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NO-REFERENCE QUANTITATIVE ASSESSMENT OF GENERALIZED
CONTRAST FOR COMPLEX IMAGES

Context. Nowadays the task of automatically measuring of image quality in real time is extremely relevant for the vast majority of
practical applications. No-reference quantitative assessment of image quality is one of the most pressing and difficult problems of image
processing. Generalized contrast is the most important quantitative characteristic which determines the objective quality of the image.
Currently, the development of new effective methods of no-reference measuring of generalized contrast for complex image in automatic mode
which have the level of computing costs, which are acceptable to implement the processing in real time, is one of the most urgent tasks of
image pre-processing.

Objective. Development of new histogram-based method for no-reference measurement of generalized contrast of complex images on
the basis of the mean value for all contrast values of all pairs of image elements (objects and background) for various definitions of contrast
kernel.

Method. Analysis of known approaches to measurement of a local contrast of the image elements, of known methods of the quantitative
assessment of generalized contrast of complex images as well of the results of experimental research for a series of complex real and test images
allowed to reveal inherent patterns (accordance to basic requirements to the definition of contrast, the nature and the dynamic of contrast
changes at the linear transformations of the brightness scale), which are manifested depending on the use of the different definitions of the
contrast kernels and the metrics of generalized contrast of images.

Results. New histogram-based method for no-reference measurement of generalized contrast for complex images is proposed. No-
reference contrast metrics for the histogram-based measuring of generalized contrast of complex images on the basis of the average contrast
of image elements for different definitions of contrast kernel is proposed.

Conclusions. Proposed no-reference metrics on the basis of the average contrast of image elements for proposed contrast kernels allow
providing accurate quantitative assessment of generalized contrast of the real complex images and enable to evaluate (predict) with reasonable
accuracy the perceived image quality at carrying out of subjective (qualitative) expert estimates.

Keywords: image processing, image quality assessment, contrast measurement, no reference metric, generalized contrast, complex image,
histogram.

NOMENCLATURE Ca'\\l/e is an averaged contrast for weighted contrast
C(L,,L,) is a contrast for two contiguous image elements;  kernel of Nesteruk:

C,.. is an averaged value of contrast of current image;
C,., Is a value of the generalized contrast of current image;

cN (Ly,L,) is a weighted contrast of Nesteruk for two
image elements; C;/Ve is an averaged contrast for absolute contrast kernel

C;(,%i is an averaged contrast for weighted contrast
kernel;

C"i(Ly, L) is a weighted contrast of image elements; ~ Of Vorobel;

Crell(Ll L) is a relative contrast of image elements; CY8 is an averaged contrast for absolute contrast kernel

c'el (Ll, '—2) is a relative contrast of image elements; of Vorobel and Berehulyak;

C;ve is an averaged contrast for linear contrast kernel;

f(C, p(L)) is a function of averaging of contrast values of
image elements;

Cvrb(Ll, L,) is an absolute contrast of Vorobel for two
image elements;

cVB (Ll, L2) is an absolute contrast of Vorobel and 9(C,r(C)) is a function of generalized contrasts of image
Berehulyak for two image elements; elementg; ) ) ) )
cY (Ll. |—2) is a linear contrast of image elements: . L(S) is a function of brightness values of pixels of image
Cgen(Lo) is a generalized contrast for contrast kemel of L is an average value of brightness L of image pixels;
. . L, is a value of the adaptation level for current image;
Nesteruk for adaptation level L ; 0. . . . ;
wei ] i 0 ) L, is a value of brightness of i-th element of image X;
Cgen(Lo) is a generalized contrast for weighted contrast L., is @ minimum brightness values of elements of initial
kernel for adaptation level L image X;
. . L isa maximum brightness values of elements of initial
Cgen(Lo) is a generalized contrast for contrast kernel of im aggaﬁ(' g

Vorobel for adaptation level L; LMAX is a maximum possible value of brightness L;

C\g/gn(Lo) is a generalized contrast for contrast kernel of brigrl)’l(tl;lgs;SLé density distribution function of values of

Vorobel and Berehulyak;
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p(Li,Lj) two-dimensional probability density function of
values of brightness L;

r(C) is a density distribution of values of contrast of
image elements;

S is a closed set of pixels of initial image X;

S, is a nonempty connected i-th subsets of pixels of
initial image X;

X(S,L ) is the initial image.

INTRODUCTION

Currently, the development of new effective techniques
of image quality assessment is one of the most urgent and
important tasks in imaging, pre-processing and analysis of
images [1, 2].

The object of study is the process of contrast
measurement for image quality assessment.

The image quality usually defined on the basis of main
objective characteristics (parameters) of current image [3,
4]. The main characteristic which defines the objective
quality of image is its generalized contrast [3, 5]. At present,
however, quantitative assessment and measurement of
values of generalized contrast for complex images are not
defined uniquely in the literature.

The generalized contrast of complex images is usually
defined basing on the values of quantitative assessments
of contrast for all individual pairs of image elements (objects
and background) [6, 7]. Contrast of two image elements (of
two objects or an object and the background) is a
dimensionless function, which characterizes the difference
between the values of their brightness [7].

The choice of contrast definition of image elements (of
contrast kernel) is very important problem and appreciably
defines the effectiveness (the accuracy) of measurement of
the generalized contrast of complex (multi-element) images
[8]. Definitions of the contrast of image elements shall meet
the basic requirements to the contrast definition [8] and
should ensure reasonably accurate quantitative assessment
(measurement) of contrast of image elements for the real
complex images and should allow evaluate (predict) the
perceived values of image contrast at carrying out of
subjective (qualitative) expert assessments [4].

The various definitions of contrast of image elements
are known [8]. However, the known definitions of contrast
have several very significant disadvantages [8, 9]. The main
disadvantages of the most of the known definitions of
contrast are the uncertainty and the multiplicity of the
conditions under which the extreme values of contrast are
achieved. Also, the essential disadvantage of known
contrast of contrast is great changes (non-invariance) of
their values under linear transformations of the brightness
scale of image.

Currently, the development of new efficient contrast
metrics for the accurate quantitative assessment (of
measurement) of the objective quality of images is an
extremely urgent task in imaging, image processing and
analysis. For elimination of these disadvantages the metric
of generalized contrast of image on the basis of the averaged
contrast for all pairs of image elements (objects and
background) with the using various definitions of contrast
kernels is proposed. This will also improve the accuracy of

measurements of the generalized contrast of multi-element
images with a complex structure. Histogram-based method
for no-reference measuring of generalized contrast of
complex images is also proposed.

The subject of study is the histogram-based methods of
no-reference contrast measurement for complex images.

The purpose of the work is to increase the accuracy of
formation of quantitative assessments (of measurement) of
contrast of multi-element images with complex structure by
development of new metrics of the generalized contrast.

1 PROBLEM STATEMENT

Let‘s suppose that given the initial image X ={ X (S, L)},
where L is a function of brightness which is defined on the
closed set S of image pixels, where L:S —[0,1]]cR.

We suppose there is a partition S = { S1, Sy, ..., Sk } of
the closed set S of pixels of image X on k (k>2) the

nonempty connected subsets (regions) S;, i=1,_k which

correspond to the image elements (to the objects and the
k

background), and S;cS, US;=S, Sif1S;=90
i=1

Vizj, i,jefLk] keNak=2, Li=L(z|zeS;),

L:S; > L e[0cR, i=1k.
Also the probability density p(L) of brightness L of image
X is known,

K
where p(Li)=| S; |18 =] S; [/ Y| 85 |, Ly <fo.1], 1<i<k,
j=1

Suppose given the definition of the contrast C(-,-) of
two contiguous image elements, C:LxL—>[-11]cR,
which is the asymmetric dimensionless function and satisfies
the main requirements to contrast definition, namely:

cltiLj)=-clLjb), clliLj)=0 only when

Li=Lj, |C(Li,LJ—)|:m%qx)|C(Ln,Lm)| only when

|Li—LJ— | :m%|Ln—Lm|_

The purpose of the work is the measurement of generalized
contrast of multi-element images with complex structure. The
generalized contrast C_, is defined as average value of
contrasts C(-,-) at the boundaries of the objects and
background, where r(-) is density distribution of contrast C(:,-)

Cgen = g(C,r(C))= Oﬂ C(I-i’l-j)|'r (C(Li ' Lj))dC(Li ' Lj),

where g:(C,r(C))—[01].

However, the edges detection and the assessment of
distribution r(-) of contrast values C(-,-) on the boundaries
of objects and background are very challenging.

For a given definition of C(-,-) and the known values
{p(L;) }|,;; the problem of measuring the generalized
contrast C__ can be presented as the problem of measurement
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of the mean of the all values of contrast for all pairs of

elements on current image, Cgen = f(C, p(L)). In turn, the
problem of measurement of the mean of the all values of
contrast for all pairs of image elements is to find such

function f :(C, {p(L)} )—>[0,1]< R, which satisfy to all

main requirements to the definition of contrast and is invariant
under the linear transformations of the brightness scale of
the image.

2 REVIEW OF THE LITERATURE

The unambiguous and generally accepted definition of
the generalized contrast for complex images is currently
unknown. The contrast measurement for complex images is
usually carried out by analyzing of contrast values of image
elements. Contrast of image elements is usually defined as
the difference of brightness values on the boundary of the
two image elements (of two objects or object and
background). Currently, the various definitions of the
contrast of pairs of image elements for various applications
are known [8]. In [6] Nesteruk (1970) proposed a definition
of the weighted contrast for two elements of a complex image
for adaptation level L :

CN(Ll,LZ):(Ll.LZ—L%)/(Ll.L2+L%). ®

The value L of the level of adaptation is most often equal

to the average brightness of the current image [6], Ly =L.
The most wide practical application is characteristic for the
definition of a weighted contrast of image elements [10, 11]:

C¥ei(Ly, )= (g~ L)Ly + Ly)- @

Another known definition of contrast is relative contrast,
which is defined as [8]:

Ceh (L, Ly)=(ly - Ly)/ max (L, Ly) 3)

Crel2(Ly,L,)=(4 - L)/ (1-min (L, Ly) ). (@)

The main disadvantages of contrast definitions (1)-(4)
are the uncertainty and the multiplicity of the conditions
under which the extreme values of weighted contrast are
achieved [8]. In [8] Vorobel (1999) has offered the linear
definition of the absolute contrast of image elements which
provides performance of the basic (discussed earlier)
requirements to contrast:

cV"™(Ly, L) = (4 - Ly )/ LMAX. ®)

In [9] Vorobel and Berehulyak (2007) have proposed a
generalized definition for absolute contrast (where n > 0):

CYB(LLy)=sin (-3} lE - " @

The linear definition of contrast, which satisfies the
conditions of asymmetry and equivalence of impact of the
arguments, of unambiguity and certainty of the conditions
under which the equality to zero and the extreme values of
contrast are achieved, and which is invariant to the linear

transformations of the brightness scale, has the form:

C" (L, Ly)= (L ~ L)/(Linax — Lmin)- @
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The definitions (1)-(7) of the contrast of image elements
are called the contrast kernels [8] and are the basis for the
construction of metrics of contrast for complex images.

The assessment of generalized contrast for complex
(multi-element) images is usually carried out by measuring
of contrast values of image elements (of objects and
background) [6]. The various approaches to the
measurement of the generalized contrast of complex image
are known [6, 8]. Currently, as a measure of generalized
contrast of complex image most often used the averaged
value of the contrast of image elements in relation to the
preset value of adaptation level.

For example, in [6] Nesteruk (1970) proposed the
definition of the generalized contrast for anisotropic images
on the base of the weighted contrast CN (1):

o) (-8 (2] s
0

Currently, for the contrast measurement of image elements
the definition of weighted contrast is most widely used,
which has the form [8]:

1

Ciallo)=[|(L-Lo)/(L-Lo)|-p(L)AL g

However, contrast definitions (1)-(4) have significant
disadvantages. Their main disadvantages are the
uncertainty and the multiplicity of conditions of equality
the extreme values.

To address the shortcomings specific to definitions (1)
and (2) of weighted contrast, Vorobel (1999) has proposed
the definition of generalized contrast on the base of the
contrast C¥® (5) [8]:

1
Y, 1
Cgen(LO):myZ-(L— Lg) + LMAX —
~[2-(L- Lo)~LMAX] |- p(L)dL . (10)

In [9] Vorobel and Berehulyak (2007) have proposed the
generalized definition of the contrast for complex image:

1 LMAX

o3 | |{4-g] -

dz‘ (Ln‘Lg)‘ —1‘ ‘ p(L)dL. (11)

The known definitions (8)—(11) are no-reference metrics
for measurement of image contrast. The choice of concrete
value of adaptation level L for current image is a very difficult
problem to the practical implementation of this approach to
measurement of contrast and largely determines the accuracy
of measuring of image contrast with the using (8)—(11).

3 MATERIALS AND METHODS

In this paper the no-reference method of assessment of
generalized contrast of complex image by finding the mean
of all values of generalized contrast for all possible values
L, of the level of adaptation for the current image is proposed.

As an assessment of the generalized contrast we propose
the using of the average value from all possible values of
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generalized contrast which correspond to all possible values
of the level of adaptation for the current image:

I-max
Cage = I Co(Li)- p(Ly)dL; . (12)
I-min
In this case we propose to define the generalized contrast
of complex image at a given value of a level of adaptation as:

Co('—o)=hC(Lj,|—o)\' plLj. Loy plLg) e,

Lo G[Lmin’Lmax]’ (13)
1

O)ZJP(Lj!LO)dLj- (14)
0

The proposed method of no-reference assessment of
generalized contrast of complex image is defined in
accordance with (12) and (13). The expressions (12), (13)
define the metric for the contrast measurement of multi-
element images with using various known definitions of
contrast kernels.

It should be noted that the two-dimensional distribution
p(Lj, L,) of brightness values on the current image is
overwhelmingly not known.

In the case where the objects on image are the equally
important and independent and have no influence on each
other (are independent events of relative to each other), we
have:

plL;.Lo)=plL;) p(Lo). (15)
In this case for (13), (12) using (15) we obtain:

1
ColLo)=flclLy.to)|-plLy)aLy, o)
0
Lmax 1
Cae= | JlclLjiLo)| plL;)plLo)dLjdiy. @n)
Lmln 0

The proposed method (12), (13), (16) provides the
opportunity of creating the contrast metrics with using the
various known definitions (1)—(7) of contrast of image
elements (of contrast kernels). Accordingly, the histogram-
based metrics of contrast on the basis of the definitions
(12), (16) using known definitions (1), (2), (5)-(7) of contrast
kernels can be defined as follows:

cle _ii Lo -2)ly e +|?)‘- p(L;)- p(L;)dLidL; , (18)

11
cae =[]| (P +|—j)|' p(Li)- plL;)dLidL;, (19)
00

|L |_J|

ave _” LMAX Li) p(Lj)dLidLj, (20)

1/n
CXVE;—” L - L] p(Li)‘p(Lj)dLidLjv (21)
C;ve L 'p(Li)'p(Li)dLidLj- (22)
max min

The known (8)-(11) and the proposed (18)-(22)
definitions are no-reference contrast metric for quantitative
assessment of generalized contrast of complex images. A
comparison of the proposed and known histogram-based
methods of contrast assessment for complex images was
carried out in Sections 4, 5 and 6.

4 EXPERIMENTS

Known (8)—(11) and proposed (18)-(22) metrics of
contrast were programmed in the interactive environment
of programming MATLAB to carry out a subsequent
comparative analysis of their effectiveness. A comparison of
the known (8)—(11) and proposed (18)—(22) methods were
carried out on the basis of measurement of generalized contrast
for the two groups of test images. The first group consists of
fifteen test images, which are the results of linear stretching
of a well-known initial image (Fig. 1) for the ranges [0,00—
0,40], [0,15-0,55], [0,30 0,70], [0,45 0,85], [0,60-1,00], [0,00—
0,601, [0,10-0,70], [0,20-0,80], [0,30-0,90], [0,40-1,00], [0,00—
0,85], [0,05-0,90], [0,10-0,95], [0,15-1,00], [0,00-1,00] (Fig. 2).
The second group of the test images consists of fifteen
reference images with complex structural nature (Fig. 3).

The results of measurements of generalized contrast for
the two groups of test images (Fig. 2 and Fig. 3) with the use
of known (8)—(11) and proposed (18)—(22) metrics are shown
in Section 5.

ih-l--llII--Il...'...l.llhlltnh_,J

Figure 1 — Initial test image and its histogram
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m

Figure 2 — The appearance of test images of the first group with the dynamic range:
a - [0,00-0,40]; b - [0,15-0,45]; ¢ - [0,30-0,70]; d - [0,45-0,85]; e - [0,60-1,00];
f - [0,00-0,60]; g - [0,10-0,70]; h - [0,20-0,80]; i - [0,30-0,90]; j - [0,40-1,00];
k - [0,00-0,85]; |- [0,05-0,90]; m - [0,10-0,95]; n - [0,15-1,00]; o - [0,00-1,00]

Figure 3 —Test images of the second group
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5 RESULTS

Researches of the effectiveness of the proposed (8)-
(11) and known (18)—(22) no-reference metrics of contrast
were carried out by measuring (by quantitative assessment
of the value) of the generalized contrast for two groups of
test images with complex structure.

The results of the measurement for the first and the
second groups of test images are shown in Table 1 and
Table 2. Graphs of the values (Tab. 1) of generalized contrast
for test images of the first group (Fig. 2) are shown in Fig. 4.
Graphs of the values (Tab. 2) of generalized contrast for test
images of the second group (Fig. 3) are shown in Fig. 5.

6 DISCUSSION

The results of the measurements show that the
definitions (8), (9) and (18), (19) of the weighted contrast
using contrast kernels (1), (2) are invariant to linear stretching
of brightness range, but their values are significantly
changed at additive transformations of brightness values
on image (of mean value of brightness on image) (Fig. 4).
The assessments (10), (20) on the basis of absolute kernel

of Vorobel (5) of absolute contrast are invariant to additive
transformations and are proportional to multiplicative
transformations of image brightness scale (Fig. 4). The
assessments (11), (21) on the basis of non-linear absolute
kernel of Vorobel and Berehulyak (6) are changed
substantially under linear transformations of the image
brightness (Fig. 4). The contrast assessment (22) on the
basis of linear kernel (7) is invariant to linear transformations
of image brightness scale (Fig. 4). The assessments of
averaged contrast (20) and (22) for absolute kernel of Vorobel
(5) and of linear kernel (7) coincide when analyzing pre-
normalized images (Fig. 4). The values of known assessments
of the generalized contrast (10), (11) on the basis of contrast
kernel of Vorobel (5) and contrast kernel of Vorobel and
Berehulyak (6) are proportional the proposed assessments
(20), (21) of averaged contrast, however known definitions
(10), (11) of the generalized contrast give the significantly
overstated values of contrast assessments (Fig. 4 and Fig.
5). The assessments (20) and (22) used absolute kernel of
\orobel (5) and linear kernel (7) are the closest and are most
suitable for quantitative assessment of contrast of images
with complex structure (Fig. 5).

Table 1 — Results of calculating for the first group of test images

2a 2.b 2.c 2.d 2.e 2.f 2.9 2.h 2. 2.j 2.k 2.1 2.m 2.n 2.0
Limin 0.00 0.15 0.30 0.45 0.60 0.00 0.10 0.20 0.30 0.40 0.00 0.05 0.10 0.15 0.00
Limax 0.40 0.45 0.70 0.85 1.00 0.60 0.70 0.80 0.90 1.00 0.85 0.90 0.95 1.00 1.00
Cé\len 0.802 | 0.392 | 0.247 | 0.182 | 0.144 | 0.802 | 0.567 | 0.417 | 0.327 | 0.270 | 0.802 | 0.721 | 0.631 | 0.558 | 0.802
Cg\;\g}ri 0.647 | 0.207 | 0.126 | 0.092 | 0.073 | 0.646 | 0.321 | 0.222 | 0.170 | 0.139 | 0.646 | 0.471 | 0.374 | 0.315 | 0.646
C\éen 0.207 | 0.207 | 0.206 | 0.206 | 0.207 | 0.310 | 0.309 | 0.310 | 0.310 | 0.310 | 0.436 | 0.436 | 0.435 | 0.437 | 0.504
C\g/eBn 0.205 | 0.252 | 0.276 | 0.295 | 0.310 | 0.307 | 0.347 | 0.373 | 0.392 | 0.408 | 0.431 | 0.456 | 0.474 | 0.489 | 0.496
Ce’a\\l/e 0.813 | 0.251 | 0.158 | 0.117 | 0.093 | 0.810 | 0.379 | 0.267 | 0.209 | 0.173 | 0.810 | 0.562 | 0.442 | 0.372 | 0.813
c;\\/leei 0.688 | 0.224 | 0.142 | 0.105 | 0.084 | 0.697 | 0.325 | 0.237 | 0.186 | 0.155 | 0.696 | 0.450 | 0.370 | 0.322 | 0.688
Cglve 0.123 | 0.123 | 0.122 | 0.122 | 0.123 | 0.184 | 0.183 | 0.184 | 0.183 | 0.184 | 0.261 | 0.260 | 0.260 | 0.261 | 0.307
CX\IBe 0.131 | 0.159 | 0.172 | 0.184 | 0.193 | 0.196 | 0.219 | 0.235 | 0.246 | 0.256 | 0.278 | 0.293 | 0.303 | 0.314 | 0.327
C;ve 0.307 | 0.307 | 0.305 | 0.306 | 0.307 | 0.307 | 0.306 | 0.307 | 0.306 | 0.307 | 0.306 | 0.306 | 0.307 | 0.307 | 0.307
Table 2 — Results of calculating for the second group of test images
3a 3b 3.c 3d 3e 3.f 3.9 3.h 3. 3 3k 3. 3.m 3.n 3.0
Cé\‘en 0.122 | 0.348 | 0.250 | 0.297 | 0.780 | 0.232 | 0.532 | 0.325 | 0.408 | 0.820 | 0.857 | 0.412 | 0.422 | 0.363 | 0.463
Cg\;\g:ri] 0.065 | 0.184 | 0.132 | 0.159 | 0.563 | 0.128 | 0.306 | 0.178 | 0.236 | 0.552 | 0.745 | 0.231 | 0.281 | 0.259 | 0.270
C\g/en 0.208 | 0.196 | 0.243 | 0.262 | 0.303 | 0.289 | 0.328 | 0.304 | 0.336 | 0.375 | 0.455 | 0.393 | 0.410 | 0.441 | 0.640
C}J/En 0.301 | 0.242 | 0.322 | 0.333 | 0.304 | 0.378 | 0.367 | 0.370 | 0.387 | 0.380 | 0.439 | 0.454 | 0.468 | 0.508 | 0.746
Ca’\\l/e 0.102 | 0.238 | 0.186 | 0.220 | 0.678 | 0.194 | 0.386 | 0.253 | 0.329 | 0.623 | 0.920 | 0.318 | 0.441 | 0.432 | 0.366
C;\\//eei 0.092 | 0.229 | 0.176 | 0.213 | 0.537 | 0.184 | 0.345 | 0.246 | 0.311 | 0.434 | 0.618 | 0.292 | 0.368 | 0.358 | 0.321
CXve 0.142 | 0.126 | 0.159 | 0.175 | 0.198 | 0.201 | 0.209 | 0.215 | 0.235 | 0.228 | 0.265 | 0.264 | 0.263 | 0.281 | 0.370
CX\?e 0.218 | 0.168 | 0.224 | 0.237 | 0.214 | 0.280 | 0.251 | 0.283 | 0.292 | 0.247 | 0.277 | 0.331 | 0.315 | 0.333 | 0.446
C;ve 0.142 | 0.170 | 0.176 | 0.195 | 0.198 | 0.237 | 0.213 | 0.244 | 0.235 | 0.228 | 0.266 | 0.276 | 0.263 | 0.281 | 0.370
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The values of the generalized contrast C for test images

2a 2b 2c 2d 2e 2.f 2.9 2.h 2. 2 2k 21 2.m 2.n 2.0
The names of test images of the first group
Figure 4 — Values of generalized contrast for test images of the first group

The values of the generalized contrast C for test images

i i i i i i

i i i i i i i
3a 3b 3.c 3.d 3.e 3f 3.9 3.h 3. 3] 3k 31 3m 3n 3.0
The names of test images of the second group

Figure 5 — Values of generalized contrast for test images of the second group
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CONCLUSIONS

The problem of no-reference measuring of a generalized
contrast of complex images is considered. The urgent
problem of increasing the accuracy and reliability of no-
reference measurements of contrast for multi-element images
with complex structure is solved to improve the accuracy of
the image quality assessment in automatic mode.

The histogram-based method of no-reference contrast
measurement of multi-element image with complex structure
by finding the mean of all values of generalized contrast for
all possible values of the level of adaptation for the current
image is firstly proposed. The no-reference contrast metrics
on the basis of the averaged value of contrast for all pairs of
image elements (objects and background) using various
definitions of contrast of image elements (contrast kernels)
is firstly proposed. This allows to increase the accuracy of
measuring of generalized contrast for multi-element images
with complex structure and, as a consequence, to improve
exactness and reliability of image quality assessment for
complex images. This also allows to provide the operative
measurement of contrast and the assessment of image
quality in the automatic mode with the level of computing
costs which is acceptable to processing and image analysis
in real time. The practical significance of obtained results is
that software implementation of the proposed contrast
metrics is developed, as well as experiments to study their
properties at various definitions of contrast kernels are
carried out.

The experimental results allow to recommend the
proposed method of no-reference measurement of contrast
to use in practice for image quality assessment in automatic
mode as well as to ensure the effective choice of the
definitions of contrast of image elements (of contrast
kernels) and conditions of their use for various practical
applications.
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!AcnipanT, Hanionansnuii yHiBepcuteT «JIbBiBChbKa MosiTeXHika», JIbBiB, Ykpaina

2JI-p TEXH. HayK, 3aBilyBad Kadeapu eleKTpOHHMX 3aco6iB iH(OPMaiiHO-KOMII FOTEPHUX TeXHONOrii, HarionansHui yHiBEPCHTET
«JIpBiBCHKa TOMiTEXHIKAY, JIBBIB, YKpaiHa, mpodecop kadenpu, Bapminbcko-Masypcbkuit yaiBepcuter B OnbmtuHi, OnpmtuH, [Tonsma

KIUIBKICHA OLIHKA BE3 ETAJIOHY IJIs1 Y3ATAJIBHEHOI'O KOHTPACTY CKJIAJHUX 30BPA’KEHb

AKTyaJabHicTh. B Ham yac BuMiproBanHs (KUIBKiCHA OLIHKA) SKOCTI 300pa’keHb Y aBTOMaTHYHOMY PEXUMI € HaI3BHYANHO aKTyalbHOIO
po0IeMOI0 ISl OUIBIIOCTI MPAKTHYHUX 3aCTOCYBaHb. BUMIpIOBaHHS SIKOCTI 300pakeHHs 0e3 eTaJoHy € OIHUM i3 HaWOUIbII aKTyadbHUX 1
CKJIaTHUX 3aBIaHb OOpOOKH Ta aHaNi3y 300paxkeHb. KoHTpacT € HaltOLIbII BaXIIMBOIO KUTBKICHOIO XapaKTEPUCTUKOIO, SIKa BU3HAYA€E 00’ EKTUBHY
SIKICTB 300paXkKeHHs B I[iToMy. B Ha yac po3apoOka HOBHX €(pEKTUBHUX METOMIB (METPHK) LISl BAMIPIOBAHHS y3arajJbHEHOTO KOHTPACTy 300pa-
JKeHb y aBTOMaTHIHOMY PEXHMI € OIHIEI0 € HAaHOUTbII aKTyaJbHUX 33a]1a4 00pOOKH 1 aHAIli3y 300paKeHb.

MeTa. Po3poOka MeToy BUMIPIOBaHHS y3araJlbHEHOrO KOHTPACTy OaraToeJIeMEHTHUX 300pa)eHb 3i CKIaIHOI0 CTPYKTYpPOIO 3a iX ricror-
pPaMOIO Ha OCHOBI yCEPEIHEHOTO KOHTPACTY eJeMEHTIB 300paxkeHHst (00’ €KTiB i pOHY) 3 BUKOPHCTAHHSIM PI3HMX BU3HAUEHB SPA KOHTPACTY.

Metoa. AHami3 BiTOMUX MIIXOAIB IO BUMIPIOBAHHS JIOKQJTGHOTO KOHTPACTY €JIEMEHTIB 300pa)KeHHsI, BITOMHX METOIIB KUTbKICHOI OIIHKA
y3arajibHEHOr0 KOHTPACTY CKIIaJHUX 300pakeHb, a TAKOXK PE3yJbTaTiB eKCIIEPUMEHTAIBHUX JTOCIIIDKEHb IS PSIIY CKIaIHUX pealbHUX 1 TeCTo-
BUX 300pakeHb O3BOJIMB BHSBUTH BJIACTHBI IM 3aKOHOMIPHOCTI (BiAMOBIIHICTH OCHOBHUM BMMOTaM JIO BH3HAYEHHS KOHTPACTY, Xapakrep i
JIMHAMIKY 3MiH KOHTPACTY MPH JIHIHHUX MEPETBOPEHHSIX IIKAJIN ICKPABOCTI 300paXKEHHS), K MPOABISIIOTHCS B 3aJIEKHOCTI BiJl BAKOPUCTAHHS
PI3HUX BH3HAYEHb sIep KOHTPACTY I METPUK y3araJbHEHOTO KOHTPACTY 300pakeHb.

Pe3yabraT. 3anpornoHOBaHO HOBHI METOJ BHMIPIOBAHHS y3arallbHEHOTO KOHTpAcTy 0e3 eTajoHy Ui CKIaIHHX 300pakeHb Ha OCHOBI
ricrorpamu. 3alpolOHOBAaHO METPHUKY BUMIPIOBaHHS y3aralbHEHOTO KOHTPACTY IS CKJIAJHHUX 300pa)keHb Ha OCHOBI yCEepEIHEHOTO KOHTPACTY
JUISL BCIX OKPEMHX Tap eJleMeHTIB 300paxenHs (00’€KTiB i GOHY) 1y pi3HUX BU3HAYEHD SAPA KOHTPACTY.

BucHOBKH. 3anpornoHOBaHa HOBA METPHKA KOHTPACTY Ha OCHOBI CEPEIHBOTO IS BCIX 3HAUYCHb KOHTPACTY BCIX €IEMEHTIB 300paskeHHS
ZI03BOJIsIE 3a0€3MEUNTH TOYHY KUTBKICHY OLIHKY y3arajbHEHOTO KOHTPACTY CKIAaJHHX pealbHUX 300paKeHb i OMIHUTH (IPOTHO3YBAaTH) SKICTh
CHIPUAHATTS 300paKeHHs NPH TPOBENEHH] CY0 €KTUBHUX (IKICHHX) EKCIIEPTHHUX OLIHOK.
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KurouoBi ciioBa: 06poOka 300pakeHb, OLIHKA SKOCTI 300pa’keHHs, BUMIPIOBAHHS KOHTPACTY, MeTpHKa 0e3 eTaloHy, y3aralibHEHWi
KOHTPACT, CKJIaJHe 300paskeHHs, ricTorpama.
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!Acniupant, HanmoHanbHeiil yHEBepCcHTET «JIbBOBCKAs MOIUTEXHIKaY, JIbBOB, YKpanHa

2J]-p TeXH. HayK, 3aBEYFOLINN KadeApbl MEKTPOHHBIX CPEICTB HUH(OPMALIOHHO-KOMIIBIOTEPHBIX TEXHONOrMH, HalnoHabHbIH YHIBEpCH-
et «JIbBOBCKast IONUTEXHIKA», JIbBOB, YKpauHa, 2npodeccop kadenpst, Yausepcurer Bapmuu 1 Masyp B Onbiutbine, OnbiuthiH, [Tonbua

KOJIMYECTBEHHAS OLIEHKA BE3 3TAJIOHA JIJISI OBOBIIEHHOTO KOHTPACTA CJIOXKHBIX U30BPAXKEHUI

AKTyaJbHOCTB. B Hacrosmee BpeMs u3MepeHue (KOIMYECTBEHHAs OLICHKA) KaueCTBa H300PXKCHUIl B aBTOMATHYECKOM PEKUME SBIIICTCS
Ype3BbIYaiiHO aKTyalbHOI 3a1aueit 11 OONBIIMHCTBA IIPAKTHYECKUX NMPUIIOKeHHH. M3MepeHne kauecTBa n300paxkeHust 0€3 ITalloHa SIBIISeTCS
OZIHOH 13 HanboJee aKTyalbHBIX U CIOXKHBIX 337124 00pabOTKH U aHaIM3a H300paskeHHit. KonTpact siBisiercs Hanbosee BaXKHOH KOJIMYECTBEHHOM
XapaKTepHCTUKOH, KOTOpasi onpeselsier 00beKTHBHOE KauecTBO 300pa)KeHusl B LieJIoM. B Hacrosiee BpeMs OHOH 13 Haubonee akTyalbHBIX
3a/1a4 aHaJIU3a H300paKeHUH BIsIeTCs pa3paboTka HOBBIX 3((HEKTUBHBIX METONOB (METPHK) I H3MEpEHHUs 0000IIEHHOr0 KOHTPAcTa H300pa-
JKEHHH B aBTOMAaTHYECKOM PEKUME.

