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ABSTRACT

Context. The problem of constructing a set of barcode patterns for multicolor barcodes that are resistant to distortions of one or
two elements within each pattern is considered.

Objective. The goal of the work is ensuring the reliability of the reading of multi-color barcode images.

Method. A multicolor barcode pattern has the property of interference immunity if its digital equivalent (vector) is a codeword of
a multi-valued (non-binary) correcting code capable to correct errors (distortions of the pattern elements). It is shown that the con-
struction of barcode patterns should be performed on the basis of a multi-valued correcting BCH code capable to correct two errors.
A method is proposed for constructing a set of interference-resistant barcode patterns of a given capacity, which ensure reliable re-
production of data when they are read from a carrier. A procedure for encoding data with a multi-valued BCH code based on the
generator matrix of the code using operations by the modulo of a prime number has been developed. A new method of constructing
the check matrix of the multivalued BCH code based on the vector representation of the elements of the finite field is proposed. A
generalized algorithm for generating symbologies of a multi-color barcode with the possibility of correcting double errors in barcode
patterns has been developed. The method also makes it possible to build symbology of a given capacity based on shortened BCH
codes. A method of reducing the generator and check matrices of a multi-valued full BCH code to obtain a shortened code of a given
length is proposed. It is shown that, in addition to correction double errors, multi-valued BCH codes also make it possible to detect
errors of higher multiplicity — this property is enhanced when using shortened BCH codes. The method provides for the construction
of a family of multicolor noise-immune barcodes.

Results. On the basis of the developed software tools, statistical data were obtained that characterize the ability of multi-valued
BCH codes to detect and correct errors, and on their basis to design multi-color interference-resistant bar codes.

Conclusions. The conducted experiments have confirmed the operability of the proposed algorithmic tools and allow to recom-
mend it for use in practice for developing interference-resistant multi-color barcodes in automatic identification systems.

KEYWORDS: barcoding, multicolor barcodes, interference immunity of barcodes, BCH codes.

ABBREVIATIONS

BC — barcode;

BCH code — Bose-Choudhuri-Hocquenghem code;

BC-pattern — barcode pattern;

BC-symbol — barcode symbol;

HCC2D barcode — high capacity colored two dimen-
sional barcode;

HCCB - high capacity color barcode;

JAB code — just another barcode;

LCM - least common multiple;

QR code — quick response barcode;

URL — uniform resource locator.

for — start of cycle;
Gis, v 1s a generator matrix of (s, #)-BCH code;
GF() is a Galois field;
g(x) is a generator polynomial of the correcting code;
Hy,, ) is a check matrix of the (s, )-BCH code;
MY(x) is a minimal polynomial of the field’s element;
m is a degree of minimal polynomials;
p(x) is an irreducabel polynomial;
q is an amount of colors for barcode-patterns painting;
S is an error syndrome;
s is a the total length of the codewords;
u is an amount of informational positions in code-
words;

NOMENCLATURE
B() is an information word;
barcode-pattern (B) is a program procedure, provides

V' is a capacity of the barcode symbology;
v is a degree of generator polynomial;
x is a root of the error locator polynomial;

X s an error locator;
Y is an error value;
Z() is a codeword (vector of the barcode pattern);

the printing of the barcode pattern for the given informa-
tion word B();
B(x) is a polynomial which corresponds to information
word B(); Z'() is a the resived vector;
detM is a determinant of the matrix M; Z(x) is a polynomial which corresponds to codeword
dmin 1S @ minimal Hamming distance of the correcting  Z();
code; o is a primitive element of Galois field;
do — execute; o is a coefficient of the error locator polynomial;
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o(x) is an error locator polynomial;
Q is a barcode symbology.

INTRODUCTION

Data barcoding is one type of automatic identification.
The advantages of barcoding are the speed of entering
data into the computer system, the low cost of making
barcode symbols and ease of use; BC is read from the
accounting objects optically, including at a distance.

During its more than 60-year history of development,
BCs have undergone a certain evolution: linear BCs,
stacks, matrix, and eventually multi-color BCs. During
the last decade, there has been a steady tendency to ex-
pand the scope of application of multi-color BCs, because
multi-color allows to significantly (several times) increase
the information density — to provide a greater of informa-
tion quantity per unit area of the carrier without changing
the geometric dimensions of the image elements, than is
allowed by black-and-white BCs.

However, the processes of recognition and decoding
of barcode images become more complicated when using
multi-color barcodes. The researchers note that the rea-
sons for this may be: distortion of the geometric dimen-
sions of image elements during reading due to certain
optical effects; mixing of colors on the border of neigh-
boring elements with different colors; aging of dyes; fold-
ing and blurring of paint, etc. [1]. Therefore, for reliable
reading of barcode data from the accounting object, it is
necessary to ensure the interference immunity of barcode
images [2].

Structurally, the BC-symbol consists of an array of
BC-patterns arranged in the form of a rectangle or a
square (Fig. 1). To ensure an adequate level of reliability
of data reading, a multi-color BC should be constructed so
that the property of immunity to interference is provided
at two levels — at the level of the entire BC-symbol, as
well as at the level of BC-patterns — the minimal struc-
tural units of the image.

!
b 7
;

Figure 1 — The structure of a multi-color barcode symbol:
a — BC-pattern; b — BC-symbol

The object of study is the process of developing mul-
ti-color barcodes with improved reliability indicators.

Single-level system for ensuring interference resis-
tance is used in the existing BCs — the BC-symbol, which

© Sulema Ye. S., Drozdenko L. V., Dychka A. 1., 2022
DOI 10.15588/1607-3274-2022-4-9

108

is an array of BC-patterns, is coded with a correcting code
capable to correct multiple errors, usually the Reed-
Solomon code. To increase the interference resistance of a
multi-color barcode image, it is suggested to additionally
apply interference-resistant coding within each barcode
pattern.

The subject of study is a method of ensuring interfer-
ence-resistance of BC-patterns, which is based on the use
of multi-valued BCH codes, which are capable to correct
double errors in BC-patterns.

The purpose of the work is to develop the technol-
ogy of designing multi-color interference-resistant BC-
patterns, which would ensure reliable reproduction of data
when read from the carrier.

1 PROBLEM STATEMENT

Every BC has its own set of BC-patterns, each of
which denotes a symbol (or a combination of symbols) of
computer alphabet. This set of barcode patterns is called
barcode symbology.

Let it be necessary to create the symbology of the ca-
pacity V of an interference-resistant multi-color matrix
BC with parameters g, s; g is the number of colors used to
color the elements of the BC-patterns when ¢ >2; s is the
number of elements (cells) in the BC-pattern (see Fig. 1).

The colors with which each element of the BC-pattern
can be painted will be denoted by numbers: 0, 1, 2, ..., ¢
—1. Let’s match the digital equivalent of the BC-pattern
consisting of s elements — the vector of the BC-pattern Z
=(zozy ... zs_1), where z;e {0,1,2, ..., g —1}.

