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MODELING OF DEFINITION OF A DEPTH
OF THE CONDENSED SOIL LAYER ULTRASOUND
AND FORMATION OF AN ACOUSTIC SIGNAL

Bohdan Antypchuk'
Valentyn Mironenko?

DOI: https://doi.org/10.30525/978-9934-588-15-0-48

Abstract. The condensed soil layer is a serious problem for develop-
ment of a root system of agricultural plants, and the harvest depends on it.
At the moment there are already various densitometers of the soil, but all
of them demand huge labor input and time, the accuracy of indicators of
such densitometers not always answers reality because it is impossible to
measure a depth of a dense layer of the soil by such device. Presently search
of more progressing methods of loosening of the soil is necessary that will
allow to define a depth of the compressed soil layer quickly and the operator
of the farm vehicle will be able to regulate depth of processing of the soil.
Use of devices which are based on interaction of ultrasonic fluctuations
with the soil is more optimum at present as attenuation of sound waves in
soil scanty in comparison with electromagnetic waves, especially as use
of ultrasonic frequencies gives the chance to create sound bunches, which
under the influence of external factors poorly disperse, considerably weak-
ening attenuation and dispersion of a sound wave. Ultrasound — a peculiar
physical basis for obtaining information in various measurements there-
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fore. Application of ultrasound concerning the soil is a little investigated
in acoustics, as the soil is very difficult object for passing of ultrasound.
Vegetable cover, roughnesses, existence of air pockets — all these consid-
erably complicates passing of ultrasound in the environment concerning
soils. Except already listed factors attenuation, dispersion and a divergence
of ultrasound in the parties are influenced by air and wind. Also attenuation
of an ultrasonic wave is influenced by mechanical and physical properties
of the top layers of the soil, which are over the condensed layer. Problem
of this research is to show a possibility of application of ultrasound in the
course of loosening of the soil. As is well-known from laws of acoustics
that the sound wave passed the elastic medium is necessary, in which there
would be deformation processes. In fact such condition can will be exe-
cuted unless in sandy soils but in any way not in too dense soil where both
air and moisture are absent. For our research the fact that ultrasound does
not pass through strongly condensed soil layer and it was put in work of
the experimental automated system of loosening of the soil. In a word, the
sound wave does not dissipate and does not fade, and beats off with a new
force. At the same time the period from the moment of radiation and accep-
tance of a sound impulse is considered by the sensor taking into account
power losses when passing through the top soil layers. In article features of
mathematical model of passing of ultrasound for definition of a depth of the
condensed soil layer are described, the acoustic behavior of the dense soil is
analyzed, the comparative analysis of acoustic behavior of absolutely rigid
body and the condensed soil layer is carried out.

1. Introduction

Development of modern technologies of agriculture demands the advanc-
ing development and improvement of methods and technical means which
will allow to take mass measurements of certain parameters of the soil
(in particular — density) directly during the movement of the farm vehicle.

Soil density in many respects defines a harvest of agricultural plants.
It influences growth of roots of plants. Reasons of density of the soil are
different. The soil is especially subject to consolidation at the increased
humidity. Heavy machinery should come around only once in the field
when the humidity is higher optimum for processing as the blanket of the
soil becomes excessively condensed. One more aspect of density is a den-
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sity of a subarable layer, so-called accumulative or subsoil density. Under
the influence of repeated passes of agricultural machinery the consolidation
is observed more and more deeply. The layer, subarable condensed badly
permeable for water and air, is formed.

Soil density is very difficult to control inside. It is imperceptible on the
surface of the soil as the erosion or superficial consolidation are visible, for
example. The analysis and the forecast of this phenomenon is closely con-
nected with assessment of physical and mechanical properties of the soil.
Thus, density both superficial, and subsoil this very harmful phenomenon
which accompanies intensive agricultural production. It is very difficult to
return the soil to a former state. The second aspect of a problem is loosening
of the soil.

It is possible to solve this problem the soil which is correctly designated
by the system of cultivation. In this regard there is also demand for various
densitometers of soils. But as it was already mentioned above, those densi-
tometers which are for this time have complex structure and trenut big labor
input. Especially as they do not allow to conduct a research of all field in
general but only partially. Therefore there is a need of search of new tech-
nologies for loosening of the soil.

In this regard there was an idea of application of more progressive meth-
ods on measurement of density of soils, namely an ultrasonic method. How-
ever it was necessary to consider that in the nature the interaction of ultra-
sound with the soil becomes complicated a set of factors. It was necessary
to determine also the optimum speed of the movement of the tractor and a
height of installation of the sensor and, in general, a possibility of applica-
tion of ultrasound to soils in the field.

Taking into account fundamental laws of acoustics it was necessary to
understand carefully acoustic behavior of the condensed soil layer and to
simulate ultrasonic fluctuation with it. Then taking into account this model
to calculate an acoustic path and to understand as the acoustic signal will be
formed. On the basis of these theoretical researches the experimental ultra-
sonic device on measurement of density of the soil was made.

The device for definition of a depth of strongly dense layer of the soil
works at acoustic and ultrasonic frequencies and is the pulse electronic device.
Basic principle of operation of the experimental ultrasonic device is as fol-
lows: the transmitter (generator of impulses), which is placed in the block of
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formation, reception and processing of signals, generates an electric impulse,
the ultrasonic sensor — emitter turns it into a sound wave and sends it to the
soil. The ultrasonic wave is reflected from the strongly dense layer of the soil
and returns to the sensor — emitter which turning it into an electric signal.
The receiver, which is placed in the block of formation, reception and pro-
cessing of signals, strengthens the accepted signal and sends it to the micro-
controller. The microcontroller processes the signal accepted by the sensor —
converter and issues the processed information on the display of the block of
indication and management in the form of the image, according to this image
the driver reduces or increases depth of cultivation of the soil.

The conducted laboratory researches, and then and field showed that
application of an ultrasonic method on measurement of density of the soil
are quite possible. Moreover, it is also possible to determine the type of
soil by the nature of reflection of sound waves as the previous researches
showed. If there are air pockets, then the sound wave will not be reflected
at all, and will be disseminated in the soil. Also there can be a double effect
of reflection: passing through the top soil layers (with energy losses) and
reducing the speed, and then with a new force is reflected from strongly
dense layer. These researches are already described in scientific articles
therefore [1, 5]. We would like to stop on the description of model of forma-
tion of an acoustic path and on features of ultrasonic fluctuations with the
condensed soil, as this question was practically not considered in general.

2. Acoustic behavior of the condensed soil layer

In all questions of acoustics it is necessary to consider both elasticity and
density and inertial properties of environment or a subject. His acoustic behav-
ior does not depend on all other properties of material or a subject [3, p. 10].

Passing of ultrasound in it depends on certain properties of material
(an ultrasonic wave). Whether soils have such properties? Answering this
question we will carry out the analysis of influence of mechanical structure
of soils on passing of an ultrasonic wave.

To analyze a possibility of use of ultrasound for measurement of density
of soils it is necessary to understand processes of distribution of ultrasound
and to find out that there is a dense soil as an acoustic object.

Ultrasonic fluctuations with the soil process difficult and can not always
be used ultrasonic a method to soils as the soil is very difficult object for
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passing of ultrasound. And the soil has the strong absorbing properties (these
properties are not always stable, they can fluctuate depending on increase
or, on the contrary, reduction of an amount of water, air and salts in soils).
Secondly, because of roughnesses and a vegetable cover of the soil sound
bunches can disperses in the parties and to distort signals, that is there will
be a diffraction phenomenon (dispersion of waves). In the third the soil is
the parts which are not connected among themselves, it is amorphous struc-
ture which is not capable to transfer some frequency range. In the fourth
the soil is a dispersive material and can be elastic under certain conditions.

For example, at compression of sand there are elastic waves. But at exten-
sion of a part of sand just depart from each other and elastic force does not
arise. That in sand the movement of a sound wave is impossible as inertia
of parts of sand which would be transferred from one volume to another. It
means that in loose objects the sound wave fades. The linear ratio deforma-
tion — force arises if sand is already compressed in advance as in the sandy
soil deeply, where parts are pressed to each other by the top layer of the soil.

As well as any object the soil have own ability to pass and absorb sound
waves. So, for example, in sandy soils the sound fades because of loss of the
energy over time, which turns into other types of energy, in particular — in
thermal. Such views of soils are practically not created by the wave resis-
tance and a wave cannot be reflected, as on its way there is no barrier which
will create resistance. Absolutely other picture with the dense and very con-
densed soils. In very condensed soil the effect of resistance of firm particles
to deformation processes is observed, and than the soil is more dense, that
this resistance is stronger, that will quicker displayed a wave.

Conclusions about mechanical, deformation and other physical parameters
of soils do from this with what speed there passes the sound wave. Parameter of
its speed has huge value for definition of a throughput possibility of an object.
If an object very dense that acoustic speed in it is too small acoustic resistance
increases with increase in density of an object (acoustic impedance).

Acoustic (wave) resistance it is ability of an object to carry out acous-
tic energy. Acoustic resistance is defined by ability of an object to absorb,
refract and reflect ultrasonic waves.

In literature there are already calculations for the wave resistance of
soils (table 1). Values characteristic of the most widespread ¢ (acoustic
speeds) and p (density of soils) in the environment are highlighted in bold
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type. From the table it is visible that with any acoustic speed with increase
in density of the soil wave resistance increases.

The majority of soils, as we know, have density of 1000 to 1500 k/m’.
Speed of distribution of a sound in soils changes from 85 to 180 m/s [6, p. 48-52].

In the table data of soils in the environment. Very dense layer of the soil
as result of economic activity of the person has very small porosity. In it
water and air practically otsustvut therefore it renders strong wave resis-
tance. Such soil layer is absolutely rigid body (object).

In acoustics rigid call a body which is not deformed under any conditions.
The distance between two points (particles) in such body does not change
under any conditions. Such body does not change the form and maintains
invariable distribution of weight inside. One conclusion that the body which
does not give in to compression is more rigid. The ability to contract does not
give the exact answer to the main question yet. As an object concerning the
falling wave will behave: will pass a wave or will become a rigid barrier. In
acoustics, especially when we speak about a sound, it is necessary to compare
only acoustic resistance of objects (density attitude towards ability to con-
tract). More rigid will be that object for which this relation is more.

Table 1
Wave impedance of the soil at different values
of its density and speed of an elastic wave [6, p. 48-52]

c,m/s p, k/m*

’ 1000 1100 1200 1300 1400 1500
85 85 93,5 102 110,5 119 127,5
100 100 110 120 130 140 150
140 140 154 168 182 196 210
180 180 198 216 234 252 270
220 220 242 264 286 308 330
260 260 286 312 338 364 390
300 300 330 360 390 420 450

But it is necessary to find out: application of an ultrasonic method for
control of density of soils in the field which is cultivated is effective? For
this purpose we will carry out the analysis of akustichesy resistance of very
condensed soil.
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As we already found out very condensed soil this absolutely rigid body.
In acoustics rigid bodies are not considered at all as they are not capable to
pass sound energy.

But as for measurement of a depth of very dense layer of the soil, the effect
of not passing of ultrasound through the soil layer which is brought down
without air phases and liquid also is the basis for this research. Not dispersion
and attenuation of a sound wave as, for example, in sand, and fast reflection.
We consider a period from the moment of radiation of a sound impulse until
its acceptance by the sensor. Also surely we take in attention power losses in
a top soil as the condensed soil layer lies at a depth of 25-36 cm.

An assessment of resistance of a sound wave in technology of acoustic
measurements is given in two sizes: the first is acoustic rigidity of an object.
Which formula such:

Qur. = pCO =, ()

where p — object density, ¢ — acoustic speed, o — frequency of a sound
wave. This formula shows dependence of sound pressure P on amplitude
of shift of parts of an object 4.

The second size it is a wave (or acoustic) resistance R which evidently
or generally is shown by resistance to distribution of a sound wave, and its
formula such is:

R, =pc=>2 2
A pC U’ ()

where p — object density, ¢ — acoustic speed, D — amplitude of sound
pressure, U — maximum amplitude of speed of fluctuation.

Measurement of distance to very dense layer of the soil at a depth is a basis
of our research. Acoustic rigidity and wave resistance of very dense layer of the
soil, its ability to do not pass ultrasound and quickly to reflect a sound wave, give
all grounds for carrying out a research with application of an ultrasonic method.

3. Modelling of ultrasonic fluctuations with the soil
Ultrasound is a process of movement and time of exitements which the
sound wave has. Soil layers in which the sound extends enter interaction
with energy of a sound wave and absorb a part of this energy. The most
part of that energy which was absorbed by the soil will turn into heat. And
a smaller part will make structural changes to acoustically carried out soil
layers. Absorption of sound energy depends from the frequency of ultra-
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sonic fluctuations and from acoustic conductivity of different soil layers.
It is characterized by the acoustic resistance (impedance) of the top Z, and
condensed Z, soil layers.
Z, = pic; Z, = pyoy, (3)
where p, 1 p, —the density of layers of the soil, ¢, i ¢, —acoustic speeds
in them.

In acoustics it is necessary to compare impedances of objects, namely a
ratio of density to ability to contract: from two objects for what this ratio is
more will be more rigid. This ratio by determination of rigidity quite answers
characteristic of the condensed soil layer because it is always placed on a
depth. And his behavior is close to behavior of absolutely rigid body.

In modeling of definition of a depth of the condensed soil layer by an acous-
tic method it is taken a technique of passing of ultrasound on border of two solid
bodies. But this model is developed taking into account specifics of the acoustic
behavior the condensed layer and top layers of soil: their acoustic conductivity
and speeds of distribution of a sound in them, their wave resistance, their coef-
ficient of attenuation (absorption) of ultrasound different types of soils, corners
of falling, of reflections and refractions of an ultrasonic wave.

The volume of absorption of an acoustic wave by soils is characterized
by intensity of a sound in them. The intensity of ultrasound is amount of
energy which moves for unit of time through unit of area and is perpen-
dicular to distribution of a sound wave. If sound energy w extends with
acoustic speed ¢, where P — the sound pressure, v — the oscillatory speed of
parts of an object, K — the module of volume compression:

— 1)2 PZ PZ
w = p max X max2 e max ’ ( 4)
2 2pc 2K
2 2
I:WCZM'DC:%L:M (5)
2 2 pc 2

The intensity of a sound is directly proportional to a square of amplitude
of sound vibrations (the maximum shift of an oscillatory point from posi-
tion of balance):

I- %,;Azwzu, (6)

where w — the cyclic frequency of a wave; v — the speed of a sound
wave; p — the density of the object.
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In the course of distribution of flat waves in the soil the intensity of a
sound becomes less in process of a distance from a radiation source. This
regularity can be written down under the law of falling off of intensity of
a sound:

]:10 e'z'” = ]0 €_2ax (7)

here a =2 a ®)

where [, — the initial intensity; x — the distance from a radiation source;

a — the coefficient of absorption of ultrasound by object; o' — the eneo-

getichesky coefficient of attenuation which shows at what distance from a
source energy of a sound wave decreased by e times.

For determination of average density of energy, and also coefficient of
absorption of ultrasound and hour coefficient of attenuation of amplitude of
a wave or its energy depending on time we find by the technique stated by
Shutilov [7, p. 56-60, 144-145].

For the average density of energy it is similarly had:

wz=w(l-ac)=w — wac, ©)
where w, — the initial density of energy.

Average quantityof energy which in unit of volume absorbed environment

for unit of time:

Wo - W :mabsorptiow (10)

From formula (9) we have that:

mabsorp[ion = WUOtVC . (1 1)

If according to formula (5) it is intensity of ultrasound, then power coef-

ficient of attenuation such:
i """wl‘:\eq:lp':-:-'.. (12)
Iy
For absorption coefficient according to formula (8) respectively we have:
a AWnar (]3)
24

Such determination of coefficients & and &'’ gives the chance to calculate
coefficient of absorption of ultrasound without calculation of complex wave
number. Behind the law of falling off of energy of a wave with distance the
power coefficient of attenuation is found on a formula:
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o = 1 dw(x) 1 dI(x)
w, dx I, dx
where d — the thickness of the top layers of the soil (the depth of strongly
dense soil).
Similarly we calculate time coefficient of attenuation depending on

amplitude of a wave or its energy from time, that is:
1 dumax(t) — 1 dI(X)

dt 21 dt

; (14)

Sy =— (15)

L,

where the zero index belongs by the time of # = 0.

It should be noted that formulas (14) and (15) give a constant of coeffi-
cients of attenuation. Generally these coefficients can depend on distance
and time.

The soil and the strongly condensed soil is the firm environment. As is
well-known from fundamental laws of acoustics: on border of solid bodies
the nature of a wave in difference from liquid and gases changes. In gases
and liquids there can be only longitudinal waves. Wave which falls on bor-
der of two solid bodies only longitudinal or only shift (cross) which create
both longitudinal and tangent shifts on border of two solid bodies. It in both
solid bodies is resulted by both longitudinal and cross waves which have
different speeds of distribution and therefore are reflected and refract under
different corners.The difference in distribution of these waves depends on
elastic characteristics which define "rigidity" of an object in relation to this
type of deformations. The effective rigidity ¢ of an object is connected with
the speed of distribution of a certain wave the relation:

o = pct) (16)
from here - [ gj {17
P
Ceross = ( 0) = 25 :\/5 = 1,4, (18)
clongimdinal (1 + 2v0)

where v, — Puasson's coefficient.

This formula (18) shows that in any environment the speed of distribu-
tion of longitudinal waves exceeds the speed of distribution of cross waves
in =1.4.
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If the flat wave extends on border of two environments then the nature
of its shift remains on this border and only the speed of its distribution
changes, only the wave number will change. Its formula:

b=, (19)

¢

The ability of ultrasound to be reflected in border of two environments is
defined by their wave resistance. If that is about strongly condensed soil it
is actually necessary to consider passing of ultrasound for the environment
consisting of several layers. It is not about one view of the soil, and about
at least two. One layer is placed at a certain depth and in it there are no air
phases and liquid and the top soil will be acoustically softer always: Z, < Z,.
Under such condition the wave is reflected completely (fig. 1) and as in this
case on border of environments there is a change of a phase of oscillatory
speed and pressure does not feel a jump of a phase and a half of a wave is
reflected without loss.

We draw a conclusion that on the border from which the wave is
reflected the bunch of pressure (folding of a wave) and knot of oscil-
latory speed (shift) is formed. Physically it corresponds to the fact that
the border of the rigid environment remains immovable, and as a result
of a part in the environment which adjoins to border cannot feel shifts.
It is especially important to emphasize this moment (increase in ampli-
tude of pressure on border with a rigid barrier) for definition of a depth
of the condensed soil layer with an ultrasonic method on coefficient of
reflection of a wave, as receivers of ultrasound fix acoustic pressure.
Such receiver will register almost doubled amplitude (pressure) of an
ultrasonic wave which falls on limit of the section with the rigid envi-
ronment.

Owing to this fact, the reflection coefficient on energy V of any wave at
normal falling is found on a formula:

2
Vl — |:pzcz_plcl:| — |:Zz_Z|:|2’ (20)
Py + P16y Z,+Z,

where Z, and Z, — the wave resistance of the top and lower soil layer.

If there is no strongly dense layer of the soil on the way of distribution
of a sound wave, then the power coefficient of transmission # on border of
two soil layers will be:

11
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Figure 1. Reflection of an ultrasonic wave
from strongly dense layer of the soil

Source: author's working out

w, = 4% 1)
(Z,+Z))

These formulas of coefficients of transmission W, and reflections V, are
valid as longitudinal and for shift (cross) waves.

On condition of full reflection of a flat wave, as in our case ( Z, < Z,), the
coefficient of transmission W, turns into zero (Figure 1), and the coefficient of
reflection ¥, is equal to unit on condition of flatness to zero of the cosine of
one of corners falling. If the cosine of the corner falling of a longitudinal wave
is equal to zero then the wave extends along limit of the section. And if the the
cosine of the corner falling is equal to zero then the coefficient of reflection will
be equal to zero. And the corner of refraction will correspond to a critical corner
of falling. At such the corner of refraction the beam disappears and all energy
which was in the falling wave passes into the reflected wave.

If the second soil layer is strongly condensed, that the formula of coef-
ficient of reflection will be:

- - 2
v, :{ Z cos™ , Z,co8" ] 22)

Z,cos™ ,+Z,c08"
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If on limit of the section of environments the shift wave falls, then such
wave does not create others a shift components on border. Such wave is
reflected and refracts in the form of two purely shift waves. And this formula
(22) is suitable for calculation of coefficient of reflection of such wave too.

4. Acoustic path and formation of echo signals

Assessment of physical and mechanical properties of layers of the soil is
a main objective of acoustic control in work of the studied system of expe-
ditious definition of a depth of the condensed soil layer. We applied active,
more widespread, universal acoustic method to this purpose, namely — an
echo method [2, p. 12-15].

Time of receipt of an impulse is the informative parameter of such method
that characterizes a depth of strongly condensed soil layer. At this method the
measurement mode pulse, a way of obtaining information — piezoelectric.

For exact measurement of a depth of the condensed soil layer have to
such conditions will be satisfied:

1. I +1 =2H gp, [4,p.118], (23)

where /, and /. — the distance of passing of an impulse from the sensor
to the condensed soil layer and back to the sensor, H — the distance from
the sensor — converter to the condensed soil layer, ¢, — the corner of falling
a beam.
2H

2. ¢ = e [3 p.35], 4)
C

where ¢ — the time of passing of an impulse to a dense layer and back,
H,,. —the maximum depth of sounding, ¢ — the acoustic speed in the top

layer of the soil.

3 1 c

T N2H,,

where F — the maximum frequency of receipt of the sounding impulses,
T — the period of the sounding impulse, H,, — the maximum depth of
sounding, N — the quantity of ultrasonic impulses.

4. The period of passing of impulses is formed in such a way that before
receiving the signal reflected from depth the repeated radiation does not
occur. Formula of the period of the probing impulse is as follows:

T= 2 [3,p. 36) 26)

[4, p. 33], (25)
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where T — the period of sounding impulse, H,, — the maximum depth
of sounding, ¢ —the time of passing of an impulse to a dense layer and back.

Let's consider the scheme of sounding of the soil with existence of
strongly condensed layer (Figure 2). In this case the direct converter
with the connected scheme serves as both the receiver and the emitter.
This converter is at the same time connected to the generator and the
amplifier of the device and serves both for radiation and for reception
of ultrasound.

Taking into account that the condensed soil does not pass ultrasound and
under any conditions is placed perpendicularly to the front of the falling
waves, that such waves are flat. Then the waves reflected from the dense
soil and accepted by the sensor are also the front of flat waves.

At the mathematical description of an acoustic path by definition of a
depth of strongly condensed soil layer it is necessary to consider that it
is absolutely sharp border (the absolutely rigid object). Acoustic charac-
teristics of such environment are stable, their deviations with in a zone of
sounding are absolutely small.

We will take a signal of radiation and reception of ultrasound for mate-
rial points, which are placed in focus of the field of radiation and reception
of a signal by the sensor — converter. In the drawing 1 point of P designates

strongly dense laver of the soil

Figure 2. The scheme of a prozvuchivaniye of the condensed soil layer

Source: author's working out
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the center of flat waves which are radiated by the sensor and the point B is
a midfield of reception of a signal the sensor.

The ultrasonic sensor — converter forms the acoustic field in soil layers

by signal which arrived from point P which at the maximum depth of
sounding is characterized by the chart of the direction j,(x,). This func-
tion distributes amplitude of waves in the direction of a signal of radiation.
Similar to a signal which accepted the sensor (point B) has the chart of
the direction j, (x, ) which characterizes sensitivity of the sensor to signals
which arrive.

As strongly condensed soil layer lies at a certain depth and is not the
top layer that amplitude of sound waves the sensor passes distance x to the
condensed soil layer from a signal which was radiated in point P. Amplitude
of the radiated signal depends on the chart of the emitter of the direction j,
(x,) and on distance x. )

Jp (xp) .

%,

The amplitude of the reflected waves is equal:

The amplitude falling waves is equal:
Jr (%) )
R

The acoustic path is a way of an ultrasonic signal from the emitter to
border which reflects ultrasound, and back to the emitter. To calculate an
acoustic path — it means to determine amplitude of a useful signal depend-
ing on a depth of strongly condensed soil layer, from acoustic behavior of
the top layer of the soil and frequency of fluctuations. The amplitude of
reflection of a wave depends from that on how many the soil is strongly
condensed: the soil is more dense, the wave will be reflected stronger.

When the same converter works for the radiation and acceptance of a
signal, pressure on the converter will be:

P =5 RF@IEp 1IS) 27)

where P, i P — the amplitude of the signals which the converter radi-
ated and accepted, S — an area of the converter, K — the reflection coeffi-
cient from the condensed soil layer, j (x) — the function describing spatial
distribution of the field of radiation.

The divergence of beams is excluded for flat waves. Weakening of such
waves is caused by attenuation in the environment. The coefficient of reflec-
tion K has uneven frequency characteristic. In case of limit of the section

15
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of two environments it changes with a frequency or from a long wave of
radiation. But in our case, when absolutely rigid body is the reflecting envi-
ronment, it is possible not to consider frequency properties and to use some
simplification:

K = a-H

maxs (28)
where o — the coefficient of attenuation in the top layers of the soil,
H,, . — the maximum depth of sounding (the depth of strongly condensed
soil layer).
With the maximum depth of sounding the function monotonously

decreases behind the law:
. S
J(x) = & [4, p. 115], (29)

where / — wavelength, x — the distance from the sensor — converter to
strongly condensed soil laye, § — an area of the converter.

Therefore, the pressure on the receiver on the maximum depth of sound-
ing will be:
H 52 aH, S

P aH » a
I - e = 2 max = max 4, p. 116]. (30
P S (%) S ) ’x? ’x? [4.p 1. (30)

The relation of the maximum depth of sounding to a square of wave-
length characterizes the reflecting properties of the condensed layer (the
coefficient A4): I
A = % [4, p. 116]. (31)

T

And so, through coefficient we will write down a formula an echo — sig-
nal which arrives to the sensor with the connected scheme:

P

k,

The echo signal received in in the form of temporary dependence is as a
rule. It is inconvenient for definition of a depth of the condensed soil layer,
therefore we will carry out transition from time to length of a run of waves
scaling on acoustic speed:

= |7 4 §[4,p.116]. 32)

- o

c:l=c-t
Formulas (30) and (32) establish connection of a subject to control (the con-
densed soil layer) with an echo — signals which arrive to the sensor receiver.
The information on subject to control is encrypted in an echo — signals thus:
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1. The function j (x) is modelled by reflection coefficient (31), and the
scheme of sounding perceivs subject to control O, as function of a look:
0.=jx-K;

2. Subject to control 0, is modelled by keenness of the scheme of
sounding and integrated by wave run length /;

3. Function of distribution of the reflecting surfaces gives in to turning
with function of a response at the maximum depth of sounding and distri-

bution of echo — signals is formed.

5. Conclusions

It turns out that the question ultrasonic fluctuations with the soil was not
considered in geolocation earlier. Was considered that it is impossible to
probe the soil deeply. But considering that strongly dense soil lies at most
at a depth of 36 cm (depth small) and we do not need to define what subject
it is placed underground. And are interested for we only such qualities as:
the subject density, its ability to contract, that is deformation processes in it.

Having studied acoustic behavior of strongly dense layer of the soil, came
to a conclusion that it behavior it is absolutely close to behavior of absolutely
rigid body. But all problem is in that, what absolutely rigid bodies do not
consider in acoustics at all, as in them deformation processes are impossible.

Taking this fact in attention, considering that the soil the layered envi-
ronment, we decided to be the basis for our researches, at first sight — par-
adoxical situation: the ultrasonic wave will never pass through absolutely
rigid body.

Theoretically we understood that the ultrasonic wave surely must to be
reflected from a dense layer of the soil. It was necessary to simulate inter-
action of ultrasound with the layered environment where the lower layer
is strongly condensed. It was necessary to understand: as the acoustic sig-
nal will be formed in this case. Having considered all these nuances, hav-
ing considered all these nuances, considering that works on cultivation of
the soil are carried out in the environment, taking into account the strong
absorbing properties of soils, it was necessary to develop the special ultra-
sonic sensor, as the traditional sensor (as, for example, for the sonic depth
finder) here is not suitable.

But it will not be possible to disperse in the solution of this question
especially. Because if the soil has a dense vegetable covering, then level
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distribution of a sound can decrease in addition on 5-6 dB. The temperature
of the soil or air gives the prize or loss to 5 decibels concerning attenua-
tion or dispersion of a sound wave. But most of all renders wind and air
on passing of a sound wave: acoustic speed develops with a wind speed.
The wind can increase or reduce attenuation of a sound on the route of pass-
ing to the soil. The wind can increase sound level to 5 dB and also to lead to
additional attenuation in 20 dB. If the sound wave moves in the direction of
wind, then its speed increases (there is a concentration of sound energy) and
if moves against wind — that decreases (the phenomenon of an "acoustical
shadow" is observed).

It was necessary to minimize contact of the sensor with air. Completely
it will not be possible to avoid this contact. Therefore it is necessary to
reduce distance from the sensor to the soil. For this purpose both labo-
ratory and field researches were conducted. Specially created models of
soils were an object of researches in laboratory. In these models of soils at
different depths the condensed material (wooden boards) was placed. The
analysis of the received results of researches showed: if increases a depth
of the condensed soil layer that the measurement error increases (for depth
0,25 m — from 4 to 14%, for depth 0,5 m — from 6 to 16%). The most exact
measurements were reached at installation of the sensor at the height of
20 cm (the error made 4-6%), and with increase in height of installation
of the sensor the error increased. Increase in contact of the sensor with air
distorts measurements.

Similar results showed also field researches. Also it was established that
within the speed of the tractor from 8 to 12 km/h systematic changes of
measurements of a depth of strongly dense layer of the soil are not estab-
lished. Indicators of measurements of our device differed from indicators of
the hardness gage of Revyakin from -9,4 to +16%. Summing up the results,
it is possible to claim surely that application of ultrasound for loosening of
the soil with a height of sensor at no more than 20 cm and and at a tractor
speed from 8 to 12 km/h.
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Abstract. Increasing the service life of exploitational packers used in oil
and gas production by increasing the wear resistance and stability on defor-
mation of its sealing collar is one of the most urgent tasks. From this point
of view, the monograph examines the stress-strain state of packer seals. In
the research work, different directions of the stress-strain of packer seals
were studied. The main of these directions is the research of the deforma-
tion state of packer seals based on potential energy functionalities. Besides,
the research of the initial deformation on the sealing effect at the time of
its landing is one of the problems raised in the research. In the article ques-
tion the factor determining the sealing ability of the seal downhole packers
has been studied. It has been established that 30-40% of failed jobs associ-
ated with ventilated packer. It is also shown that the sealing ability packer
seals the equipment determined by a complex mechanical and technologi-
cal factors. These factors caused the value of internal and contact stresses
encountered when using the seal, the size and speed of movement, purity
compactibility surface. It was found that the seal provided by the compres-
sion deformation of rubber packer elements. The degree of deformation of
the sealing member should be sufficient to keep the sealing elements of the
installation site of the hood, landing under the action of pressure medium
compacted. To determine the initial contact stress created during the defor-
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mation of the sealing element found the form factor of the seal. Also take
into account the effective area of the seal. The analytical expressions for the
friction force on the surface contact sealing element and the pressure causes
a complete displacement of the seal where the seal is withdrawn from the
installation site. Defined the expression of the pressure conditions of sta-
bility and seal contact pressure with the long-term operation of the packers
(seal assembly) in a given temperature range. The article considers method
of calculating the parameters of sealing of the seal assembly of the packer
used during the repair of wells. For this purpose using direct variational
Ritz methods determined the total potential energy of the packer seal, min-
imizing the potential energy of the sealing element under the terms of the
Euler. Defined variational constant and the parameters of the seal packer.

1. Becrynenue

VBenmueHne cpoka padOTOCTIOCOOHOCTH IMPHUMEHSEMBIX IpHU J00bIue
He(bTI/I 1 rasa OKCIUTyaTallMOHHBIX MAaKEePOB, 3a CYET MMOBBINICHUSA U3HOCO-
CTOHKOCTH M yCTOMYMBOCTH Ha Je()OPMaINIO €r0 yIIOTHHTEIbHBIX MaH-
JKET sBJISIETCS OAHON M3 CaMBbIX aKTyalbHbIX 3a1a4y. C 3TOH TOYKH 3peHHs
B MOHOTpaduu mcciexyeTcss HalmpsHKeHHO-Ie(OPMHUPOBAHHOE COCTOSHHE
YILTOTHUTENEN nakepa.

B nccnenoBarensckoil paboTe M3ydeHbl pa3HblE HANPABICHUS HAlps-
KEHHOW neopManny yIuIoTHUTeNeH makepa. OCHOBHBIM M3 3THX HaIpaB-
JICHUH SIBIISETCS UCCIEN0BaHUs Ae(hOPMAUOHHOM COCTOSIHUYU YIUIOTHUTE-
Jieli makepa Ha OCHOBE MOTEHIMANIBHBIX SHEPreTHYECKUX (PYHKIIMOHAJIOB.

Kpome Toro, u3yuenue BIUsSHUS HadaabHOH nedopMaliy Ha YIUIOTHH-
TENbHBII 3(PEKT B MOMEHT €ro OCAIKY ABISIETCS OJHOM U3 3a/1a4, IOAHS-
TBIX B UCCIICIOBAaHUH.

B uccnenoBarensckoil pabore paccMOTpeHa METOIMKA pacueTa mapa-
METPOB I'epMETU3alui YIUIOTHUTENBHOIO y3i1a nakepoB. C 3TOH Ieiblo
HCTIOJIb3Yys MTPAMBIEC BapHallUOHHBLIC METOIbI PI/ITHa HU3BICKAHO II0JIHaA
NOTCHIHAJIbHAaA OHEPIrud YIUIOTHUTCIIA IMMakepa, MUHUMU3UPYIO MMOTCHIIN-
aJIbHOW HEPTHH YIUIOTHUTEIHHOTO 3JIEMEHTA T10 yCJIOBUsIM Disepa. Ompe-
JeJIEHbl BApUAIIMOHHBIN IIOCTOSHHBIN M IIApaMETPhI YIIIIOTHUTENS MaKepa.

YcTaHOBIIEHO, YTO repMeTH3anyust oOecrednBaeTcs 3a cueT aedopMarum
CKaTHs PE3NHOBBIX JIEMEHTOB ITaxepa. CTeneHs nedopManiy yINIOTHUTEIb-
HOTO 3JIEMEeHTa JAOJKHA ObITh JOCTAaTOYHOMN, YTOOBI yAEp KaTh yIUIOTHUTEIb-
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HBIC DJIEMEHTHI OT BBITSHKKU M3 MECTa YCTAHOBKU-TIOCAIKH MIPU JCHCTBUY Ha
HETO JaBJICHUS TepMETH3UPYeMOi cperpl. [ onpeneneHus HagaabHOE KOH-
TaKTHOE HANpPsHKECHHE, CO3MAHHOE TIPH e(POPMAITHK YITIOTHUTEIHHOTO dJIe-
MEHTa HalIeHO K03 duImeHT HOopMBI YIUTOTHHUTENS. Tarke yureHa s dek-
TUBHAS IUIONIA/b YIUTOTHEHUs. [lomyueHa aHamMTHYECKAs BRIPAXKEHHMS, CHITa
TPEHUsI HA MOBEPXHOCTH KOHTAKTa YIIOTHUTEIBHOTO JIIEMEHTA U 3HAYCHHE
JIABJICHHS BBI3BIBAIOIIETO TOJHOE TIEPEMEIICHHIE YIUIOTHEHHUS IPU KOTOPOM
YIUIOTHUTEIb HE BBITSTHBACTCS M3 MECTa YCTAHOBKH.

2. Ha ocHOBe NOTeHUMAJILHOM YHEPTr UM
HU3y4eHHUsl pacdeTHO nedopmanun

[Naxepyrommuii y3em OiH U3 HaNMEHee HaJJeKHBIX B paboTe y3JI0B MaKep-
HoOro obopynoBanus. Pemaromee 3HaueHue Ui 00ecreueHns: TepMETUYHO-
CTH TIAKEPOBKHU UMEET MPABMIIBHBINA BHIOOP MMAPaMETPOB CKBKUHBI: TOYHOTO
orpeneneHus GakTHIECKOrO THaMeTpa CKBaKUHBL, MECTO YCTAaHOBKH ITaKepa
Y ONITUMAJIBHOTO TIepernajia IaBIeHHs Ha MaKep, ONTUMAIIbHbIE ()OPMBI 1 pa3-
MephI (Takke oceBble Ae(opManii) YIUIOTHUTENS akepa [8].

AHaIH3 MPOMBICIOBBIX JJaHHBIX pabOT MO NMaKePOBKE CKBAXKHUH MOKAa3bI-
Baet, 9yTo mpuMepHo 30-40% HeygayHBIX paOOT CBS3aHO C HETEPMETHIHO-
CTBIO MTAKEePOBKH [5].

TeopeTndecKUMH I MHOTOUNCIICHHBIMU CTEHIOBBIMH HCCICIOBAHUSIMHE
YCTaHOBIIEHO, YTO T€PMETU3UPYIOIIass CIOCOOHOCTh YIUIOTHEHUH Makep-
HOTO 00OPYIOBaHMS ONPENENACTCS KOMIUIEKCOM (DH3HKO-MEXaHNIECKUX H
TEXHOJIOTHUECKUX (PakTopoB [9].

K ¢uznko-mMexanndeckuM (axTopam MPHUHSITO OTHOCHTH (PU3UKO-MEXa-
HUYECKUE XapaKTePUCTHKH MaTepraia yIloTHeHuH. TeXHoIornaecku-Ha-
NPSHKEHHOE COCTOSHUE YIUTOTHEHUSI XapaKTepU3yeTCsl BEIMYMHON BHY TPEH-
HUX ¥ KOHTaKTHBIX HANPSDKCHUH, BO3HUKAIOIINX TIPH PaboTe YINTOTHEHUS,
BEJIMYMHBI U CKOPOCTU TEPEMEIEHUS], YUCTOTHl YINIOTHAEMON TTOBEPXHO-
cTi. B 3T0ii CBsSI3M HEOOXOAWMO OTMETHTH, YTO T€PMETH3HUPYIOIIUE dJIe-
MEHTBI paboTar0T B OCIOKHEHHBIX yCIOBHUAX, O0YCIIOBIEHHBIX BHICOKMMU
rUIpaBIuveckuMu JaineHusiMa — 10 100 MIla, arpeccHBHOCTBIO paboueit
cpelbl v BRICOKUMU Temmeparypamu (mopsiaka 200° u Beiiie). B GonbIinuH-
CTBE CIly4yaeB T'€PMETHU3UPYIOIINE SJIEMEHTHI MOJBEPKECHBI OJHOBPEMEH-
HOMY BO3IIEHCTBUIO IEPEUNCICHHBIX (PaKTOPOB, YTO OTPUIATEIFHO CKa3bl-
BaeTcs Ha ux paborocrmocobHocTH (puc. 3). HapyiieHue repMeTHYHOCTH
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COIMPOBOXKIACTCA 3HAYUTCIIbHBIMU pPasMbIBaMU YIIJIOTHACMBIX ITOBEPXHO-
CTEH, 4TO B Psi/ie CIy4aeB MPUBOIUT K MOJHOMY UX Pa3pyIICHUIO U HEBO3-
MOXXKHOCTH UX PEMOHTA U JaJbHEHIero ncroip3oBaHus [5]. Bee ato cBu-
JETENBECTBYET O TOM, UYTO 00eCIICICHUE TEPMETHIHOCTH SBILSICTCS. OMHUM H3
OCHOBHBIX (DaKTOPOB HOPMAITLHOU paOOTHI 00OPYIOBaHUS B IIeJIoM. [ epme-
TU3UPYIOLIUM 3JICMCHTOM IMaKepa ABJIAIOTCA €ro YIIJIOTHUTCIbHBIC PE3UHO-
BBIE 2JIEMEHTHL. [epMeTH3arms obecrieunBaeTcs 3a cueT AeOpMaIlin CxKa-
THSI PE3MHOBBIX AJIEMEHTOB ITaKepa B 0CEBOM HAIPABJICHUH, IIPH YCTAHOBKE
MIOCAJKH €r0 BO BHYTPEHHEH MOBEPXHOCTH IKCIUTYyaTallMOHHOMN KOJOHHEL.

IIpu pacuere ynjaoTHEHMH M3 HEC)KHMMAeMOIO PE3MHOBOIO Marepuala
MIMPOKO HCIIONB3YIOT IpsiMble MeToAbl. OYeHb IUIONOTBOPHBIM OKa3bIBa-
eTcs NpUMeHeHne Metoaa Purna:

[updQ=A-[PdQ=-AP =-AQ (1)
Q Q

rae P = Q — oceBble yCUIIHA NPUIOKEHHOE K YIJIOTHUTENIO; A — 0ceBoe
nepeMenicHue nedopMaIiy yIDIOTHATENS makepa; U; — paguanpHoe mepe-
Menienue; P, = P = Q — oceBoe ycwmius;, d<) — 3JeMEHTapHBIA IUI0Ia b
MMOBEPXHOCTH YIUIOTHUTEIIS.

@YHKIMOHAJ TOJIHBIN MOTEHIUAILHON SHEPTUH YIUIOTHUTENS OIpeie-
JISIETCs 10 CIEeyIOINM BhIpaskeHueM [1]:

11=G[(e2 + 53 + 62 + 272V - A0 @)
Vv

Bripaszus Aus ycnoust W =-A W=-Anpu z = h+ (r — R,) g8 ¥ UCKITIO-
YKB [PU MOMOIIH yCIOBUS HEC)KUMAEMOCTH Ie(POPMAIINH &,, MOJCINTACM
MOJHYIO SHEPruio /1:

h(r=R)ep

Ru
m=20G [ [V (2 46 v eye, + Loy radi-s0 (3
REN '

2

rne ¢, =—(g,+¢&,) €,6, 1 & COOTBETCTBEHHO OTHOCHMTEIILHO Pajau-
anbpHas, TMOTEHLHUANbHAas M oceBas nedopManus YIIOTHUTENS; 7, —
yraeBsle gedopManuu  yrmmoTHATeds; G-Momynmb ciaBura; A-oceBas
nedopmanus yIUIOTHUTENS B TOYKE MPUIOKEHUS; dV — dIeMEeHTapHbBIN
o0beM ymiaoTHUTENA; R, Ry — COOTBETCTBEHHO BHYTPEHHHE U HaPYX-
HbI€ paJluyChl YIUIOTHUTENA; W, z — COOTBETCTBEHHbIE NIEpEMELICHUE B
HallpaBJI€HUHU OCH Z.

Jns nedopManyu yrutioTHUTEINS TTakepa B OCEBOM HAIPABJICHUH MTPUMEM
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W=a -2 )

TJIE a, — TIOCTOSHHAsA, TIOIEKAIIAs OTIPENEIIEHHIO.
Hamummewm ycioBre HeC:)KNMaeMOCTH

g =¢,+&,=0 %)
N3 (4) c yaerom (5) nmeeM:
oU 4 z
oz 7z %“w’ (©)
WuTterpupys (6) ¢ yueToM IpaHUYHOTO YCIOBUS
U=010pu r = Ry pes @)

Oy YHUM a,-Z - Rj,,m) ®)
v T

e 7 — KOOPIUHAT B PaIHalbHOM HAIPaBICHHU.

Ha mepBoM aTame cxaTHs YIUDIOTHUTENSI MaKepa MPOHCXOIMT IIePBOE
CONPUKOCHOBEHHE €r0 HAPYKHOW MMOBEPXHOCTH C BHYTPCHHEH TTOBEPXHO-
CTBIO CTEHKH SKCILTyaTal[MOHHOW KOJMOHHBI. [Ipu 3TOM Heobxomaumas oce-
Basl HArpy3ka MOXET OBITh ONpeesicHa METOMOM PUTHA MO BBIPAKECHHIO
(3) c yuetom, uto Q =Q,, A = A, T.e. Q-oceBas HeoOXoAMMAast JJIsl TIEPBOTO.
W3 ycnoBus nepBoro CONpuKOCHOBEHUS W ypaBHEHHs (8) ¢ ydeToMm: Ipu
r=R,z=h Torna u=56 e =R - R, ,, — 3a30p MEKIY HapyKHOU

MOBEPXHOCTHIO (KOTOPOW pe3WHa ITOCTUTAET BHYTPEHHEH IMTOBEPXHOCTH
KOJIOHHBI) YIUIOTHUTEJIBHOTO JIEMEHTA U BHYTPEHHEH CTEHKON 3KCILIyara-

U =

UOHHOW KOJIOHHBI, MONy4YuM R, ., = R,
8 R»? B Rezu R:H e3 1 1
?ﬂ Ghs I: D) L+ 2p R2 - F + (sz - R(fZH-Pl’J) +
Q _ 6H. pe3 k
=

1

3 (RI-R,, R 1 1 SN N
6H. pe3 . _ R*-R )

16h3( o T 'L ) TR R g
X

6n. pes

X

1

R
[R: - R:H.pes + R:H.pes -In e Rszﬂ (sz - Rszrr.pea' )j}

6H. pes

X

)
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IJI€ COPUKOCHOBEHMS HApY>KHOU NTOBEPXHOCTH YIUIOTHUTENIBHOTO 3JIe-

MEHTa ¢ BHyTPEHHEN IIOBEPXHOCTHU IKCIIITYaTallOHHOM KOJIOHHBI
MuHMMYyM @OTEHLMAIbHOM HHEPIUU YIUIOTHUTEIBHOIO JJIEMEHTa
(10)

JIOCTUTAETCS TIPH yCIoBUHU Diinepa [2]
am . ol _,
oa, 08,

Torma u3 (3) ¢ yuerom (4), (8) u (9) momyduM BeIpasKeHUE TS OTIpee-

|

JICHUS TIOCTOSTHHOH d.
0, cos* a
8G77: R - R, R4 1 1 3
e R2_R2
3h { 2 2R sz( g “”)+I6h3}
(11)

B _Rr(r-R)

X
(R =R}, ) + Ry, In =
6H. pe3
W3 ycnoBus mepBOro CONMPHUKOCHOBEHHUS W ypaBHEHHs (4) ¢ ydeToMm
U|, ,= 06 momy4ynm
ik
S|R-R,, (1 1 4
hérG - p 4 20 - R - R
w2 T2\R, R + “””)3h
Ql =
1 [R'-R, R
ST 1 ? + RS In -R, (R - Rj”)]
wtp
; (12)
”’”’Jcos a

X
(R B
rae & — 3a30p MeXIy Hapy>KHOW MOBEPXHOCTHIO YIUIOTHHUTENS U BHY-

TPEHHEH CTEeHKOH KopIryca calnbHUKa; R — Hapy>KHBIN pajinyc YIUIOTHUTEIS
U3 (12) BuaHO, YTO MEpBOE CONMPUKOCHOBEHUE HAPYKHOM MOBEPXHOCTH

2
YIJIOTHUTENS CO CTEHKON IKCIITyaTallMOHHOM KOJIOHHBI MIPOUCXOAUT B €r0
HIDKHEM CEUEHMH, TpUUeM pajaualbHas AeopManus HapyKHOH MOBEpX-

HOCTH YIUIOTHHUTEIISI UIMECT JIMHEHHBIN XapakTep
JanpHeliee yBeIMUeHNE 0CEBOI HArpy3Kd MPUBOAUT K JeopManuu
YIJIOTHUTENS IO CONPHKOCHOBEHHUS €T0 HapYKHOM MOBEPXHOCTHU IO BCEH
BBICOTE CO CTEHKOM AKCILTyaTallnOHHON KOJOHHEI (puc. 1). IIpu aToMm panu-
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aNbHas AeQopMaIus YIUIOTHUTEINS, YAOBIETBOPSIONIasi IPaHUYHOMY YCIIO-
BHIO, MOXET OBITH IPUHATA B BUIE

h— I
U, =b,(hzz[r—"i] (13)

rae u, — pagdanbHas aedopManus YIUIOTHUTENS; b, — TMOCTOSHHAs,
MOJUIEXKAILAs! OIIPEEIICHUIO.

W3 ycnosust HecxxumaemocTH (13) MaTepuana ymioTHUTEIS UMEEM

2

(h-2)

h2

rae W — oceBas neopMariuist yIiOTHUTENS.

IToreHuuanpHas 3HEprus Ipu A0XKATUH YILIOTHUTENS 10 COIIPUKOCHOBE-
HUS €0 HapyXHOM MOBEPXHOCTU CO CTEHKOM 3KCILTyaTalluOHHOW KOJIOHHBI
0 BCEH BBICOTE C yYETOM OCECHMMETPHIHOCTH Ae(hOopManui UMEeT B

Wi =b, (14)

Rh
0 =20G|[ [ (] +z} +&! +%yle)r.drdzfAQ2 (15)
0

o

N3 (15) ¢ yuerom (13), (14) 1 MUHEMYMa ITOTEHIMATBHON SHEPTUH HMEEM

P, cos* a

X
e {Rﬁp T (21 _ IZH} +30(R-R,)+
Ton R (16)

1 (R _'ﬁ,. R:H. InR 2 2 -
ek

6H.p

b =

45

P’ — oceBas Harpyska, HEOOXOIUMAs IS CXKATHs YIUIOTHHTENS 110

COIIPUKOCHOBEHMSI €T0 HAPYKHOH MOBEPXHOCTH CO CTEHKOH 3KCILTyaTalu-
OHHOI KOJIOHHBI nr BCEH BBICOTE.

W3 ycnoBus U|,_,=6 noxyuum ¢ yderoM (9) u (12) nomydnm
r=R

SIR -r {1 1 4
ShnG 1> O RS I B A S
i {3/1{ 2 +2(r02 R2H+3h( )+
0= x

1 R -1} R
ST [[ i +r°4lnro_r°2(R2_r°2)]}

2
(R - ’;’J cos* a

(17)
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AR |

Puc. 1. PacuéTnas cxema nakepa
1 — 3kcnuryaTanmoHHAs KOJIOHHA; 2 — CTBOJI MAKepa;
3 — yIJIOTHUTENbHBIN 3JIeMeHT; 4 — maiioda.

[Mocne monHON npedopManuu yYIUIOTHUTENs, KOTAA €ro HapyXHas
MOBEPXHOCTh MOJHOCTHIO COMPHUKACACTCS CO CTEHKOW DKCILTyaTallMOHHON
KOJIOHHBI, HEOOXOIUMO ellle JOOUThCs TepMeTudHocTH. OHa JocTUTaeTCs
IyTEeM YBEIWYECHUS OCeBOM Harpys3ku. [Ipm stom nuddepennmamsaoe
YpaBHEHHE, ONMCHIBAIONICE PABHOBECHE IEMEHTA YIUIOTHUTEIS, C YIETOM
HEC)KMMaeMOCTH €ro MaTepraia uMeeT Bun [2]:

do., 2 _y (18)
dz  R-r,

Il o, — 0OCEBOE HAIIPSDKEHHE B JIFOOOM MOIIEPEYHOM CEUCHHUH YILIOTHH-
Tenst; f — Kod(GUIUEHT TPEHUS MEXKIY YIUIOTHHTEIEM H CTCHKaMH JKC-
ITyaTalluOHHOM KOJIOHHBIL.

U3 (18) umeem

a, = 0, exp (— :fz ] 19)

=7y
e O'ZU — OCEBOC HANIPsHKCHHUE B IMOIIEPEYHOM CCUCHUU YIUIOTHUTECIIA B
MCCTC NMMPUITOKCHUS CUIIBI P3.
I[J'IS[ OMPEACIICHUA XapaKTEpa pPaCHpCACIICHUA YACIbHOIO OaBJICHHA
MCXKIY Ha]Z)Y)KHOI\/‘I MNOBEPXHOCTHIO YIUIOTHUTEIA U CTEHKOM OKCILTyaTalu-
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OHHOM KOJIOHHBI HEOOXOIMMO CYMMHUPOBATH 3ITIOPBI €T0 pactpeciieHus Ha
BTOPOM ¥ TPEThEM 3Tarax.

Ha BropoM 3tare, Koria MpoOUCXOIUT CIKATHE HAPYKHOH MOBEPXHOCTH
YIUTOTHUTEJIS TI0 BCEH €ro BHICOTE JIO CTCHKH KOpITyca, paanaibHOe Harps-
JKEHHE MOXKET OBITh ONpeNeeHo Tak [2]:

. =2Gg, + S (20)

U3 (20) ¢ yuetom o

Ui

k= 0 u (13) umeem
0

5. =2 Géz2 1+
P
R-"Y)n
(R-"p)

Rz) 21

2z G5z 7
o,=0,+0, =0, exp(- )+2 — (1 +-25) (22)
R-r ) R
(R-—)h
R

[lepelinem k pacCMOTPEHUIO XapaKTepa paclpelesIeHus yAeIbHOro JaB-
JIEHUSI MEX]y Hapy>KHOW MOBEPXHOCTHIO HKCILUTYaTallHOHHON KOJIOHHBI M
BHYTpPEHHEH CTEHKOH YIUIOTHUTENS, onpeensiemoro u3 (4), (9) u (15).

Ha nepBom atare, korga NporCcX0OauT IIEPBOE COIIPUKOCHOBEHUE HAPYXK-
HOU MMOBEPXHOCTHU YIUIOTHHUTEIA CO CTEHKON AKCILTyaTalluOHHON KOJIOHHBI,
YIEJIBHOE JIaBI€HUE MEXIY MOBEPXHOCTHIO YIJIOTHHUTEIS M CO CTEHKOM
AKCILTYaTaIlHOHHOHW KOJIOHHBI MOJKET OBITH OIPEHEIICHO KakK

o, =2Gs,|, 4 +S (23)

U3 (23) ¢ yuetom (4) u ycroBust o, \,: z =0 umeeM

r-k (1 = I 24

Ha Bropom »stame, xorma Hponcxomn MIOJTHOE  COIIPUKOCHOBEHHE
Hapy>XHOH IMOBEPXHOCTH YIUIOTHHUTENS C BHYTPEHHEH CTEHKOW dKCILTyara-
IIUOHHOH KOJIOHHBI, YACIBHOE TaBICHIE MEKIY HOBEPXHOCTSIMH KOJIOHA H

YIUTOTHUTEIS ONPEeIIAeTCs U3 (19) C y4eToMm (9) u ycnosus o, |,_, =0

r-n

- -4BG X 2 (25)
CyMMapHoOe yaelbHoe ,E[aBJ'IeHI/IC

O |r=r,,~ (1 KHp) 4BG;T+6 exp( ————) (26)

r
EH
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Ha puc.2 npencrasiensl 3aBUCUMOCTH [¢,] = Q, u[q,] = 0, [q,] = Q,0T %

npu R BH.pe3. Kak BUIHO U3 pUCyHKa 2, C pOCTOM % 3Hadenus [q,| u [q,]
YMEHBIIAIOTCSL.

[al &
5.4
|Q|'I"Ji'
9 1
304 L-lal
1 \
25 Y
| Y
N,

| I— . - 5 F T -
0.4 0.5 6 0T 0% 0% Ruh
Puc. 2. 3aBucuMocTh Ge3pa3MepHOro yueJ5HOro 1aBjaeHus
YIUIOTHHUTEJIS TAKepa OT 0e3pa3MepHBIX
AUaMeTPUIeCKUX MapaMeTpoB

Takum o0pa3om, monydeHHble 3aBUCUMOCTH (16) u (17) moka3bIBaroT,
YTO PAaBHOMEPHOTO pAaCIpeNeSieHUs] yACTbHOTO MABICHUS MEXAYy HapyX-
HOM TTOBEPXHOCTHIO YIUTOTHUTENSI U CTEHKOW SKCIITYaTallMOHHON KOJIOHHBI,
Hapsy ¢ ApYTUMH (HakTopaMu MHOTOE 3aBUCHT OT YIIOTHSIEMOTO 33a30pa o .

3. HccienoBanue 0Ca0KHEHHs HATPY:KEHHOCTH YIJIOTHUTEIs
NaKepoB C MPMMEHEeHHeM LITAHTOBOI0 IJIyOMHHOI0 Hacoca
OCHOBHYIO POJIb B FepMETHU3ALMU MAaKEPHBIX YCTPOMCTB (C mpuMeHe-
HUEM IUTAaHTOBOTO TIIIyOMHHOTO HAacoca) BBIMOJHIET YIUIOTHUTEIbHBIN
3JIEMEHT, KOTOPBIA MPUHUMAET Ha ce0sl U30BITOUHOE JaBlieHHe, NeiCTBUS
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Cp€Abl U TEMIIEPATYPHI, PA3JIMYHBIX BUAOB HAI'PYKCHU €0 IIPU MOCaJIKE U
B TIporiecce YIuIoTHeHus (pabdoty). V3 mpakTHKK H3BECTHO, UTO JCHCTBHUS
OCEBBIX CHJI M JIABJICHHS YaCTO HAPYIIAIOT TePMETHYHOCTh YIPaKHEHHUS.
Ocob6enHo nipu pabore nakepa ¢ IIII'H (mranroBoro, NyOMHHOTO Hacoca)
BO3HHKAET AOTOIHUTEIFHOE AUHAMUYECKOE YCHIIHE, KOTOPOE IMPEeaaeTCs
yrumotTHHTeNeM makepa [3; 4]. B HEKOTOPBIX ciTydasx JKCIUTyaTalluHl ATO
paBHOBECHE HapYIIAETCs, TaK KaK HEKOTOPhIC W3 CHJI HEHTPAITU3YIOTCS
YCIOBUSIMH Pa0OTHI TPYO ITH UX 3aKpeIUICHUEM TTaKepaMHu.

PaccMoTpuM Hanbolee 9acTo BCTPEYAIOIIUECs CITydal BOSHUKHOBEHUS
0CEBBIX cUII. [Ipy 3TOM OTCYTCTBYIOIIUE CHIIBI, IPUBOIAIINE K HAPYIICHUIO
paBHOBecus, OyneM Oparb ¢ 0OpaTHBIM 3HaKOM [7].

1. Koniibl Tpy0 3aKperiieHbl ¢ TaKepoM M Ha yCThe. JJHUIIe CHU3Y OTCYT-
cteyer u P #0, P, =0 . B aTom cirydae pactsruBatoniee KoJIbIeBOe HaIpsi-
XKeHHe o, = P,'d / 20 BBI3BIBACT B 3alIEMJICHHBIX TPyOax pacTsIruBaroliee
0CEBOE yCHIIHE, KOTOPOE MepeacTCs B YIUIOTHUTENH ITaKepa:

N, =ouS (27)

Honcrasnss B (27) 3uauenust o, = Pyd /20, S=nd,o; F=rnd" /4
(nomank B CBETY) ¥ IPUHUMAs d,,=d, OIy4uM

Ny =2P - Fy-p (28)

rae u-kodhdunment [lyaccoHa Tak Kak HUKHHUNA KOHEIl He 3arTyIIeH, TO

CJIEIyeT B3SITh CO 3HaKOM MUHYC. CyMMapHbI€ 3HAKH CKUMAIOIINE YCHIIHS,
JCWCTBYIONINE BHU3Y, B MECTE 3a/ICJIKU TTaKepa:

Ny =2P - Fy-u—- PFy (29)
Yeunue N, OyaeT CKUMAFOIIIM U MOMEHT BBI3bIBAET IIPOIOIBHBINA U3THO0.
II. To ke 3akpemnnenue vHo P,.=0, P, =0
B atom cnyuae
o,=—P,-D/20 u N,=-2P, - uF, (30)

2
e F, = % ~0,785D°

F,, — momaaes cedeHus TpyObl 10 HAPY>)KHOMY €€ JHaMETYy.

INockonpKy HEmOCTArOMIAst 0 paBHOBECHS CyKUMatommas cuia (—P, - F,;)
Ha JHUIIE OTCYTCTBYET, OepeM ee ¢ 0OpaTHBIM 3HaKoM. PesynsTupyromas
oceBast CHJIa TI0CIIe aHAIOTHYHBIX MTPeoOpa3oBaHmH

Ny =Py - Fy (1-2p) (3D
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ITI. To e 3akpemnenue, Ho P, # 0; P, # OP. B ananoruano paccMoTpeH-
HOM CIIy4ae MOITy4lM
Ny =(1=2u)(Py - Fy — Py - Fy) (32)
IV. To xe 3akpemnenue P, = P,=0, HO BHyTpH TPyO HaXOIUTCS >KUA-
KOCTB C INIOTHOCTBIO. JIeficTBUE )KUIAKOCTH HA TPYOBI MOXKET OBITH IIPHPaB-
HEHO JIEHCTBUIO CPEIHETO JABICHUS

(—PH‘FH)NR2=PH'FH(1—2,U) (33)
PH = PB = O, HO BHYTpHU pr6 HaxXoOuTCA XUAKOCTH C IJIOTHOCTBIO pp.

Omiopa JaBleHUs KUIKOCTH Ha TpyObl. [leiicTBHe KMIKOCTH Ha TPYObI
MOXKET OBITh MPUPABHEHO JCHCTBUIO CPEIHETO JIaBICHUS

P, =ppgH /2 (34)
Torna aHanornyHO pacCMOTPEHHOMY BHIIIIE TpH 3HaUYeHUH u = 0,28 momydnm
NR4:_O,72pB gHFB (35)

V. Ilpu nelicTBUM JaBIEHUS KUJIKOCTH. KaK U3HYTPH, TaK U CHAPYX U
HKT (mipu u = 0,28):
Nps=0,44(Py - Fy —Pp - F )+ 0,72gH * (py Fups F) (36)
VI. Bec cTon10 )KUAKOCTH NPY IBHKESHUH TUTyHKEepa BBEPX CHUMAETCS C
TpyO W mepenaercs Ha miyHxep. [Ipu 3ToM paBHOBEcHE HApyIIaeTCs, TaK
KaK pacTATHBAIOIIAs CHIIa, CHIMaeMmas ¢ TPyO M cO3Iaromasl OImacHOCTb
MIPOOJIEHOTO U3ruoa,
Nrs=—Poc "8 H Fy 37
rae — Fy miomans iyHxepa.
[Ipu nuamerpe mwiynxepa Dy, Fr; = nD,27 /4

4. ®akTopBkl, ONIpeaesIoIINe repMeTH3NPYOIIYI0 CIIOCOOHOCTh
YILIOTHEHMSA

Crerenp medopManuyl YIUIOTHUTEIHHOTO JJIEMEHTA JOIDKHA OBITh
JOCTAaTOYHOM, YTOOBI yaepXkaTh yIJIOTHUTEIbHBIE 3JIEMEHTHI OT BBITSXKKU
13 MECTa YCTAHOBKHU-TIOCAAKU MIPU [LCFICTBI/II/I Ha HETO AaBJICHUSA I'CPMETHU-
3UPYEMOU cpellbl U ISl 00ecrieueH sl TePMETUYHOCTH TIPU JCHCTBUU TOTO
K€ JTaBJICHUs 0CEeBO nedopmanuy.

B Mecre (OTHOCUTENBHO) MOCAAKH O] MAH00# YIUIOTHUTENBHOTO 3JIe-
MEHTa makepa Oyner
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S0, = (38)
0
B Mecrte cxxarust G0KOBOI 4aCTH yIIJIOTHUTEIBHOTO 3JIEMEHTA 10 BBICOTE
B, Aeopmariuu cxaTHs:

Eoox = (h - hl) / hl (39)

Y \\\\‘\\\\]
3

A
ho

In.
:J

5
;/F'rp
]

/

5

5

Puc. 3. PacuéTHas cxeMa YIJIOTHMTEJIbHOI0 3J1€eMEHTa naKepa:
1 — cTBOJI; 2 — IKCILUIYATALIMOHHASA KOJOHHA; 3 — onopHas maiida;
4 — YIUIOTHUTEJIbHBIHN 3JIEMEHT; 5 — KOHYC

HauanpHOoe KOHTaKkTHOE Hamps KeHHE, CO3laHHOe IMpH aAedopmaru
YIUTOTHUTEIFHOTO 3JIEMEHTa, MOXKET OBITh HAlJIEHO U3 YpaBHEHUs [6]
80[

o, = E(1+2u,,D) (40)
223
rae @ — ¢akrop GopMbl, paBHBIIi:
2 2
(D: Snn — Dcu.lc_D (41)
Séofc 4D6’H : hO

VenosueM oOecrieueHust YCTOﬁqHBOCTH YIUIOTHCHUSA, HeﬁCTBYIOLHeFO
Ha TCJIO YIINIOTHUTCJIBHOIO 3JIEMCHTA M30BITOYHOTO JaBJICHUA P, SABIIACTCA
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E,, = PpS. (42)
rae S.pp — dQdeKTUBHAS IUIONMIAAb YIUIOTHEHUS, T.€. BEIHMYHHA Xapak-
TEPHU3YIOMIask CIOCOOHOCTH YINIOTHUTENIFHOTO JIEMEHTa IIPeo0pa3oBEIBaTh
JABIIEHUE B OCEBYIO CHUITY:
5, =22 (43)
AP
rae AQ — U3MEHEeHNE yCUIUs B YIUIOTHIEMOH IOBEPXHOCTU B KOHTAKTE
C YIUIOTHEHHUEM.
AP — n3MeHEHHE AaBICHIUS B CKBKUHE (HAJ MK TIO]] TTaKepa).
AP,p — nmaBneHWe, HEOOXOOMMOE AT OCYLIECTBICHUS NPUMEHEHUS
YIUIOTHUTENSE KOHTAKTHBIX TTOBEPXHOCTEH.
Torpa nonHoe mepeMelleHHe YIUIOTHUTENBHOTO 3JIEMEHTA MIPH IPOsiB-
JIeHHE CaMOYIUIOTHEHHs OyJeT:
A=A, +A, (44)
Taxoke crja TpeHUs Ha IIOBEPXHOCTAX KOHTAKTa YIUIOTHUTEIIBHOTO 3J1e-
MEHTa COCTaBJIAET:

D! -D =
Fmp:lump'F:lump'G'ﬂ#:Z.nump'E.
D -D’ —
(1t sy 220y (Dl D)) (43)

W3 ycnoBus yCTOMYMBOCTH C YI€TOM 3HaYCHUS 3(PEKTUBHOH ILIONIAN
YIUIOTHEHMsI Hal1eM 3HaueHUe 1aBJIeHUs P,p, BBI3BIBAIOIIETO [IOJHOE IIEpe-
MeIlleHHEe YIUIOTHEHUs, IPU KOTOPOM YIIOTHUTEIb HE BBHITATUBACTCS W3
MecTa YCTaHOBKH (TIOCAJIKN):

D -D?
- 2 2
ﬂmpE(l T By DBHK h )(D,,. —D*)(h - hy)
Py = T (46)
h, - (D°+ Dd +d?)
IIpu pelicTBUM yKa3aHHOTO NaBie€HUS P,p YIDIOTHUTEIEM AJIEMEHTa
repMeTH3anus 00eCIeYnBaeTCs OIarogaps MPosBICHHUIO P PEeKTa camoy-
IJIOTHEHUS B PE3YJIbTaTe YBEIWYEHHUs] KOHTAKTHOTO HANPsDKEHUS 10 3Ha-

4eHUs o,

o' =0, +aP, (47)
rIe o — K03()(UIMEHT mepefadn NaBIeHUS, s YIUIOTHEHUS Iakepa
a=0,85...0,95.
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Ycnosue TEPMCTUIHOCTU COCTUHECHUS BbIPAKACTCA 3aBUCUMOCTBIO!
o 2P, (48)
CoxpaHeHHe TePMETUYHOCTH COEIMHEHMS TIPH TEMITEPaType U B IPOIecce
JUIATENTFHOM SKCIUTYaTalllK CBSI3aHO C YMEHBIICHIEM HAaYaIbHOTO HAIPSDKESHIS
BCIICICTBUE M3MEHEHYSI CBOMCTB PE3UHBI (YIUIOTHEHHIO) B 3TUX YCIIOBUSX [6]:

ot,7)=0,Kp (49)

rie K, — ko9pQUIMEHT BOCCTAHABIMBAEMOCTH PE3UHBI IPH TEMIIEPATYPE:
-h

K -h-h (50)
hy—h

hl — pasM€p BOCCTAHABJIMBAIOLICTOCS YIIJIOTHUTCIIA IIOCJIC CHATUA

Harpy3Ku IpH JaHHOH TeMIlepaType:
B — OTHOCHUTEINIbHAs OCTAaTOYHAs IMACTUYHOCTD PE3UHBI [6]

B-1-H (51)
_Eocm _ho_hz
rne H = F 77%_}5 (52)

h, — BBICOTA YIIJIOTHUTEJSI [TOCIIE CHITUS HArPy3KH
h, -4,
. _ 0
Eoct — octarounas nedopmanus : E,, = ( )

hy = hy
Torma u3 (12) momydum:
o(t,t)=0,K,-B+a-P, (53)
Winu, nopcrapisis 3Ha4eHUE o, U Pyp, TOCIE PEOOPA30BAHMS, TOTYUHM:

2 2 2 2
G*(f,r)=E(l+ymp D,..-D )(ho_h’zj](g -ﬂ+a~,ump~DBH#Dz(54)

2D, .h, h, D’+D-d+d
5. BoIBOABI

1. Pa3paborana MeTonmka pacyera mapaMeTpoB TEPMETH3AINH YILIOT-
HUTEJBHBIX Y3IIOB MaKepa.

2. YCTaHOBIIEHO 4TO, PABHOMEPHOE pacIpelielieHne yIelbHOTO JaBie-
HUS YIUIOTHHTENS IaKkepa 3aBUCUT OT YIIOTHAEMOTO 3a30pa.

3. IomyyeHHOe aHAJIMTHYECKOE BHIPAXKEHHE IO3BOJSIET MO 3aJaHHOM
XapaKTepPUCTUKE PE3MHBI PACCYHUTATh INPOJOIKUTEIBHOCTh COXPaHEHMUS
TepPMETHYHOCTH IPH AABJICHUI P,p, YINIOTHEHUS Nakepa (Moxyiio E, koad-
¢unuenTy K, BOCCTaHAaBIMBAEMOCTH MIPU TEMIIEPaTypax, OTHOCUTEIbHON
OCTaTOYHOM MACTHIHOCTH KOIDHUITUCHTY TPEHHUS U x) U TECOMETPUICCKUM
mapamMeTpaM YIUTOTHEHHIO TTaKepa M ero MaKepyIomero y3ia.
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DEVELOPMENT OF INFOLOGICAL MODELING METHODS
IN SOCIAL COMMUNICATION PROBLEMS FOR CREATION
PERSPECTIVE COMPLETED MATERIALS

PO3BUTOK METOAIB IHOOJOI'TYHOI'O MOJEJTIOBAHHSA
B 3AJTAYAX COLIAJIbBHOI KOMYHIKALI 1151 CTBOPEHHA
HNEPCIIEKTUBHUX CKJIAAEHUX MATEPIAJIIB

Georg Baranov'
Olena Komisarenko?

DOI: https://doi.org/10.30525/978-9934-588-15-0-50

Abstract. Due to the spread of information and telecommunication
technologies, social communication gets various forms of citizens rapid
activity. The subject of this study is the models, methods and tools of
information technology that allow us to focus the efforts of each system
intellectual agent on a synergistic interaction discourse for solving global
noosphere problems. The methodology for strategic integration of public
knowledge at each management decision-making step involves describing
and fixing in the unified form protective actions against future risks for
ecological life forms on Earth planet. The purpose of the research is the
development of infological modeling methods for creation of perspective
composite materials with thermodynamic influence on the application of
the necessary and sufficient sequential properties processes, which satisfy
the set social requirements for the future ITS exploitation. The main cri-
terion, which integrates partial technical and technological solutions, is to
determine the single desired safety of life in each city and in all environ-
mental fields. Minimizing the cost of heterogeneous resources is defined as
the search for effective methods for modeling complex dynamic systems in
the conditions of forecast states of external dynamic-global environment
non-stationary diverse phenomena. Tasks and orders transformation for
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future technologies modeling into a complex technology utilization of accu-
mulated waste without secondary pollution and utilizes the accumulated
waste. In the processes of thermodynamic self-propagating synthesis, the
processing of substances — local contamination into perspective composite
materials for different transport industries takes place. The principles of
NM modeling and "cloud" participation of dispersed intellectual agents of
different hierarchical levels of multi-agent manufacturing organizations are
analyzed. The following components of the KM-PD system are determined.
Integrated self-organization tools have linguistic applications to accelerate
communication. Real-time language controls manage and filter informa-
tion flow. The means of predicative unified logic formalize the innovative
laws of the resulting technical and technological solutions. Processor info-
logical models and experience of their application provide conditions for
large-scale implementations of machines and work of future industrial envi-
ronmentally friendly industries. The means of knowledge bases adaptive
self-organization stimulate the further development of problem situations
infological modeling methods, which, thanks to the proposed tools, turn
into current resource-efficient technological processes. The command and
control management principles for software and hardware complexes for the
operational modeling of future variants of heterogeneous processes interac-
tion are proposed. The proposed KM-PD system implements the synthesis
of adequate actual information technologies models and repositories. The
proposed knowledge representation models are intended to intensify the
processes of ecological diversity global protection.

1. Betyn

Po3BuTOK CydacHHMX Tamy3ell KOMI IOTEPH30BAHHMX TEXHOIOTIH JIIOM-
CBKOI IISIIBHOCTI BCe OUIBIIE 3aI€KUTh BiJT METOIB: 3a0e3neueHHs o0unc-
JIIOBAJIBHOT SIKOCTI; TAPAHTOBAHOTO PiBHS HAJIHHOCTI; MMOTOYHOI BiIMOBO-
CTIMKOCTI IHCTPYMEHTANbHUX 3ac00iB; BH3HAUCHHS YMOB KOHKYpPEHTHOI
CIIPOMOXKHOCTI # xuBy4OcCTi. IcHyI0ui TpamumiiHi iHGopMarliitHi TEXHOIIO-
rii (IT) Ta cucremu onmepaTMBHOTO YHPABIIHHS HE 3BAYKAIOYM HA 3HAYHE
po3mmpeHHs Internet, sk corialbHOT KOMYHIKaIlii BKe HE 3aJI0BOJBHSIOTH
notped MalOyTHIX BUPOOHMUYMX Ta OpraHi3alliiHUX 3aBlaHb. bakaHHS Ha
MEPCIEKTUBHE CTBOPCHHS IUISIXOM 3aBYACHOTO ITOKPAIIEHHS KOHKPETHO
OIIIHIOBAHUX CTaHIB HE MEPETBOPIOETHCS Y MIBUIKO OTPUMaHI Marepiaiy,
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MPOAYKTH, TOBAPH, TIOCIYTH, TOMY, IIIO BCI CKJIaJIOBI YaCTKH 3MiHIOKOTHCS
y TPOCTOpi Ta Yaci €JUHOTO MPOCTOPOBO-4acoBoro kKoHTHHYymy (ITUK)
Bcecsity.

[TepcriekTBHI 00’ €KTH MailOyTHHLOTO 3aCTOCYBaHHS MOYIIMBO KIIacH(i-
KyBaTd Ha ckiaaHi quHamivHi cuctemu (CJIC), mo pearyroTh Ha mepe-
OaveHi (PyHKITIOHATbHI BIUIMBH T€TEPOreHHHUX (DAKTOPIB HECTAIlIOHAPHOTO
cepenosumia [1-4]. Pe3ynsrati nii pU3MKOBaHHWX 30ypeHb Ha KOHTAKTHI
nmoBepxHi CJIC 00yMOBIIOIOTH peaybHI BiOXWIEHHS KOHTPOJIbOBAHUX
LiJTbOBUX cTaHiB. BoHM pa3oM 3 mependaueHUMH 3aco0aMy 3aXHCTy Ha
piBHI cnieniaibHUX MarepialiB popMyroTh OakaHuil CTaH, K rapaHTOBaHY
XKUBYYICTb Ta PyHKLIOHATIBHY CTilKiCTh iHHOBaiHHUX CJIC. Takum unHOM
3a 3aMOBJICHb BeAy4MX ramyseil, Bkmodatoun Intelligent Transportation
Systems (ITS) 3acTtocyBaHHsS MEPCIEKTUBHUX CKJIQJICHUX MaTepiaiB
(ITCM) roctpo noTpidHO, 060 iHAKIIE BTPadyaroThCs TEMITH PO3BUTKY Oe3-
HEYHOTO, PO3YMHOT0, €KOJIOT1YHOT0, MOOITBHOTO TpaHCHOpPTy. ToMy cori-
anbHI KOMyHiKanii Ta 3acodu Internet 00’ € AHYIOTH 3yCHIIIS iHTENEKTyalliB
Ha IHTEHCHBHHUU TMOIIYK BiJNOBITHUX KPUTEPIiB OI[IHIOBAHHS Ta METOIIB
KOMIIICKCHOTO MOJICTIIOBAHHS Uil 3a0e3ledYeHHs iCHyBaHHS €(peKTHBHUX
TEXHOJIOTiH MaliOyTHKOTO. Jluie 3a yMOB iCHYBaHHSI TEXHIKO-TEXHOJIOTIY-
Hux pimensb (TTP) Bci 3aMoBITeH1 Ha MaiiOyTHE TTOKa3HUKH SKOCTI Ta eek-
TUBHOCTI ekcrutyaraniitaux pexumiB [ICM He BuitnyTh 3 30HU Ilapeto
3a 00CTaBUH KOHCTPYKTUBHOTO BUTPUMYBAHHS 30ypeHb BiJ 30BHIITHHOTO
orouytouoro cepegosuiia (3HOC). Jlo HabmmxeHHS HACTYMHOIO TOpU-
30HTY MPOOJEMHI CUTyaIlil IOKH IIe MPOTHO3YEMO, mependadyemMo i Bix
uporo npoekryemo dopmu 3axucty CC Ha BxKe iCHYIOUHX IPOrpaMHO-a-
napatHux komiuiekcax (ITAK) tumy MatLab, MatCad, Mapl, DataManing,
CAIIP, Towo. Byab-sike noganpliie NOKpaIIEHHS 10CATAEThCS 3aBISKU PO3-
po6ui TTP Ta 3acTocyBaHHs a/IeKBaTHUX LU(PPOBUX pOOOUUX OIEPATUBHUX
mozenei (POM), mo pa3zoMm 3 THIOBUMH HporpaMHUME Moxgyisimu (TTIM)
3aco0iB IT, nomomaraioTh peasi3oByBaTH BiAMOBIIHI SBHI MPOIECH.

2. MeTopnoJiorisi cTpareriuHol inTerpauii 3HaHb
[Ipu 30inbIICHHI TPOTHO3HOTO IHTEPBANy TNepea0adyeHHS Ta KPOKY
MIPUHHATTS YIPABIIHCHKHUX PIllICHb, HAPHUKIA), (piHAHCYBaHHS 3aXHUCHHUX
Ii¥ BiJ MaOyTHIX pU3WKIB 31 30iroM HeOakaHWX OOCTaBHH Y TIIOOATBLHUX
(hopMax KUTTA Ha IIAHETI 3pOCTa€ CKIAIHICTh 3arpo3 W MacTad BUTPAT
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pecypciB Ha 3aXHUCT BiJl Herapas3mi. ToMy NogoIaHHs peaibHOT CKIIaIHOCTI
PU3WKIB i HEBU3HAUCHOCTI MOKJIMBE 3aBISKH l€papxivHili caMoopraHi-
3amii coriayibHOT KOMYHIKaIlii JUIS 90ro moTpiOHa moOymnoBa e(eKTUBHUX
iHTephelicHuX 1H(OIOTIYHUX MOJIeNIeH JI TeTePOTeHHOTO BUKOPHCTAHHS
HasBHUX [TAK Ta nogatkoBuX crienianizoBaHux Mojenei i metonis. Ctpa-
TET1YHI JOCATHEHHS Y cepi aBTOMaTH3aIll BUKOHAHHS Oa)KaHWX (YHKIIN
1 3aBlaHh BUPOOHUYOTO i OPraHi3alifHOTO YIPABIIHHS Y NEPCICKTHBHUX
OaratopiBHEBUX CTpykTypax iHHOBamiftHux C/IC OymyTh BHHHUKATH Ha
ocHoBi 3HaHHA TTP, mo rapantyiots crBopeHHs [ICM. [locarHeHHs OviKy-
BaHMX 3HAYCHb 3aMOBJICHUX BIACTHBOCTEH Yy 3aIlNIAHOBAaHI TEPMiHU 3HAYHO
ONTUMI3y€ TIOBHI BUTPATH PECypCiB Ha MPUHIUIIAX CaMOHABYaHHs Ta Agile
[1] # ToMy € 6€3yMOBHO aKTyaJbHOIO.

Merta. Po3BuTOK METO/IB iH(OIOTTYHTO MOACTIOBAHHS B 33/1a4ax i3 Tep-
MOJMHAMIYHHX BIUIMBIB Ha nporiecu cTBopeHHs [ICM, 1110 3a0BOIBHSIOTH
3aJlaHMM BUMOTaM JIOCTAaTHIX BJIACTUBOCTEH Ha €KCILTyaTallito.

3. 3apadi conianbHOT KOMYyHiKamii

ABropchbka inest mieBoro o6’ekra (ABIZIO) crocoBHO Temu mocimii-
YKEHHS NPOLIECiB CTBOPEHHS IHHOBAI[IHIX MaTepialiB MOJSATa€e y TPUETHO-
CTi iH(opMaIiifHUX BiJHOIIEHb NPU PO3B’SI3aHHI CKIATHUX (IIPOOIEMHHUX-
HEeTpHUBiaJbHUX) 337a4. BoHM Hanexarh eAuHill MeTpoJOriuHii cucremi
BHUMIipIOBaHHA mapaMeTpiB [1] Ta BUIPOOyBaHHS TEXHIKO-TEXHOJOTIIHHX
pittens (TTP) [2] 3acobamu KM-T1/I.

dopmanizoBano meroau Ta Meronuku 1T mis nporecis iHoIOTiYHOTO
MozemnroBanHs I1IM Ta eprarndHOro NOMmyKy e(heKTHBHUX YIPaBIiHCEKHAX
TTP 3a inTerpanbHuMu Kputepissmu Oe3mekn. KM-I1/] sBHO He BTpydYa-
€ThCA Y CpepH TEXHOJIOTI1 pealbHOTO BUPOOHHIITBA CKIIAZICHUX MaTepiaiB.
Age Bci mogemoemi TTP imiTyemo 6e3 BHKHIIB B aTMOC(hEpy Ta TEIUIOBUX
3arpo3 ISl JKUTTS.

Haramaemo gopmansHe BU3HAYCHHS TOHATTS «33a9a:

0=<¢,Z,F, 6>, (D)

ne 6 — teMa abo mouaTKOBUH iH(popMauiiHUil 00’€KT 3aAa4HOT CHUC-
TEeMU;

¢ — HepeliK IiIeBKa3iBOK y BUNISAAI KOMIIJIEKCY iHCTPYKIIiff-HaCTaHOB;

7 — 3alauHuil KOMIUIEKC CTaHiB, 0 Y BUDNIAMI Z, TOYaTKOBOTO, IPO-
MIXXKHOTO Z, TIOTOYHOTO Ta KiHI[EBOTO-IILTLOBOTO Z, CTaHiB, BKE (IKCYIOTh



Chapter «Engineering sciences»

CYTHICTh, OCOOJTMBOCTI Ta crienn(iKy TaHOTO KJacy MepeTBOPEHb Yy MEKax
MikpormnponecopHux ynpamHcbkux aiid [TAK srimao TTP iHTenexTyanb-
Horo areHTa cuctemH (IAS), mo peanizye KOMIUIEKCHE MOJICITFOBAHHS;

F — (QyHKIOiOHANBEHUIA KOMIUIEKC HPaBII MPOIYKIl, IO 3a31aJeriIh
BX€ BU3HAUYEHO 3T1HO aJITOPUTMY PO3B’A3KY 3a7aui y BUIJISA1 OCIiZOBHO-
CT1 TUIIOBHX OMNEPATOPIB, 100 JOCATaTU ¢, METH — KiHIIEBOTO PE3YNbTaTy.

o — nouatkoBuii cumBoi ABIZIO 3amaunoi cucteMu i TEXHOJOTIN
ABTOMATHOTO MIEPEXOy BiJl MOYATKOBOTO CTaHy Yy TEpMiHANIbHUI KiHLEBUI
3 ¢pikcyBanusaMm TTP.

ABTOpCHKa poO3po0Ka cyTHOCTI, ocobmuBocTi Ta cneuudiku (COC)
B iH(popmarniitaux Texnomoriax (IT) mms 3ampomonoBanoro Hamm ITAK
KM-IIl BpaxoBye mpobnemuy ramy3p XisiibHOcTi [IEBO. CtBOpeHHS
CKJIaJICHUX MaTepiajliB IMoJIATae y iHTepIpeTalii BXiJHUX MOHATh (PEUCHB),
JIIONICHKUX CHTiB, B HOpMi KOJIB.

Cytaicts [1IM KM-IIJ] monsrae y 1iiecnpsMOBaHOMY IT€pEHECCHHI
KOXKHOTO KITFOUOBOTO MOHSATTS 3 IUTICHOT TOPIIii 3aBAaHHS HAa MOBI TUPEK-
TUBHO-KOMaHJIHOTO yHpaBiiHHA y iHmy cdepy €IIT IT, ne nponosxkeHHs
MOBHOI Temu IAS nmani parioHanbHO peanmidye aBroMar-nporpama JIYM
3 creliani3oBaHuMK iHQopMaIiitHuMu Tponeaypamu. Ilix yac momykis
KEepOBaHOrO «OiraHHs» (mpsMe W 3BOPOTHE Y MeKaX KOMYHIKaliiHOTO
iHTepdeiicy) MOXKIIMBO Ha3BaTHU IICKypCUBHHUM (Bia saT. discursus; aHIJIL
discourse; ¢panu. discours; Him. diskurs; iTan. discorso). Ilepmmm «auc-
Kkypc npo meton» («Discours de la method» y 1637 p.) BuzHauuB P. JIexapr.
B Hammomy aBTOMaTH30BaHOMY JA1al1031 peajbHO € mapa KoJIoo0iriB: y HEpBO-
Biif Mepexi IAS e IIEBO peanbHuil po3MOBHUK; y ITU(POBUX aBTOMarax
NAK KM-I1J, mo po3mizHatots JJYM 3Hauymocti o3HadeHoro. bararo-
PIBHEBI CTPYKTYpH 3TiAHO 3a37aJerib BapihikoBaHHUX MPaBWII, IPUHIIMIIIB,
Mozenel, MeroniB Ta 3aco0iB IT 3abe3neuyiors €I Ta 3amany ¢yHKIIO
y KOHKPETHO ONMCAaHUX YMOBaX 3ajadi MOJCIIOBaHHS. BHyTpimmHio npu-
XOBaHy, a00 HEsIBHY 3a O3HaKaMHu 3aMOBYyBaHHS iHTenektom KM-IIJ i
koHKpeTHO JIYM mporpamoro, aiie parioHadbHy (ratio intelectus maiike
ONTHUMAJIbHY 3a JIOKaJIbHUMH KpUTepisiMH) hopMmy peartizye B oMy I[TAK
KM-I1/] 3rigHo BUKOpUCTaHHS 0coO0IUBOTO (N) 3MiICTOBHOTO 3aBIaHHS.

[loka3HUKM 3amlpPOIIOHOBAHMX METOIIB ABTOMATH3AIlii 3alekXaTh He
mumie Bix o0izHaAHOCTI KoHKpeTHOro [AS-kopucTyBawa-apropa ABIJIO, a
Takok Bix HakonuueHux pecypciB [TAK 3 KM-IIJI cipoMOXHICTIO BUKO-
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PHUCTOBYBaTH BJAacHi BHYTPIIIHI i 30BHIIIHI «XMapHI» pecypcH iHTerpo-
BaHOTO cepenoBuIa iHpopmaTu3oBanoi Hoochepu. IIpakThuka 3actocy-
BaHHS 3alpoNoOHOBaHUX NpuHIMIB discourse y iHHOBamiiauX [T cripuse
MOAAJBIIOMY PO3BHTKY MaTeMaTH30BaHOTO 3HAHHS y poOoTax 3 omHOYAC-
HUM IHTETPOBaHUM €(EKTOM CaMOOpraHi3allii CyCIiJIbCTBa, J€ BPaxoBY-
IOThCS TIPABIIIBHO 3po0JicHe HanOaHHSA Y BUIVIAAL TOCBITYy 0COOMCTOCTEH,
mo cnpoMokHi reHepyBaru BiacHi ABIJIO. Omuc mocBiny IAS y minrsic-
THYHI nparmatuni B3aemonii 3 [IAK KM-I1]] cipusie po3BUTKY (YHKITiO-
HaJbHOT ceMioTuKku. HakonuueHe xapakrepusye iHTerpauiiiii aii y pizHuUX
CEpelIOBUIIIAX, CUTYyallisX, ABHINAX, SKi 3MIHIOIOTbCA 3TiIHO JIOJACHKOT
JiSUTBHOCT1 y MeXaX BUPOOHHWYHX Ta opraHizauiinux chepax. Hanpuknan,
INEBO ITS. I'mo6anbHi npo6ieMu Yu 3HAUYHO YCKJIQAHEHI aKkTyallbHi 3a1a4i
MPAaKTHKH MOXJIMBO YCHIIIHO (hopMati3yBaTH 3a BapianTamu «MeTa-mipo-
6iema-3acoou TTP». Came ratio intelectus y Bumsini 06i3HaHOI MEHTAJIb-
HocTi (mens — po3yMm IAS Ta ogHOUACcHO Spiritis )KUTTEBA CHIa 3@ JOIIOMOTO
KM-IIl mpuckoproBada) 3abe3nedye peaqbHICTh BH3HAYCHOTO y (opmi
ABIJIO. KonoBaHi onmucu momajibIiuX MPUYWHHO-HACTIJIKOBUX KPOKIB 3
CUTYaTUBHO ONITUMAJIBEHUM BUOOPOM e(DeKTHBHUX pecypciB, 3aco0iB i CTo-
co0iB mii (BIAMOBITHO A0 MOKIMBUX 3MiH KPHTEpPIiB 32 1HHOBAIIHHUMU
CHUCTEMaMH I[IHHOCTEH) TOYMHAIOTh JIOMIHYBaTH HaJ[ «3aCTapiluMH —
nonepenHivMu TTP. [Tomrykn munynux ¢asz abo cipod Problem 3meHIieHHs
3arpo3 Bija pusuKiB Ta Hebe3nek 3HOC nokw 11e He 3aBepIIMINCh 3HAYHUM
OXOILTIOFOYHM YCITIXOM.

KoHkpeTHMIT aBTOMaTH30BaHUH JUCKYPC CEMIOTHYHOI AISTTBHOCTI B TIPO-
ecax epraTMyHoro MOJENIOBaHHA 00’ €KTiB MPAKTUKH CIiJl BU3HAYATU 5K
CKJIaJleHe KOMYHIKaTWBHE SIBHUILE camMoopradizauii napu npupoaHoro IAS
ta mryyHoro KM-I1/] inTenexriB. B nboMy mporeci B3aeMo-caMoopraHisa-
il yYaCHUKIB Ha BCiX i€papXidYHUX PiBHSIX BUPOOHHUOI Ta OpraHizaliiHoi
JiSUTBHOCT] BiZOyBAarOThCS BKJIAJCHHS EKBIBAJICHTHUX IOHATh-CTPYKTYp-
HUX (pparMeHTiB Ta yTBOPEHHS HOBUX HOHSITH MaifOyTHHOI METaMOBH IS
HACTYITHUX [TOKH II[¢ HEBU3HAYCHNUX TOPU30HTIB PO3BUTKY iH(popManiitHOro
cycmisscTBa. JIorika SKOTO B CBOIO YEPTy 3MiHIOETHCS.

TakvM YUHOM HayKOBWH JHCKYpC TIIIOB Jalli BiJl TPAIUIIIHOTO €KC-
MIEPTHOTO aHAJi3y B3a€MO3B’SI3KiB B KOXKHOMY OKPEMOMY OITHCI JIOKAJb-
HOTO (haKTy 10 KOMIUIEKCHUX CKIIQJIHUX TeTePOTeHHUX BiTHOCHH Ha OiJIbII
TPHUBAINX MPOCTOPOBUX i YACOBUX KOHTHHYYMaXx, IO Pa3oM BH3HAYAIOTH
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enHicTh BeecBity, HiTCHICTD, B3aEMO3aJIexKHICTh Po3BUTKY sk C/IC Tak i
3HOC y MHOXHHI YHIBEPCYYMi.

