH-
MU OI[IHKAMH MOXXYTh OyTH BTiJIeHi Y pOOOTi iHBECTHIIIH-
HUX ycTaHoB. Po3pobnena momens Oyae KOpHUCHUM iH-
CTPYMEHTOM TIPH TiIBUMICHI OOTPYHTOBAHOCTI IPUAHATTS
pilIeHb IHBECTUIIIHHUME Cy0’ eKTaMU.

Hoaanbe AocaixzKeHHA TPOOIEMaTHKH BOAYAEMO Y
anpoOarii momiOHNX MOAeNed I PI3HUX MPHUKIAJTHUX
cep 3acTOCyBaHb.

MNOJsIKN
PoGoTy BuKOHaHO B paMKax JAep>OI0KETHOI HayKo-
BO-ZIOCIIIIHOI TEMH Y>KIOpOJCHKOTO HAI[lOHAJIBHOTO YHi-
Bepcurery «Po3poOka MaTeMaTHYHUX MOJIENICH 1 MeToniB
Ut 00poOIIeHHs iHpopMallii Ta iHTEIIeKTyaJIbHOTO aHaTi-
3y maHux» (Homep aepkaBHoi peectparii 0115U004630).
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AHHOTALUA

AKTyajabHOCTh. [IpoBeieHO HcclieioBaHHE aKTyallbHOM 3agau pa3paboTku MH(OPMAIMOHHBIX MOJEINEH MpeCcTaBlIeHNsT HEYETKUX
3HaHUH JJIs1 THPOPMAIMOHHBIX TEXHOJIOTHH Ha IPUMEpPE PA3IMYHBIX MIPUKIAIHBIX 3a]a4ax, KOTOPBIE BCTPEYAIOTCS NPU (PYHKINOHUPOBAHUH
COIMO-3KOHOMUYECKHIX CHCTEM IT0 IPUMEHEHUIO aIlliapaTa HeYeTKUX MHOXKECTB, HEYETKOH JIOTHKH M CHCTEMHOTO ITOJIX0/1a.

Leablo 1aHHOM pabOTHI ABIsETCS pa3paboTka HHOOPMALMOHHBIX MOZENEH MPEACTaBICHUS HEUSTKUX 3HAHUN IS IPUHATHS yIpaBIIeH-
YECKMX PEIICHUH MPU (yHKIIMOHUPOBAHUU COLIMO-DKOHOMHYECKHUX CHCTEM B YCIOBHSAX HEONPEAEICHHOCTH 110 BXOJHBIM 3KCIEPTHBIM OLIEH-
KaM.

OOBEKTOM HCCIIENOBAHMUS SIBISIETCS IPOLIECC MOACIUPOBAHUS HEUSTKUX 3HAHMN Ha OCHOBE (DYHKLHH MMPUHAICKHOCTH JUIS BXOIHBIX
9KCTIEPTHBIX OLIEHOK 10 KPUTEPHSIM.

IIpexmerom nccnenoBaHus SABISIOTCS METObI U MOJEIIH MPEACTABICHNS HeUSTKUX 3HAHUH JUIsl IPUHATUS PELISHU B YCIIOBHUSX HEOIpe-
JIETICHHOCTH.

Merton. Briepebie npemiokeHo HHGOPMAIOHHOE MOJICIMPOBAHIE HEYETKMX 3HAHMI HA OCHOBE (DYHKIHI MPHHAIIC)KHOCTH OLICHOK 110 KpHUTe-
PHSIM M UX BO3MOXXHOCTBIO NMPUMEHEHHS JUTSl PA3iIMYHBIX MPUKIAIHBIX 33/1a4. Y COBEPIISHCTBOBAHA MOJIENb PEJICTABICHHS] HEUETKHX 3HAHUH JUIst
OLICHKH IUIATEeXKECHOCOOHOCTH TPEIPHATHI ¥ HHBECTUIMOHHBIX ITPOEKTOB, C(hPOPMUPOBAB MHOXKECTBO KPUTEPHEB JUIS OLICHKHU U IIPUBEICHBI TIPHU-
MepBbI MOCTPOSHHI (DYHKLMIT IPUHAISKHOCTH ISl CPaBHEHHMSI BXOIHBIX IaHHBIX. BriepBble mpeyioxkeHa HH(OpMaLHOHHAs MOJICIb TIPEICTABICHHS
HEYCTKUX 3HaHUH B BXOIHBIX SKCIIEPTHBIM OLIGHKaM, Ha IPHMEPE OLIEHKH CTapTarl MPOEKTOB, YTO IO3BOJIUT MOJIYYHUTh JIMHIBUCTUYECKOE 3HAYCHHUE U
OLICHKY JJOCTOBEPHOCTH aJIbTEPHATHBHBIX BAPHAHTOB.

Pe3yabTaThl. [lomydeHHBIM pe3yIbTaTOM HUCCICJOBAHMS SBIISIETCS HH(OPMAIIOHHOE MOICIMPOBAHHUE MTPEACTABICHNS HEYETKUX 3HAHUI
Ha IpUMepax MOCTPOSHHUS MOJIeNIel OLICHKHU IUIATEKECIIOCOOHOCTH MPEANPHUITHH, HHBECTUIMOHHBIX U CTApTAIl HPOEKTOB IO BXOIHBIM 3KC-
MEePTHBIMU OlLleHKaMu. Pa3paboTaHHas MOJeNb AaeT BO3MOXKHOCTH JUlsl HAOPaHHBIX JKCIEPTHBIX OA/UIOB €1a00 CTPYKTYpPUPOBAHHOM HITH
HECTPYKTYPHUPOBAHHOH 33/1a4M MOJTy4YaTh TOJIKOBAaHHUE, PACKPBIBAsi CYOBEKTHBU3M DKCIIEPTOB U UMETh KOJIMYECTBEHHYIO OIIEHKY B He(opMa-
JIM30BaHHBIX 3a7a4ax. PallnoHaIbHOCTE OIICHKH JIOKA3bIBAET IIPEUMYIIECTBA pa3pabOTaHHBIX MOJIETICH.

BeiBoabl. B paboTe pelieHo Hay4HO-MPHUKIATHYIO 3a/1a4y pa3paboTku MH(DOPMAIMOHHBIX MOJEINCH MPeCTaBIeHNsT HEYSTKUX 3HAHUN
Uil MHGOPMALMOHHON TEXHOJIOTUM Ha HMpPUMEpax MOCTPOSHHsS MOJeNel OLEHKH IUIaTeKEeCIOCOOHOCTH NPEANpPUsITHH, MHBECTULIMOHHBIX
IIPOEKTOB ¥ CTapTaIl IPOEKTOB 110 BXOAHBIM AKCIIEPTHBIMU OlleHKaMH. Pa3paboTka Mozeneil HedeTKUX 3HaHWH, TI03BOJIMT aJIEKBaTHO ITOJI0M-
TH K OLICHKE aJIbTePHATHBHBIX PEIICHHUH, MOBBIILIAS IIPU ITOM CTEIICHb 00OCHOBAaHHOCTH HPHHSTHUS peuieHui. [IpeanoxenHbie nHpopManu-
OHHbIE MOJIEJIM HEUETKUX 3HAHUH OLICHKE IJIaTeKECIIOCOOHOCTH MPEINPUATHIl, MHBECTUIIMOHHBIX M CTapTal HPOEKTOB MOTYT OBITH BOILIO-
LIEHbI B pabOTy MHBECTHLMOHHBIX YUPEIKICHHUH.

KJIFOUEBBIE CJIOBA: nndopmannoHHas MOAENb, HEYETKUE 3HAHHSI, HEYETKIE MHOXKECTBA, (PyHKINS IPHHAUICKHOCTH, IKCIICPTHAS
OIIEHKA, IPUHATHE PEIICHUH.

© Bomnommumn O. ®., Mansp M. M., TToniugyk B. B., Hlapkangi M. M., 2018
DOI 10.15588/1607-3274-2018-4-8

94



e-ISSN 1607-3274 PanioenekrpoHika, iHdpopmaruka, ynpasiiHas. 2018.

4
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2018. Ne 4

e

UDC 519.86
INFORMATION MODELING FUZZY KNOWLEDGE

Voloshyn O. F. — Doctor of Engineering Science, Professor, Professor of the Department of Complex Systems Modelling in Taras
Shevchenko National University of Kyiv, Kyiv, Ukraine;

Malyar N. N. — PhD, Associate Professor, Aassociate professor of Department of Cybernetics and Applied Mathematics, Uzhgorod Na-
tional University, Uzhgorod, Ukraine.

Polishchuk V. V. — PhD, Associate Professor of Department of Software Systems, Uzhgorod National University, Uzhgorod, Ukraine.

Sharkadi M. N. — PhD, Associate Professor of Department of Cybernetics and Applied Mathematics, Uzhgorod National University,
Uzhgorod, Ukraine.

ABSTRACT

Context. The research of the actual problem of the development of information models for the presentation of fuzzy knowledge for in-
formation technologies has been carried out on the example of various applied problems that occur during the functioning of socioeconomic
systems with the use of fuzzy sets, fuzzy logic and system approach.

The purpose of this work is the development of information models for the presentation of fuzzy knowledge for the adoption of manage-
rial decisions in the functioning of socio-economic systems in the conditions of uncertainty for incoming expert assessments.

Objective. The object of the research is the process of modeling fuzzy knowledge based on membership functions for incoming expert
evaluations according to the criteria.

The subject of the research is the methods and models of presentation of fuzzy knowledge for making decisions in conditions of uncer-
tainty.

Method. For the first time a representation information modeling fuzzy knowledge based functions of assessments on the criteria and
their possible use for different applications. The model representation of fuzzy knowledge for evaluating the solvency of enterprises and
investment projects, forming a set of evaluation criteria and examples of constructions membership functions for comparing input. For the
first time a representation of the information model of fuzzy knowledge input to expert estimates, the example of a startup evaluation of
projects that will provide linguistic value and reliability assessment of alternatives.

Results. The result of the study is the information modeling of the presentation of fuzzy knowledge on examples of construction of mod-
els for assessing the solvency of enterprises, investment and startup projects on incoming expert assessments. The developed model gives an
opportunity for the recruited expert points of a weakly structured or unstructured task to receive interpretations, revealing the subjectivity of
experts and having a quantitative assessment in non-formalized problems. The rationality of the assessment proves the advantages of the
developed models.

Conclusions. The scientific and applied task of developing informational models of presentation of fuzzy knowledge for information
technology is solved in the work on examples of construction of models of solvency assessment of enterprises, investment projects and start-
up of projects according to incoming expert assessments. The development of models of fuzzy knowledge will provide an opportunity to
adequately approach the evaluation of alternative solutions, while increasing the degree of validity of decision-making. The proposed infor-
mation models of fuzzy knowledge of the assessment of enterprises’ solvency, investment and startup projects can be implemented into the
work of investment institutions.

KEYWORDS: information model, fuzzy knowledge, fuzzy sets, membership function, expert judgment, decision making.
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ABSTRACT

Context. The task of automation of feature set informativeness estimation process in multi robot teams control is solved. The
object of the research is the process of multi robot teams control. The subject of the research is the criterion of feature set
informativeness estimation.

