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THE METHOD FOR APPROXIMATING THE EDGE DETECTION
CONVOLUTIONAL OPERATOR USING A GENETIC ALGORITHM
FOR SEGMENTATION OF COMPLEX-STRUCTURED IMAGES

Abstract. The subject matter of the study in the article is the method for approximating the convolutional operator for
edge detection using a genetic algorithm for segmentation of complex-structured images. The goal is to develop a method
for approximating the convolutional operator for edge detection using a genetic algorithm for the segmentation of complex-
structured images. The tasks are: analysis of known methods of segmentation of optoelectronic images, development of a
method for approximating the edge detection convolutional operator using a genetic algorithm for segmenting complex-
structured images, practical validation of the method for approximating the edge detection convolutional operator using a
genetic algorithm for segmenting complex-structured images. The methods used are: digital image processing methods,
data clustering techniques, matrix theory mathematics, swarm intelligence methods, the genetic algorithm, mathematical
modelling techniques, optimization theory methods, as well as analytical and empirical methods for image comparison. The
following results are obtained. The advantages and disadvantages of the main known methods for segmenting
optoelectronic images have been identified. It has been established that the most effective segmentation methods for images
from space-based optoelectronic observation systems (complex-structured images) are those based on swarm intelligence
and genetic algorithms. An important case of segmentation — binarization (segmentation into two classes), has been
considered. The task of binarization has been formalized, and the concepts of structural and amplitude predicates have been
introduced. The method for segmenting complex-structured images has been improved, in which, unlike existing methods,
a genetic algorithm is used for approximating the edge detection convolutional operator, facilitating segmentation of
images at various scales with later integration of the results. A visual assessment of the quality of the segmented image has
been conducted using the improved method. Conclusions. The method for segmenting complex-structured images has been
improved, in which, unlike existing methods, a genetic algorithm is employed to approximate the edge detection
convolutional operator, easing segmentation of images at various scales with later integration of the results. A visual
assessment of the quality of the segmented image using the improved method shows a significant reduction in the number
of noise objects present in the segmented image.
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Introduction

Formulation of the problem. Currently, space-
based optoelectronic observation systems are used to
address a wide range of tasks. For example, based on
the analysis (decoding) of optoelectronic images,
various tasks are being solved [1-3]:

— monitoring environmental situation;

—agriculture and land management;

— urbanization of territories;

— monitoring of temporarily occupied territories;

— fighting with terrorism;

— at the interests of the State Border Guard service;

—making management decisions by governmental
authorities;

— to ensure security and defence, etc.

The satisfaction of consumer requirements for the
quality of decoding optoelectronic images is primarily
determined by the quality of their segmentation [4, 5].
The quality of segmentation significantly affects the
completeness, accuracy, and reliability of the information
derived from the interpretation of optoelectronic images.

Such  requirements from information consumers
necessitate the use of appropriate methods for the
segmentation of optoelectronic images.

A distinctive feature of optoelectronic images from
space observation systems is their complex structure.
This means that [6, 7]:

— a large number of heterogeneous objects;

— objects in the image belong to various structural-
spatial elements;

—own significant characteristics of each type of
object;

—the morphologically complex structures of the
objects;

— the objects are compact;

—the objects have low-contrast compared to the
background.

The complexity of such images results in difficulties
and, in some cases, complete ineffectiveness in applying
known segmentation methods. Therefore, research
focused on the development of segmentation methods for
complex-structured images from space optoelectronic
observation systems is of significant relevance.
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Analysis of recent research and publications. In
[8], methods for segmentation based on the statistical
description of textures are proposed. A texture
characterizes the distribution of brightness values in the
image. A drawback of [8] is the ineffectiveness of
segmentation when the objects of interest are obscured
by background objects.

In [9], the use of Laws' texture energy for image
segmentation is proposed. The method is two-stage. The
first stage involves calculating the local mean value for
each pixel in the image. The second stage entails the
parallel application of sixteen masks of 5x5 size. These
masks are used to isolate different texture components
of the image (Laws' energy characteristics). A drawback
of the method [9] is the dependence of mask size on the
type of image and the complexity of parallel processing
with all masks simultaneously.

In [10], the computation of a co-occurrence matrix
is proposed for conducting segmentation. This matrix
serves as a source of statistical information on the
brightness of the neighbourhood of each pixel in the
image. The drawbacks of method [10] include:

— the complexity of working with pixels of varying
brightness;

—the necessity of having
available.