3anpornoHoBaHi Mojielti, MeTonu Ta 3acodu 3actocyBanHs [1IM B [TAK
KM-IIJ] He nwiie UTFOCTPYIOTh MPaBHJa ¥ MPUHIMIIK MPSIMHX ¥ 3BOPOT-
HUX JIWHAMIYHUX 3B’S3KiB MK NpupogHuM IAS (aHaJIOroBO-JiHTBiC-
THYHIM) PO3YMOM Ta IITYYHAM Pe3ylNbTaTOM MpoxykToM cydacHoro IT
y BUIsAAL criibHO (opmanizoBanux TTP. Came dakTndyHO iHHOBaIliifHA
3BitoBa opma TTP posmmproe maitbyTHi ropuzontu. CeHce ¢ikcarii B3a-
€MOBIJTHOCHH 3HAUyILIOCTi € yBara KJIIO4YOBOI poJii IHHOBaLIHHOI YaCTUHU
ABIJIO (HaykoBH# KpOK 10 HOBM3HH 3 JIOKa3aMU iCTUHHOCTI) y TMpo0-
nemHux Big Data. Binomi HOKyMEHTH MaroTh 0araTto 3amepedeHn, oOMe-
JKEeHb, BUCIIOBIIOBAHb HEMOXIMBOCTI PO3B’S3aHHA MPOOJEM, IO aKTy-
aJlbHa 0COOJIUBO IS iH(OpMAaLiIHHOTO CycHiiabeTBa B itoMy. OTpuMaHui
y IUCKYpCl 3HAIyIIUil CEHC Ma€ MOSCHEHHS PAIliOHAIBHOTO MapUIpyTy Y
MaiOyTHE 3 3aCTOCYBaHHAM PeaJIbHUX PECYPCIB 3TiAHO BU3HAYEHOTO JJOKY-
MenTa Plan (nume oxuH eram Agile npuanumis). BeiMm Bimoma pizHHUI
At)= ‘Mapmpym(Plan - Fact)‘ =¢&,V[e|>0.

TucsgomiTTs pearsHuil peiic, pyx 3a MapoIpyToM (HaBiTh TOYHO 3a reoje-
3WYHUMHU BUMIpaMU MyHKTIB MIPOXOMKECHHS) BIAPI3HAETHCS 38 (PaKTHIHUMHU
BUTpaTaMu PecypciB # OoTpUMaHUMU ¢(eKTaMu, MPUOYTKAMHU YU HABIIAKH
CUTyallilHUMH Herapa3namu. Taka nparmatvka (BIAXWIEHHS # peayibHi
KOJIMBAaHHA UM JIOKAJIBHI UM y IIJIOMY) HIKOJTM He 3MiHIOBaJIM 3yCHJIb Ha MPOT-
HO3YBaHHS, Iepel0aueHHs, MOJENIIOBAHHS M TEPCIEKTUBHE ITAHYBAHHS
(mporpamyBanHst 3acobamu IT). OmHOYacHO pPO3POOISIMCH TapaelbHi
oprasizamiitui aii 1y 3a0e3medeHHs (PyHKIIOHAIBHOT CTIHKOCTI (crieniaibHa
OararoxkpuTepiaibHi 3aKOHH YIIPABIiHHA B 0COOIMBUX BUIIAIKAX KOHTPOIBO-
BaHMX BiIXWICHb 3 mpuanH ¢axtuaaux Busis 3HOC).

4. MoBHi 3aco0u real-time ynpaBiinus

Onuc MaTeMaTHYHUX 33124, mo marpumye [TAK KM-ITJ] micns BBoxy
3aBHaHH:, TOTpeOye SIBHOTO BU3HAYCHHS HACTYITHIX CKJIAIOBHX:

— (ha30Bi 3MiHHI Ha MPOTSA3i KOXKHOTO N-TO MPOIIECY;

— BEKTOp yMpaBJdiHHA a00 KOPTEK KEPOBAHMX 13 30BHI MapaMeTpiB
BILIHBY;

— piBHSAHHS (CUMBOJIBHI, anreOpaiyHi Ta JIOTiYHI) MpoLecy, U0 MoJe-
JIFOEMO;

43



44

Georg Baranov, Olena Komisarenko

— 0OMe)XeHHSI, YMOBH, HasIBHI PeCypcH i 3amacu;

— IiTboBa (DYHKIIiS ONITUMI3aIii (3ropTKa 6araThbox KpUTEpiiB);

— po0oui mapaMeTpH, IO KOHTPOIOEMO, OIIHIOEMO, YIIPABISIEMO IS
OTPUMAaHHS KIHIIEBOTO 0arato mapaMeTpuIHOTO Pe3yIIbTary;

— eKCTEpHA JI0TIOMOTa B KPUTUYHUX 00cTaBuHax podotu [TAK.

KopuctyBau cucremu KM-IIJ] npu dopmyBaHHI pobOUHMX Mojemei
(apxiBHHX, pO3paxyHKOBO-0a30BHX, CHHTE3-MOJCICH PEKUMIB) BHKOHYE
HACTYITHI TUIIOBI omepatii: modynosa oneparuBHoi Moaeni [ICM Ha ocHOBI
30BHIIIHBOT a00 BHYTPILIHBO-CUCTEMHOI iH(OpMalii; aganTamis podounx
moneneit 1o ¢gakropiB BrumBy 3HOC; cuate3 POM 3 MOXIIMBOIO TOAAITB-
moro apanrauiero 1o ymoB ITUK. Yactuny indopmanii KM-I1J] aBroma-
TUYHO KOIIIIO€ Ta KOMIIUTIOE 32 3a3/IaJIeT1/lb y3ro[PKEHUMH PiBHAMU iH(OP-
MariitHoro 3a0e3neueHHs. 3a JOMOMOTOI0 MOBH AUPEKTHBHO-TIPOTPAMHOTO
yhnpaBiiHHA ckiaagaeMo iHmi Big Data. Okpeme iHAMBiTyalbHE KOPUTY-
BaHHSA Ha KOXHOMY 3 O3HaueHHX (pparMeHTiB HaOyBae SIKICHI 3HAUCHHS
Ha (opmyBaHHs 1iaK0BOI POM 3riHO 3aBnaHHS. 3OBHIIIHI JaHI MalOTh
CTPYKTYpy BXiOHHX (opmariB. BHyTpimmHi Ie mporpamu 3 CHCTEMHO-
OIHAPHOIO B3a€EMOJIEI0 B PEXHUMI «XMapay Ui CIIUIKYBaHHS 3 Bixnaie-
HUMH iHIIIME [AS.

Haii6inpin BayxmmBuM JuTs 3a0e3medeHHs] e()eKTHBHOCTI METO/IY aBTO-
MaTH3allii BHKOHaHHS 1TUX (DYHKIIIH 1 3aBJIaHb € eTal MePBUHHOT O0YI0BU
apxiBHOi Mojeni Jis kKoHkpeTHHX ITS. TakuM YWHOM BHpPINIyEMO ITijie-
CHpsSIMyBaHHS METOAY Ha TOJIOBHI OpraHi3alliiHi MUATaHHS: CKJIaJ MOAemi
M. QL. S; kinmbkicTh 1 cknag Mmoaeni M.RJ.S; npunnmnu nonanus ER-cxewm;
€KBiBaJICHTYBaHHA-3aMIIIEHHS 1 KOIyBaHHA 1H(poOpMaLii Mo BOCBMU THUIIAM
acouiaTuBHUX TpyI. [loyaTtkoBa MaimuHHA 00poOKa J03BOJISIE 3alIOBHUTH
apxiBHy 0a3y JaHMX MapayielbHO a0o0 paHille HiK 3akiHueHe ¢opmary-
BaHHA 0a3u 3HaHb. 3a OuH ceaHc IAS kepye 00poOKoi0 Oynb-sIKOi Kislb-
KiCTh MOpLil BU3HaYAIbHUX AaHuX. OOcsT cdepu aBToMaTn3allii J0piBHIOE
KIUJIBKOCTI, SIKa Y Mipy TOTOBHOCTI HOCIiB IIPOLIECHUX (pOpMATIB KOMIIOHEHT
(IT®K) magivinum B [TAK KM-I1J1. I[ToOynoBa apXiBy BUKOHY€ETHCS BiJIO-
BiJIHO JI0 HACTYITHOI MOCIIJIOBHOCTI Kepytounx cucteMHux [1PK, mo ckia-
JIafOTh THITOB1 aBTOMATHI (pyHKII, a TAKOX TPYyTIOB] YHi(piKOBaHI 3aBIaHHS
st IYM KM-TIT.

[puanumu crpykrypHoi OymoBu MoBu KM-IIJl anamoriuxi mjist BCiX
(dhopM MeTomy aBTOMAaTH3aIlil BUKOHAHHS (DYHKIIH 1 3aBIaHb YIpaBIiHHSI
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IpoIecaMy CTBOPESHHS CKJIaAeHUX MarepianiB. Hal0imbpIm noBHO y micKypci
IAS 00roBOpIOIOTH il Ta JUPEKTHUBH, aJIle CTUCIIO PEali3yIOTh BBEICHHS
3aBJaHb. AHAJIOTIYHO OOEKTHO-OPIEHTOBAHOMY MPOrPaMyBaHHIO abCTpak-
THI OpraHi3amiifiHi KJIaCH BU3HAYa€MO IHCTpYMEHTaIbHO. Hanpuknan, cuH-
Te3y PO3paxyHKOBO oreparuBHUX Mojenert (POM) 1ie MoKIIMBO onrcaTtu y
BUTIISIII HACTYITHOTO IMPOTPaMHOTO 3aBJaHHS.

uil no 3amosnedHn YCK Hakazw,

Taka Tumizamis peanidyerbcst 3acobamu Java, Delphi, C# Ta iHmmMun
IHCTpYMEHTaMH KOHCTpYKTOpa. IlepeTBOpeHHSI IUPEKTHBHOIO 3aBIAHHS
ctocoBHO (hopmyBanHs B mam'sati [TAK KM-IIJI, po6ouoi mozeni B 9iTKi
peanizyeMo TpHCKOpeHO (GYHKIIT JUisi po3paxyHKIiB abo ii moOymoBu Ha
OCHOBI apxiBHOi iH(popMamii PBM, po3pobneHuii MeTox aBTOMAaTH3aIlil
nepedadae CTUCIUIA TAKeT HACTYITHOTO CKIIALy:

0. CuHTE= cxemd mogeni 2 apxiey PEM.

(M.RJ.S) I (**POM*)—Hazea cHHTez0BaHol mogeni

H. (Tinbkw)/(Kpim)/(Paiion)/((Usom) — npepgukaTMeHi MmiTkw.
(M. R]. 5) — ipenTwdpikaTop 3 Hazpow mofeni, 3po3yminui IAS.

(**CWR*) P,V,T,C* — kopoeani cumeoAw Bway iHdopmayii.
Cnucok eignoeigHoro 3agavomy **CWK*)

MoeTop m. 3 - & 2a noTpebow.

Kineys gupekTvew ([l) onA AWMCNeTHepa CYMJ

MoBHHUH 3p03yMiTUI IHCTPYMEHTApPIH Ta YiTKa TEXHOJOTIS METOLY IS
peaizanii (pyHKIiIOHATY epraTHYHOTO MOJIETIOBAHHS CIIPSIMOBAaHA Ha MIPH-
CKOpPEHHS KOMILICKCY POrpaMHHUX Jii 3a cranmaproM OSI.

Amnanoriuni npouenypu KM-I1J] — «6i6mioTeka 3’€1HyBa4iB» Ta CHH-
Te3y poOOUMX MOJEIEH YTBOPIOIOTh iHTErpoBaHy cxemy KoHKpeTHoT IT.

Kpim omnepaniit cunresy Ha ctagiasx CAIIP 3amponoHoBaHHN MeTOA
aBTOMaru3alii BpaxoBye MalOyTHI NMPOMMCIIOBI TEXHOJIOTi4HI MPOIECH,
Hanpukiaaja, GyHkuii moxpiOHEHHs, 3MilllyBaHHs, CTUCK, PO3BUTOK peak-
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uiitaoro mpoxykry. Lli MaiOyTHi Ha ctamisx SCADA ¢ynkiii morpeOyoTh
3HAHHS KEPOBAHUX Bapiallii ;uis cutyamiianx 3miaauX P, V, T, C sxi 3ae-
*xarb Bix t Ta 6° remneparyp. CKiIam Ta KiHIEBHH NPOMYKT 3AJIEKHTH Bif
HasSBHOCTI 200 BIJICYTHOCTI OyJb-IKHX JoMiniok. Bei i gani ekcriept — IAS
OTpHUMY€ MIBAAKO 0€3 3aTPUMOK Y BUIIISAI pO3paxyHKOBO-0a30BHX i omepa-
TUBHUX Mojeneit, mo miarpumani IT Ta 3aco6amu KM-TI/I.

ITepeBaru BupoBamkenus KM-I1JI. Buposamkenns KM-I1/] noxim-
KaHe 3a/I0BOJIbHATH MOTPeOy B MOBHIN Ta cBoevacHil iHdopmartii mpo ¢op-
motBopeHHs: LIIKM, mo6 3abe3neuyBaru Oe3neky 3acobamu IT 3a Takox
JOCTaTHIO IIBUAKICTIO BUKOHAHHSA CKIQJHUX 3aBlaHb, (QPyHKIIH Ta ome-
pamiif BKJIIOYAIOUU METOJUYHO OpraHi3oBaHUH, IiecpsMOBaHUH, Oe3me-
PEepBHUI KOHTPOJIb SKOCTi, €(pEKTUBHOCTI, HaIIHOCTI, Pe3yNbTaTHUBHOCTI
3aIPOIIOHOBAHOTO KOMIUIEKCHOTO METOAY aBTOMATH3allil BUKOHAHHS (yHK-
il i 3aBgaHpk BUPOOHUYOTO i OpraHizalifHOr0 MOBHOTO YIIPaBIIiHHS Tep-
MOJUHAMIYHUMH TPOIECAMH CTBOPEHHS MEPCIEKTUBHO CKIIAJCHUX MaTe-
piajiB 3a JIOIOMOTOIO JIIHTBICTHYHO-CEMIOTHYHUX 1HHOBAIIHHUX 3aCc00iB

MMAK KM-IIA.

Tabmung 1
IlepeBaru BnpoBamkenus KM-I1J]
Edexr Big BnpoBagxenns KM-IIJ]

Ilpamui Henpamuii

1. 3MeHIIEeHHs! TPYAOMICTKOCTI poLecy
00Ky (BUKIIFOUCHHS AyOII0I0Y0TO
BBeIeHH: iH(popMarlii; GopMmyBaHHS
€IMHOT 0a3u TaHuX);

2. 3MEHIICHHS YACETBHOCTI
JIOTIOMIXXHOTO MEPCOHAITY AJIS
00CITyroByBaHHS CXOBHIIA B
aKTyaJbHOMY CTaHi.

3. ExoHOMisl MaTepiaJbHUX PECypCiB,
SIKi He BUTPAYalOThCs PH iMiTalliifHOMY
MOJIEIIIOBaHHI i 00TpyHTYBaHHI
CHHEPreTUYHUX €(EeKTiB KOPIOPATUBHOT
MYJIBTHAT€HTHOI CaMOOpraHi3aitii.

1. loctyn o naHuX y pexxuMi real-time
1 Ipoietyp aBTOMAaTH30BaHUX (DYHKIIiI
3aBaHb A1 POPMOTBOPEHHS CKIIAJEHUX
MOJEEN;

2. CKopoueHHS BUTpAT pob09Ioro

4acy, OB’ 3aHOTO 3 3alBHM ITOLTYKOM
JIOKYMEHTOO0OITy (TiABHILEHHS
MPOIYKTUBHOCTI Ipalli: e(peKTHBHE
BUKOPHCTAHHS po0O0OYOro Hacy i
BUKOHAHHS SKiCHO O1JIbIIOTO 00csTy
pobir) (2) IKM pizanx ITS;

3. OnepaTuBHUI KOHTPOJIb TOTOKY
JIaHUX;

4. ABTOKOHTpOITb 1H(OpMAIIIT;

5. IlinBumeHHs piBHA npodeciitnoi
MiATOTOBKH JIOMIOMI>KHOTO MEPCOHAITY
(marepianosnasuis ITS).
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3a npunnunamu crangaprie OSI/IEC, mo permamMeHTyoTs MaiiOyT-
Hiil po3Butok IT y dopmi mumpokxomacmrabHoro BnpoBamxeHHs [TAK
PI3HOMAHITHUX Tajy3ed JIFOJIChKOI MiSUTBHOCTI Y TOMEpenHiX Miapo3-
Jijax 3a TEMOIO BH3HA4Y€HI CHCTEMO YTBOPIOIOYI MEXaHi3MHU amapary
aBTOMaTH3allii CTOCOBHO NparMaTHK{, CEMaHTHKH, OHTOJOTIi, rpama-
TUKH IS 3a]1a4 TePMOJAMHAMIYHUX MPOLIECiB CTBOPEHHS IPOrPECUBHUX
(future) ckmamenux marepianiB 3a nmorped i 3aBmanb ITS. O3HavyeHa
iepapxiuHa BKJIaJICHICTh T€TEPOTreHHUX LIAPiB HE 00MeXy€e MOJaIbIINiI
po3Butok IT.

5. lIpennkaruBHa yHidikoBaHa Jiorika

3anpononoBani 3acobm KM-IIJ| moBuHHI BiANOBigaTH J0OJAaTKOBO
HOBITHIM (next + 1) kpurepisam Maiitbytaporo dynkiionysanns ITS. YBara
0 MalOyTHIX TepMOIuMHaMiuHUX sBUII y He3zanexxHomy 3HOC Bumarae
OITMCIB KO)KHOTO TETEPOTCHHOTO BIUIMBY IPUPOJHHUX KOIUBAHb Ta IMITYJIbC-
HuXx 3MiH. [Iporao3ne nependa4eHHs: TPUBUMIPHOTO TEMIIEPATypPHOTO MOJIs
3a TIOOANBHUX TCHJCHINM TUIAHETApHOTO MacmTaly MOXKe MPaKTHYHO
3aBEpIIyBaTUCh HACTYITHUMHU TPhOMa HACIiAKOBUMHU oLiHKaMu S(t,X,y,Z,u)
y3arajgbHEHOTO CTaHYy.

1 — icTUHO, AOCTOBIPHO, HE CYyNEePEUYUTh JOTILli CTaHy;
S

i+l

= < ~ —HEBU3HAYEHO, € MPOTUPiIUYa, YACTKOBMII KOH(IIIKT; 2)
0 — TOYHO HIYOro He 3MiHIOE 00 XMOHE.

vS,,, € S(t,x,y,2,u) —enemeHT HacTynHoro crany CJIC, sika mpooBKye
MaiOyTHIH pO3BHTOK Ta BiAMOBIA€E BCiM Kputepism i ctanmapram OSI/IEC.

JIiHrBicTHYHI CEeMaHTHWYHI iHTerpamii (2) MOXXJIHMBO TpPaKTyBaTH IS
nokanbHoro ITYK S sk ogrouacHi oocrapuau 3D cranis CJIC 3a kirouo-
BUMH MPaBUIIAMH
AKIIO {1} TOJI [3Buuaiini, HopMambHi, mo3uTHBHi, const BOH nii/pyxu];
SAKUIO {~} TOAI [mo3arurarHi, HeOaxaHi, 3minHi, var AKT nii/pyxu]; (3)
AKIIO {0} TOAI [mporunexHi, 380potHi, HeratuBHi HOH nii/pyxw].

OO6wungi 181 (2) Ta (3) Gopmaizaliii JOTiYHUX BUCIOBICHb IAS Ha pi3-
HUX 1€papXi4HUX PiBHIX XapaKTEePU3YIOTh OJMH €IUHUHN S 00°€KT aje 3 pis-
HUX CTOPIH 3HAHHS peajbHHUX TEHJACHIIIN a00 BapiaHTIB CYyCHUIbHUX JiH Y
MeXax pU3HKIB Ta HeBU3HaueHoCTi pakTopis 3HOC.
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CycniibHe y3arajibHeHE CTaHJApPTU30BaHE 3HAHHA MOXIJIMBO BBaXKATH
00’€KTBHAM a00 METaMOBOIO, IO 32 TPUBAIMM JIOCBIZIOM HE CYIEPEUHUTh
MpakTUil. BBOIUMO CHMBON MeTaiMIUTIKamii « = » y BUDIAI TOABIHHOL
CTpiJIKM 3a HanpssMoM. Bupas cumBonbHoro onucy P, = C; MOXKIIMBO OHO-
YacHO IHTEPIPETYBATH (SIKIIO IIOCHIIKA YH IPUINHA P, JIOTiYHO-ICTHHA, TOMI
3aKJIFOYEHHS YK Hacmigok C; Takok icTMHa». ToMy came Taki BiIHOIICHHS
MDK MPUYMHAME Ta HACIIIKOM IPUHAHATO Ha3uBaTh Kiay3ol (clause) [4-6].
Knaysa e mertaonuc 3 Qikcalli€ro 3a JOIOMOTOI0 CUMBOIY «=>» BiJHO-
LICHHS TIOPSIKY 32 YMOB €KBIBaJIEHTHOCTI OMNMCIB, IO JIIBOPYY Ta IIPaBO-
Pyd BiIHOCHO NOKa3HUKa. JIorika BCTAaHOBIIOE HACTYIIHI JUIl MHOXUH A, B,
C tpu 3axonu. PednextuBHOCTI A = A ; AHTHCEMETPUYHOCTI KO A = B,
T0 B = A ; TpansutupHocTi skmo A= B tTa B=C, 10 A= C.

VY BHmaAKax CUMETPii 3aKOHH MalOTh yHi(piKoBaHHN omHC «IKI0 A=B,
10 B=A». Jlorika BUCIIOBIIOBaHb, IS SIKUX ICHYE 3B’ 30K MK IPHIHHOIO
Ta HACJIIJIKOM, IHTePIPETYEThCA SIK pO3IIMpeHHs oriku byins [6—10]. Apro-
MaTH3M TEepeXofy BiJ TOTOKHOCTI Byns 10 iCTHHHOCTI Kiay3, IO 3aco-
6amu KM-I1]JI Monemoemo, momsrae y 3HaHI HE3aJICKHOT CHCTEMH aKCioM
noriku Bysst. BigoMo 4oTnpu 3akoHU 3 HACTYITHUMH Ha3BaMH: KOMYTaTHB-
HOCTI, acOLIaTUBHOCTI, TUCTPUOYTUBHOCTI, HyId Ta oguHULi. KirouoBuM
€ eIEMCHTapHE €TaJIOHHE €KBiBaJCHTHE BUCIIOBIIOBaHHsS. BoHO moTpibHe
3aBKJIM, KOJIM CUTYaTHBHO BCi CKJIJHI BUCJIOBIIFOBAHHS MOXKITUBO 32 JIOTIO-
MOTOF0 O3HAUEHUX JIOT1YHUX ONepalliii HaJl OIMCaMy JIIHTBICTHYHHUX KJIay3
3a JIOIIOMOTOI0 CKBIBAJICHTHUX KOIIB-OTIEPAHIIB 3BOIUTH JYXKE IIBHIKO,
rHyuko # TouHo Jo Hel (clause Big Data ToTOXHO icTMHHA), HAIPUKIJIAL
A=B—>A.

3BepTaEMo yBary, 10 CHMBOJ IMIUTIKAIi «—» TpPU JIOTTYHOMY BHBOJI
(mokazy) KM-I1/] xapaktepusye 3 juiie cy0’ eKTHUBHY OIIHKY IPYITH SKCIIep-
TiB, 110 KOMITETEHTHI Ta BIIOBHOBaXKEH1. AJie X JyMKa He 3aBXK/IU CITiBIIA/Ia€ 3
00’€KTUBHOIO V 3 IPUUMH oOnacTeil icHyBaHHS (/11 OMHOTO BUMIAJKU — 3 #
JUIS BCIX M KOKHOTO V KBAHTOPIB) MiAMHOXKHH B YHIBEpPCAJIbHIN PO3IIMPEHIN
MHOkuUH1 Beecity. Le Bisyani3ytots aiarpamu Bena [11].

Y BUMNajakax reTeporeHHOr0 MHOKHHHOTO OMHUCY MPUYMHHO HACIiIKOBI
BiJJHOIIIEHHA 00’ €KTUBHO onucye kiaay3a KM-I1/{

P,P,...,P,P,,...P=C;C,..;C;5..C,, 4)

Jle 4acTkoBi (JOPMHU JIBUX Ta IPABUX YACTOK HA3UBAIOTh XOPHOBCHKUMU
BU3HaYeHHAMHU. Taki onucu MoxIuBO podutu B cydacHux ITAK tumy Mat
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CAD, MATLAB, DataMinimg a6o tam, 1ie B 6i0mioTeri nmporpaMyBaHHs €
3acobu noriyHux mMoB tumy Ilposor [9,11].

6. Epratuunuii iHTe/1eKT i aBTOMaTHA AKiCTH

B I[TAK KM-I1/] yHidikoBani nmporecopHi aii TIIM peainizyroTbes aBTo-
MaTH4HO 3a y4acTio [1IM BiAMOBIAHO 7O MOBHOTO 3aBIaHHS 32 IUPEKTHUB-
HO-KOMaH/JHAMH MPUHIATIAMH CTHCIIOTO BHPa3y 3 SBHUM 3aMOBUYBaHHSIM
MOIIEPEIHFOT0 KOHTEHTY. ToMy BMKOPHCTaHHS BimHOCHH R,(ME,TCC),
R(MI,BC), R(TCC,BC)B pamkax (parMeHTa KOHIENTYaJbHOI 0a3u
(®KB) 3amporoHOBaHO BiJHOBIIOBAaTH Ta pPo3KpuBaru 3acobamu I1IM.
CutyatuBHO 1oTpiOHiI 00’eMHi onucu KM-I1J] KOHKpeTu3ye 3a paxyHOK
sBHUX (10 S—, P-, R—, M — Ta A-03HakamH) 3B's3KiB B JIAHITIO31 TIO y3a-
raJibHeHUM ifieHTu(ikaTopam 00'exTiB IT, 1110 MOAEII0EMO ¥ IPOTHO3YEMO.

Po3kputTss BHYTpINIHIX BIIHOCHH pOOMMO 3 BHKOPUCTaHHSIM
R/(MA,COC), R, (MI,AC), R,(COC,AC). lle no3Bonsie BiIMOBICTH Ha
Bci yHiI(piKOBaHI KOPTEXKi, JIe MUTAHHS, TIOB'S3aHi 3 0COOIUBOCTSIMHA KOMITO-
HEHT-MaTepialliB CKJIaIHOI CHCTEMHU.

[epexin Bix abCTpakTHOTO KOMOBOTO BigHOIIEHH R(X — B) = R(X, B)
JI0 YTOYHIOIUYOTO HOro KOHKpeTHUMH BimHocuHamu KM-IIJ] 3milicHioe 3i
3acTocyBaHHS S—, P—, R—, M — Ta A-03HaKk. AHai3 KyIa moHATTS X JUIs BCiX
BiJITHOCHH, TIOB'SI3aHMX 3 KOHIICIITOM BiJTHOCHH ITOIITYKOBOTO 00 €KTa Y, 103BO-
JIsi€ IPU HEOOX1THOCT1 aBTOMAaTUYHO (hOPMYBaTH acoLliallito. 3a JOIOMOTOIO ii
3pobumo nepexin i ME; Ta ME, mOHATS ¥ 1ati 10 hparMenTiB abo 110 iXHix
eNeMeHTiB. SIKIo copMoBaHa acolliailis HaTsIKy, TO MOMXJIMBUH IIBUAKHIA Ta
MIPUCKOPEHUH MOIIYK IO CTPUTKaM 3 BiiHocuHaMu R(ME), R(MA), R(MI)
, R(TCC), R(COC) niHTBICTUYHUX Y KOIOBUX HAMEHYBaHHSM BIACTHBOC-
Tel BiATIOBiAHOTO S 00'ekTa. SKII0 chopMoBaHa acoriamis Mo CyMiKHOCTI,
TO IIPH HOLIYKY BUKOPHUCTOBY€EMO napu BiHocun R,(TCC, BC) - R (MI, BC)
abo R,(COC, AC) - R,(MI, AC) B 3aeXHOCTI Bill 30BHIIIHBOTO a00 BHYT-
PILIHBOTO TUITY OIIHCY NPOSBY PEaNbHUX BIACTHBOCTEH.

Cucremna monenb 0Oa3zu 3HaHp €III mpenacraBasieMo y3arajJbHEHUM
CTpyKTypHUM Tpadom G(B,Q) [5], ae nocrarHii B = U V' — BepIIMHHHI
iel
6asuc, 3anannii nigrpabamu Gy,' (V' Hy') B GY(V*, H*) € G(B,Q) ; MHO-
n+l r
xuna Q =|J|J H; ' — 3B’a3ku, pebpa um nyru rpada. Bonn Binobpaxa-

k=1 ik=1
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10Th HeOOXiTHi BimHomenns H: ™' Ha Muoxuui V*' mimrerioro miarpada.
Ingexc ik Bu3Havae mosmuiro (agpecy) i YKCaIO eneMeHTiB V¢ MHOXKMHM,
a r=> ik XapakTepu3ye 4KCJIO €IEMEHTIB BEPIIMHHOIO 6a3MCy CXOBHINA
KM-TIA.

CeMaHTHYHI 00'€KTH, JIIHTBICTUYHI 3MiHHI 1 aHi (MMOHATTS, aTpUOyTH,
3Ha4YeHHs) 30epiraeMo B JIeB'ATH TUIaX 3amuciB [4, 6]. Toxai B pamkax TemMu
MaEMO OITHC, K BEPXOBHIA 0a3uc MpeAMETHOI 00JacTi 3HAHHS TEPMOIUHA-
MIYHUX TPOLECIB y CKIaJHUX MaTepianax 3 HEIEePeCiYHUX YHOPSIKOBAaHUX

M AMHOXHH:
k

]
D, =\JUD,, Vii| D, "D, =@; D, "D, =2} . (5)
i=1

i
j=1

i

Jlns onTUMizaLii Ipoleypu B3aeMOIi 3 623010 3HAHb, HOPMATUBHE J
YHOPSIAKYyBaHHS BUKIIOYae nyOnmroBaHHS 00’emy nanux. [lonstrs CEM,
I'TX 3a3Buuaii € TepMiHaTbHUMH ab0 HyJb-rpadamu GO(VO,HO) Ut
rpaMaTUKd TEpeTBOpEHb Ha ceMaHTW4Hii Mepexi. KM-IIJ mis Buko-
HaBuux TIIM wmoxe cdopMmyBaTu CKIaIHy, PO3UIEHOBAHY CTPYKTYPY
nauux. [oustrss ME, MA i MI Bigo6paxaemo rpadpamu G**'(V**', H**"),
G(Vk, HY) 1 G*'(v*!', H*") BipmosigHo.

BinHoCWHM JOUIIBHUX THITIB B 3arajJbHOMY BHIIAJKY MOJEIFOEMO
k-mapaumu miarpadami i BigoopaxaroTtbes B [TAK KM-I1/] BiamoBigauMu
(parMeHTaMu CEeMaHTHYHOI Mepexi. AJPECcHi BIIHOCHHHA MIX 3alucaMu
B JIaHITI031 (ToJIOBHA — JeTanbHa) [3] 3acobamu KM-ITJI BCTaHOBITIOIOTHCS
ABTOMATHUYHO BiJIIIOBITHO JO JIOTIYHOT CXeMH HAKOMYYyBaHOI 0a3u 3HaHb.
Taki Mozesi BUKOPHCTOBYEMO ITpH POOOTI 3 ceMaHTHIHOIO Mepeskero [TAK
KM-IIA.

TonoBHuil 3anmuc BU3HAYae 0a30BYy MHOXHHY JIIHTBICTHYHOI 3MiH-
HOI moxo obpanoi Metu. Enementamu 6a30B0i MHOXXKHMHH MOXYTh OyTH
JIeTalbHI 3aIMCU B KOMaHIaX Ha BUKOHAHHS. AJIPECHI MOCHIIaHH B 3B's13KaX
MD>K CEMaHTHYHUMHU 00'€KTaMHU ICTOTHO ITiJIBUIIYIOTh IIBUIKOII0 3aTpeOy-
Banux TIIM nan MiHrBiCTUMHMMM 3MiHHMMHM. 301IbIICHHS ucna d; € D,
MOJIOBXKYE JIAHIIOT 1 3HIKY€E MBUAKOMI0. ToMy aominbHa (QyHKITIOHATB-
HO-MaTeMaTHyHa anreOpaizallisi CeMaHTHYHHX 00 €KTiB, sSiKa Ha OOMexe-
HUH TaKWM YMHOM KOJIO TTUTAHb [S5] rapaHTye BiAMOBIAHI Pe3yJIbTaTH.

B ommcax temu BukopuctoByeMo ME-nonsaTTs. Tomi 3micT Ta 00’eM
Mojiesiel po3kpuBaemMo depe3 MA- ta MI-nionsatTs. B cuny BiiameHoCTI
ME, > MA, > MI, (nmetainbHi) MOHATTS BiTHOIICHHS i ICTHHHOI 0CcOOIH-
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BOCTI 00’€KTiB BiToOpaskaeMo JIMIIIE Yepe3 BIACTUBOCTI, SKi 3aJ]aHi TEMOIO.
[puxitan onucy uepe3 MA 1 = <epxHiii map>, MA 2 — <cepenHiii map>,
MA 3 = <uuz-omopa>, MA 4 = <marepiai, 110 HABAHTAXY€EMO> Ta 1HIII
MAj — TMOHSITTA MOsICHIOE BU3HaYeHHA ME, = <moneni enementis KCII
JUTS TuTaHyBaHH# 3acobamu KM-T1/] reoMeTpUYHO ONMCaHUX Ta MEXaHIYHO
3’€JIHaHUX IIapiB.

7. AnanTuBHa camMoopraxisanis 0a3 3HaHb

TpupisaeBe (MA-MI-CEM) po3kputta 3micty ME-NOHATTS B iHIIMX
BiTHOCHHAX MOXKe OyTH HEMmoBHMM. Tofi eKCIUTIKallisl Ha CyKYITHOCTI IIUX
BITHOCHH MO)X€ CTUMYITIOBATH JOJATKOBE 3aBAaHTAXKEHHS HOBOTO KOPTEXKY
ME-noHsTE. MiKp006'€KT TaKUM 7K€ YHHOM MOKHA OIHCATH, PO3IVISIAI0UH
ioro (i moxibHe Homy) sik cknanny ME-cuctemy 3 00yMOBICHOIO 00JIACTIO
TEMaTHYHO MOJICIBHUX BiTHOCHH. AJANTUBHUN PO3BUTOK IMOHATH 0a3u
3HaHb, 10 TAKUM YHHOM HAKOIMYIYEMO, 3a0e31edye Oyab-sKuil TOLiMbHUH
piBeHb netamizaiii 3aga4 monentoBanuas CJIC.

Binmoma Tematmuna ctparudikaris [T 3 TpupiBHEBUM CUCTEMHUM pO3-
KPUTTSM 3MICTY HE BIJIIIOBIAE PO3TaTyKCHUM 3arajbHONPUHHATHM IPH-
romam OSI knacudikariii 3a CKJIaI0M, CTPYKTYPOFO, YHKITISIMU Ta IHITHMHA
JIETali3yFOUUMHU actiektaM. Hamn miixia 3acHoBaHuiA Ha (hOpMyBaHHI 3aco-
O6amu KM-IIJl aBTOHOMHHX TEMaTWYHHX PEIAIHNHUX CHCTEM-MOJeNei
IT, mro 3a meBHUM a0cBigoM IAS iHAMBITyaTi30BaHi 38 KOYKHUM LiIJTbOBUM
npusHadeHHsAM. [1IM MmatoThb cninbHUi TomonoriyHuii 6asuc (puc. 1) Ha
MHOXKHHI TIOHATh. BiH BUKOPUCTOBYETBCS METOAAMH aKTyalli3arii qii Bij-
MOBiIHO MOIIYKOBOro o3HaueHHs fqokyMmeHty (IIOM). TononoriuHa eaHicTh
3a0e3nedye MepeTBOpeHHs iH(popMalii B paMKaxX KOHKPETHHX BiTHOCHUH
(puc. 2) mixk ME-, MA, MI-, COC-, TCC-nonsittsimu i CEM- ta I'TX-a-
Tpudytamu €111 cucremu KM-I1/I. Tema (CyKymHICTS ITiseil MOJICTIOBaHHS)
B KOJIOBi# ()OpMi PO3KpHUBAE LITICHUN ccTeMHU 3MicT. Omnuc #oro 3adik-
COBaHO y IaM’ATi 3riJJHO KOHKpeTHOMy rpady G(B,Q), mo BimoOpaikae
nuie auHaMiky 1T oOpoOkM naHuX, sSIKi MOJENIOIThH (3aMillyIOTh) O3Ha-
yeHi peanbHocTi 00’ extiB CIC.

Koxna pensuiiina monens G (B,Q), mo 36epiraetsca B CYT KM-II/I,
knacudikye iHpopmaniro Ha ¢izuyHi 00'ekTH S, BIacTUBOCTI P, BitHOCHHHN
R, cxemu anroputmiB A i poboui moaeni M. o B minomy 3abe3nedye Bij-
noBigl Ha muranasg o ME-temi. 3 11i€ro METOIO CEMaHTHYHHI 00'€KT abo
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3amuc B 0a3i JaHUX 3a0e3neuyeThes BiqNOBiTHUM S-, P-, R-, A-, M-o3Ha-
koro. Tofi Jyru ceMaHTUYHOT Mepexki OyIyTh KOHKPETHO (5 O3HAaK) iJicH-
TudikyBatu TMn X,R.Y, — BinHomenHs. Bin inenTudikye kareropiro mii,
3B'A3KY, QYHKIT MiXK HOHATTAMM X, 1 ¥, y JIOTiYHOMY JIaHII03i (JIaHIOT
(puc. 1) anpecHNX MOCHIaHb MiXK 3aITCOM X, TOJOBHHM i BciMa 11 JeTain-
HuMH Y,Vj € J 4acTkamu). J[J1s KOMILIEKCHUX JTOCIIKEHb 1 3a0e31edeHHs
SKOCT1 po3paxyHkiB gouinbHi B CYT KM-IIJl (puc. 2) 3HaHHS HE TUIbKH
npo MarepianbHi S, a i npo P-,R-, M-, A- — inTenekryaibHi 00'ekTu 00i-
3nanocTi IAS TTEBO.

OO6cAar MONOMIXKHUX 3HaHb, SKi ONTUMI3YIOTh 3aCTOCYBAaHHSM THIIO-
BHX MOJIEJICH 1 aITOPUTMIYHUX aBTOMaTU30BAHUX PIllIEHb, ICTOTHO MEHIIE
mio6anbpHOrO 06cAry Internet 6a30BUX 3HAHB MO AOCHIAKYBAaHOMY (i3mu-
Horo 00'ekty. OHaK Takuil Mot € yMOBHUM. [IifiCHO MoJieni i alilropuT™Mu
JIOLLJTbHI, SIKIIO BOHM aJICKBaTHO BimoOpakaroTh (izumunuii 00'ext. Tomy 3
ypaxyBaHHSIM B3a€MO3B'SI3Ky (pHC. 2) TOTEHIii{HA OTY>KHICTh IaHOI opra-
Hizanii 6a3u 3HaHr KM-I1]] i3 3anpormoHoBaHUMY 0a30BUMH S5-03HAKaMU
OIIIHIOETHCS TOOYTKOM

(S><P><R><M><A)5. (6)

Omxe, naHa 6a3a 3HaHb (pUC. 1) Ma€e JOCTATHIO PI3HOMAHITHICTH Ta 3310-
BOJIBHSIE 3a3HAYCHUM BUMOT'aM, Ha €KCILTyaTalliifHi TTOTOKKA MalOyTHIX 3aIuTiB.
[epenik TeMm (puc. 2) yHIBepCcaIbHUX BITHOIIECHB Ta BIACTHBOCTEH, HE0O-
xigaux s noHoro onucy KCLM 06’ exra Ta otouytouoro ii 3HOC, obupa-
€THCS B 3aJIXKHOCTI Bl IpU3Ha4YeHHs Ta 1inei 3acrocyBanns [TAK KM-IT/I.
CucTeMOI0 MOBU YHiBEpCaJbHHUX CTPYKTYPHO-(QYHKI[IOHAJbHUX KOH-
CTPYKUill BUAY <AKmIo A (omuc sBUII Ta 00’ €kTiB) Toai B (omuc mocmigos-
HUX Jiit)> (Tabi. 2) MOXYTh cIyryBaty BianoBinHi koprexi [IAK KM-TI/I.
Jana GararoliiboBa cucTeMa 1o Mipi BBEJICHHS 1HIMBITyabHOI iH(Op-
Malrlii MOKe BUKOPUCTOBYBATHCH [AS /151 BIAMOBIII HA PI3HOMAHITHI TUTAHHS
kopuctyBadiB [IEBO B Tomy umcii camoi Mmoaemntorouoi cuctemu KM-TT/1.

[Ipu popmyBarni CCM BuXinHa ceMaHTHYHA iH(OPMAIIis aHATI3YETHCS
3riJJHO HACTYITHOI CEMaHTHYHOI CTPYKTYpH OIHCY, sIKa Ja€ BiJIOBiIb Ha
TTUTAHHS.

[Ipu 06po61i KCIIM Ta acomiatuBHO 0B’ s13aHuX hparmertie KM-ITJ]
BHKOPHUCTOBYIOTHCSl Pi3HI CHTyaIliiHO-€()EKTHBHI METOIH, 3aCO0M, ajro-
PUTMH Ta TIpaBHJa TpaHC(OpMAIlii BUXITHUX JaHUX B CEMAHTUYIHO BipHI
(JTOT1YHO ICTHHHI) HACITIIKH.



Chapter «Engineering sciences»

<A, B, ¢c(A,b)> u(b)

A A 4

[ a [ 5 ]

Puc. 1. TunoBa cTpykTypa B3a€MO3B’A3KiB
JUJISI OpraHi3aiii JaHIIOTOBOro 3anucy 00’ €KTa
y ¢pparmenTax daiinip 6anka gannx MAK KM-IT1/]

Tema
KM-T1]T

Puc. 2. Cucremna moaeab 6a3u 3Hanb [TAK KM-I1/]

CuMBONBHI KOPTEXi METOAAMH HPUYMHHO-HACIIAKOBUX 3aJIEKHOCTEH
ABTOMATHYHO CTBOPIOIOTHLCS 3T1/IHO 3aBIaHb HA OCHOBI BUCHOBKIB: IO aHa-
Jorii, 03HaI cUTyalii, CTpyKTypi HasBHUX 3HAaHb Ta BiAHOLICHb. AnreOpa-
{3amis KomoBUX 3B’s3KiB Bu3HaueHa B mam’siti [IBM KM-I1/1 3rinHo yHidi-
KOBaHUX CTPYKTYp (puc. 1 Ta 2).

[ToOymoBa mMoneni 3miicHEHa BHOKPEMIICHHIM HaWOUIBI XapaKTepPHUX,
ICTOTHHX OCOOJIMBOCTEH KOXHOTO O3HaueHOoro o0’ekra Harypu. LlinpoBa
JUHAMIYHA B3aEMOJIS CTPYKTYD, 3 PI3HHX CTOPiH (6) ONMHUCYIOTh pealibHy
CHCTEMY BiJHOIIEHb 3a METONAMH MOJIENIOBAHHA CKJIQJAHUX IHHAMIU-
HUX CHCTEeM. 3TiJTHO 3aBJaHb, IIe J03BOJsAE (POPMYBATH aaeKBaTHI poOouUi
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Ta6murg 2

Onuc napHux eKBiBaJeHTIiB MOBH 3B’I3aHOI0 3MiCTy KOPTeXKiB

IIpuyKMHHO HACTIAKOBUI 3MicT cuTyaTUBHO-Bapianiiinux onucis koprexis y YK

A =(a,a,,...,a,) onucsasuy ma o6 ekmis

B=(,b,..,

b,) onuc nocaioosnux Oiti

a, — BU3HAYCHHs IpeaMeTa, Kpatidika-
1ist (< 110 HA3UBAETHCA K> <IIO — € 0>,
<110 € YUM>);

b, — AKT pii (IL{o BuKOHYE 1110);

a, — IPUHAJIEXHICTh Kiacy ((1o
NUTATBCS Ha I0), IO € YACTHHOO YOT0),
(1110 BiTHOCHTBCS 10 YOTO));

b, — nprumHa nii (o 3pobIeHo Yomy,
HaBIIIO, VISl 4OTO);

a, —MeTa 3acTocyBaHHs ((I10 3aCTOCO-
BY€THCA /1€, AK, HABIIIO, YOMY, IJIS 4OTO));

b, — BusHaueHHs pesynbrary Ail (1o
CTaJIO YnM);

a, —4ac Ta yMOBH ofii ((konu, aTta,
CHUTYalisl, yMOBH));

b, — ouinka iHdopmanii (110 Kepye 4nm);

as — Micle3HaxoKeHHs (1o 1 3Haxo-
IUTHCA), (IO A€ PYHKIIOHYE));

by — xapakrepuctuka QpyHkuiii (10
3IIHCHIOETHCS, SKUM YHHOM);

ag — cxnaj Ta 6yaosa (110 3 4oro ckia-
JTaeThest), (IO € YACTHHOIO YO0T0));

b - BU3HAYCHHS YMOB (pu sIKHX yMO-
BaX Ta CUTYaIisX);

a, —onuc QyHKIioHyBaHHA (10 1 AK
3IIHCHIOETECS));

b, — ymoBH icHyBaHHs MaiiOyTHIX mOAiH
(o Oyme uum);

d; — BUHMKHEHHS Ta nosiBa (1o e
BUHHKAE, 3 YOTO, 5IK));

b, — ymMOBH, sIKi Mau MicLie B MEHYIIOMY
(1o Oyo panimie);

dy — NPUYMHHO-HACIIIIKOBI BiJJHOIIEHHS
((mo criye 3 40ro, 3a paxyHOK 40ro));

by — XapaKTePUCTHKA POLCCIB (110
BMHUKAE 3 4OTO 1 K);

a,, — NIepeTBOPEHH: Ta 3MiHa (( IO B IO
HEPETBOPIOETHCS), (L0 SIKUM CTaE));

by, — ommc 3MiH (1O IIEPETBOPIOETHCS y
110), (110 CTa€ SIKUM);

a,, — BIACTHBOCTI Ta XapaKTePHCTHKH
SIKOCTI (( 1110 YMM HaIiIeHE));

bll — OLIIHKA pesyssrary (mg CXOIUTHCS
3 yiM), (110 BiAPI3HAETHCS BiJ] YOTO);

a,, — TIOPiBHAHHA Ta cIiBcTaBieHHs ((
10 BiIpi3HAETHCA Bij 4OT0), (IO 3 YUM
CXOIIUTBCA)).

b, — xBamidikamuis BractuBocreit (o
BOJIOJII€ UMM, SIKOFO SKIiCTIO).

a, — pe3epBHa JIOJATKOBa MiTKa IOHATTS,
1[0 MOXKE XapaKTEPU3yBaTH ILIE CIICIH-
¢biuHI Ha TOYaTKy YOMYCh He 3a(ikcoBaHi
CYTHOCTI peajbHOT IPUPOIH.

b, — aHanoriuHo @, 10ATKOBA MiTKa

(TpymH HOHSTH) TOTPEOOI0 PO3BUTKY




Chapter «Engineering sciences»

MO, 3 ICHIOBATH MOUTYK BiAIOBiEH B paMKaxX KOHKPETHOI CHTyaTHB-
HoI 3a1ayi 3a Temoro nistibHOcTi IAS ITEBO.

8. BucHoBkHu

1.BpaxoByroun Bimkputicte C/IC Ta eBONIOIIHMIA PO3BUTOK 3a eTa-
KM-IT/] 3a6e3mne4yroTh BiIMOBIIHI COI[IOKOMYHIKaTUBHI (POPMOTBOpEHHS 1
3MiHU (KOpUT'YBaHHS, YTOUHEHHS) aTpuOyTiB Ta MapaMeTpiB, BKIOUAIOUN
He0OX11H1 iH(OIOTIYHI MOJIETTi.

2.TnoGanpHi muaneTapHi nmpobieMu Oe3neku KUTTS HoochepH, diopH,
(ayHu U BCIX MPEJICTABHUKIB O10pI3HOMAHITTA paHillle «HOPMAIBHUX)
€KOJIOTIYHO «YHUCTUX)» MPUPOAHHUX CHUCTEM HaOyBalOTh BCcE OLIBII 3arpos-
nuBi ¢popmu. ColianmsHa KOMyHIKallisl IOBUHHA 3HATH KOHCTPYKTHBHI TexX-
HIKO-TEXHOJIOTi4HI PillleHHS IS OBCAKJICHHUX IIJICCIIPSIMOBAHUX JIiH, 110
TaKOX PETEIBHO I 3a 6ararbMa KpUTEPIIMH MOJIEITIOEMO, OIIHIOEMO, PO3IO-
JIISIEMO 3aKOHH YIIPABIIIHHS Y POCTOPOBO-YACOBHX KOHTIHYyMaXx IUIAHETH.

3.[lapHuKOBHIA €(EeKT 3alymeHO BCiMa Taly3sIMH JIFOACHKOT TisUTbHO-
CTl y CydacHUX PUHKOBHX BiJTHOIICHHSX ii Tio0Oanizarii. BucHOBOK mwuie
OJIMH, Tpeba HeTalHO aKTHBI3yBaTH COIIATBHUMA THTEIEKT, 00 MOYNHATH
YTHITI3aIiI0 HAKOTIMYEHHX 3aI1aciB 3a0pyJIHEHb 3 BYNIHIEBO-OPTaHIYHHUMHU
YHCENbHUMH PEIOBHHAMI.
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theoretical and methodological bases for the construction of such systems,
taking into account the features of the movement of ships, the process of
human interaction with the technical means of navigation and the require-
ments of International Regulations for Preventing Collisions at Sea (COL-
REG-72). Practical importance. During the research it was determined that
in the conditions of introduction of modern information technologies in
navigation and the concept of e-Navigation, the most important component
of improving the safety of current navigation is the creation of decision
support systems of the navigator. When creating such systems, it should
be consider that the most important factor in the accidents of current nav-
igation is the so-called "human factor", so when creating decision support
systems of the navigator, special attention should be paid to the processes
of interaction of the navigator with the technical means of navigation and
by reducing the impact of "human factor" on ship management processes.
Scientific novelty. It is shown that the perspective direction of the develop-
ment of decision support system of the navigator is the application of artifi-
cial intelligence methods, in particular scenario-based approach to building
the knowledge base of decision support systems for modeling interaction
processes. In modern conditions the implementation of decision support
systems of the navigator is capable to reduce substantially accidents at cur-
rent navigation, first of all by increase of efficiency of functioning of ergatic
system "man — technical means of navigation" and comprehensive intro-
duction of achievements of modern information technologies in processes
of ship management. Results. Theoretical and methodological principles
of construction of the decision support system of the navigator have been
developed, taking into account the peculiarities of the motion of vessels,
the process of human interaction with the technical means of navigation,
and the requirements of the COLREG-72. Created decision support system
of the navigator has advantages over existing analogues, as it allows to
simultaneously solving the problems of passage and maneuvering of ships.

1. Beryn
Po3BUTOK CyyacHOTO CyIHOIUIABCTBA HEPO3PUBHO IMOB'SI3aHUM 13 IIUPO-
KHM BIIPOB3JKEHHSIM HOBHX 1H(OPMALIHHUX TEXHOJOTIH, CTPIMKHM PO3-
BHUTKOM 3ac00iB CYITyTHHKOBOT HaBITallii Ta €JIEKTPOHHUX KapTrorpadigHux
iH(pOpMaIIHHUX Ta HABITAllIHHUX CHCTEM. ICHYFOU1 HA CHOTOHI PO3POOKHU
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B Taly3i CTBOPECHHS iH(QOPMAIIfHUX CHCTEM YIpPAaBIiHHSI PYXOM CYICH
CIPSIMOBaHI B OCHOBHOMY Ha PO3paxyHOK O€3IEeYHUX 30H pyXy i HE Bpa-
XOBYIOTh BIUIMBY TaK 3BAHOTO «JTIOICEKOTO YMHHHKA» Ha MPOIECH CIIPUHi-
HATTS iHpOpMaIlii CyTHOBOIIEM, (POPMYBaHHS Ta IPUHHATTS HUM PIlICHb, a
TaKOX 3arajJbHOT B3aEMOIii BCIX YUACHHKIB HaBIraIiitHOT CUTYaIlii.

Sk mokasye aHali3 MPUYMH BHHUKHEHHS aBapili Ha MOpi, TOJIOBHUM iX
(aKTOpOM € 1 3aUIIAEThCs, TaK 3BaHUH, JIONCEKUH (akrop (Oni3bpKo 85%
yCiX BUNAJKIB) — OLTBIIICTE HABIraIliHIX aBapiii BiOyBaeThCs HE dyepes Bill-
MOBY TEXHIYHMX 3ac00iB HaBirauii abo yNpaBIiHHS PyXOM Cy/AHa, a yepe3
HETOTOBHICTh CYJHOBOJIiB CBO€YAaCHO MpUIIMaTH PIlIEHHS BiAMOBIIHO 10
cHUTYyallii, sika cknanaerscs [1, c. 17; 2, ¢. 171]. 3HrmKeHHS BIUIMBY JFOICHKOTO
(hbakTopy Ha piBeHb aBapiiiHOCTI HA MOPI € aKTyaJbHOI HAyKOBO-TIPAKTUY-
HOIO ITPOOJIEMOIO CHOTOJICHHS, Ky HEOOX1JHO BUPINIYBaTH B PO3Pi3i ONTHMi-
3allii B3a€MOJIii CyJJTHOBO/IIS 3 CyYaCHUMH TEXHIYHUMH 3aCO0aMU.

[HIIOFO BaXKJIHMBOIO TPOOIEMOIO CHOTOJIEHHS € MiABHIIEHHS TOYHOCTI
JOTPUMAHHS CyOHAMH IIJIAHOBAHOI TPA€EKTOpii pyXy, IO OOYMOBJIECHO
moTped0I0 MOAATBIIOI PO3POOKH PecypCiB KOHTHHEHTAIBHOTO IIenb(dy B
3B’S3KY 13 HEOOXIHICTIO 3a0e3IeUeHHS SHEPTeTHIHOT Oe3rekn YKpaiHu.

TakuM YWHOM Ha TOTOYHHMH MOMEHT ICHy€ HarajbHa IpoOnema B
CTBOPEHHI CYYaCHUX CHCTEM MIATPUMKH TpudHATTS pimenb (CIIIIP) 3
VIPaBIiHHS PYXOM CYJCH, IO BPaxOBYIOTh OCOOJHMBOCTI TpoOIleCy B3ae-
MOJIiT JIFOMHU 3 TEXHIYHHMH 3acOo0aMM CYIHOBOJIHHS Ta 3a0€3ICUyIOTh
NPUAHATTS HEO pillieHb B CKIAJHAX HABIrallifHUX YMOBaX Ta KPUTHYHUX
CHUTYyaIlisiX, sIKi 37aTHI e(EeKTHBHO BHUPIIIyBATH 3HAYHY YacTKy ITHTaHb,
MOB’sI3aHMX 13 MpouecaMu (GOPMYBAHHS PIillieHb 3 YIPABIIHHS CYTHOM Ta
3HW)KEHHSIM BIUTUBY TIOICHKOTO (hakTopy». CTBOPEHHS Ta 3aCTOCYBaHHS
CHCTEM MiATPUMKH HMPUNHSTTS pillleHb B CyAHOBOJIHHI HAaOyBae 0COOIH-
BOTO 3HAYCHHS B YMOBAX IHTCHCHUBHOI'O BIIPOBA/DKEHHS Cy4acHHX iH(Op-
MaIifHIX TEXHOJIOTiH Ta KOHIEMIii e-navigation [3, c. 8].

2. JIroncbkuii enemeHT sik paxrop no creopenns CIIITP
3 TOYKHM 30py HAyKU «CYJHOBOIIHHS — €IWHUH TpoIliec, 1o 3abe3re-
qye IUTaBaHHS 1 KEPYBaHHS CYZHOM JUISL JOCSTHEHHS IOCTAaBICHOI METH».
Bimomo, mo MeTa TOpriBeibHOr0, IPOMHUCIIOBOTO, HAYKOBOTO Ta BIHCHKO-
BOTO MOpEIIaBCTBa pizHa. OJJHAK BUMOTH JI0 3a0€3ICUCHHS O€3IIeKH MOpe-
MJIaBCTBA €JTUHI, a CIUJIbHE 3aBJaHHs CYITHOBOJIHHSA YHiBepcanbHe. Hagira-
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miiiHa Oe3rneKa MjIaBaHHs — HeB1I'€MHA YMOBA BUPIIIEHHS Oy/Ib-SIKOT 3a/1a4i
MOpEIUTaBaHHS, a CIIbHE 3aBJaHHS CYITHOBOMIHHS CTHCIIO (POPMYITFOETHCS
TaK «IPOBECTH CYJTHO 3 OJJHOTO IIYHKTY B 1HIIINH 32 3a3/1aJIeTi[b HAMIYECHUM,
O€e3IMEeYHUM 1 HAaBUTIIHIIIUM LUIIXOMY.

3 MEeTOI0 IMOO0TaHHs HETaTHBHOTO BIDIMBY JIIOICHKOTO (DakTopa i 3armo-
OiraHHS MOYUIMBHX HACIIJKIB JIFONCHKUX MTOMHJIOK B CYITHOBOJIIHHI, HE00-
X1JTHO TIPOBOJIMTH MOCITITOBHY MOJIITHKY BIOCKOHAJICHHS MEXaHI3MIB 1 TPH-
CTpOiB, CTBOPIOBATH B paMKaX IHTEIEKTyalbHUX cucteM yrpasiinas (ICY)
CHCTEMH IITYYHOTO IHTENEKTY, OPIEHTOBAaHI HA BUPILICHHS 3aBIaHb KOH-
TPOJIO, OLIIHKHM CUTYallil, IPUIHATTS PillleHb 1 YIPaBIiHHA KOHKPETHUMU
CYIHOBHMH 00’ €KTaMH, CHCTEMAaMH 1 IPUCTPOSIMH.

3HaYHOIO MEPEUIKOIOI0 Ha IIJISIXY PO3B’sI3aHHSI IIbOTO MUTAHHS CTa€ Bill-
CYTHICTb YiTKHX (DOpMaNBbHUX MOZENEH, sIKi XapaKTepU3yOTh POIIECH B3a-
eMofii cyJieH Tipu po3xomkeHHi. OcoOIMBO 1€ CTOCYEThCS CUTYAIlil HEBU-
3HAUCHOCTI, 30KpeMa, KOJIM HasiBHI /1Ba Ta OUIBIIE CY[CH, a YMOBH OIVISIY
BONHOI akBaTopii € HemocTarHIMU. KitouoBuM (hakTOpOM MPaBHILHOTO
pimenHs Taxoi 3amadi € 3a0e3nedeHHs ¢PEeKTUBHOCTI PIllICHb YIPaBIIiHHS
CYOHOM, III0 TIPHUHMAIOTHCSI CYTHOBOAIEM. TaK, UMM CKIaJHIIIMMU CTaHOB-
TATHCS QYHKIIIT CYTHOBOJIS, TUM TOCTpIIlle BCTAE HEOOXITHICTh Y KOOPIH-
HaIii poOOTH TEXHIYHMX 3acO0iB Ta iHTepmpeTarii iHdopmarrii, sska Haa-
€ThCS 3 iX OOKY CYTHOBO/IIIO.

Cuin 3a3Ha4nTy, 010 po3podka CIIIIP cynHOBOmIIS OB’ 13aHA 3 HI3KOIO
CKJIaJTHOIIIB, OJIHA 3 IKUX — GopMaizarliss Mi>KHApOTHUX MPABUI TOTepe-
JDKSHHS 3iTKHEHHs cygeH 1972 poky (MIII3C-72) y Bursgi, 3py4HOMY
JUIA IPaKTUYHOTO BUKOpUCTaHHA B 6a3i 3Hanp CIIIIP.

3. Bumoru 10 cteopenHst CIIIIP cynHoBoais

Hassauit nocsix crBopenns CIIIIP B cyqHOBOAIHHI 103BOJISIE 3pOOUTH
BHCHOBOK, III0 1X €()eKTUBHE NPAKTUUHE BUKOPUCTAHHS MOXIHMBO TiJIBKH
B pa3i JOTPHMaHHS PSAAY BOXIMBUX BHMOT, OOyMOBJICHUX, 3 OXHOTO OOKY,
ocobnmuBocTAMU (yHKIIOHYBaHHS Oe3nocepenupo CIIIP, a 3 iHmoro —
IporecaMy MPUHHSTTS PillieHb B CyAHOBOMIHHI.

Po6ora CIIIIP B pexkumMi peanbHOrO 4acy, HaKJaJa€e >KOPCTKI 4acoBi
0oOMekeHHS Ha MPOoIeCH PO3POOKH Ta MPUKWHATTS PillieHb 1 BUMarae mooy-
JIOBY CIICHApPIiB PO3XOKEHHS CYJIeH Ha BECh Iepioj] B3aeMoJIil. 3a3HaveHi
00CTaBUHH 3yMOBITIOIOTH HEOOXiTHICTD PO3POOKH MaTeMaTUIHUX MOJICIICH,
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anexBatHuX BUMoram MIIII3C-72 Ta mpuaaTHUX Ui ONHCY CUTYaIliil B3a-
€MOJIIi CY/JICH IPU PO3XOIKECHHI Ta MPUHHATTI PIllIeHb 3 YIPABIiHHS CYTHOM
B peallbHOMY Yaci.

AHaJi3 mporieciB NPHUHHATTS PIICHb CYTHOBOIIEM, TO3BOJIMB HAM BUSIBUTH
IT’Th 0a30BUX MPHHIIMITIB, SIKI BAKOPUCTOBYIOTHCS HUM Ha MPAKTHIIL:

—yBara CyTHOBOIIS KOHIIEHTPY€ThCS IIEPEBaKHO HE Ha BapiaHTaX PillIcHHS
3a7adi pO3XOKEHHS, a HA YMOBaX IPOTiKaHHS MPOLIECY YIPABIIHHS CYTHOM,
sIK1 BiH aHAJI3y€, CTUPAIOYMCh HA CBIM JOCBII MPAKTHYHOT TisUTHHOCTI,

— 3a CHpPUATIMBUX YMOB (HEeBeJMKa KUJIbKICTh 00’€KTiB, 10Opa BUIU-
MiCTb, BIJICYTHICTh BTOMH) CYAHOBOJIN 3[JaTHUN CAaMOCTIIHO aonaru ¢ak-
TOPU HETOUHOCTI 1 HEBU3HAYEHOCTI ONUCY HaBiramiiHoi cutyauii i onepa-
THUBHO MPHUIMaTH MTPaBUIIbHE PillIEHHS Ha OCHOBI HAsBHOTO IOCBiAY;

— IPU HECHPHUSITINBUX YMOBaX, HASBHOCTI 30BHIIIHIX BIIJIMBIB, BTOMH,
CYTHOBOJII/ BHPINIy€E 3aBIaHHS PO3XOMKEHHS Ha OCHOBI HAHOINbII 3HAYY-
MUX, 3 HOT0 TOYKH 30py, (HaKTOpiB i CHCTEMHU y3arajJbHEHHX OIIHOK, HE
OepyuH 10 yBaru 06arato «HeCyTTEBHUX» JICTaJICH;

— aHayi3yloun iH(pOpMaIlilo Mpo HaBiramiiHy CHUTyamil0 B 30HI MaHe-
BpYBaHHS, CYTHOBOJII{ ITiJICBIZIOMO OIlIHIOE JMHAMIKY HaBiralifHux rnapa-
METpiB, CKCTPAITOJIIOI0YH IX OUiKyBaHY 3MiHY B 4aci i (GOpMyHOYH €UHY
MOZEJNb 11 TOJAJIBIIOTO PO3BUTKY;

— B CKJIQJIHUX YMOBAX CyJAHOBOJII¥ MOCTIHHO OIIHIOE HE JIUIIE JUHAMIKY
PO3BUTKY MOJIH, aie i IMOBIPHICTh JOCATHEHHS ITOCTABIICHOI METH, sKa
BHSIBIISIETBCS Y BUTVISIII €MOIIIHHOTO BIYYTTS YCIiXy a00 TPUBOTH.

3a3HaueHi 00CTaBUHU 3yMOBIIIOIOTH BAHUKHEHHS «JTFOACHKOTO (PaKTOpay
SIK OJIHI€T 3 OCHOBHUX MPHYUH aBapiiHOCTI B cyqHOBOAIHHI. HeoOXxigHiCcTh
MiHiMi3awii ioro BIuMBY nuisixoM Bukopuctanus CIIIIP cynHoBomis, 103-
BoJIsie chopmyitoBaT ocHOBHI Bumoru jo0 CIIIIP:

— pobGora CIITIP B pexuMi peanbHOro udacy Ta ii iHTerpamis 3a HasB-
HUMH Ha CYJHI CHCTEMaMU YIPaBIiHHSI PyXOM;

— HeoOXinHiCcTh BpaxyBaHHs Bcix BuMmor MIIII3C-72;

— HEeoOXigHICTh TpaiIHOTO MpeACTaBICHHS c(OPMOBaHOI cuTyamii, 3
Bi3yaJIbHUMU MMO3HAYKaMK MEX 30HH O€3IEeKH BJIACHOTO Cy[IHA i JUHAMKU
X 3MiH;

— HEOOXIAHICTh aHAII3Y MiJ Yac MPUHHATTS PillIeHb JCKUTBKOX MOXKITH-
BHX CIIEHApIiiB PO3XO/KCHHS, 0OYMOBIICHUX I[IECITPSIMOBAHOO TIOBEIiH-
KOO CyJICH-IIIICH ITiJT Jac 1X pyxy;
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— HEOOXiTHICTh BpaxyBaHHS BIUIMBY 30BHIIIHIX YMOB Y 30HI MaHEBpY-
BaHHS, 30KpeMa TiJJpOMETEOPOJIOTIUHUX, TiiporpadivHuX (aKTOpiB i HaBi-
raiiiHux HeOe3meK;

— BpaxyBaHHI IIOTIEPEIHBOTO JOCBIY YIPABIIHHSA PyXOM CyIZHA B aHa-
JIOTIYHHUX YMOBaX, SKIIO BiH MaB MicCII€.

[Ty yac HayKOBOTO JOCIIIXKEHHS TAKOX OYyJTM BU3HAUCHI 0a30B1 BUMOTH JI0
MOJIeJIeH 1 aTOPUTMIB, IO 3aCTOCOBaHI i yac po3podku CIIIIP cyaHoBOmIS:

— PyX KOXHOTO 3 CY[ICH-yYaCHHUKIB HaBiralifHOI CHTYyaIii po3misga-
€TBCS 3 MO3HIIT IUIECIPSIMOBAHOT OBEIIHKY, [0 MA€ HA METI YHUKHEHHS
3ITKHEHb 3 IHIIMMH CyTHAMH, MAaKCHMAIFHO NOTPUMYIOUUCH TPU BOMY
pumor MIIII3C-72;

— JAJIs aHajdi3y HpoLecy PO3BUTKY HaBirariiHoi cuTyauii HeoOXiTHO
OymyBaTH 0araTOKpOKOBi cuieHapii ii po3BUTKY, MpUItMalouu 0 yBark ANHA-
Mi4HI MOJIeJIi TIOBEIIHKH CYy/ICH-yYaCHUKIB PYyXy;

— CIIiJT BpaxOBYBaTH, 1110 PEATbHUHN MPOIEC PO3XODKEHHS CYJICH IPOX0-
IUTH B YMOBaX CKJIaJHOI B3a€MOI{ YIACHHUKIB y BUIAJKY, SKIIO iX YHUCIIO
OiITbIIIE JIBOX, @ YMOBH BUAMMOCTI BiIPI3HSIOTHCS Bill JOOPHX;

— KUTBKICTh MOXKITMBHX CIICHAPIiB PO3BUTKY HaBITAllIHHUX CHTYaIliH, SKi
anamizytotbes CIITIP mocraTHpo Besnka, 1 IX 4MCI0 HEOOXIMHO CKOPOUY-
BaTH, BUXOASYM K 3 oomexkeHr MIIII3C-72, Tak 1 quHaMIKKA 3MIH KJIFO-
YOBHX TapaMeTpiB pyxy cyneH (JiHiH BimHOocHOTO pyxy (JIBP), meneHris i
MIBUIKOCTEH).

— HeoOxixHOo BpaxoByBarH i HakonmayBard B CIIIIP indopmanito momno
MOTIEPETHBOTO JOCBIAY YIPABIIHHS PyXOM CyIHA B aHAJOT1YHUX YMOBAX,
SIKIIIO TAKHUI MaB MicIie.

4. 3actocyBanus MIIII3C-72 B CIIIP cynnoBoxais

MIIII3C-72 € OCHOBHMM HOPMAaTHBHHM JOKYMEHTOM, IO periiaMeH-
Ty€e TPOIIECH PO3XOKEHHS CY/EH, 1 iX dopMatizallifo y BUDIAAL, IpHIaT-
HoMy ayst Bukopuctanus B CIIIIP cynHOBOzis Ta € akTyaabHOIO HAyKOBOIO
1 mpakTU4HOIO 3aaa4eto. IcrotHuM Hemomikom MIIII3C-72 € Te, mo npa-
BHJIa PETVIAMEHTYIOTH JIii CYTHOBOIISI TUIBKY JUIS BHIIAJKiB OIHAPHOI B3a-
€MOJIIT 1 He PO3IVISANAI0Th CUTYaIlli OJJHOYACHOTO PO3XOIKECHHS JCKIITBKOX
cyneH. Kpim Toro, mpaswia cami 1o co0i € JpKepenoM HEeBH3HAYEHOCTI B
OITHCI CHTYaITii pO3XO/PKEHHS 3BayKalOun Ha HEOMHO3HAYHICTh TPAKTYBaHHS
JICSIKUX TIPHITUCIB.
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Ocxkineku MIIII3C-72 pernaMeHTyIOTh IOIapHy B3a€MOJII0 CyAEH, IPU
(opMmyBaHHi ciieHapiiB po3BUTKY motodHoi curtyamii B CIIIIP gormineHO
pO3MIAIATH caMe TaKWUH BHJI B3a€MOIIT, PUHMAIOYH, OTHAK, IIPH [OMY 10
yBaru Toi (axT, Mo CyIHa B3aEMOJIIOTh HE TUIBKH 3 BIIACHUM CYIHOM, aje
W oauH 3 omHUM. Bubip map cyneH, B3aemonis sikux aHanmizyetrbes CITITP
1 Uit AkuX (HOPMYIOTBCS CIieHapii, 3MIHCHIOEThCS BIAMOBIAHO PIBHA iX
HeOe3MNeKH OAMH T OMHOro. OYeBUIIHO, M0 YUCIIO PO3DISHYTHX B3aEMO-
JUIOUMX Tap Cy[eH I BUIAIKY CYACH Y 30HI PO3XOJKCHHs Oy/ie TOpiBHIO-

BATH YHUCITY CrionydeHb Co:
= ()
(N -2)12!

L BemMuMHa Ha MPaKTHIN BKpal piako nepeBuilye 3HadeHHs 190 (o
BimnoBinae 20-TH cyaHaM B 30HI PO3XOIKCHHS), a, JJIS OLIBIIOCTI PO3-
IISTHYTHX CUTYAIlll, 3HAXOMUThCS B Jiana3oHi (2—7 B3aEMOIIIOUUX CyICH
BiAMOBiAHO). 3a3HaYeHuil OPAMOK BEIHUMHU Cy X0Ya i YHEMOMKIHBIIOE
«MPOTpaBaHHsI» BCIX MOXJIHMBHX BapiaHTIB B3aEMOJiH Oe3MmocepeaHbo
3YCHJUISIMUA CyAHOBOJIS, SIK LI 3a3Ha4aeThesi B poboTi [4, c. 70], TUM He
MEHIII, HE € MePELIKOI0I0 JUIsl 3A1CHEHHS TaKoi omnepallii cyyacHUMH 3aco-
0aMu OOYMCIIOBATIBHOT TEXHIKM B PEXHUMI PEANbHOTO 4acy, BPaXOBYIOUH
Ty 0OCTaBHHY, [0 peaNbHe 3HAUEHHs BeJIUUnHU C; MOKe OyTH J0aTKOBO
CYTTEBO 3MEHIIICHO [IUIIXOM BBEJICHHS TOTNIEPEAHBOT KiIacu(iKallii cyleH 3a
CTymneHeM iX HeOesneku ofuH s onHoro. OliHKa HaBiraiitHoi cutyartii B
CIIIIP i noGya0Ba MOXKIIMBHX CIEHAPIiB i1 IOAATBIIOTO PO3BUTKY 3/iHCHIO-
€THCS IIUIIXOM (POpMyBaHHS Ta aHANI3Y JIOTIYHUX MPABWII, TPEICTABICHUX
y BUINISII PpeiiM-CTPYKTYD.

3aranpauid anroput™ podotu CIITIP om0 3ano6iranHs 3iTKHEHb CYJICH
Ma€ HACTYITHUH BUTIISI (puc. 1).

— iIeHTU}IKAIIS CYICH, 10 3HAXOAATHCS B 30HI MOXKIIUBOTO 3ITKHEHHS;

— MOHITOPHHT ITapaMeTpiB PyXy CYJCH Ta TWHAMIKH 1X 3MiHH;

— OITIHKA TIOXUOKH OAEP>KYBaHHX MMApaMETPIB PyXy;

— kiacuikariis cyneH 3a CTyleHeM HeOe3MeKH;

— BU3HAYEHHS Map B3a€MOAIIOYUX CYACH, U SKUX (OPMYIOTHCS MOXK-
JIUBI CLIEHapIi pyXy;

— BHU3HA4YeHHsA OO0JAcTell B3aeMHHX OOOB’S3KIB y BIAMOBIAHOCTI i3
MIIII3C-72 i Mmex 30HU Oe3MeKH BIaCHOTO CY/IHA;

— (opMyBaHHA MHOXKHHU MOXKJIMBHX CUEHAPIiB (CTpaTeriit) pyxy CyleH;
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— BU3HAYEHHSI CTPATETii pyXy, IO BiAMOBINAIOTH 33JaHUM KPHUTEPisM

Oe3mexu;

— BHPOOJICHHS MOXJIMBUX aJIETCPHATUB 3 YIPABIIHHS CYJTHOM 1 HaJJaHHS

X CYTHOBO/IIIO.

Io4YaTOK

Inentundikanis noToyHOi HaBiraminHOl
curyauii S(t)

cymen o V;,@; ,AV;, Ap;

BusHaueHHs NPUITYCTUMHX TPAEKTOPIH pyXYy]

v

Kpurepii knacudikauii cyieH no cTyneHto
HebesneHocTi ( Dy, , £y )

N|
»

Cynno HebesneuHe?

CyHO HOTEHLiHO
Hebe3neuHe?

MOHITOPUHT NTapaMeTpiB Pyxy

LOLIiHKa piBHs HeOe3neku
| a 3minoo KV JIO/T

Hi
PO3IIISIHYTI BCi CyaHA
y 8@6?

<

PamxoBaHa MHO>XHHA
HeOEe3IeYHUX Ta MOTEHLIIHO
HeOEe3eYHUX CyACH

v

Busnauenus B3acMHHX 000B’SI3KiB
cynen o MIIII3C-72 Ta kOp1OHIB 30H
0e3MeKr BIIaCHOTO Cy/JHA
v
DopMyBaHHSI MHOYKHHH MOMITHBHX

cTpareriii pyxy cyneH
v

BusHayeHHSI MHOXKHUHU MOYKJIUBUX
CTpaTeriil pyxy 3a 3aJJaHuMH
KpHTepisiMH Oe3rnexu
[

v

Bubip ontumanbHoi cTparerii
PO3XOKEHHS CyJICH
v

PospaxyHok 3MiH mapamerpiB
PyXy BIACHOTO CyIHA Ta HAJAHHSI
X CYAHOBOIIIO

TIpuitHATTS pillleHHS 1O
YIPaBIiHHIO CYAHOM

KiHEelb

Puc. 1. Anroputm podotu CIIIIP cynnoBoais
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CynHo Butydaetsces i3 po3misay CIIIP y Bunanky inentudikamii fioro
SIK OE3IIEYHOTO, aJie MOHITOPHHT MapaMeTPiB pyXy TPUBAE MPH TepeOyBaHH1
Horo B Mexkax 30HH Iii pamionokariiaoi cucremu (PJIC) Ta 3aco6iB aBTo-
MaTH30BaHOi pamioyiokariiaol npokianku (3APIT). Ins HeOe3neyHux i
noteH1iitHo Hebe3neunux cyaeH CIIIIP ¢popmye GaratokpokoBy CTpaTerito
PO3XOKEHHS Ha BECh IIPOTHO30BaHMM Iepio]] X mepeOyBaHHS B 30HI B3a-
€MHUX 00OB’SI3KiB, 3 MOJAJBIIOI0 KOPEKIIEI0 CTPATeTii y BHIAAKY, SKIIO
MOTOYHUHA PO3BUTOK CUTYaIii Oyme BiIpi3HATHUCS BiJ IPOTHO30BAHOTO.

s HeOesnmeuHux 1 moTeHninHo Hebesmeunux cyaen CIITIP dopmye
0araToOKpOKOBY CTpaTeriro PO3XOIKEHHS Ha BECh MPOTHO30BAaHUI mepiof
iXHBOTO MepedyBaHHs Y 30HI B3a€MHUX 000B’SI3KiB, 13 MOJAJIBIION KOPEK-
LI€I0 CTpaTerii y BHUIMAJKY, SKIIO MOTOYHHIA PO3BUTOK CHUTYyalii Oyae Bia-
PI3HATHUCS BiJ MPOTHO30BaHOro. Y Tpolleci (popMyBaHHsS cTparerii pos-
XOJDKCHHSI BPaxOBYeThCs IeperdauyBaHa 3MiHAa IapaMeTpiB pyXy CyneH,
00yMOBIIeHA X B3a€EMOIIEI0 OIMH 3 OJHUM BianoBigHO 10 MIIII3C-72.

5. baza nanux (b)) CIIIIP cynnoBonis

Cropensst CIIIIP cynHoBOIIS OTpeOy€e po3poOKH BiIIOBITHIUX MOJIC-
JIel Ta METOJIIB HAaKOITMYEHHS 1 00pOOKH HABIraIlifHUX TaHUX.

BukopucTanHs KIaCHYHUX METONIB INTYYHOTO iHTENEKTY YCKJIaIHIO-
€TbCS THM, 1[0 OUTBIIICTh 3 HUX a00 MKOPCTKO JETSPMIHOBaHI 1 HE JI03-
BOJISIIOTH SIKICHO BHPIIINTH 3aBHAaHHS 32 HAasBHOCTI CYIEPEWIMBOCTI UM
HETIOBHOTH BUXITHHUX MaHUX (TPOAYKIIHHI CHCTEMH, TEOpis irop, cemaH-
TUYHI Mepexi) abo He 3a0e3MeuyroTh AOCTaTHhOI HaIlHHOCTI Onep)KyBa-
HOTO pillleHHs (He4iTKa Jiorika, HeWpOHHI Mepexi, 6aileCOBChKI Mepexi),
a00 MaloTh BUCOKY CKJIaIHICTh MIPAKTUYHOI peai3alii i He 3aJJOBOJILHAIOTh
TUMYaCOBUM OOMEXEHHSAM (TEHETHYHI aJrOpUTMH, NepeOOpHI MeToau,
METOJH €BPUCTUYHOIO MOIMIYKY). 3a3Ha4eHi 00CTaBUHHU, a TaKOX HEOOXif-
HICTb 3aCTOCYBaHHS JOCHTbH IPOCTUX y MPAKTUUHIH pearnizaliii MexaHi3MiB
camonasyanust CIIIIP, 3ymoBuIN [OUIIBHICTS BUKOPUCTAHHS NPELEACHT-
Hux (CBR a6o Case-Based Reasoning) metomis. CBR, a6o meton Mipky-
BaHHS Ha OCHOBI IPELEACHTIB, € OTHUM 3 HAIPSIMKIB Y JOCITI/DKCHHAX 31
MITYYHOTO THTENEKTY, 10 IHTEHCHBHO PO3BUBAIOTHCA [5, C. 494].

Haii6inbir cknagaum eranoM podotu npenenentHoi CIIIIP e eram kia-
cudikarii moToYHo1 cuTyarlii. B sKkocTi MeToy, 32 IOTIOMOTOO SIKOTO 3JTiliC-
HIOETHCSI OOUMCIICHHS 3aX0/1iB OAI0HOCTI MPEIeICHTIB, BHKOPUCTOBYETHCS
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METOJI TIOITYKY HaWOIMKIOTO CyCiJia, B OCHOBI SKOTO JIS)KHTh CIIOCIO BHMi-
PIOBaHHS CTYIICHIO 30Ty 3HaYeHb aTpUOYTiB, SKi BU3HAYAIOTH MPEIICICHT.

ATpuOyTaMH € THI MaHEBpYy 1 MapaMeTpu pyXxy CyaHa. Sk TUIBKH
MMOTOYHA CHTYaIlisl iIeHTH(IKOBaHA, CYTHOBOIIA MOXKE TPUHHATH PIillICHHS
13 3aIIPOTIOHOBAHUX CHUCTEMOIO ANETEPHATHB HA OCHOBI BXXe HasBHHX (30e-
peKEeHUX) TpeleeHTiB, abo caMocTiiHO. Bubip HaWOULIBNI BiAOBIIHOTO
KOHKPETHIHM CHUTyaIlil mpeueneHTy, 103Boisie chopMyBaTu Ha HOTO OCHOBI
pIIICHHS B TOTOBOMY BHIVIANI, 800 BUMAarae MpoBEICHHS JOJATKOBUX Mii 3
ajianTanii pillleHHs 3 METOI0 BPaxyBaHHS BIIMIHHOCTEH y XapaKTEpPHCTH-
Kax copMOBaHOi i 6a30B01 cutyartii. SIKIIO BiAMOBIIHUN NPETIEJICHT HEBU-
SIBTICHUI a00 Mpolec afanTaiii BUMarae 3ajay4eHHsl J0JaTKoBOi iHdopma-
ii, NPUHHATTA pimeHHs noTpedye 3BepHeHHs 10 6a3u 3HaHp CIIIIP, mo
MICTUTh OCHOBHI BiJOMOCTi NP0 MpeaMETHY 00JacTh 1 3aCTOCYBaHHS IS
MPUIHATTS PIlIEHHS 3TiIHO 0COOMCTOTO MOCBiAY CymHOBOHiA. B ocTaH-
HBOMY BHUIAJKY BiIOyBa€eThCs (POPMyBaHHS HOBOTO IPELEACHTY, SIKUii 30e-
piraerscs B CIITIP. Curyaris, 1uis sikoi OyB 30epeKeHHi peIe/ICHT, Halai
BBXKAETHCS OMTOPHOIO 200 6a30BOIO.

[pornec dpynkuionysanus npenenentaoi CIITIP MoxHa peacTaBUTH Y
pursiai CBR-mmkiy (puc. 2), 0 CKIIAJAEThCS 3 YOTHPHOX OCHOBHUX (ha3:

1) orpumanns (Bu6ip) 3 b/l CIIIIP HaiGinbm JOpeIHOTO MPEHeaeHTY
YH MHOYKUHHM TTPEIIEACHTIB, Ha OCHOBI 33JJaHOTO BIIHONICHHS ITOJ00H;

2) BUKOPUCTaHHsI O0paHMX MPELEACHTIB IS IPUUHATTS PillCHHS;

3) meperaz 1 KOopekiis (aganraiis), siKi y pa3i HeoOXiTHOCTI mpuiitma-
JHCS paHilne, B 0OpaHHX MPeleIeHTaX PillleHb;

4) 36epexenns B B/l mpuiiHsToro pimeHHs i chopMOBaHOI cUTyalii B
SIKOCTI HOBOTO MIPELEJICHTY YH BiJIIOBIHA 3MiHa 0OPAHOTO MPELEEeHTY, 1110
MO)Ke OyTH KOPUCHUM B MOAANBIIOMY IIPH BHPILICHHI AaHAIIOTYHUX 3aBIaHb.

T'onosHoto ocobnuBicTio CBR-1uKiIy € Te, 110 HOro 3aCTOCOBYIOTH IIPU
Oe3nocepeaHii B3aeMoii 3 0c00010, KA NpHUiMae pillleHHs, 10 3a0e31e-
yye npouec camonaBuanus CIIIIP.

Ocxkineku CIIIIP cymHOBOmIS (DYHKIIIOHYE B PEXHMi PEanbHOTO Yacy,
IIe HAaKJIaJa€ >KOPCTKI 9acoBl OOMEXEHHS Ha ITPOIICCH BUPOOJICHHS Ta IPH-
WHATTS pillIeHb 1 BUMarae moOynoBH CIICHAPiiB PO3XOMKEHHS CY/ICH Ha BECh
mepion B3aemomii. AHaJi3 HU3KM 3apyODKHUX Ta BITYU3HSHUX POOIT, IPH-
cBsiueHUX Teopii i mpakTuii crBopenHs CIIIIP B cynHoBomiHHI [6, c. 140;
7, c. 41], mokasye, 110 HAMBAXIUBIITIM YHHHUKOM, SIKHH HEOOX1IHO Bpaxo-
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Cdopmosana
cuTyaris \

Binnomenns .
nojioHocTi ,
’

Hosnit
MpeNeAeHT

36epesxeHHs
P CxoBuine

npeueneHTiB \

r_/

Bubpanni
MpeleAeHTH

306epexeHuit
MPeLEICHT

HaBuanns

TIpuiinsaTTS.
pimeHHs

Hapuanns \\A basza nanux
CIIITP

3ampononoBaHe
pileHHs

Ouinka
TIPHHHSATOTO
piteHHs

Ananranis

IIpuiinsre
pilleHHs

Bepudixaris
Puc. 2. ®a3u CBR-nukay

BYBaTH IIPH OIKCI IPOLIECY PO3XODKEHHS CYIEH, € XapaKTep iX B3aeMOJii.
[Ipu npoMy HEOOXiTHO BpaxOBYBaTH IMPUHIIUI CITUTBHOCTI IHTEPECIB B3ae-
MOJIIOUUX CYZIEH, IO CKJIaJaeThCsl B YHUKHEHHI 3iTKHEHHS 1 HOPMaTUBHY
KOOP/IMHAIIIIO 1X MOBEAIHKY BifnoBigHno MIITI3C-72.

3acTocyBaHHs 3allpONOHOBAHOIO MiAXoay 1o ¢opmaiizauii mpaBuiI
MIIII3C-72 no3Boauno peanizyBatu B CIIIIP imitamiiiny Monens po3xo-
JOKEHHS CylleH, 1110 BpaxoBye BuMoru MIIIT3C-72 i noriky Aiil CymHOBOIIiB.

JU71st TofasIbIIoro YTOUHEHHS CLIeHApiiB PO3BUTKY HaBIrallifHUX CHUTYaIliit
B CIIIIP 3mificHIOETBCS OIIHKA MapamMeTpiB pyXy CyAeH, Ha MiJICTaBi SIKOTO
BiI0yBA€THCS MPOTHO3YBAHHS MOMKIIBUX TPA€EKTOPii X pyXy 3 MeToro oOMe-
JKEHHS KUTBKOCTI MOYKITUBHX CLICHAPITB PO3XOPKEHHS, IO T UIATAIOTh aHAi3Y.

6. IlinTpMKa NPUITHATTS pillleHb NPH PO3XOIKEHHI Cy1eH
s vanivinoi po6otu CIIIIP cyaHOBOIIS Mepin 3a Bce HEOOXiTHO 3MeH-
IIUTH KUIBKICTh 1H(pOpMaIIii, Sika MOBUHHA OyTH MPHUHHSITA 10 0OpOOKH.
[Ipu po3XomKeHHI JBOX CyACH icHye 288 cuTyalliii po3XOmKeHHS 1 BHIIB
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MaHeBpyBaHHs. [1pu 20 cyqHax 4nciio CUTYyaIlii 1 MaHEBpiB B3a€EMHOTO PO3-
XOIDKCHHS CTaHOBUTH 54720 [8, c. 68]. Taky BelquMKy KUTbKiCTh iHpOpMAITii
CYTHOBOJII HE MOXe 00pOOUTH, 1 oMy TOTpiOHA JOITOMOTa B MiATPUMII
MPUHIIMTIOBOTO PIllIEHHS 110 MaHEBPYBaHHIO, 10 Gopmye CIIIIP.

Criouarky HasBHA HaBiraliiHa CUTYaIlisl TTsrae o0poOIli B MOTYITi CUTY-
aliiHOIO aHAI3Y, SKWAH 32 JAHUMH aBTOMaTUYHOI 1IeHTH(DIKAIIHHOT CHCTEMU
(AIC) po3paxoBye BiCTaHb JI0 BCIX CYJACH Y BUIVIAI MaTpHIli, 1 BiAKHIAE 3
MOAANBIIIOT OOPOOKH Ti, BIZICTAHb JIO SIKMX 30UTBIIYETHCS. SIK MOKa3ye BUKO-
HAHWI HAMU aHaJi3, B OLTBIIOCTI BUMAKIB YMCIIO TAKUX CyaeH nocsarae 50%.

JpyruM KpoKoM € aHalli3 XapakTepy 3MiHH BIJTHOCHOTO PyXy 3a TpbOMa
(hakTopamu:

— pO3TallyBaHHS IHIIMX CyIEH MIOMO JiaMEeTPATbHOI IUIOUIMHI BIIac-
HOTO — MpaBopy4 abo NiBOpyY;

— BEeIMYUHOI0 KyTa Mk JIBP 1 niaMmeTpaabHOIO IIOMIMHOIO CBOTO CY/IHA,
KypcoBoro kyta JIBP —a <900, a = 90°, o > 90°;

— BITHOCHUM KypPCOM MX JIIHI€O JiaMeTpanbHOi IUTONIMHI BIACHOTO Ta
iHmIoro cymna, P <900, P =90°, P > 90°, — nepeTnHae Kypc 1o HOCY, Ipo-
XOIIUTH Yepe3 Hac abo MepeTHHAE JTHII0 Kypcy IO KOpMi.

Ha migcraBi aHamizy iCHYIOUYHX 3aJIe)KHOCTEH OyB po3poOieHHUN aHali-
3aTop CHUTYyalii 30JIMKeHHS, aHAIi3aTopyu BUOOPY BUAY MaHEBpY 1 po3pa-
XYHKOBI CXeMH BH3HAYCHHS Yacy 1 BIJCTaHI JIO IHIIMX CY/IEH, B MOMEHT
MOYaTKy MaHEBPYBaHHS BIIaCHOTO.

BiH cknanaeThes 3 OIOKY po3paxyHKY BiJICTaHi IO BCIX CY/ICH, K OCTiHHI
3a manuMu AIC, BI3HAYA€ TUCTAHIIIO i PopMye MaTPHITO qucTaHIii. [To3na-
YUMO KUIBKICTh CIIOCTEPEXKYBAHUX Cy[eH yepe3 n. Ilapamerpu, BUMIpsHI Bl
BJIACHOTO Cy/lHA Ha iHIII, OylIeMo Mo3HayaTH iHIEKCOM HYIb 1 Hugporo, ska
TH03HAYa€ iHIIE CyIHO B MexaX i e[l,n], a MK CyiHamu, IO CriocTepira-
FOThCS — THJIEKCOM 3 JIBOMA IU(ppaMH, TIEPIIOK0 3 SKUX BUMIPIOETHCS TIETICHT
1 TUCTAHIIis, a IPYyro — Ha SIKe CyITHO. TakuM YMHOM MOXKHA aHaIli3yBaTH 1
OIIHIOBATH CHUTYAIIif0 30JIIDKEHHS MK CyAHAMH B OEPETOBHX CHCTEMAX.

CIIIP aHami3ye pi3HMIO MOAATBIIOT 1 TOMEPEAHBOT AUCTAHINT Yepe3
iHTepBan yacy 1+3 c. Axkmo D(t,,) — D(#,) >0 To Take CyAHO 3HIMAETHCS 3
MoJaJIbII0T 00pOOKH, 30epirarou aHaii3 AUCTaHIIl B MOJAIBIIOMY.