Obijective. The research objective is to develop the criterion for feature set informativeness estimation in multi robot teams
control.

Method. The criterion for feature set informativeness estimation is proposed. The developed criterion is based on the idea that
feature set informativeness is computed according to values of the prior probabilities of finding features in the descriptions of the
environment states. The use of the proposed criterion allows to efficiently solve the problem of feature set informativeness
estimation, leading to effective solution of the multi robots control task. The developed criterion is based on the maximizing mutual
information criterion and can be applicable when measurements are interdepended and environment has a variable number of states.
The criterion doesn’t require to construct models based on the estimated feature combinations, in such a way considerably reducing
time and computing costs for multi robot teams control. Application of the proposed criterion for feature set informativeness
estimation allows to make a decision how much a new observation will increase the certainty of the robots’ beliefs about the
environment state which is observed.

Results. The software which implements the proposed criterion for feature set informativeness estimation and allows to manage
multi robot teams has been developed.

Conclusions. The conducted experiments have confirmed operability of the proposed criterion for feature set informativeness
estimation and allow to recommend it for multi robot teams control in practice. The prospects for further researches may include the
modification of the known multi robot teams control methods and the development of new ones based on the proposed criterion for
feature set informativeness estimation.

KEYWORDS: multi robot teams control, mutual information, informativeness criterion, feature set informativeness.

NOMENCLATURE
p(Li) is a prior probability of the environment state

Li

p(ij ) is the prior probability of the situation when a
feature K has value j;

p(xkj / Li) is a probability of the situation when a fea-
ture k has value jon condition that output parameter has

value L ;
N is a number of possible environment states

i=1N;
p(Li / ij) is a probability of the situation when the
environment state has value L; on condition that feature

has value Xy ;

J is a number of feature values | = I,_J ;

n is a number of features k =1,n;
a. 1s a possible robots action;

D is a number of possible robots actions ¢=1,D ;
H O(L) is a prior entropy of the environment state;

Iy (L) is a informativeness of the k -th feature;
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I(L) is a informativeness of the feature set;
E(L) is a relative informativeness of the feature set;
I B(L) is a informativeness of the 3 feature;

Up (L))
the B feature;
Ykp 1s a coefficient characterizing the statistical con-

is a maximum possible informativeness of

nection between k and [ -th features;

pe(L) is a classification error of the environment
state;

ps is a required classification error of the environ-
ment state;

M (qu), M¢(Xl ;) are the frequencies of the values

of the features;
W is a sum of all measured frequencies of the consis-
tent occurrence of the feature values;

IM (J-)¢J are hypothetical frequencies;

Hr(L) is the required entropy of the environment

state;
I, (L) is the required amount of mutual information of

the environment state;
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I*(L) is an amount of mutual information which
multi robot teams receive from action;

I; and | are amounts of information that can be

determined based on the value of the required probability
of the clasification error.

INTRODUCTION

Multi robot teams that intelligently gather information
have the potential to transform industries as diverse as
agriculture, space exploration, mining, environmental
monitoring, search and rescue, and construction. Despite
large amounts of research effort on active perception
problems, there still remain significant challenges.

The ultimate goal of an active perception problem is to
estimate some unknown quantity of interest. Most modern
perception approaches are probabilistic [1]; instead of
forming a single concrete guess of what something is,
they determine a probability distribution over possible
values that it could be. Consequently, the goal of an active
perception strategy is to reduce the uncertainty of the
probabilistic estimate as quickly as possible. To formally
define this goal of “uncertainty reduction,” a lot of mod-
ern approaches use information theory. According to them
the robots are controlled to seek informative observations
by moving along the gradient of mutual information at
each time step. Mutual information is a quantity from
information theory that predicts how much a new obser-
vation will increase the certainty of the robots’ beliefs
about the environment state. Thus by moving along the
mutual information gradient, the robots maximally in-
crease the informativeness of their next observation.

To control this complex process we have to use fea-
ture set informativeness estimation methods that allows us
to make a decision how much a new observation will in-
crease the certainty of the robots’ beliefs about the envi-
ronment state.

Feature set informativeness estimation methods gen-
erally use classification error obtained by the model
which was constructed using estimated data set as crite-
rion of feature set informativeness estimation [2, 3]. Such
approach needs significant computational and time costs
of resources, because it is connected with computationally
complex procedure of model synthesis which should be
performed for every estimated feature set [2, 3].

Informational criteria [2, 4] don’t require to perform
computationally complex procedure of mathematical
model synthesis for estimation of feature set informative-
ness. However, in the known approaches of multi robot
teams control, such criteria suppose that features of initial
data sample are independent. Therefore it is difficult to
use such criteria in practice and it is unsuitable for situ-
ations when features in initial samples are interdependent.

Also, however there is a binding relationship between
mutual information and classification error there is no
functional relationship between these values. This does
not allow us to make precise assessment of the classifica-
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tion error in the known approaches of multi robot teams
control.

The described shortcomings cause actuality of the de-
velopment of the criterion for feature set informativeness
estimation, which is free from these drawbacks.

The research objective is to develop the criterion for
feature set informativeness estimation which enables to
estimate the classification error in the task of multi robot
teams control.

1 PROBLEM STATEMENT
Suppose we have prior probabilities p(xkj/ Li) and

p(Li) for environment states L = {Ll, Ly,..., LN} and
feature set X = {Xl, X2 5eees xn}. Every feature X, is charac-
terized by values of attributes Xy = {Xkl 5 XK2sees XkJ } . Giv-
en a set of possible robots actions A= {al,az,...,aD}.

Then the problem of multi robot teams control strategy
can be ideally stated [1] as driving the team to obtain
measurements which lead to maximize the mutual infor-

mation | *(L) =max | (L) .
acA

2 REVIEW OF THE LITERATURE

Bayesian approaches for estimation have a rich history
in robotics, and mutual information has recently emerged
as a powerful tool for controlling robots to improve the
quality of the Bayesian estimation, particularly in multi
robot systems. As an early example, in [5, 6] was pro-
posed controlling multiple robot platforms so as to in-
crease the mutual information between the robots sensors
and the position of a target in tracking applications. In [7]
was used a similar method for exploring and mapping
uncertain environments. The problem of planning paths
through an environment to optimize mutual information
was investigated in [8—10].

In [11] was used mutual information for control with
highly non Gaussian belief states, achieving scalability by
using a pairwise approximation to mutual information. In
[12] was used the identical gradient of mutual information
to drive a network of robots for general environment state
estimation tasks. In [13] was developed a consensus algo-
rithm to achieve decentralization and a sampling strategy
to reduce complexity.

Information theoretic costs metrics also have been
used to manage sensors [14], and led to algorithms to con-
trol sensor networks for information gathering over an
area by parameterizing the motion of collectives of vehi-
cles [15]. The optimal probing control law to minimize
Shannon entropy for the dual control problem was shown
to be the input that maximizes mutual information [16]. A
property relating probability distributions, the alpha-
divergence, was computed for particle filters and applied
to manage sensors with binary measurements, though
scalability in sensor network size was not addressed, and
Shannon entropy was only found in the limit of the pre-
sented equations [17]. Probability-of-detection was com-
puted using both grid cell and particle filter estimators,
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and experimentally demonstrated [18]. An approximate
method was used to estimate the expected entropy for
particle filters over a finite horizon [19]. Gaussian particle
filtering was used with a mutual information objective
function, though the technique approximates the posterior
probability distribution as Gaussian at every update [20].
The version of mutual information approximation tech-
niques was presented in [21].

For planning approaches that seek to maximize mutual
information, in [22] derived approximation guarantees for
greedy maximizations of mutual information and other
submodular set functions. These results were applied to
mobile robot environmental monitoring problems in [23,
24]. These guarantees only hold in offline settings where
teams do not update their actions based on measurements
they receive. In [25] was developed a sampling based
strategy for maximizing a variety of information metrics
with asymptotic optimality guarantees. However, they
assume that information is additive across multiple meas-
urements (i.e., measurements are independent). This as-
sumption limits cooperation in multi-robot settings [1]
and can lead to overcondence when considering multiple
measurements of the same quantity.

Information-theoretic objectives have also been used
for planning and control in robotics for related informa-
tion rich tasks involving uncertainty such as inspection
[26], environment modeling [27], extrinsic calibration of
LIDAR sensors [28], visual servoing [29], and active ob-
ject modeling [30]. They have also been used for applica-
tions outside of active perception. For example,
Kretzschmar and Stachniss [31] use mutual information
as a criterion for storing a minimal number of laser scans
toward map reconstruction.

It is necessary to admit that classification methods
generally use classification error obtained by the model
which was constructed using estimated data set as crite-
rion of statistic effectiveness estimation [2, 3]. But such
approach needs significant computational and time costs
of resources, because it is connected with computationally
complex procedure of model synthesis which should be
performed for every estimated feature set [2].

Although there is a binding relationship between mu-
tual information and prognostication or classification er-
ror there is no functional relationship between these val-
ues. This does not allow to make reliable assessment of
the classification error [32] and to estimate the ratio of
incorrectly recognized measurements to the total number
of measurements for multi robot teams.

It means that for planning approaches to multi robot
teams control which seek to maximize mutual information
the increasing of the mutual information is not the same
as decreasing the ratio of incorrectly recognized meas-
urements to the total number of measurements.

Thus disadvantages of the known criteria for feature
set informativeness estimation in robotics cause actuality
of the development of criterion which should be free from
the discovered drawbacks.
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The described shortcomings cause actuality of the de-
velopment of the criterion for feature set informativeness
estimation, which is free from these drawbacks.

3 MATERIALS AND METHODS
The entropy of the environment state L on condition
that output parameter Xy has value Xy; can be defined as:

N
(L/ij) z p(LI /ij )IOgN p(LI /ij )
i=1

Use Bayes’ Rule:

(L/ij)=——(—)2p(L. (ij/h)log\lN(L')M:

Xl 1)l /L)
_Zi:p(Li)P(ij/Li)log\l plLs)plxg /)~
—ip(mp(xk,-/u)loguipm)p(xk,-m) |

To obtain an entropy solution, we find the sum of val-
ues H (L/ ij) for all values with weights, proportional to

the probability of occurrence of each values p(xkj ) Then

J N

H(L/x )= i plxg H (L /%)=~ 3 plLi. )<

i=1 j=li=1

I N
xlogy plLi g )+ 2.2.P (Llsxkj)zlogN plLi.xg)
j=li=l i=1

The value of the prior entropy of the solution will be
N

= p(Li)logy p(L;).
i=1

The mutual information of the environment state on
condition that measurements are independent is defined as

|(|_)=ki1|k(L).

However, to estimate the informativeness of a group
of statistically related features using the Shannon measure
is rather difficult. Therefore it is difficult to estimate mu-
tual information for situations when measurements are
interdependent.

