e-ISSN 1607-3274 Panioenexkrponika, iHpopmartuka, ynpasiinas. 2021. Ne 1
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2021. Ne 1

UDC 621.391: 004.052

IMPROVING THE FUNCTIONING RELIABILITY OF THE
INFORMATION MANAGEMENT SYSTEM ELEMENTS, USING BUILT-IN
DIAGNOSTIC TOOLS

Kleiman L. A. — Postgraduate student, Department «Automatics and telemechanics», Perm National Research Polytechnic
University, Perm, Russia.

Freyman V. 1. — Dr. Sc., Professor of the Department «Automatics and telemechanics», Perm National Research Polytechnic
University, Perm, Russia.

ABSTRACT

Context. In the modern world, information management systems have become widespread. This make it possible to automate the
technological processes of enterprises of various sizes. Many information management systems include wireless and autonomous
elements. Autonomy, in this case, means the ability of the system elements to function for a certain time without additional energy
supply. In this regard, such a parameter of operational reliability as the battery life of a system element becomes one of the most
important. One of the main tools for improving the reliability and fault tolerance of information management system elements — is
the use of a modern diagnostic system.

Objective. The aim of the work is to develop a method for increasing the reliability of the functioning of autonomous elements
of information management systems. It includes the creation of a model of an information management system and an algorithm for
reasonable redistribution of diagnostic functions, as well as a software implementation of the developed algorithm, which confirms
its higher reliability indicators in comparison with other algorithms.

Methods. The basic model was the Preparata-Metz-Chen model. On its basis, a new model of the system was built, including the
structural and logical description of the elements and the determination of the way of their interaction. The elements were classified
by the degree of criticality of the functions performed in the system. On the basis of the developed model and description of the
elements, an algorithm was developed for the reasonable redistribution of the diagnostic load, which made it possible to reduce the
average energy consumption of the elements and thereby improve the reliability indicators. A software implementation of the
developed algorithm was created, which allows to numerically evaluate its advantages. The developed and existing algorithms were
compared.

Results. A model of information management system has been developed. In such a system, it is proposed to use an integrated
test diagnostics system. This diagnostic system implements algorithms for redistributing the diagnostic load. To determine the
importance of the characteristics taken into account, a linear criterion was chosen, as the most studied and fastest in application. A
software model, that implements the developed algorithm and makes it possible to compare it with existing algorithms, has been
developed. A study of the software model with various parameters was carried out and, based on the results of the software
simulation, conclusions were drawn about the possibilities of improving the algorithm and directions for further scientific research
were formulated.

Conclusions. The usage of the developed algorithm makes it possible to increase such a characteristic of the reliability of the
elements of the information and control system as the mean time of failure-free operation (mean time between failures) by increasing
the operating time of autonomous elements without recharging. When carrying out software modeling of the developed and existing
algorithms, the advantages of the first were confirmed, and theoretical possibilities for its improvement were formulated.

KEYWORDS: autonomy, reliability, elements of an information management system, diagnostics, performance characteristics,
dynamic distribution algorithm, software model, built-in test diagnostics.

ABBREVIATIONS
IMS is a Information Management System;
BC is a Battery Charge;
FDD is a Fault Detection and Diagnostics;
UC is a Universal Controller;
CNN is a Convolutional Neural Network;
MLP is a Multilayer Perceptron;

N,c-1s a number of non-critical elements of the system
P, is a threshold power level,

AP, is a power cost of one diagnostic test;

At is a diagnostic interval;

t is a working time;

i is a serial number of the element;

P(?) is a charge power of the i-element at time ¢,

TDT is a Test Diagnostic Tools;
OD is a Object of diagnostic;
DA is a Diagnostic agent;

TD is a Test Diagnostics;

normalized to the range [0; 1];

CPU(t) is a CPU load of the i-element at time ¢,
normalized to the range [0; 1];

IMP“™R is a numeric importance of the element

FC is a Functional Control. characteristic;
N“k(f) is a distributed number of checks for i-
NOMENCLATURE element;

N,, is a number of critical elements of the system;
N,.cr 1s a number of middle-critical elements of the
system,;

Nog(f) is a number of operable elements at time ;
Nog(?) is a function to determine is i-element is
operable;
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OE is an integral characteristic of operable elements
number;

Njeeks 1s a number of checks;

K" is a power coefficient of the i-element;
is a CPU coefficient of the i-element;

Nepeers(t) 1s a number of possible checks at moment ¢;

® is a number of characteristics in a complex

coefficient;

N, is a number of elements in system of each type;

T is a time of the diagnostic finish.

CPU
K;

INTRODUCTION

Nowadays, IMS are widely used. They allow
corporations to automate their technological and business
processes [1]. Current trends of their effective usage
involve the use of wireless information transfer
technologies to ensure the autonomy of the system and its
elements. Autonomy is to increase the up-time of the IMS
elements without additional supply of energy.

Wireless technologies and autonomy of the elements
create additional factors of the system usage. These
factors should be taken into account for planning routine
maintenance. Because cost of the routine maintenance is
directly proportional to the number of failures of the
system elements.

For example, some fuel company has fully automated
oil rig with autonomous fire-detection sensors. So, oil rig
is commonly far away from command centre. If battery of
the element (sensor) running out 2 times a week (or other
failures), instead of one time — cost of the maintenance
becomes 2 times more then it could be. Common cost
includes the transfer cost, additional worker salary, etc.

So, improving reliability of the autonomous IMS
elements should be considered for everyone who wants to
have highly effective system and spend money efficiently.

The object of study was autonomous elements of
information management system with  wireless
communication channels.

The subject of the study is development of a method
for increasing the reliability of the functioning of
autonomous elements of information control systems,
including the creation of a model of an information
control system and an algorithm for justified
redistribution of diagnostic functions, as well as a
software implementation of the developed algorithm.

The purpose of the work is increasing reliability of
the autonomous elements of the wireless information-
management systems by increasing the operating time
without recharging. by increasing the operating time of
autonomous elements without recharging.

1 PROBLEM STATEMENT

It was found, that in an IMS system with built-in
diagnostic tools, the existing diagnostic load balancing
algorithms are unreasonable in relation to the current state
of the system elements and thus negatively affect their
reliability.
© Kleiman L. A., Freyman V. 1., 2021
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To solve the problem of unreasonable distribution of
the diagnostic load, it was decided to develop a method
for increasing the reliability of IMS elements and a
software package that allows one to obtain a comparative
characteristic of the developed and existing algorithms.

Therefore, the main goal of the algorithm is to define
the function (1) to recalculate (redistribute) the number of
checks for each element before every diagnostic cycle.
Input parameters: the classification of the elements of the
system and their quantity (N¢,, Nucy, Nucy), the threshold
power level of the element (P,), cost for diagnostic test
(AP,), the diagnostic interval (Af). Current values of
characteristics of the elements (in current work we use
Pi(t) and CPU{(f), but number of characteristics is
expandable) and their weight coefficients (IMP“**) are
also should be used:

N**(@#)=f(N,, N, N, B(t - At),

i

CPU, (t-At),IMP“™%),i €[, N,

n

(M

i F N ]

A characteristic that will be an indicator of the
effectiveness of the developed algorithm is an integral
indicator of the number of operable elements of the
system. To calculate it, we should declare power level of
each element at time ¢ and number of operable elements
of the system at time #:

Nog (t) = f(Noy (1)),
Noe (@)= f (B, F,),
B(t)=f(B(t—An, N/ (0),AR),
1€[LN,c + Ny, ]

2

Then the goal of the developed method will be to
increase the numerical value of the resulting function over
a finite time interval, the beginning of which coincides
with the beginning of the functioning of the built-in
diagnostic system:

OE = [ (No (1))- 3)

In addition, the criterion for the effectiveness of the
developed algorithm will be a decrease in the average rate
of change in the values of the resulting function (a smooth
change in the number of workable elements). This allows
reducing the cost of the batteries replacement.

It is also an important task to determine the conditions
and boundary values of the parameters of the function, at
which the developed technique is superior to the existing
algorithms.

2 REVIEW OF THE LITERATURE
In this paper, reliability of the IMS elements is
understood as up-time of the element, when the BC is
higher than the minimum level. Minimum level of the
elements BC should be defined as system requirement.
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So, the IMS system reliability — is number of elements,
whose BC is higher than minimum level.

The load of control processors significantly affects the
discharge speed. In this regard, ensuring the reliability of
the functioning of the IMS elements [2] by increasing up-
time of the element is arises as a question.

One of the main tools to improve the reliability and
fault tolerance of IMS elements — is usage of a
progressive diagnostic system that meets modern
requirements [3]. Diagnostic systems are divided by type
into external and built-in. Each type is used in accordance
with the reliability requirements of the system. The built-
in test diagnostic system is characterized by the usage of
diagnostic tools, built into the IMS elements. The
advantages of the integrated [4] diagnostic systems
includes, for example, the following:

1. The absence of the usage of the expensive and

complicated in the deployment and administration
diagnostic system.
2. More complete and adequate diagnostic

information, characterizing a specific element of the IMS.

In this paper, the combined test diagnosis system will
be investigated. UC is responsible for the distribution of
diagnostic functions and functional control. Special tools,
built into IMS elements structure, perform test
diagnostics.

The use of built-in diagnostic tools [5] takes part of
the productivity of control modules (processors,
controllers) of IMS elements. The performance resources
of the eclements (testers), assigned to perform the
diagnostic functions, are spent on the formation of the
test, transmission and reception of data and their
subsequent processing. In order to avoid the rapid
discharge of batteries and malfunctioning, the article
proposes a methodology for redistributing diagnostic
functions between system elements. It allows reducing the
load on the most important elements of the system or
elements with a low battery charge. This will allow them
to reduce the rate of discharge of the battery [6] and
increase battery life without recharging. As a result, the
reliability of the functioning of the IMS elements
increases [7].

So, the problem noted above is quite relevant. At
various times, the staff of IPU RAN named after
V. A. Trapeznikova: ~ Vedeshenkov V. A. [8],
Aminev D. A. [9] and some others were interested in this
problem. Also, our foreign colleagues, such as Woohyun
Kim, James E. Braun (Herrick Laboratory, Purdue
University, Mechanical Engineering, West Lafayette, IN,
United States)[10], Xudong Li (National Space Science
Center, Beijing, China) [11], Barry Dowdeswell,
RoopakSinha,  Stephen = G.MacDonell  (Auckland
University of Technology, Auckland, New Zealand) [12]
also dealt with similar issues.

In particular, in [8] a method was proposed (Barsi-
Grandoni-Maestrini model) for self-diagnosis of modules

and communication lines of digital systems with
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reconfiguration. This allows stable multiple failures of a
limited number of components. The method [8] is based
on the principle of expanding domains.

In [9], existing methods of self-diagnosis were
considered. Possibility of their application in the
diagnosing a distributed radio-technical surveillance
system framework was described. An approach to
reconfiguring the system depending on the diagnostic
results is proposed.

[10] discusses an approach to the design of FDD
systems that have the potential to improve energy
efficiency while reducing maintenance costs. To achieve
this goal, virtual sensors and failure impact models are
implemented that require only inexpensive measurements
to detect the cause of failure, severely diagnose the
failure, and evaluate performance degradation.

In [11], an adaptive built-in diagnostic system is
considered. It actively uses transfer learning by
developing an integrated approach for troubleshooting
with different types of components. Two deep learning
techniques are used: CNN and MLP, to train multiple
basic models with a set of input data.

In [12], methods for detecting and diagnosing
malfunctions used in the field of control in the aerospace,
automotive and industrial fields are described. Each of
these sectors uses specific techniques to meet different
diagnostic needs. One of the most important gaps is the
problem of resource efficiency in wireless information
management systems.

Thus, it is worth noting that most of the papers on this
topic consider diagnostic errors and problems in the data
transmission channel as a reason for reconfiguring the
diagnostic system. This is undoubtedly very important,
but it is also important to take into account the current
workload and performance of the system and its elements,
because the diagnostic processes additionally load the
resources of the system elements, leading to an increase in
the likelihood of their wear and tear, failure and lower
productivity.

3 MATERIALS AND METHODS

Figure 1 shows a block diagram of the developed TDT
[13].

This system contains functional elements (devices that
directly perform the functions of the system), the
reliability of which must be increased. A control and
configuration device — UC is necessary for the
distribution of functional tasks, collection results of
execution and configuration of system elements. The
functional elements communicate with each other and the
UC via wireless information transmission channels [14].
Next, we will describe the built-in test diagnostics system.

In this system, it is assumed that each functional
element of the IMS system, depending on the
configuration, can be a test object or a tester. The
configuration of each element is set by the UC, which
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Figure 1 — Element structure of the developed test diagnostics system

also performs functional control (monitoring). The OD
implements DA — a software and hardware module that
performs the following functions:

1. Tester — formation of tests, transmission, reception
and processing of diagnostic information.

2. TD — acceptance of the test and the formation of the
response.

3. FC — receiving requests and generating a response
about its technical condition (monitoring).

Thus, having entrusted the tasks of dynamic
reconfiguration of the built-in test diagnostics system to
the UC (without spending the resources of the functional
elements (objects of diagnostics)), we will try to increase
the reliability of the IMS elements.

In the developed methodology, the diagnostic model
of the Preparate — Metz — Chen [15] was taken as the
basis, in which the model is represented in the form of a
graph whose vertices are the elements of the system and
the edges are the inter-element diagnostic connections.

This means that the edge indicates the direction of the
diagnostic tests. Also, in this model, each element is
diagnosed once, by one diagnostic element — an agent.
The novelty of the developed method consists in taking
into account the performance characteristics of the IMS
elements when distributing diagnostic functions between
these elements. Such a system consists of elements of the
same type, capable of diagnosing each other with the
same tests in terms of resources and time spent.
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You can divide the system into several blocks of the
same type. In this case, the presented model will describe
each block of the system separately, but collectively
present the same diagnostic results as if it were the same
for different types of elements.

To improve efficiency, you need to use the elements
in different ways. The number of classes can be different
(number of characteristics, number of elements). Features
of the developed model

1. All elements must be divided into 3 classes:

a. Critical — those elements that are entrusted with the
most important and costly operations in the system, they
must be diagnosed in the first place, and not used as a
diagnostic tool.

b. Medium criticality — elements that are both
diagnosed and are diagnosed. Half of this set of elements
diagnoses at a certain point in time, when the remaining is
diagnosed.

c. Non critical — they are constantly used as diagnostic
elements. Least loaded system elements.

2. The UC covers the energy and computational costs
of the reconfiguration of diagnostics. That is why, this
process does not consume the power of diagnostic and
diagnosed elements.

3. Input: At, Noy, Nicrs Nucrs P

4. At the first stage of the development of the
algorithm, we will take AP; as a constant, but in a real
situation — the value is a variable that depends on other
parameters.
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Figure 2 — Example of diagnosis graph for described algorithm at time moments ¢ u #+Az. N — non-critical elements, M —
medium-critically elements, C — critical elements

On the Fig. 2 we see an example of reconfiguration of
the purpose of diagnostic functions of a system consisting
of 2 critical elements, 2 elements of medium criticality
and 2 non critical elements. At the moment ¢, the
numerical value of the performance of each element (the
calculation is performed by the UC, it collects statistics
before each cycle of test diagnostics) made it possible to
determine the next diagnostic graph for the system (left
graph in Fig. 1). It shows that it is imperative to diagnose
critical elements, and at time ¢ with minimal costs,
elements 1, 5, 6 will cope with this. At the next time
moment ¢ + At, the performance indicators of the elements
changed, as well as the numerical estimate, which allowed
the UC to redistribute the diagnostic functions.

Let’s present an analytical model of the built-in
diagnostic system reconfiguration algorithm.

To develop a reconfiguration algorithm, we introduce
a model for quantitative assessment of the parameters of
the method:

1. Nipeets- This value characterize the number of
needed checks in this time interval:

N .
Nc'hecks = Ncr + (NmCr - \‘%J) (4)

2. The maximum number of checks for which the
resources of each element in the sum are enough:

Ny
M’Z:/Q H= ZNI ®,
i=1

NW:NnCr+|‘%J’ (5)
_| BO-F,
N"(”{ I J

3. Now we introduce the performance characteristics
of each element. We use the dependence from only one
characteristic, the expansion will be performed later in
this article:

K" (0)=R(). (6)
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4. Number of checks for each element:
K;POW (DX N i ()
B T (7)
Zi:I KiPOW ( t)

where N (f) will be equal (4) or (5) depending on the
conditions described below.

Thus, all the quantities necessary for the development
of the reconfiguration algorithm are determined.

Due to the development of wireless technologies [2],
autonomous IMS elements have become widespread.
Examples of autonomous IMS elements can be
(autonomous TP-Link TL-MR3040 routers), energy
autonomous products from CISCO (Cisco Aironet 1240),
autonomous sensors for monitoring leaks and fire safety
in oil fields (Lukoil). It is also relevant for mobile devices
and AD-HOC networks [16], since they certainly have an
autonomous power supply of the elements [17].

For various information and control systems, the
performance characteristics of its elements may be
different [18]. Thus, one of the requirements for the
developed algorithm is scalability in number of
characteristics, which affect the performance of elements.

As you know, a decrease in the battery charge level
leads to a malfunction of the elements, which leads to a
decrease in such a reliability indicator as mean time
between failures. Most modern cells have built-in
diagnostics that take up part of the performance of
processor devices and, accordingly, accelerate battery
discharge. Thus, with redistributing the load of elements
with diagnostic functions, it is possible to selectively
reduce the discharge rate and increase the reliability
indicators of the IMS elements.

A new algorithm for reconfiguring the built-in
subsystem of test diagnostics has been developed to
perform the main functions of the UC. As a first
approximation, we consider one  performance
characteristic and take AP, = const.

Algorithm diagram is shown on the Fig. 3.

]vivhezflc ( t)
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Figure 3 — Scheme of the developed reconfiguration algorithm

1. The first step of the reconfiguration algorithm is to
calculate the number of checks that will fall on each
diagnostic element at time t with an interval of A¢. Let us
calculate the total number of checks for each moment of
time t according to the (4).

2. The second step is to determine the possible number
of checks at a given time, depending on the current
battery charge. This number does not depend on the
number of characteristics that must be taken into account
in the distribution of diagnostic functions. We make the
calculation using the (5). If, Ny(¢) <0, then the element is
removed from the category of diagnostics with the
corresponding notification of AST. Also, if:

Nma.\'

checks

Nmm'

checks

(0 <Npeats » then N jeas () = ®.

In this case, a notification is sent that not all necessary
checks will be performed at the current time. The
necessary action in this case is to replace the batteries.
And if:

N(EY™

checks

<2XN s>
then a notification is sent that the current check is the last
full check (that is, all tests will be carried out) and the
next one will be incomplete.

So, if two first conditions are false, then:

Njeats 0= Nt -

3. The next step is to distribute the diagnostic load
depending on the performance characteristics of the cells,
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and in this case — the current battery charge. For this, we
introduce the required coefficient according to the
formula (6). Thus, the number of checks per element is
calculated by the formula (7).

4. The last step of the algorithm is to round the
number of checks to an integer in such a way that the
number of checks for an element with a large current
charge is rounded up, and for a smaller one, accordingly,
down.

5. Carrying out diagnostics according to the performed
reconfiguration, sending the results to the UC. Waiting for
the end of the diagnostic interval. Go to step 1.

The input data of the algorithm are set at the stage of
creating a system based on the class of tasks solved by the
system and the necessary requirements for the reliability
of the system.

Now, the method of the expansion of the number of
considered characteristics will be presented.

In step 3 of the algorithm, the distribution coefficient
of checks by the current level of battery charge was
presented. To take into account additional parameters, a
complex coefficient is required. This coefficient is
proposed to be calculated according to the following
algorithm.

Let us add one more characteristic of the IMS
element — the processor load at the current time. High
processor utilization leads to decreased performance,
slower performance and faster battery drain. This
dependence is because with a high processor load, the
diagnostic test execution time will increase, which will
undoubtedly lead to an increase in battery consumption.
Therefore, a reasonable distribution of diagnostic tasks
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between various elements can increase the battery life of
an element, as well as improve performance and
reliability indicators.

An example of a common specification is processor
frequency. As a particular characteristic, one can suggest,
for example, the distance of signal transmission between
the elements of the system. Here is an example of a
modified calculation of clause 3 of the algorithm:

K™ =1-CPU,,CPU, €[0;1].

The difference is necessary to take into account the
requirements for improving the characteristics, because
the more the processor is loaded, then the worse the
conditions for this element to diagnose. For 2
characteristics under consideration, the complex
coefficient will looks like:

K, = IMPY x K™Y + IMP™" x K",
N(HAR

z IMRCHAR =1.

i=1

To numerically determine the importance of
characteristics, several approaches can be used. For
example:

1. Mathematical (average, weighted average).

2. The theory of the importance of criteria by
Podinovsky [19]

3. Coefficient of concordance (consistency of expert
judgment)

4. Fuzzy logic.

For this algorithm, it is advisable to use the average
approach to determine the weight coefficients. Its
advantages are ease of use, clarity of the distribution of
importance characteristics, a large number of algorithms
in which it is already used [20]. If necessary, the method
can be changed.

Development of a software model in which the
developed diagnostic load distribution algorithm is
implemented.

In order to check the correctness of the developed
algorithm, a software was developed that simulates the
operation of the developed algorithm and shows a

Input
Number of critical elements

3 |

Number of middle-critical elements

3 |

Number of non-critical elements

> |

Test power cost

[0 |
Threshold power level

[0 |

Diagnosis interval

[ |

comparison with other algorithms, when the entire
diagnostic load is assigned to one element until its failure.
Let us call this algorithm “1 — all”. There are two types:
simple and modified. Simple’s gist is, briefly, that one
item is assigned as a tester until it fails. Then the next
element takes over its responsibilities and works until it
fails. Modified algorithm reassign the tester before each
diagnostic cycle. Program was written in Javascript (for
cross-platform) using the EmberJS framework [21].

Below are the results of the algorithm. When entering
input parameters, the program generates the entered
number of elements, assigning them random initial values
of the battery charge and processor load. From this
starting point, the algorithms being compared operate. An
example of the generated initial state is shown in Fig. 4.

In the figure, on the left side, we see a panel for
entering the system parameters, necessary for the
developed algorithm to work. On the right, we see the
visualization of the generated elements of the information
system according to the entered parameters. Inside each
element there are 2 columns — the left one is responsible
for the charge level of the element, the right one is for the
current CPU load. Before each diagnostic cycle, the CPU
value is randomly generated again, the battery power
value is reduced depending on the number of diagnostic
tests performed. Functions to calculate the needed values
(2, 3) to estimate the effectiveness of the developed
algorithm are presented in program, so:

Nocy PNy

NOE(t) = z N;)E(t):

. [LR®>P,

N (1) = ,
0.P()<P,

P(1)= B(t= A~ (N (1) x AP)

®)

The result of the program’s work (Fig. 5) is a graph
that demonstrates the calculated by formula (8) number of
operable elements. The OF characteristic will be
calculated like:

OF = j N, (1)dt. )

Computation

Critical

ﬂ i

Middle-critical

54

Non-critical

i

Figure 4 — Example of initial state in developed software
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4 EXPERIMENTS

We will take 3 system types with different number of
elements: 20, 100, 500. It means that the first system will
have 20 critical, 20 middle-critical and 20 non-critical
elements, second will have 100 critical, 100 middle-
critical and 100 non-critical elements, etc. And we will
take 2 different AP values to see, how the complexity of
the test (resource needed) affects algorithms efficiency.

Let us analyze graphs. We must visually pay attention
to the value of the area under the graph (OFE) and
smoothness in function value decrease. Numerically OF
can be calculated by (9), but here we can visually analyze
this value as area under the graph. On Fig. 6 and Fig. 9 we
can see, that in system with low number of elements,
developed method works less efficiently then the
modified “1 — all” method. However, at the same time
we can see that it has the smoothest decline between all
methods. It means that elements battery discharge is
flowing. This type of discharge is the best way to extend
battery and increase the element reliability.
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t (hours)
Figure 5 — Example of computation results

We can see, that increasing the number of elements
leads developed algorithm to work more efficient.
Number of operable elements on Fig. 7, Fig. 8, Fig. 10,
Fig. 11 is more than in other methods. So we can
conclude, that if systems have a lot of elements, it’s better
to use developed algorithm.

At the same time, we can see the intersection of
graphs and method “1 — all” becomes more efficient,
when batteries charge is low. We can conclude that in
further researches the combined algorithm can be
invented. We can take the best from both algorithms and
create an algorithm, which will choose the most effective
method in current time and situation.

The efficiency become a little bit higher with the AP
cost increasing. We can see, that the difference between
operable elements on Fig. 8 is less than in Fig. 11. It
means that the algorithm works well in highly loaded
systems.
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Figure 8 — Experiment graph, AP=1% and N,=500pcs.
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5 RESULTS

As a result of the theoretical studies, an IMS model
has been developed, to improve the reliability indicators
of which it is proposed to use an integrated test
diagnostics system. Methods to define the criteria weight
were presented. One of them was chosen in the developed
model and reasons of it are also presented. A
mathematical model has been created for calculating the
main indicators of the functioning of the IMS elements.
An algorithm for redistribution of the diagnostic load has
been developed, which uses the results of calculations
according to the proposed model and allows increasing
the performance indicators of the system elements.

A software model has been developed that implements
the developed algorithm and allows it to be compared
with existing algorithms. A study of a software model
with various parameters was carried out and, based on the
results of software modeling conclusions were drawn
about the possibilities of improving the algorithm, and
directions for further scientific research were formulated.

6 DISCUSSION

The several existing algorithms where chosen for the
experiments. Experiments showed some advantages and
disadvantages of the developed algorithms as well as
advantages and disadvantages of the other algorithms. It
helps to understand the best conditions for algorithm
usage and improvement possibilities. Combination of best
results can help to update the developed algorithm to
make it more efficient in other conditions.

Therefore, the best conditions to use the developed
algorithm are when the number of elements is higher than
100 (of each type). With an increase in number of
elements, we can see an increase in number of operable
elements. In system with 100 elements of each type the
average increase in the number of work items is 6%
compared to modified «1 — all» algorithm and 35%
compared to «1 — all» . In system with 500 elements —
7% and 45% resp. Also, with the increase in test power
cost, the developed algorithm increases the number of
operable elements by 2%, meanwhile other algorithms
don’t show the same result. It shows, that algorithm also
works well in systems with high loaded elements.

These results can help to increase the IMS system
elements reliability. Smooth and slow discharge of the
elements battery and CPU level as a reconfiguration
reason can help to extend the life of the battery and
functional parts of the elements, which also saves money
for routine maintenance.

CONCLUSIONS

This article presents a developed methodology for
increasing the reliability of IMS elements using built-in
diagnostic tools. The characteristics of the IMS elements
(processor load and battery discharge rate) were analyzed,
which significantly affect the reliability of their operation.
It is shown that the means of test diagnostics tools (TDT)
also affect the indicated parameters, but, to reduce their
negative influence, a technique for their reconfiguration is
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proposed in the work. It lies on reasonable
reconfiguration of the objects of the built-in test
diagnostics subsystem based on taking into account the
performance factors (processor load) and energy
efficiency (battery discharge rate). The developed
methodology is scalable in number of characteristics.

The scientific novelty of the results is: developed
diagnostic model of the built-in diagnostic system and
algorithm for its reasonable reconfiguration. Also, to
confirm theoretical assumptions, a software simulation
program was developed. It makes possible to qualitatively
and numerically evaluate the advantages of the developed
algorithm.

The practical significance of the results of the work
lies in the improving the reliability of autonomous
elements of the IMS. Increasing the number of operable
elements in the current moment of time will help to
reduce costs of the element’s service and usage.

Prospects for further research are expected in the
development of algorithmic and software tools for full
simulating. It’s also expected to improve the method of
calculation of the AP value. It’s important, because its
value is not constant, it’s value should be calculated as
two variable function, depends on current processor load
and current charge level of the element. Also, it’s
interesting to combine the best results of several
algorithms and update the developed one.
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HIABUAILIEHHS HAAIMHOCTI ®YHKIIOHYBAHHA EJEMEHTIB IH®OOPMAIIMHO-KEPYIOUUX CUCTEM 3
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®peiiman B. 1. — noxrop TexHiYHMX Hayk, mpodecop kadenpn «ABToMaThKa i TeneMmexaHika», [lepMcbkuil aepaBHHI
TexHiYHHUi yHiBepcuTter, M. [lepm, Pocist.

AHOTAIIS

AKTyalIbHiCTB. Y Cy4YacHOMY CBITi MIMPOKOrO MOUIMPEHHs HaOynu iH(OpMalifHO-Kepylo4i CHCTEMH, SIKi 03BOJISIOTH
aBTOMAaTH3yBaTH TEXHOJIOTIYHI MPOLECH MiANPUEMCTB Pi3HUX MaciuTabiB. barato indopmarniiiHo-kepyrounx cucteM (IKC) marots y
CBOEMY CKJTafi 6e3pOTOBI i aBTOHOMHI eJleMeHTH. [1i1 aBTOHOMHICTIO, y TaHOMY BHIIAJKY, MAETHCS HA yBa3i MOMIIUBICTD CIIEMEHTIB
cucteM (pyHKIIOHYBaTH MEBHHH dYac 0Oe€3 JOJATKOBOTO MiABEACHHS €Heprii. Y 3B’SA3Ky 3 IIMM, TaKWd MapaMeTp HaaiifHOCTi
(YHKIIOHYBaHHS, K 9aC aBTOHOMHOI poOOTH €IeMeHTa CHCTEMH, CTa€ OJHUM 3 HaWBaknuBimuX. OIHUM 3 OCHOBHUX IHCTPYMEHTIB
IiABUIIEHHST HaJIHHOCTI 1 BimMoBocTilikocTi enemMeHTiB IKC € BUKOpHCTaHHS Cy4acHOi CHCTEMH JiarHOCTYBaHHSI.

Meta poGorn. Metoio poboTé € po3poOka METOAy WiIBHINEHHS HAIIHHOCTI (YHKIIOHYBaHHS aBTOHOMHHX €JIEMCEHTIB
iH(opMaIiiHO-KepyIOUHX CHCTEM, B TOMY YHCIIi CTBOPEHHS MOJIei iHpopMaIiiHO-Kepyro4Y0i CHCTEMH 1 aJITOPUTMY OOIPYHTOBAHOTO
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NIepepo3NOALTY TiarHOCTHYHUX (YHKIIIH, a TakoX MporpaMHa peajizalis po3poOJICHOr0 alropUTMY, IO MiATBEPIPKYE HOTo OLIBII
BHUCOKI NOKa3HUKH JJOCTOBIPHOCTI NOPIBHSHO 3 IHIIUMH aJITOPUTMaMHU.

Metonu. bazororo monmemto Oyna obpana monenb I[lpemapata-Mertiia-Uena. Ha 11 ocHOBI Oyia moOynoBaHa HOBa MOJCTb
CHCTeMH, 1[0 BKJIfOYa€ B ceOc CTPYKTYPHO-JOTIYHHI OMHC €IEMEHTIB i BH3HAa4YeHHs crocoOy ix B3aemonil. Byma mpoBenena
kiacuikallis elTeMeHTIB 3a CTyleHeM KPUTHYHOCTI BUKOHYBaHUX y cuctemi QyHkiiid. Ha ocHOBI po3pobieHoi mMozerni Ta omucy
€JIeMeHTIB OyB pPO3poOJICHUIT anropuT™M OOTPYHTOBAHOTO MEPEPO3MOALTY AiarHOCTUYHOTO HABAHTAKEHHS, IO TO3BOJIMIO 3HU3UTH
CepeliHE CHEProCHOXHMBAaHHS EJEeMEHTIB 1 3a PaxyHOK HBOTO IMOJNINIINTH TMOKAa3HWKM HaniitHocti. Byma cTBopeHa mporpamua
peaitizariist po3po0IICHOr0 alIroOpUTMY, IO J03BOJISIE YHCEIHLHO OLIHUTHU HOro nepesary. Byno npoBeieHO HOPiBHSIHHS PO3POOIICHOTO
1 ICHYI0UOTO aNrOpUTMIB.

PesyabTatn. Pospobneno monens IKC, s mifgBUINEHHS IOKa3HUKIB HAIIHOCTI SIKOT IPONOHYETHCS BUKOPHCTOBYBATH
{HTErpOBaHy CHCTEMYy TECTOBOI AIarHOCTUKH. JIJIs BH3HAYCHHS BAKJIMBOCTI BPaxOBAaHMX XapaKTEPHCTUK OyB oOpaHHil JiHIMHHI
KpUTEpiil K JOCTaTHIH Ul BHUpIIICHHA MNOCTAaBICHUX 3aBAaHb. CTBOPEHO MaTEeMaTHYHY MOJENIb IS PO3PAXyHKY OCHOBHHX
noka3HukiB (¢yHkuionyBanHs enemeHTiB IKC. Po3po0ieHo anroput™ Iepepo3nonily JiarHOCTHYHOTO HaBaHTAXKEHHS, SIKi
BUKOPHCTOBYIOTh PE3yJIbTATH PO3PAaXyHKIB 32 3alPOIOHOBAHOI0 MOJIENIO 1 JO3BOJSIOTH MiJBUIMTH IOKA3HUKH IPalEe3JaTHOCTI
€JIEMEHTIB cHcTeMH. Po3pobieHa mporpamMHa MOIENb, IO pealizye po3poOieHHH alropuTM i J03BOJSE TOPIBHIOBATH HOTO 3
ICHYIOUMMH aJIrOpPUTMaMU. Byiio NpOBEAEHO MOCHIKCHHS MOJETi MPOrpaMHOro 3a0e3leueHHs 3 Pi3HUMH HapaMeTpamu i 3a
pe3yJIbTaTaMi MOJCJIIOBaHHS HPOrpaMHOro 3abesnedeHHs Oyiid 3po0JieHI BUCHOBKH PO MOMKIHMBOCTI IOKPAILCHHS AITOPUTMY,
copMybOBaHi HAPSIMKH TTOJAJBIINX HAYKOBUX JAOCIiIKCHb.

BucHoBKH. 3acTOCYBaHHS PO3pOOJICHOTO AITOPUTMY J03BOJISIE MiIBUIUTH TaKy XapaKTepUCTUKY HaaiitHocTi enemeHTiB IKC, sk
cepenHiii yac 6e3BiAMOBHOI POOOTH (CepelHE HAMpalOBaHHS HA BiIMOBY) 32 paxyHOK 30ilbIICHHS 4acy pOOOTH aBTOHOMHHX
elieMeHTiB 0e3 mim3apsakd. [Ipu mpoBedeHHI HPOrPaMHOrO MOJCIIOBAHHS pPO3pPOOJICHOrO 1 ICHYIOYOTO airOpUTMIB OyiiH
MiATBEPHKEHI IEPEBary Mepuioro, a Takok chopMyIbOBaHI TEOPETHYHI MOMKIIUBOCTI IS HOTO MOJIMIICHHS.

KJIFOYOBI CJIOBA: aBTOHOMHICTb, Halil{HICTh, €JIEMEHTH iHPOPMAIIIfTHO-KEPYIOUO0i CHCTEMH, TIarHOCTHKA, XapaKTEPUCTHKH
MPOAYKTHBHOCTI, aJITOPUTM JTHHAMIYHOIO PO3MOALTY, TPOrpaMHa MOJIe)Ib, BOYJOBaHA CHCTEMa TECTOBOTO JiarHOCTYBaHHSI.

VK 621.391:004.052
HOBBIINEHUE HAJEXKHOCTHU ®YHKIHIUOHUPOBAHUSA 9JIEMEHTOB UHO®OOPMAIIMOHHO-
YHPABJISIOIIUX CUCTEM C HCITIOJIb3OBAHUEM BCTPOEHHBIX CPEJACTB JUAT'HOCTUKHU
Kuneiiman JI. A. — acmupanT kadeapbl «ABTOMAaTHKa M TeleMeXaHHKa», [IepMCKHil HAIlMOHAJIBHBIA HCCIIEIOBATEIbCKHUI
MOJINTEXHUYECKUH yHUBEPCUTET, I. Ilepmb, Poccust.
®peiiman B. U. — 1oKTOp TEXHUYECKUX HAYK, podeccop kadeapsl «ABTOMATHKA U TelleMEeXaHUKay, [lepMCKUil HallMOHATBEHBIN
KCCIIEI0BATENIbCKUM MOIUTEXHUUECKUH YHUBEpCHUTET, T. IlepMs, Poccust.

AHHOTALUA

AKTyaJIbHOCTb. B COBpeMEHHOM MHpe HIMPOKOE PACHPOCTPAHEHUE IMOIYYMIIM HH(POPMALMOHHO-YIPABILIIONINE CHCTEMBI,
KOTOpbl€ MO3BOJIIIOT aBTOMATH3MPOBaTh TEXHOJOTMYECKHE IIPOLECChl MpEeNpHsITUil pa3nuuHblx MacmitaboB. MHorue
UH(OPMAIIMOHHO-YIPABIIAIOIIME CHCTEMBI HUMEIOT B CBOEM COCTaBE OECIIPOBOJIHBIC U ABTOHOMHBIC 3JIEMEHTHL. 1101 aBTOHOMHOCTbIO,
B JJAHHOM Clly4ae, IIOHUMAeTCsl BO3MOXKHOCTb 3JIEMEHTOB CHCTEMbI (pyHKIIMOHUPOBAThH ONPEACNICHHOE BpeMs 0e3 JIONOIHUTEIBHOTO
MOZBOJIA SHEPrHU. B CBs3M ¢ 3THM, Takoil mapaMeTp HaASKHOCTH (DYHKIIMOHHPOBAHUS KaK BPeMsI aBTOHOMHOIT pabOTHI dlieMeHTa
CHCTEMBI CTAHOBHTCSI OTHUM U3 BaxkHeHmmX. OJJHUM M3 OCHOBHBIX HHCTPYMEHTOB MTOBBIIICHHST HAAEKHOCTH U OTKA30yCTOIYMBOCTH
anemenToB MY C sABseTCs HCIOIb30BAHUE COBPEMEHHOM CUCTEMBI JUAaTHOCTUPOBAHMUS.

Heapr padotel. Llensio paboTsl siBisieTcs pa3paboTKa METOAA IOBBINICHHS HAIEKHOCTH (PYyHKIMOHHPOBAHMS ABTOHOMHBIX
9JIEMEHTOB MH(OPMAIIMOHHO-YIIPABJISAIOIINX CHCTEM, B TOM YHCIM CO3JaHHe MOJEIH MH()OPMALMOHHO-YIPABIISIONEH CHCTEMBI U
anropuTMa 000CHOBAaHHOTO TI€pEepacIpesieNieHNs] THarHOCTHYECKUX (QYHKIMH, a Takke IMporpaMMHas peaiau3anus pa3paboTaHHOTO
aJTOpUTMa, MOATBEPXKIAIOIIAs €ro OoJiee BHICOKHE MOKa3aTeI! JOCTOBEPHOCTH 110 CPAaBHEHHUIO C APYTUMH alrOpPUTMAaMHU.

MeTtoabl. bazoBoii monensio Oblta BelOpana Monens Ilpenmapara-Merna-Uena. Ha ee ocHOBe Obl1a OCTpOeHa HOBas MOJEINb
CHCTEMBI, BKIIIOYAIONIas B ce0s CTPYKTYPHO-JIOTHIECKOE OIIMCAHNE HIIEMEHTOB M ONpEAeNeHne crocoba X B3anMozeicTBus. beima
MIPOBEIEHA KITACCH(UKAINSA ITEMEHTOB 10 CTENEHH KPUTHYHOCTH BBINOIHAEMBIX B cucTeMe ¢yHknumil. Ha ocHoBe paspaboranHoit
MOJIETM M OIMCAHUS 3JIEMEHTOB OBUT pa3paboTaH aJrOpUTM OOOCHOBAHHOTO IepepaclpeeleH s AUarHOCTHYECKON Harpy3KH, 94TO
TI03BOJIMJIO CHHU3HTH CPEIHEE SHEPronoTpeOiIeHne JIEMEHTOB U 3a CUEeT 3TOTrO YIIYUIIHTH MOKa3aTeNd HaJeKHOCTH. bruta co3nana
HporpaMMHasl peajin3alus pa3paboTaHHOro aJrOPUTMA, MO3BOJIIOIIAS YMCICHHO OLICHUTh €ro HmpeuMyliecTBa. bpuio mposeneHo
CpaBHEHHE pa3pabOTaHHOT'O U CYLIECTBYIOLIETO aJrOpHTMOB.

PesyabTatel. Pa3paborana momens MYC, mis moBBIIICHUS MOKa3aTenell HaJe)KHOCTH KOTOPOW MpeliaraeTcsi UCIOJIb30BaTh
HMHTETPUPOBAHHYIO CHCTEMY TECTOBOW IHArHOCTUKHU. [yt ompeneneHMs: Ba)KHOCTH YUYMTHIBAEMBIX XapaKTEPUCTHK ObUI BHIOpaH
JUHEHHBI KPUTEpHIl KaK JOCTAaTOYHBIA JUIA DEIICHUs IMOCTaBICHHBIX 3a7ad. Co3maHa MaTeMaTHduecKass MOJENb MUl pacdera
OCHOBHBIX TIIOKa3arenell (QyHKIMoHHpoBaHUs 37aeMeHToB MYC. PaspaGoran anroput™m mnepepacnpenesieHus IHarHOCTHYECKON
HArpy3Kd, KOTOpBIC MCIONB3YIOT pe3yabTaTbl pPAacueTOB IO IMPEUIOKEHHOM MOJEIM M IO3BOSIOT IOBBICUTH IIOKAa3aTeNld
paboTOCIIOCOOHOCTH JIEMEHTOB cHUCTeMEL. PaspaboraHa mporpaMMHasi MOJENb, pealn3ylomas pa3paboTaHHBIA alropuT™M M
MO3BOJISIIONIAs CPAaBHMBATh €r0 C CYMIECTBYIOIIMMHU alropuTMaMu. BBUIO TpOBENEHO HCCIIEN0OBAaHME MOJEIM IPOrPaMMHOIO
obecriedeH s C pa3IMYHBIMU ITapaMeTpaMy | 110 pe3yJibTaTaM MOJIeINPOBaHHs IIPOrPaMMHOT0 oOectiedeH st ObUIH ClIeNIaHbl BHIBOBI
0 BO3MOXHOCTSIX yJTy4II€HHs aITOpUTMa, CHOPMyTHPOBaHbI HANPABIECHHS AANbHEHIINX HAYYHBIX UCCIEIOBAHHUMN.

