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ABSTRACT

Context. In the study, the task of identifying objects moving in space from a mobile system of technical vision is considered.
The analysis of the modern methods of dynamic object identification from both stationary and moving platforms is conducted. The
need to create a new method for the identification of dynamic objects with a mobile optical-electronic system, which is adaptive to
changing observation conditions, is identified. This is a relevant scientific and technical problem. The object of the study is the model
of moving object detection from a mobile vision system.

Objective. The objective of this article is the analysis of the modern methods of moving object identification and the creation of
a new method. The method must allow observation from a mobile vision system and must be able to adapt to changing observation
conditions.

Method. A method for identifying objects moving in space from a mobile vision system is proposed, which allows to
automatically detect moving objects, determine their three-dimensional coordinates with a given accuracy, and adapt to changing
observation conditions. This method is based on the developed mathematical model of stereoscopic determination of motion
parameters of objects in space, which allows us to increase the detection accuracy.

Results. The proposed method is implemented in software. An experiment confirming the adequacy of this mathematical model
was conducted. As the result of the experiment, data on the movement of the object and the mobile coordinate system were obtained.

Conclusions. The experiments have confirmed the performance of the proposed method and allow us to recommend it when
building mobile automatic tracking and identification systems for objects. The method allows automatic isolation of the moving
objects, determining their three-dimensional coordinates, and adapting to changing observation conditions. Prospects for further
research may be in the creation of hardware tools for the selection of moving objects, allowing to improve the accuracy of the

selection.

KEYWORDS: moving object detection, vision systems, object detection method, mobile systems.

NOMENCLATURE

E; is contour energy;

o, P are constants that provide relative energy
correction;

Ein(Vi) is an energy function depending on the shape
of the contour;

Eext(Vi) is the energy function depending on the
properties of the image and the type of gradient in the
neighborhood of the point vi;

0Og, 0, 0y are threshold constants;

Up, Vp, are velocity components of point p in
coordinates (Xp, Yp);

E is a given non-negative threshold;

A is the set non-negative angular threshold;

H is the maximum level of brightness in the image;

f (p), f (q) are the brightness of the pixels p and q,
respectively;

P (X, Y, Z) is a point of the object in three-dimensional
space;

F is the focal length of the lens;

B is the distance between the optical axes;

Dispar is disparity;

Z is an unknown parameter;

(AX, AY, AZ) is the direction of movement of the
observation system relative to the environment;

(kx, ky) is the direction of the gradient vector;

X, is the normal flow vector;
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0XoYoZo is the coordinate system associated with the
movable base of the optical device;

v, v, ¥, 0, ¢ are angles;

Wy, Wyo, Mz are angular velocities;

O’XpYpZp is the coordinate system associated with the
vision system.

INTRODUCTION

Due to the intensifying implementation of vision
systems in the industry, the developments connected with
the visual perception of moving objects are relevant [1].
An important task in this field is the detection of objects
moving in space. Another reason why the task of the
detection of the moving objects is interesting and
significant is the possibility of the wide use of the method
in systems of robotic vision technologies [2].

If a vision system is stationary, and the object is
moving relative to it and enters its field of vision, the task
of object selection is narrowed down to the analysis of a
sequence of images and the detection of changes [3]. A
more complicated situation is the case of a dynamic
vision system, when not only there is a movement of the
target object, but also a movement of the observation
system relative to the surrounding environment.
Therefore, even the static parts of the scene are subject to
dynamic changes depending on the movement of the
observation system. Dynamic vision systems are of the
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greatest interest since it is possible to use them in mobile
observation systems [4].

The object of the research is the model of moving
object detection from a mobile vision system.

The subject of the research is the methods of
separation of objects moving in space.

The aim of the work is to analyze the modern methods
of identifying objects moving in space and to create a
method that allows observing from a mobile vision
system that is adaptive to changing observation
conditions.

1 PROBLEM STATEMENT

A stereo image includes two separate types of the
imaged object. It is required to determine the coordinates
(X, Y, Z) of the point P, given by the projections p (X, ¥;)
and p (X, Y») of its image on the matrix photodetectors of
image sensors.

Let us consider in more detail the coordinate system
of a stereoscopic vision system and construct its
geometrical model. It is possible to establish the
relationship between the point P (X, Y, Z) and the
coordinates (X, y) of its projection on the matrix
photodetector.

2 REVIEW OF THE LITERATURE

In the case of the analysis of the two-dimensional
movement of the object, any of its points can be defined as
P(X, y¥), where X and y are the two-dimensional coordinates
of the object. Such objects can be detected by analyzing the
changing sequence of images, adjusted for the change of
the observation system’s position relative to the target
object’s plane of movement since the changes to the scene
depth are negligible in comparison to the distance between
the vision system and the target object [5].

Usually, image analysis involves obtaining the outer
contour of the depicted objects and recording the
coordinates of points of this contour. Most often it is
necessary to get the outer contour in the form of a closed
curve or a set of segments of arcs [6].

Consider the various methods of contour analysis.

Active contours are widely used in the tasks of
selecting contours, borders, and image segmentation. To
detect the contours in the image, the minimum energy
curves, or snakes, are used. The algorithm is as follows:
first, the contour is initialized as a simple line, and then it
is deformed to create the area of the object. Points in the
contour tend to the boundary of the object while
minimizing the energy of the contour. For each point v;,
the energy

Ei = aEin(Vi) + BEexe(Vi),

where o, P are constants providing relative energy
correction; Ejn(V;) is an energy function depending on the
shape of the contour; Egq(v;) is the energy function
depending on the properties of the image and the type of
gradient in the neighborhood of the point v; [7].
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The values E;, Ejn(V;), Eex(Vi) are square matrices. The
value at the center of each matrix corresponds to the
energy of the contour at level v; [8].

Each vertex Vv; potentially can go to any point vy’
corresponding to the minimum energy E;.

This method has the following disadvantages:

— If the object does not have clear boundaries or the
area is heterogeneous and contains smooth gradients, the
algorithm will not solve the segmentation problem
correctly, making further automated analysis impossible;

— The normal of the tangent vector at a point can vary
greatly in the direction, which can lead to the merging of
points. Because of this, the contour can turn out to be
rough and very different from the borders of the selected
object.

Unlike the usual active contour model, the active
contour model without prior selection of boundaries does
not require prior selection of the boundaries of the image
object, and it is not necessary to smoothen the original
image. The curve moves, starting from an arbitrary point
of the image. When crossing the border, it begins to
deform and take the form of an object in the image, as if
filling its internal part [9].

J. Canny studied the mathematical problem of
obtaining a filter that is optimal in terms of the selection,
localization, and minimization of several responses of one
edge. This means that the detector (known as the Canny
edge detector) should react to the borders, but at the same
time ignore the false ones, accurately determine the
boundary line and react to each border only once, which
allows avoiding the perception of wide bands of
brightness as a combination of borders [10].

The algorithm includes:

— Anti-aliasing - blurring the image to remove noise;

— Search for gradients — borders are marked where the
gradient of the image gets the maximum value;

— Suppression of non-maximums — only local maxima
are marked as borders;

— Double threshold filtering — potential boundaries are
determined by thresholds;

— Trace ambiguity — the final boundaries are set by
suppressing all edges that are not associated with certain
(strong) boundaries.

To reduce the sensitivity of the algorithm to noise, the
first derivative of the Gaussians is applied [11]. After
applying the filter, the image becomes slightly blurred.

The tracing contours method consists of sequentially
drawing the border between the object and the
background. A tracking point moves along the image until
it reaches the dark area (the object). Then it turns left and
moves along the curve until it reaches the borders of the
object, and after that, it turns right and repeats the process
until it reaches the vicinity of the starting point [12].

With respect to speed and distance, the nearest
neighbor clustering is used. Let us denote two lines as

{p1, ..., Pm} €S

and
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{Qh eeey qn} € 823
provided that they satisfy the following conditions:

{Xpi — Xgil =+ Ypi — Yoil} < o
{Upi — Ugjl} < 0w
{IVpi — Vgil} < o,

where ag, a,, ay are threshold constants; Uy, V, are the
velocity components of the point p with the coordinates
Xp, Yp)s 1€ {1, ..., m},je{l, .., n}.

Closest neighbor clustering is the most efficient
method for scenes with interference. Interference is
processed during the tracking phase [13].

Border detection methods highlight in the image only
the pixels lying on the contour. In practice, this set of
pixels rarely displays the contour accurately due to noise,
contour breaks due to inhomogeneous illumination, etc.
Therefore, contour detection algorithms are usually
supplemented with binding procedures to form sets of
contour points [14]. One way to associate contour points
is to analyze the characteristics of pixels in a small
vicinity of each image point, which has been marked as a
contour. All points that are similar in accordance with
some criteria are connected and form a contour consisting
of pixels corresponding to these criteria. It uses two main
parameters to establish the similarity of the contour
pixels: the response of the gradient operator, which
determines the value of the contour pixel, and the
direction of the gradient vector. A contour pixel (Xo, Yo)
located inside a given vicinity of a point (X, Y) is
considered to be similar to a pixel (X, ¥) modulo the
gradient if

VI y) - VX, Yo <E,

where E is a given non-negative threshold, and in the
direction of the gradient, if

a(Xv y) - a(Xo, yO) < A7

where
a (X, y) = arctg (X \ 9y);

A is a given non-negative angular threshold.

A pixel in a given vicinity is combined with a central
pixel (X, y) if the similarity criteria are met both in value
and in direction. This process is repeated at each point of
the image while simultaneously memorizing the found
associated pixels when the center of the vicinity moves.

A simple way to account for the data is to assign its
own brightness value to each set of bound pixels of the
contour [15].

Finally, the approach to detecting and linking contours
based on the representation in the form of a graph and
finding the least-cost paths on this graph, which
correspond to significant contours, allows us to construct
a method that works well in the presence of noise. Such a
procedure is rather complicated and requires a lot of
processing time [16].
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The outline element is the border between two pixels
p and g, which are neighbors. Contour elements are
identified by the coordinates of the points p and g. A
contour is a sequence of interconnected elements.

Each contour element defined by pixels p and q
corresponds to a certain value

c(p,q)=H-[f(p)-f (],

where H is the maximum level of brightness in the image;
f (p), f (q) are the brightness of the pixels p and q,
respectively.

The task of finding the minimum cost path on a graph
is nontrivial in computational complexity, making it
necessary to sacrifice optimality in favor of the
computational speed.

The complexity of implementation and high resource
intensity are the main disadvantages of such an analysis.
Its main advantage is low sensitivity to noise [17].

3 MATERIALS AND METHODS

When selecting objects moving in three-dimensional
space, a point of the objects is defined as P(X, Y, Z), i.e. it
is necessary to define an additional variable
characterizing the depth of the points of the scene [18].
To solve this problem, we use a monocular vision system,
the coordinate system of which is shown in Fig. 1.
Supposing that the optical axis of the camera coincides
with the Z-axis, the coordinates of point P have the
following form:

X = (F)(F - 2),

Y = (y/F)(F - 2), (1)

where F is the focal length of the lens, and X, y are the

coordinates of the projection of the image element onto
the plane (Fig. 1).

‘Y

—_P(X,Y.Z)

prd

Figure 1 — Coordinate system of the monocular vision
system
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It can be observed from Equation (1) that to determine
the coordinates of the point P of the object it is necessary
to determine the unknown parameter Z, meaning that in
order to solve this problem we need to use a stereoscopic
vision system (Fig. 2).

A"

¥ PlEy)
| A5

P{X.Y.Z)

Figure 2 — Coordinate system of the stereoscopic
vision system

Knowing the focal length f and the distance between
the optic axis B, we can find Z:

Z =F — F+B/Dispar,

where Dispar stands for the disparity [19].

The equations above are correct only for static vision
systems. Let us consider a dynamic vision system, which
allows us to detect objects moving in a three-dimensional
space. Supposing that the observation system is moving
relative to the surrounding environment with the
movement direction (AX, AY, AZ), the equation
connecting the three-dimensional coordinates of the point
P(X,Y,Z) of the dynamic object with the coordinates of the
projection p(X,y) will take the following form:

AX = (~AX*F + XsAZ)/Z + xsy/F — (X*/F + F) +Yy,

)

A3)
Ay = (—AYF +yeAZ)/Z + xsy/F —(Y/F+F)+x. (4
In order to detect a dynamic object, we designate the
direction of the gradient vector as (K, ky), then the normal
flux vector will take the following form:
Xn = AXeky + AYeky. 5)

Combining (5) with (3), (4), we obtain:

Xn=—kFAX/Z — k,FAY/Z + (xky + YK,)AZ/Z + (xyk/F +
HY/F +F)ky) — (X*/F +F)ky + xyky/F) + (yky + Xky),

and from this we get:
Z = — KF/((X*/F + F)ky + xyk,/F).
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Consider the process of detecting a moving object
from a moving base. Let the coordinate system OXyz be
associated with the object space. We will associate the
coordinate system 0XgYoZo with the moving base of the
optical instrument. Moreover, the order of rotation of the
moving coordinate system is as follows: angle y in the
plane Oxy, angle v in the plane 0y,z, angle v in the plane
Oxoyo. If the angular velocities of turns are designated
accordingly y’, v’, v’, then the projections of the angular
velocities of the base on the axis of the moving coordinate
system can be written in the form:

Wyp =V’COS Y — y’cos v sin y;
Oy =7+ Y’ sinv;
Wz =V’sin y —y’cos v cos 7.

(6)

Angular velocities myg, @y, , can be measured using
gyroscopes oriented along the axes of the mobile
coordinate system and fixed on the base [20].

The orientation of the vision system is defined by two
angles: o and ¢ (Fig. 3).

At these angles, the coordinate system O’XpypZ,
associated with the vision system is deployed relative to
the base. We choose this coordinate system so that the
axis O’X, coincides with the main optical axis of the
device, and the axes O’y, and O’z are oriented along and
across the frame. The vector of the linear velocity of the
center of gravity of the base can be represented as its
projection on the base axis Vo, Vyo, V;o [21].

Consider the equation of motion of the system at the
initial moment of time, when the axes of the base coincide
with the axes of the fixed coordinate system, i.e. y =v =7
= 0. Let us place two additional coordinate systems that
are parallelly transferred from point O to the field of
images OiXiyizi and to the field of objects OpXyypZ, (Fig. 3).

Then, considering the distance between the origins of
the coordinate systems, we can write down the equations
of the coordinates in two systems:

Xp = H + zpctg ¢;
Yo = = (/D%

2=~ (A2 @)
where
H=00p;
f=00i.

Differentiating the last two equations with respect to
time and performing transformations with respect to
variables Y;’, z;’, we obtain:

Yi' = — (Xp)Yp” + aypXe /(%)

7" =— (fx%p)zp” + azpxy /(% D); (8)
Rearranging equations (8), we get:
Xo = H/(1 + (1/f)zictg ¢);
Yo == Hy/(f(1 + (1/)zictg 9));
2, =—Hz/(f(1 + (1/H)zictg 9)); )
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Figure 3 — Orientation of the vision system

Substituting relations (9) into equations (8), we obtain:
yi' =~ (1 + (1/f)zictg @)(fyy H + (1/H)yX,");

7, = — Hzy/(f(1 + (1/f)zictg )); ©)

7 =— (1 + (1/f)zietg @)(fzy M + (1/H)zix,). (10)

4 EXPERIMENTS

To confirm the adequacy of this mathematical model,
the mathematical method proposed by us was
implemented in software. A program was developed in
which the equations of motion of the moving reference
system (that is, the trolley on which the cameras were
mounted, which tracked the movement of the object) and
the object of observation were set.

With the help of software, an experiment was
performed. In the course of the experiment, the motion of
the object and the moving reference system was modeled.
The data on the change of coordinates of the object and
the moving report system in space were obtained. The
frequency of measuring the coordinates was 30 times per
second, the total time of the experiment was 3 minutes.

5 RESULTS
The data obtained during the experiment are shown in
Tables 1-4.

© Spevakov A. G., Spevakova S. V., Matiushin L. S., 2019
DOI 10.15588/1607-3274-2019-4-10

Table 1 — The coordinates of the mobile reference system
relative to the static coordinate system

X 10,00 1,12 2,37 3,63 5,01 5,23 5,46

0,00 0,00 0,00 0,00 ,01 1,25 2,49

z (0,00 0,00 0,05 0,06 0,09 0,08 0,08

Table 2 — The coordinates of the moving object relative to the
mobile reference system

X | 12,53
4,67
z | 15,01

15,81 | 19,27 | 23,02 | 27,01
6,54 8,31 10,11 | 11,58
15,03 | 15,02 | 15,02 | 14,59

33,41
12,93
15,05

38,55
13,31
15,09

Table 3 — The coordinates of the moving object relative to the
static coordinate system (theoretical)
15,93 | 21,64 | 26,65 | 32,02 | 38,28
6,54 8,31 10,11 | 12,01 | 14,14
15,03 | 15,06 | 15,09 | 15,12 | 15,16

X | 12,53
y | 4,67
z | 15,01

43,91
16,22
15,21

Table 4. The coordinates of the moving object relative to

the static coordinate system (experimental)

X | 12,53 | 15,93 | 21,64 | 26,65 | 32,02 | 38,28
y | 4,67 6,54 8,31 10,11 | 12,01 | 14,14
z | 15,01 | 15,03 | 15,06 | 15,09 | 15,12 | 15,16

43,91
16,22
15,21

6 DISCUSSION

As a result of the experiment, data were obtained on the
motion of the object and the moving coordinate system. In
particular, we have found:

— Coordinates X, Yy, z of the moving reference system
relative to the static coordinate system;

— Coordinates X, Y, Z of the moving object relative to the
moving reference system;

— Coordinates X, Y, Z of the moving object in the static
coordinate system.

As you can see, the coordinates of a moving object,
calculated using the proposed mathematical model,
completely coincide with the coordinates obtained
experimentally.

Based on these results, it can be concluded that the
proposed mathematical model adequately describes the
change in the coordinates of the moving object and the
moving reference system.

Most vision systems in use today have a number of
issues that limit the possibilities for their practical use. In
particular, some methods, such as the active contours
model and border detection methods have limited accuracy,
especially in conditions where interference is present. Other
systems are impossible to implement on a mobile platform,
which limits their ability to detect moving objects. The new
method allows us to solve these problems and to get
accurate coordinates of a target object.

The method proposed by us can be used in practice for
constructing mobile automatic tracking systems and the
identification of objects.

CONCLUSIONS
The offered method allows us to determine the
coordinates of dynamic objects from mobile bases of
vision systems.
The scientific novelty of the results obtained is that a
method has been proposed for isolating objects moving in
space from a mobile vision system, which allows to
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automatically isolate moving objects, determine their
three-dimensional coordinates with a given accuracy, and
adapt to changing observation conditions.

The practical significance of the results obtained is
that experiments have been conducted to confirm the
adequacy of the proposed mathematical model. The
results of the experiment allow us to recommend the
proposed method for constructing mobile automatic
tracking systems and the identification of objects.

Prospects for further research are in exploring the
possibility of implementing this method on a software and
hardware system that allows you to improve the accuracy
of the selection of objects.
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CneBaxoBa C. B. — acmipant kadenpu oOunciioBaibHOi TexHiku [liBeHHO-3aXiZHOTO Jep)KaBHOrO yHiBepcutery, Kypcbk,
Pociiiceka @enepartis.

Matomma FO. C. — crynent xadenpu inpopmarniitnoi Oesmexu [liBaeHHO-3aXiZHOTO IEpKaBHOTO YHiBepcHTeTy, Kypcehk,
Pociiiceka ®enepartis.

AHOTAIIA

AKTyanbHicTh. PO3IIIsIHYTO 3aBaHHS BUALIEHHS 00’ €KTIB, IO PYXalOTHCS B IIPOCTOPI, 3 PYXJIMBOI CUCTEMH TEXHIYHOTO 30py.
IIpoBeneHuii aHai3 cyyacHMX METOJIB BHJAUICHHS JMHAMIYHHX OO’€KTIB i3 CTamiOHapHMX i PyXJMBHX IuiatdopMm. Busiena
HEOOXiJHICTh CTBOPEHHSI HOBOTO METOIY BHAUICHHS IMHAMIYHUX O00’€KTIB 3 PYyXJIMBOi ONTHKO-CIEKTPOHHOI CHCTEMH, LIO Mae
aJaNTUBHICT, 10 YMOB CIIOCTCPEKEHHS, LI0 3MIHIOIOTHCS, IO € aKTyaJbHHM HayKOBO-TEXHIYHMM 3aBHaHHAM. OO0’eKTOM
JOCHIKEHHS OyJia MOJIENb BUIUICHHS 00’ €KTIiB, IO pyXaJlics B IPOCTOPI, 3 PYXJIUBOI CHCTEMHU TEXHIYHOTO 30Py.

Meta. MeToro po0OOTH € aHaNi3 CydaCHUX METO/IB BUAUICHHS 00 €KTiB, IO PYXaIOTHCS B IPOCTOPI, i CTBOPEHHS. HOBOTO METOY,
IO JIO3BOJISIE BECTH CIIOCTEPEXEHHS 3 PYXJIMBOI CHCTEMHM TEXHIYHOTO 30py 1 IO € aJalTHBHOIO JI0 YMOB CIIOCTEPEXKEHHS, IO
3MIHIOIOTBCS.

MeTton. 3anponoHOBaHO METOJ| BUAUICHHS 00’€KTIB, IO PYXArOThCSA B MPOCTOPI, 3 PYXJIMBOI CHCTEMH TEXHIYHOTO 30pYy, IO
JIO3BOJIIE aBTOMATHYHO BHIUIATH O0’€KTH, IO PYXarOThCS, BH3HAYaTH IX TPHBUMIPHI KOOPAMHATH i3 33/laHOI0 TOYHICTIO,
aanTyBaTUCS 1O YMOB CIIOCTEPEXKEHHs, IO 3MiHIOOThCs. Lleil Meron rpyHTOBaHMiI Ha po3poOieHil MareMaTH4HiH Mojeri
CTEPEOCKOIIYHOr0 BU3HAUCHHSI [TAPaMETPIB PyXy 00’ €KTIiB B IIPOCTOPI, L0 JO3BOJISIE MTiABUIMTH TOYHICTh BUAIJICHH.

Pe3yabTaTH. 3anponoHOBaHUA METO peajli3oBaHO MporpaMHo. [IpoBeneHuiT eKCIIEpUMEHT, IO MiATBEPKY€E aAeKBAaTHICTD i€l
MaTeMaTHYHOI MoJielti. B pe3ynbrari mpoBeJeHHS EKCIIEPUMEHTY OTPUMaHi AaHi Mpo pyx 00’€KTy i MOOITTbHOI CHCTEMH KOOPIUHAT.

BucHoBku. [TpoBe/ieHi eKCIEPUMEHTH MIATBEPAMIN HPAle3JaTHICTh 3allPOIIOHOBAHOTO METO/Y 1 JIO3BOJISIIOTH PEKOMEHIYBaTH
HOTO TIpH MO-CTPOEGHHM MOOUIPHHX aBTOMATHYHUX CHCTEM CTeXeHHS 1 ineHTH(ikamii 00’ekTiB. IlepcnekTHBHM MHOAAIBIINX
JOCIIDKEHb MOXYTbh IOJISATaTH B CTBOPEHHI amapaTHHX 3aco0iB BHIUICHHS 00’€KTIiB, IO PYXarOThCS, AO3BOJISIOTH IiJABUIIUTH
TOYHICTb BBIJICIICHHS.

KJIFIOYOBI CJIOBA: BusiBJICHHS PyXJHBUX 00’€KTIB, TEXHIYHHUIA 3ip, CHCTEMH TEXHIYHOTO 30pYy, METOJ BHUIUICHHS 00 €KTIB,
MOOUIBHI cCHCTEMH

VK 004.056.5

BBIJIEJEHUE OBBEKTOB, IBHKYILIIUXCSI B IPOCTPAHCTBE, C IIOJABAKHOM CUCTEMBI
TEXHHUYECKOI'O 3PEHUSA

CneBakoB A. I'. — xaHJ. TexH. HayK, AoueHT kadeapbl nHGopMannoHHoH Oe3onacHocTn IOro-3anagHoro rocyaapcTBEHHOTO
yauBepcutera, Kypck, Poccuiickas denepanus.

CneBaxoBa C. B. — acnupant xadenpsl BeruucanTenbHoi Texuuku FOro-3amagHoro rocyaapcTBeHHOro yHuBepeureTa, Kypek,
Poccuiickas ®enepanys.

MatomuH FO. C. — crynesnt kadeaps! nHpopManmonHoi 6e3omacHoctr KOro-3amagHoro rocy1apCcTBEHHOTO YHHBEPCHUTETA,
Kypck, Poccuiickas ®enepanusi.

AHHOTALUA

AKTyanbHOCTh. PaccMoTpeHa 3ajada BBIIENCHUS OOBEKTOB, MABIKYIIMXCS B IIPOCTPAHCTBE, C MOJABIDKHOM CHCTEMBI
TEXHUYECKOTo 3peHus. [IpoBenéH aHaiM3 COBPEMEHHBIX METOMOB BBIACJICHHS NUHAMHUYECKHX OOBEKTOB C CTAl[MOHAPHBIX M
MOZBMKHBIX IIaT(GOpM. BeIsBIeHa HEOOXOAMMOCTH CO3/IaHUSI HOBOTO METO/A BBIJEIICHUS AMHAMHYECKUX OOBEKTOB C MOJBHIKHOM
OINTHKO-3JIEKTPOHHOM CHCTEMBI, OOJAaJaOMIero aJaNTUBHOCTBIO K HW3MEHSIOIIUMCS YCIOBUSIM HAONIOAEHMS, YTO SBISETCA
aKTyaJbHOH HayuHO-TEXHHMYECKOH 3amaueil. OOBEKTOM HCCIEIOBAHUS SBIISANACh MOJEND BBIIEICHHS ABMKYIINXCS B TIPOCTPAHCTBE
OOBEKTOB C MOJBHKHON CHCTEMBI TEXHIUECKOTO 3PCHUSL.

Leub. Llexsio paboTHI SIBISETCS aHATN3 COBPEMEHHBIX METO/IOB BBIACIICHNUS JIBIDKYIIUXCS B IIPOCTPAHCTBE OOBEKTOB U CO3/IaHUE
HOBOT'O METOJIa, TIO3BOJISIIOIIETO BECTH HAOIIOJCHHE C MOABIKHOI CHCTEMBI TEXHHYECKOTO 3PEHUS U SIBISIOIIETOCS aJalTUBHON K
HM3MEHSIONMMCS] YCIIOBHSIM HaOJIIOICHUSL.

Merton. [IpenyoxeH MeTo | BbIIEICHUsSI 00BEKTOB, ABIKYLIUXCS B IPOCTPAHCTBE, C IOABI)KHOM CHCTEMBI TEXHHYECKOTO 3PSHUS,
MO3BOJIAIOIINI ABTOMAaTHYECKH BBIACIATH JBHKYIIHECS 00BEKThI, ONPENeIsITh UX TPEXMEPHbIE KOOPIHHATHI C 33JJaHHOH TOYHOCTBIO,
a/laNTHPOBATLCA K U3MEHSIONIMMCS YCJIOBUSIM HaOmrofeHus. [laHHbIH METOJ OCHOBaH Ha pa3pabOTaHHONW MaTeMaTHUECKOH MOJEIH
CTEPEOCKOITMYECKOTO ONpPEAEIeHNsI NapaMeTpoB JBIXKEHHS OOBEKTOB B IPOCTPAHCTBE, IO3BOJAIOIIEH IOBBICUTH TOYHOCTh
BBIJICTICHHS.

Pesyabrarbl. [IpemnoxkeHHblid METOZ peaqu3oBaH HporpaMmHo. IIpoBeleH SKCIEpPUMEHT, MOATBEPKAAIOIUN aJeKBaTHOCTh
JAaHHOHM MaTeMaTH4ecKoil Mojenu. B pesynbraTe mpoBeneHNs SKCIIEpIMEHTa ITOIYIeHBI JaHHbIE O ABIKCHUH 00beKTa U MOOHMIBHOMN
CHCTEMBI KOOPJIMHAT.

BoiBoasl. IIpoBenéHHBIE OSKCIIEPHMEHTHl MOATBEPAMWIIM PabOTOCIIOCOOHOCTh TNPEAJIOKEHHOTO METOAa U IIO03BOJIIOT
PEKOMEHIOBATh €ro MPU HOCTPOSHHH MOOWMIBHBIX aBTOMATHYECKHX CHCTEM CIICKCHHUS U ueHTHU(UKannu o0beKToB. [lepcrekTHBel
JaTbHEHIINX HCCIENOBAaHMH MOTYT 3aKIIOYaThCs B CO3JAHHM aNNapaTHBIX CPEACTB BBIICICHHUS [BIKYIIUXCS OOBEKTOB,
M03BOJIAIOIINX MOBBICUTH TOYHOCTH BBIAEIEHHUSI.

K/JIFOUYEBBIE CJIOBA: o0HapyXeHHE MOIBIKHBIX 00BEKTOB, TEXHHUECKOE 3PEHHE, CHCTEMbI TEXHHUECKOTO 3PEHHS, METO.
BBIJICTICHHUS OOBEKTOB, MOOHIIBHBIE CHCTEMBI.
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METOAUKA BUBOPY OHTUMAJIBHOI'O MAPHIPYTY PYXY KOJIOHH
TEXHIKH ITO HECTAIIIOHAPHIN MEPEXXI J1OPII'

Boporux O. B. — 1-p TexH. Hayk, npodecop, 3aCTYyIHHUK PEeKTOpa 3 HaBYaIbHOI poOoTH, HarioHanapHa akagemis
JeprxaBHOT MpUKOPAOHHOT city)0u Ykpainu imeni bornana XmenbHUIBKOro, XMeJIbHULBKUH, YKpaiHa.

Pauok P. B. — a-p TexH. Hayk, JIOICHT, HAYaJIbHUK Ka)eJpH 3aralbHOHAYKOBUX Ta IH)KCHCPHUX JWCIHILIIH,
HarmionaneHa akanemist Jlep>xkaBHOT IPUKOPAOHHOI ci1y)0u Ykpainu imeHi bormana XMenmpHUIBKOTO, XMEITbHUIBKHA,
VYkpaina.

BopoBuk JI. B. — 1-p mex. Hayk, OLEHT, podecop Kadeapu 3araTbHOHAYKOBUX Ta IHKEHEpHUX AUCHUILTIH, Harri-
OHaJbHA akazeMis JlepkaBHOI MPHKOPIOHHOI ciykOM YkpaiHm imMeHi bormana XMempHHIBKOTO, XMETbHUIBKHIA,
VYkpaiHa.

Kyneascbkuii B. B. — ax’tonkT, Hanionansaa akagemist Jlep:kaBHOI MPUKOPIOHHOI ciry>kOmn Ykpainu imeHi borna-
Ha XMeNbHULBKOT0, XMeEIbHULIBKUH, YKpaiHa.

AHOTANIA

AxTyanbHicTs. EQekTiBHE BUpIMICHHS 3HAYHOTO YHCNIA MPUKIAJHHUX 3a/ad, IO CTOCYIOTHCS MEPEeBE3eHb, y PsAl BUIIAIKIB 3a-
JISKHUTH BiX BAajgoro BuOOpy MapmpyTy pyxy. [loOymoBa onTHManbHHX MapHIpyTiB Ha po3MideHOMY rpadi, IO ONUCYyE MEpexKy
JIOpIr 1 sIKuit Mae ctaii Baru pedep, € KIACHYHUM 1 IeTalbHO BUBYEHHM 3aBiaHHsAM. [Ipore B 6araTboX 3aCTOCYBaHHSIX BUHHKAE IO-
Tpeba BpaXyBaHHS MOXJIMBOI TMHAMIKU 3MiHH B 4aci Bar pedep, 1110 BiANOBiae BUNAAKaM 3MiHH JOPOXHiX yMOB. OcTaHHE BUMarae
PO3BHUTKY BiINOBIJHOTO HAYKOBO-METOANYHOTO aIapary.

Meta. Metoto poboTH € po3poOka METOIUKKA BUOOPY ONTHMAIBHOTO MapIIPyTy PyXy KOJOHM TEXHIKH IO HECTallioHapHii Me-
pexi gopir y po3yMiHHI 3MiHHOCTI Bar pedep rpada, o BiImoBigae miit Mepexi.

Meton. Y po0oTi 3amporoHOBaHA MaTeMaTH4YHA MOZETbh BHOOPY ONTHMAIBHOTO MAapHIPYTy PyXy KOJOHH TEXHIKH MO MEpexi
Jopir. [lns ommcy Mepexi opir BUKopucTaHui rpad. KpurepieM ontiuManbsHOCTI Ipy BHOOPI MapIIpyTy pyxy € MiHiMi3amis 4acy,
SIKMIA BUTPAYAETHCS Ha TiepecyBaHHs. OCOOIMBICTIO MOJIEN € ypaXyBaHHS MOXIIMBOCTI JMHAMIYHOT 3MiHK Bar pedep rpady mpu pea-
Ji3auii nepecyBaHHs KOJOHU TEXHIKM 1O oOpaHoMy MapiipyTy. Ha OCHOBI BUKOpHCTaHHS JaHOI MOJEIi 3alpolIOHOBAaHa METOJIHKA,
siKa 3a0e3neuye BUOIp ONTUMAIBHUX MapuIPyTIiB PyXy IS AUCKPETHO-CTOXaCTHYHOTO, IUCKPETHO-IETEPMiHOBAHOT'O Ta HEIIEPEePBHO-
HEBHM3HAYCHOTO BUIAJIKIB 3MiHHU Bar pedep rpady.

Pe3yabTaTu. Y CTATTi 3aIIPONOHOBAHO AJITOPUTMH, 110 3a0€3MEUyIOTh PO3B’A3yBaHHs 3a/ia4i BUOOPY ONTHMAIBLHOTO MapIIPYTy
B yMoBax He(ikcoBaHOI B yaci Baru pedep, sKi OMUCYIOTh MEPEKY OPIT, a TAKOXK MOKa3aHO OCOOIMBOCTI 3aCTOCYBAHHS aJlTOPUTMIB.
3 BUKOPHUCTAHHAM PO3POOJICHOTO MPOTPaMHOTO 3a0e3MeYeHHs TOCTIHKEHIH BapiaHT MEpEeXi IOpir 3 HECTAI[iOHApHOIO Barorw pedep.
Ha npukmazni moka3aHo HEOCKOHATICTh pillleHb IIOA0 BHOOPY ONTHMAIBHOTO MapIIpyTy IpU HECTaliOHApHIH Basi pebep rpady,
OTPHUMAaHHX 3 BUKOPUCTaHHSIM KIACHYHUX METOJIB.

BucnoBkn. HeBpaxyBaHHs MOJIMBOI 3MiHH JJOPOXXHBOI OOCTaHOBKH, L0 MPOSIBISETHCS 3MIHOIO B Yaci Bar pebep rpada, skuii
OIHCY€ MEPEeXy JOPIr, MOXKe NMPU3BECTH O HEONITHMAJIBHOCTI OTPUMYBAHUX PIllICHb 3 BAKOPHCTAHHIM KJIACHYHUX METO/IB MOIIYKY
HaWKOPOTIIOro MapipyTy B rpadi. s oTpuMaHHS ONTHUMAJIbHUX MapIIPYTIB 3 ypaxyBaHHIM 3MiHH B 4aci JOpPOXKHbOI 00CTaHOBKH
IIPH PYCi KOJIOHH, MOXJIMBO BUKOPHCTATH 3alIPONIOHOBAHY Y TAHOMY JOCIIJDKeHHI MeToanKy. OTpuMaHi pe3yJsibTaTH PO3IINPIOIOTH
MOJKJIMBOCTI IIOJI0 BUPIIICHHS 3aJa4 B raiy3i IUCKPETHOI ONTHMI3allil 3 ypaXyBaHHIM JIWHAMIKA 3MiHH OOCTAHOBKHU MpPHU peatizawii
ONTUMAaJILHUX PO3B’S3KiB.

KJIIOYOBI CJIOBA: ontumiszanis MapupyTy, rpad, Metox JIeHkcTpu.

HOMEHKJIATYPA
f(i; j)(t) — mnepBicHa QyHKii Vi j)(t) Ha TPOMIDKKY
o pstogs) + e )
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n — KITBbKICTh BepIINH Tpada, Mo OMHCyE MEPEKyY
J0pir;

{i, j} — pebpo rpada, 1110 3’€AHY€E BEPUIUHA [ Ta | ;

| — KiTBKiCTh BUAIB TPAHCIIOPTHUX 3aC00iB;
AL(I-. j) - BiJlOMa OBXXMHA NUIAXY MiXK Toukamu 0 1 s
petpa {i; /3
T @) _ TPUBATICTD peamizallii i -ro aJbTePHATHBHOTO
LUISIXY MK BepIiuuHamu rpada a i z ;

I5(;;j) — MOMEHT 4acy, B AKHiil KOJIOHA TEXHIKH Iepe-
OyBae B TOYIII §;

f0(;;j) — MOMEHT 4acy, B sIKMH KOIIOHA TEXHIKH Iepe-
OyBae B TOUIII, KA BiAnoBizae Bepiuni rpada 1 ;
AL, j) — MOBKHMHA IUIAXY MDK TouKamMH ®—1 1 ©
pedpa i, j};

v .

Kot

4aCOBOMY IPOMDKKY lt(u,l(,;j);tm(,-;/)J pedpa {i, j};

W(i) = (Wi(}))nxn . — MatpuIs Bar rpada;

— MIBHJKICTH k -TO BUAY TEXHIKH Ha

wl({) — Bara pebpa {Vi» v j} Y MOMEHT IiepeOyBaHHs y

BEPILMHI V; ;
V= (Vy) MaTpHLs LIBUAKOCTEH PYyXy B3IOBXK
nxn
pebep rpada;
Vi — IIBHIKICTH PyXY B3IOBX pedpa {vl-, v j} y Qik-

COBaHMM MOMEHT [, TOOTO v = fl-j (t) (byHKLIIT fij(t)

MOXYTh OyTH PI3HMMH B 3aJI©KHOCTI BiJl TOTO, B3/IOBX
SIKOTO pedpa 3MIHCHIOETBCS PyX);
Vi(i; j)(t) — MIBWJKICTh k -TO BUJAY TEXHIKH Y MOMEHT

gyacy [, SKUH  HaJIEXKHUTbH

|_t0(i;j);t0(i;j) + t(i;j)J ;

v(o) — BepuIrHa rpady, 3 Kol pO3NOYNHAETHCS PYX.

YacOBOMY  TNIPOMIXKKY

BCTYII

Ha choromuimHiil JeHbh MUTAaHHS ONTUMI3AIl] TepeBe-
3eHb € HAJ[3BUYANHO BRXJIMBUMH B PI3HHUX TaTy3sX Iis-
JILHOCTI JIFOJICTBA, 30KpeMa, IIPH BUPIIICHHI Pi3HOMAaHIT-
HUX 3aBJaHb JOTICTUYHOI cdepu. YCIilmHe 3AiHCHCHHS
0araTbOX IepeBe3eHb CYTTEBO 3aJCKUTh BiJl CBOEYaCHOC-
Ti MpUOYTTS KOJOHU TEXHIKH Yy BU3HAYCHE MicCIle TIPHU3HA-
geHHA. s e(peKTUBHOTO IePeBE3CHHS PI3HOMAaHITHHUX
BaHTAXIB 10 CYyIIi BUKOPHCTOBYETHCA IIMPOKE KOJO CY-
YaCHUX TPAHCHOPTHUX 3aCO0iB 3 PI3SHUMHU MOKIHUBOCTS-
mu. [lepex miaHyBaHHSIM IEepeBe3eHb MOXIIMBE IMPOBE-
JICHHS ONTHMI3allii CKJIaly KOJIOHH TEXHIKH 3 ypaxyBaH-
HAM mupokoro kona dakropi [13]. OxHak, Ha HacTym-
HOMY eTami HeoOXiTHO BHpINIMTH 3ajady BH3HAUCHHS
ONITHMAJIEHOTO MapHIPYTY PYXY KOJIOHU TEXHIKH.

HasiBHa J0CTaTHRO pO3rajyKeHa Mepeka aBTOMOOI-
JBHHUX JOPIr OOYMOBIIIOE 3HAYHY KUIBKICTh MOMKITMBHX
MapHIpyTiB PyXy, SKi HOETHYIOTh Miclle BUOYTTS 3 ITyHK-
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TOM TIpu3HauyeHHs. Taka GaraToBapiaHTHICTb, 3BUYAITHO,
CIIOCTEPIraeThCsl HABITH MPH HE3HAYHHMX BIICTAHSAX, SKi
MOTPiIOHO MOJONATH.

Ha Bubip onTHMambHOTO MapIIPYTy CYTTEBO MOXKE
BIUIMHYTH JMHAaMiKa PO3BUTKY JOPOXXHBOI OOCTaHOBKH.
BHacniiok BIUIMBY MPOTHO30BaHUX 1 CTOXaCTUYHUX (ak-
TOPIB IIBUAKICTH NEPECYBaHHS KOJOHH 110 OKPEMUX IiJIsI-
HKaxX MapuIpyTy MOXe CYTTEBO 3MiHIoBaTHch. Hemocrat-
HE BpaxyBaHHs 3MiHH Y 4aci JOPO>KHbOT 0OCTaHOBKH MO-
)K€ TPHU3BECTH J0 HENPaBWILHOTO BHOOpY MapLIpyTy
pyXy, SKHI He 3a0e3MeYnTh CBOEYACHICTH MPUOYTTS KO-
JIOHU Y ITyHKT NMpU3Ha4eHHs. BHACTIZIOK TaKoi 3aTpUMKH
MOXKe BiIOYTHCh 3pUB BUKOHAHHS BH3HAYCHUX 3aBJIaHb.
Tomy 3amaua BHOOpY ONTHUMANBEHOTO MapLIPYTy pyXy
KOJIOHH TE€XHIKH 3 YpaxyBaHHIM AMHAMIKH 3MiHH JOPOXK-
HBOI 0OCTAaHOBKH € aKTyaJIbHOIO.

O0’eKkTOM I0CTiTAKEHHS € BUOIp MapIIPyTy PyXy KO-
JIOHH TEXHIKH.

IIpeameToM aOCTiTKEHHSI € HAYKOBO-METOJUYHUIA
amapaT onTHuMizalii BHOOpy MapIIpyTiB.

MeTor po60oTH € po3poOKa METOINKH BHOOPY OITH-
MaJIEHOTO MapHIPYTy pyXy KOJIOHH TEXHIKH TI0 HECTaIlio-
HapHIN Mepexi A0pir.

1 IIOCTAHOBKA 3AJJAYI
Komnona TexHikn moBHHHA BHOYTH 3 MYHKTY BiAIpaB-
neHHs (Touku A) Ta MpuOYTH B MyHKT MpU3HAYeHHS (TO-
4yky B) 3a mHalikopoTmmii yac. MaremaTndHa MOJENb Me-
pexi opir sBisie co00r0 po3MideHui rpad, Mo HaBeje-
HU# Ha puc. 1, Bara peOep sSKOro BioOpakae 4yac pyxy
KOJIOHH B3JIOBX HUX.

@,,

=
Pucynox 1 -Mepexa aBTOMOOLTEHHUX JOPIT MiXK BUXIHUM ITyH-
KTOM A Ta ITyHKTOM IpU3Ha4YeHHs B npencrasiena rpagom

HeoOxinHO 3HaliTH MapuIpyT pyXy, IIPH SIKOMY peai-
3YEThCS TEPEMILICHHS] KOJIOHM TEXHIKM 3 MYyHKTYy A B
IYHKT B 3a MiHIMaJIbHUI TPOMI>KOK Yacy.

[Mpunycrumo, mo MWBHIKICTh PYyXY OKPEMHUX OJUHHIL
TEXHIKH OJIHOTO BUJY € CTaJIOl0, a MBUJAKICTH PYXY pi3-
HUX BUIB TEXHIKH y 3aralbHOMY BHIIAJIKY pi3HA.

Bepumau rpada € By3naMu posramyxeHHs nopir. Ba-
ra pebpa rpada sBisIe co00I0 Yac pyxy KOJOHH MiX HOTO
BepiurHaMu. [IIBUIKICTh KOJOHU BU3HAYA€THCS IIBHIKIC-
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TIO BHJY TPaHCIOPTHOTO 3aco0y, sika Mae MiHIMaJibHe
3Ha4eHHA Ui (piKCOBaHOro MpOMiXKY 4acy. OcraHHiil €
OJIHIEI0 3 CKJIAJOBUX 3arajlbHOr0 4acy pyXy KOJIOHH
B3JJ0BX pebpa {i, j}.

Kpurepiem onTUManbHOCTI MapuIpyTy € MiHIMi3alis
yacy pyxy mo HeoMmy. llpu mpomy moTpiOHO BpaxyBatw,
[0 TPH pyci KOJOHM Yac TOAOJIAHHS OKPEMHUX IISTHOK
MapIpyTy Moxke OyTu 3miHHUM. Ile 00yMOBIIEHO MOX-
JIMBICTIO BIUIMBY Ha PyX TPAHCIOPTHHUX 3aCO0iB pizHOMa-
HITHUX (aKTOpiB, 30KpeMa, MOTOAHO-KIIMAaTHYHUX (CHIT,
TyMaH, JIOII, OXKENEeAb, TOIIO), TEXHOTEHHHMX (3aBaliy,
PEMOHT JIOPOXHBOT'O TOJIOTHA, HOTO TOIIKO/DKEHHS BHa-
CJIIIOK MiATOIUIEHb AUISHOK JJOPOTH TOIIO), Hepiox noou
(1eHp, HiY) TOMIO.

Y MareMaTW9HiA MOZIEIi pyXy KOJIOHHU MOTPiOHO Bpa-
XyBaTH, 110 3MiHa Bar pebep MOXKe BiIOYBaTHCh:

1) IOWCKpeTHO, TMPH MAOCSITHEHHI KOJOHOIO BEpIIWH
rpada 3 OHOBJICHHSIM MaTPHIIl Bar caMme B Ili MOMEHTH. Y
TaKOMY BHITQJKy PillIeHHS IOJ0 HACTYITHOTO MPOKJIaIaH-
Hsl Mapupyty (GopMyeTbcsi y By3iax rpada 3 ypaxyBaH-
HSIM JIOPOXHBOT OOCTAHOBKH, SIKa TUHAMIYHO 3MiHIOETHCS
1 JaHI MO0 AKOT HAIXOAATh nepionnuno. el BunamoK y
MOJaIbIIIOMY Ha3MBaTUMEMO JHCKPETHO-CTOXACTHYHHM.

2) aHAJOTIYHO TONEPEHFOMY BHUITAJIKY 3 Hamepe] Bi-
JTOMOIO 3MIHOIO Bar pebep rpada. [Ipu oMy, onTuMas-
HUH MapupyT pyxy Moxe OyTH oOpaHHil Ha mO4aTtky 3
ypaxyBaHHAIM iH(OpMAaIil Ipo MOJANBITY BiJOMY 3MiHY
cTaHy nopir. Llei BUnaiok y nogansIioMy Ha3MBaTUMEMO
JHMCKPETHO-JIETePMiIHOBaHUM;

3) HemepepBHO MpPH pyci KOJOHH MO MEpexi IOopir.
Ileli BUmMagoK y HOAANBIIOMY HAa3UBAaTUMEMO HeEIeEpe-
PBHO-HEBU3HAYCHUM.

2 JITEPATYPHUM OIJISIT

Bupiniennst 3amad BuOopy MapHIpyTiB pyXy KOJIOH
TPaHCIIOPTHUX 3aCO0iB IS €PEKTUBHOIO IMEpEMIllCHHS
BaHTaXIB, a TAKOXX CYMDKHUM 3aJa4aM NPHAUIAIACH yBa-
ray psai po0it, 30kpema B podoTax [1-14].

MMigxig momo BEOOPY MapUIpyTy, SIKHA IPYHTYETHCS
Ha edgelabels, HaBesennii y mpami [1]. Moro 3actocyBan-
HSl JI03BOJISIE IPUCKOPHUTH IOIIYK HAHKOPOTIIOTO IIIAXY B
500 pasiB y MOpIBHAHHI 31 CTAHIAPTHUM aJTOPUTMOM
Jeiikctpu Haa BenukuM rpadom. Y podoti [2] HaBeneHO
ITOPUTM JUIsl BUOOPY ONTHMAIIBHUX MapLIPyTiB Y MYyJlb-
TUMOJILHOMY PEXHUMI MEpexXi rpoOMaiCbKOTO TPaHCIIOP-
Ty. 3a pe3yJbTaTaMH LbOTO JOCITI/DKEHHS MiAXiJ II0J0
MapupyTH3allii TPaH3UTHUX BY3JiB OYB aIanTOBaHHHN UL
IUIAaHYBaHHS MEPEMIICHHs] TPOMaJChKHM TPAHCIIOPTOM.
Y HaykoBiii npami [3] A7 TOMIyKy HAHKOPOTIIOTO HIIAXY
3aCTOCOBaHO METOA iepapXii KOHTpakuii. Y mociimKeHH]
[4] Ha ocHoOBI 3acTocyBanHs anroputmy SHARC HaBene-
HO MOXJIMBOCTI 3 BIINIYKaHHS! HAMKOPOTIINX LUISXIB IS
JIOBUIBHUX 3ac00iB MEPEMIIIEHHS Yy TPAHCIIOPTHIH Mepexi
KOHTHHEHTAJBLHOTO MacmTaly. Y HaykoBiii mpari [5]
JOCTIDKEHO MpOoOJieMy IUIAHYyBaHHS MYJIBTHMOJATBHUX
MapmpyTiB. Y po0oTi [6] HaBEACHO MOJETb IS OIIHKH
TpadiKy 3aTpUMKHU TPAHCIIOPTHHUX 3aCO0IB 3 ypaxyBaHHIM
JOBUTPHHUX HaBaHTAXXEHb y Iporeci pyxy. Y IOCIiIKeHHI
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[7] nHaBenene miaHyBaHHS MapIIpYyTiB Uil BIHCHKOBHX
HA3eMHHX TPAHCIOPTHUX 3ac00iB Ha moJii 60r0. Y poboti
NIPOBEJICHO MOJIEIIOBAHHS HEBM3HAYEHOCTEH, II0 MaroTh
Miclle Ha JIOPOXKHIH Mepexki, 3a JTOIIOMOI0I0 Habopy JHcC-
KpETHHUX CIIeHapiiB. 3alpoIIOHOBAHO METOJ BiAIIyKaHHS
HaWKOPOTILIOro NUIAXY UL KOKHOTO OKPEMOT'O TPaHCIIO-
pTHOTO 3aco0y. PesymbraT po3paxyHKiB CBiI4aTh PO
Te, 10 3alPOMTOHOBAHNUN METOJ] MOXKE 3a0e3MeUnTH SKic-
HE pIllIeHHs JIMIIE Al MEPeX 3 HEBEJIMKOI KUIBKICTIO
By3/iB. Y HaykoBiii mpauni [8] po3pobieHo anropurm
PO3B’sI3yBaHHS 3aJayi MOIIYKy HaWKOPOTIIMX 33 4acoM
IUIXIB Y MICBKMX MapIIpyTHHX MEpexXax TpaHCIIOpTY
3araJIbHOT0 KOPHUCTYBaHHS 3 ypaxyBaHHSIM TpPUBAJIOCTI
mepecaiok METOIOM BiTOK 1 MEX.

VY mxepenax [9—11] omuCyIOTBCS MOXIIMBOCTI 3aCTO-
CyBaHHS TeoiH(OPMAMIHHUX TPOTPaMHUX TPOIYKTIB
ArcGIS mns BiamIykaHHS parlioHATEHUX MapIIPYyTiB PyXy.
Mapmipytauit  anamiz ArcGIS no3Bossie 3ailicHIOBATH
MOUIYK HAWIIBHJIIOrO 332 YacOM, HAKOPOTLIOTO 3a Bif-
CTaHHIO a00 HaBITH HAHOLIBII )KUBOIMCHOTO MapIIpyTy 3
BUXIJTHOT JIO KiHIeBOi ToukH. [Jo mapameTpiB aHaji3zy Ma-
PLIPYTY MOXYTh BXOJUTH 4Yac MOYATKy PYyXy, 4ac A00H,
TOYHa JaTa, JeHb TWXHS Tomo. [Ipu BHOGOpPI MapmpyTy
PYXY BpaxoBYIOTECS Oap’epl — 00’ €KTH, 5SKi 0OMEXYIOTb,
YCKJIAIHIOIOTh YU 3MIHIOIOTh MApHIPYT PyXy. 3a pe3yib-
TaTaMl OOYMCJIEHHS 3 ypaxyBaHHSM BHXIJHHX HapaMer-
piB Ta 0OMEXEeHb HPOrPaMHUM MPOIYKTOM (OPMYETHCS
MEBHUI MapHIpyT PyXy.

VY nocmimpkenHi [12] chopmoBaHo Ta 1OCHIKEHO Ba-
piaHT MOJeN IUTaHyBaHHS BaHTa)XXOMEPEBE3eHb, PeICTa-
BJICHO MPUKJIAIHY MPOrpaMy AJs 3HAXOJKEHHS Y TpaHc-
MOPTHIA MepeXi ONTHMAaIbHOTO MapLIPYTy IEPEBE3CHHS
BaHTAXIB BiJl OJHOTO MOCTaYaJIbHUKA O KIJTBKOX CIIOXKH-
BadiB.

V mpaui [13] 3amaga BuOopy HAHKOPOTIIOrO MapuIpy-
Ty PO3B’sI3yBaslaCh 32 KPUTEPiEM MakcHMi3allii piBHS ro-
TOBHOCTI TPAHCIIOPTHHX 3ac00iB Ta MiHIMi3allil MapoOYHO-
TO CKJIaay i KUIBKOCTI TPaHCHOPTHHX 3acO0IB y KOJIOHI.
OOMexeHHs1 MozieNi cTocyBajmcsl 3a0e3neyeHHs] HopMa-
THUBHO BCTAQHOBJICHHX Yacy Ha IepeBe3eHHs Ta KoedilieH-
Ta TOTOBHOCTI TEXHIKH, TIEPEBE3CHHSI KOJIOHOI 0COOOBO-
TO CKJIQJly 3aJaHO1 KUTBKOCTI Ta BaHTaXYy, 3aJaHOi MacH 1
00’eMy, BUTpAT pi3HAX BUJIB IaJHHOTO, II0 HE HEPEBU-
IIyIOTh BCTAQHOBJECHUX 3HAYCHb, HE 3HIDKCHHSA 3aracy
X0y 10 MOTOPECYPCY KOXKHHUM TPAaHCIIOPTHHM 3ac000M
31 CKJIa/Ty KOJIOHH.

B aBropcekiit podori [14] Oyno 3nilicheHo dopmai-
3allil0 MOCTaHOBKHU 3ajia4yl po3MideHHs rpada 3 HeoaHOPi-
JHUMH pedpaMu Ta oOIPYHTOBAHO METOJ 11 BUPIIICHHS Y
JIBOX PI3HHMX BHIIQJKaX: y BHIIQJKY, KOJU MOXXJIMBUM €
PO3OHTTS TOBUTLHOTO pedpa oCiipKyBaHoTro rpada Tod-
KaMH, [0 BIINOBIZAalOTh MOMEHTaM 4acy, KOJIM IIBHI-
KICTh KOJIOHH TUCKPETHO 3MIHIOE CBOE 3HAUCHHS, a TAKOXK
Yy BHUIIAJKy, KOIH PO3OUTTSA peOpa TOYKaMU, IO BiIIOBi-
JAal0Th MOMEHTaM 4acy, KOJU [BHIKICTh KOJIOHH AUCKpe-
THO 3MIHIOE CBO€ 3HAYEHHS, € MPOOJIIEMHHM, aje IMpH
bOMY IIBUIKICTh KOJOHH y KOXEH (PiKCOBaHMIA MOMEHT
4acy € BiJJOMOIO.
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3 HaBEJICHOTO BUIUIMBAE, 1[0 Y MPOAHAI30BAHHUX ITPa-
X 3QIMIIWINCSA 110332 YBarol HACTYIHI acleKTH, SKi
NoTpeOyI0Th ypaxyBaHHs NPU BUOOPI ONTUMAJIBHOTO Ma-
PIIPYTY PYXy KOJIOHU TEXHIKH:

— TepeBe3eHHS BIHCHKOBUX MiJPO3UIIB BHMArae Jao-
TPUMaHHSI BUMOT PEXUMHOCTI, TOMY 3aCTOCYBaHHS 3ara-
JBHOJIOCTYITHOTO MPOTPaMHOT0 3a0€3IIeUCHHS 3 BEJIHKOKO
HMOBIPHICTIO MOXXE€ CTBOPIOBATH IMEPEIYMOBH IS IPO-
THO3YBaHHS BHOOPY MapLIpyTy pyXy WMOBIpHHUM IPOTH-
BHHUKOM 200 TOPYIIHUKOM;

— TepeBe3eHHs MOoTpedye MPOTHO3YBaHHS 3MIHU JO-
POXHBOI OOCTaHOBKH 3 ypaxyBaHHSIM KOMIUICKCHOI CTa-
TUCTUYHOI iHpoOpMauii mIog0 NpOoOJIEMHHX CHTYyalil
(anamiz JTII na MapmpyTi pyxy 3a MUHYJIHUH piK, iHPOp-
Marlii o]0 MPOBEJCHHS! PEMOHTHUX POOIT, BpaxyBaHHs
MIPOTHO3Y TOTOJM Ta iH.) Ha yChOMY MapIIpyTi pyxy 3
METOI0 CBOE€YACHOTO BUXOAY Y BU3HAUCHUN PalioH;

— TepeBe3eHHs nepeadayaroTh NepeMillleHHs 3HaYHOT
KIUTBKOCTI JTIOACH 1 crienu(ivHuX BaHTaXiB K HA HEBEIH-
Ki, TaKk 1 Ha 3HA4HI BiJCTaHi;

— y 3B’sI3Ky 3i crienugikor0 OKpeMuX 3aBAaHb IIiJ] 4ac
MIEPEeBE3EHHSI CYMICHO 3aCTOCOBYETBCS HE TUIBKH Pi3HO-
MapodHa, aje i JOCTaTHRO Pi3HOTHITHA TEXHIKa;

— BHKOHAHHSI NepeBe3eHb repeadayac MupoKe 3acTo-
CYBaHHSI OyAb-sIKMX IOpIT, B TOMY 4YMCI IDyHTOBHUX, a
1HOI 1 6E3A0PIKIKS.

OTxe, MIXOAW Ta METOH, SKi MPOaHaNi30BaHi y Ha-
BEICHHX BUILE pOOOTaxX, HE MOXYTh OYTH 3aCTOCOBHI JUIsi
PO3B’sI3yBaHHS JOCIHI/KYBaHOI 3ajgaui Oe3nocepenHbo.
Pazom 3 TuMm, 3amponoHoBaHui y mpami [14] meton € Oa-
30BHM 1 TaKHMM, IO JIO3BOJIIE BIPHUTYJ HAONU3UTHCSA N0
BHpIIIEHHS 3a7adi BHOOpPY ONTHUMAIBHOTO MAapUIpyTy
pyXy KomoHH TexHikH. OCOONMBICTH MOCTIIKYBaHOI 3a-
Jadi nossrae B HeikcOBaHOCTI Bar pebep, sIKi OMUCYIOTh
OKpeMi JITISTHKH Mepexi IopirT, Y IpoIieci pyxy KOJIOHH.

BpaxoByroun 11, METOIO JaHOi PoOOTH € po3pobka
METOJIMKH BUOOPY ONTHMAIBHOTO MapIIpyTy PyXy KOJIO-
HH TEXHIKH 10 HECTAI[IOHAPHINA MEepexXi JOPIr.

3 MATEPIAJIA I METO/IA

3BaxkarouM Ha Te, [0 3ajaya, sIka aJIeKBaTHA peajib-
HOMY MPOILIECY, MOXKE MATH MICIE Y TPhOX MOCTAHOBKAX,
HEOOXimTHIM € (POpMyBaHHA MAaTEMaTHYHOI MOJEIi s
KOKHOI 3 HUX.

PosrisinemMo aucKpeTHO-cTOXacTHUHMK Bunaaok. He-
xa#l 3agaHo po3Midyenuii rpad. Hexait v; — nesixa Bepu-
Ha rpada. HeoOXigHO 3HAWTH HAHKOPOTHIMHA INUISIX Bix
3a7]aHO1 MTOYaTKOBOI BEPIIMHU @ 0 33JaHO01 BEPIINHU Z ,
SIKIIIO BEIIMYUHU wlgl) Hariepe/l HeBIIOMI 1 CTalOTh BiJO-

MMMH JIUIIE B MOMEHT IIepeOyBaHHsA y BEPLIMHI V; .

[Hmmiit  MOXIWMBUKA ~ BHNAJOK  —  JHMCKPETHO-
JIeTepMIHOBaHUI, KOJIM HEOOXiTHO 3HAWTH HAHKOPOTIIHMH
IUISIX BiJ 3aJaHOi MOYaTKOBOI BEPIIMHM d [0 33JaHOi

BEpUIMHU Z , SKIIO BEJITMYNHU Wi(;) Harepes BioMmi.
Haiibimpir cxmagHuM € HemnepepBHO-HEBU3HAYCHHUN

BapiaHT 3aBAAHHS, Y SKOMY HEOOXiTHO 3HAWTH HAHKOPO-
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TIIMHA TUISX BiJl 334aHOI MMOYATKOBOI BEPIIMHU ( IO 3a-
JTAaHO1 BEPIINHA Z , SKIIO BEIMYMHA IIISXY BH3HAYAETHCS
9acoM pyXy B3IIOBXK HBOTO.

PosrnsHeMO MOKIIHBI MAXOAN 10 ajNTropuUTMi3amii Me-
TOJYy PO3B’A3yBaHHS JOCITI/KYBaHOI 3a7adi.

3 ypaxyBaHHAM (I3MYHOTO 3MICTy 3a7adi MOXKHA

CTBCP’KYBAaTH, IO MATPUIA Bar W(l) = (W(l)) MOXKE
nxn

i
OyTH pi3HOIO B 3aJIGKHOCTI BiJl Yacy, KOJIM KOJIOHA Mepe-
OyBae y BepuinHi v; . ToMy IpUpOAHO, 110 MAaTPUIIO Bar
cmif TU(EpeHIIoBaTH B 3aJISKHOCTI Bix dacy mepely-
BaHHS KOJIOHH Y TI€BHIH BEpIIIHHI.

Le#t mpomec peamizyemMo Tak. [lo9aTKOBUII MOMEHT
4acy BBRKaTHMEMO HYJILOBUM €TaIlOM.

MoMEHT uacy, KOJIM KOJOHa IEepPEeMICTHIACS B3/I0BXK
onHOTO pedpa i 3HAXOIUTHCS y NEesSKil BepIIwHI rpada,
BBa)KaTHMEMO TIEPIINM €TaIloM.

MoOMEHT 4acy, KOJIM KOJIOHa IEepPeMiCTHIIAcs B3/I0BXK
JIBOX pedep 1 3HAXOAWTHCS y Jesikiii BepiinHi rpada,
BBa)KaTHMEMO JIPYTUM €TarioM 1 T.JI.

3 ypaxyBaHHSIM LbOTO, MAaTPUIIO Bal' y MOAAIBLIOMY

Tyr k Bu3Havae

nosuavatamemo W U-F) = (Wl(?-k ))
nxn

eTar peajizanii pyxy KOJOHH.

Jnst popmyBaHHS MaTpHIb Bar MOKe OyTH 3aCTOCO-
BaHUI Minmxin, sSkuil omucanuii y poOoti [14] i BuOip
CKJIQIOBUX SIKOTO 3aJICKHUTH BiJ] TOYaTKOBUX YMOB 3ajadi,
IO TIPOAHaNi30BaHi y I mpari, Ta (i3WIHOTO 3MiCTy
JIOCTIKYBaHOI 3a7adi.

VY BUNajgKy AMCKPETHO-CTOXAaCTUYHOI MOCTAHOBKH 3a-
Jaui st 1l BUpilIeHHsI MOYKHA BUKOpHCTaTH MeTo] J{eik-
ctpu [10] momryky HaWKOPOTIIOL BiZICTaHI MiXK 3aJaHUMH
BepmuHaMu rpada a i z .

Sxoro came Oyzme MaTpHIls Bar, 3ajJeKaTHMe BiJl TOTO,
3 SIKO1 BEPIIMHH PO3MOYUHAETHCS pyX. ToOTO, I HOCITi-

JOKyBaHOI 33134l a = v(o) .

TakuM uymHOM, 3acTOCyBaHHs ajlropurmy Jleikcrpu
JIO3BOJISIE BCTAHOBUTH ONTUMAIBHUM MapIIpyT pyXy AJs
eramy 0.

OpHak 11ei MapmpyT He Oy/ie ONTHMaIBLHAM B LIJIOMY
JUIS 3a]1a4i, OCKUTBKH MaTpHUIll Bar y MOMEHT IepeOyBaH-

HS KOJIOHM y HACTYITHIM BEpLIMHI Micis BEpLIMHU V(O)
3MIHHUTBCH.

3 ypaxyBaHHSM IIHOTO, JJIS eTammy 1 BimoMoro Oye Ki-
HIIEBa BepIIMHA Tpada, sKa 3aIUINAEThCs HE3MIHHOM, a
TaKOXX II0YaTKOBA BEPIIMHA, SIKA BU3HAYATHMETHCS 3 OII-
THUMaJIBHOTO MapLIpyTy, OTpUMaHoro mis eramy 0, sk

fforo gpyra BeprmmuHa ( v(l) ).
3 ypaxyBaHHSM TOT'0, III0 B MOMCHT IepeOyBaHHS KO-

JIOHUW y Tiepiriii BepmuHi etamy 1, TOOTO B BepmIuHi v(l),
MaTpHllsl Bar 3MIiHUTBCS (SIKOIO came Oyae MaTpuis Bar,
3aJIe)KaTHMe BiJl TOTO, 3 SIKOI BEPUIMHH PO3MOYHNHAETHCS
PyX), 3a/1a4y BM3HAUEHHS ONTHMAIBHOIO MapIpyTy MO-
JKHa Jaji po3rJIsiaTH sIK 3a7ady MOIIYKYy HalKOpOTIIOi

. .. 1) .
BiZICTaHI MK BEpIIMHAMH v() iz.
Jns i po3B’ss3yBaHHS 3HOBY MO>KHA CKOPUCTATHCS ajl-
roputMoM JleWikeTpr, SK 1 HA TONEepeIHBOMY eTami. 3a-
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CTOCYBaHHS I[bOTO JITOPUTMY JO3BOJISIE BCTAHOBUTH OII-
TUMAJIBHUI MapuIpyT pyxy Ajs eramy 1.

Takum unHOM, JUIs eramy 2 BiZOMOIO Oyze He Jiuiie
KiHIleBa BepIIMHA rpada, sKa 3aJUIIAETHCS HE3MIHHOIO
(BepmHa Z ), a i MOYaTKOBa BEpLIMHA, SKA BU3HAYATH-
METhCSI 3 ONTHMAJIBHOTO MAapLIpyTy, OTPUMAHOIO I

eramny 1, sk ioro npyra BepumHa (v 2 ).
3 ypaxyBaHHSM TOTO, III0 B MOMEHT IepeOyBaHHS KO-

JIOHU y TIEpIIii BepIIuHi eTamry 2, TOOTO B BEpIIHHI v(z) ,
MaTpUIlI Bar 3MiHUTBCA (KOO came Oyae MaTpHIls Bar,
3aJeXaTUMe BiJl TOTO, 3 SIKOI BEPIIMHU PO3MNOYNHAETHCS
pyX), 3aady BH3HAUEHHS ONTHMAIBHOTO MapLIPyTy MO-
JKHa Jaii po3riisiiaTH SK 3ajady IOIIYKYy HalKOPOTINOi

BIJICTaHI M)k BepIITHAMU v(z) iz.

3 HaABEIECHOT'O MOXHA 3pOOUTH BHUCHOBOK, II[0 METO/T
PO3B’sI3yBaHHS 3a7ayi I PO3TIITHYTOTO BUITAIKY ITOJISI-
rae B iTepaliiHOMy 3acTOCyBaHHI anroputmy JeikcTpu
13 3MIHHOIO TEPIIOK BEPIIMHOK Ta PI3HUMH MATPHUIISIMU
Bar Ha OKPEMHUX €Tarax Horo 3aCTOCyBaHHSI.

SIKIIO TPUHHATH, WO Z = Wle ), TO O3HAKOIO 3YMHMHKH
3aTPOTIOHOBAHOTO  AITOPHTMY € CYMiKHICTH BEpIIMH
W& yle) g onTumansHoMy MapmpyTi (g —1)-To era-

my.
HarnsigHe mnpencTaBieHHs HaBEACHOTO aJrOPUTMY
MOHA OIIIHUTH 3 Tao0u. 1.

Tabmuns 1 - Etanu peanizarii iTepaliifHOro 3acToCyBaHHS ajl-
roputMy JlefKcTpH i3 3MiHHOIO MEPIIO0 BEPIIMHOIO Ta Pi3HIMHU
MAaTpHUISIMHU Bar Ha OKPEMHX eTarax H{oro 3acToCyBaHHS

Etan |BepluuHM ONTHMAIEHOTO MapUIPYTY PYXy B 3&JIEXKHOCTI Bij
erany
a z
o | 0|
! S ,@)
g-1 He) | (e)

TakuM 4MHOM, ONTUMAIIBHHUI MapIIpyT pyXy KOJOHH
y BUMAAKY | ABISATHME COOOI0 HACTYIHY ITOCIIiIOBHICTB

BEPILUMH: a=v(0), v(l), v(z),..., v(g_l), v(g)=z.
A oTXe, oNTHMaJIbHA TPUBATICTh PYXy KOJOHH y J10-

§,00)
(

CITI/DKyBAHOMY BHTajIKy CTaHOBHTH T = ) w\( (/) , 1e
i=0 A e
() ; . N (i
W‘(,‘Ef)v.(lfll) — Bara pebpa MiX BEpIIMHAMA W) 3 0#) g

puui Bar W(v(l)").

Jnist TUCKpeTHO-1eTepMiHOBAaHOTO BapiaHTy MOXIIMBO
BUKOpHCTATH iHIIMWI minxin. HaBexeHa maremaTnyHa Mo-
JIeTb JIOCHIJDKYBAHOI 3aa4di y bOMY BHIIQJIKY J03BOJISIE
3pOOUTH BHCHOBOK, IIO JUIs 1i pOo3B’sI3yBaHHS MOXHA CKO-
PHCTATHCS METOJIOM, AITOPUTM SIKOTO MOJIATAE Y MO0yI0-
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Bl Ha MOYATKOBOMY €Talli yCiX MOXJIMBUX HIIIXIB MiX
3alaHMHA BepIIMHAMH Tpada @ i z , BCTAHOBJICHHI CY-
KyITHOCTEH MaTpHLb Bar JJIg KOXHOTO 3HAHIEHOTo MUIs-
Xy, IO BiIOBIAAIOTH KOXKHiM BEpPIIUHI Ha BiIMOBITHOMY
eTami, MOAAJBIIOMY BH3HAYEHHI TPHUBAIOCTI peamizamii
KO)KHOTO IIUISIXY Ta BUOOPY HAHKOPOTIIOTO 3 HUIAXIB HA
OCHOBI TIOPIBHSHHSA 3HaiieHux TpuBanocteid. Cin 3Bep-
HYTH yBary Ha Te, IIO NPU NOOYAOBI albTEePHATHBHUX
BapiaHTIB MOXJIMBHX LUISXiB MDK BepHmHaMu rpada
MOXIIMBO YHMKHYTH DPO3IJISILy THX 3 HHX, SIKI MICTSTh
MIOBTOPH BEPILUH, Y SIKMX KOJIOHA BXKe 1mo0yBana.

TpuBanocTi peamizamii aJbTepHATUBHUX LUISXIB MiXK
BepuiHamu rpada d 1 Z OyayTb piBHI

T = s ) wft?),

7@ =y ) ) e,

( (53)

o o9

3.2) (7.4) .
5 T Wie  + We

1)+ )

3 ypaxyBaHHSM IIbOTO, MiHIMAIBHUH Yac pyxy KOJO-
HH MK 33/IaHMU BepIIMHAMHU Tpada a 1 z piBHUH

T = min{T(l); T(z); T(3); }

Tomi, sxkmo 7 =T (¥ , TO i -1 MapuIpyT € ONTUMAaIIb-
HUM.

Tperiit BUMagoKk MOCTAaHOBKY 3aBIaHHS — HETIEPEPBHO-
HeBU3HAueHN. HaBenena maremMaTWdHa MOIENIb JOCII-
JUKYBAHOI 3a7jadi MpH IIbOMY JO3BOJISIE 3POOMTH BHCHO-
BOK, IO JUISI i1 pO3B’s3yBaHHS MO>KHA CKOPHCTATUCS Me-
TOJaMH, 3allPOIIOHOBAHUMHU T BUMAAKIB 1 abo 2 3 ypa-
XYBaHHIM MIIXOAY J0 PO3MideHHs rpada, 0 HaBeIecHHHA
Hwk4e. PosristaeMo pedpo rpada (puc. 2).

Pucynok 2 — Pebpo rpada, mo npencrasisie MEpexy
aBTOMOOUTFHHUX JOPIr

Po03i6’emo pedpo {i;j} toukamu 0, 1,2, ..., o—1, o,
..., $-1, s, 110 BIAMOBIAaIOTH MOMEHTAM Yacy, KOJIU IIBHU-
JIKICTh KOJIOHH JUCKPETHO 3MIHIOE CBOE 3Ha4YeHHA. [Ipu
150My Touka ( CIiBIagae 3 KiHueM I, a TOYKa S 3 KiHIEM

J pedpa {i; j}.
JinsHi AL(D(I-; 7) BiJINIOBiJTAIOTh TaKi MIBUAKOCTI YCiX

BHU[IB TEXHIKH KOJOHH: Vl[tm—l(i;j);tm(i;j)]’ Vz[tm—l(i;/);tm(i;/)]’

vk[fw—l(i;./)?’m(f;/)], . V’[fw—l(i;/);’w(i;j)]_

Tonmi, 3 ypaXxyBaHHSAM TOrO, IO IIBUAKICTH KOJIOHU
BU3HAYAETHCS INBUIKICTIO TOTO BHUAY TPAHCIOPTHOTO
3aco0y, KAl Ma€ MiHIMalIbHE 3HAYCHHS 111 (PIKCOBAHOTO
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MIPOMIXKKY 4acy, IIBHUIKICTh KOJIOHH Ha AUISHII ALm(i. J)

BHU3HAYATUMETHCS 33 (POPMYJIOO

Voot ) = UV s ptotin] Yoot

vk[tm—l(i;j);tm(i;/)]’ vl[tmfl(i;j);tm(i;j)] } (1)
Crin 3ayBakWTH, IO B 3arallbHOMY BHITAAKY UL Ii-

MAHKA ALg,(;; ) BeIMYHHA vm[,w 157y ] € CTaJIOI0 JUIst

BCIX BUJIIB TEXHIKH, [0 PYXAIOThCS B CKIIA/i KOJIOHH.
HaBenene 103Boiisie 3p00OMTH BUCHOBOK, IO 4ac PyXy
KOJIOHH Ha JIUISHIN ALO)(I-. /) Oyzne piBHIM

- Ao
foli)) = =
U’[fm—l(i;j)?fw(i;j)]

[Ipn npomy, dopmymnoro (2) MOXHa KOPHCTYBaTHCS

)

IIpH IOBIIBHOMY ® = 1,5 .
A orxe, Bara pebpa {i; j} MoOXxe OyTH 3HaiineHa 3a

(dhopmymoro
S
= Ztm(i;j) : 3)
=1
Onucanuit miaxin JI03BOJISIE miginTe 1o

pO3B’si3yBaHHs 3a1aui po3MmiueHHs rpada i y BHUOAIKY,
KO po30UTTS pedpa {i;j} toukamu 0, 1, 2, ..., o—1,
®, ..., s—1, s, 10 BIAMOBIJAIOTh MOMEHTAM YacCy, KOJIH
HIBUJKICTh KOJIOHU JIMCKPETHO 3MIHIOE CBOE 3HAYCHHS, €
poOJIeMHNM, ajie MPH [bOMY IIBUJAKICTH KOJIOHH y KO-
KeH (iKCOBaHUI MOMEHT 4acy € BiIOMOIO.
Po3B’s3yBaHHS 3amaui MpH IbOMY BHIIISIAE Tak. 3
ypaxyBaHHSIM TOTO, III0 MIBHIKICT KOJIOHN BU3HAYAETHCS
IIBHKICTIO TOTO BHJy TPAHCIIOPTHOTO 3aco0y, SIKUH Mae
MiHIMallbHE 3HA4YeHHS I (DIKCOBAaHOTO MOMEHTY dYacy
te lfO )>o(i; ) T4, )J, IIBHJKICTb KOJIOHH Y MOMEHT !

Oyzne piBHa
V(i;j)(f): min{ vl(i;j)(t)’ Vk(i;j)(t)’ Vl(i;j)(f) J 4)
A oTxe, cipaBeIMBOIO Oye hopmyiia
To(i: )+ iz j)
[ V(i) (e = ALy (5)
Loi; )
3actocyBanns hopmynu Herorona-JleiiOnina go miBoi
yacTUHH (popMyiH (5) A03BOIISIE OTPUMATH, IO

to(i: )+
Tty = A ©
L
3nifiCHUBIIM CEpil0 MEpeTBOPEHb, 3 (6) MOKHA OTpH-
Martu

s eos )+ 1))~ oo 1)) = AL ),
S o(e )+ 16:))= Fep o))+ AL )
t0(7) +1(:7) = S Ul tot )+ AL )

A oTxe, ryKaHa Bara peopa {1; ]} Oyze piHa

%ﬁ=&w4@wﬁwm%ﬂ%w%%w}(ﬂ
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BHKOpHCTOBYIOUN aHAJIOTIYHI MiIXOIH, MOKHA 3HANTH
Bary KO>KHOTo pebpa rpada, 1o OIUcy€e TPAHCIIOPTHY Me-
PEKY, K y BUIIAJKY MOXKIMBOCTI po30HTTS pebep rpada Ha
OKpeMi (hparMeHTH, TaK 1 B IPOTUIICKHOMY BHUIAJIKY.

3acTocyBaHHSI OJJHOTO 3 METOJIB, L0 3aIPOIIOHOBaHI
JUIL  JIMCKPETHO-CTOXaCTUYHOTO 1  JIUCKPETHO-/ETEep-
MIiHOBAHOT'O BMIAKIB, 3aJCKHUTh Bl TOr0, BIJOMUMHU YU
HEBIJOMHMH € MOMEHTH IepeOyBaHHS KOJIOHH y BEpIIU-
Hax rpada.

VY pasi, SKII0 3aBYaCHO BiJOMi MOJKJIFIBI MOMEHTH TIe-
peOyBaHHS KOJOHHM Y KOXHIA BepIInHi rpada, TO 3acTo-
COBYIOUH OITMCAHWH BHIIE MiIXiM, MOKHA 3aBYacCHO BCTa-
HOBUTH Marpuii Bar rpada, chopMyBaBIIH iX 0 MOYATKY
PYXY KOJIOHH. A OTKe, B IbOMY BUIAJIKY JJIsI BIAITYKaHHS
ONTHUMAJIBHOTO MUISIXY PYXy KOJIOHU MOXXHa CKOPUCTATH-
csl METOJIOM, IO 3alpONOHOBAHUM y JAaHii poOoTi Iuis
JIICKPETHO-/IETEPMiHOBAHOTO BUIIAJIKY.

SIKIIo 'k MOXKJIMBI MOMEHTH IiepeOyBaHHS KOJOHH Y
KOXKHIH BepmIuHi rpada 3aB4acHO HEBIJOMi, TO 3aCTOCY-
BaHHS HaBEICHOTO BHIIE CIIOCOO0Y po3MiueHHs rpada
MOJKJIMBE Ha eTami nepeOyBaHHS KOJOHH y TEBHiM Bep-
IIMHI. A OTX€, B [bOMY BHIIAKY JUISI BiJIIyKaHHS OITH-
MaJbHOTO HIIAXY PYXY KOJIOHHM MOXKHA CKOPHCTAaTHCS
METOJIOM, IO 3allPONOHOBAHUI y JaHiil poOOTI AJs IuC-
KPETHO-CTOXaCTHYHOTO BUMAJIKY.

TakuM YMHOM, METOI PO3B’SI3YBaHHS JOCIIHKYBaHOI
3a7a4l y TPEThOMY BUIAJKY IOJISra€ B KOMIUICKCYBaHHI
ITOPUTMIB po3MideHHs rpada Ta Ge3nocepeHb0 BU3HA-
YEeHHS ONTUMAJIBHOTO IIUIAXY B 3aJI€XKHOCTI BiJ yacy o-
pMyBaHHS MaTpHII Bar rpada.

4 EKCIIEPUMEHTHU
PosrnsiHemMo mpukiiaj BUKOPUCTAHHS 3alpONOHOBAHOT
METOAMKH U ONTHMI3amii moOymIoBH MapuIpyTy pyxy
KOJIOHH TEXHIKM IO MEpeXi Jopir, ska 300pakeHa Ha

puc. 3.
bapEeHKoED
ManoneTiu Cemepci
MpuBonse CnaeAHCK
Beiemia
Kpamatopck i
<CaHfpoBKa
Conegap
HoBopoHewkoe
LpymKoBKa i L)
Yacos Ap Baxmyr
Benczepcroe KoHeTaHTMHOBKE
[Nobpononee
CeeTnoga
Topeuk
PoguHckoe
Ecd) lopnoexa
MokpoBck
EHakuen
HosorpogoBka
mm E3
Ka Cennaosg Aspeeska
Xapuplack
KpacHoroposka HoHeuk
Borateipe (15 | Kvnaxnrn

Pucynok 3 — JlocnimKyBaHa qiITHKa MiCIIEBOCTI
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Mepexi mopir wiei nuissHKM Bixnosigae rpad, 1o Bi-
noOpaxkeHuit Ha puc. 4, Baru pebep SKOro o0YMCIIeHI 3
BUKOPUCTAHHAM OIIMCAHOI'0 BUIIC HiﬂXOI{y.

Pucynok 4 — I'pad mepexi nopir

3 METOI aNropUTMIYHO-IIPOrpaMHOI peanizauii onu-
CaHMX BHIIE METOIUK OyJIO po3poOJIeHE MpOorpaMmHe 3a-
Oe3MeUcHHs, 110 BioOpakeHe Ha puc. 5.

3 METOI0 MPOBEJICHHS JIOCHTI/DKEHb y Mporpami peai-
30BaHi HACTYNHI METOJMKH MOIIYKY MapLIpyTiB: Ha OC-
HOBi Kiacu4HOro ajroputmy Jeiikctpu 0e3 ypaxyBaHHS
JIUHAMIKH 3MIHU JOPOKHBOI 00CTaHOBKH (po3spaxyHox 1);
MIOKPOKOBE 3aCTOCYBAaHHA alroputMmy JleiikcTpu 3 Kopu-
TyYBaHHSM MAaTpHUIl Bar Ha KOXXHOMY KpoIli MOOyIOBH
MapuIpyTy (pospaxynok 2); IOBHHH nepedip yCiX MOMKIIHU-
BUX MaplIpyTiB, IO MOEIHYIOTh ITyHKT BUOYTTSA 3 IyHK-
TOM MPHU3HAYCHHS 0€3 MOBEPHEHB (po3paxyHok 3) 1 3 TO-
BEPHEHHSIMH Ta OOMEKCHOIO TJIHOWHOIO MOLIYKY (po3pa-
XYHOK 4).

r 1
o OnTumizauis MapwpyTy - [ =1 ﬂ
Crapt  Slavyansk -

’Poapaxwon'l ] [ Poapaxytork? ] [ PospaxyHord ] [

Piniw  Donetsk -

Pospaxyrokd ]

MeTonl {OedkcTtpu) -
OnTUMansHUA MapLpyT

Yac=2 5167 (2.5167)

Slavyansk I
Kramataorsk

Konstartinovlka

Donetsk

MeTon2 {cTpubkie OeikcTpu)

OnmumMansHri mapwpyT

Yac=2 5167

Slavyansk

Kramatarsk

Konstartinovka

Donetsk

MeToa3 {Bci MapwpyT 3 BiRCIKEHHAM NPORLEHI BEPLWWMH)
OnTuMansHUA MapLpyT

Yac=2 5167

Slavyansk

Kramatarsk

Konstartinovica

Donetsk

MeTond {Bci MapWpy ™ 3 NOBTOPHUM NPCXOMKEHHAM)
OnTUManLHUA MapLpyT

Yac=2 5167

Slavyansk &

m

[

Pucynok 5 — I'oj10BHE BiKHO IIPOrpamMy BU3HAUYCHHS ONITHMAaIIb-
HOT'0 MapLIPyTy PyXy KOJIOHU
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5 PE3YJIBTATHU

Jist BUIAJIKy, KOJM PO3IJLIIAETHCS CTana JIOPOXKHS
oOcTaHOBKa, BCi peai3oBaHi y mporpaMHomy 3a0esre-
YEeHHI METOJUKH OYiKyBaHO 3a0e3NedyloTh OTPHMAaHHs
OJTHAKOBOTO OIITHMAJIEHOTO MapupyTy pPyXxy
(Cnow’sicpk, Kpamaropebk, Koncrantuniska, JoHenpk)
3 OJTHAKOBMM 3HAYCHHSM ITOKa3HMKAa €()EeKTHMBHOCTI — 4a-
Cy Ha TO0JIaHH MapmpyTy 2,5167 (pucyHOK 5).

OnHax, MPUITYCTHIMO, IO Yepe3 JeKHH Jac (Ha TPEeTho-
My Kpomi) BigOyAeTbCsl TpUBaje MOTIPIIEHHS IOPOKHBOT
obcranoBkr Ha iistHII KoHcTanTtuHiBKa-/IOHEIBK (3HAYHE
TMOIIKO/DKEHHST JOPOKHBOTO TIOKPHUTTS). BHAcCHiIoK 1poro
Bara BiJIIoBitHOro pedpa 3minuThes 3 1,616 mo 10,6.

VYV 1poMy BUINAJKY, 3aCTOCYBaHHS aNropurMy Jlekcr-
pH, 110 HE BpaxoBYe 3MiHy MaTpulli Bar pebep, npuBeje
JI0O OTPUMAaHHS MapuIpyTy, SKHH € ONTHMAJILHUM JIHIIIE
JUIS TIOYaTKOBOTO CTaHy Bar pebep rpady. [Ipu ypaxy-
BaHHI 3MIHM CTaHy JOPOXHBOI'O ITOKPHUTTS IOKa3HUK
e(eKTUBHOCTI Ui TaKOTO MAapmIpyTy CYTTEBO TIOTip-
mThCs (puc. 6).

[Ipu mocnigoBHOMY BHKOPHCTaHHI anroputMy Jleikc-
TPH 31 3MIHOIO MaTpHIli Bar pedep Ha KOKHOMY €Talli CH-
Tyallist CyTTEBO MOKPALTYEThCS.

3 BUKOPHCTaHHIM JaHOI METOAUKU OTPHUMYETHCS 1H-
A MapuipyT, sSKUH 3a MOKa3HUKOM e(QEeKTUBHOCTI €
KpaluM MPaKTUYHO B TPH Pasu.

Hatikpamie i, 04eBHIHO, ONITUMANIFHE PIlICHHS 3a0e3-
neyye TpeTsi 1 YeTBepTa METOJMKA, SIKi NPHUBOMAATH [0
OTpPMMaHHS OJIHAKOBUX pe3yibTaTiB. IIpu oMy mokas-
HUK e(DeKTUBHOCTI y MOPIBHSIHHI 3 KIACHYHHUM allTOPHUT-
MoM JleHKcTpu 3pocTae B moHaj 3,5 pasu.

PosrsHemo e oquH BUNIaJOK JHHAMIYHOIT 3MiHH J10-
POXKHBOI OOCTAHOBKH 3 KOPOTKOTPHBAJIOK MEPEIIKOJOI0

oo ), [ |

Crapt  Slavyansk + PiHiw  Donetsk -
[PoapaxyHmﬂ ][ PozpayHok2 ] [ PozpagyHor3 ] [ PospaxyHoid ]

KinekicTs rpacis 8

Metogl (OeiakcTpu)
OnmmansHmit MaplpyT
Yac=115167 (2.5167)
Slavyansk

Kramatorsk

Konstantinovka

Donatsk

MeTon? (cTputkis Oeikctpu)
OnmiManeHWit MapwpyT
Yac=37167

Slavyansk

Kramatorsk

Konstantinovka

Pokrovsk

Donetsk

MeTon3 (Bci MapLPYTM 3 BiACIKSHHAM NPOALEHITE EEPLIAH)
OnmimansHiit MaplpyT
Yac=3 2667

Slavyansk

Bahmuth

Gorovka

Donetsk

| MeTon4 (Bci MapWpyTV 3 NOBTOPHMM NPOX0LKEHHAM)
OnTMManEHWiA MapLpyT
Yac=32667

Slavyansk

Bahmuth

Gorovka

Donetsk

&

Pucynok 6 — Pe3ynbTaTi IOLIyKY ONTUMAIEHOTO MapuipyTy
HPY TPUBAJTIN 3MiHI JOPOXKHBOI 0OCTAHOBKH
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o Onmumisalia MapwpyTy * Y A == ﬂ

Crapt  Slavyansk + PiHiw  Donetsk -
[Poapaxwonﬂ I I PospaxyHok2 I I Pospaynord I [ Pospaxyroxd ]
Meton1 {OeitkcTtpn) -

OnmamankHuit maplpyT

Yac=115167 (2.5167)

Slavyansk

Kramatorsk

Konstartinovka

Donetsk

Meton2 {cTpuikis Oeitkctpu)

OnmaManksHwii MapLpyT

Yac=3.7167

Slavyansk

Kramatorsk

Konstartinovka

Pokrowsk

Donetsk

MeTon3 {Bci Mapwpy™ 5 BIACIKSHHAM NPOAAEHMK ESPLLMH)
OnmaManEHWiA MapLpyT

Yac=3,2667

Slavyansk

Bahmuth

Gorovka

Donetsk l
MeToad (BCi MEPWPYTA S NOETOPHAM NPOXODKEHHAM)

I | Ormamans MapLIpyT
Yac=3,1833

Slavyansk

Kramatorsk

I Slavyansk I

m

Kramatorsk
Konstartinovia
Donetsk 2

Pucynok 7 — PeaynpTaTy NOLIyKy ONTUMAJIBHOTO MapIIPyTy
MIpHA KOPOTKOTPHUBATIN 3MiHi JOPOKHBOT 0OCTAaHOBKH

Bracniiok mosiBH KOPOTKOTPUBAIIOT MEPEIIKOAH JI0-
POXKHBOMY pyXy JiMIie Ha 3 erami Bara pebOpa, ske
moB’si3ye KoHcranTwHiBKY 3 [IOHEIIBKOM, 3MIHHTBCS 3
1,616 no 10,6, ame Bxke Ha HACTYITHOMY KPOIIi BiJTHOBUTH
CBO€ TIOTIEPETHE 3HAYCHHS 1 3AHIIATUMETECS B TIO/aJh-
momy 1,616.