To solve this problem we use method which was de-
fined in [33]. According to this method informativeness
for situations when features are interdependent can be
estimated as

found by expression Hg(L)=

O
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The statistical relationships between features in (1) are
taken into account in all of their pair combinations. The
connections of higher orders were not taken into account
because of their non-essentialness for practical calcula-
tions [33]. As can be seen from (1), in order to find the
informativeness of the feature set, it is necessary to esti-
mate the statistical relationships between them, which are
characterized by the coefficient yyg. To do this we use

the criterion, which are based on the measured frequen-
cies differences of the consistent occurrence of the fea-
tures discrete values with a hypothetical distribution of
frequencies, which corresponds to the condition of the
features independence.

First, assume that the features are statistically inde-
pendent. The hypothetical frequency distribution, which
corresponds to this condition, needs to be verified statisti-
cally. To do this, use the Pearson criterion.

Assume that it is necessary to quantify the statistical

relationship between the features X, and X,, which in
general can have several values X;j and Xy (¢=ﬁ, q

— maximum number of values for the feature ¢ ).

In Table 1 shows the distributions of the measured
frequencies M j, of the compatible appearance of the J

value of the X, feature and the ¢ value of the x, feature.

q
In this table (M j(xzq )= >M jo for j=const);
¢=1

J
(My(x13)=D"Mjy mpu ¢ =const).
i=1

i'\"j(xz¢)=§l'\"¢(xu)-
My = M o I 0w

From hypothetical frequencies lM ?¢J we can find

2

The double sum (2) is distributed approximately Xﬁﬁ
with the number of degrees of freedom &=(J —1)q—1)

[33]. Therefore, we will assume that X%B =vZ.

The larger the value xﬁﬁ for each pair of feature Xy
and xg, the greater the statistical relationship between
them (for a statistically independent pair of features

Mj¢=[M?¢Jand Tk =0.
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Table 1 — Frequencies of compatible appearance of the j

value of the X, feature and the ¢ value of the X, feature

Value X,
X,
X5 X5 X2q Z
X1 lMloll lMIOZJ lMl%J M (g
M M, Miq
Xz | 3] | M) e
12 MZ MZ Mag M5 (xoq )
[’V'?«t
Mj¢
X1 [MS]IJ \_MJ2J lMS)q MJ(XZq)
M M2 M jq
> Milxg)| Malxy) Mq(xiy) W

When using Pearson’s criterion in expression (1), the

value XﬁB for the pairs of features should be normalized

by dividing them by (xﬁﬁ)

for this pair of features,
max

that is, one has to find yg :Xﬁﬁ /(Xﬁﬁ)max where

(X ﬁﬁ )max =W

However, the value of the mutual information depends
on the number of the investigated system states. However,
when conducting robots measurements we can have dif-
ferent number of the explored environment state. There-
fore, in practical calculations of informative it is expedi-
ent to use the relative mutual information received by the
multi robots team, whose value does not depend on the
number of the environment states.

We can find it as E(L) = H

The required amount of mutual information of the en-
vironment state 1,(L) to provide the required

classification  error pe (L) is  defined as
I,(L)=Ho(L)-H,(L), where H,(L) is the required
entropy of the environment state L .

To provide the required value of the feature set infor-
mativeness for multi robot teams control the condition

pe(L)< pe(L) (3)
have to be met.

However, as noted in [32], there is no functional rela-
tionship between conditional entropy and classification
error.

Therefore, the condition 1(L)>1,(L) is necessary,

but not sufficient to ensure the necessary probability of
making a false decision about the state of environment.
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So, if a decision is taken on one of the two states of the
system, in order to unambiguously guarantee the neces-
sary value of the average probability of making a false

decision, it is enough to fulfill the condition
I(L)-T,(L)> 1" or
H(L)-H(L/x)>17, (4)
where
1" =—H(L/x)1+0,5l0g, 0,5H(L/x))— )

—(1-0,5H(L/x))log,(1-0,5H(L/x))

to ensure compliance with the condition (3).

We prove the sufficiency of the condition (4), for this
we use the well-known expressions for the exact upper
and lower bounds of the mean condition entropy H(L/x)
at a given average probability of error pe(L). These ex-

pressions in accordance with the theorem of Kovalevsky
[32] is presented in this form

supH(L/ %) =—pe(L)logo Pe(L)—(1—pe(L))log (1 pe(L).

e (6)
inf H(L/x)=2pe(L).

®)

On the basis of expression (7), we conclude that for a
given average conditional entropy H(L/ X), for the ave-
rage probability of recognition error pe(L), inequality
holds true

Pe(L)<0,5H(L/x). ()

Inequality (8) is correct, since assuming the opposite;
we find that H(L/x)<2pe(L) this contradicts the condi-
tion (7).

We will proceed from the fact that the condition (4) is
fulfilled, then, taking into account (5), we obtain

H,(L)<—-0,5H(L/x)log, 0,5H(L/x)—

—(1=0,5H(L/x))logy(1-0,5H(L/x)) ©)
Under this condition

pe(L)<0,5H(L/x). (10)

Indeed, let’s assume the opposite, that is

pe(L)>0,5H(L/x). With this assumption, taking into
account that H(L/X)Sl, and supH(L/X) according to
(5) is monotonically increasing function from pe(L)
when pe(L) <0,5, we obtain

H,(L)>-0,5H(L/x)log, 0,5H(L/x)-

—(1-0,5H(L/x))log, (1-0,5H(L/x)).
© Humeniuk M. O., Sashchuk I. M., Zhuravsky Yu. V., 2018
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However, this inequality contradicts (9). Thus,
inequality is confirmed (10). Comparison (8) and (10)
allow us to conclude that when the condition (4) is
fullfilled so (3) is also fullfilled.

Thus, ensuring the required value of the entropy
solution is a necessary, but not sufficient condition for the
decision on the state of the environment with the required

probability. In order to ensure a condition pg(L)> pg(L),
it is sufficient that the condition (3) is fulfilled.

However, the sufficiency of the condition (3) can be
satisfied not only by the fulfillment of conditions (4), but
also the fulfillment of the condition

H,(L)-H(L/x)>17. (11)

Thus, knowing the lower boundary of the required

conditional entropy H r(L/ X) at the given required prob-

ability of classification error pg, the value I, should be

defined as the difference between the required entropy
Hr(L) and inf H,(L/x) by the expression

IF =H,(L)-inf H(L/x), (12)
where

inf H,(L/x)=2pg. (13)

Substituting the expressions (13) into expression (12)
we obtain:

17 =—p{ log, pL (1 pé)logz(l— pé)—zpé. (14)

Let us prove the condition (11). On the basis of
expression (14), the condition (11) can be represented as

He(L)-H(L/%)> H,(L)-2pg. Or

H(L/x)<2pf. (15)

We will show that under this condition pe < pg . Yes,
in fact, assuming the opposite, that is, that p, > ps on

the basis of expression (7) we obtain inf H (L/ X) >2 pg .

However, this condition contradicts the condition (15).
Consequently, the sufficiency of the condition (11) is
proved.

The value of the lower bound of the required condi-
tional entropy in accordance with [32] can be found tak-
ing into account the a priori probabilities of in terms of
expression

r
ianr(L/x):—polog{ Po r]—perlogz[ Pe r} (16)
Po + Pe Po + Pe

Where pg = min{p(l-l )» p('—z )}
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Therefore, in accordance with (12), and taking into
account (16), the value I
expression

can be determined by

If =—pg log, pg _(1_ p£)1°g2(1_ pg)+
or ). (17)

Po + Pe

+pe log,

+pplog
Po + Pe

4 EXPERIMENTS
Distribution of the entropy H(L/X), depending on

classification error pe, is presented in the Fig. 1.
Distribution of mutual information I: , depending on
the entropy H (L/ X) , is presented in the Fig. 2.
Distribution of I, , depending on p§ with condition
Po = const, is presented in the Fig. 3.

-

H(L]
0.8

0.6

0.4

0 0,1

0,2

0.4

De
Figure 1 — Graph of dependence between H (L / X)

0,3

and pe

Numerical study of the developed software system
application based on the proposed estimation criterion and
the traditional methods of effectiveness estimation shows
that proposed criterion in average by 5% reduces the
informativeness of the feature set.

For example in Tables 2—4 are presented probabilities
of the situation when a features has different values on
condition that output parameters has values Ly and L, .

I*
F 74 N
0,25 / N
L/ N\
01; / \‘
it N\
0,05 / \
0
0 02 04 06 08 1 H([ ;’x)

Figure 2 — Graph of dependence between |, and pj
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0.1 / // ‘\\
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0
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’ ’ Pe
Figure 3 — Graph of dependence between | ;k and pg if
po = const

Table 2 — Probabilities p(X1 / Li) of the feature X

state LI )(1 1 X12 X1 3
L, 01 038 01
L, 05 0,1 04

Table 3 — Probabilities p(x, / Li) of the feature x,

state LI X1 1 X12 X1 3
L 0,1 0.8 0,1
L, 0,5 0,1 0.4

Table 4 — Probabilities p(X3 /L ) of the feature X3

state Li )(1 1 X12 X13

L 0,1 0.8 0,1

L, 0,5 0,1 0,4
Further, in accordance with our approach we

determine the values of the informativeness of each fea-
ture. As a result of calculations we obtain the values Ej

that are presented in the Table 5.

Table 5 — The obtained values of the feature relative

informativeness
E =) E;
0,40 0,10 0,15

On the basis of the obtained values of the feature
relative informativeness we determine the relative infor-
mativeness of the feature set. Since the ignoring of the
statistical relationships between the features overestimates
the relative informativeness of the feature set, it leads to
an incorrect definition of its informativeness of the feature
set. Therefore, we will determine the relative
informativeness of the feature set, taking into account the
statistical relationships between the features. To do this
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we will determine the value of the statistical coupling
coefficients for each pair of signs vyg .

Further, we determine the relative informativeness of
the feature set, taking into account the statistical
relationships  between the features E(L)=0.62.

Excluding E(L) =0.65.

From the obtained results it is clear that the inclusion
of statistical links between features by 5% reduces the
informativeness of the feature set, which leads to a more
accurate determination of the possible efficiency
indicator.

6 DISCUSSION
As can be seen from the data shown in the Figure 1,
there is an ambiguous relationship between the probabil-
ity of classification error p, and the entropy of the deci-

sion H(L/x). Thus, ensuring the required value of the
entropy solution is a necessary, but not sufficient
condition for the decision on the state of the environment
with the required probability. In order to ensure a condi-

tion pe(L)> pg(L), it is sufficient that the condition (3).

From the analysis of the data shown in the Figure 2
and 3, it is evident that, with a constant value of the re-

quired probability of classification error per =const, the

value |} determined by the expression (17) is less than

that determined by the expression (5). Therefore, in order
to determine the sufficient condition for the feature set
informativeness when recognizing the environment state,

it is expedient to use value I, which is determined by

expression (5). Since this will provide the required prob-
ability of error to recognize the environment state. It pro-
vides control of the multi robot teams which minimize the
ratio of incorrectly recognized measurements to the total
number of measurements.

Thus the proposed criterion for feature set informa-
tiveness estimation in the task of multi robot teams con-
trol allows to efficiently solve the problem of feature set
informativeness estimation, leading to effective solution
of the multi robots control task. At that in comparison
with traditional feature set informativeness estimation
approaches based on the maximizing mutual information
criterion this process is applicable when measurements
are interdepended, environment has a variable number of
states and allow estimate the ratio of incorrectly
recognized measurements to the total number of
measurements.