In order for the BC-pattern to be interference-resistant,
its vector Z must be a codeword of a multi-valued (¢ >2)
correcting code capable to correct distortions (errors). We
will assume that during the reading from the carrier of
BC-patterns, the most probable cases are damages (distor-
tions) of one or two elements in BC-patterns. In this case,
the vector Z of BC-pattern must be a codeword of a cor-
recting code with a minimal code distance of dp, =5.
Such a correcting code can be a multi-valued (g-valued)
BCH code, g >2.

Thus, it is necessary to solve the problem of construc-
tion the symbologies of multi-colored barcodes with the
possibility of correction single or double errors in read-
able barcode patterns, as well as detecting errors (distor-
tions) of greater multiplicity.

2 REVIEW OF THE LITERATURE

In 2007, Microsoft developed a 4-color High Capacity
Color Barcode (HCCB), which uses black, red, green and
yellow colors. Some researchers rightly believe that it is
from this code (which is also called Microsoft Tag) multi-
color barcoding has started. The first studies of HCCB
were performed by Devi Parikh and Gavin Jancke, who
proposed a method for decoding this code, the main pro-
cedures of which are the localization and segmentation of
the color image of the BC-symbol [1]. The color image is
divided into clusters, each center of the cluster is matched
with one of the reference colors of the palette, which is
used when printing the BC-symbol. In HCCB, informa-
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tion is provided by colored triangles, which are placed on
the carrier in the form of a matrix — the number of rows in
the BC-symbol can be from 10 to 60, and in a row — from
20 to 120 triangles. The triangle gives a quadruple value
of 0, 1, 2 or 3. Thus, the capacity of the BC-symbol can
be from 200 to 7200 quadruple digits.

In subsequent scientific works on this topic, research-
ers began to use a square (instead of a triangle) as a min-
imal structural element of a multi-color barcode image,
and also improved color recognition procedures during
optical reading. For example, in [2] a series of algorithms
were developed for recognizing color elements of an im-
age using a small number of reference colors under illu-
minant of different intensities. The illuminant was consid-
ered as parametric color converter. This transformation
was used to visualize (recognize) an unknown color ele-
ment under a reference illuminant that can be identified
using training data.

The authors of the study [3] proposed a method of
recognizing a color barcode image without using refer-
ence colors, and also improved the decoding algorithm,
which resulted in an increase in the speed of data reading
and a decrease in the intensity of errors. In addition, it
was possible to reduce the computational complexity of
data reading and data processing.

The subject of the research in [4] was the spectral dif-
ference in the color channels of the devices for printing
BC-symbols, where the color palette C, M, Y is used (C
— cyan, M — magenta, Y — yellow), and color channels
devices for reading BC-symbols, in which the R, G, B
palette is used (R —red , G — green , B — blue ). In order to
mitigate the effect of inter-channel interference in color
channels when printing BC-symbols and color channels
of reading devices, the authors developed an algorithm for
eliminating interference during the implementation of
printing and reading (scanning) processes. As a result, it
was possible to significantly reduce the probability of
errors and increase the decoding speed.

A team of researchers in [5] introduced High Capacity
Colored Two Dimensional (HCC2D) QR-based code with
improved information density indicators due to the use of
4, 8 or 16 colors; at the same time, high reliability of data
reproduction during scanning is ensured. The authors ex-
perimentally proved that HCC2D has the same informa-
tion density as HCCB (Microsoft), and is not inferior in
stability (reliability) QR code.

In [6] continued the study of HCC2D code. In particu-
lar, the authors investigated the frequency of decoding
errors using different classifiers: the Minimum Distance,
Decision Trees, K-means, Navie Bayes, and Support Vec-
tor Machines. It is shown that the K-means algorithm is
the most effective classifier in experiments. An efficient
algorithm for decoding multi-color BCs with reasonable
computational costs is proposed.

Some researchers, in particular in [7, 8], proposed
ways to increase the information density of QR-codes by
using multicolor barcode elements in the QR-code struc-
ture. The palette C, M, Y when printing BC-symbols and
the palette R, G, B in code scanning devices were studied,
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and on their basis the possibility of obtaining 8-color
components in QR-codes was analyzed.

The authors of the publication [9] performed a com-
parative analysis of two-dimensional barcodes and out-
lined some directions for improving their characteristics —
information density and interference resistance. The issue
of compression of alphanumeric data before their presen-
tation in barcode form is considered in [10]. A method is
proposed that allows you to compress data 1.4 — 1.7
times.

In addition to compression, some researchers, in par-
ticular the authors of [8], also suggest applying multiplex-
ing and multilayered technique of color barcode images.
For example, in [11] a three-layer 8-color BC is proposed
for the presentation of three independent alphanumeric
messages in a single barcode symbol, in particular, the
presentation of URL as one of them.

Eight colors for data presentation were also used by
the developers of the JAB Code (Just Another Barcode),
which managed to triple the information density of the
barcode labels without changing the geometric dimen-
sions of the barcode image elements [12].

In multi-color barcoding the problem of ensuring in-
terference resistance of barcode images is extremely im-
portant. For reliable reading of the BC-symbols, the data
before being applied to the carrier are coded using a cor-
recting code with a high corrective ability, usually the
Reed-Solomon code [4, 7-9, 12]. Besides, structural
methods of increasing reliability can also be additionally
applied [13].

However, it is guaranteed to achieve reliable repro-
duction of data when scanning a large-capacity multi-
color barcode image only under the conditions of two-
level reliability assurance — at the level of the entire bar-
code symbol (upper level), as well as at the level of the
smallest structural units (lower level). The study of this
approach was started in [14], where it was proposed to
use a multi-valued Hamming code at the level of the BC-
patterns. In this investigation, a more powerful multi-
valued BCH code is proposed for this purpose.

3 MATERIALS AND METHODS
The BCH code is a cyclic correcting code in which in-
formation encoding is reduced to the multiplication of a
u-—1
polynomial of B(x)= > p;x' of degree u-1, which cor-
i=0
responds to information word B =(pyby...b,_1), to the
generator polynomial

g(x)= ig[xi =go+gx+...+ g, x" of degree v :
i=0
Z(x) = B(x)g(x),
where Z(x) = Sz_] z;x' is a polynomial of degree s—1 corre-
sponding to si:i)t codeword Z=(z,z,...z,_)» Which is
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u-+v,;

the digital equivalent of the BC-pattern; s =
b, gi»z; € GF(q) [15].

If the generator polynomial g(x) is known, then the
generator matrix G, , of the (s, u)-BCH code can be writ-
ten as follows:

2(x) 2081 & 0 .0

B xg(x) 9 go--- gy1£,0--0
(s,u) I B E ’

xn_lg(x) 00 Ogo g1 ---&y

it has dimension u X s .

