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Generalized solvability and optimal control for
an integro-differential equation of a hyperbolic

type

Andrii Aniksuhyn
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Abstract — We  consider an integro-differential
operator with Volterra type integral term. We provide a
priory inequalities in negative norms for certain spaces.
Further, using obtained inequalities we prove well-
posedness (existence and uniqueness of the (weak)
generalized solution) of the corresponding boundary value
problem as well as a theorem on optimal control existence

Keywords — Integro-differential equation; generalized
solvability; optimal control; a priory inequalities;
Volterra operator.

[. INTRODUCTION

The equations of hyperbolic type are one of the
well-known and extensively studied PDEs. Mostly due
to the significance of the wave equation. On the other
hand, partial integro-differential equations (PIDE)
could be more appropriate for simulating physical
processes. For example, Volterra integro-differential
equations describe various processes in materials with
memory [1], [2], [3]. The latter include, for example,
some polymers and concrete mixtures.

In this paper, we consider a partial integro-
differential equation that generalizes the wave equation.
Its right-hand side belongs to some negative space. This
includes (among others) impulse, pointwise, and other
actions on the system (see [4]).

Using the method of a priori inequalities in negative
spaces [4], [5], [6] we show that there exists a unique
weak solution of the equation and optimal control for
the corresponding system.

Main notations and functional spaces

In the cylindrical domain Q=Qx(0,7) , we

consider a system described by the linear integro-

differential equation
2

Lu=2" 4 gus Bu=F,
o

where QQ < R" is a bounded connected domain of the
space variables with regular boundary 0€2. Here

Au=-Y %[a (x)%}r;a,- <x)§—:+a(x)u,

i,j=1 %%

Bu= .[0 ;K,- (t.0)u,, (x,7)dr.
In the paper, we suppose that the kernels K, (¢,7)

are continuous in [0,7]° and have a continuous

derivative with respect to 7 . Furthermore, let @, , a,,

a be continuous functions in Q, a;, =a, and there

Ji
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exists number a such that

> ay(0AY zaY A7, forall 4 €R and xeQ .

positive

Function u(¢,x) satisfies the following boundary

and initial conditions
ou

u |r:0: A, |z:O: 07

ot
By L we denote the set of all functions u € C” (5)
such that

Uln=0.

u|,:0=%|f:0=...=0,
and by L, we denote the set of all functions
ueC”(Q) such that

| :8_u| ==

=T ot =T

By H) , S,, V), Hy, Sy, V; we denote the

completion of the sets L,L, with respect to the norms
lulfy = J @) + gwif*”)zdg,
Iy =iy +3, 07 | e
g =l +[, 0 |p 4
915 = [0 + T do,

n
2 _ 2 (k=1)\2
1V 1=l vIE gjg(vxl. ) 1o A,

2 _ 2 (k)\2
1015 =V 16y +], 07 Lo 42,

)

respectively. Here #*) means a derivative of order &

with respect to the variable ¢ .

II. RELATED WORKS

There are a lot of papers that use the method of a
priori inequalities in negative spaces for various BVP
for PDE. See, for example, [7], [8], [9], [10] and the
bibliography there. This approach is also appropriate
for PIDE. For example, equations of parabolic type
were considered in [11], a problem with a non-negative
definite integral operator was considered in [12].

In the paper [13] authors consider the case of a
purely differential equation ( Bu=0 ) and obtain a
priory inequalities for operator L and some results on
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weak solvability with any integer & . Further, in [14]
the case of integro-deferential equation is considered.
In case k=1 (in the triple S°,V',H" ) results on weak
solvability are obtained. Finally, in [15] authors
consider triple S',V°, H* (that corresponds to k =2 )
and provide theorems of generalized solvability. The

main goal of the presented paper is to provide a priory
inequalities and weak solvability theorems in case
k =3, namely in the triple S>,V"", H" .
III. PROPOSED TECHNIQUE
We claim that the following two estimations hold.
Lemma 1. There exists a positive number ¢ such
that the inequality

I Lull,, <ellull,

7
holds for every function u € L, .
Using the latest lemma we extend operator L onto
the entire space H, .
Lemma 2. There exists a positive number ¢ such
that the inequality
e ullg <l Lull,

holds for every function u € H, .
Now, let us consider a problem
Lu=F,Fel,").

Definition. The function u e H, is said to be a
generalized solution of the problem Lu=F,F € (VT’I)*
if there exists a sequence of functions u,(x,¢) € L, such
that

lu=ullo=>0, || Lu;=F| .= 0,i >
0

=
Using the approach from [4] we can prove the
theorems on generalized solvability, optimal control,
provide a numerical method for mentioned problem
solving and prove the convergence theorem.
In particular, we consider the optimal control
problem
Lu= f+C(h),
J(h) — min.
Here # is a control from an admissible set
U, c H. Let the operator C has the following form

C(h)= Y50 -1) @400 h= (6.8,

In this case H =(UxL,)" is the corresponding
control space.
IV. RESULTS/DISCUSSIONS
Theorem 1. For every F € (VT’I)* there exists the
unique generalized solution for the problem Lu = F'.
Theorem 2. There exists positive number ¢ such
that the inequality || u ||H8 <c||F ||(Vfl)*,holds for every

Fe (VT’I)* . Here u is the generalized solution for the
problem Lu=F .

Theorem 3. Assume that the set of admissible
control U, c H is closed, bounded and convex in the

space H . Moreover, let J(u)=®(u(h)) be lower

semi-continuous with respect to u . Then there exists an
optimal control for the problem
Lu= f+C(h), J(h) — min.

Remark. The claim of the theorem remains true for
other weakly continuous operators of control C as
well.

V. CONCLUSION

We have proved the so-called well-posedness of the
problem. Using the proved a priory estimates and
utilizing approaches from [4], [6] we further considered
an optimal control problem and provided the theorem
of optimal control existence. Further, it is possible to
construct a numerical method for evaluating the
generalized solution and mentioned optimal control,
etc. We would like to mention as well, that cases k& >4
are still to be considered as far as it requires non-trivial
choosing of so-called “test functions” while
establishing a priory inequalities.
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Abstract — An experimental research facility has been
developed to receive vibration signals from mechanisms
with installed rolling bearings. A control block for all
equipment has been created. For the repeatability of the
experiment, an external microcontroller with a
programmed proportional-integral-derivative regulator
was used.

Experiments were carried out to obtain initial data for
different types of bearings. The processed data were
grouped and made publicly available for further research.
It is proposed to solve the problem of emergency stop of
the generator, arising during operation due to bearings
worn, by recognizing the pre-emergency conditions of
rotary rig based on the use of advanced machine learning
techniques: to highlight the signs of vibration and build
clusters according to the degree of worn)

Keywords — vibration;  signals;  vibrodiagnostics;
signal statistics; feature extraction; exploratory data
analysis; machine learning; Fourier transform.

[. INTRODUCTION

Signal processing and analysis is widely used in
radio electronics, seismic analysis, speech recognition,
and vibration diagnostics of industrial structures. From
the point of view of a variety of tasks and applications
of signal processing, vibration diagnostics of structures
is one of the greatest interests. The development of new
methods for analyzing vibrations of constructions is
actively carried out today. The tasks of analyzing
bearing assemblies as one of the most frequent places of
failure of rotating machines have become very popular.
The empirical approaches to vibrodiagnostics that are
widespread now give relatively high-quality results and
are actively used in industry today.

However, the classical methods presented, for
example, in [I, 2, 3], have a limited range of
applications and a fairly large amount of preparatory
work on the use of these methods in applied problems.
There is a shortage of expert analysts who are able to
analyze spectrograms of vibration diagnostics of turbine
generators, wind turbines, workbenches, etc., recorded
by vibration sensors in real time [4].

Thus, it is necessary to develop automated intelligent
systems for online monitoring of vibration conditions
with the function of predicting emergency situations.
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The implementation of this method will help to classify
the vibration states of bearings based on the use of
neural network processing of vibration measurement
data [5, 6]. This approach provides new opportunities
for diagnosing defects in real mechanical engineering
structures [7].

To build brand new algorithms for the mathematical
analysis of vibrations in bearings, it is necessary to be
familiarized with the classical methods of analysis both
from the side of the experiment statement and from the
side of the signal processing methodology for further
drawing conclusions about the state of the structural
unit. So, in work [8] the frequency of mechanical
vibrations of a motor with a squirrel-cage rotor and an
identical motor which operates under the eccentricity of
a dynamic rotor are analyzed. Radial vibrations are
modeled based on experimental data in no-load and
nominal load modes. The focus is on vibration
frequency and frequency variation. The need for further
study of vibration recognition methods is indicated.

The method for analyzing the operation of bearings
proposed in [9] is distinguished by a more detailed
description of the diagnostics of the spectra of defect
states. Work [10] describes a new approach to
identifying bearing defects, namely, spectral images of
vibration signals. Spectrum images are simply obtained
by fast Fourier transform [11]. Such images are
processed using two-dimensional principal component
analysis (2DPCA) to reduce the size of the feature
space, and then the minimum distance method is applied
to the results obtained to classify bearing faults [12].
The purpose of this work is to develop an experimental
setup for recording the vibration characteristics of
various bearings, to conduct experimental research at the
stand, and to create a data set for further research

II. SET UP THE EXPERIMENT

To achieve this goal, a test bench has been
developed and configured to simulate the operation of
the rotor system. Vibration sensors have been used to
monitor the state of mechanisms in an automatic mode,
to classify the quality of bearings operation with deep
learning methods. The test bench is shown in Fig. 1. The
test bench drawing is shown on Fig. 2.
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BEARING #2
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BEARING #1

ACCELEROMETER #2

ACCELEROMETER #1

Figure 1. Mechanical part of the test bench

A Dynamo Sliven PIK 8 - 6 / 2.5 electric motor has
been used in the design. The motor drives a shaft with
an interruption ring mounted. Interrupts are sent to the
analog-to-digital converter. The speed of rotation is
calculated during operation for a closed-loop speed
control system and is also recorded for subsequent
processing. Accelerometers model GY-61 have been
mounted on two bearing supports. A balanced weight of
3.5 kg has been attached between the struts. The
bearing struts have been designed for bearings of the
6204 type, but with the help of nozzles, model 6202 has
been used in the experiments.
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Figure 2. Test bench drawings

The control unit is powered by a standard current of
220 V. Inside the control unit there is a 30 V power
supply powering a motor.

There are 2 control modes: manual and from an
external microcontroller. DC Speed Controller HHORC-
20A is used for external manual control.

External control comes from the Arduino. At the
input, the Arduino receives the rotation speed, and at the
output it supplies a PWM signal, the frequency of which
is generated by the PID controller. The regulator has
been tuned and calibrated so that the motor accelerates
to 1500 rpm, then maintains this speed and then also
slowly decelerates to 200 rpm. This has been done so

11

that the experimental procedure is similar to each other
for any bearing. Thus, for the further analysis it is
proposed to use a stationary time section of the
installation with a constant shaft rotation frequency.
This is a section with an interval of 10 to 20 s.

Accelerometer data has been recorded by an analog-
to-digital converter NI USB 6009. The ADC is
connected to a computer via a full-speed USB interface
and contains eight analog signal input channels (Al),
two analog signal generation (AO) channels, 12 digital
input / output channels (DIO) and a 32-bit counter.

III. ALGORITHM AND METHODS OF DATA EXTRACTION
AND PROCESSING

The bearings have been mounted on the shaft as
shown in Figure 2.1. GY-61 ADXL3353 accelerometers
have been mounted on the bearing housing. Bearing on
position 1 is constant during all experiments. This
bearing is new, purchased before starting the
experiments. Bearings on position 2 have been
previously used in various workbenches and machines
and have been replaced from one experiment to another.
In this way, the device and feature generation methods
aim to classify the bearings on position 2.

The first thirty defective bearings are of type 6204.
The rest seventy — 6202. There also has been 7 new
bearings of type 6204 and 5 bearings of type 6202. Data
collection has been performed using an NI USB-6009
with a sampling rate of 3000 records per second. The
speed is determined by an infrared speed sensor. The
data was collected according to the acceleration-hold-
stop scheme. First, the rotor was accelerated to the
desired speed. Then there was a 10-second hold
(hereinafter the stationary interval). Then the motor
stopped. The recording was carried out for the full load
interval.

The resulting dataset consists of 10265700
recordings that describe rotors behavior, 91600 per
bearing on average. Collecting data has been uploaded
on platform Kaggle and it is in the public domain [13].
The resulting dataset consists of many features, detailed
information is presented in table 1. For classification, the
collected acceleration data of bearings in three axes: X,
Y, Z will be used. The name of these features contains
the bearing index and the acceleration axis.

TABLE 1. DATASET COLUMNS DESCRIPTION

Column name Description Units
Experiment ID Unique 1der}t1ﬁer. of the )
experiment;
. Unique identifier of the bearing on
Bearing 1/2 ID the first/second position; )
Timestamp Time, measured in seconds; sec
Al X/Y/Z Acceleration along the X, 'Y and Z /s
- axes for the first bearing;
A2 X/Y/Z Acceleration along the X, Y and Z m/s?
— axes for the second bearing;
RPM/HZ Rotation speed; rpm
w The motor power at a time. Watts

An example of recorded vibration for experiment
number 100 is shown in Fig. 3.
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Figure 3. Recorded vibration along the Y axis by two accelerometers

In this paper, it is proposed to use following feature
spaces to build classification models:

e Feature space constructed from the values of
raw acceleration data on a stationary time
interval of the received time series;

e Feature space obtained by evaluating frequency
spectrum from the stationary time interval using
the fast Fourier transform;

e  Space of statistics describing signal behavior;

e Space of statistics describing the frequency

spectrum.

The set of statistics have been used in this work is
as follows:

1. Coefficient of variation [14].
Coefficient of variation (1) is a measure of relative
variability.
s
CV =100— 1
4 7 ®
2. Range.

The Range is the difference between the lowest and
highest values.

3. Interquartile range (IOR) [14].

IQR (2) is the difference between the 25th and 75th
percentile of the data. It is a measure of the dispersion
similar to standard deviation or variance, but is much
more robust against outliers.

IQR=Q3—-Q1IQR = Q3 — (4

4. Skewness [14].

Skewness (3) is the lack of symmetry. The larger
values, the greater asymmetry in the distribution of
observations.

(2)
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—_—azy
—aly
20 25
3
g1 3/2’ (3)
m2
N
1 i
my =) (xlnl = %) )
n=1

5. Kurtosis [14]
Kurtosis (5) is the extent of the peak in a
distribution. The smaller values, the more uniform
distribution.
my

92 = )

2
m;

6. Entropy [15]

Entropy is associated with a state of disorder,
randomness, or uncertainty. In this paper were used two
different ways of measuring Entropy:

Shannon entropy.

H(X) = —Zm log, pi ,

a.
(6)

where Nis the total number of observed events,
and p;is the probability of the i event.

b.  Sample entropy [16].

Sample entropy (7) is a modification of approximate
entropy, used for assessing the complexity of
physiological time-series signals, diagnosis diseased
states.

Q)

where A — number of template vector pairs having
distance d[Xpp41()), Xme1 ()] <7; B — number of
template vector  pairs having Chebyshev
distance d[X,, (), X,,())] <r; r — tolerance, m —
embedding dimension, X, (1) = {X;, Xi11, ) Xizm—1}-

A
SampEn = —log B

7. Energy.
Energy (8) represents time-series signals size.
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A EGRT ®)
8. Hjorth parameters [17]
The Hjorth parameters describe statistical properties
in the time domain.

a. Activity.

Activity (9) represent signal power, or the variance
of time-series.

©)

Activity = var(x)

b.  Mobility.

The mobility parameter (10) represents the mean
frequency or the proportion of standard deviation of the
power spectrum. This is defined as the square root of
variance of the first derivative of the signal divided by
variance of the signal.

Mobility(x) = (10)

9. Hurst exponent [18].
Exponent decreases when the delay between two
identical pairs of values in the time series increases.

10. Fractal dimensions [19].
Fractal dimensions is one of the ways to determine
the dimension of a series in a metric space.

a.  Higuchi [19], [20].
The essence of method is to transform given time-
series X(1), X(2), ..., X(N) into the new one:

XJ X (m), X(m + k), X(m + 2k), .., X (m +
[ ) a1

where m = 1,k. m and k indicate the initial time and
the interval time, respectively. Then Higuchi defines
the length of the curve associated to each time series
X

[N—m

k

L,, (k) =% z (X(m + ik)

i=1

(12)

R
—X(m-l‘(l—l)k)) N
/ [
and takes the average value of the lengths.

b.  Petrosian [19], [21].

The essence of method is in binarizing given time-
series, finding the total number of adjacent symbol
changes in the sequence N, and calculating fractal
dimension:

logio(n)
n
loglO (n) + loglo (n+0.4-NA)

FPetrosian -

(13)

11. Zero crossing.

The zero-crossing rate is a statistical feature that
describes the number of times that a signal crosses the
horizontal axis.
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12.  Crest factor.
The Crest factor (14) defines how extreme the peaks
are in a signal.

_ |xpeak| _ “x”oo
Xrms “x”Z

Fig. 4 shows the Fourier transform for the
acceleration signals along one axis of two bearings, one
of which is worn out and the other is new. The selected
frequencies are from 1 to 400 Hz.

(14)

—— bearing 1 (with defect)
bearing 31 (with defect)

“ —— bearing 101 (with defect)

bearing 108 (with defect)

8
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3
8
o
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250 00 B0

Figure 4. Fourier transform of raw signals

Fig. 5 and Fig. 6 show the cross-correlation of
Pearson signals and their spectra respectively along each
axis, as well as the rotational speed and power of the
engine. The figures show that the correlation between
them is rather low. This makes it possible to build linear
models based on this data. The figures also show that
there is no correlation between the amplitudes and
acceleration characteristics of the bench, which
complicates the use of empirical approaches to
classification.
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Figure 6. Pearson correlation for signal spectra
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Fig. 7 shows the scaled distributions of the selected
signal statistics. It could be seen that it is problematic to
identify explicit patterns for visual classification based
on them.

BN variaion  EEE rnge shannon entropy WM petrosianfd  MEEE hjorth activity
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Fig. 8 shows a visualization of the distribution of
derived quantities from bearing signal statistics.
Bearings with and without defects are marked in
different colors. Visualization was carried out using the
t-SNE method [22]. t-SNE is a tool to visualize high-
dimensional data. It converts similarities between data
points to joint probabilities and tries to minimize the
Kullback-Leibler divergence between the joint
probabilities of the low-dimensional embedding and the
high-dimensional data. T-SNE has a cost function that
is not convex, i.e. with different initializations different
results can be obtained. After calculating Pearson's
correlation between statistics (Fig. 9), we can come to
the conclusion that there is a linear dependence
between the presented features. To solve this problem
only one statistic from each pair of highly correlated
values can be selected.

Figure 7. Distribution of signal statistics
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Figure 8. Visualization of derived bearing signal statistics

Fig. 11 shows a visualization of the distribution of
the derived quantities from the statistics of the bearing
signal spectrum. Features also have been received by t-
SNE algorithm. As can be seen from this graph, in
contrast to the derivatives of signal features, spectrum
features cannot be reduced to a two-dimensional
subspace without significant loss of information.

Calculation of the correlation (Fig. 12) also showed that
there are features with a strong linear relationship. It
can also be seen that the correlated features differ from
those shown in the signal statistics.
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Figure 9. Pearson cross-correlation matrix for one signal
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Figure 11. Visualization of derived bearing signal spectrum statistics
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Figure 12. Pearson cross-correlation matrix for spectra of one signal

IV. CONCLUSIONS

The electromechanical part of the experimental
bench is a simulator of industrial equipment with
rotating units of machines and mechanisms. On-line
information about the values of the main vibration
parameters flows from the accelerometers to the control
unit. The information has been recorded on the
computer. Thus, a dataset has been collected for 100
bearings with defects with varying degrees of wear.12
new bearings have been also included in the
experiment. In total, two bearing models participated in
the experiments: 6204 and 6202. The obtained dataset
is proposed to be used to classify bearing defects, to
solve the clustering problem by the degree of wear.

The paper proposes four options for processing the
received signals to obtain a feature space used in the
development of mathematical models for the
classification of defected bearings. These approaches
are better applicable for different models due to
differences in loss of information because of feature
space compression, features number and their
distribution. Using these approaches, it is possible to
build various machine learning models. Thus, the
choice of a particular approach depends on the balance
between the accuracy and speed of the model.

Thus, the approach used to take signals of vibration
sensors and their subsequent processing can be applied
in a wide class of problems using various modern
methods of data classification. To compare the proposed
processing methods, benchmarking is required using
various classical machine learning methods, as well as a
variety of neural network architectures.
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Abstract — This paper uses differential games for
viewing with simple movement and gives examples of
viewing processes. Software has been developed and
computer modeling of several methods of interaction in a
conflict-driven environment has been introduced.
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[. INTRODUCTION

Differential game theory, as a branch of control
theory, studies the problems of decision-making in a
conflict environment of several objects. Similar
situations often arise in the economy, ecology and other
areas of human life. First and foremost, the theory of
differential games allows to solve a large number of
such applied problems. Its formation is associated with
the names of R. Isaacs [1], L.S. Pontryagina [2].
Ukrainian School of Differential Games was founded by
Professor B.M. Pshenychnyy, its development thanks to
the work of A.O. Chykria [3] and his students, in
particular for differential-difference systems in [4].

IL.

Differential game theory emerged as a result of the
mathematical implementation of certain technical
problems. In the course of such implementation it is
necessary to strive to ensure that by choosing the most
important features of the technical problem, it remains
available for mathematical modeling. Thus, the problem
statement should not be given in complete isolation
from technical problems.

PROBLEM FORMULATION

To have a specific example of the situation, imagine
that one plane is chasing another. The purpose of the
first plane is to catch up with the second, the purpose of
the second is to escape persecution. Each pilot controls
his aircraft, having his own goal and using certain
information about the situation. The information
consists of two parts, the first is a complete knowledge
of the technical capabilities of both aircrafts, the second
is information about the behavior of your own aircraft
and enemy aircraft. Information about the behavior of an
aircraft may include various data about their condition at
a certain point in time in the past, but nothing is known
about the future behavior of an aircraft, because they are
controlled and at any point in time the pilot can change
the position of the rudder, thereby changing behavior of
his own plane. In fact, each of the pilots can receive
information about the enemy only with some delay, but
there is no need to include this fact in the
implementation. Moreover, we can even assume the
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known behavior of the enemy with some advance and
build a mathematical idealization on this basis, and then
show that the resulting theory can be used to
approximate the real problem.

The implementation of a mathematical description of
the persecution process is not an easy task. Two
controlled objects take part in this process: a pursuer and
a fugitive. The state of each of the objects at any point
of time is determined by its phase vector. The phase
vector of the pursuer is denoted by x, and the phase
vector of the fugitive — by y, the equation of controlled
objects can be written in the form:

x=flxu),y=g0v), (1)
where the point means the time derivative, and u and v
are the essence of control, that are the parameters
located on the right side of the equation. Each of the
parameters belongs to a certain constraint set:

ueP,veQ,

where P and Q are sets of arbitrary nature. If the control
of u becomes a given function of time ¢, ie # = u(z), then
the first of equations (1) becomes an ordinary
differential equation, which can be solved for a given
initial value x(0) = x,. The same applies to the second
equation (1). Since x and y are phase vectors, each of
them splits into two parts:

X = (xl,xz), y = (}’1:)’2)a

where x; and y; determine the geometric position of
objects, a x, and y, — their velocities.

It is believed that the process of persecution ends at the
moment of equality:

2

X1 =1,
that is, when objects are geometrically matched.

Equation (1) does not describe the motion of objects,
but only their possibility, because with different controls
u u(t) and v v(t) different motion will occur.
Therefore, in the example with aircraft, equation (1)
describes the technical capabilities of aircraft.

The process of persecution itself can be viewed from
two opposite points of view.

1. You can identify yourself with the persecutor. In
this case, the goal will be to complete the pursuit
process, then control of u is at our complete disposal to
achieve this goal. Thus, at each point in time ¢ we must
construct the value u(?) of the control u, knowing
equation (1), ie the first part of the information, and
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using its second part in the form of knowledge of the
functions x(s), y(s), v(s) on the segment -0 <s<t, where
6 — is a correspondingly selected positive number.

2. You can identify yourself with a fugitive. In this
case, the goal will be to escape the pursuer, which
means to fail to fulfill equality (2). Then control v is at
our disposal to achieve this goal. Therefore, at each
point in time ¢ we must construct the value v(z) of
control v, knowing the solution of equation (1). This
way, having the first part of the information, and using
the second part of it in the form of values of functions
x(s), ¥(s), u(s) on the segment ¢ - 0 <s <t.

Such a mathematical realization of the process of
persecution inevitably splits the problem into two
different problems: the problem of persecution and the
problem of escape.

The differential game from the process of
persecution arises as a result of the natural desire to
simplify the notation, namely, instead of two phase
vectors x and y we introduce one vector: z = (x, ),
creating the phase space of the game R as the direct sum
of phase spaces of both projects [3]. Then the pair of
equations (1) is written as one equation:

z=F(z,u,v),

3)

and relation (2) defines in the vector space R some
subset of M.

III.

To demonstrate the considered theoretical results,
using a modern graphical development environment
Godot Engine [5], an application was created that allows
you to simulate the course of a differential game with a
given input data and visualize the trajectory of objects.
A two-dimensional space with two different types of
objects was created for visualization: the pursuer is a red
sphere, and the fugitive is a blue sphere. After starting
the visualization process, the objects begin to move
iteratively at a given maximum speed, in the appropriate
direction to the selected method. The camera follows the
pursuer, but it is always possible to switch to the top
view, which also shows the path taken by the objects.
Images of the created application will be used further as
illustrations to the given examples.

COMPUTER MODELING OF PROCESSES

The following methods of behavior are most typical
for a fugitive [4]:

e linear motion;
e movement at right angles;
e movement from the pursuer.

In turn, the following methods of behavior are most
typical for the persecutor:

e running curve method;
e constant bias angle method;
e method of parallel persecution.

Most of these behaviors are based on the complete
information that each object has about all other objects
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in the system. Namely, information about the current
position of the object, and the history of its movement.

Consider in more detail the methods of movement of
the pursuer:

1. The running curve method is the simplest
guidance method. Characteristic of this method is that
the direction vector of the pursuer at each point in time
exactly coincides with the direction to the target, and the
bias angle equals zero.

Figure 1. The trajectory of movement by the method of running
curve

Fig. 1 shows a partial case of a running curve. If the
trajectory of the fugitive is a straight line, then the
trajectory of the pursuer is a Euler spiral. The general
type of control can be described as follows:

Xi— Vi
lx; — il

The running curve method has one significant
drawback - a fairly long end time of the game, but it is a
very popular method because of its simplicity and

guaranteed results, provided that the speed of the
fugitive is less than the speed of the pursuer.

u; = a.

2. The constant bias angle method is a modification
of the running curve method. The vector of the pursuer's
direction at each moment of time is constructed by
means of a vector of a direction on the purpose with turn
on the angle of bias set by the user. This angle corrects
the pursuer’s trajectory (see Fig. 2). With the correct
value of the angle, the method has a better completion
time than the running curve method, but it does not
always guarantee its end. The use of this method is
impractical if the trajectory of the pursuer is
unpredictable.

Figure 2. The trajectory of motion by the method of a constant
angle of bias

3. The method of parallel pursuit is a modification of
the method of constant angle of bias. In the case of
parallel pursuit, the bias angle Kp is calculated,
depending on the current position of the fugitive and the
direction of his movement, and is different at each step
[1]. The method is often used in practice to guide
rocketry.

According to Isaacs [1], the angle of bias Kp,
can be found in this equality:

. . Ve
sin (y.) =—nx sin (y,), e n = =
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If the target moves evenly and rectilinearly, the
pursuer will move on the most effective trajectory - in a
straight line, then the end time of the game will be
minimal and in this case this method is the most
effective of the above (see Fig. 3). The method of
parallel pursuit guarantees the end of the game.

Figure 3. The trajectory of the method of parallel pursuit

Consider in more detail the methods of movement of
the fugitive:

1. The method of linear motion is a normal motion in
a straight line, in which the object does not change its
direction, it moves in a constant static direction. This
movement can reflect the fugitive's desire to reach a
certain goal at any cost as quickly as possible. For
example, a fugitive intends to reach an area that is
inaccessible to the pursuer. However, such behavior is
the easiest for the persecutor, because it is completely
predictable.

2. The method of movement at right angles is a
movement with a constant right angle between the
direction of movement of the fugitive and the pursuer.

Figure 4. The trajectory of motion at right angle

3. Method of movement from the pursuer - is to
choose the movement in the opposite direction, to the
current position of the pursuer. For instance, if the
pursuer is in the direction (-1.0) from the fugitive, the
direction of movement of the fugitive will be equivalent
to the vector (1.0) (see Fig. 5). The purpose of such a
movement is to be as far away from the pursuer as
possible. This behavior will have the best time
characteristics for the fugitive.
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Figure 5. The trajectory of movement from the pursuer

There are more complex modifications of
differential games, when there is a group of persecutors,
or there is a group of fugitives. The goal of a group of
persecutors is to catch all fugitives, and the goal of
fugitives is that at least one has to escape from
persecution. It is believed that the fugitive will be caught
if the pursuers form a convex polygon around him.
Thus, the task of the pursuers is to form this convex
polygon, for which they move by the method of parallel
pursuit. The algorithm of the fugitive's motion depends
on the initial conditions (it may belong to the inner part
of the convex hull). In some cases, the success of one of
the fugitives is guaranteed. For example, if there is a
task where we have 4 pursuers and 2 fugitives, under
any initial conditions and positions of players, at least
one of the fugitives can avoid being caught [4].

IV. CONCLUSIONS

Thus, in this paper were considered: the problem
statement of the theory of differential games,
mathematical models of conflict-controlled processes,
examples of simple persecution processes. Moreover,
the main methods of player management were
described. The advantages and disadvantages of each of
the methods are investigated. Graphical illustrations of
methods are given, by means of the specially created
application which allows to model a course of
differential game with the set input data. The developed
software also allows to model complex modifications of
differential games - group pursuits.
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Abstract — As companies and organizations began to
actively use computers in various areas of their work,
these computers needed to be integrated into a common
network for fast data transfer and efficient interaction.
However, this connection must have been reliable and
secure.
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1. INTRODUCTION

In order to effectively fight against network
attacks and to ensure the possibility of active and secure
use, the concept of building virtual private networks -
VPN (Virtual Private Network) was created and is
actively being developed.

The word “virtual VPN 'is included in the term to
emphasize that a connection between two nodes should
be considered as a temporary connection as long as it is
not a permanent (hard) connection and exists only when
transmitting information flows over an open network.

Since networking services for connecting separate
network nodes have appeared, it has made it possible to
actively use VPNs based on the Internet. All this made
it possible to actively use one of the main virtues of the
Internet - easy access. Therefore, anyone with the help
of the Internet could easily connect to a bank or various
companies from anywhere in the world. However, due
to the openness of the Internet data, the data transmitted
through this network is available to everyone to read or
change it. That is why VPN networks on the Internet
have the means to protect the information transmitted
between VPN nodes. This is why these networks are
usually called VPNs (Virtual Private Networks). In this
context, it means both "private" and "protected".

VPN technology soon became strongly associated
with cryptographic methods of information protection
and the creation of virtual protected networks - VPNs
became one of the top priorities. Its main task is to
solve 4 main problems: security-confidentiality,
authentication, integrity and control of the participants
(users). Cryptography is part of a mathematical
technique involved in storing data protected from
attackers. For example, cryptographic mechanisms have
been developed to protect data privacy. Cryptographic
schemes are designed in such a way that the
information transmitted over the air (e.g., over a
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wireless system) is encoded and cannot be interpreted
by attackers, although an attacker may obtain encoded
data by accessing the data transmitted over the air.
Cryptography can also be used to be sure that the data
was indeed created by the entity that claimed its
creation. This feature is also called data authentication.

Main part. The concept of building a VPN on
virtual networks is based on a fairly simple idea: if
there are two nodes in a global network that want to
exchange information, then it is necessary to build a
virtual tunnel between these two nodes to ensure the
confidentiality and inviolability of open network
information. Access to this tunnel should be very
complicated, for all possible active and passive outside
observers.

There are two major types of attack threats involved
when connecting a corporate local area network to an
open network:

- Unauthorized access to the internal resources of
corporate local networks, which is obtained by the
perpetrator as a result of unauthorized access to this
network;

- Unauthorized access to corporate data during the
process of their transfer to the open network.

Securing information interaction with local area
networks and individual computers, in particular the
Internet, can be ensured by effectively solving the
following tasks:

- Protect connections of local area networks and
operating computers connected to open channels from
outside unauthorized action;

- Protection of information in the process of
transmission of its connection through open channels.

The protection of information through open
channels in its transmission process is based on the use
of virtual protected VPN networks. Virtual protected
VPN networks are the combination of local area
networks and individual computers into a single virtual
corporate network that ensures the security of
circulating data. Virtual protected VPN networks are
formed by building virtual protected connection
channels. These virtual protected connection lines are
called VPN tunnels. VPN network allows VPN tunnels
to connect head office, branch offices, business partner
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offices, remote wusers, and
information over the Internet

A VPN tunnel is an open network connection that
transmits  cryptographically protected information
packets to virtual network messages. The protection of
information in the process of transmitting it through its
VPN tunnel is based on the performance of the
following functions:

- Authentication of interacting parties;

- Cryptographic closure (encryption) of transmitted
data;

- Checking the authenticity and safety of the
transmitted information.

These functions are characterized by
interrelationships. ~ Cryptographic =~ methods  of
information protection are used in their realization. The
effectiveness of such protection is ensured through the
joint use of symmetric and asymmetric cryptographic
systems. A VPN tunnel formed by VPN devices has
protected dedicated line properties. However, this
protected breakdown line breaks down into a network
frames with a common connection.

A VPN client is a software or software-hardware
complex that is usually run on a personal computer
basis. Its network software is modified to perform
information flow encryption and authentication by
which this device performs interchange operations with
other VPN clients or VPN servers.

VPN-Server provides protection of servers from
unauthorized access from the environment, as well as
the organization of secure connection to computers of
the local network segment protected by separate
computers and local VPN-products.

The safety and service quality of wireless networks
has become a subject of considerable and active
research over the past few years, what is caused by a
growing requirement for supporting the transfer of data
packages. Any node which is located in the
transmission range of a delivery node and which knows
the operating frequency and other physical attributes
(modulation, encoding, etc.) can potentially encrypt the
signal so that a sender or an alleged recipient will not
know anything about that interference. However, such
interference in cable networks can occur if an attacker
has an access to physical means of transmission (wires,
fibers, etc.) what requires the accession to the facility.
As wireless networks are not dependent on
infrastructure-based resources, such as power stable
source, high frequency, continuous connection or
unchanging routing, they can be easily attacked.

securely exchange

CONCLUSION

An experienced hacker or accidentally snooper can
easily track the unwanted packages and open the data in
it, using the software means. Of course, the main
danger is the fact that as a result of such an attack, some
people can have access to important information such
as usernames and passwords, credit card numbers and
other.

VPN technologies allow secure tunnels to be
organized both between offices and with separate
workstations and servers. However, it does not matter
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which Internet provider is used by a particular
workstation to connect to protected resources of the
enterprise. All that is seen by a stranger observer is a
stream of ordinary IP packets with unknown content.
Instead of the traditional method of connecting Internet
users via modems or dedicated lines, virtual private
networks - VPNs are introduced, which allow users to
communicate freely with each other via the Internet.
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Abstract — In the paper a mathematical model of
technological modes of filtration with automated removal
of part of heat from interface surfaces (water purification
from multicomponent impurities), backwashing, chemical
regeneration and direct washing of rapid cone-shaped
adsorption filters with chemical regeneration of piecewise
homogeneous porous loads while maintaining constant
velocities of the respective modes is formulated. The
proposed models in the complex allow to conduct
computer experiments to investigate the change in the
concentrations of components of a multicomponent
impurity in the filtration stream and on the surface of the
loading adsorbent, retained by both physical and chemical
adsorption, filtration flow temperature, filtration
coefficient, active porosity and pressure along the filter
height and on their basis to predict more optimal options
for the use of adsorbents of each loading layer and
increase the protective time of rapid cone-shaped
adsorption filters with automated heat removal from the
interface surfaces in filter mode.

Keywords — mathematical model; computer
prediction; filtration; washing; chemical regeneration;
impurity; adsorption; desorption; temperature; rapid
cone-shaped filter; piecewise homogeneous porous
loading.

[. INTRODUCTION

For adsorption of large volumes of water, rapid
adsorption filters with one- and multilayer porous
regenerative loads are increasingly used while
maintaining a constant filtration rate. With the help of
regeneration (using special chemicals) the adsorption
properties of most filter materials are almost completely
restored [1-3].

The ever-increasing demand for purified water in the
economy and the growing cost of filter materials require
research on the one hand their more optimal use and
increase the duration of rapid adsorption filters in the
filtration mode by choosing their shape, layer height, in
particular, taking into account the effects of temperature
on the internal kinetics of mass transfer, and on the other
is the regeneration of porous loads for their reuse.
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Filtration of water through porous loads of rapid
adsorption filters is a special case of the movement of
liquids through porous materials and the laws of this
movement are fully covered in the works of
D. M. Mintz, L. S. Leibenzon, N. N. Pavlovsky,
S.A. Schubert and others researchers [4-8]. It is
established that the linear Darcy's law is usually valid
when filtering water through porous materials, ie the
laminar regime of water motion takes place. The speed
of the adsorption process depends on the concentration,
nature and structure of the components of the
multicomponent impurity, filtration rate, filtration flow
temperature, type and properties of the adsorbent [8]. As
mathematical models for predicting the processes of
"filtering-regeneration" of porous loads, domestic
researchers often use the model of DM Mintz [6, 7] with
constant speeds of the respective processes and
temperature or some modification (advanced model). In
[9, 10] its corresponding spatial models for prediction of
technological modes of filtration, backwashing,
chemical regeneration and direct washing of rapid cone-
shaped adsorption filters with piecewise homogeneous
porous loadings taking into account influence of
temperature effects on internal kinetics of mass transfer
are offered. These models in combination by taking into
account the influence of temperature and filtration flow
rate along the filter height on the coefficients that
characterize the rates of mass transfer during physical
and chemical adsorption and desorption, filtration
coefficient, allow computer experiments to predict more
optimal use of adsorbents the loading layer and the time
intervals of the filters, respectively, in the modes of
filtration, backwashing, chemical regeneration and
direct washing with constant speeds of the respective
modes. An urgent task is to generalize the relevant
models in the case of computer forecasting of
technological modes of rapid cone-shaped adsorption
filters with automated removal of part of the heat from
the interface surfaces in the filtration mode.



Modeling, control and information technologies — 2021

II. MATHEMATICAL MODEL

We will form spatial boundary value problems
for forecasting the main technological modes of
operation of rapid cone-shaped adsorption filters with
chemical regeneration of piecewise homogeneous
porous loads for the model domain G =G, x(0,) , G,

is a spatial one-connected domain ( z=(x,y,z) ),
bounded by given smooth, orthogonal to each other
along the edges, two equipotential surfaces S,, S* and

one flow surface S™ and divided into p subdomains
G (rzﬁ) by some given p—1 equipotential
surfaces S, (r=1,p-1) (fig. 1).

z4 (2)

ZA

x

Figure. 1. Spatial filtering domains GZ for model problems of

forecasting technological modes: a is filtration and direct washing;
b is backwash and chemical regeneration

Considering that in the filtration mode with
automated heat removal from the interface surfaces the
convective components of heat and mass transfer and
physical and chemical adsorption of impurities prevail
over the contribution of diffusion and physical
desorption, in the chemical regeneration mode the
convective components of heat and mass transfer and
physical and chemical over the contribution of diffusion
and physical adsorption, and in the modes of reverse
and direct washing convective components of heat and
mass transfer and physical desorption and chemical
adsorption prevail over the contribution of diffusion
and physical adsorption, spatial model problems for
forecasting technological modes of operation of rapid
cone-shaped adsorption filter at constant speeds of
corresponding modes taking into account the reverse
effect of process characteristics (concentrations of
multicomponent impurity components in filtration flow
and loading adsorbent surface, filtration flow
temperature) on loading characteristics active porosity,
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the coefficients that characterize the rates of mass
transfer during physical and chemical adsorption and
desorption of components of a multicomponent
impurity) will consist of the equations of motion of the
filtration flow according to Darcy's law, equations to
determine the change in the concentrations of the
components of the multicomponent impurity in the
filtration stream and on the surface of the loading
adsorbent, held by physical and chemical adsorption,
filtration flow temperature, filtration coefficient, active
porosity and pressure along the filter height
respectively for filtration modes:

(c-C), =div(D-grad C)—v-grad C—
—o-C+B-U-a"-C,
(c-U),=div(D"-grad U)+o-C-B-U,
(c-W), =div(D" -grad W)+a' -C,
(c-T), =div(D™ -grad T)—v-grad T +
+y-(o-C-B-U)+y - -C,
v=—x-grad h,

=—p-U-p W,

=-AU-\"W, (x,y,z)eGZ",r=ﬁ,

K

o,
chemical regeneration:

(6-C), =div(D-grad C)—v-grad C+
+B-U-a-C+p W,
(c-U),=div(D"-grad U)-B-U+a-C,
(c-W)Y, =div(D" -grad W)—B"-W,
(c-T), =div(D™ -grad T)~v-grad T +
+y-B-U-a-O)+y" B W,

v =—x-grad h,

=u-U+p" W,

=NU+M\ W, (x,y,z)eG’,rzG,

reverse and direct flushing:

(6-C), =div(D-grad C)—v-grad C+
+B-U-a-C-a" -C,
(c-U),=div(D"-grad U)-B-U+a-C,
(c-W), =div(D" -grad W)+a' -C,
(c-T), =div(D™ -grad T)~v-grad T +
+y-B-U-a-C)+y - -C,

v =—x-grad h,

pU—p-w,

=A-U-N"-W, (x,y,z)eG",r=G,

z

’
t
!
t

which are supplemented by the following boundary
conditions:
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Cl, =c.. Cll. =0.Cl. =0
U|s* =ul, Uy = =0,
Wl = . =0, W|
Tl = ¢ =0, ,-,’|Sn =0,
initial conditions:
q,_, =c.U|_, =ug.W|_, =,

_ 70 _ 1,0 _ .0 _ 0
T|1:0 - TO ’ h|l:0 - ho ’ K|x:0 = Kyo» cS|t:0 =Gy

and conditions of consistency on the surfaces of the

section S, (r=1,p-1):

c, =d, ,Dr~Cﬁ’—vf’n~C|S’ =

=D,,-Ci-v, €| .

U, =0, 0 0, o v,

Wi, =wl, .07 w =D W

rl, =T-0T], L D1, -
oo

A i o ], = ],
D,.c;—v,”-C+Df-U'+D:*-fVﬁ'S =

=D, -C.—v, -C+D. U, +D7 - W’ ,
(0~(C+U+W)),|Sﬁ = (cs-(C+U+W)),|SH r=1p-1,

where C=C(x,y,z,t) R U=U(x,y,z,t) i
W =W(x,y,z,t) is the concentration of impurities in
the filtration stream and on the surface of the loading
adsorbent, respectively, retained by physical and

chemical adsorption, 7 =T(x,y,z,t) is filtration flow
temperature, h=h(x,y,z,t) is pressure, kK = K(x, y,z,t)

is filtration coefficient, ©=0o(x,y,z,¢) is active

porosity, v=v(v,,v,,v,) is filtration rate wvector,

V= |v| = \/vf(x,y,z)+vj(x,y,z)+vzz(x,y,z) >0, n
is external normal to the corresponding surface, D, D*

i D" is diffusion coefficients of impurities in the

filtration stream and on the surface of the loading
adsorbent, respectively, retained by physical and

z)eG;,r—lp}
D =¢d, d,>0(r=1p), D'={D,(x,52)eGC,
D*:g'djo ) d»*0>0 ( ”:G ), D" =

d’, >0

chemical adsorption, D={D_, (x,y,

r=1p}
—{D,,(xy,z)er’,r_lp} D =¢g-d ,
(r= Lp p), D is coefficient of thermal conductivity,

D™ =D, (x,1,2) € G, r=lp} ., D —ed”

»

sk

d;y >0 (r=1 p) o 1 P is coefficients characterizing

the mass transfer rate, respectively, during physical
adsorption and desorption of impurities, for the model
problem  of predicting the filtration mode
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a={a,,(x,yz2)eq, r:G} ,
2-5 o
a, —22851+S7 . V‘M'z LTS , ar,Sl,Vv cR (r:l’ s
=0s,=
S17S2:02 )5 B_{By:(x J/:Z)EG :P} ]
2-5
e ZZSS‘”“ VT B, R
=05,=0 }

( I”:G s 8158, :@ ),
forecasting the modes of chemical regeneration, reverse

and model problems of

and direct washing o = {a,, (x,y,2) e G, ,r =1, p},
2-5
s +58) Sy K
A ZZS ’ ’Slssz.v T 4 arsslsszER

=0s5,=

(I”le S17S2202)5B:{Bra(xayaz)EGz’ar_lp}

2-5

IS

=05, =

VT, B, eR (r=Lp,

7,51,8 7,155,

815 S, =0,2 ), o’ is coefficient that characterizes the

rate of mass transfer during chemical adsorption of
impurities, for model problems of predicting filtration

modes, reverse and direct washing,
* * r T
o ={a,(x,y,2) G, r=1p} ,
2-5 .
_ S +58y * 51 S5 * _
a, ZZS o, vT a, o eR (r=Lp,

=05, =

S, 8, =0,2 ), B* is coefficient that characterizes the
rate of mass transfer during chemical desorption of

impurities, for the model problem of predicting the

regime of chemical regeneration,
B*:{Bia(x:y:Z)EGzr:r_lp} s
2 2-5 .
ko si+sy | Q* LTS * .
Br _ZZS' Br,_yl,_yz v Tz > B"J]ssz ER ( J_lam E)
$,=05,=0
r =G , 815 S, =@ ), v is coefficient characterizing

the rate of change of the filtration flow temperature
during physical adsorption and desorption of impurities,
v={v,.(x,»,2)€G,r=Lp}, v,eR (r=Lp), v
is coefficient characterizing the rate of change of the
filtration flow temperature during chemical adsorption

and desorption of impurities, y" ={y., (x,»,2) €G!,

r=1p}, y. eR (r:G ), w i A is coefficients

characterizing the rate of change, respectively, of the
filtration coefficient and the active porosity of the load
during physical adsorption and desorption of impurities,

o 2
GLr=Lp}, p=eyep T,

s=0
n, eR ( r=Lp 5=0,2 ),
A=, (u02)eG L r=Lp}, A, =¢k (r=Lp),

p’ i A" is coefficients characterizing the rate of change,

n=1u,, (x,,2) €

respectively, of the filtration coefficient and the active
porosity of the load during chemical adsorption and
desorption of impurities,

_ 2
Gzr,l"=1,p} , P—: ZS'ZSS'H:,S'TX ,

s=0

=1, (x,2)e
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w, €R ( r=1p ) §=0,2 ),

A" ={7Lf,,(x,y,z)eGZ’,r=G} , AL ZS-X: (r=G),
0

r

is coefficient that for the model problem of
forecasting the filtration mode characterizes the rate of
temperature change at the interface S, due to the

automated removal of part of the heat,
0, T<T’, . . .

6, = 60eR , T"eR , T eR
0, 7>T,

( rzl’p_l )’ (X’r:(x'r('xﬁyﬁzﬁt) b B)':Br(x’y’ZEI) b
=o (x,,2,0), B =B (x,y,z,0), u, =W, (x,1,2,1),
=k (5 0,2,8) , W =X, 0,2,0) , AL = AL (X, p,2,0)

(r=1,p) is continuous limited functions, € is small

*
(X’r
X,

parameter ( £>0 ), ¢’ ={c’,(x,y,2)eG ,r=1,p} ,

u8={uf,(x,y,z)eG:,r=G} ,

wh =, (x,y,2) € G,r=1,p} :
Iy ={T’, (x,y,.2) € G/, r =1, p} :
) ={h,(x,y,z) € G, r=1p}

K =k, (x.y,.2) G, r=1p} :
o) ={c!,(x.y,2)€G,r=Lp} , c=cM.yr) |,
cf:cf(x,y,z) , u.=u.(M,t) , uf:uf(x,y,z) ,

wi=w.(M,0) , w=w(xyz) , T'=T'Mr1) ,
T'=T"(x,y,2z) , h'=h(xy,z), & =k2(x,,2) ,
6’ =c’(x,y,2) (r=1,p) is quite smooth functions,
consistent with each other on the edges of the domain
G [11], MeS,, v,
the initial and current normal velocity components on
the interface S7. (r=1,p—1).

iv,, (r=1,p-1) is respectively,

ITII. PROBLEM SOLVING AND CONCLUSIONS

Algorithms for numerical-asymptotic
approximations of solutions of the corresponding
nonlinear singularly perturbed boundary value problems
for model regions of conical shape bounded by two
equipotential surfaces and the flow surface are obtained
analogously to [9-11].

The proposed models for predicting the processes of
“filtration-regeneration”  of  rapid  cone-shaped
adsorption filters with piecewise homogeneous porous
loads in the complex by taking into account the
influence of temperature effects on the internal kinetics
of mass transfer similarly [9, 10] allow computer
experiments to better investigate the concentrations of
the components of the multicomponent impurity in the
filtration flow and on the surface of the loading
adsorbent, due to physical and chemical adsorption,
filtration flow temperature, filtration coefficient and
active porosity in each loading layer along the filter
height on their basis to predict more optimal use of
adsorbents of each loading layer and time intervals of
filters, respectively, in the modes of filtration,
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backwashing, chemical regeneration and direct washing
with constant speeds of the respective modes.
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Abstract — The paper considers methods of the naive
Bayesian classifier. Experiments that show independence
between traits are described. Describes the naive Bayesian
classifier used to filter spam in messages. The aim of the
study is to determine the best method to solve the problem
of spam in messages. The paper considers three different
variations of the naive Bayesian classifier. The results of
experiments and research are given.
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[. INTRODUCTION

Spam e-mail is a problem that determines the
significant economic impact on society. Spam is a waste
of time, storage space and communication bandwidth.
The problem of e-mail with the accumulation of spam is
gaining relevance. According to the latest statistics,
54.61% of all emails are spam. This is about 15.4 billion
emails per day. That is why spam filtering using the
naive Bayesian classifier is a topical issue for research
[1,5].

The choice of naive Bayesian classifiers to solve the
problem of spam filtering is due to the fact that today
they are the most widely used filters for spam
classification. They are used in free webmail servers and
open source systems [3, 8].

The naive Bayesian classifier method has some
advantages over other classifiers that can be used for
spam filtering. The paper describes: prediction of the
test data set class and the naive Bayes classifier, which
works in multi-class forecasting [6, 10, 12].

II. METHODS OVERVIEW

A. Statement of the classification problem

Spam filtering is a type of text classification task, so
the following model of the classification task should be
used. Statement of the problem of text classification [7,
12]:

Let € = {d1, d2, ..., dm} be a set of text documents
with a set of features W = {w1, w2, ..., wn} (ie each text
document di = (w1, w2, .., wn) and a given function of
the distance (metric) between objects p (di, dj), where
di, dj € D objects.
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The classification function is a function C = {C1,
C2, ..., Ck}, which unambiguously corresponds f to
each object d € D cluster number y € Y= {1, ..., k},
k < m. It is necessary to find such a function f * that

Q (f*,C.p) =min(Q(£ € p)), where Q (f,C,p)is the
chosen criterion of classification quality.

B. Naive classifier of Bayes

The Bayesian classifier is a broad class of
classification algorithms based on the principle of
maximum posterior probability. For a classified object,
the probability functions of each of the classes are
calculated, as well as the back probability of the class.
The object belongs to the class for which the rear
probability is maximum [2, 4].

The Bayesian classifier is based on the Bayesian
theorem — one of the basic theorems of probability
theory, which allows to determine the probability of any
event A provided that there is another statistically
interrelated event B (Formula 1) [1, 6]:

P(B|A)P(4)
P(B)

P(AIB) = M

Using formula 1, we can calculate the conditional
probability P (A | B) that an event A took place, if event
B was observed as a result of the experiment, with the
known probabilities of occurrence of events — P (A) and
P (B), and the conditional probability of occurrence
events A with existing B - P (B | P).

Suppose that for each class Cj € C we know the a
priori probability P (Cj) of the appearance of an object
of class Cj and the distribution density P (d | Cj) of each
of the classes, also called the likelihood functions of the
classes.

According to Bayes' theorem, the probability that
document d belongs to the class Cj is calculated as
follows (Formula 2) [1, 8, 11]:

P(|CHP(C))
DD, @)

where P (Cj | d) — the probability that the document
d belongs to the class Cj, this is what we need to
calculate; P (d | Cj) — probability to find document d
among documents of class Cj (density of class Cj
distribution); P (Cj) a priori (unconditional)
probability of the class of occurrence of the document of

P(Cjld) =
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class Cj; P (d) — unconditional probability of appearance
of the document d in the body of documents.

The value P (Cj | d) =P (d | Cj) P (Cj) is interpreted
as an a posteriori probability that the object d belongs to
the class Cj € C.

The most probable class C * to which the document
d belongs is the class for which the conditional
probability of belonging of the document d class Cj is
maximum (Formula 3) [1, 9]:

€)

It is necessary to calculate the probability for all
classes and select the class for which the probability has
the maximum value. By Bayes' theorem (Formula 4):

C = argmax; P (Cj | d).

P(d|c)PC))

C * = arg max; @D

(4)

According to the solved classification problem, each
document d € D = {dl, d2, ..., dm} is given by signs
with W = {wl, w2, ..., wn}, ie each text document di =
(wl, w2 , ..., wn). For this model, the features of the
document should be considered some characteristics
associated with the words contained in it.

The next step is to make an assumption, which
explains why this algorithm is called naive. It reads as
follows: the denominator can be omitted, because for the
same document Bip the probability P (d) will be the
same, which means that it can be ignored (Formula 5):

)

Also in the model of the naive Bayesian classifier it
is assumed that all the features wl, w2, ..., wn of the
document d are independent of each other. It is clarified
that the position of the term in the sentence is not
important.

C *=argmax; P (Wl,w2,...,wn | Cj) P (Cj).

Thus, the conditional probability P (w1, w2, ..., wn |
Cj) for the features wl, w2, ..., wn can be represented as
follows (Formula 6):

P (wl,w2,...,wn|Cj) = [[; P Wi|Cj). (6)

Thus, to find the most probable class for the
document d = {wl, w2, ..., wn} using the available
Bayesian classifier, it is necessary to calculate the
conditional probabilities of the document d for each of
the presented classes and choose the class with the
maximum probability (principle of maximum a
posteriori probability) (Formula 7):

C *=argmax;[P (Cj) [[;P (Wi |C)],j=12. (7)

Therefore, it all comes down to calculating the
probabilities P (C) and P (w | C). Calculating these
parameters is called classifier training.

III. REVIEW AND ANALYSIS OF DATA

A dataset consisting of a set of SMS messages
should be used for this study. The dataset contains
information about SMS-messages, each of which
belongs to one of the categories — "spam" or "ham". The
total number of records is 5572. After performing a
preliminary analysis of the dataset, you need to remove
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the attributes that will not be necessary for remote data
processing. In Fig. 1 below shows the structure of the
dataset.

<class “pandas.core.frame.DataFrame’>

RangeIndex: 5572 entries, @ to 5571
Data columns (total 2 columns):

#  Column Mon-Null Count Dtype
8 category 5572 non-null object
1 text 5572 non-null  object

dtypes: object(2)
memory usage: 37.2+ KB

Figure 1. Figure 1. Dataset structure

In fig. 2 shows the first 10 records of the dataset,
namely the three features. Each entry in the columns is
text, in the first column of unique values only two:
"spam", "ham"; in the second more, because they are
text messages from different people, so the same
messages are very rare.

category text

ham Go until jurong point, crazy. . Available only ..

ham Ok lar... Joking wif u oni.
spam Free entry in 2 & wkly comp to win FA Cup fina...
ham U dun say so early hor... U ¢ already then say...
ham Nah | don't think he goes to usf, he lives aro..
spam  Freshsg Hey there darling its been 3 week's n
ham Even my brother is not like to speak with me. ...
ham s per your request 'Melle Melle (Cru Minnamin

spam  WINNERI As a valued network customer you have...

L TR ST VRN,

‘spam Had your mobile 11 months or more? U R entitle...

Figure 2. The first 10 records of the dataset

A. Experiments with the Bayesian classifier

During the experiments, different variations of the
Bayesian classifier were compared, namely the
Bernoulli classifier, the Gaussian classifier and the
polynomial classifier. You need to determine the
correctness and accuracy of each of them to understand
which one is best for filtering spam in messages.

You first need to analyze and review the dataset, and
then you need to remove any characters that are not
letters except the space, and reduce the case to
lowercase for better classifier performance.

The next step is to remove words that are very
common but do not make sense in the sentences. In
English, these are articles, pronouns, prepositions that
stand next to words.

The naive Bayesian classifier uses the TF-IDF
statistic, which exists to evaluate important words in
documents.

TF (word frequency) characterizes the ratio of the
number of input specific words to the total set of words
in the documents. IDF (inverse frequency of the
document) characterizes the inversion of the frequency
with which a particular word is used in the text.

(1,
(2,
(2,
(2,
(2,
(2,
(2,
(2.

5096)
71)
1203)
5730)
7169)
5686)
57780)
865)

8.2827396376113674
8.23721407928875086
8.1696767395440564
©.23721407928875096
0.12747363739866062
8.23721407928875096
8.16314375518709673
8.2230834609092432

(5567,
(5567,
(5567,
(5567,
(5567,

7114)
6972)
5507)

8.20462192688903468
8.17534814880677246
©.26080640194451672

©.28537326873407386
8.21515455417138535

1903)
5586)

The value of the statistical indicator TD-IDF for each
word

Figure 3.
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In fig. 3 presents two columns, the first of which is a
pair of numbers: the number of the sample element and
the unique token of this element; the numbers in the
second column are the calculated TF-IDF value, which
means how important the word is in the text.

The next step is to learn the classifier model and the
prediction itself. To do this, the dataset is divided into
two samples — test and training in the ratio of 25% to
75%, respectively. As already mentioned, we will teach
three models of the Bayesian classifier.

The results of the prediction of different variations of
the classifier (Fig. 4):
Multinomial Bayes

Accuracy score:
Time for trainig and prediction:

©8.9575856443710413
0.24386@72158813477

Figure 4. Estimation of correctness of prediction by polynomial
model

The result of the polynomial model, presented in
Fig. 4, shows that the accuracy reached approximately
95.8% and 0.2439 seconds were spent to perform the
classification (Fig. 5).

Gaussian Bayes

Accuracy score:
Time for trainig and prediction:

©8.8581525883632409
2.104784562258381

Figure 5. Estimation of the correctness of the prediction by the

Gaussian model

In fig. 5 shows that the accuracy of the classification
by the Gaussian model reached approximately 85.9%
and 2,104 seconds were spent on the classification
(Fig. 6).

Bernoulli Bayes

Accuracy score:
Time for trainig and prediction:

0.978636215334428%2
8.62946822518528564

Figure 6. Estimation of the correctness of the prediction of the
Bernoulli model

The result of the Bernoulli model, presented in
Fig. 6, shows that the accuracy reached approximately
97.06% and it took 0.695 seconds to perform the
classification.

IV. DISCUSSION OF THE RESULTS OF THE EXPERIMENTS

Given all the results of the experiments conducted in
the previous section, we can say that the naive Bayesian
classifier Bernoulli best solves the problem of
classification of spam messages, as this problem is most
common in various messengers and online platforms,
where spam attacks spread quickly across the platform,
so to resist, that is, to block at the beginning of the
attack, you need to quickly adapt the template to new
words.

Consider the difference between the three different
functions of the Naive Bayes family that we used in the
previous section, namely the Bernoulli classifier, the
Gaussian class, and the polynomial classifier. The paper
determined the correctness and accuracy of each of them
to understand which of them is the best for filtering
spam in messages.

To compare different variations of the naive
Bayesian method classifier, accuracy estimates, program
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execution time, and a confusion matrix should be used,
which shows the percentage of positive / negative true
and false values.

First, a comparison of the accuracy of each method
in tabular and graphical form should be presented. Each
algorithm first learns from the training data, and then
tests on the test. To determine the accuracy of the
algorithms, you need to use the built-in
sklearn.naive bayes library .score () function. The input
function takes two parameters: X and Y, which are the
educational part of the sample. The function returns the
average accuracy of the given data.

TABLE 1. COMPARISON OF ACCURACY OF PERFORMANCE OF
DIFFERENT VARIATIONS OF NAIVE BAYES

Method Accuracy Time
MultinomialNB 0.9575856 0.3036868
GaussianNB 0.86405655 2.02284264
BernoulliNB 0.974986405 0.8595001

In the table. 1 presents a comparison of the accuracy
and execution time obtained during testing of each
method from the naive Bayes family. For a better
understanding, each of the relationships should be
presented in the form of bar charts (Fig. 7).

Comparing accuracies for diferrent Naive Bayes

100

‘GaussianNB

MultinomialNB BernoulliNB

Figure 7. Comparison of the accuracy of different models of the

Bayesian classifier

In fig. Figure 7 presents a comparison of the
accuracy of classification with different variations of the
Bayesian classifier models. There are three variations,
namely: MultinomialNB, GaussianNB, BernoulliNB on
the X axis. On the B axis, the value of accuracy. From
fig. 7 shows that Bernoulli's model performed the
prediction with greater accuracy. In turn, the polynomial
model performed the prediction with slightly less
accuracy than Bernoulli. Specifically, the Gaussian
method of classification of the naive Bayes family lags
behind in comparison with other models.

In fig. 8 presents a visualization of the comparison
of the execution time of each classifier model.

Comparing time for diferrent Naive Bayes

MultinomialNB GaussianNB BernoulliNB

Figure 8. Comparison of program execution time by different
models
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In fig. 8 presents a comparison of the classification
execution time with different variations of the Bayesian
classifier models. Variations such as MultinomialNB,
GaussianNB, BernoulliNB along the X axis are
presented. From fig. 8 shows that the Gaussian model
performed the classification for the longest, more than
two seconds, in turn, the multinomial model performed
the classification on the same data in about 0.3 seconds.
The execution time of the Bernoulli model is about 0.9
seconds.

CONCLUSION

The presented study considered widely used
variations of the naive Bayes method and their
belonging to the problem of classification of e-mail that
contains spam. Descriptions of algorithms, and also
comparison of their productivity are presented. The
results of the experiments showed very promising
results, especially in two of the three functions of the
Bayesian classifier.

It is established that the current problem of spam
filtering in e-mails is best solved by the Bernoulli model
of the naive Bayes method, because this model has
achieved the highest accuracy and productivity. The
Bayesian multinomial model, despite its slightly lower
accuracy, is also noteworthy.

The naive Bayesian classifier method has some
advantages over other classifiers that can be used for
spam filtering. Thus, we can distinguish the main ones:
the prediction of the test data set class and the naive
Bayes classifier. Predicting the independence of the
naive Bayes classifier compared to other models, such
as logistic regression, the method works better.
Accordingly, less training data is required for work. The
classifier works well in the case of categorical input
variables compared to numeric variables, because the
numeric variables have a normal distribution.
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Annotations — The paper presents machine learning
methods for classification and forecasting problems.
Tumor classification algorithms based on the Random
Forest method are considered. To understand the
distribution of classified data, a 3D graph of the three
attributes of the date set was implemented. For a better
understanding, graphs were constructed, namely the ROC
curve and the RP curve. The AUC value for the model
was also determined. The results of the graphs and AUC
values were compared with the NoSkill model, ie the
model without skills. High quality of the received models
is offered.

Keywords — machine learning; tumor; random forest;
foresight; classification.

[.LINTRODUCTION

Breast cancer is the most common cancer among
women in the world. It accounts for 25% of all cancers,
and in 2015 alone more than 2.1 million women were
affected. Early diagnosis significantly increases the
chances of survival [2, 3]. The main problems facing its
detection are how to classify tumors into malignant
(cancerous) or benign (cancerous). A tumor is
considered malignant if the cells can grow into
surrounding tissues or spread to distant parts of the
body. A benign tumor does not penetrate the
surrounding tissues and does not spread to other parts of
the body, like cancerous tumors. But benign tumors can
be serious if they put pressure on vital structures such as
blood vessels or nerves [1, 8].

The aim of the work is to analyze tumor
classification algorithms based on the Random Forest
method. Achieving this goal will be implemented using
methods of data mining and machine learning and
requires specific tasks:

e establish general principles of classification;
e clarify its characteristics;

e Dbuilding a process model according to the
dataset.

II. ANALYSIS OF MATERIALS AND METHODS

Random Forest is a controlled learning algorithm. It
can be used for both classification and regression. It is
also the most flexible and easy to use algorithm. The
forest consists of trees. It is said that the more trees in
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him, the stronger the forest. Random forests create
decision trees on randomly selected data samples, obtain
forecasts from each tree, and select the best solution by
voting. It also provides a pretty good indicator of the
importance of the function.

The primary task of machine learning is
classification, to determine the class (group) of
affiliation of observation. Data science provides many
classification algorithms, such as logistic regression,
vector support machine, naive Bayesian classifier, and
decision tree. But at the top of the classifier hierarchy is
a random forest classifier.

Random forest is implemented in various programs
in various fields, such as recommendation mechanisms,
image classification and feature selection. In this study,
it should be used to classify and predict diseases. It is
the basis of Borut's algorithm, which selects important
functions of the data set [6, 10].

A random forest consists of a large number of
individual decision trees that act as an ensemble. Each
individual tree in a random forest gives a prediction of
the class, and the class with the most votes becomes the
forecast of our model.

To begin with it is necessary to analyze the offered
algorithm. Technically, this is an ensemble method
(based on a "divide and conquer” approach) of decision
trees formed on a randomly divided data set. This
collection of decision tree classifiers is also known as
forest. Individual decision trees are generated using an
attribute selection indicator, such as information
increment, gain, and Gini index for each attribute [4, 6].

Each tree depends on an independent random
sample. In the classification problem, each tree votes,
and the end result is the most popular class. In the case
of regression, the average value of all tree outputs is
considered the end result. It is simpler and more
powerful compared to other nonlinear classification
algorithms [5, 7].

The basic concept behind the random forest is a
simple but powerful concept — the wisdom of the crowd.
In data science, the reason that the random forest model
works so well is because of the large number of
relatively uncorrelated models (trees) that act as a
committee, surpassing any of the individual components
of the model [9,11].
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The algorithm works in four steps:
1. Select random samples from a given data set.

2. Build a decision tree for each sample and get
the result of forecasting from each decision tree.

3. We vote for each expected result.

4. Choose the result of forecasting with the
largest number of votes as the final forecast.

Low correlation between models is a key factor. The
reason for this wonderful effect is that the trees protect
each other from their individual mistakes (if they are not
always all wrong in one direction). While some trees
may be wrong, many other trees will be right, so as a
group, trees can move in the right direction. Thus, the
preconditions for an arbitrary forest to work well are:

e Functions must have some actual signal for
models built using them to work better than
random guesses.

e Predictions (and therefore errors) made by
individual trees should be low correlated with
each other.

III. THE PROBLEM OF CANCER IN MACHINE

LEARNING

Machine learning techniques can significantly
increase the level of breast cancer diagnosis. Studies
show that experienced doctors can detect cancer with an
accuracy of 79%, while machine learning can achieve an
accuracy of 91% (sometimes up to 97%) [4, 10].

The random forest method was chosen to classify
tumors into benign and malignant. The Random Forest
method occupies one of the leading places in modern
machine learning. Random Forest is a controlled
learning algorithm. It can be used for both classification
and regression. It is also the most flexible and easy to
use algorithm. The forest consists of trees. Random
forests create decision trees on randomly selected data
samples, obtain forecasts from each tree, and select the
best solution by voting [3, 7].

IV. EXPERIMENTS

A. Analysis and data processing

Before creating a classification model, a very
important step is to pre-process and clean the data. The
data contains information about a specific tumor. Tumor
parameters are ‘mean distance from center to points
around the perimeter’, ‘standard deviation of gray scale
values’, ‘average tumor nucleus size’, ‘mean of local
changes in radius lengths’, ‘mean weight of concave
contours’ and others. Among all the signs there is one
target categorical variable, which acquires the values
"M" or "B" (M - malignant - malignant, B - benign -
benign tumor). Working with categorical data is not
very suitable for the classifier, so the change of the type
of the objective function from categorical to binary is
implemented. The serial number of the study of a
particular tumor does not carry any useful information
for prediction, so it is unnecessary. An important step in
pre-processing the data is to check the data for null
values and duplicates and clear the dataset from them.

30

Visualization of data classification in 3D space is
part of data analysis. Figure 1 shows that the smaller the
values of the signs, namely the average number of
concave parts of the contour, the largest average value
for the number of concave parts of the contour and the
largest perimeter of the tumor, the greater the
probability of benign tumor.

Classification

Figure 1. Data visualization

To build a good model, you should make a feature
selection to clear the data from noise. To do this, we
visualize the correlation matrix. The linear correlation
coefficient is estimated between two random variables.
Because of this, it is often called the pairwise correlation
coefficient. Pearson's correlation coefficient - in
statistics, the correlation index (linear dependence)
between two variables X and Y, which takes values
from —1 to +1 inclusive. It is widely used in science to
measure the degree of linear dependence between two
variables. That is, constructing a matrix, we obtain data
on the linear relationship between all features.

The requirement for features is a high correlation
with the target variable. However, independent variables
that have a very high correlation with each other should
be avoided. In this case, one of these features is
removed.

Analyzing the obtained correlation matrix, it is seen
that some features have a low correlation (Fig. 2) with
the objective function, ie not a high linear relationship.
From this we can conclude that this data can make noise
and degrade the accuracy of the model. So we can
remove one of them to improve accuracy.

Figure 2. Correlation matrix
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B. Building a model

After processing and analyzing the data, you can
create and train a random forest model. Each random
forest consists of a number of decision trees.

All committee trees are built independently
according to a certain procedure: the classification of
objects is done by voting: each committee tree refers to
an object that is classified to one of the classes, and wins
the class for which the largest number of trees voted.

The optimal number of trees is selected so as to
minimize the classifier error in the test sample. In our
case it is 10 trees (fig. 3).
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Figure 3. Visualization of a random forest model

C. Quality assessment of the model

It is not enough to consider one parameter to
evaluate the model, as it is not objective. Therefore, it is
necessary to determine several parameters of the model
that will determine an adequate assessment of the
model. These parameters include AUC (area bounded
by the ROC curve) and Fl-score (accuracy), R2-score

(clarity) and Accuracy-score. All parameters are
contained in table 1.
TABLE 1. MODEL EVALUATIONS
Parameters
Model
AUC Flscore R2 score Accurancy
score
Random | 59 0.959 0.874 0.971
Forest

AUC is the area bounded by the ROC curve and the
axis of the proportion of false positive classifications.
The higher the AUC, the better the classifier, with a
value of 0.5 indicates the unsuitability of the selected
classification method (corresponds to conventional
guessing). The AUC of our model is 0.995, which
indicates the high quality of the classifier.

The F-measure is one of the measures of test
accuracy. It is calculated through the accuracy and
completeness of the test, where accuracy is the number
of correctly determined positive results divided by the
number of all positive results, including incorrectly
defined, and completeness is the number of correctly
determined positive results divided by the number of all
samples to be defined as positive. The F-measure of our
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model is 0.959, which indicates a very good accuracy
of the classifier.

R-squared is a measure of the clarity of the model
and expresses the proportion of variance of the model.
In the presented study of the model, the estimate is
0.874, which means a high degree of certainty of the
model.

Accuracy score is an assessment of the accuracy
classification. In a multi-label classification, this
function calculates the accuracy of the subset: the set of
labels provided for the sample must exactly match the
set of labels from the test or training sample. In our case
it is equal to 0.971 on the test data. This means that
about 97% of the data is classified correctly, which is a
very good result and proves the high accuracy of the
classifier.

D. ROC and PRC curves

ROC-curve — a graph that allows you to assess the
quality of binary classification, shows the ratio between
the share of objects from the total number of carriers of
the feature, correctly classified to the total number of
objects that do not carry features, erroneously classified
as having a feature. Also known as the error curve.

The shape of the curve contains a lot of information,
including what worries us most about the problem, the
expected false-positive and false-negative indicators.