CONCLUSIONS

In this paper the actual task of automation of feature
set informativeness estimation process in the task of multi
robot teams control was solved.

The scientific novelty of obtained results is that the
method of feature set informativeness estimation is im-
proved. The improved method enables to estimate feature
set informativeness in classification problems in situations

© Humeniuk M. O., Sashchuk I. M., Zhuravsky Yu. V., 2018
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when input data samples contain interdependent features
and environment has a variable number of states. The
proposed criterion is based on the idea that feature set
significance is computed according to the mutual infor-
mation of the multi robot teams next observation. The
article defines a sufficient condition for ensuring the re-
quire probability of making a false decision on the envi-
ronment state and proves it. The fulfillment of this condi-
tion guarantees a decision on the environment state with
the required probability.

Application of the proposed criterion of features set
informativeness estimation allows us to make a decision
how much a new observation will increase the certainty of
the robots’ beliefs about the environment state. Practical
significance of the paper consists in the solution of practi-
cal problems of multi robot teams control. Experimental
results showed that the proposed criterion allowed to es-
timate feature set informativeness and it could be used in
practice for solving of practical tasks of multi robot teams
control.
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KPUTEPII OILIIHIOBAHHSI IHOOPMATUBHOCTI O3HAK IIPH YIIPABJIIHHI T'PYIIOIO POBOTIB
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HeHTpY, Kuromupceskuii BilicbkoBuid incTutyT imMeHi C. T1. Koponbsosa, XXutomup, Ykpaina.

AHOTAULIA

AKTyaJbHicTb. Bupimeno 3amady aBroMaTH3alii Ipolecy OLiHIOBaHHS iHGOPMATUBHOCTI O3HAK MPH yIPaBIIiHHI TPYTIOI POOO-
TiB. O0’€KT HOCITIPKEHHS — YIPaBIiHHS rpynoo poboTis. [Ipenmer mocmimKeHHS — KpUTepiil OmiHIOBaHHS iHOPMATHBHOCTI O3HAK.
Mera po6oTH noJsirae B po3po011i KpUTEpito OIiHIOBaHHS iHGOPMAaTHBHOCTI O3HAK MPH YNPaBIIiHHI TPYNIOI0 pOOOTIB.

MeTon. 3ampornoHOBaHO KpUTEpiil OIiHIOBaHHS iHGOpMATUBHOCTI O3HAK. Po3polOiieHuii KpuTepiii nependayae BU3HAYCHHS 1H-
(opmaTuBHOCTI HAOOPY O3HAK HA OCHOBI 3HA4YEHb ANPiOPHUX HMOBIPHOCTEH 3HAXO/PKEHHS O3HAK B OIMCAX CTaHIB HABKOJIMIIHBOTO
cepeoBHIIa. BUKOpHCTaHHS 3alIPOIIOHOBAHOTIO KPUTEPIIO 103BOJIsI€ €(heKTUBHO BUPILIyBAaTH 3aBAaHHS 100 OLIHIOBaHHS iHpopMa-
TUBHOCTI 03HaK. {e Hagae 3Mory mpuiiMaTy eeKTHBHI PIlICHHS MPH YIPaBIiHHI Tpynoro poboTiB. Po3pobienuit kpurepiit 6a3yersh-
¢s1 Ha KpUTepil MaKCUMAJIbHOI KUTBKOCTI iHpopMarii Ta Moxe OyTH 3aCTOCOBaHMI B CUTYalifX, KOJIA OTPHMaHHI BUMipIOBaHHS HE €
HE3JIC)KHUMH, 2 HaBKOJUIIHE CEPEeIOBUIIIEC Ma€ 3MiHHY KUTBKICTh CTaHIB. 3allpONIOHOBAaHMI KPUTEPill HE BUMarae moOyIoBH MOJe-
JIel Ha OCHOBI OLIIHIOBAaHMX KOMOiHamilf O3HaK, IIO iCTOTHO 3HIDKY€ YacoBi Ta OOYMCIIIOBAJbHI BUTPATH IPH YIPABIiHHI TPYyIOIO
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po6otiB. BukopucTaHHS 3aIIPOIIOHOBAHOTO KPHUTEPIIO IS OLIHIOBAHHS iHGOPMATHBHOCTI HA0OPY O3HAK J03BOJISIE IPUHMATH PillleH-
HSl HACKIJIBKH HOBE CITOCTEPEIKCHHS 301IBIIUTH 00i3HAHICTH POOOTIB II0/I0 CTaHY JOCIIIKYBAaHOTO HABKOJIMIIIHHOTO CEPEIOBUIIA.

PesyabTaT. Po3pobieHo nmporpaMHe 3a0e3neueHHs, M0 peasi3ye 3anpoloHOBAaHMI KpUTEpid OIiHIOBaHHS iH()OpPMaTHBHOCTI
O3HAaK Ta JI03BOJISE€ YIIPABIATH IPYIIOK0 POOOTIB.

BucHoBku. [IpoBeseHi eKCIEpUMEHTH MiATBEPANIN IPALE3aTHICTh 3alPOIOHOBAHOTO KPHUTEPi0 OLiHIOBaHHS iH(OpPMATHB-
HOCTi O3HaK 1 JO3BOJISIOTh PEKOMEHAYBATH HOTO JJIsi BUKOPUCTAHHS Ha MPAKTHUIl PU YIPaBIiHHA TpyIor podotiB. [lepcnexTnBu
MOJANBIINX JOCHIIKEHh MOXKYTh MOJNATaTH B MoAu(]ikamii iCHYI0UMX 1 po3po0Ili HOBHX METOJIB YIPaBIiHHS TPYHOI poOOTiB Ha
OCHOBI 3aIIPOITOHOBAHOTO KPUTEPIIO OLIHIOBAHHS iHYOPMATUBHOCTI O3HAK.

KJIIOYOBI CJIOBA: ympaBiiHHS Ipynoro poOoTiB, B3aeMHa iH(pOpMaIis, KpUTepii iHPOPMATUBHOCTI, iIHPOPMATHBHICTE TPY-
M O3HAaK.
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AHHOTAIUA

AKTyanbHOCTB. Pemrena 3agaga aBToMaTH3alMu Iporecca OLUEHKH MH()OPMATHBHOCTH IPH3HAKOB YIPABICHHU IPYHIIOH po-
60ToB. OOBEKT HCCIeOBaHUS — YIpaBleHUe rpynmnoi poboros. [IpeaMer ncciaemoBaHus — KPUTEPHH OLEHKH MHPOPMATUBHOCTH
npu3HakoB. L{ens paboThl 3aKmovaeTcs B pa3paboTKe KPUTEPHs OLIEHKH HH()OPMATHBHOCTH MPU3HAKOB JJIS TPYIIBI pOOOTOB.

Merton. IIpennoxen KpuTepuii OLeHKH MHPOPMATHBHOCTH NPHU3HAKOB. Pa3paboTaHHBI KPUTEPH MperosaraeT onpeielicHue
nH(pOopMaTUBHOCTH HAabOpa NMPU3HAKOB HA OCHOBE 3HAYEHHI alpPHOPHBIX BEPOATHOCTEH HAXOXICHHUS MPU3HAKOB B ONMHCAHMAX COC-
TOSHUH OKpyxatomei cpensl. Mcnonbp30BaHne NPEIOKEHHOTO KPUTEpUs Mo3BousieT 3Q(EKTUBHO pelaTh 3a4a4yu 10 OLEHKE MH-
(hOpMAaTUBHOCTU MPU3HAKOB. DTO AAaET BO3MOKHOCTh NPUHUMAThH 3()(HEKTHBHBIEC PEIICHUS NP YIPABICHUN TPYNIIon poOoToB. Paz-
paboTaHHBIH KpuTepuii 6a3upyercs Ha KPUTEPUH MAKCHMAJIBHOTO KOIMYECTBA HH(POPMAIN H MOXKET OBITh MPHUMEHEH B CUTYaIHsX,
KOIJa MOIy4YEHUM U3MEPEHHs HE SABIAIOTCS HE3aBUCHMBIMHU, a OKpYJKArolas Cpela UMEET IIEPEMEHHOE KOJIUYECTBO COCTOSHUIL.
IMpemnoxxeHHsIil KpuTepHii He TpeOyeT MOCTPOSHUS MOJieIell Ha OCHOBE OLICHWBAEMbIX KOMOMHAIMH IPU3HAKOB, CYIIECTBEHHO CHH-
JKaeT BPEMCHHBIC ¥ BHIUHCIIUTENBHEIE 3aTPaThl IPH YIIPABICHUH IPYyNIoil po6oToB. Vcronap30BaHue MPeUIOKEHHOTO KPUTEPHS IS
OLICHKU MH(POPMATUBHOCTH HabOpa MPU3HAKOB MO3BOJISIET NIPUHUMATh PEIICHHUS] HACKOJIBKO HOBOE HAOJIIOJICHHE YBEINIUT OCBEIOM-
JIEHHOCTh POOOTOB 10 COCTOSIHUIO MCCIIEyeMOM OKPY KAIOIEH Cpe/bl.

Pe3yabTathl. Pazpaborano nporpaMMHoe oOecrieueHue, pealnsylolee MpeIoKeHHbIH KpUTepUil OIIeHKH MH(POPMATHBHOCTH
MIPU3HAKOB U MO3BOJISIET YNPABIATH TPYMION poOOTOB.

BriBoasl. [IpoBeneHHbIEC SKCIIEPUMEHTHI TTOJTBEPAMIN PAOOTOCIIOCOOHOCTD MPEITI0KEHHOTO KPUTEPHSI OLIEHKH NH()OPMATHBHO-
CTH TIPU3HAKOB M MO3BOJIIOT PEKOMEH/I0BATh €T0 JUIS HCIIOIB30BAaHMS Ha IPAKTHKE TIPH YIPaBICHUH Tpymmoit poboTos. IlepcmexTn-
BBl JAIBHEHIINX UCCIEIOBAHMH MOTYT 3aKJIIOYaThCsS B MOAU(UKALNH CYIIECTBYIONIUX U pa3pabOTKe HOBBIX METOMOB YIIPABIICHUS
TPYHIIOH pOOOTOB Ha OCHOBE IPEUIOKEHHOTO KPUTEPHSI OLICHKN HH(GOPMATHBHOCTHU NIPU3HAKOB.

KJIIOUEBBIE CJIOBA: ynpaBienue rpymmnoi po6otos, B3auMHasi HHGOpManus, KpuTepuii HHGOPMaTUBHOCTH, HH(HOPMATHB-
HOCTb I'PYMIIbI IPU3HAKOB.
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ABSTRACT

Context. Knowledge bases are the main element of artificial intelligence systems. They are formed on the basis of two generally
accepted approaches: the object-oriented approach and object-structural approach. Knowledge structuring through its ordering,
classification and typing of selected classes is the main operation that is implemented in both approaches. Quite often there are
situations when data or knowledge is not exact and it is impossible to perform their exact classification. These features necessitate the
development of new approaches aimed at solving problems of extracting knowledge from large arrays of unordered data, structuring,
presenting and analytical processing of inexact knowledge in automated construction of knowledge bases.