Baxusoro ¢ynkuieto CIIIP e miaTpumka OpUHHATTA pillleHb CYIHO-
BOJIisI IPU HaAMIPHOMY, HEOE3IIEUHOMY Ta aBapiiiHOMy 30JIIKCHHIO CyAEH i
BUOOPY MaHEBPY BJIIACHOIO CY[IHA B I[MX BUMAIKaX.
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Jns BupimeHHS 3a3HaueHO! 3amadi Oynmm po3poOieHi po3paxyHKOBi
CXEMH 1 aITOPUTMH, SKI MICTATH BIIEpIIE 3alIPOTIOHOBAHI CITOCOOH 1 METO-
UKW (YHKIIOHYBAaHHS CHCTEMH YIPABIiHHS CYTHOM 1 KOHTPOJIO Hal
MPOIECOM TIepeMIIIeHHs Ta 30JIMKCHHS, BKIFOUAIOUN OIIHKY HaIMipHOTO
1 HeOe3MmeuHoro 30JIMKEeHHS, a TAKOXK BUOIp MaHEBPY I MOMEPEHKSHHS
aBapiiiHOl cuTyarlii Ha mijcrasi ganux AIC.

Jlyis BUpIllIEHHST 3aBIaHHS BBEIEMO JIBI aKCIOMH, SIKi OUEBHIHI 1 He
BHAMArarTh JT0Ka3iB:

Axkcioma 1. SIkiio icHye HMOBIpHICTb 31ITKHEHHS, TO IIi 1)1l Hebe3neuHi
1 BUKOHY€eThCs yMoBa (dI1/dt) = 0, (dD/df) < 0. (kypc He 3MIHIOEThCS, AUC-
TaHIIisl 3MEHIITYETHCS).

Axcioma 2. OnTUMaIbHUM KypCOM BiIBOPOTY ISl HOMEPEIMKEHHS 31TK-
HEHHS € NapaieabHuii a00 KOHTPKYpC HeOe3MeYHOro CyIHa.

Anroput™ BUOOpPY BHJy MAaHEBPY HONATA€ y PO3PaxXyHKY BiZICTaHI MiX
CyIHAMH 1 yaci HaCTaHHS CHUTyalii OCTAaHHBOTO MOMEHTY 3 YpaxXyBaHHIM
reoMeTpii 30JIDKeHHS, MapaMeTpiB pyxy IiIeil 1 BIacHOro cymHa, iforo
MaHEBPECHUX XapaKTEPHUCTHUK 1 I[iJIeH I BCIX albTepHATHB BUKOHAHHS 1
Ti€l, Ka HACTa€ OCTaHHHOIO. MOMEHT HaJIMIpHOTO 30JMKEHHS BBaKATH-
MEMO, KOJIM CIIOYaTKy y PO3MOPSKEHHI CYyTHOBOIIS € TPU MOXKIHBOCTI
MIOTICPEIUTH 3ITKHEHHS: TaJbMYyBaHHS 3aIHIM ITOBHHM XOJIOM; IIEpeKIia-
JAHHSIM KepMma BIIiBO a0bo BrpaBo Ha OopT. [lpu mpomy Oynemo BBaXkaTu
«MaHEBPOM OCTaHHHOTO MOMEHTY» TOM, SIKHI HACTaHE OCTaHHIM.

HaykoBo-MeTo010TiYHI OCHOBH MiJATOTOBKHU iH(OpMAIIii A1 KOMaHIH
MICTKa PO KPUTHUYHI i aBapiifHi CHTYyaIlii i IpenCTaBICHHS i BU3ZHAYCHO
monenbHuM KypcoMm IMO 1.22 «CynHoBuil TpeHaxep 1 podoTa B KoJIeK-
TUBI MicTKa» [9, c. 7], 1110 J03BOJISA€ 3aBUACHO NMPUIHATHU PillIEHHS 1S HOTO
nonepemkenHs. OnHaK 3a3HaYCHUI MOACIBHUI KypC HE MICTUTh aJIrOpUT-
MIB 1 Imporpam oprasizaiii MicTka Npu BUHMKHEHHI aBapiiiHOi cuUTyarii.
Kpim Toro B HbOMy He MICTUTBCS OOIPYHTYBaHHS €()EKTUBHHX CIIOCOOIB
(hopMyBaHHS CTiIKOTO HABUKY OIlepaTopa CyiHa.

OO0umrCcneHHs 32 KOKHOFO PO3PAXYHKOBOKO CXEMOFO IS 331aHO01 CUTYaIlii 30111-
JKSHHS 3aKIHUYIOTHCS Bi3yalli3alliero 4acy 1 JIMCTaHIIl 10 HeOe3MeYHoro CynHa
B MOMEHT HaJIMipHOTO, HEOE3MeUHOro 1 aBapiitHoro 30mmwkerHHs. [Ipu oMy
iH(dopMaItis Tpo aBapiiiHe 30JFKEHHSI € TIEPETICTOPIEr0 aBapiifHOT CUTYAITii.

AHaJi3aTop BU3Ha4Ya€ PO3PaxXyHKOBY CXeMy 30imKeHHs, popMmye 11 Bizy-
ai3aliio 1 BUKOHYE pO3paxyHOK BiJICTaHi 0 HeOE3MEYHOTro CyJaHa 1 yacy
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BiJlZIa4i BiAMIOBITHOT KOMAH/I¥ 3 YIIPABIiHHS BIACHUM CYIHOM JIJIsl TIOTIepe-
JOKESHHS aBapiifHOTO 30JIMKSHHSI.

[Ipu bOMY 3aBK/I¥ MEPIIOI0 HACTAE CUTYAIliS HAJAMIPHOTO 30JIMKEHHS,
KOJIH Y PO3MOPSHKESHHI CYTHOBOJIIS € IIIe JIBI aJIbTEPHATUBY MOTICPEIKCHHS
3iTKHeHHs. HacTymHOro € cuTyaliss HeOe3nmeuHoro 30JIMKEHHS, KO B
PO3TIOPSKEHHI CyTHOBOIIS € mie oauH MaHeBp. [Ipu HacTaHHI TPETHOI —
OCTaHHBOI MOKJIMBOCTI IOTIEPEIUTH 3ITKHEHHS, HACTAE CUTYyallis aBapiii-
HOro 30mmxkeHHs, B Momyni Bisyam3amii CIITIP cymHOBoOmis BHIAETHCS
PEKOMEHIAITisI PO BU MAHEBPY 1 CIIPAIbOBYE 3ByKOBA CUTHAII3AILIS. SIKIIIO
CYIHOBOIN MPOMYCTHB IIed MOMEHT, TO HEOOXiTHO BHKOHYBAaTH MaHCBp
OCTaHHBOTO MOMEHTY 1 IaT! MaIlIMHi KOMaHy NPaIfOBaTH 3aHIM IIOBHHM
XOJIOM, JIJIsl 3MEHIIICHHSI TIOIIKO/XKSHB MPH 3iTKHEHHI.

3amponoHoBaHa HAMU MOJENb YHUKHCHHS 3ITKHCHb CYIEH BiJIpi3HA-
€Tbed Bij icHytouux [10, c. 71] TUM, 110 MICTUTBH CTIOCIO BU3HAYCHHS MEXK
HaaAMipHUM, HeOe3neyHnM abo aBapiitHuMm 30mmxeHHsM cyged B CIIIIP
CYITHOBOJIisI Ta 3a0e3Meuye BUOip pEKUMIB PO3XOKEHHS CYICH B 3aJICKHO-
CTi BiJl HaBiTaIIHHOI CUTYaIIii, IO CKJIATaCs.

7. Po3pooka npororuny CIIIIP cynnoBonin

Po3pobiena CIIIIP cymHOBOmisl BKIOYae B cebe OKpemi MpOrpamHi
MOy, 10 3a0e3MeUyOTh BUPIMICHHS 3a/1ad PO3XOKEHHS Ta MaHEBPY-
BaHHS Cy/JHA BiJIIOBITHO.

[Iporpamuuii moxyns «Trajectory» 3aiHCHIOE MOIIYK Oe3MeYHOl TpaeK-
TOpii pyXy ¢ ypaxyBaHHSIM HU3KU (paKTOPIB: KUIBKICTh 3yCTPIYHHUX CYIEH,
IO CHOCTEPIraloThbcsl Ha MOTOYHUNA MOMEHT Yacy, HasiBHICTh cepel HHUX
HeOe3MeYHHUX, BIACTUBOCTEH pPyXy BJACHOTO Cy/AHA, MapaMmeTpiB pyxy
HeOe3MeYHUX CyAEH, X BIIHOCHOTO PO3MillleHHS BiJTHOCHO BIACHOTO Cy/Ha,
MpaBHJ MAHEBPYBaHHs [T 3a1100IraHHs 31ITKHEHHSI.

Monyns 3a6e3nedye MOKIUBICTh BBEIEHHS MTapaMeTPiB pyXy BIACHOTO
Cy[Ha, Ta IapaMeTpiB HaBiramiiHoi cuTyanii (qUCTaHLii 10 IHIINX CYJCH,
X IIBUAKOCTI Ta KypCH, THUI BHIMMOCTI, 9aC MK BUMipaMH IapameTpiB
PyXy IHIIUX CyIEH, po3Mip «Oe3meqnoi 30Hm» cynHa (puc. 3).

[lin yac ¢yHKIIOHYBaHHS MOIYIIO 3IIHCHIOETHCS BHBEICHHS TPABUIT
noriepekerHs 3itkaeHb MIIII3C-72 3a skumMu Ki1acu(ikoBaHO HABKOJIH-
ITHI Cy/HA Ta BiA0yBajocs MaHEBPYBaHHS, & TAKOXK PEKOMEHIOBAHOT 3MiHU
Kypcy Ui 3ano0iraHHs 3iTKHEHHS (puc. 4).
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Puc. 3. lIpuxaaa ananizy HaBirauiiinoi cutyauii
NPy PO3XOIKEHHI 5-TH cynen

Puc. 4. Buznauennsi CIIIIP npasua MIIII3C-72, mo pernaMeHTyIOTh
npoiuec po3XoI:KeHHs CyleH B HaBirauiiiHii curyanii, mo ckianacs
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Takox 371HCHIOETECSI BUBEICHHS Bi3yallbHOI iH(OpMaIlii mpo MaHeBpY-
BaHHS CyJICH, BEKTOPH iX KypciB, rpadidHe BigoOpakeHHs Oe3MEUHUX 30H
BJIACHOTO CyIHAa Ta CYICeH-IIiNIeH, iX mapameTpu pyxy, Ta mependadyBaHy
HaBITaIiiHy CUTYyaIlito, sKa Oy/e Micis pO3XOKEeHHS (puc. 5, 6).

[Ticist NpUAHATTS CYJHOBOIIEM PIlICHHS 3 YIPABIIHHS CYIHOM, TPH-
WHATE pIIEHHS Ta MMOTOYHA HAaBIramiiHa CHTYyallis 30epiraroThcst B BJ]
CIIIP cymHOBOmisS Ta MOXYTb OyTH BHKOPHCTaHI B MalOyTHBOMY IIpH
BUHHUKHEHHI aHAJOTIYHUX CUTYAIil 3 YIPaBIiHHI PyXOM CyIHA.

IIporpamuanii moxyne «IloBOpoT» NpU3HAYEHHUH I PO3PAXYHKY
MOJTIOCY TIOBOPOTY CyIHA MPU MAaHEBPYBaHHI Y By3bKOCTSAX Ta OOMEXEHOMY
HaBirauiifHOMy MpPOCTOPI.

IMix gac pospaxyskis IIIT CIIIIP BpaxoBye TeXHi4HI XapaKTEpUCTUKU
KOHKPETHOTO CylHA Ta HaBiramiiiHi yMOBH IPOBEICHHS MaHEBpPYBaHHS
(pucyHoxk 7).

TecryBanns CIIIIP cymHoBomis 3miiicHIOBanocs B XEpCOHCHKiH nep-
JKaBHIH MOPCHKiM akazemii i3 3acTOCYBaHHSIM KOMIUIEKCY TPEHa)KEpPHOTO

\!} B mimmey. Sy A i o) B

Ehe =]

Puc. 5. ®opmyBanus pekomenaauii CIIIIP cynnoBoaiio
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00JaqHaHHS, 1110 31aTHHUH 3a0€3MEYNTH SIKICHY MiZTOTOBKY MOPCBHKHX (haxiB-
1iB Ha npodeciiiHomy piBHI. Jlo ckiamy 1a00paToOpHO-TPECHAKEPHOTO KOM-
TUIEKCY BXOJISTh: TPEHAXKEP HaBIraIiiiHux inpopmManiianx cucrem — «kECDIS
Simulator», «Full Mission Navigational Bridge» — noBHO(YHKITIOHATEHUIA
Hagiramiiauit Mictok, «Ship Handling and ARPA Simulator» — Tpenaxep
3APII ta PJIC, koMIUIEKCHHI TpeHaXKep MAIIMHHOTO BijineHHs — « Engine
Room Simulator», KoMIekcHHH TpeHaXKep THHAMITHOTO TIO3UIIOHYBaHHS —
«Full Mission Bridge DP Simulator», TpeHakep mio0ambHOTO MOPCHKOTO
3B’s13Ky mpu Karactpodax Ha Mopi — «GMDSS Simulator». O6’enHaHHS
HOBUX TPCHAXKEPIB Yy €IWHHUN KOMIUICKC JO3BOJMJIO CTBOPUTH HABYAIIb-
HO-TPEHAKEPHUI KoMIUTeKe «BipTyanabHe CyaHO».

[paxtuyna anpo6artis npororuny CIIIIP cynHOBOmIs HOBena eeKTHB-
HICTb (DYHKI[IOHYBaHHS PO3POOJICHUX B JAOCHIPKCHI MOAENEH, METOIB Ta
QJITOPUTMIB.

8. BucnoBkn

[Tig yac mpoBeneHHsT HAYKOBOTO JOCIIKCHHS OyJ0 BH3HAYEHO, IO B
YMOBax 3alpOBAKCHHS CydacHHUX iH(QOpMAIIfHUX TEXHOJOTIH B CyIHO-
BOJIIHHI Ta KoHIeNii e-Navigation, HaliBa)JIMBIMIOI CKIIAJ0BOKO ITiIBH-
IICHHS Oe3TeKU Cy4acHoro cynHoraBcTsa € ctBopenHs CIIIIP cymHoBomis.
[Ipu cTBOpeHHI TakuX cHCTEM HEOOXiTHO BPaxOBYBATH, 1[0 HAHBArOMIIINM
YHHHUKOM aBapiHHOCTI CYYaCHOTO CYOHOIUIABCTBA, € TaK 3BaHUH ITIOM-
CBKHIA (pakTop», Tomy 1pu ctBopeHHi CIIIIP cymHOBOmis ocobmuBa yBara
Mae OyTH MpUiIeHa came IpollecaM B3aeMOIIi CYTHOBOJIIS 3 TEXHIYHUMU
3aco0aMy CYJHOBOMIHHS Ta IUIIXaM 3HIDKCHHS BIUTHBY <UTIOICHKOTO €lie-
MEHTY» Ha IPOLECH YIIPABIIHHS CYHOM.

IToxazaHo, 1o B cyyacHuX ymoBax BrpoBamxkeHHs CIIIIP cynHoBomis
3[]aTHA iCTOTHO 3HM3UTH aBapiifHICTh CYy4acHOTO CYJHOILIABCTBA, TEPII 32
BCE IIISIXOM Ii/IBUIIEHHS €(PEKTUBHOCTI (DYHKIIOHYBaHHS €praTU4HOi CHC-
TEMH «JTIOIMHA — TEXHIYHI 3ac00M CYIHOBOMIHHS) Ta BCEOIYHOTO 3ampo-
Ba/KCHHS JTOCATHEHb CyYacHHX iH(OPMAmiMHUX TEXHOJOTIH B MPOLECH
YIIPaBIIiHHS CYAHOM.

Busnaueno, mo npu crBopenHi CIIIIP cymHOBomiss ocobnuBa yBara
MOBMHHA OyTH TpHUJAUICHa MpoIlecaM HAKOMUYEeHHS Ta OOpPOOKH BHXIiJ-
HUX JIaHUX TPO HaBiraIiiiHi CUTyaIlii, a TAKOX METOJaM MPOTHO3yBaHHS
MOXJTBHX CIIEHApPiiB Ta iX pO3BUTOK 3 YpaxyBaHHSIM OCHOBHHX ITOJIOKEHb

75



76

Andrii Ben, lhor Palamarchuk

MIIII3C-72 Ta NpUHIMUIIB KOOHEPATHBHOI B3a€MOJIl CyA€H B yMOBax
PEeaNBHOTO Yacy.

[Toka3zaHo, 10 mepcreKTHBHUM HarpsiMoM po3BUTKy CIITIP cynHoBOmis
€ 3aCTOCYBaHHS METOJIB IITYYHOTO 1HTEJIEKTY, 30KpeMa ClIeHapHO-TIperie-
JCHTHOTO MiIX01y 10 oOynoBu 0a3u 3HaHb CIIIIP 11 MonenroBaHHS Mpo-
[IeCiB B3a€MOJIIT YYaCHUKIB HABITAlIMHUX CHUTYAIIiH.

Po3po0bieHi TeopeTruHi 1 MeTomosorivHi 3acaau nodymosu CIIIIP cyn-
HOBOJIis, 1[0 BPaxOBYIOTb OCOOJIMBOCTI PYXy CYICH, MPOIECY B3aEMOIIi
JIIOAIVHY 3 TEXHIYHUMH 3ac00aMu CyTHOBOIIHHS Ta BumMoru MIITI3C-72.

[Tix wac mpoBeaeHHS AOCIIHKEHHS PO3POOICHO PsiJl HOBUX JIEKIIMHUX
KypCiB Ta HaBYaJIbHUX MOCIOHUKIB 3 YIPABIIHHA PYXOM CyIEH Ta 3aCTOCY-
BaHHA 1H(OPMAIiIIHUX TEXHOIOTi) B CYyTHOBOIiHHI. 3alIpOBaI>KEHHS HOBIT-
HiX HaBYAJBHUX KYyCiB Ta TEXHOJOTIH MiATOTOBKM (paxiBLiB B HABUYAIbHUN
MPOIEC MOPCHKHUX HaBYAJIbHHUX 3aKJIaJiB JO3BOJUTH ICTOTHO IiJBUIIUTH
KOMIIETEHTHICTh (DaxiBIliB, 3HU3UTH BIUTUB <JTIONCHKOTO (haKTOPy» Ha MPO-
LECH YIPABIiHHS CyTHOM, Ta, IK HACHIJOK, CIPUATAME ITiIBUIICHHIO Oc3-
MEKH CYyYaCHOTO CYTHOIIJIABCTBA.
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Abstract. Purpose. The article deals with the creation of automated
systems for managing cargo operations of container ships. Method.
The main idea of the scientific research is to study the features of the pro-
cess of loading-unloading of a container ship during its multi-port going’s
(sequential enter to several ports during the same route). This raises the
problem of "shifting", i.e. the need to move some containers on board a
vessel to accommodate others. The proposed method of placing contain-
ers on the basis of logical rules of loading and unloading allows to reduce
the time of stay of the vessel in port by reducing the number of "shifting"
operations, which has a positive effect on the economic performance of a
container ship. Scientific novelty. The mathematical model of loading of
a container ship on the basis of logical rules is developed that allows to
take into account simultaneously the multiportity of execution of trip of
the vessel and technological limitations of formation of cargo plan due to
the peculiarities of their placement on the ship. The model of formation
of the optimal cargo plan of the ship, taking into account the sequence of
approach to the ports during the trip, is proposed. Practical importance. In
the practical side, this work is aimed at creating a software product, the use
of which will allow to solve an important scientific and applied task in the
field of application of information technologies in navigation — increase the
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efficiency and safety of container transportation due to the introduction of
ACCOMS. Results. Key areas of research in this field are identified. It has
been shown that the creation of an automated containerized cargo opera-
tions management system (ACCOMS) will simultaneously solve a complex
of cargo operations management tasks, which will reduce the time required
to perform them and increase the economic efficiency of a vessel's trip.
Particularly effective is the application of the proposed approach when it is
applied to multi-port transportations carried out by container ships with a
small number of containers (feeder transportation).

1. Beryn

KonTeiinepHi nepeBe3eHHs — eKOHOMHUI 1 Ha(iitHUIA cr1oci0 TpaHCcHop-
TyBaHHsI BEJIMKUX MapTiif ToBapiB. KoHTeliHEpHI BaHTA)XKOIIEPEBE3CHHS €
OIHUM 3 HalHAAiIHIIINX crI0CcO0iB TPAHCIIOPTYBAHHS BaHTAXY, IO J0O3BO-
nsie 3a0€3MEUUTH TOBApY BUCOKY Oe3meky. [lepeBe3eHHs BaHTaxy y KOH-
TeifHepax Mae€ psiji epeBar, ToJIOBHA 3 SIKUX — BIZICYTHICTH IIEPEBAHTAKEHb
TOBapy MPH 3MiHI TPAHCIOPTHOTO 3acO0y. 3aBISKH I[bOMY JOCSTAETHCS
3HAYHA EKOHOMIisl KOIITIB MIPHU MOXIJIMBOCTI THYYKOTO 1 €()eKTHBHOTO TIOE]I-
HaHHS PI3HUX BUJIIB TPAHCIIOPTY B ITPOIIEC] TOCTaBKH BaHTaXYy. J{o mepenar
MOPCBHKHX KOHTEHHEPHHX IEpEeBE3CHb TaKOK MOXKHA BIIHECTH HU3BKY, B
MOPIBHSAHHI 3 OLIBIIICTIO 1HITUX BUJIB TPAHCIIOPTY, COOIBAPTICTH MepeBe-
3€Hb, BEIUKY BAaHTAXOIIi JHOMHICTh MOPCHKUX CY/ICH, IO TO3BOJISIE TIEPEBO-
3WTH 3HAYHI MAPTil BAHTAXKY a TAKOXK HPAKTHIHO HEOOMEKEHY IPOIMYCKHY
30aTHICTh MOPChKUX HUIIXiB [1, p. 145; 2, p. 1; 3, p. 374; 4, p. 3].

[lepeBe3eHHs Pi3HUX MPOMUCIOBUX TOBApiB 1 TOTOBUX TOBapiB LIUPO-
KOTO CHOKMBaHHSI B CTaHIApTHHUX KoHTeWHepax — 20-foot equivalent unit
(TEU), — mocTynoBo cTae MpiOPUTETHUM METOAOM JOCTABKM BaHTAXIB,
BUOIp SIKOTO OOYMOBJICHUI YOTHpMa IiepeBaramu [5, p. 1436]:

— BIICYTHICTIO HEOOXiTHOCTI MpPAIlOBaTH 3 BaHTaXeM 0e3MmocepeHbo,
OCKIJIBKM TOBapH 3HAXOMSATHCS B 3aJIOMOOBAaHOMY KOHTEHHEPI;

— EKOHOMIEFO MPH MEePEBE3CHHSX 3aBAAKH epekTy MaciTaly;

— 3PYYHICTIO i EKOHOMI€IO Yacy MpH MO AHAHHI 3 IHIIMMH BUIAMH TPaH-
CTIOPTY;

— IIBUAKICTIO 1 CBOEYACHICTIO IOCTABKU.

PazoM 3 TiM, ipu TITaHYBaHHI KOHTEHHEPHUX IT€pEeBE3eHb YacTO BUHH-
KaloTh Pi3HI MPOOJIEMHU, TIOB'sI3aHi 3 paIliOHATBHAM PO3MIIIEHHSAM BaHTAXY
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Ha CyZHi, 0 3a0e3mneuye e(heKTHBHICTH Onepaniif HaBaHTaKeHHS PO3BAHTa-
JKEHHS B [TOPTaX MapIIpyTy, 00'€MOM i Baroro BaHTAXY, IO IEPEBO3UTHCS, a
TaKOX 3 OOMEXECHHSMH ITPH PO3MIIIIEHHI HOT0 B TpIOMax i Ha many0i, Bimo-
BiJIHUM BHMOT'aM O€3I1EeKH CyJ/IHA.

PoaMilieHHs BaHTa)Xy BILTMBAE HA IIPOBI3HY CIIPOMOYKHICTD CY/THA HE TUTHKH
Yepes CTYIiHb BUKOPUCTAHHS BaHTAKOITTHOMHOCTI 1 BAHTaXKOMICTKOCTI, a 1
CBOIM BIUTMBOM Ha IIBUJIKICTH XOMy 1 MPOIYKTHBHICTh BaHTXHUX PoOIT. [Tpn
HEBIAJIOMY PO3MIIICHHI BaHTAXIB CYIHO HaOyBae HEOa)KaHOTO IU(EPEHTY,
BiZlUyBa€ IMOCWJIEHY XMTAaBUIIO 1 BiOpallilo, MOXJIMBA CHJIbHE 3aTOILICHHS
nany6. Lli o6cTaBUHM 3HIDKYIOTH IIBUJIKICTH CylHA, 30UIBIIYIOTH HEOE3MeKy
IITOPMOBUX TOIIKO/PKEHb 1 CIIPUSIOTh BUHUKHEHHIO aBapiiHUX CUTYAIIIM.

2. AKTyaJIbHICTh J0CTiIZKeHHSI

[Tpu 3pilicHEHH] BaHTaKHHUX OIIepalliii Ha KOHTCHHEPOBO31 BOHHU JTOBOJI1
4acTo 3A1MCHIOIOTHCS 33 MPUHIIMIIOM «OCTaHHIN 3aBaHTaXCHUHN — TepIIni
BHBaHTa)XCHUIN», 110 MPU3BOJIUTH J1O (POPMYBaHHS HEONTHUMAIHLHOTO BaH-
TaXHOTO TUTaHy cymHa. [1o0ynoBa TEXHOJIOTIYHO OOYMOBIICHHX JIAHITHOXK-
KiB 3aBaHTa)XCHHS-BUBAHTAXXCHHS KOHTEHHEPIB, OCOOIMBO, SKIIO MapIil-
PYT CyOHA HPOXOIWTH Yepe3 KilbKa IOPTIB, MPU3BOMUTH JO BUHUKHEHHS
MPOOJIEMH TaK 3BAHOTO «IMU(TIHTa», TOOTO HEpaIliOHATHHUX BaHTAKHHUX
oIeparlii 3aBaHTa)KCHHS-BUBAaHTAKCHHS KOHTCHHEPIB Ha CYJHO 3 METOIO
BIUTYYEHHS JIAIIC TIOTPIOHUX B 3aBJAHOMY MOPTY KOHTEHHEPIB.

Sk HacHiOK, KOHTEHHEpH, pO3TaIllOBaHI HAaropi Mmrabeito, MOBHHHI
OyTu mepemilleHi, 1100 103BOJUTH PO3BaHTaKEHHsS KOHTEHHEpiB, po3ra-
LIOBAaHUX MMiJy HUMH. 3TigHO [5, p. 1433], muiara 3a nepemMiieHHs (Wi TiHry)
KOHTEWHEpiB MOXKe OyTH BUCOKOIO, ckianarouu onmusbko 200 qonapis CIIA
3a TepeMillIeHHs] OHOro KoHTeiHepa. TakuM YWHOM, METOIO TUIaHyBaHHS
PO3MIllIEHHs BAHTAXY Ha KOHTCHHEPOBO3aX € MiHIMi3allisl KIIBKOCTI HETo-
TpiOHUX MepeMillieHb.

3MEHIIEHHS KITBKOCTI «IN(TIHra» TO3UTUBHO BITMBAE HA EKOHOMIUHI
MTOKa3HUKH ITePEeBe3eHHsI KOHTCHHEPHUX BAHTAXKIB, TOMY SIBJISIE COOOIO aKTy-
aIbHY HAayKOBY Ta MPaKTHYHY 3a/1ady CYy9acHOTO CYJHOBOAIHHS [6, p. 404].

MeToro TOCITIKeHHS € po3p0o0Ka MaTeMaTHYHOT MOJICIIi 3aBaHTAKCHHS
CyllHa-KOHTEHHEPOBO3a, M0 3a0e3reuye 3MEHIICHHS BIUIMBY MUQTIHTa
KOHTEHHEpIB, 1 K HACIIJIOK CIpHS€E 3HWKCHHIO €KOHOMIYHHMX BHTpAT Ha
BUKOHAHHS PEICY.
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3. Bukiaa 0CHOBHOTO MaTepiajy J0CTiIKeHHs
3aranpHUNA BUDIAL CyIHA-KOHTCHHEPOBO3a Ta MacHBY KOHTEWHEpiB
HaBeJeHUH Ha pucyHky 1. [l moOyaoBH MaTeMaTHYHOI MOJIENTi 3aBaHTa-
JKEHHS Cy[Ha, 0e3 BTPAaTH CTPYKTYPH ONTHUMI3aIlifHOI 3a1a4i PO3MIIIICHHS
KOHTEWHEPIB KOHTEHHEPOBO3a B IIIOMY, OyJIeMO BBaXKaTH, I10:
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Puc. 1. 3araabHuii BULIISI CyIHA-KOHTeIiHEPOB03a Ta MACUBY KOHTeliHepiB

1) koHTelHepHU MacUB KOHTCHHEPOBO3Y Ma€ MPSIMOKYTHHUH (opmar i
MOXKe OyTH MpeCTaBIeHUI MaTpHILIEIO 3 psiakaMu (» = 1, 2, ..., R), CTOBITYH-
Kamu (c =1, 2, ..., C)i6esamu (d = 1, 2, ..., D), 3 MAKCUMaJbHOIO EMHICTIO
R x C x D xoHTeitHepiB;

2) KOHTEHHEpH Ha Cy/IHI € OTHAKOBOTO (200 MOABIHHOTO) pO3MIipy Ta Bary;

3) CymHO IMOYHMHAE 3aBaHTAKYBATHCS B MOPTY 1, KyAW BOHO MPUXOANUTH
MTOPOXKHIM;

4) cyaHO BiIBiAYyE IOPTH 2, 3, ..., N TAKUM YHHOM, 110 BOHO Oy/Ie IyCTHM
B OCTaHHBOMY MOPTY, OCKUIBKH CYJHO BHUKOHYE peiic, B SKOMY OCTaHHIH
mopT N € MopTOM HOro BiIxomy;

5) B KO)KHOMY 3 IOPTiB i =2, ..., N-1, CyTHO JOIATKOBO MOKe OyTH 3aBaH-
Ta)XEHO KOHTeHHEepaMu, MPU3HAYEHHM SIKUX € optu i + 1, ..., N,

6) KOHTEWHEPOBO3 MEPEBO3UTH BCI KOHTEHHEPH 3 MOPTY B HOPT HIKOIU
He JIOCSTalouy IpU LIbOMY MaKCHMaJIbHO MOXKJIMBOT KIIBKOCT1 KOHTEIHEPiB
Ha Cy[Hi.

KinbkicTh KOHTEHHEpiB, 0 3aBaHTAXYIOThCS B KOXKHOMY 13 TOPTIB
BHU3HAYAETHCSI TpaHCHOPTHOO MaTpuueto 7 (N —1) x (N —1) . Takum anHOM
MOXEeMO C(HOPMYITFOBATH ONITUMI3alliiiHy 3aJlauy 3aBaHTaXKCHHsI KOHTEHHe-
pOBO3a y BUTJISIII:
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S(x) = ap,(x) + (1= a)e,(y) (1)
i=l,.,N-1, j=i=1...,N
J R C D i-1 R C D
2 2 2 xpned) =3 3 > > xy(red) =T, )
v=i+l r=1 c=1 d=1 k=1 r=1 c=1 d=1
i=l,.,N-1, j=i+1.,N
i N J
Z Z Z xk/v(racad):yi(racad)
k=1 j=i+l v=i+l (3)

i=1,.,.N-1, r=1,..,R c¢=1,...C d=1,.,D

yi(rsc’d)_yi(r+lscad)20 (4)
i=1,.,N-1, r=1,..,R-1 ¢=1,...C d=1,..D

P

Z ZN: X, (re,d)+ ) ZN: > x,(r+led <l

i=l  p=j+1 v=i+l

j=2.,N, r=1..R-1 c¢=1,..,C d=1..,.D (5

x,,(r,c,d)=0 abo 1, yi(r,e,d)=0 abo 1

ne GinapHa 3MiHHa X, (r,¢,d) BH3HAYAa€THCSA HACTYITHUM YHHOM: SIKIIO
B IOPTY i, (%,¢,d) € KOHTEIHEp, aipecaToM sSKOTO € TIOPT j 1 Iiel KOHTeHHep
OyB MepeMillieHuid B TIOPTY V, TO 3MiHHA MpUiiMae 3HaYCHHS 1, B THIIOMY
BHMAJIKy BOHA IpHiiMae 3Ha4deHH 0.

Tepmin micte (7,¢,d) npencrapisie sBIse cOO0I0 PSAAOK 7, CTOBIEIH
¢ s 6est d KoHTeHEpOBO3y. AHanoriuno, 3minna J;(r,c,d) Bu3Haya-
€THCS HACTYITHUM YHHOM: SIKII[O B IOPTY 1, MicLie (7 ¢,d) MICTUTh KOHTEH-
Hep, TO 3MiHHA MpUMaE 3HaYCHH: 1, B IHIIOMY BHUIIAJKy BOHA MpHUiiMae
3HaueHH4 0.

Hinsosa ¢yHkis (1) ckiiagaeTses 3 IBOX CKIaIOBHX: MEpIa — 3arajibHa
BapTICTh MEpEeMIillleHHs] KOHTeHHepa 1, Ipyra, KUTbKiCTh HH(TIHTY B KOXK-
HoMmy mopTy. Ilepenbadaerscsi, mo Uit BCIX MOPTIB, BapTiCTh IMUQTIHTA
KOHTEHHEpY OJTHAKOBA 1 JIOPIBHIOE OJTUHHUIII.

JlBa KOMITOHEHTH, IO CKJIAJAIOTh IITBOBY (yHKIiO (1) BU3HAYAIOTH
JIBa KpUTEPil ONTUMI3aIii: iepiivid — e QYHKIIS KUTBKOCTI TIepeMilleHIX
KOHTEWHEPIB, ¢, (X), a APYTUH — 3aJISKUTH BiJ] TOTO, SIK KOHTEHHEPHI mepe-
BE3CHHSI OPTaHi30BYIOTECSI B KOKHOMY IIOPTY, ¢, (X). Lli 1Ba KOMIIOHEHTH
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00'eTHYIOTBCS 3HAYCHHSIMH, 33JJaHUMH KOXHOIO Baroto o ta (1 — o) Takum
YHUHOM, 10 ()OPMYIOTh IBOHAIIPABIICHY CTPYKTYPY ONTHMI3aIlii.

OOMexeHHs1 (2) MOB'i3aHEe TMOCIIJOBHICTIO 3 3aBAaHTKEHHSI KOHTCH-
Hepa. [HimMu crioBaMu, 3arajibHa KUTBKICTh KOHTCHHEPIB Ha CY/IHI B IIOPTY
MMOBHHHA JOPIBHIOBATH KIIBKOCTI KOHTEWHEPIB, sKi OyJM 3aBaHTa)XEHI B
ycix moptax p = 1, 2, ...,i MiHyc 3arajbHa KiJIbKICTh KOHTCHHEpIB, BHBaHTa-
JKEHHX Y BCiX moptax p = 1, 2, ..., L.

Oomexenns (3) BuMmarae, moO KoXHE Micle (7¢,d) KOHTeHHepoBo3a
3aBXAM 3aiiMaio He O1IblIe OJHOTO KOHTeHHepa.

O6MmexenHs (4) noB'sa3aHo 3 (i3UYHUM 30epiraHHsAM KOHTEHHepiB Ha
CyIHi, 1 BUMarae, o0 Jj1sl KO)KHOTO KOHTeiHepa B pAaKy 7+ /, icCHyBaB 1e
OJIH KOHTEHHep Yy pAaKy 7 Ui BCiX r= [, ..., R— 1.

OobmesxeHHs (5) BU3HAuae, sIK KOHTeHHep Moxe OyTH BUBAHTA)XCHHUH 3
CyllHa B TIOPTY j, TAKMM YUHOM, 00, SIKIIO KOHTEHHEp 3aiiMae MO3UIII0
(.¢,d) B IOpTY J, 1 BiH Oy/ie BUBAaHTA)KEHHIA, TO HE iICHY€ KOHTEHHEPIB BUIIIE
HBOT0, a00 TaKy KOHTEHHEPH BXKe OyIIH BUBAHTaKCHI Y MOMIEPEIHIX TOPTAX.

[puitmMaroun 10 yBaru Toi (haKT, IO Cy4acHHII KOHTCHHEPOBO3 3a3BH-
Yaif MepeBO3MTH KiJIbKa TUCSIY KOHTEHHEPIB, a BUIIICHABEICHA ONITHMI3alliiiHa
3aJa4a TUHAMIYHOTO TIporpaMyBaHHs € NP-TIOBHOIO, PO3B’sI3aHHS ii Tpau-
IHHIMU METOJIAMH BKpal YCKJIAIHEHO 1 MOTpe0y€e eBpUCTUYHUX ITiTXO/IB.

B xomi aHani3y poOiT, MPUCBIYSHUX CTBOPSHHIO MOJIENIEH 1 arTOPUTMIB
PO3-MilllCHHS KOHTCHHEPIB Ha CY/HI 1 TepMiHali OyJi0 BU3HAYCHO, MO JUIS
BUpINICHHS TONIOHUX 3aBJaHb BUKOPHCTOBYIOTHCS, B OCHOBHOMY, €BPHC-
TUYHI MIAXOAM, a caMe: ITepalliiHui JokaapbHui momyk (iterative local
search, ils); cupsmoBanmii jJokaneHuIA momyk (guided local search, gls);
TIONIYK 31 3MiHHOIO okoniieto (variable neighborhood search, vns); imoBip-
HiCHUH xaai0HUH anropuT™ (grasp); eBOIIOLiHNI anropuT™ (evolutionary
algorithm, ea); reneTuunuit anroput™ (genetic algorithms, ga); anropurm
onTuMizallii MypamuHoi KoJioHii (ant colony optimization, aco); imiTaris
Binnany (simulated annealing, sa); momyk i3 3a0opoHamu (tabu search, ts).

[IpoBenenuit aHami3 HAyKOBHUX IIpallb JO3BOJISE CTBEPKYBATH, IO
JUIS BUPIIIECHHS MOCTABIICHOT 3a/1a4i HAWOLIbII JIOIMUIFHO 3aCTOCOBYBAaTH
METOIH EBOMIONIHHOTO MPOTpaMyBaHHS Y BUIVISIIII TCHETHYHHUX AITOPUTMIB
[9, p. 22; 10, p. 586].

[Ipu 11bOMY TaKOX 3’ SBISIETHCS MOMIIUBICTS i IOMATKOBOTO YTOYHEHHS 1
YCKJIaTHEHHSI IUITXOM BBEICHHS JOIAaTKOBUX 0OMEKEHb I10 Ba3i, po3Mipam

83



84

Andrii Ben, Anton Fedorov

KOHTEHWHEPIB, Ta 3a30aJeTiIb BU3HAYCHIM MiCIISIM PO3TaIlyBaHHS OKPEMHUX
TPy KOHTEHHEPIiB Ha Cy/IHI, HAPHUKIIA] pePpruKepaToOpHUX.

MeToro ToCHiIKEHHS € po3p0o0Ka MaTeMaTHYHOT MOJIEITi 3aBAHTAXKSHHSI CYI-
Ha-KOHTEHHEPOBO3Y, 1110 3a0e3Meuye 3MEHITICHHS BIDIMBY IMH(TIHTa KOHTCIHHE-
PiB, 1 sIK HACIIIOK CIIPHSIE 3HIKESHHIO eKOHOMIYHHX BUTPAT Ha BUKOHAHHS PEHCY.

[opiBHsUTBHHI aHaJ3 JOCHTIHKEHb, MPOBEICHUX PI3HUMH aBTOPaMH,
MOKAa3ye, 110 e(PEKTUBHUM METOJIOM BUPINICHHS TPOOJIeMH € KOMOIHOBAaHHN
MiIXiJ, 3aCHOBAaHUHM Ha (POPMYBAHHI ONTHMAIBHOTO IUIAHY 3aBAaHTAKCHHS
KOHTEHHEPOBO3Y 3 BUKOPUCTAHHSM JIOTIYHHUX MTPABIII 3aBaHTAKCHHSI-BUBAH-
TaXKCHHsI Ta MOCTIAYIOYUM 3aCTOCYBAHHSM €BPUCTUYHIX METOMIIB PO3B’SI3KY
ONTUMI3aIIHHOI 3a/1a4i. 3a3HAYCHUH MiXi]] MOYXHA KpaIlle TOSICHUTH, SKIIIO
PO3MISTHYTH KOHTEHHEPOBO3 Y BUIIIAIL Tpady, sIK HABEICHO HA PUCYHKY 2.

Ha puc 2 By3on p siBisie co0010 MOPT, B IKOMY BiI0YBalOTHCS MPOIECH
3aBaHTAXCHHS Ta BUBAHTaKCHHS cynHa. CTaH KOHTEHHEpPOBO3Y 3MiHIO-
€THCS KOJIM BiH 3aXOANUTH Ta BUXOAUTH 3 IOPTY . 3a3Ha4eHi 3MiHU BimoOpa-
KAIOThCS Y BUIIISIZIL YT X, TA X,,+;, BIAMOBiAHO. CTaH Xp NEpPEeTBOPIOETHCS HA
X,+; BLIIOBIZHO JI0 IBOX HACTYIIHUX PillIeHb.

1. SIkmo icHyI04i KOHTEHHEPH BUBAHTAXKYIOTHCS B TIOPTY p. Lle pimenHs
MoKe OyTH IPEACTABICHO K U,. BoHO MoXe OyTH PO3IISHYTO 5K CyKyIl-
HICTh JIBOX 3MiHHHX:

— 3MiHHA ¢, BU3HAa4a€ KOHTEHHepH, sKi MOBMHHI OyTH BUBaHTaXEHI,
OCKIUIBKH MOPT P € MOPTOM iX IpPU3HAYECHHS, a00 SKIIO BOHU OJIOKYIOTh
c00010 1HIIT KOHTEHHEePH, MPU3HAYCHHIM SKHX € TIOPT p.

— 3MiHHA V, BU3HAa4a€ KOHTEIHEpH, SKi TOBUHHI OyTH BUBAHTAXEHI I
KpaImoro po3TallyBaHHS KOHTEHHEpIB Ha CyAHI, IO 3a0€3MMEYNTH 3MEH-
meHHs MU@TIHTY (TMepeMillleHHs KOHTCHHEpIB)
TIPH 3aXO/KCHHI CyJIHa B HACTYIIHI MTOPTH.

2. Sk mepe3aBaHTAXXUTU KOHTEHHEpPH CyJqHA
3 moptry I, ..., p-I, MicueM JOCTaBKH SKUX €
noptd p+1,...,p, 1 IK 3aBaHTAXyBaTH KOHTCH-
HEpH 3 TOPTY p, SAKi OyAyTh NEPEBO3HTHCS B
HACTYIHI mopTH. Take pINIEHHS BU3HAYAETHCS
Puc. 2. By3oq i Ayru 3MIHHOIO V.

rpagy npouecy Cnig 3a3Ha4uTH, IO g, TA V, MOXKYTh iCTOTHO
3aBaHTAKEeHHS 3MIHIOBaTHCH B 3aJI€KHOCTI BiJ KIJIBKOCTI KOHTEH-
KOHTeiiHepoBO3a  HepiB, 110 OyayTh epe3aBaHTaXEHi Ha CYIHO.
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[HakmIe kaxky4dw, 1€ TapaHTye, MO PO3TAllyBaHHS B KOHTCHHEPOBO3i
MIPU BUXOJI 3 KOXKHOTO IOPTY P (X,+;) 3aJIEKUTH Bil pO3TAIIyBaHHS KOHTEHI-
HEpiB, KOJH CyIHO MpHOyBae 10 MOPTY p (X,), TUIIOC KiTbKICTh KOHTEHHEPIB,
SIK1 3aBAaHTAXKYIOTHCS 200 BUBAHTAXKYIOTHCSI Y TOPTY p.

[Iporpamua peasizallisi mporecy po3MIIICHHS KOHTEHWHEpIiB Ha Cy/HI
notpedye BU3HAYECHHS ABOX CKJIAIOBHX:

— OCKUIBKHM PO3MIIIICHHS KOHTEHHEPIB Ha CyIHI MOXKe OyTH Mpe/cTaB-
JIEHO TPUBUMIPHOIO MAaTpHIICI0, MPU BUPIIIEHHI ONTHMi3aUiiHOI 3amadi
pO3MIIIIeHHS] KOHTEWHEPIB HA CY/IHI HEOOX1THO 3/IIHCHIOBATH T10CIiJOBHHIA
aHaJi3 ii cTaHy AJsl KOXKHOTO i3 MOPTIB 3 METOI0 3MEHIIEHHA MUQTIHTY
(K1TBKOCT1 KOHTEHHEPIB, 110 MePe3aBaHTAKYIOTHCA);

— 3MiHHU Y CTaH1 pO3MillleHHs] KOHTEHHEPIB Ha CyIHi AOIIBHO 3/ CHIO-
BaTH Ha OCHOBI MPaBWJI PO3BAHTAKECHHS Ta MPaBHJI 3aBAaHTAXKCHHSA, TPe/-
CTaBJICHUX Up 1 yp BiAMOBITHO, IO MOXe OyTH 3iHCHEHO 32 JTOTIOMOTOI0
€BPUCTUYHUX METOJIB Ta MPOIEIYD IMITAIlIHHOTO MOJICTIOBAHHS.

PucyHoxk 1 BaXIMBHIA [UTS ICHOTO PO3YMiHHS TOTO, III0 PO3TAITyBaHHS HA
KOHTEHHEepOBO3i Oyl BU3HAUATHCS JIBOMA PIICHHSIMH B KOXKHOMY ITOPTY:
SIK PO3BAHTAXHUTH Ta K 3aBAHTAXHUTH CYTHO. Y peanbHOMY KHUTTI pO3BaH-
Ta)XCHHS Ta 3aBaHTAKCHHS KOHTCHHEPOBO3IB 3/TIHCHIOETHCS BiIIIOBITHO 70
JIOCBITy CYAHOBOJIIS, TPOTE 3HAYHO E€(EKTHBHIIIEC BHPINIYBATH IFO MPO-
OJeMy 3a JOMOMOTOI0 MPOrPaMHMX 3acO0iB, IO BUKOHYIOTh PO3MIIICHHS
KOHTEHHEPIB Ha OCHOBI JIOTIYHUX MPABUII Ta EBPUCTHIHUX AITOPUTMIB.

TakuM YHMHOM, pO3TAaIIyBaHHS BaHTAXY Ha KOHTSHHEPOBO31 IPU BUXOI1
3 KOYKHOTO MOPTY p(xp+ /) BAIEXKUTB BiJl CXEMH PO3MIILICHHS HA KOHTEHHEPO-
BO3i, KOJIM BiH Tiibku mpudysae 1o [lopty p (x ) TLIOC CKITBKM KOHTEHHe-
PiB PO3BaHTAXKYETHCS (u] ) Ta 3aBaHTaXy€eThCs (Y ,,) B TIOPTY p.

Jaii po3mistHeMo, SK TPEACTaBISITH PIICHHS ONTUMI3aIliiHOI 3a1a4i
(dopMyBaHHS BaHTAXXHOTO IUIaHy KOHTeWHepoBo3dy. [Ipu mpomy Oymemo
3aCTOCOBYBaTH CHEIaIbHUM MiAXiJ 10 KOXyBaHHS / JTEKOAYBaHHS, SKHN
MoeAHy€e B co0l paBUIIa, M0 OMHCYIOTH CIIOCIO 3aBaHTa)KEHHS Ta PO3BaH-
Ta)kKeHHS KOHTCHHEPOBO3Y, a TAKOX IpoLexypy MozenroBaHHs. Lle komy-
BaHHS € MPEACTABICHHSM 32 MIPaBUIAMH.

OO6uncnroBanbHa peajizallis mpouecy po3MilleHHs 3a IPaBUIaMU 3ajle-
JKHUTH BiJl BA3HAYCHHS HACTYITHUX €JIEMCHTIB.

1. OCKinbKM KOHTEHHEPOBO3U MaIOTh MOIYIIbHY CTPYKTYpY, CXeMa Po3-
TallyBaHHS Ha KOHTEWHEPOBO31 MOXKe OyTH MpeACTaBlieHa MaTpuielo B,
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sIKa Ha3UBAETHCS MATPHUIICIO CTaHy, 1 11 MAaTPHISA — 1€ 3MiHHA, IO BiJIHO-
CUTBCS JI0 CTAaHy KOHTCHHEPOBO3Y (xp ix,, -

2. 3MiHH y CTaHiI KOHTCHHEPOBO3Y, 3MIHCHEHI 3a JOMOMOTO TPaBUII
po3Bantaxenns ([1P) ta nmpasun 3aBantaxenns (I13), mpencraBneHux u, i
Y, BIJIMOBITHO, MOKYTh OyTH BUKOHAHI 3a JOIOMOTOIO MPOLEAYpPH 00UHC-
JIOBAIEHOTO MOJACTIOBAHHS.

Marpwurist B — e cxemMa po3MillieHHs Ha KOHTEHHEPOBO3i, OCKLUTBKU KOXKEH
€IEMEHT B B npecTaBiieHuit B, , 1 BIH ONUCYE, UM 1€ KOHTEHHED, TlyHKTOM
MpU3HaYeHHs SKoro € [TopT p B KoMip1li, po3TalIoBaHill y psAAKY 7, CTOBOLI ¢
1 BiACiKy d, sxmo B, = p; sxwo B, nopoxHiit, o B, = 0. [l[o6 kpame ne
IpoiTrocTpyBaty, Marpuill B, ne D =3 i R = C = 2, moka3zaHa Ha pUCYHKY 3.

I 3 Bigcix Id“—l

-

I=> B3,r,c

| 1 cToBbenns |{._.,
5

—:’ B2,r,c

G o= B4 e,

Puc. 3. Marpuus crany B, 110 npecTaBJsi€ po3TallyBaHHs
KOHTeliHepiB y KOHTeliHepoBOo3i mpu pyci 10 6 nopTiB

Ha pucyHsky 3 psiiok 2 npeacTaBisie HUKHIO YaCTHHY KOHTEHHEPOBO3Y,
a psAmoK 1 — BEepXHIO YacTHHY KOHTEHHEpOBO3y. TakUM YHMHOM, €JIEMEHT
(1, 1, 1) nopiBHIOE 4, 1110 03HAYAE, IO [IEi MOAYITb 3aHATHI KOHTECHHEPOM,
IMyHKTOM INPHU3HA4YEeHHs SKOTOo € NopT 4. BUKOPUCTOBYIOUM Ti K KpUTeEpii,
eneMmeHT (3, 2, 2) mopiBHIOE 5, 1 11e 03HAYaE, 1O el MOYIIb 3alHATHH KOH-
TeHEepOM, IPU3HAUCHHSM SIKOTO € HOPT 5.

IIpunyckarouu, mo MaTpulsd B Ha pUCYHKY 3 IIpECTaBIsi€ KOHTEHHE-
POBO3 B MOPTY 2, [Tl PO3BAHTAXKEHHS I[bOT0 KOHTEHHEPOBO3Y HEOOX1THO
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MePEMICTUTH KOHTeHHepH, po3TamoBani B Moxymsax (1, 2, 1) ta (1, 1, 2).
OpnHak xoHTeiHep y Moayni (1, 2, 1) Moke OyTH pO3BaHTaKECHUH JIMIIe
SKIIO KOHTEHHep, po3TamoBanuii B koMipiii (1, 1, 1), Tex po3BaHTaXEeHUH;
HaBITH HE3BAKAIOYH HA T€, IO ITYHKTOM TIPH3HAUYCHHS IIHOTO KOHTEHEepa
€ Ilopt 4. Meroro niporiecy 3aBaHTaxeHHsI KoHTelHepoBo3y (I13K) e MiHi-
Mi3allis KIIBKOCTI EpEeMIIIeHb MOII0HOTO POy MUITXOM aIeKBaTHOI CXeMHU
PO3MIIIEHHS y BiJICiIKaX KOHTCHHEPOBO3a Y KOXXHOMY ITOPTY.

TakuM 94MHOM, 3aIPOITOHOBAHUIA ITiIXiJ PO3MIIICHHS KOHTCHHEPIB 3a
npasuiamu posnisigae [13K sk npobnemy, B kit marpuus B — 1e cxema
PO3MIIICHHS HA KOHTEHHEPOBO3i (X ), 1o mpubyTTs B [lopT p. Bona Gyne
3MIHIOBATUCS Y KOXKHOMY MOPTY IIISIXOM BH3HAYCHHS, SIK CAME BUKOHYBATH
orepailii po3BaHTAKEHHS (U p) Ta 3aBaHTaXCHHS (Y p), BuzHavatouu [1P ta I13
BinnosinHo. Bubip TP a6o I13 mist mopTy 2 MOXKe OMOCepeaKOBAHO BILIH-
BaTH Ha CXEMY PO3MillleHHS Ha KOHTeHepoBo3i B [lopTy 4, OCKUIBKH rpa-
¢diune npencrapnenns [13K mae popmy, mokazaHy Ha pUCYHKY 4.

£ ¥a l Ya

1} 2 }==2{ 3

Uy u. U

Puc. 4. I'padiune npeacrapaenns ais 3K
3 4YOTHPMa NOPTAMHU NPHU3HAYECHHS

Hawmu Oyno Bu3HaueHO 6 OCHOBHUX ITPABUII 3aBAHTAKCHHS KOHTEHHEPO-
BO3Y Ta 2 IpaBIJIa BUBAaHTAXXCHHS, a CaMe:

Ilpasuno 3asanmasicenns I131: 3a TIM paBUIIOM MaTpulls B 3armoBHIO-
€TBCS PSAAOK 32 PSIKOM, 37TiBa HAIIPaBO, HOYWHAIOUH 3 HIDKHBOTO PSTy UL
KOXKHOTO BIJICIKY TAKHM YHHOM, 0O KOHTEHHEPH 3 HAHOCTAHHINIMM TyHK-
TOM MPHU3HAYCHHS OyJIM PO3MIIICHI HA HAHHIKINX PAIKAX, 1 KOXKEH BiJICIK
3aMOBHIOETHCS MTEPE HACTYITHHM.

Ipasuno 3aeanmasicenns I132: 3a IUM MPaBUIIOM MaTPUISL B 3aTIOBHIO-
€TbCA PAJIOK 3a PSIIKOM, 3J1iBa HAIMPaBO, MOYMHAIOYM 3 MEPIIOTo BiJCIKY, 1
3aIOBHIOIOUY JIMIIE OJMH PSIOK Ha BiJICIK TAKUM YHHOM, 100 KOHTEeHHEpH
3 HaWOCTAHHIIIMM MYHKTOM IpU3Ha4YeHHs Oylu po3MillleHi B HAMHMKIUX
psiKax 1 po3MOALUIEH] MiX BiJICIKAMH.
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Tlpasuno 3asanmadsicenns 1133: nie npasmio € 3sopotauM [131, mo o3Ha-
Yae, 1110 MaTPULI B 3alIOBHIOETHCS PAJOK 3a PSAAKOM, CIIpaBa HaliBO, IOYMHA-
F0YH 3 HIDKHBOTO PSTY JUIS1 KOXKHOTO BiZICIKy TAKUM YHHOM, 1100 KOHTEHHEPH
3 HaHOCTAaHHINIMM ITyHKTOM TIpH3HAYEHHs OyaH pO3MIIIEeHI B HAWHIKINX
PA/IKax 1 KOXKEH Bi/ICIK 3aIOBHIOEThCA TIepe/]] MOYaTKOM HACTYITHOTO.

Ilpasuno 3asanmadicennsi 1134 ue npasuio € 3sopotHuM 1132 B Tomy
CEHCl, 10 MaTpulsd B 3alOBHIOETHCS PSAOK 3a PAIKOM, CIIpaBa HaliBo,
OJIMH PAZIOK Ha BIJICIK IMOYMHAOYM 3 MEPIIOTO BiJICIKY, JOKH HE JOCSTHE
OCTaHHBOTO TaKHM YMHOM, 100 KOHTEHHEpH 3 HAHOCTAHHIIINM ITYHKTOM
MIPU3HAYCHHS PO3MIIIYIOTHCS HA HAHIKIMX psiiax 1 pO3MOAUISUTUCS MK
BiJICiKaMH.

Ipasuno 3aeanmasicenns [135: 3a 1MM TPaBUIIOM MaTpUIs B 3a0BHIO-
€THCS PAAOK 32 PSIKOM 371iBa HAIPaBO KOHTEHHEpaMU, IPU3HAYCHUMH IS
HaHOIMKIOro MOPTY, MOYMHAIOUM 3 MEPLIOro BiJICIKY Ta MPOJOBXKYIOUH,
JIOKH B CTOBITYMKY HE Oy/ie TOCATHYTO KUIBKICTh €JIEMEHTIB Op. 3HaueHHS Gp

OOUYHCITIOETHCS 3 PIBHAHHAM:
P N

> T,

ij

o, = HiE | ©)

[TotiM iHIUH BiJICIK 3aTIOBHIOETHCSI TAKAM YHHOM, 00 KOHTEHHEPH 3
HaHOIMKIAM MPU3HAYCHHAM OyJIM PO3MIIIEH] CrOYaTKy s GopMyBaHHs
mTabeniB.

Ilpasuno 3asanmadicennsi 1136: 1ie nmpaBuio € 38opotHUM [135 B TOMY
CEHCI, 1[0 MaTpUIls B 3amoBHIOETHCS PAIOK 32 PSAKOM CIIPaBa HAJIBO KOH-
TeifHepaMu, MIPU3HAYCHUMHE [UT HAWOIIDKIOTO TIOPTY, TOYMHAIOYH 3 TIep-
[IOTO BIJCIKY 1 MPOJOBXKYIOUH, TOKH HE OCATAETHCS KITBKICTh €JICMEHTIB
0,y croBmuuKy. 3HaueHHs 0 TAKOXK OOUHMCIIOETLCS 32 PIBHSAHHAM (6).

Ilpasuno pozsanmasicenns [1PI: TpUycTUMO, IO KOHTEHHEPOBO3 MPH-
OyBae y [TopT p. 3a 1M MPaBUIIOM BUITYYAIOThCS JIMIIE KOHTEHHEPH, TyHK-
TOM TIpU3HAYEHHS SKuX € [1opT p, 1 BCi iHII, 110 OJOKYIOTh IITa0eIh.

Ilpasuno pozeanmaoicennsa 1IP2: 1ie IpaBUIIO 3a3Hayae, 110 KOHTEHHe-
POBO3 MOBHHEH PO3BAHTAXKYBATU KOXKCH KOHTEHWHEp MPH MPUOYTTI B MEB-
Hu#t TlopT p TakuM YWHOM, 10O BiH MIT MOBHICTIO TepeOyayBaTH KOXEH
mTadenb.
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[I[06 yHUKHYTH HEOOXiTHOCTI BUKOPHCTAHHS JBOX 3Ha4eHb, MO0 BKa-
3ary, siki [13 i [IP OyayTh BUKOPHCTOBYBATHCS ISl KOYKHOTO TTOPTY, MOYKHA
CIPOCTHTH KOIYBaHHS, BU3HAUWBIIH pi3Hi komOiHarii 13 i [TP. Konkperna
kombiHaris [13 i [P g [opty p BuzHavaeThes sik mpasmio T111.

{06 xparmie npoimtocTpyBaTy KOHLEMNIi0 mpasui, micts [13 1 aBa I1P,
OIIMCaHI BUINE, MOXYTh OyTH 00'€JHAHI AJIS1 CTBOPEHHS HOBUX 12 IpaBuUIL
Tabmuus 1 imocTpye BCi mpaBuia, CTBOPEHI B pe3yabTaTi IUX KOMOIHAIIH
13 Ta I1P.

Tab6muns 1
IIpaBuaa, creopeni muisixom noeananusa I3 ra P
IIpaBuia .
IIpaBuia 3aBaHTaKeHHSs IlincymkoBe npaBuJio
PO3BAHTAKEHHS
IIP1 1111
1131
3 I1P2 1112
32 I1P1 1113
11P2 11114
I1P1 TIT15
1133 11P2 1116
134 IIP1 TI117
I1P2 1118
IIP1 TI119
1135
3 I1P2 MI110
I1P1
36 1111
11P2 1112

B Tabmumi 1 mokasani pizHi kom6iHanii [13 1 [TP. Hanpukan, npasuio 2 —
e KoMOiHaIlis mpaBmiia po3antaxeHHs [1P2 Ta mpasria 3aBanTaxenss [131.
e xomyBanHs HeoOxigHe ist nipencraninenHs pimeHHs [13K, B skomy Buko-
PHUCTOBYETHCS BEKTOP, YUCIIO €IIEMEHTIB SIKOTO JOPIBHIOE KUTBKOCTI TIOPTIB.

s 30epexeHHs] yMOB OCTIHHOCTI Cy/lHa HEOOX1/THO 10JaTKOBO 00UHC-
JIFOBATH CYMY BiZICTaHi Mi>K IIEHTPOM MAacH Ta TeOMETPUIHUM IICHTPOM KOH-
TEHHEPOBO3Y Y KOXKHOMY BIJICIKY d Y KO)KHOMY TIOPTY.

Jlyis BUpinieHHs onTUMi3alliiaoi 3anadi [13K 3 BUKOpUCTaHHSM JIOTiY-
HUX TPaBHJI HAMU 3aCTOCOBYIOTHCS METOMH IMITAalifHOTO MOJIEITIOBAHHS
Ta €BPUCTHYHI METOIH, TKUMH BU3HAYAIOTHCS HAOOPH JIOTIYHUX MPABHUI Ta
MOCTIIOBHICTH X 3aCTOCYBaHHS.
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Haii6inpir e(ekTUBHUM Ta BiJIHOCHO HECKJIAJHWM 3 EBPUCTHYHHX
METOJIIB B TUIAHI MPaKTHYHOI peai3alii, BpaxoBYIOYH iCHYIOUI IPOTpaMHi
npoxyktu (Mathlab, Simulink) Tomo Hamu Oynu 0OpaHi reHETHYHI ajro-
putMmu (T'A).

BinmoigHO BUpimIeHHS MPOOJIEMH ONTUMAILHOTO 3aBAHTAXKCHHS KOH-
TEHHEPOBO3y OyIo po3pobieHo ['A 3 HACTYITHOO CTPYKTYPOIO.

Cmpyxkmypa I'A. TA BUKOPHCTOBY€E CYKyIHICTh €IEMEHTIB, IO Mpel-
CTaBJIAKOTE c00010: 4 (1) = {A/, ..., A"} nns koxHOI renepauii (irepanii)
t, B SIKil KOXKEH CJIIEMEHT — 1€ BEKTOp MpaBui. Y TpoIeci OOYHCICHHS,
CYKYIHICTb €JIEMEHTIB 30epiraeTbcs B Marpuili A(7), i KOKeH psaok A/
HPEJICTABIISAE LEH BEKTOP npaBuil. KokeH BEKTOp A OLIHIOETBCS 3a Kijlb-
KICTIO TepeMilleHb Ta MOKa3HWKOM OCTiifHOcTi. Jlami po3paxoByeThCs
MPHUIATHICTh, TOOTO Mipa TOTO, HACKUJIBKU YCIIIIHUM € IIeH €JICMCHT B
3a/1a4i po3MIilICHHS.

[IpunarHicTh PO3pPaxOBYETHCS IS BCi€T CYKYITHOCTI 1 IPYHTYEThCS Ha
i HOBI# CYKYITHOCTI, SIKa TTOEJHYE B cOO1 HAUOUIBIT €(heKTUBHI CIIEMEHTH,
SIKI YTBOPIOKOTh CYKYMHICTb ¢ + /. [1ix 9ac ¢hopMyBaHHS HOBOT CYKYITHOCTI
JesIKi eIIEMEHTH 3 CYKYITHOCTI t HaZal0ThCS POLIECOM IIePETBOPEHHS T'eHe-
TUYHIMH OTlepaTopaMu Ut (POPMyBaHHS HOBHX ITPABUIL

Lli nepeTBOPEHHs BKIIIOYAIOTH B ce0e yHapHi onepartii m, (MyTarii), sxi
JIO3BOJISIIOTH CTBOPIOBATH HOBI MpaBHUJIa 33 JOMOMOIOK HEBEIUKUX 3MiH
OKpeMHX aTpuOyTiB (m: A, — A) 1 NePETBOPEHHS BEPXHLOTO TMOPSKY C,
(xpocoBep), 110 TeHEepYE HOBI €JIEMEHTH, 00'€JHYIOUH OWH a00 JeKiTbKa
€JICMCHTIB (cj: Aj X... XA, —>A)

3a3HayeHHH MPOIEC 3AIHCHIOETHCS 10 JOCATHEHHS BH3HAYCHOT paHilie
MOTIepeTHBOI KUTLKOCTI TeHepamiid. HacTylmHUM BaKJIMBHM €TArioM € KOZIH-
(bikaIlis CTpyKTypH TaHUX JJIs1 KOKHOTO OKPEMOTO eJIEMEHTA.

Kooughixayiss cmpyxmypu Oanux 015 KOWCHO2O OKPEeMO20 elleMeHmd.
Koxnwii eemeHT ['A acoritoeTbcs 3 HAOOPOM MPABHII 3a JTOIIOMOTOI0 BEK-
TOpa Vv, HAIPHUKJIA]l, YOTUPHOXEIEMEHTHOTO. 3HAYCHHS BCEPEIUHI eJIeMEH-
TIB BIAMOBIAAIOTh KOXKHIN KoMOiHamii po3sanTtaxkenns Ta 13 (Bix I1I11 g0
[I112), sixa Oyne 3acTocoByBatucs y koxkaomy Iopty (Bin 1 mo 4). Habip
MpaBUJI AJIs1 PI3HUX €IeMEHTIB 30epiraeThCsi B MaTpHlli, a KOXXEH CTOBIELb
MPEICTABIISAE OKPEMHUI €JIEMEHT, IIOKa3aHO HAa PUCYHKY 5, e IePIInil CTOB-
Melb MICTUTh YOTUPHOXEIEMEHTHUIN BEKTOP V), B SKOMY KOXXHE 3HAYCHHSI
BianoBigae tadmum 1.
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Marpuns 4 mae nBa Bektopu v, i v,. Komu P EE— F—

€JIEMEHT BU3HAYEHO, TO TAKOXK MOXKe OyTH BU3HA-  }

YEeHO CYKYTIHICTb, KA CKJIAJA€ThCS 3 €IEMEHTIB, 1 6 3
10 30epiraroThes B Marpuili 4. OCKUTBKA KOXKEH 2 1 5
CTOBIICIIb MAaTpHIli A TpencTapise ememenTa / : 3 12 10
pilCHHSI, KOJKEH eJeMeHT A (i, j) = k Bu3Ha4dae, : 4 2 7
sxe npasuio k (k mopismroe 1-12) B Ilopry i 6yne =~ S—— w—
BHKOPUCTOBYBATHCS, SIKIIIO BUOPATH €JIEMEHT . V4 V2

Hanpuxinan, 4 (1, 1) = 6 o3Havae, 1m0 eneMeHT Puc. 5. BigHomeHHs Mik
/ pimenns 1y Iopry 1 nmoBuHEH 3aCTOCYBaTH KoOXyBAHHSIM eJeMEHTIB
npasuiio [1I16, To6T0 po3BaHTaXeHHs KOHTEH- I'A Ta HaGOpOM MpaBHJI
HepoBo3y 3a [1P2 ta 3aBanTa)keHHs 3a [133. JJISI KOJKHOTO eJIeMEHTA
Oyinka npudamuocmi pivenHs 4u Ooyinb- (BEKTOP CTOBIIIS)

Hicmb  eapiaHma poamiujeHHs 6ionogioace 3a

OYIHKY elleMenmy 8 Mexcax CyKynHocmi 8 cenepayii t. Takum YuHOM, TIpUAAT-
HICTP pilIeHHs MoOyIOBaHa TaK, IO PIlICHHS 3 MEHIINM ITOKa3HUKOM MaroTh
BHIIII TOKAQ3HUKHU MPUAATHOCTI:

Fit (4) = f (4), (7)
ne f(A;) — oniHKa IpUAAaTHOCTI, 3T1IHO 3 KOMOIHAIII€I0 KUTBKOCTI Tepe-
MiIlIeHb Ta ITOKa3HMKa HECTAOUIBHOCTI,

[HIIIIIME CTTOBaMu, BOHA TPAHCITIOE PIIlICHHS, 3aIPOIIOHOBaHI HAOOPOM IIpa-
BHJI, 1110 30€piraroThCsi B BEKTOPI A4, 3 TOUKH 30py KUTBKOCTI MEpeMillieHb PiB-
HSHHS Ta TMOKa3HHKA HECTAOUTHHOCTI IIUITIXOM MOJICIIFOBAHHS CXEMHU PO3TAIIly-
BaHHS KOHTEHHEPIB B KOHTEHHEPOBO31, KOJIM BiH ITOJIOPOXKYE BiJI TOPTY 0 TIOPTY.
Hactymaum kpokom € BUOip eneMeHTiB [1sl ()opMyBaHHS HACTYITHOI F'eHeparlii.

Bubip enemenmis ons nacmynuoi eenepayii. Ilpouec ¢hopmyBaHHS Cy-
KyIHOCTI — II¢ BUIIQJAKOBUI BUOIp («KOJIECO PYIETKU»), e HMOBIpHICTH O
(A,) BUKOPHCTOBYETHCS ISt BAOOPY ENEMEHTY A, U1 HACTYIHOI reHepanii
B CyKYIHOCTI 3 enemenTamu b. 3nauenns O (4,) MOXHa OTPUMATH, BUKO-
PHUCTOBYIOYH PiBHSIHHSA (8).

numpop

Q(A,.):Fit(A,.)/ z (Fit(Ai)). )

i=1
Haiikpamuii eneMeHT MOTOYHOI TeHepallii 3aBXAu 3alHUIIAEThCS B
HACTYIHIM reHeparii. 3 METOI OTpUMaHHS HOBUX EJIEMEHTIB 3aCTOCOBY-
FOTHCS OTIEPaTOPH KPOCOBEpa i MyTaIlii.
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Kpocosep. Oniepatopu KpocoBepa reHepyIOTh HOBI IeMeHTH LIS (op-
MYyBaHHS HACTYITHOI CYKYITHOCTI IIIJISIXOM 00'eTHaHHS iH(popMarrii 3 MUHY-
JUX TeHepamii, sika MPUCYTHSA B eleMeHTaX. TyT BUKOPHUCTOBYIOTHCS IBa
oreparopa KpocoBepa, sIKi ONICYIOTHCSI HACTYITHIM YHHOM.

HBa enemenra, A, Ta A,, 3 N eJleMeHTaMM, BUNAJKOBUM YHHOM OOM-
paroThCs 3 CYKYMHOCTI y TeHeparii ¢ [TotiM GopMyeThes 1Misie 4uceiao o B
inTepBani /1, N-1], a eneMeHTH A, MO 3HAXOIATHCS B MOJIOKEHHSX J JI0
N OOMIHIOKOTECS €JIEMEHTaMu 3 A,, SKi PO3TAIlOBaHi B MOJIOXKEHHI J 110
N. Leit 0OMiH 1acTh /1Ba HOBUX EIIEMEHTH, 14, i nA ,, AKi MOXKYTb 3'IBUTUCS
B HACTYIHIM reHeparii.

Crpyxrypa po3podneHoro ['A Mae BUITISII, HaBeJCHNH HA PUCYHKY 0.

Onepamop mymayii. Oneparop MyTallii 3MiHIOE pm eJIEMEHTIB MaTPHUII
A, ne pm — BiICOTOK CyMapHUX OiTiB, IKi MyTYIOTb.

Bubip Toro, sikuii enxeMeHT A,-,- MYTYETBCSI, TIOJISATAE y BUIATKOBOMY
BHOOPI iHJCKCY ps/IKa Ta IHIACKCY CTOBIIIIS, a IIOTIM iXHIH 3MiHI1, IPU IIBOMY
PO3MIp MiJICYKyIHOCTI As ' Ta As | OHAKOBHIA i TOPiBHIOE 5% BiJl 3aranbHOT
CYKYITHOCTI.

3anponoHOBaHWi HOBHIM KOMOIHOBaHWH MiJIXia 0 3a1a4di TPUMIPHOTO
IUTAaHYBaHHS 3aBAHTAKCHHS KOHTESHHEPOBO3IB, 110 Ma€ HACTYIIHI IIEPEBarH:

— JI03BOJIAE€ 3MIMCHIOBaTHM KOMIIAKTHE KOAYBaHHS, IpeACTaBIIs-
I0YM PIIICHHS AK BEKTOp 3 eleMeHTaMH P 3amicTb NBIHKOBHX 3MiHHHUX
(Rx C) x (P + P3), 10 1a€ MOXJINBICTD CIPOCTUTH OOPOOKY AaHUX HA BUPI-
IIEHHS TPOOJIEMH 3 ONITHMANIBHOTO PO3MIIIEHHs KOHTEHHEPIB;

— JOCBiJ KBaNMi(hiKOBAaHOTO IIEPCOHATY MOXe OyTH BKIIIOUEHHUH B IIpo1iec
OI-TUMi3aIliil y popMi MpaBuil Ta 0OYMCITIOBAILHOTO MOJICTIOBAHHS,

— (opMyBaHHS PIiOICHHS 3 BUKOPUCTAHHIM 3aIllPOIIOHOBAHMX MaTeMa-
TUYHUX MOZETICH 3aBXKIN € MOKINBUM, Ta JJ03BOJISIE YHUKHYTH MIPOOIeMH
MTOJIOBXKEHOTO Yacy 0OpOOKH.

— HOBWH MIiJXiJ A0 KOAyBaHHs 3Ha4yHO 30epirae yac Ha OOYHMCIICHHS i
JI03BOJIsIE POPMYBATH SKICHI PILIICHHS 3 PO3MIIIIEHHS KOHTCHHEPIB Ha CyJIHI.

Ha ocHOBI po3po0iieHHX MaTeMaTHIHUX MOJENei HaMu OyJI0 CTBOPEHO
nporortunnt ACYBOK, sixa 31aTHa iCTOTHO HOJIETTITATH U KOHTPOJIb 32 3aBaH-
Ta)KEHHSIM / BUBAaHTaXCHHIM ()iIepPHOTO KOHTEHHEPOBO3a.

Pobota cucremu 30iHCHIOETbCA HAcTymHUM 4YuHOM. [Ipu 3axoi KoH-
TeliHepoBo3a (3) B MOPT 3IHCHIOETHCS TIIKIIOUYCHHS 1m0 Mepexi wifl (2)
CYJ0BOi CHUCTEMU MiATPUMKU IMPUHHATTS pilieHHs (5) KOHTeiiHepoBo3a 10
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Mepexi IHTepHeT, B SIKy BKe ITiAKIIOUCHI KOMIT'FOTepH (4) MpHYabHIX KOH-
TeliHepHUX TepeBanTaxyBadiB (1). BinOyBaeTbes peectpariisi B Mepexi i
IJTaH 3aBaHTAXCHHS BIIOOpaXKaeThCcs HAa KOMITHOTEPl NepeBaHTaKyBava.
[TigHsATHII KOHTEHHED 3BaXKYETHCS BaraMH IepeBaHTaXyBaua, 1 iHpopmMaltis
PO yCi ITapaMeTpu HAJIXOIUTh Yepe3 Mepexy [HTepHeT B CyaHOBY iH(OP-
Mariiiny cucremy. Takim uymHomM, ACYBOK no3Boiise kamiTaHy cyaHa
OIIEPATHBHO OLIHUTH CTYIiHb HOTO 3aBaHTa)KCHHS, 3MEHIIUTH MPOCTOT, 1
3a0e3meunTn Oe3eKy nepeBe3eHs. [Ipu oMy BUKOPHCTOBYIOTHCSI HOBITHI
TEXHOJIOTIT mepeaadi iHpopmariii, 30KkpeMa TeXHOJIOTIi zigbee.

Crpykrypa ACYBOK naBenena Ha pucyHky 7. Ciia 3a3Ha4uuTH, L0
BIIMIHHHMH pUCaMH po3po0IIeHO aBTOMAaTH30BAHOT CUCTEMH € ii BITHOCHO
HEBeJIMKa BapTiCTh, a TAKOXK OPI€EHTOBAHICTH /10 3aCTOCYBaHHS Ha (iJepHUX
MEepPeBEe3CHHAX (0COOMMBICTIO (iepPHUX MEPEBE3EHb € MYIBTUIIOPTOBICTh
Ta HEBEJIMKa KiJbKicTh KOHTeHHepiB Ha cynHi: 600-1200). KinpkicTs mpo-
IpaMHUX IPOAYKTIB, 110 320€3MeUyI0Th BUPIMICHHS JaHOTO KJIacy 3a1ad Ha
MMOTOYHHI MOMEHT Yacy OOMEeKeHa.

Puc. 7. Crpykrypa ACYBOK

Crpykrypa ACYBOK: 1 — koHTeiiHEepHHMIi TepeBaHTaxyBay; 2 — CTaHLis
WiFi; 3 — koHTeitHepoBO3; 4 — HOYTOYK B KaOiHi KOHTEHTHEPHOTO [IEpEeBaHTa-
KyBada; 5 — IepCOHANbHUM KOMIT'IOTEp Y CKJIaJi CyIHOBOI aBTOMaTH30BaHO]
CHCTEMH, Ha SIKOMY PO3TAIIOBaHA CHCTEMA MiATPUMKH NPUUHSTTS pillleHb.
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4. BucHoBkH

[lincyMOBYyrOUH MiICYMKH MPOBEACHOTO aHATI3y HAYKOBHX JOCIIIKCHb
BITYM3HSIHUX Ta 3aKOPIOHHUX aBTOPIB y 3a3HAYeHIid ramysi, Oymo 3’sco-
BaHO, [0 TUTAHHS CTBOPEHHS IHTEJIEKTyaIbHAX aBTOMAaTU30BAHUX CHCTEM
YIIPaBIIHHS IPOLECAMH 3aBaHTAXKCHH-BUBAHTA)KECHHS KOHTCHHEPOBO3IB €
aKTyaJIbHOIO HAyKOBOIO MPOOJIEMOIO ChOTONICHHS, SIKa TOTPEOy€e BUPIIICHHS
3 ypaxyBaHHSAM HarajibHUX IMOTOYHHX MOTPEO MOPCHKOT IHAYCTPIi.

CTBOpEHHS HOBUX METOAIB a00 aNropuTMiB ONTHMI3aIi] IpoIIecy CKIa-
JTAHHS BAaHTQXXHOTO IUTaHY CyAHA THITy KOHTEHHEPOBO3 € OHUM 3 HaiO1IbII
aKTyaJIbHUX IUTaHb CHOTOJICHHS. AHAJI3, SKUi IPOBEICHO y AaHii poboTi,
JIO3BOJIMB PO3POOUTH BJIACHY MOJIEINb 1 allTOPUTM PO3MIIIICHHS KOHTEHHE-
piB Ha CyaHIi, IO ONTHMI3y€ MPOLEC CKIAJaHHs BAaHTAXKHOTO IUIaHy CyIHA
CTIpUSIE IMiIBUIICHHIO 0E3IeKH KOHTEHHEPHUX TIePEBE3CHb.

3acTocyBaHHA IPOMOHOBAHOTO IMiAXOMy M0 IOOYIOBH BAaHTAKHOTO
IJIaHy KOHTEWHEPOBO3Y MTO3BOJISE TAKOX IMOJIIIIATH €KOHOMIUHI TOKa3-
HUKH BUKOHAHHS CYITHOM peHcy 3a paxyHOK 3MCHIIEHHS 9acy BHKOHAHHS
BaHTAXHUX OIIEPAIliif Ta TPUBAIOCTI CTOSIHKH Cy[HA B ITOPTaX.

BusHaueHo, mo B yMOBax 3alpOBajKCHHS CYyYacHHX iH(pOpMamiiHIX
TEXHOJIOTIl B CYOHOBOMIHHI HaHBaXKIMBIIIOI CKJIQJOBOIO IiIBUIICHHS
e(EeKTUBHOCTI Ta OE3MEYHOCTI KOHTCHHEPHHX TIEPEBE3CHb CTA€ CTBOPEHHS
ACYBOK. IIpu cTBOpeHHI TakMX CHUCTeM HEOOXiJTHO BpaxOBYBaTH, LIO
HABAaroMilIMM YHHHUKOM aBapiifHOCTI Cy4acHOTO CYTHOIUIABCTBA, € TaK
3BaHUI «IIOICBKU (PaKTOP», TOMY IPU CTBOPEHHI TAKHX CHCTEM OCOOITHBA
yBara mMae OyTH TpuUAlIeHa caMe 3HIKEHHIO Cy0'€KTUBHOCTI MPUHHATTA
pimeHs npu GopMyBaHHI BaHTAXXHUX IUIaHIB KOHTEHHEPOBO3iB.

TaxkuM unMHOM, B cydacHuX ymoBax BrpoBajxkeHHs1 ACYBOK 3narna
ICTOTHO TiABUIMUTH €(DEKTUBHICTh 31iCHEHHS KOHTCHHEPHUX IIepEeBe3eHb
Ta 3HU3HUTH aBapiHICTh Cyd4aCHOTO CYAHOIIJIABCTBA.

B 1iitoMy i1 3a3Ha9MTH, 10 HA IAHOMY €Talli CBITOBa KOHTEHHEpHA CHCTeMa
BHMArae y3roJpDKeHOTO PO3BUTKY — Ma€e OyTH 3a0e3TeueHe He TITHKH Oy/iBHAIITBO
HOBHX YITBTPacy4acHHX CYIICH a i MOJIepHi3allisl iCHYIOUHX, Oy/IIBHUIITBO HOBUX
BEJTMKUX CIEIiaTi30BaHUX TOPTIB 1 TEPMiHAJIB, CTBOPEHHSI BEJIMKOBAaHTAKHUX
THIIB PO3BaHTaKYBAIBHO-BAHTAKHOI TeXHIKH. HeoOXiTHMIA TaKOK KOHTPOJIb 32
TepeCyBaHHAM KOHTCHHEPIB SK B MOPTY TaK i MPOTATOM YChOTO NUISIXY Y MOpi 1
Ha CyIII, Y3rO/KEHICTh KpaiH-MIApTHEPIB 3 TOPTIBIIL, IO IIe OLIbIIE YCKIATHIOE
po0IIeMy, IEPETBOPIOOYH ii, TI0 CYTi, B NIOOAITHHY.
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DEVELOPMENT OF MEATCONTAINING PRODUCTS
WITH A BALANCE OF FATTY ACIDS COMPOSITION

Nataliia Bozhko'
Vasyl Pasichnyi?

DOIL: https://doi.org/10.30525/978-9934-588-15-0-53

Abstract. Correcting low consumption of ®-3 and ®-6 polyunsaturated
fatty acids and reducing the total consumption of fats in the human diet to
physiologically sound standards is an urgent task for nutritionists and food
manufacturers. The solution to this problem is through the development
and implementation of new combination meat products with a balanced
amino acid and fatty acid composition (FAC). The aim of research was
to study and analyze the biological performance of fats of meatcontaining
combined products from cooked group with balanced FAC. Cooked group
products have been used as a model to study the biological effectiveness of
fats meatcontaining products with meat of waterfowl and freshwater fish
to achieve this goal. It was boiled sausages with Muscovy duck meat, with
duck meat and Carassius gibelio, meat bread with Muscovy duck meat and
silver carp meat. The determination of nutritional value was carried out by
the calculation method. The fatty acids profile (FAP) was determined in the
test samples and the ratio of fatty acids (FA). The level of satisfaction of
the recommended daily requirement was calculated. The conducted studies
have confirmed that the lipids of the developed meatcontaining products of
the boiled group are characterized by a high content of unsaturated, includ-
ing essential, FA in their composition — linoleic, oleic, linoleic. The high
content of MUFA C18:1 ®-9 (oleic) was experimentally established in all
developed products — 43,07-45,48 g/100 g fat. It is experimentally proved
that the significant content of ®-3 PUFA, deficiency of which is characteris-
tic for nutrition of the population of Ukraine, in the developed meatcontain-
ing products of the cooked group (0,21-0,39 g/100 g of product) can satisfy
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the recommended daily requirement for essential FA by 28%. It is deter-
mined that the ratio between individual families FA ®-3/®-6 in the devel-
oped products is from 1:7 to 1:9,8 at the recommended physiological norms
of ideal fat food 1:5-1:10. Meatcontaining products of boiled groups made
using Muscovy duck and freshwater aquaculture with such content and
combination of PUFA can be recommended for nutrition of a healthy per-
son. The above results suggest that the use of the proposed recipe solutions
of meatcontaining combined products of the cooked group increase their
nutritional value. It has been found that lipids of meatcontaining cooked
products correspond to optimal values for most of the calculated biological
efficiency indicators. Taking into account the systematized data on a wide
range of clinical and pharmacological effects of -3 and -6 PUFA, it is
possible to consider meatcontaining combined products of cooked group
based on duck meat and freshwater aquaculture as a source of essential FA
in the human diet and use them for recovery of lipid balance in the diets of
the modern Ukraine population.

1. Introduction

With the increasing availability of information, there are more and more
consumers in the world today who are interested in their diet and prefer a
healthy lifestyle.

A balanced diet within the nutrition is one of the common food trends of
the last few years. Customers prefer environmentally friendly products with
a balanced low calorie composition, which requires efficient evaluation of
the quality of these products [1, p. 79]. According to statistics, 78% of con-
sumers are ready to pay 50-100% more for natural, healthy foods [2, p. 42].

Development of new modern products with increased nutritional and
biological value becomes an urgent problem for food producers. In the cur-
rent situation, an important factor in the adjustment of the diet is combined
products created on the basis of the plant and animal raw materials combi-
nation, taking into account the physiological needs of the human body.

One of the key solutions of this problem is the development and imple-
mentation of specialized foods with balanced FAC. Nowadays there is a
violation of the nutritional status of the population in Ukraine [3, p. 6].

Animal fats predominate in diets, that characterized by the dominant
content of saturated FA and deficiency of essential PUFA. Lipids are one of
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the important and necessary components of the modern human diet, which
provide the body with the energy needed for metabolism, act as a regulator
of metabolic processes, and are structural elements of the membranes of all
cells [4, p. 4].

For this reason the content of lipids in food, their composition and the
ratio of individual classes are given special attention.

The combination of raw materials with different origins in the formation
of multicomponent foods can help to increase the biological efficiency of
their lipids.

One of the problems of creating multicomponent products is the fat
imbalance by the main fatty acid indicators, the main of which are the ratio
of saturated (SFA), monounsaturated (MUFA) and polyunsaturated fatty
acids (PUFA), should be 1:1:1 and the PUFA ratio ©-6:0-3, which ideally
should be 9...10:1 [5, p. 15].

Therefore, the topical question today is the correct ratio of PUFA and the
quantitative provision of human body PUFA ®-6 and ®-3, the lack of which
leads to inhibition of growth in children, decreased immunity, impaired
water metabolism, slow healing of wounds and can lead to cirrhosis, kidney
damage, infertility [6, p. 9].

2. Literature review and problem statement

The most important chemical characteristic of lipids is the FA composi-
tion. Based on the obtained data [7, p. 15; 8, p. 67], the FA classification is
proposed, according to which four classes of FA are distinguished: essen-
tial (oleic, linoleic, arachidonic, linolenic, docosahexaenoic), nonessential
(stearic, palmitic, myristic), anti-alimentary (saturated and monounsatu-
rated (more than 20)) and toxic (acetylene with triple bonds) FA, oxyacids,
acyclic (with 5 or 3 membered cycles in the radical) FA.

According to the concept of an ideal fat diet, the fat component of the daily diet
should provide no more than 30% of the energy requirement, incl. in equal quan-
tities separate fractions of fatty acids, namely SFA:MUFA:PUFA = 1:1:1 [4, p. 6].

Such a composition of "ideal" fat is basic for the development of norms
of physiological needs of the population in basic nutrients and energy.
Depending on the number of C atoms from the end of the fatty acid chain
to the nearest double bond, it can be attributed to one of the groups: ®-3,
-6, ®-7, ®-9 etc.
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FA can perform various functions, including bioenergetics. In this case,
some fatty acids are part of intracellular phosphoglycerols, sphingomye-
lins, cerebrosides, and other biologically active lipids, which are the most
important structural elements of cells (membranes, liposomes).

Such FA that perform unique plastic functions include arachidonic acid
C20:4 (»-6), docosahexaenoic C22:6 (»-3) [9, p. 1; 10, p. 213].

The high proportion of ®-3 acids in the product contributes to the pre-
vention of a number of diseases, including cancer. In conditions of spe-
cific unsaturated FA deficiency, the tails of saturated FA such as stearic, for
example, are embedded in the structure of plastic lipids.

The authors [11, p. 678] proved that such replacement causes the
destruction of cells of the smooth muscle of the heart due to the decrease in
plasticity and permeability of membranes. Damage to the heart muscle is
prevented by the addition of unsaturated FA to the diet [12, p. 63].

Experiments on many mammalian species have shown that deficiency
or absence in the PUFA diet leads to profound disturbances in vital pro-
cesses, the main ones being growth retardation in young and inability to
reproduce in sexually mature organisms [13, p. 284].

Researchers have shown that essential PUFA are synthesized from sim-
pler linoleic and linolenic acids. Essential PUFA such as eicosapentaenoic
and docosahexaenoic FA, which are representatives of the ®-3 FA families,
are synthesized by lengthening the carbon chain and forming double bonds
in the linoleic acid molecule. Arachidonic acid and other FA belonging to
the ®-6 PUFA family are formed from linoleic acid through the extension of
the carbon chain and the formation of double bonds [14, p. 154].

Biological functions of food ®-3 FA in the body [15, p. 194]: provide
energy and carbon atoms; eicosapentaenoic and docosahexaenoic (DHE)
fatty acids are a precursor to ®-3 eicosanoids; the data increase indicates
the specific role of DHE in membrane function, especially in the retina and
neuronal tissues. Deficiency of ®-3 PUFA results in loss of DHE in brain
phospholipids and retina with compensatory replacement 22:5 ®-6. This
slight change in the phospholipid structure of the membrane is sufficient to
cause memory loss, mental impairment and visual acuity.

Linoleic acid is a structural component in ceramides of the water barrier in
the skin; arachidonic acid is a precursor to eicosanoids. ®-6 FA may also play
the role of a second messenger in the process of signaling through cell mem-
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branes. Linoleic FA deficiency may occur as a secondary condition in other
disorders such as lack of protein and impaired fat absorption, as a result of com-
plete parenteral nutrition with insufficient intake of linoleic acid [16, p. 345].

According to the results of studies of the Ukraine population diet, the
fact of excessive consumption of SFA at the expense of consumption of
dairy products and ®-6 FA at the expense of sunflower oil consumption
has been established [17, p. 5]. However, the ratio of ®-6 to -3 FA in the
human diet is an important indicator. It is scientifically proved that essential
FA must account for 4-6% of the energy value of the daily diet of an adult,
and the ratio ®-6/®-3 PUFA should be 10:1, and in cases where there is a
violation of lipid metabolism — 5:1 and even 3:1 [18, p. 9, 19, p. 53]. For
the elderly, the content of linoleic acid should be about 40%, and linolenic
acid — 4%, the ratio of PUFA to SFA —2:1 [6, p. 8; 20, p. 180].

The analysis of the results of the actual nutrition of the population of
Ukraine shows that these acids actually enter the human body in the ratio of
10:1 to 30:1 [21, p. 49].

That is, some of the useful for preventing age-related diseases of the FA
family -3 against other unsaturated FA should be as large as possible.

Hence, the correction of low intake of w-3 PUFA and the reduction of
total fat intake in the human diet to physiologically based norms is an urgent
task for nutritionists and food producers.

This can be addressed through the development and implementation of
new combined meat products with balanced FAC.

Therefore, the purpose of our work was to study and analyze the biologi-
cal efficiency of fats of meatcontaining combined foods with balanced FAC.

2. Materials and methods

To achieve this goal as a model for the study of the fat biological effectiveness
of meatcontaining poultry meat products, which, in addition to the actual use of
poultry meat and poultry meat mechanically deboned [22, p. 145] was combined
meat of waterfowl and freshwater fish for cooked products on the example of
sausages with Muscovy duck meat, sausage cooked with Muscovy duck meat
and silver crucian meat, meat bread with Muscovy duck meat and silver carp.

