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ABSTRACT

Context. The problem of automated development of evaluation programs for the neuroevolution of augmenting topologies.
Neuroevolution algorithms apply mechanisms of mutation, recombination, and selection to find neural networks with behavior that
satisfies the conditions of a certain formally defined problem. An example of such a problem is finding a neural network that imple-
ments a certain digital logic.

Objective. The goal of the work is the automated design and generation of an evaluation program for a sample neuroevolution
problem (binary multiplexer).

Method. The methods and tools of Glushkov’s algebra of algorithms and hyperscheme algebra are applied for the parameter-
driven generation of a neuroevolution evaluation program for a binary multiplexer. Glushkov’s algebra is the basis of the algorithmic
language intended for multilevel structural design and documentation of sequential and parallel algorithms and programs in a form
close to a natural language. Hyperschemes are high-level parameterized specifications intended for solving a certain class of prob-
lems. Setting parameter values and subsequent interpretation of hyperschemes allows obtaining algorithms adapted to specific condi-
tions of their use.

Results. The facilities of hyperschemes were implemented in the developed integrated toolkit for the automated design and syn-
thesis of programs. Based on algorithm schemes, the system generates programs in a target programming language. The advantage of
the system is the possibility of describing algorithm schemes in a natural-linguistic form. An experiment was conducted consisting in
the execution of the generated program for the problem of evaluating a binary multiplexer on a distributed cloud platform. The mul-
tiplexer example is included in SharpNEAT, an open-source framework that implements the genetic neuroevolution algorithm NEAT
for the .NET platform. The parallel distributed implementation of the SharpNEAT was proposed in the previous work of the authors.

Conclusions. The conducted experiments demonstrated the possibility of the developed distributed system to perform evalua-
tions on 64 cloud clients-executors and obtain an increase in 60-100% of the maximum capabilities of a single-processor local im-
plementation.

KEYWORDS: algebra of algorithms, automated program design, cloud computing, hyperscheme, neuroevolution, neural net-
work, parallel programming.

ABBREVIATIONS e is an empty word,;
IDS is an Integrated toolkit for software Design and E; is a three-valued logic;
Synthesis; . : .
NEAT is NeuroEvolution of Augmenting Topologies; By 1sa fo_ur valued _IOgIC’ . ]
SAA is a system of algorithmic algebra; F(A, p) is a function that specifies the generation
SharpNEAT is an open-source framework written in  method for operations of AHS signature;
C# that implements the genetic neuroevolution algorithm GA is Glushkov’s algebra (system of algorithmic al-
NEAT. ebra);
gebra);
NOMENCLATURE IS is a set of states (an information set) of the opera-
A is a nonterminal operator from set Ry ; tional automaton of the abstract automaton model of a
T computer;

A: is an operator from set O_p ;

i
AHS is algebra of hyperschemes;

L is a set of states of tape L;
L isa tape of operational automaton ®;
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m is a number of address inputs of a multiplexer;
M is a set of states of operational automaton @;

M is a stack of control automaton ¥’
n is a number of data inputs of a multiplexer;
Op is a set of operators of GA ;

O_p is a set of operators of AHS ;
p is an element of set P ;

P is a set of states (an information set) of the opera-
tional automaton of the abstract automaton model of the
parameter-driven generator of texts;

Py is an array length;

P, is a number of address inputs of a multiplexer
(hyperscheme parameter);

P, is a number of information inputs of a multiplexer
(hyperscheme parameter);

P; is the total number of inputs of a multiplexer
(hyperscheme parameter);

Py is a hyperscheme parameter with number g;

Pr is a set of predicates of GA;

Pr is a set of predicates of AHS ;
Ry is a set of nonterminal operators of AHS ;

Ry is a set of terminal operators of AHS ;
s; is address input of a multiplexer;

uy is a predicate from set Pr;

X; is a data input of a multiplexer;
y is an output of a multiplexer;

n is “not computed” value;

u is “undefined” value;

@ is an operational automaton;
W is a control automaton;
Qans IS a signature of operations of AHS ;

Qg is a signature of operations of GA ;
Q; is a set of logic operations included in Qgp;
Q5 is a set of operator operations included in Qga.

INTRODUCTION

One of the promising directions in the development
and research of parallel and distributed computing
systems is the construction of software abstractions in the
form of algebraic-algorithmic languages and models,
which aims to develop architecture- and language-
independent programming tools for multiprocessor
computing systems and networks. In [1], authors
proposed a theory, methodology, and software tools for
the automated design of parallel programs based on high-
level algebraic formalization and automation of program
transformations based on rewriting rules. In particular, an
instrumental system of programming automation called
the integrated toolkit for software design and synthesis
(IDS) was developed. One of the important problems
within the algebra-algorithmic approach is increasing the
adaptability of programs to the specific conditions of their
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use. In particular, it can be solved by using the method of
parameter-driven generation of algorithm schemes based
on higher-level specifications named hyperschemes.

In this paper, the developed algebra-algorithmic facili-
ties are applied to the field of neuroevolution algorithms.
Neuroevolution is a promising approach for solving com-
plex problems of machine learning, the development of
artificial neural networks, adaptive control, multi-agent
systems, and evolutionary robotics [2]. The main advan-
tage of neuroevolution is that it can be used more widely
than supervised learning algorithms, which require a pro-
gram of correct input-output pairs. Neuroevolution only
requires evaluating the performance of the network when
performing a task. It uses evolutionary algorithms to train
a neural network and belongs to the category of rein-
forcement learning methods. All evolutionary algorithms
develop a set (“population”) of solutions (“individuals™).
Individuals are represented by their genotype, which is
expressed in the form of a phenotype, with which quality,
“adaptability” is associated. There are a large number of
neuroevolutionary algorithms, divided into two groups.
The first includes algorithms that perform the evolution of
weights for a given network topology, the second includes
algorithms that, in addition to the evolution of weights,
also perform the evolution of the network topology. Evo-
lutionary algorithms manipulate a set of genotypes, which
are a representation of a neural network. In a direct cod-
ing scheme, the genotype is equivalent to the phenotype,
and neurons and connections are directly specified in the
genotype. Conversely, in the scheme with indirect coding,
the rules and structures for creating a neural network are
specified in the genotype.

The object of study is the automated development of
evolutionary algorithms.

One of the implementations of evolutionary algo-
rithms is SharpNEAT [3], an open-source framework
developed in the C# language. It implements the genetic
neuroevolution algorithm NEAT (NeuroEvolution of
Augmenting Topologies) for the .NET platform. The al-
gorithm uses the evolutionary mechanisms of mutation,
recombination, and selection to find neural networks with
behavior that satisfies the conditions of a certain formally
defined problem. Examples of such problems are control-
ling the movements of a robot’s limbs, flying a rocket, or
finding a neural network that implements a certain digital
logic (for example, a multiplexer).

Despite the strengths of the NEAT method, such as
the possibility of its application in tasks where it is diffi-
cult to choose the cost function and neural network topol-
ogy, one of the problems is the slow convergence to op-
timal results, especially in the case of complex environ-
ments. The distributed implementation of the NEAT eval-
uation method was proposed in the previous work of the
authors [5]. It allows to radically speed up finding optimal
configurations of neural networks in the presence of suffi-
cient computing resources.
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The subject of study is the automated design and
generation of evaluation programs for neuroevolution
algorithms.

The purpose of the work is to apply algorithm alge-
bra and hyperschemes [1, 6] for the parameter-driven
generation of an evaluation program for a sample
neuroevolution problem.

Hyperschemes are parameterized specifications in-
tended for solving a certain class of problems. Setting
specific values of parameters and subsequent interpreta-
tion of hyperschemes allows obtaining algorithms adapted
to specific conditions of their use. The generator of algo-
rithms based on hyperschemes is one of the components
of the above-mentioned IDS toolkit [1]. Algorithm
schemes being designed in the toolkit are presented in
Glushkov’s system of algorithmic algebra (SAA).

The approach to the parameter-driven generation of
programs is illustrated on generating the source code of
the evaluation procedure for the binary multiplexer prob-
lem example included in SharpNEAT [4]. The results of
the execution of multi-threaded and distributed versions
of the generated procedure on a multicore processor and a
cloud platform are given.

1 PROBLEM STATEMENT

The problem consists in designing a high-level
parameterized specification in the algebra of hyper-
schemes [1, 6] that is applied to generate classes of evalu-
ation schemes for a binary multiplexer (Binary
MultiplexerEvaluator) example [4] depending on the
multiplexer parameters, followed by the automated syn-
thesis of code in C# language for the SharpNEAT frame-
work.

A multiplexer is a device that has several data inputs
% (i=0,..,n=1), address inputs s; (j=0,..,m-1),
and one output y . The device transmits a signal from one
of the data inputs to the output; at the same time, the
selection of the desired input is carried out by applying
the appropriate combination of control signals to the
address inputs. The number of data inputs n and the
number of address inputs m are related by the ratio:
n=2". The conditional scheme of the multiplexer with
11 inputs is shown in Fig. 1.

X ——>»

X2 ——
X3 ——
Xg—
X5 ——
X ——
X7 ——>

111

So &1 &2

Figure 1 — The conditional scheme of a multiplexer with 11
inputs
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The parameters of the hyperscheme are the number P,
of address inputs of the multiplexer, the number P, of its
information inputs and the total number of inputs
P3; =P; + P,. All inputs accept binary values (0 or 1). A
binary address is applied to the address inputs,
representing the selection of one of the input values for
data. The evaluation consists of exhaustively testing the
neural network on each of the 2™ possible input
combinations [4]. The output value of the neural network
must match the value of one of the data inputs, which is
represented by a binary address from the address inputs.
An output value less than 0.5 is considered a binary zero,
and an output value greater than or equal to 0.5 is a binary
one. The value of the assessment (suitability) is calculated
additively as a result of the comprehensive check.

Depending on the values of the hyperscheme
parameters, a specific scheme of an algorithm in SAA [1]
is to be generated, representing a multiplexer evaluation
scheme with a specific number of inputs. The examples of
parameter values are shown in Table 1. The SAA schemes
are the basis for the generation of C# programming code.

Table 1 — The values of the hyperscheme parameters (P1—P5)
for generating multiplexer evaluation schemes

Corresponding values of
hyperscheme parameters
Number of
multiplexer inputs Py P2 Ps
3 1 2 3
6 2 4 6
11 3 8 11

2 REVIEW OF THE LITERATURE

This paper is related to works on the automated gen-
eration of programs from specifications
[7-10] and neuroevolution of augmenting topologies [2,
11, 12].

In particular, paper [7] presents a tool for the auto-
matic generation of C++ programs from lIsabelle (high-
order logic theorem prover) specifications. In [8], a com-
bination of code and test generation based on the specifi-
cation language of the Temporal Logic of Actions (TLA)
is proposed. Work [9] presents a tool for generating C++
code from abstract state machine models. Paper [10] pro-
poses an automated technique that generates executable
tests from structured natural language specifications.

The peculiar feature of our approach to program gen-
eration consists in using algebra of algorithms and hyper-
schemes [6]. Algorithms and programs are constructed
using high-level algebra-algorithmic schemes represented
in a natural linguistic form. The developed tools provide
automated generation of sequential and parallel code in
C++ and Java languages from the schemes. In this paper,
we apply these algebra-algorithmic facilities for the au-
tomated design of an evaluation procedure for a
neuroevolution algorithm.

Neuroevolution of augmenting topologies is a genetic
algorithm for finding artificial neural networks through
evolution (neuroevolutionary method) [2]. HyperNEAT
(Hypercube-based NeuroEvolution of Augmenting To-

OPEN a ACCESS m



p-ISSN 1607-3274 Panioenexrpownika, indopmatrka, ynpasminss. 2023. Ne 1
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2023. Ne 1

pologies) is an extension of NEAT that uses a form of
indirect encoding called Compositional Pattern-Producing
Networks (CPPNSs) [11]. The implementations of NEAT
and HyperNEAT are part of a package called SharpNEAT
developed in C# by Colin Green [12]. The peculiarity of
NEAT and SharpNEAT is that they search both the struc-
ture of the neural network (nodes and connections) and
the weight parameters of connections between nodes. The
parallel distributed version of SharpNEAT was proposed
by the authors in [5].

In this work, the distributed version is applied for
evaluating the performance of the code generated for bi-
nary multiplexer problem example on a cloud platform.

3 MATERIALS AND METHODS

In this section, we consider the system of algorithmic
algebra and hyperschemes, which are the basis of the al-
gebra-algorithmic approach to algorithm design and syn-
thesis. The software tools for the automated generation of
algorithm schemes and programs are also described.

Glushkov’s SAA is focused on the analytical form of
algorithm representation and formalized transformation of
these specifications, in particular, with the aim of optimiz-
ing the algorithms according to specified criteria [1]. SAA

is the two-sorted algebra GA:<{Pr,Op};QGA>, where
sorts are a set Pr of predicates and a set Op of operators

defined on information set IS. The operators are map-
pings (possibly partial) of IS to itself. The predicates
take values of the three-valued logic Ez ={0,1,u}. The
signature Qgp = U Q, consists of system Q, of logic
operations (conjunction, disjunction, negation, and prog-
nosis) that take values in set Pr, and system Q, of op-

erator operations (composition, branching, loop, and
other) that take values in set Op and are considered fur-

ther in more detail.

SAA is the basis of the algorithmic language SAA/L,
designed for multilevel structural design and documenta-
tion of sequential and parallel algorithms and programs.
The advantage of its use is the possibility of describing
algorithms in a natural-linguistic form. The operators rep-
resented in the SAA/1 language are called SAA schemes.
Identifiers of predicates in this language are enclosed in
single quotes, and operators — in double ones. Predicates
and operators in SAA/1 can be basic or compound. Basic
elements are elementary atomic abstractions in algorithm
schemes. Compound conditions and operators are built
from basic ones using the operations from the SAA signa-
ture.

Some operator operations of SAA used in this paper
are the following (represented in a natural-linguistic
form):

— composition (sequential execution) of operators:
“operatorl”; “operator2”;

— branching: IF ‘condition” THEN “operatorl” ELSE
“operator2” END IF;
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— for loop: FOR (counter FROM start TO fin) “opera-
tor” END OF LOOP;

— parallel processing of a list:
FOR EACH (elem IN list)(“operator(elem)”).

The algebraic facilities for generation of algorithm
schemes are based on SAA and the abstract automaton
model of the parameter-driven text generator [1, 6]. The
generator works according to a feedback principle (see

Fig. 2). The automaton ¥ with stack M is used as a
control automaton, and the automaton @ with tape L is

used as an operational one. Tape L is intended for writ-
ing the text of an SAA scheme being generated.

PARALLEL

A.f =
v @

Uy

”

i

Figure 2 — The abstract automaton model of the
parameter-driven text generator

Set M of states of automaton @ is associated with
parameters that control the generation of schemes. The
elements of the information set P =M x L are called the
states of the operational structure. At each step of the au-
tomaton’s work, a set of values of logical conditions

ﬁ:{uk} defined on set P is sent from the operational
to the control automaton. Depending on these values and

contents of stack M , the control automaton initiates the
execution of some operator. The set of operators

O_p={Aj} is divided into two disjoint sets — terminal
operators Ry and nonterminal operators Ry . Execution
of the terminal operator from set Ry consists in changing
the current state of the operational structure, which, in

particular, can be writing some text on tape L . The exe-
cution of operator Ae Ry at current state peP con-

sists in writing some term F(A, p) to stack M and its

further interpretation by the control automaton. The term
F (A, p) is an analog of the concepts of macro definition,

procedure, routine, etc. Stack M is used at processing
nested and recursive terms. The generated text is the con-

tent of tape L in the final state of the operational struc-
ture

The considered abstract automaton model is matched
with the algebra of hyperschemes intended for the formal-
ization of algorithms for the parameter-driven generation
of SAA schemes [6]. It is the two-sorted algebra

AHS = <{ﬁ,o_p};QAHS > where predicates from set Pr

are defined on information set P and take values of the
four-valued logic E; ={0,1, u,n}; operators from set Op

are defined on and take values in set P .
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The set of predicates is associated with parameters
that control the process of SAA scheme generation. The
operations of the signature Q 5ng are similar to the SAA

operations. The difference from SAA is that the predi-
cates from set Pr map information set P to set E, with
additional value n, which is used to indicate that the val-

ue of a predicate cannot be computed due to a lack of
information about the values of hyperscheme parameters.

The application of operator AcOp at state peP
leads to the transition of operational structure @ to a new
state A(p) € P and writing some (possibly empty) frag-
ment F(A, p) of a scheme being generated to tape L.
The function F(A, p) specifies the generation method for

all operations of the algebra of hyperschemes and is de-
fined in detail in [6].

In  particular, function
“operatorl”; ‘“operator2”
operation without changes.

For the operation of branching, the generation func-
tion is

F(A,p) for operation
generates the composition

"operatorl", if 'condition'=1;

"operator 2", if 'condition'=0;

IF 'condition' THEN "operatorl" ELSE
"operator2" END, if ‘condition'=n;

e, if ‘condition'= y,

F(A p)=

where e is an empty word.

The result of the interpretation of this operation is the
text of the first operator at the true value of the condition,
and the text of the second operator at the false value. The
whole text of the branch operation is generated at a not
computed value of the condition. An empty text is a result
in the case if there was an error during the interpretation
process.

Representations of operators in AHS are called hy-

perschemes. Each hyperscheme A applied at state p e P
generates an SAA scheme F(A, p). Hyperscheme A

defines the class of SAA schemes {F (A, p)| p € P}.

The processing of basic conditions and operators of a
hyperscheme consists in computing expressions with
hyperscheme parameters and substituting them into the
text of these basic elements.

The considered approach to the generation of algo-
rithm schemes is implemented in the integrated toolkit for
software design and synthesis [1]. Hyperschemes are de-
signed in an automated way by detailing the language
constructs of the hyperscheme algebra. The constructs are
selected from a list and added to the algorithm design
tree. At each step of the design process, the system offers
a list of algebra operations depending on the type of tree
node selected. A hyperscheme is used for further genera-

tion of an SAA scheme of an algorithm (see Fig. 3) and
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synthesis of a program in a target programming language
(C, C++, Java, and other).

To facilitate processing, the parameters are written in
the text of the basic and other elements of a hyperscheme
in the form R, (q4=0,12,...). Expressions with hyper-

scheme parameters are enclosed in square or curly brack-
ets.

Example. Consider the use of the hyperscheme facili-
ties for designing a fragment of the hybrid sorting algo-
rithm.

Hyperscheme

| Generator of
"| SAA schemes

h 4

SAA scheme

Generator of
programs

Program code

Figure 3 — The sequence of generation of algorithms and
programs in the IDS toolkit

In the SAA scheme below, one of the sorting algo-
rithms (insertion, sequential, or parallel merge sort) is
selected depending on the length P, of the array.

“Hybrid sort (array)” ===
= IF ‘[Po <= 200]
THEN
“Insertion sort (array)”
ELSE
IF ‘[Po <= 10007’
THEN
“Sequential merge sort (array)”
ELSE
“Parallel merge sort (array)”
END IF
END IF

Let it be known in advance that the algorithm
represented by the scheme will be applied in conditions
when P, >500, then the given SAA scheme becomes
redundant. Considering it as a hyperscheme, we can
assume that at the stage of generation of an SAA scheme,
the condition [Py <= 200]" takes the value “false”, while
‘[Po <=1000]" takes the value “not computed”. As a
result of the generation of text according to the
hyperscheme, we will get the shortened SAA scheme:

“Hybrid sort (array)” ===
= IF [Py <= 1000]’ THEN
“Sequential merge sort (array)”
ELSE
“Parallel merge sort (array)”

END IF
OPEN 850::55
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4 EXPERIMENTS

In this paper, we apply the facilities of hyperschemes
for generating classes of SAA schemes intended for the
evaluation of a binary multiplexer (BinaryMultiplexer
Evaluator) [4].

The hyperscheme constructed using the IDS toolkit is
given below. Its parameters P,, P,, P; were described in
Section 1. In the scheme, curly brackets {Ps} indicate the
parameter that needs to be replaced with the
corresponding number written in words, that is, if the
value of P3;=11, the text “Eleven” will be inserted.
Square brackets (for example, [Py] or [P3z—1]) indicate
parameters or arithmetic expressions to be replaced by the
corresponding number. So, for the loop FOR (i FROM 0
TO [Pow(2, P3)—1]) at the value of the parameter
P; =11, the text FOR (i FROM 0 TO 2047) will be
generated.

SCHEME
BINARY{P;}MULTIPLEXEREVALUATOR ===
“Binary {Ps}-multiplexer evaluator scheme”

END OF COMMENTS

“Binary{Ps;}MultiplexerEvaluator” ===
= NAME SPACE
SharpNeat.Domains.Binary{Ps;}Multiplexer

CLASS Binary{Ps;}MultiplexerEvaluator OF
TYPE public INHERITS
IPhenomeEvaluator<IBlackBox>

“Declare a constant (StopFitness) of type
(double) = (10E + [P4])";

“Declare a variable (_evalCount) of type
(ulong)™;

“Declare a variable (_stopConditionSatisfied)
of type (bool)”;

REGION IPhenomeEvaluator<iBlackBox>
Members

PROPERTY public ulong EvaluationCount
GET
(

“Return value (_evalCount)”

)
END OF PROPERTY

PROPERTY public bool
StopConditionSatisfied
GET
(
“Return value (_stopConditionSatisfied)”

)
END OF PROPERTY

METHOD public Fitnessinfo
Evaluate(IBlackBox box)

“Declare a variable (fitness) of type
© Doroshenko A. Yu., Achour I. Z., Yatsenko O. A., 2023
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(double) = (0.0)™;
“Declare a variable (success) of type
(bool) = (true)”;
“Declare a variable (output) of type
(double)™;
“Declare a variable (inputArr) of type
(ISignalArray) = (box.InputSignalArray)”;
“Declare a variable (outputArr) of type
(I1SignalArray) = (box.OutputSignal Array)”;
“Increase (_evalCount) by (1)”;
FOR (i FROM 0 TO [Pow(2, P3) - 1])
LOOP
“Declare a variable (tmp) of type
(int) = (i)";
FOR (j FROM 0 TO [P —-1])
LOOP
(inputArr[j] := tmp&0x1);
(tmp :=tmp >> 1)
END OF LOOP;
“Activate the black box (box)”;
“Read output signal (output)(outputArr)”;
IF (1 << ([P4] + (I&OX[P, — 1])))&i) = 0)
THEN
(fitness := fitness + 1.0 — ((1.0 — output) *
(1.0 - output)));
IF (output < 0.5)
THEN (success := false)
END IF
ELSE
(fitness := fitness + 1.0 — (output *
output));
IF (output >=0.5)
THEN (success := false)
END IF
END IF;
“Reset black box state ready for next test
case (box)”
END OF LOOP;
IF success
THEN (fitness := fitness + 10E + [P4])
END IF;
IF (fitness >= StopFitness)
THEN (_stopConditionSatisfied := true)
END IF;
“Return value (hew
FitnessInfo(fitness, fitness))”
END OF METHOD

METHOD public void Reset()
“Empty operator”
END OF METHOD
END OF REGION

END OF CLASS
)

END OF SCHEME
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Based on the hyperscheme, SAA schemes for
evaluating multiplexers with three, six, and 11 inputs
were generated using the IDS toolkit. Further, C#
program code for the SharpNEAT framework was
generated according to the schemes.

The scheme of the parallel multi-threaded evaluation
procedure for the multiplexer example, implemented in
SharpNEAT, looks like this:

METHOD private void
Evaluate_Caching(IList<TGenome> genomeL.ist)
PARALLEL FOR EACH (genome IN genomeL.ist)
(

“Get (phenome) for (genome)”;
IF (phenome = null)
THEN “Decode the (phenome) and store a
reference against the (genome)”
END IF;
IF (phenome = null)
THEN
“Set (genome) fitness to (0.0)”;
“Set (genome) auxiliary fitness info to (null)”
ELSE
“Evaluate (phenome) and get fitness
(fitnessInfo)”;
“Set (genome) fitness to (fitnessinfo._fitness)”;
“Set (genome) auxiliary fitness info to
(fitnessInfo._auxFitnessArr)”
END IF

)
END OF METHOD

In [5], the distributed version of this procedure was
developed for execution on a cloud computing platform.

In this work, the experiments with multithreaded and
distributed implementations of neuroevolution of aug-
menting topology were carried out. A multiplexer with 11
inputs was selected as an example.

The following configurations were chosen as the
execution environments for single-process and distributed
implementation:

1) local environment, Intel Core i9-9900K CPU
(3.60 GHz - 5.00 GHz), 8 cores, 16 logic processors, 32.0
GB RAM, one process, 16 threads;

2) local environment, Intel Core i9-9900K CPU (3.60
GHz - 5.00 GHz), 8 cores, 16 logic processors, 32.0 GB
RAM, distributed implementation, 16 local clients-
executors;

3) cloud environment, 3rd Gen AMD EPYC Amazon
EC2 Cé6a.large, 3.60 GHz, 2 cores, 4.0 GB RAM, up to
12.5 Gbit/s of network bandwidth, and up to 6600 Mbit/s
of storage bandwidth, distributed implementation, 16 lo-
cal clients-executors;

4) the same cloud environment, but with 32 cloud cli-
ent executors;

5) the same cloud environment but with 64 cloud cli-
ent executors.
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5 RESULTS

This section gives the results of executing the multi-
plexer example in the computing environments described
above.

Fig. 4 shows the graph of the dependence of the
evaluation speed (the number of evaluations per second)
on the generation number for local configurations of the
environment.

Number of evaluations per second

Generation number

Local Grid, 16 clients Local Single-Process, 16 paraliel

......... Poly. {Local Grid, 16 chients)

Figure 4 — The graph of the dependence of the evaluation speed
on the generation number for local environment configurations

Poly. (Local Single-Process, 16 parallel)

Fig. 5 shows a graph of the evaluation speed on the
generation number for the cloud-based environment
configurations.
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— Cloud Grid, 64 nodes =~ -oooeee Poly. (Cloud Grid, 16 nodes)

Poly. [Cloud Grid, 32 nodes) +++-- Poly. (Cloud Grid, 64 nodes)

Figure 5 — The graph of the dependence of the evaluation speed
on the generation number for cloud environment configurations

6 DISCUSSION

As seen from the graph in Fig. 4, the distributed im-
plementation is expected to show worse results compared
to the single-process implementation due to the overhead
of interaction between processes. As the complexity of
the evaluation task increases (the size of the generated
neural network increases), the efficiency of the single-
process and local distributed implementation is leveled
off, since the overhead costs of computing resources be-
come prohibitively lower than the evaluation costs.

As shown in Fig.5, the distributed cloud
implementation is expected to show worse results (for the
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same number of client-executors) compared to the single-
process and local distributed implementation due to the
overhead of interaction between the processors of many
computers, clients-executors. However, with the growth
of the number of executors, we can neglect the constant
value of the overhead and obtain a linear increase in the
efficiency of the distributed system.

The results of the experiment demonstrated the ability
of the distributed system to conduct evaluations on 64
cloud clients-executors and obtain an increase of 60—
100% from the maximum capabilities of a single-
processor local implementation.

CONCLUSIONS

The scientific novelty of obtained results is that the
facilities of hyperscheme algebra are firstly applied for
the automated generation of parametric neuroevolution
evaluation algorithms on the example of the evaluation
problem for a binary multiplexer. A hyperscheme is a
high-level parameterized algorithm for solving a certain
class of problems. Setting parameter values and subse-
quent interpretation of the hyperscheme allows obtaining
algorithm schemes adapted to specific conditions of their
use.

The practical significance of obtained results is that
the means of hyperschemes are implemented in the devel-
oped integrated toolkit of automated design and synthesis
of programs. Based on algorithm schemes, the system
generates programs in a target programming language.
The advantage of the system is the possibility of describ-
ing algorithm schemes in a natural-linguistic form. An
experiment was conducted consisting in execution of the
generated program for the problem of evaluating a binary
multiplexer on a distributed cloud platform, which dem-
onstrated the possibility of the developed distributed sys-
tem to perform evaluations on 64 cloud clients-executors
and obtain an increase in 60-100% of the maximum ca-
pabilities of a single-processor local implementation.

Prospects for further research are to apply the alge-
bra-algorithmic method and tools for the automated de-
velopment of the parallel implementation of evolutionary
algorithm evaluation procedure on a graphics processing
unit.
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AHOTAIIA

AKTyaJbHicTb. Po3risHyTO 33124y aBTOMAaTH30BaHOI PO3pOOKH MPOTpaM OLIHKH ATl alTOPHUTMIB HEHPOESBOIIOLIi HApOCTAr0OU0l
ToroJorii. EBoroNiifHI anropuTMu 3acTOCOBYIOTH MEXaHi3MH MyTallii, pekoMOiHamii Ta CeJeKIil AT MONTyKy HEHPOHHUX Mepex 3
TIOBE/IIHKOIO, SIKa 3a/I0BOJIBHSIE yMOBaM IIeBHOI (popManbHO BU3HaUeHOT 3anadi. [Ipukianom Takol 3aadi € 3HaXOMKEHHS HEHPOHHOT
Mepexi, L0 peatizye MeBHy HU(POBY JIOTIKY.

Meta po60oTH — aBTOMAaTH30BaHE MPOCKTYBAHHs Ta TeHEpallis MPOrpaMu OILIHKHU IS 3a7a4i HeHPOEBOIONIT Ha MPHUKIIaIi BiH-
KOBOT'O MYJIbTHILIEKCOPA.

Metoa. Metoau Ta iHCTpyMeHTaJbHI 3aco0u anreOpy anroput™MiB [nyikoBa Ta ajareGpu rinepcxeM 3acTOCOBAHO sl MapameT-
PpUYHO-KEpOBaHOI TeHepalii MporpaMy OLIHKH aJrpopUTMy HEWpoeBOMoLii Ui OiHapHOTO MyJbTHILIEKCOpa. Anrebpa [mymkosa
MOKJIAJICHa B OCHOBY aJITOPUTMIYHOI MOBH, IIPU3HAUCHOI Ul OAraTOpiBHEBOTO CTPYKTYPHOTO IPOCKTYBAaHHS Ta JIOKYMEHTYBaHHS
MOCJILTOBHUX 1 MapaJeNbHUX aJITOPUTMIB Ta IIporpam y (opmi, HaGIvbKeHil 1o npupoaHoi MoBH. ['imepcxeMu € napaMeTpH30BaHIMHI
BHCOKOPIBHEBUMH crenudikariisiMy, Mpu3HadeHUMH JUISL BUPIIICHHS IEBHOTO KJIacy 3amad. 3amgaBaHHs 3HAYeHb ITapaMeTpiB i rmoja-
JIbIIIA {HTEpIIpeTaLis rinepcxeM J03BOJIsIE OTPUMATH aJrOPUTMH, aJaTOBaHI 10 KOHKPETHUX YMOB X BUKOPHCTAHHS.

Pe3yasTaTn. 3acobu rinepcxem peanizoBaHO B po3po0JIeHOMY iHTEIPOBaHOMY IHCTpyMEHTapil aBTOMAaTH30BaHOIO IPOCKTYBaH-
HS Ta CHHTe3y nporpaM. Ha OCHOBI cxem alnropuTmiB cHCTeMa reHepye HNpOorpaMy LiJIbOBOI0 MOBOIO NporpamyBaHHs. IlepeBaroto
IHCTPYMEHTApiI0 € MOXJIMBICTD OIUCY CXEM AITOPUTMIB Y MPUPOAHO-IIHrBicTHYHIN (opmi. [IpoBeeHO eKCIEPUMEHT 3 BUKOHAHHS
3TeHEepPOBAHO1 MPOTpaMy AJIs 3a/1a4i OI[iHKH JBIHKOBOTO MYJIBTHILIEKCOPA Ha PO3MOAUICHIN XMapHil ruiaTgopmi. 3rajaHa mporpama
Bxoauth 10 ckinaxy SharpNEAT — cuctemu 3 BiKpUTHM KOJOM, IO pealidye anroputM renetudroi neiipoesomomii NEAT mis
wiardopmu .NET. ITapasnensna po3nozineta peaiizawis SharpNEAT Gyiia 3anporioHoBaHa B ONEpeAHiid poboTi aBTOPIB.

BucaoBku. Pe3ynbTaTté IpoBeIeHNX €KCIEPUMEHTIB IIPOAEMOHCTPYBAIN MOXKIIMBICTE PO3POOIICHOI PO3IOIIICHOI CHCTEMH BH-
KOHYBAaTH OLIIHIOBaHHS Ha 64 XMapHHUX KIJIi€HTax-BUKOHyBa4yax Ta oTpuMyBaTH npupict y 60-100 % Bix MakCMMaJIbHUX MOXIIMBOC-
Teil OHOMPOIIECOPHOT JIOKATBHOT peatizartii.

KJIFOYOBI CJIOBA: anredpa ajaropuTMiB, aBTOMaTH30BaHe MPOSKTYBAaHHS IIPOrpaM, XMapHi 00YHCIICHHs], Tinepcxema, Heil-
POEBOJIIOLiS, HEHPOHHA MeperKa, MapaielibHe NPOrpaMyBaHHS.
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ABSTRACT

Context. The proposed article relates to the field of visual information processing in a computer environment, more precisely to
the determination the parameters of the interest object in the image, in particular, the contour of the interest object In most cases, the
contour of an object is a simply connected sequence of curve arcs.

Obijective. The purpose and subject of the study is to find and to propose such a definition of the digital curve arc, as the most
important element of the object contour in the recognizable image, which does not contradict modern neurophysiological conceptions
about visual perception, and to recognize the object contour as a sequence of the digital curve arcs.

Method. The representation of the image in the form of a structural model is used, one of the structural elements of which is the
contour of the object, consisting of digital curve arcs. Also, the image is considered as a cellular complex which corresponds to mod-
ern ideas about human visual perception.

Results. The new definition for arc of a digital curve as a sequence of digital straight segments is proposed, which does not con-
tradict to modern concepts of neurophysiology. In contrast to the known definitions of a curve arc, the proposed definition of a digi-
tal curve arc makes it possible to determine the start and end points of the arc. According to the description of the contour of an ob-
ject as a simply connected closed sequence of line segments, it is proposed to construct a description of the contour as a sequence of
arcs of digital curves.

Conclusions. The use of the proposed definition of the digital curve arc in image processing makes it possible to recognize the
contour of an object in an image and present it in a form close to visual perception. For best results, the use of variable resolution in
image processing algorithms is recommended.

KEYWORDS: image, contour, curve arc, straight line segment, cellular complex, neurons, receptive field.

NOMENCLATURE

AB is the curve arc, corresponds to x = o (1), y = ¢ (1)
at I<t=<u;

a is an example of 0-cell;

b is an example of 0-cell;

c is an example of 0-cell;

C is an abstract cell complex;

Cn, is an m-dimensional Cartesian complex;
d is the pixel size;

dim is a dimension function;

E is the set of abstract elements (cells);

e is an example of 0-cell;

e' is formal cell example;

e" is formal cell example;

f is an example of 0-cell;

F is a binary relation;

g is an example of O-cell;

I is the set of non-negative integers

h is the height of the arc segment;

hs is the height of the s-th arc segment;

I is lower bound of the parameter t definition area;
m is a dimension;

n is the cell number in the cell sequence;
N is the cell quantity in the cell sequence;
p is an example of O-cell;

P is a set of points;

r is a brightness function;

© Kalmykov V. G., Sharypanov A. V., Vishnevskey V. V., 2023
DOI 10.15588/1607-3274-2023-1-9

s is the straight segment number in the sequence;

S is the straight segment quantity in the sequence;

t is the cell number in the cell sequence of the straight
line segment;

Ty Te is a straight line segment;

Ty is a begin point xp,y, of the straight line segment
TbTe;

Te is an end point x.,y. of the straight line segment
TpTe;

u is upper bound of the parameter t definition area;

X, is the cell abscissa with number n in the se-
guence;

yn is the cell ordinate with number n in the se-
guence;

Xs 1S the abscissa of the boundary common point (0-
cell) of adjacent line segments, number s in the sequence;

ys is the ordinate of the boundary common point (0-
cell) of adjacent line segments, number s in the sequence;

Xs is the boundary point (0-cell) number s abscissa of
line segment belonging to curve arc;

ys is the boundary point (0-cell) number s ordinate of
line segment belonging to curve arc, in the sequence;

Xt is the cell abscissa with number t in the sequence
of the straight line segment;

yn is the cell ordinate with number t in the sequence
of the straight line segment;
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¢ is continuous parametrically defined function;
y is continuous parametrically defined function;
T is the parameter on the segment [l,u].

INTRODUCTION

Many tasks of image analysis and processing consist
in detecting an object of interest and determining its pa-
rameters. Typically, visual information and, in particular,
a grayscale image is represented as a set of pixels,
densely, without gaps, filling the field of the image. The
boundaries (contour) of the detected object are often not
defined as the result of image processing, as, for example,
for statistical [1, 2, 3, 4] or neural network [5, 6, 7] ap-
proaches to image processing.

At the same time, other approaches are known for
solving image recognition tasks, in particular, structural
recognition [8], which involve the representation of an
image in the form of a hierarchical structure.

The object of study is the arc of the curve as an struc-
tural element of the image while its processing.

The subject of study is the development of the curve
definition arc, suitable for the analysis and processing of
an image in its discrete representation. The well-known
mathematical definitions of the curve arc are not very
suitable for use in discrete image processing, since they
define abstract curves in a continuous space.

The purpose of the work is to develop a definition of
the curve arc, which is suitable for finding the arc of the
curve in the image in the process of recognizing the con-
tour of an object.

1 PROBLEM STATEMENT

Let {Xn,¥n}, 1=<n=<N, be a sequence of points (0-cells)
describing the contour of an object. Let the contour of the
object be approximated by line segments and {Xys},
1<s<S, be a sequence representing boundary points (0-
cells) of adjacent line segments. That is, each adjacent
two line segments are represented in the sequence by
pairs of points (0-cells): (Xs1,Ys-1; Xs¥s) and (XsYs;
Xs+1,Ys+1), Fespectively.

The problem: whether there are in a sequence of line
segments such that they form an arc of a curve can be
reduced to checking the condition of belonging or not
belonging to an curve arc of two adjacent line segments,
followed by checking all pairs of line segments in the
sequence.

Then it is necessary and sufficient to find the condi-
tion of belonging or not belonging to the arc of the curve
of two adjacent line segments in the sequence and apply it
to all pairs of adjacent segments in the sequence.

2 REVIEW OF THE LITERATURE
Consider the halftone image structure. The first hier-
archical structure of an image is discussed in [8]. A more
general structural image model, compared to [8], is pre-
sented here. In most cases, a grayscale image can be con-
sidered as a realization of an unknown brightness function
r = f(x,y) depending on two spatial variables x, y. This

© Kalmykov V. G., Sharypanov A. V., Vishnevskey V. V., 2023
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function defines a piecewise smooth surface. Objects in
the field of view are regular pieces of a piecewise-smooth
surface. The projections of the surface pieces contours
onto the image plane coincide with the definition do-
mains boundaries of the unknown functions that define
the surface pieces, and are the objects contours in the field
of view. The objects forming the background are the ob-
jects in the field of view, the contours of which partially
or completely coincide with the boundaries of the image.
Possible objects of interest may include objects in the
field of view that do not have common boundaries with
the boundaries of the image. Visual information should be
presented taking into account the physiological character-
istics of visual perception so that optimal results can be
achieved with its automatic processing. In particular, one
of the most important and natural features of human vis-
ual perception is its ability to segment the visual field into
objects that differ from the background in brightness,
color, texture. The main characteristic of any object is its
shape, determined by the contour — the boundary between
the object and the background. The contour, in turn, is
perceived by a person as a sequence of straight line seg-
ments and curve arcs. The shape of halftone objects is
also determined by the brightness function based on the
color, texture within each of the objects.

These features of human visual perception are re-
flected in the structural model of the image. The structural
model makes it possible to represent arbitrary images
uniformly in form, invariant with respect to affine trans-
formations — position in the field of view, scale, rotation.
The problem of reduction to a structural model of arbi-
trary images given in a raster form, distorted by noise, in
the general case, has not yet been solved. However, the
transformation of images into a structural model can sig-
nificantly increase the speed and quality of visual infor-
mation processing in some rather numerous cases. The
basis for the structural analysis of a halftone image is a
model that determines its structural elements (Fig. 1). In
particular, the objects of interest and the background of
the image are such structural elements according to the
known ideas about the mechanisms of visual perception.
Objects, in turn, are defined by bounding contours and a
three-dimensional brightness function within the object.

Contours are closed sequences formed by segments of
straight lines and arcs of curved lines. Representation of
grayscale images in the form of such or similar model is
invariant to affine transformations of objects.

Consider the image as a cellular complex. There are
many problems in image analysis that cannot be solved
based on classical Euclidean geometry. The reason is that
in classical geometry the assumption of space continuity
is used. That is, each point in space contains in its
neighborhood an infinite number of points, no matter how
small this neighborhood is. According to the topological
foundations of classical geometry, even the smallest
neighborhood of each point contains an infinite number of
other points. Thus, classical geometry has no means for
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processing discrete images, because discrete image is  points corresponding to 0-dimensional cells. For example,
presented as the set of isolated points, sufficiently small  a 1-dimensional cell ab is bounded by 0-dimensional cells
neighborhoods of which do not contain points at all, ex-  (corresponding to points in the two-dimensional Euclid-
cept for the isolated point itself. But then the discrete im-  ean space) a,b. One-dimensional cells have no thickness.
age can be described in classical geometry very approxi-  The attributes of each line are the coordinates of its
mately, with an accuracy of several distinctly small spa-  boundary points. The pieces of the plane correspond to 2-
tial elements. dimensional cells abg, bcfg, cdf, def in the Euclidean

It was proposed to use the mathematical apparatus of  space. The sets of points that form pieces of the plane are
abstract cellular complexes to describe the image [9, 10].  open. 2-dimensional cells are bounded by the correspond-
An abstract cellular complex C = (E, F, dim) is under- ing 1-dimensional and O-dimensional cells. The sets of
stood as a set E of abstract elements (cells) that are in an  points corresponding to 1-dimensional and 0-dimensional
antisymmetric, irreflexive and transitive binary relation cells, bounding the 2-dimensional cells, are the closures
FcEXE, which is called the limit relation, and with a di-  of the point sets of these 2-dimensional cells. For exam-
mension function dim: E — | with E on the set | of non- ple, a 2-dimensional cell abg is bounded by 1-
negative integers, such as dim(e')<dim(e") for all pairs dimensional cells ab, bg, ga and 0-dimensional cells a, b,
(e'.e")eB. If (e',e")eB then one usually writes e' < e" or  g. The attributes of each piece of plane are the brightness
says that cells e' limit cells e". Such cells are called inci-  Vvalue of its points, the coordinates of the bounding points
dent to each other. and lines.

Fig. 2a shows an arbitrary halftone image, which can The discretized image can be represented as a Carte-
be described as an abstract two-dimensional cellular com- ~ sian two-dimensional cell complex [10]. Each coordinate
plex. First of all, let’s note the O-dimensional cells: ~axes can be considered as a sequence of O-cells and alter-
a,b,c,d.ef,g. O-dimensional cells correspond to points in  nating 1-cells in the space where the image is presented
the two-dimensional Euclidean space. The attributes of  (Fig. 2b). O-cells are assigned to the points of intersection
each point are coordinates. Lines correspond to 1- ofthe grid lines with the axis, 1-cells are assigned to the
dimensional cells in Euclidean space: ab, bc, cd, de, ef, fg,
ga. These lines in Euclidean space correspond to an inter-
val — an open set of points, the closure of which is the

Halftone image - piecewise
smooth surface

/ Objects are pieces

Background is of a smooth surface
a function of

brightness e
Object Object Brightness
contours Functions

Pl Sy

Singular points of Line segments Curve arcs
contours

Figure 1 — The structural model of halftone image

N,

by gas
I 2 3 4 M

Figure 2 — Image as a: a — cell complex; b — Cartesian cell complex
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segments between adjacent points of intersection of the
grid lines with the axis. The set of cells of a two-
dimensional Cartesian complex is the Cartesian product
of sets of axes cells. This means that a cell of the m-
dimensional Cartesian complex Cy, is an m-tuple of axis
cells. The bound ratio in C,, is derived from the boundary
ratios of the axes. The dimension of the cell C,, is the sum
of dimensions of its factors. 2-dimensional cells or grid
cells correspond to pixels.

In the object in an image description the attributes of
0-cell are its coordinates, the attributes of 1-cell are its
initial and final coordinates. The attributes of a 2-cell are
the coordinates of its boundary 0-cell closest to the origin,
as well as the brightness value of the corresponding image
pixel. Each 2-cell corresponding to an image pixel is
bounded by four 1-cells — cracks and four 0-cells — dots.
Each 1-cell is bounded by two O-cells. The most impor-
tant feature of the object on an image is its boundary —
contour. Contour of the object, when presented as a cellu-
lar complex, is a closed sequence of 0-cells and 1-cells.
Fig. 2b shows the object of the halftone image and the
contour of the object in the form of sequence of 0-cells
and 1-cells. So, the contours are represented by lines
without thickness. Thus, the description of a halftone im-
age as a Cartesian cell complex contains sets of 0-cells, 1-
cells, and 2-cells. These sets can be represented in com-
puter memory as separate arrays.

Populations of neurons [11] have been found in the
striate cortex, whose neuronal responses form the con-
tours of figures in the visual field if their receptive fields
correspond to the boundary segments of contrasting ob-
jects. The properties of these neurons’ responses corre-
spond to properties of 1-dimensional cells of cell com-
plexes. These neurophysiological studies were carried out
completely independently of mathematical work in the
field of image description by methods of discrete topol-
ogy.

The functioning of neurons comparable to 1-
dimensional cells is described below. Most cortical cells
(neurons) respond poorly to diffuse illumination and re-
spond well to contrasting borders with a suitable orienta-
tion. For an arbitrary figure contrasting with the back-
ground, such a cell will respond if and only if a boundary
segment with a certain orientation intersects its receptive
field. “The same cells, whose receptive fields are located
inside the boundaries of the figure, will not react in any
way — they will continue to give a spontaneous impulse
discharge regardless of the presence or absence of this
figure. However, to excite a simple cell, it is not enough
that the boundary section corresponds to the optimal ori-
entation — the contour must also almost exactly hit the
edge of the inhibitory and excitatory zones of the recep-
tive field, because it is necessary for the answer that the
light falls on the excitatory zone, but does not spread to
the inhibitory one. If you the section of the contour was
shifted even slightly without changing its orientation, the
stimulation of this cell will turn out to be insufficient, and
now another population of simple cells will begin to ex-
cite”. It is known that each point of the visual field corre-
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sponds to a set of neurons (cells) with different orienta-
tional selectivity. The cells whose receptive fields and
orientation coincide with the contour of the figure will
answer to stimulus. The set of responses of such cells
completely describes the contour of the figure. The fol-
lowing is also noteworthy: the output signals of cells
whose receptive fields coincide with the contour of the
figure and are oriented accordingly correspond to sections
of the contour, one-dimensional segments without line
width. That is, a material object — a neuron and its recep-
tive field, corresponding to a part of the image, put in
correspondence with an intangible object of a straight line
segment — an element of the contour. Each of these con-
tour elements can be considered as a 1-dimensional cell of
the cellular complex. Here is another quote from [11]:
“Another type of cells is found in the striate cortex. Typi-
cally, simple and complex cells are characterized by spa-
tial summation — the longer the stimulus line, the better
the response. However, the response only intensifies until
the length of the line reaches the size of the receptive
field: further lengthening of the line does not lead to a
more vigorous response. In contrast, in cells that respond
to line ends (end stopped cells), lengthening the line to a
certain limit continues to improve the response, and if the
line goes beyond this limit (in one or both directions),
then the response weakens. Some cells, which we call
“completely end stopped cells”, do not respond at all to
the presentation of a stimulus in the form of a long line.
The zone from which a cell response can be elicited is
called the activation zone (or excitatory zone), and the
zones located at one or both ends are called inhibition
zones (inhibitory zones). Thus, the entire receptive field
of such a cell consists of an excitatory zone and an inhibi-
tory zone (or zones) at the edges. A stimulus of optimal
orientation, activating a cell from the excitatory zone,
causes maximum inhibition outside this zone (on one or
both sides).” From the standpoint of representing an im-
age as a cellular complex, the above example can be con-
sidered as an experimental confirmation of the implemen-
tation of O-dimensional cells in the visual system of a
living organism.

Consider the mathematical definitions of the curve
arc. Usually the objects contours are presented for further
analysis as a closed sequence of curves arcs. The concept
of a curve arc (meaning a continuous curve) is used in
various fields of science and technology, in particular,
recently in the processing of visual information. The con-
cept of a continuous curve is one of the concepts that
seems intuitively simple, but is actually very difficult to
define. The greatest mathematicians defined the continu-
ous curve in various ways at different periods in the de-
velopment of this field of knowledge. Each new definition
proceeded from the needs of human practical activity and
the mathematical knowledge level of the corresponding
era. The most modern definitions closely related to set
theory are as follows [12].

Definition (according to Jordan). A plane curve is a
set of points in a plane whose coordinates are determined

by two equations:
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X=0(1),
y=y(1),

where t is defined on some segment [l,u]. The choice of
the segment values does not violate the generality of the
definition.

Definition (according to Cantor) [13]. A curve in a
plane is any connected, compact set P of points in the
plane that does not contain any interior point.

Definition (according to Urysohn) [14]. A curve is a
one-dimensional connected and at the same time compact
set.

The following difficulties occur when using the above
definitions while processing the visual information.

1. It is assumed in the given definitions of continuous
curves that the exact boundaries of the segment or data set
to be examined for suitability or non-suitability with these
definitions are known. But this part of the total data set
that corresponds to one or another curve arc is not known
in advance, when processing signals and visual informa-
tion. This part of the data set can only be formed during
processing. For example, when processing an image, it is
not known which part of pixels belongs to the object of
interest, or to its boundaries. Often it is obtained as the
result of image processing.

2. It is essential to consider the difference between
curve arcs and line segments when processing visual in-
formation. This difference is not provided in the above
definitions.

3. The above definitions are found and fulfilled for
continuous curves in a continuous Euclidean space. But in
the modern view, visual information, signals, as well as
visual perception, are inherently discrete. That is, we are
talking about a discrete space, where each point is iso-
lated.

4. Traditionally, the points of a discrete curve arc in a
real image are represented by pixels that have real dimen-
sions, while the points of mathematical curves refer to
infinitesimal values.

It should be recognized that another definition is re-
quired for the visual information and signals processing,
taking into account the above considerations, while fully
recognizing the great scientific and practical significance
of the known definitions of a continuous curve.