Y 11p0My BHIIAAKY PE3YyIbTaTH BUKOPHCTAHHS ITEPIINX
TPHOX METOIUK 30iratoTHCS 3 MOMEPEIHIM BUIIAIKOM TPH-
BaJIOi 3MiHM TOPOXKHBOI 00cTaHOBKU. OHAK, i MapIIPY-
TH BUSIBJIIOTHCS HEONTHUMAIBHUMHU, OCKUIBKH 3 ypaxy-
BaHHSIM MOJXJIMBOCTI TMOBCPHCHHS Yy TONCPEAHI BY3JIH
HAsSBHUI MapUIpyT, KW JOJAaTKOBO 3a0e3redye MmoKpa-
IICHHS OKAa3HUKA e(pCKTHBHOCTI Ha MOHAT 2,5%.

6 OBI'OBOPEHHSA

3anporoHoBaHa y JaHOMY JOCTIDKEHHI METOIUKA JI0-
3BOJIsIE BPAXOBYBaTH AWHAMIKy 3MiHH IOPOXKHBOI 0OcCTa-
HOBKH IIPY ITaHYBaHHI ONTHMAaJbHUX MapIIPyTiB KOJOH
TEXHIKH.

IIpote, xo4ya npu BU3HA4YeHHI Bar pebep rpada, 1o
OIUCYE MEPEXKy AOpIr, 1 pO3NISTHYTHH HeNepepBHUH B
yacl BUINAAOK, NPH MOMIYKY ONTUMAaJbHOTO MAapUIPYTy
JOCIIKYEThCS JIMIIE BapiaHT JUCKPETHOI HOTo MO0y mo-
BU 31 CTPHOKOMOIOHMMY 3MiHAMH MaTpHIIi Bar y By3Jjax
rpady.

IMoTpeOye oOKpeMuX IOCTIMHKEHb TAaKOX 1 MUTaHHA
MPOTHO3YBaHHS 3MiHH JOPOXXHBOI OOCTAHOBKH 3 ypaxy-
BaHHSM SIK JICTEPMIHOBAHUX, TaK i CTOXaCTHYHHUX (PAKTO-
piB (IU1aHOBHX 1 MO3aIUIAHOBUX PEMOHTHHX POOIT, IIaHO-
BHX OOMEXEHb PyXy, HMOBIpHICHOI OIIIHKH aBapiifHOCTI
OKPEeMHUX IISTHOK JOPIT TOIIO).
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Jlns mporHo3yBaHHS 3MIiHM JIOPOXKHBOT OOCTAHOBKH
JIOIUTBHO PO3TJISTHYTH MOYKITUBICTH BUKOPHCTAHHS METOIIB
IITYYHOTO IHTEJIEKTY, 30KpeMa, HeHPOHHUX MEPEeX.

BHUCHOBKHU

TakuM uuHOM, y POOOTI HOCTaBiIeHa 3aaadya BHOOPY
ONITHMAJIBHOTO MapIIPYTy PYXY KOJIOHH TEXHIKHU 3 ypaxy-
BaHHSAM ITUHAMIKH 3MiHH JOPOKHBOI OOCTAaHOBKH Ta iH-
mmx (pakTopiB; cPOpMOBAHO MAaTEMATHIHI MOJEII TOCTi-
JDKyBaHOI 3ajadi Uil JUCKPETHO-CTOXACTHYHOTO, AWC-
KPETHO-ICTEPMIHOBAHOI'O Ta HeNepepBHO-HEBU3HAUYEHOTO
BUTIAJKIB. Y BIAMIOBIAHOCTI 3 MMM MOJEISIMH 3aIpOIIO-
HOBaHO METOAMKY BHOOPY ONTHMAILHOTO MapUIpyTy py-
Xy KOJIOHHM T€XHIKH. Y JOCHTIHKEHHI PO3TIIAHYTO MPHUKIA]
BUKOPHCTAaHHS I[i€] METONMKH sl (parMeHTy Mepexi
JIOpIr Ta TOKa3aHO CYTTEBUH BIUIMB JAWHAMIYHOI 3MiHM
00CTaHOBKM Ha €(EeKTHBHICTh MapHIpyTy. YpaxyBaHHS
3MiHM B 4aci Bar pedep rpady, mo BimoOpaxae Mepexy
JOpIT, J03BOJISIE YHHKAaTH HEONTHMAIBHUX PO3B’A3KiB
3aaui.

HaykoBa HOBH3HA OTPHMAaHUX PE3yJIbTATIB IOJISATaE
y ¢opmarizariii 3a1a4i MOMIyKy ONTUMAIIEHOTO MapUIpyTy
PYXy KOJOHH TEXHIKH 3 ypaxyBaHHIM AWHAMIKH 3MiHU
JIOPOKHBOT 0OCTAHOBKH, MOOYZOBI BIAMOBIIHUX MaTeMa-
TUYHUX MOJIEe Ta METOAMKH ii po3B’si3aHHs. Pe3ynbTa-
TH OOYMCITIOBAJIILHUX CKCICPUMEHTIB MiJTBEPIMIN BaXK-
JMBICTh ypaxyBaHHs 3MiHH Bar pedep rpada B X0/ peai-
3a1lil BU3HAUYEHOTO MapHIPyTy. 3allpOIIOHOBaHUI HayKO-
BO-METOJIMYHMI amapar pO3LIMPIOE HAYKOBHH IHCTpyMe-
HTapiit Teopii AUCKPETHOI ONTHUMI3aIlil.

IIpakTHYHe 3HAYEHHSI OTPUMAHHX PE3YJbTATIB II0-
JsTaEe B MiIBUINEHHI €)eKTHBHOCTI 3aCTOCYBAaHHS ITiPO3-
JIUTIB IIBUAKOTO pearyBaHHS 3a pPaxyHOK ONTuMi3aii
MapmpyTiB iX mepemimieHHs. [Iporpamuo-anropuTMmivyHa
peaiizalisi 3apOMOHOBAHOT METOAWKH JT03BOJISIE PO3IIN-
pUTH (QYHKIIOHANBHI MOXJIMBOCTI BIJIOBIJIHUX TpOrpa-
MHO-TEXHIYHHX KOMILJICKCIB.

IlepcnekTHBY MOAAIBIIMX AOCTIPKEHb TOJIATAIOTH
y JOCJI/DKEHHI HETIepepBHOTO BUIAJKYy 3MiHH Bar pebep
rpady Mepexi AOpir Ta MOUIYKY METOAWKH BUPIICHHS
ONTHMI3al[ifHOTO0 3aBJaHHSA y [bOMY BHUINAJAKYy. TaKoix,
NIEPCIICKTUBHUM € IPOTHO3YBaHHs 3MiHH JOPOXHBOI 00-
CTaHOBKHU 3 YpaxyBaHHSIM (PaKkTOpiB K JAETSPMiHOBAHOI,
TaK 1 CTOXaCTHYHOI IPHUPOIH.

MNOJsIKN
PoboTy BHKOHaHO B paMKax CIUIbHHX HayKOBHX J10-
CIi/KeHb Kadeapu TPaHCIOPTHHUX 3aco0iB 1 creuiaibHOT
TeXHIKM ¥ Kadenpu 3arajJbHOHAYKOBHX Ta IH)KEHEPHHUX
muctuiutie HarionaneHoi akamemii JlepxaBHOT TpUKOp-
JIOHHOT CITy’k0H YKpaiHu.
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AHHOTAIUSA

AKTYyaIbHOCTB. DQ(EKTUBHOE pellIeHHEe 3HAYNTEIILHOTO YHCIIa IPUKIIAAHBIX 33/1a4, KacalolUXcsl EPEMEILECHHH, B pie ciyda-
€B 3aBUCHUT OT yIauHOTO BBIOOpa MapuIpyTa ABMKeHUs. IlocTpoeHrne onTHMalbHEIX MapIIpyTOB HA Pa3MEUeHHOM rpade, KOTOpbIi
OIIMCHIBACT CETh JOPOT U NMEET MOCTOSHHEIE Beca pedep, SIBIIeTCs KIACCHIECKON 1 OIpoOHO N3ydeHHOH! 3agadeil. OHAKO BO MHO-
TUX IPIIOKEHHSIX BO3HUKAET HEOOXOANMOCTh yueTa BO3MOXKHOH TUHAMHUKY U3MEHEHUS BO BPEMEHH BECOB pedep, IYTO COOTBETCTBY-
€T CJIy4asiM U3MEHEHUsI TOPOXKHBIX yciioBui. [locientee TpedyeT pa3BUTHS COOTBETCTBYIONIETO HAYYHO-METOIMUYECKOT0 alapaTa.

Leas. Lemsro paboTs! siBIIsieTCsT pa3paboTKa METOMUKH BEIOOPA ONTHMAIBHOTO MapIIpyTa JBIDKESHHS KOJIOHHBI TEXHHUKH IO He-
CTaI[OHAPHO CETH JI0pOT B IIOHUMAaHHU IIEPEMEHHOCTH Beca pedep rpada, COOTBETCTBYIOLIETO STO CETH.

Mertona. B pabore npeoxkeHa MaTeMaTHYecKasi MOZENb BBIOOpa ONTHMAaJIBHOTO MapIIpyTa JIBMXKSHHS KOJOHHBI TEXHUKH IO Ce-
TH popor. st onMcaHus CETH JOPOT UCMOoJb30BaH rpad. KpurepreMm onTuMansHOCTH HpH BHIOOpE MapIlpyTa ABHKEHHUS SIBISETCS
MHHHMH3ALUsI BPEMEHH, 3aTPAulBaeMoro Ha repejasikenne. OcCOOEHHOCThIO MOJIEIH SABIIAETCS Y4eT BO3MOXKHOCTH JUHAMUYECKOTO
HM3MEHEHUsI BeCOB pebep rpada Impyu peann3anny MepeIBIKEHIS KOJIOHHBI TEXHUKH 10 BRIOpaHHOMY MapmipyTy. Ha ocHoBe ucmomns-
30BaHUS JaHHON MOJENU MpeIOKEeHa METOAMKA, KOTopass 00eclednBaeT BHIOOpP ONTHMAIbHBIX MAapHIPyTOB ABIDKCHUS NS JIHC-
KPETHO-CTOXaCTHYECKOT0, UCKPETHO-AETEPMUHUPOBAHHOTO M HEIPEPHIBHO-HEONPEACICHHOTO CIIy4acB M3MCHEHHS BECOB pebep
rpada.

Pe3yabTaThl. B cTaThe npeasioxkeHbl anropuTMEL, 00eCIieyrBalolye penieHre 3aaqy BpI00opa ONTHMAIBHOTO MapIipyTa B yc-
JIOBUSIX HE(PUKCHPOBAHHOIO BO BPEMEHHU Beca pedep, KOTOPbIe OIMCHIBAIOT CETh JIOPOT, a TAK)Ke HMPOAHAIN3UPOBAHEl OCOOSHHOCTH
MpuMeHeHHs anropuTMoB. C HCHONB30BaHUEM Pa3pabOTaHHOIO MPOrPaMMHOIO OOECTeueHus] UCCIEN0BaH BapHaHT CETH IOPOT C
HeCTallMOHapHBIM BecoM pedep. Ha mpumepe moka3aHO HECOBEPIIEHCTBO PELIEHHH OTHOCHUTENBHO ONTHMAIBHOIO MapuIpyTa MpH
HECTAIIOHApPHOM Bece pedep rpada, MoIyueHHBIX ¢ UCIONb30BaHUEM KITACCHYECKUX METOMOB.

BoiBoabl. OTCyTCTBHE ydeTa BO3ZMOXKHOTO H3MEHEHHS JJOPOXKHONH 0OCTAaHOBKH, KOTOPOE MPOSIBISIETCS H3MCHEHHEM BO BPEMEHH
BecoB pedep rpada, ONMCHIBAIOIIETO CETh JIOPOT, MOXKET IPUBECTH K HEONTUMAIFHOCTH MOyYaeMbIX PEHICHHH ¢ UCIIOIb30BAHHEM
KJIaCCHYECKHX METO/OB ITONCKa KpaTdaiimero MapmpyTa B rpade. [ moay4eHns: ONTHMAIBHBIX MapIIpyTOB C YI€TOM M3MEHCHUS
BO BPEMEHH JOPOXXKHOII 00CTAaHOBKHM IIPH JBM)KCHUH KOJIOHHBI, BO3MOXKHO HCIIOJIb30BATh MPEIOKEHHYIO B JaHHOM HCCIICJOBAaHUH
MeTouKy. [ToydeHHbIe pe3ynbTaThl PaCIIUPSIOT BO3MOXKHOCTH O PELICHHIO 33/1a4 B 00J1aCTH IUCKPETHOH ONTUMH3AIMHU C YYETOM
JUHAMUKH U3MEHEHHs 0OCTaHOBKH IIPU peau3allii ONTUMAIbHBIX PEIIEHHUH.

KJIFOYEBBIE CJIOBA: ontuMmu3zanus MapipyTa, rpad, meron JedkcTpsl.
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ABSTRACT

Context. Effective solution of a large number of applications requires optimal transportation. Construction of optimal routes on
a static in time graph describing a network of roads is a classic and detailed study of tasks. However, in many applications, there is a
need to take into account the possible dynamics of the change in time of road conditions, which requires the development of the
appropriate scientific and methodical apparatus.

Objective. The purpose of the work is to develop a methodology for choosing the optimal route of movement of the equipment
column on a non-stationary road network.

Method. In the paper a mathematical model of the choice of the optimal route of the movement of the vehicles column along the
network is proposed. A graph is used to describe the network of roads. The criterion of optimality when choosing a route is to
minimize the time spent on travel. The peculiarity of the model is to take into account the possibility of dynamically changing the
weight of the edges of the graph when moving the column of technology on the chosen route. Based on the use of this model, a
technique is proposed which ensures the selection of optimal route for discrete-stochastic, discrete-deterministic and continuously-
indefinite cases of changes in the weight of the edges of the graph.

Results. In the article the algorithms are chosen and the features of their application are shown, which provide solution of the
problem of choosing the optimal route in the conditions of the ribs that are not fixed in time, which describe the network of roads.
The description of the algorithmic and programmatic implementation of the proposed methodology is given. With the use of
developed software, the research model of the road network with a non-stationary weight of the ribs. The example shows the
imperfection of the solutions for optimal route under the non-stationary weight of the edges of the graph obtained using classical
methods.

Conclusions. Failure to take into account the possible change in the road situation, which manifests itself in the change in the
time scale of the edges of the graph, which describes the network of roads, may lead to the non-optimality of the solutions obtained
using the classic methods of finding the shortest route in the graph. To get the best routes, taking into account the change in the time
of the road situation during the movement of the column, it is possible to use the method proposed in this study. The obtained results
extend the possibilities for solving the problems in the field of discrete optimization taking into account the dynamics of the changing
situation in the implementation of optimal solutions.

KEYWORDS: Route Optimization, Graph, Dijkstra’s Method.
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AHOTANIA

AxTyanbHicTh. ChOrofiHi OUTBIIICTS KOPIOPALiH HOCTIIHO MepeocMHCITIOE Gi3HEC 3 TOUKU 30py MOXIMBOCTEH [HTepHeT, a came
HOro MOCTYNHICTh, HIMPOKE OXOIUICHHS 1 MOCTiifHO MiHIHMBI moTpeOu KopuctyBaua. Web-pecypc e-komepuii, sikuii 3abesmnedye
3pY4YHHHI U KOPHCTYBada JOCBil, 30KpeMa, MOXKJIHMBICTh HIBHIKO 3HAXOAUTH HEOOXIIOHI 3TiTHO HOro mopred Ta CMaKy TOBapH,
OisTbIIe MATPUMY€E KOHKYPEHTHI IIepEeBart.

MeTo10 A0CTiZKeHHS € PO3POOIIEHHS 3aTAILHOT apXITEKTypH IHTENEKTYaIbHOI CHCTEMH MOMINPEHHS KOMEPUiHOrO KOHTEHTY B
[HTepHeT-IIpOCTOpi HA OCHOBI HaBYAHHS HEMPOHHOI MEpeXi 3riJiHO icTOpii MOCTiiHOT aytuTopii A1t MOAadi YHIKaJIbHOTO KOHTEHTY 3
BUKOPUCTaHHSM IiIXOy NepCOHai3allii Ta BAKOPHCTaHHS TETiB.

Meton. Po3pobieno monens iHdopMamiiHOT CHCTEMH HepcoHasti3anii KOMEpLiifHOro KOHTEHTY 3riJHO MOTped KOopHCTyBaua.
Takox po3pobJIeHO METO MOIIMPEHHS KOMEPIIHHOTO KOHTEHTY Ha OCHOBI MiAXOAy IEpCOHAIi3allil Ta BUKOPUCTaHHS TeriB. Ilpu
[IFOMY BHKOPHCTaHO HABYAaHHS HEHPOHHOI MEpEeXi Ul CTBOPEHHS TET peKOMEHAIIN Ta TOCTYITHI Ha PUHKY 3acO0HM TepCcoHai3amii.
Po3pobiennii anropuTM nepcoHatizaii Jo03BoJIs€ OB I3aTH KOXKHOTO KOPHCTyBaya 3 CIIICKOM IPOAYKTIB, sIKi HaiiMOBipHimIe Horo
3aIiKaBIIsTh, a TAKOK MOXKE IPOTHO3YBaTH T€, IO KII€HTH MOXYTbh XOTITH OauuTH, HABITh SKIIO BOHH II[¢ HE 3HAIOTH HPO IIC.
Po3po06iiennii MeToT MOXKHA BUKOPHUCTATH JUIsS 3a0€3MeUeHHs OLIbII PElIeBaHTHOTO HAbOpYy KOHTEHTY. Tako po3poOiieHHN METOo.
Jla€ MOKJIUBICTH KJIacU(iKyBaTH BiINOBITHUI KOHTEHT abo0 MOKa3aTH HOTro paHillie B MPOLECi TOPTaHHS CTOPIHOK JJIsl YHUKHEHHS
CIIOXHMBaYaMK BUOOPY HENPABHIBHOTO KOHTEHTY a00 BUTPATH 4acy Ha MPOKPY4YyBaHHS HPH IOLIYL TOBApY.

PesyabTaT. Po3pobiieHa cucrema mpu3Ha4yeHa ISl MOMIMPEHHS MPOLYKTIB iHGOpMAaLifHUX TexHosorik (myOsikamii, KHuMT,
KypciB, Bizeo, (aiiiiB TOImo) 3a 10moMororo [HTepHeT.

BucnoBku. InTepHeT. BripoBa/uKkeHHs Li€l CHCTEMH IacTh 3MOTY OTPHMYBATH JOCTYH IO MEBHOTO POAY KOHTEHTY LIMPOKOMY
3arally KOpPHCTYBadiB, ajpke caiiT Oyae po3MiIeHO y BCECBITHII MaBYTHHI, 3 Ipyroro OOKy iHIIAa YacTHHA METH CTBOPEHHS ILi€l
CHCTEMH € KOMepIiiiHa CKJIal0Ba, a caMe OTpUMaHHs MPUOYTKIB BIACHUKOM YH aJMiHICTPAaTOPOM iHTEJICKTYalbHOI CHCTEMH, Yepe3
MEXaHI3MH e-KOMEpIIii.

KJIFOYOBI CJIOBA: koMmepIliifHu KOHTEHT, mepcoHamizaimis, Web mining, Machine Learning, SEO-TexHO0TrIsSI, METPHKH
TOIIYKY, eIeKTpoHHA KoMepilis, NLP, KOHTeHT-MOHITOPHHT, KOHTEHT-aHaJli3, CTATUCTUYHMUII JIIHIBICTHYHHUIT aHali3, KBAHTUTATHBHA
JIHTBICTHKA.

ABPEBIATYPA Y — omepaTop aHalli3y OTPUMAaHMX JaHUX MICIs 300py
B3 - 5333 SHAHB, . JaHKX TIPU NEPEIAAI KOHTEHTY;
IA — iHTenekTyanbHuii areHT; AdgSchTgs ~ —  KONEKLis TpaBwil  JOJABaHHSI

IC — indopmariiiina cucrema;

. .y . MOUIYKOBUX TET1B;
IT — indopmariiiHa TEXHOIOTIS;

IO — mpexMeTHa 061acTs RvwRzt  —  xomekumis  mpaBun  (GopMyBaHHS
P ' pEe3yNbTaTIB HEPErIIsy KOHTEHTY KOPHUCTYBa4EM;
HOMEHKJIATYPA PdtSch — xonexist mpaBwI NOMIYKY MPOAYKTY 3TiTHO
S,. — Mojenh CHCTEMH MepcoHami3amii komtemry 1 opPCOHAIISALILNIOTP €6 KopucTyBada,
3rilHO OTPE T2 BIIOTOGAHE KOPHCTYBAYA; PdtLstOr — KOJNEKLIs IpaBUI IEperyisny CIHCKY
P b KopHeTy > . .. TPOIYKTIB;
IdnUsr  — xonekuis mpaBui  ineHTHdiKamii .
AngPdt — xonekuis NpaBWil JOAABaHHS B CIHCOK
KOpHUCTyBaya; )
CntRvw — KOJEKLisl IPaBUJI NEPErIIsiy KOHTEHTY; nepig)H;a;;l;osaHor 0 MPOAYKTY;
PchPcs —  KOJeKIis  mpaBwil  o(QOpMIIEHHS m . ! B KOHCK_HM TIpaBH nepersiny
SAMOBJICHHS: MEPCOHAIII30BaHUX MPOLYKTIB;
b

. AngLst — KOJNEKIlis MpaBUj JTOJaBaHHS MPOIYKTY B
PdtPmt — KONeKIis paBwiI OTIATH 3aMOBIICHHS; g st Hip Ao PORYKTY

oL — omeparop 300py AaHHX NP MEeperJIsial KOHTEHTY
KOpHCTYBa4eM;
[} — oneparop MouIyKOBUX TETiB; PdtDsr — xonexuist mpaBuI ONKUCY NPOIYKTIB;

CITUCOK M00akaHb,
AngCrt — KOJEKIis PaBwJI JOJaBaHHS B KOIIHUK;
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o) — omeparop IOIaBaHHS B CIIICOK
MEPCOHAIII30BAHOTO MPOAYKTY;
¥ — omepatop poOOTH HEHPOMEpeKi aHalizy

PEKOMEHIOBAaHUX TET1iB;
NrINwRmd — neiipomeperxka peKOMEHJOBAHUX TETiB;
SchRzt — konekuis nmpaBuil GOPMYBaHHS Pe3yIIbTATIB
MIOITYKY Ha OCHOBI ICHYIOUHX TETiB Ta KaTeropiii;
¢ — oneparop opMyBaHHS pe3yiIbTaTiB HOIIYKY;
PsnCnt — MHOXXWHA TIEPCOHATI30BAHOTO KOHTEHTY;
¢ — omeparop;
ChgCnt — xonekuis 3MIHEHHOTO KOHTCHTY Ha CaMTi;
no—
Kareropii B Sitecore;
SvdTgs —MHOXHHa 30€peKEeHNX TETiB Ta KaTeropii;

orepaTop aHamidy 30epexeHHX TeriB Ta

\% - orepaTop
MIEPCOHAIII30BaHOTO KOHTEHTY;

UstHst — KOJEKIis TapameTpiB icTopil meperismgy
KOpHUCTyBaya;

Recall — moBHOTA TTOITYKY;

Precision — TogHiCTh TIOITYKY;

Accuracy — akypaTHICTh TIOIIYKY;

AvgPrec — cepenHsi TOUHICTH MOLIYKY;

hopmyBaHHS MHO>XHHU

Error — nomuiika noiuuykys;

F-measure — F-mipa nomrykys;

Precision(n) — TOYHICTb Ha PIBHI # JOKyMEHTIB
TIOLIYKY;

R-precision — R-To4HICT TIOIIYKY;

a — KITBKICTh JOKYMEHTIB, 3HAMIEHHX CHCTEMOIO i
PENEBaHTHUX 3 TOYKH 30pY €KCIEPTIB;

b — KiNBKICTh TOKYMEHTIB, 3HAHICHUX CHCTEMOIO, aJie
HEPEJICBAHTHUX 3 TOUYKH 30pY €KCIIEPTIB;

¢ — KUIBKICTh pEJIEeBAaHTHHX JOKYMEHTIB, He
3HANJIEHUX CHUCTEMOIO;
d — KUIBKICTh HEpeNieBaHTHUX JIOKYMEHTIB, He

3HAWJIEHUX CUCTEMOIO;

P — cnmcok BCiX MOXIJIMBUX MOpP(O-CHHTAaKCHYHUX
OITUCIB JJISl TAaHOTO CJIOBA;

n — JOBXHHA KOXYBAaHHI MOP(O-CHHTAKCHIHHUX
onmci (110 6it);

0 — BUX1I HEHPOHHOI MEPEXi U HOTOYHOTO CIIOBA;

e — NBIKOBE KOAYBaHHA I MOP(}O-CHHTaKCHYHHUX
oruciB B P.

BCTYII

CrporomHi  eQeKTHBHICTh (YHKIIH mOmyKy Ta
HaBirauis mo Web-caiiTy e-komepiiii 3pocTae eKCroiiiHo
[1]. e e BaXIMBOIO CKJIAIOBOIO YCIINIHOI cTpaTterii e-
komeprii [2]. YuacHuku IHTETHET-pHHKY 30UTBIIYIOTH
IHBECTHUIIIT B MepCcoHai3aIliio KOHTeHTy Ha Web-pecypcei
JUIs OTPUMaHHs HU3KH nepeBar B e-0i3Heci [3]. Knrouosi
clioBa BiI KopucTyBauiB Web-pecypcy e-koMepii mpu

momyni B pealbHOMYy d4aci QopmyoTh mpodinb
MOBEAIHKMA IOCTIMHUX/IIOTEHIIIHHAX KIIE€HTIB 1 HAJAIOTh
HEOIIHEHH]  CTAaTUCTUYHI  JaHi I T[OJAJBIINX

JnociikeHb [4]. Bmano BukoprcraHa Taka iH(pOpMarlis
30UIBITye KUTBKICTH TPOJAAX, IIOKpAIIye MeXaHi3MHU

© Bucourka B. A., [lemuyk A. b., JIutun B. B., 2019
DOI 10.15588/1607-3274-2019-4-12

122

YTPUMaHHS KIIEHTIB Ta 30UIbIIy€E OOCATH MOTEHLITHUX i
nmocTiiiHux kopuctyBauiB Web-pecypcy e-komepitii [5-8].

Meroto IC e-xomepuii € ¢GopMyBaHHS YHIKaIbHOTO
KOHTEHTY Ha OCHOBI MiIXOMy MepcoHai3amii Ta
BukopucTtanHs TeriB [9—10]. O6’eKTOM HOCHTIHKEHHS €
BUKOPHCTaHHSI HEHPOHHUX MEPEX JJIsi CTBOPEHHS TETiB
pEKOMEHAIlIf Ha OCHOBI METOIB IEepCOHANI3AI] JaHHUX.
[MpeameToM  jmoCHiKEHHS € MeToa  (popMyBaHHS
peKoMeHalliil KinieBoMy KopuctyBady Web-pecypey e-
KOMepIli Ha OCHOBI ITepCOHAI3aIli] TaHHX.

MeTo0 [JOCHiIAKeHHSI € pPO3pOONIEHHS 3arajbHOI
apxitektypu IC mommpeHHS KOMEpIifHOTO KOHTEHTY B
InTepHeT Ha OCHOBI HaBYaHHS HEWPOHHOI Mepexi Ha
OCHOBI METO/IiB IIEPCOHAI3AIIIT JaHUX.

1 MIOCTAHOBKA ITPOBJIEMHAX
CyuacHi ycminmzi npoektn y Burisiai IC e-xomepiii
3a3BHYail BHKOPHCTOBYIOTH IepcoHaiizamito Ha Web-
caiiTi Ha BiAMIHHY BiZ craHmapTHOI Hairamii [11].
3araneHy Mogenb [C e-koMepIril mogaMo K KOPTEeK:
See =<1dnUsr,CntRvw, PchPcs, PdtPmt, o, B,y > .

Komu mromu  3milCHIOIOT TOKYNKH 3 HaMipaMu
(3HaIOTh, YOTO XOUYTh), I MAIOTh MOXJIMBICTh MIBUAKO Ta
JIETKO 1€ 3HAaNTH, TO BOHH, IIBHJIIIE 32 BCE, 3IHCHATD L0
mokynky [12-14]. Skmo xopucTyBady Tpe3eHTYBaTH
BiZlpa3y LIyKaHWH TOBap MO KATETOPifAX Ta pPO3TallyBaTh
fioro B OJOKaXx KOHTEHTY Ha TOJIOBHIM CTOpIHII, MIAHCH
Ha TIPUBEPHEHHS YBarWm pi3Ko 30iMbHIyIOTBCSA. Tomy
MIPOIIEC  MEPCOHANII30BAHOTO  MEPErNIAny  KOHTEHTY,
PEKOMEHIOBAHOTO KOHKPETHOMY KOPHCTYyBady 3TiIHO
Horo nobakaHb, 3aJIEKHUTh BiJl IEKIIBKOX (aKTOPIB:

CntRvw = a(ldnUsr, AdgSchTgs, RvwRzt) .

[lepconanizoBanuii miaxig A0 KopuctyBada Web-
pecypcy e-komepuii NpU3BOAUTH A0 OUIBII BHCOKOTO
Koedimienta mpomax. KiieHTH, sSKi HE MOXYTh 3HAUTH
HeoOximHy iHopMallio, 3a3Bu4ail 3anumarTs Web-
pecypc  HE3aJ0BOJCHMMH 1  INyKalOTh  HaHKpamli
anprepHatuBH [15]. HeoOximHo 3Bepratucs mo Machine
Learning mist mokpaiieHHs (GpOpMyBaHHS pEKOMEHJalii
KIHIIEBOMY KOpuCTyBauy Web-pecypcy Ha OCHOBI
pe3yNbTaTiB MOIIYKY IPH KOKHOMY Bi/IBiIyBaHHI uepe3
TIepioANIHE TIOTTOBHEHHS 0a3H1 MOIIYKOBHX TETIB:

AdgSchTgs = B(PdtCrt, AgrRmdTgs) .

3actocyBanHss ~ TexHousorii  Machine  Learning

JIO3BOJISIE TEHEPYBAaTH PEHTHHT IOIIYKY, BiACOPTOBAaHWUIT
3a PEJICBAHTHICTIO YH OI[IHOYHOIO aKTYaJbHICTIO:
RvwRzt = y(PdtSch, PdtLstOrw, AngPdt,

RmdPdt, AngLst, AngCrt).

I1# ouinka BpaxoBye crenu}idHi MOIIYKOBI TEPMiHU
(Tern), a TaKoXX OCOOJIMBOCTI KOHKPETHOTO IPOQI0
KOpHUCTyBa4a (HarpHKiaj, BIKOBUI aiana3oH, IONEpeaHi
3aMOBIICHHS, TIOTIEPEIHI MOITYyKOBi TepMiHm) [16]:

AngPdt = 5(PdtDsr,y(NrINwkRmd)) .
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ANTOPUTMH TEpPCOHANI3AIl JO3BOJISIOTh TOB’SI3aTH
KO)KHOTO KOPHCTyBaya 31 CIHCKOM HaiiMOBIpHIIIe
HEOOXITHMX TOBapiB, IIONOBHIOIYN aJbTEPHATUBUMU
TOBApUMH, 5Ki He Oy 00ekTOM TomryKy [17]:

SchRzt = §(PdtSch, PsnCnt,(ChgCnt), W(SvdTgs)) .

PosmizHaBaHHS KOHTEKCTY 3alMTy KOPUTCYBadiB 3a
JOTIOMOTOI0 TTHOOKMX HEHPOHHHX Mepexx 3abesrmedye
aBTOMaTHYHE JOJaBaHHs TEriB B OIMCH ToBapy Web-
pecypey. Lli MeTonu BUKOPUCTOBYIOTH JUisl KiacH]ikarii
MIMIKH 1 po3Mi3HaBaTh eMoIlii kopucrysada [18]:

PsnCnt = v(UstHst, SvdTgs,ChgCnt) .

KoxxHuii KopuCTyBau Ma€ BJACHI BHMOTH  JIO
(opMyBaHHS 3amuTy. AJie THIIOBI TOIIYKOBI CHCTEMH
MOBEPTAIOTh OOWH 1 TOH camumil pe3ysbTaT Uil OJHOTO
3alHTy, [OJAHOTO pIi3HUMH KopHucTyBadamu. J{is
BHpiIIEHHS TpoOiaeMu iHPOPMAIIITHOTO ITepeBaHTaKESHHS
Ta HANaHHSI KOPHCTyBadyaM HEOOXiZHOTO KOHTEHTY
BUKOPUCTOBYIOTh IIepcoHamizamifo. Boma migBumrye
TOYHICTH MOIIYKY, CIPOIIyE IMpOIEeC IOIyKy, 30epirae
Yyac Ta Hajga€ HEOOXIiJHWH KOHTEHT KOPHCTYyBauaM.
[epcoHaiizauisi CTBOpIOE BIAYYTTS 1HAMBIAYaJIbHOCTI Ta
yHikanpHocTi. 11IngxoM cermeHTanii Ta HaUiIIOBaHHS Ha
PI3HUX TIOKYIIIiB, TEPCOHANI3AIIS BiJIIOBIAE PIZHUM
moTpebaM KOXKHOTo KopuctyBada Web-pecypcey.

2 AHAJII3 JIITEPATYPHUX JI’KEPEJI

EdextuBHicTh peamizamii IITyYHOTO IHTENEKTY IUISA
IepcoHaizanmii nepexadadeHHss NoOakaHb KOPUCTYBada B
pe3ynbTaTax MOIIYKy TOBapy 3HAYHO 3alleKHTh BiX
pobdotu BOymoBanoi B Web-pecypc iHdopmariitHO-
momrykoBoi cuctemu. Jlnms ii cTaHAapTHOrO OLIHEHHS
BUKOPUCTOBYIOTh KOMIIOHEHTH [19-26] sik:

— Kosek1ist TOKyMeHTIB.

— Habip recroBux iH(popMaliiiHux noTped, MoJjaHnx y
BHUTJISII 3aMUTIB KOPUCTYBAYiB.

— Halip oOmiHOK peneBaHTHOCTI, IOJAHUX Yepe3
OiHapHI  TBEpIDKEHHS  pEJCBAHTHUII-HEPEICBAHTHHMA
BIJTHOCHO KO>KHOI ITapH 3aIIUT-KOHTEHT.

PesleBaHTHICT € MIpOIO BiAINOBIAHOCTI OTPUMYBAHOTO
pe3ynpTaTy Oa)xaHoMy, TOOTO pe3yibTaTaM IIOIIYKY
BimmoBigHO A0 3amuty [1-7, 12—-18]. Konekiist KoHTEHTY i
HaOIp 3amWTIB MOBHMHHI MAaTH JOCTaTHIA 0OCsIr: YuM
Oinbla TecToBa BUOIpKa, THMM TOYHIIIA OI[IHKA SIKOCTI
pobotu anroputmy [5-8, 27-32]. Iurepnperarii Tux ado
IHIIUX OINHOK YacTo BigminHi [33—-35]. Binbmricts
METPUK B CydYacHiii OI[HII TEKCTOBOIO MOMIYKY
IPYHTYIOThCS Ha MaTpuuli kinacugikamii [1-5, 36-391]:

Recall xapaktepu3ye 31aTHICTh CHCTEMH 3HAXOIUTH
HEOOXiTHMIA KOPUCTYBady KOHTEHT, allé HE BPaXOBYE
KUTBKICTh BUIAHOTO HEPEJICBAHTHOTO KOHTEHTY [1-5, 40].
Hanpuknan, skmo  Recall=50%, TO moOJOBHHA
PENeBaHTHOTO KOHTEHTY CHCTEMOIO HE 3HaleHa.

Recall = a .
a+c

Precision xapaktepusye 31aTHICTh CHCTEMU BUJIABATH
B CITUCKY PE3YJIBTATIiB TUTBKU PEJICBaHTHHUM KOHTEHT [1-5,
41]. Hampuxman, sxmo Precision=50%, 1o cepen
3HAWEHOTO KOHTEHTY II0JIOBUHA PEJIEBAHTHOTO.
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Precision = .
a+b

Hns Accuracy nepenbadaeTbes, O CUCTEMa IpUMae
pilIeHHS TPO TPHUHATESKHICTH 1O Iii€l Kareropii mms
KO>KHOTO KOHTEHTY Kouekuii [1-5, 42].

a+d
a+b+c+d’

Error obuncimoernbes sk [43]:
b+c
a+b+c+d

F-measure BUKOPUCTOBYIOTh SIK €JUHY METPHUKY, LIO
00’enmuye metpuku Recall i Precision [1-5, 44]:

Accuracy =

Error =

Fo 2 _ 2 - Precision - Recall
1 n 1 Precision + Recall
Precision  Recall
BingMiTHMO OCHOBHI BIaCTHBOCTI MeTpuku F [45]:
- 0<F<I;

—skmo Recall =0 abo Precision=0,10 F=0;
— Recall = Precision, o F = Recall = Precision ;

Recall + Precision

2
3aranbHa Gopmyna st F-measure 00UUCTIOETHCS SIK:

Fp=(1+ 52).- 2Precision~Recall '
(° - Precision) + Recall
Jnst AvgPrec po3risioaroTh JBi MOCIIAOBHOCTI JTiH:

— min(Recall, Precision) < F <

— BUYHCIIUTH METPUKH 110 KOXXHOMY 3aITUTy OKPEMO 1
HOTIM iX ycepeaHUTH (macroaverage);

— 3HAWTH 3arajJibHy KUIBKICTH JIOKYMEHTIB, IO
BiJTHOCATBCSI JIO0 KaTteropii Tabm. 1 i Bxke Ha iX OCHOBI
BUYHCIINTH IIIyKaHy METPHUKY (microaverage).

Tabaums | — OcHOBHI KaTeropii JOKyMEHTIB

Kinbkicts PeneBanrtHoro He peneBanTHOrO
KOHTEHTY
BUJIQHOTO TI0 a (IpaBHIBHO ¢ (BU1aHOTO
3aMuTy BHUJAHOTO KOHTEHTY) HEPEJICBAHTHOTO JIaHii

pyOpHLli KOHTEHTY)
d (He BHIAHOTO 1
HEpPeJIeBaHTHOTO
KOHTEHTY)

[ToszutuBHi| Knacudikytors sk |HerarusHi

HE BUJaHOTO
110 3aIUTY

b (HerpaBHIBHO
BHJAHOTO KOHTEHTY)

- X [To3uTuBHI

Ictunno no3uTusHi | XuOHO HeraTHBHI
MiiicHo 5K
Xu0HO MO3UTHBHI IcTrHHO HeraTuBHI ;
HeratusHi

Pucynok 1 — Kareropii 1oxyMeHTiB

BemnunHa macroaverage XxapakTepHa JUId OLIHKH
3aBaHb IIOLIYKY, B SKHX B&XJIUBHH pe3ynbTaT B
CepeHhOMY 3a 3alWTOM, HE3aJIIe)KHO BiJ IOTYXXHOCTI
BIMNOBiAI Ha 1ed 3anur. BemuunmHa microaverage
3Halnuia OuIbllle 3aCTOCYBaHHs B OLIHIN Kinacudikarii i
(inpTparii, 1e He0OXiAHO BPaxOBYBaTH OOCSATH 3aIIHTIB.
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Mertpuku Ha  TOCIHIJIOBHOCTSIX  JOKYMEHTIB,
BiZICOPTOBAHOTO IO PEJIEBAHTHOCTI, BPaXOBYIOTh HE JIMIIIE
(akT HAsIBHOCTI JIOKYMEHTY B CIIMCKY 3HalJEHHX
JIOKyMEHTIB, aJie i OTro MOJIOKEHHS B IbOMY CITHCKY.

Precision(n) BU3HaYa€THCS K KUTBKICTh PEIICBAHTHUX
JIOKyMEHTIB cepell NepIIMX # BHIAHUX JIOKYMEHTIB,
ninene Ha n [1-5]. SAxmo cuctema Bumana Oubne 3a 7
JIOKYMEHTIB, TO Precision(n) TOPIiBHIOE TOYHOCTI CHCTEMH
Ha TEpUIMX 7 JOKYMEHTaX pPe3yJIbTaTiB 3amuTy. SIKmo
cucTeMa BHJajla MEHII 7 JIOKYMEHTIB, To Precision(n)
Oyne He BWIIa 3a TOYHICTE CHCTeMH. Precision(n)
XapakTepu3ye 3MaTHICTh CHCTEMH BHIABaTH PEJICBAaHTHI
JIOKyMEHTH Ha IOYaTKy CIMCKY pe3yJsibTartiB. Hanpukaz,
SKIIO cucTeMa Buaae He Outpiie 10 MOKYMEHTIB Ha
nepuiii  cropiHui, To Precision(n) BinOuBae SIKIiCTh
pe3yibTaTiB CHUCTEMM, IIO OTPUMYIOTBCS Ha TepUIii
cropiHi. Lls MeTpuka Mae psj HemoJikiB. 30KpeMa, Juis
pI3HMX 3amuTIB MeTpuKku Precision(n) MOXyTb OyTH
He3piBHAHI. Hanpukianm, mms ifgeanpHOI CHCTEMH, sKa
BHJA€ TUTHKH pEIIeBaHTHI JOKyMeHTH, Precision(100)=0.2
UIA  3amuTy, MO0 sSKoMy icHye 20 peleBaHTHHX
JIOKYMEHTIB, 1 Precision(100)=0,3 mns 3amuTy, Mo SIKOMY
icaye 30 pemeBaHTHHX IOKyMeHTiB. Ase Precision(n) €
HE3aMiHHOI0 METPHKOI0 CY4YacHHX CHCTEM IIOIIYKY
OCKUIBbKH, 30KpeMa, JO3BOJSIE OI[HUTH KOPUCHICTH
NepIIOoi CTOPIHKY BiMOBIJIi CUCTEMH JJIsl KOPUCTYBayva.

R-precision  NOpIBHIOE TOYHOCTI Ha PpIiBHI n
JOKyMEHTIB JUIi n PIBHOI KUIBKOCTI peJIeBaHTHUX
JMOKYMEHTIiB i1 1poro 3amurty [1-5]. Ll wmerpuka
TTOKJIMKaHa 3aMiHUTH Precision(n) B THX BUIaJKaX, KOJIH
HEOOXiTHO BpaxyBaTH BEJIHMKY pI3HHUIIO Y KUIBKOCTI
pENeBaHTHUX JOKYMEHTIB Pi3HUX 3amlMTIB. AvgPrec s

LBOTO 3aIUTy BU3HAYAETHCS TaKUM YHHOM [1-5]: Hexaif
JUIL [BOTO 3amuTy € Kk pEeleBaHTHUX JIOKYMEHTIB.
TouHicTh Ha PIBHI i-TO PEJICBAHTHOIO JIOKYMEHTY
prec_rel(i) = Precision(pos(i)), AKIO i-ii peleBaHTHUN
JIOKYMEHT 3HaXOJUTHCS B pe3yJbTaTax 3aluTy Ha IMO3UIIiT
pos(i). SIKmo i-ii peneBaHTHUI JOKYMEHT HE 3HAWJICHHU,
To prec_rel(i)=0. AvgPrec Ui 1bOTO 3alUTy IOPIBHIOE

CepelHbOMY 3HAYEHHIO BENUYUHU prec_rel(i) mo ycim k
peneBaHTHUM JOKyMeHTaM [1-5, 46]:

1 k
AvgPrec = " > prec_rel(i).
i=1
OCHOBHI BIaCTUBOCTI MeTpuku AvgPrec :
— AvgPrec< Recall

— SIKIIO PEJEBAHTHI JOKYMEHTH 3HAXOMSATHCS TUIBKH
Ha MOYaTKy CIHCKY, To AvgPrec = Recall ;

— SKUIO pEJIEBAaHTHI  JOKYMEHTH DPIBHOMIpHO
po3nozineHi B crucky, o AvgPrec = Precision - Recall ;

— KUIBKICTb JIOKYMEHTIB, SIKI paHIOBaHI HIX4Ye
OCTaHHBOT'O PEJICBAHTHOTO, HE BIJIMBAE HA 3HAUYCHHSI.

AvgPrec  no3BOJSE OLIHIOBaTH SKICTh POOOTH
CHCTEMH, BPaXOBYIOUH MPIOPUTET BUCOKO PAHKUPYBAHHX
JOKYMEHTIB Tepei NOKyMEHTaMH, II0 3HaXOISTbCS Y
KiHli crniucky. Ha Bimminy Big merpuk Precision(n) 1 R-
precision, AvgPrec BpaxoBye yci 3HaiiIeHi TOKYMEHTH.
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3 MATEPIAJIM TA METOIHN

[Mokpammry nepcoHaizaiio MoXHa B J[Ba CTAIH.

1. CrenepyBatu HaWOUTBII pElIeBaHTHY
MepCOHAJII30BaHy KOJIEKIII0 KOHTEHTY.

2. KnacudikyBaTi BIiNMOBIMHUEM TepcOHATI30BaHUN
KOHTEHT 3a NOTpe0aMH KOpHCTyBada Ta JEMOHCTYBATH
Horo B 3py4YHHI CHOCIO B MPOIECi TOPTaHHS CTOPIHOK IS
VHUKHEHHST BHOOpPY HEpEJIEeBaHTHOIO KOHTEHTY abo
BTpaTH 4acy Ha IOIIYK PEJICBAHTHOTO KOHTEHTY.

KopuctyBaa Web-pecypcy KOpHCTYeThCS MOCTyraMu
e-KoMepmii JIsi 3AIHCHEHHS INOKYNOK ISl 3pYy4YHOCTI,
€KOHOMIi yacy Ta 3ycuiib. [lokpamieHHs: yMOB criBIpari 3
KOXKHMM KIHIICBUM KOPHCTYBaueM 3HAa4HO CIIPOCTHUTH
mpoIiec BEICHHS ¢-0i3Hecy Ta 3MEHINUTh 3YCHJUISA
KOPHCTYBady Ha MOIIYK HEO0OXiTHOTO ToBapy (puc. 2).

Brmok peectpamii KII€EHTIB  JTO3BOJSE OTPUMATHU
3HMKKH a00 3ampoIleHHS Ha 3aKpUTi Hponaxi. biok
Heperjsily TOBapy BKIIOYA€E JOJAaBAaHHS ITOLIYKOBHX
teriB. TakoX KIII€HT MOXe LIYKaTH TOBapH, IEperisiaaT
CIIMCOK MPOJXYKTIB, IeperiIaaaTH peKOMeHAalii, 101aBaT
MPOAYKTH 10 KOIMINKY a00 CIHCKY Oa)XaHb.

i N Cepsic
ﬁ?,%‘;%c;‘i’f BatUH  Onaiin nokynkn ayTeHTH}IKaLiT
—" Ilepernsn %
* NPOIYKTIB
% / l,,BKJIFOUae” %
Intepuer 0} poBaiinep
OPMJICHHS :
MOKYTIELb d)K}}?niBni 0COOHMCTOCTI
* % ,,BKJIIOYaE’
Cepsic
Hoguii Pospaxynok oIulaTu

NOKyneub -

Pucynok 2 — Use case miarpama uis Web-pecypey

Bbrnok noaBaHHs NONIYKOBUX TETiB PO3IIMPIOETHCS 32
JIOTIOMOTOI0 aBTOTE€HEPYBaHHS PEKOMEH/IOBAHHX TETiB, Ta
BKIIIOYa€  CTBOpeHHsA  ToBapy (puc. 3). biox
aBTeHTH(DIKAI] KIIEHTIB BKIIOYa€E OJOK Meperisay
PEKOMEHIIOBAaHUX MPOLYKTIB Ta JOJAHUX MO CIIUCKY
OakaHb, OCKUTBKM OOWOBAa BHMAaramTh TIEPEBIPKH
aBTEHTHYHOCTI KIJIiEHTa. Y TOM XK€ 4ac ToBap MOXe OyTH
JOJaHUi 1O KOIIMKA JJIsi IIOKYNOK 0e3 IepeBipKu
aBTEHTHYHOCTI ~ KopucTyBaya. CucremMa NpPUHHATTS
pimrens mns  Web-caiiTy e-koMmepIiii Tpu JToJaBaHHI
KOHTEHT-MOJICPaTOpPOM ~ KOXHOTO ~ HOBOTO  TOBapy
3a0e3nedye HaJaHHS PO3LIMPEHOIO OIHUCY IPOJIYKTIB.
Takox Hamae BIAMOBIIHI PEKOMEHIOBaHI KaTeropii Ta
TErH 3 BHKOPHCTaHHAM CHHOHIMIYHMX BapiaHTIB.
CuHOHIMIYHUI psSI BU3HAYA€ThCA UYEpe3 HEHPOHHY
Mepexy Ta anroputMu Machine Learning, nanpukiazn, Ha
ocaHoBi .Net CMS Sitecore (puc. 4), sika BOJIOII€
3acobaMu mepcoHali3alii, JOCTYITHUMH IS PO3IIHUPEHHS
1 JOJaBaHHS BJIACHUX NpaBWwi, 0a3ylOuyuCh Ha
JIOCTYIMHOMY core-¢GyHKmioHai (puc. 5). KoxHuil KiieHT
Ma€ YHIKQIbHUW ifeHTU(IKaTOp, MOB’S3aHUH 3 TOYHO
oIHMM O00JiKOBUM 3ammcoM (puc. 6). Web-kopucrtyBau
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MOXe TmepeOyBaTH B KITBKOX CTaHaX: HOBI, aKTHBHI,
TUMYacoBO 3a0iiokoBaHi a00 3a0OpoHEHi, 1 OyTH
NOB’SI3aHUMH 3 KOIIMKOM JiIsl HOKynok. KimieHT Moxke He
MaTH 3aMOBJICHb YM icTOpii HomepenHiX MOUIYKiB, 4H
MeperI/IiB CTOPIHOK. 3aMOBIICHHS KIIIEHTIB COPTYIOTHCS
Ta € yHiKampbHUMH. [IpomyKTm MaroTh Terw, sKki Ix
MMO3HAYAIOTh, a TAKOXX KaTeropii, M0 SKUX BiTHOCATHCS.
KoxkeH mpoaykT Moke BiTHOCHTHCH JO0 OJHOI KaTeropii,
Ta MaTH 0araTo TeriB.

[Tepconasizaiiisi € METOAOM BiOOpaXKEHHS I[LTLOBOTO,
peleBaHTHOTO  KOHTEHTY  JUII  KOpPHUCTYBadiB 3
ypaxyBaHHIM iX XapaKTEPHCTHK 1 TOBEAIHKH, HAIPUKIIA],
MICIIC3HAXO/DKCHHSI, CTaTi, KOHTECHTY 1/a00 momepemHix
BisuTiB. UYepe3 mnepcoHamizalil0 HEOOXiTHHH KOHTEHT
JIOCATAE BIAMOBIAHUX KOPUCTYBAYiB, HAIIPUKJIIA ], MOXKHA!

— MOKAa3aTH HIIMHA KOHTEHT JUIsl Pi3HUX KOPHCTYBadiB
Ha OCHOBI JJaHUX T'€0JIOKAIlii;

,,BKJII0Yae”

,»BKIIIO4ae”
CrtBOpeHHS
NpOyKTIB JlonaBaHHs _
OLITYKOBHUX TETiB
&

ABTOICHCPYBAHHS
PEKOMEHI0BaHUX

,,po3umproe -

,,posmuprd

Houryxk P Tleperns
. iy

NPOAYKTiB

KOHTCHT

3MiHeHHi
KOHTEHT Ha
JIOMAaIHIH
CTOpIHILI

Pesynbrar
MOUTyKy Ha
OCHOBI ICHYIOUHMX
TET1B Ta
Kareropii

,,POSM‘T”OG” ,,p o Hp K)C/ po3m‘uploe

ITeperusin
PEKOMEHI0BAHUX
NPOJYKTiB

[TepconanizoBanuii

OepexeHi Ter
Ta Kareropil B
Sitcore fields

— CXOBaTH peecTpaliiiHy (opMy KOpUCTYBadiB, SIKi
paHilie 3anoBHWIN GOpMy;

— 3MIiHUTH TekcT Ha Web-caiiti
nocunanus Ha Web-caliT kopucTyBaya.

Jliist yMOBHOT Bi3yauizallii KOHTEHTY BUKOPHCTOBYIOTh
YMOBHI BIITiHKH, OO KOHTPOIIIOBATH, SK BiJBiTyBadi
HeperisiIaTh Ta B3aeMOAi0Th 3 Web-pecypcom.

[lepconamizaris Ha BiIMiHHY BiJl yMOBHOI Bi3yauizarlii
BIIHOCHTbCA 10  IOMPOKOTO  TIPOLECY  JOCTaBKU
TeCIPSIMOBAHOTO HEOOX1IHOTO KOHTEHTY TS
BiNOBiTHUX KOpHCTyBadiB. [lepcoHanizaris BKIIOYaE:

— aNanTHBHY/IWHAMIYHY 3MiHy KOHTEeHTY Web-
pecypcy Ha OCHOBI ITOBEAIHKH KOPHUCTYBaua;

—Ha OCHOBI CTBOPEHHS Ta BIIPOBADKEHHS IPaBUII
YMOBHOTO BiZITBOpEHHS1 KOHTEHTY Web-pecypcey.

AyteHTudikaris
KJli€eHTa

 BKIIOUAE™;
,,BKJ‘I}O'—IaC

A ,,po3mupr0€”
\

OaHepa uepe3

Iepernsn
MPOAYKTIB

~
-7 s AN

» 7

RN \
p0311m praed

JlonaBaHHs B
KOIIUK

JloilaBaHHs B
CIIHCOK OakaHh,

Kareropis
BHIOTO PiBHS

HIXKYOTO
piBHs 2

HIDKYOT0
piBHs 1

munm;]yanbﬂux
TeTiB

Heiipomepeska 11iss BUBEIEHHS
KaTEropiii BULIOro piBHsI

Pucynok 4 — Use case miarpama Jijist poriecy epcoHaisanii KOHTEHTY

Web User - ! Customer
Login_id: String {id} id: String {id
Pasgsword Strm%;{ 1 " 1 ddress Address
State lﬂserState [ N|_Shopping Cart |, Iéhon? gthpne

ist<tag> . mail: String
Ca egories: L%st<categ0ry> Created: Date l% {
N

“enumeration” Accont

UserState Tag id; String {id}
New Tags: List<Tag> Bl]lm},_address Address
Active TagDescription: String Is_closed: Boolean
Blocked 1 TagActive: Boolean Open: Date
Banned N N Closed: Date

Product

KJ:[ String {id} 1 Category

ame; Sting CategorylID: String {id
SUPPl‘irlsiu alglgr N ! atego gDescrlptlon gtrmg
Categories: List<Category> Active:

Pucynok 6 — ER-niarpama s ains Web-pecypey
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JToaBaHHsI HOBOI'O
NPOAYKTY

Onuc npoaykTy
(BXiHi naui)

elipomepexa
PEKOMEHI0BaHUX
TeriB

Pucynok 5 — Use case i nporiecy 10AaBaHHs IPOILYKTY

B Sitecore BCTaHOBIIIOIOTH YMOBH JJIsI YMOBHOI
Bisyayizamii B pemakTopi IpaBui HaOOpy Ha OCHOBI
JIOTIKK JJIsl BU3HAYEHHsI ICTHHHOCTI YMOBH. Bu3Hauatotsb
TaKOXK Jii sSK YyMOBHHH pPEHICPIHT, SKUi HaOyBae
YHUHHOCTI, SKIIO YMOBa JificCHa. YMOBa, TIOB’sI3aHa 3 €TI0,
€ mpaBwioM. JlocTyn 10 pemakTopa KOAY IpaBHII
OTPUMYIOTh 3 pelaKTopa IMOAiH, peJakTopa KOHTEHTY Ta
MaHeni KepyBaHHS  MAapKeTHHIOM, aje  3a3Bu4ai
CTBOPIOIOTh YMOBHI BHUIIPABJICHHSI B PENAKTOpi JOCBIY.
IIpodini KOHTEHTY € KaTeropisMu Ui BiICTCIKCHHS
NOBE/IIHKM KOpUCTyBaya IijJ 4Yac Hairauii mo Web-
pecypcy e-komepiii. BiH gomomarae kpaiie 3po3yMiTH
MOBEIHKY, Aii Ta iHTepecM KopucTyBadiB. Bwicr
podTiB  CKIANalOThCS 3 KIIOYIB Mpodiiro; 3HAUYCHHS
mpodinro; mpodinbHOI KapTKA. TakoXk CTBOPIOIOTH B
Sitecore BiacHi BIACTHBOCTI AJIS BiOOPaXKCHHS THITOBHX
KOPHCTYBayiB, SIKHM TaKOX IPHU3HAYAIOTh KapTKU
mpo¢imro.  KopucTyBadiB  BHKOPHCTOBYIOTH IS
3niiicHeHHs1 nepcoHanizanii mpasuii. CTBOPIOOTH Mpodii
KOHTEHTY, K04l npodiiro, mpodini Ta ocodu B LEHTPI
MapKeTHHTy. 3HaueHHs NpoQiuIo JUIs  eJIEeMEHTIB
NpU3HAYaOTh y peaakTopi nocsimy. Kioui mpodinio
omuCyIOTh pi3Hi acmektd mnpo¢imis. [IpusHauaroTh
udpoBi 3HaUEHHS MpoduTo A KIoYiB mpodimo, a
MOTIM  BUKOPUCTOBYIOTH 3Ha4eHHs mnpodimo  uis
BIJICTe)KCHHS B3a€MO/IiT KOpUCTyBauiB 3 Web-pecypcom e-
KoMmepIii. Sitecore Mae JesKi IOMepenHhO BHU3IHAUYCHI
mpodini, sIKi BXKEe MarTh mpu3HadeHi mpodimi. Takox
MOXKHa CTBOPHUTH BiacHi kmodi mnpodimo. Komm
KOPHCTYBadi 3[1HCHIOIOTH HaBiramiro gepe3 Web-pecypc,
iM TpHU3HAYAIOTHCA 3HAYEHHS NPO(diITI0 KOHTEHTY, SAKi
BU3HAYAIOTHCSA Ui KOXKHOTO BifBimaHoro eiementa. ILli
3HA4YEHHS HAKOIMYYIOTHCS IIPH MOBTOPHHX BIJBiAyBaHb

pecypcy kopucryBaueM. lle gomomarae cTBOpUTH
KOHTAaKTHHH  npodib  NOCTIHHMX  KOPUCTYBAadiB.
Indopmanis mpo mii  KopucryBauiB  (TIEperisHyTI

CTOpIHKH, BUKOHAHI I, 1 OUIAX HaBiramii mo Web-
pecypcy, TOIIo) BH3Ha4ae AiSHKH Web-pecypcy ms

BIOCKOHaNIeHHsI. TakoX 1€ BHKOPUCTOBYIOTH  JUIst
CeTMEHTYBaHHS KOPHCTYBadiB Ta CTBOPEHHS MPABHUI
mepcoHamizamii [ mpomaxy. Hampukman, —sIKmio

KOpPHCTYBad YacTO 3AIMCHIOE HaBiramiro y TEBHHX
KaTeropisx abo JocAr BUCOKOTO Npodilo, TO BiH €
NOTEHIIHOI0 KIIEHTOM LbOTO HanpsiMy. Toji BHOCSTH y
cucremy CRM sk mnoTeHWiHHOro mMOKymis abo
HaJICHJIAl0Th HOMY €-TTOBiIOMIICHHSI.

Kaptku npodisto MicTaTh 30epexeHi Kitodi mpodiato
Ta 3HAa4YEeHHS npodiro. [podinbui KapTKU
BUKOPHCTOBYIOTh  JUIA  NPHU3HAYCHHS  CTaHAAPTHHUX
3HaveHb npodiniB ams enementiB Web-pecypey. Ilin gac
HANAIITYBaHHS MPO]IIIB UIT KOHTEHTY CTBOPIOIOTH 0Ci0.
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Lle Burazani nepcoHaxi sIK MEBHI TUIH KOPHCTYBadiB y
Mexax LiUboBoi femorpadivHoi rpynu. Ocodu omucyroTh
JKHUTTS, BIK, 3BHYKH, [IEPEIYMOBH, iHTEpEeCH Ta mpodecito
BUTQIaHOTO TIEPCOHAXa, SIKMH MOXE BHKOPHUCTOBYBAaTH
Web-pecypc e-komeprrii neBHAM YHHOM. CTBOPIOIOTH
npodiabHI KapTH, AKi ONMHUCYIOTH CIOCiO, SKMM ocoba
crioknBae KoHTeHT Web-pecypcy. BuxigHumu naHum
npodinie kopuctyBauiB Web-pecypcy B Sitecore €
BXIIHUMHU JaHUM s HelpoHHOi Mepexi B Machine
Learning s nepcoHamizauii  npu  (GopmyBaHHI
peKOMeHAallii KiHIIEBOMY KJIIEHTY e-KOMepii.

BBenenns TekcTy B HEHpOHHIH Mepexi 0coOImBO
ckiaamgHe. € meBHI TpoOiIeMu, 3 SIKHMH HEOOXITHO
oopotucs. OkpeMi cloBa MarOTh pi3HY JOBXHHY.
HeiipoHHi Mepexi BUMararoth (hikCOBaHOTO BXIJHOTO Ta
BUXIZJHOTO  po3MipiB. ~ BHUKOpHCTaHHS  peKypeHTHOI
HEWpPOHHOT Mepexi, HampuKiIaa, HEWpPOHHOI Mepexi
Enmana, Bupilrye yactuHy npoOiieM NpH po3Ii3HaBaHHI
mitep. BoHa BHKOPHCTOBYE KOHTEKCTHHM Map s
3a1aM’sITOBYBaHHS 3aMOBJICHHA. OnpamioBaHHS TEKCTY
BHUKOPUCTOBYE OIWH JOBTHH MOTIK NOBigomieHb. KoxeH
BXiI € KUIBKICTIO OJHOTO KOHKPETHOTO ciioBa. Bech
BXIZIHUH BEKTOpP MICTUTUME OJHE 3HAYEHHS [UIS KOXKHOTO
VHIKQJILHOTO CJIOBAa, HANpUKIAN, «3 Oprokamu 1 0e3y,
«JIBOE CHOPTUBHUX OpIOK», «TEMHHUH CIIOPTUBHUHA
KOCTIOM» Ta «OpIOKHM Ta YOpHi Oprokm». € Taki yHiKalbHi
cnoga. Lle cinoBHUK.

—Input 0: Ta — Input 1: Temumit

— Input 2: xocTioM — Input 3: cnopTuBHUI
— Input 4: 6e3 — Input 5: 6proku

— Input 6: yopHuit —Input 7: 3

— Input 8: nBa

Psaaky KOOylOTh HACTYHHHMM 4YHHOM, 3aIllOBHIOIOYH
MIPOMYIICHI CIIOBA 3 HYJIEM:
— «3 Oprokamu 1 6e3» [0457] > [1,0,0,0,1, 1,0, 1, 0];
— «aBoe criopTuBHEX Oprox» [1 5 8] — [0,1,0,0,0,1,0,0,17;
— «TE€MHUH cnopTuBHMM KocTiom» [1 2 3] —
[o,1,1,1,0,0,0,0,07;
— «Oproku Ta yopHi Oprokm» [0 5 6] — [1,0,0,0,0,2,1,0,0].

Temep € mocrtiiiHa BekTopHa OOBXWHA. JeB’ATh —
3arajbHa KUTBKICTH CIIB y CIOBHHKY. KokeH HOMep
KOMITOHEHTa Y BEKTOPi — IHAEKC Y CJIIOBHUKY JOCTYITHUX
ciiB. Ha K0’)KHOMY BEKTOpPHOMY KOMIIOHEHTI 30epiraeTbest
MiIpaxyHOK KiTBKOCTI CIIIB /IS OTO CIOBHHUKA. KoxeH
PSIOK 3a3BMYAil MICTUTH JIMIIE HEBEIHMKY MiJAMHOXUHY
CIIOBHHUKA. SIK pe3yipTaT, OUIBIIICTE BEKTOPHUX 3HAYCHb
€ HympoBuM. OxmmH 3  HaflBAXYMX  acCIEKTIiB
mporpamyBaHHs ~ Machine  Learning  mepekianae
mpobieMy Ha MacWB (PIKCOBAHOI KiNBKOCTI YHCEN 3
IUIABAIOY0I0 TOYKOIO.

4 EKCIIEPUMEHTHU

[Micna 300py mepcoHaNi30BaHUX JAHUX KOPHCTYBAadiB
OyIyeMo HelpOHHY Mepexy Ha NpHUKIaii Xem-Tabmumi. [i
BHKOPHCTOBYIOTH JIJIs BiZOOpakeHHsI KITIOUiB /10 3HAYCHD,
HaIPUKIIAL], KIYEID —> CIPUAMAETBCSA ByXOM»; «OIrTH»
— «{TH IOBHOIIE, HDK NPOTYISHKA»; «HAIUCATH» —>
«urst  popMyBaHHS IHCTPYMEHTOM 300paXCHHS Ha
MTOBEPXHI».
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Lle BimoOpakeHHS MiX CIIOBaMH Ta BH3HAUEHHSIM
KOKHOTO CJIOBA. BHKOPHUCTOBYIOTH KIIOY psiaKa JUist
iHIIOro 3Ha4YeHHs psaka. Kirou moBeprae 3HAYEHHS.
Heiiponna wmepeka € JBOHANpPaBJICHOIO acoLiaTHBHOIO
nam’sITio, TOOTO (haKTHYHO JIO3BOJISIE TAKOXK IEpeiaBaTh
3Ha4YeHHA 1 oTpuMyBarH Kiroui. Hampukian, mabmiow,
KW HAJICWIIA€ThCA Ha BXITHHUN IIap HEHPOHHOI Mepexi,
MONiOHUK Ha TIPOIIEC BBEICHHS KIIIOYA A0 XCII-TaOIHUII.
Arne HEWpOHHI MepeXi He TIOBEpTAIOTh MOPOKHIN
pe3yJIbTarT, a 3HAXOAATh HAlONMK4Ie 3HAUCHHS.

Sxkmo 3amaTm  igeadpHHMH  pe3ysibTaTr, TO IIe
KOHTPOJIbOBAaHE HAaBYaHHA 1 HaBmaku. Harmsposa
MiATOTOBKAa BYHTh HEWPOHHY MEPEeXKYy BHPOOJSITH

ineanpHUl BUXiA. HeminKOHTPONbHUI TPEHIHT 3a3BHYail
BUNTh HEHUPOHHY MeEpexXy TIpylnyBaTH BXiJAHI JaHi B
JIeKUTbKa TPy, BU3HAYEHUX BUXIJTHUM YHCIIOM HEHPOHIB.
Harnsnosa ta 6e3KOHTpONIBHA MIATOTOBKA € iTepauiiHuM
npouiecoM. J{Jisi KepoBaHOTO TPEHYBAHHS KOXKHA iTeparis
TPEHYBaHHS OOYUCIIOE HACKUTBKH ONM3BKUH (haKTHIHUHA
pe3ymsTar mo imeampHOTO BHXOAy. Llg OMU3BKiCTH
BHPAXAETHCA AK BIACOTOK MOMHIKK. KokHa iTeparmis
3MIHIOE BHYTPIIIHI MaTpHUIll Bard HEWPOHHOI Mepexi,
mo0 OTpUMAaTH piBEHb NOMMIKH Ha JIOCHUTh HHU3BKOMY
piBHI. HenmiIKOHTpOJILHUI TPEHIHT TaKOX € iTepariiHiuM
npouecoM. [IpoTe 00UYHCIIeHHS TOMUIIKH HE Take TPOCTe.
Hemae ovikyBaHOTO BHXOAY, TOMY HE MOXKHA BHUMIDSTH,
HaCKUIBKM HEMiAKOHTPOJbHA HEWpOHHAa Mepexa Bil
ileasIbHOTO BUXOY, 00 HeMae ijeansHOro BUxoay. Yacto
MTOBTOPIOIOTH KUNIbKa iTepaliii, a MOTIM BUKOPHUCTOBYIOTh
Mepexy. SKmo moTpiOHI JOAATKOBI TPEHYBaHHS, TO IIC
HaBYaHHS. THmmit ZIyxKe BAKIIMBUI acrekT
BUINE3a3HAYCHUX TPEHYBAIBHUX JaHUX IIOJSrae Yy
MOJJIUBOCTI BUKOPHCTAHHS B OyAb-sIKOMY TIOPSAKY.
Terep mpu Machine Learning aBTOMaTHYHO
MpU3HAYa€ YOTHPH (QIKTUBHHUX Terw (ABa Ha MOYATKY i
JIBA HANPUKIHIN) JUIS I[IIbOBOIO BHUCJIOBIIOBaHHsS. Toi
HEeWpOHHA Mepeka HAaBYAEThCS aBTOMAaTHYHO MPU3HAYATH
MOP(]O-CUHTAaKCHYHI OMKCH, IO BPaXxOBYE KOHTEKCT,
TOOTO /1Ba paHille MPU3HAYEH] TETW Ta MOXKJINBI TETH VIS
MOTOYHMX Ta HACTYNHUX JBOX ciiB. HaBuanpHuii
NPUKITA CKJIANAETBCS 3 (yHKUIH, BUTATHYTHUX JUIS
OJTHOTO CJIOBa BCEPEIWHI BUCIIOBIIOBAHHS SK BBEICHHS.
Ie Mop¢o-cuHTaKCHYHI OIMCH B MEKax I[bOTO BHPA3y SIK
BuBeZeHHA.  DyHKmii  BUTATYIOTBCE 3 5 cIiB,
OpIEHTOBAaHMX Ha TMOTO4YHE cioBo. OpHE CIIOBO
XapaKTepU3y€eThCSI BEKTOPOM, SKHH KOAye Horo mopdo-
CHUHTAKCUYHMN omuc. J[JIs1 KoayBaHHS MOXIUBUX MOpPdo-
CHHTAKCUYHHUX OIIMCIB BUKOPUCTOBYyeMO P(alw), ne
KOKEH MOXJIMBUA arpubyT Mae OJHY BIANOBIIHY
MO3MIII0 yCEepeIHHI 3aKOJ0BaHOTO BeKTopa. Bekrtopu
BHUKOPHCTOBYIOTH JJIsl KOAYBaHHS MOXJIMBUX Mopdo-

CHHTAaKCHYHUX OIKCIB JUIf IIOTOYHOI'O CJIoBa Ta
HACTYIHHX JIBOX CIIiB.
C(w,a
Pla|w)=E0nD
C(w)

Ilin gac HaBYaHHA OOYMCIIOEMO CIUCOK CY(IKCiB 3
BIIOBIMTHUMHA MOP(O-CHHTAKCHIHUMH ~ OIACaMH, SIKi
BUKOPHUCTOBYIOTh TiJl Yac BHKOHAHHA, MI00 CTBOPUTH
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MOXITUBHI MOP(O-CUHTAKCHYHUIN BEKTOP VISl HEBIIOMUX
ciniB. Komu Taki cioBa 3ycTpiyaroThCsl B JIaHHX TeECTY,
HaOnmmkaeMo X  MOXIMBUH  MOP(O-CHHTaKCHYHHUI
BEKTOp, BHKOpHCTOBYI0ouM Meron bpanrca. Komu Terep
3aCTOCOBYIOTH JO HOBOT'O BHUCJIOBJIIOBaHHS, CHCTEMa
iTepaTUBHO OOYHCIIOE BUXIAHUH MOP(O-CHHTAKCHYHHN
oImUC Ul KOXHOTO OKpeMoro cioma. Ilicims Toro, sk
MITKy TPHCBOEHO OJHOMY CJIOBY, TOB’S3aHHHA 13 IMM
CJIOBOM BEKTOD 3MIHIOETHCS TAKAM YHHOM, 110 Oyle MaTh
3HaYeHHA | U1 KOXXHOTO aTpuOyTa, MPHCYTHBOTO y HOTO
3HOBY NPHU3HAYEHOMY MOP(O-CHHTAaKCHYHOMY OmHCi. SIK
HACNIZOK KOMYBAaHHS KOXXHOTO OKPEMOTo aTpuoOyTa
okpeMo aiusi  MOp(hO-CHHTAKCUYHHX  OIUCIB, Terep
NpU3HAYa€ HOBI TETH, sKi HIKOIM He OyJiM TOB’s3aHi 3
MOTOYHMM CJIOBOM Y HaBHaJIBHOMY Ipoleci. Xoua Ie €
HEJIOJIKOM i1 POOOTH 3 HEBiIOMUMH clioBaMu. Tomi
BUKOPHCTOBYEMO JIOJAaTKOBMH CIIMCOK CJiB i3 IX
JIO3BOJICHUMH MOP(HO-CHHTaKCUYHUMHU onucamu. Jis
CIIOBA CITUCOK PO3PaxOBYEThCA SIK 00 €OHAHHSA 3 YCIX
MOP(}O-CHHTAaKCHYHHX ~ OIMCIB, MO 3 SBISIFOTBCA 3
cybikcamu, SKI 3aCTOCOBYIOTh A0 IbOro ciosa. Komnwm
Terep npu3Hayae MOp(o-CHHTAKCUYHHI OIHUC [0 TIEBHOTO
cioBa, obupae OmMH 3 MOP(HO-CHHTAKCUYHHUX OIFHCIB
MOXIIUBHX  CIOBOGOPM Y  CIIMCKY 31  CIIOBOM,
BUKOPHCTOBYIOYH (DYHKIIIFO BiJICTaHi:
n

minZo—e .
min "o, —¢; |

k=0

5 PE3YJIbTATH

PosrisiHeMo aHasi3 iMEH JIF0/IeH Ta MICIb Y TEKCTI JIst
aBTOMATHYHOTO JIOJ[ABaHHS TETiB MPO HOBUHH 3 JIFOJbMHU
Ta Ha3BaMU MICIIb, 10 MICTAThCA B cTaTTIX. OCOOIMBICTE
JUis imeHTudikamii Ha3B 1 MICIb y TEKCTI — IIe JaHi y
(aiini test data / propername.ser — cneuiasbHUA aiin
na”Hux Java, 1o MICTHUTH XeII-TaOJHIl IS IO 1 Ha3B
Mictp. i maHi 9uTarOTHCS B KOHCTPYKTOpI Kilacy Names.

3Ha4YCHHS XEMI-Ta0IHIb BUKOPHUCTOBYETHCS TaK:
while (keysE.hasMoreElements()) {

Object key = keysE.nextElement();
System.out.println(key+":"+placeNameHash.get (key));}

SIKi BUBelyTh HACTYIIHE:

Mauritius country
Port-Vila country capital
Hutchinson us_city
Mississippi us_state
Lithuania country

HacrtynHuii npuknas BUKOPUCTOBY€E METOIU
isPlaceName, isHumanName, Ta getProperNames:
System.out.println("Los Angeles: " +
names.isPlaceName ("Los Angeles"));

System.out.println("President Bush: " +
names.isHumanName ("President Bush"));

System.out.println("President George Bush: " +
names.isHumanName ("President George Bush"));

System.out.println("President George W. Bush: " +
names.isHumanName ("President George W. Bush"));

ScoredList[] ret = names.getProperNames ("George Bush
played golf. President \George W. Bush went to London
England, \and Mexico to see Mary \Smith in Moscow.
President Bush will \return home Monday.");

System.out.println ("Human names:
ret[0] .getValuesAsString()) ;

System.out.println("Place
ret[1l].getValuesAsString());

BuxiiHi 3Ha4E€HHS 1IOTO MPHUKIIAAY € TAKUM:

n +

names: " +
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Los Angeles: true

Fresident Bush: true

President George Bush: true
President George W. Bush: true
* place name: London,

placebNameHash.get {(name) : country_capital
» place name: Mexico,

placebNameHash.get {(name) : country_capital
» place name: Moscow,

placeNameHash.get (name) :
Human names: George Bush:1,

country_capital

Fresident George W . Bush:1,
Mary Smith:1,
Fresident Bush:1

Place names: London:1, Mexico:1, Moscow:l

Mertomn HumanName i isPlaceName mykatoTs psgox

B XEII-Ta0JIUIII 3 HA3BOIO JIIOJUHK a00 MiCIIs:
public boolean isPlaceName (String name) {
return placeNameHash.get (name) != null;}

Bepcii API, ski omnpaipoBylOTh iMEHa, IIO MICTATh
KilbKa CJIiB, € TpoXW ckiuagHimumu. HeoOximHo
moOyIyBaTd pSIOK i3 CHiB MK IOYaTKOBHMH Ta
KIHIICBUMHU 1HIEKCAMH Ta TIIEPEBIpUTH, YA IIc HOBE
3HAYCHHS psaKa € AIHCHUM KIIOYeM Y XeII-TaOJHIaX
IMEH JIro1ei a00 Ha3B MICIb:

public boolean isPlaceName (List<String> words, int
startIndex, int numWords) {
if ((startIndex + numWords) > words.size()) {
return false; }
if (numWords == 1) {
return isPlaceName (words.get (startIndex)); }
String s = "";
for (int i = startIndex;
i < (startIndex + numWords); i++) {
if (i < (startIndex + numWords - 1)) {

s = s + words.get(startIndex) + " "; }
else{ s = s + words.get(startIndex); } }
return isPlaceName (s);}

TOKEHIHT TEKCTY € MPOLIECOM PO3MICIUICHHS PsIIKa 10
OKpeMHX TOKeHiB. B pesymbprari mporo BigOyBaeTbcs
3MEHIICHHS KIUTBKOCTI CIIB 1O CKOPOYEHOTO KOPEHS
ClIOBa, MO J[JO3BOJIIE JIETKO MOPIBHIOBaTH pIiBHICTH
moniOHuX cmiB. TeryBaHHA € BH3HAYCHHAM TOTO, sKa
YaCTHHA KOXHOTO CIIOBO 3HAXO/AUTHCS Y BXIJTHOMY TEKCTI.
[To3HaueHHS MITOK YCKIAJHIOEThCA OaratbMa CIIOBaMH,
o0 MAaloTh pi3HI YacTHHH MOBJCHHS 3alle)KHO Bif
KOHTeKCTy (Hampukiaj, «bank the airplane», «the river
bank», Tomo). Ilepm HiX omnpanbOBYBaTH OyAb-SKHiA
TEKCT, HEOOXIJHO PO30WTH HA OKpeMi TOKCHH (CJIOBa,
mudpu Ta myHkTyauiliHi cumBoiu). Kitac Tokenizer mae
JIBA CTaTWYHI CHOCOOHM, O00MIBa OEpyTh BXITHHHA PSIOK
JUIl TOKEHYBAaHHS Ta IIOBEPTAalOTh CIHCOK TOKEHIB.

Hpyruit  cnocid0 Mae JOJaTKOBHHA apryMeHT  JUIs
BU3HAYCHHS MaKCHUMAaJIbHOI KIJILKOCT1 TOKEHIB:

static public List<String> wordsToList (String s)

static public List<String> wordsTolList (String s, int
maxR)

String text = "The ball, rolling quickly, went down the
hill.";

List<String> tokens = Tokenizer.wordsToList (text);
System.out.println (text);

for (String token tokens)

System.out.print ("\""+token+"\" ");
System.out.println();

Leit pparmMeHT KOy BUBOAWTH HACTYIIHE!

The ball, rolling quickly, went down the hill.
"The" "ball"™ "," "rolling" "quickly" "," "went" "down"
Wihe "hill" "L

Kpamie BHUTSTHYTH TOKEHM CIIOBa ISl CIIPOILECHHS
MOpiBHAHHS MONIOHMX cniB. B kiaci € xaBa 3pyuHi
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inTepdeiicu APl niist cTBOpeHHS psijika 3 JAEKIJIBKOX CIIiB

Ta JJId 0A0ro TOKCHa CJIOBa:
public List<String> stemString(String str)
public String stemOneWord (String word)

[Mpuknaau onucy Teris:

Tag Description Examples
NN singular noun dog

NNS plural noun dogs

NNP | singular proper noun | California
NNPS | plural proper noun Watsons
cC conjunction and, but, or
CcD cardinal number one, two
DT determiner the, some
IN preposition of, in. by
I adjective large. small, green
IR comparative adjective | bigger

115 superlative adjective | biggest

PP PIOper profoun I, he, you
RB adverb slowly
RBR | comparative adverb slowest
RP particle up, off

VB verb eat

VBN | past participle verb eaten
VBG | gerund verb eating
VBZ | present verb cats

WP wh* pronoun who, what
WDT | wh* determiner which, that

FastTag BukopuctoBye metoau Machine Learning s
BU3HAUYCHHS TIpaBMja Mepexofy /sl TeriB TEKCTy,
BUKOPHCTOBYIOUH Py4YHE MO3HAYCHHS TEKCTY SIK IPHKIIA
HaBuanHs. Kiac Tagger untae QaitiioBy jieKcHKy K HOTIK
pecypciB abo sk okanbHUH ¢aitn. KoxkeH psamox y Qaiiri
lexicon.txt mpoxomute depe3 Metoxn utility parseLine,
SAKAH ONpanboOBYE BXIOHUH PSIOK, BHUKOPUCTOBYIOUH
MEPIINA TOKEH Y PSAAKY AK XEMI-KI0Y, i pO3MIIIAe pemTy
TOKEHIB Yy MacuBi, o € xeur-3HaueHHsM. OTke, OyaeMo
onpanpoByBatu psipok «fair JJ NN RB» gk xemr-kitou
«fairy, a xem-3HayeHHs — MacuB PAAKIB: [«JJ», «NN»,
«RB»]. Konu Tagger onpanpboBye CIMCOK TOKEHIB CIIOBa,
KOXKHHI TOKEH 3BEPTAETHCS 10 Xeul-Tabnui Ta 30epirae
NepIiuii MOMJIMBHHA THI TETiB s IHOTO CIJIOBA.
VY npuknani cnoBo «fair» Oyzae mpu3HaueHO (MOXKIHBO,
TUMYacoBO) TeroM «JJ». Terep € cIMCOK TOKEHIB ClIOBa
Ta TIOB’SI3aHUI CITUCOK MOXKJIMBUX THIIIB TeTiB. JleTaabHO
posristHeMo rule 1: i — e 3MiHHA MUKy B miama3oHi [0,
KUIBKICTh TOKEHIB CJIOBa — 1], @ CJIOBO — IMOTOYHE CJIOBO B
1HIEKCI i:

// rule 1: DT, {VBD | VBP} --> DT, NN
if (1 > 0 && ret.get(i - 1).equals("DT")) {

if (word.equals ("VBD") || word.equals ("VBP") ||
word.equals ("VB")) {ret.set(i, "NN"); }}

AHIIICHKOIO 11e TPaBUiIO0 mo3Havae Bu3HauHuK (DT)
B TOKeHi cioBa (iHAeKc i—1 CympOBOMIKYETHCS MHHYJIUM
gacoM giecioBom (VBD)), abo 1i€cioBo TenepiliHboro
yacy (VBP), miciist 4oro 3MiHIOETbCS THII TETY iHIEKCY i
Ha «NNy. [H1Ii npaBuiIa y KOpOTKOMY CHHTAKCHCI:

— rule 2: meperBopuTH iMeHHUK Ha HOMep (CD), sxiro
«» 3 SIBIISIETHCSL y CIIOBI;

— rule 3: mepeTBOPUTH IMCHHHK HA JIEMPUKMECTHUK B
MHUHYJIOMY 4aci, skmo words.get(i) 3akiH4yeTbCs Ha
«edy;
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— rule 4: mepeTBOpUTH OyAb-SIKMI THIT HA IPUCITIBHHUK,
SIKIIO BiH 3aKiH4y€eThcs Ha «ly»;

— rule 5: neperBoputru imeHHuk (NN/NNS) nHa
MIPUKMETHUK, SIKIIIO BiH 3aKiHIYEThCS «aly»;

— rule 6: mEpEeTBOPUTH IMCHHHK B JI€CIIOBO, SIKIIO
ToTepeTHE CIOBO € «wouldy;

— rule 7: SAKmIO CIOBO KIIACH(IKOBAHO SK 3aralbHUHA
MiJICyMOK, Ta 3aKiHYYEThCS HB=a«S», BCTAHOBIIOETHCS
TUI HA MHOXXWHHHMH 3arainbHuil iMeHHUK (NNS);

— rule 8: mepeTBOpeHHs iIMEHHHKA B JiI0Y€ AI€CIOBO.

Kimac WordNetTest 3HaX0IUTh pi3HI 3HAYCHHS CJIOBA
JUISl JIAHOTO CJIOBA 1 BMBOJAMTH IIi JIaHi 10 CTAHJAPTHOTO
BUBOJYy. KOHCTPYKTOp Klacy 3 €IHYETbCS 3 JaHUMHU

WordNet daiiny as1st TOBTOPHOTO BUKOPUCTAHHS:
public WordNetTest () {
database = WordNetDatabase.getFilelInstance();}

Tyt meton JAWS noBepTae CliucOK CHHOHIMIB:
public List<Synset> getSynsets (String word) {
return Arrays.aslList (database.getSynsets (word)) ;}
public static void main(String[] args) {
System.setProperty (PropertyNames.DATABASE DIRECTORY,
"/Users/markw/temp/wordnet3/dict") ;
WordNetTest tester = new WordNetTest () ;
String word = "bank";
List<Synset> synset list = tester.getSynsets(word);
System.out.println("\n\n** Process word: " + word);
for (Synset synset synset list) {
System.out.println("\nsynset type: " +
SYNSET TYPES[synset.getType () .getCode()]);
System.out.println(" definition: " +
synset.getDefinition());
// word forms are synonyms:
for (String wordForm synset.getWordForms ()) {
if (!wordForm.equals (word)) {
System.out.println (" synonym:

AHTOHIMHU — TIPOTHJIC)KHOCTI CHHOHIMIB. AHTOHIMH €
cnenuiYHUMH  [UIST  IHAWBiAyaldbHHUX ciiB. Tomy
BUKOPHUCTOBYEMO  TakKMil  KOJ Uil BiIOOpaXKeHHs
AHTOHIMIB BCEpeIuHI LUKIY Hax (OPMOIO CIIOBa IS

KOXKHOTO CeHCy cioBa st «banky:

// antonyms mean the opposite:

for (WordSense antonym :synset.getAntonyms (wordForm)) {
for (String opposite
antonym.getSynset () .getWordForms ()) {

"+wordForm) ;

SELECTED PATH VISITS = n ®

Show funngls

L]
ITEM'S DATA -
L] L ]

basic-presentation-explanation L

Subtree value 8 .

Sublree visils 1 - .' .
Sutres per visit 8.00 » >
Exit value 8 *

Exit visits 1

Exit value per visit 8.00 Y .

Exit potential gain 0 . «—*

Other value 1]

Other visits 0

Average time spent (sec 0.00

Depih 7

®y b The Infemet » ==

System.out.println(" antonym (of " +
wordForm + "): " + opposite);
System.out.println("\n");}}
private WordNetDatabase database;
private final static String[] SYNSET TYPES =
{ "", "noun", "verb" };}

CioBo «bank» mae 18 pisHux 3Ha4eHb, 10 IMEHHHUKIB 1

8 mieciiB, HaPUKIAL;
synset type: noun
definition: sloping land (especially the slope
beside a body of water)
synset type: noun
definition: a financial institution that accepts
deposits and channels the money into
lending activities
synonym: depository financial institution
synonym: banking concern
synonym: banking company
synset type: noun
definition: a long ridge or pile
synset type: noun
definition: an arrangement of similar objects
in a row or in tiers

DR

synset type: noun
definition: a supply or stock held in reserve
for future use (especially in
emergencies)
synset type: noun
definition: the funds held by a gambling house

or the dealer in some gambling games

6 OBTOBOPEHHSI

Amnanizarop HUISIXIB HOKa3dye udpoBy IOpiXKY (abo
MOCTITOBHICT) KOPHUCTYBadiB, BigoOpaxkaoun I Ha
NpOCTHH y BHUKOPHCTaHHI BizyampHHMH cmoci6. Ili
Bi3yaJlbHI WIISXH BiJOOpPaXKarOTh J>KUTTEBI YSBICHHS 3
METOI0 BHUSBJICHHS MOXJIMBOCTECH e-Komepiiii. ko,
Hampukian, Oarato BiJBiJyBa4iB IUBISTHCA Ha MEBHI
CTOPIHKH, 110 NIEPEXO/IATh 32 KIIiKaMH, 03 IIepeTBOPEHHS,
e MOXK€ O3HayaTH, IO [IOCh HE IPalIoe HaJICKHUM
quHOM. [licTs IeKITPKOX TECTOBHX MPOXOKEeHb Mo Web-
caiiTy MOXHa TO0AYUTH BiMOOpa)XKCHHS NEPEXOJiB IIO
CTOpIHKaxX Ha HACTYMHIN Aiarpami Ha puc. 7.