Meatcontaining sausages technology used Muscovy duck meat, soy iso-
late, pork skin emulsion, milk powder and a functional supplement Fibra
110 (Germany) were also introduced into the recipe.
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The recipe for the control sample of sausages included duck, pork fat,
first-grade beef, starch, salt and spices, sodium nitrite [23, p. 97-98]. For-
mulations of sausages are presented in table 1.

Table 1
Developed recipes of sausages with Muscovy duck meat
Ingredients Control sample Test sample
Duck meat 40 -
Muscovy duck meat - 40
Pork fat 10 10
Soy isolate - 10
First-grade beef 47 10
Milk powder - 3
Fibra 110 -
Pork skin emulsion - 25
Starch 3 -
Total 100 100
Salt 2,5 2,5
NaNO2 0,005 0,005
Sugar 0,1 0,1
Spices 0,35 0,35

In addition, a formulation of meatcontaining sausage cooked from the
waterfowl and Carassius gibelio meat was developed, which included the
ingredients in the following ratio: Muscovy duck meat 35%, minced fish
(Carassius gibelio) 45%, pork fat 10%, milk powder whey 5%, wheat flour
1%, chicken eggs 4% and spices. The boiled sausage "Otdelnaya”, which
included 60% beef, 23% pork, 15% pork fat was taken as an analogue
[24, p. 18].

Meat bread "Chainyi" was chosen as an analogues for the production
(DSTU 4436:2005) [25, p. 20].

Muscovy duck meat was used to make prototypes. Duck minced meat
was prepared according to a standard technological scheme. Duck meat is
deboned, skimmed and ground into a chopper with a diameter of 2-3 mm.

Also in the formulations of experimental samples was introduced white
silver carp. Formulation options are shown in table 2.
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Table 2
Recipes of meatcontaining breads
Ingredients Control sample Test sample

Second-grade beef 70 -

Pork 20 -
Muscovy duck meat - 30
Minced meat of white carp - 45

Dry demineralized whey - 5

Pork fat 8 10
Wheat flour 2 2
Aprored - 3
Fibra 110 - 2
Melange - 3

Solt 1,5 1,5
Sodium nitrite 0,0075 0,0075
Spices 0,35 0,35
Sugar 0,1 0,1

In finished products, the nutritional value was determined by the calcu-
lation method [26, p. 354], in the experimental samples the content of the
FA was determined and the ratio of the FA was calculated according to the
recommended daily requirement.

Determination of fatty acids sausages was carried out by gas-liquid chro-
matography using the automated gas chromatograph Kupol-55 [27, p. 3-10]
(Figure 1). To determine the FA a sample was prepared by lipid extraction.
A mixture of chloroform-methanol (1:2) and water in a ratio of 30:3 ml was
added to 6 g of sample and homogenized the mixture for 2 min. at room
temperature.

Homogenized sample was centrifuged, the residue was re-extracted
38 ml. mixtures of chloroform:methanol:water (1:2:0.8) in a homogenizer
for 2 min.

The extract was separated by centrifugation; the combined supernatants
are diluted in 20 ml of chloroform and 20 ml water. The water-methanol and
chloroform phases are separated by centrifugation. The lower layer of chlo-
roform is concentrated on a rotary evaporator at a temperature of 30-350C.
The residue is dissolved in 10 ml chloroform.
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For fattening, 10 g fat, 3.9 g KOH and 50 ml 96% ethyl alcohol were
combined. During 2-3 hours, the mixture was heated with a reflux condenser
in an inert gas atmosphere, occasionally shaking the flask. After this time,
the mixture was cooled, diluted with distilled water (1:1), neutralized with
10% H2S04 to pH=7, and acidified to pH=2. The mixture was extracted in
200 ml divalent funnel by sulfuric ether; the procedure was repeated three
times in the ratio 1:0.5. The combined ether extracts were washed twice
with distilled water, and then dried with anhydrous sodium sulfate.

- ? e
H

Figure 1. Chromatograph Kupol-55 (Russia)

The extract was concentrated on a rotary evaporator at a temperature
not above 400C. After heating in a water bath for 50 min., the extract was
diluted with water in a ratio of 1:1. Then hexane extracts were obtained.

The hexane was evaporated on a rotary evaporator to give chromato-
graphically pure methyl esters of fatty acids, which were dissolved in
hexane and chromatographed on a Kupol-55 (Russia) chromatograph on
a column of SP 2560 (USA) in length 100 m. The absolute error of measure-
ments was determined by Student criterion, the reliable interval P=0,95,
the number of repeats in calculations — 3-4, the number of parallel tests of
studied samples — 3.
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3. Results and discussion

According to the calculations of the nutritional value of meatcontaining
sausages with Muscovy duck meat fat content in the recipe-analogue was
23.76 g/100 g of the product, while in the developed sample of the recipe,
this index decreased by an average of 10,65-15, 45%.

The results of the chromatographic study of the content of FA meatcon-
taining sausages with Muscovy duck meat are presented in Figure 2 and
Table 3.

FA of meatcontaining sausages with Muscovy duck meat is represented
mainly by palmitic (24.15%), stearic (10.92%) and myristic (1.47%) acids,
among unsaturated ones — oleic (39.78%) , linoleic (14.40%), a-linolenic
(1.65%) acids.

Table 3
The results of the study of the biological effectiveness
of fat meat-containing sausages with Muscovy duck meat

Type of fatty acid | Concentration, g/100 g fat
Saturated fatty acids (SFA)
Myristic acid (C14:0) 1,47
Palmitic (C16:0) 24,15
Margaric acid (C17:0) 0,48
Stearic acid (C18:0) 10,92
Arachic acid (C20:0) 0,61
Total SFA 37,63
Monounsaturated fatty acids (MUFA)
Palmitoleic acid (C16:1) 3,05
Oleic acid (C18:1) trans ®-9 0,24
Oleinic acid (C18:1) cys ©-9 39,78
Total MUFA 43,07
Polyunsaturated fatty acids (PUFA)
Linoleic acid (C18:2) trans ©-6 0,12
Linoleic acid (C18:2) cys w-6 14,40
a— Linolenic acid (C18:3) ®-3 1,65
Eicosotrienoic acid (C20:3) o-3 0,40
Total PUFA 16,57
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Figure 2. Fatty acids chromatogram
of meatcontaining sausages with Muscovy duck meat

FA analysis of meatcontaining sausages confirms that this product con-
tains a concentration of oleic acid cys-isomer at the level of 39.78 g/100 g
of fat.

The total amount of PUFA was 16.57 g/100 g fat, including a high con-
tent of linoleic acid cys and trans configurations (14.52 g/100 g), which
belongs to the family w-6.

The FA is balanced in a food product in which the ratio between indi-
vidual types of FA is: PUFA:MUFA:SFA — 1:6:3. According to nutritionists,
the recommended ratio of FA content of the family -6 (linoleic, y-linolenic
and arachidonic acids) to the family ®-3 (alinolenic, eicosapentaenic and
docosahexaenic acids) in the diet of healthy person should be: (8-10):1, and
in medical nutrition — from 3:1 to 5:1 [19, p. 53].
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The results of nutritional value studies of cooked sausage with duck
meat and silver carp showed that the fat content in the control sample was
27.79 g/100 g of the product, which is 17.6% higher than in the experimen-
tal sample.

The amount of energy per 100 g of sausage was 257 kcal, which is
related to the ratio of fish and meat raw materials. The energy value of the
control sample was 318.14 kcal per 100 g of product, which is 24% higher
than in the experimental boiled sausage.

The results of the chromatographic study of the FA content of meatcon-
taining cooked sausage with Muscovy duck meat and Carassius gibelio are
presented in Figure 3 and Table 4.

Table 4
Results of the FA study of meatcontaining cooked sausage
with duck meat and Carassius gibelio

Type of fatty acid | Concentration, g/100 g fat
Saturated fatty acids (SFA)
Myristic acid (C14:0) 1,73
Palmitic (C16:0) 26,79
Margaric acid (C17:0) 4,43
Stearic acid (C18:0) 7,87
Arachic acid (C20:0) 0,61
Total SFA 41,43
Monounsaturated fatty acids (MUFA)
Palmitoleic acid (C16:1) 0,49
Oleic acid (C18:1) trans -9 0,47
Oleinic acid (C18:1) cys ®-9 45,05
Total MUFA 46,01
Polyunsaturated fatty acids (PUFA)
Linoleic acid (C18:2) trans ®-6 0,39
Linoleic acid (C18:2) cys w-6 11,14
o— Linolenic acid (C18:3) ®-3 1,14
Total PUFA 12,67

Analyzing the FA composition of meatcontaining cooked sausage with
Muscovy duck meat, it confirms that this product contains a concentration
of cys-isomer of oleic acid in sausage at the level of 45.05 g/100 g of fat.
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The total amount of PUFA was 12.67 g/100 g fat, including a high con-
tent of linoleic acid (11.14 g/100 g), which belongs to the family ®-6.

The level of SFA is 41.43% in the fat of the product or g/100 g,
among which the dominant is palmitic (26.79 g/100 g fat) and stearic
(7.87 g/100 g fat).

In the metabolism of humans involved, first of all, such PUFA: palmi-
tooleic, oleic, linoleic, linolenic. All of these fatty acids were found in meat-
containing cooked sausage with Muscovy duck meat and Carassius gibelio.

A sufficient content of essential linoleic FA has been noted in boiled sau-
sage (11.14 g/100 g), which is a precursor of families of long-chain PUFA
performing regulatory and plastic functions [28, p. 523; 29, p. 8].

The results of nutritional value studies of meatcontaining bread showed
that the fat content of the developed sample decreased compared to the con-
trol. In general, the reduction in mass fraction of fat was 24%.
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In contrast to the control sample, the test sample contained carbohydrates:
lactose, in the amount of 5.14% due to the use of dry demineralized whey;
dietary fiber — 2.07% due to flour and soluble fiber Fibra 110 (Germany).

The energy value of the prototype decreased and amounted to almost
264 kcal in 100 g, which is 11.4% less than the recipe-analogue.

Protein in experimental sample increased from 7.8% to 17.47 g/100 g.

The results of the chromatographic study of the content of FA of meat-
containing bread with Muscovy duck meat and silver carp are presented in
Figure 4 and Table 5.

Table 5
Results of a FA study of meatcontaining bread
with Muscovy duck meat and silver carp
Type of fatty acid | Concentration, g/100 g fat
Saturated fatty acids (SFA)
Myristic acid (C14:0) 1,73
Palmitic (C16:0) 24,94
Margaric acid (C17:0) 4,53
Stearic acid (C18:0) 9,58
Arachic acid (C20:0) 1,68
Total SFA 42,46
Monounsaturated fatty acids (MUFA)
Palmitoleic acid (C16:1) 0,77
Oleic acid (C18:1) trans ®-9 0,71
Oleinic acid (C18:1) cys ®-9 45,48
Total MUFA 46,96
Polyunsaturated fatty acids (PUFA)

Linoleic acid (C18:2) trans ©-6 0,17
Linoleic acid (C18:2) cys -6 8,61
a— Linolenic acid (C18:3) ®-3 1,07
Total PUFA 9,85

According to the table, the total level of SFA is lower than the total level
of unsaturated FA. The total amount of SFA was 42.46 g/100 g fat, whereas
unsaturated was 56.81%.

Monoene FA were found in the amount of 46.96% and polyene in the
number of 9.85%.
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Figure 4. Chromatogram of fatty acid analysis
of meatcontaining bread with Muscovy duck meat and silver carp

It should be noted that the trans isomers of the FA are discovered in minimal
quantities and only for two FA: oleic —0.71 g/100 fat and linoleic — 0.17%.

The presence of trans isomers of unsaturated FA in food has long been
associated with a negative impact on the body. It is proved that trans — FA
increase the probability of cardiovascular diseases [30, p. 7].

Among the omega-6 acids, linoleic acid prevailed in the sample, the
average content of which in the cys form was 8.61%; also found a-linolenic
acid in the amount of 1.07 g/100 g of fat.

The biological efficiency of food lipids is characterized by the balance
and level of FA compliance with the body's physiological needs in accor-
dance with current nutritionists' recommendations.

A number of scientific organizations and governments in some countries
have recognized the need to increase the consumption of FA family ®-3 in
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the diet. Summarizing the scientific data and recommendations of experts
from different countries of the world, we can conclude that common to all
the recommendations is the emphasis on the need for daily consumption
of ®-3 FA in the amount of 1.0-2.0 g per day. For the greatest biological
effect, the proposed ratio of ®-3/w-6 should be from 1:4 to 1:10 [31, p. 23;
32, p. 35; 33, p. 300; 34, p. 384; 35, p. 16; 36, p. 2294].

Indexes of biological efficiency of cooked sausages lipids in the com-
pared with the standard are shown in table 6.

Table 6
Indexes of biological efficiency
of meatcontaining cooked sausages lipids

Samples
= £ £y | F
ac =] £ 3 3|
; ; ; = S = s T
Indexes of biological efficiency E £ %‘J £5 £%3
< S S S
g 53 T = =
8 o 3 ‘s 51
@ = == =
-3 fatty acid content, g/100 g [37] 0.50 026 021
of product
The level of satisfaction of the 151
recommended daily ©-3 PUFA P 32,47 17,48 14,27
. o (100 %)
requirement,%
Linoleic fatty acid content, 113-163 1 342 2.56 172

g/100 g of product

The satisfaction level of the 1381

recommended daily requirement o 30,27 22,67 15,25
. o (100 %)

for linoleic acid,%

a-linolenic fatty acid content,

/100 g of product I,1-1,6r 0,39 0,26 0,21

The satisfaction level of the 141

recommended daily requirement > o 28,00 18,73 15,29
. RN (100 %)

for a-linolenic acid,%

-6 fatty acid content, g/100 g 5.6 3.42 2,56 172

of product

The ratio of fatty acids -3/ -6 1:5-1:10 1:7 1:9,8 1:8
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It has been experimentally found that lipids of meatcontaining cooked
products are characterized by high values of biological efficiency. It is
experimentally determined that the high content of ®-3 PUFA in the devel-
oped cooked products ranges from 0.21 to 0.50 g per 100 g, which allows
to provide from 14.27 to 32.47% of the recommended daily requirement.

This allows considering meatcontaining cooked products with duck
meat and fish raw materials as a source of ®-3 PUFA for inclusion in the
daily diet of an adult.

Considering the available scientific data on a wide range of clinical and
pharmacological effects of w-3 PUFA (hypotriglyceridemic, antiathero-
genic, antiarrhythmic, anti-inflammatory and hypotensive), meatcontaining
cooked products with Muscovy duck meat and freshwater aquaculture can
be recommended for use in production food for healthy nutrition.

It is shown that the ratio of the concentration of linoleic to linolenic FA
is much less than the recommended one, which is the reason for the pre-
dominance of linolenic acid, the deficiency of which is characteristic of the
diet of the inhabitants of Ukraine [3, p. 7].

The satisfaction level of the recommended daily requirement for linoleic
acid at the expense of meatcontaining products of the cooked group is from
15,25-30,27%, and for linolenic — 15,29-28%.

That is, consuming 100 grams of meatcontaining cooked sausages with
duck meat can satisfy a person's need for -3 fatty acids by 28% and for
-6 by 30.27%.

FA ratio ®-3/w-6 ranks within 1:7 — 1:9,8, which corresponds to the rec-
ommended physiological standards of nutrition for a healthy person.

4. Conclusions

1. Studies have confirmed that FAC of cooked meat products are char-
acterized by a high content of unsaturated, including essential, FA in their
composition — linoleic, oleic, linolenic

2. The high content of monounsaturated C18:1 ©-9 (oleic) FA was exper-
imentally established in all products developed — 43.07-45.48 /100 g fat.
It is proved that the significant content of ®-3 PUFA, deficiency of which is
characteristic for the nutrition of the Ukraine’s population, in the developed
meatcontaining products of the cooked group (0.21-0.39 g/100 g of product)
can satisfy the recommended daily requirement for essential FA for 28%.
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3. The determination of the content of FA trans-isomeric form showed
that their concentration is negligible and is at the level of 0.12-0.71 g/100 g
of fat at the maximum allowable concentration of trans-isomers in the com-
bined fats is not more than 8%.

4. It is experimentally determined that the ratio between individual
families FA ®-3/w-6 in the developed products is from 1:7 to 1:9,8 at the
recommended physiological norms of the ideal fat composition in the diet
1:5-1:10. That is cooked meatcontaining products made with the combi-
nation of Muscovy meat and freshwater aquaculture meat can be recom-
mended for healthy nutrition.

5. The above results suggest that the use of the proposed recipe solutions
of meat-containing combined products cooked group increases their nutri-
tional value in terms of biological efficiency.

6. It has been found that lipids of meatcontaining cooked products meet the
optimum values for the most of the calculated biological efficacy indicators. Tak-
ing into account the systematized data on a wide range of clinical and pharma-
cological effects of ®-3 and ®-6 PUFA, it is possible to consider meatcontaining
combined products of cooked group based on duck meat and freshwater aquacul-
ture as a source of essential FA in the human diet and use them for recovery of
healthy lipid balance disorders in the diets of the modern Ukraine’s population.
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Abstract. One of the most important areas of activity of manufac-
turing engineering production is its tool preparation (TP), the purpose of
which is to provide all (without exception) processes that accompany the
production and sale of products with the necessary tools and equipment.
Therefore, improving the regulatory framework for the management and
quality assessment of TP is in the context of the functioning of information
technology is an urgent scientific and applied task, the solution of which
will improve the efficiency of production, including increasing reliability,
reducing costs and reducing the time to prepare the engineering enterprise
in the field of tooling. In today's market relations, an efficient enterprise
and competitive advantages can only be provided by an efficient system of
managing its production activity based on the widespread use of modern
information technologies, which is an important source of improving the
effectiveness of the decisions made, productivity and competitiveness of
production. The aim is to increase the efficiency of the system of TP of
engineering enterprises by improving its regulatory support on the basis of
forecasting its technical and economic indicators (TEI) in the conditions
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of use of modern information technologies. One of the main tasks of the
research is to develop mechanisms and toolkits to create a model of TP
quality management in the context of information technologies, based on
the application of forecasting and optimization methods. The object of the
research is the quality management system of the tool preparation. The
subject of the research is to ensure regulatory of TP quality management
in the conditions of introduction of information technologies. Theoretical
studies are based on the use of TQM principles in managing the quality of
the TP information system (ISTP). Fundamental provisions of the basics
of the theory of quality management, the theory of decision making, quali-
metry and others were used to solve scientific problems. For the first time,
the model of information system of TP quality management at engineering
enterprise is proposed on the basis of the analysis of the toolkits adopted
in CALS technologies at each stage of the life cycle of the corresponding
products, which allows to identify information flows using modern infor-
mation technologies. The features of TP of machine-building enterprises,
which became a prerequisite for the development of common methods in
making decisions about the quality of its processes, are defined in the paper.
The paper presents a unified model of decision making in the field of quality
of processes of ISTP with a dimensionless scale of evaluation, which allows
to evaluate processes under one of two conditions, depending on the TEI
of processes and the cost of quality of ISTP processes. Taking into account
the requirements of ISTP, the TEI system was proposed on three grounds of
optimality and the classification of costs for the quality of ISTP processes
was developed, which significantly improves the efficiency of its function-
ing. The algorithm of introduction of ISTP in an engineering enterprise is
scientifically substantiated and developed. It is shown that the proposed
regulatory and methodological support allows for each engineering enter-
prise to develop a quality management system of ISTP taking into account
the specificity of the enterprise, the totality of technological processes, the
nature of technological equipment, and other production features.

1. Beryn
B yMoBax pHHKOBHX BIIHOCHH Cy4aCHOMY MAallTHHOOYTiBHOMY i PH-
€MCTBY edeKTHBHE (DYHKIIIOHYBaHHS i KOHKYPEHTHI TlepeBaru Moxe 3a0e3-
MIEYUTH TUTbKH e(DeKTHBHA CHCTEMa YIPaBIiHHSA HOro BUPOOHUYOIO JTisTb-

117



118

Viliam Zaloga, Yuliia Denysenko

HicTi0. ChOTOAIHI MIAIIPUEMCTBO CaMe TIOBUHHE BU3HAYATH ¥ IPOTHO3YBATH,
BMITH IIBHJIKO, a TOJIOBHE MPABWILHO pearyBaTy Ha Oynb-siKi 3MiHH B 30B-
HINTHBOMY ¥ BHYTPINIHBOMY CEPEIOBHIILI, 1 BiJIOBITHO IO HUX KOPETYyBaTh
CBOIO IISUTHHICTH. YCKJIaTHEHHS BUPOOHHIITBA, CYIPOBOIKYBaHE POCTOM
CKJIAJTHOCTI PO3B'SI3yBaHUX 3aBJaHb 1 MiJBUINCHHSIM BTpAT BiJl HETOYHOTO
1 HECBOEYACHOTO NMIPUHAHATTS PIllIEHb, BUCYBA€ HEOOXIIHICTh YIIOCKOHAITIO-
BaHHS METOIB OIIEPATHBHOTO YIPABIiHHS BUPOOHHUIITBOM.

Y KOMIIIEKCI TPOLECiB BUPOOHUNTBA HA CYYaCHHX MAIIUHOOYIIBHIX
MIANPUEMCTBAX BAXJIMBY POJIb BiJirpa€ 1HCTpyMEHTaJbHA MiATOTOBKA
BUPOOHMIITBA, TOMY IO BiJ SKOCTI W MPOTrPecHBHOCTI iHCTpyMeHTa M
OCHAIIIEHHA, CBOEYACHOTO 3a0e3MeueHHs HUMH poO0YMX MICIb 3aJIeKUTh
1 epeKTUBHICTh JiSUTBHOCTI MiANIpUEMCTBA B IiyioMy. Lle mos'a3ane 3 THM,
110 BUTPATH HAa HAYKOBO-TEXHIYHE OCHAIIEHHS B MacOBOMY BUPOOHMIITBI
nocsiratoth 25-30% 11iHM ycTaTKyBaHHS, Y BelnukocepiiHomy — 10-15%, y
npibHOCepiitHOMY ¥ oqMHHYHOMY — ¥y Mexax 5%. UacTka BUTpaT Ha OCHa-
IIeHHS B cO0iBapTOCTI Jocsrae BianoigHo 4, 6, 8 1 15%. Po3wmip kamita-
JIOBKJIAJICHh B IHCTPYMEHT 1 OCHAIICHHSI KONMHMBa€eThes Bix 15 mo 40% Bin
CYMHU KOIIITiB TiAMPHUEMCTBA.

Kpim Toro, TpymoMicTKiCTh MPOEKTYBaHHS i BUTOTOBIICHHS KOMIUIEKTY
HEOOX1JJHOTO THCTPYMEHTY Ta TexHoJorigHoro ocHaimeHHs (TO) B 3araib-
HUX BUTpaTax Ha TEXHOJIOTIYHY ITiITOTOBKY BUPOOHHUIITBA HOBHX BHPOOIB
MaImMHOOYIIBHOT rayry3i cTaHOBUTH 110 80% [1].

Crnenundika IT1B 006yMOBITIOETBCS THM, IO HA CyYaCHUX ITiIIPUEMCTBAX
3aCTOCOBY€ETHCSI OCHAIICHHS JCCATKIB I COTCHb THUCSY HAHMEHYBaHb, IO Y
CBOIO Yepry B COTHI pa3 NepeBUIyE HOMEHKIATypy BUpOOiB, 10 BUITyC-
KaroThCs. B 1HCTPYMEHTAILHOMY TOCTIOAAPCTBI 3aiisHO Oe3Jiu BiAILIIB
1 LexiB, sIKi 3aiiMalOThCSl MPOEKTYBAaHHIM, BUPOOHHUIITBOM, 3aKyMiBIEIO,
PEMOHTOM 1 BiTHOBJICHHSIM OCHAIIEHHS, AOCTAaBKOIO ii Ha poboue Micle
tomo. Lle cnipuunHse cKkiIamHOCTI K y 3a0e3MedeHHi OCHAIEHHSIM OCHOB-
HOTO BHPOOHMIITBA, TaK i B MOHITOpHHTY mponeciB cuctemu II1B, oco6-
JIUBO B yMOBaX OINEPATUBHOTO YIPABIiHHSI OCHOBHUM BUPOOHHUIITBOM.

Hageneni naHi 1at0Th ysBICHHS PO BAKIMBICTD YIPABIIHHS MPOIIECAMH
ITIB st mocsirHeHHS e(heKTUBHOT poOOTH MATHHOOYIIBHOTO MiIIPHEMCTBA.

TakyuM 4YHMHOM, KEpIBHHITBO CYYaCHHX ITNPHEMCTB, TepeOyBaroud B
TIONIYKY HOBHX ITIIXOMIB Y YIIPaBJIiHHI ¥ ITiIBHITICHH] SIKOCTI IIPUHHATHX PIllICHb,
HaTparuisie Ha TPAaHUYHI MOXJIMBOCTI 3aCTOCOBYBAHHMX METOJIB 1 &JITOPUTMIB.
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[HCTpyMEHTaIbHE BUPOOHHIITBO B HAIIl Yac € OAHHMM i3 OCHOBHHX CIIOXHBAYiB
puaxy CAD/CAM-cucrem i mociyr (0 30%) [2, c. 23]. Lle monosxeHHs BUMarae
T IBUIIIEHOTO yBAardl i CTBOPIOE TIEPEIYMOBH TSI BUKOPUCTAHHS OTHOTO 3 TIep-
CITIEKTUBHUX IIDISIXIB — 3aCTOCYBaHHS 1H(QOPMAIIIHIX TEXHOJIOTIH.

CyyacHi iH(pOpMAITiifHI TEXHOJIOTIT € BKJIMBUM JHKEPEIOM ITiIBHUILCHHS
e()eKTHBHOCTI IPUAHATHX PillIeHb, IPOXYKTHBHOCTI i KOHKYPEHTOCTIPOMOXK-
HoCTi. [XHe 3acTocyBanHs MOB'A3aHE 3 OJIEPKAHHAM i 06POOKOIO iH(OpMAii
PO BHYTPILIHI MarepialibHi MOTOKH, XapaKTEPUCTHKNA BUPOOHUINX IPOIIe-
CiB, KOHTPOJi XOIy BHPOOHUIITBA, BUITYCKY FOTOBOI MPOMYKIIil, BAHTAXXHUX
BiZIIPaBIICHHSX, TAPAMETPAX 3aMOBJICHb 1 IHIIIMX XapaKTePUCTHKAX.

ToMy BIOCKOHAJEHHS HOPMATUBHOTO 3a0C3MEUCHHS YIIPABIiHHA I
ouinku sikocti ITIB B ymoBax (yHKIIIOHYBaHHS 1H(QOPMAIIHHIX TEXHOIOT1H
€ aKTyaJIbHUM HayKOBO-TIPUKJIAIHUM 3aBJAHHSIM, BUPIIICHHS SIKOTO 3a0e3Ie-
YUTh TiJBUIIEHHA €(EKTUBHOCTI BHPOOHUIITBA, BKIIIOYAIOYM ITiBUILCHHS
HaJ[ITHOCTI, 3HI>KCHHS BUTPAT 1 CKOPOUYEHHS Yacy Ha IiJIrOTOBKY MAIIMHOOY-
JIBHOTO MiIIPHEMCTBA 3 MNTaHb IHCTPYMEHTAIBHOTO 320€3MCYECHHS.

Merta i 3agaui gociigkeHHs. MeToro aucepraiiiHoi poOOTH € TiIBH-
IIeHHS €(DEeKTUBHOCTI CHCTEMH 1HCTPYMEHTAIILHOT i ITOTOBKH BUPOOHHIITB
MaImMHOOYIBHUX ITiIIPUEMCTB IIJISIXOM YIOCKOHAJICHHS il HOpMAaTHBHOTO
3a0e3IeueHHs Ha OCHOBI TPOTHO3YBaHHS ii TEXHIKO-€KOHOMIYHHX TTOKa3HH-
kiB (TEII) B yMOBax BUKOPUCTaHHS CYYaCHUX 1HOPMALIHHUX TEXHOJIOTIH.

J1st JOCSATHEHHS IMOCTaBIEHOI MeTH Oyllo cpopMyITEOBAHO i BHPIIICHO
HACTYITHI 3a1a4i JOCTiIZKeHHS:

— MpPOaHANI3yBaTH CYYaCHHH CTaH HOPMATHBHOTO 3a0e3MEeUEeHHS Mpo-
LeciB ynpaBiIiHHA i ouiHioBaHHS sikocTi I[I1B Ta BIpoBajyKeHHS CydacHUX
iH(pOpMaLiHHUX TEXHOJNOTiIH NpH IHCTPYMEHTO3a0e3MeueHHl MamnHOoOY-
JUBHUX TIANPUEMCTB;

— IpOaHaJli3yBaTH Cy4acHi METOJU NMPOTHO3YBaHHS i PO3POOUTH peKo-
MeHJamii oo X parioHaJIsHOrO BUOOPY IS YIPABIiHHA AKICTIO IpOLie-
ciB xurTeBoro uxiy 111B;

— pO3pOOUTH MeXaHi3MHU i iHCTpyMeHTapii CTBOPEHHSI MOJEN yIpaB-
ninag sxictio ITIB B ymoBax iH(popMariiiiHuX TEXHOIOTIH, 0 06a3yIOTHCS
Ha 3aCTOCYBaHHI METOJIB TPOTHO3YBAHHS ¥ ONTHMI3aIlil;

— PO3pOOUTH MPHUHIIUAIY NOOYI0OBH HOPMATUBHOTO 3a0e3IeueHHs SKO-
cti mporieci II1B Ha 0CHOBI 3ampPOMOHOBAaHOI TPOTHO3HO-ONTHMI3aIIHHOT
MOJIEJTi YIIPaBIiHHS SIKICTIO;
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— MPOBECTH arpoOaIliro 3apornoOHOBAHUX PEKOMEH/IAIII 1 po3poOIeHnX
METOIVK Y BUPOOHHYNX YMOBaX.

O0’€eKT AoCTiNKeHHsI: CUCTeMa YIPaBIiHHS SKICTIO TIPOIIECIiB 1HCTPY-
MEHTAJIbHOT MiJITOTOBKH BUPOOHHIITBA.

[peamer pocaimKenHsi: HOpPMATUBHE 3a0€3MEUYCHHS YIIPaBIiHHS
sikicTro IT1B B yMoBax BHpoBaJKeHHS THPOPMAIIHHUX TEXHOIOT1H.

Metoan pocaimkenns: TeopeTudHi TociKeHH 0a3yIOThCS Ha BHKO-
pucranHi npuHiunis TQM npu ynpaBiiHHI SKICTIO iHQOpMaLiitHOI cuc-
temu II1B (IC ITIB). lns BUpilleHHs HAyKOBUX 3aBAaHb OylIM BUKOPHCTaH1
(hyHIaMeHTalbHI IMOJIOXKEHHS OCHOB TeOpii YNpaBIiHHA SAKICTIO, Teopil
yXBaJIeHH] pillleHb, KBAIIMETPil, TEXHONOTii MalIMHOOYyBaHHS i iHCTpY-
MEHTaJIbHOTO BUpOOHMITBA. [l aHaizy, 300py Ta 00poOku iH(popmanii
BUKOPHUCTOBYBAJIUCS METOAU CTATUCTHYHOTO aHANI3Y 1 €KCTIEPTHHUX OLIHOK.

JoCTOBIpHICTh HAYKOBUX MOJIOKEHb, BHCHOBKIB 1 peKOMEHIAIH M-
TBEPIKCHA CKCIICPUMEHTAIBHUMH JTOCITI/PKEHHIMH, SIKI peajti3yBajucs 3a
JIOTIOMOTO) iICHYIOUHX METOJiB OOPOOKH CTaTUCTHUYHUX JaHWX, KBaJiMe-
Tpii Ta Cy4acHOTO MPOrPaMHOTO 3a0e3MeYeHHSI.

HaykoBa HOBH3HA oep:KaHUX Pe3yJbTAaTiB IOJISTAE B yIOCKOHATICHH]
HAyKOBHX MIAXOMIB 0 YIPAaBIiHHS SKICTIO IHCTPYMEHTAIBHOI ITiITOTOBKU
BHPOOHMIITBA MTPOMHCIIOBHX MIANMPUEMCTB B YMOBax Cy4acHHX iH(popma-
MIHHUX TexXHONOTii. [le 6a3yeThcsl HA HACTYIMHUX HAYKOBHUX PO3POOKax.

Bnepue:

— Ha OCHOBI y3arajbHEHHS BITUM3HSHOTO Ta 3apyOKHOTO JOCBILY 3
YIIPaBIIHHSA SAKICTIO MPOAYKIIi i MPOIECiB MAITHHOOYAIBHUX ITiJIIPHEMCTB
Ta JIOTIKO-CTPYKTYPHOTO aHajlizy OTpHUMaHoi iH(dopMalii 3amponoHoBaHa
cuctema TEII ITIB, sika 1o3Boisie opranizyBaty e()eKTUBHY CHCTEMY 300Dy,
OTpaltoBaHHA i1 €(h)eKTUBHOTO BUKOPUCTaHHS TEXHIKO-eKOHOMI4HO1 iH(pOop-
Malii y KOHKPETHUX BUPOOHHYUX yMOBAX;

— 3aIIPONIOHOBAHO MOJIENh 1H(OPMAIIiIHOT CHCTEMH yIPABIiHHS SIKICTIO
IHCTPYMEHTAIBHOI MiJTOTOBKM BUPOOHUIITBA MAIIMHOOYAIBHOTO MiINpH-
€MCTBa Ha OCHOBI aHamizy npuiHATHX y CALS-TexHOMOTisAX 1HCTPYMEH-
TapiiB Ha KOXXHOMY €Talli XUTTEBOTO IHKIY BIAMOBIIHOI MPOAYKIIii, sKa
JI03BOJISIE 11eHTH(IKyBaTH iHPOpPMaLiiHi TOTOKK 3 BUKOPHCTAHHAM 1H(OP-
MaIllMHUX TEXHOJIOTIH;

— 3alpoIOHOBAHO y3arallbHeHWH IMOKa3HUK 1H(GOPMAIiHOI cucTeMH
IT1B, sikuii 1O3BOJISIE OIIHUTH PE3YIIBTATUBHICTH Ta €)EKTUBHICTD (PYHKITIO-
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HYBaHHS JaHOT CHCTEMH Y BiAMOBIAHOCTI 3 BUKOHAHHSIM BHUMOT Mi)KHapOJI-
HUX CTaHIapTiB Ha cuctemu ynpasiinasa (ISO 9001, OHSAS 18001 i T.xa.);

Onep>xaiy MOAAIBIIHNA PO3BUTOK:

— miaxig go knacudikamii Burpar Ha skicte [C IT1B mammHOOymiBHOTO
MiATPUEMCTBA, IO TO3BOJIJIO 3 YpaXyBaHHAM 3alpONOHOBAHOI THUIIOBOI
mozeii yrpapiinas skictio IC ITIB B ymoBax ¢yHKIIIOHYBaHHS iH(pOpMa-
MIHHUX TEXHOJIOTIH BHUIUIATH CTATTI BUTPAT Ha sKicTh mporeciB I[1B ta
PO3pOOHTH yHIBepcalbHy KIACHU(IKAIII0 BUTPAT HA SIKICTh, ITiJIPHEMCTB
MaIIMHOOYIIBHOT rainys3i;

— miaxig qo noOymosu mikan ouintoBaHHs TEIL, mo go3Bomsie nuisixom
3aCTOCYBaHHS HEUITKMX MHOKUH MaTyd MOXKIJIMBICT Y3TOIKYBAaTH HEOTHO-
pimui TEII IC IIIB B ymMoBax BUKOPUCTaHHs €IUHOTO iH(opmauiitHOro
IPOCTOPY;

— MOJieNb BUOOPY palioHaJbHUX PIllleHb 3 YIPABIIHHS SKICTIO 1HCTPY-
MEHTAJIFHOI MATOTOBKM BUPOOHUIITBA MAITUHOOYAIBHOTO MiJIPHEMCTBA,
sKa JIO3BOJISIE HA OCHOBI BUKOPHCTaHHS Teopii onTuMizaii Ha rpadi mpo-
THO3YBaTH BUTPATH Ha IHCTPYMEHTAIbHE 320€3IIe4eHHsI OCHOBHOTO BUPOO-
HUITBA 3 YpaxyBaHH;IM BUKOHAHHS 0OMEXEHB 3a PIBHEM SIKOCTI TEXHOJIO-
TIYHOTO OCHAIEHHS Ta IHCTPYMEHTY TI0 PO3TalllOBYBaHUM MaTepiabHUM i
TUMYACOBUM pECypcaM B YMOBaxX BIIPOBaDKCHHS 1H(POPMAIIHHUX TEXHO-
JIOTi# (TpHpiBHEBA CUCTEMA IPUHHATTS PalliOHATLHUX PIlICHB).

[pakTHyHe 3HAYEHHSI OJEPKAHHX Pe3yJbTATiB. 3alpOIOHOBAHUMN
koedimieHT craixoro po3BuTKy npouecis IC II1B, skuit 6a3yeTbest Ha BUKO-
PHUCTaHHI CTATUCTHYHUX TAHHX, TO3BOJISIE BpaXyBaTu (haKTOpH, IO BILIHBA-
10Th Ha epektuBHe QyHKIionyBanHs [C IT1B.

Po3pobieni: «TunoBa MeToauKka NPUHHATTS pillieHb 3 YIPaBIiHHSA IPO-
necamu sikictio [C IT1B 6araroHOMeHKIaTypHUX MAallIMHOOYIIBHUX TiANIPH-
eMcTB», COY «EkcIuTyaralisi TeXHOJIOTIYHOTO OCHAILEHHS B YMOBaX (pyHK-
HioHyBaHHs iH(opManiitHux cuctem», a Takox COY «lHcTpyMeHTanbHA
MiATOTOBKA BUPOOHHITBA B iH(OpMaLifHIi cuCTeMi YIpPaBIiHHS», SKi €
YVHIBepCaJIbHUMH HOPMATUBHUMH JJOKyMEHTaMH Ta 0a3yI0ThCsl HA BUKOPHC-
TaHHI npuHIMIiB TQM 3 BpaxyBaHHSM OCHOBHUX 3acaj (DyHKI[IOHYBaHHS
CALS-TexHOIOoTiH.

Pesymeraru gociimKeHb BUKOPHCTAHO [T BIIOCKOHAJICHHS IIPOLIECY YIIpaB-
nians sikicTio nporeciB IC IT1B Ha ITAT «Cymcbke MammiHOOY/IIBHE HAYKO-
BO-BHpOoOHUYE 00’ emHanHs, BAT HBIT «HacocTeXkoMInIekT» Ta MOKa3HHUKIB
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HapyaspHOTO Tporiecy Cym/1Y mpu po3pobiii HapyasHUX guciuIutin: «Crc-
TEMH YTIPABITIHHS SKICTIO» Ta « YIPaBIiHHS iHQOPMAIIHHIME 3B’ I3KAMID) JIJIST
CTYNIEHTIB CHEIIaJIBHOCTI «SIKiCTh, CTAHAAPTH3AIIIS Ta cepTH IKAIIIN.

2. CyuacHuii cTaH npod;emMu ynpasiiiHH1 sikicTio npouecis IIIB

Orsi cyd9acHHX MiAXOIIB IO CTBOPEHHS Ta BUKOpUCTaHHs cucteM I[1B
ta [C ITIB B YkpaiHi 1oCHTh JeTalbHO BUKIaAeHO B podoTax O.B. [BueHko
[3, c. 15-38; 4, c. 239], I.B. Kocrroka [5, c. 10], O.A. JAunnuk [6, c. 65] Ta
inmux. Ix BUBYeHHAM 3aiiMaroThes sz BueHHX, Hanpuknan,: A.l Jlepin
[7, c. 612]. InpopmaniiiHoMy 3a0e3MEUSHHIO HA MPOMHUCIOBHUX MiIPUEM-
cTBax mpucesueHi podoru B.O. Baiicmana [§, c. 10], B.A. Oxkyneccpkoro
[9, c. 7], H.O. YopHoi [10, c. 97] Ta inmmux. Ha ocHOBi aHamizy npamp BKa-
3aHUX Ta IHIIMX BYCHHUX, a TAKO)XK HOPMATHBHOTO 3a0e3neueHHs iHpopma-
[IHUX CHCTEM YIIPaBNiHHS IiJIPHEMCTBOM BH3HAUCHO Cy4YacHMH CTaH
npobnemu ynpapiiaas 1[1B Ha BITIN3HIHHUX MiAPHEMCTBAX.

YV Xomi mpoBeICHUX JIOCHiKEHb OYyJI0 BCTAaHOBJICHO, 1110 CydYacHi iHpopma-
iiHi cucremu po3msinatoTh 1B, sk MarepianbHuii pecypc, 1 Maibke He Bpa-
XOBYIOTb, 1110 Ha BITYM3HSAHUX MAIMHOOYMIBHHUX MiIPUEMCTBAX X0Y ITOCTIHHO
1 3pocTae MATOMA Bara IOKYITHHUX IHCTPYMEHTIB Ta THCTPYMEHTAILHOTO OCHA-
IIEHHS, I1¢ 3HAaYHY YaCTHHY IHCTPYMEHTAJIBHOTO FOCIIONAPCTRA 3alMae IHCTPY-
MEHT 1 OCHAIIIEHHS BIIACHOTO BATOTOBIICHHs. OTXKe, Y TAKOMY BHITAIKY MOXKYTh
OyTH 3aCTOCOBHI TPHHIMIN YIPABITIHHA MMiAMPHEMCTBOM B IILIOMY, TOOTO
momyni CALS-texromnorii [11; 12, ¢. 58], mo crocyrorbest koxxHOTO erarry XK1
npoxyKuii i 3abe3meueHHs 1i sIKOCT1, BpaXxoByrour BkazaHy crietudiky II1B.

Kpim Toro, Bumoru # npunnunu a0 cucteM ERP 1 iHmmX iHCTpyMeHTIB
CALS-TexHOmnOriH, SIK IpaBUIo, HE 3a0€3MeUyr0Th aHATI3y MOMXIIUBUX PU3HKIB
1 monepekeHHs 300iB. ToMy, OIHUM 3 HAMPSMKIB IO MOJIMIIIEHHIO TisTTBHOCTI
MAalIMHOOYAIBHOTO MiIIPUEMCTBA, TOB'SI3aHOI 3 IHCTPYMEHTO3a0€3EeUCHHSM,
€ po3poOKa HOpPMATUBHOTO 3a0e3neueHHs cuctemu 111B Ha ocHOBI BIpoBaj-
JKEHHS 1H(pOpMaLIfHIX TEXHOJOTIH IpH MOXKJIMBOCTI 3aCTOCYBAaHHS Ha ix 0asi
METOJIiB MMPOTHO3YBAaHHSI 1 ONTUMI3allil BiAMOBIIHUX TpolieciB B cuctemi IT1B.

B po3BHUTOK MeTOONIOTi IPOTHO3YBaHHS SKOCTI IPOIIECIB 3pOOMITH BKJIa]]
Taki BueHi, sk: JHx. boke ta I'. Jlxxenkinc [13, c. 18], .B. Autoxonoga [14, ¢. 8],
k. Xank, A. Paiiz Ta Jlin YVidepH [15, c. 83] Ta inmmi. Ha ocHoBI niparib 3a3Ha-
YEHUX BUCHHX Ta y3araJbHEHHs CBITOBOTO Ta BITUM3HSHOTO JIOCBITY TIpEi-
CTaBJIeHa KJIacH(iKaIlisi METO/IIB IPOTHO3YBaHHS 110 CTYTICHIO (popMaTi3arlii.
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Takok aHaITi3 CydacHUX TEHACHINN Yy yIIPaBIiHHI MiATTPHEMCTBOM ITOKa-
3aB, [0 HOpMaTHUBHE 3a0e3neucHHs cuctemu [[1B B yMoBax 3acTocyBaHHs
CYy4YacHHX JOCATHEHb B 00JacTi iH(OpMAaIiiHOT MiATPUMKA BUPOOHH-
[ITBa MMOBUHHE HE TUTLKU 3a0e3MeUyBaTd BUMOTH ¥ IPUHITUIIH CTaHIApPTIB
CALS-texHoIIOTIH, alle i BpaxoBYBaTH BHMOTH i NMPHUHIUIYU CTaHAAPTY
JCTY EN ISO 9001:2018. BrpoBa/keHHS IUX CTaHIAPTIB CIIOHYKae
CyYacHi IiJIpHEMCTBa YKpaiHHU YiTKO KOHTPOIIOBATH BUTPATH Ha IMiIIIPH-
€MCTBI. BaXJIMBUM €EMEHTOM CHCTEMH YIIPaBIiHHS BUTpaTaMH Ha IIij-
TIPUEMCTBI € aHaJIi3 1 OI[iIHKa BUTpPAT Ha SIKICTh HOTO mporieciB. Tomy B po3-
I Oyau MpoaHali30BaHi MiIXOAW 10 BU3HAYEHHS BUTPAT Ha SIKICTh, LI0
Oynu 3anpornonoBani [.I. AsransaoBum [16, c. 16, 54], Ix. dxypaHom,
®.b. Kpoc6i [17; 18, c. 17], A.B. ®eiirendaymom [19, c. 18] Ta in. Y3a-
TaJIbHUBIIN BITYM3HAHUM Ta 3apyOiXHUI JOCBIA B YIPABIiHHI BUTpaTaMu
Ha AKicTh Oy BUAITICHI OCHOBHI CHCTEMH KJIacH(iKaIlil BUTPAT Ha SKICTb.

TakuM 4WHOM, 3[IHCHEHHUH aHaNi3 CydyacHHMX iH(OpMAIIfHUX CHCTEM
YIPaBIiHHSA, METO/IB IPOTHO3YBAaHHS Ta CHCTEM KiIacH]ikaliii BUTpaT Ha
SKICTh BKa3y€ Ha aKTyaJbHICTh PO3POOKH METOIIB, aJTOPUTMIB Ta METO-
ik yrpasiiaas [T1B, ski 6 Oy 3acTOCOBHI Ha BCiX MPOIEcaxX KUTTEBOTO
UKy CHCTEMHM, T4 BPaxOBYBAJIM YCi 3Hauyllli HA ITIEBHOMY €Talli TOKa3-
HUKH (QYHKIIOHYBaHHSI ITPOIIECIB.

3. Po3poo6.iennst monesi ynpagsurinng sikictio ITIB

M opranizaiiii eeKTHBHOTO yrpaBiiHHs nporecamu IT1B HeoOximHO
000B’A3KOBO PO3POOIIATH, BIPOBAIKYBATH i MiATPUMYBATH iH(QOpMaIliiiHy
cucreMy ynpasiinas skicTio I[1B. 3aransaa mogens iHdopmariiinoi cuc-
temu ynpapiinas IC II1B, sika po3pobiena BignosigHo 10 Bumor JCTY
EN ISO 9001:2018 (puc. 1a), moeaHye npouecy >kUTTEBOTO LUKITY iHCTPY-
MEHTy Ta OCHAIleHHS, ynpasiiHHa pecypcamu II1B, BuMipy, ii anamisy i
MOJINIICHHS (SK Ha TAKTUYHOMY, TaK 1 Ha ONEPAaTUBHOMY PIBHAX) y €1U-
HOMY iH(opMmariiiiHOMy mpocTopi. Pa3oM 3 TuM, A CydacHHX OaraToHO-
MEHKJIATYpHUX IPOMHUCIIOBUX MiANPHEMCTB, OCOOIUBO MAIIMHOOYIBHOTO
podisio, 3 METOIO MiABHUIICHHS ¢(PEKTUBHOCTI IHCTPYMEHTO3a0€3IIeUEeHHS
HaraJdbHUM € TATAHHSA PO3POOKH Ta BIPOBAIKCHHS CHCTEMH YIPABIiHHS
ITIB mianpueMcTBa Ha OCHOBI TIpoIiecHOTO Tiaxomy. B po6oti 3anpomnoHo-
BaHI KOHIIENITyaJIbHA MOJICITh 1H(OPMAIIIHHOT CHCTEMH YIIPABIIiHHS SKICTIO
ITIB (IC II1B) came 3 mo3wiiii MpOIECHOTO TiIXOMy, SKa MpeICTaBIcHa Ha
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puc.10 y BUIVISIAI TPHOX B3aeMO3aleKHIX Mozenei cucrem II1B: opraniza-
idHO1, iHpOpMaIiHHOT Ta YIIPABIIHHS SKICTIO.

OxpiM CTBOpPEHHsI Ta BIPOBA/HKCHHS CHCTEM YIPABIIHHSA Pi3HHUMHU
BHJAMH JiSUTBHOCTI (CHCTEMU YIPAaBIIHHS SAKICTIO, CHCTEMH YIIPaBIiHHS
OXOPOHOIO HABKOIIUIIIHHOTO CEPEIOBUINA Ta 1H.) € JIOIIHUM PO3pOOIICHHS
CUCTEMH TEXHIKO-CKOHOMIYHMX Moka3HuKiB came s IC IT1B (mami — TEIT)
[20, c. 62; 21, c. 79].

i TEIl noBuHHI OyTH: 3HAYYIIi, TOB'S3aHi 3 IHITUMH TOKa3HHUKAMU
B CHCTEMI YMpaBlliHHSA BUPOOHUITBOM OCHOBHOI MPOXYKILii, IPOCTi Ta
BHUMIpHI Ta 00 iX MO)kHa OyJI0 HMOPIBHIOBaTH 3 aHAJIOTIYHUMHU MOKA3HH-
KaMU 1HIIUX MiAPO3ALTIB HiAMPUEMCTBA.

Tomy B po6oTi 3amponionoBano posnoin TEIT IC IT1B 3a Bugamu aisiib-
HOCTI: OpraHi3aliifHo-eKOHOMIuHi, BUpOOHHY1, yIPABIiHHS SIKICTIO, €KOJIO-
Ti4HI Ta COIliaIbHI.

OxpiM BumiB misipHOCTI 3a3HadeHi TEII pekomeHmoBaHO Kiacudiky-
Bary 3a piBHeM ympasninas npouecamu IC ITIB — TEII opranizariiitaoro ta
TaKTHYHOT'O PiBHIB, — @ TAKOX 32 PE3y/IbTYIOYMM ONTHMAIbHIM 3HAYCHHSM
TEII: BimHOCHI, 110 3HaXOAATHCA B iHTepBami 0 — 1 (onTUMaNbHE 3HAYCHHS
1); TEII, 1o BU3HAYaIOTHLCS 3T1IHO JIOT1YHUX CYIKEHb €KCIIEPTIB.

BrpoBamkenns mixkaapogaoro cranaapty JJCTY EN ISO 9001:2018 i
moOy1oBa MPOMUCIIOBOTO BUPOOHHUIITBA HA 6a31 MPOIIECHOTO MiIX0Iy B YMO-
Bax (DYyHKIIIOHYBaHHS iH()OPMAIIITHUX TEXHOJOTIH CIIOHYKAe CydYacHi M-
MPUEMCTBA y JTFOOWIT HEOOX1THII Yac KOHTPOIIOBATH BUTPATH (DiHAHCOBUX
pecypciB Ha minnpueMcTBi. ToMy, OTHIMHU 13 BaXKITHBHUX SIIEMEHTIB CTBOPIO-
BaHoi cuctemu TEII Ha mianpueMcTBi € nmpolecu aHali3y 1 OLiHKA BUTpAT
Ha skictb IT1B. YiTkuii Ta MOBHHM 3MICT 3ampoIrlOHOBaHOI Kiacugikamii
3a0e3reuye OCHOBY aHallizy Ta MOJAETIOBaHHS iH(OpMAlifHUX IMOTOKIiB
ITIB, mo € nieBUM iHCTpyMEHTOM 3 peanizawii nukiy Jpxypana-Jleminra.
Kpim Toro, HeoOxinHicTh kimacugikarii BUTpaT 0O0yMOBIE€HA HEOAHOPIHI-
CTIO pi3HHX BUAIB BUTPAT 3a CKIAIOM, 3MICTOM, POJLUIIO Y BUPOOHHUOMY
npoiieci, 3B's3Ky 3 o0csiroM BUpoOHUITBa Ta iH. [lokazaHo, 1o Kinacudi-
KaIlifo BUTpaT Ha sKicTs nporiecis 111B, moOynoBaHy Ha BKa3aHUX MPHHIIU-
max, MOXXHa e()eKTHUBHO BHKOpHCTOBYBaTH B ynpasininai IC II1B.

Po3pobiena cuctema knacudikaiii BUTpat Ha skicth npouecis [C IT1B
0a3yeThbCs Ha PUHIIMITAX : ICTOTHOCTI 1 CTa0UTLHOCTI; CTaHAApTH3AIIIT; IPH-
CTOCOBHOCTI; IPUYMHHO-HACITIJTKOBOTO 3B'S3KY.
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Jns mpoextyBaHHS Kiacuikariii 3aIpoIIOHOBaHO BHKOPHCTOBYBAaTH
METOJ PaHXyBaHHS CKCIEPTHUX OLIHOK, SIKHHA Tpae poib 3'€IHYBaIbHOI
JIAHKW MK ymoBamH peanbHoro mpotecy IC ITIB Ta onTuManbHO0O cuc-
TeMoro kinacuikamii BuTpar. Ha puc. 2 npencraienuit pparMeHT KJiacu-
(bikarist BUTpAT, po3po0JIeHOI Ha OCHOBI IPOBENECHUX JOCIIKEHb 3 OITUTY-
BaHHS BOCEMH E€KCIIEPTiB 3a pO3POOICHOIO ¥ pOOOTI METOIHUKOIO.

Onniero 3 mepesar 3anpornonoBanoi mozaeni IC II1B, ska Biamosinae
BuMoraM cranaaptiB CALS-TeXHONOTii, € CTBOPEHHS €IUHOTO iH(pOpMa-
LiHHOTO MPOCTOPY, L0 3HAYHO cIpolrye 00MiH iH(opMallieto, a Takox 30ip
HeoOXigHuX JaHux. KpiM TOro, CHCTeMHU yNpaBliHHSA, IO 0a3yrOTbCs Ha
npuHinax CALS-TexHOJ0riH J103BOISIOTE CTBOPIOBATH BEIHMKI MacUBU
BUXIJHUX JaHUX B HAMKOPOTIIi CTPOKU. [HpOopMais, 110 OTpUMY€EThCS PO
TEII 3 6a3 nanux IC II1B, € BiAMiHHOIO OCHOBOIO ISl IPUMHATTS CTpaTe-
TYHO BaXXJIMBUX JJISI KEPIBHUKIB pillleHb B 001acTi SxocTi. B ocHOBI npu-
HHSTTS pilleHHS HPOMOHYETHCS IUTbOBA (DYHKINSI ONTUMI3aLii — (YHKIIS
BH3HA4YeHHS KoedinieHTa craioro po3Butky IC II1B — K.,.

[inpoBa (yHKITISA Ma€e BUTIISL:

N

KCT = Q;z ) i 6 mB6
| 2B
=

ne O — nokasHuk sxocti npouecy IC II1; Bj — BHUTpATH Ha AKIiCThb MPO-
necis II1B; B, — 0a30BHI TIOKAa3HHWK BHTpAT Ha SKicTh mporecis II1B; K,
K . K H, K L, KC — koedimientn komruiekcaux TEII, BignmoBimHO: opraHiza-
MIHHO-TeXHIYHWM, BUpOOHWYMA, sikocTi mpoueciB [[1B, exomoriunuii Ta
coLiaJbHUMN, K1 PO3PaXOBYIOThCA TSI KOXKHOTO MPOLECY JKUTTEBOTO LIUKITY
ITIB; y, ... 7, — MOKa3HUKU BaroMOCTi BianoBinHux Kommiekcaux TEIL

ANropuT™ NpUHHATTSA pimeHs B 3anpononosadiii IC II1B nokazanuit Ha
pHCYHKY 3. B 0CHOBI I1bOTO aNITOPUTMY JIEKHTH IIPOIIEC IPHHHATTS pilllcHb
B IC IIIB, skuit 3a6e3meuye BUKOHAHHS ABOX HAHOIIBII PO3MOBCIOIKCHNX
YMOB: BUKOHAHHS AiSTIBHOCTI 3 MiHIMAJIbHUMH BUTpaTaMu (HaHO1IbII po3-
MTOBCIO/DKEHA YMOBA) Ta MiHIMi3allisg 4acy BUKOHAHHS BcTaHOBIEHHX B IC
ITIB 3amau. ToMmy B 111 IPUHHSTTS pillieHh BHOOPY PalliOHATBLHOI cTparerii
mo 3abe3nedeHHio TO mepenbadeHe BUKOHAHHS JBOX B3a€MOBHKIIOYHHX
onokiB (0moku 3 i 4). [Ipu BukoHaHHI 070Ky 3 (Iepia ymMoBa) MiJbOBOIO

7 v v v Y 1
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IOHRLIOI'OHXAL L [0390do1Ad1oHON qrrod1HOY -

1IKallsgd BUTPAT HA AKICTb NMPOLECIB

Puc. 2. Knacudg

OJ BHHOIrg0L0IMd K1Y LHOWALOH! eH uieding -
oiidonsodiyars Agorud en nreding -

OL

KHHOIr401011d KUY KHHEHI'eIrgo LHoWad eH uieding -
OIHHEHYRIrQO0 Ol kHHegAXed11d 1HUNTREHLdONY -
KHHedAxedLO OHAIreIN0O BH MWKHHeEAXRdIId € ][]
apuHanTedn elern eH11godes BEOMLEIOY BL BHEOHO() -
ThoIADMorrwoy ‘nirerdoren eH nreding -
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¢yHKIieo BUCTymae koedimieHT crajoro po3sutky IC II1B, a wac — ogna
3 oOMexyrounx ymoB. [Ipu BuKoHaHHI OJOKY 4 (Jpyra ymMoBa) IiJbOBOIO
(hyHKIII€IO € MiHIMI3AIlisI Yacy TPH OJHIH 13 0OMEXYIOUHX YMOB — Koeilli-
ent cranoro po3sutky IC II1B. 3amada npuitHITTS parlioHAIBHUAX PillleHb
3BOJIUTHLCS JIO 3aCTOCYBAaHHS METOy ONTHMI3allii Ha rpadi — 3HAXOKCHHS
HaikopoTmoro nursixy. OCHOBHUM IIpH BHUPIMIEHHI 3a1adi 3HAXOKECHHS
HAMKOPOTILIOTO NUISIXY € aJITOPUTM JIeUKCTpH, SIKHIl BBAXKAETHCA OTHUM 3
HAHOLTBII e()eKTHBHUX ANTOPUTMIB ITPH BUPIIIICHHI 3aBJAHHS 3HAXOKCHHS
Ha rpagi HaKOPOTIIOrO NUIAXY MK JBOMA BHIUICHIMYU BEPIIHHAMHU.

biok 5 (puc. 3) nepenbauae oOUMCICHHS IMOBIPHOCTI pealizairii oopa-
HOI CTparerii 3 JOMOMOTOI0 3aCTOCYBAaHHS TEOPii MAPKIBCHKUX JIAHIIOTIB.
SIKII0 3HAYCHHS PO3Pax0BaHOI HIMOBIPHOCTI MEHIIIE PiBHS, SIKHI 3aI0BOJIb-
HsiE 0CO0y, 110 MpHiiMae PIllIeHHS, B TAKOMY pa3i HEOOXiTHO PO3MISHYTH
aJBTepHATUBHI cTpaterii nepebdiry nporecis IC ITIB.

Y 6rnomi 6 Ha OCHOBI oTpuUMaHoi 3 O1oKiB 3, 4 Ta 5 iHpopmarlii, ocoba,
10 MpUiiMae pilieHHs, 00Upae PEKOMEHIOBaHY CTPATETii0 PO3BUTKY IPO-
necis IC IT1B.

HeoOximHo BigmiTuTH, 110 3 MeToto miaumenHs TEIT IC ITIB npu 3acto-
CYBaHHI 3alpOIIOHOBAHOI MOJENI IMepeadayeHo BU3HAYCHHS paIlioHAIBHOT
ctparerii npu migcranoBii TEIT IC ITIB i3 mixBuIieHUMA 3HAYCHHSIMHU.

VY 3B’S3Ky 3 MOXJIMBOIO HEy3rojpkeHicTio Mik pisammu TEIT (pizHi
KpUTepii, pi3HI PO3MIPHOCTI TOIIO) y 3alpOIOHOBAHINA KIAcH(IKaIll 1is
BH3HAYCHHS KOC(]ILIEHTY CTAJIOr0 PO3BUTKY 3allPOIIOHOBAHO MTPOBOAUTH 1X
HOpMaJTi3amiro, TOOTO IepeBOAUTH B 6€3p03MipHi BEMNIUHU — Oanu (Tadm. 1)
y BiAMOBIAHOCTI 31 3Ha4eHHAM JiiHrBicTHYHOI 3MiHHOI TEII (puc. 4).

Tabmums 1
xana ouinoBanus TEII npouecis IC ITIB

3uauenns TEI 3“““::;’; g.:*('fTB]f:cl{:““‘" Bax
1 2 3
0<u<0,2 Hyxe nobpe 1
0,2<u<0,34 Hobpe 2
0,34 <u<0,66 3a/10BLIBHO 3
0,66 <u<0,8 Ilorano 4
0,8<u<l Hy>xe moraHo 5
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1

Buxiani gani:

I'pad cranis npouecis IC IB;

Burparn Ha 3abe3nedyeHHs Ta
— ympasninaa axictio IC II1B;

Kommuiexcui TEIT IC IT1B;

Yac BukoHaHHs mnporiecis II1B;

Matpuis cTaHiB IepexoiB

!

2 = - -
BusHauenHs 0c06010, O IpUiiMae pilleHHs IPIOPUTETY
BHTPAT/4acy

LlinboBa QyHKIS - HOKA3HUK CTAIOr0
—» possurky IC ITIB 1o koxHiii i3 cTpareriii KOJKHiH i3 crpareriii ITIB

Kem —min >ti —»min

IinboBa GyHKINS - 3arabHUNA Yac 1Mo

v v

Bubip parionansHoi cTparerii ‘ l Bubip pauioaibHoi crpareri

7

crparerii

Po3paxyHOK MOKa3HUKA CTAIOTO PO3BUTKY
IC IIIB 1o o6paniii crparerii IIIB

Uu 3a/10BOJIBHSIE
BUMOTram?

Uu 3a/10BOJIBHSIE
BUMoOram?

=~
[
(.
[
[
(.
[
[
[
[
.
[
(.
PospaxyHok 3araneHOrO yacy 1o odpaHiit } }
[
(.
(.
[
[
[
(.
[
[
(.
[

Tax Tax

5
’7 Po3paxyHok iMOBipHOCTI peanizaiii o6paHoi cTpaTerii

Hi
Uu 3a/10BOJIBHSIE

BUMOTram?

basza
pimens

6
_{ DopMyBaHHs PEKOMEH AL 11010 3aCTOCYBAHHS
IC IIIB

pawuioHaJbHOI cTpaTerii

Puc. 3. biiok-cxema peaJiizanii MareMmaTu4uHol Moaei
mono npuiinarra pimens B IC ITIB
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1,2
1 PBesiesies b A= ==
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=&—J[y>xe oraHo —i-Ilorano
=—3a10BIJILHO =>Jlo6pe

Puc. 4. I'padiune 300pakenns Jinrsicruunoi 3minaoi « TEID»

4. AHaJi3 OCHOBHUX eTaliB aJaropurMy npuiiHaTTsa pimens B IC IIIB

€muny mkary HopMatizanii TEII cucremu II1B 3anpononoBaHo po3po-
OJISITH Ha OCHOBI 3aCTOCYBaHHS TEOPii HEUITKUX MHOXHUH. MeTouKa 3acTo-
CYBaHHSI MaTeMaTHYHOTO arapary Teopii HEUITKUX MHOKHH BKJIIOYA€E TaKi
OCHOBHI €Taly: BHJUICHHS IapaMeTpiB, SKi XapaKTepU3YIOTh JOCITIIKY-
BaHy CHCTEMY; BHU3HAueHHS 1 (opmaltizallis JIHTBICTHYHUX OIIHOK Iapa-
MeTpiB ((pasudikarris); moOya0Ba HEUITKOI 0a3H 3HAHB PO B3aEMO3B’SI3KU
MIX TIapaMeTpaMu; peatizailis HEYiTKOTO JIOTTYHOTO BUCHOBKY MPO BILIUB
BXIJIHUX MTapaMeTpiB Ha BUX1THI (aKTOPH; IEPETBOPCHHS HEUITKOTO JIOTi-
HOTO PillIeHHsI B YiTKe 3HaUCHHS (nedasudikarris).

3a OCHOBY B3fTa IKaJa XappiHITOHA, SKa MPH NPUHHATTI 0araTbox
pillleHb [O3BOJIAE OLIHIOBATU Oynb-sIKMH MOKA3HUK 3a HOro HaCTyMHUMHU
piBHsIME: TTyke 100pe — 1; moOpe — 2; 3a10BUIBHO — 3; oraHo — 4; ayxe
noraHo — 5. [ToOynoBa ¢yHKIIH HaleXKHOCTI 32 3a3HAYCHUMHU PIBHAMU J1a€
MOXJIUBICTB IpadiuHo 300pa3uTH JiHrBicTHUHY 3MiHHY «TEII», sk moka-
3aHO Ha puc. 4 Ta moOyayBaTH HOpMaii3oBaHy Ikany oriHioBaHHS TEII
LI0JI0 KOKHOTO Mpotuecy xurresoro nukiy IC IT1B

Anroput™ npuiHATTA pimieHs B IC IIIB ckiagaeThcst 3 HACTYITHHX
OCHOBHUX €TalliB.

1.Bu3HavyeHHs BUXiTHUX AaHWUX. BuximgHi nani GopMyroThes B €QuHIN
0a3i naHux iHpOPMAaIIHHOT CHCTEMH TAMPUEMCTBA.
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BuxigHuMu naHuMH JUISI TPUAHATTA PAIliOHAIBHOTO DILICHHS OO
mporieciB IC IT1B e mporuo3oBaHi 3Ha4eHHs] BUTPAT Ha 3a0€3MCUCHHS Ta
ynpasiinag skictio IC IT1B (Ha ocHOBI 3acTOCYBaHHS pamioHAILHUX METO-
IiB IPOTHO3YBaHHS (pHc.3) Ta KOMIUICKCHUX TEXHIKO-CKOHOMIYHHX ITOKa3-
aukiB IC ITIB (BupakeHnx B 6anax), MPOrHO3HUH Yac BUKOHAHHS MPOIIECCIB
IC II1B, a Takox Marpuus nepexofis cranis mporecis IC IT1B.

2.I1o6ynoBa Mozeni cranis npouecis IC IT1B.

Mopnens ynpasainas IC ITIB, mpeacTaBiasieTsest y BUITIAL Opi€eHTOBaA-
Horo rpady G (S, t), e S — BIOPSAAKOBaHI Mapy BEPIIUH, a t — IIe TyTH, 110
ix 3’eanytoTh [22, c. 11].

I'pad cranis npouecis IC IT1B npencraBneHuii Ha puc. 5.

3.Busnauenns npioputery «cridikicts IC IT1B/4ac» ocoboro, 110 mnpu-
HMae pilreHHs.

[IpuAHATTS pillIeHh 3aCHOBYETHCS HA BUKOHAHHI JBOX YMOB:

a) BUKOHAHHA AiJIbHOCTI 3 MiHIMAJIbHUMH BUTpaTaMu (HaO1LIbII PO3-
MOBCIO)KEHA YMOBA);

0) MiHIMi3aIlis Yacy BUKOHAHHS BcTaHOBIeHHX 3a1a4 B IC IT1B.

Jns mpuiHATTS pilieHs BUOOpPY pallioHaJBHOI cTparterii mo 3adesme-
yenHo TO mepenbadyeHe BUKOHAHHS JBOX B3aEMHO BUKIIFOUHHX OJIOKIB
(puc. 3) — 610k 3 a1t yMOBH a) 1 OJIOK 4 /1711 YMOBH 0).

[IpuiAHATTS pallioOHaIBHOTO PINICHHS MTPOBOIUTHCS METOIOM ONTHMi3a-
1ii Ha rpadi 3 3acTOCYBaHHAM anroputMy JleiikcTpu.

bnok 3 peanizye cTparerito BUKOHaHHS IISUIBHOCTI 3 MiHIMaJbHUMH
BUTpaTamu npu 3abe3nedeHHi Heooxianoro pisHs TEII IC IT1B, To6to pea-
Ji3ye crpaTerito 3abes3nedeHHs cTajgoro po3Butky IIIB. Jlnsg BUKOHaHHS
6710Ky 3 ninpoBa (YHKILS oNTUMi3aNii — QyHKIiS BU3HAUCHHS KoedilieHTa
cranoro po3Butky IC IIIB, sxwii BuzHa4aeThes 3a (HOPMYIIOIO LiIBOBOI
¢ynxuii (1), B sxiii koedpinientn K, K, K, K, K po3paxoByloTbcs Juls
KOXKHOTO TIporiecy »kutreBoro nukiy IT1B 3a hopmyioro:

Lo
K=2(k)
i=1
Brok 3 peamnizye cTparerito BUKOHAHHS MISUTBHOCTI 3 MiHIMAJbHHUMHM
BUTpaTamu pu 3abe3nedeHHi Heooxignoro pisHs TEII IC IT1B, To6to pea-

Jizye cTpaterito 3abe3neyeHHs ctanoro po3Butky II1B. Jlns BUKOHaHHS
610Ky 3 ninpoBa (YHKILS oNTUMi3aNii — QyHKIisS BU3HAUCHHS KoedilieHTa
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J10

i) o
« 21
{197 -
i)

Taxrieamndi pisens [C TR Ohpopamiesaini prscens B 113

1 — BusBnenns notped B TO, ii yHidikauii Ta HopMaTHBHOMY 3a0e3MeueHHi;

2 — IpUH-HATTS pilIeHHs PO BUTOTOBJICHHS, MoepHizamio TO 41 BUKOpUCTAaHHS

36ipHOTO TO; 3 — MIPUUAHATTS pimeHHs Mpo BuKopucTtanHs TO, 110 € B HASIBHOCTI;
4 — npUIHSTTS PillIeHHs PO 3aKymiBiro yHidikoBanoro TO; 5 — po3pobieHHs TPOEKTY

Ha BurotoBieHHs TO; 6 — po3po0iIeHHS MPOeKTy Ha MoaepHizaiito TO;
7 — po3pobieHHs mpoekTy Ha ckianannsi TO; 8 — migroroska miany Bunmycky TO;
9 — 3akymiBis MarepiainiB; 10 — 3akymiBist koMiuiekTyouux; 11— 3akymisns TO;
12 — surotoBnenns TO; 13 — npuiimanbpHO-31aBaNbHI BUpoOyBaHHs TO;

14 — npuiimaneHi BuripoOyBanas TO; 15 — 36epiranas TO; 16 — mpoxkar
surotoeieHoro TO; 17 — npokar mozaepuizoBanoro TO; 18 — npoxar 36ipaoro TO;
19 — mpoxkar TO, mo € B HasBHOCTI; 20 — mpokat npundanoro TO;

21 — neHTpaNizoBaHe 3aTOYYBaHHS iHCTpyMeHTY; 22 — peMoHT TO; 23 — yrmizarist TO.

Puc. 5. I'pag craniB npouecis IC ITIB

ctayioro po3putky IC ITIB, skwii BH3HA4Ya€ThCs 3a (OPMYJIOKO IITHOBOT
¢ynxuii (1), B sxiii koedpinientn K, K, K, K, K po3paxoBylTbcs JUls
KOKHOTO TIporiecy skutteBoro mukiry 111B 3a ¢popmyioro:

Butparu Ha nporec kutTeBoro MUKy TO NMpUMArOTHECS HAa OTUHUIIO
TO, TobT0 nnaHoBi BUTparu Ha skicTh npouecis IC IIIB po3paxoByroTbcs

3a GopmyIoro: m
> (B, +B,)
B == K 5 (2')
T0
ne B —nuaHoBaHi BUTpaTH Ha 3a0e3rnedenns skocti npouecy II1B;
B ,— niaHOBaHi BUTPATU Ha yNpasJiHHs AKicTio npouecy IT1B;
m — KUIBKICTb CTaTe! KaJIbKYIAIIl BUTpAT Ha AKicTs nporecy 1I1B;
K, ,— xinbkicts TO, momo npouecy JKII sxoro mpuiMaeTbCs pilieHHS.

132



Chapter «Engineering sciences»

Mpumitka 4. Ha taktnaaomy pieai IC II1B KokeH mporec crioHyKae
BHUTpATH, sIKi HECYTh HETaTWBHY IIIHHICTh, & HA OIEPATUBHOMY piBHi, Ha-
Braku. Tomy i onepatuBHOro piBHsI I[1B mponoHyeThest BIIHOCHTH BH-
Tparu Ha sKicTh nporiecii I[1B 0 KiTbKOCTI peMOHTIB UM NIEPETOUYBaHb.

Xouga mporiec mepeTodyBaHHs iHCTpyMeHTY 9 pemoHTy TO 1 Hece 3a
co0O¥0 BUTpATH Ha SIKICTh, 301bIIECHHS KITBKOCTI MEPETOYYBaHb 301IBIIYE
LIHHICTh IHCTPYMEHTY (30UIBIIY€ETHCS CTPOK OKYITHOCTI BUTPAT, SIKi 3aKJia-
JIeH1 B BUTOTOBJIEHHS un nipuadanus TO).

Tabmurs 2

Cucrema TEII na TakTuuHomy piBHi

TEII 3a pe3ybTyl04MM ONTUMAJIbHUM 3HAYEHHAM

OpraHi3awiifHo-eKOHOMiYHI

— IMOKa3HUK BUKOPH-
CTaHHS poOOYOro Jacy
BHPOOHUYHX POOIT-
HHKIB.

— 00CST BUTOTOBIEHOT
TO;

— eHepromicTkicts TO;
— cooiBapricts TO;

— CepeHbOMICYHA
3apo0iTHa m1aTa pooiT-
nukiB IC II1B;

— IIPOIYKTUBHICTb MpaLi.

-
558 . .
=8 E SIki maroTh Bu3zHavaTbCs 3TiTHO
H = = | SAxinpamylors g0 1 OnTHMAaJIbHE JIOTiYHHUX CYIKeHb
= & 'E a0CcoJII0THE 3HAYEHHSA eKcrepTiB

— KaITaloBiaaaJa; — KaIliTaJIOMICTKICTb;

— MarepianoBinnaya; — MarepiaJoMiCTKiCTh;

Bupo6unui

— BUKOPUCTaHHS 00JIaji- | — MPOrPECUBHOCTI
HaHHS; CTPYKTYpH 00JIaJHAHHS,
— BUKOPHCTaHHS — BUKOPHMCTaHHS TUIOII
BUPOOHUYHMX TUTOII; cknany IPK;

— mudepenriaii 1B;
6e3nepepBHOCTI IB;
— moBTOproBaHOCTi IB;
— mapajesnbHocTi [B;

— mpsiMotodHoCTi IB;
— yHiBepcamizamii 1B;
— rHyu4Kkocri IB;

— asroMaru3amii IB;

— piBeHb Ae(DEKTUBHOCTI
TO.

— crenianizanii IB;

— nporopuiitHocTi IB;
— MexaHizallii iHcTpyMeH-
TaJTbHOTO BUPOOHHMIITRA;
— Koe(ilieHT BUKOPU-
CTaHHS BUPOOHUYOT
MIOTY>KHOCTI;

— KoedimieHT ayoIo-
BaHHA QYHKIIIH.
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3akinueHHs Tadaum 1

SIkocti

— BHUTpATH Ha SIKICTh
nporecis IC IT1B;

— KoeillieHT cTanaap-
tuzanii I11B;

— MOKa3HHK yHi(ikarii
IB;

— MMOKa3HWK IPOrPECUB-
nocri TIT IB;

— TEXHOJIOTTYHHI KO€e-
¢imient Trounocti TI1

— piBeHb CTaHAapTH3a-
uii TO.

— piBEHb HOPMAaTUBHOTO
3a0€e3MeYeHHs.

— MOKA3HHMK SIKOCTI TeX-
HIYHOT JOKyMEHTaIli{
mo IC II1B,;

— piBessb sikocti TO.

CowiaybHi

— [OKa3HHK 3alHATOCTI
TIepcoHaly;

— MOKa3HHK PiBHI aTec-
TaIil nepcoHay, o
TIPALIIOE 3 ITiABUIIEHOIO
HeOe3MeYHICTIO.

— piBeHb NOTEHLIHHOT
HeOe3MMeTHOCTI TEXHO-
noriuyaux nporecis TO
JUISL HABKOJIMILIHBOTO
CepeIOBHIIIA;

— IOKa3HHK (YHKIIIO-
HAJIBHOTO PO3IOILTY
npai ITP Ta ciyx008-
uiB cucremu IT1B.

— piBEeHb IHCTPYKTaXy
TIepCoHAIy;

— piBeHb HOPMATHBHOI
JOKyMEeHTaIil B cepi
OXOpOHH TIpalli;

— MOKa3HHK HasBHOCTI
BHKOpPHCTaHHS 3aC00iB
IHANBIAyaTbHOTO
3aXHUCTY;

— piBeHb MOTEHIIHHOT
HeOEe3IeYHOCTI;

— piBeHb IUIAHYBAHHA i
KOHTPOJTIO 3aXOJiB.

Exosoriuni

— 4aCTKa CKOPOUYCHHS
00CATiB BUKHIIB Bij
3arajbpHOro 00CATY;

— 3MEHIIEHHS 1JIb-
HOCTI BUKHU/IIB B aTMOC-
(epHe MOBITPS IO
BIIHOIIICHHIO 10 IIEBHOI
TEpUTOPIT;

— piBEHB BIIOBIIHOCTI
H/I Bumoram crannap-
TiB HaBKOJIUIIHBOTO
cepeoBHIIa.

— IUTOMMH NOKA3HUK
YTBOPEHHS BIJXOIB;

— 3MEHIICHHS KiJIbKOCTI
IIHIB, y 5K 3a0pya-
HEHHs aTMOC(EepHOTO
MOBITPS TEPEBUIILYBAIIO
I'IK.

— piBeHb 3MICTy Ta
odopMIICHHS T0Ka-
30BOi JJOKYMEHTAIIi{
€KOJIOT1YHOI Oe3meKH
MPOIIECIB;

— piBEeHb BUKOHAHHS
BUMOT JI0 3aXUCTy
HABKOJIMIITHHOTO
cepenoBumia (IO KOX-
HOMY TpOLECY).
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OOMEXyIOYMMHI YMOBAMH IIPH BUKOHAHHI OJIOKY 4 BHCTYHAIOTh!

6
K, > min ta >y, =1
k=1

Brnok 5 nepenbavyae oGuuciieHHs HMOBIPHOCTI peaizaiiii o0paHoi cTpa-
Teril 3 IOMOMOTOI0 3aCTOCYBaHHS TEOPii MAPKIBCHKUX JIAHIIOTIB. 3HAYEHHS
HWMOBIpHOCTI peaizaiii o0paHoi cTparerii MepeBipsIOTh HAa BHKOHAHHS
YMOBH MEPEBHIIICHHST HEOOXiJHOTO PiBHS HMOBIPHOCTI:

35,204
=

SIK1110 3HaYEHHSI pO3paxoBaHOi IMOBIPHOCTI MEHIIIE JOCTATHHOTO PiBHA,
BBAXKAIOTh, 1[0 IMOBIPHICTE Mepediry MmporeciB € HAAHU3bKOK. B Takomy
pa3i HeoOXiHO PO3MISHYTH aJbTEPHATUBHI CTparerii mepebiry mporiecis
IC II1B, noxu He Oyae MO3UTHBHO BUKOHAHA YMOBA.

5. MeToguka npakTH4HOI peajizauii 3anponoHoBaHoi Moaei

VY mpoteci po3poOKH METOIMKHU NPAKTUYHOT peaizalii 3anporoHOBaHO1
MOJIeTTi BU3HAYE€HO KpUTEepii BUOOPY METOAY POTHO3YBaHHS, IKUH HAWOLIBIL
aJIekBaTHO BpaxoBye crenn(iky koHKpeTHoro mpouecy II1B. Ha ocnoBi
BU3HAYEHUX KPHUTEPIiB 3 BUKOPUCTAHHAM EKCIEPTHOIO METOAY IOIAPHOrOo
MOPIBHSHHS PO3POOIEHO IHCTpyMEHTapiil 3 BUOOpY PallioHAIBHOTO METOLY
npornoszysanHs TEIT ta Burpar Ha npouecu IC IIIB. 3anpononoBanuit
METOZ JJ03BOJISIE 3HAYHO CKOPOTUTH Yac Ha po3poOKy IIPOTrHO3YIOI01 MOJei
IO OLiHIOBAaHHS AKOCTi mepediry nporecis IC IIIB Tta ii pesyipratnBHOCTI
B 1istomMy. Lle 103Bos1sI€ B MOBHIN Mipi migBumuTy rHy4KicTs [C IT1B BiTum3-
HSHUX TPOMHUCIIOBUX IIATIPUEMCTB Y IIBHAKO3MIHHUX YMOBaX.

Pimenns B cucremi IT1B, npuitMaroTbest Ha OCHOBI iH(OpMAIlii, sIKa € po-
nyktom IC IT1B, ToOTO mepBrHHA THPOPMAILIiS TIEPETBOPIOETHCS HA PE3YJlb-
TaTHY, IPUAATHY T NpUAHATTA pimenb. B IC ITIB yacTuHa mporeayp dpop-
MAJTBHOTO IIEPETBOPEHHSI IEPBUHHOI iH(OpMAIIii B pe3yIbTaTHy aBTOMATHIHO
BUKOHY€ETHCSl TEXHIYHHMH 3aco0aMM 3a 3a3fajerilpb 3aJaHiMH AITOPHT-
Mamu, 6e3 6esnocepenuboro Brpyuanss groaunu. [C IIIB moxe moBHICTIO
(hyHKIIIOHYBaTH B aBTOMaruaHoMy pexumi, asie nepconan IC II1B BuzHauae
CKJIaJl 1 CTPYKTYpy HEPBHHHOI Ta Pe3yabTaTHOi iH(hopMallii, mopsaoK 300py
Ta peecTpalii mepBUHHOI iH(opManii, KOHTPOJIIOE i MOBHOTY 1 AOCTOBIp-
HIiCTh, BU3HAUA€ MOPSAAO0K BUKOHAHHS IIEPETBOPEHb EPBUHHOI iH(pOpMALIi] B
Pe3yJIbTaTHY, KOHTPOJIIOE XiJ] BUKOHAHHS IIPOLIECY IIEPETBOPEHb.
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BpaxoBytoun BuInesazHaueHEe, PO3MISTHYTHH B POOOTI aJITOPUTM TIPH-
HHATTA parioHansHoro pimenss B IC I[1B 6yB peanizoBaHuil Ha IpUKIai
nporeciB TaktuyHoro piBHsA IC II1B 3a momomororo 3aco6iB MS EXEL
(32CTOCOBYIOTBCS TSI aBTOMAaTH3allil Iporecy 300py IEepBHHHOI iH(OP-
marii mono TEIT IC IT1B), a Takox po3pobieHoro nporpaMHoro 3abesre-
geHHs «[loIryk HalfKOPOTIIOTO NIUISXY», IO JO3BOJISE 32 OIHCAHIM Y JIPY-
roMy po3zimi anroputMoM JleHKCTpH OTpUMATH pe3yNbTaTHY iHGOpMaIio
JUTS TIPUAHATTS pinieHb. Ha ocHOBI oTpumanoi iH(GoOpMAIli TpuiiMaeThes
BinnoBinHe pauionansHe pimenHs B IC ITIB. [linTBepmkeHHSIM BHOOPY
paIlioHaNBHOT CTparerii BUCTYIAE PO3PaXyHOK HMOBIPHOCTI 1i BUKOHAHHS
3a JOTIOMOTOI0 3aCTOCYBAHHS MapKiBChKUX JAHITIOTIB.

Pesymerari  BIpoOBa/KEHHS  3alIpOIIOHOBaHOI METOIMKN  TPHHHATTS
pimens B IC IIIB 3anporoHOBaHO OLIIHIOBAaTH 3a JIOMOMOTOI0 HOPiBHSIIBHOT
€KOHOMIYHOT €(peKTHBHOCTI: BiTHOMIEHHS COOIBapTOCTEH MPOIYKITii P BUKO-
HaHH1 6a30B0i C;; Ta puiinsToi C,, cTparterii iHCTpyMEHT03a0e3eUeHHS:

=S
C

np

Hampuknan, miia po3paxyHky E BnopoBamkeHHs MeTOAMKN NPUHHATTA
pitiens B IC IT1B Ha mignpuemctsi [TAT « CMHBO» Oynu B3sTi naHi 1uist
IT’SITH TEXHOJIOTTYHUX MPOLIECiB BUTOTOBIIEHHS feTaneit 3a 2013-2014 pp.:
HOMEHKJIaTypa iIHCTPYMEHTY JUIsl iX BUTOTOBIICHHSI, KOIIITOPUC COOIBapTOCTI
netani. Po3paxyHok HaBeneHud y [23], 1e MOBEIEHO, IO B CEPEIHBOMY
e(heKTUBHICTh BIPOBAIKCHHS METOIUKH MPpUHHATTS pimens B IC IIIB cTa-
HOBUTH 13%.

6. Po3po0sienHsi pekoMeHaniii o010 BIPOBAIKEHHS
Ta HopMaTuBHOTO 3a0e3nevyenns IC ITIB

[poriec BIpoBaKeHHS PO3POOIEHOT0 HOPMATHBHO-METONYHOTO 3a0e3-
neyenHs IC IIIB Ta 3ampomnoHOBaHMX PEKOMEHMAIINM MO BIPOBAIKECHHIO
PO3po0bIeHOT MOIeNi Y BAPOOHHIITBO HA BITYM3HIHUX MAIIMHOOY/TIBHUX ITi/I-
MIPUEMCTBAX AY)KE YacTO YCKIIAAHIOETHCS JIOCTaTHBO CKIIAIHOK CHCTEMOIO
3a0e3MeveHHsI CIIBIIPaIll Pi3HUX CTPYKTYPHHUX IMiAPO3IUIIB Ta 0Ci0, SKI Bif-
TOBIIAl0TH 32 OKPEeMi BUIM MIsUIBHOCTI, 0COOIMBO B YMOBaxX HEJOCTATHBOI
3a0e31e4eHOCTI BUPOOHHUIITBA HEOOX1THUM JIJIsl IPAKTUIHOTO BUKOPHCTAHHS
CyJacHMX iH(pOPMAI[IHHUX TEXHOJIOTIH OCHAIICHHSIM. ToMy A1 MiHiMi3aIil
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PH3HKIB, OB’ s13aHUX 3 peanizarieto mozneni IC IT1B, 3anponoHoBanmii anro-
PUTM 11 pO3pOOIICHHS Ta BIPOBAKESHHSI, TIOKa3aHU Ha puC. 0.

Takox po3aisl MICTUTh MaTepiaid 3 PO3POOKH MPOCKTIB HOPMATUBHUX
JIOKYMEHTIB T Ko>kHOTO 3 eTamiB JXKLI: mpoekTyBaHHS, pO3pOOKH Ta BUTO-
TOBJICHHS IHCTPYMEHTY 1 OCHAIIICHHS, @ TAKOX MPAKTHYHOI peaizarii po3-
poOiteHoi B po3ai 2 Moelni npuidHATTS pimens B [C ITIB.

Ha ocHOBI oTprMaHHX pe3ybTaTiB TCOPETHYHHX i IIPAKTUIHUX TOCIII-
KEHBb PO3pOOJICHO CTPYKTYPH MPOSKTH JBOX CTaHAAPTIB OpraHizamii Ykpa-
a1 (COY): «Cucrema ynpaBiiHHS AKICTIO IHCTPYMEHTAJIBHOI MiATOTOBKH
BUPOOHMIITBA B iHpOpMAaLIHHINA cucTeMi MiANPUEMCTBa» (TMOMIKUPIOETHCS

1
TIpHANATTTA KePIENNLTROM pilcHIA Npo enpoBTEenns [C 1118

2z 1 TexHiune
DopuyranHa gusor ao [C IMTE — *| aEnAHHA
3 l Moarmika
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4 ¥
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5
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I ¥ IC I8,
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. + IC 1B
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H l
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Ha iHopmaniitai cucremu I1AT, BUKOPHCTOBYBaHI B ITPOIIECax KUTTEBOTO
UKy IHCTPYMEHTAIBHOT MiITOTOBKA BUPOOHMIITBA Ta BCTAHOBIIIOE CTAIii
1 eTamu mpoekTyBaHHS Ta po3pobnenns TO, BurorosnenHs TO, a Takox
3MicT poOiT Ha KO)KHOMY eTarti) Ta «EKcIuryaraliisi TEXHOJIOTIYHOTO OCHA-
IICHHS B yMOBax (DYHKIIIOHYBaHHsS iH(OpMAIiHHUX CHCTEeM» (CTaHAapT
MOIIMPIOETHCSI HA TIPOIEC eKCIUTyaTallil TEXHOJIOT1YHOTO OCHAIIECHHS Ta Ha
3aCTOCYBaHHS IHTEPAKTHBHUX CICKTPOHHUX TEXHIYHUX KEPIBHUIITB).

7. BUCHOBKH

B nocnimkeHHi BUpillieHa aKTyalbHa HayKOBO-TIPUKJIAIHA 3a/a49a BIO-
CKOHAJICHHSI HOPMAaTUBHOI'O 3a0€3IEUEeHH MPOLECIB YIPABIiHHS i OLIHKU
sixocTi ITIB B ymoBax (hyHKI[iOHYBaHHS iH(OPMAIIHUX TEXHOJIOTiH, BUpI-
LIeHHS K01 3a0€3MeYnTh MiABUIEHHS e(h)eKTUBHOCTI BUPOOHMIITBA, BKIIIO-
Yarouu MiJBUINECHHS HAJIMHOCTI, 3HWKCHHS BHTpAT 1 CKOPOYCHHS Yacy
Ha 1HCTpyMeHTallbHe 3a0e3MeveHHs i, BiIOBIIHO, BUITYCK Mpoaykiii. Ha
OCHOBI TIPOBEJICHUX JIOCIIJIKEHb MOXHA 3pOOUTH HACTYITHI BUCHOBKH.

1.Ha ocHOBI aHami3y cy4yacHHMX TCHJEHIIIH B 0ONacTi iHpOpMaIliiHux
TEXHOJIOTiH PO3pOOJIEHO MOJENb YIPABIIHHS SKICTIO 1HCTPYMEHTAIBHOI
MIJITOTOBKK BUPOOHUIITBA MAIIMHOOYIIBHOTO IiAIPUEMCTBA B yMOBax
(hyHKIIOHYBaHHS 1HQOPMAIIHHIX TEXHOJIOTIH, SKa JO3BOJSE MPOCTEKY-
Bat iHpopmaniiHi 3B'13ku IT1B. JloBeneHO MOKIIHBICTH 3aCTOCYBaHHS
3aMpOMOHOBAHOT MOJIEi Ha Oy/Ib-IKOMY MAIIHHOOYAIBHOMY MiANPHEMCTBI.

2.3amponoHOBaHO KPHUTEpii BHOOPY paIlliOHAIEHHX METOMIB IMPOTHO-
3yBaHHs BUTpaT Ha npouecu IIIB. Ha ocHOBI 3anmponoHOBaHUX KPUTEPIiB
OyB po3po0ieHuil IHCTpYMEHTapil, IKUi 103BOJIsIE BpaxyBaTu crenudiky
koHKpeTHoro nporecy II1B npu Bubopi MeToaiB MPOrHO3yBaHHS OyIb-SIKUX
MMOKa3HUKIB Ha KOXKHOMY €Talll dKUTTEBOTO KTy TEXHIYHOTO OCHAIICHHS.

3.3anponoHOBaHO MPUHIUNY KIacU(ikallii BUTpAT Ha SIKiCTh MPOLECIB
IT1B mamuHOOYyAiBHUX TiAnpueMcTs. Lle mo3Bommno chopMmyBaTu yHiBep-
cayibHy Kiacudikamito BUTpar Ha sKicTh IIIB Ha Oyap-skoMy MammHOOY-
JiBHOMY IiJIIPHEMCTBI.