Objective. The objective of this paper is a research of new approaches for solving problems of representation of knowledge
about cases in intellectual decision support systems.

Method. An approach aimed at modifying Case-Based Reasoning method on the basis of Rough Set Approach has been
proposed in this paper. The proposed method forms a partition of cases to determine the degree of their belonging to the goal classes
using upper and lower approximations of goal classes, considering the relative importance of classification attributes and formed
equivalence classes.

Results. The proposed modification of Case-Based Reasoning method allows extracting knowledge about cases from arrays of
unordered data with the purpose of the case base construction, and handling the inconsistent (in cases where for the same values of
attributes cases belong to different classes), and incomplete (in cases where the values of some attributes or information of the case

belonging to the given class is missing or unreliable) information about cases.
Conclusions. The proposed method of representation knowledge about cases, their adaptation and subsequent search in the case
base formed under uncertainty and existence of inexact, rough, inconsistent initial data constitutes a theoretical basis for constructing

intellectual decision support systems.

KEYWORDS: Rough Set Theory, Case-Based Reasoning, case (precedent), knowledge base, case base, classification.

ABBREVIATIONS
CB is a case base;
CBR is a case-based reasoning;
DM is a decision-maker;
RST is a rough set theory;

NOMENCLATURE

og is a degree of completeness of existing knowledge;

pr 1s a degree of incompleteness of existing
knowledge;

A is a set of case attributes;

a; 1s a value of case attributes;

BNg(X) is a R-boundary region of X;

card(Y) is a cardinality of ¥;

CX; is a region of acceptability of the corresponding
case parameters x;;

D are recommendations to the decision-maker;

E; is a class of equivalence relations over U;

IND(R) is a family of all equivalence classes of R;

K is a relational system (knowledge base);

n is a number of case parameters;

NEGR(X) is a R-negative region of X;

POSR(X) is a R-positive region of X;

R is a family of equivalence relations over U,

RX is a R-lower approximation of rough set .X;

RX isa R -upper approximation of rough set .X;
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x; is a parameter (characteristic) of the case;

X; is a category in universe U;

[x]g is represented an equivalence class in R
containing an element x € U,

U is a finite set of considered objects (universe).

INTRODUCTION

CBR method based on use of previous experience in
decision-making became widespread recently for various
problems solving. A case (precedent) is a structured
representation of accumulated experience in the form of
data and knowledge, ensuring its subsequent automated
processing with the help of specialized software systems
[1,2].

In general, the case model is represented as follows:

Case(xl X0 50Xy, ,D) .

(M

In the process of CBR implementation the following
basic tasks should be solved: choice of the form of
knowledge representation about the case, identification
and extraction of the case from the generated knowledge
base (case base) and adaptation of computed solutions [3].

To solve the first problem, traditional methods of
knowledge extraction and presentation are widely used,
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such as commutative and textual methods, product
models, semantic networks, frames, formal logic models,
etc. The search and extraction of cases is performed using
fuzzy sets and fuzzy relationships, decision trees, neural
networks, and others.

Along with that to solve this problem method of
search for the nearest neighbor and its modification
became widespread. As for the task of adapting decisions
based on cases, very few works have been devoted to its
analysis.

The object of study is the process of structuring of
case knowledge derived from large arrays of raw, rough
data, by ordering and classifying them in the knowledge
base using equivalence relations.

The subject of study are the models and methods of
modeling reasoning on the basis of precedents, and their
modifications based on the mathematical apparatus of the
rough set theory.

The purpose of the work is to consider possibilities
of RST for solving problems of representation knowledge
about cases, their search and adaptation for subsequent
decision-making.

1. PROBLEM STATEMENT

Let the initial set of knowledge about cases X be
represented by two classes of cases: Caseg = {x|, x,, X3,
x4} and Cases,= {xs, X6, X7}, Where x; is some parameter
(characteristic) of the case x; € CX;, and CX; is a region of
acceptability of the corresponding case parameters. And
let Xy = {x3, x4, X7, x3} be some set of knowledge, which
must be attributed to one of the indicated classes Caseg
and Cases,. However, it can be seen that elements of this
set {x3, x4} € Cases; and, {x;} € Cases,, but the element
{xg} & (Cases|, Cases,). This characterizes the situation
when it is not possible to perform an exact classification.

Suppose given a set of cases SC = {Caseg}, j = 1, 2,
..., k, where Caseg;= {x;}, 1= 1, 2, ..., n, and some set of
knowledge Xo = {x;},i=1,2,...,p (p=>n).

The problem of classification can be presented as the
problem of choosing the correct class Caseg; for an each
given input element x;€X, from the original set of
knowledge Xj.

2 REVIEW OF THE LITERATURE

There are a lot of works devoted to models and
methods of analyzing cases [1-7, etc.]. For example, in
[1,2] issues of CBR modeling in intelligent decision
support systems are considered. The paper [3] is devoted
to the description of case extraction approaches using
fuzzy sets and fuzzy relations. In [4, 5] issues of practical
application of the nearest neighbor search method and its
modifications are considered as well as problems
connected with its use in the task of cases extracting are
noted. The analysis of listed publications allows for the
conclusion that existing methods of representation and
structuring of knowledge about cases use strict models
determined by the relevance (certainty) of considered
elements.
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At the same time in real situations it is quite often
necessary to solve problems of extracting knowledge
from arrays of unordered (raw, rough) data. The
knowledge thus obtained is not accurate and it is
impossible to perform its exact classification (establish a
classification category). This is mainly due to the fact that
the “rigidity” of existing models of knowledge
representation forces developers to combine or cut down
the real knowledge of experts [3].

To analyze such situations the author of [8] has
proposed RST, which allows processing implicit arrays of
disordered data and, on this basis, to extract new
knowledge.

3. MATERIALS AND METHODS

Let’s first consider RST basic concepts, which are
necessary for presentation knowledge about cases,
forming the CB and subsequent searching of cases (for
complete information on RST, see [8, 9, 10]).

The rough set approach is considered as a concept and
theoretical basis of reasoning about knowledge, when it is
not exact (inexact or rough knowledge). This theory is
based on the fact that knowledge is deeply embedded in
the ability of people to classify subjects, phenomena,
objects, situations, etc. In other words, knowledge is
based on the ability to classify the objects. Therefore,
knowledge in RST is necessarily associated with a
multitude of patterns of classification, called the universe
of discourse. In fact, knowledge consists of a family of
different samples of element classification that make up
the domain of interest to us.

Let U#©® be a finite set of considered objects
(universe). Each subset X;c U of the universe is called a
category in U and any family of subsets of the universe U
is considered as abstract knowledge about U (the empty
set @ is also a category). RST is based on concepts which
form a partition (classification) of the certain universe U,
i.e. on gaining of the family C={X,, X5, ..., X,}, such that
Xic U X;# 0, X;nX=0 for i #, (i, j=1,...,n) and UX=U.

Such family is called a knowledge base on U, which
represents a set of basic aspects of classification (color,
temperature, etc.) [10].

It is proposed in RST to perform the classification
procedures using equivalence relations, which are simpler
when dealing with them than with known decisive rules
(8, 9].

If R denotes the equivalence relation then the relation
IND(R) denotes the family of all equivalence classes of R
or classifications of U, and [x]z is represented an
equivalence class in R containing an element x € U.

Formally, a knowledge base, is seen as a relational
system K=(U, R), where U= @ is a finite set of objects
(universe), R is a family of equivalence relations over U.

If to consider the goal set of elements X e U, than the
following situations can be considered with respect to
IND(R) classification [8, 9]:

1) The set X is the union of certain categories of
IND(R). In this case the set X is called R-exact.
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2) The set X cannot be expressed as the union of
certain categories of IND(R). In this case the set X is
called R-inexact or R-rough.

3) R -lower approximation of rough set X is a subset
of all elements of U, which can be certainly classified as

belonging to the goal set X:
@X:{er:[x]R gX},or xeRX,

ifand only if [x]r € X . @

R -lower approximation of X is also defined as R-
positive region of X:

POSp(X)=RX . 3)

4) R -upper approximation of rough set X is called the
subset of all elements of U, which can be possibly
classified as belonging to the goal set X:

RX ={xeU:[x]lgnX #@},or xeRX ,

4
ifandonly if [x]p "X = . @

5) Negative region of X is a subset of all elements of
universe U, which certainly do not belong to the set X:

NEGR(X)=U-RX . (5)
6) The boundary region of X is a subset of all elements
of U, which belong to R -upper approximation and do not

belong to R -lower approximation of X:

BNR(X)=RX -RX . (6)

Let, for example [8], there be a knowledge base
K=(U, R), where U={x1, x3, X3, X4, X5, X6, X7, Xg, X9, X10}, 1S
the universe of elements x;; R is the equivalence relation
upon which the following equivalence classes (categories)
were selected on U: U/IND(R)={{x1, x2}, {x3, X7, X10},

{xa), {xsh, {xeh, {xsh, {xo}}.

Let goal sets X1={x1, X2, X4, .X'5} and X2={x1, X2, X3, X4}
be given. Let us compute the characteristics considered
above for sets X; and X,.

Thus, we have:

RX) = {xp.x0 fO g fU s b= 4y, 30,34, x5}
RX) = {x),x,%4,%5 5
NEGR (X)) = {xg,x6,x7,xssx9sx10};
BNp(X))=9;
RXy = {xp,xp fUtag | = {xp.x0, x4} 5

RX 5 = {x1,%2,X3,X4,X7,%]0} 5
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NEGR(X,) = {x5,%6,%g,Xg} ;

BNR(X3) = {x3,x7,x10} .

RST assumes that rough sets simulate the uncertainty
regarding the belonging of some elements of the universe
to a given goal set. Therefore, for evaluating the degree of
such uncertainty, an assessment of approximation
accuracy has been introduced [8, 9, 10]:

card RX

— >

ap(X)=
R(X) card RX

X+, ag(X)e[0.,1]. 7

This assessment defines the degree of knowledge
completeness.

If BNz=0, i.e. RX = RX , then oz(X)=1 and the set X
is considered as R-—definable. If BNz= @, then
card RX > card RX and ag(X)<l. Such values of az(X)
characterize R-undefinable or rough sets.

As an alternative measure, in RST a roughness
measure of the goal set X has been introduced:

pr(X)=1-0p(X). (®)
The roughness assessment, in contrast to the accuracy

assessment, characterizes the degree of incompleteness of
existing knowledge.

4 EXPERIMENTS

Let’s consider an example of using RST for
implementation of CBR method in terms of presenting
knowledge about cases, the CB creation, and also
adapting and searching cases in the CB. To solve the first
problem, RST uses a data table whose rows correspond to
elements (cases), and columns correspond to features
(attributes) of these cases.

A cell located at the intersection of i-th row and j-th
column contains the value of the j-th characteristic
(attribute, feature) for the i-th element. This makes it
possible to obtain a simple form of the initial data
representation (Table. 1).