The generator polynomial g(x) of the (s, #)-BCH code
with the minimal code distance d.,;, =5, capable to correct
two errors, is defined as the least common multiple of the
minimal polynomials M ) (x), M @ (x), M @ (x), M @ (x)
for elements o', a®, o®, o of the field GF(¢™), where o is
the root of the irreducable polynomial M“(x), that is,
MO(a')=0:
g)=LCM (M V) (x), M ? (x), M P (x), M P (x)),

a € GF(g™), m is the degree of minimal polynomials [15].
GF(q) is called the field of characters, and GF(g™) is the
field of locators.

Next, we will consider the case when ¢ — prime num-
ber; the case when ¢ is an exponent of a prime number is
the subject of a separate study.

The BCH code is called full if s = ¢ " 1.

Some non-binary (¢ > 2) full BCH codes with d;, =5,
which are suitable for the problem to be solved, are listed
in Table 1.

Table 1 — Some non-binary full (s, #)-BCH code

Number of colors q=3 qg=5 q=1
Field of characters GF(3) GF(5) GF(7)
(8,3)-
(s, u)-BCH code (24, 16)— | (48,40)-
(26, 17)—

Let g =3 (the case of a three-color barcode).

Consider, for example, the ternary (8, 3)-BCH code
(see Table 1).

To build such a code, two fields are used: GF(3) — the
field of characters (Fig. 2), and GF(3%) — the field of loca-
tors (Table 2), which is an extension over GF(3). The
construction of GF(3?) is based on the irreducable poly-
nomial p(x)=x *+ x +2.

:|0

i}

1

=]

Figure 2 — Performing operations in the GF(3)
Each element o' of the field GF (3%, i > 1, corresponds
to the minimal polynomial M“(x), the degree of which

does not exceed two. _ _
In the field GF(3%) o'=x' %, a'=0® ", a* =0 * =a"=1.
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Let’s find the generator polynomial g(x) of the ternary
(8, 3)-BCH code:
(0= LCMM " (), M@ (x), M D (x), M (x) =
LCM(x*+x+2, X% +1, x* +x +2, x+1)=(x+x+2)(x*+1)(x+1)=
= +2x 2o gegr ... gs=201121.

The generator polynomial g(x) corresponds to the gen-
erator matrix G, 3):

Z0 Z\ Zp Z3 Z4 Z5 Z6 Z7°

2 0 1 1 2 1 0 O
G(&})):O 2.0 11 2 1 0f-
o 0 2 0 1 1 2 1
Table 2 — Elements of the field GF(3%) and their minimal
polynomials
Exponential notation
With a
non-
. With a .
negative " Deci
ive
degree ;ega v ¢ Polyno- Vector mal Minimal
mima
of the egre.e 0_ mial nota- nota .
L the primi- . . . polynomial
primi- . notation tion tion
i tive ele-
tive
ment o of
element
the field
o of the
field
- - 0 (0, 0) 0 -
a’ a® 1 ©, 1) 1 -
a' a”’ a (1,0) 3 x*+x+2
a? a® 20+1 () 7 x2+1
a’ a”’ 2042 2,2) 8 x*+x+2
at a™ 2 0,2) 2 x+1
a’ a’? 20 2,0) 6 x?+2x+2
al o a+2 (1,2) 5 x2+1
' a”! a+l (1,1 4 x2+2x 42

On the basis of the generator matrix Gs, u ) of the BCH
code, it is possible to construct the symbology of an inter-
ference-resistant barcode with the possibility of correcting
single or double distortions of elements (errors) in BC-
pattern. For this, the u-bit informational word B =(by b; ...
b,_1) must be converted into the s-bit word Z =( zy z; ...
zy 1), which is a vector (the digital equivalent) of the BC-
pattern, i.e., encode the word B with the (s, u)-BCH code,
and then match the BC-pattern to the vector Z. The coding
operation is given by the equation Z = B-G,, ,) and per-
formed according to the rules of the field GF(q) .

For example, if B=(by b b,), where b; € {0, 1, 2}, then
Z= B'G(g’ 3)5 ie.

20112100

lbobibs|fo2011210/=]z202-.. 2,
00201121

Q)

i

whence it follows that
Zy :Zbo 5 Z]:2b1 5 22:b0+2b2 5 Z3:b0+b1 5
Z4:2b0+b1+b2 N 25:b0+2b1+b2 , Z6 :b1+2b2, z7= b2
(operations should be performed according to modulo 3).
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LetB=(102),thenZ=(20211012),and the cor-
responding BC-pattern is shown in Fig. 3

Taking all possible values of the vector B — from (0
0 0) to (2 2 2) and applying the coding procedure (1) to
each word, we get 3° = 27 different BC-patters that form
the symbology Q of an interference-resistant three-color
barcode, in which correction of single or double errors is
possible within each BC-pattern (Table 3).

2l - -
1 = (292123232425 2427) <0 I
3 4 2 3
5 6 b =) Zs
7 8 - /

a ¢ d
Figure 3 — Creation of a three-color BC-pattern with the
possibility of correction double distortion of the elements of the
BC-pattern; a — the structure of the BC-pattern; b — vector of the
BC-pattern; ¢ — filling out the BC-pattern; d — coloring the BC-
pattern

The capacity of the Q symbology is 27 BC-patterns
(N=27); it can be matched with the numerical set Q={0, 1,
2,...,26}.

The process of synthesizing the symbology of a three-
color interference-resistant barcode with the possibility of
correcting double errors in BC-patterns can be described
by the following generalized algorithm:

for B =000 to 222 do

IZI=1B1-1G g 3

Z[l...S]Iz(ZoZl —e Z7)

Z[1...8]— barcode_pattern (B).

The alphanumeric sequence, which is to be presented
in the form of a barcode, is converted into a numerical
form, the elements of which are numbers from the range 0
— 26 (from the set ), and then each number is matched
with a BC-pattern (Table 3). Next, BC-patterns are ap-
plied to the carrier, forming a BC-symbol.

While reading BC-symbol successively allocate BC-
patterns, each of which is matched with a digital equiva-
lent — s-bit vector Z'=(z',z"...z',_;)» Which is decoded

according to the rules of the (s, #)-BCH code with dp;, =5.

Decoding is carried out on the basis of the check ma-
trix of the of the BCH code, which is presented in the
form:

(0%

2
Ail,i=0,1,2, .., 51,
H(S,u): 3
o

i

4
(0

where a, are elements of GF(¢") .
For the ternary (8, 3)-BCH code, it looks like this:
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0 1 2 3 4 5 6 7
o oo aa oo o o

0 2 4 6 8 10 12 14

JY | (O 0 A © AN 0 AR 0 AN 0. A 0.7

He»=| 0 5 6 o 12 15 15 2
o oo a o o o a

0 4 8 12 16 20 24 28
o o o a o oo o

Table 3 — Symbology of the three-color interference-resistant
barcode with the possibility of correction single or double errors

in the BC-patterns based on the ternary (8, 3)-BCH code

The serial number of Vector of
BC-pattern

the BC-pattern BC-pattern

0 | [ 00000000

1 00201121

2 00102212

26 11012202

Taking into account that o’=o®=a'®=a** and substitut-
ing the corresponding two-digit vector columns instead of
o (see the vector representation of the field elements in
Table 2), we obtain

Z'oZ'] Z'z Z'3 Z'4 Z's Z's Z'7’

01 2 2 021 1
101 2 2021
02 0 10201
112 211 22
Hs»=lo o 1 1 01 22
122 02110
000 0 000 0
121 2 121 2

The product of the matrix Gs, 3, to the transposed ma-
trix H(g, 3) is zero (G(g, 3) HT(& 3) :O)

The received vector Z ' is decoded according to the al-
gorithm in Fig. 4.