In [11], a segmentation method based on the k-
means algorithm is proposed. A significant drawback of
[11] is the substantial dependence of the method's
performance on the selection of the k parameter.

In [12], a segmentation method based on the C-
means algorithm is discussed. In this case, fuzzy
entropy is used to figure out the number of segments. A
drawback of [12] is the method's sensitivity to additive
noise, which, in turn, significantly deteriorates the
quality of segmentation.

In [13], an improved segmentation method based
on the fuzzy local binary pattern C-means algorithm is
proposed. A drawback of [13] is also its sensitivity to
additive noise.

In [14], a segmentation method using \Voronoi
tessellation is proposed. The method involves
constructing a set of polygons, selecting polygons with
common properties, and merging them into regions. A
drawback of [14] is its low computational efficiency.

In [15], the use of a Haar mosaic is proposed. The
Haar mosaic consists of a collection of primitives,
which are assembled into a mosaic and analysed. Spatial
filtering of the image is employed to obtain the
primitives. A drawback of [15] is the method's
complexity in scenarios involving a combination of
textured and non-textured areas.

In [16], a segmentation method based on a fractal
algorithm is proposed. A drawback of [16] is the
difficulty in unifying structures in a way that ensures the
delineation of fractal dimensions.

In [17], a segmentation method based on the use of
spectral texture measures is proposed. The spectral
texture measure of the image is calculated using the
Fourier spectrum. A drawback of [17] is the
complication of processing when fine-grained texture is
present in the image.

reference textures

In [18], segmentation methods based on
convolutional neural networks are proposed. A
drawback of [18] is the necessity of mandatory pre-
training of the convolutional neural network.

In [19], the use of support vector machines for
image segmentation is proposed. The essence of [19]
lies in combining a supervised machine learning model
with support vector machines. The classification of
objects of interest is conducted using support vector
methods, along with boundary segmentation and the
complete lambda algorithm. A drawback of [19] is the
multi-stage nature of the proposed approach.

In [20], the use of the Random Forest method for
segmenting natural surfaces (grass, gravel, sand, water)
in images is proposed. A drawback of [20] is the limited
range of objects of interest available for segmentation.

In [21], a segmentation method based on the
particle swarm algorithm is proposed. A drawback of
[21] is the complexity involved in implementing the
method.

In [22], an improved method for segmenting
complex-structured colour images is proposed. The
essence of [22] lies in the use of the ant colony
optimization algorithm to highlight the contours of
objects of interest in satellite imagery. An advantage of
[22] is the increased accuracy of segmentation
compared to known methods. A drawback of [22] is the
emergence of a large number of small contours in the
resulting image (over-segmentation).

In  [23-24], a segmentation method for
optoelectronic images based on a genetic algorithm is
proposed. The method has proven its effectiveness. For
instance, the application of the genetic algorithm
reduces first and second type segmentation errors by
approximately 10% to 17%, depending on the type of
image. The drawbacks of [23-24] include the
complexity of implementing the genetic algorithm and
its lengthy processing time, particularly considering the
size of the input image.

Thus, the analysis of known segmentation methods
indicates that the most effective techniques for
segmenting images from space  optoelectronic
observation systems are those based on swarm and
genetic algorithms. Therefore, it is advisable to combine
the advantages of the segmentation methods based on
swarm and genetic algorithms for the segmentation of
images from space optoelectronic systems.

Thus, the goal of the article is to improve the
method of segmenting images from a space
optoelectronic observation system using an operator
whose elements are computed with the aid of a genetic
algorithm.

Main results

The task of segmenting optoelectronic images can
be considered a specific instance of the data clustering
problem, which is carried out by minimizing pairwise
mean squared deviations within each cluster.

Let X = (X1, X2, ..., Xn) be a set of observations,
where each observation is a d-dimensional real vector.
The goal of clustering is to partition n observations into
k<n subsets S={Si, Sy, ..., Sn} such that the intra-
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cluster sum of squared distances (i.e., the variance) is
minimized, which can be expressed in the form of
equation:

S:

& 2 & @
=arg mslnz > x4 =arg msan|Si|var(Si),
i-1

i=1 xe$;

where pi—mean of the set Sj; |S;| — number of the

elements in S;; var (S;) — the variance of the quantity S;.