3 MATERIALS AND METHODS

In general, the task of object contour recognition as
finding simply connected closed sequence of O0-
dimensional and 1-dimensional cells includes processing
of grayscale image using variable resolution. The presen-
tation of this problem and its solution are beyond the
scope of this work. At the same time, the solution of this
problem for a binary image is given in [15]. In the same
way, the construction of an object contour for a large
number of halftone images is reduced to the mentioned
problem if it is possible to binarize a halftone image using
a specially selected threshold. We will assume that for the
object of interest in a grayscale image, a contour is con-
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structed as a simply connected closed sequence of 0-
dimensional and 1-dimensional cells. But 0-dimensional
and 1-dimensional cells are elements of the contour,
commensurate with the pixel, which in turn is not struc-
tural semantic, meaningful element of the contour.

As already mentioned, in accordance with the struc-
tural model of a halftone image, the contour is a simply
connected closed sequence of structural elements —
straight line segments and arcs of curve, which are formed
from parts of a sequence of O-dimensional and 1-
dimensional cells. The task is to represent the object con-
tour as a closed simply connected sequence of line seg-
ments and arcs of curve using the mentioned closed sim-
ply connected sequence of O0-dimensional and 1-
dimensional cells as input data.

First of all, the simply connected closed sequence of
line segments must be calculated for the sequence of O-
dimensional and 1-dimensional cells. Each segment cor-
responds to a certain simply connected part of the original
sequence. The definition of line segments must be per-
formed by O-dimensional cells sequentially, starting from
the first 0-dimensional cell of the sequence. Let {X,,Yn},

N=LN pe g sequence of coordinates of O-dimensional
cells.

75

Figure 3 — The curve arc with an inscribe polyline

The possibility of representing the next part of a se-
quence of 0-dimensional cells {(Xy,Yb),..- (X6Y1)---,(Xe,Ye) }
between the begin point xp,yp, and end point Xe,Ye, as a
segment of a straight line with the begin point T,=(Xp,Yp)
and end point Te=(X.,Ye) , is determined by the condition
[16] that

max dist(TpTe, (%, %)) <d/2 ,
B (ToTe, (%, %))
here dist(TpTe, (X, Yt)) — distance of the cell (x,y;) to a

line segment TyT.. That is, the distance from any O-
dimensional cell belonging to segment T,T, should not
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exceed half the length of a 1-dimensional cell. Consistent
application of the above condition allows us to represent
the entire sequence as a simply connected sequence of
line segments or {(X1,Y1),--; (Xs;¥s),---» (Xs,¥s)} — @ se-
quence of boundary common 0-cells (points) of adjacent
line segments.Thus, the contour of the object is presented
as a simply connected, closed sequence of digital straight
segments.

The definition of the arc of a digital curve proposed
below makes it possible to establish or reject the fact that
a sequence of digital straight segments is received due to
that some arc of the curve has been discretized. We will
assume, that the arcs of the curve used in graphic images
represent segments of smooth functions and correspond to
Jordan curves. The arcs of an arbitrary curve [9], are
given by the equations x = ¢ (1), y = ¢ (1), without multi-
ple points or simple arcs, that is, such that for any two
different values t' and t" the corresponding points on the
plane [o(t), ¢(t)] and [o(z"), ¢(z'")] are different. Let
X=0 (1), y = ¢ (r), where the parameter t defined on the
segment [l,u]. As t increases from | to u, the point with
coordinates x, y describes the arc AB (Fig. 4). Consider a
partition of the segment [l, u] by division points

|=to<... g <ty <tgq... <tg=u,

and let these points of division correspond to the points of
the curve A, ..., Te_1, Ts, Teets ..., B.

T‘-' 4 - ﬁ ) - ‘-3
Figure 4 — The correspondence checking of straight line seg-
ments pairs to the definition of an curve arc

A polyline, inscribed in the arc AB, will be con-
structed if we connect successively point A with point Ty,
point T; with... point T4, point Ty, with point T, point
Ts with point T4, point Ts; with ... point B by segments
of straight lines. The figure bounded by the segment of
the polyline TTsy and the corresponding arc link
NTs, Ts+1 Will be called the segment of the arc T, Ts.1, and
the maximum length of the line between the segment
Ts,Ts+1 and NT, Tssq, perpendicular to the segment T, Tgiq
is the height of the arc segment hs. Let be

B= max I(TsTs+).
$=01,...,5-1
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If B tends to zero with a corresponding increase in s,
then the length of any of the links of the inscribed poly-
line will tend to zero, as well as the height of each seg-
ment of the arc, due to the continuity of the functions
o (1), 9.

While an arc and an inscribed polyline represent in a
discrete space of discreteness d, segments of the inscribed
polyline are displayed as line segments. Since the coordi-
nate values take integer multiples of d in a discrete space,
then objects smaller than half the discreteness the heights
of the segments, in particular, will not be displayed in this
space, their lengths will become equal to zero, starting
from the moment when hy < d/2. So, the discrete map-
pings of the parts of the arc will coincide with the corre-
sponding links of the inscribed polyline — segments of
digital lines for hs < d/2. Thus, the contour, which consists
of straight segments and arcs of arbitrary curves, after
discretization is defined as a sequence of digital straight
segments. Sequences of digital straight segments that cor-
respond to arcs of curves can be considered as polylines
inscribed in these arcs of curves. Such inscribed polylines
will be called arcs of digital curves. The contour can in-
clude both individual segments of straight lines, and se-
guences of such segments — polylines that are not arcs of
digital curves.

Consider pairs of adjacent segments of digital lines in
sequence. In general, many curves can be drawn through
three points defined by a pair of line segments. Neverthe-
less, as already noted, the lengths of the arcs segments
heights that correspond to the segments of the inscribed
polyline should not exceed the value of the space dis-
creteness d/2. Thus, in order to consider pairs of segments
of digital lines T4 Ts, TsTs:1 as part of an arc of a digital
curve, it is necessary to establish the existence of a curve
that passes through the points T4, Ts, Tse1, Such that the
condition is satisfied: ( hs<d/2)&( hs+1<d/2) (Fig. 4).

The curvature of a plane curve is usually identified
with the curvature of a contacting circle [9]. The contact-
ing circle of a plane curve at the point Ts is the limiting
position of the circle passing through two neighboring
points Ty, and Ty as Ts; and Ty tend to T, We can
formulate the following definition, based on the above
considerations.

Under the arc of a digital curve in a two-dimensional
discrete space of discreteness d we mean such a se-
guence of straight line segments that through the three
end points of each pair of adjacent segments it is possi-
ble to draw such a circle that the heights of the circle
segments do not exceed d/2.

This definition is valid to the extent that it is legiti-
mate to identify a segment of an arc of an arbitrary curve
that corresponds to a pair of neighboring segments with
an arc of a contacting circle.

Having constructed a circle in accordance with the
definition of the digital curve arc for the points
T ,Ts, Tsea, let us estimate the distance of the common
point T of the pair of segments (Ts ,Ts),(Ts, Ts+1) to the
segment Tg,, T, that is, the height h (Fig. 4). The
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lengths of each segment in this pair cannot differ signifi-
cantly, since this would contradict the smoothness condi-
tion — that is, 1(Ts—; ,Ts) ~I(Ts,Ts+1). As already noted, the
maximum distance between the points of the arc lines and
the corresponding segment of the digital straight line is
hs=hs.1= d/2. At the same time

hs= OTs4 — OTs1x COS o0 = —r c0S a = r(1- cos o).
h=0T,;—0OTs; x COS20.=r—TCOS 20 =
= r(1- cos2a) = 2r(1- cos’a).

h/hgy = 2(1 + cos a); or h = 2(1 + cos a) x hgy. If
he1 = d/2 and o < 10°, that is cosa. = 1, then the height of
the triangle (Ts_1Ts Ts+1) h = 2d. Using the value hy instead
of hy; will not affect the result, since both f < 10° and
cosp = 1.

This means that in order to be related to the digital arc
of curve for the considered pair of segments, it is neces-
sary that the value of the maximum deviation of h does
not exceed 2d. The minimum deviation is h > d/2, since at
a smaller deviation the directions of the segments T¢ ;T
and T,Ts. are indistinguishable, and a pair of segments of
different directions turns into one straight segment. If h >
2d, then the segments under consideration are segments of
a polyline. Thus, taking into account the above considera-
tions, the sequence of common points of adjacent seg-
ments takes the form: {(XyY1),..., (Re1¥e1)(Xas),

(Xgr1¥s¢1), -+, (Xs,ys)}, where the points belonging to the
digital curve arc are underlined.

4 EXPERIMENTS

Experimental verification of the proposed method
consists in representing the contour of the interest object
as a sequence of digital curve arcs and segments of digital
straight lines. Moreover, the contour elements sequence
of the object must be the same for various affine trans-
formations — the rotation of the interest object, changing
the position in the image field. For comparison, the repre-
sentation the contour of the interest object as a sequence
of digital curve arcs and segments of digital straight lines
was performed using a well-known tool — the graphical
editor Corel Draw.

For the experiment, binary images of object contours
that were not distorted by noise were used, since noise
filtering, as well as recognition of the object contours in a
grayscale image, are separate tasks that must be solved by
appropriate means. Separate works will be devoted to
solving these problems.

An example of the image used in the experiment is
shown in Fig. 5. Objects in the image are the identical
sectors of the ellipse, differing in space position and angle
of rotation. The result of processing each object is its con-
tour, represented by a closed sequence of line segments in
the form of boundary points (0-cells) of adjacent line
segments. Some parts of the line segments sequence are
defined as arcs of curves with indication of their boundary
points (0-cells).
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Figure 5 — The example of the image for the experiment to de-
termine the contour as a sequence of curve arcs and line seg-
ments

The experimental program was executed in the Visual
C environment. The required RAM is no more than 512
MB.

The main blocks of the program:

1. Represent the image as a cell complex and deter-
mine the sequences of boundary O-cells and 1-cells for
each object.

2. Define the contour of each object as a sequence of
line segments in the form of a sequence of boundary
points of neighboring segments.

3. Determine for the contour of each object the parts
of the line segments sequence that form the arcs of the
curves, indicating the boundary points of the arcs of the
curves. The use of curve arcs as the structural elements of
image contours description would approach its descrip-
tion to intuitional, natural representation of images by a
man, substantially would shorten the expenses of memory
for storage of image and image processing time. As an
example we will consider description of contours of bi-
nary images which are got with the use of tools of wide-
spread graphics editor of Corel Draw. On Fig. 5a the con-
tours of three identical objects are represented, not to be
distorted by noises. Each of objects contains the arc of
ellipse and differs from the other objects by spatial posi-
tion and rotation angle. The boundary points which divide
contours into the curve arcs and the straight segments are
marked by the squares. ldentical with each other arcs, to
belong to different objects, are represented by sequences
containing the different amount of different arcs of
curves. Each of identical objects in the image is repre-
sented with the different elements. Such description of
objects can not be directly used in the intelligence sys-
tems for interpretation of images, as supposes enough
hard processing. The represented example shows exis-
tence of the problem even at the images not distorted by
noises and actuality to solve the problem.A special pro-
gram that implements the proposed method and algo-
rithms has been developed.

The example of contour recognition as the sequences
of digital straight segments and of digital curve arcs by
the program is demonstrated on a Fig. 6b. The image is
used from the Fig. 6a, but the offered algorithms are
implemented in the program. Unlike the contours of
Fig. 6a, got by means of the program of Corel Trace, the
arcs of contours are represented without laying out by
intermediate points on a few arcs regardless of different
spatial positions and rotation angles for the each of ob-

jects.
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Figure 6 — a — Contour recognition in three identical, rotated in
relation to each other objects by facilities of Corel Draw;
b — Contour recognition by the program, using the proposed
method and algorithms

5 RESULTS

The main result, apparently, should be considered the
ability to determine the arcs of curves in sequences of 0-
cells and 1-cells that form the contour of an object. The
same contour configurations must correspond to the same
sequences of curve arcs, regardless of affine transforma-
tions — shift, rotation angle, scale.

The significance of the result obtained is clear only
when comparing the processing of the same object by
known and proposed methods. The result of the experi-
ment is shown in Fig. 6. The contours of objects from
Fig. 5, recognized by means of the Corel Draw graphic
editor are shown in Fig. 6a. Each of objects contains the
arc of ellipse and differs from the other objects by spatial
position and rotation angle. The boundary points which
divide contours into the curve arcs and the straight seg-
ments are marked by the squares. ldentical with each
other arcs, to belong to different objects, are represented
by sequences containing the different amount of different
arcs of curves. Each of identical objects in the image is
represented with the different elements. The arc of each
ellipse is represented by several unequal arcs. Such repre-
sentation of processing results cannot be used in artificial
intelligence tasks, in particular, in recognition tasks.

The proposed method is free from these defects. Rec-
ognition of the same objects by the developed experimen-
tal program is shown in Fig. 6b

6 DISCUSSION

The representation of image within the framework of
the structural model, on the one hand, is natural for visual
perception, on the other hand, it is fully consistent with
the theory of cell complexes. The image object is a 2-
dimensional cell. The contour of the object, its boundary,
is, most often, a simply connected, closed sequence of 1-
dimensional cells that form segments of straight lines and
arcs of curve. The boundaries of line segments and arcs of
curve, i.e. singular points correspond to 0-dimensional
cells. Compared to recent imaging concepts, an important
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advantage to using cell complexes in image processing is
the following [16].

One of the simplest tasks of image processing is to en-
code the object contour of the binary image as a single-
connected closed sequence of the object boundary ele-
ments in the image. The contour of the object is a closed
curve that divides the image into two parts: the object
itself and the other part of the image. Traditionally, for a
binary discretized image, contour pixels bounding with
background pixels or, conversely, background pixels
bounding with object pixels are used as contour elements.
In order to construct a single-connected closed sequence
from boundary pixels that corresponds to the contour of
the image object, the concept of connectivity — the pixels
neighborhood — must be defined. The following ideas
about the connectivity of pixels in two-dimensional dis-
crete space are generally accepted:

1. Pixels are considered adjacent if they have a com-
mon side. In this case, each pixel has four adjacent pixels.

2. Pixels are considered adjacent if they have a com-
mon side or a common point. In this case, each pixel has
eight adjacent pixels. Examples of closed lines and con-
tours of objects formed by boundary pixels are shown in
Fig. 6. As follows from the above examples, this repre-
sentation of contour has significant disadvantages [13].

Fig. 7a shows a closed line drawn according to the
rules of 4-neighborhoods. As a result of the use of 4-
neighborhoods, the contour line divides the image field
not into two areas, as it should be, but into three.

A closed simply connected line drawn according to
the rules of 8-neighborhoods is shown on Fig. 7b. But,
due to 8 neighborhoods, the space inside the closed line
and outside of it is not divided: there are connections be-
tween pixels inside and outside the line.

Fig. 7c shows an attempt to construct a closed contour
of the object using the boundary pixels adjacent to the
pixels of the object according to the rules of 4-
neighborhoods: the contour line is not closed.

Fig. 7d illustrates the case of constructing a closed

contour of an object using boundary pixels adjacent to the
pixels of the object according to the 8-neighborhood
rules: the contour line is not simply connected.
A curved line in continuous space, as follows from its
definition, has no thickness. That is, each of the infinitely
large set of points that form a line is an infinitesimal
value. This also applies to the closed curve of the object
contour line (boundary). At the same time, traditionally
used representations of a curved line in a discrete space
assume that the curve consists of minimal elements of this
space — points. But the point in this case corresponds to a
pixel — the minimum element of the image that has finite
dimensions. It is this difference that is the reason for the
above paradoxes of representing lines as a sequence of
pixels. That is, the correct representation of initially con-
tinuous images in discrete space is possible using the the-
ory of cell complexes.
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Figure 7 — Closed lines formed by pixels: problems and
paradoxes

In the primary visual (striate) cortex, neurons were
found that generate signals — responses to extended pieces
at the border of contrast areas of the visual field, and
those and only those neurons are excited whose receptive
fields match the border and their orientation match the
orientation of the corresponding sections of the contrast
area border. That is, the excited neurons respond to the
boundary segments of the straight line in certain orienta-
tions, which can be considered as 1-cells if the contrast
area is considered as a cellular complex. That is, the rep-
resentation of an image as a cellular complex can be con-
sidered as an approximation to the implementation of the
mechanisms of visual perception. It can also be assumed
that the signals of a curved line are formed by pairs of
segments of the corresponding directions, as proposed in
this paper.

6 CONCLUSIONS

The paper considers the arc of the curve as a structural
element of the image, more precisely as a structural ele-
ment of the interest object contour in the image, and the
image is presented as a cellular complex.

The scientific novelty is that the arc of a digital curve
is defined in the discrete space of a digital image, in con-
trast to the known definitions of continuous curves, which
are oriented to use in a continuous space.

The practical significance is that the interest objects
contours are presented as sequences of line segments and
arcs of digital curves. This representation of the object
contour does not depend on affine transformations, such
as position in the field of view and rotation, which greatly
simplifies image processing.

Prospects for further research are as follows. The
successful result of object contour recognition in the form
of a sequence of straight line segments and arcs of a digi-
tal curve depends on the choice of d — the resolution value
when sampling the image. The task of determining the
most appropriate resolution for a particular image has not
been solved. It is all the more possible that different parts
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of the same image must be processed at different resolu-
tions. Therefore, the recognition of line segments and arcs
of curves using variable resolution will be considered in
subsequent publications.

ACKNOWLEDGEMENTS
The work is supported by the state budget scientific
research project of the Institute of Mathematical Ma-
chines and Systems Problems “Structural methods of
processing cyclic biomedical signals and cloud services
based on them” (state registration number 0121U110584).

REFERENCES

1. Pavlidis T. Algorithms for Graphics and Image Processing.
Berlin, Springer-Verlag, 1982, 400 p.

2. Gonzalez R. C., Woods R. E., Eddins S. L. Digital Image
Processing using MATLAB. New York, Pearson Education,
2004, 616 p.

3. Pratt W. K. Digital Image Processing. New York, John
Wiley & Sons, Inc, 1982, 738 p.

4. Schlesinger M., Hlavac V. Ten Lectures on Statistical and
Structural Pattern Recognition. Dordrecht / Boston / Lon-
don, Computational Imaging and Vision Kluwer Academic
Publishers, 2002. 520 p.

5. lvakhnenko A. G., Lapa V. G. Cybernetics and Forecasting
Techniques. New York, American Elsevier Publishing
Company, 1967, 168 p.

6. LeCun Y., Boser B., Denker J. S., Henderson D., How-
ard R. E., Hubbard W., Jackel L. D. Backpropagation Ap-
plied to Handwritten Zip Code Recognition, Neural Com-
putation, 1989, Vol. 1, No. 4, pp. 541-551.
d0i:10.1162/nec0.1989.1.4.541. S2CID 41312633.

7. Maitra D. S., Bhattacharya U., Parui S. K. CNN based
common approach to handwritten character recognition of
multiple scripts, 13th International Conference on Docu-
ment Analysis and Recognition (ICDAR): 23-26 August
2015: proceedings. Tunis, IEEE 2015, pp. 1021-1025.
doi:10.1109/ICDAR.2015.7333916. ISBN 978-1-4799-
1805-8. S2CID 25739012.

8. Fu K. S. Syntactic Methods in Pattern Recognition. New
York and London, Academic Press, 1974, 511 p.

9. Aleksandrov P. S. Combinatorial Topology. Rochester,
Graylock Press, 1956, 656 p.

10. Kovalevsky V. Finite Topology as Applied to Image Analy-
sis, Computer Vision, Graphics and Image Processing,
1989, Vol. 46, No. 2, pp. 141-161.

11. Hubel D. H. Eye, brain, and vision. New York, Scientific
American Library, Distributed by W.H. Freeman, 1988,
240 p.

12. Berg G. O., Julian W., Mines R., Richman F. The construc-
tive Jordan curve theorem, Rocky Mountain Journal of
Mathematics, 1975, Vol. 5, Ne 2, pp. 225-236.
DOl: 10.1216/RMJ-1975-5-2-225, ISSN 0035-7596,
MR 0410701

13. Dovgoshey O., Martio O., Ryazanov V., Vuorinen M. The
Cantor function, Expositiones Mathematicae. Elsevier BV,

2006, Vol. 24, N 1, pp.  1-37.
DOI: 10.1016/j.exmath.2005.05.002. ISSN 0723-0869.
MR 2195181

14. Alexandrov A. D., Reshetnyak Yu. G. General theory of
irregular curves, Mathematics and its Applications (Soviet
Series), 29. Kluwer, Academic Publishers Group, Dordrecht,
1989, 288 p. ISBN: 90-277-2811-9

15. Schlesinger M. I. Mathematical Tools of Picture
Processing. Kyiv, Naukowa Dumka, 1989, 117 p.

OPEN a ACCESS




p-ISSN 1607-3274 Panioenexrpownika, indpopmatrka, ynpasminss. 2023. Ne 1
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2023. Ne 1

16. Kovalevsky V. A. Applications of Di(%ital Straight Segments shop, DGCI’97. Montpellier, France, December 3-5 1997,
to Economical Image Encoding, 7™ International Work- proceedings, Springer 1997, pp. 51-62.

Accepted 09.11.2022.

Received 05.01.2023.

YJIK 004.93
JYT'A KPUBOI IK CTPYKTYPHUI EJTEMEHT 3065PAKEHHS, 1110 MAE BYTHU PO3MI3HAHE

KanmuxoB B. I'. — kaHA. TeXH. HayK, CTapUINii HAYKOBUI CHIBPOOITHUK [HCTHTYTY mpoOiieM MaTeMaTHYHUX MAIIWH 1 CHCTEM,
KuiB, Ykpaina.
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AHOTAIIS

AxTyanbHicTh. [IporioHOBaHa CTATTsI CTOCYEThCS ramy3i 00poOku BizyanbHOI iH(pOpMaLii B KOMII IOTEPHOMY CepeIOBHIL, a ca-
Me BU3HAYCHHs MmapaMeTpiB 00’€KTa iHTepecy Ha 300pakeHHi, 30KpeMa KOHTYpy 00’ekrTa iHTepecy. Y OUIbIIOCTI BUMAAKIB KOHTYP
00’ekTa iHTEpeCy € 0JHO3B’ sI3HA MOCIIJOBHICTD AyT KPUBHUX.

Meta. MeTa i mpeaMeT JOCIHIIKEHHS — 3HAWTH 1 3alIPONOHYBATH TaKe BU3HAUCHHS Oy HU(PPOBOI KPUBOi, SIK HAHBaYKIUBIIIOTO
eJIeMeHTa KOHTYpy 00’€KTa B po3mi3HaBaHOMY o0pasi, sike He CyNepednuTb CydacHHM HeHpoQi3ioNoriyHuM ysBIEHHSM IIPO 30pPOBE
CIIPUHHATTS, 1 PO3Mi3HATH KOHTYP 00’ €KTa SIK IIOCTIJOBHICTH XyT HU(PPOBUX KPUBUX.

B sikocTi MeTOAY BHKOPHCTOBYETHCS TOJAHHS 300paKEHHS Y BUIJISII CTPYKTYPHOI MOJEN, OZHUM i3 CTPYKTYPHHUX €JIEMEHTIB
SKOT € KOHTYp 00’€KTa, 10 CKIaaeThCs 3 IUPPOBUX Iyr KpUBUX. Takoxk 300pakeHHs PO3MISAAETHCS K KIITHHHUA KOMIUIEKC, 110
Bi/IIIOBi/ZIa€ Cy4aCHUM YSIBJICHHSM IIPO 30pPOBE CIPUHHATTS JIFOJUHH.

Pe3yabTaTi. 3ampornoHOBaHO HOBE BH3HAUCHHS JAyrd HH(PPOBOI KPUBOI SK MOCIIZOBHOCTI BiIpi3KiB HU(PPOBUX HPSIMUX, IO HE
CyNEpeYnTh Cy4acHUM YSBJICHHAM Helpodiziosorii. Ha BiqMiHy Bia BiZOMHX BH3HA4YCHb OYTH KPHUBOi, 3alPONOHOBAaHE BU3HAYCHHS
nyra nudpoBoi KpUBOI Ia€ MOXKIIMBICTE BH3HAYHATH MOYATKOBY Ta KiHIIEBY TOYKH OYT'H. 3a OMHCOM KOHTYPY 00’€KTa SIK OIHO-
3B’S13HOT 3aMKHYTO{ IIOCJIiIOBHOCTI BiJIPi3KiB IIPOIIOHY€THCS MOOYXyBaTH OIHC KOHTYPY SIK IOCTIJOBHOCTI IyT IU(PPOBUX KPUBHX.

BucnoBkHn. BukoprcTaHHS 3aIIpOIIOHOBAHOTO BU3HAYEHHS XyTH IU(poBoi KpuBoi pu 06poO1i 300paskeHb 1a€ 3MOTy pO3Mi3Ha-
TH KOHTYp 00’€KTa Ha 300paKeHHI Ta NPEACTaBUTH ioro y dopmi, HaOIIKEHiH 0 30poBOro CupHUHATTS. {1 OCATHeHHs Halikpa-
IIMX Pe3yJIbTAaTiB PEKOMEH/YEThCSI BAKOPHCTOBYBATH 3MIHHY PO3JUIBHY 3aTHICTh B aJIrOPUTMax 00pOOKH 300paKeHb.

KJIFTOYOBI CJIOBA: 300paskeHHs, KOHTYp, Ayra KpUBOIi, BIAPi30K MPSIMOi, KIITHHHUN KOMIUIEKC, HeHPOHH, PELENITUBHE MOJIE.
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ABSTRACT

Context. The Gibbs phenomenon introduces significant distortions for most popular 2D graphics standards because they use a fi-
nite sum of harmonics when image processing by expansion of the signal into a two-dimensional Fourier series is used in order to
reduce the size of the graphical file. Thus, the reduction of this phenomenon is a very important problem.

Obijective. The aim of the current work is the application of two-dimensional Padé-type approximations with the aim of elimina-
tion of the Gibbs phenomenon in image processing and reduction of the size of the resulting image file.

Method. We use the two-dimensional Padé-type approximants method which we have developed earlier to reduce the Gibbs
phenomenon for the harmonic two-dimensional Fourier series. A definition of a Padé-type functional is proposed. For this purpose,
we use the generalized two-dimensional Padé approximation proposed by Chisholm when the range of the frequency values on the
integer grid is selected according to the Vavilov method. The proposed scheme makes it possible to determine a set of series coeffi-
cients necessary and sufficient for construction of a Padé-type approximation with a given structure of the numerator and denomina-
tor. We consider some examples of Padé approximants application to simple discontinuous template functions for both formulaic and
discrete representation.

Results. The study gives us an opportunity to make some conclusions about practical usage of the Padé-type approximation and
about its advantages. They demonstrate effective elimination of distortions inherent to Gibbs phenomena for the Padé-type approxi-
mant. It is well seen that Padé-type approximant is significantly more visually appropriate than Fourier one. Application of the Padé-
type approximation also leads to sufficient decrease of approximants’ parameter number without the loss of precision.

Conclusions. The applicability of the technique and the possibility of its application to improve the accuracy of calculations are
demonstrated. The study gives us an opportunity to make conclusions about the advantages of the Padé-type approximation practical
usage.

KEYWORDS: Padé-type approximants, Gibbs phenomenon, size of the image file.

ABBREVIATIONS
DCT is a discrete cosine transform;
2D DCT is a two-dimensional discrete cosine trans-

n; are maximum powers of x, for numerator and

denominator of P ;
S is a two-dimensional power series;

form; GS is a generalized power series;
NOMENCLATURE GPRgs is a Padé-type functional;
Lo[ ] is a metric Hilbert space with a square N is a number of harmonics for the Fourier series in
measure; X direction, and the maximum power of x; in both nu-

a; are minimal levels of variables;
b, are maximum levels of variables;
x; are complex variables on the interval (a;,b;);

f() is an arbitrary function in the space under
consideration;
ay, are coefficients of harmonics for the 2D Fourier

series of f;

B; are countable sets of basic functions;

g, are basic functions;

B is a basis of the space;

P[ ] is a two-dimensional Padé approximant;

m; are maximum powers of x; for numerator and
denominator of P ;

© Olevskyi V. I., Hnatushenko V. V., Korotenko G. M., Olevska Yu. B., Obydennyi Y. O., 2023

DOI 10.15588/1607-3274-2023-1-10

merator and denominator of P in the Chisholm approxi-
mation;

M is a number of harmonics for the Fourier series in
X, direction;

A; are frequencies of 2D Fourier series;

ng is a number of parameters in the Fourier series;

np is a number of parameters in the Padé-type

approximation;

F isa 2D DCT for f;

fn N i the Chisholm approximation of N-th order;

p is a matrix of the Chisholm approximation numera-
tor coefficients;

Pyp are elements of p;
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g is a matrix of the Chisholm approximation denomi-
nator coefficients;
Oy are elements of g.

INTRODUCTION

Image processing by expansion of the signal into a
two-dimensional Fourier series in order to reduce the size
of the graphical file often leads to significant image dis-
tortion, in particular, due to the Gibbs effect. The Gibbs
phenomenon is the property of the one-dimensional Fou-
rier series which manifests in the decomposition of a dis-
continuous periodic function when they are truncated and
a finite number of members are used [1-3]. In the case of
truncation a distortion occurs near the discontinuity points
which cannot be eliminated by increasing the finite num-
ber of terms of the series. In two-dimensional case the
Gibbs phenomenon significantly reduces the quality of
the processed images for most popular graphic standards
because they use a finite sum of harmonics. Distortion
occurs on the borders of sharp contrast change and leads
to the appearance of false optical shadows. It negatively
influences the analysis quality when processing the results
of x-ray and sonar studies.

The object of study is the image processing.

The subject of study is the generalized sum of a two-
dimensional Fourier series obtained by image processing
using the fractional rational approximants.

The purpose of the work is the application of the
two-dimensional Padé-type approximations for the pur-
pose of elimination of the Gibbs phenomenon for image
processing and the reduction of the size of the resulting
image file.

1 PROBLEM STATEMENT
Let the original monochrome image be given in the
form of a two-dimensional function of tone f or a set of its

values for rectangle (ay,b,)x(ay,b,). The aim is to find

an appropriate two-dimensional Padé-type approximation
P[my,n /my,ny](%,%,) to eliminate the Gibbs phe-

nomenon for image processing and reduce the size of an
image file.

2 REVIEW OF THE LITERATURE

The Gibbs phenomenon also exists in the two-
dimensional case, and it significantly reduces the quality
of images processing for most popular graphic standards
because they use a finite sum of harmonics [2]. Distortion
occurs on the borders of sharp contrast change and leads
to the appearance of false optical shadows [3, 4]. It is det-
rimental for the analysis quality when processing the re-
sults of the x-ray and sonar studies. Gibbs phenomenon is
a type of MRI artifact, which leads to a series of lines in
the MRI image parallel to abrupt and intense changes in
the object, such as the CSF-spinal cord and the skull-brain
interface [4, 5].

The theory of approximation of mathematical physics
functions is the most rapidly developing field of mathe-
matics [1, 6, 7]. Traditionally, only the approximation
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techniques which use polynomials [1, 8, 9] and trigono-
metric functions [6, 7, 10] are considered. The most suc-
cessful type of such approximation techniques is the ap-
proximation by fractional rational functions [11, 12]. The
interest in the theory of fractional-rational approximations
has been steadily increasing due to their wide application
in various studies in the field of theoretical physics, ap-
plied mechanics, geophysics, etc. [8, 11, 12] due to them
allowing for a generalized summation of series and the
extension of the function to be approximated into the
meromorphic domain.

Recently, great attention has been given to the expan-
sion of the classical theory of approximation by frac-
tional-rational functions to various types of basis func-
tions and different methods of constructing approximants
— to Padé-type approximations [12-19]. A special choice
of the constructing method for the approximation makes it
possible in many cases to achieve a significant improve-
ment in the useful properties of the approximants for cer-
tain distinct classes of functions [12-14].

We suggest the application of the two-dimensional
Padé-type approximants method which we have devel-
oped earlier [12] for the purpose of reduction of the Gibbs
phenomenon in the harmonic two-dimensional Fourier
series.

3 MATERIALS AND METHODS
Let’s provide some basic principles of construction of
the Padé-type approximants for the harmonic two-
dimensional Fourier series as a subset of power series.
According to our approach [12], we consider the

separable  space LZ[(az,bz)x(az,bz)] of two-
dimensional complex functions f(x;,x;), which are

integrable on this rectangle. The boundaries of the
rectangle can be finite or infinite. We can choose a

countable set of functions B;={e; . k=1} and
By ={ej, j =10} as a basis of space with respect to
individual coordinates of the form

B={eweyj.k =L o0, j=1}. ()

The basic functions in the case of trigonometric functions
can be represented in the form

. k .
€nk =(e'x") = n=12. @)
The expansion of an arbitrary function in the space
under consideration with respect to the basis (2) can be

regarded as a two-dimensional generalized power series
of the form

f= > aplen) )" 3)
k,p=1
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In [12] we have proposed the definition of the
functional of the Padé-type in following form.
Definition. Suppose a two-dimensional power series

o0 k -
S= Zk’pﬂakp(xl) (%,)P of complex variables x; and x,

and the associated Padé approximant
P[my,ny/my,n,](%,%,) in the proper sense are given.

The Padé-type functional GPgg[my,n;/m,,n,](f;, f,)
associated with the given generalized power series
GS = ka o1 ( f,) (f,)° for the complex functions of
these variables is defined as

GPgs [my,my /my,np ](f1, fo) =

= Pmy,my /my,ny](x., % )| )

x=f, X,=1,

The following sequence details the construction proc-
ess:

1. The types of bases for the individual variables
B,, B, and the basis of the space B (1) are chosen.

2. The function f to be approximated is represented in
the form (3).

3. For the power series of two complex variables x;
and x, with coefficients coinciding with (3), a Padé ap-
proximant P[my,ny /my,ny (%, Xp) is constructed in the
proper sense.

4. A substitution of basis functions into a functional of
Padé-type (4) is performed.

The proposed scheme makes it possible to determine
the set of coefficients of a series that is necessary and
sufficient for the construction of the Padé-type approxi-
mant with a given structure of the numerator and denomi-
nator.

If we have a function f(x,x,) which represents

brightness of monochrome image point in the range of
[0,1] on the rectangle (ay,b,)x(ay,by) in form of trun-
cated Fourier series

M N
(%, %)~ Z D" fn COS(MA1 %) COS(NA2X,) |
m=0n=0

and it’s Padé approximant P[mg,ny /my,ny ] (X, X ), then

to obtain cosine part of two-dimensional exponent, we use
the following equality:

COSXCOS Y = 1 Re(eixeiy +eXeV ) .
2
As was considered in [18], in this case

f(x0) = 5Re[P(4)+ P %0)]. )
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If the image is stored as a two-dimensional array of
points (for example, as a bmp file), discrete Fourier trans-
form procedures can be used to implement Padé approxi-
mation [2]. DFT is the basis of many image and video
compression algorithms, especially the basic jpeg and
mpeg standards for compressing both still and video im-
ages.

The input image is decomposed into spectral compo-
nents using a two-dimensional discrete cosine transform
(2D DCT). 2D DCT can be calculated by applying a one-
dimensional DCT algorithm for each row or column of a
two-dimensional matrix of the input signal, since DCT is
a separable function. The direct two-dimensional DCT of
a MxN matrix of a two-dimensional signal f(x,y) can be
written as

2
)= e

N-1M-1

x2, 2, tn, m)COS( w2+ ]cos(“(zg"\;l)v

n=0 m=0

F(uv

j (6)

where

1
—,foru=0,
C(u)= J2

1, foru=0.

Coefficients of a truncated cosine Fourier series for
f(xl,xz) can be obtained as the values of F(u,v) (6),

divided by the step.

Next, the range of the frequency values on the integer
grid is selected according to the Vavilov method [13]. The
size of this range directly determines the number of equa-
tions that must be generated.

For this purpose, we use the generalized two-
dimensional Padé approximation for case N=M proposed
by Chisholm [11]. If f(x,y) is a function of two variables
with a two-dimensional expansion into a power series of
the form

y)= Y. akpxkyp.
k,p=1

then the N-th Chisholm approximation can be written as

N

z pkpxkyp
k,p=1

N C o

Z OkpX yp
k,p=1

If we use a set of power values bounded by a right tri-

angle with the axes being its legs, then the coefficients
Pkp and gy, can be calculated with the help of the fol-
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Yy &
Z Z qcray—c,S—r = st,
o=0r=0
(v,6=0,1...,2N,1<3+7 <2N),
Yy 0
Z Z (qcray—c,S—r + qrcaS—r,y—c) =0,
c=0r=0
(y=12,....2N, 5+7=2N),

Poo =1.
The solution of this system of equations are matrixes
of coefficients p and q.
The algorithm for compression of two-dimensional
signals using two-dimensional discrete cosine transforma-
tion is shown in Fig. 1.

Input image

g:, .

2D compiling a system
DCT of equations for q

|
solving the system and
obtaining the
coefficients g

Compressed image

Y

calculation of coefficients
p by known coefficients q

reconstruction of the image from
the matrices of coefficients pand g

) Y
reading p and q coefficients from saving p and q coefficients
the file to a file
..
- i

image file

Figure 1 — Example of training samples formation from the
original sample for the Fischer problem in the space

4 EXPERIMENTS

Here we consider some examples of Padé approxi-
mants application to simple discontinuous template func-
tions for both formulaic and discrete representation. In
general case images could be also represented using such
series [2].

Let’s consider a periodic template function with the
period of 2r in the form

1, X2 + X2 <m,
f(XLXz):{ Lo (7

0, x12+x§>n.
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This function is symmetrical about both x and X,

axes. Thus, the most suitable way of its approximation is
a truncated Fourier series in the form

4 4
f(x.%)~ DY fn cos(mxg) cos(nx,) . (8)

m=0n=0

We have applied Padé-type approximation to (6) with
structure [2,2/2,2], using subset of previously estimated

Fourier coefficients (6) and no additional information. To
obtain the cosine part of the two-dimensional exponent,
we use the converse transformation (5) for Padé-type ap-

proximant P[2,2/2,2](x,X;) to obtain the desired real

approximation. Transformation which is used for cosine
series is the same as the one used in radio physics [10].

We also consider the six monochrome symmetrical
bitmap test images from the digital library [20]. These
were also used as input data and can be seen in Table 1. In
the case of an asymmetric input signal, the image can be
artificially expanded to a symmetrical one.

Table 1 — Initial and restored images with the number of har-

monics N=8
No Initial Image Image
image Padé-type with
approximant compression
1 .
o d
2 | N | TN
o S—y
3 Foy
|
4
5 ==
| E

When using the jpeg standard, insignificant decompo-
sition coefficients are excluded in order to reduce the file
size. This procedure was used by processing the results of
2D DCP of the input image, considering the rapid decline
of harmonic amplitudes, and it was this image that was
used for comparison with the quality of the one com-
pressed by the proposed method. Standardized root mean
square error and normalized mean absolute error were

used as comparison criteria.
OPEN 8#CCESS @ @ @
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5 RESULTS

Two-dimensional grayscale images used the template
periodic function (7). The resulting truncated Fourier se-
ries (8) and it’s Padé-type approximant are represented on
Fig. 2a, 2b and 2c respectively. For the Fourier series the
image demonstrates distortions inherent to Gibbs phe-
nomena, and their effective absence for the Padé-type
approximant. It is well seen that the Padé-type approxi-
mant is much more visually appropriate than Fourier one.

In order to assess the accuracy of the Fourier series
method of and the Padé-type approximation, Fig. 3 pre-
sents their one-dimensional sections for comparison with
the template function. This also demonstrates the advan-
tage of the Padé approximation.

The size of the area on the integer grid was chosen in
the range between 2 and 8, while the number of coeffi-
cients by which the reconstruction of the compressed im-
age was performed, was gradually increased. For the
compressed image this number (and, therefore, the vol-
ume of the graphic file) was approximately half of the
value. Two extreme cases are schematically shown in
Fig. 4.

A subjective assessment of the quality of the restored
image can be obtained from Tab. 1, which shows the in-
put and the reconstructed images.

6 DISCUSSIONS
Analyzing the graphs of the mean square error, one
can notice a sharp decrease in the mean square error when
the image approaches the psycho-visual similarity to the

a

12

b

Figure 2 — Images of a — the template function, b — Fourier series 4 x4 , ¢ — Padé Approximant [2, 212, 2] .

original. The results of the criteria calculations showed
that each type of image has its own lower limit when the
reconstructed image visually correlates with the initial
one (Table 2).

Table 2 — The number of harmonics for minimum error
image No 112 ]3|4|5]|6
the number of harmonicsN | 7 | 6 | 4 | 4 | 5 | 8

The study makes it possible to draw some conclusions
about the practical use of the Padé-type approximation
method and its advantages.

First of all, one can see the low level of noise for the
Padé approximation (Fig. 5b) compared to the Fourier se-
ries for the cosine (Fig. 5a).

Secondly, the use of Padé-type approximation leads to a
sharp decrease in the number of approximant parameters
without the loss of accuracy (and even with its increase).
Indeed, when using Fourier series with an equal number of
N harmonics in both directions, the following number of

parameters ng = N? is obtained. Using the Padé-type ap-

proximation with the same powers of the numerator and
denominator equal to N/2 gives the following number of
parameters:

™

c

AN N

A

P

=]

1

]

A
\

R~

AV
=

{
¥

=M

L

—3 -2 -1

0

1 2 3

Figure 3 — Cross-sections of approximants and template along line X; = X, . Grey line — the template, black — Fourier series, dashed
line — Padé approximant.
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Figure 4 — An integer grid of power values for the two extreme cases: a— N=2, b — N=8.

Figure 5 — Distortions between template functions and their approximations for a — Fourier cosine series, b — Padé approximation of
cosine series

Thus, the number of the parameters is more than
halved:

n
Fs2.
Np

This is very important for the purpose of saving the
images in digital signal processing and can provide a
theoretical basis for building a new effective image format
similar to the well-known jpeg format [1, 2, 10].

CONCLUSIONS

An important problem of applied mathematics is
solved in order to reduce the Gibbs phenomenon for the
harmonic two-dimensional Fourier series.

The scientific novelty of obtained results is that they
demonstrate effective absence of distortions inherent to
Gibbs phenomena for the Padé-type approximant. It is
well seen that the Padé-type approximant is much more
visually appropriate than Fourier one. Application of the
Padé-type approximation also leads to the sufficient de-
crease of the approximants’ parameter number without
the loss of precision.

The practical significance of obtained results is that
the software implementing the proposed method is fit for
practical use along with the estimation of the appropriate
application conditions.

Prospects for further research are to study the pro-
posed method as a theoretical basis for building a new
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effective image format similar to the well-known jpeg
format.
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VJIK 004.93
3ACTOCYBAHHSI IBOBUMIPHUX ALTPOKCHUMALIII TUITY MAJE 151 OGPOBKHU 305PAKEHD

OuaeBcbkmii B. 1. — 1-p. TexH. Hayk, npodecop, npodecop xadeapn inpopmariiHuX TEXHOJIOTIH Ta KOMIT' IOTEpPHOI iHXXeHepil
HTY «/lninpoBchka nosnitexHika», J{Hinpo, Ykpaina.

I'natymenko B. B. — 1-p. Texu. Hayk, npodecop, 3aBinyBau kadenpu iHGopMaIiiHIX TEXHOJIOTIH Ta KOMI IOTEPHOI 1HXeHepii
HTY «/lninpoBcbka nomitexHikay», JJxinpo, Ykpaina.

Kopotenko I'. M. — 1-p. TexH. HayK, JOLEHT, podecop kadeapu iHGopMaLifHIX TEXHOIOTIH Ta KOMIT FoTepHOi imkeHepii HTY
«/lHinpoBCchKa NoutiTexHika», JlHinpo, Ykpaina.

OueBcobka 0. B. — kanp. ¢i3.-mMat. HayK, JIONEHT, A0OIeHT kKadeapu npukiaaHol matematiuk HTY «JIHIMpoBCchKa MOMITEXHIKAY,
Juinpo, Ykpaina.

Obounennnii €.0. — acucreHT kadeapu iHGopMaLiiHUX TeXHOIOTIH Ta KoMl otepHoi imkenepii HTY «J{HinpoBcbka momitex-
Hika», J{xinpo, YkpaiHa.

AHOTANIA

AKTyaJbHicTh. Y IBOBHMIpHOMY BHIaAKY (eHomeH ['i60ca 3HauHO moripurye oOpoOKy 300paxkeHb T OUTBIIOCT TOMYIIAPHAX
rpadiqHUX CTaHIAPTIB, OCKLIEKM BOHM BHKOPHCTOBYIOTH KIiHIIEBY CyMy TapMOHIK KOJM BHKOPHUCTOBYETHCS 00pOOKa 300paskeHHS
IUIIXOM PO3KJIaJaHHs CHUTHANy B OBOBHMIpHHH psg Dyp’e 3 Meroro 3MeHIIEHHs po3mipy rpadiunoro gaiiry. ToMy 3MeHIIEHHS
L[OTO ABHIIA € y’KE BaXIMBOIO IPOOIEMOLO0.

MeTta po6oTH. MeToro po0OTH € BUKOPHCTAHHS JJBOBUMIPHUX anpokcuMauiil tumy Ilage s ycynenns penomeny ['i66ca mix
4yac 00poOKH 300pakeHb Ta 3MEHIICHHS Po3Mipy (aiiiny 300paKeHHSI.

Metoa. Mu BHKOPHCTOBYEMO METO]] IBOBUMIPHHUX anpokcumaiii tumy [Tane, sikuii Mu po3pobuiu paniiue, 1106 3MeHmuT de-
HoMeH [1060ca mis rapmoHniitHoro nBoBuMipHoro psgy ®yp’e. 3ampomnoHoBaHo BU3Ha4YeHHs (yHKUioHana tumy Ilame. [lns mporo
BUKOPHCTOBY€ThCS y3arajlbHeHa JBOBUMIpHA anpokcumaris Ilane, 3anpornoHoBaHa Yi3xoaMoM, MPH [bOMY [Jiana30H 3HA4YEHb 4ac-
TOTH Ha IIIOYNCENBHIN ciTii BUOMpaeThes 3a MeTonoM Basiosa. 3ampornoHoBaHa cxeMa Ja€e 3MOTy BU3HAYHTH Ha0ip KoeilieHTiB
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psiny, HeoOXimHUM 1 TocTaTHIN A1t MoOynoBH anpokcuManii tuy [lage i3 3aJaHOI0 CTPYKTYpOIO YHCEIbHUKA Ta 3HAMEHHUKA. P0o3-
IISIAIOTHCS ASSIKI IIPUKIIAIU 3aCTOCYBaHHs arpokcumMaltii [Tage 10 mpocTux po3puBHUX MAOIOHHUX (QYHKIIH SIK IJIsl aHATITHYHOTO,
Tax i JJIsl AUCKPETHOT'O MPEICTABICHHSL.
PesyabraTn. Hame nociimkeHHs 1a€ MOXIMBICTh 3pOOUTH I€SAKI BUCHOBKH IIOA0 IPAKTMYHOTO BUKOPUCTAHHS alpoOKCHUMAil
tumy [laze ta i nepeBar. BoHH 1€MOHCTPYIOTh PAKTUYHY BiJICYTHICTh CIIOTBOPEHD IJIsl apoKCHMaHTH Tumy [lane, BiactiBoi came
seumaM ['160ca. {obpe BUIHO, Mo anpokcuManis Tumy [lage € Habarato 3py4HINION Bi3yalbHO, HiXX ampokcuMallis @yp’e. Buko-
puctaHHs anpokcuMarii Tamy Ilajge Takox MPU3BOAUTH 10 3HAYHOTO 3MEHIICHHS KiJIBKOCTI IapaMeTpiB apOKCHMAHTIB 0e3 BTpaTH
TOYHOCTI.
Bucnosku. [IpogeMoHCTpoBaHO Mpane3 aTHICTh METOAUKI Ta MOXIIMBICTG ii 3acTOCYBaHHS IJIs HMiJ(BHIIEHHS TOYHOCTI po3pa-
XYHKIB. JIOCIIi/KEHHS 1a€ MO>KJIMBICTH 3pOOUTH BUCHOBKH IIPO NEPEBary MPakTHYHOTO BUKOPHUCTAHHs anpokcumartii tumy [laze.
KJIFOUYOBI CJIOBA: anpokcumaunii tumy Iane, penomen I'i66¢ca, po3mip daiiny 300paxeHHs.
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ABSTRACT

Context. The task of assessing the value of the institution’s information as one of the objects of protection of the information se-
curity model is considered.

Obijective. The goal of the work is the creation of a method of assessing the value of information, which takes into account the
time of the final aging of information.

Method. The results of the analysis of methods for evaluating the value of information showed that modern approaches are con-
ventionally divided into two directions. In the first direction, the value of information is calculated as the amount of information in
bytes. In the second direction, the value of information is calculated in monetary terms. It is shown that modern approaches do not
take into account the influence of time on the value of information. A method of assessing the value of information is proposed,
which takes into account such characteristics as the term of final aging of information, the level of its access restriction, importance,
and form of ownership. The value of information is presented as a quantitative measure that determines the degree of its usefulness
for the owner. It is proposed to calculate the value of the initial value of information during its creation or acquisition by calculating
the normalized weight of the coefficients according to the formula of the arithmetic mean. It was shown that the current value of

information has a functional dependence on the time of existence of information and the time of its final aging.
Results. The results of the experiment confirm that the value of information has a nonlinear functional dependence on the time of

final aging of information.

Conclusions. The conducted experiments confirmed the efficiency of the proposed method of evaluating the value of information
and allow recommending it for use in practice to protect the institution’s information. Prospects for further research may include the
creation of a methodology for assessing the value of an institution’s information, taking into account the aging of information and

subsequent adjustment of measures to protect it.

KEYWORDS: aging of information, the importance of information, restriction of access to information, value of information.

ABBREVIATIONS
ISO is an International Organization for Standardiza-
tion;
TMIP is a technical means of information processing;
VOl is a value of information.

NOMENCLATURE

n is the number of information characteristics that af-
fect the value of information;

kj is a coefficient that characterizes the quantitative
measure of the impact of the characteristics of informa-
tion on its value;

ki is a coefficient that characterizes the influence of
the level of restriction of access to information on the
value of information;

ko, is a coefficient that characterizes the influence of
the time of final aging of information on the value of in-
formation;

ks is a coefficient that characterizes the influence of
the importance of information on the value of informa-
tion;

k, is a coefficient that characterizes the influence of
the form of ownership of information on the value of in-
formation;
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ks is a coefficient that characterizes the influence of
the method of storing information on the value of infor-
mation;

L is the number of levels of restriction of access to
information in the institution;

l; is a quantitative assessment of the level of restric-
tion of access to information in the institution;

| the number of levels of importance of the institu-
tion’s information

ij is a quantitative assessment of the appropriate level

of importance of information of the institution;

F the number of forms of ownership of information
in the institution;

fj is a quantitative assessment of the appropriate

form of ownership of information of the institution;

S the number of methods of storing information used
in the institution;

sj quantitative assessment of the method of informa-

tion storage;

VOl the initial value of the information of the insti-
tution (at the time of its occurrence or receipt);

t is a time from the moment of information occur-
rence to the moment of determining its value;

t; is a time from the moment of information occur-

rence to the moment of its final aging.
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INTRODUCTION

In modern society, the role of information and infor-
mation resources has significantly increased in all spheres
of human life. The transformation of information into a
product that has a certain value and corresponding value
has led to the emergence of a new object of security —
information and information resources. Previously, in-
formation security consisted of protecting information and
information resources from unauthorized actions. At pre-
sent, there is a need to protect people, society, or the state
from threats that may pose information and information
resources. Thus, today the threats that information and
information resources can carry affect such aspects of
human life as economic, financial, military, technical, and
political. The emergence of such threats leads to the im-
provement of the conceptual model of information secu-
rity.