The error syndrome S = §15,5;5; is calculated as
S:Z'-HT(&3), operations are performed according to modu-
lo 3:

0 N O O T
O O O O Y
SO O O O R

If S =0, then there are no errors in the word Z', other-
wise (S #0) — the word Z' contains one or two errors
(Fig. 4).
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Error syndrome S components Sy, S5, S5, 5y
calculation forword Z=(

ZgZy--Z7)

0 | (double (single
error) erTor)
op! -5
A=ar 3 =-5/8;
o -S4

I [

Solution the equation Solution the equation

ot ot +1=0 ovt1=0
(51 =X =, e =ath (vI=Y=a¥)
| |
-1
Yl Xl X:’ S] ~1
N : Y=xX'S
¥ 2 S: 1

5
X1 X5

Message “There areno | |
errors”

Double error correction Single error correction :
Zo=Zai M Zey~Lep T2 ZaZay ¥

| |

Figure 4 — Block-diagram of the single and double error cor-
rection algorithm for the word Z'=(z'y z'; ...z'7)

S182
S2 .83
determinant detM . If detM =0, then there is one error in
the word Z', otherwise (detM # 0) — two errors.

Consider the case when detM # 0.

Find the roots xj, x, of the error locator polynomial

0(x)=02x2+01 x+1, where the coefficients 6,, 6; determine
like

Further we form the matrix M = and calculate

(0] —S3

—S4

-y
Ol

The error locators X;, X> are values: X; =x; ', X,=x, .

The equation o,x*+ox+1=0 is solved in the field
GF(3%) according to Chien search algorithm [15], which
consists in the successive calculation of o(a’) for j=0, 1,

7, and checking the received value for zero. There is
no other way of solving equations in finite fields.

Positions (digits) of the codeword Z correspond to the
degrees of the primitive element a of the field:

oo’ oot o o a’l,
ol oo o ot o o o,
Z=(z0z1222324252Z¢27)
Therefore, if o(o/)=0, then the error locator X is equal

to a/=a"7, and the location of the error is the digit num-
bered 8- .
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The equation 0,x°+6,x+1=0 has two roots: x; , x, such
that xl_lz Xi=a :(Xg_jlj 8—jr

If x;= a ,

xil =Xy=a2=¢
Xo2=a /2, then the errors are in the dig-
its of Zy i Zs i the received word Z', respectively.

Next, the values Y7, Y, of the errors are calculated

Vgl
Y2

-1
. Sl
S2

HRUpe

)
Xt X3

and perform error correction in the word Z’

8—]1 (ZS_Jl Yl)m0d3,Zg — —(Zg_j2 Y2)m0d3
If detM=0 (one error in the accepted word Z’), then the
Sy/S1.
The equation ox+1=0 is also solved by Chien algorithm.
The solution is x=o' such that x ' is the error locator
(X=x"'=0=0""J) and the location of the error is the digit
numbered 8—; (that is z's_;).

Let’s consider an example of correcting two errors in a
read BC-pattern.

Let’s assume that BC-pattern was printed on carrier,
the vector of which was equalto Z=(202 1101 2).

Let a vector be obtained during the reading of this pat-
tern is

zvzhz% z's 24 z's Z' z'%
Z=(10221012),

which contains two errors (underlined units).
Let’s calculate syndrome components Sy, Sy, 3, S

ool )G Ha A H
(PG
(A A

sl PRI
s s:

a 5

Q

2 7
_|o o
5283

7 6|
o o

Let’s calculate the determinant of the matrix M:
detM =00’ — o’ a’=a’ — a'*=a’— a’=(0, 1) — (1, 2)=
=(0, 1)+(2, 1)=(2, 2)=0’#0 (see Table 2).
Since detM #0, there are two errors in the word Z'
Let’s find the coefficients o, , o, of the error locator poly-
nomial o(x)=cx’+ocx+1:

-1 _S3

G|
ML

G
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To do this, first calculate M '

S3 =S o —a|_Jo’ —a'
M7 =/detmn) 73 A =1/ 6P ET
—0201 —o o || oo
Since —a*=—(0, 2)=(0, 1)=c, and o '=0’, then
30
vl oo o
o 7|
oo
3 0 6 3 0 2 3
Then, [O2] _[ot” o | [—a |l _fo” ol jo]l _ flo
0 7 0 0 7 4 1
Oil oo o'fl —o ]l oo o 'fl o]l o

(since o’ =—(1, 2)=(2,1)=a*, and —o° =(0,1)=(0,2)=a*).
Next, we will solve the equation o’x*+a'x+1=0 in the field
GF(3%).

For this, we will apply Chien algorithm:

x=a"—a’(0’)+a' (o) +1=a*+a'+1=(2,2)+(1,0)+1=(0,0)=0,
=o' >’ () +a (o) + 1=+t +1=(2,0)+(2,1)+1=(1,2)#0,
=’ (o) +a (o) +1=a’+o*+1=(1,1)+(2,2)+1=(0,1)0,
=’ (@) +a' (o) +1=a +a'+1=(1,0)+(0,2)+1=(1,0)20,
x=o'— (o) +a (o) =0+’ +1=(2,2)+(2,0)+1=(1,0)#0,
x=0'— (o) +a (o) 1=a’+ab+1=(2,0)+(1,2)+1=(0,0)=0,
x=o’—o*(0f)+a (0af)H1=a"+a +1=(1,1)+(1,1)+1=(2,0)#0,
x=0'—a’(a’)+a' (o) +1=a'+a’+1=(1,0)+(0,1)+1=(1,2)#0.

As we can see, the roots of the equation are x, =o’and
5
Xy =0".

8-0 8 0

=a” =a ,and

=5 — %3 = 3. This means that errors lo-

Xi=x) —a
cate in digits z; and z3 of accepted word.

Let’s calculate the error values based on (2):

-1

0 3 )
Vi _fo o fo.
0 6 7
Y2 oL A o
First, we find the inverse matrix:
OLO (1371 OL6 (13 0L6 0(.7
= 5~ - = 54 =
N ) o o =Mo",
o o —oL O o o
12 )
oo o |_|o o
-1 -5 7 3
o o o o
1 2|2 4
Then V1] _[ot o o] _[o
7 3|7 0
YZ o O | O (08

But a*=(0, 2)=2, o°=(0, 1)=1.
Therefore, Y, =2, Y,=1.
Let’s correct the errors:

20=Zy—Ypmod3 =(1-2)mod3 =2

23=(25-Yymod3=(2-Dmod3 =1.
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Thus, the right vector of the read BC-pattern is
Z=(2021101 2); double error is corrected.