BeiBoabl. IIpumeHenne pa3paboTaHHOIO anropuTMa IO3BOJISIET MOBBICHTH TAKYI0 XapaKTEPHCTHKY HAJEKHOCTH DIIEMEHTOB
MH(POPMAIIMOHHO-YTIPABIISIOMIEH CHCTEMBI, KaK CpeaHee BpeMsl 0e30TKa3HOW paboTel (cpemHss HapaOOTKa Ha OTKa3) 3a CYET
YBEIMYEHHSI BpeMEHH pabOTHl aBTOHOMHBIX JJIEMEHTOB Oe3 moj3apsiaku. IIpym mpoBemeHHMH IPOrpaMMHOTO MOAEIHPOBAHUS
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pa3pabOTaHHOTO M CYIIECTBYIOIIETO aJIrOPUTMOB OBUIM IOATBEPKACHBI NPEUMYIIECTBAa IEPBOTO, a Takke CHOPMYIHPOBAHBI
TEOPETUYECKUE BO3MOXKHOCTH VISl €r0 YIydIIeHUs.
KJ/JIIOUEBBIE CJIOBA: aBTOHOMHOCTbB, HAJIeKHOCTb, 3JIEMEHTHI MH(OPMAIMOHHO-YIIPABIISIONICH CHUCTEMBI, JHAarHOCTHKA,
XapaKTEPHCTUKU TPOM3BOAUTENLHOCTH, AITOPUTM JHUHAMUYECKOTO PACMpeeieHHs, IPorpaMMHas MOAENb, BCTPOSHHAs CHCTEMa
TECTOBOTO TUArHOCTUPOBAHMSI.

1.

10.

11.

JITEPATYPA / IUTEPATYPA
Chadeev V. M. Automation of Autonomous Largescale
Production Systems / V. M. Chadeev, N. I. Aristova //
Management of large — scale system development (MLSD) :
12th International Conference, Moscow, 01-03 October 2019 :
proceedings. — Los Alamitos : IEEE, 2019. — P. 1-4. DOI:
10.1109/MLSD.2019.8911013.
Karimireddy T. Optimization of Real-Time Transmission
Reliability on Wireless Industrial Automation Networks /
T. Karimireddy, S. Zhang // Automation and Computing
(ICAC) : 24th International Conference, Newcastle upon Tyne,
06-07 September 2018 : proceedings. — Los Alamitos : IEEE,
2018. — P. 1-6. DOI: 10.23919/I1ConAC.2018.8749112.
Manusov V. Z. Diagnostics of Technical State of Modern
Transformer Equipment Using the Analytic Hierarchy Process /
V. Z. Manusov, D. V. Orlov, V. V. Frolova // Environment and
Electrical Engineering and Industrial and Commercial Power
Systems Europe (EEEIC / I&CPS Europe) : IEEE International
Conference, Palermo, 12—15 June 2018 : proceedings. — Los
Alamitos 1IEEE, 2018. - P. 1-6. DOI:
10.1109/EEEIC.2018.8493904.
Zhang J. Fault diagnosis of coal-mine-gas charging sensor
networks using iterative learning-control algorithm / J. Zhang,
K. Huang // Physical Communication. — 2020. — Vol. 43. — P. 1—
9. DOI: 10.1016/j.phycom.2020.101175.
Hiramoto Y. A Built-In Self-Diagnostic Mechanism for Delay
Faults Based on Self-Generation of Expected Signatures / Y.
Hiramoto, S. Ohtake, H. Takahashi // Asian Test Symposium
(ATS) 28th IEEE, Kolkata, 10-13 December 2019:
proceedings. — Los Alamitos : IEEE, 2019. — P. 31-36. DOI:
10.1109/ATS47505.2019.000-4.
Fatullah M. A. Analysis of Discharge Rate and Ambient
Temperature Effects on Lead Acid Battery Capacity /
M. A. Fatullah, A. Rahardjo, F. Husnayain // Innovative
Research and Development (ICIRD) : 2nd IEEE International
Conference, Jakarta, 28-29 June 2019 : proceedings. — Los

Alamitos IEEE, 2019. - P. 1-5. DOI:
10.1109/ICIRD47319.2019.9074667.
Mathematical Model for Reliability Analysis of a

Heterogeneous Redundant Data Transmission System / [H.G.
Houankpo, D.V. Kozyrev, E. Nibasumba et al.] // Ultra Modern
Telecommunications and Control Systems and Workshops
(ICUMT) : The 12th International Congress, Brno, 01-03
October 2020 : proceedings. — Los Alamitos : IEEE, 2020. — P.
189-194. DOI: 10.1109/ICUMT51630.2020.9222431.
Vedeshenkov, V. A. Diagnosability of digital systems structured
as minimal quasicomplete 7 X 7 graph / V. A. Vedeshenkov, E.
A. Kurako, V. N. Lebedev // Automation and Remote Control. —
2016. — Vol. 77, Ne 3. — P. 485494, DOIL
10.1134/S0005117916030103.

Aminev D. A. Multi-state Diagnostics for Distributed Radio
Direction Finding System / D. A. Aminev, A. P. Zhurkov, D. V.
Kozyrev // Distributed Computer and Communication Networks
(DCCN) : 20th International Conference, Moscow, 25-29
September 2017 : proceedings. — Cham : Springer, 2017. — P.
443-452. DOI: 10.1007/978-3-319-66836-9_37.

Kim W. Development, implementation, and evaluation of a fault
detection and diagnostics system based on integrated virtual
sensors and fault impact models / W. Kim, J. E. Braun // Energy
and Buildings. — 2020. — Vol. 228. — P.1-13. DOI
10.1016/j.enbuild.2020.110368.

Fault diagnostics between different type of components: A
transfer learning approach / [X. Li, Y. Hu, M. Li et al.] //

© Kleiman L. A., Freyman V. 1., 2021
DOI 10.15588/1607-3274-2021-1-16

12.

13.

15.

17.

18.

19.

20.

21.

22.

Applied Soft Computing. — 2020. — Vol 86. — P. 1-11. DOIL:
10.1016/j.as0¢.2019.105950.

Dowdeswell B. Finding faults: A scoping study of fault
diagnostics for Industrial Cyber-Physical Systems /
B. Dowdeswell, R. Sinha, S. G. MacDonell // Journal of
Systems and Software. — 2020. — Vol. 168. — P. 1-16. DOI:
10.1016/.jss.2020.110638.

Freyman, V. 1. The application of soft decision making on
decoding and assessment of test diagnosing results within
control systems elements / V. 1. Freyman, 1. I. Bezukladnikov //
Soft Computing and Measurements (SCM) XX IEEE
International Conference, Saint-Petersburg, 24-26 May 2017 :
proceedings. — Los Alamitos : IEEE, 2017. — P. 124-128. DOI:
10.1109/SCM.2017.7970515.

. Freyman V. 1. Methods and algorithms of soft decoding for

signals within information transmission channels between
control systems elements / V. I. Freyman // Radio Electronics,
Computer Science, Control. — 2018. — Ne 4. — P. 226-235. DOI:
10.15588/1607-3274-2018-4-22.

Wang S. The g-Good-Neighbor Diagnosability of Bubble-Sort
Graphs under Preparata, Metze, and Chien’s (PMC) Model and
Maeng and Malek’s (MM)* Model / S. Wang, Z. Wang //
Information. - 2019. - Ne 10. - P. 1-14. DOL
10.3390/inf010010021.

. Chien C. Design and Analysis of Adaptive Iterative Learning

Control for Iteration-varying Nonlinear Systems / C. Chien, Y.
Wang, F. Lian // Data Driven Control and Learning Systems
(DDCLS) : 7th IEEE Conference, Enshi, 25-27 May 2018 :
proceedings. — Los Alamitos : IEEE, 2018. — P. 469-474. DOI:
10.1109/DDCLS.2018.8516070.

Gordievsky E. Development of Mobile Power Complex Model
on Renewable Energy Sources for Autonomous Electrical
Supply of Russian Far Eastern Region / E. Gordievsky,
E. Sirotkin, A. Miroshnichenko // Electrical Power Engineering
(UralCon) : International Ural Conference, Chelyabinsk, 01-03
October 2019 : proceedings. — Los Alamitos : IEEE, 2019. —
P. 148-153. DOI: 10.1109/URALCON.2019.8877665.
Monitoring High Performance Computing Systems for the End
User / [C. L. Moore, P. S. Khalsa, T. A. Yilk et al.] // Cluster
Computing : 2015 IEEE International Conference, Chicago, 08—
11 September 2015 : proceedings. — Los Alamitos : IEEE,
2015.—P. 714-716. DOI: 10.1109/CLUSTER.2015.124.
Podinovskii V. V. Decision under Multiple Estimates for the
Importance Coefficients of Criteria and Probabilities of Values
of Uncertain Factors in the Aim Function / V. V. Podinovskii //
Automation and Remote Control. — 2004. — Vol. 65. — P. 1817—
1833. DOIL: 10.1023/B:AURC.0000047896.61645.43.

Fault diagnosis for rotating machinery based on artificial
immune algorithm and evidence theory / [G. Sun, Q. Hu,
Q. Zhang et al.] // Control and Decision (CCDC) : 27th
International Conference, Qingdao, 23-25 May 2015
proceedings. — Los Alamitos : IEEE, 2015. — P. 2975-2979.
DOI: 10.1109/CCDC.2015.7162380.

Analysis on Web Frameworks / [H. C. Dasari, J. Joyce, Y. Jyoti
et al.] // Journal of Physics : Conference Series. — 2019. —
Vol. 1362. — P. 1-6. DOI: 10.1088/1742-6596/1362/1/012114.
Djuraev R. X. Analysis Of The Relationship Between The
Indicators Of Controllability And Reliability Characteristics Of
Data Transmission Systems / R. X. Djuraev, S.Y. Djabbarov,
T. Q. Toshtemirov // Information Science and Communications
Technologies (ICISCT) : International Conference, Tashkent,
04-06 November 2019 : proceedings. — Los Alamitos : IEEE,
2019. — P. 1-4. DOI: 10.1109/ICISCT47635.2019.9011980.

171



e-ISSN 1607-3274 Papioenexrponika, inpopmaruka, ynpasminss. 2021. Ne 1
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2021. Ne 1

YK 004.852; 004.89; 004.93°14

ITPOBA MOJIEJIb OHTOJIOTI'TYHOI NIJITPUMKHU NPOEKTIB

Kpagens I1. O. — kana. TexH. HayK, IOLEHT, AoleHT Kadenpu «IHopmaniiiHi cucremu Ta Mepexi», Harionanbuuit
yHiBepcuteT «JIbBiBChKa nomiTexHika», JIbBIB, YKkpaiHa.

JlutBun B. B. — 1-p TtexH. Hayk, mpodecop, 3aBimyBau kadenpu «IHpopmariiiHi cucremMH Ta Mepexi»,
Hauionanshuii yHiBepcureT «JIbBiBchbKa mostiTexHikay, JIbBiB, Ykpaina.
Bucoubka B. A. — KaHI. TeXH. HayK, [OLEHT, HONCHT Kadeapu «lHDopMmariifHi CHCTEMH Ta MEpeKi»,

Hamionanenuii yHiBepcureT «JIpBiBChKa MOITiITEXHIKAY, JIbBIB, YKpaiHa.

AHOTANIA

AKTyanbHicTh. Y cydacHoMy iH(pOpMamifHOMy CyCHUIBCTBI i3 PO3BHHEHMMH 3aco0aMH TEIEKOMYHIKalil 3a JOMOMOTIO0
MOOIIBHHX NPHUCTPOIB Ta KOMII IOTEPHUX MEPEX aKTyaJbHUM € ()OPMYBaHHS PI3HOMAHITHHX BIPTyaJbHUX OpraHi3amiil Ta CIJIBHOT.
Taki BipTyanbHi 00’eqHaHHS JIOAeH 3a mpodeciiHUMU abo IHIIMMHU iHTepecaMH MpPU3HAYEHI ISl ONEPaTHBHOTO PO3B’S3yBaHHI
pi3HOMaHITHHX 3aja4: /Ul BUKOHAHHS NPOCKTHHX 3aBIaHb, CTBOPSHHS CTapTAIliB 3 METOI0 3alydeHHs iHBECTOpIB, Oprasizamii
MEpPEKHOTO MapKETUHTY, OpraHi3auii AUCTaHIIHHOTO HaBYaHHS, BUPIMICHHS CKIAIHUX NMHUTAaHb B HayIli, CKOHOMII Ta AEP:KaBHOMY
yIpaBIliHHI, TOOYI0BH Pi3HOMaHITHUX [HTEpHET-CepBiciB, 00TOBOPEHHS MOJITUYHHUX 1 COMiaTbHUX MPOLECIB TOLIO.

MeTol0 JocaiTKeHHSI € pO3pOOJICHHS aJalTUBHOTO MapKOBCBKOTO pPEKYpPEHTHOIO METOJy Ha OCHOBI CTOXaCTHYHOL
anpokcuManii Moau¢ikoBaHOT YMOBHM JONMOBHSIIBHOI HEXOPCTKOCTi, CIpaBeIMBOi y TOYKax piBHoBarn 3a Hemem st
PO3B’sI3yBaHHsI 33/1a4i irpOBOTO MMOKPHUTTS IPOEKTIB.

Merton. Y miif po6oTi po3pobieHa GaraToareHTHa irpoBa MOAENb s (JOPMYBaHHS BIpTyaJIbHUX KOMaHJ BUKOHABIIIB ITPOCKTIB
Ha OCHOBIi 0i0JIiOTEK MpeaMeTHHX OHTONOTiH. HeoOXimHi A7 BUKOHAHHS MPOEKTIB KOMIIETEHIN Ta 34i0HOCTI areHTiB 3alaroThCs
HabOpaMM OHTOJIOTiIH. [HTeNeKTyanbHI areHTH BHUIIQAKOBO, OJHOYACHO i HE3alIeXXHO BHUOMPAIOTH OAWH i3 IIPOEKTIB Yy AMUCKPETHI
MOMEHTH 4acy. ATeHTH, IO 00paiy OJWH i TOH ke MPOEeKT, BU3HAYAIOTh MOTOYHHUH CKJIaJ KOMaHIU HOro BUKOHABLIB. J{is koMaH[
areHTiB OOYMCIIIOETHCS TIOTOYHMH ITpad 32 HEAOCTAaTHE MOKPUTTS KOMIETeHNLiil 00’ eaHaHuMu 3ai0HOcTIMu areHTiB. Llei mtpad
BUKOPUCTOBYETHCS ISl aJaITUBHOTO MEPEePaxyHKy 3MIIIaHUX CTpaTerii rpaBuiB. 30UIBIIYIOTHCS IMOBIPHOCTI BUOOPY THUX KOMaH[,
MOTOYHHMH CKJIaJ SIKMX MPHU3BIB O 3MEHIICHHS WTpady 3a HEMOKPHUTTS OHTOJOriH. Y X0/l MOBTOPIOBANBHOI CTOXaCTHYHOI I'pH
areHTH cOopMyIOTh BEKTOPH 3MIIlIaHUX CTPATeriH, siki 3abe3meuars MiHIMI3allii0 ycepeqHeHnX mTpadiB 32 HETOKPUTTS IPOCKTIB.

PesyabTaTn. s po3B’s3yBaHHS 3a/adi irpOBOTO MOKPHUTTS MPOEKTIB PO3POOJICHO aJanTUBHUKA MapKOBCHKUN pPEKYPEHTHHI
METOJ Ha OCHOBI CTOXaCTHYHOI ampoKcUMarii MoAu]iKoBaHOI yMOBH JOMOBHSJIBHOI HEXKOPCTKOCTI, CIPABETUBOI y TOYKAX
piBHOBaru 3a Hemewm.

BucnoBkn. KoMn’toTepHe MOIETIOBaHHS MiATBEPIHIO MOXIIMBICTD 3aCTOCYBAHHS MOJEI CTOXaCTHYHOI I'pH U (GOPMyBaHHS
KOMaH/ BUKOHABIIIB IIPOEKTIB 3 HEOOXIJHOIO OHTOJIOTIYHOIO IIATPHUMKOIO B YMOBaX HEBH3HAYEHOCTI. 301KHICTH iIrpOBOTO METOXY
3a0e3neuyeTbCs  JOTPUMAaHHSIM  (YHJAMEHTAIBHHX yMOB Ta OOMEXEHb CTOXacTH4HOI ontuMmizamii.  JlocToBipHICTBH
SKCTIepUMEHTAIBHUX JIOCII/DKEHb IiATBEP/UKYETHCSI MOBTOPIOBAJIBHICTIO OTPUMAHHMX PE3yJbTAaTiB JUIsl PI3HUX IIOCIIJOBHOCTEH
BUIIQJIKOBUX BEJIUYMH.

KJIFOYOBI CJIOBA: GaraToareHTHa cicTeMa, OHTOJIOTsS, IPOEKT, CTOXaCTUYHA Ipa, aaTUBHUI iIrPOBHI METO.I.

ABPEBIATYPA o -
IC — indopmamiitHa cucrema;
IT — indopmariiitHa TEXHOIOTIS.

BUIAJIKOBA BEIMYMHA (QAUTUBHHUNA  Oimuid
rayciBChKMH  IIyM), 1[I0 MOJCIIOE  CTOXACTUYHY
HEBU3HAYEHICTH 3a7a4i;

& — nporpamy/mrpad;

M, — NOTOYHE Cepe/IHE 3HAUCHHS BHIIAJKOBHX 3aBajl
ab0 TOTOYHA CTAaTHCTHYHA OI[iHKA MAaTEMaTHYHOIO

HOMEHKJIATYPA
Q) — 6i0Ii0TEKA OHTOJIOTIH;

I1 — MHOXWHA TIPOEKTIB;

O — OHTOJIOTIS;

A — MHOXHHA areHTIiB ab0 rpaBIliB;

G — KOMaH/a areHTiB,;

U — MHOXHMHA YHCTHX CTpATeriii i-ro rpaBus, sKa
BU3HAYa€e HOr0 HAICKHICTH JI0 O/IHI€T 3 KOMaHT;

=’ — nnarixHa QYHKILis i-TO IpaBIs;

U — MHOXMHa KOMOIHOBaHMX CTparTeriii, OTPUMaHUX
CITIJIBHUM BHOOPOM YCiX TPaBIIiB;

¥ — IHOUKAaTOpHA QYHKIIIS HOIT;

| * | — MOTYXHICTh MHOXKHHU;

C — BapTiCTh NOKPUTTS k-TO TIPOEKTY;

A — BaroBuii KoeirieHT;
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CIIOJiBaHHS BUIIAJKOBHUX 3aBaJ;

¢ —y4ac;

1 — KUTBKICTB ITPOBUX areHTiB;

p — 3MilllaHa CTpaTeris;

{ul} — nepenicropis crpareriii, BUGpaHUX TpaBLEM 3
HOMEPOM I

{£.'} — mepeicTOpis OTPHMAHMX 3a II€ TIPOTPAIIIB;

E — cuMBON MaTeMaTHYHOTO CIIOJIBaHHS;

® — JilicCHE BWIIQJIKOBE YHCIO 3 pIBHOMIpHUM
po3moaiiom;

m — KUTBKICTh TPOEKTIB, a00 KUIBKICTh BIpTyalbHUX
KOMaH]I, a00 KUTBKICTh YHCTHX CTPAaTeTiil irpOBUX areHTIB,;

€ — mapaMerp &-CHMILIEKCa;

B — xoedilieHT MOPSAAKY PO3MHUPEHHS E-CHMIDIEKCA.
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BCTYII

Y cydacHoMy iHpOpMAIIHHOMY CyCHiIbCTBI 13
PO3BUHEHUMH 3aC00aMM TeJIeKOMYHiKallii 3a J0IoMOro
MOOUIBPHMX TIPHCTPOiB Ta  KOMIT'IOTEPHHX  MEpEx
aKTyaJbHUM € (popMyBaHHS Pi3HOMaHITHUX BipTyalbHHX
opratizauiii ta cmineHOT. Taki BipTyasnbHi 00’ €nHaHHS
monel 3a mpodeciiHuME abo IHIIUME iHTEepecaMu
NpU3HAYeHI  JUId  ONEPaTHBHOTO  PO3B’SI3yBaHHS
PI3HOMAaHITHAX 33/a4: JJIsI BUKOHAHHS TPOEKTHUX 3aB-
JlaHb, CTBOPEHHS CTapTamiB 3 METOI 3alydeHHS
IHBECTOpiB,  OpraHi3amii MEpeXHOr0  MapKETHHTY,
opraHizamii  JWCTAaHIIHHOTO HABYaHHSA, BHUPIMICHHA
CKJIQJIHUX THTaHb B Haylli, €KOHOMIIl Ta JepKaBHOMY
ympaeiiHHi, Mo0OyJ0BU pi3HOMaHITHUX [HTEpHET-CepBiciB,
IC Tta IT, OOroBOpeHHsS TMONITHYHHUX 1 COI[AIBHUX
mporecis Tomro [1-3].

[lepeBaramn BipTyaJbHHX CHUIBHOT € reorpadiyna
PO3IIOJIIEHICTD, ACLEHTpaANIi30BaHa iepapXis, BiICYTHICTb
BimoMumx Oap’epiB, BHCOKa MOOUTI3aIliiiHa 30aTHICTH,
IHTeTpaIlis HAaWKPaIIoTo TOCBIAY Ta CY9aCHUX TEXHOIOTIH
JUIi  BUKOHAHHS TIPOEKTY, MOXIIMBICTb 3aTydeHHS
npo¢eciifHuX Ta Pi3HOMIAHOBUX CIEIIaJIiCTiB, CTBOPEHHS
CHOPUSATIMBAX YMOB Ui TPOQeciHHOro 3pOCTaHHA,
NapTHEPCTBO, CIIBIpals, KOOMEpalliss Ta KOOpAWHALs
3yCHJIb y JIOCSITHEHH1 MOCTaBJICHO] MeTH,
KOHKYPCHTOCIIPOMOYKHICTh, OICPATUBHICTh BHUPILICHHS
aKTyaJIbHUX MpOOJIeM, CKOPOYEHHS JXHTTEBOTO IIMKILY
MPOEKTy,  THYYKICTb  CTPYKTypu  Ta  (QYHKIIH,
aJIalITUBHICT /10 3MIH 30BHIIIHBOTO CBITY, MOJJIUBICTBH
BIIAJICHOTO  JIOCTYHmY 10  KOMIT'IOTEpHMX  Ta
iH(pOpMaiHUX pecypciB.

MonentoBaHHSI TUHAMIKH BipTyaIbHUX 00 €IHAHB Y
posnoaineHoMy iH(OpMAIiifHOMY CepeloBHIIl MOXKHA
BUKOHATH 32 JIOTIOMOTOI0 OararoareHTHuX cucreM [4—7].
AreHT — m1e iHpopMaliifHHiA O00’€KT 3 eJeMEeHTaMH
LITYYHOTO IHTENEKTY, SIKMA MOXe MPUIMAaTH aBTOHOMHI
PpIlLICHHSI, B3aEMOJIISATH 3 IHIIMMH areHTaMH Ta JIIOAHHOIO
JUIsl JOCATHEHHS IIOCTaBJICHOI Iepes; HUM MeTu. I'pyma
TAaKUX areHTiB, SKi pPO3B’SI3YIOTh CIUIBHY 3a7ady y
KOMIT'IOTEepHIN iHQoOpMamiiHii MepexXi, Ha3UBAETHCS
OararoareHTHOI0O  cucrtemoro. [ po3B’s3yBaHHA
MIOCTABJICHO] 33/1a4i areHTH MOBWHHI BOJOMITH TEBHUMHU
3HAHHAMH B OJHINH a00 AEKLTBKOX IMPEAMETHUX Tally3fiX.
Jis dopmanpHOTO oOmepyBaHHS 3HAHHAMH IX 3PYYHO
3aMaTH y BHIJIAAI OHTOJOTIH. B3aemomitoun Mixk coboro,
areHTH MOXYTh (OpPMyBaTH 3alHMTH [0 OHTOJOTIH,
NOPIBHIOBAaTH OHTOJIOTii, 00’€HyBaTH OHTOJOTIT IUIst
OTPUMAaHHS HOBUX 3HaHb, 3AIHCHIOBATH IEPETHH
OHTOJIOTI# JUISt BHSIBJICHHS CITITBHUX 3HaHb,
TIOTIOBHIOBATH ab0 KOperyBaTH OHTOJIOTIT Tomio [8—12].

MeTo10 fAOCHiAKEHHSI € pO3pOOJICHHS CaMOHAaB-
YalpHOi ITPOBOi  MOJENI OHTOJOTIYHOI  MiATPUMKH
MPOEKTIB TIIIXOM (POpMyBaHHS KOMAaHJ areHTiB B
yMOBax HEBH3HAa4YeHOCTi. /[l  JOCSATHEHHS  MeETH
HEOOXiTHO BUPIIIUTH TaKi 3a/1a4i:

— copmymoBaTH  CTOXaCTHUUHY
MOKPUTTA MIPOEKTIB ar€HTaMH OHTOJIOTIH,

— pO3pOOWTH aJanTUBHUN METOA Ta AITOPUTM JUIA
PO3B’si3yBaHHs irpoBoi 3a1aui,
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irpoBy  3amagqy

— pO3pOOHTH  KOMIT'FOTEpHY IIPOTpaMHy  MOJENb
irpoBOro MijdOpy areHTiB OHTOJIOTIH JUIsi BUKOHAHHS
MIPOEKTIB, MPOBECTH aHaJi3 OTPUMaHHUX PE3yJIbTATIB.

1 IIOCTAHOBKA 3AJTAYI
Hexait 3aJaHa 010i0oTEKa OHTOJIOTIH
Q=1{0,0,,...,0,} , KOKEH CIICMEHT SIKOi OTIMCY€ 3HAHHS

y TeBHiH mnpoOieMHO-opieHTOBaHIl ramysi. HeoOximHo
OpraHi3yBaTu BUKOHAHHS /m MPOEKTIB IT = {I1;,T1,,...,T1,,}
3 BIANOBIOHOI OHTOJIOTIYHOK MATPUMKOW. KokeH
MPOEKT 3aJacTbcsi HAOOpPOM OHTOJOTIYHHMX 3HaHb abo
xomnetenuid I1, ={0,,0,,...,0.} < Q, nHeobXimHux 111
HOro BUKOHAHHS.
Muoxuna arentiB 4 ={4,4,,.,4,}, nzm
BHU3Havae KBami(ikoBaHy poOody CHITy Ha PHHKY IIparli.
3ni0HOCTI KOKHOTO arcHTa BH3HAYAIOThCI HabOpoM
A4, ={0/,0,,..,0.} Q. Y zaranbHOoMy

BUIAIKY 4, N 4, #(J, TOOTO areHTH MOXYTh MAaTH

OHTOJIOTIH

OJTHaKOBI 3MI0HOCTI B OIHIM a00 JEKUIBKOX Tay3sx
3HaHb. BBeneMo MpUIyIIEHHS NPO IOBHOTY 31iOHOCTEH
MHOXKMHM ~ areHTiB Ta  MHOXHHH  KOMIICTEHIIIH,
HEOOXiMHMX JIi BHUKOHAHHSA TPOEKTiB. be3 Brparn
3arampHOCTI OyZeMO BBa)KaTH, IO 3HAHHS YCiX arcHTIB

TOYHO MOKPUBAIOTh 6ibnioTeKy oOHTONOTIH U 4, =Q),
Aed

v II, =Q.

VII, el

HEOOXiNHY /Ui BHKOHAHHS IIPOEKTIB

3BijcM MaeMoO, 10 OHTOJOTIYHI 3HAHHSA AareHTiB €
JIOCTAaTHIMH JUISI BUKOHAHHS YCiX IPOEKTIB.

HeoOximHo cdopMyBaTh MHOXHMHY BipTyalbHHX
KOMaHJ areHTiB I1'={G,G,..,G} NIJd BHKOHaHHS yCiX
npoekTiB. KojkHa KoMaH/ia CKIIalaeThCs 13 TPYIH areHTiB

kogk k
G, =4,4,,-,4,}» k=1.m, ne kklj G, =4,
=l..m

G, mG/, = (. 3mi0HOCTI KOMAaHJI areHTiB I[OBHUHHI
k#j -

BIAMOBIZATH BUMOIaM INOAO KOMIIETEHI[H, HEOOXIIHUX
JUTSL BUKOHAHHS BiAMOBITHUX MPOCKTIB.

2 O1JiAd JITEPATYPU
Sk IIpaBuIIo, 3HAHHI areHTiB €
By3bKOCIIELia/li30BaHMUMHU. [I711 BHKOHAaHHS MPOEKTY,

3a3BHYali, HEOOXiJHI OHTOJIOTII, SIKi OIMHCYIOTh JCKiTbKa
pi3HMX npeaMmeTHUX ramyseil. Tomi mng  TOBHOrO
IHTEeTeKTyalbHOTO Ta iH(popMamiiHOro 3abe3rmedeHHs
NPOCKTY arcHTH MOBHHHI BMITH YTBOPIOBaTH KOMAaHIU
(cmimpHOTH, TpymH, Koaminii). Komanma — me cminbHOTa
areHTiB, c()opMOBaHa UL TOCATHEHHS ITOCTABICHOT METH
a00 I pO3B’s3YBaHHA 3a/1a4i, BAKOPUCTOBYIOUH CITLTBHI
3HaHHS, CHIBPOOITHUIITBO Ta B3aeMoito. [y ycmimHoro
BUKOHAHHSA TIPOCKTYy 00’€mHaHi 3MI0HOCTI KOMAaHIH
areHTiB y 3HaHHI NPEIMETHO-OPIEHTOBAHUX OHTOJIOTIH
MOBUHHI TTOKPUBATH HEOOXiMHI IUIi BUKOHAHHS TPOCEKTY
komreteH1ii. KpiM Toro, y Mexax KOMaHIM CIIPOILY€ThCS
opraHizamisi Ta KOOpIWHAIS Jifi areHTiB, 3MEHIIY€EThCS
CKJIQHICTh MpOLECY KOMYHIKallii, CKOpOYYEThCS 4Yac
peaxiiii Ha 3MiHH iHQOPMAIIITHOTO CepeIOBHUIIIA.
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Jlyisi CTBOpEHHS KOMaHAM areHTH MMOBHHHI Ha OCHOBI
NIEPEroBOpiB BMITH 3HAXOAUTH Ta iNeHTH(DIKYBaTH OIMH
OJJHOTO Y Mepexi 3a CHUIBHHUMHU LUISIMUA Ta aTpHOyTamH.
LenTpanizoBane  QopmyBaHHS  KOMaHIM  OOMEXye
ABTOHOMIIO areHTIB i MpOOJEeMAaTHYHE JUIS PO3MOJUICHUX
JOKEpeIT TaHuX. [meambHO, KO areHTH OHTOJOTIH Oynu O
3[aTHI TPYITyBaTHCS CAMOCTIHHO Ha OCHOBI MEXaHi3MiB

caMooprasizamii K pe3yJbTaTy iX CKOOpPIHHOBAaHOI
B3aeMOIii Ta  3aCTOCYBaHHS  aJalTHBHHX  IPaBUII
MIPUHHATTA pimeHs, JUTS BUPOOIICHHS SIKAX

BHUKOPHCTOBY€EThCA TUIBKH JIOKaNbHA iH(popMmais [13—15].

OHTONOTIYHA MiATPUMKA MPOCKTIB € JMHAMIYHUM
NPOLIECOM 3 eJeMEHTaMH HEBHU3HAYCHOCTI, JKepelamu
SIKOi MOXYTh OyTH HEYITKO 3aJaHi I[Ti, HeIOBH3HAYCHI
MOYATKOBI JaHi, 3MIHM y XOJi BHUKOHaHHS NPOEKTY,
PO3BHUTOK OHTOJIOTIM y daci, HEIOCKOHAIICTh 3HaHb
BUKOHABI[IB  NPOEKTy, HEKOHTPOJBbOBaHI  3O0BHIIIHI
yiHHUKA Tomo [16—19]. ToMmy areHTH OHTOIOTIH,
3allydeHi 1O BUKOHAHHS IMPOEKTIB, MOBHHHI OyIyBaTHCS
SIK aalTHBHI, CAMOHABYAIbHI CHCTEMH.

BararoareHTHiif WATPUMIN BipTyaJbHHX CHUTBHOT
MPUIUIAETECS 3HAYHA YyBara y CydacHIM HayKOBii
miteparypi [20-22]. OpmHak, mpoOiiemMa aIanTHBHOTO
HOKPHTTS TIPOEKTIB OHTOJIOTISIME Ha OCHOBI (hOpMYBaHHS
KOMaHJI areHTiB 3 MpoOJIEMHO-OPIEHTOBAHUMH 3HAHHIMHU
€ HEIOCTaTHhO BHUCBITIICHOIO.

[TokpHTTS MPOEKTIB HAJIEKUTH 110 Kitacy NP-crmagnux
3aja4 KoMOiHaTtopHOI ontumizauii. Jins po3s’s3yBaHHS
TaKMX 3aJad 3a JONyCTUMHH IIOJIIHOMiaJlbHUM dYac
BHKOPHCTOBYIOTh HAOIIKEHI aJTOPUTMH, HANpPUKIA,
XKaNiOHUH, TEHETWYHHWH, MYpPAalIMHOI KOJOHIl, MTYYHHUX
HEHpOHHUX Mepex Ta iHmi [23-28].

VY mii poOOTi HaMH TPOIMOHYETHCS HOBHHA METOJ
HaOMIDKEHOTO PO3B’SA3yBaHHA 3a7adi NOKPUTTS MPOEKTIB,
SIKUA OCHOBAaHWH Ha pPe3yNbTaTaxX Teopii CTOXaCTHYHHX
irop [29-31]. dopmyBaHHS KOMaHJ areHTiB ISt
BUKOHAHHSI TPOEKTIB (OPMYJIOEThCS K KOHKYPEHTHa
3ajjaya 3aKpilUIeHHs areHTa 3a OJHUM 13 IIPOEKTIB.
VY nporeci MOUIYKY ONITUMAJIEHOTO MOKPHTTS
JIOIIYCKAa€ThCS TIEPeXiJ] areHra 3 OJHOI0 IPOEKTy Ha
IHIIWH, IO THMYAacOBO MOXKE IMOPYIINTH OHTOJIOTIUHY
MATPUMKY TIPOEKTYy i OOYMOBHTH HEMOXKJIHBICTH HOTO
BUKOHAHHA. PO3B’sI3yBaHHS KOHKYPEHTHHX 3aJad BHBYA€E
Teopis irop, a B yMOBaX HEBH3HAYCHOCTI — TEOPisd
CTOXAaCTHUYHUX irop. JIMCKpeTHa AeTepMiHOBaHA Tpa MOXKE
Oyt pO3B’sA3aHa 3a CKiHYEHHY KiJIBKICTB
O0YMCITIOBAILHUX ~ KPOKiB. JIMCKpeTHA CTOXacTHYHA
NOBTOPIOBAJIbHA Tpa PO3rOPTAETHCS Ha Oe3MEKHOMY
Bifpi3Ky uwacy. Taka rpa 3a0e3meuyye 0araTOKpOKOBHIA
aJanTUBHUK TOMIYK OJHOTO i3 PO3B’SA3KIB 3ajmaui i3
3aJ]aHOI0 TOYHICTIO 3a IMPUHHATHUN JUIS TPaKTHYHOTO
3acTocyBaHHs 4ac. Moke OyTH BHKOpHCTaHa JUIst
pO3B’si3yBaHHS OaraTOKpUTEpIANbHUX ONTHMI3AIliTHIX
3amad y JeTepMiHOBaHIN a00 CTOXACTHYHIA MOCTaHOBII,
alme ocoONMBO JOINEHA Ta eQEeKTHBHA B yMOBaX
CTOXAaCTUYHO{ HEBH3HAYCHOCTi, KOJHM MOBHHUH mepedip
BapiaHTIB He MoOXxe OyTH BHKOHAHHH Yy 3B’S3KYy 3
BHIIQJIKOBUM BIiATYKOM KEpOBaHOI CHCTEMH Ha BHOIp
onuiei 1 Ti€i x crparterii y pi3HI MOMEHTH 4acy.
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AanTUBHUN MEXaHI3M CTOXAaCTUYHOI I'pU JIO3BOJIE 3
IUIMHOM  Yacy KOMIIGHCYBaTH HecTady amnpiopHol
iHpopMarlii Ha OCHOBI 300py Ta ONpalfOBaHHS NOTOYHUX
JITaHUX Ha KOXKHOMY Kpoli rpu. BpaxoByiounm HasBHICTH
KOHKYpEHTHHX  Iiled Ta  QakropiB  ampiopHoi
HEBM3HAYEHOCTI NPU KEepyBaHHI IPOEKTaMH, 3 HAyKOBOI
Ta MPAaKTHYHOI TOYOK 30PY € aKTyaJbHUM 3aCTOCYBaHHS

METOIIB  CTOXaCTHYHHX IrOp [UII  OHTOJOTIYHOTO
3a0e3MeUCHHAS MIPOCKTIB.
3 MATEPIAJIA 1 METOIH

®DopMyBaHHS BIpTyalbHUX KOMaH]{ ar€HTiB BUKOHAEMO
METO/IOM CTOXAaCTHYHOI TPH, fKa 33JAETHCA KOPTEKEM

(AU ,E'|VA € 4), 1e U' ={ul,uy,...u};
USRS U= x U
Aed

ATEHTH MOXYTh CaMOCTIHfHO BHOHMpaTH OJHY i3
KOMaHA. MosuBi  BapiaHTH  BUOOpY  3a/al0ThCs

Bekropamu crpateriii U’ . Bubip BapianTiB 31ilCHIOETHCS
HE3aJIe)KHO 1 BHIIAQJKOBO Y MOMEHTH dYacy (=12, ....

Arent A € A 3aHocuthes y rpyny G, , KO BHOpaHa
. i . k.
HUM YMCTa CTPATeTis u, BiANOBiZA€ CTpaTerii rpynu u," :
- ik -
G, = UAx(ut =u, )A7, k=1.m,

V4;e

i

ney(*el0,1},1-4,=4,,0-4 =9

HeoOxinmHOIO ~ yMOBOIO ~ YCHILUIHOTO  BHUKOHAHHS
npoekty II; € #oro moBHa OHTOJIOTiYHA MiATPUMKA
KOMaH/IOI0 areHriB. 31i0HOCTI KOMaH/{ areHTiB MOBUHHI

MOKPUBATH KOMIIETEHIlii, HEOOXimHI i1 BUKOHAHHS
MPOEKTY:
k -
U] A/‘ QHk,k—l..m.
vAfeG,
baxxaHo 3a0e3neunTH igea’bHE TOKPUTTS  YCiX

MIPOEKTIB, Koy I1' =11 .
3a nopyueHHs HOKpUTTA npoekTy [T, HapaxoByeTbcs

mrpad, SKAA BHUMIPIOETBCS BIOHOCHOI  KiNBKICTIO
HETMIOKPUTHX  OHTOJNOTI  mpoekry  (Oe3po3mipHa
BEITMYHHA):
gll=[m\ w4 /], k=1.m, (D
vl eG,

e I, &, EF[1][0.1].

Oninka (1) He BUKIIOYAa€e BapiaHT, KOJHM BCi areHTH
00epyTh oMH a00 AEKiTbKa IPOEKTIB, a PeliTa MPOEKTIiB
3IMIIHATHCS HEOKPUTHMH. Tak, BUOpaBIIM TLIBKH OJHH
3 TMIPOEKTIB, areHTH 3aBiIOMO (y CHJIy MOBHOTH MOKPUTTS
010JTIOTEKM  OHTOJIOTIH  3mi0OHOCTSIMM  areHriB  Ta
KOMIIETEHITIsIMHA, HEOOXiTHIMH TSI BUKOHAHHS MPOEKTIB)
3a0e3medaTs HOT0 MOKPHUTTS 1 OTPUMAIOTh MiHIMAIbHHUI
Iporpani, Mo Hagali CHOHYKae iX 3aJHIIaTHCS Ha LbOMY
npoekti. OTke, Taka OLIHKA € HEJOCTaTHBOIO JUIs
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3a0e3neuyeHHs TOKPUTTA YCiX mpoekTiB. OCKiIbKH
JICKIIbKa areHTIB MOXXYTh MaTH 3HAHHS B OJHAKOBHX
MPEIMETHUX Taly3sX, TO BUHUKAE 3a/laua KOMOIHATOPHOT
OoNnTHMi3alii TMpo MiHIMaJbHO HEOOXiJHE TOKPUTTS
MIPOEKTIB, sIKa HACKUTH J0 Kinacy NP-ckiagHux 3amad.
3aMicTh  pO3B’S3yBaHHS CKJIQmHOI  3adadi  Ipo
MiHIMaJlbHE TIOKPUTTS MHOXWH BBEIEMO IUIATDK 3a
BiIXMIIEHHsA BiJl 3amIaHoBaHOi BaprocTi mpoekty [T,

(6e3po3MipHa BiJHOCHA BEIMYNHA):

11,))/ max{C'(11,),C(11,)} > (2)

ne C'(;)= Y, C(A"‘) — BapTICTh TOKPHUTTA Kk -ro

AfeGy
MIPOEKTY, C( Ajf ) >( — BapTicTb MOCIYr j-ro areHra,

3aJly4eHOTr0 /0 BHKOHAHHS K -TO IPOEKTy (CaMOOLIHKa
I1,)>0 -
[-L1].