Table 1 — The universe of cases and the values of their attributes

. Values of case attributes
The universe of cases

a [25) as ay ds
X 1 2 0 1 2
X 1 2 0 1 2
X3 2 0 0 0 1
Xy 0 0 1 1 1
X5 2 1 0 2 1
Xe 0 0 1 1 1
X7 2 0 0 0 1
Xg 0 1 2 1 0
X9 2 1 0 2 1
X10 2 0 0 0 1
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We denote a universe as U={xy, x,, X3, X4, X5, Xg, X7, X3,
X9, X10} and a set of attributes as A={a,, a,, as, as, Xs}.

Using the equivalence relation, let us divide the set U
into subsets of attributes like {a,}, {ai, a2}, {ai, a», a3},
{al, ay, ds, Cl4}, {al, ay, ds, dg, as}.

So we have:

U/IND(R)){a\}={{x1, X2}, {X3, X5, X7, X0, X10}, X4, X6, X3} }

U/IND(Ry){a, az}={{x1, X2}, {x3, X7, X10}, {X4, X6}, {Xs,
Xo}, {Xs}};

U/IND(R3){ a1, az, az}={{x1, X2}, {X3, X7, X10}, {X4, X¢},
{xs, Xo}, {Xs}};

U/INDR){a\, az, as, as}={{x1, X2}, {x3, X7, X10}, {X4, X},
{xs, Xo}, {xs}};

U/IND(Rs) {611, ay, s, dg, a5}:{{x1: xz}, {X3, X7, XIO}: {X4,
x6}a {x53 x9}7 {x8}}

This allows us to write an expression for the CB for
this example:

CB =(U,Ey,Ey,E3,Ey.Es),

where: Elz{xl, Xz}, E2:{x3, X7, Xlo}, E3:{X4, .X6},
E&={xs, xo}, Es={xg} are the family of equivalence
relations over U (elements in each class are considered
indistinguishable).

Let X]Z{X4, X6» Xg}, X] c U and Xzz{xl, X2, X3, X5, Xg},
X> < U, be goal subsets which need to be checked against
selected classes of cases.

The first set X; can be uniquely represented as the
union of classes E; and Es5, ie. Xi=FE;UEs={x,,
Xe} U {xg}={x4, X6, xg}. Therefore, X; is R-exact set.

The set X, includes classes E;, £, and one element
from the class E,. Therefore, X; is R-rough set.

Using expressions (2)—(6) let’s represent the following
approximations of goal sets X; and X, in the following
form:

BX] ZEXI :POSR(XI)Z{X4,X6,XS};

POSR(X1)=RX ={xy, %678 3
NEGR(Xl)zU—ﬁ(Xl)={x1,x2,x3,x5,x7,x9,x10};

BNR(X|)=RX;-RX,=D;
RX; = {x1,%2,%3, %5, %7, %9, %10} ;
POSR(X) = RX; = {x1,%3,%5,%0 3
NEGR(X2)=U - R(X) = {x4,x6,%g };

BNg(Xy)=RX) —RX, = {x3,x7,x10}.
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Based on the above calculations, we can confidently
state that the elements {x4, x4, xg} completely belong to
the goal subset X; and the elements {xj, x5, x5, Xxo}
completely belong to the goal subset X.

R-boundary region of a goal subset X, contains three
elements BNy (X2)={x3, x7, xj0}. These elements can
potentially belong to the goal subset Xj.

Despite the fact that the element x; is specified as
belonging to the goal subset X, (Xp={x1, x2, X3, Xs, Xo}),
element x; cannot be uniquely classified as element from
the class X,, because it belongs to the boundary region of
X>. We can only talk about its potential membership to the
goal subset X;.

The elements x; and x;, were not assigned to any goal
subset, however they, like the element x3;, belong to the
same equivalence class E,.

Recall that elements, which belong to the same
equivalence category are considered indistinguishable,
that is why the elements x; and xy¢, like the element x;,
were included in the R-upper approximation of the goal
subset X.

Let Xo={x;, x19}, Xo< U. Using expressions (2)-(6)
let’s represent the following approximations of goal set X,
in the following form:

POSR(X9)=RX, =0;
RXy = Ey = {x3,x7,%10 };
NEGR(X) =U = R(X7) ={x1,X3,X4, X5, %6, X5, Xo
BNR(Xy)=RXy = RX = {x3,x7,%)0}.

As can be seen, from the above calculations, it is
fundamentally impossible to conclude that elements x;
and x¢ belong to one of the classes using the information
on classification attributes, because RX;=J .

The considered elements require an increase in a priori
knowledge regarding their belonging to given set of
classes.

Using expressions (7) and (8) let us calculate
assessments for considered goal sets X;={x4, x¢, xg} and
Xo={x1, X2, X3, X5, Xo}: or(X1)= 3/ 3 = 1; pa(Xy) = 05
or(Xo)=4/7; pr(Xo)=1-4/7=3/17.

It should be noted that elements with unknown
membership to classes and belonging to the R-boundary
region of classifications performed on the basis of all
other elements, do not affect the classification of the
original universe.

5 RESULTS
As can be seen from the above expressions the goal
set X; completely belongs to the union of classes E; and
Es (0g=1). The set X, cannot be uniquely classified
because pr(Xz) =3/ 7 (elements {x3, x7, X10}).
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Taking into account the considered situation, RS
theory proposes next strict rules for the classification of
goal sets, which can characterize cases:

if x; € POSR(X;),then x; € X ;;

ifxl» ENEGR(Xj),theH X QXJ,
if x; e BNg(X ), then x; € X,.

The above records are interpreted as follows [10]:

— if x; belongs to the R-positive region, then it is
identified with complete certainty as belonging to this
class;

— if x; belongs to the R-negative region of a particular
class, it is identified with complete certainty as not
belonging to this class;

— if x; belongs to the R-boundary region of a particular
class, it is impossible to say anything definite about the
belonging or not belonging of the case to a particular
class.

It follows that for a confident search of cases in the
CB by procedure of their classification only the first
decision rule can be used.

6 DISCUSSION

The proposed approach, aimed at modifying CBR
method using RST, allows processing of arrays of
unordered (rough) data, and on the basis of such
processing to extract new knowledge. The rough set
approach is based on conclusion that knowledge is
reflected in ability to classify objects and is associated
with a plurality of classification samples. The main
feature of RST is that it uses a kind of “inaccurate”
(“inexact”) classification, which in practice can look more
real than an exact classification, for which it is often
impossible to establish a classification category.

CONCLUSIONS

A modification of CBR method by using RST has been
considered in this paper. In order to solve problems
underlying this method, it is proposed to apply the following
procedures of the RST: representation, structuring and case
base construction, which is performed by means of a
relational table and forming a family of equivalence relations
(classes); for adapting cases and their search in the case base
special approximations and corresponding classification
rules are used.

The scientific novelty of obtained results consists in
the fact that for processing and presentation of case
(precedent) knowledge it is offered to wuse the
mathematical apparatus of the Rough Set Theory. The
fundamental concept of RST lies in fact that knowledge is
reflected in the separation (classification) of relevant
elements. Unlike existing approaches, the RST allows to
correctly handle data that are rough in the sense of
unordered and inaccuracy. The proposed modification of
the CBR method allows solving the problems of
presentation and structuring of knowledge about cases
(precedents), their adaptation and subsequent search in a
case base formed in the conditions of uncertainty and the
incompleteness of expert information about cases.
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The practical significance of obtained results
indicate the possibility of forming a set of decision rules
(classifier) for classification of new data samples that are
not part of the original training universe. That enables to
perform the description and presentation of knowledge by
highlighting their properties and attributes, and creates the
basis for structuring and analytical processing of
inaccurate knowledge in the artificial intelligence systems
design.

Prospects for further research are to develop
methods to improve a classification accuracy of
knowledge under incompleteness of expert information.
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AHOTAIIA

AkTyaiabHicTb. OCHOBHHM €IIEMEHTOM CHCTEM IITYYHOTO IHTENEKTY € Oa3u 3HaHb, fAKi (OPMYIOTbCSI Ha OCHOBI IBOX
3araJbHONPUIHATHX MiAXOAIB: 00’€KTHO-OPIEHTOBAHOTO Ta 00’ €KTHO-CTPYKTYpHOTo minxoaiB. [Ipu 1poMy OCHOBHOIO omeparti€to,
sIKa peayli3yeTbest B 000X MiAXOHax, € CTPYKTypH3alis 3HaHb 3a JOIOMOTOI0 IX YHOPSAKYBaHHS Ta KiacHUQikarii, Tumizamii
BUJIIICHUX KJaciB. J[OCHTh 4acTO BMHHKAIOTh CUTYyallii, KOJH JaHi a00 3HAaHHA HE € TOYHMMH I HEMOXJIHBO BHUKOHATH TOYHY
knacudikaiio. 3a3HadeHi 0coOIMBOCTI OOYMOBIIIOIOTH HEOOXIAHICTH PO3POOKM HOBHX ITiXOMIB CIPSIMOBAaHUX Ha BHUPIIICHHS
3aBIaHb BHJIyYCHHs 3HaHb 3 BEJIMKHX MAaCHBIB HEBIOPSIKOBaHUX (HEOOpOOIEHMX, rpyOHX) JaHHX, CTPYKTypyBaHHs, IMOJAaHHS Ta
aHaNITHYHOI 0OPOOKH HETOYHMX 3HAHb [IPU aBTOMATH30BaHii 00y 10Bi 6a3u 3HAHb.

Meton. B poGoTi 3amponoHOBaHO Miaxid, cnpsMoBaHuil Ha Momuikalilo MeTooy MipKyBaHb 3a MPELEICHTaMH HAa OCHOBI
MaTEeMaTHYHOTO arapary Teopii rpyOrx MHOXHH. 3allpOIIOHOBAHUH MiAXiX T03BOJISE BUKOHYBATH PO3OMTTS MHOKUHH HPEICCHTIB
JUTS BCTAHOBJICHHS CTYTICHS 1X MPHHAICKHOCTI 10 3aJaHUX IITLOBUX KJIaCiB HA OCHOBI OIepallii BEpXHbOI Ta HIKHBOI allpOKCHMAITii
LUTBOBUX KJIACIB, BPAaXOBYIOUM BITHOCHY BaXKJIUBICTh KiacHu(ikaniiiHux aTpuOyTiB Ta BHAIIEHI KIAacH €KBIBAICHTHOCTI, 3 METOIO iX
ToJANbIIO] afanTanii Ta MOUIyKy B 06a3i MpereeHTiB.

Pe3yabTaTh. 3anpornoHoBaHa MoauGikamis METOy MipKyBaHb 3a IIpEeLeIeHTaMH JO3BOJII€ 0O0YyBaTH 3HAHHS IIPO MPELEICHTH 3
MacCHBiB HEBIIOPSIKOBAHUX JaHHX, 3 MeTOl (opMyBaHHs 0a3u TPEIEJCHTIB, Ta OOpPOOJATH CyHepewIuBy iH(OPMAI MPo
NPELENCHTH, Y BHUIAJKy KOJIM IPH OAHAKOBUX 3HAYCHHSAX aTpUOYTIB, NMPELENCHTH BIJHOCATHCA IO PI3HHX KJIACiB, Ta HEHOBHY
iH(opMmaIifo Ipo MpeLeNeHTH, K0 3HAaYCHHs IesIKUX aTpuOyTiB abo iHdopMallis Mpo MPUHATIEKHICTh MPELEICHTIB 10 3a1aHOT0
KJ1acy BiICyTHs a00 HEIOCTOBIpHA.