A practically important case of segmentation is
binarization — segmentation into 2 classes, commonly
referred to as foreground and background. In this case,
the segmented image f can be represented as a binary
matrix b, such that for each pixel with coordinates (i, j),
the following expression holds:

bij =

1, if f;; is foregound pixel;
@)

0, if fj; is backgound pixel.

It should be noted that selecting only the
brightness of a pixel as a feature for binarization is not
the optimal choice. In many cases, it is advisable to
include other additional features for binarization.
Formally, this can be represented as

bj :O(Pn(fij )) @)

where each predicate P, is true if a certain condition is
met.

For instance, in [21, 22], it is demonstrated that to
highlight artificial objects on the Earth's surface, it is
advisable to use the following two features: the artificial
object has a high value of brightness contrast at the
boundary with the background, and the object itself is
generally brighter than the background. Thus, in this
case, equation (3) can be represented as

byj =Ry ( ) P2 ( fi ). )

where Pi(fj) — a predicate, which we will henceforth
refer to as the structural predicate, that is true if, at this
point, the value of the brightness gradient magnitude is
large (i.e., exceeds a specified threshold) (for example,
in the terminology of [25] — an image-filter); Pa(fij) — a
predicate that we will refer to as the amplitude
predicate, which is true if, at this point, the brightness
value exceeds a specified threshold.

As shown in [25], the values of the gradients need
to be analysed across a scale pyramid (for example,
[26]), meaning that the structural predicate P4(fij) should
be represented as

R(f)=55¢

where symbol () denotes a composition of vectors,
Slk,z and Sé‘ are defined by expressions (6) and (7),
respectfully:

ok
VSUZ f” ‘ >1, (5)

K
k = o e}
S, =Su2°Syz2°-Sy2, (6)

) k
SK =8,08,0..5, @)

and denote k-fold compositions of Sy, operators (which
scale down the image by a factor of 2) and S, operators
(which scales the image up by a factor of 2)

respectfully; V —the Hamiltonian operator (nabla),
which is used to denote the gradient of a function; t;, —
the binarization threshold for the structural predicate.

The amplitude predicate Px(fij), in its turn, can be
represented as

P (fi)=fy > 72, ®)

where 1, — the binarization threshold for the amplitude
predicate.

Equation (5) can be generalized by replacing the
gradient magnitude with the general edge detection
operator D [27]:

R(f)=55-

Thus, expression (4) can be rewritten as

DOSf/2 fij‘>fl. (9)

k
bij :(SZ o

k
DOSl/Z fij‘>2'l)ﬁ<fij >7.'2). (10)

It should be noted that for practical applications, it
is sometimes convenient to use fuzzy logic [28], where
the logical variables are not binary but are instead real
numbers in the interval [0, 1]. By analogy, we will also
use the term fuzzy binarization. For performing fuzzy
binarization, we will assume that the brightness values
of each pixel fj; are also normalized to the range [0, 1],
thus, the logical operation N can be represented simply
as the multiplication of real numbers. In this case the
equation (expression (10)) is simplified (as thresholds
11, 12 are not needed:

k
bij Z(Sz ©

where dot (-) represents simple multiplication.

As shown in [26], a good choice for edge detection
is the use of optimization algorithms based on Ant
Colony Optimization (ACO) (see also [29]). A drawback
of this approach is its high computational cost.

In this work, it is proposed to find an approximation
of the edge detection operator using the ant colony method
(denoted as DA®®) with a convolution operator having a
kernel size of (wxw) (denoted as D***). The convolution
operator will be determined using a genetic algorithm.

First, we will select a target function for
optimization. Let us assume that, for the input image

fij the ant colony method has computed a set of edge

D-sK f; ‘) fi (11)

images Jij for a scale pyramid of size k:

7 k' |nACO ok |z
dij :(Sz O‘D 081/2‘) f” y (12)
where k'=1..k.

Then, the objective function s(q) of the vector of
unknown variables g (the number of which is obviously

w?) can be represented as (expression (13)):
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K
s(a)= 2“55 o[ (ay+sk F)|-a H . (13)
k'=1 2

where D"**(q) is simply a matrix of wxw size, symbol
(*) denotes convolution, and the summation of
differences in the Lo-norm (the choice of the Lo-norm is
not fundamental, as similar results can be obtained
using any image comparison metric) is carried out
across all scales k'=1..k.