SAxmo &F[2]<0, To mMaemo 3a0xouenHs (Bin emHwmii

wtpag), iHakme — wrpad. Tak 3aoxouyerscs mindip
KOMaHI{ arcHTiB 3 MiHIMAJIBHOK CYMapHOI BapTiCTIO
MIPOIIOHOBAHMX  TOCHYr. SIKmo cyMapHa BapTicTh
MIPOIIOHOBAHMUX TIOCIYT MEPEBHIILYE 3aIUIaHOBAHY BapTiCTh
MpOeKTy, TO MmiAblp Takoro Ckiaay  KOMaHAW
mrpadyerbes. THM  caMUM  YHHKAEMO — HAJIMipHOTO
MOKPUTTS TPOCKTY OHTOJOTiAMH KOMAaHIH BHKOHABLIB
poOiT (y MekaxX 3alDIaHOBaHOI BAapPTOCTI MPOEKTY), abo
iHaKIIe — HaAMIpHOTO TyONfOBaHHS 3Mi0HOCTEW areHTiB,
AKi BHOpaIX KOHKPETHUH MIPOCKT.

KommnekcHuii mtpad 3a HEJOCTaTHIO OpTraHi3aliro
BUKOHaHHA npoekty 1, ckmamaerwes i3 mrpadis (1) Ta

2):

3miGHocteii arenta y rpomosomy Bumipi), C(

coGiBapTicTh BUKOHAHHS k -ro TpoekTy, &f[2] e

¢k =agkra-nef 1, 3)

ne Ael0,1]. Axmo p, =0 Vi=1,2,..
e[-1L1].

Vci arentd komaHau G, , 3alydeHi 10 BUKOHAHHS

, TO TIOTOYHUH

nporparnt (;f

npoekty II,, OTpUMYyIOTH OJHAKOBUM  MOTOYHHMIA

niporpat (3):
g =¢ v4eG,, VG eIl 4)

[IpuiitMaeThcss TPUIYIIEHHS, 0 BUIIAIKOBI IpOrpari
{C'(w)} rpaBuiB € Hesanexmmmun VueU, i=l.m,

t=1,2,..., MaOTh NOCTilHE MaTeMaTHYHE CIO/iBaHHS
E{Cy(u)} =v(u) = const Ta oOMexeHHl APYruil MOMEHT

sup E {[C;(u)]z} =’ (u) <o . CroxacTUuHI XapaKTepHc-
t
THKH BUIIaJJKOBUX IPOTPAIIiB HE BiJIOMi IPaBISIM arpiopi.
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Xix rpu ouiHIOEThCS (QYHKIISIMU CEpEeNHIX MPOrpaliliB
IrPOBHX areHTiB:

=-Zcr =AE1]+ (1-VNE2]+ M, , V4, € 4, (5)

ro. . . .
ne =i _lzglr [1] — OyHKLiA cepemHiX MpPOrpamis 3a
1=1
HEJIOCTaTHIO  OHTOJIOTIYHY  MIATPUMKY  IIPOEKTY,
Lo . . .
zlzgr [2] GyHKLisS cepeiHIX TNporpamiB 3a
=i
HOpPYLIEHHS 3aIJIaHOBAHOT BapTOCTI MIPOEKTY,
!
M, :t_lz“'r' Jis  Oimoro  rayciBCbKOTO — IIyMy
r=1
limM, =0.
t—©

MeToro KOXKHOTO TpaBIl € MiHIMi3amis BJIACHOI
(hyHKIi{ cepenix mporparris (5) y gaci:
limZ; >min VA4 4. (6)
t—w
OTKe, CTOXacTUYHAa Tpa OHTOJIOTIYHOT MiATPHUMKH
MPOEKTIB MoJsirae y HacTynHoMy. OOYHCITIOIOUN MTOTOYHI
nporpamn  {C;}, A eAd

KOXXE€H TpaBElb IIOBHHCH

HABUNTHCS BUOUpAaTH uMcti crpaterii {u, } Tak, mwo6 3
t=12,..
cucteMu KputepiiB (6). SIkicte irpoBoro QopmyBaHHs
KOMaH/| areHTIB OI[IHFOETHCS TAKUMH XapaKTEePHCTHKAMHU:

1) cucremHO0O (YHKIEIO CepemHiX IporpariB
0araToareHTHOi CUCTEeMHU:

IUIMHOM  4Hacy 3a0€3MMeYnT  BUKOHAHHS

13
=37 =AE [+ -V 20+ M, (7)
i=1

n
25 — CHCTEMHa CKJIJIOBa MPOTPAIIIB 32

i=1

:\»—'

HEIOCKOHANICTh TIOKPHUTTS MPOEKTIB, = t[z]:li =
iz
CHUCTEMHA CKJIaZIoBa TPOTPAIIB 3a MOPYIICHHS OalaHCy
BapTOCTI MPOEKTIB;
2) cepeHBOI0 HOPMOFO 3MIIIIAHUX CTPATEriid IPaBIIiB:

2] -

®)

e "*” € R' — eBKIIioBa HOPMA BEKTOPA.

Po3B’s13km irpoBoi 3aa4i MOBUHHI 33/I0BOJILHATH OJTHY
3 YMOB KOJIEKTHMBHOI ONTHMAJBHOCTI, Hampukiaa, Heia,
[Tapero abo iHmry, 3ayIe)KHO B MeToxy (OpPMyBaHHS

TOCIiIOBHOCTEH cTpateriii {u; }VA4; € 4.
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HeoOximHi s po3B’s3yBaHHS IrPOBOi  3ajadvi
TOCII/IOBHOCTI YMCTHX CTpateriii {u,} orpumaemo 3
BHUIIAJAKOBAX  PO3IMOILTIB, OTPHUMaHMX Ha  OCHOBI
JAHAMIYHHX BEKTOpiB 3MIIIAHUX CTpaTerii

Pzi =(pf[1],pf[2],...pf[m]) Yie D, eleMeHTH SKUX €

YMOBHHMMH IMOBIPHOCTSIMH BXOJDKEHHS [ -TO areHTa B k -
Ty KOMaH/y:

PiKI=P {uf =u'lk]

ub, Gl (t= 1,2,...,;-1)},

e k=1.m.
[ToOymoBy MeTomy po3B’sI3yBaHHS CTOXaCTUYHOI TpH
BHUKOHA€EMO Ha OCHOBi CTOXﬁCTI/I"IHOII. aHpOKCI/IMaIIﬁ yMOBI/I

JOTIOBHSUTPHOT ~ HEXOPCTKOCTI  IETEPMiHOBAaHOI  TpH,
CIpaBeMBOI IS 3MIMIAHUX CTpaTerii y ToOYKax
piBHOBaru 3a Hemrem [32].

Jdnst  1uporo BH3HAYUMO  MONUTIHIAHY — (QyHKIIO

CepeIHIX MPOTPALIiB IS AETEPMIHOBAHOI IPH:

plw’y,

Viipy =Y vV ]

uelU A;edu’ eu

ae v(u)=M{G,u); -
Toni ymMOBa TONOBHSIIBHOT HE)KOPCTKOCTI Y BEKTOPHIN
(dhopMi MaTHMe BUTIISIA:

vp,-V"(p)—e”’V"(p):o V4, e A,

ne V V'(p) — rpaxient momininiiHoi ¢yHkuii cepennix
V4
nporparis; e” = ((1) k= 1..m) — BEKTOP, BCi EJIEMEHTH

AKOro JIopiBHIOTE 1; p e S M _ xombiHOBaHa 3MilaHa

CTpaTeFiﬂ l"paBHiB, 3aJaHa Ha OJWHHUYHOMY CHUMILICKCI

M
SY" (M =m").

o6 BpaxyBaT# pO3B’SI3KM Ha MEXi OJUHUYHOTO
CHMIUIEKCY, BUKOHAEMO 3Ba)KyBaHHS BEKTOpa
JIOTIOBHSUTBHOT ~ HEXOPCTKOCTI  €IEMEHTaMH  BEKTOpa
3MIIIAaHUX CTPATETIH:

. i i mysi

diag(p)(V V' (p)= "V (1)) =0,
ne diag(p') — KBagparHa JiaroHaqbHa MaTpHLIS
NOPAAKY /M, CKIaAeHa 3 €JIEMEHTIB BekTopa p'
V4, e4.

BpaxoBytouu, 1o

diag(p)IV V' —e"V' )= E{Gile@,) = pi1] pi = p'}
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METOJIOM CTOXaCTUYHOI anpoKCUMAaIlii [34-35]
OTPUMAEMO TaKy PEKYPEHTHY 3aJICKHICTB!
Pti+1 = TCZ:H {P; _“/tgi(e(“tl)_Pti)} VA4, €A, )

He nm _

€141

NPOCKTOP HA mM-BUMIPHUN OIMHUYHUIA
cuvmiexc S” [33]; y,>0 Ta g >0 — MOHOTOHHO

CafHi MOCHiZoBHOCTI JojaTHuX Bemnund; e(u,) —

OIIMHUYHUI BEKTOp, SKHH BKa3ye Ha BHOIp areHToM
9UCTOI CTpaTerii uri =u'eU'.

m o
ITpoexTyBanHs mg,,, Ha POSUIMPIOBAHMIL g, -CHMILIEKC

S s 3abe3neuye BHKOHAHHSI YMOBHU
t+l T

plk>e, k=1.m, HEeoO0X1aHOI TSt MIOBHOTH
CcTaTUCTUYHOI  iHpopMamii moa0 BUOOPY  YHCTHX

CTpaTerid, a mapameTp €, —> (0 BHKOPHCTOBYETBCS SK

IOTaTKOBUH eJIEMEHT 301KHICTIO
PEKYPEHTHOTO METOY.

ITapameTpy y, Ta €, MOXKyTb OyTH OOUMCIIEH] TaK:

KepyBaHHA

v o=t e, et (10)
e y>0;a>0;e>0;3>0.

30ikHICTh 3MilIaHuX cTpareriit (9) 10 onTUMaTbHUX
3HAYEHb 3 IMOBIPHICTIO | Ta B cepelHbOKBAIPATUIHOMY
BH3HAYACThCA CIIiBBIAHOIIEHHAMH NapaMeTpiB y, Ta g, ,
SKI TIOBMHHI 33JI0BOJIHATH (DyHJaMEHTaIbHI YMOBHU
CTOXACTUYHOI anpokcumariii [33-35].

Bu6ip uncroi crparerii u,[k] VA, € A BUKOHyeTbCA
OCHOBI

rpaBUIsAMHU Ha ]II/IHaMi‘IHOFO

posnoniny (9):

k
k=arg ]{Izllirranp;(u,i[j])>(o e{l.m}, (11
s

BUITIAIKOBOI'O

ne oe[0,1].

CroxacTH4Ha Tpa pO3INOYMHAETHCS 3 HCHABYCHHX
3MIIIAHUX ~ CTparerii 31  3HAYCHHSIMH  EIIEMEHTIB
pilkl=1/m, ne k=1.m. Ha mporssi HacTymHuX

MOMEHTIB 4acy JUHaMiKa BEKTOpIB 3MiLIaHUX CTpaTerii
BU3HAYAETHCS 32 MApKOBCBKMM PEKYPEHTHHM METO/IOM

©-an.

OTxe, B MOMEHTH 4acy ¢ =1,2,... KOXXeH rpaBelp Ha
OCHOBI 3MiIIaHO1 CcTpaTerii p: BUOWpAE YUCTY CTPATETIIO
; . .
u, (11) i mo momentry wacy f+1 oOTpumye TOTO4YHI

nporpauti £ (4), micns 4Oro oGUMCIIOE  3MilaHy

crparerito p;,, 3rimHo 3 (9)- (10).

3aBosgKy IIiIECTIPSAMOBAaHIA JWHAMIUHIN mepeOynoBi
3MIIIAaHUX CTPATETii Ha OCHOBI OMPALIOBAHHS MOTOYHUX
nporpaiuis, merox (9)—(11) 3abe3neuye aganTUBHUI BHOIp
YHCTHX CTPATETI y Yaci.
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ANTOpUTM pO3B’SI3aHHSI CTOXaCTHYHOI TPH.

Kpok 1. 3agaTyl moyaTKOBI 3HAUYCHHS MTApaMETPiB:

t =0 — IOYaTKOBUHA MOMEHT 4acy;

M — KiUJIbKICTh TPOEKTIB, a00 KUTBKICTh BIpTyaJIbHUX
KOMaH[, a00 KUIBKICTh YUCTHX CTpaTeriii irpOBUX areHTiB;

7 — KiJIBKICTh arcHTIB;

Q=10,,0,,..,0,} - 6101i0TEKa OHTOJIOTIH;

1, ={0,,0,,..,.0.}cQ, k=1l.m -

OHTOJIOTIYHHX 3HAaHb a00 KOMIIETEHIIIH, HEOOXITHUX IS
BUKOHAHHSI IPOEKTIB;

Habopu

4,=10/,0i,..,0cQ , i=l.n - HaGopu
OHTOJIOTH, 1110 BU3HAYAIOTE 3/110HOCTI areHTiB;
c(1)=(c(1,),c(1,),...C(I,)) - cobisapricts

MIPOECKTIB;
C(A) = (C(A]),C(Az),...,C(An)) — BapTICTh IIOCIYT

arcHTIB;

U'={u'[1l,u'[2],....u'[m]}, i=l.n — Bextopn
YHCTUX CTPATETii areHTIB;
p(i) = ((l/m)k |k = 1..m), i=l.n — TOYaTKOBI

3HAYEHHS 3MIIIAaHUX CTpPATEeriil arcHTIB;

v > 0 — mapaMeTp KpoKy HaBUaHHS;

a € (0,1] — koediLieHT MOPsIIKY KPOKY HaBUAHHS;

€ —IapaMmerp & -CUMILIEKCa;

B>0 — xoedilieHT MNOPAAKY PpO3LIMPEHHSA ¢ -
CHMIDIEKCA,;

L €[0,1] — BaroBuil KoedilieHT;

¢t — MaKCHUMaJbHa KiJIbKICTh KPOKIB METOJY.

max

Kpox 2. Bubparu umcri crparerii (komaumm) u, e U’
arentiB i =1..n 3rigHo 3 (11).

Kpok 3. O0YHCINTH 3HAYCHHS MOTOYHHX IPOTPAIIIiB

i .

C,, i=1..n srigno 3 (4).

Kpok 4. O6uncInTH BENMYHHY MAapameTpiB y, Ta g,
srigHo 3 (10).

Kpok 5. O0uncnuté eneMeHTH BEKTOPIB 3MIIIaHUX
crpareriii p!, i =1..n3rigHo 3 (9).

Kpok 6. O6unciuTy sikicHi Xapaxkrepuctuku Z, (7) Ta
A, (8) HOKPHTTS NPOEKTIB.

Kpok 7. 3agati HacTyImHUI MOMEHT yacy ¢ :=¢+1.

Kpox 8. Skmo ¢<¢,, , TO MEPEUTH Ha KpOK 2,

IHaKIIe — KiHeIlb TPH.

4 EKCIIEPUMEHTHA

[otpi6HO mimiOpaT areHTiB Ui BUKOHAHHS JBOX
npoextis IT={I1,I1,} 3 oHTONOriYHUM 3abe3NEUEHHAM
Q = {01a02703304305} *
NPOCKTIB 3HAaHHS (KOMITCTEHIIiT) 381aI0ThCsl MHOKHHAMH
OHTOJIOTIH: I1, ={0,,0,,0;}, IT, =1{0,,0,} .
[lpereHOeHTH Ha Yy4YacTh Yy MpPOEKTax 3aJal0ThCs
MHOHHOKW arenTiB A ={4,,A4,,4;,4,, A;, A} , KOxKeH

HeoOximHi 111 BHKOHAHHSA

© Kpageus I1. O., JIuteun B. B., Buconpka B. A., 2021
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€JIEMEHT SIKO1 BU3HAYAETLCSI MHOMHHOK OHTOJIOTIH

(3mibnoctamu  arentiB): 4 ={0,,0,}, A4, ={0,,0,},
4,=10,,0,}, 4,=10,,0s}, 4;=10,,0,},
A, ={0,,0,} . 3annaHoBaHi BUTPATH /I BUKOHAHHS
MIPOEKTIB (cobiBapTicTh) CTaHOBJIATH
C (H) =(10000,6000) IPOLIOBUX OIMHHIB. BapricTh
kBamiikoBaHoi poOO4YOi CWIM HAa PUHKY Tpaii
BH3HAYAETHCS TaKuM MacHBOM 3HAYCHB!

C(A) = (4000, 2500,1500,3500,2500, 2000) .
HeoOxinHo cdopMyBaTH 1Bi BipTyalbHHUX KOMaHIN
areutie  I1'={G,,G,}, oHTONOriuHi 3HAHHA SKHX
MMOKPUBAIOTh KOXKEH 3 TPOEKTIB NpH OOMEKEHHSIX Ha
sapricts npoextis C'(IT) < C(IT), ne C'(IT) — macus

BapTOCTEH IIOKPUTTS TIPOEKTIB.

3amaya OHTOJOTIYHOI MIATPUMKH TPOEKTIB MOXeE
MaTd JeKiUIbKa po3B’s3KiB. Mg AaHMX KOHTPOJIBHOTO
NPUKIIAAy MOXIIMBI Taki BapiaHTH IOKPUTTS IIPOCKTIB
In'oIl:

1) G] = {A1=A27A4}’ G2 ={A3,A5,A6}a
C'(H) = (10000,6000) ;

2) Gl :{AlaAwA(,}’ Gz ={A2,A4,A5},
C'(H) = (7500,8500) ;

3) Gl Z{A2’A49A5} > Gz :{A19A39A6}’
C'(I1) =(8500,7500) ;

4) Gl = {A3,A5,A6}, Gz ={A1,A2,A5} >
C'(I1) =(6000,9000) ;

5) Gl :{A25A4’A5’A6}’ Gz :{AI’A3}’
C'(I1)=(10500,5500) ;

6) G, =1{4,, A, A, A}, G,={4,4,},
C'(I1)=(8500,7500) ;

7) G ={4,,4;, 4,, 45} » G, = {4, 4}
C'(I1) =(9500,6500) ;

8) Gl :{A15A45A5’A6} > Gz :{A2>A3}7
C'(IT) = (12000,4000);

9) Gl :{AI’A3’AS’A6}’ G, :{AZ’A4}’
C'(IT) = (10000,6000) ;

10) Gl :{A15A3’A45A6} > Gz :{Az,As}’
C'(IT) = (11000,5000) ;

11) Gl :{AlaAz,A4aA5}’ Gz :{A3aA6}’
C'(1T) =(12500,3500) ;

12) Gl = {A1>A2,A3>A5}’ Gz = {A4aA6} >
C'(I1)=(10500,5500) ;
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13) G, ={4,,4,,4;,4,}, G, ={4;, 4},
C'(H) = (1 1500,4500).

VYeci BapianTu 3a0e3MeuyloTh HAUIUIIKOBE MOKPUTTS
000X MPOEKTIB KOMaHAaMH{ arcHTIB, [0 IPEACTABISIOTH
oHroJiorii. HaamuImkoBICTh TOKPUTTS BU3HAYAETHCS
30BHINIHIMA OOCTaBUHAMH, TMOB’S3aHMMH 3 THM, IO
areHTH BOJOMIIOTH 3HAHHSAMM OUIBII HDK B OJIHIN
TIPEeIMETHIN Tamys3i.

Bapiant | Ta 9 BH3HAYAOTH KBa310NTUMAIBHHMA
PO3B’A30K 3a1advi, OCKUIBKH [UISI HHUX BHKOHYIOTBCS
0oOMe)XeHHS 10 BapTOCTi MPOEKTIB, ajie B 000X BapiaHTax
€ HaJUTUIIKOBI TIOKPUTTS IMPOEKTIB TPyIIaMH areHTiB:

— BapianT 1:
! — J—

IT(G)=49v4,04,={0,0,,0,,0,,0:} S 1I,,

4 —_— —_—
IT5(G,)) =4, 4,0 4 ={0,,0,,0,,0,,0,} o 11,,
— BapiaHT 9:

! — —_—

HI(GI) =4 UA3 UAS UAG - {01,02703’04505} oI,
! — —
I1,(G,) = 4,9 4, ={0,,0,,0,,0:} o11,.

Kpim Toro, SKIIO JMEeKiNbKAa arcHTiB MAalOTh 3HAHHS B
OJTHIM 1 Ti¥ JKe IpeAMETHIH raysi, To BcepeanHi KOMaHan
MOXXE BHHUKHYTH KOHKYDPCHISI 3a  MOXIHUBICTP
3aCTOCYBaHHS [[MX 3HAHb PU BUKOHAHHI mpoekTy. Tak, y
Bapianti 1 arentn 4, Ta A, rpymu G, KOHKYpYyIOTb

IIOA0 3aCTOCYBaHHA OHTONOri (), M BHKOHAHHS

npoekty I1,, a arentn 4, ta A, rpymu G, KOHKYypYyIOTh
mono oHTojorii O, AN BUKOHaHHA mpoekty II,. V
Bapianti 9 y rpyni (G, BukoHasLiB npoekTy [, BuHMKae
KOHKYPEHIIisl 32 BUKOPUCTaHHsA OHTONOTii (), areHTamu
A, Ta A, BukopucTaHHs oHrojorii (), areHTamMu A,

Ta A, BUKOpUCTaHHs oHTosorii O, arenTamu A, Ta A;.
AJBTEpHATUBOIO KOHKYDEHIII € Koomeparlis i B3aeMHE
MiJCUJICHHS 3HAaHb areHTiB B OIHIN 1 Tilf ke mpeaMeTHiit
ranysi. Y Bapiantax 2 — 4, 6, 7 mepeBullleHa BapTiCTh
BHKOHaHHsA TIpoexTy (,. Y Bapiantax 5, 8, 10 — 13

HepeBUILEeHa BapTiCTh BUKOHAHHS NPoekTy G, .

IrpoBuii anropuT™M TMOBWHEH HABYUTHCS BHOUpPATH
OVH 13 HAaBEICHHWX BapiaHTIB IMOKPUTTS MNPOEKTIB (Y
Mexax iX 3a/1aHoi co0iBapTOCTi) areHTaMU-BUKOHABISIMU
poOiT, 1110 MarOTh HEOOXI/IHI JUIS [IBOTO 3HAHHS Y BHUIJISII
Ha0OpiB OHTOJIOTIH.

5. PE3YJIbTATHU

Komm’rorepHe MOJIENIOBAaHHS BUKOHAEMO IPOBUM
meronoM (9) — (11) 3 TakuMM TapaMeTpamu:
U ={u,uy}, y=1, £€=0,999/m, a.=0,01, p=2,
A=0,5,¢, =10".

Ha puc. 1 ta puc. 2 B norapupmiuHomy MaciuraOi
300pakeHO Tpadikd (QYHKIIH CcepeHiX IpOrpariB
rpasuis Z,, = [1], & [2] Ta cepennboi HOpMH 3MilIaHUX

cTparerii A, sKi 301KHICTh

, XapaKTepU3yoTh

CTOXaCTUYHOI TPH OHTOJOTIYHOI MIATPUMKH IPOEKTIB.
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Bubip  smorapudmiuHOro  MacmrTady — 3yMOBJICHHIA
HEOOXIJHICTIO KOMIAKTHOTO 300paKeHHS! pe3yJIbTaTiB
MOJICTIIOBaHHSI 3 BEJIMKUM Jlialla30HOM 3HaueHb. Jlis
JOrapuMIYHOi IIKIM TPOTPaMHO  ONPALLOBYIOTHCS
BUHATKH TIOIIH, KOJIH MIOTOYHI 3HAUCHHS
XapakTepUCTHYHUX (YHKIIA Tpyu MeHm Big Hyas abo
JOPIBHIOIOTh HyMO. Slk BMAHO Ha puc. | Ta pmc. 2,
irpoBuit Meron (9)—(11) 3abe3medye MiHIMI3aMi0 QyHKITIH
cepennix nporpamis Z,, = [1], E,[2] y 9aci. OyHkuis
CepeNHbOi HOPMM 3MIlIaHMX CTpaTerii A, mocsrae

norapu(MiuHOTO HyJs, IO UIIOCTPYE
PO3B’SI3KIB TPU Y UUCTUX CTPATETISX.

OTpUMAaHHS

o 1 = 3

Pucynox 1 — Po3B’s13yBaHHS CTOXaCTHYHOI IPH IIPH BiICYTHOCTI
3aBaJ: a) uIs BapianTy 1; 6) mrsa Bapianty 10

300pakeHe Ha puc. la ninHiliHe (Ha JorapugMidHiA
mKani) crnagaHHs  rpadikiB  QyHKOIH  cHCTEMHHX
nporpawis rpasuis Z,, = [1], Z,[2] cBiguute 1po
JIOCATHEHHA  KBa31ONTHMABHOTO  PO3B’S3KY  3amadi
MTOKPHUTTS MIPOEKTIB OHTOJIOTISIMH. IIpaktuka
KOMII'IOTEpPHOTO MOJICTIOBAHHA IIOKa3ye, IO Maibke Yy
90% exkcnepumentiB  meron  (9)(11) 3abe3meuye
OTPUMaHHSI KBa3iONTHMAIILHOTO MOKPHUTTS, 110 BiJIIOBiIa€
BapianTam 1 a6o 9.

Jnst  IHIONX  JOMYCTUMHX  BapiaHTiB  ITOKPHTTS,
HapUKIAA, i BapianTy 10, 3HaUeHHs (YHKIIT CepeaHiX
nporpamis = [1] 32 HEIOCKOHAIICTh MOKPUTTS MPOEKTIB

JMIHIHHO 3MEHINYETHCS, MO0 BKa3ye Ha 3a0e3IeueHHs
MOKPHUTTS ycix mpoekTiB (puc. 10). 3HaueHHS ¢GYyHKIIT
cepenHix mporpamis E [2] 3a mopyuweHHs OGanaHcy

BapTOCTI MPOEKTIB MPSMYE 0 CTAOLIBHOTO 3HAYESHHS, 10
CBITYMTH MPO BIIXWIICHHS! BUTPAT Ha BUKOHAHHS MPOEKTIB
BiJl 3aIJTAHOBAHOI BapTOCTI MPOEKTIB.
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6 OBI'OBOPEHHSI
36ikHicTe  Mertony (9)—(11) nmo onTuManeHOTO
KOJIEKTUBHOTO  PO3B’SI3Ky  3aJIeKUTh  BiJl TOYHOCTI
HaJIAIITYBaHHS HOTO MapaMeTpiB, CIIBBiIHOMICHHS SKHX
TTOBHHHI 3a7I0BOJIBHATH  (YHIAMEHTAJIbHI  YMOBH
CTOXaCTUYHOI arnpoKCUMAIli. ExcniepumenTansHo
BCTAHOBJIEHO, 1[0 3MEHIIECHHSA mapamerpa 3 e(0,2]

MIPUTAIBMOBY€E HIBHIKICTH PO3MIMPEHHS & -CUMITIEKCca 1
MPU3BOMUTH A0  3POCTaHHS  KUIBKOCTI  KPOKIB
CTOXaCTUYHOI TPH, HEOOXIAHUX JUIA MOIIYyKYy OJHOTO 3
BapiaHTIB TOKPHUTTSA MPOCKTIB. AHAJOTIYHUA e(eKT
CrocTepiraeTbcsi Nmpu 30unbIIeHHI nmapamerpa o < (0,1],

II0 IIPUCKOPIOE  3MEHLIEHHA MOIIYKOBOTO  KPOKY
PeKypeHTHOro  Meroay. [HmIMMHM — cioBamu,  JUIs
3alpoBaPKEHOT0 PEKYPEHTHOro meperBopeHHs (9) i3

npuiiHATUM ~ criocoboM  QopmyBanHs —mTpadiB  (4)
PO3IIMPEHHS. € -CHMIUIEKCa IIOBHHHO OYyTH IOCHTb
IIBUAKMAM, @ 3MCHIUCHHS IIOLIYKOBOTO KpPOKYy —
noBinbHUM.  IlIBuake — po3mIMpEHHS € -CHMILIEKca

NPaKTUYIHO HE OOMEXYe BEIMYMHH KPOKY IOIIYKOBOT'O
MeTony. Benmke, Ha mMOYAaTKOBOMY BiApi3Ky dacy,
3HAYCHHS MOIIYKOBOTO KPOKY INPHU3BOJMTH 10 3HAYHOT
MUHAMIKK BEKTOPIB 3MIIIAHUX CTpaTerid, M0 Jae
MOXIIUBICTh TPaBISIM BHIAJKOBO BUOMpATH IHII YUCTI
cTparerii (IIEPEeXOANUTH BiJ OZHOTO MPOEKTY 10 iHILIOTO),
IIyKaloYl ONTHMAaJbHUN BapiaHT ITOKPUTTS MPOEKTIB
HEOOXITHUMHU OHTOJIOTiISIMU. 3 IUIMHOM Yacy BeJIMYHMHA
MIOLTYKOBOTO KPOKY CTa€ MEHIIOI0, JHHAMiKa BEKTODIB
3MIIIAaHUX CTpaTeridi  CTabimi3yeTbCs, 3aKpiIUTIOIYN
chopMOBaHi KOMaH/I areHTiB Ha BUKOHaHHI KOHKPETHUX
MPOeKTiB. XiZ pPo3B’sA3aHHS CTOXACTHYHOI TPH B YMOBax

mii  3aBam 300paxkeno Ha puc. 2. CroxacTHuHa
HEBU3HAYCHICTh MOKPUTTS TIPOEKTIB 3aa€THCS
HOpMAaJIbBHUM po3momaiioM u, ~ Normal(e,d) 3
MaTeMaTHYHUM CrofiBaHHsM e=(0 Ta JOucHepciero

d = 0,25 . EMIipnuH#uii HOpMaJIbHUH PO3TIOJILT OTPUMAHO

3a hopMyII010:
12
u, —e+d Zcoj’, -6,
j=1

Ie oe[0,1] — OilicHe BUIAAKOBE YHUCIO 3 PIBHOMIPHHM

PO3TOIIIOM.

Jis BUMagKOBOrO IIYMy CHPHUYHMHSE HEPEryJpHICTH
BEJIMUMHH MOLIYKOBOTO KPOKY PEKYPEHTHOI'O METO.Y,
SKAH Ha KOXKHOMY KpOILll CTOXaCTUYHOI I'pH JIOJIATKOBO
3MIHIOETBCSI TPONOPLIHHO 10 aucnepcii 3aBamu. lle
MO3HAYAETHCS Ha BHIVISII CUCTEMHOI (DYHKII cepenHix
nporpamis Z,, sAKka Beae cebe AK OinbI BHpakKeHHH

BUIIQJIKOBUH TIPOIIEC.
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Pucynok 2 — Po3B’3yBaHHS CTOXaCTUYHOI I'PH B YMOBax
3aBaj;: a) Ui BapiaHTy 1; 0) ams Bapianty 10

JlomatkoBa paHoMizallist TIOTOYHMX MIPOTPAIIiB OiIM
rayciBCbKMM IIyMOM 3 HEBEJIMKOIO Jaucriepciero (s
npuknany, d =0,25) He cnpaBisie 3HAYHOTO BIUIMBY Ha

HaByaHHA croxactmyHoi rpu. OpHak,
30LTBIICHHS ~ OUCHepCil  3aBajg  NPU3BOAMTH [0
CHOBUIbHEHHS a00  yYHEMOXJIMBJICHHS  pO3B’s3aHHS
irpoBoi 3a71a4i MOKPHUTTS ITPOCKTIB.

pe3ynbTar

BUCHOBKH

Y po0oTi 3ampONOHOBAHO HOBHMU CaMOHABYAIbHUI
irpoBuii Metox QopMyBaHHS BipTyalbHHUX KOMaHI
areHTiB Ui BHKOHAaHHS  IPOEKTIB B  yMOBax
HeBM3HaueHocTi. Ha mouarky rpu 3mimiani crpaterii
ITPOBUX areHTiB € HEHaBUCHHUMH 1 3a0e3MeuyroTh
piBHOIMOBipHHMI BHOip mpoektiB. [Ipomec HaBuaHHSA
areHTIB TOJNISTaE y IIJISCIPSAMOBAHIN 3MiHI BEKTOpPIB
3MIMIAHUX CTpaTerii Ha KOXKHOMY KpOIli I'pHU 3 METOIO
MiHIMI3ail QyHKIIN cepeHiX MPOrpalIiB 3a HEAOCTATHIO
OHTOJIOTIYHY MiATPUMKY mpoekTiB. Ha dinansHOMY eTarri
HaBYaHHS CTOXAaCTHYHOI TP BifOyBaeThCs cradimizais
3MilIAaHUX CTpaTeriii areHTriB. EJeMEHTH HaBUYCHHUX
3MILIAHUX CTpaTeridi 3a/laloTh IMOBIPHOCTI HAJIEKHOCTI
areHTiB 70 OjHI€l 3 KoMaHA. Pe3ympTatoM TpH €
(opMyBaHHS KOMaHJ| arcHTiB, OHTOJIOTIYHI 3HAHHS SIKMX
MMOKPUBAIOTh KOMIICTEHIIi, HEOOXiMHI AN BUKOHAHHS
TIPOEKTIB.

AnanTtuBHUN 0araTOKPOKOBHIA METOI PO3B’sSI3YBaHHS
CTOXAaCTUYHOI T'pU MOOYIOBAaHO HA OCHOBI CTOXAaCTHYHOL
ampoKcUMarii MOIU(IKOBaHOI YMOBH IOTOBHSUTBHOL
HEXOPCTKOCTI, CIPaBENINBOI y TOYKaX pIBHOBArd 3a
Hemem. 30ikHICTH Tpu BH3HAYaeThCcst  (QyHIaMeEH-
TaIbHAMH yMOBaMHM CTOXaCTHYHOI ampoKcUMarii i
3aJIKHUTh BiJI PO3MIPHOCTI irpoBoi 3amaui (KiMbKOCTI

179



e-ISSN 1607-3274 Pagioenexrponika, inpopmaruka, ynpasminss. 2021. Ne 1
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2021. Ne 1

TpaBIiB 1 cTpareriii) Ta CHiBBIJHOIIEHHS IapaMeTpiB
PEKypeHTHOro MeTOAy ii pPO3B’SA3yBaHHA. 3alpOIOHO-
BaHMH METOJ| IPYHTY€TbCS Ha OINpPALIOBaHHI MOTOYHHUX
peakuiif irpoBOro cepefoBHIa B yMOBax amnpiopHOi
HEBM3HAYEHOCTI 1 Yy 3B’A3Ky 3 LUM Ma€ IOBUIBHY
MIBUJAKICTE 30DKHOCTI, IO KOMIICHCYETBCS BHCOKOKO
00YHCITIOBAIEHOIO MOTYKHICTIO CYYaCHUX KOMIT FOTEPHUX
CHCTEM.

HemomikoMm 3amponoHOBaHOTO irpOBOTO METONY € Te,
10 Y 3arajbHOMY BHIJKy BiH HE TrapaHTye ifealbHOTro
MIOKPHTTS, OCKUIBKU He 3a0e3rnedye BiJICIIOBaHHS arcHTIB,
30i0HOCTI  AKMX € HAJJIWIIKOBUMH M1 BHKOHAHHS
npoekTty. Sk BapiaHT BHpiLIeHHS Iii€i MpoOjIeMu MOXKHA
3alpONOHYBATH  CTBOPEHHS  JIONATKOBUX  (DIKTHBHHUX
MIPOEKTIB 3 IPOMO3MULIsAMH, sIKi OyayThb NpuBaOIMBUMHU
JUTS 3aiBOT poOOYOi CHIIM IHIIIMX TTPOEKTIB.

NOoJsAKH

PoGoTy BHKOHaHO B paMKax AEp>KOIOPKETHOI TeMH
«Metomu Ta 3aco0M (YHKIIOHYBaHHS CHCTEM ITiATPHUMKH
MIPUAHATTS pillleHb Ha OCHOBi oHTOJOTIH» (ID:839 2017-
05-15 09:20:01 (2459-315)). docmimKeHHs TPOBaIMIIOCH
B MeXax CIUIBHUX HAyKOBHUX JOCTIKEHb Kadeapu
iHpopmamiiHux cucteM Ta Mepexx HY  «JIbBiBcbka
MoJTIiTeXHIKa» Ha TeMmy «JlochmimkeHHs, po3poOieHHs i
BIIPOBAJDKEHHS 1HTEIEKTYAIbHUX PO3MOAUICHUX iH(OP-
MAI[IfHAX TEXHOJIOTIi Ta CHCTEM Ha OCHOBI pecypciB 0a3
JaHUX, CXOBHILI [aHUX, IPOCTOPIB JaHUX Ta 3HAHb 3
METOI0 TPHCKOPEHHS HpoLeciB (OpMyBaHHSI Cy4acHOTO
iHpopMamiiHOrO CcycmijbcTBay. HaykoBi JgocCiimKeHHs
MIPOBAIIINCS TaKOXX B paMKax IHIIIaTUBHOI TEMaTHKU
nociimkenb kapenpu ICM HY «JIpBiBChKa MOTITEXHIKA
Ha TeMy «Po3poOieHHs iHTeNeKTyalbHUX PO3MOAITICHUX
CHCTEM Ha OCHOBI OHTOJIOTIYHOTO IIIXOAy 3 METOI0
iHTerparii iHpopMaLifHIX pecypciBy.
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AHHOTAIUSA

AKTyanbHOCTb. B coBpeMeHHOM MH(MOPMaNMOHHOM OOLIECTBE C Pa3sBUTHIMH CPEICTBAMU TEIEKOMMYHHKAIUH C HOMOIIBIO
MOOMJIBHBIX YCTPOHCTB M KOMIIBIOTEPHBIX CETEH aKTyalbHbIM ABISAETCS ()OPMUPOBAHHME PA3IMYHBIX BUPTYAJIbHBIX OpraHU3aLMi U
coobmectB. Takue BUpTyaslbHblE OOBEAMHEHUS JIOACH MO NPOGECCHOHAIBHBIM WM JPYTMMH MHTEpECaMM IpEAHA3HAa4eHbI IS
OIIEPaTUBHOTO PEIICHUS] PAa3IMYHBIX 3aJad: JJISl BHIOJHEHUS MPOEKTHBIX 33JaHMH, CO3MaHMS CTapTaloB C IENbIO MPUBICUCHUSL
HWHBECTOPOB, OPraHU3aIMU CETEBOTO MAPKETHHTa, OPraHU3aIM{ JUCTAHIIMOHHOTO 00yYeHHs, PEIICHNUs CIOKHBIX BOIIPOCOB B HAYKe,
SKOHOMHMKE H TOCYAApCTBEHHOM YIIPABJICHHUH, IIOCTPOCHUS DPA3IMYHBIX VIHTEpHET-CepBUCOB, OOCYXHEHHS IOIUTHISCKHX U
COIMAIBHBIX IIPOLECCOB H TOMY HOAOOHOE.

Henbro uccnenoBanus SBIAETCS pa3padOTKa aJalTHBHOIO MapKOBCKOI'O PEKyPPEHTHOIO METOa Ha OCHOBE CTOXACTHYECKOM
aNmpOKCUMAIMU MOAN(HUIIMPOBAHHOTO YCIIOBHUS JOMOJHSIOMIEH HE)XECTKOCTH, CIPAaBEIIMBOIO B TOYKAaxX paBHOBecws no Homry mis
peleHys 3a1a4y UTPOBOTO MOKPHITUS TPOEKTOB.

Merton. B 3t0ii paboTe pazpaborana MHOroareHTHasi UTPOBast MOZEINb Ul (POPMHUPOBAHUSI BUPTYAJIbHBIX KOMaH/{ HCIOJHHUTEICH
MIPOEKTOB Ha OCHOBE OMOIMOTEK MPeAMETHBIX OHTONOruiH. HeoOxoMuMble /11 BBIONHEHHSI IPOEKTOB KOMIIETEHIIMH U CTIOCOOHOCTH
areHTOoB 3a7aloTcsl Habopamu OHTONOTHH. VIHTeIIeKTya bHBIE areHThl CIyJaiiHO, OXHOBPEMEHHO M HE3aBUCHMO BBIOMPAIOT OJWH U3
MIPOEKTOB B JUCKPETHBIC MOMEHTHI BPEMECHHU. ATEHTHI, KOTOPHIC BHIOpATH OAWH M TOT XK€ IIPOEKT, OMPEICIAIOT TeKyIIHii COCTaB
KOMaHJIbl €ro HCHONHUTENeH. [ KOMaHJ areHTOB HCUHCISETCS TEeKymuil mrpad 3a HEAOCTATOYHOE ITOKPBHITHE KOMIIETEHIHI
00bEeAMHEHHBIMH CIIOCOOHOCTSIMH areHTOB. JTOT mTpad HCHONB3yeTcs Ul aJalTHBHOTO MepecdyeTa CMEHIaHHBIX CTpaTeruit
HUIPOKOB. YBEIMYMBAIOTCS BEPOSITHOCTH BBIOOpa TeX KOMaHJ, TEKyI[MH COCTaB KOTOPBIX IPHBEN K yMEHBIIECHHIO mTpada 3a
HETIOKPBITHE OHTOJOTHH. B X0Je MOBTOPSIONIEHCS] CTOXaCTUUECKOW UTPhl areHThl C(OPMHUPYIOT BEKTOPHI CMEIIAHHBIX CTPATETHH,
KOTOpBbIE 00ecreyaT MHHUMHU3ALHIO YCPEIHEHHBIX ITPa(OB 32 HEIOKPHITHS IPOSKTOB.