A classifier without skills is one that cannot
distinguish classes and assumes a random or permanent
class in all cases. At point (0.5, 0.5) the model without
skills is presented. The model, which does not have
skills at each threshold, is represented by a diagonal
line from bottom to left in the graph at the top right and
has an AUC of 0.5. In fig. 4 unskilled model is shown
by a dotted blue line.

10

os
False Positive Rate

Figure 4. ROC-curve

A good model assigns a higher probability to a
randomly selected real positive phenomenon than a
negative one on average. This is what is meant when it
is emphasized that the model has good skills. As a rule,
good models are represented by bends that lean to the
upper left corner of the site. In this case, you can see
the bends in the upper left corner.

Quantitative interpretation of ROC is given by the
indicator - the area bounded by the ROC-curve and the
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axis of the share of false positive classifications. The
area under the curve (AUC) can be used as a result of
the skill of working with the model. An ideal model
when the entire area is filled with color, but the
proposed model is quite accurate, because the area
under the ROC curve occupies almost the entire area of
the graph.

PRC or Precision Recall Curve is a curve that shows
the changes in Precision and Recall values depending
on the threshold. Normally, the threshold is set to zero
because the result will be a probability sign on the
object. PRC will make it possible to understand how
our model distributed probabilities across elements of
different classes and how well it did so. This curve can
be used only if the probabilities are in the range from 0
to 1, and in our case it is so.

This approach measures precision and recall.
Accuracy describes how well the model predicts a
positive class. Accuracy is called positive prognostic
value. The recall is calculated as the ratio of the number
of true positives divided by the sum of true positives
and false negatives. Response is the same as sensitivity.

A classifier without skills is one that cannot
distinguish classes and assumes a random or permanent
class in all cases. The line of lack of skills changes
based on the distribution of positive to negative classes.
This is a horizontal line with the value of the ratio of
positive cases in the data set. For a balanced data set,
this is 0.5. The figure shows a blue dotted line (see
Figure 5).

The model with good skill is depicted as a point in
(1,1). A good model is represented by a curve (yellow)
that slopes to (1.1) above a straight line, a model that
has no skill (blue dotted).

== No Skill
RandomForest

Precision

04
Recall

Figure 5. PRC curve

V. CONCLUSION

Summarizing all the above, we can conclude about
the work done. During the study, the classification of
tumors by Random Forest method was presented.

When applying the algorithm to the data set, it was
seen that it had a fairly high accuracy and the quality
metrics were very good. Therefore, the data is cleaned
and prepared correctly, the type of classifier is well
chosen.
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For the analysis of the decisive forest, the
visualization of individual forest trees as its separate
parts was realized.

So, let's summarize the advantages of the Random
Forest algorithm over other classifiers:

a) It has the ability to efficiently process data with
a large number of features and classes.

b) The decision forest is insensitive to the scaling
of feature values.

¢) It handles both continuous and discrete features
equally well.

Equally important for large volumes of data is that
this classifier is characterized by high parallelism and
scalability.
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Abstract — A novel splitting algorithm for solving
operator inclusion with the sum of the maximal monotone
operator and the monotone Lipschitz continuous operator
in the Banach space is proposed and studied. The
proposed algorithm is an adaptive variant of the forward-
reflected-backward algorithm, where the rule used to
update the step size does not require knowledge of the
Lipschitz constant of the operator. For operator inclusions
in 2-uniformly convex and uniformly smooth Banach
space, the theorem on the weak convergence of the
method is proved.

Keywords — maximal monotone operator; operator
inclusion; splitting algorithm; adaptability; 2-uniformly
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[. INTRODUCTION

Let £ be a real Banach space with its dual £~ .
Consider the next operator inclusion problem:

find xe E: Oe(A+B)x, )]

where A:E —2F is multivalued maximal monotone

operator, B:E — E  is monotone and Lipschitz
continuous operator. Many actual problems can be
written in the form of (1). Among them are variational
inequalities and optimization problems arising in the
field of optimal control, inverse problem theory,
machine learning, image processing, operations
research, and mathematical physics [1-3]. The most
well-known and popular method for solving monotone
operator inclusions (1) in Hilbert space is the forward-
backward algorithm (FBA) [1, 4, 5]

X, =J; (x, - ABx,),
where J' = (1 + /1A)_1 is the operator resolvent,

A:H —>2"  A>0 . Note that the FBA scheme
includes well-known gradient method and proximal
method as special case. For inverse strongly monotone
(cocoercive) operators B:H —H FBA method is
weakly converging [1]. However, FBA may diverge for
Lipschitz continuous monotone operators B . The
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condition of the inverse strong monotonicity of the
operator B is a rather strong assumption. To weaken it,
Tseng [6] proposed the next modification of the FBA:

yn ZJ;(.X" _ﬂ’an)’
xn+l zyn _//{’(Byn _an)’
B:H—>H

continuous

where

monotone and  Lipschitz
operator  with L>0

Ae (O,Lfl). Further development of this idea led to

constant and

the forward-reflected-backward algorithm [7]. Some
progress has been achieved recently in the study of
splitting algorithms for inclusions in Banach spaces [2,
8]. This is largely due to the wide involvement of
theoretical results and designs of the geometry of
Banach spaces [2, 9, 10]. Book [2] contains an
extensive material on this topic.

The current work proposes and studies a new
splitting algorithm for solving operator inclusion (1) in
Banach space. The algorithm is an adaptive variant of
the forward-reflected-backward algorithm, where the
step update rule does not require knowledge of Lipschitz
constant for operator B . The algorithm’s advantage is
only one computation at the iteration step of resolvent of
maximal monotone operator A and value of operator
B . The method weak convergence theorem is proved
for operator inclusions in 2-uniformly convex and
uniformly smooth Banach space.

II. ALGORIHM

Let us recall several concepts and facts of the
geometry of Banach spaces [2, 9-11], that are
necessary for the formulation and proof of the results.

Let £ be a real Banach space with norm "”, E" is

the dual space for E . Let’s denote norm in E* as

Let S, ={er: "x":l} . Banach space is called

strictly convex, if for all x,y €S, and x # y we have
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x+y
2

defined as (Ve € (0,2] )
8 (&) =inf {15

<1. The modulus of convexity of space E is

2

DX, yeS, ||x—y||=e}.

A Banach space E is called uniformly convex, if
5;(£)>0 for all £€(0,2] .
called 2-uniformly convex, if there exists such ¢ >0
that o, (8)2082 for all 86(0,2]. Obviously, a 2-

uniformly convex space is uniformly convex. It is
known that the uniformly convex Banach space is
reflexive [9]. A Banach space E is called smooth if the
limit

Banach space E is

e o] [
t—0 t

@

exists for all x,y €S, . A Banach space £ is called
uniformly smooth if the limit (2) exists uniformly over
X,y €S, . There is a duality between the convexity and
smoothness of the Banach space £ and its dual space
E"[26, 27]. 1t is known that Hilbert spaces and spaces
Ll7 (1< p £2) are 2-uniformly convex and uniformly

L

p

PE (1,00)) [10]. Also recall [1, 11] that a multivalued

smooth (spaces are uniformly smooth for

operator A: E —2" is called monotone if Vx, vekE

<u —V,X— y> 20 Vuedx,vedy. A monotone

operator A: E —2" is called maximal monotone if

for any monotone operator B: E —2" we have that

F(A)QF(B) implies F(A) F(B), where F(A)

is a graph of A [1]. It is known that if A:E—>2F is
maximal monotone operator, B: E — E " is Lipschitz

continuous monotone operator, then 4+ B is maximal
monotone operator. Let us also recall [1] that operator

A:E —> E" is called inverse strongly monotone

(cocoercive) if there exists such a number a >0 (the

constant of inverse strong monotonicity) that
2

<Ax — Ay, x— y> > a”Ax - Ay” . Inverse strongly

monotone operator is Lipschitz continuous, but not

every Lipschitz continuous operator is inverse strongly

monotone. Multivalued operator J:E —>2" | which
acts as
i

is called normalized duality mapping. It is known [9,
10] that: if space E is smooth then operator J is

*
X

sz{x* €eE": <X*,x> =||x||2 :‘

single-valued; if space FE is strongly convex then
operator J is injective and strongly monotone; if space
E is reflexive then operator J is surjective; if space
E is uniformly smooth then operator J is uniformly
continuous on bounded subsets of E . For a Hilbert
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space J =1 . Explicit form of operator J for Banach

spaces £, L,, and W (p e(l,oo)) is provided in

)4 b
[9-11]. Let E be a reflexive, strictly convex and
smooth Banach space. The maximal monotonicity of
operator A:FE S25 s equivalent to equality
R(J+24)=E all A>0. For

for maximal

monotone operator A:FE —2% and 1>0 resolvent
J;' 1 E — E is defined as follows

foz(J+/1A)71Jx, xek,
where J is normalized duality mapping from FE to
E" . Tt is known that
A'0=F(J})={xeE: Jix=x] Vi1>0.

Let £ be a smooth Banach space. Let's consider the
functional introduced by Yakov Alber [11]

#(x.y) =l =20 x)+ o xyeE.
If the space E is strictly convex, then for x,y € E we
have #(x,y)=0 < x=y.
Lemma 1 ([12, 13]). Let £ be a 2-uniformly
convex and smooth Banach space. Then for some g > 1
the next inequality holds:

1
q‘ﬁ(x,y)Z;"x—y”2 Vx,yeE.
For Banach spaces /,, L, and W' (1< p<2)we

[14]. And for a Hilbert space

have u= %

inequality for Lemma 3 becomes identity.

Let £ be a 2-uniformly convex and uniformly
smooth Banach space. Let A be a multivalued operator
acting from E into 2 , and B an operator acting
from E into E’. Consider the operator inclusion
problem (1) and Assume that the following conditions
are satisfied: A:E—>2" is a maximal monotone
operator; B:E — E* is a monotone and Lipschitz
continuous operator with Lipschitz constant L > 0 ; set
(A +B )71 0 is not empty. Operator inclusion (1) can be
formulated as the problem of finding a fixed point:

find xeE: x=J; oJ ' (Jx=ABx),  (3)
where A >0 . Formulation (3) is useful because it
contains an obvious algorithmic idea. Calculation
scheme x,,, =J; oJ ' (Jx, —/1an) was studied in
[8]
B:E — E". However, the scheme generally does not
converge for Lipschitz continuous monotone operators.

Let's use the idea of work [7] and consider modified
scheme

X, =J; oJ " (Jx, - ABx, — A(Bx, - Bx,_,))

for inverse strongly monotone operators
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with extrapolation term —Z(an _an—l) , and let’s

use update rule for A >0 like one from [15] to exclude
explicit use of Lipschitz constant of operator B. We
will assume that we know constant g from Lemma 1.

Algorithm 1
Choose some x, € £, x, € E, TE(O
Ay 4, >0.Set n=1.
1. Compute
X,q=J7 o (Jx, = 4,Bx,— A, (Bx, - Bx,)).

1)and
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2. Ifx,, =x,=x,,,,then STOP and
x, e(A+ B)f1 0, else go to 3.
3. Compute
. | xn+1 - xn .
min< A, ,7 , if Bx,, # Bx,,
n+l ||an+1 - an *
A otherwise.

no

Set n:=n+1 and go to 1.
Sequence (/1

n

) which is created by rule on step 3 is
and bounded
. So, there exists lim A, >0.

n—>0

non-increasing

min{/il,rL’l}

from below by

III. MAIN RESULT

In begin this section, we state the inequality on
which the proof of Algorithm 1 weak convergence is
based.

Lemma 2. For the sequence (xn), generated by
Algorithm 1 the following inequality holds:

¢(z,xn+1 ) + 24, <an -Bx ,,x, — z> +
A
- ¢(‘xn+1’xn ) <
n+1

¢(z,xn ) +24,, <anf1 -Bx ,x

n>"'n

n+l>

+7u

<

—z)+
+T/u//{;/_nl¢(xn’xn—l ) -

n—1 n

— T
)

n n+1

- l_T/l ¢('xn+1’xn)’
where z (A4 + B)_1 0.
Let us formulate the main result.
Theorem 1. Let £ be a 2-uniformly convex and
uniformly smooth Banach space, 4:E — 2% be a
B:E—>E
continuous

be a
operator,

maximal
monotone

monotone operator,
and Lipschitz

( A +B)_1 0. Suppose that the normalized duality
Then
sequence (xn) generated by Algorithm 1 converges

map J is sequentially weakly continuous.

weakly to some point z € (A + B)_1 0.
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IV. CONCLUSIONS

In this paper new splitting algorithm for solving an
operator inclusion with the sum of a maximal monotone
operator and a monotone Lipschitz continuous operator
in a Banach space is proposed and studied. The
algorithm is an adaptive variant of the forward-
reflected-backward algorithm of Malitsky—Tam, where
the used rule for updating the step size does not require
knowledge of the Lipschitz constant of operator B. An
attractive feature of the algorithm is only one
computation of the resolvent of the maximal monotone
operator A and the value of the monotone Lipschitz
continuous operator B at the iteration step. Theorem
on the weak convergence of the method is proved for
operator inclusions in a 2-uniformly convex and
uniformly smooth Banach space. An interesting
challenge for the future is the development of a strongly
convergent modification of the proposed algorithm.
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Abstract — Unemployment is an integral part of a
market economy. This means that the inevitable feature of
a market economy is the existence of a certain level of
unemployment, despite the fact that unemployment is one
of the visible indicators of macroeconomic instability in
the country. Unemployment causes macroeconomic
instability precisely when the level of actual
unemployment exceeds the set natural limit.

Keywords — market economy; visible indicators;
macroeconomic instability; employment services.

I. INTRODUCTION

There are different types of unemployment. Its
division into categories is based on the variety of its
causes. Nowadays, the following main types of
unemployment are distinguished: frictional, structural
and cyclical unemployment.

Main part. Frictional unemployment is short-term
unemployment. It arises when a person voluntarily
resigns and starts looking for another job. He, of
course, needs some time to find a new job. The period
after resignment and before a person finds another job
is called the period of frictional unemployment.
Therefore, we can conclude that frictional
unemployment is voluntary unemployment.

The emergence of frictional unemployment is
related to the shortcomings of effective dissemination
of information in the labor market. At this time the
unemployed and employers who own vacancies can not
immediately find each other. Therefore, frictional
unemployment occurs even when the demand for labor
and the supply of labor in the economy are equal.

Structural unemployment, in contrast to friction, is
longer. Even in the case of such unemployment, there
are vacancies in the labor market, although at this time
there is a serious discrepancy between what the
company needs and what the worker offers.

Unlike friction, structural unemployment is not
voluntary but forced. In this case, people lose their jobs
and it is difficult to find them again, due to the ongoing
structural changes in the economy.

Frictional and structural unemployment are
completely natural phenomena for a market economy.
Frictional and structural unemployment can arise even
when the labor market is in a state of complete
equilibrium. Therefore, we can conclude that the
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natural level of unemployment is exactly equal to the
sum of frictional and structural unemployment.

The formation of the natural level of unemployment
can be affected by many factors, such as economic
growth rates, demographic development trends, the
emigration-immigration situation of the country,
changes in the structure of the labor force, etc. Since
the above figures are different in different countries, it
is not surprising that every country has a different
natural level of unemployment.

Cyclical unemployment is caused by a cycle of the
economy characterized by a decline in aggregate
demand for goods and services. At the same time, along
with the decrease in demand, the level of production
falls, the number of people fired from companies
increases, and consequently the level of unemployment
also increases sharply. Such unemployment is called
cyclical unemployment. Cyclical unemployment lasts
for quite a long period of time. Cyclical unemployment
implies a sharp deviation from the natural level of
unemployment, during which people are forced to be
unemployed and the economy loses the optimal amount
of income.

Like any  other  socio-economic event,
unemployemtn analysis requires not only qualitative
but also quantitative assessment of them. The main
indicators of unemployment are: the number of

unemployed; duration of unemployment;
unemployment rate; the sex-age structure of
unemployed;  professional-qualified  structure of
unemployed; sectoral and territorial structure of
unemployed.

There are two main methods for determining the
number of unemployed:

1. The unemployment rate is determined on the
basis of selective observations of a certain part of the
population, which is conducted periodically;

2. The unemployment rate can be determined on the
basis of applications submitted for the status of
unemployed in the state employment services.

Duration of unemployment — The period of
unemployment of an economically active person can be
different. =~ The most short-term is friction
unemployment, which can usually last for weeks or
months. Structural unemployment lasts longer than
friction, which can last up to a year. Cyclical
unemployment is a very undesirable phenomenon for
the society. Unemployment at this time lasts 1-3 years
or longer.
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Unemployment rate — unemployment is the most
widespread of the quantitative indicators for assessing
the state of unemployment. It is calculated as the ratio
of the number of unemployed to the labor force or the
economically active population.

Unemployment (%) = number of unemployed/
number of lab our force 100%

Ua=Ur/S:x100

The government should try to reduce unemployment
in the country not by one specific method, but by
complex steps. For example: introduction of an
effective ~ labor  market information  system,
development of an active retraining and training
program for the unemployed, promotion of competitive
labor supply, strengthening of active labor market
policies. In order not to increase the level of
unemployment in the country, it is important to take a
number of measures: improve governance, protect the
rights granted to employees by law, improve the system
of labor safety and protection of rights, regulate labor
migration.

CONCLUSION

The improving of difficult situation in the
employment field of course depends on the accelerated
development of the region’s economy. To accelerate
the development, it’s necessary to establish and
consider the reasons, which interfere local
entrepreneurs in business and in creating new
workplaces. The majority of interviewee said that the
preparation of the low-quality professional staff and
bad management interfere employment. This requires
preparation of professionals oriented to labor market
and it is impossible to do it without scientific research.

In the modern global world, the pandemic has
negatively affected the unemployment rate. The world
economy stalled, causing great damage to the well-
being of the population. The analysis of the economic
side is important for us, because we believe that
different integration or contractual relations between
the countries of the world put the economy of this or
that country and its individuals in different positions,
which can increase their production capacities, as well
as reduce them. This is reflected in different ways in the
manifestation of the economic cycle and economic
growth in a given country.
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Abstract — The present scientific paper outlines in
today’s contemporary world - where everything is as it
seems at first glance, subordinated to the economy,
technology and politics are essentially ruled by ethics,
value attitudes, which in that or otherwise find
embodiment for purposes activities. After all, the question
of goals, intentions is the question about values. The paper
underlines that modern information technology has
sharpened the problem of the values of the human spirit
and choice further path of our world civilization.
Everyone remembers the 20th century with its socio-
cultural contradictions. And the scale of the achievements,
and the scale of destruction committed by people in the
twentieth century, incomparable with any other times in
its history. The present paper emphasizes that if we want
to keep human moral values in the information sphere,
then is the technology itself sufficient for this, creating
suitable programs forcing save them? Of course, working
in networks and not consider off-grid the laws impossible.
The paper concludes that what will this process lead to,
hard to say. One thing is clear now: interacting with a
digital computer, we inevitably become different. Society
becomes others. And to regret it is nostalgia for past, it is
sweet - meaningless. Like us modern peace or not - but
this is reality life, and of them desirable proceed if we
want to impact on construction our future.

Keywords —
Dilemmas;
Society; Virtual Reality;
Worldview.

Information Technology; Ethical
Information Ethics; Global Information
Ethical Approach; Global

[. INTRODUCTION

We may say for certain that surely the our world is so
objective now complex, dynamic, uncertain, that a person is
not able to know anything forward what will happen with
confidence and certainty, despite the power of cognitive
funds, which he disposes [and mathematics, and available
scientific knowledge, and computing and information
systems) and on his often good intentions. Procedure adopting
decisions extremely got complicated.

Man increasingly wants to strengthen himself the measure
of all things. Thriving ethical theory to our time became a
quite interesting conception of global worldview is called
Emotivism. As it is generally known Emotivism' is a doctrine

! “Emotivism is a theory that claims that moral language or judgm-
ents: a. is either true or false; b. expresses our emotions; and c. tries to
influence others to agree with us. Emotivists believe that moral langu-
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according to which all value judgments (all moral judgments)
is nothing but expressions preferences, installations or
feelings, if they are moral or evaluative character [1].

Moreover, in these conditions, it is not easy the question
turns out to be: what fundamental principles, what values
does a person ultimately want and can follow? Does he focus
on the idea of good as perfection or to the concept of consu-
mption, which in the conditions of the almost absolutely total
domination of hedonism is transformed into the idea of good?
Everybody worries this dilemma, expressed in the well-
known aphorism of the German social psychologist and
philosopher Erich Fromm’s social worldview theory” “to have
or to be” [2] and we are interested here in the Georgian resear-
chers - Ibraim Didmanidze, Zebur Beridze and Irma Bagra-
tioni’s opinion on the “gathering, processing and the ethical
analysis of the organizational information” [2].

II. MATERIALS AND METHODS

1I.1. On the Essence of Ethics of Information Technology in
the Context of a Global Worldview:

There are three known positions in the topic of technology
relationship and values. They are formulated, in particular,
Ian Graeme Barbour’: 1. Technology as a liberator. It supplies

age expresses emotions and tries to influence others; it has no cogni-
tive content. If I say homosexuality is evil, I'm just expressing my
feeling that homosexuality is disgusting! I am expressing my emoti-
ons and, at the same time, trying to influence you to dislike homos-
exuality. The same analysis applies to any moral judgment” [see:
https://reasonandmeaning.com/2016/11/26/emotivism/]

Erich Fromm’s famous work “Man for Himself: An Inquiry into the
Psychology of Ethics” [first published in 1947] continued and enri-
ched the ideas “Escape of Freedom” — especially — the theory of hum-
an nature and character. As it is seen from the social research - Erich
Fromm “tries to transfer ethical attitude about human nature in the
sphere of management organization; especially each organization,
existing in the business sphere, has its own values, which create the
so-called organization culture. The coincidence of these values
conditions the successful operation of the organization. A human
should consider self-development as a valuable thing and should want
to realize one’s potential, then he will try to make maximum profit for
his firm i. e. their interests coincide. In this case, maximum profit is
defined only by the qualification of a man. If a firm is satisfied with
fixed importance from the worker, then we must resist the issue — a
man is oriented on self-development if his main value is money.
Accordingly, in Fromm’s opinion — two Ethics coexist in the business
organization: authoritarian and humanistic”

[see: https://en.wikipedia.org/wiki/Erich_Fromm
https://sgemsocial.org/index.php/elibrary-research-
areas?view=publication&task=show&id=3832]

3 Despite his success as a physics professor, American theologian and
scientist Barbour chose to move in a new direction in 1953, enrolling
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good for people and from here optimistic views on
technology. 2. Technology as a threat. Great are human techn-
ology costs: monotony in a mass society, narrow criteria of
efficiency, impersonality and manipulation, uncontrollable
technologies, alienation, impoverishment of human relations.
From here there is a criticism of technologies and their pessi-
mistic assessment. 3. Technology as an instrument of power,
or contextual assessment: technology itself is neither good nor
bad; it is just a tool, a tool whose application depends on
social context. Each of the three positions has many options,
but each of them emphasizes that or some other value. The
fourth position seems to be taking shape: recognition the fact
that technologies are included in the system of human goal-
setting, and “the emphasis on character and community wis-
dom increases the possibility of idiosyncratic and unsound
decision making” [3].

Man can only want something if he already has by means
of technology achievements this something. So we're going to
live longer since there are corresponding biotechnologies
based on genetics. When these technologies were not there,
we did not set such a goal.

All the more insistently make themselves felt ethical
issues of technological activity person. There are formed yet
and Biological ethics, and environmental ethics, and biome-
dical ethics, and the ethics of information and communication
technologies. Information technology plays a special role am-
ong new digital technologies by social and global theoretical
worldview. Technically, they are at the heart of all other
technologies and at the heart of the emerging cultural global
information society. Information technology is closely related
to industry, government, economic structures authorities, with
personal human life.

The power of networking technologies many times over
multiplies thanks to virtual technology reality. They open up
new opportunities for the system of power relations: allow
replace straight social control and the impact is mediated.
Instead of direct requirements and restrictions virtual reality
invites us to fascinating worlds and travels. Instead of rough
or more or less mild suppression free involvement occurs.

The virtual symbolic environment is made our reality.
Virtual culture reality is a world of images, interpreted signs
and symbols. You can say information society culture filled
with simulacra. The civilization world of simulacra owes
much of its existence to technical information technology. So,
for example, on the internet human communicates with model
another, and not with the other. Media Machine Absorbing
Products computer revolution blurs the boundaries between
simulated and real, between cultural spectacle and politics.
Information technology that enriches virtual worlds has great
success and is developing intensively. Virtual reality is
something added to the world, created by people, which is
computer reality, sensual reality, vital, environmental, in
which events is here and now.

The human life world has become different — new
opportunities have opened up for disclosure “your spiritual
world of your "I" and to hide it. Doesn't meet face to face man
with others human, how it was in Ancient Epoch or in Middle
Ages” [4]. Direct personal communication by voice, behavior,
gestures or at least with a weapon went into past. Not only we
send rockets on the enemy generally, but also communicate
online with abstract, in fact, we serve as a person and
ourselves as a partial person — in some role. It’s interesting to
note that according to the Georgian and Russian professors —

at Yale Divinity School to study Theology and Ethics. Even before
completing his divinity degree in 1956, he was appointed to teach in
both the religion & physics departments of Carleton College in
Northfield [see: https:/www.britannica.com/biography/lan-Barbour]
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Ibraim Didmanidze, Irma Bagrationi, Vladimir Ulanov and
Nataliia Matrosova’s scientific discussion “information techn-
ology and educational centers are head divisions in system of
the entrepreneur establishments: maintenance statistical, oper-
atively-help and other information, and also computerizations
and constructions of regional information networks” [5]. The
Virtual world of the internet becomes ours element. In him
the eternal man's dream of his freedom: to do what want,
outside of any prohibitions. And here it is in the sphere of
permissiveness, a person comprehends himself: their inner-
most deep values, what he regards as good, and what as evil,
what he allows himself and what does not. How it's not
strange, the machine in the person of information technology
becomes an instrument of knowledge by the user himself [6];
and the network is an empirical basis for psychology and
sociology. On the one hand, man can hide himself, be
anonymous, put on a mask, and on the other side, is exposed
his inner self, his fundamental values, his moral principles.

1I. 2. On the peculiarities of Ethics of Information Technology
in the Context of a Global Worldview:

Information technologies have penetrated in all spheres
Human life brought with a new language, new styles and new
fashion. The habitat turned out to be unusual and almost
impossible for those who were born in times of book culture.
Feeling alien this new world and its unnaturalness for them.
But these changes found themselves not local, but global.
According to a Georgian scientist Irma Bagrationi’s outlook
“as a consequence of these core assumptions, we focused on
the concrete and mundane internet information practices carr-
ied out by online intercultural communication” [7]

Has changed under the influence of information techno-
logy and the external environment human life, and his inner
world...? Information technologies play significant role in the
formation consumer attitudes in society, providing attractive
items for consumption, awe-inspiring and pleasing sensuality.
For example, information technology develops love for
gadgets, for their consumption for the sake of fashion. At the
same time, one cannot fail to notice the influence, mind-
changing user - his rationality is brought up. For example,
Makes study classify knowledge; refer the name of interest to
this or that ethical class of words or problems; “history and
theoretical foundation of information and computer Ethics,
the state of computer Ethics as a philosophical field of
inquiry: some contemporary perspectives, future projections,
and current resources; computer systems: moral entities but
not moral agents” [8]. Develop systemic thinking, for any
communication through information technology includes hu-
man in real working, but not abstract system.

There is one way or another, no doubt huge impact of
information technology on our civilization. The power of
information Technology manifests itself in that they:

- are a means of influencing economy, culture, science,
technology, other technologies;

- create a new sphere of reality;

- Virtual reality (practical activity person in world of elec-
tronic objects);

- change Lifestyle human and his spiritual peace [9].

Who supplies information technology? Their manufacturer is
the community information technology professionals and
companies. The emerging information technology commu-
nity, from the point of view of its internal structure, is as a
system of norms and values. Norms outline the circle of the
permissible, possible, acceptability of behavior within the
community. Values determine what is due, in the name of
which people in their actions follow the accepted norms.
Community information technology manufacturers include
specialists with higher and secondary qualifications in the
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information and communication sphere, and business mana-
gers (people business) different status.

This process of building the information technology
community just started but happens enough quickly. An
important feature of the information sphere technology versus
previous science lies in their close connection with the
business, with economy. This gives rise to its ethical dilem-
mas and ethical approach and problems. They are caused by
the fact that the information technology professional is a
participant in the implementation of practical actions, which
is always morally painted. Information technology companies
are subjects Business Ethics. Many of them support develop-
ment of ethical dilemmas and aspects of activity information
technology companies.

The number of information technology professionals is
quite large. At one time, a Spanish philosopher Jose Ortega y
Gasset in his work "The Rise of the Masses" paid attention to
the fact that it may well belong to the "mass" scientist,
scientific employee [10]. Now, in the contemporary century,
when the product of the specialist's activity is goods,
especially so demanded as information product, found
themselves especially are important their moral foundations,
insofar as in their hands located information. Are important
their motives, why and for what purpose they acquire his
profession. After all, they are included in the mass society,
may be in different degree, and share its values.

We must note here that the object immanent circle of
information technology users is very wide: it is both a person
and an legal or public institutional organization, and the state,
and in perspective constructing global information society the
total use of them is seen. A user can be a child playing with a
gadget, the media, an organization, an individual, and a state
security institution. They have different goals, different poss-
ibilities and different reactions to information technologies.

Gradually among users personal computer, everything
appears more people for whom the computer is just a black
box that works by unknown they didn’t interested their
principles. Now the average person will not disassemble the
TV and fix it. A digital computer becomes the same device
that works by itself and does not require for this participation
user. The number of practical users is becoming more and
more [10]. Thus, the computer literacy has now become a
kind of personality trait: diligence, punctuality, responsibility.
Share of skilled professional users among them decreases.

[II. DISCUSSION

Accordingly, it is very interesting here for us active,
operative theoretical and axiological discussion on the
scientific and worldview and ideological ethical issues.
Information technology development brings with it not only
the growth of the achievements of mankind, but also the
danger. How do they manifest themselves and what are their
reasons or cause and motive for them? The new socio-reality
produces new sphere relations between people and new types
relationship. The rules governing them are established both
spontaneously in practice and deliberately. Arise whether new
moral rules or the same old apply to a new region?

It is worrying that information technology is being used
effectively by criminals. Cyberspace is bad lends itself strict
legislative regulation, therefore is increasing importance
ethical approach. But in the global network in different
regions there is neither ethical nor legal unity. The rapid
development of the Internet is causing fears. Is it necessary
and possible to enter control measures and related legal
framework? The internet is evolving, becoming structural
technology and transforming society online. The complexity
of the global information space stipulates need critical review
access, intellectual property, privacy life of citizens, security
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and human rights and dialogue over geographic, linguistic and
cultural barriers. Concerns related to the development of the
Internet, are rooted in the peculiarities of this technology: it is
outside the control of society and requires change behavior
and habits cultural and global society.

To investigate these problems there is International Center
for Information Ethics established (info-ethics). Are
underway researches in the area of Computer Ethics, Internet
Ethics and Cyber Ethics? In leading educational institutions
the world is found educational discipline on Computer Ethics
(one name still was not installed). One of the main tasks is
shaping personal principles Ethics of social responsibility as
at work place, and in the life of society as a whole. Ethics of
responsibility is not built on the idea of good for him, but it
follows from understanding the situation, in which the subject
is here and now. It includes both debt and impact assessment
[11]. Of course the problem gets complicated and the fact that
values societies and the values of the professional community
may not match. Illustrated is famous example from medical
practice: the operation was performed perfectly - the patient
died. Information Ethics includes Professional Ethics, User
Ethics and some issues of state policy.

It is best-known for us that World Summits on the Infor-
mation Society in Geneva (2003) and in Tunisia (2005) devo-
ted to the legal ethical analysis of the different sides the
emerging global information society. In the Declaration of
Principles, adopted in Tunisia, Principle Five states: “The
information society must be based on ethical and moral values
and provide conditions under which in full human dignity is
respected and strengthened” [9]. As ethical moral values info-
rmation society, as well as generally accepted, such as peace,
freedom thoughts, conscience and religion, equality, solida-
rity, tolerance, respect to nature, particularly important values
truthfulness, trust, honesty are recognized, justice, human
dignity, privacy, protection cultural diversity, respect for
moral, social and religious values all societies [11].

It is also generally known that United Nations’ documents
emphasize the importance of ethical aspects and formulated
the task of developing a deeper understanding ethical, legal
and social implications use information and communication
technologies. Changes that bring new solutions in the field of
information and communication technologies, can do socie-
ties are much more open. The main fundamental principles of
the global information society are declared the principles of a
democratic and tolerant society.

As we know UNESCO sees its main tasks in the field info-
ethics first of all in the following:

- Observance of human rights and fundamental freedoms in
cyberspace;

- An increase in the amount of information is in the public
domain;

- Providing diversity content in information networks;

- Assistance greater accessibility information and funds
communications.

Cyberspace reflects the relation forces taking place in real
life; the desire to embody in it old values - material and
spiritual. What new has it brought? Most likely, exacerbation
of old problems due to large power of technology and its new,
specific professional, their own ethos. The first is obvious and
before worries about everything.

IV. RESULTS

Above all, the main fundamental ethical principles prese-
rve economic interest i.e. the focus is on modern economic
property values. Ethical issues such as copyright and copying
information on electronic and digital media, intertwined with
legal laws governing property relations, economic relations-
hip. For example changing market in the recording industry
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during has a lot to do with the development of information
and communication technologies. The next round of digital
and information technology development had significantly
influenced on the company, earnings which associated with
selling digital copies works. Of course, personal protection is
also a priority, freedom of speech and other values of a
democratic society, protection from what counts a crime in
morality and law. Info-ethics principles require you to behave
not criminal in this area of human activities.

As in life, a person can behave in cyberspace and be good,
and poorly. Honesty and trust are ethical categories; remain in
contrast from legislative and Economic restrictions. Attempts
are being made to solve the problems legally. At the same
time, the intensity of the efforts and attempts conceived by the
inner and internal forces increases.

To solve the problem of theft and digital online scams are
created special computer programs, maintaining a high level
of security work in networks. Except Moreover, attempts are
being made to organize general cooperation, agreements on
persecution similar crimes. However, information technology
community meets and with serious difficulties. So, there is
sufficient reason to believe that the exercise effective control
of pornography and suspicious communities through modern
information technology is incompatible with the right to
privacy as it is now understood. Further development Internet
technologies will determine the situation in this area. Or a
question about intellectual property: there are supporters and
opponents copyright. So, are given arguments that copyright
in mostly not protects interests of the authors, but, on the
contrary, helps to infringe on them; the only exceptions are
isolated cases of writers promoted before receiving millions
of royalties, and even the authors of the notorious pop music
[12]. In relation to the intellectual property plays a decisive
role persuasion man, his own solution.

V. CONCLUSION

As it is seen from our scientific research, we would like to
answer an important question: all ethical and legal problems
will be solved by technology, or some will remain for the
state, for a person, society? Electronic support mechanisms
information systems security used in the electronic world and
especially on the Internet are beginning to play a role similar
to roles played in an organized society the laws. Their main
purpose is to ensure the protection of the owners’ electronic
property, including multimedia publications, audio files,
images and video and text documents.

From the above-mentioned we may conclude that in real
there are many ethical norms associated with the concept of
property in the world. A similar situation takes place in the
electronic world, where they take their form. Are used various
types of electronic protection means. Protection mechanisms
are based on cryptography, digital signature and digital water-
mark sign. They provide information security. Electronic
ethics rules vary depending on by the nature of the mechan-
ism used protection. Role this ethics very large since in
significant degree defines behavior person in the electronic
world. But one cannot fail to notice that self-regulation mech-
anisms appear in the network community. A prime example is
spam problem. Against him the only one persistent rejection
of spam by the online community, which was due to need
self-preservation network community? Is the inability to cont-
rol information technology system sufficient basis, so that
they afraid? Network done people. It's hard to assume that
evil will outweigh good. Humanity has a long history of
exploiting technological change. At this it had and pluses, and
minuses: overcoming ailments and ecological damage. Such
is you can suppose, there will be an outcome contemporary
and current digital information revolution.
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Abstract — Just a few decades ago, books were mostly
used as educational media, while posters, various
mechanical models, etc. were used as educational visual
illustrations. Laboratory experiments for teaching
chemistry, physics, biology, etc. were conducted in schools
and colleges using real materials. Today the situation is
drastically changed and all this has been forgotten.
Modern computer teaching technologies are being rapidly
introduced in the educational space replacing old
tehcnology with hypertexts, e-books and textbooks,
tutorials and many other forms and contents.

Keywords — computer teaching systems; learning
process; computer technology.

L INTRODUCTION

One of the main directions of the process of
informatization of modern society is the informatization
of education. Informatization of education, of course,
implies the introduction of new information
technologies and technical means in the education
system. Education informatization provides and
enables:

e Improving the management of the education
system on the basis of the use of scientific-pedagogical
information, teaching-methodical information materials
and communication network database automation;

e Improving the relevant tasks for the
development of teaching methodology choice and
process management strategy in the system, teaching

methods and organizational forms, the listener's
personality in the modern conditions of public
informatization;

e Creation of modern, innovative

methodological teaching systems, which is focused on
the development of the listener's intellectual potential,
the formation of the ability to acquire knowledge
individually (independently), the implementation of
information-learning, experimental-research activities,
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various types of independent information processing
activities.

IL.

Although computer technology is actively used in
the teaching process today, we must always remember
that it is only a modern teaching aid. Just as the teacher
was a leading figure in the traditional learning process,
the teacher still maintains leadership in classes or
classrooms equipped with modern computer
technology. Moreover, the teacher today appears as the
creator of innovative pedagogical technologies and
therefore he is not only a teacher, but also a teacher-
technologist.

In the traditional teaching process, the teacher is the
main source of information in the student / pupil
relationship. An important feature in this process is the
presence of feedback, which is more or less
successfully implemented. We see a completely
different picture when using computer technology in
the learning process. The main feature that
distinguishes this process from the traditional one is the
availability to organize an effective dialogue between a
person and a computer through interactive programs.

Clearly, e-books have many advantages over
traditional textbooks that are reflected in the learning
process. However, it also has its downsides, which must
be identified and avoided. One of the positive aspects is
that the electronic text book, as an emotional tool, has a
positive effect on the user's mind, is easily perceived
and helps to activate a memorable function. For
example, any study topic in a traditional textbook may
require a large textual explanation (sometimes even
impossible) and still be difficult to comprehend, while
for an e-textbook this process is very simple to imagine.

The use of computer teaching systems provides
access to primary information through interactive
learning programs, which significantly helps students,
if properly competent, to master this or that subject or
any topic of this subject.

MAIN PART
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With information unlimited in time and space, the
student can independently consult using different
sources of information; Constantly performing self-
control in different forms, which significantly increases
the motivation for cognitive activities and the creative
nature of learning.

The types of e-training are determined depending on
the task of designing e-learning and the purpose of
teaching.

E-training can be of the following types:

e subject-oriented;

e (Class-oriented;

e Focused on each topic of the subject;
e  Skill development oriented;

e Focus on technology studies, etc.

The learning environment, which will maximize the
student's independent cognitive activity and expression
of creative skills, depends on the quality of the use of
modern computer teaching systems in the learning
process.

The flexibility of computer teaching systems and
knowledge of their application skills is one of the most
perspective ways to increase the effectiveness of
learning. The use of modern computer teaching systems
in learning processes should not be limited to
accelerating the process, but should also be aimed at a
deeper understanding of the topics and events to be
studied.

The task solving method for each new exercise in
computer training should be based on strict logic and
include the following steps:

1. Discuss several tasks of one type and purpose;

2. Develop a specific algorithm for solving each
task;

3. Analysis of the results of the obtained solution.

The main place in the given methodology should be
to compile an algorithm, which is a sequence of
precisely formulated rules for solving a specific type of
task. Obviously, this algorithm is nothing more than a
plan for solving a task. As a result of mastering
different types of tasks, it is necessary for students to be
able to compile a generalized algorithm and an
appropriate program in an interactive mode, using
computer tutorials.

We need to focus on the specific feature of a
particular task, which is an important methodological
problem. When creating a computer assignment, it is
necessary to take into account the intellectual abilities
of the student. Therefore, software product creation
methods should be geared towards a simple execution
process, including user instructions.

In the process of training a specialist, training on
computer training and analysis of targeted experiments
allows the specialist to develop reflexive skills to
understand and orient in a difficult situation. In
addition, on computer training we can visually
demonstrate the physical essence and nature of the
processes going on at the facility or equipment; their
relationship to each other and a number of such
important details, which, unfortunately, are not always
given proper importance in practice and which can pose
a significant threat to the facility management process.
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CONCLUSION

Computer training can be of great help in analyzing
the expected accidents of technical equipment and
planning appropriate preventive measures to avoid
adverse events caused by the accident. Clearly, this can
be achieved by reproducing facility or maintenance
management statistics and artificially created emergency
and contingency simulations on computer trainings. All
this should be done in the process of training specialists
in higher education, which should be reinforced by the
curriculum. Curricula should include the use of e-
training in the learning process in the form of visuals,
which will model the ongoing technological processes at
the facility, which belongs to the field of activity of the
future specialist.
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Abstract — the analysis of the relationship between the
parameters of the process, typical automation schemes and
requirements for the drying process, was made. It allows

to determine all the contours of regulation and
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[.LINTRODUCTION

Ukraine needs to have grain stocks that would meet
the daily needs of grain and its processed products for
all consumers. The elevator industry is engaged in
creation of such stocks. It not only takes grain into its
granaries, but also does a lot of work to preserve and
improve its quality, while excluding losses. This
industry is the material and technical base of the
country's grain turnover.

Managers of enterprises in the field of storage and
processing of grain face difficult questions: how to
reduce the cost of production, while improving its
quality? How much production capacity is used
optimally? Is it possible to improve production and
financial results? One of the key factors in solving these
problems is to increase labor efficiency in the entire
technological chain — from raw materials to shipment of
finished products. Other important tasks of automation —
obtaining at any time necessary for decision-making
reliable technological and economic information,
ensuring the continuity and safety of technological
processes [1].

Nowadays, new mini-complexes are being built,
existing mechanized currents, receiving-cleaning,
cleaning-drying and other points are being reconstructed
and expanded. They included mini-elevators and mini-
grain processing plants. Requirements for service
personnel have significantly increased. Ensuring
continuous reception, preserving the accepted grain
without loss and improving its quality during storage is
the most important task of employees of the elevator
industry. The enterprises of the branch are assigned
important tasks on reception, placement, processing,
storage and processing of grain resources, their
centralized use and maintenance of all branches of a
national economy of the country [2].
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Elevator industry enterprises purchase, process and
sell varietal seeds of cereals, legumes, oilseeds for
industrial use, as well as harvest and process hybrid and
varietal seeds of different crops.

Cereals are and will be one of the main sources of
income in Ukraine. Currently, the grain market of
Ukraine is a system that includes trade in food, feed and
seed grain, as well as grain for industrial processing,
which differs in quality. Ukraine has the ability to
export up to 20-25 million tons of grain. Determining
the quality of grain in accordance with international
standards is becoming increasingly important, as it is
the quality of grain that includes its market value [3].

The aim of the work is to analyze an elevator as an
object for develop an automatic control system for
remote control and monitoring.

II. MAIN PART

One of the main stages of grain production is post-
harvest processing, which consists in its cleaning and
drying. Postharvest processing of grain in the cost is
about 40%, and in labor costs — more than 50% [3-6]. In
this regard, post-harvest processing and storage of grain
is an integral and important part of all agricultural
production. At the same time, farmers face the task of
not only getting a good harvest, but also to preserve it so
as to avoid losses. Losses of grain and products of its
processing can occur due to a number of reasons. A
significant amount of grown grain is lost during grain
transportation, during the post-harvest processing and
storage. To reduce grain losses to a minimum, it is
necessary to protect it from the effects of adverse
environments, to create conditions in which metabolism
is delayed. To solve these problems, granaries equipped
with appropriate equipment are required for drying,
active ventilation, disinfection of grain entering the
enterprises engaged in the reception and placement,
storage of large masses of grain [7-9].

Grain storage technology is a method and methods
of influencing grain masses and the environment, which
allow to ensure quantitative and qualitative preservation
of grain masses taking into account their features: what
storage modes to use, how long to store, how to deal
with pests of grain stocks, how to dry and ventilate
grain and so on [10].
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Grain is a living organism, it breathes, under certain
conditions it can germinate, it can die or spoil. Life
processes in the grain can intensify under favorable
conditions, and in an unfavorable situation — to slow
down. The intensity of life processes depends on storage
conditions, ie on the state of the environment (heat,
cold, humidity), on the state of the grain itself
(humidity, temperature, content of waste and grain
impurities). This is important because only on the basis
of knowledge of biochemical processes observed in
stored products and their effects, it is possible to more
rationally organize the storage of large masses of a plant
raw material and minimize losses [10].

The main part of the elevator is grain dryer. Grain
dryers must ensure complete storage or improvement of
grain quality, and therefore, uniform heating and drying;
simultaneous drying of grain of different humidity;
drying of grain of any initial humidity to final in one
pass; drying of grain without its preliminary cleaning;
continuous reception of grain, ie its drying in the flow
of grain; exclusion of removal and mechanical damage
of grain; efficient cooling of grain; relatively low fuel
consumption, electricity, capital investment. Grain
dryers should be universal, environmentally friendly,
fireproof, easy to maintain and automatically adjustable
[2; 3; 7]. According to the method of heat supply, there
are convective and conductive grain dryers. According
to the condition of the grain layer, there are dryers with
dense fixed, gravitationally moving, fluidized, falling
and suspended layers.

Studies of the grain drying process revealed that the
existing automation system is significantly outdated, as
well as the main part of the equipment installed on the
elevator. Certain economic and qualitative losses during
grain drying are caused by non-economical (suboptimal)
use of thermal resources and the need for additional
drying of a certain amount of grain, which has already
passed through the dryer due to the fact that the
equipment is obsolete. Optimizing the initial parameters
of grain moisture and improving the management of the
parameters of the drying process can become a reality
due to the creation of a modern functional scheme of
automation. It is advisable to create a modern control
system for the drying process.

We propose a certain replacement of obsolete
equipment with new ones, the introduction of modern
industrial means of automatic process control, the
introduction of means of collecting and archiving data
on the processes in the dryer.

The analysis of the relationship between the
parameters of the process, typical automation schemes
and requirements for the drying process, allows you to
determine all the contours of regulation and
measurement. The developed automation system will be
able to provide all the needs of the technological
process and create safe working conditions for staff.

The main parameters that characterize the course of
the grain drying process are: the temperature in the
dryer zones, the level of grain in the hopper above the
dryer and especially the humidity of the dried grain.
When one of these parameters goes beyond the
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technological limits, the process of grain drying should
be stopped, as there is a danger of reducing the quality
of grain or significant overuse of energy resources
during drying. With this in mind, the creation of the
FSA must implement the appropriate locking and
signaling circuits. To monitor the process, you need to
ensure the output of data and parameters on the display
of a personal computer.

Figure 1 shows the structure of a set of technical
means developed by us that provides automation of the
grain drying process.

t
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Figure. 1. Structure of a set of technical means

When choosing means of automation it is necessary
to take into account not only the technical
characteristics of sensors, transducers, regulators but
also the environment in which they will work, in
addition, the developed set of tools should ensure a
smooth and predictable process.

[II. CONCLUSIONS

Implementation of the developed control system
should reduce grain volumes, which will require re-
drying by 6-8%, with the introduction of moisture
control of the source product will increase the quality of
grain drying, as well as reduce the risk of dangerous and
emergency situations, reduce periods of scheduled and
unscheduled repairs.
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Abstract — Messaging Software systems (MSS) are
one of the most popular tools used by huge amount of
people. They could be used for personal communication
and for business purposes. Building an own MSS system
requires analysis of the quality attributes and considering
adaptation to the changing environment. In this paper an
overview of existing MSS architecture was done. Data
model was developed to support historical and real time
data storage and processing. An own approach to build
Adaptive Microservice MSS based on the messaging
middleware and NoSQL database was proposed.

Keywords microserivce;
architecture; software.

— messaging; system;

[. INTRODUCTION

Development of the Messaging Software system
(MSS) is not trivial and requires considering complex
approaches in the modern scalable architecture design.
With the invention of the World Wide Web, humanity
has taken a big step in information technology and in
social relationship. Using it, each person can look for
information that meets his needs, to communicate, using
smart devices and IoT. After an amount of devices
connected to internet have increased, and collaboration
relationships of different software systems become more
complicated it was necessary to modify approaches and
methods to develop software systems.

There are presented a lot of different approaches that
are used in building of architectures and design. Early
development started with single big applications that
were easy to maintain at the beginning but after a time
when it was becoming bigger and bigger it was obvious
that once it would be impossible to manage this big
chunk. In a nutshell, it was a monolithic architecture.

Building monolithic applications can be very
expensive and hard to support. A big application that
contains the whole logic is also hard to scale. For
example, if this type of an application can be deployed
in 10 and more minutes, it is hard to imagine how fast
and safe can the application be restored in the case of
unexpected issues [1]. Though it can be really fast to
develop at the beginning as you don’t think about most
of the issues but it is not a good solution for the future if
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we talking about the development of messaging systems
that process more and more data from time to time.

When developing MSS we need to consider the
following parameters [2]:

- reusable;

- lightweight;
- easy to scale;
- independent.

One of possible approaches for software
development that will meet such quality attributes is a
microservice architecture. Microservice architecture is
an architectural style which structures a system as small,
loosely coupled services. Simply, we can imagine this
architecture as a decomposed monolith. Each of those
services have a single responsibility for specific domain
models. It allows us to deliver mostly each part
independently. Moreover, it gives an opportunity to
build scalable high load systems which are the main
aspects of messaging applications. But we need to
consider and reimagine much more that we could omit
earlier. After some time this architecture became one of
the most popular. Though it is used in the web sphere
mostly it is hard to find an application that does not use
this approach nowadays. There are a lot of studies but
the one that is done in [1] describes microservice
architecture usage in cloud native systems as they are
full of distributed computing. From it we can see that
after some time microservice architecture was started to
be used in different processing models and it will be
used for a very long time for sure.

The purpose of the work is to analyze, study high-
load architecture, existing solutions, practices,
approaches and development using a highly loaded
architecture with micro-service solutions to maintain
and ensure the security of a large amount of data, not
having a large amount of hardware resources.

II. RELATED WORK

Though microservices mostly appeared in 2014,
since that time there were published an enormous
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number of papers and this number extremely goes up
even now.

In [3] was conducted a research regarding
architectural models and technologies and focused on
common problems, pitfalls and main algorithms what
should be followed in order to design and develop a
system that using a microservice architecture.

Comparing to the monolith architecture, security
layer is harder to implement in the microservice
architecture. Having multiple services in the network
gives us multiple APIs and multiple attack points which
can be accessed in case of not very secure system. In [4]
was conducted a research regarding microservices
security. Attacks, processes and other things were
described which can make any microservice system
vulnerable. Also, a lot of approaches were presented on
how to organize the process of securing microservice
architecture.

Working with data can be also challenging. Having a
big model that is divided to each microservice and its
data source creates new ways on how to process, obtain
and aggregate data. In [5] a research described the ways
of managing data in microservice architecture.
Moreover, the architecture generates a new ways of data
communications using HTTP or asynchronous methods
of communication (by using RabbitMQ or Kafka).

III. ANALYSIS AND INVESTIGATION OF EXISTING
MESSAGING SYSTEMS DEVELOPMENT METHODS

Messaging software systems become very popular in
the last 10—15 years. One of those was ICQ. First ever
created prototypes didn’t have such a variety of
functions comparing to the modern solutions but still it
was very helpful.

Every day something new is developed. When smart
devices become an integral part of our community, a
society faced new problems which should be solved.
The marketplace is growing very fast and provides such
solutions from time to time. It’s hard to imagine a
messaging application without audio or video streaming
functionality nowadays though in the past we had a
possibility to exchange with messages containing
different types of information. For now, there are a lot of
prototypes that are made for specific environment. It can
be a business area’s solutions which were developed for
big companies or it can be open solutions that connect
people all around the world.

In this paper some of the most popular solutions
were analyzed to get the idea of how the messaging
service works under the hood to make a generic
approach and design on how to build MSS. Those were
Slack, Avito Messenger, Viber, WhatsUp, Discord.

Slack is an enterprise messenger written using a PHP
programming language and a MySQL database. The
algorithm of this messenger can be described by the
following steps:

1) A request is made to the server (authentication),
which returns a token for interaction. The session starts
for the user;
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2) MySQL databases are searched. There are a lot of
them and they all contain information on chats and
users.

3) A server looks for the user’s shard and when it is
found a user will be able to interact with an application.

For a data transfer, Slack uses an analogue of a
websocket protocol that is developed by a Slack team.

The entire database of the application is divided into
many databases containing the same structure and
different data (sharding) — the principle of database
design, in which logically independent rows of the
database table are stored separately.

Because MySQL is used, the team was faced the
situation that when it was necessary to scale the system,
it became very complicated and expensive due to
sharding architecture. When a new node was added,
many other nodes stopped working properly, which
caused the system's performance to drop and had to be
refactored. Due to the closely related structure, the team
had to spend a lot of time reworking the architecture [6].

Avito Messenger is a messenger for users of the
website Avito — an online service for placing ads about
goods, real estate, work vacancies etc. and as well as
services from individuals and companies. Messenger
also uses sharding, but with a different NoSQL database
— MongoDB. A total of 8 replica sets are used, which
are independent, as well as shards by user ID. This
messenger allows to have non-group chats between only
two users. To store messages, 2 shards are used - for the
recipient and for the sender. The algorithm of sending
the message is next: firstly, the message is sent to the
service API component, which immediately writes it to
the sender's shard. The message then goes to the service-
db-store component and is stored for the recipient [7].

Next investigated messengers were Viber and
WhatsUp. Those are primarily mobile messengers but
can be also accessed from desktop clients. Viber and
WhatsUp messengers use local data storage. That is, if
the message was delivered to the recipient, it is not
stored on the server, but stored only on the recipient's
device. In the case of WhatsUp, if a message is not
delivered to the recipient, it is stored on the server for 30
days. Then, if it was not sent, it will be deleted from the
server and will not be received in the future. Viber does
not store messages on the server at all [8, 9].

And the last very popular messenger that was
investigated was Discord. Discord is a free messenger
with support for voice over IP (VoIP), video
conferencing. Mostly, it is developed for gaming
purposes such as streaming, recording etc. Initially, a
MongoDB database was wused in an architecture.
Everything in Discord was specially stored in a single
replica network, and messages were stored in a
collection with a single composite index on channel id
and created at. Over time, the limit of 100 million
messages in the database was surpassed, and then
problems began to arise: long delays, big chunks of non-
managed data — etc. It was decided to move to
CassandraDB because:
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1) the read / write ratio of the database is
approximately 50/50.

2) linear scalability (transferring data to another
shard after reaching the limit was not an option).

3) the ability to generate readings by criteria, such as
the last 30 days [10].

After the deep analysis of those prototypes it was
decided that the approach that was used in Discord met
all our requirements and it was used in the next part — a
design of the messaging system.

IV. DESIGN OF A MESSAGING SYSTEM

Messengers process a lot of messages in real time so
a correct and fast communication protocol is a must.
There are a lot of different protocols such as HTTP that
are used in the modern web. HTTP is an application
layer protocol for data transmitting that uses requests.
The basis of this protocol is a client-server technology,
where the server is a provider that expects requests from
clients, and clients are who send requests to the server
[11]. But having a lot of HTTP requests sent to a server
can make an overload and slow down the processing if
we try to send messages using this protocol. There
should be used a protocol that allows us to process data
asynchronously and without a need of waiting for the
response from the server if we talk about messaging
sending. Something that is similar to websocket can be
used as it allows to initiate a bidirectional connection
between a client and a server to process data. Though
there are a lot of modern solutions for real time
messages processing, it was decided to use a STOMP
streaming protocol that is built on top of websocket for
the messaging sending and an HTTP protocol for simple
requests such as user registration/login, information
editing etc.

STOMP is a real-time data transfer protocol that is
very similar to HTTP and runs on top of TCP and
websocket protocols using commands for real-time
connection and communication [12].

As those two protocols by default are not secure,
TLS will be used in order to not expose any data to the
real world and non-authorized users. An complex
encryption mechanism was not included as the main
purpose was to research design and performance sides

Because in a microservice architecture we can have
many independent services the main task is also to set
up communication between these services, as data or
business logic can be broken down between different
services. Typically, synchronous communication is used
through the HTTP protocol. This means that we will
wait for the result of the request to another micro-
service until we receive a response. If a service takes
some time to process a request, it can block the entire
system or individual services, which affects
performance.

In this case, very often use asynchronous principles
that allow you to give a specific task for processing to
the queue, and when the result of the task is ready, a
user will receive it. It was decided to use both
technologies to support asynchronous communication —
RabbitMQ and Apache Kafka.
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RabbitMQ was only used for the data protocol
because the STOMP protocol’s queues are slower than
RabbitMQ queues. It increased a message processing’s
performance a lot.

Apache Kafka was sed to interact between consumer
/ producer services. These two types are responsible for
the basic logic of chat, for example sending messages,
joining chats. Once the message has been sent from the
user interface and read from the RabbitMQ queue, it is
in the first stage - the processing stage. The service
checks whether the message can be sent to the chat
(whether the user can send the message to the chat,
whether he is connected to this chat etc.) and checks the
structure of the message. If everything that user entered
is correct, the message is written to the database tables
and sent to the Kafka queue. From this queue, the
message will be taken and sent to the main chat by the
consumer service.

Because the data in a storage appears quickly,
retrieving this data from tables for example from SQL
databases can become very slow. As said earlier, it was
decided to use a similar approach that is used by a
Discord team — using a Cassandra database.

Apache Cassandra is a distributed database
management system related to NoSQL types and is
designed to create highly scalable and reliable storages
of huge data sets. Because messengers require a huge
storage to save messages into, it is a must to have a right
way in order not to slow down a system as a number of
messages increases. With Cassandra, it is possible to
create a separate structure for storing messages of each
chat with the subsequent sectioning of this data by time
sections. This means that separate sections will be
created for each chat, in which messages for a specific
period and a chat will be stored. This specific time
period is determined by the year and month.

Additionally, for the application security it is
essential to have authentication and authorization
processes. Authentication and authorization processes
are used to prevent unauthorized access. Authentication
is the process of recognizing an individual.
Authorization is a process that allows you to give
permission to the client to perform certain actions.
Because developing an application security layer is very
complex from the beginning and time consuming, it was
decided to use already developed solution Keycloak to
organize these two processes.

Keycloak is a single sign-on server with the ability
to manage the status of a connected client. With its help,
it is also possible to organize the process of user
registration. It also allows you to configure special user
groups and grant them rights to use certain system
functionality.

And the last important part through which a user
interacts is a web interface. Also, the web application
must monitor states of chats. A Redux library allows to
manage states of web applications. And the main single
application page’s structure was developed using the
React.js library. A collection of ready-made graphic
components that were used were provided in the Ant
Design library.
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If we combine everything together, we shall have a
similar architecture that is displayed on the figure 1.

Sends a resultto queue

WS over HTTPS (STOMP) *
> RabbitMQ Queve. afka queue (@

Cassandra DB

Takes a message

Senvice (Produc.

HTTPS /WS
User Interface... AP Gateway...
HTTPS.

Figure 1. Messaging system architecture

Therefore, based on the done research, it was shown
that developing MSS is very hard and needs a deep
understanding. Using microservice architecture it was
shown that additional actions were needed to settle
drawbacks and make a system highly available. In order
to work with any amount of data a data storage model
was introduced and selected based on the done research
of the modern messaging solutions. Various
communication and security methods were used to
achieve the maximally optimized system.
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Abstract — A recent approach to learning Information
and Coding Theory is suggested basing on power of
modern computer science. Students willingly try to
rediscover known and famous technologies by means of
programming them. In order not to distract their
attention, an ‘easy programming’ is suggested for what
MATLAB seems to be the best tool. Collection of
programs developed mutually by author and his students
forms an ‘Information Theory Digital Laboratory’.
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[. INTRODUCTION

Information Theory is a discipline fundamental for
many modern specialties. It is so important to educate
students in accordance with recent methodology
involving computer technologies. Author suggests an
active educational approach called “Student’s own
discoveries”. It includes suggestion to students a virtual
repetition of fundamental inventions from this area by
means their own programming. MATLAB seems to be
one of most preferable tools for this because it allows to
pay less attention to programming technology itself but
more for essence of the problem in focus. Author wrote
a textbook about [1]. It is his intention to present this
material now.

II. STUDENT “DISCOVERIES”

Initial invitation for student’s discoveries should be
an overview of coding technologies of recent days un-
likely to meet in classical textbooks yet, and a Gallery of
Information Era Heroes; they may prepare essays about
them. Simple coding programs like Morse (Fig. 1) or
Bodo codes (Fig. 2), variable length coding and/or
constant-length one as well as other similar ones may be
suggested next [2, 3]. Any language may be used here to
understand the problem deeper, but MATLAB seems to
be the most ecasy one. Another useful research
programming task for them may be an analysis of a
literature text for frequency of its characters [2, 3]; such
work required several years in the past but few minutes
today. Having determined such probabilities, a vector
p=lpl, p2, p3, . ., pn], MATLAB allows to get entropy
of corresponding alphabet in one simple line:

>> H=-sum(p .* log2(p))

Similar, programs for channel entropies from three
points of view (i.e. Receiver vs. Sender, Sender vs.
Receiver and their mutual entropy) are worth to be
prepared and analyzed by students. Channel noise may
be easily simulated in any programming language by
probabilities for 1 to being changed to 0, and vice versa,
O0tol.

« Morse Code by A.Skoroded - x
Code option

@text into Morse code J7) 7/ ‘
OMorse code into Cyrillic 3

OMorse code into Latin ° _ ‘
Source text or Morse code

310 Hawa nepeas KOAUpYKIAas NporpaMma #
The result of the conversion

0000 o —0 P ——— G — e @
0 8 B~ 80— —l e ——— —0O 0O O—O
00— PP cmcm Qe Qo @ Qo P @ Qo @ w———
e @ B @ W e e ) 4
CONVERT

Figure. 1. GUI-program for coding and decoding by Morse alphabet:

1 — input window, 2, 3 — options acoustic reproduction, getting help etc.,

4 — window for encoded text
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4 HomeWork!

Type a message consisting of only 5 symbols A B.CDE
10 research properties of this Nolzy Message Channel.

AAAAAAAAAA BBBBBBBBBB CCCCCCCCCC DDDDDDDDDD EEEEEEEEEE
Binary Coder
p(1n
P00
Type <Enter> below 10 get Message
AAAEAAAEAA * BB BBBBBBBB C*CDCCBCCC CCDDD**DDD E E AEAE*E 4

The message you receives

1-P0

oo
1
000
m
on?
110
mm
oo
1%

2

-~

Help

Figure. 2. GUI-program HomeWork]1 for laboratory work on determining probability parameters of an information transfer channel:
1 — window for input messages; 2 — hidden parameters of binary noise; 6 — Help, instruction to work

One of the most challenging problems in information
theory and technology is development of ‘smart codes’
able to correct transfer errors. Redundancy is to be used
for them but as minimized as possible. Application of
theory is suggested to students to develop such coding
technology with supplementing programs [4, 5].

Having developed them allows to get statistical
analysis how these technologies reduce percentage of
errors. All these constitute Digital Laboratory for virtual
examination of information transfer technologies.

III. CONCLUSIONS

It is up-to-date to suggest an innovative educational
method of ‘Own student’ discoveries’ to learn actively
and research problems in Information and Coding
Theory curriculum. It means developing student’s own
computer programs that allow to focus more deeper on
the problem. It is advised to apply an ‘easy’
programming for doing this. MATLAB seems to be the
most preferable language [6].

‘Digital laboratory’ of Information Theory may be
constantly developed further by educators and student’s
mutual efforts.
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Abstract Worldwide, education innovation is
considered a top priority, with the access to and diversity
of educational resources having increased significantly
since the widespread use of the Internet. Initially, Internet
platforms and tools were not directly adapted to the
learning process. Along with the mastery of technologies
by education specialists, numerous useful resources or
tolls have been created, which can be used by all
interested teachers and they can become the author of the
resource.
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L INTRODUCTION

Blogging as an effective teaching-learning tool is
becoming more and more popular. It is very important
to make the most use of this resource. Previously, an
education worker could not even dream about it, as long
as there was no computer, no internet, neither in the
educational institution, nor at home. The technical
equipment of the school and the internetization
(although there are some problems here as well) were
almost completes throughout Georgia. Considering this
situation, it is now possible to use blogs when planning
and conducting various learning activities.

Blogs or Internet e-journals are increasingly being
used to facilitate collaborative learning. Some of these
sites are accessible to everyone, such as Blogger.com,
the global generator at Google. All you have to do to
create a Gmail email address and go through the blog
creation process.

A blog is a website created by one or more people
for regular posts. The recording can be text type, video
or audio material. A blog usually describes a different
event, gives ut an authorial rating, makes a a comment,
and offers it to others for discussion; Blogs, or Internet
e-journals, are increasingly being used to facilitate
collaborative learning. Some of these sites are available
to everyone!

Blogging helps to change the traditional classroom
environment, the classroom changes across the country
and current and future careers depend on powerful
computer skills, blogging helps your students develop
the skills needed for their further education and lucrative
employment. The world of blogging is like a creative
and fun way to cross literacy. Most blogs include
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commentary and discussion tools that allow students to
incorporate their ideas into conversations with others,
whether in local learning communities or in an open
network.

The public, ongoing nature of blogs can help
students find connections between more integrated
learning practices, personal, professional and academic
experience. The main value of blogs in learning is that
they enable anyone to participate in knowledge creation.

The blogging software is very simple but also
flexible enough to be customized in both style and
structure.

The aim of the topic: to study the use of the
platform-blog by teachers/students in Adjara Secondary
School, which will help to improve the learning
experience, diversify the teaching process, increase
communication and cooperation between teachers and
students.

Research objectives:

1. Identify the benefits of blogging in the learning
process;

2. Survey of teachers and students in terms of
basic skills in working with blogs, how much additional
training is needed, how, why and to what extent they use
blogs in the learning process, sharing their experiences.

Scientific research news: Substantiate the
importance of creating and using learning blogs to
improve the quality of teaching. Offer recommendations
to solve existing problems.

Importance of the research: The latest papers on
the creation of the blog, research results, experience
were analyzed and relevant recommendations and
collusions were prepared.

The teacher should be guided by the existing subject
standard, the content of the program and based on it
should find and prepare teaching resources. “’The
teacher has to adapt the teaching material in such a way
that the material provided to students is understandable
and easily understood. However, the role of the parent is
also an important issue here.

In the learning process, blogs are used to gather
students’ opinions to understand what has been learned,
or to debate over the learning topic:

What do they use the blog for:

- To find information;

- For the portfolio;
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- For personal records;

- To complete assignments;

- Involvement of blogs in teaching-learning on
the one hand (in students):

- Serves to create a positive emotional
background;

- Develops the child’s creative skills;

- Increases the child’s motivation and
individuality;

- Makes teaching diverse;

On the other hand, it helps teachers:

-To understand and evaluate the student’s skills
better;

- Helps tp find new, non-traditional teaching
methods and forms;

- Helps to increase the quality of cooperation with
colleagues;

- Helps to introduce and share innovations;

It is interesting to determine the extent of using
blogs in teaching and learning, what teachers and
students use this resource for, how the use of blogs
affect the quality of teaching and learning, what kind of
problems accompany this involvement and how they can
be minimized.

The followings were used to explore the benefits
of blogging and its involvement in teaching:

1. Methods of finding materials related to the
topic from the internet and their systematization,
analysis.

2. Interview, social network

With the help of Internet resources (electronic
libraries, foreign databases), information was obtained
on educational innovations, recent scientific research
and reviews on the use of ICT in education.

IL.

The study showed that all teachers and students are
aware of the importance of using blogs in the learning
process, although 13% of teachers and 2% of students
use it for educational purposes. Teachers blame the
problem on the lack of time, lack of technical means and
malfunction Low level of competencies to work with
technical means, particularly the blog and consequently
students do not have information about the blog. It 1
advisable for teachers to analyze the ways of creating a
blog with students’ and the need for the Ministry of
Education to plan more training courses, seminars,
conferences in order to increase teachers; competencies.

Most of the teachers surveyed mentioned that
they often use a blog in the learning process:

-Prepare assignments (class, homework,
independent) relevant instructions and assessment
scheme on a daily basis according to the classes.

- One of the activities during the lesson is always
connected to blog to see the assignment, to do it, to
make comments, to view the work of classmates.

-They also write options for their daily lesson plan in
their blogs.

- Prepare questionnaires, tests, options for summery
work as needed.

-They also post some interesting links connected to
the topic of the lesson, student’s work on the blog.

Teachers want students to leave some comments on
the blog, where they will post their opinions on the
difficulty of the assignments, wishes on what type of

DESCRIPTION OF RESEARCH RESULTS
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assignments they want to place, assessments on
classmates’ work and many more.

The blog helps students:

1. Find interesting and necessary information;

2. Perform practical tasks tailored to their needs;

3. Ask questions to the teacher on
incomprehensible issues, get feedback promptly;

4. Comment on their own opinions, assessments
and see that their opinion is important;

5. Learn about and use of new technologies;

The blog is:

- Collaboration between teachers and students,
experiments and research, mutual assistance, sharing of
experiences.

- The learning process continues without limitation
of time and space.

- Cheerful, easy-to-understand, collaborative lessons
change our attitudes towards learning and each other.

- The student is more critical of his/her own work
and tries to constantly develop 21st century skills.

- A blog is universal, effective means of teaching
and learning, with all teachers and students realizing that
modern technologies, including blogs, need to be
involved in the learning process to ensure effective
teaching.

CONCLUSION

The result of the study revealed the following
recommendations:

-It is obligatory for the Ministry of Education to
frequently plan training courses, seminars, conferences
in order to increase the digital competencies of teachers;

- It is desirable to strengthen the practice of digital
teaching-learning in the learning process;

-Targeted use of the digital resources owned by the
school and the student;

- It is desirable for teachers to be interested in digital
tools which will help to effectively integrate
technologies to achieve learning outcomes;

- It is desirable for teachers to create an electronic
resource information board with students;

- Send homework to students electronically through
the blog and receive the necessary feedback;

- It is desirable for a teacher to be an innovator,
mentor, catalyst, motivator;

- lessons should become constructivist, diverse and
oriented to the 21st century skills;

Thus, blogging is a creative and fun way to cross
digital literacy in learning/ teaching. It helps to change
the traditional classroom environment, giving everyone
the opportunity to participate in knowledge creation.
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[.LINTRODUCTION

The trend of scientific and technological
development in recent decades is the automation and
application of information technology in traditional
fields of human activity. One of the major areas of
activity, where automation and informatization gives
great economic benefits, is agriculture, namely honey
production [1, 2]. More than 90% of honey in Ukraine
is produced by households, the process of honey
production in such farms is little automated, almost all
production is done manually.

The aim of the work is to develop an automatic
control system for remote control and monitoring of
bee life parameters in hives.

II. EXPERIMENTAL LEARNIING

Based on the research of the main parameters of the
life of bees in the hive, we have developed a scheme for
managing and monitoring the following parameters:

1. The weight of the hive. Data on the mass of the
hive allows you to control the filling of the hive with
honey. Our system offers a single-point strain gauge.

2. Temperature and humidity -the temperature range
measured must be between -20° C and 40° C. We
proposed the use of a two-parameter temperature and
humidity sensor.

The temperature will be regulated by a fan and a
heater. The system will maintain a constant temperature
under different conditions: in spring and summer the
temperature of the hive should be 25..27° C. In
September, the temperature should be 20° C. When
there is no brood. it is reduced to 9...12° C. In October,
its norm is 8...9° C. At the beginning of winter the
temperature should be the same. Its reduction inhibits
the activity of bees.

3. Noise level. Noise level measurement is
implemented using a sound sensor. A healthy family
was taken as a standard and noise levels were taken
under normal conditions, in a state of rest, restlessness,
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or swarming, and a "true" value was established
according to which the noise norm threshold was
established.

4. Prevention of theft. To provide an alarm for the
opening of the hive, the alarm is implemented when
closing/opening the lid using the opening sensor.

Management, processing and output of data will
perform the ESP 8266 microcontroller with built-in Wi-
fi module, the received data is collected and displayed
on the web server, for remote monitoring of parameters

(fig. 1).