The conceptual model of information security condi-
tionally consists of security objects, a model of threats, a
model of violators, and an information security system
[1-2]. Recently, institutions have increased the cost of
developing their information security model. However,
not all institutions separately assess the value of informa-
tion of the institution as one of the objects of security. It
also does not take into account the fact that over time, the
information loses its value and its further protection be-
comes impractical.

The object of study is the process of assessing the
value of information.

The subject of study is the method of assessing the
value of information.

Known methods [8-10] do not take into account the
aging time of information, which has a direct impact on
the value of information.

The purpose of the work is to develop a method for
assessing the value of information, which takes into ac-
count the time of final aging of information.

1 PROBLEM STATEMENT

Suppose a set of coefficients <k;> is specified, which
characterize the quantitative measure of the influence of
information characteristics on its value and take values
from the interval [0...1],i=1, 2, ..., N.

For a given set of coefficients <k>, the problem of
evaluating the value of information can be represented as
the problem of calculating the normalized weight of the
coefficients according to the formula of the arithmetic
mean.

2 REVIEW OF THE LITERATURE

The authors in the scientific works [3-7] reflected on
the results of the analysis of the implementation of infor-
mation security in institutions and proposed to use the
international standard of information security ISO/IEC
27001 to manage information-related risks.

In the scientific paper [8] the authors defined the mul-
tiple criteria value of information and demonstrated the
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potential application when conservation issues conflict
with monetary issues.

In the scientific work [9] the authors proposed a new
approach to assessing the value of information based on
the theory of pattern recognition, which expands its scope
and can be successfully implemented using declarative
programming languages or universal modeling languages.

An approach to calculating the value of information
obtained from the example of a fuzzy mathematical model
of the queuing system is presented in a scientific paper
[10].

In scientific works [8-10] assessment of the value of
information is realized using the methods of information
theory, where the main property of information is its
guantity.

The method of assessing the information potential
with the use of coefficient, cost, and effective methods
makes it possible to identify reserves of rational informa-
tion support of enterprises, to determine the cost of infor-
mation resources and the effectiveness of their use. This
technique is proposed in a scientific paper [11] and can be
used by the information security service of institutions to
determine the cost of information security of the institu-
tion.

The authors in the scientific work [12] proposed to use
the coefficient of permissible change, which characterizes
the losses of the institution that will not lead to its bank-
ruptcy. This ratio is characterized by the ratio of the
growth/decline of the capital of the institution to the
growth/decline of the amount of damage from the imple-
mentation of information threats.

In the results of the research, which reflected in the
scientific work [13], the authors proposed a model for
assessing the level of protection of information in the so-
cial network from external influences on the information
social resource. The result is an assessment of the eco-
nomic feasibility of implementing an appropriate mecha-
nism of technical means of information protection in so-
cial networks, depending on the value of information.

Therefore, today there are two known approaches to
assessing the value of information: calculating the amount
of information in bytes and calculating the value of in-
formation in monetary terms. The first approach makes it
possible to protect information without taking into ac-
count the level of restriction of access, the level of impor-
tance, or the form of ownership of information. The sec-
ond approach implements the protection of individuals,
institutions, and the state from damage that may occur in
the event of unauthorized actions with information. The
second approach also ensures the integrity, confidential-
ity, and accessibility of information.

The above approaches do not take into account the in-
fluence of time on the relevant properties of information.
It is a known fact that the time of existence of information
affects its value.
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3 MATERIALS AND METHODS
The value of information in this study should be un-
derstood as a quantitative measure that determines the
degree of its usefulness to the owner of the information.
The functional dependence of the value of information on
its characteristics is reflected in the expression [14-17]:

n

vol ==L
n

Assessing the value of information based on the meth-
ods and techniques of the modern theory of systems
analysis provides tools for determining the appropriate
coefficients based on the characteristics of information.
The coefficients take values from the segment [0 ... 1].

The following characteristics of the information are
chosen to assess the value of the institution’s information.

1. Level of restriction of access to information.

Restricted information, confidential and/or public in-
formation may be processed in the institution. The impact
of the level of restriction of access to information on its
value is determined by the coefficient ki :

k]_:I,

)

where i =[1...L].

The level of restriction of access to information is de-
termined by documents on the organization of informa-
tion security.

2. Period of final aging of information.

The time of final aging of information depends on the
level of access restriction and cannot be longer than the
time during which the level of access restriction exists.
The impact of the time of final aging of information on its

value is determined by the coefficientk, :

o Ol

2= 0oL 3)

wherei =[1..0L].

3. Importance of information.

The importance of information of the institution
should be understood as such information, the loss or un-
authorized access to which will cause great damage to the
institution or completely stop its work [17]. It is advisable
to have several levels of importance of information in the
institution. In this case, all information in an institution
must have its level of importance (rank). A Group of ex-
perts determines the level of importance of information.

The impact of the importance of information on its
value is determined by the coefficient k; :

k3 :i . (4)

where j =[1...1].
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4. Form of ownership of information.

The information circulating in the institution may
have the following forms of ownership: private, collec-
tive, and public. The form of ownership of information
must have its level of importance in terms of information
security. It is expedient to introduce in the institution an
additional division of the collective form of ownership of
information into collective information of the institution
and collective information of structural units of the insti-
tution. The impact of the form of ownership of informa-
tion on its value is determined by the coefficient kg :

k=2, ®)

where j=[1..F].

A Group of experts determines the form of ownership
of information.

5. Method of storing information.

The method of storing information determines on
which media it is stored. Depending on the level of re-
striction of access to information, its importance is deter-
mined by the method of storing information. A Group of
experts determines the method of storing information.

The impact of the method of storing information on its
value is determined by the coefficient ks :

w

kg =2 (6)

5 g

where j =[1...S].

The value of information changes over time. As a rule,
the value of information decreases over time. The de-
pendence of the value of information on time is deter-
mined [14-16]:

t
VOI (t)=VOl, 10 . ™

4 EXPERIMENTS
An example is considered to verify the method of as-
sessing the value of information of the institution. The
institution processes information with the following levels
of access: unclassified, confidential, secret, and top secret.
According to expression (2), the values of the coefficients
are obtained, which are shown in Table 1.

Table 1 — The value of the coefficient k1

Level of restriction of access to information Rank Value
Unclassified 4 0.25
Confidential 3 0.33
Secret 2 0.5
Top secret 1 1
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The time of final aging of information according to
the appropriate levels of access is set in the institution.
According to expression (3), the values of the coefficients
are obtained, which are shown in Table 2.

Table 2 — The value of the coefficient k,
Level of restriction of

Period of final

: . . Rank Value
access to information aging
Unclassified 362 4 0.25
Confidential 1086 3 0.33
Secret 1810 2 0.5
Top secret 3620 1 1

The importance of information in the institution is
classified according to the following levels: insignificant,
useful, important, and very important [17]. According to
expression (4), the values of the coefficients obtained, are
shown in Table 3.

Table 3 — The value of the coefficient Kk,

Level of restriction of Period of final
. . . Rank Value
access to information aging
Unclassified 362 4 0.25
Confidential 1086 3 0.33
Secret 1810 2 0.5
Top secret 3620 1 1

The following forms of ownership of information are
established in the institution: personal, department of the
institution, institution, and state [18]. According to ex-
pression (5), the values of the coefficients are obtained,
which are shown in Table 4.

Table 4 — The value of the coefficient k,

Level of restriction of access to information Rank Value
Personal 4 0.25
Department of the institution 3 0.33
Institution 2 0.5
State 1 1

The following technical solutions are used to store in-
formation in the institution: server, technical means of
information processing, and portable storage. According
to expression (6), the values of the coefficients are ob-
tained, which are shown in Table 5.

Table 5 — The value of the coefficient kg

Method of storing information Rank | Value
Server 3 0.33
Technical means of information processing (TMIP) 2 0.5
Portable storage 1 1

The institution has compiled a list of information in
need of protection, which is shown in Table 6.

Substituting the data from tables 1-5 to expression (7)
we obtain the initial value of information and the value of
information as of 27.01.2022. Calculated values of coeffi-
cients that affect the value of information, the initial value
of information, and the current value of information are
shown in Table 7.

Table 6 — The list information of the institution

. Period of | Access restric- Form of ownership of| Method of storin
Title of the document Date of create final aging tion stamp Importance information P information g
Activity plan of the department of | 05.01.2022 362 Unclassified Insignificant Department of the TMIP
the institution institution
A personal plan of the employee of| 10.01.2022 362 Unclassified Insignificant Personal TMIP
the institution
Enterprise development strategy | 05.01.2020 1810 Secret Important Institution Portable storage
Industry development plan 09.01.2021 3620 Top secret Very important State Portable storage
Report on the results of department| 28.12.2021 1086 Confidential Useful Department of the Server
1 of the institution for 2021 institution
Report on the results of department| 28.12.2021 3620 Secret Important Department of the TMIP
2 of the institution for 2021 institution
Report on the results of department| 29.12.2020 1086 Confidential Useful Department of the server
1 of the institution for 2020 institution
Report on the results of department| 28.12.2019 1086 Confidential Useful Department of the Server
1 of the institution for 2019 institution
Table 7 — Initial and current value of information
Title of the document kq Ky ks Ky ks Initial value | Current value
Activity plan of the department of the institution 0.1 0.25 0.25 0.33 0.5 0.29 0.25
A personal plan of the employee of the institution 0.1 0.25 0.25 0.25 0.5 0.27 0.24
Enterprise development strategy 0.5 0.5 0.5 0.5 1 0.6 0.23
Industry development plan 1 1 1 1 1 1 0.78
Report on the results of department 1 of the institution for 2021 | 0.33 0.33 0.33 0.33 0.33 0.33 0.31
Report on the results of department 2 of the institution for 2021 1 0.5 0.5 0.5 0.5 0.5 0.56
Report on the results of department 1 of the institution for 2020 | 0.33 0.33 0.33 0.33 0.33 0.33 0.14
Report on the results of department 1 of the institution for 2019 | 0.33 0.33 0.33 0.33 0.33 0.33 0.065
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5 RESULTS

The study yielded the following results:

1. Assessment of the initial value of information car-
ried out by calculating the average value of the sum of the
relevant coefficients. Each of the selected coefficients was
calculated using the ranking method. The rank of the rele-
vant information characteristics is determined from the
guidance documents on the organization of information
security or a specially created group of experts.

The assessment of the current value of information is
carried out by taking into account the time of final aging
of information and the date of creation (receipt) of rele-
vant information. The value of the current value of infor-
mation is calculated as the product of the initial value of
information by the power factor, which characterizes the
aging process of information.

2. In the method of estimating the value of informa-
tion, a coefficient is calculated that takes into account the
place of storage of relevant information. The need to in-
troduce this factor was to take into account additional
organizational measures aimed at restricting access to
information. Thus, to obtain information stored on re-
movable media, an attacker must obtain it from the infor-
mation protection service. This approach introduces addi-
tional controls and limits the list of people who can carry
out an insider threat.

3. Each institution has a list of information that needs
protection. According to the level of restriction of access
to information, the time of final aging of information is
set, as well as its form of ownership and level of impor-
tance for the owner. For information from this list, its
initial value is calculated.

4. The results of the experiment showed that for in-
formation that has the same values as the initial value,
over time, the value of the current value of the informa-
tion decreases. For the information contained in the
documents of the first department of the institution,
namely in the activity reports for the year, the initial value
of the information is 0.33. A year later, the value of in-
formation decreased almost 2.4 times, and after 2 years
almost 5 times. The results of the experiment confirm that
the value of information has a nonlinear functional de-
pendence on the time of final aging of information.

6 DISCUSSION

The results of data analysis in Table 7 show that the
initial values of information value for a typical document
of one department of the institution with identical details,
except for the date of creation, are the same. Also, the
initial value of information has the same values. At the
same time, the current value of the value of information
decreases as the time of existence of this information in-
creases. This is explained by the fact that when the time
of existence of information approaches the time of final
aging of information, the importance of this information
is lost.

Taking into account the time of final aging of infor-
mation for different levels of access to information, (Ta-

ble 3) will make it possible to evaluate the value of in-
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formation and provide information to the head of the in-
stitution to make a decision on the feasibility of further
expenses for the protection of relevant information.

The method of assessing the value of information con-
sists in finding the initial value of the value of information
by calculating the average arithmetic value of the coeffi-
cients characterizing the quantitative measure of the in-
fluence of the characteristics of the information on its
value. When the number of such coefficients increases,
the adequacy of the model, which is used to calculate the
value of information, will also increase.

CONCLUSIONS

The scientific novelty of obtained results is that the
method of assessing the value of information was im-
proved. This method allows obtaining a quantitative value
of information, taking into account the level of restriction
of access to information, the level of importance of in-
formation, period of final aging, method, and place of
storage, as well as the form of ownership of information.
The proposed method provides an opportunity to auto-
mate the process of assessing the value of information on
the current date using the mathematical apparatus of the
modern theory of systems analysis.

The mathematical model used in the method of assess-
ing the value of information provides an opportunity to
investigate the value of information that belongs to the
person of the institution and the staff of the institution.

The practical orientation of the study is to use the
developed method in the information security service of
the institution to assess the value of information of the
institution and in deciding on the choice of an adequate
method of protection of relevant information.

Prospects for further research are to study the im-
pact of the proposed set of coefficients based on the char-
acteristics of information for a broad class of practical
problems in information security.
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METO/]I OITHIOBAHHS HIIHHOCTI IHOOPMAIIIT
HinekeBuu I. A. — 1-p TexH. HayK, npodecop, mpodecop kadeapr KOMI IOTEPHUX iHPOPMAIIHHUX TEXHOJOTiH JKUTOMHpCHKO-
ro BilicbkoBoro iHcTuTyTy iMeHi C. I1. Koponbosa, XKutomup, Ykpaina.
Bakamiok T. A. — 1-p nenaroriynux Hayk, mpodecop, nmpodecop kadpenpu imkeHepii nporpaMHoro 3abesnedeHHs JlepKaBHOTO
yHiBepcuTeTy «Kutomupcrka nomitexuikay, XXuromup, Ykpaina.
Boiiuenko O. C. — kaHJI. TEXH. HAYK, HAYAILHUK HayKOBO-IOCJITHOTO Bi/lIiTly HAyKOBOTO LeHTPY JKUTOMHPCHKOTrO BIHCHKOBOTO
incrutyty imeni C. IT. Koponsosa, JKuromup, Ykpaina.

AHOTALIA

AKTyalnbHicTh. Po3risiHyTO 3a7ady OLiHIOBaHHS IIHHOCTI iHpOpMaIil YCTaHOBH, SK OJHOTO 3 00’ €KTIB 3aXHCTy MOAeNi iH(op-
MamniifHoi 6e3meKH.

Meta po60TH — CTBOPEHHS METOY OLIIHKHM LIHHOCTI iH(pOpMAIlii, IO BPaxOBY€ Yac OCTaTOYHOTO CTapiHHS iH(OopMaii.

Metoa. Pe3ynbraTi aHanizy MeTOAIB OIIHIOBaHHS LIHHOCTI iH(opMarii moka3any, o cydacHi MiXOIH YMOBHO ITOJUISIOTHCS
Ha JIBa HANpsIMKU. Y TEpHIOMYy HampsMKy LiHHICTH iH(popMamii 00YnCIIIoeThes SIK KUTBKICTE iH(popManii B Oaifrax. Y apyromy Ha-
NIPSIMKY LiHHICT iH(OpMalii 00YMCITIOETECS B IPOLIOBOMY eKBiBaieHTi. [loka3aHo, 110 Cy4acHi MiJXOAH He BPaXOBYIOTh BIUIMB Yacy
Ha WiHHICTh iH(hOopMawii. 3aIPONIOHOBAHO METOJ| OL[IHKHU IL[IHHOCTI iH(popMawii, IKKH BpaxoBye TaKi XapaKTEPUCTUKH, K TEPMiH OC-
TaTOYHOTO CTapiHHs iH(opMmaLlii, piBeHb ii 0OMEXeHHsI TOCTYITy, BaXIUBIiCcTh 1 popma BracHocTi. LliHHicTh iHbOpMaLii npeacrasie-
Ha sIK KiITbKiCHA Mipa, sika BH3HA4Ya€ CTYMiHb 1 KOPUCHOCTI [Uisi BiacHUKA. [IpOMOHYEThCS pO3paxOBYyBaTH BEIMYUHY IOYATKOBOT
BapToCTi iHpOpMaIii mix yac ii CTBOPEHHS YW OTPUMAaHHS HULIXOM PO3pPaxyHKY HOPMOBAHOI Baru koedimieHTiB 3a GopMynoro cepe-
IHBOTO apudmeTnaHoro. [TokazaHo, 1m0 MOTOYHA MIHHICTH iH(OpMaLii Mae QyHKIIOHATIBHY 3aJICXKHICTh Bijl Yyacy iCHyBaHHS iHPOp-
Manii Ta gacy i 0CTaTOYHOTrO CTapiHHS.

Pe3yabTaTn. PesynbraTn eKcriepuMeHTy MiATBEP/UKYIOTh, IO IIHHICTh iH(OopMaIii Mae HeNiHIHHY (QYHKI[IOHAIBHY 3aJICKHICTD
BiJl 4aCy OCTaTOYHOTO CTapiHHs iHpopMaril.

BucnoBku. [IpoBeneHi ekCriepuMEHTH I ATBEPANIIN MPAIe3JaTHICTh 3aIIPOIIOHOBAHOI0 METO/Iy OLIHIOBAaHHS IiHHOCTI iH(opMa-
1ii Ta JO3BOJIIOTH PEKOMEHYBAaTH HOTo JUI BUKOPHCTAHHS Ha NMPAaKTHLU 11 3aXucTy iHpopmauii ycraHoBu. IlepcrnekTuBu nona-
JBIIMX JOCIIKEHb MOXKYTh BKJIFOUaTH CTBOPEHHS METOMOJIOTIT OL[HIOBAHHs LIHHOCTI iH(pOpMaLil yCTaHOBU 3 ypaXyBaHHSIM 4acy
cTapiHHsA iH(opMamii Ta MOJaIbIINM KOPEKTYBAaHHSM 3aX0/iB 13 ii 3aXucTy.
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TEXHOJIOI'TSA BUIIPABJIEHHA T'PAMATHYHUX IIOMUJIOK B
YKPAIHOMOBHOMY TEKCTOBOMY KOHTEHTI HA OCHOBI
METOAIB MAHIMHHOT'O HABYAHHA

Xousoana H. M. — marictp xadenpu «Indopmariiini cuctemn Ta Mepexi», Hamionansnuii yHiBepcuteT «JIpBiBChKa
moritexHika», JIbBiB, YkpaiHa.

Bucoubka B. A. — KkaHnm. TexXH. HayK, HIOIEHT, noueHT Kadenpm «lHpopmariiiHi cucTeMH Ta Mepexi»,
Hamionansnuii yHiBepcutet «JIpBiBChKa moiTexHika, JIbBIB, YKpaiHa.

AHOTAIIA

AKTyanbHicTh. BilblIicTh JOCHI/KCHb Yy HANpsMi BHIIPABJICHHS IPaMaTHYHUX Ta CTUIIICTHYHMX MOMMIIOK 30CEPEDKEeHi Ha
KOPEKIii MOMHIIOK B aHIJIOMOBHOMY TEKCTOBOMY KOHTEHTI. 3aBISIKM HAsBHOCTI BEIMKHX HAaOOpiB JTaHUX JOCSITHYTO CYTTEBOTO
MiJBUIICHHS TOYHOCTI KOPEKIIii rpaMaTHKH aHrIiiicbkol MoBHU. Ha skanb, Z0CimKeHb iHIIMX MOB Maio. CHCTEMH B ISl aHTIIIHCHKOT
MOBH TIOCTIiHO PO3BHBAIOTHCS 1 HApPa3i aKTHBHO BUKOPHCTOBYIOTh METO/IM MAIIMHHOTO HaBYaHHsL: Kiacudikaiiro (Sequence tagging)
Ta MALIMHHKH Tepekna. Jlist CTBOPEHHS SIKICHOI MOZENi MAIIMHHOTO HABYAHHS [UIsS KOPEKIii rpaMaTHYHUX/CTHITICTHIHHX TIOMHIIOK
y TEeKCTaX THX MOB, SIKi € CKJIaJHUMH MOpP(}OJIOriuHO, HEOOXiTHA BEJIHMKa KUIBKICTH MapaleIbHUX ab0 BPYYHY PO3MIUCHHX NaHUX.
Pyuna aHoTamis maHumx BUMarae 0araTo 3yCHJIb NMpOQeciiHWX JIHTBICTIB, IO POOWUTH CTBOPEHHS KOPIIyCiB TEKCTiB, OCOOIMBO
MOpGOIIOrivHO GaraTux MOB, 30KpeMa, YKpalHChKOI, 4aco- Ta Pecypco3aTpaTHUM HPOLIECOM.

Meta — € po3poOJICHHS] TEXHOJIOTII BUIPABICHHS MOMHIIOK B YKPAalHCbKOMOBHHX TEKCTaxX Ha OCHOBI METOJiB MAaIIHHHOTO
HaBYAHHSI 3 BUKOPUCTAHHSIM HEBEJIMKOTr0 HabOpy aHOTOBAaHUX MapajelibHUX JaHHX.

Merton. /Insg maHoro OOCHTIIKEHHA MPU PO3pOOIl CHCTEMH KOPEKIii MOMWIIOK B YKPaiHOMOBHHX TEKCTaX i3 3aCTOCYBaHHIM
onTUManbHOTO KoHBeepy (pipeline), mo BkiIro4Yae B cebe MOMepeaHe OMPAaIfOBAHHS TEKCTOBOTO KOHTEHTY, BHUOIp Ta TeHepyBaHHS
03HaK, oOpaHi aJrOpUTMHM MALIMHHOIO HABYaHHS, B YMOBaX HasBHOCTI HEBEJMKHX 3a OOCSIIOM KOPITyCiB AQHOTOBAHHMX JaHHX.
3acToCyBaHHSI HEHPOHHHUX MEpEX 3 HOBOK apXiTekTyporo, orisiy State-of-the-art meroniB Ta HOpiBHSHHS Pi3HHX eTariB KOHBEEPY
JacTh 3MOTY BM3HAYHUTH TaKy iX KOMOIHAIiO, sIKa J03BOJUTH OTPHMATH SKICHY MOJENb KOPEKIil MOMHIOK B YKPaiHOMOBHHX
TEKCTax.

PesyabTaT. Po3po6ieHo Mozens MalrHHOTO HaBYaHHS U1l KOPEKLil IOMUIIOK B YKPAalHOMOBHHX TEKCTaX. 3alpOIIOHOBAHO
YHIBEpCaJbHY CXeMy PO3pOOKH CHCTEMH KOPEKI[ii MOMHJIOK JUisl pi3HMX MOB. BiINOBiIHO 10 OTpUMAaHHX pe3yJbTaTiB, HEHpPOHHA
Mepeka Ma€ 3/aTHICTh BHIPABIATH MPOCTI pPEUEHHS, HAMHCaHI YKPaiHCHKOIO, OXHAK PO3POOJICHHS IOBHOLIHHOI CHCTEMHU
BHMaraTHMe 3aCTOCYBaHHS MepeBipku opdorpadii 3a JOIMOMOTOI0 CIOBHHUKIB 1 MEPEBIPKH MPaBUII, SK MPOCTUX, TaK 1 3aCHOBAaHUX Ha
pe3yIbTaTi MApCHHTY 3aleXHOCTeH abo iHIIMX O3HaK. 3-MOMIX TPHOX MOZEJeH, HalKpalli MOKa3HUKH Ma€ IMONepeJHbO HaBueHa
MO/IelTb HeHPOHHOTO mepekianxy MT5. 3 MeTor eKOHOMIT 00YHCITIOBATIBHUX PECYPCIB MOKIIMBHUM TaKOXK € 3aCTOCYBaHHS [ONEPEIHBO
HaB4YeHOI HelpoHHOI Mepexi Tuy BERT, BuxopucroByloun ii sk y SIKOCTi eHKOEpa, Tak i Aexoxepa. Taka HelpOHHA Mepeka Mae
BJIBiYl MEHIIIe IapaMeTpiB, HIXK IHIII IONEepeHhO HaBYECHI MOJEJi MAIIMHHOTO NEepeKyiaay, i MoKa3ye 3aJ0BibHI pe3yJbTaTH HPU
BHUIIPABIICHHI IPAMATHYHHUX Ta CTHJIICTHYHUX [TOMUIIOK.

BucHoBku. CTBOpeHa MOIeNb MOKa3ye BiAMiHHI pe3ynbTaTd Kiacudikaiii Ha TECTOBUX JaHUX. Po3paxoBaHi METPHUKHU SIKOCTI
MAIMHHOTO MepeKaay MAaloTh 3MOrY JIMIIE YaCTKOBO MOPIBHATH MOJENi, OCKUIbKM OUIBIIICTH CIIB 1 CIOBOCIONYYEHb Y
[MOYaTKOBOMY Ta BHIIPABICHOMY pedeHHi criBrnaaaiots. Haiikpame 3nauenns sk BLEU (0.908) , taxk i METEOR (0.956) orpumaro
it MTS, 1o criBnagae i3 aHaIi30M NPUKITAIIB, y IKOMY HalOUTBII TOYHI BUTIPABICHHS TOMUIIOK 0€3 3MiHH [TOYaTKOBOTO 3HAYCHHS
pedeHHs OTpUMaHi Juis Takoi HelpoHHOI Mepexi. M2M100 mae Ginbury orinky BLEU (0.847), mix “Ukrainian Roberta” Encoder-
Decoder (0.697), oxHak, cy0’€KTHBHO OLIHIOIOYM pe3yJbTaTH BUIIpaBieHHs npukianis, M2M100 3xauHo ripiie crpaBiseTses i3
noAiGHUM 3aBaaHHsIM, Hix aBi inmi moxeni. [t METEOR rtakox M2M100 (0.925) mae 6inbiy orninky, Hix “Ukrainian Roberta”
Encoder-Decoder (0.876).

KJIIOUYOBI CJIOBA: NLP, text pre-processing, KOpekiisi MOMHIIOK, BHIIPABICHHS T'PAMATHYHHUX [OMHIJIOK, MAIIMHHE
HABYaHH, INIMOMHHE HaBUaHHS, aHAJI3 TEKCTY, Kiacu(ikallis TeKcTy, HelipoHHa Mepexa.

ABPEBIATYPA NN — neural network;
BJI — 6a3a nanwnx; TPP — text pre-processing.
IC - inTenexTyanbHa cucTEMa;
IT — indopmariiitHa TEXHOIOTIS; HOMEHKJIATYPA
I13 — mporpamue 3abe3neueHHS; S — cucTeMa rpaMaTUIHOI KOPEKIIii;
I1O — mpenmerHa 061acTsb; | — MHOXMHA BXITHUX JaHUX,
BERT - bidirectional encoder representations from O — MHOXKHMHA BUXIHHX JaHHX;
transformers; R — ocHOBHI paBwiIa ONpaIfOBaHHS MOTOKY BXiTHUX
GEC - grammatical error correction; nauux B IC rpaMaTiaHOl KOPEKIIii;
GECS - grammatical error correction system; U — mapameTpu ONpainoBaHHs BXiAHUX JaHHX;
LSTM — long short-term memory; N — HeiipoHHa Mepexa;
MT — machine translation; 0L — OTEpaTOp CKAadyBaHHs BXiIHHUX JaHHX;
ML — machine learning; B — oneparop onparloBaHHs BXiJHHX JAHKX;
NLP — natural language processing; Y — orieparop 30epexKeHHs BXIIHUX JaHUX;
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pw — TPP-omepatop;

% — OIEPATOP MOIIYKY IIOMUIOK;

® — oneparop MamuHHOro HaB4yaHHs IC Ha
JOCTOBIPHHX TEKCTOBHX JIAHUX;

A — omepaTop rpaMaTHYHOI KOPEKIIil TEKCTY;

i} — MHOXKMHA JTaHUX i1eHTHIKALIIT;

i, — MHOKHHA BXiJJHOTO TEKCTOBOTO KOHTEHTY;

i3 — MHOXXHHA [1a0JI0HIB/TIPABUIT TIOMHUIIOK;

i — MiATBEPKEHHS TIPABKH Bijl aBTOPa/KOPHCTYBaYa,

0; — MapKOBaHUI/TErOBaHUI TEKCT 3 IOMUJIKAMH;

0, — KOJICKIIiSl TIPOTIO3UIIiH KOPEKIIii TEKCTY;

03 — MHOXHHA I ITBEP/KEHUX aBTOPOM IPABOK;

I, — IpaBuiIa AITOPUTMY B3a€EMOJIIT;

r, — NLP-mpaBwuna;

I3 — IpaBHJIa aTOPUTMY HEHPOHHOT MEpexKi,

r4 — IpaBHJIa AITOPUTMY KOPEKIIii HOMUJIOK;

U; — MHOXKHHA PiBHIB IOCTYTY,

Uz — MHOXKHHA BUMOT JIOCTYILY;

Uz — muosxuaa NLP-sumMor;

U4 — MHO’KMHA METPHUK MAIIMHHOT'O HABYAHHS;

Us — MHOYKMHA BUMOT KOPEKIIii TOMUJIOK.

BCTYII

GEC - 3azaua ineHTndikauii Ta yCyHeHHS IOMHJIOK y
BximHomy TekcTi. GEC 3actocoByroTh B pizHHX chepax,
BKJIFOYQIOYM BUIIPABJICHHS MOUIYKOBUX 3amuTiB i MT-
pesynbrariB, TPP, mepeBipky mpaBomucy B Opaysepax i
TeKCTOBHX Tporecopax tomo. GEC-meTonn mominsioTsh
Ha KaTeropii: MeTO/H, 3aCHOBaHiI Ha MPaBHJIAX; METOJH,
3aCHOBaHI HAa  CHHTAaKCHYHOMY  aHali3i  pEYCHB,;
CTaTACTUYHE MoJAearoBaHHs, kimacuuni ML-meromm; MT
Ha OCHOBI IMTMOMHHOTO HaBYaHHS.

IlepeBipka Ha OCHOBI INpaBHJ BUKOPUCTOBYE HAOIp
MOTIePEIHRO  BHU3HAYEHUX MIAONOHIB TOMIUIOK IS
BIJIMOBITHOCTI TeKCTy. Bci mpaBmwia po3poOsFOTh
3a3BM4ail  BpyuHy. TekcT € NOMMIKOBUM, SKIIO
BiamoBimae omHomy 3 mpasun [1]. IlepeBarm miaxomy:
IIBUAKOMIsI, IHTEpPIpETAlis pPe3ylbTaTiB, MOXJIHBOCTI
iteparuBHOTO po3BUTKY IC. OHAK METOX Mae HEMOJIIKH:
cxnaaHicTh IC 301mbIIyeThest B Mipy HOSIBH Pi3HUX THIIB
MOMUIIOK, CTBOPEHHS MPABHI € pPecypco3aTpaTHUM i
BHMarae eKcnepTHuX 3HaHb 3 [10, 30kpema JiHTBICTHKH.
OmHOYaCHO Myl TOKPUTTS YCiX MOXKIMBHX BHITAIKIB
HeoOXiTHa BeTM4Ye3Ha KUTbKICTh PaBHIL.

IIpu mepeBipmi Ha OCHOBI CHHTAaKCHCY IOBHICTIO
aHai3yeThcsi MOpQOJOTist Ta CHHTaKCHC Tekcry. Jlmsa
nporo rmortpioua Jsexcuyna bBJl, Mopdonoriunuit i
CHHTAaKCHYHHUI aHamizatopu (mapcepu). 3almexHO Bif
rpaMaTHKK MOBM, CHHTaKCHYHUH Tapcep BU3Ha4ae
CHHTaKCHYHY CTPYKTYpPY KOKHOTO DPEUYEHHS Y BHIJISII
nepeBa. SIKIIO MOBHUE aHaNi3 He OyB YCHIIIHUM, TOIi
TekeT € mommikoBuM [1]. HemomikoM CHHTaKCHYHOTO
MiIX0My € HEOOXIMHICTh PO3POOKH JOMATKOBHUX IPAaBHI
JUIA YTOYHCHHS HEOOXITHWX BHIIpaBlieHb. Lli mpasmia
MAaIOTh IIOKPUBATH YCi MOXKIIMBI BapiaHTH TIOMHIIOK.

Jis aBTOMATHYHOTO OTPUMAHHS TIPABHWI i3 BEIHMKOI
KIUTBKOCTI TEKCTy BUKOPHUCTOBYIOTH CTATHCTHYHI MOJETI,
SIKI HaBYAIOTHhCS HAa BENIUKiil KUILKOCTI pedyeHb 1 MOXYTb
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NpU3HAYaTH WMOBIPHICTH HOBIHM IMOCIIIOBHOCTI CIIiB Ha
OCHOBI KIJIBKOCTI CIIOCTEPEXYBaHUX CIIOJNY4YEHb CIIB Y
HaBuaJibHOMY Kopmyci. [lommpeni ta Oinbin BiporiaHi
MOCHIZIOBHOCTI, SIKI 4acTo 3yCTPi4aloThCd B KOPIIYyCi,
BB2XKAIObO TPABWIIBHUMH, TOII SK PiIKI TOCITITOBHOCTI
MOXyTh MicTuTH oMuikd [2]. [lepeBaru: aBTOMaTH4YHE
CTBOPCHHA TIPaBWJI Ta BIICYTHICTP HEOOXITHOCTI
3aCTOCYBaHHS ©KCIIEPTHUX 3HAaHb [UIs OINpAlfOBaHHS
JaHux abo CTBOpeHHS oO3HaK. Hemomiku: criamHa
IHTepIpeTalist pe3yIbTaTiB, 3aJIeKHICTh TOYHOCTI MOJei
BiJl SIKOCTI HaBYAJIBHOTO HAOOPY MdaHUX, HEOOXiTHICTH
3aCTOCYBaHHS BEJIMKOTO 32 00CcArOM Ha0Opy AaHUX.

[Ipu Kiacudikarii MOJIeNb HaBYAETHCA
nepeabadyBaTH BUOPABICHHS ISl KOKHOTO CIIOBa/Tery,
1110 TTO3HAYAIOTh JIiI0 HaJl IEBHIUM TOKEHOM, Ky IIOTPiOHO
BUKOHATH JIJIsl BUTIPABJICHHS BXIJIHOTO pedyeHHs (Sequence
labelling). Jns kiacudikanii BUKOPUCTOBYIOTh CKIIAIHI
cucremu i3 pekypentHumMu NN abo Tpanchopmepamu, a
Takokx  kmacuuHi  ML-meronu: HaiBHmii  BaiieciB
kimacudikatop, METONl OMOPHHUX BEKTOPIB, BHUIIAKOBHHA
mic Ttomo. OcTaHHI BHMAaralTh PYYHOTO CTBOPEHHS
o3HaK, sK-oT POS-term cniB y pedeHHi, MapCUHT
3aNIe)KHOCTEH, BIAMIHKH CJiB, TOJIOBHHX 1 JPYTOPSIHHUX
YJIeHIB peUYeHHS TOIIIO. Oxpim HEOOXIIHOCTI
3aCTOCYBaHHSI €KCIIEPTHUX 3HAaHb MpPHU MOOYIOBI MOJEII,
TOJIOBHUM HEJIOJIKOM € TPHITYHICHHs PO HEe3aJIeKHICTh
MOMHWJIOK Y pedeHHI abo KOHTEKCT CJOBa HE MICTHUTh
nommiok. Ilefi Merom He [ae 3MOrM  OJHOYACHO
BUIIPaBUTH KiJIbKa CIIB3aJISKHUX ITOMHUIIOK.

I'mubvnHe HaBuaHHs apxiTekTypu pekypeHTHHX NN
BUKOPHUCTOBYIOTh it Oaratbox NLP-3aBmamp. Ha
BIIMIHY BiZ MeTomy Kiacudikaii, Momem TIHOOKOTo
HaBYAaHHS HE BIMAararoTh po3poOku o3HaK, ocKimbKu NN
MOXYTb JOCHIDKYBaTH iX aBTOMaTH4HO. Lle € Bemmkoro
MepeBarol0, OCKUTBKM TEHEepalis O3HaK BHUMAarae
eKCMepTHUX  3HaHb 3  JiHrBictuku.  OcoOimBO
nonyisipHoto Bapiauiero pekypeHTHUX NN e LSTM.
Pexypentni NN BukopucTOBYIOTH Ui TnepenOadeHHs
Tery, IO I03Ha4Yae HEOOXiJHY MAil0 HaJl TOKCHOM JUIs
BUINIPABIECHHA  pPEYCHHS. Jana NN-apxiTektypa
BukopuctoByeThesi y GEC-3amaui mns MT rtekcty, mo
MICTHTh TIOMHJIKH, y HOTO TpaBWIGHUEN BapianT. s
CTBOpeHHS Kpaioi MT-mMoneni BUKOPUCTOBYIOTh BEITUKY
KUTBKICTB Tap pedeHs (IapaiellbHuX KOPITYCiB), TOYHICTE
CHUCTEMH Yy LIbOMY BHIAJKy OyJAe 3alieKaTd BiJ| SKOCTI
Habopy manux. Oxpim Toro, pexkypertHi NN copuitmaroTs
TOKEHHU MOCIIZOBHO, 110 CIIOBUIBHIOE Yac HaBYaHHS Ta
nepeioayeHHs, YHEMOKIIMBIIIOE napaJiesibHe
OTpAIlfOBaHHA JaHWX. Y BHUIAAKy KOMEPIIIHHOTO
3actocyBanHs IC 9ac 04iKyBaHHS € KDUTUYHUM, TOMY BCE
OibIIe TOCTIDKEHb Hapasi CIpsIMOBaHI Ha 3aCTOCYBaHHS
irmoi NN-apxiTekTypu, 1o Ha3uBaeThCs TpaHchopmep.

Tpancdopmep — Mozmens ITUOMHHOTO HABYAHHS, sKa
3aMiHIOE€ MEXaHI3M PEKYpEHTHOCTI Ha MEXaHI3M YBarw,
mo 3abe3nedyye KOHTEKCT Uil OyIb-SKOTO IIOJIOKEHHS
TOKEHY y BXiIHIA mociigoBHOCTI. Ll BracTuBicTh Hamae
3MOTY po3mapayenioBaTH Habararo OinbIne MmporeciB y
MOPIBHSAHHI 3 PEKYPCHTHUMH HEHPOHHUMH MEpexXaMH, i
BiJITaK 3HMKY€E TpUBaNicTh HaBYaHHs [3]. Tpanchopmepu
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MIBUIIKO CTAH JOMiHYIOUOI0 apxitekTyporo s NLP [4],
BUIIEPE/DKAIOUM Taki ajbTEepHATUBH, SIK 3TOPTKOBI Ta
pexyppentHi NN, oco0muBo i1 3aBIaHb PO3YMIiHHS
MOBH (kiacudikaiisi, mepeka3 i y3araJbHEHHS TEKCTY,
MT) Tta i renepauii. ApxiTekTypa MacmTabyeThCs
BIJIMIOBITHO JIO HABYAIBHUX JAHUX 1 (iKCye 0COOIMBOCTI
TEeKCTY Ha BedWKiid Biacrani. [lomepenHe HaBYaHHS
MOZeNi J03BOJISIE HABYATH TPaHCHOPMEpH Ha BEIHKUX
BIIKDHUTHX HEaHOTOBAHUX KOPIycaX 1 3rooM JIETKO
HaJIAIITOBYBATH 1X O KOHKPETHUX 3aBJaHb, OTPUMYIOYH
B pPe3yJIbTaTi BUCOKY AKICTh CHCTEMH.

MixBun Ttpanchopmepis BERT mnpusnauenuii s
NOMEepEeTHhOr0 HAaBYaHHS TNIMOOKHX JIBOHAINPABICHUX
NpPE/CTaBICHh 3 HEAHOTOBAHOrO Habopy naHux. B
pe3yabTari momepenHro HaBdeHa Monenb BERT moske
OyTH HaJallITOBaHA JIUIIE OJHUM JIOJATKOBHM BHXiJTHUM
mapom gusa  pisaux  NLP-3amau  6e3  icToTHHX
Moaudikamiii BHyTpilIHBOT apXiTekTypH [5].

MeTor0 D0CTiTKEHHS € IPOSKTYBaHHS Ta CTBOPCHHS
GEC-cuctemrn B TekcTax YKpaiHCHKOIO MOBOKO 32
nporomororo ML-MeToniB 3 BHKOPHCTAaHHSIM HEBEIUKOTO
HabOpy aHOTOBAaHWX MapayienbHUX naHux. Jlo 3amad, ski
HEOOXiTHO BUPILINTH ISl JOCSITHEHHS [TOCTABICHOI METH,
HaJIe)KaTh:

— onuc (yHKIIOHAJIBHOCTI Ta BUMOT IpoekToBaHoi [C;

— nopiBHstHH State-of-the-art meronis ast GEC;

— MIPOEKTYBAHH 1 3aCTOCYBaHHS HEHPOHHHUX MEPEXK 3
PI3HOIO apXiTEKTypoOIO;

—BHOIp Hal0inpm onTuManeHOi Moxeni y TPP-
KOHTEKCTi, BEKTOPHOTO BKJIAICHHI a00 BEKTOpH3aIllii,
BHOOpPY Ta TeHepyBaHHSA O3HaK, ML-anroputmy Ta ioro
mapaMeTpiB.

OO6’exT nmOCHiKEHHS — TMpoIrecH imeHTH]ikamii Ta
KOpeKILii TrpaMaTHYHUX Ta CTWJIICTUYHHX IIOMWJIOK B
YKpaiHOMOBHOMY  TEKCTOBOMY KOHTEHTi. IIpemmer
JOCHIDKEHHST — METOAM Ta 3aco0M  BHIPABICHHS
rpaMaTHYHUX/CTANICTUYHUX TOMHJIOK B YKPaiHOMOBHHX
TEKCTaX 13 3aCTOCYBaHHSM ONTHMAIBLHOIO KOHBEEPY
(pipeline) na ocuosi TPP, Bubopy Ta reHepyBaHHS O3HAK,
QITOPUTMIB MAaIIMHHOTO HAaBYaHHS, B YMOBaX HasBHOCTI
HEBEIMKHX 3a O0CATOM KODIYCiB aHOTOBAaHUX JaHHX.
HayxoBa HOBH3HA — 3aCTOCYBaHHS HEHPOHHHX MEPExX 3
HOBOIO apxiTekTyporo, orsn State-of-the-art meromnis Ta
MOpiBHSHHS pi3HUX eTamiB KouBeepy (pipeline) macts
3MOTY BH3HAYHTH TaKy ix KOMOiHAIliIO, SIKa JO3BOJIUTH
OTPUMATH SKICHY MOZENb BHIIPABICHHS TIpaMaTHYHHX
MOMHJIOK B YKPaiHOMOBHHUX TEKCTaX.

1 IOCTAHOBKA ITPOBJIEMHU
GEC-cucremy S nogano xoprexem:

S:<|,O,R,U,N,Q,B,Y>,

nel = {il, iz, i3, i4}, 0= {01, 0o, 03}, R = {rl, Iy, I'z, r4},
U= {Ul, Uy, Uz, Uy, U5}.

OcHoBHUME miporiecamu [C rpamMaTH4yHOI KOpekmii €
«TPP», «Ilomyk noMuiok», «MallMHE HaBYaHHSA» Ta
«BumpasieHHs rpaMaTHIHUX TOMHIIOK». TPP-mpomec IC
rpaMaTHYHOI KOPEKIIii OMUIIEMO CYTIEPIIO3UIII€IO0:
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Cau =p°B°a, Cau =p(B(a(is, iz, ia), 11, Us), Up).
IMpouec «Ilomryk momuinok» IC rpamMaTnyHoi KOpeKLii
omnuiemo cyneprnosutieto: Coy =y °p°al, ToOTO

CCU =X(B((X(CAu, i2, i3, i4), Iy, U3), rz).

[porec MalIMHHOTO HABYAaHHS HA JIOCTOBIPHUX JaHUX
IC rpamaTiuHOT KOpEKIiT ONHIIEMO CYIEPIIO3ULIEI0:

CuL =0°y°B°a, Cu=o(y(B(a(Ccy, i), i3), Us), I3).

[pomec «BumpasieHHs TpaMaTHIHUX MOMIIIOK» 1C
rpamMaTH4HOi Kopekuii Ha ocHoBi GEC-MeToxiB omumemo
CYTICPIIO3UIIIEIO:

Cus =1°y°B°a, Cus=My(B(aU(Cus, i2), 14), Us), Is).

GEC-meronn, 3aCHOBAaHI Ha npaBuiax,
CUHTAKCUYHOMY aHai3i abo CTaTUCTUYHOMY
MO/ICJTFOBaHHI, OMHUCAHI y JTOCIIIKECHHSIX, IO CIIPSIMOBaHI
Ha TOOYIOBY CHCTEMH TMEPEBIPKM Ta BHUIIPABIICHHS
TEKCTiB, HAMHCAaHUX JaHChbKOW [7], rpeubkoo [8],
natBiiicekoro [9], cnoB’sHchkoi [10], menmxkabi [11],
¢inminmincekoro  [12] Ta apabepkoro  [13]  moBamm.
Cucremn GEC mis aHTHICEKOT TTOCTIHHO PO3BHBAIOTHCS
1 Hapa3l akTHBHO BHKOPHCTOBYIOTH ML-MeTomm:
wiacudikaniro (sequence tagging) ra MT. [lis cTBopeHHS
skicHoi ML-mozeni s GEC y Tekcrax THX MOB, fKi €
CKIIATHUMH MOP(HOJIOTIYHO, HEOOXiTHA BEJUKa KiJIbKICTh
nmapajensHuX ado BpydHY po3MideHuX AaHuX. [IpoGmemy
OTpPUMaHHs aHOTOBAHMX JIaHUX 0€3 pyYHOTOo MapKyBaHHs
YaCTKOBO BHPIIIYIOTh 32 JIONIOMOTOI0 aJTOPUTMIB, IO
3MIHIOIOTh MOYAaTKOBHUH TEKCT, AOJAI0YU Y HBOTO KITyM»
(noise injection). OxkpiM TOro, BHKOPHUCTOBYIOTb
3BOPOTHUH Tepekia] Oe3MOMIIKOBHX TEKCTIB JJISl TOTO,
mo0 OTpUMATH iX HErpaMaTHYHI BiIMOBIMHUKH. Takmm
YHHOM aBTOMATHYHO 3TCHEPOBYIOTH IIEBHY KUIBKICTh
PO3MIYEHHX KOPITYCiB mapaieabHux TekcTis [14].

2 AHAJII3 JIITEPATYPHUX JTKEPEJI

OcHOBHUMH aHanoramu po3podmioBaHoi IC e nBa
momarku: Grammarly ta LanguageTool.

Grammarly - Kkomepritina  onmaiH-maTGopma
xommanii Grammarly Inc., sika mepeBipsie # Bumpasisie He
TIIBKM  TpaMaTW4HI MOMWJIKH, a ¥  TPOIOHYE
pexoMeHaamnii 1010 YITKOCT1 (cTucmicTs Ta
3pO3YMIJIICTB), 3aXOIIMBOCTI (CIIOBHMKOBHMH 3amac Ta
pO3MaiTTsI) Ta TOHY mOBigOMIeHHS (popManbHICT,
BBIWINBICTh 1 BIeBHeHICTh) [16-17]. Jlns mokparieHHs
MepeBipkd 1 TOYHOCTI  MPOMO3ULIKA  IuiaThopma
BukopructoBye ML-anroputmu 1 Meroau TIMOMHHOTO
naBuanns [18]. 30 minbiionis mozeii i 30 TucaY KOMaH]
BuKopucToBytoTh Grammarly momus [18]. Ilnardopma
noTpanuia 10 pedtrary Time «Timel00 Most Influential
Companies of 2022» Ta FastCompany «The 10 most
innovative companies in artificial intelligence of 2022»,
Takok 70 crucky Forbes «Cloud 100» ta The Software
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Report «Top 100 Software Companies» [18]. Hapasi
Grammarly nigTpumye mMire aHTTiHCbKY MOBH Ta il
JAJICKTH. aMEPHKAHCHKHM, OpPUTAHCBHKIN, KaHAJICHKHUH,
aBcTpanificekuii [19].

LanguageTool - GEC-nporpama i3 BiIKpUTHM KOJIOM,
IO y CBOid OCHOBI BUKOPHCTOBYE IIEPEBIpKY Ha OCHOBI
mpaBmi. Yceoro cucrema Oimpme 30 MoOB, 30KpeMa i
ykpaincbky [20]. LanguageTool possuBaethes 3 2003
poky 1 Hapasi Hamiuye 5415 mpaBunm anms aHTITIHCHKOT
moBH, 1 022 — st ykpaincekoi [21]. Illoauas KopucTyBadi
nepeBipstoTh  Outbiie 20 MiJIBHOHIB — TEKCTIB 32
normomororo  1iei  mratrgopmu  [22]. s mepeBipku
NpPaBWJIBHOCTI ~ HAlKMCaHHA  YKPalHOMOBHHUX  TEKCTIiB
JOCTYIHI TNpaBWjia TaKUX KaTeropiil: BapBapu3Mu
(mampukiaz, mpuiiMaTH ydacth — OpaT), BEJHKI JITEpH,
rpaMartuka, JOTiuHi MOMUIKH (HAIPUKIIA, HEMpaBUIIbHA
nara), opdorpadis, opopmICHHS, MyHKTyallis, CTHJIb,
tumorpadis  [21]. Hemomikom LanguageTool mns
NepeBipKH YKPaiHOMOBHUX TEKCTIB € HEBEJNUKA HaBiTh Y
TTOPIBHSAHHI 3 aHTTIHCHKOI0 MOBOIO KUTBKICTh TPaBUII, SKi
HE MOXXYTh IIOKPUTH YCi MOXKJIMBI TpaMaTHYHI TOMHIIKH.

Sai Muralidhar Jayanthi, Danish Pruthi, Graham
Neubig pospobumun cucremy NeuSpell [23] nmns
BUIpaBiieHHsT opdorpadiyHiX MOMHIOK aHIJIOMOBHHUX
TEKCTIB, [0 3aCHOBaHa HAa MeETOJax IJIMOMHHOIO
HaBuaHHs. Cucrema ckianaerbes 3 10 pi3HUX HEHPOHHUX
MepexX, SKi JaroTh 3MOry (iKCyBaTh KOHTEKCT HaBKOJIO
opdorpadiyanx mommiok. s HaBYaHHS HEHPOHHUX
MepeX BHUKOpDHCTaHI CHHTETHYHI HaBYajJbHI JaHi,
CTBOpEHI 32 JOMOMOTOK KiNIbKOX CTpaTerii JoJaHHS
«mymy». NeuSpell € mporpamoro i3 BiIKPUTHM KOZOM i
Hapasi MATPUMYE JHUIIE aHTITIHCHKY MOBY.