PesyabTatsl. s perienus 3a1aui UTPOBOTO MOKPHITUS IPOEKTOB pa3paboTaH agalTHBHBIA MapKOBCKUN PEKYypPPEHTHBIH METO.
Ha OCHOBE CTOXAaCTHYECKO alMpOKCHMAIH MOAUGHUIINPOBAHHOTO YCIOBHS JOTOBHSIOIIEH HEXECTKOCTH, CIIPABEAINBOTO B TOUKAX
paBHoBecus 1o Hamry.

BeiBoabl. KoMIbroTepHOe MOJEIMpPOBAaHHE IOATBEPAMIO BO3MOMKHOCTH IIPUMEHCHUS MOJENU CTOXACTHYECKOM HUIpBl Ul
(opMHIpOBaHUS KOMAaH] MCHIOIHUTENCH MPOEKTOB ¢ HEOOXOIUMOI OHTOJIOTMYECKOH IOMIEPKKOH B YCIOBHSIX HEOIPEIEIICHHOCTH.
CXOIMMOCTh HIPOBOTO MeToja olecrieunBaercsi coOmoneHneM (yHIaMEHTAIBHBIX YCIOBHH M OrpaHHYEHUI CTOXacTHYECKOH
onTtuMu3anuu. JI0CTOBEpPHOCTh 3KCIIEPUMEHTANIBHBIX MCCIIEN0BAHUI IOATBEPXKAACTCS MOBTOPSEMOCTh IOJIYYEHHBIX Pe3yJbTaToOB
JUISL pa3IIMYHBIX MOCIEI0BATEIbHOCTEH CITy4aiHbIX BETHYHH.

KJIFOYEBBIE CJIOBA: MHOroareHTHasi CUCTEMa, OHTOJIOTHS, TPOEKT, CTOXAaCTHYECKasi UTpa, aJalTUBHBINA UIPOBOM METOI.
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GAME MODEL OF ONTOLOGICAL PROJECT SUPPORT
Kravets P. — PhD, Associate Professor of Information Systems and Networks Department, Lviv Polytechnic National University,
Lviv, Ukraine.
Lytvyn V. — Doctor of Sciences, Professor, Head of Information Systems and Networks Department, Lviv Polytechnic National
University, Lviv, Ukraine.
Vysotska V. — PhD, Associate Professor of Information Systems and Networks Department, Lviv Polytechnic National
University, Lviv, Ukraine.

ABSTRACT

Context. In today’s information society with advanced telecommunications through mobile devices and computer networks, it is
important to form a variety of virtual organizations and communities. Such virtual associations of people by professional or other
interests are designed to quickly solve various tasks: to perform project tasks, create startups to attract investors, network marketing,
distance learning, solving complex problems in science, economics and public administration , construction of various Internet
services, discussion of political and social processes, etc.

Objective of the study is to develop an adaptive Markov recurrent method based on the stochastic approximation of the modified
condition of complementary non-rigidity, valid at Nash equilibrium points for solving the problem of game coverage of projects.

Method. In this work the multiagent game model for formation of virtual teams of executors of projects on the basis of libraries
of subject ontologies is developed. The competencies and abilities of agents required to carry out projects are specified by sets of
ontologies. Intelligent agents randomly, simultaneously and independently choose one of the projects at discrete times. Agents who
have chosen the same project determine the current composition of the team of its executors. For agents’ teams, a current penalty is
calculated for insufficient coverage of competencies by the combined capabilities of agents. This penalty is used to adaptively
recalculate mixed player strategies. The probabilities of selecting those teams whose current composition has led to a reduction in the
fine for non-coverage of ontologies are increasing. During the repetitive stochastic game, agents will form vectors of mixed strategies
that will minimize average penalties for non-coverage of projects.

Results. For solve the problem of game coverage of projects, an adaptive Markov recurrent method based on the stochastic
approximation of the modified condition of complementary non-rigidity, valid at Nash equilibrium points, was developed.

Conclusions. Computer simulation confirmed the possibility of using the stochastic game model to form teams of project
executors with the necessary ontological support in conditions of uncertainty. The convergence of the game method is ensured by
compliance with the fundamental conditions and limitations of stochastic optimization. The reliability of experimental studies is
confirmed by the repeatability of the results obtained for different sequences of random variables.

KEYWORDS: multi-agent system, ontology, project, stochastic game, adaptive game method.
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ABSTRACT

Context. The problem of sensitive information protection during data transmission in communication systems was considered.
The case of reliable detection of stego images formed according to advanced embedding methods was investigated. The object of
research is digital images steganalysis of adaptive steganographic methods.

Objective. The goal of the work is performance analysis of statistical stegdetectors for adaptive embedding methods in case of
preliminary noising of analyzed image with thermal and shot noises.

Method. The image pre-processing (calibration) method was proposed for improving stego-to-cover ratio for state-of-the-art
adaptive embedding methods HUGO, MG and MiPOD. The method is aimed at amplifying negligible changes of cover image caused
by message hiding with usage of Gaussian and Poisson noises. The former one is related to influence the thermal noise of charge-
coupled device (CCD) based image sensor during data acquisition. The latter one is related to shot noise that originates from stochas-
tic process of electron emission by photons hitting of CCD elements. During the research, parameters of thermal noise were esti-
mated with two-dimensional Wiener filter, while sliding window of size 5-5 pixels was used for parameters evaluation for shot noise.

Results. The dependencies of detection error on cover image payload for advance HUGO, MG and MiPOD embedding methods
were obtained. The results were presented for the case of image pre-noising with both Gaussian and Poisson noises, and varying of
feature pre-processing methods.

Conclusions. The conducted experiments confirmed effectiveness of proposed approach for image calibration with Poisson
noise. Obtained results allow us to recommend linearly transformed features to be used for improving stegdetector performance by
natural image processing. The prospects for further research may include investigation usage of special noises, such as fractal noises,

for improving stego-to-cover ratio for advanced embedding methods.
KEYWORDS: digital image steganalysis, adaptive embedding method, Gaussian noise, Poisson noise.

ABBREVIATIONS
AEM is an adaptive embedding method;
CCD is a charge-coupled device;
Cl is a cover image;
DI is a digital image;
EM is an embedding method;
IC is an image calibration;
SD is a stegdetector.

NOMENCLATURE
B is the change rate;
A, is a cover image payload;

(s the deflection coefficient between cover and stego
images distributions;

AL is the Lagrange multiplier;

§ is a signal whose variance is need to be estimated
with a linear model,

T is a probability distribution function of selection cer-
tain stego image from set of all possible stego images;

pij(*) is a cost function for estimation CI alteration due
to individual stego bit hiding into (i,j)™ pixel of CI;

Y is the set of all possible stego images;

®,U,V,W are weights;

a is the vector of a linear model parameters;

C(-) is an image calibration operator;

C is the set of three-elements cliques for four-pixels
adjacency directions;

D is an array of differences between adjacency pixels
values;
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D(X ,Y) is an empirical distortion estimation func-
tion;

E.(D) is the averaging operator for function D(X,Y)
over distribution m;

F is a feature row vector;

F, 1s a denoising filter for image context suppres-
sion;

F,(-) is a feature extraction operator from an image;

G is a mixing matrix;

H is the normalized adjacency matrix that is calcu-
lated for each type of cliques C;

H, is the ternary entropy function;

H(m) is the entropy function;

3 represents brightness range for 8-bits grayscale im-
age;

I, is an identity matrix with size L-L elements;

k is the number of parameters for the SPAM model,

M is a binary message to be embedded;

M? M® are adjacency matrices for Markov model by
scanning grayscale image from left-bottom to right-top
and from right-top to left-bottom directions respectively;

M¢, M d are adjacency matrices for Markov model by
scanning grayscale image from left-top to right-bottom
and from right-bottom to left-top directions correspond-
ingly;

P, is the orthogonal projection of residual I} on sub-
space spanned by left eigenvectors of matrix G ;

P. is the detection error;
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Pea is the probability of false alarm during detection
(assignment cover image as stego one);

Pwp is the probability of missed detection (assignment
of stego image as cover one);

r, are residuals r inside p-p block surrounding the |

pixel of CI;

T is a threshold;

U is an unprocessed (non-calibrated) image;

X is a cover image;

Y is a stego image;

Pr(a) is the probability of event a;

[a]; is the Iverson bracket that equals to one if Boolean
expression a is true, and zero otherwise;

H is the Euclidean norm for scalars, or Frobenius

norm for matrices.

INTRODUCTION

Counteraction to sensitive data leakage is topical task
today. This includes data protection during on-device
processing as well as transmission in communication sys-
tems. More recently, the latter task has been taken special
interest due to development of adaptive embedding meth-
ods. These methods aimed at sensitive data hiding into
transmitted files, such as digital images, by preserving
minimal distortion of cover image [1, 2].

Reliable detection of formed stego images requires
utilization of a priori information about applied distortion
minimization techniques. This information may be limited
or even absent for modern AEM that negatively impact on
stegdetectors performance.

The object of study is methods for detection of stego
images formed according to AEM.

The promising approach to detection of stego images
formed according to AEM is increasing stego-to-cover
ratio by pre-processing (calibration) of analyzed image.
Modern methods for image calibration are aimed at esti-
mation of cover image parameters from the stego one.
This requires usage of accurate statistical model of CI that
may be inappropriate in case of processing natural images
that characterize a high level of parameters variability.
Therefore, the development of new IC methods is needed.

The subject of study is methods for increasing stego-
to-cover ratio to be used in steganalysis of stego images
formed according to advanced AEM.

One of possible solution of mentioned task is amplifi-
cation of CI negligible changes caused by message hiding
[3]. Unlike known calibration methods that require CI
model, this approach utilizes only a priori information
about message hiding into highly textured and noised
areas of cover images. Since messages embedding can be
represented as adding anisotropic noise to DI [1], we may
apply technique of image preliminary noising (pre-
noising) for accentuation these changes.

Effectiveness of this approach was shown in paper [4]
for state-of-the-art S-UNIWARD adaptive embedding
method. Nevertheless, the approach performance is still

© Progonov D. O., 2021
DOI 10.15588/1607-3274-2021-1-18

unknown for advanced adaptive model-based EM, such as
MG and MiPOD.

The purpose of the work is to analyze performance
of statistical stegdetectors for advanced AEM in case of
preliminary noising of analyzed image.

1 PROBLEM STATEMENT
For a given set of pairs (Xi,Yi) (Xi,Yi)e IV,

ie [1; Q] the task of stegdetector training can be presented
as the optimization problem [1, 2]:

1
Pe = rglnE(PFA +Pup (Pea)) (1)

FA

Solving of (1) is done under constrain of applying to
images a predefined IC transformation C(-):
gMN S gMN,

Selection of calibration transformation C(-) should be
done according to known a priori information about used
embedding method. Nevertheless, this information is lim-
ited or even absent in most cases. Therefore, the choice of
appropriate transformation C(-) that allows solving prob-
lem (1) in case of limited a priori information about steg-
anographic method remains an open question. The paper
focuses on the case when C(-) relates to image pre-noising
with thermal (Gaussian) or shot (Poisson) noises that
model physical processes during image capturing.

2 REVIEW OF THE LITERATURE

Modern steganographic methods for DI are aimed at
message hiding in CI by preserving minimal alterations of
its perception quality [1, 2]. This is achieved by negligible
changes of cover elements, namely pixels brightness, in
textured areas that are hard to model. Proposed statistical
models of CI allow reliably detection these changes in
case of analysis either a distortion introduced by known
embedding methods or DI with low noise level.

For overcoming mentioned issue, image pre-
processing approach has been proposed. The IC is aimed
at increasing stego-to-cover ratio by utilization of infor-
mation about features of either CI or used embedding
method. The former case relates to original idea of cali-
bration — to obtain a good estimation of cover image pa-
rameters from a stego one [3]. The latter case is based on
analysis of a priori information about specific distortions
introduced to CI during message embedding.

The seminal work of cover image estimation [5] pro-
posed to use message re-embedding into JPEG-images for
quantitatively estimation of CI payload. Despite accurate
estimation, the work requires a priori knowledge of used
EM that may be inappropriate in real cases. Fridrich et al.
[3] proposed to provide multi-stage processing of JPEG
images to estimate CI parameters — firstly, JPEG decom-
pression, then cropping image by 4 first rows and col-
umns and, finally, JPEG compression with same JPEG
quality factor. This approach showed outstanding results
for widespread embedding methods, such as StegHide,
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OutGuess etc. Nevertheless, the approach is suitable only
for compressed JPEG images.

The effective IC method was proposed for SRM mod-
el of cover image [6]. The method is based on image pre-
processing with set of high-pass filters for suppression of
image context. Effectiveness of proposed model was
proved for wide range of modern EM, such as HUGO [7],
WOW [8] etc. This became possible due to painstaking
selection of enormous set of two-dimensional high-pass
filters. Modification of SRM model, namely maxSRMd2
[9], pursued the same idea by adaptation of used filters to
reliably detection of state-of-the-art AEM.

The PSRM model [10] and SR-Net [11] are further
evolution of SRM model. The former model is based on
post-processing of residuals obtained after image filtering
— theirs projection on vectors generated from multivariate
Gaussian distribution. The latter model is convolutional
artificial neural network that allows learning appropriate
filters (convolutional kernels) during training on image
dataset. It should be noted that these modifications of
SRM model are either compute-intensive or requires us-
age of a priori information about used EM for laborious
selection of appropriate high-pass filters.

For overcoming mentioned drawbacks of CI restora-
tion scheme, methods for feature estimation from stego
images were proposed [3, 4]. One of these methods is
message re-embedding into stego image for amplifying
negligible changes of CI caused by data hiding. This
makes these changes “accessible” for further analysis
with statistical models. The effectiveness of this approach
was shown in papers [4, 12] for state-of-the-art adaptive
embedding methods, such as HUGO and S-UNIWARD.

In spite of considerable improving detection accuracy
for medium (10-25%) and high (more than 25%) payload
of CI [4], message re-embedding approach still needs a
priori information about EM for maximization alterations
caused by message hiding. Since re-embedding procedure
can be represented as introducing additional noise to DI
[4], we may apply other types of noises for amplifying
negligible changes of CI caused by data hiding.

The well-known types of noises, which are specific
for image capturing pipeline [13], are thermal and shot
noises. They related to influence of discrete nature of pho-
tons (shot noise) and ambient temperature (thermal noise)
on parameters of CCD used in cameras/scanners. These
noises can be accurately modelled with Gaussian and
Poisson distribution [13]. Therefore, the paper is aimed at
performance analysis of statistical stegdetectors in case of
preliminary noising of stego images formed according to
AEM with Gaussian and Poisson noises.

3 MATERIALS AND METHODS

The paper focuses on state-of-the art AEM. The fea-
ture of these methods is minimization of total cost by

message M e {0,1}K hiding into a cover image X [14]:

D(X.,Y)=3, jpi,j(X,Y)M)min. )
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Ideally, cost function p(-) in (2) can estimate both CI
alteration due to changing of individual pixel, and non-
linear interaction between these changes [14]. The former
estimation can be done with widespread statistical models
of CI [1]. The latter estimation requires compute-intensive
analysis of pixels changes combinations that becomes
intractable even for short messages M (about 100 bits)
[14]. Therefore, the simplified function p(-) that estimate
only CI distortions caused by individual stego bit hiding
is used in most real cases.

Selection of pixels to be used during message embed-
ding (2) is performed by heuristic rules that assess noise
level in a local neighborhood of (i,j)™ pixel [14]. This
allows achieving state-of-the-art empirical security of
formed stego images while preserving computational ef-
fective optimization methods for cost estimation.

The examples of state-of-the-art AEM are HUGO [7],
MG [15] and MiPOD [16] methods. Let us consider in
more detail these methods. The HUGO method is based
on minimization of CI distortion under constrain of mes-

sage length [M|=H (r) [71:

min Ex (D)= ¥y .y 7(Y)- D(X.Y), 3)
wrt. |M | =D vey n(Y)-log(r(Y)).

Filler et al. [7] proposed to numerical solving of eq.
(3) by using adjacency matrix C,, (X) for estimation of

CI distortions during message hiding:

D(X.Y)= e s @ Hin (Y ) 4)

(k,l)e\s.ka > 0.

For instance, matrix H in the case of row-wise image
processing and left-to-right pixels scanning can be calcu-
lated as [7]:

Hiop(X.Y)=(N-(m -2)]"
Zi,j”(Dl_J): DI NES! XY): (kal)]l - (5)
[(DI—J>’ D, J+1XX): (k:|)]| |,

(DI7>7 Di J+1XX): (k

& B30 =K Bi () =1) ©

Matrix H for other types of cliques C=C~u

ucucTuc! can be calculated in a way similar to eq.
(5)—~0) [7].

In contrast to HUGO method, MG and MiPOD em-
bedding methods are aimed at minimization both CI dis-
tortion and statistical detectability of formed stego image
[15, 16]. It is achieved by usage of locally-estimated mul-
tivariate Gaussian model of CI noises. The model allows
deriving the closed-form expression of SD performance
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as well as capturing the non-stationary character of natu-
ral images [16].

The CI processing pipeline is similar for both MG
[15] and MiPOD [16] methods. Firstly, image context is
suppressed using denoising filter Fyp :

r=X—Fgn(X)

Secondly, the variance o/’ of obtained residuals I is
measured with linear model:

n=Ga +&le[;M-N] (7)

Sedighi et al. [16] proposed to use Maximum Likeli-
hood estimation of model parameters:

of =HPér| H/(p2 “qlgen.

Here, P, represents the orthogonal projection of re-
sidual I on (p2 —q) dimensional sub-space spanned by

left eigenvectors of matrix G . Residuals I} are evaluated

within p-p block surrounding the I™ pixel of CI.
The simplified estimation of variance o> is used for

MG method [15]:
2
/(p _q)vq eN.

Thirdly, embedding changes B, Ie[l;M-N] that
minimizes deflection coefficient { is estimated:

of =|n —G(GTGTIGTr,

CZ(B|):2M£B%GF4 SN Hy (B )=const min,  (8)
=1

H,(z)=-2zlog(z)-(1-22)log(1-22).

The deflection coefficient {* (7) is used as a measure
of divergence between cover and stego images distribu-
tions [15, 16].

The optimization problem (8) can be solved using La-
grange multiplier method [16]. Then, change rate 3 and
Lagrange multiplier A, can be determined by numerical
solving of next equations:

Lln[ﬁ}l e[;M-N]
2h Bi

proi” =
Then, estimated B is converted to corresponding cost
pi of stego bit hiding in I™ pixel of CI:

p) =—In(B; -2) ©)

Finally, a message M is embedded into CI using syn-
drome-trellis codes with pixel costs determined according
to eq. (9).

The locally-estimated multivariate Gaussian model (7)
allows accurately measuring local distortions of CI caused
by message hiding [16]. This makes possible achieving
state-of-the-art empirical security of formed stego images
without taking compute-intensive statistical models.
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Wide range of DI statistical models was proposed for
revealing stego images formed according to AEM, such
as SRM [6], PSRM [10]. Feature of these models is image
pre-processing stage for increasing stego-to-cover ratio.
In most cases, this stage includes image high-pass filter-
ing with enormous set of two-dimensional filters for im-
age context suppression [6]. This approach shown out-
standing result for detection of stego images formed ac-
cording to AEM. Nevertheless, it became possible due to
meticulous selection of filters that allows revealing spe-
cific alterations of CI for each embedding method. The
selection requires a priori information about peculiarity of
EM that may by unavailable in real cases. Therefore, the
topical task is development of new IC techniques that do
not depend on a priori information of embedding process.

For solving mentioned task we proposed to increase
stego-to-cover ratio by amplification of negligible chang-
es of CI. It can be achieved by image noising since mes-
sage hiding is performed with usage of noise components.
The paper focuses on the case of DI noising with thermal
and shot noises that accompanied image capturing proc-
ess. These noises can be accurately modeled with Gaus-
sian and Poisson distributions. Therefore, we may substi-
tute pre-processing stage for widespread DI statistical
models with noising operation.

Unfortunately, features obtained for modern statistical
models of DI are closely related to image high-pass filter-
ing [6]. Therefore, we took SPAM model [17] that allows
estimation correlation features of calibrated DI without
any additional processing. Let us describe this model in
details.

The calculation of SPAM-features starts by computa-
tion the difference array D by processing an image in
row-wise and column-wise orders. For example, the array
D for the case of row-wise processing and left-to-right
pixels scanning of grayscale image U with size M-N pix-
els can be calculated as [17]:

N
Di.j =Vij-Yiju

UeSMNiiclim]je[N-1]

The first-order SPAM features F, are used for model-

ing array D with first-order Markov process [17]. For the
considered example, it leads to:

MLKI ZPI'(DL_}H =Uu | DI,—I ZV)
uvel-T;T|TeN.

(10)

If probability Pr(Difj :v) is equal to zero, then

Mgy =0 as well.
The second-order SPAM features F, are taken for

modeling difference array D with second-order Markov
process [17]. Similarly to eq. (10), we obtain:
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M = Pr(Di242 = D4 =v, D =w)
uv,wel[-T;T}TeN.

(11)

Similarly to F; features, MLI:,,W is equal to zero if
Pr(Dij.+l =v,D] = W): 0.
The features F| and F, for other scanning directions,

namely ce {-,«,1,{}, can be estimated in the same way to
eq. (10)—(11).

For decreasing dimensionality of SPAM-features, the
assumption that statistics in natural images are symmetric
with respect to mirroring and flipping [17] is used. Thus,
we can separately averaging matrices for horizontal, ver-
tical and diagonal directions to form the final features:

A :(M*+M“+M¢+M¢j/4,
F(k+1).__2k:(Ma+Mb+M°+Md)4.

Number of parameters for the first-order SPAM model
is k=0T + 1)2 , while for the second-order one —

k=0T +1)7.

Practical application of SPAM-features requires theirs
pre-processing before using in a classifier. The modern
methods of feature pre-processing for DI steganalysis can
be divided into next groups [3, 12]:

1. Non-calibrated features — corresponds to the case of
feature extraction from unprocessed image:

Foc =FeU) (12)

2. Features of calibrated image — corresponds to fea-
tures obtained after image noising:

Froise = Fe(C(U )) (13)

3. Linearly transformed features of calibrated image —
correspond to the difference between features of cali-
brated and unprocessed images:

FDF = Fnoise - Fnc' (14)

4. Cartesian calibrated features — corresponds to the
case of merging features of unprocessed and calibrated
images:

FCC = [Fnc; Fnoise]' (1 5)
Today, non-calibrated features (12) are rarely used
due to theirs negligible differences for cover and stego
images [1]. On the other hand, Cartesian calibrated fea-
tures (15) are widely used for improving SD performance
since they preserve features for both initial and calibrated
images [3]. Linearly transformed features (14) do not get
much attention today [12]. Therefore, performance analy-
sis of stegdetector by usage of these features takes special
interest.
4 EXPERIMENTS
Performance analysis of statistical SD by image nois-
ing was performed on ALASKA dataset [18]. The sub-set
of 10,000 grayscale images with size 512-:512 pixels was
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pseudo randomly chosen from the dataset. The case of
message embedding into CI with HUGO, MG and Mi-
POD methods was considered. The CI payload Ap was
changed in range — 3%, 5%, 10%, 20%, 30%, 40%, 50%.

The SD includes ensemble classifier with Fisher Lin-
ear Discriminant base learner [19] trained with second-
order SPAM model [17] with threshold parameter T=3,
leading to 686 features.

The stegdetector was tested according to cross-
validation procedure by minimization of detection error
P (1) [19]. The dataset was divided 10 times into training
(50%) and testing (50%) sub-sets during cross-validation
for estimation averaged values of P..

Image noising was performed with usage of Gaussian
and Poisson noises. The former noise is related to thermal
noise that influence of CCD based image sensor during
data acquisition. In most cases, this noise is well modelled
with zero mean Gaussian process. The latter noise is re-
lated to shot noise that originates from stochastic process
of electron emission by photons hitting of CCD elements.

During the analysis, variance of thermal noises was
estimated with two-dimensional Wiener filter [13, 20].
The window size Ws was varied in range — 3-3, 55, 7-7,
99, and 11-11 pixels. The estimated variance was used
for generation of corresponding zero-mean Gaussian
noise. The mean A for Poisson distribution was estimated
with sliding window of size 5-5 pixels.

5 RESULTS
After performance analysis of statistical SD by image
noising with Gaussian and Poisson noises the dependen-
cies of detection error for AEM and features (13)—(15)
were plotted. Fig. 1-5 graphically illustrates the averaged
detection error as a function of CI payload and size of
sliding windows for F . (Fig. 1-2), F,. (Fig. 3) and

F.. (Fig. 4) features for the case of image Gaussian nois-

ing.

10 15 0
Cowver ima

Figure 1 — Detection error P, as a function of the cover image

payload and size W; of sliding windows for F . features and

Gaussian noising for HUGO method. The P, values for Fnﬁ

features are represented by ws = 0 (pixels)

It can be seen from the Fig. 1-2 that images noising
with Gaussian noise leads to significant increasing of P,
(about 5%) for medium (A e [10;25]) and high (A,>25)

payloads of CI even for small sliding window (ws= 3).
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Figure 2 — Detection error Pe as a function of the cover image pay-

load and size W of sliding windows for F features and Gaussian

noise

noising: a — MG method; b — MiPOD method. The Pe values for
=0 (pixels)
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c
Figure 3 — Detection error Pe as a function of the cover image pay-
load and size ws of sliding windows for F_ features and Gaussian

noising: a — HUGO method; b — MG method; ¢ — MiPOD method.
The Pe values for F = features are represented by Ws = 0 (pixels)
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Usage of linearly transformed features Fpg (Fig. 3)
leads to negligible decreasing of detection error for
HUGO embedding method (about 2—3%, Fig. 3) for me-
dium and high values of Ap while preserving similar P,

values for MG (Fig. 3b) and MiPOD (Fig. 3¢) methods.
On the other hand, applying of Cartesian calibrated fea-
tures allows increasing detection error values (about 1—
2%) for all considered methods.

Applying of Cartesian calibrated features F_. (Fig. 4)

allows achieving P similar to transformed features F__

(Fig. 3). Therefore, usage of these features is impractical
since significant decreasing of P, was not achieved.

E]

Window size, pixels
n
e

Cover image payload, %
a

Window size, pixels

s

Window size, pixels
I T

20 25 30 35 40 45 50
Cover image payload, %

c
Figure 4 — Detection error P, as a function of the cover image
payload and size w; of sliding windows for F. features and

Gaussian noising: a — HUGO method; b — MG method; ¢ — Mi-
POD method. The P values for F_ features are represented by

w = 0 (pixels)

Detection error P as a function of CI payload by Pois-
son noising is represented at Fig. 5—6.
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error P, %

Detection

Cover ||I1:.|_uc pay ;
Figure 5 — Detection error P, as a function of the cover image
payload by Poisson noising for HUGO method

G-Features F__

Detection error i'l_."..

Detection err

Figure 6 — Detection error P, as a function of the cover image
payload by Poisson noising: a — MG method;
b — MiPOD method

It can be seen from the Fig. 5-6 that proposed ap-
proach allows decreasing detection error up to 2%—3% for
all considered AEM. The biggest impact on P, values was
obtained for HUGO method (Fig. 5) while reducing of P,
values for MG (Fig. 6a) and MiPOD (Fig. 6b) methods is
negligible (up to 1%—1.5%). Usage of features for noised
images F . leads to detection accuracy closed to random

noise

guessing.

6 DISCUSSION

Message embedding into CI can be represented as
adding noises into high-textures areas of images [1, 2].
Amplification of these changes can be achieved by addi-
tional noising of analyzed image, for example with noises
related to image capturing process [4]. Obtained results
for Gaussian noise (Fig. 1-4) showed that this approach is
ineffective irrespective of used features (13)—(15). Apply-
ing of F _ features leads to catastrophic decrease of de-

tection accuracy in whole range of CI payload (Fig. 1-2).
This can be explained by substantial excess of introduced
noise’s energy in comparison to changes caused by mes-
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sage hiding. Therefore, added Gaussian noise totally elim-
inates CI influence caused by data embedding for all con-
sidered steganography methods.

Applying of linearly transformed features F__ (Fig. 3)

allows improve detection accuracy a bit for HUGO em-
bedding method (Fig. 1) — up to 2%—-3% for medium and
high payload of CI (more than 25%). Changes of detec-
tion error P, are negligible and close to calculation errors
for model-based MG (Fig. 2a) and MiPOD (Fig. 2b)
methods. In this case, obtained amplification of CI altera-
tions is insufficient for improving SD performance.

A similar situation exists for Cartesian calibrated fea-
tures (Fig. 4) — image pre-noising leads to decreasing
stegdetector accuracy a bit (about 1.5%—2%) for consid-
ered EM. Therefore, usage of these features is impractical
— stored information about initial and noised images do
not allow distinguishing stego images from cover ones.

On the other hand, adding Poisson noises to DI allows
reducing detection error P, even for low payload of CI
(less than 10%). Similar to previous case, this is achieved
for Cartesian and linearly transformed features (Fig. 5-6).
Noteworthy that revealed decreasing of detection error
was obtained for all considered EM. This makes image
preprocessing with Poisson noise valuable for steganaly-
sis of natural digital images.

Obtained results for Gaussian and Poisson noises
showed that introduced distortions to analyzed image ef-
fectively masking negligible changes caused by message
hiding. This masking effect can be reduced only by usage
of special types of features, namely Cartesian and linearly
transformed ones. Therefore, further research of special
types of images noising for accurate amplification of CI
distortions caused by message hiding is needed.

CONCLUSIONS

The topical problem of reliable detection of stego im-
ages formed by advanced adaptive embedding methods
was considered. The case of stego-to-cover ratio increas-
ing by image pre-noising with Gaussian and Poisson
noises was investigated.

The scientific novelty of obtained results is perform-
ance analysis of special types of digital image calibration,
namely image noising. Proposed approach allows ampli-
fying negligible changes of cover image caused by mes-
sage hiding even in case of limited a priori information
about used embedding method. This gives opportunity to
improve statistical stegdetectors performance in case of
analysis natural images that characterize high level of
parameters variability.

The practical significance of obtained experimental
results is dependencies of detection error on cover image
payload for state-of-the-art adaptive embedding methods
HUGO, MG and MiPOD. These results allow us to rec-
ommend Cartesian and linearly transformed features to be
used for improving stegdetector performance by natural
image pre-noising.

Prospects for further research are to investigate ef-
fectiveness of special types of images noising, such as
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fractal noises, for amplification of cover image cover im-
age distortions caused message hiding.

10.
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BII/IMB NONNEPEJHBOI'O 3AINYMJIEHHS HIU®POBUX 30BPA’KEHDb HA EOEKTUBHICTD CTATUCTUYHHUX
CTETOJAETEKTOPIB

Iporonos [I. O. — kaHx. TeXH. HayK, JIOLEHT, TOIEHT Kadenpy (iznko-TeXHIYHUX 3ac00iB 3axucTy iHpopmanii HarionansHoro
TeXHIYHOTO yHiBepcuTeTy «KuiBchkuii moniTexHivnuit iHCTUTYT iMeHi Irops Cikopceskoroy», Kuis, Ykpaina.

AHOTAIIS
AxTyanbHicTh. Po3risinyTo npobiemy 3axucty koH¢igeHwUiiHOI iHbopMawii M Yac nepeaadi JaHUX y cHCTeMax 3B’s3Ky. [lo-
CITI/KEHO BHMIAJOK BHSBJICHHS cTeraHorpaM, c¢()OpMOBaHUX 3TiHO HOBITHIX METOIB MPHXOBaHHs HoBimomieHb. O6’€KTOM I0OCITi-
JDKEHHS € METO/IM BHSBJICHHS CTETraHOTpaM 3 IaHUMH, BOYJIOBaHUMH 3TiJIHO aIallTHBHUMHU CTeraHorpad)iuyHuMU METOAMH.
MeTton. 3amporoHOBaHO METOJ MONepeaHb0l 00poOKH 300paxeHs (KamiOpyBaHHS) IJIS MiJBHINCHHS CIIBBIIHOIICHHS CTETO-
KOHTEHHep JUIsl CyJacHHUX aJanTHBHHUX MeToniB BOynoByBanHs HUGO, MG ta MiPOD. Metop cripssMoBaHUI Ha IIOCHJICHHS HE3Ha-
YHUX 3MiH 300pakeHHSI-KOHTEHHEPY, 0OYMOBICHUX IPUXOBAHHIM IOBIIOMIICHb. [liABUIEHHS NOCSTA€THCS IUIIXOM BHECEHHS 10
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300pakeHHs JJOAATKOBUX LIYMIB, 110 MAlOTh IayCOBHil a00 myacoHOBHil po3moii. ITepiuuii THII LIyMy HOB'S3aHUN 3 TEIUIOBUM LIY-
MOM, SIKHii BIUIMBAa€ Ha MATpHULIO (HOTOENEMEHTIB mix yac hopMyBaHHS 300paxkeHHs. [{pyruil TUI UIyMy [OB'S3aHHM 31 CTOXaCTHY-
HOIO TIPUPOIO0 TIPOLIECY BUIPOMIHIOBAHHS CIEKTPOHIB ()OTOHAMH, IO TMOTPAILISIOTH Ha €lIeMeHTH Marpuli dortoenemenris. Juc-
Nepcis TEIUIOBHX LIyMiB OLIIHIOBANACs 3 BUKOPUCTAHHIM JBOBHMipHOTo (inbTpa Binepa npu Bapiauii po3mipy koB3Horo BikHa. ITa-
pametpu posnoiny Ilyaccona Gyiio BU3Ha4€HO 3 BUKOPUCTaHHSIM KOB3HOTO BiKHA PO3MIpOM 5-5 miKcediB.

Pe3yabraru. ITo0y10BaHO 3aJIeKHOCTI TIOMHJIKM BHSBIICHHS BiJl CTYIEHS 3allOBHEHHS 300pa)KeHHA-KOHTEHHEPY CTEroJaHUMHU
i Metoai BOynoByBanHss HUGO, MG ta MiPOD. Pe3ynpraTu npencrasieHi Ui BUIaAKy BHECCHHS 1O 300pakeHb IIyMy 3 Tay-
COBHM Ta IIyaCOHOBHM PO3IOiJIaMH, a TAKOXK 3aCTOCYBaHHI Pi3HUX METO/IiB IIONIEPEAHBOI 00POOKH XapaKTEePHCTHK.

BucnoBkun. [IpoBeneni excriepuMeHTH MIATBEPIIUIN €(EKTUBHICTD 3aIPOIIOHOBAHOTO IIXOMY JIO KaliOpyBaHHS 300pakeHb 3
BHKOPHCTaHHSM IyacOHIBChKHX IyMiB. OTpHUMaHi pe3ysibTaTH J03BOJISIIOTH PEKOMEHIyBAaTH BUKOPHUCTAHHS JICKApTOBUX 1 JIHIMHO
TpaHCGOPMOBAHHUX O3HAK CTEraHOIPaM IS IMiIBUIICHHS TOYHOCTI POOOTH CTEroAeTeKTopy. IIepCHeKTHBH MOAaNbIINX JOCIIKeHbD
MOXXYTh BKJIIOYATH BUBYCHHS e(pEKTHUBHOCTI 3aCTOCYBaHHs CHELIaJbHUX THIIB IIYMiB, 30KpeMa (QpakTaIbHHUX IIYMIB, 3 METOIO Mif-
BUILCHHS CIiBBiIHOIICHHS CTErO/IaHi-KOHTEHEep Ul Cy4acHHUX CTeraHorpadiyHuX METO/iB.

KJIFOYOBI CJIOBA: creroanainis mudpoBux 300paxeHp, aAalTHBHI METOIM MIPUXOBaHHs, [ aycoBuii rym, IlyacoHOBHIA HIIyM.
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BJUSTHUE IMTPEJABAPUTEJLHOT O 3AINYMJIEHUSA IUDGPOBBIX H30OBPAXKEHUN
HA 39®PEKTUBHOCTDb CTATUCTHYECKHUX CTETOJAETEKTOPOB

IIporonos /I. O. — xaHa. TeXH. HayK, JOLEHT, AOLEHT Kadeapbl (PU3NKO-TEXHMYECKUX CPEACTB 3aIiuThl MHpopMmanuu Hanumo-
HAJIBHOTO TEXHUYECKOTO YHUBepcuTeTa « KneBckuii monurexHumyecknit HHCTUTYT uMeHH Uropst Cukopckoro», Kues, Ykpanna.

AHHOTADIUSA

AxTyanbsHOCcTh. PaccMoTpena npo6ieMa 3amuTsl KOHGUISHIMAIEHOM HHOOPMAIUH NIPU Hepeade JaHHBIX B CHUCTEMaX CBSI3H.
HccnenoBaH citydail BBISIBICHUS CTETaHOTPaMM, C()OPMUPOBAHHBIX COTJIACHO COBPEMEHHBIM MeToJaM CKpbITHs HHpopmarmn. O0b-
€KTOM HCCIICJIOBaHUS SIBIIIOTCS. METOABI BBISIBICHUS CTETAaHOTPAaMM C JIaHHBIMH, BCTPOSHHBIMH COTJIACHO aJalTHBHBIM CTEraHOIpa-
(puuecKuM MeToIaM.

Metoa. Ilpennoxen Meron mpeaBapuTeNbHON 00paboTku (KaInOpOBKK) M300pakeHUN IS MOBBILICHUS! COOTHOIIEGHHS CTEro-
JAHHBIC-KOHTEHHEP TSI COBPEMEHHBIX aaNTHBHBIX creraHorpaduueckux metonoB HUGO, MG u MiPOD. Metox HampasiieH Ha
YCUJICHHE HEe3HAYUTETbHBIX HCKAXKEHHUH H300pakeHNI-KOHTeHHepa, 00yCIOBICHHBIX BCTPAaUBAHIEM JaHHBIX. Y CHIICHHE NCKaKEHUI
JOCTUTAETCSI IIyTeM BHECEHHS B M300pakK€HHE MONOIHUTENBHBIX IIyMOB, MMEIOIIUX I'ayCCOBBIH M ITyaCCOHOBBINH paclpeieneHHsI.
[lepBblif THI IIYMOB CBSI3aH C TEIUIOBBIM IIYMOM, KOTOPBIM BIMSET Ha JAATYMK M300pakeHNS Ha OCHOBE IPHOOpa ¢ 3apsIoBOM CBS-
3610 (I13C) Bo Bpems hopmupoBanus n3o0pakeHns. Bropoif T myMa cBs3aH ¢ ZpOOOBEIM IIyMOM, KOTOPHII BO3HHKAET B PE3YIIb-
TaTe CIyYaiHOro Mpolecca HUCIYCKaHUs 3JCKTPOHOB (pOTOHAMH, momaaaromume Ha snemenTsl [13C. Jlucnepceunst TEroBbIX MyMOB
OLICHUBAJIACh C IOMOIIBIO JIByMepHOro (GuibTpa BuHepa npu Bapuannu pa3mMepoB CKONB3sIIero okHa. [lapamerpsl pacnpeneneHus
IlyaccoHa oneHMBaIOCh € TIOMOILIBIO CKOJIB3SIIETO OKHA pa3MepoM 5-5 MUKCENeH.

Pe3zyabTarthl. IlocTpoeHs! 3aBUCUMOCTH OIIMOKU OOHAPY>KEHUSI OT CTEMEHH 3alONHEHUs N300pa’keHUs-KOHTEHHepa CTerofaH-
HbIMU 17151 MeTonoB BeTpauBanust HUGO, MG u MiPOD. Pesynbratsl npenctaBieHsl A Ciydas BHECEHHUS B M300paKeHHUS IIyMa ¢
TayCCOBBIM U ITyaCOHOBHM JIETICHUSMH, a TAKXKe IPHIMEHEHNH PAa3INIHBIX METOMOB IpeIBAPUTEIbHON 00pabOTKH XapaKTEePHCTHK.

BriBoasl. [IpoBeseHHbIC SKCIIEPUMEHTHI HOATBEPIIH () (HEKTUBHOCTS NMPEATOKEHHOT0 MOAX0/1a K KATHOPOBKE N300paXeHHH ¢
HCTIONF30BaHUEM ITyaCCOHOBCKUX IIyMOB. IloiydeHHBIE pe3yibTaThl MO3BOJISIOT PEKOMEHIOBATh HCIIOIb30BAHHE AEKAPTOBBIX U
JIMHEHHO NpeoOpa30BaHHBIX NMPU3HAKOB CTEraHOTPAaMM JUIsl MOBBIMICHHUS TOYHOCTH PabOTHI CTEroJeTeKTopa. I[lepcreKTHBhl aib-
HEWIINX MCCIIeIOBAaHNI MOTYT BKIIIOYATh H3ydeHHe 2 (HEKTUBHOCTH CHEHANTbHBIX TUIIOB IIYMOB, TAKHX KaK (paKkTaJbHbIC IIYMBI, C
LIETIBIO MOBBILIEHHS COOTHOIICHUS CTEr0JaHHbIe-KOHTEHHEp /Ul COBPEMEHHBIX CTEraHOTrpauuecKUX METO/OB.