To construct the symbologies of multi-color BCs of
different capacities, shortened BCH code should be used.
To obtain shortened BCH code it is needed to remove the
required number of columns and rows from the original
generator matrix and appropriate number of columns in
check matrix.

We will consider the construction of shortened codes
on the example of a full triple (26, 17)-BCH code (see
Table 1), which uses two fields: GF(3) — the field of char-
acters (Fig. 2) and GF(3®) — the field of locators (Table 4).
The field of locators is built on the basis of an irreducable
polynomial of third degree p(x)=x"+2x+1.

In GF(3*) a/=o %5, 0=, 026=; 20==1 .

Table 4 — Elements of the field GF(3%) and their minimal
polynomials (fragment)

Exponential notation
With a .
With a
non-
. negative Deci- The
negative Poly- Vector .
degree of . mal minimal
degree of o nomial nota-
. primitive . . nota- polyno-
the primi- notation tion .
R element o tion mial
tive ele-
of the
ment o of
field
the field
- - 0 (0,0,0) 0 -
o o2 1 (0,0,1) 1 -
o o a (0,1,0) 3 X H2x+1
(12 (1724 (12 (1 ,0,0) 9 Ot xt2
o’ o a+2 0,1,2) 5 X+2x+1
o o o’ +2a | (1,2,0) 15 X472
o’ o 200042 | (2,1,2) 23 Xt
o o 20241 | (2,0,1) 19 X271

The generator polynomial g(x) of the ternary (26, 17)-
BCH code is defined as follows: g(x)=LCM(x*+2x+1,
A2, X2+, 2=+ 2x+H ) (P x2)
O 2)=0 "+ 20 x>
—gog1--8=1122211121.

It corresponds to the generator matrix Gy, 17, of the
full code.

If, for example, we remove 10 columns to the right
(216 — z25) and 10 botton rows from G, 17); and 10 col-
umns to the right ( 26— Z'zs) from H, 17) then we get

generator matrix G, 7) and, accordingly, check matrix
H6,7), of shortened (16, 7)-BCH code (Fig. 5).

Moving the right columns and bottom rows from
G 26,17, and the corresponding right columns from Hg, 17),
we will obtain different shortened triple (¢g=3) BCH
codes: (17, 8)—; (16, 7)—; (15, 6)—; (14, 5)—; (13, 4)—, on
the basis of which it is possible to synthesize the sym-
bologies of interference-resistant three-colored BCs of
different capacities (Table 5).
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1 1 2 02 2 1 1 1 201 0 0 0 0 0 0
0 1 1 2 2 2 1 1 1 2 1 0 0 0 0 0
a _{f o 0 1 1 2 2 2 1 1 1 2 1 0 0 0 0
W le o0 0 101 2 2 2 1 1 1 2 1 0 00
0 0 0 0 1 1 2 2 2 1 1 1 2 1 0 0
0 0 0 0 0 1 1 2 2 2 1 1 1 2 1 0
0 o 0 0o 0 0 1 1 22 2 1 1 1 2 1
gz Iy Iy 'y oz Iy Z Iz I Zn Zn I I I
0 0 0 1 2 1 1 2 0 1 1 1 0 0 2
0 1 1 2 1 1 2 0 1 1 1 0 0 2 0
1 0 2 0 2 1 2 2 1 0 2 2 2 0 0
0 1 1 1 2 1 1 0 0 1 2 0 2 0 1 1
0 0 2 1 0 1 0 2 2 2 1 2 2 0 0 2
1 0 0 1 2 0 2 0 1 1 1 2 1 1 0 0
Haen= .
0 0 1 0 1 2 1 1 2 0 1 1 1 0 0 2
0 1 1 1 0 0 2 0 2 1 2 2 1 0 2 2
1 2 1 1 2 0 1 1 1 0 0 2 0 2 1 2
0 1 2 1 0 2 2 1 1 1 0 1 0 0 1 2
0 2 0 0 2 1 2 0 1 1 2 2 2 0 2 0
1 0 2 2 1 1 1 0 1 0 0 1 2 1 0 2

Figure 5 — Generator (G) and check (/) matrices of the shortened ternary (16, 7)-BCH code based on the full (26, 17)-BCH code

Table 5 — Capacity (V) of the symbologies of multi-color (g)
interference-resistant BCs based on shortened (s, #)-BCH codes

q=3 q=35 q=7
(s, u)— V (s, u)y— V (s, u)y— V
(13, 4 81 (10,2)- 25 (10,2~ | 49
(14, 5 243 (11,3)- 125 (11,3 | 343
(15, 6)- 729 (12, 4)- 625 (12,4 | 2401
(16,7~ | 2187 (13, 5)- 3125 (13,5 | 16807
(17, 8)- 6561 (14,6 | 15625

Similarly, on the basis of shortened quinary (¢=5) and
septenary (g=7) BCH codes, it is possible to synthesize
the symbologies of interference-resistant five-color and
seven-color BCs with the possibility of correction double
errors in BC-patterns. So, assigned in the Table 5 short-
ened quinary codes, formed on the basis of the full qui-
nary (24, 16)-BCH code (see Table 1), which uses the
field of characters GF(5) and the field of locators GF(57),
and the shortened septenary codes, formed on the basis of
full septenary (48, 40)-BCH code, which uses the charac-
ter field GF(7) and the locator field GF(7%).

Such a series of BCH codes makes it possible to build
the family of multi-color interference-resistant BCs with
symbologies of different capacity.

4 EXPERIMENTS
The considered BCH codes with a minimal code dis-
tance of d,;;=5 ensure the correction of a single or double
error inside each BC-pattern when read from the carrier.
In order to explore the correction capabilities of shortened
BCH codes, in particular, the ability to detect multiple

© Sulema Ye. S., Drozdenko L. V., Dychka A. L., 2022
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errors in BC-patterns, a software product was developed
in Java in the environment Intelij idea.

Experimental studies were carried out on a computer
with the macOS operating system BigSur, 32 GB RAM,
2.4 GHz 8-Core processor Intel Core 19.

This software product makes it possible to carry out
statistical studies of the corrective ability of BCH codes in
conditions of multiple damages to the elements of BC-
patterns. All possible cases of occurrence of one to seven
errors in BC-patterns were studied. For each case, one of
three possible events were recorded: an error is detected
(for single and double error detection is equivalent to cor-
rection — according to the algorithm in Fig. 4); error syn-
drome is equal to zero; the combination of errors is unde-
tected.

Not only all possible locations in words of probable
errors, but also all possible values of errors were gener-
ated.

5 RESULTS

Statistical data characterizing the ability of multi-
valued BCH codes to detect and correct multiple errors
was obtained. It has been proven that all single and dou-
ble errors in data words (vectors of BC-patters) are cor-
rected. The ability to detect (3—7)-tuple errors for 18 BCH
codes — 8 ternary codes, 6 quinary codes, and 4 septenary
codes — was studied. For each code, corresponding indica-
tors were obtained - for example, for the full ternary (8,
3)-BCH code, they are presented in the Table 6.