BucHoBkH. 3ampomnoHOBaHMN MiAXiA MPEACTABICHHS 3HAHb NPO NPEIEJCHTH, IX aJanTamilo Ta MOJAIBIIMN MOIyK B 0asi
IpeLeIeHTiB, chOPMOBAHUX B YMOBaX HEBH3HAUYCHOCTI Ta HASBHOCTI HETOYHHX, HEOOPOOICHHX, CYNEPEWIMBHX BUXIIHUX TaHHX
CKJIa[Ia€ TEOPETUYHY MiJCTaBY JUIsl TOOY/I0BH IHTEIEKTYaJIbHUX CUCTEM MIATPUMKH MIPUHHSTTS PilliCHb.

KJIIOYOBI CJIOBA: Teopist rpyOMX MHOXHMH, METOI MipKyBaHb 3a IIpeleleHTaMH, Oa3za 3HaHb, 0a3za IIPEIEJeHTIB,
knacugikariis.

VK 681.03.016

MOIU®ULIAPOBAHHBIIA METO/I PACCYKJIEHHI 110 NPELEAEHTAM HA OCHOBE TEOPUH
I'PYBBIX MHOKECTB

KoBanenko M. U. — n-p TexH. Hayk, mpodeccop, mnpodeccop Kadenpsl HIKCHEPUH IPOrPaMMHOTO OOecHedeHHs
UepHOMOPCKOro HallMOHAJIBHOTO YHUBepcuTeTa uMeHH Ilerpa Morunsl, Hukonaes, Ykpauna.

IBex A. B. — kaHa. TexH. HayK, JOLEHT Kadeapsl HHXEHEPUH MPOrpaMMHOro odecrnedeHns YepHOMOPCKOro HaIlMOHAIBLHOTO
yHuBepcutera umenu [lerpa Moruiel, Hukonaes, Ykpauna.

Kopans H. B. — acniupanT kxadenpel HHXKEHEpUH MTPorpaMMHOro obecrnedeHns: YepHOMOPCKOro HallMOHATBHOTO YHHUBEPCUTETA
umenu [lerpa Morunsl, Hukonaes, YkpanHa.

AHHOTAIMSA

AxTyanbHOCTh. OCHOBHBIM 3JIEMEHTOM CHCTEM HCKYCCTBEHHOTO MHTEIUIEKTA SIBISIIOTCS 0a3bl 3HAHUM, KOTOPbIe (OpMUPYIOTCS
Ha OCHOBE JIBYX OOLICHPHHATHIX MOAXOJIOB: 00BEKTHO-OPHEHTUPOBAHHBIM IOIXO0J U OOBEKTHO-CTPYKTYPHBIH noaxon. Ilpu stom
OCHOBHOI{ ornepanueil, KoTopasi peain3yeTcsi B 000MX IOIX0ax, SBISETCS CTPYKTYPU3aLus 3HaHUH ITOCPEACTBOM UX YHOPSIOYCHUS
U KIaccU(UKALMHU, TUIU3ALMU BBIACJICHHBIX KJIAcCoB. J[OCTaTOYHO 4acTO BO3HMKAIOT CHTYAallMH, KOTAA JAHHBIC WIM 3HAHUS He
SBJISIOTCS TOYHBIMH M HEBO3MOXKHO BBIIOJIHUTE MX TOYHYIO KiIacCH(pUKaLMIO. YKa3aHHbIE OCOOCHHOCTH OOYCIIaBIUBAIOT
HEOOXOMMOCTh Pa3pabOTKH HOBBIX IOAXOJOB HAMpPABICHHBIX Ha PEILICHUE 337ay W3BJCUYCHUS 3HAHUH M3 OOJBIIMX MAcCHBOB
HEYTIOPAIOYCHHBIX (He0OpaOOTaHHBIX, TPYOBIX) JAHHBIX, CTPYKTYPHUPOBAHUS M aHATUTHYECKOW 0OpaOOTKH HETOYHBIX 3HAHHH MpPU
aBTOMAaTU3UPOBAHHOM ITOCTPOCHUH 0a3 3HAHHUIA.

Metoa. B pabGote mpemiioxeH MoaxXox, HANpaBICHHBI Ha MOAM(HKAIIMIO METOJAa PacCyXIEHHH IO IpeleaeHTaM Ha OCHOBE
MaTEeMaTHYECKOro arnmapara TeOpuH rpyObIX MHOXKECTB. [IpeioxkeHHBII 0IX0/] O3BOJISET IIPOM3BOIUTH Pa30UEHUE TPELEICHTOB
JUISl yCTaHOBJIGHWsI CTENEHM HMX HPUHAICKHOCTH K 3aJaHHBIM LIEJNEBBIM KjaccaM, HCHOJIB3Yys OIepaluyd BEePXHUX M HIKHUX
aNnnpoKCUMALUH, yYUTHIBAsi OTHOCUTEIBHYIO BAXKHOCTb KIACCH(DHKALMOHHBIX aTPUOYTOB U BBIACICHHBIC KIACChl SKBUBAJICHTHOCTH.

Pesyabrarbl. [lpemioxkeHHas Moaudukanus METOIa PpacCykICHMH IO MpPEeLeleHTaM I03BOJsIET W3BIEKaTh 3HAHUA O
NpeLeeHTaX W3 MacCHBOB HEYNOPSAOYCHHBIX MAaHHBIX, C LeJbl0 (OopMUpOBaHHsA 0a3bl MHpELENeHTOB, M 00pabaThBaTh
NPOTHBOPEUYMBYIO (IIPU OMHUX M TEX JK& 3HAUYCHUAX KIAcCH(HMKALMOHHBIX aTPUOyTOB, MPELEACHTHI OTHOCATCS K DasiIM4HbIM
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KJIaccaM) W HETIOJHYIO (3Ha4YeHHsS HEKOTOPBIX aTpHOYTOB WM MH(OpPMAILM O IPHHAUISKHOCTH IPEle/IeHTa K IeIeBOMY KIaccy
OTCYTCTBYET) HH(OPMALHIO O MpeLeeHTax.
BriBoasl. [IpeioxkeHHBIH MOAXOA NMPEACTaBICHHs 3HAHWM O MpeLeleHTax, UX aJanTaliyd M MOCIEAYyIoUero noucka B 6ase
NPELENeHTOB, CHOPMHUPOBAHHBIX B YCIOBHMAX HEONPEJEICHHOCTH M HAINMYMA HETOYHBIX, HEOOpaOOTaHHBIX, HMPOTHBOPEUMBBIX
HCXOAHBIX JIAHHBIX COCTABJIAET TEOPETHUECKOE OCHOBAHHUE Ul MOCTPOCHUS] MHTEIUIEKTYalbHBIX CHCTEM MOIJIEPIKKH HPHHATUS
perieHuit.
KJIFOUYEBBIE CJIOBA: Teopus rpyOBIX MHOKECTB, METOJI pacCy>KACHHUI MO MpeneaeHTaM, 0a3a 3HaHMi, 0a3a MpeneIeHTOB,
KIIacCH(UKAIHS.
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ABSTRACT

Context. The problem of dimensionality reduction of diagnosis signals for their use in neural network models is considered. The
object of the study was the process of transformation of diagnosis input signals for their subsequent use in the synthesis of predictive
models.

Objective. The goal of the work is the creation of the methods for the conversion of diagnosis signals as a result of the applica-
tion of which new signals will be obtained, which in turn will be used in the construction of neural network predictive models and
will significantly reduce the synthesis time of the model by reducing their dimension and the allocation of the necessary components
that characterize the state of the individual elements of the object of diagnosis.

Method. The methods of reducing the dimension of the input signals of diagnosis and isolation of their components, which char-
acterize the state of the individual elements of the object of diagnosis on the basis of expert knowledge about the process of diagnosis
are proposed. The developed methods are based on the methods of digital signal processing. Based on the expert knowledge of the
object and the process of diagnosis, the necessary signal conversion procedures and their parameters are selected. In accordance with
the requirements for the desired accuracy and detail of the forecast, the optimal degree of averaging of the signal is selected, which
directly affects the speed of constructing the predictive model. The proposed methods can be used in the transformation of diagnosis
signals of various diagnostic processes where there is a need to build neural network predictive models based on high-dimensional
signals. The developed methods were investigated for the conversion of diagnostic signals obtained on a complex object of technical
diagnostics, namely, on the transmission of the helicopter. On the basis of the received signals, a neural network model was synthe-
sized, the training of which requires much less computational resources, while the prediction accuracy remains optimal.

Results. The developed methods are implemented programmatically and investigated in solving the problem of predicting the fu-
ture state of the helicopter transmission during the diagnosis process.

Conclusions. The experiments have confirmed the effectiveness of the developed methods and allow us to recommend them for
use in practice in solving diagnostic problems. The conducted experiments have confirmed the proposed software operability and
allow recommending it for use in practice for solving the problems of diagnosis and automatic classification on the features. The
prospects for further research may include the search for the best parameters of the developed methods, optimization of their software
implementations, as well as experimental study of the proposed methods on a large set of practical problems of diagnosing complex
objects of different nature by their diagnostic signals.
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ABBREVIATIONS
GRU is a gated recurrent unit;
HUMS is a Health and Usage Monitoring Systems;
LSTM is a long short-term memory;
NN is a neural network;

T is an averaging time of the signal,;

tanh is a hyperbolic tangent activation function;

oy is a cutoff frequency;

o(?) is a signal envelope;

w is a set of controlled (adjusted) parameters of the

RNN is a reccurent neural network; neural network model;

x’; is a value of j-th input feature x;, characterizing the

NOMENCLATURE instance x';
C is a condenser capacity; y' is an output feature value associated with the in-
g is a ripple factor; stance x;

y*" is a calculated output feature value for the s-th in-
stance on the neural model output;

x* is s-th instance of a sample;

x(?) is an input signal;

x(?) is a signal received as a result of the recursive fil-
tering stage;

y(?) is a Hilbert transform of signal.

F() is a neural network model structure;

0 is a user criterion characterizing the argument qual-
ity relatively to the problem being solved;

H is a sampling rate of the signal envelope;

N is a number of time steps in signal;

n is an order of the filter;

R is a resistance of the resistor;

o is a sigmoid activation function;

T,(x) is a Chebyshev polynomial of the »n-th order;
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INTRODUCTION

To automate decision making and forecasting in the
tasks of technical and medical diagnostics, it is necessary
to have a model of dependence of the solution on the de-
scriptive features characterizing the recognized instance
(observation of the state of the object or process at a cer-
tain point in time). As a rule, the modern diagnostic proc-
ess is carried out over a period of time, during which ob-
servations are recorded and can be presented in the form
of sets of diagnostic signals.