KJIFOYEBBIE CJIOBA: creroananu3 uugpoBbiX H300paKeHHH, alaliTHBHBIE METO/IbI BCTpanBanust, ['ayccoBslil mrym, Ilyac-
COHOBCKMH HIyM.
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VJIK 681.3

PEKOHO®UT'YPUPYEMAS BBIYNC/IMTEJIBHASA MOAYJIBHASA
CUCTEMA

IleBeneB C. C. — kaHA. TeXH. HayK, IOIEHT Kadeapsl HHGOPMALMOHHEIH 6e3omacHocTH, FOro-3ananueiii rocynap-
CTBEeHHBIN yHUBepcureT, Kypck, Poccust.

AHHOTALIUA

AKTyaJIbHOCTh. COBpEMEHHBIE YHUBEPCAJIbHBIE BBIYUCINTEIbHBIE MALIMHBI CIIOCOOHBI PEAIN30BaTh OO0 aIrOpUTM, HO NIPH
pelIeHNN OMpe/eTIeHHBIX 3a/1ad 110 CKOPOCTH 00pabOoTKM HE MOTYT KOHKYPUPOBATh CO CIEIHANIN3UPOBAHHBIMU BBIYHCIUTEIbHBIMU
MonyisiMu. Crennanru3upoBaHHbIE YCTPOHCTBAa HMEIOT BEICOKOE OBICTpoeiicTBHE, 3((EKTHBHO PEIIArOT 3aJa4yl 1o 00paboTke Mac-
CHBOB, 3a/[ad NCKYCCTBEHHOTO MHTEIIEKTA, HCIIOIB3YIOTCS B KAUECTBE YIPABIAIOMNX yCTPoUCTB. [IpiMeHenne crenuanu3npoBan-
HBIX MHKPOIIPOIIECCOPHBIX MOMYJIeH, KOTOPhIE pealn3yioT 00paboTKy CTPOK CHMBOJIOB, JIOTHYECKHX M YHCIIOBBIX 3HAYCHUH, Ipea-
CTaBJICHHBIX B BHJE LEJIBIX M JACHCTBUTEIBHBIX YMCEIN, ITO3BOJISIET MTOBBICHTEH OBICTPOJCHCTBUE BBIIOIHEHHS apH(YMETHIECKUX OIIe-
paluii 3a cueT MCIOIB30BaHKs NapajIeu3Ma IpH 00padOTKe JaHHBIX.

Iean. PazpaboraTe NPHHIUIIBI TOCTPOSHUSI MUKPOIIPOLIECCOPHBIX MOJYJICH ISl BHIYMCIUTENEHOM MOYJIBHOM CHCTEMBI C IIepe-
CTPanBaeMOil CTPYKTYpOHi, apu(hMETHKO-CUMBOJILHOTO MPOLIECCOPA, CIELUATU3UPOBAHHbBIX BHIUMCIUTEIBHBIX YCTPOHCTB, KOMMYTa-
LMOHHBIX CUCTEM CIIOCOOHBIX KOH(HUI'YPHPOBATH MHUKPOIPOLIECCOPHI M CHELMAIM3HPOBAHHBIC BHIYMCIUTEIbHBIE MOIYJIN B MYJIBTH-
KOHBEHEpHYIO CTPYKTYpy ISl MOBBIMICHHS! OBICTPOJEHCTBHUS BBIMOITHEHUS apU(PMETHIECKHX U JOTHUECKUX OINEpaIyii, BBICOKOCKO-
POCTHBIX aITOPUTMOB NIPOEKTHPOBAHUS CIEIHAITN3HPOBAHHBIX MIPOLECCOPOB-aKCENEPATOPOB CUMBOIBHON 00paboTku. Pa3paboTars
QITOPUTMBI, CTPYKTYPHBIE U (PyHKIIHOHAIBHEIE CXEMBI CIEIHAIN3NPOBAHHBIX MAaTEMaTHUECKUX MOJYJIEH, BBITOIHSIOMNX apudme-
THUYECKHUE OTIepaIliH B IIPSMBIX KOJaX HA HEHPOIOJOOHBIX 2JIEMEHTAX U CUCTEM JCIEHTPAIN30BAaHHOTO YIIPABICHHS pabOTHI OJIOKOB.

Mertona. [TocTpoeH HHGOPMALOHHBII Ipad BEIYHUCIUTEIHLHOTO IPOIECcca MOAYIBHON CUCTEMBI C IIEPECTPauBaeMON CTPYKTYpOH.
Pa3pabortaHbl cTpYKTYpHBIE ¥ (yHKIHOHAIBHBIE CXEMBI, allOPUTMBI, PEaTN3yIOIUe TOCTPOCHNE CIICIUATM3UPOBAHHBIX MOyJIei
JUISL BBITTOTHEHUST apU(METHUECKUX U JOTHUECKUX OIepaluii, MOMCKOBBIX onepanuil U QyHKIMI 3aMEeHbl BXOXKIECHHH B 00pabaThl-
BaeMbIX cioBax. Pa3zpaboTaHo mporpamMMHoe oOecriedeHre MOJACNIUPOBAHUS PaOOTHl apu(METHKO-CHUMBOJIBHOTO MpPOLECCOpa, CIe-
[UATA3UPOBAHHBIX BBIYUCIUTEIBHBIX MOIYJIEH, CHCTEM KOMMYTaIlHi.

PesyabTartsl. PazpaboTana cTpyKTypHas cxemMa peKOH(PHUTYPHPYEMOil BBIYUCIUTEILHON MOILYITBHON CHCTEMBI, KOTOPAasi COCTOHT
13 COBMECTHUMBIX ()YHKIMOHATIBHBIX MOIYJIEH, OHA CIIOCOOHA K CTATHYECKOH M TMHAMHYECKON PEeKOH(UTyparuy, IMEeT Hapaieib-
HYIO CTPYKTYpPY COSJUHEHUs IpOIieccopa U BEIMUCIHTEIBHBIX MOLYJIEH 3a CUeT MCHOJIb30BaHNe MHTepQelicHBIX KaHanoB. CucremMa
COCTOHUT M3 apH(METHKO-CHMBOJIBLHOTO IPOLECCOpa, CIELMAIN3UPOBAHHBIX BBIYMCIMTEIBHBIX MOJYJICH M CHCTEM KOMMYTAlHMii,
BBINIOJIHSIET cHel(UUecKue 3a1a4i CUMBOJIbLHON 00paboTku nHpopMaImy, apuGMeTHISCKUE U JIOTHYECKUE OlIepaliiy.

BbIBOABI. APXUTEKTYpa PEKOH(GUIYPUPYEMBIX BBIYUCIUTENIBHBIX CHCTEM MOXET IMHAMUYECKH HM3MEHAThCS B IIpoLecce HX
¢byHKnnoHnpoBanus. IlosBnseTcs BO3MOXKHOCTh aJaNlTallid apXUTEKTYypPbl BBIYHCIUTENBHON CHCTEMBI MOJ CTPYKTYpY pelIaeMoi
3a1a4u, CO3/[aBaTh MPOOIEMHO-OPHEHTHPOBAHHBIE BBIYUCIUTEIH, CTPYKTypa KOTOPBIX COOTBETCTBYET CTPYKTYpE pelIaeMor 3amadn.
B kadecTBe OCHOBHOT'O BBIYMCIHTEIBHOTO 3JIEMEHTAa B PEKOH(HUIYPUPYEMBIX BBIYUCIHTEIBHBIX CHCTEMaX HCIONB3YIOTCS HE YHH-
BepCaIbHbIE MUKPOIIPOLIECCOPEL, & IPOrPaMMHPYEMBIC JIOTHYECKHE HHTETPAIBHBIE CXEMBI, KOTOPBIE 00BEMHEHBI C TOMOIIBIO BEICO-
KOCKOPOCTHBIX MHTep(]eiicoB B eMHOE BBHIUUCINTENbHOE IToNe. PekoHduUrypupyeMsle My IbTHKOHBEHEPHBIE BBIYNCIHTEIBHBIC CHC-
TEMBI Ha OCHOBE IOJICH SIBILSIOTCS 3()(GEKTUBHBIM CPEICTBOM JUISl PEIICHUS IOTOKOBBIX 3a1a4 00paboTKH MHGOPMALUK U yIIpaBie-
HHUS

KJIIOYEBBIE CJIOBA: undopmaiuonHslii rpad, napauieabHO-KOHBeHepHas CTPYKTYpa, MOJyJIbHAsI CUCTEMa, CIeLHaTn3H-
POBaHHBIE BEIYUCIUTENBHBIE OJIOKH.

ABBPEBUATYPbI

BBAO — 6ok BbINOMHEHUs] apu(hMETHUECKHUX OIepa-
LM,

BIIII3BOC — 6ok mapaJuienbHOro MOKMCKa U 3aMEHBI
B 00pabaThIBaEMBIX CIIOBAX;

BBJIO — 610K BBITIOTHEHUS JIOTHYECKUX OTICPAIIUil;

BXP — 6110k XpaHEeHUS pe3yIbTaTOB;

KCBY — KOMMyTaIMOHHBIE CXEeMBI OJIOKa yTpaBie-
HUS;

CKIIM cucrema KOMMYTAIHiA IPOIIECCOP-MOIYIIb;

CKMM cucrema KOMMYTaliid MOYIb-MOTYJIb;

CIIELL MO/I1 — mepBbIii ciennan3upOBaHHBIN MO-
JyJb;

CIIELl MO/I2 — BTOpoil crnenuanau3upoBaHHBII MO-
JyJb;

CIIELT MOJ/I3 — TpeTuii crnenuaau3upoOBaHHBI MO-
JlyJIb;
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CIIELl MOJI4 — deTBepThIii CHEIHMATM3UPOBAHHBIN
MOJ1yJIb;

CIIELl MO/I5 — mATelil crnenuagin3upoBaHHBIN MoO-
ITyJIb;

CKMM - cucrema KOMMYyTalluii MOy Ib-MOJTYJIb;

BB/l — 610k BBOA JaHHBIX;

CuK — cucrtema 31eKTpOHHBIX KIHOYEH;

BXPII — 6s10kx XpaHeHHs Pe3yIbTaTOB IIOICTAHOBOK;

OnB - osneMeHTapHBIC BBIYHUCIUTEIH JIOTHYCCKUX
onepauui;

BIIBC — 070Kk mamsTH BXOXICHUH W oOpabarbiBae-
MBIX CJIOB;

BABC — 0yiok CpaBHEHHsI U aHalu3a BXOXJICHUI B
00pabaThIBaCMBIX CIIOBAX;

B3AM — 00k 3aMEHBI BXOXJCHUN B 0OpabaTbhiBac-
MBIX CIIOBAX;

BPrOC — 650k peructpa o0padbaThIBa€MOro ciaoBa;
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BPrBX — G110k perucTpa BXOXICHUIH;

BPr3M — G110k perucTpa 3aMeHHI,

KOM - xommaparop;

BPrP3 — G610k peructp pesynbraTa 3aMEHBI;

OnKit — cxema 3JeKTPOHHBIX KITI0YeH;

BIIB — 6110k morcKka BXOXK/ICHUH;

BA3Y — 6nok acconMaTHBHBIX 3alIOMHMHAIOIIHUX YCT-
pOIICTB;

BOPC — 6110k 06pabOTKH pe3ynbTaTOB CPaBHEHHS;

BXVYC — 6510k XpaHeHHs1 yHOPSJOYEHHBIX CJIOB;

MR — mutajme pa3ps/ibl JBOUYHBIX YHCEIT;

CR — crapuive 1BONYHBIX pa3psiibl YHCET;

DC — cxema pemmdparopa;

JILn — nokanu3oBaHHbIE LEHTPHI CUCTEMBI pacupene-
JICHUS PECYPCOB;

BB/I — 610K BBOJIa JaHHBIX

BCIIY — 610K COPTHPOBKH MOJOKHUTEIBHBIX YHCET;

BCOY — 6110k COPTUPOBKH OTPHULIATENBHBIX YHCET;

BBAO — G50k BBINOTHEHUsI apu(h)METHUECKUX OIepa-
Mi;

BIII3BOC — 610Ka napauieabHOro MOUCKa U 3aMEHbI
BXOXKIEHHUH B 00pabaThIBaeMbIX CJIOBaX;

BBJIO — 610K BBITIOTHEHUS JIOTHYECKUX OTIEPALHii;

ACII — apuhmMeTHKO-CUMBOJIBHBIN POIIECCOD;

BC — 6510k cCOpTHPOBKH;

B — 6510k pemudpanuy;

OKi1 — 31eKTpOHHBIE KITIOUH;

I® — muHHBIH GOPMUPOBATEIID.

HOMEHKJIATYPA
S — MHOKECTBO BEpIIMH HH(OPMAIMOHHOTO Tpada;
Si — BepinHa nHGOpPMaIMOHHOTO Tpada;
Oi — IOTyCTUMBIE ONEPALUH, IPUIMCAHHBIE K BEPIIH
HaMm rpada;
F — MHOXecTBO nyr Tpada;
L — MHOECTBO JIOTHYECKHX MUKPOOTIEPAIHH;
Z — KOJIMYECTBO BXOIHBIX BEKTOPOB;
N — KOJTHIeCTBO BEKTOPOB BXOAHBIX JAHHBIX;
gy — BpeMs 00pabOTKHU OJIOKOM BBOJA JAHHBIX;

tcuk — BpeMs 00pabOTKU JaHHBIX CHCTEMOH JJIeK-

TPOHHBIX KIIIOYEl;

t3;8 — BpeMs 00pabOTKU JAHHBIX JIEMEHTapPHBIMU
BBIYHMCIIUTEISIMU JIOTHYECKUX OTIEpalni;

I5xp — BpeMs 00pabOTKH OJIOKOM XpaHEHHUs PE3yIlb-
TaToB;

M — aucno sepmmH Ha Tpade G(S,F);

S(Oi) — ancno TakToB pabOTHI OJIOKA YCTPOWUCTBA;

T — IPOIOJDKUTENILHOCTD TAKTa;

T\ 1oc — BPEMs pe3ylibTaTa IocIeA0BaTeIbHOI 00pa-
00TKH;

T nap — BPEMS PE3YJIbTaTa TapaliebHOI 00paboTkw;

Ton — BPEMS pe3yNbTaTa KOHBEHEPHOH 00pabOTKY;
v

1T
00TKH;
V on — CKOPOCTH KOHBEHEPHOH 00paboTKH;

oc— BpEMs pesyibTaTa MOCIIEAOBATENILHON 00pa-
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Viap — CKOPOCTb IapajlIesbHOM 06paboTKy;

K — KOonn4ecTBo MpoIeccopoB;

Pi — 4ncno 3neMeHTapHbIX MPOLIECCOPOB B YCTPOMCT-
BE;

TraBc — CaMblii MaKCHMMAJBHBIA IO BPEMEHH OTall
00pabOTKH TaHHBIX;

R — MHOXeECTBO apuPMETHIECKAX MUKPOOTICPAIIHA;

C — MHOECTBO MHKPOOTIEpanii CHMBOJIEHON 00pa-
00TKH HHpOpMALIUHL;

B — CUMBOJIBI BXOXKICHHUS;

0. — CHMBOJIBI 00pa0aThIBaEMOTO CJIOBA;

S — TIO3UIUS BXOXKICHUS B 00padaThIBAEMOM CJIOBE;

M — YUCIIO CIIBUTOB BIPABO B CIIOBE;

X — MHOXECTBO CHMBOJIOB BXOXJIACHHA AJI1 IIOHCKA B
00pabaThIBAEMOM CIIOBE;

W — MHOXECTBO CHMBOJIOB 00pabaThIBaEMOIo CJI0-
Ba MPH MapauICIbHOM TIOUCKE;

a;, b; ,g;— IBOWYHBIC TIEPEMEHHEIE;

znax — UIATCIIBPHOCTD TaKTa CaMOro MCIJICHHOT'O 3Ta-

ma 06paboTKw;
Txon — BpeMs IIpH KOHBeHepHo# 00paboTKe;

!sop3 — BPEMA paboThI O0Ka omepanuii B opmare ¢
(huKCHPOBAHHOM 3aISITOMN;

'somPI3  — BpeMs paboTsl Ooka onepauuil nopsa-

KOB B (hopmMaTe ¢ IIaBarowiei 3anaTou;
t5OMII3 — BpeMs paboThl O6JI0Ka OIepaliii MAHTHCC B

(dhopmMare ¢ mIaBaroIIeH 3amsaToq;

H — yncno npoueccopoB B KOHBEMEPHON OpraHu3aluu
BBIYHCIIUTECIILHOI'O IPOIECCa,

y — OCHOBAaHME CUCTEMBI CUMCIICHUS;

¢ — KOIWYECTBO YHCEN B METOJC COPTHPOBKH BHIOO-
pom;

1 — KOJIMYECTBO OYKB B PETUCTPE BXOXKICHHUS;

A,B, P, — IBOUYHBIE Pa3psIbl YHUCEI,

205 21> 210> 211 — OJOKH CyMMHUPOBAHHSL.

BBEJEHHUE

Wpest KOHLENIMU IOCTPOCHHS PEKOH(PUIYPHPYEMBIX
BBIYHMCIIUTENBHBIX CHCTEM 3aKJIIOYaeTCs B arlmapaTHOW
peanu3aiyy BceX OIepalyi, NpeAniCcaHHbIX BepIIMHAMU
uH(OPMaNMOHHOTO Tpada 3a1a4ul, BCEX KaHAJIOB Mepena-
YM JAaHHBIX MEXAy BEpIIMHAMH, COOTBETCTBYIOIIUMHU
nyram rpada, ¥ Bcex MH(OPMAIOHHBIX KaHAJIOB, COOT-
BETCTBYIOIIMX BXOJHBIM M BBIXOIHBIM BEpIIMHAM. 3aja-
4a, ompeneneHHas WHQOPMAIMOHHEIM Tpadom, Oymer
BBINIOJIHEHA MAKCUMAIBHO OBICTPO, MMOCKOJIBKY o0Oecreyn-
BacTCI MAaKCHMallbHO BO3MOXKHOE pacrapauielIiBaHue
BbruuciieHn. MupopmannoHHbIid rpad Oombimoil 3amadn
CerMEHTHpYeTCsl Ha (DparMEeHTBl — HelepeceKarouecs
6azoBble moarpadel, GU3MYECKU peaar3yeMble B armapa-
Type PeKOH(UTYPUPYEMBIX BBIYUCIUTEIBHBIX CUCTEM.

OCHOBHBIMH BBIYUCIUTEIFHBIMA OJIOKAMH B PEKOH-
¢bUrypupyeMoil BBIYHCINTEIBHOW CHCTEME SIBIISIFOTCS
MaKpOIPOIECCOPbI, KOTOPBIE MO3BOJISIOT PEATH30BBIBATH
oTieparyy, NpeIucaHHble BepIInHaMU HH(OPMAITHOHHO-
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Nel

ro rpada. Makpormporieccop IpeAcTaBiIsieT co00i HeKo-
TOPBI HAOOp 3JIEMEHTApHBIX MPOIECCOPOB, OOBEIUHSC-
MBIX B €IUHBIA NMPOrPaMMHO-HEAEIUMBII BBIYUCINTEIb-
HBII pecypc C MOMOMUIBIO JIOKAJIBHOTO MTPOCTPAHCTBEHHO-
ro kommyrtartopa. [ peanmmzaiuu HHGOPMAITHOHHOTO
rpada pemaeMoil 3amaud MaKpPOIPOLECCOPHI OJIKHBI
HUMCTh BO3MOXHOCTH COCIHMHCHHA B BBIYHUCIHUTCIBHBIC
napaJuielIbHO-KOHBEHEPHBIE CTPYKTYPBI C TIOMOIIBIO CHUC-
TEMHOTO0 KOMMYTaTOpa, KOTOPBIH 00ecrieunuBaeT pasind-
HBbIE BapUaHTBhl COEAMHEHHS MaKpOIIPOIIECCOPOB JAPYT C
JapyroMm. B cocraB cucTeMbl BXOOUT pacrpe/esieHHas na-
MSATh, OOECIeUMBAIOIasi BO3MOKHOCTH IapaJuIeIbHON
BBIJITaYM MACCHBOB BXOJHBIX JaHHBIX HA BXOJBI MakKpo-
MIPOIIECCOPOB M 3aIMCH PE3yJbTaTOB BBIUMCICHUH C HX
BBIXOJIOB [1].

O0beKTOM HCCJIeI0BaHNSA SIBISICTCS IIPOLIECC paspa-
OOTKH aNrOpUTMOB PabOTHI YCTPOMCTB, CTPYKTYPHBIX U
NPUHIUIHAIBEHBIX CXeM apu(METHKO-CHMBOJIBHOTO HPO-
Ieccopa, CIEMUATU3UPOBAHHBIX MHKPOIPOLIECCOPHBIX
MOJIyJIeH, CHCTEM KOMMYTAIMH, PEaU3yIOMINX BHIYNCIIH-
TENPHYI0 MOJYJBbHYIO CHUCTEMYy C IIepecTpanBacMon
CTPYKTYpOIl.

[IprmMeneHne crenUAIN3UPOBAHHBIX MHKPOIPOLEC-
COPHBIX MOJyJIEH ITO3BOJISIET ITOBBICHTH OBICTPOACHCTBHE
BBINOJTHEHUSI apU(PMETHIECKIX OIIEpaIuii 3a CUET peasu-
3anusl KoHBeHepm3anuu. HanesxHocTs pabOTBl CHCTEMBI
TIOBBIIIAETCS 33 CUET NyOJIMPOBaHMSA M PE3EPBHPOBAHMS
KaHaJIOB Iepefadn nHpopManum.

IIpenmeToM ucciie0BaHUS SIBISIOTCS METOJbI, MO-
JIeTIH, aITOPUTMbI (YHKIIMOHUPOBAHUS M CTPYKTYPHO-
(yHKUMOHATBHAS OpPTraHU3alsi YCTPOWUCTB BBITIOJIHEHUS
apu(pMETHYECKUX U JIOTMYECKUX OINEpalid, OCYIIecTBIIe-
HUE MOMCKOBBIX Orepaiii 1 (QYHKIMH 3aMEHBI B CIOBax
TEKCTa, COPTUPOBKAa MH(OpMALMK U paclpenesieHue pe-
CYpPCOB.

YHHBepcallbHBIE MHKPOIIPOLECCOPHI TpeIHA3HAYCHBI
JUISL PEIICHHs HIMPOKOTO Kpyra 3aaad, OHM CIIOCOOHBI
peanm3oBath noOoi anroputMm. CrHennann3upoBaHHBIE
MHKPOIIPOIIECCOPHI MpeAHa3HAYEHBI IS PEIICHUsI Ompe-
JIETICHHOTO KJlacca 3a/1a4. DTH yCTPOWCTBAa MMEIOT BBICO-
Ko€ OBICTpOJEHCTBHE, IPOU3BOJUTENBHO PEIIAIOT 331241
1o 00paboTKM MacCUBOB, UHTEPIPETALMH SI3BIKOB BBICO-
KOTO ypOBHS 3aJa4 MCKYyCCTBEHHOTO WHTEJUIEKTa, ITPOEK-
TUPOBAaHUSI M CO3/IaHMS YIPaBISIONMX YyCTpoHCTB. MX
CYIIECTBEHHBIMH OCOOCHHOCTSIMH  SIBJIAIOTCSI TPOCTOTA
YIpaBICHUS, KOMIIAKTHOCTH allapaTypHBIX CpPE/ACTB,
HU3Kasi CTOMMOCTh M MaJlasi MOIITHOCTh TOTpedieHns [1—
2].

Lenbio paGoThI SBISETCS pa3padOTKa TEOPETHUECKUX
OCHOB ¥ NPHUHIUIIOB ITOCTPOEHHS MHKPOIPOLECCOPHBIX
MOAYJIEN N7l BBIUMCIUTEIBHOW OTKPBITOM pa3BUBacMOMN
ACUHXPOHHOM MOJYJIBHOM CHCTEMBI C IIE€PECTPAUBAEMOM
CTPYKTYPO#l, apuU()METHKO-CUMBOJILHOTO  IIPOLECCOpa,
CIICHHUAJIU3UPOBAHHBIX BbIYUCIUTEIbHBIX Mouyneﬁ " CHC-
TeM KOMMYTaIuii.

Jnst mocTHXKEHUs! MOCTaBJICHHOW IeMM HEeoOX0auMo
PELINTH CIEIYIOMINE 3aaun:

— TPOAHAIN3UPOBATH COBPEMEHHBIE METOIBI, AJIro-
PUTMBI M TIPHHIMIIBI TTOCTPOCHHUSI MHKPOIIPOIECCOPHBIX

© Illesenes C. C., 2021
DOI 10.15588/1607-3274-2021-1-19

196

MOJyJei BBIYMCINTENBHON CHCTEMBI C ITepecTpanBacMon
CTPYKTYpPOH;

— pa3paboTKa KOMMYTAIIHOHHOHM CHCTEMBI CITIOCOOHOM
KOH()UTYpHPOBaTh MUKPOIPOLIECCOPHI M CIIEIHAIN3UPO-
BaHHBIC BBIYHMCIUTEIBHBIE MOAYIN B MYJIbTHKOHBEHEp-
HYIO CTPYKTYPY;

— pa3paboTka anmnapaTHO-OPHEHTUPOBAHHBIX IIPOIE-
JIyp ¥ METOJIOB CTPYKTYPHO-(YHKIIMOHAIBHOW OpraHu3a-
MM CHENUATU3UPOBAHHBIX MHKPOIIPOIIECCOPHBIX MOJY-
JIeH;

— pa3paboTKa CTPYKTYPHBIX B (DYHKIIMOHAIBHBIX CXEM
CHELUaIN3UPOBAaHHBIX BBIYHUCIUTEIBHBIX MOMYJIEH, cHhC-
TEeM KOMMYTAIHH;

— DKCIIEPUMEHTAIBHOE MOATBEPXKICHHE JTOCTOBEPHO-
CTH PEe3yJbTAaTOB M TEOPETHIECKUX HCCIEAOBaHUI (QyHK-
[IMOHUPOBAHMUS AJITOPUTMOB.

1 IOCTAHOBKA 3AJTAYN

BBIYHCIUTEIBHYIO CUCTEMY MOYKHO MPEIACTABUTH Kak
Hepapxuio yHuBepcalibHOil DBM, cuctemy cneuuanusu-
POBaHHBIX BBIYHCIUTEIBHBIX MOJYJICH U THOKYIO TIOJICHC-
TeMy HWHTep(EHCHBIX KaHAJIOB NapaJUICIbHON IMepenadu
HHPOPMALIUU MEXIY YCTPOUCTBAMH. 3ajqada 3aKIF0vacT-
Ci B CO3JJaHWH W WCCICJOBAHUH MHUKPOIPOIIECCOPHBIX
CHETMaTH3UPOBAHHBIX MOJAYIICH ISl MTOTOKOBOH 00pa-
6otkn nmaHHBIX. [loTOKOBast 00pabOTKa MAaHHBIX 3aKIIO-
garcs B NPeoOpa3OBaHUM ITOTOKOB BEKTOPOB BXOIHBIX
nauubeix Ai(i=1, 2, ..., n) u Bi(i=1, 2, ..., n) B TOTOK BEK-
TOpOB Ri <ri1, riz, ey r’}) (i=1, 2, ..., n) BBIXOJIHBIX JaH-
HBIX B COOTBETCTBHHU ¢ Tpadom aigroputma G(S, F). biok
apu(METHUCCKUX OTepaIMii BBIMOJIHSACT ONCPAIUH: CYM-

n
MUpPOBaHHUSA Z(ai +b;), Boraurtanus V2 (a; —b;), npo-
i=1
usBenenns P2 (a;*b;), nenenns D) (a; /b;) B hopmare
¢ (PUKCHPOBAHHOW 3amsATONH M B (opMmare C IIaBAIOLICH
n
Z(al-Zx +52"™), Vii(a;2* —b;2™), PL(a;2" *b;2™),
i=1
DiLi(a;2" /b;2™) 3ansroii. Biok napajuiensHOro noucka

" 3aMCHBEI B 06pa6aTI)IBaeMI)IX CJIOBAX BBIIIOJIHACT JICBYIO

L, wm mpaByro P,  KOHKaTeHalMIl0  LEMNOYEK
a=0405...05 1 P=BP,...0;. JleBas KoHKaTeHaus
nenouek pasHa L =P, ...0; 010;... 0y , IpaBas KOHKa-
TeHaALUs LEN0YEeK a u B paBHa
P,= oya,...a; BB, ..., . bnox BeImoIHAET omepanuio

MapayyielbHOTO TIOMCKAa BXOXKICHUH B 00padaThiBaeMbIX
cioBax. TpeOyercs HaiiTn Bce BXxoxkaeHus P =0B;B,...5,
B CIIOBE O1=005...0, B KadecTBe moicrpoxu. Onpene-
JUTh BCE CMEIIEHUs S, U1 KOTOPBIX IIOJICTPOKA
Og =0g,q... Ogy, coOBHamaer c fy..f,. Hna moucka
Beumcgercs QyHkmus  F=(a; =B & ... &(a,=p,),

ecnu F paBHO €IMHHULE, TO BXOXKIEHUE HAlIEHO B CIIOBE.
[IprMeHssT KOHEYHBIH YMOPSAAOYCHHBIH HaOOp (opMym
MIOJICTAHOBKH K 00pa0aThiBaeéMOMY CJIOBY O : ITOJy4aeTcs
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HOBOE CJIOBO O =0 ... O B1Br...B, Ogyps1 Oy - BIOK

JIOTUYECKUX OIEPALMH BBIIONHAET: HUHBEPCHIO 1 d; ,

KOHBIOHKIHIO 1 & (a;b; ), masbroukmuio 1 V (a;b;) ,

uckimovaromee WU, @ (a;b;), IKBUBAICHTHOCTH

im1=(a;b;), a;€{0,1}; b; €{0,1}.

2 OB30P JIUTEPATYPbI

B pabote [1] paccMOTpeHBI OCHOBHBIE ApXHUTEKTYp-
HbI€ KOHIICTIIIMH ITOCTPOEHHS CPENCTB 00pabOTKH WH-
(dopmarmu, Mozeny (GpyHKIIMOHAIFHOW OPTraHW3allud BbI-
YUCJIUTCIBbHBIX MalllMH W HapauICJIbHbIX BbIYHUCIUTECIIb-
HBIX cucTeM. OmnucaHbl KAHOHUYECKHUE (byHKI_II/IOHaJ'II)HI)Ie
CTPYKTYpbl KOHBEHEPHBIX, MATPUYHBIX, MYJBTUIIPOLIEC-
COPHBIX PACIPENEIICHHBIX CUCTEM.

JanbHeiime myTH pemeHus: mpodiIeMbl 0 MepCrek-
TUBHOMY DPa3BUTHIO CYIEPKOMIIBIOTEPOB 3TO CO3/IaHHE
PEKOH(UTYPHUPOBAHHBIX BBIYUCINTEIBHBIX CHUCTEM, B
KOTOPBIX HCHOJIB3YIOTCS MPOTrpPaMMHUPYEMBIE JIOTHUECKHE
MHTErpajbHble cXeMbl. J[aHHBIH MoaXxox oOecreunuBacT
BBICOKYIO pEallbHyI0 IPOM3BOAUTEIHHOCTh BBIYUCIIH-
TEJIBHOU CUCTEMBI [2].

B pabore [3] mpencraBineHa BBIYUCIHTEIBHAS CHCTE-
Ma, OJIOKM KOTOpPOU BBINOJHIIOT OCHOBHBIE apudmMeTHye-
CKHUEC OI€paly ABOUYHBIX YHCEJI B MPAMBIX KOJax C (bI/IK-
CHPOBAaHHOW W IUIaBaoOLIeH 3aIsiTON, OCYIIECTBIISIOT IO-
UCKOBbIe (YHKIMM W ONEpalul 3aMEeHbI, BBINOJIHSIOT
JIOTUYeCcKUe ornepauuu. B MoIyIbHOI cHcTEMe yCTpOHCT-
Ba UMCIOTCA COOCTBEHHBIC CpeICcTBa 00pabOTKH, omepa-
THUBHBIE 3aIIOMHHAIOIINE yCTPOUCTBA, JIOKATbHAST KOMMY-
TaIys ¥ aBTOHOMHBIH OJIOK yIpaBIICHHSI.

HenocratkoM npeacTaBieHHON OopraHu3anueil BO3HU-
KaeT mpobjeMa OpraHM3alliil KOMMYTAIMH W OOMEHOB
MEXIy MpPOLIECCOPOM U yCTPOWCTBaMH, a Takxke (PyHK-
IAOHAJIBHOC COCANMHCHUE MEXKIY BbBIYHMCIUTCIBHBIMHU MO-
IYJISIMH.

B pabore [4] paccMOTpeHBI OCHOBHBIE BOIPOCHI Opra-
HU3alUY Napaie]bHOl 00pabOTKM NAaHHBIX, MPOAHAIIH-
3MpOBaHbl BO3HUKAOILIME IPHU 3TOM HPOOJIEMBI, a TaKkxke
ITyTH UX pemreHus. [lokazanbl 0COOEHHOCTH OpraHMU3aIiN
BBIYHMCIIUTENLHOTO MPOIIECCa B MapayuUICNIbHBIX CHCTEMaX,
PacCMOTPEHBI SI3BIKM MApAJICIBHOTO POrPaMMHUPOBAHHS
1 XapaKTepHbIE TapaIebHbIC AITOPUTMBI.

B pabote [5] MomynpHas cucTeMa HMEET Mapajuieib-
HYIO CTPYKTYpY 3@ CHET HCIIOJIb30BaHHUS MHTEPGEHCHBIX
KaHaJlOB COCIMHEHHs IpolLeccopa W BBIUYUCIUTENBHBIX
MOJIyJIeH, XapaKTepu3yeTcsl Takke aCHHXPOHHOCTBIO pa-
0OTBI COCTABIISIIOIUX €€ YCTPOICTB. B cTpyKTypy BbIUMC-
JIUTEJIIHON CHCTEME BXOJST CIICHHAIN3UPOBAHHBIE YCT-
pOMCTBa, KOTOpBIE MO3BOJSIIOT c(HOpPMHUPOBATh MIH(PPO-
TEKCT HH(POPMAIMOHHBIX JaHHBIX, UCIIOJIb3YS aJITOPUTMBI
IpeoOpa3oBaHKs Ha OCHOBE OIIEPAIN ITONCKA U 3aMEHBI,
KOTOpBIE ITPEe0OPa30BEIBAIOT OTKPHITHIA TEKCT B MOCIIEI0-
BaTEIbHOCTh HEKOTOPHIX 3HAKOB B MIN(POTEKCT.

B pabote [6] mpemtokeHO YCTpOWCTBO, KOTOPOE BbI-
MIOJTHSAET OTEpALMM MONCKA BXOXKACHUH M IOACTAHOBKY
CHMBOJIOB B cJ0OBax TekcTa. HoBble ciioBa MOXXHO ¢op-
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MHpPOBaTh C TIOMOIIBIO OTEpaIuii TIOUCKA W 3aMEHBI BXO-
JKIEHUM, a TakKe IPU BBIIOJHEHUM ONEpalnid JIEBOW U
nmpaBoil koHKaTeHarui. HeoOX0IuMO TOCTUTHYTH BBICO-
KOl CKOpOCTH TIOMCKa W 3aMEHBI BXOXACHHH B 00Opaba-
ThIBaeMOM cioBe. [lonckoBast omepanusi BBIOJIHIETCS B
OIMpCACIICHNN BXO)KHGHHﬁ, HUMCHOIITUX O6H_[I/Ie qacTH, TakK
n 6e3 o0IKX yacTeu.

B pabote [7] mpemioxKeHO YCTPOWCTBO COPTUPOBKU
cnos. [Ipu pemerny nHPOPMAIMOHHO-IOTHYECKUX 3a/1a4
TpebyeTcst BRIOMpaTh ClIOBa 10 MX Npu3HakaM. [Ipumene-
HHE acCOLMAaTUBHOTO 3allOMHHAIOIIET0 YCTPOMCTBa MO
YHOPSIIOYCHUIO CUMBOJBHON WH(POPMALNU TOBBIIIACT
HAJICKHOCTh ¥ TIPOHM3BOJUTEIBHOCTD, ITO3BOJHUT YIIPO-
CTHUTB AITOPUTM PabOTHI COPTUPOBOYHOTO YCTPOICTBA.

YCTpOWCTBO COPTHPOBKH CJIOB COIEPKHUT OJOKH IIO-
HCKa BXOXKICHUH, CXeMBI 00paOOTKH pe3ylbTaToB CpaB-
HEHHS, XPAaHESHHUS YIOPSIOUYEHHBIX CIIOB.

HenocrarkoM INpencTaBieHHONW CTPYKTYpBI SIBISIETCA
MMPUMEHCHUC aCCOLIMaTUBHBIX 3alIOMUHAOIINX yCT-
POMCTB, cI0Ba B KOTOPBIX OTHICKMBAIOTCS IO MX MpPU3HA-
KaMm, 110 UX COJICPIKaHMIO, a HE T10 ajpecaM siueek, B KOTO-
pBIX 3amMcaHbl 3TH cinoBa. B A3Y, mapannenpHbIX 1o
CJIOBaM W TIOCIIEAOBATEIbHBIX 1O paspsimam, Iis oOpa-
OOTKH JaHHBIX HCHOJB3YIOTCS TOCIECAOBATEIBHBIC aJTo-
PUTMBEL.

B pabote [8] paccmarpuBaercss BOIpPOC IO B3aWMO-
pacrpeneneHne pecypcoB MEX/Iy IMPOIECCoOpaMHu.

Haznadenue cucTembl B3auMOpacIpeneneHus pecyp-
COB JIOJDKHO 00ECIICUMBATh PEKUM YIIPaBICHHUS HHQOP-
Maluei, KOTopblii o0ecrieunBaeT ONTHMalbHOE cOayaH-
CUpOBaHHOE (D)YHKIIMOHHPOBAHUE CHCTEMBI B3aUMOJICHCT-
BYIOIIHX JIOKAIIN30BaHHBIX Y3JIOB.

B pabore [9] B mpencTaBICHHOM CyMMAaTOpE MPOHC-
XOJIUT CJIOKEHUE M BBIYUTAHUE JABOMYHBIX YHCEN IO Ipa-
BIUTY BBIITOJTHEHHS apH(PMETHUECKUX OIepanuii B TPOWY-
HOW CHCTEMe CUHCIICHUS, KOTopas o0iamaeT HanbobIIeH
TUTIOTHOCTBIO 3anmvcu uHpopManuu. TpOWYIHBIE KOMIIBIO-
TEpbl UMEIOT OOJBINYI0 YICNBHYIO €MKOCTh IaMATH U
0OJBIIYI0 YAETHHYIO MPOU3BOIUTENFHOCTh IPOIIECCOopa,
4yeM aBonyHbie DBM.

B cocTtaB ycrpoiicTBa BXOIAT: OJIOKH BBIIOJTHEHUS
oreparuii, KOMOMHAIIMOHHBIE CXEMBI TI0 (OPMHUPOBAHHMS
CHTHaJIa 1 MIepeBoja YHCIIa B KOJI, NeIIU(paTopsl, 1BOUY-
HBIC TPUTTEPBIL.

HenocratkoM mpencTaBieHHONW CTPYKTYpBI SIBISIETCS
pa3paboTka KOMOWHAITMOHHBIX CXEM ICIIH(PpPaTOPOB II0
OTIPENICIICHUI0 KOMOWHAIINA CyMMBI YHCEIl, TIPH KOTOPOM
HE00XOAUMO BBECTH KOPPEKIIHIO IS MTOTyYeHHUS OKOHYA-
TENBHOTO pPe3yibTaTa.

B pabote [10] ynopsimodeHre TaHHBIX BKIIOYACT aHa-
T3 BO3MOXKHOCTEH ammapaTHBIX CPEACTB BBIYUCIUTEIb-
HBIX CHCTEM, PACIOJIOKEHHUS] X KaHaIoB, 00beMa omnepa-
THBHOW MaMSTH, YaCTOThI OOpallleHHid, OBICTPOCHCTBYE,
JranazoHa oOpabOTKH BXOJIHOM YMCIIOBOW U CUMBOJIBHOM
nHdopManum.

B mperncraBieHHOM ycTpOWCTBE COPTHPOBKM HH(OP-
MAaIlMH BBIMOJIHSACTCS 3aJlada COPTHPOBKH BXOIHON YH-
CJIOBOW W CHMBOJIbHOW MH()OPMAIMH TI0 BO3PACTAHUIO H
yObIBaHHIO. B yCTpOWCTBE OCYIIECTBISIOTCS TOHUCKOBBIC
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Ollepalny MO YKa3aHHOMY HMHTEpBaly WM 10 KOHKpET-
HOMY 33/IaHHOMY CUMBOJY WU YHUCITY.