Power provided by an external battery 12 V.
Sensors: DHT-11 digital temperature and humidity
sensor; microphone with sound amplifier LM386 and
comparator LM393 with analog output, step-down
voltage converter on the chip XL4015 with regulation
of output voltage and current limitation and maximum
output current up to 5A, the converter has protection
against short circuit of the load when triggered. 2pcs
5V 1-channel low level relay modules; superminiature
reed switch 2-pin.

Executing mechanism: film heater for beehives 12V
with a power of 10 W; cooler with a nominal voltage of
12V.

The developed algorithm of system functioning
(fig. 2) provides measurement of temperature,
humidity, weight, noise level, check of a signal from a
reed switch and sending to the site / server.
Accordingly, is checked for compliance with the
condition: the temperature is in the range of set values
or not, respectively, if the temperature is not within, the
fan or heater will be turned on. If the temperature is
within the set range, the heater / fan is switched off.
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Abstract — A mathematical model of filtration taking
into account clogging and suffusion in the bioplato filter
system in the two-dimensional case was built. The
constructed mathematical model takes into account the
physical effects of the dynamic change of porosity and the
dependence of the filtration coefficient on the
concentration of contaminants, which is not in the known
analogues

Keywords bioplato filter; filtration problem;
clogging; suffusion; finite element method.

[. INTRODUCTION

In recent years, bioplato have become widespread
and are used for treatment and re-treatment of domestic,
industrial wastewater, surface runoff in different
countries [2, 3]. This is due to the fact that they require
virtually no consumption of electricity and chemical
reagents, significant maintenance and provide the
necessary quality of water treatment from a wide range
of pollutants of organic and mineral nature [1].

However, in the known structures of the bioplato
there is a gradual clogging of the pore space of the filter
backfill and bottom drainage with biofilm and
mineralized sludge, accumulation of sludge in the
bottom of structures, reduced oxygen supply to the root
system of plants, which can lead to reduced efficiency .
Especially negative is the supply of water to such
bioplato with a high content of suspended particles,
which significantly enhances the negative processes that
take place in the thickness of the filter backfill.

In essence, it is necessary to study the process of
migration of undissolved particles in porous media. The
importance of the process of migration of solid particles
in porous media is emphasized in [5], because along
with them can migrate and viruses associated with these
particles. A mathematical model of suspension transfer
in porous media was constructed and applied to
suffusion processes in [6]. In [6] the transfer of iron
nanoparticles in porous media and their use for
purification of contaminated soil and groundwater was
investigated. However, in the process of clogging there
is a dynamic change in the porosity of the porous
medium, which, in turn, affects the filtration coefficient
and, indirectly, the entire filtration process.
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II. MATHEMATICAL MODEL OF WATER PURIFICATION
IN A BIOPLATO FILTER

A Dbioplato filter with a length of 50 meters and a
height of 2 meters with a gravel backfill with a particle
size of 20 mm was considered as a model problem.
Contaminated water is fed through the upper drainage
system from perforated pipes and is removed in the
lower part of the backfill by means of perforated
drainage located at the bottom of the bioplato.

Y. M4
200y I7 T4
I[s 63 Ik
f:. f:.
9! Gy > X M

Figure. 1. Cross section of the solution area of the problem

From [4] the mathematical model of filtration taking
into account clogging contains the following equations

op, o 0.
V-(p,,<c>kh<c,a)w):ag-a—j—%a—j,)reQ, (1)
0
o(l < pp)%_
p, Oc Ot
2
c opp os
=V-D Ve)-u(l-——)Ve——,X €Q,
p, Oc ot
os
—=a-c—B-s, XeQ, 3)
ot
u=—kj(c,5,0)Vh,X € Q. 4)

Mathematical model (1) — (4) allowed to increase the
adequacy of the results for the studied physical
processes, but does not reduce the negative impact of
clogging and showed the need to develop engineering
solutions to reduce the impact of clogging-suffusion
processes on filtration processes. This will require, in
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turn, the consideration of these engineering solutions in
the mathematical model. That is why in this paper the
authors propose to supplement the bioplato filter system
with an additional system of perforated pipes, which is
located in the thickness of the filter backfill. The
additional system of perforated pipes sets the conditions
for pumping water, but with less intensity. This water is
re-fed to the upper system of perforated pipes. Thus, the
filter water is purified in two stages.
Initial conditions:

cx,y.0)=Co, (X) €Q,
s(x,2,0) =59, (X) eQ.
Boundary conditions
h(X,t)|XeF1 =7
At the boundaries and the flow depends on the distance
to the right edge:
_ Amin (X —X2) n Qmax (X —X1)
X1 —X2 X2 —X1

>

q|Xer2

q|X€F3 =w * q|X€F2 ’
where
w — coefficient,
q — fluid flow per unit length,
X1 = 0 .
X2 = 1 .
C(X’t)|XEFI,F4 = Cmax ’
I's,Ig — limits of impermeability.

Here o(X,t) — the porosity of the soil, which is
variable over time due to changes in the concentration of
clogging particles; s(X,t) — mass concentration of
clogging particles (mass of particles that are associated
with the soil skeleton and are classified per unit
volume); ¢ — concentration of the suspension to be
filtered (mass of suspended particles per unit volume of
pore liquid); pg — the density of the material of clogging
particles; Pp =Pp(c) — the density of the pore liquid
(suspension), which depends on the concentration of
suspended  particles;  ky, =ky(c,0) filtration
coefficient, which depends on the concentration of the
suspension and porosity; h — pressure in the pore fluid,;
D, — particle dispersion coefficient in the pore
suspension; u =—kp(c,s,6)Vh — filtration rate of the

pore suspension; o — particle adhesion rate coefficient;
B — particle separation rate coefficient.

The finite element method was used to find an
approximate solution of the boundary value problem.

The weak formulation of the boundary value
problem is as follows. Multiply equation (1) by the test
function

vI(X) e Hy = {VI(X) :vI(X) e WA (Q)i vl(X)‘ run=0,

integrate over the domain, apply the Ostrogradsky-
Gauss formula and obtain

¥Pp e Pp &5
g(khppVhVVl)dQ+ g o3 vl)dQ—g(p—s V=0,
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Multiply equation (2) and integrate the initial
condition for the concentration of the suspension on the

test function by region
v2(X)eHg = {V2(X) v2(X) e W% (Q)£V2(X)‘ = 0,
apply the Ostrogradsky-Gauss formula and obtain

¢ v2)dQ =

g(DCVcVVZ)dQ - g(u(l - %") Ve v2)dQ + g(%

Py
5 i el
(o(1 _Lﬂ)‘i‘vz)dg’
0 dt
Q Pp ¢

”c(x,y,O)-vz(X)dQ = ”co v2(X)dQ,
Q Q
u=-k,Vh, st = (o il 7B-si_l)-dt +si7l
In order to find an approximate generalized solution
of the obtained problem, time sampling should be used
(for more detailed information, see [4]).

III. CONCLUSIONS AND DIRECTIONS OF FURTHER
RESEARCH

An improved mathematical model of the suspension
filtration process in a bioplato filter is constructed,
which, unlike known analogues, takes into account the
nonlinear dependence of the filtration coefficient on the
concentration of clogging particles and the dynamic
change of porosity in the filtration process. The
presented mathematical model also takes into account
the presence of an additional system of perforated pipes,
which is located in the thickness of the filter backfill.
Taking into account these factors allows to increase the
adequacy of the mathematical model for the studied
physical processes. Numerical solutions of the
corresponding nonlinear boundary value problem are
found by the finite element method.

Further directions of the authors' research will
concern the construction of the studied area and
conducting numerical experiments to solve the obtained
boundary value problem and compare the obtained
results with field experiments. It is planned to use the
free software environment FreeFem++ for conducting
numerical experiments.
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Abstract — A non-linear optimal control problem for a
hyperbolic system of first order equations on a line in the
case of degeneracy of the initial condition line is
considered. This problem describes many natural,
economic and social processes, in particular, the
optimality of the Slutsky demand, the theory of bio-
population, etc. The research is based on the method of
characteristics and the use of nonstandard variations of
the increment of target functional, which leads to the
construction of efficient computational algorithms.

Keywords — optimal control; hyperbolic equations;
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[. INTRODUCTION

The paper [2] describes consumer behaviour from a
consumption theory which mathematical model is
reduced to finding an optimal solution of the Cauchy
problem for a hyperbolic system of first order equations
with two independent wvariables. (Slutsky demand
response to a change in price and demand.) An extended
version of such a model with boundary conditions is
considered in [4].

We propose a variant of the optimal control problem,
for the case of a domain where the initial conditions line
degenerates into a point. From the consumption theory it
means that the degenerate point is zero consumption
factor and after £ =7 there is no increase in the benefit
of consumption.

II. STATEMENT OF THE PROBLEM

Hence, to find the level of Slutsky demand under
increasing prices and capital in terms of the established
notation of the theory of hyperbolic systems of first
order equations with two independent variables we
formulate the problem: in the domain

(x,)eS={x, t:a(t)<x<b(t),0<t<T, a(0)=h(0)=0}
we consider some process y = y(x,¢), which evolution

in time and space we describe by semilinear system of
first order hyperbolic equations

=J((x,0),x,0),

y(x,1) ay(x,1)
—at +/1(x,t)—ax (N
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where ¥ : S —[1" is the vector-function of solution,

A is the reflection from S on the space of nXn
diagonal real-valued matrices

A(x,t) =diag(A,(x,t), A, (x,1),..., A (x,1)),

f:0"xS —>0" is the given nonlinear vector-
function and ¢:[0,7]—>0", b:[0,T]—>[".

Note that in the one-dimensional case an arbitrary
semilinear hyperbolic system with a nondiagonal
characteristic matrix can always be reduced to a
semilinear hyperbolic system with a diagonal matrix [3].

Let us consider sets

1={1,2,...,n},
I, ={iel, L(x,t)>0, (x,t)e S},
I,={iel, A(x,t)<0, (x,)e S},
for which m, =card(1,), m, =card(l,) .

That is, we assume that the first m, eigenvalues of
the matrix A(x,?) are positive and the remaining
m, = n—m, are negative. This distribution of signs of
eigenvalues implies that none of the characteristics of
equation (1) that exit from the point (0,0) in the
direction of increasing ?, fall into S .

For system (1), let us set nonlinear boundary
conditions

v.(a(),0) = 7" (y_(a@®),0),u” (0),0), t €[0,T]. )

y_(b(1),0) = 7" (y, (b(),1),u?(1),1), t €[0,T]. (3)

o 5@

Here ', u™™’ are the controlling influences, such that
for the compacts U',U?, u":[0,T]>U’,
U'clO" (rel,i=12) ; y,:S—->0" |
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y_:§ >0"™ are the vector y subvectors that

correspond to positive and negative eigenvalues of the
characteristic matrix of the system (1) (we will use
analogous notation for the other functions);

y 0" XU <[0,T] =0 ™,
yP 0 xUx[0,T]—0" ™.

The target functional has the form

T@,u?) = [Gy(y_(a(®), y, (b(0),0),0)dt +

n j j G(y(x,1), x,t)dxdt, )
S

where G, :[1 " x[0,T]1—[0,T]; G:0"xS > §

and these functions are measurable on [0,7] for
arbitrary function ¥ from the corresponding space. So,
we should investigate the problem

min J(u®,u®),

e

)

where the minimum is taken for those u(l), u® , for
which there exists a single solution of the problem (1)—

Q).

In this paper we prove the correct solvability of the
formulated problem under the satisfying of the proper
smoothness conditions for initial data of the problem (1)
— (4) and under the fulfilling of the conditions of the
agreement

7' (»2(0,0),u"(0),0) = " (».(0,0),u'(0),0).

The variation analysis of the investigated problem is
constructed by the rule

ul () =u" (t+e5" (1)), 1€[0,T], i=12, (6)

where & €[0,1] is the parameter characterizing

smallness of variation, 0" (¢) is continuously
differentiable function, which satisfies condition

0<t+3(0)<T, te[0,T], 5(0)=5(T)=0.

Choosing variation by rule (6) we found necessary
optimality conditions for problem (1) — (5), which are
formulated as appropriate theorems.

In simplified such models, for example, for the
optimal control problems of age-structured population
or in the problems of renewal of gravity wave profile,
effective  numerical  algorithms  for  solving
corresponding optimal  control problems  were
constructed [1].
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Remark. If characteristics of the system (1), that
exit from the point (0,0) fall in the domain S, then

the boundary conditions (2) — (3) have another number,
see, for example, [5].
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Abstract —The level of higher education faces great
needs and challenges in the use of computer technology.
The technology-based learning process has several
important priorities. In particular, the learning process is
flexible and comfortable; It is much more exciting and
creative; The learning material is comprehensive and
teaching/ learning process is of high quality. However, the
process, along with the priorities is fraught with many
problems and challenges. In this paper, we aim to conduct
research and determine what hinders the introduction of
computer-based educational technologies and to work out
the recommendations for the educators to enhance the
quantitative and qualitative quality of the wuse of
computer-based educational technologies. The survey was
conducted using online survey, Interview, Focus group
and Experiment methods. The following conclusions were
made by analyzing the results: students preference is in
favor of computer-based educational technologies; Not all
the staff implementing higher education programs use

computer-based educational technologies in the
educational process; HEIs have poorly renovated
equipment; The quality does not meet modern

requirements; Professors lack of competence; Readiness
to actively use computer-based educational technologies
and participate in the trainings; To respond the results: It
is important to review the training courses in the field of
computer technology in the educational programs of HEIs
and focus on the use of computer educational
technologies; Making a mandatory requirement to use of
computer-based educational technologies in the process of
planning and implementing educational programs; Plan
trainings in the field; To enhance the quality, the studies
and surveys should be conducted by HEI quality
assurance services.

Keywords Computer-based educational
technologies; educational process; e- resources; mobile
applications; e- platforms.

I. INTRODUCTION

A computer has become an integral part of a
human’s life in the modern world. One can hardly find
the field of activity that doesn’t require the application
of computer directly or indirectly to achieve the desired
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results and meet high-quality demands. Technical
progress puts the educational system under high
demands, which, regardless of the level of education,
considers the use of a computer to be the most essential
in the teaching process. It has been decades since there
were attempts to implement information technologies in
the educational process and other fields as well. [7]
There are some instances of application of computer
technologies in the early educational process by
finding, preparing, demonstrating various electronic
resources. Judging by the example of Georgia ‘The
Professional Standard of the Educator-Teacher’
approved in 2018 can be the relevant document to
confirm above mentioned discussion. The role and
significance of computer is even more crucial on the
school education level. Besides, the rapid spread of
information, communication technologies in social and
economic fields brought the necessity for every single
citizen to acquire the basic skills in order to become a
full-fledged member of the information society [2].
Schools put emphasis not only on the application of
computer technologies by primary school students but
the development of the information technology
competences. In the Georgian Education system, for
instance, according to the primary document “Georgian
National Curriculum”, regulating the general education,
the school subject — Information and Communication
Technologies, has been taught up to the current period
to the first and second-grade students (with the duration
of one semester).

However, since the second semester of 20202021,
putting forward the distance teaching component in the
conditions of Covid 19 across the globe has drawn the
issue of distance teaching to the peak of attention along
with the enhancement of ICT (Information and
communication technologies) competences in school
students.

Main part. In literary sources, electronic
information and communication technologies are
defined as follows: ICT is technology that supports
activities involving information. Such activities include
gathering, processing, storing and presenting data.
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Increasingly these activities also involve collaboration
and communication. Hence IT has become ICT:
information and communication technology [7].
Information and Communication technology (ICT) is a
broad term used to describe a transmission or idea
exchange using equipment, tools, or networks.
Examples of ICTs include: the Internet, cell phones,
and personal digital assistants (PDA).

To enhance students' competence in information
and communication technologies Georgian government
decided to pilot the subject “Computer Technologies”
in about 400 schools since the second semester of
2020-2021. Moreover, this subject will become
mandatory after the first semester of 2021-2022 for the
second, third and fourth-grade students in Georgian
schools. Naturally, the society and parents’ attitude
towards the abovementioned issue is quite
heterogeneous due to the fact that some of them
strongly believe that children, especially, junior
students, spend excessive time using computers. They
believe that introduction of the subject in the school
curriculum will make their kids even more addicted to
computers. However, it doesn’t represent the object of
our research. We focus on the relevance of computer-
based educational technologies and the significance of
their application in any stage of education, among them
junior school education. Not to mention the basic and
secondary education, where the educational process
relies mostly on computer technologies, the demand for
a skilled teacher is quite high and the students’
competencies are comparatively close to the
requirements and needs of their application. The
teaching/ learning’s objectives of the “National
curriculum” aim at developing pervasive skills and
values, such as critical and creative thinking skills,
collaboration, communication, ethics, entrepreneurship,
showing initiative and action, orientation in time and
space, research, independence. It includes the
application of communication and information
technology which involves important skills to the
learner, such as: network search, dissemination of
information, finding and using electronic resources in
the teaching process.

In respect of applying computer technology, higher
education faces the greatest needs and challenges. It is
logical since the application of computer-based
education technology at this level of study is
unanimously crucial in teaching, as well as the learning
process. The technology-based teaching process has
several priorities:

- The teaching process is flexible and comfortable;

- The teaching process is much more exciting;

- The learning process is more creative;

- It enhances motivation;

- It is easier to achieve the learning goals — the
learners can obtain necessary information more easily,
in less time and with making fewer efforts.

- The study material is easy to comprehend;

- The quality of teaching/learning is higher;

- It facilitates the enhancement of information-
communication competences [4];

- It fosters PBL (problem Based learning);

- It facilitates the development of the ability to
simultaneously own various competencies, including
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computer technologies and information
(knowledge management).

This list can be endless taking on board the field,
teaching course, topic, objectives and others.
Nevertheless, the application of computer-based
educational technologies, along with other priorities, is
connected with lots of problems and challenges. There
is a certain list of problems that can be noticed at a
glance, even with a naked eye. Among them there are
professor and teacher insufficient competences (both, in
terms of the technology ownership, as well as resource
preparation); the obsolescence of computer equipment
caused by the rapid development of technologies; the
problem with access to technology; the problems
connected with Internet frequency; the law level of
student activity (in terms of doing assignments); taking
control of the process of working on assignments
independently.

Since on the one hand, we are fully aware of the
importance and necessity of computer-based
educational technology and on the other hand, we
realize the challenges and barriers of its complete and
quality implementation, we set the aim to conduct the
research and  determine  what  hinders  the
implementation of computer technologies and what
recommendations can be made for the representatives
of the education sector to enhance the quantitative and
qualitative quality of the use of computer-based
educational technology.

Research progress: The research was carried out in
two directions due to the meaning and context of the
term: Computer-based information technologies’: On
the one hand, we needed to explore the practice of
using computer in teaching. On the other hand, those
educational resources can be prepared and applied in
the teaching/learning process using computer
technology.

To find out the role, importance, frequency and
problems revealed in the teaching process at the higher
education level, we carried out the standard survey with
the help of quantitative methods. 323 academic/invited
staff from 12 higher education institutions of Georgia
participated in the online survey including 174
(53,87%) women and 149 (46,13%) men.

Number of participants and age

Figure. 1. Research on the use of computers and educational
technologies in higher education

sorting

As it was expected, 88% of respondents actively use
computers in the learning process, 12% — use it less
frequently. Among the interviewed students, there was
no respondent who does not use a computer at all in the
learning process.
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Do you use computer based educational technologies in learning process?

Figure. 2. Do you use computer based educational technologies in
learning process?

It should also be noted that the indicator of the
percentages is distributed approximately equally among
all Higher Educational Institutions. There were two
highly important factors in this study: the age indicators
of the participants and the question of how long they
have been actively using the computer in the learning
process. It is noteworthy that with age, the age of
computer-savvy (users) professors decreases, although
naturally, it does not appear in all cases.

Another important indicator was given to us by the
research on the issue that refers to another matter: this is
how many years the computer has been actively used by
professors in the teaching process. It turned out that only
in the last one year only 21% of respondents have been
actively using computers. We think that these professors
exactly belong to the category of professors who use
computers only for some special needs or in case of
urgent need (and it can be said — when it is compulsory
and under duress) due to the transition from face-to-face
learning to distance learning. 12% of the respondents
have been using computers for teaching for the last 2-3
years, 18% for the last 5 years and more, 49% for more
than 5 years.

How long have you been actively using a computer?

Figure. 3. How long have you been actively using a computer?

Taking into consideration the fact that the study
involved specialists from different fields, all training
courses due to some certain specific characteristics do
not allow the systematic use of the computer (for
example, the board is a more important tool in teaching
mathematics than using the computer, physical
education and sport trainings are also conducted in a
specific way quiet differently etc.). We think the results
obtained can be considered statistically reliable.

In the second phase of the study, we explored the
share of educational programs that use different types of
digital tools (electronic resources) in teaching. The
Emphasis was placed on the use of different types of
electronic resources (both ready-made and prepared by
the staff themselves), as well as the use of different
platforms in teaching (for example, Moodle, Zoom,
Teams, mobile applications, etc.).

As the research showed, almost half of the
professors 47.4% wuse computer educational
technologies with some frequency, although this is not
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the active use in all cases.

In the third stage of the research, which was
conducted at Batumi Shota Rustaveli State University,
the experimental method of research was used: In order
not to damage any training course and not to interfere
with or prevent teaching-learning process itself, as well
as its quality, we have chosen a training course that
allows both forms of teaching (with or without using
computer educational technologies), Accordingly, we
have chosen a foreign language training course.

Do you use computer educational technologies?

Figure. 4. Do you use computer educational technologies?

We also selected control (number of students 150)
and experimental (number of students 150) groups. In
the control group, we measured the frequency of use of
computer digital tools and the results of their usage in
different ways:

A) The syllabus of the training course was analyzed
in order to determine the extent to which the use of
computer-based educational technologies was envisaged
in the syllabus;

B) interviews were conducted with the lecturers of
the training course;

C) a focus group was held with students;

D) The learning process in the control group was
carried out in accordance with the syllabus planned in
the syllabus of the training course and educational
technologies  (presentation programs, technology
spreadsheets, graphic packages) were used a total of
4 times during the semester. At the end of the course,
the students' assessments of the control groups were
analyzed. The academic performance of the students
was as follows:

A-5%

B-11%

C-25%

D -34%

E-25%

As for the experimental group, we selected those
weeks from the syllabus that allowed us to use computer
technology without changing the course content and
learning outcomes (We have ensured compliance with
teaching-learning and assessment methods and the use
of various types of computer educational technology).
Presentation programs, Microsoft educational programs,
Dropbox, technology project, word processors,
spreadsheets, graphics packages were used.

Discussions were carried out based on an animated
film screening, a written assignment (topic) was
uploaded to the Moodle platform, cases were reviewed
on the Zoom platform, and the groups were
automatically split, and presentations prepared in
different formats were actively used during the teaching-
learning process in the groups. At the end of the course,
the students' assessments of the control groups were
analysed. The academic performance of the students
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was as follows:

A—-12%
B - 14%
C-38%
D-31%
E-5%

A comparative analysis of experimental group and
control group student assessments revealed significantly
that the experimental group student scores were
significantly higher than those of the control group
students.

Student achievement rates in
control and experimental groups
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Figure. 5. Student achievement rates in control and experimental
groups

In addition, a focus group with students and
interviews with leading course lecturers was conducted
to research student satisfaction. Analysis of the results
of qualitative research showed that the diversity of
educational technologies and intensive use in the
learning process increased students' motivation, interest,
involvement, responsibility, independence, group work,
presentation and other skills.

The interview revealed that despite the important
steps taken by HEIs, it is not able to update the
computer equipment in its possession at the required
pace, which significantly hinders the process of setting
foot for modern technologies; Also, professors find it
difficult to select and use adequate technologies for
course content; Nevertheless, there was a willingness on
the part of the professors to use computer-based
educational technologies in the presence of appropriate
conditions and training in this area.

The conducted experiment unequivocally revieled
the importance of using computer-based educational
technologies in the educational process. The "triangle"
of results itself is noteworthy, which means the comfort
and self-esteem associated with the implementation of
the learning process by the lecturer, the increase of
students' interest, motivation, level of involvement and
the increased quality of teaching-learning process.

CONCLUSION

. Students prefer teaching-learning practices
(training courses) where computer-based educational
technologies are actively used;

. Despite the requirements set by higher
educational institutions, for the implementation of
innovative approaches in the educational process, the
staff members still do not fully or accordingly use
computer-based educational technologies in their
teaching-learning process;
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. Despite significant steps taken by HEIs, the
computers and existing technical equipment in their
possession is outdated / old/ can no longer support
technological progress in a very short time;

. The quality of wusing computer-based
educational technologies does not meet modern
requirements;

. Professors have difficulty in selecting and
using adequate and appropriate technologies for their
course content;

. Professors are ready to use computer-based
educational technologies actively in case of appropriate
training courses in this field.

RECOMMENDATIONS:

Based on the research carried out at our university,
the following recommendations should be given:

. to review the training courses in the field of
computer technology in the educational programs of
higher educational institutions and to focus on and
concentrate on the usage of computer educational
technologies (because all adolescents, especially all
students, already master elementary ICT competencies);

. The wuse of computer-based educational
technologies should become a mandatory requirement in
the process of planning and implementation of
educational programs;

. To plan trainings and workshops for professors
how to use and implement computer-based educational
technologies in teaching process;

. The research conducted by higher educational
institutions quality assurance services should include a
study of the state of the usage of computer-based
educational technologies and take care of developing the
quality of their use.
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Abstract — There were considered the issues of the
optimal collision avoidance in the target’s risk field. A
method of optimal divergence by course maneuvering is
proposed, which makes it possible to minimize the
divergence trajectory for a given risk of collision and
consists in organizing the movement of the vessel along the
trajectory of a given risk. The risk field of the target is a
normal distribution law characterized by the root-mean-
square parameters of the uncertainties associated with
measurement errors of the parameters of the vessel's state
vector and target, errors of actuators, errors of the used
mathematical models, errors of calculation, etc. The
operability and efficiency of the proposed method,
algorithmic and software were tested on the Imitation
Modeling Stand, which is the Navi Trainer 5000
navigation simulator and a model of on-board controller
included in its local network with the software of the risk
divergence module. The Imitation Modeling Stand allows
to work out the software of control systems, including the
considered optimal divergence module, in a closed circuit
with the Navi Trainer 5000 navigation simulator, using all
its advantages

Keywords — collision avoidance;
automatic control; navigation simulator.

control systems;
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[.LINTRODUCTION

Over the past 10-20 years, the intensity of
navigation and the speed of vessels have significantly
increased, and with them the flow of information has
also increased. It becomes more and more difficult for
navigators to find the right management decisions,
especially in critical situations, which is the reason for
the increasing number of accidents and disasters in
maritime transport. According to the United Kingdom

Protection and Indemnity Club human error is
responsible for 89-96% of vessel collisions, 84-88% of
tanker accidents, 79% of vessel towing yards, and costs
the maritime industry approximately $ 541 million a
year. A detailed analysis of the causes of vessel
accidents at sea due to the human factor is given in [1].
Studies of the human factor influence on vessel control
are considered in the works of many authors, in
particular [1-5]. Organizational measures taken to
strengthen the training and retraining of boat masters,
amendments to the International Convention on
Standards for the Training, Certification and Watch
keeping of Seafarers [1], other measures did not lead to
a significant reduction in accidents. Experts note that the
only way to achieve the desired result is the
development and implementation of automated control
systems.
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In works [6—8], the issues of using ergatic systems to
control the influence of the human factor on control
processes are considered. Ergatic systems allow to
detect deviations in the behavior of the navigators in the
early stages of manifestation, to prevent their
development and thus reduce the influence of the human
factor on the processes of traffic control.

The modeling of information potential management
of complex systems in the conditions of risk and
forecasting of multidimensional no stationary data flows
in the conditions of uncertainty is devoted to works [9—
11].

Automatic control systems can radically reduce the
impact of the human factor on control processes, as the
operator only decides on the use of a module, and
further vessel control is fully automatic. Automatic
control systems allows to optimize control processes,
significantly improve the reliability and efficiency of
control. An example of an automatic control module,
which has long and reliably served as navigators, is
autopilot, which allows to maintain a given course and
trajectory in fully automatic mode. Other software
modules of automatic control (dynamic positioning,
automatic avoid collision, optimal control, etc.) are also
known [12, 13]. Of these works, the most interesting
for the article are the works [14, 15], devoted to solving
the problems of vessel diverging.

As follows from the above review, the proposed
methods require large computational costs. Therefore,
the development of more effective control methods
remains an urgent scientific and technical task.

In this paper, the authors considered the divergence
method using risk fields. Despite the fact that the
problem is optimization, it does not require significant
computational costs, since it is reduced to the problem
of sliding along a trajectory with a given risk.

II. RESEARCH RESULTS

To solve the problem of divergence in the field of
risks caused by the presence of other vessels, define the

function of risks C(X) in the form [16]

C

m
2no o \/l—rz
xy Xy

Cx)=C,f(x)=
(D

y

U [Gmxg)? 2rg Gmxg)m30) (9-3)°
_ . o n 0
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where C,, is the maximum penalty value, f(X) is the

risk distribution function, o, o, —are the root-mean-

square deviations along the axes of the related

r
coordinate system, > is the correlation coefficient

between 0,0, Xp,)) are the measured position of

a target, X, y are the current coordinates for which the
probability of collision risk is calculated.

Root-mean-square deviations 0,,0 is

y
determined by various uncertain factors (errors in
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measuring the position of the vessel and targets, partial
uncertainty of the vessel and targets characteristics,
partial uncertainty of the used mathematical model,
etc.). The influence of many random factors is
described by the normal or Gaussian distribution law
[17], represented by equation (1).

Thus, equation (1) can be considered as a risk field
of one target with the existing uncertainties. The first
important point is that this field is smooth and extends
to the entire space of operations, which means that
gradient methods can be used to find the optimal
solution. The second important point is that the method
under consideration does not guarantee complete safety
in case of divergence of the vessels (as well as any
other method), but allows to set the risk of collision and
organize the vessel control in case of divergence with a
risk not exceeding the specified one.

Let’s set in equation (1) the value of the function
C(x)=C*, where C* is the given risk and let’s
logarithm the expression. After simple transformations,
we obtain a curve of a given risk C *, which is an
ellipse, the semi-axes of which are functions of

OOyl

parameters and a given risk C *

_ 2 _ 2
()C ;CO) +(y béyO) =1. (2)
a
Moving along the risk line (ellipse) keeps the risk of
collision, moving to inside the ellipse increases the risk

of collision but decreases the path of divergence S(X)
and moving out of the ellipse reduces the risk of
collision but increases the path of divergence S(X) .

Thus, we obtain a vector function ((X) as integrand of
the objective functional in form (3):

S(x)

p(x) = [C(X)

}L(x) > min [p(x)dx. ()
L

Problem (3) is a vector problem of optimal control
for distributed system. However, for all its theoretical
complexity, it has a simple solution — you need to move
along the line of equal risk, then the distance covered
by the divergence will be minimal for a given risk, and
the risk will not exceed this one.

Suppose that our vessel is on an ellipse of equal
risk. Then the position of our vessel at the next
calculation step can be determined by the formulas

To enter the sliding trajectory and exit the sliding
trajectory, it is necessary to determine coordinates of

the touch point B (xp,yp ) of the circulation circle

2

(% —)CA)2 +(n —l’)2 =r to the ellipse of a

given risk by jointly solving these two equations.
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Figure 1. Entering the trajectory of a given risk

After finding the coordinates of p. B, we substitute
them into the circulation circle

(xg—xy4 )2 +(yp —l’)z =% and determine the p.
A (x4,0) coordinates of transition beginning to the

ellipse of a given risk C * .

[ 2
Xy =Xg—+2ygr—yp.

The coordinates of the departure point from the
trajectory of equal risk are determined in a similar way.

There are two solutions for divergence with target.
The first solution corresponds to the sliding of our
vessel along the line of a given risk in the direction to
the target stern, and the second corresponds to sliding
in the direction to the target bow. Of these two options,
the first is preferable, since it does not involve crossing
the target course line.

Consider the features of divergence depending on

(4)

V
the ratio kz%, where Vtg is the target speed.

Variants of divergence for k =2; 1; 0,5.

Evasion trajectory a corresponds to the case when
the target speed is twice (k =2 ) the speed of own
vessel. If the slip problem is solved and the accuracy ¢
is achieved, then the trajectory of the own vessel is
determined from the slip task along the equal risk line,
otherwise, if the own vessel does not keep up with the
target, the course is assumed to be opposite or equal to
the initial course.

The longest divergence trajectory along the constant
risk line corresponds to the case of divergence with a
slow target (k=0,5). This case is typical for large-
tonnage targets, the divergence from which is carried
out at the maximum safe distance.

To carry out mathematical modeling of the optimal
divergence with a given risk criterion, in Control
System Model of Imitation Modeling Stand were
flashed programs.

At the instructor's workplace, a task has been
created to simulate a divergence of two vessels MSC
Container Ship (Dis. 32025t). Vessel characteristics :
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engine’s type is low-speed diesel (1x15890)kWt ,
propulsion type is FPP, bow thruster is present, stern
thruster isn’t present, displacement is Dis =32025¢,
maximum speed is V' max =19,4kn , length is
L =203,6m, width is B =25,4m, bow/stern draft
isd=9,6/10m.

The probability of finding a target in an ellipse of a
given risk is assumed to be 99.7%, which corresponds
to a collision risk 0.3%. This probability corresponds to
the 3 O range of the spread of the set of random
parameters. Of all the possible random processes

affecting safety, we will choose the most significant
ones: the error in measuring the RADAR range (root-

o0 =20m ), the influence of

external factors on the accuracy of program execution
by the control system (root-mean-square error

o =15m ). Since these random processes are not

mean-square error

correlated, the total root-mean-square error & =35m

and 30 =105m . The semi-axes of the ellipse of a
given risk, taking into account the size of the vessel, are

equal to a:§+30:101,8+105:206,8m ,

b

§+30':12,7+105=117,7m.

From this moment, the automatic control system
deflects the rudder to the right and the vessel starts
circulation with the calculated radius 7 to exit
tangentially to the ellipse of the given risk. Further
movement of the vessel occurs along the ellipse of a

given risk 3, which moves along the X -axis at the
speed of the target Vtg. Fig. 3 shows the positions of

the target's equal risk ellipse at subsequent times, as
well as the positions of our vessel on the equal risk
ellipses during the divergence. The positions of the
vessel on the ellipses of equal risk form the trajectory
of optimal divergence. When the vessel approaches
along the trajectory of the optimal divergence 2 to the
line of the initial course for the calculated distance, the
control system deflects the rudder to the right to start
circulation with a given radius and reach the line of the
initial course.

As can be seen from the examples considered, the
optimal divergence along the minimum path and the
given risk is carried out in three stages: entering the
trajectory of the given risk, moving along the trajectory
of the given risk, moving from the trajectory of the
given risk to the trajectory of the initial course, and
further movement along the trajectory of the initial
course. Movement along the trajectory of a given risk is
the longest stage of the vessels divergence, in which the
own vessel slides along the elliptical trajectory built
around the target. Such movement involves a constant
change in the course of own vessel.
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III. CONCLUSIONS

Solved the optimal divergence problem with a target
minimizing the divergence trajectory for a given
collision risk. It is shown that the optimal trajectory is
obtained by organizing the sliding of the vessel along
the ellipse of a given risk. There are determined the
coordinates of the circulation beginning for the
conjugation of the initial course line with an ellipse of a
given risk by the circulation circle of a given radius.
There were developed algorithmic and software for
optimal divergence with a target. In comparison with
the known solutions of the optimal divergence, the
proposed method does not require large computational
costs, since it has a simple geometric interpretation -
sliding along the line of a given risk, which can be
easily implemented in automatic divergence systems. In
comparison with manual control, the proposed solution
can significantly increase the accuracy and safety of the
discrepancy. The operability and efficiency of the
method, algorithmic and software was tested at the
Imitation Modeling Stand in a closed circuit with a
navigation simulator Navi Trainer 5000. The simulation
results confirmed the possibility of using the method,
algorithmic and software in the development of
modules for the optimal divergence of on-board
controllers of automatic divergence systems.
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Abstract — Vessel control in a storm is the most
difficult stage in the vessel voyage, as it requires quick
decisions to be made in difficult conditions. Practical
experience shows that the deterioration of the working
conditions of the crew is usually associated with increase
in the number of control mistakes [1]. The article
examines the possibility of automatic control of a vessel in
a stormy conditions by automatic calculation in the on-
board controller of the vessel optimal safe speed and
course during a storm. This allowed to significantly
increase the accuracy of calculations, to exclude the
human factor, to reduce the depletion of the crew, to
increase the reliability of the vessel control in a storm. The
efficiency and effectiveness of the method, algorithmic and
software were tested on Imitation Modeling Stand in a
closed loop with mathematical vessel models of the
navigation simulator Navi Trainer 5000.

Keywords — Automatic control; Closed loop systems;
Control system synthesis; Motion control; Steering
systems.

[. INTRODUCTION

In ancient times and the Middle Ages, vessel control
in a storm was performed in such a way as to coordinate
their actions with the actions of the element and not to
contradict it. With the advent of the sail, active vessel
control methods emerged.

The seaworthiness of modern ships, their speed and
size have changed a lot. The range of their possible
applications has also expanded. For example, in articles
[2-9], recommendations for control a modern ship in a
storm are considered.

To facilitate the task of a vessel control in storm, a
number of scientists have proposed special diagrams for
choosing the course and speed in storm conditions.

The most widespread is the universal diagram of the
Yu.V. Remez, which allows to determine unfavorable
combinations of velocity and course angles of waves
(resonant zones) for any vessel and any wavelength A4
and choose a safe speed and course of the vessel outside
the resonance zone.
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The use of automatic control systems of the vessel
allows to significantly reduce the impact of the human
factor and increase the safety of navigation [19-35],
especially in difficult sailing conditions.

This paper proposes an automatic storm system,
which does not have disadvantages of manual control,
namely: the automatic storm system uses specialized
equipment to measure the parameters of the wave;
measurement of vessel motion parameters and excitation
parameters, as well as their processing and formation of
controls is automatic and constant, which allows to
constantly monitor any changes in vessel motion and
wave parameters; software always calculates the correct
result and can work in any stormy conditions; moreover,
unlike manual storming, the problem can be solved
optimally. Therefore, the development of the vessel
automatic storm system is an urgent scientific and
technical task.

It is required to develop an automatic control system
that would ensure safe sailing in stormy conditions
without operator intervention [36—48].

II. RESEARCH RESULTS

Pitching and rolling of the vessel are excited by
forced oscillations of waves. Conditional period of
waves 7(n) depends on the wave length A, wvessel

speed V' (n) and the course angle of the wave g(n) —

the angle between the waves direction and the vessel
diametrical plane

A

rn = 1.25v 4 +0.514V (n)cos q(n)

)

Particularly dangerous is the case of resonant
oscillation, in which the period of free oscillations of the
vessel coincides with the period of forced oscillations or
close to it.

07<-18 <13,
7(n)

2)
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0,7 < T
7(n)

<13. 3)

Inequalities (2), (3) determine the resonance zone Q
for the rolling and pitching respectively. The task
control in the storm is to create such conditions for the
movement of the vessel, under which inequalities (2)—
(3) are not fulfilled.

To determine the resonance zone € , from
inequalities (2), (3), taking into account (1), we find
e(mcosq(n) = ——(, 42 —2 3, @
e(n)cosg(n) <—— (2, 64 “23W1), )
max
e(n)cos g(n) > ——(1, 42 —2 31WA)
max s (6)
e(n)cosg(n) <——(2, 64 —2 31W2)
max (7)
Fig. 1 shows the range of the vessel reduced speed

\%

e= <1, the resonant zone (shaded) and non-

max

resonant zones £,,€Q, for wave length 1 =230m .

Define the control quality function as follows

2
O =(e(n)cosg(n)—e(n—1)cosq(n—1)) +

®)
+ (e(n)sing(n)—e(n—1)sing(n— 1))2,
14 . .
where e(n) = () is the safe reduce speed in a storm
max
(p4), e(n—-1) = Vn=) is the actual reduce speed in a

max

storm (p.1), g(n),q(n—1) is the safe wave angle and
actual wave angle, respectively.

Thus, the safe speed and course calculation unit
determines the optimal pair of parameters {e(n), g(n)}
by minimizing the control quality function (4), in the
presence of constraints (H-(3) and
e(n) i, <e(n) <e(n)’... Since the quality function (4)

is smooth, to solve this optimization problem with linear
and nonlinear constraints, we used the standard gradient
optimization procedure fmincon of the MATLAB
Optimization Toolbox library

y=fmincon(@myfun,y0,A,b,Aeq,beq,Ib,ub,@mycon)
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esin(g)
B

ecos(q)

p.1
C

Figure. 2. The range of the vessel reduced speed, resonant (shaded)
and non-resonant £2;,€2, zones

The operability and efficiency of the method,
algorithmic and software are tested at the Imitation
Modeling Stand [49, 50].

Fig. 2 shows graphs of changes in roll angle, trim
angle, speed and course of the vessel with automatic
control of the vessel Ro-Ro passenger ferry 13 in a
storm. Initial course of the vessel is K(0) =75, initial
speed is V(0)=18,5kn. ,
points. The vessel, moving the course K(n)=75",

accelerates to speed V(n)=19kn. , after which the
simulator is set to sea disturbance 11 points. As can be
seen from the graphs, during the storm the speed of the
vessel begins to decrease to V' (n) =7 kn. At the same
time, the automatic storm system begins to change
course from K(n-1)=75" b to exit the

resonance zone. In Fig. 1 this corresponds to the
movement from p. 1 to p. 4.

initial sea disturbance is 2

to safe

III. CONCLUSIONS

The scientific novelty of the obtained results is that for
the first time theoretically substantiated design features
of the original system of automatic control of the vessel
in a storm, which consist in constant, with the onboard
controller cycle, automatic measurement of vessel and
wave motion parameters, automatic calculation outside
resonant zones, taking into account resonant zone
boundaries, minimum vessel speed and maximum vessel
speed in a storm, automatic selection of safe optimal
motion parameters from outside resonant zones
according to the specified criterion of optimality,
automatic maintenance of safe optimum parameters of
movement in a storm, and provide fundamentally new
technical characteristics: the ability to automatically
control the vessel in a storm, reduce depletion of the
vessel's crew when sailing in difficult conditions,
increase the accuracy and reliability of the vessel control
in a storm, which determine its advantages over known
solutions.
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Figure. 2. Automatic control of the vessel Ro-Ro passenger ferry 13 in a storm

The practical value of the obtained results is that the
developed method and algorithms are implemented in
the software of the vessel automatic storm system and
investigated by mathematical modeling on the imitation
modeling stand in a closed loop with vessel
mathematical models for different types of vessel,
sailing areas and meteorological conditions.
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Abstract — In the paper some features of models and
algorithms of computer vision are presented. An
algorithm for training the neural network of object
recognition is proposed and described. The peculiarity of
the proposed approach is the parallel training of networks
with the subsequent selection of the most accurate. The
presented results of experiments confirm the effectiveness
of the proposed approach.

Keywords — computer vision; objects identification;
neural networks; differential equations systems; principal
component analysis.

[. INTRODUCTION

According to the level of modern technological
progress, more and more problems are solved using
neural networks. One such task is the task of computer
vision or computer identification, which is to identify
people, objects, and phenomena of various natures using
the camera of any device [1]. A key aspect of this task is
the selection of the most accurate neural network
training algorithm. Of particular interest is the
identification of objects in real time.

In recent years, computer vision has become a key
technology in many areas of science, technology,
engineering, society as a whole.It is impossible to
imagine the automation of industrial production without
the use of computer vision technology for quality
control and simplification with an increase in the
accuracy and quality of technological processes.

It is quite informative to get acquainted with the
history, development and current state of the issue of
theoretical and applied aspects of computer vision
technology, for example, in works where, together with
a description of the mathematical apparatus, all other
components of computer vision systems integral to the
development and operation are shown quite fully. The
theoretical aspects of processing visual data are
considered using a large number of examples from
practical problems [2—8]

Along with classical topics — description of scene
images and pattern recognition, Bayesian classification,
pattern matching, camera calibration and perception of
three-dimensional scenes, the books deal with the issues
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of image databases and systems of virtual and
augmented reality, image search based on content,
image  segmentation, three-dimensional = models,
recognition of objects in images based on models.
Examples of applications in industry, medicine, land
use, multimedia and computer graphics are given.

Thus, the combination of mathematical apparatus in

combination with computer technology and the
development of appropriate software for solving
problems of computer vision and computer

identification is an urgent problem today.

II. MAIN PART

In the world and national practice of designing and
developing computer vision systems, a three-level
sequence of research has been selected. This
architecture is based on a bionic approach to the human
perception process [9-12].

Within the framework of this architecture, images
go through three stages of transformations: low,
medium and high. In this case, the following tasks are
sequentially solved in the indicated order:

In general, the process of creating a recognition
algorithm can be represented in the form of the
following sequential operations: scanning followed by
transformation of the original object; extraction of
representative parameters of the object from the data
stream; identification of the object according to the
selected classification criteria.

1) input of information, i.e. obtaining an image of
the working scene using sensors;

2) 1image preprocessing using noise suppression
techniques;

3) segmentation, i.e. highlighting one or more scene
objects of interest in the image;

4) description, i.e. determination of the
characteristic parameters of each object necessary for
its selection on the scene;

5) recognition, or identification, of an object, i.e.
establishing it belonging to a certain class;
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6) interpretation, i.e. identifying the belonging of an
object to a group of recognizable ones or compiling the
semantics of a scene.

The intensive development of the technical
capabilities of computer technology (large memory,
high-bandwidth  communication  channels, and
multimedia computer systems) made it possible to
develop, create and process arrays of large databases,
including image databases.

Modern video systems make it possible to

implement the initial stage of classification quite well.

The problem of detecting the desired characteristic
features of objects in images and video of the scene of
observation is an important applied problem and
represents the relationship of two classification
problems, namely, the segmentation of the object as a
whole, and the recognition of the class to which the
object belongs. At the moment, there are many
approaches and developments, methods and
technologies for solving segmentation and recognition
problems. Segmentation is a problem that is addressed
at the middle and upper levels of the three-tier
architecture of the computer vision system. At the same
time, recognition remains a priority task only at the top
level of this architecture. Segmentation tools include
methods of grouping, clustering, classifying and
categorizing pixels, lines and regions (patterns). Most
of them are based on the principle of the feature
approach, when a predetermined set of features is
measured and the structural elements are divided into
groups. Segmentation at the upper level of the computer
vision system is more aimed at measuring the
relationship between previously identified structural
and geometric elements, which are used along with
features. At the top level of the computer vision system,
solving the segmentation problem is more focused on
recognition than just dividing into groups.

At the same time, the process of fixing its key
characteristics in the data stream about the object of
classification remains quite important. For this purpose,
in our studies, we have proposed and successfully
implemented an algorithm for the principal component
analysis method (PCA) in the classical formulation of
Pearson about the problem of approximating a finite set
of data in the absence of a hypothesis of their statistical
distribution. The statistical PCA method is determined
by a linear transformation, which allows you to
transform a stationary stochastic process, represented
by the original vector, into a vector using a matrix at
K <N so that the resulting reduced size space
preserves the most important information about the
original data of the object. Maximum variance taking
into account their deviations, namely, the first
independent component determines the direction in
which the maximum possible deviation is recorded, the
second independent component determines (in the flow
orthogonal subspace) the direction of the maximum
variance, etc. Thus, the transformation by the PCA
method allows replacing a large amount of information
mutually correlated input data, a set of statistically
independent components taking into account their
significance.In  communication (coding) theory, this
method is known as the Karjunen-Leve transformation,
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which allows compression with loss of information
[13].

It is known that a neural network is a
multidimensional function whose arguments belong to
the space of the domain of definition, and the result to
the space of the domain of values. Components - a set
of neurons, perform the operation of summing signals
coming from other neurons that have gone through the
corresponding transformation. In the general case,
dependencies are approximated that are functions of
many arguments, where the sum of functions is
performed, each of which is a function of only one
argument. The Hecht-Nielsen theorem generalized the
Kolmogorov-Arnold theorem that any continuous
function of many variables f (x, X5, ..., X,) can always
be represented as a sum of continuous functions of one
variable and approximated using a two-layer neural
network with lines complete connections with n
neurons of the input layer, (2n +1) neurons of the
hidden layer with previously known limited activation
functions) and m neurons of the output layer with
unknown activation functions [14]. Also, when
creating a neural network, an important task is to find
the optimal size of the network - such a number of
hidden layers and neurons in the layers that will give a
minimum of generalization error. In our case, two
approaches were used: theoretical - the result of the
Arnold-Kolmogorov and Hecht-Nielsen theorems,
practical, where the dependences of learning and
generalization errors on the size of the neural network
were used, and the optimal value corresponds to a local
minimum.

The required number of neurons in the hidden layers
according to the theorems of Arnold-Kolmogorov and
Hecht-Nielsen was determined by the formula [15]:

NyQ
T S N S NyK + Ny,

(M

where N, — dimension of the output signal y, Q —
number of training examples, N,, — the required number

of synaptic connections, K = (Ni + 1) (Nx +N, + 1),
N, — dimension of the input signal x.

According to the Hecht-Nielsen theorem, sigmoidal
transfer functions with adjustable parameters are used
in neural networks for both the first (hidden) and
second (output) layers.

Having estimated the required number of synaptic
connections N, using formula (1), the required number
of neurons in the hidden layers was calculated, which is
equal to:

Ny

N = :
Nx+Ny

2

A fairly large number of applied software
developments are known that implement the concept of
a neural network algorithm, which allows a wide range
of tasks.

The developed identification algorithm can be
divided into two parts: the choice of model and the
identification process. In turn, part of the model
selection consists of pre-processing the data, training the
models, selecting and saving the required model. Under
pre-processing of data we understand preparation of a
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set of photos of necessary subjects with the subsequent
sorting on folders with the name of a subject. The next
stage is the learning process that takes place in parallel.
The use of parallel calculations speeds up the production
of trained models by 67%. After receiving the trained
models, the required model is selected and saved. The
selection criterion is the accuracy of identification. The
selection is made automatically by the software or by an
expert or a group of experts. The saved model is loaded
into the appropriate item identification software. A
feature is the ability to use an already saved model
without prior training. A prerequisite for using the
software is a connected camera. The image read from
the camera is transmitted to the identifier for further
identification. The result is a corresponding message
identifying the item with the percentage of compliance.
A feature of the described software is network training
on all known models in parallel. Schematically

described above, the software algorithm can be
presented in the following form (Fig. 1):
Data pre- Camera
processing
A\ 4 Y
Learner Identification
YVVVYVYY
Model choose v
Result
A\ 4
Save model
Part 1 Part 2
Figure 1. Objects identification algorithm

[II.COMPUTER SIMULATION RESULTS

During the computer experiment, the identification
of 2 objects was studied: a pen and glasses. The input
data set consisted of 300 photographs of each object.
The process of learning and choosing a model lasted 5
minutes 47 seconds. Of all the models, the classification
tree and fine tree were the most accurate. The
identification results are presented in the following
figures (Fig. 2—4):

Figure 2. Computer simulation results
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Figure 3. Computer simulation results

[
Figure 4. Computer simulation results

IV. CONCLUSION

Thus, we can conclude that the use of mathematical
apparatus in combination with modern information
technology can effectively solve the problem of object
recognition. developed software with the proposed
algorithm using parallel computing technologies
accelerates the total training time of the network by
58%.
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Abstract — The mathematical problem of the steady-
state biofiltration of an organic substrate is formulated at
two levels taking into account the limitation and inhibition
of the rate of its decomposition. The exact and
approximate solutions to the problem of substrate
biooxidation in a representative biofilm were obtained and
compared using test examples. Based on them an analysis
of the technological process in the porous biofilter
medium and the output characteristics was carried out.
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L. Introduction

Currently, biological methods are widely used for
wastewater treatment [1]. In this way, organic
contaminants are removed first. These methods are
successfully implemented on submerged bioreactor-
filters under aerobic [2, 3] and anaerobic [4] conditions.
Organic compounds are directly utilized in the
biological phase, which is predominantly formed by a
set of biofilms firmly attached to the elements of the
solid phase (grains) [5]. Such filters are capable of
effectively removing dissolved contaminants over a
long period of time. In general, the time of stabilization
of the biofiltration characteristics and the output of the
filter to the operating mode is short in comparison with
the filter run. Therefore, when calculating the
technological process in biofilters, it is justified to rely
on mathematical models of steady-state biofiltration [6,
7]. Due to the significant difference in the scale (micro
and macro) of both physical and biological processes
occurring in the layer of filtering material, such models
are composed of two (or more) interconnected
compartments

II. RESULTS AND DISCUSSION

The first compartment describes the action of a
representative biofilm. Inside it, a dissolved organic
matter is transferred only due to molecular and surface
diffusion. It is important that the rate of biodegradation
of organic substrate, as a rule, is significantly limited
due to insufficient amount. Decomposition products,
such as volatile fatty acids, often inhibit this process
[8]. Then, taking the biofilm flat and taking into
account the resistance of the surrounding liquid film,
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the structural compartment can be represented in the
following form

2
D = el =K u(s)t (D
Ix Y s+ K, s+ K K,
ds
:O’ é:Os X:Z’Dizk S_S' (2)
dx I A L( )

Here s is the concentration of the substrate, D, is the

effective diffusion coefficient, £/, is the maximum

specific growth rate of microbial biomass, p, is the
density of such biomass, Y
coefficient, K, is the inhibition coefficient, K is the

is the economic

half-saturation constant, / r is the biofilm thickness,

k , is the transfer coefficient of the substrate in the

liquid film, S is the concentration of the substrate in
the liquid phase outside the liquid film.
Dimensionless variables and coefficients are

introduced: § = S/S . S= S/S , X= x/R ,
_r—l/R K”/S ) Rk/D
A= ,umpBR;/(YDeSO), S, is the concentration of

the substrate at the entrance to the filter, Rg is the

radius of the grain. Then the exact solution to the
problem (1), (2) is first expressed by the inverse
function

1S

o o
N7 of o

Here

U(é’v)—f = ——— X

[2§+K - JKTZ4K K, 25, +K, +1/K2 41?1?

20+ K, +JK? —4K K, 25, +K, —[K? 4K K,
s

gf Sg,f/SO > Sg,f

substrate on the inner and outer surfaces of the biofilm.

are concentrations of the

Initially unknown values § A § s should be determined

by selection from the system of the equations

25 -5,)=22KU(5,.5,) @
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! d§ ®)

N o

However, this form of solving the internal problem
is inconvenient for calculating the action of a separate
biofilm and unacceptable for the subsequent analysis of
the removal of the substrate within the filter medium.
Therefore, it is necessary to find a simpler approximate
solution, and to estimate its accuracy using equations
(3)—(5).

As the biofilm thickness is small, the equality

le—,

S=5 ; is assumed for the structural function of

utilization. In fact, instead of the indicated function, its
some constant (effective) value is taken, which makes it
possible to simply solve equation (1) under conditions
(2). Its double integration allows to obtain

- [ 1 2 X2
5(x;0,,8)=S —AKu(s,) L +-L-—-— (6)
The cubic equation for the desired relative

concentration Ef follows from (6) at X = l_

(k- S) K

AK,

kL

—IZ.S

Z/Jsf I?I?ST:O

Its physically meaningful root is calculated using the
Cardano formula
\/ P 12 722

BJ_%

2

where o - KK - K.S+2 ’1—
k, 3

2 = 3
=—(K, - S
P2 27( i )

1 — S 1K,
73(1(‘.75) K, K, - K,S + =

I, |- K,K,S.
k, ‘

When § s is known, the second boundary (smallest)

concentration is easily calculated
i
= “(Sf (lf’

7.0:5)-5 -2 SN+,
L

Thus, according to (2) the relative amount of the

(7

substrate entering a separate biofilm per unit of time le

le (Z_fj )= EL [5 —5; (l_fj )] ®)
Based on equation (8), an expression is derived for the
generalized function of substrate utilization (in the

is

operation volume) /(/,S). If the porosity of the pure

filter medium 7, then there are N o grains of the solid

phase in the unit volume of the medium

_30=n,)

©)
g 472'R;
Then the function mentioned above has the dimensional
form
1,,8)=nN,i (,.5) . (10)

It is included as a free term in the steady-state
biofiltration equation, so that
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10, (=), (=)= (11)
where V' is the biofiltration rate. Thus, for applied
calculations it is necessary to establish two functions —

] +(2), S(Z) . Therefore, the stationary equation of

biomass balance is added to equation (11), which
describes the (dynamic) balance between its increase
and decrease due to detachment, decay, grazing,
namely,

YI=k,B, (12)

where k , 1s the coefficient of the rate of biomass loss,

B is the concentration of biomass. Since the biofilm is
considered flat due to R, > I, it is true

B:pBQBl,‘" (13)

where pp is the biomass density, Q 5 is the specific
surface area of the biological phase. Then the equation

of mass transfer using macroscales V and L (height of
the bed) is reduced toa dimensionless form

[, =05 (14)

where  y =3(1-n,)LD, /(VRZ) sk, =k,psR./(YD,S,)

Similarly, the balance equatlon (12) will be
k[5-5G.5)=k1,. (5

The system of equations (14), (15) is supplemented by
the boundary condition

z=0, S=1. (16)

In the general case, the problem (14) - (16) has to

be solved numerically using suitable software packages

for mathematical analysis (Mathcad,Matlab). However,

when a high initial concentration of the dissolved

organic matter (wastewater) at the inlet section of the

bed, the maximum possible amount of biomass is often

contained within it above a certain time, characterized

. Then
the linear distribution of the substrate concentration

over the height follows from equation (14) under
condition (15)

by the limiting value of the biofilm thickness /,

S(Z)=1- y,k 1,7 (17)
And if the entire bed is maximally saturated with
biomass, then the output concentration § is
immediately calculated by formula (17) at z =1. At
the same time, it is real that the ratio l/ <l i takes
place in the remote part of the bed. Then the
concentration of the substrate S, at the inner boundary
(z = Zm) is determined by the selection from the
equation
k1, +k5,0,.5,)=k5,: (18)
and the position of this boundary is calculated by the

formula
S, . (19)
k.
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Subsequent calculations of S, §e on the area [Em, 1]

should also be carried out by numerical methods,
provided

z=z,, §=8§,- (20)
II1. RESULTS AND DISCUSSION
When conducting a quantitative analysis, a

particular importance was attached to the substantiation
of the approximate solution obtained above, since on its
basis the technological process is modeled on the scale
of the bed and, as a result, the content of organic
contamination in the filtrate is predicted. The accuracy
of this solution can be clearly assessed by comparing it
on test examples with the exact solution. The results of
exact and approximate calculations are presented in
Figs. 1, 2. The relative boundary concentrations of the

substrate Eg , S 7> as well as its inflow per unit time le
to the biofilm located at the entrance to the biofilter
(S = 1) were their subject. The values of the

coefficients K, (0.5), k, (25) were also  set.

Attention was focused on the effect of the inhibition of
substrate biodegradation which is less studied.

Therefore, concentration §g and flux 7  were found

as functions of the relative coefficient Kl. , which

varied by three orders of magnitude. The set of the
curves in the figures are obtained by varying the

coefficient A . Its large values correspond to aerobic
biofiltration, while lower value (25) corresponds to

anaerobic biofiltration. It is natural that the unevenness
of the microbial mass distribution within the biofilm
increases due to an increase in the consumption of the
substrate. As a result, the errors in the calculation of
microcharacteristics and, first of all, the key
microcharacteristic for the subsequent analysis of

biofiltration 7 + (Fig. 2), regardless of the method of

averaging the structural function of substrate utilization
u(§ ), increase. In fact, one of the worst options for

simplifying the specified function is implemented
above. And nevertheless, even in this case, as follows
from both figures, the accuracy of the new approximate
solution turned out to be high, and the possible
inaccuracies in this case are less than due to the
imperfection of experimental methods and the
unreliability of the initial information. It should also be
noted that with a slow growth of microorganisms,
which is characteristic of anaerobes, the calculated
errors when using (6) - (8) will be minimal. Therefore,
these formulas can serve as a reliable basis for
subsequent calculations of biofiltration, taking into
consideration its limitation and inhibition, and then for
the theoretical substantiation of operating and design
parameters.
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Sg
0.9 —\ 1,2
0.8
\\ 3
0.7 - ]
06 X
5
05 £
0.4
0 1 2 gk,
Figure. 1. Relationship Eg (ngl_):
1, 3, 5 — exact calculation; 2, 4, 6 — approximation
if
6 1
_—d—‘L'_f—
\2
4
3
4
2
L — 56
0 1 2 IgK,

(8]

Figure. 2. Relationship 1 ; (lg KI,):
1, 3, 5 — approximation calculation; 2, 4, 6 — exact;

1,2-21=100; 3,4- 1 =50;56- 4 =25
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Abstract — Mathematical modeling of detachable
filtration in the split filter flow mode was carried out
using exact and approximate analytical methods. An
engineering technique has been developed to determine
the duration of filter cycles, based on quality, economic
and technical criteria. Determination of rational filter
medium height was considered for two materials differed
significantly by economic indexes.
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I. Introduction

Clarification  of  low-concentration  aqueous
suspensions is currently carried out, as a rule, on rapid
filters [1] in two modes — with adjustable (constant) [2,
3] and unregulated (variable) speed. In recent decades,
the second mode has been especially widely used in
water purification practice [4, 5]. To increase the
performance of the filters, they are equipped with
special storage tanks, from which the initial suspension
is fed to a layer of porous, well-absorbing material
(filter medium). Typically, the suspension is fed to the
filter at a constant discharge, which significantly
exceeds the throughput of a clean and especially
clogged medium. Therefore, the specified is discharge
distributed between the tank and the filtration flow.
With the progressive particles deposition in the medium
layer, its hydraulic resistance increases, which
accelerates the level rise in the tank. But on the other
hand, the piezometric head at the inlet to the medium
increases, which leads to increased suspension flow and
increased output of the filter structure.

II. Results and Discussion

Mathematical modeling of the detachable filtration
in the split filter flow mode was carried out using exact
and approximate analytical methods. It is based on a
complex mathematical model with non-linear effects
and variable model coefficients. The assumed model
consists of three interconnected compartments
clarification, liquid flow and hydraulic. The
clarification compartment describes the transport of
particles of the suspension in the medium using
convective mechanism (diffusion mechanism makes an
insignificant contribution) and the exchange between
the solid (includes the medium elements and the
already formed deposit) and liquid phases. The
equations of the mass transfer and mass exchange
kinetics
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oC oS
-+ — =
oz Ot

40 =

ot
form the basis of the first compartment. Here C and S
are the volumetric concentrations of the suspended and
deposited suspension particles. The key role in
interfacial mass transfer is played by The adhesion of
suspended particles to the solid phase plays the key role
in interfacial mass transfer. It is the process that directly
ensures the removal of dispersed contamination from
the aqueous suspension, and its features are reflected in
the linear kinetic equation. It has been established
experimentally and theoretically that both mass-
exchange coefficients, namely, the coefficients of
suspension particles adhesion rate o and also of
detachment rate S depend significantly on the

—a(V)C-p(V)s.,

>

filtration rate V', and the relationships between them
are often almost linear. Therefore, the following
approximation dependencies are valid

alV)=a, V', B=pV".
Here a,, B,,1, q are the empirical constants. Then,

due to the wvariability V , the mass-exchange
coefficients also change with time. Moreover, since the

value V(¢) is initially unknown, the indicated

coefficients turn out to be unknown functions of time.
Thus, the solution of the second compartment and the
corresponding mathematical problem as a whole are
much more difficult. Due to the variability of 7, the
second compartment is closely related to the first
compartment. It includes the equations of the laminar
non-inertia motion (Darcy's law), as well as the
equations characterizing the regular increase in the
hydraulic resistance of the gradually clogged medium
and the composition of the deposit

v (1)

Oh
_k(Ss )g

>

my

S (S)=7(5)S.

Here k,k, are the current and initial hydraulic

k(S = ko fs (5,) =k, 1—[i

n,

conductivities; S¢ is the volumetric concentration of

the deposit; # is the piezometric head; n, is the
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porosity of the pure medium; m,, m,, y are the

empirical coefficients. It is important that the deposit
contains predominantly bound water. The filtration
process is determined, firstly, by the permeability of the
bed with the deposit, and secondly, by the suspension
level in the tank. The dynamics of this level is
described by the equation of balance of the suspension
above the fixed bed

dH
ow— =

=V (1);
dt Qm @ ()
t=0, H=H"; z=L, h=H,  +Ro’V*(¢).

Here @ is the area of the filter medium surface; Q.

in

— pacxox mnojaBacMoi Ha QUIBTp cycneHsuu; H

out

the piezometric head in the filtrate collector; R is the
hydraulic resistance of the filter communications. It
establishes an equality between the suspension that
arrives at the filter (discharge Q. ), retards in the tank

(level H ) and filtered through the porous medium (rate
V). At the same time, due to a change in the filtration

rate, the pressure losses in the inlet and outlet
communications of the filter are also reduced. The

corresponding equations supplement  the third
compartment. We use, for instance, for diverting
communications

h(L,t)=H,, +Ro’V?*(1).

For a particular, but in fact often encountered in
practice, case of a linear relationship between o and
V', an exact solution was obtained for the correctly
posed mathematical problem of filtration in the second
mode. The importance of this solution is all the more
obvious because, due to the limited changes 7 at rapid
filters, possible nonlinear relationships « with V' are
suitable for linear approximation. The specified
solution has an integral form, a set of formulas derived
from it make it possible, using standard mathematical
analysis software packages, to calculate easily the
spatial and temporary changes in the concentrations of
suspended and deposited particles of the suspension
within the medium layer and at its boundaries, the
distribution of head and its general losses in the bed and
the transport system of the filter structure, to control
the level rise in the tank. The solution of the
clarification compartment in particular case of /=g =1

is expressed by the dependencies in dimensionless form
for C, S

e [e o1, (27 75 .
[ 2 aV/_)’VET)+
+ﬂj e, (2 a,,ﬂ,,zg)dg}
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Here the symbol “ — “ means that the corresponding
value is dimensionless one; I, is the Bessel zero-order

function of the first kind and imaginary variable.
An engineering technique has been developed to
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determine the duration of filter cycles (time until the
next filter backwashing), based on three criteria —
quality, economic and technical. The first criterion
limits the filtration time due to an excessive decrease in
the protective ability of the medium, the second
criterion limits the filtration time due to an prohibitive
decrease in filter performance, and the third criterion —
due to overflow of the tank. Generally, the aim of the
technological calculations was to determine the relative

time parameters (t_ 1, t_H) which characterize filter

P’
efficiency coming from current contamination of the
filtrate (Tp) , the filter productivity (7,) , the

suspension supply in the tank (7,) and finally the

duration of the filter run (Tf) as functions of the mass-

exchange coefficients. Dependencies designed to
predict the development of the technological process as
a whole and its components, to substantiate
technological and design parameters were illustrated by
many examples with typical initial data. It was shown
that in some cases it was advisable to continue filtration
even after filling the tank. The analysis of the
sensitivity of the filtration characteristics with respect
to the model coefficients was carried out, which will
improve the planning of experimental studies.

Determination of rational filter medium height L
was of special attention. Two usual cases with medium
material were consequently considered, which differed
significantly by economic indexes. In the first case the
specified material from local production wastes is
cheap and available in unlimited amount. Then the
value L doesn’t influence investments and can increase
as high as the filter run becomes maximal. In the
second case the material is of high price because of
considerable expenses for transport, preparation and
usually its amount is strictly limited. Then such
material must be used economically. Subsequently, L
was varied in technological analysis at constant filter
medium volume.

Therefore, an effective tool has been developed for
a comprehensive engineering calculation of rapid filters
at an unregulated filtration rate, which allowed to
predict temporal and space changes in the filtration
characteristics for the reagent detachable filtration,
rationally select the algorithm of the filter operation and
its main constructive parameter. Then it is a reliable
basis for making rational design and technological
decisions.
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Abstract — Polynomial matrices A(A) and B(A1) of

size 71X 7 over a field F' are semi-scalar equivalent if
there exist a nonsingular 77 X7 matrix P over ' and
an invertible 7 X 71 matrix O(A1) over F[A] such that

A(A) = PB(A)Q(A). The aim of the present report is to

present a triangular form of some nonsingular polynomial
matrices with respect to semi-scalar equivalence.

Keywords — Polynomial matrix; Equivalence of

matrices; Smith normal form.

I. INTRODUCTION

Let I be a field. Denote by M, , (F) the set of nxn
matrices over F and by M, , (F[A]) the set of nxn
matrices over the polynomial ring F[A] . In what
follows, /, is the identity 72X n matrix and O, is the
Zero nxn matrix. A
a(A)=a, A" +a A +...a, € F[A] is said to be
monic if the first non-zero terma, =1.
Let A(1)eM,,(F[A]) be a nonzero matrix and
rank A(A)=r . For the matrix A(A) there exist
matrices U(A),V (1) € GL(n, F[A]) such that
UDADV(A)=S ((A) =diag (s, 5y(A). .55 (D0, ..., 0),
where 5,(4) are monic polynomials all
i=1,2,...,r and s5,(4)|s,(A)]...|s, (4) (divides)
are the invariant factors of 4(A) . The diagonal matrix
S, () is called the Smith normal form of A(A) .
Matrices A(A), B(A)e M, (F[A]) are said to be
semi-scalar equivalent if there exist matrices
PeGL(n,F) and Q(A)e GL(n,F[A]) such that
A(A) = PB(A)Q(A) (see [1], Chapter 4).

Let A(A)eM

n,n

polynomial

for

(F[A]) be nonsingular matrix

over an infinite field 7 . Then A(A) is semi-scalar
equivalent to the lower triangular matrix [1]

80

s(A) 0
s=|n @0

s, (4) s,(4)
With the following properties:
1. s5,(4),i=12,...,n;
factors of A(1);
2. s,(4) divides s,(4) forall 1<i<j<n.

Let F'= {0, 1} be a field of two elements. It is easily

Sn,n—l (2‘) Sn (2‘)

are the invariant

verified that the polynomial matrix
A 0
A(A)=| , 5 5 over the field
A"+l (A"+DA"+A1+1D)

F is not semi-scalar equivalent to the lower triangular

1 0
matrix S,(4) = . Thus,
! A+ DA+ A+1))

the triangular form S,(A) for nonsingular matrices

over a finite field not always exists.
It may be noted that for a singular matrix A(A) the

matrix S,(4) does not always exist.

Example. Let F =R be the field of real numbers. For
2 X 2 matrices

0
A(A) = d
“4) LP 324 (AR —1)(A - 21)} o
B 1 0
A=A (A=A -22)
with entries from R[A] there exist matrices
QAP =647 =22+9 21" —44° 217 +44
o) = 2 3 2
=217 +44+4 20 207 +24+1
1 2\9
€ GL(2,R[A]) and P= 0 1\9 € GL(2,R) such

that A(1) = PB(1)Q(1)

From this example it follows, that the triangular form
S,(4) is not uniquely determined for a nonsingular
polynomial matrix A(A) with respect to semi-scalar
equivalence.
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Dias da Silva J.A and Laffey T.J. studied polynomial
matrices up to PS-equivalence [2]. Matrices

A(A),B(A)eM, ,(F[A]) are PS-equivalent if
A(A)=P(A)B(L)Q for some P(A)e GL(n,F[1])
and Qe GL(n, F).

Let ' be an infinite field. A nonsingular matrix
A(A)eM, ,(F[A]) is PS-equivalent to the upper

triangular matrix (see [2], Proposition 2)

s, (A) s, (A) s5(A) s, (4)
] 0
0 0 s (1)

with the following properties:
1. s,(A),i=12,...,n; are the invariant
factors of A(A1);

2. s, (4) divides  s5,(4) for all
1<i<j<n;

3. if i#j and s5,(4)#0 then s,(4) is a
monic polynomial and

degs; (1) <degs; (1) <degs,;(4) .

The matrix S, (4) is called a near canonical form of
the matrix A(A) with respect to PS-equiva-lence. We

note that conditions (1) and (2) for semi-scalar
equivalence were proved in [1].
It is evident that matrices

A(A),B(A)e M (F[A]) are PS-equivalent if and

n,n

only if the transpose matrices 4" (1) and B’ (1) are

semi-scalar equivalent. It is clear that semi-scalar
equivalence and PS-equivalence represent an

equivalence relation on M, , (F[A]). On the basis of

the semi-scalar equivalence of polynomial matrices in
[1] algebraic methods for factorization of matrix
polynomials were developed. We note that these
equivalences were used in the study of the
controllability of linear systems (see [3], [4]).