Heas. Pazpaborka Merona u3MepeHHs: 0000IIEHHOTO KOHTPACTa MHOTO3JIEMEHTHBIX M300paKeHUH CO CIOKHOH CTPYKTYpOi 110 MX THCTOr-
pamMMe Ha OCHOBE U3MEPEHUsI CPEIHETO 3HAUECHMsI KOHTPACTA BCEX NEMEHTOB M300pakeHMs! Ul pa3IMUHbIX ONpPEeIeHHH Aapa KOHTPACTa.

MeToa. AHAIM3 U3BECTHBIX IOJXO0I0B K U3MEPEHHIO KOHTPACTA IEMEHTOB U300paXKEHUsSI U M3BECTHBIX METOIOB KOJIMYECTBEHHOH OLIEHKU
0000IIEHHOTO KOHTPACTa CIOKHBIX N300paXKEHUH, a TaKKe Pe3y/IbTaToB SKCIEPUMEHTAIbHBIX HCCIENOBAHUM 1T PsANa CIOXKHBIX PealbHbIX U
TECTOBBIX H300pa’KEHUH MO3BOJIMII BHISBUTH CYIIECTBYIOMINE 3aKOHOMEPHOCTH (COOTBETCTBUE TPEOOBAHHUSM K ONPE/ICIICHUAIO KOHTPACTA, XapaK-
Tep M3MCHCHHII KOHTpAcTa HpH JIMHEHBIX IpeoOpa3oBaHUAX IIKAIBI SPKOCTH), KOTOPBIC HPOSBIIOTCA B 3aBUCHMOCTH OT HCIIOJIB30BaHUS
Pa3IMYHBIX ONPENENEHUH siep KOHTpAcTa U METPUK 00O0OIIEHHOr0 KOHTpacTa H300paskeHHit.

Pe3yabTarel. [Ipeiioxken HOBBIH MeTOX M3MepeHHUs 000OIIEHHOro KOHTpacTa 0e3 3TaloHa AN CIOXKHBIX H300pakeHuil. IIpennoxena
METpHKa M3MEpPEeHHsT 0000LIEHHOIO KOHTPACTa CIOXKHBIX M300pa’KeHMH 110 UX TMCTOrpaMMe Ha OCHOBE YCPEIHEHHOrO KOHTpacTa s BCeX
OTJIEIbHBIX T1ap 2JIEMEHTOB U300paXKEHUs A1 PA3IMUHbIX OIPEIENeHHH A1pa KOHTPacTa.

BoiBoabl. IIpennoxkeHHas HOBasi METPUKAa KOHTPACTA [103BOJIAET OOECIIEUUTh TOUHYIO KOJIHYECTBEHHYIO OLIEHKY 0000IIEHHOr0 KOHTpacTa
CIIOJKHBIX PealIbHBbIX U300pakeHHI U OLIEHUTh BOCIIPHHUMAEMOE Ka4eCTBO H300paXKeHU I IIPH [IPOBEIEHHHU CyObEKTHBHBIX SKCIIEPTHBIX OLICHOK.

KuoueBble cioBa: 00paboTka H300pakeHHH, OLlEHKA KauecTBa N300paXkeHHs!, U3MEPEHUe KOHTpacTa, MeTpuKa 0e3 3TanoHa, 00001eH-
HBIl KOHTpACT, CIIOKHOE U300pakeHue, THCTOrpaMma.
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PASPABOTKA METOOA BEPUPUKALIMUN KPUTEPUA ONA
onTMMMN3AUNN ONEPALIMOHHbLIX NMPOLIECCOB
C PACMNPEAENEHHBIMU NMAPAMETPAMU

AKTyabHOCTB. PemieHa akTyansHas 3a1a4a BepHU(pUKAINK KPUTEPHS U ONTUMHU3AIMN ONEPAMOHHBIX MIPOLIECCOB C PACTIPEAEICHHBIMH
rapaMeTpaMH.

Leab padoThl — co3naHMe METOAA BEpU(PHUKAILMN OIEHOYHBIX KPHTEPHEB, OONANAOIINX BBICOKOH M30MPATEIbHOCTHIO M MO3BOJIAIOIINX
WCKITFOYHTh M3 PACCMOTPEHUS T€ TOKA3aTeNH, KOTOPble 00eCIeYNBaOT MPOTUBOPEUUBBIE PE3YIBTATHI 10 OTHOIIEHHIO K pe3ylibTaTaM YacTHBIX
KpuTepueB 3G GEKTUBHOCTH.

Mertoa. IIpemioxen Meron BepuduKanMy MIOOATEHOTO KPUTEPHUS UL ONTHMH3AIMK ONEPAIlMOHHBIX NPOIECCOB C paclpeaeIeHHBIMA
rapaMeTpaMH MPOIYKTOBBIX TIOTOKOB, KOTOPBIM OCHOBaH Ha ()OPMHPOBAHHUH KIIACCOB TATOHHBIX ONEpalyii, HACHTU(HINPOBAHHBIX C HCIOIb-
30BaHMEM YaCTHBIX KpUTepHEB 3()(HEKTUBHOCTH, KOTOPHIE, B CBOIO OYepe/lb, OCHOBAHBI HA HCIIOIb30BAaHUH BBISBICHHBIX OCOOCHHOCTEH BTOPBIX
HHTETPaJbHBIX TAPAMETPOB OT MHTETPATBHBIX (PYHKIIHI BXOJa M BBIXO/Ia NIOOATBHOI MOJIEH ONEpaIiH, aleKBaTHOCTh KOTOPBIX MaTeMaTniec-
KM JI0Ka3aHa, 00ecreunBasi TEM CaMbIM OTOOp ITOKa3aTels], OLEHOYHbIE 0COOCHHOCTH KOTOPOTO IO3BOJIIOT COITIACOBATh PE3YIbTAThl OTepalii-
OHHOI1 JICATETBHOCTH YIPABIIEMBIX CHCTEM C LSO MX BIAJENBIIA 33 CUET BBIXOJA B PEXKHMM YIPABICHUS COOTBETCTBYIOIETO MAaKCHMYyMY
3¢ PEKTUBHOCTH UCIIONB30BAHUS PECYPCOB.

Pe3yabrarsl. PazpaboTaH alroput™ peanus3alii MeToaa Bepru(UKaMU OLEHOYHBIX MOKa3aTelNel, KOTOpblil ObLI UCHOIB30BaH MPH TPO-
BE/ICHUH BBIYHMCIUTEIBHBIX SKCIIEPUMEHTOB CBA3aHHBIX C MILTIOCTPALEH BO3MOXKHOCTEH MPEATIOKEHHOTO METOA.

BriBoabl. Briepssie pa3zpaboTaHo TpH Kiacca 3TAJOHHBIX MOJENEH onepamnuii ¢ pacnpeeIeHHBIMU TapaMeTpaMy, Kaxaas U3 KOTOPBIX
HUAECHTU(HUIUPOBAHA C UCTIOIB30BAHUEM YaCTHOTO Kputepus 3ddexTnBHOCTH.

Pa3paboTka mpeuIoXKeHHOr0 METo/ja TI03BOJIAET OCYIIECTBIIATh 00OCHOBAHHBIH BHIOOP €AMHOTO MOKA3aTelNs ISl HCIOIB30BAaHHS B KAUeCTBE
mI00aIbHOTO KPUTEPHS ONTHMH3AIMU OMEPAIMOHHBIX MIPOLIECCOB C PACHpENeNCHHBIMH ITapaMeTpaMy JIFOOBIX CHCTEM, MPOLECCHl KOTOPBIX
3T0rO TpeOyIoT. Bo3MoXxHOCTE BEIOOPA a/IeKBATHOTO KPUTEPHUS ONTHMH3ALUHN OOSCIICUHT MOBBIIICHHE TEMIIOB PAa3BUTHS MPOU3BOICTBEHHBIX
CTPYKTYD.

IIpoBeneHHBIE SKCTIEPUMEHTSI TOATBEP MM PAOOTOCTIOCOOHOCTH MPEATIOKEHHOTO METOIA, PEaTn30BaHHOTO B BU/IE AJITOPUTMA, YTO TTO3BO-
JISIET PEKOMEHJIOBATh €T0 CIEHaIuCcTaM — MIPAKTHKAM JUI 0TOOpa OLEHOYHOTO KPUTEPHS U3 MHOXKECTBA ITOKA3aTelel, KOTOpbIe MPEIararoTcs
HCCIIeIOBATENIIMU B KaueCTBE KPUTEPHS ONTUMM3AINH OIEPAI[OHHBIX IIPOLECCOB C Paclpe/eIeHHPIMU apamMeTpaMu. [loka3arens, KOTOpBIit
YCHEIIHO TpomieNn BepupuKanuio, 00ecrnednBaeT BO3MOXHOCTh COIIACOBAHMS NapaMEeTPOB ONEPAIMOHHOIO MPOIEcca ¢ IEIbI0 BIIaJEbla
(cymepcucremsr). [Ipu 3TOM, MPEMONAracTCs, 9TO LENBI0 CYMEPCUCTEMBI SBISETCS MAKCHUMH3AIUs COGCTBEHHBIX BO3MOKHOCTEH, MPSIMO CBSI-
3aHHBIX C 3((PEKTUBHOCTHIO HCIOIB30BAHUS JOCTYITHBIX PECYPCOB.

KnrodeBble cj10Ba: KpUTepHid ONTHUMHU3AaNNY, BepU(UKAIUs TTOKa3aTeNeH, STaJOHHast MOJIENb ONEPaNny, ONepalii C pacupeieeHHBIMA
rapamMeTpaMH, oreHka 3(p(eKTHBHOCTH oneparuii.
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HOMEHKJIATYPA
TO — Bpems onepanum;
UKD — gactHbli KpuTepuil 3QdexTHBHOCTH;
f; — BHJ MOJENH - BXOJHOTO TIPOIYKTOBOTO TIOTOKA;
rg; (t) — KOJIMYECTBEHHBIM IapaMeTp MOJEIH | - BXOA-
HOTO TIPOXYKTOBOTO MOTOKA;

i — KOJIMYECTBO BXOIHBIX MPOAYKTOB OIEPALINH,
rS — oKkcreprHasi (CTOMMOCTHASI) OLCHKA CAWHHIIBI KO-

JIMYECTBCHHOT'O MMapamMeTpa I’qi (t),

re; (t) — TeKylllee 3Ha4YeHHE JKCIEPTHON (CTOMMOCTHOM)

oueHKH Mozenu noroka I, (t);
re (t) — miobanmpHast yHKIUS BXOAA,

tsr — MOMCHT Haydajla noJa4u nepBOro BXOAHOI'O IIpO-

JIYKTOBOI'O ITOTOKA,

i — MOMEHT 3aBeplIEHHs BBLIAYM MOCIEIHETO BXOIHO-
ro IpOAYKTOBOI'O ITOTOKA,

IRE — mapameTp MHTETpalbHOH OIEHKH ITOOaIBHOM

¢byHKIMH BXOAa Ie (t);

VRE — nmapamerp MHTErpajibHOM OLIEHKH OT MHTErpajb-
Holt (yHKIMHM BXOmA Ire ('[);

P; — Bux moxenu j- BBIXOJHOT'O IPOAYKTOBOI'O ITOTOKA,

Pq i (t) — KOJIMYECTBEHHBIM MapaMeTp MOAEIH ]-BBIXOA-
HOro IIPOAYKTOBOIO IIOTOKa,

j— KOJIMYECTBO BBIXOIHBIX MPOAYKTOB OIIEpalUu,

PS — skcmeprHas (CTOMMOCTHASI) OIIEHKA SAWHHUIIBI KOJH-

4eCTBEHHOro mapamerpa (; ('[);
PE; ('[) — TeKylllee 3HaYEHHE DKCIEPTHOM (CTOMMOCT-
HOl) OreHKH Mozeny moToka P (t);

pe (t) — mobasibHasi (YHKIUS BBIXOJA;

t,, — MOMEHT Hauama MOJAYH [EPBOIO BHIXOIHOIO MPO-
JTYKTOBOTO ITOTOKA,

tg,
HOTO TPORYKTOBOTO MOTOKA;

IPE — mapameTp WHTETrpaJibHOW OIEHKH TI00aIbHON

— MOMCHT 3aBE€PIICHUA BBIJAYH ITOCIICAHETO BBIXOI-

¢byHKIMM BBIXOOA € (t);

VPE - mapameTrp WHTErpaibHON OLIEHKH OT WHTErpalb-
HOM (yHKLMHM BbIXO#a IPe€ (t);

se (t) — TeKyIIHe 3amachl EHHOCTEH ISl IPOBENEHUS
omnepanui,

— HavaJbHBIN M 3aI1aCoOB IIEHHOCTEMH,

SE, aua 00BeM 3amacoB IIEHHOCTE

¥ — MoJieNb ONepalMy ¢ paclpeesieHHBIMU IapaMeT-
pamn Bo Bpemenn Gynkunit re(t) u pe(t);

(® — Mozenb NPOCTOM onepalnuu ¢ eIUHUYHOW MpOoAoII-
JKUTEIbHOCTbIO BO BPEMEHU,

RL — aOCONIOTHBIM OICHOYHBIN MOKA3aTelb;

EL — OTHOCHTENBHBIN OLIEHOYHBIM MOKa3aTellb;

k — xoaddurment mobGaBIeHHON IEHHOCTH;
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t — MOMEHT BpemeHH Omepalyy, KOTOpbIH onpenenser-
cst U3 paBeHcTBa VIe (t) =vpe (t);

vre(t) — BTOpasl MHTerpaibHas (QYHKIHSA OT (YHKIHH
BXOJa re(t);

vpe(t) — BTOpast HHTeTpaJbHas (YHKIHSA OT (pyHKINH
BBIXOJIa pe(t).
BBEJIEHHE

Jist Toro 94TOOBI pe3ynbTaThl (PYHKIIMOHUPOBAHHS YII-
paBIsIeMOi CHCTEMBI OBLITM MAaKCUMAJIBHO COTJIACOBAHBI C
[EJbI0 ee BIaJelblia (CylepcucTeMsbl), HEOOXOAUMO OITH-
MHU3UPOBATh MPOIECCH yIpaBieHus. B HacTosiee Bpems
GYHKIUS ONTUMH3ALUN KpalHe PEIKO aBTOMAaTH3UPYETCS
W CBSI3aHO 3TO C TEM, YTO B KAYECTBE KPUTEPHUS ONTUMH3a-
1M WCTIONB3YIOTCS TIOKa3aTeNr, BOSMOXXHOCTH KOTOPBIX, KaK
ykazaTelneil Ha caMoe d(PQEeKTHBHOE yIpaBlIEHHE, CHCTEM-
HO HE 00OCHOBBIBAIOTCS.

Hampumep, mAPOKO HCHONB3YeTCs MOMBITKA ONTUMH3a-
UM 10 KPUTEPHUI0 MUHUMYMa 3arpaT. OIHAKO HCIIONb30Ba-
HHE MOKa3aTelsl «3aTpaThl» B KAYECTBE KPUTEPUS OITUMH-
3aIuy, HE TMO3BOJSIET MAaKCHMH3HPOBATH BO3ZMOXHOCTH YII-
paBiaenusi. Ecnm, Kk npuMmepy, peHTa0EIbHOCTH
orepaioHHoro mpouecca coctapiser 10%, a, moBbIIeHHE
3arpaT Ha 1%, MOBBIIIAET MPOU3BOIUTEILHOCTD B JIBa pa3a U
CHIDKaeT J00AaBJICHHYIO IIEHHOCTh Ha 1%, TO B paMkax paHee
HEOOXOMMOT0 MHTEpBalia BPEMEHHU MOXKHO IPOBECTH JIBE
CHCTeMHbIE orepanuy. [Ipu 3TOM Kaxxias Takas OIeparms,
MIPOBE/ICHHAs ¢ J00aBICHHOW IEHHOCTHI0 9%, TpaKTHUECKU
€e YIBOHT 3a BpeMsl MPOILIOro OMepaloHHOro Iporiecca.

TakuM 00pa3zoM, JUIsl PEUICHUsS 33a4d ONTHMAIHHOTO
yIpaBieHHusl Cpe MHOXKECTBA MOKa3aTelel, KOTOphle OIl-
penensitoTCs MCCIe0BaTesIMA KaK MokazaTenu 3 pekTus-
HOCTH WJIM KPUTEPHH ONTUMH3ALMH, HEOOXOIMMO OTOOpaTh
MMEHHO TOT NOKa3aTellb, KOTOPBIH MO3BOJIUT MaKCUMAIbHO
TOYHO COTJIACOBATH PE3YIbTaThl NPOLECCYyaTbHOU NesITeNb-
HOCTH YIIPaBJIIEMOIN CHCTEMBI C LENBI0 CYNEePCHCTEMBI.

Jns pemenust 3Tol 3a7auyd MOYXKHO BOCIOJIB30BAThCS
METO/IOM BepU(UKALUH, OCHOBAHHBIM Ha HCIIOJIB30BAHUHU
(opManbHBIX MPU3HAKOB (MEPBBIN dTanm Bepuduramum) [1]
U CO3JaHUM KJIACCOB JTAJIOHHBIX MIACHTH()UIIMPOBAHHBIX
Mozeseit onepanui, 3pHEKTUBHOCTh KOTOPBIX NpeaBapH-
TEBHO ONpezieNnena ¢ uernoiap3oBanneM UKD (BTopoit sTam
Bepudukanun) [2].

YacTHbIMH KpUTEepHUSAMH 3P (HEKTUBHOCTH B paboTe or-
peneneHsl MoKa3aTeNnH, KaKIbld U3 KOTOPBIX 00ecrevunBaeT
BO3MOXKHOCTh PEHTHHTOBOH OIICHKH 3()(PEKTUBHOCTH MO-
Jieeld ATaIOHHBIX ONepaluil B paMKax CIEUabHO CO3/IaH-
HOTO KJIacca TaKUX OTepallyid.

Tor BepuduUMpyeMblii MOKa3aTeNIb, KOTOPBIH YCHEIIHO
MPOLIET BCE MHOXKECTBO TECTOBBIX 3aJaHUI Ha HENPOTHBO-
PEYHMBOCTH, C BBHICOKOW JIONIEH BEPOSTHOCTH MOXKET HCIIOJNb-
30BaThCsl B CUCTEMaX aBTOMATHUYECKOTO YMPaBJCHHS B Kade-
CTBE KPHUTEpHUsI ONTUMH3ALUH.

B Hacrosimee BpeMsi 4acTHBIE IMOKA3aTeNN U KIIacChl 3Ta-
JIOHHBIX MOJICJICH TECTOBBIX OMepanuii pa3paboTaHbl s
BepU(DUKAIIMK OLIEHOYHBIX MMOKa3aTeslel MPOCTBIX MOAENeH
omepanuit [2].
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ITockonbKy peanbHble IPOLIECCHl UMEIOT paclpeeieH-
HBIE BO BPEMEHH IIapaMeTPHl IIOTOKOB pecypcororpedie-
HHUS U pecypcooTnadn, HeoOxoqumo paspaborats UKD s
CO3/1aHMs1 KJIACCOB 3TAJIOHHBIX MOJENEHl onepalui, KoTopsle
MO3BOJISIOT YYUTHIBATh BIMSHUE XapaKTepa PacIpencieH-
HBIX ITapaMeTPOB HCCIEMyeMBIX Mojernell omepanuu Ha 3¢-
(DEeKTHBHOCTH MX OIEPAI[OHHBEIX IIPOIECCOB.

Vcrionp30BaHUE KIACCOB MACHTH()UIMPOBAHHBIX OTHO-
CHUTENIFHO PEHTHHTOBOI 3()(heKTHBHOCTH TECTOBBIX Omepa-
IUH, 00eCIIeunT BO3ZMOXHOCTh BEpPH(UKAIIMN OLEHOUHBIX
IoKasaTeNel ¢ Melbpi0 BHIOOpa JIydmiero o0beKTa Ul HC-
IOJIb30BaHUs B Kau€CTBE KPUTEPHs ONTUMU3ALMU.

1 ITIOCTAHOBKA 3A1AYN

I[JISI JOCTHKCHUA LECIN H€O6XOI[I/IMO ciaenyrouiee:
1. I[OKa3aTI>, 4TO U3 JIBYX CMHXPOHHU3HPOBAHHBIX OIEpa-
L[I/Iﬁ C pacnpeaciCcHHbIMU nmapaMeTpamMu Buaa

Wy =[re(t), per(t)] n LI’Z—[rez ), pey (t )] e

tr L tr ter

[ren(t)ydt=] re;(t)dt, || [re(t)dt|dt=[| [ re,(t)dt |t
tsr

tSr tST tSI’ tsr tSI’

pe, (t) , 3¢ dexruBHei Oyner omepanust ¢ MCHb-

n pe(t)=
MM 3HAYCHHEM MapaMeTpa BTOPOH MHTErpajbHOM Xapak-
Tepuctik ¢yHkunm re(t).

2. JlokazaTb, 4TO M3 JBYX CHHXPOHHM3HPOBAHHBIX Oepa-
UUH ¢ pachmpeAelieHHBIMH IapaMeTpaMHu BHAA

Wy=[rey(t), per(t)] u  p=[rey(t), pey(t)],

tfp tfp
I pel(t)dtzj pe, (t)dt
tsp tsp

rie  reg(t)=rey(t),

tfp tf
J. J. pel( )dt d’[#f J. pe, (t)dt dt, >pdexTuBHe

tsp \ tsp tsp \ tsp

Oyner omepanus ¢ OOJBIIUM 3HAYCHHEM IapaMerpa BTO-

PO MHTErpaJIbHON XapaKTEPUCTHUKH (QYHKIMU pe(t).

3. Pazpaborare Meron (HOpMHPOBAHUS KIIACCOB STAJIOH-
HBIX CHHXPOHH3WPOBAHHBIX ONEpaluil s Bepudukauu
MOKAa3aTeNei, KOTOphle MPEeIIaratoTcs Uisi 0T0opa KpUTepHs
ONTHUMHU3ALIUH.

2 OB30P JIMTEPATYPBI

B pabore [1] ycraHoBimeHO, 4TO (POpMaTBHBIMHU MTPU3HA-
KaMH ToKa3aTess il OUeHKH 3()PEKTHBHOCTH TI00aIbHON
MOJIC/IU OIEPALUK C PACIPEACICHHBIMU TapaMETPAMHU SIB-

JISIeTCST IBOMKA (re (t), pe (t)), a JUIs II00aIbHBIX MOJEIIEH
OPOCTEIX ONEpanuii — TpoiKa (IRE,TO, IPE), rae

ter tfp
IRE = [ re(t)dt; TO =ty —tg; IPE = [ pe(t
tsr tsp

Tak, ecnu KaXJOMy IMOTOKY KOJTWYECTBEHHON OLICHKH

3HaUMMON BXOAHOM mpoaykuuu IQ; (t) U BBIXOJHOW TpPO-

aykupn  Pg (t) NOCTaBUTh B COOTBETCTBHE €TI0 DKCHEPT-

Hyl0 (CTOMMOCTHYIO) oueHKy ISj u PSj, To MHOXecTBO

COIIOCTaBUMBIX beHKI_[I/Iﬁ BXOJa W BbIXOAAa MOXKHO IpeAacra-

BHTh B BHJE MI00anbHBIX QyHKIMA BXoma I€ (t), BBIXOJIA
pe(t).
PE; (t)= PS;j- Pq; (t) (puc. 1).

Kpome Toro, ycranosiieHo [2], uto kpurepuii ontumunsa-
X JOJDKEH 00JIafaTh YyBCTBUTEIBHOCTBIO K (hopme pac-
npeneneHus (pyHKIUH BXoja M (YHKIMH BBIXOna. Brickasa-
Ha THUIIOTE3a, YTO TAKYI0 UYBCTBHUTEIBHOCTH O0ECHEIHBAET
UCIIONb30BaHUE BTOPOrO MHTErPaJIbHOrO HMapamerpa OT UH-

Mpu 3TOM, re; ('[) =IS; - IQ; ('[) "

ter( t
TerpabHON (PYHKIMH BXOHa I I re (t) dt u HHTErpajb-

tSI’ tSI’

tfp t
HOU (DYHKIIMH BBIXOJIA J J. pe (t) dt .
tsp \ tsp
Bee cucteMHBIE ONEpAlMK B JEHCTBUTENBHOCTH UMEIOT

PacrpeaCIICHHbIC BO BPEMCHU ITOTOKM BXOJHBIX M BBIXOAHBIX
INPOAYKTOB. HpI/IBeI[GHI/IC Mozacian onepanud BHAA

(re(t); pe(t)) K BHIY (lRE,TO, |PE) HOBBIIIAET IO-

IPEeIIHOCTh B OINPEETICHUH apaMeTpoOB ONTHUMAJIBHOTO YII-
paBienus. [loaToMy cymecTByeT MOTpeOHOCTh B CO3JIAHHU
MeToza BeprU(UKAINK, YyBCTBUTEIIHEHOTO K XapaKTepy Io0altb-
HBIX (DYHKIHMH BXOZa ¥ BBIXO/A M CO3/IaHHSI KIITACCOB STAIOHHBIX
MOJIENIeH Omepalyii ¢ pacnpeneIeHHbIMU TapaMeTpamMHu.

3 MATEPUAJIbI U METO/IbI

Jist moka3aTenbCTBa BO3MOXKHOCTH HCIIONBb30BAHUS BTO-
pOrO MHTErpalibHOro nmapamerpa (QyHKIi re(t) u pe(t) B
KauecTBe ykazarened Ha 3(p(QeKTHBHOCTh MCCIIENyeMbIX OIle-
paumii, ObT pa3paboTaH MeTOoJl HempsMoW oreHkH 3pdek-

TUBHOCTH HCIOJNb30BaHUS JOCTYIIHBIX PECYPCOB.
CyTb MeTO/1a COCTOMT B TOM, YTO JIOCTYIHBIE LIEHHOCTH

ecypebl) S€ (1) u Se, (1), onuHakoBble Ha HauanbHOM 3Ta-
Yp 1 2

ne (S€ (to ): se, (tO )), 0 Mepe HeoOXOTUMOCTH, Iepesa-
IOTCSL B CHCTEMBI, KOTOpbIe (POPMHUPYIOT MOJENH CHHXPOHH-

3upoBaHHbIX onepauui Buma Vi u ¥y, Ilpu stom,

IRE; (W) = IRE, (¥), VRE,(¥;)#VRE,(¥,), a

te( t
pe () = pe (1), me VRE; (¥1) = [| [ re ) (t) ot

tSI’ tsr

tfr

J' j re,( ) dt.

VRE, (¥,) =
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Pucynok 1 — Ilpuaiun ¢opMupoBaHus mo0aIbHOW MOJIENH OIEpaIiH

[pUHIMIIBL peanu3aliid METOA PACCMOTPHM JUIS CIIy-
4ast HOPMUPOBAHUS JBYX UMITYIbCHBIX (QYHKIHH BXOIa
re\yl[n] u lego [n] oneparmit W4 u W, coorserctByto-

MMM CHCTEMaMHU.
OcCTaToK AOCTYMHBIX HEHHOCTEH HCHOIB3YIOTCS CHCTe-
MaMH, KOTOpbIe (POPMHUPYIOT MOJETH MPOCTBIX PaBHOA(}-

dexrBHBIX omepamuit ©1 1, O u Oy 1, Oy, enunmu-

HOI NMPOXOJKUTEIBHOCTH. Pe3ynbrarsl onepauuii Buga 0
JIOCTYIHBI CHCTEMaM, KOTOpble (JOPMHUPYIOT ONepaliy BUaa
Y u ©y, npu 3ToM cucTeMbl GOPMHUPYIOLIKE OHEpaLUH
BHIA P MMEIOT NPUOPHUTET B HCIOIB30BAaHUM JTOCTYITHBIX

LIEHHOCTel, a chcTeMs! (opmupyromye onepaun Buga O,

HCTIONB3YIOT MX OCTATOK.

VYenosue pel[n] = pe, [n] O3HA4YaeT, 4To BUJ (PyHKIHIt
rel[n] ure) [n], mozeneit onepaiuit Buga ¥y u Wy, ne
BIWSIET HA pe3ylbTaT ATHX omepanuil. [loatomy Tompko pe-
3ynsTaThl onepanuii Buga ®) u ©) oKasHBAIOT BIMSIHHC HA

3(HeKTUBHOCTh MCMIONIL30BaHUS PECYPCOB se[n].

[To oTHOMmIEHMIO K MOJENSIM OIepanuil ¢ pacrpeneieH-
HBIMH TTapaMeTpaMHy IMOHSITHE «CHHXPOHU3UPOBAHHBIE OIe-
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pamuu» O3Ha4yaeT, YTO BCE HEHYJIEeBble 3Ha4YeHUs (QYHKIMH

re, [n] >0u re) [n] >0 HaxoJATCS B paMKaX MHTEpBaJia Bpe-
MCHH [nsr' N ], a BCe HEHylIeBble 3HaYeHUS QyHKIUH

pel[n] >0 u pe, [n] >0 HaxomsTcs B paMKax MHTEpBaja

BpEMEHH [nsp, nfp:| (puc. 2).

IMpuauun hopMupoBaHHs pe3yiIbTaTa OT HUCIOIb30Ba-
HUSI JIOCTYITHBIX PECYPCOB PACCMOTPUM Ha MpHMEpe pea-
JM3alKH JABYX CIICHAPUEB Pa3BUTHsI cOObITHH (puc. 3).

DyHKIMSA se[n] otoOpakaeT 00beM JOCTYITHBIX I[CHHO-
CTeH B OINpEHENICHHBI MOMEHT BpeMeHH. B HauanbHBIN MO-
MEHT BPEMCHH BENIMUHMHA JOCTYIHBIX eHHocTel SEp=3 en.

B moment Ny mmst nposenenus omepauun V' Heo6xo-

JIMMO TIOTydeHue [eHHocTel B pasmepe 1 en.

[Mockonbky mOTpeOJieHHE 3amacoB BEJIWYHHOM
REgyq 1= 1 ex. oGecniednBaeT Ha MOMEHT I OCTATOK
CpencTB B pasmepe 2 €., MOSIBISETCS BO3MOXKHOCTH c(hop-
MHPOBATh HPOCTYIO omepanuio @ 1 ¢ koddpduuneHTOM
nobaBiieHHOW 1eHHOCTH K = 1,5 U eqMHUYHON MpPOIOIKH-
TEJIFHOCTBIO BO BPEMEHHU.
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a 0

Pucynok 2 — IIpuMep CHHXPOHHM3UPOBAHHBIX ONEpaluii a) U 6) ¢ pacHpeneIeHHbIMY ITapaMeTPaMu

a 0

Pucynok 3 — IIpumep onpeneneHust 3 hEKTHBHOCTH HCIOIB30BAHMSA PECYPCOB IPH XapakTepe (pyHKIUU BXOJa onepanuil Buga P':
a — HapacTaroleM; 1 0 — crajaromem
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B Taxom ciydae, Ha MOMEHT Ny Ha BBIXoZe omepammn ®7 ¢
(OPMHpYETCS BBIXOTHOM MPOMYKT ONEPAIH, IIEHHOCTh KOTO-
poro pasHa Bemmunne PEg 1 =K-REg;1=15-2=3en.