HenocraTtkoM mpencTaBieHHONW CTPYKTYpPBI SIBIISETCA
TO, YTO YCTPOIMCTBO COPTHPOBKH HH(OPMAIMU MOXKET
HCIOJIb30BATh METOJbl BHEIIHEH COPTHUPOBKH JAHHBIX.
Bueninue METOABI IMTPUEMIIEMBI IJIA (bameB JaHHBIX, KO-
TOPBIC CJIIMIIKOM BEJIMKH, YTOOBI TIOMECTHUTHCS B orepa-
TUBHOM MaMsTH Mpolieccopa.

3 MATEPUAJIbBI U METO/1bI
I'pad G(S, F) puc. 1 Ha3piBaeTCsI MHPOPMAITUOHHBIM
rpa)oM BBIYHCIHATEIEHOW OTKPBITOW pa3BUBacMOM acHH-
XPOHHOW MOJIYJIBHOW CHUCTEMBI, WM Tpad)OM alropuTMa
pemrenus 3amaun. ['pad G(S, F) COOEpKHUT MHOXKECTBO
BEpUIUH §; € S, KOXKION U3 KOTOPBIX IIPUITLCAHA HEKOTOpas

ormepatwst O; , IPUHAUISKAIIAS MHOXKECTBY IOITYCTHMBIX
oneparuii. dyru f(s;, ;41 ) € F onpenensor nociegoBa-
TEJILHOCTh BBIMOJIHEHUSI OTIEpaIiii, rpada, MpHYeM eciu JIBe

BEPIIMHEL §; M §, | COSMMHEHBI Xyroi f(s;,s;1), TO 3TO
o3HadaeT, 4to pesynbrar onepayn O, SBISETCS BXOIHBIM
JTAHHBIM [UISl OTIEpaIn Ol. .- ITpad G(S, F) umeer Taxke

MHOXECTBO BXOJHBIX AYT f (Sg;,S;) , KOTOPBIE ONpeness-

I0TCS OJIOKOM BXOIHBIX [@HHBIX, a TAKOKE BBIXOAHBIX OYT
S (s;, S ) , OIpEeNeISIONMX XpaHEHUE Pe3ysbTaToB ee pe-
LICHUSL.

MHOXXECTBO BEpIIMH S ONPENEISIETCS MHOXKECTBOM
MPOLIECCOPOB BBIUMCIUTENBHON OTKPBITOM aCHHXPOHHOU
cUCTeMBI. MHOXECTBO AyT TPEICTAaBISET COOOH MHOXKe-
CTBO KaHaJOB KOMMYHHKAIMH MEXIy MpPOLECCOPaMH.
Bxonusie u BeIxoaHbie ayTH rpada G(S, F) ompenenstor-
Cs KaHaJlaMU CBA3HU C UCTOYHHMKOM BXOAHBIX W IIPUCMHU-
KOM BBIXOAHBIX JAHHBIX, B YaCTHOCTH, C NIaMATBKO CHCTC-
Mbl. Onepanuu O; W3 MHOXECTBA JOMYCTUMBIX ONEPAIi

O peanusyrorcst B IPOLECCOPAX BBIYUCIUTENIBHOIN CHCTEMBI
B (hopMme mocrnenoBaTebHbIX poLeayp 00pabOTKH TaHHBIX.

BbIuMCIUTENBPHYI0 OTKPBITYIO pa3BUBaeMyIO AacHH-
XPOHHYIO MOJYJIbHYIO CUCTEMY MOJKHO NPEICTAaBUTH KaK
Hepapxuio yHHBepcansHO DBM, crucremy crienuain3u-
POBAHHBIX BBIYMCIUTENBHBIX MOIYJIEH U I'HOKYIO MOJICHC-
TeMy WHTep(EHCHBIX KaHAIOB NapaJUICIbHON Nepeaadn
nHpOpPMALUN MEXAY yCTpoicTBamu [2].

B mpencraBneHHON cHCTEME OTIENBHOE YCTPOMCTBO
nMeeT COOCTBEHHBIE CpeICcTBa 00pabOTKH, OIepaTHBHOE
3allOMHUHAIOIIEe YCTPOUCTBO AJIsl XpaHEHUs! AaHHBIX, JIO-
KJIbHYIO0 KOMMYTAllMIO 1 aBTOHOMHBIN OJIOK YIpaBlICHHUSI.
OH CTaHOBUTCS CaMOCTOSATENBHBIM, (PYHKIMOHAIBHO
TTOJTHBIM BBIYHCIIUTEIBHBIM MOJTYJIEM.
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f(S5.83)
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Pucynok 1 — MHpOpMannoHHbIH rpad BEIYUCIUTEIBHON OT-
KPBITOH pa3BUBaEMON aCHHXPOHHOM MOy IbHON CUCTEMBI

@OYHKIMOHAIBHOE HA3HAYEHHE YCTPOMICTB BBIYMCIIH-
TenbHOU cucteMsl (puc. 2): BBAO - 610K BBITOTHEHUS
apudpmernueckux omnepauid, BIITI3BOC — 610k mnapasi-
JIEILHOTO TOWCKA M 3aMEHBI B 00pabaThIBaEMBbIX CIIOBAX,
BBJIO — 050K BBIMOJHEHUS JIOTHUCCKUX OIEPaIlUii,
BXP — 610K XpaHeHHsI Pe3yJIbTaTOB, UCIIOIB3YEMBIH IS
3allCH ¥ YTEHWS JaHHBIX; KOMMYTAIlMOHHBIE CHUCTEMBbI:
KCBY obecnieunBaeT COSTUHEHUE MEXKIY MPOLIECCOPOM H
apyrumu - ycrporictBamu, CKIIM mnpoueccop—Mmonaynb
obecrieynBaeT [BYCTOPOHHIOI TIiepenady HH(opMaIm
MEXAY MPOLECCOPOM M CHEHHUATM3UPOBAHHBIMHU BBIUHC-
mutensHpIME MonyisiMu, CKMM Monmyns—Moxynns obec-
MCYNBAET COCAMHEHUS MEXIY CICHHAIN3UPOBAHHBIMU
MOIynsAMH;,  crnenuanusupoBaHHele  Moxyiwm:  CIIEI]
MOJ/I1 BBINIOJIHSET OEpPAIHK [T0 CHMBOJLHON 00paboTKe,
CIIEIL MO/I2 ocyIiecTBisieT COPTUPOBKY CIIOB BXOJAHOTO
tekcta, CIIELl MOJI3 pemaer 3amady pacmpeeneHus
pECYpCOB CO MHOTHUMH MapaMeTpamMH MEXAY JIOKalIn30-
BanHbIMU neHTpamu, CITEI] MO/I4 BemmonHsieT apudme-
THYeCKylo omepauuto cinoxxenus uucen. CIIELl MOJS
BBITIOJIHAET COPTUPOBKY ABOMYHON MH(OPMAIIUH.

CeMelCTBO  BBICOKOIIPOM3BOANTEIBHBIX MHOTOIPO-
[IECCOPHBIX BBIYMCIUTENBHBIX CHCTEM C JUHAMHYECKU
[IepeCTpauBaEMoOi, IPOrpaMMUPYEMOMN apXUTEKTYypOill Ha
OCHOBE PEKOH(PHUTYPHPYEMON FIEMEHTHOH 0a3bl SBISETCS
KOHKYPEHTOCIIOCOOHOH ~aJIbTEepHATHBON TpaJNIIMOHHON
OpraHHU3alil MHOTOITPOIIECCOPHBIX CHCTEM, OCHOBAHHBIX
Ha WCIOJIb30BaHUM MHUKPOIIPOIECCOPOB B KadyeCTBE OC-
HOBHOT'O BBIYMCIIUTEIIFHOTO JIEMEHTA.

BbruncnurenbHas OTKphITasi pa3BHBaeMasi aCHHXPOH-
Hast MOJTyJIbHAsI CHCTEMA COUYETaeT B ce0sl KakK MoCiIea0Ba-
TENBHBIA, TaK W KOHBEHEpHBIH crocod oOpaboTKm WH-
(hopmary, HOCKOIBKY BXOJIHBIC TaHHBIE 00pabaTHIBAIOT-
Csl OHOBPEMEHHO TI0 pPa3HbIM KOHBEHEPHBIM IIEHNOYKaM
MPOLIECCOPOB.
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EBAO KCBY CKIIM CIIEIT
[[sea0 }—y — om
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CTIEIT
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EBJIO CIIEL]
MO
CTIEL]
BEXP MOIs

PucyHok 2 — I'pad) BEIYUCINTENIBHOTO IIPOLIECCa BHIYMCIUTEb-
HOM OTKPBITON pa3BUBAEMOIl aCHHXPOHHOM
MOAYJBHOM CUCTEMBI

OCHOBHBIMU BBIYMCIUTEIBHBIME OJIOKAMH B PEKOH-
(GurypupyemMoil BBIYMCINUTEIBLHOH CHCTEME  SIBISIOTCS
MaKpOIPOLECCOPBL, KOTOPHIE MO3BONSIOT PEATU30BbIBATH
OTlepalyy, MPEAUCaHHbIe BEPIINHAMHI HH(POPMAIIHOHHO-
ro rpada. Makponporeccopbl COeITUHAIOTCS B BBIYNCITH-
TEJIbHBIC TapaICIbHO-KOHBEHEPHBIE CTPYKTYPBHI C IIO-
MOIIBIO CHCTEMHOTO KOMMYTATOpa, KOTOPBIH oOecreun-
BaeT pa3lUYHBIC BAPHAHTHI COECOMHEHMS BBIYMCIATEIb-
HBIX MOJIyJIeH Apyr ¢ apyroM. B cocTaB cucTeMBI BXOJTUT
pacnpeneneHHas IaMsATh, 00eCIeYUBaIoIas Mapalielib-
HYIO BBIJJauy MAacCHBOB BXOJHBIX JaHHBIX Ha BXOJbI MaK-
POIIPOLECCOPOB U 3aMUCH PE3YIbTATOB BBIUMCICHUN C UX
BBIXOJIOB.

Jns perenust 3Toi 3a1a4 MOXKHO HCIIONIB30BaTh OJIOK
BBITIOJIHEHWS JIOTHYECKUX OIepaIyii ¢ IT0CIEI0BATEIbHON
APXUTEKTYPOH, OCHOBHBIMH 3JIEMEHTAMH KOTOPOTO SIBIISFOT-
Csl DJIEMEHTApHBIE BBIYMCIINTENH, BBIOJIHAIONINE JIOTHIE-

ckme onepamn: {&.V, 1, {& }, V. ). (& @1,
KOTOPBIE OTHOCATCS K (DYHKIHOHAJIBHO IIOJHOM CHCTEMe
OyJieBBIX (DYHKIIHH.

K muOXecTBy Mukpoomepatwit L={Liy,L3,...L17 }

BBIIOJIHSEMBIX OJIOKOM JIOTHYECKMX omepanuii  Sj

OTHOCATCA: HNHBEPCUA KOHBIOHKIIMA

Lip=g=iua,
Liy=g=71&(a;b;), msvronxums Ly =g=7V (a;b;),

uckmouatomee MWW Lj,=g=7,,®(a; b;), g;{0,1};
a; €{0,1}; b, €{0,1} ,

Lip=g=/n~(a;b;), g {01} ; a;€{0,1}; b;e{0,1} .
Ha puc. 3 npencrasnensl: 610k BBona naHHBIX BB/,
cucTeMa JJIeKTpOHHBIX Kitoueld CuK, sneMeHTapHbIE BEI-
YUCIUTEIH JIOTHYECKUX orepannii DnB, O1ok XpaHeHHs
pe3ynbratoB BXP.
Bpems pesynbrata 1., 00paboTku N BEKTOPOB BXOJ-

OKBHBAJICHTHOCTH

HBIX JTAHHBIX OIpeiessieTcs o hopMyiie

M
Thoe=N-(tsp 1+ lenkc+ B +Hpxp) =N 5(0,)-T. (1

i=1

Coxpauenyst  Bpemern T,  00pabOTKH  MOTOKA

BXOAHBIX BEKTOPOB SBJIACTCA pacrapauICIIMBaHUs IIPO-
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mecca 00paboTku. B 3ToM cirydae mapaiensHBIN crmocoo
MOIpa3yMeBacT HAJTYHC K TIPOIIECCOPOB
P (i=12,..,K), KaxIblii U3 KOTOPBIX MOXET paboTaTb
HE3aBHCUMO OT APYIHX mpoueccopoB. Kaxnuelii u3 mpo-
neccopoB P (i=1,2,...,K) 3anporpaMMupoBaH Ha peau-
3anuio rpada G(S,F). MHOXKECTBO BXOJHBIX BEKTOPOB
Z;(i=1,2,..,N) pasousaercs na (N/K) Henepecekaro-
IIUXCS TOJAMHOXECTB, Ka)XI0€ W3 OTHX ITOJMHOMECTB
BXOJHBIX BEKTOPOB MOXeET OBITH 00pabOTaHO Ha IPOIEeC-

cope 1)1 HE3aBUCUMO, TO €CTb MNApaJUICJIbHO C APYIUMHU

IIOAMHOXECTBAMU.
P, (i=12,..,N) T, (i=12..,N)
—p EB] o CuK »| DB » bXP =

Pucynok 3 — brioku BEIOTHEHHS JTOTHYECKUX OTEpaIii ¢
MOCIIEA0BATENILHON apXUTEKTYPOM

Jlnst pemieHust 3TOM 3a1a4M MOXKHO HCIIONB30BaTh OJI0K
BBITIOJIHEHHSI MaTeMaTH4ecKUX OIepalyii B Qopmarax c
(bMKCHPOBAaHHOM W TUIABAIOLICH 3aIlsITOM C IMapajuleIbHON
APXUTEKTYPOH, KOTOPBIA mNpuBeneH Ha puc. 4. OCHOBHBIMU
3JIEMEHTaMH, KOTOPOTO SIBISIOTCS MaTEMAaTHYECKHE BBIUHC-
JIMTEITH, BBIONHAIONINE apu(METHIECCKUE U CIIBUTOBBIE OIIE-
parmm.

Zl""’ZE le..r,TE
K K
Z?\F N ..,ZZN T\l 3 .,T2N
A a8 Tig
Z%*—l,...,z‘r\; T%+l’ ,Tf\,
—e BOMIIS |

Pucynok 4 — [apaienbHbiid ciocod 00paboTKu
BEKTOPOB BXOJHBIX JaHHBIX

K MHOxecTBY Mukpoonepauuit R={R;,R3,...Rj; }
BBINIOJIHAEMBIX OJIOKOM apu(METHUECKHX omepanui S)

n
OTHOCSITCSI: CyYMMHUpPOBaHue Rj, :Z(a[ + b;), BEIUUTaHNE
i=1

Ri3 =VZ(a; —b;), npomssenenne Ryy=Fli(a*b;),

nenenue Rys= DL (a;/b;) B hopmare ¢ PUKCUPOBAHHOI

3amATod u B (opMare C IUIABAIONICH  3arsTOM

n
R16: Z(ain +bl'2m)9
i=1
Rig=FZi(a;2" *b;2™), Rig= DiLy(a;2"/5;2").

B orom ciyuae Bpems momydeHus pesyinbrata T,

Ri7=VZ(a;2" -5;2™),

npu 06pa6OTKI/I BCEro MHOKECTBAa BCEKTOPOB BXOAHBIX
JaHHBbIX, 6yHeT BBIYUCJIATHCA 110 (I)OpMyJ'IG
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Thap = (lj '(f50¢>3 +porpm3 tsoMI13 ) =[ﬁj %S(O' ) T
nap X K = i (2)

Bpewms o6paboTku motoka cokpamiaercs B K pa3 mo
CpPaBHEHHIO C TIOCJIEJOBaTeNbFHOW 00pabOTKOH Bcex
BXOJIHBIX BEKTOPOB.

K muOoxectBy Mmukpoonepauuit C={Cj,,Ci3,...Cj; }
BBINOJIHSIEMBIX OJIOKOM MapajuIeIbHOTO IMOUCKA U 3aMEHBI
B 00pabaTbIBaCMBIX CI0BAaX S, OTHOCATCS: JIeBask KOHKa-
TeHanuss BHO LEMoYeK o=040,...0; ¥ B=P1B>...0p
CHMBOJIBI OJHOTO 93TOro ke andasura V
‘v’izl,...,k n Bi EV,

v=PB1By ...Bp @105... 0 , TPaBasi KOHKATCHAIINS LETIOUEK

al'EV,

v;=1,..,p, paBHa

O U B IpUHEMACT BUI Y = 040)... 0 Bif;...p, Hax Tem

xe anpaButoM V .

BIiok BBINONHSET OHEpalyio MapaIeNbHOrO MOHCKa
BXOXJICHHIT B 00pabaThIBaeMEIX cIoBax. TpeOyercs Haii-
TH BCE BXOXKAEHUS X =[B,...,, B CIOBE W=0,05...0,

B KadecTBe MOACTpoKH. OUpeAenuTs BCe CMEUICHHS S ,
JUIsL KOTOPBIX HMOACTPOKA Wy =0, ... Oy ,, COBIANAaeT C

BXOXIeHHEM X =f;...p,,. s moucka BBMHCIAETCS

dyHKuHs F=(og1 =B &(agn =py) &... &(ag,=B,)
eciu F paBHO €/IMHUILIE, TO BXOXK/IE€HUE HAlJIEHO B CJIOBE.
CwMeneHne s onpeaenseT MO3ULUI0 BXOXKAEHHS B CIIOBE,
C/IBUT' CHMBOJIOB CJIOBa OCYILIECTBIISICTCS Ha 7 TO3UIHMN
BIIpaBo [3].

B 010Ke BBIONMHACTCS Onepanus 3aMeHbl BXOXKICHHN
B 00pabaTeIBaeMOM cJIOBE, KOTOpas 3aaaercsi (GopMmyon
nojcTaHoBKU. [IpuMeHsst KOHEUHBIH YHOpSIOYEHHBIN
Ha60p (HopMyT MOICTAHOBKU K 00pabaThIBaeMOMY CIIOBY
w:

01 =By
(k>1), 3)
Ogim = Bm

MOJTy4aeTCsl HOBOC CIIOBO W =0y ... Oy BiBo..-By Ogimst Oy -
Ecnu 310 €10BO B3SITh 3a UCXOJIHOE U NMPUMEHUTH TE€ K€

npoueaypsl, TO NOJIy4aeTCss HOBOC CJIOBO W U TaK JAaJiee

' Al

BricTponeiicTBue KOHBelepa MMpu ITUTENBHON padoTe
OyZeT 3HaYMTEeNIFHO MPEBBIMIATH OBICTPOJEHCTBHE, KOTO-
poe JOCTUTaeTcsi MpH MOcIeq0BaTeIbHON 00paboTke Ko-
MaHA. OTO yBenndeHne OyneT TeM OOJjblie, YeM MEHBIIE
JUTUTEBHOCTh TaKTa KOHBeHepa M 4eM OOoIbIle KOJHYe-
CTBO BBITIOJIHCHHBIX 32 HCCJIEAYEMBI IEPHO]] KOMAHI.

B 010Kke nmapamiensHOro Moucka U 3aMeHbl B 00pada-
TBIBAEMBIX CJIOBaX BBIYHMCIHUTEILHON CHCTEMBI MOXKHO
UCIIONIb30BaTh KOHBeWepHylo o0pabotky. biok mmeer 4
aJIeMeHTapHbIX Iponeccopa P (i=l, 2,3, 4), coenunex-
HbIX B ILIEMOYKY, KaK IIOKAa3aHO HAa pHUC. 5, KKIbIH U3
JJIEMEHTAapHBIX MIPOLECCOPOB P 3amporpaMMHpOBaH Ha

noarpada

peanu3alunro COOTBETCTBYIOLIICTO
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G;(S;, F;)(i=1,2,3,4) obuero rpaga
G(S, F) . Ha puc. 5 npencraBieHbl IPOIECCOPHL: MTAMSITH

anropuT™Ma

BXOXKIEHUH 1 oOpabarbiBaembix ciioB BIIBC, cpaBHeHus
MW aHaJIM3a BXOXJICHWH B 00pabaThIBaEMBIX CJIOBaX
BABC, 3aMeHBI BXOXICHHN B 00padaThIBAEMBIX CIIOBaX
B3AM, xpanenus pe3ynpTaTtoB moactanoBok bXPII.

Z(i=1..N) T(i=1..N)
===>| GIIBC [==#| GABC [==% B3AM [==H GXPIl =+

Pucynox 5 — KonseliepHas opranuzaius padoThl 0jioka
HapaJuleJIbHOTO ITOMCKA U 3aMEHBI B 00pabaThIBaeMbIX
CIIOBAX

JlutensHocTh TakTa I, OyZAeT paBHa UIMTEIBHO-

CTH CaMOT0 MEJICHHOTO 3Tara o0paboTKu — OJIOKa cpaB-
HEHHS ¥ aHaJIM3a BXOXKICHUIA B 00pabaThiBaeMbIX CIOBaX
BABC.

T =max {TpnBc> TsaBC: I53aM> Ipxprt =TpaBC:  (4)

Bpems IIpY KOHBEHepHO# 00paboTke N KOMaH[

TKOH
OyzeT BBIUUCIATHLCS CleAyolei hopMyion

Twon=F Tsapc +(N—1)-Tgapc =Tpapc - (F +(N-1)).  (5)

Pexondurypupyemble BBIYNCIUTEIBHBIE CHCTEMBI C
JIMHAMUYECKH IEPECTPauBaEMON apXUTEKTYpPOH MpeBOC-
XOIAT MO TEXHMKO-3KOHOMHYECKHM XapaKTEPUCTHKAM
MHOTOIPOIIECCOPHBIE BBIYUCIUTEIbHBIE CUCTEMBI C Tpa-
JNULIMOHHON apXUTEKTypOd B CErMEHTax pbIHKa Cymep-
OBM u pabouux cTaHIUH, a TaKKe YCKOpUTENEeH K Tep-
COHAJBHOMY KOMIIBIOTEDY.

CpaBHUTENBHBIN aHAIU3 BPEMEHM U CKOPOCTH KOH-
BelepHON U MOCNEeN0BaTEIbHON apXUTEKTyp Ha MpHUMepe
paboTHI OJT0Ka MapaIeIbHOTO TIOMCKA W 3aMEHBI B 00pa-
0aThIBaEMBIX CIIOBAaX BBIYMCIUTENBHOM CHCTEMBI. Bpems
M CKOPOCTH TIPH MOCJIEA0BATEILHON OpraHu3anuy paboTh
0J10Ka BBIYMCIUTENBHOM cUcTeMbl I, U V. ompene-

JSIOTCS 110 popMyam
Thoc =N- (11 + Tax + T3+ T4),
1 1

Vhoe =3 —= (6)
2t
i=1

T+ Tax T T3+ T4

Bpems Ty, ¥ ckopocTh V., KOHBEHEPHOH OpraHu-

OH
3anuu paboThI OJI0KA MapauIeIbHOTO MOUCKA U 3aMEHBI B
00pabaThIBAEMBIX CIIOBAX ONMPEIEISIOTCS M3 OTHOIICHHUH

Teon =(N +4—=1)Tya =(N +3)- Tpax »
1 @)

T max

|4

-1
worn =(Tmax) =

OrHomeHue BpEMCHHU HOCHG,HOBaTeHLHOﬁ OpraHusa-

MM BBIYMCIMTENBLHOrO Iporecca 1. K KOHBEHepHOi

moc

T, Oyner onpenensThes Kak
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Tnoc :T1+Tmax+T3+T4 ~ 4'Tmax =4 (8)
TKOH Tmax Tmax
OTHOLIEHNE CKOPOCTH KOHBEHEpHOU Vi, K Iocie-
joBaTenbHON V. ompesennThes kak
Vion _ T+ Tmax T T3+ 74 ~ 4 Tax -4 9)

Toc Tmax Tmax

[Ipn GonpIIOM 3HAYEHUM YHUCIA BXOJHBIX BEKTOPOB
N xoHBeiiepHasi OpraHu3alys BBIYHCIUTEILHOTO IIPO-
necca TpeOyeT MEHbIIE BPEMEHH, a CKOPOCTb OyJer
OoutbIe, UeM mocieioBaTenbpHas Oosee ueM B 4 pasa, rie
4 — 9uCcno 3JIEMEHTapHBIX MPOIECCOPOB B KOHBEHEPHOH
nenoyke 610ka. DPPEeKTUBHOCTh apXUTEKTYPHl KOHBEH-
€pHON OpraHW3alMM BBIYMCIUTEIBHOIO MpoIecca II0
CpPaBHEHHIO C TOCJIEIOBATENbHOW MPUOIM3UTENEHO B H
pa3 BeiuIe [4].

BpeMsi BbIOTHEHMsI onepanny 0J0KOM MapajuienbHO-
ro MOUCKa M 3aMeHbI B 00padaThIBaeMbIX CJIOBaxX KOHBEH-
€pHOM M TIOCIIeIOBATENILHOM apXHUTEKTyp INPHUBEICHBI B
tabmune 1.

Tabnuma 1 — Bpems omnpe/enieHus MOMCKa U 3aMCHEI B

CJIOBax
Yucao BXOAHBIX 1 5 10 15 20
BEKTOpOB N
Bpewms Tnoc He 500 2500 5000 7500 10000
Bpewms TkoH He 800 1600 2600 3600 4600

CpaBHHTENBHBIA aHAIN3 BPEMEHH KOHBEHepHOH U mo-
CIIeZIOBaTEeNbHON apXUTeKTyp. M300pakeHHBIH rpaduk Ha
pHuc. 6 WLTIOCTPUPYET pasHuily B 3GGEKTUBHOCTH apXu-
TEKTYpbl KOHBEUEPHOW OpraHU3aluy BBIYUCIUTEIBHOIO
TIpolecca Mo CPaBHEHHUIO C MOCIIEA0BATEILHOM.

BaXHBIM ~ KOMIIOHEHTOM  MacCOBO-IapajuIeIbHBIX
KOMITBIOTEPOB SIBIISIETCS KOMMYHUKAIIMOHHAs cpefa. JTo
Ha0Op anmapaTHBIX ¥ NPOTPaMMHBIX CPEICTB, 00eCHedn-
BalOIINX OOMEH COOOWICHMSMH MEXIY IPOIECCOPaAMH.
OHa mpenHa3HaueHa U JIOCTHIXKEHUS BBICOKHX CKOpPO-
CTEH mepeaadn ¢ MaJIbIM BPEMEHEM 3aJEP>KKU U IIPU 3TOM
obecrieynBaeT MacmTaOUPyEeMyI0 apXHUTEKTYpy, II03BO-
JSFOLIYI0 CTPOUTH CHUCTEMBI, COCTOAIINE W3 MHOXKECTBa
0JI0KOB.

CucremMa KOMMYTAIlMU MPOLECCOP-MOAYJIb 00eceyn-
BaeT mepenadyy ~uHboOpManuM  OT  apu(METHKO-
CHMBOJIHOTO TIpolleccopa Ha BXOABI CIEUaIM3UPOBaH-
HBIX BBIYHCIHMTEIBHBIX MOJYJEH CHCTEMBI B BHUJIE 3aja-
HUH, a Takke GopMupyeT UHTEp(PEHCHBIN KaHal mporec-
COp-MOAYJIb Tepenaur HHGOPMAIMU C BBIXOJOB CIIEIHA-
JIM3UPOBAHHBIX BBIYMCIUTENBHBIX MOMIYJIEH CHUCTEMBI B
BUJIE PE3yJIbTaTa JJIsl XPAHEHHUs €TO B MaMsTH apupMeTH-
KO-CHMBOJIHOT'O ITPOIIECCOPa.
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Yucio BXOJIHBIX BEKTOpOB N

Pucynox 6 — I'paduk cpaBHEHHE BpeMeHH KOHBEHep-
HOM ¥ MOCJIEZI0BATEILHON apXUTEKTYP

Cucrema KOMMYTallMd MOJYJb—MOJYJb OOecreyrnBa-
eT nepeaady MH(GOpMaLUK ¢ BHIXOJOB CHEIUAIN3UPOBaH-
HBIX BBIYMCIUTENBHBIX MOAYJCH Ha BXOIBI JPYTHX CIE-
[IUAJTM3UPOBAHHBIX BBIYUCINTEIBHBIX MOJYJIECH CHCTEMBI
B BHJE 337aHHI U Pe3yJIbTaToB, a TaKkKe (GOpMHUPYeT UH-
TepdelcHBIl KaHa mepenadn WH(GOPMAIHUU C BBIXOIOB
CTELHUAIN3UPOBAHHBIX BBIYMCIUTENBHBIX MOIYJIEH CHC-
TEMbI B BUAC PE3YJIbTATOB I XPAHCHUA HUX B IaMATHU
apu(pMeTHKO-CUMBOJIBHOTO TIporieccopa [11].

CHeLIl/IaJ'lI/I?;I/IpOBaHHI)Iﬁ BBIYMCIIUTEIILHBIN MOYyJib
CnenBreruMoal BbINONHAET omepanuy MOHCKAa BXOXJe-
HUI B 00pabaThIBaeMBIX CJIOBax IpUBEACH Ha puc. 7. [lep-
BBl (popmar paboThl yCTpOMCTBA ONpEEIsieT BXOXKJe-
HUSI, KOTOpbIE UMEIOT OJMHAKOBBIE YaCTH. DTO O3HAYACT,
YTO TMPEABIIYIINE BXOXICHHE M TIOCIEIYIOIINE HMEIOT
00IIIyT0 9aCTh, COCTOSIIYIO M3 OJHOM OYKBBI MIIH LIETIOYKN
cuMBOJIOB. BTOpoii ¢popmat paboThI CHCTEMBI XapaKTepH-
3yeTcsl OIpENeNICHHEM BXOX/ICHUH, HE MMEIOMMX O0IINX
yacTed. B aToM ciydae omnpenensieTcss aapec TOIbKO ue-
pe3 u casuroB. Ecny HEOOXOAMMO NPOM3BECTH 3aMEHY
HaWJICHHOTO BXOJX/ICHHS Ha IIOJICTAHOBKY OYKBBI WIIH
CJIOBO, 3apaHee ONpPEJCNICHHYIO M 3alMCaHHYIO0 B PETHCTP
TIOJICTAaHOBOK.

oc 3
BPrOC o  9aKa »  BPrP3
l, oc 1‘ 3M
PC
KOM BPr3M
‘I BX
BPrBX

Pucynok 7 — Crienimanu3upoBaHHBIA BEIYUCIATENBHBIA MOy b
CrneuBerauMonl

BPrOC — Gmnox perucrtpa o0pabaThIBA€MOIO CIIOBA;
BPrBX — Gnok peructpa BxoxxaeHuii; bPr3M — 610k pe-
ructpa 3amensl; KOM — kommaparop; BPrP3 — 6ok pe-
THCTp pe3yibTaTa 3aMeHbl; DK — cxema 3JIeKTPOHHBIX
KIIIOYEH.

B sToM ciydae, BHaualie OCYIIECTBISETCS ONEpanus
MOWCKa BXOXKACHUH Oe3 oO0muxX 9acTei, 3aTeM MpPOn3BO-
JUTCSL ONEpalyss 3aMEHbl, HAIICHHOIO BXOXKACHWA Ha
MOJICTaHOBKY. Ilpomenypsl caBura BO3MOXKHBI IIPH II0-
MOIIY PEBEPCUBHBIX PETUCTPOB, KOTOPHIE OCYIIECTBISIIOT
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cIBUT MHOPMAIMHU Kak BIEBO, TaK M BIpaBo. B mapan-
JIENTPHOM CHCTEME IOHCKA M 3aMEHbl OCYIECTBISIETCS
npoiiecc 00paboTKH MHGOPMAIMU Cpa3y C HECKOJIbKUMHU
CJIOBaMH M HECKOJBKMMH BXOKACHHAMH B MapauIeIbHOM
¢dopmare. Jlns BHINIONHEHHS TTapajuIeIbHON 00paboOTKH B
CHCTEME UMEIOTCS 71-0JI0KOB IMOMCKA U 3aMEHBI [6].

CHCI_II/IaHHSPIpOBaHHBIﬁ BBIYMCIIMTENLHBINA MOOYyJb
CrneuBsraMop2 BBITIOTHSET ONEPALUI0 COPTUPOBKH CIIOB
C TIOMOIIBIO ACCOLMATHBHOTO 3allOMHMHAOIIETO YCTPOH-
CTBa IPUBEJICH Ha pucC. 8.

[Tonck ciloB B maMATH NMPOMCXOAUT IO COJEPKAHHIO.
B acconmaTtuBHOM 3alOMHHAIOIIEM YCTPOWCTBE A 00-
pabOTKM aHHBIX HCIIONB3YIOTCS IOCIENIOBATEIbHBIC ajl-
TOPUTMBI, TIONCK OCYIIECTBIACTCS MapayIeNbHO IO CIIO-
BaM WU IIOCIEAOBATENBHO IO paspsigaM. JTO IO3BOJIIET
MIPOBOANTH OIEPALMM HA PABEHCTBO MCKOMBIX CJIOB pPaB-
HBIX 33JlaHHOMY TpH3HaKy. B pexxume moncka A3Y cum-
TBIBAOTCA M3 MMaMATU BCE CJIOBA, MOJYUHAIOIIHCC OIIPEC-
JACJICHHBIM YCJIOBUSAM: paBHbLIC, 60.]'1]:.1116 WJIM MCHBIIC,
MIOUCK MUHUMAaJIbHOTO, MaKCUMaJIEHOTO 3HA4YEHHMSI, TTIOUCK
BEJIMYMH, 3aKJIIOYEHHBIX B 3aJJaHHOM WHTEpBaie, yrnops-
JIOYEHHAsl COPTUPOBKA [7].

o
[ s !
BK BC >
—| 5B »| 5a3v | IB| s0pC BXVC
T & |
ve

Pucynok 8 — Criennann3upoBaHHBINA BEIYUCIUTEIBHBIA MOIY b
CneuBreruMon2

BIIB — 60k moucka BxoxaeHwuit; BA3Y — 6110k acco-
LMAaTUBHBIX 3aroMuHatomux ycrpoicts; BOPC — 610k
00paboTku pe3ynbraToB cpaBHeHUs; BXYC 010k xpaHe-
HUS YIOPSIOUYCHHBIX CIIOB.

Crienan3upoBaHHbI  BBEIYUCITUTEIBHBI  MOIYIh
CrennBeraMon3 dopMupyer pekuMBI YIPaBICHUS MaTe-
pUaTBPHBIMH TIOTOKAMH WM WHGOpPMaNuei, KOTOpbIe
00eCTeunBaOT ONTUMAIFHOE cOaNTaHCHPOBaHHOE (YHK-
IIIOHUPOBAHHUE CHUCTEMBI B3aMMOJACHCTBYIOIIMX JIOKAJIH-
30BaHHBIX Y3JI0B II0 MHOTMM pecypcaM U Iapamerpam
TpUBEJIeH Ha puc. 9.

Jlokanm3oBaHHbIE LIEHTPBI CUCTEMBI CITy’KaT Uit Gop-
MHUPOBaHHs M30BITOYHOTO pecypca, KOTOPhIH Heo0X0.u-
MO paclpesieNuTh 10 acCOLMATUBHBIM 3aIOMUHAIOLIUM
YCTPOUCTBAM JAPYTHX OJIOKOB, a TAaKKE U TIONYYCHUS
azipeca XpaHECHUS M aHAIIN3a OIPEICIIEHHOTO KOJIHMYECTBa
pecypca, IMoIydYeHHOTO OT Apyrux O1okoB. Crucrema pac-
TIPEeNICHIs PECYPCOB ONPENEIIeT «CBOOOIHBIE» MECTa B
ACCOIMATUBHBIX 3alIOMHHAIOMINX YCTPOHCTBAaX HM30BITOY-
HBIX PECypcoB M uX mapamerpos. lIpomecc mepemaun us-
ObITKa Ha CBOOOJHBIC MECTa MPOM3OMAET TOrIa, KOTAa
00beMBbl H30BITOUHBIX PECYpCOB M IMapaMeTPOB PaBHBI
WM MEHbIIIE NPEJOCTaBICHHBIX 00BEMOB «CBOOOIHBIX)»
mecT [8].
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BII1 BX1

Elln BXn

MATHCTPAIE IEPeRaA™H

Pucynok 9 — Cneunanu3upoBaHHbIN BHIYUCIUTEIbHBIN
moxyas CrientBeraMon3

JILn — nokanu3oBaHHbIE LEHTPbI CUCTEMBI pacipee-
JIEHHST; MAaTUCTPaJIb IIEpENadm.

Crennanu3upoBaHHbIM  BBIYUCIUTENBHBIA  MOAYIb
CrenBeraMop4 BBITIONHSAET MHKPOOIEPAIHIO CIIOKEHHS
YyuCClI B TpOPI‘IHOﬁ CUCTEME CUHMCJICHUA TIPHUBCIACH Ha
puc. 10.

i Poc_’ by By
A 5, g [—
By — MR |Ul
P, : DC P
3 Uz
Pm_. CR Iy
CR Ai_, Zi Iy
By —» Zi

1

Pucynoxk 10 — Cienaan3upoBaHHbIA BEIYUCIUTENBHBI MO-
nmynms CnenBeraMon4

Hcnonp3oBaHne TPOMYHOM CHCTEMBI CUUCIIECHHUSA
000CHOBBIBaETCS CIEAYIOMNM pe3yibraToM. [Ipu crmoxe-
HUM MJIAaIIIUX paspsngoB Ay U By, crapmmx A4 u B
pa3psIoB ¥ NEPEHOCOB U3 MIIAAIINX Pa3psaJoB B CTapIIUE
By, Py bopMupyroTcs CyMMBl X, 2. W MEPEHOCHI
By, B, A4€{0,1}; B;e{0,1}. Curnansl >jy u 23
MPEACTABISAIOT MIAIIMA W CTapIIMid pa3psiibl OKOHYA-
TeJIbHOU cyMMBlI [9].

Yo=Y @ (4B Py), Toei0l};

Aye{0,1}; Bye{0,1}; Pyye{0,1}. (10)
Yi= CL®[RP)® (S © (4 B)),
Y, €{0,1}; B e{0,1}; By €{0,1}; (1D
A €{0,1}; B, €{0,1}.

Y= ZH® (ZoUp ), Tio €{0,1}; (12)

Yoe{0,1}; Uy e{0,1};

Y=l ® (R X Uy), (0,1}

(13)

R e{0,1}; X €{0,1}; Uy €{0,1}.
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Crennanu3upoBaHHBIA  BBIYMCIHUTENBHBI  MOMIYIb
CrennBeraMoa5 BBITIONMHIET COPTHPOBKY HH(OpMAIHH
METOJIOM IIpeoOpa3oBaHMs JaHHBIX B aJpec NpHUBEIEH Ha
puc. 11. BxogHple JaHHBIE TOCTYNAIOT OAHOBPEMEHHO Ha
MH(QOPMAIMOHHBIE W aJPECHBIC BXOJbI ONEPATHBHBIX 3a-
MOMHUHAIIUX yCTPOHCTB. 1o chopMHpOBaHHBIM ajape-
CaM JaHHBIC M 4YHCJIa OAWMHAKOBBIX CHUMBOJIOB H YHCCII
3alMMCBIBAIOTCA B OIIEPATUBHYIO ITaMATh yCTpOﬁCTBa.

[IpeoOpa3oBaHus NaHHBIX B a/pec MPOUCXOIMT C I0-
MOLIBI0 Xel-(QYHKIMH, KOTOpas OTOOpakaeT KaxKIblid
Kmod u3 Habopa S BO MHOXKECTBO HEJBbIX 4Hcen 6e3
KOJUTU3UH.

HNHbekTHBHOE O0TOOpakeHHE TSl 1Ienoro k > 1 omuckI-

Baercs ¢ynkuuedn h(k):U—[m], ona sBusercs k-
uaeanbHoO Xem-QpyHkuueit st < ScU , ecnu uis Kax-
noro € j € [m] umeem | {xeS|h(x)=j}<k.

ucn

= ! :

MK 0UK
BCITY » BXP

BCOYT

Pucynok 11 — Crnenmanu3upoBaHHbIH BEIYUCIUTENBHBIN MOTYIIb
CrnenBrruMona5
BB/I — 610k BBO#a nanHbix; bCITY — 610K COpTHPOBKH
nonoxwurenbHbIX uuces; BCOY — 610K cOPTHPOBKH OTpH-
narenbHbIX yncen; BXP — 010k xpaHeHus pe3ynbTara.
bnok-cxema anroputma paboTHl yCTpOWCTBA yHOpPSA-
JIOYeHUsT MHGOPMAIIMKM METOJOM TNpeoOpa3oBaHUs JaH-
HBIX B aJpec MpHuBeIeHa Ha puc. 12.