The semi-scalar equivalence and PS-equivalence of
matrices over a field F contain the problem of similarity
between two families of matrices ([1], [2], [5-7]). In
most cases, these problems are involved with the classic
unsolvable problem of a canonical form of a pair of
matrices over a field with respect to simultancous
similarity. At present, such problems are called wild
[5]-

The semi-scalar equivalence of matrices includes
the following two tasks: (1) the determination of a
complete system of invariants and (2) the construction
of a canonical form for a matrix with respect to semi-
scalar equivalence. But these tasks have satisfactory
solutions only in isolated cases. The ca-nonical and
normal forms with respect to semi-scalar equivalence

for a matrix pencil A(A)=A4A+4 eM, (F[1])

over arbitrary field /', where 4, is nonsingular, were
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investigated in [8] and [9]. A canonical form with
respect to semi-scalar equivalence for a polynomial
matrix over a field is unknown in general case.

II. MAIN RESULTS

In this part we present main results of this report.
Theorem. Let A(A)eM, , (F[A]) be nonsingular
matrix with the Smith normal form

U ANV (D) =S ,(A)=diag (1, s(4), ..., s(1)),
where s(A) is a monic polynomial and degs(1)=n .

The matrix A(A) is semi-scalar to the matrix

10 0
A s(A) 0 0
Si=1 . : . :
A0 0 s(1) 0
A0 0 s(2)]

if and only if the matrix A(A) admits the
representation A(A)=B(AW (L) , where W(A1)e
GL(n, F[1)])
B(A)=I,A""+BA"*+..+ B, €M, (F[A]) is
a monic polynomial matrix of degree n —1. The matrix
S,(A) is uniquely defined for the matrix A(A) .

and

Let B(A)e M, ,(F[A]). The matrix B(1) we write
in the form B(1)=B,A" +BA '+...+ B., where
B eM,, (F), i=1,2,...,n. Itis well known that a
matrix polynomial equation

X'By+X"'B +..+XB_ +B. =0,

is solvable if and only if the matrix B(A) admits the
B(A)=,A-D)C(4)
DeM,,(F) [10]. The problem of solvability of

matrix polynomial equations was investigated by many
authors (see [1], [11-14] and references therein).
Following propositions gives a complete answer to
the question of solvability of a matrix polynomial
equation of second order over an infinite field (see also

[14]).
Let A=) AAX" eM,,(F[A) be a
i=0

representation where

nonsingular matrix. Further, let
si;(4) 0 .

S, ()= be a near canonical form of
55 (4)  5,(4)

the matrix A(A) with to semi-scalar

equivalence. By [9] and based on the above, we get the
following statements.

Proposition 1. Let s, (A)=(1—-a,)c (1)
s,(A)=(A-a,)c,(1), where a, e F . A matrix

respect

and
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polynomial equation
X4, + XHAl +..+XA +A =0, is solvable
over a field F if and only if there exists € F such
-q 0

b A-a,

divisor of S,(A), i. e. §;(A)=D4(1)C(A).
Proposition 2. Let s,(1)=(A" +Aa, +a,)c,(A) ,

that the matrix D, (1) = is a left

where A* + Aoy +a, € F[A]. A matrix polynomial
equation X A, +X A +..+XA_ +4 =0, is
solvable over a field F if and only if there exists
0,,0,€F and 6,#0 such that the matrix

0
S A+6, A+ Aa, +a,
of S,(A).i.e. S,(A)=D,(A)C(A).

D, (2)=

is a left divisor
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Abstract — The article considers the problem of
automatic chromosome abnormalities recognition, using
images of chromosomes as an input. This paper’s scope
includes overview of application domain and analysis of
existing solutions. A high-level algorithm for chromosome
abnormalities recognition automation is proposed, and a
proof-of-concept application is built on top of the
algorithm.

Keywords — computer vision;
decision support system.

object recognition;

I. INTRODUCTION

According to World Health Organization estimates,
295 000 newborns die within 28 days of birth every
year, worldwide, due to congenital abnormalities. Also
congenital abnormalities can cause long-term disability
[1]. Approximately 20% of such abnormalities are
caused by chromosomal and genetic conditions [2].
Modern reproductive medicine makes it possible to
detect these abnormalities before and during pregnancy
by means of cytogenetic diagnostics [3].

However, currently such diagnostics is conducted
manually or partially automated, which leaves the
diagnostics result prone to errors due to human factor.
Moreover, such a sophisticated procedure takes
significant time and effort to conduct. These problems
may be solved by process automation on a larger scale.
This article intends to briefly overview application
domain, analyze existing solutions and propose a high-
level algorithm for automatic detection of chromosome
abnormalities.

II. RELATED WORK

The problem of chromosome abnormalities detection
is known, but is not covered by an extensive amount of
research papers. The current state of problem leaves
room for further research. Some of the most prominent
researches concerning the topic have been considered.

“Development and evaluation of automated systems
for detection and classification of banded chromosomes:
Current status and future perspectives” by Xingwei
Wang and Bin Zheng has been a starting point for the
current research. It reviews possible approaches to the
problem of chromosome pathologies recognition [4].
This article is more of a theoretical research, it it
underlines the importance of artificial intelligence and
neural networks in chromosome abnormalities
recognition.
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“Deep Learning for Medical Image Processing:
Overview, Challenges and Future” by Muhammad
Imran Razzak, Saeceda Naz and Ahmad Zaib considers
possible approaches to the problem of medical images
recognition and processing [5]. The main point of the
paper is about healthcare is much different from
majority of other application domains due to high risk,
cost of error and complexity/diversity of data. However,
according to authors, all these challenges might be faced
by means of modern Machine Learning (ML)
algorithms. Authors also state that Computer Vision
(CV) is an crucial tool for medical data processing, since
a large part of medical data is visual by its nature (e.g.
microscope photos or X-Ray images).

Authors mention peculiarities of ML and deep
learning that might make its usage more difficult in
medical domain. The following challenges are listed:

. Input data standardization. Any medical sub-
domain is powered by a variety of hardware and
software, and they do not necessary have any
convention about data format. This will complicate
gathering a comprehensive dataset;

. Privacy issues. Medical data is sensitive, so
gathering a dataset will be further perplexed due to the
need to anonymize data;

. Dataset size issue. Specific medical data is
sparse, therefore challenging to gather. Moreover,
corner-cases, such as rare diseases, are even more sparse
yet crucial for neural network efficiency;

Authors point out that the key to success of ML-
powered systems is in cooperation among international
healthcare organizations and providers of healthcare
solutions, since this will help to develop uniform
standards for future hardware and software.

All the issues about ML-powered solutions
mentioned by the authors are present and relevant in
domain of reproductive medicine. Therefore, usage of
ML for implementing chromosome pathology detection
is debatable.

“End-to-end chromosome karyotyping with data
augmentation using GAN” by Yirui Wu, Yisheng Yue,
Xiao Tan, Wei Wang and Tong Lu proposes a
chromosome  recognition method powered by
Generative Adversarial Network (GAN) [6]. Authors
review main challenges of chromosome recognition,
such as arbitrary shapes and contour overlapping, and
claim that traditional data recognition algorithms are
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inefficient and hard to use for such tasks. They propose
usage of deep learning neural networks. However, such
an approach requires an arranged dataset of significant
size. There are multiple reasons why gathering a dataset
like this is a challenging task due to multiple reasons
such as privacy and data heterogeneity.

Authors state that generating new data using GAN is
a possible solution to these problems.The main idea is to
utilize GAN in order to create new images used for
learning. Chromosome photos are to be used as an input.
These photos should be processed with multiple filters
and then chromosomes should be extracted from image.

The proposed approach is promising, however it
does not solve some challenges of chromosome
pathologies recognition, such as adjacent chromosomes
recognition. Moreover, generating new data based on
some initial dataset will result in dataset lacking corner-
cases, which is crucial for algorithm efficiency.

Having conducted related papers analysis, the
following may be concluded:

. The problem of chromosome analysis and
pathology detection is widely known and has no
applicable solution yet;

. All considered papers suggest using ML-
powered approach, yet mention flaws due to specific
nature of reproductive medicine data;

. Gathering dataset is a challenging task due to
privacy issues, data heterogeneity and risk of
insufficient cases coverage;

These problems make it reasonable to look for
alternative approaches to the solution of this problem. It
is probable that an algorithm that does not rely on a
dataset is viable. Therefore, the goal of this paper is to
develop a basic algorithm and a proof-of-concept
software that could solve the issue.

III. PROPOSED METHOD

A brief recap of application domain research is
provided before the proposed algorithm for better
understanding and bore context.

A. Application Domain Overview

During the conventional cytogenetic analysis,
chromosomes and their abnormalities are detected
manually by their shape, size and pattern. Metaphase
plate photo serves as an input image for manual
cytogenetic analysis (fig. 1.A) [7]. In order to
categorize and visually arrange chromosomes, they are
manually turned into karyograms (fig. 1. B).

The specialists that conduct this analysis are used to
working with raw images captured by microscope and
rarely need any reference. However, in order to pinpoint
specific regions of chromosomes, international
community of cytogenetics has developed a uniform
system of chromosome mapping. This system makes use
of schematic chromosome images called ideograms [8].
Each chromosome has a schematic representation [8],
[9].

Chromosome abnormalities can be categorized as
either numerical or structural. Numerical abnormalities
are whole chromosomes that are either missing or extra
to a normal pair. Structural abnormalities are parts of
chromosomes that are missing, duplicated or moved
from one chromosome to another [10].

B. Expected Input and Output of an Algorithm

The algorithm is expected to handle chromosome
images. As mentioned above, two common ways to
depict chromosomes are metaphase plate photo and
karyogram. The production-ready version of algorithm
should make use of metaphase plate photos, since the
ability to process them is a crucial part of chromosome
analysis automation. However, a proof-of-concept
version makes use of karyograms for simpler
recognition.

The expected output of an algorithm is a set of
abnormalities and a supposed diagnosis concerning
chromosomal diseases. Despite the abnormalities can be
reliably associated with diagnosis, it is not the
algorithm’s responsibility to call final diagnosis. The
results of cytogenetic analysis should be forwarded to a
doctor that has to make final solution.
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Figure 1. Chromosome images: A) Metaphase plate; B) Karyogram

84




Modeling, control and information technologies — 2021

C. Algorithm Overview

Figure 2 depicts the general algorithm flow. High-
level algorithm will consist of the following steps:

. Image processing. Detection of both numerical
and structural abnormalities depend on recognized
chromosomes. The goal of this step is to get input image
and extract chromosomes of it. This step also includes
chromosome feature extraction and serialization of
chromosome data into the custom format. Before
attempting to get chromosome data from image, it has to
pe preprocessed, removing noises and obstacles;

. Mapping chromosomes to ideograms and
detecting abnormalities. This step should be powered by
custom data format designed for efficient difference
detection on chromosome structure;

. Identifying pathologies. Having recognized
chromosomes and detected differences between them
and their respective ideograms, it is possible to identify
pathologies. The goal of this step is to conduct decision-
making process and map differences (e.g. three 21
chromosomes instead of two) and specific diseases (e.g.
Down syndrome);

Image processing
Receive input > Remove noise
image and obstacles

\VA

Extract chromosome
features

Match chromosome
contour to ideograms

Detect chromosome
contours

Chromosome mapping

Chromosome
is different from
any ideogram?

Register structural
abnormality

Assign
chromosome to
corresponding
chromosome pair

Yes|

Any
unmatched
chromosome
contour
left?

Chromosome pair
has improper amount of
chromosomes?

Register numeric

abnormality
Register numeric 4
abnormality
|
Pathologies identification \5

Match found
issues to a registry|
of chromosomal
diseases

\V

\VA

Figure 2. Proposed algorithm flowchart

This algorithm is just a basic framework designed to
be broken down into separate steps that can be extended

and improved separately. Each of aforementioned steps
also can be broken down into separate problems.

D. Prototype implementation

Having described an algorithm, it is possible to
design a software prototype that implements this
algorithm. Python programming language is selected
because of its rich infrastructure and set of powerful
libraries. OpenCV library is selected for tasks related to
image processing. The business-logic core is designed
as a library that can be used by a variety of interfaces,
and a simple command-line interface has been
implemented along with the prototype. The class
diagram with application structure is shown on Figure 3.

The software will use karyograms as an input, will
have simplified checks for chromosome types and
therefore will be capable to detect only numeric
pathologies. Due to the nature of karyogram image, it
will be possible to assume a chromosome group by its
position on image. Later this way of chromosome
recognition will be replaced by a proper comparison
with ideogram, but detecting chromosome type is out of
scope of this article and is a subject for further research -
the algorithm will not be complete without it.

Several object detection algorithms have been tested,
including Blob Detection [11], Laplacian Edge
Detection, Ridge Detection and Canny Edge Detection.
The latter proved to be most effective with the image set
used for this paper. However, by design they are
interchangeable and can easily be replaced if other
object detection algorithm will provide better results.

Main

+arg_parser: ArgumentParser

+ parser: AbstractParser

+ main(method: string, img: string, out: string)

AbstractParser FileHandler

+ _file_handler: FileHandler +_input_img_path: str

+ _output_img_path: str
+find_contours() P 9-p

. +_image: Image
+save_image(): Image

+get_image(): Image + get_image(): Image

+retrieve_image(): Image +set_image(new_image: Image

+ retrieve_result(): Dictionary + save_to_disk()

+ change_contrast()

N

‘ Extends’ Extends’ I

+get_file_obj(): Image

LaplacianParser BlobParser

Extends’ Extends’

CannyParser RidgeParser

Figure 3. Prototype software class diagram
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IV. EXPERIMENT RESULT

A testing dataset consists of 45 karyotype images,
including 20 karyotypes with no detected pathologies
and 25 karyotypes with 4 different numeric
chromosome abnormalities. General detection precision
within this dataset is 93.33% (Table 1). No false
negative results have been obtained, however there
have been 3 false positive results for karyotypes with
no pathologies. Wrong results have been caused by
insufficient calibration of contour detection settings.

TABLE I. TEST RUN RESULTS

Input Image | Number of Success
Info Tmages Test Run Comments Rate

False positives have
been caused by

N;holo i:;lown 20 insufficient contour | 85%

p & detection settings
calibration

Edwards 4 ) 100%

syndrome

Down 14 - 100%

syndrome

2? chromosome 3 ) 100%

trisomy

X‘ chromsome 4 ) 100%

trisomy

Mean success rate 93.33%

V. CONCLUSION

Given paper considers the problem of chromosome
abnormality recognition. Manual workflow of
chromosomal diagnostics has been overviewed and
related papers have been researched. It has been
concluded that there are no comprehensive solutions to
this problem yet, so an algorithm has been described.

The algorithm is based on extracting features out of
chromosomes, matching them to ideograms and deriving
diagnosis out of found abnormalities. This algorithm is
not powered by neural networks and no dataset is
needed for its learning. The way the algorithm is built
allows to break the problem into separate parts and
improve on them iteratively.

A prototype has been implemented to prove that the
algorithm is viable. Currently prototype accepts limited
amount of image types and detects only numeric
pathologies, but its architecture allows to separately
improve on its module, reflecting the flexibility of the
algorithm. The prototype run on test dataset showed
high success rate.

This paper described the basic framework of the
algorithm, granting room for future improvements. The
future work concerning the algorithm should be focused
around several main areas:

. Raw image recognition. Currently the
prototype only supports images that have been manually
preprocessed (karyograms). In order to be an efficient
decision support tool for cytogeneticist, it should be able
to work with raw metaphase plate images, reducing time
needed for manual analysis;

. Internal chromosome features processing . In
order to detect structural abnormalities, the algorithm
should be able to recognize internal chromosomal

features. This way it will be able to match them to
ideograms and detect pathologies caused by changes
inside single chromosome;
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Abstract — In the course of this work the analysis of
the proofs of the simple case of the Sperner Theorem was
carried out, the approaches to the proof of the
complicated case were proposed, the partial cases of
multisets were considered, the theorem for these partial
cases was proved, the generalized theorem was proved for
some partial cases. CX (the number of n - element
multisets of k - element multiset), developed a small
program to graphically show this fact, proved the
bimonotonicity of this function. Also, in the course of this
work, one of the possible applications of this theorem was
considered, namely, the «Procedure for secret
distribution», but the applied potential of the theorem
does not end there.

Keywords — Sperner’s theorem; multiset; procedure
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1. INTRODUCTION
Sperner’s Theorem:

Mq,...., M} — a number of n subsets of a set S =
{1, ..., n}, we know that Vi, j: M; & M;, so the family
of sets Mq,...., M called the anti-chain. Sperner has
proven that k < C,]f, where k is a number of sets in the

anti-chain and n is a total number of elements in the set
S.

The goal of this work was to prove the Sperner’s
theorem for the case when the set S could contain
elements with a power, so the object S is a multiset.

Sperner’s Theoreme multiset case:

The set S = {1%1,....,n%} where ay,....,q, —
are multiplicity of each element of the multiset and we
are constructing the same anti-chain M,...., M}, but
each set in the anti-chain could be a multiset. We are

stating the same: k < CK.

The way to proof the complicated (multiset)
Sperner’s theorem based on the Hall's marriage
theorem.

Hall’s Theorem

In an undirected graph, a matching is a set of
disjoint edges. Given a bipartite graph with bipartition
A, B, every matching is obviously of size at most |A].
Hall’s Theorem gives a nice characterization of when
such a matching exists.
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Theorem There is a matching of size A if and only

if every set S € A of vertices is connected to at least |S|
vertices in B.

2. SPERNER’S THEOREM M=

{a™, b™} AND M = {a?,

PARTIAL  CASES

Let a graph be constructed in which all multisets of
power x are in the upper lobe and power x + 1 are in the
lower lobe. The edge is built when the upper multiset is
included in the lower. Since in the case of ordinary sets

deg=n—t and deg=1t. Then in the case of
multisets we will weigh the graph by placing the

appropriate weights on the edges to obtain a similar
result.

Consider a few examples:

Suppose, My,....,M; €{1,1,1,2,2} and x = 2,
in the upper lobe of the graph are two-element subsets,
in the lower three-element subsets, we are going to
construct the graph as follows:

So we made it using the same rule: deg =n —t
and dgg = t, we are trying to generalize the solution

of the non multiset case of Sperner’s Theorem on the
multiset case.

2.1. Case M = {a", b™}

In this case we have element a that represented n
times in the set M and element b that represented m
times in the set M.

The way to proof the partial case was described
above, so we are constructing the graph and trying to
weight it. Let’s start with the case M = {a®, b*}, so
the nis 5 and mis 4:
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We need to solve the linear equation system that
contains eight equations, also we have eight variables,
so it is easy to find a solution:

x=4, x =4,
x+y=35, y=1,
yv+z=4, z=3,
z+k=5, k=2,
k+n=4, n=2,
n+m=>5, m=4,
m+q =4, q=1,
p=4. p=4.

We have found a way to weight the graph for the set
M = {a, b*}, soitis easy to generalize

X=y+z=k+n=m+qg+p+s,
X+y=k+z=n+m=p+q=s,.

this solution VM = {a", b™}. 51, S, are sums that
flows in up and down lobes.

Ss, =4s,.

We can take Sq1 any, other values will be
proportional. We will make the same system in case of
incomplete saturation of a graph.

2.2. Case M = {a2,

In this case we have element a, represented two
times in the set M and the rest of elements of the set are
represented one time.

In order to proof the theorem for this case we need
to weight the graph:

In the upper lobe of the graph (k + 1) — element
subsets, in the lower lobe k — element subsets

a,b,c,d,e — the weights of the edges between the
corresponding types of subsets.
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Let A; — k subset of i-th type (i=0, 1, 2), where type
— ay the number contained in A;. Find how many
(k 4+ 1) - subsets of type 0, 1,2 contain this A4;. (All
calculations for this subparagraph are omitted only the
results are shown).

We need to weight the following subsets, where
each node not a simple set but a family of subsets:

By solving the system of linear equations we have
found an explicit way of weighting a graph. Let’s try to
use the formulas to weight the graph for the following
case and consider a few examples:

Let M = {1,1,2,3}, weight the graph, describing
the transition from single-element submultiples to

double-element ones, in our case 1 = 3 (The power of
the set M,

k1 n-k+1
. e

while counting only unique elements) and we are going
to weight the graph by transition from one element

subsets to two element subsets so the kK = 1:

We have found an explicit formulas to weight the
graph, to simplify the formula let’s designate:

m = n? — nk + k?

Explicit formulas to calculate weights:
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m=n>—nk+k*=17,
a=m+n—k=9,
c=m—-n+1=3,
e=m+k=28,
b=n’>+nk+n=15,
d=2n>—nk+n=18.

we have the following
18=d=c+b=a+a,
2d=d+c+c=a+b.

So the calculations formulas for the weights is are
correct.

3. CONCLUSION

The proof of the Sperner’s Theorem for the partial
cases M = {d?,..... ,0p} and M = {a™, b™} could
help to build mathematical objects that are based on
multiset theory and be sure that for the following partial
cases the Sperner’s Theorem is working and the

number of anti-chains are k < C,’f. We have considered
in the introduction that one of the interesting
applications of this theorem is «Procedure for secret
distribution». This is a cryptographic problem to
distribute the secret between a number of people or
other entities, this theorem could help to make this
secret  distribution if the the «secrety has
multidimensional nature.
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Abstract — Modeling of dynamic processes of diffusion
and filtration of liquids in porous media are discussed.
The media are formed by a large number of blocks with
low permeability, and separated by a connected system of
faults with high permeability. The modeling is based on
solving initial boundary value problems for parabolic
equations of diffusion and filtration in porous media. The
structure of the media leads to the dependence of the
equations on a small parameter. Assertions on the
solvability and regularity of such problems and the
corresponding homogenized convolution problems are
considered. The statements are actual for the numerical
solution of this problem with guaranteed accuracy that is
necessary to model the considered processes.

Keywords — homogenized problems; convolutions
equations; parabolic problems; Laplace transforms.

I. MODELING OF PROCESSES IN POROUS MEDIA

Modeling of dynamic processes of diffusion and
filtration of liquids in porous media is actual when
planning the use of underground resources, development
of methods for preventing technogenic contamination of
groundwater and the search for ways to purify such
waters from contamination. Research of such processes
engineering methods of observation are expensive and
practically impossible, due to the need to install a large
number of sensors on large territories and different
depths to study the dynamics of fluid movement in a
real porous environment. So the simulation is the only
one the possibility of forecasting and optimization of
methods for rational water extraction, purification and
prevention of groundwater contamination.

In order to simulate diffusion and filtration processes
in porous media, it is natural to first choose some model
of such a medium. Porous media with a periodic
structure are simulated most simply, since to describe
such media it is sufficient to determine only the
structure of the periodicity cell and then continue such a
cell in a periodic manner with suitable periods. Porous
periodic media formed by a large number of blocks with
low permeability, and separated by a connected system
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of faults with high permeability will consider. It is
natural to call such porous media weakly porous.

The homogenized equations for such weakly porous
media turned out to be convolution equations, which are
usually called dynamic problems with memory effects
according to [1]. Such homogenized equations for
equations depending on one or more small parameters
and periodic coefficients were investigated in [2, 3, 4].
Moreover, in these papers, homogenized initial
boundary value problems in convolutions were obtained,
the solutions of which approximate the solutions of the
original initial boundary value problem for weakly
porous media, and accuracy estimates of the
approximations and statements on the solvability of the
homogenized problems were proved. The results were
obtained under the assumption that the initial data are
regular enough and the initial conditions are
homogeneous. Without proving the accuracy estimates,
such problems in convolutions were first established in
[5] for hydrodynamic problems in porous media. Further
details on hydrodynamic problems and a suitable
bibliography can be found in [6].

Another approach to simulate diffusion and filtration
processes in porous media is presented, for example, in
[7], where statements on the two-scale convergence of
solutions to solutions of two-scale homogenized
problems are proved. Such two-scale problems depend
on two fast and slow variables and the type of such
equations is not clear. Also, the accuracy of the
approximations is not clear in this case. Much more
general homogenized problems were obtained in [8, 9].
However, such homogenized problems are also two-
scale and contain both fast and slow variables. Further
details on this approach and bibliography can also be
found in [7, 10]. In the problems considered here, such
variables are separated and the homogenized equations
in convolutions depend only on slow variables. The
same approach is also used, for example, in
contemporary articles on related topics [11, 12].
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The results of [2, 3, 4] were obtained under the
assumption that the initial data are regular enough and
the initial conditions are homogeneous. The solvability
of such homogenized problems in convolutions with
irregular initial data will be discussed here without
homogeneity conditions.

To investigate the solvability of the homogenized
problems with memory, we will use the Laplace
transform method developed in [13] to study parabolic
problems of general type. This method is briefly
described in the third section. The formulation of
diffusion and filtration problems for weakly porous
media will be presented in the next section. The results
presented here are partially announced in [14].

II. PERIODIC POROUS MEDIA

In order to determine the periodic porous media, we
will consider a partition of the entire space R’ into two
open sets E; and E; separated by boundary OE;. Thus,
R® = Ef UE{ UOE/, where & denotes some parameter.
It is assumed that the sets are ¢ -periodic (with a period
¢ in each of the independent variables x,,x,,x; ) and
E; is connected set with the locally Lipschitz boundary
OE;. For &=1, the sets E, and E, are completely
determined by the sets ¥, =E NY and ¥, =E,NY
with the boundary 9Y;, where ¥ =(0,1)* denotes a cell
of periodicity. It is assumed that the sets ¥, and Y, have

positive Lebesgue measures in R”.

Let us fix an open domain Q — R*. Then, for some
sufficiently small parameter &, the sets E and Ej
naturally define periodic porous media by the equalities

Qy=E;NQ and Q =E NnQ.

We will use the permeability tensor for these media
given through the following definition
D =&’D, in Q)  D°

=D, in Q, (1)

where the constant matrices D, and D, are symmetric
and elliptic. The components of these matrices
characterize the permeability properties of the media
under consideration. Using these definitions, we define a
function u = u(t,x) as a solution to the following initial

boundary value problem

u—divD*(Vu+g)=f in Qx(0,0), 2)

ul_o=uy,in Q, u=0on 0Qx(0,0),

which depends on the small parameter £ according to
(1)and g € I’ (0,00, L’ (Q)*), f € L*(0,00;H'(Q)), and
u, € ’(Q) are given functions that simulate external

influences. Here and below, function spaces are used,
the definitions of which are given, for example, in [1].

Therefore, for small &, the equation of problem (2)
degenerates on the set that simulates the blocks with
very low penetration. This dependence on a small
parameter leads to the homogenized problem in
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convolutions, the solutions of which approximate the
solution of problem (2) for small € in accordance with
[2, 4]. For a precise formulation of such homogenized
problems, additional definitions are needed.

Let the function g = ¢(#,y) be a 1-periodic solution
of the initial boundary value problem:

ql'—divy(DOqu):O in Y, x(0,00), 3)

ql=1inY,, qg=0 on 0Y,x(0,0).

It is known [1] that a suitable solution to this
problem exists and the following function

rO= %[ Loq;a, )y, 4)
is well defined as an element of the space L'(0,) in
accordance with [4]. Here |Y,| denotes the Lebesgue
measure of the set Y,. Also, following [2, 4], one can
determine the constant real matrix D, which
characterizes the homogenized (averaged) permeability
for the considered medium Q.

In such definitions and (4), the homogenized
(averaged) problem for (2) is convolution problem for
the function v =v(¢,x) of the following form

V= *())=divD(Vv+ @)=f=r* [ in Qx(0,), (5)

Vi]_o=U, in Q v=0o0n 0Qx(0,0),

where * denotes the convolution operator by ¢, for
example, we have

r¥)= I;r(t - T)(V; (r,x))dr.

For fixed &, a unique solution to problem (2) exists,
for example, according to [1]. For sufficiently smooth
data and u, =0, a unique solution to problem (5) exists
in accordance with [4]. Moreover, the solution of
problem (5) approximates the solution of problem (2) in
the appropriate sense [2, 4] for small &. More precisely,
the following statement is fulfilled for the solutions.

Theorem 1. Assume that geC, ([0,0]xQ),
feCr([0,0]xQ), and u,=0. Let T be fixed and
u=u(t,x) be a solution to (2) and v=v(t,x) be a
solution to (5). Then

lu=v=q,* 1 +q,*O) o go.rp20 = C&>

2
[[u—v Hc“([O,T];LZ(Qf >>S Ce,

where q, =q_(t,x/ &) and the constant C does not
depend on the small parameter &.

Thus, instead of solving problem (2), it is possible to
solve problem (5) with a guaranteed accuracy.
Naturally, the numerical solution of problem (2) for very
small ¢ is much more complicated than the numerical
solution of problem (5), since a very fine mesh is
required, taking into account the shape of small blocks
and faults for the media. The estimates of Theorem 1 are
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also valid for irregular initial data, for example, through
approximation by smooth data. But, the exact
formulation is much more complicated.

In addition, according to the estimates of Theorem 1,
the solution to the original problem (2) is strongly
oscillating on blocks, which should also be displayed in
the numerical solution of this problem. It is these
oscillations that lead to the appearance of convolutions
in the homogenized problem, which is also commonly
called the appearance of memory in porous media.

Thus, the presence of weakly porous blocks in the
domain Q is modeled by the appearance of a memory
in density (coefficient at the time derivative) in the
homogenized medium. Here we will investigate the
solvability and regularity for problem (5) with common
initial data, since it is necessary for the numerical
solution of this problem with guaranteed accuracy.

The main result on the solvability and regularity for
the problem is the following statement.

Theorem 2. For every ge L (0,00;17(Q)),
fel’(0,0,H(Q)), and u, € }(Q) there exists the
unique solution v e L*(0,00; H,(Q)) to problem (5) and
there is a positive constant C, such that

’
<
R I P 1 EPS

<Clg HLZ(O’OO;LZ(Q)S) +C| f HLZ(O,w;II Q) +Cllu, ||L2(Q)

and v e C°([0,T];L*(Q)) for fixed positive T.

I11. LAPLACE TRANSFORM AND A PRIORI ESTIMATES
We define the space L (0,00; L’ (Q)) for a fixed real ®
L, (0,00, L7 (), for

loc
is
12 (0,00,12 ()

as the function set from the space

which the quantity || u || e u|

L, 002 ()
finite. The last equality defines a norm in the space
L} (0,00, L’ (Q)), with respect to which this space is
complete in accordance with [13]. Let the space
E,(I’(Q)) be the set of functions W =W (c) with

values in L*(Q), continuous and holomorphic in the

half-plane C_ ={oceC:0=o0, +io,,0, >0}, for
which the quantity
I o= [ 100 [}, do,

is finite. The equality defines the norm in E, (L’ (Q)).

It is known [13] that the Laplace transform
W) = J‘:e’“w(t)dt =W (o)

is a bijective bicontinuous map from L (0,00; L*(Q))
into £, (L’ (Q)) for a fixed real .

R ~ ~ ]
We will denote V=v, R=r, Q=¢q, G=g, and

]
F = f. Applying the Laplace transform to (5), we get
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o(1=RW —divD(VI)=F in Q, V|,=0, (6)

where F=divDG+F(1-R)+u,(1-R), since the

Laplace transform maps the convolution operator into
pointwise multiplication.

For fixed o €C, problem (6) is a boundary value
problem for an elliptic equation with complex
coefficients in the lower order terms. It is known [13],
that the problem is solvable for all o eC except,
perhaps, a discrete set in C. Here, in order to explain
the solvability of problem (5), it will be enough to
separate from this set using a priori estimates with
constants independent of o € C,,.

In order to do this, we multiply equation (6) by v
and integrate over (2. Then, we get

o(1-R) jQ |V P dx+ jQ(DVV,vV) dx = IQIFde.

Similarly, multiplying the equation conjugate to (6) by
V and integrating over €, we have

o(l —E)jg |V [ dx+ jQ(DvV,VV) dx = Lﬁmx.

Consequently, using the summation and the ellipticity of
the homogenized matrix D, we conclude that

(0, +Re(—oR)) || V" ||”

2(Q)

ra |V, < Re | FV dx,
0

where a denotes the ellipticity constant of matrix D.

It is possible to check that the function Re(—GR(o))
is non-negative and the function R(c) is bounded for
o € C,. Thus, it follows from the last inequality that

ol VIE,  <Re| FVax<|Fl, ., VI, -
0 0

Therefore, using the definition of F from (6), we

get for solution (6) the following a priori estimate

IVl o, S C g o +CIS N g, +C g [l D

Y@~ 2 (o) m Q) )

with a constant C, which is independent of o € C,.
It follows from the obtained inequality that there
exists the unique solution ¥ € H,(Q) to problem (6) for

every oe€C,. The solution has some additional

properties. Namely, following [4], one can prove that
the solution is continuous and holomorphic on C,.

Indeed, let us check, for example, the continuity of
this solution. To do this, fix ve C, and assume that

o — v. For simplicity, we introduce the notation
S(o)=0(1-R(0)).
Then problems (6) at points ¢ and v have the form

—divD(VV(0))+S(o)V (o) =F(o),
—divD(VV (0))+ S(0)V(v) =TF(v),

V(O') |(’}Q: 05
V(V)]xn=0.
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Using that S(v) = S(o)+(S(v)—S(o)) and subtraction,
we get for W (o) =V (o)-V(v) the problem

—divD(VW (0))+ S(e)W (o) =TF(o)-F(v)+
+(S(0)=S(a)V(v), W(0)l|n=0.

Thus, repeating the proof of (7), we conclude that
1w, <C|Fe)-FO)| , +

Hy(Q) H (Q)

+S)=S©@)C V()]0

as 6 > v, since F(o)and S(o) are continuous, which

follows from the definitions and known properties of
solutions to equation (3), for example, according to [1].

Therefore, using the bijective bicontinuous map
from E,(H,(Q)) into L;(0,00; H,(€2)), we can derive
the estimate of Theorem 2 from equality (7). Thus, using

the well-known embedding theorem given, for example,
in [1], we conclude for solution to problem (5) that the

inclusion v e C°([0,T]; L’ (Q)) is valid.

IV. CONCLUSION

Thus, initial-boundary value problems for non-
stationary equations of diffusion and filtration in weakly
porous media were discussed. Assertions on the
solvability and regularity of such problems and the
corresponding homogenized convolution problems with
memory have been submitted. These statements are
presented for general initial data and inhomogeneous
initial conditions and generalize classical results on the
solvability of initial boundary value problems for the
heat equation. The proofs use the methods of a priori
estimates and the well-known Agranovich-Vishik
method based on the Laplace transform and developed
to study parabolic problems of general type. The
statements are necessary for the numerical solution of
this problem with guaranteed accuracy.
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Abstract — The oxygen converter is intended for
production of steel from liquid cast iron and steel scrap at
blowing by oxygen. Nowadays, Basic Oxygen Furnace
process is the main method for steelmaking. The main
disadvantage of the basic oxygen furnace is the limited
ability to increase the part of scrap metal. The task of the
proposed approach is to control of the blowing mode
parameters to establish the optimal level of CO, that will
ensure a minimum specific cost of steel in the presence of
restrictions and boundary conditions of basic oxygen
furnace steelmaking process. A model predictive control
taking into account the constraints on the input signals
and the quadratic functional is proposed. The design of
Model Predictive Control is based on mathematical model
of an object. This approach minimizes the cost function
that characterizes the quality of the process. The result of
the automatic control system modeling shows that the
Model Predictive Control approach provides retention of
carbon dioxide level when oxygen consumption is
changing. The obtained quadratic functional is optimized
to find the optimal control of blowing parameters.

Keywords — Model Predictive Control; Basic Oxygen
Furnace;  blowing parameters; Linear-Quadratic
Functional; Optimal Control; state space model.

[. INTRODUCTION

Basic Oxygen Furnace (BOF) is intended for
production of steel from liquid cast iron and steel scrap
at blowing by oxygen. Today, the production of steel by
BOF is the most popular in the world and become more
widespread. According to statistics, the part of the BOF
in the world is 71.6% as of the end of 2019 (70.8% as of
2018) [1]. In recent years relevant methods of reducing
the cost of oxygen-converter steel are the using of the
design capacity of the units, increasing the stability,
optimization and automation of the process.

The main disadvantage of the BOF is the limited
ability to increase the part of scrap metal in melting. For
steel production, the unit is loaded with scrap metal with
a share of up to 30% of the metal part, the rest is liquid
cast iron, which is much more expensive. Nowadays
there are several ways to increase the proportion of
scrap in the charge: preheating of scrap metal outside
the converter and afterburning of monoxide to carbon
dioxide in the cavity of the converter [2]. The gases
leaving the converter mainly consist of CO, so an

effective method is to burn CO to CO,, as it does not
require additional equipment, and to achieve the desired
performance it is enough to control the parameters of the
blowing mode, such as lance position and oxygen
consumption.

II. AIM AND OBJECTIVES OF CONTROL

Given the focus of enterprises on profit
maximization, the general criterion of quality is the unit
cost of steel of a specific brand. The task of the
proposed approach is to control the parameters of the
blowing mode (Fig. 1) to establish the optimal level of
CO,, which will provide the minimum specific cost of
steel in the presence of limitations and boundary
conditions of the oxygen-converter smelting process.

Calculate oxygen
setpoint Setpoint Model Predictive Control BOF
oxygen flow
BOF safety v = Ax+Bu flow valve
- control
- =Cx
J, =J,(7.Am) V=%
offline i=k+7.j=012... |lance
optimization
Predicting the behavior of the control
Setpoint CO» object and finding the optimal
steel > control strategy. taking into
cost account the constraints

oxygen flow

content COy

Figure 1. Block diagram of control systems with closed loop

Other embodiments (Fig. 2) of the classical systems
for controlling the parameters of the purge mode during
the main process of steel production in the oxygen
furnace are open loop systems, i.e., do not take into
account the current state of the system.

offline optimization
(use statistic data) BOF
flow valve

control

The calculation of
management affects
the base of "melting of
positive experience”

lance
control

Figure 2. Block diagram of control systems with open loop

Control of CO, level in BOF gases requires the usage
of modern control methods and relevant to model-
predictive control. It is established that with a certain
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chemical composition of cast iron the thermal mode of
the process depends on the rate of decarburization, the
degree of combustion of CO to CO, and the amount of
iron oxides in the slag, which, in turn, depend on the
distance of the lance to the quiet bath level [2].

IIT. CONTROLLER DESIGN AND SYSTEM MODELLING

The control problem is the non-stationary process of
decarburization. The process of decarburization is
described by a first order inertial model, the gain and
time constant of which depends on the melting period
and the duration of the purge. Control object (1) “lance
position change — the level of CO2” is described by the
differential equation:

where Yco, (%) — the level of CO, H(m) — lance position;

% .
Tyeo, (s) — time constant; choz ("(:) —gain.

d?yco,
dat?

dyco,
dt

kH

Yco,

+ (T, +1,

Yco,

velyco, + Yo, = H, (1)

Model—predictive control is based on mathematical
methods of optimization using predictive models. The
approach uses a mathematical model of the object, the
initial conditions for which is its current state. With a
given control, the forecast of the object's motion is
performed at some finite period of time (forecast
horizon). Control optimization is performed, the purpose
of which is to approximate the control variables of the
forecasting model to the corresponding setpoint on the
forecast horizon. The optimal control is realized and
measurement (or restoration on the measured variables)
of an actual condition of object at the end of a step is
carried out. Starting from the next step, the forecast and
search for optimal control are repeated for the new
object conditions [3]. Model-predictive control is
reduced to the usual proportional feedback on the state
of the object, which is not fundamentally different from
the LQ-optimal controller. But the situation changes
significantly, given the limitations on the control effect
and the state of the object, which significantly limits the
set of regulators in the problem of LQ-optimization.
Obtaining an accurate optimal solution in real time is
quite problematic, which significantly increases the
validity of the MPC-strategy. The main advantage of the
MPC approach, which determines its successful usage in
the practice of design and operation of control systems,
is the relative simplicity of the basic feedback scheme
combined with high adaptive properties.

The design of MPC controller with constraints was
performed using the Matlab MPC Designer package [4].
The design of the MPC controller (Fig. 3.) used the
mathematical model of the oxygen converter process

(Fig. 4).

The figure 5 show the transients of the control
system, in the simulation of the task for oxygen
consumption set 300m3 / min, the initial setpoint for
CO, level — 10%, for 50 seconds of the blowing mode
setpoint is set at 15%.

The obtained transients of the system of automatic
control of the oxygen-converter process using MPC-
strategy provide the requirements for the quality of the
system.
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Figure 4. Model of the blowing mode parameters
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Figure 5. Transient processes of the automatic control system

IV. CONCLUSION

The problems of control CO, concentration in the
convector cavity include non-stationarity, so the usage
of classical control methods is difficult. The MPC
approach minimizes the cost function that characterizes
the quality of the process. The obtained functional is
optimized to find the optimal control of the carbon
oxidation level. As a result of application of the offered
approach, in comparison with smelts of gross
production, the following results are expected: increase
in processing of scrap to 5%, resistance of lining to 3%,
decrease in duration of a purge to 5%, increase in weight
of the smelted suitable steel to 0.5%. In general, the
proposed approach allows to reduce the specific cost of
steel to 0.5%.
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Abstract — The content of organic carbon is one of the
essential factors that define soil quality. It is also notoriously
challenging to model due to a multitude of biological and abiotic
factors influencing the process. In this study, we investigate how
decomposition of soil organic matter is affected by soil moisture
and temperature. Soil organic carbon turnover is simulated by
the CENTURY model. The accuracy of soil moisture data used is
ensured by data assimilation approach, combing mathematical
model and satellite retrievals. Numerical experiments
demonstrate the influence of soil moisture regimes and climate on
the quantity of soil humus stocks.

Keywords — soil  organic  carbon; carbon turnover;
CENTURY model; mathematical modelling; soil moisture; data
assimilation.

[. INTRODUCTION

Soil is one of the principal components for the existence of
living organisms on the Earth. Intensive use of agricultural
lands in recent decades has resulted in its exhaustion. To assure
sustainable land use, an optimal set of indicators for production
management has to be established.

A significant role in soil fertility is played by the soil
organic matter. The content of organic matter depends on the
soil’s chemical composition, temperature, texture and moisture.
Soil quality is defined largely by the organic carbon stock.
Carbon plays a vital role in supporting soil ecological
sustainability, since it absorbs pesticides and decomposes
excess Nitrogen.

A number of approaches and indices has been developed to
evaluate the soil carbon, taking into account land use practices.
A few notable models for soil organic carbon (SOC) stock are
CENTURY, RothC and PaSim [1].

PaSim is a model simulating the humus, nitrogen and water
balance for grazing lands. It consists of five submodels that
account for physical and biological properties of soil medium,
vegetation type, livestock and microclimate.

RothC is used for evaluating SOC content in upper layers
of the arable lands for arid climate territories. The model
accounts for vegetation, soil type, temperature and moisture.

The research is supported by EOS Data Analytics.
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The organic remains are classified into plant and resistant to
decomposition remains.

The CENTURY models describes the carbon, nitrogen,
sulfur and phosphorus dynamics. It divides organic remains
into root and surface litter, which, in their turn, are separated
into structural and metabolic remains. The model can also
estimate soil state under different land use and irrigation
scenarios [2].

II. SoIL ORGANIC CARBON MODEL

A. Organic Matter Transformation

After analyzing the principal models for SOC evaluation,
we chose CENTURY as the basis of our model. The model
keeps track of the input plant organic material from
aboveground and root remains, which are divided into
structural and metabolic litter. All soil organic matter is
separated into active, slow and passive pools depending on
their decomposition time. Soil active pool consists of organic
remains and microbes that are easily decomposable; slow
organic matter is biologically and physically resistant to
transformation, and passive matter is physically protected and
less susceptible to chemical turnover.

Essential role in organic matter transformation is played by
the microbial mass, lignin content, soil texture, moisture and

‘ 1. Structural ‘ ‘ 5. Metabolic ‘ ‘ 2. Structural ‘ ‘ 6. Metabolic ‘

NN

“[;J?cl:«l;)[g:e 3. Soil microbe

7. Slow C

Leached C

8. Passive C

Figure 1. Structure of the CENTURY model
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temperature. The model specifies the relations by which
metabolic and structural litter are separated based on lignin to
nitrogen ratio.

Thus, in CENTURY soil organic carbon is divided into
eight SOC pools, as shown in Fig. 1. Decomposition of each
carbon pool is calculated by the following set of equations:

dC:
tl =K,L.AC;, i=1,2,
dcC;
dt (1)
dcC;
_l:KiACi, i:4,5,6,7,8,
dt
T,=(1-0.75T), L, =e L

where C; is the quantity of organic carbon in the i-th pool
(pools are numbered as in Fig. 1), K; is maximum
decomposition rate for the i-th pool, 4 is a combined abiotic
impact of soil moisture and soil temperature on decomposition,
T, is effect of soil texture on active SOC turnover, where T is
equal to the sum of silt and clay fraction, L¢ is the impact of
lignin content of structural material (L,) on structural
decomposition [3].

CENTURY considers that turnover of organic matter in
above and belowground layers is tied to microbial biomass and
microbial respiration. Each carbon transformation involves loss
of fixed fraction of carbon due to respiration. For instance,
organic carbon that leaves soil active pool is divided between
microbial respiration, slow and passive pools and loss due to
leaching.

B. Abiotic Stress

Soil moisture and temperature have significant effect on the
carbon turnover cycle. It has been show by a number of studies
that biological processes leading to carbon decomposition
require certain temperature and moisture regimes. If either is
not met, the decomposition processes are slowed down or even
stopped completely. This effect is called abiotic stress.

We chose the expolinear relation for calculating
temperature stress, following original CENTURY papers [3]:
At _ 110'2 1y,
2.63 @)
f = (45-T,)/(45-35), 1, = exp(0.076(1—t1 ))

where Ty is soil temperature, and 45 and 35 are maximum and
optimal temperatures for decomposition, respectively.

For water stress, we make use of an empirical function used
in [4] (retrieved from their Github repository)
A, =-1.1.82,+2.4S,,-0.29, 3)

where S,.;, in its own turn, is defined as absolute soil moisture ¢
linearly scaled between wilting point 6,,, and field capacity 6y

su-(-0, )00, @
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Both stress function and relative moisture values are limited
to the interval [0, 1]. The resulting abiotic stress function is
then a product of temperature stress 4, and water stress 4,,.

III. SOIL MOISTURE MODEL

The soil moisture data are generated by a separate model
that is based on the Richards equation with Mualem—van
Genuchten model for soil parameters. The model is one-
dimensional and calculates moisture profile for the soil layer at
a given point.

To improve the accuracy of model results and update it to
the real world state, we add satellite moisture estimates to the
model. Since neither the model nor the estimates can be
considered absolutely truthful, various data assimilation
algorithms can be used to combine them and thus improve
estimates. We use Newtonian nudging assimilation for the
moisture equation, which is one of the 4DDA methods family.
Basically, Newtonian nudging is realized by adding a special
nudging term to the governing equation, which can be view as
an external force pulling the result closer towards observations.
The implementation and validation of the model and
assimilation are described in our previous work [5].

Moreover, the soil temperature is also modelled since it
often differs from the air temperature. This submodel is
governed by the heat transfer equation based on Fourier’s law.
We also take into account the interrelations between water and
heat flow. The model overall consists of the following
equations:

20 @ oh
E_a(k(h)g—k(h)j—S(h,x,tH .
+G W (5.0)(x) (O ~0)-
[—k(h)@uc(h)j —Q(1)-E, (1).t>0,  (6)
ox =0
oh
— :O,t>0,h(x,0):ho(x),xe[O;l]. 7
ox x=[
8T(x,t) _i a_T B GT(x,t)

T & _ax(/l(h) 6xj pet(h)—2—> ©)
T(xt) _, =T (1) 120, (10)
T(xt) _, =T (1), 120, (11)
T(x,O)zTO (x),xe[O;l]. (12)

IV. EXPERIMENT SETTING AND DATA

In this paper, we aim to highlight the effect of soil moisture
and temperature on the organic carbon cycle. For this purpose,
we chose three agricultural sites within Ukraine with different
climates and soils, located in Rivne (near Stepan’), Zakarpattia
(Vynogradiv) and Kherson (Novopavlivka) regions.

Soil classes and parameters are derived from SoilGrids
dataset [6]. The data used for sites are summarized in Table 1.
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Soil carbon stock values, which are used as initial condition for
the SOC model, are distributed between carbon pools
according to the statistics presented in [7].

TABLE II. EXPERIMENT SITES AND DATA
Location, Soil ca?bl;)g;‘:tl;ck Average Field Wilting

Region type (kg/m?) moisture” capacity point
Stepan’, Sandy 4.4 0.319 021 0.09
Rivne Loam
Vynogradiv, | Clay
Zakarpattia Loam 5.1 0.209 0.33 0.16
Novopavliv-
ka., Kherson Clay 4.9 0.182 0.44 0.2

a. Average soil moisture based on the satellite estimates

The average moisture column in Table 1 demonstrates a

variety of moisture regimes on the experimental sites. For the

first site, moisture is mostly above field capacity, whereas for

the third site the average moisture is below wilting point in

case no irrigation is applied. Thus, the three sites represent
different moisture conditions.

As carbon turnover processes are known to be slow, we
intended to cover at least a few decades with modelling data.
Weather data for temperature and moisture modelling are
assumed as for the nearest weather station, provided by the
LaMetSy service (https://lametsy.pp.ua). Satellite soil moisture
estimates are taken from the Copernicus database [8]. The
simulation is carried out for the period from 1990 to 2020,
since the period before 1990 is lacking coverage with satellite
imagery.

Litter incomes are assumed at 60 and 140 g/(m’-year) of
aboveground and root litter, respectively. These average yearly
values are then distributed on a sine curve for the growing
season (March — September).

V. DISCUSSION OF RESULTS

The results of 30 years modelling of carbon turnover with
described input data are presented in Fig. 2. The first plot
shows the amount of carbon in slow SOC pool, which is the
largest pool and is commonly associated with humus. As seen
from the plot, results are quite similar for wetter sites in
Zakarpattia and Rivne region, with slowly decreasing amount
of humus in the soil. However, for the arid site in Kherson the
quantity of humus is growing quite rapidly over the simulation
period. It might be concluded then that higher moisture, while
increasing overall turnover rate, results in higher leaching and
respiration losses, and, therefore, decreased carbon stocks.
Slower turnover in dryer soils, on the other hand, provides a
more sustainable system. This assumption is also supported by
the fact that soils in the south of Ukraine are much more fertile
than in the other regions.

The second plot shows the amount of plant litter that has
not been decomposed. It includes four SOC pools, both above
and belowground, structural and metabolic. The visible waves
are caused by the cropping cycle, since we assumed non-
uniform vegetation cycle. As suggested above, plant litter on
the two wetter sites is decomposed rather quickly after it enters
the system due to fast turnover rate. On the other hand, plant

99

litter on Kherson site is accumulated during the growing
season, and decomposes in larger amounts in winter.
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Figure 2. The modelled quantity of humus (top) and uncomposrd litter
(bottom) after 30 years
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Abstract — The calculated dependences for
determining the deviation of the output current of the
resonant power supply of the materials pulsed processing
system from a given stabilized value are obtained. The
inversely proportional dependence of the output current
on the frequency at the input of the series resonant circuit
is obtained. These dependencies can be applied for the
frequency control of the inverter’s switches commutation
which stabilizes the RMS value of the output current. At
the close to short circuit modes, the deviation of the output
current from the stabilized value does not exceed 2%, and
therefore it can be ignored.

Keywords — stabilized RMS current; resonant power
supply; frequency control.

[.LINTRODUCTION

Power supplies with stabilized output current are
most common for arc load [1]. In modern industrial
power supplies, pulse-width current regulation with hard
switching are quite popular. For soft switching, resonant
inverters with switching in zero current and voltage are
used [2-5]. The Q-factor of such resonant circuits is not
big enough and causes the high voltage in the resonant
circuit being the negative factor.

However, in the electro-discharge processing of
dielectric and semiconducting environment, the power
supplies that provide high voltages up to 50 kV are
usually required. In such cases, the pulse current
generators [6] with accumulative capacitors [7] are used,
which form discharge pulses with long currentless
pauses [8].

The production of metal-carbon composite
nanomaterials by the electro-discharge method is known
as well [9]. It should be noted that the use of the pulse
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current generators, the discharge current cannot be
stabilized. Traditionally, to control the generator of
impulse currents, not the characteristics themselves
(discharge current or voltage) are used, but their
functionals, for example, the maximum value of the
discharge current, the voltage at which the formation of
the discharge channel ends, and others [10, 11].

Thus, many technical applications, in addition to
stabilizing the output current, require the high voltage at
the output of the power supply (step-up secondary
power supply systems), such as the method of electric-
discharge synthesis of carbon nanomaterials from
carbon-containing gases [12], in which the closure of the
gas discharge channel at the frequency of up to 20 kHz
requires the high voltage up to 30 kV, or charging the
capacitive storage of the pulse current generator with
direct current [15], where up to 50 kV are needed. For
these applications, the resonant power supply with the
series resonant circuit may be optimal, since it provides
an almost constant RMS current in the wide range of the
load voltage variation [1].

The provision of the given stabilized current is
usually carried out using parametric control, which does
not react to the current state of the load characteristics
[14]. However, for some technical applications, for
example, the optimal mode of obtaining nanocarbon
from gas [15], it is necessary to maintain the specified
value of the stabilized current, depending on the real
time load characteristics. Fixed sinusoidal current
systems are widely used in industry [1], where it is
known that the output alternating current is determined
by the inductive resistance of the resonant circuit, which
can be changed by controlling the frequency. But the
task of controlling the value of the output current of the
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inverter with the series resonant circuit is complicated
by the need to maintain either the resonant mode or the
mode of stabilization of the output current. However, the
current is stabilized at the resonant frequency. When the
source frequency deviates from the resonant frequency,
the output current value deviates from the preset
stabilized value. For technical applications, it is
necessary to consider this deviation, therefore, the
studying of the deviation of the resonant power supply
output stabilized current caused by the frequency
deviating from the resonant one is an urgent task.

Thus, the research goal is to determine the
quantitative characteristics of the deviation of the
resonant power supply for the materials pulsed
processing output current from the given stabilized
value with the frequency control of the inverter switches
commutation, by which the given effective value of the
output current is obtained.

II. DEPENDENCES OF THE OUTPUT CURRENT OF THE
RESONANT POWER SUPPLY ON THE LOAD RESISTANCE
AND THE FREQUENCY DEVIATION FROM THE RESONANT
ONE

The resonant power supply consists of a connected
voltage inverter, a series resonant LC circuit and an
active load connected in parallel with the capacitor C
(Fig. 1, a). To obtain the electrical load characteristics, it
is sufficient to analyze the simplified scheme (Fig. 1, b).

The paper proposes to use the principle of frequency
dependence of reactive resistance of inductive elements,
or the control of the frequency-dependent parameters
change of the flow-forming circuit on the basis of the
resonant tank. The advantage of this approach is the
implementation of the principle of the parametric
current stabilization, which is the simplest and the most
reliable in the construction of the power devices.

| |
E L C /
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C|R
e(?) —_
i fcl le
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Figure 1. The resonant power supply

The total resistance of the circuit in fig. 1,b for the
harmonic case:

R

N _ jooL(1+ Rjw,C) + R
1+ Rjw,C

Q)
1+ Rjw,C

Zyc=jayl
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where @, = 1 is the resonant frequency
o = : :
VLC

The current of the inverter switches for the harmonic

case is symbolically equal to 1; = ,where I; and E

Zpic
are the current and sinusoidal voltage complexes e(t).
The load R; voltage is
U -1 . R EQtRe,0) R
o 14 Rjw,C jw,L(1+Rjwy,C)+R 1+ Rjw,C’
E-R
R=" ; : )
JjapL(1+ RjwyC)+ R
The load current is
E
Ty =— : : 3)
Joo L1+ Rjw,C)+ R
E
4

I,= .
K jayL+ R(ja,CiwyL +1)

After algebraic transformations and considering the
resonance condition

)

one can get the well-known dependence [Volkov],
which determines the independence of the load current
from the load resistance.

E E

L) ) ja’oL.
@,C

We introduce the relative deviation of the frequency of
the inverter from the resonant one

Iz

(6)
JjoyL+ Rjo,C(w,L -

qg=—". (7)

2))

Denote the harmonic number n. For n harmonics of
frequency g, from (4) taking into account (5) we
obtain

E

" jngayL + R(joyCiaL-(ng)* +1) ®
El’l

JjnqayL+R(1-(ng)*)
Enter the value of the reduced dimensionless load

n

Iz

resistance k =

, and substitute it to (8)
ngayL

El'l

gL -n-(L+ jk((ng)* —1)°

Summarize the obtained results in the case of the
rectangular input voltage.

| )
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The shape of the output voltage of the full-bridge
voltage inverter is rectangular with the amplitude U,
and the period 7=2n/w, the Fourier series distribution is
as follows:

o) = 4.U, ) sin(nat)

T n=1

n=135.. (10)

where # is the voltage harmonic number.

Whence the complex EMF for each harmonic can be
represented as follows

. Jjo
E,=2Un e (1)
T n

The modulus of the amplitude of the load current for »n
harmonics is obtained from (9) taking into account (11)

Ef’l

I o= ,
ngoo L1+ K> (ng)* —1)?

mn

I, = U . (12)

mn
i qay L1+ K2 ((ng)? —1)?
The load current RMS value is determined by the
amplitude of each harmonic as follows

2 2 2 2
IR:\/E+IL3+ILS+...+[ﬂ. (13)
2 2 2 2

Substituting (12) into (13) obtain

22U, |& 1
mgonl \ a3 w21+ k2 ((ng)? —1)?

For the rectangular voltage of the inverter, the sum of
the series (14) at =0, g=1 is equal to

Iy

(14)

U
m 15
43f,L° (1)

Ip=

where f) =ao,/2x.

Using (14) allows to set the output current I,
changing the switching frequency of the power switches
of the inverter according to the law

2

_n2.U, (& 1 o)

gLy \ =i n2\/1 +k*((ng)* —1)*

For the harmonic case, the effective value of the load
current is obtained from (9), using n=1, and instead of
E, we use the effective value of the sinusoidal EMF e(¥).

E
Iy = .
g1+ (g - 1)?
Using (16) allows to set the output current /g,
changing the inverter switching according to the law

(17)

B E
Ly L1+ k2 (¢% ~ 1)

q (18)

III. MATHEMATICAL MODELING OF THE OUTPUT
CURRENT AT THE CLOSE TO RESONANT FREQUENCY

The control of the output current by means of the
switching frequency of the power switches (17) leads to
the deviation from the resonant mode, which may
disrupt the stabilization of the output current RMS
value. Therefore, the mathematical modeling of the
output current at the close to resonant frequency is
performed.

Set the value of the relative switching frequency of
the power switches g= @/, and by means of MathCad
calculate the deviation of the output current for different
q from its calculated value during the change of the load
factor k.

First, the calculation is performed according to the
formula for the first harmonic, which gives high
accuracy in the resonant mode and is characterized by
the simplified notation. The current value is calculated
for each g and £:

2z 2
q o
1(q.k) = qo, J- U, ' cos(qwyt) dr. (19)
2 o (99l 14k (g? 1)

Deviations of the relative output current at the given
deviation of the relative frequency ¢ from the resonant
one, reduced to the short-circuit current /(g,k)/1(gq,0),
shown in Fig. 2. In fig. 2, a there are the results of the
calculation for the first harmonic according to (19), and
in Fig.2, b there are the results of the calculation for 10
harmonics. For the convenience of the current analysis,
they circuit currents reduced to their value at A=0 (which
corresponds to the short-circuit mode of the load).

The results of the calculation in Fig. 2, b, shows the
deviation of the relative output current at the given
deviation of the relative frequency ¢ from the resonant
one and with the load &, given to the short-circuit current
1(q,k)/1(q,0.

1(g;k) 1(q,0) g=1
e S RO = X &
099 T g=1.1
0.98 v
0.97 B

1 g=1.15

0.96 T
0.95 :
0 0.2 0.4 0.6 0.8 k
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Figure 2. Deviations of the relative output current

Fig. 3, a shows the same dependences constructed by
formula (17). Analysis of the simulation results showed
that the use of (17) and (19) gives identical results and
coincides  with  the  experimentally  obtained
dependences. When £=0,2, the deviation of the current
from its short-circuit value is less than 0.3%. The
deviation of the load current from the short-circuit
current can be calculated by (17) or (19).

Fig. 3, b, shows the deviation of the relative output
current at the given deviation of the relative frequency ¢
from the resonant, given to the short-circuit current at
q=1: I(q,k)/ 1(1,0), calculated by (17). The obtained
dependences show that the load current can be adjusted
by changing the inverter switching frequency.

The calculation of the RMS current for the inverter
rectangular voltage will be carried out according to the
equation for the sum of ten harmonics, which gives high
accuracy in all conditions

2 2

20, 170 10 cos(gnayt)
I(q,k)= 5 ; ——— | dt- (20)
7L o nall w214 K2(n2q? -1)

The results of the calculation according to (14) are
shown in Fig. 4, which shows the deviation of the
relative output current at the given deviation of the
relative frequency ¢ from the resonant one and at the
load resistance of k, given to the short-circuit current at
1(q,k)/1(q,0) (Fig. 4, a), and given to the short-circuit
current at g=1: I(q,k)/1(1,0) (Fig. 4, b).

Analysis of the simulation results showed that the
use of (14) for the sum of ten harmonics coincides with
the calculation according to (20), and allows to calculate
the load current, which coincides with the
experimentally obtained dependences.

Kg.k) 1(g,0)
1.05

1.00
E F — =11
0.95 g=1.15
\ \ .
0.90

L(g.ky 1(0,0)

1.0 =
g=1.1
g=1.15

08 _\" :1:1 2

0.6 g=1.3

0.4

0.2

0 T T T T T

0 0.2 0.4 0.6 0.8 1.0 k

b
Figure 3. Deviation of the relative output current at the given
deviation of the relative frequency

A comparison of the dependences in Fig. 3 and
Fig. 4 shows that the deviation of the relative output
load current at the rectangular voltage on the inverter is
up to 1% greater than the deviation for the case when
the resonant circuit is powered by the sinusoidal voltage
source. This simplifies the real time calculations when
controlling the load current, using the equation for the
first harmonic (18), which requires less resource
consumption of the computing system of the controller.

Lg.k)/ 1(q,0)

1.00 =
g=1.1

0.95 \ ¢=1.15
q=1.2

0.90

0.85

0.80

I(a.kY 1(0,0)

1.0 1 =1
q

0.8 I g=11

0.6

0.4

0.2

0

0 02 0.4 0.6 0.8 1.0 k

b
Figure 4. Deviation of the relative output current at the given
deviation of the relative frequency q from the resonant one and at the
load

The results of the calculations shown in Fig. 2-Fig. 4
are well coordinated with the experimentally obtained
results shown in table. 1.
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TABLE L THE RESULTS OF THE CALCULATIONS
q

k 1 1,1 1,2

0 1 1 1
0,4 0,99 0,99 0,98
0,6 0,99 0,99 0,96
0,8 0,99 0,98 0,94

1 0,99 0,97 0,91

An important feature of the considered resonant
power supply is the deviation of the output current due
to the load from its stabilized value (6) at the non-zero
value of the load resistance k. This deviation is greater
the greater the deviation of the frequency from the
resonant one is. But increasing the frequency allows to
smoothly adjust the output load current. The control law
of the output RMS current by changing the switching
frequency of the inverter power switches (16), (18),
allows for smooth regulation of the output current to
ensure its optimal value. During the construction of the
control system that provides the given current value, it is
necessary to consider the deviation of the output current
from its stabilized value. For example, in the process of
the capacitors charging using such a power supply, the
equivalent load resistance increases and may exceed A=1
[13]. In this case, the current deviation must be
considered. The expected deviation of the current value
during the use of the inverter with the resonant circuit
input rectangular voltage can be calculated using the
equation for the sinusoidal voltage with the frequency of
the first harmonic (16) not for the rectangular one. For
electro-discharge nanocarbon synthesis [15], which is
characterized by values of £<0.2, the current deviation
does not exceed 2% with an increase in the frequency by
more than 30%, this deviation can be completely
ignored and one may use the simple equation (15) to
calculate the current for the inverter rectangular voltage.

IV. CONCLUSION

Quantitative characteristics of the deviation of the
resonant power supply output current the set stabilized
value at frequency control of the inverter switches which
allow to receive the stabilized RMS value of the output
current, are determined. The output power supply
current depends on the switching frequency of the
inverter switches inversely, so one can control the
output current by increasing the inverter switching
frequency. The deviation of the output current from the
expected stabilized value depends on the reduced
dimensionless load resistance, and the deviation of the
inverter switching frequency from the resonant one. For
the technical applications in which £<:0,2, the current
deviation does not exceed 2% when the frequency
increases by more than 30%. This deviation can be
completely ignored and allows to calculate the current
value using the equation (15) for the inverter rectangular
voltage. In the other cases, the output current and its
deviation can be calculated using the equation for the
first harmonic, because the result of the calculation with
an accuracy of 1% coincides with the result for the sum
of the number of harmonics, but requires less resource
of the computing system. The results of the calculations
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are well coordinated with the experimentally obtained
results.
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Abstract — The work presents the results of exergetic
analysis of a reversible chiller providing both cooling and
space heating in varying operational modes. The year
values of avoidable parts of exergy destruction occurring
in each system component are used for the analysis. The
outcomes obtained showed that the both inside and
outside heat exchangers have the highest priority for
improvement revealing more than 718 kW-hr avoidable
year exergy destruction within the system.
avoidable

Keywords — reversible chiller;

destruction; irreversibilities.

exergy

[. INTRODUCTION

Today, a large offer of reversible units is proposed,
with investment costs comparable to the nonreversible
units. The air-cooled chiller is the most present
technology on the European air-conditioning market,
representing 85% of chillers sold in the commercial
sector. The chiller can be reversed by means of a
refrigerant change-over, which inverses the flow
passage into the two exchangers: — in cooling mode, the
air exchanger (outside heat exchanger) works as
condenser, rejecting heat to outdoor air, while the water-
exchanger (inside heat exchanger) works as evaporator,
transferring cooling power to the distribution system; -
in heating mode, the air exchanger works as evaporator,
extracting heat from outdoor air, while the water
exchanger works as condenser, transferring heating
power to the distribution system. Reversible air-cooled
units are installed in most of the case in combination
with a backup boiler [1-3]. Typically, the air-cooled
chillers have a limiting outdoor temperature (generally
around —10° C), below which they cannot be operated.
In addition, at very low outdoor temperature, the chiller
COP degrades dramatically, and using the boiler could
become preferable. The scope of the paper is to
demonstrate the application of exergetic analysis for
finding annual exergy destruction within an air-cooled
reversible chiller providing both cooling and space
heating in varying operational modes, which is typical
for built environment and caused by fluctuating in
outdoor conditions.

II. METHODOLOGY
Taking into account that the investigators need to
focus only on the reduction in avoidable parts of exergy
destruction occurring in each system component, this

work is based uniquely on these irreversibilities and
proposes application of a new calculation method to
compute them [4]. According to the novel method the
avoidable exergy destruction rate ( £;™" ), being

internally caused, can be computed as the difference
between the total exergy destruction of the investigated

component ( £ b )» 1.€. calculated under real operation

conditions, and its exergy destruction ( E}%* )

evaluated under conditions at which its irreversibilities
are reduced by improving its efficiency taking into
account that the remaining components are operating
under real conditions
A 0
The avoidable exergy destruction within the k-th
component, being caused by the avoidable
irreversibilities occurring within the r-th component (i.e.
externally caused) ( E;"" ), can be computed by

subtracting the exergy destruction rate ( £)"") within

the k-th component under conditions at which the r-th
component is working with reduced irreversibilities and
the remaining components are operated with their real

conditions from the exergy destruction rate (Eka )

taking place within the k-th component under its real
operation
Ep™ " =Ep —Epy" ©)
The importance of the components from the
thermodynamic viewpoint and priorities for improving
the k-th components are identified on the base of the
sum of the internally caused avoidable exergy
destruction ( E;™ ) and the externally caused

avoidable exergy destruction within the remaining
components ( £, ")

n—1
ESVZ‘Z’INT’EXT — Egy’;{,INT +2Egl’/EXTk . (3)
ot

For exergetic assesment of the reversible air-to-
water unit it is proposed to consider annual values of
parameters.

The reversible unit is connected to a two-pipe water
distribution system, in parallel with the backup boiler. In
this case no simultaneous heating and cooling loads are
expected. The switch between operating modes is
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regulated by a central change-over located in the
outdoor unit.

The system is cooling-driven. That means that the
priority is given to cold generation. The boiler is used
when the heating demand is too large to be covered by
the chiller or when the reversible chiller cannot operate
or has too bad performance due to low outdoor
temperature. The system is designed for the following
cooling design conditions: cooling capacity 10.5 kW;
the water is cooled in evaporator (inside heat exchanger)
from 12 to 7°C and the outside air is heated in
condenser (outside heat exchanger) from 30 to 35° C;
the pinch point temperature differences in the inside unit
and in the outside unit was 5 K and 12 K, respectively;
the calculated value of the real isentropic efficiency of
the compressor was equal to 0.86. For evaluating the
internally and externally caused avoidable exergy
destruction the following parameter values were
assumed: the pinch point temperature differences in the
condenser (outside unit) and the evaporator (inside unit)
were equal to 3 K and 1 K, respectively, whereas the
unavoidable compressor efficiency was equal to 0.96.

A set of non-linear algebraic equations involving the
heat and mass balances as well as the heat transfer
equations were utilized. CoolProp was employed for
providing the thermo-physical properties of the working
fluids, while the simulation model of the heat pump was
implemented in MathCad math environment. R134a was
selected as the refrigerant. The ambient (outdoor air)
temperature was chosen as the reference state for the
exergy analysis.

Daily weather data of a typical meteorological year
for the city of Kyiv located in the central part of Ukraine
were used for the analyses. So, 24-hour time step 7,

was assumed for quasi-steady state modelling.

III. RESULTS AND DISCUSSION
The year values of the internally caused and the
externally caused avoidable exergy destruction

E}NENTETI4r iy the components of the investigated

reversible chiller are presented in Fig. 1. It could be
observed that 594 kW-hr of avoidable exergy
destruction in the compressor can be reduced by
improving this component. Another part of avoidable
exergy destruction in the compressor was caused by the
irreversibilities that occur in the remaining components:
outside unit (146 kW-hr) and inside unit (152 kW-hr).
Also, 397 kW-hr of avoidable exergy destruction within
the inside unit can be reduced by decreasing the
irreversibilities within the inside unit. Another part of
avoidable exergy destruction within the inside unit (47
kW-hr) could be avoided by improving the remaining
components: compressor and outside unit. The outside
unit was found to be responsible for 162 kW-hr of
avoidable exergy destruction within the throttling valve.
In addition, 222 kW-hr of avoidable exergy destruction
within the throttling valve were caused by
irreversibilities within the inside unit. Furthermore,
-52 kW-hr of avoidable exergy destruction within the
throttling valve depended on irreversibilities taking
place in the compressor. According to the results
presented in Fig. 1 the largest share of avoidable exergy
destruction in the outside unit was internally caused
(405 kW-hr). -31 kW-hr and -36 kW-hr of avoidable
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exergy destruction within the outside unit could be
reduced by improving the inside unit and the
compressor, respectively.

The proposed approach for evaluation of avoidable
exergy destruction (see the pie chart in Fig. 1) identified
priorities for improving the overall system. The
outcomes obtained showed that the inside unit has the
highest priority for improvement — it revealed 739 kW-
hr avoidable exergy destruction within the system. Also,
the outside unit was the second component on which it
was needed to focus, as it offers the potential to reduce
718 kW-hr of year exergy destruction. Thirdly, the
compressor enhancement was found to lead to a
potential decrease of 540 kW-hr of year exergy
destruction.