4. 3anponionoBano cucreMmy TEIT IC IIB, siki BpaxoByroTh criermgiky mpo-
tikaHHs 1 npoueciB. TEIT IC ITIB nomineHO Kmack}ikyBaTy 3a BUAAMHA JisUTb-
HOCTI: OpraHi3aIiiifHo-eKOHOMIYHi; BUPOOHWYI; YIIPABIIHHSI SKICTIO; €KOJIOT1UHi;
coriabHi. 3anponionoBana cricrema TEIT IC IT1B mMoxke OyTH BUKOpHCTaHA [T
pamionamizartii misubHocTi 3 IT1B pi3HuX ManmHOOYMIBHUX T IIPUEMCTB.
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5.3ampononosano orinoBanHa TEIl Ha 0CHOBI 3acTOCyBaHHS TeOpii
HEWITKUX MHOXHUH. Lleit meton no3momnse y3romuta TEIT Tphox BuUmiB:
TEII, mo npsmytots 1o omuuuii; TEII, ski MaloTh onTUMaibHe abco-
motHe 3HaueHHs Ta TEIL, 1m0 BH3HAYaIOThCS 3TiTHO JIOTIYHUX CYIKCHb
€KCIIePTIB.

6.3anpoIOHOBaHO TPUHIUIHA (OPMYBaHHS IHCTPYMEHTapio YIIpaB-
ninus skictio ITIB. Ha ix ocHOBI po3po0iieHa MaTeMaTHYHa MOJICITb YITPaB-
JIHHS TEXHIKO-CKOHOMIYHHUMH ITOKa3HWKAMH 3 BpaxXyBaHHSAM BUTpAT Ha
sxicTb [I1B, sxa 103BOIUTH CIPOrHO3YBATH HaO11b11 HMOBIpHUIL CLIeHapii
npotikanus npouecis I[1B, onepaTuBHO npuiiMaTH yNpaBIiHCHKI PillICHHS,
TUM caMUM MiHiMi3yBatu BuTparu Ha IIIB. [Ipu BuOOpi pauioHaIbHOTO
pillleHHs BIEpILE 3aMPONOHOBAHO 3aCTOCOBYBATU KOE(]ILi€HT CTATIOrO Po3-
ButKy IC IT1B. [loBeneHa yHiBepcaabHICTh 3aIPONIOHOBAHOI MOJIENI, 3aCTO-
COBHICTb He 3aJIe)KHO BiJ crienniky mignprueMCTBa.

7.JloBeieHO YHIBEPCAIBHICT MPUHIMIIIB (JOPMYBAaHHS HOPMAaTHBHOTO
3a0e3MeueHHsT CUCTeMH ympaBiiHHA skicTio I[1B meromamu mporuosy-
BaHHS B YMOBax iH()OpMAaLifHUX TEXHOJIOTIH.

8.Ha ocHOBI OTpUMaHHX pe3yJbTaTiB JOCIIIKEHb PO3POOICHO CTPYK-
TYypH MPOEKTH JBOX CTaHIapTiB opranizamii Ykpaiau (COY): «Cucrema
VIPaBITiHHSA AKICTIO IHCTPYMEHTAIBHOT ITiITOTOBKKA BUPOOHHUIITBA B iH(OP-
MaIiiiHii cuctemi miaAnpueMcTBa» Ta «EKCIuTyarariss TEXHOJOT1YHOTO
OCHAIIICHHS B YMOBaX (DYHKIIOHYBaHHs iHQOPMAIIHHUX CHCTEM)
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DEVELOPMENT OF AN ENVIRONMENTALLY FRIENDLY
SCHEME FOR THE RECOVERY OF USED ENGINE OILS

PO3POBKA EKOJIOTTYHO BE3IIEYHOI CXEMHA
BIJHOBJIEHHS BIAITPAIIBOBAHUX MOTOPHHX OJINB

Yuliia Zelenko'
Maryna Bezovska?
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Abstract. Waste generation is a significant problem for Ukraine's rail
transport. The simplest methods used today for the recovery of waste oils
on the railways do not give a full effect; therefore, it is more rational to
use the latest developments that will quickly pay off and give a significant
ecological and economic effect. We have developed and proposed a scheme
for the recovery of waste oils. When developing the general scheme for
restoring the operational quality of the used engine oils, we proceeded from
the results of the performed laboratory tests on different purification meth-
ods and an optimized variant of the chosen technology. Considerable atten-
tion was also paid to the ecologo-toxicological side of this issue. After all,
used petroleum products are toxic waste, which have a low biodegradation
degree (10-30%). The toxicity of petroleum products is determined by the
combination of hydrocarbons that are part of their composition. It should
be noted that the main compounds that form the negative toxicological pro-
file of oily waste (including waste oils) are benz(a)pyrene, furans, dioxins,
polychlorinated biphenyls, and others. The main recommendation of the
international community for the composition of oils from this point of view
is the absence of heavy metals and chlorinated compounds in them. That
is why we checked the fresh, used and recovered oils according to the pro-
posed scheme for the content of benz(a)pyrene, heavy metals and chloride
ions. After comparing the environmental indicators of fresh, discarded and
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recovered oils we found that chloride ions are absent at all stages; also, when
working with the oils of both brands there appears a benz(a)pyrene, which
completely disappears from the oils after processing them according to the
proposed schemes; a significant reduction in the amount of toxic elements
after the treatment of oils according to the proposed schemes confirms the
safety of recovered oils and the ecological compatibility of the schemes.
Thus, the implementation of the proposed scheme will return valuable raw
materials (oil) to the process cycle, will create almost non-waste production
of recovered oils, as well as promote the creation of a non-waste produc-
tion-territorial complex on the basis of the linear unit of the railway, which
will give an opportunity to obtain significant economic effect.

1. Beryn

OnHYMU 3 HaHaKTyaJbHIIMX MPOOJIEM CyYaCHOTO PO3BHUTKY HAayKoO-
BO-TE€XHIYHOTO MPOTpecy € MpodiieMa OXOPOHH HABKOJMIITHBOTO CEpeJo-
BHINIA BiJ 3a0pyIHEHb, YTBOPCHHS BiIXOAIB BUPOOHMIITBA Ta CIIOKHMBAHHS
1 palioHAILHOTO BUKOPHCTAHHS MPUPOTHUX pecypciB. 30KpemMa 3HaYHOIO
MPOOJIEMOI0 € YTBOPEHHS HA()TOBMICHHUX BIiXOJIB PI3HUX raiy3ed MpoMuc-
noBocti. Tak, A 3aMi3HUYHOTO TPAHCIIOPTY — II€ OJHE 3 HAWTOCTPIIINX
€KOJIOTIYHHX THUTaHb.

BinmoBiHO 10 NPUHAHATHX pIllleHb, BiANpanboBaHi HA(TONMPOILYKTH
MiASTaloTh 000B’I3KOBOMY 300py Ta yTHIII3yBaHHIO, 2 B OKPEMUX BUIIAI-
Kax 1 3HHIIeHHIO. Hai6O11b e)eKTHBHUM CIIOCOOOM YTHIII3yBaHHS € pere-
Hepallisi — BTOpUHHA TepepoOKa BiIIpanbOBaHUX OJUB 3 METOK ITOBHOTO
BiJTHOBIICHHS TXHIX NMEPBUHHUX BIACTUBOCTEH, SIKE 3IHCHIOETHCS, SIK TIpa-
BHWJIO, NUIIXOM CKJIaJIHOT OararocTafiiHOi nepepoOKH Ha CreliaiizoBa-
HUX nignpuemctsax. [locTiliHa mosiBa HOBUX cHOCOO0IB 1 3aC00IB pillIeHHS
3aBJaHb YTUIi3yBaHHsI, CTBOPEHHS BCE JOCKOHAII KX, O€3B1IX1THUX METO-
JiB pereHepanii BiIIparbOBAaHUX MACTHIBHUX MarepiajiiB, MUTaHHS €KO-
JIOTi1 Ta OXOPOHU 37I0POB’S TIOAUHH BUKJIMKAKTH HEOOXiTHICTh MOCTIHHOT
yBaru A0 JaHOi mpobiemu, o nepedyBae Ha CTHKY TEXHIKH, EKOJOTil Ta
€KOHOMIKH.

Juis OimbIIOCTi JepkaB percHepaiis 3 OTPUMAHHAM KOHIMIIHHUX
MaCTHIIb-HUX MaTepialiiB € HalKpaIiow MOKIHBICTIO OpraHi3yBaTH B Kpa-
{HI Ha BJAacHIA CHPOBHHHIN 0a3i BUPOOHUIITBO IIi€i BayKIMBOI JUIsl Oara-
THOX C(ep HapOIHOrOo rocrojapcTBa mpoaykiii. Kpim Toro, perenepartis
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J103BOJIsIE e(DeKTUBHO MO30yTHCS BiJl HEOC3IMEYHHUX BiJXO/iB BUPOOHUIITBA,
YHHUKHYBIIH IPY [[-OMY BUTpPAT Ha IXHE 3HUMICHHS, 320IIaUTH IPUPOIHI i
TPYIOBI peCcypcH, KalliTaJOBKIAJICHHS, MaTepial i eIeKTPOSHEPTIr0, Iif-
BHIIUTH CTYITIHb 3a0€3MEUEHOCTI JepKaBy BIACHUMHU PECYPCAMH 3a paxy-
HOK BUKOPUCTAHHS BTOPHHHHX.

MeTor0 HAIIOTro MOCTIKEHHS € SK IOITYK MOXIHBOCTEH 3MCHIICHHS
HABaHTAKCHHS Ha HABKOIUIITHE MIPUPOTHE CEPEIOBHIIE MIIIXOM PO3POOKH
HOBITHIX CX€M IOBO/KEHHS 3 HA()TOBMIIIYIOUUMH BiJXOAaMH, TaK 1 JOCIII-
JKEHHSI iX TOKCHKOJIOTI9HOTO PO(DLITIO Ha BCIX eTarax — BiJi MOMEHTY YTBO-
PEHHS 10 TIepeBipKU Oe3MeKH il yTUIi3yBaHHS.

2. ToxcuuHicTh HAQTOBMILIYIOUMX BiXoaiB

BinmpanpoBai HAQTONPOAYKTH € TOKCHYHUMH BiIXOIaMH, SKi MarOTh
HeBUCOKHid cTymiHb Oioposkianganss (10-30%). TokcuunicTh HadTOMpO-
JYKTiB BU3HAYAETHCS CIIOTYUYCHHSM BYTJICBOJHIB, SIKi BXOSTH JIO X CKIIATY.
30KpemMa apeHH € HACHITBHIIINMHI KaHIIePOreHaMH y CKJIali Ha TOIPOIYK-
TiB, TAKOXX 3HAYHY TOKCUYHY JiF0 MatOTh OJIe(DiHH, CIIOTYKH CIpKH, a30Ty Ta
kucH0. OcoONMBO HETaTHBHY JIiF0 BIANPAIboBaHi HAPTONPOIYKTH MAKOTh
Ha IIEHTPAIbHY HEPBOBY Ta CEPIIEBO-CYIMHHY CUCTEMH JIFOMHH, €HIOKPHH-
HUH amapaT opraHi3my, 3HHXKYIOTh TeMaToJIOT19HI TOKa3HUKH, BUKITHKAIOTh
YpaKCHHS TICUiHKY Ta IIUTOBUIHOI 303U [1, c. 188, 2, p. 1081-1082].

Benuky mkomy BiAmpaiboBaHi HAGTONPOIYKTH CIIPHYUHSOTH 1 HABKO-
JTUIITHHOMY TIPHPOTHOMY CEPEHIOBHILY i 0COONMBO BOTHUM pecypcaM. Tak,
3a OLIHKAaMH €KCIEPTIB OAMH JITP BiANpalbOBaHOI OJIMBU MOXE 3a0pya-
HUTH OJIM3BKO CEMU MIJIbHOHIB JITPiB IPYHTOBUX BoJ. BruinB HadToBMILTY-
IOYMX BiIXOJIB Ha TOBKULISA 1 IIONMHY MOKAa3aHUN Ha PUCYHKY 1.

Ha¢roBi onuBu (MiHepadbHi OMUBM) — I€ PiAKi CyMillli aJKinHa-
(TEHOBUX 1 aJKiTapOMaTUYHMX BYIIIEBOJAHIB (TeMIepaTypa KUIiHHS
300-600°C), sxi oAepKyIOTh IUISIXOM NEepepoOKU HapTH. K1 OJCPXKY-
I0Th IIUISIXOM TepepoOku HadTH. BinmpansoBaHoio BBaXKaeThes HapTOBA
OJIMBA, IO BiJIpaIfioBaia cBiii TepMiH ab0 BTpaTUiIa y MPOIECi eKCILTy-
aramii SIKiCTh, BCTAHOBJIICHY HOPMAaTHBHO-TEXHIYHOIO JOKYMEHTAII€TO, i
3JIMTa 3 podoY0i CHCTEMH.

XiMiuHa KOMIIO3HMIISI BiJIMPalbOBAaHOTO MACTHIBHOTO Marepiaity
Bapiloe y 3aJIe)KHOCTI BiJl XapaKTEPUCTHUK BUXITHOI CHPOBUHH, TEXHOJIOT1
MEPETOHKH Ha(TH, MPOIXYKTUBHOCTI 1 TUIY JIBUTYHA, Y SKOMY IIi OJUBU
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BHUKOPHUCTOBYIOTHCSI, CKJIaly MIPUCAIOK, TPUBAIOCTI Yacy, MPOTITOM SIKOTO
OJIUBU CKCIUTyaTyIOThCS YV JIBUTYHI. BimMmidaeTbcesi, 110 HaWOIIbIIAa KOH-
IEHTpAIlis BAXXKUX METaIiB, MEXaHIYHUX JOMIIIOK, 3a0pyIHEHb CIOCTe-
piraeTsCs y MOTOPHHX OJIMBAaX, II0 HAKONMYYIOTHCS Y BiIIpPallbOBAHUX
OJIUBHUX (PLIBTpax.

B onmHMIII MacH BiIIpanbOBaHOTO MaCTHIIEHOTO MaTepiary MiCTHTHCS
y cepemaboMy 73-80% amiaTHUHHX BYIIEBOAHIB (TOJOBHUM YHHOM —
ankaHiB (mapadiHiB) 1 EKII0aNKaHiB 3 1-6 KinbIpMu), 11-15% mMoHOapoMa-
TUYHUX BYIJIEBONIHIB, 2-5% AlapoMaTUYHUX BYTJIEBOAHIB, 4-8% moniapoma-
TUYHUX ByrieBonHiB [ 1, c. 188].

[070BHMM YHHOM, TOKCHYHICTH BIiJIpPallbOBAaHUX OJIUB 3POCTAE
yepe3 MOCTyHOBe 30UIbIICHHS BMICTy O€H3(q)IipeHy, 1 Iie y 3Ha4Hii
Mipi BU3HA4Ya€ TPETiH KJlac TOKCHYHOCTI IIUX BiaxoAiB. BmicT y Biampa-
[OBAaHUX OJINBaX OeH3(0)HipeHy B OiTBIIOCTI KpaiH CIYXHUTh IOKAa3HU-
KOM 1XHBOT HEOE3MEeKH, OCKUIBKH CyMapHa TOKCHYHA Ais OeH3(0)mipeHy
npubimu3Ho B 10000 pa3ziB Bume, HiXK B OKCHAIB a30TY, 10 TAKOX YTBO-
PIOIOTBCS Yy TpAIIOIOYUX oJimBaxX. BMicT OeH3(a)mipeHy Moxe 3011b-
myBatucs 0 15 Mr/Kr (3arajdbHUN BMICT TMOJINHKIIYHUX apeHiB JO
482 Mr/Kr), a 4acTKa BiJ 3arajlbHOi KaHIIEPOTEHHOCTI BiIIIpalbOBaHOI
OJIUBU CTaHOBUTH 18%.

PedoBuHM, 10 MICTATHCSA Y BiINpalbOBaHUX OJHMBAX, 3MaTHI HAKOIH-
YqyBaTHCS B IPYHTI ¥ aTMOCdepi, MOXKYTh HETaTUBHO BIUIMBATH HA IMYHHY
CUCTEMY JIFOMUHH, (PYHKI[IOHYBaHHS BHYTPIIIHIX OpraHiB, MarOTh eMOpio-
Ta TEHOTOKCHYHY Jif0, BHKJIHKAIOTh JAUCOAJaHC CTAaTeBHX TOPMOHIB
[1,c.189,3.c.9].

Takok BapTO 3a3HAYMTH, IO O CKJIAAY KOMITO3HIIIH MACTHIBHUX OB
3 METOIO TOJNIMIICHHS X (YHKIIOHAJBHUX BIACTUBOCTEH BBOISTHCS KOM-
MOHEHTH, SIKi XapaKTePU3yIOTHCS MEBHIUMHU TOKCUKOJIOTIYHUMHE BJIaCTHBOC-
TSIMH. /0 TaKuX KOMIIOHEHTIB MOXKHA BiTHECTH (DyHKI[IOHANbHI IPUCAIKH,
10 JIONAIOTHCSI IO OCHOB OJIUB 3 METOIO TMOJIMIICHHS iX €(EeKTHBHOCTI:
IPOTU3HOIIYBAJIBHOI, MPOTU3aANPHOI (COBOM, TpUKpe3midocdar); 3axuc-
HOi (OeH30TpHMa3o); aHTHOKHCHOI (mapaokcuaideHinamin, QeHin-o-Ha-
¢dTHIaMuH, 10HOM).

Came ToMy BiAmpanboBaHi HAPTONPOMYKTH 1 30KpeMa BiaIpalboBaHi
ONMBH OyJI BiJTHECECHI CBITOBHM CITIBTOBAPHCTBOM JI0 KaTeropii HebOesmeu-
HUX BIIXOIIB.
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3. Mixknapoani 10MOBJIEHOCTI

BinmpanboBaHi OJMBH MICTATh Y CBOEMY CKJIAJ1 32 PI3HUMH OI[IHKAMH
Omm3pko 38 XIMIYHUX CIIONYK, IO MAaOTh MYTarcHHy Ta KaHIEPOTCHHY
nito. Cepex uux cHoiyk, KpiMm OeHs(o)mipeHy, Tpeba BUALIUTH (ypaHH,
JUOKCUHM, ToiixyopaideHinu Ta inmi. OcTaHHI JIBI CHOJYKH BKJIFOUEHI
CTOKIrOJIbMCHKOI0 KOHBEHIIIEI0 y CHHCOK JBAHAMLSATH HANTOKCHYHIIINX
CTIMKUX OpraHiuHUX 3a0pyAHIOBaYiB MIaHeTH [3, ¢. 8-9].

Tomy Ha cBoiif Tpetiii Hapani koHpepeHIist cTopiH CTOKIrOIbMCBHKOI
KoHBeHLi, sika mpoinuia 3 30 xBiTHA no 4 TpaBHa 2007 poky B [lakapi
(Cenerai), cBOIM pillICHHSAM HPUITHATA OHOBIECHHH IPOEKT KEPiBHUX IPHH-
[UIMIB 10 HalKpamuM HasBHUM Metogam (HHM) i monepeaniM Bka3iBkaMm
10 HAWKpaIM BUIaX IpUpoaooxopoHHoi aisuteHOCTI (HBIT).

XiMiyHI pedoBHHH, 110 Oynu 3a3Ha4eHi B CTOKTOJBbMCHKiN KOHBEHIIIT,
BKJIIOYAOTh: TOJiXJIopoBaHuil aiben3o-n-miokcwan (I[IXJI/I), momixio-
poBaHi nioe3opypanu (IIX®D), momixioposani Oideninu (I1XB) i rek-
caxnop6enszon (I'XB). L{i peyoBHHH, KpiM TOTO, 110 BOHH € PEYOBHHAMU 3
JIOKYMEHTOBaHOI0 TOKCHYHICTIO, € JIOCTAaTHLO CTIHKUMHU, 3[IaTHI J0 0i0aKy-
MYJISIIT 1 IepeHeCeHHs Ha BEJMKI BificTaHi. Y KepiBHUX MPHHIMIAX 1 BKa-
3iBKax BKa3aHi IPOLECH, SIKi BEIYTh J0 HEHABMUCHOTO YTBOPSHHS i BUKHTY
OUX PEYOBHH, & TAKOXK iX BIUIMB Ha JIFOAVHY 1 HABKOJIHUIIHE CEPEAOBHIIE.
Kpim TOro, mepepaxoBaHi e(peKTHBHI 3aXOIW AJS 3am00IraHHs BHKHAAM
uux pedoBuH. Tak, cepen iHIIKMX O HUX BiJTHECEHI:

— BUKOPHUCTAHHS MaJIOBiIXiTHOT TEXHOJIOT;

— BUKOPHCTaHHS MEHII HEOE3MEeYHUX XIMIYHUX PEUOBHH;

— CIPUSHHS PO3MOBCIOPKCHHIO NMPAKTUKU peKymnepamnii i penupKysimii
BIZIXOJIIB i PEYOBHH, SIKi YTBOPIOIOTHCS 1 BUKOPHUCTOBYIOTHCSI B MEXaX TOTO
a0o 1HIIOTO TpoIIECy;

— 3aMiHa MaTepialliB B THX BHIIAJKaX, KOJH BOHH € CTIHKUMH OpraHid-
HUMU 3a0pyaHIOBaYaMK a00 KOJIM € Oe3Mmocepe/Hii 3B'I30K MK Marepia-
JIaMH 1 BUKHJIAMH CTIHKWX OpraHiuyHUX 3a0pyIHIOBadiB 3 JpKepena;

— pallioHaJbHE TOCIIOAAPIOBAHHS 1 TIporpamMu B o0acTi nmpodiakTiy-
HOTO PEMOHTY;

— YAOCKOHAJCHHS METOMIB PETyJIOBaHHS BIIXOMIB B IUISIX MPHITH-
HEHHS BIAKPUTOTO a0 1HIIOTO HEKOHTPOIEOBAHOTO CHATIOBAHHS BIIXOIIB,
BKITIOYAFOYH CITAJIOBAHHS 3BajHI cMITTS. [Ipu po3misimi mponosumii mpo
OyAiBHMLITBO HOBHX YCTAHOBOK IO BUAAJICHHIO BiIXO/IB YBary ciij Mpui-
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JISITH TaKUM aJBTEPHATHBAM, SK 3aXO/I1 1010 MAKCUMAIILHOTO CKOPOUYCHHS
YTBOPEHHS PI3HHX THUIIB BiJIXOiB, BKIIOYAIOYH BiJHOBJICHHS PECYpCiB,
MTOBTOPHE BUKOPUCTAHHS, PEIUPKYJISIIIFO, PO3IIICHHS BIIXOMIB 1 CIPHSHHS
BHKOPHUCTAHHIO MPOAYKTIB, SIKI MPHBOJATH 0 YTBOPEHHS MEHIIIOTO 00'eMy
BixoaiB. Ha OCHOBI 11OTO MiJIXOy TOBHHHI PETEIEHO PO3MIISAYBATHCS
MUTAHHS OXOPOHU 3IOPOB'S TIOIIHU;

— MaKCHUMaJbHE CKOPOYCHHs X PEYOBHH, NPHCYTHIX B MPOIYKTaX Y
BHIVISTI 3a0pyAHIOBAYiB;

— HEOOXiIHICTh YHUKaTH BUKOPHCTAaHHS €JNEMEHTapHOro Xjopy abo
XIMIYHUX PEUOBUH, [0 BKJIIOYAIOTH eleMeHTapHui xJop [3, c. 9—10].

OxpiM CTOKroIbMChKOI KOHBEHIIT ICHy€ TakKOX e OfHE IIoOaibHa
yrofa, a came bazenbchbka KOHBEHIISl IIOAO KOHTPOJIO 32 TPAHCKOPIOH-
HUM IIepEeBE3CHHAM HeOC3MEeUHNX BIAXO/IB 1 IX BHJAJICHHSM, sKa Oysa mpu-
iasTa B 1989 poni 1 Habpana unHHOCTI 1992 poky. bazenbchka KOHBEHITIS
HaKJIaJla€ Ha KpaiHU-y4acHUII 3000B'13aHHs, TIOMIXK 1HIIHUX, 110 MiHiMi3aIlii
BUPOOHHMIITBA HEOE3MEUYHUX BiJXOMiB; 3a0€3MEUECHHIO aJeKBAaTHUX YCTa-
HOBOK I10 YTHJII3yBaHHIO; a TaKOX 3a0€3MEUCHHIO EKOJIOTIYHO Oe3MeTHOro
YIpPaBJIiHHS BiIXOJaMH.

Kondepeniis cropin bazenbchkoi KOHBEHIIIT Ha CBOEMY BOCBMOMY 3aci-
naHHi B TpyaHi 2006 poKy MpHUAHSIIA OHOBIICHUH BapiaHT 3arajbHHX TEX-
HIYHHX BKa31BOK 110 €KOJIOTTYHO OOTPYHTOBAHOMY YIPABIIHHIO BiJIXOJaMH,
0 CKJIQIAIOThCS 13 CTIHKAX OpPraHivHHX 3a0pyIHIOBAdiB, a TAaKOX OHOB-
JICHWH BapiaHT BKa3iBOK MO €KOJIOTIYHO OOTPYHTOBAHOMY ITOBOKECHHIO 3
BIJIXOJIaMH, IO CKJIAJAI0ThCS 3 TOMIXJIOPOBAHHUX Oi(heH1iB, MOMIXIOpOBa-
HuX TepdeH1iB abo noiibpomoBaHux OideHiniB, BiAXonaMu, U0 MICTATh
i pe4OBUHH, 200 BiAX0AaMu, 3a0pyTHEHUMHU [IUMU PEUOBUHAMH.

[lignpuemcTBa MO TEpepoOLi BiANMPALOBAHUX OJHMB HABOIATHCS B
CTOKro/IbMCBKill KOHBEHIII] SIK MOTEHI[IMHE PKepeIo YTBOPSHHS 1 BUKUIB
XIMIYHUX pPEYOBHH. BusBHIIOCS, IO BiANPaIiboBaHI OJUBH MOXYTh OyTH
3a0pyAHEHI MOMIXJI0poBaHUM AibeH3o--aiokcuHamu (ITX1/T), momixmopo-
BaHuMH Aibersodypanamu (I1X/1P) i nonixnopoBannmu 6ipeninamu (I1XB).

3a3HayeHo, 110 B JaHWH Yac HEMae CBiJIOLTB TOTO, IO HA IMiIIPUEM-
CTBax 110 mepepoOIli BiAMpabOBaHUX OJHB BiJ0OyBA€THCS HOBOYTBOPEHHS
NXJO/TIIXAD a6o IIXb. Haseui mani cBiguath, 1o Bukumu ITXJIJI/
NXA® i [IXB mignpuemMcTBaMu 1o TepepoOIli BiAMPAIbOBAHUX OJUB 200
MIAIPUEMCTBAMH IO iX TPAHCIOPTYBAHHIO 1 YTHITI3YBaHHIO BiJI0yBarOTHCS
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B pe3ysbTaTi MPOMHCIIOBOTO, crieriansHoro BupoouuiTea [1X6 ado xmop-
OCH30JIIB, K1 TIOTPAIUIAIOTH V BiJNpaIibOoBaHi OJUBH K 3a0pyaHIOBa4i a0
B TIpo1ieci cuHTe3y (IIMX XIMIYHHX PEUYOBHH), a00 B TPOIIeCi BUKOPUCTAHHS
abo ToIepeIHhOI PEIUPKYIIALIi. Y MLOMY CEHCI MiIIPUEMCTBA IO Tiepe-
poOI11i BiAMpaIibOBaHUX OJIUB € HE JPKEPeIoM (OpMyBaHHS XIMIYHHX pedo-
BUH, a MIBHUIIIIE JHKEPETIO X PO3MOBCIOIKCHHSI.

3rigHo HasBHOI iH(pOPMAIIil, BapiaHTH YTHJIi3yBaHHS BiINPalbOBaHIX
OJIMB BKJIIOYAIOTH: TIOBTOPHE BUKOPUCTAHHS a00 pereHepamnito, TepMigHHIH
KPEKIHT, 1 criaitoBaHHA a00 BUKOPUCTaHHA K nanuBo. Ciig 3a3Ha4UTH, 110
B 0araTbox KpaiHaxX TaKoX IPaKTHKYEThCS CKUIAHHS Ha 3BAJHIIE 1 Bil-
KPHUTE CIIATIOBAHHS.

Tak fK Ha MIAOPUEMCTBAX MO HepepoOli BiANPAlbOBAHUX OJIHB CaMe
BIJIIPallbOBaHI ONIMBU € OCHOBHHMH JpKepenamu 3abpynHenns [1X]1J1/
XA i [IXb, ennHOI0 OCHOBHOIO MipOI0 1O CKOpoueHHto emicii [TX1J1/
NXJ® i [IXb Ha Takux HiAOpUEMCTBAaX € MepepoOKka BiAMpaIibOBaHUX
onuB 3 HU3bKUMH KoHIeHTpanismMu TIXJIJI/TIXAD i [TXb. PerenepoBana
OJIMBA Ma€ MICTUTH He Oubie 50 MUTBHOHHUX YacTOK (MT/JT) TIOJI XJI0PO-
BaHUX Oi(eHIIIB Ta TPUPESHIITIB.

€Bporieiicbka acoliamis MPOMHUCIOBOCTI MOBTOPHOTO  OYHIIICHHS
(Groupement Europeen de I’Industrie de la Regeneration; GEIR) pexomen-
Iye, o0 MpH pereHepallii nepesara BigaBaiacs THM BHJIaM BiJlpaIboBa-
HUX OJIUB, IO HE MicTATH XJop [3, c. 11].

VY kpainax €ppomneticbkoro Corw3y Ha ChOTOAHI i€ AUpPEeKTHBa Pamu
75/439/EEC, cupsiMoBaHa Ha YTBOPECHHS YHi(piKOBaHOI CHCTEMH 30UpaHHS,
nepepoOKku, 30epiraHHs Ta BUAAICHHS BIANPaNbOBaHUX ONUB. J(MpeKTHBa
J03BoJIsIE KpaiHaM-uiieHaM €C KOMITEHCYBaTH KOMITaHIsIM BUTPaTH Ha 30U-
PaHHs Ta BUAAICHH BiIIPAIlbOBAHUX OJIUB.

Haii0inbm mpiopHTeTHUM BBaXKA€ThCS pPEreHepallis BiANpalbOBaHUX
OJINB, a HE 1X CMaJIeHHS; MEHII PIOPUTETHUM — iX 3HUILEHHS, KOHTPOJIbO-
BaHe 30epiranHs abo 3axoBanHs. Kpainu-unenn €C MaroTh 3abe3neqyBaru
OesneuHe 30MpaHHS Ta BHUAAJICHHS BiQNpanboOBaHUX ONUB. 3a00POHEHO
CKUJIATH TaKi BIIXOIU Y BOAHI 00’ €KTH 200 IPEHAXKHI CUCTEMH.

Bynb-sike TiANpueEMCTBO, M0 3alMa€ThCsl BUIAICHHIM BipaibOBaHUX
OJIMB, IIOBHHHE OTPUMATH JI03B1J BiJI KOMIIETEHTHOTO OpraHy. A IiJIpHeEM-
CTBa, IIO 3alMAIOTHCS 30MPAHHSAM BiNPAIlLOBAHUX OJIMB, MAIOTh IIPOXO-
JIUTH PEECTpAIlifo Ta KOHTpoitoBarucs [3, c. 11; 4, p. 1300-1301; 5, c. 15;
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6, p. 263-264]. IcHyroTh CriemiaibHO PO3pO0JIeHI TacTIOpTH OS3MEKH XiMi9HOT
TIPOJTYKITi, JTO SIKOT BITHOCATHCA 1 HaTormpoaykTH. B Takux macroprax 000B’si3-
KOBO MPUCYTHIM PO3IILI, IO MICTHTH €KOJIOTIUHY 1H(OpMAIlito, 30KpeMa:

— OIIHKY MOJIMBHX TTOTCHIIHHUX BIUIMBIB Ha HABKOJIMIIHE CEpeio-
BUIIIE;

— HaAWOLIBII BaXKJIMBI XapaKTEPUCTHKU BIUTMBY XIMIYHOI MPOAYKINT Ha
HABKOJIUIITHE CEPEIOBHIIIC.

Jlo 0CcTaHHBOTO MYHKTY BIHOCATH 1H(GOPMAIIiIO IIOA0 XiMiuHOI, Oio-
JoriyHoi TpaHcdopmMalii, 30aTHOCTI 10 010KYMYJsLii, MEPCUCTEHTHOCTI 1
Olomerpanaii (po3KiaganHs), JaHi M0 €KOTOKCUYHICTb, TIri€HIYHI HOpMa-
TUBU B pi3HUX cdepax. Takok Tam moBUHHA OyTH MpHBeAeHa iHPOpMAaLis
1010 Oy/Ib-SIKUX 1HIIMX HECTPUITINBUX BIUTUBAX HA HABKOJIHMIIHE CEPEIo-
BHUIIIE, TAKUX SIK 3aTH0eTb (IIopH, payHH, KOPO3ist IPYHTIB, CITyCTEIIOBAHHS
TEPUTOPIii, MOXKJIMBE PYHHYBaHHS 030HOBOTO IIapy 3eMIIi, TII00aIbHE MOTe-
TUTIHHS KJTiMary.

B YkpaiHi HOBOKeHHS 3 BiNpanboBaHUMK HAQTONPOLYyKTaMH ITifIa-
Jla€ T AiI0 Aoy MUKHApOAHWX AMPEKTHB Ta BHYTPILIHIX MPAaBMIT 3aji3-
HUYHOT iHPPACTPYKTYpH (PUCYHOK 2).

4. CyuyacHuii cTaH npodjeMu Ha 3ai3HUI

[lo BHKOpHCTaHHIO MOTOPHUX OJIMB Ta IMAaJHB HAa IEPIIOMY MICI B
VYkpaini 3HaxonuThes JIHIIponeTpoBchka 00JacTh. SIKIIO aHaTi3yBaTh 10
ray3sx €KOHOMIKH, TO IepIIe MiCIle HAIC)KUTh CLITBCHKOMY TOCIIOIAPCTBY
(ua HBOTO IPUXOAUTHCA 35,4% Bif 3aralbHOrO0 BUKOPUCTAHHS PI3HUX TUIIIB
OJIMB), 3aJI3HUYHUI TPAHCIOPT Pa3oM 3 aBTOMOOIIBHOIO MPOMHUCIIOBICTIO
Ta TPAHCIIOPTHUMU 3aco0aMU 3HAXOJUThCS Ha uyeTBepromy Micti (13%).
B ninoMmy mo oIrjiHkaM eKCIepTiB BUKOPUCTAHHS OJIUB CYTTEBO 3pPOCTA€ 3
KO)KHAM POKOM.

AHani3 cy4acHOTO0 CTaHy npo0sieMH y cepi HOBOIKEHHS 3 Ha(hTOBMi-
HIYIOYMMH BiJIXOlaMHU TI0Ka3aB, [0 BOHA FOCTPO MOCTajla i mepes JiHik-
HUMH TiAPO3AiIaMy 3alli3HMIb YKpainu [3, c. 52; 4, p. 1300; 6, p. 264;
7, p. 8]. Tak, 3riIHO CTATUCTUYHUX NaHUX 3QNI3HUYHHUX IIATNPUEMCTB,
MOMIXK 1HIIKX BiJIXONiB 3HAYHHMH 00’ €MaMH YTBOPCHHS BiAPi3HSAIOTHCS
TEXHOJIOTIYHI IIJIaMH 1 BIAMpaIbOBaHI OJWBH, SKi € HEOC3MEYHUM JIXKe-
peJIoM apeHiB, BaXXKUX MeTaliB, OcH3(a)mipeny, onediHiB, CIIOIYK CipKH,
a30Ty Ta iH.
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Hanpuknan, sHadroBMingyrodi nuiaMu JiHIHHAX MIPO3AUTIB 3aTi3HUID
HAKOITUYYIOThCSI Y CTIYHUX BOAAX MiAMPUEMCTB ITicisi OOMUBKH BaroHiB,
TEIUIOBO3IB Ta iX JeTayield, TOMy HalOiIbIIa iX KiIBKICTh YTBOPIOETHCS
Yy BaroHHHX 1 MaCaXUPCHKHUX AEMO 3aJi3HUIb, T. 5. CaMe TYT IPOBOIITH
OOMHBKY PYXOMOTO CKJIaJly MPH MPOBEACHHI PEMOHTHHUX POOIT.

30BHI BIIXOMU TEXHOJOTIYHHX MUIAMIB MPEJCTABISAIOTH COOOI0 Macy
KOPHYHEBOTO KONBOPY, SIKA& Ma€ TPYyAKyBaTy CTpyKrypy. Hadromuramu
BiJIPI3HSIOTBECS PI3HOMAHITHUM CKJIQJIOM; B HUX INPHCYTHI HadTa, BOIA,
Ha(TOBI eMynbcii, acanbTeHH, TYIPOHH, 10HM BaXXKUX METaliB, Pi3HO-
MaHITHI MEXaHIYHI JIOMIIIKK Ta paJiOaKTHBHI eneMeHTH. Halvacrime
TEXHOJIOT14HI LIaMU BiTHOCSTBCSA JI0 TPETHOTO KJlacy HeOe3MeYHOCT i
SIBIISIFOTHCS TOMipHO HeOe3neunumu. Leit kinac Hebe3nekn 06yMOBIIOEThCS
BMICTOM Yy ITMX BiAXOJaX psy BaXXKHX METAJIB, 30KpeMa CBUHIIIO, ITUHKY,
HiKeJto Ta iHmwmx (Tadmums 1).

Ta6muis 1
AHaJi3 TeXHOJOTIYHOI0 HIJIaMy, 110 3a3BUYAl YTBOPIOETHCS
HA 3aJi3HMYHUX MiANPUEMCTBAX

Bwmict meTtauy, ®opma NpUCYTHOCTI
Pb (1) 37 0 0,037
Zn (2) 23,8 6,2 0,023
Ni (2) 13 3,5 0,013
Cu (2) 5 2 0,005
Cr(2) 10 0 0,01
Mn (3) 8,8 3,5 0,008

MoTopHi 07MBH B mporeci poOOTH B JBUTYHI BHYTPILIHBOTO 3TOPSIHHS
3HAYHO 3MIHIOIOTh CBO{ BIACTUBOCTI 3 HACTYIHUX PUYHH:

1. «BUCHQXXYIOTHCS» MPUCAIKH, HANPUKIIA], MHUIOUI CIIPUSIOTH IIOTEM-
HIHHIO KOJBOPY OJIMBH, 3aryIIyIodi NPHCAAKH PO3PHUBAIOTHCA Ha IpiOHI
MOJIEKYJTH, 1[0 IPU3BOANTH A0 3MEHIICHHS B'S3KOCTI OJIMBH.

2. OnuBa OKUCHIOETHCS IIiJ] JII€I0 KHCHIO TOBITPs (MOJICKYJIH OJIMBH
MMOETHYIOTHCS 3 HUM 1 TEMHIIOTh 3 YTBOPEHHSIM CMOJIUCTHX PEUYOBHH).

3. Jlo oMBH NOTPAILISIFOTh MEXaHIYHI JOMIIIKH 1 IPOYKTH 3TOPSHHS.
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4. BinOyBaeTbcsi 00BOMHEHHS, IO CIPHSIE PO3BUTKY KOPO3IHHUX MPOIIECIB.

BincyTHicTh Ha 3aTi3HHILIX YCTaTKYBaHHS IS YTHITI3AIil [UX BIAXOIIB
Ta 3MEHIIEHHS 1X HETaTHBHOTO BIUIMBY Ha JIOBKLIIA BKa3ye Ha HEOOXiIHICTH
PO3pOOIICHHS CyJacHOI aIalITOBAHOI JI0 YMOB BUPOOHUYOTO MPOIIECY TEXHOIO-
Tii, 3@ TOTIOMOTOO SIKOT MOXHA OyJI0 O CKOPOTHTH OOCSTH IUX BIAXOMIIB 1 THM
CaMUM 3MEHIIUTH MacIiTabH iX BIUTMBY Ha HABKOJIMIIHE MPUPOIHE CEpelo-
BuIle. B pe3ysbTari 1l BpoBaKEHHS MOXHA OTPUMATH 3HAYHI SK €KOJIOTIYHI,
TaK 1 ekoHOMiuHI edektu [7, p. 8-10; 8, p. 1095; 9, p. 177; 10, p. 1341].

Hamu OyB mnpoBeaeHW aHami3 pi3HUX XapaKTEPUCTHK OJIUB, IO
BHKOPHCTOBYIOTHCSI Ha TATOBOMY PYXOMOMY CKJIadi 3alli3HUIL YKpaiHH.
B pesynbrari aHanmizy oOCSITIB yTBOPEHHS BUSIBICHO, L0 y HaHOinbIIii
KUTBKOCTI Ili OJIMBH BHKOPUCTOBYIOTHCS IIANPHEMCTBAMH JOKOMOTHUBHOI
CITy>k0H, 1 BIITIOBITHO 11i MiAPO3IiIN € HAWOIIBIIMMY BKJIaJHUKAMH B YTBO-
PEHHsI OIMBOBMICHHUX BiJIXO/iB.

YTBOpEHHS BiJIXO/[iB HA MANPHUEMCTBAX JIOKOMOTHBHOI CITy>x0H (y TIpo-
LICHTHOMY CITiBBIHOIICHHI 3a piK) 300pa)KCHO Ha PUCYHKY 3, Ha SKOMY
MOYKHa TIOOQYUTH, IO OJIMBH € HA TAKUX IIPUEMCTBAX OCHOBHUMH 32
KUIBKICTIO BIIXOIaMH.

Tak, pu 3aMiHi OJIUBU 3 OJJHOTO TEIUIOBO3a 3JIMBAOTh OJMU3bKO 550 KT
BiJIIIPAIlbOBaHOT MOTOPHOT OJINBHU (JUTsI TETUTOBO31B THITy UMD3). V 3amex-
HOCTI BiJl KUJIKOCTI OJMHHIIb PyXOMOTO CKJIaJy, IO OOCIYTrOBYIOTHCS B
JIOKOMOTHBHOMY JIETIO, Ta 00’ €MiB BUPOOHHUIITBA 3aTI3HUYHOTO ITiIITPUEM-
CTBa 3a PiK B Jieno Moxe yTBoproBarucs 10 100 T BiampaisoBaHOi OJUBH.

MoTopHa 0JIMBa — IIe OJTUH 13 HAWBAXJIUBIIINX €JIEMEHTIB Y KOHCTPYKII
JIBUTYHA, IKUI IpU3HAYEHUH AJIs1 IOBTOCTPOKOBOI Ta HAIMHOI MiITPUMKH
1oro po0oTH, 3a0e3MmeueHHs 3aJaHOTO pecypcy IBHUTyHA. BHUKOHAHHS 1HX
(hyHKUIA MOXITMBE JIMILE MPHU TOYHIN BIAMOBIAHOCTI ii BIaCTUBOCTEH TUM
TePMIYHUM, MEXAHIYHUM 1 XIMIYHUM BIUIMBAM, SKHM OJIUBA IiJIA€THCS B
mporieci poboTH, a caMe B OJNMBHINA CHUCTEMI JBHTYHA, Ha MOBEPXHAX, L0
3MAaIyIOTECSI TA OXOJOKYIOThCS. B3aeMHa BiINOBIAHICTH KOHCTPYKIii
JIBUTYHA, YMOB HOTO eKCIUTyaTanii i BTaCTUBOCTEH OJIMBU — OJTHA 3 HAallBaX-
JUBINIMX YMOB JIOCATHEHHS BUCOKOT HAJIITHOCTI IBUT'YHIB.

CBiXa MOTOpHA OJIFBa Ha BUIVISII SIBJISIE COOOTO TIPO30pY, B’ A3KY PiANHY,
10 CKJIAJIAEThCS 3 0a30BOT CHPOBUHHU 1 IPUCAJIOK 110 HEl.

Y mporieci poOOTH OJHBA TOCTYIIOBO 3a0pYIHIOETHCS PI3HOMaHITHUMH
METAJICBUMH YaCTOYKaMHU, 110 IMOTPAILIAIOTh Y HEl B Pe3yJIbTaTi CTUPAHHS
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JIOKOMOTHMBHOI CJ1y:K0H Y MPOLIEHTHOMY CIiBBiTHOIIEHH] 3a pik

METaJICBUX MOBEPXOHb JeTajci, MiHEpAIbHUMHU JIOMIIIIKAMU, SIKi OTIHHS-
IOThCS B OJIUBHIM CHCTEMI depe3 HOBITPS Ta MOXKYTh BUKJIMKATH IHTCHCUBHE
3HOINIYBaHHS 00 THAHHS, PO3PIIKY€ETHCS MATLHUM, [0 3HAYHO 3HIKYE ii
TeMIepaTypy craiaxy, aire3iro Ta B’s3KicTh. HermoBHe 3ropsHHS MainBa
BUKJIMKAE MOTPAIUITHHS Y KapTep CMOJIUCTO-CAKUCTUX JACTOK, IO 3a0pyI-
HIOIOTh OJIMBY Ta IHTCHCHU(IKYIOTh JJAKO— 1 HArapOyTBOPECHHSI.

KpiM Toro, B 0JMBY i3 TPOMYKTIB 3TOPSIHHS ITaJlUBa, HABKOJHUIITHEOTO
MOBITPS, HENIIJILHOCTI Y BOJSTHUX OXOJIOJDKYIOUMX TMPHIIaiaX MOXKE MoTpa-
IUIATH BOJIA; IPUCYTHICTS 11 IyKe HETATHBHO BILIMBAE HA TaKi BIACTHBOCTI
OJIHB, SIK KOpO3iifHa CTIHKiCTh, CTIMKICTB 10 OKHCHEHHs. [Ipy moTparmisaHHi
BOJM PYHHYETHCS OJNHMBHA IUTIBKA B MIANIMITHUKAX KOJIHYACTOTO BAy i
aHTH(GPUKLIIAHUNA Map MiANIMITHUKIB, TOCHITIOETHCS 3HOMICHHS 1 KOPO3is
JeTanel JBUTYHIB, 3’SBISIIOTBCS 3TYCTKH, sIKi 3a0HMBAIOTH OJHMBOIPOBIZ
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Ta yCKJIaJHIOIOTh MOTPAIUISHHS OJUBU A0 Aetaiiedl. Takox Boja yTBOPIOE
CTIMKY eMyJIbCIF0 3 OJIMBOIO, II0 HE TUIBKH TIOTIpIIYE SKICTh ONUBH, a U
YCKJIaIHIOE 11 OBy pereHepalito.

Yepes B3aeMOJIiI0 3 HATPITUMH YaCTHHAMU OOJIQJHAHHS OJIMBA 3a3HAE
TEPMIYHOTO PO3KIIAJICHHS, TAKOK BOHA OKUCITIOETHCS T JII€I0 KUCHIO TIOBi-
Tps. Jeski MeTayv, HalpUKIIAJ, 3aJ1i30, CBHHEIb, [IMHK Ta IHII, MOXYTh
BHCTYTIaTH KaTali3aTopaMH HPOLECY OKUCHEHHs. [IpHmBHIIIyBaTH OKHC-
HeHHs Moxe 1 Bozma. OKpiM IpoleciB PO3KIaNaHHs Ta OKMCHEHHS Iapa-
JIEJIBHO MOXKYTh 1TH BTOPUHHI MTPOLIECH MOJIIMEpU3aLlii Ta KOHIEHCcali].

Jeski IpoayKTH OKUCHEHHS Ta YIIUTbHEHHS (ac(abTeHun, KapOoian) Hepo3-
YMHHI B OJIMBi; BOHA MOKYTh YTBOPIOBATH KOJIOTIHI CHCTEMH Ta BUITAIATH B OCA]I
y BUIJISIl ITAMOMNOIOHUX TPOMYKTIB 1 IIOCTYIIOBO 3a0pYAHIOBATH OJMBOIPO-
BOJIH, TIOPYIITYBaTH [UPKYJISIIO OJIMBH, BUKJIMKATH YTBOPCHHS Harapy.

Takoxx Ha OJMBY JiIOTH Taki (PaKTOPH HABKOJIHUIIHBOIO CEPEOBHIIA, SIK
THCK, eJICKTPUYHE MTOJIE Ta MPUPOAHE OCBITIICHH:M [ 3, ¢. 53-57; 11, c. 82-83].

Sk pesynmbTar, OMBa IOBHICTIO 3MIHIOE CBOi XapaKTEPUCTUKH, BTpadac
OCHOBHI eKCILTyaTalliiiHi BIACTUBOCTI 1 CTa€ JIy’Ke T'YCTO MYJIOIOMIOHOO pevo-
BHHOIO YOPHOTO a00 TEMHO-KOPHYHEBOTO KOJIBOPY, TYCTOK CYMIIIIIIIO Pi3HOTO
POy pijvH 3 JoOaBKaMHU TBEPIIVX PEIOBUH — OKCHJIIB METAIIB, POILYKTIB 3HOCY.

Ha miampremcTBax 3a1i3HHYHOTO TPAHCHOPTY [UIS TATOBOTO PYXOMOTO
CKJIally iICHY€E MEBHUH Tepellik OpaKyBaJIbHUX HOPM — YUCIIOBHX 3HAuCHb
MapaMeTpiB SKOCTI, IPHU JOCSITHEHHI SKUX MACTWJIbHI MaTepiald BTpada-
FOTh (DYHKIIIOHAJIbHI BIACTHBOCTI.

JaHi aHami3iB MOPIBHIOIOTh 3 OpaKyBaJbHUMH TTOKa3HHKAMH i TaKUM
YUHOM OLIHIOITH eKCIUTyaTaliiHy NpuAaTHicTh oiuBH. OnuBa, IO HE
HaOyna OpaKyBaJbHUX IapaMETPiB MOXKE BUKOPHUCTOBYBATHCH Y IOJAIb-
IOMY; 10 TOTO MOMEHTY, JOKH Xoua 0 ONuH i3 OpaKyBaJbHUX MMOKa3HHUKIB
He Oyne mepeBUINEHUI Taky OJIMBY BBaXKalOTh €KCILTyaTalliifHOI0, TOOTO
TaKol0, 110 B MOBHil Mipi 3abe3neuye HafiiiHy poOOTy JBUTYHA.

BinOpaxoBaHa i 31MTa 3 KapTepa NpH IUIAHOBIM 3aMiHi OJTUBA MiJUIATae
nepenavi Ha perenepaiito. [1iciis BUBYEGHHS ICHYIOUMX TEXHOJIOTIH Ta cXeM
pereHepartii BiAIpalbOBaHUX MOTOPHHUX OJHMB Ha 3aTi3HHYHOMY TpaH-
cnopti Ykpainu OyIio 3’sICOBaHO, IO 3aXO/(iB MO BiJHOBJICHHIO BiAMpaIbo-
BaHUX OJIUB MaiiXe He TIPOBOJUTLCS, a T HAaUIpocTimti Gi3udHI METOIH, IO
ICHYIOTh, MAIOTh HU3bKHI €(EKT OYUCTKH 1 BUX1JI OUYUIICHOTO MPOAYKTY, a
TOMY BUMAraroTh Y0CKOHAICHHSI.
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5. Po3po0JieHHsI cXeMH MOBOKEHHS 3 BilPallbOBAHUMH 0JIHBAMHU

[IpoananizyBaBIIH CHTYAIIiO, IKa CKJIAJacs, MU MPUHIILIN 1O BUCHOBKY,
0 BIJICYTHICTh Ha 3aJII3HHUIAX YCTaTKyBaHHS JJIs YTHTI3allil WX BiIXO/IB
Ta 3MCHIICHHS X HEraTHMBHOTO BIUIMBY Ha JOBKUDIS BKa3ye Ha HEOOXil-
HICTh pO3POOJIEHHS CYy4acHOi aanToBaHOi 1O YMOB BUPOOHUYOTO MIPOLECY
TEXHOJIOT11, 32 JOMOMOTOI0 AKOI MOXKHa Oyn0 O CKOPOTUTH OOCITH IUX
BIIXOJiB i THM CaMHUM 3MEHIIMTH MAacCIITa0H iX BIUIMBY Ha HABKOJIUIIIHE
npuponHe cepenosuine. B pesynbrari ii BOpOBaIKeHHSI MOXHA OTPUMATH
3HAYHI SIK €KOJIOT14YHi, TaK 1 eKOHOMIYHi e(peKTH.

[Micns aHamizy iCHyIOUMX HAIpsSMKIB IiJBUIIEHHS PIiBHS E€KOJOT1YHOT
0e3MeKH MPU MOBOPKEHHI 3 BiJNPaIlbOBaHUMHU OJIMBAMHU Ta y3araJlbHEHHS
pOOIT, TPUCBIYCHUX PO3POOIICHHIO MPUPOIOOXOPOHHHUX 3aXO[IB 3 METOIO
3HI)KEHHS TEXHOTCHHOTO HAaBAaHTAXXEHHS, CIPHYMHEHOTO iX BIUIMBOM Ha
JOBKUIIS, OyJTM MPOBEJCHI €KCIIEpUMEHTANIbHI JOCITIKEHHS TI0 BiJTHOB-
JICHHIO OJIMB 3 BUKOPHCTAaHHSIM Pi3HHX METOMIB. 30KpeMa BHITPOOYyBaHi
HalnpocTimi (Gi3udHi METOAM, METOJAH 3 BHKOPUCTAHHSM COPOCHTIB pi3-
HOTO MOXOKEHHS (IICOJITIB, KEPAM3HTY, JIATIOMIHIIO TPHOKCHIY), €KCIIe-
PUMEHTH 3 BHKOPHUCTAHHSIM KIACHYHOTO CYIb(AaTHOKHUCIOTHOTO METOLY
OYHIICHHS BIANPABOBAHUX OJHB, BHIPOOYBAaHHN METOI OYHMIICHHS Bif-
MPalbOBAaHKUX OJIMB 3 BUKOPUCTAHHSIM Pi3HHUX THUITIB TOBEPXHEBO-aKTHBHUX
peuosuH (ITAP).

Haiikpamuit pesyneratr Oyio JOCSITHEHO CYyMIiCHHM BHKOPHCTaHHSIM
ITAPu HeoHomy Ta ankinbGeHzocyabcokuciaoTi (ABCK) — 3aMiHHMKa CyIb-
(atnoi kucnoru. Tak, 1s onusu M-14B2, sika mmpoko 3aCTOCOBYETHCS Ha
3alTi3HUII, eeKT OUNCTKH ckiiaB 95,08%; mpu 11bOMY MaKCUMaIIbHUH BUX1]T
OYHIIICHOI OJTUBHU Npu oMy ckiaB 90,01% [3, c. 87; 12, c. 19-20].

B pesynbrari Oyia 3amporoHOBaHA cXeMa IMOBOKEHHS 3 OJIMBAMH,
HaJaHI pEeKOMEHJAIlil MO0 MOBOIKCHHS 3 HUMH IIICIs BilOpaKyBaHHs
(pucynok 4). OCHOBHI CKJIaJIOBi 3alpOIIOHOBAHOI CXEMH I €MKiCTh-yce-
PEIHIOBaY, EMKOCTI JIJIsl 30epiraHHsl OCHOBHUX peareHTiB, 3MilllyBadi, 11eH-
TpudyTra, HACOCH-03aTOPH, HAPTOILIAMOHAKOITUIYBaY.

[Ipu po3poOiii 3arajabHOT CXEeMH BiJHOBJICHHS CKCILTyaTamiiHOl SKOCTI
BiJIIPanibOBaHUX MOTOPHUX OJIMB MU BHXOIWJIH 3 PE3YIBTATIB MPOBEICHNX
1ma00paTOPHUX MOCTIHKEHb 110 BUMPOOYBAHHIO PI3HUX METOIB OUUIICHHS
Ta ONTUMIi30BaHOTO BapiaHTy 00paHOi TEXHOJIOTII, a caMe 3 TeMIIepaTypHUX
YMOB, KiJIbKOCTI peareHTiB Ta 4acy iX KOHTaKTyBaHHS 3 OJIHBOIO.
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6. BUBYEHHA TOKCUKOJIOTIYHUX BJACTUBOCTeIl 0JIMB

Sk BKe 3a3HAYaNOCh BHINE, OCHOBHI TOKCHKOJIOTiYHI BIIACTHBOCTI
Ha(TOBMICHHX BiJXO/IiB, 30KpEMa BiIPaIlbOBAHUX OJIUB, 00YMOBIIOIOTHCSI
TaKUMU CIOJNyKamH, K OeH3(o)mipeH, GpypaHu, JIOKCHHH, Moixaopaide-
Hinu Ta iHmi. Came ToMy HamMu OyJa pUiIeHa yBara BMIiCTy y BiIIpalbo-
BaHUX Ta OYMILEHUX 32 3aPOIIOHOBAHOI0 CXEMOIO OJIMBaX BaKKUX METaJIiB
Ta XJIOPBMICHHUX CIIONYK, SIKi 1 (JOpPMYIOTh HEraTHMBHUIl TOKCHUKOJIOTiUHUIH
mpoiab HUX BiIXOMIB.

Byna mpoBeneHa mepeBipka CBDKHX, BiANPAallbOBAaHHX Ta BiJHOBIE-
HHX 3a 3aIpOIIOHOBAHMMHU HaMH cxeMamu oiuBu M-14B, Ha BMmicT B HUX
OeH3(0)ImipeHy, BaKKMX METaNiB (CBHHIIIO, HIKEIIO, KYNpyMy, KOOAJETY,
XpOMY, IWHKY) Ta XJIOPUI-10HIB.

Bapro Bim3HauuTH, MO sKiCHE BU3HAYECHHS XJIOPY MPOBOIUIOCH IIO
3eJIeHOMY 3a0apBIEHHIO OXYyM sl IPU BHECCHHI B HHOTO MiJHOT IPOBOJIOKH
3 onmBoK0. Lle Mo3BOIsIE BUSIBUTH TPUCYTHICTH €JIEMEHTY B KUTBKOCTI HE
mestre 0,3%.

Takox Mpu NMPOBEACHHI JOCTIKEHb, IO TPOBOAUBCS Y JIIIEH30BaHIi
crnenianizoBanid nabopatopii Jlep:kaBHOrO yHpaBIiHHA OXOPOHU HaBKO-
JIMIIIHBOTO MPUPOJHOTO cepenoBuia B JIHINpomneTpoBChKiid 0bnacTi, 1is
BH3HA4YECHHS OeH3(0)MipeHy BUKOPUCTOBYBAJIACh METOIUKA PiAMHHOI Xpo-
Matorpadii; 1y BU3HAUE€HHS BaXKKUX METalliB — METOJ] aTOMHO-a0copO1Iiii-
HOI criekTpockomii. OTpuMaHi pe3yasTaTi HaBeAeH! B Tabmui 2.

Ta6murg 2
IopiBHSIHHS €KOTOTTYHUX MOKA3ZHUKIB CBIXKHUX,
Bil0pakoBaHuX Ta BiTHOBJeHUX 0B M-14B2

IToxa3nuk
Baxki meTanu
(BaJjioBa KJILKICTh, MI/KT):

Bumicr B osmi | PeH3(0) Xnopua-| = -

MIpeH, . = 2 = g
ion 5} = > = =

MI/KT = g = < g =
z = SO - <

S| = | & &2
V cBixiit - Binc. 35 - 12 - - -
VY BinOpaxoBaHiit 13 Binc. 69 26 34 - - 24
V BigHOBICHIH - Binc. 12 4 5 - - 3
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[Ticns oOpoOkm OTpUMaHUX NaHWX HaMH Oynu 3poOJeHI HACTYIHI
BHCHOBKH:

1. bens(o)mipeH 3’ IBIsSEThCS TPU poOOTI OJTUB 000X MapOK, 1 BiH TIOBHI-
CTIO 3HHUKAE 3 HUX MICJIT 0OPOOKH 3a 3alPOITOHOBAHHMHU CXEMaMHU;

2. XopuI-10HU BIJICYTHI B OJIMBAX Ha BCIX CTaifAX, IO MiATBEPIKYE iX
0E3MEeYHICTh Ta EKOJIOTIYHICTh 3aIPOIIOHOBAHUX CXEM BiIHOBJICHHS,

3.Baxkki MeTanu NMpUCYTHI y BiINpalbOBaHUX OJMBAX, IO MiABHILYE
X GKOJIOTIYHY HeOe3IeKy, a TaKOXK TOBOPHTH MPO HE3aJ0BUIBHY POOOTY
nu3eniB (BiAMOBIAHO 0 pekoMeHnaniii OpraHizamii criBAPYKHOCTI 3a1i3-
HUIIb) 3HAYHE 3HIKEHHS KIJTBKOCTI IUX TOKCHUYHUX €JIEMEHTIB (CBUHILIO
Ha 82,61%; nikento Ha 84,62%, kynpymy Ha 85,29%, nunky Ha 87,50%;
g onuBu M-141,11C — cBuHIo Ha 88,24%, Hikelnto Ha 86,67%, Kylipymy
Ha 84,09%, xpomy Ha 83,33%, nunky Ha 90,91%) micis 06poOKu ONUB 3a
3aIPOMOHOBAHMMH CXEMaMH TIATBEPIKYE OC3IMEUHICTh BiJHOBICHUX OJIUB
Ta eKOJIOT1UHICTh camuXx cxeM [3, ¢. 100—101; 13, c. 147-148].

TakuM YWHOM, IIISXOM BIIPOBAHKCHHS 3allPOIIOHOBAHOT CXEMH BHUDI-
IIYIOTHCS HACTYITHI €KOJIOTIYHI MTPOOJIEMH 3aJTi3HHUIIb:

— MIHIMI3Y€ThCSI KUTbKICTh BiIPaIlbOBaHUX OB — OCHOBHOTIO 3a 00’€-
MOM BiJIXOJy TIANPUEMCTB JIOKOMOTHBHOTO TOCIIOIAPCTRA;

— BiZIOYBa€THCS MOBEPHEHHS IIHHOT CUPOBUHU (OJIMBU) Y TEXHOJIOT1Y-
HUU TIPOLIEC y BUIIISAII BiTHOBJICHOT MOTOPHOT OJIMBH;

— OTpUMaHi BiTHOBIICHI OJIMBU HE MAIOTh TaKOi X CTYIEHI TOKCUYHOCTI,
SIK BiJIIIPaIlbOBaHI OJIMBY, a TOMY HE CTAHOBIIATH 3arPO3H JJISI JJOBKIJLIIS.

Ha ocHOBI 3amrponoHOBaHO1 CXeMH TaKoXK po3pobIieHa i 3aponoHOBaHa
€KOJIOTO-XIMMOTOJIOTIYHA CXeéMa IMOBOMKEHHS 3 BiANpalbOBaHUMH OJIU-
BaMU (Ha npukiani onusu M-14B,) Ha 3ami3aumi (puc. 5).

7. BucHOBKH

1. JocmimkeHi OCHOBHI MOKa3HUKH, SIKI (POPMYIOTh TOKCHKOJIOTIYHHN
po¢iiab HaQTOBMIIIYIOUHX BiJIXOIIB.

2. IIpoanamnizoBaHi Mi>KHAPOAHI KOHBEHIII1, JOMOBJICHOCTI Ta BUMOTH
IIOJI0 CKJIy Ta MOBOKEHHS 3 HA(QTOBMICHUMU BiJIXOJaMHU.

3. IIpoBeneHi ekcriepuMEHTaNIBHI JOCIIHPKEHHS TI0 BiTHOBJICHHIO OJIUB 3
BUKOPUCTAHHSAM Pi3HHX METOIIB.

4. BumpoOyBaHull METOJ] OYUIICHHS BIiAMPAIlbOBAHUX OJHMB 3 BUKO-
PUCTAaHHSIM pI3HMX THUMIB IOBEpPXHEBO-aKTHUBHUX peuoBuH (IIAP) Ta
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3aMiHHHMKA Cyab(paTHOI KUCIOTH — ankinoen3ocynbdokucnoru (ABCK).
Halikpamnuii pe3ynpraT J0CSTraeThCs CyMICHUM BHKOpucTaHHIM I[TAPu
HeoHoiy Ta ABCK.

5. JlocmipkeHi eKONOTiuHI TTOKa3HUKK SIKOCTI CBIXKHX, BiOpaKOBAaHHX
Ta OYMILEHHX 32 3aIPOIIOHOBAHOK) CXEMOIO OJIMB. BUABIEHO 3HAUHE 3MEH-
IICHHS KUTBKOCTI a00 TIOBHY JIIKBIJIAIlif0 IPUCYTHOCTI y BiJIHOBJICHHUX OJIH-
Bax BaXKKUX METaJliB, XJIOPUIiB Ta OeH3(a)mipeny.

6. 3ampormoHOBaHa cXeéMa BiJHOBJICHHS BiANPAIlbOBAaHUX OJIUB, sKa
CIIPISITUME iABHUIIEHHIO €KOJOTIYHOCTI BUKOPUCTAHHS BiAIpalbOBaHUX
MOTOPHUX OJIMB 3aJli3HUIb. TaKi 3aX0IM MiHIMI3YIOTh KUIBKICTh BiIXOIIB,
3HU3ATh HABAHTA)KCHHS Ha HAaBKOJIMWIIHE TMPUPOTHE CEPEeNOBHINE Bixmpa-
[FOBAHMX OJIUB Ta JTO3BOJIATH OTPUMATH TICBHUI EKOHOMIYHUIA €(EKT.

7. Ha 0CcHOBI 3ampOIIOHOBAHOI CXEMH TAaKOX PO3pOOJICHA 1 3aIpOIOHO-
BaHa CKOJIOTO-XIMMOTOJIOTiYHAa CXeMa MOBOUKEHHS 3 BiIIpallbOBAHUMHU
OJIMBAaMHU Ha 3aJII3HULI.

8. OTpuMmaHi pe3yabTaTu JOCTIHKEHb MOKIIMBO BUKOPUCTATH Y ITOJAITh-
it poboTi, 30kpeMa migdopl ycTaTKyBaHHS Ta MPOBEAEHHI MONANbIINX
CTCHJIOBHX Ta MTPOMHUCIIOBHX BUIIPOOYBaHb.
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STRESSED-DEFORMED CONDITION
AND DESTRUCTION OF TECHNOLOGICALLY
DAMAGED REINFORCED CONCRETE STRUCTURES

Hanna Zinchenko!
Vitaliy Dorofeyev?
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Abstract. The studies, conducted by the authors over the past 30 years
have shown that reinforced concrete structures in the process of process-
ing into products receive technological (hereditary) damage at the micro
and macro levels. The resulting damage and structural imperfections affect
the operation and behavior of structures during operation. They change the
strength, deformability, stress-strain state, the nature of the appearance and
the development of force cracks, as well as the durability of the structures
and systems. Therefore, it is important to analyze the occurrence of techno-
logical cracks and the causes of their genesis in reinforced concrete struc-
tures at micro and macro levels, the effect of this damage on the stress-strain
state, crack resistance, deformability and durability during the operation. The
subject of the study is concrete mixtures with different ratios of initial com-
ponents, reinforced concrete structures that have got initial (technological)
damage and the stress-strain state of bent elements at the crack tip, taking into
account the dispersed damaging of the material structure. For the description
of non-homogeneity of the material, linear and structural mechanics, as well
as micromechanics, were used. Micromechanics allowed us to describe the
interaction processes that occur between the individual components during
the operation of the material and structure. The photoelasticity method made
it possible to determine the stress distribution in regular-structure composites
before cracks appeared at the micro level with stress concentration on inclu-
sions. This made it possible to use the relations of the linear theory of elas-
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ticity for a piecewise homogeneous body without discontinuities and cracks.
We investigated the two-dimensional stress distribution: plane strain or plane
stress state. To describe the two-dimensional stress state, we used the appa-
ratus of the theory of analytical functions of a complex variable proposed by
Kolosov and developed by Muskhelishvili. The graphoanalytical method was
used when analysing the mechanism of structure formation of the materials
at the macro level. When analyzing flat models of structural concrete, the
shape of the placeholders is taken in the form of squares. An asymptotic study
of stress fields in the vicinity of the tip of a force crack, taking into account
the mixed stress, is an important task of nonlinear fracture mechanics, and
in particular, taking into account the presence of a scattered damage field.
Therefore, the study of the stress and strain field near the crack tip under
tensile and shear loads is of particular relevance when calculating the bearing
capacity and deformability of structures. The aim of the work is to study and
generalize crack formation in the materials and reinforced concrete structures
at micro and macro levels, the influence of technological damage on the deve-
lopment of cracks from external influences and loads, the determination of
the stress-strain state at the crack tip from external influences and loads, and
the influence of technological cracks on the bearing ability, deformability and
operational characteristics of structures. The use of the apparatus of the the-
ory of analytical functions of a complex variable made it possible to obtain
numerical results, characterizing the initial stage of material operation (the
formation of diffuse damage) for any characteristics of materials, forms of
inclusions and external influences. The study of mechanisms of formation
macrostructure concretes showed that the reasons of genesis and the deve-
lopment of discontinuity in hardening matrix material that degenerate in the
internal surface of the process section or cracks are strain gradients. Follow-
ing the algorithm, it is possible to obtain eigenvalues for constructing a mul-
tiscale, multilevel description of fracture processes in the vicinity of the crack
tip that lead to loosening of the material, crack growth, and structural failure.

1. Introduction
It is known [1, p. 5-99] that reinforced concrete structures in the process
of processing into products get technological damage at micro and macro
levels. When analyzing the structures of materials, it is customary to distin-
guish certain types of them by size. Such an artificial identification of struc-
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tural levels makes it difficult to assess the degree of danger of defects in
the analysis of the physicomechanical properties of materials. It is consid-
ered dangerous to attribute defects, which size is larger than the size of the
constituent structural elements. Therefore, a defect size that is safe at one
structural level becomes dangerous for a lower scale level. At each selected
level of structural heterogeneity, the material can be described using linear
mechanics or micromechanics. Representation of the material as a complex
medium involves the allocation of a volume in which the individual proper-
ties of the components are leveled (Figure 1).

Figure 1. Theorganization of the structure of composite building
materials:
1 — elementary structural element of a binder; 2— filler; 3 — cement stone;
4 — fine aggregate; 5 — macrostructural cracks; 6 — pores; 7 — soution part (matrix);
8 — coarse aggregate; m, m,, M, Mz,,,, , M, — structural scale levels,
which are averaged individual structural inhomogeneity m,

The identification of the features of the interaction of the individu-
al components allows to reveal the mechanism of formation of average
characteristics at the level M,. In turn, the analysis of the interaction at
levels structures M, M,, ..., M, (taking into account interaction of the
components structures m,, m,, ..., m,) reveals mechanism of the physico-
mechanical characteristics of composite building materials with layered
structure organization.
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The appearance and development of cracks in hardening materials de-
pends on the number of interacting phases v, their mechanical characteris-
tics, the geometric parameters of the heterogeneous system, the geometric
characteristics of the sample or structure, the magnitude and kinetics of the
development of intrinsic volumetric deformations, the change in the rheo-
logical characteristics of the hardening system, the intensity and parame-
ters of technological influences. Studies have shown that for a qualitative
description of the physicomechanical processes of structure formation and
destruction of materials and the establishment of qualitative relations, it is
sufficient to distinguish two structures: micro and macro levels. At the mi-
cro level, the characteristic structure of the heterogeneity of the material is
the “binder-filler”. The macrostructure is represented by the solution-aggre-
gate heterogeneity. Moreover, each selected structure consists of structures
of a lower scale level, and sprouting from one to another scale levels, they
interact with each other. The structure organization is most clearly traced
in concrete: from submicrocrystals of the gel component with a size of
10719... 10-%to heterogeneity "mortar-aggregate" with a size of 2x102 st.

2. The mechanism of cracks genesis in the microstructure of concrete

The analysis of the formation of structures at the micro level shows that
the use of fillers will let increase the strength of composite building mate-
rials [2]. It is associated with an increase of the destruction energy of a het-
erogeneous medium. Dispersed particles are able to interact with the front
of the cracks. Therefore, the fracture energy is associated with the fracture
energy of the matrix material, the linear energy per unit length of the crack
front and the distance between discrete particles. The size of a fracture crack
depends on the specific surface energy, stress concentration in the region of
the crack mouth, the module of elasticity of the material, and the maximum
stress value, they harden the material by restraining the directional move-
ment of dislocations. The line of dislocations bends between the particles in
loops, that have different signs behind each particle, which causes them to
close , annihilate, and form dislocation fields around the particles.

The effect of fillers on the strength of materials is valid for a group of
materials consisting of an isotropic matrix in which filler particles of the
same size are evenly distributed [2, p. 35—41]. In this case, the interface
between the matrix material and inclusions can serve as a source of crack
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genesis and decrease in the strength of the material, or as a kind of stopper
for the genesis and development of cracks, and increase the mechanical
characteristics of the material [3, p. 23-27]. It can be concluded that the
strength of composite building materials at the microlevel is determined by
its heterogeneity. Therefore, the strength of such filled systems will depend
on both the amount of fillers and their dispersion (Figure 2).
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Figure 2. The effect of the amount and dispersion
of the filler on the strength of the filled compositions
a—n/a-constant; b — S, — constant

R=fVySyyui-) (1

It can be concluded that for composite building materials, the hetero-
geneity of which is determined by the internal interstructural interfaces,
strength fulfills the function of internal hereditary cracks. In turn, the num-
ber of internal cracks and their extent depends on the ratio of surface activ-
ities of binder grains and filler particles that determines the dispersion and
amount of filler. It can also be concluded that the strength of the micro-
structure of materials is a function of their heterogeneity that is determined
by intercluster interfaces, and can be controlled by introducing a certain
amount of fillers into the system that are characterized by surface activity
and dispersion.

As a comparison of the results obtained experimentally (by the pho-
toelastic method) for composites of regular structure shows [2, p. 25],
the stress distribution in them before the appearance of cracks is fairly
well described by a linear model. At the initial stage of the work of the
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material during the formation of cement stone, shrink stresses are mani-
fested. Material properties do not depend on the load level yet, and stress
concentration occurs at the inclusions. By inclusion we will mean an area
with modified properties. This makes it possible to use the relations of
the linear theory of elasticity for a piecewise homogeneous body without
discontinuities and cracks. The latter is due to the fact that the appear-
ance of microcracks indicates a significant nonlinear stage of the work of
the material, and therefore the stage of the appearance of microcracks is
excluded from the initial stage of the work of the material. In the future,
we will study only the two-dimensional distribution of stresses: plane
strain or plane stress state. On one hand, these rays are widespread in
the practice of construction, and on the other, an exceptionally power-
ful apparatus is developed for describing a two-dimensional stress state
in the mathematical theory of elasticity — an apparatus of the theory of
analytic functions of a complex variable, first used by Kolosov and devel-
oped by Muskhelishvili [4, p. 270]. The use of this apparatus makes it
possible to obtain numerical results, characterizing the initial stage of the
composite for any characteristics of materials, forms of inclusions and
external influences.

The solution of the posed problems is reduced to the determination of two
functions ¢(z) and y(z) to the complex variable z=x + iy. The components of
the stress state are expressed in terms of @(z) and y(z) by ratios help:

f(O=0)=1, f(0=0)=-(A+1)/1g(M"z /2),

f1(0=0)=4, f"(6=0)=A4, 2)
Re@'(z) — a material part of analytic functions ¢(z).
And moving: -
2u(u—-iv)=x¢(z)-z¢'(z)-v (2) 3)

The determination of the desired functions was carried out from the sys-
tem of functional equations:

§¢(t(’")) _ l{,wm N m} g (1) + L{,(m)d,! (") +v, (,(m))} - g();

g(t(m)) =& (t)+ig2 (t); 4)
" eT™:m=0.1..
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Note, that g (t) determines the amount of displacement that should be set at
the point t™ kernel Q™ in order to combine it with the point t™ element of the
boundary t™ domain Q when the latter is in an undeformed state. For example,
in the case of uniform shrinkage of circular elastic nuclei with an initial radius
R into holes of unit radius g (t(O’) = (R -1)e", O is the polar angle of the point t ™
in the coordinate system associated with the center of the hole.

In addition to conditions (4), for each element of the boundary T, equilib-
rium conditions must be satisfied that lead to the second functional equation:

¢ (t(’”)) + t("’)(P'(t(”’)) 4 v (I(”’)) _ ¢m (t(”’)) _ t(”’)(p"n (t(”’)) _ l//m (t(”’)) — 0 (5)

The system of equations (4) and (5) together with (3) makes it possible

to determine ¢(z), y(z), ym (z), ( m =0,1,.., n =1) from the given g(t) and
the conditions at infinity.

The maximum tangential stresses T and principal stresses 6, and 6, at the
point z with Q are expressed in terms of the complex potentials ¢(z) and y(z).

T = [ 20" (2) +¥'2], (6)
o, =¢'(2) +7+[Z¢” (2)+v'(2)], (N
0, = ¢( )+¢1 |:Z¢l (Z +le:| (3)

An infinite isotropic elastic body with a regular ring of circular inclusions
is considered as a model describing the stress distribution in the composite.
Therefore, they can be thought of as elastic cores with equal effective char-
acteristics. The elastic properties of the core and matrix materials differ from
each other and are described by the modulus of elasticity and Poisson coef-
ficient v or the Lyame constants A and p which are related to E and v ratios.

- B and £
T I-—2v) " H 721y
In addition, an elastic constant is introduced: y = f::

The distribution of stresses in the composite caused by surges at the core
boundaries is investigated. This simulates shrinkage phenomena occurring
in both the matrix material and the core material. In any deformation, cracks
do not occur between the cores and the matrix, and the centers of gravity of
the cores coincide with the centers of gravity of the corresponding planes in
the matrix (Figure 3).
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Figure 3. Design model of non-uniform material
a —even boundary; b — case of smooth change of properties

3. The mechanism of structure formation
of the materials at the micro level

Previous studies have noted the effect of aggregate properties on concrete
properties. At the same time, various models of concrete macrostructure were
proposed, taking into account the volumetric concentration of aggregates,
their shape, the ratio of the deformation and strength characteristics of the
mortar part and aggregates. The analytical dependences of deformability and
strength characteristics of concrete calculations, based on the rules or mix-
tures of conservation laws of additivity are proposed. As a rule, the calculated
values and experimental results are far from satisfactory convergence.

In our studies, the analysis was carried out by the graphoanalytical
method. When analyzing flat models of structural cells of concrete, the
shape of the aggregates is taken in the form of a square. The reduced distance
between the aggregates / for different orientations is accepted #=0,2R,
where R — is the reduced radius (Figure 4a). Analysis was performed for a
case where in the adhesion quantity, R the matrix material to the surface
of the aggregates is less than its cohesive strength R,, R <R,. Changing the
shape of the aggregates changes the distribution of strains in the matrix
material (Figure 4.b, c).

A comparison of the model with square-shaped aggregates was com-
pared with the strain distribution in the model with disk-shaped aggregates.
The analysis showed that when the shape of the aggregate changes, the
character of the distribution of deformations of the hardened matrix mate-
rial changes. The influence of the shape of the fillers on the strain gradients
is especially noticeable when the orientation of the fillers changes are rela-
tive to each other (Figure 5). The violation of symmetry in the macrostruc-
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Figure 4. The effect of an aggregate shape
on the distribution of shrinkage strain in the matrix

a — geometric characteristics of the model of cellular concrete structure;
b — a model with placeholders in the form of a circle;
¢ —a model with square placeholders.
1 — matrix; 2 — placeholders; 3 — elementary cell structure;
4 — placeholders in the form of a circle; 5 — placeholders in the form of a square;
6 — matrix; 7 — direction of deformations; 8 — strain diagram

ture due to a change in the orientation of the fillers in the form of a square

causes an asymmetric distribution of intrinsic deformations at the level of
structural inhomogeneity.
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Figure 5. The effect of filler orientation on shrinkage distribution
a, b, ¢, d — ways of orienting placeholders
1 — placeholders; 2 — matrix; 3 — diagrams of deformations;
4 — direction of deformations
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The distribution of intrinsic strains and their gradients in the hardening
matrix material depends on the number of fillers that determines the dis-
tance between them, the shape of the fillers and their orientation relative
to each other. The influences of the shape and relative orientation of the
barriers are so significant that they can lead to a change in the nature of the
distribution of technological strains in each structurally repeating cell. The
structural cell includes a group of aggregates, in a certain way distributed
in the matrix material. It is assumed that the characteristics of the cells are
invariant that ensures the invariance of the properties, including the distri-
bution of intrinsic deformations of the matrix material. Therefore, concrete,
as a coarse heterogeneous composite, is represented as a set of structural
cells that are identical in properties and parameters. In this regard, the
adopted models of the macrostructure include the aggregates of the same
shape, therefore, they were automatically transferred to the entire system.
Our analysis showed that in the case of a change in the orientation of the
aggregates, the shape of which differs from the circle for flat models, the
nature of the distribution of intrinsic deformations in the hardening matrix
material changes. This leads to individual characteristics of the formation of
the macrostructure of concrete as a set of structural cells. The individuality
of structural cells is also manifested in cases where the level of adhesion of
the matrix material to the aggregates changes and in the case of a change in
the surface topography of the aggregates. Figure 6 shows the integral and
local deformations arising during the hardening of the matrix material for
the case R <R,

Figure 6. The effect
of the surface topography
L] of aggregates on the nature
of the distribution
of shrinkage deformations

w

he IR

1 — matrix; 2 — placeholders;
3 —relief surfaces of the fillers;

4 — direction of local deformations;
5 — diagrams of local deformations;
6 — direction of integral deformations;
7 —a plot of integral deformations
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At the level of the structural cell, as well as at the level of the inner
interface, the deformation gradients arise in magnitude and direction. Inte-
gral deformations are distributed fairly evenly compared to local deforma-
tions at the interface. A change in the surface topography of each aggregate
causes a change in local deformations. Multidirectional deformations are
also observed on the surface microroughnesses.

The analysis showed that at the macrostructure level there are adhesion
cracks at the interface of the matrix material with large and small aggre-
gates; starting from the crack of adhesion and developing into the mortar;
cracks in the matrix that develop between the fillers.

In the general case, the concrete structure model includes internal inter-
faces formed as a result of the interaction of the mortar with a large aggregate
(Figure 7), cement stone with fine aggregates (Figure 7b) and internal inter-
faces in the form of intercluster interfaces at the level of cement Figure 7c).
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Figure 7. The model of concrete structure:
a — macrostructure; b —a level mortar part — a coarse aggregate;

¢ —level cement stone — fine aggregate.

1 — coarse aggregate; 2 — solution part; 3 —a fine aggregate; 4 — adhesion cracks
over the entire surface of the aggregate; 5 — adhesion cracks located on separate
surface areas of the aggregates; 6 — cracks located between the fillers; 7 — cracks
that close on the banks of other cracks; 8 — cracks that are not completed in their

development; 9 — a modified surface layer on the inner interfaces and crack faces;
10 — a cement stone; 11 — cracks resulting from the interaction of small aggregates
and a cement stone; 12 — structural blocks of a cement stone.
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As studies have shown [5], the mechanism of formation of the macrostruc-
ture of concrete is determined by its geometric characteristics — the quantita-
tive and qualitative composition of aggregates, and the level of interaction of
the hardening matrix material with aggregates. The analysis of the structure
of concrete as a coarse heterogeneous material and the mechanisms of struc-
ture formation at micro and macro levels allowed us to propose a model of
the structure of concrete that includes aggregates, matrix material, a modified
layer at the interface of the matrix and aggregates, pores and capillaries, as
well as technological cracks and internal interfaces.

4. Determination of stress state by methods of destruction mechanics

Analyzing projects [6, p. 77; 7, p. 123], it is possible to state questions
concerning mixed deformation samples with breaches and defects are
the subject of acute attention and intensive study in a modern on linear
destruction mechanics. Specialists’ interest in the mechanics field destruc-
tion mechanics is increasing towards tasks about inclined breaches and the
breaches within the conditions of normal tensile tensioning and cross cut
move attached simultaneously and relating to mixed forms stress in the
destruction mechanics [8, p. 412].

There are three types of breaches in the destruction mechanics respond-
ing to the three types of stress: normal uplift breaches, cross cut and non
linear move ones.

Marking the three types of breaches refers to line destruction mechanics
where the composition of results had been got for the three stress types
gives the true solution near the breach top for voluntary stress on the
defected body: .

o (r0)=> > al ™ (Oy"*! ©)]
n=1 k=-w

1,0 — polar coordinates with the pole at the breach top.

Indicated stress types on the element of the construction with the
breaches in line-elastic materials in ideal plastic bodies are studied quite
well. However, tensioning deformation and moving divide near a defect
top within the conditions of mixed breach stress in the non linear materials
( for hardens according to exponential material law for materials following
exponential Norton’s law of the theory of steady creeping) is not studied
well. Probably, in a modern science literature there is no any investigation’s
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results of the effect of bloomed defect conservation on the direction of the
breach extension within the conditions of mixed stress. There are various
criteria of the direction of the breach spreading, for example, local criteria
based on asymptotic tensioning divide at the breach top or a sharp gain.
That’s why asymptotic poles investigation of poles at the apex within the
conditions of the mixed breach stress is an important in the modern non lin-
ear destruction mechanics and the mixed stress of the elements of defective
construction is an object of constant attention of a scientific community and
studied by many foreign mechanic recent years. Probably, first appeal to the
investigation of mixed deformation forms was done in projects Si where
tensioning and deformation poles was examined near the breach top that is
under the influence of tensile and shift external forces ( so it was identified
the mixed stress referring to the breaches of I and II types ). Si was the first
who discovered the index of the stress (10):

M garctg lim = (10)

=0 O rg(r,0-0)

The index of stress combination Mp takes zero amount Mp=0 for a
fine cross cut sliding and the index is equal to one M =1, for usual uplift;
0<M <1 for all the intermediary types enclosed external forces.

There is a divide of tensioning, defomation and moving at the breach top
in the material that follows an exponential law of the deformation theory of
plastic properties for particular data of mixed stress index within the condi-
tions of a flat deformation. Systematic calculation treatment of angle tensioning
and deformation divide at the breach top in the material with the exponential
determinative law for various index amounts of tensioning combination is indi-
cated in [6, p. 77], where a system is designed and there are calculation results
of elastoplastic rates of tensioning intensity in a complete diapason of mixed
deformation forms from a right uplift to a full move and this allowed to study
the form of the forthright oriented breach in a mathematical cut in a case of
two-axial stress of the various intensity. On the ground of carried calculations
it was arranged the character of the influence of mixed stress forms and plastic
material features described by the index of deformation hardening.

In the project [9, p. 70] there is a numerical way of the determination of
the full variety from proper amounts in non linear task to proper amounts
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following from the problem of determination of tense deformed condition
near the breach top within the conditions of mixed deformation for the
material with exponential determinative equation ( the exponential law of a
deformation theory of plasticity, the exponential law of a steady crawling).
An author suggests the method that can be used for finding an intermediary
asymptotic of tensioning poles in related (the crawling is a damage) task
about the breach within the conditions of mixed stress in the material with
exponential determinative equation of the set crawling theory.

It mentioned that the class of non linear tasks to proper accounts arising
in non linear destruction mechanics is an important item due to the neces-
sity of use multiscale, multilevel patterns [10, p. 1332; 11, p. 70] according
to which at the breach top it is necessary to consider the complex of fields
with a predominant activity of various asymptotic of tensioning poles and
to undertake the splice procedure requires to know the whole variety of the
09wn amounts and probably these problems are still not solved. In literature
there are only two completed mathematically splice procedures: classical
solving by Rice for the breach of an out-of-plane shearing [12, p. 191] and
analitical solving for the breach of a finite length in an endless battern.

To illustrate the local damage rate on various levels and the treatment of
multiscale destruction character it is possible to use the scheme on figure
8 and first described in [13, p. 5]. It is mentioned in [14, p. 7] the concep-
tion development of mesomechanics requires more consistent way to solve
the problems in cross-subject fields such as materiology and the mechanics
of solid fields. Figure 8 shows the diagram of various big-and small-sized
defects tensioning singularities near dislocations, micro- and macrodefects.

This diagram proves the necessity of applying the multilevel approach
requiring the forming-up of hierarchic chain of fields with different char-
acteristics of the tensioning pole near the breach top and from mathemati-
cal point of view it leads the determination of the whole variety of proper
amounts and as a rule in non linear tasks to proper amounts had been got as
a result of use the method of an expansion in analyzing tensioning, defor-
mation and displacement poles near the breach top.

On the cause of [14, p. 7] let’s show mathematical task organization
following from the problem of deformed-tensely condition determination at
the breach top within the conditions of mixed construction element defor-
mation in the material with power equation:
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Figure 8. The orders of tensioning poles singularity near the breach top

&, =3Bals, /2, (11)

where &ij — tensor component deformation, s; — components of tensor’s
deviator stress, o, = (3s[js,.j / 2)'/2— the intensity of tangential stress, B, n —
mass constants. This task leads to the necessity of the investigation of balance

equation (in the polar system coordinates with a pole at the breach top):
rcrr,r + O-rﬂ,e + o-rr - 0-09 = 0’ ro—r&,r + 690,9 + 26;’6 = 0 (12)
And conditions of deformation :

2(re,g)st = Epgy — 1€

e F 7 (FEg) o1 (13)

with determinative equations (9).

An author indicates that one of the most common methods of determi-
nation of the deformed-tensely condition at the breach top is the method
of dissolution (contamination) to own functions according to asymptotic
stage performance of stress function Eri y (1,0) near the breach top (r—0)
is determined as:
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x(r,0)=Kr*"f(0). (14)
The components of tensor’s stress near the breach top the form
o, (r,0)=r""'6,(r,0) or take:

o, =r " [(A+1)f+f"]s 0g=r""2(2+1) [, 0, =—r""2f". (15)
Asymptotic performance the intensity of the tangential stress within the
conditions of flat deformed state at the breach top has the following form
o, (r,0)=r""f,(0), where
2
£.0)=\[77(0)+ (1-22) £ (0)] +42[ ' (6)]'-
Thus, because of the strength (11), (14), and (15) deformation tensor

components with the flat deformed state condition near the breach top have
the following structure:

g, (r,0) = ¢, (r,0) = Br* s _(6), &,(r,0)=Br""s,(6), (16)
where
£, (0) =3/ [/ (0)+ (1-22) £ (0)]/ 4 &,(0)=-3/1"41"(0) /2.
Setting in the condition (16) of consistency (13) allows to get common
non linear differential equations of the forth order as relating to f(0) , (17):

2[(A-Nn+1]é,, =&, —(A-Dn[(A-1)n+2]e,  (17)
Or in the function terms (0), (18):
ZEn-0[1=2) 7+ 7T 4 £+ (n-1)n-3)
A[=2) 4 (-2 1] a2 [(1-2) £+ 7]
+(n—1)fj{[(1 ) T (-2 (-2 fr 4 (1 "2+ffM)} (18)
[(1—xz)f+f"}+z(n-1)ﬁx{[1 ) f+f"}[1 /12f+f"’}+4/12ff”}
[(1=27) 7 o]0, (=0 2 {[(0-22) £+ £ ][(1-22) S ) 422} s
NN A [(1—/12)/+f}+fe( -~ fro

where the statements are established (19):

C =4r[(A-1)n+1], C,=(A-1)n[(A-1)n+2]. (19)
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The solution to non linear equation (18) has to suit border conditions
(21) emerging from the require of absence of pertaining surface efforts
at6 the breach shores (20).

The condition of the absence of pertaining surface efforts at the breach
shores:

Oy (1,0 =%71)=0, o, (r,0 =%7)=0. (20)

Border conditions (21):
f(0=0£7)=0, f'(6=+r)=0. (21)

Thus, for the equation (18) the solution of which depends on border
conditions (21) was formed non linear task for proper value: it is necessary
to find proper value of A responding non-trivial solutions (18), suiting bor-
der conditions (21). During the breach investigation of normal uplift and
cross cut move for numerical equation solution (18) is used the conditions
of symmetry or antisymmetry and the equation (18) that is integrated on the
length [0,7] with initial conditions: for the breaches with normal uplift (22):

f(O=0)=1, f(6=0)=0, f"(6=0)=4,, f"(6=0)=0. (22)

And for the breaches of cross cut move (23):

f(06=0)=0, f(6=0)=1, f"(6=0)=0, f"(6=0)=4,, (23)

According to the work [9, p. 70] we describe the scheme of numeric
solution of the whole variety of proper value in the non linear task for proper
value arising from the problem of determination of the tense deformed con-
dition at the breach top in the material with exponential equations in the
conditions of mixed deformation within mixed deformation forms: from
clear move to normal uplift.