Hunspell [24] - cucrema gnst  BUIIpaBICHHS
op¢orpadiyHIX TOMHIOK, CTBOPEHa [UISI MOB 3 0araToio
MopdoJori€lo, CKIAACHHMH  CJIOBaMH 1 PI3HHM
KOJIyBaHHSIMH CHUMBOJIB. BHKOpUCTOBYE cremianbHUAN
(dbopMaT CIOBHUKA, SIKUI BU3HAYAE, AKI CTEMH Ta a(iKCH €
mificauMu B meBHiE  MoBi. Cucrema  3abesnedye
TOKEHI3aIlik0, CTEMIHT 1 iepeBipKy opdorpadii s Maiixke
Oyb-sIKOT MOBH 4H aJi(aBity.

B [6] 3ampormoHoBaHO MiXix MepeBipKu TpaMaTHIHOT
MPAaBUIBHOCTI TEKCTIB Ha OCHOBI  «MiHIMaJIbHOTO
HaB4YaHHsA 3 Bumrenem» (minimal supervision). Mawmwmit
METOJ IOJISTa€e y 3aCTOCYBAaHHI HEBEJIIMKOTO aHOTOBAHOTO
Ha0Opy JaHUX 1 OJAHHS MTYYHUX NOMHJIOK J0 KODIYCY
HOBHH, XYIOXHBOI JIITEPATypH Ta iHIIKX *aHPiB (yCboro

18  wminpiioniB  cmiB).  JlocmigHMKH  PO3POGHIH
kiacu(ikaTopu IS KUIBKOX — MOIIUPEHUX  THIIIB
rpaMaTHYHUX  [OMWJIOK.  TNPHUAMEHHHKH,  BiJIMIHOK

iMeHHMKa, (opma JiecioBa Ta Y3rOKEHHS 3 JIECIOBOM
(posmomin Ha wuwmcno Tta pig). OkpiM TOro, BOHH
3acToCyBaJId MeTo]] HeliponHoro MT TekcTy, 1o MiCTHUTB
MOMWJIKH, y ¥oro mpaBwibHuil Bapiant. Alla Rozovskaya
ta Dan Roth 3ayBaxwunu, mo MT-touHicTh € 3aHAATO
HU3BKOIO y 3B’A3Ky 3 HEJAOCTATHROI  KIIBKICTIO
HaBYaJbHUX JaHUX. 3anporoHOBaHHH METOx
«MIHIMAIBHOTO HABYAHHSA 3 BYHTENEM» 301IbIIye SK
TOYHICTh Kiacu(ikaropiB, Tak 1 MT-skicte. 3a

JIOTIOMOT'0K0  €KCIICPUMEHTIB mokasanu, mo MT-meToxn
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MOKa3ye He3anoBiIbHI MeTpuku sikocti (F-score = 10.6) 3
BUKOPHCTaHHSIM HaOOpY IaHMX BiIMOBIIHUX TEKCTIB, IO
mictuth npubiu3Ho 200 TuC. Bpy4YHYy aHOTOBaHMX 1
BumpaBieHux ciiB. [{ro MT-cucreMy 3Ha4HO TIepeBepIIye
3anporioHoBanuii 'y [6] ML-minxig (pi3sHOBHAHICTB
HAaBYAHHS 3 YYHTENEM, SIKe BUKOPHUCTOBYE HEMapKOBaHi
JaHl I TPEHYBaHHS — 3a3BHYail HEBEIHMKY KUIBKICTh
MapKOBaHHUX JaHHX Ta BEJIHUKY KUIbKICTh HEMapKOBAHHX).

Hocnipnuxu  Oleksiy  Syvokon, Olena Nahorna
Mpe3eHTYBaIM Habip AaHWX — Kopiyc TekctiB [15], mo
npodeciitno aHotoBanmii s GEC Ta  BinbHOro
penaryBaHHs yKpalHCBbKOIO MOBOIO. Jlocmigauku 3i0pamu
teketH 3 ommikamu (20 715 peuens — 328 779 TokeHiB)
BiJl PI3HOMaHITHUX aBTOPIB, Y TOMY 4YHCIi HOCIiB MOBH.
JlaHi OXOIUTIOIOTh HAWPI3HOMAHITHIIII chepu MUCchbMa, Bil
TEKCTOBMX 4YaTiB 1 ece 10 OQIIMiHHOrO mHCbEMa.
IMpodeciiiHi KOpeKTOpH BHUIPABISIIM Ta aHOTYBaIH
KOpITyC Ha TOMWJIKH, MOB’s13aHi 3 BiIbHUM MOBJICHHSM,
rpaMaTHKoI0, MyHKTYallieo Ta opdorpadiero. 3a [1, 15],
el KopIyc MOYKHa BUKOPHUCTOBYBATH Ul PO3POOKH Ta
ouinku cucreM GEC ykpalHChKOIO MOBOIO 1 TOCHIPKEHHS
Mop¢ooriuno  Garatux MoB. 3a [1], Ha#Gimem
OUYEBHHOIO MPoOIIeMoto, OB’ s13aHot0 3 GEC-cuctemamy,
€ motpeda y BHCOKOSKICHUX HaBYaJbHUX KOPITycax, L0
MICTSITh BEJIUKY KiJIbKICTh HABUYAIBHHX MPHUKJIIAIB.

B [25] pospobaeHo  mopdooriunuit  mapcep
pymorphy2 anst ykpaiHchbkol MOBH y (opmarti 0i0IioTeKH
Juisi MOBH TiporpamyBaHHs Python. pymorphy2 anamizye
YacTHHY MOBH, YHCJO, BiIMIiHOK, Yac, JIeMy Ta CTeM
3a1aHOrO ciioBa. Mopdosoriyauii mapcep 3aCHOBaHUi Ha
cnoBaukax OpenCorpora, mo KOHBepTOBaHI A0 Gopmary
XML. KopucryBadi TakoXX MarTh 3MOTY [I0JIaBaTH
BJIACHI CJIOBA Ta MPaBUIIA, II€ Ja€ MOXKIIMBICTD IPOBOIUTH
Mopdoutoriunmii anami3 tekctiB nesuol 10 0e3 3miHM
BUXIZHOTO KOOy pymorphy2 ta amanrtysatu pymorphy?2
JUTSE pOOOTH 3 IHIIIMMHU MOBaMH.

B [26] po3pobaeno cucremy TPP, mopdosoriunoro ta
CHUHTaKCHMYHOI'O aHalli3y YKpaiHOMOBHHMX TeKcTiB. Jlms
TOKEHi3allil, po3MoAily Ha pedeHHs Ta mouryky email-
anpec nocmigHuky Bukopucranu 6iomioreky NLTK moBu
nporpamyBanHs Python Tta perymspui Bupasu, it
BUJIAJICHHS CTOI-CJIIB Ta MOIIYKY iIMEHOBaHUX CYTHOCTEH
— BIiAMOBiAHI CIOBHHUKH. {51 MOp(OIOTIYHOTO aHAIizy
ciiB, ix memmarmzanii abo cremiHry Oyja BHKOpHCTaHa
6i6mioTexka pymorphy2, 1o miarpiuMye yKpaiHChKy MOBY.
OkpiM TOro, [OCHiAHWKKA peami3yBaau TpadigHmii
iHTepdeiic qoaaTky 3a nonomororo 6idmioreku PyQt.

B [27] mpoanami3oBaHO iCHYHOYI METOMH MOIUIYKY
IMEHHUX TPYIl B aHTJIOMOBHHX 1 yKpalHOMOBHHX TEKCTaX
Ta pO3pOOMIM METOA NETEeKTYBaHHS IMEHHHX TPyl Ha
OCHOBI JepeBa 3aJ©KHOCTEH pedeHHs 1 Momei
po3Ii3HaBaHHS IMEHOBaHWMX CyTHOcTei. JloBenm, mio
METOJM aHaNI3y aHIIOMOBHOTO TEKCTY HE MOXYTH OyTH
BUKOPUCTaHI ISl YKpPaiHOMOBHHX JOKYMEHTIB, aJiKe
BOHH CTBOPEHI 3 ypaxyBaHHIM OCOOJIMBOCTEH CTPYKTYpH
100y JOBY PEYCHb TIIEKU B aHIJIOMOBHHUX TEKCTaX.

B [28] amanrroBano anmroputM creminry Ioprepa mis
TPP ykpainomoBHHX TekcTiB. OKpiM TOTO, JOCIiTHHKH
peaii3yBaJii alrTOpPUTM Ha MOBI nporpamyBaHHs PHP i
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BUKJIAJIM HOTO y BUIBHUN JOCTYyI. JlOBeNH, 110 Kpamoro
pe3ysbTaTy MOKHA JOCSTTH Yepe3 JeMaTh3alliio, OJHaK
JUTS I[HOTO TIOTPIOHO MPOBECTH JTOIATKOBI JOCIIIKCHHS.

B [29] po3pobneHo GEC-cuctemy B aHIIIOMOBHHX
TEKCTaxX 3a JIOIIOMOTOIO CIIEIiajbHOI MOJIET ITUMOMHHOTO
Hapyanus — Transformer [3]. BumpaBneHHs mOMEIOK
BiJIOYBAETHCS 3aB/ASKA BUKOPHCTAHHIO JAHOT MO JUist
3aja4yi mepeKiiajly HeMpaBUIBHOIO TEKCTy Yy HOro
BIIKOpUTOBaHWI  BiAMOBiHHUK. (OcoOmmBICTIO  HaHOI
cuctreMu € Bubip  TPP-metomis: aBTOMAaTHYHE
BunpaBiieHHss opdorpadiuHMX MOMUIIOK, TOKEHi3alis
[30], meron komyBammsi osHak Byte Pair Encoding.
Hoseny, mo gana IC mae gocratHio TounicTh (F-score =
60.93 na 3aBmanni CONLL-2014 [31]) i mBuakicts (10
CNIB 3a CEKyHIy) Ui MOAbIIOro ii BIPOBAKEHHS i
3aCTOCYBaHHS Ha OHJIAHH-TIIaTdopMax.

B [32] 3acTocoBaHO HEHPOHHY MEpPEKY apXiTEeKTypH
encoder-decoder, mo ckmagaeThes i3 IIapiB 3rOPTKU Ta
MexaHi3Mmy yBard, a1 GEC y aHTTIOMOBHEHX TekcTax 3a
JIOTIOMOT OO MT. Jus  mpomecy  AEKOIyBaHHS
BUKOPHUCTaHI aHcaMOJi OJHAKOBHX MOJENeH, IO
iHiITiamizoBaHi BHUIAAKOBUM YHHOM. [l (iHampHOTO
BUOOPY pEYEHBb 3-TIOMIXK MOXXJIHBHX KAaHIWAATIB OLIHKH
iX WMOBIpHOCTEl 3MiHEHI 3a JOMOMOTOI0 JOJATKOBO
cTBopeHux o3Hak. [C 3Ha4yHO TepeBepuIMia SIKICTh
nornepeiHbo icHyrounx MT-cucrem, okpiM Toro i Ha
OCHOBI PEKYPEHTHHUX HEHPOHHUX MEPEK.

B [33] po3pobnero GEC-cucremy y aHTTIOMOBHHX
TeKCTaxX, IO 3acHOBaHa Ha  INAXO4l  aHoTramii
mocIitoBHOCTE#H (Sequence tagging). Okpim cTaHmapTHHX
teriB (keep, delete, append, replace), mo mo3HauarOTH
Iifo, SKy HEOOXigHO BHUKOHATH HaI TOKCHOM IS
BUTIPABJICHHS PEYEHHS, TAKOX 3alpPOIIOHOBAHI TaK 3BaHi
g-transformations: 3mina perictpy mepimmoi TiTepH,
o0’emHaHHA ab0 pO3IUIEHHS TOKEHY, 3MiHA YHCIa
iMeHHHKa abo (¢opmu mieciioBa. J{is BUNpaBiieHb TOKEHIB
3aCTOCOBAHMM ITepaTHMBHUN Minxin, y sikocti ML-metomy
— pisHi Mogmeni cimeiicta Transformer. Takuit miaxin
JIO3BOJIMB OTPUMATH HaWKpamli Ha MOMEHT IIyOiikamii
CTaTTI OLIHKH SAKOCTI CUCTEMH Ta 30UIbIIEHHS MIBUIKOCTI
ompamroBanHs naHux y 10 pa3iB y mopiBHSHHI i3 iHITIMH
IC, 3acHoBanux Ha apxitekTypi Transformer.

B [34] onucano GEC-cucremy, 3acHOBaHy Ha MiIXO0/i
agoTamil MOCIIIOBHOCTEH 3a JOIIOMOTOK KIJIACHYHOTO
ML-anroputmy - HaiBHoro kiacugikaropa baiieca.
YCpOro BHKOPHCTAHO II'SATh MOZENEH — BiAIOBITHO 10
HassBHUX y KOPITYCl THITIB TpaMaTHYHUX noMuiiok. [Tonpu
Te, o cucTeMa Oysa OJHIEI0 3 HaWKpalluX Ha 3aBJaHHI
CoNLL [35], amami3a pe3ynbTaTiB TOKasye, IO
JIOCSITHEHHS JTy’K€ BUCOKOi TOYHOCTI NpH TpaMaTH4HIN
Kopekinii Bumarae Outbm cknagaux NLP-meTois.

B [9] po3pobiieHo 3acHOBaHy Ha MpaBUJIAX MPOrpaMy
MEepeBIpKA TpaMaTUKU JJIsl JAaTBICHKOT MOBH. YCHOTO
peasti3oBaHo JBi IPYIU MPAaBWI: MPABWIIA, 1[0 OMUCYIOThH
MpaBWIBHI  pEYEHHSA, 1 TMpaBmwia, MO ONHCYIOTh
rpamaTHyHi MoMMIKH. Ha Koprryci TEeKCTiB, HallMCaHHUX
JIIOBMH, IO HE € HOCIAMH MOBH, cucreMa mocsria F1-
score 62,4% 1 40,2% Ha kopmyci CTYJEHTCHKHX POOIT.

Henomik: He nepeBipsie MPaBUIIBHICTh CJI0BA B 3aJI€KHOCTI
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BiJl HOTO KOHTEKCTY. BinnoBisHO, MpaBUiIbHO HAaNKCaHI Ta
y3rOJDKEHI CIIOBa, L0 HE HaJeXaTh PEYCHHI0, OyayTh
MapKyBaTHUCs K OC3IIOMHUIIKOBI.

B [8] omucano IC nnsi mepeBipkd MpaBHIBHOCTI
TEKCTiB, HaNWCAaHUX Ha Tpenpkiii MoBi. Cucrema
3aCHOBaHA Ha IpaBWIIaX Ta MAPCHHTY CHHTAKCHUCY
peuennsa. IC aHami3ye TEKCT KOpPHCTyBada Ta HaJac
BUIIPABJICHHS, OIHKC TIOMWJIOK, a TaKOX MpaBmia IIOJ0
CTHIIIO Ta CEMaHTH4YHOI iH(popmamii B TekcTi. CucreMHe
OLIIHIOBAHHS MPOBOJMIIOCS K ITapalielibHe BUIIPABICHHS
OIHUX 1 THX CaMHX TEKCTiB MPOTPaMOI0 Ta JIFOAWHOIO.
Cucrema mepeBipkd TperpKoi TrpaMaTHKH HaOnm3uiacs
10 90% Bunpasienus iroackkoro. OmnHak 11 IC He Moxke
OTIPALIIOBATH BCI MOKIIMBI IpaMaTHYHI OMIJIKH.

B [36] pospobGneno ywiBepcaapny ML-momenb st
GEC y rTekcrax, HamucaHMX Ha pI3HAX MOBax.
JIOCHiAHUKY CTBEP/KYIOTh, IO AJISI OTPUMAaHHS SKICHOT
6araromoBHOi GEC-cuctemMn MaioTh OyTH BUKOHAHI Taki
JIBa KPOKH: aBTOMaTHYHA TeHEepallisl JOCTaTHbOI KIIBKOCTI
HABYANBHUX JaHUX 1 BuUKopucTtaHHi ML-moneneit
cimeiictea Transformer i3 BenuuYe3HOIO KiIBKICTIO
mapamerpiB (mo 11 wminbspzis). TakuM YMHOM, aBTOPH
JOCSITHYJIM BUCOKOI TOYHOCTI BUIIPABJICHHS NOMMIIOK JUTS
YOTHUPHOX MOB. aHITIHCHKOT, YECHKOT, HIMEIBKOT.

B [37] mocmimkeno 3marhicte GEC-momeneit 10
y3araJbHeHHs IpaMaTHYHHUX MPaBUII JUIS KOPEKIii HOBUX
NOMIJIOK y TekeTi. ML-momens ocHoBi Transformer
NPOTECTOBaHA 3  BHUKOPUCTAHHAM  HEBLIOMHX 1
npukianiB. OTpIMaHO He3aJ0BUIbHI Pe3yJIbTaTH HaBITh Y
BUIIAJIKy IPOCTUX HPaBMI i 3MEHIIEHOTO CIIOBHHKY, LIO
MOXKE CBIIYMTH TIpO Te, INO alIrOpuTMy Opakye
MOXKJIMBOCTI y3arajibHeHHs, HeOOX1THOT J1sl BUIIPABIICHHS
HOBHUX IIOMWJIOK Yy HaJaHMX TECTOBHX MNpukiamax. s
oinbin sixkichoro GEC 3a MeHmioro o0csiry HaB4ajabHOTO
kopmycy icHytoui IC Ha ocrHOBi ML BapTo moemHatu 3
OKPEMOIO MEPEBIPKOI0 IEBHUX MPABHII.

B [38] 3ampormnoHOBaHO MOBHO-HE3aJEXKHY CTPATETIiIO
s po3pobku  OararomoBHOi GEC-cucremu. [lns 11
IMIUIEMEHTAIlli HEOOXiJHI JUIIE IONepPeIHLO HaBUCHA
MT-Monenb Ta KOpIyc HapaielbHUX HABYAIbHUX AaHHX
JUIsL IepeKIIaay 3 aHrIiichkol Ha 0OpaHy MoBy. [lepmn 3a
Bce, MT-mozmens reHepye HOBI CHHTCTHYHI NaHI Ha
o0OpaHilf MOBI, III0 3aCTOCOBYIOTH Y SIKOCTI TTOMHIIKOBHX
BXiHUX TeKcTiB. OTpuMaHHH KOPIIYC BHUKOPHUCTOBYIOTH
JUIS TIOTIEPETHBOTO HAaBYAHHSI MOJAENI, Mmicis dYoro ii
MOTPIOHO TOMATKOBO HAJAIITYBAaTH, BHKOPHCTOBYIOUH
aHoToBanuii Habip nmanumx it GEC y rtekcrax oGpaHoi
MoBHU. JIOCHTH TapHi MOKa3HWKW TOYHOCTI BHIIPABIICHHS
JIOCSTHYTI TSl HIMEIBKOT, KHTalChKOT MOB.

B [39] apantoBano ¢peitmBopk Break-It-Fix-1t (BIFI),
II0 OPWTiHAIGHO BHKOPUCTOBYBABCS JUIsS BUIIPABIICHHS
KOJly IIporpaM 3a YMOBH BiJICyTHOCTI iZiealbHUX 3pa3KiB,
IO 3aBJaHHS IIePEeBIpKM T'paMaTHYHOI IPABHIBHOCTI
pedeHb. JJOCHiTHIUKHA BUKOPHCTAIH TONEPEIHbO HABYCHY
MOBHY MOJIENb TS po3poOKu OiHapHOTO KiIachdikaTopa
LM-Critic, skuifi BHKOHYE 3aBIaHHS MONEPEIHBOTO
COPTYBaHHs pEYeHb 1 BKa3ye€, YM MICTUTH NEBHUH TEKCT
rpamaruusi nommwikd. LM-Critic BusHauae peueHwHs
rpaMaTHYHO NPaBWIBHUM, SKIIO HOMY BIAINOBiJga€
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OUTBIIMN YUCIIOBHI TMOKAa3HUK WMOBIPHOCTI, HIXK HOTO
HENpaBUWIBHUM «Cycinam». YTBOpEHI Mapu MpaBWIbHUX 1
HENpaBUWIBHUX PEYEHb BHKOPUCTOBYIOTH JJIsi HaBYaHHS
«KOPEKTOpa», 10 ONpalbOBYE JIUIIE PEUCHHs], TI03HAYCHI
LM-Critic stk Ti, 110 MiCTSTh TPAMaTHYHI TTOMUJIKH.

B [40] nns BupimieHHs mnpoGneMu HEOOXiTHOCTI
3aCTOCYBaHHS BEJIHMKHUX 32 00CATOM KOPITYCiB HaBYAIBHUX
JaHUX  3TeHepYBAlM  IMOMIJIKOBI  Bepcil  BEJIHMKUX
HEaHOTOBaHMX  HA0OpiB  TEKCTiB 32  JOMOMOTOIO
3anpornoHoBanoi QyHKIiT myMmy. OTpuMmaHi mapaienbHi
KOPIyCH 3TOAOM BHKOPHCTOBYIOTH JUIS IIONEPEIHBOIO
HABYaHHS MOJENel Ha OCHOBI apxitekTypu Transformer.
IToTiM HeoOXiAHO mOmaTKOBO HamamTyBatd ML-momens
BignoBigHo g0 [1O Tta crwiro nmatacery. Jlama GEC-
CUCTEMA  YCKIAAHEHA  BHUKOPUCTaHHSIM  HEHPOHHOI
mepeBipku  opdorpadii, MmO COPTYE 3ampOIOHOBaHI
BapiaHTH BHUITPABJICHb B 3aJIE)KHOCTI BiJl KOHTEKCTY.

B [41] 3minwmnu apxitexktypy ML-moneni Transformer,
BIPOBaIVMBIIA HOBUIl MEXaHI3M yBar, 10 3aCHOBaHHI Ha
JIepeBi 3alexHOCTeH cmiB y pedeHHi. Tak K
HENPaBWIGHO MOOYAOBaHE DPEUCHHS MOXKE CIPUYMHHUTH
HNOMWIIKY Y NApCHUHTY AepeBa 3aJeKHOCTEH, NOCIIIHUKA
takok HaBumw NN Bumpammartu rpadu, MmO MiCTATH
noMwiIkH. JloJaTKOBO 3aCTOCYBaBIIM 3aIIPOIIOHOBAHUMN
METOJl ayrMeHTalil JaHUX, OTPUMAaIM T'apHi MOKa3HUKU
GEC-TouHocTi HaBiTh 0e3 nonepeauboro HapyanHs NN.

B [42] 3acTocyBanu HelpoHHY Mojenb Sequence-to-
sequence Ha piBHI CHUMBOJIIB Uil TOTO, W00 YHHKHYTH
npobnem 3i crmoBamu OOV (out of vocabulary words,
BIZICYTHI y CIIOBHHUKY). Y SKOCTi €HKOJEpa 3aCTOCOBYIOTh
IBoHanpsiMiieHy pekypeHtTHy NN, gexomep — Takox
PEKypeHTHA HEHpOHHA Mepexka, MOEIHAHA 13 MeXaHI3MOM
yBaru. J/lekoqep renepye BUXifiHe pedeHHs] TOCHMBOJIBHO.
HaBite mompm Te, MmO Taku{d MiAXig JOIOMAarae
HEHpOHHIA Mepexi ONpambOBYBAaTH HEBIIOMi I CiIOBa,
BOHAa HE MOXe e()EKTHBHO OMpaIlbOBYBAaTH IH(POPMAIIi0
Ha piBHI cJoBa: IsI MOJENb OTpUMala OIHKY
F-score = 40,56 na TectoBomy Habopi CONLL [31].

B [43] 3acTocyBasii HOBHI MiAXijJ J0 aBTOMATHYHOI
TeHepallii HaB4abHUX aHoToBaHuX npukianis tTa GEC 3a
JIOTIOMOTOI0 T€HEepaTHBHUX 3MaraibHux Mepex (GANS).
leHepatBHI  3MarambHI  MEpeXi  CKIQNalOThCS 3
reHepaTopa, 1o TOCTIHHO TeHepye HaBYaIbHI MPUKIIAH,
i mucKkpuMiHaTopa, mo knacudikye orpumani mani. ¥ [43]
reaeparopom € NN Grammatical Error Labeler, mo
HABYAETHCS JOJABATH IIOMUJIKH, aHAJIOTIYHI IIOMUJIKAM Y
HaByaJibHIA BHOIpUI TekcTiB, nuckpuMiHarop — NN
Grammatical ~ Error  Detector, 1mo  HaB4aeTbCs
pO3Mi3HaBaTH MPaBWIIBHY MITKY, IO MO3HAYaE [it0, SIKY
HEOoOXi/IHO BUKOHATH HaJ IEBHUM TOKEHOM.

B [44] po3pobunu mu3zaiin miardopmu aus GEC i
cTBOpwIM  BimnmoBimHy ML-mozens, moegHany 3
nepeBipkoro mpaBmwil. CHcTeMa CKIaHaeThcs 3 TPHOX
MOJYIIB: BWIIPABICHHS IIOMIJIOK, aaMiHICTpYBaHHSI
cucremMu, ¢inpTpyBanHa  Bigrykie. GEC-Monynb
Bkmoyae TPP. Ha TPP-erami TakoX BH3HA4Ya€eThCS
BAIIAHICT, BBEIEHHX KOPUCTyBaueM maHHX. MoIynb
¢bubTpyBaHHS ~ BIATYKIB ~ J03BOJISIE  KOPUCTyBadam

CKOpETYBaTH HENpaBHWJIbHI BUIIPABJICHHSI CUCTEMH. Takuid
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MIAXI Ta€ 3MOTY BUIPABUTH MOXKJIMBI TIOMHJIKH, HasBHI
y HaOOpi JaHUX, OCKUIbKM OTpUMAaHi  BIATYKH
KOPUCTYBa4iB ~ MOXYTb  BHUKOPHCTOBYBAaTHCh  JUIsl
JIOJIATKOBOTO HaBYaHHS HEHPOHHOI MEpexi.

B [45] npe3eHTyBami KOpNyc aHOTOBAHHUX JaHHX IS
crBopeHHss GEC-cucremm Ta penaryBaHHS TEKCTIB,
HaIlICAHUX YeChbKOI0 MOBOK. YChOro Halip JaHUX
Mmictute 42 210 pewens. OxpiM TOTO, JOCIHITHUKH
Bukopuctanu MT-miaxin mnns GEC. Heiiponna mepexa
apxitektypu Transformer momepenHp0 HaBueHa Ha
JONATKOBO CHHTE30BaHHMX 3 TOJIOBHOTO HaboOpy AaHHX
pedenHsx. OKpiM d9ecbKOi MOBH, aBTOPH  CTaTTi
3aCTOCYBJIM JAHWI MIAX1J JUIs BUIPABJICHHS MOMUIIOK B
HIMELIbKOMOBHHUX TEKCTaX.

B [46] 3anpomnonyBaiu Ta peai3yBajiu HOBHH METOJ

ABTOMATUYHOI'0  CTBOPCHHS  HAaBYaJIbHUX  JaHUX 3
3aCTOCYBaHHAM  IBOX pi3HI/IX 3a  SIKICTIO MOHCJ’IGﬁ
nepexkiamy. «ITorana» CUCTEMa nepexkiany €

CTaTHCTUYHOIO MOJICIUII0 Ha pPIiBHI pPEYCHb, SKICHA —
HaBYEHOIO HEUPOHHOIO Mepexer. Jlanuit merox naB
3Mory otpumati 10 MiNbHOHIB mapanenbHUX PeYCeHb IS
HaBYaHHs HEHpOHHOI Mepexi apxitektypu Transformer.
Jlaauii MeTon macTb 3MOTY OTPHUMATH BENHKI TaTaceTH
HaBYAJIBHUX JAHWUX IS 1HIIMX MOB, JUIS SIKHX BEJHKI
KOPIYCH aHOTOBaHUX JaHHX HE € JIOCTYITHUMHU.

B [47] BukopucTamy reHepaTHBHI 3MaraibHi Mepexi
JUIL CTBOPEHHS CHUCTEMH aBTOMAaTHYHOTO BHIIPABIICHHS
MOMWIOK Y aHTJIOMOBHHX TeKCcTax. Ha BiaMiHy Bix
anroput™my B [43], B maHOMy JOCHiIKEHHI TeHepaTop
BUIIPABIISIE TOMIJIKH, <IEPEKJIAAAI0YN»  TTOMHIIKOBI
peUYCHHS y TpPaBWIBHI, a IMCKPUMIHATOP HAaBYAETHCS
OLIHIOBATH SIKICTh MEPEKJIaAy Ta HasBHICTb MOMHIIOK Y
OTpaIbOBaHOMY T€HEpaTOpOM pedeHHi. JuckpumiHaTOp,
0 TpHUiiMae Ha BXiJ [Ba pEUCHHs, 3aCHOBAaHHHA Ha
ciaMCBhKHUX peKypeHTHHX a0 3ropTkoBux NN.

3 MATEPIAJIU TA METOU
Cucrema TmiepeBIpKM TpaMaTU4HOi IPaBHIBHOCTI
peYeHb MOXKE BUKOPHCTOBYBAaTHCh [UISl  IEPErIIsiLy

3alpONOHOBAHUX 3MiH Ta IX IOSCHEHb, a TaKOX JUIS
ABTOMATHYHOTO BUITPABIICHHS PaBUILHOCTI PeYEHb.

Taka cucTeMa MOXE BHKOPHCTOBYBATHCH SIK 1
IHIUBIyaTbHUM KOPUCTYBaueM JUISl EPEBIPKU BIACHUX
TeKCTiB, Tak 1 cropoHHBOIO NLP-mporpamoro mns
morepeTHROTo a00 (PiHATBHOTO OTPAIFOBAHHS PEUCHB.

30BHIMIHIMUA CYTHOCTSIMH €. KopucTtyBad, NLP-
nporpama, aJMiHiCTpaTop CUCTEMH.

3anikaBiieHi 0coOOH Mpene/IeHTy Ta IX BUMOTH:

— KOPUCTYBa4 CTBOPIOE OOJIIKOBUIA 3aITUC, 3aBAaHTAXYE
abo BIJKpUBAa€ JOKYMEHTH, TIIE€pEBipsS€ TIpaMaTHYHY
MPaBUWIBHICTh PEYECHB, 3aCTOCOBYE 3alpOIIOHOBaHI 3MiHH,;

—croponass NLP-mporpama BigmpaBnsie TekcT Ha
mepeBipky 3a gomomororo APl cuctemu, oTpuMye
3MiHEHUH TEKCT a00 MepeTiK MOKIHBHX BHITPABIICHB;

— aJMIHICTPATOP CHCTEMH BHKOHYE Ii HalalITyBaHHS,
HaBYaHHS HEHPOHHOT Mepexi, MIepeBipKy
3aIPONIOHOBAHMX KOPHCTYBayeM BUIIPABIICHb.
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Kopuctypau IIC: 1) ¢isuuna ocoba, 110
BUKOPHCTOBYE CHUCTEMY JJIsl NIEPEBIPKU BJIACHUX TEKCTIB;
2) NLP-mporpama.

[epenymoBu npeneeHTy:

— KOMIT'I0Tep, 3a JIOTIOMOT 010 SIKOTO
3MIICHIOBAaTUMETRCS aHAIII3, MiNKIIOYeHni 1o [nTepHeTy
Ta Ma€ BCTaHOBJIeHe HeoOxiaue I13;

— KOpHCTYBad Mae OyTH YCHINIHO aBTOPH30BAHUM Yy
CHUCTEMI;

— CIIOBHHK  (SIKIIO ~ BHKOPHCTOBYETBCS  IIE€PEBipKa
opdorpadii) micTuTe HOCTaTHIO KiTBKICTH CITiB i (260)
MIPaBHJI iX YTBOPEHHS, € NOCTYITHHM;

— peati3oBaHi yci KJIFOYOBI MOYJII, IO 3a0€3eUyrOTh
OCHOBHUI (DYHKI[IOHAJ CHCTEMH,;

— mITy4YHa HEHpOHHA Mepexka (SKIIO 3aCTOCOBYIOTHCS
ML-meTomu) €  TmONepeAHbO  HATPCHOBAHOK  Ha
BUKOHAHHS HEOOXIZIHOTO 3aBAaHHS 1 Ma€ JIOCTaTHBO
BHCOKI TTOKQ3HHUKH SIKOCTI.

OCHOBHHH yCTIIIHUN CIIeHapiii:

— KOPHCTYBa4 3aBaHTAXKYE nporpamy abo
posmpeHHs1, abo BiIKpUBa€E OHJIAIH-I0AATOK Yy Opay3epi;

— KOpHCTYBay 3aBaHTaXKye ab0 CTBOPIOE IOKYMEHT i
3aIlI0BHIOE HOTO;

— CHUCTeMa BUKOHYE IIEPEBIpPKY TEKCTY;

— cucTeMa BitoOpaxye HeoOXiIHI BUMPABICHHS,

— KOpHUCTYyBa4 MIATBEPIKYE abo CKacoOBY€E
3aCTOCYBaHHS 3alIPOIIOHOBAHUX BUIPABJICHB;
— KOpuUCTyBau 30epirae JOKyMEHT. 30epiraerbcs

TaKOX 1 ICTOpIist 3MiH.

AJTbTepHATUBHI IOTOKU:

— BriacHuit Qaiin 3 ZaHUMH HE BIAMOBINAE THITY
(haitry, Ik MOXKE BITKPHUTH IpOrpama.

1. Ilporpama moBitoMIIsie KOPHCTyBada MPO TTOMILIKY
1 CKacoBy€ BIIKpUTTSI (paiiiy.

2. KopuctyBau obupae aitn 3  nOpaBHIbHUM
PO3LIMPEHHSM.
3. [Iporpama BigkpuBae aiin 3  OPaBUIBHUM

PO3LIMPEHHSIM, 3YUTY€ JaHi, MPOBOAUTH iX IOIEPEIHIO
00poOKy (TOYKa TIOBEPHEHHS B OCHOBHHH CIICHAPIif).

— [Tomunika y poGoTi mporpamu:

1. KopuctyBau 3BepTaeThcs OO0 CIYKOM TEXHIYHOT
miATpUMKH (PO3pOOHUKA) 1 MOBIOMIISE PO MOMUIKY Y
Tporpami.

2. Po3poOHUK ycyBae MOMUIIKY 1 HaJae HOBY BEpCiiO
abo Hazmae iHopMalii npo crnocodu il caMoCTiHOrO
ycyHeHHsI (TOYKa TTOBEPHEHHS).

ITocT-ymoBHU:

— KopucryBau 3anpononysas Binacuuii GEC-npuknan

y peYeHHI y BHUMNAAKy OTPUMAHUX HE3aI0BIIBHUX
pe3yJIbTaTiB;

—3amponoHOBaHi  KOPHUCTyBaueM  BHIIPABJICHHA
MeperIsiHyTI  aAMIHICTpaTopoM Uil ITOJAIBIIOTO
HANAIITYBaHHA  cHCTeMH  abo  30epexeHi Uit
repcoHiQikarii moIaTbIINX BUIPABICHE,

—Jlani, HamamTyBaHHA 1 (¢ailm  KopHcTyBada

3aHeceHl 10 0a3u JaHuX.
Cremianesai CB:
—IC noBuHHa BiAmoBigatM OakaHOMY  pIBHIO

TOYHOCTI, SIKa NEPEBIPSAEThCA CIIOYATKy HAa HaBYAIbHHUX
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JIaHUX, MOTIM — Ha TECTOBUX JaHUX, Y PEKUMI MEPEBIpKU
BJIacHOTO (bailily TOUHICTH HE IepeBipseThCS,

— cucTeMa Mae IiJICBIYyBaTH HENpPaBWIBHI CJIOBA Ta
CJIOBOCTIOJTyYEHHS, Ha/aBaTu OOTPYHTYBaHHS
3alpOIOHOBAHMX 3MiH,;

— JUIsl TOCTYNy 110 (YHKIIOHATYy CHCTEMH CTOPOHHIN
NLP-monatox BukopuctoBye ii API-cepgic.

Crncok HeoOXimaux IT Ta J0AaTKOBUX MPUCTPOIB:

— KOpUCTYBad TOBHHEH MaTH KOMITIOTep i3
BcTaHoBieHNM 13 Ta miaKoYeHHAM 10 Mepexi [nTepHeT
UL OTPUMAaHHS JIaHUX,;

— CHCTeMa BHUKOPUCTOBYE DPO3MOIUICHY HepeiiHy
0a3y maHux s 30epiraHHs JaHUX KOPHUCTYBAviB;

— s JI0JIATKOBOTO OIIPAIIOBAHHS TEKCTIiB
BHUKOPHCTOBYIOTKCSI ITOTlepeIHbO HaBdeHi ML-mozeni.

Jnst moOynoBu Jiarpamul BapiaHTiB BUKOPUCTAHHS JUIS
CHCTEMU  aBTOMaTHMYHOTO  BUIIPABJICHHS  ITOMUJIOK
yYKpalHOMOBHHX TeKcTiB (puc. 1) cmoyatky HEoOXimHO
BU3HAYNTH OCHOBHUX akTopis: Kopucrysau (User) i NLP-
Iporpama (NLP Application), a Takox ocHOBHi BapiaHTH
Bukopuctanast sk Apply correction  (3acrocysartn
kopekmifo), Check text (mepesipurm Tekct), Suggest
correction (zampomonyiite Bumpasnenss), Upload text
(3aBantaxxutu tekcr), Check text for all types of errors
(mepeBipuTH TEKCT Ha BCI BUAW TOMHIOK), View
suggestions (meperyisHyTH IPOITO3HILiT).

Grammatical Error Correction System

comection

Upload text

NLP Application
<<inchides=>

Check text for
al types of
erors

Check fext <EICRAIES > S

00

sainehdesss
User

View
sugoestions

gu-
g

Pucynok 1 — Jliarpama BapianriB Bukopuctants GECS

GECS - ue peckromHuii / MOOUIBHMI OOAATOK,
OHNaWH-TUIaTpopMy  ab0  MOAYNB-AONOBHEHHS IO
neBHooro II3, Hampukianm, Opay3epy abo TEKCTOBOTO
penakropy. I13 mns aHamizy mpuUpOAHBOI MOBH Yy CBOIO
gyepry  Moxke  BukopucroByBatHm APl cepsicy
aBTOMAaTHYHOTO BHIIPABJICHHS pPEYCHb, OOMIHIOIOYNCH
MOBIIOMJICHHSIMHU 3a JOMOMOTOI0 apxiTekTypu REST
B3aemonii Mik nomatkamu. GEC-cuctema Bkimovae B
cebe TakoX cepBep ONpAlfOBaHHS MaHUX, OCKUIbKH 32
yMoBH 3actocyBaHHs ML-meronis, y Ttomy umcmi i
MOBHHX MOJeJIeii Ha OCHOBI apxitektypu Transformer 3
MUIBHOHaMH — TapaMeTpiB, JOAATOK HOTpedyBaTUMe
0araTo OOYHCITIOBATBHUAX PECYpCiB ISt OOPOOKH TEKCTIB.
30IbpIICHAS KUTBKOCTI KOPHCTYBadiB, 1, BIATIOBIAHO,
30UTBIICHHS OOCSATY MaHUX TaKOX IOTpeOyBaTUMYTh
JIOJATKOBHX KOMII'IOTEPHUX MOTykHOCcTel. Jlo ckmamy
Bume3asHaueHoi [C Ttakoxx BxomuTh cepBep b/l
KOPHCTYBadiB, 10 30epirae MOKYMEHTH Y OOJiKOBOMY
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3ammci. B3aemojist i3 cepBepaMu ONpalOBaHHS Ta
30epiraHHs JaHMX BiAOyBaeTbCst 4epe3 rpadiuHui
inrepdeiic 1C, ounaitn-nnardpopmu abo 1OMOBHEHHSI.
AJTbTepHATUBHUM BapiaHTOM € BCTaHOBJICHHS
3arpornoHoBaHoro II3 Ha MOTY)XKHOMY KOMIT'IOTEpi, IO
Ma€ JIOCTaTHbO PECypCiB Ul OMNpAIIOBaHHS JaHUX
JOKanpHO. Y IHIIOMY BHHIAIKy, JIoKadbHa Bepcis I13
MOJKe MaTH crpomieHnit ¢yHkmioHan. Ha puc. 2 momana

po3IMpeHa JiarpaMa BapiaHTIB BUKOPUCTAHHSI i3
yrouHeHHsiM  (yskumionany IC 3 BiINOBIAHUMH
BapiaHTaMH  BHKOpWCTaHHsS sk Apply  correction

(3acrocyBatu kopekiiito), Check text (mepesipurn Tekcr),
Suggest correction (3anpononyiire Bunpasienns), Create
a document (ctBoputu mokyment), Login/Signup
(Bxin/uxim), Upload text (3aBanmrtaxutu tekcrt), Check
text for all types of errors (mepeBipuTH TEKCT Ha BCi BUAN
noMuiIok), View suggestions (meperssiHyTH OpOno3uilii),
Upload a document (3aBantaxkutu mokymeHt), Send
request (Bimmpasnsitu 3ammt), Get list of suggested

corrected (O'I‘pI/IMaTI/I CIIMCOK 3alIpOIIOHOBAHUX
BHUIIPABJICHD).
Grammatical Error Correction System
R::‘:,_“ Send request
Getakstof
‘corechons
Suggest Get corecied

Logh/

£
H

Pucynok 2 — JlonoBHena giarpama GECS

B 3amexxHOCTI Bil BHAY B3a€EMOJIl KOpPUCTyBauda 1
GECS He Bci THIIH NEpeBIPOK MOXKYTh OYTH JOCTYITHUMH.
Jns 30epiranHss Ta penaryBaHHs OCOOMCTHX (aiiiB
KOpHUCTYBa4 Mae %0 3apeecTpoBaHUM  Ta
aBTOpPH30BaHKMM (BapiaHT BUKopucTaHHs Log in / Sign up)
y cucremi. JIOKyMeHTH, JIOTiH, TMapojbh Ta IHIN JaHi
KOPHCTYBaUiB 30€piraloThCs Ha OKPEMOMY CepBepi.

BapianT Bukopucranns «llepeBiputu texct» (Check
text) Bkiroyae B cebe TpW iHIIMX: 3aBaHTAXKUTH TEKCT,
[epeBipuTH TEKCT Ha BCI TUIHM MOMUJIOK, [lepernsiHyTn
Mpomo3umii. 3aBaHTaXEHHS TEKCTy MOXE BiZOyBaTHUCH y
KiJbKa BapiaHTiB: BCTAaBJEHHS CBOTO TEKCTy y textbox,
BIAKpUTTSL (aily abo CTBOPEHHsS HOBOTO JIOKYMEHTY.
CtBopeHHsI (3aBaHTaXKEHHS) MOKYMEHTY BHIIJICHO ¥
OKpEeMHUIl BapiaHT BHKOPHCTaHHs, OCKUIBKH JaHHHA
¢yHkIioHanm Moxe OyTW peani3oBaHuil JMIIe  JUIs
oHNaiH-TuIaTGopMu  ab0  JIOKAIBHO  BCTaHOBJIEHOTO
momatky. Jlo 6a30BHX HanexaTh ITOMHJIKH, TIOB’S3aHi 3
BUIFHIM MOBJICHHSIM, TPaMaTHKOK, IyHKTyali€lo Ta
opdorpadiero. B  3amexxHOoCTI Bim  peani3oBaHOTO
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(byHKI[IOHaTy cCHCTeMa MOXXE NPONOHYBaTH 3aMiHH CIIB
Ha CHHOHIMU Ui 301NIbIICHHS JIEKCUYHOT
PI3HOMAaHITHOCTI TEKCTy abo 3aMiHM BIANOBITHO [0

MEBHOTO CTWIIO MHChMa. BapiaHT BHKOPHCTaHHS
[lepernsHyTd  MPOMO3WINI  TMO3HAYa€  TOYCPTOBHIMA
MEperyisif  3alpolOHOBAHWX BHUIPABICHb pa3oM i3

MOSICHEHHSIM MOPYLICHOTO MpaBmia a00 MPUYUHHU 3aMiHH.
OkpiM TOrO, YacTHHH TEKCTy, IO MICTSTh TOMMJIKH,
MAaroTh OyTH IiCBIYEHI BiAMOBIAHO O THITy MOPYIICHUX
npaswi. KopucTtyBauy MOBHHEH MaTH 3MOTY 3aCTOCYBaTh
mume oOpaHi BHIIPABIECHHS, Ti, SKi € HEOOXITHUMHU Yy
JaHOMY BHIIQKy. SIKIIO KOpUCTyBad BBaXKa€ SAKICTb
3aMpONIOHOBAHMX  BHIIPABICHb  HE3aJOBUILHOI,  BIiH
MOBUHEH MaTH 3MOTY CaMOCTIHO BHIIPaBUTH TEKCT 1
30epertd  HWOro  SK  3pa3oK AN [OJAIBIIOTO
HaJlAITYBaHHS CHCTEMH a00 HaBYaHHSI HEHpPOHHOI
Mepexi. TakuM YMHOM, HACTYIHI BUIIPABJICHHS CHCTEMHU
MaTUMyThb  Kpamy  siKictb 1 Oynyts  Oumbin
epcoHi(pikoBaHUMH TUTS KOXHOTO OKPEMOT0
KOpHCTyBa4ya. BapiaHT BHKOpPHCTaHHS 3acTOCYBaTh
BUIIPABJICHHS Ja€ 3MOTY KOPHCTYBadeBi aBTOMAaTHYHO
BHIIPABUTH yCi 3HANACHI CUCTEMOIO TPaMaTHYHI TOMUJIKH
0e3 meperyaay JeTajJbHUX MOSCHEHb MOPYIICHUX MIPABHIL.

NLP-JlomaTku TakoXX MOXYTh BHKOPHUCTOBYBATH
GEC-cuctemy st momepenHboi abo MmocT-00poOKu
TEKCTiB. B 1bOMy BUNaaKy [I0JaTOK Mae BiANPaBUTH
3anuT, BUKOpUcToByroud Application Programming
Interface (API) cepgicy, cuctema — BiAIpPaBUTH pe3yabTaT
aHaiizy abo ozpa3y BunpasineHuii Tekcr. Omxe, GEC
MoOke OyTHM peamizoBaHe SK [UIA I1HIWBIAYaJIbHOTO
BUKOPHUCTaHHSA y BHUTISAAI 3aCTOCYHKY, BeO-caiiTy abo
pO3MIUpPEHHs UIA JOAATKIB, TaK i SK MOIYNh Y CHCTEMIi
aHaiizy abo reHeparii IpupPOIHBOI MOBH.

Jnst mobymoBu miarpamu Kkiacis (puc. 3) y KOHTEKCTI
inpopmariitnoi ~ GEC-cucremu  BH3HAa4eHO  BiCiM
ocuoBuux kimaciB: GEC Software (IIporpama, mio
peaizye KOpHUCTyBalpkuii iHTepdeiic cucremu), User
(Kopuctysau), User Database (Bl xkopucryBadiB),
Document (JTloxyment), Data Processing Server (Cepsep
00pobku manmx), Check Result (Pesynbrar mepeBipkn),
Dictionary (Cnoeruk), ML model (ML-Monens), NLP
application (NLP-/Tonatox).

Knac User (kopucTyBau) OMNHCY€ iHIUBIIyanibHOTO
KOpHCTYBaya CHCTEMH, SKUIl 3aBaHTaXye JONATOK,
BCTAaHOBJIIOE PO3IIMPEHHs a00 TepeBipse TEKCTH 3a
JIOTIOMOT0X0 OHTalH-1iardopmu. Ilel kiac MiCTHTH Taki
aTpuOyTH sIK 1M’s, €JIEKTpOHHAa ToOIITa 1 JaHi Juis
aBTOpM3alii y mporpami — JIOriH i naposs. BignosiaHo,
BiH MOXKE aBTOPU3YBaTHCS y CHCTEMi, 3aBaHTAXHTH 1
MEepeBIPUTH TEKCT, CTBOPUTH 1 30€pertd JOKyMEHT,

3aCTOCYBaTH BUIPABIICHHS, HaJaHe CHCTEMOIo, abo
3alpONOHYBAaTH  BJacHe.  TakoX, Yy  KOHTEKCTI
iHpopMaIiifHOI ~ CHUCTeMH,  KOPHCTYBad  CTBOPIOE

IOKYMEHT, Mo 30epirae Oe3mocepeqHbO CaM TEKCT, a
Tako)k MeTa-IaHi Mpo ICTOpil0 BHECEHWX 3MiH 1
BUIIPABJICHb, aBTOpa JOKYMEHTY i IaTy cTBopeHHs. Kiac
User Database (Bl xopucrtyBaua) Mmoke 36epirary,
3allUCyBaTH, OHOBIIIOBATH, MOBEPTaTH IH(pOpPMAIi0 1
JIOKyMEHTH, T0JaTh abo Bepu(ikyBaTH KOPUCTyBaya.

oXoros
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Kiac GEC Software (I13 GEC) nocrae mocepeiHuKOM
MIDK KOPHCTYBaueM, CepBEpOM OOpOOKH JlaHUX Ta 0a30l0
nanux. [13 Moxxe aBTOpU3yBaTH KOPHCTYBaya, 3allpOCUTH
JIaHi i3 CXOBWIIA, BIANPABUTU TEKCT HA aHANI3, OTPUMATH
pesyibTaTd  Ta  Bi3yamidyBaTh  iX,  3acTOCYBaTH
3allpOIIOHOBAHI BUIMpABICHHS 1 30epertu pes3ysbrar,
30eperTd BBEICHI KOPUCTYBaueM BHIIPaBICHHA. SIK Bike
3a3HavyajIoch, AIbTEPHATHBHUM BapiaHTOM €
BUKOPUCTaHHS JIOKAIIBHUX OOYHCIIOBAJIBHUX pecypciB
06e3 mix’eqHaHHs g0 3oBHImHBOro cepBepy. GEC
Software takox Hamae API cepBicy ais 3anuTiB Ha aHami3
TEKCTIB Ta ABTOMAaTHYHE BUIIPABJICHHS MOMHJIOK. IO
aTpuOyTIB LILOTO KJIaCy HaJIeXaTh THII 3aluTy, ajpeca
JUISL 3allUTy 1 TUN JaHWX, HIO BIJNpaBisie cepBep SK
BiAmoBine. JlaHuii pecypc Moxe 0OpOONATH 3amuTy,
AaBTOMATHYHO 3aCTOCOBYBaTH HEOOXIiTHI BHIIPABICHHS Ta
BIJIIPaBIAITH TPAaBWIFHUNA TEKCT HAa CEpBEp, 3 SKOIO
npuiimoB 3amuT. IlomiOHI cepBicM BH3HAYAIOTH THII
KOPHCTYBa4a 3a TOKCHOM.