It should be noted that in case of design and
operation of a separate air-source heat pump for heating
with similar parameters the biggest share of avoidable
exergy destruction (about 65%) can be removed by
improving outside block (evaporator). The inside block
(condenser) accounts only about 20% of avoidable
exergy destruction within such heat pump [5].
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Figure 1. Year values of the internally caused and the externally
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caused avoidable exergy destruction in the

components of the investigated reversible chiller
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[HpopMalIiTHO-KEpYIOUl CUCTEMHU Ta TEXHOJIOT
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OIIIHKM CTYNIEHS MIATOTOBICHOCTI MIANPHUEMCTB
JI0 THHOBAIIITHOT OISJILHOCTI 34 JIOITOMOT OO
JaHIIOT1B MapkoBa
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Anomayia — Mertolo podotH €  po3podka
iHpopManilinux cucreM 1 TeXHOJIOrili BU3HAYeHHS
CTyIeHs] TOTOBHOCTI MiANPUEMCTB A0 iHHOBaUiiHOI
IiiIbHOCTI Ha oOCHOBiI opraHizanii i pery.naoBaHHs

iHHOBaNiliHUX NpoueciB B PO3BHHEHOMY BHPOOHHITBI 3a
ponomoror Januwrie Mapkosa. Haseneni pesyabTaTn
BUBYCHHS @poueciB OWIHKH CTyHmeHsi TOTOBHOCTI
MINPUEMCTB 10 iHHOBaNiiiHOI  TiSLILHOCTI, 11 (1]
(YHKIiOHYIOTH B YMOBaX HeBH3HAYEHOCTI €KOHOMIWHMX
3B'513KiB i BigHOCHH. P03p00/1eHO KOHIEeNTyaNbHY Moje/Ib
CHCTeMH  YNpaBJiHHA  iHHOBaUiliHOW  JislIbHicTIO,
CHPSIMOBAHY HA BJOCKOHAJeHHSI MeXaHi3MiB JiarHOCTHMKH
TAa NPUAHATTA PpilleHb Ha OCHOBI BHKOPHCTAHHA
IHCTpyMeHTANIBHUX 3ac00iB JiaHuioriB MapkoBa. s ii
NPaKTH4YHOI peanisanii crBopeHa imirauiiiHa Moxeab
OLIIHKHU CTyIIEeHS! TOTOBHOCTI MiANPUEMCTB a0
iHHoBaniiiHOI fisyIbHOCTI y BHIJIAAL OpiEHTOBaHOIO
rpada, B SKOMY BepIIHHH NPeACTABIAIOTL cO00I0 CTAHH
npouecy, a pedbpa — mnepexoau Mixk HuMHM. BigmiTHa
0co0JIMBiCTL MoOJesi MoOJsiTae B TOMY, IIO0 B SKOCTI
apryMeHTy, Bil IKOI0 3a/1eKUTh NPOLEC OMIHKH CTyHEeHS
TOTOBHOCTI MiINPUEMCTB 10 IiHHOBaLiiiHOI AifVILHOCTI
PO3rIAJA€TLCA He 4ac, a MOCJAiJ0BHICTh CTaHIB i HOMep
KPOKY 3 iepapxieio inTepBajiB auckperusauii. [HyukicTs
Takoi MojeJii 3a0e3nevyeThesi AJaNTHBHICTIO 10 BILIMBIB
30BHIIIHBOT0 cepe0BHIIA 3 MOKJIHBICTIO il
HAJIALITYBAHHS HA KOKHY iHpopMauiliHy cuTyaniio).

Kniouoei cnosa — iHHOBaliliHA TiSVIBHICTB; JIAHIIOTH
MapkoBa; niANpHEMCTBA; iHpopMmaniiino-kepyroui
CHCTeMH.
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1. BcTyn

OnHuM 3 HampsAMKIB YCHIITHOTO (YHKIIOHYBaHHS
HiAPUEMCTB B YMOBaX JIMHAMIYHUX 3MiH 30BHIITHHOTO
CepelloBHINA € iX TOTOBHICTh JO iHHOBAIiNd. 3JaTHICThH
MiAPUEMCTB JI0 3AiMCHEHHS IHHOBAIMHOI isSUTEHOCTI
MIPOSIBIISIETHCS B MOKIIMBOCTI OTPUMYBATH ITE€BHI 3MiHU B

MexaHi3Mi  (YHKIIOHyBaHHS  HiJNpPHEMCTBA IS
JOCSITHEHHS ~ KIHLIEBOTO  Pe3ynbTaTy —  BHUILyCKYy
KOHKYPEHTOCIIPOMOXKHOT ~ mpoxaykuii.  [HHOBariiiHa

TUSTBHICTD MIATPUEMCTB € CHHTETHYHUM BIIACTHBICTIO,
AK€ aKyMYJIO€ PI3HOPIJHI YHHHHMKHA €K30T€HHOI 1
EHIOTCHHOT TPHUPOIW. YTpPaBIIHHA 1HHOBAIITHOIO
MISUTGHICTIO B YMOBaX  HEBH3HAYCHOCTI  BIUTUBY
30BHIITHBOTO CEPEIOBHUINA B CBOTH OCHOBI 0a3yeThcs Ha
CTBOPEHHI CHCTEMHO TOB'SI3aHUX METOJHK JOCIIIKEHHS
MOTOYHOTO 1 MPOTHO30BAHOTO CTaHy BHUPOOHMIITBA 32
paxyHOK CHHTEe3yBaHHsS iH(opMalii, OTpUMaHOI sK 3a
JIOTIOMOTOI0 ~ CHHEPTeTHYHOTO  IMiIXOAy, TaKk i
MaTeMaTHYHUX, B TOMY YHCII 1 IMOBIPHICHUX METO/IIB.

B manwmii yac iHHOBAIIliHA MISUIBHICTE 3MIMCHIOCTHCS
He TIIBKM B YMOBax pH3HKY, a H B yMOBax
HEBU3HAYCHOCTI, KA XapaKTepU3YEThCs TII00aITI3aIIEI0
€KOHOMIUHHX IPOLIECIB, YCKIAIHEHHSIM B3a€MOIN Mixk

PUHKOBUMH CYO'€KTaMH 1 BIUIMBOM 30BHIITHBOTO
cepenoBumia. Bubip  1OMiHyBaHHS  aJbTepHATHB
VIpaBIiHHS ~IHHOBALIHOK MisUIBHICTIO 1  OIlHKa

CTYyIIeHS TOTOBHOCTI TMIANPHEMCTB A0 11 peamizarii
CTalOTh NPEPOraTHBOIO IHTYIIII.

IIporec OMIHKH CTYIEHS TOTOBHOCTI MiANPUEMCTB
10 1HHOBALIMHOI IIsUIBHOCTI Hece B co0l eJIeMEHTH
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BHIIQJKOBOCTI IOB'SI3aHOI 3 THIM, II[0 HABITh IMOTOYHHH
CTaH BHUPOOHWITBA B IIOYATKOBHA MOMEHT 4Yacy
BU3HAYAETHCS Yepe3 BUXIIHE PO3MOIiT HMOBIPHOCTEH.

Bubip nepioro Kpoky J0 3MiHM IOTOYHOI CHTYyaIlil
MOB'SI3aHUI 3 KITBKICHOIO OITIHKOIO 1 KOPUTYBaHHSIM
onHOro 3 (akTopiB BHPOOHMYOI IiSIIBHOCTI, IO
MPU3BOJMUTH IO 3MIMICHHS TOYKH BIIJIIKY TIpOIECY
BCTQHOBJICHHSI CTYIEHsI TOTOBHOCTI IANPUEMCTBA 10
iHHOBaLiiHMX TpaHcdopmanii. [licis  BUKOHAHHS
omiepalliii, TOB'I3aHUX 3 KOPUTYBAHHIM MOJAIBIIOTO
(dakTopa, TOUYKa BIUIIKY 3HOBY 3MICTHTHCA B OiK
CKOpOYCHHSI TIpOIleCy BIIPOBA/DKCHHS 1HHOBAIIHOI

IISUTBHOCTI  TOIIO. TakuM YHHOM TMPOIEC 3MiHU
MOJIOXKEHHSI TOYKH BIIIIKYy HOCHTH BHITAIKOBUI
XapakTep, MO0 XapaKTepPH3YEThCA BLIBHUM BHOOpPOM
(hakropa 3 JTUCKPETHUMH THMYaCOBUMH

XapaKTePUCTUKAMK TPUBAJIOCTI MEPIIOTO i HACTYIMHOTO
KPOKIB 1 paxyHKOBOIO MHOXXWHOIO cTaHiB. Takuii
npoiiec Oyae MapkiBCbKUM, TOMY IO HACTYIHI CTaHU
TOYKH BiJTIKY TpOIleCy iHHOBAIIMHUX TEPETBOPEHD HE
3aJIeKaTh BiJl MUHYJIUX CTaHIB.

IIpobGnemMa  KiNBKICHOI  OIIHKK  CITPOMOKHOCTI
MiAPUEMCTB 110 3/IHCHEHHS KOHKPETHUX BHJIIB
IHHOBAIIMHOT ~ JiSUTBHOCTI Ta CTYINEHS TOTOBHOCTI

HIiIIPUEMCTB JI0 IHHOBAIlIHHUX NEPETBOPEHb 3aBXKIHU €
aKTyaJIbHOIO.

II. orJisa g JITEPATYPU

B [1] Mozmens MapKiBChKOTO BHITAIKOBOTO MPOIIECY
3aCTOCOBaHa TS OCITIKEHHS €KOHOMIYHOT
epexruBHocTi poboTH ¢ipmu. OuiHeHAa TOYHICTH
BU3HAUYCHHsSI TapaMETPiB  PO3BUTKY EKOHOMIYHHX
cucreM. B [2] Teopis  maHmoriB  MapkoBa
BUKOPUCTOBYETBCS Ui BU3HAYCHHS BEKTOPIB CTaHIB
MOMUTY 1 Tpomo3uilii. MaTpuus iHTCHCUBHOCTI
BU3HAYAETHCSA IUIIXOM TEPETBOPEHHS JOrapuMidHOT
¢yHKUIT BIANOBIAHUX MaTpHLb MEPEXOAY B IOJIHOMHU.
Po3rnsgHyTi TakoXX MATaHHS MOZIETIOBAHHS €KOHOMIYHOI
CTIMKOCTI MIAMPHEMCTB 32 JIOMIOMOTOIO JIAHIIOTIB
MapxkoBa, Jie MiJi €KOHOMIYHOIO CTIHKICTIO PO3yMIIOTh
BJIACTHUBOCTI MIANPUEMCTB 3a IICBHUH 4Yac JIOCATaTH
MeTH (yHKIIOHYBaHHS Ta pPO3BUTKY. PoO3risHyTI
OCHOBHI TPHHIUIIA TOMOTCHHOI Mepexi Mapkosa 3
(hiKCOBaHOTO KITBKICTIO CTaHIB 1 pO3PUBHHX TIEPIOIOM.

JluckpeTHO-4acoBi JiaHIIora MapkoBa BUKOPHCTaHI
B [3] mis moxemtoBanHs BruuBy nangemii COVID-19
Ha T'SITH OCHOBHUX CEKTOpax ekoHomiku KewHii, ski
BHOCSTh 3HA4UHUU BKJIaJ B 3pocTanHsa BBII. Pesynbratu

MOJEIIOBAHHSA  JAalOThb  MOJKJIMBICTE  IJIO0AJILHAM
iHBeCTOpaM 3pO3YMITH pi3HI acleKTH IUIaHyBaHHSI
€KOHOMIYHMX CTHMYJIB, I00 3MCHIIWUTH BIUTUB

E€KOHOMIYHOI periecii.

Sk BUIUIMBaE 3 HAaBEAEHOTO OMISAY MPAaKTHUHI
3aCTOCYBaHHS  JIAHIIOTiB ~ MapkoBa  4YHCIEHHI 1
pizHOMaHiTHI. Okpemi (parMeHTH TPEICTABICHOTO
JOCBIly BHKOPHUCTaHI HpH po3podii MeTonoiorii
CIIPaBXKHIX JTOCIiKEHb.

III. MATEPIAJIM I METOIU

TlonorHa ifes naHirora MapkoBa IOJIATa€ B TOMY,
0 iCHY€ TUIBKH OJIHE TOTOYHUH CTaH 1 OTKEe OJUH
nepexiJ B OJHe moAaibiuii ctan. OCHOBHA BIACTHBICTh
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MapkiBCbKHX TPOIECIB TMOJIATAaE B TOMY, IO B Oyab-
SKAH MOMEHT 4Yacy YMOBHHMH pO3IOIIIT MaiHOyTHIX
CTaHIB i3 3aJlaHUMHU TOTOYHWM i MHUHYJIUMH CTaHAMHU
3aJICKUTh TUIBKK BiJl MOTOYHOIO CTaHy, ajie HE BiJX
MUHYJIUX CTaHiB. TakuM YWHOM JaHIor MapkoBa, Iie
[TOCITiIOBHICTh BHMITAJKOBHMX IOMIM 3 KiHIEBUM YHCIIOM
MIEPEXO/IIB, 10 PEATi3yETHCS HA MPAKTHII 3 TUCKPETHUM
YacoM i JUCKPETHUM MPOCTOPOM CTaHiB.

[TouyaTkoBe po3noia HMOBIpHOCTEH:
P(x0=8)=qo(S) Ve

nie V — KBaHTOP 3arajibHOCTI,

(M

S — aMCKpeTHi cTaHy,
qo — pO3MOALI WMOBIpHOCTEH B MOMEHT 4acy t = 0.

Mmuoxwnna E
MOJKJIUBUX CTaHIB.

SABJI€ COOOI0  KIHIEBE  YHCIIO

@)

OO0nacTe 3HAYCHb BWIIAJKOBOI BEIUYMHH {X,} €
IPOCTOPOM CTaHIB, a BEIMYMHA N — HOMEPOM KPOKY.
MMoBipHOCTI TIepexody 3 OIHOrO CTaHy B iHIIHMif
NPECTABIAETLCSA Y BUNIANI KBaJIPATHUX MATPHILb.

E:{el’ €25.00s en}'

Pyj(n)=P(Xp+1= [Xs=1) 3)
S5 Sy
Sl pll p12 pln
P=s, |py Pn P>, “)
Sn pnl an pnn

Enementy, pjj Mo3HayarTh WMOBIPHICTH TEpexoy
31 CTaHy s; B HAaCTYITHE.

Marpuns nepexifHUX HMOBIPHOCTEH BHCIIOBIIOE
HMOBIpHICTH TOTO, IIO CTaH B MOMEHT 4Yacy n + 1 €
HACTYITHAM JJIS iHIITMX CTaHiB.

P(Xpr1=Sh1X0=S0)=P(Sp, Sn+1) ¥V (Sh, Sue1)<=E*E (5)
Jlanmor MapkoBa Oyzge OTHOPITHUM, SKIIO MaTPHUILSI
MepexigHuX WMOBIpHOCTEH He Oyne 3alexaTH Bif
HOMepa KPOKY, TOOTO:

Pj(n)=Pj;. (6)

Jns mepexony 3 MOYaTKOBOT'O CTaHy B HACTYITHHN
HEOOXIJJHO BU3HAYUTH WMOBIPHICTH I[LOTO MEPEXOAY 3a
N KPOKIB.

BinmoimHo mo piBHsHHS KonMoroposa-Uenmena
MaTpHIl TepexiJHUX HMOBIpHOCTEH 3a N KpPOKIB B
OJIHOPITHOTO JIaHIIOTa MapkoBa € n-I0 CTYIIiHb
MAaTpHIIi TePEeXiTHUX HMOBIPHOCTEH 3a OJUH KPOK.

P(x,=Su[x=S0)=P" . (7

MapkiBCbKUI JaHIIOT B OyAb-SIKUH MOMEHT 4Yacy
MO’KHA XapakTepH3yBaTH BeKTOpax psakoM C; MaTpuIl
nepexizHux WMoBipHOCTEH P.

SIKIIO TIOMHOXXHTH BEKTOp PAOOK, IO OMHCYE
posmofin  MOBipHOCTEH ~ Ha ~ INI€BHOMY  erTarli
BIIPOBA/KCHHS 1HHOBAIli, Ha MATPUIIO IEPEeXiTHUX
HMOBIpHOCTEHl OTpUMAaEMO PO3MOALT WMOBIpHOCTEH Ha
HACTYITHOMY €Talli BIPOBaKEHHS.

IV. METOZ0OJIOT I

BiamoBigHO 10 BU3HAYEHHS CTYINEHS TOTOBHOCTI
MiAIPUEMCTB 10 iHHOBAIIHOI MisIILHOCTI B yMOBax
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HEBH3HAYEHOCTI BIUIMBY 30BHIIIHBOTO CEPEIOBHIIA
[4-6], sKa XapaKTePU3YETHCS eJIeMEHTaMHt
BHITAJIKOBOCTi, TMPU3HAYCHHS JIAHIIOTIB  MapkoBa

MOJIATA€E B MOUIYKY TAKOTO TMOETHAHHS XapaKTEPHUCTHK i
napaMeTpiB iHHOBAIIMHOT TisSIBHOCTI, SIKE O JO3BOJISIIO
3a0e3MeUnTH BJIOCKOHAIICHHS MEXaHI3MIB J1arHOCTHKH
Ta NPUHHATTA pilleHb B Bi3yali3oBaHii Qopmi Ha
PI3HMX PIBHSX BIPOBAJKEHHS IHHOBALIIH.

['OTOBHICTP  MigUPUEMCTB 1O  IHHOBaLiHHOI
JUSUTBHOCTI MOXKe OyTH TpeicTaBiieHa SK BHYTPIIIHS
3aTHICTh BUPOOHHIITBA 10 MOXIIMBHX TpaHC(hOpMarii
[7-8].

SKmo mepexiy CUCTeMH 3 OJHOTO CTaHy B iHIIHAN
BiIOyBa€eThCsA B 3a3dajerins (ikcoBaHI MOMEHTH Yacy
MIpY HAKOTIMYEHHI BiAMMOBITHOTO 00CATY 1HBECTHIIIHHIX
pecypciB To Maemo cepiiiHuiAi MapKiBChKHI Tpoliec
JIMCKPETHUM 4YacoM. SIKIIO nepexia MOKIMBUH B Oy/b-
SKHH BHIIAJIKOBUH MOMEHT 4acy MaeMo MapkiBchbKuit
npotuec 3 6e3rnepepBHUM 4acoM.

V.PE3VJILTATU

I[Ipu  mpWiHATTI  pilleHb, IO  KapAWHAIHHO
BIJIPI3HAIOTBCS a00 1O BIPOBAPKCHHI 1HHOBALIN
0E3MOMMIIKOBOIO OyJie JIUIIE OIiHKa IMTOTOYHOI CHUTYyaIlil
BUPOOHUYOT JisTbHOCTI. Ha pe3ynbTaTé BIpOBaIKCHHS
iHHOBaIi BIuMBae Oe3miu ¢akTopiB. Tak WMOBIpHICTH
OTpUMaHHs TepeBard Moxke Oytm 0,25 B TOl wac sk
“MOBipHICTh pu3UKY — 0,75. KirtouoBi MOHATTS JTaHITIOTa
MapkoBa NpH BIPOB3/DKEHHI IHHOBALil IOKa3aHi Ha
puc. 1.

Pucynok 1. KittouoBi moHsTTs JaHirora MapkoBa npu
BIIPOBAKCHHI iHHOBALIii

VY HaBeneHil cxemi JaHIIOr MapkoBa sBIsiE HAOIp
HepexoiiB, 31 CBOIM pO3MOAIIOM HMOBIpHOCTEH, SKi
BiMOBiAar0Th MapKiBCHKOMY TPOIIECY.

VI. BUCHOBKM

1. Jns KinbKicHOI OIIHKM CTyNEHs TOTOBHOCTI
MiIIPUEMCTB 10 IHHOBAIIHOT IisSUTBHOCTI HEOOXiTHO
BUKOPDHCTaHHS  ONTUMI3aLifHUX Ta  IMOBIPHICHHX
METO/IiB, 3a JOMOMOTOIO JIaHITIOTiB Mapkosa. JlaHimroru
MapkoBa € HOTY)XHMM IHCTPYMEHTOM IMOBIPHICHOTO
CTOXaCTUYHOTO MOJENIOBAHHS AHAITHYHUX [aHUX B
KIHIIEBOMY MPOCTOpi CTaHiB i €()EKTHBHUM amapaToMm
OIIIHKK TOTOBHOCTI MIANPHEMCTB 10 I1HHOBALIHHOI
TISTBHOCTI, IO JO3BOJISIE TIO0QYUTH Pi3HI BapiaHTH
pillleHs B BizyanizoBaHiii popMi.

2. HoBM3HOIO TEXHOJIOTiH BUKOPUCTAHHS JIAHIIOTIB
MapkoBa sl OI[IHKH CTYIEHS TOTOBHOCTI IiIPUEMCTB
0 1HHOBAIIWHOI MISITLHOCTI € iepapXis iHTEpBaTiB
JIMCKpeTH3allii 1 3aMiHa 4acy npolecy Ha HOCIiIOBHICTh
CTaHIB BIPOBAKCHHS 1HHOBAIIHHOI MisUTBHOCTI, IO
JI03BOJIsIE  00'€IHATH pe3yJIbTaTH IPOTHO3YBaHHS Ha
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PI3HMX PIBHSX BIIPOBA/DKCHHS 1HHOBaLiid 3 OJIHIEIO
CITIJIBHOIO OIIHKOIO CTYIEHS TOTOBHOCTI TiAIPHEMCTB
IO IHHOBAIIMHOT JisUTHHOCTI BIPOBAKCHHS IHHOBAITIi.

3. BukopucraHHsS naHIIOTiB MapkoBa JornoMarae
PO3pOOIATH MApKETHHIOBI CTpaTerii PU BIIPOBAPKEHH1
IHHOBAIIIH.
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Anomauyia — mMaTeMaTH4Hy MojeJab iHdexkuilinoro
3aXBOPIOBaHHS MOAN(IKOBAHO /ISl YPAXyBaHHSI BILTHBY
auysiiiHux 30ypeHb Ta Pi3HOIO THIY 30CepeIKeHHX
BILIMBIB Ha JuHaMiKy iHdexuiiiHoro 3axBoproBaHHA B
YMOBaX JIOTiCTHYHOIO 3POCTAHHSA MNOMYJsALil aHTHIeHiB.
BinnoBinna MmopeabHa CHHryJsipHO 30ypeHa 3ajava i3
3ali3HeHHsIM 3BOJAWTHCA [0 MOCJHIIOBHOCTI 3amau 0Oe3
3ami3HeHHsl, PO3B’SI3KHM IKMX MO’KHA OTPHMATH Y BUIJISAAL
acCUMNTOTHYHUX  PsAAiB  fAIK 30ypeHHA  pO3B’sI3KiB
BiINOBiHNX BUPOIKEHUX 3a/1a4.

Knwuoei cnosa — mopeib iHpexuiiiHoro 3axsopio-
BaHHS; [JAUHAMIYHI CHCTeMH; ACHMIOTOTHYHI METOIH;
CHHI'YJISIPHO 30ypeHi 3a1au4i.

I. Bctynn

JIns  MOCHiKEHHS TMPOIECiB IMYHHOTO 3aXHCTy
Opra”iaMy BiZT XBOPOOOTBOPHHX MIKPOOPTaHi3MiB
LIMPOKO BHKOPUCTOBYIOTHCSI MaTeMaTWU4HI MOJEi, B
OCHOBY SIKMX IIOKJIaJCHO BiIOMY KIOHAJILHO-CEJIEK-
uiitnoi teopito ®.bepHera B3aemonii iMyHHOI cucTeMH
3 antureHamu [1, 2]. 3okpema, y Haimpocrimii (6a-
30Biif) Moneni Mapuyka I'.I. po3BuTOK iH(EKUiHOTO
3aXBOPIOBAHHS BU3HAYAETHCS YOTHpMA JHDepeHItiaib-
HUMH PIBHSHHSMH 13 3aIi3HEHHSM, SIKI OIUCYIOThH 3Mi-
HY 3 9acOM KOHIICHTpAIliii aHTHTeHIB, IJIa3MaTUIHHUX
KJIITHH, aHTUTIJI Ta MIpH YpaXkKeHHsI OpraHy-MillIeHi.

Sk B 6a30Biii MOJENI, TaK 1 B OUIBII JE€Taai30BaHMX
Mojensix Mapuyka-IlerpoBa mnpoTtuBipycHOi i mpotu-
OakTepianbHOi iMyHHOI Bimmosimi [1, 2], He 00yMOB-
JIIOBABCs BIUIMB HAa PO3BUTOK 3aXBOPIOBAaHHS, 30KpEMa,
edektiB  TpocTOpoBO-TH(DY3IHHNX  MEpepo3MOIiTiB
nitounx (akTopiB CHPUYMHEHUX IX HEPIBHOMIPHUM
posnomiiioM. B pobGortax [3—4] mpencrtaBieHO MiAXif
JUIl  ypaxyBaHHS MaJUX HPOCTOPOBO PO3IOALIEHUX
mudy3iiiHIX Tepepo3noailiB Ha AWHAMIKY iHQEKIiH-
HOTO 3aXBOPIOBaHHSA, a B [5—7] BIANOBiIHY MOIEIH
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Mo (iKoBaHO Ul ypaxyBaHHAM AU(DY31HHUX 30ypeHb
Ta PI3HOTO POAY 30CEPEHKCHHX BIUIMBIB B YyMOBax
(apmako- Ta iMyHOTeparii.

Junamika  iHQEKIifHOTO  3aXBOpPIOBaHHI Yy
HAWOpOCTINIH  MoOJeNnl BU3HAYAETHCS  IOIYJISILIEO
AQHTHICHIB, $Ka 3a paxyHOK pPO3MHOXXCHHS MOXKe

3pocTaTH HeoOMeXeHo. €aMHMM IependadyeHuM Yy
MOJeNi MeXaHi3MOM, M0 3a0e3redye CTPUMYBaHHS
HEOOMEKEHE 3POCTaHHS KUIBKOCTI AHTHTEHIB € IX
HeWTpami3aiiss B pe3yiabTaTi B3aEMOIIl 3 aHTHUTUIAMHU.
[IpupogHo BBaxaTH, IO 3POCTAaHHS  MOMYJALIT
aHTUTCHIB HE MOXKe OyTH HEOOMEKEHHM, OCKIIbKH 3a
OyIb-KMX YMOB HasiBHI B OpraHi3mi pecypcu I
PO3MHOXCHHS BIPYCHHX aHTHUTCHIB € OOMEKESHUMHU.
Hwxkue npomonyetses Moaudikamis 06a30Boi Mojeni
iHQEeKIHHOTO  3aXBOPIOBAaHHSA I ypaxyBaHHS
mudy3iHIX 30ypeHb B yMOBaX OOMEKEHOTO 3pOCTaHHS
TIOMYJIALI{ aHTUTEHIB.

II. MOIM®IKALIISA MOJIEJI IHOEKIIAHOT O
3AXBOPIOBAHHS 1JI1 YPAXYBAHHS IO Y3IMHUX
3bYPEHb TA 30CEPE/IXKEHHMX BIIVIMBIB B YMOBAX

JIOTICTUYHOT O 3POCTAHHS TIOITY IS AHTUT'EHIB

Jlnst 3a0e3medeHHsT YMOB OOMEXEHOTO 3POCTaHHS
TIOMYJIALII aHTHTEHIB 3aMIHUMO y MOJIEN iHPEKITiHHOTO
3aXBOPIOBAHHS JIOJAHOK, IO OIKHCYE 3POCTAHHS
aHTUTEHIB 3a paxyHOK pO3MHOXCHHS BiIIOBIIHOIO
JIOTICTUYHOK 3aJISKHICTIO 1 OMHIIEMO IPOCTOPOBO-
4acoBY JUHAMIKY TPOIIECY 3 ypaxyBaHHAM Iu(y3idHIX

30ypeHb Ta 30CepeKCHMX BIUIMBIB B  00JacTi
G, ={(x,t): —0<x<+00, 0<t<+0w}  Takorw
CHUHTYJISIPHO-30YPEHOI0 CUCTEMOIO HENIHITHUX

JudepeHuianbHUX PiBHSH (13 3aIMi3HEHHAM 7):
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V=0, +ﬁV(1—;j—yFV+gDVV;,

C/=&maF(t—1)-V(t-1)-pu(C-C)+

+&’D.C!, W
F'=o, +pC—(u, +nyV)-F+&D,F],
m =c-V—pum+eD m,
3a yMOB
C(x,0) = C°(x), m(x,0) = m" (x), 2

Vx, i) =V (x,0), F(x,i)=F"(x,f),-7 < <0,
ne Vix,t), C(x,t), F(x,t), m(x,t) — BIIIOBITHO KOH-
[CHTpallli aHTUTEHIB, MIa3MATUYHUX KIITHH, aHTHTLI
Ta 3HAYEHHS BIJHOCHOI XapaKTePHCTHKU YpPaKCHHs
OpraHy MilIeHi B TOYIli X B MOMEHT Hacy #, [} — TeMn
PO3MHOMKEHHS aHTHTEHiB; J — MakCHMalbHE 3HAuYCH-
Hsl KOHIIEHTpalii aHTUTeHiB; ¥ — KOeQilieHT, 1110 Bpaxo-
BYIOTh pe3yJbTaT B3a€MOJAIi AHTUTEHIB 3 aHTHTLIAMM;
M, — BeJNIMUMHA, 0OEpHEHa TPHUBAJOCTI JKUTTS IIIa3Ma-
TAYHUX KIITHH; ¢ — KOCQII[IEHT CTUMYITIOBaHHS iMyH-
Hoi cucremn; C' — piBeHb KOHIGHTpAIi MIa3MaTHd-
HHUX KJIITHH Yy 3I0POBOMY OpraHi3Mi; p — IIBHJIKICTb
BUPOOHMIITBA BJIACHUX aHTUTLI OJHIEIO MIIa3MaTHYHOIO
KIIITUHOIO; L — BENUYMHA, 0OEpPHEHA TPHUBAJIOCTI iCHY-
BaHHS aHTHUTIJ; 77 — BUTPATH aHTUTLI Ha HEHTpali3amiio
OJTHOTO aHTHUICHY; O — TEMIl YPa)XKE€HHS KJIITHH OpraHy-
MIIlleHi; f4,, — MBUAKICTh BiTHOBICHHS OpraHy-MilleHi;
eD, ,eD, ,&’D,.,&’D, - KoedilieHTH TPOCTOPOBO
MU y3IHHOTO TEePEPO3NOATY BiAMOBITHO AHTHUTEHIB,
AQHTHTL, IDTA3MATHYHUAX Ta YPAXKCHUX KIITHH, & —
Manuil mapameTp, SKUIl XapakTepu3ye Manuil BIUIMB
BIJIMOBIAHMX KOMIIOHEHT Yy TIOPIBHSAHHI 3 I1HIIAMH
(nominyrounmu) ckaagosumu mporecy; C°(x), m’(x),
VO(x,f), F°(x,f) — oOMexeHi JOCTATHBO IMIaKi (yH-
kuii. @yskuis £(m) 3abesneuye ypaxyBaHHS 3HMKEH-
H edekTUBHOCTI (YHKIIOHYBaHHS IMYHOJIOTTYHOTO

. . .
opraHy npu foro ypaxenHi. SIKuo m — MakCHMaibHEe
3HAYEHHS MIpHU YpaKeHHs OpTraHy-MillleHi, TIPH SIKOMY
e MOKJIMBE HOpMaJibHAa Po0OTa IMyHHOI CHCTEMU, TO

Ha Bigpisky 0<m<m 3Hauenns <&(m) nOpiBHIOE

OmMHUIN, a mpu m <m <1 TPOXYKTHBHICTH BHUPOO-
HUIITBA aHTHUTIJ IMyHOJIOTIYHAM OPTaHOM 3HHXKYETHCS.
Dynkuii mxepena o, (x,t), ®,(x,t) ONUCyIOTh, 30Kpe-
Ma, 30CepeKeHi 3MiHM KOHIICHTpAIli aHTHUTEHIB Ta
antutin [7]. IlpeacraBumo iX y BHUIUISAI TOYKOBO-
IMITYJIbCHUX QYHKIIH keperna. 30kpema:

ng 5

O, ()C, t) — ZAFSe*‘Zm(X*xF;)Z e’ﬂFﬁ (t=tpg) . (3)
s=1

BukopucToByroun MeTo KpokiB [8], BUXiIHY 3a1a-
gy (1)—(2) i3 3ami3HEeHHSIM 3BOJAUMO CTIOYATKY JIO ITOCITi-
JIOBHOCTI 3a7a4 Oe3 3ami3HeHHs [3—7]. A I 3HaXO0J-
JKEHHS PO3B’SI3KiB OTPUMAHUX B PE3yNbTaTi (CHHTYIISP-
HO 30ypeHHux) 3ajad CKOPUCTAEMOCH ACHMOTOTHYHHM
metomoM  [3-7; 9]. Ilpuuomy mepexim  Bif
«He30ypeHHUX» 3amad N0 «30ypeHHX» 3IIHCHHMO TakK,
mo6 6a3oBi (GopMH 3aKOHOMIPHOCTEH, SIKi OMHCYIOTh
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mporec iHQEKIIHHOTO 3aXBOPIOBAHHS, 3aJUIIMINCH
MOYaTKOBO  MPUUHATHUMHU, 1, HE  MOYHHAIOYH
«CTI0YATKy», OTpUMaHi 0a30Bi «HE30ypeHi» pO3B’s3KH
JIOTIOBHIOBATH Pi3HUMH ITOTPAaBKaMHU.

II1. BUCHOBKHU

Ha ocnHoBi Momudikamii MaTtemMaTHdHOI Mol
1H(EKIIHHOTO 3aXBOPIOBAHHS MPEICTABICHO TAXIM IS
ypaxyBaHHSl BIUIMBY [u(y3iiHMX 30ypeHbp Ta 30ce-
peIKEeHUX BIUIMBIB Ha NUHAMIKy iH(EKIIHHOTO 3aXBO-
pIOBaHHS B TIPHPOJAHIX YMOBax JIOTICTHYHOI OOMexe-
HOCTI 3pOCTaHHsS TOMyJIAii aHTWreHiB. BimmosimHa
MOJIeJIbHa CHUHTYJISIpHO 30ypeHa 3ajada i3 3ami3HeHHIM
3BOJUTHECS [0 ITOCTIAOBHOCTI 3ajay 0Oe3 3ami3HEeHHS,
PO3B’SI3KH SIKMX MOXHA e)EKTHBHO OTPUMATH Y BHUIJISI
ACUMNTOTHYHUX PSAOIB SIK 30ypeHHS PO3B’SI3KIB BiJIIO-
BiJIHUX BHPOJUKEHHX 33/1a4.

[lepcrieKTHBHEM € pPO3BUTOK IIPOIIOHOBAHOTO Iij-
XOMy IJIsl ypaxyBaHHS IPOCTOPOBO PO3MOJUICHUX /-
(by3iHHUX «TIepepo3noaiTiBYy, iMyHOTepartii (papmako-
Teparii), 30Cepe/PKeHHX BIUIMBIB B yMOBax OOMexe-
HOCTI 3pOCTaHHS TOMYJAIIi aHTUTEHIB Ta 1HIIUX Jif0-
yux (akTopiB IMYHHOTO 3aXHCTy IIpH JOCIIDKEHHI
MIPOIIECiB 3aXBOPIOBAHb HAa OCHOBI OUIBII 3arajabHHUX
Mojenel, 30kpeMa, moaeneit Mapuyka-Ilerpoa nportu-
BipycHOI 1 mpoTrOakTepiabHOi iIMyHHOT BifnoBimi [1].
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Anomauia — MeTOANKY PeKOHCTPYKUil 300pa:keHb i3

3aCTOCYBAHHSAM, 30KpeMa, YHCJIOBUX MeToiB
KOMIUIEKCHOTO  aHAJI3y aJanTOBaHO HAa  BHIAJIKH
inenTndikauii  nmapamerTpiB  CTPYKTYpH  IPYHTOBMX

KpHUBOJiHiiHNX MacuBiB. OcHOBHa ifesi po3pod.ieHoro
nmiaxoay MOJATa€e y po3B’si3aHHi BiAnoBigHOI MoenbHOL
3aaa4i  YHMCIOBHMM  MeTOAAaMHM  KBa3iKoH(OPMHHX
BioOpaikeHb JJIf NOPIBHAHO HecKJIagHOI o0aacti i
KOH(GOPMHOMY Bif0oOpaskeHHi pe3yabTaTiB Ha CKJIATHOI

KOHCTpPYKHii  gocainkyBaHe  ¢isuyHe  cepenoBuHILe.
CyTreBo0 mnepeBarol0 (y NOpPiBHSAHHI 3 iCHYIHOYMMH)
TAKOr0  MiAXO0AY €  MOMKJIUBICTD  PeKOHCTPYKUIl

300paskeHHs1 0e3 HAK/IaJaHHS TiNOTe3H 100 A0BIIBLHOCTI
¢opm qiHili piBHUX HoTeHLialiB Ha BeJIMKHX BilcTaHsaX
Bin  eaexkrpoaiB. Biabme TOoro, 3alesmeuyerbes
BPaxyBaHHSI PO3MOALTY TYCTHHH CTPYMY Ha OCTaHHIX
(30xpeMa, «BiIKHMAA€TbCS» TpaaumiiiHe TNPUITYIIEHHS
1010 «TOYKOBOCTI» TiITHOK NPUKJIAaHHS MOTEeHLialiB)
Knwuoei cnoea —  eleKTpH4YHA
KkBa3ikoHdopMHi Bi0OpaxkeHHs;
o0epHeHi 3a1a4i; YuCI0BI MeTOIH.

ToMOrpadis;
inenTudikanis;

I.Bctynn

Y  ramy3i  enektpmyHOoi  Tomorpadii  mpum
PEKOHCTPYKLIT 300paxkeHHsS (parMeHTiB IPYyHTOBHUX

MacHBiB, SK TIPABWIO, 3aCTOCOBYIOTH CIIPOIICHHS,
3rigHO  SIKOrO  BIAMOBiZHA 00JaCTb  BBAXKACTHCS
ckinuenHoto [1]. JlocmimkyBaHe cepenoBHINE, TpPH
BOMY, OOMEKYEThCS JIHIEID TOPHU30HTY Ta ICSKOIO
DIMOWMHHOIO  JIiHIEI0,  MOOYIOBAaHOK  HAOIMKEHO,
BUXOASYM 3 TMPOMYIICHHS IIOAO BIJACYTHOCTI PYyXY
3apsAaiB - Ha  BimmaseHux — ginmsHkax. e  omHAM
MOMIMPCHUM  CIPOIICHHSIM € TPUOYIICHHS IIOA0
«TOYKOBOCTI»  JUISHOK KOHTAaKTy C€JCKTPOMIiB 3

MMOBEPXHCI0 IPYHTOBOTO MacuBy. Bce Ie, O4YeBHIHO,
HETaTUBHO BIUTMBAE HA TOYHICTH PO3B’S3KiB.

Hamm >k po3poOneHo miaxin, sKdAH 103BOJISIE
YHUKAaTH HaBEJCHUX CIpOIIeHb. /s mbOro, B IepIry
4Yepry, pEKOHCTPYKIiI0  300paxkeHHs  (QparMeHTy
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TPYHTOBOTO KpPHBOJIHIHHOTO MacHBY 3alpONOHOBAHO
3MIMCHIOBATH HE Yy JOCHKYBaHOMY  (hi3MUHOMY
cepemoBuIi (puc. 1, a), a y 3HA4YHO MPOCTIIIN 3a
KOHCTpYKIi€to obnacti (puc. 1, 0), oTpUMaHii NIIIXOM
KOH(OPMHOTO BiTOOpaskeHHS:

Z+iK

z= (z=x+iy, Z=X+iy, k=const). (1)

Z—ix

x=g(%7) =@+ — )/ (2 +(G-1)?),

=8 (55) =2/ (F 4 (7-1)°).
POBIOIIIB TYCTHH CTPyMY, SIKI MalOTh MicCIie B3IOBX
JITSTHOK TIPUKJTaJaHHs KBA3iMOTEHIIATIB, 3MIHCHIOETHCS
3a joromororo (yHKIiK Tedii. [HcTpymeHTapiem st ix
BUKOPHCTAHHS obOpaHo YHCIIOBUI METO
KBa3iKOH(OPMHUX BifoOpaxkeHb (11 MOOYIOBHU IIOJIB
TYCTHH CTPyMY), SIKHH, OKpIM 3raJiaHoro, BOJIOIE
HU3KOIO IHIIKX Tepenar [2].

Tyt

BpaxyBanus 3k

1. 3AJAYA PEKOHCTPYKIIIi 305PAYKEHHS
3amaqy enexkTpudHOi Tomorpadii po3B’sa3yeMo B
OJHO3B’SI3HIN KpHBONiHINHHIA o6nacti OG. ={(x, y):

=5 (30.50),  y=&(0.50)., 1eR
(puc. 1,0),  oTpumaHii  OUIIXOM  KOH(OPMHOTO
BimoOpaxenus (1), ne )%(’E), ):/(r) — BH3HaYeHI

HerepepBHO nudepeHniioBani QyHKLIl, SKi 3a7al0Th
rpanuio O0G. (puc. 1,a). JlaHa 3ajaya IpH LIyKaHHX

dynxmiax ¢ =0 (x,y) (moTenmianiB)  Ta
v =y (x,y) (tewil) mana koxHoi (p -i) i3 p
(1<p<p) imkekuii 3a yMOBH imeHTHU]IKALI]

Koe(ilieHTa TPOBIAHOCTI G =0o(X,y) B3aMUCYETBCS Yy
Burisii [1]:

"(p).
_\V)c >

1(p) — y,'(P) "(p) _
oo, " =y, ", o) =

2
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(p(ﬁ) | = (pip (p) | ¢, _ (p*(p) ((p*(p) —(Pip) > 0)’
(/7) |A o, — 0 \V(p) |B N (p) | — Q(ﬁ); (3)

¢V (M), v =0 (M), ¢ (M) =67 (M),

O (M), , = 0" (M), y P (M), , =y (M), (4)

v (M) |C1,Dp =y (M),

ne K Ta N — TOUKHM, KOOPJAMHATH SKMX BH3HAUAIOTHCS
3 MeBHUX ampiopHEX MipkyBanb [3]; Q7 — motokm;
AP’ Bp’ CP’ DP

Oikyua TOuka BiamoBiaHOi kpusoi; B,C, ta 4,D, —

— BUOpaHi Toyky Ha TpaHumi; M —

HEMPOHMKHI IpaHu4Hi JyiHli Teuid; 4,B, ta C,D,

BUOpaHi eKBINOTEHIIaNbHI  JIiHii. Koedimient
MIPOBITHOCTI, HANPHUKIAA, MOXE IIYKATHUCh Yy BHIJISII
(byHKUIT JIOKaJTBHUX CIUIECKIB OJHOpinHOCTEH [1, 4].

PexoHcTpykuito 300paxxkeHHs B G, 3JilicHIOEMO 3a

YMOBH IIOYEPTOBOTO ITEPAIifHOTO PO3B’SI3aHHS 3alad
Ha MiHiMi3alio (yHKIiOHaNa, HaBeaeHoro B [4] (mpu
IIyKaHOMY G) 3a JaHUMH

XV () = &, (¥(1). 5(1)),
Y (@) =g, (¥(1).5(r), vel0,0”],
X0 ) = g, (¥(1,), 5(1,)),
Y (@, w) =g, (¥(1,).5(1,)), wel0,0"],
X(9,0) = g (¥(1,), 5(x,)),
Y7 (9.0) = &, (¥(1,). 5(13)), oo,
(9,07 = &, (¥(x,). 5(1,)).
P (@.07) = g, (¥(x,).5(1,)),

oo, o TUleY, 0]

Ta Ha MOOYAOBY IOJIB TYCTHH CTpyMy (TP HEBiIOMHUX
KOMIUIEKCHO cnpsbkenux ¢ynkuisx x'” = x” (o, y),
Y =3P (@, y)) 3aCTOCYBAaHHAM  y3araibHEHb

piBHsHE Jlamaca Ta yMOB OpTOTOHATHHOCTI, HABEIEHUX
B [2] i kpalilOBUX YMOB:

(6))

(p)]
9

3

(@ y) = &, (25 ). 7(15 w)),
Y0 w) = &, (3(x5 ). 5 (<% w)).
2o ) =& (3t W), 5 (< ().
Y@ ) =&, (F(75 W), 5(1% w))),

9.0 =g (:(<0@).7 (D).  ©
70,0 = &, (3 (<2@). 7 (72 @),
(.07 = & (R(x2(9). 5 (122 (9)))
Y@.0") =&, (3(<2(@). 5 (x2 @),
(PE[(P(p) (p)] v E[O Q(p)]
me =10 (y), r—r‘c‘ﬁ(\v), 1=10(9), T=12(9) —
PO3PaxXyHKOBI  3aJIE)KHOCTI  IapaMeTpiB  3aJaHHS

I'PaHWYHKX BY3JIB Bijl 3Ha4eHb (YHKLIH MOTEHIay Ta
Tedll Ha JUISTHKAX Apo’ Cpr, Apr, chp’
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Bianosimo; T, = (v), T, =1 (y), 1, =1"(0p),
o =Tk =W y), t=T) =7V (y),
=17 (p) ¢yHkIil, 1wOoOymOBaHI  IIIAXOM

THTEPIIOIOBAHHS ANPIOPHO BIJJIOMUX NAHUX PO (PyHKIIIT

notenniary ta Ttedii wa OG, [1]; ¢ Ta o

KBazinoTeHIiadn y Toukax N ta K Ha p-# imKekuii.

Pucynox 1. Cxematudne 300paXxeHHS JOCIiIKyBaHOI (hi3HdHOT
obnacti G; (a) Ta BimmoBinHoro iif ckinuenHoro ananora G, (b)

Y  3araibHOMY
PO3B’SI3YEThCS  HAOJNMIKEHO,
PI3HUIIEBUX  CXEM.

BUII3AKY, OINCaHa  3ajada
i3  3aCTOCYBaHHSIM
BigmoBigauii  anroput™M €
aHajoriunuM 1o [1, 4]. Orpumanuii y pesynbraTi
pPO3paxyHKIiB  pO3MOMIA  KOedillieHTa  MPOBiITHOCTI

KOH(OPMHO BigoOpakaeTbes Ha obnacts G, .

III. BUCHOBKU

VY poboti 3xificHeHo cuHTe3 anroputmiB [1] Ta [4]
PEKOHCTPYKIIIi 300pa)keHb. YTBOPEHHH BiIMOBITHUM
YMHOM MiAXiJ MO03BOJIE JIOCITIPKYBaTH CTPYKTYpPY
MIPUIIOBEPXHEBUX IapiB MAacCIITa0HOTO 3a PO3MIpOM
IPYHTOBOIO MacHBy B TIOpIBHSHO TPOCTIH 3a
KOHCTPYKITi€r0 o0nacTi. 3iHCHIOETBCSA 1€, 3 OIHOTO
00Ky, 13 3aCTOCYBaHHSM aHAJIITHYHOTO KOH(OPMHOTO
BimoOpaskeHHS 3a JIONIOMOTOIO JPOOOBO-paIliOHATEHOL
¢yHKUii MiB-IVIOIIMHKY Ha JOCHTh Mally 3a pO3Mipamu
¢birypy, 3 IHIIOTO — IUIIXOM TIOYEPTOBOTO ITepaIliitHOTO
3aCTOCYBaHHS KBa3iKOH()OPMHUX BiZoOpakeHb
MPSAMOKYTHHKIB Ha KPUBOJIHIHHY Girypy i MiHIMi3amii
(byHKUIiOHAITY.
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Anomayia — 3anNpONIOHOBAHO  METOA  ONLiHIOBAHHA HABAHTAQ)KCHHS € HAsABHICTh JIHCHOTO 3HAYCHHS
HEBU3HAYEHOCTi  BiIXWJEHHS  BeJMYMHM  NOKa3iB CHOXHTOI TIPOTATOM iHTepBaITy Af aKTUBHOI €HepTii, 110
JiYMJILHUKA  TPAHCHOPMATOPHOIO  BKJIIOYEHHA  BiJ € MAaKCHUMAaJlbHO TOYHHUM, B YMOBaX €KCIEPUMEHTY,

JIYHJIBHHKA NMPSMOTr0 BKJIIYEHHsI 32 YMOBH He3MiHHOI0O
PiBHSI HABAHTA’KeHHS OJHOr0 3 TPhOX BHMipIOBaJbHHX
KaHaJiB, sfAkuil Bignosigac oaunii 3 ¢a3 Tpudasnoi
CHCTEMH, NPHYOMY CTPYM [BOX iHINMX BHMIipHOBAJIBLHHX
KaHaJiB JopiBHIOE HY/110. HeBunaakoBa HeBU3Ha4YeHICTH
OLIIHIOETHCS 3 BUKOPUCTAHHAM TeOpPil HEYiTKUX MHOKHH.

Keywords — xomepuiiinnii  00/1ik  eneKTpoeHeprii;
HEBU3HAYCHICTh BHMIPIOBAHHA; HeYiTKUii iHTepBaJ;
BUMIpIOBAILHMIT TPaHCc(OPMATOP CTPYMY.

1. AKTYAJIBHICTb TIUTAHHS

Hdns  xomepuiiiHoro  oOJIiKy — eJIeKTpOeHeprii
BUKOPHUCTOBYIOTbCSI IH(POBI TpudasHi ITIUYNIHHUKH,
CTPYMOBI KoJa SIKFX M AKITFIOYAH0THCS bi (4]
EJIeKTpOMEpeki  3a  JOMOMOTOI0  BHMipIOBaTHLHHUX
TpancopmaropiB ctpymy [1]. B peampHux ymoBax
eKCIUTyaTalii MPOTSArOM TPHBAJIOr0 Yacy BY301
KOMEPIIHHOTO 00Ky (YHKIIOHYE TNPU 3HIKEHOMY
HABaHTA)KCHHI, KOJHM JJs 3aJaHOr0 KJIacy TOYHOCTI
BUMIPIOBAJIbHUX  TpaHCPOPMATOPiB  CTPyMy  HE
YHOPMOBaHa BIiJIHOCHA IMMOXUOKa, a JIYWIBHHUK MOXE
3HaXOJUTUCS B PEXKHAMI HEUyTIMBOCTI. B Takomy
pexumi mopymyrThess Bumoru 1. 1.5.17 IlpaBun
yIAIITYyBaHHS ENEeKTPOYCTAHOBOK IIOJIO JOIYCTUMHX
PIBHIB CTpyMY y BTOPHHHI 0OMOTII BHMIpIOBaJIbHOTO
Tpancopmaropa cTpymy. Sk OyJ0 BCTAHOBIEHO B
pe3ynbTaTi eKCIEPUMEHTANBHUX JOCHIKEeHb [2], B
peXUMi 3HIKEHOTO HABaHTAXCHHS HEBH3HAUEHICTH
o0Jliky enekTpoeHeprii cyrreBo 30inburyerhes. Lle
CIIPUYHUHSE «HEHOOOIK» EeNeKTPUIHOI eHeprii, mIo
TPU3BOAUTH 10 (PIHAHCOBHX BTPAT €HEPrONOCTAYaIbHOT
oprasxizartii. M oOymMoBIieHa aKTyaJIbHICTh
JIOCIIIKEHbD.

Mera po6OTH — OOTPYHTYBATH METOJ OIIHIOBAHHS
HEBH3HAYCHOCTI BHUMIPIOBAHHS CJICKTPOCHEPTii BY3JIOM
KOMEpIIHHOTO  OOJiKy B pPEXHUMi  3HIKEHOTO
HABaHTA)KCHHSL.

II. OBrPYHTYBAHHS TTOKA3HUKA JUUTS OLITHIOBAHHSA
TOYHOCTI OBJIIKY EJIEKTPOEHEPTII B PEXKUMI
SHUXKXEHOI'O HABAHTAXEHHA

HeoOxigHOoI0 yMOBOIO il OIIHIOBaHHS TOYHOCTI
o0Jliky  eneKTpoeHeprii B  PEXHUMI  3HHKEHOTO
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HaOMIKEHHSAM 10 ICTHMHHOTO 3HA4YeHHS CIIOKUTOI
aKTUBHOI eHepril. {71 BUMIpIOBaHHS TaKOTO 3HAYCHHS,
omHOYacHO 3 yidmibHUKOM PI1 TpaHchopmMaTopHOTO
BKJIIOYCHHS, 10 BXOAWTh JO CKJIaay By3ia
KOMEPIIHHOTO 00JIIKY, IPOIIOHYETHCSI BUKOPUCTOBYBATH
miuunpHUK P12 mpsMoro  MiIKITIOYCHHS, CTPYMOBI
0OMOTKH SIKOTO BMHKAFOTHCS TOCIIOBHO JI0 IEPBUHHUX
0OMOTOK BUMIPIOBUILHUX TPAaHCPOPMATOPIB CTPYyMY

By3Jla  KOMEpLIHHOro  O0OJiKy, TOYHICTH  SIKOTO
TOCITIDKYEThCS, puc. 1.
Ly 1 ba [ | Woira
>TA, > PlIs [~
I / | W, W;
B —]lTAB sB P“BI PILB PIl
It I
CottslTAC 2 SlPI
PI1,
B P12 W

Pucynok. 1. CTpyKTypHa cxeMa BUMIpPIOBaHHS CIIOXKHBAHHS €HEPTil B
pe)KI/IMi 3HIDKCHOI'O HaBaHTAXXCHHA 3a JOIIOMOTI'O0 munIbHKUKIB PI1
TpaHc(HOPMATOPHOTO BKIIOUYEHHS Ta PI2 mpsAmMoro BKIFOUEHHs

TouHicTs BUMIpIOBaHHS eNeKTpoeHeprii 3a (-M
BUMIPIOBAaJIBHUM KaHasoMm, npuiomy ¢ ={A4,B,C} ,
By3Jla KOMEpPLIIHOTO OOJIKy B pPEXHMi 3HHKEHOTO
HaBaHTAKEHHS MOXe OyTH OIliHeHa 3a BiJIHOCHUM
BiAXUIEHHAM OW; BUMIpAHOi 3a 4YacoBHH IiHTepBal
At =ty —t; aKTUBHOi  eHeprii MDK  IIOKa3aMH
JMYAIBbHUKA  TpaHCHOPMATOPHOTO Ta  JIYMIBHHUKA
NPSIMOTO BKJIIOYEHHSI, 1110 BU3HAYAETHCS B HPHUITYLIEHHI
NPO HYJNBOBHH CTPYM JBOX IHIIMX KaHANIIB HACTYITHUM
YHHOM:

SW AL YWy (AL L1/ Wpp £ [AL I 11, (1)

ne Wppo o[At, 1] — axtuBHa eHepris, wo oOaikoBaHa

3a {-M BHMIpIOBaJbHAM KaHAJIOM JIIYMJIBHUKA TPSMOTO
BKITFOUCHHSI.
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BinHocHe BinxuneHHs 6 W, a TakoXX BeNUIUHU Wpyy
Ta Wpp, MOXYTh PO3IIISAATUCS AK (DYHKIIl TiNBKH
cTpyMy I pa3u { HaBaHTakeHHA. Toxi MaeMo:

Wy (I )=
_ 1 @

_ Ienigom )= Wengm () |
L Ug) Weragmr () =Wepo.gmr ()

ne Wppy ¢ mr(fi2)) — mokasu P11 B MOMEHTH f(5) .

OyHKIIOHYBaHHS BUMIPIOBAJILHUX KaHaJiB
JMYWIGHUKIB ~ TpaHCHOPMATOPHOTO  Ta  TMPSMOTO
BKIIIOYCHHS € B3a€MHO He3anexHuM. [loxubku, Mo
CYNPOBOJ/UKYIOTh BHUMIPIOBAHHS, MOXYTh BBa)KaTHUCS
BUNAJKOBUMU. Benuuunu 6W;, mo ouLiHIOIOTH TOYHICTH
BHMIPIOBAaHHS 332 (-M BHUMIpPIOBAJILHUM KaHAJIOM BY3Ja
KOMEpLIIfHOro 00JIiKy, BHU3HAYaIOTHCS, BIAMOBIAHO MO
(2), Ax pe3ynbTaT AUICHHS BUMIpSHUX BennvnH. Lle mae
MiJCTaBM BU3HAYATH BIiJHOCHE BiAXWIIEHHS IIOKa3iB
JMYWIGHUKA  TPaHC(HOPMATOPHOTO  BKIIIOUEHHS — Bif
JMIYAIBHUKA TPSMOTO BKIOYEHHS 3a TphoMa (a3amu
HACTYIIHUM YHHOM:

Wy lgle)=| Y Wi, . ()

¢={4,B,C}

OOpanuii mapameTp BiAMOBifae 0a30BUM BHUMOTaM
1o GyHKIIT mimi [3], OCKUIBKH: MapamMeTp € KUIbKICHAM 3
HETEePEPBHOI0 O0JIACTI0O BU3HAYCHHS; HASBHI MPHIaId
(TYWIBHUKHA ~ €JeKTPOCHEprii), 3a TOKa3aMH SKHX
MOJKHA OIOCEPEIKOBAHO BCTAHOBHUTH 3HA4YCHHSA O
napaMeTp oW 3a70BOJIbHIE BUMOTaM OJHO3HAYHOCTI B
CTaTUCTHYHOMY CEHCI.

ONiHIOBaHHS 3aJIS)KHOCTI OW Bill 3HAYCHb CTPYMIB
da3 B peKUMI 3HIDKCHOTO HABAHTAXKCHHS MOMKIIUBO
3MIHCHUTH BiJAMOBITHO 110 (3) 32 YMOBH, IO 3aJICKHOCTI
OWAI,) nnst KOXKHOTO 3 BHMIPIOBalIbHUX KaHANiB By3ja
KOMEpIIHHOTO 00Ky € Bimomi. OcTaHHSI yMOBa MOXE
OyTH BUKOHaHA, SKINO, BiAMOBIAHO 10 (2), BigoMi
XapaKTepUCTHUKH  BUMIPIOBAJIBHUX TpaHC()OpMATOpiB
ctpymy [ {I;) B pexnMi 3HKEHOTO HaBAHTAXCHHSA, a
TaKOX BiJIOMI OIIIHKH 3aJIe)KHOCTCH aKTUBHOI CHEprii,
mo oOJiKkoBaHa 3a (-M BHMIpPIOBAJILHUM KaHAJIOM
JMIYATBHUKAMH  TPaHC(HOPMATOPHOTO Ta  MPSIMOTO

BKJIFOUCHHSI, Bi/l CTPyMiB HaBaHTaKCHHS /.

III. METO/ OLIIHIOBAHH I HEBU3HAUYEHOCTI
BUMIPIOBAHb

Jlist  OUiHIOBaHHS HEBU3HAYEHOCTI PE3yJbTaTiB
BUMIPIOBAHHS ~ NPUHAMAETBCS  TPUITYIIEHHA  LIOJ0
HOPMAJIBHOTO ~XapakTepy HEYiTKOI MHOXHWHH, sKa
BIZIMOBiJae MM pe3ysbTaTtaM. ToJli BBaXKATHMETHCS, IO
it GyHKii  npuHanekHocTi  u(x) MHOXMHH X
pe3yNbTaTiB BUMIPIOBaHHS iCHYE Take 3Ha4YeHHA X €X,
npu sskomy u(x)=1.

DyHKINST TPUHANEKHOCTI u(X) pPO3MIIATAETHCSA K
CYKYITHICTh JIBOX TUIOK p;(x) Ta uy(x), 1Mo po3aineHi
ICTHHHUM 3Ha4Y€HHSM BHMIPIOBAHOT BEIHYMHHU X
[MpunycriuMo, 1Mo B pe3yibTaTi eKCIEePUMEHTAIbHUX

JIOCTI)KeHb OTPUMAHO BHOIPKOBI 3HAYCHHS X;, i = 1,7 .

Binmosigao 1o [4], BuOipKOBi 3HaYSHHS X; MalOTh OyTH
BiZIcCOpPTOBaHI 3a 30UIBIICHHSM, B pe3yibTaTi Yoro
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OTpHUMAEMO BEKTOP, HJId €JIEMEHTIB SIKOTO BUKOHYETBHCS

*
; B

*
J <Xji

CIIIBBIJHOIIEHHS ]

X MOJJANTBIIIOMY
. . *
OOYHCITIOITBCS JIOBXKHHU IHTEpBATiB A =X
j = 17 (n - 1)
BUMIPIOBaHUX
JIOPIBHIOIOTH:

m; = 1 —[Aj —max(Aj )]/min[Aj] .

*
_xj,

IPUYOMY Yactotu  momnajaHHA

3HAUeHb Yy  KOXHHUH  iHTepBan

4)

* 3 .
3HayeHHs X, BHMIPIOBAHO1 BCJIWYMHHU, I SKOIro

m; =1, npuiMaeTbCs sK HaiOIMKIC A0 ICTUHHOTO

. * .
3HauyeHHs. Take 3HauYeHHS NnoAuIsI€ BEKTOp X Ha JB1

YaCTUHM, SIKI  BIQNOBIZAalOTh  TUNKaM  (QYHKIT
MIPUHAJICKHOCTI, pHC. 2.
BiZIHOCHI 3-Hsl cinka Nel einka Ne2
BHUMIp. BETHUHHH, ,
HYMEp. 3a ruikamu T. L1 Tl,z ‘[13 "CI‘U 1 ‘Czl T 9D
abc. 3-Hs BUMIp. | A A AN ! J
BCJIMYUHH, * * * * * * * *
Bizcoprosani Xj Xy X3 X Xow oo Xy X, X
EEEE—— e S *—& *——
JIOBKUHHU LY_N(—/ A
iHTepBaiB 1 Az AU n-1
Vo v v
uactoTH M, m, = 1 m,
em:;)ipum:xi { } / : \ v
sHaenna Qymkuil ) oy Wi | Vs [T

MPHHANEKHOCTI

PucyHOK. 2. YMOBHE 300pa)KeHHs PO3IOALLY BiICOPTOBaHUX 3a
301IbIICHHSM BHOIPKOBHX 3HAaUeHb BUMIPIOBAHOI BEJNYHHH 32 JBOMA
rinkamu (QyHKIIT TPUHATIEKHOCTI, @ TAKOXK MO3HAYCHHS BiIOBIJHUX

eMITPUYHMX 3HaYEeHb QYHKIIT IPUHANEKHOCTI

3 BUKOPHUCTAHHSIM OOYHCICHHX BIiAMOBITHO 1O (4)
9acToT m; IO KOXHOI 3 TUIOK OOYHCIIOIOTHCA
BUOIpKOBI 3HaUeHHs QyHKIIT IpUHANEKHOCTI [4]:

m;—m,; m; —m,,;
_ J minl _ Mol min?2

j = P O
Mypax1 — Mminl Mpax2 ~ Mmin2

Jnst  xokHOT TUTKM  QYHKIT  NPUHATICKHOCTI

HEOOXIZTHO MepeiTh  Big  abOCONIOTHUX  3HAYCHBb

BUMIPIOBAHOI BEIMYMHH X; [0 BIHOCHHX 3HA4YCHb 7,

SIKi OOYHCITIOIOTECS. HACTYITHAM YHHOM:
* * * * . T
71, = %=Xy |/ Koy =Xmin) » J=LO5 ()

0, = Xjro-1"*Yp | /(xmax _xmin) J= 1,(7’1—1)) - (7

OTpuMaHi eKCIICPUMEHTANBHI TOYKH, 10 HAaJekKaTh
JIBOM ritkam (QYHKUIi NPHHAIEKHOCTI, HEOOXiIHO
ANpPOKCUMYBATH, ISl YOO MOYKHA BHKOPHUCTATH METOJ]
MakcUManbHOT HOpMHU [4]. ANpPOKCHUMYIOUYi IOJIHOMH
creneni L (3a3Buyaii L<4) Ta HEB’S3KH Ul TLIOK
(GyHKUIT TPHHAIEKHOCTI MAIOTh BUIJISA, pHC. 3:

L
f1(ﬁ)=1+§aﬂ11 A=A ) () s (8)

L
H(@) =1+ X bh 1o = flTy )=t (T2 )) . 9)
=
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Pucynk. 3. TloninomianbHa anpokcumanis rinka Nel ¢yHkmii
NPHHATEKHOCTI

B skOCTI KpUTEpis anpokcHMAIlii Il TUTOK (QyHKITT
NPUHAIEKHOCT] PO3IIAAAETHCS MIHIMYM 4eOMIIEBCHKOT
HOPMH HEB'S3KH. 3 BHKOPUCTaHHSAM alpOKCHMYIOUMX
nomioMmiB  f; (8) Ta f; (9) mna rinox ¢yHkuii

MPUHAICKHOCTI JUIsI 3aJaHoro piBHA JoBipu A
HEOOXIOHO 3HAWTHM BIMHOCHE 3HAYEHHS IIiIialia3oHiB
& ta &, WO B CyMi CTAHOBJIATH BEIMYUHY HEUYITKOTO

intepBanty Up, =& +& , sakuil  xapakrepusye
p)
HEBHM3HAUCHICTh PE3yJIbTaTiB BUMIPIOBaHHS.

3naueHHa ¢ Moxke OyTM BHU3HAaueHE SK KODiHb
byHKITI fl(fl):l* , puc. 3. Bignosigao mo (8) me

Bi,HHOBiZ[a€ 3HAaXOPKCHHIO KOPCHA BUpPaA3y:

L
1-2"+Y & =0.
=1

(10)

3HaueHHsa &, oOuMcIIOeThes aHanoriyno. Ilupuna

HEYITKOTrO IHTEepBaly, IO MpUA piBHI JOBipH A
BKIIIOYA€ ICTUHHE 3HAYCHHS, B OAMHUIIIX BHMIPIOBAHOI
BEIIMYHUHU CTAaHOBUTH (pHC. 4):

UF,I = (&1 +$2)(¥max ~ ¥min) » an
a Me)Xi BKa3aHoTro iHTepBaHy CTaHOBJIATB.
XL =Xy =S, Xp =X, +52, (12)
xe s; =& (Xmax ~¥min) » 52 = &2 (¥max ~ ¥min) -
UF;_
A
\
X Xr X

(2 1

J\ J
Y

Sy

L T
Pucynok. 4. HeuiTkuii inTepBas, 1o Npy piBHi A0BipH A BKIHOYAE
ICTHHHE 3HaYeHHsI BUMIPIOBAHOI BETMYMHH, B OJUHHULIX Li€]
BEJIMYHHA

IV. PE3VJILTATU EKCIIEPUMEHTIB

ExcriepuMeHTabHE JTOCIIPKEHHS TOYHOCTI OOJIKY
CJIEKTPOCHEPril  MpHM  3HIKEHOMY  HBaHTaXCHHI
3MIMCHIOBANIOCS 3  BHKOPHCTAHHSAM  JIYHJIHHHKIB
tpaHcopmaropHoro minkmouenus NIK2307 ART
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T.1600.M2.21 Tta mnpsmoro mnigkmouenus NIK2307
ARP3 T.1600.M2.21. BukopucrtoByBanucs
BUMipIoBajbHI TpaHcdopmaropu crpymy 600/5. Kiac
TOYHOCTI mepemivyeHux nmpuiaaiB 0,5 S. 3a mormomorotro
OIHCAHOTO METOly OIIIHEHO HCBH3HAYCHICTh
BIIXWJICHHS TOKAa3iB JIYMIILHUKA TpaHC(HOPMATOPHOTO
BKIIIOYCHHS BiJ JIIYMJIbHHKA TMPSMOTrO BKIIOYCHHS 3a
BHUMIpIOBabHAM KaHaioM ¢a3u A. [lpu mpomy cTpym

basu A [, 3minioBaBca B Aianasoni 0--2%. ®a3u B Ta
C He Oynu HaBaHTakeHi. Mexka 4yTIMBOCTI 32 CTPYMOM
BcTaHoBieHa Ha piBHI 0,2%. IHTepBanm 3MiHH cTpymy
* . .
HaBaHTa)XeHHS [, OyB po30uTmii Ha 6 TNPOMIXKKIB

mupuHor0 0,3%, UIS KOXHOTO 3 SKHX OOYHMCIICHI MEXi
HEYITKUX IHTepPBaJiB HEBU3HAUCHOCTI OW , puc. 5.

(3]

O 4, % 1 4 5 6
: . * T.,

.
>

20 1% op
I.%

2 3
L .
* oy

I
1
1
D J lla ¢
-
] |
| a
I .

f------c---- 1

Pucynok. 5. EMnipu4Hi 3HaYeHHS Ta HEUiTKi IHTEpBaIn
HEBU3HAYCHOCTI O W BUMIPIOBaHHS EIEKTPOCHEPTii By3JI0M
KOMEpLIHHOTO 00JIKY B PEKHMI 3HH)KEHOTO HABaHTaKEHHS

V. BUCHOBKU TA HATIPSIMOK TTOJAJIBIINX
JOCHIIKXEHD

OOrpyHTOBaHUH METO]T OIIIHIOBaHHS
HEBHM3HAUCHOCTI BUMIPIOBaHHS €JEKTPOEHEPTii BY3JIOM
KOMEpIIMHOTO OOJIIKY 3a JIOIOMOTOI0  HEJITKUX
iHTEepBaliB MOXXe OyTM BUKOPHCTaHMH TMiJ 4ac
OIIIHIOBaHHS TIApaMeTPiB HEWITKOi (QYHKIIIT, 10 OMmUCye
3aJICKHICTh BIJIHOCHOI MNOXMOKH BHMIPIOBAaHHS BiJ
cTpyMiB (a3 B pexuMi 3HWKECHOTO HaBaHTAKCHHS.
3acTocyBaHHS METO/Y JO3BOJHTH MiJBHIIUTA TOYHICTh
PO3paxyHKIiB MiX MMOCTa4aJbHUKAMHU Ta CHOXKHBayaMu
€JIEKTPUYHOT eHepril.
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Anomayia —Y po6OTi HA NPUKJIANAX NPEICTABJICHO
OOIPYHTYBaHHS JAOUIILHOCTI Ta NepeBaru BUKOPUCTAHHS
eKCepreTHYHHX IOKAa3HUKIB B  AKOCTI  KJIIYOBHX
KpuTepiiB  eHepreTH4Hoi  edeKTUBHOCTI  00’€KTiB
TenJoeHepreTHKA

Knwuoei cnosa —
TeNJI0eHepreTHYHi MpouecH.

eKcepris;  HeoOOPOTHOCTI;

. BCTVYII

Icayroua  meromonoris, ska  Oa3yeTecs  Ha
3aCTOCYBaHHI MEPIIOr0 3aKOHY TEPMOJMHAMIKM 1
BUKOPUCTOBYETBbCA  JUIT  OOTPYHTYBaHHS  THIIB,
CTPYKTYpH, INapameTpiB, PEKUMiB poOOTH 0O’€KTIB i
CHCTEM TEIUTOCHEPTeTHKNA 3 METOI0 TiJBUIIEHHS iX
e(eKTHBHOCTI  (CHEPreTHYHOI,  CKOHOMIYHOI  Ta
eKOJIOTIuHOi) He 3abe3rnedye BHPIMICHHS BUKIIHKIB
CHOTOJIEHHS 1 MOTPedye MOJANBIIONO YAOCKOHAIEHHS 3
ypaxyBaHHSAM JAOAATKOBHX NMPUHIHUIIB [1-5].

Cy4acHi TEXHOJIOTIUHI pillIeHHS B TEIUIOCHEPreTHI
XapaKTEPU3YIOTHCS CYTTEBUM YCKJIaHEHHSIM CTPYKTYPH
Ta pexuMiB poboTtu. IcHyroui meronu, ski 0a3yroTbCs
TITBKY Ha 3aKOHI 30epeKEeHHS Ta TIEPETBOPEHHS CHEPTi,
HE 30BCIM YITKO IAEHTU(IKYIOTb MicLisl, MPUYUHHU Ta
3HAQYEHHS BTPAT EHEPreTUYHOTO IOTEHIIaly BXIIHOTO
CHEProHOCIsI.

Mera poGoT — OOIpYHTYBaTH IOIUILHICTH Ta
nepeBarn BHKOPHCTaHHS EKCEPreTUYHHMX HOKa3HHKIB B
AKOCTI KITFOYOBHUX KpHUTEpiiB €HepTeTHYHO1
e(eKTUBHOCTI 00’ €KTIB TEIJIOCHEPTETHKH.