The author states that in case of mixed deformation view of symme-
try and antisymmetry can’t be used and it is necessary to search the equa-
tion solution (18) on the length [~mt,x]. In the conditions of mixed stress on
numeric equation solution (18) the integrating length [~m,x] can be divided
into two length [~m,0] and [0,x] Koshi with initial conditions. First the
equation (18) is integrated on the length [0, ] and border task goes to task
Koshi with initial conditions (24).

f(0=0)=1, f(6=0)==(A+1)/1g(M’z/2),
[1(0=0)=4, f"(6=0)=4,. (24)
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The value of first-order derivative originates from given form of mixed
stress (the value of mixed stress term (10) giving the type of the stress is
unknown). The unknown variables A, and A; are found in such a way in
order to make border conditions on the top breach shore (25).

f(O=7)=0, f(0=n)=0. (25)
After constants A2 and A3 determination the equation (18) is intergrated

on distance [~ 0] for that two-point border task for the equation (18) with
border conditions (26) .
f(O0=-n)=0, f(0=-7)=0,
f(0=0)=1, f(0=0)=—(A+1)/1g(M’x /2). (26)
Is replaced Koshi task with initial conditions (27):
f(O=-7)=0, f'(6=-n)=0, f"(-n)=B,, f"(0=-n)=-B;. (27)

The unknown constants B, and B; are chosen in such a way to follow ele-
ment balance conditions that is placed on the half-line 6=0. Balance equa-
tion of this element requires persistence tensor component of the 4 efforts
on the half-line 6=0, that leads to the function persistence (and as a result
border conditions (26)). That’s why two unknown constants B, and Bs: are
determined in such a way the resolution solving on the distance [~m,0] was
in accord with border conditions with 6=0.

So the determination of the full variety of proper values of non linear task to
proper values gives the opportunity to describe the structure of the top breach
area within the conditions of mixed deformation and also to build up the config-
urations of the area of deformed material surrounding the breach top.

The author illustrates angle breakdown tensor component of efforts had
been found as a result of the solution of a numerical problem according to
the scheme described above for various terms of hardening index.

Following the scheme described in this work the opportunity to get
proper values is opened, those ones can be used to build up multiscale,
multilevel description of the destruction processes near the breach top. It is
possible to conduct numerical analysis that enables to assess asymptotic of
machinal poles at the breach top reinforced concrete at the distance balanc-
ing the shredding zone ( with the area of dispersed material).

The stages of the numerical finding of the whole variety of proper values
in the non linear tasks for values originating from the problem of determi-
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nation of the tense-deformed condition at the breach top in the material
with the exponential determinative equation within the conditions of mixed
deformation forms from clear move to normal separation are offered.

5. Conclusion

The use of the apparatus of the theory of analytical functions of a com-
plex variable made it possible to obtain numerical results, characterizing
the initial stage of material operation (the formation of diffuse damage) for
any characteristics of materials, forms of inclusions and external influences.

The study of mechanisms of formation macrostructure concretes showed
that the reasons of genesis and the development of discontinuity in harden-
ing matrix material that degenerate in the internal surface of the process
section or cracks are strain gradients.

Following the algorithm, it is possible to obtain eigenvalues for con-
structing a multiscale, multilevel description of fracture processes in the
vicinity of the crack tip that lead to loosening of the material, crack growth,
and structural failure.
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Abstract. Currently, multimodal transport is one of the priorities of
the Ukrainian and European transport policies. The multimodal logistics
is based on the effective management of technologically interconnected
transportation of goods using more than two modes of transport under a
single transportation contract. World practice of using multimodal logistics
systems shows that today multimodal transportation is the most popular
way to transport goods over medium and long distances. Based on eftec-
tive combination of modes of cargo transportation, this approach can sig-
nificantly reduce the cost of transportation, reduce the transportation time
and organize the transportation of goods to anywhere in the world. How-
ever, using such kind of transportation is associated with various kinds of
uncertainty and risks, caused by unevenness of material and traffic flows,
using of various modes of vehicles, deterioration, obsolescence of trans-
port infrastructure, etc. This gives rise to a wide range of tasks, solution of
which is lain in the application of methods of decision support, forecasting,
optimization of logistics systems and the construction of applied informa-
tion technologies on this basis. At the same time, it is necessary to point
out that one of the main problems of choice in logistics is vehicle selection
problem for multimodal transportation, which should rely on their com-
pliance with certain criteria, and take into account not only possible risks
and advantages (gains), but also more a wide range of indicators. In this
regard, for an effec-tive problem-solving, a method for vehicle selection
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problem-solving for multi-modal transportation of goods under multicrite-
ria based on the BOCR model has been proposed. This approach allows to
take into account a number of qualitative indicators of transportation that
determine its optimality and efficiency. Improving the quality and reliabil-
ity of the results of examinations can be achieved through the organization
of the expert group work. Thus, the problem of synthesis of group decisions
arises. The methodology for aggregating individual expert assessments,
which allows to synthesize group decisions in the context of various forms
of ignorance, under the influence of which expert assessments are formed
has been proposed. The proposed technique allows to take into account the
form of experts’ judgments presentation (crisp, fuzzy, interval judgments)
in group decision-making process. In this case, the expert independently
chooses the form for presenting his judgments when constructing pairwise
comparisons matrices. At the same time, the expert may refuse to evaluate
any objects, or select preferred groups of objects (construct the so-called
truncated matrices of pairwise comparisons). To aggregate expert assess-
ments, it is proposed to use a mechanism for expert evidence in the frame-
work of notation of evidence theory or the theory of plausible and paradox-
ical reasoning (with a significant level of conflict). This allows to increase
the reliability and quality of the obtained expert evidence. Examples of
practical implementation of the proposed technology are given by solving
the problem of multi-criteria se-lection of vehicles for multimodal transpor-
tation of grain cargoes using the BOCR model. The obtained results allow
to conduct a deeper analysis of factors affecting the organization of the mul-
timodal transportation process, and are designed to help improve the quality
and efficiency of the decision-making processes in logistics systems.

1. Introduction

Multimodal (combined) transport used different modes of transport for
goods transportation in space and time, and occupy an important place in
transport logistics. It should be noted that the results of such transportation
largely depend on various types of uncertainty and risks. The main causes
of which are the unevenness of material and traffic flows, using various
types of vehicles, the conditions of transport corridors and nodes, features
of transportation technologies, etc. This gives rise to a wide variety of tasks
that could be solved by using decision support, forecasting, optimization
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methods in logistics systems and the construction on this basis the applied
information technologies. The analysis of existing models and methods of
decision making and optimization of logistics systems showed that they are
directed either towards the choice of decisions regarding risks, or towards
the solution of a problem regarding gains [2, p. 34-50]. The discussion of the
issue of approaches to complex accounting of both gains and risks is insuf-
ficiently reflected in modern literature. During recent years, many works of
both domestic and foreign researchers have been devoted to different prob-
lems of logistics industry, in particular, mathematical models and methods
for solving various optimization and decision-making problems. So, the
problem of logistics system optimization in business based on game theory
models has been considered in [2, p. 91-103; 3; 9, p. 150-159] are devoted
to the analysis of the criteria for various vehicles selection in multimodal
transportation [11, p. 238-250] is considered a probabilistic approach for
managing uncertainty in logistics operations. A fairly extensive classifier of
mathematical methods and models in logistics is presented in [12, p. 9].

At the same time, it is necessary to point out the insufficiency of solution
of choice problem under multicriteria environment, that taking into account
not only the simultaneous consideration of risks and gains, but also a wider
range of indicators. In this regard, to solve this problem, it seems more
promising to use the BOCR model: B are Benefits, O are Opportunities,
C are Costs, R are Risks, based on the analytic hierarchy process by T. Saaty
(further — AHP) [13, p. 182].

The purpose of the work is to develop and define the basics of the tech-
nology for the synthesis of group decisions in vehicle selection problem for
multimodal cargo transportation under multicriteriality and various types of
ignorance, under the influence of which the expert data is formed.

2. Using the BOCR model for multi-criteria decision-making

Any solution has advantages and disadvantages that must be care-
fully analyzed when making a choice. Some of them reflect well-defined
aspects of the problem, others are less clear and may occur with some
probability. Favorable aspects of the decision, which are expected with a
high probability, are called benefits, while unfavorable aspects are called
costs. Doubtful aspects of a decision can also be positive and negative.
The positive aspects are the opportunities that can be obtained, and the
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negative aspects are called the risks that may arise as a result of decisions
made. Each of the four listed aspects of the BOCR model can be repre-
sented by a separate hierarchical structure and analyzed using the AHP
technique (Figure 1).

BOCR model
Benefits Opportunitics Costs Risks
= s e [ [T
: .f'l.’._ H_“] :: .ﬂ.’] . :: Kl " f(:lll. : : K & . K_-.r.'
I i Iy Iy
I y | : I : I
i i
: Ay | - [A : PA A :I A1 ~ ﬂr“z : LAy A
[ [P Py —— e e
L4
i Benefits x Opportunitics
BOCR=""" Costs x Risks

Figure 1. Structural representation of the BOCR model

The basics of AHP methodology are associated with the following pro-
cedures: for each aspect, the pairwise comparisons matrices [B] are gen-
erated between for the criteria [K] and for all alternatives [4] according
to each criterion using the appropriate scale of experts’ measurement; the
values of the eigenvector (C) of this matrix are determined with their subse-
quent normalization and the final calculation of the weights of the priority
vector is made. Next, the consistency check of the elements of matrix [B] is
performed based on counting the Consistency Ratio (CR). The CR should
not exceed 10%.

Ultimately, for each of the considered alternatives, the BOCR coeffi-
cient is calculated as follows:

Benefits x Opportunities (1)
Costs x Risks '

By the magnitude of the BOCR coefficient, the final choice of the alter-
native is made or ranking of alternatives can be obtained.

BOCR =
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3. Technology for synthesis of group decisions under imprecision

Let a group of experts E ={E, | j = 1,1}, evaluating a set of alternatives
A ={4,|i=1,m} by the pairwise comparison method, form a set of expert
preferences profiles P ={B, | j =1,7}. The profile formed by the expert E;
reflects his preferences and presents his assessments in the form of a pair-
wise comparison matrix (PCM):

1 b12 bli blm
by 1| .. b, .. b
1 ...
B = 2
i N T @
b b b 1

where b, =1/b,,Vi,j= ILm; b, are expert estimates of objects (alterna-
tives, criteria) formed using the appropriate scale of experts’ measurement.

Let us consider a situation when an expert group is divided into sub-
groups ES {Gr\}, {Gr,},....{Gr }, (Gr, C E, {Gr }={E,,...E},t>r>1)
inside whose experts’ assessments are presented in the framework of differ-
ent scales of experts’ measurements.

This approach allows to simulate the uncertainty associated with the
process of obtaining expert information (expert assessments), by presenting
imprecision associated with the form of presentation of expert assessments.

For example, there is a group of experts who prefer to express their
judgments in fuzzy form; another group of experts prefers to express their
judgments in crisp form; some experts decided not to evaluate all the alter-
natives given. The task is to synthesize a group solution allowing to take
into account various forms of representing of experts’ preferences.

In case when bl,j is expressed by crisp experts’ estimates the procedure
for finding eigenvectors of matrix in form as shown in Eq. 2 can be imple-
mented by geometric mean method [14, p. 18-19]. Checking the consis-
tency of the elements of the matrix (2) is carried out by counting the Con-
sistency Ratio (CR) [14, p. 20]:

CR=CI/R]I, 3)
where m is a number of compared objects (order of matrix); C/ is a con-
sistency index, CI= (A —m)/(m—1); X __is a largest eigenvector of a matrix
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of order m, A, = (ij)-w1 + (Zz:bj) Wy ot (ibj) -w,; Rl is a random
= = A

index for a matrix of order m.

The calculated eigenvector of pairwise comparison matrix is acceptable
if CR<0.10.

In case when b; is expressed by triangular fuzzy number (TFN)

by = (BL B2, B), (B < B < B),b, = [bl}[)‘z” , or trapezoidal fuzzy num-
L1

gy T
bbb bl

J J J b

ber b[/:(byl’bgzab;ab;)5 (b;<b;<b,/3<b;),bﬂ_[ :l, the fuzzy

pairwise comparison matrix in form as shown in Eq. 2 has been formed.
[6, p. 56-81] proposes a wide range of approached for finding eigenvectors of
matrix (2), which allow processing fuzzy pairwise comparison matrices with
the elements are repre-sented by trapezoidal and triangular fuzzy numbers.

[4, p. 1916; 8] propose the method for checking the consistency of the
pairwise comparison matrix with triangular fuzzy elements:

2
CI_#Z lo M -lo M (4)
S (m-D(m-2) y 3 5 wy+wi +w; |’

where b, = (b}, b7,b); w, =(w},w;,w}) is a local priority vector; m is an
order of matrix.

If CCI=0, the matrix is considered absolutely consistent. [1; 4, p. 1916]
suggests threshold values for matrices of order m =3 CCI=0.3147, of order
m =4 CCI=0.3526, of order m >4 CCI = 0.370.

In case when b; is represented by an interval number, then as a result
of the pairwise comparisons procedure, an interval pairwise comparison
matrix in form as shown in Eq. 2. will be obtained, where b, =[b;,5;1,

s Yji F:F

J J

Interval PCM is consistent if the next valid area is nonempty [20, p. 480]:
S = {w = (W Wy, W) [ By <w, /W, < b S =1, > O}. (%)

i i

(b;<b,,<b;<0)b.{‘ 1},1;,,:1);,.:1;5:1.

Interval PCM is consistent if its elements satisfy the inequality
[21, p. 256]:

max(by, b;) " min(b;, by) for V@i, j,k)=1,m. (6)
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To obtain the values of the local priority vector from an interval PCM,
currently widely used are: goal programming method (LGPPM) [22; p. 460],
the lower and upper approximation method (LUAM) [19, p. 746], the two-
stage logarithmic goal programming method TSLGP [20, p. 477-481], etc.

The main disadvantage of the considered methods based on pairwise
comparison technique is that they can be used for a small number of com-
pared objects (elements). Analyzing perhaps the most well-known method
for solving multicriteria decision-making problem — the analytic hierarchy
process method, it can be pointed out the following disadvantages:

— it is quite difficult to achieve a high level of consistency with an
increase in the number of compared elements (n > 6);

— for large n, it is necessary to construct a large number of PCMs;

— the classical AHP does not operate with uncertain experts’ judgements
(an expert is not allowed to answer “I don’t know” or “I’m not sure” during
the PCMs construction).

To overcome these limitations, it can be used the modern methods for manag-
ing uncertainty that have appeared recently. Such approaches include the methods
of the Dempster-Shafer Theory (DST, evidence theory) and the Dezert-Smaran-
dache Theory (DSmT, theory of plausible and paradoxical reasoning) [7, p. 15-18].

For example, the DST/AHP method is a modification of the analytic hierarchy
process method proposed by T. Saaty, which is based on elements of evidence
theory. The main difference between the DST/AHP method and the AHP method
is that the expert, according to each of the criteria, selects subgroups from the set
of alternatives, and for each subgroup, in a given relation scale, assigns degrees of
its superiority to other alternatives. Moreover, the expert himself determines for
which alternatives or groups of alternatives he can express his preferences.

Formally, the procedure for finding the group decision under different
forms of uncertainty based on pairwise comparison method can be repre-
sented in the form of the following successive stages:

1. Construction of a hierarchical structure of analyzed problem with sev-
eral levels: goals — criteria — alternatives. In the framework of this stage,
the set of analyzed objects (alternatives) A = {4, | i = 1,m} and set of criteria
K ={K, |l =1,n} (for multicriteria task) are formed.

2. Objects evaluation, construction of pairwise comparison matrices.
As a result, pairwise comparisons matrices for the criteria and for the alter-
natives with respect to all given criteria are formed.

191



192

Igor Kovalenko, Alyona Shved

3. Calculation of priorities from pairwise comparison matrices, taking
into ac-count the form of experts' judgments. As a result of this procedure
the local priority vectors of all given alternatives for all criteria and the local
priority vector of all criteria will be formed. The choice of method depends
on the form of presentation of expert assessments: crisp, fuzzy, interval
experts’ judgments.

4. Checking the consistency of experts’ judgments.

5. Calculation of quantitative indicator of the quality of each alternative
using expression: .

Ui = zl Wil s (7)
=

where U, is quantitative indicator of the quality of i-th alternative; w, isa
weight of j-th criterion; 7, is a weight of i-th alternative for the j-th criterion.

As a result of this procedure, the vector W ={W,|j =1,7} will be
formed, whose elements are the vectors of quantitative indicators of the
quality of each alternative W, ={U/|i=1,m} obtained on the basis of
expert Ej, (j = 1,7), judgments.

6. Aggregation of expert assessments in order to construction the collec-
tive decision (collective ranking) is carried out on the basis of the mechanism
of their combination [17, p. 6-9; 18, p. 3-68; 15, p. 31-45]. To aggregate
crisp expert assessments, it is recommended to use one of the proportional
conflict redistribution rules [18, p. 3-68]; to aggregate interval expert assess-
ments, it is recommended to use one of the evidence theory combination rules
[15, p. 31-45]. The aggregation procedure is carried out by combining the
obtained values W; for all experts E={E, | j = 1,7} . The result of this pro-
cedure is a vector of quantitative indicators of the quality of each alternative
W ={U]* | i =1, m}, reflecting the opinion of expert group.

4. Modeling by proposed technology for synthesis of group decisions
Let us consider an example of solving the vehicles selection problem
in multi-modal transportation of bulk cargo (e.g. grain) using the BOCR
model under multicriteriality, and uncertainty connected with form of
expert preferences presentation (interval, fuzzy, crisp). To this end, let us
consider the following notation:
1. Criteria for the “Benefits” aspect: K| — delivery time; K, — transporta-
tion costs; K, — shipment frequency; K, — transported cargo volume;
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2. Criteria for the “Cost” aspect: K, — financing of road infrastruc-
tures (upgrade and modernization); K, — investments in transportation
vehicles (wagons, motor vehicles, railed vehicles, watercraft, aircraft,
etc.); K, — investments in the production and technical base of transit
corridors and nodes;

3. Criteria for the “Opportunities” aspect: K, —bandwidth; K, — the abili-
ty to deliver goods to any required place; K — tariff rates for transportation;
K|, — weather conditions;

4. Criteria for the “Risks” aspect: K, —risk of failure to fulfill cargo safety
obligations; K, —risk of failure to fulfill cargo delivery time obligations.

Let us consider next alternatives characterizing the modes of transporta-
tion of grain cargo: 4, — “Truck-Truck™; 4, — “Truck-Train”; 4, — " Truck—
Ship." Structurally, the problem is presented in Fig. 2.

Suppose that two experts are performed the examination. Let expert
E, evaluates the significance of one object of examination (alternative) over
the other with a triangular fuzzy number b; = (/;, m;,u;) formed within the
framework of a verbal scale expressing the degree of superiority of one
element over another [10, p. 206], Table 1.

Table 1
Triangular Fuzzy Scale

Verbal scale Triangular fuzzy scale, b; | Triangular fuzzy scale, b;
Equal importance 1,1, 1) (1,1,1)
Some superiority (172, 1,3/2) (2/3, 1,2)
Weak superiority (1,3/2,2) (1/2,2/3,1)
Strong superiority (3/2,2,5/2) (2/5,1/2,2/3)
Very strong superiority (2,5/2,3) (1/3,2/5,1/2)
Absolute superiority (5/2,3,7/2) (2/7,1/3, 2/5)

For vector of local priorities calculating the Chang method was used
[5, p. 352; 6, p. 69—72]. The main ideas of the method are as follows:
1. Calculate the sum of the elements of each row and normalize the

resulting value

-1
s-$uelfsa]-

i=l j=1

®)
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BOCR model

Benefits Costs Opportunities Risks
r=or=g=2c==-- H it i —" =il v i | S S —
kKKK, :: K| K N Ky K| Ky K, Ky | Ky
i e 1 - e e e
I 1 : . H )
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BOCR=(w," - @,")/w,+ @), BOCR,=(w," - ")/ {w, - w,*).

Choice of alternative if
BOCR=max {BOCR,, BOCR,, BOCR, BOCR, )

Figure 2. The structure of vehicles selection problem

using the BOCR method
where:
m m m m m.m B 1 1 ] .
Zbl—(ZIl,Zm,,Zulj {ZZb,,} S N S S S
V== =1y Zk:]z/‘:]uif Zk:IZj:lmif Zk:Iijll!'J'
b, ®b, is — multiplication of triangular fuzzy numbers,

b ®b, =, xI,,m xm,u xu,);.
2. Calculate the degree of probability of S, > § . as follows:

1, m; > m;
V(S >8,) =10, L >u; )
=1
4l otherwise.

(ui _mi) +(m/ _lj),

3. Calculate the degree of probability of S, relative to other (n-1) fuzzy
ratings

4

Rl

>S |j=Lmizj)= min V(S 28), i=Lm (10)

Jj=lim,i#j
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4. Calculate the priority vector values:

VS, 28 |j=1mi=j)

i

2 VS 28 j=Lmi=j)

i=1,

m.

(11)

The results of pairwise comparisons for all four aspects based on fuzzy
expert judgments are given in Tables 2 to 9.

Table 2

Results of Pairwise Comparisons of a Set of Alternatives
for the “Benefits” Aspect

Criterion K| Criterion K
4, A, A A, A A
4. ] a1, (1322 | @523) | a,1,1) [a2.23,0)]@5,1/2,2/3)
A | 22531 | (1,1, [(GR2252)] (1,322) | (1,1,1) | (1/2,1,3/2)
4, 1532512 @5.1223)] (,1,10) [GR252)] @312 [ .11
Criterion K. Criterion K,
A, A A, A, A, A,
4 | L) [ 2132 [Gr252)] (.1,1) [1/2.132)] 2/7.13.2/5)
4, | (23,12 I, LD [/2132)] @523 | 4,1, | (23,12
A, [@51223) 32512 (,1,1) [(523,72)]02132)] 1,1,
Table 3
Results of Pairwise Comparisons
of a Set of Criteria for the “Benefits” Aspect
K, K, K, K,
K, (1,1, 1) (2/5,1/2,2/3) (1/2,1,3/2) (1,3/2,2)
K, (312, 2, 5/2) (1,1,1) (2,5/2,3) (2,5/2,3)
K, (2/3,1,2) (173, 2/5, 1/2) (1,1,1) (1,3/2,2)
K, (172,213, 1) (173, 2/5, 1/2) (1/2,2/3, 1) (1,1, 1)

The local priority vectors of the alternatives:

— for the criterion K;:
— for the criterion K;:
— for the criterion Kj:

— for the criterion K:

A =(0.61;0.39; 0);

1 = (0.16; 0.44; 0.40);
r = (0.51;0.39; 0.10);
rl = (0.07; 0.44; 0.49).

The local priority vector of the criteria: w] = (0.17; 0.64; 0.20; 0.00).
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Let us calculate a quantitative indicator of the quality of each alternative

for the “Benefits” aspect: U = 0.31; U,= 0.42; U,= 0.27.

Table 4

Results of Pairwise Comparisons of a Set of Alternatives
for the “Costs” Aspect

Criterion K Criterion K
A4, A, A, A4, A, A,
A, 1,1,1) (2,5/2,3) (3/2,2,5/2) 1,1, 1) (1/2,2/3,1) |(2/3,1,2)
A, (1/3,2/5,172) | (1,1, 1) (1/2,1,3/2) (1,3/2,2) 1, 1,1) [(1,3/2,2)
A, (2/5,1/2,2/3) | (2/3,1,2) 1,1, 1) (1/2,1,3/2) | (1/2,2/3,1) [(1,1,1)
Criterion K,
A4, A, A,
A (LD [ 2231 [(1/32/5.172)
4| 322 | @Ly | 12230
4, @523 | (1322 (1, 1,1
Table 5
Results of Pairwise Comparisons of a Set of Criteria
for the “Costs” Aspect
K, K, K,
K, (1,1,1) (1,3/2,2) (3/2,2,52)
K, (1/2,2/3, 1) (1, 1,1 (1,3/2,2)
K, (2/5,1/2,2/3) (172,213, 1) (1,1, 1)

The local priority vector of the alternatives:
— for the criterion K: r! = (0.77; 0.04; 0.19);
— for the criterion Kq: r = (0.30; 0.43; 0.27);
— for the criterion K;: ' = (0.00; 0.32; 0.68).
The local priority vectors of the criteria w) = (0.56; 0.34; 0.10).

Let us calculate a quantitative indicator of the quality of each alternative

for the “Costs” aspect: U, = 0.53; U, = 0.20; U, = 0.27.
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Table 6
Results of Pairwise Comparisons of a Set of Alternatives
for the “Opportunities” Aspect
Criterion K, Criterion K,
4, A, A4, A, A, A,
Al (LLD [ (12,132) | (1,322) 1,1,1) (2,52,3) | (1,32,2)
4| @31 | (LD | G252 [1B2512)] (1,11 [(1/2,1,32)
4| (12230 [@51223) [ (L4, [ (1223 | @312 [ (1,11
Criterion K| Criterion K|
4, 4, 4, 4, 4, A,
4, 1,1, 1) (1/2,2/3,1) | (1/3,2/5,1/2) 1,1,1) (2/5,1/2,2/3) [ (1/2,2/3,1)
4, (1,3/2,2) (L, 1L, (2/5,1/2,2/3) | (3/2,2,5/2) (L 1L (1,3/2,2)
4| @523) | G252 [ (4,11 (1,322) | 23,1 | 4,1,1)
Table 7
Results of Pairwise Comparisons of a Set of Criteria
for the “Opportunities” Aspect
K, K, K, K,
K, (L L1 (2/3,1,2) (2/3,1,2) (1/2,1,3/2)
K, (172, 1,3/2) (1,1,1) (172, 1,3/2) (1,3/2,2)
K, (1/2,1,3/2) (2/3,1,2) (1,1,1) (1,3/2,2)
K, (2/3,1,2) (112,23, 1) (1/2,2/3, 1) 1,1,1)

The local priority vectors of the alternatives:
— for the criterion Kj: # = (0.39; 0.45; 0.16);
— for the criterion Ky: r, = (0.60; 0.12; 0.27);
— for the criterion Ko: r}, = (0.00; 0.18; 0.82);
— for the criterion K;;: r}| = (0.10; 0.56; 0.34).
The local priority vector of the criteria wj = (0.25; 0.27; 0.27; 0.22).

Let us calculate a quantitative indicator of the quality of each alternative
for the “Opportunities” aspect: U, = 0.28; U, = 0.31; U, = 0.41.
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Table 8
Results of Pairwise Comparisons of a Set of Alternatives
for the “Risks” Aspect
Criterion K , Criterion K,
Al AZ A3 Al AZ A}
4 11D | Gr252) | 1322 | Q11D | 1322 | 2523)
4 @512 , L, | @312 | 12283, | , 1,1 | 1/2,1,3/2)

A4 | ar23.) [a2z132) | Ly [an2s12)] @312 | (4,1,1)

Table 9
Results of Pairwise Comparisons of a Set of Criteria
for the “Risks” Aspect

KIZ K13
K, (L1 1) (2/3,1,2)
. (172,1,3/2) (1,1,1)

The local priority vectors of the alternatives:

— for the criterion Ky,: r}, = (0.50; 0.25; 0.25);

— for the criterion Ky5: r} = (0.59; 0.21; 0.20).

The local priority vector of the criteria w; = (0.50; 0.50).

Let us calculate a quantitative indicator of the quality of each alternative
for the “Risks” aspect: U =0.55; U,=0.23; U,=0.22.

As a result, form the priority vectors obtained on the basis of expert
E| judg-ments:

Benefits: W,' =(0.31; 0.42; 0.27). Costs: W, =(0.53;0.20; 0.27).

Opportunities: W, =(0.28;0.31;0.41). Risks: W, =(0.55;0.23;0.22).

Let expert E, evaluates the significance of one object of exam-
ination (alternative) over the other in crisp form using the nine-point
comparison scale: 1 — equal importance; 3 — moderate superiority;
5 — significant superiority; 7 — clear superiority; 9 — absolute dom-
ination; the values 2, 4, 6, 8 correspond to intermediate gradations
[14, p. 53].

The geometric mean method was used for calculating local priorities:
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m\/bll “by-.-by, =4

Bo| Vbbb =d | _p_ g g
........................... (12)
mbml ’me bmm = dm

The results of pairwise comparisons for all four aspects base on crisp
experts’ judgments are given in Tables 10 to 17.

Table 10
Results of Pairwise Comparisons of a Set of Alternatives
for the “Benefits” Aspect

Criterion K| Criterion K,
A, A A, A, A A,
A, 1 3 5 1 13 1/4
A, 1/3 1 4 3 1 2
A, 1/5 1/4 1 4 1/2 1
Criterion K| Criterion K
A, A, A, 4, A A,
A4, 1 2 4 1 2 1/7
A, 1/2 1 2 5 1 1/2
A, 1/4 1/5 1 7 2 1
Table 11
Results of Pairwise Comparisons of a Set of Criteria
for the “Benefits” Aspect
K, K, K, K,
K, 1 1/4 2 3
K, 4 1 5 5
K 1/2 1/5 1 3
K, 1/3 1/5 1/3 1

The local priority vectors of the alternatives:
— for the criterion K;: r? = (0.63; 0.28; 0.09);
— for the criterion K,: 7 = (0.12; 0.52; 0.36);

199



Igor Kovalenko, Alyona Shved

— for the criterion K;: 7 = (0.57; 0.29; 0.14);
— for the criterion K,: r? = (0.08; 0.33; 0.59).
The local priority vector of the criteria w{ = (0.21; 0.59; 0.14; 0.07).

Let us calculate a quantitative indicator of the quality of each alternative
for the “Benefits” aspect: U = 0.28; U, = 0.42; U, = 0.30.

Table 12

Results of Pairwise Comparisons of a Set of Alternatives

for the “Costs” Aspect

Criterion K, Criterion K,
4, A4, A4 4, A4, A4
A, 1 5 4 1 1/3 1/2
A, 1/5 1 2 3 1 3
A, 1/4 12 1 2 1/3 1
Criterion K,
4, A, A4
A4 1 1/3 1/5
A, 3 1 1/3
A, 5 3 1
Table 13

Results of Pairwise Comparisons of a Set of Criteria
for the “Costs” Aspect

K K, K
K. 1 3 4
K 1/3 1 3
K 1/4 1/3 1

The local priority vectors of the alternatives:

— for the criterion Ks: 7 = (0.69; 0.19; 0.13);

— for the criterion Kg: 2 = (0.16; 0.59; 0.25);

— for the criterion K;: #? = (0.10; 0.26; 0.64).

The local priority vector of the criteria w; = (0.61; 0.27; 0.12).

Let us calculate a quantitative indicator of the quality of each alternative
for the “Costs™: U, = 0.48; U, = 0.30; U, = 0.22.
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Table 14
Results of Pairwise Comparisons of a Set of Alternatives
for the “Opportunities” Aspect

Criterion K Criterion K,
A4, A, A, 4, A, A,
A, 1 2 3 1 5 3
A, 1/2 1 4 1/5 1 2
A, 173 1/4 1 173 172 1
Criterion K| Criterion K |
A, A4, A, A, A, A,
4, 1 173 1/5 1 1/4 1/3
4, 3 1 1/4 4 1 3
A, 5 4 1 3 1/3 1
Table 15
Results of Pairwise Comparisons of a Set of Criteria
for the “Opportunities” Aspect
K, K, K, K,
K, 1 172 172 2
K, 2 1 2 3
K, 2 12 1 3
K, 12 13 1/3 1

The local priority vectors of the alternatives:
— for the criterion Kg: 2 = (0.52; 0.36; 0.12);
— for the criterion Ko: 1 = (0.66; 0.20; 0.14);
— for the criterion K,:
— for the criterion K;;: 2 =(0.12; 0.61; 0.27).
The local priority vector of the criteria w; = (0.19; 0.41; 0.29; 0.11).

Let us calculate a quantitative indicator of the quality of each alternative
for the “Opportunities” aspect: U, = 0.41; U, = 0.28; U, = 0.31.
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Table 16
Results of Pairwise Comparisons of a Set of Alternatives
for the “Risks” Aspect

Criterion K, Criterion K|
A4 A, A, A4 A, A
A4 1 4 3 1 3 5
A, 1/4 1 1/2 1/3 1 2
A, 1/3 2 1 1/5 12 1
Table 17

Results of Pairwise Comparisons of a Set of Criteria
for the “Risks” Aspect

Kl') Kl"‘n
K, 1 12
K, 2 1

The local priority vectors of the alternatives:

— for the criterion Ky,: r2 = (0.63;0.14; 0.24);

— for the criterion K5: 2 = (0.65;0.23; 0.12).

The local priority vector of the criteria: w; = (0.33; 0.67).

Let us calculate a quantitative indicator of the quality of each alternative
for the “Risks” aspect: U, = 0.64; U, = 0.20; U, = 0.16.

As a result, form the priority vectors obtained on the basis of expert
E, judg-ments:

Benefits: W;> = (0.28; 0.42; 0.30). Costs: W, =(0.48; 0.30; 0.22).

Opportunities: W, =(0.41;0.28;0.31). Risks: W, = (0.64; 0.20; 0.16).

For synthesis of group decisions use the operation of combining experts
judg-ments (evidence):

“Benefits” aspect:

Expert 1: m (4,)=0.31; m (4,)=0.42; m (4,)=0.27.

Expert 2: m,(A4,)=0.28; m,(4,)=0.42; m (4,)=0.30.

“Costs” aspect:

Expert 1: m (4,)=0.53; m (4,)=0.20; m (4,)=0.27.

Expert 2: m,(4,)=0.48; m,(4,)=0.30; m(4,)=0.22.
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“Opportunities” aspect:

Expert 1: m (4,)=0.28; m (4,)=0.31; m (4,)=0.41.
Expert 2: m,(A4,)=0.41; m,(4,)=0.28; m,(4,)=0.31.
“Risks” aspect:

Expert 1: m (4,)=0.55; m (4,)=0.23; m (4,)=0.22.
Expert 2: m.(A4,)=0.64; m (4,)=0.20; m (4,)=0.16.
The level of conflict is calculated as follows [17, p. 6]

ki» =im,(A,)_i_n12(Ai). (13)
Level of conflict for exampjl:é was: o
“Benefits” aspect: k= 0.66. “Costs” aspect: k,,= 0.63.
“Opportunities” aspect: k,=0.67. “Risks” aspect: k,=0.57.

Taking into account a rather high level of conflict, the PCRS rule of
combination was used to aggregate experts’ judgments. This technique
allows to redistribute conflicting basic belief assignments to the subsets
involvedinlocal conflicts [18, p. 36]. Let’s m (-) and m,(-) be two independent
basic belief assignment (bba ), then the PCRS rule of combination for two
sources of evidence is defined as follows:

Mpers(C) = my(C) S m(X)" - m(Y)  my(X)* - m(Y)

, (14
/)‘f{ec)jz\éx} m(X)+m(Y) m(X)+m(Y)

where m (C) is combined basic belief assignment for a subset
C = X MY, calculated based on combination rules reflecting the conjunc-
tive consensus; G*=2*in DST framework, or G*= D" in DSmT framework.

The power set 2A is the set of all possible combinations of elements
built from elements of A with U [16; 17, p. 5]. The hyper-power set (Dede-
kind’s lattice) D* is defined as the set of all possible combinations of ele-
ments built from elements of A with ~ and U [17, p. 13-14].

The resulting combined belief probability assignments in accordance
with PCRS5 rule:

“Benefits” aspect:

m ,(4,)=0.28; m (4,)=0.46; m ,(A4,)=0.26.
“Costs” aspect:
m (4,)=0.59; m (4,)=0.21; m (4,)=0.20.
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“Opportunities” aspect:

m (4,)=0.35; m (4,)=0.28; m ,(4,)=0.37.
“Risks” aspect:

m (4)=0.71; m (A4,)=0.16; m ,(4,)=0.13.
Calculated BOCR values shown in Table 18.

Table 18
BOCR Values
Alternatives A, A, A, Ranking

Benefits 0.28 0.46 0.26 A=A 7 A,
Costs 0.59 0.21 0.20 A=A, A,
Benefits / Costs 0.47 2.19 1.30 A, 7 A7 A,
Opportunities 0.35 0.28 0.37 A7 A 7 A,
Risks 0.71 0.16 0.13 A=A, A,
Opportunities / Risks 0.49 1.75 2.85 A, >—A2 >—Al
Benefits /( Costs x Risks) 0.67 13.69 10.00 A, >‘A3 >—Al
BOCR 0.23 3.83 3.70 A, = A7 A,

From the results listed in Table 18 it can be seen that, taking into account
the obtained values of the considered transportation aspects for this exam-
ple, A, is the best choice (alternative), which corresponds to the multimodal
transportation “Truck—Train”.

5. Conclusions

The methodology for solving the vehicles selection problem in multi-
modal transportation under multicriteriality, and uncertainty has been pro-
posed in this paper. This technique is based on the BOCR method, and takes
into account a number of qualitative indicators that determine the optimal-
ity and efficiency of cargo transportation.

To aggregate individual expert assessments, a procedure has been
proposed that allows to synthesize a group decisions taking into account
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various forms of experts’ preferences presentation (interval, fuzzy, crisp
judgments). This approach allows to model various forms of “ignorance”
(uncertainty, inconsistency, incompleteness, fuzziness, etc.) under the
influence of which experts’ judgments are formed, and not to impose strict
restrictions on the form of their presentation.
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Abstract. One of the types of intensification of heat transfer in heat
exchange equipment is the installation of ribs for heat exchange elements.
The use of such developed surfaces allows to improve the parameters of heat
transfer due to the turbulence of flows and significantly increase the specific
heat transfer surface. This study is devoted to the development of a mathe-
matical model of the process of heat transfer of a finned surface of a specific
design. The effectiveness of the proposed rib design is confirmed by both
experimental research and computer simulation in ANSYS. The mathemati-
cal models obtained adequately describe the heat transfer, both under forced
and free convection. The proposed models take into account both the con-
vective component of heat transfer and thermal radiation, which allows it
to be used for selection, which operates over a wide range of temperatures.
The thermal resistance of the heat exchange element takes into account the
coefficient of thermal conductivity of the material and the geometric shape
of the wall. Particular attention should be paid to the study of the effect of
temperature deformations on the wall of the ribbed element. This is especially
important in cases of large differences in coolant temperatures in the tube
and between the tubes spaces, since the heat exchangers are subject to linear
and volumetric deformation. In such situations, the heat exchanger element
may lose its elastic equilibrium shape, which may lead to residual deforma-
tion and, in some cases, the destruction of structural members. Installation of
ribs on heat-exchange elements must be carried out taking into account both
the possible temperature deformations and in terms of structural features.
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Allmathematical dependencies can be used in the calculations of heat exchange
equipment with fins for predicting the parameters of the heat parameters and
estimating the value of the heat flux. The reliability of the results is ensured
by the correctness, completeness and adequacy of the physical assumptions
in the formulation of the problems, the use of modern tools of mathematical
and computer simulation, as well as the methods of statistical processing of
experimental data, and is confirmed by the satisfactory conformity in compar-
ing the results of the calculations with the obtained experiments.

1. Introduction

Modern biotechnological productions focused on the production of bio-
logically active substances (BAS) with the use of biological agents require
highly efficient equipment. As biological agents (BA), microorganisms, ani-
mal and plant cells and cellular components (cell organelles) are usually used.

The development of pharmaceutical biotechnology is focused on the
exploitation of BA with the aim of obtaining active pharmaceutical ingre-
dients (AFI), which are used as active substances in the composition of
finished medicines (drugs).

Today, heat exchange processes are present in almost all technological
processes of drug production and play a rather important role. Therefore,
the intensification of heat exchange processes, the improvement and deve-
lopment of appropriate equipment is quite an urgent task.

Among various heat exchanger equipment shell and tube heat exchang-
ers occupy their specific place and this is due to the fact that for the inten-
sification of the heat transfer process, it is quite easy to increase the heat
exchange area by the use of special ribbing on the tubes of the shell and tube
heat exchanger [1, p. 201].

In heat exchange processes, shell and tube heat exchangers are quite
efficient and easy to manufacture, as many years of practice in the use of
these devices have shown. The designs of shell and tube heat exchangers
are constantly being improved, the materials from which they are made are
changing, which leads to a constant increase in the technical and economic
parameters of the equipment [2, p. 570].

Studying the mechanisms of heat exchange processes and improving
the structural elements of heat exchange equipment in order to increase the
efficiency is a pressing problem today.
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The subject of the research is the process of heat transfer, which are realized
in the shell and tube heat exchanger of a special design with special ribbing.

The purpose of the work is to build a mathematical model of the heat
transfer process and to improve the structural elements of the heat exchange
equipment in order to intensify the heat transfer process and to improve the
technical and economic performance of the equipment.

The intensification of heat transfer processes is quite interesting and chal-
lenging. When designing and improving heat exchange equipment, it is neces-
sary to pay attention to a large number of various factors that can affect the over-
all technical implementation and individual design decisions. The efficiency of
heat transfer equipment depends most on the temperature gradient and the heat
transfer area. Usually, we cannot change the temperature gradient due to an
existing process, whereas the heat exchange area can be developed in various
ways. We have proposed a ribbing design that will be further used in the study.

Since this construction is new, the following issues need to be studied in
the applied and fundamental aspects:

1) Development of a mathematical model of the heat transfer process
through the proposed rib design for forced convection;

2) Development of a mathematical model of the heat transfer process
through the proposed rib design for natural convection;

3) Analysis of the influence of fining parameters on the value of heat flux.

2. Formulation of the problem of theoretical research

The first stage in the development of a mathematical model of the system
is the formulation of problems of theoretical research. Among the objectives
of the theoretical study of the process of heat transfer through the ribbed tube
of shell and tube heat exchanger of a special design were the following:

1. To propose a mathematical model for heat transfer through ribbing of
a special design; the task is to solve the criterion equations that describe the
transfer of thermal energy through the construction mentioned above;

This mathematical model is based mainly on the criterion equations
describing the transfer of thermal energy through the ribbed surface.

2.Evaluation of the influence of process parameters on the amount of
heat flow transmitted through the ribbed surface. To solve this problem, it is
advisable to conduct a number of theoretical numerical experiments on the
basis of the developed mathematical model.
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In practice, it is convenient enough for these purposes to use the math-
ematical package MathCad, which makes it possible to automate a number
of complex, often repetitive mathematical actions, to optimize iterative pro-
cesses of graphical interpretations of functional dependencies.

3.Selection of optimal conditions for carrying out the process of heat
transfer, based on the results of theoretical research. This task requires a
comprehensive analytical approach to formulate conclusions on the entire
volume of theoretical studies and is essentially the starting point for the
practical implementation of the developed apparatus design.

3. Analysis of process features

One way to intensify heat transfer processes is to increase the heat trans-
fer surface by using ribbing. The heating surface of the ribbed heat exchang-
ers is made of tubes with transverse, longitudinal, wire, rod and other ribs.

The usage of finned heat exchange surfaces increases the heat exchang-
er's compactness, that is, the ratio of heat exchange area, to the volume it
occupies. The use of ribbed heat exchangers makes sense when the heat
transfer coefficient of one coolant is much less than the heat transfer coef-
ficient of another coolant. Ribbing is usually performed on the side of a
smaller coefficient of heat transfer [3, p. 415].

In Figure 1 the General view of the ribbed tube is shown.

In Figure 2 the cross-section of the ribbed tube with the proposed con-
struction is shown.

This ribbing works as follows. During the operation of the heat
exchanger, the fluid-coolant contacts the inner surface of the heat exchanger
tube 1, washing its inner surface, and gives off heat energy with a coeffi-
cient of heat transfer al to the tube wall, which is made of a material with
a high coefficient of thermal conductivity (copper, brass). In the wall of the
tube 1 and the special rib section 2, heat transfer occurs due to the high ther-
mal conductivity of the material. Further, thermal energy with a coefficient
of heat transfer a2 from the surface of the wall of the tube 1 with special ribs
2 is given to the cold gas coolant (air), which is washed in the longitudinal
direction the tubular element [1, p. 230].

In this design, the heat transfer is as follows:

Hot coolant (water) — tube wall — gap between rib section and tube
wall — rib fin — cold coolant (air)
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Hot Waber

|
v

Codd nir
Drrection of the
—& heat transfer
process
v
Figure 1 General view Figure 2 Cross-section of the tube
of the ribbed tube: 1 — tube, with ribbing: 1 — tube,
2 —rib sections, 3 — fixing ring 2 —rib sections, 3 — fixing ring

In mathematical description of the process of heat transfer through this
structure there are 4 thermal resistances, which affect the amount of heat
flux transmitted through the fins design:

— thermal resistance of the tube wall;

— thermal resistance of the air gap;

— thermal resistance of ribbing;

— thermal resistance from the side of the washing air.

Therefore, when creating a mathematical model describing the process
of heat transfer through a ribbed surface, it is necessary to take into account
the influence of the above-mentioned thermal resistances on the heat flux.

The basis for the creation of this mathematical model are the following
tasks:

1) Determination of the level of influence of technological gap on the
amount of transmitted heat flow;

2) Finding the dependence of the heat flux value on the cold coolant (air)
velocity washing the ribbing and on the temperature difference between hot
and cold coolants;

3) Determination of the effect of the gap formed as a result of tempera-
ture deformations in the structural elements on the value of the transmitted
heat flux.
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4. Analysis of theoretical bases of heat transfer process

The increase in the heat transfer surface in the heat exchange equip-
ment significantly intensifies the heat exchange process and, accordingly,
increases the technical and economic performance of the equipment.
A mathematical model of the process of heat transfer through the developed
(ribbed) surface of heat exchange can be developed on the basis of a system
of criteria equations by the methods of mathematical physics [4, p. 195].

Analysis of the theoretical foundations of heat transfer through the ribbed
surface provides for the adoption of assumptions that in the future will develop a
mathematical model and solve it for the particular case under consideration. At
this point, it is necessary to describe the physical model of theoretical research
as a functioning system, indicating the defining parameters of the system and
their impact on it. Based on its features, it is possible to formulate geometric and
physical conditions of uniqueness and set initial conditions [1, p. 220].

Geometric conditions of uniqueness. The system is a tube with special
ribbing sections attached to it. The outer diameter of the pipe d , the inner
diameter of the pipe d, , the height of the rib section H, the average outer
diameter of the rib section D, the thickness of the technological gap
between the pipe and the rib section ¢ (Figure 3). Since the technological
gap ¢ is rather small, it can be assumed that the heat flux section will have
a tangential orientation, so it is convenient
to choose a Cartesian coordinate system.

Physical conditions of uniqueness. The N V| 1
hot coolant (water) moves along the tube | f
at the rate o, the heat flow Q is transmitted "“ . i [
through the tube wall and the technological 2 )
gap to the edges. Cold coolant (air) moves )
at speed W, flushing the fins. The thermal | B
energy in the ribbing section is propagated [
by convective heat transfer and radiation |’ ﬁ % ‘
from the rib surface. L ] A

Initial conditions. At the initial time —
t=0 s, the fluids in the system are at -
rest (the velocities of the coolants are Figure 3. Research system:

zero, w=0 m/s, W=0 m/s), there is no 1—tube of heat exchanger,
temperature gradient. 2 —sections of special ribbing

—I:-— ==
,J i

H
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The main process that takes place in the physical model is heat transfer.
For a description of temperature distribution over the volume of the sys-
tem commonly used grids method. This method allows you to determine
the temperature at points of the system step by step, given the boundary
conditions and laws of change of heat flow. This system can be considered
with free and forced convection, which will determine the optimal mode of
operation [5, p. 30].

5. Mathematical model of the heat transfer process
for free convection
Grasshoff's criterion can be found by the formula:

L3
Gr = f;- (11 -12). (5.1)

Where f — coefficient of thermal expansion that is given by equation:

1
P

Rayleigh criterion can find the formula, where Pr — Prandtl number for air:
Ra = Gr-Pr. (5.2)

Nusselt criterion equation for free convection:

S~Ra 0.534 95 0.284
Nu=0112{ 2] 1o 7Tk | | (5.3)
L

The heat transfer in this system with free convection is carried out by
convective heat exchange between the ribbed surface and the cold coolant,
and the radiation of heat from the ribs. Then the resulting heat transfer coef-
ficient will have 2 components: the heat transfer coefficient for convective
heat transfer and the heat transfer coefficient for radiation. Then the result-
ing heat transfer coefficient can be found by the formula:

a = acon + amd' (54)
The coefficient of heat transfer in convective heat exchange can be

found by the formula:
_ Nu-2,

con N

N

(5.5)

The coefficient of heat transfer during radiation can be found by the
formula:
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(273 +1, ]“ _[273 + tzj4
_ 100 100 (5.6)
arad_gACO. t — L .
The coefficient p can be found by the formula [1, p. 211]:
P-a
= . 5.7
we 2] 57)
The heat transfer parameter K can be found by the formula:
K=2, -F-u-th(u-L). (5.9)

Where th (1-L) is a hyperbolic tangent from the product x-L.
The heat flow from hot coolant (water) to cold coolant (air) can be found
by the formula:

t—t - L
0=

o °"’J (%)

n-d, a, 271'/1 2.2, K~z

(5.9)

Where z is the number of ribs in the section.
The coefficient of heat transfer through the entire construction can be
found using the formula:

K, :ﬁ. (5.10)

Equation (5.9) can be considered as a mathematical model of heat trans-
fer with free convection for the system under consideration. It characterizes
the amount of heat flow that is transmitted through the whole structure.

6. Mathematical model of heat transfer process for forced convection
Determining size can be found by the formula:
4. F
d, = 6.1
b= (6.1)
Where F is the cross-sectional area of the intercostal space, P is the
perimeter of the cross-section of the intercostal space.
Reynolds criterion can be found by the formula:
Re-" (6.2)

Vv

a

Where W is the rate of cold coolant (air).
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Nusselt's criterion can be found by the formula:
Nu =0.021- Re*® - Pr®®, (6.3)

Where Pr is the Prandtl criterion for air.

Since from the rib side heat transfer by radiation has virtually no effect
on the amount of heat flow at high speeds of movement of the coolant, it can
be neglected. Then the heat transfer coefficient for convective heat transfer
can be found by the formula:

Nu -2,
= 2, 6.4
. (6:4)
The coefficient p can be found by the formula [1, p. 211]:
P-a
= . 6.5
we o) (65)

The heat transfer parameter K can be found by the formula:
K=2,-F-pu-th(p-L). (6.6)
Where th (1-L) is a hyperbolic tangent from the product u-L.

The heat flow from hot coolant (water) to cold coolant (air) can be found
by the formula:

0- t—l‘

d,+6
out ln out
1 [ ] [ dout ]
2-

n-d, a, 271/'L -2, K-z

(6.7)

Where z is the number of ribs in the section.
The coefficient of heat transfer through the entire construction can be
found using the formula:

K-—2 (6.8)

(t-1)-L
Equation (6.7) can be considered as a mathematical model of heat trans-
fer with forced convection for the system under consideration. It character-
izes the amount of heat flow that is transmitted through the whole structure.

7. A mathematical model of the heat transfer process
for a non-ribbed surface with free convection
Grasshoff's criterion can be found by the formula:
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L3
Gr :%~ (11 -12). (7.1)

Where 8 — coefficient of thermal expansion that is given by equation:
1

Pemn
Rayleigh criterion can find the formula, where Pr— Prandtl number for air:
Ra = Gr-Pr. (7.2)
Nusselt criterion equation for free convection:
sRa 0.534 195 0.284
Nut = 0.112{Tj -(1 e L»Ruj . (13)

The heat transfer in this system with free convection is carried out by
convective heat exchange between the pipe surface and the cold coolant,
and the radiation of heat from the pipe surface. Then the resulting heat
transfer coefficient will have 2 components: the heat transfer coefficient for
convective heat transfer and the heat transfer coefficient for radiation. Then
the resulting heat transfer coefficient can be found by the formula:

a=a,,+ o, (7.4)

The coefficient of heat transfer in convective heat exchange can be

found by the formula:
_ Nu-2,

con N

. (7.5)
The coefficient of heat transfer during radiation can be found by the
formula: . .
273 +1, 273 +1,
( 100 j _( 100 j
-t '

The heat flow from hot coolant (water) to cold coolant (air) can be found
by the formula:

Qg =€ °Cy - (7.6)

rad

0- (h-h) L . 1.7)

d
ln out
1 ( d, ] 1
+

+
n-.din.aw 2.77:.1)71 ﬂ'din.aair

The coefficient of heat transfer through the entire construction can be
found using the formula:
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_ 0
K, = S (7.8)

Equation (7.7) can be considered as a mathematical model of heat trans-
fer for a non-finned surface with free convection for the system. It charac-
terizes the heat flux that is transmitted through the whole structure.

8. Mathematical model of heat transfer process taking
into account temperature deformations

Temperature deformation is a change in linear dimensions and body
shape as its temperature changes. The coefficients of linear and volumetric
temperature expansion are used to describe this phenomenon. They charac-
terize the relative elongation of the linear dimensions (volume increase) of
the medium with a temperature increase of 1°C.

Under the influence of temperature, the linear dimensions of the parts
increase, which can affect the technological gap between the tube and the
rib section J and, in turn, the magnitude of the heat flux transmitted through
the whole structure [6, p.50].

Heat exchange tubes and fins are subjected to temperature deformation
in the system. Since the fins are fixed to the support rings, which in turn are
welded to the tube, the temperature deformation of the ribs will not affect

the gap ¢ as shown at Figure 4.
[ w W ] The initial clearance for this system is
| [ 1

0¢=0.00014 m (sliding landing).
I"'u ) = r' The temperature in the pipe wall changes
n L | | according to the logarithmic law, then[1,p. 215]:
[ 12 ' () =21 nfdu | (80)
d L o [ |\l
| = T 1 =] d
| [ ) in .
ﬁ _ Where d is the outer diameter of the
L | dee tube, d, is the inner diameter of the tube,
__ dn AT is the temperature difference.
Figure 4 Calculation The factor ¢ can be determined by the
scheme: 1 — tube of heat  formula: .
exchanger, 2 — sections of &= 22 . Ial 1(r)-rudr. (8.2)
special ribbing T =T 3,
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Where g, =17,3-10°¢ % is the coefficient of linear temperature expan-

sion for steel at 100°C, r,,, is the outer radius of the tube, r;, is the inner
radius of the tube.
Integration constants can be defined by the formulas:

o=+ ’;)(1 ~24). j a t(r) radr.  (8.3)
C2- tz - ’7'" j oy - 1(F)- 1, dr. (8.4)

Where p = 0,3 is the Poisson's ratio for steel.
The change in tube size due to temperature deformation can be deter-
mined by the formula:

U—— 1+# Ial -t(r)-r,dr+Cl-r, +g. (8.5)

r out out
out out

The resulting gap can be found by the formula:
6,=8,-U. (8.6)
This is the gap value and should be used for further calculations.

9. The results of the calculation
Mathematical modeling was performed for two values of the gap
0.00014 m and 0.000118 m. The results are presented in Table 1 and Table 2.

Table 1
The results of the calculation at the gap 6,=0.00014 m
w w
Deonideration | w°C | ©°C | Keg Kozl 0
Ribbed with free convection 80 17.2 0.061 1.73 6.23
Ribbed with forced convection 80 17.2 0.936 15 53.9
Without ribbing 80 — — 0.53 1.92

When analyzing tables 1 and table 2 it can be seen that the highest heat
flux and the heat transfer coefficient are observed in the finned system
during forced convection, which confirms the correctness of the created
mathematical model. In second place, these are the free-convection fin sys-
tem, and finally, the non-fin system has the worst performance.
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Table 2
The results of the calculation at the gap ,=0.000118 m
/4 w
Neomideration | W | 0°C | Ko |Kaoe | 0.
Ribbed with free convection 80 17,2 0,061 1,74 6,278
Ribbed with forced convection 80 17,2 0,936 15,92 57,33
Without ribbing 80 - - 0,53 1,92

When comparing tables 1 and table 2 it can be seen that, taking into
account the thermal deformations occurring in these systems, the actual gap
81 between the pipe and the ribbing sections decreases (Figure 5), which in
turn increases the heat flow and improves the heat transfer process as a whole.

The graphs of the dependences
O=f(AT) (Fig. 6, Fig. 8) show that for the
first iteration of the temperature change,
as the temperature difference decreases,
the heat flow for the free-convection
finned system and for the non-finned sys-
tem decreases, which is regular since the

[
[
|
|
|

i |

|
|
|
|

L heat flow is directly proportional to the

|

|
|
|

'ﬂlll'i.:

: temperature difference.
2 The graph of dependence Q=f(W)

o (Figure 7) shows that as the rate of

motion of the cold coolant (air) increases,
the heat flow transmitted through the
whole structure increases. As the coolant
velocity increases, the Reynolds criterion
increases, which in turn turbulates the
flow, increases the heat transfer coefficient, and has a positive effect on the
heat transfer process as a whole.

Figure S. Scheme of influence
of temperature deformations
on the gap size

10. Conclusions
The mathematical model formulated adequately and describes the pro-
cess of heat transfer in the considered systems, which is confirmed by the
obtained results. The proposed model takes into account the precision of
manufacturing and installation of ribbing elements on the heat exchanger
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o @
0 '& :;_ I I I
g 4 ] 5
Figure 6. Inverse graph of the Q Figure 7. Graph of the
heat flux versus the temperature  dependence of the heat flux Q on
difference system AT for a free the rate of cold coolant (air) W
convection finned system for a finned convection system

equipment (technological clearance u - -
and its influence on the amount of
transmitted heat flow are taken into
account). This model takes into 8
account both free and forced convec- =
tion, as well as the effect of tempera- T
ture deformation on the size of the
technological gap.

A number of dependencies have o L g .
been obtained, which allow us to i
find the optimal operating conditions Figure 8. Inverse graph
of these systems, which can greatly of Q heat flux versus temperature
simplify the process of designing and  difference AT for a non-ribbed
calculating heat exchange equipment system
with finned surfaces.

Based on the results of process modeling based on the developed math-
ematical model, it can be argued that one of the main factors that affect
the efficiency of the fin and heat transfer process in general is the gap
between the tube and the ribbed sections. When designing and calculat-
ing heat exchanger equipment with ribbed surfaces, it is necessary to take
into account temperature deformations, which can both negatively and pos-

B
i

221



222

Serhii Kostyk, Vladyslav Shybetskyy

itively affect the efficiency of heat exchange processes. Also, the finning
efficiency of hot and cold heat carriers (water and air, respectively) will
affect the finning performance.

It can be concluded that the ribbing of the proposed configuration can
be applied to significantly increase the area of heat exchange of equipment
with tubular elements (eg shell and tube heat exchangers) provided there is
sufficient space and conditions for the installation of rib sections.
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IMPROVING THE ACCURACY OF THE GRAVIMETRIC
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Abstract. The work is devoted to solving the actual scientific-practical
problem of improving the accuracy of the gravimetric method of control of
the normalized ecological index of diesel engines — average operating mass
emissions of particulate matter (PM) with exhaust gases — indicator PT.
Based on the analysis of requirements of regulatory documents — interna-
tional standard ISO 8178, UNECE Regulations R-83, R-49, R-96 and oth-
ers regarding the conditions of gravimetric measurements of this indicator,
as well as the world and own experience of such measurements, the authors
identified the factors that influence the accuracy of the gravimetric method
of PM control and made recommendations for improving the accuracy of
this method. To evaluate the effectiveness of the recommendations created
a scientific — practical base for studies of the accuracy of gravimetric mea-
surements of PM, consisting of: mathematical models for determination of
temperature conditions of sampling in systems of mass emission control
of PM — tunnels and the resulting error in PT measurements; experimental
setup and research methodology for determining methodological error of
PT measurements, which depends on the temperature conditions of sam-
pling in the tunnel; method of estimating the significance of instrumental —
OPT, and methodical — 6PT . components of the resulting measurement er-
ror of the indicator PT — dPT. On the basis of this scientific-practical base,
experimental and computational studies of the accuracy of the gravimetric
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PM control method, which meets the requirements of the international stan-
dard ISO 8178, were carried out, and installed instrumental, methodolog-
ical and resultant measurement errors of average operating emissions PM
emission using this method: 6PT, = £3.3...£4.5 %; 6PT = — 4.5...6.3%;
OPT =-9.0...10.8 %. The effectiveness of the recommendations made by
the authors is confirmed and it is established that their implementation al-
lows to increase the accuracy of the gravimetric method of PM control in
3 times by eliminating the error 6PT, and reducing the value of 6PT to the
minimum level of instrumental error 6PT, = +3.3 %.

1. Introduction

With the entry into force of EURO standards since 1993 to the average
ecological performance of diesel engines has been introduced by the aver-
age mass emission of particulate matter (PM) with exhaust gases (EG) — an
indicator of PT. According to the requirements of normative documents —
international standard ISO 8178, UNECE Regulations R-83, R-49, R-96 and
others. this indicator is determined by the gravimetric method with the use
of special equipment — tunnel in the course of the regulated test cycles.

Among the pollutants contained in EG diesel, PM occupy the second
place after nitrogen oxides by the level of negative impact on the environ-
ment and are characterized by the highest relative aggressiveness (com-
pared to carbon monoxide), equal to 200. Due to the high toxicity of PM
over the last 20 years, there has been an expansion in the area of emission
normalization of this substance on diesel for various purposes. Today, PM
emission standards are set for diesel cars, tractors, locomotives, off-road
vehicles, marine and river vessels. From 2015, the allowable emission
level of PM from EG of automobile diesels is 0.005 g / (kWh),which is
72 times less than when EURO standards were introduced. At this level
of emissions, the resulting measurement error of PT in the test — dPT is
significant and reaches 25...35% [1]. There is also a decrease in emissions
of PM from EG other types of diesel engines. Since the accuracy of the
gravimetric PM control method is a determining factor characterizing its
practical applicability in determining the low emission levels PM with the
exhaust gases of modern diesels, the task of creating a scientific basis and
implementing practical measures to increase the sensitivity of this method
is urgent.
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2. The purpose and objectives of the research

The purpose of this work was to improve the accuracy of the normalized
gravimetric method of PM control by establishing and taking into account the
factors that affect it. To achieve this goal, the following tasks were solved:
1) analysis of the gravimetric PM control method, factors that influence the
measurement error of the PT index and development of recommendations for
improving the accuracy of this method; 2) creation of a scientific-practical
base for studies of the resulting measurement error of the PT index and its
components; 3) study the accuracy of the gravimetric PM control method and
evaluate the effectiveness of the recommendations made.

3. Analysis of gravimetric method of PM control
and factors that affect its accuracy

The main components of diesel PM. Term PM means all material col-
lected on a special filter medium from a ftoroplastic material after passing
through it the diesel engine EG, diluted with atmospheric air to a tempera-
ture not exceeding 52°C and greater than 42°C.

PM is a multicomponent formation comprising the following elements:
diesel soot (product of pyrolysis of fuel), soluble organic fraction — SOF
(hydrocarbon fuels and oils which are not burned and condensed and
adsorbed on the surface of soot particles), sulfates (salts of sulfur)) and
other inclusions (wear products, ash additives, etc.). The relative shares of
these elements in the composition of PM depend on the mode of operation
of the diesel and vary over wide ranges [2] (Figure 1).

Dilution systems diesel exhaust air — tunnels. To measure PM emissions
from EG diesel used tunnel — pipeline, in which the diesel engine exhaust gas

Carbon (soot) - 75% (33-90%)
Hydrocarbon (ROF) - 19% (7-49%)
L Metals - 2% (1-5%)

| Sulfates, nitrates - 1% (1-4%)
Water and others = 3% (1-10%)

Figure 1. The components of the PM and their relative shares
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is diluted with clean air to simulate the natural process of dispersing the pol-
lutants contained in the diesel engine in the atmosphere (Figure 2).

ET t
-\ :
Gnh o I Guh
Gy fG1nn7
- — !
l_;s L= 10 Dy
a) b)

Figure 2. Dilution tunnels:
a) full-flow with 2-fold dilution of EG; b) microtunnel

The reference system for PM emission control is a full-flow tunnel
in which all the diesel engine exhaust air is diluted: if their mass flow rate
does not exceed 750... 900 kg/h, then a 1-fold dilution of the exhaust gas
in the pipeline with a diameter D > 46 cm and a length L = 10-D,, other-
wise — a 2-fold dilution of EG is carried out in the pipelines: primary with
D,=20...46¢m,L =10-D andsecondarywithD,=2,5...10cm,L,=2,5...10-D,.
The results of determining the PT value by any other measuring system must
coincide with the results of the reference tunnel with a correlation coefficient
of not less than 0.95. The alternative for bulky and cost reference tunnels are
compact and more affordable partial flow VH dilution systems: minitunnels
and microtunnels having dimensions: D, . =7,5...12 ¢cm, L, = 10-D,,, and
Dy =25...4cm, L, =10-D,, ., respectively [3; 4].

Procedures for determining average PM emissions — test cycles.
Depending on the type of diesel, the average PM emission is the PT is deter-
mined during the test cycle, which consists of normalized diesel modes,
characterized by: crankshaft speed — n, load — L, weight factor — WF. Thus,
when testing motor cars, the 13-stage ESC cycle (from «European Station-
ary Cycle») established by UNECE Regulation R-49 is used, the agricul-
tural diesel engine is the 8-stage cycle established by UNECE Regulation
R-96 (Table 1), diesel locomotives — 3-stage cycle, established by the inter-
national standard ISO 8178, etc.
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Table 1
Test cycle of agricultural diesel engines

Ne mode n L, % WF
1 100 0,15
2 . 75 0,15
3 nominal 0 0.15
4 10 0,1
5 100 0,1
6 intermediate 75 0,1
7 50 0,1
8 idling - 0,15

Dilution modes of EG in tunnels. In accordance with the require-
ments of international standard ISO 8178, the following dilution modes
of EG can be used in tunnels. DM1 — CVS mode (from "Constant Volume
Sampling"), in which the mass flow of diluted EG in the tunnel is main-
tained constant throughout the cycle; DM2 — a mode with a constant value
of the dilution factor EG; when using this mode the concentrations of PM
in the diluted EG increase, which allows to increase the accuracy of their
determination.

Calculation of mass and mid- average PM emissions. Mass PM
emissions with diesel exhaust at separate test modes — PT . are determined

by the formula:
T, = G
" My, 1000, g/h;

sami

where m_ — the mass of PM on the filter collected on the i-th mode, mg;
m_ _.—the mass of the diluted EG sample passed through the mode filter, kg;

G,_,;— equivalent mass flow of diluted EG in the ith mode (equal to the
mass flow rate of the diluted EG in the reference system), kg/h:
Gedﬁ = Gexhi : qi )
where g, — the dilution factor of EG in the i-th mode;
G, — the mass flow rate of diesel exhaust at the i-th mode, kg/h.
The average PM emission with diesel exhaust gas — PT is defined as the

ratio of the average for the PM mass cycle — PT__ and the effective diesel
power — P _:
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PT = o g/kWh, (1)

The value of PT,___ is calculated by the formula

m, G
7 " e
mass m 1000 b g/h’ (2)

where m~ the mass of PM collected on the filter per cycle, mg;

m__— the mass of the diluted EG sample that has passed through the
filter over the cycle, provided that the values of m_ . are proportional to the
respective weighting factors — WF, (at 2-fold d11ut10n of EGm__=m

sam sam2
m_ .. where m — the masses of diluted EG and air, passed through

dil2>? sam2’ d112
the filter during the cycle), kg;
Gy — the average equivalent mass flow rate of diluted EG in the
tunnel, kg/h.
The values included in formula (2) are defined as follows:
mam = imsami > (3)
i=1
where n — the number of modes in cycles;
ed(m)f Z WE, - {df , kg/h. 4)
To calculate P_ use the formulas:
N
B, =2 (P -WF), kw, (%)
i=1
where P, —the effective power of the diesel engine in the i-th mode, kW;
T M P kw, (6)
9550

where n, — the number of revolutions of the motor shaft on the i-th mode,
min';

M, — torque on the i-th mode, N-m;

Pauxl — the power of auxiliary equipment on the i-th mode, kW.

Factors affecting the accuracy of the gravimetric PM method. The
analysis of the presented technique for determining the average PM emission
shows that this indicator is indirectly measured by the results of direct
measurements of m, m_ , q, G_,., n, and M, .. Therefore, the accuracy of

determining the PT is dependent on the measurement errors of these values.
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On the other hand, the results of &My,
experimental studies of foreign and "
domestic authors, presented in [5-10], +40a
indicate that the mass of the PM collected J
onthefilter—m dependsonthetemperature
mode of sample preparation in the tunnel ot

- low load mode
== high load mode

F\- 2 2

(Figure 3), which is characterized by the S ol
temperatures of diluted EG before the - \\\\h
filter — t. is determined by the dilution E\ = =

T

air temperature — tilt selected maximum
sample temperature in the tunnel -

t. .. Variation of t values t. _ in the
(max) dil f(max)

admissible regulatory documents ranges —

t =25+5°C and t = 42-52°C leads toa ©M the effect of temperature
dil fmax) tf on the value of mf [10]

25 a5 ¥ 85
t, °C

Figure 3. Experimental data

methodological error in the measurement
of the PT, which affects the accuracy of
the gravimetric method of PM control.

Analysis of the experimental data presented in Fig. 3, shows that as
the temperature tf increases, the value of mf decreases; however, a linear
dependence can be used to describe this process:
sm! —M 100% = k, - (1, ~1,,)

LD £ 7o),

where dm" — the relative deviation of the PM weight at the sample
temperature t— m"_from the base value m"™, which corresponds to the
sample temperature t,, taken as the base (in the data presented in Fig. 3,
t, =45 °C);

k .— proportionality factor, which depends on the mode of operation of
the engine: as the diesel power increases, its value decreases.

Recommendations for improving the accuracy of gravimetric PM
control. The analysis of the factors on which the resulting measurement
error of the normalized PT indicator depends, makes the following
recommendations for its reduction:

1) the use in the tunnel dilution mode EG DM2 at the minimum allowable
dilution factor EG — q_, = 4, which ensures the selection of the maximum
number of PM on the filter;
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2) elimination of methodological error of PT measurements by adjusting
the temperature of the sample preparation in the tunnel, which meets the
conditions of dilution of EG at t;, =25 °C and L — 47 °C;

3) improving the accuracy of measurement values that are directly
determined during testing and used in the calculation of the PT.

4. Scientific-practical basis for studies of the accuracy
of gravimetric control method PM
4.1 Mathematical model of the process of formation
of temperature conditions for PM sampling

The mathematical model is intended to determine the main characteris-
tic of the temperature mode of selection of PM in the tunnel — the sample
temperature before the filter — t.

In based the mathematical model is on the equation of heat balance of
the process of heat exchange of heated gas in a cylindrical pipeline with
ambient air (Figure 4) [11]:

E
_ tw

Ha | Hy
-+ Gt, 11—

a4 Qi ®

Figure 4. Calculation scheme of the heat exchange process

H,=H,+0,+0,> (7
where H , H, — the enthalpy of the gas stream at the inlet and outlet of
the pipeline;
Q, — the heat flow transmitted through the wall of the pipeline due to
heat transfer;
Q, = r'H, — thermal losses on the elements of the design of the sampling
line at the flange connections and ball cranes(the proportionality factor r is
determined experimentally by the formular =1 - (H, - Q,_)/H,);

Ha:Cp'G'(Ta_ZM); Hb:Cp'G'(Tb_Tdi/)’

where ¢, = 1005 J/(kg'K) — the average isobaric heat capacity in the
working range of the temperature variation of the working body in the tunnel;
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G —mass rate flow in the pipeline of the of the flow of the working body, kg/s;
T, T, ta T — respectively: absolute initial and final average mass
temperature flow rates and air temperature around the pipeline, K;
0,=(T,-T,) F-k,
where T — the average absolute temperature of the gas flow in the tunnel
(defined as the arithmetic mean of T, and T,), K;
F — the surface area of the pipeline through which heat is transmitted, m?;
k — heat transfer coefficient, W/(m>K):
1 o, (a, +a,)

(al )71 + (awc + awr )71 B al‘ + awr + awr

b

where o, — the heat transfer coefficient of the inner wall of the pipeline,
W/(m?*K);

a, ., o — the heat transfer coefficients of the outer wall of conduit
with convective and radiant heat transfer (determined by known formulas
below), W/(m?K).

As aresult of the transformation of the heat balance equation (7), the basic
calculation formula was obtained to determine the gas flow temperature at
the end of the pipeline the flow of diluted EG —t,:

t,—ty)- F-k
tb:(l_r).(ta_;d’_/)_%

¢, G

where t — the initial average mass temperature flow , °C.

Since the value of t at the beginning of the calculations is unknown,
thats why the determination of the temperature values t, is carried
out by the method of successive approximations. This determines the
approximate value of t, provided t = t, which is refined as a result
of using formula (8) until the difference between the clarification and
the previous values t, of t is less than + 0.05 °C (for this is enough
3— 4 refinement calculations). The sequential calculation of the end
temperatures of the gas streams in all pipelines of the dilution system
EG according to the established algorithm allows to determine the
sample temperature before the filter —t..

Check the adequacy of the mathematical model was according by
Fisher's criterion during the tests of the 4ChN12/14 diesel engine on the
ESC cycle (Table 2) using the microtunnel MKT-2 [9; 12].

+1u, °C, (®)
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Table 2
The results of researches of the value of tf during
the tests diesel 4ChN12/14 with MKT-2

A series of Experiment B ot ot
experiments numberin | t,°C | t,°C | t,°C | C S C i
(cycle mode ESC) | the series
1 1 22,2 0,1
22,1 21,88 -0,22
(D 2 22,0 ’ ’ ’ -0,1
2 1 47,1 0,25
4 46,94
3) 2 46,6 5,85 69 009 a5
3 1 34,3 -0,25
34,55 34,29 -0,26
(7) 2 34,8 ’ ’ ’ 0,25
4 1 50,0 -0,4
50,4 49,97 -0,43
(10) 2 50,8 ’ ’ ’ 0,4

Criterion F was determined by the formula:

S2

= a4
T2
y

where s’ — the variance of model adequacy;

szy — the variance of the reproducibility of the experiment.

To determine the value of s>, used the formula that is used for uniform
duplication of investigation:

F

N

- \2
B :i: n-;(faﬁflﬁ)
YL N-p

where S_— the sum of the squares of the deviations of the calculated and
experimental data;

f= N — p — the number of degrees of freedom of variance of model
adequacy;

n =2 — number of duplicate investigation in each series;

N = 4 — number of series of duplicate investigation according to the
experimental plan (series of investigation were performed on 1, 3, 7 and 10
modes of the ESC cycle);

i=1...N — the number of the series of investigation;

t.s — the calculated value of the temperature t, for the i-th series;

t:— average temperature t, for the i-th series;
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p =1 —the number of coefficients of the mathematical model determined
according to experiment.

Dispersion of the reproducibility of the experiment was determined
by the results of 4 duplicate experiments, as the arithmetic mean of the
dispersions of these experiments:

S
2

_ =l
YT
where m = 4 — the number of series of duplicate experiments;
s* — variance of reproducibility of the experiment i-th series of
experiments: n

Z(tij - ;i)z

2 _ =l
s =1

i

n-1

where n = 2 — the number of duplicate experiments;

t, — the j-th value of the temperature t,in the i-th series of experiments.

The number of degrees of freedom of dispersion szy for this method of
determining it is fy =m-(n-1)=4.

The calculations of s?, s* and F by the formulas below showed the
following:

, 2:(0,22° +0,09° +0,26” +0,43)

= =0,2063,
S 4-1
, (0.17+2.0,25 +0,4)
s, = =0,0738,
4
_0.2063 _, o
0,0738
The obtained values of F do not exceed the critical level - F .. = 5,91,

0,95
which corresponds to trust probability of 0,95 and the numbers of degrees

of freedom f =3, f =4 [13] that confirms the adequacy of the developed
mathematical model.

4.2 Mathematical model for determining the resulting error
in the meas-urement of weighted average PM — 6PT
The mathematical model allows to determine the value of dPT taking
into account its instrumental — SPT, and methodical — 3PT . components:
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SPT =8PT,, +5PT, 9)

The value of 6PT, is determined using the dependence to calculate the
error of the indirect measurement result [14]:

5y—\/i(6y~x"-6x[j : (10)

ox; y

where y — a value that is measured indirectly by a known dependence —y
=1(X), X5 oos X );

x, — the values by which it is determined y, m — their number.

The error SPT, is numerically equal to the value of dm" — relative
deviation of the mass of the hinge PM —m",, determined at the actual values
of the temperatures t., from the mass of the hinge PM — m™, determined at
the values of the temperatures t,, taken at the baseline and corresponding
CVS-dilution of EG at t, = 20°C, t =47°C:

> “f(max)

oS o

SPT, = 6my ST ]00%_21: th ) mfi:ZI:5m./i'rmﬁ, (11)
my my i=

where dm{f — relative deviations of the mass of PM on the i-th mode — m!}
from the base values — m'fl
= (mP/m'Y)- 100% are the relative shares of m{f in the total mass of m'Y
To determine the values of dm{, experimental dependences are used,
whose appearance is chosenis taking into account the results of previous
studies (see Fig. 3):
smif =k (mi, Li) - (1 = t70:) » (12)
where £, (71;, Z[) — the proportionality factor, which is a function of the
relative number of revolutions — »; and load — L;;
Values n; and L: characterize the mode of operation of the engine and
are determined by the following:
;i _ n; — Mg, R (13)
Poom = Miae

where n,, andn__ — the number of revolutions on idle move and mode
rated power;

Li=—2#_ (14)
M k(max)i
M, . —the maximum torque on the motor shaft at n..

k(max)i
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4.3. Experimental installation and methods
for investigating methodological error 6PTtf
To determine the coefficients ktfi, used in the calculation of method-
ological error SPTtf, an experimental setup and a methodology for its deter-
mination have been developed.
Schematic diagram of the experimental setup, its specifications
(Figure 5).
The installation includes two main elements:
1) two-channel PM sampling line, which includes the control channel
(it gathers mass PM — m,) and the heated channel it collects the mass of
PM — m,, at a temperature t, more than in control channel, fixed value
At,; this equipment is designed to measure the k ; coefficient in any engine
operating mode;
2) a camera for stabilization and weighing of filters, which is designed
to determine the masses of the hanging m, and m,.
When determining the k. coefficient in the PM sampling line, two
conditions are met:

a) the sample temperature t, r,._f',',"f.‘.ff,ﬁ .
in the heated channel exceeds the Heated y
corresponding sample temperature L oot chamal | H
tp in the control channel by ' ' - |~ 2
magnitude by At, = 20 + 0.5°C  _* | " ETAL
(provided by heater 2); b--J —AP=0— 4
b) the mass flow rates of the 1" | |, || — | @ |
diluted EG samples in both channels T A 1T S
created by the gas blower 6 are kept |l = Ao =] 3
constant with an error of + 2% (by LT
maintaining the temperature equal 4/ 5/ - 65 \ 4
to t,; and t,, and zero pressure drop 1o the vertiation “F-
between flowmeters 5 with normal system
nozzles). Figure 5. Experimental setup
To determine the k coefficient,  for measuring ktfi coefficients:
the dependence is used: 1 — ammunition with a filter; 2 —

_ heater; 3 — cooler; 4 — regulators of
m, —m omy
k= 100% = —* ,, o1 mass flow rates; 5 — mass flowmeters;
’ m - At 20 , % ( C) s
Y 6 — gas blower
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where om, — the relative deviation of the mass PM caused by
temperature rise t;.

The relative error of determining the coefficients of k .is+7... 12%, while
the greater value of the error corresponds to modes with low engine load.

Methodology of studies of the effect of temperature mode selection
prob PM to the weight of the hinge PM. This method can be experimentally
determined by the dependence of the diesel engine on the proportionality
coefficients k ., which take into account the effect of the temperature t.on the
PM sample weight (see formula (12)) and used in determining errors 3PT,.
(see formula (11)). The determined dependence has the form — &, (nf, Li),
where n; and Li— the parameters that characterize the test mode (see
formulas (13), (14)).

Before starting the experiment, the normalization of variables n and 7 :

y o
An
T
PToAL

where nmu = Lmia = 0,5 — the average values of the ranges of variation,
n, L;

on =(n,, —ng,)/4 GL =M, /4 steps for changing parameters »
and L.

Itis assumed that the dependence of the coefficient k .on the variables X,
ﬂ_:‘ c ;_ basi E{._\pfj{\,pfﬁ,g.ﬁ , and X, has the form of a polynomial
BOT AR qromemgoom ooy of the 1-st degree:

ol 43 1 b =ara-Xiva X, (15)
56 wh§re a, a, and a, — constant
75+ 05 1 .’¢" coefficients.
g | 2 | To determine the coefficients
IZI:“U.:ZI:-‘"""*‘""".‘"""""""‘. R i
5 ! ! of the polynomial and evaluate its
0 0 i ' i accuracy, a 2-factor experiment is
e 0 5 o ¢ conducted, consisting of 4 basic and
0087801328 IS0 36 6ntro] investigation (Figure 6).
Figure 6. Plan of 2-factor The coefficients of regression
experiment for determination dependence (15) are determined by

of polynomial (15) the expressions [15]:
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. :k_,,,+k,f2+k,f3+k

4
0 4
kit ks — ks — Ky
1 4 s
kp —kpy + ks —kyy
a, = 4 s

where k. — the value of the k , coefficient determined in the i-th investigation.
The adequacy of this dependence is estimated by the Fisher criterion —F.

4.4. Methods for estimating the resulting error 6PT
and the effectiveness of recommendations to reduce it

The resulting measurement error of the weighted average PM with EG
emission from the diesel engine diesel and the effectiveness of the recom-
mendations for its reduction are estimated by the following algorithm.

1. Selection of initial data for research — the results of tests of diesel
on the ESC cycle, indicating all the parameters that affect the accuracy of
measurements of the PT (error 6PT).

2. For each dilution mode EG, instrumental measurement errors of the
weighted average PM —6PT, emission are determined by successive calculations
using the expression (10) of the error values calculated by formulas (1) — (6).

3. The ranges of variation of the method error 6PT ; are established (taking
into account the mode of dilution of EG); to this end, the expressions (11) and
the method of planning the 2-factor experiment [15] are determined by

OPT, =1 (ty, ta) (16)
with the domain of the function t, = 20...30 °C, tgmay = 42...52°C;

The absolute deviations of the value 3PT, calculated by dependence
(16) from the values calculated by formula (11) shall not exceed + 0,05%.

4. Installed: the variation range of the resulting error 6PT (by expression
(9)), as well as the value of the width of the variation range of the given
error — §PT*™ and its components — §PT ™™

SPT*" =SPT" —5PT ; 6PT}" = 5PT; —5PT; ,

where the indices «+» and «-» correspond to the limit values of the
ranges of variation of the corresponding errors in the area of positive and
negative values;

j — the index of the component of the resulting error (in or t;).
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5. Determine the relative contribution (in %) to the resulting error PT
of each component — R;:
_SPT™
T SPTsm
6. Calculations of the error dPT and its components are carried out,
provided that the proposed recommendations for improving the efficiency
of determining the PT indicator are fulfilled.

-100% .

5. Results of experimental and computational studies
of the accuracy of the gravimetric PM control method
5.1. Determination of instrumental error of PT measurements

As aresult of applying dependence (9) to the values measured indirectly,
formulas were calculated to calculate the error 6PT;, and its maximum val-
ues for different modes of dilution of EG (Table 3).

Table 3
The results of determining the instrumental error 6PTin
Error Expression to calculate The error value, %
the error DM1 DM2
13
6Gedf(m) \/ (WE 'koedﬁ '5Ged/; )2 1,4 1,1
i=1
2
PTos | \[SM2 + M2, +(5G,y) 44 3.1
P \Jon’ +SM; 3,6 3,6
5P 5P, |3 (WE - k3)) 12 12
i=1
SPT SPTZ, +(5P) 45 33

5.2. Establishment and evaluation of methodological error
of PT meas-urements
As a result of the procedure of studies of the effect of temperature
selection mode PM on the weight of the PM presented in section 4.3, a
2-factor experiment was conducted and the dependence of the ki, coef-
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ficient on the parameters of the engine operating mode was determined
(Table 4, 5):
— when using normalized variables:
k, =-0,996 — 0,037 - X, + 0,138 - X, ;
— in the transition from normalized to initial variables (Figure 7)

ky;=-1,20-0,148-n+0,552- L. (17)

~ Table4
The results of the dependency experiment &, ( ni, L,-)

o Tunnel options PM seclgflttll?(ﬁ 2{:;‘:::&"’ the Results tests
Gexny T/€ | texn, °C q tp, °C | mg Mr Prllj/““;‘“’ At, °C | — iz/:'n;,
1 18,6 310 5,12 452 4.4 15,2 19,7 19,5
2 18,6 277 5,11 38,7 4,7 12,0 20,5 22,1
3 13,7 231 6,93 34,0 3,9 10,3 20,2 14,7
4 13,7 184 6,90 29,2 5,2 7,7 19,4 23,0
5 16,1 252 5,92 35,5 43 11,5 20,0 19,2
6 16,0 263 5,95 36,0 4.8 11,2 20,3 17,9
7 20,9 347 4,54 51,9 5,8 17,2 20,2 15,2
Table 5
Results of comparison of experimental — ki and calculated — k;, data
Ne g X, (n) X; (L) k102, °C | -Ky,r102, °C! ok, %
1 1(0,75) 1(0,75) 0,99 0,90 93
2 1(0,75) -1(0,25) 1,08 1,17 -8,6
3 -1(0,25) 1(0,75) 0,73 0,82 -12,7
4 -1(0,25) -1(0,25) 1,19 1,10 7.8
56 0(0,5) 0(0,5) 0,92 1,00 8,1
7 2(1,0) 2(1,0) 0,86 0,75 12,4

Note: * — the average result of 2 measurements

The validity of expression (17) is confirmed by the fact that the relative

deviations of the calculated values of k. from the experimental data are +
7.8 ... 12.7% (standard deviation calculated from the results of 2 duplicate
investigation — the 5th and 6th equals + 0,056 or 4.7... 6.5%) and are values
of the same order with the error of the experiment —+ 3 ... 8%.
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L P

Figure 7. Results of
experimental determination
of dependence k, (n,-,L,-)

Thus, the methodical error 3PT, can
be estimated by the following formula
(see expressions (11) and (12)):

13

SPT, = Z(—l,zo - 0,148 - i +0,552-Z[)-

i=1
'(’ﬁ fOi)'rmﬁ-

The estimation of the value
OPT,, carried out on the results of
the tests of diesel 1Chl12/14 on the
ESC cycle, shows that the ranges
of variation of this error are: -4.5 ...
6.3% (difference of results — 10.8%)
(Figure 8).

—t

| T
o
f:z ) 27 26 4,5
52 1 . y =
e S 2. P ; -4
1 RH‘:“"-\-_\__ HM“‘%-«HH_
H"'H-._\_\_\_\_ i 0 H"‘""-.._\_ T — ; 2
a7{ fp e [ e S
P2 : ' .
e i = T—
~q ~ ~—i
& ) E‘i"“x 4 ?
al LS - rf.
6.2 16 4.6 27
20 25 n 20 25 3
tan,"C tan,"C

Figure 8. The range of variation of the method error 6PTtf

5.3. Evaluation of the error 6PT, the significance of its components
and the effectiveness of the recommendations developed

In accordance with the methodology described in paragraph 4.4, the
calculated studies were conducted, during which the ranges of variation of
the instrumental 8PT_,, the methodical PT , and the resulting PT errors
in the measurements of the indicator PT. In the course of the research, the
relative contributions to the error SPT of each of its components R, were
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evaluated, it was determined how the value of 6PT and its components
changes when making the recommendations made to improve the efficiency
of measuring the value of PT.

The research results indicate the following:

— the components of the resulting measurement error of the PT index
vary in the ranges:

a) subject to ISO 8178 standards carrying out tests:

OPT, ==+3.3..4 4.5%, 8PT, = 4.5...6.3%;

b) when conducting tests in the light of the recommendations made to

improve the efficiency of determining the PT indicator:
OPT, ==+ 3.3%, 6PT = 0%;

— when allowed dilution modes of EG, the resulting error 6PT varies in
the range -9.0 ... 10.8% (19.8% difference in results); the largest contribution
to OPT is made by the methodological component — 55%; contribution of
instrumental component — 45%;

— as a result of the implementation of the proposed recommendations,
the resulting error SPT is reduced to £ 3.3% (the divergence of results of 6.6%
is reduced by 3 times); with the contribution of the instrumental component in
OPT increases to 100%.

6. Conclusions

Based on the analysis of requirements of regulatory documents —
international standard ISO 8178, UNECE Regulations R-83, R-49, R-96
and others to the conditions of operation of mass emission control PM with
EG diesel engines — tunnels, as well as world and own experience of using
tunnels, recommendations are made to improve the accuracy of gravimetric
method of PM control:

1) ensuring that the maximum possible mass of PM is sampled by the
filter by maintaining the dilution coefficient of EG with air in the tunnel at
the minimum permissible level — q = 4;

2) elimination of methodological errors of measurements of mass
emission of PM, which depend on temperature conditions of sampling of
PM, due to the use of sample temperature regulators in the tunnels;

3) improving the accuracy of measurement values used in determining
the average operating PM emission — PT.
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A scientific and practical basis for conducting studies of the accuracy
of gravimetric measurements of PM is created, which consists of: a
mathematical model for determining the temperature conditions of sampling
in tunnels, a mathematical model for evaluating the resulting error in the
measurements of the metric PT — dPT; experimental setup and research
methodology to determine the methodological error of the PT — 3PT,,
measurement, which depends on the temperature conditions of sampling
in the tunnel; the method of estimating the significance of the components
of the resultant error in the measurements of the PT index: instrumental —
OPT, and methodical errors.

Experimental and computational studies of the accuracy of the
gravimetric PM control method, which meets the requirements of the
international standard ISO 8178, average operational emissions PM when
using this method: 8PT, = + 3.3... £ 4.5%; 6PT = -4.5...6.3%; 6PT =
-9.0...10.8%. The effectiveness of the recommendations made by the
authors is confirmed and it is established that their implementation allows
to increase the accuracy of the gravimetric method of PM control by 3 times
by eliminating the error 6PT . and reducing the value of 6PT to the minimum
level of instrumental error £ 3.3%.
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Abstract. The theoretical and experimental principles and design
solutions for the technology for the extraction of hydrogen from gas mix-
tures formed during the decomposition of hydrogen sulfide using metal
hydride technologies, allowing to obtain hydrogen of high purity and
pressure, are considered. Analytical equations and dependences of the
physicochemical properties of reversible metal hydrides and basic organ-
ic liquids that can be used as carriers are determined. It was determined
that the enthalpy (AH) and entropy (AS) formation of metal hydrides are
the most important parameters and their value determines the processes
of absorption and desorption, as well as hysteresis. An experimental de-
vice has been created to study the processes of hydrogen extraction from
the decomposition products of hydrogen sulfide and its compression at
high pressures. A schematic diagram of a thermal sorption compressor
device has been developed, which is suitable for use in industrial de-
vices for compressing hydrogen obtained from the black sea hydrogen
sulfide. The dependences of the mass fraction of hydrogen absorption
in the separator sorber on the suspension temperature and its residence
time in contact with the gas mixture at a pressure of 0.3 and 0.6 MPa
are determined. The productivity of the process of extracting hydrogen
from a gas mixture has been established. The dependences of the device
productivity on the pressure of the mixture in the sorber and the pressure
of hydrogen in the stripper and the temperature of the suspension are
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established. The characteristics of hydrogen absorption at a suspension
temperature of 298...313 K and in the pressure range 0.2...0.3 MPa are
presented. The dynamics of the relative mass of hydrogen of the battery/
compressor freed from high pressure was studied, depending on the heat-
ing temperature. The effectiveness of the metal hydride thermal sorption
device for the extraction of hydrogen from the decomposition products
of hydrogen sulfide is evaluated. It is determined that the energy effi-
ciency of the experimental device in-creases with increasing pressure of
the gas mixture in the sorption device. Indeed, the energy efficiency of
the experimental device for extracting hydrogen from a gas mixture and
compressing this hydrogen to high pressures is calculated.