Kiac NLP Application (NLP-3acTocyHnok) mosnauae
Oymp-sKy Tmporpamy [UIsL aHauizy abo reHepamii
MIPUPOIHBOT MOBH, 1110 BUKOpucToBye GEC-cucremy s
morepetHpoi abo mocT-00poOku manmx. Taka mporpama
Mae CBOIO CTPYKTYpY i npusHauenus, metox doltsMagic()
BIITOBiTae 3a mpsMe ii 3actocyBaHHs. L1 mporpama
MOX€ BIJIPaBISTH 3allUTH MEBHOTO THUIY 1 0OpOOISITH
MakeT JgaHux, orpumanuii Big nogaarky GEC Software.

Kiac Data Processing Server (cepeep omnpauoBaHHs
JIaHKX) OMHUCY€ MOBEIIHKY cepBepy 00poOku manux. Taki

MOCTIHHOI maM’sTi, HasBHICTH rpadiuyHOro mporecopa
TOIIO), AKi HANpsIMy IUTHBAIOTh Ha MIBHIKICTH OOPOOKH
BEJINKOT'O MAaCHBY JIaHUX.

JIJIsi KOpEeKTHOTro aHasi3y rpamMaTHYHOI KOPEKTHOCTI
peUeHb CepBep MOBHHEH CIIOYATKy BHKOHATH PP, micis
IIbOr0 — MPEACTaBUTH 3amucu sk Bekropu. Ilorim —
MAapCUHT JepeBa 3aJISKHOCTEH CJiB Yy PEYCHHi, YacTHH
MOBH Ta IMEHOBaHHMX CcyTHOcTed. OTpHMaHe JIepeBO
3aJIe)KHOCTEH aHai3yeThCs 3a JOMOMOror mpasui. Jlms
ABTOMAaTHUYHOTO BHUIIPABJICHHS BHKOPHUCTOBYETHCS MiAXiJ
mependadeHHs MITOK-TETiB, [0 BKa3yIOThb Ha Mif0, SKY
HEeoOXiZTHO BUKOHATH HaJ KOXKHUM TOKeHOM. [l pedeHb
i3 OararbMa HOMWJIKAaMHM, I[apCUHT JIepeB 3aJISKHOTEH
SKUX Jla€ HEKOPEKTHI Pe3yJIbTaTH, 3aCTOCOBYyeTbcsi MT-
METOJI TEKCTY 13 MOMUJIKAMH y MPaBUIILHUN HOTO BapiaHT.

[NepeBipka opdorpadii € nepmrM erarnoM nepeBipku
rpaMaTtuyHoi KOpeKTHOCTI peyeHb. CnoBauk Dictionary
MO3HAYa€ OKPeMHH Kiac TOMy, WIO Ui TEpeBipKH
optorpadii BHUKOPHUCTOBYIOTh CIOBHUKH II€BHOI MOBH,
IO TaKOX MOXYThb MICTHUTH IpaBWJia YTBOPEHHS CIIiB, a
pe3yIbTaTH pamKyroThes 3a 3pocranusm Edit Distance
a60 MoaudikamisIMu i€l METPUKH.

Kirac ML model (ML-momens) ommcye TMOBEIiHKY
ML-momeni, 10 METOMIB SIKOTO HAaJeKaTh TPCHYBaHHS
MOJIeNli Ha HaBYaJbHUX JaHMX Ta IepeadaueHHs
pesyabTariB. KpatHicth 3B’s13kiB «0...*» Ta BiJHOIICHHS
arperanii BKa3yloTb Ha Te, IO CHCTEMa HE Mae
000B’s13k0B0  BUKOpHCTOBYBaTH MT-anroputmu st
NepeBipkM TpaMaTHYHOI TNPAaBUIBHOCTI peYeHb Ta IX

cepBCpU MarThb CBOI TEXHIYHI XapaKTCPUCTHUKHU ABTOMATUYHOI'O BUIIPABJICHHA.
(kidpKicT simep Tporecopa, 06’eM  omepartifiHoi Ta
Document Check Result Dictionary
+ name: String - dateCreated: Date . - language: String
- dateCreated: Date applied to - correctionSuggestions: List[object] 1 - size! Float
- author: String 1 1.n
- historyOfChanges: Object
1*
ispl. used for spelling correction
1.n displays
l.n 1.
uploads, changes
1 | <<interface>> returns Data Processing Server
GEC Software
User saved in
- name: String - cpus: Integer
- name: String - supportedOS: List = [Windows, Linux] - ram: Integer
- login: String - requestType: String = GET - storage: !nlege'r
- password: String - requestAddress: String - serverAddress: String
- mail: String - returnDataType: String = "JSON" - serverOs: String
. 1l.n
uses 1 + reg\sterusef() '—-IUSES processing power.
+ lagin() b + verifyLogin() + preprocessText()
+ uploadText() + loadFile() + checkSpelling()
+ checkText() + analyzeText() + parseSentenceTree()
+ apllyCorrection() 1 | + applyCarretion() + calculateFeatures()
+ suggestCorrection() + visualizeResult() + checkRule() i
+ saveDocument() + saveFile() + applySequenceTagging()
+ sendRequestedResults() + applyMachineTranslation()
requests analysis

Tl
saves datain 0.%
1l.n

User Database

used for translation or sequence tagging

0.*

ML model

NLP Application 0..n - storage: Integer
- serverAddress: String
- name: String
+ registerUser()
+ post() + verifyUser()
+get() + addFile()
+ doltsMagic() + returnFile()

- architecture: Object

+1itf)
+ predict()

Pucynok 3 — [iarpama kiaciB mist GEC-cucremu
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Kmac Check Result (pesynbrar mepeBipku) o3Hauae
Pe3yNbTaT TEpEeBIPKH OIHOTO TEKCTy. MOr0 OCHOBHHM
aTpuOyTOM € CIIMCOK 3alpONOHOBAHUX BUIIPABJICHb.
BunpasnieHHst MiCTATh iHIEKCH ITOYATKOBOTO i KiHIIEBOTO
CHMBOJIIB, BUIIPABIICHY CTPIUKY, ITOSICHEHHS ITOPYLIEHOTO
npaBwia abo NMpUYMHU HeoOXimHoi 3aminn. KpaTHOcTi
yCiX 3B’sI3KIB Ta X Ha3BU BKa3aHi Ha puc. 3.

IMocnmigoBHICTP KpPOKIB B3a€EMOIIl 13 CHCTEMOIO
MepeBipKH TPaMaTHYHOI MPaBHJIBHOCTI TEKCTIB MOXe
OyTH mpencTaBicHa 3a JOMOMOTOI0 JBOX Jiarpam
MOCTIIOBHOCTI  BIAMOBIAHO AN IHAWBIZYaJbHOTO
KopucTyBaya nomatky Tta anst NLP-3acTocyHKy, sKuif
BUKOPHCTOBYE BHIIPABJICHHS TEKCTIB y TIpaMaTHYHO
NpaBWIbHAN BapiaHT SIK OJHY 13 CKIAQIOBHUX BIACHOTO
kouBeepy (pipeline).

Ha puc. 4 momano piarpamy MOCTIIOBHOCTI JUIst
PeXUMY TIEpEBIpKH BJIACHOTO TEKCTy KOpUCTyBaya
BIAMOBiMHMMHU KOMITOHeHTamu sk Software (mporpammue
3abe3neuenns), ML-monens Processing server (cepsep
onpairoBannst), ML model (), User Database (6a3a nanux
KoprcTyBauiB). Ha cxemi mpomyiieHi KpoKH peecTtparrii
Ta aBTOpHW3allii, a TaKOX CTBOPEHHSA 1 30epeKeHHS
nokyMeHTy. OCHOBHUI aJTOPUTM TaKHii:

1. 3aBanTaxxutu Tekct (Load text).

2. Hagicnaru texcr (Send text).

3. Ilepesiputu opdorpadito (Check spelling).

4. BunpaButi  opdorpadiuHi  MOMUIKA
spelling errors).

(Correct

Processing server

/ Software

JIEpeBO  3aJeKHOCTeH  abo
curyanii  (Parse dependency or

5. IlpoananizyBaru
HerepeadaueHuX
contingency tree).

6. [TepeBipuTH po3IIUpEHi paBuia Ha OCHOBI JiepeBa
(Check advanced rules based on tree).

7. IlepeBipuTi 3a JONOMOrOI0 MOJIENI MAalIMHHOTO
nasuanns (Check with machine learning model).

8.3acTocyBaTi KOPEKIF0 MAIIMHHOTO HaBYaHHS
(Apply machine learning correction).

9. INosepuytu pesyabraru (Return results).

10. Iosepuytn mpomo3wuitii y ¢opmari: [i_mouarox,
i_xinerp, mpomo3uitist, mosiciennsi] (Return suggestions in
format: [i_start, i_end, suggestion, explanation]).

11. TTokasaru npono3utii (Display suggestions).

12. 3acrocysaru Bunpasinenns (Apply fixes).

13. 3anpomnonyBaTu BUITPABIICHHS (Suggest
correction).
14. 3anam’sraTu BIIOTOOAHHS (Remember

preferences).

B/l kopHcTyBa4iB BUKOPUCTOBYETHCS JUIs 30epeiKESHHS
BIOm0OaHs / 3pa3kiB BHIIPABICHb KOPHUCTYBAdiB LIS
MOJTANTBIOI TIepCcoHi(iKaIlii 3aIPOMOHOBAHUX CHCTEMOIO
BumpaBieHb. CIIOUYaTKy KOPHUCTYBad Ma€ oOpaTH BapiaHT
3aBaHTQKEHHS JAHUX —BCTAaBKOIO TEKCTY, BIJKPUTTS
(aitmy ab0 CTBOPECHHS 1 3alIOBHCHHSI HOBOTO JOKYMCHTY.
[13, BCTaHOBJICHE Ha MEPCOHAIHLHOMY KOMII'IOTEpi, abo
JocTynHe y Qopmari oHiaiH-cepBiCy YW PO3LIMPEHHS,
BiJIIpaBJIsie aHi A aHali3y Ha cepBep. Ha miii miarpami
MOCITITOBHOCTEH HABEACHHWHN JIUIIEC ONMH i3 MOXKJIHMBUX

MiAXOMIB 10  TOOYIOBH  CHCTEMH  T'paMaTHIHOL
Dictionary ML model User Database
I
|
L\

—

-

1. Load ’1 b
- text() | 2. Send text()
|
\
\
|
\
|
|
\
\
\
|
\
|
\

10. Return suggestions in format:
fi|start] i_end, suggestion, explanation]

1. Display suggestions(

12. Apply fixes()

13{ Suggest correction()— -

L

3. Check spelling()
4. Correct spelling errors()

5. Parse dependency?&)nti uency tree()
e

6. Check advanced fulds based on tree(}
—

7. Check with machine learning model(}—m
1

|
14. Remember preferences()
'

r . .
| 8. Apply machine learning correction()
S

0

—

Pucynok 4 — [liarpama mocIiJOBHOCTI ISl IEPILIOTO PEKUMY pOOOTH CHCTEMH
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KOpeKIii, mo mnoexHye y cobi mepesipky opdorpadii,
NpaBWi, MApCHHI CHHTaKCHMYHUX JEpEB, IEPEeBIpKY
npaBuwi Ha ocHOBi gepeB 1 ML-amropurmu. [licns
TepeBipKA opdorpadii, mo BinOyBaeTbcss 3
BHUKOPHMCTaHHSIM CIIOBHHKA IIEBHOI MOBH, CHCTEMa Mae
MepeBipUTH BHKOHAaHHS 0a30BMX TpaBWji, IO HE
MoTpeOyIOTh MAPCHHTY CHHTaKCHYHUX JEpeB, SK-OT
YepryBaHHS «y-B», IIPAaBOINMUC <«IIiB-HAIIB», BXXWBaHHS
aroctpoda TOIIO. 3aCTOCYBaHHS TEPEBIPKM MpaBHI Ta
MApCUHTY CHHTaKCHYHHUX JAEpeB OOyMOBJIEHE [BOMa
(axropamu:

— BiJICyTHICTIO JTOCTaTHBO BEJIMKHX AHOTOBAaHWUX [
napaieabHUX KOPMYCIB YKPaiHCHKOI MOBH ISl HABYAHHS
NOBHICTIO aBTOMAaTHYHHMX MOJENEH, IO 3acHOBaHi Ha
ITOPUTMaX TJIMOMHHOTO HAaBYAHHS,

— HE/IOCTaTHBOIO CIIPOMOXKHICTIO MOBHHUX Mojeiel
LITYYHOTO IHTEJIEKTY y3arajJbHIOBAaTH IpaBHJIa.

Y BuUmaaky, KOJIM Yy CHCTEMi He peani3oBaHi yci
MOJIMBI TpaBWiIa IMPaBONKCY, B TOMY YHCIi 1 Ti, IO
3aCHOBaHI Ha MApCHUHTY CHHTAKCHYHHUX IEPEB, OAHUM i3
BapiaHTIB € JoJaTKoBe BUKOpucTaHHA ML-metomiB mmst
mepenbadeHHs TeriB, IO MO3HAYAIOTh MiI0, SIKYy
HEOOXIIHO BHKOHATH HAI TOKEHaMH, abo  Id
«IepeKiagy» TEeKCTy 13 TMOMWIKaMH Y NpPaBHIBHUN
BapianT. Hagami II3  Bi3yamisye 1  3aCTOCOBYe
3aIlpOIIOHOBAaHI BUIIPaBIICHHS, 30epirac JOKyMeHT y 0a3i
JIaHUX 32 HEOOXITHOCTI.

Jpyruii pexuM 3acTOCYBaHHS CHCTEMH — aHaji3
rpamMaTHYHOI KOPEKTHOCTI OTPUMAaHHX 3a JIOTIOMOTOIO
API zamurie (puc. 5). Ha it miarpami mocimimoBHOCTI
300pakeHi eTamy BigIpaBKH, OTPUMAHHS i ONpAIIOBAHHSI
sarutiB  Big  croponHboro NLP  momatky (NLP
Application) mo cucremu (GEC System), sokpema:

A\
\

NLP Application

1, Send
request()

2. Send unique token()

3. Do its magic()
.

Lloop |
>

[if code == "in process'] 4. Request result by unigue token()

- -
5. Send response code and result()

6. Continue()

Pucynok 5 — Jliarpama 1mociuiZioBHOCTI ISl IPYTOrO PEKUMY
poboTu
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1. Hangicnau 3anmt (Send request).
2. Hapicnatu ynikaneHuii mapkep (Send unique

token).

3. OmpariroBanns 3amuriB (Do its magic) 3 uukmnom
(Loop) tuny [gxmo xox == “B mporeci”] ([if code == “in
process”]).

4. Pe3ympTaT 3amuTy 3a YHIK&IBHHM MapKepoM
(Request result by unique token)

5. Hapmicmatu xon BigmoBimi Ta pesyibrar (Send
response code and result).

6. [Iponorsxuru (Continue).

O06’exkr GEC System mo3Hauae CyKymHY CHCTEMY
rpaMaTH4YHOl KOpEKIii pa3oM 3 yciMa CKJIaJ0BHUMH,
BKJIIOUarouu rpagiunuii inrepdeiic, cepep ans oOpoOku
JaHKX, monepenHso HaBueHi ML-moneni. TToBigomiteHHs
3. Do its magic(), y cBoro uepry, mo3Hauyae MOBHHIA aHAIi3
TEKCTY Ta 3aCTOCYBaHHS HEOOXiJTHUX BUIIPABJICHb.

GEC System Hnamae KOXKHOMY 3amuTy YHIKaJIbHUH
TOKEH, 3a JOIOMOTOK SKOTO MOXKHa OTPUMATH
pe3ynbTaTH MICis 3aBEpIICHHS CHCTEMOKO ONpPalfOBaHHS
3amuTy. OCKiNbKH, B 3aJIS)KHOCTI BiJ] HaBaHTa)XKEHHS Ha
cucteMy, oOpoOKa aHMX MOXKE 3aWHATH MEBHUI 4ac, TO
NLP momatox Mae 3 MEBHHM IHTEpBAJOM BiANPAaBIATH
HOBHUIl 3anuT Ha OoTpuMaHHs pe3ynbrariB. NLP momarox
MPOJOBXKYE  CBOK  JisUIbHICTH  IMICAS  OTPUMAHHS
BUIIpaBlieHUX TeKcTiB. Ha miarpami mismbHOCTi (puc. 6)
300paXeHUH OAMH i3-TIOMDK MHOXXHHHM  MOJKJIMBUX
MiIXOAIB /10 pPO3POOKM  CHCTEMH  aBTOMAaTH4YHOTO
BUIIPABJICHHS IPaMAaTUYHUX OMHIIOK. AJITOPUTM:

1. Sxmo moctynHuii MoBHHI cioBHUK [Language
dictionary is available], To 3acrocyBaru BumnpaBieHHs
opdorpadii, mo we 3amam’sitoByersest (Apply low-recall
spelling correction).

2. SIkmo MOBHHIA CIOBHHMK HexocTymHuit [Language
dictionary is not available], To 3acrocyBarn mepeBipky
ocuoBuux mpasun (Apply check of basic rules).

3. Skmio JOCTYNMHHWIA CHHTAKCHYHUE —aHai3aTop
3anexxHocti/Bubopuoi rpymu [Dependency/Constituency
parser is available], To 3actocyBaTn mepeBipky Oinmbii
koHkpetHux mpasui (Apply check of more specific rules).

4. Slx1mo mpaBmIa MOXYTh OXOIUTIOBATH BCi BHIAIKH
Rules can cover all cases], To Bukopucratu miaxin,
3acHoBaHui Ha npasmiax (Use a rule-based approach).

5. Skmo mpaBuira HE MOXYTh OXOIUTIOBATH BCi
sumaaku [rules can’t cover all cases] i/a6o sikiro mapcep
HenocTymHui [parser is not available], To nepesiputu a6o
BU3HAYUTH PO3MIpP KOPIIYCY.

6. SIkmo JocTaTHBO BeNWKI KOPIYCH HEZOCTYIHI
[large enough corpora is not available], To 3acrocyBaru
Mmeroau 30iblIeHHs/TeHepyBaHHs nmanux (Apply data
augmentation / generation techniques).

7. moctymHi Benmki kopmycu [large corpora is
available], To Bu3HaUNTH XapaKTEPUCTHKH KOPITYCY.

8. SIkmio noctymHi BenuKi aHOTOBaHi kopmycu [large
annotated corpora is available], To Bukopucrartu miaxin
mo3HaueHHs nocimigoBrocti (Use sequence tagging
approach).

9. SIkmo mocTymHI BeMKi mapajenbHi Kopmycu [large
parallel corpora is available], To Bukopucratn minxiz
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HeliporHoro ManmHHOTO Tepeknany (Use neural machine
translation approach).

10. Skmo AOCTYIHI BEIMKI HEaHOTOBaHI KOPIYCH
[large unannotated corpora is available], To Bukopucratu
miaxin Ha ocHoBi craructuku (Use statistical-based
approach).

Iepmr 3a Bce, SKIIO CIOBHUK CiiB (200 mpaBui
YTBOPEHHS CJiB) € JOCTYIHHM [JIsi TEBHOI MOBH,
MIPOTIOHYETHCST 3aCTOCOBYBATH WOTO Ui BUIPABICHHS
opdorpadivarx MOMWIOK. BapTo 3a3HauuTH, IO MOAYINb
JUIE  aBTOMATHYHOTO  BUIPaBICHHS opdorpadidanx
ITOMUIIOK MA€ MaTd HU3bKI MoKa3Huku moBHoTH (recall).

3Ha4yeHHsI IOBHOTH TaK0)X MOXKHa IHTEPIIPETYBaTH SIK

3naueHHs BiIy4dHOCTI (precision), y cBoro depry,
MOXKHa OI[IHUTH $IK YacTKy MpPaBWIBHO BU3HAYCHUX
ICTUHHO MO3UTUBHUX BUIAIKIB.

B 3anexxHOCTI Bix SKOCTI KilacugikaTopa Ta 3HaYeHHS
MOPOTY TPHUHHATTS PIIEHHS 3HAY€HHS BIYYHOCTI Oyxe
3aJICKHUM Bifl 3HaYCeHHs OBHOTH (pHC. 7).

Husbki mokasHuKM MOBHOTH (i BHCOKI — BIIyYHOCTI)
MO3HAYAIOTh Te, 10 Kiacu(ikarop (y MaHOMY BHIAIKY
¢GyuKis, mo Bu3Havae opdorpadidHi TOMUIKH) Mae
OyTH IOCTaTHBO «BIIEBHEHHM» y CBOEMY «PIIICHHI» TIPO
BHIIPABIICHHA CJIOBA CaMe JJIS TOTO, 00 3aMiHa He MOTJa
NPUYMHUTH 3MiHYy CEMAHTHKH PEUCHHS.

[icns  mepeBipk 1  BHUIIPaBJICHHS

opdorpadii

BITHOIICHHS  KUIBKOCTI  MPaBWIBHO  BHM3HAYCHHX  BAKIMBHM € 3aCTOCYBAaHHS MEPEBIpKM 0a30BUX MPaBHII
MO3UTHBHUX BWIAJKIB JI0 yCiX ICTMHHO TO3UTHBHHUX  TIpamatukd. [lpukiagu  aas  yKpaiHCBKOI ~ MOBH:
BHUIIAJKiB, TOOTO SK 4YAacTKy 3arajbHOr0 4YHCIa  4YEpPryBaHHS  «y-B», TMPAaBONKC  «IiB-», IPaBOIIKC
MMO3UTHBHUX 3pa3KiB, 10 OYyJI0 3HAIICHO. amoctpoda Ta M’KOT0 3HaKa TOIIIO.

% Language dictionary is available]

[Language dictionary is not available]

[Dependency / Contituency parser is available]—r-

[parser is not available]

Apply data
augrm ion

generation

technigques

[large corpora is ilable]

—

(Ilarge annotated corpora is available]—

[large enough corpora is not available]

[large corpora is available]

[rules can’t cover all cases

[Rules can cover all cases]

[large unannotated corpora is avai!able]l

[large parallel corpora is available]

Use sequence
tagging approach
Use neural
machine
translation
approach

Use
statistical-based
approach

®

Pucynok 6 — [liarpama gisuibHOCTI Tiporiecy po3pooku GEC-cucremu
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1.0 = - === No Skill
Logistic

0.9 1

Precision
o
-]

o
~

0.6 1

Recall

Pucynok 7 — Ipuknan kpusoi Precision-Recall

B 3anexHocTi Bil TOro, Yu € JOCTYIHHMH Mapcepu
3aJIeKHOCTEH, TPyl ClIiB, IMEHOBAaHUX CYTHOCTEH, YaCTHH
MOBHM  TONIO, MOXHA  3aCTOCOBYBaTH  II€PEBIPKY
JIOZIATKOBUX TIPaBMJI Ha OCHOBI OTPHMaHUX pE3yJbTaTiB.
SIKIO TEOPEeTHYHO MOXKIIMBHUA ITEPaTUBHUN PO3BHTOK
CHCTEMH 1 BIIPOBaKEHI NpaBUIa MOXYTh MOSCHUTH YCi
MOXKJIMBI IOMIJIKH TIEBHOT MOBH, BUKOPHCTAHHS METOIB
1 aNTOpHUTMIB HE € HEOOX1THIM.

VY BHNAJKYy, SKIIO HEePEeBIpKU JOAATKOBHX MPABUI HE €
noctatHbo (0COGIMBO y BUTIAAKY MOP(OIOTIUHO GaraTnx
MOB), JJIs1 BUIIPABJICHHA 3aJIMIIIKOBUX IIOMHUIIOK
MOXIMBUM € 3actocyBaHHs ML-meroniB.  Slkmio
HaBYAJIbHUX JJAHUX HE € JIOCTaTHHO a00 BOHHM B3araii He €
JNOCTYITHHMH, s  OTPUMaHHS  mapanenbHoro  /
AQHOTOBAHOTO KOpIycCy 3aCTOCOBYIOTh METOI!
ayrMeHTaIlii Ta reHeparii maHuX. Takoxk, B 3aJIC)KHOCTI
BiJl TOTO, YU € JaHi aHOTOBAaHUMH a00 KOPITyC MiCTHTb
Ha0ip mapane’rbHAX TEKCTiB, BHKOPUCTOBYIOTH BiIOBIIHI
MAXOAW 10 PO3POOKH 1 HaBUAHHS MoJeni. Y BHIIAIKy
JOCTAaTHBO BEJIHMKHX 1 SKICHUX HEaHOTOBAaHHX KOPITyCiB
TaKo)k MOXKHa MMOOyIyBaTH MOBHY MOJIENb Ha OCHOBI
CTaTUCTUYHHUX MeTO}liB.

Ha niarpami posropranns GEC-cucremu (puc. 8)
300pakeHO 3 OCHOBHI IIPOLIECOPH HAa OCHOBI TPHOX
npucTpoiB/mporpam, 3okpema : IIpucTpiii KopucTyBaya
(:User Device), Cepsep B/l (:DB Server) ta Cepsep
ompautoBanHs manux (:Data Processing Server). :User

Device 3acrocoBye mporpamy/6payzep  (Program/
Browser). :DB Server sukopucrosye baza mannx NoSQL
(NoSQL  Database). :Data  Processing  Server

nmoOymoBanuit Ha OCHOBI peamizarii ML-momeni (ML
model), cmosuuka (Dictionary), momynast mepeBipku
mpaBw1  (Rule-check module) Tta woxgyns ormsiay
kopuctyBauis (User review module).

KopucryBau Mae moctyn 10 GpyHKIIOHAITY CHCTEMH 3a
JonomMoror  rpadidHoro  iHTepdeilicy 3aBaHTaXeHOi
Mporpamu, po3MUpeHHs abo ownaiH-tathopmu. Y BJ]
30epiraerbesi iH(oOpMalis po KOPUCTYBadiB, NPUKIAAN
3aIlpOIIOHOBAHUX BHUIpaBIICHb, NOKyMeHTH. Taka BJ] 3a
CBOIM THIIOM HE € PEISIiHHOIO.
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L
<<device>>
:DB Server

<<artifact>>
B ) NoSQL Database
£ A
<<device>>
: User Device

<<artifact>>
Program |
Browser

) <<device>>
:Data Processing Server

| e<artifact>> |

N LA
T — ML todel Dictionary
__Rule-check | User
module it
module J

Pucynok 8 — liarpama posropranus GEC-cucremu

CepBep 00poOku maHux mictuTh Moayii ML-monmerni,

NepeBipKM  MpaBWI 1 TIEPEBIPKH  3alPOIOHOBAHHMX
KOPHCTYBa4aMH BUIIPABJICHb. OcraHHs MOXe
3aCTOCOBYBAaTHCh JJIA  JOJATKOBOI'O  HAllAlITyBaHHS

3araJIbHOI CHCTEMH TIePEBIPKH Ta BUIIPABIICHHSL.

AJBTepHATUBHIM BapiaHTOM CXEMH PO3TOPTaHHA €
BUKOPDHUCTaHHA BJACHUX OOYHCIIOBAJIBHUX PECYpCiB
MIEPCOHATIFHOTO KOMIT F0Tepa [T aHAIi3y JaHUX, OJHAK, 3
BpaxyBaHHSM TOT0, L0 JJIsi OTPUMAaHHS JIOCTOBIPHOTO
pe3yiabTaTy HEOOXITHO 3acTOCYyBaTH KijlbKa €TaIliB
MepeBipKH, 0coONMMBO 3 BUKOpUCTaHHAM ML-meTomiB,
TaKa apxiTeKTypa He € JOLILHOIO.

Bubip nabopy nanmx. Habip yxpainomoBHmx UA-
GEC anOTOBaHWX TEKCTiB IPE3EHTOBAHUMA JOCIITHUKAMU
3 Grammarly. Ileii wabip mamux OyB mpodeciiiHo
aHoroBanuit 1 GEC Tta pemaryBaHHS YKpaiHOMOBHHX
TekcTiB. Hackimpku BimoMo Ha dYac myOmikamii, Iie
nepiunit kopmyc GEC 3 ykpaincbkoi MoBu. JlociiqHUKN
3i6pamu Tekctr 3 mommikamu (20 715 peuens — 328 779
TOKEHIB) BiJl pI3HOMaHITHUX aBTOPiB, Y TOMY YHCIIi HOCIiB
MoBH. JlaHi OXOILUIIOIOTh Halpi3HOMaHITHINN chepu
MUChbMA, BiJ] TEKCTOBMX 4YaTiB 1 ece J0 OQimiiHOro
nmucbMa.  [IpodeciiiHi  KOPEKTOpH  BHIIPaBISIM  Ta
aHOTYBaJIM KOPITyC Ha IOMMWJIKH, TIOB’S3aHI 3 BUIBHUM
MOBJICHHSIM, IpaMaTHKOIO, ITyHKTYAII€I0 Ta
optorpadiero. JlaHmit KOpIryc MOKHA BHKOPHCTOBYBATH
st po3pobku Ta omiHku cucteM GEC ykpaiHChKOIO
MOBOIO 1 IOCITiPKEHHS MOP(OJIOTIYHO OaraTux MOB.

Mertoau. OCHOBHI IAXOOW BHUABJICHHS ITOMHJIOK, Ha
SKUX 30CEpe/DKEHI aKaJeMiyHi JOCHI[HKEHHS, MOXKHA
pPO3OIMMTH Ha Taki KaTeropii: MeToaw, 3acHOBaHI Ha
MpaBUjIax; METOH, 3aCHOBaHI HA CHHTAKCHYHOMY aHasi3i
peYeHb, CTAaTUCTHYHE MOJCIIOBaHHsS, Kiaacuyni ML-
Merond; MT Ha ocHOBI TNIMOMHHOTO HaBYaHHSA. Jlms
MOKpAIeHHS SIKOCTI CHCTEMH BUKOPHCTOBYIOTH pi3HI
METO/IY TeHepallii CHHTeTHYHUX HaBYaJIbHUX JaHHX.

MT. TosBa y 2018 pomi HOBOi apxiTeKTypu
rMOuHHOTO HaB4aHHst Transformer, mo mictuth y co0i
MEXaHi3M yBaru, JO3BOJIWIIA 3HAYHO CIIPOCTHTH PO3POOKY
MOBHHX MOJIENIeli, 10 Temep Moke BimOyBaTmcs 0e3
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3aCTOCYBaHHSI EKCIEPTHUX 3HaHb JIOMEHYy, Yy JaHOMY
BUMAJAKYy — JIHTBICTUKU. bijbllla 4YacTWHA OCHIIKCHb
3aCTOCOBYe Mojens Transformer mis BhOpoBajKeHHS
Heiiponnoro MT rtekcty 13 mnomminkamu y Horo
MpaBWIGHUK BapiaHT. 3HAaYHUM HEJONIKOM TaKOIro
MAXOAy sl po3poOKM Mojened Juisl pi3HUX MOB €
HEOOXIHICTh y BENHUKHX KOpIycaX aHOTOBaHHX abo
napajeibHUX JaHHX.

Transformer — wMomenp TVIMOMHHOIO HAaBYaHHS,
OCOOJHBICTIO SIKOI € 3aCTOCYBaHHS MEXaHI3My yBaru, Iio
PO3ALTBEHO 3BaXYIO€ BaXIMBICTh KOXKHOI YaCTUHU JTaHUX
BXOZy.

byniBenpHuMu OjokaMu  TpaHchopMmepa € BY3IH
MaciraboBaHoi ckaaspHoa00yTKOBOT yBaru (scaled dot-
product attention units). Komu wmogmemi Transformer
Nepe/laloTh PEYeHHs, BarW yBard MK yciMa JieKceMaMu
OOYHMCITIOIOTBCSL  OHOYAacHO. Bysom yBarm BupoOse
BKJIQJICHHS JIJIsI KOKHOT JIEKCEMH B KOHTEKCTI, SIKI MICTSITh
iHpOpMaIiF0 TIPO caMy JIEKCeMy, pa3oM 3i 3BaKCHHUM
MOETHAHHAM THIIHX PEJICBAHTHHUX JIEKCEM, KOXKHY 3 SKUX
3Ba)KEHO 3a Barol yBaru J10 Hel.

AJbTepHAaTHBOIO apxiTekTypi Transformer e sroptkosi
abo peKypeHTHI HeWpOHHI Mepexki apxiTekTypu encoder-
decoder.

— 3roptkoBi weiiponni mepexxi (CNN, Convolutional
Neural Network)

CNN cknamaerses 3 mapiB BXOIy Ta BUXOJY, @ TAKOXK
i3 eKiIbKoX npuxoBaHuX mapis. IIpuxosani mapu CNN
3a3BMYall  CKJIAagaloThCsl 31 3TOPTKOBUX  WIApiB,
arperyBalibHUX IIapiB, TOBHO3 €JHAHMX IIApIB Ta IIapiB
HOpMatizamii. 3ropTKOBI IIapH 3aCTOCOBYIOTH 0 BXIJAHUX
JaHUX Olepalilo 3rOPTKH, Nepelalydd pe3yjbTaT [0
HACTYIHOTO LIapy.

3ropTkoBi  Mepeki  MOXYTh  BKJIIOYATH  IIapu
JOKambHOTO ab0  TIO0aNBHOTO  arperyBaHHA,  fKi
00’€IHYIOTh BUXOJM KJIACTEPiB HEHPOHIB OJHOTO IIapy
0 HacTymHOro Imapy. Hampukmax, MakcuMizailiiiHe
arperyBaHHs BUKOPHCTOBYE MaKCHUMaJbHE 3HA4YCHHS 3
KO’KHOTO 3 KJIacTepiB HEWPOHIB IOINEPEIHBOTO IIapy.
[HIIMM TIpUKIIAIOM € ycepenHEeHEe arperyBaHHs, M0
BUKOPDUCTOBYE  YCEpEIHEHE 3HAYeHHS 3  KOXHOTO
KJIacTepy HeHpoHiB mornepenHporo mapy. [1oBHO3 e1HaHi
nrapy 3’€IHYIOTb KOKEH HEWPOH OJJHOTO IIApy 3 KOXKHHM
HEHPOHOM HACTYIIHOI'O LIapy .

— Pexypentni Hetiponni mepexi (Recurrent Neural
Networks, RNN)

PexypeHTHI HEHpOHHI Mepexi Lie Mepexi, o MICTATh
3BOPOTHI 3B’SI3KM 1 J03BOJISIOTH 30epiraté iHpOpMaIliio.
HasiBHICTH 3BOPOTHOTO 3B’SI3KY JIO3BOJISE Iepe/aBaTh
iHpopMalil0 BiJi OAHOTO KPOKY HAaBYaHHI MeEpexi 10
iHIIIOTO.

Opuum 3 pizHoBUAiB RNN € LSTM-mepexi. LSTM
(Long Short Term Memory) — ume RNN, s3garai mo
HABYaHHS JOBTOTpHBAIMX 3anexHocTeid. LSTM-mepexi
CKJIaIAFOThCS 3 IOBTOPIOBAHUX eyieMeHTiB. KoxeH Takumit
€JIEMEHT MICTHTh YOTHPH IIApH 1 BiAPi3HIETHCS TUM, IO
Ma€ KOMIpKY AOBIrOi KOPOTKOYACHOI TaM’ SITi.

MoxnuBicts LSTM-Mepex ycminiHo BHBYATH JaHi 3

JOBTOTPHUBATIUMHU 3aJIE)KHOCTIAMA poOuUTH X
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ONTHUMAaIBHUM BHOOPOM ISl PO3B’SI3aHHS 33jaa4, y
KOTpUX SIK BXiJHA, Tak 1 BuXigHa iH(pOpMAIlis
NIPE/CTABISIOTECS Y BUTJISIII TTOCIIIOBHOCTEH JIESIKMX
eJIeMEeHTIB (HApHKIa, JIITep, CIIiB, PSYCHB).

Sequence tagging. OkxkpiM MeToay HEHpPOHHOrO
nepeknany, ML-metonn y 3amadi  BUSIBIEHHS Ta
BHUIIpaBICHHA  opdorpadiyHMX  TOMHIOK  TaKOX

3aCTOCOBYIOTH JUIsl ITepeI0aueHHs MITOK, IO II03HAYAI0Th
Iif0, SIKy HEOOXiMHO BHKOHATH HAaJ KOXXHHM TOKCHOM. B
3aJIeKHOCTI Bil TUITY IOMMJIOK, KiITBKOCTI HaSBHUX KJIaciB
MITOK Ta 3arajibHoO1 CKJIAJHOCTI 3aBIaHHA
BUKOPHUCTOBYIOTh K rimOmHHI ML-meronm, Tak i
KJIACUYHOTO.

Jlo kmacuuaux ML-meToiB i3 BUMTEIEM BiIHOCSITHCS
TaKi ajlrOPUTMH: JIOTICTHYHA pErpecisi, AepeBO DillleHb,
HaiBHMIT  OaifeciB  kiacuikaTop, METOJ  ONOPHHUX
BEKTOpiB, K-HalOmmKumx CyciaiB, BUMAIKOBHIA JIiC TOILIO.

— Jlorictiuna perpecist

JlorictiyHa perpecisi BUKOPUCTOBYETHCS IS 3aBIAHb
OiHapHOi kimacu@ikarii, TOOTO KON Ha BUXO.I MOTPIOHO
OTPUMATH BiIOBiIb, 10 SKOTO 3 ABOX KJIACiB HAJIEKHUTH
00’ext. JlorictTmyHa (YHKISI TEpeTBOPIOE OyIb-AKe
3gauyeHHA B uucio B Mmexax Bigx 0 mo 1. Tak i
nepe0ayaeThcss WMOBIPHICTh HAJICKHOCTI IO OJHOTO YH
apyroro kmacy. ToOTo, Ha BiAMIHY BiJI JIOTICTUYHOT
perpecii, el MeToq HE mepemdayae 3HAUYCHHS YHCIOBOT
3MIHHOI, BHXOJSYM 3 BHOIPKH BHXiJHUX 3Ha4YCHb, a
3aMiCTh IBOTO 3HAYEeHHSIM (YHKILI{ € HMOBIpHICTH TOTO,
110 1€ TOYaTKOBE 3HAUCHHS HAJIEKUTH JI0 TIEBHOTO KJIACY.

— JlepeBo pinieHb

HepeBo pimensp Oymye mopeni kiacugikamii abo
perpecii y BUTTISAI AEpPEeBOMOTIOHOT CTPYKTypHu. MeTon
po30mBae Habip maHMX Ha MEHIII ¥ MEHII IiIMHOXXHUHH.
KinmeBuit pe3ynpTar — AepeBO 3 BY3JIaMH PIilIeHHS 1
KiHIleBUMH By3namu. 1{o rimbmre nepeBo, TO CKIIaaHImI
NpaBuJia yXBAJICHHS PillleHb i TOUHIIIA MOJEIIb.

OpHI€I0 3 OCHOBHHUX IEpeBar JepeB pillleHb € IXHS
IHTYITHBHICTB! KiIacudikariiina MO/IEJIb, 10
NpeACTaBlieHa Yy BUIJBSIII JAepeBa  pillleHb, JIETKO
IHTEPIIPETYETHCS KOPUCTYBAueM Ta CIPOIIYE PO3YMiHHS
3aBJIaHHS, K€ MOTPIOHO BHPIIINTH, TOMY LIO IO3BOJISIE
3pO3YMITH, YOMY KOHKPETHHH 00 €KT HAJICKUTh [0
BignoBigHOTO Kiacy. llle omHi€r0 BaXKIMBOIO IIEpPEBaror
JIepeB pilleHb € iXHS yHiBepPCAJbHICTb JJIS BHPIIICHHS
3amau Kiacugikamii Ta perpecii. Ajle € B anroputMmy i
Hepomikn. llo-mepme, me HecTabiIBHICTE TPOIECY:
HEBEJIMKI 3MiHM B Ha0Opi NaHUX MOXYTh HNPU3BOJHUTH JIO
noOymoBH iHIoro aepea. Lle no’si3aHo 3 iepapxiuHICTIO
JlepeBa: 3MiHM B BY3JlaX Ha BEPXHbOMY DIBHI MOXYTh
NPU3BECTH JI0 3MiH Y BChOMY jepeBi Hmxdye. [lo-npyre,
e CKJIaJHICTh KOHTPOJIO pO3Mipy JiepeBa, IO €
KPUTHYHUM  (akTopoM, SKMH  3yMOBJIOE  SIKICTB
BUPIIICHHS 3aBJaHHS.

— Haipanit BaiteciB kinacugikarop

HaiBamit meronm baiteca — me Habip MeroniB
kimacugikamii, 3acHoBaHUX Ha Teopemi baiteca. Momenp
CKIIANAEThCA 3 [BOX THIIB WMOBIpPHOCTEH,  SIKi
PO3paxoBYIOTCS 3a JOIMOMOTOK0 TPEHYBAIBHUX JMaHUX:
IMOBIPHICTh KOXXHOTO KJIacy 1 yMOBHa HMOBIPHICTb UIsi
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KOX)KHOTO KJacy Ipd KOXHOMY 3HaueHHI X. HaiBHwuid
OaiieciB kiacu(ikaTop Ha3MBAEThCS HAIBHUM, TOMY LIO
QITOPUTM Tiependadyae, MO KOXKHA BXilHA 3MiHHA €
HesasiexkHOI0. lle mpurymeHHs He 3aBXIU BiAIIOBiJgae
peanbHUM faHMM. lIpoTe naHWMH anropuUTM  BEJIBMH
e(peKTUBHUH U1l LIJOTO psiAy CKIaTHUX 3aBJaHb Ha
3pa3ok  kiacugikamii cmamy abo  po3mi3HaBaHHA
PYKOTIMCHHX LU)P.

— Mertox onopHUX BEKTOpiB

Meto ONOPHHX BEKTOPIB BHKOPHUCTOBYETHCS IS
3aja4 kinacugikalii TeKcTy, SK-0T MPU3HAYSHHS KaTeropii
1 BUsIBIIEHHS criaMy. MeToj OIOpPHUX BEKTOPIB — OJHH 13
HAMOIBII TOMYJSIPHUX JUIS KJIACHYHOI KiacHikariii,
TOMY III0 BiH MPOCTHUH Ta IMIBUAKUN. Buxomsuu 3 TOrO, 1110
00’ext, sikuit mnepeOyBae B N-BUMipHOMY TIpOCTOpI,
HQJISKUTh O OJHOTO 3 ABOX KJAciB, METOJ| OHNOPHHUX
BEKTOpiB Oyaye rimepruiomuny 3 posmipaictio (N — 1),
mo0 Bci 00’ekTH BUSBWIMCSA B OXHINM 3 nBox rpym. o
JIalli BiJ TIMEPIUIOMIMHY JIeKaTh TOYKH JaHWUX, TO OiIbIIe
BIICBHEHICTh B TOMY, IIO BOHH OyinM TPaBHIBHO
knacudikopani. 11lo MeHIIe CX0XUX 03HAK MiX JaHUMH,
TO MEHIIIa IMOBIPHICTh HAJISKHOCTI 10 OTHOTO KJIacy.

— Merox K-HaitGmmkaux cycimis

s ANTOPUTMY K-HaiOmmKImnx cyciniB
nepenOavyeHHst Ui HOBOI TOYKM POOWTHCS HIISIXOM
nomyky K HaiOmmkuux cycimie B Habopi nmaHux i
MiJICyMOBYBaHHS ~ BuXigHO! 3minHOi Juis 1wmx K
MIPUMIPHUKIB. Inest HaOMMK4YMX CycifiB MOXeE MOTraHo
MIpaIoBaTy 3 0araTOBUMIPHMMH JaHMMH, 110 HETaTHBHO

MO3HAYUTHCS Ha  ©(DEKTHBHOCTI  aJrOPUTMy  MpU
BHpIIIICHHI 3a/1adi.

— Bumnagkoswuii mic

Bunanxosuii  1mic HAJIESKUTb 10 ciMeiicTBa

aHcaMOJIeBUX aNropUTMiB. SIK 3po3yMino 3 Horo Ha3BH,
BiH MICTHUTh BEJIUKY KIJBKICTh OKPEMHX IEpeB pillleHb,
ki Aif0Th SK aHcamOib. KoxHe OKkpeme HIepeBo y
BHUIIaJIKOBOMY JIiICI OOYHMCIIOE MPOTrHO3 Kiacudikamii, i
KJIac i3 HalOIIBLIOK KUIBKICTIO TOJIOCIB CTAE MPOTHO30M
Mojeni. Pesynmprarom oOupaerbcs TOW BapiaHT, SKHH
BHUIIaJaB HalyacTinie. Bemika KiTbKiCTh HEKOPEIbOBaHUX
JepeB pilieHb, TOOTO THX, IO 3HAXOMIATH PIIICHHS
HE3aJe)KHO OIHE BIiI OJHOrO ¥ [JIIOTH CIIUIBHO,
NEepeBEPIINTE OyAb-sKe pILICHHA, OTpPUMaHe OJHHM
JIEPEBOM PIllICHHS.

CamMe HEKOpeNnbOBaHI MOJENI MOXYTh CTBOPIOBATH
aHcaMOJIeBi IPOTHO3H, SIKi € TOYHIIINMH, HIK OyIb-IKUA
3 OKpPEMO B3STHX NPOTHO3iB. [Ipu4yrHOI0 Takoro edekry €
TE, II0 KOXKHE JEPEBO DIllleHb «3aXHIAE€» OJHE OIHOTO
BiJl IHAMBIAyaJIbHUX MOMHJIOK: X04a JIESAKI epeBa PilllcHb
MOXYTh OyTH HENpPaBIJILHUMH, OUTBIIICTH i3 HUX OyayTh
MPaBWIBHUMH, TOMY SIK Tpyna JepeB Oyzae pyxaTucs B
MPaBHJIBHOMY HAMPSMKY.

Hdo mepeBar MeTOLy MOXKHA BIJHECTH MOXJIUBICTH
e(eKTUBHO 0OpOOIATH NaHi 3 BETHKOO KITBKICTIO O3HAK i
KIIaciB Ta BHCOKY MacmrtaboBaHicTe. Cepen HEHOINIKiB
MOXKHA BHIUINTH BEJIHKHA pO3Mip Monened, IIo
Oynytorecsi. Illo Oimpma Momens, TO BHIIa il
004YnCITIOBaIbHA CKJIAIHICTD Ta IMIBUIKICTH 3HAXOKEHHS
pilleHB.
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— AdaBoost

Bycrinr — 1e cimeldcTBO aHCaMOJEBHX aITOPUTMIB,
CYThb SIKHX IIOJISITA€ B CTBOPEHHI CHIILHOTO KJilacu(ikaTopa
HAa OCHOBI JEKUTPKOX ciaOkux. s mboro crodatky
CTBOPIOETBCSI OZHA MOJEJb, IMOTIM IHIIA MOJEINb, SKa
HaMaraeTbcsl BHUIIPABUTH IOMWJIKM B nepmiii. Mopeni
JIOJTAIOTHCSI IO THX TIip, TIOKK TPSHYBAIbHI TaHi He OYAyTh
imeanpHO KiTacudikoBaHi a0 MOKK He Oyae TepeBUILICHO
MaKCHUMaIbHY KiTBKICTh MOJICIEH.

AdaBoost BHKOPHCTOBYIOTH pPa3oM 3 KOPOTKHMH
nepeBaMu pimeHs. Ilicns cTBOpeHHsS mepIioro aepena
MepeBipsAeThCs  HOro  eeKTHBHICTH Ha  KOXKXHOMY
TpeHyBaJIbHOMY 00’€KTi, 00 3p03YyMITH, CKUIBKH yBaru
Ma€ TPUAUTITA HACTYIHE JIEPEeBO BCiX 00 ekTax. Tum
JIAaHUM, SIKi CKJIaJHO NependaunTH, JaeThes OLIbIIY Bary,
a TWUM, SKi JIerko mnepenbaduTH, — MeHIry. Mopeni
CTBOPIOIOTHCS TOCIIZOBHO OJIHA 32 OJHOIO, 1 KOXKHA 3 HUX
OHOBIIIOE Baru JUisl HaCTYIHOTo Jepesa. Ilicis nobynosn
BCIX JepeB pOONAThCS TPOTHO3HM IIsI HOBHUX MAaHUX, i
e(eKTUBHICTb KOXKHOTO JepeBa 3aJICKHUTh BiJ TOTO,
HACKIJIbKM TOYHUM BOHO OYJIO Ha TPEHYBAJIbHUX JAHUX.

Huns oOpanHs Haiikpamoro Meroxy Kiacugikarii s
HOTO MONANBIIOr0 3aCTOCYBaHHS HEOOXiTHO MOPIBHATH
MOKA3HUKK TOYHOCTI, OBHOTH, BIY4YHOCTI, F-mipu mis
BCiX BUIIE3a3HAYCHHUX aJITOPUTMIB.

Mopdonoriuni  napcepu.  IlepeBipka  mpaBui
BIJIMIHIOBaHHSI Ta y3TOJDKEHHS CIIIB y peUeHHI MOXe OyTH
3aCHOBaHa Ha MapcuHry jaepeB 3anexHocTi (Dependency
Parsing) abo npunanexnocti (Constituency Parsing).

TepMiH mDapcHHT 3aleXHOCTEH BITHOCHTBCA MO
MpoIlecy MOCH/DKCHHS 3alekHOCTe MK (pasamu
peYeHHS 3 METOI BHU3HAYCHHS HOTro TIpaMaTHdHOi
CTpyKTypHu. PedeHHs nimuTbcs Ha OaraTto po3AimiB
31e6iThIIIoro Ha OCHOBI IThOTO. Ilpomec 3acHOBaHWI Ha
MPUITYIIEHH], 0 MiX KOXXHOIO MOBHOIO OJMHHIICIO B
pedeHHi icHye mpsMuii 3B’s30K. LI rimeprocuiaHHs
HA3WBAIOTHCS 3aJCKHOCTAMH. Ha BigMiHy Bix aHamisy
3aJIOKHOCTEH, IMapCUHr IPUHAJICKHOCTEH PO3HoAissie
pedeHHs Ha (pa3u meBHOro THIY (IMCHHHKOBA, iECITiBHA
rpynu Tome). Y UbOMY BHIAIKYy TEPMiHAIBHUI By30J] —
Ile MOBHa OAWHHUIA abo Qpaza, ska Mae OaTbKiBCHKHMA
BY30JI Ta TET YaCTHHU MOBH.

[MapcuHT 3aMeXHOCTEH Ta NPUHANE)KHOCTEH CIIB Y
PEUCHHAX NMEBHUX MOB MOXHA BUKOHATH 3a JIOIIOMOTOIO
6i6miorexku mus NLP-NLTK, oxgnak BoHa He miaTpuMye
aHaJli3 yKpaiHOMOBHHX TEKCTIB.