ALl MOST VISITED ENTRY PATH (@ »

The Intemet » Home
The Internet » sitecore
The Internet » ==+ * Home
The Intemel » ==+ * Home
The Intemet » /
The Internet » /
The Intemet » ==+ » Home
The Intenet » *=* * Home
* Home

The Internet » ==« * /

MOST VALUABLE FULL PATH @ »

The Internet » *=* * basic-presentation

explanation
The Intermet » === » |
The Internel » == * leam
The Intemel » ==+ * Home
* getting-started
* getting-started

" en

The Intemet » ==+
The Intemet » ==«
The Internet » ==
The Internet » == * Home
The Internet

The Intemet » logir

MOST EFFICIENT FULL PATH @& »

The Internet » ==+ * basic-presentation-

planation

The Inlemet » ==« » |

Pucynok 7 — BuBeneHHs cTatucTuku 300py iHGOpMaIii mo mpodisiro KOpUCTyBayda Ta HOro HaBiralii mo cairty
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MOXJIHMBOCTI  CTBOPEHHS  NPOQUIIB  TEOPETHYHO
HeoOMmexeHi. [licns Bukopuctanus Chrome Opaysepa B
SKOCTI OJHOTO YHIKQJbHOTO KII€HTA, Ta 3IIHCHEHHS
KyMiBeIbHOI aKTUBHOCTI Ha CalTi PO3IJIIHEMO OTpHUMaHi
pesynbrati  mpodimo  kopuctyBada.  [lizcymyemo
OTpHMaHi IeTaji mpodiiro KopucTyBaya:

— surfing behaviour: new visitors vs.
visitors, websites visited, etc.;

— purchasing behaviour: popular brands, price ranges,
related products, etc.;

— geographical data;

— demographics: age and gender;

— sociological data: family situation, profession,
interests, etc.

3amycTHMO KOHCOJIBHY IIpOrpaMy Jjisi HaBYaHHS
HeHpoMepesKi sl OTPUMAaHHS BHXITHUX JaHUX Y BUTIISII
Tabnuii HaOJIMKEHOCTI 10 CHMCKY 3aJaHUX B CHCTEMI
TETiB JUII KOHTEHTY (puc. 8).

returning

Tags recommendations report =
N52 /WSITP. TRAIN. W5]
/home /me /WSITP/WSITP.TEST]

* model
* testse

Il
=
.—|u-|

TAGGING SUMMARY

EKNOWN = 126005 / 129654 --> (97.1856 %)

ZFUNKNOWN = 3649 / 129654 --> (2.8144 %)

*AIBIGUCUS 45779 / 129654 -—= (35.3086 %)
================= ACCURACY PER LEVEL OF AMBIGUITY =====

POS HITS TRIALS ACCURACY MFT-ACCURACY

# 15 / 15 = 100 % 100 %

$ 943 / 943 = 100 5 100 %

E& 1044 / 1045 = 99.0043 % 99.0431 %

186 / 186 = 100 5 100 %

187 / 187 = 100 ¢ W 100 %

6876 / 6876 = 100 % 100 %

5381 / 5381 = 100 % 100 %

1 752 / 752 = 100 % 100 %

cC 3237 / 3250 = 99.6 % 99.

CD 4789 / 4823 =

DT 11117 / 11183

EX 126 / 126 = 1
3
2

e =

Fw 7 / 30 = 23.
IN 13322 / 1349
JJ 7617 / 8215
JIR 388 / 423
J1s 262 / 2

9.8421 %
7 91. c‘14"‘ %
= 96, 50“1 % 85.0118 %
.6471 % 49.4118 %

OVERALL ACCURACY

125066 / 129654 = 97.1555 % 91.3015 %

c:\Storage\warary\prOJects\haz_mag\neW>
Pucynok 8 — IIpomixkHi pe3y/bTaTH HaBYaHHS HelipoMepexi

OLiHMMO BUXIJIHI JaHi:
# sinegle CLtDJt-f

governance’ R
risk’: B
compliance': R
risk management’,

data management

big data': N

u
e

administratic

BUCHOBKH
B pobori Bipimeno 3amady po3poOJCHHS 3araibHOI
apxitekrypu IC mommpeHHS KOMEpIiHHOTO KOHTEHTY B
IaTepHeT-ipocTOpi Ha OCHOBI HAaBYaHHSA HEHPOHHOI
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Mepexi 3riHO icTopil MoCTiiHOT ayAuTOpii AN moxadi
VHIKQJIbHOI'O KOHTEHTY 3 BHKOPHCTaHHSIM IiJIXOIY
MepCcoHai3allii Ta BUKOPUCTaHHS TEriB. B po0oTi Takox
chopMyabOBaHI  3arajibHi  BUMOTH ~ JO  THUIIOBOL
apxirektypu IC nmommpeHHs: KOMEpUiHHOTO KOHTEHTY Ha
OCHOBI IiIX0/1y IepCOHAi3aIlil Ta BHKOPUCTAHHS TETIB.

HayxoBa HOBH3HA MosiTae y po3poOJeHi Momemi Ta
METOy HOIIMPEHHS KOMEPLIHHOr0 KOHTEHTY Ha OCHOBI
MiAXOMy TepcoHami3amii Ta BUKOpUCTaHHS TeriB. [lpm
[IFOMY BHKOPHCTaHO HAaBYaHHA HEHPOHHOI Mepexi s
CTBOPEHHS TEr PEKOMEHIAIi Ta JOCTYIHI Ha PUHKY
3aco0u TmepcoHamizamii. A anropuTM MepcoHami3amii
JIO3BOJISIE TIOB’SI3aTH KOXKHOTO KOPUCTYyBaya 3 CIIUCKOM
MPOJYKTIB SIKI HAWIMOBIpHIIIE HOTO 3aLiKaBIIsATh, & TAKOK
MOXXYTh MPOTHO3YBATU TE, IO KJIIEHTH MOXYTh XOTITH
06auynTH, HaBITh SIKIIIO BOHM i€ HE 3HAIOTH PO IIE.

Sk mpaBHII0, KOXKEH KOPHCTYBad Ma€ pi3HI BUMOTH JI0
iHpopMarii Juis 3anuTy. AJlle TUIOBI MOIIYKOBI CHCTEMHU
TIOBEPTAIOTh OJMH 1 TOW caMuil pe3ynbTaT Ui OIHOTO
3aIMTy, TMOJAHOTO pI3HUMH KOpHCTyBadamu. Jlis
BUILICHHS TPoOJieMy 1H(GOPMAIIHHOTO MepeBaHTAKEHHS
Ta HaJaHHI KOpPHCTyBadyaM BiINOBiAHOI iH(opMmarii
BUKOpHCTOBYeThCst Web-niepconanizarniist. [Tepconanizamis
B [HTEepHEeT mnifBMIIYE TOYHICTH TOIIYKOBOi CHUCTEMH,
COpOIIlye TPOIEC TMOIIyKy, 30epirae yac Ta Hajae
BiAmoBinHy iHdopmanito kopuctyBauam. Ilepconanizamis
CTBOPIOE TOYYTTS IHAWBIAYaJbHOCTI Ta YHIKaJIBHOCTI.
Kiientn mouyBatoTh cebe 0COONMBUMH Ta BaKIHBUMH,
Haue KOMIIaHis 3BepTae Ha HUX 0coOJMBY yBary. bimbim
TOT0, NMUIIXOM CETMEHTAIii Ta HAUTIOBAHHS Ha DPi3HHUX
MOKYIII[IB, ITEPCOHANI3AIls BiANOBIgAE Pi3HUM HOTpedam
KOYKHOTO KJTI€HTA, THM CAMUM OIITHUMIi3yIOUH KJTi€HTCHKHHA
JIOCBIJI, @ TAKOX TOM e CepeaHii JOCBiA IS BCiX.

Pobota Mae mpakTHYHy MLiHHICTH Yy po3poOiIeHHI
MIPaBHUJI TIEPETBOPEHHS KIIOUOBHX CIIiB iH(OpMamiiHOTO

MOUIYKY KOHKPETHOTO KOpHUCTyBaya Ha
MEepCOHAI30BaHUK  CHHMCOK  TeriB  JUIl  HaBYaHHS
HeWpoHHOT  Mepexi  (QOpMyBaHHS  pEKOMEHJIAIlil

KIiHIIEBOMY KOPHCTYBady 3TiJJHO HOTO BIIOJ0OAHb.
[epciekTiBY MOAANBIINX JOCHIIKEHb HOJATAIOTH Y
aHalli3i CTAaTUCTHKH (DYHKIIOHYBaHHS BIPOBAKEHUX
AQHAJOTIYHUX CHCTEM [UIsi BIOCKOHAJICHHS METOJIB
nepcoHatizamii y GopMyBaHHI peKOMEHIAIIN KiHIIEBOMY
KopuctyBady. HeobOxigHO apmanTyBaTH  po3pobieHi
ITOPUTMHU CTBOPEHHS CIIMCKIB MEPCOHATI30BaHUX TETiB
JUIS YKpaiHOMOBHOT TOIIYKY Ta BiAMOBITHO (hOpMyBaHHSI
pEeKOMEeHAaIl KiHIIeBOMY KOpUCTyBady. BripoBamkeHHs
miei cucTeMH JacThb 3MOTY OTPHMYBaTH JOCTYI [0
HEOOXTHOr0 KOHTEHTY IIMPOKOMY 3araixy KOpHCTYBadiB,
ajpKe calT Oyle pO3MILNICHO y BCECBITHIH NaBYTHHI, 3
JIpyroro OOKy iHIIA 4YacTWMHA METH CTBOPCHHS IIi€l
CHCTEMH € KOMEpLilHa CKJaJoBa, a caMe OTPUMaHHs
npuOyTKIB BIaCHUKOM YW anmiHictpatopoM IC, depes
MexaHi3Mu e-koMepiii. IIpoekT y 3akiHdeHOMY BHUTIISI
Ma€e MpakTHYHE CBOE 3aCTOCYBAaHHSA, a caMe Moxe OyTh
BUKOPHUCTaHWH, SK onxuH 3 [HTepHeT-mMarasuHiB y
BCECBITHI Mepexi, 3a YMOBH 3allOBHEHHS HOTO
peanbHUMH NPOAYKTaMH Ta MOCHyramu. SIKmo Hajzatu
OLIIHKY CTYIEHS TOTOBHOCTI JIO BIIPOBAa/DKEHHS TO
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NOTPiOHO CIOYAaTKy MPOBECTH BiMMOBITHI TOCIIIKCHHS
HOMKTY Ta MPOMNO3ULi MPEeICTaBICHUX NOCIYT Ha PUHKY,
Nepil HiK 3allyCKaTH BeCh LUK POOIT, MOB’S3aHUX 3
CJICKTPOHHOIO0 KOMEPITIEr0. Y CIiX 3aJe:KUTh HE TUTBKH BiJl
IPaMOTHOCTI Ta SIKOCTI IOOYZOBH calTy, ane W BiX
3aIiKaBJICHOCTI B 3alPONIOHOBAHMX MOCIyTrax, peKjaMu Ta
BIJIOMOCTI pecypcy.

NOASAKHU

Po6oTy BUKOHAaHO B paMKax JepKOIOHKETHOI TeMH
«Metoau Ta 3acobu (YHKIIOHYBaHHS CHCTEM HiATPUMKH
MPUHHATTS pilieHs Ha OCcHOBI oHTOMNOTII» (ID:839 2017-
05-15 09:20:01 (2459-315)). JociimKeHHsT TPOBAIIIOCH
B MeXax CHUIBHMX HayKOBHX JAOCIHIIKEeHb Kadeapu
iHpopMmariiiHux cucreM Ta Mepex HY «JIbBiBchka
MoJiTeXHika» Ha Temy «JlocmikeHHs, po3poOJeHHs 1
BITPOBAPKEHHS IHTEJIEKTYaIbHIX PO3IIOIIEHNX
iHpOpPMaIifHUX TEXHOJIOTI Ta CHCTEM Ha OCHOBI
pecypciB 0a3 TaHUX, CXOBUII JaHHUX, IPOCTOPIB JaHUX Ta
3HaHb 3 METOK IPUCKOPEHHsS MpoueciB (GopMyBaHHS
Ccy4acHOro iHpopMamiiHOTO CycmiibcTBay. Haykosi
JOCIIKSHHS TIPOBAIMIINCS TaKOX B paMKax iHII[IaTHBHOL
tematuku jgociipkenb kadenpu ICM HY «JIbBiBchka
moJTiTexHikay Ha TeMmy «Po3poOiieHHS IHTENeKTyalbHUX
PO3MOAIICHUX CHCTEM Ha OCHOBI OHTOJIOTTYHOIO IMiIXOIy
3 METOI0 iHTerpaii iHpopMaLiiHUX pecypciBy.
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«JIbBOBCKas MOJUTEXHUKA», Y KpauHa.

JIerrBbiH B. B. — 1-p TexH. Hayk, npodeccop, 3aBexyromuii kadenpoit «HpOpMannoHHEIE CHCTEMBI B ceTH», HanmoHanbHbIH
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AHHOTAIUSA

AxTyanbHOCTb. CerogHsi OOJNBIIMHCTBO KOPIOpPALUH IOCTOSHHO HMEPEOCMBICIMBACT OM3HEC C TOYKH 3PEHHsT BO3MOXKHOCTEHl
HHTepHeT, a UMEHHO €ro JOCTYNHOCTb, IIMPOKHH OXBAaT M MOCTOSHHO MEHSIOIIMECS MOTpeOHOCTH monb3oBaTend. Web-pecypc
JNEKTPOHHONH KOMMEPIIMH, KOTOPBIA oOecrieunBaeT yJOOHBIA MOJIB30BAaTENbCKUN OINBIT, B YaCTHOCTH, BO3MOXKHOCTH OBICTPO
HaXOANUTH HEOOXOIMMBIE COTIIACHO €To MOpTed U BKyca TOBApHI, OONBINE MOJICP)KUBACT KOHKYPEHTHBIE IPEUMYIIECTBA.

Heabro wccrienoBaHust sBiseTcsl pa3paboTka oOOmEH apXWUTEKTYPhl HHTEIUIEKTYalbHOH CHCTEMBI PAaCHpPOCTPAHECHHS
KOMMEPUYECKOTO0 KOHTEHTa B VIHTEpHET-IpOCTpaHCTBE Ha OCHOBE OOy4eHHs HEHPOHHOH CETH COIJIACHO HCTOPHHU IICOTHHHOM
alINTOPUY JUIA IOAAa4YM YHUKAJIBHOIO KOHTEHTA € UCIOIb30BaHUEM I10/1X0/1a IIEPCOHATU3ALUN U UCIIONb30BaHUE TErOB.

Meton. Pa3zpaborana Mozens HHPOPMALMOHHON CHCTEMBI IIEPCOHATM3AIMN KOMMEPYECKOro KOHTEHTA COIIAaCHO MOTPEOHOCTIM
nosnp3oBatels. Takxke pa3paboTaH METOJ PAcIpOCTPAHEHHsT KOMMEPUECKOTO0 KOHTEHTa Ha OCHOBE IMOAXOJA IEePCOHAIM3ALMU U
HCTIONB30BaHusA TeroB. IIpu 3ToM Hcmonb30BaHO 00y4eHUsT HEHPOHHOM CeTH Ul CO3JaHuUs TETOB PEKOMEHJIALUI U JOCTYNHBIX Ha
PBIHKE CPEJICTB MepCOHANU3aluK. Pa3paboTaHHBIN anropuTM MEPCOHANU3ALUM MO3BOJSET CBA3aTh KaXKAOTO MONB30BATENs CO
CIIMCKOM IIPOYKTOB, KOTOPEIE BEPOSTHEE BCETO €TI0 3aMHTEPECYIOT, a TAK)Ke MOXKET MMPOTHO3UPOBATH TO, YTO KIMEHTHI MOTYT XOTETh
BU/IETh, JaXX€ €CIM OHH eme He 3HaloT o0 3ToMm. Pa3paGoTaHHBIM METOX MOXKHO HCIIONB30BaTh Ui obecrieueHust Oonee
peneBaHTHOTrO Habopa KOHTEHTA. Takxke pa3paboTaH METO[| JaeT BO3MOXKHOCTh KJIACCH()UINPOBATH COOTBETCTBYIOIINI KOHTEHT HIIN
MI0Ka3aTh €ro PaHbIIe B MPOIECCe IEPETUCTHIBAHNS CTPAHUIl BO H30KaHNUs MOTPEOUTENIIMH BEIOOpa HEIPABUIIEHOTO KOHTEHTA N
3aTpaThl BPEMEHU Ha IPOKPYTKU IIPU IIOMCKE TOBapa.

PesyabTathl. PazpaboraHHas cucTeMa npeHa3HAadeHa Ul PacHpPOCTPAHEHUs IPOAYKTOB HH(POPMALMOHHBIX TEXHOJIOTHH
(my©aMKanuii, KHUT, KypcoB, BHIEO, (pailyioB U T.A.) ¢ HOMOIIBIO HHTEPHETA.

BeiBoabl. BHenpeHue 3Toli cucTeMBbI ITO3BOJIUT HOIYy4aTh AOCTYII K ONPEIEICHHOTO POAa KOHTEHTA IUPOKOH 00IIEeCTBEHHOCTH
MOJIb30BaTENEH, Bellb CAlT OyeT pa3MeIleH BO BCEMUPHOH MayTHHE, C JPYTOl CTOPOHBI APYTasl 4acTh LEIH CO3/aHHS ITOH CHCTEMBI
SIBISIETCS KOMMEpUECKasi COCTABIIAIOMIAs], 8 IMEHHO ITIOJyYeHHEe MPHOBLIN BIAAENbIEM MM aAMHHICTPATOPOM HMHTEIUIEKTYyalbHON
CUCTEMBI, YEPE3 MEXaHU3MBI €- KOMMEPLIUU.

KJIIIOYEBBIE CJIOBA: xomMepyeckdil KOHTEHT, NepcoHanmu3anus, Web mining, Machine Learning, SEO-texnomorus,
METPUKHU IOMCKa, DIEKTpOoHHas Kommepuus, NLP, KOHTEHT-MOHUTOPUHI, KOHTCHT-aHAJIU3, CTaTUCTUYECKHH JIMHIBUCTHYECKUI
aHalln3, KBAHTUTATUBHBIX JIMHIBUCTHKA.

UDC 004.9
FEATURES OF THE ARCHITECTURE FOR INTERNET COMMERCIAL CONTENT MANAGEMENT SYSTEM
BASED ON METHODS OF MACHINE LEARNING, WEB MINING AND SEO TECHNOLOGIES

Vysotska V. — PhD, Associate Professor of Information Systems and Networks Department, Lviv Polytechnic National
University, Lviv, Ukraine.

Demchuk A. — PhD, Assistant of Information Systems and Networks Department, Lviv Polytechnic National University, Lviv,
Ukraine.

Lytvyn V. — Dr. Sc., Professor, Head of Information Systems and Networks Department, Lviv Polytechnic National University,
Lviv, Ukraine.

ABSTRACT

Context. Today, most corporations are constantly rethinking business from the point of view of the Internet, namely its
availability, broad reach and ever-changing needs of the user. The e-commerce web-site, which provides user-friendly experience,
including the ability to quickly find the products that are necessary for its portables and taste, is more in favor of competitive
advantage.

Objective of the study is to develop a general architecture of the intellectual system for the distribution of commercial content in
the Internet space, based on the study of the neural network in accordance with the history of the psychedelic region to provide
unique content using the approach of personalization and the use of tags.

Method. The model of information system of commercial content personalization for the user needs is developed. Also the
method of distributing commercial content based on the approach of personalization and the tags use is developed. In this case, the
neural network training is used to create a recommendation tag and marketable personalization tools. The customization algorithm
allows you to associate each user with a list of products that they are most likely to be interested in, and can predict what customers
might want to see even if they do not yet know about it. The developed method can be used to provide a more relevant set of content.
Also, the developed method gives the opportunity to classify the relevant content or show it earlier in the process of rolling the pages
to avoid consumers choosing the wrong content or spending time scrolling when looking for a product.

Results. The developed system is intended for distribution of information technology products (publications, books, courses,
videos, files, etc.) through the Internet.
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Conclusions. Implementation of this system will allow access to certain types of content to the general public, since the site will
be placed on the World Wide Web; on the other hand, another part of the purpose of creating this system is a commercial component,
namely, the receipt of profits by the owner or administrator of the intellectual system, through the mechanisms of e- commerce.
KEYWORDS: commercial content, personalization, Web mining, Machine Learning, SEO technology, metrics search, e-
commerce, NLP, content monitoring, content analysis, statistical linguistic analysis, quantitative linguistics.
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ITPOTPAMHI 3ACOBM MOHITOPHUHI'Y HIHHOCTI AK IHCTPYMEHT
AJIATITALI 10 3MIH Y BUMOI'AX CTEMKXOJIJEPIB IPOEKTIB

I'ycea 1O. 10. — kaHx. TeXH. HayK, JOIEHT, JOICHT Kadeapy yIpaBIiHHSA MPOSKTaMU B MiCBKOMY TOCIIOAAPCTBI 1 Oy-
JIBHHITBI, XapKiBCbKUI HaIIOHATBHUH YHIBEPCHTET MiCbKOTO rocronapcrsa imeHi O. M. bekeroBa, XapkiB, Ykpaina.

Yymauenko 1. B. — 1-p TexH. Hayk, npodecop, 3aBinyBau kadeapH yIpaBIiHHs IPOSKTaMH B MICBKOMY rOCHOAApC-
TBi 1 OyIiBHUITBI, XapKiBCHKUI HAIllOHATBHUI YHIBEPCHTET MicbKoro rocmomapcrsa iMeHi O. M. BeketoBa, Xapkis,
VYkpaiHa.

AHOTANIA

AKTyaabHicTb. B yMOBax JUHAMIYHOTO CepeOBHUINA, KOJH BUMOIH 3alliKaBICHUX CTOPIH MOXYTh 3MiHIOBATHCH, TPAAULIiNHI
METOJ¥ MOHITOPHHTY 1 KOHTPOJIIO BUKOHAHHS ITPOTPAaMHOTO IPOEKTY MAIOTh NeBHI oOMexeHHs. OTxe, € HeOOXiIHICTh B CTBOPEHHI
MiZXO/IB Ta BiAMOBIJHUX MPOIPAMHUX 3aCO0IB JUISI MOHITOPHHI'Y BUKOHAHHS BUMOT CTCHKXOJIIEPIB MPOCKTY, 30KpEMa, 3 YpaxyBaH-
HSIM X 0COOMCTICHOI OIIIHKH IIHHOCTi BUMOT Ta PECYpPCiB.

Merta po6oTu. Po3poOka MeToly MOHITOPHHTY IIIHHOCTI BUMOT CTEHKXOJIIEpiB NPOrPaMHOro MPOEKTY Ta BiIMOBIAHUX IHCTPY-
MEHTIB HOT0 BIPOBA/KEHHSI.

Mertoa. Bukopuctano MeTonu aHaii3y Ta CHHTE3Y, Ollepallii HaJ MaTpUISIMU, CHCTEMY BaroBux koegimientis ®imbepHa, MeTo-
IV Teopil ynpaBIiHHS MPOSKTaMH. 3apoONOHOBAaHO [IHHICHUN MiAX1 10 MOHITOPHHTY BUMOT 3alliKaBICHUX CTOPIH MPOEKTY. 3ampo-
TTOHOBAHO TIXOIH A0 BU3HAUCHHS MIHHOCTI BUMOT CTEHKXOJIEPiB HA OCHOBI HAsABHOI iH(OPMALii 3 THIIOBUX MPOEKTHUX JTOKYMEH-
TiB. 3aIPOIIOHOBAHO METO/ MOHITOPHHTY IIHHOCTI BUMOT CTEHKXOJIIEPIB IIPOEKTIB, 30KpeMa, IPOrpaMHHX, Ta BIAMOBIAHI iHCTpyMe-
HTHU HOTO BIIPOBA/DKCHHSI.

Pe3yabTaT. Ha OCHOBI IIIHHICHOTO MiJXOIYy /10 MOHITOPHHIY BUMOTI PO3POOJICHO MPOrpaMHi iIHCTPYMEHTH BiACTEKEHHS JIOCAT-
HEHHI TUIAHOBOT LIHHOCTI IPOEKTy. BilIOBIIHICT 3aIIPOIIOHOBAHOTO METOJY MpOLEcaM TPaIULIHHOIO MPOSKTHOTO MEHEKMEHTY
Jla€ 3MOT'y BUKOPUCTOBYBATH CTaHIApTHE IporpaMHe 3abe3nedyeHHs i GOpMyBaHHS BUXIAHMX JaHHMX Ta BiJOOpa)KeHHS pe3yJibTa-
TiB PO3paxyHKiB.

BucHoBku. Ha ocHOBI MeToy OCBOEHHX BHMOT HPOEKTY PO3POOICHO METOA MOHITOPUHTY LIHHOCTI BUMOT, SIKHi, Ha BiIMiHYy
BiJl ICHYIOUHX, I03BOJIUTH BPaXOBYBAaTH OCOOMCTICHI OI[IHKH LIHHOCTI BUMOT Ta PECYpCiB MiJ Yac MOHITOPUHTY BUKOHAHHS TPOCKTY,
3I1MCHIOBATH BIATIOBIAHI IPOTHO3M Ta PO3POOJISATH CTpaTerii poOOTH 3 MEBHUMH 3aliKaBICHUMH CTOpOHaMH abo ix rpynamu. IH-
CTPYMEHTH BUKOPHCTAHHS 3aIllPOIIOHOBAHOTO MeToAy B cepemoBuii MS Project 3abe3neuyioTs iHGOpManiiiHy MATPUMKY IS TIPH-
HHATTS IPYHTOBHMX DIllIeHb IIOZ0 aJanTamil MPOeKTy 10 3MiH y BUMOIaX CTEHKXOJIAEPIB, 30KpeMa, PO3PaxXOBYEThCS BIIXWICHHS Yy
JOCSITHEHHI I[IHHOCTI 32 PO3KJIJIOM Ta iHIEKC OCSTHEHHs I[IHHOCTI 32 PO3KJIaloM. [IepCcrieKTHBO0 MOAANBIINX JOCTIPKEHb € BUPi-

LICHHS 3224l ONTHMIi3awii pO3MOALTY PeCypCiB y MPOEKTi 32 yMOB MaKCHUMi3alliil JOCATHYTOI LIHHOCTI IPOEKTY.
KJUIFOYOBI CJIOBA: ynpaBiinHs BUMOTaMH, IPOrPaMHHUI [IPOEKT, L{IHHICTh, MOHITOPUHT, CTEHKXOIAEP.

ABPEBIATYPU

AC — daktnyanii obcar pecypciB (B rpomosii ¢op-
Mi), [0 BUTPaueHO Ha BUKOHAHHS POOIT MPOEKTy HA MO-
MEHT 3BITY 32 OCBOEHHM 00CSTOM;

ACWP — Actual Cost of Work Performed (paxrtnuna
BapTiCTh BUKOHAHUX POOIT);

BCWP — Budgeted Cost for Work Performed (6ro-
JDKETHI BUTPATH HA BUKOHAHY po0OTY);

BCWS — Budgeted Cost for Work Performed (0to-
JDKETHA BapTICTh 3alUIaHOBaHOI poboTH);

CPIR — iHAEKC BUKOHAHHS BHUMOT CTEHKXOJIIEpIB 3a
BapTICTIO;

CR — BigxuieHHs y BUKOHAHHI BUMOT 3a BapTiCTIO;

ER — ¢dakrtuunmit o0csar BUMOT (B TPOMIOBii (opmi),
0 JiiiCHO BUKOHAHO Ha MOMEHT 3BIiTY 32 OCBOEHUM 00-
CSITOM;

ES — Earned Schedule (MeTon ocBo€EHOTO pO3KiIay);

EValM — MeTox MOHITOpUHTY JOCSTHEHHS BHMOT
HPOEKTY;

EVM — Earned Value Method (Meton ocBoeHoro 06-
esry);

PMBOK - Project Management Body Of Knowledge;

PMI — Project Management Institute;
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PR — 3amnanoBanmii o0csar BuMor (B rpomioBiit ¢op-
Mi), IO 32 IUTAHOM MOBHHEH OyTH BHKOHAHUM Ha MOMEHT
3BITYy 32 OCBOEHUM 00OCSTOM;

SPIR — iHmeKkc BHKOHAHHS BUMOT CTEHKXOJIIEpiB 3a
PO3KIIAIOM;

SR — BigXuIIeHHs Y BUKOHAHHI BUMOT 32 PO3KJIaZIOM;

WBS — Work Breakdown Structure (iepapxi4na cTpy-
KTypa poOiT MPOeKTy).

HOMEHKJIATYPA

EVal — ¢akTiyHa HiHHICTE TPOEKTY, SIKY AOCATHYTO Ha
MOMEHT 3BITY;

F — }yHkuis, oo omucye B3aeMO3B’SI30K MK JTBOMa
€JIEMEHTaMH1 MOJIEIi;

m — KUTBKICTB POOIT piBHS i—1;

M;; | — MaTpuUI B3a€EMO3B’SI3KiB poOIT piBHIB i Ta i—1
i€papXiqHOI CTPYKTYPH POOIT MPOEKTY;

1 — KUIbKICTh pOOIT piBHS ;

PVal — 3anyaHoBaHa LIHHICTH INPOEKTY, SIKa TIOBHHHA
OyTH TOCSATHYTOHO HAa MOMCHT 3BITY;

req — MHO>KUHA BUMOT;

Req,, — k-Ta BUMOTa p-TO cTeiKX0naepa;

R, — psn IPIOPUTETIB LIHHOCTEH BUMOT p-r0O CTEHKXOI-
zepa;
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RVal — marpuns posmofiny IiHHOCTEH 3aIliKaBICHHX
CTOpIH 32 poOOTaMH IPOEKTY;

SPIVal — inziekc JOCSATHEHHI IIIHHOCTI 38 PO3KIIaIoM;

St — MHOXXHHA CTEHKXOJIAEPIB;

St, — u-1 CTEUKXOJAEP MIPOEKTY;

SVal — BigxueHHS y TOCATHEHHI I[IHHOCTI 332 PO3KJIa-
JA0M;

U — KITBKICTh CTEHKXOJIICPIB;

Val — marpuis po3noity BUMOT MIXK CTEHKXoepaMu
MIPOCKTY;

Val,; — olliHKa LIHHOCTI k-0 BUMOTH p-rO CTEHKXO01e-
pa;

Wjj — j-Ta poboTa i-ro piBHA iepapXivHOi CTPYyKTypH
po0iT npoekTy;

Z — KIJIBKICTb BUMOT,

@ — (yHKIiA, OO0 OMUCYE B3aEMO3B’ 30K MiX JBOMA
eJIeMEHTaMH MOJIEI Y HewiTKil (opMi.

BCTYII

MOHITOPUHT 1 KOHTPOJb MPOrPaMHOTO IPOEKTY, 3a-
3BHYAil, 3IIICHIOETRCS y TPU €TaIli: BCTAHOBJICHHS CTaH-
IapTiB e(peKTUBHOCTI, TOPIBHAHHA (PaKTHIHUX TTOKA3HU-
KiB 3 IINMH CTaHJAPTaMH Ta BXXUTTS HEOOXITHUX KOPHUTY-
BaJIbHUX fiit [1].

O0’€KTOM JIOCII/DKEHHSI € MPOLIECH MOHITOPUHTY 1
KOHTPOIIIO y MPOTrPaMHOMY ITPOEKTI, & MPeAMeTOM — Me-
TOJI MOHITOPUHTY BUMOT Y TPOTPaMHOMY TPOEKTI.

Ha 1eii yac mociiHUKaMu pO3pOOIICHO PI3HOMAHITTS
BIJINIOBITHUX PIIIICHb aJie, CIiJ 3a3HAYHTH, IO ICHYHOUYH
METO/IM MIEPEBAXHO CIIPSIMOBaHI Ha KOHTPOJb Yacy i Bap-
TOCTi B TIPOEKTi, IK OCHOBHHX OOMEXEHb — CTOPIH HOro
TPUKYTHHKa». [IpH HBOMY TPETBOIO CTOPOHOIO TPHKYT-
HHKa € 3MICT IPOEKTY, KU, B CBOIO Yepry, BU3HAYAETHCS
BUMOTaMH HOTO CTEHKXonnepiB. B ymoBax nauHamMigHOTO
CepeIOBHUINAa BUMOTH 3aI[iKaBICHUX CTOPIH MOXYThH 3Mi-
HIOBATHCh, 1 SKIIO JJIsI MPOCKTIB, II0 BUKOHYIOTHCS 3a
THYYKUMH (DpeHMBOpKaMH, IIi 3MIHU BIJICTEKYIOThCS 3a
pPaxyHOK 1TE€paTHBHOCTI, JUIS TPaJULIHHAX IPOrPaMHUX
MPOEKTIB 3arajibHOBIJOMUX METOJIB MOHITOPHHTY 1 TIPO-
THO3Y BHMKOHAaHHS BUMOT He icHye. Ha ocHOBi aHamizy
METOJIiB yIPaBIIiHHS 3alliKaBJICHHUMH CTOPOHAMH aBTOpa-
MU OyJIO 3aIIpOIIOHOBAHO METOJ] OCBOEHHX BHMOT [2], Ta
BIIMOBITHI TIporpamMHi iHCTpyMeHTH [3, 4]. Po3mmpeHHs
IIbOTO METOJY JO03BOJISE BIICTEKYBaTH TAKOK PU3HKH
mpoekty [5]. Takum 4rHOM, SKIIO METOJ OCBOEHOTO 00-
cary [6, 7] mo3Bonse BiACTEXKYBaTH MPOTPEC MPOCKTY 3
TOYKM 30py BHUKOHAHHS HOro poOOT BYACHO 1 B MeXax
OI0/UKETY, TO METOJ] OCBOEHHMX BHMOT MOB’SI3y€ IEBHI
BUMOTH 3 pOOOTaMH IPOEKTY 1 Aa€ 3MOT'Y IPOBOJUTH MO-
HITOPUHI BHKOHaHHS CaMe€ BHMOT, [0, B CBOIO 4epry,
JI03BOJISIE TIPOCKTHIH KOMaH/i aJanTyBaTHCs 0 WMOBIp-
HUX 3MiH Y BUMOT'ax 3al[iKaBJICHIX CTOPIH.

OOMeXCHHSM IIHOTO METOIY € HEOOXiTHICTh BH3HA-
YeHHs1 00CSTy BUMOT y TPOIIOBiH (opMi Ta BiICYTHICTP
MOJKJIMBOCT] BPaXOBYBaTH OCOOMCTICHY OILIHKY BHMOT Ta
pecypciB nieBHUM creiikxonaepoM. i oOMexeHHs 3HIMae
miaxin, sikuidi Oyze BIiACTeXKYyBaTh HE TIPOLIOBHH 0OCsT
BHKOHAHHUX BUMOT, a LIHHICTb, Ky OTPHUMYIOTH 3aIliKaB-
JIeHI CTOPOHM INpPU BUKOHAHHI MPOTrPaMHOTO MPOEKTY —
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Mepexi/l 10 MOHITOPUHTY LIHHOCTI BUMOT. TeopeTHYHOI0
0a30r0 s Takoro migxony (y BU3HAYEHHI IIHHOCTI) MO-
xe OyTH, Harpukiaaa, cTangapt P2M (3 Touku 30py SIKOTO
MIPOEKT — 1€ 3aXiJd, OPIEHTOBAHMI Ha CTBOPEHHS I[IHHOCTI,
o 6a3yeThCs Ha MEBHIN MicCii, 3AIICHIOETHCS B JOMOBJIC-
HUH 1epioll 4acy 1 B OOMEXKEHHSX y BUIIISAL pecypceiB i
30BHINIHIX 00CTaBUH).

OTke, OLIBII 3arajbHUM MiJAXiA 10 MOHITOPUHTY BH-
KOHaHHS BUMOT 3alliKaBJICHUX CTOPIH MPOTrPaMHOTO Mpo-
eKTYy MOXKe IependavyaTH BiJCTC)KCHHS BUKOHAHHS HE
Hepestiky BUMOT, a JIOCSTHEHHS IIeBHOI I[IHHOCTI JUIsl KO-
JKHOT'O CTEHKXOJIJIepa i MPOEKTY B LIJIOMY.

CTOCOBHO TporpaMHHX 3ac00iB MIATPUMKH IPOIECIB
MOHITOPHHTY 1 KOHTPOJIIO, TO OCHOBHHM iHCTPYMEHTOM
Ha crorogHi € MS Project Ta #oro ananoru (3 miaTpuM-
KOIO METOJTy OCBOEHOTO 00csATY). [l MpOeKTiB, 10 mia-
HYIOTBCSI Ta BUKOHYIOTBCS 32 THYYKHMH METOHOJIOTisMH,
1Ie TaKi cepsicy, sk Jira ado Trello.

MeTorw naHoi poOOTH € PO3pOOKa METOY MOHITOPH-
HTy LIHHOCTI BUMOT CTEHKXOJJIEpiB IPOEKTIB, 30KpeMa,
MPOTrpaMHMX, Ta BIAMOBITHUX IHCTPYMEHTIB HOTO BIpO-
Ba/KCHHSL.

1 IIOCTAHOBKA 3AJTAUI

BximHUMU JaHUMH JUTS TIPOBEACHHS aHANII3Y €. Mat-
puIst B3aeMo3B’s3kiB podbit WBS mporpamuoro mpoexrty
M;; |; MaTpHLs BIICTEXKEHHSI BUMOT R;; PEECTp CTEHKXOJI-
JiepiB (3aIfiKaBICHUX CTOPiH) MPOTPaMHOTO MPOEKTY St.

3aiaua MOHITOPHUHTY JOCSTHEHHS IIHHOCTI TIOJISTae B
TOMY, 11100 Ha Mi/ICTaBl BU3HAYCHOT 3aIUIaHOBaHOT Ta (ak-
THUYHOI LIHHOCTI MPOTPaMHOrO MPOEKTY OTPUMATH 3Ha-
YCHHS BIIXWICHHS Ta IHICKCY JOCSTHEHHS I[IHHOCTI 3a
PO3KJIIaI0M.

Omxe, pe3ynbTyrounmu 3mMiHEAME € SVal ta SPIVal.
OOMEeXCHHSIM METONy € HAasBHICTh BIMHOCHH THITY
Req s = Req ), Mix npiopureramu (LIHHOCTSAMI) BUMOT

MEBHOT'O CTEHKXOJIIepa.

Pe3ynbraToM BHKOPHCTAaHHS METOAY MOHITOPHHTY
IIHHOCTI BUMOT € iH(opMariiiiHa miATpUMKa MPUAHATTS
pIllIeHb 010 aJanTailii MPOrpaMHOro MPOCKTY J0 3MiH y
BUMOTaX CTCUKXOJIICPIB.

2 OI'JIA A JITEPATYPU

[cHy04M METOM MOHITOPUHTY 1 KOHTPOJIO TPOEKTIB
MOKHa KJIacH(iKyBaTH 32 YOTHPMa OCHOBHHUMH KaTeropi-
SIMH: OL[IHKa BHKOHAHHS NIPOEKTY, MPOrHO3YBaHHS OCTATO-
YHOI TPUBAJOCTI Ta BapTOCTI IPOEKTY, BU3HAYCHHS KOHT-
POJBHUX TOYOK, a TAKOXK TEHEPAIlisi CHUTHAIIB PaHHBOTO
TIOTIepEeKEHHS IS 3aITyCKy KOPUTYBaIbHUX it [1].

B Tabmmui 1 mpeacTaBieHo KPUTUYHUHN OTIIS Ta y3a-
rajbHEHHs BIAMOBIIHUX JOCHiKeHb. ITokasaHo, 1o Ime-
peBaXkHa OUIBIIICTH BIIOMHUX METOJIB KOHIIEHTPYIOTHCS
Ha KOHTPOJIi BAPTOCTI Ta TPUBAIOCTI MPOEKTY, PU YOMY
BOHHM €BOJIIOIIOHYBAJIN Bi mpocToi (ikcamii BiAXHICHb
BiJl IJIaHy (TpajuLiiHi S-KpHBi) 10 BiACTEKEHHS MpOrpe-
Cy BUKOHAHHS IPOEKTY 3 BUKOPHCTaHHSIM HMOBIPHICHOTO
HIJIXO/y Ta MOJCIIOBAHHS.
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Tabauus 1 — Pe3yabTaTi KpUTHYHOTO aHaJi3y METO/IIB KOHTPOJIIO Y MPOEKTax

XapakTepucTHKa

Konuemniiro S-kpuBoi OyJI0 BIPOBAIKEHO SIK CUCTEMY PAaHHBOI'O HOIEPEPKEHHS IS KOHTPOIIIO
BUKOHAHHS TpoekTy. [TopiBHIOEThCS (DaKTHUHUIA MPOrpec i MIaHOBI MOKa3HMKU BapTocTi. Y
pasi, Ko 3MiHA (aKTHUYHOI BApPTOCTI MEPEBUILIYIOTh BU3HAYCHI MEKi, HEOOXITHO BXKUTH NEBHI

S-KpHBi MarOTh Oarato OOMEXEHb Yepe3 IX arperaTHBHICTh, TOMY PO3POOJISETHCS METOJI OCBOE-
HOro 00csry (OCHOBHHIA IHCTPYMEHT BHMIPIOBAHHS IPOJYKTUBHOCTI MPOEKTY y TPAAULIHHOMY
MPOEKTHOMY MEHE/DKMEeHTI Ha el yac). EVM 6a3yeTbcs Ha TPhOX KIIOYOBUX ITOKAa3HHUKAX:
Oro/pKeTHa BapTicTh 3aruiaHoBaHoi podotn BCWS (abo mianoBa Bapricts PV), daktudna Bap-
TicTh BHKOHaHHX pobiT ACWP, (abo daxtmuni Butpari AC), a Takok OIODKETHI BUTpaTH Ha
BuKoHaHy pobory BCWP (abo ocBoennii obcsir EV). CriBBigHOLICHHS IUX HOKA3HHKIB Ja€
MPOEKTHOMY MEHEKepy iH(OPMAILilo OO0 CTaHY BUKOHAHHS IPOEKTY.

Sxumo tpamuniiiauit EVM nepenbadae BU3HAYEHICTH I0J0 TPUBAIOCTI Ta BapTOCTI MPOEKTY,
posuupeni metogu EVM BKiII04aroTh aHali3 pU3UKiB Npoekty [8, 9], y ToMy umcii mponoHy-
€Tbes BUKopucTanHs Meroay Monre Kapino s moznemoBanns BCWS, ACWP ta BCWP [10].
Meton Earned Schedule (ES) [11], HaBmaku, 3By>Kye MeXH BUKOPHCTAHHS Tpagumiiinoro EVM,
3aIHIIAIOYH JUIS QHATI3Y JIMILIE TOKA3HUKH Yacy JUlsl MiJBHILEHHS TOYHOCTI OLIHIOBAHHS e(ek-
THUBHOCTI rpadika NPOEKTY Ta MPOTrHO3yBAHHS HOTO TPUBAIOCTI.

3 MeToro migBuLieHHs eekTHBHOCTI EVM B po3pi3i KOHTPOIIIO 32 BUTpAaTaMH B PeabHOMY Yaci,
aBTop [12] NPONoOHYIOTh OLIHIOBATH MIPOTPEC i BAPTICTh HUIIXOM JMHAMIYHOI OLIHKH HAa OCHOBI

Asropu [13] 3anpoBa iy HOBHIA MiIXi/ IO BCTAHOBJICHHS MeX Uit MeTpuku SPI, mo0 oninnTu
CroXKHMBaHHs Oy(epa i yac BUKOHAHHS POCKTY.

Trmi mogudikosani ninxoau EVM, sk 1 ES, 30cepemkeni Ha mporHo3yBaHHI TPUBAJIOCTI MTPOEK-
1y [14]. Hanpuknan, aBropu [15] y crnpoOi MiABUIMTH TOYHICTH MPOTHO3YBAHHS TPUBAJIOCTI
npoexty, 00’ eanann EVM 3 KpUBHMH HaBYaHHS Ul MOJICIIOBAHHS HETIHIHHUX 3MiH y poOoTi

Kpim Bincrexenss nporpecy npoekry, EVM BHKOPHCTOBY€THCS [UIsl IIPOTHO3YBAHHS 4Yacy Ta
BUTpAT Ha 3aBEpIICHHs. MeToau MporHo3yBaHHs yacy Ha ocHOBI EVM MoxyTh OyTH 3rpynoBa-
HI y /IBa OCHOBHI KJIaCH: JICTepMiHOBaHI Ta iiMoBipHicHI migxoau [16]. JlerepminicTuuni MeToan
TeHepyI0Th TOYKOBY OLIHKY KiHI[EBOI TPHBAJIOCTI IPOEKTY Ta YaCTO 3aCTOCOBYIOTHCS JUIS aHAI-
3y rpomoBuxX notokis [17]. MmosipuicHi MeTomu 3a6e3neuyiors foBipui iHTepBaTH a60 Po3Mo-

OxpiM EVM, Hail0inpll NOLIMPEHUMH METOJaMH IPOTHO3YBaHHS € cTaTUCTHYHI MeTtomu. o
HUX BigHOCAThCs curve fitting i perpeciiinuii ananiz. CToxacTH4Hi S-KpHBI JalOTh BEPXHIO 1
HIDKHIO MK JUISL [llalla30Hy HPUIMHATHUX PE3yJbTaTiB Ha OCHOBI HEBU3HAYEHOCTI IIPO MPOTHO-
3u. Li croxacTu4Hi METOIM MOXKYTb OyTH PO3IIMpPEHi, 100 3aIpONOHyBAaTH KOPUTYBaIbHI il
[17]. S-KpuBi TaKOX € OCHOBOIO JUIsl IPOTHO3YBAHHS IPOIIOBUX MOTOKIB [18].

Perpeciifnuii aHai3 4acTo 3aCTOCOBYETHCS JUISL OLIHKH (OPMH S-KpHUBOI Ta IPOTHO3YBaHHS
IPOLIOBOTO MOTOKY. ExcTpanomioroun S-kpHBY 10 3aBEpIICHHS MPOEKTY, OTPUMYIOTh OLIHKH
4acy Ta BapTocTi Io 3aBepiieHHi. CTATHCTUYHI METOAM Takox Oynu inrterpoBaHi B EVM 3 me-

TexHIKH ITYYHOTO IHTENEKTY, TaKi SIK HEHPOHHI MEpPeXki Ta CHCTEMH Ha OCHOBI 3HaHb, 3a3BHYAil
BHKOPUCTOBYIOTBCS JI0 ITOYATKY HPOEKTY SIK 3aCO0M POrHO3yBaHHs dacy [17].

KOHTpOIIb 32 IPOEKTOM 30CepeKYETHCSI Ha KPUTHYHUX NMOPYLICHHSX, [0 BUHUKAIOTH ITiJ] 9ac
BHKOHAHHS MPOCKTY Ha MOTCHUIHUX «KOHTPOIBHHX TOYKax». Yac HUX KOHTPOJIBHHX TOYOK
Moxe Oyt abo (ikcoBaHHI 10 MOYATKy MPOEKTY, a00 TMHAMIYHO 3MIHIOBATHCS IIiJ YaC BHUKO-
HaHHS [TPOCKTY BiJIMOBIIHO JI0 CTaHy BUKOHAHHS po3kiany [19].

ITix wac BukoHaHHs mpoekty iHaekcn EVM, taki sk CPI ta SPI, Hamatote iHpopmaiiio mpo
edexTuBHICTs poboTu. OnHAK, i IHAEKCH BIXHOCATHCS 10 BUTPAT i rpadiky BUKOHAHHS TiTBKU
Ha JaTy 3BiTY 1 HE BIACTEXKYIOTh AuHaMiKy. CTaTHCTHYHI KOHTPOJIbHI JiarpaMi HaMaraioThCsl
10JI0JIATH 11e 0OMEXKEHHs 32 IONOMOroo rpadiynoro BinodpaxeHHs Bapiauiii [20].

Ha 101aTOK 10 CTaTUCTHYHUX KOHTPOJBHUX KapT, IMITALiiHI MOJENi TaKOX 4acTO BHKOPHCTO-
BYIOTBCSL ISl HAIAHHS [IONEPEe/DKYBAIbHUX CHUTHAIIB KEPIBHUKY MPOEKTY IS BKUTTS BiJMOBI-

I'pyna Meton Jxeperno
S-kpuBa [6]
3aXO0JIH.
EVM [6,7]
-
Q
Q
aQ
[
=}
o
=]
2
% PosmmrpenHs [8-15]
=] EVM, HoBi
g MOKA3HUKH
=
o]
=
o
o
i=
)
=}
=
4acOBUX IHTEPBAJIB.
KOMaH/IU ITPOCKTY.
JletepmiHOBaHM [16,17]
Ta IMOBIpHICHUI
EVM
JILITA MOYKJTUBUX TPHBAIOCTEH.
- CroxacTuyHi S- [17, 18]
2 KPHB1
[
5]
2.
=
Perpeciitanit [14]
aHani3
TOFO HOJIMIICHHS HOTro MporHo3yBanHs [ 14].
Heiiponni [16]
Mepexi
. ®dikcoBaHi Ta [19]
= E E JMHAMIYHI
o
< g 2
Craructuusi [20]
= KOHTpOJIbHI JTiar-
aMU
E = P
eR —
z ImiTaniini [8,10]
g Mojeni
HUX KOPUTYBAJIBHUX TiH.

AuJte HaOUIBII BUKOPHCTOBYBAHUM Ha ChOTOJIHI € Me-
TOJ] OCBOEHOTO 00CSTY, SIKMH, 710 TOTO 3K, PEKOMEH/1y€Th-
cs1 1o Bukopuctanas PMI PMBOK Ta mae cBiil BiiacHUiA
cranaapr [6, 7].

Jns komreHcarii BiICYyTHOCTI 1HCTPYMEHTIB MOHITO-
PHHTY 1 KOHTPOJIIO BUMOT 3aIliKaBJICHUX CTOPIH HMPOEKTY
B poOoTax [2—5] aBTOpamMu 3alpONOHOBAHO ITiIXi[, SIKHA
JIO3BOJISIE BIZICTE)KYBAaTH 1 KOHTPOJIOBATH BUKOHAHHS BH-
MOT CTEHKXOJIEPiB MIPOEKTY.

Tak, BU3HAUCHO MMOKA3HUKU METOAY OCBOEHOTO 00CS-
Iy BUMOT 3allikaBiieHHX cropin mpoekty: PR, ER, AC,
SR, CR, ingexcu SPIR Ta CPIR. [lani moka3sHuKH Ta iH-
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JIEKCH € TiICTaBOIO JJIsl HOAAIBLIOTO TIPOrHO3Y BUKOHAH-
Hsl TIPOEKTY 1 BU3HAYAIOTh HEOOXIIHICTh Ta HANpsAM Kope-
ryBajJbHHX [iii. Hagani nponoHyeThesi pO3BUHEHHS LIOTO
METO/y 3 TEpPEX0/I0M O MOHITOPHHTY I[IHHOCTI Iporpa-
MHOTO TIPOEKTY, [0 HAJACTh 3MOTY, 30KpeMa, BpaXxoByBa-
TH HeMaTrepianbHi BHMOTH Ta OallaHCYBaTH iHTEPECH
CTEHKXOINACPIB 3 ypaxyBaHHAM iX OCOOHCTICHHX OIIIHOK
IIHHOCTI BIMOT Ta pecypciB B mpoekTi. HacTymHuM eta-
MOM € po3po0Ka MpOorpaMHUX 3aco0iB peanizariii 3ampo-
MIOHOBAHOTO METONY.
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3 MATEPIAJIA I METO/IU — IHOEKC JOCSTHEHHS MIiHHOCTI 32 PO3KIAJ0M
Sk BkazaHo y [21], 3B’s13KH MK poOOTaMu pi3HUX piB- EVal
HiB WBS MoXyTh OyTH mpeacTaBieHi y BUMIIAL MaTpHIIi SPIVal = PVal

(1), ememenTH sKOi BKa3ylOTh Ha HasBHICTH abo BiJCYT-
HICTB 3B’5I3Ky MK pobotamu i-ro Ta (i—1)-ro piBHIiB: F = 1,
SIKIIO 3B°5130K €, 1 F'= 0 3a BifcyTHICTIO 3B’ 513Ky (1).

VY cBOMO uepry, KOXKHA 3 eJIEMEHTapHHUX POOIT mporpa-
MHOT'O TIPOEKTY MOKe OyTH acoIliifoBaHa 3 ICBHUMH BUMO-
raMH CTEHKXONIepiB, BUKOHAHHA SIKMX IIATPUMYE JaHa
pobota (2):

\ Wi-1,1 Wi-1,m

wir | Fwi1,wii11) FWi 1, Wisim)
M1 =wia | FOwio,wi1)) FWi.wiiim) (1)

Win F(Wi,nvwi—l,l) F(Wi,nv Wi—l,m)

Wil Win

reqy | @(reqy,w;y) D(reqy, wi )
Req; =reqy | D(reqy,wi) D(reqr,w; ) (2)

req, (p(reQZ > Wi,l) (p(reQZ > Wi,n)

[Toka3aHo, 110 B3a€MO3B’SI30K BUMOT CTEHKXOJIEPIB
NPOrPaMHOTO MPOEKTY Ta POOIT i-ro piBHS MOXe OyTH 3a-
JaHU{ y HewiTKid (opmi.

Axmo D(reqy,w; ;):reqi xw; j —> [0;1] — ne QyHkuis

MIPUHAJISKHOCTI HEYITKOTrO OIHAPHOTO BifHOIIEHHS (2), TO
A BCIX reqy € req Ta Wi, j EW; byHKLis

D(reqy,w; ;) — U CTYIliHb, Y IKOMY BUKOHaHHI j-i poGo-

TH i-TO PiBHS 3yMOBJIIO€ BUKOHAHHS BUMOTH K.

SIKIo TpaauLiiHI METOIM BiICTEXYIOTH BapTiCTh BH-
KOHaHHS POOIT TPOEKTY, TO 3alPOIIOHOBAHMI B JaHiil po-
00Ti TimxXig Hamae MOXKIIMBICTH BiICTEXKYBaTH IIHHICTB
BUMOTH JJIS IIEBHOTO CTEHKXOJEpa:

| req; req,
sty | Val(sty,req) Val(st,req.)
Val = st, | Val(st,,req;) Val(sty,req,).

st, | Val(st,,req;) Val(st,, ,req)

Tak, matpuris (3) 3amae B3a€MO3B’ 130K MiXK BAMOTaMHU
Ta iX MIHHICTIO AJIs KOXKHOTO 31 creiikxonaepiB. Tomi ¢o-
pMmyna RVal = Req; - Val 3amae posnoain LiHHOCTEH 3a-
LiKaBJICHUX CTOPiH 32 poOOTaMH POTPAMHOTO TIPOEKTY.

BincreskeHHS NOCSITHEHHS IDIAHOBOI IHHOCTI TPOEKTY
MIPOTIOHYEThCS 3IHCHIOBATH Yepe3 HACTYIHY HU3KY MOKa-
3HUKIB:

— 3alUlaHOBaHa IIHHICTh MPOTPAMHOTO MPOEKTY, SKa
HOBHHHA OyTH IOCATHYTOIO HA MOMEHT 3BITY;

— (baKTHYHA IIHHICTH NTPOTPaMHOTO MPOEKTY, Ky JliHic-
HO JIOCSITHYTO Ha MOMEHT 3BITY;

— BIIXWIEHHS Yy JOCATHEHHI LIHHOCTI 3a pPO3KJIaZoM
SVal = EVal- PVal;
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Jns orpumanHs BximHux manwx (PVal, EVal) Heo6-
X1JIHO 3aMpOTIOHYBAaTH IHCTPYMEHTH JUIS KUIBbKICHOT OLliH-
KU I[IHHOCTI BUKOHaHHs BuMor. Ha ocHoBi [22-24] npo-
HOHY€EThCS BUKOPUCTOBYBATH HACTYITHI CIIOCOOH:

BesnocepenHe oriHOBaHHS. Mertoj mossirae y BijHe-
CEeHHI L[IHHOCTI TIEBHOI BUMOTH JI0 JESKOTO 3HA4YeHHS 3a
OLIIHOYHOO mIKajoro. st mojgasbpinoi oOpoOKH oTpuMaHi
OLIIHKA MaroTh OyTH IIPOHOPMOBaHi, TOOTO iX cyma Mae
OyTH TpuBeleHA IO ONWHHMIN IDISXOM JUICHHS KOXHOI
OIIIHKY Ha iX 3arajbHy CyMy.

LinHiCTF BEMOTH MOJXE, 30KpeMa, BH3HA4YaTHCS ii
npiopureroM. Hanpukian, 3a crangaprom PMBOK, ma-
paMeTpu, MoB’s3aHi 3 KOXKHOIO BUMOTOIO, (DIKCYIOTHCSI B
MaTpHlli BIJICTEXKEHHS BUMOT, JI¢ BKa3yeThCs I OIHKa
MPIOPUTETHOCTI KOXKHOT BUMOTH.

Psin mpioputeriB. SIkmo Bimomi JTiHINHI CIIBBiJHO-
LIEHHsI KOMITOHEHTIB psiAy HiHHOCTEl BUMOT (TIpiOpUTETIB

BHMOT), JUIs OLIHKK 3Ha4eHb LiHHOCTed Val,, p=1Lu,

k =1,z MoxyTs OyTH BuKopucTani (opmynu DimbepHa.
Ha ocnoBi BepOambHOI (Y CTaTUCTHYHOI) iH(pOpMamii
3MIHCHIOETHCS SIKICHE BiOOpaKEHHS MIPIOPUTETIB LIHHOC-
Tel BUMOT. SIKIIO U1t KOXKHMX ABOX BUMOT Req,, Ta Req,

€ TiJcTaBH BBaXKaTH, Mo Re qps = Reqp, s,k=1,z, T0

MOXHa MO0y IyBaTH Psiji PIOPUTETIB BCIX LIHHOCTEH BH-
Mor p-ro creiikxongepa R, = [Req,; Reqy; ...[Reqpy
Reqyi+1]; ...; Reqy.], ne Req, — BMMOra 3 HaWBMIIUM
npioputeToM; Reg,. — 3 HAWHIKYNM; BHYTPITHIMU KBaj-
paTHUMHU Oy»XKaMH y (GOpMyJl BiJ3HaueHI piBHO3HAYHI
IiHHOCTI Req, ~ Reqp+;. OTXe, 3riiHO 3 MOOYI0BAHUM
psiioM npiopuTetTiB Val, > Val,, >...>Val,,. .

Jist nanoi curyanii @imbepH BHCYHYB TiloTe3y, IO
JUTSl IPAaKTHYHMX JIOCHIPKEHb TOCTaTHHO BUOPATH OLIIHKA
anpiopHUX 3HA4YEHb IIHHOCTI Y BUMIIAI criafgHoi apupme-
TUYHOI Tporpecii, 1 ToKa3aB, MO0 iX MOXHA 0OYUCITIOBATH
3a GOpMyIIOIO:

A3)
_2(z—k+1) 4
Val,, 2(z+1) . “)

Binapre criBBifHOMIEHHS. Y BHMAJAKY, KOJM Ha BepOa-
JHHOMY DiBHI 37ilicHEHa MoOyIOBa psiy HPIOPUTETIB i
Cy0’€KT yHIpaBIIiHHA BOJIOJI€ MOAATKOBOIO iH(opMmariero,
MOYKHA 3TIHCHATH KiTbKiCHE YTOUYHEHHS PSIY IPIOPUTETIB.

Le yrouHeHHS MOXXHa TIOAATH Y BHTILINI psimy OiHap-
HUX BIJHOIIEHB NPIOpUTETIB RV = {v,; vy ...; vy}, H€
Vpi — LI€ YHCIIOBI OLIHKK Pe3yNbTaTiB MOMAPHUX MOPIBHIHb
MDK cO0O0I0 BCIX LIHHOCTEI BUKOHAHHSI BUMOT TIPOCKTY.

Hanpuknas, sIKIIO v,,=¢, TO Ll BKa3ye Ha Te, IO I[iH-
HiCTb BUMOTH Req, B ¢ pa3 Oinmblia 3a I[IHHOCTI BUMOTH
Reqi+1. Sxmo, py=1, 11e BKasye Ha OJHAKOBY LIHHICTbH
BUMOT Req,; Ta Req,p+ .

SIKIO MOKIACTH Vy,, = 1, TO JUIs OOYKCIIEHHS BiJNOBIIHUX
OIIHOK IIIHHOCTEH MOXKHA CKOPHCTATHUCH (HOPMYIIOIO:
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[TV s
s=k
z z ’
2 I1vs

k=1 s=k

Valpk =

®)

Sxmo Ha Ga3i HasBHOI iH(pOpMAIli MOXKHA CTBEpPIXKY-
BaTH, 10 MAIOTh MICII€ YaCTKOBO ITOCHJIEHI JIHIHHI CIIiB-
BiJJHOIIICHHS BIIOPSIKOBAHOCTI TO, 3TiMHO 3 Timote30t0 Di-
mOepHa JUls MPaKTHYHUX JOCIIIKEHb OLIHKK Val,;, MOX-
Ha BUOpaTH y BUIJIAl CMaJHOI F€OMETPUYHOI MPOTrpecii.
dimbepH nokazas, 1IO:

2z—k

(6)

Val k= .
PRz g

Sxmo BimoMi iHTEpBaJBHI CIIBBIAHOMICHHS BIOPSIKO-
BAHOCTI IIOAO IHHOCTEH BHMOT o < Val, <B, 1

a,Bx =0, To oninku PimbepHa 3a1a10ThCs GOPMYIIOI0

z
1—Zak
- k=1 | _
Valy = oy +— (Br —ouge) -

z (Bs - OVS)
s=1

O

[pu IbOMy HaKJIAIAOTHCS YMOBH:
zZ z V4
(B -a,)>0 So <k 3,2
s=1 s=1 s=1

Tak, MOXXHa 3aJaTH YKCIIOBI OIHKM I[IHHOCTI BHMOD
HPOEKTY.

Hapmani HeoOXiTHO BU3HAYUTH, SKUM YHHOM Oy OITi-
HIOBATHCH JIOCSTHEHHS LIHHOCTI ITi/{ Yac BMKOHAHHS IIPO-
rpaMHOTO HpOeKTy (Tporecy). st bOro mponoHyeThes
BHKOPHUCTOBYBATH (DaKTHIHI JJaHi a00 alalTOBaHi MpaBuiia
EVM:

— mpaBuio 50/50. LliHHICT BBaXKa€TBCS ITOCATHYTOIO
Ha 50 %, Komu BiQIOBiHI POOOTH PO3MOYAIUCS; OCTAHHI
50 % BBaKArOTbCS AOCATHYTHMH JIMIIE ITiCIIS 3aBEPLICHHS
pooirT;

— mpaswio 20/80. IliHHICTP BBaXKAETHCS IOCATHYTOIO
Ha 20 %, Komu BiQIOBiZHI POOOTH PO3MOYAIMCS; OCTaHHI
80 % BBaKaIOThCS JTOCSTHYTUMH JIMIIE TTICIIS 3aBEPIICHHS
pooiT;

— mpaswio 0/100. LliHHICTP BBAXKAETHCS JOCATHYTOO
JIUIIIE TTiCTIS 3aBEPIICHHS POOIT.

Omxe, MO)KHA OTPUMATH IUIAH IOCSATHEHHS IIHHOCTI
BHAMOT CTEHKXOJICPIB MPOEKTY 1 BIICTEKYBaTH HOTO BHKO-
HaHHA y 4aci. Tak, Ha puCyHKy 1 IOKa3aHO, II0 y MOMEHT
yacy 1 crnocrepiraeTbCsi BUIEpEIKEHHsT Tpadiky I0CsT-
HEHHS [IIHHOCTI BUMOT Y TIPOEKTI.

[portecHy MoEIb 3aMPONOHOBAHOTO METOIY MOHITO-
PHHTY JIOCSITHEHHS LIIHHOCTI BUMOT Y IIPOIpaMHOMY Tpoe-
KTI IOKa3aHO Ha PUCYHKY 2.

4 EKCHEPUMEHTHU
Jnst nemoHcTpauii mpakTHYHOI peamizaiii po3pobie-
HOTO MeTOAy OyII0 MPOBEACHO BiNOBITHI PO3PaXyHKH.
Ha mozneni meBHOTO MPOTpaMHOTO MPOEKTY, PO3pO0-
neHii B cepenosuili MS Project, Oyio BU3HAa4eHO TIaHO-
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Bi TMOKa3HWKU OCATHEHHS LIHHOCTI AJIi KOXKHOI poOOTH
MIPOEKTY:

— TUIAaHOBY LIHHICTh BUMOT CTEUKXOJEPIB, 10 3a0e3-
neyye KOKHa poOoTa (B JaHOMY NPOEKTI BHUKOPUCTAHO
MeTon Oe3MocepelHhOro OLIHIOBAHHS 3 BPaxyBaHHAM
BapTOCTI BUKOHAHHS po0iT);

— TUIAHOBY LIHHICTh BUMOT CTEHKXOJEPIB, 10 3a0e3-
reyye KoKHa po0OTa Ha MOMEHT 3BiTy (LIHHICTH BHMOT
CTEHKXONJepiB, sika MOBUHHA OyTH BHKOHAHOK HAa MO-
MEHT 3BITY 32 TUIAaHOM).

Bimnosimny iH(opMariito BHeceHO mo mosiel Val ta
PVal moneni (puc. 3).

BusnaueHo, 110 OLIHIOBAHHS OOCSATHEHHS I[IHHOCTI
3IIACHIOETBCA 38 (PAKTHYHUMHU JaHHMH IIOAO BUKOHAHHS
npoekty. Po3paxoBano nokazuuku SVal ta SPIVal, nona-
HO rpadiuHuil IHAMKATOD, SKUI MOKa3ye, B SKUX MEXax
3Haxonutecs SPIVal.

5 PE3YJIbTATHU

TakuM 4MHOM, 3a JOIIOMOTOIO 3aIPOIIOHOBAHOTO Me-
TOIy Ta po3pobieHux iHcTpymeHTiB MS Project pospaxo-
BaHO MOKA3HUKU (DAKTUYHOTO JOCATHEHHs I[IHHOCTI BH-
MOT TIEBHOTO IIPOTPaMHOTO IIPOEKTY.

Juis Ko>kHO1 poOOTH TPOTPAMHOTO MPOEKTY PO3paxo-
BaHO BiIXWJICHHS y IOCSTHEHHI MIHHOCTI 32 PO3KIAIOM
SVal Ta iHAeKC NOCSTHEHHS WIHHOCTI 3a PO3KIIaJOoM
SP[Val.

[HTepnpeTallisi OTpUMaHUX Pe3YNbTATIB 3/1IHCHIOETHCS
3a JIONIOMOT 00 TadHIi 2.

Po3paxoBaHO TakoX BiAIIOBI/IHI MIOKa3HUKHU 33 CyMap-
HUMH poOOTaMu (€TamaMu MPOEKTY) i MPOCKTY B ILJIOMY.
Tak, HampuKIa, HA MOMEHT MPOBE/ICHHS aHANI3Y iHACKC
JIOCSITHEHHST LIHHOCTI 33 PO3KJIJIOM JUIS IIPOEKTY CKJIaB
0,46, oo CBITYNTH MPO BiJICTaBaHHS y BUKOHAHHI TUIAHY
JIOCATHEHHS IIIHHOCTI BUMOT.

IanukaTopn Ha PUCYHKY 3 BKa3yIOTh Ha «IIPOOIIEMHI»
pobotH, 3a SKUMU Tpebda BXXUTH KOPETyBalbHI Mii.

6 OBI'OBOPEHHSI

Sk BuIHO 3 TabmuIli 1, iCHYFOUH METOAH KOHTPOITIO B
MIPOEKTax 3/1e01IBIIOr0 CKOHIIEHTPOBaHI Ha MOHITOPHHTY
BapTOCTi Ta TpuBajocTi. [IporpaMHe 3a0e3meyueHHs I
TUTAHYBAaHHS 1 KOHTPOIIO TIPOEKTIB, BiNOBITHO, BHPIIIYE
aHaJOTivHI 3a7adi. THUIOBUM TPENCTABHUKOM 3TaJaHuX
METOJIIB € METOJ] OCBOEHOTO 00CATY, KU JT03BOJISIE Bill-
CTeXXyBAaTU TMPOTPEC MPOEKTY 3 TOYKU 30PY BUKOHAHHS
Horo poOOT BYACHO i B MeXax OIOJDKETY, alie HEe J]a€ MO-
JKIJIMBOCTI Y SIBHOMY BHIJISAZI BiJICTC)KYBAaTH BHKOHAHHS
BHUMOT CTEHKXOJIJIEPIB.

Ta6muws 2 — [HTeprnperanist pe3yabTaTiB AT METOLY
MOHITOPHUHT'Y IIIHHOCT1 BUMOT'

Tloka3HUKH SVal >0; SVal =0; SVal <0;
BHKOHAHHS SPIVal>1 SPIVal=1 SPIVal<1
TPOEKTY
CraH BHKO- BUIEPEKEHHS BHUKOHAHHS Bi/ICTABAHHS Y
HaHHS TPO- IUIaHy JOCSTHEH- | IUIaHy JOCSI- BHUKOHaHHI
TPaMHOTO HS LIHHOCTL HEHHS LIHHO- | TIUIaHy JOCST-
MPOEKTY BHMOT CTi BUMOT HEHHSI I HHO-
(3eseHu iHMKa- (>KOBTHIA CTi BUMOT
TOp) IHIIMKATOP) (uepBOHHI
iHIMKATOP)
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Jana poboTa € TOTIYHUM MIPOAOBKECHHSAM ITOTIEPEIHIX
poOiT aBTODIB, e OyII0 3aIPOITOHOBAHO IPOBOJUTH MOHI-
TOPUHI' BUKOHAHHS BUMOT 3aLliKaBJI€HUX CTOPIiH IPOEKTY,
IO € JII€EBUM IHCTPYMEHTOM pearyBaHHsS Ha 3MIHU JMHA-
MIYHOTO CEepeOBHIIA MPOEKTY. 3alpONOHOBAHUK y Ia-
HOMY JTOCJIJKCHHI I[IHHICHUH MiIXiJ] 3HIMAa€ OOMEXCHHS
METOJly MOHITOPHHTY BHMOT II0JI0 HEOOXiJHOCTI BU3HA-
YeHHsS 00CATy BUMOT y TPOIIOBiH (opMi Ta Hagae MOXK-
JIMBICTH BPAaXOBYBaTH OCOOMCTICHY OILIIHKY BHMOT Ta pe-
CYpCIB IIEBHUM CTEHKXOJIIEPOM.

B Tabmumi 3 HaBeneHO MOPIBHSIBHY XapaKTEPHCTHKY
MoxsmBocTed MS Project 3 po3poOneHUM IOAATKOBUM
¢ysakmionamoMm Ta 6a30Boi Bepcii MS Project 3 iHmmMm
MIOIIUPEHUMH TIPOTPaMHUMH 3aC00aMHU YIIPaBIiHHS IIPO-
eKTaMH.

Ta6muus 3 — [TopiBHSUIBHUI aHAII3 IPOTPaMHOT0 3a0€3eUeHHS
3 yIpaBIiHHS IPOEKTaMU
Microsoft
Project
3 10JaTKO-
BUM (YHK-
1[iOHAJIOM

IHcTpy™men-
TH MOHITO-
pHHTY Ta
KOHTPOJIIO

Microsoft
Project

Spider

Primavera .
Project

Amnainiz
wiad / pakt
Ipodeciii-
Ha TIPOEKT-
Ha CTaTHC-
THKa Ha
6a3i mpo-
MHUCJIOBOTO
OLAP-
cepsepa
ABTOMATH-
YHUH 3aMUT
po CTaH + + + —
pobotu
BUKOHABIIIB
Iapopmy-
BaHHS PO
cucTeMy
podoTtu
TOI-
MEHKEpiB
Bincrexen-
Hs 00’ €MiB
OcBoeHHnit
00’em
OcBoeHi
BUMOTH
(TpomoBa
Popma)
Mowirto-
pHHT 10cs-
THEHHS
LIHHOCTI

+ + + +

BUCHOBKU

BupimeHo BaXIMBY HAyKOBY 3aJady MaTeMaTHYHOI
Ta iHPOPMALIHHOI MIATPUMKHA TPUHAHATTS PIlICHb IIOA0
ajamnTamii MPOrpaMHOTO TPOEKTYy M0 3MiH y BHMOTax
CTEHKXOIIZICPIB.

HaykoBol0 HOBH3HOI0 OTpPUMAaHHMX pE3yJbTaTiB €
PO3pOOJICHUIT METOJ] MOHITOPUHTY LIHHOCTI BHUMOT IIPO-
TPaMHOTO TIPOEKTY, SIKMH, Ha BIIMIHY BiJl ICHYIOYHX, JO-
3BOJIUTh BPAaxOBYBaTH OCOOMCTICHI OIIHKU I[IHHOCTI BH-
MOT Ta PECypCiB MPOEKTY Ta 3a0e3MeUnTh iHPOPMALIHHY
MiATPUMKY Ul TIPUAHATTS TPYHTOBHUX PIllleHb MIOJO
aJianTarii 10 3MiH Y BUMOTaX CTEHKXOJIepiB.
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IpakTuyne 3HA4YeHHHA pE3yIbTATIB JOCIIHKCHHS
MOJISITa€ B TOMY, IO BHUKOPWUCTAHHS PO3pOOJICHHX iH-
cTpyMeHTiB MS Project Hajae MOXIHMBICTH BHU3HAYUTH
CTaH BUKOHAHHS IPOTPAMHOTO MpPOeKTy (abo iforo mes-
HHUX pOOIT) MIOMO AOCSITHEHHS I[IHHOCTEW HOro 3aIfikas-
nenux cropi. Tak, Hanpuknaz, iH(GopMalis moao poodiT
3 BiZICTaBaHHAM y rpadiky JOCATHEHHs I[IHHOCTEW Hajae
MOXIIUBICTh IPYHTOBHOTO PECYpCHOrO IUIaHYBaHHS B
yMOBax 00MEKEHOCTI pecypciB.

ToMmy mepcneKTHBOIO TOAAIBIINX JIOCTIHKEHD €, 30K-
pema, (OpPMYIIOBaHHS Ta BHPILIEHHS ONTHMIi3aliiHOI
3aadi PO3MOALTY PECypCiB y MPOTpaMHOMY TIPOEKTI 3a
YMOB MaKCUMi3amii JOCATHYTOI IIIHHOCTI TIPOEKTY.

NOAAKHU
PoGora BrKOHaHa Ha kadeapl yrnpaBimiHHI TPOESKTAMU
B MICBKOMY TOCHOAApCTBI 1 OYIiBHUITBI XapKiBChKOTO
HAIliIOHAIFHOTO YHIBEPCHUTETY MICBKOTO TOCHOJapCTBa
iMeHi O.M. BekeroBa B Mekax HayKOBUX JIOCIIKEHb, 10
MPOBOIATHCS Kaeaporo.
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INPOI'PAMMHBIE CPEJCTBA MOHUTOPUHI'A HEHHOCTHU KAK HHCTPYMEHT AJAINITALIUA
K UIBMEHEHMSM B TPEBOBAHUAX CTEMKXOJIAEPOB IPOEKTOB
I'yceBa IO. }O. — xaHA. TexH. HayK, JOLEHT, TOLEHT KadeAphl YIPaBIeHUS IIPOEKTaMU B TOPOJCKOM XO3SHCTBE M CTPOHTENBCTBE,
XapbKOBCKHIA HAIIMOHATBHBIN YHUBEPCUTET TOPOACKOro xo3siiictBa mmenu A. H. bekeroBa, XapbkoB, YkpaunHa.
Yymauenko U. B. — 1-p TexH. Hayk, mpodeccop, 3aBeayromunii kaheapoi ynpaBieHHs NPOESKTAMU B TOPOACKOM XO35HCTBE M CTPOU-
TENbCTBE, XapbKOBCKUI HAIIMOHAIBHBIN YHUBEPCUTET rOpOJICKOro xo3saictea umeHn A. H. bekerosa, XappkoB, YKkpanHa.

AHHOTALUA

AKTYaJIbHOCTb. B ycloBusiX JUHAMHYHON cpelibl, KOrja TpeOOBaHUs 3aMHTEPECOBAHHBIX CTOPOH MOT'YT MEHSTHCS, TPaJUIMOHHbIE Me-
TOABI MOHHTOPHHIA M KOHTPOJIS BBIIOJHEHUS IPOTPAMHOTO IIPOEKTa HMEIOT OIpe/eNeHHbIe orpaHnucHus. ClieoBaTeIbHO, €CTh HE00XO0-
IAMOCTb B CO3JAaHUM MOAXOIOB M COOTBETCTBYIONINX HMPOTPAMMHBIX CPEACTB I MOHUTOPHHIA BBHIIOJIHEHHS TPeOOBaHUI CTEHKXOIIEpOB
IPOEKTA, B YACTHOCTH, C YUETOM HX JIMYHOCTHON OLIEHKH LIEHHOCTU TPeOOBaHUI U pecypcoB.

Ileab padoTbl. Pa3paboTka MeTO1a MOHUTOPUHIA LIEHHOCTH TPEOOBaHHUH CTEHKXOJIEPOB IIPOrPaMMHOI0 IPOEKTa U COOTBETCTBYIOIIUX
HMHCTPYMEHTOB €TO BHEJPEHUSL.

Mertoa. Vcrnonp30BaHbl METOABI AHANM3a M CHHTE3a, ONIEPALMH HaJ MaTPULAMH, CUCTEMa BECOBBIX Koddhduuuentos dumodepHa, MeTo-
IIbl TEOPHH YNpaBIeHUs NpoekTaMu. IIpeioskeHo 1IeHHOCTHBIH MOAX0 K MOHHTOPHHTY TpeOOBaHHI 3aMHTEPECOBAHHBIX CTOPOH IPOEKTA.
[TpetoxeHbl MOAX0ABI K ONPEENIeHNIO LIEHHOCTH TPeOOBaHUH CTEHKXONIIepOoB HA OCHOBE UMeloLIelcs HH)OPMAaLUK U3 THIIOBBIX ITPOEKT-
HBIX JOKYMEHTOB. [IpeqioskeH MeTo MOHHTOPHHTA LIEHHOCTH TPeOOBAHHH CTEHKXO0IIePOB IPOEKTOB, B YACTHOCTH, IIPOrPaMMHBIX, U COOT-
BETCTBYIOIHE HHCTPYMEHTBI €r0 BHEJPCHHUSL.

Pe3yabTaTbl. Ha 0CHOBE LIEHHOCTHOrO MOAXOJa K MOHHUTOPUHTY TpeOoBaHMI pa3paboTaHbl POrpaMMHbIE HHCTPYMEHTBI OTCIIEKUBA-
HUSl IOCTH)KEHUs! IIIAHOBOM LEHHOCTH MpoekTa. COOTBETCTBHE MPEUIOKEHHOTO METO/A MPOLECCAM TPaJHULIHOHHOTO IPOEKTHOTO MEHEIK-
MEHTA TI03BOJIAET HCIIONb30BaTh CTAHAAPTHOE MPOrpaMMHOE obecreueHne M1l (pOPMUPOBAHHUS UCXOIHBIX JAAHHBIX U OTOOPAXKEHUS PE3yIlb-
TaToOB PacyeTOB.

BeiBoabl. Ha ocHOBe MeToJa OCBOSHHBIX TPeOOBaHMIT NpoeKTa pa3paboTaH METOJ MOHHUTOPHMHrAa LEHHOCTH TPeOOBaHUM, KOTOPBIH, B
OTJIMYHE OT CYIIECTBYIOMINX, IO3BOIUT YYUTHIBAT JITYHOCTHBIC OLCHKH IICHHOCTH TPeOOBAaHUI U PeCypcoB B XOI¢ MOHUTOPUHI'A BHIIOJIHE-
HHS IPOEKTa, OCYIIECTBIATh COOTBETCTBYIONIME MIPOTHO3BI U Pa3padaThIBaTh CTPAaTeTHH PabOTHI C ONPENENCHHBIMU 3aUHTEPECOBAHHBIMU
CTOPOHAMHU WM UX TpynnaMu. MHCTpyMeHTHI HCIONb30BaHus MIPeJUIOKEHHOro MeTozia B cpesie MS Project oGecneunBaioT nHGOpMAIUOH-
HYIO HOJIEPKKY JUISl IPUHATHA 000OCHOBAaHHBIX PEIIEHHH MO aJanTalMy NPOeKTa K U3MEHEHHUSIM B TPEOOBAHUAX CTEHKXOJIAEPOB, B 4aCTHO-
CTHU, PACCUMUTHIBACTCS OTKIOHEHHE B JOCTUKEHHUH [IEHHOCTH IO PACIMCAHUIO U HHAEKC JOCTIDKEHUS EHHOCTH II0 pacnucaHuio. [lepcnekru-
BOIl JanpHEHIINX UCCIEIOBAHUM SBJIACTCA PellleHUe 3a/1a4i ONTHMU3ALMU PAcIpe/ieIeHUs PecypcoB B MPOEKTE B YCIOBUSIX MaKCHMM3aLUU
JIOCTUTHYTON LIEHHOCTH MPOEKTA.

KJIFOYEBBIE CJIOBA: ynpasneHue TpeO0BaHUAMU, IPOEKT, IEHHOCTb, MOHUTOPHHT, CTEHKXOJIIEPHI.

UDC 006.015.5
SOFTWARE FOR VALUE MONITORING AS AN ADAPTATION TOOL FOR CHANGES IN PROJECT STEAKHOLDERS’
REQUIREMENTS
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struction, O. M. Beketov National University of Urban Economy in Kharkiv, Kharkiv, Ukraine.
Chumachenko I. V. — Dr. Sc. Professor, Head of the Department of Project management in urban economy and construction,
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ABSTRACT

Context. In a dynamic environment where stakeholder requirements may change, traditional project monitoring and control methods
have some limitations. Therefore, there is a need to develop approaches and appropriate software to monitor the requirements of the software
project stakeholders, in particular, taking into account their personal assessment of the value of requirements and resources.

Objective. The goal of the work is the development of a method for monitoring the value of the software project stakeholders’ require-
ments and the corresponding tools for its implementation.

Method. Methods of analysis and synthesis, operations on matrices, a system of weighting coefficients of Fishburne, methods of the pro-
ject management theory are used. A value-based approach to monitoring the requirements of the project stakeholders is proposed. The ap-
proaches to determining the value of the requirements of stakeholders are proposed based on available information from standard project
documents. The method of project stakeholders’ value monitoring, in particular, for software projects, and the appropriate tools for its im-
plementation are proposed.

Results. Based on the value-added approach to monitoring requirements, tools have been developed to track the achievement of the pro-
ject's planned value. Compliance of the proposed method with the processes of traditional project management allows using standard soft-
ware for generating initial data and displaying the results of calculations.

Conclusions. Based on the method of the earned requirements of the project, a method of requirements’ value monitoring has been de-
veloped that, unlike existing ones, will allow to take into account personal assessments of the value of requirements and resources during
project monitoring; to carry out relevant forecasts and develop strategies for working with certain interested parties or groups. The tools of
using the proposed method in the MS Project environment provide information support for making fundamental decisions on adapting the
project to changes in the requirements of stakeholders, in particular, the schedule variance and schedule performance index is calculated. The
prospect of further research is to solve the problem of optimizing the distribution of resources in the project in the conditions of maximizing
the achieved value of the project.

KEYWORDS: requirements management, project, value, monitoring, stakeholders.
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AHOTANIA

AxTyanbHicTh. CTaTTs IpHCBsUCHA PO3pOOIIl METOLy BU3HAUEHHS IIMOBIPHICHO-4aCOBHX XapaKTEPHCTHK PIiBHS CEpBEpIB cepBi-
ciB ta nqomatkiB IMS. IToka3aHo, IO 3aBSIKM IOCTIIHO 3pocTarodili pi3HOMaHITHOCTI CepBiCiB, KOTpi cripoMoxHa Hajxatu IMS, ta
301IBIICHHIO IONUTY HA HUX Cepell KOPUCTYBadiB, a TAKOXX TOMY, IIJ0 3 PO3BUTKOM TEJISKOMYHIKaIliii Bce Oibla yBara npHIiIs€ThCs
SIKOCTI HaJaHHs cepBiciB — QOS, 3aa4ya OIHKHU SKOCTI HaJaHHS CEPBICIB 00YMOBIIIOE aKTYaJIbHICTh PO3POOKH METOJy BU3HAYCHHS
HMOBIPHICHO-4aCOBHX XapaKTePUCTUK PiBHS CepBEpiB cepBiciB Ta pogatkis IMS.

Merta. Po3pobuti MeTo BH3HAUSHHS IMOBIPHICHO-4aCOBHX XapaKTePHCTHK PIiBHS cepBepiB cepBiciB Ta noxatki IMS 3 ypaxy-
BaHHS;M Pi3HUX BUJIIB CEPBICIB, KOTPi cipoMoXkHa Hagati IMS.

Merton. PosrsayTto apxitektypy IMS. OcHOBHa yBara npuaiieHa piBHIO CEpBEpiB cepBiciB Ta Homatkis. s po3poOku MeTomy
BH3HAYEHHS MMOBIPHICHO-4aCOBHX XapaKTEPUCTUK PiBHS CepBepiB cepBiciB Ta gomaTkiB IMS 3amponoHOBaHO CKOPUCTATHUCA ITiIXO-
JaMu Teopil Tenerpadiky Ta TEH30pHHM aHaJi30M MEpeX. 3alpONOHOBAHUM METOX SIBJISIE MOCIIIOBHICT €TalliB, BUKOHAHHS SKUX
JI03BOJIE: BU3HAYNTH CTPYKTYpPHI GJIOKH pIiBHS cepBepiB cepBiciB Ta momaTkiB IMS, siki BiANOBINAIOTH 3a HAaaHHS CEPBICIB Pi3HUX
BUJIIB; TIPECTAaBUTH OJIOK YIPABIIiHHS CEaHCAMH 3B 513Ky Ta PiBHs CEpBEpIB CEPBICIB Ta JOAATKIB y BUIIISII OKPEMOi HaKJIaJHOT Me-
pexi — BUXiJHOI Mepexki MacoBOro 0OCIyroBYBaHHs; [UIsl BHKOPUCTAHHS KOHTYPHOTO METOJy BBECTH YSBHY TlIKY, KOTPa CTBOPIOE
3aMKHYTHH KOHTYp; BBECTH KOHTYPHI IHTEHCUBHOCTI Ta BU3HAUMTH iX HANPSAMKH; BU3HAUMTH MATPHLIO NIEPEXO/y BiJ BUXiZHOI Me-
Pexi 10 NPUMITHBHOI MEpeXi; IPeCTaBUTH iHBApiaHTHE PIBHSHHS AJIS BUXIZAHOI MEPEXi; BU3HAYNTH KOHTYPHI iHTEHCHBHOCTI Ta Ha
iX OCHOBI PO3paxyBaTH iIHTEHCHBHOCTI HaJIXOJDKEHHS 3asIBOK Ha CEPBIiCH Ta 3aBaHTaXEHHs cepBepiB B BUXiAHII Mepexi. B pesynbra-
Ti — OTPUMATH BHPA3H IS pO3PaXyHKY HMOBIPHICHO-4aCOBHX XapaKTEPUCTUK PiBHS CEPBEPIB CEPBICIB Ta TOJATKIB.

Pe3yabTaTn. 3anpornoHoBaHO METO/ BH3HAYEHHS HMOBIPHICHO-YaCOBUX XapaKTEPUCTUK PIBHS CEpBEpIB CEpBICIB Ta NOAATKIB
IMS na ocHOBI migxoxiB Teopii Tenerpadiky Ta TECH30pHOTO aHATI3y MEpeX, SIKHI Hagae MOXKIHMBICTh ypaxOBYBaTH Pi3HI BHIIB cep-
BiCiB, KOTpI cripoMoykHa Hajatu IMS.

BucnoBku. MeTo BU3HaUCHHS! HMOBIPHICHO-YaCOBHX XapaKTEPUCTHK PIBHs cepBepiB cepBiciB Ta noxaTkiB IMS Hamacth MOX-
JMBICTh MpoekTyBanbHUKaM IMS Ha paHHIX eramax MPOEKTY po3paxyBaTH HMOBIPHICHO-4aCOBI XapaKTEPHCTHKH, IO JO3BOJHUTH
BU3HAYUTU MOTPiOHI MEPEexHi pecypcH Aist 3a0e3redeHHs] HeoOXiMIHOTO 3HAYCeHHS SIKOCTiI HaJaHHs CEpBICiB Pi3HUX BHAIB. B mopa-
JBIIOMY, IIPYA PO3BUTKY 3aIPOIIOHOBAHOTO METOJY, PHU AOCIIIKCHHI PiBHA cepBepiB cepBiciB Ta poxaTkiB IMS 3 MeToI0 BU3HAUCH-
HSl IMOBIPHICHO-YaCOBHX XapaKTEPUCTUK JOIIFHO ypaxyBaHHsS caMOIOJIOHOTO XapaKTepy MOTOKY 3asBOK Ha CEpBiCH Ta 0OMEKEeH-
Hs1 OydepHOT mam’siTi cepBepiB.

KJIIOYOBI CJIOBA: IMS, iiMOBipHICHO-4acOBI XapaKTepHCTHKH, PiBEHb CEPBEPIB CEPBICIB Ta JOIATKIB, MiIXOIH TeOpil Tere-
TpadiKy, TCH30PHUII aHai3, BUAN CEPBICIB.

ABPUBIATYPU P-CSCF - Proxy-CSCF;

BGCF — Breakout Gateway Control Function; PSTN — Public Switched Telephone Network;

CSCF — Call Session Control Function; QoS — quality of service;

GPSS — General Purpose Simulation System; SCIM - Service Capability Interaction Manager;

HSS — Home Subscriber Server; SCP — Service Control Point;

I-CSCF - Interrogating-CSCF; S-CSCF - Serving-CSCF;

IDN — Integrated Digital Network; SIP AS — SIP Application Server;

IMS — IP Multimedia Subsystem; TAS — Telephony Application Server;

IM-SSF — IP Multimedia — Service Switching Func- MUX — iMOBipHICHO-4aCOBI XapaKTEPUCTHKH;
tion; MeMO — meperka MacoBOTO 0OCITyTOBYBaHHS;

IN — Intelligent Network; PCCJI — piBeHb cepBepiB cepBiciB Ta I0IATKiB;

IPTD — IP packet transfer delay; CMO - cuctema MacoBOTO 0OCITyTOBYBaHHS;

ISDN — Integrated Service Digital Network; TM3K — TemedoHHa Mepeka 3aralbHOTO KOPHCTY-

MGCF — Media Gateway Control Function; BaHHI,

MRF- Media Resource Function; TMO — Teopist MACOBOTO OOCITYyTrOBYBaHHS.