1. Introduction

The Black Sea is the largest meromictic water basin on our planet, a
characteristic feature of which is the presence of a relatively thin layer of
aerobic waters and a powerful hydrogen sulfide zone (H,S zone), which is
located at depths of more than 90...160 m and occupies about 87% of the
sea volume [1, p. 57]. Hydrogen sulfide is a high-calorie compound and
can be used as an independent energy fuel. However, to date, hydrogen
sulfide from the deep sea has not found such an application. In turn, the
huge H,S deposits in the Black Sea are a global source for producing hydro-
gen and sulfur. According to reports, the total amount of hydrogen sulfide
is estimated at 40...50 billion tons. Only its annual growth is estimated at
0.01...0.1 million tons [2, p. 32]. The hydrogen sulfide content in the bottom
layer of water varies from 0.3 to 10...12 mg/l. In sediments of the bottom,
it ranges from 25 to 240 mg/1 [2]. However, despite the presence of huge
reserves in the Black Sea, the extraction of H,S is associated with huge
energy difficulties. These difficulties are primarily caused by the following
factors [3, p. 26]: in sea water, H_S is present not only in a free, but also in a
bound state, as a part of hydrosulfites; the need to lift saturated deep hydro-
gen sulfide masses of sea water; the need to separate hydrogen sulfide from
seawater; the need to extract hydrogen from the gas mixture formed during
the decomposition of hydrogen sulfide.

One of the effective methods for solving the problem of extracting
hydrogen from a gas mixture is the use of metal hydride technologies,
allowing to obtain hydrogen of high purity and pressure. Metal hydrides
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are capable of reacting with hydrogen and creating chemical compounds
with a high content of atomic hydrogen. Some of these hydride-releasing
compounds are reversible: they are able to absorb hydrogen during heat
extraction and to release it when heat is supplied. These compounds are
solid fine powders. An important fundamental property of these materials
is the absorption of atomic hydrogen and insensitivity to the absorption
of other gases. This property allows to create a device for the effective
extraction of hydrogen from gas mixtures.

The unique properties of metal hydrides can be used in thermochemical
cycles and devices for compressing hydrogen to high pressures [4, p. 38].
There are many devices that work using these properties, but they all have
one significant drawback — the discrete (cyclic) principle of operation. This
determines the low thermodynamic efficiency, extremely complex control
system and the high cost of these devices, respectively.

Compression processes based on metal hydride technology and,
accordingly, technical devices, can be effective only when a continuous
process is implemented in these devices. Continuous operation of a thermal
absorption compressor device can be realized using metal hydrides in
the form of a suspension in an organic liquid. This allows to transport
metal hydrides between the elements of the device, thereby increasing
thermodynamic efficiency, significantly reducing the weight and dimensions
and cost of the system.

2. Basic equations and dependences of physico-chemical properties
of reversible metal hydrides and basic organic liquids

The most important is the parametric dependence of the properties of
metal hydrides: pressure — temperature — concentration. In this sense, the
possibility of using the Van Hoff relations for the temperature dependence
of the logarithm of the pressure of hydrogen sorption/desorption was
investigated. The Van Hoff equation in accordance with the relations of
chemical thermodynamics, with changes in temperature (7), equilibrium
constant (K) is given in the change in the standard enthalpy (4H) for this
process, has the following form [5, p. 21]:

dinK AH
dT  RT?
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If to take the reaction enthalpy at a variable temperature unchanged,
then a certain interval of this differential equation for temperatures 7, and

T, has the form:
(sz —AH(I 1}
Inf — |=—| ———
K R T T

In this equation, K is the equilibrium constant at absolute temperature
T, and K, is the equilibrium constant at absolute temperature 7,. AH is the
standard enthalpy and R is the gas constant.

In this way
AG =AH -TAS ,
and
AG =-RTInK
therefore
InK = _AH + &
RT R

Thus, the graph of the natural logarithm of the equilibrium constant is
displayed by a straight line. The slope of the line is equal to the ratio of the
standard enthalpy in the gas constant AH/R and the absolute temperature T
with a minus sign and the ratio of the standard entropy in the gas constant
AS/R with a plus sign.

The differentiation of this equation leads to the Van Hoff equation
[6, p. 62].

The Arrhenius equation determines the dependence of the equilibrium
constant of a chemical reaction k on temperature 7 and activation energy
E , as shown below:

k =4 e—Ea/RT .

Here A4 is the coefficient of proportionality before the exponential func-
tion or, more simply, the pre-factor and R is the gas constant. The propor-
tionality coefficient values are identical at a constant reaction rate and vary
depending on the type of reaction. If a first-order reaction takes place, then
the proportionality coefficient has a dimension of s, in connection with
this it is often called the frequency factor or the frequency of the reaction
attempt. More simply, & is the number of collisions per second that leads
to a reaction, 4 is the total number of collisions (which leads to a reaction
or not) per second, and e /%" is the probability that any collision will lead
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to a reaction. When the activation energy is provided in molecular devices
instead of mole devices, for example, Joule per molecule instead of Joule
per mole, the Boltzmann constant is used instead of the gas constant. It
should be noted that an increase in temperature or a decrease in activation
energy leads to an increase in the reaction rate.

Molecular hydrogen under ordinary conditions — at pressures up to
100 MPa and temperatures 298...323 K — interacts only with a limited
number of metals, but exclusively with metals that have a low ionization
potential: alkali and rare-earth metals, etc.

The hydride formation enthalpy is an important parameter that charac-
terizes a compound that can be used as sorbent for various applications.
If the range of AH values is in the range of 25...50 kJxmol"', then such a
compound is suitable for use in devices for the compression and extraction
of hydrogen.

The heat of formation of a stable reversible hydride compound is within
15...40 kJxml'. When this heat is below 15 kJxml"!, the hydride compound
is not stable enough to charge the metal hydrides at three ambient tempera-
tures. On the other hand, the hydride compound is very resistant to desorp-
tion at ambient temperature when AH exceeds 50 kJxml!.

In general, the difference in standard entropy (AS) between the hy-
dride-forming composition and the hydride (hysteresis) is small and
amounts to about 10 kJxml"! x K-,

Changes in the entropy of hydride formation are primarily ensured by
the loss of standard hydrogen entropy (130.858 Jxml'xK-! at 298 K), which
means that AS can be accepted as a constant and independent of the nature
of hydride-forming compounds.

Efficient hydrogen embedding and its compression to high pressures
can be achieved by using metal hydride compounds of the type La Ni,_
Al _abo Mm Ni, Al . The choice of such materials is due, firstly, to the fact
that these materials provide a sufficiently high speed of the hydrogen sorp-
tion process at low pressures (0.15...0.25 MPa) and moderate temperatures
(288...318 K) of the process, and make it possible to obtain relatively high
hydrogen pressures at moderate temperatures (353...373 K). Such charac-
teristics of hydride-releasing compounds make it possible to avoid, on the
one hand, significant dissolution of associated gases (CO, CO,, H,S, CH,,
C H) in a liquid organic carrier during the sorption of hydrogen from the
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mixture, and, on the other hand, prevent the release of these gases from the
organic carrier during hydrogen desorption from metal hydrides. Secondly,
metal hydride compounds of the type La Ni, Al or Mm Ni, Al are suf-
ficiently resistant to poisoning by the constituents of the gas mixture and
other chemicals that may be present in the suspension.

Figure 1 presents linearization of the temperature dependence of
hydrogen pressure for various hydride-releasing compounds is given. This
diagram shows the results without taking into account hysteresis, since in the
range of operating parameters of the experimental bench and in the future —
field device, this phenomenon can be neglected without a significant error
in the results.
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Figure 1. Linearization of the temperature dependence of hydrogen
pressure for various hydride-releasing compounds (excluding hysteresis)

An analysis of the data presented in Figure 1 shows that the most effective
should be considered hydride-releasing compounds, the properties of which lie
within the compounds of the lantate, nickel and aluminum LaNi—La Ni , Al ..

The results of experimental studies indicate that the most appropriate is the
use of intermetallic compound Mm Ni , ; Al .. as a hydride-soluble compound.

Itis advisable to use the compound MC-40 as a mischmetal (Mm), which
contains 60% cerium and 40% lanthanum, which allows not only to reduce
the cost of the material, but also to increase its resistance to poisoning.
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Figure 2. Isotherms of ity of associated gases (CO, CO,, H,S, CH,,

hydrogen absorption C H ), which are present in the mixture upon
and desorption for the  jecomposition of hydrogen sulfide.

MmNiysAl, s compound To reduce or eliminate the evolution of

these gases, which are nevertheless dissolved

in a liquid organic carrier, for the desorption of purified hydrogen, it is

necessary to maintain the process temperature at the level of 363...383 K

and ensure the extraction of high-purity hydrogen.

Further compression of hydrogen to pressures of 15..20 MPa can be
achieved in discrete action using the same compound. However, taking into
account the fact that the hydrogen that is supplied to the compression is free
of associated gases, the process temperature can be raised to 523...573 K. This
will provide a predetermined compression pressure within 15...20 MPa. The
discrete principle of operation of a thermochemical hydride compressor
allows the final purification of hydrogen from impurities of associated
gases. The process is as follows. After the end of the sorption process in a
thermochemical metal hydride compressor using a hot coolant (organic
high-temperature liquid such as [IMC-200), the hydrogen pressure in this
apparatus rises to 1.0...1.5 MPa. Next, the valve opens for the release of
contaminated hydrogen into the candle, where it is burned. The release time
of contaminated hydrogen is 3...5 s. After that, the temperature of the hot
coolant rises to 523...573 K, providing the necessary hydrogen pressure in
the range of 15...20 MPa. In this case, it is possible to achieve a hydrogen
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purity of 99.9999, but in practice, taking into account the contamination of
pipelines, fittings, etc., it is realistic to obtain hydrogen with a purity of 99.99.

3. Experimental device for hydrogen extraction from products of
hydrogen sulfide decomposition and its compression at high pressures

A schematic diagram of an experimental device for the hydrogen extraction
from the decomposition products of hydrogen sulfide and its compression at
high pressures is shown in Figure 3. Device works as follows. The gas mix-
ture with a high volumetric hydrogen content (up to 72%) is supplied through
the reducer 7 to the adsorber 6 where it is absorbed by the hydride-releas-
ing composition MmNi, Al .. In this case, the heat of the hydride formation
reaction is removed by cold coolant, which is supplied by pump 5. Since not
all hydrogen is absorbed by the hydride-releasing composition, part of it is
supplied to recirculation, and the rest of the gas mixture with low hydrogen
content is removed and can be used in a heat engine to generate electricity
with the purpose of providing energy to the device.
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Figure 3. Scheme of an experimental device

for the extraction of hydrogen from the decomposition products
of hydrogen sulfide and its compression at high pressures
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Next, the suspension of metal hydrides MmNi, ;A ;H, is supplied through
the membrane pump 8 through the heat exchanger-heater of the suspension
9 to the stripper 1. In order to desorb the purified hydrogen from the hydride,
hot coolant with a temperature of 363 ... 383 K is supplied to this apparatus
using pump 2 that provides a hydrogen pressure of 0.8...1.2 MPa. From strip-
per 1, purified hydrogen with the specified pressure enters the battery-com-
pressor 3, where MmNi4.5A10.5 intermetallic compounds are absorbed.
The heat of reaction is removed by means of a coolant using pump 5. After
filling this apparatus with hydrogen, the valve is shut off, a hot fluid with
a temperature of 323...353 K is supplied, providing a hydrogen pressure of
0.15...0.25 MPa. In this case, the corresponding valve opens and hydrogen is
removed from the compressor battery with residual contaminants that could
get into the hydrogen during degassing of the liquid organic carrier stripper 1.
After purging, the valve closes and the temperature of the hot coolant rises to
523...573 K, providing hydrogen pressure of ha level 15...20 MPa.

Figure 4 shows the final agreement on the concept of a thermal sorption
compressor device, which is suitable foruse in industrial devices for compressing
hydrogen obtained from the Black Sea hydrogen sulfide to high pressures.

Hydrogen from stripper

Contaminated hydrogen

1‘2*"
= 3
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4 Chilled coolant to regenerative
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-
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Cold coolant

Heated water in
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Figure 4. Schematic diagram of a cyclic thermal sorption compressor
for an industrial device: 1,4 — thermal sorption battery-compressor;
2 — hot coolant pump; 3 — cold coolant pump
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This circuit diagram is practically different in that it consists of two
metal hydride compressor devices that operate cyclically and provide a
continuous supply of high pressure hydrogen to the consumer.

Also, the technical solution is characterized in that the cold heat carrier,
which is used to cool the apparatus of the compressor device, is not
discharged into the environment, but used as an additional energy source
for heating the hot heat carrier in front of the boiler. This additional measure
does not significantly affect the fundamental decision, but allows to save
up to 3.0 ... 3.5% of thermal energy. The structure of the device includes
a certain number of heat exchangers designed for cooling and heating a
suspension of hydride-releasing material, hydrogen and other liquids.

4. The results of experimental studies
of hydrogen extraction processes from the gas mixture formed
during the hydrogen sulfide decomposition
The decomposition products of hydrogen sulfide and related substances that
were obtained from the deep layers of the Black Sea were modeled using a
mixture whose composition can be determined with a certain error in Table 1.

Table 1
Decomposition products of hydrogen sulfide
Product C“‘},Ze‘(‘;git)‘O“’
H, 71
SO, 4
SO, 3
CO, 2
N 7
H,O steam 5
unbalance 8
Generally: 100

The experience of previous studies that were carried out to study the
properties of hydride-releasing materials suggests that such an error does
not have a noticeable effect on the operation of the hydrogen separator and
the processes that occur in this apparatus. In addition, based on the actual
operating conditions of the device for producing a gas mixture during the
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decomposition of hydrogen sulfide, it can be expected that the composition
of the mixture will be significantly dependent on the parameters of the
decomposition process and will fluctuate over a fairly wide range.

The suspension of hydride-releasing material consisted of
1 kg of LaNis intermetallic compound 2.5 kg of organosilicon liquid
(PMS-5 polymethylsiloxane), the volume ratio was 1:10. This ratio was chosen
on the basis of ensuring reliable formation of a suspension stable against
delamination and the possibility of its transportation through the apparatuses of
the experimental device without a sufficiently noticeable hydraulic resistance.
The total volumetric amount of the circulating suspension was 2.75 liters, and its
flow rate was 1.9 1/min. The residence time of a single volume of the suspension
in the sorption and desorption apparatus is approximately 50 seconds.

Figure 5 shows the kinetic characteristics of the process of hydrogen
absorption from the model mixture at a pressure of 0.3 MPa and a suspension
temperature in the range 298 ... 313 K. The pressure in the sorbent at the
level of 0.3 MPa ensures the minimum solubility of the accompanying gases
contained in polymethylsiloxane mixtures and can stain the final product —
high purity hydrogen.

During a stay in the sorbent, the maximum absorption rate corresponds
to a minimum suspension temperature of 298 K. At the same time, for
50 seconds, a suspension of hydride-releasing material absorbs up to 90%
of the maximum possible amount of hydrogen. Over the same period, at a
temperature of 313 K, this suspension absorbs only 60% of hydrogen from
the model mixture.

Under these operating conditions, it is quite difficult to ensure the
temperature of the suspension in the sorbent at the level of 298 K, especially
in the summer period, therefore, in practice, it is necessary to focus on the
temperature range of 318...323 K, which is satisfactory enough for the
process of extracting hydrogen from the gas mixture.

Such an increase in temperature will lead to a decrease in the efficiency
of the device by 5...7% compared to theoretically possible. But, if try to
provide a suspension temperature of 298 K due to additional cooling with
the help of a refrigeration machine, then the overall efficiency of the device
drops by 10...12%, which gives a loss compared to the previous case of
5%. Thus, the temperature range of 318...323 K is quite reasonable and
acceptable for real operating conditions.
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Figure 5. Dependence of the mass fraction of hydrogen absorption in
the separator sorber on the temperature of the suspension and the time
of its stay in contact with the gas mixture at a pressure of 0.3 MPa

Fig. 6 shows the kinetic characteristics of the process of hydrogen
extraction from a suspension of hydride-releasing material at a pressure
of 0.6 MPa and a suspension temperature in the stripper at a level of
348...363 K. The maximum temperature in the stripper is limited to 363 K,
taking into account the following factors. Higher desorption temperatures
in this apparatus will create conditions for the release of gases from the
organic liquid that were dissolved in it upon contact with the gas mixture
in the sorbent and, thus, pollute hydrogen. In addition, this temperature
provides fire safety when working with polymethylsiloxane. At the same
time spent in the stripper for 50 seconds, the suspension of hydride-
releasing material emits up to 87% of the maximum amount of hydrogen
that is contained in the suspension. For the same period at a temperature of
348 K, this suspension releases only 68% of hydrogen from a suspension of
hydride-releasing material.

Along with studies of the kinetic characteristics of the experimental
device, the productivity of the process of extracting hydrogen from a gas
mixture was established. The dependences of the device productivity on the
pressure of the mixture in the sorber and the pressure of hydrogen in the
stripper and the temperature of the suspension, respectively, are established.
Figure 7 shows the characteristics of hydrogen absorption at a suspension
temperature of 298...313 K and in the pressure range 0.2...0.3 MPa.
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Figure 7. Characteristics of the performance

of hydrogen absorption

in a sorber depending on the pressure of the gas mixture
and the temperature of the suspension

As experimental data show, the lowest hydrogen absorption rate at a

gas mixture pressure of 0.2 MPa and a temperature of 313 K is 0.9 g/min.
The maximum productivity of hydrogen absorption from the gas mixture
reaches 2.3 g/min at a suspension temperature of 298 K in the stripper and

a pressure of 0.3 MPa.
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In terms of specific indicators, such characteristics of hydrogen
absorption in a sorber fully comply with the requirements for systems for
the separation of hydrogen from gas mixtures. These experimental data can
be used without limitation in the design of pilot industrial and industrial
samples of hydrogen absorption devices not only from gas mixtures obtained
by decomposition of hydrogen sulfide, but other gas mixtures containing
hydrogen. The amount of hydrogen in the mixture is not significant.
Metal hydride thermochemical devices of this type can effectively absorb
hydrogen at its concentration in the mixture, 5% by volume.

Figure 8 shows the results of a study of the performance characteristics
(the amount of hydrogen released at a pressure of 20.0 MPa in time) of the
bat-tery/compressor.
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Figure 8. Relative performance characteristics of the hydride battery/
compressor depending on pressure and operating time

The research results made it possible to establish a range of performance
parameters of the hydride compressor on the pressure of hydrogen and
the temperature of the hot coolant, which is the energy source for this
compressor. So, the maximum compressor performance is achieved at a
pressure of 14.0 MPa and a temperature of 473 K and is 5.8 g/min. Minimum
productivity is 2.4 g/min at a pressure of 20.0 MPa and a temperature in the
compressor of 398 K.

Figure 9 shows the relative performance characteristics of a hydride bat-
tery/compressor depending on temperature and operating time. Relative
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performance is the ratio of the actual amount of hydrogen that is released over
time from a metal hydride compressor at a given pressure and the maximum
possible amount of hydrogen that can be released under ideal conditions.
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Figure 9. Experimental relative performance characteristics of the
hydride bat-tery/compressor depending on pressure and operating time

From the above results it follows that the actual performance of the
metal hydride compressor is in a nonlinear dependence on the pressure and
temperature of the compression process.

This performance in the studied range of pressures and temperatures
under the most favorable conditions reaches 0.82 and can never reach 1.0,
since it has a limitation that creates hydrogen pressure.

The data presented allows to make informed decisions when designing
metal hydride compressors/batteries that are designed to compress hydrogen
to high pressures.

One of the important characteristics is the dynamics of the evolution of
hydrogen mass and its absorption in metal hydride batteries/compressors,
depending on the heating and cooling temperatures. Dynamic characteristics
determine the overall performance of the device and the thermodynamic
efficiency of the entire system.

The dynamics of the relative mass of hydrogen released from the high
pressure of the battery / compressor depending on the heating temperature is
shown in Fig. 10. These data show that an increase in the heating temperature
from 75 °C to 90°C makes it possible to isolate at high pressure 95%
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hydrogen instead of 66.5% of the total volume that is stored in the device.
The kinetics of this process increases, and the hydrogen yield increases from
0.041 I/min to 0.19 1/min, and the total hydrogen yield increases from 0.600 1
to 0.905 1 under the same conditions. At the 20th minute, the total hydrogen
output increased from 0.665 1to 0.950 I under the same conditions.

The dynamics of the process of hydrogen absorption by sorbers is shown
in Figure 10 and is characterized by the following data. A suspension of
hydride-releasing material absorbs hydrogen very quickly if the temperature
of the cooling water is minimal.
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Figure 10. Relative dependence of the mass fraction of absorbed
hydrogen from temperature and time

The total amount of hydrogen absorbed increased from 0.039 1 to 0.15 1
during the first 3 minutes, while the cooling water temperature decreased from
313 K to 298 K. At the 15th minute, the total hydrogen absorption increased
from 0.505 1to 0.880 1 under the same conditions. At the 30th minute, the total
hydrogen uptake increased from 0.615 1to 0.725 1 under the same conditions.

5. Evaluation of the effectiveness of metal hydride thermal
sorption device for the hydrogen extraction from
the decomposition products of hydrogen sulfide
The experimental device for the hydrogen extraction from synthetic gas
and its further compression to high pressures is based on the use of a metal
hydride thermochemical continuous cycle. A suspension of hydride-releas-
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ing compound MmNi, Al , in PMS-5 silicon e fluid was used as the work-
ing substance of the experimental device.

One of the most important factors that significantly affect the efficiency
of the experimental device is the content of hydride-releasing material
in the silicone fluid. The influence of this factor on the efficiency of the
experimental device is shown in Figure 11.
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Figure 11. Influence of the content of hydride-releasing compounds
in silicone fluid on the efficiency of the device

Analysis of these data allows to state the following: an increase in
the content of hydride-releasing material in the suspension increases the
thermal efficiency of the experimental device for the extraction of hydrogen
from the gas mixture and reduces the energy consumption for the operation
of this device. This fact is explained by the fact that with an increase in the
content of hydride-releasing compounds, the energy costs for heating the
ballast silicone fluid are reduced, as well as the cost of its transportation.

However, the ratio of hydride-releasing compound/silicone fluid should
not exceed 0.45 (by mass) because when this ratio is increased above 0.45,
the energy costs for transporting the suspension through heat and mass
transfer devices, pipelines, and the like, connected in series are significantly
increased.

The maximum energy efficiency of 38...42% can be achieved if the
above ratio is 0.36 and PMS-5 silicone fluid is used as a carrier.
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The next factor that significantly affects thermal efficiency is the
viscosity of the silicone fluid. An increase in viscosity leads to a decrease
in thermal efficiency, which significantly increases the hydrodynamic
resistance and energy consumption for pumping the suspension through the
apparatus and pipeline of the experimental device. This resistance is very
significant due to the fact that the number of such devices connected in
series is quite large. Thus, if the viscosity of the silicone fluid changes from
5 ¢St to 20 cSt, the energy efficiency of the experimental device decreases
from 0.16 to 0.06 and from 0.36 to 0.28 in accordance with the content of
hydride-releasing compounds in the silicone fluid of the suspension.

The pressure of the synthesis gas in the sorber also has a significant effect
on the thermal efficiency of the experimental device. This effect depends on the
pressure of the synthesis gas and the viscosity of the silicone fluid used as a carrier,
shown in Figure 12. Calculations and tests were performed under conditions of
using a suspension with a 40% content of hydride-releasing material.
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Figure 12. The effect of the pressure of the gas mixture
in the sorbent on the device efficiency

An analysis of these data allows to state the following: the energy
efficiency of the experimental device increases with increasing pressure of
the gas mixture in the device sorber. These dependencies are almost linear.
Increasing viscosity negatively affects energy efficiency. So, for example,
if the pressure in the installation sorbent is 0.15 MPa, and the viscosity of
the suspension is 20 cSt, the energy efficiency is only 0.009 (0.9%); if the
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pressure of the gas mixture in the sorber is 0.5 MPa and the viscosity of the
suspension is 5 cSt, the energy efficiency reaches 0.558 (55.8%).

Unfortunately, an increase in the pressure of the gas mixture in the
sorbent is partly due to the negative effect on the overall efficiency of the
experimental device. The fact is that increasing the pressure of the gas
mixture in the sorbent leads to an increase in the contamination of the
silicone fluid with harmful substances present in the gas mixture (carbon
monoxide, hydrocarbon gases, etc.). These harmful gases dissolve in the
silicone fluid, followed by release in the stripper and pollute the hydrogen,
stripped from the hydride. The dependences of hydrogen purity at the outlet
of the stripper of the experimental device are shown in Figure 13.

An analysis of these data shows that if it is necessary to obtain high-
purity hydrogen, then the pressure of the gas mixture in the sorbing device
should be in the range 0.15...0.25 MPa, however, the energy efficiency of
the installation is less than 0.33 and depends on the viscosity of the silicone
fluid, as can be seen in Fig. 13. The pressure of the gas mixture in the
sorber can be maintained in the range of 0.25...0.5 MPa, if the purity of the
hydrogen produced by the experimental device is not critical. In this case,
the energy efficiency of the device reaches 0.56.
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Figure 13. Effect of the pressure of the gas mixture

in the sorbent on the hydrogen purity of the device

In any case, the choice of pressure in the device sorbent is a compromise
solution and is one of the main tasks in the rational design of equipment for
the extraction of hydrogen from gas mixtures.
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6. Evaluation of the effectiveness of metal hydride thermal sorption
device compressing hydrogen to high pressures

The metal hydride thermal sorption compressor of the device operates on
a discrete principle of operation. The energy efficiency of the device depends
on numerous factors, such as the duration of the cycle, the temperature
level of energy carriers and their distribution over time. These parameters
determine the energy consumption for the process and the overall energy
efficiency of the experimental device as a whole. The influence of the most
important parameters is shown in Figure 14 a.
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Figure 14. Thermal efficiency of a metal hydride experimental
device for hydrogen compression
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The initial conditions that were established during these studies are as
follows: hydride-releasing material MmNi, Al . in an amount of 4.5 kg; the
temperature of the coolant (cooling water) is 298 K, which did not change
throughout the experiment.

An analysis of the results of the experiment shows that the thermal power
that is removed from the sorber during the working half-cycle is maximum
at the 90th second and reaches 1890 W. The maximum temperature of
hydride-releasing compounds reaches 58°C due to the fact that the kinetics
of sorption (the amount of hydrogen absorbed over time) and the total
amount of heat of reaction are the largest at present. The temperature of
the coolant (cold coolant) is 53°C. After this time, the hydride-releasing
compound absorbed about 65% of its maximum capacity and the kinetics of
sorption is significantly reduced. The amount of heat, the temperature of the
hydride-releasing compound and the cooling water are reduced accordingly.

At the 300th second, the process of sorption (extraction) of hydrogen is
almost complete. The hydride-releasing compound is completely saturated
with hydrogen and is ready for the next half-cycle of hydrogen desorption
(compression).

The effectiveness of this half-cycle depends on the same factors as those
indicated above: the duration of the cycle is the temperature level of energy
carriers and their distribution over time. These parameters also determine the
energy consumption and efficiency of the experimental device as a whole.
The influence of these most important parameters is presented in Figure 14 b.
The initial conditions of the experiment are as follows: the temperature of the
hot heat carrier (water) at the inlet to the stripper (compressor) is 81.6°C and
practically does not change during the research.

An analysis of these results shows that the thermal power is supplied
to the hydride-releasing compounds of the stripper during the entire half-
cycle, approximately constant, but its maximum values are in the range
between 40...100 seconds and reach 2250 W.

The maximum hydride temperature reaches 80.5°C, due to the fact that
the kinetics (the amount of hydrogen stripped over time) and the total amount
of absorbed heat of the reaction are the largest at this time. The temperature of
the hot fluid at the outlet of the stripper (compressor) is 75°C.

After such heating of hydride-releasing compound is sorbed up to
85% hydrogen from its maximum capacity and the kinetics of desorption
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are significantly reduced. The amount of heat, the temperature of the
hydride-releasing compound and the hot coolant at the outlet of the stripper
(compressor) increase accordingly. At the 200th second, the process of
hydrogen desorption (compression) is almost complete. The hydride-releasing
compound is completely free of hydrogen and is ready for the start of the next
half-cycle — sorption (extraction) of hydrogen from the gas mixture.

The overall energy efficiency of the experimental device consists
of the per-formance indicators of individual elements, such as a sorber,
stripper, heat exchangers, liquid energy pumps, coolants, cooling agents,
and other devices that are necessary for the device operation. Thus, the
energy efficiency of the experimental device can be found as a complex
of multiplication of all elements and auxiliary equipment that ensures the
operation of the experimental device:

nex = T.lsorber X T]stripper X nheaterl X nheaterz XX 11heatern x T.lcoolerl x ncooler 2 XX nheater

It is very difficult to calculate theoretically the effectiveness of
the experi-mental device because it is a problem with many unknown
quantities. The easiest and most accurate way to determine this efficiency
is experimentally. The real energy efficiency of the experimental device for
extracting hydrogen from a gas mixture and compressing this hydrogen to
high pressures is presented in Table 2.

Table 2
Energy efficiency of a hydrogen extraction experimental device

Parameter Dimension Value

Energy consumption for removing hydrogen in a

sorber (KWxh)/kg H, 1,22

Energy consumption for hydrogen evolution in the
stripper

Energy consumption for sorption of hydrogen from
a stripper of a hydrogen recovery device; a sorber (KWxh)/kg H, 1,87
of a hydrogen compression device

(KWxh)/kg H, 14,93

Energy consumption for hydrogen removal (com-
pression up to 15 MPa) from hydride in the stripper | (KWxh)/kg H, 21,08
of the compressor device

The total energy consumption of a device for
extracting hydrogen from a gas mixture and (KWxh)/kg H, 39,10
compressing this hydrogen to 15 MPa
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The initial conditions of the experiment are as follows:

1. The liquid carrier is polymethylsiloxane PMS-10 with a viscosity of
10 cSt.

2. The content of hydride-releasing material in the suspension is 30%
(mass).

3. The temperature of the hot fluid at the inlet (water) is 85°C.

4. The temperature of the cooling water is 22°C.

5. The productivity of the device for compressed hydrogen (15.2 MPa)
is 63 g/h.

Such a sense of energy efficiency can be significantly improved in
the design of an industrial device. This is entirely possible because full-
sized industrial equipment will have higher efficiency and performance.
The experimental device consists of samples of equipment of reduced size,
which have significantly worse efficiency compared to industrial designs.
In addition, industrial equipment and the device as a whole will have
relatively small losses of energy in the environment, which also increases
its efficiency.

7. Conclusions

1. The experimental data allow to conclude that the developed devices
can be used to study the processes of hydrogen extraction from a gas
mixture formed during the decomposition of hydrogen sulfide using metal
hydride technologies.

2. Experimental studies have confirmed the feasibility and effectiveness
of metal hydride technologies, and also with sufficient accuracy allowed to
obtain the nature of changes in the main parameters of the process of hydrogen
extraction from a gas mixture. The kinetic characteristics of the experimental
device were studied and the performance of the process of extracting hydrogen
from the gas mixture was established. The lowest productivity of hydrogen
absorption is at a pressure of a gas mixture of 0.2 MPa and a temperature of
313 K — 0.9 g/min. The maximum productivity of hydrogen absorption from
the gas mixture reaches 2.3 g/min at a suspension temperature of 298 K in the
stripper and a pressure of 0.3 MPa.

3. The dynamics of the relative mass of hydrogen freed from high pressure
battery/compressor depending on the heating temperature. Raising the heating
temperature from 75°C to 90°C allows the release of 95% hydrogen at high
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pressure. A suspension of hydride-releasing material absorbs hydrogen very
quickly if the temperature of the cooling water is minimal.

4. The increase in the content of hydride-releasing material in the
suspension increases the thermal efficiency of the experimental device for
the extraction of hydrogen from the gas mixture and reduces the energy
consumption for the operation of this device. With an increase in the content
of hydride-releasing compounds, the energy costs for heating the ballast
silicone fluid decrease, as well as the cost of its transportation.
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Abstract. The object of the study is to improve the process of
identification and assessment of higher education institutions risks according
to the requirements of DSTU ISO 31010:2013. The subject of the study is
to select and substantiate mechanisms and tools for the educational process
risks assessment according to the requirements of DSTU ISO 31010:2013.
The methodological basis of the research is a systematic approach to the
study of the research object. Experimental studies have been conducted
using peer-review methods in the real world of higher education institutions.
The purpose of the study is to select and substantiate methods, principles and
approaches to identify risks in the educational process of higher education
institutions, in accordance with the requirements of DSTU ISO 31010:2013.
This article presents the research results on the possibility and expediency
of applying the DSTU ISO 31010:2013 “Risk Management. General Risk
Assessment Methods” requirements to identify and analyze the potential risks
of the educational process. A special four-step algorithm has been developed
to evaluate the risks of the educational process, which allows assessing the
risks of this process at all stages of its life cycle. The mechanism is based
on a systematic approach, principles of general quality management (TQM),
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risk management and requirements of the standard DSTU ISO 31010: 2013.
For practical implementation of this algorithm, the paper provides
methodological recommendations concerning the general risk assessment
(identification, qualitative analysis and quantitative assessment). In particular,
the requirements for the expert working group formation have been outlined;
external and internal environment have been defined, without which there
can be no educational process; material resources have been given; a tree of
properties of qualitative specialist training has been built; the methods of risk
identification have been substantiated and the following have been considered:
"Brainstorming", "Delphi" method, "Hazardous Factors Analysis and Critical
Control Points (HACCP)", and SWOT analysis; it has been found out that the
choice of identification method depends on the educational process specifics
and is the prerogative of higher education institution; the classification of the
educational process risks in the form of a three-level structure, the essence
of which is to establish relationships between the levels and to determine
the factors of their impact; the expert method has identified six groups of
major risks of educational process and provides single indicators for their
evaluation; a qualitative and quantitative analysis of potential risks have been
conducted using the mapping method and the possibility of risks and the
level of their consequences have been determined; the most risky areas of the
educational process have been identified, which requires special attention,
development and implementation of actions to reduce them; an action plan
for minimizing potential risks has been outlined. The prospects for further
research are related to a more detailed study of the educational process risks,
in particular the impact of their economic component on the higher education
institutions activities.

1. Beryn

PunoK npami Bce 6ibliie 3a1eXuTh Bi HaOyTHX MpogecifHuX HaBUIOK
CTCIIAIIICTIB, 3 OJHIET CTOPOHU Ta OLIBII )KOPCTKUX BUMOT pOOOTOJIABIIIB
JI0 BHITYyCKHHKIB 3aKJIaJ[iB BUIIOT OCBITH 3 iHIIO1. HamioHabHa eKOHOMIKa
KpaiH moTpebye MmiaroToBKM BUCOKoKBaiikoBaHux Qaxisiis. [Ipore, B
Cy4YacHHX yMOBaxX IisIbHICTB 3aKiaiB BUIIOI ocBiTH (3BO), sk 1 Oyb-s1Ko1
opraHizaiii (yCTaHOBH) ITOB’s13aHa 3 PU3UKaAMH.

[Mutannasmu gisutbHOCTI 3BO, B TOMY YHCHTI W OIIHIOBAHHAM 1X PH3H-
KiB 3afiMaucs psAJl BITYN3HAHUX 1 3aKOPJIOHHHUX HAYKOBIIIB, a came: [1poii-
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nak F0.C., I'aman I1.1., Pesenko O.0., Homxauncekuit A.M., Joners O.M.,
VYpeupka 10.1., Pomionosa H.®., 3aspna [.5., Ankxanosa H.I11. ta iHmi.

MiXHapOAHOIO OpraHi3aIli€ro 31 cTaHAapTH3AIIT U IPOTHO3YBaHHS Ta
3armo0iraHHs pU3UKiB po3podiieHa 1ita cepis craraaptie ISO 31000. [lani
CTaHIAPTH € YHIBEepCAIFHUM IHCTPYMEHTOM YIIPaBIiHHS PU3UKAMH IS
MPUAHATTS pillleHb, (POPMYBAHHS CTpAaTEriyHUX IiJCH CIPAMOBaHUX Ha
3MEHIICHHS PU3UKIB Ta MiIBHIICHHSI KOHKYPEHTOCIIPOMOXKHOCTI OYIb-SKO1
opramizauii (ycraHoBu), B ToMy gucii i 3BO.

Tomy ocimiKEHHS OB’ 13aH1 3 OI[iHIOBAHHSM PU3UKIB OCBITHBOTO TIPO-
necy 3BO € cBO€4acHUMH 1 aKTyaJ IbHUMHU.

O0’eKkTOM J0C/IIXKEHHS € BIOCKOHAJIEHHS TMpolecy iaeHTudikamii ta
OLIIHKM PU3MKIB 3aKJIaJiB BUIIOI OCBITH 3a BuMoramu ctangapty JCTY
ISO 31010:2013.

IIpeamerom pociifzkeHHst € BuOIp Ta OOIPYHTYBaHHS MEXaHi3MiB
Il IHCTpYMEHTIB OI[iHIOBAHHS PU3HKIB OCBITHBOTO IPOLECY 32 BUMOTaMHU
cragnapry ACTY ISO 31010:2013.

MeTono/I0ri4YHOI0 OCHOBOIO JOCJIMKeHb € CHCTEMHMM IAXiA 10
BHBYCHHS 00’€KTa JOCITIKEeHb. EKCIIepruMeHTaNbHI JOCIiIKSHHS TTPOBO-
IJIHCH 32 JOTIOMOTOIO METOMIB €KCIEPTHUX OILIHOK B peaNbHUX yMOBax
3aKJIaJ1iB BUILIOI OCBITH.

MeTor H0CTiTKeHHsT € BUOIp 1 OOTpYHTYBAaHHS METOJIB, IPUHIIUIIIB i
MIIXOMIB IO 1IeHTH(IKAIl PU3HKIB OCBITHROTO MPOIECY 3aKJaiB BHIIOT
OCBITH, 3rijHO 3 BuUMoramu ctanfapty JJCTY ISO 31010:2013.

OcHOBHE 3aBJaHHS JTaHOTO JIOCIIKCHHS TOJBIrae y moOyIoBi auro-
PUTMY OLIHIOBaHHSA PHU3UKIB OCBiTHROro mpouecy 3BO. Jlns uporo B
po6oTi Oyio copMoBaHO POOOUY TPYITY EKCHEPTiB, BUSHAYCHO 30BHIIITHE
Ta BHYTPILIHE CEPEAOBUIIIE, sIKe 00YMOBIIOE PU3UKH OCBITHBOI AISITBHOCTI.
3okpema mobynoBaHo JIePEBO BIACTUBOCTEH SIKICHOTO (haxiBIst, BUOpaHO i
OOTPYHTOBAHO METOIM iAeHTU(DIKAI] pU3HKIB. 3a JOIIOMOI0I0 METOAY Kap-
TorpadyBaHHS IPOBECHO SKICHUH Ta KINbKICHUM aHaIli3 pU3HUKIB Ta 3aIpo-
MOHOBAHO KOMITJIEKC OPTaHi3aliiHO-TeXHIYHUX 3aXO0/IiB MO iX 3MEHIICHHIO.

2. Pe3ysbTaTn eKcniepuMeHTAJBHUX J0CTiIKeHb
OnmHUM 13 BaXIIMBHX €TAIliB YIPaBIiHHA PU3UKAMHU JUIS OpTaHi3aIliid,
MANPHEMCTB, YCTAaHOB 30KpeMa 3aKJIaJliB BUIIOI OCBITH € iX OIIHKA. 3TiTHO
3 [1; 2] oIliHKa PH3HKIB y3arajbHIOE Tpollec imeHTrudiKkalii, aHami3y Ta ix
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ToJIaJIbIlIe OIliHFOBaHHS. [IpoTe, 1yist BiporiaHOro, 00’ €KTHUBHOTO 1 CBO€Yac-
HOTO BUSIBJICHHS PU3HKIB OYyIb-sIKOTO 00’ €KTY, y HAIIIOMY BHITA/IKy OCBITHHOTO
nporiecy 3BO, noTpibHO MaTH siKicHY iH(OpMaIlito, sika HajgaBaia 6 BceOiuHe
VSIBIICHHS TIPO (haKTOpH (YMHHUKH) iX BUHUKHEHHS, 3 METOI0 iX MiHiMi3a-
mii. EdekTHBHUM MeXaHi3MOM YIpaBIIiHHS PH3HKAMH OCBITHHOTO TPOLIECY
€ 3acTocyBaHHs MikHapomHoro cranmapty JCTY ISO 31010:2013 «Kepy-
BaHHS PU3UKOM. METOIM 3arajbHOTO OIIHIOBaHHS PU3UKY». JlaHuii cTaH-
JapT € YHiBEpCATBHUM, ITependadae JIOTi9Hi, HayKOBO OOTPYHTOBAHI ITiIXO/IH
[IOO YIPABIIHHSA Ta 3araJbHOTO OLIHIOBAHHS PHU3WKIB, JOMOMATaE IMpPH-
HimMary e(heKTHBHI pillleHHs B yMOBaX HeBU3Ha4YeHOCTI [3].

B xoni gociimkeHb Ui OLIHIOBAHHS BIUIMBY PU3UKIB HA OCBITHIN Ipo-
nec Oyno po3poOieHo creniadbHUi MexaHisM (puc. 1), skuii 103BOIIsE
BUSBIISITH Ta KOPETYBaTH PU3UKHU HA yCiX eTanax *KHUTTEBOTO IUKIy. Januii
MeXaHi3M CKJIAJIa€ThCS 3 YOTHUPHOX ETAaliB.

Po3rnsiHeMo Ok IeTabHO KOXKeH 3 HUX. Tak Ha mepuiomMy erami HeoO-
XigHO copmyBatn pobody rpyiy. OCHOBHI BUMOTH 0 SIKOi Ta aJITOPUTM
BiZOOpy eKCIepTiB HaBeAeHO y poboTi [4], a mepemik KpuTepiiB B Tadmmi 1.

Tabmuns 1
Ilepeik kpuTepiiB Bindopy excnepriB
Kpurepii Bindopy (K)
BinnosingHa kBamidikamis Hayxoswit ctymirs Kl
Buene 3BanHs K2
Crax pobotn K3
HasiBHicTh my0uikaliiii 3a HanpsiMOM OLHIOBaHHSI 32 OCTaHHI 5-Th POKIB K4
Y4acTb B €KCIIEPTHHX TPyIax 3a 00’ €KTOM JOCTIKEHHS 3a OCTaHHi 5-Tb pokiB | K5

[lepeniveHi kpuTepii Aat0Th MOXKJIMBICTD OLIHUTH Ta BUSHAYUTH KOMIIE-
TEHTHICTh MOTEHIIMHUX YYaCHUKIB €KCTIEPTHOT IPYIIH.

BapTo 3a3HaunTH, 110 JaHa Tpyna € MOCTIHHO AIF0YOR0, B SIKOCTI ii
po0OTH 3aJIeKUTh MOBHOTA Ta BIPOTiAHICTE iH(OPMAIIl CTOCOBHO BILIHBY
pU3MKIB Ha OCBiTHIH nporiec. ExcniepTHa rpyna B xofi pobotu 3abe3nedye
KOHCYJIBTAIli] 3 INTAaHb BUSIBICHHS PU3HKIB Ta PO3pOOJICHHS OpraHi3aiiii-
HO-TEXHIYHHX 3aXOJiB MO0 3MEHIIIEHHSI 1X BIUIMBY Ha OCBITHiH mporec.

Ha apyromy erami, BU3HA9aIOTBCS 30BHIIIHE Ta BHYTPIiIIHE OTOYCHHSL
Y pobGori [5] aBTOpamMu 3anpONOHOBAHO CTPYKTYPYBaTd 30BHIIIHI (haKToOpu
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BIUTHBY Ha J[Ba PiBHI: MaKpOCEPEIOBHINE Ta MiKpocepenoswie. /lo meprroro
PpiBHS (MaKpocepenoBuIna) OyIo BiIHECEHO TaKi (JaKTOPH, SIK MONITHYHI, KO-
HOMIYHI Ta coriaibHi. B po6oTi [6] Ha npukiami KuiBcbkoro HamioHAILHOTO
yHiBepcuTeTy TexHoorii Ta au3aiiny (KHYT/I), 3a nommomMororo Pest-anaiizy
aBTOpamu OyJI0 BU3HAYE€HO HAMOUIBIN CYTTEBI (haKTOPH TAHOTO CePEOBHIIIA.

Cepen nomitHYHAX (hakTopiB OyJI0 BHIUICHO HACTYIIHI: MOCTIHHE YI0-
CKOHAJICHHS JICP>KaBHOT MOJIITHKU B OCBITHIN raiy3i; GiHaHCYBaHHS cepu
OCBITH 32 3QJIMIIKOBUM IPHHIUIIOM; MOJITHYHA CHUTYAIliss B KpaiHi; iHTe-
rpauisi y €Bponeicbkuii mpocTip; 3MEHLIEHHS KUTBKOCTI MiCIlb 3a OIO/IKeT-
HUM 3aMOBJICHHSM TOIIO.

Cepen ekoHOMIUHUX (DAKTOPIB Lie: KPU30BI SBUILA Ta THQIALIS B €KOHO-
MiIli KpalHU; TOCUJICHHS KOHKYPEHIIil Ha pHHKY HaJaHHs OCBITHIX MOCIYT;
BIIPOBAKEHHS PEHTHHTOBOTO oLiHIOBaHHS 3BO; nmorpebda poboToAaBLiB Yy
KBaTi(pikoBaHUX (axiBIIX; perioHanbHe po3TamysaHHs 3BO.

Cepen comianbHuX (haKTOPIB: BUCOKUH piBEHb 0€3p0O0ITTS Ta HU3LKHUN
piBeHb MaTepiaJbHOTO 3a0€3MEUEHHS HACEJICHHS; MIrpallis; HeAOCTATHS
KUIBKICTh Ha PWHKY Tparli (axiBIiB 3 iHKCHEPHO-TEXHIYHHMX CIICIiallb-
HOCTEW Ta HAJJIWIIOK (haxiBIiB TyMaHITApPHUX CIEIIaIbHOCTEH; HU3bKHUN
PpiBEHb IMiITOTOBKH abiTypi€EHTIB.

[Ipote, cimij 3a3HAYUTH, IO JUISI OCBITHHOTO TPOIleCy HAHOUIBIT Baro-
MHM € JPYTHil piBeHb (MIKpOCEPEIOBHINE), K& OOYMOBIIOETHCS BHUMO-
TaMH: CTIOXKHMBAYiB OCBITHIX TIOCIYT, POOOTONABIIIB, YMOBAMH PUHKY IPaIli,
TOOTO CYTTEBO BILIMBAE Ha KOHKYpEeHTOCTIPOMOXKHICT 3BO B minomy. [lane
cepenoBHIIe (POPMYETHCS IUITXOM 3100yBaviB BUIOI OCBITH, OATHKIB, CTY-
JCHTCHKOTO CaMOBPSITyBaHHsI, HAYKOBO-TIEAArOTIYHUX Ta HAYKOBHX MpaIliB-
HUKIB, BUMOT: BHUITyCKOBUX Kadenp, JeKaHaTiB, BUCHOI paJu Ta KEepiBHH-
urBa 3BO, otoueHHs Oe3 SKOro He MOXe iICHYBaTH OCBITHiH mporec.

Jns GpyHKIIOHYBaHHS KOKHOTO 3 HABE/ICHUX BUILE CEPEIOBHIIL ITOTPIOHO
MarTH Bi/IIIOBi/HI MaTepiajbHi pecypcH. Tak HapuKIIa, I OCBITHHOTO IPO-
L[ecy MaTepiaibHUMH PECypcaMH €: KaapoBe 3a0e3NCUeHHs HayKOBO-TIe/a-
TOTiYHMX MpaNiBHUKIB, [0 BPaXOBy€ KOMIETCHTHICTh, BUCHE 3BaHHS (TIPO-
¢ecop, IOIEHT), HAYKOBUH CTYIIHb (JOKTOp HAayK, KaHIUOAT HAyK, TOKTOP
¢imocodii, Marictp), craxx poboTH 3a mpodiiaeM B 3a3HaYEHUX MeXKax (Bix
1 1o 5, Big 5 o 10, Big 10 mo 20, Bix 20 no 30, Bix 30 i GibIe pokiB), HAsIB-
HICTh yOiKaIii (mapyIHUKH, HaBYaJIbHI MOCIOHUKY, MOHOTpadii), crarTi
y HaykoMeTpuaHuX 0azax: Scopus, Web of science core Collection; peren-
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30BaHMX (HPaXOBUX BUAAHHIX (MDKHAPOIHHX 1 BITYN3HSIHHX ), HABYAITBHO-ME-
TOJMYHE 3a0e3MeUeHHsI OCBITHBOI MporpaMu (HaB4aibHI Ta poOOYi IIaHH,
HaBYaJIbHI Ta po0OYi MPOrpaMH JAUCIMIDIIH, KOHCIICKTH JICKITIH, METOINYHI
PO3pOOKH IS Ta0OPaTOPHUX Ta MPAKTUYHHUX 3aHATH, AKET KOHTPOIBHHX
3aBJaHb 3 JUCLHUILIIH, KOHTPOJIb 3HAaHb (3K, EK3aMCEH, JAepKaBHUN iCIIHT /
JTUITIOMHA po0O0Ta); MarepialbHO-TEXHIYHE 3a0e3nedeHHs (JISKIIiHHI ay/Iu-
TOpii 3 IHHOBAI[IMHUM OOJaJHAHHSAM, HaBYAJIbHI MPOQECiiHHO-0piEHTOBAHI
naboparopii 3 BUKOPUCTaHHSM iH(GOPMALIITHUX TEXHOIOTIH 1 MPOrpaMHOro
3a0e3reueHHsl, KOMII IOTepHI KJIacH) Ta HayKoBa JisUIbHICTB, sIKa € iHHOBa-
LI{HOIO CKJIaJJOBOIO OCBITHHOTO MPOLIECY 1 BKJIIOYAE: HAYKOBI AOCIHIIKEHHS
B paMKax JEpiKOIOKETHUX pOOIT, TOCIIOTOBIPHI TEMH, 1HIIIaTHBHI TEMH,
JIOTOBOPH NP0 TBOPUY CHIBIPAI0, KOH(EPEHIIii pi3HUX PiBHIB (MIXKHAPOAHI,
BCEYKpaiHCHKI, IHTEepHET-KOH(epeHLlil, OHIaifH-KOH(EPEeHIii), KpyIi CToNIH,
craprar, Oi3Hec-iHKyOaTopH.

JlepeBo BIacTUBOCTEH MaTepialbHUX PECypciB, sIKE BPAXOBYE yci HaBe-
JICHI BUIIE CKJIAJOBi, IO BIUIMBAIOTh Ha €(EKTHBHE NPOBEICHHS OCBIT-
HBOTO NPOIIECy i MATOTOBKY SAKiCHOTO (paxiBIs HaBEeAEHO Ha pHUC. 2.

Ha nHam nomisin HalOUTHIT CYTTEBUM € TPeTiid eTam, SKUii Bi/INOBiJae 3a
3araJibHe OIIHFOBaHHS pU3HKIB (puc. 1). BiH CKiIanaeThesl 3 YOTHPHOX ITiIETAITIB.
Je 3.1 — ineHTH}IKALISA PU3UKIB; 3.2 — SKICHUI aHaJIi3 PU3HKIB; 3.3 — KUIbKICHE
OITIHIOBAHHS PU3HKIB Ta 3.4 — MepeBipKa pe3yJIbTaTiB aHaJIi3y Ha BIPOTITHICTb.

BukoHaHHsS ycCiX TifeTamiB MPOBOJUTHCS BIIMOBIIHO JO TYHKTY
4.3.4 cranmapty [3]. 30kpeMa MpoOBEJACHHS POOIT CKIANA€ThCS 3 BH3HA-
YCHHS BIUTMBY HETaTUBHUX (DaKTOPIB HA OCBITHIH IPOIEC, IUITXOM 3aCTO-
CYBaHHS METOJIB CTPYKTYPOBAHOTO aHAII3Y.

Bigomo, mo 6a30BUM eIeMEHTOM PH3UK-MEHEIKMEHTY € ileHTU(IKa-
uis pusukiB (migeran 3.1). Sk BuaHO 3 pHc. 1, OCHOBHUMH MpOLEAYpaMu
imeHTudikalii € JOCIIKEHHs CKIaJ0BUX OCBITHHOTO MpoIlecy; BUOip Ta
OOTPYHTYBaHHS METO/IB ileHTu(iKanii pU3MKiB; BU3HAYEHHS PU3HKIB Ta iX
kacugikaris. BUKOHaHHS HaBEICHUX BHUINE MPOLEAYP JO3BOJISE BUSIBUTH
JDKEpera pU3NKy, pU3UKOBI i, 3’ICyBaTy NIPUYMHM iX BUHUKHEHHS Ta OIli-
HUTH HACJiJIKA HETaTHBHOTO BILIMBY Ha OCBITHIM MpoOIIeC.

InenTndikamis nependadae BUBYCHHS, 30ip Ta aHami3 iH(opMmaIli momo
OCBITHBOTO TIPOIIECY 1 WOTO CKJIAIOBHX, JOCII/PKEHHS (DaKTOpIB BIUIMBY Ta
BU3HAUCHHS IIPIYXH, [PKEPEdT i XapakTepy iX BUHUKHEHHS. KpiM Toro, Ha taHoMy
TTiieTart 0coONMBY yBary MOTPiOHO PHIUIATH MPOIISAYPl BHOOPY Ta OOTPYHTY-
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BaHHsI METOJIIB, SIKi JIO3BOJISFOT 1IeHTH(IKyBaTH pr3uKH. [laHa npoueaypa 6e3-
TOCEPETHBO BILIMBAE HA BIPOTIHICT Ta SKICTh PE3yJIBTATIB IOCIIHKEHb.

Cranmapt [3] pekoMeHIy€e IS 1IeHTU(IKAIIT PU3UKIB B PI3HUX TaTy3s1X
HaI[IOHAJBHOT EKOHOMIKHM 3aCTOCOBYBaTH 15 ocHOBHUMX MetoniB. [Ipote, B
XOJll TOCIIJKEHb OYyJI0 BCTAHOBJICHO, IO ISl OCBITHHOTO IMPOIECY Haii-
OUTBII PUAATHAMH € TPH MeTOAN: «MO3KOBHH ITYpM», MeTon «Jemdi» Ta
«AHaIi3 HeOe3NMeYHNX YUHHUKIB 1 KpUTHYHI TOUKH KOHTpoto (HACCP)».
Po3rnstHeMO O1IBII TETaTBbHO KOXKEH 3 HUX.

[IpakTuuHMii TOCBiJ AOBOAWTH, L0 OJHUM 3 HaHOLIBLI PO3MOBCIOKE-
HUX METOJIB ieHTU]iKalii € MeTo] « MO3KOBUM IITypM», KU Oa3zyeTbcs
HAa BUCIIOBIIOBAHMX iflesX YCiX ydacHHMKiB ekcreprHoi rpymu. Moro cyts
HONIATAE B TOMY, IO B pE3y/bTaTi IPyIOBOro OOTOBOPEHHS Ta TUCKYyciil po6o-
YO0 IPYIO0 BU3HAYAIOTHCS YNHHUKY Ta PU3UKH, 3 SIKMX HAIai CKIaTa€ThCsI
HepetiK yciX MOMIIMBHX PU3HUKIB (SIKI Ha JyMKY €KCIEPTiB € BaXKJIMBUMN).

Janumif MeTon MOLUIPHO BHKOPHUCTOBYBATH ISl OLIHIOBAHHS PHU3HKIB
Ha OyJb-SKOMY €Talli KHTTEBOTO IMKIY OCBITHBOTO Tporecy. [lepeBaroro
METOJy € pe3yJIbTaTHBHE KOOPIAWHYBAaHHS, SKE 3aCTOCOBYETHCS Ha TOYATKO-
BOMY €Talli i € 0CHOBOK) CTUMYITIOBaHHS €KCIIEPTiB 10 OOTOBOPEHHS Ta CIIPSi-
MyBaHHsI iX yBaru Ha HAOUTBIIT pU3UKOBaHI aCTIEKTH OCBITHHOTO MPOIIECY.

Merton «Mo3KOBHiT TITYpM» MOYe 3aCTOCOBYBATHChH y JIBOX BHIIaX (popma-
nizoBaHoMy 1 HeopmaizoBanoMy. Popmali3oBaHuid — rependadae 3a3ae-
TiJIb MiATOTOBJICHY CTpaTeriro 00rOBOPEHHS, TOOTO € OLTBII CTPYKTYPOBAHUM,
3a paxXyHOK BH3HAYCHHS METH 1 3aBJaHb IPOBEICHHS 3aCiTaHHSI Ta METOIIB
OLIIHIOBaHH!, sIKi OyIyTh 3aCTOCOBYBATHChH JJIsI 00’€KTa MOCHTiKeHb. [laHi
MYHKTH TOTPIOHO BU3HAYMTH JI0 TOYATKy poOoTH excriepTHoi rpymu. Hedop-
MaJTi30BaHUH — 3aJICKHUTH Bill CUTYaIlil TOMY € MEHIII CTPYKTYPOBAHHM.

Jo nepeBar 1aHOro METO/Y CJTiJT BIHECTH: PUIHATTA OPUTIHAIIBHUX PillIeHb
Ppo0ouoi rpyIIH, 32 paXyHOK TBOPUOTO MUCTIEHHS. Lle focsaraeThes UIIXOM 3aITy-
YEHHs 3alliKaBlIeHUX CTOPIH, 3arajlbHOro OOMiHYy iH(OpPMAIII€t0, IBUAKOTO Ta
JIETKOTO 3alpoBa/pKeHHsI. HeommkaMu € BENuKi BUTPaTH 4acy KOOPIMHATOPOM
Ha 30ip iH(opMarIii (pe3yJbTariB yMOK EKCIIePTiB) Ta IOMiHYBaHHS 1/1ei OTHUX
YYaCHUKIB TPyH HaJ iHIINMH, 10 Hajali HoTpelye po3poOIeHHS OKpeMHX
TIPOIIEYP TS yPIBHOBAKCHHS PE3YIBTATIB JOCIIDKEHS [3].

Hactymauii — meron «/lendi». B #ioro ocHOBY NOKIIaJieHO He3allexkHi
eKkcriepTHi omiHkd. CyTh TAaHOTO METOAY IOJIATac y HEe3ale)KHOMY OIMHTY-
BaHHI €KCIIEPTIB poOOYOT IPyIH Ta MEePeBipIli Y3roKEHOCTI iX JymMok. Ha
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BiIMiHY BiJ HaBEJIECHOTO BUIIEC METOAY YYaCHUKHU I'PYITH HE 3HAHOMI OIUH
3 OJIHAM, BUCJIOBJIIOIOTH CBOT JYMKH IHJMBIIyaJIbHO W aHOHIMHO, 3aIlOB-
HIOIOYH JUTSL IIBOTO CIICIIAIbHO PO3pOOJIeHI aHKETH, sIKi Hamaiai o0poOIs-
IOTBCS 33 JOIOMOTOI0 CTaTUCTUYHUX METOIIB. Pesympratn aHKeTyBaHHS
MOBIIOMIISIOTECS YCIM yYYacHUKaM Tpymnu. [ migBUINEHHS BipOTiTHOCTI
PE3yIBTaTiB OIIHIOBAaHHA ITepea0adeHo 3BOPOTHUH 3B’ SI30K, SIKUHA BigOyBa-
€TBCS IIULIXOM TIPOBEICHHS IEKUTBKOX TypiB aHKeTyBaHHS. [Ipu mpoMy ciin
3a3HAYUTH, IO O CKCIEPTIB BCTAHOBIIOIOTHCS IEBHI BUMOTH, 30KpeMa,
BOHHU IMOBHHHI OyTH H00pe moiHGOPMOBAaHUME TPO 00 €KT IOCIIIKEHHS
(Y Hamomy BHIaJKy OCBITHIH MpOLEC), B aHKETax BiANOBigaTH OOIPyHTO-
BaHO, TOOTO MPOBOJIUTH SIKICHE 1 KUTbKICHE OI[IHIOBAHHS PU3HUKIB.

IlepeBaramu JaHOTO METOAY € AHOHIMHICTb, BIJCYTHICTh BIIMBY Ha
JTYMKY OKPEMOTO EKCIIepTa, MOXKJIMBICT POOOTH TPYIH B Pi3HUX MICHSX.
HenomikoM € JOCUTH BEJIMKi 3aTpaTH 4acy Ha HOTro MPOBEICHHS.

TakoX, OZJHAM 13 3alPOIIOHOBAaHUX CTaHAAPTOM [3] MeTomiB € «AHami3
HeOe3MeyHnX YMHHUKIB 1 KpuTHuHi Touku koHTpomo (HACCP)y, sxuii Ha
JIAHWUH Yac HaWOUIBII MMUPOKO 3aCTOCOBYETHCS B Xap4OBiil MPOMHUCIOBOCTI.
BukopucTanHs TaHOTO METOAY JO3BOJISE 1IeHTH(DIKyBaTH HEOC3IIEUHI YUH-
HUKH, 3alPOBaJKyBaTH 3aCO0HM KOHTPOJIIO, 3 METOO 3aro0iraHHsl iX BIUIMBY,
10 T IBUIIY€ SKiCTh, HANIHHICTE Ta OS3MEUHICTD HATaHHsI Oy/Ib-IKHX ITOCIYT,
Y TOMY YHCITi i OCBITHIX. TaKMM YHHOM, METOJT CLIPSIMOBAHHUI Ha MiHIMI3aIlit0
PH3HKIB Ha YCIX eTamax >KUTTEBOTO IUKIY mpoxykii (mociyr). st mporo,
3TiIHO 3 BAMOTaMH CTaHAAPTY [3] MPOBOAATHCS BINOBIAHI MPOIEAYPH, AKI
JOKYMEHTYIOTBCS Y BUIVIII IIPOTOKOMIB, aHawi3y i miany poootu HACCP.

[lepeBaramu JaHOTO METONY € MOXKJIMBICTb OTPUMYBAaTH 330KYMEHTOBaHI
JIOKa3u, sIKi JIO3BOJISIIOTh Hajalli iIeHTU(IKyBaTH Ta MIiHIMI3yBaTH PHU3HKH,
LUTSIXOM PO3POOKH KOHTPOJIBHUX JIUCTIB, PEKOMEH/IALIN Ta OpraizaliiHo-Tex-
HIYHHX 3aX0AiB Towo. /0 HEAOMIKIB CNiJ BIAHECTH TOCUTH BEJNHKI KaJpOBi,
CKOHOMIYHi i1 4acoBi 3aTpaTy, y MOPIBHSHHI 3 BUILE HABEJICHUMH METOIAMHU.

IIpoBeneHni gocmipKEHHS, SIKi aBTOPaMU BUKJIa/IeH] y poOoTi [ 7], nosemnu,
110 KpiM HaBEJACHUX BHIIE TPHOX METOIB JJIS OL[IHIOBAHHS PU3HKIB OCBIT-
HBOI JIISUTBHOCTI TOIUTFHO 3aCTOCOBYBATH TAKOK IITHMPOKO BiJIOMHH iHCTPY-
MeHT — SWOT-anani3. lanuii yHiBepcaabHHI iHCTpYMEHT OyB anpoOoBa-
Huit Ha npukiani KHYT]I. 3acTtocyBaHHS JaHOTO IHCTPYMEHTY JO3BOJIAIIO
OIIIHUTH 30BHINIHE T4 BHYTPIIIHE CEPEIOBHINE, & TAKOXK BU3HAYUTH MOXK-
JIUBOCTI 13arpo3H 3aKJIajy, 30KpeMa IMPOBEJCHHS HUM OCBITHBOTO IIPOIIECY.
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3rigHo 3 pesyasratamu gociimkenHs misi KHYT]] Oyno 3ampornoHo-
BaHO YOTHPH CTparterii po3BUTKY. [Ipy koMY OIHIEIO 3 €PEKTHBHHUX OYJI0
BH3HAHO CTPATETii0 MOPIBHSAHHS CHJIBHHX CTOPIH Ta MOMJIMBOCTEH, sKa
cnpsiMoBaHa Ha iHTerpailiro 3BO y eBporeiichbKuii IpocTip BHIOT OCBITH Ta
OTPUMAaHHS BUINUX MO3MIIK B HAIIIOHAIBHUX 1 MDKHAPOIHUX PEUTHHIOBHX
OIlIHIOBaHHAX. JlOTpUMaHHS JaHOi cTparerii 3a0e3neuye 3aKiiaay BHUIIOT
OCBITH BWITYCK OITBII SIKICHOTO CIIEHiajicTa Ta 3aJ0BOJIGHSAE TMOTPEeOH
poOOTOABIIIB, SK B KpaiHi, Tak i 3a 1 MeKaMH.

Kpim Toro Oyno BCTaHOBIEHO, 1110 0COOIHMBY yBary NoTpiOHO NPUALIATH
cTpaterii cnabkux cTopiH i 3arpo3. OCKiNbKY JaHa cTpareris MOBUHHA Bpa-
XOBYBaTH 1 nepeadayaru noreHuiitHi pusuxu 3BO.

OTxe, sIK BUIHO 3 BHIIE HABEACHOTO, TIepesiueHi MeToau ineHTHDiKarii
PH3HKIB € 1ocuTh epekTuBHUMHE. [IpoTe, mix uac ix Bubopy 3BO noTpibHO
BPaxoBYBAaTH CHeNN(iKy CBOTO OCBITHBOTO MIPOIIECY.

Hacrynaoro mpornenyporo migeranmy 3.1 € BHU3HA4YeHHS PHU3HUKIB, SIKi
JIOIUTFHO TIPOBOJIMTH 32 THITOBOK) CXEMOIO HaBENIEHOO B po0OoTi [8]. 3acTocy-
BaHHS JJAHOI CXEMH JIO3BOJISIE BU3HAYUTH PU3UKHU OCBITHBOI MistmbHOCTI 3BO.

3aBepmalbHOK MPOIECAYPOr0 iMeHTH]IKAIT pU3HKIB € 1X Kiacupika-
IIisi, METONIMKA TMPOBENICHHs SKOI HaBeneHa y poOorti [5]. /lana meronmka
nependavae moOyJ0By TPUPIBHEBOT CTPYKTypH. Ha mieprioMy piBHI pU3HKA
MOJIUISIFOTE Ha TPYITH, Ha APYrOMy PiBHI — Ha MiATPYITH, HA TPETHOMY PiBHI —
OOTPYHTOBYIOTH (DAKTOPH (YMHHUKH ), [II0 00YMOBITIOIOTH PU3UKH OCBITHHOTO
nporiecy. Kimacudikarisi pu3uKiB OCBITHBOIO MPOLECY 3a TAHOK METOIAUKOIO
HaBeJsieHa y po0oTi [5]. Takwuid miaxin 10 moOya0BH Kiacubikallii 103BoJIsI€e
BCTaHOBUTH B3a€MO3B’SI3KM MK PIBHAMH Ta BU3HAYKTH iX (HaKTOPHU BILIUBY.

Jnst AKiCHOTO OLIHIOBAHHS PU3MKIB 3aCTOCOBYeThes migeran 3.2. Ilix vac
SIKOTO, 3TTHO 31 CTAaHAAPTOM [ 3] BU3HAYaIOTHCs KIMOBIPHICTH Ta piBEHb HACIIIKIB
HONEPENHbO 1IEHTU(IKOBAHUX PHU3UKIB. JlaHMI MifieTan CKIaJaeThesl 3 TPhOX
MPOLIEYp: aHATI3y iNEHTU(IKOBAHUX PU3HKIB, OCTATOUHOTO (JOPMYBAHHS IIEpe-
JIKY PU3UKiB ¥ BU3Ha4YCHHs HMOBIPHOCTI Ta PiBHS HACTIKIB PH3HUKIB.

[lepma npouenypa migeramy 3.2 — aHami3 iqeHTU(IKOBAHUX PU3H-
KiB nepenbadae nmornmubnene ix posyMminas. ToOTO H03BOJISE BUSHAYUTH
MPUYMHY 1 JKeperia pU3HuKiB, HMOBIPHOCTI BHHUKHEHHS Ta 1X HACIiIKH.
st iboTo MOTPiOHO MaTH SAKICHI BX1IHI AaHi MO0 3arajbHOTO OIliHIO-
BaHHS PHU3UKIB, Ha OCHOBI SKMX HaJajli MOXKHA MPUWMATH OOTPYHTOBaHI
pimeHHs. Pe3ynsratu 0OpoOISIOTHCSA €KCIIEPTHOIO TPYIOK0 3a JIOIOMO-
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TOK0 METOJIB paHXyBaHHs. KiHIIEBOIO METOIO JaHOTO MiJIETAIy € OCTa-
To4uHe (POpMyBaHHS MEPENIKYy PU3HUKIB, 110 € HACTYIHOIO MPOLEIYPOIO.
3a BuMoramu CTaHAapty [3] /Ul OTO BU3HAYAETHCA XapaKTep 1 THII
BILUIMBY 3a MPHUITYIICHHSAMH, IO BiOyBalOThCS 32 KOHKPETHOT MOMIi Un
HACTAIOTh 32 KOHKPETHUX OOCTaBUH. [laHa momis MOXKe BHKJIHKATH pi3-
HUH CTYIiHb BIUIUBY Ta HETAaTHBHO BIUIMBATH HA CKJIAJJOBI OCBITHBOTO
npoiiecy. ToMy BoHa moTpeOye aHami3y SAKiCHOT OIIHKH 1 HACTIIKIB.

Jyis BU3HAYCHHS IMOBIPHOCTI Ta PIBHS HACIIKIB PU3HUKIB IOJO 1X 3HA-
YyIIOCTI BAKOPHCTOBYIOTHCS HACTYITHA [IKAJIA — HE3HAYHUI», KHU3BKHUI,
«CepeHIi, «BUCOKUIN, «JTy’KEe BUCOKUI.

B xoxi nposenenns excriepumenTty 1t KHY T/, poGoyoto rpynoro Oyio
BCTAHOBJICHO IIICTh OCHOBHUX BHJIIB PU3HUKIB, AKi BIUIMBAIOTh Ha OCBITHIN
nponec. [ToBHa xapakTepHCTHKa IIUX PU3UKIB HaBeieHa B poOoTi [7]. Lle:

1) pH3MKH NPOCKTYBaHHS HABYAHHS;

2) PpHU3HUKH MarepialbHO-TEXHIYHOI 0a3M HaBYAHHS;

3) pusukH MpodhecopChKO-BUKIAIAIBKOTO CKIIAIY;

4)  PHU3HMKH HayKOBOI MisSUTBHOCTI;

5) pU3HKH BUXOBHOI pOOOTH;

6) PpU3HKH BUITYyCKY (haxiBIIiB.

B moganeiiomMy mi pH3MKH OyaM CTPYKTYpOBaHi, JJIsi KOKHOTO 3 HHUX
OyJio BU3HAYEHO ONMHHWYHI TIOKa3HUKH, HAIPUKIAI IS PU3UKY HEIOCTaT-
HBOTO PO3BHUTKY UM 3aCTapiIOr0 MaTepialibHO TEXHIYHOTO 3a0e3medeHHs,
OIMYHAMH TTOKa3HUKaMH €: HeJIOCTaTHE (iHAHCOBE 3a0€3IEUeHHS; HEIO0-
CTaTHE BIPOBAKCHHS 1HOOPMAIIHUX Ta IHHOBAI[IHUX TEXHOJOTIH; BiJI-
CYTHICTh OOJIaIHAaHHS 3 BUKOPUCTAHHAM iH()OpMALIHUX TEXHOJIOTiN; Bil-
CYTHICTh Cy4aCHUX JIAOOPAaTOPHHUX YCTAHOBOK TOIIO.

OTxe, sIK BUIHO 3 HABEJCHOTO BUIIIE, OAMHUYHI OKA3HUKH JT03BOJISIOTh
OLIIHIOBATH MiANPOIECH, 3 IKUX CKIIaJa€eThCsI OCBITHIM MPOIIEC B IIIOMY.

CxeMa pU3HKiB OCBITHBOTO MPOIIECY HAaBEJCHA Ha pHC. 3.

Huis octaTouHoro OpMyBaHHS TEPENiKy PU3UKIB, 32 JOIIOMOTOK €KC-
HEepPTHUX METOAIB Oyia chopMoBaHa TaOIHIIS 2.

[Ipote, ockinbky SIKICHUIN aHANI3 HE A€ MOBHOTO YSBICHHS PO PiBEHBb
BILIMBY PHU3HKIB Ta X HACIIJIKH, JOIIBHO, 3TiTHO cTaHAapTy [3] 3acToco-
BYBaTH KUIBbKICHE OIliHIOBaHHS, mifgeran — 3.3 (puc. 1). s 1poro B Xoxi
OIIIHIOBAHHS €KCIIEPTHOIO T'PYIOI BH3HAYAIOTHCS WMOBIPHICTH Ta piBEHb
HACJIIJIKIB PU3HKIB.
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Ta6murg 2
Pu3uku ocBiTHHOTO Mpouecy
InTerpoBani . . .
OnuHUYHI MOKA3HUKH Hacainku pusukis
MOKA3HUKH
1 2 3
1. Pu3uku npoeKTyBaHHS HAaBYaHHS
. . . H TPUMAaHO BiJIIOBI-
1.1. Pusuk OIT He BiAnoOBigae cucTeMi € byne oTpMaHO BiamoBiL

Hepianosignocti OIT

OCBITHIX KOMIIOHEHTIB

HUX OYiKyBaHUX PE3yNIbTaTiB
HaBYaHHS

1.2. Pusux
3acTapizoro
HaBYaJIbHO-
METOIUYHOTO
3a0e3nedeHHs

HEJOCKOHAJIE HaBYaJIbHO-Me-
ToAWYHE 3a0e3neycHHs (Tia-
PYYHUKH, KOHCIICKTH JICKIiH,
METOIUYHI pO3pOOKH 10 YCiX
BUJIIB poOIT Ta iH.)
HEJIOCTaTHE BUKOPHCTaHHS
IarepueT-pecypcis

BUIYCK (axiBIIs, IO HE Bif-
MOBi1a€ BUMOT'aM Cy4acHOCTI

1.3. Pu3uk HU3BKOI

HHU3bKUi PiBEHB MONEPeTHBOT
MiATOTOBKH

HECHPUIHATTA Marepiaiy, 1o
BUKJIAJIA€THCS

(baxiBerb He HaOy/e 3araTbHAX
Ta CreliabHUX KOMIIETEHTHO-
CTell y MOBHOMY 00Csi31

YCHIITHOCTL .
paR— HEYBaXKHICTh YCKJIaTHIOEThCSI 3aCBOEHHS
Y MPOIYCKH 3aHATH 0€3 MOBaXK- | Marepiaty CTyICHTOM, IO MaB
HHUX NPUYNH HepepBy y HaBYaHHI
HeBUKOHaHHA any CPC
2. Pu3nku MarepianbHO-TeXHIYHOT 6231 HaBIaHHS

HEeIOCTaTHE (piHaHCOBE 3a0e3-
HEYCHHS

2.1. Pusuic HEIOCTAaTHE BIPOBAVKCHHS

HEZ0CTaTHBOTO . '€ BIIPOBa) -
iHpopManiifHiX Ta iHHOBAIIH-

PO3BHUTKY 41 . HEJJOOTPHMAHHS CTyACHTaMH

. HHX TEXHOJIOT 1
3acTapizoro . . MNPaKTUYHHUX Ta TEOPETHIHMX
. BIAICYTHICTh OONaHAHHS 3 .
MarepiaabHO . .., | HaBHKiB pobOTH
: BUKOPUCTaHHAM iH(opMariii-

TEXHIYHOI'O ‘o
HHX TEXHOJIOTIi

3a0e3nedeHHs

BIJICYTHICTh Cy4acHUX J1a0o-
PaTOPHUX yCTaHOBOK
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[MponowxeHHst TabIMII 2

1 | 2 | 3
3. Pusuku 1pohecopchKo BUKIIAAAIBKOTO CKIIa Iy

HeCcBOEYacHa 3amiHa npodecop-

CBKO-BHKJIAIAIIBKOTO CKJIALy

HEJOCTATHS KUIbKICTh CBOE-
3.1. Pusux YacHO 3aXMILEHNX aCHipaHTIB | HEAOOTPUMAHHS CTyIEeHTaMU
HEKOMIIETEHTHOCTEH | Ta JOKTOPAHTIB NPaKTHYHKX 3arajbHUX Ta
BHKJIaJAIIEKOTO HEIOCTaTHIN TOCBI pOOOTH | CHEHiaTbHUX KOMIIETEHTHO-

CKJIaTy

3a CHEL{abHICTIO
HU3BKHH PIBEHb SKOCTI
BUKJIaIaHHS
BY3bKONPO)iTIbHI 3HAHHS

cTei

4. Pu3ukn HayKoBOi MisSUTBHOCTI

4.1. PU3UK HU3BKHX
MMOKA3HUKIB HAYKOBOL
nismeHOCTi HITIT

HU3BKHH piBeHb MyOITiKkamiit
BHUKJIaJIa4iB y HAyKOMETPHY-
HHX 6a3ax

He Oyzie TOCATHYTO METOIOJIOT i
HayKOBHX 3aCaJl Ta KOMIICTEHT-
HOCTe#H HeOOXTHUX TSI rpode-
CIHHOI IisTBHOCTI st eek-
THBHOTO BUKOHAHHSI 3aBJIaHb
IHHOBAIIHHOTO XapakTtepy [9]

4.2. PU3UK HU3BKHX
[MOKa3HHUKIB
HayKOBOI JisIIbHOCTI
CTY/ICHTIB

HHU3bKHUH PiBEHb 3aTy4EHHS
CTY/ICHTIB JJO HAyKOBOT
pobotH (y4acTh B oiMITia-
Jlax, KOHKypcax, BUCTaBKaXx,
KoH(pepeHuisnx, cTapramax,
iHKy0aTopax HayKOBHX I'ypT-
Kax Ta iH.)

CTYJICHTH HE IOCATHYTH HE00-
XiIHUX HayKOBUX HAaBHKiB
HEOOXiTHUX 15 3100y TTs
neBHoro piBHst BO

5. Pu3uku BUX0BHOI poOOTH

5.1. Pusuku

OB’ sI3aHi 3
oprasisarfi€ero Ta
[IPOBE/ICHHSM 3aHSTh

HEKOPEKTHHH rpadik
HaBYAJILHOTO MPOLIECY Ta
PO3KIIaly 3aHATh

HEsIBKa CTYJCHTIB Ha 3aHSTTS
(3 moBaXkHOT PUYHHH, O3
MTOBAKHOT IPUYUHH )
BIJICYTHICTh BUKJIAJIa4iB
(uepes: xBopoOy, MpeAcTaB-
nunreo 3BO B pi3Hux cdepax
nisTbHOCTI (MeToauuHi Panu,
Bueni Pagu, CrenianizoBani
Pamuit.n.)

BIJICYTHICTh BUKJIaJaviB Ta
CTy/ICHTIB 4yepe3 Hernepenba-
YyBaHy CHTYyaIlil0

HEeI0OOTPHMaHHS CTyACHTaMU
3arajbHUX Ta CIEIiaTbHIX
KOMIIETEHTHOCTEH, TeOpeTHy-
HUX Ta NPaKTUYHUX HABUKIB
poboTu
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3akiHueHHs Ta0auI 2

2

3

5.2. Pusuk He

KypaTopu HEe BUKOHYIOTh
CBOIX 000B’s13KiB (HE MPOBO-
IUITh 3yCTpideH 31 CTyneHTaMu

He BukoHanHs HIIII BuxoBHO1
PpOOOTH HABYATILHOTO TIPOLIECY

HEBHUJIA4l JUIIIOMY
BIZIMOBIIHOTO PiBHS
BO

3a MOpyIeHHs Tpadiky BigBi-
AyBaHb 3aHATH

3a He OIUIaTy HaBYaHHS
(koHTpakTHa (hopMa HABYAHHS)

HPOBEACHHS IPYIH Ta BUXOBHOI poboTH CTYJCHTH HE BOJIOJITHMYTb
BHUXOBHOT poOOTH HE IPUIMAIOTh Y4acTh y pi3- | HeoOXiqHow iHdopMariero
Kyparopamu- HOMAaHITHHX KYJIBTYpPHO-MAco- | HE3aJ0BOJICHICTh CTYACHTAMH
TBIOTOPAMHU BHUX 3aX0[ax YMOBaMH HaBYaHHSI Ta IIPO-
He 00rOBOPIOIOTH PE3Y/IBTaTH | JKMBAHHA B I'yPTOXKHUTKY
HABYAHHS 1 T.J1.)
6. Pusuku BUIycKy (axiBIiB
cTyZeHTa OyJI0 BiIpaxoBaHO:
6.1. Pusux 3a HEYCIIIIHICTh

BIUTHBA€ Ha IPECTIDKHICTD
3BO
BTpaTa KOHTUHIEHTY

6.2. Pusux
HeBYacHOI BUavi
oMy po BO

3aTpUMKa BUJ[aui JTUILUIOMY

B 3B’SI3KY 3 BUTOTOBJICHHSIM
JMIIOMY 32 TIEBHHX 0OCTaBHH
CTyneHTa (HecIIara 3a JUILIOM
HE IiIIMCAHUI 00X1IHUI JIHCT,
ciMeiiHi 00CTaBHHH, JEKpeTHA
BIJIIyCTKA, XBOP0Oa Ta iH.)

BUHHKAIOTh MIPOOJIEMH 3 IIpa-
LEBJIAIITYBAaHHSIM 3 IPUUUH
3aTPUMKH BUJIa4i TUIUIOMY

6.3. Pu3uk BUITyCKY
HEKOMIIETCHTHOTO
¢axiBis

BHITYCKHUK (BiIIIOBiTHOTO
PpiBHS BHILIOT OCBITH) HE AOCST
HEOOXITHHUX Pe3yNbTaTiB
HaBYaHHA (OTPHMAaB HU3BbKUH
piBeHb 3HAaHb) Ta HEAOCTATHI
piBEeHb NPAKTUYHHUX HABUKIB

pob6oTO/ABIII OTPHMAIOTh
HEKOMITETEHTHOTO (haxXiBIls,
SIKAW HE BIAMOBIIA€E KBa-
nidikaiiHOMy piBHIO, 1110
MaTHMe HETaTMBHMMU BIUIMB Ha
npectik 3BO

BTpaTa KOHTUHTCHTY
HEZOOTPUMaHHS PoOOTONIAB-
LIMU HEOOX1THUX CIICI[IaIiCTiB

Ha namy gymKy, aHami3 pusnkiB Oyze e(peKTHBHUM Yy BHITAIKy 3aCTOCY-
BaHHS HAIIBKUIbKICHOTO PAHXYBaHHS PU3HKIB €KCIIEPTHOIO IPYTIOH.

Haitoinpn po3noBCIOIKEHUMHA METOAaMHU KUTbKICHOTO OIIHIOBAaHHS €
«Marpuns Hachinkis/iMoBipHOCTelH» Ta «KaprorpadyBaHHS PpU3HKIBY.
CyTb MeTony — «Marpuils HacliAKiB/HMOBIPHOCTEI» TOISTae y OEJHAHHI
SIKICHHX Ta HaIMiBKUIbKICHHX OLIIHOK HMOBIPHOCTEH Ta HACIIIKIB IO J0O3BO-
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JIsi€ IPOPAHYKYBATH PU3UKK TA BU3HAYMTH 1X piBeHb. JlaHuil MeTom, sIK mpa-
BHJIO 3aCTOCOBY€ETHCS JIJIsl BA3HAYCHHS MTPIOPUTETHOCTI aHAITI3y pU3HKiB [3].

Meton 6a3yeThCsi HA BHUKOPHUCTAHHI CIICIIAIBHUX INKaj, BHOIp SKUX
00YMOBITIOETBCS 1alla30HOM WMOBIPHOCTI Ta HACIIJIKIB, SIKi 00’ € THYIOThCS
Marpuiero. [Ipu 1iboMy HalHW)XKYa WMOBIPHICTh XapaKTepU3y€e HAHOIIbII
HeOe3MeyHnil pU3UK.

Jo mepeBar 1aHOTO METOAY CIIiJI BiTHECTH POCTOTY 3aCTOCYBAHHS, a A0
HEIOJIKIB TPYAHOIII OJTHO3HAYHOTO BU3HAUCHHSI IKAJ JJIs PIBHIB PH3HKIB
JUIA PI3HUX KaTeropii HacIiIKiB.

[pakTHyHMi JOCBIA JOBOAWTH, IO YHIBEPCAIBHUM IHCTPYMEHTOM
pusuk-MeHeKMEHTY € «Kapra pusukiBy. 3rigHo [10] Bona OymyeTbcs Ha
OCHOB1 OCTaTOYHO C(HOPMOBAHOIO MEPEINiKy (peecTpy) PU3HUKIB, IX sKic-
HOMY Ta KiIbKiICHOMY oIiHIoBaHHI. Ha puc. 4 HaBeleHa KapTa pU3HKiB
ocaitHbOrO Mponecy KHYT/I.

Sk BumHO 3 puc. 4, HAWOLTBIINIA BIUIMB HA OCBITHIN MPOIIEC MAa€ — PU3HK
HEBIJIMOBITHOCTI OCBITHBOI mporpamu 1.1 (tabmuris 2). Jlaanii pu3uk monaiae
y «JIy’Ke BUCOKY» 30HY BIUIHBY Ta WMOBIPHOCTI. B 30Hy «BHCOKOT0» BIUTHBY
TIOTPAIUISE — PU3MK BUIYCKYy HEKOMIETeHTHOro (axiBis — 6.3 (Tabmmii 2).
30Ha BUCOKOTO BILUTUBY Ta CEPEIHBOT IMOBIPHOCTI Ma€ BUCOKHI PIBEHD BILIUBY.
Hageneni BuIlle pU3HKH, IO MONAJIAI0Th B 30HY BILIUBY Ta KIMOBIPHOCTI «BHCO-
KHH — Iy’ BUCOKHID MOTPeOYIOTH 0COOIHMBOI yBaru 3 00Ky kepiBHuITBa 3BO
Ta pO3pOOIICHHS 1 BIPOBAPKEHHS KOMIUICKCY JTIH IO iX 3MEHILICHHSI, OCKITBKA
BOHH BUHIILIH 32 MEXI KPUTHYHOT TPAHHUII ((KHPHY KPHBY JIiHII0). PHU3uk Hemo-
CTaTHBOTO PO3BHUTKY UM 3aCTapLIOr0 MaTepialbHO-TEXHIYHOTO 3a0€3MeUeHHS —
2.1 (Tabnuiis 2) 3HAXOAUTHCS HA MEXI KPUTUYHOI 30HU TEPIUMOCTI PU3HKIB.
Crnig 3a3HauUTH, 11O LI PU3MKHU, B OyIb-KHMA MOMEHT MOXYTh MOTPAIUTH Y
«BHUCOKY 30HY», TOMy BOHH TaKOXK MOTPEOYIOTh MPUHAHATTS PIllIeHb MIONO iX
3MEHIIICHHs. PU3UKH, SIKI MOTPAIUIIOTh B 30HY CEPEIHBOI BArOMOCTI, MOTpPe-
nporiec. Pu3mnku, siki 3HAXOIATHCS B 30HI «3HAYHWI — HE3HAYHUID» HE MaroTh
0COOMNHMBOTO BIUIMBY Ha OCBITHIH MPOIIEC, TOMY SIK IIPABHJIO HE HECYTh 3arpo3y
SIKOCT1 HOTO TIPOBEICHHS i1 TOTPeOyIOTh MEHIIIO] yBarH.

TakuM YHHOM, pe3y/bTaTH 3aCTOCYBAHHS METOAY KapTorpadyBaHHS
JIO3BOJISIFOTh PAH)KYBaTH PU3UKK 332 BAroOMICTIO, TOOTO OMNTHMIi3yBaTH iX
TeperiK sl TOAAIBIIOTO aHaIli3y OIIHIOBaHHS HACITIJIKIB BIUIHMBY. lle nae
MOXHBicTh 3BO BH3HAYMTH HAHOUIBII CXHIIbHI JIO PU3HUKY 30HH OCBIT-
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Puc. 4. Kapra pu3sukiB ocBiTHLOr0 npouecy

HBOTO IIPOIIECY Ta ependadaTu B MaiiOyTHEOMY pO3pOOKY IEBHX CIIOCO0IB
KOHTPOJIIO Ta MEXaHi3MiB 1X MiHiMi3allii.

HactymauM migeranoM 3arajibHOTO OIIHIOBAHHS PH3HKIB € TEpeBipKa
pe3ynpTaTiB Ha BiporimHicTs iH(opMmanii — 3.4, y pasi, Ko iHpopMarris
HE JOCTOBipHa TO TMepexia BinOyBaeThcs Ha mifgeTanm — 3.2. Y pasi, SKIIO
SIKICHOTO aHaJi3y HEeJ0CTaTHhO, MOTPIOHO MOBEpHYTHCh Ha mimeram 3.1,
y BUMNAJIKY, SIKIO iH(pOpMaIlis JOCTOBipHA TO NEPEXOUMO Ha mifeTan — 4.

Jo mineramy 4, BXOIATh HACTYNHI NMPOLETYPHU: POo3polieHHs (1Ooro-
JDKSHHS Ta BIIPOBADKEHHS ) IJIaHY .

Hampuknan, mnad fili MOBUHEH BKITFOYATH: MOCHJICHHS KOHTPOIIIO, IILIS-
XOM BBEJICHHS JIONATKOBHUX TEPEBIPOK PO3POOJIICHNX YW ICHYFOYHMX OCBITHIX
MporpaM Ha BiJIMOBIHICT JI0 BAMOT YMHHOI HOPMAaTHBHOT 0a3H; MOHITOPHHT
HAaBYATLHO-METOIYHOTO 3a0€3MeUCHHST; TPOBENICHHS TOIATKOBHX 3pi3iB 3HAHb
CTYIICHTIB; 3aJly4eHHs CIOHCOPIB, MEIICHATIB JUIs 3aKyIIiBIIi HOBOTO Cydac-
HOTO OOJaJHAHHSI; TPOBEJCHHS TUIAHOBOTO TIJBUIICHHS PIiBHSA KBaTi(iKarlii
HAyKOBO-TICJIATOTTYHUX TPAIlIBHUKIB, MPOBEICHHS TEMATHYHUX 3aXOMIB, MO0
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obminy mocBimy mix HIIII, pi3sHEX HampsiMiB BHKIIAJaHHS, IMOCHJICHHS KOH-
Tpoiro HaykoBoi JisutbHOCTI HIII 1 CTy/eHTiB; 3a0X04YEHHS CTYICHTIB JI0 Hay-
KOBOI JisUTLHOCTI; BBEAICHHS PEECTPY BiiBiMyBaHb cTyneHTamu Ta HITII 3aHATH;
KOHTPOJIB 32 TIPOBECHHIM BHXOBHOI pOOOTH KypaTopaMU-THIOTEPaMIL; IPyKY-
BaTH JIUIUIOMH Y TTEPEBIPEHUX THITOTPadisix; MPOBOAUTH MOHITOPUHT HAOyTHX
CTyIEHTaMH KOMITCTeHTHOCTEH, BiIITOBITHO 10 OCBITHBOI IIPOTPaMH TOIIIO.

AJTOPHUTM OIIHIOBAaHHS PU3HKIB OCBITHBOTO Tporiecy 3BO, sikuii HaBeneHo
Ha puc. 1 Mae 3aMKHYTHI UK 1 3rigHo 3 mpuHImnaMu TQM cnpsiMoBaHHil Ha
TMOCTIi{HE MOJIIMIIICHHS, IUTISIXOM MOHITOPHHTY 1 IEPEBIPKH JOCTOBIPHOCTI iH(OP-
Maltii. MOHITOPUHT € HeBi/I' €MHOIO MPOLIEAYPOIO POLIECY YIPaBIiHHSI PU3HKaMU
Ta JJa€ MOXJIMBICT MPOBOAUTH KPUTUYHUI aHai3 0OpOOKH PU3HKIB Ta MEPeBi-
PATH Ii€BICTH 3aXOMiB MO0 iX MiHIMizamil. 3arIaHOBaHUIA 3a TAHKM AJITOPHT-
MOM MOHITOPHHT, JOLLIEHO MPOBOUTH 33 CXEMOIO HABEICHOIO Ha PHC. 5.

3a pesynbTaraMd MOHITOPHHTY POOOUOIO TPYIOK PO3POOISIOTHCS 1
BITPOBAKYIOTHCSI KOPUTYIOUi 1 MOTEpemKyIodi [ii, sIKi JO3BOJSIOTH 3HU-
3UTH PU3HKH OCBITHBOTO MPOIIECY.