II. 3ATAJIbHA YHACTUHA

3 mo3mmiii  eHepretmuHoro  migxomy — KKJI
e(heKTUBHOCTI BUKOPUCTAHHA €Heprii mamuBa Yy
CydyacHOMY KOTJIoarperaTi 3HaxXOIUThCS Ha PiBHI

80...95%. 3rigHo Takoro miaxoay BTpaTH eHeprii (a ue
15...20%) cxmamatoThCst i3:  BTpaT TEIIOTH i3
BIJIXIJITHUMH T'a3aMU, BiJ XIMIYHOI HEIIOBHOTH 3TOPaHHS,
BiJl MEXaHIYHOT HEMTOBHOTH 3TOpaHHs, depe3 0OMypiBKY
Ta BTpAT TEIUIOTH i3 (i3uuyHOIO TemnoToro muakis. [Ipu
TaKoOMy TiAXO0Ji HEMa€ KIIbKICHOI OIHKH HaHOUIBII
LIHHUX BTpar. 3pO3yMijo, IO OJHA 1 Ta ) KiJIbKICTh
BTpaueHOi eHeprii BiJl XiMiYHOI HETIOBHOTH 3TOPaHHS Ta
4yepe3 0OMYpiBKY HE € PIBHOLIHHUMHU. AJDKE TOTOPaHHS
roprounx razie (CO, H2, CH4, Tomo) Moxe
3a0e3MCYUTH OTPUMAHHS MOPOAYKTIB 3rOpaHHS 3
Ha0araTo BHUIIMM €HEPTeTHYHAM MOTEHIIAIOM HiX Ta XK
camMa KUIbKICTh CHEprii, [0 BHUXOJUTh 33 MEXIi
YCTaHOBKH 4epe3 00MypiBKy KOTIa.

B Tenepimnii wac y cdepi Temozade3nedeHHs
OyniBesb MIPOTIOHYETHCS BUKOPUCTAHHS
KOHJCHCAIlIHHINX  KOTJIIB K  CHEProcEeKTUBHOIO
JUKepena TeIIOTH [T CUCTeM omnaneHHs, ockimbku KK/
TaKMX KOTJIIB, BU3HAYCHHX HAa OCHOBI €HEPreTHYHOTO
0anaHcy MO BiJIHOUICHHIO IO BHUINOI TEIUIOTH 3TOPSIHHS,
3HaXOJUThCSA Ha piBHI 94...96%. Pa3zoMm 3 Tum, sAKIIO0
OPUAHATA 70 YBard, W0 TaKi KOTIM 3a0e3MeuyroTh
mojady — TEIUIOBOi  eHeprii 10  CIOXWBada 3
temreparyporo 20° C (HOpMOBaHa TeMIleparypa IoBiTps
B OLIBIIOCTI MPUMIIIEHHSX ), TO MOYKHA 3PO3yMITH, IO B
JAHOMY BWIIQJKy [OTEHI[an (MPUAATHICTH IS
BUKOPHUCTAHHS) eHeprii TIEPBUHHOTO TaBa
(mpupoaHOro rasy) 3 temmeparypoto 3ropsuus 2000°C
MPaKTHYHO TIOBHICTIO BTPAa4YaeThcs B Mporecax i
TpaHchopManii Ta migBoxy no crnoxuBada. Came i
TEPMOJMHAMIYHA HEIOCKOHAIICTh 1 TIOBHHHA OyTH
BpaxoBaHa y XapaKTepHCTHKaX KOTJioarperaris [5].

PosrnsgHeMo 1Ba THNH TEIUIOHACOCHUX CHCTEM. Y
nepIin yCTaHOBIII BUKOPHUCTOBYETBCS
HU3BKOIIOTEHIIIHE JpKepeno (Boxa) 3 TeMIepaTyporo
15°C, ske oxonoKyeThest g0 Temneparypu 12°C
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(tobro Ha 3 K). [lpyra cucrema mnepeabauae
OXOJIOJDKEHHS HH3BKOTIOTEHIIIITHOTO Kepena (Takox
BozM) 3 Temreparypu 7°C no temmneparypu 4° C (10610
takox Ha 3 K). ¥V mepmomy BHITagKy TeMIepaTypHUMA
Harip Ha X0JIOJHOMY KiHIll BUnapHuka piBauit 10 K, a'y
npyromy — 2 K. I mepmia i apyra cuctema HarpiBaroTh
Boay cucremu omanenus Bix 30°C mo 42°C. TobGro
00WIHI yCTaHOBKH 3a0€3MEUyIOTh OTPUMAHHS MPOIYKTY
3 OJHAKOBHMH IapameTrpamu. B o000x Bumagkax y
TEIJIOBOMY HAacoci BHMKOPHCTOBYETHCS OJHE 1 Te X
poboue Timo — R134a. XapakTepuCTUKN SIK OCHOBHOTO
TaKk 1 JONOMDKHOrO OOJIagHAHHS TEIJIOHACOCHUX
cHUCTeM B 000X BHIAIKaxX TaKOX OJWHAKOBi. MojkHa
3pO3YMITH, 110 B TAKMX YMOBaX poOOTH SIK KOe(ili€HTH
TpaHcopmarii, Tak 1 BHUTpaTH e€Heprii Ha BIAcHI
NOTpeON y AaHUX TEIUIOHACOCHUX CUCTEeMax IIOBHHHI
OyTH onuHaKoOBi. Po3paxyHKH TMOKa3ymTh, MO B 000X
cxemax koediuient Tpancdopmauii piBauii 5,54.

OTxe, aHaJi3 3alpPOIIOHOBAHUX TEIUIOHACOCHUX
cUCTEM Ha OCHOBI CyTo eHeprerudHoro (abo
SHTAJIBIIIHHOTO) TIAXOTYy, 13 BHKOPUCTAHHSAM TaKUX
XapaKTepuCTHK sK KoedinieHT TpaHcdopmanii Ta
BHTpaTH €HEprii Ha BJIACHI MOTpeOH TOKa3aB, IO IIi
cUCTeMHU € abCoNIOTHO oaMHaKoBi. ToOTO, (GopmanbHO
MOJKHa TIPOMOHYBATH JI0 BIPOBAKEHHS K IEPITY TaK i
JIPYT'y YCTaHOBKY.

PazoM 3 TuM, imKkeHep-¢paxiBelb BKaxKe, 0 HepIIHid
THI TEILIOHACOCHOT CHCTEMU BUKOPHCTOBYE
HU3BKOTIOTEHIlIIfHE  JDKepelo, 1[I0  Mae  BHILY
TeMIeparypy, 3 HIKYOK e(eKTHBHICTIO. Y I
YCTaHOBIII € MOXKJIUBICTh MiABHINEHHS 1i €()EKTUBHOCTI
3a paxyHOK 3HIDKCHHS TEMIICPATypHOrO HAamopy y
BHIapHUKy. JSIkmo ¢axiBelb y CBOeEMYy BHOOpI
BUKOPUCTOBYE TiIbKM MapaMETPH MEPIIOT0 3aKOHY
TEPMOIMHAMIKH, TO TBEpPKCHHS, IO TEPIINH BapiaHT
He BHYEpIaB MOBHICTIO CBii moTeHwLial i3 e()eKTHBHOTO
BUKOPHCTAaHHS HAasBHOTO pecypcy, 0a3yeThcs CyTO Ha
ImKeHepHil 1HTYImii Ta pgoceigmy. Hemae Ttakoro
EHEepreTHYHOro mapaMmerpa, sSkuif O6u ¢opmaabHO JaB
MiACTaBM BHOOpPY came Iepmoi cucTeMu 13 i
MOJANIBIIAM YIOCKOHAICHHSIM. SIKIIO eHeprocucreMa
CKIIQJHINA, TO HE 3aBXIW (QaxiBelb MOXE MaTh
JIOCTaTHIH  JOCBiA Ta iHTYImito, mo0 3pobutn
npaBwiIbHUN BUOIp. TyT BUHUKae moTpeba B po3poOiIri
Ta BUKOPHCTaHHI IHIINX (GOpPMaIbHUX KpUTEPiiB BUOOPY
PpIIICHHS.

Po3risiHeMo pe3ynbTaTi peanizanii eKcepreTHYHOro
MiAXOQY 3 OIIHIOBAHHSA IINX JBOX TEIUIOHACOCHUX.
Pospaxynkn mokazamu, 1o excepretmyHuii  KKJ]
MIEPIIOTO THITy YCTaHOBKH piBHUH 63,2%, a mpyroro —
68,7%. JecTpykuis ekceprii y mNepuioMy BHIAJIKy
cranoButh 1,17 kBT, a y apyromy — 0,92 kBT. Otxe,
pe3yNbTaTH EKCepPreTUYHOTo aHamizy 3a0e3meuyroTh
IOCHIZHAKA OIIbII  JETAJIBHOI Ta 00 €KTHBHOIO
iH(pOpMAL€I0 MOJ0 AOUUILHOCTI BHUKOPUCTAHHS IHX
JIBOX 3aIIPOTIOHOBAHUX CXEM TEITIOHACOCHOI YCTaHOBKH.
Exkceprernuni moxaszuuku (KK, aectpykuis exceprii)
YiTKO BKa3yIOTh IIPO Te, IO CHCTEMa THUITY 2 B 3a/laHUX
YMOBaX CTBOPIOE MPOAYKT 13 BUIIOI TEPMOANHAMITHOIO
edextuBHicTIO. J[Ns 1€l yCTAHOBKU €KCEPreTUYHHI
KK/ € Ha 5,2% (B aOCOJMIOTHUX OJMHHIAX) OUTBIINM, a
nmecTpykuisi exceprii € Ha 0,25 kBt (abo Ha 28%)
MEHILIOK Yy TOpIiBHsAHHI i3 cuctemoro Tumy 1. Came

BUIIMI TeMIepaTypHUH Hamip y BUMAPHUKY YCTAHOBKU
TUITy | IPHU3BOIUTH IO 3POCTAHHS AECTPYKIIi y IbOMY
eJIeMeHTI Ta 3HkeHHs excepreruuHoro KK/ cucremu.

I3 HaBefEHOrO NPHUKIIALY MOXKHA 3PO3YMITH, IO
koedinieHT  TpaHcdopmalii, SAKMH ~ XapaKTepusye
e(eKTHBHICTh TEIUIOBOTO Hacoca 3 mo3umii Ilepmioro
3aKOHYy  TEPMOJMHAMIKH, HaJa€  OIHOCTOPOHHIO
XapaKTepUCTHKy. BiH BpaxoBye CyMapHHH BILTHB
TeMIepaTyp HHU3BKOMOTEHIIHOrO  JpKepena i
CIOXKMBa4ya €Heprii Ta TepMOJMHAMIYHOI JOCKOHAJIOCTI
HoTo MUKy Ha e(peKTUBHICTh TpaHChopMaIli eHeprii.
Koedimient tpancdopmanii He Moxke cam 10 cobi
OI[IHUTH PO3JITLHO HEOOOPOTHOCTI TOTO YH IHIIOTO
peanbHOro Ipolecy B YCTaHOBILI. binbiie Toro, B

OKpeMux BHUIAJIKaX e napameTrp MOXe
JIe30PIEHTYBATH JOCTiTHUKA [1].

YactrHa  jAecTpykiii  ekceprii Ha  TEIUIOBIH
@JIEKTPOCTAHIli  BHIPAaBIAHO  EKCIUIyaTalliifHUMH,
€KOHOMIYHHMHM, €KOJIOTIYHNMH YH  Oe3[eKOBHMHU

BuMoramu. Hampukian, SKIO HaporeHepaTop Mpaiioe
IpH TOCTIHHOMY THCKy, HaBaHTa)XEHHS IapOBOI
TypOIHM PEeryJro€ThCsl IUITXOM 3MiHH BUXIZHOTO THUCKY
JIPOCENBHOTO BEHTWJISI Ha BXOJi MMapoBoi TypOiHH
BHUCOKOTO THCKY. [l KOXHOTO  HaBaHTAXCHHS
PETYIIOIOThCS BUTpaTa NaldBa Ta THUCK HAa BUXOMI
HAcOCa JKUBUIBHOI BOJIU JJSI MiITPUMKH IOCTIHHOTO
3HaYeHHSI THCKY Ha BXOJI JPOCEITHHOTO BEHTHIIS.
OueBuIHO, 110 MiABUINEHE JPOCETIOBAHHS Tapu NpH
YaCTKOBOMY HaBaHTAXCHHI €  HECIPHUATINBE 3
TEPMOAMHAMIYHOI TOUKH 30py. OnHak 1t0 iHpopMmaito
HE MOXXHa OTPHUMAaTH 3 EHEepreTHYHOro OaynaHCy
JIPOCENBHOTO BEHTHWJIS, OCKIIbKM BEIMYUHA EHTaJbIIil
gyepe3 aaia0aTHYHHMN KIJalmaH € TIOCTiiHOI0. bamanc
eKceprii mokasye, 10 NPH YaCTKOBOMY HaBaHTaXEHHI
JIECTPYKITiS eKceprii Moxe OyTH 3HA4HOIO. B maHumit yac
HA THUOOBUX MAPOBHX  CJIEKTPOCTAHIISIX  YacTo
3aCTOCOBYIOTh PETYJTIOBAaHHSA THCKY B «KOB3HOMY
pexuMi» abo KOMOIHAIIO pEryJIOBaHHS THCKY 3
«(}piKCOBaHMM THCKOM» Ta B «KOB3HOMY PEXHUMI» [6].

Sk mpuknax, Ha puc. 1 po3risHYTO Ipouec y
napotyp6inHii ycranosui (IITVY), ne nus perynaroBaHHs
HOTYXHOCTI TypOIHH BUKOPHCTOBYETHCS IPOCEIFOBAHHS
napu nepej TypOiHOO.
nry
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Pucynok 1. Ilpunmunosa cxema mapotyp6inHoi yctanoBku (IITY)

ITapamerpu mpeacraBinenoi nwa puc. 1 IITVY:

p:1=20 MITa; T,=500 ° C; p,=0,004 MIIa.
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Sxmo BUHHWKae TOTpeda 3MCHIIMTH MOTYXHICTH
TypOiHH, TO 1€ 3MIHCHIOEThCS MUITXOM JPOCEIIOBAHHS,
TOOTO 3HIKEHHS THCKYy mapu B Toumi 2. Hampuximan,
SKIIO 3MEHIIMMO THUCK B Toulli 2 10 3HayeHHs 17 Ta
15 MIla BiamoBiHO, OTPUMAEMO HACTYITHI Pe3yIbTaTH,
SKi HaBesieH1 y Taou. 1.

TABJINLA 1. PE3YJIBTATU PO3PAXYHKIB

=15

Ilapamemp P2=20 Mlla | p=17 Mlla 117‘24 T
Ilinsenena enepris no I1TY, 3097.6 3097.6 3097.6
kJx/kr
Binsenena Big IITY enepris y
BUIJISIII BTPAT B JOBKIJLIS, 2007,0 2022,1 2034,0
kJx/kr
Binsenena Big IITY enepris y
BHIJISIII KOPUCHOL 1090,6 1075,5 1063,6
eneKkTpuyHoi eneprii, kJLK/Kr
KKIIITY, % 35,2 34,7 343
Jectpyxkiist ekcepril B 0,0 18,4 32.8
JIPOCENbHOMY BEeHTHII, KJK/KT
Jectpykuis ekceprii B TypOiHi, 2700 2663 263.4
kJx/kr
Brparu exceprii B 59.5 60.0 60.3
KOHJeHcaTopi, kJ[x/kr
Hectpykiis exceprii B 22 22 22
JKUBHJIBHOMY Hacoci, KJ[k/kr

[IpoananizyBaBuIM pe3ysbTaTd pPO3paxyHKIB (mpu
3HIKEHHI THUCKY mapu p, 1m0 15 MIlla), maemo mipu
OJTHAKOBIA KUIBKOCTI CHEprii, [0 MiIBOJUTHCS JIO
ycranoBkH 3HIKeHH KK IITY na 0,9% Ta 3HMKEeHHS
moTy>KHOCTI TypOinu Ha 27 xJx/kr. B Toil xe cammuii
gac BiOyJocs 30UIBbIICHHST BTpaT B KOHJSHCATOPI, IO
MATBEPKYETHCS ICHYIOUUM SHEPreTHYHHUM IIiIX0JI0M,
Ta CYTTEBE 30OUIBIICHHS IECTPYKIIi B JIPOCEITHHOMY
BeHTWI Ha 32,8 kJ[X/KT, 110 € OCHOBHOI MPUYHHOO
sumkeHHss KK IITY. To0Oro, came 3a [OMOMOTOIO
eKCepreTMYHOro  aHallizy BAajocs ineHTH]iKyBaTH
KOMITOHCHT CHCTEMH, SIKUH € HalOUTbIIT Hee(ESKTUBHUM.
A 1e 3yMOBIJIOE 3alpOIOHYBaTH OUIBII ONTHUMAabHI
METOH KEPYBaHHS IIi€I0 CHCTEMOIO.

III. BUCHOBKU

3 1O03uIlil CHEPreTUYHOrO aHaNi3y HE BAAETHCS
ineHTudiKyBaTn Ta KIITBKICHO OLIIHUTH BCl
HE0OOPOTHOCTI, 110 MAIOTh Micle y Ipolecax nepenadi
Ta MEPETBOPEHHS eHeprii B 00’€KTaX TEIIOCHEPIeTHKH.
Came ekcepreTHYHHN MiAXil Ja€ MOXKIIHBICTh KiJIBKICHO
OIIIHUTH BCi iICHYIOYi HEOOOPOTHOCTI, IO y CBOKO Yepry
3a0e3neuye  O0’€KTMBHMH  aHaNi3  eEeKTUBHOCTI
TEXHOJIOTIYHOTO TIPOIeCy Ta BHU3HAYCHHS HAHOUIBII
JIOLITBHUX HOT0 XapaKTePUCTUK Ta PEIKHMIB.
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Kagenpa aBromaTuzallii, €J1eKTPOTEXHIYHMX Ta KOMIT IOTEPHO-IHTEIPOBaHUX TEXHOJIOTIH
HauioHansHUi yHIBEpCUTET BOJHOTO I'OCIIOIAPCTBA Ta IPHUPOJOKOPHCTYBAHHS
PiBHe, Ykpaina

Anomayia — IlpencraBiieHO MaTeMaTH4HY MOJe/lb
JJ151 BU3HAYEHHSI eHepreTHYHOI e)eKTHBHOCTI MOCTiiiHMX
MArHIiTiB, AKi BUKOPUCTOBYIOThHCA Y MATHITHUX cHCTEMAaX.
JloBeleHO aJleKBATHICTL MoJesli HA OCHOBI NMpPOBeIeHOTr0

MO/IeJII0BAHHA IS JIBOTIOJIIOCHOT HMJTHAPUYHOT
MArHiTHOI cucTeMH.
Kniouoei crosa — maremMaTH4Ha MojesIb; MarHiTHe

noJsie; MOCTiHMI MarHiT; eHepreTMyHa e(eKTHBHICTb;
MAarHiTHa CHCTeMa.

LBCTVII

MarHiTHI cHCTeMH Ha OCHOBIi ITOCTIHHUX MarHiTiB
IMIMPOKO  BHKOPUCTOBYIOTbCS Uil 30yJUKEHHS
MarHiTHUX TMOJIB CYYaCHHX €JEKTpOreHeparTopis,
JBUTYHIB Ta MarHitTHux cemnaparopis [1]. IIpu mpomy,
BHACHIIOK OOMEXEHHS MAaKCHUMajJbHO JOMYCTUMOT
nuToMoi eHeprii NOCTIHHMX MarHiTiB, Bce OUIBIIOT
aKTyaJbHOCTI ~ HabyBa€  aKTyalbHOCTI  NUTaHHA

e(heKTUBHOCTI BUKOPUCTAHHS IXHBOI €HEprii B Tid 4u
IHIIH KOHCTPYKITiT MarHiTHOI cuctemu [2]. Bimomo [3],
IO OCHOBHOIO XapaKTEPHUCTHKOIO MarHiTOTBEPIOTO
MaTepiany € KpuBa po3MartiayBaHHs (puc. 1).

+B

Br
0.9xBr

Bd

Hk Hd

Pucynox 1. KpuBa po3MartidyBaHHs HOCTIHHOTO MarHity

ITokazano [2], mi0 eHeprisi MarHiTHOrO MOJIs, SKE
CTBOPIOETHCS TMOCTIMHUM MATHITOM 3aJICXKHUTh BiJ
MOJIOXKCHHS ~ po00YOl  TOYKH  MAarHITOTBEPJOrO
Marepialy Ha KpHUBid po3MmarHiuyyBaHHs. TeopeTndHo
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BCTAHOBJICHO [5], 1m0 MakCUMaJbHUN €HEPreTUYHUMN

no0yTok (BH)max nocritinux marHiTiB Nd-Fe-B moxe
3

nocsirati  (BH)max=485 xJhx/m”. Tomy, mopanbIie

MOKpAIeHHsT apaMeTpiB MarHiTHUX CHUCTeM  3i
30y/DKEHHSM BiJI TIOCTIHHUX MAarHiTiB MoOXe OyTH
MOCATHYTO  JIMIIE 33  PaXyHOK  MiJBUIICHHS

e(heKTUBHOCTI BUKOPUCTAHHS MAaCH MarHiTiB.

BinmoBimHo  Metoro  poboTH €  po3podOka
MaTeMaTHYHOT MOJEN1 I TOCIHIXKEHHS eHepreTHYHOL
e(eKTUBHOCTI MAarHiTHUX CHUCTEM 3i 30Yy/DKECHHSIM BiJ
MOCTIIHUX MAarHiTiB.

II. MATEMATHUYHA MOJEJbL MATHITHOT'O TIOJIA

MarnitHe noJe OTIMCYBAJIH CHUCTEMOIO
I epeHIiaTbHIX PIBHSIHb MakcBeimna JUTSt
CTaI[iOHAPHOTO MATHITHOTO MOJI BUIIIALY [2]:

VxH=0, €8
V-B=0, (2)

ne H — BexTop Hampy»XeHOCTi MarHitHoro nois; B —
BEKTOp MarHiTHOT iHOyKIii. PiBHAHHS cTaHy JUist
MOCTIHUX MAarHiTiB MPeCTABIISIIN:
B = popH + poMy, (3)

e W, M, 3HAaYE€HHS BIAHOCHOI MAarHiTHOI
MPOHUKHOCTI Ta BEKTOP 3aJIMIIKOBOI HaMarHi4eHOCTI
MTOCTIHOTO MarHiTy, BillIOBIAHO; Wy = 4T 107 Tr/m —
MAarHiTHa ITOCTiHHA.

PiBHsIHHS CTaHy A HABKOJHUIIHBOI'O CEPEIOBHIIA
MPECTABIISIIN SIK:

B=po p-H, “4)
e W, — 3Ha4YCHHs BiTHOCHOI MarHiTHOI MPOHWUKHOCTI
JUTS TIOBITps W= 1.
Enepretnuny eQeKTHBHICT OOUYMCIIOBAIH 3TiJHO
METOIUKH [6].

III. OF’€KTHU JOCIIJIXKEHH S

JocnimxyBanu JIBOTIOJTIOCHY T HAPUIHY
Mar”iTHy CUCTeMY Ha OCHOBI IMOCTiHHHMX MarHiTiB Nd-
Fe-B 3 €HEepPreTHYHUM JI0OYTKOM

(BH)max=485 xJlx/M° paxiycom 0,1 M. (puc. 2).
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Bennunny — 3anmumkoBoi  iHAykuii  Marepiany
00YHCIIIOBAIM BIJIOBITHO [0 CHiBBiIHOLICHHS (5)

B, = 1.56 .

[IpuitmMasii, MO TMOCTIiHI Mar”HiTH HaMarHid4eHi
niaMeTpalibHO. BekTop 3amumkoBoi iHAYKIT 1 K-ro
TOJIIOCY 33/1aBaJIN 3TiHO PIBHSHHS:

By
M, = (_1)’(% T (7)

BEKTOpP HaMarHi4eHoCTi k-ro TOJIoCy

ne M,
MOCTIHHOTO MarHiTy, €, — OJMHOYHHUI BEKTOp-pajiyc,

Br 3aJUIIKOBA  IHAYKIIS
Marepiaiy MoCTIHHOIO MarHiTy.
BpaxoByloun Te, 110 IHTEHCHBHICTb MAarHiTHOTO
NoJs  3MEHIIYETbCS 3 BiAJAJCHHSAM BiJl NOBEPXHI
Mar”iTHOi CHCTEMH, TIpH pPO3PaxyHKy 3ajaBaju
HYJIbOBE 3HAUYCHHS MMOTOKY MArHITHOTO MOJS 4epes3
NWIHAPUYHY TOBEPXHIO Ha Bijcrani piBHIA 10
paziycaM MarHiTHOT CHCTeMH Bif i ieHTpy [7].

MarHiTOTBEPIOTO

MoiTpA

MarHitTHa

cnucrema

Pucynok 2. Po3paxyHkoBa Moz€eNnb

Po3B’sa30k cucremu piBHsHB (1-6) 3 BpaxyBaHHIM
NMPUIHATHX TPAHUYHUX YMOB IIPOBOJMIM METOJO0M
CKIHYEHHUX €JICMEHTIB.

IV. PE3VJIbTATH TA TX OBTOBOPEHHS

B pe3yiapTari  MareMaTHYHOTO  MOJCIIOBAHHS
O/Iep’KaHO PO3MOIiI Mar"iTHOro oJIs IS
JIBOTIONIOCHOT — MUJIHAPUYHOI  MarHiTHOI ~ CHCTEMHU

(puc. 3) sAKuA 3aA0BUTLHO Y3TOJDKYETHCS 3 BIIOMHUMH
pe3yJIbTaTaMU aHAITHYHUX PO3pPaxyHKiB [2].

an 22 an [ 35 az EE

Pucynok 3. Po3noain iHAyKiii MarHiTHOTO MOJIst ABOIOJIFOCHOT
[T HAPUYHOI MaTHITHOI CHCTEMH
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B pe3ynbTarti pO3paxyHKy €HEPreTU4HO1
epexktuBHOCTI  MarHiTHOI  cucremu  (puc. 4)
BCTaHOBJICHO, 1[0 B LWJIIHJIPHUYHINA MarHiTHid cucremi
CIIOCTEPIraeTbcsi PIBHOMIPHUI PO3MOJLUT €EeKTUBHOCTI
BUKOPHCTAHHS MAacH MarHiTiB, a BEJIMYMHA BIHOLICHHS
BIJJHOILICHHS TYCTHHHU €HPTii O CHPreTUYHOTO HOOYTKY
MAarHiTHOI CHCTEMH BKa3y€ Ha IOBHE BHUKOPHCTAHHS
MacH Marfity yciM 06’€MOM MarHiTHOi CHCTEMH.

21 08 0z

PucyHok 4. Po3mozin BiTHOLIEHHS IYCTHHH SHPTIl 0 eHPreTHIHOTO
J00YTKY ABOIOMIOCHOI HMTIHAPUYHOI MarHITHOI CHCTEMHU

am 208 202 002 o an I 208

V. BUCHOBKH

Po3pobneno MaremaTHyHy MOJIENb BU3HAYCHHS
pPO3MOJUTY CHEPreTUYHOT CePEKTUBHOCTI MOCTIHHUX
MarHiTiB B MarHiTHUX cucTtemax. Ha  ocHOBI
MPOBEJICHOTO  MOJENIOBaHHA  MOKa3aHo, IO B
JIBOTIONIFOCHIM LWIIHAPUYHIA MAarHiTHIH cucTeMi 3
JiamMeTpaIbHAM HaMarHiYeHHIM JIOCATAETHCS
MaKCUMaJlbHe BHKOPUCTaHHSI €Heprii MarHiTOTBEpJOro
MaTtepiany. /loBeneHO, 0 BHKOPHCTaHHS PO3pOOIEHOI
MOJICNi  BIJIKpMBAE€  MOXIHMBOCTI  JUIi  aHANi3y
eHepreTHYHOi e()EeKTHBHOCTI TOCTIHHMX MAarHiTiB B
MarHiTHUX CHCTEMaX, IO JO3BOJIATh TMOKPALIUTH IXHI
TEXHIKO-€KOHOMIYHI XapaKTePHCTHKH.
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te3. K. : HAY, 2020. 302 c. C. 175-176.

T'yae B. M. Anani3z moXuOKH BU3HAYCHHs 3aJIUIIKOBOI IHAYKIIT
LUTIHAPUYHUX TTOCTIHUX MarHiTiB 3 0CbOBUM HaMarHiY€HHSIM
METOJIOM IHCTaHLiiHOI MarHiTomeTpil. Memoou ma npunaou
xonmpoiio sikocmi. 2015. Ne 34. C. 78-82.
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Anomayia — Po3rasanaeMo MaHINy/aaToOp, SKHHA Mg
Ji€l0 AKTMBHHMX Ta NACHBHHUX (NPYKHHHO-IeMNdepHHX)
NPUBOJIB BHKOHY€ HHKJIYHY TPAHCIIOPTHY omepaniio.
Cdopmyib0BaHO 3arajbHy IOCTAHOBKY 3a/adi MOLIYKY
NMPOrpaMHUX KepyBaHb MaHIiNyJsiTopa Ta mNapaMeTpiB
NACHBHHMX MNPHUBOAIB, sIKi 3a HakJaJeHHX (Ha pyx i
KepyBaHHs) O0OMeskeHb MiHIMI3ylOTh 3ajaHuii QyHKUio-
HaJ. 3aNpONOHOBAHO MeTOo/ MO0y 10BH HAOIUKEHOT0 PO3-
B’A3KY 3a/a4i, IKMil IPYHTY€TbCA HA NIapaMeTPH4Hil on-
THMi3anii. Y3aranbHeHi KOOpPAMHATH MAaHimyJsiTopa
NOJAEMO Y BHIVIAAI cyMH KYyOiYHOro moJjiiHomMa Ta
CKiHYEHHOI'0 pPsdy 32 CHCTEMOI0 33JaHHX OPTOrOHAJIbLHHMX
(yHnkuiii i3 HeBiToMuMHu KoedinieHTamMu, 110 3BOAUTH BU-
XiZHy 3aJaya ONTHMAaJIBLHOIO KepyBaHHs /10 3ajaui
HeJIiHIHHOro NporpaMyBaHHs.

Knwowuoei cnosa — maHinyasTop; NacMBHMI NpUBIA;
OUKJIYHAH PpyX; MaTeMaTH4HA MoOJAeJdb; ONTHMAJIbHE
KepPyBAaHH:; NapaAMETPUYHA ONTHMI3aNis.

I. BcTyn

OpHUM 13 pe3yNbTATUBHUX CHOCOOIB y MOJIMIICHHI
eKCIUTyaTalliiHNX XapaKTepUCTUK MAHIMYISIHHAX Po-
00TiB, 30KpeMa, 3MEHIIIECHHSI BUTPAT €Heprii Ha BUKOHa-
HHS poOOYHMX omepaliid, € modyaoBa ONTUMAIBHUX pe-
JKUMIB KePYBaHHS Ta MOLIYK ONTUMAIIbHUX MMapaMeTpiB
KOHCTpYKIiH. [Topsi i3 muM eeKTHBHUM MiAXO0I0M Ta-
KO € TaKOX BBEICHHS B KOHCTPYKLIIO MaHIiITyJIiHHOT
CUCTEMH BIAMOBITHUX MPYXUHHO-IEMIPEPHUX TIPH-
CTpoiB (ITACUBHUX NPHUBOAIB), IKi HAa OJHUX eTamax pyxy
CHCTEMH MOKYTh HAKOIIMYYBAaTH CHEPTifo, a Ha APYTHX
ii BUBIIBHATH (HOBEpTAaTU B cuctemy). lle mae Moxiu-
BICTh 3HM3UTH IMOTYXXHOCTiI aKTHBHHX IPHUBOJIB 1 3MEH-
IINTH BUTPATH €HEprii Ha MepeMillleHHs BCiel CUCTEMHU.
Oco0narBO BHITPABIOBYE ceOe TaKWW MiAXiJ HA IHKIIY-
HUX TPAHCIOPTHUX OIEPAIlisiX, KOJIA MAaHIIyJIATOp Iie-
PEHOCHTH BaHTaX i3 TOYaTKOBOTO ITOJIOKECHHS B KiHIIEBE
1 IIOBEPTAETHCS HA3a y IOUYATKOBUIA CTaH.

1I. CYKYITHA OONTUMIBALLI [IUKJITYHOT'O PYXY
MAHIIIVJISITOPA TA TAPAMETPIB [TACUBHUX TTPUBOIB

Po3risiHeMO MaHIIyIsTOp, MEXaHiYHA MOJIEIb SKOTO
SBJIAE COOOK CHUCTEMY TBEPIUX TUI 3 7 CTYNCHSMH
BiTbHOCTI. KepyBaHHS cUCTeMOIO (11 KOXKHOI CTyIIeHi
BUTBHOCTI) BiIOYBA€ETHCS 3a JIOTIOMOTOI0 aKTHBHUX TPH-
BOJIB 31 30BHILIHIMH JKEpelaMH >KUBJICHHS (HANpPUK-
Jaj], eJEKTPOMEXaHIuHuX IpuBoAiB). Hexall Takox y
KOHCTPYKI[IF0 CHCTEMH BMOHTOBaHO MACHBHI MPUBOIU
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(npyxuHHO-AeMIIPEepHI TPUCTPOI), SIKi TEHEPYIOTh J0-
JIATKOBI (710 aKTUBHUX KEPYBaHB) 3yCHILIIS.
3a JOCUTH 3aralbHUX NPHUIYIIEHb PIBHAHHS PYyXy
MaHIITyIATOpa 3 aKTHBHUMH Ta TTACHBHUMH TIPHBOIAMHU
MOJKHA 3aIHCATH Y BUTIISI
A(Qq() +B(q,q) =Cu()+Dw(1,q,q.¢), (1)
Je TO3HaueHo: q=(gj,....d,) — BEKTOp y3araJlbHEHHX

KOOpJAUHAT MaHImynaTopa, u=(4y,...,i,,) — BEKTOp aK-

THUBHUX KEpyBaHb, W =(W,...,W,,) — BEKTOp 3yCWIb, SIKi
TCHEPYIOThCS MACHBHUMH TPHUBOJAMHU, ¢ — BEKTOp Ia-
paMmeTpiB macuBHUX npuBoxiB, A, C — Martpuii pos-
MipHOCTell nxn , D — Matpuns po3mipHocTi nxm , B
— BeKkTop po3MipHocTi 7. TyT i Hamam Kpamnkorwo (3Bep-
Xy HaJ BEIIMYWHOI0) MO3HAYEHO NH()EpeHIIOBaHHS 3a
gacoMm ? . Beaxkaemo, mo Matpunsg C € HEBHPOIKEHOIO
(detC#0), a Tl KOMIIOHEHTH € CTAJUMH BEJIMYHHAMH.
CraauMu TakoX € KOMIOHEHTH MaTpuili D, ski pazom
i3 BeKTOP-(QPYHKII€I0 W BH3HAYAIOTHCS CTPYKTYPOIO Ta-
CHBHUX NPHUBOAIB. 30KpeMa, KOJIM IaCUBHI PUBOAHN SIB-
JSIOTH cO000 MPYKUHHO-IeMIT(QEpHi IPUCTPOi, W MO-
e OyTH mpejcTaBiieHa y BUIJISLI JIHIHHOT QyHKIIT Bek-
TopiB q(¢) i q(¢) . Toxi KOMIOHEHTaMH BeKTopa ¢ Oy-
yTh KOEQIIEHTH MKOPCTKOCTI MPYKHUH, TapaMeTpu iX
PIBHOB)XHOTO TIOJIOKEHHSI Ta KOCQIIIEHTH B’SI3KOCTI
JneMndepiB.

Hexaii MaHInyJsiTOp BUKOHYE LMKJIIYHY TPAHCHOPT-
Hy omepauiro: nporsrom uacy t<[0,7]] mepeHocuTsb
BaHTaX 13 33JJaHOTO ITOYATKOBOTO IOJIOKEHHS B 3a/1aHE
KiHIIeBe W moBepTaeThes (0e3 BaHTaXy) HazaJ y modvar-
KOBE TOJIOKEHHS yIponaoBx 4dacy ¢ €[7},7]. Tpusanoc-

Ti pyxy MaHimynaTtopa Ij, I BBaxaeMO 33JaHUMU Ia-

pamerpamu. TpHBaJicTe TpoIleCy PO3BaHTAXKCHHS HE
BpPaxOBYe€MO, BBa)KalOUH, IO B KiHIIEBOMY HOJOXKEHHI
IpY>KHO-1e(OPMOBAHUN CTaH NPYKXHH MAaCHBHUX MpHU-
BOJIIB CTOIIOPUTHCS W JIaHKM MaHimyisitopa nepeGyBa-
I0Th y CTaHi CIOKO. 3a3HaYMMO, IO omepaiii 3 Qikco-
BaHMM YacOM BHMKOHAHHS NPUTAMaHHI MaHIiIyJsTopam,
y SIKMX TI0YaTKOBE i KiHIIeBE MOJIOKEHHS Ta TPUBAJICTb
po0OYOro UKy CTPOrO PErjiaMeHTOBaHI YMOBaMH TeX-
HOJIOTTYHOTO MPOIIECY.
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3a1aMO IOJIOKEHHSI MaHIIyJIsTopa B MOYATKOBHMA
MOMEHT 4acy =0, y MOMEHT po3BaHTaxeHHA {=1] Ta
B KIHIIEBUA MOMEHT ¢ =T
q0)=q(T)=q0.9(T))=q;,9(0)=q(7))=q(T) =0, (2)
Ie (g, q; — 3aJaHi napaMeTpH TPAaHCHOPTHOI omeparii
MaHinyssitopa. TyT npuiiMaeMo, 1110 MaHIIyJISTOp Y MO-
MmeHTH dacy ¢=0,7],T nepeOyBae B cTaHi crnokor. Ta-
Ka BMMOTA 4acTO 3yMOBJICHA OCOOJMBICTIO BUPOOHHUIT-
Ba, HANPHKIAJ, KOJIM MaHIMYIATOP MEPEHOCUTDH AETalb
3 OJTHOTO HEPYXOMOTO pOOOUYOro CTONy Ha IHIIHH.
3a pealbHUX YMOB Ha PyX MaHiIyJISIiHHOI cucteMu
q(¢) Ta akTHBHI KepyBaHHS U(f) HAKJIAJAIOTHCS JEsKi

oOMexxeHHs. 3a1aMo I1i 0OMEKEHHSI B TAKOMY BUIJISII:

g™ (1) < (1)< g™ (1), t€[0,T], i=Ln, (3)
u™V(@) < () <ul™(r), te[0,T], i=Ln, (4)
e qi(min) , qi(max) , ul_(min) , ui(max) , i=1,_n — 3ajaHi Ha

npomixky [0,7] HemepepBHi QyHKIII, IKi BUZHAYAIOTh-
¢ poOOYOI0 30HOI0 MAaHIMyJIATOpa Ta HOMIHAJIBHUMHU
XapaKTePUCTUKAMK AKTUBHHX [IPUBOJIIB KEPYBaHHS.

Hapmani BBakaemo, IO iCHYye MHOXHHA (DYHKIIiH
{q(9),u(z), w(t,q,q,¢)} , sixi Ha mpomixky ¢ €[0, 7] 3amo-
BOJIBHAIOTH PIiBHAHHA pyxy (1), YMOBH TpaHCHOPTHOI
omeparii (2) Ta oomexxeHHs (3), (4).

KepoBanuii pyx MaHimyJnsTopa 3aJIe)KUTh BiJ aKTHUB-
HHUX KepyBaHb U(f) Ta BiJ B’SI3KO-NPYKHUX CHJ NACHB-

HHX MPUBOAIB W(Z,q,q,¢) . BenmnunHa octanHix Ha 060X

eTanax (MpSAMOTO Ta 3BOPOTHOTO) PyXy CHCTEMH 3ajle-
JKHUTh BiJl OJIHUX 1 TUX CaMHX 3Ha4€Hb KOHCTPYKTHBHHX
napaMeTpiB ¢, 3MIHIOIOYH SIKi MOXKHA BIUTMBaTH Ha Xa-
pakTepucTHKH pyxy. IlosHaummo depe3 () MHOXHHY
JOMYCTUMHX 3HA4€Hb NapaMeTpiB MACHBHUX HMPHUBOIB,
¢ Q) . MoxmBa NOCTaHOBKA TaKol 3aadi.

3amaya 1. BusHauuty Taki napaMeTpu IAacUBHUX

. % . o . %
npuBoaiB ¢ €Q i Takuil pyx MaHimyisrtopa q (f) Ta
BimoBinHi kepyBanus u*(¢), t€[0,7], axi 3 ornaay Ha

piBHsHHA pyxy (1) # oOMmexeHHs (2)—(4) MiHIMI3YIOTh
3a/TaHuH PYHKITIOHAT

T

® = [D(q(1),q(0),u(t)dx . (5)

0

Tyt ¢ynkuionan (5) ouiHIOE SKICTh KEpyBaHHS MaHiIy-
JATOPOM Ha BCHOMY HMPOMDKKY BHKOHAHHS LUKIIYHOI
onepauii. KoHkpetnuil Buriasan ¢yHkuioHana 3aleXXuUTh
BiJl TEXHOJIOTTYHOTO MPU3HAYCHHS MAHITYJISAIIHHOT CrC-
TEeMH, YMOB T{ BUKOPHCTAHHS, CTPYKTYpH IPUBOIIB Ke-
pyBaHHS. 30KpeMa, y Teopii KepyBaHHS MaHIIyJISIIIiH-
HUMH pOOOTaMH 3a TakMi (YHKIIOHAJ NEPEeBaKHO BHU-
OMparoTh TOYHICTH MO3MUITIIOBAHHS pOOOYOT0 OpraHy Ma-
HIITyJISITOpa, Yac BUKOHAHHS onepauii (LIBUAKO/Is), BU-
TpaTH eHeprii Ha IepeMilleHHs, MaKCUMaJIbHY ITOTYX-
HICTb aKTHBHHUX MPUBO/IIB.

CdhopmynpoBaHa 3agada € 3aader0 ONTHMABHOTO
KepyBaHHS (3 mapamMeTpaMu), B sKill KpiM KepyBaHb I0-
TpiOHO TaKOX BU3HAYUTH ONTHMAJbHI apaMeTpH KOH-
CTpYyKLii. 3 ornsily Ha HeNiHiIHHICTb piBHAHB pyXy (1) Ta
HasSBHICTh HECTallloOHApHUX oOMexeHb (3), (4) Gesmoce-
penHe po3B’s3aHHSA 1€l 3a/adi KIACHYHUMHU METOJaMHU
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Teopii ONTHUMAILHOTO KEPyBaHHs (HANPUKIAA, METOJOM
MakcumyMy [ToHTpsriHa) HapakacThCs HA 3HAYHI TPYI-
HOIII.

II1. AJITOPUTM ITAPAMETPUYHOI OITTUMI3ALLIT

Sk cBimYaTh pe3yabTaTH YUCIOBOTO MOJCITIOBAHHS
[1-3], edexTuBHNUM y po3B’si3aHHI 3a1aui 1 € MeTox na-
pameTpuyHOi onTuMmizauii (B HpPOCTOpi y3arajabHEHUX
KOOpJHMHAT). MeToa BIAHOCHUTBCS JIO NMPSIMHX METOJIIB
3HAXOJDKCHHS eKcTpeMaliel (QyHKIioHaliB, y Horo oc-
HOBI JIGKUTH i7iest MeToAy Pitha 1uist BapiamiiHuX 3a1a4d
PIBHSHb MaTeMaTUYHOI (Bi3uKkd. MeToa IPYHTYETHCS HA
mapaMeTpUIHOMY IpEICTaBICHHI KOXKHOI y3araibHEHOT
KOOPJMHATH MAaHIMyJATOpa Yy BUTIANI CyMH KyOidHOTO
noJiHOMa (32 YacOM) Ta CKIHUCHHOTO PSIIy 33 CHCTEMOIO
3aJ]aHUX OPTOrOHAJBHUX (YHKIIH i3 HEBIIOMUMHU KoOe-
¢iuienramu. KoediuieHTH nosliHOMa BU3HAYaeMO 3 rpa-
HUYHUX YMOB TPaHCIIOPTHOI omneparii, koedimieHTH psi-
Ny € UIyKaHUMHU TapaMmerpamu. Jlaji, BUKOPHCTOBYIOYU
METOJIUKY OOEpHEHHUX 3a1a4 JUHAMIKH, 13 PIBHIHb PyXY
MaHIIyIATOpa OTPIMY€EMO TTapaMeTpU30BaHe CiIMEHCTBO
KepyBaHb, IO 3BOJNUTH MITHOBHH QYHKITIOHAT 10 (HYHK-
1ii KoedimieHTIB MapaMeTpu3allii Ta mapameTpiB MacuB-
HUX NpuBOJAiB. Haknaneni Ha y3aragbHEeHI KOOPIUHATH
Ta KepyBaHHA OOMEXKEHHS 3aI0OBOJBHIEMO METOIOM
30BHILIHIX IITPapHUX QYHKIIH.

IIpencraBuMo y3aranabHEHI KOOPIMHATH MAaHIMyJIsi-
TOpa Ha KoxHOMi 3 mpomixkiB pyxy [0,77], [1},T] y

BHTJISA JIIHIHHOT KOMO1HAIIT 38 aHuX (YHKITIH

qV(@), t[0,T;]

qi(t)E ) 5 (6)
;7). te[l,T]
3
4 =0+, BV =Y pPi*
k=0
i’ll— -
GV =>dPegP0), i=Ln, 1=1,2,
k=1
e {pl.(]:)}?czo — koe(ilieHTH MOTIHOMA, {al.(]:)}zf: | — Koe-

¢imieHTn psmy 3a cucTeMolo 3anaHux (6a3oBuX) (yHK-

T

it {gl.(k)(t)}zi: | » M — KUIbKICTb 0a30BuX (QyHKLIA mst

n
Dynxuii {glP (O} .
HerepepBHO-AN(epeHII IOBaHMH,

KOOpPJMHATH ¢; . t=1,2,i=1Ln,

BBAXAacMO  JBIiul
g e Clay,b.], xe [, b]=[0,T;], [a, b,]=[T1. T].
Takox 1 KOXKHOI y3araJbHEHOI KOOPAMHATH ¢

GyHKIIT MHOXHHU {gl.(]:)(t)}zf: | BB@XKAEMO OPTOro-

HAaJIbHUMHA
o

KoedimicaTn {pl.(,:)},%:() HoJiHOMa P[(T)(t) Ha KOXK-

(v)

b, L
&)= [eP0ePwd=0, ji=Tn, j#I.
aT

HOMY 3 IIPOMIXKIB [a,,b;], 1=1,2, 3Haxoaumo 5K po3-
B’S130K BIAMOBITHOI CHCTEMH YOTHUPHOX JIIHIHHUX ajre-
OpaigyHuX piBHSAHB, SKI OTPUMYEMO ITiJICTABJICHHSIM BH-
pasy (6) B ymoBu omepauii (3). Juaa npomixka [0, 7]

TOJIOBHUH BH3HAYHMK IIi€i CHCTEMH pPiBHHUH A:Tl4 , a
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KoedimieHTn {p.(,?},%:() JTAIOTHCS CITiBBITHOIIICHHSIMH:
P =goi-GD, pH=-GO,
(l)—[3A 3(G(1) G(l))+T1(2 (1)+ (l))]/T
Py =124 +AG - GH - TGP + G/ T,
ne A =qi~dqo . Gy =G0, Gl =G0, G =
=G(@). G =G(T).

Hnsa te[1},T] ronoBHWN BH3HAYHUK OTPUMAHOL
CHUCTEMHU A=T24, T, =T -1, a xoedimieHTH moIiHOMA
PP Hizo pisni:
ply) =177 = T))(40; -

+THTL(TGP + IGPH/TS,
[6TTi(A; +GS ~GP)-TGP D -GS D, VT3,
PP =[BT +T)A+GP -G+ GPD, +
+GPD, T3,

Py =12(8+ G5 -GN - TGP + G,

Jie TIO3HAYEHO: Gl.(lz) :Gl-(z)(Tl), Gl.(lz) :Gl-(z)(Tl), Gl.(zz) =
=GT), Dy =T* -2 +TT;, D, =2T*-TT, - T{.

V3aranpHeHi mwBHAKocTi ((f) 1 npuckopeHHs ¢(f)

G+ THT -3T)(q; -G+

2
pl(l)_

obumcIoeMo MudepeHITliIoBaHHIM BUPa3iB (6) Ha BimO-
BimHOMY mpoMmikky dacy ¢ €[0,7;], t€[T,T].

OomexeHnHs (3), (4) 3aIOBOJNIBHIEMO METOJIOM 30B-
HIMMHIX mTpadHUX (QYHKIIH, TPEICTaBUBIIN IIi 0OMe-
JKEHHS Y Biz[rIOBiz[HiI‘/'I iHTEeTpaNbHIN Popmi

(max)q2

j g™ - g, +1g;— g™ R}t ,
- j ™ R+ ™ BYde , i=Ln,  (7)
ge [v],=v mpu v>0, [v], =0 mpu v<0.

Jami,

JMHAMIKK, michs miacrasnenns ((z,z), q(t,z)

BUKOPUCTOBYIOUH MiAXil OOCpHEHUX 3a7ay
» q4(1,2),
e z= (ai(,:); k :rnl-, =121 :I,_n) , Y DIBHSHHS pyXy
(1) oTpuMyeMO TapaMeTpUIHE CIMEHCTBO KepyBaHb
u(t,z,¢)=C"'[A@)d() + B(q.) ~DW(,.q.¢.0)]. (8)
[MincraBnenns mapamerpusoBanux ((t,z) , q(t,z),
u(t,z,c) y Bupas s pyskuionana (5) ta inrerpanu (7)

3BOJIMTH BUXIAHY 33134y | 70 3amadi HeNMiHIHHOTO Tpo-
rpaMyBaHHS

E(c,z)+ <X, Q(c, z)) )

Tyt E(c,z) — dyHKIiis 6aratbox 3MIHHHX, J0 SKOI 3BO-

—)mln
ceQ), z

muThes QyHKImioHaT (5), A — BEKTOp 3aJaHUX BEIUIWH
(mutpadHux koedimieHtiB), Q(€,Z) — BEKTOp, KOMIIO-
HEHTaMH SIKOTO € 3HAYSHHsI IHTETpaIbHUX BHpa3iB (7).
Jst po3B’si3anHs 3amadi (9) BUKOPHUCTOBYEMO YHC-
JIOB1 MpoLeAypH MiHiMi3amii QyHKIIIT 6araTboX 3MiHHHX.
IIpu oMy, 3a MOYATKOBE (CTAPTOBE) 3HAUCHHS Mapa-
METpIB ONTHMI3alii Z JOIUIFHO 33JaBaTH Koe(illieHTH
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@yp’e msn dynkuiit () =[OV (@) + g™ (1)]/2 3a

CHCTEMOIO OPTOTOHAIBHUX (DYHKITIH {g(T)(t)}ZLl :

Z0 _
%k

(T j [@:(0~ B 0lgi ()t
1k a,

dp = j P0gPwydr, k=1, t1=1,2.

Takox, BanOByIO‘II/I CIIiBBIZTHOLIEHHS

40— PO ()= Za,,?g},?
k=1

®,

Tl n;
[lai)= P @OPdt =Y [aPdPT
0 k=1
OTPUMYEMO OOMEKEHHSI Ha TTapaMeTPpH ONITUMI3aIlii Z

"
YlaRdPP <1

k=1

b;
[lg{™™ @) - BP0 ar
a‘r

by

[1g{™e) - PO (0Pt

a

H =max

T

3ayBaxumo, 110 3a 0a30Bi QyHKIII B mapaMeTpu3a-
il MO>KHA BHOpATH, Hanpmcnaz[, CI/ICTeMy TPUTOHOMET-

puuHHuX QyHKIi {1, cos—kt sm Rkt k= lK} cuc-

TEMH OPTOTOHAIEHUX MOJTIHOMIB [1—3] TOLLIO.

3anpornoHOBaHN METOJ MapaMeTpPUYHOI ONTHMI3a-
1ii HaOJIKeHo po3B’sizye 3amady 1. OpgHak i mepe-
BaXHOI OINBIIOCTI MaHIMYJAMIKHAX CHCTEM, MaTeMa-
THUYHI MOZEINI SKHX € CYyTTEBO HETHIHUMH, 3aCTOCyBa-
HHS TaKOI'0 METOXy JIa€ 3MOTy B pealbHOMY 9aci OTpH-
MaTu cyOONTHMalbHI PEeKUM KEpyBaHHS Ta MapaMeTpH
TTACUBHUX TIPHUBOJIIB.

JOTEPATYPA

[1]1 Hemumiox M. B., lupko M. 1. Ontumizauist pexxuMiB pyxy Ta
rmapamMeTpiB JBOJAHKOBOIO MAHIIyJIATOpa 3 akTHBHHMH i Ma-
CHBHMMH TpHBOAaMHU. Mam. memoou ma @i3uxo-mexauiuni
noas. 2007. Tom 50. Ne 2. C. 183-190.

[2] Hemmumtox M. B. ITapamerpuuna onTUMi3artis
YOTHPUIIAHKOBOTO 3aMKHYTOTO MaHIiMyJIATOpa 3 aKTHBHUMH i
NAacUBHUMHM TIPUBOAAMU. Mam. memoou ma @isuxo-mexauiuni
noas. 2009. Tom 52. Ne 1. C. 193-202.

[3] Hemumiox M. B., I'omoscrka H. B. Ilapamerpuyna ontumisaris
PYXy ABOJIAHKOBOTO MAHIITy/IsITOPa 3 BUKOPUCTAHHSIM OPTOrO-
HaJbHHUX HOJIHOMIB. [Ipuxnaoui npobnemu mexanixu i mame-
mamuku. 2016. Bum. 14. C. 168-175.



¢

MCIT

Modeling, confrol &
information technologies

BeliBiet aHan3 TeMIIepaTypHUX TPEH/I1B
JHMIIA CKJIOBApHOI Meyl

Knemau M. 1.

Kagenpa aBromaTuzarii, €1eKTpOTEXHIYHUX Ta
KOMIT FOTEPHO-IHTETpOBaHNX TEXHOJIOTIH
HauioHanbHuii yHIBEpCUTET BOJHOTO IOCIIONAPCTBA Ta
HPUPOJOKOPUCTYBaHHS
PiBHe, Ykpaina
m.i.klepach@nuwm.edu.ua

Anomayia — y €TaTTi PO3IVIAHYTO PillicHHS HAYKOBO-
NPAKTHYHOI 3apaui NiABMIIICHHS e()eKTUBHOCTI
TeXHOJIOTIYHHX  PeaKTOpiB  BAHHOIO0  THIOY s
BHPOOHMUTBA CKJIa Ha miacTaBi aHamisy  JauMHaMiku
TeMIepPATYPHOro pesKUMY Ta onTUMi3anii podoTH cucTem
MOBITPAHOIO OXOJIOAKEHHS] BOTHETPHBKHX OrOPOIKeHb
peaxkTopiB.

Knrwowuoei cnoga — ckijioBapHa 1iv; aBTOMAaTH30BAHUM
KOHTPOJIb TeMIIepAaTypH /[HHINA; BeHBJIeT aHaJi3;
KOPpO3iiiHi npouecu.

1. BcTyn

IIpu nmoBroTpwBamiii  ekcIulyaTamii CKIOBapHHUX
neyeid Ta iHTeHcudikauii TEIUIO-TEXHOJIOTTYHUX
MIPOIIECIB  3POCTAE 1 aKTUBHICTh KOPO3IMHUX MPOIIECIB.
Bracmigok 1pOr0  pi3KO  3HIDKYEThCS  CTIHMKICTB
BOTHETPUBKOI  KJIAJAKH IUIABIJIBHHX PEAKTOPIB Y
BUPOOHUIITBAX CKJIOBHPOOIB. Y BapmibHUX OaceitHax
CKJIOBApHUX I1e4eii 0COOINBO IHTEHCUBHO PYHHYETHCS 11
HIDKHS YaCTHHA — JHUIIE CKIOBAPHOI ITedi.

PimeHHsT HAayKOBO-TIPAKTUYHOI 3a/adi ITiBUIICHHS
e(hEeKTUBHOCTI TEXHOJIOTIYHUX PEAKTOPiB BAHHOTO THITY
JUIL BUPOOHUIITBA CKJIA HA MIJCTaBl aHANI3Y TUHAMIKA
TEMIIEPATypHOTO PEKUMY Ta ONTHMI3amii  poboTH
CHUCTEM TMOBITPSIHOTO OXOJOKCHHS  BOTHETPHUBKHX
OTOPO/DKEHh PEAKTOPiB € CBOEYAaCHUMH 1 MaloTh

BA)XJIMBE  3HAYEHHS Ui MIABMILNEHHSA OE3IEYHOCTI
eKCITyaTalii IUIaBWIBHUX PEAKTOPIB  TPOMUCIOBHX
Meyei.

II. OTIMC ABTOMATHU30BAHOT CUCTEMH KOHTPOJTIO
TEMIIEPATYPU

3 METOI0 ONEePATHBHOTO KOHTPOJIIO Ta JiarHOCTUKH
TEMIEPAaTypHOrO pPEXHMYy JHHIIA CKJIOBAPHOI Tmedi
pO3pO0OJICHO aBTOMAaTH30BaHy CHCTEMYy Ha OCHOBI
Cy4acHUX NPOTPaMHO-TEXHIYHUX 3aco0iB. B cucremi
nependadyeHo aBTOMATHYHE BHMIPIOBAHHS TEMIIEPATYP
y [BaHAMIATA TOYKAX JHHINA CKIOBAapHOI TIiedi,
Bi3yasizarito iHdopMallii Ha MaHeN;i oreparopa B IUTI
YIpaBIiHHS, aBTOMAaTHYHY CHTHAII3alil0  BUXOIY
TEMITEpaTyp 3a JOMYCTHUMi MeXi, MoOyIOBY TPEHIIB i
apxiByBaHHs JaHHX, Mepefady iHpopmauii y aopamdy
CHUCTEMY aHaJi3y TEXHOJIOTIYHUX TIOKAa3HHWKIB IS
nepeabaueHHs  KPHU30BUX  SIBHI] Ta  YIPaBIiHHS
CHUCTEMOIO TIOBITPSTHOTO 00 yBY ITedi.
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B cuctemi mepBuHHOrO 300py Ta 00pOOKH
iHdopmMartii [1] 3 TemmepatypHuX repeTBoproBadiB TXA
BUKOPUCTOBYETHCS MPOrpaMOBaHHIA JIOTIYHU#H
koHTposiep System 100V Himenpkoi ¢pipmu VIPA.

HaBaui TemmepaTypu pO3MIIIEHO B OTBOpax
¢yrepoBkn guuma. KoxkHa TepMmomapa ocHaiieHa
NEepeTBOPIOBAYaMH  CHTHAB ~ TEPMOJATYHKIB B
yHipikoBaHuil curHan 4...20 MA. B cucremi
Bizyamizamii 1 HNepBUHHOT ~ 00poOKM  JaHuX
BUKOPHCTOBYEThCS ceHcopHa manenb VIPA Touch Panel
i3 BCTaHOBJIEHMMH orlepauiiiHoo cucremoro Windows
CE Core ta SCADA-cucremoro Movicon iTamiiicbkoi
kommaHii Progea.

Iapopmariss Tpo 3HAYECHHS TeMIEpaTypu B
JMBAHAMISITH  TOYKAaX JIHUINA  CKIOBapHOI  medi
BUBOJWTHCS Ha €KpaH ceHcopHOoi rpadiuyHoi maHemi
omeparopa, BCTAaHOBJICHOI B IIUTI ympaBiiHHA. B
3JIEXKHOCTI BiJl BETUYUHU TEMIIEPATyPH B KOXKHIHN TOUII
ABTOMATHYHO 3MIHIOEThCS KOJIp BiOOpaXKeHHS 3HAYCHb
teMriepatypu. [Hbopmarlis mpo po3Modisl TeMIeparyp
JHHINA TIedl MepeqaeThCsi TaKOXK Ha BEPXHIM piBeHb
YIpaBIIiHHSL.

III. AHAJI3 JAHUX

Jns aHanizy TpeHAIB 3MiHM TeMIlepaTypH B Pi3HHX
TOYKax BUKOPHCTaHO BeWBieT mepeTBopeHHsa. Lle
NEepPETBOPEHHS. ~ 3HAXOAWTb  BCE  OUIBII  HIMPOKE
3aCTOCYBaHHS B JIOCIIPKEHHI 1 IPOTHO31 YaCOBUX PSIiB.
®DaKkTUIHO YaCOBUM psAIOM € Oyab-ska (yHKItis (abo

CUTHaN), TIPEJCTaBlIeHA B OKpeMi MOMEHTH 4acy.
TakuMM JOUCKPETHHMH CHTHAaJaMH MOXYTh OyTH
MOCJIIIOBHOCTI  BIUIIKIB  TeMIepaTypu, THCKYy  abo

IHIIMX TEXHOJIOTIYHUX TMapaMeTpiB B TEBHI MOMEHTH
yacy. Merton eiiBner-aHanisy la€ ABOBUMIpHY
PO3TOPTKY  JIOCIIPKYBAaHOTO CHTHAITY, J€ MaciTad
(wactora) 1 3cyB (4ac) BBaXAIOTbCS HE3AICIKHUMHU
3MiHHUMH. Y I[OMY METOMi JUIS aHaTli3y HaHuX
BUKOPHCTOBYIOTHCS IIBUJIKO crajaoyi
comitoHono00H1 ¢yHkii. Ile mo3BoJIsiE MPOBOAMTH
JOKaJIi30BaHUH  aHai3 CTPYKTYpH CHTHAJIB, IO
0COOJIMBO BaXJIMBO TPH BHWBYCHHI MpPOIECIB 3
MIHJMBUMHM B 4aci XapaKTepHCTHKaMH. besmepepBHe
BetiBner meperBopenHs (CWT — continuous wavelet
transform) Bin QyHKUii opuriHamy BUPAXKAETHCA
IHTETpaIOM
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(@) == [ 1w

ne () - BEUBIIETOYTBOPIOIOYA GbyHKITS
(MaTepuHCHKUI BelBIeT), @ — MapaMeTp YacTOTHOTO
MaciitaOyBaHHS; b — mapamMeTrp 4YacoOBOTO 3CYBY.
TakuM YWHOM, BEHBICT IEPETBOPEHHS  MOXKHA

PO3IIIAATH SK MPOTOTHI IHTETPaJbHOTO IEPETBOPEHHS
®yp’e no cucreMi 6asucHUX (QYHKIIH — BEUBIIETIB

1 t-b
y(a,b) —EI//(T) .

Cnextp W(a,b) OIHOBMMIpDHOTO CHUTHaly SIBIISIE

co0010 MOBEPXHIO B TPUBUMIpHOMY rpoctopi. Criocoou
Bizyamizarii miei iHGopmamii MOXyTh OYyTH pi3HUMH.
3amicTh 300pa)KEeHHS TIOBEPXOHb YacTO MPEICTABISIOTH
iXx Tmpoekmii Ha TMIONMHY ab, MO JO3BOJIAIOTH
MIPOCTEKUTH 3MiHY IHTEHCUBHOCTI aMILTITY/ BEHBIIET-
TIePETBOPEHHS Ha pi3HUX MacmTabax iy gaci. Kapruny
JiHIA, MO 3'€AHYIOTH JIOKalbHI EKCTPEeMyMH (OKpeMO
MIHIMyMH i MaKCUMyMH) TOBEPXHI MOIYJIS |W(a,b)|

HA3WBAIOTh CKEWJIeTOHaMH. BOHM UITKO BHSBIAIOTH
CTPYKTYpy aHaiizoBaHoro mnpouecy. Ciin 3ayBasKuTH,
mo W(0,b) xapaktepusye 4acoBy 3aJ€XHICTb HpHU
(mpu a=0), Tomi sk W(a,0) MO)KHa TpaKTyBaTH SIK
YacTOTHY 3aJIeXHICTh 1pu b=0.

Posmoxin TYCTUHH eHeprii 3a1a€ThCSA
CIIIBB1HOILLIEHHAM
2
B, =|W(a,b)| ,
a 3aJIEXKHICTD
o0
2
E, = j|W(a,b)| db,
—00
Ha3WBAIOTh EHEPTOTPAMOIO.
INonoxenHs  MakcuMmyMmiB  Ha  E,  MoOXHa

IHTEPIIPETYBaTH SIK CEepelHid TMepioj] eJIeMEHTapHHUX
MOJif, II0O BHOCATh OCHOBHHH BHECOK B CHEPIIIO
aHaJII30BaHOTO MPOIIECY.

Ilpu pocmimKeHHI YacOBUX psAiB KOPHUCHO iX
MOJAHHS TEPETBOPEHHS y BHIVISAI  CYKYITHOCTI
MOCITIZIOBHAX HaOMMKeHb rpy0oi (anpokcumyrodoi) Am
(t) 1 yrounenoi (neramizyrouoi) Dm (t) ckmamoBux, sika
peanizyeTbCsi B AITOPUTMAaX JTUCKPETHOTO BEHBIET
MePETBOPEHHS

S(6)=4,(0)+3.D,(1).

ITaker Wavelet Toolbox cucremn MATLAB mae
3aco0M a1 MOoOyIOBH BEHBIET-CHEKTPIB CHIHAIIB 3
TTOKPAIIECHOIO Bi3yaJi3artiero. CrekTporpamu
MPEACTAaBISIOTh 3HAYEHHS  BeHBIET-KOE]ILiEHTIB y
IJIONTMHI 3MIHMX MacmTab-4yac; NMpH [OMY BHH3Y
CIIEKTPOTpaMy PO3TallOBaHI MaJli 3HAUYEHHS MacuITady
(mami HOMepa Koe(iIlieHTIB), IO TPEJCTABIAIOThH
JIeTAJIbHY KapTUHY CUTHAITY, a BrOpi — BEJIMKI 3HAUYEHHS,
mo  JaloTh  3arpyOiieHy  KapTWHY.  3Ha4YCHHS
Koe(illieHTIB BU3HAYAIOTH KOJIIP B CIIEKTPOTrpami
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PesyapTar  0OpOoOKM  JaHWX  TeMIEpaTypHOTO
peXuUMy 3 BUKOPUCTAHHSM CiMEWCTBa BelBieTiB Xaapa
HaBeEeHO Ha puc. 1.
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Pucynok 1. BeiiBner nepersopenns Xaapa 5 nopsaky
TEMIIEPaTypHOTO PEXKUMY THUIIA Hedi

AHamii3 pe3ynbTaTiB MIATBEPIKYE CTaOIBHICTD
TEMITEPATYPHOTO PEXHUMY I€Ui 3a JaHWU Tepion dJacy,

TaK K O3HaK KpPW30BUX SBHI Yy BHIJIAII
JIOTOIIEPIOIMYHHUX KOJIMBaHb KOE(ilieHTIB PO3KIaLy He
CIIOCTEPIraeThesl. .

MixpeMOHTHHI Nepion eKcIuIyaTalii CKIOBapHHX
revell BU3BHAYAETHCS BEIIMKOK KITBKICTIO (PaKTOPIB JI0
SKAX BIJHOCSTHCS TEXHOJIOTIYHI MapaMeTpu BapiHHA
CKJIa Ta PEXKHUMHU 1 crtocoOM 00yBaHHS OTOPOIKEHHS

OaceiiHiB ckyoBapHMX Teded. [lpu  miaBUINEHHI
IHTEHCUBHOCTI 001yBY TTi IBUIITY € THCS
OXOJIOJDKYBallbHUN epeKT 3a paxyHOK 3pOCTaHHs
koe(imieHTIB  Terionepenadi, OIHAK  3pPOCTaIOTh

eKCILTyaTalliiiHi 3aTpaTy 1 TOPYIMIYIOTHCS TEXHOJIOTIUHI
pexxumu [2]. KoHTponb TeMriepaTyp B pi3HHX TOYKax
JTHUIIA TIeYi Ja€ [iHHY iH(GOpMAIlil0 MPO IHTCHCUBHICTh
KOPO3iiHUX MPOIECIB Ta ONTHMAIBHICTh IIBUAKOCTI 1
TPHUBAJIOCTI 001yBY.

3acTocyBaHHs BeEUBJIET-aHAII3Y 0 JaHUX
CIIOCTEpPEXKEHHS 3a 3MiHAMH TEMIIEpaTypyu Ha MPOTA3i
TPHBAJIOTO MEPIOAY MO3BOJIIO BUIBUTH TCHICHIIIIO JI0
MIABUIICHHS CEPEIHBOTO 3HAYCHHS TeMIepaTyp

JMHUIIA 1 TpuUAMaNocs IO YyBard TMPH yXBaJCHHI
pillICHHS TIPO BHUBEACHHA CKJIOBapHOI TMedi Ha
PEKOHCTPYKITiTO.
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Anomauyias— IlpoBeaeHo JIOCTiIZKEeHHS
BHCOKOBOJIbTHOTO iMIyJabCcHOro po3psiay B
eK30TepMiyHOMY cepedoBHMINi fK 00’€KTa KepyBaHHS.
3anponoHOBaHO MNpPaBWJIa 3HAXOMKEHHS MOYaTKOBHMX
yMOB ajroputmy kepyBaHHs. IlpoBeneHo kopessiniiiHuii

aHaui3 B32€EMO3B'A3KY eJ1eKTPOANHAMIYHUX i
rizpoauHamMiyHUX XapaKTepUCTHK i BU3HAYEHO
inpopmaniiini xoopauHatu. PospoOieHo ajaropurm

KepyBaHHS BHCOKOBOJIbTHUM iMlIy.JIbCHPIM po3pssaomM B
€K30TepPMi4YHOMY cepeoBHIILi

Knrwuogi cnoea —anroputm KepyBaHHS;
ingopmaniiini KOOpAMHATH; BHCOKOBOJIbTHUM
iMIyJIbCHUM PO3Psifi; eK30TepMidyHe cepeJoBHUILE.

1. BcTyn

VY TeXHOJIOTISIX PO3PSAHO-IMIYJILCHOTO PYHHYBaHHS
MPUPOTHUX 1 IITyYHUX HErabapuTiB, PO3MYNTyBaHHS
MIIIHUX JOHHUX IPYHTIB ILIMPOKO BHKOPHCTOBYIOThH
BHCOKOBOJIbTHUH IMIYJIbCHHN EJIEKTPUIHUN pO3psa B
XIMIYHO aKTUBHHMX KOHIEHCOBAHUX CEpe/IOBHUINAX,
3JIaTHUX JI0 €K30TEPMIYHUX TIEPETBOPEHb B PEKHUMI
BUOYXOBOTO TOpPIiHHS IiJ Ji€I0 BUCOKHX TeMIleparyp i
THCKIB, CTBOPIOBAaHMX B KaHalll pPO3pPSAY EJIEKTPO-
PO3PSATHOIO TIa3MOI0. EHepris, 10 BUBIIBHIETHCS TIPH
€K30TEepMIYHHMX TIEPETBOPEHHSAX XIMIYHO AKTHBHOTO
CEPENIOBUINA, ITiICYMOBYEThLCS 3 SIIEKTPHUIHOIO CHEPTIEI0
po3psiny, HaKOIIMYEHOIO Ha 0OKJIaINHKAX
KOHJCHCATOPHUX Oarapeil TeHeparopa iMITyJIbCHHX
crpymiB (I'IC). B pesynbpTari Takoro miJcyMOBYBaHHS
eHepris pyHHyBaHHS 3pOcCTa€ B KuTbka pas3iB 0e3
30UIBIICHHST ~ HakomuyeHol  eHeprii B Oarapei
KoHzAeHcatopis [1-3].

BaxnuBor  mepeBaror  po3psSIHO-IMITYJIBCHUX
TEXHOJIOTIH, IO BHKOPUCTOBYIOTh BHCOKOBOJHTHHH
po3psAd B CK30TEPMIYHOMY  CEpPEAOBHII IS
pyHHYBaHHS HerabapwWTiB, € KEpOBaHICTh, Ha BiIMiHY
BiJI TEXHOJIOTIH, $KIi BHKOPUCTOBYIOTH BHOYXOBI
peuoBuHH. TomMy po3poOka cHCTEM KepyBaHHS
PEKUMOM BHCOKOBOJITHOTO IMIYJIBCHOTO PO3PSAY B
XIMIYHO aKTHBHHX KOHICHCOBAaHUX CEpPEIOBHIINAX €
AKTyaJbHUM 3aBJaHHSIM, PO3B’SI3aHHS SKOTO MOTPeOye
BUBYEHHS BHCOKOBOJBTHOTO IMITyJBCHOTO DO3PSAY B
EK30TePMIYHOMY CEPEJOBHINI SK 00’€KTa KepyBaHHS,
BHU3HAYCHHSI iHPOPMAIITHUX KOOPAWHAT Ta MOYATKOBHUX
YMOB, PO3pOOKH anropuUTMy KepyBaHHS, 110 3a0e3mneuye
EHEPreTHIHY e(heKTUBHICTh €K30TePMITHOTO
MIEPETBOPEHHS SHEPrii B KaHaJi po3psiay.
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11. AHAJII3 OCTAHHIX JIOCJIJIKEHD TA ITVBJIIKALIII

[IpoBeneni paninmie IOCHIIKEHHS IOKa3ald, IO
BUKOPHCTaHHSI BUCOKOBOJIBTHOTO IMITyJIbCHOTO PO3PSLy
B E€K30TEPMIYHOMY CEPEIOBHILI JI03BOJISIE PO3LIMPUTH
chepy 3acTOCyBaHHS TEXHOJIOTiIH IMITyJIBCHOI 0OpPOOKH
MatepianiB. OOYMOBICHO 1€ THUM, IO MPH IACHTHYHHUX
XapaKTePUCTUKAX TEHEPaTopiB IMIYJIBbCHUX CTPYMIB,
SKi  3aCTOCOBYIOTBCS B PO3PSAHO-IMIYJIBCHHX
TEXHOJIOTISIX, TIPH BUKOPWUCTAHHI PO3PSAAY B XiMidHO
AKTUBHHUX KOHJICHCOBAHHMX CEPEJOBHUINAX, 3IaTHUX JIO
€K30TEepPMIYHUX TEPETBOPEHD, 3POCTAIOTh aMILTITyAa i
TPUBAJIICTh TEHEPOBAHOTO IMITYJIbCY THCKY. B pobori [4]
aHaMI3YIOThCS MTPOdisi THCKY, OTPUMaHi 3 ypaxyBaHHIM
BUIIPOMIHIOBAHHS, BUKJIMKAHOTO peakuiero
€K30TEepPMIUYHUX JOOABOK.