NGN — Next Generation Network;

OSA-GW — Open Service Access — Gate Way; HOMEHKJIATYPA

OSA-SCS — Open Service Access — Service Capabil- a — TiepIie 3Ha4eHHsI iHAEKCY KOHTYPIB;

ity Server;
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C — maTpuns nepexony BiJ BUXITHOT MEpexi A0 MpH-
MITHBHOI Mepexi;

i —Homep CMO npuMITHBHOT MEpexi;

L — cepeHsi JOBXKHHA Yeprd IPH CepBEPaX KOKHOTO
CTPYKTYPHOTO OJIOKY PIiBHS CEpBEpiB CEpBICIB Ta IomaT-
KiB, 1110 ()OPMYETHCS 3asIBKAMH BiJIIIOBIIHUX BH/IIB;

L; — cepenHs moBXWHa Yepru 3asABOK BiJMOBIiTHHX
BHJIB Y KOXKHOMY i-My CTPYKTYpHOMY OJOIi piBHS cep-
BepiB cepriciB Ta momatkiB (i-it CMO B BuXimHiil mepe-
Ki);

r — po3mip Oydepa npu cepBepax KOKHOTO CTPYKTY-
pHOTrO 6JI0KY;

t

MITHBHIN Mepexi;

o6en — CEPEIHIN yac 0OCIyroByBaHHs 3asBOK B IIPU-

logen — CepenHiil yac oOCITyroByBaHHS 3asBOK BilIO-
BITHMX BHIIB y KOXXHOMY CTPYKTypHOMY OJOIli pPiBHS
cepBepiB cepBiciB Ta AoAaTKiB (B OJIOmi BUXiTHOI Mepe-
xi);

T — cepe/Hiii yac nepeOyBaHHS 3aBOK B CHCTEMI;

T'; — cepenniit yac mepeOyBaHHS 3agBOK BiAMOBITHUX
BUIB Y KOXXKHOMY i-My CTPYKTYpPHOMY OJIOI piBHS cep-
BepiB cepBiciB Ta qogartkie (B i-it CMO B BuxigHiit Mepe-
Ki);

T ou — cepenniii yac o4iKyBaHHs B 4ep3i IIpH cepBe-
pax KOXKHOTO CTPYKTYPHOTO OJIOKY PiBHS CEpBEpiB CepBi-
CiB Ta JONATKiB, MO (OPMYETHCS 3asBKAMHU BiATIOBITHUX
BU/IIB;

T oui — CepenHiil yac OUYiKyBaHHS B Yep3i 3asiBOK Bij-
MOBITHUX BHIIB Y KOXKHOMY i-My CTPYKTYPHOMY OJIOII
piBHS cepBepiB cepriciB Ta goxatkie (i-it CMO B BHXin-
Hilt Mepexi);

Z — OCTaHHE 3HAYCHHS 1H/IEKCY KOHTYDIB;

A — IHTCHCHUBHICTH MOTOKY 3asBOK Ha HaJaHHSI CEpBi-
CiB;

\; — KOHTYpPHIi IHTEHCHBHOCTI, j=a,Z;

Al
A; — inTencusroCTiI i-i CMO mpUMIiTUBHOI Mepeski;

A — IHTEHCHBHICTh HA/IXO[DKCHHS 3aBOK Ha CEpPBiCH B
BHXITHIN Mepexi;

A — IHTEHCHBHICTh HAJIXOPKCHHSI 3aSBOK Ha CEpBICH
B IPUMITHUBHINA Mepexi;

Ai — IHTEHCHBHOCTI T1JIOK B IPUMITHUBHIH Mepexi;
A

p; — 3aBaHTaXeHHA i-1 CMO npuMITHBHOT MEpexi;

'

p — 3aBaHTAXXCHHA By3J1a B IPUMITHBHIN Mepexi;

P — CEpE€OHE 3aBaHTAXXCHHS KOXXHOI'O CTPYKTYPHOTO

070Ky pIBHSI CepBepiB CepBiCiB Ta IOJaTKiB (By3na B
MIPUMITUBHIA Mepexi).

BCTYII
Hespakaroun Ha MOCTIHHO 3pocCTarody CKIAIHICTh Te-
JIEKOMYHIKAIlIHHAX MPHUCTPOIB 1 CHCTEM, TIPOTOKOJIB, J10-
JATKIB Ta CepBiciB, pOOOTH B HANPSIMKY CTBOPCHHS YHi-
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BepcaJbHOI MEpexkHOoi iHppacTpyKTypu TpuBaroTh. B ic-
TOPUYHOMY PO3BHTKY MEPEX Ta CEpBiCIiB 3B 513Ky MOXHA
Buniutu etanu: PSTN, IDN, ISDN, IN [1].

IMoganpmM pO3BUTKOM CTana MOsIBA MEPEX 3B A3KY
HactynmHoro mokoiiHHI NGN. OcnoBy wmepexxi NGN
CKJIaZia€ MYJIBTHIIPOTOKOJBbHA Mepeka — TpPaHCIIOPTHA
Mepexa 3B’s3Ky, sika BXOJUTH J0 CKJIaly MYJIbTHUCEPBIC-
HOT Mepexi, 110 3abe3reuye MepeHoc pi3HuxX TUIMIB iHDO-
pMmarii 3 BAKOPUCTaHHAM Pi3HUX NPOTOKOJIIB nepenaui [1,
2]. NGN sBisie co0010 €AMHY TPAHCIOPTHY ILTaTGOpMY,
Ha 0a3i sikoi 00’ eHYIOThCS Pi3HI BUIM cepBiciB. Hapem-
Ti, — cTBOopeHHsa KoHmenuii IMS — mynprumeniiinoi IP-
OpIEHTOBAHOI TMiJICUCTEMH 3B’SI3Ky, a00 IICHCTEMH MYy-
meTEMeniHNX [P-cepBiciB, MeTa SKOi — 3a0e3meunTu pe-
aNbHy MYJBTHCEPBICHY 1 MyIBTHMEIIHY MEpexy 3 Ha-
JAHHSIM BCBOTO CIIEKTpPa CEPBICIB 3a JTOTIOMOTOI0 €IHHOT
wiatdopmu [3].

Konmemniriss IMS Bu3Havae 3acHOBaHY Ha 3arajibHO-
nomupeHux nportokonax cimeiicrea TCP/IP apxitektypy
HaJIaHHS CEpPBICIB, sfKa 3a0e3Meuye YIpaBITiHHSI CeaHCAMHU
3B’SI3Ky 1 JOCTaBKy B paMKax IMX CEaHCIB OyIb-sIKMX TH-
miB iHpOpMamii — MOBH, JaHUX, BiZICO, MyJIbTHMEIia.
[puanmn, Ha axkoMy 6a3yeTbes KoHuemntis IMS, momnsarae
B TOMY, IIIO JIOCTaBKa Oyb-SIKOTO CEPBICY HIIKUM YHHOM
HE CHIBBIITHOCHTHCS 3 KOMYHIKAIIfHOIO 1HPPACTPYKTY-
poro (32 BUHATKOM OOMEXEHb I10 MPOITYCKHil 37aTHOCTI).
BrineHHsM 1mbOTO MPUHIUITY € OaraTOpiBHEBHU IiIXif,
SKUHA BUKOPUCTOBY€ETHCS pH o0y nosi IMS.

B nanwmii wac apxitekrypa IMS posrispaersest 6ara-
ThMa OIlepaTopaMH i cepBic-IpoBaiiiepamMu, a TAKOX I10-
CTa4yaJbHUKaMH OONaJHAHHS SIK MOXJIMBE DPILICHHS JUIs
NMoOyZOBH MeEpeX HACTYIHOTO IOKOJIIHHA 1 SIK OCHOBa
KOHBEpPIeHI[iT MOOUTFHUX 1 CTaIl[ilOHApHUX MEpEX Ha Ia-
Topwmi IP.

3 KOXXHUM €TarioM PO3BHTKY TEJIEKOMYHIKaIii Bce Oi-
JbIIa yBara TMPHUIUILETHCS SKOCTI HAJaHHS CEPBICIB —
QoS. IIponoHyBamcs METOM, aHANITHYHI Ta iMiTaIliiHI
Mozerti i po3paxyHky MUX Ta BH3HAYEHHS Ha iX OCHO-
Bi QoS. BpaxoByroum Te, m0 MOCTIHHO 3pOCTAIOTH SIK
PI3HOMaHITHICT CEpBICiB, KOTpi CIPOMOXHA HaJaTH
IMS, Tak 1 MONMT Ha HUX cepel KOPUCTYBAyiB, IOCIHi-
JUKEHHSI, 10 TPUCBSYEHE PO3poOIi METOAy PO3paxyHKY
MYUX pisHs cepsepiB ceppicis Ta nonatkis IMS s Bu-
3HaveHHs Q0S, € 0e3yMOBHO aKTyaJIbHUM.

O0’€KTOM JOCJIAKEHHS SIBIIIIOTHCS IPOLIECH BU3HA-
YeHHS TIOKA3HUKIB SKOCTiI HaJlaBaHUX CEPBICIB PiBHS cep-
BEpiB CEPBICIB Ta TOMATKIB.

[pormecy BU3HAYECHHS MOKA3HUKIB SKOCTI HA PiBHI cep-
BEpIB CEpBICIB Ta IOJAaTKIB OPI€HTOBAHI Ha 3aCTOCYBaHHA
MaTEMaTUYHOTO afapary Teopii MacOBOTO 0OCITyTOBYBaHHS
Ta TEH30pHOTO aHami3zy. OIiHKa SKOCTI HAJIaBaHUX CEPBICIB
3MIACHIOETBCS ISl KOHBepreHTHOro Tpadiky. Bmposa-
JokeHHs koureniii IMS noTpeOye moanbuioro po3BUTKY
MiJXO/IB 00 BU3HAYCHHs MMOKA3HUKIB SKOCTI Ha PIiBHI
CepBepiB CEPBICIB Ta JOJATKIB 3 ypaxyBaHHSM IIOJIUTY Tpa-
(iKy y BiANIOBIAHOCTI 3 BUIaMH CEpBICiB.

IIpeameToM nociaifKeHHs1 € METOJl BU3HAUCHHS Mux
piBHA cepBepiB cepBiciB Ta nogatkis IMS.
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Icuyioui Metonu Bu3HaueHHs MUX [4—-10] opienToBa-
Hi HAa BUKOPUCTAHHS U1 MEPEX 3 KOHBEPTeHTHUM Tpadi-
KOM, aJie I[i MEeTOAH HE OPi€EHTOBaHi Ha BpaxyBaHHS MOi-
ny Tpadiky y BiAIIOBIAHOCTI 3 BUAAMH CEPBICiB.

Metow podoTH € po3poOKa METONy BH3HAYCHHS
MUX piBHst cepsepis cepsici Ta nomatkie IMS 3 ypaxy-
BaHHSM PI3HUX BHIIB CEpPBiCiB, KOTPi CIIPOMOKHA HAJaTH
IMS.

1 IOCTAHOBKA 3AJIAUI
Hexaii 3aaHo: apxitekrypa IMS, nepenik BUIiB cep-
BICiB, HA OCHOBI SIKOTO BU3HAYAIOTHCS CTPYKTYPHI OJOKH
PCC/l; MHOXMHA BHUXIIHUX JaHUX /I pi3HUX OIo-

KiB{ tosen>P 7 }; NPUIYLIEHHS Ta 0OMEXKEHHs, a came —

PCCJ] IMS mnpencraBiisie co0010 OKpeMy HaKJIagHy Me-
PEXy, IpH LOMY OJIOKH JIOCHIKYBaHOI MEPEXKi SIBISIOTH
coboro onHOkaHatbHi CMO 3 Oydepom HeoOMexeHOT
€MKOCTI ¥ = 00 ; IHTEpPBaJM Yacy MDX 3asBKaMH Ha pi3-
HOMAHITHI CepBiCH PO3MOJiICHI 32 €KCIIOHEHIIHAM 3a-
KOHOM.

Toxi 3amada BU3HaYSHHS HMOBIPHICHO-4aCOBUX Xapa-
KTEPHUCTHUK PiBHS cepBepiB cepBiciB Ta moxaTtkiB IMS mo-
JTae B TOMY, 00 chopMyBaTH MaTeMaTHIHI BUPA3H IS

OTPUMAaHHS MHOXXWHH PE3YJIbTATIB! { Li,Toui,Ti }

2 OTJIsAd JIITEPATYPU

OpHi€ero 3 mepmux poOiT HAMPSIMKY aHATi3y TEJIeKO-
MyHIKaiiHUX Mepex Oyna pobota JI. Knefiupoxka [4], mo
MICTHTP iH(pOpMaLito Mpo OCHOBHI monoxkenHs TMO, B
SAKiit 06rOBOPIOIOTHCSA METOM po3paxyHKy MUX CMO.

ITosiea HOBHX KoHuemuiii — NGN, IMS — Bukiukana
HEOOXIHICTh JOONpAIfOBaHHS ICHYIOYHX 1 pO3pOOKY
HOBUX METOJIB JIJIsl CTBOPEHHS MOJeel Mepex 1 po3pa-
xyHky ix WUX. [lanuii HanpsM JOCIiIKeHb PO3KpHBA-
€TBCSL B poOOTaxX K BITYM3HSHMX, TAaK 1 IHO3EMHHX yde-
HuxX. Y poboti [.IO. IToHomaproBa [5] po3rismaeTses
MOJKJIMBICTh BUKOPUCTAHHS METOMIB iMITaIlifHOTO MoIe-
JIOBaHHS Ta TEH30pHOTO aHamizy. B poboti Y. Zhang [6]
Ha OCHOBI METOMAIB BEKTOPHOI anreOpl IMPONOHYETHCS
pilIeHHS Ay TOYHOI OIIHKY 3aBaHTAXXCHHS JIHINA 3B’ SI3Ky
y Bemukux [P mepexax. Y poboti Y. Jiang, Y. Liu [7]
PO3MIIAAAIOTECS KOHBEPIeHTHI MEpexi 3 TEeXHOJIOTIE
QoS; Ha ocnHoBi TMO i Teopii iiMOBiIpHOCTEHl NPOIOHY-
I0ThCSI MOJIENI, SIKI OTMHCYIOTh (DYHKI[IOHYBaHHSI €JIeMEH-
TiB Mepexi i 103BONAIOTH po3paxyBatu ix MUX.

VY pobori [8] mokazaHo, IO 3aCTOCYBaHHS OKPEMHX
CMO B sKOCTI MoJieNiell peaJbHUX TEeNCKOMYHIKaIIHHIX
MepeX MPU3BOAUTH J0 CYTTEBHX OOMexeHb. PeanbHi iH-
(hopmartiifHi CUCTEMH AOITFHO MPEICTABIATH Y BUTIIAII
MeMO 3 BiamoBigHOIO CTpyKTyporo. [lokazaHo, IO OIiH-
xa MTUX MeMO 3a nonmomororo Metoziis knacuanoi TMO
€ IOCUTH TPYJIOEMKHM TIPOLIECOM, a iHOJ 1 HEMOXIIUBUM.

B #m3mi poOiT 1u1s OmiHKH 150504 TEJIEKOMYHIKaIliHHIX
Mepex, 1o mpeacrasieHi y Burisiai MeMO, mponony-
€THCS1 BUKOPUCTOBYBATH IMiAXOAN TEH30PHOTO aHANi3Yy.
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Bnepiie BUKOpHUCTaHHS TEH30DIB IS aHAIII3Y MEpexK-
HUX CTPYKTyp Oyno 3ampomnonoBano I'. Kpornowm [9]. Ilo-
JaJblIdil PO3BUTOK BUKOPUCTaHHS TEH30PHOTO aHAII3Y
JUIS 3a7ad MOJICITIOBAHHS TEJIEKOMYHIKAIHHUX MeEpex
otpumaHo y pobotax B.B. ITomoscekoro, O.B. Jlemeniko
[10], A.FO. ITonomapboga [5] Ta iH. B podorax B.B. Ilo-
MOBCBKOTO IPOIIOHYETHCSI BHUKOPUCTAHHS METOJIOJIOTIT
TEH30PHOI'0 MIAXOJLY [0 aHali3y TelleKOMYHIKaIiiHOi
CHUCTEMH SIK CKJIaJHOI CHCTEMH; BHUPIIIYIOTHCS 3a/adi
3HAXO/DKEHHSI MaKCUMAaJIBHOTO MOTOKY 3 OOMEXEHHSM Ha
4ac JOCTAaBKU JIaHUX 3 YpaxXyBaHHSIM TEH30pPHOTO METOIY
PO3paxyHKIB.

B pob6orax O. B. Jlemeniko aHami3yIOTBCS ITOTOKOBI
npobiemMu B 00NacTi MapmpyTu3amnii Tpadiky B MyIbTH-
cepBicHUX Mepexkax. OOrpyHTOBaHa MOXKIIHUBICTH 3aCTO-
CyBaHHS METOJIIB TCH30PHOTO aHAJli3y MEpeX IS BHPi-
IISHHS 3aBAaHHA 0araTONUIIXOBOI MapIIpyTH3aLlii.

Criin 3a3HayWTH, MO B MNPOAHAII30BaHHX POOOTAX
PO3IIISIAIOTECS. MOJIEI MEPEeX 3 BpaxyBaHHSM TOTO, IO
Tpadik € koHBepreHTHUM. IIpu 1bOMy MoOBa He iine mpo
noJin Tpadiky y BiAIOBIIHOCTI 3 BUJAMH CcepBiciB. Y ToH
e gac apxitekrypa IMS nepenbauae momin Bchoro me-
pexHOTO TpadikKy Ha PI3HOPITHI MOTOKH i Pi3HI BUAM Ye-
pe3 MOXIIHMBICTG HaJaHHS HU3KH CEPBICIB 3 PI3HUMH Xa-
pakTeprcTHKaMH. TakuM YHHOM, 3a/1a4a pO3pOOKH MeTo-
ny BusHaueHHs MUX PCCJI IMS 3 BpaxyBaHHSM BHIIB
cepBiciB moTpedye CBOTO BHPIIIEHHS, IO i 0OYMOBIIOE
aKTyaJIbHICTb PO3POOKH MeToy Bu3HaueHHs MUX PCCJI
IMS.

Jlns po3pobku Metony BusHadenns MUX PCCJI IMS
CNiJI TPOBECTH aHai3 apXiTekTypd IMS, mo HazacTh
MOXITMBICTh BU3HAUUTH CTPYKTYpHi 0ok PCCJI.

Apxitektypa IMS posnoninena Ha HacTymHi piBHi [3]:

— piBEHB TPAHCIOPTY;

— piBeHB YIIpaBIiHHS;

— piBeHB cepBepiB CEpBICIB 1 TOATKIB.

Taxuit migxin 103BOJSAE peai3yBaTH HE3aJIeKHUH Bill
TEXHOJIOTIi JOCTYIy BiIKPUTHH MeXaHi3M JOCTaBKH cep-
BiCiB, SIKMI Ja€ MOXKJIMBICTD 3aJisITH B MEPEXi MporpamMu
CTOPOHHIX TIOCTavaIbHUKIB CEPBICiB.

Croporniena apxitektypa IMS Ta i OCHOBHI O0KH
IpeJcTaBieHa Ha puc. 1.

OxnH 3 OCHOBHHX JIOTiYHHX OJOKiB IMS — 0ok
ynpasiiaHs ceancamu 3B’s3ky CSCF, a6o SIP-ceprepwm.
Ix ocHoBHe 3aBnanns — o6po6ka SIP-3amuTiB 3 MeTOMO
OpraHizamii ceaHCiB MyJIBTUMENIHHOTO 3B’SI3Ky MK KO-
pucTyBadaMH. BOHU «CTeXaTb)» 3a BUKOHAHHSAM IIPaBUII
0e3neKu i BUAUICHHSIM HEOOXITHUX PECypCiB s HaJaHHS
pizaux cepsiciB. [Jo 3aBgane CSCF BXoauTh ynpaBiiHHI
IHIIUMHM MEPEKHUMH €JIEMEHTaMM AJIsl HAJIE)KHOTO 00-
CIIyTOBYBaHHS KOPHCTYBayiB.

JloriuHo cepBepH yMpaBIiHHSA CeaHCaMH 3B 3Ky Ii-
JAThCA Ha TpH rpynu [3]:

— Serving-CSCF;

— Proxy-CSCEF;

— Interrogating-CSCF.
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Pucynok 1 — Crpoiena cxema apxitekrypu IMS

Hactymawuii 3a BaxxumBicTio 610k IMS — 11¢ aboHEHT-
cpka 0a3za manmx HSS. V mepmomy mHabmmxenni HSS mo-
)KHa TTOPIBHATH 3 BUKOPUCTOBYBAHMM B CTUIBHUKOBHX Me-
pexax perictpom HLR, B sikomy 30epiraerbcst iH(opmariis
PO aKTHUBHICTH aOOHEHTIB 1 1X Micue3HaxomkeHHs. OMHaK
¢yuxkiii HSS 3nauno mmpiie [3]. Le 6a3a nanux 3 iHop-
Malli€l0 He TUIbKK N0 a0OHEHTaM MOOLIBHHX Mepex, a i
1o aboHeHTaM Mepex (hikcoBaHOro 3B’s13Ky. Y Hil 30epi-
raeTecs iH(popManis npo pi3HOMaHITHI BUMOTY aOOHEHTIB,
HaNpUKJIaA, TO Iepeaapecaii Ta QiuIbTpanii BHUKIMUKIB,
OTOBIIICHHI Ta MOBIZOMIICHHSX T'0OJIOCOBOI ITOLITH, IEPCO-
HanmbHA afpecHa kaura (buddy list) w1 po3cuinku moBin-
OMJICHb 1 opranizamii koH(pepeHmiid. Takoxx Ha cepsepi
HSS € Bci HeoOximui maHi s BpaxyBaHHS IOCTYITHOC-
Ti/cTarycy (presence) i micuesnaxomikeHns (location) a6o-
HeHTa. 3amicTh 3acTapinoro nporokoiy Radius st B3ae-
moxii Mk HSS 1 cepepamu CSCF BHKOPHCTOBYETHCS
npotokon Diameter. Kpim iHImIMX yJOCKOHaleHb, B
Diameter nependauena minTpumka ¢yHkuii tTapudikarii, B
TOMY YMCJI 1 JUTd HAJQHHS TOMYJIIPHUX TOCIYT 3 Mepezo-
waroto (prepaid) [3]. Ha puc. 1 Takox mokasaHi mie asa
BOXIUBI enemMeHTH apxirtekrypu IMS: BinmoimameHi 3a
ynpasninasa Meaianuiiozamu BGCF a6o MGCF i 06pobky
MemianioTokiB MRF. fxmo mo ceancy 3B’s3ky Tpeba min-
KITFOUYUTH a0OHEHTA, IO 3HAXOIUTHCS B MEPEXi 3 KOMyTa-
Li€f0 KaHaliB (Mepexa CTUIBHHKOBOTO 3B’3Ky a0o
TM3K), 610k BGCF/MGCEF 3a6e3mneuye moBeeHHS 10 Hel
BIZMOBIMHOT cUrHaiabHOI iH(popMmarltii. [Ipu HeoOXimHOCTI
BiH MEPETBOPIOE CUTHAIIBHI MOBiOMIICHHS 3 (hopmarty SIP
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B popmar ISUP. [TonibHa GyHKIIIOHATBHICTh TUTIOBA IS
komyTaropiB Softswitch, ane B apxitektypi IMS BoHa BU-
JineHa B okpemuit yoriunmid enemenT. Cucremu MRF 3a-
6e3medyroTh 00poOKy MemialoTOKIB, EpPEeJaHuX MK cep-
BepaMu JIOJATKIiB i KiHIEBUMH TIPHCTPOAMH. IX (yHKITT —
MPOTPaBaHHs Pi3HUX T'OJIOCOBUX TTOBIJOMJICHB, TPAHCKOY-
BaHHS 1H(OpPMAIIHHUX TOTOKIB, «3MILIYBaHHS» MOB-
HUX/BIICOMOTOKIB B KOH(pEpeHIIito i T. 1. [3].

OCKUTBKH JJaHa po00Ta MPUCBSIYCHA PO3POOII METOLY
BusHauenHs MUX PCCJI IMS, posrisHeMo Ginbin jera-
JTHHO apXiTeKTypy JaHOTO PiBHS.

PCCJ] MicTuTh cepBepH IOAATKIB, SKi 3a0€31ME€UYIOTh
00CITyTOBYBaHHSI KIHIIEBUX KOPHUCTYBadiB. ApPXITEKTypa
IMS i curnamizamis SIP 3a0e3medyroTh AOCTATHIO THYY-
KICTh JUISl TATPUMKH Pi3HOMAaHITHUX Tele()OHHHUX Ta iH-
IMX cepBepiB momaTkiB. Tak, po3pobueni cranmaptu SIP
Juisl cepBiciB TenedoHii i cCepBiCiB IHTEIEKTyalbHOI Me-
pexi (IM-SSF, nitoui SCP). BepxHiii piBeHb €TalIOHHOT
apxitektypu IMS MicTuTh Habip cepBepiB AOAATKIB, SIKi,
B npuHIuMi, He € enemenTamu IMS. Lli enemeHnTn Bepx-
HBOI IUIOIIMHN BKJIIOYAIOTHh B CBill CKJIaja SIK MyJIbTHME-
niitai [P-nomatku, mo 6a3yrotbes Ha mpotokoii SIP, Tak i
JOJTATKH, SKi peami3yloThCS B MOOUTBHHX Mepekax Ha
0a3i BipTyaIbHOTO TJOMAIIHEOTO CEPEIOBHUIIIA.

Apxitektypa gomatkiB IMS pocuth ckiagHa, aie
KIIFOUOBUM MOMEHTOM TYT € BUCOKA I'HYUKICTb IPH CTBO-
pEeHHI HOBHX CEpBICIB Ta JOJATKIB i iHTerpauii ix 3 Tpa-
IUIIHHUMU.
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Tak, cepeloBHIE IEPECHIaHHS MOBIIOMICHb MOXE
IHTETpyBaTH TPAAMIIiAHI BIACTUBOCTI TEIC(POHHOTO BH-
KIIMKY: 3BOPOTHUH BHUKIHUK 1 OYIKYBaHHS BHUKJIMKY 3 BH-
kKoM uepe3 Iareprer. {06 3pobutH 1€, apXiTekTypa
IMS no3Bomsie 3amycTuTH O€3Iid CepBiCiB 1 yNpaBIATH
TPaH3aKIISIMUA MK HUMH.

PCC]J] mictuth HacTymHi 610ku [3]:

— SCIM — 3abe3nedye ympaBiliHHSI B3a€EMOJIEI0 ILIO-
IIMHA JOAATKIB 1 siapa IMS;

— SIP AS — cepBep m0IaTKiB, SIKMI CIyTy€ Ul BUKO-
HaHHS cepBiciB, mo Oa3yrorscs Ha nporokoisi SIP. Bci
HOBI cepBicu B IMS OynyTs mepebyBaTu came B cepBepi
SIP AS;

— OSA-SCS — cepBep MOXIHUBUX CEpBiCiB, AKHA 3a-
6esmeuye iHTEpdeic A0 cepBiciB, MmO 0a3yrOThCA Ha BiA-
KpuToMy AocTymi mociyr OSA;

— IM-SSF — cepBep komyTarii cepBicy, CIyKUTh IS
3’enHaHHs migcucremu IMS 3 cepBicamu B cucTeMi NpH-
CTOCOBAaHHUX JI0 KOPHCTyBaya NOJATKIB YIS TOJIMIICHHS
JIOTiKH MOOUTBHOT Mepexi;

— TAS — cepBep TeneoHHUX IOAATKIB, NpUHMAE i
00po0sie oBioMiTeHHs TpoTokoiy SIP, a Takox BU3HA-
Yae, SIKUM YUHOM TOBUHEH OYTH iHIIIfOBaHWIA BHUXiITHUI
BukimK. CepBicHa norika TAS 3abe3neuye 6a30Bi cepBicu
00pOOKH BHKINKIB, BKJIIOYAIOYH aHAaMi3 mudp, Mapmpy-
TH3aIlil0, BCTAHOBJICHHA, OYiKyBaHHS 1 TIepeHANIPaBICHHS
BHKITHKIB, KOH()EPEHII-3B 30K 1 T.JI.

Y IMS kopucTyBadi OTPUMYIOTH JOCTYII JI0 CEPBICIB
yepe3 dynkiioHansHuin kommoneHT CSCF, sikuii nuHami-
YHO NMPHU3HAYAETHCSI KOPUCTYBady IIPH HOTrO peecTpalii B
Mepexi abo Mpu OTPUMaHHI 3amUTy Ha 3’€THAHHS Bif
iHIoro KopucryBayua. J[Jst HagaHHs cepBiciB BiIIOBIIHO-
IO KJIaCy BUKOPHCTOBYETHCS OJMH a00 JIEKIbKA OJHOTH-
ITHUX CEepBEPIB, 110 MICTATH JIOTIKY 0OCIyroByBaHHs BCiX
cepBiciB maHoro Tumy Ta kimacy. KopucryBaua Oyze o0-
CI[yTOBYBaTH TOW CEpBEp, MapIIpyT A0 SIKOTO ONTHMAJb-
HUH 1 HA SIKOMY € JIOTiKa JaHOTO cepBicy. Mo)kHa cKa3a-
TH, OO0 Ha BiAMIHY Bi TPagWIfHOI IHTENEKTyaIbHOI
wiaThopMu apxiTekTypa cepsiciB Ha 0a3i IMS opieHro-
BaHa Ha KOPHUCTyBaua Ta 37jaTHA 10 3HAYHOTO Macmraly-
BaHH.

3 MATEPIAJIM Il METOIN

Jlnst po3pobku MeTony BusHauenns MUX PCCJI IMS
3aIpOIOHOBaHO ckopucratucs migxogamu TMO Ta TeH-
30pHAM aHami3oM. [lpu BHOOpI MaTeMaTHYHOTO amapary
BpPaxOBaHO, IO TSI TOCIiIKEHAS (QYHKI[IOHATBHUX BIIAC-
THUBOCTEH MEpex TPaTUIiifHO 3aCTOCOBYIOTH JIUIIIE METO-
11 TMO [4]. BuxkopuctaHHs TEH30pPHOTO aHAJI3y HaJae
JIOJIATKOBI MOMUIMBOCTI, TaK SK TEH30p — MaTeMaTHYHUN
00’eKT OUTBII 3arajbHOTO XapakTepy i Mae MOMJIMBOCTI
OTPUMAaHHSl OIIHKHA (YHKIIOHAJbHUX XapaKTEPUCTUK
3HAYHOI KIIBKOCTI MEPEeKHUX BY3JiB. TEH30pHUHA aHali3
NPONIOHY€E MaTeMaTHYHUI amnapar MepeTBOPEHHs] CUCTEM
KOOpIHMHAT, po3risiaadn Mepexi MeMO sk reomeTpuy-
Hi 00’€KTH, IPOEKLI] IKUX B PI3HUX CUCTEMAX KOOPAWHAT
pi3Hi, ane ¢i3uyHI BIACTUBOCTI caMUX 00’€KTIB NPH 1IbO-
My He 3MiHIOIOTBCS.
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Poszpaxynok xapakrepuctuk PCCJ] IMS, sxuit moxxHa
mpencTaBuTd y Burisai MeMO Benmkoi po3MipHOCTI i
OTPUMAaHHS aHATITUYHUX pimeHs 111 MeMO 3 ypaxy-
BaHHSIM TOIOJIOTI Mepexi 1 TuHaMivHOCTI iH(opMarlriii-
HUX TIOTOKIB, € JOCHUTh CKJIAJHOIO 3amadero. Jis BUpi-
IICHHS TaKoi 3a/iavi JOLIJIbHO BHUKOPUCTATH OJHOYACHO
niaxomu TMO Ta TeH30pHUE aHaTi3.

Meron Busnauenns MUX PCCJ] IMS opienroBaHuii
Ha 3aCTOCYBaHHS HACTYITHUX BXIJHUX JaHHX:

— apxitekrypa IMS — 11 BU3HAa4YEHHSI CTPYKTYPHHX
6sokiB PCCJI, xoxeH 3 SKHX NpU3HAYCHUH IS yrpaB-
JIHHS MPOIIECOM HaJaHHS BiAMOBITHUX BHIIB CEPBICIB;

— IHTEHCUBHICTh TTOTOKY 3asBOK HA HAJaHHS CEpPBICiB
BiMOBIIHUX BHUIIB;

— cepenHiil yac 0OCIyTOBYBaHHS 3asSBOK BiAIIOBITHUX
BUIB Y KOKHOMY cTpyKTypHOMY 6110111 PCC/;

— CEpeIHE 3aBAHTAXKEHHS KOXHOTO CTPYKTYPHOTO
osoxy PCCJI;

— xapaktep Tpadiky, mo (OpMyeETbCs 3asIBKAMHU Bif-
MOBIZIHUX BHJIB, SKUH HAIXOIWTh HAa OOCITyrOBYBaHHS Y
KOXXHHH cTpyKTypHUii 6110k PCCJT;

— posmip Oydepa mpu cepBepax KOKHOTO CTPYKTYp-
Horo 6moky PCC/I.

[eperik MOKa3HUKIB IKOCTI — IZ‘-IX, SIK1 JaHUH METOL
HaJla€ MOXKJIMBICTH PO3PAaxOBYBaTH, BH3HAUEHO HA IIif-
crasi pekomenaaniii ITU [11-13], a came:

— cepeiHsl JOBXKMHA YEprH IPH CepBepax KOXKHOTO
crpykrypaoro 6moxy PCCJI, mo ¢opmyeThcs 3asBKamMu
BIJMOBIAHMX BUIB;

— cepelHii yac O4iKyBaHHS B 4ep3l P cepBepax Ko-
XHOro cTpykrypHoro 61oky PCCJI, mo dopmyethes 3a-
SIBKAMU BIJIIOBIHUX BU/IIB;

— cepenHI Yac mepeOyBaHHS 3asBKU BiAIMOBIIHOTO
BUJIy B CHCTEMI.

BBeneHi HACTYIIHI IPUITYIIEHAS Ta OOMEXCHHS.

Ha migcragi ananizy apxirektypu IMS Ta BH3Ha4eHHS
ctpykrypaux Omokie PCCJ] BBaxkaerbcs, mo PCCJ
MpeACTaBIsiE COOOI0 OKpPEMy HakIaJHy MEpexy, KOTpy
MoOJkHa mpenctaBut y Burisiai MeMO. Ilpu npomy Gio-
KH JOCITIJDKYBaHOT MEPEXi ABISIFOTH COO00 OTHOKaHAIbHI
CMO 3 Oydepom HeoOMEKEHOT EMKOCTI ¥ = 00 .

BBaxkaerbcs, 0 iHTEpBaNIK Yacy MK 3asiBKaMU Ha pi-
3HOMaHITHI cepBicH, mo Hagxousiats B PCCJ] IMS, po3mo-
ZJIEH] 32 €EKCIIOHEHIMHUM 3aKOHOM.

3anpornoHoBaHui B AaHii poOOTI MeToJ BU3HAYCHHS
Mux PCCH IMS monsrae y BHKOHaHHI TOCIIiOBHOCTI
HACTYITHHX €TaIliB:

Etan 1. Busnauenns crpykrypHux OnokieB PCCJ]
IMS, sxi BimMOBiAarOTh 32 HaJAaHHSA CEPBICIB PI3HUX BHU-
niB.

Etan 2. IIpencranenns PCCJ] IMS y Burmsai okpe-
Moi HaknaaHoi mepexi (MeMO). B TepmiHax TEH30pHOTO
aHaiizy naHa MeMO marume Ha3By «BHXiJTHa Mepexay.
Jlyist BUKOPUCT@HHS KOHTYPHOTO METOJIY BCi KOHTYpHU
MaroTh OyTH 3aMKHYTHMH. SIKIIO ICHYIOTH HE3aMKHYTI
KOHTYPH, TO HEOOXiJHO BBECTH YSBHI T'UIKH, AKi iX 3a-
MKHYTb.

Etanm 3. BBeneHHS KOHTYpHHX iHTeHCHBHOCTeW. Ha
JTAHOMY eTarl HeoOXiTHO BBECTH KOHTYpHI IHTEHCUBHOCTI
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A, J=a,z B 3aNeXHOCTI BiJ KinbKOCTi KOHTYpiB. Kpim
TOTO, JUI KOXKHOTO KOHTYpPY JOBUIBHUM YHMHOM OOMpa-
€ThCA 1X HAIpPsIM.

Etan 4. BuznaueHns npumituBHOI Mepexi. Dopmy-
€TBCSI CTPYKTYPHA CXeMa MPUMITHBHOI MEpEexi, 10 Mpej-
CTaBIIsie cOO0I0 OJOKM BUXITHOI MEpPEXi y BHIIISAII OKpe-
Mux CMO 3 3a3HaYeHHSIM iX OCHOBHUX XapaKTEPHCTHUK.

Eman 5. Buznauenns marpui nepexoxy C Bix Buxi-
JTHOT Mepexi 10 NpuMiTUBHOT Mepexi. st uporo ¢popmy-
€TbCS TAONHUI BIAMOBIMHOCTI IHTEHCHBHOCTI TUIOK B

NPUMITHBHIA Mepexi A; Ta KOHTYpHHX iHTEHCHBHOCTEH

BUXigHOI Mepexi A; (j=a,z). SIKio HanpsM iHTEHCUB-
_

HOCTI TiJIKM B MPUMITHBHI Mepexi A; CIiBmamae 3 Ha-
IpSMOM KOHTYpPHOI IHTEHCMBHOCTI BHUXIJHOI Mepexi A;
JTAHOT'O KOHTYPY, TO B TaONHUI CTaBUThCS «1», iHAKIIE —
«—1». SIKmo B naHOMy KOHTYpi BIJICYTHS II€BHa TrijKa
MIPUMITHBHOI MEPEXi, TO BCTAHOBIIIOETHCS 3HAUCHHS «0».

Etann 6. Po3paxyHOK IOKa3HUKIB (YHKIIOHYBaHHS
MeMO. s uporo po3paxyHKy B SKOCTi iHBapiaHTHOTO
PIBHSIHHS MIPOIIOHYETHCS BHKOPHCTOBYBATH BiJOMHI BH-

pa3 s BU3HAUCHHs Koe(il[ieHTa 3aBAaHTAXCHHS P, 110

JIa€ 3B’5130K MK IHTEHCHBHICTIO HAJIXO/KCHHS 3asBOK Ha
CepBicH i cepeHiM yacoM 00cIyroByBaHHs B 6ot [9]:

f_) = Mogen- 1

BBaskaTnMeMo, 1110 MOTIK BUKIUKIB 3 OJHIEIO 1 TIE0 K

IHTEHCHBHICTIO A HAIXOKEHHs 3asBOK Ha CEpBICH BH-
KIM9e TpW HE3MIiHHIA IHTCHCHBHOCTI OOCITyTrOBYBaHHS

OJTHE 1 T€ )X 3aBaHTAXXEHHsI P MPHUCTPOIB MPH 3MiHi CTPY-

KTYpH 1 MOXKHa BBa)kaTH, IO Oy/ie BUKOHYBATHUCS CIIiB-
BigHomeHHs (2) [9]:

pA=p k. (2)
BHKOPHCTOBYIOUH MAaTPHIIIO IEPEXOIIB, OTPHMAEMO:

N=Ch. 3)

—r
togen =C to5en C- (4)

B pesynprari mepeTBOpeHb IS BUXITHOI Mepexi
OTPUMAEMO:

—T—=" =T 7 ==
C' p =(C togey C)N. (5)

Y Bupasi (5) BUXigHA Mepexa ONHcaHa B CHMBOJAX
MPUMITHBHOI, a OTXKe, BiIOMOT Mepexi. 3agaeMo 3HaUYCH-
HS 9acy 00CIIyTOBYBaHHS 3asBOK Ha Pi3HOMAaHITHI cepBicH

'
B PI3HUX OJIOKaX f,g.; Ta 3aBaHTaXeHHS By3niB (CMO,
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1
OoKiB) p A TpPUMITHBHOI Mepexi. Po3p’s3aBimm
OTpUMaHe PiBHAHHA (5) BIIHOCHO KOHTYPHUX IHTEHCHB-

HOCTEH A , BUBHAYUMO IHTEHCHBHOCTI HAaIXOKEHHS 3a-
SIBOK Ha CEPBICH B BUXIHII Mepexi:

r=r . (6)

3aBaHTaXeHHs BY31iB (OJIOKIB) MOXHA pO3paxyBaTH
HACTYITHUM YHHOM:

“T=T""
p=r C lo5en- ™)

VY Bupazax (6) i (7) A i p mpeacTaBnsIOTH COOOIO BEK-
TOPH, IO MICTATh 3HAYCHHS IHTCHCUBHOCTI HAJIXOKECHHS
3as/BOK Ta 3aBaHTaKEHHS IUIA BCIX { By3miB (OJIOKIB) BU-
ximaoi Mepexi — PCCJI IMS.

Etanm 7. Po3paxyHOK HMOBiIpHICHO-4aCOBHX XapakTe-
puctuk. IcHye nocuth Garatro MUX sx CMO Tak i MeMO
[14]. Buxonsuu 3 pexomenaauiii ITU momo HaiBaxkiu-
BIIINX MOKA3HUKIB SIKOCTI CEPBICIB cyuyacHnMX Mepex [11—
13], Bu3Haummo cmoci6 po3paxyHky Li, Towi, Ti. Ma-
I0YM 3HAYEHHS IHTCHCHUBHOCTI HAJXO/KECHHS 3asBOK Ha
CepBiCH 10 KOXKHOTO CTPYKTypHOTO OJIOKYy Ta 3aBaHTa-
JKEHHS CTPYKTYpHUX OJOKiB, TIpHW HEOOXiTHOCTI MOXKHA
po3paxysaru i inmri UX [14].

3nauenHs oOpannx MUX po3paxoByrOThCs 3a BUpasa-
mu (8-10) [14].

CepenHsi TOBXKUHA YEPTH:

2
Li=-Pi ®)
I-p;

CepenHiit yac 04iKyBaHHS B 4ep3i:

— .t
Touwi = P . )
1-p;
CepenHiii yac nepeOyBaHHs 3asBKH B CHCTEMI:
— — t
Ti=Toui+t; =——. (10)

l—p;

4 EKCIIEPUMEHTHU

BukoprcToByrour 3arporioHOBaHU METOM, BU3HAYH-
Mo MUX PCCJT IMS, npexacrapieHoi Ha puc. 1. [lepu 3a
Bce 00epeMo HeOOXiIHI CTPYKTYpHI OJIOKH.

Ho ctpyxryprux 6mokiB PCCI IMS BigHOCSATBCS Ha-
crymHi Onoku: Iami cepsicu, Tenedonni cepsicu, IM-
SSF, Hiroui SCP, Homatkosi tenedonHi ceppicu, OSA-
GW, Cepsepu momatkiB. B mepenik O50kiB HE0OXigHO
nomatu 6510k CSCF, ocKibKH BiH MEPEepO3MOALISE 3asB-
KU Ha CEpBICH MIX cepBepaMu 1 CyTTEBO BILUIMBA€E Ha PO-
6oty PCCJI.

PCCJ i 6moxk CSCF IMS y Burmsini MeMO npencras-
JIEHO Ha puc. 2.
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[ >I
L 7
?\'(I
3
[ >
| 1. CSCF
2. Inwi ceppicu
Ap : z
3. Tenedonni ceppicu
1 4 S g
— 1 — ] 4. IM-SSF
[ L 7 | I L7
| 5. Hiroui SCP
7\&‘
| 6. Nonarkosi tenedonHi cepeicu
6
| — 7. OSA-GW
I L 71
Do 8. CepBepu nopatkis
|
i
|
| Vi 8
» }I
| L7 L7
| I
U S VU N |
Pucynoxk 2 — [Ipencrasnenns 6moky CSCF Ta piBHA cepBepiB CepBiciB Ta JOAATKIB Y BUMIIALI OKPEMOi HaKJIaIHOI MEpExKi
Sk Bxe 3a3HaYANOCS, BBAKATHMEMO, IO OJIOKH IOCIHi- CMO-1 M/M/1
JUKYBAaHOI MepeXi IPEeICTaBIIIOTh COOOK0 OJHOKAHAIBHI
CMO (8 marOMy pasi — Biciv CMO) 3 6y(hepom HeoOMeExKe- —> 11 —>
HOi eMKOCTI. [HTepBany gacy MiXx 3asBKaMH Ha Pi3HOMAaHITHI
CepBICH PO3MOiIEHi 32 eKCTIOHEHITIHHIM 3aKOHOM. CMO-2 M/M/1
st _BUKODHCTAaHHS KOHTYPHOTO METOIy BBEICHO 3 P 3
ySIBHY TiiKy (MMO3HA4YeHAa IyHKTUPHOIO JIHIEI0), KOTpa

CTBOPIOE 3aMKHYTHH KOHTYp. Takoxx Ha puc. 2 BKa3zaHi
KOHTYPHI IHTCHCUBHOCTI A4, Ap, Ae, Ay, A, T BH3HAYCHI iX

HaIpsIMKH. CMO-8 M/M/1

Bu3HAYMMO IIPUMITUBHY MepeKy. B 1aHoMy BHIanKy
BOHA CKJIAJIA€THCS 3 BOCHMH HE ITOB’S3aHUX OJUH 3 OJTHHM > s >
By31iB Mepexi (CMO) (puc. 3).

Bignosigno marpuns mepexony C  MaTuMe BHIJISLL Pucynok 3 — CrpykTypHa cXeMa NPUMITUBHOT MEPEKi
(11):

3anaMo cepenHiii yac 00CIyroByBaHHS 3asBOK B IIPH-

0 0 0 1 MiTHBHi# Mepexi (12):
1 0 0 0
_1 0 0 0 4 0 0 0 0 0 0 O
— 1o =11 o o 0#% 0 0 0 O O O
“=lo 11 0 o an 0 03 00 0 0 0
0 0 -1 1 0 t'_— 0 0 0 ¢4 0O O O O
0 0 0 -1 1 VATl 0 0 0 t5 0 0 0 (12)
00 0 -11 00 0 0 0 ¢t 0 0
00 0 0 0 t; 0
00 0 0 0 tg
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3aBaHTa)kK€HHS BY3IIB P MPEICTaBUMO Yepe3 CepemHii
gac 00CIyroByBaHHS 3asBOK Ta IHTEHCHBHOCTI TUTOK. J[i1st
MIPUMITUBHOI MepeXi OTpIMaeMO HacTymHu# Bupas (13):

p1] (61 0 O 0 0 0 0Ya
pr| |0 & 0.0 0 0 0 0]3,
P3| |0 0 3 0 0 0 0 0],
p% {00 0 0 0 00 x} 13)
ps| [0 0 0 0 25 0 0 0]
pel [0 0 0 0 0 25 0 0]a,
p7| |00 0 0 0 0 #; 0],
pg) L0 0 0 0 0 0 0 )ag

s BUXinHOT Mepesxi iHBapiaHTHE PiBHSHHS Oyze Ma-
r BUrIII (14):

pa) (ta O 0 0 0YA,
ppl 10 6, 0 0 0],
pol=l0 0z, 0 ofn, (14)
pal 10 0 0 15 0fny
p.) Lo 0 0 ¢\,

TpancnoHOBaHAa MaTpHLs NEPEXOLy MaTHME BUIJIAL

(15):

01 -1 0 0 0 0 0
00 1 -1 -10 0 0

¢ =[o 0 o0 10 0 (15)
000 0 0 1 -1 —I
100 0 0 0 1 I

Iepexoasum Bix omHieT Mepexi M0 1HIIOL, I 3aBaH-
Ta)XCHHS BY3JIiB p OTpHMaeMO piBHAHHA (16):

pd
Po| .
Pe |=C p =
Pd
pe
Pl
P
01 -1 0 0 0 0 0).
00 1 -1 -10 0 0.
=lo 0 o -1 0 Pa|_
00 0 0 -1 —1|[Ps
100 0 0 0 1 1) Pps
Py
Ps
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P2 =3
P3—Ps —Ps
=|py+p5—pg |-
Ps —P7 —Ps

Py +p7+Pg

(16)

Jns

— =
tosen =C togen C (piBHSHHA (17)):

yacy OOCIyroBYBaHHS 3asBOK OTPUMAEMO

htty 0 0 0
—ty I3ty tls =l 0 0
logen =| 0 —ly=ls  lytistlg ~l6 o | (17
0 0 ~lg to+iy+tg  —t7—1g
0 0 0 —t;—tg  Ht+t;+1g

B pesymbraTi ans BUXimHOI Mepexi, BUXomsdu 3 (5),
otpumaemo (18):

P2—p3

P3—Ps—Ps

P4+ps—pg | =

P6—P7—Ps

P +p7+Ps
Lty  —h 0 0 0 i”
—ty LAl tts —ty—ts 0 0 b
0  —t—t5 lytistlg  —lg 0 e (18)
0 0 —lg gttt —t;—1g ha
0 0 0 —ti—ty e+t +tg) \ e

5 PE3YJIbTATH

BxinmHi naHi ass po3paxyHKiB OyjM OTpHMaHi B pe-
3yJbTaTi JOCHiIKeHb Mepexi koMmanii «X». O0’ekramu
BUMIpIOBaHHs OyJM amapaTHi cepBepu Ha 0a3i omepartiii-
HOi cuctemu Linux, Ha SIKUX NpamioBaIM MPUKIAIHI cep-
Bicu: Web-cepBep Nginx, cepsep IP-tenedonii Asterisk,
cepBep J0JaTKiB, CepBep 1HTEJEKTyaIbHUX CepBiciB. Xa-
PaKTepHCTHKUA OTPHUMYBAIKCh 3 JKYPHAJIB CTaHy CepBe-
piB. BxinmHi nani 6ymo otpuMaHo 3a niepion B 24 ronquHA —
gac 00CITyroBYBaHHS 3asBOK Ha Pi3HOMaHITHI CEpBiCH B
pi3HUX OJIOKaX, IHTEHCHBHICTh BXiJHMUX ITOTOKIB i 3aBaH-
TaKCHHS BY3IIiB.

BuxopucroByroun A €KCIEPUMEHTaIbHOI YaCTHHHU
BXI1JIHI J1aHi, OTPUMAEMO 3HAYCHHS nux PCCJI IMS.

Yac oOcimyroByBaHHs 3asBOK Ha PI3HOMaHITHI cepBicu
B pi3HUX OJI0Kax (B CEKyHJax):
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0,048 0 0 0 0 0 0 0
0 081 0 0 0 0 0 0
0 0 0482 0 0 0 0 0
|0 0 0 068 0 0 0 0
oben = 0 0 0 068 0 0 0
0 0 0 0 0 0507 0 0
0 0 0 0 0 0 0467 0
0 0 0 0 0 0 0 0467

3aBanTaxkeHHs By31iB (CMO, O110KiB):

P

| (0350
P21 1 0.195
P3| [0.308
P4 _| 0082
os | | 0.082

| ] 0232
P6

C| | 0.062
P71 0.062
P

Posp’si3aBiun piBHsiHHs (18) Ta BUKOPUCTOBYHOYH BH-
pasu (8-10), orpumaemo 3uadenHs MUX 6mokie PCCJ,
Brrouaroun 0510k CSCF (tabm. 1).

Tabmuus | — 3uavenns MUX Gioky CSCF Ta 6110KiB piBHS cep-
BEPIB CEPBICIB Ta I0JIATKIB

A t06cn r ?oq e
wo | @ | P | L | g | Twmo
CSCF 3,027 | 0,048 | 0,145 | 0,025 | 0,008 56
i 0481 | 0,831 | 04 | 0266 | 0553 | 1,384
CEpBICH
Teneqonni | 64 | 0482 | 0,513 | 0,539 | 0,507 | 989
cepBicu
IM-SSF__ | 0,269 | 0,686 | 0,184 | 0,042 | 0,155 | 841
Jlitoi SCP_| 0,269 | 0,686 | 0,184 | 0,042 | 0,155 | 841
JlomaTkoBi
renedonnmi | 0,861 | 0,507 | 0,437 | 0,339 | 0,393 | 900
cepBicH
OSA-GW | 0352 | 0467 | 0,164 | 0,032 | 0,092 | 559
Cepsep | 355 | 0.467 | 0,164 | 0,032 | 0,092 | 559
J0JaTKIB
6 OBTTOBOPEHHA

B poGoTi 3amporoHOBaHO MeToj po3paxyHKy MUX
PCCJ nust cepBiciB pi3HHX BHIIB (BKIIOYAIOUH TAaKOX
omox CSCF).

B cyyacHux myOmikarmisx moao Mux TEJIeKOMYHIKa-
niffax Mepex [5—10] MoBa #uia mpo 3araxbHUN KOHBE-
preutHuii Tpadik. [lpu poMy He BpaxoByBajacs CHEIH-
(ika cydacHHX MYJIFTHCEPBICHHX MEpPEX, a caMe — Mepe-
xi IMS. IMS cripomoxxHa HajaBaTH pi3Hi BHIN CEPBICIB,
SIKI BIIPI3HSIOTBCSI CBOIMHM XapaKTEPUCTUKAMHM, IO II0-
TpeOye BpaxyBaHHS OCOOJUBOCTCH HaTaHHS PI3HOMAHIT-
HUX cepBiciB mpu po3paxynky MUX PCCJI. B nawiit po-
60Ti BpaxoBaHO OCOOJIMBOCTI HaJlaHHS CEPBICIB PI3HUX
BHJIIB, 1[0 € PO3BUTKOM JaociimkeHb [5—10]. Okpim Toro
B 3alpONOHOBAHOMY MeToni Bu3HaueHHs MUX PCCJ]
IMS oxHOYacHO BHKOPHCTOBYIOTHCS IiIXOIU KIACHIHOT
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TMO Tta TeH30pHUI aHaNi3, 10 HAJTa€ MOXIIHUBICTh OTPH-
manasg MUX s CEepBICIB Pi3HHUX BHIIB.

JIns OLiHKM 3HAYeHh OTpUMaHHMX MUX mis Mepexi
kommaHii «X» ckopuctaemocs pexomenpariero ITU-T
Y.1541 [15], a came — peKOMEHJOBaHUMHU 3HAYCHHIMHU
NUX mst PI3HUX KJIaciB CEPBICiB.

B HamioMy BHIaJKy MOXXKHA MOPIBHIOBATH 3HAYCHHS
IPTD (mnsi pi3HMX KiaciB mpejacTaBieHa B Talm. 2) Ta

po3paxoBaHi xapakTepucTukud 7T, 110 IPEACTAaBICHI B
Tabum. 1.

Tabmuus 2 — BuzHayenns kiaciB MepexHoi QoS npotokoiy IP i
BUMOTH 10 pOOOYHX XapAKTEPUCTHK MEPExi

CyTHicTh Kitacu QoS
IMapamerp
K BHMOTH J10
pobouoi . o| — || o < )
XapaKTepuc- poGouoi gl g8 | 8] 8 g g
= 5 | 5| & G =
A xapakrepuern | S| S |G| S | S| 3
K1
=]
g
BepxHus Mexa 2| 2|2 g . z
IPTD 3HAYEHHS sl glgl s 2 =
IPTD =l F |5 S
Q
jan)
Amnamizytoun 3HadeHHs 7; (tabm. 1) Tta IPTD

(Tabm. 2), cimpaioynch Ha AaHi, IpeAcTaBieHi B Tabm. 3,
MOXKHa CTBEP/PKYBaTH, IO CepelHiil 4yac mnepeOyBaHHs

3asBKU B cucTeMi 7T'; ISl IHTENEKTyalbHUX CEpBICiB, 10-
JTATKOBHX TeNe()OHHUX CEPBiCiB, BAKOPHCTAHHS JIOAATKIB
BiJNIOBia€ BUMOTaM Kiacy skocTi 4. Jms TemedoHHUX
ceppiciB (VoIP) kmac skocTi MOBHHEH OYTH HYJIBOBHM
a6o mepurm i IPTD He noBuaHO mepesunryBati 400 Mc.
B mepexi kommanii «X» I1e 3Ha4eHHS CYTTEBO OuIbIIE i
nopieaioe 989 Mc. 3HAYCHHS CEPEIHBOTO Yacy Iepedy-

BaHHS 3asABKH B cucTemi 7 Ut iHImMX ceppiciB — 1,384
MC, TIO HE BIAIMOBia€ BUMOTaM JKOJHOTO KJAacy SKOCTI.
TakuMm guHOM, KOMTaHii «X» HEOOXITHO CYTTEBO MOIIN-
IINTH SIKICTh HAJAaHHS Tene()OHHNX Ta IHIITUX CEpBICiB.

AHai3yl09l OTpHMaHi Ha OCHOBI 3aIPOIIOHOBAHOTO
METOIY pPEe3yJIbTaTH IOCHTIHKEHb MEpeXi KoMIaHii «X»,
IO MpeJCTaBieH] B Taba. 1, TakoX MOXKHA CTBEPKyBa-
TH, II0 HE3BaXXAIOYM Ha CTPIMKHUH PO3BUTOK CYyYacHUX
TEXHOJIOTIH Ta MepexX, CyCHUJIbCTBO HaW4acTille KOpHhC-
TY€TbCS 3BHUYAMHUMM TelIe(QOHHUMH Ta JONATKOBUMH
TeneoHHUMHU cepBicaMu (IHTEHCHBHOCTI HAJIXOJKCHHS
1,064 1/c Ta 0,861 1/c, BimnoBigHO). [TomuT Ha cywacHi
HOBI Ta iHTENEKTYaJbHI CEPBICH 3 KOKHIM POKOM POCTE,
OJTHAK JIOCi 3aJIMIIA€THCS HA HE3HAYHOMY piBHI (1HTEHCH-
BHOCTI HaxxomkerHs 0,352 1/c Ta 0,265 1/c, BiAmoBigHO).
CyTTeBy Himry 3aiiMaroTh iHII CepBicH (IHTEHCUBHICTH
Hagxomkenus 0,481 1/c). 3HauHe 3aBaHTaKEGHHS Telie-
(hOHHMX CepBepiB BUILIMBAE 3 MONEPEAHIX MipKyBaHb.
CyTTeBe 3aBaHTaXXEHHsI CEpBEPIB, 1110 HaAAIOTh [HII cep-
Bicu (3aBaHTakeHHs 0,4), MOSCHIOETHCS PECYPCOEMKICTIO
JIaHUX CEPBICIB 1, BIJIIOBIHO, TPUBAJIMM YacoM 00CIyTro-
BYBaHHS.
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Tabmui 3 — Knacu QoS npotokony IP

Kiac By3iosi MepexHi
Jlonatku (IpUKIIazIn) .
QoS MeXaHi3MHU TEXHOJIOT11
Peanbnoro vacy,
YyTIIHBI 10 OoMexeni
0 TPEMTIiHHS, 3 MapIpyTu3a-
T IBUIIICHAM Oxpema uepra 3 1 i
CTYIEHEM B3aeMOJIi MPUBLICHOBAHUM | JAMCTAHIIs
(VoIP, VTC) piBHEM
PeanbHOTO Hacy, obciyroByBauHs | MeHmt
YyTIIUBI 10 Tpadiky oOMexeHi
1 TPEMTIiHHS, MapIpyTu3a-
inTepaktuHi (VolP, mist 1
VTC) JACTAHI[S
aHi TpaH3aKIiH, 3 .
'H. p > OOMmesxeHi
MiIBUILICHUM CTYIIe- MADIIDY T3
2 HEM apipy
. . ist i
IHTE€PaKTUBHOCTI .
Lo Oxpema uepra, JMCTaHIIiA
(curHanizauis) .
3HIKEHUI
. Menm
. . MpiopuTeT .
Jani TpaH3akuii, oOMexKeHi
3 IHTEepPaKTHBHI MapIuIpyTu3a-
JTIOTaTKHA Iist i IUcTaH-
st
TuIBKY 3 HU3BKUMHU Jlosra uepra, 5 3
A BTpATaMH JAHHX SHIDKCHITH yI[L-}IKPI/I/I
(KOpOTKi TpaH3akiii, npioprTeT MapIpy T/t
MacoBa Iepeaada X
JIAHUX, TOTOKH BifI€0)
Tpaauuiiini goxaTku Oxpema uepra Bynp-sxuit
5 CTaHJapPTHUX MEPEK (camuif HU3BKHIT | MapIIpyT/IIT
1P npiopurer) X

OTtpuMaHi B pe3ynbTaTi HOCTIIHKEHb 3HAYEHHS KOpe-
JOIOTHCA 3 pe3yabTatamMu pooit [4—10].

BUCHOBKHU

B pmaniii poOori mocsrHyTa MOCTaBiIeHA MeTa —
MPEJCTABICHO PO3POOJICHUI METOa BH3HAUYCHHS Nux
PiBHSI cepBepiB cepBiciB Ta noaatkiB IMS 3 ypaxyBaHHsIM
pI3HHX BHIIB CepBiciB, KOTpi crpomokHa Hamaté IMS.
Haseneno Bupasm, 1o HaJAIOTh MOXKJIMBICTh BU3HAUUTH!
CepellHIO JOBXUHY Yeprd 3asBOK BiJIIOBIIHMX BUMIB Y
KOXKHOMY i-My cTpykTypHOMY Ox1omi PCCJI; cepenniit uac
OUiKyBaHHS B 4ep3i 3asABOK BiJIOBITHUX BHUIIB y KOXKHO-
My i-My cTpykrypHomy Omoni PCCJI; cepenniit uac mepe-
OyBaHHS 3asBOK BINOBIOHUX BHIIB Y KOXHOMY i-My
cTpykTrypHOMy Oro1ti PCCU.

HaykoBa HOBH3HA OTPUMaHHX pE3yJbTaTiB IOJISTAE
B TOMY, 1[0 yIeplIe 3alpOIIOHOBAaHO METOJ|, SKUH Hajae
MOXIHBicTh Bu3HaunTH MUX piBHs cepBepis cepsici Ta
noxatkiB IMS 3 ypaxyBaHHSIM pi3HHX BHIIB CEpBICIB,
KOTpi cipoMoykHa Hajatu IMS.

I[IpakTHyHe 3HAYeHHS OTPHUMAaHHUX pE3yJbTaTiB IO-
Jsira€ B TOMY, LI0 3allpONOHOBAaHWH METOJ PO3PaXyHKY
MYX PCCJI IMS HamacTh MOMKIMBICTb MPOECKTYBAIbHH-
kam IMS Ha paHHIX eTamax HpoekTy po3paxyBarth MUX,
II0 MO3BOJUTH BU3HAUMTH NOTPIOHI MEpexHi pecypcu
IUTSL 3a0e3MeYeHHsT HeOOX1JHOTO 3HAYEHHS SKOCTI HaIaH-
HS CEpBICIB.

IlepcnexkTHBH MOAANBINMX AOCTIIKEHb CKIIAIAIOTh-
Cs B PO3BUTKY 3alpONOHOBAHOI'O METOAY B HAIPSIMKY
ypaxyBaHHS CaMOIIOIiIOHOTO XapaKTepy IMOTOKY 3asiBOK Ha
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ceppicu. KpiM Toro, B moJambpIIoMy CIi ypaxOBYBaTH
obMexxeHHs OyepHOi maM’sITi cepBepiB.
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AHHOTAIUSA

AxTyanbHOCcTh. CTaThs MOCBAIICHA pa3pabOTKe METO/A ONPEAEICHNS BEPOITHOCTHO-BPEMEHHBIX XapaKTEPHCTHK YPOBHS cep-
BepoB cepBucOoB U npuoxeHnit IMS. IToka3aHo, 94TO BCIEACTBHE MOCTOSHHO PACTYIIEr0 pa3sHOOOpasHs CEPBUCOB, KOTOPBIE CIOCO0-
Ha IpefocTaBUTh IMS, U yBemM4YeHHs CIpoca Ha HUX CPEIH IONB30BaTeNIeH, a TaKXkKe TOTO0, YTO C Pa3BUTHEM TEIEKOMMYHHKAIIHI
Bce OoJibllice BHUMAaHHE YIEIeTcsl KaueCTBY MPe0CTaBIeHHs cepBUucoB — QoS, 3a7ada OIeHKH KauecTBa IIPEIOCTaBICHHS CEPBUCOB
00yCIIOBIMBAET aKTyaJIbHOCTh Pa3pabOTKU METOAA ONpeeTIeHHs BEPOSTHOCTHO-BPEMEHHBIX XapaKTEePUCTHK YPOBHS CEPBEPOB Cep-
BUCOB U NpuioxeHuit IMS.

Iean. Pazpaborate MeTOx ONpeeneH s BEpOSTHOCTHO-BPEMEHHBIX XapaKTePHCTHK YPOBHS CEPBEPOB CEPBHUCOB U IPHIIOKEHUM
IMS ¢ y4eToMm pa3nnuHBIX BUAOB CEPBUCOB, KOTOPBIE CIIOCOOHA NpenocTaBuTh IMS.

MeTtoa. Paccmotpena apxurektypa IMS. OcHOBHOe BHUMaHHE YJEJICHO YPOBHIO CEPBEPOB CEPBUCOB M MpuuiokeHui. st pas-
paboTKH MeTo1a OMpeeIeHNs] BEPOSTHOCTHO-BPEMEHHBIX XapaKTEePUCTHK YPOBHS CEPBEPOB CEPBHUCOB U MpHiokeHuit IMS mpemmo-
JKEHO BOCIIONIB30BATHCSA IOAXOJAMH TEOPUH TeleTpaduka M TEH30PHBIM aHanmm3oM ceTeil. IIpemoxeHHbI METOx HpeacTaBiseT
I0CJICIOBATEIEHOCTh ITATIOB, BHIOJIHEHNE KOTOPHIX ITO3BOJISICT ONPENEIUTh CTPYKTYPHBIC OJIOKH YPOBHS CEPBHCOB U HMPHIOXKEHU
IMS, KOoTOpBIC OTBEYAIOT 3a MPEIOCTABICHUE CEPBUCOB PA3JIMUHBIX BHIOB; NIPEICTABUTH OJIOK YIPABICHUS CEaHCAMHU CBS3H U YPOB-
Hs CEPBHCOB U IPHJIOKEHUI B BUJIE OTAEIBHOW HAKJIQHOM CETH — UCXOIHOI CeTH MaccoBOrO OOCITY KUBAHUSL; JUISl UCIIOJIb30BAHUS
KOHTYpPHOI'O METOJ]a BBECTH MHHMMYIO BETBb, KOTOpas CO3/1acT 3aMKHYTBIN KOHTYp; BBECTH KOHTYpHbIC MHTCHCUBHOCTH U OIpeAe-
JIMTh UX HANpaBJIeHUS; ONPENETHTh MATPHILY MEPEX01a OT UCXOAHOM CeTH K MPUMUTHBHOM CeTH; MPeNCTaBUTh HHBAPUAHTHOE ypaB-
HEHHE JJIsl ICXOJHON CETH; ONpPENEINUTh KOHTYPHBIE HHTEHCUBHOCTH U Ha UX OCHOBE PACCUMTATh MHTEHCUBHOCTHU TOCTYIUICHUS 3as-
BOK Ha CEPBHCHI M 3arpy3KH CEpPBEpPOB B HCXOJHOW ceTH. B pe3ynpraTe — NMOMyYHTh BBIPQKEHUS IS PacdeTa BEPOSTHOCTHO-
BPEMEHHBIX XapaKTEPHCTHK YPOBHS CEPBEPOB CEPBUCOB U MPUIIOKEHHIA.

PesyabTatsl. IIpemioxken MeToz onpelelleHUs BEPOSTHOCTHO-BPEMEHHBIX XapAKTEPUCTHK YPOBHS CEPBEPOB CEPBUCOB U IPH-
noxennit IMS Ha ocHOBE ITOJXOZOB TEOPUH TeleTparKa M TEH30PHOTO aHAIN3a CeTe, KOTOPHIH IT03BOJISICT YUUTHIBATE Pa3iIMUHbIC
BUJIBI CEPBUCOB, KOTOPBIE CIIOCOOHA MpeocTaBUTh IMS.

BeiBoabl. MeTon onpeseneHyst BEpOSATHOCTHO-BPEMEHHBIX XapaKTEepUCTUK YPOBHS CEpBEPOB CEPBUCOB U npuioxeHuit IMS no-
3BOJUT MpoekTHpoBIMKaM IMS Ha paHHUX 3Tanax MPOEKTa PACCUUTaTh BEPOATHOCTHO-BPEMEHHBIE XapaKTEPUCTUKH, YTO JIACT BO3-
MOXHOCTbB OIIPEAEIUTh HEOOXOJUMBIE CETEBBIE PECYPCHI JUIsl 0OecTieueHus! TpeOyeMOoro 3Ha4eHHsI KauecTBa NPEA0CTABICHHS CEPBU-
COB Pa3IHMYHBIX BHJOB. B manpHelmmeM, mpu pa3BUTHH HPEIOKEHHOTO METO/A, IPY UCCICAOBAHIN YPOBHS CEPBUCOB U MPHIIOXKE-
it IMS ¢ nmenmsro onpezneneHns BEpOSTHOCTHO-BPEMEHHBIX XapaKTEPUCTHK Leecoo0pa3eH ydeT caMornogo0us MOTOKa 3asBOK Ha
CEepBHCHI M orpaHudeHus OydepHoil maMsaTn cepBepoB.

KJ/IFOYEBBIE CJIOBA: IMS, BeposTHOCTHO-BPEMEHHBIC XapaKTEPUCTUKU, YPOBEHb CEPBEPOB CEPBUCOB U IIPUIIOKEHUH, TIOA-
XOJIbI TEOPHH TeleTpadyKa, TEH30PHBIN aHaJIN3, BUIBI CEPBHCOB.

UDC 621.391:681.5
METHOD OF DEFINITION OF PROBABILITY-TIME CHARACTERISTICS OF LAYER OF SERVICES AND
APPLICATIONS SERVERS OF IMS

Kniazieva N. O. — Dr. Sc., Professor, Professor of Computer Engineering Department, Odessa National Academy of Food Tech-
nologies, Odessa, Ukraine.

Shestopalov S. V. — PhD, Senior Lecturer of Computer Engineering Department, Odessa National Academy of Food Technolo-
gies, Odessa, Ukraine.

Sirenko O. I. — Senior Instructor of Computer Engineering Department, Odessa National Academy of Food Technologies,
Odessa, Ukraine.

ABSTRACT

Context. Article is devoted to development of a method of definition of probability-time characteristics of layer of services and
applications servers of IMS. It is shown that constantly growing a variety of services which IMS, and increase in demand for them
among users is capable to provide and also the fact that with development of telecommunications the increasing attention is paid to
quality of providing services — QoS, the problem of assessment of quality of providing services causes relevance of development of a
method of definition of probability-time characteristics of layer of services and applications servers of IMS.

Objective. Develop a method of definition of probability-time characteristics of layer of services and applications servers of IMS
taking into account different types of services which IMS is capable to provide.

Method. It is considered architecture of IMS. The main attention is paid to the layer of services and applications servers. For de-
velopment of a method of definition of probability-time characteristics of layer of services and applications servers of IMS it is of-
fered to use approaches of the queuing theory and the tensor analysis of networks. The offered method represents the sequence of
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stages which execution allows to define structural blocks of layers of services and applications servers of IMS which are responsible
for providing services of different types; present call session control function and the layer of services and applications servers in the
form of separate laid on network — initial queuing network; for use of a planimetric method to enter the imagined branch which cre-
ates the closed circuit; enter planimetric intensity and define their directions; define a transition matrix from initial network to primi-
tive network; present the invariant equation for initial network; define planimetric intensity and on their basis to calculate intensity of
receipt of requests for services and loadings of servers in initial network. As a result — to receive expressions for calculation of prob-
ability-time characteristics of layer of services and applications servers.

Results. The method of definition of probability-time characteristics of layer of services and applications servers of IMS on the
basis of approaches of the queuing theory and tensor analysis of networks which allows to consider different types of services which
IMS is capable to provide is offered.

Conclusions. The method of definition of probability-time characteristics of layer of services and applications servers of IMS
will allow designers IMS to calculate probability-time characteristics at early stages of the project that will allow to define the neces-
sary network resources for ensuring required value of quality of providing services of different types. Further, at development of the
offered method, at a research of layer of services and applications servers of IMS for the purpose of definition of probability-time
characteristics accounting of self-similarity of a flow of requests for services and restrictions of a buffer memory of servers is reason-
able.

KEYWORDS: IMS, probability-time characteristics, layer of services and applications servers, approaches of the queuing the-
ory, tensor analysis, types of services.
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ABSTRACT

Context. The problem of correction for operation of strapdown inertial navigation system used for unmanned aerial vehicle is ur-
gent because of further increased requirements to autonomous flight in blackout zones. The object of the study was to simulate the
accuracy characteristics of strapdown inertial navigation system based on known (or given) instrument errors of its sensors.

Objective. The goal of the work is to develop a mathematical and computer model of the strapdown inertial navigation system
and estimate its accuracy characteristics based on given values of sensor errors.

Method. The mathematical and computer models of the strapdown inertial navigation system based on slow, medium and fast
cycles are developed. For the simulation of accuracy characteristics, the strapdown inertial navigation system is represented as a set
of dynamic and kinematic equations in local tangent plane coordinate system with the Earth’s model taking into account components
of gravity acceleration. The models of sensors are developed based on characteristics of low-cost microelectromechanical sensors
used onboard. Data fusion algorithms were previously considered and include modified Kalman filter or, for some cases, complimen-
tary filter by compensation scheme, but not considered here in details. Direction cosine matrix for strapdown inertial navigation sys-

tem algorithms is found by Poisson’s method.

Results. The developed models have been realized and simulated in MATLAB+Simulink. Initial parameters (errors of the pri-
mary information sensors and the flight conditions) during simulation have been varied: medium, high and low latitudes; direction of
flight (along and across the meridian; on and against the direction of rotation of the Earth).

Conclusions. The developed models and their simulations have been compared with actual testing results of strapdown gyrover-
tical CBKB-II2A and confirmed the validity. It allow us to recommend them for use in designing strapdown inertial navigation sys-
tem of unmanned aerial vehicle, as well as for experimental study of innovative data fusion algorithms for integrated satellite and

inertial navigation system.

KEYWORDS: strapdown inertial navigation system, satellite navigation system, strapdown gyrovertical, dead reckoning, data

fusion.

ABBREVIATIONS
LTP is a local tangent plane;
MEMS are microelectromechanical sensors;
SINS is a strapdown inertial navigation system,;
SNS is a satellite navigation system;
UAYV is an unmanned aerial vehicle.

NOMENCLATURE

vy is a roll angle;

A is a longitude;

3 is a pitch angle;

® is an angle of trajectory inclination;

¢ is a geographic latitude;

y is a course angle;

¥ is a track angle;

Q, is an angular speed of the Earth’s rotation;

Q,, Q,, Q, are the projections of the angular veloc-
ity of the Earth’s rotation on LTP coordinate axes;

©, r « arethe projections of the angular velocity of

the navigation trihedron relative to the inertial space;

a, x, are the projections of the apparent acceleration
of UAV on the axis of the navigation trihedron;

B is a direction cosine matrix;

g, ro are the projections of the acceleration vector of
gravity on LTP coordinate axes;

H is a flight altitude;
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R is a distance to the Earth’s center;

R, R, are the radiuses of meridian and parallels;

Vi, Vz, Vo are the components of the flight speed in
LTP coordinate system.

INTRODUCTION

Strapdown gyro vertical is related to the class of SINS
and outputs main navigation parameters. They are obtained
by dead (deduced) reckoning, that is, by continuous integrat-
ing signals corresponding to aircraft accelerations. Informa-
tion about the acceleration comes from accelerometers lo-
cated on board UAV. The procedure for integrating vector
quantities, which are the accelerations and velocities of
UAYV, is ensured by reproducing (modeling) the correspond-
ing coordinate system on board. The presence of errors in the
SINS sensors, in turn, leads to errors in determining the na-
vigational coordinates of UAV movement. That is why while
designing SINS it is necessary to reduce the magnitude of
the instrument errors in the primary information sensors.

The subsystem of integration of SINS and SNS into one
is implemented in the data fusion scheme (usually it is Kal-
man filter block). This scheme estimates the position and
speed of UAV, and this data can come not only to consum-
ers, but also to the delay and phase tracking blocks of SNS
receivers. It is necessary to provide high data rate for these
blocks so that the time period between measurements in the
SNS subsystem can be divided into a large number of sub-
intervals for the purpose of observation correction contour.
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For UAV, sensors of SINS are usually selected to be
small and low-cost, and MEMS are almost fully met these
requirements. Here there is a problem to develop a mathe-
matical and computer model of the strapdown inertial navi-
gation system and to estimate its accuracy characteristics
based on given values of sensor errors.

The object of study is the strapdown inertial naviga-
tion systems and its sensors of primary information.

The subject of study is the computer and mathemati-
cal model of SINS and its accuracy characteristics de-
pending on instrument errors of primary information sen-
SOrS.

The purpose of the work is to develop a mathemati-
cal and computer model of the strapdown inertial naviga-
tion system and estimate its accuracy characteristics based
on given values of sensor errors.

1 PROBLEM STATEMENT
As navigation coordinate system, let us use the condi-
tional geographical coordinate system OLR® (Fig. 1).
Position of UAV relatively the Earth is determined by
geographic longitude A, latitude ¢ and distance to the
Earth’s center R.

Equator

Greenwich sy
meridian

Figure 1 — LTP coordinate system used for navigation

Here there are axes: OR coincides with the vertical;
OL is the tangent to the parallel (equator); O is directed
in order to form right-handed coordinate system.

This direction of the axes of the navigation trihedron
was chosen taking into account the simplification of the
further transition from the geographical to the great-circle
coordinate system, since in the great-circle coordinate
systems OL axis coincides with the tangent to the great-
circle course. It is in this convention of the selected geo-
graphical coordinate system. The difference between a
conventional geographical and a standard geographical
coordinate system is the opposite sign of the latitude val-
ue and the course reckoning.

In SINS algorithms, dynamic and kinematic equations
are usually distinguished. Dynamic equations realize the
three-component SINS scheme in which the coordinates
A, ¢,, H are determined by integration of the following
equations:

X:V—L,HZVR,
RP
(1
e
(py Ea(p__(py
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The components of the flight speed V;, Vi, Vo in the
navigation coordinate system are determined by project-
ing the vector equation on the corresponding axes of the
navigation trihedron:

VL =ar +VR(,0@Z _V@O‘)RZ +8rs
VR =dap 'i‘V@(DL2 —VL(D(p2 +gR; (2)
V(p =dgp ‘f‘VL(DRZ _VR(DLZ +g¢,

where

Oy, =0, +2Q4;

Dy
Oy =g +2Q,;

0, =0, +2Q,.

Ly
In turn, the components of the relative angular
velocity of the navigational trihedron and the rotation

speeds of the Earth are determined by the relations:

V(D
(DLp :R—m:(p}’
L . . .
Opy =——=SINQ  =—ASInQ ;
Rp bl bl 3)
V,
O =R =T

Q, =0;Q, =Q,sing;Q, =—-Q cos.
Here Q is equal to 7.27-10" rad/sec.

2 REVIEW OF THE LITERATURE

The inertial navigation systems error models were
proposed in [1] which also puts all of the known models
in the same framework and shows the equivalence be-
tween them. The authors proposed the methodology when
any new model which will ever be developed can be add-
ed to general one, but such unification had several weak
spots like impossibility to get combination of several error
sources.

The most significant error source is computational
one, namely connected with recalculation of DCM or us-
ing quaternions as it is done and analyzed in [2]. Authors
adopted dual quaternion algebra, as unified mathematical
tool for representing the general displacement of a rigid
body, to analyze error characteristics of the strapdown
INS. Accuracy characteristics for using Poisson’s equa-
tion to find DCM is studied in [3], and it is more tradi-
tional approach for integrated SINS.

The development of novel miniature sensory of SINS
is considered in [4]. It covers the sources of modern
MEMS together with [5]. The research of MEMS models
is done in [6], where low-cost sensors are represented as
error sources with short-term (high-frequency) and long-
term (low-frequency) components, via Allan variance,
wavelet de-nosing and the selection of the level of de-
composition for a suitable combination between these
techniques. The same technique (Allan variance analysis)
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is used in [7], where the error model is simply represented
in the form of the root mean square random drift error
varied with averaging time.

The Earth’s model is selected by researcher depending
on the given tasks and depends of accuracy requirements
to gravity acceleration components like in [8] where for
integration SINS with SNS the standard GPS Earth Cen-
tred Earth Fixed reference frame was selected together
with Earth’s model.

Used here models of instrument errors of SINS are
previously studied by authors and gathered in book [9].

An integrated SINS-SNS based on the theory of multi-
sensor data fusion is presented in [10]. Error models for
the inertial measurement unit are generated and included
in the extended Kalman filter for SINS. An improved
decentralized Kalman filter is developed to eliminate ob-
vious error of SNS data and reduce the load of calcula-
tion. An adaptive federal Kalman filter is used for data
fusion between SINS and SNS to provide smoothed and
continuous positioning data against the presence of radio
blackout or communication dropouts and the unbounded
SINS errors growing with time.

3 MATERIALS AND METHODS

Scheme of navigational calculation algorithm is the
following.

Performing some transformations and taking into ac-
count the equality of the individual components of the
initial dynamic and kinematic equations (1)—(3) to zero,
the algorithm for performing navigation calculations in
the geographic coordinate system can be represented as it
is given in [11, 12]. In case of insufficient speed of the
airborne processor of the navigation computer, the SINS
operation algorithm can be divided by two or even three
levels according to the required calculation speed (by the
duration of the sampling period), which are characterized
the correspondingly fast, medium, and slow calculation
cycles.

Fast cycle is described as following:

m)’z = 0))/ B O)ytbLR 5
(sz = O _O)XIDLR; @
W, =0, —0; .

= ((nyZ cosy — @, sin y)sec 9

7=, +tgd (coZZ siny —o,, cosy); )

9= ®), SINY+0,y CosY;

Wy = (90" ).

cosycos 9
B= sin 9
—sinycos$ cosysiny+sinysin3dcosy cosycosy—sinysindsiny (6)

sinysiny—cosysin3cosy sinycosy+sinycosIsiny

cosdcosy —cos 9siny

Medium cycle is described as following:
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Vq) =a,+V, ((DRV +ZQR)—VR(9LV.

Slow cycle is described as following:

. v
r=-0, =—X;
V Rp
H=V,; 9)
v
¢, =0, _R_d);

(10)

Op, + Q,

_ T
=B Oy, +Q,

XoLR

(1)

YoLr

® o,

ZaLR v

The Earth’s model is described as following:

R __ 4o0SQ
o= sin® ¢
a(l—ez)

R =———— 4+ H;

m 3

(1 — e’ sin’ q))E

+ H cos;

(12)

r :—g(l+5.2884-10’3 sin’ (p) {1—2150{(1—@ sin’ (p)}

The initial parameters for navigational calculations
are: strapdown gyrovertical information about the projec-
tions of angular velocities and accelerations on the axes of
the body-fixed coordinate system, initial values of the
geographic course g, roll v, pitch 8y obtained as a re-
sult of the initial alignment of gyrovertical. Also initial
coordinates are used: geographic longitude ¢y, geographic
longitude A, and initial flight altitude H,. In the case of
alignment on vehicle, projections of the initial speed of
UAYV are introduced as initial conditions: V,,, V5, Vo -

The constants in the algorithms of navigation calcula-
tions are:

— the Earth’s angular velocity: Q,=7.27-10 rad/sec;

— semi-major axis of the ellipsoid of revolution
a=6378388 m;

— eccentricity of rotation ellipsoid e* = 6.7227- 10_3;

— acceleration of gravity force at the equator
2 =9.78045 m/sec’;
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— radius of a the
Ry=6371116 m.

Initial conditions are calculated as following:

sphere equal to geoid

an :&”[COS%
J1-¢’sin’ @,
a(l-¢€
=)

my 3 0°

(1 -’ sin’ o, )E

0

® _ VLO _ V(po .
Dpy T R > Ly T R ?
Po K
Py, = P> Dpyg = D, (SINQ,, 5

Qg =Q;sing,; Q, =—€;cosq,.

Moreover, the initial transposed direction cosine ma-
trix is calculated by the initial values of the geographic
course Wy, roll yo, pitch 8y. It must be noted that geo-
graphic course \, is converted to the yaw angle as o=
=90° — Y.

Initial direction cosine matrix is calculated by (6) and
then the initial values of angular speed components can be
obtained:

O, + QmO

XoLRy

_ T
=B, Oy, +Qp |-

VoL,

()
ZoLry Lyo

Further, at each step, using the information from
strapdown gyrovertical about the projections of angular
velocities and accelerations on the axes of the body-fixed
coordinate system, equations (4)—(12) given in the algo-
rithm are successively solved.

If necessary, the navigation algorithms can be sup-
plemented by the equations for calculating the ground
speed Vg, the track angle ¥ and the angle of trajectory

inclination ®
ANGEA

. 14
® = arcsin ——=%——;
V2 +V2+V}
v,
¥ = arccos L

Also, if necessary, the SINS operation algorithm can
be divided according to the required calculation speed
into three stages characterizing the fast, medium and slow
calculation pace. Strapdown gyrovertical algorithms are
carried out at the fast calculation rate (about 200 Hz).
Here the updating and precise processing of signals are
done for integrating the primary information sensors.
SINS algorithms use the already processed information on
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the projections of angular velocities and accelerations on
the axes of the body-fixed coordinate system.

In the above algorithms, the SINS alignment algo-
rithms and algorithms for pre-flight calibration of primary
information sensors are not implemented. It is believed
that this problem is solved in the strapdown gyrovertical
at the stage of pre-flight preparation.

4 EXPERIMENTS

The studies were carried out using Simulink visual
modeling program, which is part of the MATLAB univer-
sal mathematical programming package.

During the simulation, the following subsystems were
created and used: subsystems of the reference (ideal) na-
vigation system “E _HC” and the investigated SINS
“BINC”, subsystems of the Earth model (reference
“E Zemlya” and simplified “Zemlya”), subsystem of au-
tomatic control system and of primary information sen-
sors «CAY-Datchiki». In addition, the subsystem for reg-
istering simulation results “Registration” and the subsys-
tem for specifying parameters (initial conditions) of simu-
lation “Start_napametru” were created.

The general interface of simulation block diagram is
shown in Fig. 2.

Mathematical models of the reference navigation sys-
tem and the studied SINS were built on a hierarchical
principle. The subsystem “BINC” (Fig. 3a) consists of the
several subsystems: “Accelerations” (Fig. 3 b), “Angular
speeds” (Fig. 3 c), “Linear speeds” (Fig. 3 d), “Coordi-
nates” (Fig. 3 e).

In the subsystem “Accelerations” equations (5)—(8) of
the SINS algorithm are solved, and the transposed matrix
B is also formed.

The subsystem “Angular speeds” models equation (4)
for the components of the angular velocity in equation (9)
and equation (12).

The subsystem “Speeds” simulates the equations (9)
and projections speed vector components on LTP coordi-
nate system.

The subsystem “Coordinates” solves equations (10) of
the SINS algorithm.

The block diagram of ideal navigation system is repre-
sented in Fig. 4 without opening the corresponding sub-
systems since they are much similar to previously ex-
plained except including sources of errors (both instru-
ment and measurement-method ones).

The Earth model is simulated in the block “Zemiya”.
Here the components of the angular velocity of the
Earth’s rotation Qg, Qg, are calculated together with
components of gravity force according to equations (12).
Depending on the given assumptions, the Earth can be
represented by a sphere or spheroid; rotating or not rotat-
ing. These changes are made from the “Start napametru”
subsystem.
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5 RESULTS Given that the primary information sensors should be

The main contribution to the dead reckoning errors of
the navigation parameters is still made not by the meas-
urement-method errors of the SINS algorithms, but by the
instrumental errors of the primary information sensors.
The available technical documentation for strapdown gy-
rovertical CBKB-II2A  (Operation Manual KUWUH/.
402113.029) contains information on the measurement
error of the components of the angular velocity
(£26) = 40.1 °/sec and overload (+2c) =t 0.01 (i.e., er-
rors in acceleration measurement (+2c)=+0.1 m/sec?).
Considering the type of sensors used in sensor unit (be-
sides it is thermostated): angular velocity sensors based
on dynamically tuned gyroscopes and linear acceleration
sensors based on pendulum accelerometers, it can be as-
sumed that the characteristics of such sensors should be
three...four orders of magnitude more accurate than de-
clared in manual.

In particular, strapdown gyrovertical CBKB-I12A has
the alignment mode based on gyrocompassing. This mode
involves measuring the angular velocity of the Earth s
rotation Qy=0.00416°sec, i.e. the accuracy characteris-
tics of the angular velocity sensors should allow such a
value to be measured. Given that in the course channel,
strapdown gyrovertical CBKB-I12A has two angular ve-
locity sensors, in order to increase the accuracy of meas-
uring small angular velocities, it can be assumed that the
accuracy characteristics of the used gyros are at the limit
acceptable for systems of this class. In the future, we as-
sume that the measurement error of the components of the
angular velocities should be at least an order of magnitude
smaller than the angular velocity of the Earth’s rotation
and be (x2c0) = £0.0001...0.0005°/sec.
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equivalent, i.e. the influence of the errors of the angular
velocity sensors and accelerometers on the overall error of
the navigation system should be approximately the same;
it can be approximately calculated that the error of the
accelerometer  should be  within the range
(£26) = £0.01...0.05 m/sec’.

With such maximum values of the errors of the pri-
mary information sensors, a series of experiments were
carried out to evaluate the accuracy of the calculation of
navigation parameters using truncated SINS algorithms.
As output parameters, errors in calculating the angular
orientation parameters of UAV: roll and pitch angles,
course angle, as well as components of the UAV speeds,
were estimated. During the research, the errors of the
primary information sensors and the flight conditions of
the aircraft varied: medium, high and low latitudes; direc-
tion of flight (along and across the meridian; on and
against the direction of rotation of the Earth), etc.

Figure 5 illustrates the typical behavior of the change
in the dead reckoning errors of navigation parameters:
heading, roll, pitch by using algorithms of strapdown gy-
rovertical under for measurement errors of the compo-
nents of the angular velocity by roll and pitch in
0.0002°/sec, in course 0.0001°/sec ( in the course channel
of the system, in order to improve the accuracy of course
reckoning, two angular velocity sensors are installed).
The accelerometer errors were 0.02 m/sec’ (the error sign
was chosen arbitrarily for different sensors). Launch con-
ditions were: 10° of northern latitude, 50° of eastern, ini-
tial ground speed was 400 km/h; initial flight altitude was
500 m.