Takum 06pa3oM, Ha MOMEHT Ny CTaHOBHTCS TOCTYII-

HBIM 00BEM ILIEHHOCTEH 3 €.
[pu 3TOM YacTh 3TOM LIEHHOCTH, B SKBUBAJICHTE, COCTAB-

muomeM 1 exn., nepenaercs onepaunu ¥y (REyq 2=2). Oc-
TaBLIAsCA YacTh, B pa3Mepe 1 ell., CIONB3YeTCs s Ipo-
BEJICHUs JIOMONHUTENBHON onepatn O .

B pesynsrare nposenerus onepau 1 5 ¢ k=1,5u TO=1,
opvmpyerest pesymsrar PEgy » =K -REgq o =1,5-1=1,5en

ClieI0BaTENBHO, MCTIONMb30BAHUE TEKYIIMX 3aIIACcOB, KOTO-
pele ocrarores mocie ¢opmuposanmst onepammn ¥y mo cre-
Hapuio (puc. 3a), 06eCeunIIo moNydeHre EHHOCTH B pas-
Mepe 1,5 ex1. or mpoBeeHIst IpocThIX omepauuii ®1 1 u O 5.

AHAJIOrMYHBIE PACUETHI, POBEIEHHBIE 110 CrieHapHEo (prc. 30)
ck=15, xorna IREy, 1=2 en,, IREy, 5 =1len. nokassisator,

uto IPEgy 9 =(IREys-k—IREgj,)-k=0,75. Taxum
obpasom, paszBuTHE cOOBITHI 1O BapuaHty (pHc. 5a)) BbIro-

Hell uis cynepcucteMbl. To ecTh, Xapakrep pacnpenesieHus! BO

BpemeHn QyHkium ey [n] BIHSET Ha 3P (PEKTUBHOCT HC-

MOTB30BAHMS JOCTYIIHBIX PECYpPCOB se[n].

IMoxaxxeMm, 4TO 3TO CIPaBEUINBO B OOIIEM CIydae, a TaK-
€ TO, YTO BTOPOH MHTErpajbHbI MapaMeTp OT UHTErpab-
HOI yHKINH re[n] SBISIETCA yKa3zaTelleM Ha Oorxee BBI-

TOJHBIN BapHaHT Pa3BHTHS COOBITHIL.
OnpezenuM mnokasaTeiab BTOPOrO MHTEIPAJIBHOIO Mapa-

MeTpa OT MHTErPaIbHON (DYHKIIMH re[n] cumBoitamu VRE ,

a TMoKa3aTeb BTOPOrO MHTETPATLHOTO TApaMeTpa OT MHTET-
panbuoit Gynxumn Pe(t) cumsomamu VPE. Torma

ter( t Nfr n
VRE = j _f re(t) dt=> > re[n]; 1)
ter \tsr Ngr Ngr
Up( t Nfp n
VPE= [| [ pe(t)dt=>"> pe[n]. ()
tsp | tsp Nsp Nsp

Teopema 1. VI3 1ByX CHHXPOHHU3UPOBAHHBIX OMEPALIUI C
pacrpeneneHHbIME mapaMerpamu Pq = (rel [n] , P& [n]) U
¥, =(rep[n], pe;[n]), me IRE; = IRE,, VRE, #VRE,
u Pg [n] = pe, [n], a¢dekTuBHEH Oyner onepanusi ¢ MEHb-
UM 3HAUEHHEM IMapaMeTpa BTOPOM MHTETPAIBHON Xapak-

TEPUCTHKH (DYHKIINU re[n].
JlokazaTeabCcTBO 1. YuurteiBas, qTo

SE1: IRE‘Pl.l+ |RE@1‘1, |RE@1‘1 :SEl - IRExPl.l,TOI"
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aa |PE®1.1 = k'IRE('Dl.l’ |PE®1.2 = k’lRE@l'zz
k ( IPE@l.l - IRE‘{’]_Z) = k (k . IRE@l.l - IRE‘{’]_Z) =
k(k-IREgy o — IREyq5).
k =1,5, IRE\PlZ:ZX,
( IRE\P1.1+ IRE\I’l.Z ): IRELI}]_ :3X, |PE®1.2 = 2,25'2X—
1,5-2x=1,5x.
k=15,
(IREys 1+ IREy, ) = IREg,=3%, IPEg, 5 =2,25%-1,5x
=0,75x.

Taxumobpasom, IREw1 1< IREg 5 1, IPEg » > IPEg, 5-

Ecnu IREg11= X,

Ecnu

IRE\PZ]_: 2X, IRE\PZZ: X,

AHanmm3upys 3aKOHOMEPHOCTH B M3MCHEHHH BHYTpEH-
Hel cTpykTypsl BEIpaxkeHus |PEgq (tabm. 1 cronben 3),
MOXKHO 3amicarh o0lnee BBIPAKEHHE IS KOJMMYECTBA IIPO-
AykToB mmmynbcHol (ynkumn SEpN aBmxenus sanacos

HMHBECTULMHA Ha MOoMeHT N

SE, =k" -IRE,,, +k" - IRE,,, +..k" - IRE,,, —

_kN_l~ |REqJ1.2 _kN_Z : IREq/1,3 _--'kN_i : IRE*I‘l.i =

N

N .
= ZkN “IREy; ;4 _ZkNH IREy; ;4.
i-1

i=1

rme N=n fr —Ngp, | — MOPSIKOBLIH HOMEP UHTEPBAJIA JUC-

KpETH3aInu (|1 =Ng, 1€ |:nfr; ner) .

Ha ocHOBaHWM BBISBIEHHS 3aKOHOMEPHOCTH B M3MEHE-
HHUH BHyTpeHHeii cTpykTyps! Beipaxenns: VREyqj (tabmn. 2
cromber; 3), MOYKHO 3amucaTh OOIIee BBIPAYKEHHE IUTS BTO-

pOTO MHTErpajbHOro mapamerpa Ha momeHt N.
OO01mee BbIpaXeHHE ISl ONPEeTIeHHS HHTErPaJbHOTO

napamerpa ot uHTerpanbHoil Gynkuun IREgq; Oymer

HMCThb BU.

VRE, = N-IRE,,, +(N -1)-IRE,,, +

N
+(N=2)-IREy; 3 +...+ IREy;; = D IRE,,; -(N—i+1)
i=1
Paccmotpum mpumMep pacdera JaHHOTO MOKAa3aTemsl IS
JBYX BBILIC IIPUBCACHHBIX CIIy4acB JOKa3aTCIIbCTBA:

1. Ecium IRE‘P]_.]_: X, IRELIJ]_‘Z =2X,

VRE, =N -IRE,,, +(N=1)- IRE,,, = 2-X+2x = 4x

2. Ecnu IRELPZ].: 2X, IRELIJZZ = X,

VRE' = N-IREy,; +(N —1)- IRE,,, = 2-2X+ X =5X.

CrienoBaTesTbHo, IRELP1‘1< IRE\{Jley |PE®1_2 > |PE@2‘2,
VRE,, <VRE',.
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Tabmuua 1 — Mi3MeHeHHe BBIpaKEHUH 1715 ITapaMeTpoB |RE®1 ju |PE®1 j mpocThix onepamuii O j B 3aBUCHMOCTH OT BETUYMHbI

norpeGrenns pecypcos |REwyq j onepamun Wy mus | =5

IRE W3meHeHune BbIpaXkeHHs JJIs apaMerpa IRE@l.i MPOCTBIX ONepaHii ©yj B 3aBUCHMOCTH OT BEITHYHHbI IRE‘Yl.i
YL onepauun Py
1 2
IREg11 |SE—IREy; 1= IREg 1
IREg, |(SE—IREyg1)-k—IREy;»=IREg;,
IREy; 3 |((SE—IREy;1)-k—IREy;)-k=IREy1 3= IREg 3
IREy; 4 (((SE ~IREyy1)-k—IREyy5)-k— IRE‘PIS)' K—IREy1 4= IREg1 4
1 3
IREy;1 |[(SE—-IREyq1)-kK=1PEg; 1
IREgy, |((SE—IREy;)-k—IREy;,)-k=IPEg
IREyy5 |(((SE=IREy;1)-k—IREy1)-k—IREyy3)-k = IPEey3
IREyy 4 ((((SE ~IREy; 1)-k—IREy;5)-k—IREyy 3) -k - IRE\PM)- k= 1PEgq 4
IREyy 5 (((((SE ~IREyy1)-k—IREy; 2) -k~ IREyy 3)-k~ IREyy 4 ) k- |RE\P1_5)o k=IPEg15
Tabnuua 2 — M3MeHeHne BhIPaKeHHs ONPEIeNIeHUs] IePBOH U BTOPON MHTErpallbHBIX XapaKTePUCTHK
no pyHKumK Bxoza onepamun Wy | =5
IRE‘Pl.i V3meHeHne BeIpaskeHHs JUIsl HHTETPaJIbHOTO 3HAYCHUS psijia IRE‘{’l.i onepanu Yy
1 2
IREyq 1 IREy1 1
IREg1o  [IREgy1*IREy )
IREg13  [IREg1% IREg) 2+ IREy 3
IREy 4 IREgq 1t IREg1 2+ IREg1 3+ IREyq 4
IREg15  [IREgy 1% IREg 2+ IREg) 3% IREgy 4+ IREy 5
1 3
IREgq 1 IREgq 1
IREy1o  [2IREg; 1+ IREy )
IREgy13 [BIREg;1721IREg o+ IREy, 3
IREy14 A#IREg; 173 1IREy; 5 *2IREyq 3+ IREy 4
IREy15 P IREg; 174 IREgq 5 *3 IREy; 342 IREy; 4% IREy 5
IREy15 P IREy;1+t4IREy; 2 +31REgy 3t2IREy) 4% IREy 5

[TockonpKy TeHAEHIMS YBETUYEHMs MOCIIEAYIOLIEro 3Ha-
YEHUS BJIOKEHMS LIEHHOCTH 110 OTHOLICHHUIO K IPEJIIECcTBY-
IOLIEMY BIIOKEHHMIO B OIEpalnuio P NpUBOJUT K yBeIUue-

Huio nokazarens |PEgy \ ¥ K CHIOKEHUIO VRE,, T0 MuHu-
MaJbHOE 3HaY€HHE BTOPOrO MHTErpajibHOIO MmapaMmerpa oT
WHTErpabHOW (YHKIIUU re[n] SIBJISIETCSA yKa3aTelleM Ha
JIy4lIyro onepauuio. Teopema joKkazaHa.

Teopema 2. I3 1ByX CHHXPOHU3UPOBAHHBIX ONEPALUii C

pacnpeneneHHbIMA napamerpamMu Vq = (rel [n], pe, [n])

n  ¥y=(rey[n], pea[n]), e reg[n]=rey[n],

IPE; = IPE,, VPE; #VPE,, s¢dexrusneii Gyrer onepa-
s ¢ OONBLIMM 3HAaYeHHEM MapaMerpa BTOPOH MHTErpaib-
HOW XapaKTepUCTHKHU (DyHKIUU pe[n].

Jloka3aTeabcTBO 2. YUUTBIBAsi, YTO C KaKIbIM ITAIIOM
MOJIy4EHHUS] BBIXOAHON MPOAYKIIMUA MBI TIOJy4aeM JOMOJ-
HUTEJIbHYIO BO3MOXHOCTb BIJIOXKHUTHh BBICBOOOJMBIIHECS pe-
CYpCHI B Ka4yecTBe JOOABJICHHON IICHHOCTH B MapajuielibHbIC

onepauuu. Torma |PEyq 1 sBustercs BxonHo# npomykimeit
IREgg 1 @ MONyYEHHBIA BBIXOAHON IPOAYKT OyleT paBeH

IPE@l.l = k . |RE®1_1 = k . IPELPlll. B cBoro ouepenp, eCiu
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umeercst Bropoit mvmyinsc |PEyq o omepannn ¥, on Moxer
ObITh MCIIONB30BaH TIPU (POPMUPOBAHMH PECYPCOB BTOPOH T1a-
PALIENBHON ONEpalyy @, BXOIHAS MPOIMYKIHs KOTOPOH paBHA

|RE®1.2 =k- |RE®1.1 + |PE\P1.2 =k- IPE\IJlll + |PE1111.2 .
Paccmorpum cnyuait, xorna k=15, IPEgq = X,
IPEyq 2 =2x, Torma IPEg; »=1,5%+2x=3,5x.
Ecmm k :l, 5, IPEL}]2‘1: 2X, IPE‘PZ.Z: X, |PE®2.2: 3x
+15x=45x.
Crenosarersho, IPEgyq 1< IPEy, 1, IPEg; < IPEg; »-
AHaIM3upyst 3aKOHOMEPHOCTH B W3MEHCHHH BHYTPCHHEH
crpykrypsl Beipakenus |PEggj or msmenenus nnrepsaia

qckperusarun (tabi. 3 cronberr 3), MOXKHO 3amucath obIee
BBIPAXKCHUE IS KOIIMYECTBA IPOLYKTOB UMITYIIBCHOM (DYHK-

LI SEN JIBYDKEHUS 3aI1aCOB MHBECTHIMM Ha MOMeHT N

SE, = IPE,,,-k" +IPE, , k" "+ IPE, ,-k" 2+

i=N )
ot IPEy, k= Y IPE, -k,

i=1

e N=n fo nsp, i — TOPSIKOBEBI HOMEp MHTEpBaa JHc-

KpeTH3aluH (il =Ny, ie [nfp; nsp]).
Ha ocHOBaHWY BBISIBJICHHS 3aKOHOMEPHOCTH B H3MEHE-

HUE BHyTpeHHeH crpykrypsl BeipaxeHus VPEgyq;
(tabmn. 4 cromber 3), MOXHO 3ammcaTh 00IIee BHIPAKEHIE
VISl BTOPOTO MHTETPANBHOTO Tapamerpa Ha Moment N

VPE, =N-IPE,,, +(N-1)-IPE,,, +

N
+(N=2)-IPEy; ; +...+ IPEy;; = > IPEy,; (N —i+1)

i=1

PaCCMOTpI/IM MNpUMCp pacduc€Ta AAHHOI'O IOKa3aTeyIst AT
JABYX CIIy4a€B JI0KA3aTCJIbCTBA:

1. Ecmm IPE\P]..].: X, IPE\I’l.Z :2X,
VPE, = N-IPE,,, +(N —1)- IPEy,, = 2- X+ 2x = 4X
2. Ecan IPE\P2.1: 2X, IPE‘PZ.Z: X,

VPE, =N -IPE,,, +(N —1)-IPE,,, = 22X+ X =5x.

Cuenosarensho, |PEgq 1< IPEgy 1, VRE,, <VRE/,.
Teopema moka3aHa.
dopmyna 0OUIEN3BECTHOTO TTOKA3ATENS, OMPEAENAEMO-

0 KaK MpuOBUTH WK KaK Jo0aBIeHHAs IEHHOCTH (A) CBSI3bI-
BaeT BXOJl, U BBIXOJ] CHCTEMHOI'O IpOLiecca C UCIOIb30BaHU-
€M MapaMeTpoB III00aTbHOW MOJETH MPOCTOM omepanuu

IRE u IPE -A=IPE-IRE.
Jns obecriedeHNsT TyBCTBUTEIBHOCTH aOCOIIOTHOTO MO-
kazatens K Gopme GyHKIuiA re(t) u pe (t) MOKHO IOIIbI-

TaThCS YMCTO TEXHUYECKU 00ECHEeYHTh BO3MOXKHOCTH OIpe-
JICJIEHUSI BTOPOTO MHTErPaIbHOrO MapaMerpa OT 3THX (YHK-
Ui U1 TIOKa3aTens onpeaeneHHoro kak \/A . st sToro
00ecIeuYnM 4yBCTBHTEIBHOCTD JAHHOTO IOKA3aTellsl IyTeM
COTIOCTABJICHHSI BXOd M BBIXOIA MCCICAYeMOH II00aIbHOM
Mozenu ornepaiuu ¢ ucnonb3oBanneM YK (1) u (2). Torma

VA=VPE -VRE. 3
OnpenenyM OTHOCUTENBHBIM YacTHBIA Kputepuil VK —
KaK OTHOIIEHHME 4acTHOro Kpurepus \/A K 4acTHOMY KpH-
teprmo VRE :
K="A
VRE

AnexBarHocTh nomydeHHbIX UKD mpoBepum s cmydast —
olleHKU paBHO3(PeKTUBHBIX Mofeneil omepanwmii. Koniern-

©

Tabmuua 3 — M3MeHeHne BBIpAXSHHH JUIsl TApaMeTPOB |RE®1 jn |PE®1 j TPOCTEIX ornepaitiit @1 ; B 3aBHCHMOCTH OT BEMYHHBI

MIOCTYIUICHUS PECYPCOB |PEq;1_i omepauun Wy ams =5

Usmenenve Beipaskenus mis napamerpa |R E®1 j IPOCTBIX onepawytii @y j B 3aBUCHMOCTH OT Bemuibl |PEy ;

IPEg;3 (IPEyqq1-k+IPEg,)-k+IPEgq 3

IPEy1 i -
1 2

IPEgyq11 IPEgq;

IPEg1, IPEgqq-K+IPEy,

IPEgyq 4

IPEgyq 1 -k +1PEgq2)-K+1PEyg 3)-k+IPEgs 4

((
IPEg; 5 ((( IPEy 1k +IPEg1 ) K+IPEg 3)-k+ IPE\PM) -k+IPEy; 5
3

|PE1\}/1.1 IPEy; 1K

IPEgi, (IPEgy-K+IPEg,)-K

IPEgys ((IPEgyq -k +IPEgss)-k+IPEgys)-k

IPEg1 g (((IPEgyq-K+1PEggp) k+IPEgy ) k+IPEys4) -k

IPEg1s (((1PEps1-k+IPEygsp) K+ IPEgyg)-k+IPEysg) K+ IPEyys)-k
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oyst 3TOro TeCra, OCHOBaHAa HAa NMPHUHIMIIC SYKBHBAJICHTHOCTH
OIICPAITMOHHBIX ITPOLECCOB.
HYCTB HUMCCTC TPU CHHXPOHU3HWPOBAHHBIC MOACIIN ITIO-

0anbHBIX omepanuii W, @1 " @2, IJIe MOZIENH ONEpalud U

SIBJISIFOTCSL DKBUBAJICHTHBIMHU (pHC. 4).

Eciu regs[n]+regz[n]=reg [n], a

pe®1[n]+ Pe€e2 [n] = Pey [n], TO MOZEIHU onepaluili P u
O, wm P u Oy anpropu SBISTEOTCS PaBHOIDDEKTHBHBIMIL.

Ecnu mneHTHUIMPOBATH Orepanyy Buaa \P 1 ) C HC-
nonp3oBanueM otHocurenbHoro UKD (2), To momyuwnm, 4uto

VK\P :VK®1 :VK®2 = 0,5 .

B
Pucynok 4 — IlpumMep onepanuu ¢ pacripefeNeHHBIMH TTapaMeTpa-

MH (re\{; [n] y Pey [n]) a) 1 paBHO3(PEKTHBHBIX CHHXPOHU3H-

POBaHHBIX C HEW onepauuit

(reer[n]. Peea[n])6) u (re®2[n], pe®2[n])B)

OnHaKO MCHOIB30BaTh MCKYCCTBEHHO CO3/aHHBIE ITOKA-
3aTeNd, KOTOpPBIE NAI0T CMEIICHHYIO OICHKY HEOOXOTHMO
KpaifHe OCTOPOXKHO, TIOCKOJIBKY HCCIIEHOBAHHE (DYHKIIH BXO-
Jla ¥ BBIXOJ[a C HCIIOJIb30BAaHHEM BTOPOTO MHTETPATBHOTO I1a-
paMeTpa OCYIIECTBIISICTCS B PAMKaX MHTEPBAJIOB CHHXPOHH-
3amuu. Tak, cONMmKeHne MHTEPBAIOB CHHXPOHHM3AINH, IIPH
IPOYMX PABHBIX YCIOBUSX, allpHOPU IPHBOJWT K IOBBIIIE-
o 3¢ ¢dextuBHOCTH omepanun. [Ipu 3ToM Bec (QyHKIHH
BXOZla JIOJDKEH ocnabeBaTh, a (hYHKIUH BBIXOIA BO3PACTATh.
Iockonbky mokaszatenu VA 1 VK He 001aqalor 4yBCTBUTENb-

HOCTBIO K M3MCHCHHUIO MHTCpBAJIa I:t fr; tsp:|, HCU3BCCTHBIM

SIBJIACTCA BEC BTOPBIX MHTCTPAJIbHBIX MApaMETPOB.

CrnenoBarenbHo, okazateny \/A u VK HEIb3s UCIONb-
30BaTh B 3a/la4aX PEHTHHTOBON OIEHKH () (EeKTHBHOCTH 0e3
CIIEIMAJILHOTO 00OCHOBAHUS aJICKBATHOCTH OIICHHUBAHUSI.

9KCHepI/IM€HTaHBHO YCTAHOBJICHO, YTO IIOKa3aTCilb VK
MOJKHO HCIIOJIBb30BaTh JIA ¢)OpMI/IpOB3HI/I$[ MHOXKECTBA MO-

nereit paBHOIPPEKTUBHBIX ONepalii THIIa (re4_ ('[) , P& (t))
n (rep(t)=k-rey(t), pey (t)=k- pey(t)).

Paspaboraem MeToj co3maHHs KIacCOB ATAaJOHHBIX MO-
neneid, pedTuHroBas 3QQPEeKTHBHOCTh KOTOPHIX OyleT ompe-
JIeNIAThCS ¢ UCTIONb30BaHUEM onpeneseHHbix YKD.

[epBbIil Kiacc 3TaJIOHHBIX MOJENEH MpegHa3HAYeH JUIs
BepU(pHUKAIIMN TyBCTBUTESIHHOCTH OIICHOYHBIX TOKa3aTernei

K XapakTepy (QpyHKIuH I‘e[n]. Ipu sToMm:

1) dbopmupyercst 1Be moCiIeAO0BATENIBHOCTH CITy4aiiHBIX

BEIIECTBEHHBIX ITOJIOKUTEIBHBIX YMCETT rel[n] u rey [n] TS

3aJIaHHOTO JMana3oHa BPEMEHHOro psga N e [nrs, N ];

2) myreM MacmTabHpOBaHUs 3HAYEHHUH OIXHOTO W3 Psi-
JIOB JIAaHHBIC MPUBOITCS K BUIY YIOBJICTBOPSIOIIETO YCIIO-

sue IRE; = IRE,;

3) ¢ HCTOIB30BaHNEM PEKYPPEHTHOTO BRIPAXKEHHS (Hop-

MHUPYIOTCS UHTETPaJIbHbIC (QYHKIIUH irel[n] " irez[n].
4) ¢ UCHONBb30BAHUEM PEKYPPEHTHOTO BBIPAXKCHUS

vre [ n] =vre [ n —l] + ire[n] (OpPMMPYIOTCS MHTErpalbHbIE
¢bysaKIME B VI€) [n] .
5) dbopmupyercst mocIen0BaTENFHOCTh CIIyIaHBIX Be-

LIECTBEHHBIX IOJIOKUTEIbHBIX YUCEIT pel[n] = pe, [n] IS

3a/IaHHOTO JIMaIla30Ha BPEMEHHOIo psAna N e [nps, Nt ] c

orpanmaeHueM Ng, >Ny u |PE > |IRE -
6) ¢ ucnoab30BaHMEM PEKYPPEHTHOTO BBIPAKECHHS

ipe[n] = ipe[n —1]+ pe[n] (OpMUPYIOTCS UHTErpasbHbIE

by irel[n] u irez[n].
7) ¢ MCNONB30BAHUEM PEKYPPEHTHOTO BBLIPAXKEHHUS

vpe[n] :vpe[n—l]+ ipe[n] GOpPMHUPYIOTCA HHTErpab-

HbIe QyHKIUH vpel[n] u Vpe, [n]
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8) mo MUHUMYMY 3Ha4YeHHUs HOIYYEHHOTO C HCIIONb30-
BaHMeM BbIpaxkeHHs (1) ocymiecTBiisieTcss pedTHHIOBAs OLICH-
Ka 3((EeKTHBHOCTH MOAENIEH OIepanuii.

9) Monenu irel[n] i ire2 [n] OIICHUBAIOTCS C UCTIOIB30-

BaHHEM BEpHPUIHPYEMOTO MOKA3aTells.

10) ocymuiecTsisiercs: OlLeHKa HEMPOTUBOPEUUBOCTH MO-
JIy4eHHOIO pe3yllbTaTa, Ha OCHOBAaHUM KOTOPOM IpUHUMA-
€TCsl pelIeHrne 0 HEOOXOANMOCTH JaTbHEHIIIEro TeCTHPOBa-
HUS JAHHOIO ITOKa3aTels.

IMpumep GOpMHUPOBAHUS TECTOBBIX OMEPAIMH U UX HH-
TErpabHBIX XapaKTEPHCTHK JUTS BePH(HUKAIIUH TyBCTBUTENb-
HOCTH OLIEHOYHOI'O IIOKA3aTells 0 BXOMy MOJEIH olepa-
U M300paXkeH B TaOl. 5

Bropoii kiacc 3TalOHHBIX MOAENEN IpeAHa3HAYeH Uil
BepU(HUKAINI JyBCTBUTEIBHOCTH OLCHOYHBIX MOKa3aTeleH
K XapakTepy (QpyHKIuH pe[n]. Ipu sToMm:

1) popmupyercs mocHe0BAaTEIBHOCTh CIyYalHBIX Be-
LIECTBEHHBIX IMOJIOKUTEIbHBIX YUCET KOTOpas HCIOIb3YeT-

cst Ut (hOpMHUPOBaHUS (YHKITUH rel[n] =re) [n] Ui 3a-
JTAaHHOTO JMala30Ha BPEMEHHOTOo psAna N € [nrs, Ny ] ;

3) ¢ ucronbp30BaHNEM PEKYPPEHTHOTO BhIpakeHUs (op-
MHPYIOTCSI HHTETpabHbIC (DyHKIIH irel[n] " irez[n].

4) ¢ uCcronb30BAaHUEM PEKYPPEHTHOI'O BBIPaXKEHHUS
vre[n] = vre[n —l] + ire[n] (opMHUPYIOTCSI HHTETPAlIbHBIE
byHKIHH vrel[n] u Vvre) [n]

5) dopmupyercst mociie10BaTENIBHOCTD CITy4ailHbIX Be-

IICCTBEHHBIX MOJOKUTEIBHBIX YHCCIT pel[n] = pe, [n] I

3a/IaHHOTO Auala3oHa BPEeMEHHOro psga N e [nps, npf :| C

orpannuennem Ny, >Ng u IPE>IRE.

6) ¢ McHoJIb30BaHHEM PEKYPPEHTHOTO BBIPAKECHHS

ipe[n] = ipe[n —l] + pe[n] (OpMHUPYIOTCS. MHTErpalIbHBIE

GyHKIMH ipel[n] u ipez[n].
7) ¢ WCIONB30BAHMEM PEKYPPEHTHOTO BHIPAKECHUS

vpe[n] = vpe[n —l] + ipe[n] bopMupyIOTCI MHTETPATh-

HBIe (QYHKIN vpel[n] u Vpe, [n]

8) mo MHUHUMYMY 3HAYEHUSI MMOIYYCHHOTO C HCIONB30-
BanueM Beipakenus (2), (3), (4) ocylecTBisieTcs peHTHHIO-
Basi OIeHKa 3 (EKTHBHOCTH MOJEJIEH ormeparmii.

9) momenu irel[n] u irez[n] OLICHUBAIOTCS C UCIIOJb-

30BaHUEM BepUPUIMPYEMOTO TOKa3aTemlsl.

10) ocymiecTBisieTcsi OI[CHKA HEMPOTHBOPEYHBOCTH TIO-
Jy9eHHOTO pe3ylbTaTa, Ha OCHOBaHWUHM KOTOPOH NMpHUHUMA-
eTcsl pelIeHne 0 HeOOXOAMMOCTH JIalbHEHIIero TeCTUpOBa-
HUS JAHHOTO TMOKa3aTels.

[pumep GopMupOBaHUS TECTOBBIX ONEPALMd M UX WH-
TerpabHBIX XaPaKTEPUCTHK ISl BEpU(PHUKAIIH YYBCTBHTEIb-
HOCTH OLIEHOYHOTO ITOKAa3aTellsl MO BBIXOAY MOJEIH OIepa-
UK n300pakeH B Tab. 6.

Ha cnenyromem stamne Bepu(UKAIMU OIEHOYHBIE TTOKA-
3aTelM TECTHPYIOTCS Ha MOJEISX paBHOI()(EKTUBHBIX OIle-
pammii. 31ech HET HEOOXOAMMOCTH B T€HEPUPOBAHUN MHO-
JKECTBa IMMap TECTOBBIX OMEpalHii, MOCKOIbKY MOKa3aTely,
KOTOpBIE YCIIENIHO MPOILTN Ha MPOTHBOPEYUBOCTH IPEIbI-
IyIIe TECTHI, Ha TEPBOI TECTOBOH IMape TPeThero Kiacca
STAJIOHHBIX ONEPaLid cpa3y MPOSIBISIFOT BO3MOXKHOCTH OI1e-
HHUBaTh PaBHOd(PEKTUBHBIE OMEpaIuu Uil KOTOPBIX

VRE; =k -VRE, , uro Breuer 3a coboit IPE; =k - IPE,.

[Tprmep TecTOBBIX omepamyii ¥ UX HHTETPALHBIX XapaKTe-
PHCTUK JUTsl TECTUPOBAHKST BO3MOYKHOCTEH OTHOCHTETBHOTO Ole-
HHBaHUs BepU(DULIMPYEMBbIX MOKa3arTesied MpuBeIeH B Ta0m. 7.