[MinTpumka ykpaincekoi MoBH. bibmioTeka MOBH
Python pymorphy2 miarpumye o06poOKy yKpaiHCHKOI
MOBH. Pymorphy2 amamidye 4YacTHHYy MOBH, YHCIIO,
BIIMIHOK, 4Yac, JieMy Ta CTeM 3aJaHOro CIIOBa.
Mopdonoriuauii mapcep 3acCHOBaHHWN Ha CIOBHHKAX
OpenCorpora, mo xonHBeproBani 10 ¢opmaty XML.
KopucryBadi Takox MaroTh 3MOTY J0/aBaTH BIIACHI CIIOBA
Ta TpaBWwiIa, [€ Ja€  MOMJIUBICTE  IPOBOIUTH
MOp(OJOTIYHNN aHaTi3 TEKCTIB IIEBHOI MpPeaMETHOI
obmacHi 6e3 3MiHM BHXimHOTO KOmy pPymorphy2 Ta
amantyBatd pymorphy2 asst po6oTH 3 iHITMME MOBaMH.

Mosa i 6ibmiorexu. [ns ML nHalfmomymspHimmMu
moBamu € Python, R, Java, C++. Ilepesaroto Python 3-
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NOMDK IHIIMX MOB caMe Ui CTBOPEHHS CHUCTEMH

BU3HAYCHHS  CMOIIMHOTO 3a0apBICHHS TEKCTOBOIO
KOHTEHTY € HOro WIATPUMKAa BEJIHMKOI KIIBKOCTI
010miOTeK:

— st pobotu 3 knacuunumu ML-meromamu: Scikit-
Learn;

— Ul CTBOPEHHS INTYYHHX HEHPOHHHUX MEpeK,
rmubunHoro HaB4yaHHs: TensorFlow, Keras, PyTorch;

— st NLP: NLTK, spaCy, WordNet;

— ms pobotH i3 MacuBamu, Matpursivu: NUmPy;

— pobotu 3 TabmuisMu: pandas;

—Bisyamizarii  mammx (B TOMy
inrepaktusnoi): Matplotlib, seaborn, Plotly.

bibmioreka Scikit-Learn migrpumye TPP, 3MeHIeHHs
po3MipHocTi paHux, BuOip ML-moxeneit mis perpecii,
kiacudikanii abo kiaactepHoro anamizy. Omnak Scikit-
Learn He Mae KOMIUICKCHOI MiATPHUMKH Uil CTBOPCHHS
Mozeneil TITMOMHHOTO HaBYaHHSI.

Jnst cTBOpeHHsl INTYYHWX HEWPOHHHX Mepex Oyia
oOpana ©Oibmioreka Keras, mo ciayrye BHCOKOPIBHEBHM
APl nms TensorFlow 2. Keras mossomste GymyBaTn
TIOCTIiTOBHI MOZeTi y BUTTIAAL rpady, BEpIIMHAMHE SIKOTO €
mrapu  (layers) meBHOro THMy i3 3aHaHO0 KiTBKICTIO
By3uiB. Takox, 3a gonomororo Keras MoxxHa moeHyBaTu
pe3yJbTaTi poOOTH KiIJIBKOX OKPEMHUX YaCTUH HEHPOHHOT
Mepexi s X MOoAanbinol 00poOKH, Taka CTPYKTYpa HE €
JIHIKHOIO.

TensorFlow mae MOXIHBICTH IMIOPTYBaTH HABUCHY
ML-Mozenp ans ii MOJANBIIOrO BUKOPUCTAHHS Y IHIIAX
nporpamax. TensorFlow Takox miaTpuMye BHUKOHAHHS
HHU3BKOPIBHEBHX Olepaliil i3 TeH30paMH 3a JOHOMOIOI0
OEHTPAIGHUX TPOLECOPiB, TpadiuHUX TMPOIECOPIB Ta
TEH30pHUX OJIOKIB 0OPOOKH.

qUCII, "

bidmioreka NLTK 'y 1mpoMy  mocmimkeHHI
3aCTOCOBYETBCS ISl TOMEPEAHBOI OOpOOKH TEKCTy:
TOKeHi3allii, BUJAJICHHS CTOII-CIIiB, CTEMIHTY,

nematn3anii. Takox 3a nomoMoror QyHKmiA 3 1€l
0610J1i0TeKH MOYKHA BHUSBJISITH HaWMoOMysipHIII N-rpamH i
YaCTHHM MOBHM  OKpEMHUX TOKEHIB, pO3Ii3HaBaTu
IMEHOBaH1 CyTHOCTI TOIIO.

Jo nmomatkoBux 0i0IIOTEK, IO CIIPOUIYIOTH POOOTY i3
NPUPOAHBOI0 MOBOKO, HalexxaTb Regex ta emoji — mis
BUKOPHCTaHHSA PETYISIPHUX BHUpPAa3iB 1 3aMiHH eMOJIKi
CJIOBAMH BIAIIOBIIHO.

Cepenosuiie po3poOku. [ns poboTn Hax 3amadaMu 3
JNOCTIDKeHHS JaHuX 1 3actocyBaHHI ML 3pyunum
inctpymentom € Jupyter Notebook, sikuit no3Bosnsie
3aIllyCKaTH HalWCAaHUH KOJ HEBEJIMKUMH (parMeHTaMu —
KoMipkaMu. OJHHUM i3 OHJIAWH-CEPBICIB, 110 HAJA€ 3MOTY
BukopucroByBatu Jupyter Notebook 6e3 mnokambHOrO
BcranoBnenns, € Google Colab. Ileéi cepsic nae
MOXIJIUBICTH BUKOPHUCTOBYBaTH Trpadivni npouecopu GPU
i TPU, mo 3HaYHO MPUIIBUANIYIOTH HABYAHHS IITYIHUX
HEHUPOHHUX MEPEXK.

4 EKCIIEPUMEHTH
OnparrroBands Habopy naHux. OOpanuii Habip mTaHMX
UA-GEC [15] mictuts 850 i 160 TekcTiB y HaBYanbHil i
TECTOBil BUOIpLI BiANMOBiAHO. 32 AaHMMHU aBTOpIB, HAOIp
© Xonoaua H. M., Buconpka B. A., 2023
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JaHux Mictuth ycboro 20 715 pedeHpb (K 3 MOMHIKAMH,
Tak i 6e3). Ha MomeHT HamucanHs poboTu BOYyIOBaHi
Mmetonu itepaii no koprnycy UA-GEC no3BosnsitoTs suiie
OTPUMYBAaTH MOBHI IOKYMEHTH, a HE OKPEMi pEUEHHSI.
Texct aHOTOBaHMH 32 HACTYITHUM (POPMATOM:
| {like=>likes:::error_type=Grammar} turtles.

Jns ompamroBaHHA Ta PpO3AUICHHS TEKCTiB Oyna
3acrtocoBana Oibmioreka ReGex. Perymspni Bupasm mis
PO3MOALTYy TEKCTIB Ha PEYEHHS Ta BHSABICHHS ITOMHIIOK
MAaIOTh HACTYITHHIA (opMart:
split_pattern = r'\n+'
additional_split_pattern = r'(?<=[*A-AL[.2I\\.\.)...])
+(?=[A-A"")’
error_pattern =
PN *)=>(NT\\) *):zzzerror_type=([M\{T*))\Y

[IpaBunbHI Tapu HE BHAAISIOTHCS, OAHAK JUIS
MOJAJBIIOT0 ONpanioBaHHA Oynu oOpaHi pedeHHs, e
KUJIBKICTh TOKEHIB € Oinpmor 3a 4 (mBa 3 HHX —
CIIeIianbHi TOKCHH MOYATKY 1 KiHII PEUCHHSN).

Ycporo B pe3ynpTaTi  PO3MOALTY TEKCTIB  3a
BHUIIC3a3HAUCHUMHU BHpa3zamMu oTpumyemo 15599 i 2205
pedeHb Y HaBYAIbHIN Ta TECTOBI# BUOIPKax BiIMOBIIHO.

[NonepenHb0 HaBYEHI HEHPOHHI MEpeExKi.

Mopdosoriuna  CKIaAHICTh ~ yKpaiHCBKOI ~ MOBH
3YMOBITIOE TOTPeOy y moenHanHi pizHux GEC-meTomiB.

OnnH i3 MOAyJiB 3alpONOHOBAHOI CHCTEMH —
ONPAIfOBAaHHS PEYCHHS 3a JIONOMOIOK  LITYYHHUX
HEHpOHHUX Mepek. HaBuaHHA HEWPOHHOI Mepexi «3
HyJIS» 3 BHUIIAJKOBO iHINIATi30BaHUMH Baramu moTpedye
mapajelbHUX KOPIYCiB BEIMKHX OOCsriB. €auHUN Ha
MOMEHT HaIHMCaHHS PoOOTH YKpaiHOMOBHHUI Habip HaHUX
MICTUTh YChOTO THCSYy TEKCTIB, IO € KPUTHYHO Majio
JUTS ~ HABYAHHS  MOBHOI  Mojaeni I  0OpoOKH
MOpP(OJIOTIYHO OaraTHx MOB.

Tomy, HaBuanHs HeliponHoi mepexxi GEC-3aBnanHio
BUMarae ii MONepeJHbOr0 HaJATYBaHHS 3a JIOTIOMOTOI0
BEJIMKUX KOpIycCiB. Y [bOMY BHIAJKy ICHYe KUIbKa
MONEPEAHbO HAJAIITOBAHUX MOJENCH, MO0 MiATPUMYIOTh
YKpalHCBKy 1 mapaMeTpu SKUX € JOCTYIHHMH Y
BigkpuTomy jgoctymi: ROBERTa Bix YouScan [48], MT-
mogeni (Bim Google — MT5 [49], Bim Facebook -
M2M100 [50] Ta mBART-50 [51]).

Mogenb apXiTeKTypH €HKOIep-AeKOIep Ha OCHOBI
RoBERTa. V 2020 pomi komaHIa [IOCHIJHUKIB i3
YouScan mpesenTyBana HedponHy Mepexy «UKrainian
Roberta» [48], mo Oyna momepenHb0 HAaTpEHOBaHAa Ha
YKpaiHOMOBHHMX TEKCTaX 3arajbHUM obcsrom 2,5
minbsapau ciiB. «Ukrainian Roberta» mae 125 minbiionis
napaMerpiB, 0 HANAIITOBYIOThCS, 11 HABYAHHS TPUBAJIO
85 roauH.

CKIIaIHICTIO BUKOPUCTAHHS i€l HEUPOHHOI Mepexi €
Te, III0 BOHA 32 CBOEIO apXiTEKTYPOIO € TIIBKH €HKOAESPOM
1 BHKOPHCTOBYETbCSA [UIi OTPHMAaHHS KOHTEKCTHHX
BEeKTOpHUX BkiageHs cimiB. «UKrainian Roberta» 6Gyma
HaBYEHA BUPILIYyBaTH 3aBJIaHHA nepenoayeHHs
3aMaCKOBaHOTO TOKeHy y peucHHi (puc. 9). Ilomepenne
HaBUaHHS HEHPOHHOI Mepexi J03BoysiE€ i OTpUMaTH

NnonepeAHE «3HAHHA» I'PAMATUKU MOBH.
OPEN 8#0:!53 @ @ @
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Hosted inference API

! Fill-Mask Examples v

Mask token: <mask:>

YrpaiHa - ue Hawa =mask= !

Compute

pepsasa
KpalHa

ropaicTe

Pucynok 9 — Ipukian nepeabadeHHs 3aMacKOBAaHOT'O TOKEHY

BERT — mopens rmmOmaHOoro Hasuanus mia NLP
apxirektypu Transformer. basosa moznens BERT mae 110
MUIBHOHIB, po3mpena Bepcis — 345. OcobnuBicTiO
apxitektypu Transformer e masBHiCTH MexaHi3My yBard,
3aBJSIKM YOMY JaHi MOXYTb OyTH 00poOIeHi 0JHOYacHO
(Ha MpOTHBAry PEeKYPEHTHHM HEHPOHHHUM Mepexam, e
JaHi  cOpuiiMaroThes — mocmigoBHO).  Okpim  TOTO,
ocobumuBicTio BERT € momepenne HaBuaHHS HEHpPOHHOT
Mepexi Uil BHpIMIEHHS [BOX 3aBJaHb. IependadeHHs
MIEBHOT'O CJIOBA y PEYEHHI 1 BU3HAYECHHS TOTO, YH € JApyre
pEUYCHHS JIOTIYHMM NPOIOBKEHHIM nepmoro. [lonepenne
HAaBYaHHA Ta MEXaHi3M yBard HAlOTh 3MOTY OTPHUMATH
KOHTEKCTHI BEKTOPHI BKJIQJICHHS CIIiB.

[Tomepennso HaBuYeHY HelpoHHy Mepexxy ROBERTa
MOXKHAa BBaKaTH TOKpameHuM anajgorom BERT: ii
apxiTeKTypa € aHaJoriuHor n0 apxitektypu BERT,
OCHOBHa BIJIMIHHICTb TIOJIATA€ Y Mi0OpI TrineprnapaMeTpiB
miJ Yac MONEepeAHBHOTO HaBYaHHS, 30UIBIICHHI 00 €My
HAaBYAJIIBHOTO  KOPIYCY, 3aCTOCYBaHHI JWHAMi4HOI'O
MacKyBaHHSI TOKEHIB Ul 3ajadi nepei0adeHHs clioBa y
PEUCHHI: CJIO0BO, K€ HEOOXiHO Mepe0aunTH y TIEBHOMY
PEYCHHI, 3MIHIOETHCS 3 KOXKHOK ermoxor. OKpiM Toro, y
bOMY BHIIJIKy BiJICyTHE TepeI0aYeHHs TOr0, YH € JIpyTre
peycHHS JIOTTYHUM MIPOJOBXXEHHM HEPILOTO.
Hanpuknan, nms kmacudikamii pedeHp JOa€ThCS IIap
MTOBHO3B SI3HUX HEWPOHIB, [€¢ KIIBKICTh HEHpOHIB
BiJNOBiae HassBHUM Kiacam [52].

HeiipoHHi Mepexi THIy JEHKOAEP YTBOPIOIOTh
KOHCTEKCTHI BEKTOpPHI MpPEACTAaBJIEHHS CIIB Yy pEYeHHI
(biKCOBaHOT JIOBKMHU HE3aJIE)KHO BiJl IOBXHHH BXIJHOTO
moBiiomsieHHs. Y cBorw depry, BERT e ckiagoBoro
HEHPOHHMX  MEpeX THIy CHKOJEep-IeKoAep, IO
BUKOPHCTOBYIOThCS Ul 3aBIaHb Sequence-to-sequence.
Hdexonmepu, y CBOIW 4Yepry, TeHEpYOTb TOKEHH
MOCITIIOBHO, KOXKHUH HACTYNHUH TOKEH 3aJISKHTh BiX
HonepeaHiX. 3acToCyBaHHS  IONEPEIHBO  HaBYEHOI
«Ukrainian Roberta» € MOXIMBAM 3a aHAJIOTIE [0
migxomy, 3ampomonoBanoro 'y [53]. YV  Bumanky
imimiamizarii  BERT y  sxocti  mexomepa, s
nepeadavyeHHsT  HACTYNHOTO  CJIOBa  HAa  OCHOBI

KOHTEKCTHOTO BEKTOPHOTO BKJIAJICHHS BXIIHUX TOKCHIB,
© Xonoaua H. M., Buconpka B. A., 2023
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HEOOXiMHO JomaTH Imap mepexpecHoi ysaru (Cross-
attention layer) i3 BHMagKOBMM YHHOM 3TeHEPOBAHUMHU
Baramu. OKpiM TOro, Ajs Mepea0adeHHS PO3MOALTY
HMOBIPHOCTEH HACTYITHOTO CIIOBa BUKOPUCTOBYEThCs LM
Head (miap abo miapu MOBHO3B’SI3HUX HEHPOHIB, J€
KUTBKICTh BUXIJHAX HEHPOHIB BIAMOBINAE KITBKOCTI
TOKEHIB y CJIOBHHKY). Barosi koedirmienrn LM Head
IHIIAMI3YIOTBCSI ~ BaroBUMH  KoedillieHTaMu  Imapy
BekTOpHOTO  BEKmamenas BERT  W_emb. Takox,
JIBOHANpsMIeHHH MexaHi3M yBaru BERT HeobxigHO
3aMIHUTH Ha OJHOHAMPSMIICHHUI JJIs TeHepallii TOKeHy B
3aekHOCTI Jmmre Bim momepennix [52, 57]. CroBauk
TOKEHIB, IO BIANOBIJa€ IONEPEIHbO HABUCHIH MOENi
«Ukrainian Roberta», mictute 52 THC. enemeHTiB, 1€
Neplli 3aluCH € ClelialbHUMUA TOKEHaMHM, PO3ALIOBUMHU
3HaKaMH Ta Hailbinbm moummpeHumu cioamu (puc. 10).
OCKIJIbKY CIIOBHUKH TOKEHIB € YHIKaIbHUMH JIJIsI KOKHOT
MmoTepeIHhbo HaBYeHOT Mojeni, TPP Tex mae cBoi
ocobmuBocti. Iliciast TokeHi3amii TEKCTIB i pedeHb Yy
HaBYAJbHIA BHOIPII PO3MOMIN KITBKOCTI TOKEHIB Mae
HACTYNHHU BWIJIAN, ofaHuii Ha puc. 11. MakcumansHa
noexuHa pedeHHss — 100 TokeHIB, MOBIII peYCHHS
00pi3ar0THCAL.

Heiiporna mepeka HaB4ajach HpoTaroM 15 emox 3
HACTYITHHMH TileprapaMeTpamMu:

e n_epochs =15
e batch size=8
e |r=0.00001

IMicns  15-1 emoxu 3HavyeHHs (QyHKOii BTpaT Ha
TecToBiit BUOipI 30inbmyersest (puc. 12), Tomy 15-Tb
€noX € HaWOUIbII ONTHMAILHUM 3HAYCHHSIM Y JAHOMY
BUTIAJIKY.

HamamryBanas nomnepeanbo HaBueHoi MT-momeri.
Facebook Ta Google mamamu BigkpuTHii AOCTYI J0 Bar
MOTepeIHbO HABYECHUX HEHPOHHHUX Mepex st MT.

sorted(tokenizer.vocab.items(), key=lambda x: x[1])

[('<s>', @),
("<pad>', 1),
("<fs»",
('<unk>", 3},
('<mask>', 4),

Pucynok 10 — Cnouuk Tokeni «UKrainian Roberta»
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[15738 rows x 5 columns]
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Pucynok 11 — Po3moais KijbKOCTi TOKEHIB Yy HaBYaJIbHIN
BHOIpIL

Bert2Bert loss during training

— ualidation
train
175 ~@ saved weights here

135 \

100

o7s

Categorical Cross-Entropy Loss

050

025

o 2 4 6 8 10 12 14
Epochs

Pucynok 12 — Kpusa ¢ynxuii BrpaT npu HaBuanHi NN

mT5 [49] 3acHoBana Ha apxitektypi Transformer i
Oyna  momepenHbo — HaBueHa — MT-zaBmanHio i3
3aCTOCYBaHHSM  KOPIYCy, 3aCHOBAHOTO Ha JaHHUX
Common Crawl. Vcworo Heliponna Mepexka Oyna
MONIePEeHb0 HATPEHOBaHA Ha TeKcTaxX, HammcaHux 101
MOBOIO, cepell SKUX € i ykpaiHchka. bazoBa Bepcis, mo
3aCTOCOBYEThCS Yy LBOMY jociimkeHHi, wmae 580
MITBHOHIB TIapaMeTpiB, IO HAIANITOBYETHCS, BEPCisd
MT5-XXL — 13 Minbsip/iB napamerpis.

VY 3B’513Ky 3 OOMEKEHHSIM HASBHUX OOYHCITIOBAIBHUX
pecypciB, HaiOUIbIIa [OBXKHHA peueHHS ckiamgae 20
TokeHiB, batch size — 2 3zanmcu. Bapto 3ayBaxkury, 1110,
OCKIJIbKM  HEWpoHHa Mepexxa Oyna  HomneperHbo
HaTPEHOBaHa 3a JIONIOMOTOI0 TEKCTIB, HAIMCAHUX Pi3HUMHU
MOBaMH, TO BIJNOBIIHAN CIIOBHHK TOKCHIB paIie
MICTUTh YacTHHH YKPalHOMOBHUX CIiB, aHDK ITOBHI
cioBa. ToMy ollHE CIIOBO KOAYEThCSA OUTBIIOI0 KiTBKICTIO
TOKEHIB, 8 y KOHTEKCTI 0OMEXEHOI JTOBXKHHH PEUCHHS LIe
MOK€ TIPH3BECTH [0 HEKOPEKTHOIO IPeACTaBICHHS
HaBYAIBHHUX MPHUKJIAIIB 1 X 3HAUEHHS, 1[0 HE € MOBHICTIO
3aBepuieHrM. HeliponHa mepexa HaBuasiach npotsirom 10
enox, HaiHWX4e 3Ha4YeHHs (YHKIII BTpar Ha TECTOBIH
BUOipui Oyio JocsrHyTo Ha 4 emoci, Toai X 1 Oymwm
30epeskeHi Baru HEHPOHHOT MEpexi.

Biamosiguo g0 [50], M2M100 mae HU3KY mepeBar y
nopiBHsHHI i3 momepexHiMu  MT-momensimu.  3a
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CTBEP/DKCHHSIMH JOCHINHUKIB, nomnepeani MT-moneni
HABYAIOTHCSl HA «AHIVIO-UEHTPUYHUX» JaHHUX, TOOTO UIst
MepeKiagy MK JIBOMa MOBaMH TaKi MOJEJI HaBYAIOTHCS
nepexsiaay 3 Iepuioi MOBM Ha aHINIHCBKY, MOTIM — 3
aHrNMiHChKOI Ha Apyry MoBy. Takui miaxig Moxe
NIPU3BECTH /IO BTPATH MTOYATKOBOTO 3HAYEHHS PEYEHHS, i
M2M100 - nepmia HeliponHa Mepexa mis MT, mo Oyna
HaBYCHA IPSIMOMY IEpeKagy 3 IepIIoi MOBH Ha APYTY
0e3 MPOMDKHOTO TIepeKIaay Ha aHTIHCHhKY. Takuii miaxin
JO3BOJIMB OTPUMATH HaWKpaml pe3yibTaTH MEeTPHKH
BLEU y mnopiBHSHHI 3 i{HIIUMH JOCIIIKEHHIMH,
30UIbIIMBINY TIOKa3HUK Ha 10 myHKTIB. YCcbOro HelipoHHA
miarpumye 2 200 HampsiMkiB mepeknany — y 10 pasis
OunbIle, HDK TMOIEPEAHS aHIJIO-ICHTPUYHA MOBHA
Mozenb. NN momepenHb0 HaTpeHOBaHa Ha TecTax,
Harmcanux 100 MoBam#, y TOMy 4Hcii i yKpaiHCBKOIO.
bazoBa Bepcis, IO 3aCTOCOBYETHCS Y JOCIIJDKEHHI,
mictuth 418 wminbiioHiB mapamerpiB, HaWOimpma — 15
MimbsipaiB. [licias po3paxyHKYy KUTBKOCTI TOKEHIB LIS
TEKCTIiB HABUAIBHOI BHOIPKH OTPUMYEMO HACTYITHUIH
posnozin, nojanuii Ha puc. 13.
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Pucynok 13 — Po3nozin KiTbKOCTi TOKEHIB y HABYAJIBHIH
BUOIpIIi

AHanoriyHo JI0 MIOTIEPETHBOTO BUIIAJIKY,
MaKCHUMallbHa KiJTbKICTh TOKEHIB € OOMEKEHOIO Y 3B’SI3KYy
3 00OMEXEHUMH OOYHCITIOBATBHUMHU pecypcaMu. B mpomy
BUIIAJKY, TaKO)X MOXIIMBE HEKOPEKTHE IPECTaBIICHHS
HaBYAIBHHX TNpuUKIaaiB. HelipoHHa Mepexa HaBuanach
npotsirom 10 emox, ogHaK HaliMeHIEe 3HAYeHHS (YHKIIii
BTpPAaT Ha TECTOBiH BHOIpIi OyNIO MOCATHYTO Ha APYTii
emoci (puc. 14). Jlns nopiBHAHHS Takok OyJI0 pOBeneHE
HaBUYaHHS HeHpoHHOT Mepexi mporsarom 10 enox, Baru
Oyuu 30epeskeHi Mmicisi OCTaHHBOI.

Bapro 3ayBaxuTH, 110 Ha SIKICTh IeHepalil TEKCTY
BILIMBA€ HHU3KA MapaMeTPiB, a came:

— 3Ha4eHHsI rineprnapamerpis.

— O0cAr HaBUAILHOT BUOIPKH.

— KinpKicTh HaBYaNBHUX €IOX.

— ApxiTekTypa 1 KIUIBKICTh mapamerpiB HEHPOHHOL
Mepexi.

— KinpKicTh TOKEHIB BXiTHOTO TEKCTY.

—Hapuanpna  BuOipka  (4M  3aCTOCOBYBAIHCH
BaJTialliiiHi nadi a6o OyB BUKOPHCTAHHI BECh KOPITYC).

[Mpuknan wapuanHss NN MT5. Imnopr 6ibmiorek.
OcHoBHUMHE 0ibTioTeKaMu y 1aHOMY TIpoekTi € PyTorch,
HuggingFace Transformers, Regex, pandas (puc. 15).
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M2M100 loss during training

SETTINGS
= validation
06 frain split_pattern = r'\n+'
4 —@~ saved weights here error_pattern = r'\{(([*\{]x\(#\)%)=>([A\{]#\(#\)*) ::terror_type=([*\{]*))\}
additional_split_pattern = r'(?<=[*A-A].[.20(\.0N0)]) +(7=[A-8""])

regex_special_symbols = {
s S

I\

=
=

=
w

=
P

model_name = ‘google/mt5-base

Categorical Cross-Entropy Loss

n_epochs = 25

01 batch_size = 4

" 1r = 8.08081
max_token_length = 58

0.0

device = torch.device("cuda” if torch.cuda.is_available() else "cpu")

o 2 4 B 8
Epochs

) ) Pucynok 16 — 3miHHI i3 HaJTaMITyBaHHIMH
Pucynok 14 — Kpusa ¢ynxkuii Brpart npu HaBuanHi NN

) PRETRAINED MODEL

IMPORTS ####

tokenizer = AutoTokenizer.from_pretrained(model_name)

from collections impert defaultdict
model = AutoModelForSeq2SeqLM. from_pretrained(model_name)

from ua_gec import Corpus :
from ua_gec.corpus import Document medel = model.to(device)

import pandas as pd .
import regex as re Pucynok 17 — 3aBanTaxkeHHs onepeqHpo HaBueHoi NN
import copy

import numpy as np

import matplotlib.pyplot as plt

from transformers import AdamW, AutoModelForSeq2SeqLM, AutoTokenizer train_dataset = Parallel Dataset('train’', tokenizer, ﬂax_tﬂken_length)

from transformers import get_linear_schedule_with_warmup test_dataset = Parallel Dataset('test', tokenizer, max_token_length)
from transformers impert Seq2SeqTrainer, Seq2SeqTrainingArguments

from IPython.core.display import display, HTML PI/ICyHOK 18 — 3aBaHTa)KeHHﬂ z[aTaceTy
from tqdm import tgdm_notebook

import torch
from torch.utils.data import Dataset, Dataloader

ADDITIONAL
PI/ICYHOK 15 - IMHOpT 0i0JioTek test_loader = Dataloader(test_dataset, batch_size=batch_size)
train_loader = Dataloader(train_dataset, batch_size=batch_size)

KOHCTaHTI/I Ha HaJlallTyBaHHS. Bcranosiaroemo TaKi n_batches = int(np.ceil(len(train_dataset)) / batch_size)
HaJ'IaIHTyBaHHH: perHHpHi Bnpa3y TUTS pO3}1iHeHHH n_batches_test = int(np.ceil(len(test_dataset)) / batch_size)
TEKCTIB Ha PpCUCHHHA, perHHpHI/Iﬁ BUpa3 Jid TOUIYKY total_steps = n_epochs * n_batches
aHOTaIl IIOMMIIOK, rireprnapamMeTpu (pI/IC. 16) T A R S
3aBaHTaKCHHS nonepeaHbLo HaB4YC€HO MOACIIL.
3aBaHTaKEHHS MOTePEeTHBO gaBuenoi NN IS i optimizer = torch.optim.AdamiW(model.parameters(), 1r=1r)

. scheduler = get_linear_schedule with_warmup(optimizer,

IOo4aJIbIIOIO HAJIAIITYBAaHHA Bl,[[6yBa€TBC$[ 3a JOIIOMOI'OIO n_warmup_steps,
KiJbKoX komaHn (puc. 17). CtBopenns PyTorch Dataset. talalscten

Ilepen crBopenHsM kmacy [latacer Ta foro 00’€KTiB
HEOOXiTHO TPOBECTH IOTEPETHE TOCTIHKCHHS IaHWX,
micst 1poro arperyroun i eramu (puc. 18). Jlomatkosi
HanawTyBaHHs nojani Ha puc. 19. Ilpu BukopucTaumi model, history = train(model, optimizer, scheduler,

PyTorch HeoOXiJHO KOXHOTO pa3y peaji3yBaTH BIACHY n_epochs, len(train_dataset), len(test_dataset),
(l)yHKHiIO Haruaunuas NN (pI/IC. 20) train_loader, test_loader)

Pucynok 19 — JlonaTtkoBi HanamrtyBaHHS

Pucynok 20 — Buxnuk ¢ynkmii HaBuanas NN

36epexennss Bar NN: torch.save(model, 'mt5.pt’).
OTtpuMaHHs nepedoayeHHs oAaHo Ha puc. 21.

©X H. M., B B. A, 2023
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if, return_tensors

predict(ydopa Oym uynose neu’ )

Pucynok 21 — ®yHKIisA OTpUMaHHS NIepeadaueHHs

5 PE3YJIbTATU
Jdns  nmemoHcrpanii  po0OOTH  HEWPOHHHUX  MeEpex
BHKOPHCTaHI BJIAaCHI NMPUKJIaIH Ta 3aBJaHHS 30BHIIIHEOTO
Heszanexxnoro OmintoBanus. OtpumaHi  pe3yJbTaTH:
«Ukrainian  Roberta»  encoder-decoder.  Heiiponna
Mepexka HEIOraHO pO3CTaBISE€ PO3ALIOBI 3HAKH Y
mpocroMy pedenHi (puc. 22).

predict(’'s & We gywas wo niWwrsiTwa ue nerkoo’)

tensor([[ @, e,
341, 622,
[*A A we aymas, wo AiwreicT

462, 355, 18554,
4222, 42237, 211
Kda = ue nerxo nereo’]

Input sentence

Result

Pucynok 22 — Po3cTaBieHHS pO3IiIOBHX 3HAKIB

Hacrynumit npuxnan: NN npaBuibHO —BHIIpaBHIIa
PO3IUIOBI 3HAaKH, OJHAK CaMOCTIHHO 3MiHWJIA PEYECHHS,
BHKOPHUCTOBYIOUH BifoMi i#f croBocmonyuenns (puc. 23).
Iaxomn NN «He po3ymie» cyTi MOCTaBICHOTO 3aBIAHHSI
(puc. 24 — 3amumUTH TPABUIBHE CIOBOCIIONYYEHHS Y
mouaTkoBoMy BuTIsA). Tukomun NN B3araini «He posymie»
CyTi moctaBiieHoro 3aBaaHus (puc. 25). OgHaK y oMy
BUMAJKy PEUCHHS Mae JIOTiUHY CTpykTypy. Ha puc. 26
NN npaBuiIbHO 3MiHHJIA BIIMIHOK IMEHHUKA 3 HA3UBHOTO
Ha KIMYHHUH, OAHAK Tyam — ¢apba, IMEHHUK >XiHOYOTO
poldy, TyT BiH HE € IPaBWILHO Y3IOIXKEHUM, WMOBIPHO
TOMY, L0 AHANOT1YHUX MPUKIIAIIB HEMAE Y HABYAJIBHOMY
HA0OPi JaHUX.

P
I predict('f yiei nicui padiue Me uys, — ckasas CTyfenTosi Bacwis: — Bu ii Bow amacTe?')

Input sentence

A L€l NicHi panilwe He uye, — CKa2ae CTYASHTOBI Bacink: — B T 8o 3HacTe?

Result

A L€l NiCH paHile He Yy, — CKa2ae CTyAeHT Bacnis Bacnises. — Bit i BG0 ICTOPIkD 3HaeTe?

Input sentence

L4 50 0T CKATEE, LU0 OAME RECTIBKE WE DODHTE BECHHT — NEDEUIDNRD BTy E TEpaK

Result

Lig 5 e o 0043 BT w2 POSHTL BRCMTs — BUrGAE

Pucynok 23 — 3mina pedeHHs eHpPOHHOI0 MEPEKEIO

© Xonoaua H. M., Buconpka B. A., 2023
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4 . :
predict(’kpuuTanese gxepeno')

Input sentence

KpuwTanese pxepeno
Result
Pewranese AXEPEN0 — HKEPEN0 AXEPENO 417 TOTO PU3HAHEHHS

Pucynok 24 — Heposymininas 3amaui NN

Input sentence

Result

ERERSHEHT B Lyl “Tasmou” 46 B ROByRANA KA Aol A4S 6 A TERACA K Ly

Input sentence

Result

Pucynok 25 — HekopekTHa 3MiHa pedeHHS

12 5
| predict(’Cayxai-Ho, OCTam, 44 He MIr GW TU KYNUTW MeHi uepsoHuA ryaw?’)
Input sentence
Cnyxaii-Ho, OCTan, Um He Mir 844 TH KyMATIA MeHi UepBoHMi ryalw?

Result

Cryxaii-+o, OCIaNE] \n He Mir 61 TV KYMTI Mewi SepBOHWA ryaw?

Pucynok 25 — 3mina BiAMiHKY iMEHHHKA

Ha puc. 26 NN npaBuibHO BUTIpaBHiIa YHCIIIBHUK, aJle
3aBepIINIa PEYEHHsI CBOEIO «TBOPUICTIO». Y NpHUKIAIaX,
M0 MICTATh JIMIIE CcJOBa ab0 CIIOBOCIONYYCHHS,
HEHpPOHHAa Mepeka «HaMaraeTbCs» 3aBEPIINTH JIyMKY,
caMoCTiifHO noOynoByIouM pedeHHs. Takuid pe3ynbTar €
OPSMHAM HACJIJIKOM TOTO, IO IPHKIAIN y HaBYAJIbHOMY
HA0O0Pi MICTSTh JIAIIE PEUCHHS, a HE CIIOBOCTIOIYIEHHS.

I b _ !
predict(’ nATHaguUATL )

Input sentence

NATHEALATE

Result

M'ATHAAUATE POKIE — L& M'ATHAAUATL.

Pucynok 26 — «TBopuicts» NN

OpmHak, OIS TEpPeBIpKH CIIB 1 CIOBOCIIONYYCHb B
3araJlbHOMY 3aCTOCOBYIOTHCS iHIIII METOJAW: TepeBipKa 3a
CIIOBHHKOM Ta MEpeBipka HPOCTHX MpaBmi (amoctpod,
YepryBaHHs y-B, PABOIIKC ITiB-, HAIIIB- TOIIO).

Iomepenui pesynprat TectyBanHsd NN Mmoka3yrooTs,
mo NN HempaBuiabHO BH3HAYa€E CYTh IOCTaBICHOTO
3aBlaHHs (BUMpPABJICHHS T[OMHIOK TIpH 30epekeHHi
MOYATKOBOTO 3MICTy pedYeHHs / CIOBOCIONYYEHHS), IO
MOXXe OYTH pe3yNbTaTOM BiJICYTHOCTI OKPEMHX CIIB Ta
CJIOBOCTIONTyYEHb Yy HaBUaIbHOMY Habopi manux. Ha
npotuBary 1somy, NN Bunpasisie pedeHHs naTTepHaMH 3
Ha0Opy HaBYAIBHUX JIAHMX, III0 HABINAKH MOXKE CBIJUUTH
mpo ii mepeHaB4aHHS. OKpiM TOT0, NMPUYMHOKO TaKUX
MOMIJIOK MOke OyTm apxitektypa mogmeni — ROBERTa
OpHTiHATIBHO 3aCTOCOBYETHCA SIK EHKOJECP UIA OTPUMaHHS
KOHTEKCTHUX IMpeAcTaBieHb TokeHiB. Ha puc. 27 NN
BUIPaBWIA  «YMM...THM» Ha  «I10...To».  Jleski
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MOBO3HABIII BBOXAIOTh, 110 LIEil CIOJYYHUK HE € BIIaCHE
YKpaiHChKUM, a cyp>kukoM. IIpocTi peueHHs € 3a3BH4aid
npoctum 3aaansam s NN (puc. 28), ane € ckinagHocTi
(puc. 29).

Input sentence

OfIMH MyApeLb BAANO NIAMITUE: YnM GinbLUe Ni3HAELW NOAEH, THM GinbLUe NOYMHAEL MOGUTH TBAPHH

Result

OfIMH MyApelb BAANO NIAMITUS: O Ginblue NisHaEwW Nioaed, To BinbLue NOYMHAEL NOMTH TEAPHH.

Pucynok 27 — Bunpasnennst NN cypxuka

Input sentence

KOHLEPT TPHEAB Malie NiBTopa roauH1
Input sentence
Xouy NoARKYBATH YYACHUKIE.

Result
1 - KoHUEPT TpHBaB MaiKe NiBTOPH MOAUHH.
Result 2 - KoHrpec TpHBas Maie MIBTOPW roaMHM.

Xouy NOARKYBATH yYacHHKal 3 - KOHUEPT TpWBaB Malike NiBTOpa roAUHM

Input sentence

Boaii asTobyca cka3sas nacaxwpam wob sBoHKM onnatu npoisg

Result
1 - Bogii asTobyca ckasas nacaxupam, wWob BoHKM onnati npoisn
2 - Bogin asToGyca ckazas nacaxupam, Wwob BoHu onnatk npoizay.

3 - Bogin asTobyca ckazas nacaxupam, wob BoHu onnatunu npoisa

Input sentence
BOHa ¥0TiNA 01 HABYATUCA MAMKBAHHA

Input sentence
y4opa 6ys 4yaose JeHb.
Result

BoHa xoTina O HAaB4aTUCA MaNBaTK

Result
Yyopa OyB YYA0BUIl AeHs

Input sentence
BiH 16ARNMBKA N0 BIQHOWEHHID A0 MaNHa

Result

1 - BiH TypOoTNMEHA NO BIAHOLWEHHIO A0 MaAHa
2 - BiH TypOOTNMENA 33 BIAHOLIEHHID 10 MaliHa.
3 - BiH TypSoTMENA fo MaiHa

Pucynok 28 — BunpasieHHs: IPOCTUX peYCHb

Input sentence
y4opa OyEB 4yN0Be [EHb HAPOLXEHHA

Result
‘Y4yopa Oys 4y0ose JeHk HAPOMKEHHA

Pucynok 29 — HekopexTHe BUIIPaBICHHS

[IpaBwibHEe pedeHHS € cepel NPOHO3UIIH MOoAedi,
OJIHAaK NPOOJIEMHHUM € ToH (hakT, mo Oibina HMOBIpHICTH
Oyna mpu3HadeHa HempaBwibHOMY pedeHHio (puc. 30).
Ha puc. 31a NN mpaBuiisHO 3aMiHHIIA CIOBOCIIONYYCHHS
«3a mpodecii», OTHaK CIOBO «apXiTEKTOp» 3aMiHEHE Ha
HalOMIDKYe 3a 3HAYCHHAM CJIOBO. AHAIOTIYHO, OUTBIIY
WMOBIpHICTh Mae HempaBuibHE pedcHHs (puc. 316), ame
NpaBHJIGHE BUIIPABIICHHS € Cepell 3alPOIIOHOBAHMX.

VY nesikux pedeHHsXx MT5 nporonye OiblI MpaBUIIbHI
sunpasieHns (puc. 32). Ha manux npukmamax Haikparry
TOYHICTh BUNpaBicHHA Mae MT-monens MTS, ogHak s
ocratoyHoi oriHkd 1 mopiBHAHHS NN  HeoOXimHuH
JIOCTaTHBO BEJIMKHUI TECTOBUI KOPIYC JIaHUX.

Input sentence

yuopa OyB uy0Be eHbL HAPOKEHHA

Result

1 - Yuopa OyB uyfose JeHb HAPOKEeHHA
2 - Yyopa OyB 4yfoBui AeHb HAPOKEHHA
3 - yuopa GyB Uy0Be [eHb HAPOIKEHHS

Pucynok 30 — Bapiantu BunpaBieHHs
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Input sentence

. Input sentence
Bitt 3a npocpecil apxiTexTop.

Hasan A #e 3Hana npo ye
Result
1 - Bit 33 (DaxoM iHKeHED.

Result
1 - Haokan & re Inana npa ue

2 - Bir 3a npodpecil ikkerep. 2 - Ha ank, A He 3HaNa npo ue

3 - BiH 32 CNeuiankHICTIO IHKeHep. 3 - Ha Mo flymey, 5 ME 3MaN3 npo e
a 6
Pucynok 31 — KopekTHe BUNIpaBIEeHHS
Roberta mT5

input sentence Input sentence

Result Result

NP Spe———

Input santence Input sentence

Result

Result

Input sentence

Result

Result

Input sentence

Result

Result

Input sentence Input sentence

Hiry WE/USE NPCTE MAGBOP MOPOS PPOGMDaE NOCTEwS Nired Eriry /MBE NPO/TE HATBOD! MAOPO3 NDOSMEAE NOCTH

Result Result
1.~ Xivs .

o wac)

Pucynok 32 — Bapiaatu kopekuii pizauM NN-monensmu

I3 HaBefeHUX MNPHUKIALIB BUAHO, 1O MT5 kpariie
BJIAETHCS ~ BHIIPABIATH  TpaMaTU4Hi  0e3  3MiHH
MOYaTKOBOTO 3MicTy pedeHHs. OMHaK JaHa MOJEIb Mae
BIBiUi OlLTbIIe TapaMeTpiB, HDK EHKOJEp-IeKoAep,
3acHoBanmii Ha Roberta (580 minbiionis mporu 250), mo
BUMara€ 3Ha4YHHX OOYHCIIOBAJBHUX pECypCiB UL
HaBuaHHA NN Ta orpumanHs mependauenHs. HeliponHa
Meperka M2M100 3HauHO ripie BUIpaBIsE TpaMaTHYHI
TIOMIJIKH, HiJK [Bi oriepeani mozeni (puc. 33)

Input sentence

Input sentence

BiH 3a npodecii apxiTekTop. oty NORAKYBATH YMECHHIE

Result
1 - BiH 3a npodpecii apxiTexTopy.

Result
1 - Xouy NoasKyBaTH Y4ACHWKIB.

2 - BiH 3a npodbecil apxiTekTope. 2 - Xoua NOAAKYBATH YHACHHK

3 - Bi 3a npochecil apxiTexTop. 3 - Xouy NifAKkyBaTH yyacHuKia

Input sentence
KoHuepT TpuBas Maibke NisTopa roavHn

Result
1 - KoHUYepT TpUBaE Maiike NIBTopa roaMHu
2 - KoHUepT TpUBaB Maitke nis pOKy.

3 - KoHUepT TpUBaB MaiiKe NIBTOpK roaMHu

Input sentence
Bogin asTobyca ckasase nacaxupam Wob BoHK onnartu npoisg.

Result
1 - Bogin asTobyca ckasas nacaxmpan, Wwob BoHM onnati npoisa.
2 - Bopiin asTobycu ckasas nacaxupam, oG BoHM onnartu npoisa,

3 - Bopii asToBycy ckaszas nacakupam, Wob BoHM onnaTi npoisg

Pucynok 33 — Po6ota neitponnoi mepexxi M2M100
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6 OBI'OBOPEHHS

[TopiBHSIHHSA HEWPOHHUX MeEpeX 3a JIONMOMOIOI0
criemianpHuX MeTpuk. Biamoigno 10 [54], mms omiHku
GEC-skocti He icHye 0a30BHX, YCTaBICHHMX METpHK. [3
METOI0  OIIHKM TakuX CHCTEM B  3arajlbHOMY
BHUKOPHCTOBYIOTh MeTpHKH MT-sKOCTi, OJHAK 1 BOHHM
MAalOTh IIEBHI HEIOJIKH.

BLEU (bilingual evaluation understudy) [55] — ue
ANTOPUTM IS OLIIHKH MT-sxocTi. O1iHKH
PO3PaxXOBYIOTBCS Ul OKPEMHX NEPEKIafeHHX CEerMEHTIB
(3a3Buuaifi pedyeHb) NULIXOM TIOPIBHAHHA X 3 HabOpoMm
MPaBWIBHMUX MEPeKIaaiB Xxopomoi axocTi. Li 6amm moTim
YCEPEIHIOIThCS 0 BCbOMY KOPITYCy, 100 OTpUMaTH
OLIIHKY 3arajbHOi sIKOCTi mepekiany. Ouinka 3a BLEU
3apkau € umcinoM Big 0 go 1. Ile 3HaueHHS BKasye,
HACKUTBKM TEKCT-KaHAWJAT TMOMIOHWHA 1O ETATOHHHUX
TEKCTIB, a 3HA4YCHHsA, OMWkYi 10 1, O3HAYArOTH OLIBMI
moniOHi Texctu. 3HaueHHs BLEU 3acHoBane Ha
PO3paxyHKy KibKOCTi cIiibHUX N-TpaMm y IO9aTKOBOMY
pedeHHi Ta ioro nepexnani. Hemomikom metpuku BLEU €
Te, IO BOHA 3aCHOBaHA Ha MOPIBHSIHHAX CTPIUOK, i,
BIATaK, ICHOPYETbCS TOW (akT, IO IesKi TpaMaTU4Hi
NOMHJIKA MOXXHa BHIIPAaBUTH KIUIbKOMa CIIOCOOaMH.
OxpiM TOTO, pe3yiabTaTH oTpuMani pesynbratu GEC-
SKOCTI HE MOXKHa TODIBHATH 13 pe3ylbTaTaMy IEBHUX
CHCTEM TMepeKialy, OCKUIbKM Yy TMepUIOMy BHUIIAIKY
OiybIlIa KiJBKICTh H-TPaMiB y pEeUYeHHsX Oyze clliBnajgaTtu
(abo cmiBmazaTH MOBHICTIO, SIKIIO PEYCHHS HE MIiCTHTh
rpaMaTHYHKX TIOMUJIOK 1 He OYJI0 3MiHEHE).

METEOR (Metric for Evaluation of Translation with
Explicit ORdering) [56] — me omma Merpuka s
OLIIHIOBaHHS MT-sxocrTi. Bonma  3acHoBama Ha
BHKOPHCTaHHI N-Jram Ta opi€HTOBaHAa HAa BHUKOPHCTAHHSI
CTaTUCTHYHOI Ta TOYHOI OIIIHKM BHXiIHOTO TekcTy. Ha
Bimminy Bim wmerpukum BLUE, mama  merpuxka
BUKOPHCTOBYE (DYHKIIIT CIIBCTABIICHHSI CHHOHIMIB pa3oM
i3 TOYHOK BIAMOBIAHICTIO CiiB. MeTrpuka Oyna
po3pobiieHa, 11100 BupimuTu npodiemy, siki Mana BLUE,
a TAaKOXX BIATBOPUTH XOPOLIY KOPEISIiI0 3 OI[IHKOIO
EKCIIEpTiB Ha PiBHI CJIOBOCHOJIyYeHb a00 PEeUEHb.

B  pesympraTi 3amycky ~METPHKM Ha  DiBHI
CIIOBOCIIONYYCHb KOpEILis 3 JIIOJACBKUM PilICHHAM
cranoBmna 0.964, tomi kopemsmis 3 BLUE cranoBmma
0,817 Ha Tomy *x Habopi BXimHUX AaHuX. Ha piBHI peyeHb
MaKCHMaJlbHa KOpEINAIis 3 OI[HKOI0 eKCIepTiB Oyia
0,403 [56].

Sk i B metpuri BLUE, ocHOBHA ofuHUIIS 7S OLIHKH
—  peyeHHs,  QIrOPUTM  CIOYAaTKy  HPOBOJIUTH
BUPIBHIOBAHHSI TEKCTy MDK JBOMa PEYEHHSIM, DPSIKOM
€TAJIOHHOTO IEPeKIaay Ta PSIKOM BXIJHOTO TEKCTY JUIS
ouiHioBaHHS. JlaHa MeTpHKa BHKOPHCTOBYE JEKUIbKa
€TariB BCTAHOBJICHHS BIAMOBIIHOCTI Mk cioBamu MT i
€TAIOHHOTO TTePEKJIay JUIs 3iCTaBICHHS IBOX PSKIB!

1. Toune BCTaHOBJIEHHS BIITOBITHOCTI -
BU3HAYAIOTHCS PAIKH, IO € IICHTHYHHMH B €TAIOHHOMY 1
MaIIMHHOMY TTePeKIIaii.

2. Bcranosiaenus BIIIOBIHOCTI OCHOB -
TPOBOJIUTHCS  CTEMIHT (BHIUICHHS OCHOBH CJIOBa) i
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BU3HAYAIOTBCSl CJIOBA 3  OJIHAKOBUM
€TaJIOHHOMY 1 MalIMHHOMY TepeKai.

3. BcraHoBieHHsS BiANOBIZHOCTI CHHOHIMIB —
BH3HAYAIOTHCS CJIOBA, IO € CHHOHIMAaMH BiAMOBITHO IO
WordNet.

Po3paxoBani merpuku MT-sIKOCTI JarOTh 3MOTY JIUIIIE
YaCTKOBO TOPIBHATH MOJENI, OCKITBKH OUIBIIICTH CIIB i
CJIOBOCIIONIYYEeHb Y [OYAaTKOBOMY Ta BHIIPABICHOMY
pedeHHi cmiBmagaroTh. Hatikpame 3HaueHHs sk BLEU
(0,908) , Tak i METEOR (0,956) orpumano mist mT5, 1o
CHiBHazae i3 aHaji3oM MPHUKIAAIB, y SIKOMY HaHOUIBII
TOYHI BWIIPABICHHS MOMIJIOK ©0€3 3MIHH ITOYaTKOBOTO
3HAUYEHHS PEUCHHs OTPHMaHi came Ui Li€l HeHpOHHOI
mepexi. M2M100 mae 6inpmy ominky BLEU (0,847),
mixx «Ukrainian Roberta» Encoder-Decoder (0,697),
OJTHaK, Cy0’ €KTUBHO OL[IHIOIOYH PE3yJIbTaTH BUIIPABIICHHS
npuknaais, M2M100 3Ha4HO TipIe CIpaBIsSETHCS i3 M
3aBAaHHAM, HDK JBi iHmI Mozeni. s METEOR Ttakox
M2M100 (0.925) mae Ginpmry oriaky, Hix «Ukrainian
Roberta» Encoder-Decoder (0,876). Illomo po3poGku
MIPOEKTY MOXHA 3pOOUTH TaKi BHCHOBKH:

— Jlns crBopenns sikicnoi ML-momeni ansi GEC 'y
TEKCTaX THX MOB, SKi € CKIQAHUMH MOP(]OIOTIYHO,
HEeoOXi/Ha BeNMKa KUTBbKICTh MapajielbHUX abo Bpy4YHY
po3MiueHMX JaHMX. Py4yHa aHoTalis IaHWX BHMarae
barato 3ycwib mNpod)eCiiHUX JIHIBICTIB, MO POOUTH
CTBOPCHHS KOPITYCiB TEKCTIB, OCOOIUBO MOPQOIOTIUHO
0araTux MOB, 4aco- Ta pecypco3aTpaTHHM IPOLIECOM.