HAYATIO

VeTaHOBKA 3/IeMEHTOE AMATH
VCTpOiCcTRA B HYJIEROE COCTOAHHE

Ha Bxompl DI0KCE COPTHPOBOK
VCTpOCTBA IOCTVIIAKT
THCNA B CHME OB

Ha 6mok copTHpOoBKH OG-
TEILHLIX SHCEN [T0CTVIIAM0T I
H CHMEOIIEI C HYJIEEBIM ZHAKOEBIM

paspsiom

BxomEee JaHHEIE TOCTVIIAOT
OJHOEPEMEHHO Ha HHGOpMaITH-
OHHEIE H aJpeCHBIE BXOO6I OI0Ka
COPTHPOEKH IIOJI03H TETHHEIX
THCET

HO,ZLC"]H‘IBIBE.E’IC?I KOJHYECTEQ
OJHHAKOEEIY CHMEOQIOE H
TIONMOFHTSIIEHELN THCETT

Ha 0mox copTHpoBKH oTpHIIa-
TEIELHEIX SHCEN ITOCTYIIAEOT IHCTa
C eJHHITIHBIM HAKOREIM
pazpszioM

BxogHre JaHHEIE TOCTVIIAIOT
OOHOEpEMEHHO Ha HHGbODMAIH-
OHHEIE H 3JpeCcHEIe BX0J6I OIOKa
COPTHPOEKH OTPHIIATEIEHBIX
THCET

II OOCTHTEIEACTCA KOJIHIECTED
OJHHAKOBRIX OTPHITATEIEHEIX
THCET

3aIHCE CHMEQIICE, ITOJICHHTEE-
HEBIX H OTPHIIATSTEHEIX THCET H
KOMHIeCTEC OJHHAKOERIX JAHHEIX B
OI0K XpaHeHHA Pe3yIETaTa

KOHEL]

Pucynok 12 — biiok-cxema anroputMa paboThl yCTPOICTBa YIOPSAOUCHUST HHPOPMANH METOIOM IPeoOpa30BaHUs JAHHBIX B aJ[pec

© Illesenes C. C., 2021
DOI 10.15588/1607-3274-2021-1-19

203



e-ISSN 1607-3274 Panioenexrponika, iHpopmaruka, ynpapiinas. 2021. Ne 1
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2021. Ne 1

4 DKCIIEPUMEHTbBI

Lenplo SkcreprMeHTa OBLIIO MOAENHPOBAHHE PaOOTHI
apu(METHIECKOTO BBIYUCIMNTENS NPU BBHIIOIHEHUH OIepa-
LIHﬁ CYMMUPOBaHHWs, BbIYUTaHUS, YMHOXCHHUSA U ICJIICHUS B
¢dbopmate ¢ GUKCHPOBAHHON TOUKOH B IMPAMBIX Koaax (Talur.
2).

Ecnn BXomHBIE UHClla UMEIOT pa3HbIE 3HAKH, TO CPaBHE-
HUS 9HCENT B BBIUMCIHTENE HE IPOUCXOAUT, BBHITIOMHACTCS
omneparys BBIYUTAHUS U3 NEPBOTO uncia Bropoe. Eciu dop-
MHpPYETCs 3a€M U3 3HAKOBOT'O Pa3psAla, TO YUCIA C IOMOIIBIO
KOMMYTaTopa MCHAKTCA MECTaMU Ha BXOJC HCﬁpOHOB CyM-
Maropa-BeluuTarTess. Ha BTOpoM TakTe 0T BTOPOro GOJbIle-
TO 9YHCIIa BRIYUTaeTCs IepBoe MeHbIIee. Ecimm 3aema He 00-
pasyercs, TO OT OOIBIIET0 MEPBOTO YHUCIA BEYUTACTCS
MeHbIIee BTOopoe. Omepanus yMHO)KEHHUS BBITIONHSETCS B
IPsIMOM KOJ€ YMHOXKEHHEM MJIaJIMMU paspsgaMud MHOXH-
TCJsT CO CABUI'OM CYMMbl YaCTHYHBIX HpOI/ISBC[lCHI/lﬁ BJICBO.
Omnepanysi [eNeHUS BBINOJIHACTCA [0 AITOPUTMY JeNIEHUE
gucen 0Oe3 BOCCTAHOBICHHS OCTaTKOB. JIA ompemencHUS
cremyromeil mudpsl 9aCTHOTO, HEOOXOJUMO CABUHYTH Te-
KyIIUHA OCTATOK BJIEBO HA OAWH Pa3psl, a 3aTeM anreOpande-
CKH NIPUOABUTH K HEMY MOYJIb AEJIUTENS, KOTOPOMY NPUIIH-
ChIBa€TCS 3HAK, IPOTUBOIOJIOKHBINA 3HAKY TEKYIIEro OcTar-
ka. Onepanus CIBUIOB U alre0paudeckux CI0KEHUH IOBTO-
psieTcs 10 TeX Iop, TTOKa B JaCTHOM He ITOIydHTCs Tpedye-
Mo€ KOJIMIeCTBO I dp.

5 PE3YJIBTATHBI

PesynbTarhl POEKTUPOBAHMS BBIYUCIUTEIBHOU CHC-
TEMbI, CHELUAIU3UPOBAHHBIX MOJYJIEH, CUCTEM KOMMY-
Talui NpuBeAeHkl Ha puc. 13—-16, congepxar:

1. Pa3paboranbl  BapuaHTBl  CTPYKTYPHO-(YHKIH-
OHAJbHOHN OpraHW3aly BBIYUCIUTEIBHON CHCTEMBI, CIE-
LUATM3UPOBAHHBIX BBIUYMCIUTEIBHBIX MOAYJIEH U THOKON
MOJICUCTEMBl MHTEP(PEHUCHBIX KaHAI0B. MOAYJIH HMEIOT
CBOIO CHUCTEMY KOMaHJ M pPaboTaloT MO YIpaBICHHEM
MHKPOIIPOLECCOPA.
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Pucynok 13 — CtpykTypHO-(pyHKIIHOHAIBHAS OpTaHU3AINS
BBIYUCIIUTEIHLHON OTKPBITOM pa3BUBaeMON aCHHXPOHHON MO-
JIyJIGHOW CUCTEMBI

2. PaszpaboraHbl BapuaHThl CTPYKTYPHO-(YHKIH-
OHAJILHOW OpraHu3aluu apupMeTHKO-CUMBOJIBHOTO MPO-
1eccopa, BBITIOJIHSIONIETO OCHOBHBIE apuU(MeTHUECKHE
Olepalyy, TONCKOBbIE (YHKIMH M ONEpalyd 3aMEHBI,
JIOTHYECKHUE OTIepParvy.
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Pucynok 14 — CTpykTypHO-(QyHKIIMOHANBHAS OPTaHU3AINS
apu(pMEeTHKO-CHMBOJIBHOTO IIPOIIEccopa

3. Pa3paboTtaHel BapWaHTBl CTPYKTYPHO—(YHKIIH-
OHAJILHOHM OpTaHM3aIllUN YCTPOUCTBA COPTHPOBKH HH(OP-
Maluy METOIOM Aen(panyy JaHHBIX.
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Pucynok 15 — CtpykTypHasi cxema yCTpoiicTBa COPTUPOBKHU
“HPOPMAIMK METOOM JeIu(pauu JaHHBIX

4. Pa3paboTaHa U HccIeIOBaHA apXUTEKTypa CHCTEMBI
KOMMYTAIlMd MOJYJIb-MOyJIb, OCYIIECTBIIAIOIIAs Tepe-
Jady MH(OpMAnMM C BBIXOAOB CICHUAIH3UPOBAHHBIX
BBIUHMCIIUTEIBHBIX MOJyJIEH Ha BXObBI APYTHX CHELUAIIH-
3MPOBAHHBIX BBIYMCIUTEIBHBIX MOJYJICH CHUCTEMBI B BU/IE
3a1aHUN U PE3yJIbTaTOB.

Tabmuma 2 — pe3yapTaThl BEINOIHEHHSI apU(METHUECKHUX ONEpaIii B MPSAMBIX KOJax

1 uncno B 10 * 2 gucno 1 uneno B 2 gucno B Apudmer. Pesynbrar Pesysbrar
clc B 10" c/c 2%clc 2%cle oreparus B2iic/c B 10 ii c/c
74 32 0.01001010 0. 00100000 CIIOJKEHUE 0.01101010 106
25 68 0.00011001 0.01000100 BBIYMTAHUE 1.00101011 —43
-9 14 1.1001 0.1110 YMHOXEHHE 1.01111110 -126
83 24 0.1010011 1.11000 JieNneHne 1.11,0111 —3,4583
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Pucynok 16 — CtpykTypHO-(pyHKIIOHAIBHASL OpraHU3aIHs
CUCTEMBI KOMMYTAIUU MOJYJIb-MOJIYJIb

F 3

f 3

6 OBCYXXJIEHHUE

Pazpaboran anroputM pabOThI U  CTPYKTYpPHO-
(yHKIMOHATBHAS OpraHM3alys YCTpOMCTBa yropsiode-
HUsI MHGOPMAIMM METOJIOM NpeoOpa3oBaHMs AaHHBIX B
anpec [10], obecrieurnBaromas MOBHIIICHHE OBICTPOICHCT-
BHUS TI0 CPABHEHUIO C METOJIOM COPTHPOBKH BBHIOOPOM HE
MeHee 4eM B 1,5 paza. CopTupoBKa BEIOOPOM OCHOBaHA
Ha (OPMHUPOBAHUH OTCOPTUPOBAHHOM MOCIEIOBATEIHHO-
CTH IyTeM IPUCOEAWHEHUs] K HEil OJHOrO >JIeMeHTa 3a
JIpyTUM B TIpaBWIbHOM mopsake [12]. Obmee KoingecTBo
ornepanui pu 3TOM MeToze paBHO
To =12*(2*q+q)=3/2*q. Yuopsmouenue uupop-
Malli¥ METOJIOM IIPeoOpa3oBaHMs JaHHBIX B aJpec Ipo-
UCXOJUT O3 onepaluy CpaBHEHUS YHCEll.

Creuuann3upoBaHHOE YCTPOHCTBO CUCTEMBI Peajn3yeT
ITOPUTM YCKOPEHHOTO YMHOMKEHHUSI MIIaJIIMMH pa3psiia-
MH MHOXKHTENS BIEpe CO COBHIOM MHOXXHMOTO BIJIEBO
[12]. Anamu3upyroTcst OBa pas3psiia MHOXKHTENS, CIBHULD
OCYIIECTBIISIETCST Ha JBa pas3psiga BopaBo. Bce umdpsi
MHOXHUTENSI Takhe, TO CYMMHPOBAHHE BBIITOJHSACTCS TIPH
aHaIM3e KaXIOM Mapsl paspsnoB MHOXKHTENS. Makcu-
MajlbHOE BpeMs ompenensercs Kak: [yMH.max =
n/2*¥({Z+2tcaB). MaTpuuHBII YMHOXXHUTENb BBIUHCISACT
CYMMy TOPa3psSAHBIX TIPOM3BENCHUI [BOMYHBIX HHCEIN,
KOTOpas SBJIAETCS pe3yIbTaTOM YMHOXKeHU. [lopaspsinaoe
MPOU3BEJCHHE ONpeeTIeTcs, Kak Jorndeckas Gynkmms U.
PaspsimHOCTh  TIPOM3BEAEHHST OIpE/IENeTCs, KaKk CyMMa
Pa3psIIHOCTEN COMHOXKUTEINEH BpeMsl YMHOXKEHHUS OIIpeJie-
nsieTcst kak: TymH.max = 2*(n—1)* £).. CpaBHHBasi MaKkcH-
MaJIbHOE BpEMs BBITIOJHEHHS OTEPALd YMHOKEHUS MPH-
BE/ICHHBIMH aJTOPUTMaMH MOXKHO CJI€JIaTh BBIBOJ, 4YTO
orepalys YMHOXXEHHSI YCKOPEHHOTO YMHOXKUTEIIS JBOMY-
HBIX YHCell HA HeWPOHaX HE MEHEE YeM B 2 pa3a BEIUHCIISET
pe3ynbTar ObICTpEe, YeM U3BECTHOE YCTPOHCTBO.

TpondHast MO3MIMOHHAS HECHMMETPHYHAS CHCTEMa
CYHCIICHHS TIO 3aTpaTaM 4YMciia 3HAKOB HanOoliee SKOHO-
MHUYHA U3 MO3WLHOHHBIX MTOKA3aTEIbHBIX HECHMMETPHU-
HBIX cHCTeM cuucieHus. OHa oOnajgaeT HauOoblIel
TUIOTHOCTBIO 3alMCH WH(OpPMAalMK, OIUCHIBACTCS ypaB-
HenueM y=(In(y))/y. Tpouunsie DBM wumeror GosblIyro
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YACTHHYIO0 €MKOCTh IMaMATH M OONBIIYIO YICIBHYIO IIPO-
M3BOAMTEIBHOCTE IpOIleccopa, 4YeM JBOWYHEIC. [Ipu
CIIO)KEHHHM TPUTOB B TPOWYHBIX IIONIyCyMMAaTropax H B
TPOMYHBIX CYMMAaToOpax KOJMYECTBO CIOKEHHUH B /0g,3 =
1,58 pa3za MeHbIle, YeM NP CIOKEHHUH OWTOB B JTBOWY-
HBIX TOJyCyMMAaTopax M B JIBOMYHBIX CyMMaropax, H,
CJIeI0BATEIIbHO, OBICTPOACHCTBHE TPU CIOKEHUH B 1,58..
pasza (ua 58 %) Oosbire. CyMMaTOp-BBIYUTATEIb BBIMIOJI-
HSCT CIIOKCHHE M BBIYMTAHUC IBOWYHBEIX YHCET IO Tpa-
BIJTY BBIITOJHCHHS apH()PMETHUECKUX ONepanuil B TPOWY-
HoW cucteme cuncnenus [9]. [Ipu BeimonHeHnn apugme-
THYECKOH OIepanuil aHaJTU3UPYIOTCS 3HAKOBEIC Pa3psabl
9ucenl W KoJA orepanuu. Eciu BBIMOTHIETCS OIeparus
CYMMHUPOBAHHUSA, TO YHCIIA IPEICTABICHEI B IPSIMOM KOJIE,
MIPY BBHITTOJTHEHUN BEIYUTAHUS B 0OPaTHOM KOJIE.

BbIBO/bI

Haquaﬂ HOBH3HA IMOJYYCHHBIX PE3YJIbTATOB COCTOUT
B TOM, YTO MPEAJIOKEHBI MUKPOIPOIIECCOPHBIE MOJYJIH,
KOTOpbIE MOTYT HCIIOJIb30BAThCA ISl CO3JAHUS BBICOKO-
MPOU3BOIUTEIBHBIX, OBICTPOIACHCTBYIONUX  BBIYHCITH-
TeNbHBIX cucTeM. Criennaan3upoBaHHble MOAYJIU BBIMOJ-
HSIOT OCHOBHBIC apH(MeTHIECKHE, CHMBOJIFHBIE U JIOTH-
YECKUE ONEepaLluu.

HayyHasi HOBU3HA MOJYYEHHBIX pPE3YJITATOB 3a-
KIIIOYaeTCsl B TOM, YTO apU(PMETHIeCKHe OIEpaIliyl BbI-
MOJIHSAIOTCS B MPSIMBIX KOJax ¢ (PUKCUPOBAHHON M ILIa-
BAIOIEH 3aIsATOM, CUMBOJIBHBIE OINEPALMU BBIIOJHSIOT
MOMCKOBBIC ()YHKIIMU M OIEPAIK 3aMCHBI BXOXKICHHUHA B
06pa6aTI)IBaeMI)IX CJIOBaxX, BBIIIOJHAKTCA JIOTHYCCKUC
orepalliy Ha MOPOTOBBIX U HEUPOTIOJOOHBIX dJIEMEHTAX.

MuKkponporeccopHble MOAYJIA TPEACTABISIIOT COOOU
MUQPPOBBIC CICIUATU3UPOBAHHBIC YCTPOHCTBA, KOTOPEIC
BBINIOJIHSIFOT OIPEACTICHHYIO0 3aJlayy B BBIYMCIUTEIbHON
cuctemMe. Moaynu mnpencTaBi€Hbl B BUAE CTPYKTYPHOM
CXEMBI YCTPOMCTBA, CTPYKTYPHO-(DYHKIIMOHATIBHBIX CXEM
OIIOKOB U anropuTMa paboTHl yCTPONCTBA.

IIpakTHyeckass 3HAYMMOCTD IIOJIYYEHHBIX pPe3yJIbTa-
TOB 3aKJIFOYAETCs B UCIIOJIb30BAHUU MUKPOIIPOLIECCOPHBIX
MOAYJIEH B EPECTPANBAEMOM BBIYUCIUTEIBHON CUCTEME,
YTO IIO3BOJIMT IIOBBICUTH 6BICTp0HeﬁCTBHC BBIIIOJTHEHUA
apu(METHYECKUX OIEpAIlHii 3a CUET peaan3anus KOHBEH-
€pH3alliu U UCIOJIB30BaHUE IMapauien3Ma mpu o0padoT-
K€ JTAHHBIX, CHCTEMbl KOMMYTAIMU OOCCIICYMBAIOT JBYX-
CTOPOHHIOK MH(POPMAITUOHHYIO CBSI3BI0 MEXY OJIOKAMH,
MO3BOJIAIONIAS OOECIICYNTh paCIpENeICHHOS JAeIeHTpa-
JIM30BaHHOE YIPABJICHUE PECYPCAMU CUCTEMBI.

IlepcnexkTuBbI JaJbHEHIINX HCCAEJOBAHMII COCTO-
ST B CO3JAaHUM BBIYUCIUTEIBLHON MOIYJIBHOM CHUCTEMBI C
IepecTpauBacMON CTPYKTYPOU 3a CUET CHCTEMBI KOMMY-
TaI[M TIPOLIECCOP-MOIYJIb, OOECIEUNBAIOIIas Iepenady
uHpopManuu OT apupMETHKO-CUMBOJIBHOTO IPOLeccopa
Ha BXOJbI CICUATIM3UPOBAHHBIX BBIYHUCIUTCIBHBIX MO-
JyJel cucTeMbl B BUJE 3a/IaHMM, a TAaKKe CHUCTEMa KOM-
MyTalMi MOJYJIb-MOJYJIb, OCYLIECTBIISIIOIIAS TEpenavy
HH(POPMALIUU C BBIXOJOB CIICIIHATH3UPOBAHHBIX BBIUUC-
JIUTENIbHBIX MOJYJIell Ha BXOIbI APYTHUX CHEIHATIU3UPO-
BAaHHBIX BBIYMCIUTENIBHBIX MOIYJIEH CHUCTEMBI B BHJIE 3a-
JIaHUH U pe3yJbTaToB.
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PEKOH®IT'YPYBAJIbHA OBYHUCJIIOBAJIBHA MOJYJIbHA CUCTEMA

IlesenboB C. C. — KaHJ. TeXH. HayK, JOLEHT Kadenpu indopmauiiinuii Oesnexu, [liBneHHo-3axinHuil nep>xaBHHIl YHIBEpCHTET,
Kypcsk, Pocis.

AHOTALIS

AxTyanbHicTb. CyyacHi yHiBepcallbHi OOUHCIIIOBAIbHI MAIIMHY 3/1aTHI peanizyBaTu Oyb-sIKMH aJrOpuUTM, ajie IpH BUPIMIEHH] MEeBHUX
3aB/JaHb 10 MIBHIKOCTI 0OPOOKH HE MOXYTh KOHKYpPYBaTH 3i CIEI[ialli30BaHMMH OOYHCITIOBATBHUMU MoaysiMu. CrierianizoBaHi mpucTpoi
MAalOTh BUCOKY LIBHIKOIK0, epEKTHBHO BUPILIYIOTh 3aBIaHHs 3 00pOOKH MacHUBIB, 3a/1a4 IITYYHOTO IHTEJIEKTY, BUKOPHCTOBYIOThCS y SKOCTI
KepyIoUHX MPUCTPOIB. 3aCTOCYBaHHS CIIELialli30BaHUX MIKPOIPOLIECOPHHUX MOYJIIB, sIKi peali3yloTb 00poOKy psIKiB CUMBOJIIB, JOTIUHHMX i
YHCIOBUX 3Ha4YCHb, IPEJCTABICHAUX Y BUIIAAI MUIHX 1 JIMCHUX YUCEN, JO3BOJISE MiBUIIUTH MIBUKO/II0 BUKOHAHHS apH(METHYHUX Olepa-
1i#f 32 paXyHOK BUKOPHCTAHHS Mapayiesii3My npu o0poOIli JaHuX.

Merta. Po3po0uTi npHHIMIK MOOYI0BH MiKPOIPOLIECOPHUX MOAYJIB /U OOUHCIIIOBAILHOT MO/YJIBHOI CUCTEMH 3 Nepe0y10ByBaHO
CTPYKTYPOIO, apH(hMETHKO-CHMBOJIBHOTO TIPOLECOpa, CICLiali30BaHUX OOYNCIIOBAIBHUX NIPUCTPOIB, KOMYTalliHHUX CHCTEM, 31aTHUX KOH-
¢birypyBaTu MiKpOIIPOLIECOPH i CIIEIiaNi30BaHi 0OYHCIIOBATIbHI MOLYII Y MyJIbTHKOHBEI€pHY CTPYKTYpY IS IiJBUIEHHS MIBHAKOLI] BUKO-
HaHHS apu(METUYHMX 1 JIOTIYHUX OMEpalliif, BUCOKOIIBHIKICHUX alITOPUTMIB MPOEKTYBAHHS CIICI[iali30BaHUX MPOIECOPiB-aKCeIepaTopin
CHUMBOJIbHOI 00p0oOKH. PO3pOOHTH alropuT™MH, CTPYKTYPHI 1 QyHKIIOHAJIBHI CXEMH CIIEIiali30BaHUX MAaTeMaTHYHHX MOAYIIIB, III0 BUKOHY-
10T apudMeTnyHi oneparii B IpAMHX KoJaxX Ha HEeHPONONiOHHUX eIeMEHTAaX 1 CHCTEM AELeHTPANTi30BaHOIO YIIPaBIiHHSA POOOTH OJIOKIB.

Merton. [TobynoBanuit inpopmaiiiiHuii rpad) 0OYHCITIOBAILHOTO MPOILIECY MOAYIBHOI CHCTEMH 3 MepeOyJ0BYBaHOK CTPYKTypor. Po3-
poOJieHO CTPYKTYpHI Ta (PyHKIIOHANBHI CXEMH, alTOPUTMH, L0 PEali3yroTh MOOYJOBY CIICliadi30BaHUX MOJYJIB /Ul BUKOHAHHS apudMe-
THYHUX 1 JIOTIYHUX OIlepaliif, MOUIyKOBHUX onepaliif i ¢pyHKLill 3aMiHM BXOKeHb B 00po0ioBaHuX cioBax. Po3pobieHo nporpamue 3a6e3-
MICYEHH MOJETIOBAHHS POOOTH apU(PMETHKO-CHMBOIBHOTO IIPOIIECOPA, CIICIiaNi30BaHUX 00UHCIIIOBAIBHIX MOJIYIiB, CHCTEM KOMYTAIiil.

Pe3yabraTu. Po3po0ieHo cTpyKTypHY cxeMy peKOH(IrypOBaHOK OOYHCIIIOBAIBLHOI MOIYJIBHOI CHCTEMH, SIKa CKIIAIAEThCS 3 CYMICHUX
(hyHKLIOHAIBHUX MOJYJIB, BOHA 3/1aTHAa J0 CTAaTUYHOI Ta JUHAMIYHOI peKoHQiryparii, Mae mapajienbHy CTPYKTYpY CIIOJYKH Hpolecopa i
0OYHCITIOBAJIBHUX MOMYJIB 32 PaXyHOK BHUKOPUCTaHHS iHTepdeiicHuX kaHanmiB. CHCcTeMa CKIAJAEThes 3 apU()METHKO-CHMBOJIBFHOIO HPOLIe-
copa, CIeNiali30BaHuX 00YUCITIOBAIPHUX MOJYIIB i CHCTEM KOMYTallil, BUKOHYe cHenudidHi 3aBIaHHS CUMBOJIBHOI 00poOKH iH(popMarii,
apuMeTHYHI 1 JIOTiuHI omepairii.

BucHoBKkH. ApXiTeKkTypa peKOH(IrypOBaHHX OOUYMCIIOBAJIBHUX CUCTEM MOXKE JMHAMIYHO 3MIHIOBATHCS B MPOLEC] iX (YHKIIOHYBaHHSI.
3’SBIIAETHCSA MOXIIMBICTD aaNTalil apXiTeKTypH OOYUCIIOBAIBHOI CHUCTEMH IiJ] CTPYKTYpY PO3B’A3yBaHOI 3a/1adi, CTBOPIOBATH IIPOOIEMHO-
OpIEHTOBaHI OOYHUCIIOBAYl, CTPYKTypa SKUX BIMOBIJa€ CTPYKTYpi po3B’sa3yBaHol 3a1a4i. B SKOCTI OCHOBHOIO OOYHCITIOBAILHOTO €IeMEHTa
B pPEKOH(ITypOBaHUX OOYHCIIOBAJIBHUX CUCTEMaX BUKOPUCTOBYIOTHCS HE YHIBepcaibHI MIKPOIIPOLECOPH, a IPOrpaMoBaHi JIOTIuHi iHTerpa-
JIbHI CXeMH, sIKi 00’€lHaHi 3a JOIIOMOr0Ol0 BUCOKOLIBUKICHUX iHTepdelciB B equHe o0uHcIiIoBaIbHe nole. PekoHdirypoBaHi MyJbTiKOH-
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BeliepHHE OOYMCITIOBAJIbHI CHCTEMH Ha OCHOBI NOJNIB € e()eKTHMBHUM 3acO0OM [UIsi BUPIILICHHS IOTOKOBUX 3aqad oOpoOKku iHdopmarii Ta
YIpPaBIiHHS.

KJIFOUYOBI CJIOBA: indopmariitauii rpad, napaneIbHO-KOHBEEPHA CTPYKTYpa, MOIyIbHA CHCTEMa, CIIeNiali3oBaHi 00YHCIIOBAIbHI
OJIOKH.

UDC 681.3
RECONFIGURABLE COMPUTING MODULAR SYSTEM
Shevelev S. S. — PhD, Associate Professor of the Department of Information Security, Southwestern State University, Kursk, Russia.

ABSTRACT

Context. Modern general purpose computers are capable of implementing any algorithm, but when solving certain problems in terms of
processing speed they cannot compete with specialized computing modules. Specialized devices have high performance, effectively solve the
problems of processing arrays, artificial intelligence tasks, and are used as control devices. The use of specialized microprocessor modules
that implement the processing of character strings, logical and numerical values, represented as integers and real numbers, makes it possible
to increase the speed of performing arithmetic operations by using parallelism in data processing.

Objective. To develop principles for constructing microprocessor modules for a modular computing system with a reconfigurable struc-
ture, an arithmetic-symbolic processor, specialized computing devices, switching systems capable of configuring microprocessors and spe-
cialized computing modules into a multi-pipeline structure to increase the speed of performing arithmetic and logical operations, high-speed
design algorithms specialized processors-accelerators of symbol processing. To develop algorithms, structural and functional diagrams of
specialized mathematical modules that perform arithmetic operations in direct codes on neural-like elements and systems for decentralized
control of the operation of blocks.

Method. An information graph of the computational process of a modular system with a reconstructed structure has been built. Struc-
tural and functional diagrams, algorithms that implement the construction of specialized modules for performing arithmetic and logical op-
erations, search operations and functions for replacing occurrences in processed words have been developed. Software has been developed
for simulating the operation of an arithmetic-symbolic processor, specialized computing modules, and switching systems.

Results. A block diagram of a reconfigurable computing modular system has been developed, which consists of compatible functional
modules, it is capable of static and dynamic reconfiguration, has a parallel structure for connecting the processor and computing modules
through the use of interface channels. The system consists of an arithmetic-symbolic processor, specialized computing modules and switch-
ing systems, performs specific tasks of symbolic information processing, arithmetic and logical operations.

Conclusions. The architecture of reconfigurable computing systems can change dynamically during their operation. It becomes possible
to adapt the architecture of a computing system to the structure of the problem being solved, to create problem-oriented computers, the struc-
ture of which corresponds to the structure of the problem being solved. As the main computing element in reconfigurable computing sys-
tems, not universal microprocessors are used, but programmable logic integrated circuits, which are combined using high-speed interfaces
into a single computing field. Reconfigurable multipipeline computing systems based on fields are an effective tool for solving streaming
information processing and control problems.

KEYWORDS: information graph, parallel pipeline structure, modular system, specialized computing units.
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ABSTRACT

Context. The article introduces an approach for analyzing the reactions of a marine electronic navigation operator as well as
automated identification of the likelihood of the negative impact of the human factors in ergatic control systems for sea transport. To
meet the target algorithms for providing information referring to the results of human-machine interaction of an operator in marine
emergency response situations while managing increasing complexity of navigation operations’ carrying out are put forward.

Objective. The approach delivers conversion of the operator’s actions feature space into a logical-geometric one of p-adic systems
making the level of the operator’s intellectual activity by using automated means highly likely to be identified. It is sure to contribute to
its dynamic prediction for the sake of further marine emergency situations lessening.

Method. Within the framework of the mentioned above approach attaining objective as automated identification of the seg-
mented results of human-machine interactions a method for transforming deterministic fragments of an operator’s intellectual activity
in terms of p-adic structures is proposed to be used. To cope with such principles as specification, generalization as well as transi-
tions to different perception spaces of the navigation situation by the operator are said to be formally specified. Having been carried
out of simulation modeling has turned out to confirm the feasibility of the proposed above approach causing, on the grounds of tem-
porary identifiers, the individual structure of the operator’s reactions to be determined. As a result, the data obtained has delivered
the possibility of having typical situations forecasted by using automated multicriteria methods and tools. This issue for its part is
said to be spotted as identification of individual indicators of the operator’s reaction dynamics in complex man-machine interaction.

Results. In order to have the proposed formal-algorithmic approach approved an experiment was performed using the navigation
simulator Navi Trainer 5000 (NTPRO 5000). Automated analysis of experimental server and video data have furnished the means of
deterministic operator actions identification in the form of metadata of the trajectory of his reactions within the space of p-adic struc-
tures. Thus, the results of modeling involving automated neural networks are sure to facilitate the time series of the intellectual activ-
ity of the electronic marine navigation operator to be identified and, therefore, to predict further reactions with a high degree of reli-
ability.

Conclusions. The proposed formal research approaches combined with the developed automated means as well as algorithmic
and methodological suggestions brought closer to the objectives for solving the problem of automated identification of the negative
impact of the human factors of the electronic navigation operator on a whole new level. The efficiency of the proposed approach is
noticed to have been approved by the results of automated processing of experimental data and built forecasts.

KEYWORDS: reaction identification systems, automated data processing systems, simulation of operator reactions, computer
navigation simulators, analysis of the human factor, automated control systems.
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ABBREVIATIONS

ECDIS is the Electronic Chart Display and Informa-
tion System;

ARPA is an Automatic Radar Plotting Aid;

AIS is the Automatic Identification System;

GPS is the Global Positioning System;

NTPRO 5000 is the navigation simulator “Navi
Trainer 5000”;

UTC is the Universal Time Coordinated;

ETA is the Estimated Time of Arrival,

MAICS is a module for automated identification of
critical situations.

NOMENCLATURE
V is a navigation signal;
r, is a dimension of an |-dimensional vector;
y is a signal parameters;
k is a correlation functions;
A is the “Subjective” identification system;
B is the “Ideal” identification system;
X, is the difference between “ideal” and “subjective”
navigation signal identification system
Ay is a stochastic uncertainty of the identification
process;
B, is an emotionally reactive activity of the operator;
c;.M; is an alternatives to reactions;
X; is a points of space of perception;
k is a correlation functions;
Q is the effectiveness of decision making by the op-
erator
X(
K

p=2) is a perception space with p = 2;

p=3) is a perception space with p = 3;

Z(p:4) is a perception space with p = 4;

A, Vis an operator skill levels;
R,R'isa strategies of operators U, V ;
f is a payoff function;

Sa 1s a set alternatives;

jis an accompanied emotion;

p+ is a normalization factor;
U, L is a positive and negative decision-making strat-
cgy,

e* is an emotion level;

%° is a random strategy;

y is an uncertainty factor;
Zy, is a set of nodal points X;
Xo 1s an initial situation of the cycle v ;

U(t) is a graph vertices;

{a}.{b} is a threshold values of perception;

Gv is a directions of transition to systems of percep-
tion on the basis of p-adicity;

P is the probability of a transition to systems of per-
ception with respect to p-adicity;

a, b is a detailing and generalization;

pp the distance between the situations-nodes of the p-

adicity system graph;
H, is a subjective operator entropy;
N is a number of reaction alternatives;
7 is a performance index of alternatives;

¢; is a density of situation identification;

At 1S a response time range.

INTRODUCTION

The cause analysis of catastrophic situations in mari-
time transport is definitely to uncover the problems asso-
ciated with the accuracy of identification of navigation
situations by operators with increasing frequency [1-2].
In most cases, deficiency of data and metadata for effec-
tive decision-making associated with the critical situation
occurrence during navigation is to be mentioned as being
first-ranked one [3—4]. It goes without saying that the
decisive factor settling it is highly likely to be the skill
level of the operators. Taking into consideration the fact
of most maneuvers and tasks being typical in navigation
the skipper gets used to identifying the current situation
relatively to several, the most significant, universal crite-
ria. Due to the fact that the navigation situation at each
moment of time is said to be having a set of incoming
information signals (visual observation; sound commands
(walkie-talkie); radar, ECDIS; ARPA; AIS; GPS, etc.),
the operator gets used to reacting to these signals by clas-
sifying them according to their skill level and experience.

Thus, a process with two systems functioning simulta-
neously for the sake of identifying the navigation situa-
tion: “subjective”, depending on the level of the operator,
and “ideal”, accommodating all significant information
signals, is eventuating.

The formal description of the process is believed to be
that the navigation signal § in the form of an I-

dimensional vector of dimension r; with regard to the
parameters y and the correlation function k is about to
have the following form:

(k) =w(k)+Ay (k) = (k) + By (k)X; (k).
Meanwhile, the vector X; is to be characterised as the

difference between the “ideal” and “‘subjective” naviga-
tion signal identification system in the following form:

X, (k)= A X (k=1).k ] +w, (k).
B, =[1xr]. Ay =BX,.

Consequently, the efficiency of decision-making by
operator Q can be reflected as:

Q(k) = F[ ay(k).k | +n(k).
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In this formal description the vector Ay is noticed to

be a random one being able to represent the stochastic
uncertainty of the given process. However, the formula-
tion of the question needs to be taken into account with a
high degree of accuracy attempting to determine the dis-
tortion when identifying the situation by the operator.
This issue is to be coped with to construct predictive
models driving to the accident and disaster risks lessen-
ing. At the same time, the analysis of statistical data fails
in being able to define Ay as well as the questionnaires

of experienced sea captains [5].

All these items are certain to highlight the objective
problem of constructing mathematical, simulation models
as well as automated systems for having "subjective"
navigation situations analysed with a view to preventing
dangerous cognitive biases as a negative human factor
manifestation.

Hence, the object of research is said to be human-
machine interaction in information systems of maritime
navigation.

The subject of the research is supposed to be models
and algorithms for automated analysis and identification
of operator reactions occurring in critical situations.

The purpose of the study is defined as implementing
formal and algorithmic approaches to transform data of
the intellectual activity of an electronic navigation opera-
tor with an aim to identify and predict his reactions in
tight situations.

The purpose of the article is chosen to be the applying
special purpose solution method embracing the following
problems:

1. To analyze the existing approaches with an eye to-
ward determining the principles of formal description of

the operator’s emotional-reactive activity f3, in the space

of alternatives o;.

2. To propose the principle of data transformation of
individual operator’s reactions in the process of decision-
makings based on p-adic systems in the form of points-

situations f|

(x)=x° on a geometrically defined space of
perception.
3. To introduce attribute perception spaces of the

navigation situation by operators X( p=2)° Y( p=3) and
Z( p=4) within the framework of p-adicity to sketch the

level of reactions and time fragments of their operation on
the grounds of the analysis of server data.

4. To carry out the experiment using the navigation
simulator Transas navigation simulator NTPRO 5000
targeting to establish terminal data of the operators reac-
tions during typical navigation operations.

5. To analyse the time series of operator reactions us-
ing automated neural networks setting the focus to getting
the proposed approach validated. Over and above, to train
the most effective neural networks, to deal with ahead of
the operator’s reactions for 5 cycles as well as to deter-
mine the stability of the forecast data over time.

The obtained predictive models based on neural net-
works as well as the cyclic correction of the models built
on subsequent experiments are supposed to be on the
point of having a whole class of operators’ reactions in
the main navigation situations identified. The foretold
options are definitely to provide fair contribution into
enhancement of sea transportation safety.

1 PROBLEM STATEMENT
Consider the evolution of the perception of the situa-
tion depending on the levels of operators 4 and V" within
the framework of game theory [6]. To begin with, let us
assume an existing set of navigation situations requiring
the operator to make decisions based on individual strate-

gies in the system being finite: ' = <A, V,X,R,f>. In

this case, the set of decision making X should be taken as
being the same for each of the operators counting on the
ship’s control capabilities, location, weather conditions
and traffic intensity. On the premises of AxV — X we
are able to come to the conclusion that the values of
strategies R and R ' are noticed to be normalized having a
general framework of gain (efficiency) of the type

RN R_l. Nevertheless, this issue does not seem to be
fitted to the criteria for the evolution of the subject’s con-
sciousness [7] and, therefore, has to be mentioned as in-
appropriate in being used in work.

Consecutively, the approaches based on the theory of
subjective entropy [8] and the theory of preferences [9]
are likely to be treated as challenging tasks being consis-
tent to our study. Then, the formal description of these
processes is depicted to be founded on the preference of

N

functions n(ci ), )y 71'(6[) =1. In addition, within the
i=1

framework of this theory interrelated values are certain to

be described: A(G ) — A, is a positive decision-making
ij

i
strategy and L(ci) - Ll.j is considered as a negative

one. This theory is up to succeed in dealing with analyz-
ing the impact of the human factor in aviation. Neverthe-
less, the formal apparatus is noticed to be incapable of
implying levels of discretization welcoming a qualitative
change in the structure of the perception of the situation.
To a greater extent, the theory is doomed to gear forward
determining the situational emotion by the subject as a
whole based on the positive effect of decision-making:

+f +
+ E (njtfl )'U_;H €

Mo
q{:fS (an—l )'th—l ¢

Bsthfl

+ +
& n_/t ‘Git—l =u Bqutfl :

It should be mentioned that a formal description is
said to be involving the use of a parameter of the emotion

B, accompanying the decision taking. However, in this

study there is surely an evitable necessity to be faced in
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expanding this concept into the form of a discrete, class-
forming quantity leveraging the effects of the operator’s
decision-making process qualitatively.

2 LITERATURE REVIEW

In [10] the problem of automating the construction of
models of quantitative dependencies by precedents was
managed to have been solved. To settle it a tree-like clus-
ter-regression approximation method was proposed to be
used entrenching in the construction of a hierarchical
clustering tree of instances. This approach needs to be
drawing attention to as being considered as a worthwhile
one by the hierarchical manner in which the cluster areas
are presented. Subsequently, this item delivers a great
possibility to have them classified as separate elements
(nodes) of the tree. One more proposed method worth
speaking about is neural networks usage heading for con-
structing a cluster-regression model.

Furthermore, in the theory of operations research [11]
in situations with inhomogeneous strategies set splitting
into families of non-empty subsets that form subclasses of
strategies happens to have been effectively described. The

criterion for this partition is named as the evaluation of

S .

the effectiveness of the random strategy X

in]fV F (ch, y) . In this way, the subsets are to be treated as
Ye

parts of the universal set despite their being the formed
subclasses of strategies. However, we are striving to pur-
sue the goal of finding an evolutionary formal principle to
describe a qualitative transition to another level of percep-
tion of the navigation situation.

The theory of p-adic numbers rooting out from the
theory of numbers is grounded on the principle of parti-
tioning of sets superior to Archimedes’ axiom [12] being
highly likely close enough for possible applica-
tion.Besides, the foretold above approaches considered in
the theory are said to be mostly about the construction and
formal description of tree-like class-forming structures
leading to the process of approximating the mental func-
tions of the subject in the form of a fundamentally new
structural composition [13, 14].

Analysis of the literature has definitely revealed the
dominating tendency to have been having a search for
processes similar to our research in related areas of
knowledge for a long time. [15-18]. It is quite vividly
seen the problem presented in the study has necessitated
an enhancement in the approach on the grounds of p-adic
systems with a target to formally describe the qualitative
transient processes of situation identification for its sub-
sequent automation to be reached.

Approximating the approach of p-adic systems [19] to
the objectives of the study the existence of an objective
information space of situations identified and classified
by the operator within the framework of the subject area
regarding decision-making processes might be hypothe-
sised. Let us suppose that the subject area is to be the
navigation problem [20, 21] and the space of situations is
to be treated as a finite set Z, of nodal points x on a graph
with a tree-like hierarchical structure. Consequently, the

evolutionary dynamics of identification on a graph node
will be the following: f:Z, —>Z,, x— f(x), as for

the node points on the graph it would be true to express

the dependency as the following: x,=/"(x,),

y = (xo, Xy veer Xy ) -

Taking into account the nature of the perception of ob-
jective reality, the operator tends to be generalizing the
identified points-situations with concurrent reducing the
range of input information parameters to an image close
to the image from his own experience.

Thus, the identified point-situation is noticed to con-
tain a lot of close associations — parameters:
nlgrio Yy =Xo = { YEZ,iy, > xo}. Therewith, each sub-
sequent point turns out to be generated by the function

fi(x)=x",5=2,3,..,n and, therefore, it is sure to be

acquiring the previous experience of the operator with
regard to the class of the situation according to the princi-
ple of perception evolution.

It must be noted that its p-adicity is changing being
conditioned by the level of the operator .

Thence, for example, it is true to say that for cadets-
trainees p = 2. Therefore, cadets tend to react to the pa-
rameters of the situation by means of coding in the form:
“yes” — “no”; “exists” — “does not exist”; “significant” —
“not significant”, etc. In its turn, for the third and second
mates it is sure enough to have it as p = 3 in the form:
“weak” — “medium” — “strong”; “ignore” — “keep in
mind” — “react”; “do not include into account” — “fall-
back” — “main option”, etc. Considering the p-adicity of
the chief mates and the captains themselves it certainly
expands significantly highly likely to have p =4, 5, 6, etc.