Taﬁnnua 5- ﬂaHHI)Ie 9TaJIOHHBIX MOZENeH onepaunﬁ TIEPBOro KjlacCa U UX UHTETPAJIBHBIX XapaKTEPUCTUK

n | refn] | irefn] | vren] | peln] | ipen] | vpe[n] | res[n] | irey[n] | vres[n] | pes[n] | ipey[n] | vpeo[n]
0 0 0 0 0 0 0 0 0

1 1 1 1 0 5 5 5

2 2 3 4 0 4 9 14 0

3 3 6 10 0 3 12 26 0

4 4 10 20 0 2 14 40 0

5 5 15 35 0 1 15 55 0

6 0 0 0 0 0 0 0 0
7 0 3 3 3 0 3 3 3
8 0 3 6 9 0 3 6 9
9 0 3 9 18 0 3 9 18
10 0 3 12 30 0 3 12 30
11 0 3 15 45 0 3 15 45
12 0 3 18 63 0 3 18 63
13 0 3 21 84 0 3 21 84
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Ta6nnua 6 — ﬂaHHLIC JTAJIOHHBIX MOJIEIEeH onepaum‘/i BTOPOr'o KjlacCa U UX UHTETPAJIBbHBIX XapaKTECPUCTUK

n | re[n] | ire[n] |vren] | peyfn] |ipe[n] | vpe[n] | rex[n] | irey[n] | vrep[n] | pey[n] | ipey[n] | vpey[n]
0 0 0 0 0 0 0 0 0
1 1 1 1 0 1 1 1 0
2 2 3 4 0 2 3 4 0
3 3 6 10 0 3 6 10 0
4 4 10 20 0 4 10 20 0
5 5 15 35 0 5 15 35 0
6 0 0 0 0 0 0 0 0
7 0 1 1 1 0 7 7 7
8 0 2 3 4 0 6 13 20
9 0 3 6 10 0 5 18 38
10 0 4 10 20 0 4 22 60
11 0 5 15 35 0 3 25 85
12 0 6 21 56 0 2 27 112
13 0 7 28 84 0 1 28 140
TaGHI/IHa 7 - ﬂaHHLIC OTAJIOHHBIX MOHCHCﬁ OHCpaHI/Iﬁ TPETHEI'o Kilacca U UX UHTCIPaJIbHbIX XapaKTEPUCTUK
n | ren] | ireyn] | vren] | peyin] | ipen | vpen] | reyln] | ireg[n] | vregln] | peond | ipeyin] | vpesln]
0 0 0 0 0 0 0 0 0
1 1 1 1 0 2 2 2 0
2 1 2 3 0 2 4 6 0
3 1 3 6 0 2 6 12 0
4 1 4 10 0 2 8 20 0
5 1 5 15 0 2 10 30 0
6 0 0 0 0 0 0
7 0 2 2 2 4 4 4
8 0 2 4 6 4 12
9 0 2 6 12 4 12 24
10 0 2 8 20 4 16 40
11 0 2 10 30 4 20 60
12 0 2 12 42 4 24 84
13 0 2 14 56 4 28 112
Kak yxe paHee ObUIO MOKa3aHO, JUISl TAKUX MOJEICH
VK; =VK,. ty( t [t t
Jlatee MCTIONB3YIOTCS KITACChl STATOHHBIX MOJIENeH, pas- I J. I pe(t)dt — I|re(t)|dt dt |dt
paboTaHHBIE U BEpUUKAIMH TPOCTHIX oreparmii [2]. tlelt t
Ha ocHOBaHMHM PE3yIBTaTOB BepU(DUKAINM IIPUHMMAETCS EL= a\alo 0 , (6)
pelIeHre O BO3MOKHOCTH MCIIOIb30BAHMs OLIEHOYHOIO I10- G tft t(t
Kazaress B KA4eCTBE KPUTEPHS ONTUMU3ALMN OTEPAHOHHBIX J. J. J.|re(t)|dt dt — J. J. pe(t)dt |dt |dt
NPOLIECCOB € PACIPENEIEHHBIMU BO BPEMEHN MAPaMETPAMH. o]t to t

4 9KCIIEPUMEHTDI

st mpoBeeHHsT TECTUPOBAHHUS OCYILECTBIISIETCS OTOOD
MoKa3aTesiei 1Mo HaJIM4YHI0 (OPMAabHBIX MPU3HAKOB. Takum

BHELIHUM NPU3HAKAM OTBEYAIOT, HAaTpuMep, nokasarenu RL

[31u EL [4].

ta
RL = j j _t[|re(t)|dt dt—j jpe(t)dt dt |dt. )
to] to\to to\lo

e t € [0, ta] b =t,+1.

C HCIOIB30BaHUCM MPEATIOKEHHOTO METOAa HCCIIEI0-
BaJICh Mapbl MOJICNICH Omepanuii MpUBEACHHBIX B Ta0d. 5 —
Tabm. 7.

5 PE3YJIbTATbI

Pe3ynbrarthl Bepudukaiyu mokazaresaei Ha YeThbIpex Kiac-
cax MOJieJiel ATAJIOHHBIX OINEpalui MpUBEJCHBI B Ta0J. 8.

171



VIIPABJIIHHA Y TEXHIYHUX CUCTEMAX

Tabmuua 8 — ConocraBieHne PeHTHHIOBBIX OLIGHOK 3TaJTOHHBIX
Mojiesiel onepamyii 1 OLEHOK ITOTy4YEeHHBIX C UCIONIb30BAHHEM
BepudUIUpyeMbIX IOKazaTeneit

OLIeHOYHbIE Knaccs! oneparuii
TIoKa3aTeiIn 1 2 3
VRE; 35
VRE, 55
VPE; 84
VPE, 140
VK, 1,4 14 2,73
VK, 0,53 3 2,73
RL 1023 840 168
RL, 1513 430 336
EL, 0,0029 0,0077 0,0268
EL, 0,0020 0,0155 0,0268

Kaxprit kmacc mMozenel mo3BoiseT Bepu(pHIUPOBATH OT-
JIETbHBIN aCIEKT MOAENIU OIEPaLU. JTO CBA3aHO C TEM, 4TO
cpeau UcclelyeMbIX IoKa3aTeNneil MOXKET He OKa3aTbCsl Ta-
KO0, KOTOPbII HENPOTUBOPEUUBO OLEHHBAET BCE KIACCHI
omeparuii. B takom ciydae, ecim BBIOOp Bce ke HEOOXOMH-
MO CJI€TaTh, OH OCYLIECTBIIAETCS C y4€TOM OCOOEHHOCTEH
ONTHMU3UPYEMOIO IpoLecca.

IlepBr1ii Ki1acc onepanuil MO3BOISLET ONPENEIUTh YyB-
CTBUTENTFHOCTH BepH(UIMPYEMOro MOKa3aTemsl 10 OTHOIIe-
HHUIO K OCOOCHHOCTSIM pacIpesieleHns] INIOTHOCTH BXOTHOH

¢byHKIMH Fe (t) BTOPOI KJIacC — COOTBETCTBEHHO, MO3BOJISI-

€T ONpCACINTb YYBCTBUTCIBHOCTh NIOKA3aTC/IA IO OTHOLIC-
HHMIO K OCOOEHHOCTIM pacrnpeaciiCHus MIOTHOCTHU BBIXOA-

HOM QYyHKIMU pe(t).

Tpetnii KIacc 3TaJOHHBIX MOJENEH Omeparyii mo3BOJIs-
€T ONpeNeUTh BOZMOKHOCTH KOMIUIEKCHOTO OLICHUBAHHS
BXOJI-BBIXO[I.

UeTBepThIil KJlacc onepanuid MO3BONISIET OIICHWBATH HE
TOJIBKO OTHOCHUTEIBbHBIC BO3MOXKHOCTH MMOKA3aTEIICH.

AHanu3 CTPYKTyphl Bepu(PHUIMPYEMbIX OOBEKTOB MOKa-
3BIBAET, YTO TOKa3aTenb (1) sBisiercst aOCOMOTHBIM TIOKa3a-
TeleM, a ToKaszareib (2) — OTHOCHUTEIbHBIM. MaKCHMalbHO-
My 3Ha4eHHUIO 3P PEKTHBHOCTH COOTBETCTBYET MHHUMAJb-
Hoe 3HaueHune mokasarens (1) m MakcuManbpHOE 3HaYCHHE
mokaszatess (2).

6 OBCYKIEHHE

Pesynbratel miccnenoBaHM MOKA3bIBAIOT, YTO B Ka4eCTBE
KPUTEpHs ONTUMH3AIMHU MBITAIOTCS MCIOIB30BATh Pa3HbIE
MoKa3aTeu. ITO MOXKET ObITh «IHEPTETHUUYECKHU MPOIYKT»
[5], «xpurnueckas Harpyska» [6], «HagexHOCTB» [7], «KpH-
Tepuit 3anoaHeHus» [8], «IMOCTOAHHAS dHEPTHUS OMHOKH
BBIOOPKH» [9], «MuHMMansHOe oTKiaoHeHHe» [10] u T. m.
[lepeuens pabOT MOXKHO PACIIMPATH JTOCTATOYHO JOJTO.
Boznukaer ecrectBeHHBIN Bompoc: «MOXKHO U B KauyecTBE
KpUTEpUs ONTHMH3AIMHK MIPOIEcCa UCIONB30BaTh MOKa3a-
TENb, KOTOPBIM XapaKTepu3yeT HEKOTOPHIN TEXHHMYECKUH ac-
MEKT MCCIEeIyeMOro mporecca?.

B oTOM cMmBICIe OonTHMHU3aLUS O KPUTEPHIO MUHUMY-
Ma «3atpar» [11] HaxomuTCs B HECKOIBKO 0OJ€e BBITOIHOM
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TIOJIOKEHUH, TTOCKOIBKY 3TO TIOHSATHE MOKHO TPAKTOBAThH Kak
KHOepHETHIECKOe. JTO CBA3aHO C TEM, YTO 3aTPaThl, MO Kpaii-
HEeH Mepe, COIyTCTBYIOT TI0OOMY CHCTEMHOMY IIPOIECCY.
Kpurnueckuii aHau3 TaHHOMY ITOKA3aTeNi0 ObUT il BBIIIIE,
OIHAKO B CHCTEMaX KOTOpBIE HE paboTaroT B HEMPEPBIBHOM
peXuMe, 3TOT MOKa3aTelb MOXET HCIOJIb30BaThCA B Kade-
CTBE KPHUTEPHUsSI ONTHMH3AIHMH, TTOCKOIBKY PEXUM YIIpaBie-
HUS IO MUHAMYMY 3aTpart, €clii He YIUTHIBATH (hakTop Bpe-
MEHH, COOTBETCTBYIOT IOJyYEHHUIO MaKCUMyMa J0OaBJICH-
HOW LIEHHOCTH.

Bropoii acrekT, KOTOpbIi SBJISETCS XapaKTepHBIM JUTS pa-
00T CBSI3aHHBIX C Pa3pabOTKON KHOSPHETUUECKUX KPUTEPHEB
OINTHMU3AIMH, TOMBITKA MCHONB30BAHUS KHOSPHETHIESCKUX
MoKa3aTelleil OCHOBAaHHBIX Ha ONpPEIETCHHH TePBOr0 HHTET-
pabHOrO mapameTpa 1o Bxoay wim Bxony [11], Bexomy mimu
BXOJly U BBIXOAy mcciemyemoi onepanuu [12]. EcrecrBenHo,
9TO HCKIIIOYAET BO3MOXKHOCTh YYHUTHIBATH PAacHpeleNIeHHBIN
XapakTep BO BPEMEHH TEXHOIOTMUECKUX MOTOKOB yIpaBlisie-
MBIX CHUCTEM, & COOTBETCTBEHHO, U (haKTOp BPEMEHH.

B pamkax pazpaboraHHOro Kiacca WAECHTH(DHUIIHPOBAH-
HBIX MOJIENIeH C pacrpeneieHHBIMH MapaMeTpamMu obdecre-
YHBaeTCs MPOBEpKa BepHUIMPYEMOro MoKaszaTellss Ha He-
MPOTHBOPEUYNBOCTh CPaBHUTEIHHOHN OIEHKH.

Bce neno B TOM, 4TO YacTHBIE MMOKa3aTelnH 00ecIeunBa-
IOT /IEKBaTHOE PaH)XKUPOBAHUE MOJENEeH Orepanyii TOIBKO
CBOETO KJIacca, M He OTOOPaXAIOT YHCIICHHOE 3HAYEHHE Ca-
MOH 3(()EeKTUBHOCTH, MMOCKONBKY MOKa3aTeIIMH (P QeKxTHs-
HOCTH, IO CyTH, He sBisitoTcs. [lo 3TOl mpuynHe YucCieH-
HBIE 3HAYCHUS OLCHKH OJHUX M TeX K& MOJelNel ornepanu,
C UCIIOJIb30BAHUEM PA3HBIX YACTHBIX MOKa3aTellel, MexXIy
c000#f HEe COIMOCTaBUMBI.

Mo a0l ke MpUYMHE 3HAYSHUS] YaCTHBIX IOKa3aTelel,
MOTYYEHHBIX B PE3Y/IbTaTe OLICHUBAHWS MOJENel orepaimi
CBOETO Kjlacca, He SBISIOTCS 3TaloOHaMU 3P (GEKTHBHOCTH.

C npyroil CTOPOHBI, HUCTOIB30BAHHE MPEIT0KEHHOTO
METOAa B PaMKaX CO3/IaHHBIX KJIACCOB TAJIOHHBIX MOJeeH
yXKe TIO3BOJISIET CHENUAINCTaM IPAKTHKaM KPHTHUYECKU CY-
3UTh KPYT MOKa3aresel, KOTOpble MIaHUPYeTCs HCIONb30-
BaTh B Ka4eCTBE KPUTEPHUSI ONTUMH3ALMHN IS OLEHKH MOJe-
JIel omepamnuil ¢ pacnpeneleHHBIMH MapaMeTpaMHu.

Takum 00pa3oM, AalbHEUIINE WUCCIENOBAHUS B JAHHOM
HampaBJIe€HUH MOTYT OBITH HAIPaBJICHbI Ha paCUIMpEHHUE
KJIAaCCOB ATAJIOHHBIX MOJENEH Oomepanui.

BbIBO/JIbI

BnepBrle n0kazaHo, 4TO U3 ABYX CHHXPOHH3HPOBAHHBIX
omepamuii ¢  pacmpeleNeHHBIMH  IapaMeTpaMu

Wy =[re(t), pey(t)] u Wyo=[rey(t), pey(t)], rae
IRE; = IRE,, VRE; #VRE, u pe; ('[) = pe, (t), addex-
THBHEH OyoeT omepanys ¢ MEHBIIMM 3HAYEHHEM HapaMeT-

pa BTOpPOM MHTETrPaJIbHON XapaKTEPUCTUKU (DYHKIIUH re(t).

BrepBrle 0Ka3zaHo, YTO U3 JABYX CHHXPOHH3HPOBAHHBIX
omepamuii ¢  pacmpeleNeHHBIMH  IapaMeTpaMu

‘P1=[I’el(t), pel(t)] u \PZ :[rEZ(t), pEZ (t):|, roe
re; (t) =re (t), IPE, = IPE,, VPE; #VPE, , abdexrus-
Hel Oymer omepanusi ¢ OONBIIMM 3HAYCHHEM MapameTpa

BTOPOW MHTETPAJIbHON XapaKTEPUCTHUKH (YHKIMU pe(t).
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I-p TexH. Hayk, mpodecop, npodecop Kapeapu eIeKTPOHHMX amapaTiB KpeMeHdyIbKoro HamioHaabHOro yHiBepcuteTy iM. M. Octpo-
rpaacekoro, Kpemenuyk, Ykpaina

’KaH/. TEXH. HayK, JOIEHT, 3aBilyBad KadeapH eJeKTPOHHMX amaparie KpeMeHUyIbKoro HalioHaubHOro yHiBepcutery iMm. M. Octpo-
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SKaH1. TeXH. HayK, JOLEHT, JOUEHT Kaeapy iHpOpMAaIifHO-yIPaBIsSIOINX cHCTeM KpeMEeHIyIBKOTO HaIliOHAIBHOTO YHIBEPCUTETY iM. M.
Octporpaacekoro, Kpemenuyk, Ykpaina

4AcmiipanT KaeIpu KOMIT IOTEPHHUX cHcTeM Ta Mepex JIBH3 «KpuBopisbkuii HalioHanbHUH yHiBepcuTeT», Kpupnii Pir, Vkpaina

PO3POBKA METOJA BEPU®IKAILILL KPUTEPLS /IS ONTUMI3ALIIL ONEPALIAHUX ITPOLIECIB 3 PO3MOALIEHUMUA
IMAPAMETPAMMU

AKTyaabHicTh. Bupimeno akryanbHe 3aBIaHHs BepuQiKalii KpUTEpilo Uil ONTHMI3alil onepariifHuX MpOoLeECiB 3 pO3NOAUIEHUMH Tapa-
METpaMHu.

MeTta po60TH — CTBOpPEHHS METOLY BepHUdiKallii OL[IHOYHIX KPUTEPIIB, IO MA€ BIACTUBOCTI BUCOKOI BUOIPKOBOCTI 1 I03BOJISIE BIITYIHTH Ti
MTOKAa3HUKH, sIKi 320€311eIyIOTh CYNepewINBI Pe3yIbTATH 110 BiTHOMICHHIO IO PE3YJbTATIB MPUBATHUX KPUTEPIiB e(hEeKTHBHOCTI.

MerToza. 3arponoHOBaHO MeTox BepHDikaIii moOarbHOTO KPUTEPIIo IS ONTHUMI3AIl OnepaliifHuX MPOLECiB 3 PO3MOAICHUMH TapaMeTpa-
MH TIPOIYKTOBHX ITIOTOKIB, KU 3aCHOBaHWH Ha (opMyBaHHI KJIaciB €TAJIOHHUX ONepalid, iIeHTH(}IKOBAaHUX 3 BHKOPUCTAHHIM JIOKATBHUX
KpUTepiiB epeKTUBHOCTI, SKi, B CBOIO UepTy, 3aCHOBAaHI Ha BHKOPHCTaHHI BHUSBICHHX OCOONMBOCTEH INPYTHX IHTETPAIbHUX MapaMeTpiB BiI
iHTEerpanbHUX (QYHKIIH BXOMY 1 BUXOMY DIOOANTBHOI MOJENi onepallii, aJeKBaTHICTh SIKUX MaTEeMaTHYHO JIOBEAEHa, 3a0€3MeTyloud THM CaMHM
Big0ip MOKa3HUKA, OLIHOYHI OCOOJIMBOCTI SIKOTO JTO3BOJISIOTH Y3TOOUTH PE3YNIBTATH OIEpaliifHOl isUTbHOCTI KEPpOBAHUX CHUCTEM 3 METOI0 iX
BJIACHMKA 3@ PAXyHOK BHXOMY B PEKHM YIPABIIHHS BIIIOBITHOTO MaKCUMyMy €()eKTHBHOCTI BUKOPHUCTaHHS PECYPCIB.

PesyabraTu. Po3pobneno anroput™ peaiizamii Merony Bepudikamii OIiHOYHHX MOKa3HUKIB, SKHH OyB BHKOPHCTAaHHU NPHU MPOBENCHHI
00YHCITIOBAIHUX €KCIIEPHMEHTIB, TI0B’3aHMUX 3 LIIOCTPAIII€I0 MOMXIIMBOCTEH 3aIIpOIIOHOBAHOTO METOLY.

BucnoBku. Briepie po3po0ieHo Tpu Kiacu eTaJOHHIX Mojielell onepaniil 3 po3IoAIeHNMHY ITapaMeTpaMHy, KOKHA 3 SIKHX 11eHTH(HIKOBAHO
3 BUKOPHUCTAHHSAM JIOKAJIBHOTO KPUTEPit0 epEeKTHBHOCTI.

Po3pobka 3anporIoHOBaHOTO METOY JO3BOJIAE 3/IHCHIOBATH OOTPYHTOBAaHHWN BHOIp €IMHOTO MOKAa3HMKA I BUKOPUCTAHHS B SKOCTI IVIO-
0aJIbHOTO KPHUTEPIi0 ONMTHMI3allii ONepaiiHiuX MPOoLeciB 3 PO3MOAUICHUMH apaMeTpamMu OyAb-sIKUX CHCTEM, IIPOLECH SKHUX IIbOTO BUMAraroTh.
MoxIuBiCTF BUOOPY aIeKBATHOTO KPUTEPi0 ONTHMI3allil 3a0e31MeYnTh MiABUIIEHHS TEMITIB PO3BUTKY BUPOOHUUUX CTPYKTYP.

IIpoBeneHi ekcriepMMEHTH MiATBEPAMIN MPAIE3JaTHICTh 3alIPOIIOHOBAHOTO METOMY, PEai30BAHOTO Y BUIVIAI aJITOPHTMY, IO JO3BOJISE
peKoMeH TyBaTH i10ro (haxiBIsAM-TIpaKTHKaM JJIsI BiTOOPY OLIHOYHOTO KPUTEPIiIo 3 0€371i4i IMOKa3HUKIB, SIKi IPOIIOHYIOTHCS TOCTITHIKAMH B SIKOCTI
KpHUTEPIIO ONTUMI3aIlii OnepamiifHuX MPOLECiB 3 PO3MOIIUICHUMH ITapamMeTpaMu. [1oka3HuK, SKHI YCIIIIHO MpoimoB Bepudikaiito, 3ade3mneuye
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MOXUIMBICT Y3TOJUKGHHS IapaMeTpiB OIepariifHoro mpouecy 3 METOIo BIacHHKa (cymepcucremu). IIpu 1boMy, mependadaeThes, MO METO
CYNEpPCUCTEMHU € MAKCHMI3allisl BIACHUX MOXUIMBOCTEH, IPSAMO 1OB’A3aHUX 3 €()EKTHBHICTIO BUKOPHCTAHHS JOCTYIHUX PECYPCIB.

Kumouosi cnoBa: kpurepiil ontumisanii, Bepudikallis oka3HHUKIB, €TaJOHHA MOJIENb OIepallii, oneparii 3 po3noJiIeHUMU TTapaMeTpaMH,
oliHKa e()eKTHBHOCTI Oneparii.
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DEVELOPMENT OF CRITERION VERIFICATION METHOD FOR OPTIMIZATION OF OPERATIONAL PROCESSESWITH
THEDISTRIBUTED PARAMETERS

Context. The urgent verification problem of criterion for optimization of operational processes with the distributed parameters is solved.

Objective is creation of a verification method for estimated criteria which have high selectivity and allow excluding those indicators,
which provide contradictory results in relation to results of local efficiency criteria

Method. The verification method of global criterion for optimization of operational processes with the distributed parameters of product
flows which is based on reference operations classes formation identified with use of the local efficiency criteria, in turn, are based on use of
the revealed features of the second integrated parameters from integrated functions of an input and output of global operation model, which
adequacy is mathematically proved is offered, providing thereby indicator selection, the estimated features of which allow processing activities
coordinating results of the operated systems with the purpose of their owner at the expense of an output in control mode corresponding to a
maximum of resources efficiency.

Results. The algorithm of realization of a verification method for estimated indicators which has been used when carrying out computing
experiments connected with the illustration of the offered method opportunities is developed.

Conclusions. For the first time three classes of reference models of operations with distributed parameters, each of which is identified
with the local criterion of efficiency have been developed.

The development of the proposed method let us to make an informed choice of the one indicator for its using as a global optimization
criterion of any system operational processes with distributed parameters which require this. The ability to select the adequate optimization
criterion will improve the production structures development rate.

The experiments have been confirmed the operability of the proposed method, implemented in the algorithm form so it should be
recommended to practicing experts for the estimated criteria selection from the indicators set which are offered by the researchers as an
optimization criterion for operational processes with distributed parameters. The indicator which has successfully passed the verification
enables coordination of the operational process parameters with the owner’s (supersystem‘s) goal. At the same time, it is supposed that the
purpose of supersystem is the maximization of own available resources opportunities which are directly connected with use of resources
efficiency.

Keywords: optimization criterion, indicators verification, operation reference model, operation with the distributed parameters, operation
efficiency evaluation.
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AUTOMATIC CONTROL OF THE ORE SUSPENSION SOLID PHASE
PARAMETERS USING HIGH-ENERGY ULTRASOUND

Context. The authors have solved the urgent problem of controlling automatically the parameters of solid ore suspension aimed for
conversion thus increasing the end product quality and facilitating the choice and adhearance to the concentration specifications.

Objective. The research aims at developing the method of obtaining operational data as to iron ore characteristics while concentrat-
ing, namely distribution of solid pulp particles as to their sizes and estimated grade applying multi-channel ultrasonic measurements.

Method. In order to solve the problem of controlling automatically the parameters of solid ore suspension, the authors suggest the
method of measuring the intensity of high-frequency bulk ultrasonic waves covering a fixed distance in a measuring chamber containing ore
suspension under the influence of ultrasonic vibrations and in case of their absence. The calculated correlations of the measured values make
it possible to determine the parameters of solid ore suspension. Besides, while measuring we can observe the formation of gamma-radiation
and low-frequency bulk ultrasonic waves in the ore suspension flow. It is possible to measure the intensity of gamma-radiation and low-
frequency bulk ultrasonic waves covering the fixed distance if the measuring chamber contains some reference fluid and the ore suspension
flow under ultrasonic vibrations and in the absence thereof. The intensity of ultrasonic vibrations influencing the suspension flow is changed
according to the relevant law.

Results. The dynamic effects of high-frequency ultrasound provide a theoretical basis and a practical approval of the method
controlling the solid phase of iron ore pulps in order to displace the particles of the required grain-size class to the measuring zone and to
determine the grade in ore particles.

The developed purpose-designed programme realizes a numerical analysis and graphical representation of simulation results of changing
solid pulp particle-sizes under the controlled influence of high-energy ultrasonic radiation pressure.

Conclusions. The authors have devised the method for controlling the distribution of the grade in crushed ore particle-size classes in
the pulp flow by means of measuring the changes in the distribution parameters of high- and low-frequency ultrasonic waves as well as
gamma-radiation. The method is different from the existing ones by the fact that in the course of measuring, the crushed ore particles of
the required size and density are displaced to the measuring zone by exposing the pulps to the high-energy ultrasound influence thus

increasing the measurement accuracy by 0.76%.

Keywords: automatic control, ore, suspension, solid phase, particle size distribution, crushed ore, high energy ultrasound.

NOMENCLATURE

E is a time average energy density in the incident wave;
o, is a effective cross sections of scattering;

O is a effective cross sections of absorption;

I, is a value of the scattered wave intensity at an angle v;
n,(Z, t) is a the concentration of pulp solid phase particles;

R is a radius;

Z is a coordinate Z in ultrasonic field;
Tis atime;

V,(Z,t) is a particle displacement speed,;
| is a intensity of ultrasonic waves;

vq is a frequency of the sound;

o is a attenuation coefficient;

n.(Z,t) is a concentration of particles

pT, is a particle density;

c, is a velocity of ultrasound in the material of particle;
p is a density of investigated medium;

¢ is a ultrasound velocity in investigated medium;

Lg is @ mass attenuation coefficients of suspension ore
material;

Ly is a mass attenuation coefficients of water;

py is a density of water;

ps is a density of suspension ore material particles;

© Morkun V. S., Morkun N. V., Tron V. V., 2017
DOI 10.15588/1607-3274-2017-3-19

W is a volume fraction of ore particles in suspension;

S(t) is the signal, which is generated,;

S, is the measured value S in the presence of high
intensity ultrasonic oscillations influence;

S, is the measured value S in the absence of this
influence;

k, is a proportionality coefficient.

INTRODUCTION

One of the most important parameters, which has a
decisive influence on the qualitative and quantitative
indicators of separation beneficiation technology is the
degree of minerals disclosure at every stage of the process.
For operational control of this parameter during the
technological process it is proposed to use measurable
redistribution of pulp solid phase particles under the
influence of the dynamic effects of high-energy ultrasound.

Due to the radiation pressure of the high-energy
ultrasound in the measurement zone there is a redistribution
of crushed ore particles by size. At a constant pulp flow rate
the characteristics of this redistribution are determined by
the intensity of the ultrasound field and the concentration
and the characteristics of the pulp solid phase.

Thus a method of ore suspension parameters automatic
control allows to increase the stability and reliability of
measurement results of ore suspension solid phase.
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1 PROBLEM STATEMENT

The object of the invention is to improve a method of
ore suspension parameters automatic control by increasing
the stability and reliability of measurement results.

The problem is solved by the fact that the method of
automatic control of the ore suspension solid phase
parameters, which comprising the forming of ore suspension
material flow and the reference fluid in the measuring chamber,
periodic influence of ultrasonic vibrations on suspension
flow, formation of high frequency bulk ultrasonic waves in
the ore suspension flow, intensity measurement of high
frequency bulk ultrasonic waves, which are passed a fixed
distance in the presence of reference liquid and ore
suspension flow in the measuring chamber in periods of
ultrasonic oscillations influence on suspension flow, and
for its absence, and calculation of measured values ratios,
according to which the parameters of ore suspension solid
phase are determined.

2 REVIEW OF THE LITERATURE

Three types of controlled parameters, which
characterizing respectively the quality and quantity of
processed ore materials, and the production situations, the
state of the technological equipment are necessary for
effective concentrating factories process control [2-4, 7,
11]. The known ultrasonic testing methods of the pulp
parameters allow to identify two of its main characteristics —
density and particle size distribution [2, 3, 8, 10-13, 16].

In [1, 12, 15] several methods of ultrasonic testing of
mineral disclosure degree (useful component) during ore
grinding are proposed and investigated. It is noted that the
mineral disclosure degree control with the known fineness
of analyzed particle may be reduced to measuring of this
particle density.

One of the proposed methods is based on the action of
a powerful (high-energy) ultrasound on the particle during
its motion. The strength of the radiation pressure on a particle
in a plane wave is determined by the formula, which was
obtained by Westervelt [2, 5]

Fr =E(cs+0p)—E§I, cosvds. @

For estimation of particles displacement under the
influence of high-intensity ultrasound the change in the
value of ultrasonic probe signal with frequency v in a
direction perpendicular to the motion of pulp is determined.
In [7] the ratio of two probe signal values was studied, one
of which S is determined without the influence of a powerful
ultrasonic field, the other S, — with the presence. It is
concluded that the density of the pulp solid phase particles
can be determined by value of S/S.

However, this determination method has its
disadvantages. First of all, it should be noted that the
ultrasonic attenuation coefficient of the probe signal o
depends on the volume fraction of solids in the pulp,
therefore change of this value can have a greater effect than
the change in particle density. Furthermore, the expression,
which defining the value of S./S, is strong enough
approximation, since it does not considers a number of
factors, such as changes in particle size distribution law by
a coefficient o, etc. It should be noted that the use of high-
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intensity ultrasound of given intensity is a promising
direction for a preliminary purposeful redistribution of
crushed material particles in a controlled pulp flow at
development of its parameters control systems.

The closest technical solution, which is selected as a
prototype, is a method of automatic control of the ore
suspension solid phase parameters [6]. The disadvantage
of this method is that the Love waves intensity in the
measuring chamber wall, which contacts with the controlled
medium flow varies according to condition of the metal film
on the measuring chamber wall, which is in constant contact
with the ore suspension abrasive medium. Wear and
removing of the metal film leads to ambiguity of measured
values, which are determined according to the parameters
of the ore suspension solid phase. Thus, the known method
requires constant monitoring and determining the state of
metal film on the wall of the measuring chamber, and in the
existing production is impossible. This fact leads to errors
and, consequently, reduces the stability and reliability of
measurement results.

According to the invention, gamma radiation and low
frequency bulk ultrasonic waves in the flow of ore material
slurry is formed, the intensity of gamma radiation and low-
frequency bulk ultrasonic waves is measured.

3 MATERIALS AND METHODS

To solve the problem of the automatic control parameters
of ore solid slurries is proposed the method, which consists
in measuring the intensity of the high frequency bulk
ultrasonic waves transmitted at a fixed distance in the
measuring container during periods ore slurry flow to affect
the suspension with ultrasonic vibrations and in their
absence. In this case, the calculated ratio of the measured
values allows to determine the parameters of the solid phase
of the ore slurry. Also, during the measurement are formed
gamma radiation and low-frequency bulk ultrasonic waves
in the ore slurry flow and are measured the intensity gamma-
radiation and low-frequency bulk ultrasonic waves
transmitted at a fixed distance in the presence of the reference
fluid in the measuring chamber and the ore slurry flow during
effect on the slurry flow with ultrasonic vibrations and in
their absence. At the same time, the intensity of ultrasonic
vibrations during their effect on the flow of suspension is
changed under the relevant law [8-10].

Functional scheme of automation, designed according
to the stated principle of operation, is shown in Fig. 1.

Scheme of automation control product processing
industry (Fig. 1) consists of three circuits. The circuit 1 is
designed to generate directed high-energy ultrasound and
consists of elements: 1A — control device (BC); 1B -
switchgear (NS) of ultrasonic phased array. The contour 2
is designed for measurement of the pulp density on the
basis of the ultrasonic signal to determine the concentration
of ore particles in the pulp.

The circuit consists of the following elements: 2A —
transducer ultrasonic signal transmitter (BE); 2B — indicating
and recording secondary transducer of the ultrasonic signal
(BIR); 2C - control device (BC); 2D — switchgear (NS) source
of ultrasonic vibrations. Contour 3 is designed to measure
the iron content in the ore particles on the basis of gamma
radiation. The circuit consists of the following elements: 3A —
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primary transducer of gamma-radiation signal (RE); 3b —
indicating and recording secondary transducer of ultrasonic
signal (RIR); 3b — control device (RC); 3G — switchgear (NS)
source of ultrasonic vibrations.