Minimising s(q) (value q is chosen from the
interval [-1, +1]), we obtain an approximation for
D»*(q). Comparing to (5), it can be understood that

D***(q) selected by analogy with operator V , so it is
reasonable to expect that D***(q) will be similar to the
matrix approximation of the Sobel operators (or,
possibly, since the magnitude of the convolution result
is taken, it may resemble the Laplacian).

It should be noted that function (12) is
significantly nonlinear (primarily due to the scaling

operators Sf/'z, 8'2" and possibly when using a

nonlinear image comparison metric instead of the L,
norm) making it impossible to find its minimum using
standard methods. For this type of problem, evolutionary
optimization methods, including genetic algorithms, are
most suitable. The slowness of the genetic algorithm in
this case is insignificant, as D**(q). (unlike DA°) is
calculated only once for the input image (or for a set of
input images—expression (12) can be easily generalized
for this case). The application of D***(q) is fast, as the
convolution calculations can be easily parallelized and
are optimized operations for modern computing systems.

We will illustrate the operation of the proposed
algorithm for finding D***(q) for w=5. The genetic
algorithm was initiated with default parameters,
Population Size set to 200, a Maximum Number of
Generations equals 1000 (Listing 1). The expression
chosen as the objective function is (12), with its
realization in MATLAB as shown (Listing 2).

ga_opts = optimoptions('ga’, 'display’, ‘iter’,...
'PopulationSize', 200, 'MaxGenerations', 1000,

'"PlotFcn', 'gaplotbestf');
Listing 1

function curr = fitness(x, win, metric, src,
dst, scales)
kernel = reshape(x, [win win]);

curr = 90;
for n=1:numel(src)
for s = 1:numel(scales)
src2 = imresize(src{n},1/scales(s));
dst2 = imfilter(src2, kernel,
'symmetric');
dst2 = abs(dst2);
curr = curr + metric(dst{n}{s}, dst2);

end
end

Listing 2

For accurate comparison of the results, we will use
the input image (Fig. 1) [30].

Fig. 1. The input colour satellite image [30]

Fig. 2 presents the graphs of changes in Best
fitness and Mean fitness as a function of Generation.

30

Fitness value

0 200 400
Generation

Best: 0.242403 Mean: 0.32616

®  Best fitness
® Mean fitness

600 800 1000

Fig. 2. Graphs of changes in Best fitness and Mean fitness as a function of Generation
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As can be seen from the analysis of Fig. 2, the
minimum value of the objective function s(q) is
0,242403, while the mean value of the objective

5x35

D (@

0.5

-0.5 -

w 2

function s(g) is 0,32616. Fig.3 visualizes D>(q)
kernel, which was obtained as a result of the operation
of the genetic algorithm.

2 w

Fig. 3. Visualization of D3*3(q) kernel, obtained as a result of the operation of the genetic algorithm

Fig. 4 represents a top view for a D¥3(q) kernel,
obtained as a result of the operation of the genetic
algorithm. Further analysis of Fig. 4 allows us to assert
the similarity of the convolution kernel D3(q) to a
Laplacian kernel.

Fig. 4. Visualization of D3*3(q) kernel, obtained
as a result of the operation of the genetic algorithm (top view)

Fig.5 shows the segmented image obtained
through the approximation of the convolution operator
D%5(q) using the genetic algorithm. The scaling factor
isk=1.

Fig. 6 presents the segmented image obtained
using the convolution operator DA© based on the results
of [25, 26], for comparative analysis. The scaling factor
for the images in Fig. 6 is also k = 1.

Visual analysis of Fig.5 and Fig. 6 indicates a
reduction of noise objects in Fig. 5 compared to Fig. 6.
It is worth noting that the presence of a certain number
of noise objects is one of the main drawbacks of using
the ant colony algorithm for segmenting complex-
structured images.

Fig. 7 shows the results of segmenting the input
image (Fig. 1) obtained through the approximation of

the convolution operator D**(q) using the genetic
algorithm. However, unlike Fig. 5, images with varying
scaling factors were applied (1/8, 1/4, 1/2, 1).

For comparative analysis, Fig.8 presents the
segmented image obtained using the convolution operator
DACO based on the results of [25, 26]. The scaling factors
for the images in Fig. 8 are (1/8, 1/4, 1/2, 1).