Generalized indicators for ternary BCH-codes are re-
flected in Fig. 6 (the abscissa axis indicates the investi-
gated ternary (s, #)-BCH codes, the ordinate axis indicates
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the percentage of detected errors), where the upper curve
is the percentage of 3-tuple errors that are detected, and
the lower curve is the percentage of detection (4—7)-tuple
errors.

Table 6 — Corrective ability of the full ternary (8, 3)-BCH code
in the case of multiple errors

Lo The percentage of errors which
Multiplicity -
give zero
of error are detected are undetectable
syndrome
3 46.4% 53.6% 0
4 39.3% 60.7% 0
5 29.5% 69.7% 0.8%
6 32.6% 66.9% 0.5%
7 34.4% 64.9% 0.7%

Quinary BCH codes allow to detect of 70.7 — 96.0%
of 3-tuple errors and 67.9-93.8% (4—7)-tuple errors; sep-
tenary BCH codes, respectively, 97.9-99.0% 3-tuple er-
rors and 97.1-98.3% (4—6)-tuple in data words.

96
94
92
20
88
86
84

46
34

| | | | | | | |
I I I I I I I I
(8.3)(18,9)(17.8)(16,7)(15,6) (14,5) (13.4)(12.3)

Figure 6 — Ability to detect multiple errors with ternary codes

6 DISCUSSION

Research shows that full BCH codes, such as a ternary
(8, 3)-code or a quinary (24, 16)-code, provide fewer mul-
tiple-error detections compared to shortened codes. This
is because shortened codes have more redundancy. It was
also found out that combinations of multiple errors, which
give a zero syndrome during decoding, are extremely rare
(0.004 — 0.009%) precisely in shortened BCH codes, and
they are not detected by the decoder.

The obtained results are highly reliable, since the veri-
fication of the proposed algorithm for decoding BCH
codes was carried out on data words of different bit sizes,
with an overview of all possible combinations of errors
that may occur during data processing, as well as for a
sufficiently large number of codes.

The obtained results give reason to conclude about the
expediency of the two-level security of multi-color bar-
code images, when the lower level should be based on the
use of a multi-valued BCH code (the level of the BC-
pattern; the digital vector of the BC-pattern is the code-
word of the BCH code), and the upper level (the BC-
symbol in general) - on the use of the Reed-Solomon
code, which is capable to correct two types of distortion —
errors and erasures, and for which the minimal structural
units (word bits) are the BC-patterns of the barcode im-

© Sulema Ye. S., Drozdenko L. V., Dychka A. L., 2022
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age. For the Reed-Solomon code, an “error” is considered
to be a situation when neither the location of the distortion
in the read word (BC-symbol) nor the value of distortion
is unknown; and “erasure” is a situation when the location
of the distortion is known, and only the value of the dis-
tortion is not known.

When reading a multi-color barcode, the program se-
quentially separates BC-patterns from the barcode image,
thus forming a Reed-Solomon codeword, in which each
BC-pattern is a separate digit of the word. A software
decoder of the BCH-code operates inside every BC-
pattern, the result of which can be three conclusions:
“BC-pattern is not damaged”, “BC-pattern is corrected”,
“BC-pattern is erased”.

The solution “BC-pattern is not damaged” is formed if
the error syndrome is equal to zero. It should be noted that
those rare cases (the number of which is less than one-
hundredth of a percent) when combinations of element
distortions in the BC-patterns give zero syndrome, and
may occur with an error multiplicity of more than four,
will be detected by the software decoder of the Reed-
Solomon code.

The solution “BC-pattern is corrected” is formed
when the BCH code decoder corrects a one- or two errors
in the BC-pattern vector. If the BC-pattern contains three
or more damages, and the decoder of the BCH code per-
ceives them as a single or double error, and, accordingly,
will correct it incorrectly (and in such cases, for example,
for a ternary (15, 6)-code or a quinary (13, 5)-code, —
about 8-10%), then such a BC-pattern will be perceived
by the decoder of the Reed-Solomon code as an “error”.

The solution “BC-pattern is erased” is formed by the
BCH code decoder, if it detects distortion of three or more
elements in the BC-pattern. For the (15, 6)— and (13, 5)—
BCH codes mentioned above, this will happen in 90 —
92% of cases. Such a situation would be qualified by a
Reed-Solomon code decoder as “erasure”.

It is known that to correct each error in the structure of
the codeword of the Reed-Solomon code, two check dig-
its must be provided, and to detect each erasure — one
check digit [15]. Therefore, the use of a multi-valued, for
example, three-color (15, 6)-BCH code at the lower level
of ensuring interference resistance of a multi-color BC,
which, in addition to correcting single and double dam-
age, also allows to detect about 90% of multiple (three or
more) damages of elements in BC-pattern, strengthens the
corrective capabilities of the Reed-Solomon code by an
average of 45% by transferring “erasure” situations in-
stead of “error” situations to the upper level of immunity
protection.

CONCLUSIONS

The work solves the actual scientific problem of im-
proving the interference resistance of multi-color bar-
codes.

The scientific novelty of the work lies in the fact that
the method of constructing the symbology of a given ca-
pacity of a multi-color barcode is firstly proposed, the
barcode patterns of which have the properties of interfer-
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ence resistance, which is consist in the fact that when
reading a multi-color barcode image the data will be re-
liably reproduced from the barcode patterns even in case
of damage one or two graphic elements of the pattern.
This is achieved due to the fact that the vector (digital
twin) of each barcode pattern is a codeword of the cor-
recting multi-valued BCH code with a minimal code dis-
tance of five.

The construction (synthesis) of BC symbologies is
considered in detail for the case of three-, five- and seven-
color two-dimensional barcodes.

It is shown that in the BC-patterns synthesized on the
basis of the BCH code, during their reading from the car-
rier, in addition to the correction of single and double
errors, a significant part (from 33.9% to 97.1%) of (3 —
7)-tuple errors is also detected. It has been proven that the
use of shortened multi-valued BCH codes for the synthe-
sis of symbologies of multi-color barcodes significantly
increases the ability to detect multiple errors in BC-
patterns compared to full codes, in particular by 1.91 —
2.75 times — for three-color ones and by 1.30—1.38 times —
for five-color BC-patterns, and also allows to receive
symbologies of different capacity, which makes it possi-
ble to create family of multi-color interference-resistant
barcodes.

The practical significance of the obtained results lies
in the fact that the developed method of constructing in-
terference-resistant BC-patterns based on BCH codes can
be used at the lower level in the system of two-level inter-
ference resistance of multi-color barcode images, when
the Reed-Solomon code is used at the upper level. At the
same time, the corrective capabilities of the Reed-
Solomon code are significantly strengthened (up to 45%)
with an unchanged number of control digits, as a result of
which the immunity of barcodes patterns of multi-color
barcodes is significantly improved.