The character of concentration and particle size
distribution change in the field of high-energy ultrasound
depends on the density of the particles themselves, the
frequency and intensity of the incident radiation [4, 9, 13,
14, 16]. Let’s estimate the influence of ultrasound radiation
pressure to concentration change of particle with radius of
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Figure 1 — Functional scheme of automation control product
processing industry

a

r. Suppose that in a positive direction of x-axis pulp flows at
a rate of V. Let’s denote by n (Z, t) the concentration of the
particle radius of r at a depth of Z at time t.

on(zZ,t) 0

£ _&ZNAZJWJZJH. @)

In this equation V,(Z,t) - is the particle displacement

speed with radius r and coordinate Z in ultrasonic field. Speed
is directed along the axis z, ie perpendicular to the flow of pulp.
Generally, it depends on the time t, as the concentration of
particles changes as a result of ultrasound action, and this
leads to a change in the intensity of the ultrasound, which
ultimately affects the particle displacement speed. However,
this greatly complicates the solution of the equation (2), therefore
we will assume that speed depends only on the coordinate Z.
Position of the particle in relative units is determined by the
axis of ordinates, as well the number of its steps by the abscissa
axis. Considering that the intensity of ultrasonic waves |
changes exponentially (initial value lg), its attenuation
coefficient o depends on the frequency of the sound v and
considering the analysis carried out in [7], the concentration of

particles n,(Z,t) is determined by the formula

az
N (Z,)=np———Ste*? -1-afpt).  (3)
e®? —apt
0, X <0,
St(X) =
1, X=>0;
k)t 3 5 e g TC
=" ly(af +aja, +—a5); 1=
B 27ne oal +a1a; 42) oc?
¢, =2 P
2p+p

Displacement of ore suspension solid particles leads to
their redistribution by size and concentration in zone of
high energy ultrasound influence (Fig. 2) [8-10].

b

Figure 2 — The particle size measurement in controlled volume of pulp under the influence of the high-energy ultrasound radiation pressure:
pulp density — 1250 g/I, the initial class content =74 1L m — 80% (a) and 70% (b)
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With increasing of high energy ultrasound intensity from
zero to a certain value and at a constant pulp flow rate all or
only certain crushed material size classes can be removed
to the measurement zone. In the low-frequency region
(v £10° Hz) the ultrasonic attenuation caused mainly by
viscous inertial losses, so c~o,,.

Consequently about the pulp density or solid phase
content in it can be judged by the magnitude of the signal
S,. In accordance with the above, we will control the value
S, in measurement zone at each current moment of time.
Then, with known law of change of high energy ultrasound
intensity we will obtain the particle size distribution function
of the crushed material in pulp flow.

4 EXPERIMENTS

The method is implemented as follows [8-10]. First, the
reference liquid (water) is fed into the measuring chamber.
Gamma radiation in the measuring chamber is formed, and
passes a fixed distance in it. The obtained result is
attenuation of the gamma radiation intensity. It is reference
(basic). In operation condition, the ore material suspension
flow in the measuring chamber is formed. Gamma radiation,
which passes a fixed distance in the measurement chamber
in the presence of ore material suspension flow is formed.
The attenuation coefficient of gamma radiation, which
passed a fixed distance in ore suspension material flow is
determined by expression

p=Q1-W)pgupg +Wprpr. @

The intensity of gamma radiation, which passed a

distance | in ore suspension material flow, can be presented
as follows

| = lgexp{=[A-W)pyu, +Wp,u I} ®)

If water is present in the measuring chamber then the

intensity of gamma radiation will be determined by the
formula

1" = 1o exp(— pyityl)- ®)

Considering (5) and (6), the intensity of gamma radiation
can be represented as

I =1 exp{-Wprpr —ppupll}- ™

This value does not depend on the particle size of solid
phase ie ore slurry material, and determined only by the
slurry solid phase concentration and its particles density.
According to the proposed method the value S_for the
gamma radiation is formed

S, =In" = AW[(prur —pshp)]. @

This expression shows that the density of the controlled
medium, which depends on the ore suspension solid phase
concentration and its particle density is determined by
logarithm of intensity ratio of the gamma radiation in the
presence of water flow and ore suspension in measuring
chamber. Similarly, the value S, is determined for high
frequency and S, for low frequency bulk ultrasonic waves,
which passed a fixed distance through the flow of water and
ore suspension.
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According to the proposed method the value S, is
determined as

S, =k B0 o)
Sg

To obtain a signal which depends on the useful
component content of ore suspension solid phase fractions
of corresponding size, ie disclosure of useful component,
the ratio of S,_is calculated

S
Sk :kZS_Y. (10)
r

All or only certain size classes of the crushed material ie
a certain solid phase size fraction can be displaced in the
measurement zone by increasing the intensity of ultrasonic
oscillations from zero to a certain value and with ore
suspension constant flow rate.

F(r)= ff(r)r3dr+ff(r)r3dr+...+ ff(r)r%r]/ff(r)ﬁdr.(11)
0

0 n o1

Thus, the value S,, which is calculated at a certain
ultrasonic oscillations intensity in the ore suspension flow
determines the density of solid phase particles or useful
component concentration in ore suspension solid phase
fractions of appropriate size. Since all calculations are made
on the basis of measurements relative to characteristics of
the reference material, the obtained results are protected
from various disturbing factors, which reduce the accuracy
of measurement parameters of ore suspension solid phase.

5 RESULTS

Below are the simulation results of the crushed ore
particles concentration redistribution in the pulp under the
influence of high-energy ultrasound radiation pressure in
accordance with the above expressions. The developed
program realizes a numerical analysis and graphical
representation of simulation results of changes in the pulp
solid phase particle size characteristics in form, which is
illustrated in Fig. 3.

The density of crushed ore particles may vary within a
predetermined range (in model example 1.8-3.2 g/cm? is
accepted). Geometry of measurement, source position and
intensity of the ultrasonic oscillations, solid phase particles
concentration and their size distribution are set before
starting the simulation. The simulated measurement zone is
represented by a segment of the pipeline, the length and the
diameter of which may vary depending on the task and is
directly correlated with the strength of the ultrasonic radiation
pressure, which in turn is determined by the intensity of its
radiation generated by the source (emitter).

The measuring range is a defined number of sections of
the pipeline, in which the counting of number of particles,
which are caught in them is carried out.

The y-axis (Fig. 3) shows the number of processed
particles, moreover the deducible scale is automatically
extended with an increase in simulation time, ie, the number
of passed particles.
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Figure 3 — The simulation results of ore particles coordinates
change in the pulp with increasing of steps number

Figure 4 shows the simulation results at different time
points, which demonstrates the independence of particles
size distribution law on their number and simulation time.

6 DISCUSSION

Measurement of the useful component content can not
be reduced to the determination of specific weight (density)
of solid phase particles, which are located in the ore
suspension. In the measuring chamber section, where the
value S is determined the flow of enriched material
suspension is periodically exposed to high intensity
ultrasonic waves. Due to the radiation pressure and acoustic
flows, there is a displacement of ore suspension solid phase
particles from the trajectory of their normal movement in the
flow in the direction of high-intensity ultrasonic oscillations
influence. Displacement of ore suspension solid phase
particles leads to their redistribution by size and
concentration in the high intensity ultrasonic oscillations
influence zone. The value of this redistribution for the same
particle size is determined only by the mineral composition
(the ratio of the useful component and gangue) and specific
weight (density) of each component. For solid phase
particles of the same size, which are crushed to a particle
size of useful component inclusions, the value of the
displacement is proportional only to their specific weight.

Thus, the intensity measurement of high-frequency
ultrasonic vibrations, which have passed through a

controlled pulp volume, in the process of impact on it of
high energy ultrasound with a given intensity allows to
evaluate its solid phase particle size distribution.

CONCLUSIONS

Developed a method of evaluating the distribution
function of the useful component by grade of particle size
iron ore pulp using a high-frequency and low-frequency
ultrasonic radiation and gamma radiation, which differs from
existing ones that in the process of the measurement is
carried out displacement of the particles of a given grade
size in the measurement area by acting on the pulp with
ultrasonic radiation of high intensity; the measurement
results are compared with the reference substance
characteristics, which improves the measurement accuracy
by 0.76%.

The proposed measurement method does not require
preliminary pulp degassing, because under the ultrasound
radiation pressure influence the gas bubbles are removed
from the measurement zone. The invention relates to acoustic
measurements and can be used for automatic control of the
main characteristics of the ore solids in suspension, in
particular the concentration of solids, its size distribution
and the useful component disclosure degree.
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Figure 4 — The simulation results of redistribution of crushed ore particles concentration of five size fractions in the pulp flow under the
influence of the high-energy ultrasound radiation pressure
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MopkyH B. C.}, Mopkys H. B.2, Tpons B. B.?

tJI-p TexH. Hayk, npodecop, MPopeKTop 3 HayKooi podotH, JIBH3 «Kpupopisbkuii HauioHansHuil yHiBepcuTer», Kpusuii Pir, Ykpaina

2KaH. TexH. HayK, [OLEHT, JOLEHT Kadeapu eKOHOMIYHOI KiepHETHKH Ta yrpasiiHHs npoekramu, JIBH3 «KpuBopizbkuil HalioHa bHUI
yHiBepcuter», Kpusnii Pir, Ykpaina

SKaHA. TexH. HAyK, JOLEHT, JAOLEHT Kadeapy iHPpOpMaTHKH, aBTOMATHKH i cucteM yrpasninus, JJBH3 «KpuBopi3bkuil HAliOHATBHUH
yHiBepcuter», Kpusnii Pir, Ykpaina

ABTOMATHU3O0OBAHE YIIPABJITHHS TAPAMETPAMM TBEPJOI ®A3U 3AJII30PYIHOI MYJAbIIU 3 BAKOPUCTAHHSM
BUCOKOEHEPTETUYHOI'O YJIBTPA3BYKY

AKTyaabHicTh. BupillleHo akTyabHe 3aBlaHHS aBTOMAaTHYHOTO KOHTPOJIIO NapaMeTpiB TBepol (a3u pyaHOi CycreHsii, 1o HaJXONUTh Ha
30arauyBanbHuiA nepenin. Lle cripusie MiABUILEHHIO SIKOCTI KIHIIEBOTO NPOAYKTY 1 moserurye BUOIp 1 JOTPUMAHHS T€XHOJIOTIYHOIO PErIaMEHTY
npouecy 30aradeHHs.

MeTta — po3poOka METONy OTPUMAHHS ONEepaTHBHOI iH(poOpMalLii PO XapaKTEPUCTUKH 3alli3HOI PyAd B IpoLeci 30arauyeHHs: pPO3IOALl
YacTOK TBepAOi (ha3H MyIbIH 32 KPYIHICTIIO 1 3MICTOM KOPUCHOTO KOMIIOHEHTA 3 3aCTOCYBAHHAM OararokaHalbHUX YIbTPAa3BYKOBUX BHUMIpIO-
BaHb.

Meton. /s BUpIlIEHHS 3aBJaHHS aBTOMAaTUYHOIO KOHTPOIIIO NapaMeTpiB TBepaoi (a3u pyaHoi cycHeHsii 3arnpornoHoBaHuil crocid, 1mo
HOJIAITAa€ Yy BUMIPIOBaHHI IHTEHCHBHOCTI BUCOKOYACTOTHHX 00’€MHHUX YIBTPa3ByKOBHX XBMIIb, 110 NpoOHIIIM (hiKCOBaHY BiJCTaHb B BUMIpIO-
BaJIbHIi €MHOCTI 3 PYJHOIO CYCIIEH3i€l0 B I€pio[M BIUIMBY Ha MOTIK CyCIEH3il ylIbTpa3ByKOBHX KOJIMBaHb i IpH iX BincyTtHocti. IIpu npomy
OTpPHMaHi CHiBBIHOIIEHHS BUMIPSIHUX BEJIUYHUH J03BOJIAIOTH BU3HAYMTH [TApaMeTpH TBEPOI (a3u pynHoi cycrnensii. Takox, B mpoleci BUMIpIo-
BaHHSA 3[[iHCHIOETBCS (GOpPMyBaHHS raMMa-BUIIPOMIHIOBAHHS i HU3bKOYACTOTHHX 00’€MHHX YIbTPa3ByKOBHX XBUIIb B IIOTOLI CyCIIEH3il pyAHOrO
Marepialiy, 1 31iiCHIOIOTh BUMIp IHTEHCHBHOCTI TaMMa-BUIIPOMIHIOBAaHHSI 1 HU3bKOUYACTOTHUX 00’ €MHHX YIBTPa3ByKOBUX XBWJIb, IO MPOHIILIA
(ikcoBaHy BiCTaHb ITPH HASIBHOCTI y BUMIPIOBAJIbHII KamMepi eTaIOHHOI PiIWHY 1 TOTOKY pYyAHOI CyCIeH3ii B Iepioy BIUIUBY Ha MOTIK CycHeH3il
YABTPa3BYKOBHUX KOJMBAHB 1 IPH iX BiICYyTHOCTI. [HTEHCHBHICTD YIBTPa3BYKOBUX KOJHBAHb B MIEPIiO] iX BILIMBY Ha IOTIK CYCIIEH3ii 3MIiHIOIOTH 32
BIITOBITHUM 3aKOHOM.

PesynbraTtn. Ha oCHOBI IMHAMIYHUX e(EeKTiB BHCOKOCHEPTETHYHOIO YIbTPa3ByKy TCOPETHYHO OOTPYHTOBAHHUH i eKCIIEpUMEHTAIBHO
anpoOoBaHUI MeTO] BIUTHBY Ha TBepAy a3y 3ai30pyqHOI IMyIbIU AN 3MilIEHHS YaCTHHOK IIEBHOTO KJIacy KPYITHOCTI B 30HY BHMIPIOBAHb i
BU3HAYEHHS 3MICTy KOPHCHOTO KOMIIOHEHTa B PYIHHX YaCTHHKAX.

Pozpobiiena crierianizoBana mporpama, sika peaidye YicelbHUI aHami3 1 TpadiuHe MpeacTaBIeHHs pPe3yibTaTiB MOJACTIOBAHHS 3MiHH
IPaHyJIOMETPUYHOI XapaKTEePUCTHKH TBEPOi (a3y MyNbIIH IIiJ KEpOBAaHHM BIUIMBOM PaAial[iifHOIO THCKY BUCOKOCHEPIETHYHOIO YIbTPa3BYKY.

BucnoBxku. IIpornonyeTsbest MeTon OLIHKU (YHKIIT po3HOIiTy KOPHCHOTO KOMIIOHEHTA IO KJIacaX KPYMHOCTI YaCTHHOK MOApiOHEeHOI pynu
B IOTOL ITY/IBITM HA OCHOBI BEMIpIiB ITapaMeTpiB IPOIeCy HOMUPEHHS BICOKOYACTOTHHX i HU3bKOYACTOTHHX YIBTPa3ByKOBHX XBHIIb, 4 TAKOXK
ramMMa-BUIIPOMIHIOBAHHS, SKHU BiIPi3HSETHCS Bill ICHYIOUMX THM, IO B TPOIECi BUMIPIOBaHb 3[IICHIOIOTh 3CYB YaCTHHOK MOAPIOHEHOT pyan
MIEBHOI KPYITHOCTI 1 IUIBHOCTI B 00/1aCTh BUMIPIOBAaHb IIUITXOM BILIUBY Ha IyIIbITy BUCOKOCHEPI€THIHOTO YIBTPA3BYKY, IO JO3BOJIIE MiABUIUTH
TOYHICTH BUMiptoBaHb Ha 0,76%.

KirouoBi cj10Ba: aBTOMaTHYHE YIPABIIiHHSA, pyaa, MyIbla, TBepAa (asa, pO3IOLiT YaCTOK 33 pO3MipaMH, IpOOICHHS PYIH, BHCOKOCHEpTe-
THYHHH yIbTPa3BYK.

Mopxkyn B. C.}, Mopkyn H. B.2, Tpors B. B.2

I-p TexH. Hayk, mpodeccop, MPOPEKTOp 10 HayuHoil pabore, [BY3 «KpuBOpOKCKHMI HallMOHAIbHBIH yHUBEpcHTET», KpuBoi Por,
VYkpauna

2KaH/. TeXH. HayK, JOLEHT, JOLEHT Kadeapbl IKOHOMUIECKON KUOEPHETHKY 1 yrpaBienus npoextamu, I BY3 «KpuBopoxkckuil Hauuo-
HaJbHBIH yHUBepcuTeT», Kpusoii Por, Ykpanna

SKau/. TexH. HayK, JOLEHT, IOUEHT Kadeapbl MHPOPMATUKHI, ABTOMATUKU U cHCTeM yrpasienus, I BY3 «KpuBopoKCKU HALMOHAIBHBII
yHuBepcurer», Kpupoit Por, Ykpanna

ABTOMATHU3UPOBAHHOE YIIPABJIEHUE IIAPAMETPAMM TBEPIOM ®A3bI )KEJIE30PYIHOM ITYJIbIbI C ACHOJIb-
30BAHUEM BBICOKOSHEPIETHYECKOI'O YJIBTPA3BYKA

AKTYya/IbHOCTDb. PelieHa axkTyanpHas 3ajada aBTOMaTHIECKOTO KOHTPOJIS apaMeTpoB TBEpAOH (ha3bl pyIHOH CyCIEH3HH, MOCTyNAoIen
Ha 00OTaTHTENBHBIN Mepesiel], YTO CIIOCOOCTBYET MOBBIMICHUIO Ka9eCTBa KOHEYHOTO MPOAYKTa U OOJerdaeT BBIOOp M COOMIOEHNE TEXHOIOTH-
YECKOTO PerTaMeHTa IMpoIecca 00OTameH s,
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Henap — pa3paboTka Merona MONy4YeHHs ONEPATMBHONH MH(OPMALMU O XapaKTEPUCTHKAX JKEJIE3HOH pyIbl B Ipolecce 00OTralleHHs:
pacupe/eneHue JacTull TBEpAOH (a3bl MyIbIIbl 0 KPYMHOCTU U COAEPXKAHMIO TI0JE3HOTO KOMIOHEHTa C IPUMEHEHUEM MHOTOKAHAIbHBIX
YIIBTPa3BYKOBBIX U3MEPEHHIA.

Meton. [ pelieHus 3a1a4y aBTOMATHUECKOTO KOHTPOIISI IIapaMeTpoB TBEpAOoi (a3bl pyHOI CyCIEH3HU NPEIIOKEH CIIOCO0, 3aKIII0Ualo-
IIUHCS B U3MEPEHNH HHTEHCUBHOCTU BBICOKOYACTOTHBIX 00BbEMHBIX YIBTPa3BYKOBBIX BOJIH, IPOIIEAMNX (PUKCUPOBAHHOE PACCTOSHUE B U3MEPH-
TEIbHOM EMKOCTH C PYIHOM CyCIIeH3HeH B IEpUO/bI BIMSHUS Ha IIOTOK CyCIIEH3UH YIBTPa3BYKOBBIX KoeOaHUMH U 1pu uX oTcyTcTBHU. IIpn sTOM
BBIYHCIICHHBIE COOTHOILECHHS H3MEPEHHBIX BETMUHMH MO3BOJISIOT ONPENEIUTh TapaMeTpsl TBepAoi (a3bl pynHoii cycrien3uu. Takxke, B pouecce
U3MEpeHus ocyllecTBisercss GopMHUpOBaHUE raMMa-U3IIy4eHUs] U HU3KOYACTOTHBIX OOBEMHBIX YIBTPA3BYKOBBIX BOJIH B IIOTOKE CYCIIEH3HU
PYAHOrO MaTepuaa, 1 3aMep MHTEHCUBHOCTH TaMMa-M3JTy4eHUs] U HU3KOUaCTOTHBIX 00BEMHBIX YIBTPa3BYKOBBIX BOJIH, IIPOIIEAIINX (UKCUPO-
BaHHOE PACCTOSHME NPH HAIMYMU B U3MEPHUTEIbHON KaMepe ITAJIOHHOH JKMIKOCTH M IOTOKA PYIHOH CyCIEH3MHU B NEPHOABI BO3AEHCTBUS Ha
HOTOK CYCHEH3HHU YIbTPAa3BYKOBBIX KOJNEOAHUH U MPH MX OTCYTCTBUH. MIHTEHCUBHOCTD YIBTPA3BYKOBBIX KOJNEOAHHH B NMEPHUOM MX BIMSHUS HA
HOTOK CYCIIEH3UM MEHSIOT II0 COOTBETCTBYIOIIEMY 3aKOHY.

Pe3yabratel. Ha ocHoBe nuHamuueckux 3(}eKTOB BHICOKOIHEPIETHYECKOTO YIBTPA3ByKa TEOPETUUECKH OOOCHOBAH M HKCIIEPHMEHTAIIb-
HO anpoOHpoBaH METOJ BO3JEHCTBUS Ha TBEPLYIO (ha3y HKeNe30pyAHOH My/bIbI JUIs CMELEHUS YaCTULL OIPEIENIEHHOTO KJIacca KPYITHOCTH B 30HY
U3MEpPEHUI U ONpeiesIeHus] COePKaHHsl II0JIE3HOr0 KOMIIOHEHTA B PYJHBIX YAaCTHLAX.

PazpaboraHa crennan3upoBaHHas IporpaMma, KoTopas peajn3yeT YNCIeHHbIH aHaIu3 U rpaduueckoe peICTaBIeHUe Pe3yIbTaToOB Mojie-
JIMPOBaHMS U3MEHEHHUS IPAHYIOMETPUUECKOH XapaKTepUCTHKU TBEP O (ha3bl My/bIIbl O] yIPaBIIsIEMbIM BO3AEHCTBHEM PaJUallHOHHOTO 1aB-
JICHUSI BHICOKOIHEPIETHUECKOTO YIBbTPa3BYyKa.

BriBoasl. IIpennaraercs Meron oueHKH QYHKIHU pacHpeeneHus MOoJIe3HOTo KOMIOHEHTA 10 KJIaccaM KPYIHOCTH YaCTHULl U3MENbUEHHON
PYIbI B IIOTOKE ITyJIbIIBI HA OCHOBE U3MEPEHUI apaMeTPOB IPOLIECCa PACIIPOCTPAHEHHUs BBICOKOUACTOTHBIX M HU3KOYACTOTHBIX YIBTPa3BYKO-
BBIX BOJIH, @ TAK)K€ TaMMa-U3JIy4eHHs, KOTOPBIH OTIMYAETCs OT CYIIECTBYIOIIMX TEM, YTO B IPOLECCE U3MEPEHHI OCYLIECTBIISIOT CMEILEHHE
YaCTHIl U3MEIBYECHHOH PY/Ibl ONPENeNeHHOH KPYITHOCTH U IJIOTHOCTU B 00NAcTh U3MEPEHHH ITyTeM BO3IEHCTBUS HA IIyNIbITy BHICOKOIHEPIeTH-
YECKHUM Y/IbTPa3BYKOM, YTO I103BOJISET IIOBBICUTh TOUHOCTh n3Mepenuii Ha 0,76%.

KioueBble cj10Ba: aBTOMAaTHUECKOE yIpaBlIeHHE, pyaa, IMynbla, TBepias (a3a, paclpeneleHne YacTull 110 pa3Mepam, IpoOieHue pysl,
BBICOKOPHEPIeTUUECKUH YIbTPa3ByK.
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HaropHbi B. B.

KaHO. mexH. Hayk, cm. np. kaghedpbl KOMMbIOMEPHbIX HayK CEeKUuu UHGhOPMaUUOHHbIX mexHonoaull npoekmuposaHusi, Cymckuli
2ocydapcmeeHrHblili yHusepcumem, Cymbl, YkpauHa

ABTOMATU3UPOBAHHOE YMNPABJIEHUE PEXXUMAMU PE3AHUA
HA OCHOBE NPOIrHO3A UHAUBUAYAIIbHOIO PECYPCA
PEXYLWIEINO MHCTPYMEHTA

AKTYyaJIbHOCTB. B cTaThe N31105KeHBI pe3yIbTaThl HCCIEA0BAHNUI 110 pa3paboTKe HOBOH METOJOJIOT Y IPOTHO3UPOBAHHS HHANBUIYaTEHOTO
pecypca pexyIiero HHCTPYMEHTA, TOCITYKUBILICH OCHOBOH aBTOMAaTH3UPOBAHHON CHCTEMBI yIIpaBJICHHs pab0oTOH MeTamioo0padaTHIBAIOIIETO
obopynoBanus. [IporaosupoBanye HHIMBHUYAIBHOTO PECypCa PEXYIIEro HHCTPYMEHTA SIBIISIETCS 311000{HEBHOM, HO TaK U HE PEIICHHOH 110
CHX IOp Ipo0JIEMOH, YTO U ONpeesieT aKTyalbHOCTh M3JI0)KEHHOIO B CTaThe MaTepHala.

Leas padoTbl — pa3paboTka HOBOHW METOJOJIOTMU NPOTHO3UPOBAHMS MHANBHAYAILHOTO PECypca PEXyLIEro HHCTPYMEHTA.

Merton. [Ipemyioxxen Mmerox ynpasieHus paboToii MeTamiooopadaTsIBaroIero 000pyj0BaHus, COYETalOIMIl B paMKaX €MHOTO Iponecca
penieHus 3a1a4 UCHTH(UKAIIMY | yIIpaBJIeHUs. Y ieHTH KAy oaBepraeTcst MoJielb TPEHAa HH(POPMAIIMOHHOTO CHTHAJIA, TEHEPUPYEMOro
B mporecce paboTsl 00pabaThIBalONIEil CHCTEMBI, KOTOPask MCIOJIB3YeTCs B KaYECTBE MOJICIH, ONMCHIBAIOUIEH AMHAMHKY IIOAHAA30PHOTO
obopynoBanus. Ilo pesynpraraM NpOTHO3MPOBAHMS WHAMBUIAYAIBHOTO pecypca MHCTPYMEHTAa M COIIOCTABJICHHS €ro ¢ TpeOyemoi
JUTUTENBHOCTHIO MEXaHHYECKOi 00pabOoTKH, IPUHUMAETCS PEIICHHE O BADLUPOBAHUH BEJIMYMH YIIPABIISIOINX apaMeTpoB (I101a4u 1 000pOTOB
WINUHAeNs), o0eceynBaONIMX Pealn3aluio Ha BHOBb HA3HAYCHHBIX peXHMaxX HeoOXOAMMOro mepuoaa OGe3nedekTHOH dKcruryaTtanuu
HHCTPYMCHTA.

PesyabTarsl. Paspaboran nmporpaMMHBIA NMPOXYKT, COCTABUBIINII OCHOBY aBTOMAaTH3MPOBAHHOW CHUCTEMBI alalTHBHOIO YIPaBJICHUS
paboroil MeTamI000pabaTHIBAIONINX TEXHOJIOTHYECKHX CHCTEM, aJTOPUTM PabOTHI KOTOPHIX OTpakaeT MPEIOKCHHYI0 METO0JIOTHIO
IIPOTHO3MPOBaHMUSA MHANBUAYAIHHOTO PECYpca PEXYIIEro HHCTPYMEHTA.

BeiBoanl. [IpoBeneHHBIE HKCIEPUMEHTHI MOATBEPIAMIH 3P PEKTUBHOCTh NMPEII0KEHHOW METOJIOJIOTHH IIPOTHO3MPOBAHUS pecypca
PEXYIIEro MHCTPYMEHTa U pabOTOCIIOCOOHOCTH alIlapaTHO-IPOrpaMMHOIO KOMILIEKCA, pealn3yIoNiero JAaHHYI0 METOMOJIOTHIO B IPAKTHKE
pe3anus. Hayunast HOBH3HA M3JIOKEHHBIX B CTaThe PE3Y/IbTaTOB UCCIEAOBAaHUN COCTOMT B TOM, YTO BIIEPBBIC B IPAKTUKE MAIIMHOCTPOCHUS
yaaJoCTh pa3paboTaTh COBEPIIEHHO HOBYIO METONOJIOTHIO IIPOTHO3MPOBAHMS MHAMBHIYalbHOTO pecypca pabodero MHCTPYMEHTA, YTO
II03BOJISICT IIEJICHANPABICHHO YNPABIATh JIMTEIBHOCTHIO NPOTEKaHMUS TEXHOJIOTMYECKOTO MpOIecca, OPHEHTUPYSICh Ha (paKTHYEeCcKoe
TEXHHYECKOE COCTOSTHHE OCHOBHOTO JIEMEHTA TEXHOJIOTHYECKOI cHcTeMBI. [IpakTideckast 3SHaYMMOCTb ITOJTy4E€HHBIX PE3YJIbTaTOB 3aKJII0YaeTCs
B CO3/IaHHMH NIPOTPaMMHO-AIIIAPATHOTO KOMILIEKCA, aBTOMATH3HUPYIOIIETO IIPOIIECC aIallTHBHOTO YIPABJICHUS PXKMMaMH PE3aHUs U COIEPIKAIIEro
IIporpaMMHoe obecredeHue, KOTOpoe OTPaXKaeT aJIrOPUTM HOBOI METOZOJIOTHHU NMIPOTHO3UPOBAHYS MHANBUAYAIBHOIO pECypca HHCTPYMEHTA.
[epcrieKTHUBBI JaNIbHEHIINX UCCIEAOBAaHUI COCTOSIT B CO3JaHNU YHHBEPCAILHOM CHCTEMBI KOHTPOJIS JTI00OT0 TEXHOJIOTMYECKOT0 000pYI0BaHH,
paboTa KOTOPOTrO COMPOBOXKAAETCSI TEHEPUPOBAHUEM PA3IIMYHBIX MO (U3MYECKOH Mpupoae WHPOPMAIMOHHBIX CHTHAJIOB, OOBEKTHBHO
OTPaXKAMOUIMX CTEIEHh KPUTUIHOCTH TEXHUYECKOTO COCTOSIHHS MOIHAI30PHOr0 000PYIOBaHHUS.

BHenpenue mojo0HONH METOMOIOTHH KOHTPOJIST HE TOJBKO B MPOILIECC M3TOTOBJICHHS, HO M B YCIIOBHSI KCILUTyaTallid Pa3HOOOPAa3HBIX 110
KOHCTPYKI[MH M HA3HAYEHHIO MAIINH U MEXaHH3MOB, PEIIaeT JaBHO CTOSIIYIO Ha MOBECTKE JHS MPOOIEMy OMpeIeieHHs] HHANBUAYAIBbHOTO
pecypca TEXHHYECKHX CHCTEM, YTO M OMpPEelsieT [IEHHOCTh MPOBECHHBIX UCCICAOBAHUI U UX 3aMETHBII BKJIA]] B HAYKY YIIPABIICHUS.

KaioueBble ciioBa: aBTOMaTH3alMsl, a1aITHBHOE YIIPABJICHNE, MHANBUAYAIbHBINA PECYpPC, TPOrPAaMMHBIN IPOAYKT, 00paboTKa pe3aHuem,
006pabaThIBaIOIIE CHCTEMBI, IIPOTHO3 pecypca, HASHTU(PHUKALNS, TPEH WHPOPMAIMOHHOTO CHTHAllAa, MaTeMaTHYECKas MOJEIb, IEPUO.
Oe3nedexTHON 00pabOTKHM, COCTOSIHHE TOIHAI30pPHOTO 000pYHIOBaHUS.