Fig. 5. Segmented image obtained through the approximation
of the convolution operator D¥3(q) (scaling factor k = 1)

Fig. 6. The segmented image obtained using the convolution
operator DACO [25, 26] (scaling factor k = 1)
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Fig. 7. The segmented image obtained through the
approximation of the convolution operator D>5(q)
using the genetic algorithm (scaling factors 1/8, 1/4, 1/2, 1)

Fig. 8. The segmented image obtained using the convolution
operator DACO [25, 26] (scaling factors 1/8, 1/4, 1/2, 1)

Visual analysis of Fig.7 and Fig.8 indicates a
reduction of noise objects in Fig. 7 compared to Fig. 8.
Lesser amount of noise objects in Fig.7, Fig.8,
compared to Fig.5, Fig.6, is also attributed to the
application of segmenting complex-structured images at
different scales (scaling factors of 1/8, 1/4, 1/2, 1) with
subsequent merging of the segmentation results for
images at each scale. Thus, the method for segmenting
complex-structured images has been improved, in which,
unlike known methods, a genetic algorithm is used for the
approximation of the edge detection convolution
operator, allowing for segmentation of images at different
scales followed by the merging of results.

Visual assessment of the quality of the segmented
image using the improved method indicates a significant
reduction in the number of noise objects in the
segmented image.

Conclusions and the directions
of further research

An analysis of known methods for segmenting
optoelectronic images has been conducted.

It has been established that the most effective
segmentation methods for images from space
optoelectronic observation systems (complex-structured
images) are those based on swarm and genetic
algorithms.

Therefore, it is advisable to combine the
advantages of these segmentation methods based on
swarm and genetic algorithms for the segmentation of
images from space optoelectronic systems.

A practically important case of segmentation—
binarization (segmentation into 2 classes) — has been
considered.

The binarization task has been formalized, and it
has been concluded that for highlighting artificial
objects on the Earth's surface, it is advisable to use the
following two features:

— the artificial object has a high value of brightness
contrast at the boundary with the background;

—the artificial object is generally brighter than the
background.

The following concepts have been introduced:

— structural predicate, which is true if, at this point,
the value of the brightness gradient magnitude is high
(i.e., exceeds a specified threshold);

—amplitude predicate, which is true if, at this
point, the brightness value exceeds a specified
threshold.

The method for segmenting complex-structured
images has been improved, in which, unlike known
methods, a genetic algorithm is employed for the
approximation of the edge detection convolution
operator. This method facilitates segmentation of
images at different scales followed by the merging of
results.

Visual assessment of the quality of the segmented
image using the improved method shows a significant
reduction in the number of noise objects in the
segmented image.

The directions for further research are:

—to ensure the robustness of the method, it is
necessary to train the convolution operator on a specific
set of images;

—conducting a quantitative assessment of the
quality of segmentation when approximating the edge
detection convolution operator using a genetic algorithm
for segmenting complex-structured images.
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MeTton anpoxkcuManii reHeTHYHUM AJTOPHTMOM 3rOPTKOBOIO ONepaTOPa BU3HAYEHHS TPaHUIb
AJIS1 CerMeHTYBAHHS CKJIAJHOCTPYKTYPOBAHHUX 300paskeHb