With such errors of the primary information sensors,
the strapdown gyrovertical fully meets its functionality as
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attitude-and-heading reference system. The errors in dead
reckoning of roll and pitch angles do not exceed 0.4° per
hour of flight (the errors declared in the system specifica-
tion sheet are 0.5°). The dead reckoning errors of course
does not exceed 0.25° per hour of flight (the errors de-
clared in the system specification sheet are 0.3°). Such
level of accuracy characteristics of the sensors are used
for further research.

If the errors in determining the roll and pitch angles,
changing with the period of Schuler pendulum, do not
exceed the required values, then the error in determining
the course has a component that grows proportionally to
the flight time. Namely this fact forces the developers to
use the magnetometer as a correction device in the course
channel.

In addition to estimating the errors in dead reckoning
the parameters of the angular orientation, the study was
also conducted to investigate the accuracy of the dead
reckoning of the navigation parameters of the UAV tra-
jectory motion: coordinates and velocity components un-
der the same errors of the primary information sensors.
Errors in dead reckoning the parameters of the UAV tra-
jectory motion substantially depend on the launch condi-
tions, in particular, on the latitude and direction of flight.
Moreover, it was revealed that a change in the start condi-
tion causes, as it were, “overflowing” of errors from the
latitude channel to the longitude channel and vice versa.
Figure 6 shows the typical behavior of the change in the
errors of dead reckoning coordinates and velocities with
an approximately uniform distribution of errors in two
channels.
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Figure 5 — Errors in pitch, roll and course angles for the given values of errors of primary information sensors
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6 DISCUSSION

Errors of the components of the aircraft speed reach
30...50 m/s per hour of flight and this information is prac-
tically not used by consumers (a similar situation occurs
in the platform gyrovertical). Errors in the calculation of
coordinates with such primary information sensors are
generally unacceptable (70...80 km per hour of flight),
which once again confirms the impossibility of creating
an autonomous SINS on their basis.

Systems of this type can only be used when integrat-
ing them with other navigation systems, in particular with
SNS. In this case, SINS interpolates the values of the na-
vigation parameters between two adjacent moments of
information coming from SNS, and also provides naviga-
tion information to consumers with a short-term loss of
signals from satellites. With long interruptions in the SNS
operation, SINS should be integrate with other navigation
systems.

CONCLUSIONS

The urgent problem of mathematical support devel-
opment is solved to automate the sampling at diagnostic
and recognizing model building by precedents.

The scientific novelty is the following. At first the
novel approach has been proposed in the using two mod-
els of SINS instead one: ideal one, free from all errors,
and the real one with selected variants of error sources.
Unlike known approach, such technique allows us to es-
timate accuracy characteristics of SINS and degree of
participation of primary information sensor errors in
them.

The practical significance of obtained results is that
the software realizing the proposed three-level algorithms
of SINS operation is developed, as well as simulation to
be conducted and proved by comparing with test results
of strapdown gyrovertical CBKB-I12A.

Prospects for further research are the following.
The conducted studies confirm the dependence of the
accuracy of the dead reckoning navigational parameters
on the performance of UAV maneuvers and on other fac-
tors, in particular, on the mismatch of the installation lo-
cation of SINS block with the center of mass of UAV, but
with sufficiently vigorous maneuvering. For further re-
search, information is required on the aerodynamic char-

V]IK 629.735.051:681.513.5(045)

acteristics of a particular type of UAV, as well as on the
algorithms of its control system.
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KOMITPIOTEPHE MOJIEJIIOBAHHSI TOUHICHUX XAPAKTEPUCTHUK BE3ILUIAT®OPMEHHOI
IHEPHUIAJIBHOI HABITAHIMHOI CUCTEMH
Myxina M. I1. — 1-p TexH. HayK, npodecop kadenpu aBialiiiHUX KOMIT FOTEPHO-IHTErpoBaHMX KOMILIEKCiB HarlioHaapHOTO aBialiitHOro

yHiBepcutery, KuiB, Ykpaina.

i.]'lfll.[ll(i]-[ . . — KaHIuaaT T€XH. HayK, IIpo@PeCcop Kapeapun aBiaHiﬁHHX KOMII HOT€] HO—iHTeF OBaHUX KOMHHCKCiB aI_IiOHaJ'II)HOI‘O
@ M. K : ’ H

aBiauiifHoro yHiBepcurety, Kui, Ykpaina.

AHOTALIA
AxTyanbHicTh. Posrimsanaerscs 3amada kopeknii pobotu Oe3matdopMeHHO] iHepIiaabpHOI HaBiraniifHoOI cHCTeMH, IO BUKOPHUCTOBYETh-
cs1 Ha OOpTY OE3MIIOTHOTO JITANBHOTO amapary. 3aBAaHHIM JOCHTIKEHHS OYyJI0O MOJICIIOBaHHS TOYHICHUX XapaKTEPUCTUK Oe3riaTthopMeH-
HOI 1HepLiaIbHOT HaBITraIiifHOI CHCTEMH Ha OCHOBI BiloMHX (200 33/1aHHX) IHCTPYMEHTAILHUX MMOXHOOK 11 JaTYHKIB.
MeTa po60TH — pO3pOOUTH MaTeMaTHYHY Ta KOMIT FOTEpHY MOJENb 0e3Iu1aT)OpMEHHOI iHepIianbHOI HaBiraiHOT CHCTEMH Ta OLIIHUTH
TOYHICHI XapaKTepPUCTUKH Ha OCHOBI 3aJ1aHUX 3HAYCHb IIOXHOOK JaTUHKA.
Merton. Po3pobieHo MaTeMaTHuHy Ta KOMIT IOTepHY MOJeli 6e3rmiaTgopMeHHOI iHepIiadbHOl HaBIralliifHOI CHCTEMH Ha OCHOBI MOBLIb-

HHUX, CEPE/IHIX Ta MBUIKUX LUKIIB 00uKciaeHHs. {Jsi MOIeOBaHHS TOUHICHUX XapaKTepHCTHK Oe3raTopMeHHa iHepIliajbHa HaBiramiitHa
CUCTeMa MOMAETHCS Y BUITISAII CHCTEMH IUHAMIYHHMX Ta KIHEMAaTHYHUX PIBHSHB Yy MICIEBIH I'€OTOMIYHIA CHCTEMH KOOPAMHAT i3 0OpaHOIO
MOJIEIUTIO 3eMJIi 3 ypaXyBaHHSIM KOMIIOHEHTIB IPHUCKOPEHHS CHIIM TsDKiHHSA. Mogeni AaTurKiB po3po0IieHi Ha OCHOBI XapaKTEepUCTUK HEI0-
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POTHX MiKpOENEKTPOMEXaHIYHHUX JAaTYHKIB, 1[0 BUKOPHUCTOBYIOTHCS Ha OOPTY. ANTOPHTMH CHHTE3y JaHHX paHillle Bxke OyIn PO3IIIAHYTI i
BKITIOYaOTh MomudikoBanuii GpinbTp Kanmana abo, B eSKUX BUMAAKAX, KOMIUTIMEHTAPHUI (DIIBTp 32 CXEMOK KOMIICHCAlli, ale TyT Je-
TaJILHO HE PO3IIISAAAI0ThCS. MaTpHILs HANPSMHUAX KOCHHYCIB JUIsl aJITOPUTMIB YHCIICHHS IIUTAXY 1HEpLiabHOT HaBiraiii 3HaiJeHa 3a METOJIOM
ITyaccona.

PesyabTaTn. Po3pobieni Moneni Oyinu peainizoBani Ta 3MojensoBaHi B cepenosuili MATLAB + Simulink. IToyaTtkoBi mapamerpu (1io-
XHOKH MEPBHHHUX JaTYMKIB iH(OPMAIIT Ta YMOBH MOJBOTY) MiJ] 4aC MOJCTIOBAHHs OyJH Pi3SHOMAHITHUMH: Cepe/iHi, BUCOKI Ta HU3bKI IIH-
POTH; HANPSIM TOJILOTY (B3JI0BXK 1 IPOTH MEpHIiaHy; 3a Ta IPOTH HANPIMKY 0OepTaHHs 3eMli).

BucHoBku. Po3po6eni mMozeni Ta iX BunpoOyBaHHs OyiM NMOpiBHsHI 3 (akTHUHUMH pe3ysibTaTaMM TecTyBaHHs Oe3miaTdopMeHHOT
kypcoBeprukani CBKB-II2A Ta migTBepaunu cBoo oOIpyHTOBaHiCTh. lle 103BONgE DPEKOMEHIYBAaTH IX JUIi BHKOPUCTaHHS IpH
MPOCKTYBaHHI iHEpIialbHOT HAaBIraliffHOI CHUCTeMH OE3MIIOTHOTO JITAIBHOTO amapary, a TaKoX sl eKCIEPUMEHTAIBHOTO BUBUYCHHS
IHHOBaLIHUX aJITOPUTMIB CHHTE3y 0OpOOKH AaHUX JUIsl IHTErpOBAaHOI CYMYTHUKOBOI Ta iHepIiaabHOT HaBIraiifHOT CHCTEMH.

KJIFOYOBI CJIOBA: 6e3mnardopMeHHa iHepHianbHa HaBiramiiHa cHcTeMa, CyIyTHHKOBA HaBirariiiHa cucteMa, Oe3miaTdopMeHHa
KypCOBEPTHUKAIb, YUCIICHHS IIUIAXY, KOMIUIEKCYBaHHs iH(opMarrii.

YK 629.735.051: 681.513.5 (045)
OILIEHKA TOYHOCTHBIX XAPAKTEPUCTHUK BECILUIAT®OPMEHHOM UHEPIIUAJIBHOI HABUTALIMOHHOM
CUCTEMBbI

Myxuna M. II. — 1-p TexH. HayK, npodeccop kadeapbl aBHAMOHHBIX KOMITBIOTEPHO-UHTETPUPOBAHHBIX KOMILIeKcoB HannonansHOro
aBMAIMOHHOTO yHUBepcuTeTa, Kues, Ykpauna.

@Owisimkun H. K. — xaHz. TexH. Hayk, npodeccop KadeIpbl aBHAlMOHHBIX KOMITBIOTEPHO-MHTETPUPOBAHHBIX KOMIUIEKCOB HarmoHans-
HOTO aBHAIlMOHHOTO yHUBepcuTeTa, Kues, Ykpanna.

AHHOTALUSA

AkTyalbHOCTB. PaccMaTpuBaercs 3aja4a Koppekuuu paboTsl 6ecriaTGopMeHHOH HHepIUaNbHONH HABUTALIMOHHON CHCTEMBI, HCIIOJb-
3yeMoil Ha 60pTy OECHUIOTHOTO JISTATENBHOTO annapara. 3aaaqeil uccieoBanus ObUI0 MOJICITUPOBAHHE TOYHOCTHBIX XapaKTEPUCTHK Oec-
m1aThOPMEHHOW WHEPHUATBHON HABHUTAIIMOHHON CHCTEMbI HA OCHOBE M3BECTHBIX (MM 3aaHHBIX) MHCTPYMEHTAIBHBIX MOTPENIHOCTEH ee
JIATYUKOB.

Ilesb padoThbl — pa3paboTaTh MaTEMATHYECKYIO M KOMIIBIOTEPHYIO MOJeb OecIIaT()opMeHHbIe HHEPLUAIbHOI HaBUTalMOHHON CHCTe-
MBI ¥ OLIEHUTh TOYHOCTHBIC XapaKTEPUCTUKU HA OCHOBE 33IaHHBIX 3HAYECHHH MOTPEIIHOCTEN 1aTUHKa.

Meron. Pa3paborana maremartuueckas W KOMIIBIOTEpPHAas Mojenu OecruiarOpMEHHON HHEpPIHAIbHONW HABUTAMOHHOW CHCTEMBI Ha
OCHOBE MEJUICHHBIX, CPEIHHMX M OBICTPBIX ILMKJIOB BBIYMCIECHUS. [t MOAEIMPOBaHMS TOYHOCTHBIX XapaKTEpHCTHK OecruiaTdopMeHHas
HHEpLHalbHas HABUTAIIMOHHAS CHCTEMa IPEJICTABISIETCS B BHIC CHUCTEMbl JMHAMHUYSCKUX W KUHEMATHYECKHX YPaBHEHHMH B MECTHOM
reOTONMHMYECKOIl CHCTeMe KOOPIMHAT C BBIOPaHHON MOJIENBIO 3eMIIM U C Y4ETOM KOMIIOHEHTOB YCKOPEHHS CHIIBI TSHKECTH. MoJenn 1aT4uKoB
pa3paboTaHbl HA OCHOBE XapaKTEPUCTHK HEOPOrUX MUKPOIIEKTPOMEXaHUYECKHX AaTYMKOB, UCIIOIb3YEMbIX HA OOPTY. AJTOPUTMBI CHHTE3a
JMaHHBIX paHee Yyxe OBUIM pacCMOTPEHHBIE W BKIIOYAIOT MoAupuIMpoBaHHbB ¢GmibTp KammaHa winm, B HEKOTOPBIX CIy4asiX,
KOMIUTUMEHTAPHBII (HIBTP MO cXeMe KOMIICHCAIMH, HO 3/1eCh MOAPOOHO HEe paccMaTpuBaloTCs. MaTpuIiia HAPAaBISIONIMX KOCHHYCOB JUIs
ITOPUTMOB MCUUCIICHHS ITyTH HHEPLMAIbHON HABUTAlMK HaiiieHa MetonoM [lyaccoHa.

Pesyabratsl. PazpaboranHble Mojeny ObUTH pean3oBaHbl U cMozenupoBansl B cpeie MATLAB + Simulink. HauansHble napaMeTpsl
(OrpenHoCTH NepPBUYHBIX AATYMKOB MH(OPMALMK M YCIOBHS MOJIETA) IIPU MOASIHPOBAHMU ObUIM Pa3HOOOPA3HBIMU: CPEIHUE, BBICOKHE U
HU3KHE HIMPOTHI; HAIIPABICHHE 10JIeTa (BJ0JIb U IPOTHB MEPHUIHAHa, [0 U IIPOTUB HAIIPABICHHS BPALICHHS 3EMIIH).

BoiBoabl. PaszpaboranHble MOIENM W MX UCHOBITAaHMS ObUIM  CpaBHEHbI C (aKTHYECKMMH pe3yJbTaTaMH TECTHPOBAHHE
6ecruaropmenHoit  kypcoseptukann CBKB-I12a u moarBepauan cBor 00OCHOBAaHHOCTb. DTO IMO3BOJIIET PEKOMEHIOBATh WX JJIs
WCTIOJIB30BAHUS NPH IPOSKTUPOBAHNH HHEPLUHUAIBHOW HABUTAI[MOHHOW CHCTEMBlI OECIIIOTHOTO JIETAaTENBbHOTO allapara, a Taioke Uit
9KCIIEPUMEHTAIBHOTO HW3YYCHUS] WHHOBALIMOHHBIX aJIrOPUTMOB CHHTE3a OOpaOOTKM [aHHBIX Ui WHTETPUPOBAHHOM CITyTHHKOBOH H
HMHEpIMaNIbHON HaBUTAlIMOHHOM CUCTEMBI.

KJUIFOYEBBIE CJIOBA: GecruaropMeHHasi WHepLHalbHasi HABUTAllMOHHAs CHUCTEMa, CIyTHHKOBAs HABUTAllMOHHAs cucTeMa, Oec-
1aTOpMeHHasE KYpCOBEPTHKANb, CUMCIICHHE [Ty TH, KOMIUICKCHPOBAHHE HHPOPMAIIHH.

JITEPATYPA / IUTEPATYPA 7. Zhang X. Allan variance analysis on error characters of MEMS

1. Goshen-Meskin D. Unified approach to inertial navigation sys- inertial sensors for an FPGA-based GPS/INS system
tem error modeling / D. Goshen-Meskin, 1. Y. Bar-Itzhack // //Proceedings of the International Symposium on GPS/GNNS. —
Journal of Guidance, Control, and Dynamics. — 1992. — Vol. 15, 2008. - P. 127-133.

Ne 3. —P. 648-653. 8. George M. Tightly coupled INS/GPS with bias estimation for

2. Wu Y. Strapdown inertial navigation using dual quaternion UAV applications / M. George, S. Sukkarieh // Proceedings of
algebra: error analysis / Y. Wu // IEEE Transactions on Aero- Australiasian Conference on Robotics and Automation
space and Electronic Systems. — 2006. — Vol. 42, Ne 1. — (ACRA). —2005.

P. 259-266. 9. Mackison D. L. Review of strapdown inertial navigation tech-

3. Golovan A. A., On GPS/GLONASS/INS tight integration for nology / D. L. Mackison // Journal of Guidance, Control, and
gimbal and strapdown systems of different accuracy / Dynamics. — 1998. — Vol. 21, Ne 6. — P. 1018-1018.

A. A. Golovan, O. V. Demidov, N. B. Vavilova / IFAC Pro-  10. Shaeffer D. K. MEMS inertial sensors: A tutorial overview /
ceedings Volumes. — 2010. — Vol. 43, Ne 15. — P. 505-509. D. K. Shaeffer / IEEE Communications Magazine. — 2013. —

4. Filyashkin M. K. Method of measuring of angular orientation Vol. 51, Ne 4. — P. 100-109.
parameters in micromechanical inertial-satellite navigation sys-  11. Inertial-satellite navigation systems / M. K. Filyashkin,
tems / M. K. Filyashkin // Electronics and control systems. — V. O. Rogozhyn, A. V. Skrypets, T. I. Lukinova. — Kyiv, NAU,
2014. —No 4. — P. 18-24. 2008. 310 p.

5. Filyashkin M. K., Mukhina M. P. Data fusion schemes in aided ~ 12. Bin W. Study on adaptive GPS/INS integrated navigation sys-
navigation systems / M. K. Filyashkin, M. P. Mukhina // Elec- tem / W. Bin // Proceedings of the 2003 IEEE International
tronics and control systems. —2013. — Ne 4. — P. 11-18. Conference on Intelligent Transportation Systems. — IEEE,

6. Quinchia A. A comparison between different error modeling of 2003. - Vol. 2. - P. 1016-1021.

MEMS applied to GPS/INS integrated systems // Sensors. —
2013.—Vol. 13, No. 8. — P. 9549-9588.

© Mukhina M. P., Filyashkin M. K., 2019
DOI 10.15588/1607-3274-2019-4-15

165



e-ISSN 1607-3274 PagioenexTpoHika, inpopmaTuka, ynpasminas. 2019. Ne

4
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2019. Ne 4

YK 004.932

METOJ HOKPAINEHHA BUAUMOCTI HA 3ATYMAHEHHUX
HHAPPOBUX 30BPAKEHHSX TA HOI'O PEAJIIBALISL Y
KOMIPIOTEPHIN CUCTEMI OBPOBKHA 30bPA’KEHD

Cepmiok M. €. — kaHJ. TeXH. HayK, JOICHT, TOIEHT Kadeapyu KOMIT FOTEPHUX TEXHOJIOTiH J[HITPOBCHKOro HaI[iOHA-
abpHOTO yHiBepcutety iMeHi Ounecst ['onvapa, m. J{Hinpo, YkpaiHa.

BepkyT B. I'. — marictp 3 npukiaaHoi MaTeMaTHKH, BUITYCKHUK (pakyIbTeTy MpUKIaaHol MateMaTHKu JIHITpoOBCh-
KOTO HallioHaIbHOTO YHiBepcuTeTy iMeHi Onecst ['onuapa, M. [lninpo, Ykpaina.

Cipuk C. ®. — acucteHT Kadeapy KOMI IOTEPHUX TEXHOJIOTiH J{HINPOBCHKOTO HALliIOHAILHOTO YHIBEpCHTETY iMEHi
Onecs 'onuapa, M. [{Hinpo, Ykpaina

AHOTANIA

AxTyanbHicTh. [IpucyTHicTh Ha HUPPOBUX 300paKEHHIX TyMaHy Ta AUMKH MOXE CIPHUYMHSITH MPOOJIEeMH y Mpolecax po3iti-
3HABaHHs, BiJACTeXKEHHs, Kiacudikamii 06’ektiB. ToMy MeTo[M BUAAJICHHS TyMaHy Ta MOKpAIICHHs PO3Pi3HIOBAHOCTI 00’€KTIB Ha
300paKEHHAX, OTPIMAHUX B YMOBAX MOTaHOI BUIAMMOCTI, € 3aTpeOyBaHUMH B 0araThoX 3aJa4ax KOMI IOTEPHOTO 30py. Y TyMaHHUX
MOTOJIHMX YMOBaX KOHTPACT Ta KOJIP 300pa)keHHs Pi3KO MOTIPIIYIOThCS. BUAaeHHs TyMaHy 4acTo CYIPOBOKYETHCS TOSBOIO ap-
TedakTiB Ha 300paKeHHI Ta CIIOTBOPEHHAM KOIBOpiB. OTXKe aKTyalbHUM € TOIIYK CIOCcO0iB MPaBUIIBHOI OIIHKH MPHUCYTHOCTI Ta
BUJIQJICHHS TyMaHy 31 30epe:KeHHsAM JAeTaneil Ta KoJIbOpiB 300paskeHHs Ta po3po0Ka BiIIOBIJHUX METOHIB 0OpOOKH 3aTyMaHEHHX
300paKeHb.

Meta. MeToro po6oTH € oYK e(peKTUBHUX IIIXOIB O PO3B’s3aHH 3a/a4i BUAAICHHS TyMaHy Ta AUMKH 3 HudpoBHX 300pa-
JKEHb Ta peatizallis iX B KOMIT I0TePHil CHCTeMi 00pOOKH UPPOBHUX 300paskeHsb [1].

Metomu. OcHOBHI eTanu 00poOKH 300paXKeHHs BUKOHYIOTHCS Ha KaHali iHTEHCUBHOCTI, L0 CIIpHUsie 30epexeHHIO KOIbopiB. 3a-
MIPOIIOHOBAHO MIJIXi/ IUIsl yTPUMAaHHs 3HAYCHb MIiKCENiB, SKi 00pOOIISIOTHCS, Y AOMyCTUMOMY Jiana3oHi, 110 JO3BOJIsIE Kpalle 30eper-
TH AeTali 300paxeHHs. s OiHKK KapTH NpOITyCKaHHS BUKOPHCTOBYIOTHCS YacTOTHI QinbTpu. B MoaudikoBaHOMY METOI OIiHKa
LIITFHOCTI TYMaHy BHKOHYETHCS 3 BUKOPUCTAHHAM HEHPOHHOT MEpexi.

Pe3yabTaTn. 3anporoHOBaHO METOJ BHJAJICHHS TyMaHy Ta JUMKH 3 OAMHOYHHX 300pakeHb, SIKHH e(eKTHBHO MOKpAILye BHIH-
MICTh 00’€KTiB, 30epirae merani Ta KOJIbOpH Ha 300pakeHHi, a Takoxk Horo Moaudikamis 3 iHIIMM CII0COOOM OIIHKY MILTEHOCTI Ty-
Mmany. [IpencrasieHi Metoau Oyiu peasi3oBaHi B KOMI IOTepHiit cuctemi [1].

BucHoBKH. 3anponoHOBaHUi MeToJ Ta Horo Moandikauisi epeKTUBHO BUAAISIOTH TyMaH Ta AUMKY 3 OJMHOYHUX 300paKeHb,
MOKPAIYI0YX PO3PIi3HIOBAHICTh 00 €KTIB Ha HUX. Peanizallis X METOIB y KOMIT FOTepHill cucTeMi 00poOku 300pakens [1] po3uiu-
puia GpyHKUIOHAT CHCTeMH Ta 30UbIIiIa I MOXKIMBOCTI 1O MiJBHILEHHIO SIKOCTI 300pa)KeHb, OTPUMAHUX B YMOBax MOTaHOI BUIH-
MocTi. Cuctema Moke OyTH 3aCTOCOBaHa ISl MOMIEPEAHBOI 0OPOOKH 300pakeHb 3 METOIO 3aro0iraHHs ITIOMHIJIKAM B OAAJIBLIIH po-
0O0Ti aNrOpUTMIB KOMIT IOTEPHOTO 30DYy.

KJIIOYOBI CJIOBA: 06po6ka 300pakeHb, BUIAIECHHS TyMaHy Ta AWMKH, MOJAENb TyMaHy, IOKpPAIeHHS BHIUMOCTI, KapTa
MIPOITyCKaHHS, OI[iHKa aTMOC(EpHOTO CBITIIA.

ABPEBIATYPH

CUS — 3anponoHoBaHUN METOJl BUAAICHHS TYMaHy;

CUSD — moaumdikariis 3amporOHOBAHOTO METOLYy 3
BHUKOPHMCTaHHSIM HEHPOHHOT MEpexi;

dB — nenuben;

DCP — meToz anpiopHOro TEMHOTO KaHaly;

DCP&CLAHE — meTon TeMHOro KaHaly 3 BHKOPHC-
TaHHSIM KOHTPAcTHO-OOME)KEHOi eKBai3ariii ricrorpaMu
Ta aIallTHBHOT raMMa-KOPEKIIii;

DFP — nuckperne neperBoperus Oyp’e;

DSP — MeTon BuaneHHs TyMaHy B pealbHOMY 4aci;

EmguCV — 6ibmioTexa KOMIT IOTEPHOTO 30DY;

HSI — xonipna monens: Hue — ToH, Saturation — Hacu-
4eHicTh, Intencity — 3HaueHHs IHTEHCUBHOCTI;

HSV - konipua moaens: Hue — Ton, Saturation — Ha-
CHUYEHICTh, Value — 3HaUeHHS IHTEHCUBHOCTI,

MCP — MeTox anpiopHOr0 MEiaHHOTO KaHaIy;

OpenCV — 6i0ioTeka KOMIT FOTEPHOTO 30pY;

PSNR — meTpuKa SKOCTi, IIKOBE BiTHOIIICHHS CUTHAITY
A0 IyMy;

RGB — xomipra mozens: R — 4yepBoHH kaHan, G —
3eJeHNH, B — CHHIN;
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SSIM — mMeTpHKa SKOCTi: iIHAEKC CTPYKTYPHOI CXO0KO-
CT1 IBOX 300pakeHb;

YUV — konipHa Mojiesib: Y — KOMIIOHEHTA SICKPaBOCTi,
U ta V — KOMIIOHEHTH KOJIbODY.

HOMEHKJIATYPA

A — atmocepHe CBITIIO;

¢ — KouipHuit kKaHan B mozaeni RGB;

D(u,v) — BiacTanp BiA TOYKH (i, V) 1O MOYATKy KO-
OpIMHAT YaCTOTHOTO NMPSIMOKYTHHKA;

D — napametp ¢inbTpy barrepsopra;

F(u,v) — pesynbrar ®Dyp’e-niepeTBOpeHHsT B TOUII
(u, v);

G, (14,v)— pe3ynbTaT 3aCTOCYBaHHS HU3bKOYAaCTOTHO-
ro ¢ineTpy B TouMi (U, V);

G, (u,v) — pe3ynbTaT 3aCTOCYBaHHS BUCOKOYaCTOTHO-
ro GinbTpy B TOULI (1, V);

H,,(u,v) — GiIpTp HU3BKUX YaCTOT;

H,(u,v) — GIBTp BUCOKUX YACTOT;

i — ysiIBHA OJTUHUI, [ =+/—1;
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I — BuXiiHE 300paXKeHHS 3 TYMaHOM a00 JUMKOI0;

I€(x) — IHTEHCHBHICTh KOJIPHOTO KaHaly ¢ y MmiKceni
X BUXIZTHOTO 300pa)keHHSI;

1 Y(x) — 3Ha4yeHHs iHTeHcuBHOCTI (Y-CKIIamoBoi KO-
niproi mozeni YUV) y mikceni x BUXiTHOTO 300paeHH;

1°(x) — IHTEHCUBHICT 300pakeHHs B MKCENi X MiCIs
BHCOKOYAaCTOTHOI (PisIbTparii;

1" (x) — iHTEHCUBHICTb 300paKEHHS B THKCENI X MiCIs
HHU3BKOYACTOTHOI (hinbTparii;

] (x) — iHTEHCHBHICTH 300pa)KCHHS B MIKCEIi X IMiCIIs
¢binpTparmii;

J — BiTHOBIIEHE 300paKeHHS 3 TIOKPALICHOIO BUAUMIC-
TIO;

J(x) — iHTEHCHBHICTH KOJIIPHOTO KaHally ¢ y MmiKceni

X BIJTHOBIJIEHOTO 300pa)KeHHSI;
M X1 — po3Mip MaTpHUIll BUXiTHOTO 300paXeHHS;
M x N — po3mip 30i1bL1eHOT MaTpuLi 300paKeHHS;
p — nopsiok ¢ineTpy barrepBopra;
{ — KapTa NpoITyCKaHHS,
!min — MIHIMaJIbHE 3HAUSHHS KapTH NPOITyCKaHHS;
!max — MaKCHMajbHE 3HAUEHHS KapTu MIPOITyCKaHHSI;

f(x) — KapTa TIpOIyCKaHHs, IepepaxoBaHa Ha Jiarma-
30H [0; 255];
t(y — OOMEXEeHHs KapTH IPOIyCKaHHA 3HU3Y;

th — MoporoBuii KOe(iIlieHT I MOKpaIIeHHsI KOJIbO-
piB Ta KOHTPACTY;

(u, v) — KOOpIMHATH Y 9acTOTHii 00macTi;

V' — KOMIIOHEeHTA SICKPaBOCTi BUX1THOTO 300pakeHHS B
KomipHiit Mmomem HSV;

v - nepepaxoBaHa KOMIIOHEHTa SICKPaBOCTI 00po0-
JIEHOTO 300pakeHHs B KOMipHii Moneni HSV;

X — TIKCeIb 300paXKeHHsI.

BCTYII

HecnpusTiusi morogHi yMOBH, Taki K TyMaH, JHMKa,
MW, TOTIPIIYIOTh SIKICTh 300pa’keHb, OTPUMAHHX I103a
npuMinieHHsaME. [losBa apTedakTiB Ha TaKuX 300pa’keH-
HSIX MPU3BOJIUTH O HeOaKaHMUX MPOOJEM Ta MOMHJIOK B
poOOTI anropuTMiB KOMIT FOTEPHOTO 30Dy, SIKI BUKOPHUC-
TOBYIOTBCS B CHCTEMax BiJICOCIIOCTEPEIKCHHS, PO3ITi3Ha-
BaHHS, BUSBJIICHHS 00’€KTiB, CErMEHTAIlll 300paXKeHb TO-
mo. ToMy BaXJIMBUM €TanioM B poOOTI MPaKTUYHO Oy/Ib-
SKOi CHCTEMH aHalli3y 300pakeHb ab0 KOMII FOTEPHOTO
30py € rorepeaHs 00poOKa, siKa Bifirpae KII0YOBY POJIb Yy
MIIBUIIEHHI SKOCTI IMOJANBIIOT0 PO3IMi3HABAHHSA, aHAJI3y
Ta inTepnperamnii rpadivanx ganux. OpHi€ErO i3 33724, sSKa
PO3B’SI3Y€ETHCS Ha I[bOMY €Talli, € IOMIIIIeHHS PO3Pi3HIO-
BaHOCTI 00’€KTiB Ha HU(QPOBUX 300paXKCHHSIX, OTPHUMa-
HUX B YMOBaxX HEJOCTATHHOI BUAWMOCTI, LIUIIXOM BHJa-
JICHHS] TYMaHy Ta TUMKH. B TyMaHHHX MOTOJHHMX YMOBax
KOHTPACT Ta KOJip 300pa)KeHHs pI3KO MOTIPIIYIOTHCS.
PiBeHb MOTIpIICHHS SKOCTI 30UIBIIYETHCS Pa3oM 3 Bif-
CTaHHIO BiJ kKamepu 10 00’ exTa. CKIaHICTh 3a1a4i BUIa-
JICHHS TYMaHy MOJIATa€e B TOMY, 1[0 TyMaH 3aJIeKHTh Bijl
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HeBizoMoi iHdopmarii npo rmouHy cuenu. Edexr tyma-
Hy — Le (YHKIiS BicTaHi MK KaMepow Ta 00’€KTOM.
OTxe, BUOAJICHHS TyMaHy HOTpeOye OLIHKW KapTH TJIH-
Ounu 300paxenHs. KpiM Toro, BiHOBIICHHS SICKPaBOCTI
MIKCEJNIB P BUTAJICHHI TYMaHy 4acTO CYIPOBOMKYEThCS
CHOTBOPEHHSIM TOYHOCTI Hepesadi KonbopiB. ToMy akry-
QTBHOI0 € PO3pO0Ka Ta BIOCKOHANEHHS IIiAXOIIB 10
pO3B’s3aHHSA JaHOi 3ajadi, sIKi HampaBJeHI Ha 3HAXO-
JOKEHHS CITOCO0IB TPaBMIIBHOTO OIiIHIOBAHHS MPUCYTHOC-
Ti Ta BUAAICHHS TyMaHy 31 30epe)KeHHIM JeTajell Ta Ko-
JILOPIB 300paKCHHS.

O0’€eKTOM AOCIIDKCHHSI € TMPOLEC MMOKPAIICHHS BH-
JIMMOCTI Ha HU(pPOBHUX 300paKEHHSX, OTPUMAHUX B YMO-
BaX MOTaHOi BUJMMOCTI.

[MpeameToM NOCHiKEHHS € MaTeMaTH4YHI MOJeENi Ta
METOAM JUT BHIAJCHHSA TyMaHy Ta JAUMKH 3 IHU(PPOBUX
300pakeHb.

MeToro 1aHOi poOOTH € TOMTYK e(heKTHBHHUX ITiIXOIIB
JI0 PO3B’sI3aHHS 3a/a4i BUIAJICHHA TyMaHy Ta TUMKH i3
300pakeHHS Ta BUKOPUCTAHHS IX B KOMIT IOTepHiil cuc-
TeMi 00pOOKH ITHUPPOBHUX 300paKEHB.

Jana po0OoTta € MpOJOBKEHHIM HPOEKTY 3 PO3pOOKH
MIPOrPaMHOTO 3a0E3MEYCHHS JUIA IMOKPAIICHHSA SKOCTI
nuQpoBuX 300pakeHb HNUIIXOM BHIAJIEHHS PI3HOTO POIY
IUISIM TIPUPOJIHOTO TIOXOJPKeHHS Ha HuX. Ha mepmomy
erarti Oynu peaslizoBaHi (YHKIT BUSBICHHS Ta BUIAJICH-
Hs TiHeH [1].

1 IOCTAHOBKA 3AJTIAUI

OCHOBHOIO TIPHYMHOIO TOTIPIICHHS SKOCTi 300pa-
JKeHb, IO MICTATH CIICHH Ha BiTKPUTOMY HOBITPi B yMO-
BaX TYMaHHUX KJITIMAaTHYHUX YMOB, € PO3CiIOBaHHS Oib-
101 YaCTHHH CBITJIA 10 MOMEHTY HOTr0 JOCATHEHHS Kame-
pH 4epe3 HasiBHICTb BEJIMKOI KIIBKOCTI PO3CISTHUX 4YacTH-
HOK B IOBITpi (HapHKIaj, TyMaHy, UMy a00 YacCTHHOK
IHIIUX peYOBHH). MaTeMaTn4HO Iel MPOIeC BUPaXKaeTh-
csi Mozelunto (OpMyBaHHS 300pa)KeHHs, sIKa 4acTo 3y-
CTpIYaEThCs B 3a/1a4aX 00poOKM 3aTyMaHEHUX 300paKeHb
[2, 3]. Yepe3 armoctepHi YacTHUHKH, SIKi MOTJIMHAIOTH 1
PO3CIOIOTh CBITJIO, TUTBKH TEBHHUHA BiICOTOK BiIOHTOTO
CBITIIa JTocATae crocrepirada. [HTeHCHBHICTE /() miKcens
X 3aTyMaHEHOTO 300paKeHHS € pe3ylbTaToM JMii BOX
OCHOBHHX aJUTHBHUX KOMITOHEHTIB — IPSIMOTO OCIIa0-
JICHHS Ta CBITJIa MOBITPs. B KOXXHOMY KOJIpHOMY KaHai
c € {R,G,B} Takoro 300pakeHHs IHTCHCHUBHICTH IIKCEJS

MOXEC 6yTI/I MNpeaACTaBJICHOIO Y BI/IFJ'ISIHiZ

I(x) = J(x)-£(x) + A (1= £(x)). (1)

[Mepmmit noganok y mpasiit yactuni dopmynu (1) €
NpSIMUM  OCJIA0JICHHSIM, SIKE OIMCY€E BHITPOMIHIOBAHHS
CIICHHM Ta HOro 3aracaHHs B cepenosuili. Jpyruii mona-
HOK — CBITJIO TIOBITpSI, OTPHUMY€ThCS BiJl paHile po3cis-
HOT'O CBITJIa, PE3YJIbTAT HOTO Aii — 3MIIIEHHS KOJIbOPIB.

Kapra nponyckannst #(x) €[0;1] mis KoxHOro mikce-
JIS1 X BUXITHOTO 300pa’keHHS OMMCYE YaCTHHY CBITHa, sKa
He po3CiroeThes 1 Jocsirae kamepu. ToOTO Kapra mporyc-
KaHHS Hece OLIHKY LIUIBHOCTI TyMaHy JUIsl KOXKHOTO IiK-
cels 3aTyMaHEHOro 300paXKeHHsI.
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3amada mossArae y BiTHOBJICHHI J — BUIBHOTO BiJ TY-
MaHy 300paxeHHs — i3 /.

CknaaHicTh 3a4a4i BiTHOBJICHHS J BU3HAYAETHCS THM,
o aTMocdepHe CBITIO 4 Ta KapTa MPOITyCKaHHS f € Ta-
KO HEBIJJOMHMH.

20IJI 0 JITEPATYPHU

[cHYIOTH pi3HI WOXogw IO PO3B’S3aHHS 3agadi IO-
KpalleHHS BHAMMOCTI Ha 300pa)KEHHSAX, CIIOTBOPEHHUX
TyMaHoM a0o0 JUMKOW. MOXXHa BUAUIMTH JIBI OCHOBHI
IpYIU METOJiB 0OpOOKHM 3aTyMaHEHHX 300pa)KeHb: METO-
I, sIKi HE BUKOPHCTOBYIOTH (i3UKY MpOLECy mepenadi
CBITJIa B aTMOcC(depi, Ta METOJHM, OCHOBaHI Ha (i3WYHIH
MOJICNTi TyMaHy.

Mertonu mepnioi rpynu CrpsMOBaHI Ha TOJIMIICHHS
300pakeHb USIXOM BiIHOBJICHHS KOHTpacty. [l 1boro
BHKOPHCTOBYIOTECSI TIPOCTOPOBI (PUIBTPH, BUPIBHIOBAHHS
ricrorpamM Ta iHIII ITEPETBOPEHHS, SIK OKPAIIYIOTh Bi3y-
aNbHe CIPUIHSTTS 300pakeHHs. B poOori [4] aBTOp, aHa-
J3yI0YN MHOXHHY 300paKeHb, OTPUMAaHHX 30BHI TIpH-
MillleHb, BiJ[3Ha4Yae, NI0 KOHTPACT He3aTyMaHEHUX 300pa-
JKCHb 3HAYHO BHILE, HDK 300pa)KeHb 3 MOMYTHIHHSMH,
BUKIIMKAHUMHU TYMaHOM Ta JUMKOIO, a CBiTJ'[O HABKOJINIII-
HBOTO CEPEIOBUINA, IO Y BEJIMKIHM CTEMEHI 3aIeXKUTh Bif
BiZIcTaHi 00’€KTIB JI0 CIIOCTEpiraya, Ma€ CXWIbHICTb OyTH
po3MuTM. Ha OCHOBI Takux CIIOCTEPEKEHb aBTOP IPO-
MOHY€E METOJ| BUIAJICHHS TYMaHy, sIKUi 0a3yeTbCsl Ha Ma-
KcuMizalii JIOKaJIbHOTO KOHTpAacTy 300pakeHb 3 HOMYT-
HiHHAMHA. Takuii MeTom Moxe 3a0e3[EYUTH XOPOIIUit
Bi3yanbHUH e(eKT, ae BiH He BiIHOBIIIOE peaJbHAN KOH-
TPAcCT CIEHH Y BiIIOBITHOCTI 0 MOJEIi mepeaadi aTMoc-
(bepH, TOMY pe3yNbTaTH MOXYTh OyTH NEepeHaCHYCHUMH
Ta HEIIPUPOIHUMH.

B po6oTi [S] po3risimaeTbess METOM BiAHOBICHHS 3a-
TyMaHEHHX 300pa)KeHb, OCHOBaHHI TAKOXK Ha ITiIBUIICH-
Hi KOHTPAaCTHOCTi. ABTOPH BiZI3HAYaIOTh, 1110 IIPOCTE M-
BUIIEHHS KOHTPACTHOCTI CYIPOBOKYETHCSI BTPATOIO
iHpopMarlii, 10 € HACHiKOM IepenoBHeHHsI abo Helo-
CTATHBOTO 3allOBHEHHS 3Ha4eHb MikcenmiB. Tomy BHza-
JICHHS TyMaHy MPOIOHYETHCS 3MIHCHIOBATH IUIIXOM Mi-
HiMizamil (yHKII BapToCTi, sfKa BpPaXOBY€ KOHTPACT i
BTpary iHdopmarii. Takuii miaxix AO3BOIMB ONTHMAIb-
HUM YMHOM TMiABHIUTHA KOHTpAcT Ta 30epertu iHdopMma-
uiro Ha 300paxenHi. KpiM Toro, Oyno 3amponoHOBaHO
PO3LIMPEHHS arOPUTMY BHIAJICHHS TyMaHy 31 CTaTHd-
HUX 300paxkeHb Jjisi poOOTH 3 BiJ€o, L0 IOCTyHae Ha
BXiJl B pexumi peanbHoro yacy. [Ipore meron moraHo
aIanTy€eThes A0 300paKeHb 3 PI3HUM CTEICHEM IOMYT-
HIHHS Ta HE MOXE ¢(EKTHBHO BUAASTU HIUIbHI MTOMYT-
HIiHHSA Y Bizeo.

Y poborti [6] aBTOpH 3aIpONOHYBaIX METO BiJIHOB-
JICHHSI BUIMMOCTI Ha OJJHOMY 300pa)keHHi, 0a3yrounch Ha
MeIiaHHOMY (DiIbTpi IS BUAAJICHHS TYMaHy a00 TUMKH.
Mertox Ma€e BUCOKY LIBHAKOJIIO, MOXKE IPAIIOBATH B pe-
JKUMi pealbHOTO Yacy, BUAAJs€ MMOMYTHIHHSA B 3HAYHIN
Mipi, ajne CHpUYMHSE MOSIBY OPEOJiB Ta MOPYIICHHS KO-
JIbOPIB.

VY pobori [7] npencraBiieHO METOJ| BUIAJICHHS TyMa-
HY, SIKUH CIIMPA€EThCs Ha 3arajibHy 3aKOHOMIPHICTh B IIPH-
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POAHUX 300payKeHHSIX, OTPUMAHUX HA BIAKPUTOMY IOBIT-
pi, Jic miKCeNi HEBEIUKUX JUITHOK 300pakeHHs 3a3BHUail
MaroTh OJHOMIPHHMH pO3HOALT B KOJIPHOMY IIPOCTOpI
RGB, Bimomuii K KOJBOPOBI JiHII. ABTOp NpeACTaBHUB
JIOKAJIBHY CTPYKTYPHY MOJEINb JUIsS KOJbOPOBHX JIiHIM B
TyMaHHUX CLIEHaX 1 BUKOpPHCTAB i 111 BITHOBIICHHS ClIie-
HU. /{719 OTpUMaHHS MTOBHOI 1 30aJJaHCOBAHOI KAPTH OIliH-
KM IIyMy 1 po3cifoBaHHA Oyjla BHKOPHCTaHa MapKOBCHKa
MOJEJb BUIIAJKOBOTO HOJIS.

B ocHOBI MeTOy TOKpalleHHs pO3ITi3HABAHOCTI JIeTa-
Jell Ha 3aTyMaHEHUX 300pa)KCHHSX, MPENCTABICHOMY B
[8], nexxuth mMommdikoBanuii anroputm Retinex 3 aBTo-
MaTHYHUM BH3HAYCHHSM JCKIILKOX PIBHIB IHTCHCHBHOC-
Ti, BAKOPUCTOBYIOYH SIKI MOXKHA OCBITJIUTH 200 3aTEeMHHU-
TH 300pakeHHs. [Ipu 00poOIIi 300pakKeHHs, BU3HAYAIOTh-
Csl TIPOCTOPOBI 00JacTi 3 OJJHAKOBOIO IHTCHCHBHICTIO Ta
JIOKJIBHUM KOHTPACTOM I10 KOXKHOMY KOJIDHOMY KaHaIy.
[Mikcei, Mo ABNAIOTHCS OMM3BKUMHU IO IIUX PiBHIB iHTEH-
CHUBHOCTi, 0C000 0OpOOIIAIOTECS AN TOTO, 00 BHUSBUTH
JeTami, sKi MOrJM OyTH HEBHOUMHMH JUI JEOJACHEKOTO
30py. KoxeH ineHTH]IKOBaHMI piBEHb OTPUMYE CBOIO
Bary BIINOBIZHO 10 WOro moummpeHocTi. Pe3dynbratu ne-
MOHCTPYIOTh MOTYXHICTh JAaHOTO IMiJXOJy Ha IIUPOKOMY
CHEKTPi TECTOBUX BHIAIKIB.

VY [9, 10] 3ampornoHOBaHO METOJ, B SIKOMY PO3MHTTS
TyMaHy 3[1HCHIOETHCS 32 JOLIOMOT'OI0 PO3PaxXyHKY MOBIT-
PSHO-CBITIIOBOTO TOTOKY. IIpencraBnennii anroput™ Oa-
3Y€ThCsA Ha MPHUITYIICHHI, M0 300paXkeHHsT 0e3 TOMYTHIH-
HS J10Ope arpOKCHMYIOThCS AEKIJIbKOMa COTHSIMHU Pi3HUX
KOJIbOPIB, SIKI YTBOPIOIOTH INIIBHI KJIACTEPH y MPOCTOPI
RGB. Anroputrm mo0pe mpaioe Ha MIMPOKOMY KOJIi 30-
OpakeHb, TPOTE BiH MpHUiiMae KOXKEH Kalp y Bimeo 5K
OKpeMe 300pakeHHs1 1 MOBHICTIO 0a3yeThCsl HA METOJlax
PO3MUTTS 300paXKEHB.

€ MeToau, siKi 0a3yIOThCS Ha MOPIBHSIHHI JAEKUIBKOX
300pa)keHb, OTPUMAHKUX B PI3HUX MOTOAHUX ymoBax [11,
12]. Taki MeToau 3a37ayierilb MatOTh OTPUMATH TIPUHHS-
THI 300pa)KCHHS, 110 30UIBIIYE CKIaTHICTh OTPHUMAaHHS
He3aTyMaHEHUX 300pakKeHb.

[CHYIOTB alNropuTMHU BUIAJICHHS TYMaHy, SIKi BUKOPH-
CTOBYIOTh MOJEII, IO 0a3yl0ThCs Ha (i3UIll pO3CIFOBaHHA
cBiTiia B atmoctepi. s OmiHKY IIITBHOCTI TyMaHy YH-
MAaJI0 METO/iB BUKOPUCTOBYIOTH SIBHIIE AIPiOPHOTO TEM-
HOTO KaHaiy. Teopis anpiOpHOTo TEMHOTO KaHaiy 0a3zy-
€TBCSl HAa CTATHCTHILI 300paKeHb Ha BIAKPUTOMY IOBITI,
10 HE MICTATh TyMaHy. J[ys OLIbIIOCTI JIOKaBbHUX 00JIa-
CTei Ha 300pa)XCHHSX, SAKI HE MICTATh HeOa, YacTo JesKi
MiKCeJl MaloTh JIy)Ke HU3bKY IHTEHCHBHICTH Xo4ya O 1O
onHomy kaHaimy B RGB 300paxkenni. Ha 3atymanenomy
300pakeHHI IHTEHCHBHICTh NHUX TEMHHUX IIKCEIB IO
I[bOMY KaHaJly B OCHOBHOMY BH3HA4a€ThCs CBITIOM HeOa.
Tomy TeMmHI miKcenl MOXyTh Oe3IocepeIHbO IaTH 3MOTY
TOYHO OLIHUTH CTEMiHb MIUTFHOCTI TyMaHy. Tak, B [2]
MPEJCTaBICHO METOJ Ha OCHOBI MOIeNi Bizyamizarmii Ty-
MaHy, SIKUH JO3BOJISIE OLIHUTH CTEIiHb MITFHOCTI TyMaHy
Ta BIIHOBUTH SIKICHE He3aTyMaHeHe 300paxkeHHs. [Ipu
IIOMY OYAYETBCS XOpoIa Kapra riuounu. Jlanuit miaxin
NpaBWIBHUHN 3 PI3MYHOT TOYKH 30pY 1 34aTHHN 00pOOISTH
BiJUTaJICHI O0’€KTH HaBITh HA CHJIBHO 3aTYMaHCHHX 30-
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OpakeHHsIX. MeToJ] He ONHMpaeThCsl HA 3HAUYHI Mepenaan
HIUTFHOCTI 200 3aTiHCHHS MOBEPXOHb Y BXIJHOMY 300pa-
xeHHIl. OHaK pe3ysibTaT MOXKE MICTUTH JEKUIbKa Opeo-
miB. SIK 1 OyApb-SKMHM MigXiA, 0 BUKOPHCTOBYE CTpOTE
TIPUITYIICHHS, el IMiaXi] TaKoXK Mae CBOi BIAacHI oOMe-
xeHHs. TeMHUIA KaHan Moxe OyTH HEMpPUIATHUM, SIKIIO
00’€KT CIIEHH 3a CBOEIO CYTTIO aHAJIOTIYHUH CBITITy aTMO-
cdepy Ha BENWKIN JIOKaNBHIN 007acTi (HampuKIIa:, aBTo-
MOO1TBHI (papH, 3acHiKEHA TOBEPXHS TOIIO), 1 HA 00’ €KTH
HE MaJaroTh TiHI.

B [2] MeTon TeMHOro KaHaly KOMOIHYETbCS 3 METO-
JOM M’SKOTO MaTyBaHHS Ul YTOUHEHHS KapTH Iepenadi,
10 BHUKIIMKA€E BEIMKE OOYMCIIOBaIbHE HAaBaHTAXKEHHs. B
[13] mpomoHy€eTbCcs METO KEpyrOUOro (ibTpa Ui 3Me-
HIIEHHS OOYMCIIOBAILHUX BUTpar. KepoBaHuit ¢inbTp
MOYKE€ BHKOPUCTOBYBATHCS SIK ONEPATOP PO3MUTTS, SIKHHA
30epirae pucH TpaHWIb Ha 300paKeHHI i MOXKe Kpamie
BHKOPHCTOBYBATH CTPYKTypH B 00poOiIIOBaHOMY 300pa-
*KeHHi. Y [14] 3amporoHOBaHO BIOCKOHAJICHUN MiAXig
IUIsL BUJAJICHHS. TYMaHy 3 OIHOTO 300payKeHHS IILIIXOM
KOMOIHYBaHHSI TEMHOTO KaHaly Ta KepoBaHol (ijabTparii
300pa)keHHs. 3anpOIOHOBaHO e(eKTUBHY CXEMY ajarra-
il pajiyca JOKalbHUX 00JacTei, 1110 BUKOPHCTOBYETHCS
IpU OTPHMaHHI TEMHOTO KaHaJly, Ta pajiyca KepoBaHOTO
¢ineTpa. OOpoOICHI 300paXKCHHS MAKOTh 3aIOBUIBHY
SIKICTB, OJTHAK METOJ BHJIAE€ TIOMUJIKOBI PE3YJIbTaTH y BU-
MaJIKy 3 300pa)XKeHHAMH, 110 MAIOTh Pi3Ki 3MiHU B TIINOiHI
CIICHH.

VY [15] Ge3rymanHe 300paXKCHHS OTPUMYETHCS Uepe3
OIIiHKY IIapiB TYMaHy Ha OCHOBI MemiaHHOi (impTparii i3
3aCTOCYBaHHSIM METOAY TEMHOro KaHaiy. Pe3ynbraTtom €
MOKpAIleHUH PO3MUTUN IAp pa3oM 3 MPUIIYLIEHUMHU
TEKCTypamMy Ta 30epekKeHHMH NepexoJaMu TIIMOWHHM Ha
300pakeHHI. AJITOPUTM € MPOCTHM Ta CPEKTHBHUM CIIO-
COOOM 7Sl «OYHMILEHHS» 300paKEHHSA Ta IMOKPAILCHHS
KOHTPACTYy.

BupaneHns TymaHy 3 BUKOPUCTaHHSM TEMHOTO KaHa-
Jy 4acTo CYyNpPOBOJPKYETHCS CIHOTBOPEHHSIM KOJIBOPIB B
obuacti Heba Ta ACKpaBUX perioHiB. [l BUpiIEHHS i€l
npobiemu B [16] 3ampornoHOBaHO TMOKpAIIEHWH METO,
SIKUHA 0a3yeThCsl HAa iHBEpCHOMY 300pa’keHHI Ta TEMHOMY
KaHaim. [HBepcHe 300pa’keHHS 3aCTOCOBYETHCS IS OLliH-
KA HOBOI KapTH Iepenadi, sKa BHKOPHCTOBYETBCS LIS
3MIHM BHXIJHOI KapTH, 11100 YHUKHYTH CIIOTBOPEHHS KO-
nbopiB. [IOTiM KapTa yTOYHIOETHCS 3 BUKOPHUCTAHHSIM
Kepyro4oro ¢iibTpa.

Y po0ori [17] po3risinaerbes ¢PEKTUBHUN METO]T BH-
JIAJICHHS] TIOMYTHIHHS 3 OJHOTO BXIiJTHOrO 300paKeHHS,
KUK Oyzye KapTy nepeiadi IUISIXOM BUAAICHHS JpiOHUX
nerayeil 13 MiHiMaiabHOro 3 ka"ainiB RGB 3a gomomororo
HHU3BKOYAaCTOTHOTO GinbTpy. [ani kapra yTOYHIOETHCS 3
BUKOPUCTaHHSIM KaHATy iHTEHCHBHOCTI KOJiPHOTO TPOC-
topy HSI Ta mokampHOro KOHTpacTy. Ha ocHOBI mMoxmeni
po3cifoBaHHA CBiTIa B aTMocdepi TeHepyeThCs SKiCHE
300pakeHHs 0e3 muMmKu. [IpoTe Ha 300pakeHHAX 3 MIiITh-
HUM TyMaHOM l'IOMyTHiHHS[ BUAJISIETHCA HE HOBHiCTIO.

AHani3 iCHYIOYHX MiIXO/iB, SIKI BUKOPHCTOBYIOTh (i-
3MKy IPOLECY YTBOPEHHS TyMaHy, NO3BOJISE BUALINTH
OCHOBHI eTarnu po3B’si3aHHs 3a/1a4i:
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1) ouiHKa KapTH MPOIYCKaHHS;

2) o1liHKa aTMOC(EPHOTO CBITJIA;

3) BUAANCHHS TyMaHy.

B neskux migxopaax AJs MOKPAIIEHHs pe3yJbTaTiB BU-
KOPHUCTOBYETBCSI eTal nomepenHboi ta (abo) micnsioopoo-
Kd. B 1MX BHIagKax sIKiCTh pe3yNbTaTiB IiABUILYETHCS,
aJie 3MEHIIY€EThCS IIBUAKOIIS.

3 MATEPIAJIU TA METOIHN

B naniit po6oti npononyetbest meton CUS BuganeHHs
TyMaHy 31 30epe)KeHHsIM JeTaleil 300paXkeHHsT 3 ypaxy-
BaHHAM (i3u4HOI Mojeni TymaHy. 3aTymaHeHe 300pa-
xeHHs / onmucyersest popmyioro (1). Ko kapra nporry-
CKaHHsI OJM3bKa 10 HYJIsI, TO MEPIIHiA J0JaHOK Y popMyIi
(1) Texx Oyne Oxm3pkuM a0 Hymna. OCKUIBKH BiJHOBJICHA
IHTEHCHBHICTb CLIeHH J CXWIIbHA 10 IIyMY, TO KapTy Hpo-
IyCKaHHSA 0OMEXYIOTh HIDKHBOIO TPaHHLECIO #o Ta 30epi-

raloTh JICSKY KUTBKICTh TyMaHy B JyKe IIUIBHUX oOJiac-
TAX TyMaHy, SIK IPOMOHY€TbeA y [2]. 3azBuuail #; =0,1. 3

ypaxyBaHHsIM 1160T0 3 popmyi (1) BummBae, mo
-4
max(tg./(x))

2

Jliist Toro, mo6 BiHOBHUTH IIyKaHe 300pakeHHs J, He-
00XiJJTHO OTPUMATH OLIIHKY KapTH MPOITyCKAaHHS ¢ Ta OIiH-
Ky atMoc¢epHOoro cBiTiIa 4. 3ayBaxkumo, mo 4 — e KOH-
CTaHTa, sIKa O0YHMCIIOETHCS TI00aTBHO I 300pakeHH /.

Ha mpakrtumi 3actocyBanas ¢opmynu (2) mis Buga-
JICHHS] TYMaHy 4acTo IPU3BOJUTH JI0 HebakaHuX apreda-
KTiB, SIKi 3’SIBJSIFOTBCSI Y pe3yJbTaTi poOOTH 3 HETOYHOIO
KapToo mpormyckanHs. [1ig HETOYHOI KapTO MpOIyc-
KaHHS PO3YMI€ThCS 300pa)KEHHs, OTPHMaHEe Ha OCHOBI
BUXITHOTO 300pa)KCHHS, EMITIPUYHI 3HAYCHHS SKOTO I0-
BHICTIO HE BIJINOBIIal0Th TCOPETHYHUM, TOOTO HE Bpaxo-
By€ThCsl eMIipuuHa npupoja t(x) . Hampukian, npu pos-
paxyHKax MOXKHa OTpPHMAaTH 3HAUYCHHS IHTEHCHBHOCTI
1o3a MeaMu JomycTumoro aianazony [0; 255]. Bunukae
MUTaHHS, SIK CKOPETryBaTH OTpUMaHe 3Ha4yeHH:, 100 He
CIIOTBOPUTH KOJIBOPI Ta caMe BHXiJHE 300pakeHHS. B
JlaHi poOOTI MPOMIOHYETHCS MIJXiM, KU T03BOJISIE TIa-
BHO 3MCHIIUTH IHTCHCUBHICTh 3aTYMaHCHHX IIKCEIIB Ta
YTPUMATH 3HAYCHHS 300paXKCHHS Y JOIyCTUMOMY [iama-
30Hi, 110 JI03BOJISIE Kpalle 30eperTu aeraii 300paskeHHsl.

Meton CUS mepenbauae BUKOHAHHS TPbOX ETalliB,
BU3HAYCHUX BUIIIE.

[MepuM erarnoM € moOyayBaHHS KaPTH MPOIYCKAHHS.
Jnst peastizanii OL[IHKY KapTH MPOITYyCKaHHS B JAaHiii poOoTi
BUKOPUCTOBYIOThCS i€l 13 [18]. TIpouenypa noOynyBaHHs
KapTH MPOITYCKaHHS CKIIA/IA€ThCs 3 TAKUX KPOKIB!

1. V BxigHoMy 300pa)keHHI BUAUIIETHCS CKJIaqoBa
IHTCHCUBHOCTI 3a )OPMYJIOIO

¥ =0,299R +0,587G +0,114B

sk Y-ckimagosa komipaoi Momeni YUV [19]. Came Ha oc-
HOBI aHami3y IIi€i CKIazoBOi OYyAyeEThCS KapTa MpPOIyC-

KaHHs. Pe3ynbraroM € MaTpuis iHTeHCHBHOCTEW [/ ]Yk],

j=L2,..m, k=12,.,n.
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2. Marpuus iHTEeHCUBHOCTEH 30UIBIIYEThCS 32 PO3Mi-
POM y IIBa pa3u 3 BUKOPHCTAHHSM JIIHIHHOT 1HTEpHOSIII.
Hoswmit po3mip matpuri M xN, ne M =2m, N =2n.
[MapHicTs po3MipiB MaTpHIli HEOOXiTHA JUISl TTOAANBIIOTO
3actocyBanHsi DFT Ta cnpouieHHsI KOMII I0TepHOT pealri-

3anii. Bei enemenTtu Matpuii MHOKaThes Ha (—1)7 ks

Toro, mod Dyp’e-nepeTBOpeHHsT OyJI0 LEHTPOBAHUM,
ToOTO mouarok koopauHatr (0, 0) 3HaAXOQMBCS y LEHTPI
YaCTOTHOTO MPSIMOKYTHHKA.

3. 1o 30UIbIIeHO] MaTPHIll iHTEHCUBHOCTECH 3aCTOCO-
ByeThes npsme DFT [20]:

MYy ini Mk N
F(u,v):_ Z z Ijkeil n(u +v )’
j=0 k=0

ne j=0,1,..M -1, k=0,1,...N—1, ToOTO 3 CHIOETh-
csl Tiepexin 1o 4acToTHoi obnacti. Binomo, mo yactotu y
®yp’e-niepeTBOpPEHHI 3B’s13aHi 3 Bapialli€lo iHTEHCUBHOCTI
Ha 300pakeHHi. YacTOTHa CKJIA0Ba, IO 3MIHIOETHCS
HatnoBiibHImE (=0, v=0), cmiBnagae i3 cepeaHBOIO iH-
TEHCHBHICTIO 300pakeHHsA. HU3bKi 4acTOTH, IO BiIIOBI-
JAal0Th TOYKaM MOONM3Yy MO4YaTKy KoopmuHat Dyp’e-
MIEPETBOPCHHS, BU3HAYAIOTh KOMITOHEHTH 300pa)KCHHS,
0 3MIHIOIOTECA TOBLTEHO. [lo Mipi BimmaneHHs Bix mo-
YaTKy KOOpAHWHAT OLJIbIII BUCOKI YaCTOTH MOYMHAIOTH Bifl-
MOBiAaTH Bce OLIBIN IIBUAKAM 3MiHAM IHTEHCUBHOCTI, 1110
VSBISIOTh CO0OI0 MeXi 00’€eKTIB Ta iHII Jerani 300pa-
JKCHHSI, SIKI XapaKTepU3yIOThCS PI3KUMH 3MIHAMH SICKpa-
BOCTI, HAIIPHUKJIA]] IIIYM Ha 300payKEeHHI.

4. 3acToCOBYETHCS (DLIBTP HU3BKUX YacToT barrepso-
pTa MOPAAKY p 3 YacTOTOIO 3pi3y Ha Biacradi D Bix mo-

yaTKy Koopausar [20]:

1

H, (u,v)= )
! 1+[D(u,v)/ Dy1*?

B SIKOMY BiJICTaHb BiJ TOUKH (U, V) IO MIOYATKY KOOPAHHAT
BU3HAYAETHCS 32 HOPMYIIOr0

D@u,v) =[w-m)> +(v-n)*1"?.

3ayBa)KMMO, 1110 B KOMII'IOTepHIil peaizailii JaHOTO eTa-
ny OyJI0 BUKOPHUCTAHO TaKi 3HAUYEHHS NapaMeTpiB QuIbT-
py barrepsopra: p=1, Dj=30.

PesynbraT HH3BKOYACTOTHOI (QINBTpaLii OTPUMYETHCS
TaKUM YHHOM:

G,(u,v)=H, (u,v) - F(u,v).

MHosxeHHs1 MaTpulb H, i F 301CHIOETHCS TIOEIEMEHTHO.
BigzHaunMo, 110 HU3BKOYACTOTHA (iIBTpamis NPUTHIUYE
BHCOKOYACTOTHI CKJIAZIOBi, 30KpeMa IIIyM, Ta CTBOPIOE
3rIIapKeHe 300paKeHHS.

5. 3acrocoByetncs 3BopotHe DFT [ 20]:

M-1N-1 . .
}'lk _ z z G (u v)elzTE(Mj/M+vk/N)
J H s )
u=0 v=0
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pe3yabTaTOM SIKOTO € MaTpuus [/ }’k] po3mipom M x N .

Buninserscs niificHa 9acTWHA pe3ynbTaTy, BCi €IEMEHTH

MaTpHili MHOXaThCs Ha (—1)/+k, 100 KOMIIEHCYBaTH

e(eKT BiJl MHOXKEHHSI 300pa)KeHHsI Ha Ty XK caMmy BEJIHYH-
Hy. 3IIMCHIOETHCSI TIOBEPHEHHS J0 BHUXIJIHUX PO3MIpIB
MatpHili, ToOTO ii pO3MipH 3MEHIIYIOTHCS B/BIYI.

6. 3a ananorieto 10 marpuni [/ fk] 3aCTOCOBY€ETHCS
(hinpTp BHUCOKHX yacToT barTepBopTa mOpsAAKy p 3 4acTo-
TOIO 3pi3y Ha BifcTaHi D, BiA mouatky koopiauHar [20]:

1
1+[Dg / D(u,v)1*?

H,(u,v)=

Pe3ynbpraToM BUCOKOYACTOTHOT PiIBTpALIil € MATPHUILIS:
G, (u,v)=H,(u,v) - F(u,v).

BucokouyactotHa QimpTpariis NpurHidye HH3bKOYACTOTHI
KOMIIOHEHTH Ta TIeHepye 300pa’keHHs 3 MOKpAIeHUMHU
KpasiMH.

7. lo oTpuMaHOi MaTpuUlli 3aCTOCOBYETHCS 3BOPOTHE
DFT:

M-1N-1 o

S'k _ z Z G, (u v)eIZTI:(uj/M+Vk/N)

J 8 B )
u=0 v=0

PEe3yNbTaTOM SIKOI'O € MaTpULs [I?k] po3mipom M x N .
AHaNoOriyHO BHIUISETHCS [iiCHA YacTHHA pe3yibTary,

BCi €leMEHTH MATpulli MHOxkathcad Ha (—1)7 *k, po3mip

MAaTpHIli 3MECHIITYETHCS BABIYI.
8. PesynmbTyroua marpuis iHTEHCHBHOCTEH po3paxo-
BYETBCS SIK CyMa JIBOX OTPUMaHUX MaTpPHUIIb:

I1(x)=1"(x)+1°(x).

9. lani 13 3HaueHb Marpuii [ OTPUMYIOTh KapTy
MPOIYCKaHHSI

1(x)=1-1(x)/255.

3a3HaunMMoO, 10 AV Bisyasti3amii KapTé MPOIyCKaHHS
B KOMIT IOTEpHIil cuctemi OyJo 3miHCHEHO MacITa0yBaH-
Ha t(x) y mianasoH [0; 255] 3 po3TAryBaHHSAM 3HAYEHb Ha

BECh BIJIPI30K:

Ha HacTtynmHOMY eTami OIHIOETBCSI aTMOC(EpHE CBIT-
no. Jnsg mporo BXiZgHE 300pakKeHHS CHOYATKy KOHBEPTY-
€Tbes B KoJipHui mpoctip HSV, B sikomy kommonenra V'
Hece iH(opMalito Mpo SCKpaBicTh MiKcems. MeTox mepe-
TBOpEeHHs 300pakeHHs i3 KomipHOi Momemi RGB B HSV
Ta HaBIAKHU OIMCaHO, Hampukiad, B [19]. Jdam BizOupa-

totbes 0,1% HadsickpaBimux mikceniB B /(x) . i mikceni

BIIMOBIAIOTh HAWIIUJIBHIIIAM 00JacTsIM TyMaHy. 3
OTPUMaHUX MIKCENIB BiIOMPAETHCS OAMH, KU BiAMOBI-
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Jla€ TKCEeNI0 Ha BUXIAHOMY 300pakKeHHI 3 HalOiJIbIIO0
sickpaBicTio (kaman V). Voro 3HaueHHs oOHpaeTbcs B
SIKOCTI 3HAUCHHS aTMOC(EPHOTO CBITIA A.

HactymHum eTtanoM € BuaaneHHs Tymany. J[ns mporo
MPOTIOHYEThCS MiXIM, KUK J03BOJSAE YHHKHYTH BUXOIY
3HAYCHb IIKCETIB 3a MEXi JIOIyCTUMOTO Mdiana3oHy, II0
MOYKe CTIPHYHMHSTH TIOSIBY apTe(]akTiB Ta 3MIIEeHHS KOJIBO-
piB. Bynemo 3actocoByBaTH mpouenypy BHIAICHHS TyMa-
Hy JHIIE I KOMIIOHEHTH SICKpaBOCTi V BXimHOTO 300pa-
XKEHHS, a KOJIbopU OyJeMO BHPIBHIOBaTH HA OCTAaHHHOMY
erami. Jluie ayis kanany V 3acrocyemo (opmyiy, sika mo-
Oyli0BaHa EMITIPUYHUM LULIXOM 3 YpaxyBaHHsM (2):

V=V+(-A4)-(1-max(ty,1)). 3)

[Mosicanmo ceHc apyroro nonanka. PisHUIS MiX sICKpaBi-
cTIo mikcenss Ta atMochepHuMm ciTiom (V—A) maibke
3aBXau Bin'eMHa. MHOXHUK (1-max(?(,?)), KU 10 cyTi

€ IHBEpCI€l0 KapTH TPOIYyCKaHHs, JO3BOJISIE BPaxyBaTh
LIJIBHICTh TYMaHy Ta J0AaBaTH 0 V JHIIe YacTHHY 3Ha-
yeHHst (V—A). ToOTo koperyBaHHsi 3Ha4eHHs J Ha BeJH-
YHHY JPYroro nonaHky ¢opmymnu (3) mpu3BOIUTH 10 BU-
PIBHIOBAaHHS SICKPABOCTI ITIKCEJIS TAKUM YMHOM: IS 00-
JacTed 3 OUIBII MIITBHAM TyMaHOM IHTEHCUBHICTH 3MEH-
IIYETHhCS CHUIIBbHIIIE, TSI MEHII 3aTYMEHEHHUX — cllalKie.
OTxe, 3HaueHHS (V—A) MOKHA PO3TIAATH SK aJANTUBHY
BEJINYMHY, Ha SIKY CJiJ BIAKOPHTYBAaTH V 3 ypaxyBaHHAM
LIJIbHOCTI TyMaHy B KOHKPETHOMY Iikcemni. SIKmio pe-

3yJIbTYIOUE 3HAYECHHS SCKPaBOCTI V BUXOMT 33 MEKi
irTepBany [0; 255], apyruit noganok y dopmyii (3) 3me-
HIIyeTbes Ha 25%, mokn He OyJae OTPUMAaHO KOpPEKTHE
3HA4YCHHS. TaKuM YUHOM JOCSTAETHCS IUIABHE 3MEHIIICH-
HS IHTEHCHUBHOCTI V mikcens y mpoctopi HSV ta He mo-
ITyCKA€THCS BUX1JI IIHOTO 3HAYECHHS 32 MEXI Jiarma3ony.

Jaiti 3MiACHIOETHCST TOBEPHEHHS 10 KOJIPHOIO IPOC-
topy RGB. Meton konBepraiii moxHa 3HaiitH y [19].
JUis oTpuMaHHS PE3yNbTYIOUOro 300pakeHHS BUKOHY-
€TBCSl L€ OJJHE TEPETBOPEHHS, CIPSIMOBaHE Ha MOKpa-
LICHHS KOJILOPIB Ta KOHTPACTy, 3a paBmioM [21]:

e |15
255

(100+th

2
) +0,5 |-255.
100

[opir th € TakuM, IO HAJIAIITOBYETHCS, 32 3aMOBYY-
BaHHAM th = 10.

Ha ocHOBI onucaHoro MeTomy IpOINOHYEThCA e OHA
moaudikanis mis Buganenns tymany CUSD, sika no3so-
Jsie OTPUMATH SIKICHI pe3yibTyrodi 300paxeHHs. B xonxi
aHai3y pI3HUX METOJIB BHUAAIECHHS TyMaHy OyJo IOMi-
YEeHO, 110 KJIIOYOBY pOJIb B IIbOMY IPOLECi BiIirpae OmiH-
Ka TOBIIMHU TyMaHy (KapTa MPOIyCKaHH:), a TAKOXK Mic-
ns100po0OKa, sKa 37aTHa 3HAYHO ITOKPAIIUTH Pe3yJIbTar.
OckinpkH, K ciigye 3 Moaeni GOopMyBaHHS TyMaHy, Ty-
MaH CTac IMUIBHIIMIMM 31 30UIBIIEHHAM BIACTaHI Bifx
00’€exTa 10 KaMepH, TO MOXHA MPHUITYCTHTH, 1110 B SKOCTI
OL[IHKH TOBLIMHH TyMaHy MOXXHA BHKOPHCTOBYBATH Kap-
Ty I'MIMOMHM cUeHH. [l OIiHKM ITTMOMHM CLIEHH Ha Of-
HOMY 300paxkeHHI (0e3 3aJydeHHsS OAAaTKOBHUX 300pa-
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’KEHb) B JJaHil poOOTI BUKOPUCTOBYETHCS MiAX1/1 HA OCHO-
Bi MaIlIMHHOTO HaBYaHHsi, OMUCaHUi B [22]. ABTOpH 3a-
NPOTIOHYBAJIM HEHPOHHY MEpEexXy, po3poOJieHy Ha MOBI
Python, 3 Bukopuctanusm 6i0miorexu Tensorflow 1.0 ms
MAIIMHHOTO HaBUYaHHS, SKa 37aTHA OI[IHIOBATH TITHOWHY
creHu 3 oxHoro 3o0paxeHHs. Kop s maHoro meromy
3HAXOAWUTHCS Y Bigkpuromy moctyti Ha GitHub minx mime-
u3icro «KUCLB ACP-Ay, mo 103Bossie O€3KOIITOBHE BH-
KOPHUCTaHHSA JaHOTO IPOTPaMHOTO MPOAYKTY B HEKOMEp-
midHuX nisix. OmKe, B METO/I, 10 PO3TIIAAAETHCS, OIliH-
Ka TJIMOWHY CIICHI 3/IFCHIOETHCS 3a JTOMIOMOIOK0 HEHPOH-
HOi Mepexu. 11 moanbuoro BUAAJICHHS TyMaHy 3acTo-
COBYIOThCS KpokHu MeToy CUS, po3ryisiHyTi BHIIIE.

4 EKCHIEPUMEHTHU

Onwcani BHIIE METOAW PEali30BaHi B KOMIT IOTE€pHIH
cucremi [1] sk me oxHa rpyna ¢yHKIiH 00poOkn 300pa-
JKeHb Ha JIOIATOK JI0 BHSBIICHHS Ta BUIAJICHHS TiHEH (pi-
3HI METOIIN), KJIacTepu3allii, 00poOku rpanumb. [Iporpa-
Ma po3pobiieHa Ha MOBi C# 3 BUKOpUCTaHHAM 0i0Mi0TeKH
koM 'otepHoro 30py EmguCV, ska e xpocmiardopmen-
Hoto .Net oroptkoto 6i6miorekn OpenCV.

Kpim 3anpononoBanoro meroxy CUS Ta ioro mojm-
¢ikanii CUSD 3 BHKOpUCTaHHSM HEWPOHHOI Mepexi, B
KOMII'FOTEpHIN CUCTeMi OyJH JOJaTKOBO pealli3oBaHi Taki
METOJY BUJAJICHHS TYMaHy:

1) meron ampiopHoro temHoro kaxHaimy (DCP) Ha oc-
HOBI iJIeH, BUKJIaIcHUX ¥ [2];

2) meron ampiopHoro MexiaHHoro kaHainy (MCP),
npeacTaBIeHoMy y [3];

3) MeTox TEMHOTO KaHaITy 3 BUKOPHUCTaHHSIM KOHTpAac-
THO-0OME)XEHOi eKBami3amiii TicTorpaMd Ta aJalTHBHOI
ramma-kopekiii (DCP&CLAHE), mo onucano y [23];

4) Bunanenns tymany (DSP), opieHTOBaHe Ha BHKO-
HaHHS y peaIbHOMY 4aci Ha HU(PPOBUX CUTHAIBHHUX MPO-
Iecopax, Ha OCHOBI i7IeH, BUKJIAZCHUX Y [24].

Peasizanis nux METOJIB 103BOJIMIIA IPOBECTH MOPIBHS-
JBHUIA aHalli3 pe3ysbTaTiB 00pOOKH 300paXkeHb LIMMHU Me-
TOAAMHU 3 Pe3y/bTaTaMd, OTPUMAHHUMH 3aIPONOHOBAHUM
MeToZioM Ta ioro momudikamiero. Kpim Toro, peamizamis
0araTb0X METOIB pO3MIpPIIIA (DYHKI[IOHAT CHCTEMH.

[Iporpama Mae BiKOHHHI iHTEpdeiic Ta MICTHTD AEKi-
JpKa MEHI0 Ui BHOOpY cmoco0y Ta MeToxy oOpoOKu
300paxenHs. ['padiuni 3acobu KepyBaHHS IPOTPaMOI0
3rypTOBaHi B MaHeNi BIAMOBITHO 0 CBOTO MPH3HAYCHHS.
OCHOBHE BIKHO Ma€ TPH OO0JIACTI JJIs BiZOOpa)kKCHHS BH-
X1JIHOTO, TPOMIKHOTO Ta PE3YJIBTYIOUOro 300paKeHb.
IIporpama Hagae MOXIIUBICTh BHBOJY JOJAaTKOBUX BIKOH
3 TIPOMIKHUMH 300paKCHHSIMH, SIKi OTPHUMYIOTBCS B IPO-
1ieci poOOTH TOTO YM iHIIOTO METOAy. TakuM YHHOM MO-
JKHa 1MO00AYUTH, SKI KPOKH OOpOOKHM IPOXOIUTH 300pa-
JKCHHS TepeJ OTPUMAaHHSAM OCTaTOYHOTO pPe3yJbTary.
[lepenbaveni Takox TOJATKOBI METOOM OOpOOKH, sIKi
MOJKYTb OKPAIIUTH PE3YIHTaTH OCHOBHOI OOPOOKL.

[opiBHSAHHS pe3ynbTaTiB POOOTH PI3HUX METOIIB BH-
JIATICHHS] TyMaHy MiX CO0OI0 3MIiIHICHIOBAJIOCH SIK Bi3yallb-
HO, TaK 1 3a J0MOMOTror (HOopManbHUX METPUK SIKOCTI. J{ms
PO3paxyHKy METPUK BUKOPHCTOBYBalach 0a3a 300pakeHb
FRIDA [25], sixa Oyna cTBOpeHa /sl MEPEBipKH poOOTH
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ITOPUTMIB BUJIAJNICHHS TYMaHy Ta BiJTHOBJICHHS KOHTpac-
Ty. basa naHux MicTUTh HaOip OpUTiHAIBHHUX 300pa)KeHb
0e3 TymaHy, KapTy MJIMOWHHM Ta YOTHPH 3aTyMaHEHUX
300paKCHHS 3 PI3HUMH BHJIAMH TyMaHy IUISi KOXHOTO
opuriHary. OTxe, A7 po3paxyHKy (OpPMAIBHUX METPHUK
SIKOCTI B pOOOTI BUKOPHCTOBYBAJIMCH TECTOBI 300paskeHHS
0e3 TyMaHy Ta pe3ylbTaTH BUJAAJICHHS TyMaHy Pi3HUMH
METOAaMH.

5 PE3YJIbTATHU
IpencraBneni B po6OTI MeToau OyinM MPOTECTOBaHI
Ha Hu3Ll 300paxens. Pesynbratr 00poOku merogqom CUS
i3 30epeKeHHsIM AeTaliel 300pa)KeHHsI TIPEeNICTaBICHUI Ha
puc. 1.

Pucynok 1 — Ilpuknan o6po6ku 306paxents merogom CUS: a —
BHXIiJTHE 300paXkeHHs, 0 — KapTa MPOITyCKaHHsI, B — pe3yIbTyI0Ue
300pakeHHS

PesynbraTt Buganensus tymany merogom CUSD mpen-
CTaBJICHUI Ha puc. 2.

Ha puc. 3 HaBeneHO pe3yNbTaTH BHIAICHHS TYMaHY
Ha TPHOX TECTOBUX 300paKEHHIX Pi3HUMH METOIaMH.

s mopiBHSHHS 300pakeHb, OTPUMAHHX B pe3ybTaTi
00pOOKHM pI3HUMH METOJIAaMH BUAAICHHS TyMaHy, 3 OpH-
riHaTbHUMHU 300paKeHHsIMH 0e3 TymaHy OyjiM BHKOpPHC-
taHi ¢popmanbHi MeTpuku sikocti PSNR, SSIM Ta enrpo-
nist LllenHoHa.

0 B

Pucynok 2 — [Ipuknan o6podxu 300paxenHs metogom CUSD:
a — BUXiiHe 300pakeHHsI, 0 — KapTa MpOIMyCKaHHs, OTPUMaHa 3a
JIOTIOMOTOI0 HEHPOHHOT MEPEXi, B — Pe3yIbTYI0UE 300paKCHHS

Metpuka PSNR — mikoBe BifHOIIEHHS CHTHAIY IO
LIyMy, XapaKTepU3ye CIIBBIIHOMIECHHS MiXX MaKCHMyMOM
MOJKJIMBOTO 3HAYEHHSI CUTHAJTY Ta TIOTYKHICTIO IITyMy, IO
CIIOTBOPIOE 3HA4YCHHs cUrHamy. binpmii 3HadeHHS PSNR
BIJIOBITAaIOTh MEHIIMM BiJAMIHHOCTSIM 300pa)XeHb, IO
MOPIBHIOIOTHCSL.

Merpuka SSIM — iHIEKC CTPYKTYpHOI CXOXKOCTI IBOX
300pakeHb. 3HaueHHs SSIM 3HAXOAUTHCS B MEXkKax Bif -1
no +1. 3HadeHHst +1 gocsracTeCsi MU IMOBHOMY CITiBIIa-
JIIHHI 300paXCHb.

EnTtpomis — e Mipa HEBU3HAYEHOCTI BUIAJKOBOI Be-
aryuHA. YnM OUThIINi BUNIAIKOBUH XapakKTep 1HTEHCHUB-
HOCTI IKCENIB, THM OiJbIlle EHTPOIis Yy 300pakeHHS.
Huzpka eHTpomis 03Ha4ae HU3bKY KOHTPACTHICTH 300pa-
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JKeHHs. EHTpOMis po3paxoBYEThCSA I PE3YIBTYHOUOTO
300pa)keHHsl, 00 OI[IHUTH PIBEHb KOHTPACTY JJIsI Pi3HUX
METO/IIB.

VY tabmuii 1 HaBeIEHO pe3yNbTaTH PO3PaXYHKIB Qop-
MaJbHUX METPHK SIKOCTI JJIs 300pakeHb, 0OpOOICHHUX
pi3HEMH MeTonamu. B Tabnwii mpencrtaBiieHi cepemHi
3HAYCHHS 10 HA0OPY MPOTECTOBAHUX 300PaKEHb.

Tabnuus 1 — PesynpraT po3paxyHKiB METPHUK SKOCTI

Merto BugajgeHHsa PSNR SSIM Entponis
TyMaHy IllenHoHa
DCP 38,92 0,77 6,65
MCP 38,59 0,74 6,52
DCP&CLAHE 39,17 0,70 6,90
DSP 38,08 0,77 6,67
CUS 36,67 0,76 6,45
CUSD 37,04 0,73 6,52
6 OBI'OBOPEHHSI

B pesynbrari TecTyBaHHsS 3alpOIIOHOBAHMX METOJIB
Ha HU3II 300pakeHb 3 TYMaHOM PI3HOTO XapakTepy Oyio
BUSIBJICHO, 1110 HaWKpalie 11i METOH CIPABISIOTHCS 3 BH-
JaJeHHAM JIMMKHU Ta HerycToro tymaHy. [Ipm mpomy pe-
3yNbTYI0Ui 300pa’keHHS MalOTh JOCHTH BHUCOKY SIKICTB,
KOHTPACT, OKpPeMi JeTalli o0pe po3pi3HAIOTECSA. Ale pu
3aCTOCYBaHHI I[MX METOJIB M0 CHJIbHO 3aTYMaHECHHX 30-
OpaKeHb 4acTO CIIOCTEPIraloThes Mepenaan KOHTPacTy Ta
JIESIKI 3MIIIEHHS KOJIbOPIB CIICHH.

BizyasnbHe TOpiBHSHHS SIKOCTI PE3yJIbTATIB BUJAJICHHS
TyMaHy 3alpollOHOBAaHUMH METOJaMH 3 pe3yJibTaTaMu
pobOTH iHIIMX METOJIB IEMOHCTPYE, II0 HaWKpamie BH-
JIMMICTh MOJINIIyeThCS TPH 3acTocyBanHi MeTonis CUS
ta DCP&CLAHE. Pe3ynbryroui 300pakeHHsI 4acTo BH-
XOIATH JyXKe PI3KUMH, 3 MiIBHIIEHHM KOHTPACTOM, IO
JTO3BOJISIE Kpalle po3pi3HATH 00’ ekTh cueHn. Hemorasxi 3a
Bi3yaJIbHOIO sKicTIO pe3ynbraTth gae i metoq CUSD. Ane
Tpeba BiJ3HAYMTH, IO IIel METOJ| HE MIAXOAUTH JUIS MPO-
TpaMHHUX JOJATKIB, IO TPAIIOITh B peaJbHOMY Haci,
OCKIIBKH Yac poOOTH HEHPOHHOI MEpEeXi MOPIBHIHO BH-
COKHI.

[MopiBHsIHHS (POPMAaNBHUX MMOKAa3HUKIB SIKOCTI PO3IJIs-
HYTUX METOMIB Ja€ HEOMHO3HAYHI pe3ynbraTH. Tak, 3a
Mmetpukoio PSNR 3anpononosani meronu CUS Tta CUSD
JIEMOHCTPYIOTh JEIIO HIDKYI pe3yibTaTd, HDK IHII poO3-
TIISTHYTI MeToAW. AJle 3HAueHHS METPHKU IIEPEBHUIIYE
30 dB, o0 € XopomMM MOKAa3HUKOM. 3a MeTpuko SSIM
Meton CUS nmeMOHCTpye HaWKpaimli pe3ylbTaTh MOpsn 3
Meromamu DCP ta DSP. Jlemo HK4YMii MOKa3HUK Jae
metog CUSD. Bapro Bim3nauwtu, 1mo merpuka SSIM
Oinbllie BIAMOBIIA€E Bi3yallbHOMY CHPUIHATTIO 300pakeH-
Hs moaunHoo, HDK PSNR. Came B TepMmiHax MeTpHKH
SSIM 3anpononoBanuii metog CUS mnokazaB OAHH 3 Hai-
Kpalux pe3yJibTaTiB 00poOKH 3aTyMaHEHNX 300paXkeHb.

SIKIo0 TOPIBHATH TOKa3HWKW EHTPOIi, TO METOIH
CUS Ta CUSD oTtpumany MeHIIi y MOPiBHAHHI 3 IHIIUMHA
MeTo/aMH 3HaueHHs. Lle IMOSICHIOETHCS TUM, IO 3aIpo-
MTOHOBaHI METOIN BHKOHYIOTH «M SIKy» 0OpOOKy 300pa-
JKEHB 31 30epeKeHHSIM JeTajell Ha HbOMY, OTKe MTOKa3HUK
KOHTPACTHOCTI (EHTPOIIisI) BUXOAWTH MEHIINM y TIOpiB-
HSHHI 3 IHIIUMH METOJIaMH.



SN dsa HHVIO®dDd dON doa LNdNI
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Pucynok 3 — Pe3ynbraTi BUIANEHHS TyMaHy Pi3HUMH METOJaMHU
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BigzHaunmo, 1o A1 00’€KTHBHOCTI aHAJI3y 3ampo-
MIOHOBAHOTO METOIY JUIsl PE3YJIbTYIOUHX 300pakeHb He
3aCTOCOBYBAINCH JIOJaTKOBI MPOLEAYpU iX Miciasio0poo-
KH. BUKOpHCTaHHS Npolenyp IOIepeaHboi Ta Miciso0-
pPOOKM J03BOJMTH M€ MiABUIIMTH SKICTh 0OpOOIEHMX
300pakeHb.

BHUCHOBKHA

AnropuTMH BUAAJCHHSA TyMaHy i3 nupoBuX 300pa-
JKeHb € 3aTpeOyBaHMMHM B  0aratbox  3amadax
KOMIT IOTEPHOTO 30pY. AHaJi3 ICHYIOYMX METOJIB MOKa-
3aB, 110 HEMAa€ €JUHOIO YHIBEpCAJbHOTO MiAXOAY JUIs
MOKpAIIEHHS] BUJAUMOCTI, IKUH OM OJHAKOBO 1oOpe mpa-
I[IOBaB Ha BCIX THIIaX 3aTyMaHEHHX 300pakeHb. B nmaniit
po0OTi 3ampONOHOBAHO METOJ BHIAJICHHS TyMaHy 3 IO-
KpaleHHsIM 30epeXeHHs JeTanedl Ta KOoJIbOpiB Ta HOro
Moudikariis 3 BHKOPHCTaHHSIM HEHPOHHOT MEpexi.

3anporoHOBaHI METOIM PA30M 3 YOTUPMa IHIIHMH PO-
3TISTHYTHMHA METOaMH OyJId AOAaHI B KOMII IOTEPHY CHC-
TeMy O0OpoOKH 300pa)XeHb 3 METOI0 BHIAJICHHS Pi3HHUX
IUISIM Ta CIIOTBOPEHb MPUPOTHOTO MOXOpKeHHs [1], 1m0
3HAYHO PO3IHUPWIIO (YHKI[IOHAT CUCTEMH. B 3anexxHocTi
BiZl TUIy 300paX€HHs, CIIOTBOPEHOTO TYMAaHOM, MOXKHA
o0HMpaTu MeToA, SIKMI 1acTh HAWKpaIlli pe3yJIbTaTH.

HaykoBa HOBM3Ha Tioyisirae B po3poOlli METOIY BH-
JIaJIeHHs] TYMaHy Ta JUMKH, KU 30epirae neraini 300pa-
JKEHHSI Ta HE CHOTBOPIOE KOJBLOPH. 3aIllpOITIOHOBAHO ITiJ-
XiJ, SKWA MO3BOJSIE TUIABHO 3MCHIUWTH IHTCHCHBHICTh
3aTyMaHEHHX MiKCeNliB Ta yTPUMATH 3HAUYCHHs 300pa-
JKEHHSA Yy JOITyCTUMOMY Jialla3oHi, M0 CIPHSIE KPamomy
30epexeHHI0 neTaneil 300paxenHs. OCHOBHI eramu 00-
POOKM BHKOHYIOTHCSI HA KaHAII iHTEHCUBHOCTI, 110 CIIPH-
si€ 30epEeIKEHHIO KOJIOPIB. 3aMPONIOHOBAHO MOAU(IKAILIiI0
METO/y, B SIKiii OLIIHKA INITBHOCTI TYMaHy BUKOHYETHCS 3
BUKOPHCTAHHAM HEHPOHHOI MEPEKi.