BaxiuBuM 1NpH  TEXHOJOTIYHOMY BHKOPHUCTaHHI
po3psAoy B C€K30TEpMIYHOMY  CEPEIOBHINI €
3a0e3neueH s eHepreTHyHoi edekTHBHOCTI. B poboTrax
[5, 6] nmocmimkyeTbcs ONHOIMIYIBCHHHA — PEKUM
BBCJICHHS CHEPTii B KaHAI PO3PSIY, MPH STKOMY PEaKIlist
TOPiHHS  €K30TepPMIYHOT  CyMilli  TPUMUHAETHCS
OPOTSTOM  JEKUTBKOX — JIECATKIB ~ MIKPOCEKYH[, IO
MPU3BOIUTH bi (4] HETOBHOTO 3rOPSTHHS
BUKOPHCTOBYBAHUX €K30TEPMIUHUX CyMiIllel Ta BTpaTH
MOTEHIIWHOI XiMiuHO1 eHeprii. Ile oOymoBmIOE He
JIOCTATHIO €(PEKTUBHICTh OJHOIMITYJIbCHOTO BBEICHHS
eHeprii 4yepe3 KOPOTKOYACHICTh IMITYJIBCY THCKY, IO
TeHEPYETHCSI BUCOKOBOJIBTHUM PO3PSIIOM.

AmHaniz pe3ynbTaTiB MO JOCTIHPKCHHIO BBEICHHS
€JIeKTPUYHOI eHeprii B KaHal iCKpPOBOTO po3psay B
KOHJEHCOBaHUX cepenoBumax [7—10] mokaszas, mo Ha
0a3i  0araTOKOHTYpHHUX TEHEPATOpiB  IMITYJIHCHHX
CTpyMiB MOXXHa (OpMyBaTH IMIYJIbCH THUCKY 3
JIEKITbKOMa TIOCTIIOBHUMH ITyJIbCAIISIMH, YHCIO SIKUX
JIOPIBHIOE YHCITY MyJIbCAllill €ICKTPUYHOI MOTYKHOCTI.
Koxen immynnc 3abe3mnedye 30UTBIICHHS aMIUTITYIU i
TPUBAJIOCTI  IMHOyJIbCy  THUCKy.  IIpoanamizoBaHi
JmiTepaTypHi JDKepena apryMEHTOBaHO TOKa3yloTh
nepeBaru 0araToiMIyJIbCHOT'O BBEICHHS CHEPTii B KaHaJ

po3psiay.

[IpoBenenuii aHaii3 NiTepaTypHUX JPKEpes MOKa3ye,
[0 3aJUIIAETBCS BIAKPUTHM IUTaHHSA KepyBaHHS
MOAAYEI0 TIOCIIIOBHUX PO3PSIOHUX IMITYJbCIB IS
3a0e3MmeyeHHS e(eKTUBHOCTI €K30TEePMIYHUX
NepETBOPEHb NPH KOXKHIH peastizaiii BUCOKOBOJIBTHOTO
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6araToiMITyJIbCHOTO B

CEepPEIOBHILI.

pO3pATY €K30TePMITHOMY

III. META JJOCJIJIKEHH ST

MeTor0 JOCHiKEHHS € aHalli3 BHCOKOBOJBTHOTO
0araToiMIyJIbCHOTO  PO3pSAy B KOHJAGHCOBAHHX
€K30TEepPMIUYHUX CEepeNOBHIIAX SK 00'€KTa KepyBaHHS,
BU3HAYCHHS 1H()OpPMAIIIHUX KOOPAUHAT Ta TOYATKOBHX
YMOB, pO3po0Ka aNropuTMy KepyBaHHs, IO 3a0e3meuye
E€HEPreTHYHY e(pCKTHBHICTb €K30TEePMIYHOTO
MIEPETBOPEHHS €HEPTii B KaHaJ1 PO3PSTY.

Jlist OCSTHEHHST IOCTaBJICHOT METH OyJM BHKOHaHI
TaKi 3aBJaHHS:

— JIOCTIIUTH BIUTHB PEXHMIB KEPOBAHOTO BBEICHHSI
€JICKTPUYHOI €Heprii B KaHAI po3psay Ha e(heKTHBHICTh
€K30TEPMIYHOTO IIEPETBOPEHHSI E€HEeprii 3 MeTolo
BU3HAYCHHS MOYATKOBUX YMOB QITOPUTMY KEPYBaHHS ;

— JIOCHITUTH B3a€EMO3B'SI30K EJIEKTPOIUHAMIYHUX 1
TLAPOMHAMIYHUX XapaKTEPUCTUK PO3PSITY 3 KEPOBAHUM
BBEJICHHSIM EJICKTPUYHOI €Heprii 3 MeTOI0 BHU3HAYCHHS
iHpopManiiHUX KOOPANHAT;

— pPO3pOOUTH  AITOPUTM  KEpYBaHHA  PERKUMOM
BHCOKOBOJIETHOT'O IMITYJILCHOTO po3psiny B
KOH/ICHCOBAHUX EK30TEPMIYHUX CEPEeNOBHILNAX, IO
JI03BOJIsIE 3a0e3MeuyBaTH 331aHi TEXHOJOTTYHI PEXXUMH 1
MaKCHMaJbHY e(heKTUBHICTh €K30TepMIvHOT
NIepEeTBOPEHHSI SHEPTii NP KOXKHIN peaizawil po3psay.

IV. OCHOBHMIT MATEPIAJI

MeTo0 KepyBaHHS MPOIIECOM BHCOKOBOJBTHOTO
IMITyJIbCHOTO po3psiny B KOHJICHCOBaHUX
€K30TEePMITHUX cepenoBUIIAX € T IBUIIICHHS
e(peKTUBHOCTI EK30TEepMIYHOTO IIEPETBOPEHHS EHepril
pH KOXHIN peamizamii, mo BH3HAa4Ya€ e()EeKTHBHICThH
TexHousoriuHoi 1ii Ha 00'ekTn 00poOku. EdexTnBHICTH
€K30TEPMIYHOTO TEePETBOPECHHS EHEpPrii BHU3HAYAETHCS
MOBHOTOIO 3rOpPaHHS Macu €K30TepMiuHoi cyminti. [Ipu
MOBHOMY 3TOpaHHI BeIMYWHA XIMIYHOI e€Heprii, Mo
BUBLIBHAETBCSA, Ma€ OyTH OJIM3BKOIO /O MOTEHIHOT
eHeprii  ex3oTepMiuHoi  cymimi. IIpore  mpm
HEKEpPOBAaHOMY OJHOIMITYJILCHOMY BBEJICHHI €Heprii B
KaHaJI po3psay B peakiiro Berymnae 0imst 20% 3arampHOT
KITBKOCTI ~ €K30TepPMi4HOi  CyMmimn, BBeleHOI B
PO3PATHUN TIPOMIKOK. ['0JIOBHOIO MPUYHHOIO ITHOTO €
NPUIMHEHHS. CaMOMIATPUMHOI €K30TepMIYHOI peaxuii,
i3-32 PI3KOTO 3HIKEHHSI THUCKY B KaHAJl pO3psIy Bil
cotenb MIla pmo wMeHm HiK Pp;=23 MIla
MIHIMaJIBHOTO  PIiBHA  THCKY, HEOOXigHOTO IS
NPOTIKaHHS CaMOMIATPUMHOI €K30TEepMIYHOT peaxiii.

3 MEeTOI0 MiJIBUIICHHS €(PEKTUBHOCTI BUBIJIHHECHHS
XiMi4HOi eHeprii moTpiOHa MiATPUMKA PiBHS THCKY B
KaHaJl po3psay BHUIIMM 33 MiHIMaIbHWHA  OiIbII
TpuBaMi dac. [IpOMOHYEThCSI METOJN  ITiIBHUIICHHS
e(eKTUBHOCTI €K30TEPMIUYHHUX EPETBOPEHB ITPU KOXKHIH
peaiizamii po3psLy, O IPYHTYETHCS Ha TOCTIJOBHOMY
NOpLIfHOMY BBEJCHHI EJIEKTPUYHOI €Heprii B KaHal
po3psLy IO 3aJaHOMy alrOpUTMY, 3 IIOTOYHHM
HENpsSIMUM KOHTPOJIEM DPiBHS THCKY B KaHaJll po3psay 3
METOI0 He JONYIISHHS 3racaHHi CaMONiATPHUMHOL
ex3oTepMiyHOi peakuii. Peamizamis 1mporo Mertomy
BHMarae po3poOKH BiAMOBITHOTO aTOPUTMY KepyBaHHS
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MPOIIECOM BBEACHHS CJIEKTPUYHOI €Heprii B KaHal
pospsny.

IIpu kepoBaHOMY JBOXIMIYJIHCHOMY BBEICHHI
CJICKTPUYHOI eHeprii B KaHal po3psay HEoOXiJHO
BU3HAYUTH MOYATKOBUH PO3MOLT €JICKTPUIHOT SHEPTii,
MDK TIepLIIMM 1 JPYTUM IMIyJIbCaMH, IO 3a0e3nedye
MaKCHUMaJbHy IUTOMY €HEpreTHuHy e(eKTHBHICTh
eK30TepMiuHoro mneperBopeHHs u. IloBHa eHepris W,
HEOOXifHA Ui 3IIMCHCHHSA 3aJaHUX TEXHOJOTTYHHX
omepariii, CKIagaeTbcs 3 CJICKTPUIHOI  eHeprii
W =W +W, i Ternosiii ereprii AW,, 0 BUBLILHIETHCSI
MIPH OKHCIICHHI €K30TepMidHO1 cymimni. by nmpoBeneHi
JIOCJIIJKEHHS BIUTUBY CITiBBIIHOIIEHHS €HEPTii Ipyroro
1 TepIioro IiMIyJbCiB Ha €QEKTUBHICTh BUIUICHHS
NOTEHIIMHOT XIMIYHOI eHeprii eK30TepMiuHOi cyMii i
oTpuMaHa 3aeXHICTE u=fW,/W)), sika Ma€ MaKCUMyM 1
JIO3BOJISIE BM3HAYUTH ONTHMAJbHE CHIBBIIHOIIECHHS
Wz/Wl (PI/IC. 1)

1.8
1.6
1.4
12

1

o8
0.6
0.4
0.2

0

0 10 15

W,/W,

20 25

Pucynok 1. 3anexHicTs TUTOMOI €HepreTHIHO1 epeKTUBHOCTI | Bix
criBBiHOLICHHS eHeprii W2/W 1 npu pi3HHX 3HAUSHHSX TOBHOT
enektpoeneprii Wt: 1 —400 [k, 2 — 550 [Tk, 3 — 750 Tx

B sikocTi MOYAaTKOBHX YMOB 3a1aeThes Hampyra U,
U, Ha KOHIICHCATOPaX TeHEpaToOpa IMITyJIbCHUX CTPYMIB
(T'IC), 110 BU3HAYAETHCS 13 CIIBBIIHOIICHB:

I/V[:u/i'_AWX; W =W +W,; W”:Cl,zUlz,z.
m; ’ 2

HacTtynaum etanom € po3po0ka alropuTMy IMoJaHHS
CHTHAJIy Ha BKJIOYEHHS IPYroro po3psiIHOrO KOHTYPY
JUIsl  30UIBLICHHS 4Yacy MpOTIKaHHA eK30TepMIiuyHO1
peakiii B CaMOMITPUMHOMY peXHMi. BKITIOYeHHS
JIPYroro PO3pSAAHOTO KOHTYPY IOBHHHE BiOyBaTHCS B
MOMEHT, KOJM THUCK B KaHall po3psiy [docsirae
TPaHUYHO JOMYCTHMOTO MiHIMAIbHOTO 3HAYCHHS IS
JIAHOTO €K30TePMIYHOTO CKJIATy. 3a3jajerigp dac
MOJJAHHS JPYrOro IMIYJIECY BCTAHOBUTH HEMOJXKJIMBO 13-
32 CTOXaCTHYHOCTI TMpOIECiB B KaHaIl po3psy.
Baxxnusum € BUKOPHUCTAHHS JOCTOBIpHOT
iHpopMaIlifHOT KOOpIWHATH JUISI HENpsMOi OIliHKH
TUCKY B KaHami po3psny P(f). Tuck B kaHam po3psay
Ma€ 3HAYHUH CTATHCTHYHUH PO3KHI 1 € omepalliiHo He
BU3HAYYBAHUM, 1 TOMY HE MOXKe OyTH BHKOPHCTaHHUM B
aKocTi  iH(poOpMamiifHOT  KOOpAWHATH B  CHUCTEMI
KepyBaHHA. Y 3B'I3Ky 3 1M OyiaM IpOBeACHI
JOCITI/DKEHHST 3 METOI0 BH3HA4YeHHs 1H(OpMaIiiHUX
KOOpJHMHAT, IO MOXYTh OYTH HENPSMOIO OIlIHKOIO
TUCKY B KaHam po3psany. Jlo Takux Beld4uH
BiTHOCATHCST Hampyra mpoboro U(f), po3pAIHUA CTPyM
1(f), enextpuuHa noTyxHicTh N(f). Enextpoaunamivsi i
TiApOAWHAMIYHI TIPOIIECH B KaHAIl pO3PsAy HOCSITH

M
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CTOXaCTHYHHUM XapakTep. ICHye psm DOCTiKeHb, SKi
MOKa3yloTh, IO I XapaKTEPUCTUKH MiJKOPSIOTHCS
HOpMaJbHOMY 3akoHy posmomiry [11, 12]. 3 meToro
BCTAHOBJICHHS 3B'I3Ky MDX enekrpoxuHamivanmu U(?),
1(¢), N(¥) i rimponuaaMidHUME P(f) XapakTepUCTHKAMHU
NpOBEAEHO 1X KopesuiiiHui  aHami3.  OCKUIbKH
JOCITI/DKYBaHI BEJIMYWMHH PO3MOJIICHI HOPMajabHO, TO
ULt NIPOBEICHHS KOpeJSILiHHOTO aHajizy
3aCTOCOBYBaBCS  JIHIMHME  KoedilmieHT  Kopemsuil
Ilipcona r, SKAH BHUKOPUCTOBYETHCS JUIA OIIHKH
JMHIHHOTO 3B'SA3KYy, 1 Koe(illieHT aeTepMiHamii R=r,,
SKUA  XapaKTepu3ye MIUIBHICTh 3B's13Ky. HaiOimbir
WinbHUA  iHpopMmaniiHuit  3B'Bok  (R=0,9368)
crioctepiraerbes Mixk P(7) 1 N(¢). TakuM 9MHOM, B SIKOCTI
iHpopMmaniiiHoi KOOpAMHATH, IO NOOIYHO BHU3HAYAE
TACK B KaHAT po3psmy, MoOXe OyTH BHKOpPHUCTAHE
onepamiiHO BHM3HAuyBaHE 3HAYEHHS  EJIEKTPHYHOL
notyxxHocTi N(2)=U(¢)I(¢). Tlotoune 3nadeHHs P(), mio
BIAMIOBiZja€ BUMipsiHOMY 3HaueHHIo N()=U(?)I(f), moxe
OTIepPaTUBHO BH3HAYATHCS 3a BHpA3aMH, IO OMHCYIOTh
HpoLecH B KaHaJl po3psiay:

1 d(P-z-a”)
y—1 dt

(72’(1) n(]
87r(7ta)

ne P — THUCK B KaHami po3psmy, a — paliyc KaHamy
po3psany, ! — HOBXKHHA PO3PAIHOTO MPOMIKKY, y —

d(ﬂ'-aZ)_E
dt 1’

dz-a®)\
dt

2
pop 4 xd)

L)
2.

eheKTUBHMH TOKa3HWK anmiabath, p — TYCTHHA
CepelloBUILa.
Buxopucranas N(H=U() 1(¢) B SIKOCTI

iH(pOpPMALIIHOT KOOPIMHATH ACTh 3MOTY 3 JIOCTATHBOO
MIpPOI0 TOYHOCTI MaTH OI[IHKY THCKY B KaHaJli PO3psIy
P(f) nmns cBoeyacHOi MoAavi KEpyHOYOro CUTHAIy Ha
BKITIOUEHHS IpyTroro po3psaHoro koutypy I'IC.

Cucrema aBTOMaTHYHOTO KEPyBaHHS MPOTPaMHUMHU
3acobamu peaiizye aITOPUTM KepyBaHHS
JBOKOHTYPHHM TE€HEpPaTOpOM IMIYJIbCHHX CTPYMIB
(T'IC), 3abe3neuyroun MOJaHHs YIPABIISIOUOTO CUTHAITY,
Ha BKITIOUEHHS IPYrOT0 PO3PSAHOTO KOHTYPY B MOMEHT
JOCSITHEHHS THCKOM B KaHali po3psany P(f) MiHiMalbHO
JorycTuMoro 3HadeHHs (Puc. 2)

3aBmgaHHS B CHUCTEMY KEepyBaHHS TOCTymae 3 0a3u
JAHWUX, B sKiii 30epiraloThCs pe3ybTaTH 3a3/ajierilb
NPOBENCHUX  CKCICPUMEHTAIBHUX  JOCTIDKEHb 1
pO3paxyHKiB, IO BH3HAYalOTh HEOOXiMHI eHeprii
HEpILOro i JPYroro po3psigHUX IMIyneciB Wy, W,, mo
3a0e3MeuyI0Th MaKCHUMalbHy €(DEeKTUBHICTh BUALICHHS
xiMigHOi eHeprii. BennumHa TrpaHWYHOTO 3HAYEHHS
THCKY B KaHaJi po3psaay Py, HEOOXiTHA IS MiATPUMKH
MPOTIKaHHS €K30TEPMITHOT peakilii B caMOIi ITPUMHOMY
PEeXKHMMI, BU3HAYAETHCS CKIIAJIOM 1 Macolo eK30TepMidHOT

cyminii, BHOpaHOi BHUXOJISTIHN i3 3aJIaHOTO
TEXHOJIOTIYHOTO peXUMy. BenuuuHu 3apsiiHOl HANpyru
U, U, wnHa mnepmoMy 1 JpyroMy €MHICHUX

HAKOMMYyBayaX EHEPrii BiAIOBIIalOTh HEOOXITHUM
3HAUEHHSAM C€Heprii po3psaHuX iMmynsciB W, i W,.
Busnaveni Bemuuunu (U;, U, 1 Pp,) OporpaMHUMU
3aco0aMu 3alaf0ThCs K MOYATKOBI YMOBH AITOPHUTMY
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KepyBaHHS.

( TlogaTtok )

3aBaaHHs

U135 U235 P

min

| Bxmrouenns 3apsgnoro kontypy I'IC |

22
&

Bumiprosauns U (7); U,(f)
Ha konzaeHcaropax Cii C,

Hi
Tax

| BxutioueHHs po3psiiHOTO KOHTYpY 1 |

I
S

Buwmiprosauus U(1); 11(¢)
B IPOIIECi po3psILy
|
| Pospaxynok P(¢)=f(U\(?), 1,(?))

*

| BrxiroueHHsI po3psiHOrO KOHTYpY 2

( Kinenn )

PucyHok 2. Anroputm KepyBaHHs

[Micns 1pOro HaAXOAWUTH CHUTHAJT Ha BKIIOYEHHS
3apsiTHOro OJIOKY TreHepaTopa IMITyJIbCHHX CTPYMIB U1
3apsAny €MHICHHX HakonmudyBadiB eneprii (C;, C;). B
mpolieci 3apsiy BHUMIPIOIOTBCS IOTOYHI 3HAYCHHS
Hanpyr Uj(Y), U,(f) Ha €MHICHUX HaKONWIyBadax
JaT4rKkamMy Hanpyrd. [HpopmariiiHi curHamy 3 1aT4uKiB
HAJIXOAWTh B CHCTEMY aBTOMAaTHYHOTO KEpPyBaHHA, 1€
noTto4Hi 3HaueHHs Hanpyr U\(¢), U,(f) mopiBHIOIOTHCS 3
3agaHuMu  3HadeHHIMH Uy, U,,. Y MOMEHT, KOJHU
Halpyrd Ha KOHJIEHCATOpaX JOCSraloTh 3a/IaHuX
3HaYeHb 3 CHCTEMH AaBTOMAaTHYHOTO KEpyBaHHS
HaJXOJUTh CUTHAJ HA BKIIIOUEHHS IIEPLIOTO PO3PSIIHOTO
KOHTYpy 1 Ha eNeKTpOOM HaIXOOUTh NepIInit
PpO3psLIHAI IMITyJIbC. [TounHaeTbes nporec
BHCOKOBOJIbTHOTO EJICKTPOXIMITHOTO BHOYXY
€K30TepMIYHOI CyMmilIi B peakuiiHii kamepi. B mpoueci
peamizarii TIEPIIOTO PO3PSATHOTO IMITYJTECY
BUMIpIO€eThcs Hanpyra Uj(f) maT4yukoM Hampyru i
po3psamHUil  cTpyM  [1(f) IJATIUKOM  CTpyMy, IO
IHIYKTUBHO TOBSI3aHUA 3  MEpIIUM  PO3PSIHHUX
KOHTYpoM. 3HaueHHs Hampyru Ui(f) i po3psaHOro
ctpymy /,(f) mepenaioThess B CHUCTeMy KepyBaHHS. B

CUCTEMI KepyBaHHS MIPOrpaMHUMHU 3aco0aMu
PO3paXOBYETHCS IOTOYHE 3HAYCHHS THUCKY B KaHai
pO3psily  MEpIIOr0  BHUCOKOBOJBTHOTO — PO3PSIHOTO

iMmoynecy P(f). Moxke TakoX BHKOPHCTOBYBATHCS
morepeIHG0 chopMoBaHa 0a3a JaHWUX IS BU3HAYCHHS
TUCKY 3a EJCKTPUYHHMHU XapaKTepucTukamu. [loToune
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3HaYEHHS TUCKY B KaHaJli po3psaay P(z) MOpiBHIOEThCS i3
3aJaHUM TPAaHUYHUM MiHIMAIbHUM 3HAYEHHSIM P,
HEOOXiTHUM TS i ATPUMaHHS MIPOTiKaHHS
€K30TepMIuHOI peakiuii B CaMOIATPUMHOMY PEKHMI.
Ilpu  [OOCSTHEHHI  MOTOYHMM  3HAYEHHS  THUCKY
rpaHn4Horo  3HaueHHs  P(f)=Py, 3  CHCTeMH
ABTOMATHYHOTO KEPYBaHHsS TIO/IA€ThCS CHUTHAN Ha
BKJIIOYEHHSI  JIpyroro  po3psiiHOro  KoHTypy. Ha
CJICKTPOAM HAAXOAUTH JAPYTUH PO3PSAHUH IMITYJIbC,
SIKWH TIIBUIIY€E TUCK B PEAKIIIHINA Kamepi 1 3a0e3mneuye
nojajblle TPOTIKAHHS E€K30TepMiyHOI peakuii B
CaMOIITPUMHOMY PEXKHMi JIO TOBHOTO 3TOpaHHS
€K30TepMIYHOI CyMimIi.

BuCHOBKU
Ha OCHOBI MIPOBEIICHUX JIOCITi PKEHD
BHCOKOBOJIBTHOT'O IMITYJILCHOTO po3psiny B
€K30TEpPMIYHOMY CEpEIOBHINI 5K O0'€KTa KepyBaHHS
OTpUMaHa  3aJeXHICTb  IHTOMOi  E€HepreTHYHOI
e(heKTUBHOCTI BUIIJICHHS MMOTSHIIHHOT XiMIYHOT eHeprii
eK30TepMiyHOI  CcyMimi  Big  pO3MOAUTY  TOBHOI

€JIeKTPUYHOI EHeprii MiXK TOCTITOBHUMH PO3PSIHUMHU
imoynecamu. lle mo3Boisie, 3a  3ampPONOHOBAHUMU
aBTOpaMy MpPaBHJIAMH, BH3HAYaTH IOYATKOBI YMOBH
AITOPUTMY  KEPYBaHHS PEKUMOM  PO3psiay, IO
3a0e31meuyroTh MaKCHUMaJIbHY e(heKTUBHICTh
€K30TePMIYHHX MEPETBOPCHb.

JocmimxeHHs €JICKTPOAMHAMITHHX i
TiIPONMHAMIYHAX  XapaKTEPUCTHK BHCOKOBOJILTHOTO
po3psAIy B C€K30TEPMIUHOMY CepeloBHII 1 iX
CTaTUCTHYHHUI aHaii3 MOKa3aJIu ICTOTHY
CTOXaCTHYHICTh  MPOIECIB  TpU  EK30TEPMITHHX
NIEPETBOPEHHSIX B PEXXUMI BUOYXOBOT'O TOPIHHSI.

IIpoBeneHO KOPENAIIHHUN aHai3 B3a€EMO3B'SI3KY
MOTOYHOTO THUCKY B KaHali PO3PSAy 1 EICKTPHYHHX
napaMeTpiB  po3psioy, II0 XapaKTepU3ylTh PEXKUM
BBEJICHHS €JICKTPUYHOI eHeprii. 3a foro pesymprataMu
B SKOCTI iH(OpMAIifHIUX KOOPAWHAT, IO IOOIYHO
BHU3HAYAIOTh TUCK B KaHATiI PO3PsIy, 3alpOIOHOBAHO
BUKOPHCTOBYBATH OMEpaIlifHO BH3HAUYBaHI CIIEKTPHUUIHI
xapaktepuctuku pospsay U(1), I(¢), N(¢).

Po3pobneno anroputM KepyBaHHS BHCOKOBOJIBTHIM

0araTtoiMIyJIbCHUM  PO3pSAOM B €K30TEPMIYHOMY
CepeNOBHUILI, SKHI MO3BOJSE YHUKHYTH 3TacaHH:
€K30TepMIUHOI peakIii TpH BHUMAAKOBOMY, i3-3a

CTOXAaCTHYHOCTI MPOIIECY, 3HIKCHHI THCKY IO TPAHUYHO
JIOTTYCTHMOTO MiHIMaJILHOTO 3HaueHHS. BukopucTaHHS
3aMpONOHOBAHOIO AJTOPUTMY KEPyBaHHS 3a0€3IEYHTh
30UTBIIIEHHST Yacy MPOTIKaHHS €K30TEPMIUHOI peakilii B
CaMOMIATPUMHOMY PEKUMI JIO TIOBHOTO 3TOPaHHS
€K30TepMIYHOI CYyMIIlli IPU KOXKHIM peaizaliii po3psmy.
3a paxyHOK IbOTO 3MECHIIATHCS HEMPOIYKTHBHI BTPATH
XIMI9HOT 1 €JIeKTPUIHOT €Hepril Mpu KOXKHIM peamizamii
po3psAay i 30UTBIIMTECS KiMBKICTh BHIUICHOI CyMapHOi
EHeprii i1 BUKOHAHHS TEXHOJOTIYHHX OIeparlii, 0e3
30UIBIICHHS BUTPAT €JIEKTPOEHEPTil.
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Abstract Buxonano peanizaniro i po3podky
AJIropuTMy s 3a0e3nedeHHs Oe3nedHOro 30epeseHHS
KoHinenuiiiHol indopmauii Ha cepBepax.

Keywords — xiGepOesneka;
XMapHi pilieHHs.

WHPPYBAHHA JAaHHUX;

I. Bctyn

XMapHi pilleHHsS € JAy)Ke TOMyJIpHAMH IS
30epexxeHHs Ta o00poOku janux. Ilpore Takum
PIIIEHHSAM Ba)KKO IOBIPHTH 30€pEKEHHsI CBOiX IMapoJIiB
Ta JIOTIHIB JUIS BXOJAY Ha IOCTOPOHHI calTH abo iHmLy
ocoOucTy iH(pOpMAaIIifo.

Komn naHi nepenaioTecs Ha cepBep, TO BOHH
MepenaloThCs MK  CepBEpOM Ta  KIEHTOM Yy
3amu(ppoBaHOMY BUIIIAAI(32 HAsSBHOCTI 3aXMIIEHOTO
3’€IHaHHA), MPOTE cepBep OadyWTh OTpUMaHi NaHi y
BIIKDUTOMY BHUIJIAAl 1 caM BHpIIIye SK HUMH
PO3HOPSIKATUCS.

XmapHi pilieHHs1 — 11e 100pe, ajle HIXTO HE MOXKe
rapaHTyBaTH, IO BXJIMBI JTaHi He OYAyTh «3JIHTI» B
MyOJIIYHUA JAOCTYN 4Yepe3 aTaKh Ha XOCTUHT KOMITaHIIO
abo oOmikoBmid 3amuc. Hewmae rapasTidi, 10
aZIMiHICTpalliss a00 MPAI[iBHUKH, SKi MAIOTh JAOCTYI JO
cepBepy, HE YHUTAIOTh 1HQOpPMAII0 1 HE MOXYTh ii
MPOYUTATH.

30epeskeHHsT  KOoH(DimeHIiHOI  iHpopMarii  Ha
JIOKQJILHOMY KOMIT'IOTEpi y BIAKPUTOMY BUIJISII — L€
TakoX HebOe3meyHo, 00 Moke OyTH BCTaHOBIICHE
BipyCHe mporpamHe 3a0e3nedyeHHst abo 10 KOMIT IoTepa
MaroTh JOCTYN TpeTi ocoOu. Takok MOKIWBA TIOBHA
BTpaTa iHpopmMawii uepe3 Gpi3uIHy HOIOMKY.

Tomy omHHM i3 pileHb T 30epeKeHHS TaHUX
MoOe OyTH 3a0e3NeUeHHsT TIOBHOTO IU(PYBAHHS K Ha
cepBepi Tak i KOMIT'I0Tepi KopucTyBada. J{ms peamizarii
IFOTO HEOOXITHO PO3POOHTH MpOrpaMHe 3a0e3TMEeUCHHS
IO 33JJAHOMY aJITOPUTMY Ta BCTAHOBHUTH MOTO HA CEpBEp
abo  xoctuHr. [lpuknag — KoQy — HpPOrpaMHOro
3a0C3MCUCHHST HAMUCAHWI HAa MOBI IPOTPaMyBaHHS
PHP[1] i3 3acTrocyBanHsM (peiimBopky Laravel [2].

https://doi.org/10.31713/MCIT.2021.42
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II. CroCcOBM 3AXUCTY JAHUX

A. Ha cepsepi

{06 yckmagHUTH JOCTYn A0 KOH(QIAEHUIHHNX
naHux iX motpibHo 3ammdpysaru. [Iporte, mo6 mpu
NepluoMy BIajgoMy migibpaHoMy mnapomto He Oyio
OTpUMaHO JOCTYN 10 Bciei iHpopMarlii, HeoOXiTHO
BUKOPHCTOBYBaTH pi3HI maposi aust  mudpyBaHHS
¢aiiniB, B SKUX 3HAXOOUTHCS BaKIWBa iH(popMaris, a
iXHs OBXHHa IMOBMHHA OyTH He MeHma 10 CUMBOJIB.
Takok HEoOXiMHO MPHOPATH MOMIJIHMBY 1IEHTHUQIKAIIIO
3ammgpoBaHux (ailiiB Mo KOpUCTyBady, TOOTO HIXTO
HE TIOBHHEH 3HATH, KOMY BOHH HaJieXkaTh. Ha3Bu daiinis
NOBUHHI OyTH 3reHepoBaHI BUIAJIKOBUM YHHOM 1 He
MicTUTH Oynb-skoi iH(opMarii, mobd Moria Ha MoCh
BKa3yBaTH. B ifeaibHUX yMOBaX HaBiTh aaMiHICTpaIlis
cepBepa He MOXKe 3HATH, IKOMY KOPHUCTYBady HaJIe)KaTh
AKi (ainm.

B. Ha xomn tomepi kopucmysaua

[IIo0 yHUKHYTH HECAHKI[IOHOBAHOTO JOCTYIY MO
iH(opMaIlii Ha CTOPOHI cepBepa i B pasi BTpaTH JOCTYITY
JI0 KOMIT'IoTepa ab0 OTpUMaHHS O HBOTO JOCTYILY
TPEThOl0 0co00r0, Oyme 3acrocoBaHe MMH(PPyBAHHS
iH(popmanii[3](10aaTKOBO MO 3aXHIIEHOTO MPOTOKOIY
nepenaui  ganux HTTPS[4]), sxa mnepemaerbcs Ha
cepBep. Takox Iie Jae HaM BICBHEHICTh B TOMY, IO
porpaMHe 3a0e3MedYeHHsT Ha cepBepi HE MOXKE YUTATH
iHpopMaNlito, SIKy MH TEpefaeMo 1 KOl BiH IO
iH(opMaIlito MOBepHE, TO BOHA HE Oy/e Y BIIKpUTOMY
BUIJISAI.

III. AJTOPUTM POBOTU

[Tepen mogaTkoM poOOTH HEOOXiTHO 3PO3YMITH, IO
MOBUHHO OYTH B pe3yibTaTi. BaskiMBUM KpuTEpieM B
mepmry 4epry € Oesnmeka, a Jali  3pYYHICTh
Bukopuctanua. 1l{ono 3pydHOCTI, TO KOpHCTyBad
MTOBUHEH OTpUMATH iIeHTH(IKATOP(SIKHHA € 3BUYAHUM
PAIKOM) JUISL JOCTYITYy 10 OCOOMCTHX IaHUX Ta TXHBOTO
nepe3anucy. Beectu gaHi Ta BKa3aTu maposib.

A. Ocobausocmi pobomu ancopummy

Jlanuit anroput™M po3poOICHHU TaKUM YHUHOM, 1100
cepBep HE MIr OTPUMATH JOCTYH IO JHaHUX, SKi
30epiratoTbcst y aiim, 0e3 3amuTy KOpUCTyBada, a
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KOPHUCTYBa4, MalO4M ieHTH]IKATOP, HE MIT OTPUMATH
JIOCTYTI IO JaHUX 0e3 cepBepa Ta mapoJsl.

B. Uo sense coborw idenmugpikamop kopucmysaua

Inentudikatop KopHcTyBauya — L€ 3aKOAOBaHHN
psanok B base64 [5], skuii MicTUTH 3amuppoBaHy
iHdopmauito [6], a came:

e Hazsga gaiiny
[Mapons mmdpysanns daitny

Kirou mmdpyBanHs igeHTHdiKaTopa KOPUCTyBada
3HAXOIUThCs y 0a3i naHux Ha cepBepi. CTpykTypa 6a3u
JIaHUX [5] BUTJIsI1a€ HACTYITHAM YHHOM:

1D Hash Info

int string string

ID — inenTrdikaTop psaaka B 6a3i JaHUX.

Hash — ne moxxe OyTu pe3ynbTaT IEpPETBOPEHHS
ineHTH(diKaTOpa KOPUCTyBada aqTOPUTMOM XEUTyBaHHS
sha256 a6o sha512.

Info — MicTuTh iHMOpPMAIIito MOA0 PO3MU(PYBAHHS
ineHTH(iKaTopa KOPUCTyBaYa.

[lpyunHa BHUKOPHCTAHHS XeILy ne Te, IIO
HEMOJIIMBO 3pPO3YMITH, 3 SKHX JaHUX OYB OTpUMaHUH
nmaHui  xem. TakuM YHHOM Ha cepBepi BIiACYTHS
iHpopmanis mono posmmppyBaHHs (GailiB i3 JaHUMH
KOPHCTYBaviB.

C. Lo sense coborw ¢atiin i3 danumu Kopucmysava?

®aiiy Mae BHIAAKOBO 3TEHEPOBAHY Ha3By. Koro
BMIiCT  Briepuie OyB 3amm(poBaHU KOPHUCTyBaueM
0COOMCTHM TapoJIeM A0 TOTO SIK iH(pOpMallis Iroraia
Ha cepBep, a Ha cepBepi IOBTOpHO 3amudpoBaHa
VHIKaIbHUM ~ THapojieM,  SKHH ~ 3HaXOAUTBCS Y
3amupoBaHOMY ieHTU(IKATOPI KOPHUCTyBada, SKAN
MOBEPTAETHCS  KOPHCTYBady  ICISA  YCHIIIHOTO
30epeKeHHS JaHUX Ha cepBepi.

D. Yu mooxciuso nidiopamu ioenmughixamop
Kopucmysava?

JloBknHa imeHTU(IKaTOpa 3aJeKUTh BT TEXHITHOL
peamizamii, y Hamii peani3amii mporpama TeHEpYe
ineHTudikatop i3 376 CHUMBOJIB, MPOTE 2 CHUMBOJHU
BKIHIT 3aBXIu ogHakoBi. Ha maHWii MOMEHT He iCHYe
TEXHOJIOTIH, fAKi MOrM O IIBHIKO BrajgaTh MOIIOHY
KOMOIHALIIO.

E. Lo 6yoe, sikwo empamumu ioenmugixamop
Kopucmysava?

Brpara inentugikaTopa — 1ie BTpara JaHUX, A0 SKHX
MOKHa OyJIO JOCTYIHUTHCS 3a IIUM 1IeHTH(IKATOPOM.
Ilo-mepmie, AKmO  HporpaMHUM  3a0€3MEUCHHSIM
KOPHUCTYETBCSl JIEKIIbKa JIOJIEH, TO CTa€ HEMOXKINBUM
3HaiiTn HeoOXimuui 3ammdposanuil ¢aiin. [lo-gpyre,
SKIIO 1 po3mu@poByBaTh (aiin, To Le 3aiiMe 3Ha4Hy
YacTHHY 4Yacy, MOXJIMBO BIYHICTH(3aJEXKHUTh Bif
ITOPUTMY 1 JJOBXKHHH MApoJisl, y HAIIOMY BHNaaky 128
CHUMBOJTIB).
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F. Lo 6yoe, sixwo 0o ioenmugixamopa marome
oocmyn mpemi nuys

3HaHHA igeHTH(]iKaTOpa KOpHUCTyBada IIe He
O3HaYa€e IOCTYN 10 jAaHuX. Tak, cepBep MOBEpHE AaHi,
ajie BOHU 1 Hajani y 3amudpoBanomy Burismi. [Ipore,
SKIO KOPUCTYBa4 BCTAHOBUB HEHAAIMHUI Mapoib, TO
po3mmppyBaHHS IMX JaHAX MOXE BAATUCI. SIKIIO
OyJI0 BUSBIIEHO, 110 1AEHTU(IKATOP MOXKE XTOCh 3HATH,
TO MOTPIOHO BMKOHATH TIE€pE3alic JaHUX MO JTaHOMY
iIeHTUdIKaTOpY 1 3amuc KOHQIACHIINHUX JaHWX B
HOBUI1 iteHTHIKATOD.

Iv.

OcHOBHa iJies alNropuT™My NOJArae B peasizamii
B3a€MO3AICKHUX BIJHOCHH MDK KOPUCTyBadeM i
CepBepoM, TakMM YHMHOM, 00 iHoOpMalis, sKa
3HaXOJIUTKLCS Y KOPHUCTYBada, a came ifeHTudikaTop, He
Morja OyTH IpOYMTaHa 1 Tak caMo JiaHi KOPUCTYyBaya,
ki 30epiraloThCsi Ha cepBepi, He MorH OyTH
npountani. Ilpore, Komm mnoexHYIOTBbCA JaHi 000X
CTOpiH, TOJI, 1 TUTbKH TOJIi, MOKHA OYJI0 OTPUMATH JIaHi,
SKi BIANPABIISIB KOPUCTYBAy Ha cepBep, TOOTO AaHi, sKi
3HaXOMAThCSA Yy 3ammppoBaHomy Qaitmi. Hamanwmii
QITOPUTM MOXKHa 3aCTOCOBYBAaTH JUIsl 30epeyKeHHs
BOXJIMBUX JaHUX 1 OTPUMYBATH JI0 HUX JIOCTYI 3 Oy/b-
SIKOTO MICIISl, JIe € TMiTKIIOYEeHHS J0 iHTepHeTy. SIKIo
JOOIpaIoBaTH  (PpOHTANbHY 4YacTHHY caWTy[8], TO
BMICT JaHUX, fKi 30epirac KOpHCTyBad, MOXE He
o0OMexyBaTHCsl KUIbKOMa PSIKaMH — L€ MOXYTh OyTH
MMOBHOIIHHI (aitnu, GoTo, 6a3u JaHMX.

3ACTOCYBAHHS TA BUCHOBKU
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Abstract — Po3riisinyTo 1mpodjieMy aBTOMATHYHOIO
BUMIPIOBAHHSA INBUAKOCTI NPO30pUX pinun 3
TOHKOIUCIIEPCHUMH AOMiLIKaAMHU. Po3pobiieno
indopmaniiino-BUMipIOBaIbHY cHUCTeMYy, W0 3IilCHIOE
HelepepBHe BHMipIOBaHHS IIBHAKOCTI pyxy
MiKpoOpraHi3mMiB Ta iHIIMX TOHKOAMCIEPCHUX JOMILIOK, a
3 HUMH i piAuHy, 32 J0IO0MOIr0K0 KOMII’IOTEPHOIO0 30pPY.

Keywords — xomn’rotepHuii
BHMIPIOBAHHA; LIBHJAKICTH
AOMIlIKH; MIKPOCKOII.

aBTOMAaTUHYHE
TOHKOHI/ICHepCHi

3ip;
pinun;

I. Bctynn

ITotpeba BUMIpIOBaHHS MajMX MIBHIKOCTEH Ta
MIKpOBUTpAT pIiJMH BHHUKAE B aHANITHYHIA Ta
nabopaTopHiil  TexHili, TEXHOJOTIYHUX Ipolecax
JI03yBaHHS Malix KIUJTbKOCTEH PEUYOBHHH,
MIKpOOI0JIOTIYHUX AOCTiKeHHAX [1].

JInst  BEMIpIOBaHHS ~ MIKpPOBHTpaT Ta  MaJldX
IIBUIKOCTEH PIAMH MOXE 3aCTOCOBYBATHCH MITKOBHH
MeTon, SKHWA nependavae  JOAATKOBE  BHECCHHSI
JIOMIIIKU-MITKH B piAMHYy a00 CTBOPEHHS TEIUIOBUX
MITOK Y TIOTOIIi PiIMHU JIOKaJbHUM HarpiBOM y OKpEMHUX
TOYKaX 3  HACTYHHM  BHMIPIOBAHHSAM  4Yacy
MPOXO/DKEHHST ~ MITKOIO ~ KOHTPOJIBHOT — BiJICTaHi.
Hepmonikom Takoro MeToy € HEOOXiIHICTh MOTIOBHEHHS
3amacy peYoBHMHH, IO CIYKHTh [DKEPEIIOM MITOK.
BHKOpUCTAaHHS TEMIOBHUX MITOK MOXE OyTH YTPYTHEHO
IIpY BUMIPIOBaHHI BHUTpAT PiTWH, IO MICTATh >XUBI
KITHHH a00 iHIN ~ KOMIIOHCHTH, YyTJIUBI JIO
TEMIIEPATypHOTO PEXKUMY, OCKUIBKH MOXE MPH3BECTH
JI0O CHOTBOPEHHS  pe3yibTaTiB  MIKpOOiOJOTIYHUX
BHMIpIOBAHb i JIOCITI)KCHb.

[Tpu BuMiproBaHi BUIKOCTI 800 BUTPATH PiANH, IO
MICTATh MIKpOOpraHi3aMu posmipamu  5...100 MxwM,
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4acTo BOJHOYAC CTOITh 3a/Jaya iX pO3Mi3HABaHHA M
BH3HAYEHHS KIJIHKOCTI.

Omxe, icHye mnoTpeba B CIOCOOI BHUMIipHOBaHHS
IIBUAKOCTI, IKUH HE Tependadac J0AaTKOBOTO HArpiBy
piAMHHM, IO BIUIMBAE Ha PO3BUTOK MIKPOOPTaHI3MIB y
Hili, Ta BBEICHHI 1HIINX PEUYOBUH, SKi MOXYTh BIUTUBATH
Ha (i3U4HI Ta XIMIYHI MOKA3HUKU SKOCTI aHali30BaHOI
BOJIH.

II. CrioC1s BUMIPIOBAHHS IIBUJIKOCTI

Hns 3iACHEHHS IPOIIOHOBAHOI'O cnoco0y
BHMIPIOBaHHS NIBUAKOCTI OYyJI0 BUKOPHCTAHO CHCTEMY
HiIpaxyHKy Ta po3Mi3HaBaHHsA MikporutankTony (fig. 1)
(2].

Oxepeno
= XKUBNEHHR
Oucnnen
Mpouecopuuin |, .| Moayne BeoAy-
Mo Ay nb svBoAy
Uncpposui Bnok
ONTUYHUA KepyeaHHA
MiKpockon Hacocom
3abip *
soaun MpoTO4YHa ONTUYHO
’, npo3opa KoMipKa )

Pucynok 1. CTpykTypHa cxema BUMipIOBaJIbHOI CHCTEMU
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Bona ckmamaetscs 3 ONTHYHO MPO30POi MPOTOYHOT
KOMIpKH, yepes Ky HU3BKOIIPOAYKTUBHUM
HEePUCTAIbTHYHAM HACOCOM IIPOKAYy€ETHCS aHANIi30BaHa
BOJa; LU(POBUHA oNTHYHMI Mikpockon Qopmye
BiJICOTIOTIK 1 300payKEHHSAM MiKPOCKOIIYHUX YaCTHHOK Y
BOJI, SIKa pyXa€Tbcs B MOJNI 30py MIKpOCKOINa, Ta
HaJICWJIa€ HOTO MPOIIECOPHOMY MOIYJIIO; MPOIECOPHUI
MOJIyJIb BHKOHYE IIpOrpamy po3mi3HaBaHHA 00 €KTIB i
HiIpaXxyHKy KIJIBKOCTI Ta BHBOAUTH pe3yJbTaT Ha
nucteit. [Iporniecopuuit MOysb 4yepe3 MOJyJb BBOJY-
BUBOAY Ta OJIOK KepyBaHHS HacocoM (opMye 3anaHe
cepeHe 3HaYeHHS HAIPYTH Ha TPUBOJI HACOCA, Bi AKOI
3aJeXKHUTh IUBUIKICTH O00OepTaHHA Hacoca Ta HOro
MPOIYKTUBHICTb.

IBuakicTe TPOTIKaHHS BOAM B HOJNI  30pY
MIKpPOCKOIIa Yepe3 ONTHYHO MPO30PY MPOTOIHY KOMIPKY
BU3HAYa€ BiJCTaHb, Ky NpoOHae 00’€KT y BOJI 3a 4ac
BUTPUMKH KaJpy, W BIAMOBIAHO YiTKICTH OTPHUMAHOTO
Bimeokanpy. [lamiHHA diTKOCTI 300pakeHHs, IO
BUKOPHCTOBYETHCS JUISl PO3II3HABAHHSA 32 JIONOMOTOIO
KOMIT IOTEpHOTO 30pY, Ma€ 3Ha4HI HEraTHBHI HACIIIJIKH:
30UTBIICHHST TIOXMOKM BU3HAYECHHS TE€OMETPUYHHUX
napaMeTpiB, pO3Mi3HaBaHHA OJHOTO O0’€KTa  SK
JEKUTbKOX MEHIINX TOLIO.

CyTh po0OOTH CHCTEMH BHMIPIOBAHHS IIBHIKOCTI
HACTYIIHA: HPHPOCTH  KOOPAMHAT  BIiICTE)KYBaHHX
00’€KTIB 3a MNPOMDKOK 4Yacy, ILI0 TPOHIIOB MiX
CyCl,Z[HI/IMI/I Ka/[paMH, YCEPEIHIOIOTECA Ta IPYIYIOThCS
3a Jiara3oHaMH 3Ha4eHb 1 npH 0OUYHUCIICeHH] IIBHIKOCTI
BUKOPHCTOBYETBCSI  IEPEMILIEHHS  HaHYMCIICHHINIO]
rpynu. OCKUIbKH HEPYXOMI OpPraHi3MH MiKpOIJIAHKTOHY
pyXaroThCs 31 IIBHAKICTIO TeYil, a OpraHi3MH
300IUIAHKTOHY ~MOXYTh pYXaTHCh B  OyAb-IKOMY
HampsIMKy 13 BIMIHHOIO Bill TedYii IIBHIKICTIO, TO
MIBUJKICTh PYXYy BOAM BH3HAYAETHCS SIK IIBUAKICTH
pyXy HaMOIBIIOT TPYyNH, aJlKe came pyxy 3a TEJi€ro
BJIACTHBI PiBHI BEKTOPH LIBUAKOCTI MleOOpFaHlSMlB
I/IMOBlpHICTL ’Ke  TOoro, IO  BCI OpFaHISMI/I
MIKPO30OIUIaHKTOHY ~ PYXaTHMYTbCS 3 OJHI€I0
MIBUAKICTIO W B OJHOMY HAampsSMKY B KIJBKOCTI,

OuLTBIIiN, HiK KIUTBKICTh (ITOIUTAHKTOHY B Kajapi, €
HaJ3BUYAiHO MaJIOIO.
B SIKOCTI IaBada IIBUIKOCTI1 BOIH

BUKOPHCTOBYETBCS TOW CaMHH MIKPOCKOI, WO 1 AJIs
aHai3y, Ie J03BOJISIE BUMIPIOBATH IIBHIKICTh 3 MaJIUM
NOpPOrOM  YYTJMBOCTI Ta BHCOKOI  PO3JUIBHOIO
3patHicTio (Oym3pko 0,5 MKM/C y BUKOPHCTaHOMY B
cHCTeMI MIKPOCKOI) BHMIPIOBATH HIBUAKICTH 34
HACTYITHUM aJITOPUTMOM:

1) oTpuMaHHs Kaapy 3 MiKpOCKOITY;

2) TepeTBOPEHHS KOJIBOPOBOTO 300pa)KCHHA B
OJTHOKaHANIbHE (BIATIHKY CIpOT0);

3) mepeTBOpeHHsI 300pakeHHs 3 BiNTIHKIB Ciporo B
OiHapHe (4OpHO-0ijie) 3aCTOCYBAaHHSIM IIOPOTOBOTO
¢bimbTpa;

4) BUIUICHHS 3aMKHYTHX KOHTYPIB;
4) BU3HaUEHHS KOOPIUHAT IIEHTPIB KOHTYPIB;

5) momIyk HOBHMX, OHOBJICHHSI KOOPJIMHAT 1CHYIOUMX
Ta BHNAJICHHA B3HHUKIMX KOHTYpIB MOpPIBHSAHHAM 3
KOOpZMHAaTaMH1 00'€KTIB Ha TONEPEAHLOMY KaJpi;
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6) BU3HAYCHHS TEpeMillleHHS O0'€KTiB 3a Yac Mik
CYCIZIHIMU KaJipamu;

7)  obuucieHHs
TepEMIIICHHS,

CyMapHOTO 33 m  KaJpiB

8) Tpamamis mepeMimieHb 3a KiTBKICTIO O0'€KTIB 3
TakuM nepeminieHssM (fig. 2);

a=arctg(Ay/Ax)

AN

330 36

§2=x24y?

0
-

S1

Js, €5

BEEE
ST da

Sa

BEEEE]

N(s,.a,)=max

Pucynok 2. BusHaueHHs NepeMilleHHs IIOTOKY BOH

9) BUOIp 3HAUEHHS NEPEMIILEeHHS S, 3 HalOUIBIIO0
KUTBKICTIO OO'€KTIB Ta OOYMCIIEHHS BiIIMOBIIHOT HOMY
MIBHAKOCTI MPHM MOTOYHiN wactori kampiB /(25 ¢y
BUKOPHCTAHOMY B CHCTEMi MIKPOCKOTTi) 33 (hOpMYJIIOF0

s,/

m

y =
(M

Bepxus Mexa BUMIPIOBaHHS HIBHIKOCTI
BU3HAYAETHCA YITKICTIO BilEOKaapiB 3 00’€KTaMu B
pianHi, SiKa B CBOIO YepTy 3aJIeXKUTh BiJ] 4acy BUTPUMKHU
kanpy. Ilpw HaaMipHi BUTpUMIN Kaapy o0’€KTH Ha
BiJICO MAIOTh PO3MHUTI MEXI, [0 CIPUYUHSIE 3MCHIIICHHS
TOYHOCTI BH3HAYCHHS KOOPAWHAT OO0’€KTiB 1 iX
HepeMIIeHHSI.

[II. BUCHOBKU

3anpornoHOBaHUi CIOCIO BHMIpIOBaHHS IIBHUAKOCTI
pinmHEE  He TOTpeOdye  JOAATKOBOTO  amapaTHOTO
3a0e3MmeyeHdss Uil BUMIPIOBaHHS IIBUAKOCTI, SKIIO
MIKPOCKOIT 1 BiflecoKamepa BXXE BHKOPHCTOBYIOTHCS 3
METOI0 PO3Mi3HaBaHHA Ta Kiacudikaiiii. 3a HasBHOCTI B
HOTOLI MIKPOOPTraHi3MiB, IO PYXaroThCS CaMOCTiHHO
BiTHOCHO TMOTOKY, 3aNpONOHOBAHHIA crocié 103BOJISIE
TOYHIIle, HIXK MITKOBUH, BU3HAYATH IIBUIKICTH TMOTOKY
3a INBHAKICTIO HaWdWCceNnpHImOI Tpymum 00’ €KTiB.
3amponoHOBaHA CHUCTEMa MOXXE BHKOPHCTOBYBATHUCH
JUTS BUMIPIOBaHHS MaJIMX IIBUAKOCTEH MPO30PUX PiIWH
3 TOHKOAWUCICPCHUMHU  JOMIIIKAMH  PO3MIpOM
5...100 MKM.
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Po3po0iienHs 1HQOpMAIIMHOT CUCTEMM IS
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MIPUPOJOKOPHUCTYBAHHS
HapuanpHO-HayKOBHIA IHCTUTYT aBTOMATHKH,
KiOEpHETHKH Ta 0OYNCITIOBAIBHOT TEXHIKH
PiBHe, Ykpaina
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Anomauia I[IpoananizoBaHo OCHOBHI BUAM
apxXiTeKTypH HeiipOHHMX Mepe:k Ta 00paHO ONTHMAJIBHY
apxiTeKTypy [Jsl Tpoulecy BH3HAYeHHs ioHIB 3aiiza
CcNeKTPOQOTOMETPHYHUM MeTOA0M, PO3pO0JIEHO CcXeMy
HePOHHOI Mepe:ki, MPOaHaAJIi30BAHO TOYHICTH HABYAHHSA
Ta 00paHO aHalIi3aTOp AaHMX HeiipoHHoi Mmepexi. s
TeCTYBaHHSI POGOTH Ta OTPHMAHHS NAHUX IOCTiIKeHb
O0ysa0 po3podJieHO BeO-iHTepdeiic 3 BHKOPHCTAHHAM
JavaScript ¢peiimBopk Vue.js.

Knwuogi cnosa — HeiipoHHa MeHexka; iHpopmaniiina
cucTeMa; KoaryJsiHT; Bed-iHTepdeiic.

I. Bctyn

3a0pyqHeHHS BOAW — OJHA i3 OCHOBHHX IPOOJIEM
JIOACTBA, $KAa 3 KOXKHUM pPOKOM CTa€ BCE OLIBII
aKTyaJIbHOIO Ta 3HAYYINOIO 10 BChOMY CBITy. Ha manwmii
4ac OYUCHI CIIOPYAH, SIKi IPOBOISTH OYHIICHHS CTIYHMX
BOJ 3acTapiii, BUKOPHUCTOBYIOTh pEAarcHTH Ta HE
BUKOHYIOTH CBOI (D)YHKIIi Ha JOCTAaTHROMY DiBHI, a OTKe
po3poOka Ta JOCHI/PKEHHS HOBHX MEXaHI3MIB Ta
METO/IiB OYHCTKH € aKTYaIbHO 33740 ChOTOJICHHSI.

JlocmiokeHHS METOAIB OYMCTKH €  CKJIaJHUM,
3aTpaTHUM Ta TpUBAIKUM B yaci. OHUM 3 1abopaTopHUX
METOIIIB  JOCTDKEHHS €  CIeKTPO(HOTOMETPUIHHNA
METOJ, IO Ja€ 3MOTy 3a JOIMOMOTOI JOCIIIKCHHS
KOJIPHOCTI  PEYOBHMHH  OTPUMATH  TOKa3HUKH 3
E€KOHOMIEI0 PEecypCiB BUKOPUCTAHMX HA JOCIIIKCHHS
[1-3].

II. IIOCTAHOBKA 3AJAUIL

Binomo, mo y Bozi 31 3MiHOI0 KOHLEHTpALIii 3aii3a
3MIHIOETBCS 1HTEHCHBHICTh 3a0apBICHHS OTPUMAHOTO

H2.10

https://doi.org/10.31713/MCIT.2021.44
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MIPUPOJOKOPHUCTYBAHHS
HaBuanbHO-HAYKOBHI IHCTUTYT aBTOMATHKH,
KiOEpHETHKHU Ta 0OYNCITIOBATBHOT TEXHIKH
PiBHe, Ykpaina
im.hrytsiuk@nuwm.edu.ua

po3unHy. ToMy, OyJI0 BHpPIIIICHO TOTIOBHUTH JIO paHIIIe
HaMu po3pobieHol YCTaHOBKH BU3HAYCHHS
KOHIIEHTpaIii  3ami3a 3a  3MIHOKO  KOJIpHOCTI
aBTOMATH30BaHOIO0 1H(POPMaLiHOIO CHCTEMOIO, IO B
peanbHOMY dYaci Oyme 3abesmedyBaTd Oe3nepepBHE
OTPUMAHHS JaHUX B pealbHOMY MacmTabi wacy. s
IFOTO TOTPIOHO: 00paTH MIXOIAITY apXITEKTYpY
HEeWpOHHOI Mepexi Al AaHOI CHUCTEMH, CIPOEKTYBaTH
CTPYKTYpy  (YHKIIIOHYBaHHS HEWPOHHOI  Mepexi,
MPOBECTH aHali3 OTPUMAHUX JAHUX Ta TOYHOCTI
HaBYaHHS HEHPOHHOI MEPEexKi, CTBOPHUTH BeO-pecypc s
BUKOPDHCTaHHS  pO3poOieHOl  HEHpOHHOI  Mepexi
aBTOMATH30BaHOI  CHUCTEMH  EJEKTPOKOATYIAIIHHOT
OYHCTKH BOJI.

III. BUPILLIEHHSI TOCTABJIEHOT 3AJIAUI

Hamu Oyrno po3poOieHO HEHpOHHY MEpexy, o
CKJIIaJIa€ThCS 3 BXIJHHX 1 BHXITHMX Ta NPHUXOBAaHUX
mapiB Mk HOMH (Puc. 1). g BXigHOro mmIapy
BUKOPHCTaHO 5 HeWpoHiB 3 (yHKIi€l0 akTHBizamii —
rinepOomniyanit TanreHc. [IpuxoBaHi mapu CKIIaaal0ThCS
3 10 HeitpoHiB Ko>xHHH 3 QyHKUisMH akTHBauii SeLU ta
ReLU BignoBigHo. Buxigawii map mae 1 He#poH 3
EKCIIOHEHIIHHOI0 (DYHKIII€I0 aKTHBi3aLlil.

Jlnst hopMyBaHHS HadasbHOTO HAOOpPY HEWPOHHOI
Mepexi OyIIo MpOBEACHO MOCIIIKCHHS PI3HUX 3pa3KiB
KOAryJisiHTy, Ji€ OTPHMaJd 3HAYeHHS KOHIICHTpALil
3aji3a B KoaryJssHTi Ta napametpu RGB mns koxHOTrO 3
3paskiB BiamoBigHo (Taodu. 1).

. BxiaHMM Wwap

MpuxoBaHU Wap

‘ BuxigHuin wap

Pucynok. 1. Cxema po3po6iaeHoi HeffpoHHOI Mepexi
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TABJIMLA 1. EKCIIEPUMEHTAJIBHI IAHI

Yac Konuenrpauis

Ne (xB) (vr / mud) R G B
1 6 0.8 204 | 207 | 200
2 12 1.1 214 | 215 | 193
3 18 3.7 211 | 194 | 75
4 24 4.5 220 | 173 | 54
5 30 6.3 210 | 155 | 49
6 36 6.9 215 | 147 | 41
7 42 9.1 193 | 116 | 38
8 48 9.6 189 | 111 | 33
9 54 11.8 188 | 100 | 27
10 60 12.6 178 | 74 11

3HaueHHs mapamerpiB RGB Oynmu koHBepTOBaHi B
napametpu HSL, a g1 oTpuMaHHS KOHIEHTpauil
pedoBuHU Oyno oOpaHo mapameTp hue.

Hdns  mepesenenns mapamerpis  RGB B HSL

BUKOPHUCTAHO HACTYITHE CITiBBITHOIICHHS:

( undefined if MAX = MIN
o G-B . If MAX=R
60° x wax—min | 0% and G = B
_ o G-B . If MAX=R
H=,60°x ax—min T 360°, and G < B M
60° x ——%_ 1+ 120°, if MAX =G
MAX-MIN
60° X ——%_ 4 240°, if MAX =B
MAX—-MIN
S = MAX-MIN (2)

1-[1-(MAX+MIN)]
L ==(MAX + MIN), ©)
ne R, G, B — xonip B xomipuiit RGB moneni;

MAX i MIN — miriMy™ i MakcuMyM TlapameTpy R, G, B.
H — 1om;

S — HaCHYEHICTh;

L — sickpaBicTs.

Ha ocHOBI OTpUMaHHX €KCIIEPUMEHTAIbHUX 3HAYCHb
Oyno 3reHepoBano 3600 Touok mnapamerpy hue Ta
KoHIeHTparii 3amiza (Tabn. 2). 3 orpuMaHoi BUOiIpKH
TOYOK Oyno BimiOpano 3240 i 360 TOUOK I HABYAHHS
Ta TECTYBaHHSI BiMTOBIIHO.

TABIULUA 2. [TPUKIIAZI BXITHUX TA BUXITHUX 3HAYEHb ITAPAMETPIB

HEHPOHHOI MEPEXI
Ne Hue Konuenrparist
1 0.2110 0.4009
2 0.1969 0.7229
3 0.1073 4.8701
4 0.0649 9.5388
B 06i6mioreni TensorFlow Oymo pocmimkeHo &

ONTHMI3aTOpIB JUI1 HaBYaHHS HEHPOHHOI Mepexi.
IIpoBiBImM MOCTiIKEHHS IaHWUX OITUMI3aTOpiB OyJ0
BCTaHOBIICHO, 0 omnrtumizarop SGD B TecTtoBOMY
JlaTaceTi MoKa3aB HaWHIKYIY MOXHOKY, a came 6,91%,
oro i Oyno oopaHo.

IV. AJITOPUTM POBOTU

Bbyma pospobnena iHdopmamiiftHa cucTemMa IS
CHEKTPO(HOTOMETPUYHOTO aHAI3y, sSKa B pPEalbHOMY
peKHMIi Yacy, 3HIMae IMoKa3u 3 00’€KTa BUMIpIOBaHb,
MPOBOJIUTH PO3PAXyHOK, 3 BUKOPHCTAHHSM HEHPOHHOI
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MepeXi, 1 OTpUMaHi pe3ylbTaTH BHBOJUTH Ha BeO-
nomatok (Puc. 2), cepBepHa X dYacTHHA PO3POOIICHOT
cucteMu QYHKIIOHYE Ha Mikpokomi totepi Raspberry
Pi4.

K I

KoHuenTpauia saniaa:

1.18

0.1931

Pucynok 2. Intepdeiic mporpamu

Hanmii inTepdeiic po3pobieHui 3a  JOINOMOTO0
JavaScript ¢peiimBopk Vue.js Ta mae 3Mory po3nodatu
BUMIPIOBAaHHs, BiZ0OpasuTH icTOpilo Ta 3HA4YEHHS
BHUMIPIOBaHb.

Jis  xoMyHIKamii 3 CepBepOM BHKOPUCTAHO 2
0101i0TEKM: axios Ta socket.io.

BuCHOBKU

[IpoananizoBaHO  OCHOBHI ~ BUIM  apXiTEKTypH
HEHPOHHUX MEPeX Ta 00paHO OMTHUMAJIbHY apXiTEKTypy
Juis nporecy BU3HAUEHHS 10HIB 3aiza
CHIEKTPOYOTOMETPUIHHM METOAOM, PO3POOICHO CXeMy
HEHPOHHOT Mepexi, MPOaHaTi30BaHO TOUHICTh HaBUaHHS
Ta oOpaHO aHami3aTop NaHUX HEHpOHHOI Mepexi. s
TECTyBaHHS POOOTH Ta OTPUMAHHS JAaHUX JOCIIIKCHb
Oyno po3pobieHo BeO-iHTepdelic 3 BUKOPUCTAHHIM
JavaScript  ¢peiimBopk  Vuejs.  BuxopucraBmm
eKCIIEpUMEHTAIbHI  JaHi  KOJIPHOCTI  PEYOBHHH,
pO3p0o0IeHO MaTeMaTH4YHE CIiBBIAHOIICHHS HEPEBOLY
3HaueHb RGB B HSL nans BU3HAYeHHS KOHIIEHTpAIii
3ayi3a 3a JormoMororw napamerpa hue. Po3pobneHo Beo-
iHTepdeiic, Mo 1aB 3MOTy B peallbHOMY Yaci paIfoBaTH
3 OTPUMAHUMH JaHUMH Ta MPOBOUTH PO3PAXYHKH.

JIITEPATYPA
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KBaHTOBUH T€HETUYHUHN AJITOPUTM Ta HOTO
peasizaliisi Ha KBAaHTOBOMY KOMITIOTEP1
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Anomauin 3anponoHOBAaHO HOBMiIl KBaHTOBMIi
reHetnyHuii aaroputm (QGA) i3 MoxkauBicTIO Horo
NMPaKTU4YHOI peajizanii Ha KBAaHTOBOMY KoOMII'IOTepi.
3a0opoHa KBAaHTOBOIO KJOHYBAHHSI He I03BOJISIE
peajidyBaTH TpaauuiiiHuii epoJoniiiHuii mpouec, ToMy
BHKOPHCTOBYEThCS ribpuana KJIACHYHO-KBAaHTOBA
apxitektypa s QGA. Bcei reneruuni omeparopu
peanizyloTbesi  3aco0aMM  KBaHTOBOr0 KOMII'IOTepa, a
JONOMiHI 004HC/IeHHsl, TaKi AK poO3paxyHok (yHkuii
NPHCTOCOBAHOCTI Ta MOLIYKY HaiKpamoi o0co0uHH
nonyJsiuii, peanizoBaHO Ha KJACHYHOMY KOMII'IOTepi.

Jasa  reHepamii  HACTYNHMX  NOKOJiHb  NOMYJIsiLii
3aCTOCOBYETbCS  ToMorpadissi KBAaHTOBHX CTaHiB —
BilHOBJIEHHS1 aMILUIITYl KBAaHTOBOIO CTaHy KyoOira 3a
pe3yabTaTamMu BHUMipIOBaHHA ioro KBAaHTOBOI'0
ancamo.io.

Knwuoei cnosa — KBaHTOBHII KoOMIIOTep; KyOiT;
eBOJIIOLIIHNI  aJaropuT™M; KBaHTOBa  TOMorpadis;
onepaTop KBaHTOBOIO reiTy.

I. BcTtvyn
EBomiomiiiHi alTOPUTMH HAJIEXKATh JO KIACY

€BPUCTHYHUX METOIB ONTHMIi3allii, B OCHOBY po0OOTH
SKMX TIOKJIAJCHO TPHHIUIK CBOJIONIl MPUPOIHUX
OilonoriuHMX cHcTeM. BOHM MpamoroTh i3 CYKYITHICTIO
MOTEHIIMHUX PO3B’SI3KIB, EBOJIIOLIIOHYIOYM 1X 3a
JIOTIOMOTOI0  OTIEPaTOpiB BiOOPY, CXpEIIyBaHHS Ta
mytarii [1]. ¥V iX kimacWyHiid peamizamii MiHIMAIbHOIO
onuHUIEO iH(OpMamii € OiT, KUK MOXKe NpUAMaTH
Tinbky aBa 3HaueHHs: 0 Ta 1.

KBaHTOBI TEHETHYHI aJlrOPUTMH TIPYHTYIOThCS Ha
MPUHIMIAX KBAaHTOBUX OOYHUCICHb Y TMOEIHAHHI 13
iIesIMM  KITACHYHUX TeHETHYHHWX aiaroputMmiB [2-3].
MiHIMaJIbHOK OIUHHUICIO IH(pOpPMALi B KBAaHTOBHX
obunciIeHHsX € KybiT |q), mo nepebyBae B craHi
cyneprosuilii 18ox 0a3oBux crauis ( |0)Ta |1)):

lg) = a0 [0) + a; [1). (1)

Tyt @y Ta a; BU3HAYAIOTH aMIUTITyIy iMOBIpHOCTI
nepeOyBaHHS KyOiTa y BIINOBITHOMY CTaHi. 3aBIsSKd
npoMy  3a0e3meuyeThCsi — MOTEHIMHI  MepeBaru
nmapanenizMy OOYHCICHb Ta OJHOYACHOI OIlIHKHA BCIiX
MOXIIMBHX CTaHIB KyOita. IMOBiIpHICHMH MeXaHi3M
KBaHTOBOTO BHMIpIOBaHHS 3a0e3rnedye e(eKTHBHHMA
ro0aNbHUIA TOIIYK, MO B MOEJHAHHI 13 TPaAHUIiHHUMU
€BOJTIOIIIMHI TEXHOJIOTIH Ja€ MBUAKY 301KHICTh HaBiTh
MIPH HEBEIMKHUX PO3Mipax MOMYJISIIL.

Po3poOka Ta JOCITiIKEHHS IOTO KJIacy aJlrOPUTMIB,
SK TPaBWIO, OPIEHTOBaHa Ha e(EKTHUBHE BUPIIICHHS
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3a7a4 ONTUMI3aLil 0e3 peasbHOT MOXKIIMBOCTI peaizawii
HAa KBAHTOBOMY KOMIT'IOTEpi. IX BHKOHAHHS, B TOMY
yuciai 1 BUKOPUCTOBYBaHI MiIXOOW Ta KBAaHTOBI
OTIepaToOpy  PO3POOIIAIOTHCSA T pealizaimilo  YUuCTO
3aco0amMu KIIACHYHUX OOUUCITIOBATEHUX CHCTEM.

AKTYaIIbHICTh TaKOTO aJTOPUTMY 3pocTae Ha (oHi
yCcmixXiB 'y po3poOili  sSK IOCTYMHHX e(EeKTHUBHUX
KBaHTOBHX CHMYJIITOPIB Tak 1 poOOYMX BapiaHTIB
KBaHTOBUX KOMIT FOTEPIB.

Ha cporonHi 3 BUKOPUCTAHHSIM XMAaPHHUX TEXHOJOTIH
3araJlbHOJIOCTYITHUMH € SK S5-TH KyOiTHI KBaHTOBI
KOMIT IOTepU KOMITaHi{ IBM (ibmg_santiago,
ibmg _manila, ibmg_bogota, ibmq_quiti, ibmq_belem) ,
Tak 1 psA  KBAaHTOBUX  OHJIAWH-CUMYJISITOPIB
(ibmq_qasm_simulator (32 xy06ith), simulator_mps (100
KyOitiB)) [5]. Hdus mocTymy A0 HEX PO3POOIICHO MPOSKT
i3 BimkputuM kojoM Qiskit, Harmmcanmii Ha Python Ta
BKJIIOYae B cebe HaOlp IHCTPYMEHTIB Ul HAIHCAHHSI
MporpaM Ha pPiBHI KBAHTOBHX CXEM.