Pansi ROOrTpooid Opracisamifinel crpykryvpn 300

' '
1 - piBeHE 11 - pinean. 1
I ' !
SHEKET [ATTLS SETE i
pesTOpaT ARV ALTENS Eaheapn H
' ! ! !

fTproapedn g ayfuwe ]
(R AT IR, cRrVden el

MOHITOMINT OCBITHEGD HpoIecy

Tipromapeahypar cogissa
AKOCIT (K sREmis )
[A04TH MpS pEIVALTATE

caciii, peirrmr
CTYIEHTIN, MTATATIN;
KNI (IATRIETE

MHICTE BT,
YOI TE CIYIenis
(pekropeskn KP), axicn.
JIRE LR

HEQSNLTINN A0KYsenTin,

mxocl (BMITACRENY
wagedp):

{OKYMEITTAIR
OCRITHROTO OPOIECY:
AKKCTh ENKIAIAHHS;
AKKCTh HAETLAHHA
VCIIIHICTE CTYICHTIER
(oM CEHI EOHTPONE
(ATOCTANLE, ANk,
RN, _'|,|.TII|'III.1I'IIﬁ
jemm, 3axnet JIP).

AKICTh EIEKIAAHHA
| HAKRHICTE ApOpaamifism
MAKETIR 3 COSETLICTIO |
CCEITHREOHY NPOTPAMOR T2
KOMILTERTH ZOEYMEHTAL 3
it TN

VCTHMHICTE CTYIECHTIE TA
AKICTh HABTAHHE

{ oM GKHEE EOHTPOIE
(ATECTHIIR), BATIRIL,
EEENICIN, Jepanm
wemmi, 3axmer JIP.

Puc. 5. Cxema MoHiTOpUHTY OcBiTHBOTO npouecy 3BO

287



288

Ganna Khimicheva, Antonina Volivach

3. BucHOBKH

Pesynsratu ociipKeHsb JOBOMSTh OIUIBHICTS 3aCTOCYBAaHHS BUMOT CTaH-
napty JICTY ISO 31010:2013 anst imeHTHdikarii Ta aHadi3y MOTESHIIHHNAX
PH3UKIB OCBITHROTO IIporiecy 3BO. [l OIiHIOBaHHS PU3HKIB OCBITHBOTO IIPO-
1Iecy po3po0IIeHO CrelialIbHH YOTUPhOX KPOKOBHIA alTOPUTM, B OCHOBY SIKOTO
MOKJIAJICHO CHUCTEMHMN TMIJXijl, TPUHIIAIN 3araJlbHOTO YIIPABIIiHHS SIKICTIO
(TQM), pusuk-meHepxkMeHT Ta Bumoru cranaapty JCTY ISO 31010:2013.
3acToCcyBaHHS JTAHOTO AJTOPUTMY JO3BOJISIE OIIHIOBATH PU3WKH OCBITHHOTO
MIPOLIECY Ha BCIX eTanax HOoro »HUTTEBOTO LUKITY Ta 3a Pe3yJibTaTaMi MOHITO-
PHHTY PO3pPOOIISITH OpraHi3aliiHO-TEXHIYHI 3aX0/IH 110 TX 3MEHITICHHIO.

Juis mpakTUdHOI peanizallii alroputMy po3poOiieHi METOAWYHI PeKo-
MEHIaIlii, sIKi CTOCYIOThCSI 3arajIbHOTO OIIHIOBAaHHS PH3HKIB (ineHTH(DiKa-
11, IKICHOTO aHaJIi3y Ta KiBKICHOTO OI[IHIOBaHHS).

[lepcriekTHBY MOAABIINX AOCIKCHb, Ha HAIll, MOMISAA MOB’sS3aHi 3
OUTBII JEeTaTbHUM BHBUCHHSAM PH3HKIB OCBITHROTO IIPOILECY, 30KpeMa iX
BIUIMBOM Ha €KOHOMIYHI CKJIAIOBI AIsJIBHOCTI 3aKIaiB BUIIOI OCBITH.
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Abstract. This study indicates the need for early diagnosis of the depth
of thermal injuries. It was noted that burning injuries account for more than
10% of the total occurrences of injuries. Such statistics indicate the rele-
vance of the use of standard operating procedures for assessing thermal
injuries. The analysis of existing standard operating procedures for assess-
ing the depth of thermal injuries has been conducted. The analysis results
indicate that at present laser and ultrasonic flowmetry, radiographic and
thermographic methods are the most widely used methods for assessing the
depth of thermal injuries. Laser and ultrasonic flowmetry methods are based
on the study of microcirculation of blood in body tissues. The use of laser
radiation sources ensures the differentiation of healthy and damaged tis-
sues at a depth of several millimeters. Complexity and its absence in diag-
nostic and surgical centers is the main problem of using such equipment.
In addition, surface lesions of the skin cover leads to significant errors.
The ultrasonic range allows one to increase the depth of diagnosis. How-
ever, the equipment used presupposes providing mechanical contact with
the affected tissue, which is not always possible. Radiographic methods
make it possible to evaluate the depth of thermal damage to biological tis-
sues with high accuracy. Their widespread use for practical diagnosis of
burn depth limits the cost of equipment. Besides that, such methods are
unsafe for humans. The use of thermographic methods in studying the sur-
face of a burning lesion is very promising. They make it possible to visu-
alize the condition of tissues, do not require the use of radiation, which is
harmful to the body, dyes and contrast agents. Their main disadvantage is a

! Graduate Student of Department of Computer-Integrated

Technologies and Measuring Equipment,

Kiev National University of Technology and Design, Ukraine

2 Doctor of Technical Sciences, Professor,

National Technical University of Ukraine "Igor Sikorsky Kyiv Polytechnic Institute", Ukraine

© Yuliya Shtefura, Kostyantyn Shevchenko



Chapter «Engineering sciences»

strong influence on the result of the condition of surface tissues. The results
of the analysis indicated that in the domestic and foreign literature there is
no information on the use of specialized measuring systems in the diag-
nosis of burning injuries. This predetermines the urgent need of creating
such equipment. Main objective of research — to develop new methods and
instruments that allow such an assessment to be performed non-invasively
and notouch during the early stages. This study contains the substantia-
tion of the possibility of using its own microwave electromagnetic radiation
for assessing the depth of thermal injuries. A scheme, which allows such
measurements to be made, is suggested. An algorithm for its operation is
described.

1. Introduction

One of the common forms of injuries in industrial and domestic condi-
tions is thermal injuries (burns). According to the information of the World
Health Organization in world practice, thermal injuries take third place
among other injuries. And in the post-Soviet states they account for more
than 10% of the total structure of injuries [1, p. 20]. About 60 thousand
people die from burns every year in the world [2, p. 8]. Treatment of burns
nowadays remains one of the most difficult problems of surgery. It has not
only medical, but also socio-economic significance. This is due to the rela-
tively large relative share of burns among other injuries, high mortality and
disability among victims, the cost of their treatment.

In case of burn shock, peripheral vascular spasm occurs. It is followed
by expansion, slowing of blood flow, impaired haemopexis, micro throm-
bosis, impaired metabolic processes, hypoxia, impaired permeability of
vascular and cell membranes, pulmonary artery spasm due to the release
of catechol amines and impaired vascular permeability with the release of
water into the lung parenchyma and other pathophysiological changes.

These changes occur within 6...8 hours after suffering a thermal injury.
Therefore, the early start of therapeutic measures for preventing and com-
pensating for them increases the likelihood of a favorable course of burn
disease and reduces the occurrence of severe complications.

The main problem in this case is associated with the choice of the cor-
rect treatment technique, which depends on the severity of thermal injury.
A present there is no single international classification of burn severity
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[3, p. 21]. Thus, abroad thermal injuries are usually divided into 3 groups.
According to the classification adopted at the I Congress of Surgeons of
Ukraine in 2002, thermal injuries shall be divided into 4 groups. In the
countries of the former Soviet Union, it is customary to distinguish 5 groups
of thermal injuries. Such an approach makes it extremely difficult to formu-
late universal principles for assessing the severity of thermal injuries and
developing unique methods for their treatment.

In all cases, the severity of thermal injury shall be determined by two
main parameters — area and depth. Assessing the area of injury is not that
problematic. There are many methods available for determining it. Assess-
ing the depth of thermal injury is very problematic at present. This is due to
many factors, among which one can distinguish the following ones:

— absence of specialized measuring instruments and standards for simu-
lating thermal injuries of different depths;

— the difference in the surface condition of the injured areas depending
on the type of heat agent, etc.

Thus, the diagnosis of deep thermal injuries using non-invasive methods
is extremely difficult, especially in the early stages after getting injured.
Therefore, when determining the severity of the condition, one often focuses
on the total area of the burn, especially in case of a mass flow of injured. In
most cases, this approach does not allow one to choose the correct method
of treatment.

In this regard, we can conclude the relevance of the development of
methods and instruments for non-invasive assessment of the depth of ther-
mal injuries of biological tissues.

2. Analysis of methods for assessing the depth of thermal injuries

According to the terminology, which is accepted in combustiology,
methods for assessing the depth of thermal injury are divided into physical
methods and standard operating procedures. The first ones involve the use
of various kinds of mechanical impacts on damaged tissue and are not con-
sidered in this study. The use of standard operating procedures that allow
assessing the depth of the injury without direct contact with injured tissue
is of greatest interest.

The temperature threshold for human tissue viability is 45...50°C.
In case of their overheating, irreversible changes (coagulation) of proteins
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occur; cellular enzymes are inactivated, metabolic processes are disrupted,
blood circulation ceases. This leads to tissue necrosis. For most of the stan-
dard operating procedures discussed below, it is the circulation of blood in
the blood vessels that is used as an informative parameter that indicates the
depth of the lesion [4, p. 105].

Various methods and methods for diagnostics of skin vitality using
laser Doppler flowmetry have been suggested in medical practice [5, p. 11;
6, p. 1]. The authors state that in case if blood microcirculation is during
tissue examination, a superficial dermal burn shall be diagnosed. In case
of tissue death at a depth of more than 1 mm and, accordingly, absence of
blood microcirculation, a deep dermal burn shall be diagnosed.

However, in order to obtain reliable results, indicators of blood micro-
circulation only in a separate area of the skin are not enough. One shall take
into account the general condition of the vascular system and the individual
characteristics of the body. In addition, there is a disadvantage, because
surface damage prevents the penetration of the laser beam into the tissue.
This causes significant errors in the diagnosis of the depth of thermal injury.
It is also worth mentioning that the diagnosis of the depth of thermal injury
using laser Doppler flowmetry firstly requires the use of complex stationary
devices. At the same time, in many cases they do not provide an unambigu-
ous response about the depth of thermal injury and require further research.
The consequence of this is that laser Doppler flowmetry methods are not
used for the quantitative evaluation of the depth of thermal injury, but for
obtaining a qualitative characteristic — the severity of thermal injury.

Some authors use the ultrasonic range of electromagnetic radiation
instead of the optical spectrum for the diagnostics of the depth of thermal
injury [7, p. 1]. The use of ultrasonic radiation helps increasing the depth of
penetration of the probe signal into the tissue under study and allows using
additional informative parameters. Thus, the study [8, p. 1] suggests assess-
ing the condition of tissues according to the combined data of Doppler and
Elastography ultrasound studies. This approach allows one to replicate the
picture of blood flow in the tissues adjacent to the damage area, and thereby
draw a conclusion about the depth and degree of tissue injury. However,
this is true only for tissues that are located near the passage of the great ves-
sels, which are achievable for hardware research. In other areas, this data is
either impossible to obtain or not reliable. Another significant drawback is
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that Flastography data can only be obtained in the depth of dissected coag-
ulation-necrotic tissues. That is, such a diagnosis is not only traumatic, but
also delayed in time.

Some authors [9, p. 1] suggest assessing the depth of tissue injury using
contact method. In this case, the amplitude of the reflected ultrasonic wave
on the damaged and intact tissues of morphologically identical zones is
being compared. This approach allows non-invasively, in any condition of
the victim, even in the presence of burn shock, to identify the boundaries
of the burn injury. But at the same time it is possible to detect only gross
tissue changes in the form of coagulation necrosis at a depth of not more
than 10 mm. This is due to the capabilities of the selected devices, namely
surface ultrasonic waves at a frequency of 1.25 MHz.

The absence of unambiguous positive results of assessing the depth of
thermal injuries leads to an expansion of the methods used for diagnosis.
Thus, in the study [10, p. 1] authors suggest inject a contrast agent and
a water-soluble dye directly into the tissue of the supposed injury. X-ray
examination of damaged tissue shall be conducted in 12...24 hours. In this
case a residual accumulation of contrast is a sign of tissue death. However,
in this case, only dead tissue is contrasted even with the existing border
zone, that is, in the distant period. The width of the paranecrosis zone and
the functional-morphological changes in it, that are observed during the first
3...5 days after thermal injury, cannot be determined in this way.

In the study [11, p. 1] the authors conduct a computed tomographic
study and determine the signs of tissue death and coagulation necrosis
zones according to their x-ray density. In this case the delimitation of the
coagulation necrosis zone shall be carried out by determining the density of
tissues in Hounsfield Units (HU). Areas with reduced density (12-15 HU),
as well as areas with increased density (65-68 HU), shall be diagnosed as
areas of tissue necrosis.

This method allows determining the volume of dead tissue, but does not
display their functional condition in the zone, which is qualified as a zone of
necrosis. That is, it does not allow delimiting the area of necrosis itself and
irreversible changes from areas of reversible changes (paranecrosis areas).

X-ray methods generally allow assessing the depth of thermal injury to
biological tissues with high reliability. However, the cost of such equip-
ment and the need for qualified personnel significantly limit their use in the
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practical diagnosis of burn depth. In addition, these methods alone are not
beneficial to the human body.

Thermographic methods occupy an important place in assessing the
depth of thermal injuries. The basis of their use is the fact that, in case of
burn tissue injury, coagulation of blood vessels occurs. As a result of this
blood circulation is disturbed. This reduces the temperature of the surface
layers of the skin. According to some authors [12, p. 761] a temperature
difference of homologous skin segments of 1°C indicates the presence of
superficial dermal burns. A temperature difference of 2°C and a wound tem-
perature of less than 34°C indicate the presence of deep dermal burns.

Thermographic studies of the surface of the burn injury, as well as the
previously considered x-ray studies, make it possible to visualize the state
of body tissues. It is worth mentioning that the cost of equipment, if com-
pared with the previously discussed methods, the thermographic method is
one of the most affordable. In addition, the use of thermographic studies
does not require the use of harmful radiation, dyes and contrast agents that
are introduced into the body.

A classic example of thermographic study is described in the study
[13, p. 1]. The authors determine the temperature of the body and wounds
using a thermal imager. Studies are carried out remotely using special infra-
red optics. The radiation of the human body is converted into electrical
signals, which either give images on the monitor screen, or are registered
on special paper. In this way, a temperature pattern of the surface of the
human body can be obtained with all its main features and shades that are
caused by physiological and pathological processes. The disadvantages of
this solution are the need to use expensive specialized equipment that burn
and surgical departments do not possess.

In the study [14, p. 1] authors suggest performing preliminary temperature
measurements in various parts of the body: thermal injuries and unaffected skin
of one homologous segment. It uses a notouch digital infrared thermometer.
According to the authors, when performing such studies, the temperature dif-
ference of the sections of the thermal injury is from 0,5°C to 3,5°C compared
to the intact skin surface. This allows differentiating the depth of burn. But, it is
difficult to obtain a complete picture of a burn during spot measurements using
an infrared thermometer. In addition, the measurement result largely depends
on the surface condition of both thermal injury and the skin itself.
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The conducted analysis allows drawing several conclusions regarding
the use of equipment for clinical laboratory evaluation of the depth of ther-
mal injuries. Firstly, in the domestic and foreign literature there is no infor-
mation on the use in practice of diagnosis and treatment of thermal injuries
of specialized measuring systems. For the most part, equipment of a differ-
ent functional purpose, not intended for such studies, is used to diagnose the
depth of thermal injuries. Secondly, the use of the considered methods often
implies the need for the introduction of additional drugs into the body and
surgical interventions, which often does not contribute to the acceleration
of treatment. Thirdly, some methods make it possible to assess the degree of
thermal injury only 3...5 days after receiving the injury. In most cases this
is unacceptable.

Thus, taking into account the state of the problem of assessing the
depth of tissue injuries during thermal exposures, it is extremely import-
ant to develop new methods and instruments that allow such an assess-
ment to be performed non-invasively and notouch during the early stages.

3. Assessment of the depth of thermal injuries according

to the level of inherent electromagnetic radiation of body tissues

Radiometric method is one of the promising methods for assessing the
depth of the location of vital biological tissues.

It is well known [15, p. 311], that one of the manifestations of the activ-
ity of living cells of organisms is its inherent electromagnetic radiation
(EMR) of the microwave range. The intensity of inherent microwave radi-
ation shall be determined by the activity of biological processes in the cells
of living organisms. The level of this radiation is very low (10-4...10-"* W).
It is comparable with the level of thermal radiation of dielectrics in the
indicated frequency range.

According to the current laws of physics, anybody, which is heated to
a certain temperature, emits a wide range of thermal radiation. For objects
having a temperature in the range of 20...40°C, a frequency band is char-
acteristic in the infrared region of the spectrum, where the EMR intensity
has maximum values. However, infrared radiation from the internal struc-
tures of biological tissues is shielded by the skin cover. That is why the use
of thermographic methods gives the temperature difference between living
and non-living tissue at the level only 1...2°C.
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While analyzing the components of the thermal radiation of living
organisms, the following features should be mentioned. The emissivity of
any heated bodies in the microwave range obeys the Rayleigh-Jeans law

B=2f%Tp/C?,

where: f — frequency;

k — Boltzmann constant;

T —temperature;

B —radiation value;

C —speed of light in vacuum.

Biological tissues that contain viable cells have non-thermal EMR in
the microwave range (30...500 GHz). Acoustoelectric processes that occur
in cell membranes are the source of EMR. Their intensity characterizes the
interaction of protein molecules and intracellular structures. The density of
coherent electromagnetic waves emitted by cells already at a small distance
from their surface decreases many times. Moreover, this decrease is accom-
panied by stochastization of radiation. This is due to the small size of the
cells in comparison with the emitted wavelength.

As a result of this, the coherent radiation of individual cells is converted into
anoise EMR, which is added to the original radio thermal EMR, which also has
a noise character. Therefore, in order to analyze the level of radiation of living
tissue, it is necessary to measure a weak bioinformatic electromagnetic radiation
in the microwave range against the background of more powerful radio thermal
radiation. This is a difficult task, especially taking into account the fact that the
total power of thermal and bioinformatic radiation is several orders of magnitude
lower than the noise power of modern electronic measuring equipment.

However, it is worth mentioning that the skin for the EMR microwave
range is not a screen, in contrast to thermal radiation. Due to this, the micro-
wave component of EMR is more informative in terms of assessing cell
viability, if compared with the infrared component.

Thus, the objective of this study is creating such a device for the analysis
of the level of electromagnetic radiation of biological tissues, which provides
the measurement of the bioinformatic (microwave) component of electro-
magnetic radiation regardless of the temperature of the analyzed material.

Figure 1 shows a functional diagram of a device for assessing the level
of electromagnetic radiation of biological tissues.

297



298

Yuliya Shtefura, Kostyantyn Shevchenko

3 4 5 7 8 9 11 12 3 14 15

- CHRHEH - A
%%%17 ffflg

Figure 1. Functional diagram of a device for assessing the level
of electromagnetic radiation of biological tissues

The following legend is used in the diagram: 1, 2 — measuring and sup-
port receiving antennas; 3 — controlled microwave reflector; 4 — circulator;
5 — mixer; 6 — microwave oscillator; 7 — intermediate frequency amplifier;
8 — amplitude detector; 9 — subtractor; 10 — constant voltage source; 11 —
logarithmer; 12 — low frequency amplifier; 13 — synchronous detector; 14 —
low pass filter; 15 — voltmeter; 16 — low frequency multivibrator; 17 — the
analyzed fragment of the affected tissue; 18 — healthy tissue fragment.

The device indicated in the diagram works as follows.

Radiothermal and biological EMR from the measuring receiving antenna
1 while interacting with the analyzed fragment of the affected biological tissue, is
fed to the input of a controlled microwave reflector 3. The output of the controlled
reflector is connected to one of the inputs of the circulator 4. Radio thermal radia-
tion from the support receiving antenna 2, while interacting with unaffected frag-
ment of biological tissue 18, is fed directly to the second input of the circulator 4.

The microwave reflector 3 is made on p-i-n diodes and works accord-
ing to the principle of total reflection when voltage is applied to its control
input. A periodic change in the reflector mode (reflects — transmits) is car-
ried out by rectangular pulses of modulating voltage, which is created by a
low frequency multivibrator 16.

During one half-period of the low-frequency modulating voltage, when
the microwave reflector 3 transmits radiation, a dispersion noise signal is
input to the mixer 5

ﬁlzl = K, ((7221 +(732 +L7‘f), (1
where U} — dispersion of radio thermal radiation of the analyzed tissue
fragment;
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U? — dispersion of bioinformatic radiation of viable cells of the ana-
lyzed tissue fragment;

U? — dispersion of inherent noises of the mixer reduced to its input;

K, —waveguide transmission coefficient.

During the second half-cycle of the modulating voltage, when the
microwave reflector 3 is closed, i.e. fully reflects the radiation; the noise
signal from the output of the measuring receiving antenna 1 is reflected. At
the same time, the output signal of the support receiving antenna 2 passes
through the circulator 4, is reflected from the closed microwave reflector 3,
and again through the circulator 4 it is fed to the input of the mixer 5. The
dispersion of the input signal of the mixer during this half-cycle takes on
the value

U =K, (U222 + U42) , ()
where U2, — dispersion of radiothermal radiation of unaffected tissue
fragment.

In case if the switching frequency of the multivibrator is determined
according to the value of Q2. Then, during periodic operation of the micro-
wave reflector 3, an amplitude modulated signal is formed at the input of
the mixer 5, consisting of packets of noise signals with dispersions (1)
and (2).

Given the real ratio of the component signals (1) and (2), the modulation
depth M of the input signal of the mixer is small U2)UZ =UZ)U? and is
represented by the expression

U S
R Y (A ©)

Using the signal of microwave oscillator 6 the microwave radiation
spectrum is transferred to the intermediate difference frequency o, . It is
at this frequency that the frequency amplifier 7 of the intermediate fre-
quency is tuned. The width of the transferred spectrum Aw is determined
by bandwidth Aw, of the intermediate frequency amplifier with the cen-
tral frequency w,))Q2 . During one half-period of the reflector 3, the disper-
sion of the narrow-band noise signal is at the output of the intermediate
frequency amplifier

U2 = KK, [ U3 () + U3 (@) + U3 (@,)] - 4)
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During the second half-period
Uz, = KS,K, [ U3, (,) + TS (o) ] 5)

Signal packages of intermediate frequency w, with dispersions (4) and
(5) alternately are fed at an amplitude detector with a quadratic character-
istic. At the detector output, video pulses with amplitudes that are propor-
tional to the dispersion of the detected signals are formed

= K'S'K3S, [ U3 () + U3 (@) + U3 ()] (6)
Ug = K12512K22S2 [0222 (a)o) + lj: (a’o )] > (7
where S, — steepness of the quadratic detector conversion.

Video pulses Uy, and U,, alternately affect one input of the subtractor 9,
constant voltage from the source is fed on the other input of it 10. Constant
voltage U, of the source 10 is set from the condition for compensation of
the noise of the mixer, which affect the depth of modulation

U, = K12S12K2252(742 (wo) . (8)
When condition (8) is fulfilled, the amplitudes of the video pulses at the
output of the subtractor take values
Uy = KISIKS,K, [ U3 (0,) + U3 (@) ] )
Uy, = K12512K2S2K3l7222 (wo) > (10)
where K, — subtractor transmission coefficient/

After the functional conversion of the video pulses in the logarithmer,
their amplitudes take the final form

Uy =S, ln{Klzslszzssz [Uzzl (wo) + Us2 (a’o )J} 5 (11)
Uy =S; ln[K|2S|2K22S2K3(7222 (wo )] > (12)
where S; — steepness of a logarithmic transformation.

The depth of the amplitude modulation of the sequence of video pulses
increases and taking into account the equality U;, = UJ, takes the value

ln{Uzzl (coE) +U? ((oo)}
U, -U,, Uy (@)

M, = _ = —— — — .(13)
U+ U In{(KiSTKIS,K.) [U3 (@) + O (@) ] 03 ()]

The low frequency amplifier from the sequence of video pulses (12)
isolates and amplifies the variable frequency component Q with amplitude
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Uy - Us, _ 153[(4 In Uzzlszsz (o) ]

2 2 Us, (ay)
where K, —low frequency amplifier gain ratio.
Expression (14) can be represented as

_1 i (@)
U10—2S3K4 lr1[1+l7221 (@) ] (15)

After expanding it into a power series, we obtain
({32 (o) _ Uj4 (o)
U (wo) 205, (wo)

The power of bioinformatic radiation is much lower than the power of
thermal radiation (UZ((U} ). Therefore, the second and subsequent terms of
expansion terms (16) can be neglected. Then there is the following voltage
at the output of the amplifier

Uy =K, (14)

1
U =5 SiK4[ +.]. (16)

2
U, = L5k, (@) (17)
2 Us, (o)

Voltage U,, is rectified by a synchronous detector, which is controlled
by the square voltage of the multivibrator, and is smoothed by a low-pass
filter. DC output voltage is measured using a voltmeter.

From the expression (17) it is clear that the voltmeter readings are pro-
portional to the ratio of bioinformatic and radiothermal radiation powers

U: (@)
=K, = . 18
U (wo) ( )

where a — voltmeter readings;
K, = %S3K4 — coefficient of proportionality.

The power ratio is a measure of the EMR level of viable biological tissue
cells. The resulting ratio shall be determined by the intensity of biochemical
processes in living tissues and allows assessing the depth of thermal injury.

The ability to use receiving antennas with different geometries allows
localizing the area of the tissue fragment under study in the range from sev-
eral square millimeters to several tens of centimeters.

Independence of the ratio n from weight due to the fact that the power
of both bioinformatic and radio thermal radiation is proportional to the
effective area of the receiving antennas. In addition, the measured power
ratio does not depend on the transfer properties of the connecting wave-
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guides (K,), the inconsistency of the steepness of the heterodyne conversion
of the spectrum of the compared signals (5)), the instability of the gain of
the selective intermediate-frequency amplifier (K,), the sensitivity of the
amplitude detector (.S,) and the gain ratio of the subtractor (X;).

Proportionality factor K, depends only on the stability of the low-fre-
quency blocks of the circuit and is determined during the calibration pro-
cess using samples of microorganisms, the emissivity of which shall be
estimated according to the results of biochemical studies.

4. Differential radiometer for recording the difference values
of radiation intensities

To study the gradients of the electromagnetic field of biological objects,
you can use differential radiometers that measure the difference in radiation
intensities from neighboring or remote biologically active points, as well as
various (for example, symmetrical) body parts.

To increase the sensitivity of differential radiometers, it is reasonably to
use power feedback to small difference intensities, which provides a deep
modulation [16, p. 220].

Figure 2 shows a functional diagram of a differential radiometer for
recording the difference values of radiation intensities.

Figure 2. Functional diagram of a differential radiometer
for recording the difference values of radiation intensities

The following legend is used in the diagram: 1, 2 — measuring and sup-
port receiving antennas; 3 — microwave switch; 4 — hybrid tee; 5 — matched
load; 6 — microwave amplifier; 7 — microwave mixer; 8 — intermediate fre-
quency amplifier; 9 — amplitude detector; 10 — low-frequency amplifier;
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11 — synchronous detector; 12 — low pass filter; 13 — voltmeter; 14 — micro-
wave oscillator; 15 — low frequency multivibrator; 16 — control unit; 17 —
controlled attenuator; 18 — noise generator; 19 — the analyzed fragment of
the affected tissue; 20 — healthy tissue fragment.

The device indicated in the diagram works as follows.

The thermal radiation from the surface of an object is received by micro-
wave antennas 1 and 2. The output signals of an antenna can be represented
as dispersions of random signals:

Ul =ST,, (19)
U; =81, (20)
where S — the antennas sensitivity;

T, and T, — a temperature of controlled areas of an object surface.

The signals U|(¢) u U,(f) through arms of the microwave switch 3 periodi-
cally arrive at one input of a hybrid tee 4. The signal from the noise generator
18 is fed to the second input of the tee through the attenuator 17, controlled by
an electrical voltage of only one polarity — negative or positive one.

Since the controlled input of the attenuator is connected through the
control unit 15, which is a rectangular voltage generator and a power ampli-
fier that is connected to the output of the low-frequency amplifier 10, the
attenuator opens for a time equal to the half-period of a low-frequency volt-
age, which is the envelope of the modulated microwave signal. In this case,
the half-cycle of the low frequency is equal to the half-cycle of the switch-
ing frequency of the microwave switch 3.

In the first switching half-period, when a signal U,(¢) > U,(¢) is fed to the
input of the microwave switch, the attenuator 17 opens.

Independent noise signals are summed in a hybrid tee, the sum disper-
sion of which can be represented in the following way:

U? =K (U7 + KU +03), (21)

where K, — the power transmission coefficient of the hybrid tee 4;

K, — the attenuator power transfer coefficient 17;

U;(f) — signal of generator noise 18;

Us(?) — the intrinsic noise of a one-link path of a differential radiometer,
brought to the input of the amplifier 6.

In the second switching half-cycle, the signal U,(¢) < U,(¢) is supplied
to the input of the microwave switch 3, the attenuator 17 is closed by a
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low-frequency voltage of the opposite polarity. Therefore, the sum noise
signal can be represented with dispersion:
U"=K(0:+0)). (22)
Signals U, (¢) and U] (), that create one modulated signal, are periodi-
cally fed to mixer 7. An amplifier with a filter 8 selects a signal of difference
frequency, the spectrum of which is determined by the passband of the filter.
The quadratic detector 9 receives packets of noise signals of an interme-
diate frequency, which can be represented as dispersion:

U'-KK\(0+KU:+T), (23)
U= KK (U7 24)
where K; — a gain of the amplifier § in the filter bandpass.

The voltage of the envelope of the switching frequency with the ampli-

tude is allocated at the output of the quadratic detector 9:
U.-KKK\T+ K.O,-T) (25)

where K4 — a conversion coefficient of the quadratic detector 9.

An alternating voltage with an amplitude U;(f) controls the operation of
an attenuator 17 and is simultaneously rectified by a synchronous detector
11. The rectified voltage, which is fixed by indicator 13, can be written as
follows:

Uy = K KKK (U7 - U3 + K03 ) = o (U7 - U + KU3 ), (26)

where K — the gain of amplifier 10;

K — a conversion coefficient of a synchronous detector 11;

a = K, K;K,K, — a resulting coefficient of a direct conversion of radi-
ometer.

The gain of the controlled attenuator A3 is proportional to the amplitude

of the low-frequency voltage U,(?):
K, = KU;, (27)
where K — the gear ratio of a control unit 16.
If a control voltage U,(?) is expressed through the output voltage Ux(?), then:
K, :%US = pUs, (28)
6

where B = % — a coefficient of the inverse transformation of a radiom-
6
eter output voltage.
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Substituting the value a transmission coefficient K, of the controlled
attenuator 17 from expression (28) into the expression (26), we get:
_ o 72 772
U, = m(m -03). (29)
Using expressions (29), (19) and (20), which take into account the tem-
perature of controlled areas of an object, we finally get:

S
Ul=-—%_(T-T). 30
8 l_aﬁUzz(l 2) ( )

A change in the sign of the measured temperature difference (7, < 7;)
leads to a change in the phase of the low-frequency voltage at the output of
the 10 amplifier by 180°.

As a result, the switching half-period changes, in which the controlled
attenuator 17 opens, and the noise signal from the generator 18 is summed
not with the signal U,(¢), but with the signal U,(¢) (with higher power).
Thus, the operation of differential radiometer is not disturbed, and its indi-

cations will be equal to:
" aS

Up=—22_

1 -apU,

The rectified voltage can be written in the following form because

when the phase of the voltage of a switching frequency changes by 180°,

the polarity of a rectified voltage changes at the output of a synchronous
detector 11:

(L-T). 31

U8=i%<ﬂ—n)- (32)

Thus, the considered differential radiometer works consistently at any
temperature ratio of the controlled object (7,<7, or T,>T5), and the polarity
of the measured voltage determines the sign of the controlled temperature
difference. If the feedback coupling is absent in differential RS (= 0), then

the output voltage has the form:
Uy=aS(T,-T,). 33)
The introduction of positive feedback (5 > 0) leads to the appearance of
an output voltage, which is described by expression (32), and an increase in
the sensitivity of the differential radiometer by a factor equal to:
U, 1

S S— 34
"TU, T 1-apl? 34
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If a denominator of expression (34), for example, is equal to 0.01, then
the sensitivity of differential radiometer will increase 100 times due to the
feedback coupling.

The maximum gain in sensitivity with the condition ([1 —ap (72] —>0) I

limited by the possibility of auto-oscillations in the positive feedback cir-
cuit. Phase compensation chains and amplitude limiting elements are intro-
duced to suppress auto-oscillations in control unit 17.

In practice, the fluctuation threshold of sensitivity of a differential radiom-
eter can be reduced to 10%2...102 W/Hz by introducing feedback coupling,
which corresponds to sensitivity by temperature difference 104...10-° K.

The usage of the considered differential radiometer allows to study the
gradients of the temperature fields of biological objects in the range of their
electromagnetic radiation.

4. Conclusions

As a result of the analysis of the state of the problem of diagnosing the
depth of thermal injury of biological tissues, it can be concluded that it is
necessary to develop specialized diagnostic equipment. The fundamental
possibility and prospects of using radiometric measurement methods for
these purposes, that make it possible to assess the level of intrinsic electro-
magnetic radiation of living tissues in the microwave range, are indicated.
A functional diagram of such device is provided. It provides the possibil-
ity to implement such measurements. The use of two receiving antennas
ensures the elimination of the influence of radio thermal component of
the radiation and the allocation of the bioinformatic component due to the
activity of body cells. Comparison of bioinformatic and radio thermal com-
ponents allows one to ultimately assess the depth of thermal injury.
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Abstract. The subject of theoretical and practical research is a variant
of mathematical theory (MT) of transversely isotropic homogeneous
shells of small curvature of arbitrary thickness and methods for solving
the systems of differential equations (DE) obtained on their basis with
high-order partial derivatives. The object of the study is the analytical and
numerical dependences of the stress-strain state (SSS) of these shells on the
mechanical-geometric parameters (MGP), the type of loading and various
approximations of the M T variant in the problems of static. The purpose of
this work is to summarize and extend the theoretical and numerical studies
of the constructed variant MT of transversely isotropic shells of small
curvature of arbitrary constant thickness at transverse static loading. The
developed version of the MT takes into account all the components of the
SSS shell and considers them as functions of three variable coordinates.
It is based on the method of decomposition of displacements, stresses and
strains in infinite mathematical series with a transverse coordinate using
Legendre polynomials. The three-dimensional problem of shell elasticity
theory is reduced to two-dimensional by means of the Reisner variational
principle. Three-dimensional theory of elasticity DE is used to represent
the components of the transverse stresses in the form of a series of Leandra
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polynomials. The boundary conditions on the front surfaces are met
exactly. Representation of SSS components in the form of infinite series
makes it possible to determine with high accuracy the internal SSS, which
is independent of boundary effects, as well as of boundary effects — vortex
and potential. Basic dependencies, DR equilibria, boundary conditions on
the lateral surface are shown in general form. On this basis, dependencies
and equations are obtained for different approximations, when the partial
sums of the series take into account different numbers of additions. The
DE system is obtained in displacements, reduced in general to a non-
homogeneous DE system, which is then transformed into a defining system
of equations for new functions. Different approximations are considered
as special cases. The analysis and research of the obtained DE systems is
performed in general form and on the basis of different approximations.
Selected equations describing the boundary effect (BE) of vortex. Internal
SSS and potential BE are determined by an interdependent DE system.
A common general method of algebraic and operator transformations of
the obtained DE systems is developed and forms of common solutions
are constructed. This makes it possible to obtain general solutions of
equilibrium equations by splitting high-order differential equations to
small-order equations. Numerical studies of internal SSS for a wide class
of MGP shells have been carried out. It is established: 1) results obtained
on the basis of low approximations, including the theory of Tymoshenko-
Reisner, can differ significantly from the exact ones; 2) Tymoshenko-
Reisner type theory satisfactorily describes the SSS of thin shells of small
curvature with low susceptibility to transverse shear at smooth external
loads (which slowly change over the shell region); 3) the approximation,
which takes into account the first four additions in mathematical series for
tangential displacements, describes with high accuracy the SSS of thin
shells and shells of medium thickness at smooth loads over a wide range
of MGP changes; 4) at non-smooth loads higher approximations should
be used; 5) the internal SSS of the shells depends most significantly on
the smoothness and locality of the transverse load, the curvature of the
middle surface, the thickness, the susceptibility to transverse shear; the
MT approximation accuracy is increased with decreasing thickness,
curvature, susceptibility to transverse displacements, and increasings load
smoothness.
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1. Introduction

Plate and shell structural elements are widely used in power engineering,
engineering, industrial and civil engineering, and other industries. Ensuring
their reliable operation requires the involvement of high-precision theories
and adequate implementation techniques that take into account all
components of the SSS and margins and effects.

Problem solving based on classical plate and shell theories [19, p. 3;
20, p. 22], which are subjected to local loads, have openings, a sharp change
in MGP, as well as at considerable thickness and in other cases, which lead
to a large gradient of SSS change, give unsatisfactory results.

Nonclassical clarifying theories [1, p. 242; 2; 5, p. 49; 10, p. 3; 16;
17,p.52;22,p. 195; 25; 26, p.184; 28, p. 32; 29, p. 744], which are based on
different physico-geometric hypotheses or different models of representation
of deformation of these elements [1, p. 242; 13, p. 910], for a certain class of
boundary value problems also cannot accurately describe the SSS of plates and
shells, since finding the components of SSS with arbitrary accuracy is limited
by accepted assumptions. This is due to the image of the SSS components in
the form of a small number of additives (or parametric functions) [1, p. 242;
13, p. 910], which are accepted on the basis of certain physical considerations.
The resulting DE systems tend to be of low order.

Solution of boundary value problems for linearly elastic plates and
shells in three-dimensional formulation [9; 19, p. 3; 20, p. 22] is associated
with great mathematical difficulties. These are complex three-dimensional
boundary value problems of mathematical physics in which the components
of the SSS are functions of three variable coordinates. Only in a limited
number of cases can an analytical solution be found.

A study of recent publications shows that Tymoshenko-Reisner-type
theory is used in solving problems for plates and shells [17, p. 52; 26, p. 184;
29, p. 744] or their refining variants [3; 5, p. 49; 10, p. 3; 14, p. 238;
22, p. 195]. The validity of using this type of theory to solve the relevant
problems requires additional research.

Hence the relevance and purpose of the study, which is the need to build
and develop new MT options and develop effective methods that would
give a real opportunity to determine all components of the SSS plates and
shells (functions of three variables) with high accuracy, taking into account
the boundary effects.
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There are different approaches to constructing theories that do not use
assumptions (MT variants). SSS components are considered to be functions
of three coordinates. They can be represented in the form of tensor series
[12], power series [15, p. 475], mathematical series using Legendre
polynomials [3; 4, p. 238 ; 6; 8, p. 77; 11; 21, p. 84; 23, p. 335; 24, p. 51;
30, p. 191; 31, p. 54]. Three-dimensional problems are reduced to two-
dimensional by different methods: projection [6; 8, p. 77; 30, p. 191],
variational [11; 21, p. 84; 23, p. 335; 24, p. 51; 31, p. 54]. There are other
approaches described in [3; 7, p. 49; 11; 19, p. 3].

Reviews and development of plate and shell theories can be found, in
particular in [3; 6; 9; 11; 19, p. 3; 20, p. 22].

The scientific novelty of the obtained results is the following:

1). A mathematical approach to the analytical solution of boundary value
prob-lems of transversal isotropic shells of small curvature of arbitrary
thickness under static transverse loading is developed. The approach is
based on the use of three-dimensional equations of the theory of elasticity,
decomposition of all components of the SSS (functions of three variables)
into infinite mathematical series with transverse coordinate using Legendre
polynomials. Three-dimensional problems of the theory of elasticity are
reduced to two-dimensional on the basis of the Reisner variational principle
[27, p. 90] and interdependent equations [32, p. 67; 33, p. 92; 34, p. 137;
35, p. 496]. The boundary conditions are fulfilled precisely on the upper and
lower surfaces of the shell.

2) Generalized and developed variant of MT of small curvature shells
with higher approximations, which is reduced to high order DE systems,
which allows to determine SSS with great accuracy.

3) Formulated boundary value problems in the general case; a unified
mathematical technique of differential transformations of a system of
equations of high order to convenient determining systems of differential
equations of lower order is developed. Forms of general solutions are found.

4) A class of problems for shells for determining internal SSS in different
approximations at different loads, slow-change and fast-varying in the
region is solved; established the qualitative impact of MGP on SSS; limits
of application of approximate theories depending on MGP and load type;
obtained new qualitative effects and important conclusions. The validity
of the method of construction of the considered variant of MT is given in
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[31, p. 54], which shows the high accuracy and effectiveness of this MT
option based on comparing the results for SSS with other theories.

In this work, theoretical and practical studies of the constructed variant
of MT of transversely isotropic shells of small curvature of arbitrary
thickness at any transverse load, which were obtained in previous works,
are generalized and extended [32, p. 67; 33, p. 92; 35, p. 496].

2. Formulation of the problem
The purpose of the problem is theoretical and applied research of the
constructed variant MT of homogeneous elastic transversal-isotropic shells
of small curvature of arbitrary thickness, development on the basis of it of
methods of solving DE of boundary value problems with consideration of
all components of SSS and BE and analysis of numerical results obtained.
We shall consider shells of small curvature of arbitrary constant thickness
h in a rectangular Cartesian coordinate system x, y, z. The dimensions of the
shell in plan a x b. The z axis is pointing up (in the direction of the bulge).
On the upper and lower surfaces of the shell there is a static transverse load
¢,(x,y) and g¢,(x, y). The boundary conditions on the surfaces have the form:
o (z=h/2)=-q(x,y); o (z=-h/2)=q,(x,¥); (1
o (z=th/2)=0,(z=2h/2)=0. ()
For convenience, the transverse loading on the surfaces is depicted in the
form of an algebraic sum of symmetric p(x, y) and skew-symmetric g(x, y)
components. Then the boundary conditions (1) are written as follows:

o(z=2h/2)=(Fq(x,y) - p(x,y)) /2, 3)
where p(x, y) = ¢,(x,y) = 4,(x, y), 4(x, ) = q,(x, ) + g,(x, ) .
Conditions on the side surface of the shell can be static, kinematic or mixed.
Al SSS components are considered functions of three variable coordinates.
Tangential components of the displacements in expressions for the transverse
angular deformations y,_, y,., which are neglected in the theory of thin
shells, are also taken into account. The deformations are defined as follows:
g, =0U /ox+kW; ¢, =0V /oy + kW,
g, =0W /dz; vy, =0U /oy +0V [ éx,
Yo=0W /ox+0U /oz-kU,(x,y; U->V; kil >k)),
(k=1/R; kl=k,i=12),
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where R, R, is the principal radii of curvature of the middle surface of
the shell.

Physical dependencies for a transversal isotropic shell whose isotropy
surface is parallel to the median surface are as follows:

¢, =(0,-vs,)/ E-Vo, [/ E, (x,);¢ =0, ~V(o,+0)]/ E,
Yu=0,/G: v,=0./G; y,=0,/G,(G=E/Q1+v))),
where E,E,G,G',v,v— the generally accepted mechanical
characteristics of the material.

3. Image of the SSS components by mathematical series
3.1. Movement components. We represent the components of
displacements in the form of infinite Fourier-Legendre series:

Ux,3.2) = Y B2z / W, p): V(9,2 =S P2z / hyv(x.p);
k=0 ) k=0 (4)
W(x,3,2) = 3 P22/ By,

where u,,v,,w, , are the unknown functions sought; they must continue to
satisfy DE equilibria and boundary conditions. The representation of the SSS
components as infinite rows by Legendre polynomials enables the solution to
be obtained with any high precision. In practical calculations in mathematical
series (4) a certain number of additions is taken. If the components of the
displacement take into account the u,,v,,u,,v,,w,,...,4,,v,,w, components,
then we call this approximation KO1... n or KO-n.

3.2. Stresses components. The transverse stresses o, (X, Y, 2), 0,. (X, Y,
z) satisfy the boundary conditions (2) and are represented as follows:

0,.(%,3,2) =Y o, (2) O (%, 9); 0,.(%,3,2) = X o, (2) O, (x, ), (5)
where o .
o, (2) =3(Py = F) / (hQ2k + 1)), (k=12,..).
Functions Q,,, O,, are unknown. They are determined by the Reisner
variational principle:

0 3) = 3 by D S I, (k =1,3,..);

i=1,3 ox /S (6)
0, (6. 9) = Dy 0 Y [ vk = 2,4,...),

i-1,3 oy S
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where 4 and / with the lower indices — MGP shell, they are different
for different approximations.

The normal stresses o,(x, y,z) satisfy the boundary conditions (1), (3)
and are defined as follows:

0.6 3.0 =Y 1D o (x,y), (7

k=0
10 =Lx(2)=-3R/5+PF /10;
102 = =3(P_, / (2k = 1)k +1)) = 2P, / (2k — 1)(2k +3)) +
+ B, [ (Qk+1)(2k +3)) /2, k>2.

where

The functions a,(x,y),o(x,y) are determined from the boundary
conditions (1), (3). The functions w,(x,y) (x, —) — are un-known. They
are determined by the

Reisner variational principle:

oy (x,y) =-p(x,¥) / 2; o(x,y) = q(x, y);

o, (x,y) = Z;,}qk,-wi + 23 eud +e.q (k=3,5,..);(8)
i=2, i,

o6 Y) =D quw + D ed +e,p, (k=2,4,.); ¢,=0u, /dx+0v, /0y,
i=1,2 i=0,2

where e, e,,e, is MGP; they have different meanings for different
approximations. w,(x,y) functions depend on the components in the
movements with even and odd indexes. If (8) put &k, and %, equal to
zero, then we obtain the corresponding functions for the transversal
isotropic plate.

Dependencies between stresses and components in displacements for
the shell, taking into account the above relations (5) — (8), are represented
by infinite mathematical series:

©

o, (x,3,20)=) Pt 0,(xy2) =) Pt ;0.(x,y,2) =
i=0

=

Ps_;

zid

)

o o

. (6,9,2)=D Ps;o0,(x,y2 =) Ps,; 0,2 =

i=0 i=0 i

M@ ‘;MS

" Pt

yxi*

I
o

In 9 ¢,¢,5s,s

xi> “yid

displacements.
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4. Differential equilibrium equations and boundary conditions
4.1. Differential equilibrium equations in the approximation K0-n.
The DE equilibrium system and boundary conditions are derived from the
Reisner variational equation. We are leading a system of DE equilibria and
boundary conditions in the approximation KO-n.
System of DE of equilibrium transtropic shell of small curvature:

> (Dyisth + Dy v)+ Y. Dy, =D, p(x,9)+ Dy q(x,p), (i=1,2,..,3n+2),(10)
k=0 k=1

where D,,,, D, ., D,,, is the differential operators not higher than the

second order, D,,, D,, is the differential operators not higher than the first
order. Equally marked operators in different approximations are different.
4.2. Boundary conditions in the K0-n approximation. To obtain the
boundary conditions, we decompose the load X,,Y,,Z, acting on part I
of the lateral surface I' of the shell into series by Legendre polynomials in

the transverse coordinate:
X, (z,5) = ZP,(ZZ / h)x,,(s), (11)
i=0

where functions x,, are defined on part S, of the contour S of the shell
(x,yesS):
2i +1
h
Let us represent the components of the displacement U, (x,y,z),
Vi (x,9,2), W, (x,y,2) givenonpart I, of the lateral surface (I'= I, + I,)
of the shell in the form of finite sums:

Up (60,2 = Y P2/ Wt (5 y): Vi (6,3:2) = S P22/ W)Y, pa(x, 9
Py i=0
J . J (12)
Wi (5,32 = 3 P2/ W)W, (5,9),

where the functions u,,,(x,»), v,,,(x,»), W, (x,y) are defined on part
S, of the contour § shell (x,y e S,;S5,+8,=95):

2j+1 2z
p JU (x.3,2) (= 5)dz,

Wr, = v, U, 5V, (G =0,1,...,n); (13))

X060 === [ X,(,1,0PQz / Wd 2, (X, > ¥, > Z,, x, - ¥y > 2,)-

ujl"z(xz y) =

2j-1 2 .
W, (6y) = 2L W (p,2) (S, (=01 u).
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The boundary conditions are obtained from the Reisner variation equation:

I{Z(zj ((sy L gl =xg)ou; + (@, L+ 5,0, -y, )6v,) +
o (14)

n-1 h
+Z Q2j+1 (txj L 1 l ZS/)5 Wj+1)}ds =0,

7=0
where [, I, — is the guide cosines normal to the lateral surface.
Equation (14) with respect to (11) — (13) yields different boundary
conditions in the approximation K0-n. Here are some of them.
1) Boundary conditions in displacements. Only the displacement
components U, (x,y,z2), V,(x,y,2), W;(x,y,z). are known on the side
surface of the shell. Boundary conditions:

u(x, ) =u, (x,3); vi(x,3) =v,(x,»), (j=0,1,....n); (15)
wj(x, y) = w/[‘(xay)a (./ = 1,...,/’1); X,y € S.

2) Boundary conditions in stresses. Only the external load X, Y,, Z, is
set on the side surface I" . Then we have the following boundary conditions:

s oL+t o =x,060)58,, 60 L +5,,(00) L =y (x, ),

. . (16)
(G =0L.,n); 1,0 +1,,060)1] =2,(x6y), (j=0,1,...,n-1),x,y €S,
where s, s, 1., t;, t,—functions from u;, v;, w,.

5. Basic dependences and equations in the approximation K0-n

We assume that » is an odd integer. The components of dis-placements
and stresses are expressed by partial sums of infinite series.

Movement components:

Ux,y.2) = > PRz / Wuxy), Vxp.2)=> Pz / h)v(xp);
k=0 k=0

, 17)
W(x,y,2) = 2 P2/ ) w(x, ).
k=1
Stresses components:
n+l +1 n+2
0. (0,2 =) Pt 0,02 Z IS ACRRIEDI AW
i=0 2:() i : (18)

n+2

U(‘x yiz) ZPSXMG(‘X yﬂz)_z yl’GXy(x y9Z)_Z})ltyxl

i=0
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To approximate K0-5, functions 7., t,,,...,t,,, are given in [35, p. 496].

Differential equilibrium equations. The DR equilibrium system has
the form (10). It has order (6n +4) .

Boundary conditions. The boundary conditions are determined by
equations (11) — (16).

The main dependencies and equations are obtained in the approximations
K01, KO0-3, K0-5 from (10) — (18) if we put n=1, n=3, n=35 in them.
The order of systems of differential equations of equilibrium is (6x + 4) .

It is shown analytically that the differential matrix in all approximations
is symmetric:. Expressions for system operators in the approximation
KO0-5 are given in [32, p. 67].

6. Transformation of DE systems. Forms of general solutions

DE systems for the shell of small curvature of arbitrary thickness in
all approximations are not divided into separate systems that describe
symmetric and oblique deformation. If k] and k; are taken into account,
these systems are not divided into the equation of vortex and potential BE
with internal SSS.

Additional studies show that forshellswithparametersR , /a; a>2;a> b
in the equations can be put &/ =k, =0. Then, a system of vortex BE
equations and a system describing the internal SSS with potential BE are
singled out from these systems. Hereinafter we shall consider &/ = &, = 0.

6.1. The approximation K0-n (n-odd). Consider the transformation of
the system DR (10) in the general case in the approximation KO-n.

The vortex BE is described by a system of order 2n, which is divided
into two separate systems. One order system (n + 1) determines the BE at
skew symmetric deformation:

S H,,w, =0, (i=13..n). (19)
Jj=13

The other system is of the order (n-1) and determines the BE in

symmetric deformation:
ni H,w,=0, (i=24,.,n-1); y,=0u/dy—-0ov/ox. (20)
j=2,4

In (19) and (20) H,,;, H,,, the differential operators are not higher
than the second order, which depends on the MGP, except for the curves.
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Therefore, the curvature of the shell does not affect the eddy BE, and the
equations coincide with the equations for the plates.

After some algebraic and differential transformations of system (10),
a 24-order DE system with partial derivatives with respect to functions

Uy, Ve, W,,-., W, 18 obtained, which determines the interdependent internal
SSS and potential BE:
P,u, + P,v, + f Pow,_,=Pg+P,p, (i=12,.,n+2), (21)
k=34

where P with indices are differential operators.

System (21) is not divided into independent systems of internal SSS
and potential BE. This means that the curvatures of the shell affect the
interdependence of the internal SSS and the potential BE. For the plates
of the system of equations of internal SSS and potential BE are separated
[31, p. 84; 32, p. 54].

The systems of solving equations (19) — (21) are reduced to more
convenient systems of DE.

DE (19) is reduced to one DE (order (n + 1)) with respect to the new
function v, (x, y):

H,v, (x,y)=0, (22)

where H. is the differential determinant of system (19):

H, =V -a)V’-a)..(V’*-a,), a (i=1,3,..,n)—-MGP.

The general solution of DE (22) is defined as:

v (5 0) = D v (%), (23)
i=1,3
where v _,(x,y) are the general solutions of DE Helmholtz:
(V2 -a)y,(x,y)=0, (i=1,3,...,n). (24)

The general solutions of system (19), taking into account (22) — (24),
will be as follows:
v () =H,v.(xy), (j=13,..,n), (25)
where H,, ; is the adjuncts of the differential determinant of system (19).
Similarly, system (20) is reduced to one DE of order with respect to the
new function v, (x,y):
Hoy, (x,y)=0, (26)
where H, is the differential determinant of system (20):
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H, =(V2=b)(V2=b)..(V* b, ); b (i=24,.,n-1)-MGP.
Numerical studies show that in the approximations K01, K0-3, K0-5 the
a;, b, parameters are positive numbers.
The general solution of DE (26) will be:
n-1
Yy (x, y) = Z l//yi(x’ », (27)
i=2,4
where v _,(x,y) are the general solutions of DE Helmholtz:
h/a=0,2%R,/a=5 G /G=0,,E/E=01v=003v=03m=n=1(28)
The general solutions of system (20) taking into account (26) — (28) will
take the form:
‘I/j(an/):Hsljl//s(X,)’), (j:2a47"'7n_1)7 (29)
where H, ; is the adjuncts of the differential determinant of the system (20).
The dependencies (25) and (29) are the forms of common solutions of
DE vortex BE.
We reduce the system DE (21) to the system of relatively new required
functions D,(x, ) . To do this, we represent the components of the operator
component of the displacement through these functions:

n+2 n+2
uy(x.y) = > BiD(x.y); vi%.y) = 3, B3Di(x.y);
Yrt+-2 ’ (30)

Wk—z(xa y) = Z P[(I)cD[(xs y)a (k = 39 45-“3” + 2)9

i=1,2
where P9 is the adjuncts of system (21). To determine the required
functions D,(x,y) we obtain a system of DE of order 4(n +1) :

PD(x,y) =P q(x,y)+ B p(x,y), (i=12, ..,n+2), (31)
in which P is the differential determinant of system (21).
The general solutions of system (31) will appear as:
Dy(x,) = Dy(%, ) + Dy, (%, 9); Di(x,9) = Dy, (x,9), (i =2, 3, .oy n+2), (32)
where D, (x,y) 1is the general solution of the homogeneous equation
PD\(x,7)=0;
D, (x,9), ..., D,., . (x,y)—partial solutions of inhomogeneous DE (31).
Taking into account (30) and (32) we obtain:

n+2

n+2
uy(x, ) = PID(x,y) + X PID, (X, p); v(x,y) = PyD(x, ) + > PiD, ,(x, y);
i=1 i=1
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n+2
Wea (%, ¥) = PiDy(x,y) + 3 PiD, ,(x, ). (33)
i=1

Formulas (33) determine the forms of the general solution of the system
(21) of internal SSS and potential BE. Components u,,v,,u,,...,,u,,v, are
determined from the system of equilibrium DE (10). The stress components
are given by formulas (18).

The equilibrium system of DE (10) can be solved analytically by methods
of double and single trigonometric series depending on the boundary
conditions of the shell contour [33, p. 92], by the method of perturbation of
the geometric parameters of the shell [34, p. 137], by methods of integral
transformations. The perturbation method leads to the solution of the recurrent
sequence of two DE systems, the right parts of which in each approximation
to a small parameter depend on the solution in the previous approximation.
The perturbation method can also be applied to the DE (31) determination
system since the vortex equations BE (22) and (26) are solved directly.
Integral conversion methods are also better applied to system (31) than to DE
(10). This makes it much easier to find common solutions.

6.2. The approximations K01, K0-3, K0-5. We obtain all transformed
equations from equations (10), (19) — (33) if we put in them k=1 (in
approximation KO1), k£ = 3 (in approximation K0-3), & =5 (approximation
KO0-5). The SSS components for these approximations will be determined
by formulas (18) with the corresponding k. Expanded ratios and basic
equations to approximate K0-5 are given in [32, p. 67].

7. Numerical results and their analysis
Based on the obtained systems of differential equations for different
approximations (19) — (21), we investigate the SSS of transstropic shells
(ax b x h) of small curvature at boundary conditions Navier from the effect
of transverse loading

X . ATy

sin——, p(x,¥) = p,, sin sin ——
o Py =p b

(4,,m> Py —const)fordifferentMGPa / h,G'/ G,E'/ E,v',v,R / a,k|,,m,n
at p,./ 4wm =0,/ 4. =1. The internal SSS components were found
by classical theory and by the approximations K01, KO0-3, KO-5, using
the corresponding dependencies for these approximations. Based on the

mrXx . Ny

q(x,y) = g sin 2
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developed algorithms, we investigate the SSS of the square in the plane of
the transtropic shells of different thickness at smooth and non-smooth loads
for a wide class of MGP. This provided an in-depth analysis of the impact
of MGP and the type of load on SSS, as well as the convergence of results
and their accuracy, depending on the approximation of the MT variant.
Hereafter 6, =0, /q; W =WE /(qgh); 7=z/h. SSS at skew-load is
characterized by the parameter p,, / ¢,, =0, and when loaded on the upper
face plane — by the parame-ter p,,, / ¢,, =1 ; A with lower indices means a
corresponding difference in percentages. The lines in the graphs correspond
to: —— is the approximation of K0-5 (or K135); —=— — KO0-3 (or K13);
—4— —KO1 (or K1); --+-- — Classical Theory (CT).

Figures 1,2 show the graphs of the dependencies of the SSS components
at R, /a=5; G'/G=0,1, which characterize the nonlinearity of the SSS
and the difference between the results of the approximations. The following
results are for £/ / E=1, v =v =0,3.

Z
- ——— .
-2
R R T I ST
No——

Figure 1. The stress component 6, (4 /a=0,;m=n=9;p,, / q,, =1)

4
N 4
I ’
-2 - -ols -ol6 -o@ 2 N z
=
N

Figure 2. The stress component 5, (#/a=0,1,m=n=9%p,,/q,, =1.

Tables 1-4 characterize the components of the SSS depending on
the approximation, the MGP, the type of load, and the consideration of
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the curvatures (k{, =k,) in the transverse shear deformations. In the
table. 1, 2 A characterizes the effect of k{, curvature on SSS. A practical
analysis of the series convergence for the SSS components is performed.
Additional numerical studies show a high convergence of results with a
skew-symmetric, slowly varying loading region even for thick isotropic
(h/a=0,5R,/a=5 v=0,3)shells.

Table 1
Components of the SSS of the transtropic shell
(h/a=0,2a=bR,/a=5G/G=0,1;m=n=1;p,, /q,, =1

kl',2 0/ kl',Z =0 )
KOl | KO3 [ KO5 | A% | A% | As%
z/h -
GX
05 3,479 4,844 4,841 0,19 28,2 0,06
’ 3,444 4,832 4,832 - -
w w
05 52,17 | -50.83 | -49,52 0,48 2,64 2,65
’ -51,91 -50,59 | -49,28 - -

Table 2
SSS components of the isotropic shell (7 / #=0,5;
h/a=0,5a=b; R,/a=29/40; G /G=1,m=n=1Lp,,/q,,=0;
ki,#0/k,=0)
SSS CT K01 KO0-3 KO0-5 A% A% A% As3%
G -0,7789 | -0,9052 | -0,9740 | -0,9921 | 6,59 14,0 7,06 1,82

* -0,9038 | -0,9091 | -0,9267 13,8 0,58 1,90
W -0,3696 | -0,8225 | -0,7379 | -0,7485 | 18,3 55,1 11,5 1,42
-0,6840 | -0,5982 | -0,6118 46,0 14,3 2,22

To determine the SSS for non-smooth loads on the shell region, higher
approximations (K0-5 and higher) should be taken into account. For thick
transtropic shells (4 / a2 0,5; R, / a <1) ,the dependence of the transverse
shear deformations on the curvatures must be taken into account, and
symmetrical components in the displacement components should be taken
into account in the skew-symmetrical loading (Table 3) (the difference is
characterized by the magnitude A'). Transverse crimping can significantly
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Table 3
Components of the SSS of the transtropic shell
(h/azoas; a:b; Rl,z/a:29/40; G,/G:Osla mzn:l;kl'lio; pmn/qmn :O)

K013 K0135 K013 K0135

KO1 K0-3 K0-5 KO1 K0-3 K0-5

z A % A % A % A %
h N -
o, w

-0,874 -1,052 -1,129 -1,690 -1,726 -1,719

05 -0,939 -1,013 -1,562 -1,568

’ 12,0 11,5 10,5 9,63

Table 4

Components of the SSS of the transtropic shell
(z/h=-0,5h/a=0,1; a=b;R,/a=5 G/G=0,l;m=n=09;
kis # 05 Py / Gon =0 / Doy / G =1)

SSS K01 KO0-3 KO0-5 A% A% As3% As1%
0,3595 | 0,6126 | 0,8815 26,3 41,3 30,5 59,2

G, 0,1868 | 0,5042 | 0,6982 63,0 27,8 73,2
_ -1,979 | -1,886 | -1,852 16,8 4,93 1,84 3,94
w -1,977 | -1,659 | -1,586 19,2 4,60 24,7

affect the SSS not only for thick, but also for shells of medium thickness
(h/a=0,1+-0,2), especially for non-smooth loads on the shell region
(Table 4). The magnitude of A,, characterizes the difference between the
results when the transverse compression is taken into account and not
taken into account.

Tables 5-7 compare the components of the SSS for the shells with the exact
components for the respective plates (A,, indicates the difference between the
results for the plates and the shells with respect to the plates). The bold text in
these tables shows MGP and loads, at which the shells of small curvature can
be replaced by corresponding plates with an accuracy of up to 4%.

For isotropic shells, the discrepancy with the plates is less than 3.84%.
This makes it possible to replace the calculation of shells in some cases with
appropriate plates.
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&, values for isotropic shells and plates
(G /G=LE/E=Lv=v=03m=n=1ki,#0; p, /4 =0/ Pp /G =1)

Table 5

6, values for transtropic shells and plates
G /G=0LE/E=Lv=v=03m=n=1ki,#0,p,, /4y =0/ Dp /4 =1)

h P Plate Shell Apo Shell Apo Shell Apo

a h g::t %:10 % &:20 % %:40 %
solution) a

1 0,5 | -1,995 | -2,040 2,26 -2,019 1,20 -2,007 0,60

g -2,125 -2,128 0,14 -2,127 0,09 -2,126 0,05

-0,5 | 1,995 1,936 2,96 1,966 1,45 1,981 0,70

1,865 1,766 5,31 1,816 2,63 1,840 1,34

1 0,5 | -5,148 | -5,309 3,13 -5,239 1,77 -5,196 0,93

3 5244 | 5330 | 1,64 | -5298 | 1,03 | -5274 | 0,57

-0,5 | 5,148 4913 4,56 5,040 2,10 5,096 1,01

5,052 4,749 6,00 4,909 2,83 4,983 1,37

1 0,5 | -20,02 | -20,82 4,00 -20,54 2,60 -20,29 1,35

10 -20,10 | -20,75 3,23 -20,55 2,24 -20,33 1,14

-0,5 | 20,02 18,00 10,1 19,10 4,60 19,57 2,25

19,94 17,79 10,8 18,95 4,96 19,45 2,46

Table 6

hl oz Plate R Shell A, Shell Ay, R Shell A,
= | - (The 12 _ % R % 12 _ %
a| h exact 7_10 f:20 7_40
solution)
1|05 -3,190 | -3,360 5,33 -3,278 2,76 -3,226 1,13
3 -3,299 | -3,393 2,85 -3,349 1,52 -3,316 0,52
-0,5| 3,190 2,871 10,0 3,031 4,98 3,102 2,76
3,081 2,702 12,3 2,390 6,20 2,978 3,34
1 05| -6,593 | -6,981 5,89 -6,823 3,49 -6,715 1,85
5 -6,685 | -6,973 431 -6,866 2,71 -6,783 1,47
-0,5| 6,593 5,921 10,2 6,285 4,67 6,445 2,24
6,502 5,748 11,6 6,150 5,41 6,332 2,61
1105 21,57 | 22,75 5,47 -22,41 3,89 -22,05 2,23
10 -21,65 | -22,67 4,71 -22,41 3,51 -22,09 2,03
-0,5| 21,57 18,62 13,7 20,28 5,98 20,98 2,74
21,49 18,41 14,3 20,12 6,38 20,86 2,93
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Table 7
W values for transtropic shells and plates
(C'/G=0LE/E=Lv=v=03%m=n=0k,#0; p/qu=0/Pu /G =1

hl oz Plate RShell Apo Shell Apo R Shell Apo

- | = (The 12 _ % R % 12 _ %

a h exact 7 = 10 % = 20 7 = 40
solution)

1|05 -1556 | -1525 1,99 -15,47 0,58 -15,54 0,06
5 -15,79 | -15,09 4,43 -15,50 1,84 -15,67 0,76
0,5 | -15,56 -15,42 0,90 -15,54 0,13 -15,55 0,06
-15,34 -14,80 3,52 -15,13 1,37 -15,26 0,52
1105 -5515 -53,87 2,32 -54,78 0,67 -55,04 0,20
- -55,38 -53,29 3,77 -54,60 1,41 -55,06 0,58
-0,5| -55,15 | -54,22 1,69 -54,96 0,34 -55,13 0,04
-54,92 | -53,18 3,17 -54,32 1,09 -54,70 0,40
1105 -432,8 -414,7 4,18 -428,0 1,1 -431,5 0,30
— -433,0 -411,9 4,87 -426,6 1,48 -430,9 0,48
-0,5| -432,8 | -416,0 3,88 -428,6 0,97 -431,8 0,23
-432,5 -412,7 4,58 -426,8 1,32 -430,8 0,39

8. Conclusions

Based on studies of the MT variant of transversely isotropic shells of small
curvature of arbitrary thickness, the following conclusions are obtained.

Derived DE systems and boundary conditions in general form and as
special cases for different approximations. The obtained DE systems take
into account the shear deformations of the transverse shear, which can
significantly affect the SSS of the shells. The SSS of such shells in each
approximation is determined by the solution of systems of interdependent
differential equations with partial derivatives.

Forms of general solutions of the DE equilibrium system are constructed
in arbitrary approximation. Approaches K01, K0-3, K05 are considered as
special cases. Highlighted equations that describe vortex BE. Internal SSS
and potential BE in the KO-n (# odd, # > 3 ) approximations are determined
by the interdependent DE systems.

Analytical solutions of boundary value problems of MT variant in
double trigonometric series are constructed. The boundary value problems
for determining the internal SSS for a wide class of MGP in different
approximations are solved. The convergence of results is generally improved
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by reducing the thickness, the shearability of the material in shear, and by
reducing the curvature of the middle surface.

SSS in the scope of the BE, with non-smooth and local loads, should
be determined by high MT approximations. The results obtained from low
approximations may differ significantly from the exact ones. Tymoshenko-
Reisner-type theories satisfactorily describe the SSS of thin, low-curved
shells with low transverse shear at smooth loads. The K0-3 approximation
describes the SSS of thin shells and medium-thickness shells with high
accuracy over a wide range of MGP variations. At non-smooth loads of
approximation K01, K0-3 can give unsatisfactory results not only for
medium thickness shells, but also for thin shells. This indicates the need to
use higher approximations.

The internal SSS of the shells depends essentially on the nature of the
variability of the transverse load, the curvature of the middle surface, the
thickness, and the susceptibility to transverse displacement. The accuracy of
the approximations increases with decreasing thickness, curvature, lateral
displacement, and increasing the transverse smoothness.

The constructed variant of MT of transversely isotropic shells of small
curvature of arbitrary thickness makes it possible to solve different classes
of boundary value problems with high accuracy based on the analysis of the
convergence of numerical results.
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Abstract. The article raised the issue of interdisciplinarity of the knowledge
space of nonlinear architecture, among which mathematical methods and mod-
els are highlighted. The subject of research is the area of interaction between
mathematics and nonlinear architecture in modern practice of architectural
design in order to find approaches incorporating advanced mathematical knowl-
edge in the educational process. Such work is the basis for integrative educa-
tional activities aimed at the implementation of intersubject communications.
Statement of the problem. At present, such powerful areas of interdisciplinary
knowledge, which are widely used in modern practice of architectural design,
are not reflected in the programs of mathematical preparation of student archi-
tects. The research is aimed at eliminating the contradictions associated with the
mismatch of the content of the mathematical education of students of architec-
tural specialties with the requirements of modern architectural design. Materials
and methods. The following methods were used in the work: collection, system-
atization, classification and generalization of information regarding the problem
posed, a comparative analysis of different pedagogical approaches, synthesis
and analysis of the results of one's own pedagogical integrative activity.Find-
ings. The article substantiates that nonlinear architecture is interdisciplinary in
nature and in this space one of the leading roles is played by mathematical meth-
ods and models. The field of basic mathematical methods and models used in
modern nonlinear architecture is determined, among which the methods of frac-
tal, geometric and parametric modeling are highlighted. The basic principles of
fractal, geometric and parametric modeling of architectural objects are revealed
and it is indicated that in many cases their fields of application intersect. This
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nature of architectural activity justifies the need to create conditions for students
to acquire interdisciplinary knowledge that meets the requirements of modern
design. Authors propose to solve this problem on the basis of integrated technol-
ogies by developing and implementing special courses of applied orientation.
The experience of such work indicates the necessity of combining the efforts of
mathematicians, architects and IT specialists. As an alternative way to solve the
problem, it is proposed to work within the framework of the student scientific
society, and it is indicated that the experience of such activities demonstrates a
positive result. The introduction of integrative forms of training provides the
conditions for the acquisition of interdisciplinary knowledge, which is one of
the key competencies of a modern specialist. This approach to the organization
of the educational process contributes to its optimization.

1. Introduction

Formulation of the problem. For many centuries, architectural forms
were defined (designed) in the language of geometry. Mathematical models
describing geometric shapes laid the foundation for the formation of archi-
tectural forms. With the advent and development of computer science, the
methods of shaping architectural objects also transformed. Modern com-
puter methods for designing forms are based on the language of mathemat-
ical formulas and geometric constructions.

The term "nonlinear architecture" appeared at the end of the last century.
The development of this direction is associated with the development of new
dynamic principles of shaping, which are based on the mathematical paradigm
of nonlinearity. The emergence of such a direction was facilitated by the deve-
lopment of both computer technologies and sciences of complex systems (sci-
ences of complexity) such as fractal geometry, nonlinear dynamics, complexity
theory (founder I. Prigogine), chaos (founder E. Lawrence), catastrophes, etc.

However, the presence in modern practice of architectural design of such
powerful interdisciplinary areas of knowledge is practically not reflected
in the educational process of students. The inclusion of this new relevant
knowledge in educational programs based on integrative learning technol-
ogies could help to open up new opportunities for improving the quality of
education for student architects. The relevance of such work is due to the
direction to optimize the educational process by eliminating the contradic-
tions associated with the mismatch of the content of mathematical educa-
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tion of students of architectural specialties with the requirements of modern
architectural design [8, p. 212].

Analysis of relevant research. The development of "non-linear architec-
ture", the formation of which dates back to the end of the twentieth century,
was accompanied by modeling of various curved structures. Compared
with classical architectural forms, in many cases these constructions were
revealed to be more effective. It is, for example, to minimize consumables
or increase the stability of the structure. Moreover, the modeling process
is based on mathematical algorithms that underlie geometric, parametric,
algorithmic and other design methods.

Today there are many publications related to the definition of the range of
problems of architecture and urban planning, the solution of which is based
on the use of mathematical methods and models. In these research, the term
"architectural mathematics" appeared. However, the content and structure of
this concept remain uncertain, since information on mathematical methods
and models in architectural and urban planning is still fragmented [8, p. 214].

The inclusion of mathematical knowledge in the structure of architec-
tural education is a complex, multifaceted and often contradictory system.
In some universities, the teaching of higher mathematics is limited to a
small basic course, the volume of which has been constantly decreasing in
recent years. According to the authors, at present, in many universities, the
volume of educational material included in the academic programs training
discipline “Higher Mathematics” is completely insufficient, since it does
not take into account new field of mathematics, the methods of which are
used in modern practice of architectural design and urban planning.

The process of integration in education and science as a scientific concept
appeared at the end of the last century, and is a leading trend in recent years. The
goal of integration in education is to build such interconnections of the elements
of the educational process that would create its completeness and integrity.

The relevance of the emergence of integrative pedagogical activity
related to the concept of integration is based on the need to form personali-
ties with polyphonic thinking as a condition for a deep understanding of the
relationships in the processes of the world.

The tools for the implementation of integrative and pedagogical activi-
ties are integrative and pedagogical technologies, which are based on rele-
vant concepts.
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There are different approaches to the classification of integrative activities
in the education system. Among its main types (forms), it is possible to single
out searches in the field of intrasubject and intersubject integration in order to
optimize the educational process. The basis of such integrative and pedagogical
activity is based on the concepts of intrasubject (V.I. Zagvyazinsky) and intersub-
ject integration of pedagogical knowledge (founder John Dewey), integration of
general and professional education (M.N. Berulova, Yu.S. Tyunnikov) etc.

A feature of intersubject integration is that it contributes to the organi-
zation of the educational process in which different academic disciplines
interact, and intra-subject integration is also included in this activity.

The authors studied the experience of teaching higher mathematics in
related universities. In some of them, teaching mathematical methods to
student architects relies on the preservation of educational traditions with
the updating of some blocks.

The experience of teaching higher mathematics at the Ural State Academy
of Architecture and Art is interesting. Here, specialists from different fields inter-
acted, which made it possible to solve problems in the analysis of architectural
situations using mathematical methods. The main scientific and methodological
direction is the development of new methods of teaching mathematics and com-
puter disciplines in relation to the education of architects and designers [8, p. 212].

The aim of this research work is to study the field of interaction between
mathematics and nonlinear architecture as a component of an integrative learn-
ing system (in the context of the application of mathematical methods and mod-
els in architectural and urban planning practice). Such work is the basis for
integrative educational activities aimed at the implementation of intersubject
communications. The authors define the following main objectives of the study:

1. Studying the experience of teaching higher mathematics to students
of architectural specialties in related universities.

2. The study of basic mathematical methods and models used in modern
nonlinear architecture.

3. Identification of the basic principles of fractal, parametric and geo-
metric modeling (based on the sciences of complex systems) when creating
architectural objects.

4. Determination of approaches to introducing into the educational
space of students of architectural specialties the interdisciplinary principle
of teaching (in the context of teaching mathematical disciplines).
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The following methods were used in the article: collection, systematiza-
tion, classification and generalization of information regarding the problem
posed, a comparative analysis of different pedagogical approaches, synthe-
sis and analysis of the results of one's own pedagogical integrative activity;
generalized the results of domestic and foreign experience.

2. Mathematical methods in nonlinear architecture

Over the years, the authors have been searching for approaches to incor-
porating new mathematical knowledge into the training system for architects.
The solution to this problem is carried out by developing elective courses
designed for masters and senior students. Such special courses contain inte-
gration units of mathematical, computer and architectural knowledge.

A feature of this approach is the emphasis on the applied orientation of
the content of educational material. In addition to the mathematical foun-
dations of the corresponding theory, the thematic plan of the special course
necessarily contains the main directions of the practical application of
mathematical methods in architectural and urban planning practice.

The use of computer technology in shaping has led to the concept of dig-
ital architecture creating computational architectural objects. An analysis of
the literature indicates the existence of different approaches to the description
and systematization of computer modeling methods in nonlinear architecture.
So, they distinguish such widely used methods in modern architectural prac-
tice as computer parametric, fractal, algorithmic, geometric modeling and
their combinations. The applications of these methods often overlap due to
the coincidence of the principles on which they are based.

All of the above demonstrates the interdisciplinary nature of moderm archi-
tectural activity. Such a direction requires reflection in the educational process by
creating conditions for the integrative activities of specialists in different fields.

3. The method of geometric modeling in nonlinear architecture

The method of geometric modeling in architectural and urban planning
practice allows you to build a geometric object for the given properties
and characteristics using computer programs. In modern design practice,
many software packages are used (ArchiCAD, AutoCAD, Compass, Lira,
MicroFe, ANSYS and others), however, the algorithms embedded in them
sometimes require refinement for individual parameters. At the same time,
the use of such universal mathematical software products as Mathematica,
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Maple, Mathlab, MathCAD, can lead to the construction of many different
surfaces by changing the parameters of their analytical expression.

In nonlinear architecture, an important place is occupied by the algorithms
of formation and transformation of the architectural form. The authors consider
it necessary to search for opportunities for students to familiarize themselves
with the mathematical foundations of geometric modeling. We are talking
about analytical methods and algorithms for constructing mathematical models
of surfaces and their scans (frames, shells, arches, etc.). However, in accordance
with the existing programs of mathematical education of student architects, the
only basis for such a study is school Euclidean and analytical geometry.

According to the authors, it is useful, interesting and important for stu-
dents of architectural faculties to offer special courses on analytical sur-
faces that have found application in modern architectural and construction
practice. The study of the variety and properties of such surfaces, in our
opinion, can help future designers in the search for new forms in architec-
ture. According to the famous architect and engineer E. Torroch, it is the
form that ensures the reliability of the structure is the criterion of its quality.

There is reference and encyclopedic literature on the use of analytical
surfaces in architectural and urban planning. However, a systematic review
of the entire variety of surfaces used in various fields of activity (in particu-
lar, in architectural design) is implemented only in the book “Encyclopedia
of Analytical Surfaces” (authors: Krivoshapko S., Ivanov V.).

This book is an encyclopedic publication on analytical and differential geome-
try of regular analytical surfaces, which have found application in various branches
of mathematics and in various branches of engineering and construction [4, p. 3; p.
560]. The authors of the publication single out a large number of classes and sub-
classes of surfaces, among which in the basic course of the Higher Mathematics
discipline for architectural specialties only second-order surfaces, cylindrical and
rotation surfaces are considered. Important topics related to modeling surfaces of
revolution are not included at all in the program, using as generators and guides
not only simple geometric images (straight line, circular arc, ellipse, parabola,
hyperbola), but also other arbitrary curves. And this approach provides unlimited
possibilities in the shaping (for example, domes and arches), which contributes to
the achievement of architectural expressiveness of structures [3, p. 80].

Outside the students' attention, there remain such surfaces common in archi-
tectural practice as chain, spiral, and higher-order surfaces. Also, elements of dif-
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ferential geometry are not included in the program of mathematical education,
which means that the local properties of geometric objects remain unexplored.

The transformation of surfaces defined analytically can be carried out
using both linear and non-linear transformations. Figure 1 provides the
images of an ellipsoid obtained as a result of transformations given by dif-
ferent matrices [1, p. 106].

(=]

Figure 1. Transformations of an ellipsoid as a result
of smooth nonlinear transformations [1, p. 108]

Interesting and useful are the issues of modeling composite structures,
each element of which can be represented by different analytical expres-
sions (Figure 2). Due to the capabilities of geometric modeling, these parts
are combined using a group of affine transformations of motion, which
include rotation and parallel translation transformations.

Figure 2. Composite surface of elements in the form of hypars [1, p. 112]
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4. The method of fractal modeling in nonlinear architecture

Among the relevant mathematical knowledge in architectural practice,
we can distinguish fractal geometry methods, which today are becoming
increasingly important in applied research. The main properties of frac-
tal structures in architecture and urban planning include the following:
self-similarity, ability to develop and move continuously, fractional dimen-
sion, manifestation of chaos and order at the same time.

It should be noted that fractal geometry is not included not only in the
curriculum of the disciplines of the mathematical cycle, but also in the educa-
tional standards of training. And this means that future designers in the learn-
ing process at the university do not have the opportunity to acquire the basic
foundations for using the fractal modeling method in future design activities.

To bridge this gap between mathematics-discipline and mathematics-sci-
ence, the authors developed an integrated special course for undergradu-
ates and master’s degrees “Fractal Geometry and Architectural Design”
[9, p. 66]. The structure and content of the author’s program of the special
course reflect the search for opportunities for students to acquire fractal
construction skills using software tools. The authors expect that as a result
of such work, future specialists will gain experience in modern types of
activities and expand their capabilities in the field of creating various math-
ematical models in architectural design.

The program of the special course integrates knowledge blocks from
fractal geometry, computer, in particular, fractal graphics, and the practice
of architectural design. The problem of choosing integrative educational
forms is associated with the construction of a model for establishing, pri-
marily intersubject communications. Promising are the so-called previous
connections, in which the lesson includes material previously studied in
another discipline. In this case, concomitant relationships are established in
which material from different disciplines is studied at the same time.

Table 1 presents the author’s program of the integrated special course “Frac-
tal Geometry and Architectural Design”. The main objective of the course is the
acquisition by students of skills in building fractals using software tools, which
expands the possibilities of creating various mathematical models in architec-
tural design and enriches them with the experience of modern activities.

A feature of the development of an integrated special course is the cre-
ation of software and methodological support: integrated universal envi-
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ronments, manuals, presentations. For example, to expand on the topic
"Algorithms for constructing fractals", presentations were prepared on the
topics "Building fractals using L-systems", "Building fractals on the com-
plex plane", "Building fractals using affine transformations". When using
L-systems, the “turtle-graphics” are used as output subsystems.

One of the main characteristics of fractal geometry is fractal dimension,
which serves as a measure of the structure and self-similarity of an object.
A fractal set fills space not as in the case of an ordinary geometric set, there-
fore, a fractal dimension is considered as a characteristic of the complexity
of an object. In architecture, the consistency of the levels of fractal dimen-
sion of various elements of the object indicates the level of aesthetic expres-
siveness of the architectural structure: with an increase in consistency, the
aesthetic value of the object increases.

To expand on the topic “Modeling fractal dimension”, a presentation was
prepared where different approaches to determining this characteristic are sys-
tematized, the main methods for its modeling are described, and examples of the
use of fractal dimension analysis in architectural practice are presented [9, p. 67].

It is indicated that there are different approaches to determining the
dimension. For mathematical fractals, these definitions are equivalent and
differ only in the calculation algorithm. For the analysis of natural objects
in architectural practice, they often use the point or cell method, the Hurst
method (normalized scale method), the method of mass and informational
dimension, the Grassberger-Proccaccio method and other numerical meth-
ods, since the use of a strict definition of fractal dimension is either impos-
sible or may lead to inaccurate (and sometimes erroneous) results.

As described above, special attention in such integrative activities is
paid to applied issues. The authors studied scientific papers related to the
analysis of the use of fractal structures in architectural design. So, it’s doc-
tor of architecture S.B. Pomorov’ opinion, that there are two ways to apply
fractal structures in architectural design practice. The first way is associated
with the use of well-known fractal models developed by famous scientists.
Such structures include Sierpinski’s napkin, Meger’s sponge, Kanter’s set,
Koch curve, etc. For example, fractal structures in the form of a napkin and
Sierpinski’s triangle can be found in real design practice: works by Norman
Foster (Hearst Tower), Kenzo Tange (Building Fuji TV headquarters on
Odaiba Island) and others (Table 2).
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Table 1
The program of the integrated special course
"Fractal analysis in architectural design"
Ne . .
lessons Lesson topic Using ICT Technology
1-2 Fractals and their properties Presentation "Classification of fractals"
Presentations:
"The construction of fractals using
. L-systems”,
3-4 Fractal Copstruchon "The construction of fractals using affine
Algorithms SO
transformations”,
"The construction of fractals on the
complex plane"
5-6 Fractal modeling using Maple, MathCAD, Math LAB
software
. . . Presentation:
7-8 Fractal dimension modeling “Fractal dimension calculation methods”
Editors:
9-10 Fractal Graphics Elements -Painter, Art Dabbler - Fractal Explorer,
Chaos Pro.
Visual Studio 2013
11-12 The use of fractal structures in Presentations:
architectural practice "Protofractals", “Multifractals”
Examples of computer fractal
13-14 . . .
models in architecture practice

The modern architecture of buildings and structures, based on the use of quas-
ifractals and multifractals (determined by several algorithms), demonstrates many
different forms: from natural (drop-shaped, undulating) to completely bizarre.

The second way is to use the algorithm of natural systems in the created
architectural project. This approach requires computer software for two
purposes: firstly, to detect this algorithm in natural objects using computer
analysis, and secondly, to use the algorithm in design [5, p. 80].

The emergence of mathematical models of cities with a dynamic struc-
ture as a complex self-organized system (a departure from static models)
was the result of using the fractal principle of construction in urban plan-
ning. Since the “self-similarity” property in mathematical models is real-
ized through recursive formulas, an unlimited number of similar fractal
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structures can be reproduced at any scale in each fractal . Such an approach
to design assumes the existence of an interdisciplinary coordination of ele-
ments of the urban planning system.

Table 2
Architectural examples of fractal structures
(Patrik Schumacher, 2008)

Ne Fractal structures Application examples

AAAA .‘n‘n‘;u

Sierpinski Triangle

Hearst Tower — a building designed

by NormanFoster

The principles of fractal geometry have created new promising oppor-
tunities not only in modeling the urban environment, but also in the study
of architectural compositions of buildings, which is especially valuable in
relation to cultural heritage.

One of the main characteristics of fractal geometry is fractal dimension,
which serves as a measure of the structure and self-similarity of an object.
Fractal dimension is one way of determining the dimension of a set in met-
ric space. One of the features of fractal dimension is its fractional value. For
sets describing ordinary geometric shapes, the theoretical fractal dimension
is equal to the usual Euclidean or topological dimension.

The scope of the fractal dimension analysis in modern architectural
practice and urban planning includes the study of architectural monuments,
which helps to reveal the specifics of their formation, identify new charac-
teristics, adapt the experience of architecture of the past in modern architec-
tural and urban planning (which contributes to the effective implementation
of restoration work) [6, p. 14].

For example, at the Institute of Architecture and Design FSBEI HPE
Altai State Technical University named after I.I. Polzunova, a fractal anal-
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ysis of 17 Islamic monuments located in different countries and created at
different times was carried out [7, p. 144]. For the first time, a fractal com-
positional analysis of medieval cultural monuments was carried out: the Taj
Mabhal in India, the Sultan Ahmad mosque in Turkey, the Aljumma mosque
in Iran, Tilla Kari Madrasah in Uzbekistan and others.

As a result of the research, a direct dependence of a high degree of frac-
tality of Islamic architecture monuments and their artistic qualities was sub-
stantiated. Fractality was one of the most important means of revealing the
compositional consistency of parts of buildings, as well as the unity of the
structures of the architectural monument and the surrounding space.

In the analysis of the main projections of the Taj Mahal, the fractal dimen-
sion of the city plan, landscape plan, facade, section and ornament is high
and is described by the following mathematical ratio 1 <D <2. As a result of
the comprehensive fractal analysis of the Taj Mahal, a high degree of fractal
coordination was revealed at the urban and architectural levels. According to
the authors, this gives one of the possible explanations for the integrity, unity,
high artistic expressiveness of the Taj Mahal ensemble [7, p. 148].

Using fractal geometry methods, it is also possible to evaluate and
predict planning structures at the city and agglomeration levels. Such an
approach allows us to take into account the diversity and complexity of
factors affecting the geometry of spatial phenomena, in contrast to urban
planning models based on the laws of Euclidean geometry.

Active use of the fundamentals of fractal geometry in urban planning
began in the late twentieth century and is continuing today. Fundamental
work is now considered the work of P. Franckhauser (1998) and Betty and
Longley (1994), where new principles for assessing the geometry, shape
and structure of urban development objects were introduced.

Fractal analysis helps in the design of transport networks, a system for
locating population densities, citywide subcenters, places of employment,
etc. (Gushchina, 2016). This approach is designed to maximize the syner-
gistic effect of the interaction of parts of the urban agglomeration.

5. Parametric modeling method in architecture
The parametric modeling method has long been widely used in archi-
tectural practice. This is due to the much greater opportunities that arise
in the process of such an approach to design, in comparison with tradi-
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tional methods. Parametric modeling involves designing on the basis of a
form self-organizing algorithm that takes into account the parameters of the
model elements and their relationships. By varying the parameters, one can
quickly get many different design solutions.

The basis of modern parametric modeling are BIM technologies. BIM
(Building Information Modeling) is an information modeling of a building,
the peculiarity of which is that the object is designed as a whole. More-
over, the simulated complex surfaces are based on mathematical models
that include parametric equations.

Among the main techniques of the parametric method, meshing is dis-
tinguished. This grid is created through the points leaving it with the pos-
sibility of further transformation in various ways (extension, indentation,
bending) and at the same time, any performed action is parameterized. For
such techniques, there is MESH technology embedded in many software
packages in which any form is generated through the category of nets. Such
software environments include Corel Draw, Grasshopper, CATIA, 3D Max.
In them, any shape can be transformed in tools such as Editable Mesh (Edit-
able Surface), Creation Mesh (Create Surface) and change the shape by
changing the coordinates and properties of each point on the surface. Com-
plex forms can also be generated in the parametric method based on the use
of heterogeneous rational B-splines (NURBS) and on the basis of portions
of Bézier surfaces (Editable Patch) [2, p. 18].

It should be noted that in nonlinear architecture the concept of parametric
design is becoming more widespread and may intersect with fractal design.

6. Findings

1. The necessity of bridging the gap between mathematics-discipline and
mathematics-science in the context of the existing discrepancy between the
content of the mathematical education of students of the architectural and
urban specialty with the requirements of modern design is substantiated.

2. The interdisciplinary nature of nonlinear architecture is pointed
out, the principles and rules of which are based on mathematical meth-
ods and models, which are becoming increasingly important in the
design process. All this justifies the need to create conditions for stu-
dents to obtain multidisciplinary knowledge through the introduction of
integrated technologies.
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3. The field of basic mathematical methods and models used in modern
nonlinear architecture is determined, the basic principles of fractal, geomet-
ric and parametric modeling of architectural objects are identified.

4. The limited nature of the presence of modern mathematical knowl-
edge in existing educational programs is indicated and the possibilities of
introducing this knowledge into the educational process are investigated.

5. The approaches aimed at the acquisition of interdisciplinary knowl-
edge by future designers through the organization of scientific work in the
framework of student scientific societies, as well as the introduction of spe-
cialized courses of applied orientation based on integrative technologies,
are proposed.

7. Conclusions

Taking into account modern trends related to the strengthening of the
interdisciplinary nature of the educational process, the joint efforts of math-
ematicians, architects, and IT specialists are necessary for the organic for
implementation of mathematical knowledge into educational design.

The approach proposed in this paper to reduce the gap between math-
ematics and science and mathematical discipline in the process of training
student architects requires the joint efforts of specialists in several fields, as
well as coordination at different levels.

The process of creating and implementing any new educational course
requires long and painstaking efforts. In addition to developing a thematic
plan and methodological support for the discipline, the problem of finding
opportunities to include a new course in the educational process arises.

The authors, as one of the possible directions for introducing new
knowledge into the educational process of students of architectural spe-
cialties, offer work in the framework of the student scientific society. And
the experience of such activities demonstrates a positive result. Students,
having first become acquainted with the principles of fractal geometry, say
that this new knowledge changes their whole understanding of the world.
Also, according to the authors, it is advisable to carry out such work at the
undergraduate level.

The authors believe that the need has long been ripe for revising the
content of educational programs for students majoring in Architecture and
Urban Planning.
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It should be noted that any new course should form an integral pedagog-
ical system. The concept of creating special courses proposed in the article
involves a review of approaches to the selection, placement of educational
material, as well as the choice of teaching style, which is primarily associ-
ated with the applied orientation of such courses.
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