IIpakTnyHe 3HaYeHHsI POOOTH NOJATAE B TOMY, IO
3aIllPOIIOHOBAHUI METOJ JI03BOJISIE OTPUMATH SIKICHI 30-
OpakeHHs TiCJsl BUJAJICHHS 3 HUX TyMaHy Ta JMMKH, 31
30epeKeHHSM JIeTajiell Ta KOJIbOPiB Ha 300paKeHHI, TOMY
HOro MO)KHa BHKOPHCTOBYBATHU JUISL MOIIEPEHBOI 00p0o0-
KH 300pakeHb B Pi3HHUX 3aJadax KOMII IOTEPHOTO 30py, a
TaKOXX B €CTETHYHHX LINIAX, HANPUKIAL, y CIIOKHBYIN

tdotorpadii.
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AHHOTALUSA

AKTyalnbHOCTb. [IpucyTcTBHE Ha HU(POBBIX N300pPKEHUAX TyMaHa M JIBIMKA MOXKET BBI3BIBATH IPOOJIEMBI B MPOILECCaX paclo3HaBa-
HUSI, OTCIICKUBAHMS, Kiaccu(UKamy 00bekToB. [103TOMY METONIBI YAQICHUS] TyMaHa U YJIy4IIeHHs Pa3IMYMMOCTH OOBEKTOB Ha M300pake-
HUSX, MOJTYYESHHBIX B YCIOBHSX IUIOXOH BHIMMOCTH, BOCTPEOOBaHBI BO MHOTHX 33/1auyaX KOMIIBIOTEPHOIO 3peHHs. B TyMaHHBIX MOTOAHBIX
YCIIOBUSIX KOHTPACT M LBET M300paKeHUS PE3KO YXYALIAIOTCS. Y IaJeHHe TyMaHa 4acToO COIPOBOXKIAETCS MOSIBICHUEM apTe(haKToB Ha H30-
OpaXeHHHU M UCKQKCHUEM 1IBETOB. [109TOMY aKTyaJbHBIM SIBISICTCS MOMCK CIIOCOOOB MPABHIIbHOM OLICHKU NPUCYTCTBUS M yJaJCHHUS TyMaHa
C COXpaHEHHEM JIeTajlell 1 [[BETOB U300pakeHUs 1 Pa3pabOTKa COOTBETCTBYIOIINX METOJOB 00pabOTKH 3aTyMaHEHHBIX H300paKeHUIA.

Ieab. Lenbio paboThl sBisieTcs: TOUCK 3(P(EKTUBHBIX MOAXOMO0B K PEIICHUIO 3a/laul yIaJeHHs TyMaHa U JIbIMKH C HHU(POBBIX H300pa-
KEHUH U pean3anys HX B KOMIIBIOTEPHOU cHcTeMe 00paboTKU MU(pPOBIX H300paxkenHuit [1].

Metoabl. OcHOBHBIE dTarnbl 00pa0OTKH M300paKeHNs BBIMOJIHSIIOTCS Ha KaHajle MHTEHCUBHOCTH, YTO CIIOCOOCTBYET COXPAHEHHIO IIBE-
ToB. IIpeyiokeH nmoaXoxa Julsl yIepsKaHus 3HaueHui oOpadaThbIBaeMBbIX NMUKCENEH B AOMYCTHMOM JHUAaNa3oHe, YTO MO3BOJISET Jydlle coXpa-
HUTH JIeTaU U300paskeHus. J{yisi OLEHKH KapThl HPOIYCKAHUS HCIOJIB3YIOTCS YacTOTHBIC (PUIIBTPEL. B MOIU(UIIMPOBaHHOM METO/Ie OIIEHKA
IUIOTHOCTH TYMaHa BBIMOJIHSETCS C HCIIOJIb30BAHHEM HEHPOHHOU CeTH.

Pe3yabTatbl. [Ipennoxen MeTon ynajieHHs TyMaHa M JbIMKH M3 OJUHOYHBIX M300paKeHUH, KOTOPBIA 3P (EeKTHBHO ymydIliaeT BHIH-
MOCTb OOBEKTOB, COXPAHSET JCTANM U 1IBETAa Ha N300PAKEHUH, a TAIOKE ero MOAU(HKALMS C JPYTUM CHOCOOOM OLIEHKH INIOTHOCTU TyMaHa.
I[TpencrapieHHbIe METOIbI OBLIH Pean30BaHbl B KOMIIBIOTEPHO# crcteme [1].

BoiBoabl. [IpenioxkenHbiit MeTo U ero Moxudukaus 3pGpEeKTHBHO YAAISIOT TYMaH U JbIMKY M3 OAWHOYHBIX M300paKeHHH, yIydiias
Pa3IMuMMOCTh OOBEKTOB Ha HUX. Peanu3anys 3THX METOJIOB B KOMIBIOTEPHOH cucTeMe 00paboTku nzobpaxenui [1] pacmupuna GpyHKImo-
HaJI CHCTEMbI M YBEJIHYMIIA €€ BO3MOXKHOCTH IO MOBBIIICHUIO KaYeCTBA N300PaKEHHUA, MONTYYSHHBIX B YCIOBHSX IUI0X0H BHauMOcTH. CHc-
TeMa MOXKET OBITh MCHOJIB30BaHA JUISl MIPEABAPUTEIILHON 00paObOTKH N300paXKEeHHH ¢ LENbI0 MPEAOTBPAICHHS OINOOK B AaybHelIeil pabo-
TE QJITOPUTMOB KOMITBIOTEPHOTO 3PEHUSL.

KJIIOUYEBBIE CJIOBA: 06paboTka n3o0pakeHui, yjajJieHue TyMaHa M JIbIMKH, MOJICNIb TyMaHa, yJIy4lIeHHe BUIUMOCTH, KapTa mpo-
ITyCKaHHsI, OI[CHKA aTMOC(EPHOTO CBETA.

UDC 004.932
THE METHOD OF IMPROVING FOGGED IMAGES VISIBILITY AND ITS USING IN THE PROCESSING IMAGES
COMPUTER SYSTEM

Serdiuk M. E. — PhD, Associate Professor of Computer Technologies Department, Oles Honchar Dnipro National University, Dnipro,
Ukraine.

Berkut V. G. — Master of Applied Mathematics, graduate student of Applied Mathematics Faculty, Oles Honchar Dnipro National Uni-
versity, Dnipro, Ukraine.

Sirik S. F. — Assistant of Computer Technologies Department, Oles Honchar Dnipro National University, Dnipro, Ukraine.

ABSTRACT
Context. Presence of fog and haze on digital images may cause problems in processes of recognition, tracking, classification of objects.
Thus methods for removing fog and improving visibility of objects in images obtained under poor visibility conditions are in demand in
many computer vision problems. In foggy weather, contrast and color of an image get worse. Fog removal is often accompanied by artifacts
in the image and color distortion. Therefore, it is relevant to seek methods for correct assessing presence and removal of fog while preserving
image details and colors and developing appropriate methods for blurred images processing.
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Objective. The purpose of this research is to find effective approaches to solving the problem of removing fog and haze from digital images
and implementing them in a digital image processing computer system [1].
Method. Main stages of image processing are performed on the intensity channel, which helps to preserve colors. The proposed ap-
proach keeps the values of the processed pixels in an acceptable range, which allows better preservation of image details. Frequency filters
are used to evaluate the transmission map. In a modified method, fog density is estimated using a neural network.

Results. The method of removing fog and haze from single image is proposed. This method effectively improves the objects visibility,
preserves details and colors in the image. A modification of the method with another fog density estimation method is also proposed. The
presented methods were implemented in a computer system [1].
Conclusions. The proposed method and its modification effectively remove fog and haze from single image and improve the objects
distinguishability in them. The implementation of these methods in a computer image processing system [1] has expanded the functionality
of the system and increased its ability to improve the quality of images obtained under poor visibility conditions. The system can be used for
preliminary image processing to prevent errors in further operation of computer vision algorithms.

KEYWORDS: image processing, fog and haze removal, fog model, improved visibility, transmission map, atmospheric light evaluation.
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ABSTRACT

Context. The development and aplication of cryptographic algorithms based on many-valued logic functions makes it important
to research their cryptographic properties and develop effective criteria for the cryptographic quality of their components. The
development of efficient methods for the synthesis of high-quality cryptographic primitives based on the functions of many-valued
logic is also an important task. The object of this research is the process of improving the efficiency of cryptographic algorithms
based on many-valued logic functions.

Objective. The purpose of this paper is to generalize the error propagation criterion and the strict avalanche criterion for the case
of functions of three-valued logic.

Method. The emergence of cryptography based on many-valued logic functions led to the understanding that today’s dominant
cryptographic algorithms based on binary algebraic constructions are only a special case of more general trends. Numerous re-
searches show that the use of cryptographic constructions based on many-valued logic functions leads to the creation of cryptoalgo-
rithms that more fully implement the principles of diffusion and confusion. One of the most important cases of many-valued logic
functions are 3-functions, which are also used in quantum cryptography. This article is another step towards developing crypto-
graphic constructions based on many-valued logic functions.

Results. The definition of the propagation criterion was extended to the case of functions of three-valued logic. On the basis of
the propagation criterion for the functions of three-valued logic, the definition of a strict avalanche criterion was introduced, which
describes the stability of cryptographic constructions against differential cryptanalysis attacks. We experimentally determined the
number of 3-functions of length N=9, satisfying the strict avalanche criterion. A method based on three constructive rules is pro-
posed, which allows to synthesize a complete set of 864 S-boxes of length N=9 satisfying strict avalanche criterion. This set of S-
boxes is basic for the application of Kim’s construction, which allows to recurrently increase the length of the S-box to the required
value. The paper shows that using Kim’s construction to increase the length preserves the S-box satisfying to a strict avalanche crite-
rion, while allowing to obtain S-boxes with satisfactory non-linearity value as well as small output and input vectors correlation.

Conclusions. The most important criterion of cryptographic quality, which shows the stability of the cryptographic algorithm to
attacks of differential cryptanalysis is the propagation criterion that was generalized to the case of 3-functions. The existence of 3-
functions of length N=9 satisfying the strict avalanche criterion is shown, and their full set is found. On the basis of the proposed
constructive method, a complete set of S-boxes of length N=9 that satisfy the strict avalanche criterion was synthesized. It is shown
that the Kim scheme can be applied to recurrently increase the length of S-boxes based on many-valued logic functions. As an actual
direction for the continuation of the research, the development of regular and constructive methods for the synthesis of full sets of 3-
functions and S-boxes of lengths N=27, 81, 243..., satisfying the strict avalanche criterion can be noted.

KEYWORDS: cryptography, differential properties, ternary logic, Boolean function.

ABBREVIATIONS J,,J,,J; are numbers of S-boxes that can be pro-

SAC is a Strict Avalanche Criterion. duced by using Rule 1, Rule 2 and Rule 3 correspond-
ingly;
NOMENCLATURE i

a is a coding sequence used in Rule 3 to perform sign
encodings of ternary functions;
X;, X, are arguments of many-valued logic function; J is a cardinality of the class of S-boxes of length

d,,d, are effects on the inputs of many-valued logic =~ N =9, satisfying strict avalanche criterion;
S,S,,,S;, are S-box examples;

f, f' are many-valued logic function examples;

function;
N is a length of many-valued logic function or S-box, NL is the nonlinearity distance;
based on many-valued logic functions; P=lp,, | is the matrix of the correlation coefficients

K%K N K" are numbers of symbols 0, —and + in ter- between the output Yy and input X, vectors of the S-box.
nary function; " Y
o is a transformation of change in ternary function
output values;
u is a vector of change in ternary function argument;

v(U) is a number of non-zero values of a vector U ;

INTRODUCTION
Block symmetric cryptographic algorithms are the
very important part of modern information protection
systems. A further increase in the computing power of

D, f is an derivative of ternary logic function; computer systems, as well as the emergence of new meth-

m is an order of propagation criterion; ods of cryptanalysis give rise to the need to increase the

X is a vector of ternary function input arguments; cryptographic strength of existing and new cryptographic
algorithms.
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Further development of existing algorithms and the
creation of new ones requires the availability of high-
quality cryptographic primitives, in particular, S-boxes.

At the same time, the application of the mathematical
apparatus of many-valued logic functions is promising,
both from the point of view of quantum cryptography and
from the point of view of traditional cryptography.

A special place, especially from the point of view of
quantum cryptography, among the functions of many-
valued logic is occupied by the functions of three-valued
logic.

The creation of new cryptographic primitives based on
many-valued logic functions requires the generalization of
cryptographic quality criteria, the main of which are:
nonlinearity, correlation immunity, propagation criterion
and a strict avalanche criterion which is particular case of
the propagation criterion.

In this paper, the propagation criterion and strict ava-
lanche criterion are generalized to the case of three-valued
logic functions, and effective methods for synthesizing 3-
functions and S-blocks of arbitrary length that satisfy the
strict avalanche criterion are proposed.

The object of research is the process of improving
the efficiency of cryptographic algorithms based on
many-valued logic functions.

The subject of research is the synthesis methods of
S-boxes based on many-valued logic functions with good
avalanche characteristics.

The purpose of the work is to generalize the error
propagation criterion and the strict avalanche criterion to
the case of functions of three-valued logic that will allow
us to develop a recursive method for synthesizing S-boxes
satisfying the strict avalanche criterion.

1 PROBLEM STATEMENT
Let the function f(X) of three-valued logic to be

given. The scientific problem is to build a method for
determining the probability of a change in the output val-
ues of a function when its input values change.
Another important task solved in this paper is the de-
velopment of a method for synthesizing the functions
f(X) which the uniform probability of a change in out-

put values when one of the input values is changing (such
functions are called as satisfying the strict avalanche crite-
rion).

We also solve the problem of constructing S-boxes on
the basis of 3-functions satisfying SAC, that can be used
in modern cryptographic algorithms based on the princi-
ples of many-valued logic.

2 REVIEW OF THE LITERATURE

The development of methods of many-valued logic,
occurring at the present time [1], causes the emergence of
new algorithms for the cryptographic data protection [2].
Functions of many-valued logic are the excellent basis for
the construction of quantum cryptoalgorithms [3...5].

Although many-valued logic algorithms can have an
effective hardware implementation [6], by the reason of
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better realization of the concepts of diffusion and confu-
sion [7], functions of many-valued logic are of consider-
able interest from the point of view of implementation on
binary computers.

Thus, in [8] a block symmetric cryptoalgorithm based
on the methods of ternary logic was synthesized. The re-
searches performed show that the use of these methods of
ternary logic for the construction of cryptoalgorithms al-
lows us to obtain a high level of diffusion and confusion
even when using the simple block replacement (Elec-
tronic Codebook [9]) mode at the cost of a small loss of
computational efficiency.

The highly nonlinear many-valued functions, that can
be, in particular, used in S-boxes construction schemes
like modernized Kim’s construction [10] was developed
in[11] and [12].

Method for constructing S-boxes of ternary logic sat-
isfying the criterion of zero correlation between the output
and input vectors is proposed in [13], and method for con-
structing highly nonlinear S-boxes based on the Nyberg
construction is developed in [14].

A method for estimating the non-linearity distance of
many-valued logic functions based on the Vilenkin-
Chrestenson transform was proposed in [15].

Nevertheless, such an important criterion of the cryp-
tographic quality of S-boxes, as the propagation criterion
and the strict avalanche criterion (SAC) remains outside
the framework of modern researches devoted to S-boxes
based on functions of many-valued logic.

In the binary case, the strict avalanche criterion as a
characteristic of resistance to differential cryptoanalysis is
one of the basic in the synthesis of S-boxes [16, 17]. The
physical interpretation of the error propagation criterion is
to measure the degree of change in the output values of a
Boolean function when its input values change [18].

3 MATERIALS AND METHODS
The most important problem is the development of a
technique for measuring the differential properties of
functions of many-valued logic, in particular, 3-functions.
Let’s consider an example. Let the truth table of a 3-
function of two variables to be given

f ={012012210}. (1)

In order to research the effect of each of the inputs of
the 3-function on its output, we connect the summators
(Fig. 1) to the inputs, to which we apply the effects
d,,d, €{0,1,2} . Obviously, a set of values d,,d, =0,

means no effect on the inputs of our 3-function.

dy
X
L
maod3 v
X5 mod3 f("ll ,X-,) >
. 2
d

Figure 1 — Example of a scheme for researching the influence of
inputs of a 3-function on its output
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Alternately changing the values of the coefficients
d,,d,, we obtain the rearranged values of the initial 3-

function (1), presented in Table 1 (symbol © means ad-
dition modulo 3).

Table 1 shows the change in the value of a function
when its arguments are changed. Note, that for the binary
case this question is trivial, since operating with values
from the set {0,1} makes it easy to infer the output value:

it has changed / has not changed. In the case of ternary
logic, obviously, the nature of the change in the output
value also plays an important role.

Possible options are:

1. The function value has not changed. Denote this
event as 0.

2. The value increased (decreased) by 1 (modulo 3).
Denote these events with the symbols “+/—".

We denote this transformation by the symbol 6 and
introduce the following basic definitions.

Definition 1. Let the v(u) to be the number of non-
zero values of a vector U . A derivative of a 3-function of
k variables in direction of vector u, we call the follow-
ing 3-function

D, f =8(f(x), f(x+u)). 2)

Definition 2. We say that a 3-function satisfies the
propagation criterion in the direction of the vector u if

the number of zero values in its derivative D, f is equal
to the number of positive values and is equal to the num-
ber of negative values: K’ =K* =K~ =N/3.

In other words, under the influence of the change in
input values in direction U the probabilities of events 0,
— or + are equal to

KO K* K 1[0 + -
P“:{W N W}:[lﬂ 1/3 1/3}' (3)

Definition 3. A function is called as satisfying the
propagation criterion of order m if it satisfies the propa-
gation criterion in all such directions U that 1<v(u)<m.

Definition 4. A function is said to satisfy a strict ava-
lanche criterion if it satisfies the propagation criterion of
order m=1.

Let’s continue the example. We find the derivatives of
the 3-function (1) and verify its compliance with the strict
avalanche criterion (Table 2).

Thus, the researched function does not satisfy the
strict avalanche criterion. It is of practical interest to per-
form the search for 3-functions corresponding to the defi-
nition of the strict avalanche criterion that we introduced.

Table 1 — The rearranged values of the initial 3-function (1)

f(X,%,) f(x,,x,@1) f(x,,X,D2) f(x, ®1,x,) f(x, ®2,%,)
f(0,0)=0 f(0,1)=1 f(0,2)=2 f(1,0)=0 f(2,0)=2
f(0,)=1 f(0,2)=2 f(0,0)=0 f,D)=1 f(2,)=1
f(0,2)=2 f(0,0)=0 f(0,1)=1 f(1,2)=2 f(2,2)=0
f(1,0)=0 f,)=l f(1,2)=2 f(2,0)=2 f(0,0)=0
f(1,D=l f(1,2)=2 f(1,0)=0 f(2,h)=1 f(0,1)=1
f(1,2)=2 f(1,0)=0 (=1 f(2,2)=0 f(0,2)=2
f(2,0)=2 f(2,)=1 f(2,2)=0 f(0,0)=0 f(1,0)=0
f(2,)=1 f(2,2)=0 f(2,0)=2 f(0,1)=1 (=1
f(2,2)=0 f(2,0)=2 f(2,0)=1 f(0,2)=2 f(1,2)=2
Table 2 — The derivatives of the 3-function (1)
f(Xl’XZ) f(X17X2®1) DOI f(Xl’X2®2) D02 f(Xl@l’XZ) DIO f(X1@2’X2) DZO
f(0,00=0 f(0,1)=1 - f(0,2)=2 + f(1,00=0 0 f(2,00=2 +
f(0,1)=1 f(0,2)=2 - f(0,0)=0 + f,n)=1 0 f2,)=1 0
f(0,2)=2 f(0,0)=0 - f0,1)=1 + f(1,2)=2 0 f(2,2)=0 -
f(1,0)=0 f(a,1)=1 - f(1,2)=2 + f(2,00=2 + f(0,0)=0 0
f,)=1 f1,2)=2 f(1,0)=0 + f2,)=1 0 f(0,1)=1 0
f(1,2)=2 f(1,0)0=0 - f,n=1 + f(2,2)=0 - f(0,2)=2 0
f(2,00=2 f(2,)=1 + f(2,2)=0 - f(0,00=0 - f(1,0)=0 -
f2,)=1 f(2,2)=0 + f(2,00=2 - f(0,1)=1 0 f,n)=1 0
f(2,2)=0 f(2,0)=2 + f2,h)=1 - f(0,2)=2 f(1,2)=2 +
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4 EXPERIMENTS

It seems to us that for small values of the length it is
possible to carry out a exhaustive search for ternary
sequences satisfying the strict avalanche criterion. The
search of a complete set of ternary sequences of length
N =9 allowed us to establish that there are in total 2052
3-functions of the specified length that satisfy the strict
avalanche criterion.

For example, we show (Table 3) that the sequence we
have found

f'={001022121}, 4

satisfies the strict avalanche criterion.

Since all the D; in Table 3 are balanced, so

K’ =K"= K", the sequence (4) really satisfies the strict
avalanche criterion.

We note that such 3-functions possess special practi-
cal value, on the basis of which it is possible to construct
such important cryptographic primitives as S-boxes. Ex-
perimental research carried out with the requirements of
the theorem [20] which regulates the conditions of bijec-
tivity of S-boxes, made it possible to discover that from
the total set of the 3-functions of length N =9, satisfying

complete set of such S-boxes of length N =9 can be con-
structed on the basis of a set of generating S-boxes and
rules of their reproduction.

We represent the set of generating S-boxes, on the ba-
sis of which the full class of S-boxes of length N =9
satisfying the strict avalanche criterion can be obtained

013286574][026143758
013628745([026314587
014278365(|028154637
014653827(/028376415
016253847|/041287356
016325478[[041635872
017245638(|052178346/ ®)
017386524([052634781
023176485(/053128746
023617854([053281674
025187364([082145673
1025643718/[082367451

Reproduction of S-boxes (5) may be performed by ap-
plying the following rules.

Rule 1. Permutation of the second and third triples of
elements of the S-box preserves the compliance of S-box
with the strict avalanche criterion.

For example, from the first basic S-box obtained by us

the strict avalanche criterion there are only 72 such 3- [0 1328657 4]’ (6)

functions on the basis of which it is possible to construct btai S-box b Ivine the Rule 1

the S-box. These 3-functions are given in Table 4. we can obtain a new 5-box by applying the Rule

[013574286]. @)
5 RESULTS

Let us determine the possible number of S-boxes of

length N =9 satisfying the strict avalanche criterion. A

Table 3 — The derivatives of the 3-function (5)
f'(x,,%,) f'(x,x, ®1) | D, f'(x,X, ®2) | D, f'(x, ®1,x,) |D, f'(x, ®2,x,) | Dy
f'(0,0)=0 f'(0,)=0 0 f'(0,2) =1 - f'1,0)=0 0 f'(2,0)=1 -
f'(0,)=0 f'(0,2) =1 - f'(0,0)=0 0 f'a,n=2 + f'(2,1)=2 +
£'(0,2) =1 £'(0,0)=0 + f'(0,)=0 + f'1,2)=2 - f'(2,2)=1 0
f'(1,0)=0 f',n=2 + f'(1,2)=2 + f'(2,0)=1 - f'(0,0)=0 0
f'a,1)=2 f'(1,2)=2 0 f'1,0)=0 - f'2,)=2 0 f'(0,1)=0 -
f'(1,2)=2 f'(1,0)=0 - f',n=2 0 f'(2,2)=1 + f'(0,2) =1 +
f'(2,0)=1 f'2,1)=2 - f'(2,2)=1 0 f'(0,0)=0 + f'1,0)=0 +
f'2,1)=2 f'(2,2)=1 + f'(2,0)=1 + f'(0,)=0 - f'a,n=2
f'(2,2)=1 f'(2,0)=1 f'(2,)=2 - £'(0,2) =1 0 f'(1,2)=2 -
Table 4 — The 3-functions suitable for S-boxes constructing

001022121 010112022 020122110 100220121 112010022 122020110 202112100 212200110
001121022 010211220 020221011 101002122 112022010 122101002 202211001 220010211
001202211 010220211 022001121 101122002 112100202 122110020 211001202 220100121
001211202 011002212 022010112 101200221 112202100 200101221 211010220 220121100
002011212 011020221 022112010 101221200 121001022 200110212 211202001 220211010
002101122 011212002 022121001 110020122 121022001 200212110 211220010 221011020
002122101 011221020 100112202 110122020 121100220 200221101 212002011 221020011
00221201 1 020011221 100121220 110200212 121220100 202001211 212011002 221101200
010022112 020110122 100202112 110212200 122002101 202100112 212110200 221200101
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So, the application of Rule 1 allows to obtaining
J, =2 new S-boxes based on one.

Rule 2. The permutation of the component 3-functions
of the S-box preserves the compliance of S-box with the
strict avalanche criterion.

As an example, we again consider the first basic S-
box, which can be represented as two component 3-

functions
013286574
01022021T1].
001022121

By permuting the component 3-functions, we obtain a
new S-box, which also satisfies the strict avalanche crite-

rion
sl
1]. 9)
1

The application of Rule 2 allows us to obtain on the
basis of one S-box J, =k!=(log, N)! new S-boxes satis-

®)

S oo
S NN
N =

31
01
10

\S e’ fo N
N N| 0o

5
2
1

fying the strict avalanche criterion. In the case of length
N =9 from one S-box, we obtain two.

Rule 3. All possible 3* =3"=" = N sign encodings of
the component 3-functions of the S-box preserves the
compliance of S-box with the strict avalanche criterion.

Let’s demonstrate the operation of Rule 3 using as ex-
ample the first basic S-box and the coding sequence

a={o, o,j={12}
013286574
01022021 }+a,mod3 | >
0010221 21}+a, mod3 10)
781634052
>|121001022]
220211010

The application of Rule 3 allows us to obtain on the
basis of one S-box J,=3*=3"*"=N new S-boxes

satisfying the strict avalanche criterion. In the case of
length N =9, we obtain 9 new S-boxes.

Thus, using the basic 24 S-boxes of length N =9 (5),
as well as Rule 1, Rule 2 and Rule 3, we can synthesize a
class of S-boxes of cardinality J =24-2-2-9 =864, each
of which is satisfying the strict avalanche criterion. This
cardinality of class of S-boxes satisfying the strict ava-
lanche criterion is equal to the cardinality of their com-
plete set estimated by the exhaustive search.

6 DISCUSSION
The obtained 3-functions of length N =9 (Table 4),
satisfying SAC, as well as S-boxes which are built on
their basis are important cryptographic constructions from
a theoretical point of view.
We note that, for practical use S-boxes of long length
N are necessary. Earlier, to increase the length of the S-
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boxes, both in the binary case [21] and in the ternary case
[13], Kim’s scheme was successfully used.

Kim’s scheme is presented in general form for ternary
case on Fig. 2

X+

Figure 2 — Kim’s scheme for ternary case

Let’s consider an example. Suppose the S-box of
length N =9 satisfying the strict avalanche criterion is
given

S=[0 1 6 3 2 5 4 7 8], (11)

on the basis of which it is necessary to obtain an S-box of
length N =27.

We apply to the S-box (11) a Kim’s scheme of recur-
rent increase of length (Fig. 1), which taking into account
the length N =9 of the initial S-box and the length

N =27 of the required S-box takes the form showed on
Fig. 3.

X Rt\ ud
' LA

|
1 1 2

- —_————— —— e e

Figure 3 — Kim’s scheme for a S-box with two inputs

Suppose, for example, that the vector of the input
value of a new S-box of length N =27 has the form

X=[X X, X]=[001],.

(12)

Then, calculating the sum in the first sub-block
(Fig. 3), we get the value
X =(X +%)mod3=(0+1)mod3=1;
X, =X, =0.

(13)

In the second sub-block of calculations, in accordance
with the small S-box (11) chosen by us, we obtain

S10)=s()=1, y, =L y, =0. (14)
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And, finally, the calculations in the third sub-block

y1:y1’:1; yzzyzyzo;
Y, = (Y, +X)mod3=(1+0)mod3=1=
=Y=[y, Yy, Y,]=[101],=10.

(15)

Calculating all the 27 different input values, we get
the entire S-box of length N =27

S, =[012412214132526106911 a6
23217822151819532017 416].

In [15] the interconnection between the nonlinearity
distance of the S-box component functions and their
Vilenkin-Chrestenson transformants was discovered. This
interconnection may be described by the formula

q“ —max{|Wi|}, q>2;

NL = o1
2 —Emax{l\/\li”, qg=2,

(17)

where W, is the vector of S-box i -th component function

Vilenkin-Chrestenson (Walsh-Hadamard for the binary
case) transformants and i = 0,1,...,log, N —1.

From other side, a formula for calculating the matrix
P= Py
put y, and input X, vectors of the S-box was introduced
in [13]

of the correlation coefficients between the out-

p =
LA 3 s

where v,u=0,1,...,log, N 1.

Using formula (17) we can determine that the distance
of nonlinearity of constructed S-box (16)
NL =11412, (19)

as well as we can calculate its matrix of correlation coef-
ficients according to formula (18)

00 0
P=| 0 050.5]|. (20)
050 0
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Continuing usage of the Kim’s recurrent construction
shown in Fig. 2 on the basis of S-box (16) we can get the
S-box of length N =81 that also satisfies the strict ava-
lanche criterion

ey

N
w
AN
N
w
w
\S}
Lt
Eale i
W N
W N W

The calculated S-box S;, (21) have the nonlinearity
distance

NL =34.235, (22)

and the matrix of correlation coefficients

000 O

000 0
P= . 23)
000505

000 O

CONCLUSIONS

The scientific novelty of obtained results is that we
generalized such important criteria of cryptographic qual-
ity as the propagation criterion and the strict avalanche
criterion to the case of functions of three-valued logic.
The compliance of the 3-function with the strict avalanche
criterion makes it possible to ascertain its resistance to
attacks of differential cryptanalysis, which is important
for practical cryptoalgorithms.

On the basis of the introduced definition of the strict
avalanche criterion for 3-functions, in this paper we found
a complete set of cardinality J =2052 of 3-functions
satisfying the strict avalanche criterion.

It is established that 72 of these functions can be the
basis for constructing bijective S-boxes of length N =9
satisfying the strict avalanche criterion. The cardinality of
such S-boxes class is equal to 864.

It is proposed to use the ternary analogue of the Kim’s
scheme for recurrently increasing the length of the con-
structed S-boxes. It is shown that in the case of using the
Kim’s scheme, the resulting S-boxes also satisfies the
strict avalanche criterion.

The practical significance of the paper is that the ob-
tained class of 864 S-boxes satisfying the strict avalanche
criterion can be used in practical cryptographic algorithm,
which are based on the many-valued logic functions. At
the same time, using Kim’s scheme, S-boxes of any re-
quired length can be obtained.
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AHOTAUIA

AKTyanbHicTh. Po3po0ka i BIpoBa/UKEHHSI KPHIITOAJITOPUTMIB Ha OCHOBI (pyHKI[ili OaraTo3Ha4yHOI JIOTiKH POOUTH aKTyaJlbHOIO
3aJady HOTJHOIEHOTO BHBYCHHS X KpUNTOrpaidHUX BIACTUBOCTEH, pO3pOOKH €()EeKTHBHUX KPUTEpiiB KpunTorpadidHoi sKOCTi
KOMITOHEHTIB, 3 SIKHX BOHH CKJIAaJarOThCS. BaXKIMBHM 3aBIaHHAM € TaKOX po3poOka epeKTUBHHX METOMIB CHHTE3Y BHCOKOSKICHHX
KpHnTorpadiyHuX MpUMITHBIB, 3aCHOBAaHUX Ha (PYHKI[SIX O6araTo3HavHol joriku. O6’€KTOM JaHOTO JOCIIKEHHS € MPOLECH ITiIBH-
IIeHHs €(PeKTUBHOCTI KPUNTOAITOPUTMIB Ha OCHOBI (DyHKIIiI1 OaraTo3HaIHOT JIOTIKH.

Meta. MeTolo CTaTTi € y3arajJbHEHHsS] KPUTEPI0 HOIIUPEHHS NOMMIKH 1 CYBOPOTO JIABUHHOTO KPUTEPil0 Ha BHIAJOK (yHKIii
TPU3HAYHOI JIOTIKH.

Mertop. [TosiBa kpunrorpadii Ha ocHOBI (YHKIIH OaraTo3HA4YHOI JIOTIKHK MMPUBea 40 PO3YyMiHHS, IO JOMiHY04Yi ChOTO/IHI KPHUII-
TorpadivHi aJropuTMH, 3aCHOBaHI Ha JBIHKOBUX anreOpaidHUX KOHCTPYKISIX, € JIMIIE OKPEMHUM BHUIAIKOM OiNbII 3arajbHUX TEHIC-
HIi#. UncneHHI AOCHiIKEHHS MOKa3yIOTh, M0 BUKOPUCTAHHA KPUOTOTPadidYHUX KOHCTPYKIIN Ha OCHOBI (YHKIIH OaraTo3HauyHOI
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JIOTIiKH BeJie JI0 CTBOPEHHS KPUIITOAJITOPHUTMIB, IO OLIBII IIOBHO peallizyloTh NpUHIMIH qudy3ii i koHdy3il. [Ipn ipomy, HaliBasKIIH-
BIIIUM BHIAJKOM (yHKLiI OaraTro3HavHo1 JIOTiKH € 3-(yHKLIi, SIKi 3aCTOCOBYIOThCSI TAKOXX y KBaHTOBIH kpuntorpadii. Ll cratrs €
II¢ OTHMM KPOKOM Ha LIISIXY OCBOEHHS KpUNTOrpadivHMX KOHCTPYKIIH Ha OCHOBI (DyHKILii 6araTo3HaYHOT JIOTIKH.

Pe3yabraTn. BusHaueHHs kputepis normupeHHs 0yJo y3arajipHeHe Ha BUIaJIoK GyHKUiN Tpu3HayHoi joriku. Ha ocHOBI kpute-
pito mommpeHHs i GyHKUIH TPU3HAYHOI JIOTIKK OyJIO BBEJCHO BM3HAYEHHS CYBOPOIO JIABUHHOI'O KPHUTEPIlO, KMl OMHUCYE CTiil-
KicTh KpunTorpagiyHux KOHCTPYKIIH J0 aTak Au(epeHLiaIbHOrO KPUNTOAaHAi3y. ¥ CTaTTi eKCHePHUMEHTAIbHO BH3HAYCHO Killb-
KicTh 3-QyHKHiH goBxuHE N=9, 1110 3a10BOIBHSIIOTH CYBOPOMY JIABHHHOMY KPUTEPif0. 3alpOIIOHOBAHO METO/, 3aCHOBAHUH Ha TPHOX
KOHCTPYKTHBHHX IpaBHIIaX, IO J03BOJISIE CHHTE3YBaTH MOBHY MHOXHUHY 3 864 S-0110KiB noBxuHU N=9, sKi 3aJOBOIBHSIIOTH CYBO-
poMy JaBHHHOMY Kputepifo. Jlana MHOXHHA S-0JI0KIB € 6a30BOIO IS 3aCTOCYBaHHS KOHCTpYKii Kima, o mo3Bossie peKypeHTHO
30UTBIIMTH TOBKUHY S-OJIOKY 70 HEOOXiTHOTO 3HAYCHHS. Y CTATTi MOKa3aHO, [0 BUKOPUCTaHHS KOHCTPYKINT Kima st 301mbieH s
JIOBXKUHH 30epirae BiJNOBiHICTb S-0JIOKY CyBOPOMY JIABHHHOMY KPHTEpIit0, IPH L[LOMY JO3BOJISIE OTPUMATH S-OJIOKH 3 3aJJ0BUIBHH-
MH MOKa3HUKAMU HENiHIMHOCTI Ta KOPEJIIiHHOro 3B’ 3Ky BEKTOPIB BUXOY 1 BXOLY.

BucHoBku. HaiiBaxxiuBiiuii kputepiit kpuntorpagiuyHoi sIKOCTI, SIKM MOKa3ye CTIHKICTh KPUNITOAITOPUTMY A0 aTak Au(epeH-
LiAIFHOTO KPHUITOAHANI3Y — KPUTEPi MOMMPEHHS OMIJIKH Y3arajJbHEHO Ha BUNAnoK 3-¢yHkuii. [Tokasano icHyBanHs 3-yHKmil
noBxuHn N=9, 1110 3a/I0BOJIBHSIOTH CYBOPOMY JIABHHHOMY KPHTEPIIO, 8 TAKOX 3HAHIEHO 1X MOBHY MHOXHHY. Ha ocHOBI 3ampomnoHo-
BaHOTO KOHCTPYKTHBHOTO METOIY CHHTE30BaHO HOBHY MHOXHHY S-O0JI0KiB oBXHHH N=9, Ki 3aJJOBOJBHSIOTh CyBOPOMY JIABUHHO-
My Kputepito. [lokazaHo, 0 IS PeKypeHTHOTO 30UIBIICHHS JTOBKHHU S-OJOKIB Ha OCHOBI (yHKIIIH GaraTo3HaYHOI JIOTIKH MOXe
Oytu 3actocoBana cxema Kima. B skocTi akTyajabHOTO HalpsIMKY IIPOJOBXKEHHS MPOBEACHUX JOCHIIIKEHb MOXKHA 3a3HAYUTH I100Y-
JIOBY PETYJSIPHUX 1 KOHCTPYKTHBHUX METOJIIB CHHTE3y MOBHUX MHOXHUH 3-pyHKIIiH Ta S-010kiB qomxun N=27, 81, 243..., ski Biamo-
BIIaIOTh CYBOPOMY JIABHHHOMY KPUTEPIIO.

KJIFOYOBI CJIOBA: xpunrorpadisi, qudeperiianbHi BIaCTUBOCTI, TPU3HAYHA JIOTiKa, OysieBa (yHKIis.
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AHHOTADIUSA

AxTyanbHOCTh. PazpaboTka 1 BHeIpeHNE KPUNTOAITOPUTMOB Ha OCHOBE ()YHKIMI MHOTO3HAYHOH JIOTHKH JIETaeT aKTyaJbHOH
3amady yrryONE€HHOTO M3ydYeHUsl WX KPHOTOrpaU4ecKHX CBOUCTB, pa3paboTk 3(PQEKTHBHBIX KPUTEPUEB KPHIITOTPAdHIECKOrO
Ka4yecTBa COCTABILIIOLIMX MX KOMIIOHEHTOB. BaxnHelimeil 3agadeii sBisiercst Takoke paspadorka 3((HeKTUBHBIX METOIOB CHHTE3a BbI-
COKOKAa4YeCTBEHHBIX KpUNTOrpaduueckux NPUMHTHBOB, OCHOBAaHHBIX Ha (yHKLMSIX MHOTO3HaYHOW JIOrHKH. OOBEKTOM TaHHOTO HC-
CJICJOBAHMS ABJISIOTCS IPOLIECCHI TOBBILICHHUS () (PEKTUBHOCTH KPUNTOAITOPUTMOB Ha OCHOBE (PyHKINI MHOTO3HAYHOH JIOTHKH.

Heab. Lenvio cTathu siBIsIeTCA 0000IEHNE KPUTEPUS PACTIPOCTPAHEHHS OIIMOKH U CTPOTOro JIABUHHOTO KPUTEPHs Ha CIIydaii
(YHKUIUH TPEeX3HAYHOM JIOTUKH.

Metoa. IlosBnenne kpunrorpaduu Ha OCHOBE (QYHKIWIT MHOTO3HAYHOH JIOTHKH, IPUBEIIO K TOHUMAHHUIO, YTO JOMHHHUPYIOIIHE
CeTOIHS KPUNTOTpaQUIEeCKHe aNrOPUTMBI, OCHOBAHHBIE HA JBOMYHBEIX alreOpandecKuX KOHCTPYKIHSX, SBISICTCS JHIIb YaCTHBIM
cirydaeM Oosiee 00muMX TeHACHIMH. MHOrOYNCICHHbBIE HCCIIeJOBAaHUS TOKA3BIBAIOT, YTO MCHOJIB30BAHHE KPHITOTPAPHISCKUX KOH-
CTPYKLMH Ha OCHOBE (D)YHKIMII MHOTO3HAYHOMH JIOTHKH BEJIET K CO3/IaHMI0 KPUIITOAITOPUTMOB, 00JIee MOJIHO pealn3yIOmnX IPHHIIH-
el quddy3un 1 koHdy3un. [Ipu sTOoM, BaKHEHIIMM ciiydaeM (GyHKIMH MHOTO3HAYHOI JIOTHKU SBISIOTCSA 3-(QYHKIMH, KOTOpPBIE
MIPUMEHSIOTCS TaKKe B KBaHTOBOW kpumnTorpaduu. Hacrosmas cTaThs sBIA€TCS €Ile OAHUM IIaroM Ha IMyTH OCBOEHHS KPHIITOTpa-
(bHYeCKUX KOHCTPYKIHMI HAa OCHOBE (DYHKIMIf MHOTO3HAYHO# JIOTHKH.

PesyabTathl. OnpeneneHne KpUTEpUs pacpocTpaHeHns: Obu10 0000IIeHo Ha ciTydyail pyHKIHMI Tpex3HauHoH Joruku. Ha ocHo-
Be KPUTEpHS pacrpocTpaHeHHs A (QyHKIMH TPeX3HAYHOH JIOTHKM OBIJIO BBEJCHO ONPEAEICHHE CTPOTOrO JIABUHHOTO KPHTEPHH,
KOTOPBII ONHUCHIBACT yCTOINYMBOCTh KPHNTOTPAadHISCKHX KOHCTPYKIMHA K aTakaMm IuddepeHnansHoro KpuiToananmsa. B craree
HKCTICPUMEHTAIILHO OIPE/IENICHO KOJIMIEeCTBO 3-GyHKIMH HauHBI N=9, COOTBETCTBYIOINX CTPOrOMY JIaBUHHOMY Kputepuio. [Ipen-
JIO)KEH METOJI, OCHOBAHHBIH Ha TPeX KOHCTPYKTUBHBIX NpPABHUJIAX, ITO3BOJIIONIMH CHHTE3HPOBAThH MOJHOE MHOXECTBO U3 864 S-
610K0B iMHBI N=9, yIOBIETBOPSIONIIMX CTPOTOMY JIABHHHOMY KpHTEepHIO. JJaHHOE MHOXECTBO S-OJIOKOB sIBIIsIeTCS 0a30BBIM IS
NpUMeHeHHs1 KOHCTpykuuu Kuma, mosBossitorneil peKyppeHTHO yBEIMYNTh AIMHY S-6J0Ka 0 HE0OXOAMMOro 3HaueHus. B crarbe
MOKa3aHo, YTO UCIIOJIb30BaHHE KOHCTPYKIMH KiMa Juist yBeIMdIeH s JNTUHBI COXPAHSIET COOTBETCTBHE S-0JI0Ka CTPOroMy JIABUHHOMY
KPHTEPHIO, IPH 3TOM IO3BOJISET MOIY4UTh S-OJOKH C yHOBIETBOPUTEIBHBIMU MOKA3aTEISIMUA HETMHEHHOCTH M KOPPEIALHOHHOMN
CBSI3M BEKTOPOB BBIXOJIa U BXOJA.

BriBoasl. Bakneiimmii kputepuii KpunTorpauueckoro Ka4ecTBa, HOKa3bIBAIOMNKA YCTOHIMBOCTD KPUIITOAITOPUTMA K aTaKaM
T GepeHIMAIFHOTO KPUIITOAHANIN3a — KPUTEPHH pacpoCTpaHEeHHs OomNOKH 00o0men Ha ciaydaid 3-dynkmuii. [TokasaHo cymect-
BoBaHMe 3-QyHKIMiH TMHEI N=9, COOTBETCTBYIOLIMX CTPOrOMY JIABHHHOMY KPHUTEPHIO, a TAK)Ke HAMJEHO UX MOIHOE MHOXKecTBO. Ha
OCHOBE MPEUIOKEHHOT0 KOHCTPYKTUBHOTO METOJa CHHTE3MPOBAHO IOJIHOE MHOXECTBO S-0JI0KOB JIMHBI N=9, yI0BIETBOPSIOIINX
CTPOroMy JIaBUHHOMY KpuTeputo. ITokazaHo, 4TO 11 PEeKyPPEHTHOTO yBEJIMYEHHMS JUIMHBI S-0JIOKOB Ha OCHOBE (DYHKLHMH MHOro-
3HAYHOM JIOTMKH MOXET ObITh MpUMeHeHa cxema Kuma. B kauecTBe akTyallbHOTO HaIpaBJICHUS MPOAOKEHUs IPOBEAECHHBIX HCCIIe-
JOBaHUH MOXKET OBITh OTMEUECHO IIOCTPOEHHE PETYIAPHBIX U KOHCTPYKTHBHBIX METOJIOB CHHTE3a IOJTHBIX MHOXECTB 3-(yHKIUH U S-
onokoB mmH N=27, 81, 243..., yIOBIETBOPSIOLINX CTPOrOMY JABHHHOMY KPUTEPHIO.

KJIIOUEBBIE CJIOBA: kpunrorpadus, muddepeHnnanbHble CBOHCTBA, TPOUYHAS JIOTHKA, OyiieBa QyHKITHS.
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ABSTRACT

Context. The paper outlines the methods of factorial coding of speech signals using a factorial code to provide integrated infor-
mation security and to maintain a receiver and transmitter clock phase. By integrated information security, for the methods proposed
in this article, we mean data protection from effects of noise in communication channel and attempts of data unauthorized access in
open multiple access telecommunication networks.

Objective. The goal of the research is to provide integrated protection of real-time speech signals based on factorial coding. For
this, the methods for factorial coding of speech signals and building speech codecs have been developed. These methods are based on
the properties of factorial codes to keep synchronism with the working signal, to detect a significant part of errors caused by the ac-
tion of noise, natural or created intentionally, to provide the ability to correct all detected errors with a finite accuracy, as well as to
provide cryptographic protection against voice message unauthorized listening by hiding the law of converting speech signal samples
into a permutation.

Method. The main idea of the proposed methods is to choose permutations for information transferring with a specific set of
properties and features that provide the ability to correct errors detected by code and to recover speech signal samples with a finite
degree of accuracy (with a nonzero aperture).

Results. The procedures for information coding/decoding have been determined. The results of the experimental evaluation of
the model of such systems when working on a communication channel with both independent and multiple bit errors are presented.
The magnitude of decoding noise due to the finite accuracy of speech signal samples recovery is determined as a function of bit error
probability in a communication channel.

Conclusions. The proposed methods of factorial coding of a speech signal provide integrated information security and recovery
with finite accuracy of speech signal samples deformed by noise in communication channel. The requirements to the quality of com-
munication channel (to the value of bit error probability) for comfortable speech perception are determined.

KEYWORDS: factorial code, permutation, speech sample, samples recovery, decoding noise.

ABBREVIATIONS A;

; is an amplitude of the j-th sample, formed by a
ADC is an analog-to-digital converter;

BEP is a bit error probability; souree,

DF is a decision feedback;

DTS is a digital transmission system,;

FCDR is a factorial code with data recovery by per-
mutation;

PDC is a primary digital channel;

SNR is a signal-to-noise ratio.

NOMENCLATURE

A is an interpolation step;
AP is a decoder SNR (dB);
¢; is a decoding error of the j-th sample (the decod-
ing noise, which accompanies the j-th speech signal sam-
ple);

&(x) is an n-bit error vector that damaged a permuta-
tion;

Hiey 18 akey space cardinality;

v is a code rate;

T is a permutation;

G is a sum of the permutation m numbers;
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A7 is an amplitude of the j-th sample recovered by a

decoder;
A(x) is a data block;

B is a data linear rate;
d (i) is a distance between the receives codeword and

the i -th signal vector;
F,  is aspeech sampling rate;

discr

k.. is a decoder signal-to-noise ratio;

k is a data block length;
k, is an accumulation coefficient for synchronism en-

mn
try;
k , 1s an accumulation coefficient for synchronism

out
exit;
[ is a permutation symbol code length;
M is a permutation size;
n is a codeword size;
n,c 18 an ADC bit depth;

N is a shift register length;
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P

% 18 @ probability of transition from ‘bad’ to ‘good’
state;

P, is a probability of transition from ‘good’ to ‘bad’
state;

P, is a computing unit performance;

D, 1s a bit error probability;

D,, 15 a bit error probability in a ‘bad’ state;

Do, 1s a bit error probability in a ‘good’ state;

R(x) is a codeword;

R"(x) is a received codeword;

V' is a number of samples in a communication ses-
sion;

w

noise

is a decoding noise power;
X is a set of numbers {0,1,...,M -1} ;

Y is a time spent on enumerating all the keys of the
key space.

W onar 18 @ signal power;

INTRODUCTION

The intensive growth of automation of computer
manufacturing equipment and the increasing degree of
integration of its element base lead to an acceleration in
the rate of increase in productivity and reduction in the
cost of computers. The result of these processes is the use
of computer systems in all areas of industrial, social and
management activities of the global community. These
factors generate the development of such opposing trends
like the development of the sphere of computer systems
application in all departments of human activity, on the
one hand, and the equally active introduction of means
and methods of unauthorized access of information or its
deliberate modification, on the other hand.

Particularly important is the problem of ensuring the
confidentiality and integrity of information on the activi-
ties of financial agencies and state law enforcement agen-
cies (see, for example [1, 2]). Therefore, the attention of
the engineering and scientific community has long been
focused on this problem. This explains the interest to the
work of recent years [3—-16] on creating tools for inte-
grated information security, including protection against
the effects of errors in a transmission channel, protection
against intentional modification of transmitted messages,
and protection against unauthorized access to information.

The object of study is the process of speech data
integrated protection.

The subject of study is the methods and means of
factorial coding of speech signals.

The purpose of the work is to provide integrated pro-
tection of real-time speech signals based on factorial cod-
ing. Integrated protection involves:

— correction (with a nonzero aperture) of permuta-
tions, carriers of speech signal samples, received with an
error and detected by the code;
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— protection against unauthorized listening of voice
messages.

Using factorial codes for transmission real-time
speech signals leads to the need of:

— refusal from exact recovering of samples received
with an error;

— transition to recovery of samples received with an
error with limited accuracy (i.e., with a non-zero aper-
ture);

— taking into account the psychophysical properties of
speech perception.

1 PROBLEM STATEMENT

The task of the research is to develop methods for fac-
torial coding and decoding of speech signals that provide
integrated information protection and samples recovery
with nonzero aperture.

Choosing the coding with a nonzero aperture inevita-
bly leads to the appearance of a decoder recovery error.
This error shows itself in the form of noise accompanying

the received signal. The decoding error €; of the j-th

sample (the decoding noise, which accompanies the j-th
speech signal sample) is defined as follows:

2=(a 1Y)
i=\4 =4

We determine the decoding noise power W, ;. :

W,

noise

Fo—

~ 2
(Aj—Aj) .
1 J

.M‘

2
J
1

J

Note that the signal power in the same communication

v
session will be equal to Wj;g,q = 2. Aj2~ )
J=1
Hence, the decoder SNR in a communication session
will be equal to:

4 4 2
2 2
hgee = Wcignal/VViwise = Z Aj /z (Aj - A;\) ’
Jj=1 J=1

This relation is a random variable. It is influenced by
the following components of different physical nature:

— recovery errors due to the properties of the decoding
algorithm;

— transformation (by channel noise) of the transmitted
permutation into a permutation of the used part of the
permutations set [14].

It is often convenient to use the logarithmic decibel
scale to express SNR. In this case, decoder SNR (dB) is
equal to the difference in levels of signal and decoding
noise:

P

noise —

AP = Psignal -

@)
= IOIg(VVs[gnal /Wnoise) =10lg hc%ec (dB)'
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To solve the designated problem, we will take into ac-
count such a psychophysical feature of speech perception
as the suppression of a weak signal by a strong signal.
This means that if the speech signal is accompanied by
low-level noise, then this does not prevent comfortable
speech perception (essentially, in these conditions, the
noise is imperceptible). Moreover, people experience dis-
comfort in the absence of low-level noise accompanying
speech. This is because the mechanism of speech percep-
tion has been formed for thousands of years in the condi-
tions of a natural human environment with noises inherent
in this environment. Therefore, a person staying in an
environment with the absolute lack of interfering noise is
unnatural and may cause a negative reaction of the human
body. That is why the creation of comfortable speech per-
ception is always in the field of vision of the creators of
speech communication systems. Based on this, in this
paper we consider a term ‘comfort noise’ as noise (ran-
dom, uniformly distributed in amplitude and frequency
oscillations. Randomness can be checked by tests and
criteria [17-20]) accompanying a speech signal with the
upper level of minus 30 dB and the lower level of minus
50 dB. These values define (on average) a threshold of
human ear sensitivity.

2 REVIEW OF THE LITERATURE

The methods of combining the functions of cryptogra-
phy and channel coding began to develop relatively re-
cently. In particular, these include a public-key cryptog-
raphy method based on error correction codes proposed
by McEliece R. J. in [3]. Osmolovskiy S. A. proposed in
[4] a stochastic method of integrated information security.
This method includes a cascade execution of operations of
error-correcting coding and encrypting stochastic trans-
formation. Stakhov A. P. proposed in [5-7] a method of
‘golden’ cryptography to provide integrated protection.
Mazurkov M. 1. and Chechelnytskyi V. Ya. in [8-10]
proposed to use parametric secrecy of a communication
system with noise-like signals in combination with chan-
nel coding to provide integrated information security.

The analysis of these works shows that:

— McEliece’s cryptosystem provides a slow code
speed, requires a very long key length, and is easily de-
crypted when a key is reused;

— Osmolovskiy’s stochastic methods of data protection
do not solve the problem of integrating information secu-
rity functions into a single procedure; they use the
XORing operation, which is not always applicable in real
data transmission systems with limitations typical for
stream ciphers;

— Stakhov’s ‘golden’ cryptography determines only
the direction of work and requires additional fundamental
research to determine code probability characteristics,
evaluate its effectiveness, select an optimal value of the
coding matrix degree;

— Mazurkov’s and Chechelnytskyi’s methods of in-
formation security based on perfect algebraic construc-
tions provide parametric secrecy of information transmis-
sion and its channel coding, but do not provide message
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authentication and are limited to use in noise-like signal
communication systems.

The factorial codes used in this work are based on the
works performed by researchers under the supervision of
Borysenko O.A. (see, for example, [11]). They identified
some basics of information transfer based on permuta-
tions. In particular, they showed that the code built on
permutations is an equilibrium with all the properties that
follow from this. The use of permutations for information
transferring was the starting point for further research on
the creation of effective factorial codes [12-16].

The basis for building effective factorial codes con-
sists of the following properties of permutations:

— permutation 7 on a set of M elements is defined as
a bijective function from the set X of cardinality M to
itself. Elements of a finite set X are denoted by integers
from 0 to M —1. Then X ={0,1,...,M -1}, and we will

write a permutation 7 in the form of a sequence of ele-
ments of the set X, where each of the numbers
{0,1,...,M —1} is applied only once;

— the total number of permutations is equal to M!;

— the order of integers {0,1,...,M -1} in a permuta-

tion 7 is determined by a transferred information — a data
block A4(x);

— the sum of the numbers forming a permutation 7 is
equalto 6=0.5-M -(M -1).

Given these properties, in [12—16] a number of facto-
rial codes were proposed and their main properties were
determined. Among them, we note a factorial code with
data recovery by permutation [14], which is the base for
the problems solved in this work. FCDR has the follow-
ing properties:

— checking by the receiving station the fact of the
presence in a received sequence of bits of each of the
symbols {0,1,...,M - 1} exactly once ensures detection of

all errors of odd multiplicity and a part of errors of even
multiplicity, such that create repetitions of symbols and
their omissions, i.e. transform the transferred permutation
to a non-permutation;

— when choosing M so that M !> 2", creation of re-
placement tables provides the possibility of bijective
mapping of sets {4(x)} <> 7 <> {R(x)} , where R(x) is
an n-bit permutation on a set of M elements represented
in the binary numeral system (carrier of k-bit word A(x)

of source);

— if replacement tables are kept secret, the interception
of permutations, carriers of information, by the adversary
does not allow reading the transmitted message;

— only 2" from the full set of M! permutations are
used for coding/decoding. The remaining M !-2* permu-
tations are not used by the code and are redundant. This
allows to receiving station detecting errors due to the
transformation of the transmitted permutation into permu-
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tations of the unused part of the permutations set. From
this it follows that FCDR does not detect only transforma-
tions of the permutation, carrier of the transferred sample,
into

— another permutation of the allowed part of the set;

— counting an sum in a sliding window of M symbols
provides the possibility of finding such a position of the
window borders, at which this sum is equal to
6=0.5-M -(M —1). This position of the window borders

corresponds to the in-phase condition of transmitting and
receiving stations, i.e. the establishment of frame syn-
chronization of ‘transmitter-receiver’ tract.

Detection of all errors of odd multiplicity and a part of
errors of even multiplicity [12] allows to effectively use
factorial codes in data systems with DF, i.e. in systems
where error detection is performed by code methods and
correction (with zero aperture) is performed by repeated
questioning and retransmission of a data block damaged
by errors.

In turn, the use of request for error correction leads to
the fact that the delivery time of a data block is a random
variable. It depends on the intensity of noise in a commu-
nication channel and, consequently, on a number of re-
quests of data blocks received with an error. Given these
properties, DF systems are effective in non real-time tele-
communication systems and cannot be used in real-time
telecommunications systems. Such systems, in particular,
include voice communication systems organized in an
open for general access information transfer environment,
for example, in overhead or cable lines, in radio links of
any frequency range, etc.

Thus, the listed properties of factorial codes allow
building data transmission systems where error correction
is performed by requesting data blocks received with an
error, but excludes the possibility of their use in real-time
speech transmission systems.

3 MATERIALS AND METHODS

First, we will define the main parameters of digitized
speech.

It is well known that the main formants of the speech
signal are in the range of AF =4000 Hz . Therefore, ac-
cording to Kotelnikov’s theorem, the speech sampling
rate is F, . >8000 Hz =8000 samples/sec, and the
sampling interval (the interval between two adjacent sam-
ples) is 71, <125us. The dynamic range of the repro-
duced speech is at least 40 dB. It follows that the ADC
resolution must lie within n,,. =(13+15) to obtain the

necessary dynamic range.
Note that the choice of ADC with n,,. =(13+15)

corresponds to common practice. We take n,,. =15 asa
means of ensuring a better quality of speech reproduction.
It follows that to satisfy the condition A !> 2" it is nec-
essary to choose M >8. To ensure minimal redundancy,
we take M =8. With uniform coding of permutation
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symbols on a set of cardinality of M =8, the number of
bits in each of the symbols is equal to / =3. Then the

permutation, carrier of a 15-bit sample, will contain
n=1[_-M =24 bits, which corresponds to the code rate

v=k/n=0.625.

We take into account that each sample in a DTS is
coded with 8 bits. Therefore, a data transmission rate in a
communication line (data linear rate) is equal to
Bprs =F Mpe =8-10° -8 =64 Kbit/sec. A digital
channel with such parameters is called PDC and is the
basis of all DTS. With factorial coding, each sample is
coded with 24 bits (which is 3 times more than in PDC).
So the data linear rate with factorial coding will also be 3
times higher and equal to
B, =F, -n=8-10"-24=192Kbit/sec. An increase in

F =~ discr
linear rate during factorial coding is a charge for provid-
ing integrated information security. Note that if you set
the task to provide integrated protection in the end-to-end
speech path based on PDC by traditional means, you will
have to enter some kind of convolutional error correction
code [21-25] with a coding rate (1/2—1/3), as well as use
redundancy for providing frame synchronization in a con-
tinuous stream of samples. Therefore, it is very likely that
the provision of integrated protection in such a tract may
require more redundancy than is required in this case. In
addition, in PDC, unlike a channel with factorial coding,
non-linear compounding is used for coding a speech sam-
ple with 8 bits. This reduces the quality of the perceived
information.

Now we will evaluate a cryptosystem strength to
cracking by the brute-force attack.

The process of bijective mapping of sets {A(x)} and
{R(x)}, when the mapping law is kept secret, essentially

corresponds to the process of encrypting information. The
strength of such a cryptosystem is determined by the key
space cardinality. If a replacement table gives the law of
sets mapping, the key space cardinality is determined by
the cardinality of the set of replacement tables. The re-
dundancy of FCDR (that is equal to M!'-2* permuta-
tions) provides the possibility of creating different permu-
tations (differing from each other in composition and the
order of their placement in table). In the problem consid-
ered in this paper, the key space cardinality is equal to

k
Hiey = Cj%/“ -(2%1), where the factor Cf;, determines the

key space cardinality due to the change in composition of
permutations in the replacement table, and 2°! is the key
space cardinality due to the permutation of rows in the
replacement table. The presented equality allows deter-
mining the cryptosystem strength to its cracking by the
brute-force attack, a sequential search of all possible keys
of the set 4, . In particular, when M =8, k=15 we get

15
Moy =Gy -(2171)=7.34-1012170
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Suppose that the enumeration of keys is performed by
a computing unit with a performance of

P, =10" keys /sec . In this case, the time spent on enu-
merating all the keys of the key space will be
1=y / By = 7.34-10"21%6 sec or 2.33-10"*' years.
Suppose that the performance of the computing unit is
increased by 5%, 10% or 15% annually. Then, in accor-
dance with [26], the time spent on enumerating all the
keys of the key space py,, taking into account the in-

crease in performance of the computing unit will be

142166
¥(5%) = log 5.7.34-10 }

5 10 +1
[n—j 100-10" -365-24-60- 60

100

=6.71-10° years
Y(10%) = 3.43-10° years,

Y(15%) =2.34-10° years .

The obtained values of strength to the brute-force at-
tack of a voice communication cryptosystem based on
data factorial coding make it possible to determine the
sufficiency (or insufficiency) of security measures taken.

It should be noted that the FCDR property to ensure
the constancy of permutation symbols sum, regardless of
the information being transferred, makes it possible to
find permutations boundaries in their continuous flow.
From the point of view of ensuring the speech exchange
security, this property creates the vulnerability of voice
communication cryptosystems due to the easy establish-
ment of frame synchronization by an adversary receiver.
It is possible to significantly complicate for an adversary
the solution of messages interception. To do this, it is
enough to perform a bits permutation in a permutation 7,
carrier of a sample of a speech signal, according to the
hidden (from an adversary) rule. This, in essence, denotes
the addition of factorial coding system with a second en-
cryption circuit.

Let us now proceed to the basic principles of error
correction.

Note that error correction methods with a nonzero ap-
erture are determined by the object to be reconstructed. In
this context, it is possible to operate either with speech
signal samples or with their permutation-carriers. In any
case, to recover the permutations (or samples) deformed
by errors, we will use not algebraic, but probabilistic error
correction methods. These methods provide the maximum
probability of identifying the received permutation (or the
sample itself) with their true values. However, different
objects of reconstruction require different statistical in-
formation about the properties of an error stream in a
communication channel and a sensitivity of objects of
reconstruction to these factors. This fact determines the
difference from each other of the methods of decoding
permutations and samples, as well as the composition of
the operations performed and the results of their applica-
tion, including a decoding noise level. Therefore, the
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main task being solved is decoding noise assessment for
different information recovery algorithms. In general,
approaches to reconstructing permutations or samples are
reduced to replacing a permutation or sample deformed
by errors with a most likely permutation or sample.

Now we will consider and analyze two methods for
recovering permutations: in the Hamming metric and by
linear interpolation.

The essence of the method for recovering permuta-
tions in the Hamming metric consists of comparing the
permutation received from a communication channel with
each of the permutations of the replacement table. For this
purpose, Hamming distances from the received sequence
are determined to all signal vectors used to transfer in-
formation. The result of this operation is to create a cata-
log of distances between the received n-bit sequence

R"(x) and each of the signal vectors R, (x) of the re-

placement table. This corresponds to the operation:

d(i)=R"(x)+R (x),

ie[0,2"-1].

If we consider that R" (x)=R(x)+¢(x), then we get
d(i)=R(x)+e(x)+R (x) as a result. From this, it fol-
lows that with a sequential enumeration of the signal vec-
tors R(x) the moment inevitably comes when

R (x)=R(x) and d(i)=¢(x). This means that an n-bit
error vector &(x), which damaged the permutation

R (x) , 1s necessarily present in a distance catalog.

Thus, a distance catalog can be interpreted as a catalog
of error vectors that transform the transferred permutation
into a received n-bit sequence. Among this set (with a
cardinality of 2* vectors) a real error vector is necessarily
present. Now we take into account that with independent
bit errors in a block of n bits, the probability of an error of
a given weight (multiplicity of bit errors in a permutation)

obeys the binomial law: p(1)=C,pyq;™, ¢, =1-p,. In
this case, error vectors with small multiplicity are the
most likely (if an expected value of a discrete random
variable np, <1). It follows that the permutation choos-

ing from the replacement table by the criterion of the
minimum distance to the vector of the table is equivalent
to the choosing of the most probable noise vector. Based
on this, permutations of the minimum distance are se-
lected from the distance catalog and are entered into a
catalog of candidates for replacement of the permutation
received with an error.

If the minimum distance is provided only to one signal
vector, then the received sequence is identified with the
permutation corresponding to the given signal vector. A
sample is recovered from it and is given to a user.
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If there are at least two signal vectors R, (x) with the

same minimum distance to the received sequence R (x),

then the samples corresponding to these signal vectors are
taken as candidates for replacement of the received se-
quence. The best candidate for replacing a sample re-
ceived with an error is the closest, in Euclidean space,
sample from the list of candidates in relation to the previ-
ous sample given to the user. If such a sample is one, then
it is taken as a decoded sample. If there are several such
samples, then one of the candidates for replacement is
chosen randomly as a decoded sample.

The recovering procedure is complete.

The listed operations and the order of their execution
ensure the achievement of the following result:

— an increase in the accuracy of speech signal recov-
ery, since all (without exception) permutation, samples
carriers, taken with error and detected by the code are
subject to correction (with a finite degree of accuracy);

— the possibility of working in real-time is ensured by
eliminating the need to request samples received with an
error.

The method for recovering permutations by linear in-
terpolation involves:

— selecting permutations in which decoder did not de-
tect errors;

— extracting samples contained in permutations;

— selecting a packet of permutations with detected er-
1orS;

— recovering samples by the method of linear interpo-
lation based on the obtained values of samples corre-
sponding to the permutations framing the packet of per-
mutations with detected errors, and the number of permu-
tations in this packet.

To implement this method, an n-bit sequence received
from a communication channel is checked for correctness.
If the results of correctness verification establish that the
received sequence is a permutation, then it is checked for
belonging to the used subset of permutations (the set of
signal vectors). If this check is positive, a sample is re-
trieved from the permutation obtained. This sample is
written to the shift register of the device for recovering

erroneous samples, containing N cells of (k+1)-bit

words. In this case, & bits are retracted to store a sample or
to store the current sequence number in a packet of per-

mutations received with an error; and the (k+1)-th bit is

an indicator defining the storage object in a memory cell.

The first permutation received with an error has the
number 1, and the last permutation received with an error
has a number corresponding to the length of the packet of
signal vectors received with an error.

This allows to identify packets of permutations with
detected errors and to recover samples of this packet im-
mediately upon detection of the packet. Sampling recov-

ery is reduced to replacing the (k+1)-bit word in the
register with the recovered sample and, accordingly, the
indicator bit.
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As a result, when outputting the contents of the buffer
register to the information consumer, the corrected sample
stream is output. The service bit follows it. This means
that, in contrast to the samples recovery in the Hamming
metric, the interpolation method introduces an additional
delay corresponding to the accumulation time of N sam-
ples. The value of this delay (and, therefore, the length of
the package of corrected errors) is determined by several
factors. First, we note that this delay should not exceed
the speech correlation interval, since error correction by
interpolating uncorrelated samples is meaningless. Con-
sidering that the speech autocorrelation interval is ap-
proximately 0.5 seconds [27, 28], then N <4000. In real-
ity, the value of N should be substantially less and be de-
termined by the frame synchronization system parameters
and properties. This is because frame synchronization of
systems with factorial coding is performed by selecting
the time position in the window of M symbols. Their sum
is 6=05-M-(M-1).

It is obvious that both in the process of searching for
synchronism and in the process of its retention within a
window of M symbols, there can be both correctly and
incorrectly accepted permutations. Therefore, the decision
on the achievement or loss of synchronism must be made
based on a majority decision, a decision on a majority
vote. This number of votes may be different for determin-
ing the moment of achieving synchronism in the search

(k, ) and for determining the moment of loss of synchro-
nism (k,, ). If the number of errors in the packet exceeds

the value of k

. in the window of N permutations, then
the frame synchronization system will perceive this event
as a loss of the clock phase, stop decoding samples, and
go into synchronization search mode. From this, it fol-
lows that the boundary number of signal vectors N ac-
cepted with an error corrected by the interpolation method

must satisfy condition N <k, .

Note that a similar situation occurs when correcting
errors in the Hamming metric. If the length of the permu-
tation packet received with a detected error exceeds the
synchronization system value %, , then the event of clock

out >
synchronization loss will be fixed and the transition to the
clock phase search mode will occur. Thus, any of the con-
sidered methods of speech signal recovery is aimed at
correcting errors in the packet of permutations with the
length that does not exceed the value of k. Usually

k. <10 in systems of multiple access with time division

out —

of channels.

4 EXPERIMENTS

A software model with tract “speech source — voice
encoder — communication channel — speech decoder —
speech receiver” has been developed to assess the main
technical characteristics of the proposed above methods
for recovering samples deformed by noise in a communi-
cation channel. The model provides an assessment of the
speech tract basic parameters: the probability of error
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detection/non-detection by FCDR decoder, an estimate of
the value of sample recovery error. Based on these data,
decoding noise power and speech signal security are de-
termined. The main result of the experiment for determin-
ing the noise accompanying the decoded speech is the
dependence between decoder SNR by (1) and BEP in a
communication channel. The model used FCDR with
parameters M =8, k=15, n=24, v=0.625.

The first version of the codec model implements the
decoding algorithm in the Hamming metric. Fig. 1 illus-
trates a block diagram of such receiving device.

First, we note that binary sequences of digitized speech
signal samples transmitted over a communication channel
with noise are distorted at a channel output. The fronts of
individual packets are randomly shifted from their nominal
position; as a result, the duration of packets is a random
variable. Therefore, first, it is necessary to restore the time
relationship between the elements of a signal, the packets.
For this, pre-processing, regeneration, is performed. For
this purpose, the receiver contains a clock synchronization
system 8. This system ensures synchronization between
receiver and transmitter clock generators. Regenerator 1
strobes (polls) the received binary symbol in the least noise
susceptible part, in its middle, with synchronous clock cy-
cles. Then regenerator 1 stores it until the next strobing
moment. This ensures maximum reliability of bit sequence
reception and restores time ratios of packets in their con-
tinuous sequence. As a result, a sequence of bits is formed
at the output of the regenerator 1. It may contain errors due
to the effect of noise in a communication channel at the
time of strobing. This sequence is fed to the input of a
frame synchronization system 9 and to the input of a selec-
tor 2. The frame synchronization system 9 counts in a slid-
ing window the sum of M symbols of the received permu-

tation. If this sum is equal to o =0,5-M -(M —1), then,

most likely, the permutation boundary is correctly defined;
and if not, then, most likely, it is not defined correctly. The
clause ‘most likely’ says that it is impossible to make a
decision on the establishment (or loss) of the clock phase in
one observation since the sum of symbols in a window is a
random value under the influence of noise. The decision
can be made on the basis of calculating an expectation of
this random process or in the case when most of the sam-
ples confirm or refute one of the hypotheses on an observa-
tion interval (synchronism is established or synchronism is
lost). When a cycle synchronism state is reached, the re-
ceiver proceeds to process a sequence of permutations re-

Input

ceived from a channel carrying speech signal samples. A
sample received from a channel and recorded in the selec-
tor 2 is checked for correctness. If the received sequence is
correct, i.e., it is a permutation, then it is issued to decoder
3 via bus 1. The decoder 3 determine if the permutation
belongs to the allowed set of the replacement table. If this
check has a positive result, a corresponding sample is ex-
tracted from the permutation and sent to the recipient via
bus 1 of decoder 3 through connection block 7.

If the received permutation is not contained in the re-
placement table, i.e., belongs to the non-allowed part of
the permutations set, then it is fed via bus 2 of decoder 3
to the first input of the first connection block 4. To the
second input of the first connection block 4 the output of
selector 2 is connected via bus 2.

As a result, n-bit words of non-permutations and per-
mutations from the non-allowed part of the permutations
set are fed to the input of a distance catalog former 5.

The distance catalog former 5 determines Hamming
distances between the permutation received from commu-
nication channel and each of the permutations of the re-
placement table. The distance catalog is output to an error
correction block 6. In this block, the permutation list is
arranged, for example, in the order of decreasing the dis-
tance. Permutations with the minimum Hamming distance
are separated into a separate list. This list is a list of can-
didates for replacement received with an error permuta-
tion.

If there is only one candidate permutation in this list,
then a sample is extracted from it. This sample is output
to the consumer through the second connection block 7.

If there are several candidates for a replacement, a
sample is extracted from each of them. As a result, a list
of candidates for replacement of the sample is formed. A
previous sample is extracted from the decoder’s memory.
An arithmetic difference of the amplitudes of the previous
sample and each candidate sample is calculated. The can-
didate sample with the minimum amplitude difference
value is taken as the most probable value of the transmit-
ted sample. It is fed to the consumer. This completes the
error correction procedure. The decoder goes into standby
mode to receive the next permutation from communica-
tion channel. The decoding process is repeated according
to the above algorithm.

Decoding of factorial code with recovery of samples
received with an error by interpolation is performed using
a device, which block diagram is shown in Fig. 2.

Connection Qutput
il block -

1
Decoder
I 1 3 2
. Regenerator . | selector i
1 2 ‘
T

Distance catalog Error correction
former - block -
5 6

block
4

Cannection ‘

Clock Frame
| synchronization J synchronization
system system

8 ]

Figure 1 — The block diagram of speech signal receiving device with permutations recovery in the Hamming metric
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Clock
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Figure 2 — The block diagram of speech signal receiving device with permutations recovery by interpolation

The receiving device contains a clock synchronization
system 5, a regenerator 1, and a frame synchronization
system 2, which in this device are made identically with
the same device blocks in the Hamming metric and per-
form the same functions.

After the frame synchronization procedure is com-
pleted, 24-bit sequences received from a channel are input
to the decoder 3. Decoder 3 performs a validation of the
received permutation.

If the received sequence is a signal vector, a sample, a
word of 15 bits, is extracted from it. The 16th service bit
that is an indicator of the contents of this memory cell is
added to the sample (for example, a logical zero).

If the received sequence is not a permutation or a
permutation not used for transferring voice information, a
word of 15 bits representing the sequence number in a
packet of permutations received with errors is entered into
the memory cell instead of a sample. The 16th service bit,
a content indicator of the memory cell, is assigned to the
binary one.

Thus, if several consecutive permutations affected by
errors are received, the last number will determine the
length of error packet N. This sequence of 16-bit words
from the output of the decoder 3 is transmitted to a sam-
ples recovery block 4 for correcting error packets. A
block diagram of the block 4 is shown in Fig. 3.

) Buffer register
£ [—
Input s extr:;:m 2 Replacement| Output
block Blagks: ==
Interpolator 3

1 - -

4

A x

Control block
5

Figure 3 — The block diagram of a samples recovery block

The words coming from the decoder get into the error
extraction block 1. The main purpose of this block is to
extract the following three words from an incoming

stream: samples 4; and A} that frame a packet of

_/*(N +1)
errors and an error packet length indicator N .
From  this data, an interpolation  step

A= (A/“ — A (v )/(N+ 1) is calculated and transferred

to interpolator 4. Thus, after receiving the first permuta-
tion without detected error that closes a packet of permu-

tations with detected errors, the values Af s Ajﬁ( N+1) N,
and A are loaded into the interpolator 4. This allows to
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start an interpolation procedure, a procedure for calculat-
ing and replacing samples that correspond to error-
corrupted permutations. To do this, the procedure of re-
placing the contents of the cell with a 15-bit word of the
recovered sample is performed in the replacement block
3, in the interval between two samples (equal to 125 mi-
croseconds), as well as changing a service symbol from a
binary one to zero.

Control block 5 controls this process.

Calculating the restored sample involves performing
=4 +[iA], where [A] denotes

J=(N+1)
rounding to the nearest integer of 4.

Thus, the proposed algorithm for the samples recovery
using the linear interpolation method ensures the correc-
tion of a packet of errors due to the effect of noise in a
communication channel with finite accuracy. This means
that a decoded speech will be accompanied by additional
decoding noise. The presence of decoding noise with a
level from minus 30 dB to minus 50 dB corresponds to
conditions for speech transmission in an environment
with natural noise.

operation A;;( Ne1-i)

5 RESULTS

The developed software models allow to change the
nature of noise in a communication channel. The simula-
tion of voice information transmission for channels with
independent bit errors and channels with multiple bit er-
rors caused by multiplicative noise has been performed in
order to determine the main parameters of the proposed
methods of speech signals factorial coding. The source
used a fixed sample of a real speech signal.

The channel model with independent bit errors used a
binomial law of their distribution with one parameter p, .

The channel model with multiple errors used a Gil-
bert-Elliott model [29, 30]. This model assumes two
channel states, ‘good’ and ‘bad’. The law of channel
states changing is described by a Markov chain of order
one. The simulation was performed for cable channels. In
this case, an absolute (average) BEP [31, 32]

Py =(Bu /(B +Pu))- Pog +(Po (B + Ps))- P
used to estimate the decoding methods under conditions
of multiple errors caused by multiplicative noise.

The results of testing of two models of factorial code
decoder show the decoder SNR depending on BEP in
communication channel and the nature of noise. Fig. 4-6
graphically illustrates the test results.

was
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Figure 5 — Decoder SNR vs BEP in channels with multiple er-
rors caused by multiplicative noise
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6 DISCUSSION

It can be concluded, from the above graphs, that each of
the decoding methods is oriented to different types of
channels in their statistical properties of error appearing.

From Fig. 4, it can be seen that SNR of decoder with
samples recovery in the Hamming metric is higher than
SNR of decoder with samples recovery by interpolation in
the whole range of BEP values in a communication channel
with independent bit errors. Channels organized in under-
ground cable lines including fiber-optic belong to this cate-
gory. It also includes microwave radio lines operating in
favorable weather conditions and without applying elec-
tronic countermeasures to them.

In turn, from Fig. 5, it can be seen that decoder with
samples recovery by interpolation is oriented to channels
with multiple bit errors and provides a greater level of SNR
in comparison with decoder in the Hamming metric. Radio
channels of the short-wave range in normal conditions and
radio channels of any radio-frequency range in the condi-
tions of electronic countermeasures can be referred to this
category of channels.

We would like also to point out that the sample recover-
ing procedure by interpolation is simpler to implement and
requires fewer resources than the recovery in the Hamming
metric. From Fig. 6 it can be seen that the performance of
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decoder with samples recovery by interpolation is signifi-
cantly higher when 107 < p, <10™'. With the improve-

ment of a channel quality, mostly single errors increasingly
begin to occur and the performance of both algorithms be-
comes identical.

It should be noted that the noise accompanying the re-
covered speech signal using the recovery algorithm in the
Hamming metric for channels with independent errors and
the interpolation method for channels with multiple bit
errors can be categorized as comfort noise for

10 < p, <107 . Decoding noise can be ignored when

improving the quality of communication channel.

It follows from this that the threshold value of the
transmission reliability at which the specified quality indi-
cators are ensured in terms of the decoding noise level is
P, <107,

Note also that the proposed coding methods provide
better SNR for high BEP compared with turbo codes [33—
36]. For example, turbo codes [36] used in the GSM stan-
dard have lower SNR when 107 < p, <107,

Finally, we would like to admit that the methods pro-
posed in this research provide a code rate of 0.65. Convolu-
tional codes [21-26] as the most widely used codes in
speech coding, have a relatively low code rate of 1/2—1/3.
In addition, convolutional codes do not provide crypto-
graphic protection, since it contains information bits in a
code sequence.

CONCLUSIONS

The urgent problem of integrated protection against
unauthorized access and channel errors of real-time
speech signals based on factorial coding is solved.

The scientific novelty of obtained results is that two
methods of factorial coding of speech information with
permutations recovery are firstly proposed. These meth-
ods involve converting, for example, by substitution table,
samples of speech information into permutations. These
permutations after encoding to a binary code are transmit-
ted over a communication channel. The decoding process
is to replace a permutation to a speech signal sample. In
the case of damage of the received permutation, according
to the first method for recovering permutations in the
Hamming metric, speech signal is restored by finding the
signal vector closest to the permutation in the Hamming
metric. If there are several such signal vectors, then one
which sample is closest in Euclidean metric to the pre-
decoded sample is selected. The method for recovering
permutations by linear interpolation involves restoring a
speech signal by linear interpolation based on known ad-
jacent samples. These methods allow to detect and correct
errors in real-time with non-zero aperture. This in turn
allows using factorial coding for real-time data. The
strength to cracking of the protection system by brute-
force attack is estimated in millions of years.

The practical significance of the research is that the
algorithms and block diagrams of speech signal receiving
devices have been developed. This allows their practical
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implementation. 2. The experimental results show that an
optimal area of application of the method for recovering
permutations in the Hamming metric is communication

channels with independent bit errors and BEP p, <107 .

Under these conditions, the Hamming decoder shows the
best results, and the decoding noise does not exceed the
values of the comfort noise level. An optimal area of use
of the method for recovering permutations by linear inter-
polation is communication channels with multiple bit er-
rors caused by multiplicative noise, in particular, radio
channels of the short-range radio band or radio channels
of any radio band with an unfavorable noise situation.
When using the proposed algorithms in optimal condi-

tions with the BEP p, <107, the decoding noise level

does not exceed the values of the comfort noise level.

Prospects for further research are to study the effec-
tiveness of the proposed methods in real-world conditions
by developing prototype devices.
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METOAU ®AKTOPIAJIBHOI'O KOJYBAHHSI MOBHUX CUT'HAJIIB

®aype E. B. — 1-p TexH. HayK, JOLEHT, IPOPEKTOP 3 HAYKOBO-IOCIIIHOT pOOOTH Ta MiXKHAPOJHHUX 3B’s13KiB UepKachbKOro jepika-
BHOT'0 TEXHOJIOTIYHOTO yHiBepcuTeTy, UepkacH, YkpaiHa.

Ieuakmii B. B. — kaH/. TeXH. HAyK, IOIEHT, NOICHT Kadeapu iHGopMalliiiHoi Oe3MeKH Ta KOMIT F0TepHOI imkeHepii Yepkach-
KOTO JIEp’KaBHOTO TEXHOJIOTIYHOTO yHiBepcuTety, Yepkacu, Ykpaina.

JlaBnancbkuii A. O. — kaH/. TeXH. HayK, JOLEHT Kadeapu iHdopmauiiiHoi 6e3nekn Ta KOMI IOTepHOI imxeHepii Yepkacbkoro
JIepPIKaBHOTO TEXHOJIOTTYHOTO yHiBepcutety, Uepkacu, Ykpaina.

Xapin O. O. — acmipasT kadenpu iHGpopMamiiHOi Oe3MeKH Ta KOMII IOTEpHOI iHmkeHepii YepKachKoro IepKaBHOTO TEXHOJOT1Y-
HOTO yHiBepcurteTy, Uepkacu, YkpaiHa.

AHOTAIIA

AKTyanbHicTh. Y po0O0Ti BUKIaJeHO MeTOM (HaKTOPiaJbHOrO KOAyBaHHS MOBHHMX CUTHAJIB, IO BUKOPUCTOBYIOTH (PaKTOpiaib-
HUH KoOJ Uil 3a0e3leueHHs IHTErPOBAHOIO 3axXHCTy iH(poOpMamii Ta MIATPUMKH LUKIOBOI a3y pO3MOJIUIBHUKIB IpUMaH-
Hsi/mepenaBansst. [1i iHTErpoBaHUM 3aXHCTOM PO3YMIETHCS 3aXUCT iH(GOpPMALIT Bill BIUIMBY 3aBajl y KaHalli 3B’S3Ky i cipo0 HecaHK-
LIOHOBAHOT'O JOCTYIY Y BIIKPUTHX TEIEKOMYHIKAILIHUIA MepexkaX MHOKHHHOTO TOCTYILY.

Meta po6oTn. MeToto 1iei poOOTH € 3a0e3MeUeHHs IHTErPOBAHOTO 3aXHCTY MOBHHX CHTHAJIB PEalbHOrO Yacy Ha OCHOBI (hak-
TOpiabHOTO KOMyBaHHS. [ IbOro B poOOTI po3po0iIeHO MeToaH (aKTOPiaIbHOrO KOAYyBaHHS MOBHUX CHTHANIB 1 MOOYJOBH MOB-
HUX KOJEKIB, 0 6a3yIOThCSl Ha BIACTHBOCTAX (DAKTOpiaJbHUX KOAIB YTPUMYBATH TaKTOBHUI i IIUKJIOBHH CHHXPOHI3M 3a poOOdINM
CHTHAJIOM, BUSIBJISAITH 3HAUHY YaCTHHY IIOMHJIOK, OOYMOBJICHHX BILIMBOM 3aBajl IPUPOIHOTO HOXO/KEHHS a00 CTBOPEHHX HABMHUCHO,
3a0e3reyuyBaTH MOKIIMBICTh BUITPABICHHS BCIX BUSIBJICHUX KOJOM MOMHIIOK 31 CKIHUCHHOK TOYHICTIO, @ TAKOX 3a0e3edyBaT KPHII-
TorpadiyHuii 3aXUCT BiJl HECAHKLIOHOBAHOTO MPOCIYXOBYBAaHHS MOBHOTO MOBIiJOMJICHHS 32 PaxyHOK NPUXOBYBaHHS 3aKOHY Iepe-
TBOPEHHs BUOIPOK MOBHOT'O CUTHAJIy B CUI'HAJI — IEPECTAHOBKY.

Metoa. OcHOBHa ifiesl 3aIPOIIOHOBAHMX METO/IIB TIOJIsirae y BUOOPI Is epeHeceH sl iHpopMarii mepecTaHOBOK 3 IEBHUM Habo-
POM BJIACTHBOCTEH 1 O3HAK, 110 3a0€3MeUyI0Th MAKCHMAJIbHY BUSBIISIOUY 3aTHICTh KOy, 3AaTHICTh BUIIPABJICHHS BUSBICHUX KOJIOM
TTOMUJIOK 1 BiTHOBJIEHHS BUOIPOK MOBHOTO CHTHAITY 31 CKIHYEHHHM CTYTIEHEM TOYHOCTI (3 HEHYJIBOBU allepTypoIo).

PesyabraTn. BusHaueHo mporeaypy KoAyBaHHS/AEKOAyBaHHs iH(MOpMaLii, 0 3a0e3Meuy0Th BUSABICHHS Ta BUIIPABICHHS Ha
npUAMalbHIl cTaHIil BUOIPOK MOBHOI'O CHUTHAIY 3 HEHYJIBOBHIl anepTyporo. BHKIAIEHO pe3yibTaTH eKCIePUMEHTAIbHOI OLiHKA
MOJIEeITi TAKHX CHCTEM IIijl YaC pOOOTH KaHAIOM 3B’SI3KY SIK 3 HE3aJIC)KHUMHU OITOBHUMH [OMHUIIKAMH, TaK 1 3 AKETYBaHHSIM TOMHJIOK.
Bu3HAuCHO BENMYKMHY IIyMy JCKOAYBaHHsI, 00YMOBICHOTO CKIHUCHHOIO TOYHICTIO BiJHOBJICHHS MPUIHATHX 3 MOMHIIKOI BHOIPOK
MOBHOT'0 CHTHAITY, K (DYHKLIi HIMOBIPHOCTI IIOMHUJIKH B TIOCJiJOBHOCTI OIT IiJ] Yac nepenaBaHHs iHdopMallii KaHaIOM 3B S3KY.

BucHOBKH. 3anpornoHOBaHO MeTOIH (DaKTOPiaJbHOTO KOAYBaHHS MOBHOTO CHIHAJy, LIO 3a0€3MedyIOTh iHTErPOBAaHMII 3aXUCT
iHpoOpMaii i BiTHOBIEHHS 31 CKIHUCHHOIO TOYHICTIO BUOIPOK MOBHOTO CUTHAIY, Ne(OpMOBaHIX 3aBalaMH B KaHali 3B s3Ky. Busna-
YEHO BHMOTH 0 SIKOCTi1 KaHaly 3B 53Ky (IO 3Ha4eHHS WMOBIPHOCTI 0iTOBOI MOMMJIKH B KaHAaJi 3B’S3KY), 32 SIKOTO 3a0e3Meuy€eThCs
KOM(OPTHE CIPHIHHSATTS MOBH.
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YK 004.75
METOJbI ®AKTOPHUAJIBHOI'O KOAUPOBAHUS PEYEBBIX CUT'HAJIOB

®aype J. B. — 1-p TexH. HayK, JOLUEHT, IPOPEKTOP MO0 HAYYHO-HCCICAOBATENbCKON paboTe M MEeXIyHAPOIHBIM CBs3sM Yepkac-
CKOI'0 FOCYZapCTBEHHOIO TEXHOJIOTUYECKOro YHUBEpcuTeTa, Uepkaccsl, YKpauHa.

IIBbiakmii B. B. — kaHxa. TexH. HAayK, JOLEHT, JOIEHT Kadeaps! HHPOPMAIIOHHOH 6€30IIaCHOCTH U KOMITBIOTEPHOH HHXKCHEPHH
UYepkaccKoro rocyJapcTBEHHOTO TEXHOJIOTHYECKOT0 YHUBEpCcUTeTa, Uepkacchl, YKpanHa.

JlaBmanckmii A. A. — KaHJ. TeXH. HayK, TOLEHT Kadeapsl HHPOPMAIMOHHON 0E30MaCHOCTH ¥ KOMITBIOTEpHOI HHXeHepun Yep-
KacCKOT0 FOCYAapCTBEHHOTO TEXHOJIOTMYECKOT0 yHUBEpCUTETa, Uepkaccsl, YKpanHa.