HOMEHKJIATYPA p
E3p- pacuernoe 3nauenue TpeHza 3ByKa,
V — CKOpOCTh pe3aHus; P
S — momaua; E3p g— ucxomHoe pacueTHOE 3HAYEHHE TPEHA 3BYKa;

t — nyOuHa pe3aHus; T —TeKkymas HapaboTKa PeXyIIero HHCTPYMEHTA,

[h3 ] - npemensHO momycTHMas BenMYMHA H3HOCA MO O — TIOKa3aTeb CTCNCHH,

. . D
3a/1Hell OBEPXHOCTH JIE3BUS PEXYILEro MHCTPYMEHTA, E3p— axruueckoe 3nauenue Tpenaa (BpeMEHHOIO psija)

Y — WHTEHCHBHOCTH (CKOPOCTH) M3HANIHBAHUS HHCTPY-
MCHTa;

T — pecypc WHCTpYMEHTa,

TYH)| — MHIMBHIYATBHEIH PECYPC HHCTPYMCHTa;

Ttp — Tpebyemas 1o Texmporeccy IIMTEIBHOCTh 00pa-
6OTKH JeTanu (JUIMTENbHOCT MPOX0/a);

D — nuamerp 3arotoBkH;

L — nporspkeHHOCT (mTiHa) 06pabOTaHHOM TOBEPXHOCTH;

V, — ucxomHoe (3aJaHHOE IO TEXIPOIIECCy) 3HAYEHUE
CKOPOCTH PE3aHus;
S, — ucxomHoe (3aaHHOE IO TEXMPOIECCY) 3HAYEHUE

0
MoJIavu;

© Haropwnsiit B. B., 2017
DOl 10.15588/1607-3274-2017-3-20

3ByKa, TEHEPUPYEMOro MPOIECCOM JIe3BUITHON 00paboTKH;

K — KomuuecTBO M3MEpEeHHiA, IPOBEACHHBIX 33 BCE BPEMSI
KOHTPOJISI COCTOSIHHSI PEXKYILET0 HHCTPYMEHTA,

P, — ycunue npwxKaThs, JEHCTBYIOIETO B TPYIIEHCS
nape;

V  — CKOPOCTb OTHOCHTEIBHOTO CKOJIbKEHHS TPYIIMXCS
nap;

G — MeXaHWYeCKHe HaNpsDKEHHS,

G_q — TIpefeN yCTanocTy,

N, — 6a30BO€ 4YHCIO LHUKIIOB;

N — Hapa0oTka B IMKJIaX PEXYIIET0 HHCTPYMEHTA 0

paspyuieHus;
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M — moka3aTenb CTEHEHH KPUBOH YCTANOCTH;

P, — COCTaBIAIOIINE CHIIbI PE3aHN,

C, — nocTosHHAs JUIs IAHHOrO Buaa 06paboTku, oGpa-
0aTHIBAEMOr0 M HMHCTPYMECHTAJIEHOTO MaTEPHAIOB;

K, — monpaBo4Hblii K0 GHIHCHT;
V (1) - perynupyemas (onTMManbHas) BEIHYMHA CKOPO-
CTH pe3aHus;

S(t) - perympyemast (onTMMaNbHAs) BETUUMHA TOJAYH;
I, — paauyc BEpIIMHBI JIE3BUS Pe3la.

R, — Texymiee 3HaueHHe BBICOTHOrO MapaMeTpa LIepo-
XOBaTOCTH 00pabOTaHHON MOBEPXHOCTH;

Rao— ucxonHoe (3amaHHOE) 3HAYCHHE BHICOTHOTO Iapa-
MeTpa HIepOXOBAaTOCTH 00paboTaHHOI MOBEPXHOCTH;

T, — MallMHHOE BpeMs, HEOOXONMMOE I 3aBepIIECHHs
TEKYILEro mpoxo/a;
Lz — IVIMHA HOBEPXHOCTH JeTanu, oOpabaTeiBaeMast 3a

1
OJIMH NPOXO.

BBEJIEHUE

AnanTuBHOCTH (IPUCHIOCOOISIEMOCTD) YIIPABICHUS JIE3-
BHITHOH MeTa/t000paboTKOH, BEIMOIHAEMOI Ha CTaHKAX C
YITY, obecreunBaercs 3a c4eT BBIOOpA IO TE€M WM MHBIM
aNITOPUTMaM ONTHMAIBHBIX COUETAHUI TPeX YNpPaBIseMbIX
napamMeTpoOB. TIYOHHBI, TOAAa4d U CKOPOCTH pe3aHus. OnTH-
MyM 00ecleunBaeTcs MyTeM OINpeNeleHUs YKCTpeMyMa
[ENeBOH (PYHKIWH, YTO MO3BOJSAET JOCTUTATh HA NAHHOM
CTaHKe B 3aBHCHMOCTH OT pelaeMoil 3aja4d JIHO0 MakcH-
MyMa TMPOU3BOJUTEILHOCTH, JTHOO MHUHHUMYyMa Ce0ecTOu-
MOCTH TOJy4aeMOW MPHU 3TOM JETald, OO MOANepKAHUS
TPAHUYHOTO 3HAYCHUS PEryIHpyeMbIx mapameTpos [1, 2].

Ipu >TOM TP BCel pa3BUTOCTH MPHHSTHIX AITOPUTMOB
aJalTUBHOTO YIIPABJICHUS, CYLIECTBEHHOW MpOOJIeMoil pe-
3aHUSI METAJUIOB SIBISIETCS TaK M HE PEeIleHHas 10 CHX II0p
3a1aua 3()(GEKTUBHOrO KOHTPOJIS COCTOSTHHSI PEXKYIIEro MH-
ctpymenta [3]. JleficTByromue B HACTOsIIEE BpeMs Taxe
BeChbMa IPOTPECCUBHBIE METOIBI MPSIMOTO HIIM KOCBEHHOTO
KOHTPOJISI COCTOSIHUSI HHCTPYMEHTA OrPaHHYHBAIOTCS JIHIIb
CpaBHEHHEM OIPEIETICHHOrO TeM WJIM MHBIM, IOPOI BeCh-
Ma HM30IIPEHHBIM, CIIOCOOOM (PaKTHUECCKOH BETUYHHBI H3-
HOCa MHCTPYMEHTa C €r0 HOPMATHBHOM BenwduHoi [4].

OpmHaKo MpU 5TOM HE CTABHTCS 3ajada MPOTHO3UPOBA-
HUS HApaOOTKW MHCTPYMEHTA IO MOMEHTA JOCTHKCHHS UM
CBOEH TpeAeNbHO JOMYCTHMOW BENMYHMHBI M3HOCA, YTO HE
MO3BOJISIET 3apaHee NPUHHMATH pelieHne 00 U3MEHEHUHU
pexxuma 00paboTKU ¢ HEbI0 MPEAYNPEXACHHS BHE3AIMHO-
rO BBIXO/Ia WHCTPYMEHTA U3 CTPOS M MCKIIOUEHHS TeM ca-
MBIM TIOSIBJICHHsI OpakoBaHHOH aetanu. OTCyTCTBHE MOA00-
HOTO TPOTHO32 CBOAWT Ha HET BCe YCHIIHA IO pa3paboTke
aJropuTMa aJanTHBHOTO YIpaBJieHHs, KakuM Obl 3¢ dek-
THBHBIM, TIO JKEJIAHUIO aBTOPOB, OH HU OBLI.

OTcyTCTBHE NEHCTBEHHBIX METOOB NPOrHO3UPOBAHUSA
pecypca MHCTpYMEHTa OTYaCTH OOBSCHSETCS TeM, UTO JaKe
3HaHHE (aKTUUECKOW BEIMYWHBI M3HOCA HE MO3BOJISIET C
JIOCTATOYHOU JOJEeHd BEPOSITHOCTH MPOTHO3MPOBATH Hapa-
0O0TKY MHCTpYMEHTa 10 MOMEHTa JIOCTIDKEHHS IPeNeTbHO
JOIYCTUMOM BEJIMYMHBI €r0 U3HOCA. DTO OOBSACHICTCS TEM,
YTO HOpPMATHBHAs BENMYMHA U3HOCA HOCHT CYryOO CpemHe-
CTaTUCTHUYECKUI xapaktep. [lo 3Toif mpudrHe HOPMBI U3HO-
ca TONIBKO C OIPENeNICHHOM JIONIe TOCTOBEPHOCTH XapakTe-
pHU3YIOT (PaKTHYECKH CKJIaJbIBAIOIINECs YCIOBUS Harpyxke-
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HUs MHCTPYMEHTA, OIpEAesieMble KOHKPETHBIM COYETAHU-
€M PEXHFMOB PE3aHHs M MAaTEpHAIOB KaK MHCTPYMEHTA, TaK
1 3arOTOBKH.

TTpoHOPMHUPOBATh HEMOCPEACTBEHHO pecypc (CTOMKOCTD)
HMHCTPYMEHTA, MCXOMS U3 YCIOBUIl €ro HarpyKeHWs, Tak ke
HE IPEJCTaBIIAETCA BO3MOXKHBIM. DTO O0BSICHIETCS TEM, YTO
B NpaKTHKE Pe3aHus HaOnrofaercs He MOAJAroIleecss HOp-
MUPOBAHUIO OECKOHEYHOE MHOXECTBO (DAKTHUECKU peau-
3YIOIUXCS YCIOBUM HarpyXeHus MHCTpyMeHTa. J[aHHBIE O
pecypce MHCTpYMEHTa, NPUBOAMMBIE UX NPOM3BOIUTENEM,
HOCSIT, TaK K€ KaK X HOPMBI U3HOCA, CPEIHECTATUCTUUECKUI
Xapakrep, ¢ MaJlod Jonell BEpOSTHOCTH, XapaKTepU3yIOLINe
MHAMBHUIYaTbHBIN pecypc MHCTPYMEHTa, OIpeelsieMbIi
KOHKPETHO CKJIa[bIBAIOIIUMUCS YCIOBUSMU €0 HKCILTyaTa-
nuu. PezynsraToM 3ToH HEOIpENENEHHOCTU SIBISIETCS IIPO-
SIBJISIFOLIMICS, HA HEPBBIN B3DVIAJ, KaK IIPaBUIIO, BHE3AIIHO,
OTKa3 MHCTPYMEHTA, BIEKYILIUH, B CBOIO OYepe/b, HOSBIIE-
HHUE HEUCIPaBUMOro Opaka JeTalu.

Penrenne ykazaHHOH IpoOsieMsl moTpedoBaso pa3pabdoT-
KM HOBOH METOJIOJIOTHH HMPOTrHO3UPOBAHUS MHIHBHIYab-
HOr'0 pecypca MHCTPYMEHTA, COCTAaBUBIIEH OCHOBY aBTO-
MaTHU3UPOBAHHOIN CHCTEMBI aJIallTHBHOTO YIPAaBIICHUS IIPO-
neccoM Jie3BuiiHON oOpaboTku marepuanoB. HoBuzna
METOAOJIOTUM IPOTHO3UPOBAHUS pecypca MHCTPYMEHTA
3aKJII0YAeTCs B TOM, YTO OHAa B OTIMYUE OT JIEHCTBYIOLIUX
METOJOB, OPUEHTUPYIOLIUXCSA HA CPEJHECTAaTUCTUUECKUE
JaHHBIE O IPEJIEIbHOM M3HOCE M pecypce MHCTPYMEHTA,
obecreunuBaeT NPOrHO3UPOBAHUE B PEXHUME PEANBHOIO Bpe-
MEHM MHAMBUJIYaJILHOIO PeCypca MHCTPYMEHTA, OTBEUAlO-
mero (hakTHYECKUM YCIOBUSIM €ro HarpyXKeHHs.

Pa3paboTka aBTOMATH3UPOBAHHOH CHCTEMBI aJlaITHBHO-
ro ympaBleHHs IPOLECCOM PE3aHUsl, OCHOBY KOTOPOH CO-
CTaBJsIeT HOBas METOAOJIOIMsS NPOrHO3UPOBAHUS pecypca
WHCTPYMEHTA, SIBIISIETCS, HECOMHEHHO, aKTyaJlbHOW HAydHO
MPaKTUIECKON 3amadeil.

[peaMeroM McceTOBaHUS SIBISETCS CHCTEMa aTanTHB-
HOTO YIIPaBJIeHUs, OCHOBaHHAs HA MPOTHO3E B PEXUME pe-
QIBPHOTO BPEMEHU MHAWBHUIYaJBHOTO pecypca PexyLiero
HHCTPYMEHTA.

[enpto paboThl sBHsieTcs pa3paboTKa anropuTMa M OT-
BEYAOIET0 eMy IPOTPaMMHOrO NMPOAYKTa, COCTABIISIONIE-
IO OCHOBY aBTOMAaTH3HPOBAHHON CHUCTEMBI alallTHBHOTO
YIIpaBJICHHS MMPOLECCOM pe3aHus, obecreynBaronieil BHe-
IpeHre B MPAKTUKY MAaIIMHOCTPOUTEIHHOTO MPOH3BOACTBA
HOBOHW METOAOJIOTUH IIPOTHO3UPOBAHHS WHAHBHIYAJIEHOTO
pecypca WHCTpYMEHTA.

1 ITIOCTAHOBKA 3AJTAYN

[Ipu ympaBieHUH MeTalIoo0padaThIBAIOIIUMHU CHUCTE-
MaMH TPUXOIAUTCS MMETh [EI0 CO CIydaeM, KOrja Marema-
THYECKasi MOJIEIb O0BEKTa YIIPABICHHUS M3BECTHA HE TIOJIHO-
CTBIO, @ IUHAMHYECKHE XapaKTePHCTUKH OOBEKTa, OIMHCHI-
BaeMble 3TOH MOIENbI0, HENPEPBIBHO HU3MEHSIOTCS B
3aBHCHMOCTH OT BHYTPCHHHX YCIOBHH, OOYCIOBJICHHBIX B
JaHHOM CITy4ae M3MEHEHHEM B IPOLIECCE PE3aHHs T'eOMeT-
pHU 3aTOTOBKH U KOHTYpa JIE3BUsI HHCTPYMEHTA IO IIPUYH-
He ero m3Hoca [4].

B maHHOM criyuae B Ka4ecTBE MOIEIHM OOBEKTa YIIpaBiie-
HUS TIPEIUIAraeTCsl PACCMATPUBATh MATEMATHYECKOE OIHCAHKE
TpeH/ia Pa3IMYHbIX 10 (pU3KMUECcKOr TpHpoIe MHPOPMALHOH-
HBIX CHTHAJIOB, COMPOBOXKIAIOIIUX MPOLECC pe3aHus, Hanbo-
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niee MH(OPMATUBHBIM M3 KOTOPBIX SIBJISICTCS 3BYK, T€HEPUpYe-
MBI B TOYKE KOHTAKTa 3arOTOBKH M MHCTpyMeHTa [5].

Mopiesb, ONMCHIBAIOIIAs MOBEICHUE TPEHIA 3BYKa, pac-
cMarpuBaeMasi B KaueCTBE MOJIEIH JUHAMHYECKOTO IMOBeE-
JieHrs1 00pabaThIBAOIICH CHCTEMBI, ITO3BOJIMIIA Pa3paboTaTh
U MPEUIOKUTH ISl MIHPOKOTO MPUMEHEHUS B peajibHOM
MIPOHM3BOJICTBE COBEPIICHHO HOBYIO METOJOJIOTHIO MPOTHO-
3UPOBAHMS pecypca PexKyIero HHCTPYMEHTa, COCTABHB-
[IYI0 OCHOBY aBTOMATH3WPOBAHHOW CHCTEMBI aJallTHBHOTO
yIIpaBJIEHHs TIPOLECCOM 00pabOTKH MaTepHallOB PE3aHu-
eM. AJITOPHUTM YIIPaBIICHUSI, pa3paboTaHHbIi B COOTBETCTBUH
C IAHHOW METOJIOJIOTHEH, COYETaeT B paMKax €IHUHOrO Ipo-
1ecca pelieHne 3a1ad UACHTH)UKAIMHA U yIPaBICHHUs.

Io pesynsrataM HICHTU(QUKALMHA MOIEIH TPEHIA B pe-
KHME PEeabHOr0 BPEMEHH MPOTHO3UPYETCS WHIAUBUIYaIb-
HBII pecypc MHCTpyMeHTa. Jlanee, Ha OCHOBE CONOCTaBIIE-
HHS IPOTHO3a ¢ TpedyeMoil 1o TeX MPOLEcCy UIHTEIBHOC-
ThIO 00pabOTKH OCYNIECTBISETCS BHIOOD ONTHMAIBHOTO
peXHUMa pe3aHusi, MO3BOJSIIONIETO TPOUTUTE TIeproy Oe3e-
(EeKTHOI DKCIUTyaTallid MHCTPYMEHTA, CBE/Is IPAKTHYECKU
K HYJIIO BEPOSTHOCTH IOSIBJICHUS Je(eKTa M3roTaBInBac-
MO# TIPH 3TOM JICTAJIH.

Ipu pa3paboTke aqroputMa yIpaBICHUS HCXOMWINA U3
JIBYX OOIIIEM3BECTHBIX (DAKTOB, IIEPBOE: OMPEICIISIOIIEE BIIU-
SIHAE Ha KauyecTBO 0OpabaThIBaeMOil MOBEPXHOCTH OKA3bI-
BaeT M3HOC JIC3BUSI PEKYIIErO MHCTPYMEHTA, B YaCTHOCTH,
H3HOC TIO €10 3ajHeil IaBHol nosepxuoctH h,, BTopoe: mpo-
JOJDKHTENBHOCTD Oe37eeKkTHON 00pabOTKH AeTanu ompe-
JEJSICTCSL MHIMBHUIyallbHBIM pecypcoM mHCTpymenTa 7, pe-
ANU3YIONMMCS B JaHHBIX YCJIOBHSX ero Harpyxenws. [Ipe-
JenpHO JOIyCTHMas BenmuyuHa m3Hoca [h,] m pecype T
CBSI3aHBI CIIEIYIONIUM COOTHOIIEHHEM [6]:

]
T_V-y. 1)

Bennuuna [h3] cranmaprusuposana ([h3]= const), mo-
9TOMY YIPABJIATH JUIUTENBHOCTBIO Oe3/1e()eKTHON JKCILTya-
TaIlMy MHCTpyMeHTa (YIpaBisATh ero pecypcoM T), Kak cire-
nyet u3 coorHomeHust (1), MOKHO OCYIIECTBISTH TONBKO 3a
CUEeT U3MEHEHHUS peKuMa pe3aHusi (M3MEHEHUS CKOPOCTH
pesanus V) U MHTEHCUBHOCTH M3HOCca Y . Llenbro BappupoBa-
HHSI 3TUX I1aPAMETPOB SIBJISIETCS COOJIOJIEHHE B TPOIIECCE
pe3aHus CIEAYIONIEr0 YCIOBHS:

Tyunp = Trp- @

Tpebyemas mo Texmporeccy JIUTEILHOCTh 00paboTKH
T1p paccuuthiBaercst 10 caenyroiueit popmyne [7]:

nD-L

Ll N @)
1000-Vy - Sg

Trp

Bennunna nHOMBUAYaTEHOTO pecypca MHCTpyMeHTa 7| i
oIpesieNsieTcsl B MpoIecce mapaMeTpuyeckor HIeHTH(HKa-
WU MOZIETH TpeH/a 3BYKa, MPOBOJUMOHN IO pe3ylbraTamM
W3MEPEHUs] B PEKUME PeaJbHOrO BPEMEHU YPOBHS 3BYKA
E§I])3, COnpoBOXKIafoIIero npomece pesanus [5]. Ipu sTom

MOJIeTIb COCTaBJICHA TaKMM 0Opa3oM, YTO MCKOMBIH Tapa-
metp T, BXOZWT B €€ MaTeMaTHYECKylo CTPYKTYpy B Kade-

cTBe OfHOTO U3 ee kod(ummenToB. MaeHTHUKAIMS 3aKITI0-

YaeTcsi B MUHUMHU3ALMK HeBs3ku (4) pacueTHbIX EgB u ¢ak-

THYECKHX 3HA4YCHHil TpeHa (BPEMEHHOro psiaa) Eé% 3ByKa!

U= i [Eﬁ%i — EXy, ]2 @)
1

Mopenb TpeHIa 3ByKa OIKCHIBACTCS CIICAYIONIMM BhIpa-
xenueM [8]:

o

T
P P HUHA

E3g = E3pp- E— (5)

15051 G

OTMeTI/IM, 4TO MaTeéMaTH4CCKas CTPYKTypa MOACIIN TPCH-

Jla aHaJIoTM4Ha YpaBHCHHUIO KpI/IBOﬁ YCTaJIOCTH!

N6 1/m

0=0_1- N ) (6)

I'pacduku Beipaxenuii (5) u (6) 3epranbhbl (puc. 1).

Beipaxenue (5) mpencrasusier coboir qpoGHO pamuo-
HAJIBHYIO CTENEHHYI (QYHKIMI0. JTa (YHKIHUS Tpereprie-
BaeT pasphiB IPH UCUYEPIIAHUH pecypca MHCTPYMEHTa, T.e.
[IPU BBIOJHEHUH CJIEIYIOIIEr0 YCIOBHSL:

T= TI/IHII . (6)

VHTEHCHMBHOCTD U3HOCA Y HPONOPLHUOHAIBHA IPOU3-
BEJICHUIO YCHIIUSL TpuKatus P, JEHCTBYIOIIETO B TPYIIEH-
Csl Mape, U CKOPOCTH MX OTHOCHTEIBHOTO CKOMBXKEHHsS V
[6]. IIpumeHHTENBHO K PE3aHUIO ITO YCIOBHE 3alHUIIETCS
clIeayomuM oopa3om:

Y ~PpgzV. )

B naHHOM citydyae Tpyieiicst mapoil sBIsFOTCS pabodue 1o-
BEPXHOCTH MHCTPYMEHTa ¥ MOBEPXHOCTb PE3aHMS HA 3ar0TOBKE.
Cua pe3anust OnpenessieTcs 1o cremyromei hopmyre [7]:

| p2 2 2
PPE3: Px+Py+PZ' (8)

CocTaBisioniue CUIbl pe3aHus nyz OTIPENENSIOTCS TI0
SMITHPUYECKOM CTENEHHOM 3aBrcHMOCTH Bua [9]:

Py =10-Cpt*SYVTK . ©)

3HaueHus K03(G(UIIMECHTOB U TMOKa3aTelel CTeNeHeid,
cozepxanmxcs B (9), MPUBOIATCS B COOTBETCTBYIONIHX CIIPa-
BouHHKax [7].

PaznenuB ob6e yactu HepaBeHcTBa (2) Ha Tpebyemyio
JUIITENIBHOCTh 00pabotku T7p ¢ yderom Bbipaskenuit (1),
(7) , (9) u cobmronennu yemoBust t= CONSt, momydnm

Tuap V(1) y(x) _V(») P(MV(r) . 10
Trp Vo 10 Vo Po Vo (10

OTHsB OT JeBoi yacTr paBeHcTBa (10) ero mpaByro 9acTs,
W BO3BEJIS MOJyYMBIIEECS TIPU 9TOM BBIPAXKEHHE B KBAJIPAT,
MOJIYYUM BBIPaXKEHHE MU [ENeBON (QyHKIMHU:

2 2
Tyup (V(®) ) P(v)
Trp Vo P

U= 12
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VIIPABJIIHHA Y TEXHIYHUX CUCTEMAX

Pucynok 1 — CpaBHeHHe KPHUBOH yCTallocTH M rpadiiKa MOJIENIH TPEHA 3ByKa

BennurHa BapbUpyeMbIX MapaMeTPOB PEXUMa Pe3aHHs
V(1) u P(1) BeIOHpaeTcs M3 YCIOBHS BBIMOJHCHUS HEpa-
BeHcTBa (2). [lpu 3TOM JMana3oH BapbUPOBAHUS PEKHMOB
pe3aHusl OrPaHUYCH CTEICHBIO M3MEHCHUS CHIIBI PE3aHUsL.
C yuetom 3TOrO OrpaHnueHus renesas ¢yakous (11) mpu-
MET CIEAYIOIINNA BHI!

2
2
Twap (V@) P |,
Trp Vo Po

2
U= 1- PO
P

12)

AIanTHBHOE yNpaBJICHUE PEKUMOM JIC3BHIHON 00Opa-
OOTKH OCYIIECTBIISETCS 110 CICAYIOIIEMY ajirOpUTMY:

— MO MPUHATOW B TEXHOJOTHH OOPabOTKH METAJJIOB pe-
3aHUEM MeToauKe [7] M B 3aBHCHMOCTH OT KJIacca aaanTHB-
HOM CHCTeMBbI (CHCTEMa ONTHMU3ALHMU I TPAHHYIHOTO pe-
TYIMPOBAHUSA) Ha3HAYAETCS MCXOMHBIM peknM 0OpaboTKH,
T. €. 3a8[Jal0TCS MCXOAHBIC BEIMYHMHBI YIPABISAIOIAX Mapa-
metpos: t, S, V;

— B PEXHME PEaIbHOrO BPEMEHH H3MEPSIETCS YPOBCHB

3ByKa E:(%bB’ TEHEPUPYEMOro IMPOLECCOM PEe3aHus, U IO pe-
3yNIbTaTaM 3THX HU3MEPEHUI OCYIIECTBIISCTCS HACHTH(UKA-
L¥sl MOZICITH TPEH/IA, B YMCIIO OMPEACISIEMbIX [IPH 3TOM Ma-
pPaMEeTpPOB MOJEIH BXOAUT U YMCICHHOE 3HAYCHHE MCKOMO-
r0 pecypca MHCTPYMEHTa Tmm;

— €CJIM pecypc MHCTPYMEHTA IPEBBIIIAET TpeOyeMoe s
00paborku merany (neraseii) BpeMs, T.€. BHINONHSICTCS YCIOBHE
Ty > Trps TO BOSMOXKHBI /1B BAPHAHTA PA3BHTHS COOBITHIA:

— €CITM pe3aHUe OCYIECTBIISCTCS B YCIOBUSIX CAMHUYHO-
r0 WJIM MEIKOCEPHHHOrO MPOU3BOACTBA IOPOTOCTOSIIUAX
W3JICNHi, TO PE3aHUEe MPOJOIKACTCS Ha UCXOAHOM PEXHME;

186

— ©CITH pe3aHHe OCYIIECTBIISETCS B YCIOBUSIX CEPUIHOTO
MIPOU3BOJICTBA HEIOPOTOCTOSANINX JeTallel, TO BO3MOXKHO
dbopcupoBanue (yKeCTOUECHHE) PEKUMOB PE3aHUS C IIEIBIO
MOBBIIICHHSI TIPOU3BOIUTEIBHOCTU (PEIIEHHE TPUHUMAET
oreparop);

— eclim ke HabOmronaercsa coorHomenue 7 Pm<TTP, TO IS
000UX THIIOB TIPOM3BOJCTB PEKHM PE3aHHsI H3MEHSIETCS Ta-
KAM 00pa3oM, 4TOOBI BBITOJIHUTE yCIioBHE (2).

ITpuyem npu 0OpabOTKE JATMHHOMEPHBIX OOBEKTOB Tpe-
Oyemblii pecypc 7., NPUHUMAETCA PABHBIM BPEMEHH, HEO0XO-

TUMBIM JUTS 3aBEPIIEHHS TeKyIero mpoxona 7, (T ™ =T Hp) .

Lner

Tgp=nD-——21
i 1000- S(7)V (1)

13)
JIyist aBTOMaTH3allH CUCTEMBI aJaliTHBHOTO YIIPABIICHUS
TIPOIIECCOM PEe3aHMUs, BOCIPOU3BOMAIICH NaHHBIA alTOPHUTM,
OCHOBAHHBII Ha HOBOW METOJOJIOTHH ITPOTHO3WPOBAHMUI
MHAUBUIYAILHOTO pecypca PeXyYIero WHCTPYMEHTa, B JI0-
nmojHeHue K mratHoi cucteme UITY cranka Obin paspabo-
TaH CIENUaJbHBIN almapaTHO-IPOrPaMMHBIN KOMILIEKC.

2 OB30P JIMTEPATYPbI

[pu meTanIo00paboTKe YPOBEHb ONTHMAIBLHOCTH TPHHS-
TBIX PSKUMOB PE3aHHs 3aBUCHT OT TOTO, HACKOIBKO TOYHO Ha-
YaspHass HHQOPMAIKSI XapaKTePHU3yeT JACHCTBUTEIBHBIC YCIIO-
BHs ITpOTEKaHus 00paboTku. J[pyruMu CoBaMH, HACKOIBKO
WU3MEHSIIOTCS: MIPUITYCK, TBEPIOCTh 00padaThiBaEMOro MaTe-
pHaia, JKeCTKOCTh 00pabaThIBAIOIICH CHCTEMbI, U3HOC MHCT-
PYMEHTa W €ro Pecypc, IPUHSATHIC IIPU PACUeTe U COCTABIIC-
HWH TEXTIPOIECCa M YIpasisomeii nmporpammsl [1, 2].
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B macrosmiee Bpemst paboTa OONBIIMHCTBA aBTOMAaTH3H-
POBAHHBIX CTAHKOB IOMUYHHSETCS «KECTKOMY» IIPOTrpPaMMH-
POBAHHIO, OPHEHTUPYIOMEMYCSI Ha CPEXHECTATUCTHICCKHUE
JaHHbIe (HOPMbI) H3HOCA MHCTPYMEHTA U ero croiikoctu [10—
18]. Tak, HanpuMep, B 3aBUCHMOCTH OT Ka4ecTBa PEXKYILEro
HMHCTPYMEHTa €r0 pecypc B OTHOIM MmapTHH KoimeOiercs ot 15
1o 35% or cpennero 3HaueHUs. Eciu ke BpeMs paOOTHI WH-
CTpyMEHTa omlpefessieTcss XyIuM o0pa3loM B IMapTHH, TO
HamnboJiee yCTOMYHMBEIE 00pa3Isl IpH (UKCHPOBAHHOW Ha-
paboTKe HCIONB3YIOT CBOI pecypc, B IydIIeM CIydae, TONb-
ko Ha 65% [4]. Ilpu 3TOM TOX pPecypcoM B COOTBETCTBHE C
[9] moHuMaeTcs BpemeHHOU pecypc, paBHBI HapaboTke
PEeXYIIEro MHCTPYMEHTA OT Hadajla pe3aHrs HOBBIM HHCT-
PYMEHTOM 10 JOCTHDKCHHSI UM IIPEJETBHOTO0 COCTOSHHMS.

INo mpryrHEe HECTAOWIBHOCTH pecypca MHCTPYMEHTA OC-
HOBHAs 9acThb IIpoIlecca Pe3aHus MpoTeKaeT JI00 ¢ HeJJonC-
HOJIE30BAHUEM BO3MOXKHOCTEH PEXyIero MHCTPYMEHTa, JIH00
HEe HCKITFOYaceT TOSBJICHHE Opaka JeTaid M3-3a He NPEIBHICH-
Horo orkasza uHctpymenTa [9]. st GopbObI ¢ 3THMH OTKa3aMu
IpeTyCMaTpUBAeTCd NPUHYAUTEIbHAS 3aMEHa HHCTPYMEHTA,
B PE3yIETaTe STOT0 OH CHUMAETCS C SKCIUTYaTallHyl IPEX/IeB-
PEMEHHO, MMesl CYIIECTBEHHBI 3amac pecypca [10].

KoHTponb ke COCTOSHMS MHCTPYMEHTa HEIOCPEACTBCH-
HO B IIPOIIECCE PE3aHMs C LI ONPENENICHHs CTEIEHH €ro
KPUTHYHOCTH, a COOTBETCTBEHHO, W JIS IPOTHO3UPOBAHUS
€ro HapaOOTKH IO 3aMEHBI, ABJIAETCS JOCTATOYHO CIOXKHBIM
mponeccoM. Tak, HampuMep, U3MEpeHHE M3HOCA JE3BUIi-
HOTO PEeXYIIEro MHCTPyMEHTa HaJO IPOBOJMTH IOCITE Kax-
Joro mukiaa oopaborku [19], HO B 3TOM Cilydae CIOXKHO Hpo-
THO3MPOBATh HACTYIUICHHE KPHTHYECKOTO COCTOSHUS HHCT-

UcxoaHbIA
pexum:
TTP,Sg ,I’ﬂ

Tlexooment cuinns

S(1),17(T)

Beixon = )

Br16op onTimMamsHELX
PEKIIMOB Pe3aHTIIA

2

7 rio) P ol
If = | ﬁ ﬁ ' 1_ﬁ
Tra A A 5

S50.V0,Trp . Typyy

PYMEHTA: MpeNebHOTO W3HOCA, BHIKPAIMBAHMUS, CKOJA, I10-
JIOMKH, a, TeM 0oJiee, OCYLIECTBISITh J0JITOCPOYHBIEC TPO-
THO3BI ISl OTIPENCIICHHUST MOMEHTa €ro 3ameHbl. [10100HbIiH
KOHTpOJIb TpeOyeT, KaK MpaBHIIO, MPEPhIBAHUS MPOIecca
00paboTKH, YTO CYIIECTBEHHO CHIKAET ee 3()(EKTHBHOCT.
IMosToMy ISl OTIEPATUBHOM THATHOCTHKA HEPEIKO IPHMe-
HSIFOT KOCBEHHBIC METOJIbI, B YaCTHOCTH, KOHTPOIUPYIOT CO-
CTOSIHHE MHCTPYMEHTA I10 YPOBHIO 3BYKa, CONMPOBOXKAAIO-
niero mporecc pesanus [5].