Prospects for further research should be focused on
improving the mechanism of complementary application
of correcting codes for two-level interference immunity of
multi-color barcode images.
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CHUHTE3 CUMBOJIIK BATATOKOJIIPHAX 3ABAJTOCTIMKHAX I TPUXOBHUX KOJAIB HA OCHOBI
MHOI'O3HAYHUX KOJAIB BUX

Cyaema €. C. — 1-p TexH. HayK, JOIICHT, 3aBiyBa4 KadeaApH MPpOrpaMHOro 3a0e3neueHHsT KOMIT FOTepHUX cucteM HarioHanbHO-
ro TeXHIYHOTO YHiBepcuTeTy Ykpainu «KuiBcbkuil momitexniunuii inctutyT imeHi Iropst Cikopcbkoro», Kuis, YkpaiHa.

Jpo3znenko JI. B. — acucrent kadeapu nporpaMHoro 3abe3nedeHHs1 KOMIT IOTepHUX ciucTeM HallioHanbHOro TEXHIYHOTO YHiBep-
cutety Ykpainu «KuiBcekuii momitexnigyanit iHCTUTYT iMeHi Iropst Cikopceskoroy», Kuis, Ykpaina.

Juuka A. 1. — acipasaT xadenpu nporpaMHOro 3abe3neueHHs KOMIT FOTepHUX crcTeM HamioHaabHOTo TEXHIYHOTO YHIBEPCUTETY
VYxpainn «KuiBcbkuii momitexHiqHuH iHCTHTYT iMeHi Iropst Cikopcbkoroy, Kuis, Ykpaina.

AHOTAIIA

AxTyanbHicTh. Po3risiHyTO 3amauy moOyzoBH Habopy (CHMBOIIKH) IITPUXKOJOBHX 3HAKIB JUIS 0araTOKOJIPHHUX INTPHUXOBHX
KOJIiB, CTIHKHX JI0 YIIKOXKSHHS OHOTO abo0 JIBOX €JIEMEHTIB y MeXkaX KOXKHOTO 3HaKa.

Mera. 3abe3neyeHHs HaJIHHOCTI 3UUTyBaHHs 0AaraTOKOJIIPHUX IITPUXKOJOBHUX 300paKeHb.

Merton. bararokomipHuid ITPUXKOIOBHI 3HAK MA€ BIACTUBICTH 3aBaJOCTIMKOCTI, AKIIO HOTro MU(POBUil EKBIBAIEHT (BEKTOP) €
KOJOBHM CJIOBOM MHOTO3HAYHOTO (HEIBIHKOBOT0) KOPEKTYBAILHOTO KOAY, 30aTHOTO BUIIPABIISTH HOMIUIKH (CIIOTBOPEHHS €IIEMEHTIB
3Haka). [TokaszaHo, 110 MOOYIOBY IITPUXKOAOBUX 3HAKIB CJIiJi BUKOHYBAaTH Ha OCHOBI MHOTO3HAYHOTO KOPEKTYBalbHOro Koxy BUX,
3[JATHOTO BHIPABJISATU B MOMUIIKH. 3alPOIIOHOBAHO METO/ MOOYJOBH MHOXKHMHH 3aBaJIOCTIHKHX IUTPUXKOJOBUX 3HAKIB 3aJIaHOl
MOTY KHOCTI, sIKi 3a0€3Me4yIoTh JOCTOBIpHE BIATBOPEHHS AaHWX IPH 1X 3YMTyBaHHI 3 Hocis. Po3poOneHo mpoueaypy KoIyBaHHS
JAHUX MHOTO3HaYHUM KojaoMm BUX Ha OCHOBI TBIpHOI MaTpPHIl KOIy 3 BUKOPHCTAHHSIM OIEpAIliii 32 MOIyJIeM MPOCTOro 4ucia. 3a-
MPOIIOHOBAHO HOBHH cIOCi6 moOyI0BH MEepeBipHOi MaTpUIli MHOTO3HaYHOrO Koxy BUX Ha OCHOBI BEKTOPHOTO MOJAHHS €IEMEHTIB
CKIHUCHHOro mousi. Po3po0ieHo y3aralibHEHHWH alrOpUTM TIeHepyBaHHS CHUMBOJIKH 0araTOKOJIPHOTO IITPUXOBOTO KOAY 3
MOXXJIUBICTIO KOPEKILil JBOKpaTHHX MOMWJIOK Y IITPUXKOJOBHX 3HaKax. MeTOJ TaKoX J03BOJsE OyayBaTH CHMBOJIKH 3aJaHOI
MOTY>KHOCT1 Ha OCHOBI ckopodeHux koziB BUX. 3amponoHoBaHo cmoci® CKOpOYEeHHS TBIpHOI Ta MEepeBipHOI MaTPUIh MHOTO3HAYHO-
ro moBHOTO Koxy bBUX ams oTpuMaHHS CKOPOYEHOTO KOAY 3a/1aHOi JOBXKHUHU. [loka3aHo, MO KpiM BUIIPABICHHS ABOKPATHUX TIOMH-
JIOK, MHOTO3Ha4Hi Koau BUX [03BONSIOTH TAKOXK BHUSBISATH HMOMHIIKH OLIBLIOT KPATHOCTI; LSl BIACTHBICTH ITOCHJIIOETHCS MPH
BHUKOPHCTaHHI ckopoueHHX kofiB BUX. Meron 3abe3neuye modynoBy ciMeiicTBa 6araToKoJIipHIX 3aBaIOCTIHKUX IITPUXOBHUX KOIIB.

Pe3yabTaTn. Ha 0cHOBI po3p0o0IieHOr0 MporpaMHOro 3a0e3neueHHs OTPUMaHi CTATUCTHYHI JaHi, 0 XapaKTePU3yIOTh 31aTHICTh
MHOTO03HauHHX KoJiB BXY BUSABIATH Ta BUIPABISATH MOMMJIKH, i HA iX OCHOBI IPOEKTYBAaTH 0araTOKOJIPHI 3aBafOCTiiKi IITPHXOBI
KOJTH.

BucHoBku. [IpoBenieHi eKCIIepUMEHTH MiITBEPIMIN MPALe3aaTHICTh PO3POOJICHOr0 aIrOPUTMIYHOTO 3a0e3neyeHHs i 103BOIsI-
IOTh PEKOMEHIYBATH HOTO Il BUKOPUCTAHHS Ha MPAKTHUIL MPU MPOEKTYBAHHI 3aBaJOCTIMKUX 0AaraTOKONIPHUX IITPUXOBHX KOJIB Y
cHUCTeMax aBTOMAaTHYHOI 1IeHTU(iKaIii.