— BupinieHHs 3aBJaHHS aBTOMAaTHYHOTO BUSBIICHHS Ta
BUIIPABIICHHS MOMHIOK B YKPaiHOMOBHHX TEKCTaX
BUMarae moJajablIiX AOCIIKEHb Y 3B’ 3Ky 3 HEBEIUKOIO
KUTBKICTIO poOiT, Mo (QOKycyroThcss Ha 00poOIi came
ykpaiacpkoi MoBH. OKpiM TOrOo, BIiONOBIZHO MO
pesynerariB  mocmimkenus Iloropimoro C. . i
Kpamosa A. A. [27], mMeromu, siKi 3aCTOCOBYIOTBCS ISt
0o0poOKM  aHIJIHChKOI  MOBM, HE MOXYTb OyTH
BUKOPHCTaHI ISl YKpaiHCHKOI, OCKIJIBKM OCTaHHS €
3HAYHO CKJIJHIIIONI 1 MOP(HOJIOTriYHO 6araTiIor MOBOKO.

—IlosiBa y 2017 pori HOBO{ apXiTEeKTypH INTHOMHHOTO
nauanus Transformer [3], o MicTuTh MexaHi3M yBard,
JIO3BOJIUIIA 3HAYHO CIPOCTUTH  PO3POOKY MOBHHX
MoJIeNeH, 1o Terep MoKe BigOyBaTucs 06e3 3acTOCyBaHHS
EKCMEePTHUX 3HAHb JOMEHY, y JaHOMY BHOAIKy —
JMHTBICTUKYU. binbpIia yacTWHA OCTIIKEHb 3aCTOCOBYE
mozmens Transformer mst BipoBakerns Heiipornoro MT
TEKCTy 13 TMOMMJIKAMH y WOTO TpPaBWIBHHHA BapiaHT.
3HAaYHUM HEAOJIIKOM TaKoro WiIXOay IUisi PO3poOKH
MoJieNiel Uil pI3HHX MOB € HEOOXIJHICTh Yy BEJIHMKUX
KOpIycax aHOTOBaHHMX a0o0 mapaliellbHUX AaHuX. €anHuN
(Ha MOMeEHT HammcaHHS pPo0OTH) YKpaiHOMOBHHH Halip
ganux [15] wmictute yceoro 20 715 pedeHsp, Takoi
KUTPKOCTI HABYANbHHX 3pa3KiB HE € JOCTaTHBO JUIS
CTBOPEHHS aBTOMATHYHOI iHTeNneKkTyanbHol MT-cucremu.

—3acTrocyBaHHs TEPEBIpKH TMpaBWI Ta MMAPCHUHTY
CHHTaKCHYHHUX J1epeB Tpu po3pobii GEC-cucremu B
YKpaiHOMOBHHX TEKCTax MOXKe OyTH 00yMOBJIEHE TAKUMHU
nBoMa (haKTOpamH:

1) BiACYTHICTIO IOCTATHBO BEIMKMX AHOTOBAHHUX [
napajeabHUX KOPIYCiB YKPaiHCHKOT MOBH JJIsi HaBYAHHS
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NOBHICTIO aBTOMAaTUYHHMX MOJENEH, IO 3acHOBaHi Ha
ITOpUTMaXx TJIMOMHHOTO HAaBYAHHS,

2) HEMOCTaTHBOK ~ CIIPOMOXHICTIO  JIIHTBICTHYHHX
MoOJieNiell  IUTYYHOTO  IHTEJIEKTY  y3arajbHIOBaTH
rpaMaTUyHi mpaBuiIa MPUPOHBOI MOBH [37].

— po3po0Ka SIKICHOI CHCTEMHU IEPEBIPKH rpaMaTUdHO]
NPaBWJIBHOCTI pEeYeHb B  YKPalHOMOBHHX  TEKCTax
BUMaratuMe moenHaHHs ML-anroputmiB i3 KiTbKOMa
PI3HHMHU THIIAMH METOJIB, 30KpeMa 1 3acTOCYBaHHS
eKCIIePTHHUX 3HaHb 3 KOMII IOTEPHO]I JIIHTBICTHKH.

— BigmoBizHO 10 pe3ydBTATIiB  AOCHIIDKEHb, IS
orpumanHnsi Haikpamoi GEC-touHocTi 3a n0MOMOror
HEWpOHHOT  Mepexi, MOTPiOHO  BHKOPUCTOBYBAaTH
nonepenHbo HaBueHi MT-moxeni, MmO MATPUMYIOTH
YKpalHCbKY MOBY.

— Haiikpame 3nauenns sk BLEU, tak i METEOR
Oyno ortpumano it MT-momemi mT5, pesynbratn
CHIBMAJAIOTh i3 aHAJI30M BJACHUX NPHKIANIB, ¥ SKOMY
HaWOIMBII TOYHI BHWIPABICHHA TIIOMIUIOK 0e€3 3MiHHU
MOYAaTKOBOTO 3HAYCHHS pEUYeHHs Oy OTpUMaHi came
Juis 1iei Heliponnoi Mepexi. M2M100 wmae Oinbury
ominky BLEU, mix «Ukrainian Roberta» Encoder-
Decoder, omnak, cy0’€KTHBHO OI[HIOIOUH pE3YJIbTATH
BUIIPABJICHHS] BIacCHUX npukinaais, M2M100 3nauHO
ripIie CHOpaBsiEThCSA 13 MM 3aBJAHHAM, HDK JBI IHII
Moziedi. 3 METOI eKOHOMIl OOUYHCIIOBAaJIbHUX pecypciB
MOJJIMBHM TaKOX € 3aCTOCYBaHHS IOIIEPEJHBO HAaBYEHOI
HelipoHHo1 Mepexi Tuny BERT, BukopuctoBytoun ii sk y
SIKOCTI €HKOZIEpa, TaK 1 Jekoaepa. Taka HeHpOHHA Mepexa
Mae BJBiUi MEHIE IMapaMeTpiB, HiX IHII ITONEpEIHBO
HaBueHi MT-mogmeni, 1 moxa3ye 3amoBineHi GEC-
pe3yJIbTaTH.

BUCHOBKHU

PesyneraTom pobotu € pospodbnena ML-momens s
GEC B ykpalHOMOBHHX TE€KCTax. MU TakoX MPOMNOHYEMO
yHiBepcallbHy cxemy po3pooku GEC-cuctemu 1uist pisHUX
MOB. BIiAMOBIAHO 0 OTpUMaHUX PE3yJbTaTiB, HEHWPOHHA
Mepeka Ma€ 3JaTHICTh BUIPABISTH TNPOCTI pPEUYEHHS,
HalucaHi YKpaiHChKOIO, OJHAaK pO3poOKa ITOBHOLIHHOI
CHCTEMH  BHMAaraTuMe  3acTOCYBaHHS  II€PEBipKH
opdorpadii 3a IOMOMOTOI CIOBHHKIB 1 TepeBipKH
NpPaBMI, SK IPOCTUX, TaK 1 3aCHOBAaHWX HA Pe3yJbTaTi
MAPCHHTY 3aJIe)KHOCTEH ab0 IHIHUX O3HAK.

3-mMoMIXK TpbOX MOJIENeH, HalKpamli MOKa3HUKH Mae
MONEPEeIHb0 HaBYEHAa MOJENb HEHPOHHOTO IepeKiiany
mT5. Haiikpame 3nauenns sk BLEU (0,908) , rax i
METEOR (0,956) otpumano mast mT5, mio cmiBmanae i3
aHaJTI30M NOPUKIAAIB, y SKOMY HaWOUIBII  TO4YHI
BUIIPABIICHHS TIOMHUJIOK 0€3 3MiHHU IT0YaTKOBOT'O 3HAUCHHS
pEUCHHSI OTpHMaHi came IS I1i€l HeHpPOHHOI Mepexi.
M2M100 mae Oinpmy ouinky BLEU (0,847), Hix
“Ukrainian Roberta” Encoder-Decoder (0,697), ommax,
Cy0’€KTUBHO  OIIHIOIOYHM  PE3YyJlbTAaTH  BUIPABICHHS
npuknaais, M2M100 3Ha4HO TipIe CripaBIAETHCS 13 UM
3aBAaHHAM, HiK 181 iHmi mozem. st METEOR Takox
M2M100 (0,925) mae 6inprny orinky, Hixk «UKrainian
Roberta» Encoder-Decoder (0,876).
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3 MeTow eKOHOMIl OOYHCIIOBaJbHUX pECYpCiB
MOXITUBHM TaKOX € 3aCTOCYBaHHS MOIEPEIHbO HABUEHOT
HelipoHHOT Mepexi Tuny BERT, BukopucroBytoun ii sk y
SKOCTI €HKO/Iepa, TaK i Aekozepa. Taka HeWpoHHA Mepexa
Ma€ BIBIYlI MEHIIE MapaMeTpiB, HDK IHII MOIEpeaHBO
HaBueHi MT-moneni, i moxkasye 3agoBiuteHi GEC-
pe3ynbTaTy.

HOoJAAKHN

Po0oTy BHKOHAHO B paMKax JepkKOOPKETHOI TeMHU

«Metonu Ta 3aco0u (YHKIIOHYBaHHS CUCTEM IiTPHUMKHU

NPUHHSTTS pillieHb HAa OCHOBI oHTONOriK» (1D:839 2017-

05-15 09:20:01 (2459-315)). docmimKeHHs] MPOBAJUIOCH

B MEKaxX CHUIBHUX HAYKOBUX JOCHIDKEHb Kadenpu

inpopmamiitHuXx cucteM Ta Mepexxk HY  «JIbBiBcbka

TOJTIITEXHIKa» Ha TeMmy «JlocmimKeHHs, pO3poOIeHHS i1

BIPOBAIKEHHS IHTENEKTyaTbHIX PO3TIOAiICHIX

iHpOpMAIIfHNX TEXHOJNOTIiH Ta CHCTEeM Ha OCHOBI

pecypciB 6a3 maHUX, CXOBHIL JaHHUX, IPOCTOPIB JTaHUX Ta

3HaHb 3 METOI0 MPHUCKOPEHHS MpOIeciB (opMyBaHHSI

cydacHOro iHopmarliifHoro cycmiiberBa». Haykosi

JTOCTIPKCHHS TPOBAIMIIMCS TAKOXK B paMKaX iHII[IaTHBHOT

TeMaTHKK pociipkeHb kapenpu ICM HY «JIbBiBcbka

NoJiTexHika» Ha TeMy «Po3poOiieHHsI IHTEIEeKTyaTbHUX

PO3MOAUICHHX CUCTEM Ha OCHOBI OHTOJIOTIYHOTO ITiIXOIy

3 METOIO iHTerparlii iHpopMaIiitHuX pecypciB».
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ABSTRACT

Context. Most research in grammatical and stylistic error correction focuses on error correction in English-language textual
content. Thanks to the availability of large data sets, a significant increase in the accuracy of English grammar correction has been
achieved. Unfortunately, there are few studies on other languages. Systems for the English language are constantly developing and
currently actively use machine learning methods: classification (sequence tagging) and machine translation. A large amount of
parallel or manually labelled data is required to build a high-quality machine learning model for correcting grammatical/stylistic
errors in the texts of those morphologically complex languages. Manual data annotation requires a lot of effort by professional
linguists, which makes the creation of text corpora, especially in morphologically rich languages, mainly Ukrainian, a time- and
resource-consuming process.

Obijective of the study is to develop a technology for correcting errors in Ukrainian-language texts based on machine learning
methods using a small set of annotated parallel data.

Method. For this study, machine learning algorithms were selected when developing a system for correcting errors in Ukrainian-
language texts using an optimal pipeline, including pre-processing and selecting text content and generating features in small
annotated data corpora. The neural network’s use with a new architecture, a review of state-of-the-art methods, and a comparison of
different pipeline stages will make it possible to determine such a combination of them, allowing a high-quality error correction
model in Ukrainian-language texts.

Results. A machine learning model for error correction in Ukrainian-language texts has been developed. A universal scheme for
creating an error correction system for different languages is proposed. According to the results, the neural network can correct
simple sentences written in Ukrainian. However, creating a full-fledged system will require spell-checking using dictionaries and
checking rules, both simple and based on the result of parsing dependencies or other features. The pre-trained neural translation
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model mT5 has the best performance among the three models. To save computing resources, it is also possible to use a pre-trained
BERT-type neural network as an encoder and a decoder. Such a neural network has half the number of parameters as other pre-
trained machine translation models and shows satisfactory results in correcting grammatical and stylistic errors.

Conclusions. The created model shows excellent classification results on test data. The calculated machine translation quality
metrics allow only a partial comparison of the models since most of the words and phrases in the original and corrected sentences are
the same. The best value for both BLEU (0.908) and METEOR (0.956) is obtained for mT5, which is consistent with the case study
in which the most accurate error corrections without changing the initial value of the sentence are obtained for such a neural network.
The M2M100 has a higher BLEU score (0.847) than the “Ukrainian Roberta” Encoder-Decoder (0.697). However, subjectively
evaluating the results of the correction of examples, the M2M100 does a much worse job than the other two models. For METEOR,
M2M100 (0.925) also has a higher score than the “Ukrainian Roberta” Encoder-Decoder (0.876).

KEYWORDS: NLP, text pre-processing, error correction, grammatical error correction, machine learning, deep learning, text
analysis, text classification, neural network.
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METHOD OF ROUTING A GROUP OF MOBILE ROBOTS IN A FIXED
NETWORK FOR SEARCHING THE MISSING OBJECTS
IN ATECHNOLOGICAL DISASTER ZONE
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ABSTRACT

Context. The relevance of the article is determined by the need for further development of models of collective behavior of sys-
tems with multi-agent structure construction endowed with intelligence that ensures synchronization of the joint efforts of various
agents while achieving the goals set for the system. The method proposed in the article solves the problem of competition between
different agents of a multi-agent system, which is important while performing search, rescue, and monitoring tasks in crisis areas of
various origins.

Objective is to develop a method for determining the sufficient population of a multi-agent system and the optimal routes of
movement of its individual elements in a stationary network for the most complete examination of a technological disaster zone (any
given zone based on a certain transport network).

Method. We implemented the concept of a dynamic programming to search for all possible edge-simple longest paths connect-
ing the directed subsets of vertices-sources and vertices-sinks in the structure of the model weighted directed graph. To this end, the
modified Dijkstra method was applied. The modification comprises representing the weights of the arcs of the modeling directed
graph with the negative values, which are further used in calculations according to the Dijkstra method. After finding the next edge-
simple longest path, the arcs that make up it are fixed in the memory of the computer system (in the route plan) and removed from
the graph structure, and the process is iteratively repeated. The search for paths takes place as long as the transitive closure between
the vertices that are part of the specified subsets of source vertices and sink vertices is preserved. The developed method makes it
possible to find such a set of traffic routes for the elements of the multi-agent system, which maximizes the area examined by them in
a technological disaster zone (or the number of checked objects on the traffic routes) in one “wave” of the search and distributes the
elements of a multi-agent system by routes that do not have common areas. A derivative of the application of the developed method
is the determination of a sufficient population of a multi-agent system for effective search activities within the defined zone.

Results. 1) A method of routing a group of mobile robots in a stationary network for searching the missing objects in a techno-
logical disaster zone has been developed. 2) The working expression of the Dijkstra method for searching in the structure of a net-
work object (in the structure of a model graph) for the longest paths has been formalized. 3) We have suggested a set of indicators for
a comprehensive evaluation of route plans of a multi-agent system. 4) The method has been verified on test problems.

Conclusions. Theoretical studies and several experiments confirm the efficiency of the developed method. The solutions made
using the developed method are accurate, which allows recommending it for practical use in determining in an automated mode route
plans for multi-agent systems, as well as the required number of agents in such systems to perform the required amount of search
tasks in a particular crisis area.

KEYWORDS: multi-agent system, group of mobile robots, routing, network object, weighted undirected (directed) graph, ex-
treme paths, optimization criterion, method.

ABBREVIATIONS P is a set of graph vertices simulating turning points

MAS is a multi-agent system;
TDZ is a technological disaster zone.

NOMENCLATURE
G is a undirected weighted graph simulating the trans-
port network in a technological disaster zone;

BN
G is a directed weighted graph simulating the transport

network in a technological disaster zone;
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(intersections) of the transport network within a technologi-
cal disaster zone;

A is a subset of vertices-sources such that AcP;

B is a subset of vertices-sinks such that BcP;

E is a set of edges (arcs) of the graph modeling paths
(communications) inside a technological disaster zone;

we;; ) is a weighting coefficient of some edge (arc) ej; ;

oXores
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Direct is a general search direction;
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K,s is @ number of searching waves;
M; is the longest edge-simple path between some verti-

ces a, and by from sets A and B respectively;

G', G",..., G" is a sequence of substructures aris-
ing because of splitting the initial graph G ;

n is the number of found longest edge-simple paths be-
tween subsets A and B respectively;

L; is the length of i-th edge-simple longest path;

i is the number of the edge-simple longest paths;

Liotas IS the total length of the transport network in

the TDZ,
Lp, is a total length (weight) of the defined routes;

Ts is a total time of conducting search activities;

;ggt is the average speed of the agents moving along

the defined routes;
Tgir is an established (directive) time for performing

search activities;
Kyus is the required number of MAS agents;

Pyso 1S @ probability of detecting search objects ac-

cording to a certain route plan of the MAS;

T . . .
—> is atransitive closure between the selected pair

N
of vertices of the model graph G .

INTRODUCTION

In the event of a large-scale technological disaster of a
certain origin in any region of the country, which could be
accompanied by the release of various types of poisonous
or ionizing substances, a task of searching the missing
objects and/or monitoring the operational (chemical, ra-
diation) situation in a technological disaster zone (TDZ)
may arise. In this case, the bodies for obtaining data on
operational situation in such a zone can be both chemical
or radiation reconnaissance groups, staffed with trained
personnel and appropriate special equipment, protective
gear and devices, and the groups of mobile robots
equipped with appropriate devices for monitoring, meas-
uring, and recording the values of individual parameters,
as well as mixed groups.

The set of such bodies constitutes a multi-agent sys-
tem (MAS), which in order to perform practical missions
(achieving the goals) must have a common logic of be-
havior, as well as the logic of conduct of its individual
agents [1, 2]. It should be noted here that the struggle to
preserve the life and health of rescue and search units’
personnel has recently outlined a global trend towards the
use of exclusively robotic MAS in dangerous zones [3, 4].
A human in such a system endows it with its intelligence,
performs control, logistical support of the system and is a
consumer of the results of its functioning. The materials
of this article are aimed at ensuring the functioning of
robotic MAS.

Endowing the MAS with a certain behavior (intelli-

gence) in matters of rational or optimal movement of its
© Batsamut V. M., Hodlevskyi S. O., 2023
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elements through the network structure while performing
search (or monitoring) task, requires the development of
certain routing methods.

In general, the problem of routing in any network ob-
ject is to find some extreme paths (shortest or k-shortest,
Hamiltonian) in its structure [5, 6, 7], less often trees [8]
or minimal covering trees [9], etc. In this matter, the na-
ture of the applied problem to be solved is decisive.

While search activities using a robotic MAS, the ap-
plication of the above approaches to the routing of its
agents is unacceptable, since:

1) Various conditions in a certain way determine the
available points of input of MAS elements in the search
and the number of such points, which in turn determines
the general direction of the search within TDZ.

2) In order to achieve the search goals, it is necessary
to check as many areas as possible (in the best case, all
areas, although it is practically impossible to fulfill this
requirement in one “pass” of the MAS in dense struc-
tures).

3) It is necessary that the same areas of the terrain are
not revisited by different agents (implementation of the
“checked and crossed out from the list” principle), which
will increase the chances of the positive result of a search
operation.

4) It is desirable to withstand the general direction of
advancement of the entire MAS within the network object
(a technological disaster zone).

The object of the study is to determine the set of op-
timal movement routes for the elements of a multi-agent
system within the network object.

The subject of the study is the method of optimal
routing of a group (swarm) of mobile robots within the
structure of a fixed network for conducting search activi-
ties in a limited area.

The purpose of the study is to develop a method for
determining the sufficient population of a multi-agent
system and the optimal movement routes of its individual
agents in a stationary network for the most complete ex-
amination of a technological disaster zone (any given
zone based on a certain transport network).

1 PROBLEM STATEMENT

Routing problems are, for the most part, formalized
and solved using graph theory models and methods [10].
That is why we will model the transport network in TDZ
with some weighted undirected graph G =(P,E), where
P={py,.., py} — the set containing the vertices of the
graph; E ={e,....en} — the set containing the edges of the
graph; v — the number of graph vertices; m — the number
of edges of the graph. At the same time, the set P is
simulating the intersections of the transport network
(points at which the agent decides about the direction of
its further movement), and the set E - certain sections of
paths connecting different intersections in the transport
network of the TDZ. Each edge from the set E will have
a certain weight coefficient W(eij ) which will quantita-
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tively characterize the edge e;; . It could be a certain num-

ber of objects to be inspected located on this site; the
length of the route measured in certain units; the amount
of work to be done on the site, etc.

Considering the peculiarities of carrying out search ac-
tivities in a certain area, the formulation of the task of
determining traffic routes for the MAS will look as fol-
lows.

Assume that the undirected weighted graph
G =(P,E) has selected subset of vertices A={a, i

(vertices-sources) and a subset of vertices B = {by }y:fz

(vertices-sinks), where k and z are the numbers of such
vertices, respectively, and Be@, |Al<<|P|,

|B| << |P| AN B = . Weighting coefficients W(eij) on
the edges of the graph G =(P,E) quantitatively charac-

terize the corresponding area of the TDZ.
It is necessary to find all possible edge-simple longest
paths M, g =(ay, Py, P2, Pg, by) , connecting vertices

from subsets A and B, and the totality of which satis-
fies the following target function;

F = Zn: Li —> Mmax, (l)
i=1

under the conditions:

Ts <Tdir )

n= f[G(P,E) |A}|B| Direct ] 3)
eijEMlﬂeijEMzﬂ...ﬂeijeang, (4)
Kys =1. (5)

Therefore, the solution of the problem (1)-(5) requires
searching within the structure of the initial weighted
graph c=(p,e) of all extremal (edge-simple longest)
paths between defined subsets of its vertices.

An edge-simple path is a path in which each edge
(arc) of the graph occurs only once [10].

2 REVIEW OF THE LITERATURE

At present, the theoretical basis for the functioning of
robotic vehicles is the theory of algorithms. The devel-
opment of the theory of algorithms takes place in two
directions: first, the expansion of the range of practical
problems solved by the existing algorithms; secondly, the
development and improvement of algorithms for solving
new problems that arise during the creation and function-
ing of the MAS. Well-developed graph theory plays a
leading role in routing of individual MAS agents.

A well-known and studied problem of graph theory
having numerous practical applications is the problem of
Hamiltonian paths, that is, whether there is a simple path
in a graph in which each vertex of the graph occurs ex-
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actly once. Such a graph is called Hamiltonian. In the case
when the graph does not contain a Hamiltonian path, in
some applications it makes sense to search for a path of a
maximum length in the graph. Finding such a path is
known as the longest path problem. Like finding the
Hamiltonian path, finding the longest path is also a diffi-
cult task.

The longest path problem is NP-complete on every
class of graphs in which the Hamiltonian path problem is
also NP-complete. Thus, in [11] the authors prove that
even if a graph has a Hamiltonian path, the problem of

finding a path of the length n—n® for some ¢ <1 isa
NP-complete, where n — is the number of vertices of the
initial graph. The authors claim that there is no polyno-
mial approximation algorithm with a constant factor for
the longest path problem unless P = NP [11]. Similar
research results are also given in works [12, 13, 14, 15,
16].

It should be noted here that the Hamiltonian path
problem is NP-complete on general graphs [17, 18] and
remains NP-complete even when restricted to some small
classes of graphs, such as splitting graphs [19], chordal
bipartite graphs, strongly chordal graphs [20], directed
path graphs [21], circular graphs [22], planar graphs [18]
and grid graphs [23].

Polynomial solutions of this problem are known only
for certain classes of graphs. Such algorithms were devel-
oped for graphs of intervals and presented in studies [24,
25, 26, 27], for doubly convex graphs — in a study [28],
for graphs of arcs of circles — in a study [27] and graphs
of comparability — in a study [29].

Unlike the Hamiltonian path problem, several poly-
nomial complexity algorithms are known for the longest
path problem that work with the structures of tree-type
and some classes of graphs. A linear algorithm for finding
the longest path on a tree-structure was proposed by
Dijkstra in 1960, a formal description of which can be
found in [30]. Later, based on the results of improving the
Dijkstra algorithm for trees, the authors of [31] have
solved the problem of finding the longest path for
weighted trees and block graphs with a linear calculation
time, and for cactuses with a polynomial calculation time
— O(n®), where n — the number of vertices of the initial
graph. Recently, polynomial algorithms were proposed
that solve the problem of finding the longest path on bi-
partite graphs with computational complexity O(n) [32],
on Ptolemaic graphs with computational complexity O(n°)
[33]. In [34], the authors presented their polynomial algo-
rithm for interval graphs, which is based on the idea of
dynamic programming and has a computational complex-
ity of O(n*). In [35], the authors proposed a polynomial
algorithm in which they also used the dynamic program-
ming approach but applied lexicographic search in depth
(the so-called LDFS graph routing) for co-comparable
graphs. The computational complexity of such an algo-
rithm is also limited to O(n®).

The analysis of the literature shows that the problem
in the formal statement (1)-(5) was not posed or solved
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by anyone. If the approach is not strict, then the task is to
find in the structure of the model weighted graph
G =(P,E) every (or k, where k>0) of the longest edge-

simple paths between the selected subsets of the vertices
of the graph, which lie on opposite edges of it and the
total sum of the weights of which (paths) maximizes the
target function F, expression (1). At the same time, an
additional and mandatory condition for the sought route
plan is the requirement that there are no common edges in
different paths (routes). Our article is dedicated to solving
this problem.

3 MATERIALS AND METHODS

It is quite clear that the solutions of the problem (1)-
(5) formulated above require not only estimates of the
lengths of the critical paths, but also the critical paths
themselves, that is a consecutive set of edges that make
them (the paths). It should be noted that such identifica-
tion capabilities, in contrast to the well-known in graph
theory algorithms Floyd-Warshall [36, 37, 38], Shimbel
[39], Danzig [5] and some others, which solve the prob-
lem of finding the lengths of extreme paths, the Dijkstra’s
algorithm provides.

In addition, to solve the problem (1)-(5), it is neces-
sary to use the modified Dijkstra algorithm, since it (the
problem) in this formulation belongs to the class of NP-
complete and, therefore, it cannot be solved in polynomial
time [41].

Modification of the initial structure. The problem of
NP-completeness of the task of finding the longest paths
(paths of the greatest total weight) in the structure of a
network object is associated with the possible presence of
cycles, which will lead to an unjustified increase in the
total weight of the searched path (so-called “looping™),
and therefore to the inability to adequately identify the
path itself in the future. To solve such a “problem” when
determining maximum (search for the longest paths), usu-
ally the initial undirected graph G = (P, E) is represented

- —
in the form of an oriented graph G =(P, E] without cy-

cles. For this, the edges of the graph are directed along the
general search direction, which is determined based on
the nature of the practical problem to be solved (see
Fig. 1). As a result of this transformation, the edges of the
graph become arcs, that is, they get directionality.

Since a group of mobile robots during search activities
moves from one side of the TDZ to the opposite (which
can be imagined in the form of a “wave” that passes
through this zone), then such a general direction also ex-
ists.

As can be seen from Fig. 1, there are no cycles in the
structure of the oriented graph, which makes it possible to
apply the modified Dijkstra algorithm to it to find the
longest paths (paths of the greatest total weight).

Modification of initial data. The next problematic
point that needs to be solved is the representation of the
weight coefficients of the edges when solving the problem
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of maximizing the lengths of the routes by which the ele-
ments of the MAS advance (search for the longest paths).
This problem appears because in Dijkstra’s algorithm, at
each iteration, the value of the accumulated total weight
for some vertex is compared with the estimate of the total
weight that this vertex can receive through another edge
(arc) and the smallest of these values is chosen. The
working expression of Dijkstra’s algorithm in its classical
form is as follows [5]:

d (x):= min{d (x). d(y)+ w(y. x)} (6)

The general direction of advancement of a
group of robots

»
>

Vertex-sink

Vertex-source

uoljew.ojsuen

Figure 1 — Transformation of an unoriented graph G = (P, E)

- -
into oriented G =| P,E

Since the problem (1)—(5) is solved for the maximum
of the function, the application of the classic Dijkstra al-
gorithm according to the expression (6) will lead to incor-
rect results — the search for the shortest paths. To solve
such a problem, we suggest representing the weighting

- -
coefficients of the arcs of the graph G =(P, EJ as num-

bers from the negative domain and applying the following
modification of the working expression of the algorithm,
namely:

~d(x):=min {d (x), ~d(y)+ (- w(y, x))} ()
As a result of applying expression (7), the current

negative score will be compared with an alternative also
negative score, and if the alternative score is lower, then
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the current vertex will be assigned exactly that score. In
other words, if in the structure of a weighted directed
graph it is possible to increase the length of the current
path due to the addition of a certain arc with a negative
weight, then such an arc will be added, which will ensure
that the longest path is found.

It should be noted here that estimates of path lengths
will be presented in negative form, which will in no way
interfere with their subsequent identification. In the fu-
ture, the obtained estimates will be taken by the module,
which will return them to their original physical meaning,

Fig. 2.
5 1 EI
M= {|011 P2, P3; IOA} 12
a

EIRER ES

Mo={py, py, ps}=15
b
Figure 2 — The result of applying classical and modified Dijkstra
methods to find the extreme paths: a — finding the shortest path
M; (classical method); b — finding the longest path M, (modified
method)

As can be seen from Fig. 2, b that between the vertices
p, and p, there are two alternative ways:
{P1, P2, 3, P4} and {py, Py, Paj. At the vertex p, you
need to decide which of these paths is considered the
longest. Two arcs are incidental to it: (ps, ps) and
(P2, p4). Since the vertex p, has a label of -9 (the total
weight of the path connecting this vertex to the source
vertex p,), the vertex p, through the arc (pg, p,) will
receive a label of —12. Through an incident arc (ps, ps)
having weight of -10, the vertex p, will receive a label
of —15, because the vertex p, already has a label of -5.
Therefore, the length of the path {py, py, p3, P4} = —12,
and the path {p, p,, ps}= —15. Based on expression (7),

the second of them is unambiguously chosen as the long-
est path. In the future, taking the received estimate of the
length of the path by the module, we consider 15 units of
the conditional length of the path.
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On more branched structures, the process continues
until all arcs are analyzed, and all vertices (including ver-
tices-sinks) receive the corresponding conditional weight
labels according to the expression (7). The identification
of the extreme paths takes place on the reverse course,
just as in the classic Dijkstra method.

Application of dynamic programming. The charac-
teristics of edge-simple extreme paths are of particular
importance in the context of search activities in TDZ,
since it is undesirable for different agents of the MAS to
move along paths that have common sections (arcs), even
if the number of such sections is relatively small. In this
sense, the movement of different MAS agents needs to be
“separated” and redirected by different ways to increase
the overall effectiveness of search activities (Fig. 3). The
only place where the routes of different agents can inter-
sect is the intersection (vertices in the structure of the
initial model graph), which in no way hinders their simul-
taneous progress along the assigned routes and, in this
part, does not reduce the overall effectiveness of search
activities.

the route of the
first agent
(red)

the route of the ; N, //
second agent N
(green) @ @

Figure 3 — Separated traffic routes of various MAS agents

(option)

When solving the problem (1)—(5), to obtain a set of
routes that do not have common sections (according to the
additional condition (4) of the given problem) we propose
to use the method of dynamic programming, which is to

divide some general problem 2 on a number of subprob-
lems Z',Z",..,Z", where n- the number of such sub-
problems, and to find such their corresponding solutions
R, R",.. R", that R"UR"U,..,UR" will be the

solution to a general problem Z . At the same time, it is
considered if separate solutions R’, R”,.., R", are ra-
tional (or optimal), then the solutions to the general prob-
lem z are also rational (or optimal).

Using dynamic programming approaches and solving
the problem of finding all edge-simple longest paths, we
propose to split the structure of the initial graph G into a
sequence of substructures G', G" ..., G" and search for
the appropriate junctions (routes) M,,M,,...,M on each of
them. The set of such routes will make up the general route
plan for the MAS in a technological disaster zone.

Splitting the initial graph G into a set of substruc-
tures G',G"”,..., G" will be based on the iterative re-
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other (additional) condition at the choice of the decision

moval from the current substructure of the arcs included

in the composition of the extreme path found on this sub-  maker.

structure. The developed method is structurally presented in
The process of splitting the initial graph G will con- ~ Fig. 4.

tinue until there remains no path (transitive closure [42])

connecting the vertices from the sets 4 and B (see the

statement of the problem), or until the fulfillment of an-

( Start )

1
Input of initial data /-~ Qraph G', subsets A.and Bhaving ver-
tices-sources and vertices-sinks, respec-
> | tively, d=0, z=0
Creating a copy (G")
of the initial graph G’
3 |

Converting the weights

of the edges of the graph G
to the negative values and
transforming him into an oriented

graph
Checking for the presence of
transitive closure in the structure
5 of G
Increasing the rank of yes
vertices to review them
(z:=2+1)
6
Modified alg.
yes Finding the longest Dijkstra. Choos-
path (M) between | | ing a path having
such a pair of vertices max length
9 |
Increasing the rank of vertices
to analyze them (d :=d +1)
yes
11 |
Removal of the arcs of
yes the path M, from G~

Figure 4 — Block diagram of the method of routing a group of mobile robots on a fixed network to search the missing objects in a
technological disaster zone
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®

:

Arrangement of all identified paths M,
in a sequence of decreasing weight

14

Re-engineering of arcs that are incident to
the p B and are included to the defined

paths M, to minimize variation of weight

L_{ [max(W (M,))-min(W (M, ))]— min

estimates of these paths

15

a specific search route)

According to the marked arcs of the graph
G’, generate the MAS Route Plan (determine
the required number of agents; assign each of
them entry and exit points from the search; fix

16

Database

T

ing to a set of indicators

Evaluate the generated MAS Route Plan accord-

18
The Route Plan
suits?
no
19

yes

Make corrections (changes) in the initial data
set, and/or weaken the evaluation criteria

End

C D

Figure 4, sheet 2

4 EXPERIMENTS
Let’s assume that the TDZ transport network is mod-
eled as weighted G’ (Fig. 5).
Let’s give the edges of the graph a general direction
from the vertex p; towards the opposite edge of the

graph. Thus, subset 4 will contain only one vertex ps.
We assume the subset B consists of vertices p; and pyq.
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Let’s represent the weights of the edges as negative val-
ues.
Step I. Let’s find the longest path from the vertex ps to

any vertex from the subset B . The current weight esti-
mates obtained due to the modified Dijkstra method and
the identified paths themselves are presented in Fig. 6.
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Figure 5 — Weighted graph G' simulating the transport network
in a technological disaster zone (the weights of edges are condi-
tional lengths of the corresponding communications)

Figure 6 — Initial weighted directed graph G’

We obtained two paths (routes) to the vertices from
the subset B, namely: M; ={ps, ps, p1, P4, P7. Ps. P3, P10}
and M, ={ps, P2, P1, Pa, P7, Ps» P1o} - The absolute weight of
route M, is greater than that of route M,, because
(-203[>|-135|). Therefore, the route wm, is included in the

MAS route plan.
Step 1I. Subsequently, all arcs that make up the route

M, are removed from the structure G'. Along with them,
all hanging vertices arising from the removal of arcs are

removed. As a result, we get the following structure G"
on which the next longest paths are to be searched (see
Fig. 7).

After applying the modified Dijkstra method to the
structure of G’ , two paths (routes) to the vertices from
the subset B are obtained, namely: M3 = {ps, p1, p3}

and M, ={ps, P4, Pg, Pg. Proj. The absolute weight of
route M, is greater than that of route Mg, because
|-107| > |- 61| Therefore, route M, is included in the
MAS route plan.
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Figure 7 — Weighted graph G "’

Step III. All arcs that make up the route M, are to be

removed from structure G . All hanging vertices are
also to be removed. We obtain the following structure
G ', on which the longest path to any vertex from subset
B is also being searched (see Fig. 8). Such a route is the
only route M, = {p5 Py ps} and its weight is |-61]. Route

M, is to be included into the MAS route plan.

"""~
T .53 e |08

Figure 8 — Weighted graph G

Step IV. All arcs that make up the route Mg from the

structure of G'"' are to be deleted. Hanging vertices are
also removed. As a result, we get the following structure

of G"" (see Fig. 9). We can see from the figure that in
this structure there are no paths connecting vertex p; to

any vertex from subset B . So, based on the results of this
step, the problem (1)-(5) has been basically solved. On
the initial structure, all edge-simple longest paths between
the defined sets of vertices in the structure of the initial
network object G’ have been determined. We will name
such paths as first-level paths because they directly con-
nect vertices from subsets A and B .
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Figure 9 — Weighted graph G’

However, vertex pg has another unused incident arc
(Ps, pg)- Let’s find the maximum path to any vertex (in

this case, to one that does not belong to subset B ). We
will consider such paths as paths of the second level: they
connect the initial vertex-source with some vertex that is
adjacent to some vertex from the subset B . Such paths
can also be included into the MAS route plan, thereby
increasing its efficiency.

In structure G"", such a route is the only route
Mg = {Ps, Pg, P7, Pg} With total weight |-93|. Route Mg
is also included into the MAS route plan.

So, as a result of successive splitting of the initial
graph G', namely: G' - G" — G” — G"" , four
edge-simple longest paths (those that do not have mutual
arcs) were found in its structure, namely:
My ={Ps, P2, Pv. P4, P7. P, P3. Prof s M4 = {Ps. Pa. Ps. Po, Pro
Ms ={ps. P1. P3}; Mg =1{ps. pg.p7.pg} The paths and
their absolute weights are presented in the figure (Fig. 10).
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Figure 10 — The set of searched edge-simple longest
paths in the structure of the initial network object G’
(marked with different colors)

5 RESULTS
The scheme of routes presented in Fig. 10, contains

the following information;

— to carry out search activities within the TDZ, whose

transport network is modeled by graph G’, it is sufficient
to have four agents as part of the MAS.

— for each MAS agent, its starting point (boundary) of

entering the search and the final point (boundary) of
exiting the search are defined.

— each MAS agent within the TDZ is assigned a

specific search (movement) route.

— routes of movement of various MAS agents do not

cross sections (arcs).

— in total, the traffic routes of the MAS are optimized

both in terms of the direction of traffic and the length of
the routes.

The assessments of the developed MAS route plan,

based on the totality of the proposed indicators, are pre-
sented in Table 1.

Table 1 — Assessments of the developed MAS route plan according to a set of indicators

No Indicator (parameter) Indicator value

Required number of MAS agents, KMAS, (units):
1 Kis =N, 4

where n —the number of defined (selected) search routes

MAS route plan, PLMAS:

M1 :{ 51021 Py Py P71 Pes p3vp1o};
2 PLMAS:{Ml’MZ""‘Mn}' M4:{p51p4’p67p9’p10};
M. =1P:,P;sPs >
where n - the number of defined (selected) search routes ° {p5 Py p3}
Me = {psv Ps» p77p9}
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Table 1 — Assessments of the developed MAS route plan according to a set of indicators (continuation)

No Indicator (parameter)

Indicator value

3 | Route length, L, , (km)

L, =203; L, = 107; L =61; L,=93

Total length (weight) of routes, L, , (km):

n

4 Lp = Z L. 464
i=1
where n —the number of defined (selected) search routes
Assessment of the search time in TDZ, Ts , (hrs.):
max {L.} . If: Vagt =5 km/h.
5 TS:AJ:]_““,
Vagt T, ~406 hours

where ;agt — the average speed of the agents moving along the defined routes, km/h.

plan, Py, :
_ Lo
dso L

total

Probability of finding search objects in case of implementation of the MAS route

where L, —the total length of the transport network in the TDZ

If: Lo =539 km
P, =0,86

activities, P, (Ts <T. ):

Pdso (Ts S Tdir ): 1- e(_TTd: ]’

where Tdi, — the prescribed time

Probability of finding search objects within the prescribed time for conducting search

If: Ty =30 hours
Pdso (Ts < Tdir )20’52

6 DISCUSSION

The set of approaches proposed in the article, together
with the modified Dijkstra’s method, allowed to develop a
method that searches in the structure of any network ob-
ject, between subsets of its vertices, all existing edge-
simple longest paths, which allows to organize the routing
of MAS agents in a certain area by paths that do not inter-
sect their individual sections.

At the same time, it is worth noting that the structure
of the paths themselves, as well as their number, will de-
pend on the defined (prescribed) points of entry into the
search and points of withdrawal from the search, which
allows, when planning search activities, to quickly con-
sider several options for future actions and choose the
most appropriate one (to order the options by the degree
of their advantage).

In addition, having carefully studied the scheme of
routes presented in Figure 10, it is possible to conclude
that it is expedient to reengineer the routes to reduce the
variation of values by their absolute weight (see Fig. 4,
Block 14). The idea of reengineering is as follows. If
there is an arc (edge) connecting them between any pair
of vertices from a subset B, and this arc (edge) is in-
cluded in some extreme path, and this path has the maxi-
mum (higher) weight score among other paths, then this
arc (edge) should be included in the path with the mini-
mum (lower) weight. It should be noted that based on the
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results of using the proposed method, the minimally re-
quired number of MAS agents to conduct search activities
in an area with a certain transport network could be
found.

It is obvious that in the real structures, and hence in
the structures which are denser and having more vertices,
the number of iterations to split the initial structure and,
accordingly, to find the edge-simple longest path, can be
close to the very dimension of the initial structure itself.
Therefore, the computational complexity of the combina-
torial algorithm that implements the developed method
will be determined by the computational complexity of its
“basic element” — the Dijkstra’s algorithm, which is esti-
mated as O(n°) [40], as well as the computational com-
plexity of the algorithm that determines the presence of
transitive closure between vertices from subsets A and
B, which is evaluated as O(n®) [41]. Considering the
strengths of subsets A and B, the total computational
complexity of the combinatorial algorithm could be esti-

mated as O([A|~|B|-(n3+n2)), where |A| and |B| - the
strengths of the corresponding subsets; n — the number of
vertices of the model graph G.

The obtained polynomial estimate of computational

complexity is quite acceptable for the use of such an algo-
rithm in a real-time framework.

CONCLUSIONS
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The article solves the actual scientific and applied
problem of finding all possible edge-simple longest paths
between defined subsets of vertices of an initial undi-
rected graph.

The scientific novelty of the developed method is as
follows:

1) the representation of the weights of the edges of the
initial model graph by the negative values, which allows
finding the longest paths between a specified pair of ver-
tices using the classical Dijkstra method;

2) the application of the dynamic programming meth-
od, which makes it possible to find the longest paths
My, My,..,M, in the set of obtained substructures

G',G",.., G" of the initial model graph G , which will
constitute the complete combination of the edge-simple
longest paths.

Since the basic element of the developed method is
the Dijkstra’s method, which belongs to the accurate
class, it can be assumed that the developed method is also
accurate.

The practical value of the method is that its applica-
tion significantly simplifies the process of developing
effective route plans for the elements of the MAS in a
particular transport network. The projection of general
theoretical and methodological statements and conclu-
sions made during the study on the problem of routing of
the MAS elements in a certain area, allows to make the
search activities effective and quickly develop several
options for search actions. The developed method will
have a practical use if it is implemented based on a geoin-
formation system.

A promising direction for further research is the
development of routing methods of the MAS performing
search activities in a non-stationary network, as well as
the development of a set of indicators and criteria for
prompt decision-making regarding the optimal (rational)
bypassing by agents of the obstacles that suddenly appear
on the route path.
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METOJ MAPIIPYTHU3ALIL TPYIIM MOBUIBHAUX POBOTIB HA CTAIIIOHAPHIM MEPEXKI
JJIsI BAKOHAHHS 3ABJIAHB ITOMIYKY 3HUKJIMX OB’€KTIB B 30HI TEXHOTEHHOT ABAPII

Bamamyt B. M. — 1-p BiiicbK. HayK, npodecop, 3aCTYITHHK HayalbHUKA HayKOBO-IOCIITHOTO LIEHTPY CIy>KO00BO-00i0BOT /isIb-
Hocti HanionansHoi reapil Ykpainn HamionaneHoi akaaemii HanionansHoi rapil Ykpainu, Xapkis, YkpaiHa.

I'onaeBebkmii C. O. — HayKOBUiA CIIBPOOITHUK HAyKOBO-OCIIIHOTO LIEHTPY CiIy:k00B0-00ii0B01 nisutbHOCTI HarionansHoi rea-
paii Ykpainu Harionansnoi akanemii Hationansnoi reapaii Ykpainu, Xapkis, Ykpaina.

AHOTAIIA
AKTYyaJIbHICTh. AKTyalbHICTh CTaTTi 00yMOBIIOETECS NMOTPEOOIO y TMOJATIBIIOMY PO3BHUTKY MOJENeH KOJEKTUBHOI IMOBENIHKH
CHCTEM 13 MyJIFTHareHTHOIO IT00YZIOBOIO CTPYKTYPH, y HaJIJICHHI TAKUX CHCTEM IHTEIEKTOM, KMl 3a0e31edye CHHXpPOHI3aIilo CIIi-
JIBHUX 3yCHJIb PI3HUX areHTIB y XOJi JOCSATHEHHS MOCTaBJICHUX IEepel CHCTEMOIO Lijed. 3anponoHOBaHUH y CTATTi METOJ yCyBae
npo6ieMy KOHKYPEHI{ MiXK PI3HUMH areHTaMy MyJIbTHAreHTHOI CUCTEMH, IO € BRKIIMBUM Yy XOJi BUKOHAHHS MOUIYKOBHX, PSITyBa-
JBHUX, MOHITOPHHTOBHX 3aBJjaHb Y KPU30BUX PaifoHax Pi3HOTO XapakKTepy MOXOKSHHS.
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MeTta podoTu nosrae y po3poOIIeHHI MeTOy BU3HAYEHHS JOCTAaTHBOI YHCENBFHOCTI MyJIBTHAareHTHOI CHCTEMH Ta ONTUMAIBEHUX
MapIIpyTiB pyxy il OKpEeMHX €JIeMEHTIB Ha CTAI[lOHApHIH Mepexxi s MaKCHUMaJIbHO ITOBHOTO OOCTEXEHHs 30HH TEXHOTeHHOI aBapil
(Oymb-sikoi 3a1aHOT 30HH, B OCHOBI SIKOi JIGXKUTH [ICBHA TPAHCIIOPTHA MEPEXKa).

Metopa. 3acTOCOBAHO €10 AMHAMIYHOIO [IPOrpaMyBaHHs AJIs MOIIYKY B CTPYKTYPi MOZAEIBHOIO 3Ba)KEHOTO OPIEHTOBAHOIO rpa-
(a BCiX MOXKIUBHX peOSPHO-NPOCTHX HAMIOBIINX HUIAXIB, IO 3’ €AHYIOTh TUPSKTUBHO BH3HAUYCHI MiJIMHOKHHHU BEPIIHH-ICTOKIB Ta
BEPIINH-CTOKIB. 3 LI€I0 METOI0 3aCTOCOBaHO MoaudikoBanuit meron Jleiikcrpu. Moaudikamis mossrae y mpeAcTaBlIeHHI Bar AyT
MOJIEITIOI0YOTO OPIEHTOBAHOTO rpada 3HAYEHHSIMH 3 BiJ’ €MHOI 007acTi 3 MOJaIbIIo poOoTor Metona JIeWkeTpy 3 MU 3HAYCH-
HsaMu. [licns BigUIyKyBaHHSI 9eproBOro peOepHO-IPOCTOTO HAMJOBIIOrO MUIAXY, IYTH, IO HOTO CKIANAIOTh, (GIKCYIOThCS y MaM’sTi
00UHCITIOBANBHOI crcTeMH (Y MapIIpyTHOMY IUIaHi) Ta BUAAISIFOTHCS 31 CTpYKTypH rpada i mpouec itepariiiHo moBToproerses. ITo-
LIYK [UISXIB BiIOyBa€THCS IOTH, OKH 30€piracThCsl TPAaH3UTHBHE 3aMKHEHHSI MK BEPLIMHAMHY, 10 BXOAATH JI0 CKJIAJy BU3HAYCHHX
ITiIMHOKHH BEpIINH-ICTOKIB Ta BEPIIHH-CTOKIB. PO3po0IieHniT MeTO/ 103BOJIsI€ 3HAWTH TaKy CyKYIHICTh MapLIpyTIiB PyXy IJIsI eje-
MEHTIB MyJIbTHATCHTHOI CHCTEMH, sIKa MaKCHMi3ye 00CTeKEHY HHUMH IUIOILY B 30HI TEXHOTE€HHOI aBapii (a00 KilbKiCTh MepeBipeHnx
00’€KTiB HA MapIIPyTax Pyxy) 3a OAHY “XBUIIO” MOIIYKY, Ta PO3MOIiJIs€ SIEMEHTH MYJIbTHATCHTHOT CHCTEMH MapLIpyTaMHy, IO He
MAaIOTh CIUTBHUX AUITHOK. [10X1HOI0 3acTOCYBaHHS pO3POOICHOTO METOLY € BU3HAUEHHS JOCTATHBOI YHCEIBHOCTI MyJIbTHATCHTHOI
cHCTeMH U1l eEKTUBHOTO TPOBE/ICHHS TTOLIYKOBUX 3aX0/IiB Y MEXaX BU3HAUYCHOI 30HH.

PesyabraTn. 1) Po3pobiiero MeTo MapupyTH3arii rpymni MoOiIbHEX poOOTIB Ha CTallioHapHii Mepexi UIsl BAKOHAHHS 3aBlaHb
HOIIYKY 3HHKJINX 00’€KTiB B 30HI TEXHOI'€HHOI aBapii; 2) ®opmaii3zoBaHo pobounii Bupas Merony J{eHKCTpH i HOLIYKY B CTPYK-
TYpi MepexkeBoro 00’ ekTy (B CTPYKTypi MOJeIbHOro rpada) HuisixiB HaHGTbIIO JOBXKUHY; 3) 3aNpPONOHOBAHA CYKYIIHICTh IIOKAa3HH-
KiB /ISl KOMIUICKCHOTO OL[IHIOBaHHS MapUIPyTHHX IUIAHIB MyJIbTHAT€HTHOI cuctem; 4) BukoHaHo Bepudikaliito METOMy Ha TECTO-
BHX 3a/la4ax.