OO0mKM HETOCTaTKOM JCHCTBYIOIUX METOJOB IPOrHO-
3UPOBaHMsI, OCHOBAHHBIX HA CPEHECTATHCTHIECKUX 10 MPH-
pOJic HOPMATHUBHBIX BEJIMYHHAX, SABISIETCS TO, YTO OHH IIPH-
BOJSIT K CYIIECTBEHHBIM IOTPEIIHOCTSM IIPOTHO3a, YTO Jie-
J1aeT HEBO3MOXXHBIM MPUMEHCHHE UX IIPH aJalTHBHOM
YIPABJICHUH TIPOIIECCOM PE3aHHS.

3 MATEPHUAJIbI 1 METO/IbI

ANTOPHUTM aJanTHBHOTO YIPABICHUS MOCTYKHI OCHO-
BOH JUIT pa3pabOTKH MPOrpaMMHO -aIlllapaTHOrO KOMILICK-
ca (puc. 3). IIporpaMMHasi 4acTh KOMIUIEKCA OTpakaeT Ho-
BYIO METOJOJIOTHIO IIPOTHO3HPOBAHUS pecypca MHCTPyMEH-
Ta M 00ecHeYnBaeT BEIOOP ONTHMANEHBIX PEKUMOB PE3aHH,
MO3BOJITIONIUX MPOJUTHTH Tepuoa Oe3aedekTHOi 0OopadoT-
KM 3aroToBKH. [IporpaMMHBIH HPOIYKT, MOCTPOCH IO MO-
JylbHOMY TpuHLHIY (puc. 2).

iy ©Mopgym Mopgy I:E;'[E’m 'T:
=" mmepesma IporHesa s 00
IBEVKOEOLO CTOHKOCTH qeCcKHX
CHIHAJIOB HEHCTPYMEHTA COCTOAHII
HHCTPYMEHT A

Pucynox 2 — Mozynu, U3 KOTOPBIX COCTOMT IPOrpaMMHasi 4acTh
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3ByKa E,,
M — 2B (m)
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B (T
E in)

E (T =

FBG’ OnpeneneHHe pecypca
HHCTPYMEHTA
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Pucynox 3 — Busyanu3zauust anroput™a (GyHKIMOHHPOBAHHS TPOrPaMMHO-ANapaTHOrO KOMILIEKca
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MomyITbHBIH IPHHINI ITOCTPOSHHUS MPOrPaMMHOTO IIPO-
JyKTa MO3BONSET THOKO MEHATH €ro CTPYKTYpy HpPHMEHU-
TEJIEHO K OCOOCHHOCTSIM IOIKOHTPOIBHOTO oOBekTa. J{s
obecriedeHUs] YHHBEPCATBHOCTH MPOrPAaMMHOTO KOMILIEK-
ca Mo OTHOIICHHIO K amlmapaTHbIM cpenctBaM (puc. 3) oH
pean30BaH Ha HECKOJIBKUX ATOPUTMHUYECKUX sA3bIKax: Typ-
60 IMackans, dendu, Cu u JAVA. TlocinenHuit BapuaHT KOM-
IUTeKCa pacCYUTaH Ha MUKPOIPOIIECCOPHEIE YCTPOHCTRA,
paboraromue Ha riatdopme Android.

Auroput™ (QYyHKIIMOHHPOBAHUSI KOMIUICKCA B HATIISTHON
¢dopme mpencrasieH Ha puc. 3. Kommiekc obecrednBaer:
perucTpanyio, HaKoIUIeHHEe, 00paboTKy HHpOpPMAaNUH U
aJalTHBHOE YIpaBJICHHE Ha OCHOBE 3TOro paboroif mox-
KOHTPOJBHOTO 000pyIOBaHUA. B COOTBETCTBHHM C alTOpHT-
MOM (YHKIMOHHPOBAHHUS IMPOrPaMMHO-AIIIAPATHOTO KOM-
iekca ero pabora (puc. 3) HaYMHAETCS C BBOIA HUCXOIHBIX
JAHHBIX. PEXHMOB PE3aHMS U TEOMETPHUYECKUX MapaMeTpoB
3arOTOBKH M IETAJH, HA OCHOBE KOTOPBIX PACCUMTHIBACTCS
Tpebyemas UINTENBHOCTh PaboTEl oOpabaThIBaromel CHc-
TeMmsl (T,).

Jlanee IpOBOAMUTCSA PErHCTPALUS AMIUTUTYABI 3BYKOBOH
BOJIHBI W NIPOTHO3MPOBAaHNE MHAWBHUAYAIBHOTO pecypca
(7}y;,) muCTpY™MenTa. Eciu mpornosHoe 3HaueHue pecypea
npesbimaer tpedyemoe (T win > T "), TO 00paboTka meramm
MPOJIOJDKAETCS HA MPEXHHUX peXnMax. B mpoTHBHOM cCity-
9ae PacCUUTHIBAIOTCS PEXUMEI paboThl, obecreunBaronue
oionnenne ycnosus (7, >7,).

4 SKCIEPUMEHTbBI

D¢ dexTnBHOCTS PabOTH aBTOMATH3HPOBAHHON CHCTE-
MBI aJalTUBHOTO YIPAaBJIEHUs ObLIa IMPOBEpEHa B MpoOIlecce
TOKapHOW 00paboTKoi 3aroroBkU Ha cranke 16K20T1 , cHab-
xeHHoM UITY. KunemaTHueckast cxeMa CTaHKa ITO3BOJISET
U3MEHATh 000poTh! mnuHAensd N Ha 1l pexume ero paboTsl
or 125 06/mun 1o 2000 06/MuH, mogady S MOXHO H3MEHSTH
¢ marom 0,01 mm/06 ot 0,01 1o 2,8 MM/00.

3aroToBKa MOJBEpPrajiach MOIYyIUCTOBONH 00paboTKe pe3-
[IOM C PeXYIIeH TIacTHHON u3 TBeproro ciuiaBa T15K6 Ha
CIEMYIOMHUX UCXOMHBIX pexkuMax: V= 63 m/mum,(n = 100
o6/vum), S; = 0,5 Mm/06, t; = 1,0 MM. Pexumbl BrIOUpamich
comracHo TpeOoBaHMsAM cripaBounuka [7]. Jnuua neranu
cocraBisuia 310 MM, KOTHYECTBO MPOXOIOB PABHSUIOCH TPEM,
nmamerp 3arotoBku coctaBistl 200 mm, a neramu — 194 mm.
IMokazarenu crencueit B ¢popmyne (9) umenu cieayrouiue
3navenus: N, =— 0,4 (g P); n Py:—0,3 (s P_V), n,=-0,15
(ums P); y, = 0,2 (mna P), Yoy = 0,8 (ms Py), y,, = 0,9
(nma P).Tpebyemasi mo TexXnpoleccy IIUTENLHOCTh 06pa-
Ootku (MammHHOE Bpems) 7rp cocrapisuia 18,6 mum.

KoHTponb 3ByKa OCYIIECTBISIICS HEMPEPHIBHO B Tede-
HHUE BCEro mpoiecca 00paboTKH NEeTaly ¢ MOMOIIBI0 MHUK-
podoHa, ycTaHOBIEHHOTO BOJM3U 30HBI pe3anus [5]. Cur-
Hall ¢ MukpodoHa (puc. 3) momaBajics Ha «3BYKOBYIO Kap-
Ty» KOMIbBIOTEpa, TA€ MOoABepralicsi OUUPpPOBKE U
nanpHedmed o0paborke. CoOrnacHo M3JI0KEHHOMY BBIIIE
aNTOPUTMY aJaNITHBHOTO YIPABICHHS MPOIIECCOM PE3aHHs
0 pe3yabTataM 00pabOTKH 3BYKOBOTO CHUTHAlla MPOTHO3U-
pOBAJICs UHIAMBUAYAIbHBIA pecypc MHCTpyMeHTa T, 1
BBIOMPAIIOCH, IyTEM MHHHMH3AIUH IeneBoi GpyHkunn (12),
ONITAMAJIBHOE COYETAHHUE YIPABISIONINX MapamMeTpoB (CKo-
pocru pesanus V(t) u npomonbHOi momaun S(t), obecredn-
BAIOIHMX BBITNIOJIHCHHUE yeoBust (2).

5 PE3YJIbTATbI

Pe3ynbraTsl 3KCIiepEMeHTa IpHUBeNeHH! Ha puc. 4 n 5. Ha
puc.4 1mMoKa3aHO COOTHOIICHHE MEXTY TpeOyeMoi 1o TexIl-
polueccy IIUTeNbHOCTbI0 00paboTku aetanu I, ¥ IPOrHo-
30M MHIMBHJYyalbHOrO pecypca Ty, WHCTPYMEHTa, COOT-
BETCTBYIOIIETr0 HArPYKEHHUIO HHCTPYMEHTA Ha MCXOJHO IPH-
HATEIX pexuMax (V, u S) pesanus.
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Pucynok 5— M3MeHeHue B IpoIecce a/IalTHBHOTO YNPaBJICHUs PeryiupyeMbix napametpos V(T ), S(T) , a Tak xe cuibl pesanus Ppp;

1 HHTCHCHUBHOCTH HU3HOCa 'Y

Ha puc. 5 npuBeeHbl HakTHUECKU PEATU30BAHHBIE Pe-
xumbl pe3anust (V(t) u S(1)), mo3BoNUBIIKE 3aBEPIIUTH
00paboTKy jeTanu 0e3 3aMEHBl MHCTPYMEHTA M 00ECeYUTh
TEM CaMbIM BBITIONHEHUE B MPOIIECCE PE3aHus YClIoBus (2).
MDaKTUYECKH PEATM30BAHHAs TP ITOM JUTUTEIBHOCTh 0€3-
nepekTHoN 06paboTKu (CKOPPEKTUPOBAHHOE 3HAYEHHE pe-
cypca uHCTpy™menTa) T, TpuBeaeHa Ha puc. 4.

6 OBCYKIEHHE

DKCIEepUMEHT ToKa3all, 4To B Ipolecce 00paboTKu JieTa-
/1 NPOTHO3 MHAMBHIYAIBHOTO pecypea 7, He MPeBbIIacT
TpebyeMoli TI0 TeXIPOLEcCy MHTeNbHOCTH 00padotku T, (prc.
4), Te. ycriosue (2) He BBIMOTHIOCH. [IpH 5TOM HHIMBH/IYaIb-
HBIA pecypc B CpeliHeM paBHsUICS 12 MHWH, YTO COCTABJISIO,
nopsiaka, 67% or TpedyeMol ATUTETBHOCTH 00paboTku. s
KOMIICHCALIMK TOr0 HECOOTBETCTBHS MOTPEOOBAIOCH YMEHB-
[IUTH COOTBETCTBEHHO Ha 33% WHTEHCHUBHOCTH M3HOCA MHCT-
pymenta (prc. 5). YMeHbIIIEHHEe HHTEHCHBHOCTH M3HOCA OBLUIO
00ecIieueHo 3a cyeT yMeHbIleHus, nmopsaka, Ha 30% ckopoctu
pesanus V u, B cpentemM, Ha 80 % nonaun. V3meHeHue pexu-
MOB pe3aHHsl TIPUBEIIO K YMEHBIICHHIO, B cpeaneM, Ha 10%
cunbl pesanms P, (puc. 5), B pe3yIsTaTe 4ero yMeHbIIHIACh
Harpy3ka Ha MHCTPYMEHT, CIIOCOOCTBYFOIIAsI, HAPSLY C YMEHb-
[ICHAEM CKOPOCTH PE3aHHUs M IONA4H, MPOMICHHIO €r0 Pecyp-
ca M, COOTBETCTBEHHO, TepHoaa Oe3nedexTHoi 00paboTku nie-
Tau. DKCIEPUMEHT MOKAa3all, YTO HanOOJbIIEeMy H3MECHEHHIO
IOJBEpIIach 1oaa4a S, OKa3bIBAMOLIAs HAKGOIEE CyIECTBEH-
HOE BIIMSIHKME NPH HEHM3MCHHOH DTyOHHE pe3aHus | Ha WHTCH-
CHBHOCTh W3HOCA WHCTPYMEHTa (MHTEHCHBHOCTH €r0 HArpy-
JKEHHT).

BbIBO/JbI

B pabote pemiena akryanbHas 3ajava mo paspadoTke
aBTOMATH3UPOBAHHOM CHCTEMBI aalTHBHOTO YIPAaBICHHS

pe3aHueM, mporpaMMHoOe oOecrieueHrne KOTOpOil BIEpBBIC
B MpakTHKe ynpasieHus craHkamu ¢ YITY peanmsyer HO-
BYIO METOJOJIOTHIO MPOTHO3UPOBAHUS HHIWBUIYATHHOTO
pecypca pexyIiero nHCTpyMeHTa. JlaHHas MEeTOJONOTUsl He
MpeAyCMATPHBAET UCIOIB30BAHUE CPETHE CTATUCTUYCCKUX
T10 IPUPOJIE HOPMATHUBHBIX BEJIMYKH H3HOCA U pecypea (CToii-
KOCTH) HHCTPYMEHTa. METOmOIOrusl MpeIycMaTpHBaeT IIpO-
THO3 WHIMBHIYyaJIbHOTO pecypca HHCTPYMEHTa, 4To obec-
MICYMBACT SKCIUTYaTAIMI0 HWHCTPYMEHTA, MCXOISL U3 ero (hax-
THYECKOTO COCTOSIHHUSL. JTO IO3BOJISICT M30erars B IMPAKTHKE
pe3aHusi B PaBHOW CTCIICHH HE JKENATeNbHBIC , KAK BHE3all-
HBI OTKa3 WHCTPYMEHTA, TaK U €ro MPEeXkIACBPEMCHHYIO
3aMEHY M COOTBCTCTBEHHO MPEIYIPEkIATh MOSBICHAC HE-
MPEIBUICHHOrO Opaka NP W3TOTOBICHUH H3CIIHS.
Hay4Hasi HOBH3HA M3JIOKEHHBIX B CTaThe PE3yIBTaToOB HC-
CIIEIOBAHMIT COCTOMT B TOM, YTO BIICPBBIC B IPAKTHUKE YIIPaB-
JeHust 00bEKTAMH, MaTeMaTHIeCKasi MOIEIb KOTOPBIX H3BEC-
THA HE IMOJHOCTBIO, 8 XaPAKTCPUCTHKH O0bEKTa HE MOCTOSH-
Hbl M HENPEPBIBHO HM3MEHSIOTCS B 3aBHCHMOCTH OT
BHYTPCHHHUX YCJIOBHIA, YIaJIOCTh pa3paborarh W MPEIIOKUTH
JUISL IIMPOKOTO TIPUMEHEHHsI B PEajbHOM MPOU3BOICTBE CO-
BEPIICHHO HOBYIO METOJOJIOTHIO IPOrHO3HPOBAHHS PECYp-
ca PEeXYIIEero HHCTPYMEHTA, MOCTYKHUBIIYIO OCHOBOH st
pa3paboTKH aBTOMATH3HPOBAHHOW CHCTEMBI aJalTHBHOTO
VIIpaBICHHUS PE3aHUCM. AJICOPUTM YIIPABJICHUS MIPELyCMart-
pPHBAET COYCTAHHE B PaMKaxX EIMHOIO MPOLECCa PELICHHE
3aa4 waeHTUUKaMy U ynpasineHus. [lo pesynsraram uieH-
TA(UKALIMK MOIENd 00bEKTa, B KauecTBE KOTOPOH paccMar-
pHBaeTCst MOJEINb TPEH/A 3BYKa, COMPOBOXKJAIOIIETO MPOLIECC
pe3aHus, OMpenessieTCsl HHNBUIYaIbHBIA PECYPC PExXyIIe-
rO MHCTPYMCHTA, 3HAHWE KOTOPOTO MO3BOISET THOKO Bapbu-
POBaTh PSKUM PE3aHUs C LEIbIO MPOICHIS B 3a/IaHHBIX IIpe-
Jenax cpok Oe3neeKTHOM SKCIUTyaTalid HHCTPYMEHTA.
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INpakrrdeckas 3HAYMMOCTD HMOTYJEHHBIX PE3YIBTATOB 3aK-
JrodaeTcs B pa3paboTke IMPOrpaMMHOTO HMPOAYKTA M CO3Ma-
HHUJ Ha OCHOBE 3TOTO IIPOrpaMMHO-ANIAPATHOTO KOMIIIEKCA,
TI03BOJIMBILETO BHEAPUTH B MPAKTUKY PE3aHMUS B BUIE aBTOMA-
TH3APOBAHHOW CHCTEMBI aJJalITHBHOTO YIPABJICHHS Pe3aHUEM
HOBYIO METOJIOJIOTHIO ITPOTHO3MPOBAHMS pecypca padodero
OpraHa TEXHOJIOTHYECKHX METauio00pabaThIBAIOIINX CHCTEM.

IlepcriekTuBBI JadbHEUIIMX UCCIENOBAHUNA COCTOAT B CO-
3[aHUN YHUBEPCAJIBHON CHCTEMBI KOHTPOIS JIO0OTO TEXHO-
JIOTHYEeCKOr0 000pyroBaHUs, padoTa KOTOPOTO COMPOBOXK-
JIaeTCsl TEHEPUPOBAHUEM PA3JIMYHBIX N0 (PU3HUIECKON Impupo-
Jie MH()OPMAIMOHHBIX CHIHAJIOB, OOBEKTHBHO OTpPa’karoIHX
CTeNIeHb KPUTHYHOCTH TEXHHYECKOTO COCTOSHHS ITORHAI30p-
HOTO 00OpPYIOBAHMS U CITYXKAIUX OCHOBOH JUIS IIPOTHO3UPO-
BaHUs COITIACHO PACCMOTPEHHOHM B CTaThbe HOBOM METOHOJO-
TMH WX WHIWBHIYaJBHOIO PECypca, OTBEYAIOIIero (haKkTHIec-
KU CKJIAJBIBAIOIIUMCS YCIIOBISIM MX SKCILTyaTalliH.

BJIAI'OJAPHOCTH

Pabora BBIONHEHA B paMKaxX ToCOIODKETHON Hay4HO-
HCCIIeI0BATENbCKOH TeMbl CyMCKOTO TOCYAapCTBEHHOTO
yHuBepcutera «Mopeni Ta iHdopmaniiiHi TexHOIOTII Ipoek-
TYBaHHsI 1 yNpaBIIiHHS B CKJIQIHUX cucTeMax» (HoMep rocy-
napcrBerHoi perucrparmu 0115U001569).
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ABTOMATHU30OBAHE YIIPABJIIHHSA PEXKUMAMHU PI3BAHHSA HA OCHOBI NIPOTHO3Y ITHAUBIAYAJBHOI'O
PECYPCY PIKYUYOI'O IHCTPYMEHTY

AKTyaJbHICTb. Y CTaTTi BUKJIAJEHI pe3yIbTaTH JOCTIHKEHb [0 PO3pOOIi HOBOI METOMOJIOTIi IMPOTrHO3yBAaHHS 1HINBITYaJIbHOTO Pecypcy
pDKydJOro iHCTPYMEHTY, sIka CTaja MiATPYHTSIM aBTOMAaTH30BAHOI CUCTEMH YIPaBIIHHS poOOTOI0 MeTanooOpoOHoro obmamgHaHHs. [IporHo3y-
BaHHS IHIUBIIYaJbHOTO PECYPCY PLKYYOro IHCTPYMEHTY € 3II000ACHHOIO, ajie TaK i He BUPIMIEHOIO JI0 CHX ITip MpoOJIeMolo, IO i BU3HAYAE
aKTyaJbHICTh BHKJIQJIEHOTO B CTATTi MaTepiaiy.

MeTo10 po6oTH € po3poOka METOIOJOTI] MPOTHO3YBAHHS IHAWBIAYaJIbHOTO PECcypcy pPiKydoro iHCTpYMEHTY 1 peai3alist ii B mpakTHIL
YIPaBIIiHHS Pi3aHHSIM Y BUDISAI JITOPUTMY 1 TPOrPAMHOTO MIPOAYKTY, IO CKIIAIH OCHOBY aBTOMAaTH30BaHOI CHCTEMH aIalITHBHOIO yIPABIIHHS
poboToro MeTano00pOOHHUX TEXHOJIOTIYHUX CHCTEM.

Mertoa. YrpaBiiHHs X CHCTEM Iepeadadae MOeTHAHHS B paMKaxX €IUHOTO MpOoIecy BUPILICHHS 3aBIaHb 1MeHTU(IKALII Ta YyIPaBIIiHHS.
Inentudikanii mingaeTbcs Monenb TpeHAA iHPOPMAIIIHHOTO CUTHAITY, IO TEHEPYETHCS B MPOLEci podOTH 00pOOHOI CHCTEMH, SIKa BUKOPHCTO-
BYETHCSI B SKOCTI MOJEINI, KA OMKCYyE TUHAMIKY MiTHATSIIHOTO OoONamHaHHS. 3a pe3ylbTaTaMH IMPOTHO3YBaHHS IHIUBIZYyaJIbHOTO pecypcy
IHCTPYMEHTY 1 3iCTaBIIeHHS HOTO 3 HEOOXIJIHOIO TPHBAIICTIO MEXaHIYHOI OOpPOOKH, MPHUUMAETHCS DIlIEHHS MPO BapilOBaHHI BEIWYHH Iapa-
METpiB, 10 YNpaBJsATh (1Tofavi i 06epTiB MIMHMH/ENS), Ta 3a0€3MeUyI0Th peai3allilo Ha HOBONPH3HAYEHUX PEXUMAX HEOOXITHOro Tepiory
Oe3nedekTHOl eKcIiTyarallii iHCTpyMEHTY.

Pe3yabsraTn. Po3po0ieHo nporpaMHuil IPOAYKT, IO CKJIAB OCHOBY aBTOMATH30BAaHOI CHCTEMH aJIalTUBHOTO YIIPABJIIHHS POOOTOI0 MeTa-
JI00OPOOHUX TEXHOJOTTYHHX CHCTEM, aJrOPUTM pOOOTH SKUX BimoOpaskae 3alpONOHOBAHY METOJOJIOTIIO MPOTHO3YBaHHS iHAMBiIyaJbHOTO
pecypcy piXydoro iHCTpyMEHTY.

BucHoBku. [IpoBesieHi eKCIepUMEHTH MiATBEP UM ehEeKTHBHICTB 3aIIPONOHOBAHOT METOIONOT i IPOTHO3YBAHHS PECYPCY PiXKY4Oro iHCTPY-
MEHTY 1 pale3qaTHICTh alapaTHO-NPOrpaMHOrO KOMILIEKCY, IO peai3ye JaHy METOIONOTII0 B IPaKkTHI pi3aHHs. HaykoBa HOBH3HA BHKJIae-
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HHUX B CTaTTi Pe3yIbTaTiB JOCIIKEHb IIOJAra€ B TOMY, IO BIEpIIE B NMPAKTULI MAlIMHOOYIYBAHHs YNAlOCs PO3POOMTH aOCOIIOTHO HOBY
METOJ0JIOTiI0 NIPOrHO3YBaHHS 1HAUBILYalIbHOIO pecypcy poOodoro iHCTpyMeHTa, 10 J03BOJISE LLIECIPIMOBAHO KEPYBATH TPUBAJICTIO Iepe-
0iry TEXHOJOTIYHOTO MPOLECY, OPIEHTYIOUMCh HAa (DAaKTUUHUHA TEXHIYHMH CTAH OCHOBHOIO €JIE€MEHTa TEeXHOJIOriduHOi cucremu. IIpakTnuna
3HAYMMICTh OTPHUMAHUX PE3YNIbTATIB MOJISATA€ B CTBOPEHHI MPOrPaMHO-aIIapaTHOTO KOMIUIEKCY, 10 aBTOMATH3YeE IPOLEC aJalTUBHOIO yIpaB-
JIHHS peXKUMaMH Pi3aHHs 1 MICTUT IpOrpaMHe 3a0e3MeueHHs, sIKe BioOpaskae alropuT™ HOBOI METOLONIOT T IPOTHO3YBAHHS 1HIMBINyaIbHOTO
pecypcy iHcTpymeHTy. IlepcrekTHBH MoAaNbIINX JAOCIIPKEHD IIOIATal0Th Y CTBOPEHHI YHIBEPCAIbHOI CUCTEMH KOHTPOIIO OYIb-SKOrO T€XHOIO-
FiYHOTO 00NaJHAHHA, PoOOTa SKOrO CYNPOBOIKY€ETHCS TEHEPYBAaHHAM PI3HUX 3a (QI3HYHOIO MPUPOLOIO0 iHPOPMALITHUX CHTHAIB, 110 00’ €KTHB-
HO BiZoOpa)atoTh CTYIiHb KPUTHYHOCTI TEXHIYHOTO CTAaHY HiHAIAAHOTO O0JIaHaHHS.

BrpoBakeHHs 1101i0HOT METO0IIOT ] KOHTPOJIIO HE TUIBKU B MPOLIEC BUTOTOBIIEHHS, a i B YMOBHU €KCILTyaTalil pi3HUX 3a KOHCTPYKIII€IO Ta
IOpU3HAYEHHSAM MAlIUH 1 MEXaHi3MiB, BUpillye NpobieMy BU3HAUEHHS iHIUBILYyaJIbHOTO PecypCy TEXHIUHHMX CHCTEM, sIKa JIaBHO CTOITh Ha
HOPSIKY IEHHOMY, 110 1 BU3HAYA€ LIHHICTh MPOBEIEHUX HOCIIDKEHb 1 IX IIOMITHUH BHECOK B HAYKy YIIPaBIIiHHS .

KuouoBi cjioBa: aBroMarH3allis, aJanTUBHE YNPaBIiHHS, HIUBIAyalbHUH pecypc, IpOrpaMHHU IPOLYKT, 00poOka pizaHHAM, 00OpoOHi
CHCTEMH, IIPOrHO3 pecypcy, ineHTH(IKalis, TpeH 1 iHpOopMaLifHOTO CUrHaTy, MaTeMaTHYHa MOJeNb, nepion Oe3nedexTHoi 0OpoOKH.

Nahorny V. V.

PhD., Senior Lecturer of the Computer Science Department, Section of the Information Technologies, Sumy State University, Sumy, Ukraine

AUTOMATED CONTROL CUTTING BASED PREDICTION OF INDIVIDUAL LIFE OF THE CUTTING TOOL

Context. The article presents the results of research to develop a new methodology for the prediction of individual life of the cutting tool,
which served as the basis for the automated operation of the control system of the metal cutting equipment. Predictions of individual life of
the cutting tool is topical, but have not solved the problem so far, and this determines the relevance of the material contained in the article.

Objective. The goal of the work was to develop a methodology for forecasting the individual life of the cutting tool and implementing
it in practice by cutting the control algorithm and software, which formed the basis of the automated system of adaptive control operation of
metal-processing systems.

Method. The method provides for control of these systems in a single combination of process control solutions and identification tasks.
Identification information signal subjected to the trend model generated during operation of the processing system, which is used as a model,
describing the dynamics of the supervised equipment. As a result of the prediction of individual life of the cutting tool and compare it with the
desired duration of mechanical treatment, a decision on the variation of the values of the control parameters (feed and spindle speed) to ensure
the implementation of the newly appointed regimes required period of faultless operation of the tool.

Results. Developed software product that formed the basis of the automated system of adaptive control operation of metal-processing
systems. The algorithm of the control systems reflects the proposed methodology for the prediction of individual life of the cutting tool.

Conclusions. The experiments confirmed the effectiveness of the proposed methodology for the prediction of the cutting tool life and
performance of hardware and software that implements this methodology in practice cutting. Scientific novelty research is that for the first
time in the practice of engineering develops a completely new control methodology for forecasting the individual life of the cutting tool, that
allows you to specifically control the duration of the technological process, focusing on the actual technical condition of the main elements
of the technological system.

The practical significance of the results is to create a hardware and software system that automates the process of adaptive management
of cutting conditions and containing the software algorithm that reflects the new methodology for predicting an individual resource tool.
Prospects for further research consists in the creation of a universal system of control of any process equipment, the operation of which is
accompanied by the generation of different physical nature of the information signals, objectively reflecting the degree of criticality of the
technical condition of the equipment under supervision. The introduction of such a monitoring methodology not only in the manufacturing
process, but also in terms of exploitation of different machines determines the value of the research and their significant contribution to the
science of control.

Keywords: automation, adaptive control, an individual resource, software, machining, processing system, prediction of individual life,
identification, trend information signal, a mathematical model, the period of defect-free processing, the state of supervised equipment.
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0-p mexH. Hayk, doueHm kagheOpu asmomamu3sauii, eTeKmpoMmMexXHiHHUX ma KOMITHMEPHO-iHMeaposaHUX mMexHosoail
HauioHanbHo2o yHigepcumemy 800HO20 2ocrnodapcmea ma rpupodokopucmyeaHHsi, PigHe, YkpaiHa

2KaHO. ¢piz.-mam. Hayk, douyeHm kagheOpu asmomamu3auii, eTeKMpOMeXHIYHUX ma KOMITOMEPHO-iHMeaposaHUx mexHosogil
HauioHanbHo2o yHigepcumemy 800HO20 2ocrnodapcmea ma rpupodokopucmyeaHHsi, PigHe, YkpaiHa

SAcnipaHm kaghedpu asmomamus3sauii, efIeKmpomexHidHUX ma KOMITIOMeEPHO-iHmMeaposaHux mexHosoeili HauioHansHo2o
yHigepcumemy 800HO20 2ocrniodapcmea ma rnpupodokopucmyesaHHsi, PigHe, YkpaiHa

AOCNIAXEHHA TA ABTOMATU3AUIA PEAKTOPIB BIONION4YHOro
OYMLUEHHSA CTOKIB NPU KOHTPOJII KOHLUEHTPALUII KUCHIO

AKTyaJbHicTb. BupileHo akTyaibHy 3aa4y po3po0IeHHs MaTEMaTHYHUX MOJiesIell IIPoLeciB OUUILEHHs CTIYHUX BOJ, 3 yPaxXyBaHHIM
aBTOMAaTHU30BAHOTO KEpyBaHHS.

Meta po6oTH — po3poOKa MaTeMaTHYHOI MOJEN MPOLEeCY OYMIIEHHsS CTIYHUX BOA BiJ OGlONIOriYHMX pEeUyOBHH iIMMOOINTI30BaHMMU
MIKpOOpraHi3MaMH IIpH 0araTocTyleHeBOMY aHaepOOHO-aepOOHOMY CIIOCO01 OUHUIIEHHS, sIKa 6 BpaxoByBaJja IPOLECH OKUCICHHSI OpraHidYHUuX
PEYOBHH, PO3ZMHOXEHHS 1 BiIMUpaHHs OaKTepiif Sk CyKyIHICTb B3aeMoii pi3HUX (GaKTOpIB B 3aJIEKHOCTI BiJl KOHLEHTPALi PO3YHHEHOIO y
BOJIi KUCHIO Ta 3a0pYJHIOIOUHX OPraHIYHUX PEYOBHH.