Takum YHHOM MOSIBHJIACS MOJKJIUBICTb
NporpamMyBaHHs ~ KBaHTOBOIO  KOMI'IoTepa s
MPaKTUYHOI  peami3amii  KBAaHTOBHX  TI'CHETHYHHX
agroputMmiB. Ilpm mpomy s iX peamizamii  Ha

KBaHTOBOMY KOMII'IOTEpl HEOOXiJHO aJanTyBaTH sK
CTPYKTypa QJITOPUTMy B IIJIOMY, TaK 1 TpPaKTHIHY
peaiizaliro OUTBIIOCTI 0a30BUX KBAHTOBHUX OIEPATOPIB.
B mepury wuepry 1me 3yMOBJEHO HEMOMIHBICTIO
KJIOHYBaHHs HEBIIOMUX KBAaHTOBHX CTaHIB KyOITIB IJIst
oprasi3zartii eBOJIOIi1 MOMyJIsIiil B gaci [6].

I1. KIIACHYHO-KBAHTOBUI AJITOPUTM JIJIA
EBOJIFOLIMTHOT O TUMIBALIIT

[TporionyeTbest  TiOpHaHa  KIACHYHO-KBAaHTOBA
apXiTeKTypa Ul KBAHTOBOI'O T€HETUYHOTO aJTOPUTMY:
KJIFOYOBI €BOJIIOLINHI ONEpaTopH, Taki SK CTBOPEHHS,
€BONIIOINSI Ta MyTalis TMOBHICTIO pealli3oBaHO 3
BUKOPHCTAHHSM KBaHTOBOT'O KOMIT'IOTEpA.

IHmn, gomoMikHI OOYMCIIEHHS, Takl SK OIlIHKa
(GyHKUIi TPUIATHOCTI YW IMOUIYK Ha#Kpamioi ocoOWHH,
MIPOBOATBECS Ha KIACHYHOMY KOMITIOTEpi. Baxkmuso,
IO OJMH KyOIT y Cymepro3uuii KBaHTOBHX CTaHIB 3
BHKOPHUCTAHHSAM KBAaHTOBOI ToMmorpadii BU3HAYAE OTHY
0COOMHY TMOMyJIsILii, @ KBAHTOBUH pPETICTp B LIOMY
peatizye iy KBaHTOBY MOITYJISALIIIO.

3arajgpHa cxemMa pOOOTH aNrOpuTMy MOXe OyTH
HpelcTaBiIeHa HACTYITHIM YHHOM:
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1. t<0
2. iminianmizanis Q(t)
3. tomorpadis Q(t) ta mepexin qo P(t)
4 olliHKa mpuctocoBanocTi P(t) Ta momyk
) HalKpanoi 0COOMHM TOMYJISITT
5. while (yMoBa 3aBepiIeHHS €BOJIIOLIT)
6. t—t+1
7. mo0yI0Ba HaCTYIMHOTo mokoiHus Q (t)
8. tomorpadis Q(t) Ta nepexin mo P(t)
9 oliHKa npucrocoBaHocti P(t) Ta
) MOIIYK HANKPAIIOi OCOOMHM MOMYJIAILT
10. end while

TyT Q(t) — KBAaHTOBHIA PericTp MOMyJIsLii po3s’s3KiB Ha
MoMeHT uYacy t ; P(t) KJIaCMYHUN  perictp
NIPE/ACTABICHHS IOMYJsALii, OTPUMaHUN B pe3yJabTaTi
ToMorpadii KBAaHTOBUX CTaHIB.

Jns  imimiamizanii  mouatkoBoi momynsnii  Q(0)
MOJKHa CKOPHCTATHCS TEHEPATOPOM BUIAIKOBHUX YHCEIL,
peami3oBaHOTO 3 ~ BHKOPHCTAaHHAM  KBaHTOBOTO
komm’rorepa [7]. IlouaTkoBuil  kyT O; mns KOXHOI
OCOOMHM TOMYJISIIl pO3pPaxOBYETHCS BIAMOBITHO 0O
HACTYITHOTO KBAaHTOBOTO MPOTOKONY (I S5-KyOGiTHOTO
KBaHTOBOT'O KOMII'I0TEpa):

g, Ho-{HHA
AT

49, H0>-{H] 1

g, H0)-{H] B4
9, 40>{H] A

OCKITbKM B pe3yJIbTaTi KBAaHTOBOTO BUMIipIOBAaHHS

PYHHYETBCS ~ CYNEpIIO3WIliS KBAaHTOBHX CTaHIiB, a
BUXIJIHUH CTaH KyOiTa He MOke OyTH BiIHOBJIECHHIA, TO
ULt noOynoBu HACTYITHOTO TIOKOJIIHHS
4, 40> R,(1)2)
c/
0,34
0
T
o
g
=]
2 011
0,0 1

15
0
Pucynok 1. PesynpraT TOMOropadii crany Ky0iTa npu po3mipi
ancamo61io 500 ky6iTiB

14 18

BHKOPHUCTOBYETHCSI TOMOTpadiss KBAHTOBUX CTaHiB [7].
[Ipouenypa mosArae y  BIAHOBJICHHI  aMILTITYI
KBaHTOBOTO  CTaHy  3a  pe3yjbTaTaMd  HOTo
0araToKpaTHOrO BUMIpIOBaHHS.
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Jist imocTpanii po3risiHeMoO pes3yabTaT ToMmorpadii

cTaHy KyOiTa, TiArOTOBJIEHOTO  BIJIOBIIHO  JIO
HACTYITHOTO KBAaHTOBOTO NPOTOKOIY:

Pesynprar Tomorpadii KBaHTOBOTO CTaHy Ha
KBaHTOBOMY KOMII'0Tepl ibmg-manila npencraBieHo
Ha puc. 1.

ToYHICTh BiTHOBJIICHHsS KBAaHTOBOI'O CTaHYy 3aJICKHUTh
Bil po3Mipy KBAHTOBOTO aHCaMONIO Ta MOXe OyTH
OLIHEHA 3a NaHuMu Taou. 1.

B peamizariii eBONIOMIHOTO TPOIIECY IMOBIpHICHHIHA
XapakTep KBaHTOBOI ToMorpadii MOKHA PO3TIISAIATH SIK
pe3ynapTar Jii omeparopa KBAaHTOBOI MyTarii, IO
BINIOBIZ]a€ 32  MEXaHI3M  JIOKaJbHOTO  MOIIYKY
anroput™My. AHami3 maHuX TaOnm. 1 Bkasye Ha Te, IO
NPUIHATHI 1O TOYHOCTI pE3YJIbTaTH MOXYTh OyTH
OTpUMaHi pu po3Mipi kBaHToBOro ancamo6iro 300-500
ky06itiB. [Ipu iboMy onTUMasbHe 3HAYCHHS KyTa AO s
3a0e3nedeHHss €PEKTUBHOTO JIOKATBHOTO IIOIIYKYy 3a
paxyHok Tomorpadii B omepaTopi KBaHTOBOTO TI'€HTY
R, (6; £ AB) moBMHHO CKJIafaTH BENMYUHY MOPSIKY
2064,

TABJIMLSA 1. TOYHICTb BIAHOBJIEHHSI CTAHY KVBITA B 3AJIEXXHOCTI
BIJl PO3MIPY AHCUMBEJTIO

. Cepeonvoxeadpamuune
Po3mip Cepeone 3snauenus cioxtRenHA Ot
K8AHM 06020 6i0H061EHO20 Kyma CiOHOEICHO20 Ky
ancamonio [ - A8 o

avr
50 1.549 0.156
100 1.526 0.108
200 1.562 0.101
500 1.553 0.057
1000 1.570 0.031

Ha imoOBipHICHYy mpupogy Tpolecy KBaHTOBHX

BUMIPIOBaHb TAKOXX HAKJIANAIOTHCSl HOMMJIKH, IO
BHUHHKAIOThH B MPOIIECi pOOOTH KBAHTOBOTO KOMIIT FOTEPa,
SIKI TaKOXK MOXHA pO3TISAAAaTH K TPOIeC MYTaIlii
BHXIJTHOTO CTaHy.

Sk BUIHO 13 maHWX TaOI. 2, BC1 JIOCTYIHI KBaHTOBI
KOMIIT'FOTEpH B pe3yJbTaTi KBAHTOBOI TOMOrpadii 1al0Th
pe3yapTaTH, IO JIeNI0 TipiIi  BiJ pe3yJbTaTiB,
OTPUMAHUX 32 JOTIOMOTO0 KBAHTOBHX CHMYJISATODIB, JIe
TaKi IIOMUWJIKH BiJICYTHi.

TABJUIL 2. PE3VJIBTATU BIIHOBJIEHHS KBAHTOBOT'O CTAHY HA
PI3HUX KBAHTOBUX KOMITIOTEPAX ITPU PO3MIPI KBAHTOBOI'O
AHCAMBJTIO 500 KYBITIB

Cepeone Cepeonvoxeadpamuy
N , 3HAYCHHA He 8i0XUIeHHA 0N
Keanmosuii komn’tomep . .
8iOHOGIEHO020 8iOHOGIEHO20 Kyma
Kyma aam' Aeuvr
ibmq belem 1.549 0.043
ibmg_manila 1.553 0.057
ibmg lima 1.553 0.050
.OHJ'IaI/IH-CI/IM'yJISITOp 1.569 0.044
ibmg _gasm_simulator
.HOKaJ'IBHI/IHI CUMYJIATOP 1570 0.046
QasmSimulator
[ToOynoBa KOXHOI OCOOMHM B  HACTYIHOMY
MOKOJIIHHI Ta 1i BHMIpPIOBaHHS pealli3oBaHO Ha

KBAaHTOBOMY KOMII'IOTEpi BI/MOBIAHO [0 HACTYIIHOTO
HPOTOKOITY:

Kyr 6; B omneparopi kBauTOBOro reiity R, (6;)
BH3HAYAEThCS pe3yJdbTaTaMH KBAHTOBOI ToMorpadii
TIONIEPEIHEOT0 MOKOJIIHHSA Ta 3HAYEHHAM KyTa Oy, JUIA

HalKkpamoi OCOOWHM mHOmyNsuii  BIAMOBIIHO 71O
HACTYITHOTO allTOPUTMY:
HL' + Ag, npuru 6!' < gopt 2
i= {HL — Ag, npuru 6!' > gopt ( )
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Benuuuna npupocty kyta AB € mapameTpoM poboTH
anroput™my. s epeKTHBHOTO TI0OATBHOTO MOMIYKY,
SK TIOKAa3aJId MPOBEJEHI YHCIOBI €KCIIEPUMEHTH, HOTO
3HAYCHHS MOBHHHO, SK MIHIMyM, [E€PEBHUIIYBAaTH
2-A8,,, , oOTpuMaHe B pe3yidbTaTi KBaHTOBOI
tomorpadii. Jlms BU3HAYEHHS WOro0 ONTHMAJILHOTO
3HauYeHHS HEOOXIiAHO TPOBECTH JOMATKOBI JOCIIM-
JKCHHSL.

II1. PE3YJILTATH UMCJIOBOI'O EKCIIEPUMEHTY 3AJIAUI
OITUMIBALLL

Jnst mepeBipku  e(heKTHBHOCTI poOOTH TPOIIOHO-
BAaHOTO QITOPUTMY 3 BHKOPUCTAHHSIM KBaHTOBOTO
KOMIT'IOTepa TpH po3Mipi momymsmii 5 kyOiTiB (60
JIOCTYITHUMH Ha CHOTOJHINIHIN JE€Hb € TUIbKU S5-KyOiTHI
KBaHTOBI KOMIT'FOTEpH) PO3IIIAHYTO 3amady (QYHKITiO-
HAIIBHOI ONTHMI3allii psAAy CTaHOAPTHUX TECTOBHX
¢dynkmii. Tak, HanpukIam, st QyHKITI:

f(x) = sin(x) + sin (?X), X € [-2.5,7]

i3 rnoGansauM MakcumyM f(2.296) = 1.728 puHami-
Ky €BOJIOIlIT HAalKpamnoi 0COOMHU KBAHTOBOT MOMYJIAIIIT
MPEACTABJICHO Ha pucC. 2

2.0+

Ilpucrocosanicrs nalikuanol ocobuuu nouysuii

25

Yac eporomil

50

Pucynok 2. EBomronist B uaci Halikpaioi 0COOMHH KBaHTOBOT
it it

CraTtucTiuHi pe3yibTaTH MOJCTIOBAaHb TMOKa3yIOTh,
IO HE 3aJIeKHO BiJ| 3reHEPOBAHOI BUIIAIKOBHM YUHOM
MOYaTKOBOI TIOMYJIAIii BOHA 3a)IW, Ha TPOTA3l He
Oimpmie 20 [MKIIB  €BOJNIOLII, 31 CTONPOLICHTHOO
IMOBIPHICTIO, TIOTIAJIA€ B TI00ABHUN MaKCUMYM.

IV. BUCHOBKU

B poGoTti mpencraBiieHO pearizalilo KBaHTOBOTO
TCHETUYHOTO aJITOPUTMY 3 BUKOPHCTAHHSAM KOMIT FOTEpa
IBM Q Ta mporpaMHOTO 3a0€3MEUYCHHSAM 3 BiIKPUTAM
koaom Qiskit, 1o 3abe3neuye iHTepdeiic 10 KBAHTOBOTO
KOMIT'IoTepa. YUHMCIIOBI E€KCHEpUMEHTH 13 TISTHKYOIT-
HUMH KOMIT FOT€paMU MOKAa3ajH, 10 KBAHTOBI MIOMIJIKU
B XOJi OOYKCICHHS HE BIUIMBAlOTh Ha €()EKTHBHICTh
poOOTH aNTOPUTMY, SKHHA LTIOCTPYE MIBUIAKY 301XKHICTH
JI0 OTITUMYMY.

EdexTuBHICT, 3ampONOHOBAHOTO TIAXOQy OyIa
OIliHEHA SK MpPU BUKOHAHHI AITOPUTMY Ha PEaJbHOMY
KBaHTOBOMY TIPOIECOPi, TaK i 3 BUKOPUCTAHHIM PSIY
KBAaHTOBUX CHUMYJIATOPIB. 3BakalouWm Ha Te, IO
JIOCTYITHAMH € TUTBKH 5-KyOiTHI KBAaHTOBI KOMII IOTEPH,
TECTYBaHHS MPOBEICHO Ha HAOOpI  OJHOMIPHUX
tectoBuX (yHKIiH. B 000X BHIagkax MpONOHOBAHHHA
QITOPUTM TPOUTIOCTPYBaB CBOIO E(EKTUBHICTH Ta
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mBUAKY 30DKHICTh. OIIHKY 4YacoBOi e(peKTUBHOCTI
ANTOPUTMY  MPOBECTH  MPOOJIEMATUYHO,  OCKUIBKU
reHepaiiiss KOKHOTO HOBOTO TIOKOJNIHHA Ta HOro
€BOJTIOIIS] BUMArae O4iKyBaHHS B 4ep3i Ui TOCTYIY IO
KBaHTOBOTO MPOILECOPA.

IlepcrieKTHBHUM 0a4YUTHCA MOXIUBICTB peaizaiii
KBaHTOBOTO KJIOHYBaHHsI 0€3 BUKOPUCTAHHS ToMorpadii
JUTSL OpraHi3allii eBOJIOIHHOTO IPOIECY B Yaci.
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Kadeapa koM’ roTepHUX HayK Ta MPUKIATHOI MATEMAaTHKA
HamioHanpHuil YHIBEpCUTET BOIHOTO TOCIOIAPCTBA Ta PUPOIOKOPHCTYBAHHS
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Anomauyis — ]I NOKpPallleHHs]  BOJAHO-COJILOBOI0
pe:XuMy IPYHTIiB BHKOPHCTOBYKTHL TigpoMe/liopaTHBHi
3axoaM. 30KpemMa, 3aCTOCOBYIOTh CHCTEMATHYHMIA ApeHax
TOPH30HTAILHOIO THIYy, KMl 3a0e3nmeuye BigBeleHHS
€OJIbOBUX PO3YMHIB Ta HAAMIPHOI BOJIOTH 200 HATHITAHHS
BoAu. B pe3yabTaTti 4oro pocaiiskeHHs riipoauHamMivHHX

npouecis Bif0yBaeTbcs B 00J1acTAX CKJIATHOL
reoMeTpu4Hoi  ¢opmMu, 1O  3HAYHO  YCKJIAJHIOE
PO3B’sI3yBaHHs 3aJa4 B Takux o0JjacTax. 3 wi€l MeTor0
PO3IJISIHYTO  MOOYIOBY  4YHCEIbHOI0  KOH(OPMHOIrO
Biflo0paskeHHs 00JIaCTi HACHYEHO-HEHACUYEHOI'0 IPYHTY 3
YpPaxyBaHHSIM  pO0OTH TOPHM3OHTAJIBHOI  JIPEHAKHOL
CHCTEMH.

Knrwouoei cno6a — KOHPOpPMHe Bi0OpaxkeHHs;

rizpoauHamiyHa ciTka; 00J1aCTh MOBHOIO0 Ta HENOBHOIO
HACHYEeHHSI; APEeHH TNIHO0KOro Ta MiJIKOT0 3aKJIaaHHs.

[L.LBctvynn

IIporHo3yBaHHss Ta IONCPEIKEHHS HEOE3MEeYHNX
TIAPOJMHAMIYHUX TIPOILIECIB, TAaKUX SK MiATOIUICHHS
TEPUTOPIid, 3a0pyIHEHHS Ta 3aCOJICHHS IPYHTOBUX BOJI €
BRXIMBUMHU  3aa4aMHd  MIiJ3€MHOI  TiAPOJUHAMIKH.
JocmipkeHHss  TaHUX TpoIeciB B 00JNacTIX 3
KPHUBOJIIHIHHMMH, BUIBHUMH MeXaMH Ta (a3oBUMH
MepeXoJaMi  3HAYHO  YCKIAIHIOE  BCTAHOBJICHHS
TIAPOAMHAMIYHOI 00JacTi Ta pO3B’SI3yBaHHSA 3a7a4y B
Takux obOmacTsx. B 3B’A3Ky 3 IMM, Ha TpAKTHII B
OCHOBHOMY BHKOPHCTOBYIOTHCS YHCEIbHI METOAM iX
po3B’si3aHHs. 30KpeMa, MOOYAOBY PI3HHLEBHX CITOK B
007acTaX 3 KPUBOJIHIAHUMH MEXaMH 3IiHCHIOIOTH 3a
JIOTIOMOTOI0 YHCETbHUX KOH(POPMHUX BiIOOpaKEeHB.

B nmamiii  pobGoTi  pO3MISIHYTO — TOOYIOBY
TiIPOIMHAMIYHOI CITKH IIPOLIECY COJIENEPEHECEHHS M0
JIpeH TJIMOOKOTO Ta MIJKOro 3akjaJaHHS B o00macTi
HACHYCHO-HECHACUYCHOTO IPYHTOBOI'O CEPEIOBHUIIIA.

II. TIOCTAHOBKA 3AJ1AUI

PosrnsmgaeTscst  mpouec  COJEMEPEeHSCeHHsS MpH
TJIOCKO-BEPTHKAIBHIN ¢dinpTparii Ta
BOJIOTOTIEPEHECEHHI 10 CHCTEMH TOPU30HTAIBHUX JIPEH
TMOOKOTO Ta MIJIKOTO 3aKJaJaHHI 3  CHJIBHO
GbimpTpyIOYMM eneMeHTOM B o0iacTax moBHoro G; Ta
HenoBHOTO G5 HacwdeHHs (puc. 1) [3].
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I L
K7 B:
C])N 81 B2
M 0 Lo

Pucynok 1. CosnenepeneceHHs Jo CHCTEMH TOPU30HTANIBHUX JIPCH 3
(bITBTPYIOUHM €IEMEHTOM y HACHYCHO-HEHACHUCHOMY
IPYHTOBOMY MacHuBi

HeoobxigHo po3B’s13aTH 3amaqy  TMOOYIOBH
YUCEJILHOTO KOH(POPMHOTO BigoOpaxkeHHS o00JyacTi
JTOCITiKSHHS N,FEB, Ha napaMeTpUIHUI
TPSAMOKYTHHUK TUTS MOJKJIMBOCTI MIPOBEACHHS

MOAJBIINAX JTOCIIHKeHb MPOTIKAHHS T1IPOIHHAMITHIX
MIPOIIECiB B AaHii 00JIacTi.

[II. PO3B’I3YBAHHS 3AJIAUI

OcCHOBHA CKJIQJHICTh MaHOi 3a[advi IMOJIATaE B TOMY,
mo mporec ¢(inbTpamii BinOyBaeThcs B 00nacTi, sKa
PO3TISAAAETECS CYMICHO Ui oOJjacTell IMOBHOTO Ta
HETOBHOTO HacuueHHs. [Ipu ToMy, 1110 007IaCTh IIOBHOTO
HACWYEHHS € JBO3B’S3HOI0 obOmactio 3 4-Ma
BiZIMIY€HMMH TOYKAaMH Ha 30BHIIIHHOMY KOHTYpi. Tomy
JUTSL  BUPINICHHS TIOCTaBJIEHOI 3amadi  HEeoOXigHO
3aCTOCOBYBAaTH  YHCENIbHI ~ METOAW  KOH(OPMHHUX
BimoOpaxkeHb. B  pesymprari 4oro moOynmyBaTH
KOH(GOPMHY PIi3HHUIIEBY CITKY (QiTbTPAIlifHOTO MOTOKY,
MOTOKY BOJIOTH 3 Bi3yaslizalli€lo X Ha KOMII'IOTepi, 10
JaCTh MOJJIMBICTh B MOJAJBIIOMY BCTaHOBHTH IIOJIE
HAMOPIB PIJMHU Ta BOJOTH Y BiINOBITHHUX O0O0NACTIX,
MIBUAKOCTEN (inbTpariii Ta KOHIEHTpaIlii COJLOBOTO
pO34YMHY, 3IIHCHUTH NPOTHO3YBaHHSA MPOTIKAHHS
MIPOIIECY COJIETIEPEHECEHHS ITiJ] Ai€t0 pOOOTH IPEHAXKHOT
CHCTEMH Ta PyXy PiBHS IPYHTOBHX BOJ [3, 4].

BaranmpHa oOmacte G CKIQHAETBCA 3 JIBOX
migobnacreit G; ta G, (puc. 1), KOXKHa 3 SKHUX
oOMeXeHa [BOMAa EKBINOTEHI[AJGHUMH JIHHIAMHA 1
JIBOMa JIHIIMH TOKY, TOOTO, SBISAIOTH CO0O0IO
YOTHPUKYTHI oOmacti. [lpu 1bOMy HIDKHSI Mexa
obnacti G, € 4acTHHOIO BEpXHBOI Mexi obmacti G.
Toni po3risgHyTa MOBHAa 00JacTh NMPU KOHPOPMHOMY
BizoOpaxxeHHI nepeiine B napaMeTpUuHuil
MPSIMOKYTHHUK Q=0,uQ,. [Tigo6nacti



Modeling, control and information technologies — 2021

BiJI0OOpakatoThCsI B YACTUHU MPSIMOKYTHHKA BiJIIOBITHO
1o iHgekciB. Ockinbku BcepenuHi obsacti G; HasBHa
MOpO’KHWHA (IpeHa), TO BOHA BiZOOpaXka€Tbcs Yy
BiIIOBITHMA pO3pi3 B 00NacTs (), NapaMETPUIHOTO

npsimokyTHuka ) . [leit mapaMeTpuaHHIA TIPSIMOKYTHHK
cmiBmazae B JAHOMY  BHIAAKy 3  0O0JAcTio
KOMIUIEKCHOTO ToTeHmiany ¢& 7. BepxHs o6macth
HEIIOBHOTO HACHYCHHS aHAJOTIYHA HUXKHIH, IPOTE HE
MIiCTUTh TIOPOKHUHHU.

HeoOxinHo noOynyBatu KOHGOPMHE BiJOOpaKEHHS
NBO3B’sI3HOT oOyacTi. Y BHNAAKYy pO3B’sI3yBaHHS
TIAPOJMHAMIYHMX 3alad B JaHid oOiacti HeoOXiTHO
3pOOHMTH 3alMMC BHXIAHOT MaTeMaTHIHOI MOJACTl Yy
3MiHHHX &, 1 00JacTi MapaMeTpU4HOro NPSIMOKYTHHKA

[1,2,4].

PozrasHemo o0y OBy KOH(OPMHOTO
BimoOpaxkeHHs obmacti G Ha TapaMeTpUYHUH
npsMOKYTHHK (), sKe peamidyetbcss  (YHKINEIO

£(2) = &(x,y)+n(x,y), B 00epHeHiil nocTanosui. TobTo,
HeoOXiTHO 3HAUTH obepHeHe KoH(pOpMHE

BiZIOOpaXXeHHs MapaMeTPUYHOrO MPSIMOKYTHHUKA () Ha
KPUBOJIIHIHHUNA YOTUPUKYTHUK (G, sKE 3aJa€ThCs

bynxuisvu x=x(&,m),y = y(&n). )

Binomo, o oOepHeHe BiZJOOpaKEeHHS
MPENCTABISEThCS AHATITHYHOIO (PYHKINEI 7= 2({) i
TaKOXK € KOH(OpMHHUM, TOOTO byHKIil
x=x(&,1),y = y(&,17) Takox 3B’a3aHi ymoBamu Komri-
o _om o __on
x ooy ox
rpaHuli  j_ O [ cHpsbKeHi

i=1

Pimana aHanorigyso J(x,)€0G.”

Ha  mimarkax

rapmoHiuHi  Qynkuii x =x(&,7),y =p(&,n) 3B’43aHi
PIBHAHHAME g (x,y)=0,i =1, 4, O 1X 33/1A10Th.

Toni 3amada moOynoBH 00EpHEHOTO KOH()OPMHOTO
BiJOOpaKeHHS TIOJIATAE B HACTYIHOMY: 3HAWTH mapy

CIPSDKEHUX TapMoHIYHMX GyHKIiH (1), 3B’s3aHHX
ymoBamu Komi-Pimana
ox Oy Ox oy 2)
=== (EmeGy
¢ on'on oc (&meG,
1 33JIOBOJIHHSIOTE PiBHAHHSIM TPaHHMIII
g (& yEm) =0,i=14,&mert G

Jo rpannuaux yMOB (3) JOHArOThCS PiBHSIHHSA
“3B’S13Ky”’ MEXKOBHX TOYOK 3 IPUMEKOBUMU B OJTHOMY 3
BUTJISAIIB: YMOBH (2) Ta YMOBH OpPTOTOHAIBHOCTI JiHIH
CITKM, SIKIi BHKOPHCTOBYIOTH Ta HE BHKOPHUCTOBYIOTbH
piBHsTHHS camoi Mexi ().

AJITOPUTM KOHCTPYKTHUBHOI NMOOYJIOBH PIi3HHUIEBUX
CITOK 3a IOIIOMOIOI0 [aHOI MaTeMaTHYHOI MOIENl
IPYHTYETBCSI Ha anpOKCUMAIli CHCTEMH piBHAHB (2).
PiBHsHHS, HEOOXimHI I BH3HAYEHHS BCIX BY3IIB
PI3HMILIEBOT, CITKM OTPUMaHO 3 PIBHAHBb “3B’SI3KY”, sIKi
MOKHa OJepKaTH JBOMa crmocobamMu: 1) TUIAXOM
anpokcuManii ymoB Komi-Pimana B okoni rpanumi
obmacti; 2) B pe3ynbTaTi ampoKCHUMaIil  yMOB
OPTOTOHAJILHOCTI.

Jlnst yTOYHEHHS KOOPAWHAT «IIJIaBalO4nX» BY3IIiB
AQHATITUYHO 3aJaHMX KPHBUX BHKOPHUCTAaHO YMOBY
OPTOTOHANBHOCTI T2 YMOBY «IUIABaHHS» IO KOHTYpY. Y
BUIIQJAKy 3aJaHHS KOHTYPIB JOCTaTHbO TI'yCTUMH
MacHBaMHU TOYOK JOLITBHO OYyJIO anmpoKCHMYBAaTH MEXY
KyOluHMM criaiiHoMm. Jlnst  mepeBipkd  OTpUMaHoi
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PI3HHUIIEBOI CITKH Ha «KOH()OPMHICTH» BHKOPHCTAHO
KpuTepii KOHPOPMHOCTI Ha MHOKHHI BCIX BY3JIB CITKH,
KpiM (DiKCOBaHUX y BepIIMHAX MPSIMOKYTHHKA, Ta Ha
MHOXXHHI BHYTPILIHIX BY3IIiB.

IV. IIPOTPAMHA PEAJI3ZALILS 3AJIAUIL

IIporpamHy  peamizaiiro 3amadi  ToOyIOBH
YUCEILHOTO KOH(OPMHOTO BimOoOpakeHHS CKIIAICHOT
o0nacTi BHKOHAHO y TMPOTPAaMHOMY  CEpEIOBHIII
Microsoft Visual Studio 2017 na mosi C#.

OCKUIBKH TIOCTaHOBKY 3aaadvi (puc. 1) po3pobiieHO
3a  MPUKIAJIOM  peajbHOl  JPEHAKHO-MOIYIBHOT
cucteMy, Oyll0O MaKCHMalbHO JOTPUMAHO pEaTbHUX
PO3MIpiB TaKOi CHCTEMHU: BiICTAHb MK JIPCHAMH MOXE
BapitoBatuch Big 10 mo 20 MerpiB, ApeHa MIJTKOTO
3aKIaIaHHs PO3MINIYEThCS HE THOIIe 1M BiJ MOBEPXHIi
IPYHTY, pamiyc apeH — 0.15 M.

B pesynberati nmporpamMHoi pearizaiii po3poo6ieHoro
aITOPUTMY OTPUMAaHO KOH(DOPMHY PIi3HHUIEBY CITKY B
MOYaTKOBHH MOMEHT 4acy =0 (puc. 2):

Pucynox 2. 3renepoBana KOH(pOpPMHA pi3HUIIEBA CiTKa

Otpumana koH(OpPMHa pi3HUIEBA CiTKa, SKa €
TIAPOJMHAMIYHOI0 Ta OPTOTOHAJIBHOI, BCTAHOBIIOE
BIJIMOBIAHICTh MiXK BY3JIOBUMH TOYKaMH y (i3HuHIN
obyiacTi 3 KPUBOJIHIHHMMH BHYTPIIIHIMH MEXaMH 3
BY3JIOBUMH TOYKaMU TPSAMOKYTHOI CITKH B 00JacTi
KOMILUICKCHOTO TOTCHIIany, M0 Ja€ MOXIHUBICTH
MIPOBEJICHHS JTOCIIKEHb MPOTIKAHHS T1IPOTUHAMIYHUX
mpoIleciB B AaHii obnacti [3].

BuCHOBKU

PosrmsinyTro 1moOynoBy KoH(OpMHOI  pi3HHIEBOT
CITKM 00JacTi HAaCHYCHO-HEHACHMYEHOTO TPYHTY IpH
HasBHIM TOPM3OHTAIBHIH JpeHaxHiH cucremi. B
pe3yabTaTi 3aCTOCYBaHHS PO3POOJICHOTO aJITrOPUTMY
OTPHMaHO CHLUIBbHY TipoJUHAMIYHY CITKY
GbimpTpaIlifHOTO TMOTOKY Ta IOTOKY BOJIOTH ISt
NPOBEAEHHS JOCIIJDKEHb MpOLECY COJIeNePeHECeHHS
mpu IJI0CKO-BEPTHKATBHIH dimpTparii Ta
BOJIOTOIIEPEHECEHH] IO CHCTEMH T'OPU30HTAIBHHUX JPEH
rIMOOKOro Ta MUIKOTO 3aKJIadaHHs.
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iepapxiyHoro crucHeHHs  300pazkeHb 0e3  BTparT.
3anpononosana Moaudikanis aaropuTMy CJI0BHHUKOBOI
komnpecii LZ77 pis niaBuineHHs: e)eKTUBHOCTI TaKOIo
CTHCHEHHSI 3a J0NMOMOIOI0 JOAATKOBOI0  MOLIYKY
cHiBNaJal4YuX  MOCHiAOBHOCTe MO0  HAlOIMKYHMX
OoNnpanboBAaHMUX paHille MmiKceJsix
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1. BcTtyn
VY cydacHOMY CBITi 300pa)X€HHS € HEBiJ'€MHOIO
CKJIQJIOBOIO  MYJbTUMeAiiHOI  iHpopmarmii,  ska
HalJacrime CTBOPIOETHCS, HaKOMTUIYETHCS i

30epiraeTbcsi Ha LU(PPOBHUX HOCIAX Ta MEPENAETHCS
kaHanmamu 3B's3Ky [1]. Kommpecist BiamoBiqaux (animin
JIa€ 3MOTY MPOMOPIIIHHO MiJBUIIUTH IIBUIKICTE OOMIHY
iHpopMaIier0o 1O Mepexi Ta 3MEHIIUTH O00CsTH
BUKOPHCTAaHHS JHCKOBOro IpocTtopy. Bci rpadiuni
dbopmat 3a TPUHIWIIOM CTHCHEHHS 300pa’keHb
MOJUISIOTh HA JIBA OCHOBHI KJacu: 3 BTpaTamu Ta 0e3
BTpar. | AKImo A7 mepeBa)kHOi OIIBIIOCTI AITOPUTMIB
KOMIIpecii 300pakeHb 3 BTpaTaMH MOXHa 3a0€3I1eUNUTH
MOTPIOHWM  KOeQiieHT CTHCHEHHSA  (BiIHOIICHHS
pO3MIpiB  CTHCHYTOTO JO HECTHCHYTOro (aiinis
300pakenns, Hagam — KC) 3a paxyHOK TOTipIIeHHS
SKOCTi, TO PIBEHb CTHUCHEHHs 300paxeHb 0Oe3 BTpaT
3aJIeXKHTh, BIAcHE, JMIIE B INepenaniB KolbopiB ix
MiKCeNiB Ta C€aMoOro aiurOpUTMy CTHUCHEHHS, HE
PEryJIIo€ThCsl MPOrPaMHO 1 CTAHOBHTh B CEPEIHHOMY
tinbku 30-70%. Ha cporommi nmu3aiiHepu Ta
po3poOHuku Web-caiiTiB  Halvactinie 30epirarmTth
¢doTopearmictnuni 300pakenHs y ¢opmati JPEG, a
JMCKPETHO-TOHOBI 1 Ti, ¢ BTpaTH HENPUIYCTUMI, — Y
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dbopmari PNG. OmnpamroBaHHs sSCKpaBOCTEeH TMiKcemiB
300paXKeHb y MOMYJSIpHUX TpadiuHux (opmaTax, sKi
BUKOHYIOTh CTHUCHEHHsS 0Oe3 BTpaT (y TOMY YHCIHi, 1y
¢opmari  PNG [2, c¢.249-317]), HailvacTiuie
3MIMCHIOETHCS TIOCITIIOBHO IO PSAAKaX 3BEpXy BHH3, & Y
KO)KHOMY PSJIKYy — TIOCHiNIb 3JiBa HampaBo. Sk
HACNIJIOK, BHUBECTH CTHUCHYTE 300pa)KCHHS Y IHX
(dopmarax MOXIHMBO JIMIIE ICJs JEKOAYBaHHS BCiX
MiKCeNiB, a JEeKOMIIpecis 3HIMKIB YH MAaJIOHKIB 3
MUTBAOHAMHU TIKCENiB MPH TaKOMY CIOCO0i 00Xxomy
MOXK€ TpHUBAaTH JCKiJbKa CEKyHJ HE3aJeKHO BiJ
po3Mipy 00JaCTi YU PO3AUTEHOI 3MATHOCTI MPHUCTPOIO
BUBOJY.

Topsin 3 uuM, AJsI TPUCKOPEHHSI BUBOAY BEIHMKUX
300paxkeHp y ¢opmarax KOMIpecii 3 BTpaTaMH BiKe
po3pobiieHi rpadiuni (popmarH, sKi 3aCTOCOBYIOTH
nporpecytoue (mocrynainbHe) iepapxiuHe onpamtoBaHHs
mikcenmiB [3, c.176] (mampuknan, BetiBieTu [4]). B
IpoLeci 3aCTOCYBaHHS LLOTO CIIOCOOY ONpallOBaHHS
300paKeHHS TmiKceni 00X0IIATh MOTIapoBo,
30LIBIIYIOYHN mopasy PO3IUIBHY 3JIaTHICTB
(mporpecyroua ckiamoBa). I[Ipu 1poMy B TIporeci
MOCJIITOBHOT ~ OOpOOKM  JTaHMX  YEeproBoro  Iumapy
BUKOPHCTOBYIOTh JIaHI MOTIEpEAHIX IIapiB (iepapXiuHa
CKJIIoBa). 300pa’keHHs 3 MIKCENiB YeproBOro Inapy
(hakTHYHO € 3MEHIIIEHOI0 y JIeKUTbKa pa3iB (HalJacTime
y YOTHpH) KOMi€l0 300paKCHHsS 3 MIKCETiB
HACTYITHOTO IIIapy, a OCTaHHIM Imap CIIBIagae 3
BX1THUM 300pakeHHsIM. ToMy Mij 9ac Iporpecyruoro
i€EpapXxigHOTO  JCKOMYBaHHS  JeTalli  300paKeHHS
TPOSIBIISIFOTHCS HOCTYIOBO. 3ynuHUTH Take
JIEKOYBaHHS MOXIIMBO BXKE ITCIIS IEKOMITpecii mapy 3
KUTBKICTIO MIKCENiB, HE MEHIIOI BiJ 00JacTi BUBOIY
Mo KOXHIM 3 ocel, HE OYIKYIOUHM BIATBOPEHHS BCiX
HiKcemiB 300pakeHHs. 3 1HIIOro OOKY 3araJlsHOBiIOMO,
10 CJIOBHUKOBI QJITOPUTMHU JAAIOTh 3MOTY 3MCHIINUTH
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KC muckpeTHO-TOHOBUX 300pakeHb B JIEKiIbKa pa3iB

[3]. Orxe, NMPUCTOCYBAHHS CJIOBHUKOBHUX
ajqropuT™MiB 10 TNporpecyrwyoro iepapxiuHoro
CTHCHEHHS 300paxeHb 0e3 BTPAT, 110 € METOIO IIbOTO
JNOCTIDKEHHS, € Ha  ChOTOAHI  aKTyaJdbHHM
3aBIAHHSAM.

I1. AHAJII3 OCTAHHIX JIOCJII/PKEHD I [TY BJIKALIIA.
[TPUHLIUIIY CTUCHEHHS 306PAYKEHb KOHTEKCTHO-
3AJIEXXHUM AJITOPUTMOM LZ77

Sk Bimomo, CTUCHEHHsS 300pakeHb 0e3 BTpaT y
rpadiuaux Qopmarax Haivactimie BiOyBa€TbCS B TPH
€Taly: Ha MepIIOMY SICKPaBOCTI KOMITOHEHTIB TiKCETiB
MEPETBOPIOIOTHCS 32 TOMIOMOTO0 MPEIUKTOPIB [5], sKi

HE CTHCKAIOTh 300pakeHHS, aie  30iIbIIYIOThH
HEpIBHOMIPHICTh PO3MOALTY SCKpaBOCTEH 1 ToMy
MiABUIIYIOTh €(DEeKTHBHICTH TPETHOTO e€Tamy, Ha

JPYroMy KOHTEKCTHO-3aJIe)KHE KOJYBaHHS 3MEHIIYE
HAJIUIIKOBOCTI MDK TNOMIOHMMH 4YH OJHAKOBHUMH
(parMeHTaMH,; Ha TPETHOMY KOHTEKCTHO-HE3aJICKHE
KOJyBaHHS yCcyBae HaJJTAIITKOBOCTI MIiXK
HepeBAKAIOIUMHU 3HAYCHHSIMU SICKPaBOCTEH
KOMITOHEHTIB. KOHTEKCTHO-3aJIe)KHE KOIYBaHHS MOXKE
smenmryBatt  KC B Jekinbka pas3iB 32 paxyHOK
OJIHAKOBHX (parMeHTiB, ajie Taki (parMeHTH PiIKO
TPAIUIIIOTEC Yy (DOTOPEANTiCTUYHUX — 300paXKeHHSIX,
TOMY €IMHAM YHIBEPCAJIbHHM €TaliOM CTUCHEHHS
300pakeHh 0e3 BTpaT € KOHTEKCTHO-HE3aJeKHe
KOJYBaHHS. 3a HAIIUMU MiApaXyHKaMH, 3aCTOCYBaHHS
KOHTEKCTHO-HE3aJIe)KHOT0  aJTOPUTMYy  (HAMPUKJIA],
KOJyBaHHA XaMaHa YU apUPMETUYHOTO KOJYBAHHS
[2, 3, 5]) micng BUKOPUCTaHHS TPETUKTOPIB 0Oe3
KOHTEKCTHO-3JIS)KHOTO ~ aJITOPUTMY B  CEPEIHBOMY
3abe3neuye KC na piBai aume 45 %. Tomy y it craTTi
pO3MIITHEMO MEXaHi3M [il MOMyJSIPHOTO KOHTEKCTHO-
3JIEKHOTO CJIOBHHKOBOTO anroputMy LZ77 [6] Ta
MoM(DiKyeMO HOTrO Uil IPOTPECYIOUOro 1€pPapXiyHOTO
CTUCHEHHSI 300pakeHb 0e3 BTparT.

Cepex  KOHTEKCTHO-3aJIEKHHX  QITOPUTMIB Y
dhopmarax rpadigHIX (atiniB HalJacrime
BUKOPDHUCTOBYETBCSI CIOBHUKOBUM anroputm LZ77,
OCKIJIBKH BiH 3a0e3medye HaHIBHIIIE AeKOTyBaHHS [7,
c. 82]. Onucyroun CIOBHUKOBI aIropuTMH, (ikcoBaHy
KUTBKICTh ~ MOMEPEHIX 3aKOJOBAHUX  HETOIiTHbHHUX
€JIEMEHTIB (JiTepaiB) BXiJHOTO IOTOKY Ha3HBaIOTh
C/IOBHUKOM, & HACTYITHUX HE3aKOJIOBAaHUX — Oygepom.
Anroput™m LZ77 (B KoHTeKCTi (hopmaTry CIIOBHUKOBOI
kommpecii DEFLATE [8]) 6a3yerhcssi Ha 3aMiHi y
BUXIJTHOMY TIOTOILI MOCIIAOBHOCTI YEPrOBUX JIITEPATiB
Oydepa TOCHIaHHSIM Ha aHAJIOTIYHY TIOCHTIJIOBHICTh
JiTepaniB CIOBHHUKA Y BUIIIIIL AP YUCEN <O06CUHA,
3Miwenns 60 3aKiH4eHHs CA0GHUKa™>. Y BUNAAKY
BIZICYyTHOCTI aHAJIOTIYHOI IOCIIJOBHOCTI JITEpaliB Y
CJIOBHHKY, JOBINOI ABOX JITEpaNiB, TMEPIIMA JIiTEpa
Oydepa TEPeHOCUTBCA Y BUXITHHUA TOTIK Oe3 3MiH.
ITicnst mpOTO 3aKOJOBaHI JiTEpadl MEPEHOCATHCT 3
noyatky Oydepa B KiHEI[b CIOBHUKA 1 KOIYBaHHS
NPOJOBXKYETBCSI  QHAIOTIYHO @K 10 3aKiHYEHHS
JiTepaniB BXIiJTHOTO MTOTOKY. CrniBnamaroda
MOCJITOBHICTh MO’KE€ BHUXOIUTH 3a MEXI CIOBHHKA B
obnacth Oydepa, ajie Ma€ PO3MOYNHATHCS B CIIOBHHUKY.
MakcumanbHi  po3Mipu  CIIOBHMKa Ta  Oydepa
BCTaHOBJIIOFOTHCS KOHKPETHUMH peaizarisiMu
anroputMy. CyKYNHICTh CJIOBHHKAa 3 3aKOJAOBAHUMHU
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cuMBOJIaMH Ta Oydepa 3 HE3aKOJOBAaHUMH IIE
HA3UBAIOTh KOG3HUM 6IKHOM, OCKIIbKA BOHH BECh 4ac
CHHXPOHHO MEPEMIIYIOThCS 110 eJIeMEHTaX MOTOKY.

Ilin wac nexomyBaHHs KOAiB anroputmy LZ77
OKpeMi JiTepanu KOMIIOIOTHCS y BUXIJIHHWHA TOTIK 0e3
3min. [lapu x <oOoeorcuna; 3miugenHs™ IEKOIYIOTHCS
NUIIXOM HOCITIOBHOTO KOIIIOBAHHSA 3 KiHIISA BHXiIHOTO
MOTOKY 32 BKa3aHUM 3MIIEHHSIM B KiHCIb BHXIJIHOTO
MOTOKY HEOOXI1THOT KUIBKOCTI JIiTepatiB.

3rigHo aJITOPUTMY LZ77, CITiBIIaar0qi
MOCJITOBHOCTI MAaKCHMAJbHOI [OBXUHH IIYKAKOTh Yy
CJIOBHHKY 3 KIiHIISI ClpaBa HaJiBO, OCKIIBKH OJHAKOBI
¢parMeHTH  JaHUX ~ HaWyacTille  3yCTpiYaroThCs
Hemajdeko. JSIK  HacIigok MEHII 3MIIIeHHS Y
BUXIJTHOMY TIOTOI TPAIUISIOTHCS YaCTIllIe BiJ OLIBIINX,
1 TOMy KOAYIOThCSA Y (popMaTi CIIOBHUKOBOI KOMITpecii
DEFLATE [8] MeHIIIO0 KiJbKICTIO OITiB.

B  300pakeHHSX  ONHAaKOBI  (parMeHTH Y
(hparMeHTH OJHAKOBOI CTPYKTYPH TaKOXK HaWdacTimie
TPAIUIAIOTECS  HENAIEeKO, OCKIIBKH caMe CYMiKHI
MiKCeNli MarTh MK CO00I0 HaWOUTBINY KOpensmito [9,
c. 675]. Anme mig dYac TOCTIZOBHOTO OOXOIy MEHIII
3MIIlIEHHS MAlOTh OJIHAKOBI (pparMeHTH, PO3MIIlEH] 110
TOPU30HTANI. 3MIIIEHHS X OJHAKOBHX (hparMeHTiB IO
BEPTUKAII 3 KOXHUM PSIKOM 30UTbIIYIOTHCS Ha
KUTBKICTh SICKPABOCTEH MIKCETB B PAAKY. SIkOM mikceni
300pakeHb OOXOIUIUCS MOCIIOBHO MO CTOBIIISAX, TO
OJIHAKOBI (parMeHTH TIO BEPTUKANi KOIyBaucs O
3HAYHO MEHIIUMHU 3MIIIEHHAMM, aje TOAi OuIbII
3MIlIEHHsT Majlud O OJHAKOBI ()parMeHTH IO psIIKax.
Tob6To pe3yabTaTti KOJIyBaHHS] 300pakeHHS
anroputMoM LZ77 MOXyTh 3a3HaTH CYTTEBUX 3MiH
micist #ioro moBopoty Ha 90°. V il ke crarTi MU
MOKaYKeMO, SIK TABUIIUTH ¢(PEKTHUBHICTh 3aCTOCYBaHHS
ITOpUTMY cJIOBHUKOBOI Kommpecii LZ77 B mpoueci
MPOTPECYIOUOT0 CTHUCHEHHS 300pakeHbh 0Oe3 BTpaT 3a
PaXxyHOK KOIYyBaHHA 3MIIICHb JO  HaHOMMmKIux
OTIPAIlbOBAHUX PAHIIIE TIKCEIIB K MO TOPU30HTAI, TaK
1 MO0 BEpTHKAJ MCHINIMMH 3HAYCHHSIMH, HIXK JIO PEIITH
MIKCEIiB.

II1. TIOCTIIOBHICTb OBXOY HIKCEJIB JIJIs1 PEAJIIBALIL
IPOI'PECYIOUOI'O IEPAPXIYHOI'O CTUCHEHHSI
30BPAJKEHD BE3 BTPAT 3 BUKOPMCTAHHSI AJITOPUTMY
LZ77

[octynanbHe iepapxidyHe CTHCHEHHS 300pakeHb
JIa€ 3MOT'y, 3 OIHOr0 OOKY, MPUCKOPHUTH JIEKOyBaHHS,
a 3 IHIIOr0O — BpaxyBaTH B TIPOLECI CTUCHEHHS
3HAYEHHS TMOTIEPEIHIX OIpaIbOBAHUX EJIEMEHTIB 3
YOTHPHOX, a HE JIMIIE 3 JBOX pi3HUX O0KiB. Came ToOMy
JUTSL TOCSITHEHHST METH JTOCITIHDKEHHS HaMU PO3pOOIeHO
JIieBy cxeMy o00Xomy IIKCeNiB Ta  BiNNOBIiIHI
npenukropu  [5]. 3o0kpema, UL TPOTPECYIOYOTO
iepapXiYHOro 00X0Ay MU MPOMOHYEMO CXEMY, 3a SIKOIO
Ha epIomy mapi miKcei 300paKeHHS
OIPaIbOBYIOTHCS MOCIIOBHO, NOYHHAIOYH 3 TIEPLIOTo,
MO PSAAKAX 3BEpPXY BHH3, @ Y KOXKHOMY PSAKY — MipsiA

371iBa HampaBo 3 KPOKOM /; = 2%, ne k Bu3HauaeTHCA 3
max(min(height; width ); 16)—1

15 ’

height — KITBKICTh PSIKIB, Width — KiUIBKICTh CTOBIHIIIB

yMOBU k= logz(
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mikceniB 300paxenHs (puc. la). el kpok 3abe3meuye
OTIpallfOBaHHs Ha TMEpIIoOMy Imapi TpuHAWMHI 16
MIKCEJIB MO KOXHiil 3 ocell (K y miKTOrpamax), sKIIo
300pakeHHsT Mae€ HeMeHmI po3mipu. Ha HacTymHHX
mapax (/=2,k+1) mpoMmixkHI miKceal 300paXKeHHS
0o0poOIsItOThC B JBa NPOXOAW: HAa  HEPIIOMY
MTOCITIIOBHO OTPAIbOBYIOTHCS Ti 3 HUX, AKI MICTATHCS
Ha TEpeTHHI AiaroHajedl KBaApaTiB 3 BepUIMHAMU Y
CYMDKHHX TIKCENSIX TOTIEpEAHiX IMapiB 3 KPOKOM
hy =21 gx no pAOKax, TaKk 1 TO CTOBIIAX (JHB.
puc. 1, 6), a Ha gapyromy HeoOpOOJIeHI MiKceli
MOCHIZOBHO OOXOISITBCS MK CYMDKHHMH MIKCEJISIMH
MOTIEpEHIX TIAPIB 1 MIKCEISIMH TEPIIOTO TPOXOAY 3
THM CaMUM KPOKOM IO CTOBIIIAX 1 3 yBiYi 3MCHIICHUM
— 1o psakax (auB. puc. 1, B).

F

by

by

6)

Pucynox 1. UeprosicTs 00X0my miKCeTiB B IPOIIEC IPOTPECyI0U0ro
i€PapXiYHOrO ONPALIOBAHHS: ) MIKCEIiB MEePLIOro Iapy; 0) mKceniB
HEpPIIOro MPOXOJY YEePToBOro Iapy, ¢) MKCeliB IPYroro HpoXoay
YEeproBoro mapy
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Ha puc. 1 cumBonoMm F mo3HayeHi MiKCelli MEpLIOro
mapy, CHMBOJOM P — TKCelli TOMepeaHixX IIapis,
mudporo / — miKcedl HEpIIoro MpOXOJdy YeproBOTO
mapy, muppowo 2 MiKCeNli JAPyroro MpoxXony
yeprosoro mapy. ITikceni, sKi He ONPalbOBYHOTHCSA Ha
YeproBOMY IIapi, BUIIJICHI KypCHBOM.

[ocnimoBHO po3MimieHi JgaHi BCIX MOPOXOIIB
GbopMyIOTh BXIIHMH TOTIK 11 KomyBaHHS. [laHi
HACTYITHOTO mapy 30UTBITYIOTh KIUTBKICTD

OIpalbOBAaHMX MiKCeNIiB NpUOIM3HO B 4 pasu, TOMy
3YIMUHATH NPOLEC IEKOAYBAaHHS MOXIIMBO BXKE MIiCIA
3allOBHEHHS! 00JIacTi BHBOJXY, HE ONpPAIbOBYIOYH KOIH
0 KIiHI. 3amporoHOBaHa TIOCHTIIOBHICT 00X0Iy
IKCEeJB 300paKeHHs Aa€ 3MOTYy He JIMIIE MPUCKOPUTH
NIEKOAYBAaHHS, KO PO3MIpH 00JacCTi BHBOJY 3HAYHO
MEHIII BiJi pO3MipiB 300pa)KeHHS, a i 3aCTOCOBYBaTH
iepapXiuHi MPEIUKTOPH IJIS MPOTHO3YBAHHS 3HAYCHHS
KO>KHOTO €JIEMEHTa YeproBoro mikceis [5].

IV. MOJU®IKALLI AJITOPUTMY LZ77 11
IPOI'PECYIOUOI'O IEPAPXIYHOI'O CTUCHEHHSI

30BPAXEHD BE3 BTPAT
Jns  migBuineHHS e(QEKTHBHOCTI 3aCTOCYBaHHS
agroputMy LZ77 B mpomeci  IpoOrpecyrdoro

iepapxiyHOro o0Xoxy Ha BCiX MIapax, HNOYMHAIOYM 3
Opyroro, OyneMo BHKOHYBaTH IIOIIYK OIHAKOBHUX
MOCHIZOBHOCTEH /I eJeMeHTIB Oydepa He nuiie y
CIIOBHUKY, a ¥ NMOYMHAIOUM 3 HaiOIMK4YMX panimre
onpanboBaHUX MiKceJiB 3 KPOKOM 4eproBoro mapy.
OCKITbKM ~ cepell  paHillle ONpalbOBAaHMX IIKCENiB
YeproBUH MiKcenb X Mae HAWBUIIMKA PiBEHb KOPEIAIii
came 3 HaWOMMKYMMH cepel HUX, TO HaliMeHmn 6
3MmimeHs (3 komamu Bix 1 g0 6) 3akpimuMo 3a
HAWOMKYMMH  ONPAllbOBAHUMHM  paHille MiKCEeIsIMH
(puc. 2). Taxox, mms 3abe3medeHHs OJHO3HAYHOCTI
JIEKOAYBaHHs, BCI 3MIIIEHHS B CJIOBHHUKY 301JIBIIMMO Ha
6.

6
.

2 3 5 2 6

' ' . . .
, 5 . X 1 X 3

1 4 4

' ] .
a) 0)

Pucynok 2. Koy 3MilieHb 10 ICKpaBOCTEH CYMDKHHX OMpPalbOBaHUX
paHillle MiKCeNiB Ha IIapax, MOYMHAIOYH 3 IPYTOTo: a) I MEePIIOro
IPOX0Ay; 0) ISt APYTOro IMPOXOLy

Ha mepmux mpoxomax HYOTHPH HAWOIMKINX
CYMDKHHMX MiKCEJIl BiJJajJeHi diarOHAJIbHO (IUB.
puc. 2, a). Ile mikcem 3 momepeAaHiX ImapiB (AuB.
puc. 1, 0) i B CIIOBHHKY BOHHM MarOTh BEJHKI 3MIllICHHS,
a OJIHAKOBI TOCIIJJOBHOCTI B 300pa)KCHHI, fAKi 3 HHX
MOYHMHAIOTHCS, B3arajli MOXXYThb OyTH pO3KHJAAHI II0
BCbOMY CJIOBHUKY. II’siTe Ta 1mIocte 3MIIICHHS s
MEPIIOro MPOXOJY KOAYHOThH OMpPAIlbOBAaHI MKCEi TOTO
€aMoTO0 TPOXOJy, ajic B CIIOBHUKY BOHH MaroTh OUIBIII
3MiIIEHHS.
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Ha jgpyrux mpoxomax HOTHPH  HaHOIMKINX
CYMDKHMX TIKCeNl BiJJaJeHi 10 TOPU3OHTANI Ta
BepTHKam (muB. puc. 2, 0). Ile mikcem 3 momepemHix
mapiB (auMB. puc. 1, B), BOHM PO3MIllIEHI OimKye 10
YeproBOro IMKCels, HiX Ha MEPIIOMY MPOXOJi, i TOMY
Bif HHX MOYNHAETHCS Olnble OJIHAKOBHUX
nociigoBHocTe. II’sgte Ta mIocte 3MIIMIEHHS UIS
JPYroro MpOXOAYy BiAJaNiCHi MIarOHAIBHO 1 KOIYIOTh
MIiKCeNli TOTO0 CaMoro MpPOXOIY 3 MOMEPETHBOTO PSIIKA,
aje B CIOBHHKY BOHHM MAalOTh OUIBII 3MIilICHHS.
CumerpuuHi IiKceal 3 HACTYHNHOIO psAIKa He
KOIYIOTHCSI, OCKIJTBKH BiHOCHO YEPrOBOTO ITKCEIs
BOHH III¢ HE ompanboBaHi. OTXke, MOIIYK OIHAKOBHX
MMOCITIOBHOCTEN IOYNHAIOYH 3 HaHOIMKINX
ONpallbOBaHMX paHillle IIKCeNiB Jae 3Mory abo
3MEHIINTH IX 3MIIIEHHS BIZHOCHO CIIOBHHKA abo X
BIJJTHAXOJMTH TaKi MOCIITOBHOCTI, SIKi B3araji po3KuaaHi
Mo Pi3HUX IIapax B CJIOBHUKY. HaificTOTHime Momryk
OJTHAKOBHUX MOCITiJOBHOCTEH 3 HaANOIKIUX
oTpanbOBaHUX paHime mikceniB 3MmeHmye KC Ha
OCTaHHBOMY LIapi, OCKUIBKM TakKi IKCETl MICTSATHCS B
300paXeHHI MOps 3 MKCeIsIMu Oydepa.

Otxe, JIOAATKOBUH TIOHIYK OJTHAKOBHX
MMOCITIOBHOCTEN IMOYNHAIOYH 3 HaHOIMKINX
OIpalbOBaHUX paHillle MiKCeNiB 3011bIIye HMOBIPHICTD
3HaXOJKEHHS TAKHUX IIOCITIZOBHOCTEH Ta BUKOPHCTOBYE
MEHIII 3MILIEHHs, HIX MiJ Yac MOLIYKY 10 CJIOBHHUKY, i
tomy 3Mmenmye KC amroputmy LZ77 30kpema i
300pakeHb 3arajioM.

V. BUCHOBKHU 1 TTEPCIEKTHUBU HNOJAJILILINX
JOCHIP)KEHDb

1. B HOBHX Bepcisx TpadidyHux (HopMarTiB Ta HOBHUX
¢dbopmaTax kommpecii 300paxkeHb 0e3 BTpar
JOIIUTLHO peai3yBaTH MpOrpecylode iepapxidHe
CTHCHCHHSI, OCKUIBKH 1€ JIO3BOJISE CYTTEBO
MPUCKOPUTH JCKOMYBaHHS, KOJM PO3MIpH 00JacTi

BUBOJY MEHIII BiJl pO3MipiB 300pakeHHI.

3MeHIIEHHST PO3MIpiB CTHCHYTHX THPOTPECYIOUNUM
iEpapXidyHUM CcHOCOOOM 300pa)KCHb NTOCATAETHCS B
OCHOBHOMY Ha OCTaHHIX IIapax, OCKIJIbKH TTKCEN,
SKi  OpA  [BOMY  BHKOPHUCTOBYIOTBCS  SIK
CIIOBHUKOBUM QJITOPUTMOM, TaK 1 MNPEIUKTOpaMu
[5], ™marTh 3 T[POrHO30BAHUM IIIKCEJIOM B
CepeHLOMY HAWBUIIMNA PiBEHH KOPENAIii BiTHOCHO
HoNepeHiX mapis.

e(heKTHUBHICTH

KIIaCU4YHOro  amroputmy LZ77
MIPOTPECyII0T0 i€papXiqHOTO CTUCHECHHS
300pakeHp 0e3 BTpaT MOJMJIMBO 3a PaxyHOK
JOAATKOBOTO MOUIYKY OJHAKOBUX IIOCIiZOBHOCTEH

TTligBummTi 3aCTOCYBaHHS

B mporieci
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MOYMHAIOYN 3 HAHOJNMKYHMX OMpPAIbOBaHUX PaHiIlIe
MIKCEJIiB.

CIOBHUKOBI alTrOpPUTMHU CYTTEBO 3MeHIIyIoTh KC
HacaMIepes IITYYHUX JUCKPETHO-TOHOBUX
300pakens [10], ockimbkHm Taki 300pakeHHS
MICTSITh ~ 0araTo  OJHAKOBUX  MOCHIiJOBHOCTEH
SICKpaBOCTEH KOMIIOHEHTIB TikcemiB. Hampukian,
SK MOKa3aJId Halll TociimkenHs, mo Habopy ACT
take 3meHmeHHs: KC B cepenHboMy nepeBuIuio |

bpp.

Hapani, 3 Meror JOAaTKOBOTO  3MEHIIEHHS
po3MipiB (ailiimiB CTUCHYTHX 300pakeHb 0Oe3 BTpaT i
NPUCKOPEHHS AEKOIyBaHHs B MPOLEC] MIPOrpecyrovoro
i€papXigHOTO CTHCHEHHS, HAMH IUIAHYETHCS JTOCITIIUTH
e(EeKTUBHICTh 3aCTOCYBaHHS PpI3HHLEBUX KOJNIPHUX
Moaeneit [11] 1o okpeMux GpparMeHTiB 300pakeHb.
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Po3po0Oka cucteMu KepyBaHHS HAIIPYKEHICTIO
MAarHITHOTO MOJIS A1 IPOLIECY 3HE3aTI3HECHHS
TEXHOJIOTTYHUX BOJI

Cadonuk Aunpiii
Kagenpa aBromaTuzanii, €J1eKTpOTEXHIYHUX Ta
KOMIT FOTEPHO-IHTETPOBaHNX TEXHOJIOTIH
HauioHanbHuii yHIBEpCUTET BOJHOTO IOCIIOIAPCTBA Ta
HPUPOIOKOPUCTYBaHHS
PiBHe, Ykpaina
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Po3p’a3aH0 ModeqbHY 3agady mnpolecy MArHiTHOroO
OYMIIEHHsI JOMIIIOK, fIKa BPaxoBy€ BIUIMB Ppo3MipiB
peakTopa, IBHIKOCTI PyXy MNOTOKY piaMHM, aAiameTpy
rpany;1  (QUILTPYIO4YOro  Marepiajy, HaIPYKEHOCTI
MATHITHOTO MOJII HAa  e(EeKTHBHICTL  OYHMIICHHHA
TeXHOJOriYHUX BoA. Po3pod/ieHo koMm’l0TepHY Moaedb
nponecy OYHIIeHHs] TEXHOJIOTIYHHUX BOJ 3 KePYBAHHSIM 110
CTaTHYHIH XapakTepucTHli 00’€kTa aBTOMAaTH3aUil.
IlpoBeneHo aHani3 edexkTHBHOCTI POOOTH CHCTeMH HpPH
JMHAMiYHO 3MiHHil BXiIHil KoHUeHTpauii 3a0pyHeHH.

KnouoBi cioBa —  MarHirTHe — ocalskeHHS;
KOMI'IOTEPHE MO/IeJIIOBAHHSI; ABTOMATH3Allisl Hpoluecy
(dinbTpyBaHHA; HANPY KEHICTH MATHITHOIO MOJIS.

1. BcTtvyn

TexHoMOTIYHI BOAM - OyAb-Ki BOAM Ta aTMOC(epHi
Omajy, IO BIABOIATHECS y BOJOHMH 3 TEpUTOPIH
MIPOMHUCIIOBUX TIANPHEMCTB 1 HACEJIEHMX MiCIhb depe3
cUCTeMy KaHami3amii ab0 CaMOIUTMBOM, BIIACTUBOCTI
SKUX BUSIBHJIMCS TOTIPIIEHUMH B Pe3yJIbTaTi MisUTBHOCTI

moauau  [1].  OCHOBHOIO  METOIO  OYMIICHHSA
TEXHOJIOTIYHUX BOJA € BojpomoctadaHHs. Cucrema
BOJONOCTaYaHHS (HaceneHoro MicIst abo

TIPOMHCIIOBOTO MiANIPUEMCTBA) IIOBHHHA 3a0e31edyBaTH
OTPUMAaHHs BOJY 3 IPUPOIHUX JKEpeN, 11 OUMIIECHHS,
SKIIO 1€ BHUKJIMKAETBCS BHUMOTAaMM CIIOKHBAYiB, 1
HOZavy JI0 MICIlb CIIO’KHBaHHSL.

Jus  BupaneHHs (EpPOMATHITHUX  JOMIIIOK 3
TEXHOJIOTIYHMX  BOJHHMX  CHCTEM  3alpOIIOHOBAHO
BUKOPHCTOBYBAaTH METOJl MArHITHOTO  OCaJKCHHS

JIOMIIIIOK B HAMAarHiYeHOMY 3epHHUCTOMY (iIbTpyIHOYOMYy
MaTtepiaini. [lepeBaraMu MaHOTO METOAY € MOXKITHBICTBH
OYMIIECHHS BOJHOIO CEPEJOBHINA 3 TEMIIEPATypOIO J0
500 °C, mBuakictio ¢inpTpyBanHs no 1000 wm/rox,
MOXJIMBICTh OYHMINATH XIMIYHO arpecHBHI cepeoBHIIA
[2-4].

OmHuM 13 HalWMEHII  3aTpaTHUX  METOJIB
JOCIIHKEHHS, IO O3BOJIAE 3MIHCHUTH TEPEBipKy HOTO
BiAMOBIZHOCTI HEOOXIMHMM TEXHIYHUM BHUMOTaM €
KOMI'IOTepHE MOJeNmoBaHHA [5, 6]. IIpn BUKOpHCTaHHI
MarHiTHUX (PUIBTPIB Y CHCTEMaX OYMCTKH BOJM BUHHUKAE
HEOOXimHICTh y 3a0e3redeHHi 3aaHoi KOHIEHTpAIil
(epoMarHiTHUX JOMIIIOK Y pigKoMy cepenoBuili. Kpim

https://doi.org/10.31713/MCIT.2021.48
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HauioHaneHuii yHIBEpCUTET BOJHOTO T'OCIIOIAPCTBA Ta
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PiBHe, Ykpaina
targoniy93 @ukr.net

TOro Ui e(EeKTHBHOTO BHMKOPHCTaHHS pECcypciB Ta
3a0e3neyeHHi BUKOHAHHS OCHOBHOI (QyHKIIT (imbTpa —
OYHUCTKH, HEOOXiJHO IOCTITUTHA BIUTUB KOHIICHTpAIT
3a0pyIHEHHS Y DPiIuHI, 10 HAIXOAWTH B CHUCTEMY Ha
KPUTUYHHHK Yac poboTH (uIbTpa, Ta Mepemnaj THCKY, 110
CTBODIOETBCS IIPU  ILbOMY, a TaKOX IIPOBECTH
MOJICTIFOBAaHHS. ~ NPOLIECY  MArHiTHOTO  OCaJPKEHHS
JIOMIIIIOK TIpW OYHINEHHI SK 0araTOKOHIICHTPOBAaHUX,
TaK i MaJIOKOHIICHTPOBAHHUX BOJHHMX CHCTEM i3 3MIHHUM
3a0pyJHEHHAM Ha BXOJ.

II. MATEPIAJIA I METOJIX

Jnst omucy TIporieciB BHUTydeHHS (epOMarHiTHUX
JIOMIIIIOK 3 TEXHOJOTIYHUX BOJ Ta IX 3aXOIUICHHS Y
(himpTpi OMHIIIEMO HACTYITHOIO MOJIEIBHOIO 3aa4ero5]:

7/30]_1075)(
-2 e ey 2ok
Cy(x,1) = v L))
o,x
0,7 <2,
v
,B HO,75 t -
po(x,1) = E5—— [ C, (x, D)1 @)
vide oy
ae C,(x,t) — KOHLEHTpalis JOMIIIOK B pIJIKOMY
cepenoBuIli, 1O  QIIBTPYETHCS, po(x,t) -

KOHIICHTpAIlisl JOMIIIOK, OCa/UKCHHX Yy 3EpPHHCTOMY
¢binpTpyrodoMy Matepiami; f, — KoedilieHT, 0
XapakTepu3ye MacoBi 00CSTH OCa/KEHHS JOMIIIKOBHX
YaCTHHOK 3a OJMHMIIO dYacy, H — HampyxXeHicTb
MarHiTHOTO TOJNS, V — WIBHAKICTh (UIBTPYBaHHS,
d — pmiamerp TpaHyn (QUIBTpYIOUOro MaTepiamy,
C. — KOHIEHTpaIllisi JOMIIIKOBUX YaCTHHOK Ha BXOJIi

¢inbTpa, 0, — NOpUCTICTh QLIBTPYIOUOTO MaTepiaiy.

Jdns ouwinku e(peKTHBHOCTI POOOTH MAarHiTHOrO
¢bimpTpa 3 BUKOPHCTAHHSM pETYISITOPa BU3HAYCHO
CTaTHYHY XapaKTePHCTHKY 00’ €KTa aBTOMaTu3aii. J{is
ILOTO y PO3pOOJIEHINt KOMIT' FOTepHI MOJENI IIITXOM
3MIHHM BXIJHOi KOHIEHTpalii 3a0pyJHEHHsS BH3HAYCHO
HaNpY>XeHICTh MAarHiTHOTO IOy, fKa 3a0e3medye
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JIOITyCTUMY KOHIICHTPAIi0 3a0pyIHEHHS B OYHIIEHIH
BOJI. 3 JOCHIAHMAX JAaHUX BU3HAYEHO 3aJIEIKHICTH 3MIHHA

II1. PE3YJIBTATH TA OBTOBOPEHHS

. . . R Ha puc. 1 mnpuBeneHo KOMII'IOTEPHY MOAENb
HANpPYXCHOCTI  MArtiTHOro  MOJA ~ BIX  BXIIHOL MAarHiTHOTO (iNbTpa 3 BpaxyBaHHSM CIIiBBiJHOIICHb
KOHICHTpaLlll SaHISgBMl?j{ MX ~ JOMIUIOK, IO € (1-2), sxa moka3ye IWHAMIKY 3MIHHM KOHIICHTpAIil
PErYJATOPOM B POIPOOJICHIM CHCTEMH. 3a0pyAHEHHS y PiIvHI Ha BUXOAI (ijabTpa 3 4acoM Impu

BUKOPHUCTaHHI PETyJsITOpa Ta IIPH CTaJii HAIIPY>KEHOCTI
MAar"iTHOI'O IIOJIA.
»
L
0 4
Constant >
P|c co1 [ | >0.05 »
Random -
Number Switch1
>
LPp{Cvx H P H p Scopet
Regulyator1
Magnetic Filter
0
Constant1
»
P o cot [ »f{>0.05
Switch2
6347400 »{H p
H
Magnetic Filter1
Pucynox 1. Komm’toTepHa Moziens pobOTH CHCTEMH MarHiTHOTO OYMILICHHS
monenroBaHHs. [HdopmaniiiHi TexHonorii. ABTOMAaTH30BaHi
BUCHOBKU cuCTeMH ynpaBimiHHD). — 2012, — Ne1037. — Bun. 20 — C. 18-27.

Po3pobneno KOMI'IOTEpHY MOJENb MAarHiTHOTO
¢bimpTpa 3 KepyBaHHSAM IO CTATUYHIA XapaKTEPUCTHIL
00’exTa aBromarusanii. IlokasaHo, O KepyBaHHS IO
CTaTHYHIA XapakTepUCTHIl 00’€KTa TpH JUHAMIYHO
3MIHHIA BXIiJIHIH KOHIEHTpalii 3a0pyAHEeHHs 30UIbIIyE
4yac 3aXUCHOI il GinbTpa Ta CTBOPIOE MEPETYMOBH IS
aHalizy e()EeKTUBHOCTI BHKOPUCTAHHS pPI3HOTO pPOIY
PerymsTOopiB.
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