One of the most popular and powerful tools for con-
structing models based on diagnostic signals is artificial
radial basis NN and RNN [1], which can learn by prece-
dents, providing their generalization and knowledge ex-
traction from data.

The object of study was the process of transformation
of diagnosis input signals for their subsequent use in the
synthesis of predictive models.

The process of neural model building is typically
time-consuming and highly iterative. This is caused by
that training time and accuracy of the NN model are es-
sentially dependent on the dimensionality and quality of
the used training sample. Therefore, to improve the speed
of construction and quality of the neural model, it is nec-
essary to reduce the dimension of the input signals of di-
agnosis, by isolating the necessary components from them
and further averaging them, thereby ensuring the preser-
vation of their basic properties.

The subject of study is the methods of reducing the
dimension of the input signals of diagnosis and isolation
of their components, which characterize the state of the
individual elements of the object of diagnosis.

The known methods of reducing the training sample
[2] aren’t optimal for applying them to diagnostic signals
with a high sampling rate due to the large requirements
for time and computational resources and the complexity
of their implementation in practice.

The purpose of the work is the conversion of diag-
nosis signals as a result of which new signals will be ob-
tained, which in turn will be used in the construction of
NN predictive models and will significantly reduce the
synthesis time of the model by reducing their dimension
and the allocation of the necessary components that char-
acterize the state of the individual elements of the object
of diagnosis.

1 PROBLEM STATEMENT

Consider the problem of diagnosing the helicopter
transmission. Preventing machinery failure is an
important component of the maintenance activities of
most engineering systems. Helicopters are constantly
exposed to periodic loads and vibrations that initiate and
propagate the occurrence of damage in many components
of the equipment. This is due to the design of the
helicopter and the presence of complex mechanical
systems, such as the inventive rotor, control rotor, main
gearbox and other transmission elements. In most cases,

the failure of these systems lead to catastrophic situations.
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HUMS are used to monitor the technical condition of
the helicopter [3]. These systems make possible to detect
damage in the transmission components and predict their
residual life.

In this paper, we set the task of long-term forecasting
of the state of the helicopter transmission during the
ground test. This type of test allows the use of significant
computing power, which is important when working with
a large number of signals, which are measured at a high
sampling rate and for significant periods of time.
However, with this type of test, it is necessary to build
predictive models that will work correctly on long-term
periods of time.

Formally, the problem of neuromodels synthesis can
be presented in this form.

Suppose given the original sample as a set of prece-
dents (instances) <x, y,> is a set of S precedents
characterizing dependence y(x,), at the moment ¢, t =1, 2,
..., T, where x={x"}, y=0"}, s = 1, 2, ..., S, characterized
by the set of N input features {x';},j =1, 2, ..., N, where j
is a number of feature, and output feature y. Each s-th
precedent can be noted as <x’,, y*>, where x’={x",;}.

Then the problem of model synthesis of dependence
y{x;) will be considered in search of such structure F()
and adjusting such values of parameters w of a model
which will satisfy the model quality criterion f{F(), w, <x,
y>) — opt, where opt — is a symbol of optimum.

In case when the original sample has a big dimension-
ality before model building we need to decide a problem
of less size subsample selection from the original sample
(given: X=<x,, y~, t=1,2, ..., T, needed: X=<x',, y’,>,

p=12,...,P,where P<<T, f<x', y},> <x, y>) — opi).

To build the model in the problem we used the data of
vibration diagnostics of the helicopter transmission con-
taining fifteen piezoelectric sensors to monitor the level of
vibration mounted on the transmission components, such
as: rotor shaft cover, coupling flange of the upper and
lower part of the gearbox, drive flange of main rotor, in-
termediate gearbox and tail gearbox. At the mounting
point, there are 3 sensors that allow monitoring vibration
parameters in mutually perpendicular planes.

2 REVIEW OF THE LITERATURE

The problem of long-term forecasting of the state of
the helicopter transmission includes the solution of a
complex of subtasks of forecasting the state of individual
elements of the transmission [4]. Usually this problem is
solved by predicting the next N values of a certain diag-
nostic signal [5].

However, this approach has shortcomings that make it
difficult to put into practice. First, the input signal has low
informativeness regarding the state of a particular trans-
mission element. Secondly, the condition of the transmis-
sion element is usually characterized not by one, but by
several different diagnostic signals. Third, the input sig-
nals have a large sampling rate.

At the same time, there is a need to build predictive
models based on big data to ensure satisfactory prediction
accuracy. These limitations make the process of synthesis
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and training of models based on computational intelli-
gence such time-consuming and computational resources.

Signal transformation is an important problem in the
construction of analytical and predictive models that work
based on computational intelligence. The development of
such models is associated with the need to process big
data [1-2, 6]. Typically, the input selection data which
represent the signals which describe the investigated
processes may contain redundant and uninformative in-
formation [7-8]. The use of such information in the syn-
thesis of models leads to an increase in their complexity,
redundancy, reduction of generalizing capabilities and can
make the synthesized model unusable due to the need for
large computational resources.

Usually, to solve this problem, the data is pre-
processed to exclude from the training sample redundant
features and instances. Most of the known methods use a
greedy or stochastic search strategy [9]. Both of these
strategies aren't optimal for working with time sequences
that are represented by signals with a high sampling rate
due to the large time and computational resources and the
complexity of their implementation in practice.

One of the most effective tools for data analysis is
signal processing [10]. It has a large number of means to
allocate the necessary components of the signal, its nor-
malization and averaging.

3 MATERIALS AND METHODS

To solve these problems, two methods for converting
input signals based on signal processing methods have
been developed and can be used to monitor and predict
the state of a certain transmission element when specify-
ing the signal processing parameters.

The method of signal transformation to obtain values
for the vibration overload parameter is proposed to be
used to obtain an assessment of the state of the transmis-
sion element with the vibration overload parameter.

Initialization stage. Set input signal x(f).

Recursive filtering stage. To apply to the input signal
x(7) type I Chebyshev filter to select from it the necessary
frequency band, which characterizes the state of the
transmission element. According to [10] the amplitude
frequency characteristic of the type I Chebyshev filter is
defined as (2):

1
\/1+£2Tn2(0)/030)

Selection of the signal envelope stage. Select the sig-
nal envelope to obtain the absolute value of the signal.
For this, according to [11], the signal received as a result
of the previous stage can be represented as an analytical
signal with addition to the real signal x(7) of its Hilbert
transformation as imaginary part (2):

W(t) = x(0)+ j7 1 (0), @)
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from here signal envelope is defined as (3):

of) = [p(0)] =37 () +37(0).

Selection of the envelope signal is carried out using a
peak detector [12], which is used to allocate the maximum
and minimum values of the signal envelope.

Signal averaging stage. Get the average value of the
signal amplitude over 7 seconds by the formula (4):

3

Ht
2 o()

i=1

“

X'(p)= ,p=12,...,P.

The method of signal transformation to obtain values
for the vibration speed parameter is proposed to be used
to obtain an assessment of the state of the transmission
element with the vibration speed parameter.

Initialization stage. Set input signal x(f). Recursive fil-
tering stage. To apply to the input signal x(#) type I Che-
byshev filter to select from it the necessary frequency
band, which characterizes the state of the transmission
element.

Signal integration stage. To integrate the signal by the
method of RC-circuit [13] with the number of averaging
points N to change the parameter to the vibration speed
parameter. An RC circuit is an electrical circuit consisting
of a resistor R and a capacitor C. Integration is performed
by the formula:

t
()~ 2 [X Ot ¥ (O <30 (9)
0

Selection of the signal envelope stage. Select the sig-
nal envelope (2)—(3) to obtain the absolute value of the
signal. Selection of the envelope signal is carried out us-
ing a peak detector which is used to allocate the maxi-
mum and minimum values of the signal envelope.

Signal averaging stage. Get the average value of the
signal amplitude over t seconds by the formula (4).

The developed methods of signal transformation allow
selecting the necessary components from the input sig-
nals. After the necessary components are selected, the
signal is averaged.

With the use of a band-pass filter, signals are cleared
of low-frequency and high-frequency components, which
have low informativeness in the original signals. Further
averaging of the signal allows to reduce the influence of
random amplitude and noise components of the signal, as
well as to reduce its dimension.

This allows the use of processed signals in NN models
more efficiently than the original signals. In practice, this
will increase the speed of predictive models.

After the transformation of the original input data, a
predictive model can be synthesized based on them.

In most HUMS as the predictive model used a feed-
forward NN [3—4]. These models demonstrate their per-
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formance for short-term forecasting, but as the time win-
dow between the input data and the target value of the
forecast increases, the quality of the models decreases.

Models of RNN have connections between elements
that create a directed sequence. This makes it possible to
process successive series of events in time. Unlike multi-
layer perceptrons, RNN can use their internal memory to
process sequences of arbitrary length.

At the moment, there are a large number of models of
RNN and new architectures are being developed to solve
various problems. In [14] analyzes the main models of
RNN to solve the problem of long-term forecasting of the
state of the helicopter transmission.

A four — layer recurrent neuron network with an input
layer, two hidden layers with GRU-cell (Fig. 1) and an
output layer with one linear neuron was chosen as a neu-
ral network model. GRU [15] is a simplified model of a
well — known LSTM cell with significantly fewer parame-
ters. Through this, learning GRU is easier than LSTM, so
it is gaining popularity in many real-world tasks.

r
1
1
1

s h,

)

Figure 1 — The structure of the GRU-cell

At the input of the GRU-cell receives a vector x, which
contains the current values of the signals. The output of the
cell is calculated by the following formulas (6)—9):

uy =Wy, X, + Wy, hy_ +b,), (6)

1 =Wy, + Wb, +b,)» @)

hi = tanh(W gy x; + Wy (r; ® 1)) (8)
ho=(—u)®H +u, ®h_, , )
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4 EXPERIMENTS

To study the proposed methods of signal transforma-
tion, they were implemented in software using WinPOS
data processing procedures [16]. The NN model was im-
plemented in Python using the PyTorch library [17].

During the experiment, from 15 original input signals,
22 artificial (calculated) signals were isolated and ob-
tained using the proposed methods, which show the state
of such transmission elements, such as: the first tooth of
the main gear, rotor blade, tail shaft, the first tooth of the
intermediate gearbox, the first tooth of the tail gearbox,
tail rotor blade, tail rotor. Information about transformed
signals is given in the Table 1.

Table 1 — Information about the signals obtained by the pro-
posed methods

The signal obtained by the
Input
L proposed methods
measureme Direction of
Name of the
nt measurement - Controlled
. transmission
location parameter
element
First gear d'rlve Vibration
of the main
. overload
Vertical gearbox
Rotor shaft
cover
Axial
- Vibration
Coupling Vertical Rotor blade speed
flange of
the upper
and lower Axial
part of the
gearbox
) Vertical
Drive
flange of Horizontal
main rotor
Axial . :
Tail shaft Vlbratilon
Vertical Spee
Horizontal
Intermediat Axial
e gearbox .
& Vertical First gear drive
. of the Vibration
Horizontal . .
intermediate overload
Axial gearbox
Vertical d
First gear drive S
Horizontal of the t