XapuHn A. A. — acriupanT kadenpsl HHGOPMALMOHHOW 0€30MIaCHOCTH M KOMIIBIOTEPHOH MHXeHepun UepkaccKoro rocynapcer-
BEHHOTO TEXHOJIOTHIECKOTO yHUBEPCUTETa, Uepkacchl, YKpanHa.

AHHOTADNUSA

AKTyanbHOCTh. B paboTte m3m0)keHBI MeTOABI (PaKTOPHATBEHOTO KOAMPOBAHHS PEUEBBIX CHTHAJIOB, MCHOJB3YIOMNE (aKTOpHU-
QIBHBIA KOJ JUIsl 00eCIeUeHHs] HHTErPUPOBAaHHON 3aIMTHl MH(POPMALMK M MOJJICP)KKU IUKIOBOM (ha3bl paclpenesuTeneii npue-
Ma/miepeniaun. [1og MHTErpUPOBaHHOM 3alIMTON ITOHUMAETCs 3aluTa HHGOPMALUK OT BO3ACHCTBHS ITOMEX B KaHAJe CBSI3U M IIOIBI-
TOK HECAHKLIHOHUPOBAHHOTO JIOCTYTA B OTKPBITBHIX TE€IEKOMMYHUKALIMOHHBIN CETAX MHOKECTBEHHOTO JIOCTYTIA.

Hean padorel. Llensio naHHOM paboTH sBIsSEeTCS 0oOecredeHue HHTErPUPOBAHHOM 3aIUTHl PEUEBBIX CHTHAJIOB PEalbHOTO Bpe-
MEHH Ha OCHOBE (PaKTOPHUAIIFHOTO KOAMPOBaHMs. st 3Toro B paboTe pa3paboTaHbl METOAB (DaKTOPHANEHOTO KOJUPOBAHHA pede-
BBIX CHTHAJIOB W TIOCTPOEHHMS PEUEBBIX KOJEKOB, OCHOBAaHHBIC HA CBOWCTBaX (paKTOPHATBHBIX KOAOB YAEPKHUBATh TAKTOBBIM M ITHK-
JIOBOH CHHXPOHHU3M II0 pabo4eMy CHTHAIy, BEISBISATH 3HAYUTEIBHYIO YacTh OMIMOOK, 00YCIIOBIEHHBIX BIMSHHUEM IOMEX €CTECTBEH-
HOTO TIPOMCXOXK/ICHUS HIIN CO3/IaHHBIX NCKYCCTBEHHO, 00€CIIeYNBATh BOSMOXKHOCTD HCIIPABJICHUS BCEX BBIABICHHBIX KOJIOM OIIHOOK
C KOHEYHOH TOYHOCTBIO, & TAK)Ke 00ECIeunBaTh KPUITOrpadhMIECKyIO 3aIUTy OT HECAHKI[HOHUPOBAHHOTO NMPOCIYIIMBAHHS PEUEBO-
IO COOOIICHUS 3a CUET CKPBITHS 3aKOHA Pe0oOpa30BaHusl BHIOOPOK PEUEBOr0 CUTHAJIA B CUTHANI-IIEPECTAHOBKY.

Mertoa. OcHoBHas uzes NpeularaéMbIX METOJOB COCTOUT B BBIOOpE JUlsl NepeHoca MH(OpMAalMU NMepecTaHOBOK C OIpeJeiIeH-
HBIM Ha0OpOM CBOWCTB M NPHU3HAKOB, 00ECIEUMBAIOIINX MaKCHMAJIbHYI0 00OHAPYKHUBAIOIIYI0 CIIOCOOHOCTh KOJa, CIIOCOOHOCTh HC-
MIPaBJICHUS] OOHAPYKEHHBIX KOJOM OIIMOOK M BOCCTAHOBIICHHS BHIOOPOK PEUEBOTO CHUTHAIA C KOHEYHOH CTENEHBIO TOYHOCTH (C He-
HYJICBOH anepTypoii).

PesyabsTaTrel. OnpeneneHsl Nporeaypsl KOJUPOBAHHS/IEKOIUMPOBAHUS MH(pOpMaIU, oOecreunBaromye oOHapyKeHHe U HC-
IIpaBJICHUE HA IIPUEMHOI CTAHIMK BEIOOPOK PEUeBOTO CHUTHAJA C HEHYJICBOH anepTypoil. 3105keHBI pe3ysbTaThl SKCIEPHMEHTAb-
HOHM OIICHKH MOJIENIM TaKUX CHCTEM HIpH paboTe 1Mo KaHAIy CBS3M KaK C HE3aBUCHMBIMH, TaK U C IAKETHPYIOMINMHUCS OUTOBBHIMHU
omubOkamu. OnpeneneHa BeJIMYMHA LIyMa JIEKOIUPOBAHUs, OOYCIOBIEHHOTO KOHEYHOH TOYHOCTHIO BOCCTAHOBIICHMSI HNPUHSTHIX C
OLIMOKO BBIOOPOK PEUEBOr0 CUrHaNa, KaK ()YHKIMU BEPOSITHOCTH OIIMOKH B IIOCIIEJOBATEILHOCTH OHT IpH Iepeaade HHPOpManuu
10 KaHAITy CBSI3H.

BoiBoasl. [IpensiosxkeHsl MeToab! (haKTOPHAIBLHOTO KOJUPOBAHUS PEUEBOrO CUTHANIA, 00ECIICYHMBAIOIINE HHTETPUPOBAHHYIO 3a-
IMUTY WHGOPMALUH U BOCCTAHOBIIEHHE C KOHEYHOW TOYHOCTHIO BRIOOPOK PEUYEBOTO CHUTHANA, Ae(OPMHUPOBAHHBIX TOMEXAaMH B KaHa-
ne cBsa3u. OmpeneneHsl TpeOOBaHMS K Ka4eCTBY KaHaja CBS3U (K 3HAYCHHUIO BEPOSTHOCTH OWTOBOW OLIMOKHM B KaHAIIC CBS3H), NPH
KOTOpOM oOecriednBaeTcss KoOM(pOPTHOE BOCTIPUSATHE PEUH.

KJ/JIIOUEBBIE CJIOBA: dakTopuaibHbIil KOJI, IepecTaHOBKa, TaOJIMNA 3aMeH, BEIOOPKA PEYEBOT0 CHTHANA, BOCCTAHOBICHHUE
BBIOOPOK, IIIYM JIEKOJUPOBAHUSL.
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ABSTRACT

Context. Nonlinear systems of Boolean functions play a prominent role in the protection of cryptosystems. The creation and use
of new four-bit cryptographic transformations with nonlinear Boolean functions that have the property of strict avalanche criterion is
an actual task for increasing the reliability of information protection systems.

Objective. The goal of the work is creating a method for obtaining inverse four-bit cryptographic transformations with the strict
avalanche criterion property, which contain balanced Boolean functions only with the operations of inversion and addition modulo
two.

Method. A method is proposed for obtaining inverse four-bit cryptographic transformations with the strict avalanche criterion
property, each of which contains balanced Boolean functions only with the operations of inversion and addition modulo two. The
method simplifies the process of finding inverse cryptographic transformations by creating a class of thirty balanced basic Boolean
functions with the required predefined limitations and properties and for finding, within this class, the basic Boolean functions that
make up the inverse cryptographic transformation.

Results. The effectiveness of the method is shown for obtaining two inverse four-bit cryptographic transformations with the
property of a strict avalanche criterion from two direct four-bit cryptographic transformations with the property of a strict avalanche
criterion.

Conclusions. For the first time, there was proposed a method for obtaining inverse four-bit cryptographic transformations with
the strict avalanche criterion property for balanced Boolean functions containing two logical operations (inversion and addition
modulo two) to ensure reliable information protection. This method is a method of selecting the already existing basic Boolean func-
tions from a predetermined set of balanced basic Boolean functions for direct and inverse cryptographic transformations, whereas the
existing methods of searching for inverse cryptographic transformation are methods for calculating each element of the Boolean
functions for the inverse cryptographic transformation. The method can be extended to a larger even number of arguments of the
balanced Boolean functions of cryptographic transformations to increase the cryptographic resilience.

KEYWORDS: Boolean functions, inverse cryptographic transformation, balancedness, strict avalanche criterion, inversion, ad-
dition modulo 2.

ABBREVIATIONS
BBF is a basic Boolean function;
BF is a Boolean function;
CA is a cryptographic algorithm;
CT is a cryptographic transformation;
DCT is a direct cryptographic transformation;
FPBE is a Forward Problem of Boolean equations;
HW is a Hamming weight;
ICT is a inverse cryptographic transformation;
IPBE is a Inverse Problem of Boolean equations;
SAC is a strict avalanche criterion.

F is a Boolean function with n inputs and n outputs;

F;i is the values of the i-th basic Boolean function of

the inverse cryptographic transformation F" ;
fj(X,...,X4) is the j-th basic Boolean function from

the set of basic Boolean functions (Table 1);
wt(f) is a Hamming weight of the Boolean function

f(X[5eer Xpy) -

INTRODUCTION
Nowadays, the number of users of the Internet and
digital mobile networks (such as GSM) is more than 4
billions [1], the amount of data transmission is huge.

NOMENCLATURE
— is a sign of the Boolean operation inversion (com-

plementation);

@ is a sign of the Boolean operation addition modulo
2 (XOR - exclusive OR);

Bn’n is a set of all Boolean functions with n inputs
and n outputs;

fi (X{5-.., Xy ) 1s the i-th Boolean function with n in-

puts X;,...,Xpand 1 output;

Therefore, data security plays a crucially important role in
this data transmission. One of the main ways to ensure
the reliability and safety of information is effective meth-
ods of encryption/decryption of data [2] with high crypto-
graphic resilience. Today, computationally resilient
cryptosystems generally protect information in a satisfac-
tory way, but quantum computers with computing power
far beyond the computing power of any classical com-
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puter [3—5] can solve a lot of cryptanalysis tasks that can
not be solved by traditional computing systems. The issue
of crypto security of information security systems has
become extremely acute in connection with the advent of
quantum computers.

BFs play a prominent role in the security of cryptosys-
tems [6]. Their most important cryptographic applications
include the analysis and design of S-boxes in block ci-
phers and the construction of filter/combining functions in
stream ciphers [7]. Constructing optimal S-boxes has been
a prominent topic of interest for security experts [8]. Also,
each reversible BF can be implemented as a reversible
circuit [9], whereas reversible circuits are indispensable in
error correction [10, 11].

Cryptoresistance of a broad class of CAs is deter-
mined by their correspondence to some special criteria of
bit transform BFs being implemented in these algorithms
[12]. One of such criteria is a SAC [12], that is whenever
a single input bit is complemented, each of the output bits
changes with a probability of one half [13]. This is essen-
tial to diminish any correlation between input and output
combinations and fails to leak information [14]. This also
means that there are no functions with fewer bits, that is a
good approximation to the given function and the use of
which would significantly reduce the amount of work
required to decode the message [15]. That is why the de-
sign problem of the Boolean SAC-functions is actually
and practically important [16].

The object of study is the process of constructing
DCT and ICT of BFs defined by systems for the number
of arguments 4 and more.

The subject of study is the methods of constructing
ICTs of BFs by given DCTs of BFs that have the property
of a SAC and contain only the operations of inversion and
addition modulo two.

The purpose of the work is creating a method for ob-
taining inverse four-bit CTs with the SAC property,
which contain balanced BFs only with the operations of
inversion and addition modulo two for increasing the reli-
ability of information protection systems. The method
must have an applicability property on a larger even num-
ber of bits.

1 PROBLEM STATEMENT

It is important to study four-bit, eight-bit BFs in public
key cryptography [17, 18]. The formalized procedure for
construction of four-bit Boolean SAC-functions with the
operations of inversion is proposed in [16]. But CTs with
four-bit Boolean SAC-functions with the operations of
inversion and addition modulo two are insufficiently in-
vestigated and remains relevant. Mathematical statement:

we have Boolean multiple-output function Fd e B4 4

with 4 inputs and 4 outputs with the SAC property and
bijection property (there are no two or more different sets

of input values of Fde B4 4 that corresponds to the

same set of the output values). The function Fd e Bs4

contain balanced BFs only with the operations of inver-

sion and addition modulo two. The function F9 e Bsa
forms a direct four-bit CT. It is required to receive a Boo-
lean multiple-output function F'eBy, with 4 inputs
and 4 outputs (an ICT)). All the sets of input values of the

function F9 e B4 4 and all the sets of the output values
of the function F' e B4 4 must be the same, and all the
sets of the output values of the function Fde Bs4 and

all the sets of the input values of the function F" e B4

also must be the same.

2 REVIEW OF THE LITERATURE

The problem of finding the roots of a system of nonlinear
BFs is analytically intractable and therefore provides the
basis for many CAs [12]. The FPBE consists of finding all
solutions of a system of Boolean equations, whereas the
IPBE aims at reconstructing the mathematical formulae of
the system of Boolean equations for given the set of solu-
tions. The FPBE has been extensively treated in the literature
[19-22] while the inverse problem seems to have received
no or little attention [23].

In papers [23-26], various methods for obtaining in-
verse Boolean functions with n inputs and 1 output are
described for given direct Boolean functions with n inputs
and 1 output, but inverse Boolean functions with n inputs
and n outputs for given direct Boolean functions with n
inputs and n outputs in these papers are not considered.

The paper [30] describes invertible Boolean functions
of three variables. The papers [27, 28] describe the prop-
erties of the Boolean function with n inputs and n outputs,
but the concrete method or algorithm for obtaining the
inverse Boolean functions with n inputs and n outputs for
given direct Boolean functions with n inputs and n out-
puts is not given. Other publications containing a concrete
algorithm for obtaining an ICT using a given DCT con-
taining four or more Boolean functions with four or more
Boolean variables and two or more different Boolean op-
erations are unknown to the authors of this article.

The existing methods [23-26] of searching for an inverse
Boolean functions are methods for calculating each element
of the BFs of the inverse Boolean functions for given di-
rect Boolean functions and this situation needs the devel-
opment of more effective methods for obtaining ICT for
given DCT.

3 MATERIALS AND METHODS
We assume that everywhere in the article n>1,ne N
and ie{l,..,n}.
def
Let B = {0;1} denote the Boolean values and B,

[27] denote the set of all BFs with n inputs and n outputs,
where

def

Bun = {F|F:B" >B". O

© Fedotova-Piven I. M., Rudnytskyi V. M., Piven O. B., Myroniuk T. V., 2019

DOI 10.15588/1607-3274-2019-4-19

200



e-ISSN 1607-3274 PagioenexrpoHika, inpopmaTuka, ynpasainss. 2019.
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2019.

Ne
Ne

4
4

def
We write B,, = B,; for each n and assume that each

fi (X{5..., Xy )€ By, for each i is represented by a proposi-

tional formula over the variables {X;,...,X,} [27]. Con-
versely, any n-tuple t of BFs over variables {X,..., X}
corresponds to a unique BF F; € B,  [27]. We assume
that each function F eB, is represented as a tuple
F =(F1(X{5ee0r X )seves T (X15ee5 X)),
fi(X(5.... Xn)€ By, for each i and hence for each
F(X) = (f;(X)...., f,(X)) for each X € B" [27].

As known [28], function F:B" — B" is called re-
versible iff F is bijective, i.e., if each input pattern
uniquely maps to an output pattern, and vice versa. Oth-
erwise, it is called irreversible.

Let a DCT and ICT are Boolean multiple-output func-

tions F9 e By.n and Fle Bn.n respectively with n in-

where

puts and n outputs. Then not every DCT that satisfies the
SAC, has a pertinent ICT. For example, for a DCT

Fde By n that given by the formula (2) and satisfies the

SAC, there is no ICT because two different sets (for ex-
ample, a direct set X; =X, =X3 =X4 =0 and an inverse

set X; = X, = X3 = X4 =1) of the input values
X%
&%
(4 Dx)

Fd_ )

| oo®x)|
of the DCT corresponds to the same set of the output val-
ues — the results of the operation (2):

0
0
1
1
and therefore, the property of one-to-one correspondence
(bijection) of the ICT F" € By, is lost.

As known [29], the HW wt(f) of the BF

f (X[, Xy) € B" is the number of the nonzero terms in
the truth table of the BF:

Wt(f)=ixi.

As known [29], the BF f(Xy,...,X,) € B" is balanced

if its HW wt(f)= 2" e the output column of this BF

in the truth table contains equal number of 0’s and 1’s.

To date, the problem of the total number of balanced
Boolean SAC-functions determination for n variables
remains open [16]. The search area of the roots of systems
of Boolean equations may be decreased significantly by
application of different expedients based on taking into
account the special features of BFs constructing the sys-
tem of nonlinear Boolean equations [12].

We will consider four-bit CTs that satisfy a SAC and
are constructed using only Boolean operations of the in-
version and addition modulo 2. To synthesize both DCT
and ICT, we create a set of BBFs

fj (Xqsees Xg) € B4, j €{1,...,30} with such restrictions:

1) all the BBFs from Table 1 are balanced, because the
HW of each of them is 2° = 8, that is, a half of the number
16 - the length of the vector of values of each BBF;

2) each BBF from Table 1 contains from one to four
variables Xi,..., X4, and the same variable is included only
once in each BBF of the CT;

3) all the BBFs from Table 1 must have non-
coinciding sets of values (see Table 2).

We will assume that the BBFs of an ICT will be se-
lected from the same set of BBFs from Table 1. Functions

F1 (X505 X4 )seves T30(Xq5.-., X4) are a superposition of vari-
ables and operations of inversion and addition modulo 2.
Functions f3;(X,...,X4) =0 and f3,(X},....,X4)=1 for

any values of X;,...,X4 are not listed in Table 1, because

they do not contain operations symbols over variables,
that is, there is no explicitly indicated mathematical form
of the function.

To construct ICTs that satisfy the SAC, we apply the
following method that defines the BBFs of the ICT over

Table 1 — Basic Boolean functions fj(X{,..., X4 )yeer T30(X[5ees Xgq)

D fi=x 1) fi; =% ®X45 21) fy =X @ X, ® X35

2) fy=%y5 12) iy =% ®x33 22) T =x @ X ®X;

3) f3=x35 13) fi3 =%, ® X453 23) fr3 =X ® X3 ® X4

4 fy=xy45 14) fi4, =% ® X4 24) fyu =% ® X3 D Xy

5) fs=—(x); 15) fi5=—(x; ®X%,); 25) fr5 =X ®X) DXz DXy
6) fg =—(xp)3 16) fig =—(x ®x3); 26) fa6 =—(X ® X ©X3)}

7 f7==(x3); 17) f17 ==(x; ®X4) 3 27) fy7 = (X DXy D X4) 5

8) fg=—(X4)5 18) fig=—(X ®X3); 28) fog =—(X ® X3 D Xy);

9) fg=x @ X3 19) flg ==X, @ X4)3 29) fa9 =% ® X3 ©Xy)

10) f1p =% ®x3; 20) fr0 =—(x3 ®X4)5 30) f30=—(x1 @ X, D X3 ©Xg)
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the whole set of values at the input and output of the

BBFs of DCT.

1. Let’s create Table 2 (truth table) of the values of the
BBFs from Table | for all possible sets of values of the

variables Xj,..., X4 .

2. Let’s create a Table 3 which contains only those

BBFs that give the value of 0 for a given set of values

X 5

,Xq -
3. Let’s create a Table 4 which contains only those

BBFs that give the value of 1 for a given set of values

X]5eees Xg. -
Table 2 — The values of the BBFs from Table 1 for all possible sets of values of the variables Xj,..., X4
SRS S e | 6 [f [ fu | (o (fu [ fis [fis (fir | fin (o |foo | fa [ |fon [ fa [ Fas [T |Far | [T o
0 0 0 0 1(1{1|{1]0[O0OfO0O]O0O]O0]O0]1 1 1 1 1 11010101001 1 1 1 1
0 0 0 1 1{11]1]0]0]0(|1]0]|1 1 1 1101 0(0]0]|1 1 1 1 1{0]0[0]O0
0 0 1 0 r{rf{ofrf{ofrjojf1rjofril 1{o0]1{0]1f{0]1|0]1 1 1{o0|1[0]0]|O
0 1 0 0 1{of1|{1f{1{o]o0f]T1l 1{0]0|1 1{0]0|1 1 11011 1{o0|O0f1]0]|O
1 0 0 0 o1 |1 ]1]1]1 1{0]0[0]0[O0]O0]|1 1 1 1 1 1{0|1(0]0[O0O] 1|0
0 0 1 1 111]0[0]0]|1 1 1 1{10]1]0]0]0]0]1 1 110]10]0]0]0]1 1 1
0 1 0 1 110]1]0]1]0]|1 1{oj1{oj1rjfojofrjofrjofrjofojof1rjofri 1
1 0 0 1 o|1{1]0|1]1|O0]O0]|1 11001 1{ojof1jofo|1[O]O0]|1 1101
0 1 1 0 r{fofof1r|rf{rjojpoj]i1 11001 110|001 1{0]J]0(1]0[0]1 1
1 0 1 0 O(1 {01 ]|1]O0]{|]1 i1joj1rjo0f(1vrfofofrfofjfojt1rjyoj1rjoj1rjo|1|0]|]1
1 1 0 0 0101 [1]0]|1 1 1 1{0]1]0]0]0]0|1/[0]O0]]1 11071 110]0]1
0 1 1 1 110]0]0]1]1 110]0[0]0[O0]O0]|1 1 110]0[0]1 1 1 1 110]0
1 0 1 1 0O|1]0]0]1]0]0]T1 1{0]0(1 r{fojof1{0lO0O]1|O0]T1 1 110110
1 1 0 1 ojo|1]0|O|T1T|O]|T1[|O]T1 1{o|j1f{o0)]1f{0O0]JO|1]O0]O]1 11011 110
1 1 1 0 O(0jO0O|(1]O|O(T1]O]T1 1 1 1101110101 f{O0OfO0O]O]1]0]1 1 110
1 1 1 1 0|0|0]O]O]O|O]O|O]O]1 1 1 1 1 1 1 1 1 110]0[0]10]0]1
Table 3 — The BBFs from the Table 1, that give the value of 0 for a given set of values Xi,..., X4 for each row
Xi X2 X3 X4 The value The functions from the set {f}, f, ... 30} that gives 0 as a result for the specified values Xj, ...,X4
=f, | =f, | =f; | =f, | of function for each row
O O 0 0 fl fZ f3 f4 f’~) f] 0 fl 1 f12 f] 3 fl4 fZI f22 f23 f24 f25
0 0 0 1 i [ fy fg fo fo [ fio | fir [ fio | foo | Fo for fog fo | fa
O O 1 0 fl fZ f4 f7 f‘) fl 1 f13 f16 le fZO f22 f25 fZS f29 f30
0 1 0 0 fi [ f fa | f6 fo | fiu [ fa [ fis [ fis | fio | s fos fyr fo | f3
1 0 0 0 fZ f3 f4 f5 f12 f13 f14 flS f16 f17 f24 fZG f27 f28 f30
O O 1 1 fl fZ f7 f8 f’~) f]4 f16 fl7 f18 fl‘) f23 f24 f25 f26 f27
0 1 0 1 fl f3 f() fS flO f13 flS f17 flS fZO f22 f24 f25 f26 fZS
1 O 0 1 0 f2 f3 fS fX fl 1 le f15 f16 f19 fZO f22 f23 fZS fZG f29
0 1 1 0 | fa [ fs [ F fu | fo [ fis [ fie | fio | foo | fou fos fyy | fs
1 O 1 0 f2 f4 fS f7 flO f13 f15 f17 le fZO f21 f23 fZS f27 f29
1 1 0 0 f} f4 fS fﬁ f’~) f]4 f16 fl7 f18 fl‘) fZI f22 f25 fZR f29
0 1 1 1 fl f6 f7 fS f12 f13 f14 flS f16 f17 fZl f22 f23 f29 f30
1 O 1 1 fZ fS f7 f8 flﬂ f] 1 fl4 flS f18 fl‘) fZI f22 f24 fZR f}ﬂ
1 1 0 1 f; [ fs fo | fs fo fu [ fis | fis [ fis | fo | Fo fos fou fy f3
1 1 1 0 f4 fS f6 f7 f‘) f10 f12 f17 f19 fZO f22 f23 f24 fZG f30
1 1 1 1 fs | | f | f fo fo | fu | fio | fis | fia | fos fas for fig | foo
Table 4 — The BBFs from the Table 1, that give the value of 1 for a given set of values X,..., X4 for each row
ilf izf §3f i‘} The The functions from the set {f|, f, ... 3o} that gives 1 as a result for the specified values X, ..., X4 for each
=f, | =f, | =f; | =f; | value of row
function
0 0 0 0 fs fs f; fy fis fie [ fis [ fis | fio fao fo fyr fog fo f30
0 0 0 1 fy fs fs f; i fis | fia | fis | fie fig fa fa fo fos fa
0 0 1 0 f3 fs fs fs fio fin fis | fis fiz fio for fo fos fos 7
0 1 0 0 f, fs f; fy fo fio | fis | fie | fis fa0 fo fa fo fos fag
1 0 0 0 fl f() f7 fS f9 flO fl 1 flS fl9 fZO f21 fZZ f23 f25 f29
0 O 1 1 f3 f4 fS fﬁ flO fl 1 fl 2 fl3 flS fZO fZ] f22 f28 f29 f}ﬂ
0 1 0 1 fZ f4 fS f7 f9 fl 1 le fl4 fl() fl9 f21 f23 f27 f29 f30
1 O O 1 1 fl f4 f6 f7 f‘) flO f13 f14 f17 flS f21 f24 f27 f28 f30
0 1 1 0 f, fy fs fy fo fio [ fis | fia | fis fig fo fo foe fa f30
1 O 1 O fl f3 f6 f8 f‘) fll f12 f14 f16 f19 fZZ f24 f26 f28 f30
1 1 O O f] f2 f7 f8 flO f] 1 fl 2 fl3 flS fZO f23 f24 f26 f27 f}ﬂ
0 1 1 1 fZ f3 f4 f5 f9 f10 fl 1 fl 8 fl9 fZO f24 f25 fZ() f27 fZS
1 O 1 1 f] f3 f4 fﬁ f’~) f] 2 fl 3 flé fl 7 fZO f23 f25 f26 f27 f29
1 1 0 1 fi f, fy f; fio fo | fa [ fis | fis fio fo fos foe fos fa
1 1 1 O fl fZ f3 f8 fll f13 f14 f15 f16 flS f21 fZS f27 f28 f29
1 1 1 1 fi f, fy fy fis fie | fiz [ fis | fio fa fo1 fo fo fou f30
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4. Let’s take a DCT with the property of the SAC, for
example

(O ®xyg) | | fry
- f
Fld o q®x@xg) |_| 26 3)
X f
f
) | 2

and we will find ICT F for this CT. To do this, create a
Table 5 from Table 2. In the left part of Table 5, we write
the input values of the variables Xi,..., X4, and in the right

part of Table 5 the values of the four BBFs of the DCT.
We take functions and their values from Table 2.

Table 5 — Sets of values of variables and their pertinent values
of the BBFs of the DCT

The values of the
The values of variables d
BBFs of a DCT Fy
Xi=fi | X=f | xs=f; | Xs=f | f7 | fos | X=fi X.=f,

0 0 0 0 1 1 0 0
0 0 0 1 0 1 0 0
0 0 1 0 1 0 0 0
0 1 0 0 0 0 0 1
1 0 0 0 0 0 1 0
0 0 1 1 0 0 0 0
0 1 0 1 1 0 0 1
1 0 0 1 1 0 1 0
0 1 1 0 0 1 0 1
1 0 1 0 0 1 1 0
1 1 0 0 1 1 1 1
0 1 1 1 1 1 0 1
1 0 1 1 1 1 1 0
1 1 0 1 0 1 1 1
1 1 1 0 1 0 1 1
1 1 1 1 0 0 1 1

5. Since the input values of any DCT are the output
values of the pertinent ICT (if it exists), and the output
values of the DCT are the input values of the ICT, we will
change the places of the left and the right side of Table 5,
that is, the set of input and output values of the DCT

(Fgl, ng, F£3, Fg4 — known sets of values of the perti-
nent four unknown BBFs of the ICP). The ng is the i-th

part of the F" € Bn.n - As aresult, we obtain Table 6.

Table 6 — Sets of values of variables and their pertinent
values of the BBFs of the ICT

The values of unknown
The values of variables r
BBFs of the ICT
X|:f1 X2:f2 X3:f3 X4:f4 FF')’I F[gz FFI;3 FF')’4
1 1 0 0 0 0 0 0
0 1 0 0 0 0 0 1
1 0 0 0 0 0 1 0
0 0 0 1 0 1 0 0
0 0 1 0 1 0 0 0
0 0 0 0 0 0 1 1
1 0 0 1 0 1 0 1
1 0 1 0 1 0 0 1
0 1 0 1 0 1 1 0
0 1 1 0 1 0 1 0
1 1 1 1 1 1 0 0
1 1 0 1 0 1 1 1
1 1 1 0 1 0 1 1
0 1 1 1 1 1 0 1
1 0 1 1 1 1 1 0
0 0 1 1 1 1 1 1

6. Let’s create a Table 7 where we indicate those

BBFs, whose calculation result is equal to the value Fgl

of the first BBF of the ICT F," for each set of values

X]5eees Xq -

Table 7 — All possible BBFs that give the values of the first BBF Fgl of the ICT F’

The VaLl;)elZSofvarl- Flil;l (the values of the first The BBFs from the Table 1 that give the value equal to the value of the first
r r .
;(fll ;(;2 :XE ;(;4 BEF of the [CT Flr ) BBF Fpl of the ICT Fl for the specified values X|,..., X4 for each row
1 1 O 0 0 f3 f4 fS fh f’~) fl4 f16 f17 f18 fl‘) f21 f22 f25 f28 f2’~)
0 1 0 0 0 fl f3 f4 fﬁ flO fll fl4 f15 flS f19 f23 f26 f27 f29 f30
1 0 O 0 0 fZ f3 f4 fS le f13 f14 flS flﬂ f17 f24 f26 f27 fZS f30
0 0 0 1 0 fo | [ fs [ fo | fo | fio [ Fio | fig | o | Foo | For | By | Fox | oo | F50
0 0 1 0 1 f3 fS f(y f8 f10 le f14 flS f17 f19 f21 f23 f24 f25 f27
0 0 0 0 0 fo | f [ fs [ fa | fo | fio [ Fiu | fio | iz | Fia | fo | Foo | Fo | Fou | Fis
1 0 O 1 0 fZ f3 fS f8 fl 1 le fl 5 fl 6 fl 9 fZO fZZ f23 fZS f26 f29
1 0 1 0 1 fl f3 f6 f8 f’~) fl 1 fl2 f14 fl 6 fl 9 f22 f24 f26 f28 f30
0 1 0 1 0 fl f3 fé fS flO f13 flS f17 flS f20 f22 f24 f25 f26 f28
0 1 1 0 1 fZ f3 fS f8 f’~) flO fl3 f14 f17 f18 f22 f23 f26 f2’~) f30
1 1 1 1 1 fl f2 f3 f4 flS fl() fl7 flS f19 fZO fZl f22 f23 f24 f30
1 1 O 1 0 f3 f5 f6 f8 f‘) fl 1 fl3 fl 6 fl 8 fzn f21 f23 f24 f27 f30
1 1 1 0 1 fl f2 f3 fS fll f13 fl4 f15 f16 flS fZl f25 f27 f28 f29
0 1 1 1 1 fZ f3 f4 fS f‘) f10 fl 1 fl 8 fl 9 fZO f24 fZS f26 f27 fZS
1 0 1 1 1 fo | fo [ fa [ fo | fo | fio | Fis | fie | fig | Foo | Fos | Fos | Fos | oy | oo
0 0 1 1 1 f3 f4 fS f6 f10 fl 1 le fl 3 fl 5 fZO f21 fZZ fZX f29 f30
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It can be seen from Table 7 that only the BBF f; 8. Similarly, we create Table 9 for the third BBF F53

from the set of functions of the Table 1 satisfies all the .
of the ICT Fy .

It can be seen from Table 9 that only the BBF fyq

first BBF of the ICT F". from the set of functions of the Table 1 satisfies all the
7. Similarly, we create Table 8 for the second BBF

Fpo of the ICT F.

It can be seen from Table 8 that only the BBF f,
from the set of functions of the Table 1 satisfies all the

values Fgl from the Table 7. Therefore, f; = Fgl is the

values Fg3 from the Table 9. Therefore, fyg = Fg3 is the

third BBF of the ICT F,".
9. Similarly, we create Table 10 for the forth BBF

) C Fpq of the ICT F.
values Fp, from the Table 8. Therefore, f; = Fp, is the

second BBF of the ICT F,".

Table 8 — All possible BBFs that give the values of the second BBF ng of the ICT /'

The vazgzsof vart- Frg 5 (the values of the second The BBFs from the Table 1 that give the value equal to the value of the second BBF
r r .
;(% I ;(;2 :XE ;(;4 BBF of the ICT Flr ) Fp 9 of the ICT Fl for the specified values Xi,..., X4 for each row

1 1 O 0 0 f3 f4 f5 f6 f‘) f14 f16 f17 fIR fIQ f21 f22 f25 f28 f29
0 1 0 0 0 fl f3 f4 fé flO f11 f14 flS f18 fl‘) f23 f26 f27 f29 f30
1 0 O 0 0 f2 f} f4 fS le f13 fl4 flS f16 fl7 f24 f26 f27 f28 f30
0 0 0 1 1 f4 fS fﬁ f7 fl 1 f13 f14 flS flé f18 f22 f23 f24 f25 f26
0 0 1 0 0 fI f2 f4 f7 f‘) fl 1 fl3 f16 fI 8 f20 f22 f26 f28 f29 f30
0 0 0 0 0 fl fZ f3 f4 f‘) flO fll le f13 f14 fZl f22 f23 f24 f25
1 0 O 1 1 fl f4 f6 f7 f9 flO f13 f14 f17 flS f21 f24 f27 f28 f30
1 0 1 0 0 fo [ fo [ fs | F | fio [ Fis | fis | fig | Fis | Foo | for | B3 | Fos | foy | T
0 1 O 1 1 fZ f4 f5 f7 f9 fl 1 le f14 flG f19 f21 f23 f27 f29 f30
0 1 1 0 0 fo [ fo [ f | F | i [ Fio | fis | fie | fio | Foo | for | Foa | Fos | Foy | Fe
1 1 1 1 1 fl fZ f3 f4 flS flﬂ f17 flR f19 f20 f21 fZZ f23 f24 f30
1 1 O 1 1 fI f2 f4 f7 fl(] le fl4 flS fl7 fIQ f22 f25 f26 f28 f29
1 1 1 0 0 f4 fS fﬁ f7 f9 flO le fl7 fl‘) f20 f22 f23 f24 f26 f30
0 1 1 1 1 f2 f3 f4 fS f‘) fl(] fl 1 fl 8 fI 9 f20 f24 f25 f26 f27 f28
1 0 1 1 1 fo | 3 | fa [ fo | fo | fia | Fis | fie | iz | Foo | Fos | Fos | fos | Tz | Tao
0 0 1 1 1 fs [ fa [ fs | fo | fio [ fio | fio | fis | fis | foo | for | Foo | Fos | foo | Ta0

Table 9 — All possible BBFs that give the value of the third BBF F53 of the ICT Flr

The values of vari- r
ables Fp3 (the values The BBFs from the Table 1 that give the value equal to the value of the third BBF F£3 of the

X X X X of the third BBF

o = = i F r for the specified values X Xy for each row

=f | =L | =k | = | oftheicT F) 1€Th P D74 °
1 1 0 0 0 f; fy fs f fo | fia | fio [ fir | fis | fio | For | T | Fos | Tus fa0
0 1 0 0 0 fi f; fy fs fio | fiu | fia | fis | fig | Fio [ fos | fog | for | T f30
1 0 0 0 1 fi fe f; fy fo | fio [ fuu [ Fig | fio | Foo | For | Foo | Fo3 | Fs fa0
0 0 0 1 0 fi f, fy fy fo | fio | fio | fiz | fio | oo | o1 | For | Fos | Fao f30
0 0 1 0 0 fi f, fy f; fo | fiu [ fis [ fie | fis | Foo | Foo | Fos | Tos | o f30
0 0 0 0 1 fs fs f; fy fis | fie | fig | fis | fio | Foo | fos | for | fog | Ta9 f30
1 0 0 1 0 f, f; fs fy fu [ fo [ fis | fie | fio [ foo [ T | Fos | fs | fo6 fao
1 0 1 0 0 f fy fs f; fio | fis | fis | fiz | fig | Foo [ for | fo3 | fos | By fa0
0 1 0 1 1 f, fy fs f; fo | fuu | fio | fia | fig [ fio | B | Bz | For | oo | oo
0 1 1 0 1 f, f3 fs fs fo | fio [ fis | fia | fi7 | fis | B | Fo3 | Tog | o T30
1 1 1 1 0 fs fe f, fs fo | fio | Fiu | Fio | Fis | fia [ Fos | Fos | For | Fos fao
1 1 0 1 1 fi f, fy f; fio | fio | Fia | fis | fig [ fio [ T | Fos | Fs | Tos fa0
1 1 1 0 1 f1 fz f3 fg f[] f|3 f14 f]s f|6 f18 le f25 f27 f28 f29
0 1 1 1 0 fi fs f; fs fio [ fis | Fia | fis | fie [ fi7 [ T | oo | T3 | fr T30
1 0 1 1 1 fy f; fy fs fo | fio | fis | fie | fir [ foo | Fos | Fos | Fas | Ty fa0
0 0 1 1 1 fs fy fs fs fio [ f [ Fo [ fis | fis [ foo [ Fo | Foo | fs | T f30
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Table 10 — All possible BBFs that give the value of the forth BBF F; 4 of the ICT Flr

The values of variables

FFI; 4 (the
values of the The BBFs from the Table 1 that give the value equal to the value of the forth BBF FF'; 4 of the ICT
Xi Xa X3 X forth
=f | =h | = | = BBF of the Flr for the specified values Xj,..., X4 for each row
ict [
1 1 0 0 0 fs | f | 5 | fo | fo | fia | fie | Fig | Fis | fio | fo | foo | Fos | Fog |
0 1 0 0 1 fZ fS f7 f8 f9 le f13 flG f17 fZO f21 f22 f24 fZS fls
1 0 0 0 0 f2 f3 f4 f5 le fl3 f14 flS flﬁ f17 f24 f26 f27 st f30
0 O 0 1 0 fl fZ f3 f8 f9 flCi le f17 f19 fZO f21 f27 st f29 f30
O O 1 0 0 f] f2 f4 f7 f9 fl 1 f13 fl 6 fl 8 f20 f22 f26 st f29 f30
0 0 0 0 1 fS f() f7 fS f15 fl() f17 flS f19 f20 fZﬁ f27 st f29 f30
1 O 0 1 1 f] f4 fh f7 f9 flO f13 f|4 f17 fIR f2| f24 f27 f28 f30
1 0 1 0 1 fl f3 fﬁ fS f9 fl 1 f12 f14 fl 6 f19 f22 f24 fZﬁ f28 f30
O 1 0 1 0 f] f3 fh f8 f]() fl3 f15 f|7 f18 f20 f22 f24 f25 f26 f28
0 1 1 0 0 fl f4 fﬁ f7 fll le f15 f16 f19 f20 fZl f24 f25 f27 st
1 1 1 1 0 fS f6 f7 f8 f9 flCi fl 1 f12 fl 3 f14 fZS fZG f27 fls f29
1 1 0 1 1 fl f2 f4 f7 fl() le f14 flS f17 f19 f22 f25 fZﬁ st f29
1 1 1 0 1 fl fZ f3 f8 fll f13 f14 f15 flﬁ flS f21 f25 f27 fls f29
0 1 1 1 1 o | 6 | f | fs | fo | fio | fu | Fis | fio | fao | fa | fos | Fi | foy |
1 O 1 1 0 fZ fS f7 f8 f10 fl 1 f14 f15 f18 f19 f21 f22 f24 fls f30
O O 1 1 1 f3 f4 f5 fh f] 0 fl 1 fl 2 fl 3 f15 f20 f2| f22 st f29 f30
It can be seen from Table 10 that only the BBF fyg = (X X3) = (X3,%X4,7 (Xy ® X3 ® Xy),

from the set of functions of the Table 1 satisfies all the
values F54 from the Table 10. Therefore, f,g = F£4 is

the forth BBF of the ICT F,".
As aresult, the ICT for the DCT (3) has a view:

;1%
f, ] %
= e (@)
o] | (Dx%BX,)
fas] | T(x@x@x,)

This method provides the construction of ICTs for
four variables and two logical operations (inversion and
addition modulo 2), but can be extended to a larger even
number of variables.

4 EXPERIMENTS
We prove that the resulting CT (4) is indeed the in-
verse of the CT (3).

As known, the of BFs

fog
f(X(snXp)€B" and g(x,...X,)€B" is a function
defined by (f o @)(X{,..., Xn) = F(G(X(se-e5 Xp))-

As known, the BF with n inputs and n outputs
F (X505 X)) = (F1(X{5005 X1 )seees T (X{5--» X)) has the in-
verse BF with n inputs and n  outputs
F X Xy) = 7 s X ooy T (X eens X)) if the
hold:

composition

following equalities

F o F (X X)) = FF T Xy X)) = (X Xp)-
For DCT Fld from Table 11

F (X5 Xg) = (T (X @ X @ Xgq), (X © Xg D X3),%1,X%2)

and for ICT F," from Table 11 we have

we have

T(X] D X3 @ Xy)).
Indeed,
T e X)) = X5 3 (B (X X4)) = X5
F5 (F3 (X0 X)) =7 (T4 @ %) @ X3) @ Xy @ X,))
=XDXOX3 DX D X =1D1D X3 = X3;
Fa ! (P4 (X Xa)) =7 (X @ % ®Xg) © (X © %)
=X DX PXy D X DXy =1D1D Xy = Xy
Thus, F N (F (X X4)) = (X1, X2, X3, Xg) -
Conversely,
LR K Xa)) =7 (X3 @ X4 ©7 (X © X3 D X))
= XXX DX DX =1D1D X =X;
fo(F5 (Xpor Xg)) =7 (X3 ® X4 BT (Xo ® X3 D Xy))
=X X DXy DXy DXy =1D1D Xy = Xp;
F3(F3 ! (X Xg)) = X33 T4 (F4 (X X4)) = X
Thus, F(F 7 (X|ssXg)) = (X1, X2, X3,Xg) -
Consequently, DCT (3) has ICT (4).
We prove that the ICT F,

ﬁ@&@&
ﬁ@@@&

N .
2 (%) X3 ©xy) )

_ﬁ(x1 DXy ©X3) |

is indeed the inverse of the DCT de
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(4 ©X) Dxy)

X1 DXy DX
de 1@3@4 ©)
X DX3 DXy

(X Ox%Oxg) |

For DCT de we have
F (X X)) = (T (X @ Xp @ X4), (X @ X3 D Xy),
(X2 @ X3 @ Xyg), " (X1 ® Xy ©X3));
and for ICT F, we have
F (X X4) = (4 @ X @ Xg), (X © X3 D Xy),
(X @ X3 D Xy), (X D Xy D X3)).
Indeed,
T (F (K X)) =7 (X4 @ %) @ Xy)
DX DX PX) D (X DX B X3) =" (X @ Xp)
DX PX)D XD X3 D(Xg D X3 D X)) =
TX DT DX DX DX =1DID X = X5
F (B (X X)) =7 (4 @ %) ®Xg) B (X ® X3 @ Xg)
DT(XNDXDX) =" (X DPX) D (X DX) D Xy
D X DX DXz D X)) =" X4 D X3 DXgy DX
DX, =1D1D Xy =Xy;
5 (300,240 =7 (4 ® X3 ® X4) D (3 B X5 D Xy)
DX OXDX3)) =" (X D X3 DXg) D (X D X3
DX)P(X DX D X3)="X D X ®X DXy DXy =
1@1® X3 = X3;
7 (B4 (XX ) =7 (0 @3 DXg) DXy DX DXy)
D (X PX3DXY)) =X DXy DX DX D X =
1D1D Xy =Xy4.
Thus, FH(F (X(s.., X)) = (X[, X, X3, Xg) -
Conversely,
BT (K X)) =7 (4 @ X @ %) @ (1 ® X3
XD (X DX DX3)) =" (X, B X, DXg) D" (X
DX DXY)DP(XPXy D X3)=" (X DPXg)D (X D
X)) D X @ X3 DX DXy B X3)="X, @ " X3 D
XIDXy DXy =1D1D X =X;;
Fo(F2 ! (X Xa ) =7 (4 @ X @ %) ® (X D Xg
D Xg) D7 (X ® X D X3))
=T (X OX)DT (X DX) D Xy DT X3 D (Xg D X3
DX))="X D X3DX PX3 DXy =1D1D® Xy = Xy;

f3( f3‘1(x1,..., X4)) =(X| D X3 B Xg) D7 (Xy D X3

@ X4) D7 (X; D Xy @ X3))

=X DX DX)D (X DX3) D (X D X3) D Xy

@' X =XDPX3DX D X4 D X =1D1ID® X3 = X3;

Fa(F4 (X Xa)) =7 (6 @ X D X)) B (X D g

DX)D (X @ X3 D Xy)) =" (X DX ®Xg) D (X

DX DX)P (X D X3 DXy)= (X, DPXg)D (X D

X4) D X @ X3 DXy DX DXy =1D1D Xy = Xy
Thus, F(F 7 (X}, X)) = (X1, X0, X3, Xg) -
Consequently, DCT F{ (6) has ICT FJ (5).

5 RESULTS
The results of the construction by this method of two

CTs are given in Table 11.

Table 11 — The results of application of the method to se-
lected four-bit CTs satisfying a SAC. Direct and inverse CTs
satisfy the SAC

Direct CT Inverse CT
T DX Bx) %
Fod 4@0®%) .|
% T (% Ox;DXy)
Xz _|(X1 @X3 @X4)
(4 DDxK,) XD
Fa X L
Xo DX, T(DxDx)
(D) (4 DXEx5)
6 DISCUSSION

The existing methods of searching for an ICT are
methods for calculating each element of the BBFs of the
ICT, whereas proposed by us method is a method of
choosing existing BBFs from a predetermined set of
BBFs for a DCT and an ICT. The method can be extended
to a larger even number of bits.

This method can be used to obtain other ICTs, having
DCTs that have the property of SAC and for which there
is an ICT.

To date, in the general case, the total number of bal-
anced BFs of any number of variables with different sets
of logical operations on these variables and having the
property of a SAC remains unknown [16]. Therefore, the
problem of finding systems of balanced BFs with an even
number of variables greater than four for different sets of
logical operations and having the property of SAC is a
separate important scientific problem that goes beyond
the scope of this article.

The article [23] presents methods that handle the in-
verse problem for the main types of solutions of Boolean
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equations of the form f(X) = 0, where f(X): B"— B and B
is an arbitrary Boolean algebra. The methods [23] are a
mixture of purely-algebraic methods and map methods
that utilize the variable entered Karnaugh map: (a) Sub-
sumptive general solutions, in which each of the variables
is expressed as an interval by deriving successive con-
junctive or disjunctive eliminants of the original function,
(b) Parametric general solutions, in which each of the
variables is expressed via arbitrary parameters which are
freely chosen elements of the underlying Boolean algebra
and (c) Particular solutions, each of which is an assign-
ment from the underlying Boolean algebra to every perti-
nent variable that makes the Boolean equation an identity.
But the application of these methods to Boolean functions
of the form (1) was not considered in [23].

In the article [31] a mathematical formalism is devel-
oped, showing the connection of the inverse Boolean
function of the form (1) with its corresponding direct
Boolean function of the form (1). But the method of ob-
taining an inverse Boolean function from a direct Boolean
function is not specified in [31], and the conditions for the
existence of an inverse Boolean function for a given di-
rect Boolean function are not indicated.

But the method developed in this article makes it pos-
sible to effectively find the ICT for any four-bit DCT of
BFs containing only the operations of inversion and addi-
tion modulo two and satisfying the restrictions 1-3, de-
scribed in section 3 of this article.

In further studies using the method described in this
article, it is possible to increase an even number of vari-
ables, which will increase the nonlinearity and crypto-
graphic resilience of CTs.

CONCLUSIONS

The urgent problem of obtaining the inversion method
of four-bit Boolean SAC cryptotransforms is solved to
ensure reliable information protection..

The scientific novelty of obtained results is that the
method for obtaining inverse four-bit CTs with the SAC
property for balanced BFs containing two logical opera-
tions (inversion and addition modulo two) is proposed for
the first time.

The practical significance of obtained results is that
this method is a method of selecting the already existing
basic four-bit BFs from a predetermined set of balanced
BBFs for direct and inverse CTs, whereas the existing
methods of searching for ICT are methods for calculating
each element of the BFs for the ICT.

Prospects for further research are the modifications
of this method to the larger even numbers of arguments of
the balanced BFs of CTs to increase the cryptographic
resilience.

ACKNOWLEDGEMENTS
The authors would like to thank Vice-Rector for Re-
search of Cherkasy State Technological University Dr.
Sc., Faure Emil Vitaliiovych, the Associate Professor of
the Department of Information Security and Computer
Engineering of Cherkasy State Technological University

Ph.D., Associate Professor Shvydkyi Valerii Vasylovych
and Head of the Department of Statistics and Applied
Mathematics of Cherkasy State Technological University
Ph.D., Associate Professor Shcherba Anatolii Ivanovych
for fruitful discussions.

REFERENCES

1. Kemp S. Digital 2019. Essential insights into how people
around the world use the Internet, mobile devices, social
media, and e-commerce. [Electronic resource]. Access
mode: https: //wearesocial.com/global-digital-report-2019.

2. Lakhtaria K. I. Protecting Computer Network with Encryp-
tion Technique: A Study, Communications in Computer and
Information Science (UCMA 2011), 2011, Vol. 151,
No. PART 2, pp. 381-390. DOI: 10.1007/978-3-642-
20998-7 47.

3. Debnath S., Linke N. M., Figgatt C. et al. Demonstration of
a small programmable quantum computer with atomic
qubits, Nature, 2016, No. 536, pp. 63-66. DOI:
10.1038/nature18648

4. Harrow A. W., Montanaro A. Quantum computational su-
premacy, Nature, 2017, Vol. 549, pp. 203-209. DOI:
10.1038/nature23458

5. Smart S. E., Schuster D. 1., Mazziotti D. A. Experimental
data from a quantum computer verifies the generalized Pauli
exclusion principle, Communications Physics, 2019, Vol. 2,
No. I, pp. 1-6. DOI: 10.1038/s42005-019-0110-3

6. Kolokotronis N., Limniotis K., Kalouptsidis N. Best Affine
and Quadratic Approximations of Particular Classes of Boo-
lean Functions, |IEEE transactions on information theory,
2009, Vol. 55, No. 11, pp. 5211-5222.

7. Menezes A. J., Van Oorschot P. C., Vanstone S. A. Hand-
book of Applied Cryptography. USA, CRC Press, Inc. Boca
Raton, 1996, 810 p.

8. Alzaidi A. A., Ahmad M., Doja M. N. at al. A New 1D
Chaotic Map and B-Hill Climbing for Generating Substitu-
tion-Boxes, IEEE Access, 2018, Vol. 6, pp. 55405-55418.
DOI: 10.1109/ACCESS.2018.2871557.

9. Steinbach B. Problems and New Solutions in the Boolean
Domain, UK, Cambridge Scholars Publishing, Newcastle
upon Tyne, 2016, 480 p. ISBN (10): 1-4438-8947-4 ISBN
(13): 978-1-4438-8947-6.

10. Nielsen M., Chuang I. Quantum Computation and Quantum
Information, UK, Cambridge University Press, 2000, 676 p.
ISBN 978-1-107-00217-3.

11. Golubitsky O., Maslov D. A study of optimal 4-bit reversi-
ble toffoli circuits and their synthesis, IEEE Transactions on
Computers, 2012, Vol. 61, No. 9, pp. 1341-1353. DOI:
10.1109/TC.2011.144.

12. Bardis E. G., Bardis N. G., Markovski A. P. at al. Design of
Boolean Functions from a great number of variables satisfy-
ing strict avalanche criterion, Proceedings of the
IEEE/WSES/IMACS : 3rd World multiconference on cir-
cuits, systems, communications and computers, Athens, July
1999: proceedings. Athens, World Scientific, 1999,
pp. 3111-3116.

13. Tang D., Zhang W., Tang X. Construction of balanced Boo-
lean functions with high nonlinearity and good autocorrela-
tion properties, Designs, Codes and Cryptography, 2013,
Vol. 67, No. 1, pp. 77-99 DOI: 10.1007/s10623-011-9587-9

14. Alzaidi A. A., Ahmad M., Doja M. N. at al. A New 1D
Chaotic Map and B-Hill Climbing for Generating Substitu-
tion-Boxes, |IEEE Access, 2018, Vol. 6, pp. 55405-55418.
DOI: 10.1109/ACCESS.2018.2871557

© Fedotova-Piven I. M., Rudnytskyi V. M., Piven O. B., Myroniuk T. V., 2019

DOI 10.15588/1607-3274-2019-4-19

207



e-ISSN 1607-3274 PagioenekrpoHika, inpopmaTuka, ynpasminas. 2019. Ne 4

p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2019. Ne 4

15. Lloyd S. Counting Functions Satisfying a Higher Order Vol. 8, No. 12, pp- 2098-2105. DOI:
Strict Avalanche Criterion, EUROCRYPT ’89 : Workshop 10.3844/jcssp.2012.2098.2105
on the Theory and Application of Cryptographic 24. Bibilo P. N. Decomposition of Boolean functions based on
Techniques. Advances in Cryptology, 10-13 April 1989: the solution of logic equations. I. II. III., Izvestiya Rossijskoj
proceedings. Berlin, Heidelberg, Springer, 1989, Vol. 434, akademii nauk. Teoriya i sistemy upravleniya, 2002, No. 4,
pp. 63—67. DOIL: 10.1007/3-540-46885-4 9 pp- 53-64; 2002, no.5, pp. 57-63.; 2003, no. 6. — P. 88-97.

16. Bardis N. G. Combinatorial method for Boolean SAC func-  25. Rudeanu S. On the Decomposition of Boolean Functions via
tions designing, WSEAS Transactions on Communications, Boolean Equations, Journal of Universal Computer Science,
2004, Vol. 3, No. 2, pp. 746-752. 2004, Vol. 10, No. 9, pp. 1294-1301.

17. Gupta Brij B., Dharma P. Agraval, Haoxiang Wang Com-  26. Primenko E. A. Equivalence classes of invertible Boolean
puter and Cyber Security: Principles, Algorithm, Applica- functions, Cybernetics, 1984, Vol. 20, No. 6, pp. 771-776.
tions, and Perspectives. New York, CRC Press, Taylor & DOI: 10.1007/BF01072161
Francis Group, Boca Raton, 2019, 665 p. ISBN 27. Soeken M., Wille R., Keszocze O. at al. Embedding of
9780815371335. Large Boolean Functions for Reversible Logic, Journal on

18. Dey S., Ghosh R. Cryptanalysis of 4-Bit Crypto S-Boxes in Emerging Technologies in Computing Systems, 2016, Vol.
Smart Applications, Security in Smart Cities: Models, Ap- 12, Ne 4, Article No. 41, pp. 41:1-41:26. DOI:
plications, and Challenges. Lecture Notes in Intelligent 10.1145/2786982.

Transportation and Infrastructure. Cham, Springer, 2019, P.  28. Soeken M. Abdessaied N., De Micheli G. Enumeration of
211-253. ISBN 978-3-030-01560-2. DOI: 10.1007/978-3- Reversible Functions and Its Application to Circuit Com-
030-01560-2_10. plexity, Proceedings of the 8th Conference on Reversible

19. Woods S., Casinovi G. Efficient solution of systems of Boo- Computation (RC 2016), 7-8 July 2016: proceedings. Bolo-
lean equations, 96 Proceedings of the 1996 IEEE/ACM in- gna: Cham, Springer, 2016, Vol 9720, pp. 255-270. ISBN:
ternational conference on Computer-aided design, 10-14 978-3-319-40578-0. DOI: 10.1007/978-3-319-40578-0_19.
November 1996: proceeding. San Jose, California, ACM  29. Kavut S., Maitra S., Tang D. Construction and search of
Press, 1996, pp. 542-546. balanced Boolean functions on even number of variables

20. Rudeanu S. Boolean sets and most general solutions of Boo- towards excellent autocorrelation profile, Designs, Codes
lean equations, Information Sciences, 2010, Vol. 180, and Cryptography, 2019, Vol. 87, No. 2-3, pp. 261-276.
No. 12, pp. 2440-2447. DOI: 10.1016/].ins.2010.01.029. DOI: 10.1007/s10623-018-0522-1.

21. Baneres D., Cortadella J., Kishinevsky M. A Recursive  30. Lorens C. S. Invertible Boolean functions, IEEE Transac-
Paradigm to Solve Boolean Relations, IEEE Transactions on tions on Electronic Computers, 1964, Vol. EC-13, No. 5,
Computers, 2009, Vol. 58(4), pp. 512-527. pp- 529-541. DOI:10.1109/pgec.1964.263724.
http://doi.ieeecomputersociety.org/10.1109/TC.2008.165 31. Varadharajan V., Wu C.-K. Public key cryptosystems based

22. Rushdi Ali M. A., Motaz H. Amashah Using variable- on boolean permutations and their applications, Interna-
entered Karnaugh maps to produce compact parametric gen- tional Journal of Computer Mathematics, 2000, Vol. 74,
eral solutions of Boolean equations, International Journal of No. 2, pp. 167-184. DOI: 10.1080/00207160008804932.
Computer Mathematics, 2011, Vol. 88, No. 15, pp. 3136-

3149. DOI: 10.1080/00207160.2011.594505. Received 07.05.2019.

23. Rushdi A. M. A., H. M. Albarakati The Inverse Problem for Accepted 26.09.2019.

Boolean Equations, Journal of Computer Science, 2012,
VJIK 004.056

METOJ 3HAXOJ)KEHHSI OBEPHEHUX YOTHPBOXPO3PAJHUX BYJIEBUX KPUIITOINEPETBOPEHD 31
CTPOI'M JIABUHHUM KPUTEPIEM

®enorosa-IliBens 1. M. — kaHA. TeXH. HayK, JOLEHT, TOUEHT Kadeapu iHopmariiHOT Ge3nekn Ta KOMIT IOTepHOI iHXKeHepii
YepkacbKoro Iep)KaBHOTO TEXHOJIOTIYHOro yHiBepcuTeTy, Yepkacu, YkpaiHa.

Pynuuubkmii B. M. — 1-p TexH. Hayk, mpodecop, 3aBigyrounii kadeapu indopmariiiHoi Ge3mexd Ta KOMIT IOTepHOT iHXeHepil
UepkachbKOro Jep>kaBHOT'O TEXHOJIOTIYHOTO YHIBepcHTETY, Uepkacu, YKpaiHa.

iBens O. B. — kanz. ¢i3.-MaT. HayK, AoueHT, npodecop kadeapu iHGopMmamiitHOT Oe3mekn Ta KOMI I0TepHOI imkeHepil Yep-
KacBhKOTO JEPKaBHOTO TEXHOJOTIYHOTO yHiBepcuTeTy, Uepkacu, YkpaiHa.

Muponiok T. B. — xanz. TexH. Hayk, ZoueHT Kadenpy iHGopMariiHol 6e3nexn Ta KOMIT I0TepHOi iHmxkeHepii, Yepkacbkuii nep-
JKaBHUU TEXHOJIOT1YHUIT yHiBepcuTeT, Uepkacu, YkpaiHa.

AHOTAIIA

AxTyanbHicTs. HeniniiiHi cuctemu OyneBux (QyHKLIH rparoTh BaXXJIUBY POJib B 3aXHCTi KpunrocucteM. CTBOPEHHS 1 BUKOPH-
CTaHHS HOBHX YOTHPHOXPO3PSIHUX KPHUNTOrpaQiyHUX MEepeTBOPEHb 3 HENiHIMHUMHU OyJIeBUMH (QYHKLISIMH, 110 BOJOAIIOTH
BIIACTUBICTIO CTPOTOTO JABHHHOTO KPUTEPII0, € aKTyaIbHIM 3aBJaHHAM ITiABUIICHHS HAAIHHOCTI CHCTEM 3aXHCTy iH(popMarrii.

Mertoro poOOTH € CTBOPEHHS METOAY OTPHMAaHHA OOCPHEHMX YOTHPHOXOITOBHX KPHUNTOrpadidHMX IEPETBOPCHB 3 BIACTUBICTIO
CTPOTOT0 JIABUHHOT'O KPUTEPIIO, SKi MICTATH 30anancoBaHi OyneBi (yHKIIT iume 3 onepamisMu iHBepcil 1 JOAaBaHHS 3a MOIYyJIeM
IBa.

MerTopa. 3anporoHOBaHO METOJ OTPUMaHHsI OOEpHEHHX YOTHPHOXOITOBUX KpUITOrpadidHUX MEpEeTBOPEHb 3 BIACTUBICTIO CTPO-
rOro JIABUHHOTO KPHUTEPiI0, KOXKHE 3 IKUX MICTUTD 30ajaHcoBaHi OyJieBi GpyHKILIT TIUIBKH 3 OlepamisiMi iHBepcil i JoaBaHHs 3a MO-
JyJieM JiBa. MeToz CIpollye NpoLec NOLIyKY OOCpHEHHX KpUNTOrpadiyHUX IEPeTBOPEHb IUIIXOM CTBOPEHHS KJacy 3 TPUILATH
36anaHcoBaHuX 0a30BHX OyneBHX (YHKIIN 3 HEOOXiJHUMH Hamepe] BU3HAYCHHMH OOMEXKEHHSMHU 1 BIACTHBOCTSAMH, a TAKOX 3Ha-
XOKEHHS B IbOMY KJlaci 0a30BUX OyneBHX (pyHKIIH, IO CTAHOBJIATE OOEpHEHE KPUIITOrpadiuHe MepeTBOPEHHS.
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PesyabTaTn. [Tokazana edexTHBHICTS METOMY AT OTPHMAHHS JBOX OOCPHEHHX YOTHPHOXOITOBUX KPHNTOTpa(idHUX IIEPETBO-
PeHb 3 BIACTHBICTIO CTPOTOr0 JIABUHHOTO KPHUTEPil0 3 IBOX NPSIMUX YOTUPHOXOITOBHX KpHIITOrpadiuyHHX IEpeTBOPEeHb 3
BJIACTUBICTIO CTPOTOTr0 JJABUHHOTO KPUTEPIIO.

BucHoBku. Brepiie 3ampornoHOBaHO METOI OTPUMaHHS OOCPHEHHX YOTHPHOXOITOBUX KpHUNTOrpadiuHUX MEPETBOPEHb 3
BJIACTUBICTIO CTPOTOro JIABUHHOTO KPUTEPito AJst 30aaHCcoBaHUX OyineBHX (yHKI[H, 1110 MicTATh [IBi JOridHi onepauii (iHBepcis i
JIOJaBaHHS 3a MOXyJieM 1Ba) s 3a0e3nedueHHs HaAiiHOTO 3axucTy iHpopmauii. Lleit Meron sBisie cobor MeTOoA BHOOPY BKE
icHyrounx 6a30BuX OyieBux (yHKILIH 3 3a37aJerifb BU3HAUCHOTO Habopy 30anaHcoBaHUX 0a30BUX OyJeBHX (QYHKIIN IS MPSIMOTO 1
00epHEHOT0 KpUNTOrpaivHuX MEepeTBOPEHb, TOAI SK ICHYIOYl METOAU IOIIyKy OOEpHEHOTo KPUNTOrpadidHOTO IEepPEeTBOPCHHS €
METOJaMH OOYMCIEHHS KOXKHOTO elleMeHTa OyneBHX (yHKIIH Uit oOepHEeHOro KpunrorpadidHoro meperBopeHHs. MeTox Moske
OyTH pO3LIMPEHHH 10 OUIBIIOro MapHOTO YHMCiIa apryMEeHTIB 30anaHcoBaHUX OyJeBHX (QYHKLIN KpuntorpadivHUX IepeTBOPEHb IS
TiABUIEHHST KpUNTOrpadivHoro CTiikocTi.

KJIIOYOBI CJIOBA: 6yneBi ¢ynkuii, o0epHeHe kpunrtorpadivyHe MepeTBOpeHHs, 30aJaHCOBaHICTh, CTPOrMH JIaBUHHHI
KpHTepiii, iHBepCis, [0AaBaHHI 32 MOIYJIEM 2.

VK 004.056

METO/J, HAXOXXJIEHHS OBPATHBIX UETBIPEXPA3PSAIHBIX BYJEBBIX KPUIITOIIPEOBPA3OBAHUI
CO CTPOI'MM JTIABUHHBIM KPUTEPUEM

®enoroBa-IluBens U. H. — kaHn. TexH. HayK, JOLEHT, JOLEHT Kadeapsl HHOOPMAIMOHHOW 0E30MaCHOCTH U KOMIIBIOTEPHOU
umxeHepun Yepkacckoro rocyapCTBEHHOTO TEXHOIOTMYECKOT0 yHUBEpCUTeTa, Uepkacesl, YKpanHa.

Pynuuukuii B. H. — 1-p texH. Hayk, npodeccop, 3aBeayromuii kapeapsl HHOOPMAIUOHHOH 0€30IMacHOCTH W KOMIIBIOTEPHON
HIKeHeprH YepKaccKoro rocyJapcTBEHHOTO TEXHOIOTHYECKOT0 YHUBEpCHTeTa, UepKacchl, YKpanHa.

Iueens O. B. — xanx. ¢pus.-MaT. HayK, TOUEHT, Ipodeccop kadeaps! HHGOPMAIUOHHONH 0€30I1aCHOCTH ¥ KOMIIBIOTEPHON MHXKe-
Hepud Yepkacckoro rocy1apcTBEHHOIO TEXHOJIOTHYECKOTO YHUBEpCUTeTa, Yepkacchl, YKpauHa.

Muponmok T. B. — kana. TexH. HayK, IOLEHT Kadeapsl HHPOPMALIMOHHOI 0e30IIaCHOCTH U KOMITBIOTEPHON MHXeHepuH, Yep-
KaCCKH rocy1apCTBEHHBIN TEXHOJIOIMYEeCKUI yHUBEpcUTeT, Uepkaccel, YKpauHa.

AHHOTAIUA

AxTyanbHocTb. HenmmueliHble cucTeMbl OyJeBBIX (yHKIUH HTPAlOT BaXXHYIO POib B 3amuTe kpunrocucreM. Co3maHue U Hc-
MOJIb30BaHNE HOBBIX YETBIPEXPaspsAHBIX KpHITOrpaguyeckux mnpeoOpa3oBaHU C HEIMHCHHBIMH OyJIeBBIMH (YHKIHAMH, 00ia-
JAIOIIUMH CBOHCTBOM CTPOTOTO JIABUHHOTO KPHUTEPHs, SIBISCTCS aKTyaJbHOH 3ajadeil MOBBIMICHUS HAIEKHOCTH CHCTEM 3allUTHI
nHpopmarmy. Llenpro paGoTeI ABISETCS CO3aHIE METO/IA ITOyIeHHsI 0OPATHBIX YeTHIPEXONTOBBIX KpUNITOrpaduuecknux mpeodpaso-
BaHMI CO CBOWCTBOM CTPOTOTO JIABHHHOTO KPHUTEPHs, KOTOpBIE cofepkaT cOallaHCHpOBaHHbBIE OyJICBBI (PyHKIMH TOJIBKO C OIepa-
IIUSIMH MHBEPCHU M CIIOXKSHUSI 110 MOJYJIIO JIBA.

Merton. [Ipetoxken MeTox MOTyYeHUsI 0OPATHBIX YETHIPEXOUTOBBIX KpunTorpaduueckux nmpeodpasoBaHuil CO CBOHCTBOM CTPO-
TOro JaBUHHOTO KPUTEPHS, KaXJ0€ U3 KOTOPBIX COAEPKUT cOaNaHCUPOBaHHBIE OyNIeBbl (PyHKIUH TOIBKO C ONEPALUSIMU HHBEPCUH U
CIIOXKEHUS 110 MOXYJIO JjBa. MeToJ| ynpoIaeT Mpolece MOUCcKa o0paTHBIX KpUNTorpaguueckux npeoOpasoBaHUi IyTeM CO3JaHUS
KJIacca U3 TPUAATH cOaJaHCUPOBAHHBIX 0a30BBIX OYJIEBBIX (QYHKIHU C TpeOyEeMBIMH MpeAONpeeICHHBIMUA OTPAaHUYCHUSIMU U CBOM-
CTBaMH, a TaKXKe HAXOXKACHUS B 3TOM Kjacce 0a30BBIX OyJeBBIX (PYHKIHH, COCTABIIIONIMX 00paTHOE KpHUIITOrpadgudeckoe npeodpa-
30BaHHE.

Pe3yabsTarsl. [Tokazana 3¢GeKTHBHOCTE METOAA JUIS IOJIYYEHHS ABYX OOPAaTHBIX YETHIPEXOHTOBBIX KPHNTOrpaUUecKux mMpe-
00pa3oBaHuil CO CBOMCTBOM CTPOTrOro JIABUHHOTO KPUTEPHS U3 JABYX HPSIMBIX YETHIPEXOMTOBBIX KPUNTOrpadHIecKux npeodpazoBa-
HUI CO CBOMCTBOM CTPOTOTrO JJABUHHOT'O KPHUTEPHS.

BriBoabl. BriepBrie OblT MPEAIOKEH METO] MOTYUYEeHUs] 0OpaTHBIX YETHIPEXOMTOBBIX KpUITOrpaduueckux mpeodpa3zoBaHUid coO
CBOMCTBOM CTPOrOro JIABUHHOTO KPHTEPHs ISl cOAJaHCHPOBAHHBIX OyJIEBBIX (DYHKIHUH, COAEp KaIlUX ABE JOTHYECKHE ONepaluu
(MHBEpCHUS M CIIOXKEHUE TI0 MOIYJIO J1Ba) U 00ECIeYeHUS HaIe)KHON 3alIUTHl HHPOPMAIHU. DTOT METOJ MPEACTABIACT cOO0H Me-
TOJ BBIOOpA YK€ CYHIECTBYIOMIMX 0a30BBIX OyNEBBIX (YHKIHMHA M3 3apaHee ONpPEIeNICHHOro Habopa cOalaHCHPOBAHHBIX 0a30BBIX
OyneBbIX (QyHKIMH UL IPSIMOTO M 0OpaTHOTO KPHNTOTpadHIecCKUX IpeoOpa3oBaHUi, TOTAA KaK CYIIECTBYIOIINE METOBI IIOUCKA
00paTHOTO KPHUITOrpauIecKoro Nmpeodpa3oBaHMs NMPEACTABISIOT COOOH METOABI A BBIYMCICHHS Ka)KAOTO dJIEMEHTa OyJIeBBIX
¢GyHKIMI 11t 06paTHOrO Kpunrorpaduyeckoro npeodpasoBanus. Meton MoeT OBITh paclIipeH 10 OOJbIIEro YeTHOrO YHCiia ap-
TYMEHTOB COaJaHCHPOBAaHHBIX OyNeBHIX (YHKIMH Kpunrorpaduueckux MpeoOpa3oBaHUM Ul MOBBIMICHUS KpUNTOrpaduuecKoi
CTOMKOCTH.

KJUIIOYEBBIE CJIOBA: OyseBsl GyHKIMH, oOpaTHOe Kpunrtorpaduyeckoe npeodpazoBaHue, cOanaHCUHPOBAHHOCTb, CTPOTHIA
JIAaBUHHBIN KPUTEPHUNA, HHBEPCHSI, CIIOKECHUE TT0 MOIYIIO 2.
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ABSTRACT

Context. There is considered the task of automatic collision avoidance with multiple targets, including maneuvering ones. The
object of the research is the process of automatic collision avoidance with multiple targets, including maneuvering ones. The subject
of research is the method and algorithms that implement the process of automatic collision avoidance from multiple targets, including
maneuvering ones.

Objective. The purpose of the article is development a method and algorithms for automatic collision avoidance from multiple
targets, including maneuvering ones, for the module of the onboard controller of the ship control system.

Method. This goal is achieved by periodically measuring the true speed of the vessel and relative speeds of the vessel and
targets, averaging the measured information to remove noise, estimating the true speeds of the targets, building, for the obtained
estimates of the true speeds of the targets, areas of allowable collision avoidance controls with each targets by numerical iteration of
the collision avoidance parameters (speed and course) at the nodes of a given grid in the area of their possible changes, determining
the relative speeds at the nodes of the grid ship and target movement and checking that the relative speeds don’t belong to sectors of
dangerous courses, building a general area of acceptable collision avoidance controls with all targets by combining areas of allowable
collision avoidance controls with each target, choosing collision avoidance parameters from the general area of acceptable collision
avoidance controls according to specified criteria. This allows to diverge from multiple targets, including maneuvering ones, in a
fully automatic mode. Changing the criteria for selecting discrepancy parameters leads to a change in the ship’s behavior in case of
discrepancy without changing the program code.

Results. The developed method and algorithms are implemented in software and investigated by solving the problem of collision
avoidance from multiple targets, including maneuvering ones, in a fully automatic mode in a closed circuit with the simulator Navi
Trainer 5000 for various types of ships, targets, navigation areas and weather conditions.

Conclusions. The experiments confirmed the performance of the proposed method and algorithms and allow to recommend them
for practical use in the development of modules for automatic collision avoidance with multiple targets, including maneuvering ones,
of the onboard controller of the ship control system.

KEYWORDS: ship collision avoidance system, automatic collision avoidance, collision avoidance from maneuvering targets,
collision avoidance, area of allowable controls.

ABBREVIATIONS perpendicular to the center plane and directed towards the

AIS is a Automatic Identification System;

ARPA is a automatic radar plotting aid;

BCS is a bound coordinate system; is located in the
center of rotation of the vessel, the axis OX lies in the
center plane and is directed forward, the axis OY is

starboard, the axis OZ complements the system to the
“right” one.

COLREG is an international rules for preventing
collisions;

ERML is an expected relative movement line;
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GCS is a geographical coordinate system; is located in
the center of rotation of the vessel, the axis OXg is
directed along the meridian towards the North, the axis

LOG is a device for determining the speed of the
vessel;

LSM is a least— squares method;

OYg is directed along the parallel towards the East,
the axis OZg complements the system to the “right”;

RADAR is a radar station;

RML is a relative movement line;

SDC is a sector of dangerous courses;

NOMENCLATURE
b j 1s a linear coefficients of the RML equation for the

j-target;
Dpj is a measured distance to the j-target;
Dy, is a area of safe collision avoidance;
E, j isaort, wich indicates the direction from lead

point of j-target to the vessel;
E;j isaort, wich indicates the direction of ELRM,

for the j-target;
Ey;j is a ort, wich indicates the direction of ELRM,

for the j-target;
k j 1s a angular coefficients of the RML equation for

the j-target;
Ky is a course of safe collision avoidance;
Kigj 18 a-true course of j-target;
K 1is a trial values of course;
kg is a angle gain factor;
K, is a angular speed gain factor;
k [ is a angle integral gain factor;

N is a number of RADAR measurements for building
RML.
Nig is a number of targets;

OE  is a distance to lead point of j-target.
ij is a measured bearing to the j-target;

U is a flow influence;
V\, is a measured linear speed vector;

Vinax is a maximum ship speeds;

Vihin is a minimum ship speed;

V,, is a linear speed vector;

an is a speed of safe collision avoidance;
V7 is a trial vector of speed;

V7 is atrial values of speed;

Vtgj is a-true speed vector of j-target;

Vigj 1s a module true speed vector of j-target;

W is a wind influence;

X, is a state vector of own vessel;

Xp is a absolute ship movement along the axis OX,
in GCS;

Xigj is a state vector of j-target;

X tgj 18 a-absolute movement of the j-target along the
OX, — acis in GCS;

Y, is a absolute ship movement along the axis OY, in
GCS;

Yigj is a absolute movement of the j-target along the
OY, is a acis in GCS;

d is a angles deflection of rudder;

AT is a period of information processing in the
onboard computer;

AV is a relative speed vector of the vessel and j-
target;

AVyj is a trial values of the relative speed of the
vessel and the j-target;

AVXj is a relative speed OX-projection in BCS;

AVyj is a relative speed OY-projection in BCS;

AX mj 1s a measured OX-projection of distance

between the vessel and the j-target in GCS;
Aij is a measured OY-projection of distance

between the vessel and the j-target in GCS;
0 is a angles deflection of telegraph;

©j is a angle, equal to half the SDC for the j-target;
Y, is a measured heading;

¥y, is a heading;

Q

avoidance with j-target;
®mz 1s a measured angular speed in BCS;

i is a areas of admissible control of collision

®p; 1s a angular speed in BCS.

INTRODUCTION

The article discusses the issues of automatic collision
avoidance with multiple targets, including maneuvering
ones. Currently, the main international legal document,
regulating the safety of navigation, is the Rules
COLREG-72 [1], adopted in 1972 and put into operation
since 1977, and the technical equipment of collision
avoidance are RADAR / ARPA [2-3].

Recently, the speed of ships and the intensity of
navigation have significantly increased, which has caused
a significant increase in the flow of information per unit
of time. It becomes increasingly difficult for navigators to
make the right decisions to prevent the development of
dangerous situations. Statistics of accidents in the global
maritime industry shows that 75-80% of all accidents
occur with the direct participation of a person. The human
factor today is the most dangerous element of the ship
management system. Analyzing these data, the experts
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concluded that a significant reduction in accidents can be
achieved only by reducing the influence of the human
factor on the management process. Modern ships have
become increasingly equipped with automatic and
automated control systems. The use of such systems
improves reliability, accuracy and flexibility, and also
provides new opportunities through the use of modern
mathematical tools. Automatic systems are also much
cheaper than traditional ones with the crew.

Technical equipmet of collision avoidance RADAR /
ARPA allow to capture, track and diverge with 40 targets
at the same time. However, RADAR / ARPA is an
automated equipment and involves the participation of
man in the collision avoidance. Thus, neither the
COLREG-72 Rules nor the RADAR / ARPA technical
equipment meet the current trends in the automation of
ship traffic control in conditions of increased speeds and
traffic flows.

In open sources [5—13], a more detailed analysis of
which will be done in the next section, various solutions
to the problems of automatic collision avoidance are
proposed, but all of them allow to collision avoidance
with only a few (from one to three) non-maneuvering
targets, despite the fact that the existing RADAR / ARPA
equipment allows to capture and accompany a much
larger number of targets (up to 40). Therefore, the
development of systems of collision avoidance with
multiple targets, including maneuvering ones, is an actual
scientific and technical problem.

The object of research is the process of automatic
collision avoidance with multiple targets, including
maneuvering ones.

The subject of research is the method and algorithms
that implement the process of automatic collision
avoidance from multiple targets, including maneuvering
ones.

The purpose of this article is development a method
and algorithms for automatic collision avoidance from
multiple targets, including maneuvering ones, for the
module of the onboard controller of the ship control
system.

1 PROBLEM STATEMENT
The are specified a mathematical model of a
controlled object (own vessel) in the form of a system of
nonlinear differential equations

dax,
dt
Xp =(Vn,0n,¥h, X, Y0,

= fn (Xn 9 Wa U7 e’ 6)5

models of external influences of wind W =f,,(t) and
flow U=f,(t). The measured linear speed of the vessel
Vi , angular velocity op,, yaw angle ‘Wp,, bearing Py,
and distance Dy, to each target take into account the

measurement errors determined by the passport data of

each sensors. Mathematical models of targets are also
specified in the form of a system of nonlinear algebraic
equations  figj (Xigj, Yigj > Vigj, Ktgj)» ] =1,2,.., Nyg  that

define the parameters of the movement of targets along a
route (speeds and courses), as well as target paths with
break points to simulate target maneuvers.

Required for given initial conditions — the position of
own vessel X,(0), the position of targets

th] (0), j = 1,2,..., th N

movement of targets on routes, specified routes, external
influences, measurement errors of motion parameters,
determine such controls that would allow to diverge from
specified targets, including maneuvering ones at a safe

distance (X, = Xygj)? +(Yp ~Vigi)? >= Dsa’, j = 1.2, Nyg -

specified  parameters  of

2 LITERATURE REVIEW

The main international legal document regulating the
safety of navigation today is the COLREG-72. The rules
apply only in cases where there is a danger of collision.
Rules COLREG-72 are verbal (and therefore sometimes
interpreted by navigators differently), are more focused
on the intuition of the navigator and not on exact
mathematical calculation, consider only the consistent
collision avoidance of the two vessels. After installation
on ships of the radar, it became possible to measure the
parameters of the relative movement of the vessel and
targets, as well as to carry out manually graphic
constructions on a maneuverable tablet to determine the
parameters of collision avoidance [2]. This method of
calculating the parameters of the collision avoidance has
not high accuracy and is also very labor intensive. To
automate calculations, modern radar systems have been
installed on modern ships. ARPA [3-4] frees the
navigator from a variety of manual operations, and the
built-in function “Playback maneuver” provides the
navigator with a convenient graphical interface for
solving problems of collision avoidance. However, ARPA
has significant drawbacks:

—ARPA is an automated system that assumes the
presence of a person in the control loop;

“The Replay Maneuver” function of the ARPA
provides the navigator with only a convenient graphical
interface, but the determination of the parameters of the
collision avoidance is still carried out manually “by eye”,
rather than relying on an exact mathematical calculation
that takes time;

—ARPA function “Playing maneuver”, as with manual
radar laying, does not allow to diverge from maneuvering
targets, since the task is solved one-time, before the
beginning of the diversion maneuver.

A lot of works of authors are also devoted to the
issues of automatic collision avoidance.

Thus, in article [5] proposed an automatic collision
avoidance system based on deep Q-learning. The
advantage of this method is to obtain information from
the environment with which the system interacts, which
can be used to optimize the behavior of the system. At the
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same time, Q-learning takes time, organizing storage of
information, its quick retrieval, as well as database
maintenance. In addition, during Q-training, the system
may not work optimally or even mistakenly, which is
fraught with serious consequences.

The article [6] describes a method for assessing the
risk of collision of ships, based on a complex non-linear
relationship between the degree of risk of collision and
the influencing factors. Collision risk assessments with
expert information on collision avoidance experience, are
entered into a database for subsequent use. The authors
proposed a regression model that is trained on the basis of
existing samples, in order to increase the accuracy and
speed of prediction. The solution proposed by the authors
involves training the system, which is not permissible
during ships diverge. In addition, the learning process is
associated with a long accumulation of information, the
use of databases, the organization of quick retrieval of
information from the database as well as the need for
additional maintenance of the database.

The article [7] describes the track planning method,
taking into account the dynamic characteristics of the
control object and the rules of COLREGS-72 to prevent
possible collisions. The method takes into account the
uncertainty of the trajectory in time. The risk of collision
is calculated using the probabilistic method, and the risk
zone of collision is adjusted to the predicted trajectory.
Also presented are simulation results that demonstrate the
feasibility of the proposed approach with examples of
shipping. The propoused method allows to estimate the
risk of collision with non-maneuvering targets, does not
form controls for implementing the collision avoidance in
the automatic mode and can only be used in automated
decision support systems.

The article [8] describes the use of AIS for tracking
the movement of targets through electronic exchange of
navigation data between ships with onboard transceivers,
ground and / or satellite base stations. The data collected
contains a large amount of information useful for safety at
sea and is used for: detecting anomalies of movement of
targets, route estimation, collision prediction and path
planning. The wuse of AIS data provides great
opportunities for ships collision avoidance due to more
accurate information about the parameters of their
movement, however, this method doesn’t allow to diverge
from not equipped with AIS ships or ships that hide
information about the parameters of their movement.

The article [9] describes the method of support
decisions in the case of collision avoidance of ships at
sea. The method is based on the use of the COLREG-72
and the accumulated experience of collision avoidance.
The described method assumes the presence of a person
in the control loop and the use of the Rules of the
COLREG-72 for collision avoidance. Since the
COLREG-72 Rules regulate collision avoidance with only
one non-maneuvering vessel, it cannot be used to
automatically diverge with multiple targets, including
maneuvering ones.

As a result of the analysis, the authors article [10]
came to the conclusion that the collision avoidance
algorithms developed over the past decades suppouse the
absence of maneuvering targets in the collision avoidance
process; collision avoidance from only two targets,
simplified dynamics of vessel and targets, etc. A collision
avoidance algorithm and a collision avoidance system are
proposed. The system visualizes changes course and
speed of the vessel, leading to a collision, that can be used
in manual control and in decision support systems.
Collision avoidance system can also offer evading
controls that comply with the Rules and have a minimum
number of operations.

This system is closest to the proposed by the authors
system of automatic collision avoidance with multiple
targets, including maneuvering ones.

A method of collision avoidance using predictive
models was described in [11]. Mathematical modeling in
the onboard computer predicts the trajectory of the vessel
and the target using the measured at the current time
parameters of the movement of the vessel and the
estimated movement parameters of the target. This
forecast, taking into account the rules of the COLREG —
72, is used to determine the optimal collision avoidance
management strategy. The disadvantage of this method is
the large load on the onboard computer due to the need to
implement a variety of forecasts in real time, as well as
the possibility of collision avoidance with only one
vessel.

The article [12] describes the method of probabilistic
obstacle handling based on information from a radar
sensor with target tracking, that considers measurement
and tracking uncertainties is proposed. A grid based path
search algorithm, that takes the information from the
probabilistic obstacle handling into account, is then used
to generate evasive trajectories.

The article [13] presents a combined Nonlinear Model
Predictive Control for position and velocity tracking of
underactuated surface vessels, and collision avoidance of
static and dynamic objects into a single control scheme
with sideslip angle compensation and environmental
disturbances counteraction. A three-degree-of-freedom
dynamic model is used with only two control variables:
namely, surge force and yaw moment. Nonlinear
disturbance observer is used to estimate disturbances in
order to be fed into the prediction model and enhance the
robustness of the computer. Collision avoidance is
embedded into the trajectory tracking control problem as
a time-varying nonlinear constraint of position states to
account for static and dynamic obstacles.

The article [14] describes an approach to real-time
collision avoidance that complies with the COLREGS
rules for Unmanned Surface Vehicle. The Evidential
Reasoning theory is employed to evaluate the collision
risks with obstacles encountered and trigger a prompt
warning of a potential collision. Then, is extended and
adopted the optimal reciprocal collision avoidance
algorithm so as to determine a collision avoidance
maneuver that is COLREGS compliant. The proposed
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approach takes into consideration the fact that other
obstacles also sense their surroundings and react
accordingly, conforming to a practical marine situation
when making a decision concerning collision-free motion.

3 MATERIALS AND METHODS

This article solves the problem of collision avoidance
from multiple targets, including maneuvering ones. The
structural diagram of the simulation objects is shown in
Fig. 1.

The onboard computer 7 receives the parameters of
the state vector of the vessel in the ACS as well as the
distances and bearings to each target, measured by the
radar 12 and comparator 5.

Block 8 of receiving and converting information reads
incoming data with a period of information processing,
scales it, translates it into a numeric code and feeds the
inputs of modules 7.1-7.n to solve various applied control
problems, in particular, in module 7.1. The considered
problem of managing the collision avoidance with
multiple targets, including maneuvering ones, is solved.
The required course values and speeds of collision
avoidance from the output of module 7.1 of the calculator
are fed respectively to autopilot 3 and to the power energy

and current speeds. The combined effect of controls and
disturbances on the control object 4 determines its
movement, which at each moment of time is characterized
by a state vector. Unit 2 models the movement of targets
in the same GCS, in which the movement of the control
object 4 itself is modeled. Fig. 2 shows the scheme of
collision avoidance of own ship O with two ships —
targets O, and O,. The reasoning below is also valid for
collision avoidance from any number of targets.

Own ship O (see Fig. 2a) moves with measured speed
Vi . Around own ship is drawn the safe area Ds.a.

Through the point of the last measurement (p. N) of the
target position, the relative movement lines RML,, RML,
are drawn, which are built in the onboard computer of the
vessel according to a series of observations 1,2,...,N

from the radar, using the least-squares method.

The essence of the LSM is the preliminary
accumulation of the measured radar information on the
bearing and the distance for each target for 15-30 antenna
turns, recalculation of the measured data in the Cartesian
coordinate system

AXj (1) = Dpyj (1) cos(Pryj (i),

installation 6, the outputs of which, taking into account AYppj (1) = D () sin(Pyy; (i)),1 = 1,2, ..., N;
the inertia and delays, are controls of the object 4. In
addition to the considered controls, the object 4 is also
affected by external disturbances 1 in the form of wind
1 2
U=£f, @&
5 < W= £, () Kegr- Tig
3 4 f= 1.4,
> J= 1M
v
ry = (Vy, iy, "Wy, Xy Pl
> 5
5 o
4 21 V.ﬂsl MWMW
i= I'N!g
7.1 g Vin g Va
7.2
o, w,,
7.3 - 10 .
¥,
- 11 ks
7.n Do By
AT J=1.1, 12
. “ “

Figure 1 — Structural diagram of the objects of modeling
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Figure 2 — Diagram of the collision avoidance

with the subsequent approximation of the accumulated
data by a RML. This method is currently widely used in
ARPA. Further, using the koefficients
kj,bj, ji=12,.., th RML equation, the measured

coordinates of the target are specified so that they lie on
the RML, thus eliminating fluctuation errors in radar
measurements

AXmJ(N) = k]AYmJ (N)+bj, j =12,...., th ,
estimated vector AV j= (AVXJ- ,AVyj) relative vessel

speed and j-target
AVyj = (AX i (N) = AX i (D) (AT (N = 1)),
AVyj = (AYpj (N) =AY (D) (AT (N = 1)),

and also computes the true speed vector of the j-target

In Fig. 2a shows speed triangles
(VmsAV, Vigj, 1 =1,2), built for 2 targets at last

measurement points ( p. N ). Lead points E; ( E; ), pushed
forward by RML, ( RML, ) regarding p. N the distance
required to change the motion parameters of the vessel in
case of collision avoidance ( determined by its
maneuverability characteristics ). ERML;;, ERML,,
ERML,,, ERML,, — tangents to the safe area, drawn from
pOiIltS E] (E2) ERML“, ERML21 and ERMle, ERML22
form sectors of dangerous courses SDC; and SDC,
accordingly, in which the vector of relative speed of the
vessel and targets should not be located in case of

collision avoidance. In the Fig. 2 vector AV; € SDC, and
vector AV, € SDC,, both targets are dangerous and

collision avoidance is required. Change the direction of
vectors AV;, AV, can only be due to a change in the
speed vector of the own vessel ( the speed vector of the
target is not available for control ). As can be seen from
Fig. 2a, fulfillment of conditions V,, € Q; and V, € Q,
allows to avoid colission with both targets, where Q; —
the area of allowable controls in case of collision

avoidance with the first targets, is the area between the
circles V. and Vi, , without SDC,, and Q, — the area

of admissible controls in case of collision avoidance with
the second targets, is the area between the circles V.,
and V., , wthout SDC,. In Fig. 2b, these areas are also
shown in Cartesian coordinates. (€; bounded by blue
lines, and 2, bounded by green lines).