There from, the raised question worth speaking about
is: how can the evolution of decision-making during the
transitions from the lowest p-adicity to the highest for
operators of electronic marine navigation be identified
and demonstrated?

3 MATERIALS AND METHODS

It goes without saying that there is the classification —
coding inheritance to be observed, i.e. the operator, pass-
ing, for example, from p = 2 to p = 3, appears to add a
linguistic variable to the already adopted system for iden-
tifying incoming information signals. This process should
be processed as a completely natural one owing to the fact
that knowledge is being expanded consistently not having
psyche drastically changed during life-being.

Taking into consideration this very issue, the quite
logical conclusion to be drawn is that in the system p = 2:

“yes” — “no” with a high degree of probability for p = 3
the items tend to appear as: “yes” — “I do not know” —
“no”, etc.

Thus, the task to be spoken about is to determine the
trajectories of the individual development of the percep-
tion of situations by operators of electronic maritime
navigation during the transition top =n + 1.
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In addition, there is certainly a need in paying regard
to the fact that the p-adicity of operators according to the
full range of navigation situations is biased to be evolving
equitably since being dependable not so much on qualifi-
cations as on the frequency of occurrence of typical situa-
tions. Thereupon, in some cases, the situation, due to its
simplicity, is noticed to be less likely to require high p-
adicity despite the experience of the captain. This issue
becomes obvious enough resting on the principle of pre-
serving emotional energy and strength. Consequently, the
map of mental states relative to the spectrum of naviga-
tion situations seems to be heterogeneous getting different
p - adicity.

On this subject it causes the dependence in the con-
struction of a tree-like hierarchical structure to be exist-
ing: an increase in p-adicity gives rise to an increase in
detail and, in its turn, a decrease contributes to generaliza-
tion. Based on the formal theory of creativity and the the-
ory of systems development [22] conclusion is about to be
made that it is sure to occur within the set of internal

nodes of the graph U(t), between the threshold values
{a} and {b} . This item is supposed to generate the pos-

sibility to move to the nearest systems of p-adicity up-
ward and downward being conditioned by the situation

4
U(r) = |:mj:1 ,,,,, . GV (r|a(i )] .

In this case, the transition process appears to be sym-
metric regardless of the direction:

v (r|b) =o' (r|a) = <LP>W

at Gv' ('c|a,~)(\GvT (tlb)=9.
Based on the proposed dependencies we are on the point

of summing up of having a certain kind of balance of p-
adicities for which it is considered to be equally true:

Vx e I:GV(‘E)] =dae {a},
X€ [GvT (t|a)}&5|b € {b},x €

[Gvi (r|b)]

Thus, the observed balance of transition in p-adic
structures can definitely be contingent upon both factors:
the level of complexity of the navigation situation (neces-
sity) and the skill level of the operator (possibility):

Gv(r) = Ysela) e (r|a) = Ype(n) e (r|b).

Being aware of spoken above approaches and formal
descriptions a method containing the following sequence
of actions is assumed to be used:

1. To add, setting on the accepted theory of p-adic sys-
tems a metric is possible to be defined in the following

way: p,(x,y)=|x—y X |x|p [23]. Simultaneously,

the assumption is sure to be proposed that p-adicity is to
be nothing but a perception criterion delivering the oppor-

tunity to evaluate the navigation situation at a qualita-
tively new level as well as to make management deci-
sions. It should be highlighted that the last one happens to
be of great benefit at the time of making decisions being
in conditions of a navigational hazard identified as a criti-
cal situation. So, the complexity of the situation requires
the operator to be having an appropriate and meaningful
level of perception possible to be expressed by spaces
(X.p)&(Y,p"). For example, decision making in binary

logic (p = 2) is seen to be the most consistent with mono-
syllabic tasks driving to switching on or off with respect
to a given indicator of the operator. In its turn, (p = 3) is
noticed to be adding a linguistic variable according to the

principle: p'( Jj (xlpz2 ), j ‘XZF:Z ): P(x1p=3 ,x2F:3) directing

it to a higher level. This is likely to come up to the sense
that problems being able to be solved in space Y cannot be
settled in space X. Thus, metric spaces determined by the
adicity level might be represented in the form of graphs.
So,to confirm the hypothesis of the study, let us consider
the levels of perception of a critical navigation situation
within the framework of p =2, p = 3, p = 4 — adicity on
the example having representation of the problem of
crossing the separation lines in the Singapore Strait
(Fig. 1). In the figure, using the module for predicting the
time trajectories of ships in the TRANSAS Navi Trainer
5000 system, two groups I and II are capable of being
clearly distinguished.It has to be beared in mind that they
are supposed to be different from each other only accord-
ing to the decision-making experience. Alongside with it,
the group I is following a parallel course relative to the
separation lines but group II deviated from group I by
31°— 33° Therefore, the conclusion might be drawn that
the decision-making of the group of vessels I and II is
supposed to have been bounded up by different sets of
information signals. This means that groups I and II were
likely to assess navigation situation in a different system
of p — adicity shaping spaces X and Y as the following:
XcY|X\Y=0.

So, targeting to compare two systems of perception let
us build a graph describing the isometric essence of the
spaces X and Y (Fig. 2).

When considering the graphs X and Y eventual con-
clusion being able to be made is that, for example, identi-
fication of the navigation situation No. 25 in space
X(p:z) can be probably done with the help of going

through 5 steps. Besides, there is a need to define the val-
ues of 5 parameters, respectively, in binary coding. Nev-
ertheless, as for identifying the same situation in space

Y( p=3) three steps are definitely to be required with a ter-

nary coding system. However, it should be taken into ac-
count that the lower the p-adicity is more brutal the deci-
sion-making results are about to be. Wherefore, two ap-
proaches are supposed to be compared when laying the
route of the vessel’s movement (Fig. 3).
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Figure 2 — Spaces of identification of the navigation situation X
and Y

Figure 1 — The beginning of the maneuver of crossing the lines of separation in the Singapore Strait

As can be clearly seen from Figure 3, in case a, the
operator gets used to making a decision in space X (p=2)

with no regard to the parameter (the value of the safe
depth) acting mostly according to the principle: the water
surface can be treated as “yes” or “no”. For its part, the
operator making decisions in space Y( p=3) is noticed to

have a different classification of the water surface: “shal-
low water”, “safe depth”, “open sea / ocean”. Nonethe-
less, Y( p=3) is already characterized by values in meters of

depth and knowledge of the ship’s draft to determine the
boundaries of each linguistic variable. The most danger-
ous option of the given example does not only concern the
fact that there is the operator’s tendency to make deci-
sions within the framework of the space X, (r=2) but the

most challenging aspect which is to be faced is that this
space is sure to be considered unsuitable for this task car-
rying out. Despite this, in the course of empirical analysis
it was noticed that 32% of operators happened to have
made a decision in the framework of X(p:z) even in

situations with modeling being about the space Z( p=d)" It

all boils down to embracing the fact that operators are
mostly about keeping to simplification of identification
forms that causes an increase in the probability of critical
situations in maritime transport. This process is highly
likely to be described formally using the term “subjective

N
entropy” H,: H, =—Zn(ci)-lnn(ci).
i=1
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Thus, it is vividly seen that the operator is sometimes
involved into choosing an ineffective alternative m-(o;)

intentionally because of either lacking of confidence in his
abilities or of embarking to the habitual experience [24]:

N
n-(o;)= ¢ PHE) ZefﬁL(G’)
=1

Therewith, the first case appears to be typical for nov-
ice operators, who, due to their having poor qualifica-
tions, are biased to avoid difficulties. Nevertheless, over
time they are to go-getting to a higher level of perception.
The second case is regarded as typical one for experi-
enced seafarers who are likely to be accustomed to get
their work carried out in an established regime. Therefore,
this very issue is considered to be the most dangerous one
owing to their having less inclination to deviate from ha-
bitual behavior pattern strategies. Based on this, the den-
sity of the situation identification {; directly depends on

0.0 kn

DoPS

F T L

1 Pl pairin

e

<98, 000.0°

l; l; l,,lj . The more accurate
234 n

and multi-parameter solution an operator needs to be
making the higher the p-adicity is to appear. However, it
is worth bearing in mind that the mentioned above bal-
ance of issues is able to be adjustable from situation to
situation. The sequence of decisions made by the operator
at a certain discrete moment in time has to be relied on
very p-adicity at each stage. It could be regarded as prob-
lematic as, on the one hand, is on the point of driving to
the desired result but on the other hand, of the strength
and emotional energy keeping.

Thus, it is obvious enough that the operator is inclined
to initially plan p-adicity transitions to the foreseeable
distance of the chain of consecutive actions. For each
part, as studies are sure to have shown, characteristics
corresponding to mental states and directions of anticipa-
tion are typical ones [25, 26].
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Figure 3 — Navigation system of electronic cartography
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4 EXPERIMENTS
Based on the foregoing, let us conduct simulation
modeling of operator’s decision-making during a critical
navigation situation using a three-dimensional model of

the graphs of the spaces X(p:z) , Y(p:3) and Z(p:4). As

depicted in Figure 4 the spatial model is about to assume
the combination of three space-planes in the form of
graphs to display the intellectual activity of the operator
in the form of trajectories of dimension in accordance
with the selected p-adicity.

Let us build the trajectory of the operator of electronic
navigation intellectual activity at the time of performing
complex maneuvers. Identification of operators’ attention
[27], automated analysis of electronic logbooks as well as
psychological techniques [28] provided fair ground to
determine time series and trajectories of their reactions

(Fig. 5).

Z

(#=4) p=

Figure 4 — Spatial model of the operator’s intellectual activity

The foundation of the time series creation happened to
be the results of an experiment with the help of operators’
attention recorders which contributed to the identification
of the time intervals between the spaces X( p=2)> Y( p=3)

and Z( p=d)" The time measuring for the transition from

one system of perception of the situation to another one
facilitated assessing to what extent the operator is confi-
dent in the logic of his actions. Besides, depending on
specific sources of navigation information the operator
gets used to paying attention to the approximation of
these data in the form of objects of a particular p-adic
space became possible to be done. So, for example, let us
consider a fragment of the sequence of the operator’s ac-
tions at the stage of assessing the situation when ap-
proaching the port. It is likely to include the following:

analysis of ECDIC data (Y ’l( p=3) ); visual observation,

one target (X’z(pzz) ); ECDIC data analysis (Y’3(p:3) );

visual observation, many targets, instrument readings
(Zt4( p:4)). Analysis of the experimental data welcomed
the opportunity to have the moments of time on the route

of the maneuver with the transition from one space of
perception to another one determined. Besides, having

analyzed the typical trajectories of maneuvers in the same
navigational and weather conditions, the chains of events
forming the perception of the situation in the time frame
appeared to have been singled out (Fig. 5 a, b).

Name Exercise Rehest Openr i
1 4_Arival_Singapore_Anchora 4 Arrival Singapore Anchorage ni
Map  Satellile £ o i

Singapore

Sonaie
Google [T e R Bepiet g

b transition points on the chart

Figure 5 — Chains of events on the trajectory of the ship’s
maneuver

Analysis of trajectories, as well as the time spent on
transitions, forwarded to determine the stages of this or
that space of perception of the navigation situation being
used by an operator.

Above and beyond, the involvement of experienced
sea captains as experts bestowed us to deal with thorough
determination of the spots of the ship’s trajectory where
the space X( p=2)> Y( p=3) OF Z( p=4) ar€ regarded to be

appropriate.
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However, this fact can not be treated as enough to
predict likely critical situations for each operator. Ex-
periments have revealed the fact of each operator having
his own plan of expected actions and his own sequence of
transitions to the spaces of perception necessary for the
situation to be identified. This is leaving a lasting imprint
on the situation of both uncertainty and complexity in
building predictive models. Consequently, expert judg-
ment and accepted reference reaction models recom-
mended by experts are unable to bring a solution to the
problem requiring a fundamentally different approach to
be pursued.

Taking into consideration these circumstances, an in-
dividually oriented one is highly likely to be proposed for
both analyzing and predicting the reactions of a single
operator purposes using time intervals or time codes of
reactions. This is a very important issue definitely proving
the hypothesis and research objectives.

It should be noted that the time ranges of transitions be-
tween spaces are said to have been taken as atomic ele-
ments for building a model of operator reactions. Data is
regarded to have been collected within the 8 months period.
It concerned the question of typical maneuvers carrying out
happening in various locations from 76 operators by means
of the certified navigation simulator NTPRO 5000. The
collected data from the ECDIS server made the great op-
portunity to fragment and decompose the transition trajec-
tories for each operator to be delivered. Thus, individual
reaction models for three typical situations-maneuvers are
considered as follows: turn of the ship by 90°, mooring and
anchoring. Being aware of the difficulty of anchoring op-
eration in confined waters and harsh density of traffic in
Singapore the study was chosen to be focusing on this ma-
neuver. Automated analysis of data in the form of log-files
of maneuvers performed by dozens of operators contrib-
uted to getting micro-frame situations of interconnected
navigation parameters identified causing a specific opera-
tor’s action to be exactly determined (Fig. 6).

Found crashes

[Jrimees Lo | 506 Lt gt
C]

Figure 6 — Micro frame-situation identified
as a maneuver — turn of the ship

The graph is being built in accordance with the prefer-
ences for the perception of the situation. These prefer-
ences are different for each operator. So, for instance, for
one operator, the first place is occupied by an information

signal in the form of visual observation of target vessels
and navigational obstacles meaning that his tree begins its
functioning from visual perception in a certain p-adicity
system. For another operator, the graph is able to start its
construction with an auditory one, for example, a request
to coastal services by radio, etc.

Hence, a certain even the same type of action might be
preceded by an unalike perception of the situation at a
particular stage. According to the carried out analysis of
experimental data the operators get used to applying the
most accepted elements of perception at the very begin-
ning of the maneuver. Simultaneously, it was further
noted that the speed of assessing the situation differs be-
ing conditioned by the nature of perception. Conse-
quently, the time ranges of each action aimed at assessing
perception are somewhere near with regard to each indi-
vidual operator enabling it to act as a kind of time code of
the action.

5 RESULTS

Thus, in this way, there is obviously a need both for
the construction of a scheme of individual perception of
the navigation situation corresponding to the time range
and the position on the graph tree. Trying to disguise the
navigation situation perception we will be on the point of
taking a lot of atomic actions while having the operation
performed [29] during the conducting an experiment by
means of the TRANSAS Navigational simulator NTPRO
5000. On the grounds of this, the defragmentation of the
ship’s anchoring operation was managed to be done in the
form of a life cycle taking into account the full range of
information signals and human-machine interaction. While
having the experiment the 18 th team of navigational op-
erators was noticed to be showing the following time
ranges during the assessment of the navigation situation
(Fig. 7).

In addition, the analysis of the video series and the
data of the psychological questionnaire provoked the
dominant alternatives being identified for each operator.
Thereby, the experimental data required for modeling the
trajectory of decision-making by the operator and, accord-
ingly, individual classifications amalgamated with the
time series succeeded in being obtained. Consequently, it
has driven into the possibility of applying approaches
based on automated neural networks in attempt to identify
transitions between spaces of perception [30].

The basic approach is considered to be as follows:

1. The classification data and time intervals at each
stage of decision-making relating to a specific subtask
(anchoring) is about to concede to correlating the simula-
tion results to the entrenched algorithms of the reactions
of a particular operator.

2. Comparative analysis of the operator’s actions with
respect to the formed deterministic model of his reactions
makes the prediction of the events likely to occur in real
time while a maneuver carrying out.

3. Automated analysis enabled the boundaries of tran-
sitions to other spaces of perception , an increase in time
at stages, during transitions to the upper spaces of percep-
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tion, and, accordingly, its decrease, during transitions to
lower ones to be defined.

4. According to the carried out experiment, in typical
(standard) situations, there is a distinct possibility of the
time being distorted with regard to the complexity of the
locations. Nevertheless, the reaction algorithm itself is
practically deemed to be unchanged.

5. While having unforeseen actions of the operator the
module of automated identification of critical situations
(MAIKS) has let out the formation of an unpredictable
branch of his reactions-actions in 4 situations. Having
been shown by means of experiment, this phenomenon

was preceded by a long time pause exceeding the thresh-
old by 3-5 times.

6. While facing such a phenomenon MAIKS is about
to begin comparing the trajectories from the base contain-
ing the operator’s reactions data with the newly formed
branch of reactions-actions ones. If MAIKS encounters
every chance of trajectories being compatible with this
task the alarm tends not to be functioning. On the con-
trary, in the opposite situation, a signal is bound to be sent
to the captain to have the navigational watch harden.
Hence, this approach is totally described by p-adicity
models.

1.1. Date and time (UTC) X, Dtgyi00 = 0,8
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Figure 7 — Analysis of the operation in relation to X(p:Z) , Y(p:3) and Z(p:4) time.
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The obtained experimental data came out with the
possibility of detecting points on the graph in the form of
the beginning of critical situations. For that reason in all
probability an essential and final stage of the study is to
be presented in the form of the construction of sensitive
predictive models to identify the onset of critical situa-
tions going on in real time. It must be highlighted that
setting up on the specifics and nature of the research data
the most promising summing up to be made is that the
most obvious and possible to be measured parameter is
certainly the indicator of time in intervals related to spe-
cific stages and relative to a single operator.

It is worth speaking about being important to distin-
guish the time interval associated with the transition to a
new space of perception from the time interval. This
marker doubtlessly gave the high sign of indicating a
change in the strategy of reactions, the so-called “break in
the decision-making trajectory” where the immediate
change in the action plan occurs. Trying to cope with it
data was proposed to be collected for implementing
analysis by means of automated neural networks in the
form of time series (Table 1).

Notwithstanding, it was not aptitude found to either
increase or decrease in the extrema of the graph being an
indicator of an already formed model of reactions regard-
ing the carrying out of anchoring the vessel operation .
Insignificant fluctuations presumably witnessed the fact
of possible navigation situation in different seaports being
able to differ .Simultaneously, it is not inclined to entirely
affect the operator’s reactions. The cycle of periodicity in
the graph seems to consist of 28 measurements for each

action. Each action contains its own time progress indica-
tor. The obtained information about the experimental data
gives us consent to go on to be dealing with the construc-
tion of a neural network regression model for performing
an automated forecast of a time series for a further period.
Having had training, seven most effective models are re-
garded to have been automatically obtained (Fig. 9). Fur-
ther, we proceed to the analysis of the results choosing the
best network No. 5 which embraces the lowest error rate.
In addition, we are intending to construct a diagram of the
residuals for both training and control samples (Fig. 10).

To analyze the dynamics of this series, let’s build a
line graph of ten tests from A to J (Fig. 8).
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Figure 8 — Graph of the periodicity of the time series based on
experimental data
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Table 1 — Experimental data of the operation

Identifier Sample of experimental data of marine watch teams

A B C D E F G H 1 J
1.1. X, Atoyo0 0.8 1.0 0.9 0.7 0.8 1.2 1.1 0.8 0.7 0.9
1.2. X, Aty 5.4 5.8 5.7 5.4 5.5 6.7 6.2 5.6 5.5 6.1
1.3. X, Ataoyiono 9.6 11.4 10.5 9.6 9.3 12.3 10.3 9.9 9.4 9.8
1.4. Y, Atpapro 17.2 18.3 17.5 17.0 17.3 18.4 18.5 17.5 16.9 17.0
1.5. Z, Ateiy3an 81.9 83.2 84.0 80.6 81.1 85.6 87.5 82.9 81.3 89.3
2.1. Y, Atuepar 171.2 184.3 170.2 163.4 170.4 191.2 182.3 173.2 169.2 174.4
22. Y, At 41.5 452 42.8 39.7 41.1 48.4 473 42.3 40.6 44.3
2.3. X, Atwyio 12.3 13.1 124 12.0 124 15.2 13.9 12.2 11.9 12.0
2.4. Z, Atz 93.2 96.3 94.9 89.2 91.4 101.5 98.2 94.3 91.3 96.8
2.5. Y, Ataannz 20.7 22.6 21.5 19.3 21.0 24.2 23.6 21.1 19.2 20.9
2.6. Y, Atamin 31.3 33.0 324 29.3 30.2 33.2 32.7 313 29.8 32.1
2.7. Z, Asiy303 64.7 67.2 66.9 63.3 64.7 69.7 70.4 65.3 65.4 67.3
3.1. Z, Atgapon 86.7 90.3 89.0 83.3 85.4 93.1 94.7 88.2 81.3 86.9
3.2. Y, Atanio 45.2 44.7 48.2 43.6 44.8 50.1 49.2 46.2 42.1 47.2
3.3. Y, Ataspoo 324 34.2 33.9 31.2 32.7 38.2 38.5 32.1 30.8 32.6
3.4. Z, Atuapso 52.0 55.3 54.7 50.0 51.5 59.3 61.3 52.3 52.1 54.7
3.5. Z, Atsspsiz 27.1 30.1 29.3 26.8 27.4 32.1 314 28.3 26.1 28.9
3.6. Z, Ataayn 19.6 21.2 20.5 18.3 19.5 23.1 21.4 18.3 16.3 19.9
4.1. X, Atosyiioo 4.9 5.3 5.2 4.6 4.5 6.1 5.9 5.1 3.9 4.3
4.2. Y, Ataayino 13.9 15.6 14.5 12.4 13.6 15.2 16.0 13.7 11.0 13.8
4.3. Z, Atoyszo 347.2 367.4 349.2 338.7 327.5 361.9 352.2 344.8 341.2 354.2
4.4. Z, Ats3n 211.3 2194 216.3 209.1 207.6 227.9 218.2 210.7 207.1 213.0
4.5. Y, Atazin 354 37.1 38.4 313 34.5 39.1 37.2 35.7 33.2 36.1
4.6. Z, Atssan 130.9 135.2 130.4 127.2 130.8 141.3 1339 128.5 129.3 134.2
5.1. Y, Atqopor 335 36.2 34.1 30.2 333 27.3 35.7 32.8 29.9 30.6
5.2. Z, Atgspin 747.2 782.1 756.2 724.1 743.1 812.4 801.3 729.4 673.3 748.0
5.3. X, Atasyn 9.4 10.3 9.7 8.9 9.2 11.7 10.5 9.7 9.1 10.1
5.4.Y, Atoypn 125.4 131.8 127.8 120.2 126.3 134.9 132.5 125.0 118.9 127.3

© Nosov P. S., Cherniavskyi V. V., Zinchenko S. M., Popovych I. S., Nahrybelnyi Ya. A., Nosova H. V., 2021

DOI 10.15588/1607-3274-2021-1-20

218



e-ISSN 1607-3274 Panioenekrpowika, iHdopmaruka, ynpasiisas. 2021. Ne 1
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2021. Ne 1

Surmary of active networks (Khural 26)

Include cases: 1:252

Index | Net. name | Training perf. | Test perf. ‘ Yalidation | Training error | Test error | Validation | Training ‘ Errar function | Hidden Qutput

perf. errar algorithrm activation | activation

1 MLP 28-3-1 0995016 0297458 3018913 72 57854 BFGS 26 505 Identity Identity
2 MLF 25-71 0995451 0297466 2307175 7401402 BFGS 28 505 Tanh Identity
3 MLF 25-8-1 0995285 0297463 2600724 7360702 BFGS 24 505 Tanh Identity
4 MLF 25-8-1 0995235 02974583 2678629 72E1TN BFGS 35 S0 Tanh Identity
5_|MLF' 28741 0995925 0297553 1630374 6320393 BFGS 49 505 Tanh Identity
6 MLF 25-6-1 0995339 02974580 2524820 VI 97867 BFGS 33 505 Tanh Identity
7 MLP 25-8-1 0995701 0297548 1982749 7112372 BFGS 42 505 Tanh Identity

Figure 9 — Indicators of network performance

120 tions to be revealed in various locations while performing
e typical habitual situations.
100 Besides, a projection of the graph targeting to analyze
20
the accuracy of the neural network appears to have been
o built. Its correctness is deemed to be high enough due to
£ the data presented in the resulting graph.
8
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Figure 10 — Chart of residuals of the best network

As it clearly seen, the distribution might be considered
almost close enough to standard delivering the evidence of
the adequacy of the selected neural network model. Let us
evaluate the quality of the model by building a scatter dia-
gram of the target and output variables (Fig. 11). |
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Include cases: 1:252 Figure 12 — Fragment of the obtained forecast graph
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Figure 11 — Scatter diagram of target and output variables — [4MLP 28-8-1]
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The diagram depicts that the points of model No. 5 are Fi . F‘”’“’"“‘ for § | [7.MLP 28-8-1]
bound to be the most structured ones with respect to the 1eure orecast for four cycles
diagonal which is regarded to entirely confirm the advis-
ability of its choice due to the high specifications of the
constructed neural network.
Let’s check the way the selected model will be on the
point of performing prognoses of the initial series. It
might be noticed that the constructed forecast graph tends
to be copying a huge amount of similarity of values of
the original data. (Fig. 12). This issue has become a true
indicator letting precise prediction of the operator’s ac-
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As it can perceptibly be seen from Figure 1 having
long-term forecasting, starting from 12 to 15 cycles, the
graph might be distorted. This fact suggests that the safe
use of the model is seen as workable just for two forecast
cycles with having the neural network data periodically
updated.
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CONCLUSIONS

Formal theories and logical-cognitive models are con-
sidered to have been analyzed based on game, decision,
creativity theory, theory of subjective analysis and the
theory of p-adic systems.It resulted in welcoming of the
approaches being the closest ones to the research prob-
lem.

On the ground of the foretold approach, a mechanism
for transforming the data of the ECDIS server, empiri-
cally obtained video series and time indicators were set-
tled upon causing an individual map of the perception of
navigation situations of operators on the graph of p-adic
spaces to be identified.

In addition, it had delivered the opportunity to clearly
define the transition points between the spaces of percep-
tion by means of using the module for the automated
identification of critical situations and a change in the
reaction time of operators in the course of human-
machine interaction.

With an intention to achieve the main objective of the
study an experiment is said to have been carried out as a
consequence of which metadata concerning the reactions
of operators during a vessel anchoring operation in the
port of Singapore was thoroughly collected. The data was
obtained during having had the automated analysis of the
log files of the NTPRO 5000 navigation simulator.

It is to be underlined, in its turn, that automated analy-
sis of the obtained data by means of using regression
analysis of time series with applied automated neural
networks acquiescence in the model training and further
predict operator reaction cycles. As a result of modeling
with a high degree of reliability it is possible to come to a
conclusion that for 2-3 subsequent cycles the prediction
of reactions is noticed to be satisfactory. Further settle-
ment is about having the calibration of the models re-
quired not forgetting to take into account the dynamically
changing data of individual time indicators relative to
everyday reactions.

Thus, this study is regarded to have contributed to
finding the solution of the problems of identifying the
negative impact of the human factor of marine operators
to enhance safety policy in maritime transport.
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INEHTA®IKALIS PEAKIIA OIIEPATOPA MOPCHKOI EJIEKTPOHHOI HABIT ALIIE

Hocos II. C. — xaHJ. TeXH. HayK, JOLCHT KadeIpu CyJHOBOJIIHHS, XEePCOHCHKA Iep)kaBHAa MOPCHKA aKajeMis, YKpaiHa.

Yepusiesknii B. B. — 1-p nex. Hayk, nmpodecop, pekrop, XepcoHChKa AepiaBHa MOPChKa akazjemis, YKpaiHa.

3inyenko C. M. — kaHJ. TeXH. HayK, CTapIINH BUKJIaay Kaeapy ynpaBiIiHHS CyJHOM, 3aBigyBay JJADOPATOPI€I0 €IEKTPOHHUX
CUMYJISITOPiB, XepCOHChKA JepKaBHA MOPChKa akaaeMis, YkpaiHa.

IMomoBuu 1. C. — 1-p ncuxoin. Hayk, npodecop kadeapu 3araabHOT Ta COLaNbHOI MCHXONOTil, XepCOHChKUIl JepyKaBHUM YHIBEp-
cuTer, YKpaiHa.

Harpu6enbuuii SI. A. — 1-p nen. Hayk, IOLEHT, nekaH dakyapTeTy «CyIHOBOMIHHA», XepCOHChKA Aep:KaBHA MOPChKa aKaje-
Misi, YKpaiHa.

Hocosa I'. B. — crapmmii Bukiazad xadeapy KOMIT IOTepHOI Ta porpaMHo]l imkeHepii XepcOHCHKOTo MOJITeXHITHOTO (haxoBOTo
koepKy OZIechKOro HalliOHAIBHOTO MOJIITEXHIYHOTO YHIBEpCUTeTy, YKpaiHa.

AHOTAULIA

AKTyaJIbHIiCTB. Y CTaTTi 3alpONOHOBAHO MMiXiJ aHaTi3y peakiiil omepaTopa MOPCHKOI €IEKTPOHHOI HaBiraiii Ta aBTOMaTH30-
BaHOI ieHTU(iKalii HEraTUBHOTO BILIMBY HOTO JIOJCHKOTO (PaKTOpPy B €praTHYHHUX CHCTEMaX YIPaBIiHHSI MOPCHKUM TPAHCIOPTOM.
3anponoHOBaHO aJTOPHUTMHU 3YHTYBAaHHS iH(GOpMAIii Mpo pe3ysbTaTd JIOAWHO-MAIIMHHOTO B3a€EMOJIi omeparopa y KPHUTHYHHUX
CHUTYyaIisIX IpU BUKOHAHHI HaBIraI[ifHUX orepamniii miABUIIEHOI CKIaJHOCTI.

Meta. MeTor0 IOCIIIKEHHS € po3po0Ka IMiIX0/Iy IO JO3BOJISIE IEPETBOPHUTH MPOCTIP 03HAK IO il OrepaTopa y BUIIISII JIO-
IiKO-T€OMETPUYHOTO IIPOCTOPY P-aJUIHUX CUCTEM, B PE3YJIbTaTi SIKOTO 3’ SIBISIETHCS. MOXKIIMBICTD 1IeHTH(DIKaLii PiBHS IHTEIEKTyab-
HOT JiSUTBHOCTI orepaTopa 3a JOIIOMOI0I0 aBTOMAaTH30BaHKX 3aC00IB 1 CIIPOrHO3yBaTH HOT0 AMHAMIKY JUISl HIBEJIIOBAaHHS KPUTHIHHUX
CHUTYyaLIii.

Metoa. B pamkax migxomy i 3 METOIO aBTOMaTH30BaHOI ieHTH(DIKalii CEerMEHTOBaHHUX PE3yJIbTATIB JIOJMHO-MAIIHHHOI B3a€EMO-
Iii OMMCaHO METOA TEPETBOPCHHS ACTCPMIHOBAHMX (PparMeHTIB iHTENEKTyalbHOI MiSIBHOCTI omeparopa B TepMiHAX P-agiqHHX
cTpykTyp. @opmanbHO OnMMcaHi IPUHIWIN JeTaNi3amii, y3araJbHEeHHS, a TAKOXK MEPEXO0/IiB y pi3HI MPOCTOPU CIPUHHATTS HABITaIlii-
HOI cutyarii onepatopom. [IpoBeneHo imiTaniiiHe MOAENIOBaHHS IO MiATBEPPKYE AOLUIBHICTD 3alIPOIIOHOBAHOTO MiIXOY 1 03BO-
JIsi€ Ha OCHOBI YacOBHX ileHTH(IKAaTOpiB BU3HAUMTH IHAUBITyaJbHY CTPYKTYpy peakimiii omeparopa. OTpuMaHi IaHi JO3BOJISIOTH
BHUKOHYBAaTH IIPOTHO3YBAHHS I TUIIOBHX CHTYyalill i3 3aCTOCYBaHHSIM aBTOMAaTH30BaHUX OaraTOKpPHUTEpialbHUX METOMIB i 3ac00iB,
110 y CBOIO Yepry Jae MOXJIMBICTH i1eHTH(DIKYBaTH IHAMBIAyanbHI NOKa3HUKU JUHAMIKM pPeakiii ormepaTopa y CKJIaIHil JIFOIMHO-
MAaIIUHHIN B3aeMOZIl.

Pe3yabTaTi. 3 METOIO MiATBEPIKECHHS 3alPOIIOHOBAHOrO (HOPMATHHO-AITOPUTMIYHOTO MiAX0Ay OyB MPOBEACHHUI EKCIIEPUMEHT
3 BUKOPHCTaHHAM HaBirauiiinoro cumysmstopa Navi Trainer 5000 (NTPRO 5000). ABromMaTn30BaHMil aHai3 eKCHEPUMEHTATBHUX
CEpBEPHUX JaHUX, JAHUX BiZCOPsAy, JO3BOJIUB iAeHTU(IKYBaTH JCTEpPMiHOBaHI Iii omepaTopa y BUTIIAII METaIaHUX TPAEKTOPIi Horo
peaxiiii B paMKax IpOCTOpIB P-aAWYHUX CTPYKTYp. Pe3ysibTaTd MOJCIIOBaHHS i3 3aCTOCYBAaHHSM aBTOMATH30BAHMX HEHPOHHHX
MEpesK TO3BOJIMIIM OTPUMATH YacoBi PSIIH IHTEIEKTYaJIbHOI AISUIBHOCTI OllepaTopa eleKTPOHHOI MOPCHKOI HaBiramii Ta 3 JOCTaTHIM
CTyIEeHEeM HaIHHOCTI BUKOHYBATH MPOTHO3 MOJANIBIINX PEaKIIiH.
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BucHoBku. 3anpornoHoBati GpopManbHi MiIXOAU JOCIIHKEHHS, B TIOEAHAHHI i3 pO3po0JICHUMU aBTOMAaTH30BaHUMH 3ac00aMH, a
TaKOXK aJTOPUTMIYHUMH 1 METOAOJOTIYHUMH MTPOTIO3UIIISIMU JO3BOJIIIN Ha HOBOMY PiBHI HiIIATH 10 BUpIMIEHHS MPOOJIeMHU aBTOMa-
THU30BaHOI iMeHTH(]IKalii HETaTHBHOT'O MPOSBY JIIOACEKOro (pakTopa omeparopa eJIeKTPOHHOIO HaBiramii. Pe3ynbTaTWBHICTE 3ampo-
TIOHOBAHOTO MiAX0oxy Oysa OOIpyHTOBaHA 3a pe3yJIbTaTaMU aBTOMAaTH30BaHOI 0OpPOOKH eKCIICpHMEHTAIbHUX JaHUX 1 HOOYyJOBaHUX
MPOTHO3IB.

KJIFOYOBI CJIOBA: cuctemu ineHTUiIKAIl peakiliii, CACTEMH aBTOMAaTH30BaHOI OOpOOKM JaHWX, MOJCIIOBAHHS pPEaKIii
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AHHOTADIUSA

AKTyaJIbHOCTB. B cTaThe mpeiokeH MOoaXo/ aHaIu3a peakiyil ornepaTopa MOPCKOIl JIEKTPOHHOI HaBUTAIlMU U aBTOMATH3U-
POBAaHHON MIECHTHU()HUKALMY HEraTHBHOTO BIIMSHHS €ro 4eJOBEYEeCKOro ()akTopa B 3praTHYECKUX CHCTEMax YIPAaBJICHHS MOPCKHM
TpaHcnopToM. IIpesoxKeHbl alrOpUTMbI CUNTBIBAHUS HH(OPMAIMK O pe3ylbTaTaX UeIOBEKO-MAIIMHHOTO B3aHMOICHCTBHS Omepa-
TOpa B KPUTHYECKHUX CUTYAIUAX IPH BHIIOJHEHHN HABUTAIHOHHBIX ONEPAIH TTOBBIIIEHHOW CII0KHOCTH.

Heas. Llensio uccnenoBanus ABIseTcs pa3paboTka MOAX0Aa MO3BOISIONIET0 Ipeodpa3oBaTh IPH3HAKOBOE IPOCTPAHCTBO ACHCT-
BUIf omepaTopa B BHJE JIOTHKO-TEOMETPHUIECKOI0 IIPOCTPAHCTBA P-aIUMIECKHX CHCTEM, B Pe3yJbTaTeé KOTOPOTO MOSBIISICTCS BO3ZMOX-
HOCTh WJICHTH(UIUPOBATh YPOBEHb WHTEIUICKTYAJIbHOU JESTEILHOCTH OINEpaTopa C IOMOINBI0 aBTOMAaTH3MPOBAHHBIX CPEICTB U
CIIPOrHO3UPOBATH €T0 TMHAMUKY JUIS HUBEIHMPOBAHUS KPUTHYECKUX CUTYaIHi.

Metoa. B pamkax moaxoja u ¢ LENBI0 aBTOMAaTH3MPOBAHHOM HAECHTU(QHKAINN CErMEHTHPOBAHHBIX PE3YJIBTATOB UEIOBEKO-
MallIUHHbIE B3aMOJICHCTBYS ONUCAH METOJ IPeoOpa3oBaHus JeTEPMUHUPOBAHHbBIX ()ParMEHTOB MHTEIUICKTYaIbHOH IeATEeIbHOCTH
orepaTropa B TEpPMHHAX P-aJAUUECKUX CTPYKTyp. PopMaabHO OMUCAHBI MPUHIHIIB! JETATH3aHH, 0000IIEHH s, a TaK)Ke MEPEXOI0B B
pa3nHYHBIE TPOCTPAHCTBA BOCTIPUSATHS HABUTAIMOHHOW CHTYaIMH omepaTopoM. IIpoBeeHO MMHTAIMOHHOE MOJECIHPOBAHUE IMOJ-
TBEpIKAAIOIIEE ETeCO00Pa3HOCTh MPEUIOKEHHOTO OAX0/1a 1 TTO3BOJISIONIEE HA OCHOBE BPEMEHHBIX HACHTU(PHUKATOPOB ONPEICITUTh
HHJIIBHIYaJbHYIO CTPYKTYpY peakuuii omeparopa. IlomydueHHbIe NaHHBIE MO3BOJIAIOT BBIIOJIHATH NMPOTHO3HPOBAHUE JUISI TUIIOBBIX
CUTyallMii ¢ MPUMEHEHHEM aBTOMATH3HPOBAHHBIX MHOTOKPHUTEPHATIBHBIX METOZOB M CPEJICTB, YTO B CBOIO OUYEpelb NAaeT BO3MOXK-
HOCTb MJICHTH()ULINPOBATh NHUBUIyaIbHbIC [T0KA3aTENN JUHAMUKY PEaKLMi OlepaTopa B CIIOKHOM YeJIOBEKO-MAIIMHHOM B3anMO-
JCUCTBUHU.

PesyabTarhl. C Lenblo OATBEPKICHHS PEATI0KEHHOT0 (GOPMaIbHO-aITOPUTMUYECKOTO MOAX04a OblI IPOBEIEH IKCIEPUMEHT
C WCIOJIb30BaHUEM HaBHTaloHHOro cuMyJistopa Navi Trainer 5000 (NTPRO 5000). ABToMaTH3MpOBaHHBIN aHAIHU3 KCHEPUMEH-
TaIbHBIX CEPBEPHBIX JAHHBIX, JAHHBIX BUACOPSA, TIO3BOIMI HACHTH(OHUINPOBATh AETEPMHHUPOBAHHBIC JEUCTBHUS OIepaTopa B BUJIE
METaIaHHBIX TPAEKTOPUH €0 PEeaKnuii B paMKaxX MPOCTPAHCTB P-aANIECKUX CTPYKTYp. Pe3ynbTaTsl MOJETHPOBAHHS C IPUMEHEHHEM
aBTOMATH3UPOBAHHBIX HEHPOHHBIX CETEll MO3BONMIIN IIOMYYHUTh BPEMEHHBIE PsIbl MHTEIUICKTYalTbHON AESTENHOCTH OIepaTopa
JIEKTPOHHON MOPCKOW HAaBUTALH M C JOCTaTOYHOH CTETIEHBIO HAIEKHOCTHU BEIITOIHATH IIPOTHO3 JAIBHEHIINX peaKuuii.

BriBoasl. [IpemnokenHsle ¢opManbHble MOAXOABI UCCIEAOBAHMS, B COYETAHUH C Pa3paOOTaHHBIMHM aBTOMATH3UPOBAHHBIMH
CPE/ICTBaMH, a TaK)Ke AITOPUTMHYECKHMH M METOJIOJIOTHYECKUMH MPEUIOKESHUSIMY TIO3BOJIMIIA Ha HOBOM YPOBHE MOJOWTH K pere-
HHIO TIPOOJIeMBbI aBTOMATH3HPOBAHHON MJICHTH()UKALMK HETaTHBHOTO NPOSIBJICHHS YEJIOBEUECKOro (hakTopa orepaTropa 3IeKTPOHHOI
HaBUTAlMH. Pe3yIbTaTUBHOCTH NMPEATI0KEHHOTO M01X04a ObL1a 000CHOBAHA MO pe3yJbTaTaM aBTOMATH3HPOBAHHOW 00pabOTKH 3KC-
MEePUMEHTATBHBIX JAHHBIX M TOCTPOEHHBIX TPOTHO30B.

KJIFOUYEBBIE CJIOBA: cuctempl naeHTH()UKAIMNA PEaKInii, CHCTEMBl aBTOMATU3UPOBAHHON 0OpaOOTKH JaHHBIX, MOJIEIUPO-
BaHME PEaKIHil OlepaTopa, KOMITBIOTEPHbIC HABUTAIMOHHBIE CHMYJISITOPHI, aHAIIM3 YEJIOBEYECKOro (hakTopa, aBTOMATH3UPOBAHHBIE
CHCTEMBI YIIPaBJICHHS.
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