I'. B. Xynos, O. M. Makoseiiuyk, T. M. Kanimynin, B. I'. Xynos, H. M. [llampait

AHoTanis. IIpexMeToM BUBYECHHS B CTATTi € METOJ alpOKCHMaIlil FTeHETHYHHM aJIrOPUTMOM 3TOPTKOBOTO Olleparopa
BU3HAUYCHHS TPAaHMIb IJI CETMEHTYBAHHS CKIAJHOCTPYKTYpPOBAaHHX 300pakeHb. MeTO0I0 € po3poOKa METOIy ampoKCHMAil
TEHETUYHMM aJTOPUTMOM 3TOPTKOBOTO OIepaTtopa BH3HAUEHHS TPAaHHIb JUIS CErMEHTYBAaHHS CKJIAJHOCTPYKTYpOBaHUX
300pakeHb. 3aBIaHHS: aHaNi3 BIZOMHUX METOJIB CErMEHTYBaHHS ONTHUKO-EJICKTPOHHHX 300pakeHb, pO3poOKa METomy
anpOKcumauiT TCHCTUYHHUM AJITOPUTMOM 3ropTKOBOT'O oneparopa BHU3HAYCHHA rpaHulb JJIs CErMEHTYBaHHA
CKJIQJIHOCTPYKTYPOBaHUX 300pa)KeHb, MpPAKTHYHA IepeBipka pOOOTH MeETOAy AamnpoKcHMalil TeHETHYHHM aJrOPHUTMOM
3rOPTKOBOTO OlepaTopa BU3HAYEHHS IPAHMIb JUIS CETMEHTYBAaHHS CKIIAJHOCTPYKTYPOBAaHUX 300pakeHb. BUKOPHCTOBYBaHUMH
MeToJaMu €: MeToAu udpoBoi 0O6poOKK 300pakeHb, METOAN KIIACTEpH3allii JaHUX, MaTEeMaTHYHHIl amapar Teopil MaTpHIilb,
METOAM POWOBOTO IHTENEKTY, I'EHETHYHMIl aJropuT™M, METOJM MaTeMaTHYHOrO MOJEIOBAHHS, METOAM Teopii onTuMisalii,
AQHANITHYHI Ta EMIIPUYHI METOIH TOPIBHAHHA 300paskeHb. OTpuMaHi Taki pe3yJbTaTH. Bu3HaueHi mepeBarn Ta HENOTIKH
OCHOBHHMX BIJIOMHX METOMIB CErMEHTYBaHHsS OINTHKO-CJICKTPOHHHX 300pakeHb. BCTaHOBIEHO, IO HAHOUIBII SKICHUMH
METOJaMH CErMEHTYBaHHs 300paKeHb 3 KOCMIUYHHMX CHUCTEM ONTHKO-EIEKTPOHHOTO CHOCTEPEKEHHs (CKJIaTHOCTPYKTYPOBAHUX
300pakeHb) € METOAM Ha OCHOBI POHOBUX Ta T'CHETHYHOTO AITOPUTMIB. PO3MISHYTO MNPaKTUYHO BAXIIMBUI BHIAIKOM
cermMeHTallii — 6iHapu3anis (cermenranis Ha 2 kiacu). PopmaiizoBaHo 3aBaaHHs OiHapizauii Ta BBEACHI MOHATTS CTPYKTYPHOTO
Ta aMIUITYJZHOTO NPEAUKAaTiB. YOCKOHAJIEHO METOJ CErMEHTYBaHHsS CKJIAaJIHOCTPYKTYPOBAHOTO 300pa)keHHs, B SIKOMY, Ha
BiZIMiHY BiJ BIZOMHX, JUIi amlpoOKCHMalii 3rOpTKOBOrO ONeparopa BH3HAYEHHS TIPAaHHIb BHKOPHCTOBYETHCS T'CHETHYHHI
QITOPUTM, NPOBOAUTHCS CETMEHTYBaHHS 300paXeHb Pi3HUX MaclITabiB 3 MOJANBLIIMM 00’€JHAHHAM pe3yJbTaTiB. IIpoBeneHa
Bi3yallbHa OIliHKa SIKOCTI CErMEHTOBAHOTO 300paKEHHS YHOCKOHAICHHM METOJOM BHCHOBKM. VYIIOCKOHAIEHO METOJ
CerMEHTYBaHHsI CKJIQ[HOCTPYKTYpPOBAHOTO 300pa)KCHHs, B SIKOMY, Ha BiJMiHY BiJl BiIOMHUX, Ul ampoOKCHUMALil 3rOpTKOBOTO
orneparopa BU3HAYEHHS T'DaHUIb BUKOPUCTOBYETHCS T'€HETHYHUH AIrOPHTM, NPOBOAMTBHCS CEIMEHTYBAHHS 300paKeHb Pi3HHUX
MaciutabiB 3 MoAaIbIIMM 00’ €IHAHHAM pe3yibTaTiB. BisyanbHa omLiHKA SKOCTI CErMEHTOBAHOTO 300paXKCHHS yIOCKOHAJICHHM
METOJIOM JI03BOJISIE CTBEP/PKYBATH PO CYTTEBE 3MEHILCHHS KUTBKOCTI ""CMIiTTEBUX" 00’€KTIB HA CErMEHTOBAaHOMY 300pa)KEHHI.

KamouyoBi cioBa: CKIaIHOCTPYKTYpOBaHE 300paKEHHS, CETMEHTYBAaHHS, SAAPO 3TOPTKH; TCHETHYHHH aJIrOPUTM,
MypalHUi anropuT™, 6araromacurabna oopooxa.
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