General area Q=0Q;NQ, consists of three
subdomains: A1-X1-E2-A2, B2-B2’-C2’-X3-B1, C1-X2-
C2 and is an area of allowable controls in case of collision
avoidance with two targets at the same time.

As you can see, the area Q is complex even for two
targets and its analytical construction is difficult. In this
regard, the authors proposed:

— the area of allowable controls should be built
numerically in the onboard computer, which allows
obtaining complex forms for any number of targets;

— the area of allowable controls should be built with a
period of processing collision avoidance algorithms in the
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onboard computer, which allows to take into account any
changes in the mutual movement of the vessel and the
targets, and therefore to diverge from the maneuvering
targets.

To build the area Qj, j =1..N¢g allowable control of

collision avoidance with the j-target are taken trial vectors
of collision avoidance Vy = (V1 cosKy,VysinKy) in

the grid nodes of the whole area (in Fig. 2b between
V nin »Vmax o1 the speed and between 0 and 360 degrees

on the course), for each trial vector, a trial vector of
relative motion is calculated with the j-target

AVTj =V — V1, which is checked for belonging

SDC;j:
(AVrj xE|j & AVyj xEp ) <0. (1)

Orts E;j,E,; are found by turning ort Eg; clockwise

)

and counter-clockwise by an angle © ; = arcsin( C?;
equal to half SDCj:
E|j=Eo;xe 9 E,y; =E¢; xe'¥ .
Single vector E(j and distance OEj to p. Ej, used in
the above equations, are determined by the formulas:
AX i (E) = Aij(N)+AVXjATm,

AYppj () = AYpn ; (N)+ AV ATy,

OE; =\/Aij2(E)+Aij2(E),
AXmj(E) AYpy; (E)

OE; OE;

If condition (1) is not met, trial vector
V1 =(Vy cos Ky,Vrsin Ky) belongs to the areas of

0j =

admissible controls. The area of permissible controls in
case of collision avoidance with all targets can be

obtained by combining the areas of permissible controls
with each target separately.
Q=0;NQ N...NApyg -

Any pair of collision avoidance parameters
(Vn1-Knp) €Q s valid for discrepancies with all targets

simultaneously. Therefore, further selection of the
parameters of the collision avoidance from Q determined
by additional conditions, for example, the conditions for
optimizing the collision avoidance, the stability
conditions (the invariance of the selected collision
avoidance parameters), the Rules of the COLREG —72,
etc. The deflection angle of the rudder & and the
deflection angle of the telegraph 6 are determined as

8 =ky (W — Kpp) + Ky 0m; +kj J.(\Pm —-Kppdt,

g Vo
2 Vmax
4 EXPERIMENTS

Algorithms for automatic collision avoidance with
multiple targets, including maneuvering ones, were
checked in a closed circuit with electronic simulators. As
an example, the data on the collision avoidance with the
five dangerous targets located around the vessel are given
below.

Fig. 3 shows a screenshot of the vessel, targets and
weather conditions from the visualization channels of the
simulator.

Fig. 4 presents a screenshot from the instructor's
workplace, which shows the position of the own ship CC,
and the target ships CL[;-CIL; at the time of the start of the
collision avoidance. Trajectories of target ships have
fractures, i.e. they are supposed to be maneuvered in the
course of the task.

Figure 3 — Screenshot of the vessel, targets and weather conditions from the visualization channels of the simulator

LS,
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Fig. 5 shows the position of the ships — the targets on  fragment with a common area of collision avoidance with
the radar screen at the moment of the beginning of the all targets simultaneously, as well as two areas of
collision avoidance. As you can see, 3 dangerous targets  collision avoidance with the first and second targets

(their relative motion vectors are highlighted in red). separately.

In Fig. 6 shows the areas of permissible controls in the Fig. 7 shows a screenshot from the instructor’s
process of collision avoidance at different points in time  workplace at the end of the collision avoidance.
(at the beginning of the collision avoidance, in the process Fig. 8 shows the position of the targets on the radar at

of collision avoidance and at the end of the collision the end of the collision avoidance.
avoidance). Each time point is represented by a vertical

N

tu1

s
Figure 4 — The position of the vessel and targets at the beginning of the collision avoidance

ACKNOWLEDGE ALARM
BOW CROSSING 2

Figure 5 — Position of targets on the radar screen at the moment of the beginning of a collision avoidance
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Figure 6 — Areas of permissible controls in the process of collision avoidance
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Figure 7 — Screenshot from the instructor’s workplace at the end of the collision avoidance
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5 RESULTS

There were considered the issues of collision
avoidance with many targets, including maneuvering
ones, in a fully automatic mode.

There were analyzed existing methods of automatic
collision avoidance of ships, their shortcomings were
revealed and the relevance of the solution of this problem
was substantiated.

There were developed a method and algorithms,
which allow solving the problem of collision avoidance
with multiple targets, including maneuvering ones, in
onboard computer.

The efficiency of the method and algorithms was
tested by mathematical modeling in a closed circuit with
an electronic simulator Navi Trainer 5000 for various
types of ships, targets, navigation areas and weather
conditions.

6 DISCUSSION

The developed method and algorithms make it
possible to diverge from multiple targets, including
maneuvering ones, and can be used to create the software
of the collision avoidance module of the onboard
computer of the ship control system.

As shown by the simulation results in a closed circuit
with the NTPRO 5000 simulator, the proposed method
and algorithms, compared with the previously described
solutions [5—-14], allow to diverge from multiple targets,
including maneuvering ones, in fully automatic mode.

CONCLUSIONS

There are proposed a method and algorithms for
automatic collision avoidance with multiple targets,
including maneuvering ones.

The scientific novelty of the results obtained is that
for the first time a method and algorithms for automatic
divergence with many targets, including maneuvering
ones, were developed. This one is achieved by

Figure 8 — Position of targets on the radar at the end of the collision avoidance
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periodically measuring the true speed of the vessel and
relative speeds of the vessel and targets, averaging the
measured information to remove noise, estimating the true
speeds of the targets, building, for the obtained estimates
of the true speeds of the targets, areas of allowable
collision avoidance controls with each targets by
numerical iteration of the collision avoidance parameters
(speed and course) at the nodes of a given grid in the area
of their possible changes, determining the relative speeds
at the nodes of the grid ship and target movement and
checking that the relative speeds don’t belong to sectors
of dangerous courses, building a general area of
acceptable collision avoidance controls with all targets by
combining areas of allowable collision avoidance controls
with each target, choosing collision avoidance parameters
from the general area of acceptable collision avoidance
controls according to specified criteria. This allows to
diverge from multiple targets, including maneuvering
ones, in a fully automatic mode. Changing the criteria for
selecting discrepancy parameters leads to a change in the
ship’s behavior in case of discrepancy without changing
the program code.

The practical value of the obtained results is that the
developed method and algorithms are implemented in
software and investigated by solving the problem of
collision avoidance from multiple targets, including
maneuvering ones, in a fully automatic mode in a closed
circuit with the simulator Navi Trainer 5000 for various
types of ships, targets, navigation areas and weather
conditions.

The experiments confirmed the performance of the
proposed method and algorithms and allow to recommend
them for practical use in the development of modules for
automatic collision avoidance with multiple targets,
including maneuvering ones, of the onboard controller of
the ship control system.
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VK 004.942:656.61.052
ABTOMATHYHE PO3XO/KEHHS 3 BATATBMA HIJISIMHA, BKJIIOYAIOYU MAHEBPYIOUYI

3inyenko C. M. — KaHA. TeXH. HayK, CT. BUKJIaaau Kadeapu ynpasiiHHA CyAHOM, 3aBigyBay JlabopaTopii eIEeKTPOHHUX TPEHaXKepiB,
XepcoHChKa Jep)kaBHa MOPChKa aKajeMis, YkpaiHa.

Hocos Il. C. — kaHa. TexH. HayK, JOIEHT KadeIpu HaBIraliitHuX cucTeM, XepCOHChKa IepXKaBHA MOPChKa aKaeMisi, YKpaiHa.

Mareiiuyk B. M. — acucteHT Kadenpu ynpapiiHHs CyJJHOM, 3aBiJyBay JabopaTopii eIeKTPOHHUX TpEeHaKepiB, XepCOHChKA AepKaBHA
MOpChKa aKajiemis, Ykpaina.

Mawmenko II. II. — ct. BuKIaga4 kadeapy yIpaBIiHHS CyTHOM, KaIliTaH JAJICKOTO IUIaBaHHs, XePCOHChKA JepkaBHa MOPChKa aKaJeMis,
VYkpaina.

T'pomieBa O. O. — cT. BuKIanay kadeapu yrnpasiiHHS cy1HOM, XepCOHChKA JepikaBHa MOPChKa akajieMisi, YKpaiHa.

AHOTALISA

AxTyanbHicTh. Posrianaerscs 3amada aBTOMATUYHOTO PO3XOMKEHHS 3 OaraTbMa IISAMH, BKIIOYaloud MaHeBpylodi. O6’exToM
JOCITI/DKEHHS € TPOLIeC aBTOMATHYHOTO PO3XO/KEHHs 3 0araThMa IUISMH, BKJIOYAOYd MaHeBpyrodi. [IpeMeToM A0CiKEHHS € METOA 1
ITOPUTMH, 10 PEaTi3yI0Th MPOLIEC aBTOMAaTHYHOTO PO3XODKCHHS 3 0araTbMa LIIMY, BKIIOYal04H MaHEBPYIOYI.

Merta. Metoro cTarTi € po3poOka METOLy i alropHTMIB aBTOMATHYHOTO PO3XOJDKECHHS 3 OaraTbMa IIUIIMH, BKIIOYAIOYN MaHEBPYIOUi,
JUISL MOZLyJIst OOPTOBOT'O KOHTPOJIEpA CUCTEMH YIPABIIiHHS CYJHOM.

Merton. Llst MeTa nocsiraeThCs MEPIOJUYHUM, 3 TAKTOM POOOTH OOPTOBOIO KOHTpOJIEpa, BUMIPIOBAHHSAM ICTUHHOI LIBHIKOCTI Cy[IHa i
BIZIHOCHUX IIBMIKOCTeH CyqHA 1 IiIel, ycepeqHeHHsIM BUMIpsiHOi iH(OpMauil Juli BUAAJICHHS IIyMiB, OL[IHKOIO iCTHHHHX IIBHIKOCTEH
ineit, moOymnoBoo, UL OTPUMAHHUX OLIHOK iCTMHHMX MIBHAKOCTEH Liel, obiacTed NOIyCTUMHX YIpPaBIiHb PO3XOMKCHHAM 3 KOXXHOIO
HIJUTIO IUIIXOM YHCENBHOrO mepebopy MmapaMeTpiB po3XOo/pKeHHs (MIBHIKOCTI 1 Kypcy) Ha By3jax 3aJaHOi CITKM B 00JIACTi iX MOKJIMBHX
3MiH, BU3HAYCHH]IM Ha BY3JIaX CITKM BiJJHOCHUX LIBHIKOCTEH pyXy CyAHa 1 LieH 1 MepeBIpKO iX Ha HE NPUHAICKHICTh CEKTOpaM
HeOe3neuHnx KypeiB, MoOyJ0BOIO 3arajibHOI 00J1acTi JOIyCTUMHX YIIPaBIliHb PO3XOKEHHIM 3 yCiMa LUIAMHM IUIIXOM 00'eJHaHHS oOnactei
JIOMYCTHMUX YIIPABIiHb PO3XOKEHHSIM 3 KOXKHOFO IIJUTI0, BAOOPOM MapaMeTpiB PO3XOKEHHS 13 3araibHOI 00J1acTi AOMYCTHMUX YIPaBIiHb
PO3XO/KEHHSIM y BIAMOBITHOCTI 13 3amaHuMK Kputepismu. Lle mo3Bosisie po3xoauTHcs 3 OaraTbMa IUISMH, BKJIOYAOYM MaHEBPYHOYi, Y
MOBHICTIO aBTOMAaTHYHOMY peXUMi. 3MiHa KpuTepiiB BHOOpY MapaMeTpiB PO3XOUKEHHs NPU3BOAMTH JIO 3MIHM IOBEIIHKH CyAHA IIpU
PO3XOJDKEHHI 6e3 3MiHH IPOTrPaMHOTO KOAY.

PesyabraTu. Po3pobiieHi MeTo Ta aqropuTMH peaji3oBaHi B MPOrpaMHOMY 3a0e3MeyeHH] 1 JOCIIKEeHI IUIIXOM BUPILICHHS 3a1adi
PO3XO/KeHHs 3 6araThbMa LIUISIMU, BKJIFOYAKOUH MaHEBPYIOUi, Y TIOBHICTIO aBTOMAaTHYHOMY PEKUMi Y 3aMKHYTIH cxemi 3 TpeHaxepoM Navi
Trainer 5000 s pi3HUX TUIIIB CyJeH, LiiIel, paiiOHIB IUIaBaHHS 1 HOTOJHUX YMOB.
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BucnoBku. ExcrieprMeHTH HiATBEpIMIN NaNe3AaTHICTh 3alIPOIOHOBAHOTO CIIOCOOY 1 alTOpPUTMIB i JO3BONAIOTH PEKOMEHTYBATH X
JUIS TIPAKTHYHOTO BHKOPHUCTaHHS HPH PO3pOoOIll MOIYJIIB aBTOMATHYHOIO PO3XO/KEHHs 3 OaraTbMa I[UIIMH, BKJIIOYAIOYM MaHEBPYIOUi,
0OOPTOBOr0 KOHTpOJIEpa CUCTEMHU YIPABIIIHHS CYIHOM.

KJIFOYOBI CJIOBA: cucrema pO3XOMKEHHS CyIEH, aBTOMATHYHE PO3XODKEHHS, PO3XO/PKEHHS 3 MAaHEBPYIOUHMMHU LUISMH,
HOTIePEKEHHS 3iTKHEHb, 0071aCTh IOy CTUMUX yIIPaBIIiHb.

YK 004.942:656.61.052
ABTOMATHYECKOE PACXOXIEHUE CO MHOI'MMH HEJISIMHU, BKIIIOYASI MAHEBPUPYIOLLUE

3unuenko C. H. — xaHI. TeXH. HayK, CT. MpenojaBarelib Kadeaphl YIPaBICHUS CYIHOM, 3aBEIYOLINI Tab0paToOpuel SIEKTPOHHBIX
TpEeHaXKepoB, XePCOHCKasi FOCyIapCTBEHHAs! MOPCKas akazeMusi, Y KpauHa.

HocoB II. C. — kaHJ. TexXH. HayK, JOLEHT Kadeapbl HABUIallMOHHBIX CHUCTEM, XEpCOHCKas roCylapCTBEHHas MOpCKas aKaJeMHus,
VYkpauHa.

Mareiiuyk B. H. — accuctent kadenpbl ymnpasieHHs CyIHOM, 3aBEIYIOIINI 1ab0paTOpuell 3IEKTPOHHBIX TPEHAXKEPOB, XEPCOHCKas
rocylapCTBEHHAs! MOPCKasl akaJeMusi, YKpanHa.

Mamenko II. I1. — cr. npenonaBarens kadenpsl ynpaBieHUs: Cy[HOM, KallMTaH NaJIbHEro IIaBaHUs, XEPCOHCKas rocylapCTBEHHas
MOpCKas akafeMusi, Y KpanuHa.

I'pomieBa O. A. — cT. pernoaBarens Kageapsl yIpaBIeHHs CYHOM, XepCOHCKas TOCyIapCTBEHHAs MOPCKasl akajeMus, Y KpauHa.

AHHOTALUSA

AkTyaibHOCTh. PaccmarpuBaeTcs 3ajaua aBTOMAaTHUECKOIO PACXOXKIEHHS CO MHOTUMHU LENISMH, BKJIIOYas MAaHEBPHUPYIOLIUE.
OOBEKTOM HCCIEIOBaHUS SBISETCS MPOLECC aBTOMAaTHYECKOTO PACXOXK/ICHHUS CO MHOTUMH LIEJISIMH, BKIIIOYasi MaHeBpupytoue. [Ipeaqmerom
MCCIJICIOBAHUS SIBJISIFOTCS. METO/L M aJFOPUTMBI, PEaIM3yIOIIHe IPOLECC aBTOMATHYECKOTO PACXOXKISHUsI CO MHOTHMH LEJSMH, BKIIIOYas
MaHEeBpUPYIOLINE.

Henas. Llenpio crathy sBAseTCsS pa3paboTKa METOAA U aJrOPHUTMOB aBTOMATHYECKOIO PACXOXKAEHUS CO MHOTHMH LEJSMH, BKIIOYas
MaHEeBPHPYIOLINE, U1 MOAYJIsl 0PTOBOTO KOHTPOJIJIEPa CUCTEMBI YIIPABICHHUS CYAHOM.

Metoa. OTa 11eNb JOCTUraeTCsl IEPHOIMYECKHM, C TAKTOM paboThl OOPTOBOrO KOHTPOJUIEPa, M3MEPEHHEM UCTHHHON CKOPOCTH CyJlHA U
OTHOCHTENBHBIX CKOPOCTEHl Cy/iHa U IeNel, yepeJHeHHeM U3MEepPEeHHOH HH(pOpManyy JUIl yIaleHuUs IIyMOB, OLICHKOH HCTHHHBIX CKOPOCTEH
1esei, MOCTPOSHHUEM, IS TOMYyYCHHBIX OLIEHOK HCTHHHBIX CKOPOCTEH 1eneil, 00macTeil oMmyCTUMBIX YIIPABICHUI PACXOXKICHHEM C KaXKI0H
LEJIbI0 MyTeM YHMCIICHHOTO Iepedopa rnapaMeTpoB PacxXokAeHUs (CKOPOCTH M Kypca) Ha y3ax 3aJlaHHOH CeTKH B 00JIACTH MX BO3MOXKHBIX
N3MEHEHHH, ONPEe/IeNICHUEM Ha y3/1aX CETKH OTHOCUTEJIBHBIX CKOPOCTEH JIBIXKEHHS Cy/lHA M LieJiel U IPOBEPKOil X Ha He MPUHAIIEAKHOCTh
CEKTOpaM OIACHBIX KypCOB, IOCTPOEHUEM 001N 001aCTH IOIYCTUMBIX YIIPaBICHUH PaCX0KAEHUEM CO BCEMHU LIEISAMHU ITyTEM 00bEAMHEHHS
obuacTeil TOMYCTUMBIX YIPaBJICHHUI PACXOXKICHHEM C KQKI0W LIeJbI0, BHIOOPOM MapaMeTpoB PACXOXKACHHMS U3 00IIei 007aCTh TOIMyCTHMBIX
YIpPaBJICHUH PACXOXKAEHUEM B COOTBETCTBHE C 3aJIaHHBIMHU KPUTEPHAMH. OTO IO3BOJISIET PA30MTHCh CO MHOTMMHM ILIENSMHM, BKIIOYAs
MaHEBpPHPYIOLINE, B IIOJHOCTBIO aBTOMATHYECKOM pexuMme. M3MeHeHne KpuTepHeB BbIOOpa IapaMeTpoOB PACXOXKASHUS HPHBOIHUT K
M3MEHCHUIO NIOBEICHUS CyJHA IIPH PACXOKJICHUH 0€3 U3MCHEHHS IIPOrPaMMHOTO KOJa.

PesyabraTtbl. Pa3paboTaHHble METOJ M aITOPUTMbI PEATN30BaHbl B MPOIPAMMHOM OOECIICYEHHM W HMCCIEJOBAHBI IMYTEM PELICHHS
3a7aud PACXOXKIEHHUS CO MHOTMMHM LIEJISIMH, BKJIIOYAas MAaHEBPUPYIOILHUE, B IOJHOCTbIO aBTOMAaTHYECKOM DPEXHME B 3aMKHYTOH cxeme ¢
tperHaxepoM Navi Trainer 5000 1711 pa3nUYHBIX THIIOB CYOB, IIeJIeH, palilOHOB IUIaBaHUS M IIOTOJHBIX yCIOBHIA.

BbIBO/IbI. DKCIIEPUMEHTHI HOATBEPIMIN PAOOTOCIOCOOHOCTD MpeuIaraeéMoro cnocoda 1 alnropuTMOB M MO3BOJISIIOT PEKOMEHIOBATh UX
JUISL TIPAaKTMYECKOTO HCIHOJIb30BaHUs IPU pa3paboTKe MOJIyJeH aBTOMAaTHYECKOrO PACXOXKICHUS CO MHOTMMM LENAMM, BKIJIIOYas
MaHeBpHpYIoLIKe, OOPTOBOro KOHTPOJLIEPA CUCTEMBI YIIPABICHHS CYTHOM.

KJ/IFOUEBBIE CJIOBA: cucteMa pacX0okieHHUs CYH0B, aBTOMAaTHUECKOE PACXOXKAEHUE, PACXOXKIEHHE C MAHEBPUPYIOIUMH LESMH,
MpeyNpPeKIeHUE CTOIKHOBEHUI, 00JIaCTh AOMYCTUMBIX YIPABICHUM.
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AHAJIN3 JOCTOBEPHOCTH MEPEJJAUN MEXIY YCTPOHCTBAMHU
CUCTEM YIIPABJIEHUS ITPU ITAKETUPOBAHUU OLIUMBOK

®peiiman B. . — 1-p TexH. Hayk, npodeccop kadeapsl «ABTOMaTHKA U TeJIeMexaHHKay, [lepMCKuil HallMOHAIBHBIA UCCIIEN0-
BATEJIbCKUM MOJIMTEXHUYECKUN YHUBEPCUTET, I. [lepmb, Poccus.

AHHOTAIUSA

AxTyanbHoOcTh. [IpoBeneH ananm3 nokasarenei JOCTOBEPHOCTH Iepeaadn HH(popMaIuy Mex Iy JIeMEHTaMH CHCTEM yIIpaBlIe-
HHSL C YYETOM IaKeTUPOBaHHs (IPpyNIUPOBaHNs) OMKOOK B KaHaie cBs3H. OOBEKTOM HCCIICIOBAHUS SBISIOTCS XapaKTEePUCTHKU U
rapaMeTpbl MOMEX0YCTOHYMBBIX IIUKIMYECKUX JIBOUYHBIX M HEJIBONYHBIX KOJOB, OPHEHTUPOBAHHBIX Ha UCIIPABJICHUE ITAKETOB OLIH-
6ok. [Ipenmer uccae0BaHusI — TEOPETUUECKUI U SKCIIEPUMEHTAIBHBIA CPAaBHUTENBHBIH aHAJIN3 ITOKa3aTesei JOCTOBEPHOCTH KOJIOB,
HCHPABJISAIOLINX MAKEThl OLIHOOK.

Iesan paGoThI — onpeeIeHue aHATUTHYECKUX 3aBUCUMOCTEH MOKa3aTeNel 10CTOBEPHOCTH BBIOPAHHBIX M30BITOUHBIX KOIOB OT
HX [apaMeTpPoB M CBOMCTB KaHaja CBs3M, pa3paboTka MoJeseil Ui UX KCIEPUMEHTAIBHOTO UCCIIe0BaHUs, (OPMUPOBAHUE PEKO-
MEH/IaLlUi 110 BEIOOPY KOJIOB C 33/IaHHBIMH XapaKTePUCTHKAMU P OIPEICICHHbIX CBOMCTBAX U MOJIEIN ONUCAHUS OILIHOOK.

Mertoasl. Mcnonbp30BaH MaTeMaTHYECKHUI alliapar ¥ TEOpHst IOCTPOCHHS IIOMEX0YCTOHYMBBIX HUKINYecKUX aBonyHbX (BUX) n
HenBonuHbIX (Prma-Comomona) xonoB. IlomydeHsl aHanUTHYECKUE COOTHOLIGHHS ISl ONPENENICHUs ITOKa3aTeleld TOCTOBEPHOCTH
nepeayy ¢ y4eToM BO3MOXKHBIX MCKQ)KCHUH CHMBOJIOB KOJla BHYTpH Iakera omrnOok. McciienoBaHbl 3aBUCUMOCTH KOPPEKTUPYIO-
IIMX CBOWCTB M BEPOSTHOCTH IPAaBWIBHOW Ieperayd OT IapaMeTpOB KOAa W OLIMOKH, NPUBEIEHBI WIUIIOCTPUPYIOLINE IPUMEPHI.
Pa3paboTaHbl IMHTAIIMOHHBIE CXEMOTEXHHUYECKHE MOJIEIHM CHCTEMBI YIPABJICHUS € UCCIECAYEMbIMH CIIOCO0AMHU TOMEXO0YCTOHYHUBOTO
koaupoBanus. [IpoBeseHbl SKCHEPUMEHTAIBHbIE HCCIICIOBAHMS, HA OCHOBAHHHU IOJYYEHHBIX JaHHBIX CIENaHbl BBIBOJbBI M IPEIJIO-
JKEHbI PEKOMEH/IALIMH 110 BHIOOPY IapaMeTpoB KOJOB JUIS 3aJaHHBIX MOKa3aTeJied JOCTOBEPHOCTH I 00eCIeueHHs MaKCUMAaIbHON
s pexTuBHOCTH (MHYOPMALIMOHHON CKOPOCTH MEPEaadn).

Pe3yabTatsl. [TomydeHs! 3aBHCHMOCTH HOKa3aTeNel JOCTOBEPHOCTH (BEPOSITHOCTH IPABIIIBHOM Nepeaun) 1 KOPPEKTUPYIOMINX
CBOJCTB ([IMHA HUCIPABIISIEMOro IaKeTa OIIHMOOK) HCCIIEYEMbIX H30BITOYHBIX KOJOB OT MX IapaMeTpoB (KOJIHYECTBA U30BITOYHBIX
CHMBOJIOB, CTEIIeHH nepeMesxenust — g bUX-konoB; Moxynb noist ["anmya, KpaTHOCTh MCIIPaBIsIEMbIX OMIMOOK — JUTsi KooB Punia-
Conomona). JlaHsl peKOMEHIAMK 110 MCIIOIB30BaHHIO MTOJYUYEHHBIX PE3YJIbTaTOB IIPU BHIOOpE mapaMeTpoB Koja. st IpoBeeHUs
IKCTIEPUMEHTAIIBHBIX UCCIICA0BAHUN CO3aHbl M HACTPOCHBI MOJICIIM CHCTEMBI yrpaBieHus B cpene MathWorks MatLab Simulink.

BruiBoanbl. [IpoBenennsie B paboTe McCCIeaOBaHUS IO3BOJSIOT PACCUUTAaTh U 0OOCHOBAHHO BHIOpATh HMapaMeTphbl M30BITOYHBIX
KOJIOB JIJIs 3aJJaHHBIX IOKa3aTelell JOCTOBEPHOCTH C y4eTOM MOJE/IHU MOBEACHHS OLIMOOK B KaHale Mepefayd. DTO JaeT BO3MOXK-
HOCTb TIPOCKTHPOBATh U PEAIH30BATh HAJEKHBIE CHCTEMBI YIIPABICHUS C 3aJaHHBIMU [OKA3aTE/ISIMU JIOCTOBEPHOCTH ¥ MAKCUMAIIb-

HOH HH(OPMAIIMOHHOH CKOPOCTBIO MEpEIadH.

KJ/JIIOUEBBIE CJIOBA: nH()OpManuOHHO-YNIPABIISIONINE CHCTEMBI, JOCTOBEPHOCTh, NOMEXOYCTOHYNBOCTh, M30BITOYHOCTD,

HUKIWUYCCKHUE KOJIbI, ITAKET OU.II/I6OK, MOICIIb.

ABBPEBUATYPbI

GF — Galua Field;

IoT — Internet of things;

IPTV — Internet Protocol Television;

PLC — Programmable Logical Controller;

VoIP — Voice over Internet;

Wi-Fi — Wireless Fidelity;

ACYVII — ABTOMaTH3upoBaHHasl CUCTEMA YIPABICHHUS
MIPEATIPUSATHEM;

ACVYTII — ABromaTu3upOoBaHHas CHCTEMa YIpaBie-
HUSI TEXHOJIOTHYECKUMHU ITPOIIECCAMH;

BUX — boys, Hoyaxypu, XOKBUHIEM;

P-C — Puna-ComomMoHa;

PUYC -  pacmnpeneneHHbIC
YTIPABIISIFOLINE CUCTEMBI;

TUINC — nporpamMMupyeMbie JOTHIECKHE HUHTETPajlb-
HBIE CXEMBI.

nH(pOpMaIMOHHO-

HOMEHKJIATYPA
0, — TIEPEMEHHAs JUTSI OTIMCAHUSI CTPYKTYPBI CHMBOJIA;
A — npuparienue;
b — nUHA TaKeTa UCIPABISEMBIX OITHOOK;
b* — KOMMYECTBO OMMOGOUHBIX GUT B MAKETE OIINOOK;
Dmax p — MakcHMajbHas NOTEHUMAlbHAs JJIMHA MC-
MIPABJIIEMOTO TIaKeTa OUTOO0K;
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Dmax ¢ MaKCHUMallbHasi TapaHTHpOBaHHAs (max_g)
JUTHHA MCIIPABIISICMOrO TaKeTa ONIHOOK;

d — MUHUMAJTbHOE KOJIOBOEC PACCTOSTHHE X3MMUHTA;

e — TOJIMHOM OIITHOKH;

f— HENPUBOIUMBIN ¥ IPUMUTHBHEIA MTOJUHOM;

£ — TIOPOXKTAOIIHIA TIOJTMHOM KOJIa;

h — nmapametp BUX-kona;

k — nrHa W30BITOYHOM YaCTH COOOIEHHS;

k" — nnHA M30BITOYHOM YacTH ucxoanoro bBUYX-kona;

| — KolIM4ecTBO OUT B CUMBOIJIE;

m — JUiHa HH(OPMALIMOHHO# YacTH COOOIEHNUS;

7 — o01Iast JIMHA COOOIIECHHS;

Nj — 4HCJIO0 MOJIHBIX MAKETOB OLINOOK;

Ny — 4HMCII0 HEMOTHBIX MTAKETOB OIIMOO0K;

P — BEPOSITHOCTh OLIMOOYHOTO TIpreMa OuTa;

Pyp. — BEPOATHOCTh TMPABHJIBHON Tepenadn cooOlie-
HUS,

~

PHp — 3aJIaHHas BEPOSITHOCTH NIPAaBUIILHOM Iepenayy;

P. — BeposATHOCTH OIIMOOYHOTO CHUMBOJIA KOAA;
P, — BEpOATHOCTH TpaHC(HOPMAIIMH COOOIIEHHS;
R — uH(bOpMaMOHHAs CKOPOCTh Nepeiayn;

S — KpaTHOCTb UCIIPABJISIEMBIX OLITHOOK;

¢ — CTENeHb YKOPOUCHHS KO/,

u — MH(OPMAIIMOHHBIH OJIMHOM KOAa;
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V — nepenaBaeMblii MOJIMHOM KOJIa;

V' — npruHUMAaeMBIid TIOJIMTHOM KOJIa;

x — (hopMasibHAs IepeMeHHast J1JIsl OTIMCAaHUsI KOJIa;

XOR — gnormyeckass omepanus «Vckirodaroriee
NJIN».

BBEJIEHUE

Cuctembl nepefiaud M XpaHeHUs] WHPOPMAIUU SIBIIS-
IOTCSI B&YKHOM YacThIO CTPYKTYpP CHUCTEM YIpPaBICHHS pa3-
JUYHBIMEA 00BekTamMu U mporieccamu (ACYTII, ACVII,
PNYC), a Takke MOTYT BBICTYIAaTh KaK CAMOCTOSITeIIbHAS
(yHKIMOHATBHASA cucTeMa (TenekoMmyHuKarmu — Wi-Fi,
Bluetooth, IoT, IPTV, VoIP u T.1.). OaHOHI H3 X OCHOB-
HBIX  OKCIUTyaTal[IOHHO-TEXHHYECKUX  XapaKTEPUCTHK
ABJISIETCSL IOCTOBEPHOCTh mepenaun. OHa ompenensercs
(U3MUECKUMH  XapaKTEPUCTUKAMU HCTOYHHKOB IIOMEX,
a/IeKBaTHOCTBIO MAaTEMaTHYECKOTO ONMCAHUS MX TOBEJC-
HHS, & TaKKe KOPPEKTHOCTBIO BBIOPAHHBIX CIOCOOOB IT0-
MEeX0YCTOWYMBOTO KoaupoBaHus [1].

W3-3a pacmpocTpaHeHNs] KOMMYHHKAIIHOHHBIX TEXHO-
JIOTHH (CITyTHHKOBas CBSA3b, OECIPOBOJHBIE TEXHOJIOTHH,
KaOeJbHbIE CUCTEMBI U T.II.) YCTPOHCTBAM CHCTEM YIIpaB-
JICHUS] IPUXOJUTCS paboTaTh B YCIOBUAX JEHCTBHS COBO-
KyITHOCTH TIOMEX, KOTOpPBIE XapaKTEpU3YIOTCS MalbIMU
COOTHOUICHUSIMHA ~«CHTHAJ/IIIyM», BBICOKOH BEPOSITHO-
CThI0 OMTOBBIX OMMOOK W T.h. CyIIECTBEHHO CHIDKACT
JIOCTOBEPHOCTh MAKETUPOBAHHE OLIMOOK, MPH KOTOPOM
MOPAXKAIOTCS IIETIbIE TPYIIBI CUMBOJOB (OT €AMHHI JIO
Heckonbkux coteH) [2]. [Toatomy HyxHBI 3 dexTHBHBIC
Croco0bl KOPPEKIIMK TaKUX OIIMOOK, IMPH 3TOM HE00XO-
JIMMO YYUTBHIBATh BHECCHUE 3HAYUTEIHLHON N30BITOUHOCTH
U COOTBETCTBYIOIIEE CHIDKCHHE INPOIYCKHOH CIOCOOHO-
cTh u OblctponeiicTBus. CieqoBaTenbHO, HYXKHO YMETh
OLICHUTh XapaKTEPUCTUKHU KOJIOB M BBIOpATh UX IapaMeT-
pBI, TapaHTHUpPYIOUIHE TPeOyeMyio JOCTOBEPHOCTH IIPH
MaKCUMalbHOW WH(POPMANUOHHOHW 3((eKTUBHOCTH (MH-
HUMAaJIBbHON M30BITOYHOCTN), 33JICP)KKE, BRIYNCIUTEILHON
CIIOKHOCTM  pealu3alid  JITOPUTMOB  KOAWPOBA-
HUSI/ IEKOAMPOBAHUS U T.1.

O0bexkTOM HCCJIeI0BAHMA BHIOPAHBI MTOMEXOYCTOMN-
yuBble 1ukiInueckue aponynsie (bUX) u nenponunsie (P-
C) 130BITOUHBIE KOJIBI, X CBOWCTBA M MTapaMEeTPBl.

IIpenmeTom ucciiefoBaHUS SIBISIETCS TEOPETHUECKUI
W 3KCIICpUMEHTAIBHBIH CPaBHUTEIBHBIH aHAIN3 TOKa3a-
TEeNe JOCTOBEPHOCTH BBHIOPAHHBIX H30BITOYHBIX KOJOB
MIPY TIAKETHPOBAHWH OUIMOOK TIPH Tepeaade NAHHBIX IO
KaHaJlaM CHCTEM YIIPaBICHHS.

Henb paGoTbl — CPAaBHUTENbHBIN aHAJINU3 XapaKTepH-
CTUK H30BITOYHBIX KOAOB, KOPPEKTUPYIOLIUX ITaKETHI
ommbok. Ha ocHOBaHMHM aHanmu3a NpPEIIararoTcsi peKo-
MEHJAIUHU 0 MPUMEHEHHIO KOAOB C 33JaHHBIMU Xapak-
TEPUCTUKAMU TPU OMpEAEICHHBIX CBOMCTBAX W MOZEIH
OMUCaHMs OMIUOOK TPH Mepeaaye.

1 IIOCTAHOBKA 3AJTAYHN
KoppekTtupyromue koIpl ONUCHIBAIOTCS B3aUMOIPO-
TUBOpEYAIUMHU JPYT APYTY XapaKTepUCTUKaMH: JOCTO-
BEPHOCTHIO W 3((EKTUBHOCTHIO. 3a KaXXKIbIH IOTOIHU-
TENBHBIA OHT, YIydIIalOMNii KOPPEKTUPYIOIIHE CBOHCTBA
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KOJIa ¥ TOBBINIAIONINI ITOKa3aTeNId JTOCTOBEPHOCTH, TPH-
XOANTCST «PACIUIAUYMBATHCS» CHIDKEHHEM OBICTPOJEHCT-
BUSI, YBEJIMUCHUEM PECYPCOB, YCIOKHEHHEM aJITOPHUTMOB
o0pabotku. [ToaTOMy Ba)KHO MOIOOPATH TaKHMe MapaMerT-
PBI KOJIOB, KOTOpPBIE 00ECIEUNBAIOT BBITIOJIHEHHE TPeOO-
BaHMH MO JOCTOBEPHOCTH NPH MaKCUMAaJIbHOW 3(dek-
tuBHOCTH [3]. [Ipr 3TOM CymiecTBEHHBIM (PAKTOPOM CTa-
HOBUTCSI aJIeKBaTHAasl OLICHKA MOJIENU IMOBEACHHS MOMEX,
KOTOpBIE MOTYT OBITh OTHCAHBI KaK «HE3aBHCHUMBIE» WIIN
KaK «IaKeTHPYIOHEcs» («TpyHIUpPYyIOIIHecs), YTO BbI-
SBIIICTCS IPU TECTUPOBAHMUYU KaHajla rnepenauu [4].

JIJi KOppeKImy MakeToB OMMOOK pa3paboTaHbl U d¢-
(heKTHBHO TPHMEHSIOTCS IBOWYHBIC LUKINYECKHE KO,
MIOCTPOCHHBIE 110 NPHHIUITY HEPEMEKECHHS, WM CTICIHANb-
Hele konel (Paiipa, baprona u mp.) [5]. Ho cmoco6sr mo-
cTpoeHust, 3PPEKTHBHOCTH (M30BITOYHOCTD) W AJTOPHTMEI
JICKOZIMPOBAHUA IIUKIMYECKUX KOZOB, UCTIPABILIOIINX HE3a-
BUCHMBIE U MIAKETHPYIOIIUECS OMIMOKH, CYIIECTBEHHO OTJIU-
yatorcst. [loaTroMy ObUIM pa3paboTaHbl M MPEIJIOKEHBI IS
IIMPOKOTO TIPUMEHEHHUSI HEIBOWYHBIC LUKINYECKHE KOJIbI
Puna-Conomona [6]. OCOOCHHOCTBIO X MPUMCHCHHUS SIBJISI-
€TCsl TO, YTO CIIOCOOBI MOCTPOSHHUSI 1 aJITOPUTMBI JEKOIHUPO-
BaHUS MHBAPHAHTBI K MOJIENH OIIMOOK.

Jlnst pemennst mpoOieMbl BEIOOpa KoJa ¢ 3aJaHHBIMA
MOKa3aTeIsIMUA JIOCTOBEPHOCTH IIPHU MAaKCUMAJIBHOW 3(-
(heKTHBHOCTH BBIIOIHUM MAaTEMaTHYECKYIO MOCTAHOBKY
3aJauH.

ITycTs MMeeTcs COBOKYMHOCTh NMapaMeTpOB M30BITOU-
HBIX JBOMYHBIX M HEJIBOUYHBIX KOJIOB, XapaKTEPH3YIOIINX
ux cBoiictBa. OOmIMe nmapamMeTpsl: JyiuHa — m, k, n, t; Kop-
PEKTHpYIOIIME CBOMCTBA — S, b, a TaKXKE XapaKTepPUCTHKA
KaHana CBsA3U p. JIoNoMHUTENbHBIE TapaMeTpsl: Aias bUX-
K0J10B — i, 17st KojoB P-C — /. OHuM 337a10T 1Ba OCHOBHBIX
KpPHUTEpUs OLIEHKH KOJIOB — JOCTOBEPHOCTD, OLICHUBaeMast
yepe3 Pp,, U 30dexTuBHOCTL (MH(POPMALMOHHASA CKO-
pocth), oneHnBaeMas depe3 R. Kaknplii W3 yka3aHHBIX
KPHUTEPHUEB IPEICTABIIET CO00H (HyHKIIMOHATIBHYIO 3aBH-
CHUMOCTh OT [TapaMeTPOB KOJIa U CPEJIbl MEPEAAN:

Pap. = 1.5, )R = f(mn) = f ()i Pay ~ . (D)
Jlist pemieHns 3a1a4 CHHTE3a CHCTEMbI YIPaBJICHUS C
3aJ]aHHBIMH ITOKA3aTeNsIMH JJOCTOBEPHOCTH HEOOX0anMO
WCCIIEOBaTh 3aBUCHMOCTH BBEACHHBIX KpPUTEPHEB OT
mapaMeTpoB KOJa IMPU MAaKCHMAIIbHO BO3MOXKHOH 3 dek-
TUBHOCTH (MHPOPMALIMOHHOW CKOPOCTH TIepeIadn):

2

JIocTOBEpHOCTh XapaKTepPH3yeTCsl BEPOSTHOCTHIO TIpa-
BIJIBHOH Tiepenadn COOOIICHU MpH HANMYHA WH(pOpMa-
UM O CBOHCTBaxX (BEPOSTHOCTH IMOSIBIICHWS) M XapaKTe-
pHCTHKax (CTEeTeHb TPYyNIMPOBaHMSA) OMIMOOK. Dddek-
TUBHOCTH 3a7aeTcsi Kod(pPUIMESHTOM MOJIE3HOTO HCIIOINb-
30BaHMS TPOITyCKHOH CIMOCOOHOCTH KaHaia, MPH 3TOM
aKTyaJbHOH 3a/madeil SBIAETCS €€ MaKCHUMMU3AIus (MUHH-
MU3aIHsI CAMBOJIBHOM M30BITOYHOCTH) TPU COOIOIEHIH
3alaHHON JocToBepHOCTH. [lo3Tomy manee pemarorcs
BOTIPOCHI IO OMNPEIEICHUIO W HCCIICIOBAHUIO 3aBUCHMO-

Fip. > Pp s R > max.
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CTel TMoKa3aTelell TOCTOBEPHOCTH M A(P(PEKTUBHOCTH OT
MapamMeTpoB KOJa M CBOWCTB CpeAbl Mepeaadn. ITO JaeT
BO3MOXKHOCTb BBIOpaTh U PEATM30BATh B JIEMEHTAaX CHUC-
TEeM YTpPaBJIEHHUS CIIOCOOBI OOECTIeYeHUs 3aJaHHOM IT0C-
TOBEPHOCTH TPU MaKCUMAaJIbHOW HH(OPMAIIMOHHOW CKO-
POCTH TIepeayH.

2 OB30P JIMTEPATYPBI

[lepBoHaUanbHO ISt UCIIPABJIEHHS TAKETOB OLIMOOK
HCTIOJH30BAINCE JTBOMYHBIE IUKIndeckue koapl (BUX-
kozpl) [7]. O cTpomiuch MByMs criocobamu [1]:

1) mepemMekeHIEM CO CTETICHBIO TIEPEMEKCHH I

2) mpUMEHEeHHEeM cIieuanbHbIX komoB (Daiipa, bap-
TOHA ¥ T.1.).

K ux mocTomHCTBaM MOKHO OTHECTH XOPOILIYIO IpO-
paboTaHHOCTH AITOPUTMOB KOJUPOBAHUS U JAEKOAUPOBA-
HUS, @ TaKKe OTHOCHTENBHYIO MPOCTOTY HX ammaparyp-
HOW ¥ MporpaMMHON peann3anuu. HemocratkoM siBiseT-
Csl OTJIMYME aJlTOPUTMOB JIEKOJMPOBAHUS M CTPYKTYp Je-
KOJIEPOB JUIS PAa3HOTO XapaKTepa IOBEJICHUS OLIMOOK B
KaHasie (He3aBUCHMBIE WIIM MaKeTUPYIOLIUECs), YTO Tpe-
OyeT JOIONHUTENGHOTO aHAIN3a W PEryJsipHOTO TECTH-
poBaHUs KaHaua repenadn [§].

OTKpBITHE HEABOMYHBIX IHUKINIeCKuX kKojoB (MpBuH
Pun u I'ycraB Comomon — P-C [9]), mosBrenue >¢dex-
TUBHBIX aJTOPUTMOB JEKOAMPOBAaHUS M alapaTHO-
MIPOTPaMMHOM pea3aluy Croco0CTBOBAIO UX A dek-
TUBHOMY INPUMEHEHHI0O B HMH(GOPMAIIMOHHBIX CHCTEMaX.
K ompeznesieHHBIM  HefoCcTaTKaM  yKa3aHHBIX CIIOCOOOB
KOJIUPOBaHHS MOYXHO OTHECTH CIIOXHOCTh MX MaTeMaTH-
YECKOro OIMCAHUS M aJTOPUTMOB AEKOIUPOBaHHS. IJTO
KOMITEHCHPYETCSI MX BBICOKOH 3()(EeKTHBHOCTHIO (JOCTO-
BEPHOCTHIO), a TaKKe€ WHBAPHAHTHOCTHIO K XapakTepy
MOBEACHHUST MOMEX B KaHalle (CIIocoOBI JIEKOJMPOBAHMS
HE3aBUCUMBIX ¥ MAKSTHPYIOUINXCS OIMUOOK OJIHAKO-
BbIe). Heo0X0MmMO OTMETHTB, UTO IUPOKOE PACIIPOCTpa-
HEHHE CHCTeM Nepenadyn mH(opMarmu (IpOMBIIUICHHEIE
WH()OPMAIMOHHO-YIIPABIISIOIINAE  CHCTEMbI,  CHUCTEMBI
YIOpaBICHUS TPEANPHUITHAMH, TEICKOMMYHUKAIUH, CHC-
TeMBI XpaHeHus 1 00pabOTKH JaHHBIX H T.J.) IPOUCXOIUT
C YYETOM CYIIECTBEHHOTO CHIDKEHHS IOCTOBEPHOCTH Tie-
penaun Ha ypoBHe cuMBOJIOB [10]. DT0 TpebyeT Ooiyee
3(h(EeKTUBHOTO TPUMEHEHHUS CIIOCOOOB W AJTOPHTMOB
JIEKOAMPOBAHUS TIPY COXPAHEHHWH CPAaBHUTEIBLHO HU3KOU
N30BITOYHOCTH TIPH UCTIONIB30BAHUN PECYPCOB CHCTEMBI.

Teopus mocTpoeHUs, KOOAUPOBAHUS U ICKOJHUPOBAHUS
KOZIOB, FWCIIPABISIOMIMX TAKETHl OMIMOOK, JOCTaTOYHO
MOIPOOHO TIPEeNCTaBlieHa B HAYYHBIX MyOJIMKAIUAX 3apy-
OeXXHBIX M OTEYECTBEHHBIX HMccleaoBarenet [2, 5, 8, 11,
12]. OgHako A7 WX aHANU3 TMOKa3al HEOOXOAMMOCTH
HCCIICZOBAHMS TOJMYYCHUS WM HCCIEIOBaHHUSA 3aBHCHMO-
CTeH TOKa3arenell JOCTOBEPHOCTH M 3(PPEKTUBHOCTH
KOJIMPOBaHHs C y4eTOM CHOCOOOB MX moctpoenus. [lo-
3TOMy Jnajiee OyqyT NpeACTaBIeHBbI pe3yJbTaThl aHaIn3a
XapaKTEePUCTHK JTOCTOBEPHOCTH U 3((PEKTHBHOCTH KOJIOB
MIPY MTAKETUPOBAHUH OIIMOOK. Tarke MOCTPOSHBI MOJEIH
CHCTEM IepeAavyr W JaHbl MPAKTHYECKHE PEKOMEHIAINN
10 BEIOOPY COOTBETCTBYIOIINX MApPaMETPOB IS peain3a-
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IIUH TIPOLIEAYP KOAMPOBAHUS M JEKOTUPOBAHUS B COBpE-
MEHHOM arapaTHO-IIPOrpaMMHOM Oaswuce.

3 MATEPHAJIBI U METOJbI

Iepen u3noxxeHnem crnoco60OB U aIrOPUTMOB KOJIUPO-
BaHHWS M JIEKOJAMPOBAHUS OINpPENEIMM TEPMHUH «IIaKeT
omnbok» [4]. ByneMm cuuraTh, 4TO MakeT UMeET JJIUHY D
OUT, HAYMHAETCS ¥ 3aKaHYMBAETCsl OIIMOOYHBIM OMTOM, a
BHYTPU MOJKET COJEpXaTh W OIIMOOYHbIE, U NPABUIEHO
npuHsTEIe OUTHL. TakuM 00pa3oM, KOJIMYECTBO MCKAKEH-
HBIX OWT B MakeTe HAXOMUTCS B WHTepBaie [2; b], eciu
CYNTATh, YTO MCKAKEHHBIX OMT B MaKeTe MOXKET OBITH HE
MeHbIe 2. B pabote [1] mpomyutrocTpEpOBaHBI CITOCOOBT
OTIpENENICHNS] JUTMHBI TTAKETa B 3aBUCHMOCTH OT BBIOpaH-
HoW Mmopenu ommbok (I'mnbbepra, I'mnpbepra-Omnmora,
ITyptoBa u T.1.).

PaccMoTpuM KpaTKyro TEOpHUIO ITOCTPOEHHS M MpUMe-
HEHUS IBOMYHBIX IUKIMYECKUX KOJIOB JUISl MCIPABIICHUS
naketoB omuOoK. M3 rpanumsl Peiirepa MoxxHO ompene-
JIUTH 3aBUCHMOCTH JUTMHBI MCIIPABIIEMOT0 MaKeTa OIIH-
0OK OT KoJHMYecTBa M3OBITOYHBIX CHMBOJIOB, ITPEACTaB-
JICHHBIX Y€pe3 ero napameTphl:

*
bSEZI.k :l'S‘h. 3)
2 2 2

s mocTpoeHHs KoAa UCHOJb3YETCsl NOPOXKIAIOLIUI
nomuHoOM g(x'). CTPYKTypHBIE CXEMBI U aJTOPUTMBI KOJIH-
pOBaHMSI W JEKOIUPOBaHHS IMOJPOOHO PAacCMOTPEHBI B
pa6ore [1].

Hccnenyem 3aBHCMMOCTH XapaKTEpPUCTUKU b OT ma-
paMeTpoB Kojia i ¥ k' M IpeCTaBuM HX Ha puc. | u 2.

b b =f(i); k* = const
18
16
14
12 A
10 A
g | —— =4
6 —s—j*=6
‘2‘ @ k*=8
0
2 3 4 i

PI/ICyHOK 1 — 3aBucuMOCTH JUIMHBI UCMIPABIISIEMOI'0 ITaKEeTa
OIINOOK OT CTEHEHU NEPEMEIKCHUA

b b =f(k*);i=const

12

10
g ——i=2
6 —8— =4
4 1 /__________,.-——4 i=6
2 |
0

2 3 4 k*

PucyHnok 2 — 3aBUCHMOCTD JUTHHBI HCITPABIISIEMOTO TTAKETa OIIH-
OOK OT YHCJIa U30BITOYHBIX CHMBOJIOB KOJIa

BrrBogter o puc. | u 2: ¢ yBenn4eHHEM 3HAUYCHUH 1a-
paMeTpoB Koja AJHMHA HCIPABIAEMOro IMakKeTa OIHOOK
pacteT JuHEHHO. CKOPOCTh M3MEHEHHS XapaKTEePUCTHKH
b 10 KaXIOMy W3 IapaMeTpPOB OIPENETIETCS COOTBETCT-
BYIOIIIEl YaCTHOW MPOW3BOJHOM, HE 3aBUCHT OT JIAHHOTO
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mapameTpa U ONpPEeNesseTCs 3HAYCHHUSIMH OCTaIbHBIX IMa-
pameTpoB:

* .

ob k _ob i

=1 N *:—. 4
o 2 ok 2 @

151 o1leHKM BEpOSITHOCTH NPaBUIIBHOM Mepeaayu, Xa-
PaKTepU3yIOLIEH TOCTOBEpHOCTh, CHadaja HYKHO OIpe-
JIeTTh BAPHAHTHI MIAKETOB OMIMOOK 3aJaHHOM ITHHBI b
€ [1; b]. Bynem cunTath makeT OMIMOOK IJTMHBI b xom-
OWHanWel JABOMYHBIX CUMBOJIOB, KpailHWE 3HA4€HHs KO-
TOPOH paBHBI 1, a MEXIy HIMH MOTYT OBITh pa3HbIE CO-
yeTaHus. Tor/a 4nucio TakuX COUeTaHUH paBHO:

b2 (b" -2

=0\ J

)

Kosn4ecTBO HCHpaBIsieMBIX MAKETOB OMIMOOK KpaT-
*
Hoctu b € [1; b] onpenensiercs Tak:

> (6)

i=1 j=0\ J

JIJis Ko/1a JTMHEI 71 TAKUX TTaKeTOB OYJIeT:
*
n—b +1. @)
UroObl HE AenaTh NOMONHEHUE s KpaHux (b — 1)
CHMBOJIOB, HCIIOJIB3yeM CIIEAYIOUIYI0 JEKOMITO3HLIHIO:
OTJENBEHO OyneM paccuuThiBaTh N (MTAKETHI, B KOTOPHIX
HCKa)XaroTCsl BCE CUMBOIBI (hparMeHTa cooOmieHus) u Ny

(TTaKeThl, B KOTOPBIX HCKAXATCS HE BCE CHMBOJIEI (hpar-
MEHTa COOOIIEHU ):

Ny = Z(n—l+1) NO—Z(n—l+1)z ' )
i=1 i=3 j=0

C ydyeroM OMHOMHHAIBFHOTO paclpeleNeHus] OmnOoK
3aIMIIEM BBIPQKEHUE IJISl BEPOATHOCTH NPaBHILHOM Iie-
penaqu:

Pp.=(1=p)" +Z(n—l+1)p (1-p)""+
)

+Z(l’l—l+1)z ! jp(l )y

O1eHUM ¥ TTOCTPOUM 3aBHCHMOCTH IMOKa3aTelsl Bepo-
ATHOCTH TPABWJIBHOW TEpegadd OT MapaMeTpoB Koja
XapaKTEepUCTHK TIOMEXH B KaHale cBs3H (puc. 3, 4).

P"p_ =f(p);i =const

Pnp.
1 7 Al »n—
0,95 7 ——(7.3.4),i=3
—8— (7,3,4), i=6
0,9 1 (7,3,4), i=9
0,85 T T T
0,01 0,001 0,0001  0,00001 p

PucyHnok 3 — 3aBucuUMOCTb NOKa3aTeneil J0CTOBEPHOCTH OT
CBOWCTB ITOMEXHU B KaHase
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BeBog 1o puc. 3: mpu HU3KUX 3HAYCHUSX P, YTO CO-
OTBETCTBYET CHIIBHO «3alIyMiIeHHBIM» kaHanmam (PUYC,
Wi-Fi 1 T.1.) BbICOKasi JOCTOBEPHOCTh JOCTUTAETCS IMPU
HU3KOW A(QQEeKTUBHOCTH Kona (3a CHET CYyIIECTBEHHOMU
M30BITOYHOCTH). B «xopomux» KaHajmax CBA3M 3aJaHHOM
JIOCTOBEPHOCTH MOXKHO JOOUTHCS TPH BBICOKOH 3 dek-
TUBHOCTHU (HU3KOH M30BITOYHOCTH).

Pnp, =f(b); p =const

Pup.
1

0,95 1
0,9

4 6 8 10 b

PucyHnok 4 — 3aBUCHMOCTB TOKa3aTeieil J0CTOBEPHOCTH OT
XapaKTePHCTUK MOBEACHHUS OIIHOKM B KaHaJe

BriBox 1o puc. 4: ¢ yBenMYEHUEM JUTMHBI UCTIPABIIsie-
MOTO TTaKeTa OUIMOOK JIOCTOBEPHOCTh CHIDKAETCS 32 YBe-
ndeHust n30pITouHocTy. [lpuuem nuHaMuKa W3MEHEHHMS
CKOPOCTH YMEHBIIEHHSA JOCTOBEPHOCTH HEJMHEHHAs —
CKOPOCTbH YBEINIHNBAETCSI.

PaccMoTpuM KpaTkyro TEOpUIO MOCTPOEHUs! KOAOB P-
C [6]. Koabt P-C npencrasistor co00ii HEIBOMYHBIE IIHK-
JIMYECKHe KOJIBI, TIOCTPOCHHBIe Hax moeM I'anya GF(2),
CHMBOJIBI KOTOPBIX CTPOSTCS IyTeM OObeAMHEHHS He-
cKoNbKKUX (/) OWT, OMMCHIBAIOTCS TOJMHOMOM IO (op-
MaJIbHOI IIEpeMEHHON O ¥ 10 MOAYJII0 HETTPUBOJMMOTO U
NPUMHTUBHOTO mosiHOMa f{a) crenenu /. [TonnHoM Kona
JUIMHBI 7 CTPOUTCS. M3 HEIIBOMYHBIX CUMBOJIOB KaK KOA3(-
(unmeHToB 1o popMaIBEHOM ITepeMEHHOI X.

Koner P-C orHOCATCS K OJIOYHBIM KOJaM WM OITMCHIBA-
torcst (n,m,d)-popmoit mpezncraBneHus. VX xapaxrtepu-
CTHKH BBIYHCIIAIOTCS 10 CIEAYIOIUM pacdeTHBIM COOT-
HOIICHUSM:

d=2s+Lk=2s;n=2"-1m=n—-k=2'-1-2s. (10)

B cootBetcTBUE C mpaBmiamu 3amanus koga P-C, on
MOJKET OBITh YKOPOUYEH Ha { CHMBOJIOB 32 CUET NPUPABHU-
BaHUS K 0 COOTBETCTBYIOIIETO KOJIMYECTBA CTAPIIUX CHM-
BOJIOB TaOJMYHOTO 3HA4YeHUS WH(OPMALMOHHOHN dYacTh
WK yJUTHHEH, HO He OoJiee yeM Ha 2 cuMBoia [9].

Jnst ommcanusi AeHCTBUEM Haa TMOJMMHOMAMHU Koja
CTPOSATCS TAOJMIBI MPEACTABIICHUS, CIOXEHHS M YMHO-
eHust. [l mpouenyp KOOUPOBaHUS M JIEKOJUPOBAHMS
CTPOUTCS TIOPOKIAIOIIUH TOJIMHOM g(X).

[ponenypa xommpoBanust mis komoB P-C kxak moa-
KJlacca IUKIMYECKUX KOZOB OCHOBBIBACTCS HA JEIICHUH
WHPOPMALIMOHHOTO TIONWHOMA u#(X), TOMHOXEHHOTO Ha
x*, Ha MOPOXKAAIOIINN TTOJTHHOM g(x) [6].

[Iponenypa nekoaupoBanus kogoB P-C comepxut tpu
OCHOBHBIE 3Tala: BBIYUCICHHE CHHAPOMA, OIpeaesieHHe
MecTa OmMOOK NP MOMOLIM ITOJIMHOMA JIOKaTopa OLIN0-
KM ¥ pacyeT 3HaueHui ommoOku [3]. [Tocne 3Toro BeIUMC-
JICHHBIN TIOJIMHOM OIIMOKH e(X) CKIIaJbIBACTCSl C ITOMO-
mpto omeparn XOR ¢ mpusATEIM nonuHOM V'(x), n
OIIMOKH NCTIPABIISIFOTCSI.

[Ipoananu3upyeM KOPpPEKTUPYIOLIME CBOMCTBA KOAOB
P-C, manpaBieHHBIE Ha HCHpPaBICHUE MAKETOB OIITHOOK.
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OueBnaHO, uTo KOABI P-C, HcmipaBIsionye 0HOKPaTHYIO
OUIMOKY, He MOTYT TapaHTHPOBAHO HCIIPABIATH MAKEThI
OLIMOOK 33/IaHHOW ANHMHBI b (naxke it b = 2 ecTb Bepo-
STHOCTb PACIIOJIOKEHUS MMaKeTa OMMOOK Ha JIBa COCEIHUX
cumBonia koja P-C, 3HauMT, HY)XHO HCIpaBIICHUE Kak
MUHHUMYM JBYX CHMBOJIBHBIX OIIMOOK). OIICHUM MaKCH-
MaJIBHYI0 TOTCHIMAIBHYI (Max p) M MaKCUMAJIbHYIO
rapaHTHPOBaHHYIO (Max g) JUTMHBI UCIIPABIISEMBIX MaKe-
TOB OImMOOK (0e3 IoKa3aTeabCcTBa, OHO MOXKET OBITH Clie-
JIAHO IyTEeM MaTeMaTHYeCKOW WHAYKIUH — OT 3aJaHHBIX
MaJTbIX 3HAYEHUH K 0000IICHNUIO, a TaKXkKe TPadUIeCKH):

bmaXJJ:l'S; bmaxig:b:Z'(S_l)'i'l. (11)

[Ipoananmu3upyem 3aBUCHMOCTH JUTHHBI UCTIPABIISIEMO-
TO TTaKeTa OMMOOK OT IMapaMeTpoB Koja (puc. 5 u 6).

b b =f(l); s = const
25
20 =N
/./ 5=
15 — .
+S:
10 —
/ —a—5=5
5
0 - -
3 4 5 !

PHCyHOK 5 — 3aBUCHMOCTH JUIMHBI UCHIPABJISIEMOI'0 ITaKETa
omnOOoK OT mapamerpa Koxa /
b b =f(s); 1 = const
30

25 /l
» =3
/l/ —— =4

| e

2 3 4 s
PIflcyHOK 6 — 3aBUCUMOCTh JUIMHBI UCHIPABJISIEMOI'0 ITaKETa
OIIMOOK OT ImapamMeTpa Koaa s

BriBopI 110 pHc. 5 1 6: UIMHA HCIIPABIISIEMOTO MaKeTa
OLIMOOK JINHEWHO 3aBHCUT OT MapaMeTpOB KOJIa M PacTeT
TeM OBbICTpee, UeM JTydllie KOPPEKTUPYIOIIUE CBOHCTBA.

CkopocTh M3MEHEHUs TapaMerpa b 10 KaKAOMY U3
IIapaMeTpoB OIPEAENIIETCS COOTBETCTBYIOIIEH YacTHOW
IIPOM3BOHON, HE 3aBUCHT OT JaHHOTO IapaMeTpa H OIl-
penensiercs 3HaYeHHEM JIpyTroro mapaMeTpa:

b =5- l;@ =1l
ol 0os

[t Toro 4To0BI OLIEHNUTH, KaK BIUSET N3MEHEHHE Ka-
XKJIOTO M3 TIApaMEeTPOB Ha JUTMHY HMCHPABIISIEMOTO MakeTa
omubOOoK b, paccCauTaeM YaCTHBIE W TIOJTHOE TIPUPAIICHUS:

A :%Al =(s—DALAD :%As =[As;
ol Os

(12)

Ab# Ab+ Agb;
Ab=b(l+Al;s+As)—b(l;s) =
=[((+AD(s+As-1D)+1]—
—[l(s=1)+1]=(s —=DAIl + (I + AD)As.

(13)
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pmmep 1. Ilycte man xox P-C co cremyrommmu ma-
pamerpamu: [/ = s = 3. 3agamuM UL KaXIOTo mapamerpa
eanHUYHOe mpupameHue: Al = As = 1 u onpeaennM HO-
BbIC 3HAYCHUS IJTHHBI TTAKETa HCIPABIIEMbIX OITHOOK:
l=s=3:b=I(s-1)+1=33-1)+1=7,
b
l=s=4:A,b:%Al=(s—1)Al=2;b=b+A,b=7+2=9;

Asb=%As=lAs:3;b=b+ASb:7+3=10;
S

Ab=(s—DAl+(+A)As=(B-1)-1+(B+1)-1=2+4=6
b=b+Ab=7+6=13.

J1s1 oueHKH BEpOATHOCTH IPaBWIBHOM Nepenadd u
TpaHcdopManuK COOOIICHUs] MOKHO HCIOJIBb30BaTh (op-
MyJy, YYWTHIBAIOLIYI0 OWHOMHAJBHOE paclpenesieHne
OmKOOK B KaHAJIE CBS3H:

(14
(15)

[TosToMmy BeIpaskenne (14) MOXKHO NPEACTABUTH TaK:

S (n . .
Pnp. = Z[l]Pcl '(1_Pc)n I;PTp. :1_Pnp.-
i=0
P, =1-(1-p)"

S

Pip.= Zom[l ~(=p)'T (=) Py =1- By, (16)

OneHuM 3aBUCHMOCTh TIOKa3aTenedl JOCTOBEPHOCTH
OT JUIMHBI WCTIPABISIEMOTO TaKeTa OoImuOoK (puc. 7) s
konoB P-C co crnemyromuMu xapakTepucTukamu: [ = §;
p =107 t = {100; 200}; s = {2: b =9; 3: b = 17;
4: b =25}.

P =f(b);t =const

Pnp.
1 -
0.95 | —— =100
—8— =200
0,9 v
0,85 , ,
9 17 25 b

PucyHok 7 — 3aBUCHMOCTH MOKa3aTenell J0CTOBEPHOCTH OT
JUTMHBI UCIIPABIISIEMOr0 MAaKeTa OMINO0K

BeiBog 1o puc. 7: 4eM Kopode KO, TeM Iydlle MoKa-
3aTe TOCTOBEPHOCTH MPH TEX XKE IMOKa3aTesAX TPyTITH-
pOBaHHMS OMIMOOK B KaHAJIE Mepeiadn.

4 DKCHEPUMEHTbBI

s mpoBeieHns SKCIIEPUMEHTOB OBbUIH Pa3pabOTaHbI
MOJeNM cucTeM ympasieHuss B cpeae MathWorks
MatLab, naker pacmmpenus Simulink [13] — ¢ npumene-
HHUEM JIBOWYHOT'O IUKIMYECKOTO KOAUpoBaHus (puc. 8) u
koza0B P-C (puc. 9).

[TocTpoeHHbIE MOJIETH TTO3BOJISIIOT HCCIIEIOBATH MTOKaA-
3aTelH JIOCTOBEPHOCTH B 3aBUCHMOCTH OT CBOMCTB CpEIIbI
nepeiadu OTHOMICHUS «CUTHAI/yM» — puc. 10, a, 0.
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[Model of Communication Channel With Cyclic Redundancy Check |

L

General

General CRC
Syndrome

WAL

—

TR

CRC

Generstor

Bernoulli » BPSK

Binarny

»

Buffer

BPSK
Modulator
Baseband

General CRC
Generstor

Bermoulli Binarny
Generator

x Error Rate

&l Calculation

Display

Error Rate Calculation

AWGN i BPSK =1

Detector

BPSK Display
Demodulator

Baseband

General CRC
Syndrome
Detector

AWGHN
Channel

PPICyHOK 8 — CxeMoTeXHHYECKAs MOZEJIb CUCTEMBI YIIPABJICHUS C ABOUYHBIM HUKIIUNYECKUM KOAUPOBAHUEM

Model of Communication Channel With Reed-Solomaon Codingl

B—=H

RS Encoder

Bemnoulli BFSK AWGN

Binary

_. N

T Eror Rate

ML

BFSK

E—0

RS Decoder

Emor Rate

Bernoulli Binary
Generator

BPSK
Modulstor
Baseband

S AWGN

Channel

Integar- Input
RS Encoder

BFSK Display
Demodulatar

Baseband

Tntsge- oo Caleulaon

RS Decoder

Pucynox 9 — CxemMoTexHHUYECKast MOAENb CUCTEMBI YIIPABICHUSI C HEIBOMYHBIM KoauposaHueM P-C

0,1

0,01
#1073
1%1074
1%10°°
1%107° \\\
1%10°7 N
1*1078 N
1%¥107°
1¥10°10
1*¥10712
1#10712 A
1#¥10713
11014 \
1#¥1071°

-2 -1 0 123 4 35 6 789 10111213 14
h?, nB

a

0.1
0,01 B
1#1073 N
1#107*
1#10°°
1#107°
1*#10°7
1¥10°® \
1*#107°
1¥10710 \
1#107 11 \
#1071 \
1#10713 \
110714 \
1*]_0—15 \
210 123 456 78910111213 14

h?, nB
o

Pucynox 10 — 3aBUCHMOCTD BEPOSTHOCTH OLIHOKHA IS
BUX-xomnoB (a) u xomoB P-C (6)

© O®peiivan B. 1., 2019
DOI 10.15588/1607-3274-2019-4-21

228

[TpoBeneHHbIE SKCIIEPUMEHTHI TIOKA3aJTd, YTO KOJbI P-
C sdpdextuBree BUX, MOCKOIBKY UMEIOT OOJNBIIYIO JOC-
TOBEPHOCTH ITPY MEHBILEH N30BITOUHOCTH.

DkcnepumMenr 1.

P-C:(7,3,5) — (21,9);I=3;5s=2= b =4;

Py, =0,99999017

BUX: (7,3,4);i=3—>(21,9) = b=6;

Py, =0,999812.

BBIBOI: KOABI UMEIOT OJMHAKOBYIO IIMHY MH(OpMa-
[IUOHHOW YacTH B JIBOMYHOM TIpejacTaBieHUH (m = 9) u
nHdopmanmonHyto ckopocts (9/21). Ho moctoBepHOCTH
koxa P-C na nBa mopsaxa sydie (5 «1eBATOK» MPOTHB 3
MOCJIC 3aIATOoM). DT0 00BsACHIETCS TeM, uTo kox P-C uc-
MIpaBJIsIeT €lle U He3aBUCHMBIE OIMIMOKH, KOTOPBIE MOTYT
OTCTOSITH APYT OT JApyra OoJjplie 4eM Ha b (Hampumep, B
MIEPBOM H B TIOCJICTHEM CHMBOJIAX).

DKCNEPUMEHT 2.

P-C:(7,3,5) — (21,9);I=3;5s=2= b =4;

Prp,.=0,99999017.

BUX: (7,3,4);i=2— (14,6) => b =4,

Prp,. =0,99992258.

BeIBOI: KOIBI MMEIOT OJMHAKOBYIO JUIMHY HCIIPAB-
nsemoro makera (b = 4), HO pa3HBIe IMOKa3aTeNH JOCTO-
BEPHOCTH (5 «HEBSITOK» MPOTHB 4 TMOCTE 3arsiTon). ITO
o0BscHsIeTC TeM, 4TO id kona P-C b — MUHMMaNbHAas
(rapaHTHpOBaHHAs) UIMHA HCIPABISIEMOTO IMaKeTa OIIIH-
0ok, a MakcuManbHast — ['s (1u1s Hamero mpuMmepa 6), a
s BUX — makcumanbHas (6).

HOCTpOCHHble MoOJ€CIn MOTyT 6blT]) HCITI0JIb30BAHbI
JUISL KCIIEPUMEHTOB C IIENbI0 110100pa mapaMeTpoB Koza
C 3aJaHHOI JOCTOBEPHOCTHIO M MAaKCUMAIBbHOU 3(dek-
THUBHOCTBIO. Peann3oBaHHble B HUX aJTOPUTMBI SIBIISIOTCS
OCHOBOH ISl IPOTPaMMHON peanu3aliy Ipoueayp KOoau-
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POBaHUS W JEKOAWPOBAHUS B PEAbHOM alllapaTypHO-
mporpammaoM 6asuce (PLC, TINIUC, npyrux BBIYUCIH-
TENBHBIX YCTPOWCTBAX CHUCTEM ympasienus) [14].

5 PE3YJIBTATHI

B pesynbTare NpoBEACHHBIX TCOPETUUCCKUX HCCIICIO-
BaHUI IMOJyYCHBI 3aBUCHMOCTHU CYIICCTBEHHBIX IS TIPO-
EKTUPOBAHUS TOKa3aTeNiel KOMOB (JIOCTOBEPHOCTh U WH-
(hopMaroHHasT CKOPOCTh) OT CTPYKTYPHBIX HapamMeTpoB
KOJIOB U XapaKTepa MOBEJCHUS OMMOOK B cpele mepea-
yi. BBUTH OmnpesencHbl aHAIMTHYECKUE 3aBHCHMOCTH,
HCCIEIOBAHbI B3aMMOBIHSHUS TU((EepeHIMaANTbHbIX Ma-
paMeTpOB Ha UHTETPATbHBIE, MOIYUYCHBI UX TpaduuecKue
WUTIOCTPAIMA U C/ICJIAaH aHAIIM3 UX XapaKTepa.

[TocTpoeHbl M UCCEIOBaHbI UMUTALMOHHBIE CXEMO-
TEXHUYECKHE MOJIENN CHUCTEMBbl YIPaBJICHUS, PEaU3yio-
IME paccMaTpHBaEMble CIIOCOObI KOJMPOBAHUS, B MAKETE
mognenupoBanus MatLab Simulink. C ux moMoInpko mpo-
BEJICHBI 3KCIICPUMEHTAJIBHBIC HCCICIOBAHUSA, KOTOPHIC
TTOJITBEPIMITA BBEICHHBIC MAaTEMATHYCCKUC TTOJIOKCHUS.
Jpyroe Ha3HaueHWE TOCTPOCHHBIX MOJCICH — 3amgauu
aHalM3a W CHHTE3a CHCTEM YIIPABICHHS C 3aJaHHBIMH
MTOKa3aTeISIMHI JOCTOBEPHOCTH U 3¢ peKkTuBHOCTH.

6 OBCY KJIEHUE

[IpoBeneHHBIE HCCIEAOBAHUSA XapaKTEPHCTHK KOIOB
P-C u nosydeHHbIe 3aBUCUMOCTH MOTYT OBITh HUCIIOJIB30-
BaHBI IIPH BEIOOpE cIIocoba IIOMEX0yCTOHYNBOIO KOAUPO-
BaHMs JUISl NCTIPABIICHUS] AKETUPYIOLIUXCS OnOoK. Jls
3aJ]aHHBIX TEXHUYECKUX YCIOBHH — JUTMHA MH(OpMaIu-
OHHOM YacTh COOOIIeHUs (m), TOKa3aTeIn JAOCTOBEPHO-
cti (Pnp) M XapakTepUCTHKH cpejbl nepenadn (p, b)
MOXKHO M0J00paTh crnoco® KOIUPOBAaHHS M IapaMeTphl
Ko/a, 4ToObl 00ecrednTh MaKCHMaJIbHYI0 HH(OpMaIu-
OHHYIO CKOPOCTH (R) amsi BBICOKOH 3()()eKTUBHOCTH HC-
MIOJTE30BaHHUS PECYPCOB CUCTEMBI.

Pa3paboraHHble MoOIeNH M HPOTPaMMHBIC MOMIYJIH
alanTHPOBAHBI Ul NPHMEHEHUS B NPOTPAMMHBIX MOIY-
JSIX TIOCTPOEHHMs, pacyera, KOAUPOBaHUS M JIEKOAUPOBA-
HHUSA IIOMEXOYCTOHYMBBIX KOJOB IPU HMX IPAKTHYECKOU
peanuzanuu B anmnapatypHo-nporpamMmHoMm (ITJIMC) wim
nporpammHoM (PLC) 6a3uce.

BbIBO/1bI

B paborte pemiena 3aadya nccieZjoBaHus M BEIOOpa CIIO-
coba MOMEeXOyCTOWYMBOIO TBOMYHOTO M HEJBOUYHOTO KO-
JMPOBAHUS B YCIOBHSX IaKeTUPOBaHMs ommOoK. bputy mo-
JTy4eHbl W TPOAHAIM3UPOBAHBI 3aBHCUMOCTH IIOKa3aTeseH
JOCTOBEPHOCTH OT IapaMeTPOB KOJOB M CBOKMCTB CpeEmbl
nepenavyd Uit oOecHieueHusl MX 3alaHHBIX 3HAYEHHH IpH
MaKCHMAaJIbHOM HH(OPMAITMOHHOM 3 (PEKTUBHOCTH.

Hayunas HOBH3HA Tpe/ICTaBICHHBIX PE3yJIbTATOB 3a-
KJIFOYaeTCsl B TOM, YTO NPEIOKEH CIIoco0 pacdeTa rmoka-
3areniell goctoBepHocT i nBomuHoro bUX-kona, uc-
MIPaBJIAIONIETO TaKeT OIMMOOK, 0COOEHHOCTHIO KOTOPOTO
SIBIISIETCS] yYeT BCEX BO3MOJKHBIX BAPHAHTOB pacrpesielie-
HUSI OIIMOOYHBIX W MPaBHJIBHO NMPHHATHIX OUT B IaKeTe.
Orto mo3BomseT 3(peKTUBHO pemaTh 3aJaud CHHTE3a H
aHAJIN3a CHCTEM YIPABIICHUS ¢ 3aJJaHHBIMH MIOKa3aTeIsIMU
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JIOCTOBEPHOCTH W MAaKCHUMalTbHOH 3()()EeKTHUBHOCTHIO,
noadupasi CTPYKTYpHBIE MapaMeTphl KoJja ¥ OPUEHTHUPY-
SCh Ha CBOWCTBa cpellbl nepenaun uHdopmanuu. Takxke
MPEATOKEH OpPUTUHAIBHBIA TOAXOA K HCCIEIOBaHUIO
3aBHCUMOCTEI KOPPEKTUPYIOMUX cBOMCTB koma P-C, ot-
JIMYMEM KOTOPOTO OT M3BECTHBIX SIBISETCS OLICHHBaHHE
XapakTepa M3MEHEHUH MX KOJMYECTBEHHBIX MOKazaTelen
yepe3 YacTHbIE MPOU3BOJHEIE 10 MapamMeTpaM Kojaa. JTo
JlaeT BO3MOXXHOCTH pa3pabOTKH peKOMEHJanuil mo 3d-
(hexTMBHOMY TOAOOPY MapamMeTpoB KOMOB ISl Tpedye-
MBIX TIOKa3aTenell JOCTOBEPHOCTH W MaKCHMAUIBHOH 3¢-
(hDeKTHBHOCTH C Y9€TOM PECYPCHBIX OTPAaHHICHHUH.

[TpakTrueckass 3HAYNMOCTH PE3yJIHTATOB PAOOTHI 3a-
KIIFOYaeTCs] B peallM3allill NMHUTAIIMOHHBIX CXEMOTEXHH-
YECKUX MOJEJICH CUCTEMBI YNPABICHUS, UCIONb3YIOIIEH
UCcIeyeMble Crioco0bl M30BITOYHOTO JIBOMYHOTO U He-
JIBOUYHOTO KoAupoBaHMsA. OHHU TO3BOJIAIOT BBIIOJIHUTH
HCCIICIOBAaHMS TOKa3aTese JOCTOBEPHOCTH U OLIEHUTH
3 PEKTUBHOCTh HCIOJIL30BAHUSI MPOITYCKHOW CIOCOOHO-
CTH CHCTEMBI TIPH PA3IMYHBIX CHOCO0aX KOIUPOBAHMUS,
CTPYKTYPHBIX HapaMeTpax KOJOB W MOJEISIX BO3ICHCT-
Busl momex. Mopemn siBisercss 3QQEKTUBHBIM HHCTpPY-
MEHTapHeM ISl aHAJIN3a ¥ CHHTE3a CHCTEM YIIPABICHUS C
3aJaHHBIMH TIOKa3aTeIsIMH JOCTOBEPHOCTH U MAaKCH-
MaJbHOW WH(POPMAIIMOHHOW CKOPOCTH TIEPEIayH.

[lepcrieKTUBEI HanbHENIINX UCCIEAOBAHUM NpeaIoa-
raroTcsl B pa3paboTKe aJrOPUTMHUYECKOTO U IIPOTPAMMHO-
r0 MHCTPYMEHTapHUs Ul pacueTa U CPaBHUTEIBHOTO aHa-
JM3a XapaKTepUCTHK M30BITOYHBIX KOZOB IPU JIEHCTBHU
MOMEX Pa3lIUYHOTO XapaKkTepa MOBEICHNUS.

BJIAT'OJAPHOCTH

[IpencraBneHHble MCCIENOBAaHMS MPOBEICHBI B paM-
KaX COBMECTHBIX HAayYHO-HCCIICIOBATEILCKUX U OMBITHO-
KOHCTPYKTOPCKHX PabOT ¢ OAHUM M3 BEAYIINX OTE€YECT-
BEHHBIX Pa3pabOTYNKOB W MPOU3BOIAMUTENICH ammaparypsl
CBsI3M ¥ MH()OPMAIIMOHHO-YTIPaBISIOmMuX cucreM — [TAO
«Mopmuon» (1. Ilepmb, Poccus). [lomydeHHbIe pe3yapTaThl
IpeHa3HAYeHb! JUIA anmapaTypHO-IIPOrpaMMHON peau-
3alUK KOAUPYIOIIUX U JEKOAUPYIOLUINX YCTPOHUCTB, KOTO-
pble 00ecneyrBalOT Ha/Ie)KHOE B3aUMOJICHCTBIE MOy IeH
MPOEKTUPYEMOT0o 000pYyIOBaHHS MO BHYTPUOJIOYHOW Ma-
THCTPAJIN, TAKKE 110 JIOKAITGHBIM M TPAaHCHOPTHBIM KaHa-
JlaM CHCTEMBI YIpaBlICHHs. ABTOP BBIpaXKaeT IITyOOKYIO
NPU3HATENIFHOCTE CBOEMY YUHTENI0 M MHOTOJICTHEMY
pykoBomuTenmo pabot mpodeccopy Edumy JIpBoBHUY
Komny 3a nproOmienne k HaydIHOH TeMaTHKE.
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AHAJII3 JOCTOBIPHOCTI IIEPEJAYI MIZK TIPUCTPOSIMU CUCTEM YIIPABJITHHS ITPU TAKETYBAHHI
IOMMJIOK

®peiiman B. 1. — 1-p TexH. Hayk, mpodecop kadenpm «ABTOMATHKA 1 TeleMexaHikay, I[lepMchkuil HarlioHaIEHHI
JOCIITHHUIBKOTO TOJIITEXHIYHNH yHiBepcuteT, M. [lepm, Pocist.

AHOTAIIA

AxTyanbHicTh. [IpoBeneHo aHaji3 MOKa3HUKIB JOCTOBIPHOCTI mepedadi iHdopmarii M eleMeHTaMH CHCTEM YHpaBIiHHS 3
ypaxyBaHHJIM MaKeTyBaHHs (IPyIyBaHHs) MOMHJIOK B KaHaii 3B’s3Ky. O0’€KTOM JOCHIIKEHHS € XapaKTepHCTHKU 1 MapamMeTpu
3aBaflOCTIHKUX UUKIIYHAX IBIMKOBHX 1 HEOBIMKOBHUX KOIIB, OpPI€HTOBAaHMX HA BHIIPABICHHS IMAaKeTiB MOMMWIOK. [Ipenmer
JIOCTIDKEHHS — TEOPETUYHUH 1 eKCTIEPUMEHTAIFHIN MTOPIBHSUIBHUH aHai3 MOKA3HUKIB JOCTOBIPHOCTI KOJIB, IO BUIPABIISIOTH Ma-
KETU MOMHUIIOK.

Meta po6OTH — BU3HAUCHHS aHAJNITHYHUX 3aJICKHOCTEH IMOKA3HHKIB TOCTOBIPHOCTI OOpaHHMX HAJIMITKOBUX KOJIB BiJ iX BIa-
CTHBOCTEH 1 SKOCTEH KaHally 3B’s3Ky, po3poOKa Mopeneil sl X eKCIepUMEHTAILHOrO JOCIIPKeHHs, (OpMYyBaHHS peKOMeHIamiit
11010 BUOOPY KOAIB 3 3aJaHNMH XapaKTePUCTUKAMU IIPU IIEBHUX BJIACTHBOCTSIX 1 MOJIEJIi OIUCY TOMIJIOK.

Metoan. Bukopucranunit MaTeMaTHYHUI anapar i Teopis HoOyJ0BH 3aBaIOCTIHKUX IMKIiYHNX ABilikoBuX (BUX) i HenBilikoBHX
(Pina-Comnomona) koxiB. OTprMaHO aHAJITUYHI CITiBBIIHOIICHHS /Ul BU3HAYCHHS NOKA3HUKIB JOCTOBIPHOCTI Mepeadi 3 ypaxyBaH-
HSIM MOJKJIUBHX CIIOTBOPEHb CHMBOJIIB KOy BCEpPEIHHI MaKeTy MOMHUIOK. JIOCHiKeHO 3alIe)KHOCTI KOPUT'YBaJIbHUX BIIACTUBOCTEH i
WMOBIPHOCTI MPaBUIIBHOI Mepefavi Bi mapaMeTpiB KOAY i MOMWIIKH, HaBEICHI LIIOCTPYBalbHI MpHUKIanu. Po3pobieHo iMitamiiHi
CXEMOTEXHIYHI MOJENi CHCTeMH YOpPAaBIiHHSA 3 JOCIHDKYBaHHMH CIIOCOOaMHM  3aBaJIOCTIHKOro KomyBaHHA. [IpoBeneHo
eKCTIepIMEHTaJIbHI JOCIIKEHHS, Ha MMiJICTaBl OTPUMaHHX JaHUX 3pOOJIEHO BHCHOBKH 1 3alIpOIIOHOBAaHI PEKOMEHJALIIT 00 BHOOPY
rapaMeTpiB KOMiB Ul 3afaHUX IIOKa3HUKIB IOCTOBIPHOCTI Ul 3a0e3nedeHHs MakcuMaiabHOI edexTwBHOCTI (iH(opMamiiHOT
HIBHKOCTI mepeayi).

PesyabTaTn. OTpuMaHi 3aI€)XHOCTI TOKa3HHUKIB JOCTOBIPHOCTI (MOBIpHICTH NPaBUIBHOI Iepefadi) i KOPUTYBAIBHUX BJIACTH-
BOCTEH (JOBXMHA ITaKeTa MOMMIOK, L0 BHIIPABISIETHCS) NOCIIKYBAHUX HAIJIMIIKOBUX KOXIB BiX iX mapaMmerpiB (KUIBKOCTi Hal-
JMIIKOBUX CHMBOJIIB, CTYIEHs nepeMeskeHHs — uist BUX-koxiB; Momyib nosnst ['anya, KpaTHICTh BUIIPABICHUX TOMMIIOK — U1 KOAIB
Piga-Conomona). HamaHo pekomeHparii moa0 BUKOPUCTAaHHS OTPHMAHHUX pe3yJbTaTiB MpH BHOOpPI mapamerpiB xody. Jmsa mpose-
JICHHS EKCIIEPIMEHTAIBHUX JTOCTIDKEHb CTBOPEHO 1 HAJAIITOBAHO MOJENI CHCTEMH yTpaBiiHHA B cepenopumli MathWorks MatLab
Simulink.

Bucnoskun. IIpoBeneni B poGOTi TOCHIKEHHS JO3BOISIOTH PO3paxyBaTH i OOIPYHTOBAHO BHOpAaTH MapaMeTpH HAIIHMIIKOBHX
KOJIiB JUUISl 33/IaHUX MOKA3HUKIB TOCTOBIPHOCTI 3 YpaxyBaHHSM MOJICIIi MOBEIHKK MOMUJIOK B KaHaii nepenadi. Lle nae MoxIuBicTh
NIPOEKTYBAaTH 1 peanizyBaTH HaJiHHI CHCTEMM YIpABIIHHSA 13 3aJaHUMU IIOKa3HUKaMH JOCTOBIPHOCTI Ta MaKCHMAJIbHOIO
iH(pOpPMaLiHO0 MBHIKICTIO Iepeaadi.

KJIIOYOBI CJIOBA: indopMmariiiHO-KepyIoUi CHCTEMH, JOCTOBIPHICTD, CTIHKICTh, HaUTHIIKOBICTh, IUKIIIYHI KOJH, ITAKET I10-
MHJIOK, MOZICIIb.
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ANALYSIS OF THE TRANSMISSION RELIABILITY BETWEEN CONTROL SYSTEMS DEVICES WHEN ERRORS
ARE PACKAGED

Freyman V. 1. — Doctor of Technical Science, Professor of Department «Automatics and telemechanics», Perm National Re-
search Polytechnic University, Perm, Russia.

ABSTRACT

Context. The reliability indicators of information transmission between control systems elements, taking into account the pack-
aging (grouping) of errors in the communication channel, are analyzed. The research object are the characteristics and parameters of
noise stability cyclic binary and non-binary codes for the correction of error packets. The research subject is a theoretical and ex-
perimental comparative analysis of the reliability indicators of codes for correcting error packets.

Objective. The purpose of the work is to determine the analytical dependencies of the reliability indicators of the selected redun-
dant codes from their parameters and the communication channel properties develop models for their experimental research, formu-
late recommendations for choosing codes with preset characteristics with certain properties, and an error description model.

Methods. The math methods and building theory of noise stability cyclic binary (BCH) and non-binary (Reed-Solomon) codes
are used. The analytic formulas for determination of reliability indicators taking into account bits distortions within error packet are
received. The dependencies for corrective properties and correct transmission probability form codes and error parameters are re-
searched, the illustrating examples are shown. The simulation circuit design models for control systems with researched methods of
noise stability encoding are developed. The experimental research has been done, based on the results, conclusions and recommenda-
tions for choice of code parameters for preset reliability indicators for providing of maximum efficiency (information rate) are made.

Results. The dependencies of the reliability indicators (correct transmission probability) and the corrective properties (the length
of corrected errors packet) from its parameters (the number of redundancy symbols, the interleaving degree — for BCH-codes; the
Galua field module, number of corrected errors — for Reed-Solomon codes) are received. The recommendations of using the received
results for code parameters choice are given.

Conclusions. The performed researches allows calculate and reasonably choose of redundancy codes parameters for preset reli-
ability indicators u the behavior model of errors within the communication channel. It makes possible to design and implement reli-
able control systems with preset reliability indicators and maximum information rate.

KEYWORDS: information and control systems, reliability, noise stability, redundancy, cyclic codes, error packet, simulation.
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