KJIFOYOBI CJIOBA: mitpuxoBe KOayBaHHs, 6araTOKOMIpHI MITPUXOBI KOJIH, 3aBaIOCTIMKICTh IITPUXOBHUX KOJIB, Ko bUX.
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CHHTE3 CUMBOJIMK MHOI'OLIBETHBIX IOMEXQYCTONYHBBIX IITPUXOBBIX KOJOB HA OCHOBE
MHOT'O3HAYHBIX KOJOB BUX

Cyaema E. C. — 1-p TexH. HayK, IOLICHT, 3aBEAYIONINIA Kadeapoil mporpaMMHOT0 00eCeYeHUs] KOMIBIOTEPHBIX cucTeM Harmo-
HAJIBHOTO TEXHHYECKOro yHuBepcuTeTa YKpauHbl «KueBckuil moimuTexHHUecKuil MHCTUTYT uMeHH Urops Cuxopckoro», Kues,
Ykpauna.

Jlpo3aenko JI. B. — accucteHT Kadeapsl mporpaMMHOTO O0OeCIeueHNsI KOMIIBIOTEPHBIX cHCTeM HarmoHaapHOTro TeXHHYECKOTO
yHHBepcuTeTa YKpanHsl « KueBckuid monuTexHudeckuii HHCTUTYT uMeHH Uropst Cukopckoro», Kues, YkpanHa.

Jduuka A. . — actimpaHT kKadeapsl IporpaMMHOTO 00ecledeH s KOMITBIOTEPHBIX cucTeM HalmoHambHOrO TEXHHYECKOTO YHH-
BepcuteTa YKpauHs! «KueBckuii momurexanaeckuiit nHCTUTYT nMeHu Urops Cuxopckoroy», Kues, Ykpanna.

AHHOTANUA

AKTyanbHOCTb. PaccMoTpeHa 3agada nocTpoeHus: Habopa MITPUXKOJOBBIX 3HAKOB JUISl MHOTOLBETHBIX IITPUXOBBIX KOJOB, yC-
TOMYUBBIX K HCKaXXEHHSAM OJHOTO HIIH ABYX JIEMEHTOB B IpefienaX KaXKJ0ro 3HaKa.

Heanb. ObecnedeHne HaAeKHOCTH CINTHIBAHIS MHOTOIIBETHBIX IITPHXKOAOBBIX N300payKEHHUH.

MeToa. MHOTOLBETHBIN IITPUXKOIOBBII 3HAK UMEET CBOMCTBO IOMEXOYCTOMYMBOCTH, €CIIU €T0 HI(PPOBOH SKBUBATICHT (BEKTOP)
SIBIISIETCS KOJJOBBIM CJIOBOM MHOT'O3HAYHOTO (HEJBOMYHOI'0) KOPPEKTHPYIOMIET0 KO/, CIIOCOOHOTO MUCIIPABIISTH OMINOKU (MCKaKECHHS
9JIEMEHTOB 3HaKa). [Toka3aHo, 4TO IMOCTPOEHHE MITPUXKOJOBBIX 3HAKOB CIIEYCeT BBHITIONHATH HA OCHOBE MHOTO3HAYHOTO KOPPEKTH-
pytomero koxa BUX, crnocobGHoro ucnpammsath aBe ommOKH. [IpeioskeH MeToI NMOCTPOSHUS MHOXKECTBA IOMEXOYCTOMYMBBIX
LITPUXKOJOBBIX 3HAKOB 33aJaHHOM MOIIHOCTH, O0ECIEUHBAIOLIMX JIOCTOBEPHOE BOCIPOW3BEICHUE JAHHBIX IIPU UX CUUTHIBAHHU C
Hocutens. Paspaborana mpouenypa KOIMPOBAaHUS JTaHHBIX MHOTO3Ha4HbIM kogoMm BUX Ha ocHOBe oOpasyromieil MaTpHIbl Koa ¢
HCTIOIB30BaHMEM OTEPaLfii IO MOAYJIIO MPOCTOro umcia. [IpennoskeH HOBBIM COCOO MOCTPOEHHS MPOBEPOYHOM MATPULIBI MHOTO-
3Ha4HOTro Koja bUX Ha 0CHOBE BEKTOPHOTO MPEICTABICHNUS JIEMEHTOB KOHEYHOTO T, Pa3paboTan 0000LMICHHBIH alrOpuT™ T'eHe-
PHPOBAHUS CHMBOJIMKH MHOTOIIBETHOTO IITPHXOBOTO KOJA C BO3MOXKHOCTBIO KOPPEKIMH ABYKPATHBIX OIMIMOOK B IITPUXKOJOBBIX
3HaKax. MeTo]] MO3BOJISIET CTPOUTH CHMBOJIMKH 3aJJaHHON MOKHOCTH Ha OCHOBE COKpamieHHbIX konoB BUX. Ilpemroxen crocob
COKpaIlleHUs] 00pa3ylomel ¥ MpoBepOYHO MaTPHUIEI MHOTO3HAYHOTO MoHOTo kojga BUX s monmydeHHs: cokpamieHHOro Koja 3a-
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naHHoM aimHBL. [Toka3zaHo, 9TO KpOMe HCIIPaBIICHUS JBYKPATHBIX OMINOOK, MHOTO3HAaYHbIE KOBI BUX MO3BONSIOT Takke 0OHAPYKH-
BaTh OIIMOKH OOJNBIIEH KPaTHOCTH — 3TO CBOWCTBO YCHIIMBAETCS IIPH MCIIOIB30BAaHUH YKOpPOYeHHBIX koJoB BUX. Meton obecneun-
BaeT NIOCTPOCHUE CEMENCTBA MHOTOLIBETHBIX TIOMEX0YCTOWYMUBBIX IITPUXOBBIX KOJIOB.

Pe3yabTathl. Ha ocHOBE pa3paboTaHHOrO MPOrPaMMHOI0 00ECIIEUEHHsI MOMyUeHbl CTATUCTUUECKUE JAHHbIE, XapaKTEPU3YIOIIHe
CIOCOOHOCTh MHOTO3HAUHBIX K0J0B BUX 0OHapyXuBaTh M UCHPABIATH OIIMOKH, U Ha X OCHOBE IPOECKTHPOBATH MHOTOIIBETHbIE
TIOMEX0YCTOHYIHBBIE IITPUXOBBIE KOJBL.
BriBoasl. [IpoBeneHHbIE SKCIEPUMEHTHI HOATBEPAIIN PAb0TOCIOCOOHOCTH pa3pabOTaHHOTO ATOPUTMUIECKOTO 00ECTIEUeHHS H
MO3BOJIIOT PEKOMEHJI0BATh €ro AJIs UCIOIb30BaHMs HA MPAKTUKE IIPH MPOEKTUPOBAHUU IOMEXOYCTOHMUYMBBIX MHOTOLIBETHBIX LITPH-
XOBBIX KOZIOB B CHCTEMaX aBTOMAaTHUCCKOH HCHTH(HKAIHN.
KJ/IIOYEBBIE CJIOBA: mTpuxoBoe KOAMPOBaHHE, MHOTOI[BETHBIE IITPHXOBbIE KOJbI, IOMEXOYCTOHYMBOCTh IITPUXOBBIX KO-
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, koapl BUX.
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