Metoa. Y po6OTi BUKOPHCTAaHO METOAM MAaTeMaTHYHOI (i3MKM Ta TiIpOAMHAMIKU Uil 1OoOyZOBM MaTeMaTU4HUX Mojeseil mporecis
OUYUILEHHS P1IHH, 3araibHi MIX04H 10 IT00yN0BU MOAEIBHUX 3a]1a4, Y SIKUX OJ(HI CKJIaJJOB1 IOMiHYIOTh HaJl iHmuMu. [To0ynoBano MaTeMaTu4Hy
MOJIeNb MPOoLecy Oi0MOTriYHOrO OYMIIEHHS CTIYHUX BOJ, L0 BPaxXxOBY€ 3MiHY KOHIIEHTpalii 3a0pyqHEHHs, aKTUBHOTO MYy i KHCHIO IpU
PO3MHOXEHHI Ta BiIMUpaHHI OakTepiil B O10NIOriYHUX peakTopax Pi3HOrO THUILY.

PesynbraTi. 3HaiieHO pO3B 30K BIAMOBITHOI MOJenbHOI 3anaui 3 BHKOpHCTaHHAIM (yHKUIl pdepe cepenosuma Matlab. Haseneni
pEe3yIbTaTH PO3paxyHKiB PO3IOILTY KOHIIEHTPALil 3a0pyIHEHHS, aKTHBHOT'O MYITy Ta KHCHIO IIPOTSATOM 4acy OYUCTKH PIIMHH, SKi BpaXOBYIOTb
3[aTHICTb OaKTepiil 10 PO3MHOXKEHHS Ta BIAMHPaHHS.

Bucnopku. [IpoBeieHi ekcliepMMEHTH MiATBEPANIN aeKBaTHICTh N0OynoBaHoi Mozeni. Ha ocHOBI oTpuMaHMX pe3ynbTaTiB po3po0iIeHo
aBTOMAaTH30BaHy CHCTEMY YIPAaBIiHHS JOIYCTHMOIO KOHLEHTpaLi€lo 3a0pyIHEHHS Yy CTIYHUX BOZax, ska 3a0e3mnedye eHeprosodepiraroui
HOPUHLUIN POOOTH YCTAaHOBKH.

Kurouosi cioBa: MaremaTHuHa MOzENb, 0i0JOTYHE OYMIEHHS, 3BOPOTHHI BILIMB, KOHTPOJIb KHCHIO, aBTOMATU30BAHE YIPABIIHHS.

HOMEHKJIATYPA € — Manuii mapamerp (BiH BpaxoBye HepeBard OJHHX
CKJIAJJHUKIB TPOIIECY HAJ iHIINMH, a caMe: SBHUINA MDKKOM-

C(x.t) - xonuentpanis 3aGpynsens; [OHEHTHOI B3a€MOJIIT IPOLIECY 1 € MAIIMM MOPIBHSHO 3 iHLIK-

B(X,t) — KOHIIGHTpAIlisI aKTHBHOTO MYILY; MH HOrO CKJIaJHUKAMH).
K (X, t) — KOHIIGHTpAIlisl KUCHIO, HEOOXiTHa JUTS MiATPH- BCTYII
MaHHs JKUTTEIILHOCTI OaKTepiii; [HTEeHCHBHMI PO3BUTOK MPOMHCIOBOCTI MPHU3BOIUTH JI0

301JIBIICHHS] BUPOOHHYUX TOTYXHOCTEH MIANPUEMCTB, IO
CYIPOBOKYETHCS MOTIPIICHHSIM CTaHy HPHUPOIHUX CKOCHC-
TeM, 30KpeMa, 4epe3 HeJOCTATHE OYMIIEHHS IPOMHUCIOBUX
CTOKIB, SIKi € HEBiJl’€MHOI YAaCTHHOI Xap4yoBOro, MiKpobio-
) JIOTIYHOrO, (hapMaIeBTUYHOTO Ta 0araThoX IHIIUX BHUPOO-
Ve — WIBHIKICTH PyXy CybCTpaTy; uuUrB. KinbKicTh 1 pi3HOMaHITHICTH BiIXOmiB 3aj1exkaTh Bin
D, - roediuient nudysii (3abpynHenns); podiIro 1 aCOPTUMEHTY MPOMYKILii mianpuemMcTa. Hesanex-
HO BiJI THITY BCi CTiYHI BOIW MOTPEOYIOTH 0OOB’SI3KOBOTO OYH-
LICHHS, OCKUTBKH B HHUX MICTATHCS 3a0pYIHIOOUI PEYOBHHH,
sIKi 3HAYHO MEPEBUIIYIOTH JOMyCTHMI KoHIeHTpartii [1].

B 3a51e)XHOCTI BiJl KOHIIEHTpAIlii 3a0pyIHIOBAYIB y CTIYHHX
Dy — xoediuient audysii (akruBHuIA My); BoJax sl 3a0e3NeueHHs BiAMOBITHUX IOIMYCTHMUX IMOKa3-
HUKIB 1 3MEHIIICHHS 3TyOHOTO BIUIMBY Ha JIOBKIJUIS BHKOPHC-
TOBYIOTh MAarHiTHI, MeXaHi4Hi, GI0JOTIYHI Ta IHIII OYMCHI

B — xoediuienT, sikuii BpaxoBye KOHCTPYKTHBHI 0COOIH-
BocTi (bijbTpa Ta MBHIKICTH MOTOKY PiAWHH;

\V — 00’eM peakrtopa,

K, — xoediuieHT penmpKyIALIi aKTHBHOTO MyIy;

Kg (B) — (yHKILif, KA XapaKTepu3ye MOITMHAHHS KUC-

HIO OakTepisimMu;
Vy — IIBHAKICTH PyXy aKTHBHOTO MYy,

Ky (B) — (yHKIIA, KA XapaKTepu3ye OOMiH KHCHIO;

K, — KOHIEHTpAIlis HACHICHHs BONH KHCHEM IIpH 3ajia- cucremu. OHUM 3 HaHyacTilIe 3aCTOCOBYBAaHHX METOIIB €

HUX TEMIIEpaTypi Ta THUCKY; Giomoriune ounineHHs [2, 3], 1€ BUKOPHUCTOBYIOTHCS TIPOIIE-
V¢ — NIBHJKIiCTh MOJa4i KUCHIO; cu aepoOHOI OYMCTKH (HOJATKOBO MOAAETHCS MOBITPS), aHa-
Dy — xoedimient mudysii (kucenn); epobHoi ounctku (0e3 AOCTYITy MOBITpS).

B ocHOBI mporiecy 0i0JIOTiYHOI OUHUCTKU JISKUTH JIerpa-
e, Kg, Ks. Ky Kg de, d,, dy, — TBepi mapamMeTPH  japig i oxucinenus OpTaHIYHUX PEYOBHH MiKpOOpraHizma-
MH, a TaKOX 3JaTHICTh MIKPOOPTaHI3MIiB JI0 PO3MHOKEHHS
Ta BiamupanHs. [Ipy oMy akTUBHICT OakTepii i MiKpoOp-
Ky ( B) TOIIIO), 110 3HAXOMATHCS EKCIIEPUMEHTAIBHAM CIIO-  TaHi3MiB 3HAYHO 3aJ&KUTH BiJ pi3HHUX (hakTopiB, 30KpeMa,
coboM:; BiJl KOHIIEHTpaIii pPO3YMHEHOro B cyocTpari kucHw. CyTTe-

(xapakTepusyroTh Bimmosimui m’ski mapamerpu Kg (B),

© Cadonuxk A. II., Knenau M. 1., Taproniit I. M., 2017
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BUM (paKTOpOM, IO BIUIMBAE Ha €(EKTUBHICTH OUMIIEHHS, €
TaKOX KOHIIGHTpAIisi aKTUBHOTO MYy, SIKa PETYIIOETBCS pe-
IUPKYIAIEI0 Ta BiABEACHHSIM HAUIHIIKOBOTO aKTHBHOTO
MYITy IS HiITPUMAHHS SKUTTENISIIBHOCTI MiKpOOPTaHi3MiB.

1 ITIOCTAHOBKA 3AJAUI

Jlnst mociikeHHS BUKOPHCTAEMO MOJICNBHY 3aJ1ady Ipo-
I[eCy OUHIIEHHS CTIYHHX BOJ Bijl O10JIOTIYHUX PEYOBUH IMMO-
0iTi30BaHMMH MiKpOOpTaHi3MaMH IpH 0araToCTyHEHEBOMY
aHaepoOHO-aepOoOHOMY CIOCO0I OUMIIEHHS 3aIpPONOHOBA-
HoMmy B [2]. OcobnuBocTsIMH Takoi MOCTaHOBKH 3ajadi € Te,
110 B cucreMi piBHsHb (1) BBEIeHO psijl KOSIIi€HTIB, SKi 103~
BOJIIOTH OIHCYBATH IIPOLECH OKWCIEHHA OpraHi4HUX pe-
YOBHH, PO3MHOXCHHS 1 BIIMHUpaHHS OakTepiil K CyKyIHICTh
B3a€MOJIT Pi3HUX (haKTOPIB B 3aIEKHOCTI BiJl KOHICHTPAIIH
PO3YHHEHOTO y BOJI KHCHIO Ta 3a0pYIHIOIOUNX OPTaHIYHUX
PEUOBHH 3 BpaxXyBaHHSIM KOHCTPYKTHBHHUX IapaMeTpiB Ta
IPaHUYHUX | MOYATKOBHX YMOB (2).

oC o°C oC

—=D.—+v.——-BCB,

ot Cox? O b

oB o’B oB

E: DBW_I—VB&—FKB(B)K' (1)

oK o°K oK
5 Px gz T —X+KK(B)'(KH -K),

* * * oC
Clp=CI(0), Bl =BI(M), K|, =KI®, =~ =0,

x=I

B _ K _,
OX x=I OX x=1

|

t=0

=C'(), B =B00.K| =K', @

HeB=(Q'@+kJ/V),Dc=dc8,KB(B)=B(KB—€KSBl
Dy =dze, Dy =dge.
2 OLUIA ] JJITEPATYPA

OCHOBHOIO 3a/1a4€i0 KEpyBaHHsS MPOIECOM Ol0NMOriyHoOl
OYKCTKH € BUJIYYCHHS Ta cTallii3allis KOHLEHTpallii 3a0py-
HEHb Ha JIONMYCTHMOMY PiBHI y BiJNpanbOBaHUX PiJHHAX.
IIpote Hemae 3aco0iB MPSIMOrO HENEPEPBHOTO BHMIpIOBaH-
HSI JAHOTO MOKA3HWKA, a PE3Y/IbTaTH OTPHMYIOTh JIHIIE J0C-
TiaHUM 1oisixoM. Tomy as aHammizy eeKTHBHOCTI OYMIICH-
HS PiIMH BUKOPUCTOBYIOTh BHMIPIOBAHHS Sy TEXHOJIOTIY-
HHUX TIApaMETPiB, HA OCHOBI IKUX MOXKHA MPUAMATH PIllICHHS
PO BEJTMYMHY KOHICHTPAIlIT OpraHiYHUX JOMIIIOK Y CTIYHHX
BOJIaX Ta BUPOOJIATH BIAMOBITHI KEPYIOYi BIUTUBH.

JL71st TIOKpAIIEHHST SIKOCT] OYHMIIEHHS CTIYHHUX BOJ TA 3MEH-
LICHHS 3aTPaT HA OYHMILCHHS 3aCTOCOBYIOTH CHCTEMH aBTO-
MAaTH30BaHOIO KepyBaHHs ycraHoBkamu. CydacHi mpo-
rpaMHi 3aco0M aBTOMATH3AIli1 I03BOJISIFOTh Peai3yBaTH eHep-
ro3bepirarpdi TEXHOJOTI, SIKi 32 PaxyHOK IPOTPaMHOTO
KepyBaHHS Pealli3yl0Th €KOHOMIUHI PEKUMH POOOTH OYHC-
HHUX YCTAHOBOK B MEPIOJHM Pi3HOI IHTEHCUBHOCTI Ta KOHIICHT-

pamii HaJXOMKEHHS CTOKIB Ha OUYHMIIeHHS. [l aBTOMATH-
3aI1ii OYUCHHUX CHCTEM PO3POOIISIOTE allTOPUTMH, SKi MiITPH-
MYIOTh ONTHMAJbHI CIIBBIAHONIEHHS MiX IIPOXYKTUBHICTIO
BCi€i YCTAaHOBKH Ta KUTBKICTIO MiJBENEHOTrO MOBITPSI BUPOO-
JICHOTO KOMIIPECOPHHMH YCTaHOBKAaMH, CTa0imi3aliero Ta
BiJIBEICHHAM Ha/UTHIIKOBOTO aKTHBHOTO MYy 1 TBEPJOTO
ocajy B SIKMil BUIIQJAIOTh OaKTepii IMicIs 3aBEpIIEHHS CBOET
akTUBHOI ¢a3u. s aBToMaTu3auii Oi0NOriYHUX PEaKTOpiB
3aIPONIOHOBAHO PSiJl TEXHOJOTIYHHUX 1 MPOEKTHUX [4-6]
pillleHb Ha OCHOBI 3arajbHUX MaTeMaTHYHHX Mojenei [5—
15], Hemonikamu SIKMX € Te, 110 BOHH OIKCYIOTH JIMIIE MPO-
I[eCH aKTUBHOI (pa3y oummieHHs. [Ipy bOMy HEXTyro4H Ba-
TOMHM YHHHHUKOM, SKHH BIUTMBa€ Ha SKICTh OYUIICHHS
CTIYHUX BOJ — BIUIMBOM CIIOXXHBaHHS KHCHIO Ha IPOIECH
JKHUTTEMISUTBHOCTI aepoOHUX OakTepii. BinmoBinHo MeTa gaHol
poboru € nobyaoBa MaTeMaTHYHOI MoOAeNl mpouecy 6iono-
TiYHOTO OUYMIIECHHS CTIYHHX BOJ, IO BPAaXOBYe 3MiHy KOH-
LEHTpaliil 3a0pyTHEHHS, aKTHBHOTO MYITY i KHUCHIO TIPH PO3-
MHOXEHHI Ta BiJMHpaHHI OakTepiii B GiOJIONIYHIX peaKTo-
pax pi3HOTO THUITy i Ha OCHOBI OTPHMAaHHX PE3YNIbTaTiB
PO3pOOHTH aBTOMATH30BAaHY CHCTEMY YIPaBJIIHHS IOIYyC-
THMOIO KOHIIGHTpALi€l0 3a0pyIHEHHS y CTIYHHUX BOJAX.

3 MATEPIAJIM 1 METOI1

VY po0oTi BUKOPUCTAHO METOAM MaTeMaTHYHOI (i3uku
Ta TIAPOAMHAMIKU IJIs MOOYIOBH MaTeMaTHYHUX Mojeien
MPOLECIB OYHMIICHHS PiUH, 3araibHi MIXOIH 10 MOOYIOBU
MOJIETIbHUX 33]1ad, Y IKUX OJTHI CKJIaJIOB1 JOMiHYFOTh HaJl 1HIITH-
MHU. MojenoBaHHs MPOBEIEMO B MPOTPaMHOMY CEepemo-
sumii Matlab, Bukopucrasmu M-dynxiito pdepe, npusHa-
YeHy JUTsS pO3B’sI3aHHS OMHOMIPHUX KPalOBUX 3ajad JUIs CH-
cTeM napaboIivHKX 1 eTINTHYHNX Ju(epeHIiadbHIX PIBHIHD
B uactuHHKX noxigHux (PDE) mepmioro mopsiaky mo omHii
MIPOCTOPOBI# 3MiHHIM 1 Yacy.

4 EKCIEPUMEHTH

OCKUTBKH JIUIS1 TIPOIIECIB PO3MHOXKEHHS Ta BiJIMHPAaHHS
koedillieHTH HAOyBarOTh PI3HUX 3HAYCHB IS MOJICITIOBAHHS
BHUKOpPHCTaEMO 4 eTamnu: po3MHOKeHHst / Bimmupanus / po3-
MHOKeHHS / BimMupanuas. KokeH i3 HAX XapaKTepH3yEThCs
TaKUMH OCOONMBOCTSIMH: HA IOYATKOBOMY CTalli 10 BChOMY
peakTopy BCTAHOBJIEHO PIBHOMIPHY KOHIICHTPAIiI0 aKTHB-
HOTO MYJy 3a 3aJlaHMM 3aKOHOM PO3MOAIICHO 3a0pyaHeH-
HS, BIIIOBITHO 10 TPAHUYHHX Ta MOYaTKOBHX yMOB. BuximHi
JlaHi MepIIoro eTay € BXiTHUMH JUIS JPYTroro i OTPUMYIOTh-
Csl IIJISIXOM alpoOKCHMAIlii cTanaapTHuMu 3acobamu Matlab.
Jns orpumants po3s’s3ky cuctemu (1) 3a ymoB (2) mepe-
TBOPUMO BXIiJIHI JaHi y BIAMOBIIHI MAIIMHHI 3MiHHI:

Q=7.2;

ki=1;

V=0.7;

KK=0.001;

KB=100;

K0=6;

b=Q*(1+ki)/V;

V1=1.26; V2=1.92; V3=1.53;
D1=0.721; D2=10"-5; D3=10"-5;
cl=1;

c2=1;
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c3=1;

f1=D1*DuDx(1);

2=D2*DuDx(2) ;

F3=D3*DuDx(3);
s1=V1*DuDx(1)-u(1)*u(2)*b;
s2=V2*DuDx(2)+u(3)*u(2)*b*KB;
s3=V3*DuDx(3)+u(3)*b+KK*u(1)*(K0-u(3));

c = [cl;c2; c3];
f = [f1; f2; f3];
s = [sl; s2; s3]-

s Bukinky GyHKuii pdepe BUKOHAEMO HACTYIHHUH KO,
B PE3YIBTaTi SKOr0 OTPHMYEMO PO3PAXYHKH MEpPIIOro eTamy:
m= 0;
X linspace(0,1,100);
t linspace(0,0.1,100);
sol = pdepe(m,@pdex2pde,@pdex2ic,@pdex2bc,x,t);

ul = sol(:,:,1);
u2 = sol(:,:,2);
u3 = sol(:,:,3)-

a

ITicnst 0OYMCIIEHB YCiX eTamiB JUIS HAOYHOCTI OTPUMaHUX
pe3yNbTatiB iX MpeAcTaBIeHO y BUNIAAI IpadikiB i3 3acTocy-
BaHHSIM CTaHIApTHHX 3ac00iB MOOYIOBU cepeqoBHINA
Matlab.

5 PE3YJIbTATH
InsixoM KOMII'FOTEPHOIO MOJEIIOBAHHS 3a HAaBEIEHU-

MU BXiJIHUMU JaHUMU: L|t:0 =50-15-¢* r/i, X L:O =0,1r/xn,

C|_, =0,001r/1, Q=7,2m%/ron, V =0,7 m®, C, =6 mr/n,
Ve =1,26 m/ror, vy =192 m/rox, Ve =1,26 m/rox,
D. =0,721, D, =107, Dy =10, orpumanu HacTymHi
pesynsraru (puc. 1-2).

6 OBI'OBOPEHHS

Ha puc. la nokasaHo, 10 Ha OYMIIEHHS MOCTYNAIOTh
CTOKH 3 TIEBHOIO KOHIICHTPALI€I0 3a0pyIHEHb 1 PO3YMHEHO-
TO Y BOAI KHCHIO. B peakTopi 3a paXyHOK CIIOXXHBaHHS KFHC-
HIO aKTHBHHIM MYJIOM HOTO KOHIEHTpais mangae. J{is 3a6e3-

6

Pucynok 1 — 3miHa KOHIIEHTpAILlii KHCHIO:
a — Ta aKTUBHOTO MyIy; 06 — i3 yacoM Ha Bxoai — 1 Ta Buxofi 2 — peakTopa

Pucynok 2 — 3MiHU KOHIEHTpaIlii 3a0pyIHeHHS:
a — 3 9acoM; 0 — Ta B3OBX (inbTpa

194



p-ISSN 1607-3274. PanioenexTponika, inpopmaTuka, ynpasminas. 2017. Ne 3
e-ISSN 2313-688X. Radio Electronics, Computer Science, Control. 2017. Ne 3

HEYCHHS XUTTEMISIBHOCTI MIKPOOPTaHI3MiB 3[iHCHIOETHCS
HepiofYHa Tofada KHCHIO 31 CTUCHYTHM IIOBITpsiM. Binmo-
BiJJHO 13 3MiHAMHU KOHIICHTpAIlil KACHIO BiIOYBAIOTHCS 3MiHU
KOHIIEHTpAIlii aKTHBHOTO MYITy SIK ITOKa3aHo Ha puc. 16. [Ipu
MOCTIIfTHOMY HaBaHTa)XCHHI 3a0pyIHEHHS Ha PEaKToOp OTpPH-
MaHO 3aJISKHICTh 3MiHH KOHIICHTpAIl 3a0pyIHIOIOUHX pe-
YOBHMH Ha BHXOJi peaktopa puc. 2a (kpusa 2). Ilo cyrti, otpu-
MaHI 3aJIeKHOCTI € IMITYITbCHIMH HEPEeXiTHIMH XapaKTepHC-
THKaMH peakTopa 3a PI3HHMH KaHalaMH 3B’ S3KiB i
XapaKTepu3yIoTh IWHAMIYHI BIACTHBOCTI peakTopa K 00-
’€KTa YIPaBIiHHA. BOHM € BaXUIMBHMH pe3ylbTaTaMH JUIs
PO3pOOJIEHHS AJITOPUTMY aBTOMAaTH30BAHOTO YIIPABIIHHS
IpOIlecaMy B 010JOTIYHHX peaKkTopax.

B ouncHuX cropymax MOXYTh BHKOPHCTOBYBATHCS 0io0-
noriyHi peakropu pisHux TumiB (puc. 3). Y 3amexHOCTi Bix
KHCHEBOTO PEXUMY 1 BHIY MIKpO(ayHH aKTHBHOTO MYy
010JI0Ti4HI PeaKTOPH BHKOHYIOTH (DYHKIIT MeTaTeHKiB 2.1,
OKCHUTEHKIB 2.2 1 aepOoTeHKiB 2.3, KX MOXe OyTH JeKiIbKa.
Jlo ckJagy TeXHOJIOTIYHOI CXeMH BXOIATH TaKOXK MpHHMaIb-
Ha Kamepa 1, crabimizaTop Myiny 4, BTOPHHHHH BiICTIHHHK
2.4, By3o1n 3He3apakeHH 8. [l epeKTHBHOTO KOHTPOIIO Ta
ONTUMI3alil MPOIECiB OIONOTIYHOTO OYUIIEHHS PO3podiie-
Ha aBromaru3oBaHa cucrema ynpaeiinas (ACY). [lana cu-
cTeMa 3aIpOeKTOBaHa Ha 0a3i CydacHHMX YHIBEpPCAIBHHX 3a-
cobiB aBromaru3aiii gipmu Siemens, mo ckiamy sKoi BXO-
itk KoHTponep cepii S7-300 i maHens omepatopa, sKi

3MiHCHIOIOTH (PYHKII{ BUMiIPIOBaHHS, KOHTPOITIO, PETYITIOBaH-
HSI, IUCKPETHOTO YIPABIIiHHA, Bidyamizamii, apXiByBaHHS
noilt i mapamMeTpiB IPOIECy OYMIEHHS CTOKIB Ta (opMy-
BaHHS aBapiiHHUX MOBIJOMJICHb. YIPaBJIiHHS 3MiHCHIOETHCS
3a YacOBOIO NPOTPaMoI0 3 KOPEKI€I0 3a BHMipIOBAaHUMH
napamerpamu. IlepenbaueHo BijytaneHHil JOCTYI 3 Iepco-
HaJBHOTO KOMI I0Tepa.

Jo ocHoBHuX ¢GyHKIiH# ACY BiIHOCATBCS MIATPUMKA 3a-
JaHUX KOHLEHTPAIill pPO3YMHEHOro KHCHIO Ta aKTHBHOTO
Mylly y BciX pe3epByapax. [l 3a0e3nedeHHs cTaOiIBHOT
poOOTH OYHCHOI CHCTEMH Ta YHPaBIIiHHS BHKOPHUCTOBYIOTB-
Csl CUTHAJIN HE TUIBKM BHMIPIOBAHOTO KHCHIO, aJe i BUTPaTH
CTIYHOI BOJM Ta MIBHAKOCTI CIIOKMBAHHS KHCHIO B aKTHBHIH
30HI aepOTEHKIB.

ABTOMAaTHYHE YTPUMYBaHHSI HEOOXiTHUX IapaMeTpiB
010JTOTIYHOI OYHCTKH B YMOBAX Pi3KHMX 3MIiHAX OPTaHIYHHX i
riipaBliYHUX HaBAaHTa)XEHb 3a0e3Ieuye BUCOKY SIKICTb OYM-
IIeHHs. B 3a1eXHOCTI BiJ KUTBKOCTI CTIYHIX BOJ aBTOMATHY-
HO PETYITIOETHCS MOTY)KHICTh YCTAaHOBKY, IPH IbOMY Hepeq-
0adeHO /1B piBHI EKOHOMHHX PEXWMIB, 3aJ€XKHO B 9acy
BIZICYTHOCTI HAaJIXO/PKCHHS CTIYHUX BOJI.

3a OMOMOror0 KepoBaHHX epiidyTiB 3aiHCHIOEThCS Oara-
TOKOHTYPHA PEIUPKYIAList 3BOPOTHOTO aKTHBHOTO MYIY,
IPUYOMY CTYHiHb PEIHPKYIAMi] 3MIHIOETHCS aBTOMAaTHYHO
HPOIOPLIITHO KIIBKOCTI CTIYHHUX BOJ, IO HAIXOMAITh Ha yCTa-
HOBKY JUISL MIATPUMKH HOCTIHHOTO HaBaHTA)XXCHHS Ha MY I1I0

Pucynok 3 — Cxema aBTOMaTH3aIlil YCTAHOBKH OIOJIOTTYHOrO OYMIIECHHS CTIYHUX BOJI
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*JI-p TexH. HayK, IOLEHT Kadeaphl aBTOMATH3ALMH, SIEeKTPOTEXHUYECKUX U KOMIBIOTEPHO-MHTErPUPOBAHHBIX TeXHOIoruii HanuonansHo-
IO YHMBEPCHUTETA BOIHOIO XO34iCTBA U IIPUPONONONL30BaHuUs, PuBHa, Ykpauna

2Kaup. ¢u3.-MaT. HayK, JOLEHT Kadeaphbl aBTOMATU3AINH, MIEKTPOTEXHUYECKHX U KOMIBIOTEPHO-MHTErPUPOBAHHBIX TexHojoruii Hamuo-
HAJILHOTO YHMBEPCUTETA BOMHOIO XO34HCTBA U NPMpPONONOJb30BaHus, PuBHY, YkpauHa

SAcnupanT Kadenpsl aBTOMATU3AINH, HIEKTPOTEXHUYECKUX U KOMIIbIOTEPHO-UHTErPUPOBAHHBIX TEXHOIOrUH HaloHanbHOTO yHUBEpCH-
TeTa BOIHOTO XO35HCTBA M IIPUPONONONL30BaHus, PuBHY, YkpauHa

HUCCIEJOBAHUSA U ABTOMATU3AIIUSA PEAKTOPOB BUOJOT'MYECKON OYUCTKU CTOKOB IMPU KOHTPOJIE
KOHLIETPALIUM KUCJIOPOIA

AKTyaJIbHOCTb. PellleHa akTyanbHas 3a4ada pa3pabOTKH MaTeMaTHYECKUX MOJelel MpOLECCOB OYUIIEHHS CTOYHBIX BOJ, C YYETOM
aBTOMATU3UPOBAHHOIO YIPABIEHHU.

Llean padoThl — pa3paboTKa MaTEMaTHYECKOH MOZIEIH IPOLECca OYUCTKU CTOUHBIX BOJ OT OMOIOTMYECKHX BEMIECTB HMMOOMIM30BAHHEI-
MU MHKPOOPTaHH3MaMHU IIPH MHOTOCTYIIEHYaToM aHa’pOOHO-a3pPOOHOM COCOOe OYHCTKM, KOTOpas Obl YYMTBIBAJA HPOLECCH OKMCIIEHHS
OPraHMYeCcKUX BEIIECTB, PA3MHOKEHHE M OTMMpaHHE OaKTepUii KaK COBOKYIHOCTh B3aUMOIEHCTBHUI pa3HBIX (aKTOPOB B 3aBUCHMOCTH OT
KOHLICHTPAIUIA pacTBOPHMOIO B BOJIE KMCJIOPOA U 3aTPA3HAIOIIMX OPraHHIECKHMX BELIECTB.

MeToa. B pa6oTe HCIIONB30BaHbI METOIBI MATEMATHYECKOH (PM3HKH U THAPOAMHAMMKH IS HOCTPOEHHUS MaTeMAaTHIECKMX MojieNeii mporec-
COB OYHCTKHM 5KUIKOCTEH, 00IMe HOIXO0bI K TOCTPOEHUS MOJIEIBHBIX 33/1a4, B KOTOPBIX OHH COCTABHBIE JOMUHMPYIOT HaJ Apyrumu. [loctpoena
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MaTeMaTH4yecKas MOJelb Mpolecca OHONOrHYeckoil OUYMCTKU CTOYHBIX BOJ, KOTOPAas YUHUTHIBAT M3MEHEHHE KOHLEHTPALUH 3arps3HEHUs,
aKTUBHOTO MJIa M KUCJIOPOJa IIPU PA3MHOKEHHM U OTMUpPAHUH Oakrepuil B OHOJOrMYECKUX peakTopax PasHOro TUIIA.

PesyabTaTsl. HaiineHo peleHre coOTBeTCTBYOMIEil MOZIeIbHOI 3a1a4u ¢ Hcnoab3oBaHueM GyHknuu pdepe cpenst Matlab. IIpusencHubIe
PpEe3yIbTaThl PACUETOB PaCIpe/eIe s KOHLIEHTPAIUH 3arpsA3HEHNUs], aKTHBHOIO MJIa ¥ KHCJIOPOJIa Ha MPOTSHKEHHU BPEMEHH OYHCTKH JKHKOCTH,
KOTOpbI€ YUHTBIBAIOT CIIOCOOHOCTh OaKTepuil K Pa3MHOKEHHIO M OTMUPAHUIO.

BoiBoabl. [IpoBeneHHbIE SKCIIEPUMEHTBI IOATBEPIUIN a1€KBATHOCT IIOCTPOEHHOH Mozenu. Ha ocHOBe IOIy4eHHBIX pPe3yJIbTaToB pa3pa-
00TaHa aBTOMATH3MPOBAHHAs CHCTEMA YHPABJICHUs JOIyCTHMOH KOHLIEHTpalMeH 3arpsi3HEHHs B CTOUHBIX BOZAX, KOTOpas oOecreyuBaer
SHeprocOeperaole MPUHIHIBLI PadOTH YCTaHOBKU.
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RESEARCH AND AUTOMATION OF BIOLOGICAL REACTORS OF EFFLUENT WITH THE OXYGEN CONCENTRATION
CONTROL

Context. The actual problem of development of mathematical models of processes of wastewater treatment, subject to automatic control
was resolved.

Objective to develop a mathematical model of the process of wastewater treatment from biological substances immobilized microorganisms
in multistage anaerobic-aerobic method of purification which takes into account the oxidation of organic matter, reproduction and death of
bacteria as a set of interaction of various factors, depending on the concentration of dissolved oxygen and pollutants organic matter.

Method. We used the methods of mathematical physics and hydrodynamics to build mathematical models of processes of cleaning fluids,
common approaches to building model problems in which some components dominate over others. The mathematical model of biological
wastewater treatment was built. It takes into account the changes in the concentrations of pollution, sludge and oxygen in reproduction and the
withering away of the bacteria in biological reactors of various types.

Results. The solution of corresponding model problem was found by using functions pdepe environment MatLab. The results of
calculations of concentration distribution of contamination, sludge and oxygen cleaning fluid over time were shown. It takes into account the
ability of bacteria to multiply and dying.

Conclusions. The experiments confirmed the adequacy of the constructed model. Based on the results, the automated control system
was developed. It controls permissible concentration of pollution in wastewater, which provides energy-saving principles of installation.

Keywords: mathematical model, biological treatment, the opposite effect, control of oxygen, automated control.
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