BucHnoBku. [IpoBesieni TeopeTH4Hi JOCTI/KEHHS Ta HU3KAa eKCIIEPUMEHTIB MiATBEP/PKYIOTh Mpale3aTHICTh PO3pOOICHOr0 Me-
Toxy. PilleHHs, 10 BUPOOIAIOTECS i3 BUKOPUCTAHHAM PO3POOJICHOr0 METOALY, € TOYHHMH, L0 JO3BOJISIE PEKOMEHIYBaTH HOro 10
MPaKTHYHOTO BUKOPHCTAHHS NPH BH3HAYCHHI B aBTOMATH30BAaHOMY PEKMMi MapLIPyTHHX IUIaHIB JUI MYJbTHArCHTHHX CHCTEM, a
TAKOX MOTPIOHOT KITBKOCTI areHTiB B TAKUX CHCTEMax JJIsI BUKOHAHHS HEOOXiJHOro 00CATY ITONIYKOBUX 3aBJaHb y IEBHOMY KPH30-
BOMY paifoHi.

KJIIOYOBI CJIOBA: MynbTHareHTHa CUCTEMA, Ipylia MOOLIEHUX POOOTIB, MapIIpyTH3aLlis, MEpeXKeBUH 00’ €KT, 3BaXKEHHH He-
opienToBauuii (opieHToBaHui) rpad, eKCTpeMasbHI HUIAXH, KPUTEPiil ONTHMI3aLil, METO/I.
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ABSTRACT

Context. The analysis of the risk terminal flows in technogenic systems is carried out, which arise in the process of the impact of
informational and cognitive threats in the automated document management system as part of the hierarchical production system.

The object of the research is the process of functioning of complex systems with a hierarchical structure, in which automated
document management systems with a high level of data flow protection for decision-making are used to provide the information
quality control of technological processes.

The subjects of the research are the methods and means of constructing an information protection system to ensure the reliable
functioning of automated document management systems and making targeted decisions in hierarchical structures with minimal risk
of exposure to external threats and attacks.

Obijective is to develop a complex model for assessing the risk of the document management system failure as part of a hierar-
chical production system under the active threats.

Method. For the first time, the cause-and-effect diagram of the event formation with the active action of threat factors and at-
tacks is substantiated and developed, the interpretation of risk in a technogenic system is defined, and the risk in the space of states is
presented as a change in the trajectory in the system transitions to the limit operation mode. For the first time, a category diagram of
the structure of risk generation under the threat factors and a system-category diagram of interaction in the system risk <> emergency-
active nature is constructed, a system-category scheme of risk formation under the active threat factors is suggested. For the first
time, a cognitive diagram for assessing losses in the event of a risk situation arising from incorrect actions of the personnel is sub-
stantiated.

Results. As a result of the research, a system-category diagram of the impact of a set of threats on the system functioning mode
and process is constructed, a method is developed for calculating the level of system strategic security of energy-active hierarchical
systems in the process of attacks and threats, and a complex model for assessing the risk of a system functioning failure under active
threats is suggested.

Conclusions. Under the action of active obstacles, cognitive and system factors at the operational and strategic levels of the con-
trol hierarchy, due to wrong decisions and informational disorientation, emergency situations and risks of the system function loss
and its target-orientation arise. The analysis of a set of risks and the suggested category diagram of the risk generation structure under
the impact of threat factors form the basis of the development of the probability structure of the risk concept based on the attack «»
consequence model, as well as the construction of a system-category diagram of the interaction in the game active factor < accident
risk. This, in turn, makes it possible to construct a system-category scheme for the formation of risk terminal flows in technogenic
systems that arise in the process of threat impact. A complex model for assessing the risk of system failure under threats can be used
to construct protection systems for any hierarchical control structures of technogenic systems.

KEYWORDS: technogenic systems, threats, vulnerabilities, risk assessment, decision making, control of hierarchical systems.

NOMENCLATURE f is a function of the relationship between decision x
ik 1S an assessment of the risk level; and consequence y;
ag is an acceptable risk level, StratU is a control strategy;
KIA is a crisis information agent; Riare control system resources;
F; are attack factors; V(xj,0) is a selected alternative for the space parti-
SV; is a technogenic system (TS); tioning of the system states;
I1; are resource flows; Ty is an interval of the threat;
{x;} is a vector of possible alternatives on the set X D; is an event in the security system, situation;
of the target space partitioning; 7; is a time of the emergency event;

o; are external negative factors from the set Q ; . ]
C; is a consequence of an emergency event;

SitIIS is a situation in the space of states;
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Resurs(TO) is a resource of the technological object

under the impact of external threat factors;
Ry is a permissible resource value under normal con-

ditions;

Opt(U/S;) is an optimal control strategy;

V; are losses upon successful completion of the at-
tack;

A(f;) is an activity of the factor action on the aggre-

gate structure and control system;
R is a probability of the event occurrence;

Ndfi is a consequence of the influencing factor f;;

Vf

ni
fect of the influencing factor f;;

U (W) is a utility function;

Shy is a scale of the utility function with the values

interval 7,
K; is a mechanisms and requirements for information

confidentiality;
{Z;} are types of threats;

is a significance of the consequences after the ef-

{Va;} are loss of information authenticity;

r(Iayig ) is a flow of cognitive risks;

ITp(oyis ) are errors of the personnel;

Oriskopt 1S an optimal risk value, which does not ex-

ceed the permissible value.

INTRODUCTION

The functioning of any technogenic system in the en-
vironment is vulnerable to a variety of interdependent
negative factors, independent disturbances and threats that
can lead to crisis situations, accidents and catastrophes, if
preventive measures to assess the accident risk are not
developed and decision-making procedures are not estab-
lished for control under active informational and cogni-
tive threats. Usually, such procedures and means of coun-
teracting negative factors are provided at the beginning of
the design of the protection system and are described in
the form of provisions in the security policy of any or-
ganization with a hierarchical control system. However,
there are negative factors and threats that may arise in the
process of the system functioning, which also require the
use of a probability approach to determine the risks asso-
ciated with the action of active threats. Therefore, an im-
portant task of the research in the protection system is and
will always be the analysis of risk flows, which together
form a complex model for assessing the control failure
risk for technogenic systems.

If one proceeds from the system concept of assessing
the situation in local, district, regional infrastructures, it
can be concluded that they were not ready for aggressive
attacks on their structure and control process, because
they were based on the concept of terminal stability. The
action of informational and infrastructural attacks of an

© Sabat V. I., Sikora L. S., Durnyak B. V., Povkhan I. F., Polishchuk V. V.,
DOI 10.15588/1607-3274-2023-1-14

156

aggressive type led to their collapse and the emergence of
emergency situations with a high level of accident risk.

The object of the research is the process of function-
ing of complex systems with a hierarchical structure, in
which automated document management systems with a
high level of data flow protection for decision-making are
used to provide the information quality control of techno-
logical processes.

The subjects of the research are the methods and
means of constructing an information protection system to
ensure the reliable functioning of automated document
management systems and making targeted decisions in
hierarchical structures with minimal risk of exposure to
external threats and attacks.

The goal of this work is to develop a complex model
for assessing the risk of the document management sys-
tem failure as part of a hierarchical production system
under active threats.

1 PROBLEM STATEMENT

To achieve the goal of the scientific research, it is nec-
essary to solve the following tasks:

— for the first time, to develop a cause-and-effect dia-
gram of the event formation during the active action of
threat factors and attacks, to form the interpretation of risk
in a technogenic system in the space of states as a change
in the trajectory in the system transitions to the limit func-
tioning mode;

— for the first time, to construct a category diagram of
the structure of risk generation under the threat factors
and a system-category diagram of interaction in the sys-
tem risk <> emergency-active nature;

— for the first time, to develop a system-category
scheme of risk formation in the conditions of active threat
factors and a cognitive diagram for assessing losses in the
event of a risk situation arising from incorrect actions of
personnel;

— to test and verify the suggested complex model for
assessing the risk of the document management system
failure as part of a hierarchical production system for the
example of risk assessment of printing productions, as
well as to offer a system-category interaction diagram in
the game active factor < accident risk.

Problem setting is formulated as follows. Let one have
some research object SV; in the input, which is assessed
by many indicators depending on the control strategy
StratU and security policy. The output may deviate from
the control target due to the set of threats {Z;}and the

attack factors F;, which these threats use. As a result of
the construction of category diagrams of risk formation in
the space of system states under the threat factors in the
time interval Ty, it is possible to assess the amount of
losses in the risk situations and in the event of incorrect
actions of the personnel, the level of which can, for ex-
ample, be represented by using the models of utility func-

tions for risk assessment ayigx ={ary (Fy).-.. opn (Fy )}

from the interval [0; 1]. Moreover, the indicators a; (F;)
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can represent the whole system of criteria and models, on
the basis of which one aggregated assessment gy pt ON

the scale of the utility function Shy, is derived for each

factor of threats and attacks F;, which is equated to the
acceptable risk level o .

In addition to quantitative assessments, the reasoning
of experts analysing the object is used for the research
object. For this, on the basis of experience and knowledge
about the research objectSV;, a group of experts (or an

expert) analyses it, draws conclusions and assigns one
linguistic assessment to each indicator a,g, , from the set
r(Moyige) = {F3 Zi KIA;Vay;u (Toyige )} -

Thus, for a complex assessment of the risk level for a
technogenic system, it is necessary to conduct an analysis
of the attack factors, multiple threats, loss of authenticity
of the control information and possible errors of the per-
sonnel, which lead to risk situations and deviations of the
system from target orientation. On the basis of the pre-
sented input data, for the research object SV;, it is neces-

sary to derive the initial aggregate assessment of the risk
level in the process of the threats impact on the tech-
nogenic system ayigc €[0;1] . Analysing the value of the

assessment o,jsx and equating it to the permissible values
a, established at the design stage and prescribed in the
security policy SV;, it is possible to adjust the level of its
protection by implementing optimal countermeasures.

2 REVIEW OF THE LITERATURE

Analysis of the problem of the emergency and risk
situations occurrence, under active threats and attacks,
shows the importance of constructing models of attack
penetration channels and methods of action on system
nodes. In the work of A. M. Shurygin [1], the use of sta-
tistical methods for forecasting risk situations and risks
assessing is substantiated; the basic concepts, essence,
objectives and methods of information protection and the
organization of printing productions are revealed in the
educational manuals of Vietnamese scientists [2, 3]; in the
publications dedicated to the printing industry, the pro-
duction of securities [4, 5], the peculiarities of the control
of printing production and the protection of printing prod-
ucts are considered; scientific publications are devoted to
various thorough means of information protection: by
Schneier Bruce [6] on applied cryptography, by Mykhailo
Sikorsky, and others [7] on analysis of malicious soft-
ware; the work of L. H. Koval and other scientists [8] is
on the analysis of biometric identification methods. With
the help of the above-mentioned works, the methods and
means of printing production protection are developed,
also using the normative legal framework of the Laws of
Ukraine [9], as well as the methods of software and hard-
ware protection of network technologies [10], mobile
communication devices [11].

In the work [12], modern concepts of information pro-
tection against information attacks and system threats are
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substantiated; the authority control in information security
systems, in particular, new approaches to the protection of
printing companies, is discussed in the monograph [13].

In [14], information technologies for controlling com-
plex hierarchical systems under threats and information
attacks are studied. The concept of risk assessment is
formed on the basis of determining the probability and
frequency of threats and vulnerabilities for the company
assets. The scientific article [15] describes an expert mod-
el for assessing risks and security incidents of airport
network and information systems, based on intellectual
analysis of knowledge using the apparatus of fuzzy sets.
Nevertheless, the model is not able to assess the system
impact on the process of the functioning system control.
The document [16] analyses the concept of risk and safety
of subway passengers in cases of malicious technogenic
incidents. As a result, the importance of protecting pas-
sengers in terms of increasing safety and avoiding dan-
gerous conditions is proven, using the example of the
Athens metro system. These studies reveal the essence of
hierarchical systems and their vulnerability to technogenic
disasters under the external attacks and internal threats
impact.

Modern developed methods of analysis of general in-
dustrial control systems of hierarchical technogenic struc-
tures are presented in the works of foreign scientists [17,
18], and they are given in [19, 20] specifically for com-
plex systems.

The paper [21] presents the application of an object-
oriented Bayesian network for scenario risk assessment. A
model of probability coverage of key factors influencing
accidents in fragmented structures is developed. In the
studies [22], a model-based methodology for hybrid con-
trol of risk assessment of reliability, availability, main-
tainability, and safety for critically important systems is
proposed. As a result, a method of cyber security risk
analysis for industrial control systems is created. Agrawal
et al. [23] define the ontology to represent the ISO/IEC
27,005, 2018 standards, with the aim of providing a step-
by-step understanding of the meaning of security concepts
and their relationships. For example, cyber security on-
tologies are developed by Arbanas & Cubrilo [24], who
are able to construct 52 security ontologies. Researchers
such as Blanco et al. [25] considered 31 security ontolo-
gies. Both studies group the security ontologies into three
categories: general, specific, and theoretical.

Two popular risk assessment methods approved for
the nuclear sphere use probability risk assessment [26,
27], and others use dynamic Bayesian networks [28, 29].

In the works of J. Rabcan and others [30, 31], the
problem of developing a new algorithm with the applica-
tion of a fuzzy classifier for signal classification is pro-
posed. The results can be used to automate the process of
constructing recognition models using precedents.

Nevertheless, a thorough systematic analysis of termi-
nal risks in technogenic systems under the active threats
of resource, information and cognitive types based on
category models of influence channels on the control

process has not been carried out to date.
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In view of all the above-mentioned facts, it has been
decided to carry out an innovative study on the develop-
ment of a complex model for assessing the risk of the
document management system failure as part of a hierar-
chical production system under the active threats impact.

3 MATERIALS AND METHODS

To analyse risks in technogenic systems and construct
schemes and methods for their minimization and control,
it is necessary to apply a risk analysis methodology based
on the following components:

— the source of risk factors (activity, power, channels);

— the scenario of active actions and the factors impact
on the system functioning process (structural, resource,
information failure);

— the analysis of the results of the factors effects on
the system;

— the structure of the intrusion zone of the active sys-
tem, which allows the action of an intelligent threat agent
through unidentified channels;

— active agents that form the means of the function
and structure collapse of the technogenic hierarchical
system at the physical level and errors in projects.

The source of risk is related to the consequences of ac-
tive actions through the scenario — the chain of events of
risk implementation in the system under certain condi-
tions, which leads to negative consequences and accidents

(Fig. 1).
Strategic targets of the attack
on ACS control and structure mMaxo,g,
R Attack Generation Avar(TC)
! activator of risk factors

7
7
.
,
Scenario of the event development
under attack implementation -

S
Y
Analysis of the attack possible results
o (P ),

on ACS control and structure

' i

Risk level
Situation
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min | medium| max
Selection of the intrusion area
in the system structure
K]Arm
(Attack command {KIAl,..‘,KIA”})
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cognitive factors of the attack i :|
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Figure 1 — Informational and cognitive map
of the system intrusion process
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Chains, paths and directions of connections are actu-
ally scenarios of the development of a dangerous situation
from the point of view of different positions. They de-
scribe the scenarios of events that can happen to the sys-
tem under the action of active factors generated by the
source of risks — an active agent, an attacking system, a
hidden internal crisis agent, errors of managerial person-
nel when making decisions.

With the action of active obstacles, cognitive and sys-
tem factors at the operational and strategic levels of the
control hierarchy, due to incorrect decisions and informa-
tion disorientation, emergency situations and risks of loss
of system functions and its target-orientation arise

(Fig. 2).

Struk(TS)

Attacks

Strategic
control
of IACS

ACS-TF
F risk

Technological
Resource 1 aggregate
flows flow structure

HR
F risk @ /

Frisk @
F risk

System of control technology
i protection from attacks

HL:

Figure 2 — Category diagram of the formation of hybrid
complexes of active risks under the attack factors flow

Products

Waste

Here are the schemes for forming a set of risks:

1. Physical risks — physical loss of resources during
the system operation, collapse of structures, blocks, ag-
gregates, nodes;

2. Technogenic risks — failure of systems, networks,
computers, communications, DoS attacks and threatening
destructive actions, power supply failures;

3. Position and cognitive risks — non-compliance with
the criteria, regarding the position and abilities of the

person, which leads to wrong decisions;
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4. Information risks — loss of data, unauthorized ac-
cess to ports, terminals, cryptosystems, attacks on data-
bases and information security systems;

5. Management risks — access to decision-making sys-
tems, analysis, control, forgery of powers, disorientation
of personnel;

6. General organizational risks — conflicts, personnel
risks, erroneous setting of targets, inadequacy of situa-
tions perception in the control system, inadequacy of
strategic targets, sabotage;

7. Risks of violation of the system security level — as-
sociated with attacks on the existing levels of the control
system, selection and processing of data and decisions;

8. System risks — associated with possible errors when
selecting a system concept (targets, structure, dynamics,
data processing, control strategies) — by control and op-
erational, project staff.

The level of risk (permissible, sufficient, limit, warn-
ing, emergency) is the basis of the classification of both
system functioning modes and the assessment of the reli-
ability of the functioning of aggregates, blocks, and con-
trol processes in complex integrated hierarchical systems.

The risk of control failure will be analysed in condi-
tions of stochastic uncertainty of the situation under the
action of active factors in the space of system states and
the target of the control system.

Let one have {x;}— a vector of possible alternatives

on an admissible set X of the space partitioning of tar-
gets (modes, states).

A rational selection is made according to the conse-
quences that the control action leads to under the factors
impact o; € Q at the moment ¢; .

The connection between the decision f regarding x
and the consequence y is determined by:

3Strat(u/f):y = f(x,0,4),
f:(XxQxT)—)Y—><f €F>,

where {f(x,m)/t;} - is the function that characterizes

onm

(costs-spending); f :(X ><Q)—>Y — is the model of the
decision-making process; y = f (xi Iinzl,oo) — defines the
process of calculating the consequences of the stochastic

factor on x; .

The two-stage decision-making process, under the in-
fluencing factor, has the following structure related to the
cause-and-effect representation: [1]

1. The decision is made for the first move according to
the alternative x; € X , then random factors are imple-

mented o; € Q (AR — 1 > D; — SitllS ).

2. The decision is made y =Y (x,®, ), which corrects
X; (3StratU,U :x > y).

Implementation costs x; will be f;(x;), and for the
implementation y = f, (x,y,»), thus, if:
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IW (Resurs(TO) > Ry ) = 3Strat(U/ f;, f,):
fu (%),

f(x,0)= fz(x*,y(x,m),m

) — (Opt(U/s;)).

From the above, it is possible to construct loss func-
tions according to the risk level of control selection on the
terminal decision-making cycle for active target-oriented
control. At the same time, the level of losses under deci-
sion-making risk may depend on the selection of strate-
gies:

1L R(x)=f (xi,co*) — are normalized losses of re-

sources, products;
2. Fy(x)=max f (x,®) — are the highest losses of the

system type;

®;€Q
3. R(x)= M f(x,0)=f(x,0)P(do) - is the
function of the probable average risk under the action of
active threats flows;

A Fa(x)= P{f (X, o)< f (x,m).[P(dw)}:
. (o] f(x0)<c)
probability of losses under active threats that create an
emergency situation.

The risk assessment is determined according to the
situation and the activation of the threats, i.e.:

arisk (05 | %) = f (X, 0)=F(x) — is determined by
the selected alternative on the space partitioning of the
system state in the form of a category diagram (Fig. 3).

Consequencel |—>| V(xl,u))

Figure 3 — Category diagram of the structure of risk generation
under threat factors

— is the

oD

Activator

F(x) -+

i

TT
111
.

Consequence 2

V(xz,(n)

e

=

B

Consequence n

According to the above category diagram, the prob-
ability structure of the concept of risk is justified based on

the model (attack — consequence) :

if R (t;) >0, then

Vt ET y n L]
'™\ Risk = (R, Cj) = max(C, V)
i=1
where P - is the event probability; C, — is its conse-

quence; V; — are resource losses at C,; T,, —is the inter-
val of the treat action.
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Then the general risk form for a certain type of active
influencing factor is determined according to the formula:

n
Risk — (P,Nf.,vf)—>mina,
vt €TVl >0,R >0: iL:Jl b L

Then the structure of the interaction system
(structure <> active factors) can be presented in the

form of a category diagram of threats impact in Fig. 4, 5,
6.

KIAr:\'k
Activator A(F}) System D, —> AVAR
1.Situation D, —> ALARM
2.Event D, —> NORMA
Generator of
. . — 7/ A
influencing factor
AF (D)
Level of
emergency 1. Stability Rob
situation risk sk 2. Control K
l 3. Robustness RS
i Strat
Strategy of 4, Strategies rai
counteractions 5. Control targets |V'(C;)
Dynamics nature

Uncertainty

Probability
of risk event
of situation ()

Figure 4 — System-category diagram of interaction in the game
(active factor <> accident risk)
According to the above analysis of events in the sys-
tem, which is affected by both control actions and active
threats, a set of utility functions of the action of a complex

of factors {Fk |k=1’m} is constructed from the selected

loss minimization strategies.

sh, Ak uw) S Ao,

R

b — — — — — —

b —\ — —

>
>

]Z

Figure 5 — Graph of the utility function when making decisions

Symbols in Fig.5: Shy - is the scale of the utility
function with the value interval 1; U(W) - is the Neu-

mann-Morgenstein utility function when forming the
decision  selection on the set of alterna-
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A n

tives; (W => W P,J — is the expected benefit of the event
i=1

with the probability of the consequences of the individual

selection of the behaviour strategy (target-oriented) in

relation to the system, situation

(UW)=P(U|S)-(1-p)U(S)) - ie. between maxi-
mum and minimum (Sy, Sp).

Graphs of the utility function U(W) when making
decisions of the PMD-KIA (the person making the deci-

AN
sion), with the expected benefit [V / Fki J determines the

losses in case of incorrect actions of the operator with
different types of behaviour:

1. PMD; —indifferent to risk (cognitively resistant);

2. PMD - not prone to risk (mentally unstable);

3. PMD; — prone to risk when making management
decisions.

According to the determination of the usefulness level
from control actions, under threats, a system-category
scheme of the formation of a risk situation in the tech-
nogenic hierarchical structure (TS) is constructed (Fig. 6).

Resources Products

7|
| Aggregate structure
] f
L1 LT
| ACS-T

| e |
[T
| L — |
| ACS-operational control
1
[T 4]

| IACS-intellectual control

2/

T T T T

Strategic
IT control

Resource threats
Structure threats

targets
Tactical threats
Information protection Strategic threats

T—(Target disorientation and failure)

Figure 6 — System-category scheme of risk formation under
active threats to the functioning of technogenic hierarchical
structure objects

4 EXPERIMENTS

Informational and cognitive threats will be analysed
and studied in the automated document management sys-
tem as part of the hierarchical production system.

The security system is primarily focused on identify-
ing threats and, accordingly, risks of losses for the organi-
zation. Such threats include threats to confidentiality,
integrity, availability, accountability, authenticity, and

reliability of information.
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When assessing the above threats, it is important to di-
rectly analyse the security issues with system assets, as
this can affect possible threats and, as a result, the selec-
tion of protective measures. Usually, such an assessment
contains a specific approach to each organization in par-
ticular, and also requires the involvement of specialists
not only in the field of information protection, but also
directly from the organization’s specialists, who can as-
sess the system assets, analyse the consequences of dam-
age to these assets and means for restoring the working
mode of the system after possible incidents. An informa-
tion security incident is any unforeseen or undesirable
event that can disrupt operations or information security.
Information security incidents are: loss of services,
equipment or devices; system failures or overloads; user
errors; non-compliance with policies or guidelines; viola-
tion of physical protection measures; uncontrolled system
changes; software failures and failures of technical
means; violation of access rules.

Let one consider each of the threats in more detail, an-
alyse the possible consequences of successfully imple-
menting attacks on the system and the necessary counter-
measures to reduce them [2-4], and construct a category
diagram of the threats actions to the system and control
processes (Fig. 7, 8).

Threats to the data privacy about the entire system
usually use information access attacks. Threats to privacy
can be countered by appropriate privacy and identification
services. The methods of such attacks on the information
system (IS) are usually reduced to three unauthorized
actions: spying, eavesdropping and interception.

The mechanisms for ensuring the confidentiality of in-
formation in the form of files are presented in Table 1.

Table 1 - File confidentiality mechanisms and requirements
for them

Mechanisms for K Physical security control
ensuring confidenti- | K, Access control to the computer
ality files
K3 File encryption

File confidentiality K Identification and authentication

requirements Ks Correct setting of the computer
system
Ks Correct key control when using
encryption

Spying (ZA) is carried out by accessing unauthorized

information and viewing it. If these are paper documents,
first of all, it is necessary to ensure their physical protec-
tion, preventing third parties from accessing confidential
information (security, locks, safes, surveillance and alarm
systems, etc.) [12]. If it is an electronic document, then in
addition to physical protection and identification of au-
thorized users, it is necessary to implement their authenti-
cation methods. At the same time, the following mecha-
nisms of document files confidentiality and requirements
for them should be taken into account [13]:

Eavesdropping (ZA,) can be carried out, for example,
by connecting to a line and listening to a telephone con-
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versation. Electromagnetic radiation from sources of in-
formation dissemination in IS can also be used.

Let one study the threats from information attacks.

If the information is transmitted through an internal or
external network, it is possible to intercept it.

In the case of interception, it is important to take into
account the fact that an attacker can carry out such an
attack, but in order to prevent its further successful devel-
opment, it is necessary to implement countermeasures to
encrypt such information. At the same time, it is neces-
sary to introduce reliable encryption technologies for
information flows, or all communication traffic (Fig. 7)
[6].

Loss of privacy can lead to the following negative
consequences:

— loss of public trust or lowering of the organization’s
image in the society (VR;);

— liability before the law, including liability for viola-
tion of legislation in the field of data protection (VR; ) ;

— negative influence on the organization policy

(VRs):
— creating a threat to the safety of the organization’s
personnel (VRy);

— financial losses (VRs).

Cognitive actions

( Information technology )

Figure 7 — Cognitive diagram for assessing losses
in the risk situation

Symbols in Fig. 7: {ZA } - are types of threats affect-
ing the system; a,iq — is the risk level; 10; — is a type of
the information operation; {VR;} — are losses under the

factors impact {F;} .

Let one consider informational threats to the data in-
tegrity as the basis for errors in the formation of manage-
ment decisions.

The threat to the information integrity leads to the im-
plementation of attacks on its modification, so all possible
negative events that can lead to such incidents should also
be analysed (Fig. 8). Such events include the following:

— physical access (ZBy) to the places of storage of in-
formation carriers — it threatens the integrity of the infor-

mation located on such carriers);
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Figure 8 — System-category diagram of the impact of a set of
threats on the system

— maintenance error (ZB,) — it occurs if it is carried

out irregularly or without compliance with all security
policy procedures, then the integrity of the relevant in-
formation is at risk;

— malicious code (ZB3) - it can lead to a violation of

integrity, for example, if changes are made to data or files
by an unauthorized person who gained access using mali-
cious code, or such changes are made by the code itself
[71;

- spoofing a legitimate user ID (ZB4) — it can be used

to bypass authentication and related services and security
functions. As a result, integrity problems may arise every
time when the information is accessed and modified under
the guise of a legitimate user [8];

- sending messages along a wrong or changed route

(ZBs) — it can lead to a violation of integrity, for exam-

ple, when messages are changed and then transmitted to
the original addressee;

— software failure (ZBg ) - it may violate the integrity

of data and information that is processed with the help of
such software;

— failures in power sources (ZB7) — (electrical supply

and ventilation) — it can cause integrity problems, if such
violations are the cause of other malfunctions. For exam-
ple, power outages can lead to hardware failure, technical
malfunctions, or data storage problems. Such problems
include technical malfunctions;
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— unauthorized access to computers, data, services and
applications (ZBg) — it can become a threat to the informa-

tion integrity if their unauthorized change is possible [13];
— use of unauthorized programs and data (ZBg) - it

creates a threat to the information integrity in the storage
device and during its processing in the system, if these
programs and data are used to illegally change informa-
tion or contain malicious code;

— unauthorized access to the place of storage of infor-
mation carriers (ZBjq)— it may endanger the integrity of
this information, because in this case, unauthorized
changes to the information recorded on this information
carrier are possible.

The integrity service monitors the reliability of infor-
mation. With the proper level of organization, it gives
users confidence that the information is correct and no
one has changed it. The integrity service must work to-
gether with the identification service to perform a reliable
verification of the authenticity of the person, his authen-
ticity to the admission level. Therefore, the integrity ser-
vice is a “shield” against modification attacks [18].

Loss of integrity can lead to the following:

— making wrong decisions (NR);

— failure in the organization’s commercial operations
(NKo);

— loss of public trust or lowering of the public image
of the organization (VDr) that performs social activities;

— financial losses (VF) from crisis situations and
emergencies;

— liability before the law, including liability for viola-
tions of legislation in the field of data protection (ZV; ).

Hybrid threats to the availability of an automated hier-
archical control system from attacking agents usually
include events that allow attackers to carry out denial-of-
service attacks. Among security specialists, such attacks
are also called DoS (Denial-of-Service) attacks. The fol-
lowing threats are considered that can lead to the speci-
fied attacks [14]:

— destructive actions (ZRD;) - destructive attacks,
which can also be called vandalism;
— physical access (ZRDZ) — to storage locations of in-

formation carriers — it threatens the readiness for function-
ing of storage facilities;

— equipment malfunction (ZRD3) — connection and
failure of communication services;

— maintenance error (ZDp) — it often occurs if main-
tenance is carried out irregularly or with errors;

— malicious code (ZKd) - it can be used to bypass
the authentication and related services and security func-

tions. As a result, this can lead to a loss of accessibility.
For example, if data or files are destroyed by a person
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who gained unauthorized access using malicious code, or
the code itself erases files [7];

— spoofing a legitimate user 1D (ZIK) — it can be used
to bypass the authentication and all related services and
security functions. As a result, accessibility problems may
arise every time when impersonating a legitimate user
makes it possible to delete or destroy information [5];

— incorrect routing (ZMi) or change of message rout-
ing [10];

— abuse of resources (ZR), which leads to failures of
the network mode.

— natural disasters (ZKS)

and energy supply;
— software failures (ZZp) - it can lead to the unavail-

ability of data and information that is processed with the
help of these programs;

— disruptions in supply (ZNRp) — it can lead to avail-

ability problems if these disruptions are the cause of other
malfunctions. For example, power outages can cause
hardware failure, technical malfunctions, or data storage
problems. Therefore, it is advisable to provide workplaces
with uninterrupted power supply units [12];

— technical malfunctions (ZNI) of nodes, blocks, sys-

tem structures;
— theft (ZRs)of spare sets for communication and

control systems, which leads to an accident;

— traffic overload (ZNpt) — it will reduce system reli-
ability;

— transmission errors (ZNp) — effects of interference

on data transmission channels and systems;
— unauthorized access to computers (ZND), data, ser-

vices and applications — it can become a threat to the in-
formation accessibility, if unauthorized destruction of this
information is possible;

— use of unauthorized programs and data (ZNpd ) -

creates a threat to the information accessibility in the
storage device and during processing in the system, if
programs and data are used to destroy information or if
they contain malicious code;

— unauthorized access to storage locations of informa-

tion carriers (ZNdn)— it can lead to a risk of information

accessibility, since in this case unauthorized destruction
of information recorded on these carriers is possible [14].

In accordance with the presented conditions, a dia-
gram of risk formation in the technogenic system is con-
structed (Fig. 9).

The information accessibility service supports its
readiness for work, allows access to computer systems,
data stored in these systems, and programs. This service
provides the information transfer between two endpoints
or computer systems. It is mainly about the information

— impact on the structure
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Figure 9 — Diagram of formation of the system accident risk
under a complex of threats

presented in electronic form (but also suitable for ordinary
documents).

Loss of access to data in ADMS and ACS can lead to
the following consequences and the action of threat fac-
tors:

— making wrong decisions (Fy, ) ;
— inability to perform important assigned tasks (Fp );

— loss of public trust or lowering of the public image
of the organization (Fyq ) ;

— financial losses (Fy );

— liability before the law, including liability for viola-
tions of legislation in the field of data protection and non-
fulfilment of contracts within the established terms

(Fvz);
— significant costs for restoring (FW) the system

structure, communication channels, and software.

Let one consider the threats of accountability for the
hierarchy levels of the cyber technogenic system in the
implementation of targeted control tasks.

When protecting accountability, any threat that may
lead to the performance of actions that are not characteris-
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tic of this object or entity should be taken into account:
collective use of accounts; lack of possibility of opera-
tional control of actions; imitation of a legitimate user
(masquerade); software failure; unauthorized access to the
computer, data, services and applications; unsatisfactory
authentication. Such threats typically use disclaimer at-
tacks [12, 14].

The loss of accountability, under the factors impact of
the system functioning process failure can lead to the
following informational and cognitive consequences:

— manipulation of the system by users (ZF,);

— deception of personnel at the levels of the system hi-
erarchy (disinformation) (ZF);

— industrial spying (possibility of attacks) (ZFp) ;

— uncontrolled actions leading to emergency situations
(ZF4);

— false accusations of incorrect decisions of individu-
als (ZF;);

— liability before the law, including liability for viola-
tion of legislation in the field of data protection (ZF,).

Let one consider threats to authenticity in the event of
data failure and system disorientation.

Trust in authenticity can be undermined by any threat
that causes a person, system, or process to doubt that an
object is who it claims to be. Examples of the occurrence
of such a situation are the change of data without proper
control, the origin of unverified or unsupported data
(Fig. 10). [14]

Loss of authenticity can lead to the following conse-
quences in the ADMS system:

— deception of the lower levels (Vaj ;)and disorienta-

tion of the upper levels of the control hierarchy (Vay ;) ;

— use of reliable processes with unreliable data (which
can lead to a misleading result) (Va, ) ;

— manipulation of the organization from the outside —
structure (Vag 1) and targets (Vag ) ;

— industrial spying regarding target documents (Vay ) ;

— false accusations that lead to conflicts in the system
(Vas);

— liability before the law, including liability for viola-
tion of national legislation in the field of data protection
(Vag) .

According to these factors, category diagrams of the
formation of hybrid attacks on the information authentic-
ity are developed for each control system (Fig. 10).

Threats of management data inaccuracies are not nec-
essary for assessing the situation and making control deci-
sions.
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Figure 10 — Category diagrams of the authenticity loss of the
control process under internal and external cognitive threats

Any threat that can lead to inconsistent behaviour of
systems or processes leads to a decrease in reliability.
Examples of such threats are illogical functioning of the
system and unreliable suppliers. Decreasing credibility
leads to poor customer service and loss of trust.

The loss of reliability can lead to the following conse-
quences in the process of control decision-making under
the threat factors:

— deception of the personnel, which leads to a conflict;

— loss of market share due to disorganization;

— decrease in motivation in the work of the organiza-
tion’s personnel, which leads to the emergence of risk
situations during control;

— unreliability of suppliers;

— decrease in customer confidence in the service sys-
tem;

— liability before the law, including liability for viola-
tions of legislation in the field of data protection.

Any attack is implemented through the performance of
certain actions that disrupt the performance of the protec-
tion system and the automated control system as a whole.
For a successful attack, an attacker needs to identify a
weak spot in the chain of the protection system and, due
to the threats and vulnerabilities of the system, make an
illegal intervention in its work. At the same time, the main
attention of attackers is aimed at security services, which
are focused on countering attacks. Therefore, for the reli-
able functioning of the security system, an important task
is to establish the operation of all its security services and
analyse the formation of the characteristics of influencing
factors and risk components (Fig. 11).
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Figure 11 — A complex model for assessing the system failure
risk under active threats

5 RESULTS

The analysis of literary sources and the results of re-
search on the behaviour and knowledge level of opera-
tional personnel in energy (KMDandA, ACS) at thermal
power plants (coal) was carried out on the basis of a sys-
tem analysis of cognitive engineering psychology, meth-
ods of the theory of knowledge. This became the basis for
the development of a table of crisis skills, which provide
the possibility of selection and formation of operational
anti-crisis management teams in the conditions of active
threats and attacks of a complex type (Table 2).

Table 2 — Factors and skills

Ne Requirements to the activity Factor Coefficient
ar
1 Information processing of images Fl, 0.1-0.5
2 Operational actions Fl 0.1-0.95
3. To form images of situations Flg, 0.1-0.5
4 Factor of target-oriented actions FCS, 0.05-0.95
5 Factor of action tactics genera- FGy 0.1-0.35
tion
6. Factor of sensory information FSS, 0.1-0.25
perception
7. Factor of skills to implement FR,, 0.1-0.9
strategy
8. Ability to master knowledge KFIZ, 0.1-0.5
9. Ability to construct models of KFiZ, 0.05-0.3
objects and event scenarios
10. System target-orientation Kiz, 0.1-0.95
when the mode is broken
11. Formation of images of terminal Klz, 0.05-0.25
situations
12. Analysis of the dynamics of KIZ, 0.05-0.5
events in the system, control
modes
13. | Forecast of the consequences of a KlZ, 0.05-0.95
person’s managerial actions
14, Genetic features of a person’s IKK, 0.01-0.3
thinking
15. Motivational and will-power IKK,, 0.5-0.95
ability to make decisions
16. Cognitive stress resistance SKI1 0.1-0.95
17. The level of system and profes- RSP, 0.5-0.9
sional knowledge of the operator
18. Ability to apply knowledge in FKSit 0.1-0.95
crisis situations (creativity)
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Tables of this type ensure the construction of effective
tests for the selection of personnel for teams of opera-
tional and strategic control levels, which are capable of
resisting active threats of a high-risk level.

According to Table 2, a category diagram of influenc-
ing factors on the formation of possible cognitive risks —
staff errors is constructed (Fig. 12).

Ak opt

Figure 12 — Category diagram of cognitive risk assessment

6 DISCUSSION

The developed complex model of risk assessment in-
creases the accuracy and objectivity of assessing risk
situations, because on the one hand it uses quantitative
assessments of the research object (based on data on pos-
sible losses in the event of incidents) according to various
models and criteria, and on the other hand it uses the ex-
perience, knowledge and competencies of experts in the
subject area.

The general concept of this approach can be applied
not only to companies of the printing industry, but also to
any technogenic structures with a hierarchical control
structure. Quantitative assessment of losses is presented in
the model input obtained according to the analysis of
possible threats and vulnerabilities, for example, organ-
izational assets, cognitive characteristics of factors affect-
ing the technogenic structure, taking into account risk
coefficients, characteristics of various management com-
ponents of risk and linguistic considerations of experts-
specialists in the field of security and control and deci-
sion-making systems. The risks of production losses are
formed in the terminal cycle of production and can also be
changed under the active threats in the process of produc-
tion and control. It is necessary to take into account all the
threats and vulnerabilities of such technogenic hierarchi-
cal systems, and only then it is possible to determine a
complex indicator of the system failure risk under active
threats. The weight of each constituent indicator of risk
can be determined on the basis of the probability ap-
proach of the occurrence of one or another event depend-
ing on the level of threat to a certain asset, or on the basis
of statistical surveys of experts in a specific subject area
of research. As a rule, probability approaches coincide
with practical statistical results, but unforeseen force ma-
jeure circumstances may arise, which, for example, we
are currently experiencing during military operations,
which destroy all scientific forecasts and conclusions of
experts. Assessment and risk analysis of technogenic
hierarchical structures was carried out in peacetime, dur-
ing 2020-2021, for which there are relevant Implementa-
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tion Acts, in particular for the printing production. Based
on the received complex assessment of the system mal-
function risk, recommendations can be provided for im-
proving the protection system for a certain production and
its separate structures, which increases the reliability of
the security system.

The developed model of a complex assessment of the
system failure risk under active threats does not give a
guantitative assessment of the risk, as it determines weak
points for the system functioning. In particular, the
amount of cognitive risk is difficult to quantify until an
incident occurs — a staff or manager error. Therefore, the
study substantiated a cognitive diagram for assessing
losses in the event of a risk situation with incorrect ac-
tions of personnel. The graph of the utility function in
decision-making of a decision-maker with expected gains
and losses, in case of incorrect actions with different types
of behaviour, which affects the cognitive component of
the risk level, is presented. In the process of testing with
the help of a category diagram active factor < accident
risk, it is possible to reduce the level of cognitive risk,
thanks to the increase in the competencies and skills of
the personnel.

Obtaining a quantitative risk assessment for the re-
search object has a number of advantages, namely: it
combines quantitative (reliable) assessments with the
experience, knowledge, and competencies of experts in
the subject area; it is based on the definition of the deci-
sion-making utility function; the managerial personnel
can be trained and decision-making levels can be adjusted
according to the method proposed in the research. The
suggested category diagrams and a complex risk assess-
ment model can be used not only in the process of design-
ing protection systems, but also in the process of system
operation to solve those problems where there is no data
for training and where it is necessary to periodically mon-
itor the security system.

The disadvantages of this approach include the fact
that the obtained coefficients of cognitive risk depend on
the division of the interval [0,1], and their values depend
on the competencies of experts in certain subject areas of
research. The training of managerial personnel in the
security system also depends on this.

CONCLUSIONS

The paper solves the scientific and applied task of de-
veloping a complex model for assessing the risk of system
failure under active threats, which, on the one hand, uses
quantitative assessments of the object, and on the other
hand, takes into account the experience, knowledge and
competencies of experts in the relevant subject area.

The scientific novelty of the conducted research is as
follows:

— for the first time, a cause-and-effect diagram of the
event formation during the active action of threat factors
and attacks has been developed;

— the interpretation of risk in a technogenic system in
the space of states as a change in the trajectory in the
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system transitions to the limit functioning mode has been
improved;

— for the first time, a category diagram of the structure
of risk generation under the impact of threat factors and a
system-category diagram of interaction in the system risk
<> emergency-active nature have been constructed;

— for the first time, a system-category scheme of risk
formation in the conditions of active threat factors and a
cognitive diagram for assessing losses in the event of a
risk situation arising from incorrect actions of personnel
have been developed:;

— the proposed complex model for assessing the risk
of the document management system failure as part of a
hierarchical production system for the example of risk
assessment of printing productions has been tested and
verified, and in addition, a system-category interaction
diagram in the game active factor « accident risk has
been suggested.

The practical significance of the obtained results is
that the proposed model of complex risk assessment has
been tested in the document management system as part
of the hierarchical system of printing production and can
be used in various technogenic hierarchical systems when
solving managerial decision-making tasks, designing and
improving protection systems.

The further research of the problem can be seen in
the development of software for assessing the risk of sys-
tem functioning under active threats to technogenic hier-
archical structures.
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V]IK 004.451.36:681.5

AHAJII3 TEPMIHAJIBHUX ITOTOKIB PU3UKIB Y TEXHOI'EHHUX CUCTEMAX, AKI BUHUKAIOTH B ITPOLECI
BILIUBY 3AT'PO3

Cab6ar B. I. — xauz. TexH. HayK, JOLEHT, JOLEHT Kadeapy iHpopManiiHIX MYyIBTUMEIIHHUX TEXHOJIOTIH YKpalHChKOI akaneMii
npykapcTBa, JIbBiB, YkpaiHa.

Cikopa JI. C. — 1-p TexH. Hayk, npodecop, ailicuuii wieH [mxenepuoi Axanemii Ykpainy, npodecop kadeapu aBToMaTu3oBa-
HHX CHCTEM YNpaBiiHHs [HCTUTYTy KOMI IOTepPHHUX HayK Ta iHpopMmauiiiHux TexHouorii, JIpBiB, Ykpaina.

Hypusak B. B. — 1-p. TexH. Hayk, podecop, 3aciIyKeHUI AiTd HAYKH 1 TEXHIKK YKpaiHu, peKTop YKpaiHChKOI akaieMil ApyKap-
cTBa, JIpBiB, YKpaiHa.

MoBxan I.®. — 1-p TexH. HayK, npodecop, AekaH PaKkynpTeTy iHpopManiitHux Texnomnorii JBH3 «Yxropoacekuii HalioHa b=
HUH yHIBEpCcUTET», M. YXKropon, YkpaiHa.

Monimyk B.B. — 1-p TexH. Hayk, noueHT, npodecop kadenapu nporpamuoro 3adesnedenns cucreM [IBH3 «Yxroponcekuii Ha-
LiOHAJBHUH yHIBepcUTET», YKropon, YkpaiHa.

AHOTAIIA

AxTyanbHicTh. [IpoBeneHo aHani3 TepMiHaJIbHUX MOTOKIB PU3HUKIB B TEXHOTCHHHX CHCTEMaX, SIKi BAHUKAIOTh B MIPOLECI BILUIUBY
iHpOpPMaIifHNX 1 KOTHITUBHHUX 3arpo3 B aBTOMAaTHU30BaHiil CHCTEMi yNpaBIliHHA Ta JOKyMEHTOOOITy B CKJIAJi i€papXidyHOI CHCTEMH
BHPOOHUIITBA.

OO6’€eKTOM JIOCIIKEHHS € TPonec (yHKIIOHYBAaHHS CKJIaJHUX CHCTEM 3 i€papXiqHOIO CTPYKTYpOIO, B SIKHX Ui iH(hOpMaIiiHOTO
3a0e3MeUCHHs SIKICHOTO YIPaBIiHHS TEXHOJOTIYHUMH MPOLECAMH BHKOPHUCTOBYIOTHCS aBTOMATH30BaHI CHCTEMH JOKYMEHTOO0Iry 3
BHCOKHM PiBHEM 3aXHCTY MOTOKIB JaHHUX ISl IPUUHSTTS PilllCHb.

TIpenmeroM IOCHIKEHHS € METOIU Ta 3aCO0M MOOYIOBH CHCTEMH 3axXHCTy iH(opMaii s 3a0e3neueHHs HaJiitHoro (yHKIIio-
HyBaHHS aBTOMAaTH30BaHHUX CHCTEM IOKYMEHTOOOIry Ta HPUUHATTS LIJIbOBHX PIIICHb B i€PapXiYHUX CTPYKTypax 3 MiHIMalbHUM
PH3MKOM BIUIMBY 30BHILIHIX 3arpo3 i aTax.

MeTto10 naHoi poOOTH € pO3pOOIICHHS KOMIUICKCHOT MOZETI OLIHKH PU3UKY 30010 CHCTEMH YNpPaBIiHHA Ta JOKYMEHTOOOIry B
CKJIafil iepapXivyHOi CHCTEeMH BUPOOHUITBA MPH [Iii aKTUBHHUX 3arpos3.

Metoa. Briepmre o0rpyHTOBaHO i po3po0IICHO MPUYMHHO-HACTIIKOBY Aiarpamy (opMmyBaHHS IOXil pu aKkTHBHIH mii daxTopis
3arpo3 i arak, BU3HAYCHO TPAKTyBaHHs PH3UKY B TEXHOTCHHIN CHCTEMI Ta MPEJICTABICHO PU3UK Y MPOCTOPI CTAHIB K 3MiHY TpaeK-
TOpIi NpU Mepexo/ii CUCTEMU B TPaHUYHUI pekuM (QYHKUIOHYyBaHHs. Briepiue mo0yaoBaHO KaTeropHy aiarpamy CTPYKTYpH IOpO-
JDKSHHSI PU3UKIB IIpU Jii (hakTopiB 3arpo3 Ta CUCTEMHO-KAaTETOpHY Jiarpamy B3a€MOJIi B CHUCTEMI pu3ux <> a8apitiHo-aKmueHull
Xapakmep, 3anpONOHOBAHO CUCTEMHO-KAaTerOpHY cXeMy (OpMyBaHHs PH3HMKIB B yMOBax [il akTUBHUX (akTopiB 3arpo3. Bmepuie
OOIPYHTOBaHO KOTHITHUBHY Aiarpamy [Uisl OLIIHKY BTPAT PU BUHUKHEHHI PU3UKOBOI CUTYAIlil IPH HEKOPEKTHHX IisX HEPCOHAIY.

PesyabTaTn. B pesynprari mocmimkeHs moOyJOBaHO CHCTEMHO-KaTETOpHY Aiarpamy BIUIMBY KOMILIEKCY 3arpo3 Ha PEXUM i
nporec QyHKIIOHYBaHHS CHCTEMH, PO3p0o0IeHO METOA OOYMCICHHS PiBHS CHCTEMHOI CTpaTeTriqHO] Oe3MeKy eHeproakTHBHUX i€pap-
XIYHHX CHCTEM B IIPOIIECi Jil aTak i 3arpo3 Ta 3aIPOIIOHOBAHO KOMILUIEKCHY MOJEIb OLIHKH PH3KKY 30010 ()yHKIIOHYBaHHS CUCTEMU
pY i1 aKTUBHHUX 3arpo3.

BucnoBku. [Ipu nii akTHBHUX 3aBaji, KOTHITUBHUX 1 CHCTEMHHX (haKTOPIB HA ONEPaTHBHOMY Ta CTPATEridYHOMY PIBHSX iepapXii
YIpPaBIIiHHSA 13-32 HEMPaBWIBHUX pillieHb Ta iH(GopMaLiiHOT e30pieHTallil BUHUKAIOTh aBapiiHi CUTyalil Ta pU3UKU BTPAaTH (YHKLIN
CHCTEeMH 1 i LiIeOpiEHTOBAHOCTI. AHaIi3 KOMIUIEKCY PU3HKIB 1 3alpOIIOHOBaHa KaTeropHa Jiarpama CTPYKTYpPH MOPOIKECHHS PH3HU-
KiB mpH il (akTopiB 3arpo3, JArIH B OCHOBY PO3POOJICHHs HMOBIPHICHICHOT CTPYKTYpH MOHATTS PU3UKY Ha MiICTaBi Mojeni ama-
Ka <> HACAI00K, @ TAKOX MOOYJOBH CHCTEMHO-KaTETOPHOI JiarpaMu B3a€MOZIT B Tpi akmueHuil (pakmop <> puzux asapii. Lle, B cBOIO
Yyepry, IaJi0 MOXKJIMBICTh TOOYIOBH CHCTEMHO-KaTErOpHOi CXeMH (OpPMYyBaHHS TEPMiHAIBHUX MMOTOKIB PU3HKIB B TEXHOTEHHUX CHC-
TeMax, SKi BUHUKAIOTH B MPOLEC] BIUIMBY 3arpo3. KoMmIuiekcHa MOAeb OLIHKKA PU3UKY 30010 CHCTEMU IpH Aii 3arpo3 Moxke OyTu
BUKOPHCTaHa [Isl HOOYZ0BU CHCTEM 3aXUCTY JUIs Oy Ib-SIKUX 1€papXidyHUX CTPYKTYP YIPABIIiHHI TEXHOTCHHUMHU CHCTEMaMHU.

KJIIOYOBI CJIOBA: TexHOT€HHI CHCTEMH, 3arpO3H, BPA3JIMBOCTI, OI[IHKA PU3UKY, IPUIHATTS pillleHb, YIPaBIiHHS iepapxid-
HUMH CHCTEMAaMH.
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